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Abstract: Phosphorus is one of the most abundant minerals in the human body. It is essential
for almost all biochemical activities through ATP formation, intracellular signal transduction, cell
membrane formation, bone mineralization, DNA and RNA synthesis, and inflammation modulation
through various inflammatory cytokines. Phosphorus levels must be optimally regulated, as any
deviations may lead to substantial derangements in glucose homeostasis. Clinical studies have
reported that hyperphosphatemia can increase an individual’s risk of developing metabolic syndrome.
High phosphate burden has been shown to impair glucose metabolism by impairing pancreatic
insulin secretion and increasing the risk of cardiometabolic disorders. Phosphate toxicity deserves
more attention as metabolic syndrome is being seen more frequently worldwide and should be
investigated further to determine the underlying mechanism of how phosphate burden may increase
the cardiometabolic risk in the general population.

Keywords: phosphate burden; obesity; hypertension; diabetes; insulin

1. Introduction

If untreated, long-standing obesity, hypertension, and altered glucose metabolism
usually progress to metabolic syndrome. The criteria provided by the National Cholesterol
Education Program Adult Treatment Panel III (NCEP ATP III) has been commonly used to
diagnose metabolic syndrome. It states that a metabolic syndrome is a group of conditions
that occur together and increase the risk of type 2 diabetes mellitus, heart disease, and
stroke [1]. Metabolic dysfunction becomes metabolic syndrome when any 3 of the 5 criteria
are met which include: (1) blood pressure values of systolic >130 mmHg and/or diastolic
>85 mmHg; (2) fasting glucose > 100 mg/dL; (3) elevated triglycerides > 150 mg/dL;
(4) HDL <40 mg/dL in men or <50 mg/dL in women and (5) waist circumference > 40 inches
for men and 35 inches in women [1]. This article will discuss how phosphate dysregulation
can be associated with the criteria mentioned earlier for metabolic syndrome.

Phosphorus (P) is one of the most abundant minerals, along with sodium (Na®),
calcium (Ca?*), magnesium (Mg?*), and potassium (K*) in humans. Throughout this
article, the term ‘phosphate’ (PO,3~) will be interchangeably used to describe this element.
Inorganic phosphate is essential for intracellular signal transduction (phosphorylation),
energy metabolism (ATP), cell membrane formation (phospholipids), synthesis of DNA
and RNA (nucleic acid), and bone mineralization (hydroxyapatite) [2—4]. Since phosphate
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actively regulates the phosphorylation reactions, in vitro studies suggest that its optimal
Licensee MDPI, Basel, Switzerland.

intracellular concentration is required for the phosphorylation of insulin receptor tyrosine-
kinase and subsequent cellular insulin signaling. Although further studies are needed,
dysregulation of phosphate balance potentially impairs insulin signaling to trigger insulin
resistance with reduced cellular glucose utilization. Nguyen et al. demonstrated in vitro
that oxidative stress related to mitochondrial phosphate uptake is responsible for defective
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insulin synthesis and secretion, as secretion is sensitive to increased ROS induced in
mitochondria due to hyperphosphatemia [5].

Phosphate absorption, reabsorption, and resorption occur in the small intestine, kid-
ney, and bone. Coordinated crosstalk among these organs maintains normal homeostatic
phosphate balance [6]. Phosphate-regulating hormones, including fibroblast growth factor-
23 (FGF23), calcitriol, and parathyroid hormone (PTH), actively regulate phosphate home-
ostasis [2,3]. Excessive phosphate consumption and/or impaired renal excretion results
in a positive phosphate balance. The maximum phosphate load is derived from meat,
poultry, fish, hard cheeses, egg yolk, and nuts [7]; when phosphate-based preservatives are
added to these commonly consumed foods, the amount of phosphate ingestion markedly
increases [8]. For healthy individuals, the adverse consequence of phosphate overload is
more likely to develop than phosphate depletion. An epidemiologic study on non-diabetic
individuals found that increased calcium and calcium-phosphate product are associated
with a higher risk of developing type 2 diabetes independently of measured glucose, insulin
secretion or insulin resistance [9], though subsequent analysis found that only elevated
serum calcium levels and calcium-phosphate product were associated with developing
type 2 diabetes [9]. After adjustment for glucose tolerance and insulin sensitivity /secretion,
high phosphate concentration is associated with future diabetes development [9]. In a
separate study with 460 normal-weight adults aged 18-35 years, higher levels of calcium
and lower levels of phosphate were shown to be significantly associated with metabolic
syndrome [10].

2. Phosphate Regulation

The recommended dietary allowance of phosphorus for adults and elderly individuals
in the United States (U.S.) is 700 mg/day. However, approximately one-third of the
U.S. adult population consumes more than the recommended amount [11]. Studies on
schoolchildren have shown that increased consumption of phosphate enhances the risk
of gingivitis by increasing salivary interleukin (IL)-13 while decreasing IL-4 levels [12].
IL-1p regulates the innate immune process via leukocytic pyrogenicity, inducing various
acute-phase response proteins and lymphocyte-activating factors (LAFs) [13]. IL-4 regulates
antibody production, hematopoiesis and inflammation, and the development of effector
T-cell responses [14]. Moreover, a significant association has been detected between salivary
phosphate and C-reactive protein levels in children [15-17].

