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Serum phosphate is crucial in the management of kidney disease, playing a major role in vascular calcification in chronic
kidney failure. In the past 20 years, the role of phosphate has been profoundly reconsidered since many other molecules
have been found to play important roles in phosphate homeostasis, beyond the well-known effect of parathyroid hormone
(PTH) or renal function. The advent of new insights into phosphate metabolism must urge the endocrinologist to rethink
the pathophysiology of widespread disorders, such as primary hyperparathyroidism.
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| 1. Introduction

Although the interpretation of serum calcium abnormalities might not be straightforward for the endocrinologist, phosphate
metabolism alterations are always challenging. Understanding calcium—phosphate metabolism alterations requires deep
knowledge of both bone metabolism and kidney physiology and pathology. For a long time, serum phosphate has been
considered to be crucial in the management of kidney disease, playing a major role in vascular calcification in chronic
kidney failure. In the past 20 years, the role of phosphate has been profoundly reconsidered since many other molecules
have been found to play important roles in phosphate homeostasis, beyond the well-known effect of parathyroid hormone
(PTH) or renal function. The advent of new insights into phosphate metabolism must urge the endocrinologist to rethink
the pathophysiology of widespread disorders, such as primary hyperparathyroidism, or rarer endocrine disorders known to
deeply affect quality of life, such as hypoparathyroidism and tumor-induced osteomalacia (T10). Rare diseases of mineral
metabolism have been and will be a precious source of new information about phosphate and minerals in the coming
years.

| 2. Overview of Phosphate Physiology and Pathophysiology

While 99% of the total calcium of the human body is located in the bone, by comparison, approximately 85% of phosphate
can be found in the skeleton. The remaining phosphate is distributed in other tissues, where this molecule is involved in
several essential biological processes. Inorganic phosphate is composed essentially of two ions: dihydrogen phosphate
(H,PO*") and hydrogen phosphate (HPO427). Only a small fraction of phosphate, approximately 10%, is complexed with
cations (calcium or magnesium) or proteins [,

Intracellular and extracellular phosphate concentrations are maintained constantly by means of sodium—phosphate
cotransporters located across the plasma membrane. These cotransporters are subject to endocrine bioregulators,
including PTH and FGF-23 within specific organs.

Several biological molecules are made up of organic phosphate: nucleic acids, phospholipids, carbohydrates, adenosine
triphosphate (ATP), 2,3-diphosphoglycerate (2,3-DPG), and creatine phosphate, thereby making phosphate a ubiquitous
player in the human body, with a special role in the energy compart. In addition, phosphate is involved in intracellular
protein phosphorylation, where it serves as one of the main actors to control intracellular signal transduction and,
eventually, gene regulation.

Pathophysiology of abnormal serum phosphate is dependent on alterations of intracellular or extracellular phosphorus, or
both. In fact, clinical manifestations of low serum phosphate or hypophosphatemia are mainly the result of decreased
intracellular phosphorus. Low 2,3-DPG causes hemoglobin to have more affinity to oxygen, preventing the release of
oxygen to tissues. ATP production is impaired, thus resulting in impaired cellular function. On the other hand, high serum
phosphate or hyperphosphatemia promotes calcium—phosphate deposition, known as calcification, a typically extracellular
process often occurring in soft tissues or vessels. Calcium—phosphate deposition becomes pathological @ when the
calcification is able to determine the abnormal function of the tissue or specific symptoms.



Symptoms of hypophosphatemia or hyperphosphatemia might often be nonspecific and easily overlooked. If serum
phosphate is low, muscle weakness and fatigue are commonly encountered. Signs of rickets or osteomalacia can also be
present. More severe clinical consequences might occur if hypophosphatemia development is acute and severe, thereby
leading to respiratory dysfunction, hemolysis, rhabdomyolysis, or even cardiac failure. By comparison, symptoms of
chronic hyperphosphatemia are more subtle and often nonspecific, while in acute hyperphosphatemia symptoms of
hypocalcemia (tingling, paresthesias, and muscle cramps) are the main clinical presentation. Chronic hyperphosphatemia
might be evident with palpable, hard, subcutaneous nodules, consistent with soft tissue calcifications.

Serum phosphate is significantly higher in younger patients (e.g., infants and children) compared to adults, and
abnormalities of phosphate values can be missed if the adult reference range is used to evaluate pediatric patients.
Therefore, it is important to recognize hypophosphatemia when serum phosphate concentrations are below the lower limit
of normal for a given age. The opposite applies to hyperphosphatemia. This biochemical feature can be explained by a
positive phosphate balance in growing children; phosphate absorption in the small intestine is greater than renal
phosphate excretion to allow skeletal accrual . In contrast, in adults, the phosphate balance is equal to zero unless
parathyroid disorders or other causes are present.

