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Abstract

Intracellular phosphate is critical for cellular processes such as signaling, nucleic acid synthesis,
and membrane function. Extracellular phosphate (Pi) is an important component of the

skeleton. Normal levels of serum phosphate are maintained by the coordinated actions of 1,25-
dihydroxyvitamin D3, parathyroid hormone and fibroblast growth factor-23, which intersect in the
proximal tubule to control the reabsorption of phosphate via the sodium-phosphate cotransporters
Npt2a and Npt2c. Furthermore, 1,25-dihydroxyvitamin D3 participates in the regulation of dietary
phosphate absorption in the small intestine. Clinical manifestations associated with abnormal
serum phosphate levels are common and occur as a result of genetic or acquired conditions
affecting phosphate homeostasis. For example, chronic hypophosphatemia leads to osteomalacia
in adults and rickets in children. Acute severe hypophosphatemia can affect multiple organs
leading to rhabdomyolysis, respiratory dysfunction, and hemolysis. Patients with impaired kidney
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function, such as those with advanced CKD, have high prevalence of hyperphosphatemia, with
approximately two-thirds of patients on chronic hemodialysis in the United States having serum
phosphate levels above the recommended goal of 5.5 mg/dL, a cutoff associated with excess

risk of cardiovascular complications. Furthermore, patients with advanced kidney disease and
hyperphosphatemia (>6.5 mg/dL) have almost one-third excess risk of death than those with
phosphate levels between 2.4 and 6.5 mg/dL. Given the complex mechanisms that regulate
phosphate levels, the interventions to treat the various diseases associated with hypophosphatemia
or hyperphosphatemia rely on the understanding of the underlying pathobiological mechanisms
governing each patient condition.

Phosphorus is a fundamental component of many of the normal cellular processes, as well as
an integral part of the skeleton. Although often used interchangeably, the terms phosphorus
and phosphate are not the same. Phosphorus is a basic chemical element with a molar

mass of 30.97 g/mol, which in biologic systems is present as phosphate ions (PO437),

mass of 94.97 g/mol. In the body, phosphate (P;) exists as inorganic phosphate, such as
HPO42~ and H,PO,4~, in the organic form as part of nucleotides, phospholipids, adenosine
5’-triphosphate or forming hydroxyapatite crystals with calcium in the skeleton, where
approximately 90% of the P; in the body resides.!2

Intracellular Pj is required for cellular signaling, nucleic acid synthesis, and membrane
function among others. Inorganic, extracellular P;j is measured clinically as an

estimation of total body phosphate balance, and used to define hyperphosphatemia and
hypophosphatemia.® Chronic P; deficiency leads to rickets in children or osteomalacia

in adults, while acute hypophosphatemia might affect different organs with clinical
manifestations such as rhabdomyolysis, respiratory dysfunction, or hemolysis.# Not only
low P; levels are pathologic but also elevated serum P; is associated with adverse clinical
outcomes. For example, failure to adequately regulate P; levels can lead to kidney stones and
hyperphosphatemia, the latter associated with increased mortality in patients with advanced
kidney failure.® Individuals with serum P; > 6.5 mg/dL have a 27% higher mortality risk
than those with P; levels between 2.4 and 6.5 mg/dL.> One should note that the association
of hyperphosphatemia in patients with CKD and mortality does not imply causality, as
additional underlying factors in such patients can affect both P; levels and mortality.

When kidney function significantly decreases in advanced CKD, urinary excretion of P;

is no longer effective to maintain P; balance and, therefore, prevention and mitigation of
hyperphosphatemia are important therapeutic targets in CKD.6.7

Thus, maintaining normal serum P; levels is important and involves the coordinated actions
of several hormones including parathyroid hormone (PTH), fibroblastic growth factor 23
(FGF-23), and 1,25-dihydroxyvitamin vitamin D (1,25-dihydroxyvitamin D3). In addition,
it depends on the normal functioning of several organs such as the parathyroid gland, small
intestine, kidneys, and bones® (Fig 1). In this review, we provide a summary of principles
of P homeostasis under normal physiology and key aspects of the pathophysiology of
hypophosphatemia and hyperphosphatemia, as well as a commentary on phosphate-driven
interventions with emphasis in patients with advanced CKD.
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PHOSPHATE HOMEOSTASIS AND FACTORS REGULATING RENAL
PHOSPHATE EXCRETION

Pj levels in the body are determined by dietary uptake in the small intestine and urinary
excretion by the kidneys (Fig 1). Daily dietary requirements are ~1.2 g in adults, yet the total
phosphate pool in the body is ~800 g in a 70-kg person, indicating a small daily turnover
that must be precisely regulated to maintain functionality of physiological processes.3:8

Uptake of P;j from the diet occurs in the small intestine. A Westernized diet results in almost
complete P; absorption from the food.8 The majority (>90%) of intestinal P; transport is
estimated to be active, transepithelial, and Na*-dependent,®10 with the remainder being
absorbed passively through paracellular transport (Fig 1).11 P; transport in the mouse is
mostly confined to the ileum where the sodium-phosphate cotransporter Npt2b (SLC34A2)
is expressed12; however, it is still unclear how dietary P;j and 1,25-dihydroxyvitamin D3

are able to regulate Npt2b expression.13 Although chronic changes in P; intake regulate

the levels of 1,25-dihydroxyvitamin D3, the dietary adaptation of Npt2b seems to be
independent from 1,25-dihydroxyvitamin D3 levels, because it is preserved in animal
models in which either the signaling or the expression of 1,25-dihydroxyvitamin D3 is
abolished.1415 Transgenic mice that lack Npt2b exhibit embryonic lethality.16 However,
studies using whole body conditional and inducible Npt2b® and noninducible intestinal
mucosaspecific Npt2b knockout mice identified that >90% of Na*-dependent active Pi
transport is mediated by Npt2b, indicating that transporters from the phosphate inorganic
transport (Pit) family are of limited significance in the intestine. Of note, more recent studies
suggest that the paracellular pathway can be of significant importance.1” In contrast to the
regulation of Npt2a and Npt2c by PTH in the kidney, Npt2b in the intestine has so far not
been described to be regulated by PTH,18 even though PTH receptors have been identified in
intestinal epithelia.1®

