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Abstract: Phosphorus is an essential micromineral with a key role in cellular metabolism and tissue
structure. Serum phosphorus is maintained in a homeostatic range by the intestines, bones, and
kidneys. This process is coordinated by the endocrine system through the highly integrated actions
of several hormones, including FGF23, PTH, Klotho, and 1,25D. The excretion kinetics of the kidney
after diet phosphorus load or the serum phosphorus kinetics during hemodialysis support that
there is a “pool” for temporary phosphorus storage, leading to the maintenance of stable serum
phosphorus levels. Phosphorus overload refers to a state where the phosphorus load is higher
than is physiologically necessary. It can be caused by a persistently high-phosphorus diet, renal
function decline, bone disease, insufficient dialysis, and inappropriate medications, and includes
but is not limited to hyperphosphatemia. Serum phosphorus is still the most commonly used
indicator of phosphorus overload. Trending phosphorus levels to see if they are chronically elevated
is recommended instead of a single test when judging phosphorus overload. Future studies are
needed to validate the prognostic role of a new marker or markers of phosphorus overload.

Keywords: phosphorus load; chronic kidney disease; phosphorus pool

1. The Distribution of Phosphorus

Phosphorus is the sixth most abundant element in the human body and plays a key role
in cellular metabolism and tissue structure [1]. Most body phosphorus (85%) is stored in the
bones and teeth. The remainder (14%) is stored in soft tissues. Only 1% of the body’s total
phosphorus stores are found in the extracellular fluid (ECF, including serum) [2]. In skeletal
tissue, phosphorus is primarily complexed with calcium in the form of hydroxyapatite
crystals, while the remaining phosphorus is found in the form of amorphous calcium
phosphate [3]. In soft tissue, phosphorus exists mainly as phosphate esters (and, to a lesser
extent, as phosphoproteins and free phosphate ions) [4]. Phosphorous is involved in a
wide variety of essential cellular functions. These include biochemical energy transfer
via adenosine triphosphate (ATP), maintenance of genetic information within DNA and
RNA nucleotides, intracellular signaling via cyclic adenosine monophosphate (cAMP), and
membrane structural integrity via glycerophospholipids. The ECF is responsible for the
transport of phosphorus to and from the organs involved in phosphorus metabolism [5].
As a part of ECF phosphorus, serum phosphorus is easily measurable and can signal the
status of body phosphorus stores. The normal range for serum phosphorus in adults is
2.5–4.5 mg/dL [0.81–1.45 mmol/L], but varies with age (the younger the child, the higher
the normal phosphorus level) [3].

Nutrients 2023, 15, 1236. https://doi.org/10.3390/nu15051236 https://www.mdpi.com/journal/nutrients

https://doi.org/10.3390/nu15051236
https://doi.org/10.3390/nu15051236
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0003-4201-4534
https://orcid.org/0000-0002-8666-0725
https://doi.org/10.3390/nu15051236
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu15051236?type=check_update&version=2


Nutrients 2023, 15, 1236 2 of 14

2. Phosphorus Homeostasis and In-Depth Review of Phosphorus Regulation

Because phosphorus is involved in a series of physiological activities, maintaining its
homeostasis is very important. The intestines, bones, and kidneys are the primary organs
that maintain phosphorus homeostasis and control phosphorus concentration in circula-
tion [6,7]. They perform this function via three endocrine system hormones: fibroblast
growth factor 23 (FGF23), the parathyroid hormone (PTH), and 1,25(OH)2D3 (1,25D) [8–14].
It is well known that these three hormones respond to phosphorus loads by modulating
intestinal phosphorus absorption, urinary phosphorus excretion, and phosphorus dis-
tribution into bone. The most typical is oral phosphorus administration, which caused
significant increases in FGF23 by 2 h and PTH by 4 h in non-DM patients [15]. These hor-
mones are also capable of modulating each other’s secretion in in vitro and in vivo animal
models, thus forming a complex phosphorus regulatory network [16–19] (Figure 1). It has
also been reported that Klotho has both FGF23-independent and FGF23-dependent roles in
phosphorus homeostasis [20]. However, it is unknown how this reciprocal regulation net-
work works under different physiological states. Granger causality analysis is a statistical
method for investigating the flow of information between time series [21]. It is superior for
resolving the construction and interaction of complex networks and for revealing causality
relationships among multiple variables. The Granger causality methodology was first
developed in econometrics, but has been widely applied to many other fields, including
cardiology and neuroscience [22,23]. We recently used Granger causality analysis in a
prospective clinical study that was attempting to determine the most important initiating
factors, mediating factors, and outcomes involved in in vivo phosphorus regulation. Six
healthy men were enrolled and treated with different phosphorus diets for five days, with
urine collection and blood drawn every two hours on the last day of the diet for biochemical
analysis. Granger causality analysis showed that serum αKlotho was the most strongly
connected variable, and that it played a key role in influencing other factors. In addition,
urinary phosphorus excretion was frequently regulated by other factors in the phosphorus
regulatory network after regular-phosphorus (1500 mg/d) diets. After low-phosphorus
(500 mg/d) diets, serum phosphorus affected other factors, with 1,25D being the main
output factor, while urinary phosphorus excretion was the most strongly connected variable
in the phosphorus metabolic network. After high-phosphorus (2200 mg/d) diets, both
serum FGF23 and 1,25D played critical roles in active and passive phosphorus regulation
(Figure 2) [24]. These results illustrated how the dominant mechanisms of phosphorus
regulation differ under different dietary conditions and suggest that the precise phosphorus
regulatory network mechanisms need to be further explored.
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Figure 1. Phosphorus regulatory network. Note: Fibroblast growth factor 23 (FGF23), parathyroid
hormone (PTH), and 1,25(OH)2D3 responds to the phosphorus load by modulating intestinal phos-
phorus absorption, urinary phosphate excretion, and phosphate distribution into bone. In addition,
these hormones are capable of modulating one another’s secretion in vitro and in vivo animal models,
thus forming a complex phosphorus regulatory network.
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Figure 2. The network of phosphorus metabolism using Granger causality analysis following the
low-, regular-, and high-phosphorus diet interventions. Note: Causality graph with the highest
betweenness and degree effects following three diet interventions. Betweenness centrality is often
used to find nodes that serve as a bridge from one part of a graph to another. The parameter with the
highest betweenness was in the center of each graph with all the causal connections associated with
this parameter. The thin arrows show the regulatory relationships associated with this phosphatonin.
The big orange and red arrows indicate parameters with the highest outdegree and indegree values.
Parameters with the highest outdegree value have the most regulating effect over other parameters
in phosphorus metabolism. Parameters with the highest indegree value means they were mostly
regulated. The head of the arrow represents the cause, and the tail represents the result. Abbreviations:
Urine Pi/Cr, urinary phosphorus/creatinine rate; PTH, parathyroid hormone; FGF23, fibroblast
growth factor 23; BALP, bone alkaline phosphatase; 1,25D, 1,25-dihydroxyvitamin D3; sPi, serum
phosphorus; sCa, serum calcium.

Amongst the three major organs, the gut and kidney handle the major fraction of
daily phosphorus transport for absorption (70% of dietary phosphorus) and excretion (70%
of dietary phosphorus), respectively [5,25,26] (Figure 3). However, when there are large
gaps between the total amount of phosphorus that needs to be excreted and the rate of
phosphorus excretion, it can take the kidney a long time to excrete the absorbed dietary
phosphorus. For example, if a regular diet contains 1500 mg of phosphorus, the kidney
will need 20 h to excrete the absorbed 980 mg of phosphorus at a rate of 45 mg per hour
based on a tubule reabsorption rate of over 80% [27]. When the tubule reabsorption rate
decreases as a response to PTH or FGF23, the excretion may accelerate. We also observed
this extended excretion phenomenon in the aforementioned cross-over clinical trial. Under
regular- and high-phosphorus diet conditions, the phosphorus tubule reabsorption rate
decreased but still lasted over 12 h (Figure 3). Following a high-phosphorus diet, however,
there was a longer duration of tubule reabsorption rate changes, indicating a 24-h excretion
(Figure 3). Several other studies have shown similar findings. Nishida observed that the
cumulative urinary excretion of phosphorus continues to increase even 8 h after a single
oral phosphorus load [28]. This is also true in the case of intravenous phosphorus loading.
Scanni found that the urinary excretion of phosphorus lasted for at least 12 h and that
fractional phosphorus clearance kept increasing for 12 h after a 36-h parenteral or duodenal
acute phosphorus load, even though serum phosphorus significantly decreased at the
36th hour [29]. Thus, we infer that absorbed phosphorus from diets are likely first stored
somewhere in the body so that the kidney can gradually excrete them. This is another
important and perhaps overlooked aspect of phosphorus homeostasis. However, this slow
excretion could not be explained by slow digestion and/or absorption because we know
that intestinal absorption is completed approximately 7.5 h after intake [26]. It may be
associated with the circadian rhythm of serum phosphorus, cortisol, or PTH regulation,
which could explain the peak and trough concentrations of serum phosphorus and the
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obvious drop in tubular phosphorus reabsorption that we observed at 8:00 pm no matter
what diet the patients were on (Figure 3) [30–35]. Thus, it is clear that phosphorus regulation
and homeostasis are much more complicated than a network composed of phosphatonins.
An after-diet phosphorus storage, with a corresponding as yet unidentified mechanism,
must also be involved.
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Figure 3. Phosphorus transport among three organs, tissue, and ECF. Note: Gut and kidney handle
the major fraction of daily phosphorus transport for absorption and excretion. Urinary excretion of
phosphorus lasts for at least 12 h to finally reach phosphorus balance. The phosphorus pool acts as a
buffer pool throughout the slow excretion process of the kidney to ensure that the serum phosphorus
is in a narrow range. The arrows mean the exchange between different tissues or organs.

