2458 intestinal active transport system, sustained calcium intakes <5 mmol/d
(<200 mg/d) cannot provide enough net calcium absorption to replace
obligate losses via the intestine, the kidney, sweat, and other secretions. In this case, increased blood levels of PTH and 1,25(OH)2D
activate osteoclastic bone resorption to obtain needed calcium from
bone, which leads to progressive bone loss and negative calcium balance. Increased PTH and 1,25(OH)2D also enhance renal calcium
reabsorption, and 1,25(OH)2D enhances calcium absorption in the
gut. At very high calcium intakes (>100 mmol/d [>4 g/d]), passive
intestinal absorption continues to deliver calcium into the ECF despite
maximally downregulated intestinal active transport and renal tubular
calcium reabsorption. This can cause severe hypercalciuria, nephrocalcinosis, progressive renal failure, and hypercalcemia (e.g., “milk-alkali
syndrome”). Deficiency or excess of PTH or vitamin D, intestinal
disease, and renal failure represent other commonly encountered challenges to normal calcium homeostasis (Chap. 424).
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Although 85% of the ~600 g of body phosphorus is present in bone
mineral, phosphorus is also a major intracellular constituent both as
the free anion(s) and as a component of numerous organophosphate
compounds, including structural proteins, enzymes, transcription
factors, carbohydrate and lipid intermediates, high-energy stores (adenosine triphosphate [ATP], creatine phosphate), and nucleic acids.
Unlike calcium, phosphorus exists intracellularly at concentrations
close to those present in ECF (e.g., 1–2 mmol/L). In cells and in the
ECF, phosphorus exists in several forms, predominantly as H2PO4− or
NaHPO4−, with perhaps 10% as HPO42−. This mixture of anions will
be referred to here as “phosphate.” In serum, about 12% of phosphorus is bound to proteins. Concentrations of phosphates in blood and
ECF generally are expressed in terms of elemental phosphorus, with
the normal range in adults being 0.75–1.45 mmol/L (2.5–4.5 mg/dL).
Because the volume of the intracellular fluid compartment is twice
that of the ECF, measurements of ECF phosphate may not accurately
reflect phosphate availability within cells that follows even modest
shifts of phosphate from one compartment to the other.
Phosphate is widely available in foods and is absorbed efficiently
(65%) by the small intestine even in the absence of vitamin D. However,
phosphate absorptive efficiency may be enhanced (to 85–90%) via
active transport mechanisms that are stimulated by 1,25(OH)2D. These
mechanisms involve activation of Na+/PO42− co-transporters that move
phosphate into intestinal cells against an unfavorable electrochemical
gradient. Daily net intestinal phosphate absorption varies widely with
the composition of the diet but is generally in the range of 500–1000
mg/d. Phosphate absorption can be inhibited by large doses of calcium
salts or by sevelamer hydrochloride (Renagel), strategies commonly
used to control levels of serum phosphate in renal failure. Aluminum
hydroxide antacids also reduce phosphate absorption but are used less
commonly because of the potential for aluminum toxicity. Low serum
phosphate stimulates renal proximal tubular synthesis of 1,25(OH)2D,
perhaps by suppressing blood levels of FGF23 (see below).
Serum phosphate levels vary by as much as 50% on a normal
day. This reflects the effect of food intake but also an underlying
circadian rhythm that produces a nadir between 7:00 and 10:00 a.m.
Carbohydrate administration, especially as IV dextrose solutions in
fasting subjects, can decrease serum phosphate by >0.7 mmol/L (2 mg/
dL) due to rapid uptake into and utilization by cells. A similar response
is observed in the treatment of diabetic ketoacidosis and during metabolic or respiratory alkalosis. Because of this wide variation in serum
phosphate, it is best to perform measurements in the basal, fasting state.
Control of serum phosphate is determined mainly by the rate of
renal tubular reabsorption of the filtered load, which is ~4–6 g/d.
Because intestinal phosphate absorption is highly efficient, urinary
excretion is not constant but varies directly with dietary intake. The
fractional excretion of phosphate (ratio of phosphate to creatinine
clearance) is generally in the range of 10–15%. The proximal tubule is
the principal site at which renal phosphate reabsorption is regulated.