Serum phosphate must not be evaluated alone but should always be assessed under a pathophysiological perspective.
Major hormones involved in phosphate physiology include 1,25(0OH), vitamin D, parathyroid hormone (PTH), and
phosphaturic peptides such as FGF-23. Figure 1 shows a simplification of normal phosphate physiology.
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Figure 1. Phosphate Physiology. Green lines are stimulatory pathways, while red lines stand for inhibitory pathways. This
figure can also be used to interpret diseases with PTH or FGF-23 excess or deficiency, or in case of abnormalities in
phosphate cotransporters. Legend: CYP27B1, 1-alpha hydroxylase; CYP24A1, vitamin D 24-hydroxylase; NaPi, sodium-
phosphate cotransporter.



Hypophosphatemia is a common biochemical abnormality in hospitalized patients and has been associated with poor
outcomes Bl Low serum phosphorus is seen in up to 5% of hospitalized patients 4Bl Phosphorus is largely (60-65%)
and easily absorbed in the small intestine, and its absorption is mediated by the sodium-dependent phosphate
cotransporter type llb (NaPillb). The higher the dietary load, the higher the intestinal absorption, with a resultant higher
demand for phosphate excretion through the kidneys . A recent study has assessed the biochemical response to
inorganic phosphorus in healthy subjects. The study found that acute administration of phosphorus was able to increase
postprandial serum phosphate levels and to stimulate the release of the parathyroid hormone, in spite of unchanged
concentrations of FGF-23 in up to eight hours of observation . These findings suggested that FGF-23 does not rapidly
contribute to phosphate homeostasis, with PTH playing a dominant role in acute circumstances. In other studies, FGF-23
increased in response to phosphate loading, but this was observed only after several days 1.

For the clinician approaching phosphate alterations, it is important to know that approximately 80% of filtered phosphate is
reabsorbed in the proximal tubule and <10% in the distal segments of the nephron . Renal reabsorption of phosphate
progressively increases as the filter load increases, with filtered phosphate reaching at some point a maximum tubular
reabsorption rate or TmP. Because TmP depends on renal function, the correct parameter to estimate phosphate renal
tubular reabsorption is TmP/GFR. If TmP/GFR is low despite low serum phosphate, this means that the kidney is wasting
phosphate. This ratio should be calculated from fasting serum phosphate and creatinine and a second void urine sample.
In patients with hypophosphatemia, fractional excretion of phosphate (FEP) may also be useful. FEP can be calculated
from the following formula: FEP = (Urinary Phosphate x Plasma Creatinine)/(Plasma Phosphate x Urinary Creatinine).
When low serum phosphorus is diagnosed, a rule of thumb is that FEP > 5% or 24-h Urinary Phosphate > 100 mg; both
can be used to confirm increased renal tubular phosphate loss . A diagnostic flowchart for hypophosphatemia is shown
in Figure 2 to guide classification of the underlying disorder. Of note, intestinal malabsorption of phosphorus, phosphorus
redistribution into cells, and increased loss through the kidney are the three most common mechanisms behind

hypophosphatemia.
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Figure 2. Flowchart for evaluating patients presenting with low serum phosphate (hypophosphatemia). High TmP/GFR is
indicative of high renal reabsorption of phosphate, which is appropriate in case of low intake or malabsorption. When
TmP/GFR is inappropriately low in the setting of hypophosphatemia, this suggests renal phosphate wasting. Legend:
TmP/GFR, maximum tubular reabsorption of phosphate corrected for glomerular filtration rate.

| 3. Why Measure Serum Phosphate?

Low mineralization of the skeleton or ectopic calcification are opposite examples of how derangements of phosphate
physiology might easily affect human tissue integrity. Serum phosphate abnormalities almost always hide an underlying
health issue. The next few paragraphs will aim to present the importance of phosphate levels in parathyroid disorders,
both in primary hyperparathyroidism and in hypoparathyroidism. Tumor-induced osteomalacia will then be discussed with
a focus on phosphate and PTH interactions.



| 4. Phosphate in Primary Hyperparathyroidism

An early study from Columbia University [ investigated the interactions between oral phosphate and bone health indices,
including parathyroid hormone levels. Short term oral phosphate administration was shown to decrease serum calcium
levels and raise PTH levels within hours, and to subsequently cause a stable rise of PTH from the third day. The
presumed mechanism was attributed to decreased ionized calcium, leading to increased PTH secretion. The results of
this study, conducted in 1986, are still current. Calcium and phosphate relationships have been recently reappraised in
patients with primary hyperparathyroidism, with more studies focusing on ratios between minerals rather than the single
mineral alone. Nowadays, it is essential to recognize early or milder phenotypes of primary hyperparathyroidism, e.g.,
normocalcemic primary hyperparathyroidism (NHPT), where, by definition, only the parathyroid hormone is altered, and
the measurement of serum calcium alone probably becomes less useful because it is persistently within normal limits.
Adding serum phosphate to the diagnostic flowchart of primary hyperparathyroidism could confirm or exclude an NHPT
diagnosis, at least according to some studies LA,