FGF23, a master regulator of phosphate homeostasis, is synthesized by the bone
cells. Translated FGF23 protein can undergo two post-translation modifications: (1) O-
glycosylation with GALNT3 on Threonine 178 and (2) phosphorylation by FAM20C at
Serine 180 [18,19]. O-glycosylation prevents intact FGF23 from cleavage, while phosphory-
lation by the extracellular serine/threonine protein kinase FAM20C can cleave FGF23 into
N-terminal and C-terminal fragments in bone cells. Bone-derived FGF23 binds to the FGF
receptor (FGFR)/ aKlotho complex on renal proximal tubular epithelial cells to suppress
sodium-dependent phosphate co-transporter type Ila (NaPi-2a) expression [20,21]. Conse-
quently, the reduced activity of NaPi-2a results in reducing renal phosphate reabsorption
and increasing urinary phosphate excretion. FGF23 also reduces renal 1x-hydroxylase ex-
pression and increases 24-hydroxylase expression in the proximal tubular epithelial cells to
reduce vitamin D activation (Figure 1) [20,21]. Negative feedback control between bone and
kidney partly regulates FGF23 production. Reduced phosphate and vitamin D levels exert
inhibitory effects on bone-derived FGF23 synthesis by reducing extracellular phosphate
signaling and VDR activities on the bone cells. The absence of FGF23 or klotho system
leads to uncontrolled hyperphosphatemia and increased risk for systemic dysfunction in
metabolic syndrome [5,22].
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Figure 1. Osteoblasts and osteocytes mainly produce FGF23, which binds to the aKlotho/FGFR
complex to activate downstream signaling events and suppress the expression of NaPi-2a and
la(OH)ase to inhibit phosphate reabsorption and reduce vitamin D activation processes, respectively,
in the proximal tubular epithelial cells. FRS2«: fibroblast growth factor receptor substrate 2c;
MAPK: mitogen-activated protein kinase; EGR-1: Early growth response protein 1; NaPi-2a: Sodium-
dependent phosphate transport protein 2a; 1a(OH)ase: 1a-hydroxylase; FGF23: fibroblast growth
factor 23.

Dysregulated phosphate homeostasis increases the risk of systemic organ dysfunction
in metabolic syndrome. A higher phosphate burden could generate a chronic low-grade
inflammation that promotes the cluster of conditions that are commonly encountered in
metabolic syndrome, including vascular stiffness (hypertension), altered glucose home-
ostasis (diabetes), and abnormal lipid metabolism (obesity) [23]. Of importance, even a
subclinical phosphate burden could generate proinflammatory cytokines and free radi-
cals to create a low-grade inflammatory microenvironment [23,24]. When adjusting for
elevated calorie intake, elevated phosphate intake was directly associated with increased
salivary IL-13 concentration [12]. IL-13 has been shown to inhibit pancreatic 3 cell function
via promoting Fas-triggered apoptosis following NF-«kB transcription factor activation,
leading to impaired insulin secretion [25]. The serum phosphate level does not always
reflect the accurate picture of total body phosphate content, as the intravascular pool of
phosphate represents less than 1% of total body phosphate. Clinical and subclinical chronic
inflammatory responses are the underlying mechanism of various commonly encountered
systemic diseases, including obesity, metabolic syndrome, hypertension, and cardiovascular
disorders [26,27].

The parathyroid gland secretes PTH, and its central role is to balance calcium and
phosphate in the blood. It is secreted to raise calcium levels when too low or when
phosphate levels are too high [28]. One of the actions of PTH is to increase calcium
reabsorption in the proximal convoluted tubule (PCT) of the kidney while simultaneously
decreasing phosphate reabsorption in the PCT. PTH also increases the production of 1c-
hydroxylase from the kidneys, which catalyzes the reaction of calcifediol into calcitriol
(active vitamin D) [28]. The reasoning for lowering phosphate and not just raising plasma
calcium concentration is that phosphate ions readily form insoluble salts with calcium,
resulting in a decrease in plasma calcium [28]. PTH and its related signaling peptide PTHrP
induce glycolysis and fatty acid oxidation in bone cells and drive lipolysis and thermogenic
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programming in adipocytes [29]. Osadnik et al. identified a significant association between
calcium-phosphate and metabolic syndrome in normal-weight individuals (10). They found
hypercalcemia and hypophosphatemia in the metabolic syndrome group but not in the
group of healthy individuals with normal weight.

Phosphate toxicity could directly trigger chronic inflammation by inducing cytotoxicity
and disrupting subcellular signaling events [30-33]. Moreover, commonly consumed high
phosphate-added processed foods and drinks adversely alter the gut microbial ecosystem to
promote the cluster of conditions that are widely encountered in metabolic syndrome [34].
Noteworthy, recent studies have found a possible association between gut microbiota and
metabolic syndrome, possibly by promoting inflammation [35,36].

Phosphate burden in hypertension, type 2 diabetes mellitus, obesity and metabolic
syndrome might not always clinically reflect as hyperphosphatemia. Increased phosphate
burden in individuals with normophosphatemia may have pathological consequences,
as abnormal phosphate balance could induce vascular stiffness as well as impair glucose
and lipid metabolism [37]. In vitro studies have shown that oxidative stress related to
mitochondrial phosphate uptake is responsible for defective insulin synthesis and secre-
tion [5]. Tonelli et al. identified a relationship between upper limits of normal serum
phosphate and increased risk of cardiovascular events, heart failure, and all-cause death
in people with prior myocardial infarctions, most of whom had normal serum phosphate
and kidney functions [38]. They noted a significant association between baseline serum
phosphate levels and the age, race, and sex-adjusted risk. Individuals with 3.5 mg/dL
serum phosphate levels had 1.55 times higher hazard ratios than those with levels below
2.8 mg/dL [38]. Of relevance, a serum level of <4 mg/dL is considered within the accepted
normal range of phosphate. According to Mayo Clinic Laboratories, the standard range of
serum phosphorus for adults is 2.5-4.5 mg/dL.