3. Phosphorus Pool

Long bone hydroxyapatite crystal serves as a huge phosphorus reservoir that can
be rapidly mobilized to support numerous biological systems. Daily transport of phos-
phorus (180 mg) from the ECF to form new bones formation and then back to ECF via
bone resorption keeps phosphorus balanced, but involves a far smaller percentage of total
body phosphorus than the amount that is regulated by the gut and kidney [5,25,26]. Thus,
the latter are the main organs that regulate phosphorus homeostasis. The delays in renal
excretion of phosphorus after dietary intake suggest that there might be a “pool” for tem-
porary phosphorus storage, leading to the continuous release of phosphorus from the pool
to the kidney and the maintenance of stable serum phosphorus levels. The “phosphorus
pool” theory was firstly proposed by Spalding et al. when studying phosphorus kinetics
during hemodialysis [36,37]. Spalding et al. explained that a third phosphorus pool usually
switched on to release phosphorus into the extracellular space to protect the intracellular
phosphorus concentrations from decreasing too low because intracellular phosphorus plays
critical roles in energy-dependent processes, intracellular buffering, and protein activity
regulation [36]. Agar et al. also demonstrated evidence of undefined phosphorus pools
from which phosphorus was continuously mobilized into the ECF at a dynamic mobiliza-
tion clearance rate during dialysis [38]. More recently, after adaption by Daugirdas et al.,
the above model/theory could be used to predict intra-dialysis and early post-dialysis
serum phosphorus values, adding further evidence to the idea that there is a phosphorus
storage pool [39].
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Our cross-over clinical trial in healthy adults also supports these findings. When
we calculated phosphorus balance gaps (i.e., the absorbed dietary phosphorus minus the
amount of urinary phosphorus excretion), we found that positive phosphorus balance gaps
last for almost the whole day—from 08:00 to 08:00 the next day [40] (Figure 4). Although
there was a small increase in serum phosphorus levels, the extra phosphorus stored in
the ECF was actually much smaller than the phosphorus gap. Most of the phosphorus
absorbed from the intestine needed to be stored in preparation for excretion (Figure 4).
Thus, we suspect that, in physiological states, the storage pool serves as a buffer to avoid
too rapid phosphorus increases and to maintain stable intracellular phosphorus ranges.
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Figure 4. The storage pool severs as a buffer pool for the transient positive phosphorus balance gap.
Note: The phosphorus balance gap in the left half of this figure was calculated as follows: phosphorus
balance gap (mg) = phosphorus balance gap at the previous time point (mg)—the urinary phosphorus
excretion at the current time point (mg). Phosphorus balance gap at 08:00 was the first gap. It was
calculated as the dietary phosphorus intake of breakfast multiplied by the intestinal absorption
rate—the urinary phosphorus excretion at 08:00 (mg). As for phosphorus balance gap at 12:00 and
18:00, the corresponding dietary phosphorus intake per meal multiplied by the intestinal absorption
rate were added to the above first formula. Intestinal absorption rate was calculated by 24-h urinary
phosphorus excretion divided by dietary phosphorus intake. The arrows in the right half of the figure
mean the exchange between different tissues or organs. Abbreviations: LPD, low-phosphorus diet
(500 mg/d), NPD, normal-phosphorus diet (1500 mg/d), HPD, high-phosphorus diet (2200 mg/d).

To date, the source of the storage pool (“third pool”) still remains unknown. We
believe that this pool is part of the ECF, and thus minimally affects organ and/or tissue
metabolism. One previous research group hypothesized that this phosphorus was not yet
incorporated into the bone [36]. A recent study on changes in phosphorus distribution dur-
ing hemodialysis raised the possibility of intracellular phosphorus storage in muscles since
muscles have high intracellular phosphorus concentrations and could tolerate between
30–40% reductions in phosphorus concentrations without exhibiting bioenergetics [41].
However, Bevington et al. found that the percentage change in intramuscular phosphorus
only increased by 70%, even when the plasma phosphorus concentration range changed
fourfold [42]. Additionally, this theory still cannot explain the persistent rebound of serum
phosphorus after dialysis because dialysis also decreases intracellular muscle tissue Pi
concentrations by up to 23%, a percentage that has been described in the muscle tissue of
patients with chronic obstructive pulmonary disease [43,44].

4. Phosphorus Overload and Pathological Phosphorus Pool

Phosphorus loading refers to the amount of phosphorus intake into a system [1]. For
example, dietary phosphorus is one of the main kinds of phosphorus loading. Dietary
phosphorus could cause a transient increase in the phosphorus storage pool, but it is
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eventually excreted by the kidney under the control of the phosphorus regulatory net-
work. In cases where phosphorus loadings exceed the kidneys’ excretion threshold, the
physiological phosphorus pool may become saturated. This excess phosphorus can lead
to vascular calcification or hyperphosphatemia [45]. We define hyperphosphatemia as a
type of phosphorus overload which leads to the formation of pathological phosphorus
pools in the vasculature and subsequent cardiovascular disease. A typical example of
this situation is CKD. As renal phosphorus excretion decreases, serum phosphorus and
coronary artery calcification scores gradually increase [46,47]. Therefore, a precise assess-
ment of the phosphorus overload is very important. However, hyperphosphatemia is not a
sensitive indicator of phosphorus overload. Clinical studies on dietary phosphorus have
found that, after a high-phosphorus diet, most people still have normal ranges of serum
phosphorus. We thus suggest the following formula to help recognize true phosphorus
overload: phosphorus absorbed from the intestine—the phosphorus excretion from urine
+ net phosphorus absorption/release from osteogenesis and osteolysis + net phosphorus
absorption/release from tissue metabolism (Figure 4). Phosphorus overload may be diffi-
cult to define on the basis of a specific value since the demand for phosphorus changes as
physiologic states change. However, we can prove phosphorus overload exists on the basis
of pathological changes (i.e., hyperphosphatemia and vascular calcification).

5. Reasons for and Deleterious Side Effects of Phosphorus Overload

Exploring the underlying causes of phosphorus overload is important to reduce un-
wanted side effects. One potential cause is longstanding abnormalities in any element
of the phosphorus regulatory network. Dietary phosphorus may be the main source of
phosphorus overload in young adults with normal kidney function and bone turnover.
Renal function decline and osteoporosis may be the main causes of phosphorus overload
in the elderly because the glomerular filtration rate (GFR) tends to decrease as a part of the
normal aging process and in cases of chronic disease [48,49]. Serum phosphorus could be
decreased by denosumab, which induces reduction in phosphorus load into the bones of
osteoporotic patients [50]. Additionally, the age-adjusted prevalence of low bone mass can
be as high as 43.1% among adults aged 50 and over [51]. For CKD patients, an inappro-
priate diet, compromised renal function, renal osteodystrophy, insufficient dialysis, and
prescription medications could all cause phosphorus overload. In particular, phosphorus
overload happens early in the CKD disease course (i.e., Craver et al. found decreases in the
24-h urine phosphorus excretion of CKD patients), but intestinal phosphorus absorption
appears to be near normal in CKD patients [46,47].

