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Abstract: The present paper investigated the association of Parkinson’s disease etiology with phos-
phate toxicity, a pathophysiological condition in which dysregulated phosphate metabolism causes
excessive inorganic phosphate sequestration in body tissue that damages organ systems. Excessive
phosphate is proposed to reduce Complex I function of the mitochondrial electron transport chain
in Parkinson’s disease and is linked to opening of the mitochondrial permeability transition pore,
resulting in increased reactive oxygen species, inflammation, DNA damage, mitochondrial mem-
brane depolarization, and ATP depletion causing cell death. Parkinson’s disease is associated with
α-synuclein and Lewy body dementia, a secondary tauopathy related to hyperphosphorylation of tau
protein, and tauopathy is among several pathophysiological pathways shared between Parkinson’s
disease and diabetes. Excessive phosphate is also associated with ectopic calcification, bone mineral
disorders, and low levels of serum vitamin D in patients with Parkinson’s disease. Sarcopenia and
cancer in Parkinson’s disease patients are also associated with phosphate toxicity. Additionally,
Parkinson’s disease benefits are related to low dietary phosphate intake. More studies are needed to
investigate the potential mediating role of phosphate toxicity in the etiology of Parkinson’s disease.

Keywords: Parkinson’s disease; phosphate toxicity; mitochondrial dysfunction; calcium phosphate;
tauopathy; ectopic calcification; bone mineral disorders; vitamin D; sarcopenia; cancer

1. Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disorder,
after Alzheimer’s disease, and hallmarks of PD include neuronal losses in the substantia
nigra causing deficiencies in dopamine [1]. In addition to movement disorders (rigidity,
resting tremor, and bradykinesia), conditions associated with PD include cognitive im-
pairment, sleep disorders, and depression [2]. Globally, the burden of PD has more than
doubled over the past generation and is predicted to increase substantially [3]. No curative
treatments exist for PD, and “modifying disease progression and further delaying disability
are the key unmet needs to be addressed by current and future research efforts” [1]. Ongo-
ing clinical trials are testing whether dopamine production can be strengthened through
central nervous system gene therapy that transfers glial-cell-line-derived neurotrophic
factor (GDNF) to PD patients [4]. Although results of the gene therapy indicate clinical
benefits and improved response to levodopa medication, “it remains to be seen whether
the many debilitating non-motor features will also show relevant responses to treatment”.

The present paper investigated the association of PD etiology with phosphate toxicity, a
pathophysiological condition resulting from excessive inorganic phosphate (Pi) sequestered in
body tissue [5]. Phosphorus in the form of phosphate (PO4) is an important micronutrient
that serves many functions in the body, and Pi homeostasis is normally regulated by a
sensitive network of hormones released by the kidney, bone, parathyroid gland, and intestines.
Under conditions of burdened renal function, Pi from dietary sources may accumulate in
extracellular and intracellular tissue, causing toxic effects on cells of the body’s major organ
systems. Evidence reviewed in the present article supports a pathophysiological mechanism
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in which phosphate toxicity from dysregulated phosphate metabolism potentially contributes
to the etiology and progression of PD. Using a grounded theory approach to rigorously and
objectively review relevant concepts from the research literature [6], an iterative process of
comparative analysis induced a theory grounded in evidence, offering novel insights and
proposed associations linking PD with phosphate toxicity.

2. Calcium Phosphate and Mitochondrial Dysfunction in PD

Experiments demonstrated that brain and neuron mitochondria are capable of forming
“remarkably high levels” of calcium phosphate precipitates within the mitochondrial matrix,
which are “retained in damaged mitochondria for prolonged periods” [7]. Mitochondrial
precipitates are “composed primarily of tribasic calcium phosphate [Ca3(PO4)2] and/or dibasic
calcium phosphate (CaHPO4)”. Of relevance, mitochondrial damage involving accumulated
Pi was found in cultured pancreatic beta cells and islet cells [8,9], which is associated with
reduced insulin biosynthesis and secretion, reactive oxygen species, and cell apoptosis in
diabetes mellitus. This pathophysiological mechanism appears strikingly similar to reduced
dopamine biosynthesis and secretion in the substantia nigra associated with PD, suggesting
that increased Pi concentrations and calcium phosphate accumulation in the mitochondrial
matrix may be included among shared etiological factors in PD and DM [10].