3. Phosphate Burden and Glucose Metabolism

Glucose-induced insulin secretion by the pancreatic 3-cell is accompanied by the
significant efflux of intracellular inorganic phosphate (~50% of the cellular content), com-
monly known as “phosphate flush” [39]. Of relevance, “phosphate flush” has specificity
towards pancreatic 3-cells, as other islet cells or the exocrine pancreas are not involved
with this phenomenon [40]. Studies have also shown that a higher phosphate burden can
reduce pancreatic 3-cell viability [41]. The “phosphate flush” in the pancreatic 3-cell might
be a protective phenomenon to evade cellular phosphate burden [42]. Hyperphosphatemia
alters how the human body metabolizes glucose, putting individuals at risk for develop-
ing metabolic syndrome [41]. Phosphate enters insulin-releasing cells in the pancreas via
sodium-dependent phosphate co-transporters (type II and type III) [5]. Phosphate then
enters mitochondria by an intricate process involving various proteins such as phosphate
carrier (PiC), dicarboxylate carrier (DIC), and uncoupling protein-2 (UPC2) [5]. High
phosphate levels are toxic to various cell types as it increases mitochondrial membrane
potential, superoxide generation, activation of caspases and eventual cell death via intrinsic
apoptosis pathway [5,41]. Beta islet cells release insulin from the pancreas and have mini-
mal antioxidation protective mechanisms [5,41]. Increases in ROS production activate the
unfolded protein response (UPR), which causes phosphorylation of double-stranded RNA-
dependent protein kinase-like ER kinase (PERK) and eukaryotic translation initiation factor
2« (elF2x) due to high phosphate levels, causing attenuation of insulin translation [5,41]. A
decrease in insulin release allows high glucose levels to remain in the circulatory system,
further exacerbating diabetes [41,43]. Phosphate burden should be controlled actively to
attenuate its negative effects on insulin and help prevent one of the ways an individual
may develop metabolic syndrome (fasting glucose > 100 mg/dL).

In nondiabetic subjects, hypophosphatemia has been shown to be associated with
reduced insulin sensitivity [44]. A close interaction exists between glucose and phosphate
metabolism. Earlier studies have shown that insulin-dependent cellular glucose uptake
is accompanied by phosphate translocation from the extracellular compartment into the
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intracellular compartment [45]. Hypophosphatemia could also impair pancreatic insulin
secretion [46,47]. Moreover, in an experiment conducted by Defronzo et al., they noticed
that when exogenous insulin and glucose were infused at a constant rate, the infusion
rate of glucose was 43% lower in the hypophosphatemic group than in the control group
even though the insulin clearance rate was comparable in both groups [48]. This indicates
that hypophosphatemia-associated impaired glucose metabolism is related to decreased
tissue sensitivity to insulin [48]. In a case-control study conducted on elderly type 2 di-
abetes patients with renal impairment, high serum phosphate contributed to vascular
calcifications, arterial stiffness, and cardiovascular mortality. Hyperphosphatemia was also
correlated with increased metabolic disturbances, such as significantly higher uric acid,
serum glucose, i-PTH, and albuminuria, compared to low serum phosphate levels and
metabolic disturbances compared to non-diabetic patients [49].

As stated, the change in dietary habits and an increased reliance on processed foods
resulted in phosphate overload in more than one-third of the adult population in the
U.S. [11]. Modern Western diets contain a higher amount of artificial phosphate (carbonated
beverages, processed meat, processed cheese), which is almost completely absorbed in
the intestine, as opposed to natural phosphate-containing foods, which are absorbed only
around 40%-60% [50]. The chemical analyses of additive-containing processed meat and
fish had a phosphate level of around 14.4 mg per gram of protein, while unprocessed
foods lacking additives had a phosphate level of around 9.1 mg per gram of protein [51,52].
Also, the absorption of meat-derived phosphate is relatively higher than that of phosphate
from plant sources [53]. Analysis of the 2007-2014 U.S. National and Health Nutrition
Examination Survey (NHANES) found a positive correlation between BMI with the amount
of phosphate and sodium consumption [54].

4. Phosphate Burden and Cardiometabolic Disorders

Prolonged dietary phosphate overload could induce subclinical inflammatory re-
sponses to promote vascular stiffness, insulin resistance, and obesity, likely enhancing the
likelihood of developing type 2 diabetes and cardiometabolic disorders [55,56] (Figure 2).
In ApoE knockout mice, high dietary phosphate intake accelerates atherogenesis inde-
pendent of vascular calcification [57]. Moreover, high phosphate consumption impairs
endothelial cell functions in young, healthy men [58]. In vitro studies have shown that
a high phosphate microenvironment could impair endothelial cell survival, migration,
capillary tube formation, and angiogenesis [59]. In the Cholesterol and Recurrent Events
(CARE) study, patients with serum phosphate >3.5 mg/dL had a higher adjusted hazard
ratio for death by myocardial infarction than those with serum phosphate <3.5 mg/dL [38].
A study conducted on 1989 Chinese patients with ST-segment elevation myocardial in-
farction (STEMI) showed a high serum phosphate level was associated with all-cause
mortality among STEMI patients with preserved renal function [60]. According to Huang
et al., hyperphosphatemia had a greater influence on increased systolic blood pressure,
diastolic blood pressure, and pulse pressure in patients undergoing hemodialysis when
adjusting for potential confounding variables such as anti-hypertensive medication use,
demographics, medical history, and dialysis non-adherence [61]. The likely mechanism is
hardened arterial walls caused by mineral deposition and vessel non-distensibility [61].
This vessel noncompliance is one-way hyperphosphatemia that causes individuals to meet
the blood pressure criteria of metabolic syndrome with blood pressure values of systolic
>130 mmHg and/or diastolic >85 mmHg.
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Figure 2. Phosphate burden-generated events which potentiate clusters of conditions commonly
encountered in metabolic syndrome. Please note that some of the events shown in the figure might
occur simultaneously.

Although low or high phosphate balance may be associated with altered glucose
metabolism to induce metabolic syndromes, excessive phosphate-containing food con-
sumption in healthy individuals is more of a health risk than deficiency. For instance,
in a study conducted on 92,756 individuals with normal kidney function, higher serum
phosphorus levels influenced all-cause mortality of the studied cohorts [62]. Similarly, hos-
pitalized patients with hyperphosphatemia at admission were associated with an increased
risk of in-hospital mortality [63].