Substantial evidence from epidemiological studies indicates that phosphorus over-
load is associated with poor outcomes (Figure 5). High dietary phosphorus is associated
with higher blood pressure [40,52], greater left ventricular mass [53], more severe protein-
uria [54–57], renal calcification [58], intraglomerular hypertension and proximal tubular
injury [59,60], fractures [61], and higher mortality [62]. A low bone mineral content has
been shown to be a risk factor for increased incidence of coronary artery disease and car-
diovascular mortality [63,64]. Osteoporosis blocks the skeleton from exerting its reservoir
function when positive phosphorus balance occurs, and is also associated with heterotopic
mineralization [65–68]. As a direct indicator of phosphorus overload, higher serum phos-
phorus concentrations, even within the normal range, are independently associated with
worse microvascular function, coronary artery calcification, incident CKD, and mortality in
community-living individuals [69–72].
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disease in the young population, CKD patients, and the elderly, and can finally result in phosphorus
overload. Phosphorus overload leads to a serious of side effects including hyperphosphatemia,
vascular calcification, a worse microvascular function, and so on. These are also the indirect evidence
of phosphorus overload. The arrows mean the exchange between different tissues or organs.

In CKD, the harm of phosphorus overload appears earlier and has more severe conse-
quences than in healthy controls (Figure 5). Excess phosphorus exerts toxic effects through
a variety of pathways, including direct effects of hyperphosphatemia and indirect effects
related to compensatory responses, such as increased FGF23 and PTH levels. With the
exception of calcification, high serum phosphorus levels directly potentiate endothelial
dysfunction, promote the progression of kidney disease, and induce cellular stress, pre-
mature aging, and apoptosis [1,73]. High levels of FGF23 and PTH induce left ventricular
hypertrophy, renal anemia, immune dysfunction, adipose tissue browning, and skeletal
muscle atrophy [74]. Enhanced urinary phosphorus excretion, as a compensatory reaction
for high dietary phosphorus loads, also leads to progressive nephron loss via calcium
phosphorus particle-induced damage to tubule cells [59,75]. Thus, phosphorus overload
should be assessed and treated as quickly as possible, even when normophosphataemia is
suggested based on FGF23 or PTH levels.

6. Early Markers of Phosphorus Overload

The early detection of phosphorus overload improves long-term outcomes. However,
what regulatory processes first respond to high phosphorus loads and how the extent of
the response is determined continue to be points of discussion. For example, in CKD, the
classic hypothesis suggested that there was a trade-off between PTH for phosphorus level
normalization and that this process occurred before hyperphosphatemia [76]. However, the
discovery of the FGF23/Klotho system has improved our understanding of phosphorus
disorders. A high phosphorus diet and high extracellular phosphorus levels increase serum
levels of FGF23 early in kidney disease before there are changes in serum phosphorus
and PTH [77–79]. However, FGF23 is probably not a reliable biomarker for phosphorus
loads because PTH, calcitriol, calcium [80–82], erythropoietin (EPO), hypoxia-inducible
factors (HIFs), various inflammatory stimuli, and kidney clearance are also involved in
FGF23 regulation [83,84]. Early in the sequelae of kidney injury, Klotho expression is down-
regulated [85]. Klotho deficiency upregulates Na+-dependent phosphorus transporter 2a
(NaPi-2a) and NaPi-2c expressions in the kidney and upregulates NaPi-2b in the intestines,
all of which may initiate phosphorus loading in kidney insufficiency [20]. Interestingly, it
has been suggested that phosphaturia decreases Klotho expression through the activation of
the Wnt/β-catenin pathway [86]. Thus, the urine phosphorus creatinine ratio or a 24-hour
phosphorus measurement may be better choices for predicting phosphorus loads. However,
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24-h urine phosphorus measuring, or 24-h urine phosphorus-to-creatinine ratios, are highly
variable in CKD patients, even those with tightly controlled dietary intakes [87] (Figure 6).
Using daily intake minus fecal and urinary outputs to calculate phosphorus retention is an
accurate method if bone and tissue are in metabolic balance. However, this procedure is
too complicated to be widely applied in clinical practice. Additionally, 50–80% of the CKD
population have comorbid bone disorders, meaning this approach could not be applied
to most CKD patients [88–90]. Thus, optimizing current indicators or testing multiple
potential indicators of phosphorus overload may be a good future direction. Our under-
standing of the role of serum phosphorus could be improved. Assessment of phosphorus
overload based on a single serum phosphorus level should be avoided since there are not
only circadian changes in serum phosphorus levels but also changes based on diet, dialysis,
and drugs [74]. This also partially explains the different nadirs of serum phosphorus found
in relation to mortality [91,92]. Fasting serum phosphorus for ≥12 h excludes the “noise”
of dietary intake and may be a better choice, as it has been demonstrated to be associ-
ated with increased mortality greater than measuring <12 h serum phosphorus levels [93].
Chronically elevated serum phosphorus levels, even in the normal range, are likely an
expression of a prolonged exposure to phosphorus overload. If serum phosphorus was
regularly followed in hemodialysis patients, the one-year serum phosphorus achievement
rate (defined as the number of tests within the target range [2.5–4.5 mg/dL] divided by
the total number of tests given throughout a year) may be a better indicator than one-time
phosphorus or averaged phosphorus levels [94]. Keeping the one-year achievement rate
of serum phosphorus higher than 50% provides significant clinical benefits in reducing
cardiovascular mortality [94].
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7. The Path Forward

Evidence related to early control phosphorus overload is limited since we have histori-
cally focused on treating hyperphosphatemia. Controlling potential phosphorus overloads
needs to be a high priority, especially among patients who are not prone to hyperphos-
phatemia. A few interventions, including dietary phosphorus restriction and phosphorus-
binder therapy, have been tested in CKD stage 3/4 patients with normophosphatemia.
Studies on diet control showed that low phosphorus diets were associated with higher
serum 1,25D levels and lower serum Pi and FGF23 values, which slowed the progression of
CKD [95–97]. RCTs on phosphorus load management with phosphorus binders in CKD pa-
tients have yielded conflicting results in terms of the long-term benefits, however [98–100].
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These indicate that the use of unreliable markers of phosphorus overload may preclude
any definite conclusions [101]. Therefore, by analyzing the regulation of phosphorus
metabolism networks and clarifying the compensatory mechanism and underlying causes
of phosphorus overload under different conditions, we can control phosphorus overload
in a targeted manner. We have also demonstrated that, in hemodialysis patients, the bone
disease still contributes the most to phosphorus burdens, followed by dietary factors [94],
suggesting that actions may be taken on the basis of bone disease markers. However, in
hemodialysis (HD) patients with substantial residual kidney function (RKF), RKF was
the only independent predictor of serum phosphorus levels [102]. This emphasizes the
importance of protecting RKF in incident hemodialysis patients, which can be performed
in several ways, such as starting with incremental dialysis [103–106]. Finally, we speculate
that every person may have his/her own ideal level of serum phosphorus, but whether the
percentage of increase from the basal levels can guide phosphorus overload control and
improve prognoses needs further validation.

8. Conclusions

Phosphorus metabolism involves at least three main organs: the intestine, kidneys,
and bone. The endocrine regulation of Pi metabolism is completed via the highly integrated
actions of several hormones, including FGF 23, PTH, Klotho, and 1,25D. Our previous study
showed that a key regulatory factor of serum phosphorus varied under different phospho-
rus diets. Our study of dietary phosphorus interventions demonstrated that the kidney
needs a long time to excrete dietary phosphorus. Combined with findings on phosphorus
kinetics during hemodialysis, our results support the notion that a physiologic phosphorus
pool exists and acts as a buffer for the storage of excess body phosphorus. The pool allows
for the release of phosphorus into extracellular space and the maintaining of a stable serum
phosphorus. The physiological phosphorus pool may not be associated with ill effects,
since final phosphorus balances will be reached via kidney excretion under the control of
the phosphorus regulatory network. However, phosphorus overload can lead to serious
side effects, including the formation of pathological phosphorus pools. Potential causes of
phosphorus overload include high-phosphorus diets, renal function decline, osteoporosis,
insufficient dialysis, and prescription medications. Serum phosphorus remains the most
commonly used indicator of phosphorus overload. We recommend against the use of
a single phosphorus measurement, but chronically elevated serum phosphorus trends
and/or the rate of in-target measurements over time can be used as markers of phosphorus
overload in HD patients. However, by clarifying the details of the metabolic phosphorus
regulatory network and the reasons for the phosphorus overload under different conditions,
we can control phosphorus overload in a targeted manner. Measuring and targeting serum
phosphorus levels on an individual basis may also be an important future direction.