In traditional primary hyperparathyroidism, serum phosphate is usually in the lower range of normal. In about one-quarter
of patients, it is frankly below normal. It is unusual to find patients with primary hyperparathyroidism and serum phosphate
values above 3.5 mg/dL in the absence of significant renal insufficiency 2. The calcium/phosphate ratio might be used as
a new index to suspect or confirm a diagnosis of PHPT UL Madeo and colleagues proposed the specific cut-point for
the serum Ca/P ratio of 3.5 when Ca and P were measured in mg/dL 19, This index had a sensitivity of 89% and
specificity of 91% for detecting patients with both classical and normocalcemic primary hyperparathyroidism. In
normocalcemic patients, the sensitivity of the Ca/P ratio was lower at 67%, although with comparable specificity. The
authors concluded that the Ca/P ratio could be used in primary care settings or during high-volume screenings of patients
because it could avoid the unnecessary measurement of PTH in many patients. However, a significant proportion of
patients with NHPT might easily be missed if this ratio were used as a screening tool. This is probably due to a milder
phenotype of normocalcemic hyperparathyroidism, where serum phosphate values are usually greater compared with
traditional PHPT 3!, It is noteworthy that the Ca/P ratio had very high negative predictive values of 88-95%, suggesting
that it could be a more reliable tool to exclude rather than confirm milder phenotypes of PHPT.

Another index, the PFindex, proposed by Guo and colleagues 4, is instead calculated from (serum calcium x
PTH)/serum phosphate, with calcium and phosphate reported in mmol/L, and PTH in pg/mL. These authors
retrospectively evaluated 128 patients, either with PHPT or normocalcemic PHPT, undergoing parathyroid surgery. A
PFindex >34 was able to discriminate primary hyperparathyroidism from vitamin D-deficient secondary
hyperparathyroidism with a sensitivity of 96.9% and a specificity of 97.6%.

Other tools such as Chloride to Phosphate Ratio (Cl:PO, ratio) seem less useful as diagnostic laboratory tests in mild
PHPT. A recent study evaluated 226 patients undergoing parathyroidectomy. Of these, 166 patients had serum calcium
less than 10.4 mg/dL and were hyperchloremic (serum chloride > 106 mmol/L). Although intriguing, the sensitivity and
specificity of the Cl:POy ratio were 58.4% and 28.6%, respectively 12,

Studies on the clinical role of FGF-23 in PHPT are scarce, although this hormone might have a potential role in the
severity of clinical manifestations or symptoms in these patients. Twenty-nine PHPT patients were evaluated prospectively
before and after parathyroidectomy 1€, The authors found that 1.25(OH), vitamin D levels correlated with FGF-23 levels
both preoperatively and postoperatively, although they could not find any other significant relationship with calcium,
phosphate, and PTH. Another recent study has assessed FGF-23 in PHPT patients 14, Seventeen hypercalcemic PHPT
patients were evaluated before parathyroidectomy and 6 months after surgery. Before surgery FGF-23 levels were higher
compared with nine age-matched controls. FGF-23 levels decreased significantly after parathyroidectomy but remained
higher compared with controls. These data suggest that FGF-23 is abnormal in PHPT, but its clinical significance and
implications deserve further study.

If the interpretation of abnormalities in phosphate metabolism in normal circumstances is challenging, it could be even
more challenging in patients with PHPT, which is the third most common endocrine disorder 18l In fact, underlying
phosphate disturbances may be missed in PHPT. For example, a study from the Mayo Clinic 22 aimed to characterize a
group of 50 patients with coexisting PHPT and sarcoidosis, which can both present with hypercalcemia. The study found
that mean serum phosphate levels were 3.3 £+ 0.6 mg/dL in this cohort, and that patients with active sarcoidosis had
higher serum Angiotensin Converting Enzyme (ACE) levels, lower PTH levels (60 + 24 vs. 96 + 41 pg/mL), and lower
phosphate levels (2.7 £ 0.6 vs. 3.2 + 0.5 mg/dL), as compared with patients with inactive sarcoidosis. Of note, serum
phosphate levels were unexpectedly lower in patients with active sarcoidosis. The authors concluded that there could be
other mechanisms causing lower serum phosphate in this population.



A very recent study rediscovered a new pathogenetic role for phosphate in primary hyperparathyroidism 29, Castellano et
al. evaluated a series of 472 consecutive patients with PHPT and aimed to establish a relationship between phosphate
levels and clinical manifestations. These authors found that 41.9% of the patients presented with low serum phosphate
mildly decreased (between 2 and 2.5 mg/dL) in the vast majority of cases (84.9%). Patients with a more pronounced
phenotype of PHPT had a higher prevalence of hypophosphatemia and nephrolithiasis, but not osteoporosis. The authors
suggested that moderate hypophosphatemia (1-1.9 mg/dL) in PHPT should be considered as a supportive, inexpensive,
and easily available means to identify asymptomatic PHPT patients who may benefit from surgery. Cinacalcet, compared
to placebo, can also increase serum phosphate levels in patients with PHPT [21, but its impact on mineralization and bone
density is probably neutral in these patients 22,
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