In the proximal tubule, Npt2a (SLC34A1) and Npt2c (SLC34A3) mediate P; reabsorption.20
The primary hormones that regulate renal P; transport are PTH and FGF-23, which are
produced by the parathyroid gland and osteocytes and osteoblasts in bone, respectively.
Normally, an increase in serum P;j concentration induces secretion of PTH and FGF-23.
These 2 phosphaturic hormones reduce luminal membrane abundance and the expression of
Npt2a and Npt2c, in the proximal tubules, thereby reducing P; reabsorption and increasing
urinary P; excretion.821 Fractional P; excretion is between 5%-20% dependent on dietary
phosphate content. The contribution of Npt2a and Npt2c for renal P; transport has been
delineated in gene targeted mice and mutations of phosphate transporters in humans (Fig

2). Studies in Npt2a knockout mice (Npt2a—/-) identified that Npt2a contributes to 70% of
renal phosphate reabsorption.22 Npt2a—/— mice are born with~20% lower body weight and
have skeletal abnormalities; however, after 13 weeks the differences in body weight between
Npt2a—/— and WT mice disappear.23 Npt2c—/— mice do not have a phosphate phenotype but
exhibited hypercalcemia, hypercalciuria, and increased 1,25-dihydroxyvitamin D3 levels.
Npt2a/c double knockout mice display a blend of both phenotypes: hypophosphatemia, more
severe phosphaturia, increased 1,25-dihydroxyvitamin D3 levels, and hypercalciuria23 (Fig
2). Humans with heterozygous mutations in the Npt2a gene presenting with urolithiasis or
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bone demineralization have hypophosphatemia and urinary phosphate loss24; however, a
clear connection of these mutations to the phenotype has never been clearly established.2526
Single nucleotide deletions, compound heterozygous deletions and missense mutations in
the Npt2c gene are the cause of hereditary hypophosphatemic rickets with hypercalciuria.2’
Clinically more common are abnormalities in phosphate homeostasis observed in CKD,
which include secondary hyperparathyroidism and elevated FGF-23 levels.28 Circulating
concentrations of FGF-23 increase progressively as kidney function declines.28 The latest
research on FGF-23 points to a key role of this hormone in the pathogenesis of left
ventricular hypertrophy, although studies in humans demonstrating a causal role are still
needed.2?

PATHOPHYSIOLOGY OF HYPOPHOSPHATEMIA

Hypophosphatemia is rare in the general population (<1%),30 but is present in about 3% of
hospitalized patients, and one third of patients admitted to the intensive care unit,31 in which
it increases morbidity significantly.32

Sustained hypophosphatemia occurs when the renal excretion of P; is increased relative to
the amount of absorbed Pj in the intestine or less commonly when extracellular Pj is shifted
into the cells or skeletal tissue, such as during refeeding or hungry bone syndromes.

Decreased Phosphate Intake or Gastrointestinal Losses

Dietary P; depletion alone rarely causes hypophosphatemia unless this is sustained,
accompanied by medication, alcohol use or with concomitant renal phosphate wasting®
(Table 1). Low P; intake increases Npt2b in epithelial cells of the small intestinel4:33 by
vitamin D-dependent or independent pathways 1434 and also increases the abundance of

P; transporters in the brush border membrane of the proximal tubule, namely Npt2a and
Npt2c.14 This will efficiently prevent P; losses during acute P; depletion.3® The efficiency of
renal P; reabsorption under conditions of chronic low Pj intake or increased gastrointestinal
losses is illustrated in mice with inducible knockout of Npt2b.® Despite a 2-fold increase

in fecal P; excretion, Npt2b—/—-mice have normal serum P; levels of that correlate with a
~2-fold increase in renal Npt2a.®

Decreased Phosphate Reabsorption in the Proximal Tubule

Homozygous or compound heterozygous (2 distinct mutations inherited from each
parent in the same gene) loss-of-function mutations in the human gene SLC34A3

are present in patients with hereditary hypophosphatemic rickets with hypercalciuria,
where the renal capacity of P; reabsorption is significantly reduced.38-37 Patients with
hypophosphatemic rickets with hypercalciuria develop hypophosphatemia in the first
decade of life despite appropriately suppressed levels of FGF-23. These patients have
also a compensatory increased activity of 1-alpha hydroxylase, leading to high levels
of 1,25-dihydroxyvitamin D3. In addition to enhanced intestinal P; absorption, 1,25-
dihydroxyvitamin D3 downregulates PTH synthesis and secretion. These vitamin D-
mediated physiologic changes result in a partial compensatory effect related to circulating
Pj levels, but also an increase in calcium absorption in the intestine, which leads to an
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increase in urinary calcium excretion. The corollary is that patients with genetic defects that
affect the proximal tubule P; transporters have an elevated risk of nephrolithiasis, in addition
to their bone abnormalities secondary to hypophosphatemia. In such patients, phosphate
supplementation without additional vitamin D can mitigate the risk of osteomalacia.36-38