Human and experimental studies have consistently demonstrated a higher phosphate
burden induces cardiovascular calcification, hypertension, musculoskeletal disorders, and
premature aging [4]. In a study conducted on 104 diabetic patients, the serum phosphate
level was markedly higher in cardiovascular disease patients [43]. Simple regression anal-
yses found a positive correlation between serum levels of phosphate and serum levels
of total cholesterol (p < 0.05, r = 0.35), triglyceride (p < 0.05, r = 0.75) and fasting glucose
(p <0.05, r = 0.75) [43]. According to Mahmud et al.,, all cardiac patients in their study had
poor glycemic control and found a linear and significant increase in triglycerides in these
patients [43]. As previously mentioned, hyperphosphatemia decreases insulin secretion
leading to hyperglycemic states. In a similar line of experimental study, genetically induc-
ing phosphate toxicity in klotho deficient mice showed significantly reduced pancreatic
insulin content as compared with wild-type mice [64]. Inadequate insulin secretion is
also noted in hyperphosphatemic patients with chronic kidney disease. Retrospectively
analyzing 48 diabetic patients, hyperphosphatemia was consistently detected during di-
abetic ketoacidosis episodes; the serum phosphate level in these patients also positively
correlated with serum glucose level [65]. A serum phosphate level of 3.5 mg/dL and
above showed an association with a serum triglyceride level of >150 mg/dL, satisfying
yet another criterion for metabolic syndrome [43]. In a study conducted on 1408 females
and 1096 males, compared to non-smoking subjects, smoking males and females with
diabetes patients had higher serum phosphate and triglyceride levels [66]. Such association
between smoking and serum phosphate and triglyceride levels existed even after adjusting
for age and cardiovascular risk factors through multiple linear regression analyses [66]. In a
follow-up study by the same group, however, they reported that low serum phosphate level
was also associated with all-cause mortality in smokers [67]. A clinical association between
phosphate burden and impaired insulin secretion has been widely documented, and further
experimental studies will be needed to clarify underlying molecular mechanisms.
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5. Conclusions

Mineral ion deficiency in clinical medicine, including CaZ, Mg2+, zinc (Zn?*), and
iron (Fe*"), is more common than generally acknowledged in elderly individuals and
disease-related malnutrition in hospitalized patients [68-73]. However, individuals with
a higher phosphate burden are at a greater risk of developing complications associated
with metabolic syndrome. Since the global prevalence of hypertension, obesity, and type
2 diabetes is alarmingly increasing, and dependency on phosphate-rich processed foods is
growing, reducing the phosphate burden by adopting a healthy diet and lifestyle may be a
sustainable and inexpensive intervention to reduce the disease burdens associated with
metabolic syndrome. Moreover, a lack of awareness of artificially added phosphate-rich
food and drinks makes it harder for consumers to monitor phosphate uptake [74,75]. The
absence of the amount of phosphate in the nutritional ingredient lists also contributes to di-
etary phosphate overload, even among health-conscious individuals. Hyperphosphatemia
has been consistently detected in the advanced stage of both human and experimental
models of diabetes mellitus [76,77].

Future prospective studies to reduce the phosphate burden before and during the
appearance of the cluster of conditions associated with metabolic syndrome are required to
determine the potential adverse effects of phosphate burden on cardiometabolic risk in the
general population.

Author Contributions: Conceptualization, M.S.R.; writing—original draft preparation, N.M. and
M.S.R.; writing—review and editing, M.H. and A.A.; supervision, M.S.R. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors want to express their sincere gratitude to Nuraly Akimbekov, (Al-
Farabi Kazakh National University, Kazakhstan), for his help in drawing the illustrations. N.M. is
an Osteopathic Medical Student (OMS III) at the Lake Erie College of Osteopathic Medicine, Erie
(United States).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Swarup, S.; Goyal, A.; Grigorova, Y.; Zeltser, R. Metabolic Syndrome. In StatPearls; StatPearls Publishing LLC.: Treasure Island,
FL, USA, 2022.

2. Razzaque, M.S. The FGF23-Klotho axis: Endocrine regulation of phosphate homeostasis. Nat. Rev. Endocrinol. 2009, 5, 611-619.
[CrossRef] [PubMed]

3.  Razzaque, M.S. FGF23-mediated regulation of systemic phosphate homeostasis: Is Klotho an essential player? Am. J. Physiol. Ren.
Physiol. 2009, 296, F470-F476. [CrossRef] [PubMed]

4. Razzaque, M.S. Phosphate toxicity: New insights into an old problem. Clin. Sci. 2011, 120, 91-97. [CrossRef] [PubMed]

5. Nguyen, T.T.; Quan, X.; Hwang, K.H.; Xu, S.; Das, R.; Choi, S.K.; Wiederkehr, A.; Wollheim, C.B.; Cha, SK.; 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] [PubMed]

6. Hernando, N.; Gagnon, K,; Lederer, E. Phosphate Transport in Epithelial and Nonepithelial Tissue. Physiol. Rev. 2021, 101, 1-35.
[CrossRef]

7. D’Alessandro, C.; Piccoli, G.B.; Cupisti, A. The “phosphorus pyramid”: A visual tool for dietary phosphate management in
dialysis and CKD patients. BMC Nephrol. 2015, 16, 9. [CrossRef]

8. Benini, O.; D"Alessandro, C.; Gianfaldoni, D.; Cupisti, A. Extra-phosphate load from food additives in commonly eaten foods: A
real and insidious danger for renal patients. J. Ren. Nutr. 2011, 21, 303-308. [CrossRef]

9. Lorenzo, C.; Hanley, A.].; Rewers, M.].; Haffner, S.M. Calcium and phosphate concentrations and future development of type 2

diabetes: The Insulin Resistance Atherosclerosis Study. Diabetologia 2014, 57, 1366-1374. [CrossRef]


http://doi.org/10.1038/nrendo.2009.196
http://www.ncbi.nlm.nih.gov/pubmed/19844248
http://doi.org/10.1152/ajprenal.90538.2008
http://www.ncbi.nlm.nih.gov/pubmed/19019915
http://doi.org/10.1042/CS20100377
http://www.ncbi.nlm.nih.gov/pubmed/20958267
http://doi.org/10.1152/ajpendo.00009.2015
http://www.ncbi.nlm.nih.gov/pubmed/25852001
http://doi.org/10.1152/physrev.00008.2019
http://doi.org/10.1186/1471-2369-16-9
http://doi.org/10.1053/j.jrn.2010.06.021
http://doi.org/10.1007/s00125-014-3241-9

