0.4–1.5 g

0.25–0.5 g
0.1–0.2 g

ECF
1–2 g

8–10 g

0.25–0.5 g
0.25–0.5 g

1000–2000 g

7.9–9.7 g

Intestine

Bone

0.3–1 g

Kidney
0.15–.3 g

exceed 1–2% per year. These slow changes in total skeletal calcium
content contrast with relatively high daily rates of closely matched
fluxes of calcium into and out of bone (~250–500 mg each), a process
mediated by coupled osteoblastic and osteoclastic activity. Another
0.5–1% of skeletal calcium is freely exchangeable (e.g., in chemical
equilibrium) with that in the ECF.
The concentration of ionized calcium in the ECF must be maintained within a narrow range because of the critical role calcium plays
in a wide array of cellular functions, especially those involved in neuromuscular activity, secretion, and signal transduction. Intracellular
cytosolic free calcium levels are ~100 nmol/L and are 10,000-fold lower
than ionized calcium concentrations in the blood and ECF (1.1–1.3
mmol/L). Cytosolic calcium does not play the structural role played by
extracellular calcium; instead, it serves a signaling function. The steep
chemical gradient of calcium from outside to inside the cell promotes
rapid calcium influx through various membrane calcium channels
that can be activated by hormones, metabolites, or neurotransmitters,
swiftly changing cellular function. In blood, total calcium concentration is normally 2.2–2.6 mM (8.5–10.5 mg/dL), of which ~50% is ionized. The remainder is bound ionically to negatively charged proteins
(predominantly albumin and immunoglobulins) or loosely complexed
with phosphate, citrate, sulfate, or other anions. Alterations in serum
protein concentrations directly affect the total blood calcium concentration even if the ionized calcium concentration remains normal.
An algorithm to correct for protein changes adjusts the total serum
calcium (in mg/dL) upward by 0.8 times the deficit in serum albumin
(g/dL) or by 0.5 times the deficit in serum immunoglobulin (in g/dL).
Such corrections provide only rough approximations of actual free
calcium concentrations, however, and may be misleading, particularly
during acute illness. Acidosis also alters ionized calcium by reducing
its association with proteins. The best practice is to measure blood
ionized calcium directly by a method that employs calcium-selective
electrodes in acute settings during which calcium abnormalities might
occur.
Control of the ionized calcium concentration in the ECF ordinarily
is accomplished by adjusting the rates of calcium movement across
intestinal and renal epithelia. These adjustments are mediated mainly
via changes in blood levels of the hormones, PTH and 1,25(OH)2D.
Blood ionized calcium directly suppresses PTH secretion by activating
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Figure 423-3 Calcium homeostasis. Schematic illustration of calcium content of extracellular fluid (ECF) and bone as well as of diet
and feces; magnitude of calcium flux per day as calculated by various
methods is shown at sites of transport in intestine, kidney, and bone.
Ranges of values shown are approximate and were chosen to illustrate certain points discussed in the text. In conditions of calcium balance, rates of calcium release from and uptake into bone are equal.

calcium-sensing receptors (CaSRs) in parathyroid cells. Also, ionized 2457
calcium indirectly affects PTH secretion by lowering 1,25(OH)2D
production. This active vitamin D metabolite inhibits PTH production by an incompletely understood mechanism of negative feedback
(Chap. 424).
Normal dietary calcium intake in the United States varies widely,
ranging from 10–37 mmol/d (400–1500 mg/d). An Institute of
Medicine report recommends a daily allowance of 25–30 mmol
(1000–1200 mg) for most adults. Intestinal absorption of ingested
calcium involves both active (transcellular) and passive (paracellular)
mechanisms. Passive calcium absorption is nonsaturable and approximates 5% of daily calcium intake, whereas active absorption involves
apical calcium entry via specific ion channels (TRPV5 and TRPV6),
whose expression is controlled principally by 1,25(OH)2D, and normally ranges from 20 to 70%. Active calcium transport occurs mainly
in the proximal small bowel (duodenum and proximal jejunum),
although some active calcium absorption occurs in most segments of
the small intestine. Optimal rates of calcium absorption require gastric
acid. This is especially true for weakly dissociable calcium supplements
such as calcium carbonate. In fact, large boluses of calcium carbonate
are poorly absorbed because of their neutralizing effect on gastric acid.
In achlorhydric subjects and for those taking drugs that inhibit gastric
acid secretion, supplements should be taken with meals to optimize
their absorption. Use of calcium citrate may be preferable in these circumstances. Calcium absorption may also be blunted in disease states
such as pancreatic or biliary insufficiency, in which ingested calcium
remains bound to unabsorbed fatty acids or other food constituents. At
high levels of calcium intake, synthesis of 1,25(OH)2D is reduced; this
decreases the rate of active intestinal calcium absorption. The opposite
occurs with dietary calcium restriction. Some calcium, ~2.5–5 mmol/d
(100–200 mg/d), is excreted as an obligate component of intestinal
secretions and is not regulated by calciotropic hormones.
The feedback-controlled hormonal regulation of intestinal absorptive efficiency results in a relatively constant daily net calcium absorption of ~5–7.5 mmol/d (200–400 mg/d) despite large changes in daily
dietary calcium intake. This daily load of absorbed calcium is excreted
by the kidneys in a manner that is also tightly regulated by the concentration of ionized calcium in the blood. Approximately 8–10 g/d
of calcium is filtered by the glomeruli, of which only 2–3% appears in
the urine. Most filtered calcium (65%) is reabsorbed in the proximal
tubules via a passive, paracellular route that is coupled to concomitant
NaCl reabsorption and not specifically regulated. The cortical thick
ascending limb of Henle’s loop (cTAL) reabsorbs roughly another 20%
of filtered calcium, also via a paracellular mechanism. Calcium reabsorption in the cTAL requires a tight-junctional protein called paracellin-1 and is inhibited by increased blood concentrations of calcium or
magnesium, acting via the CaSR, which is highly expressed on basolateral membranes in this nephron segment. Operation of the renal CaSR
provides a mechanism, independent of those engaged directly by PTH
or 1,25(OH)2D, by which serum ionized calcium can control renal
calcium reabsorption. Finally, ~10% of filtered calcium is reabsorbed
in the distal convoluted tubules (DCTs) by a transcellular mechanism.
Calcium enters the luminal surface of the cell through specific apical
calcium channels (TRPV5), whose number is regulated. It then moves
across the cell in association with a specific calcium-binding protein
(calbindin-D28k) that buffers cytosolic calcium concentrations from
the large mass of transported calcium. Ca2+-ATPases and Na+/Ca2+
exchangers actively extrude calcium across the basolateral surface and
thereby maintain the transcellular calcium gradient. All these processes are stimulated directly or indirectly by PTH. The DCT is also the
site of action of thiazide diuretics, which lower urinary calcium excretion by inducing sodium depletion and thereby augmenting proximal
calcium reabsorption. Conversely, dietary sodium loads, or increased
distal sodium delivery caused by loop diuretics or saline infusion,
induce calciuresis.
The homeostatic mechanisms that normally maintain a constant
serum ionized calcium concentration may fail at extremes of calcium
intake or when the hormonal systems or organs involved are compromised. Thus, even with maximal activity of the vitamin D–dependent
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