Under conditions of high P; intake, PTH and FGF-23 are physiologic regulators of

Npt2a and Npt2c.3° However, pathologic elevations of FGF-23 downregulate Npt2a and
Npt2c despite normal or even low serum P; levels.*0 Indeed, FGF-23 was first identified
when 2 independent groups studied patients with the genetic condition of autosomal
dominant hypophosphatemic rickets (ADHR) or the acquired condition of tumor-induced
osteomalacia.*142 ADHR is caused by mutations in FGF-23 that render it cleavage
resistant, thereforeFGF-23in patients with ADHR show predominantly intact FGF-23
(iIFGF-23), which is biologically active and leads to hypophosphatemia. Tumor-induced
osteomalacia is caused by elevated production of FGF-23 by tumor cells.*2 Shortly

after these discoveries, elevated levels of iIFGF-23 were also found to be causative of
hypophosphatemia in patients with X-linked hypophosphatemia,*3 carrying mutations in the
phosphate regulating endopeptidase homolog X-linked (PHEX) protein.** PHEX is a cell
surface-bound protein-cleaving enzyme found in bone and teeth, but its role in phosphate
metabolism is related to modulating levels of FGF-23. Thus, loss-of-function mutations in
PHEX result in increased levels of FGF-23 by unclear mechanisms.#® Inhibition of FGF-23
by using the monoclonal anti-FGF-23 antibody (Burosumab), improved P; handling and
bone abnormalities in patients with X-linked hypophosphatemia,*® which is in line with
studies in mice where double deletion of PHEX and FGF-23 prevented hypophosphatemia.*’
In ADHR and X-linked hypophosphatemia, the elevated iFGF-23 suppresses the synthesis
of 1,25-dihydroxyvitamin D3. Therefore, the combination of hypophosphatemia and low
vitamin D results in severe osteomalacia, but the presence of nephrolithiasis is less
characteristic than in hypophosphatemic rickets with hypercalciuria and mostly related to
P; supplementation.48

Elevated iFGF-23 can also result from acquired conditions other than tumor-induced
osteomalacia, such as with the use of certain intravenous formulations for treatment of

iron deficiency anemia, particularly ferric carboxymaltose.*® While iron deficiency elevates
FGF-23 via HIFa, this is typically only C-terminal and not active iFGF-23.50 In contrast, via
inhibition of FGF-23 cleavage,®! some iron preparations have been commonly associated
with hypophosphatemia.#® In a pooled analysis of clinical trials with a total of 6879

treated with ferric carboxymaltose, 41% of patients developed hypophosphatemia (<2.5
mg/dL), predominantly within 2 weeks of treatment.>2 Of note, ferric derisomaltose shows
a significantly lower rate (~8%) than other iron preparations.>3 In addition to hormonal-
mediated inhibition of P; reabsorption, direct tubular injury in the proximal tubule as seen
inFanconisyndrome®# is often accompanied by increased P; excretion. Severe hypokalemia
can also decrease the activity of Npt2 cotransporters in the kidney,>> which could be
misinterpreted as being associated with renal tubular acidosis.
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Hypophosphatemia in Critically Ill Patients and Those Treated with Continuous Renal
Replacement Therapy

Scenarios such as critical illness with limited exposure to dietary P; and organ dysfunction
(e.g., gastrointestinal dysfunction, acute kidney injury, and so on) affect the compensatory
mechanisms of P; handling, predisposing to hypophosphatemia.®6:57 Patients with a history
of alcoholism are particularly prone to develop hypophosphatemia during hospitalizations
due to a combination of decreased intake, vitamin D efficiency and intracellular shifts
promoted by glucose containing solutions or respiratory alkalosis.>8

In critically ill patients with kidney dysfunction, hypophosphatemia is especially common
when continuous extracorporeal clearance of Pj is provided through continuous renal
replacement therapy (CRRT).3257 Indeed, hypophosphatemia is a frequent complication

of CRRT use, especially when using dialysate/replacement solutions without P;. A recent
retrospective review of hospitalized patients revealed that among 343 patients undergoing
CRRT with P;-free solutions, 58% had at least 1 episode of hypophosphatemia.32
Catabolism during acute illnesses and malnutrition in the context of increased P; clearance
32 are proposed possible mechanisms. The use of commercially available phosphate-
containing solutions with 1 to 1.2 mmol/L of phosphate might help to maintain normal
levels of phosphate and mitigate complications related to hypophosphatemia during CRRT.32

PATHOPHYSIOLOGY OF HYPERPHOSPHATEMIA

In contrast to hypophosphatemia, there is a relatively high prevalence (~15%) of high serum
P; levels (4.4 mg/dL) in the general population.39 In patients with CKD, the mean levels
of Pj increase significantly only in advanced stages of CKD (estimated glomerular filtration
rate <20 mL/min) as compared to earlier CKD stages.>® Both, in the general population

and in patients with CKD, hyperphosphatemia is associated with adverse cardiovascular
outcomes.60-62

Increased Extracellular Load of Phosphate as a Cause of Hyperphosphatemia

Conditions that acutely increase the extracellular amount of P; may exceed the kidney
capacity for excretion, such as the now rare cases of P;j load by ingestion of P; containing
laxatives.®3 Given that P; is predominantly in the bones bound to calcium (85%) or
intracellularly (14%),%4 a shift from these sites to the extracellular compartment can rapidly
increase serum Pj levels, especially with a concomitant decrease in kidney function, as is the
case during tumor lysis syndrome or rhabdomyolysis (Table 2).6