A recent systematic review and meta-analysis confirmed a significant 21% increased
odds of PD associated with type II diabetes mellitus (T2DM) [11]. Experiments conducted
on the mitochondrial electron transport chain in guinea pig hearts found that increased
accumulations of calcium phosphate inhibited proton pumping at Complex I (NADH
CoQ reductase) and reduced ATP synthesis necessary to power cellular functions [12].
Researchers suggested that calcium phosphate particles act as a physical barrier within the
cristae of the mitochondrial inner membrane, which disrupts the operation of Complex
I. Coincidently, a postmortem study found “a specific defect of Complex I activity in the
substantia nigra of deceased patients with Parkinson’s disease” [13]. Additionally, the
researchers noted that an inhibiting effect on Complex I from the neurotoxin derived from
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was found to cause symptoms of
PD, which “adds further support to the proposition that Parkinson’s disease may be due to
an environmental toxin with action(s) similar to those of MPTP”.

Reduction in Complex I function in PD is linked to opening of the mitochondrial
permeability transition pore (mPTP), allowing an influx of ions and small molecules, which
is associated with increased reactive oxygen species (ROS), inflammation, DNA damage,
mitochondrial membrane depolarization, and ATP depletion causing cell death [14–16].
“Phosphate activation of the mitochondrial permeability transition pore opening is well
documented” [17]. Of relevance, reduction of polyphosphate (polyP)—a phosphate chain
linked by ATP bonds in mitochondria—reduces calcium-induced mitochondrial perme-
ability transition [18]. Furthermore, researchers using fluorescent probes estimated higher
levels of endogenous polyP in models of living cells “with Parkinson’s disease related
mutations” [19]. Studies are needed to further investigate the role of high Pi concentration
and accumulated calcium phosphate precipitates on mitochondrial Complex I function and
the opening of the mPTP in patients with PD.

The present paper’s proposed association of phosphate toxicity with PD, mediated by
mitochondrial dysfunction, is illustrated in Figure 1. The remaining sections of this paper
review comorbid conditions in patients with PD, which involve systemic dysregulation of
phosphate metabolism and phosphate toxicity associated with PD etiology.
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speculated is related to “phosphokinase upregulation,” the enzyme responsible for 
phosphorylation [23]. Research is needed to investigate tauopathy hyperphosphorylation 
and synucleinopathies potentially associated with in vivo exposure to large amounts of 
dysregulated inorganic phosphate and upregulated phosphokinase levels. Hypotheti-
cally, excessive Pi may be a rate-limiting factor in tauopathies, similar to Pi’s potential 
rate-limiting role in tumor growth [24] (see Section 7). That is, tauopathies may be re-
duced if phosphate metabolism is well regulated and an excessive supply of Pi is less 
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Moreover, tauopathy is associated with inflammation, oxidative stress, impaired 
insulin signaling, and insulin secretion in diabetes [25], and greater amounts of total tau 
and phosphorylated tau were found in cerebrospinal fluid of patients with type 2 diabe-
tes (T2DM), which researchers suggested may be related to neurodegeneration [26]. 
Pre-existing T2DM is also associated with faster progression and reduced survival in PD, 
contributing additional support for a pathogenic pathway shared by diabetes and PD 
[27], with potential mediation by dysregulated Pi metabolism. Additionally, a retrospec-
tive cohort study in England found an increased risk of subsequent PD in 2,017,115 indi-
viduals with T2DM, which the researchers said may reflect “disruptive shared patho-
genic pathways” [28]. A study of 451,743 individuals from the European Prospective In-
vestigation into Cancer and Nutrition (EPIC) found an association of increased soft drink 
consumption, often high in phosphoric acid, with increased mortality risk from Parkin-

Figure 1. Mitochondrial dysfunction is proposed to mediate the association of phosphate toxicity
with Parkinson’s disease.

3. Tauopathy, Diabetes, and PD

PD is associated with α-synuclein and Lewy body dementia, with tau aggregation
forming neurofibrillary tangles—a secondary tauopathy potentially caused by pathological
exposures [20,21]. Of relevance, tauopathies are associated with tau protein hyperphos-
phorylation, whereby phosphorylation at multiple sites leads to altered protein function
that “may be involved in the pathogenesis of neurodegenerative disorders” [22]. In vitro
experiments confirm that α-synuclein phosphorylation at serine 129 induces pathogenic
changes found in Lewy body formation deposited within PD patient brains, but how
this phosphorylation occurs in vivo “remains a mystery”, which researchers speculated is
related to “phosphokinase upregulation”, the enzyme responsible for phosphorylation [23].
Research is needed to investigate tauopathy hyperphosphorylation and synucleinopathies
potentially associated with in vivo exposure to large amounts of dysregulated inorganic
phosphate and upregulated phosphokinase levels. Hypothetically, excessive Pi may be
a rate-limiting factor in tauopathies, similar to Pi’s potential rate-limiting role in tumor
growth [24] (see Section 7). That is, tauopathies may be reduced if phosphate metabolism
is well regulated and an excessive supply of Pi is less available for hyperphosphorylation.