Nutrients 2022, 14, 4477 8 of 10

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Osadnik, K.; Osadnik, T.; Delijewski, M.; Lejawa, M.; Fronczek, M.; Regula, R.; Gasior, M.; Pawlas, N. Calcium and Phosphate
Levels are Among Other Factors Associated with Metabolic Syndrome in Patients with Normal Weight. Diabetes Metab. Syndr.
Obes. 2020, 13, 1281-1288. [CrossRef]

Chang, A.R;; Lazo, M.; Appel, L.J.; Gutiérrez, O.M.; Grams, M.E. High dietary phosphorus intake is associated with all-cause
mortality: Results from NHANES III. Am. |. Clin. Nutr. 2014, 99, 320-327. [CrossRef]

Goodson, ].M.; Shi, P.; Razzaque, M.S. Dietary phosphorus enhances inflammatory response: A study of human gingivitis.
J. Steroid Biochem. Mol. Biol. 2019, 188, 166—171. [CrossRef]

Kaneko, N.; Kurata, M.; Yamamoto, T.; Morikawa, S.; Masumoto, J. The role of interleukin-1 in general pathology. Inflamm. Regen.
2019, 39, 12. [CrossRef]

Brown, M.A.; Hural, J. Functions of IL-4 and Control of Its Expression. Crit. Rev. Immunol. 2017, 37, 181-212. [CrossRef]
Goodson, ].M.; Shi, P.; Mumena, C.H.; Haq, A.; Razzaque, M.S. Dietary phosphorus burden increases cariogenesis independent of
vitamin D uptake. J. Steroid Biochem. Mol. Biol. 2017, 167, 33-38. [CrossRef]

Razzaque, M.S. Salivary phosphate as a biomarker for human diseases. FASEB Bioadv. 2022, 4, 102-108. [CrossRef]

Calo, L.A.; Savica, V.; Piccoli, A.; Fusaro, M.; D’Angelo, A.; Davis, P.A. Reduction of hyperphosphatemia is related with the
reduction of C-reactive protein in dialysis patients. Study in sevelamer-resistant dialysis patients treated with chitosan chewing
gum as salivary phosphate binder. Ren. Fail. 2011, 33, 11-14. [CrossRef]

Ichikawa, S.; Sorenson, A.H.; Austin, A.M.; Mackenzie, D.S.; Fritz, T.A.; Moh, A.; Hui, S.L.; Econs, M.]. Ablation of the Galnt3
gene leads to low-circulating intact fibroblast growth factor 23 (Fgf23) concentrations and hyperphosphatemia despite increased
Fgf23 expression. Endocrinology 2009, 150, 2543-2550. [CrossRef]

Tagliabracci, V.S.; Engel, J.L.; Wiley, S.E.; Xiao, ].; Gonzalez, D.J.; Nidumanda Appaiah, H.; Koller, A.; Nizet, V.; White, K.E.; Dixon,
J.E. Dynamic regulation of FGF23 by Fam20C phosphorylation, GalNAc-T3 glycosylation, and furin proteolysis. Proc. Natl. Acad.
Sci. USA 2014, 111, 5520-5525. [CrossRef]

Takeshita, A.; Kawakami, K.; Furushima, K.; Miyajima, M.; Sakaguchi, K. Central role of the proximal tubular alphaKlotho/FGF
receptor complex in FGF23-regulated phosphate and vitamin D metabolism. Sci. Rep. 2018, 8, 6917. [CrossRef]

Masuyama, R.; Stockmans, I.; Torrekens, S.; Van Looveren, R.; Maes, C.; Carmeliet, P.; Bouillon, R.; Carmeliet, G. Vitamin D
receptor in chondrocytes promotes osteoclastogenesis and regulates FGF23 production in osteoblasts. J. Clin. Investig. 2006, 116,
3150-3159. [CrossRef]

Razzaque, M.S. The role of Klotho in energy metabolism. Nat. Rev. Endocrinol. 2012, 8, 579-587. [CrossRef] [PubMed]
Lacerda-Abreu, M.A.; Meyer-Fernandes, J.R. Extracellular Inorganic Phosphate-Induced Release of Reactive Oxygen Species:
Roles in Physiological Processes and Disease Development. Int. . Mol. Sci. 2021, 22, 7768. [CrossRef] [PubMed]

Oliveira, G.A.; Kowaltowski, A.]. Phosphate increases mitochondrial reactive oxygen species release. Free Radic. Res. 2004, 38,
1113-1118. [CrossRef] [PubMed]

Maedler, K.; Sergeev, P; Ris, F.; Oberholzer, J.; Joller-Jemelka, H.I.; Spinas, G.A.; Kaiser, N.; Halban, P.A.; Donath, M.Y. Glucose-
induced f cell production of IL-1f3 contributes to glucotoxicity in human pancreatic islets. . Clin. Investig. 2017, 127, 1589.
[CrossRef] [PubMed]

Mousa, A.; Naderpoor, N.; Teede, H.; Scragg, R.; de Courten, B. Vitamin D supplementation for improvement of chronic low-grade
inflammation in patients with type 2 diabetes: A systematic review and meta-analysis of randomized controlled trials. Nutr. Rev.
2018, 76, 380-394. [CrossRef]

Namazi, N.; Larijani, B.; Azadbakht, L. Dietary Inflammatory Index and its Association with the Risk of Cardiovascular Diseases,
Metabolic Syndrome, and Mortality: A Systematic Review and Meta-Analysis. Horm. Metab. Res. 2018, 50, 345-358. [CrossRef]
Khan, M.; Jose, A.; Sharma, S. Physiology, Parathyroid Hormone. In StatPearls; StatPearls Publishing LLC.: Treasure Island, FL,
USA, 2022.