Hyperphosphatemia because of Abnormal PTH or FGF-23 Signaling

PTH acts in the proximal tubule by binding the parathyroid hormone receptor (PTH1R), a
class B G protein-coupled receptor. Upon ligand binding, PTH1R acts as a guanine factor
exchange which dissociates the alpha stimulatory portion of the G-protein (Gsa) and Gg/11
from their heterotrimeric complex, a required step to generate second messengers such as
cyclic adenosine monophosphate, generated by adenylyl cyclase 6,56 and calcium.8” Patients
with surgical or congenital hypoparathyroidism commonly have hyperphosphatemia and
hypocalcemia which respond favorably to treatment with PTH analogs.58 On the other hand,
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patients with pseudohypoparathyroidism (PHP) have similar mineral disorders as patients
with hypoparathyroidism, but do not respond to PTH supplementation. PTH resistance

in PHP is most commonly caused by maternally inherited mutations in the GNAS locus
encoding Gsa.,59 and mutations in the PTH1R have only recently been identified as possible
cause of PTH resistance.”®71 In patients with PHP, active vitamin D supplementation
restored the normal levels of serum calcium and might mitigate the bone abnormalities
without a substantial increase in the risk of nephrolithiasis.”?

Loss of function mutations affecting FGF-23 signaling pathway occur due to mutations

in FGF-23 itself,”3 increased cleavage of FGF-23 due to GALNT3 mutations’# or genetic
absence of the FGF-23 co-receptor aklotho.”® Collectively, these mutations are associated
with hyperphosphatemia in the clinical syndrome of familial tumoral calcinosis. Biologically
active iFGF-23 is therefore of significant importance for hyperphosphatemia prevention in
patients with normal kidney function, but it is perhaps more critical as a compensatory
mechanism when GFR declines. For example, in mice with adenine-induced CKD,
conditional deletion of FGF-23 results in more profound aortic calcification and cardiac
hypertrophy than in CKD mice with elevated intact FGF-23.76

hatemia in Patients with Reduced Kidney Function

Of the 4-8 g of Pi that are daily filtered by the kidneys, less than 20% are normally excreted
in the urine. As glomerular filtration decreases during CKD, the reabsorption of P; also is
suppressed by concomitant increase of FGF-23 and PTH, such that the levels of serum P;
typically remain normal until GFR falls below 20 mL/min.>°

Patients with CKD have also lower levels of aklotho. Klotho is the co-receptor of FGF-23
and is also encountered in a soluble form. Klotho deficiency in CKD, as demonstrated by
low serum and urine levels, might further limit the actions of FGF-23 in the renal tubule as
kidney function de-creases.’”

Once patients with CKD become severely oliguric or anuric, they depend on dialysis for
efficient P; removal from the extracellular pool. Patients on a low phosphate diet would

have a daily intake of ~12.6 mg of phosphate per Kg of body weight, which corresponds

to ~880 mg per day or ~6.2 g per week in a 70 kg person.”® A single 4-hour hemodialysis
session removes only ~1 g of P; (~3g removal with 3/weekly schedule) available in the blood
compartment during hemodialysis, which is comparable to the weekly removal of P; by
different peritoneal dialysis modalities.”® Thus, hyperphosphatemia is a common problem in
patients with end-stage kidney disease, 60% of patients on hemodialysis in the United States
have serum P; levels above the recommended goal of 5.5 mg/dL.57

DATA OF PHOSPHATE-DRIVEN INTERVENTIONS IN PATIENTS

WITH CKD

Hyperphosphatemia has many deleterious clinical consequences. Although most attention is
focused on the associations between hyperphosphatemia and cardiovascular complications

among patients with advanced CKD,%2 elevated serum P; levels have been shown to increase
the risk of clinical complications even among individuals without advanced CKD. Moreover,

Adv Kidney Dis Health. Author manuscript; available in PMC 2024 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Portales-Castillo et al.

Page 8

hyperphosphatemia also increases the risk for hyperparathyroidism, skeletal fractures, CKD
progression, skeletal muscle atrophy, and immune dysfunction.89

One large community-based cohort study evaluated serum Pj as a risk factor for
cardiovascular events in the general population.81 The cohort comprised of 24,184
individuals with normal kidney function, 20,356 with CKD stages 1-2, and 13,292 with
CKD stages 3-5. In models adjusted for cardiovascular risk factors, serum P; levels were
associated with a graded increase in the risk of a composite outcome of all-cause mortality,
cardiovascular events, and advanced coronary artery disease. In the sub-cohort of individuals
with normal kidney function, even high normal P; levels ranging between 3.9 mg/dL

and 4.6 mg/dL were observed to have ~35% increased risk for the composite outcome
when compared to levels ranging between 2.3 mg/dL and 3.1 mg/dL. Target P; levels

and the efficacy and safety of Pj-based interventions; however, remain unconfirmed among
individuals with normal kidney function.