Moreover, tauopathy is associated with inflammation, oxidative stress, impaired in-
sulin signaling, and insulin secretion in diabetes [25], and greater amounts of total tau
and phosphorylated tau were found in cerebrospinal fluid of patients with type 2 dia-
betes (T2DM), which researchers suggested may be related to neurodegeneration [26].
Pre-existing T2DM is also associated with faster progression and reduced survival in PD,
contributing additional support for a pathogenic pathway shared by diabetes and PD [27],
with potential mediation by dysregulated Pi metabolism. Additionally, a retrospective
cohort study in England found an increased risk of subsequent PD in 2,017,115 individuals
with T2DM, which the researchers said may reflect “disruptive shared pathogenic path-
ways” [28]. A study of 451,743 individuals from the European Prospective Investigation
into Cancer and Nutrition (EPIC) found an association of increased soft drink consumption,
often high in phosphoric acid, with increased mortality risk from Parkinson’s disease,
but not Alzheimer’s disease [29]. Similarly, a meta-analysis of sugar-sweetened beverage
consumption in Asian populations found an increased risk of T2DM in individuals before
and after adjusting for body mass index [30].
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4. Ectopic Calcification and Bone Disorders in Patients with PD

Calcium phosphate that is abnormally deposited in soft tissue, such as the mitochondrial
calcium phosphate precipitates formed in PD, is a condition associated with dysregulated
phosphate metabolism known as ectopic calcification. These calcifications and other bone
mineral disorders in patients with PD provide supporting evidence of dysregulated phosphate
metabolism and effects from phosphate toxicity. Importantly, dopaminergic neurons in PD
are not the only structures in the midbrain susceptible to calcification potentially related to
phosphate toxicity. Mineralization of the deep gray matter occurs with age throughout the
substantia nigra, globus pallidus, putamen, caudate nucleus, red nucleus, and thalamus [31].
Additionally, calcifications throughout the basal ganglia are more prevalent and severe in PD
compared to Alzheimer’s disease or controls [32].

Within the skeletal system, “excessive dietary phosphorus has been associated with
adverse effects on bone and mineral metabolism” [33]. As serum phosphorus levels rise,
parathyroid hormone released from the parathyroid glands and fibroblast growth factor 23
(FGF-23) from bone osteocytes lower serum phosphate by increasing phosphaturia in the
kidneys. In the process, calcium is resorbed from bone to maintain serum calcium levels.
This mechanism implies that excessive dietary phosphate is also a potential mediating
factor in the association of PD with bone mineral disorders, as shown in Figure 2.
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Figure 2. Excessive phosphate levels are proposed to mediate the association of Parkinson’s disease
with bone mineral disorders.

For example, a systematic review and meta-analysis of 23 studies concluded that
patients with PD have lower bone mineral density (BMD) and higher associated risk for
osteoporosis, osteopenia, and fractures than controls [34]. A more recent retrospective,
cross-sectional study found that 34 participants aged 60–85 years with PD had lower BMD
of the femoral neck and total hip compared with 31 healthy controls of similar age [35].
Another recent study found lower BMD in the femoral neck and lumbar spine as well as
lower serum vitamin D levels in 182 patients with PD compared to 185 healthy controls [36],
and similar findings of low lumbar and femoral BMD as well as low serum vitamin D were
found in a recent study of 124 patients with PD compared to 116 controls [37].

Cataract, an age-related disease and the leading cause of blindness, is a form of
ectopic calcification in the crystalline lens of the eye, in which deposits of hydroxyapatite, a
component of bone tissue, form from calcium and phosphate [38]. Ectopic calcification in
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cataract is associated with ROS and with calcification in chronic kidney disease, diabetes,
and vascular disease. Of relevance, a retrospective cohort study in Taiwan found that a
new diagnosis of cataracts in 26,031 people was associated with a 26% increased risk of PD
compared to 25,937 matched individuals without cataracts [39].