Author Contributions: Conceptualization, J.C.; methodology, M.W.; software, M.W.; validation,
J.C., K.K.-Z., J.Z. and M.W.; formal analysis, M.W.; investigation, M.W.; resources, M.W. and J.Z.;
data curation, J.C., J.Z. and M.W.; writing—original draft preparation, M.W.; writing—review and
editing, J.C., K.K.-Z. and J.Z.; visualization, J.C., K.K.-Z. and J.Z.; supervision, J.C. and K.K.-Z.; project
administration, J.C.; funding acquisition, J.C. and M.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Key research and development plan of the Ministry of Science
and Technology, grant number 2020YFC2005003, China natural science grant, grant number 81730017,
82000707 and Shenkang three-year action plan project, grant number SHDC2020CR4014, Clinical
Technology Innovation Project of Shanghai Shenkang Hospital Development Center, grant number
SHDC12018111.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Huashan hospital Fudan University (2015-262).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Nutrients 2023, 15, 1236 10 of 14

Data Availability Statement: Data could be obtained via an email to the corresponding author under
reasonable request.

Acknowledgments: We acknowledge all participants involved in the present study.

Conflicts of Interest: The authors declare that they have no relevant financial interests.

References
1. Hu, M.C.; Moe, O.W. Phosphate and Cellular Senescence. Adv. Exp. Med. Biol. 2022, 1362, 55–72. [CrossRef] [PubMed]
2. Naderi, A.S.A.; Reilly, R.F. Hereditary disorders of renal phosphate wasting. Nat. Rev. Nephrol. 2010, 6, 657–665. [CrossRef]
3. Farrow, E.G.; White, K.E. Recent advances in renal phosphate handling. Nat. Rev. Nephrol. 2010, 6, 207–217. [CrossRef]
4. Penido, M.G.; Alon, U.S. Phosphate homeostasis and its role in bone health. Pediatr. Nephrol. 2012, 27, 2039–2048. [CrossRef]
5. Peacock, M. Phosphate Metabolism in Health and Disease. Calcif. Tissue Int. 2021, 108, 3–15. [CrossRef]
6. Marks, J.; Debnam, E.S.; Unwin, R.J. Phosphate homeostasis and the renal-gastrointestinal axis. Am. J. Physiol. Renal. Physiol.

2010, 299, F285–F296. [CrossRef] [PubMed]
7. Peacock, M. Hypoparathyroidism and the Kidney. Endocrinol. Metab. Clin. N. Am. 2018, 47, 839–853. [CrossRef]
8. Martin, D.R.; Ritter, C.S.; Slatopolsky, E.; Brown, A.J. Acute regulation of parathyroid hormone by dietary phosphate. Am. J.

Physiol. Endocrinol. Metab. 2005, 289, E729–E734. [CrossRef] [PubMed]
9. Ferrari, S.L.; Bonjour, J.P.; Rizzoli, R. Fibroblast growth factor-23 relationship to dietary phosphate and renal phosphate handling

in healthy young men. J. Clin. Endocrinol. Metab. 2005, 90, 1519–1524. [CrossRef]
10. Bargagli, M.; Arena, M.; Naticchia, A.; Gambaro, G.; Mazzaferro, S.; Fuster, D.; Ferraro, P.M. The Role of Diet in Bone and Mineral

Metabolism and Secondary Hyperparathyroidism. Nutrients 2021, 13, 2328. [CrossRef]
11. Ito, N.; Fukumoto, S.; Takeuchi, Y.; Takeda, S.; Suzuki, H.; Yamashita, T.; Fujita, T. Effect of acute changes of serum phosphate on

fibroblast growth factor (FGF)23 levels in humans. J. Bone Miner. Metab. 2007, 25, 419–422. [CrossRef]
12. Urakawa, I.; Yamazaki, Y.; Shimada, T.; Iijima, K.; Hasegawa, H.; Okawa, K.; Fujita, T.; Fukumoto, S.; Yamashita, T. Klotho

converts canonical FGF receptor into a specific receptor for FGF23. Nature 2006, 444, 770–774. [CrossRef]
13. Shimada, T.; Hasegawa, H.; Yamazaki, Y.; Muto, T.; Hino, R.; Takeuchi, Y.; Fujita, T.; Nakahara, K.; Fukumoto, S.; Yamashita, T.

FGF-23 is a potent regulator of vitamin D metabolism and phosphate homeostasis. J. Bone Miner Res. 2004, 19, 429–435. [CrossRef]
[PubMed]

14. Shimada, T.; Kakitani, M.; Yamazaki, Y.; Hasegawa, H.; Takeuchi, Y.; Fujita, T.; Fukumoto, S.; Tomizuka, K.; Yamashita, T. Targeted
ablation of Fgf23 demonstrates an essential physiological role of FGF23 in phosphate and vitamin D metabolism. J. Clin. Investig.
2004, 113, 561–568. [CrossRef]

15. Yoda, K.; Imanishi, Y.; Yoda, M.; Mishima, T.; Ichii, M.; Yamada, S.; Mori, K.; Emoto, M.; Inaba, M. Impaired response of FGF-23 to
oral phosphate in patients with type 2 diabetes: A possible mechanism of atherosclerosis. J. Clin. Endocrinol. Metab. 2012, 97,
E2036–E2043. [CrossRef]

16. Krajisnik, T.; Bjorklund, P.; Marsell, R.; Ljunggren, O.; Akerstrom, G.; Jonsson, K.B.; Westin, G.; Larsson, T.E. Fibroblast growth
factor-23 regulates parathyroid hormone and 1alpha-hydroxylase expression in cultured bovine parathyroid cells. J. Endocrinol.
2007, 195, 125–131. [CrossRef]

17. Kolek, O.I.; Hines, E.R.; Jones, M.D.; LeSueur, L.K.; Lipko, M.A.; Kiela, P.R.; Collins, J.F.; Haussler, M.R.; Ghishan, F.K. 1alpha,25-
Dihydroxyvitamin D3 upregulates FGF23 gene expression in bone: The final link in a renal-gastrointestinal-skeletal axis that
controls phosphate transport. Am. J. Physiol. Gastrointest. Liver Physiol. 2005, 289, G1036–G1042. [CrossRef] [PubMed]

18. Rhee, Y.; Bivi, N.; Farrow, E.; Lezcano, V.; Plotkin, L.I.; White, K.E.; Bellido, T. Parathyroid hormone receptor signaling in
osteocytes increases the expression of fibroblast growth factor-23 in vitro and in vivo. Bone 2011, 49, 636–643. [CrossRef]
[PubMed]

19. Brenza, H.L.; DeLuca, H.F. Regulation of 25-hydroxyvitamin D3 1alpha-hydroxylase gene expression by parathyroid hormone
and 1,25-dihydroxyvitamin D3. Arch. Biochem. Biophys 2000, 381, 143–152. [CrossRef] [PubMed]

20. Hu, M.C.; Shi, M.; Moe, O.W. Role of alphaKlotho and FGF23 in regulation of type II Na-dependent phosphate co-transporters.
Pflugers Arch. 2019, 471, 99–108. [CrossRef]

21. Sugihara, G.; May, R.; Ye, H.; Hsieh, C.H.; Deyle, E.; Fogarty, M.; Munch, S. Detecting causality in complex ecosystems. Science
2012, 338, 496–500. [CrossRef] [PubMed]

22. Smith, S.M.; Miller, K.L.; Salimi-Khorshidi, G.; Webster, M.; Beckmann, C.F.; Nichols, T.E.; Ramsey, J.D.; Woolrich, M.W. Network
modelling methods for FMRI. Neuroimage 2011, 54, 875–891. [CrossRef] [PubMed]

23. Fornito, A.Z.A.; Bullmore, E.T. Fundamentals of Brain Network Analysis, 1st ed.; Academic Press: Cambridge, MA, USA; Elsevier:
Amsterdam, The Netherlands, 2016.

