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Summary

Impaired kidney function and subsequent skeletal responses play a critical role in disrupting
phosphate balance in chronic kidney disease (CKD) patients with mineral and bone disorder
(CKD-MBD). In patients with CKD-MBD, the inability of the kidney to maintain normal mineral
ion balance affects bone remodeling to induce skeletal fracture and extraskeletal vascular
calcification. In physiological conditions, bone-derived fibroblast growth factor 23 (FGF23) acts
on the kidney to reduce serum phosphate and 1,25-dihydroxyvitamin D levels. In humans,
increased bioactivity of FGF23 leads to increased urinary phosphate excretion, which induces
hypophosphatemic diseases (e.g., rickets/osteomalacia). However, reduced FGF23 activity is
associated with hyperphosphatemic diseases (e.g., tumoral calcinosis). In patients with CKD, high
serum levels of FGF23 fail to reduce serum phosphate levels and lead to humerous complications,
including vascular calcification, one of the important determinants of mortality of CKD-MBD
patients. Of particular significance, molecular, biochemical and morphological changes in patients
with CKD-MBD are mostly due to osteo-renal dysregulation of mineral ion metabolism.
Furthermore, hyperphosphatemia can partly contribute to the development of secondary
hyperparathyroidism in patients with CKD-MBD. Relatively new pharmacological agents
including sevelamer hydrochloride, calcitriol analogs and cinacalcet hydrochloride are used either
alone, or in combination, to minimize hyperphosphatemia and hyperparathyroidism associated
complications to improve morbidity and mortality of CKD-MBD patients. This article will briefly
summarize how osteo-renal miscommunication can induce phosphate toxicity, resulting in
extensive tissue injuries.
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INTRODUCTION

Bone provides the structural framework for the human body, protects internal organs and
maintains mineral ion balance. Bone is a target organ for several hormones such as
parathyroid hormone (PTH), 1,25-dihydroxyvitamin D [1,25(OH),D], calcitonin and sex
hormones. Recent studies found important roles of bone-derived factors including
osteocalcin and fibroblast growth factor 23 (FGF23) in systemic regulation of glucose and
phosphate metabolism, respectively (1-5). Optimal phosphate balance is essential for
normal skeletal growth, development and maintenance. However, maintaining optimal
phosphate levels is a significant clinical challenge in various osteo-renal diseases because
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phosphate toxicity (excessive retention of phosphate in the body) has a wide range of
harmful effects and because its therapeutic control is difficult, particularly in patients with
chronic kidney disease (CKD).

Phosphate balance in the body is coordinately regulated by complex cross-organ interactions
that mainly involve the kidney, intestine, bone and parathyroid gland; functional
impairments in any of these organs can lead to abnormal phosphate levels (Table 1). The
body’s daily-required amount of phosphate is maintained through intestinal absorption from
consumed foods, whereas the serum level of phosphate is maintained primarily by renal
reabsorption/excretion of phosphate. In addition according to need, bone can also contribute
to this homeostasis by providing phosphate thorough promoting skeletal resorption. The
intestinal absorption and renal reabsorption of phosphate are partly mediated by the sodium-
dependent phosphate (NaPi) transporter system that includes NaPi-2a (SLC34A1, kidney),
NaPi-2b (SLC34Az2, intestine) and NaPi-2¢ (SLC34A3, kidney). An electrogenic NaPi-2a
transports three sodium ions into the proximal tubular epithelial cell for each phosphorus
ion, whereas an electroneutral NaPi-2c transports two sodium ions for each phosphorus ion
(7). 1t is believed that the basolateral Na+,K+-ATPase activity creates a low intracellular
sodium microenvironment that facilitates phosphorus transport in the proximal tubular
epithelial cells by the NaPi system (8-10). As for NaPi-2b, the sodium-phosphate transport
cycle involves both voltage-dependent and independent stages that lead to the influx of three
sodium ions with each phosphorus ion (11). Hormones that are either produced in the bone
or act on the bone can affect the activities of the NaPi system. Our understanding of the
FGF23-klotho system has provided new mechanistic insights into homeostatic regulation of
phosphate metabolism through osteo-renal communication (12, 13).