Among patients with CKD stages 3-5 including those treated with dialysis, the Kidney
Disease: Improving Global Outcomes 2017 guideline and Kidney Disease Outcomes Quality
Initiative commentary recommend lowering elevated P; levels toward the normal range.82:83
Dietary P; restriction to 0.9 g/day and P; binder therapies are mainstays of interventions for
hyperphosphatemia among patients with CKD (Fig 3). More stringent dietary restrictions
may invite the risk of protein-energy malnutrition and are also frequently impractical.
Phosphate binder therapies can be effective for lowering serum P; levels but are frequently
associated with gastrointestinal adverse events and contribute significantly toward the pill
burden (Table 3).84 A novel treatment option includes an intestinal-specific NHE3 inhibitor.
Tenapanor was shown to reduce serum P; levels with a mean decrease of ~1.4 mg/dL

in patients on maintenance dialysis after 26 weeks of treatment.8®> However, studies in
intestinal-specific NHE3 knockout mice do not support this P; lowering effect.86

A large meta-analysis that included 104 randomized controlled trials (1467 participants with
nondialysis-dependent CKD and 10,364 participants with ESRD) concluded that among
adults with dialysis-dependent CKD, sevelamer may lower all-cause mortality compared

to calcium-based binders. No clinical benefit from any P; binder on cardiovascular death,
myocardial infarction, stroke, fracture, or coronary artery calcification was noted among
dialysis-dependent and nondialysis-dependent patients with CKD in this meta-analysis.8”
Phosphate-binder use; however, remains highly prevalent with over 80% of dialysis-
dependent patients in the United States being prescribed this treatment.88

Hypophosphatemia has also been linked with increased mortality among patients with
advanced CKD. It is however, challenging to discern whether the deleterious effects

are driven specifically by low serum P; versus nutritional impairments or underlying
comorbidities that most of these patients with chronic persistent hypophosphatemia suffer
from. Similarly, acute hypophosphatemia in critical care settings has been recognized as a
potential therapeutic target, although evidence to support best practices — particularly during
CRRT - is still needed.
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ONGOING TRIALS AND FUTURE DIRECTIONS

Several fundamental questions related to how treatment of hyperphosphatemia may impact
clinical outcomes in patients with CKD remain unanswered.

One such question is what the optimal P; level is and whether treatment of
hyperphosphatemia in patients with ESRD leads to clinical benefit or harm. An ongoing
pragmatic randomized controlled trial in patients with ESRD aims to enroll 4400 patients
undergoing 3-times-weekly, in-center hemodialysis and compare the effect of phosphate
binder prescriptions and dietary recommendations to achieve serum P; target of >6.5 mg/dL
versus <5.5 mg/dL on all-cause mortality and all-cause hospitalization.89 This important
trial that follows many innovative design features including eConsent and remote study
monitoring will not, however, account for the use of calcium-based versus non—calcium-
based binders, and will not provide adjudicated causes of hospitalizations. Furthermore,
clinical trials of phosphate-driven interventions could potentially address the heterogeneity
of treatment effect based on subphenotyping according to circulating levels of FGF-23,
PTH, aklotho — among other proteins or strategies — to get 1 step closer to precision
medicine phosphate-driven interventions.

A novel Npt2a inhibitor could also be used to lower serum Pj levels. This drug has been
shown to be effective in lowering serum P; in rodents with and without CKD.%0-92 Another
major area to address in future research inquiries is the effect of P; lowering interventions on
patient-oriented outcomes and quality of life. Furthermore, the impact of social determinants
of health on phosphate-driven interventions should be also evaluated.

CONCLUSIONS

In this review, we highlighted the importance of both intracellular and extracellular

P; for normal human physiology, while describing the orchestrated actions of 1,25-
dihydroxyvitamin D3, PTH, and FGF-23 for P; homeostasis at the level of the kidney and
small intestine. We summarized genetic and acquired clinical conditions predisposing to
hypophosphatemia and hyperphosphatemia. We included clinical scenarios associated with
hypophosphatemia that are not commonly described in literature such as critical illness
and the effect of extracorporeal removal of P; with continuous renal replacement therapy.
Finally, we commented on the rationale of phosphate-driven interventions in patients with
advanced CKD and potential areas of future research that include novel therapies but also
a multifocal selection of risk factors, outcomes and the recognition of heterogeneity of
treatment effect. One should note that even when our understanding of P; physiology has
significantly improved over the past decades, testing and implementation of novel therapies
to prevent and/or mitigate P; imbalances/dysregulation in humans under different clinical
scenarios are still scarce.
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CLINICAL SUMMARY

. Phosphate levels in the body are regulated by FGF-23, PTH, vitamin D and
klotho.

. Hypophosphatemia is common in critically ill patients with acute kidney
injury undergoing continuous renal replacement therapies in the ICU.

. Hyperphosphatemia is more prevalent with chronic kidney dysfunction and is
associated with increased mortality in patients with advanced chronic kidney
disease.

. Pharmacologic strategies to treat hyperphosphatemia include calcium-

containing and non—calcium-containing phosphate binders, as well as novel
therapies targeting paracellular phosphate transport in the intestine.
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Figure 1.