24. Ye, G.; Zhang, J.; Bi, Z.; Zhang, W.; Zhang, M.; Zhang, Q.; Wang, M.; Chen, J. Dominant factors of the phosphorus regulatory
network differ under various dietary phosphate loads in healthy individuals. Ren. Fail. 2021, 43, 1076–1086. [CrossRef] [PubMed]

25. Barreto, F.C.; Barreto, D.V.; Massy, Z.A.; Drueke, T.B. Strategies for Phosphate Control in Patients With CKD. Kidney Int. Rep. 2019,
4, 1043–1056. [CrossRef]

26. Stremke, E.R.; Wiese, G.N.; Moe, S.M.; Wastney, M.E.; Moorthi, R.N.; Gallant, K.M.H. Intestinal Phosphorus Absorption in
Moderate CKD and Healthy Adults Determined Using a Radioisotopic Tracer. J. Am. Soc. Nephrol. 2021, 32, 2057–2069. [CrossRef]

http://doi.org/10.1007/978-3-030-91623-7_7
http://www.ncbi.nlm.nih.gov/pubmed/35288873
http://doi.org/10.1038/nrneph.2010.121
http://doi.org/10.1038/nrneph.2010.17
http://doi.org/10.1007/s00467-012-2175-z
http://doi.org/10.1007/s00223-020-00686-3
http://doi.org/10.1152/ajprenal.00508.2009
http://www.ncbi.nlm.nih.gov/pubmed/20534868
http://doi.org/10.1016/j.ecl.2018.07.009
http://doi.org/10.1152/ajpendo.00065.2005
http://www.ncbi.nlm.nih.gov/pubmed/15914507
http://doi.org/10.1210/jc.2004-1039
http://doi.org/10.3390/nu13072328
http://doi.org/10.1007/s00774-007-0779-3
http://doi.org/10.1038/nature05315
http://doi.org/10.1359/JBMR.0301264
http://www.ncbi.nlm.nih.gov/pubmed/15040831
http://doi.org/10.1172/JCI200419081
http://doi.org/10.1210/jc.2012-2024
http://doi.org/10.1677/JOE-07-0267
http://doi.org/10.1152/ajpgi.00243.2005
http://www.ncbi.nlm.nih.gov/pubmed/16020653
http://doi.org/10.1016/j.bone.2011.06.025
http://www.ncbi.nlm.nih.gov/pubmed/21726676
http://doi.org/10.1006/abbi.2000.1970
http://www.ncbi.nlm.nih.gov/pubmed/11019830
http://doi.org/10.1007/s00424-018-2238-5
http://doi.org/10.1126/science.1227079
http://www.ncbi.nlm.nih.gov/pubmed/22997134
http://doi.org/10.1016/j.neuroimage.2010.08.063
http://www.ncbi.nlm.nih.gov/pubmed/20817103
http://doi.org/10.1080/0886022X.2021.1945463
http://www.ncbi.nlm.nih.gov/pubmed/34193019
http://doi.org/10.1016/j.ekir.2019.06.002
http://doi.org/10.1681/ASN.2020091340


Nutrients 2023, 15, 1236 11 of 14

27. Musso, C.G.; Gregori, J.A.A.; Macías-Núñez, J.F. Renal Handling of Uric Acid, Magnesium, Phosphorus, Calcium, and Acid Base
in the Elderly. In The Aging Kidney in Health and Disease; Springer: Berlin/Heidelberg, Germany, 2008; pp. 155–171.

28. Nishida, Y.; Taketani, Y.; Yamanaka-Okumura, H.; Imamura, F.; Taniguchi, A.; Sato, T.; Shuto, E.; Nashiki, K.; Arai, H.; Yamamoto,
H.; et al. Acute effect of oral phosphate loading on serum fibroblast growth factor 23 levels in healthy men. Kidney Int. 2006, 70,
2141–2147. [CrossRef]

29. Scanni, R.; von Rotz, M.; Jehle, S.; Hulter, H.N.; Krapf, R. The human response to acute enteral and parenteral phosphate loads. J.
Am. Soc. Nephrol. 2014, 25, 2730–2739. [CrossRef]

30. Kemp, G.J.; Blumsohn, A.; Morris, B.W. Circadian changes in plasma phosphate concentration, urinary phosphate excretion, and
cellular phosphate shifts. Clin. Chem. 1992, 38, 400–402. [CrossRef]

31. Markowitz, M.; Rotkin, L.; Rosen, J.F. Circadian rhythms of blood minerals in humans. Science 1981, 213, 672–674. [CrossRef]
32. Portale, A.A.; Halloran, B.P.; Morris, R.C., Jr. Dietary intake of phosphorus modulates the circadian rhythm in serum concentration

of phosphorus. Implications for the renal production of 1,25-dihydroxyvitamin D. J. Clin. Invest. 1987, 80, 1147–1154. [CrossRef]
33. Ix, J.H.; Anderson, C.A.; Smits, G.; Persky, M.S.; Block, G.A. Effect of dietary phosphate intake on the circadian rhythm of serum

phosphate concentrations in chronic kidney disease: A crossover study. Am. J. Clin. Nutr. 2014, 100, 1392–1397. [CrossRef]
[PubMed]

34. Goldsmith, R.S.; Siemsen, A.W.; Mason, A.D., Jr.; Forland, M. Primary role of plasma hydrocortisone concentration in the
regulation of the normal forenoon pattern of urinary phosphate excretion. J. Clin. Endocrinol. Metab. 1965, 25, 1649–1659.
[CrossRef]

35. Kitamura, N.; Shigeno, C.; Shiomi, K.; Lee, K.; Ohta, S.; Sone, T.; Katsushima, S.; Tadamura, E.; Kousaka, T.; Yamamoto, I.; et al.
Episodic fluctuation in serum intact parathyroid hormone concentration in men. J. Clin. Endocrinol. Metab. 1990, 70, 252–263.
[CrossRef] [PubMed]

36. Spalding, E.M.; Chamney, P.W.; Farrington, K. Phosphate kinetics during hemodialysis: Evidence for biphasic regulation. Kidney
Int. 2002, 61, 655–667. [CrossRef]

37. Wang, M.; Li, H.; Liao, H.; Yu, Y.; You, L.; Zhu, J.; Huang, B.; Yuan, L.; Hao, C.; Chen, J. Phosphate removal model: An
observational study of low-flux dialyzers in conventional hemodialysis therapy. Hemodial. Int. 2012, 16, 363–376. [CrossRef]
[PubMed]

38. Agar, B.U.; Akonur, A.; Lo, Y.C.; Cheung, A.K.; Leypoldt, J.K. Kinetic model of phosphorus mobilization during and after short
and conventional hemodialysis. Clin. J. Am. Soc. Nephrol. 2011, 6, 2854–2860. [CrossRef]

39. Daugirdas, J.T. A two-pool kinetic model predicts phosphate concentrations during and shortly following a conventional (three
times weekly) hemodialysis session. Nephrol. Dial. Transplant 2018, 33, 76–84. [CrossRef] [PubMed]

40. Zhang, J.Y.; You, H.Z.; Wang, M.J.; Zhang, Q.; Dong, X.Y.; Liu, J.F.; Chen, J. High-phosphorus diet controlled for sodium elevates
blood pressure in healthy adults via volume expansion. J. Clin. Hypertens 2021, 23, 849–859. [CrossRef]

41. Chazot, G.; Lemoine, S.; Kocevar, G.; Kalbacher, E.; Sappey-Marinier, D.; Rouviere, O.; Juillard, L. Intracellular Phosphate and
ATP Depletion Measured by Magnetic Resonance Spectroscopy in Patients Receiving Maintenance Hemodialysis. J. Am. Soc.
Nephrol. 2021, 32, 229–237. [CrossRef]

42. Bevington, A.; Mundy, K.I.; Yates, A.J.; Kanis, J.A.; Russell, R.G.; Taylor, D.J.; Rajagopalan, B.; Radda, G.K. A study of intracellular
orthophosphate concentration in human muscle and erythrocytes by 31P nuclear magnetic resonance spectroscopy and selective
chemical assay. Clin. Sci. 1986, 71, 729–735. [CrossRef]

43. Fiaccadori, E.; Coffrini, E.; Fracchia, C.; Rampulla, C.; Montagna, T.; Borghetti, A. Hypophosphatemia and phosphorus depletion
in respiratory and peripheral muscles of patients with respiratory failure due to COPD. Chest 1994, 105, 1392–1398. [CrossRef]
[PubMed]

44. Minutolo, R.; Bellizzi, V.; Cioffi, M.; Iodice, C.; Giannattasio, P.; Andreucci, M.; Terracciano, V.; Di Iorio, B.R.; Conte, G.; De
Nicola, L. Postdialytic rebound of serum phosphorus: Pathogenetic and clinical insights. J. Am. Soc. Nephrol. 2002, 13, 1046–1054.
[CrossRef]

45. Hruska, K.A.; Mathew, S.; Lund, R.J.; Memon, I.; Saab, G. The pathogenesis of vascular calcification in the chronic kidney disease
mineral bone disorder: The links between bone and the vasculature. Semin. Nephrol. 2009, 29, 156–165. [CrossRef]

46. Isakova, T.; Ix, J.H.; Sprague, S.M.; Raphael, K.L.; Fried, L.; Gassman, J.J.; Raj, D.; Cheung, A.K.; Kusek, J.W.; Flessner, M.F.;
et al. Rationale and Approaches to Phosphate and Fibroblast Growth Factor 23 Reduction in CKD. J. Am. Soc. Nephrol. 2015, 26,
2328–2339. [CrossRef]