Rendina-Ruedy, E.; Rosen, C.J. Parathyroid hormone (PTH) regulation of metabolic homeostasis: An old dog teaches us new
tricks. Mol. Metab. 2022, 60, 101480. [CrossRef]

Hetz, R.; Beeler, E.; Janoczkin, A.; Kiers, S.; Li, L.; Willard, B.B.; Razzaque, M.S.; He, P. Excessive Inorganic Phosphate Burden
Perturbed Intracellular Signaling: Quantitative Proteomics and Phosphoproteomics Analyses. Front. Nutr. 2021, 8, 765391.
[CrossRef]

He, P; Mann-Collura, O.; Fling, J.; Edara, N.; Hetz, R.; Razzaque, M.S. High phosphate actively induces cytotoxicity by rewiring
pro-survival and pro-apoptotic signaling networks in HEK293 and HeLa cells. FASEB ]. 2021, 35, €20997. [CrossRef]

Voelkl, J.; Egli-Spichtig, D.; Alesutan, I.; Wagner, C.A. Inflammation: A putative link between phosphate metabolism and
cardiovascular disease. Clin. Sci. 2021, 135, 201-227. [CrossRef]

Zhang, L.; Yu, Q.; Chen, X.; Zhang, M.; He, Y.; Ji, Z.; Chen, R.; Zhang, ].; Zhang, H.; Shi, G.; et al. Mineral and bone disorder
biomarkers and inflammation indexes in patients with end stage renal disease. Ann. Palliat. Med. 2020, 9, 3938-3946. [CrossRef]
Lane, M.; Howland, G.; West, M.; Hockey, M.; Marx, W.; Loughman, A.; O’'Hely, M.; Jacka, F.; Rocks, T. The effect of ultra-
processed very low-energy diets on gut microbiota and metabolic outcomes in individuals with obesity: A systematic literature
review. Obes. Res. Clin. Pract. 2020, 14, 197-204. [CrossRef]

Chassaing, B.; Gewirtz, A.T. Gut microbiota, low-grade inflammation, and metabolic syndrome. Toxicol. Pathol. 2014, 42, 49-53.
[CrossRef]


http://doi.org/10.2147/DMSO.S232497
http://doi.org/10.3945/ajcn.113.073148
http://doi.org/10.1016/j.jsbmb.2019.01.023
http://doi.org/10.1186/s41232-019-0101-5
http://doi.org/10.1615/CritRevImmunol.v37.i2-6.30
http://doi.org/10.1016/j.jsbmb.2016.10.006
http://doi.org/10.1096/fba.2021-00104
http://doi.org/10.3109/0886022X.2010.528116
http://doi.org/10.1210/en.2008-0877
http://doi.org/10.1073/pnas.1402218111
http://doi.org/10.1038/s41598-018-25087-3
http://doi.org/10.1172/JCI29463
http://doi.org/10.1038/nrendo.2012.75
http://www.ncbi.nlm.nih.gov/pubmed/22641000
http://doi.org/10.3390/ijms22157768
http://www.ncbi.nlm.nih.gov/pubmed/34360534
http://doi.org/10.1080/10715760400009258
http://www.ncbi.nlm.nih.gov/pubmed/15512800
http://doi.org/10.1172/JCI92172
http://www.ncbi.nlm.nih.gov/pubmed/28368291
http://doi.org/10.1093/nutrit/nux077
http://doi.org/10.1055/a-0596-8204
http://doi.org/10.1016/j.molmet.2022.101480
http://doi.org/10.3389/fnut.2021.765391
http://doi.org/10.1096/fj.202000799RR
http://doi.org/10.1042/CS20190895
http://doi.org/10.21037/apm-20-2083
http://doi.org/10.1016/j.orcp.2020.04.006
http://doi.org/10.1177/0192623313508481

Nutrients 2022, 14, 4477 90of 10

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Ojo, O.; Ojo, O.0.; Zand, N.; Wang, X. The Effect of Dietary Fibre on Gut Microbiota, Lipid Profile, and Inflammatory Markers in
Patients with Type 2 Diabetes: A Systematic Review and Meta-Analysis of Randomised Controlled Trials. Nutrients 2021, 13, 1805.
[CrossRef]

Osuka, S.; Razzaque, M.S. Can features of phosphate toxicity appear in normophosphatemia? J. Bone Miner. Metab. 2012, 30,
10-18. [CrossRef]

Tonelli, M.; Sacks, F.; Pfeffer, M.; Gao, Z.; Curhan, G. Relation between serum phosphate level and cardiovascular event rate in
people with coronary disease. Circulation 2005, 112, 2627-2633. [CrossRef]

Freinkel, N.; Younsi, C.E.; Bonnar, J.; Dawson, R.M. Rapid transient efflux of phosphate ions from pancreatic islets as an early
action of insulin secretagogues. J. Clin. Investig. 1974, 54, 1179-1189. [CrossRef]

Bukowiecki, L.; Trus, M.; Matschinsky, EM.; Freinkel, N. Alterations in pancreatic islet phosphate content during secretory
stimulation with glucose. Biochim. Biophys. Acta 1979, 583, 370-377. [CrossRef]

Nguyen, T.T.; Quan, X.; Xu, S.; Das, R.; Cha, S.K.; Kong, I.D.; Shong, M.; Wollheim, C.B.; Park, K.S. Intracellular alkalinization by
phosphate uptake via type III sodium-phosphate cotransporter participates in high-phosphate-induced mitochondrial oxidative
stress and defective insulin secretion. FASEB J. 2016, 30, 3979-3988. [CrossRef]

Koshkin, V.; Bikopoulos, G.; Chan, C.B.; Wheeler, M.B. The characterization of mitochondrial permeability transition in clonal
pancreatic beta-cells. Multiple modes and regulation. J. Biol. Chem. 2004, 279, 41368—41376. [CrossRef]

Mahmud, I.; Rahman, Z.; Keka, S.I.; Devnath, S.; Masum, N.; Hossain, S. Hyperphosphataemia is associated with the diabetes-
related cardiovascular risk factors. J. Oleo Sci. 2011, 60, 79-85. [CrossRef] [PubMed]

Haap, M.; Heller, E.; Thamer, C.; Tschritter, O.; Stefan, N.; Fritsche, A. Association of serum phosphate levels with glucose
tolerance, insulin sensitivity and insulin secretion in non-diabetic subjects. Eur. J. Clin. Nutr. 2006, 60, 734-739. [CrossRef]
[PubMed]

Harrop, G.A.; Benedict, E.M. The participation of inorganic substances in carbohydrate metabolism. J. Biol. Chem. 1924, 59,
683-697. [CrossRef]