OSTEO-RENAL COMMUNICATION

Osteo-renal communication is vital for physiologic maintenance of both calcium and
phosphate levels. Two hormones that act on bone, PTH and 1,25(0OH),D, markedly
influence serum calcium and phosphate levels by affecting the rate of intestinal absorption,
renal reabsorption and bone formation and resorption. A delicate balance between
intracellular calcium-phosphate concentration and skeletal hydroxyapatite formation is also
an important determinant of calcium-phosphate balance (14-19). PTH acts on bone to
provoke resorption and to induce phosphaturia in the kidney; it also facilitates an increase in
circulating levels of 1,25(0OH),D, which in turn enhance intestinal phosphate absorption. It
is important to mention that PTH has a bimodal response to bone; in addition to its
commonly known catabolic effects, a modest amount of PTH, usually provided by
intermittent administration, can exert anabolic effects on bone (20-22). Although phosphate
metabolism is partly regulated by both PTH and 1,25(0H),D, the synthesis and release of
these two hormones are mostly controlled by the serum levels of calcium (23). There are a
number of review articles summarizing the current understanding of calcium metabolism,
and this brief article will emphasize on osteo-renal regulation of phosphate metabolism.

Serum phosphate levels are mostly maintained by fine-tuning the reabsorption rate of renal
phosphate. Filtered phosphate from the glomeruli is mainly reabsorbed in the proximal part
of the tubules where NaPi-2a and NaPi-2c cotransporters mediate reabsorption (10, 24). The
numbers of factors that can regulate NaPi activities are growing, and experimental studies
have shown that PTH, FGF23 and klotho can suppress NaPi activities to increase urinary
phosphate loss (10, 25-29), whereas 1,25(0OH),D can stimulate NaPi-2b to increase
intestinal phosphate uptake (30). Even though both PTH and 1,25(OH),D are involved in
phosphate metabolism, there are human urinary phosphate wasting diseases with relatively
normal levels of PTH and 1,25(0OH),D, suggesting the presence of novel phosphaturic
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factors. The search for such factors inducing phosphaturia in these osteo-renal diseases
resulted in the identification of the FGF23-klotho system (12, 13).

The underlying molecular mechanisms of hypophosphatemia and subsequent skeletal
anomalies in patients with X-linked hypophosphatemic rickets/osteomalacia (XLH),
autosomal dominant hypophosphatemic rickets (ADHR) and tumor-induced rickets/
osteomalacia (T10) have been extensively studied in the last decade. The idea of the
presence of a humoral phosphaturic factor came from the observation that renal phosphate
reabsorption defects in patients with XLH was not corrected by renal transplantation from a
healthy donor (31). In a similar line of observation, when the kidney of a Hyp mouse (a
murine homolog of human XLH) with hypophosphatemia due to impaired renal phosphate
reabsorption was transplanted to a wild-type mouse, the phosphate reabsorption defects of
Hyp mice kidney no longer persists. This again suggests the presence of a humoral
phosphaturic factor (32). The extensive genetic, molecular and biochemical studies on
hypophosphatemic diseases such as XLH, ADHR and T1O have lead to the identification of
FGF23 as a phosphaturic factor (12, 13).