47. Kobayashi, S.; Oka, M.; Maesato, K.; Ikee, R.; Mano, T.; Hidekazu, M.; Ohtake, T. Coronary artery calcification, ADMA, and
insulin resistance in CKD patients. Clin. J. Am. Soc. Nephrol. 2008, 3, 1289–1295. [CrossRef] [PubMed]

48. Eriksen, B.O.; Palsson, R.; Ebert, N.; Melsom, T.; van der Giet, M.; Gudnason, V.; Indridason, O.S.; Inker, L.A.; Jenssen, T.G.;
Levey, A.S.; et al. GFR in Healthy Aging: An Individual Participant Data Meta-Analysis of Iohexol Clearance in European
Population-Based Cohorts. J. Am. Soc. Nephrol. 2020, 31, 1602–1615. [CrossRef] [PubMed]

49. Stevens, L.A.; Viswanathan, G.; Weiner, D.E. Chronic kidney disease and end-stage renal disease in the elderly population:
Current prevalence, future projections, and clinical significance. Adv. Chronic Kidney Dis. 2010, 17, 293–301. [CrossRef] [PubMed]

50. Miyaoka, D.; Inaba, M.; Imanishi, Y.; Hayashi, N.; Ohara, M.; Nagata, Y.; Kurajoh, M.; Yamada, S.; Mori, K.; Emoto, M. Denosumab
Improves Glomerular Filtration Rate in Osteoporotic Patients With Normal Kidney Function by Lowering Serum Phosphorus. J.
Bone Miner. Res. 2019, 34, 2028–2035. [CrossRef]

http://doi.org/10.1038/sj.ki.5002000
http://doi.org/10.1681/ASN.2013101076
http://doi.org/10.1093/clinchem/38.3.400
http://doi.org/10.1126/science.7256269
http://doi.org/10.1172/JCI113172
http://doi.org/10.3945/ajcn.114.085498
http://www.ncbi.nlm.nih.gov/pubmed/25332338
http://doi.org/10.1210/jcem-25-12-1649
http://doi.org/10.1210/jcem-70-1-252
http://www.ncbi.nlm.nih.gov/pubmed/2294134
http://doi.org/10.1046/j.1523-1755.2002.00146.x
http://doi.org/10.1111/j.1542-4758.2012.00678.x
http://www.ncbi.nlm.nih.gov/pubmed/22360645
http://doi.org/10.2215/CJN.03860411
http://doi.org/10.1093/ndt/gfw347
http://www.ncbi.nlm.nih.gov/pubmed/27738228
http://doi.org/10.1111/jch.14182
http://doi.org/10.1681/ASN.2020050716
http://doi.org/10.1042/cs0710729
http://doi.org/10.1378/chest.105.5.1392
http://www.ncbi.nlm.nih.gov/pubmed/8181325
http://doi.org/10.1681/ASN.V1341046
http://doi.org/10.1016/j.semnephrol.2009.01.008
http://doi.org/10.1681/ASN.2015020117
http://doi.org/10.2215/CJN.00010108
http://www.ncbi.nlm.nih.gov/pubmed/18562597
http://doi.org/10.1681/ASN.2020020151
http://www.ncbi.nlm.nih.gov/pubmed/32499396
http://doi.org/10.1053/j.ackd.2010.03.010
http://www.ncbi.nlm.nih.gov/pubmed/20610356
http://doi.org/10.1002/jbmr.3821


Nutrients 2023, 15, 1236 12 of 14

51. Sarafrazi, N.; Wambogo, E.A.; Shepherd, J.A. Osteoporosis or Low Bone Mass in Older Adults: United States, 2017–2018; CDC Stacks:
Atlanta, GA, USA, 2021; No. 405.

52. Mohammad, J.; Scanni, R.; Bestmann, L.; Hulter, H.N.; Krapf, R. A Controlled Increase in Dietary Phosphate Elevates BP in
Healthy Human Subjects. J. Am. Soc. Nephrol. 2018, 29, 2089–2098. [CrossRef]

53. Yamamoto, K.T.; Robinson-Cohen, C.; de Oliveira, M.C.; Kostina, A.; Nettleton, J.A.; Ix, J.H.; Nguyen, H.; Eng, J.; Lima, J.A.;
Siscovick, D.S.; et al. Dietary phosphorus is associated with greater left ventricular mass. Kidney Int. 2013, 83, 707–714. [CrossRef]

54. Chang, A.; Batch, B.C.; McGuire, H.L.; Vollmer, W.M.; Svetkey, L.P.; Tyson, C.C.; Sanguankeo, A.; Anderson, C.; Houston, J.;
Appel, L.J. Association of a reduction in central obesity and phosphorus intake with changes in urinary albumin excretion: The
PREMIER study. Am. J. Kidney Dis. 2013, 62, 900–907. [CrossRef] [PubMed]

55. Di Marco, G.S.; Konig, 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]

56. Stevens, K.K.; Denby, L.; Patel, R.K.; Mark, P.B.; Kettlewell, S.; Smith, G.L.; Clancy, M.J.; Delles, C.; Jardine, A.G. Deleterious
effects of phosphate on vascular and endothelial function via disruption to the nitric oxide pathway. Nephrol. Dial. Transplant
2017, 32, 1617–1627. [CrossRef]

57. Chang, A.R.; Anderson, C. Dietary Phosphorus Intake and the Kidney. Annu. Rev. Nutr. 2017, 37, 321–346. [CrossRef]
58. Ibels, L.S.; Alfrey, A.C.; Haut, L.; Huffer, W.E. Preservation of function in experimental renal disease by dietary restriction of

phosphate. N. Engl. J. Med. 1978, 298, 122–126. [CrossRef]
59. Shiizaki, K.; Tsubouchi, A.; Miura, Y.; Seo, K.; Kuchimaru, T.; Hayashi, H.; Iwazu, Y.; Miura, M.; Battulga, B.; Ohno, N.; et al.

Calcium phosphate microcrystals in the renal tubular fluid accelerate chronic kidney disease progression. J. Clin. Invest. 2021,
131, 16. [CrossRef]

60. Ko, G.J.; Rhee, C.M.; Kalantar-Zadeh, K.; Joshi, S. The Effects of High-Protein Diets on Kidney Health and Longevity. J. Am. Soc.
Nephrol. 2020, 31, 1667–1679. [CrossRef]

61. Pinheiro, M.M.; Schuch, N.J.; Genaro, P.S.; Ciconelli, R.M.; Ferraz, M.B.; Martini, L.A. Nutrient intakes related to osteoporotic
fractures in men and women–the Brazilian Osteoporosis Study (BRAZOS). Nutr. J. 2009, 8, 6. [CrossRef] [PubMed]

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

63. Garcia-Gomez, M.C.; Vilahur, G. Osteoporosis and vascular calcification: A shared scenario. Clin. Investig. Arterioscler. 2020, 32,
33–42. [CrossRef] [PubMed]

64. von der Recke, P.; Hansen, M.A.; Hassager, C. The association between low bone mass at the menopause and cardiovascular
mortality. Am. J. Med. 1999, 106, 273–278. [CrossRef] [PubMed]

65. Appelman-Dijkstra, N.M.; Papapoulos, S.E. Modulating Bone Resorption and Bone Formation in Opposite Directions in the
Treatment of Postmenopausal Osteoporosis. Drugs 2015, 75, 1049–1058. [CrossRef] [PubMed]

66. Hruska, K.A.; Mathew, S.; Lund, R. Osteoporosis and cardiovascular disease: Lessons from chronic kidney disease. Clin. Cases
Miner. Bone Metab. 2008, 5, 35–39.