Osuna, J.I; Castillo, M.; Rodriguez, E.; Campillo, J.E.; Osorio, C. Influence of inorganic phosphate on glucose-induced insulin
release in vitro. Adv. Exp. Med. Biol. 1986, 208, 509-515. [CrossRef] [PubMed]

Harter, H.R.; Santiago, ].V.; Rutherford, W.E.; Slatopolsky, E.; Klahr, S. The relative roles of calcium, phosphorus, and parathyroid
hormone in glucose- and tolbutamide-mediated insulin release. J. Clin. Investig. 1976, 58, 359-367. [CrossRef]

DeFronzo, R.A.; Lang, R. Hypophosphatemia and glucose intolerance: Evidence for tissue insensitivity to insulin. N. Engl. ]. Med.
1980, 303, 1259-1263. [CrossRef]

Raikou, V.D.; Kyriaki, D.; Gavriil, S. Importance of serum phosphate in elderly patients with diabetes mellitus. World J. Diabetes
2020, 11, 416-424. [CrossRef]

Kalantar-Zadeh, K.; Gutekunst, L.; Mehrotra, R.; Kovesdy, C.P; Bross, R.; Shinaberger, C.S.; Noori, N.; Hirschberg, R.; Benner, D.;
Nissenson, A.R.; et al. Understanding sources of dietary phosphorus in the treatment of patients with chronic kidney disease.
Clin. J. Am. Soc. Nephrol. 2010, 5, 519-530. [CrossRef]

Sherman, R.A.; Mehta, O. Phosphorus and potassium content of enhanced meat and poultry products: Implications for patients
who receive dialysis. Clin. |. Am. Soc. Nephrol. 2009, 4, 1370-1373. [CrossRef]

Sherman, R.A.; Mehta, O. Dietary phosphorus restriction in dialysis patients: Potential impact of processed meat, poultry, and
fish products as protein sources. Am. |. Kidney Dis. 2009, 54, 18-23. [CrossRef]

Karp, H.; Ekholm, P,; Kemi, V.; Itkonen, S.; Hirvonen, T.; Narkki, S.; Lamberg-Allardt, C. Differences among total and in vitro
digestible phosphorus content of plant foods and beverages. J. Ren. Nutr. 2012, 22, 416-422. [CrossRef]

Jiang, S.; Ma, X,; Li, M.; Yan, S.; Zhao, H.; Pan, Y.; Wang, C.; Yao, Y,; Jin, L.; Li, B. Association between dietary mineral nutrient
intake, body mass index, and waist circumference in U.S. adults using quantile regression analysis NHANES 2007-2014. Peer]
2020, 8, €9127. [CrossRef]

Kim, HK.; Mizuno, M.; Vongpatanasin, W. Phosphate, the forgotten mineral in hypertension. Curr. Opin. Nephrol. Hypertens.
2019, 28, 345-351. [CrossRef]

Dhingra, R.; Sullivan, L.M.; Fox, C.S.; Wang, T.].; D’Agostino, R.B., Sr.; Gaziano, ].M.; Vasan, R.S. Relations of serum phosphorus
and calcium levels to the incidence of cardiovascular disease in the community. Arch. Intern. Med. 2007, 167, 879-885. [CrossRef]
Ellam, T.; Wilkie, M.; Chamberlain, J.; Crossman, D.; Eastell, R.; Francis, S.; Chico, T.]. Dietary phosphate modulates atherogenesis
and insulin resistance in apolipoprotein E knockout mice-brief report. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 1988-1990.
[CrossRef]

Stephens, B.Y.; Kaur, ].; Vranish, ].R.; Barbosa, T.C.; Blankenship, ].K.; Smith, S.A.; Fadel, PJ. Effect of acute high-phosphate intake
on muscle metaboreflex activation and vascular function. Am. J. Physiol. Heart Circ. Physiol. 2019, 317, H308-H314. [CrossRef]
Di Marco, G.S.; Koénig, M.; Stock, C.; Wiesinger, A.; Hillebrand, U.; Reiermann, S.; Reuter, S.; Amler, S.; Kohler, G.; Buck, F.; et al.
High phosphate directly affects endothelial function by downregulating annexin II. Kidney Int. 2013, 83, 213-222. [CrossRef]
Zhu, G.H,; Sun, X.P; Liu, Z; Fan, Z.X.; Wang, Y.L.; Tan, J.; Li, J.; Hua, Q. The relation between serum phosphorus levels and
long-term mortality in Chinese patients with ST-segment elevation myocardial infarction. J. Geriatr. Cardiol. 2019, 16, 775-781.
[CrossRef]

Huang, C.X,; Plantinga, L.C.; Fink, N.E.; Melamed, M.L.; Coresh, J.; Powe, N.R. Phosphate levels and blood pressure in incident
hemodialysis patients: A longitudinal study. Adv. Chronic. Kidney Dis. 2008, 15, 321-331. [CrossRef]


http://doi.org/10.3390/nu13061805
http://doi.org/10.1007/s00774-011-0343-z
http://doi.org/10.1161/CIRCULATIONAHA.105.553198
http://doi.org/10.1172/JCI107861
http://doi.org/10.1016/0304-4165(79)90461-6
http://doi.org/10.1096/fj.201600455RR
http://doi.org/10.1074/jbc.M406914200
http://doi.org/10.5650/jos.60.79
http://www.ncbi.nlm.nih.gov/pubmed/21263203
http://doi.org/10.1038/sj.ejcn.1602375
http://www.ncbi.nlm.nih.gov/pubmed/16391583
http://doi.org/10.1016/S0021-9258(18)85253-X
http://doi.org/10.1007/978-1-4684-5206-8_63
http://www.ncbi.nlm.nih.gov/pubmed/2436458
http://doi.org/10.1172/JCI108480
http://doi.org/10.1056/NEJM198011273032203
http://doi.org/10.4239/wjd.v11.i10.416
http://doi.org/10.2215/CJN.06080809
http://doi.org/10.2215/CJN.02830409
http://doi.org/10.1053/j.ajkd.2009.01.269
http://doi.org/10.1053/j.jrn.2011.04.004
http://doi.org/10.7717/peerj.9127
http://doi.org/10.1097/MNH.0000000000000503
http://doi.org/10.1001/archinte.167.9.879
http://doi.org/10.1161/ATVBAHA.111.231001
http://doi.org/10.1152/ajpheart.00082.2019
http://doi.org/10.1038/ki.2012.300
http://doi.org/10.11909/j.issn.1671-5411.2019.10.004
http://doi.org/10.1053/j.ackd.2008.04.012