Additionally, chronic kidney disease is associated with an increased risk for PD, and
chronic kidney disease patients, similar to patients with PD, often suffer dementia and
cognitive dysfunction [40]. Of relevance, dysregulated phosphate in chronic kidney dis-
ease bone mineral disorder (CKD-BMD) plays a role in vascular calcification as excessive
phosphate enters into vascular smooth muscle cells, producing osteochondrocytic transdif-
ferentiation, or vascular ossification [41]. Importantly, as in diabetic vascular calcification
related to dysregulated phosphate [42], PD is also associated with a significant increased
risk of peripheral vascular disease [43], inferring additional evidence of ectopic calcification
from phosphate toxicity in the etiology of PD.

5. Vitamin D, Serum Pi, and PD

Vitamin D in the form of 25-hydroxyvitamin D3 is metabolized by 1-alpha hydroxy-
lase in the kidneys to the bioactive form of 1,25-dihydroxyvitamin D3 (calcitriol), which
maintains normal serum phosphorus levels by stimulating phosphorus absorption in the
intestines [44]. When serum Pi levels rise, FGF-23 decreases vitamin D levels to reduce Pi
intestinal absorption [45]. As mentioned previously in Section 4, recent epidemiological
studies suggest that patients with PD have lower vitamin D levels than healthy controls [46],
inferring downregulation of serum phosphate levels in PD.

By contrast, a recent study found that serum phosphorus levels in 139 patients with
PD were significantly lower than in 100 healthy controls, and that “decreased levels of
phosphorus resulted in an elevated risk of PD” [47]. However, abnormally low serum
phosphorus levels (hypophosphatemia) most commonly occur in hospitalized patients due
to a cellular shift and redistribution of inorganic phosphate into intracellular compartments
of body tissue [48]. “Serum measurements of extracellular phosphate therefore reveal
only a tiny fraction of total body phosphate and might not always reflect the amount of
phosphate uptake and its distribution” [49].

Considering that low vitamin D in PD is an endocrine response triggered by high Pi
intake, supplementing PD patients with additional vitamin D does not address high Pi
intake as a potential contributing cause of PD, which could explain why vitamin D supple-
mentation lacks consistent effectiveness in treating PD. For example, a recent randomized,
controlled pilot study found no significant benefit from high-dose vitamin D in improving
balance in PD patients [50]. Additionally, a retrospective analysis of data from the National
Institutes of Health Exploratory Trials in Parkinson’s Disease found “no difference in early
disease progression” observed in PD patients taking vitamin D supplementation [51].

6. Sarcopenia, Phosphate Toxicity, and PD

Sarcopenia, low muscle mass, and muscle function increase disability, frailty, morbidity,
and mortality and lowers quality of life in the elderly population [52]. Core muscle loss
was associated with reduced brain gray matter volume in patients with PD [53]. A recent
systematic review and meta-analysis found that “the pooled prevalence of sarcopenia was
29% in PD, which was higher than the healthy older control group” [54]. The researchers
suggested that sarcopenia and PD may share a common pathway of neuroinflammation.
Coincidentally, a higher prevalence of sarcopenia was found in diabetic compared to non-
diabetic individuals in a meta-analysis of an Asian population [55], yet again implying
common pathways shared with PD.

Of relevance, increasing dietary Pi fed to lab animals in a model of chronic kidney
disease showed a dose-dependent increase in levels of tumor necrosis factor-alpha, a
biomarker of systemic inflammation, as well as decreased animal body weight, a biomarker
of malnutrition, and increased vascular calcification with reduced lifespan [56]. These
findings are consistent with sarcopenia as well as inflammation in PD [57], providing
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additional support for phosphate toxicity in PD etiology. Moreover, concentrated levels
of Pi added to cultured muscle cells directly produced cell autophagy [58], and future
studies should investigate muscle cell autophagy associated with phosphate-induced
mitochondrial damage, as previously discussed in Section 2.

7. Cancer, Phosphate Toxicity, and PD

Tumorigenesis is associated with phosphate toxicity [59], briefly summarized here.
As excessive amounts of dysregulated Pi are sequestered into precancerous cells through
overexpressed sodium phosphate cotransporters, cell signaling pathways stimulate tumor
growth. For example, the phosphoinositide 3 kinase (PI3K) pathway phosphorylates Akt
(protein kinase B), leading to activation of mTOR (mammalian target of rapamycin), which
upregulates protein synthesis in tumor growth. Phosphorus is a rate-limiting factor in
biological growth, and reducing phosphorus transport into a tumor by half is predicted to
reduce a tumor’s size by 75% [24].