Phosphate Homeostasis, Maintaining normal serum P; levels involves the coordinated
actions of the parathyroid hormone (PTH), fibroblastic growth factor-23 (FGF-23), 1,25-
dihydroxyvitamin D3 on target organs such as the parathyroid gland, small intestine, kidneys
and bones. When Pi levels increase FGF-23 is secreted from the bone and PTH is secreted
from the parathyroid gland. FGF-23 binds to the FGF receptor and its coreceptor Klotho

in the proximal renal tubule, while PTH binds to the PTH receptor (PTH1R). The actions
of FGF-23 include inhibition of 1a-hydroxylase and the P; transporters Npt2a and Npt2c
with the net effect of decreasing P; reabsorption in the kidneys and indirectly reducing

P; absorption in the intestine due to reduced levels of 1,25-dihydroxyvitamin D3. PTH

also reduces the abundance of Npt2a and Npt2c; however, it has a stimulatory effect on
la-hydroxylase, which is critical to maintain normal levels of calcium. Abbreviations: 1,25
(OH), vit D, 1,25-dihydroxyvitamin D3; PTH, parathyroid hormone; FGF-23, fibroblast
growth factor-23; PTH1R, parathyroid hormone—-related peptide receptor type 1; Npt2a,
type Il sodium phosphate cotransporter a; Npt2b, type Il sodium phosphate cotransporter b;
Npt2c, type Il sodium phosphate cotransporter ¢; FGF-R, fibroblast growth factor receptor;
Kl, klotho.
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Figure 2.
Phosphate phenotypes in genetically modified mouse models, Knockout of Npt2a and Npt2c

demonstrate the contribution of each of these transporters for renal P; transport in mice.
Npt2a contributes to 70% of renal P; reabsorption. Mice Npt2a—/- have hyperphosphaturia
and lower levels of serum P;. Incontrast, Npt2c—/— mice do not have a phosphate phenotype,
but exhibit hypercalcemia, hypercalciuria, and increased 1,25-dihydroxyvitamin D3 levels.
One should notice that the findings of the relative contributions of Npt2a and Npt2c to

P; homeostasis might differ in humans. Npt2c mutations have been found in patients

with hereditary hypophosphatemic rickets with hypercalciuria (HHRH), while Npt2a
mutations have not been clearly associated with abnormal P; handling in humans. Npt2a/c
double knockout mice show more severe hypophosphatemia, phosphaturia, increased
1,25-dihydroxyvitamin D3 levels, and hypercalciuria, similar to patients with HHRH.
Abbreviations: DKO, double knockout; Npt2a, type Il sodium phosphate cotransporter a;
Npt2c, type Il sodium phosphate cotransporter c.
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Figure 3.
Approach to hyperphosphatemia management in patients with CKD. KDIGO 2017

guidelines suggest lowering elevated phosphate levels toward the normal range in patients
with CKD G3a-G5D rather than preventive phosphate lowering. Initial intervention includes
dietary modification and medication management. *Reasonable to consider phosphate
source in making dietary recommendation as phosphate derived from plants is less

absorbed than that from animals or food additives. **The use of calcium-containing
phosphate binders is generally restricted to a selected group of patients with CKD without
hypercalcemia, vascular calcification or adynamic bone disease.

Adv Kidney Dis Health. Author manuscript; available in PMC 2024 March 01.



Page 19

Portales-Castillo et al.

“elwareydsoydodAy paxuil-X ‘HI1X ‘e19e[ewoa)so padnpul-lown) ‘Ol L ‘auowioy pioJAyresed ‘H1d ‘paxull-x Bojowoy asepndadopus Buirejnbas syeydsoyd ‘XIHd ‘9 Jauodsuenod sjeydsoyd wnipos

11 8dA1 ‘oz-1dN ‘g Jauodsueod ajeydsoyd winipos || adA1 ‘gz-1dN ‘e Jeniodsueiod ajeydsoyd winipos || adAl ‘ez-1dN ‘eriniojeasadAy yum syexonl eiwaleydsoydodAy Atenpasay ‘HYHH ‘uislosd © Aiorejnwins
10 1ungns eydje ‘eso ‘gz 10198} Yyimoih 1sejqolqy ‘€z-494 1D Jaquisw 0g ALe]iwis aouanbas ynm Ajiwey ‘D0zINYL (T aselaisalpoydsoyd/asereydsoydolAd apiosjonuolos ‘TddN3 T utslosdoydsoyd

21pI9e XLITew unuap ‘TdNG ‘Adesay Juswade|dal [euas snonuniuod ‘1Y ‘s19x91l o1wareydsoydodAy anIssadal [ewosoIne ‘YHYY :S19391 d1wareydsoydodAy juruiwiop [ewosoine ‘“YHAV :SuoneinsIqay

juawaoe|dal 'q anndwa
-a1d pue Buriojiuow os1wreuAqg

s1020304d Juswade|dal ' aandws-aid
‘9oueres)d sisAjelp Bunsnlpe ‘spinjy
Juswade|dal Bulureuod '4 Jo asn

a2 buunp H1d Jo jonuod

uonejuawslddns 'q

BI0R|BWO08ISO
PaONpUI-IOWNY Ul [EAOWIA Jown ]

HIX
Ul £2-494-nue Apognue |euojoouoin
‘uoneuswsalddns @ urwelA

@ UIWEBMA pIoAY “uonejuaws|ddns 'q

uoneiuswsalddns g UIWENA BANOY

Juawae|das 'd aAndwa-aid Inoynm 1Y Jo asn pue 'd jo uondiosqe
|eunsajul pasealaaq "si1abbuiy euowsoy ‘uoirennae sisAjoaA|6 Ag uonngiisipay

'q wnJas
SISMO] UOIIN|OS JUaWade|dal/a1esAfeIp 'd MO| UlIM PaIaAI|ap 89UBIRS|d SAIIO3ISUON

wsipiosAyresediadAy Arenuay yum siuaired ul AwoloapiolAylesedisod

(s1sojex e Aloyesidsal) sisA|09A|6
pue Hd Jejnjja0 pasealou] “(Buipasyal) uonNgLIsIpal Jen|[a2eaul pajeIpaw ulnsu|