67. Cannata-Andia, J.B.; Carrillo-Lopez, N.; Messina, O.D.; Hamdy, N.A.T.; Panizo, S.; Ferrari, S.L.; On Behalf Of The International
Osteoporosis Foundation Iof Working Group On Bone And Cardiovascular Diseases. Pathophysiology of Vascular Calcification
and Bone Loss: Linked Disorders of Ageing? Nutrients 2021, 13, 835. [CrossRef]

68. Jono, S.; McKee, M.D.; Murry, C.E.; Shioi, A.; Nishizawa, Y.; Mori, K.; Morii, H.; Giachelli, C.M. Phosphate regulation of vascular
smooth muscle cell calcification. Circ. Res. 2000, 87, E10–E17. [CrossRef]

69. Ginsberg, C.; Houben, A.; Malhotra, R.; Berendschot, T.; Dagnelie, P.C.; Kooman, J.P.; Webers, C.A.; Stehouwer, C.D.A.; Ix, J.H.
Serum Phosphate and Microvascular Function in a Population-Based Cohort. Clin J. Am. Soc. Nephrol. 2019, 14, 1626–1633.
[CrossRef]

70. Foley, R.N.; Collins, A.J.; Herzog, C.A.; Ishani, A.; Kalra, P.A. Serum phosphorus levels associate with coronary atherosclerosis in
young adults. J. Am. Soc. Nephrol. 2009, 20, 397–404. [CrossRef]

71. O’Seaghdha, C.M.; Hwang, S.J.; Muntner, P.; Melamed, M.L.; Fox, C.S. Serum phosphorus predicts incident chronic kidney
disease and end-stage renal disease. Nephrol. Dial. Transpl. 2011, 26, 2885–2890. [CrossRef] [PubMed]

72. Tonelli, M.; Sacks, F.; Pfeffer, M.; Gao, Z.; Curhan, G.; Cholesterol And Recurrent Events (CARE) Trial Investigators. Relation
between serum phosphate level and cardiovascular event rate in people with coronary disease. Circulation 2005, 112, 2627–2633.
[CrossRef] [PubMed]

73. Wang, M.; Li, H.; You, L.; Yu, X.; Zhang, M.; Zhu, R.; Hao, C.; Zhang, Z.; Chen, J. Association of serum phosphorus variability
with coronary artery calcification among hemodialysis patients. PLoS ONE 2014, 9, e93360. [CrossRef]

74. Komaba, H.; Fukagawa, M. Phosphate-a poison for humans? Kidney Int. 2016, 90, 753–763. [CrossRef] [PubMed]
75. Toussaint, N.D.; Holt, S.G. Is serum phosphate a useful target in patients with chronic kidney disease and what is the role for

dietary phosphate restriction? Nephrology 2017, 22 (Suppl. S2), 36–41. [CrossRef] [PubMed]
76. Bricker, N.S. On the pathogenesis of the uremic state. An exposition of the “trade-off hypothesis”. N. Engl. J. Med. 1972, 286,

1093–1099. [CrossRef]
77. Isakova, T.; Wahl, P.; Vargas, G.S.; Gutierrez, O.M.; Scialla, J.; Xie, H.; Appleby, D.; Nessel, L.; Bellovich, K.; Chen, J.; et al.

Fibroblast growth factor 23 is elevated before parathyroid hormone and phosphate in chronic kidney disease. Kidney Int. 2011, 79,
1370–1378. [CrossRef]

http://doi.org/10.1681/ASN.2017121254
http://doi.org/10.1038/ki.2012.303
http://doi.org/10.1053/j.ajkd.2013.04.022
http://www.ncbi.nlm.nih.gov/pubmed/23810691
http://doi.org/10.1038/ki.2012.300
http://doi.org/10.1093/ndt/gfw252
http://doi.org/10.1146/annurev-nutr-071816-064607
http://doi.org/10.1056/NEJM197801192980302
http://doi.org/10.1172/JCI145693
http://doi.org/10.1681/ASN.2020010028
http://doi.org/10.1186/1475-2891-8-6
http://www.ncbi.nlm.nih.gov/pubmed/19178745
http://doi.org/10.3945/ajcn.113.073148
http://www.ncbi.nlm.nih.gov/pubmed/24225358
http://doi.org/10.1016/j.artere.2019.03.008
http://www.ncbi.nlm.nih.gov/pubmed/31221532
http://doi.org/10.1016/S0002-9343(99)00028-5
http://www.ncbi.nlm.nih.gov/pubmed/10190374
http://doi.org/10.1007/s40265-015-0417-7
http://www.ncbi.nlm.nih.gov/pubmed/26056029
http://doi.org/10.3390/nu13113835
http://doi.org/10.1161/01.RES.87.7.e10
http://doi.org/10.2215/CJN.02610319
http://doi.org/10.1681/ASN.2008020141
http://doi.org/10.1093/ndt/gfq808
http://www.ncbi.nlm.nih.gov/pubmed/21292817
http://doi.org/10.1161/CIRCULATIONAHA.105.553198
http://www.ncbi.nlm.nih.gov/pubmed/16246962
http://doi.org/10.1371/journal.pone.0093360
http://doi.org/10.1016/j.kint.2016.03.039
http://www.ncbi.nlm.nih.gov/pubmed/27282935
http://doi.org/10.1111/nep.13025
http://www.ncbi.nlm.nih.gov/pubmed/28429548
http://doi.org/10.1056/NEJM197205182862009
http://doi.org/10.1038/ki.2011.47


Nutrients 2023, 15, 1236 13 of 14

78. Takashi, Y.; Kosako, H.; Sawatsubashi, S.; Kinoshita, Y.; Ito, N.; Tsoumpra, M.K.; Nangaku, M.; Abe, M.; Matsuhisa, M.; Kato,
S.; et al. Activation of unliganded FGF receptor by extracellular phosphate potentiates proteolytic protection of FGF23 by its
O-glycosylation. Proc. Natl. Acad. Sci. USA 2019, 116, 11418–11427. [CrossRef] [PubMed]

79. Hori, M.; Kinoshita, Y.; Taguchi, M.; Fukumoto, S. Phosphate enhances Fgf23 expression through reactive oxygen species in
UMR-106 cells. J. Bone Miner. Metab. 2016, 34, 132–139. [CrossRef] [PubMed]

80. Nguyen-Yamamoto, L.; Karaplis, A.C.; St-Arnaud, R.; Goltzman, D. Fibroblast Growth Factor 23 Regulation by Systemic and
Local Osteoblast-Synthesized 1,25-Dihydroxyvitamin D. J. Am. Soc. Nephrol. 2017, 28, 586–597. [CrossRef]

81. Meir, T.; Durlacher, K.; Pan, Z.; Amir, G.; Richards, W.G.; Silver, J.; Naveh-Many, T. Parathyroid hormone activates the orphan
nuclear receptor Nurr1 to induce FGF23 transcription. Kidney Int. 2014, 86, 1106–1115. [CrossRef]

82. Rodriguez-Ortiz, M.E.; Lopez, I.; Munoz-Castaneda, J.R.; Martinez-Moreno, J.M.; Ramirez, A.P.; Pineda, C.; Canalejo, A.; Jaeger,
P.; Aguilera-Tejero, E.; Rodriguez, M.; et al. Calcium deficiency reduces circulating levels of FGF23. J. Am. Soc. Nephrol. 2012, 23,
1190–1197. [CrossRef]

83. Edmonston, D.; Wolf, M. FGF23 at the crossroads of phosphate, iron economy and erythropoiesis. Nat. Rev. Nephrol. 2020, 16,
7–19. [CrossRef]

84. Mace, M.L.; Gravesen, E.; Hofman-Bang, J.; Olgaard, K.; Lewin, E. Key role of the kidney in the regulation of fibroblast growth
factor 23. Kidney Int. 2015, 88, 1304–1313. [CrossRef] [PubMed]

85. Neyra, J.A.; Hu, M.C.; Moe, O.W. Klotho in Clinical Nephrology: Diagnostic and Therapeutic Implications. Clin. J. Am. Soc.
Nephrol. 2020, 16, 162–176. [CrossRef] [PubMed]

86. Munoz-Castaneda, J.R.; Herencia, C.; Pendon-Ruiz de Mier, M.V.; Rodriguez-Ortiz, M.E.; Diaz-Tocados, J.M.; Vergara, N.;
Martinez-Moreno, J.M.; Salmeron, M.D.; Richards, W.G.; Felsenfeld, A.; et al. Differential regulation of renal Klotho and FGFR1 in
normal and uremic rats. FASEB J. 2017, 31, 3858–3867. [CrossRef] [PubMed]

87. Stremke, E.R.; McCabe, L.D.; McCabe, G.P.; Martin, B.R.; Moe, S.M.; Weaver, C.M.; Peacock, M.; Gallant, K.M.H. Twenty-Four-
Hour Urine Phosphorus as a Biomarker of Dietary Phosphorus Intake and Absorption in CKD: A Secondary Analysis from a
Controlled Diet Balance Study. Clin. J. Am. Soc. Nephrol. 2018, 13, 1002–1012. [CrossRef] [PubMed]

88. Drueke, T.B. Bone biopsy in chronic kidney disease: Still an option? J. Bras. Nefrol. 2020, 42, 130–132. [CrossRef]
89. Drueke, T.B.; Massy, Z.A. Changing bone patterns with progression of chronic kidney disease. Kidney Int. 2016, 89, 289–302.