Positive associations have been found between PD and cancers of the breast, brain,
and melanoma, and cancer incidence may occur either before or after PD incidence, which
is consistent with a common causative pathway in both of these “pathologically convergent
diseases” [60]. Nevertheless, “the lower risks of lung, bladder, and colorectal cancer,
all smoking-related cancers, in PD patients are generally undisputed”. Feasibly, lower
risks of smoking-related cancers could be explained by the fact that “smokers reported
reduced compliance with the DRI [dietary reference intake] for iron, phosphorus, vitamin C,
riboflavin, and folate compared to nonsmokers” [61]. With a DRI of 700 mg phosphorus per
day for U.S. adults, “the average daily phosphorus intake from foods is 1189 mg for women
and 1596 mg for men” [62], implying that smokers’ phosphorus intake is approximately
twice as low as the average intake. Moreover, lower phosphorus intake could explain “a
causally protective effect of current smoking on the risk of PD” [63].

8. High Dietary Phosphate and PD

Globally, “the presence of any known causal PD mutation is rare, occurring in less than
2% of the PD population”, inferring that environmental factors such as diet are likely to play
a significant role in PD etiology [64]. Relevant to the potential contribution of phosphate
toxicity to PD pathophysiology, “high phosphorus intake is associated with increased
mortality in a healthy US population” [65]. Importantly, “dairy products, fish, and other
types of meat are a major source of phosphate in the human diet”, and “preservatives and
additive salts commonly used in processed foods contain large amounts of phosphate” [66].

A prospective study of the EPIC-Greece cohort found that “incident PD exhibited
strong positive association with consumption of milk, but not cheese or yoghurt”, and an
“inverse association was found between polyunsaturated fat intake and incident PD” [67].
Milk consumption, but not fermented milk, was also weakly associated with increased risk
of PD in a recent Swedish study [68]. Associations between various food items and PD
could be mediated by an inverse relationship between the phosphorus and fat content in
foods—phosphorus in food is naturally found in combination with protein [69], not with fat.
Full-fat dairy products provide more calories and have lower phosphorus caloric densities
(lower phosphorus levels per kcal), which helps meet caloric dietary needs with overall
less phosphate, compared to low-fat or non-fat dairy products that provide fewer calories
and have higher phosphorus caloric densities, which may drive up overall phosphorus
intake to meet calorie requirements. Accordingly, a Harvard analysis of data from the
Nurses’ Health Study and the Health Professionals’ Follow-Up Study found that three or
more servings of low-fat dairy was associated with a higher risk of PD diagnosis, but no
association was found with consumption of full-fat dairy [70].

Low phosphorus in a high-fat ketogenic diet (KD) could also explain neuroprotection
of the KD, although “the literature does not yet support a neuroprotective effect of the KD
in PD” [71]. Nevertheless, current data suggest benefits in non-motor symptoms of PD
patients using a ketogenic diet [72]. Additionally, whole-food plant-based diets such as the
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Mediterranean diet, with reduced Pi intake from animal food products and highly processed
foods, have been associated with delayed onset of PD [73]. A recent analysis of dietary
patterns in the Rotterdam Study reported reduced associated risks of PD in the Netherlands
general population that “corroborate previous findings of a possible protective effect of
the Mediterranean diet” [74]. This type of plant-based diet often contains an abundance
of whole fruit, which has low phosphorus caloric density. Table 1 shows the phosphorus
caloric density of various food items based on data from the U.S. Department of Agriculture
(USDA) National Nutrient Database for Standard Reference, Legacy 2018 [75]. Note that
whole fruit, although high in sugar, is also high in fiber with a low glycemic index [76],
and whole fruit is associated with decreased risk of diabetes [77,78]. Future studies should
investigate potential PD benefits specifically associated with lower phosphate intake in
whole-food plant-based diets.

Table 1. Phosphorus caloric density of selected food items.

Food Item Phosphorus mg/kcal Food Item Phosphorus mg/kcal

Pineapple 0.16 Potato, white 0.90
Pear 0.21 Corn 1.03

Apple 0.21 Wheat flour, wholegrain 1.05
Date, Medjool 0.22 Brazil nut 1.10

Macadamia nut 0.26 Beef, lean 1.54
Coconut 0.32 Fish, Tilapia 1.77
Avocado 0.33 Chicken breast, skinless 1.78

Rice, brown 0.73 Cow milk, non-fat 2.89

Based on data from USDA National Nutrient Database for Standard Reference, Legacy (2018).