This is accomplished by changes in the levels of apical expression and
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activity of specific Na+/PO42− co-transporters (NaPi-2a and NaPi-2c) in
the proximal tubule. Levels of these transporters at the apical surface
of these cells are reduced rapidly by PTH, a major hormonal regulator
of renal phosphate excretion. FGF23 can impair phosphate reabsorption dramatically by a similar mechanism. Activating FGF23 mutations cause the rare disorder autosomal dominant hypophosphatemic
rickets. In contrast to PTH, FGF23 also leads to reduced synthesis of
1,25(OH)2D, which may worsen the resulting hypophosphatemia by
lowering intestinal phosphate absorption. Renal reabsorption of phosphate is responsive to changes in dietary intake such that experimental
dietary phosphate restriction leads to a dramatic lowering of urinary
phosphate within hours, preceding any decline in serum phosphate
(e.g., filtered load). This physiologic renal adaptation to changes in
dietary phosphate availability occurs independently of PTH and may
be mediated in part by changes in levels of serum FGF23. Findings
in FGF23-knockout mice suggest that FGF23 normally acts to lower
blood phosphate and 1,25(OH)2D levels. In turn, elevation of blood
phosphate increases blood levels of FGF23.
Renal phosphate reabsorption is impaired by hypocalcemia, hypomagnesemia, and severe hypophosphatemia. Phosphate clearance is
enhanced by ECF volume expansion and impaired by dehydration.
Phosphate retention is an important pathophysiologic feature of renal
insufficiency (Chap. 335).
HYPOPHOSPHATEMIA
Causes Hypophosphatemia can occur by one or more of three primary mechanisms: (1) inadequate intestinal phosphate absorption,
(2) excessive renal phosphate excretion, and (3) rapid redistribution
of phosphate from the ECF into bone or soft tissue (Table 423-1).
Because phosphate is so abundant in foods, inadequate intestinal
absorption is almost never observed now that aluminum hydroxide
antacids, which bind phosphate in the gut, are no longer widely used.
Fasting or starvation, however, may result in depletion of body phosphate and predispose to subsequent hypophosphatemia during refeeding, especially if this is accomplished with IV glucose alone.
Chronic hypophosphatemia usually signifies a persistent renal
tubular phosphate-wasting disorder. Excessive activation of PTH/
PTHrP receptors in the proximal tubule as a result of primary or
secondary hyperparathyroidism or because of the PTHrP-mediated
hypercalcemia syndrome in malignancy (Chap. 424) is among the
more common causes of renal hypophosphatemia, especially because
of the high prevalence of vitamin D deficiency in older Americans.
Familial hypocalciuric hypercalcemia and Jansen’s chondrodystrophy
are rare examples of genetic disorders in this category (Chap. 424).
Several genetic and acquired diseases cause PTH/PTHrPindependent tubular phosphate wasting with associated rickets and
osteomalacia. All these diseases manifest severe hypophosphatemia;
renal phosphate wasting, sometimes accompanied by aminoaciduria;
inappropriately low blood levels of 1,25(OH)2D; low-normal serum
levels of calcium; and evidence of impaired cartilage or bone mineralization. Analysis of these diseases led to the discovery of the hormone
FGF23, which is an important physiologic regulator of phosphate
metabolism. FGF23 decreases phosphate reabsorption in the proximal
tubule and also suppresses the 1α-hydroxylase responsible for synthesis
of 1,25(OH)2D. FGF23 is synthesized by cells of the osteoblast lineage,
primarily osteocytes. High-phosphate diets increase FGF23 levels, and
low-phosphate diets decrease them. Autosomal dominant hypophosphatemic rickets (ADHR) was the first disease linked to abnormalities
in FGF23. ADHR results from activating mutations in the gene that
encodes FGF23. These mutations alter a cleavage site that ordinarily
allows for inactivation of intact FGF23. Several other genetic disorders
exhibit elevated FGF23 and hypophosphatemia. The most common
of these is X-linked hypophosphatemic rickets (XLH), which results
from inactivating mutations in an endopeptidase termed PHEX
(phosphate-regulating gene with homologies to endopeptidases on
the X chromosome) that is expressed most abundantly on the surface
of osteocytes and mature osteoblasts. Patients with XLH usually have
high FGF23 levels, and ablation of the FGF23 gene reverses the hypophosphatemia found in the mouse version of XLH. How inactivation
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