FGF23-KLOTHO SYSTEM

FGF23 is a bone-derived protein with a FGF receptor (FGFR)-binding domain in the N-
terminus and a potential klotho-interacting site at the C-terminus (33). The klotho gene
encodes a type 1 membrane protein (8) with an extracellular domain that can be released
from the plasma membrane by disintegrin and metalloproteinases (ADAM-10 and
ADAM-17) (34). Klotho is present predominantly in the distal convoluted tubules of the
kidney, the parathyroid gland and the epithelium of the choroid plexus in the brain (35). The
restricted expression of klotho provides the tissue specificity for FGF23 function. The
FGF23-FGFR interaction needs klotho as a cofactor to activate signaling phosphoproteins
that include but are not limited to ERK and AKT (36, 37). 1,25(0OH),D can induce the
expression of FGF23 in osteocytes, which in the presence of klotho can act on the kidney to
suppress the expression of the 1-alpha hydroxylase [1a(OH)ase] gene and thereby reduce
production of 1,25(0OH),D (38-40). It appears likely that the mutual regulation of FGF23
and 1,25(0OH),D forms a regulatory loop that plays a major role in maintaining mineral
homeostasis (Fig. 1). Of relevance, osteocytes are derived from osteoblasts that become
embedded in the bone matrix and are believed to be the source of numerous important
endocrine factors including FGF23. Osteocytes also act as mechanosensors and can regulate
bone formation by secreting sclerostin, which antagonizes canonical Wnt signaling (41, 42).
In physiological conditions, osteo-renal communication through 1,25(0OH),D and FGF23
may fine-tune the levels of these essential factors to keep normal homeostatic balance of
mineral ions (Fig. 1). Of physiologic significance, when renal function is preserved, an
increased serum level of bone-derived FGF23 coincides with increased urinary excretion of
phosphate.

Activation of the FGF23-klotho system promotes phosphate excretion and can induce
phosphaturia by reducing NaPi-2a and NaPi-2c cotransporter activity (26, 28). Whether
FGF23 can directly suppress NaPi cotransporter activity or FGF23-regulated molecules
facilitate such suppression will need further clarification (43). Klotho is dominantly
expressed in the distal tubules with week expression in proximal tubules (29). How a protein
mostly produced in the distal tubules can influence the functions of proximal tubules is an
ongoing area of research. Studies have shown that following FGF23 injection in mice, the
activation of signaling phosphoproteins is detected mostly in the distal tubules (44). This
observation raised the possibility that FGF23 might initially act on klotho-expressing distal
tubules, generating a factor to exert phosphaturic effects on adjacent proximal tubules; some
investigators speculated that secreted klotho protein might be one of such generated factors.
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Secreted klotho can facilitate deglycosylation of N-linked glycans on NaPi-2a protein to
make it susceptible to degradation, reducing their numbers and activity in the proximal
tubules (29). Hence, klotho might induce phosphaturia not only by acting as a coreceptor for
FGF23, but may also do so by modulating the functions of NaPi proteins (29).

In both animal and human studies, chronic or pathological activation of the FGF23-klotho
system consistently leads to hypophosphatemia. For instance, hypophosphatemia in patients
with autosomal recessive hypophosphatemic rickets (ARHR) is accompanied by high serum
levels of FGF23 (45). Similarly, FGF23 transgenic mice develop hypophosphatemia due to
persistent phosphaturia, whereas Fgf23 knockout mice develop hyperphosphatemia due to
renal retention of phosphate. Of relevance, the biochemical and morphological features of
Fgf23 knockout mice mimic the clinical symptoms of patients with familial tumoral
calcinosis (FTC), in which an inactivating mutation of the FGF23 gene leads to the
development of hyperphosphatemia (46). The identification of the FGF23-klotho system has
markedly enhanced our understanding of phosphate metabolism via the bone-kidney
endocrine axis. In various disease conditions, the miscommunication of the bone-kidney axis
leads to abnormal phosphate metabolism and associated complications.