[CrossRef]
90. Carbonare, L.D.; Valenti, M.T.; Giannini, S.; Gallieni, M.; Stefani, F.; Ciresa, R.; Politi, C.; Fusaro, M. Bone Biopsy for Histomor-

phometry in Chronic Kidney Disease (CKD): State-of-the-Art and New Perspectives. J. Clin. Med. 2021, 10, 4617. [CrossRef]
91. Ye, X.; Kooman, J.P.; van der Sande, F.M.; Raimann, J.G.; Usvyat, L.A.; Wang, Y.; Maddux, F.W.; Kotanko, P. Relationship between

serum phosphate levels and survival in chronic hemodialysis patients: Interactions with age, malnutrition and inflammation.
Clin. Kidney J. 2021, 14, 348–357. [CrossRef]

92. Fouque, D.; Roth, H.; Pelletier, S.; London, G.M.; Hannedouche, T.; Jean, G.; Bouchet, J.L.; Drueke, T. Control of mineral
metabolism and bone disease in haemodialysis patients: Which optimal targets? Nephrol. Dial. Transpl. 2013, 28, 360–367.
[CrossRef]

93. Chang, A.R.; Grams, M.E. Serum phosphorus and mortality in the Third National Health and Nutrition Examination Survey
(NHANES III): Effect modification by fasting. Am. J. Kidney Dis. 2014, 64, 567–573. [CrossRef]

94. Zhang, W.; Ye, G.; Bi, Z.; Chen, W.; Qian, J.; Zhang, M.; Ding, D.; Wang, M.; Chen, J. Higher one-year achievement rate of serum
phosphate associated with lower cardiovascular mortality in hemodialysis patients. BMC Nephrol. 2021, 22, 398. [CrossRef]
[PubMed]

95. Barsotti, G.; Giannoni, A.; Morelli, E.; Lazzeri, M.; Vlamis, I.; Baldi, R.; Giovannetti, S. The decline of renal function slowed by
very low phosphorus intake in chronic renal patients following a low nitrogen diet. Clin. Nephrol. 1984, 21, 54–59. [PubMed]

96. Sigrist, M.; Tang, M.; Beaulieu, M.; Espino-Hernandez, G.; Er, L.; Djurdjev, O.; Levin, A. Responsiveness of FGF-23 and mineral
metabolism to altered dietary phosphate intake in chronic kidney disease (CKD): Results of a randomized trial. Nephrol. Dial.
Transpl. 2013, 28, 161–169. [CrossRef] [PubMed]

97. Isakova, T.; Barchi-Chung, A.; Enfield, G.; Smith, K.; Vargas, G.; Houston, J.; Xie, H.; Wahl, P.; Schiavenato, E.; Dosch, A.; et al.
Effects of dietary phosphate restriction and phosphate binders on FGF23 levels in CKD. Clin. J. Am. Soc. Nephrol. 2013, 8,
1009–1018. [CrossRef] [PubMed]

98. Block, G.A.; Wheeler, D.C.; Persky, M.S.; Kestenbaum, B.; Ketteler, M.; Spiegel, D.M.; Allison, M.A.; Asplin, J.; Smits, G.;
Hoofnagle, A.N.; et al. Effects of phosphate binders in moderate CKD. J. Am. Soc. Nephrol. 2012, 23, 1407–1415. [CrossRef]
[PubMed]

99. Chue, C.D.; Townend, J.N.; Moody, W.E.; Zehnder, D.; Wall, N.A.; Harper, L.; Edwards, N.C.; Steeds, R.P.; Ferro, C.J. Cardiovascu-
lar effects of sevelamer in stage 3 CKD. J. Am. Soc. Nephrol. 2013, 24, 842–852. [CrossRef]

100. Seifert, M.E.; de las Fuentes, L.; Rothstein, M.; Dietzen, D.J.; Bierhals, A.J.; Cheng, S.C.; Ross, W.; Windus, D.; Davila-Roman, V.G.;
Hruska, K.A. Effects of phosphate binder therapy on vascular stiffness in early-stage chronic kidney disease. Am. J. Nephrol. 2013,
38, 158–167. [CrossRef]

101. Bellasi, A. Pro: Should phosphate binders be used in chronic kidney disease stage 3-4? Nephrol. Dial. Transpl. 2016, 31, 184–188.
[CrossRef]

http://doi.org/10.1073/pnas.1815166116
http://www.ncbi.nlm.nih.gov/pubmed/31097591
http://doi.org/10.1007/s00774-015-0651-9
http://www.ncbi.nlm.nih.gov/pubmed/25792238
http://doi.org/10.1681/ASN.2016010066
http://doi.org/10.1038/ki.2014.215
http://doi.org/10.1681/ASN.2011101006
http://doi.org/10.1038/s41581-019-0189-5
http://doi.org/10.1038/ki.2015.231
http://www.ncbi.nlm.nih.gov/pubmed/26221757
http://doi.org/10.2215/CJN.02840320
http://www.ncbi.nlm.nih.gov/pubmed/32699047
http://doi.org/10.1096/fj.201700006R
http://www.ncbi.nlm.nih.gov/pubmed/28515153
http://doi.org/10.2215/CJN.00390118
http://www.ncbi.nlm.nih.gov/pubmed/29921736
http://doi.org/10.1590/2175-8239-jbn-2020-0035
http://doi.org/10.1016/j.kint.2015.12.004
http://doi.org/10.3390/jcm10194617
http://doi.org/10.1093/ckj/sfz143
http://doi.org/10.1093/ndt/gfs404
http://doi.org/10.1053/j.ajkd.2014.04.028
http://doi.org/10.1186/s12882-021-02547-z
http://www.ncbi.nlm.nih.gov/pubmed/34852774
http://www.ncbi.nlm.nih.gov/pubmed/6705274
http://doi.org/10.1093/ndt/gfs405
http://www.ncbi.nlm.nih.gov/pubmed/23024219
http://doi.org/10.2215/CJN.09250912
http://www.ncbi.nlm.nih.gov/pubmed/23471131
http://doi.org/10.1681/ASN.2012030223
http://www.ncbi.nlm.nih.gov/pubmed/22822075
http://doi.org/10.1681/ASN.2012070719
http://doi.org/10.1159/000353569
http://doi.org/10.1093/ndt/gfv405


Nutrients 2023, 15, 1236 14 of 14

102. Wang, M.; You, L.; Li, H.; Lin, Y.; Zhang, Z.; Hao, C.; Chen, J. Association of circulating fibroblast growth factor-23 with renal
phosphate excretion among hemodialysis patients with residual renal function. Clin. J. Am. Soc. Nephrol. 2013, 8, 116–125.
[CrossRef]

103. Zhang, M.; Wang, M.; Li, H.; Yu, P.; Yuan, L.; Hao, C.; Chen, J.; Kalantar-Zadeh, K. Association of initial twice-weekly hemodialysis
treatment with preservation of residual kidney function in ESRD patients. Am. J. Nephrol. 2014, 40, 140–150. [CrossRef]

104. Chen, W.; Wang, M.; Zhang, M.; Zhang, W.; Shi, J.; Weng, J.; Huang, B.; Kalantar-Zadeh, K.; Chen, J. Benefits of Incremental
Hemodialysis Seen in a Historical Cohort Study. Ther. Clin. Risk Manag. 2021, 17, 1177–1186. [CrossRef] [PubMed]

105. Obi, Y.; Streja, E.; Rhee, C.M.; Ravel, V.; Amin, A.N.; Cupisti, A.; Chen, J.; Mathew, A.T.; Kovesdy, C.P.; Mehrotra, R.; et al.
Incremental Hemodialysis, Residual Kidney Function, and Mortality Risk in Incident Dialysis Patients: A Cohort Study. Am. J.
Kidney Dis. 2016, 68, 256–265. [CrossRef] [PubMed]

106. Mathew, A.T.; Fishbane, S.; Obi, Y.; Kalantar-Zadeh, K. Preservation of residual kidney function in hemodialysis patients:
Reviving an old concept. Kidney Int. 2016, 90, 262–271. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.2215/CJN.00230112
http://doi.org/10.1159/000365819
http://doi.org/10.2147/TCRM.S332218
http://www.ncbi.nlm.nih.gov/pubmed/34803381
http://doi.org/10.1053/j.ajkd.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26867814
http://doi.org/10.1016/j.kint.2016.02.037
http://www.ncbi.nlm.nih.gov/pubmed/27182000

	The Distribution of Phosphorus 
	Phosphorus Homeostasis and In-Depth Review of Phosphorus Regulation 
	Phosphorus Pool 
	Phosphorus Overload and Pathological Phosphorus Pool 
	Reasons for and Deleterious Side Effects of Phosphorus Overload 
	Early Markers of Phosphorus Overload 
	The Path Forward 
	Conclusions 
	References