3WOJPUAS
1UODUERH INOYNM 10 yM A1IDIX03 319311p Ag ajngni [ewixoad ays ui Bunsem 'q

suonyesedaid
uoJl A UrenIad J0 £2-494 40 UoIa123s pare|nBalun yym siown) [ewAydussain

(YHYV)
D 02VH ‘TddN3 ‘TdINQ 10 (H1X) XTHd Butajonur ‘(4HAV) £2-494 101t Jo
s|ana] ybiy 01 Buipes] ¥YX XY 1e a1s abenes|d ay) BUIAJOAUL SUOITEINW BSUBSSIA

a|ngny Jeual ul ayeydsoyd-winioged ul asealoul
UuM @ utwenA ybiy ‘gz-494 J0 sjaas| moj ‘a|ngni fewxoad ayp u Bunsem 14
uond.iosge [eunssiul 'q pue @ uiwelA Jo Juswiredw JuelILIOdU0D

utoeiu Aq qzidN 4o uoniqiyui Jo spioenue Aq snioydsoyd Buipuig

uondiosqgeal 1oy Ajoeded [euas pasoxa Aew axyelul 'd moj d1uoiyd ‘Ajaey

uond.osqe 'q sso| ui Bunjnsal
¢(HO)Gz-T Jamoj Buisnea asejAxoipAy -Gz o ase|Ax0IpAy ©-T Jo Adusiolag

N1 3y}

ut Ajeioadsa ‘syuaired pazijendsoH ssau|l |BoNlD

(San1jepow adueRIRs|d SAIIIBAUOD pUR
uoIsnyIp y1og) LY ‘sisAjeipowsH

awo.puAs auoq A1bunH

sisAelq
axeidn |e1aas pasealou]

sisofe|e
Aioreaidsal ‘awolpuAs Buipasjey

uonnqLisipal
Je|njjaoenu| palinboy

80URJL3| JB|N||30eNXT

elwafexodAy

219A9S 1IA0J0UB) ‘ewojRAW A|dIINN  UoNoUNYSAP BINGNI [BWIX0Id

suoisnjul

UOJI ‘eloB[eWwOo8Iso Paonpul-lown | £2-4941 parens|3

palinboy

YHYV "MHAV ‘HTX €¢-494! palens|3

HYHH suoneInw 9z)dN dnsUsD

uoNaIoXa Aseurin pasealou]

Aouaioiygnsui o1easoued

‘ase8sIp |aMmoq Alorewweul eayLIeIp 1UoIyD

uIoeIu ‘spioenue
paseq-wnuiwnie pue -wnisaubeip| asn UoNBIIP3IN

(Aep/Bwi 0OT>) 8XeIul Mo| d1UoIyD el ayeydsoyd mo

palinboy

1991 Juapuadap
- UIWBYIA JO SWIO0} 3]13uejUI Ul

SUOHBINW [ZdAD PUR TG/ZdAD  Aousionap d WA Y(HO)SzZ-T

318U

suonuanJalu| palabiel

sisauaboyred

sa|dwex3 uondiosqy

|eullssiu| pasesaldsqg

Author Manuscript

‘Tal1qeL

Author Manuscript

Author Manuscript

elwsareydsoydodAH Jo sesne)

Author Manuscript

PMC 2024 March 01.

in

available

Adv Kidney Dis Health. Author manuscript



Page 20

Portales-Castillo et al.

'T adA) J01daoal apndad pajejal-auowloy prosAyesed/suowloy prosAyresed ‘YTH.Ld ‘auowuoy prosAyesed ‘Hd ‘wsipiolAyresedodAyopnasd ‘dHd ‘uisoid
9 Alorejnwins Jo yungns eydpe ‘oso) ‘g asesaysuesjAuiwresoloe|-ebjA1aoe-N apndadAjod:aulwesoioejeh-qg-eydie-jA190e-N-areydsoydip sulpun ‘€1 NV ‘£2-10198) yimoab 1se|qoiqly ‘€z-494 :suoieinaiqay

sIsAJeIp ‘siapuiq areydsoyd

wsiplosAyresedodAy
ut sbojeue H1d

449
8se810Ul 0} SPINJY SNOUBABAU|

suonoe £2-494 40 abexo0)q |eaibojooewreyd 03 anp '4 Jo uondiosgeal paseasou]
ulw/ W Gg 03 0Z MO|3q S|[e} Y49 18 Autew sindd0

eIWad[ed0dAY yum
PaleId0SSY “UOI18IIX® 'd pareIpaw H1d palredw 0} enp 'd Jo uondiosgeas pasealou|

(dHd) 8ouBIsISal H1d Ul }nsal 0SS 10 YTHLd
3y Se Yyans suoleINw wealisumop ajiym ‘wsiplosAyreredodAy ui 3nsas suoneinw Hid

UO013I0X3 'q pareIpawl £2-494
Jredwi Aj30aaip ‘oyiopy 101da0ai-09 SH IO £2-494 Ul suonelniy abeAes|d pasesloul
Aq £2-494 annoe A|[ealfojolq Jo Ssjans] Jomo] Ul 3Insal € LNV Ul suoeIniy

uonaloxa 'q
Buniwi| osje Agaiay) ‘UoNaId8S H1d Sasesldsp pue uondiosge !d sasealoul @ uiweis

3seaIoUul 'd JBN|80R1IXa Ul 3NSal Ued S30UBGUNISIP 9seg-ploe
10 Aunfur Jejnjjao 01 anp 'd 0 8ses|al Je|n||82 8INOY “UOIUR Jejn|jaoeliul Jofew ay st 'd