OSTEO-RENAL MISCOMMUNICATION

A miscommunication between bone-derived FGF23 and kidney-derived klotho in patients
with CKD can induce excessive phosphate accumulation in the body; in patients with CKD,
advanced structural impairment of the kidney and reduced expression of klotho are
responsible for the failure of FGF23 to reduce phosphate levels (47). Such excessive
retention of phosphate in the body can cause a wide range of cellular and tissue injuries (Fig.
2). For example, vascular calcification in patients with CKD is mainly due to
hyperphosphatemia (50-52). Similar vascular pathology in the form of cardiovascular
calcification is also observed in various animal models including hyperphosphatemic klotho
knockout mice (27, 53). Notably, reducing the phosphate burden from klotho knockout mice
is sufficient to markedly reduce vascular calcification, despite the presence of considerably
higher serum calcium and 1,25-dihydroxyvitamin D levels (27, 52, 53). Of particular
importance, hyperphosphatemia is identified as independent risk factors for high mortality in
CKD patients (54).

Elevated serum calcium and phosphate concentrations are usually considered main
contributors to arterial calcification, and the estimation of calcium-phosphorus (CaxPi)
product has long been used to predict vascular pathology in patients with CKD (55, 56).
However, in some studies, instead of CaxPi product, a correlation was found only with
serum phosphate levels in patients undergoing hemodialysis treatment with vascular
calcification (57). In fact, the clinical utility of CaxPi product has been questioned in recent
studies (58). It would be more reasonable to take into account different variables (namely
calcium, phosphate and PTH) instead of calculating CaxPi products to determine the
eventual outcome of CKD patients (59). Of clinical importance, in contrast to
hyperphosphatemia, associations between serum calcium levels and cardiovascular events or
disease outcomes of CKD patients are not yet clearly established. Although, a few studies
have shown that hypercalcemia may have predictive value in determining the negative
outcome of CKD patients (60, 61).

It is important to note that klotho is essential in FGF23-mediated regulation of phosphate.
Functionally bioactive FGF23 protein failed to reduce serum phosphate levels in mice
lacking klotho activity (either klotho knockout mice or Fgf23/klotho double knockout mice)
(48, 62). Furthermore, genetically eliminating klotho function from hypophosphatemic phex
mutant mice resulted in the generation of hyperphosphatemic phex/klotho double mutant
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mice, despite markedly increased serum FGF23 levels in double mutant mice (52, 49). Ina
similar line of observation, inactivation of klotho from hypophosphatemic FGF23 transgenic
mice led to the development of hyperphosphatemia (63). In a human study with tumoral
calcinosis, a loss-of-function homozygous missense mutation in the Klotho gene showed
severe hyperphosphatemia despite high serum FGF23 levels in the affected patient (64). It is
clear from the above-cited human and experimental studies that klotho is indispensable for
FGF23-mediated homeostatic control of phosphate metabolism (3, 5, 48, 62, 65-67) and that
osteo-renal miscommunication in the form of FGF23-klotho dysregulation can lead to
phosphate imbalance (5, 43, 68, 69). It is necessary to mention that the effects of FGF23 on
extra-renal tissues are not yet clearly defined. For example, FGF23 suppresses PTH
secretion, probably through interacting with klotho (70, 71) (Fig. 3), whereas in response to
hypocalcemia, klotho facilitates PTH secretion (8). Further studies are needed to understand
these complex and often opposing effects. Recently, Hofman-Bang et al. showed increased
expression of klotho, FGFR1 (111C) and Na+/K+-ATPase in the parathyroid glands of rats
with CKD, although the investigator did find variability in the parathyroid expression of
klotho and FGFR1, depending on the duration and stage of CKD (72). One of the likely
scenarios is that increased levels of klotho may influence Na+/K+-ATPase to induce PTH
production in response to hypocalcemia (72); whereas the FGF23-klotho-FGFR1 complex in
the parathyroid gland may fine-tune such production by reducing PTH secretion in an effort
to keep the homeostatic balance of mineral ions. These complex molecular interactions in
the advanced stages of CKD may not be able to suppress PTH production, perhaps due to
reduced expression of both klotho and FGFR expression, leading to secondary
hyperparathyroidism (73, 74). The inability to influence PTH secretion following in vivo
suppression of the parathyroid gland Na+/K+-ATPase activity, in response to acute
hypocalcemia adds additional complexity in PTH metabolism (75).