Nutrients 2022, 14, 4477 10 of 10

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

Yoo, K.D.; Kang, S.; Choi, Y.; Yang, S.H.; Heo, N.J.; Chin, H.J.; Oh, K.H.; Joo, KW.; Kim, Y.S.; Lee, H. Sex, Age, and the Association
of Serum Phosphorus with All-Cause Mortality in Adults With Normal Kidney Function. Am. . Kidney Dis. 2016, 67, 79-88.
[CrossRef]

Cheungpasitporn, W.; Thongprayoon, C.; Mao, M.A; Kittanamongkolchai, W.; Sakhuja, A.; Erickson, S.B. Admission serum
phosphate levels predict hospital mortality. Hosp. Pract. 2018, 46, 121-127. [CrossRef] [PubMed]

Utsugi, T.; Ohno, T.; Ohyama, Y.; Uchiyama, T; Saito, Y.; Matsumura, Y.; Aizawa, H.; Itoh, H.; Kurabayashi, M.; Kawazu, S.; et al.
Decreased insulin production and increased insulin sensitivity in the klotho mutant mouse, a novel animal model for human
aging. Metabolism 2000, 49, 1118-1123. [CrossRef] [PubMed]

Kebler, R.; McDonald, ED.; Cadnapaphornchai, P. Dynamic changes in serum phosphorus levels in diabetic ketoacidosis. Am. J.
Med. 1985, 79, 571-576. [CrossRef]

Haglin, L.M.; Térnkvist, B.; Bickman, L.O. High serum phosphate and triglyceride levels in smoking women and men with CVD
risk and type 2 diabetes. Diabetol. Metab. Syndr. 2014, 6, 39. [CrossRef] [PubMed]

Haglin, L.; Térnkvist, B.; Backman, L. Obesity, smoking habits, and serum phosphate levels predicts mortality after life-style
intervention. PLoS ONE 2020, 15, €0227692. [CrossRef]

Uwitonze, A.M.; Razzaque, M.S. Role of Magnesium in Vitamin D Activation and Function. J. Am. Osteopath. Assoc. 2018, 118,
181-189. [CrossRef]

Razzaque, M.S. COVID-19 pandemic: Can zinc supplementation provide an additional shield against the infection? Comput.
Struct. Biotechnol. |. 2021, 19, 1371-1378. [CrossRef]

Amos, A.; Razzaque, M.S. Zinc and its role in vitamin D function. Curr. Res. Physiol. 2022, 5, 203-207. [CrossRef]

Erem, S.; Atfi, A,; Razzaque, M.S. Anabolic effects of vitamin D and magnesium in aging bone. J. Steroid Biochem. Mol. Biol. 2019,
193, 105400. [CrossRef]

Wimalawansa, S.J.; Razzaque, M.S.; Al-Daghri, N.M. Calcium and vitamin D in human health: Hype or real? J. Steroid Biochem.
Mol. Biol. 2018, 180, 4-14. [CrossRef]

Geneen, L.J.; Kimber, C.; Doree, C.; Stanworth, S.; Shah, A. Efficacy and Safety of Intravenous Iron Therapy for Treating Anaemia
in Critically ill Adults: A Rapid Systematic Review with Meta-Analysis. Transfus. Med. Rev. 2021. [CrossRef]

Shutto, Y.; Shimada, M.; Kitajima, M.; Yamabe, H.; Razzaque, M.S. Lack of awareness among future medical professionals about
the risk of consuming hidden phosphate-containing processed food and drinks. PLoS ONE 2011, 6, €29105. [CrossRef]

Shutto, Y.; Shimada, M.; Kitajima, M.; Yamabe, H.; Saitoh, Y.; Saitoh, H.; Razzaque, M.S. Inadequate awareness among chronic
kidney disease patients regarding food and drinks containing artificially added phosphate. PLoS ONE 2013, 8, e78660. [CrossRef]
Shires, R.; Teitelbaum, S.L.; Bergfeld, M.A.; Fallon, M.D.; Slatopolsky, E.; Avioli, L.V. The effect of streptozotocin-induced chronic
diabetes mellitus on bone and mineral homeostasis in the rat. J. Lab. Clin. Med. 1981, 97, 231-240.

Winiarska, A.; Filipska, I.; Knysak, M.; Stompor, T. Dietary Phosphorus as a Marker of Mineral Metabolism and Progression of
Diabetic Kidney Disease. Nutrients 2021, 13, 789. [CrossRef]


http://doi.org/10.1053/j.ajkd.2015.06.027
http://doi.org/10.1080/21548331.2018.1483172
http://www.ncbi.nlm.nih.gov/pubmed/29848117
http://doi.org/10.1053/meta.2000.8606
http://www.ncbi.nlm.nih.gov/pubmed/11016890
http://doi.org/10.1016/0002-9343(85)90053-1
http://doi.org/10.1186/1758-5996-6-39
http://www.ncbi.nlm.nih.gov/pubmed/24636522
http://doi.org/10.1371/journal.pone.0227692
http://doi.org/10.7556/jaoa.2018.037
http://doi.org/10.1016/j.csbj.2021.02.015
http://doi.org/10.1016/j.crphys.2022.04.001
http://doi.org/10.1016/j.jsbmb.2019.105400
http://doi.org/10.1016/j.jsbmb.2017.12.009
http://doi.org/10.1016/j.tmrv.2021.12.002
http://doi.org/10.1371/journal.pone.0029105
http://doi.org/10.1371/journal.pone.0078660
http://doi.org/10.3390/nu13030789

	Introduction 
	Phosphate Regulation 
	Phosphate Burden and Glucose Metabolism 
	Phosphate Burden and Cardiometabolic Disorders 
	Conclusions 
	References