Restriction of dietary phosphate, 800–1000 mg/day, is currently used in managing
phosphate serum levels in patients with chronic kidney disease [79], and similar strategies
should be investigated to prevent and delay progression of PD. Dietary counseling from
renal dietitians and other trained healthcare providers “can lead to better control of phos-
phorus intake” [69]. Importantly, in vivo regression of ectopic calcification is associated
with the phosphoprotein osteopontin (OPN) [80], and vascular calcification reversal in
rats fed low-phosphate diets was suggested to be linked to OPN [81]. Phosphorylation
regulates the inhibitory effect of OPN on vascular calcification [82], providing a potential
compensatory response to calcification associated with elevated phosphate levels [83]. This
evidence implies that some degree of regression of mitochondrial calcification in PD may
be possible by placing patients with PD on restricted-phosphate diets.

9. Conclusions

The global burden of PD has more than doubled over the past generation and is
predicted to increase substantially. With no known cure, novel approaches are needed
to investigate the cause and prevention of PD. Excessive calcium phosphate precipitates
are proposed to reduce Complex I function of the mitochondrial electron transport chain
in the substantia nigra in PD, and phosphate is linked to opening of the mitochondrial
permeability transition pore, which is associated with increased ROS, inflammation, DNA
damage, and cell death. PD is also associated with α-synuclein and Lewy body dementia,
a secondary tauopathy related to hyperphosphorylation of tau protein. Feasibly, inorganic
phosphate may be a rate-limiting factor in tau hyperphosphorylation, and this should
be further investigated. Additionally, PD is associated with diabetes prevalence, and
tauopathy and mitochondrial dysfunction are pathophysiological mechanisms potentially
shared between PD and diabetes, reducing biosynthesis and secretion of dopamine and
insulin, respectively. Excessive phosphate from dysregulated phosphate metabolism is
also associated with ectopic calcification, bone mineral disorders, and low levels of serum
vitamin D in patients with PD. Sarcopenia and cancer in PD patients are also associated with
phosphate toxicity. Finally, restricted dietary phosphate intake, used to treat chronic kidney
disease, may be effective in treating and preventing PD by reducing phosphate toxicity.
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Furthermore, osteopontin associated with a low-phosphorus diet may potentially regress
calcifications in PD patients. However, no clinical trials have tested a reduced-phosphate
diet to treat and prevent PD. More studies are needed to investigate the potential mediating
role of phosphate toxicity in the etiology of PD.
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4. Fiandaca, M.S.; Lonser, R.R.; Elder, J.B.; Ząbek, M.; Bankiewicz, K.S. Advancing gene therapies, methods, and technologies for
Parkinson’s Disease and other neurological disorders. Neurol. Neurochir. Pol. 2020, 54, 220–231. [CrossRef]

5. Brown, R.B.; Razzaque, M.S. Dysregulation of phosphate metabolism and conditions associated with phosphate toxicity. BoneKEy
Rep. 2015, 4, 705. [CrossRef] [PubMed]

6. Wolfswinkel, J.F.; Furtmueller, E.; Wilderom, C.P.M. Using grounded theory as a method for rigorously reviewing literature. Eur.
J. Inf. Syst. 2013, 22, 45–55. [CrossRef]

7. Kristian, T.; Pivovarova, N.B.; Fiskum, G.; Andrews, S.B. Calcium-induced precipitate formation in brain mitochondria: Composi-
tion, calcium capacity, and retention. J. Neurochem. 2007, 102, 1346–1356. [CrossRef]

8. Nguyen, T.T.; Quan, X.; Hwang, K.-H.; Xu, S.; Das, R.; Choi, S.-K.; Wiederkehr, A.; Wollheim, C.B.; Cha, S.-K.; Park, K.-S.
Mitochondrial oxidative stress mediates high-phosphate-induced secretory defects and apoptosis in insulin-secreting cells. Am. J.
Physiol. Endocrinol. Metab. 2015, 308, E933–E941. [CrossRef]

9. Nguyen, T. Mitochondrial reactive oxygen species, endoplasmic reticulum stress and phosphate toxicity in impairment of
pancreatic cells. TTU Rev. 2016, 1, 73–78.