One other issue that requires further study is the determination of whether PTH can directly
induce FGF23 production through PTH receptors present in bone cells. In patients with
Jansen’s metaphyseal chondrodysplasia, the constitutively active PTH/PTHTrP receptor leads
to asymptomatic hypercalcemia and hypophosphatemia despite low or undetectable serum
levels of PTH and PTHrP (76). Interestingly, the serum FGF23 levels in these patients are
increased, and whether constitutively active PTH/PTHTrP receptors can increase production
of such FGF23 is an area that needs exploration. Similarly, in FGF23 overexpressing mice,
high serum levels of PTH are detected (77), while in the mouse primary
hyperparathyroidism model, PTH has been shown to increase FGF23 levels (78). Of
relevance, secondary hyperparathyroidism in patients with CKD is traditionally viewed as a
consequence of reduced vitamin D activity and/or hyperphosphatemia; the discovery of the
FGF23-klotho system has not only added additional insights (as briefly mentioned above)
but has also helped us to understand how osteo-renal dysregulation can induce phosphate
toxicity.

PHOSPHATE TOXICITY

Phosphate toxicity from excessive serum accumulation of phosphate has recently been
shown to accelerate the mammalian aging process by inflicting wide-spread tissue injuries,
reducing overall survival (79). Klotho-knockout mice develop phosphate toxicity as early as
3 weeks of age resulting in reduced body weight, kyphosis, hypogonadism and infertility,
generalized tissue atrophy and reduced life span (27, 53, 62, 48, 79-82). Increased renal
activity of NaPi-2a and NaPi-2c in klotho knockout mice leads to an increased renal
retention of phosphate, which induces phosphate toxicity. Indeed, the widespread aging
phenotypes in short-lived hyperphosphatemic klotho-knockout mice can be reduced by
lowering phosphate burden in NaPi2a/klotho double knockout mice to prolong their survival
(79). The hyperphosphatemic klotho-knockout mice are infertile, and reducing serum
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phosphate levels by eliminating NaPi-2a activity (i.e., NaPi2a/klotho double knockout mice)
restored their fertility. More importantly, the NaPi2a/klotho double knockout mice lost
fertility when fed a high phosphate diet, clearly suggesting that phosphate toxicity can affect
fertility and thereby influence the aging process. Again, compared to the normal phosphate
diet (0.6%) fed NaPi2a/klotho double knockout mice, high phosphate diet (1.2%) fed
NaPi2a/klotho mutant mice develop phosphate toxicity, with premature aging-like features
including generalized tissue atrophy and death by 15 weeks of age (79). These in vivo
experimental observations clearly imply that phosphate toxicity can contribute to the
progression of the mammalian aging process. In addition to affecting the aging process,
increased dietary phosphate intake has recently been shown to stimulate lung tumor growth
and size (83).

How excessive phosphate can induce toxicity resulting in tissue injury is unclear. One likely
scenario is that it can exert cytotoxic effects to compromise the functional ability of various
organ systems. Phosphate toxicity can induce apoptotic cell death in various tissues, and
such cell death can be suppressed by reducing phosphate burden in mice (79). It is possible
that cell death induced by phosphate toxicity can subsequently trigger inflammatory
responses to enhance organ damage. As phosphate is essential for cell signaling activities, its
imbalance may impair the homeostatic control of signaling activities that may eventually
lead to cell and tissue damage. In a similar line of observation, excessive dietary phosphate
has been found to activate the AKT-mediated signaling network that promotes lung
tumorigenesis (83).