Aoedeo
UOI12J0X3 'd [euas Wiaymisno ued ayeydsoyd Jo saxeiul ainoe abie| 10 Y49 pasesidsg

31BUO0JIPNY ‘SIoNqIYUI ¥4
I ‘P

wsipioJAyresedodAy
aunwiwioine Jo [eaibing

suoneinw YTH1d
‘suoneINW SYNO ‘suoneinw Hld

sauab oylo|
10 €1NTIVO ‘€2-494 ul suoneiny

syuawialddns @ uiwelIA Jo axeul ybiH

SuoIRIIPaIN

49 J1amo]

Aouaioynsul H1d
palinbay

Aousioinsul Hld

SISOUI[BD
[eJown) [el]iwe 918U
U0NRIIX3 AreurIn pasealdsg

SS9IX9

a I 4(HO)GZ-T painboy

areydsoyd Jo uondiosge [eunsaiul pasealou|

SISOPIJ. J1198] ‘SISOPIJRO0)SY|
‘sisAjoAwopaeys ‘BWoIpUAS SISA| Jown

SaAIJeXE|
Bulurejuoo-areydsoyd ‘axeiul 'q s1noy

Ainlur 1199 10 anssi|

ayejul areydsoyd ybiH
paiinboy

suonuanIaIu| parsbael

sisauaboyled

sajdwex3

peo areydsoyd
Je[n||aoe1x3 pasealou|

Author Manuscript

‘¢ 9|qeL

Author Manuscript

elwareydsoydiadAH Jo sasne)

Author Manuscript

Author Manuscript

Adv Kidney Dis Health. Author manuscript; available in PMC 2024 March 01.



Page 21

Portales-Castillo et al.

aMd
yum sjuaired ul ainsodxa wnuiwnge
JOYSLI 01anp AJ[ea1uoyd pasn Ajasey

1509 ‘BayuIEIg

(Buiysnyy) asuelsjou|

1500 MO
uspinq

111d ssa] Ajrenualod ‘uondiosge
ajeydsoyd Jo a1nod fediounid syqiyul

uondiosge uoJi [[ews ‘uspang

1oRJ) [RUNSAUIONSED ay) ul Bulpulg ayeydsoyd
aunsajul ayy ul Jodsuely ayeydsoyd Jejnjjaoesed aonpai
‘(€3HN) € Jebueyoxa usbolpAy/wnipos [eullsaiul Jo Jo)qgiyu|

aunsaul
3y} ul Janiodsuel) ayeydsoyd Juspuadap-winipos sasealdsq

apIX0IpAY wnuIwn|y

Jouedeus]

9pIWEUNOIIN

91RO 011J3)

150D 111d ssa] AjaAizejas ‘wnided sploAy 10€1) Jeunsajuloised ayy ur Buipuig sreydsoyd ‘9PIX0IPAYAXO 1118J0IONS  WISIUBYIBW JYIQ
uapJng |J1d ssa| ‘ajgemayD
150D "90UB|eq WNIDJRD 3AINSOd SPIoAY 1081) Jeunsajulolised ayy ur Buipuig areydsoyd a1eUO0q ed WnueyIUEe|

sisopioe slapuiq
ogelaw adnpul ybiw apLIojyd0IpAy abueyoxa uol 3pLI0JYy20pAY Burureiuod
Jawe|anas “uapang [jid ‘1s0D 9oueleq WNIoJed aAlIsod sploAy  ybnoay) aunsalul ayy ui ajeydsoyd puiq yeys siswAjod oluone) 10 8]eUOQJRD JaWR|aNSS -winIojed-uoN
UOITeII}I9[ed slapuiq
J1eJNISeA pue ‘aseasip auog dlweuApe $928} 8y} Ul xa|dwod 3|gnjosul se areydsoyd Buiureluod
“elWao|ealadAy Jo Xsil [enualod 1509 MO palaloxa pue [amog ayl ul ajeydsoyd Yyiim ssuiquiod WindfeD)  WNIojes ‘eleuogled wniojed wnioed

sabejuenpesiq sabejuenpy wisiueyda|N aweN sse|n

Author Manuscript

Author Manuscript

elwsareydsoydiadAH Jo Juswabeuely syl Joj suoluaAiaiu] d16ojooeWIRYd

‘€ 9l1qeL

Author Manuscript

Author Manuscript

Adv Kidney Dis Health. Author manuscript; available in PMC 2024 March 01.



	Abstract
	PHOSPHATE HOMEOSTASIS AND FACTORS REGULATING RENAL PHOSPHATE EXCRETION
	PATHOPHYSIOLOGY OF HYPOPHOSPHATEMIA
	Decreased Phosphate Intake or Gastrointestinal Losses
	Decreased Phosphate Reabsorption in the Proximal Tubule
	Hypophosphatemia in Critically Ill Patients and Those Treated with Continuous Renal Replacement Therapy

	PATHOPHYSIOLOGY OF HYPERPHOSPHATEMIA
	Increased Extracellular Load of Phosphate as a Cause of Hyperphosphatemia
	Hyperphosphatemia because of Abnormal PTH or FGF-23 Signaling
	Hyperphosphatemia in Patients with Reduced Kidney Function

	CLINICAL DATA OF PHOSPHATE-DRIVEN INTERVENTIONS IN PATIENTS WITH CKD
	ONGOING TRIALS AND FUTURE DIRECTIONS
	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.
	Table 2.
	Table 3.