10. Hassan, A.; Sharma Kandel, R.; Mishra, R.; Gautam, J.; Alaref, A.; Jahan, N. Diabetes Mellitus and Parkinson’s Disease: Shared
Pathophysiological Links and Possible Therapeutic Implications. Cureus 2020, 12, e9853. [CrossRef]

11. Chohan, H.; Senkevich, K.; Patel, R.K.; Bestwick, J.P.; Jacobs, B.M.; Bandres Ciga, S.; Gan-Or, Z.; Noyce, A.J. Type 2 Diabetes as a
Determinant of Parkinson’s Disease Risk and Progression. Mov. Disord. 2021, 36, 1420–1429. [CrossRef]

12. Malyala, S.; Zhang, Y.; Strubbe, J.O.; Bazil, J.N. Calcium phosphate precipitation inhibits mitochondrial energy metabolism. PLoS
Comput. Biol. 2019, 15, e1006719. [CrossRef] [PubMed]

13. Schapira, A.H.; Cooper, J.M.; Dexter, D.; Clark, J.B.; Jenner, P.; Marsden, C.D. Mitochondrial complex I deficiency in Parkinson’s
disease. J. Neurochem. 1990, 54, 823–827. [CrossRef] [PubMed]

14. Kent, A.C.; El Baradie, K.B.Y.; Hamrick, M.W. Targeting the Mitochondrial Permeability Transition Pore to Prevent Age-Associated
Cell Damage and Neurodegeneration. Oxid. Med. Cell Longev. 2021, 2021, 6626484. [CrossRef] [PubMed]

15. Elustondo, P.A.; Nichols, M.; Negoda, A.; Thirumaran, A.; Zakharian, E.; Robertson, G.S.; Pavlov, E.V. Mitochondrial permeability
transition pore induction is linked to formation of the complex of ATPase C-subunit, polyhydroxybutyrate and inorganic
polyphosphate. Cell Death Discov. 2016, 2, 16070. [CrossRef]

16. Phadwal, K.; Vrahnas, C.; Ganley, I.G.; MacRae, V.E. Mitochondrial Dysfunction: Cause or Consequence of Vascular Calcification?
Front. Cell Dev. Biol. 2021, 9, 611922. [CrossRef]

17. Varanyuwatana, P.; Halestrap, A.P. The roles of phosphate and the phosphate carrier in the mitochondrial permeability transition
pore. Mitochondrion 2012, 12, 120–125. [CrossRef]

18. Abramov, A.Y.; Fraley, C.; Diao, C.T.; Winkfein, R.; Colicos, M.A.; Duchen, M.R.; French, R.J.; Pavlov, E. Targeted polyphosphatase
expression alters mitochondrial metabolism and inhibits calcium-dependent cell death. Proc. Natl. Acad. Sci. USA 2007,
104, 18091–18096. [CrossRef]

19. Angelova, P.R.; Agrawalla, B.K.; Elustondo, P.A.; Gordon, J.; Shiba, T.; Abramov, A.Y.; Chang, Y.T.; Pavlov, E.V. In situ investigation
of mammalian inorganic polyphosphate localization using novel selective fluorescent probes JC-D7 and JC-D8. ACS Chem. Biol.
2014, 9, 2101–2110. [CrossRef]

20. Sexton, C.; Snyder, H.; Beher, D.; Boxer, A.L.; Brannelly, P.; Brion, J.P.; Buée, L.; Cacace, A.M.; Chételat, G.; Citron, M.; et al.
Current directions in tau research: Highlights from Tau 2020. Alzheimers Dement. 2022, 18, 988–1007. [CrossRef]

http://doi.org/10.1038/nrdp.2017.13
http://www.ncbi.nlm.nih.gov/pubmed/28332488
http://doi.org/10.1007/978-1-0716-1712-0_7
http://doi.org/10.1016/S1474-4422(18)30295-3
http://doi.org/10.5603/PJNNS.a2020.0046
http://doi.org/10.1038/bonekey.2015.74
http://www.ncbi.nlm.nih.gov/pubmed/26131357
http://doi.org/10.1057/ejis.2011.51
http://doi.org/10.1111/j.1471-4159.2007.04626.x
http://doi.org/10.1152/ajpendo.00009.2015
http://doi.org/10.7759/cureus.9853
http://doi.org/10.1002/mds.28551
http://doi.org/10.1371/journal.pcbi.1006719
http://www.ncbi.nlm.nih.gov/pubmed/30615608
http://doi.org/10.1111/j.1471-4159.1990.tb02325.x
http://www.ncbi.nlm.nih.gov/pubmed/2154550
http://doi.org/10.1155/2021/6626484
http://www.ncbi.nlm.nih.gov/pubmed/33574977
http://doi.org/10.1038/cddiscovery.2016.70
http://doi.org/10.3389/fcell.2021.611922
http://doi.org/10.1016/j.mito.2011.04.006
http://doi.org/10.1073/pnas.0708959104
http://doi.org/10.1021/cb5000696
http://doi.org/10.1002/alz.12452