Failure to maintain optimal phosphate balance has a significant clinical consequence in
CKD patients. Phosphate-restricted diet along with dialysis treatment is usually not enough
to control serum phosphate levels and are recommended with phosphorus binders to further
reduce serum phosphate levels. With time, new formulations of phosphorus binders have
been developed to minimize side effects. For instance, once widely used aluminum-based
phosphorus binders can induce anemia, myopathies, dementia and bone anomalies (84).
Calcium-based binders, though somewhat effective, are also linked to vascular calcification
in patients undergoing hemodialysis treatment (55). Recently, sevelamer hydrochloride, a
noncalcium and non-aluminum-based binder have been shown to reduce vascular injury
better than calcium-based binders (85, 86). Similarly, dialysis patients receiving calcium-
based binders showed a significantly higher mortality than did sevelamer users (87). Further
studies to determine the long-term safety of clinically used drugs, as well as investigational
drugs including sevelamer carbonate (88) and lanthanum carbonate (89), will aid in
designing the optimal therapeutic choice to help reduce serum phosphate levels to within the
desirable range and to minimize associated complications.

CONCLUSION

Osteo-renal communication through bone-derived FGF23 and kidney-derived klotho is
essential for physiologic regulation of phosphate balance and vitamin D homeostasis. In
contrast, osteo-renal miscommunication through dysregulation of FGF23-klotho system
provokes phosphate imbalance and induces pathological changes in a wide range of organs/
tissues including blood vessels, bone and kidney. Of clinical importance, phosphate toxicity
induced by excessive exogenous phosphate administration in humans can be fatal (90-93).
Acute phosphate toxicity can provoke hypocalcemia and associated complications, whereas
chronic phosphate toxicity can induce ectopic calcification. Taking into account human and
experimental observations, maintaining phosphate balance appears to be important for a
healthy life and for longevity, as phosphate imbalance due to osteo-renal miscommunication
can induce serious debilitating complications.
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Figure 1.

Simplified diagram showing osteo-renal communication of FGF23 and vitamin D. The
osteocyte-derived FGF23 in presence of klotho can act on the kidney to suppress the
expression of the 1a(OH)ase gene, and it thereby can reduce production of 1,25(0OH),D.
Reduced levels of 1,25(0OH),D may have inhibitory effects on FGF23 production in bone. In
physiological conditions, osteo-renal communication through 1,25(0OH),D and FGF23 may
fine-tune their levels to maintain normal mineral ion balance. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2.
Simplified diagram showing how osteo-renal miscommunication can impair serum

phosphate balance to induce organ pathology. Modified from earlier publications (48, 49).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 3.

Simplified diagram showing factors that can exert inhibitory effects on PTH production,
depending on the homeostatic balance of mineral ions. Please note that other factors can also
directly influence PTH production but for simplicity, only relevant factors that are discussed
in this article are included in this figure. Both vitamin D and calcium can exert inhibitory
effects on PTH production by interacting with vitamin D receptor (VDR) and calcium-
sensing receptors (CaSR), respectively. FGF23, possibly through interacting with klotho,
may also exert inhibitory effects on PTH secretion.
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Table 1

Partial list of pathological events or diseases that can induce altered phosphate balance (5, 6)

Hypophosphatemia
Autosomal dominant hypophosphatemic rickets
Autosomal recessive hypophosphatemic rickets
Chronic diarrhea
Diabetic ketoacidosis
Diuretics
Hormones (insulin, glucagon, cortisol)
Hyperparathyroidism
Metabolic acidosis
Renal transplantation
Renal tubular defects (Fanconi syndrome)
Respiratory alkalosis
Sepsis
Severe dietary deficiency
Tumor-induced rickets/osteomalacia
Vitamin D resistance/deficiency
X-linked hypophosphatemic rickets
Hyperphosphatemia
Acromegaly
Bisphosphonate therapy
Bowel infarction
Hemolysis
Hypoparathyroidism
Intravenous/oral phosphate therapy
Magnesium deficiency
Metabolic acidosis
Phosphate enema
Renal failure
Respiratory acidosis
Rhabdomyolysis
Tumor calcinosis
Tumor lysis syndrome

Vitamin D intoxication
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