Int. J. Mol. Sci. 2022, 23, 8060 9 of 11

21. Zhang, X.; Gao, F.; Wang, D.; Li, C.; Fu, Y.; He, W.; Zhang, J. Tau Pathology in Parkinson’s Disease. Front. Neurol. 2018, 9, 809.
[CrossRef]

22. Ganten, D.; Ruckpaul, K.; Birchmeier, W.; Epplen, J.T.; Genser, K.; Gossen, M.; Kersten, B.; Lehrach, H.; Oschkinat, H.; Ruiz,
P.; et al. (Eds.) Hyperphosphorylation. In Encyclopedic Reference of Genomics and Proteomics in Molecular Medicine; Springer:
Berlin/Heidelberg, Germany, 2005. [CrossRef]

23. Ma, M.R.; Hu, Z.W.; Zhao, Y.F.; Chen, Y.X.; Li, Y.M. Phosphorylation induces distinct alpha-synuclein strain formation. Sci. Rep.
2016, 6, 37130. [CrossRef] [PubMed]

24. Kuang, Y.; Nagy, J.D.; Elser, J.J. Biological stoichiometry of tumor dynamics: Mathematical models and analysis. Discret. Contin.
Dyn. Syst. Ser. B 2004, 4, 221–240.

25. Gonçalves, R.A.; Wijesekara, N.; Fraser, P.E.; De Felice, F.G. The Link between Tau and Insulin Signaling: Implications for
Alzheimer’s Disease and Other Tauopathies. Front. Cell Neurosci. 2019, 13, 17. [CrossRef] [PubMed]

26. Moran, C.; Beare, R.; Phan, T.G.; Bruce, D.G.; Callisaya, M.L.; Srikanth, V. Type 2 diabetes mellitus and biomarkers of neurodegen-
eration. Neurology 2015, 85, 1123–1130. [CrossRef]

27. de Pablo-Fernández, E.; Courtney, R.; Rockliffe, A.; Gentleman, S.; Holton, J.L.; Warner, T.T. Faster disease progression in
Parkinson’s disease with type 2 diabetes is not associated with increased α-synuclein, tau, amyloid-β or vascular pathology.
Neuropathol. Appl. Neurobiol. 2021, 47, 1080–1091. [CrossRef]

28. De Pablo-Fernandez, E.; Goldacre, R.; Pakpoor, J.; Noyce, A.J.; Warner, T.T. Association between diabetes and subsequent
Parkinson disease: A record-linkage cohort study. Neurology 2018, 91, e139–e142. [CrossRef]

29. Mullee, A.; Romaguera, D.; Pearson-Stuttard, J.; Viallon, V.; Stepien, M.; Freisling, H.; Fagherazzi, G.; Mancini, F.R.; Boutron-
Ruault, M.C.; Kühn, T.; et al. Association Between Soft Drink Consumption and Mortality in 10 European Countries. JAMA
Intern. Med. 2019, 179, 1479–1490. [CrossRef]

30. Neelakantan, N.; Park, S.H.; Chen, G.C.; van Dam, R.M. Sugar-sweetened beverage consumption, weight gain, and risk of type 2
diabetes and cardiovascular diseases in Asia: A systematic review. Nutr. Rev. 2021, 80, 50–67. [CrossRef]

31. Harder, S.; Hopp, K.; Ward, H.; Neglio, H.; Gitlin, J.; Kido, D. Mineralization of the deep gray matter with age: A retrospective
review with susceptibility-weighted MR imaging. Am. J. Neuroradiol. 2008, 29, 176–183. [CrossRef]

32. Vermersch, P.; Leys, D.; Pruvo, J.P.; Clarisse, J.; Petit, H. Parkinson’s disease and basal ganglia calcifications: Prevalence and
clinico-radiological correlations. Clin. Neurol. Neurosurg. 1992, 94, 213–217. [CrossRef]

33. Vorland, C.J.; Stremke, E.R.; Moorthi, R.N.; Hill Gallant, K.M. Effects of Excessive Dietary Phosphorus Intake on Bone Health.
Curr. Osteoporos. Rep. 2017, 15, 473–482. [CrossRef] [PubMed]

34. Torsney, K.M.; Noyce, A.J.; Doherty, K.M.; Bestwick, J.P.; Dobson, R.; Lees, A.J. Bone health in Parkinson’s disease: A systematic
review and meta-analysis. J. Neurol. Neurosurg. Psychiatry 2014, 85, 1159–1166. [CrossRef] [PubMed]
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