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CHAPTER 58 

Calcium and Phosphate Physiology
Mario Cozzolino, Francesca Elli, Paola Ciceri, Emerenziana Ottaviano, and Ferruccio Conte

OBJECTIVES
This chapter will:
1. Analyze calcium homeostasis, absorption, and excretion 

in healthy adult subjects.
2. Discuss phosphate homeostasis, absorption, and excretion 

in healthy adult subjects.
3. Describe the physiology of vitamin D and its central role 

in regulating calcium and phosphate physiology.

CALCIUM METABOLISM AND HANDLING

The calcium content in a healthy adult body is 1000 to 
2000 g (25,000 to 50,000 mmol). In particular, less than 
2% of calcium is present in the extracellular fluid (ECF), 
and more than 98% is part of the mineral component of 
bone.1 The calcium of the mineral phase at the surface of 
the crystals is in equilibrium with ECF calcium, even if 
only a minor fraction of the total pool (0.5%) is really 
exchangeable. In a given healthy individual, this value is 
remarkably stable over time, never deviating by more than 
2% from its set point. Under normal conditions, ECF calcium 
concentration and body calcium content are maintained at 
fixed values; however, under pathologic conditions, the 
maintenance of ECF calcium concentration may require an 
alteration in calcium balance and body calcium content.2 
Furthermore, the calcium in ECF is critical for different 
functions, and calcium ions inside the cell play a variety 
of cellular functions. Most intracellular calcium is found 
in insoluble complexes. In addition, intracellular calcium 
levels are very low (0.1 mmol/L). The gradient between 
intracellular and plasma free calcium levels is regulated 
constantly, playing a critical role in the functional regulation 
of the single cell. These tightly regulated processes keep a 
constant gradient between ECF and intracellular calcium 
ions (10,000 : 1).3

Extracellular calcium activates the extracellular calcium-
sensing receptor (CaSR), which is a plasma membrane-bound 
G protein–coupled receptor.4 This receptor is present in 
different tissues, such as parathyroid glands, thyroid, 
intestine, kidney, bone, bone marrow, brain, skin, lung, 
pancreas, and heart. Once the calcium-sensing receptor is 
activated by calcium, it couples to a complex array of 
intracellular signal transduction cascades.4

The normal plasma levels of calcium in healthy adults 
range from 8.8 to 10.4 mg/dL (2.2 to 2.6 mmol/L). Plasma 
calcium is present in three forms: free ions (50%), ions 
bound to plasmatic proteins (40%), and diffusible complexes 
(10% primarily with citrate, phosphate, and bicarbonate). 
Importantly, free calcium ion concentrations may influence 
many cellular functions, subjecting them to tight parathyroid 
hormone (PTH) and vitamin D (1,25[OH]2D3) control.5 
Because most calcium ions are bound to albumin, plasma 

protein concentration is a very important factor when 
calcium ion concentration is investigated. For each 1.0 g/L 
decrease in serum albumin, total serum calcium decreases 
by 0.8 mg/dL. For each 1.0 d/dL decrease in serum globulin 
fraction, total serum calcium decreases by 0.12 mg/dL. The 
pH of plasma influences the percent of protein-bound 
calcium.6 Acute alkalosis decreases the ionized calcium. 
For every 0.1 change in pH, ionized calcium decreases by 
0.12 mg/dL. In particular, to distinguish ionized calcium 
from the protein-bound calcium fraction, the National 
Kidney Foundation’s Kidney Disease Outcomes Quality 
Initiative (KDOQI) guidelines state that total calcium levels 
have to be adjusted for serum albumin concentration to 
better describe the free calcium.7 Usually, the following 
formula is used:

Corrected calcium mg dl mmol L Total calcium
mg dL mmol L

( , )
( , ) .

=
+ 0 002 40× −[ ( )]Serum albumin g L

Fig. 58.1 shows a schematic of calcium homeostasis in 
healthy adults. First, calcium goes into the plasma via 
absorption from the intestinal tract and resorption from 
the bone. Second, it leaves the ECF via secretion into the 
gastrointestinal tract, urinary excretion, deposition in bone, 
and losses in sweat.

Three organs create calcium flux into or outside the 
ECF: the intestine, the bone, and the kidney.
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Importantly, the bone system corrects deviations from 
the calcium set point. In the fasting state, the urinary calcium 
level increases and the serum calcium concentration 
decreases. The parathyroid cells enter in the cell cycle and 
immediately secrete great amounts of PTH, which stimulate 
release of calcium from bone tissue and resorption of calcium 
from the kidney, allowing the serum calcium value to return 
to the set point. Even if bone calcium release is so rapid 
that it creates a fast correction of serum calcium levels, 
bone remodeling is a slow process because it involves the 
entire skeleton.15,16

Calcium Handling in the Kidney
Urinary calcium excretion in healthy adults with a normal 
calcium intake is 0.1 to 0.4 g daily. Different amounts of 
calcium are filtered, reabsorbed, and excreted by the kidney, 
and in all situations, renal calcium reabsorption is more 
than 95% of filtered load. When the calcium intake is less 
than 0.2 g daily, urinary calcium excretion is less than 0.2 g 
daily.17 Moreover, the amount of calcium in the urine is 
usually very small compared with the quantity of calcium 
filtered by the glomeruli (from 6 to 10 g daily), because the 
rate of proximal tubular calcium reabsorption is generally 
high.18 The majority of calcium reabsorption takes place 
along the proximal tubule (60%) and THAL (thick ascending 
limb of the loop of Henle) (25%). The reabsorption of 
calcium in the proximal convoluted tubule is a passive 
transport by paracellular pathway and parallels that of 
sodium and water. In the TALH Ca reabsorption is regulated 
by the CaSR located basolaterally.19 In addition, 15% of 
the filtered load of calcium is reabsorbed in the distal 
convoluted tubule, the connecting tubule, and the initial 
part of the cortical collecting duct. Importantly, in this 
distal portion of the nephron, calcium reabsorption actively 
opposes the natural electrochemical gradient. The terminal 
nephron, although responsible for the reabsorption of only 
5% to 10% of the filtered calcium load, is the major site 
for regulation of calcium excretion.

This active transcellular transport is regulated by PTH, 
1,25(OH)2D3, calcium intake, estrogens, and calcitonin. 
Different genes have been found to be involved in trans-
epithelial calcium transport, of which TRPV5 and TRPV6 
seem to play a central role.20

The concentration of ECF calcium depends on the balance 
between the amount of calcium entering into the ECF (mainly 
from bone) and the amount of calcium leaving the ECF (in 
the urine). Clearly, an increase in the ECF calcium value 
may result from two processes, a decrease in the renal 
excretion of calcium entering into the ECF or an increase 
in the calcium flow into the ECF.

Table 58.1 summarizes renal calcium handling in a 
healthy subject.

PHOSPHORUS METABOLISM AND HANDLING

In healthy adult subjects, phosphorus represents a key 
component not only of bone tissue but also of many other 
tissues and is involved in many cellular processes. About 
1000 g (32 mol) of phosphorus is maintained in the body 
of a healthy adult, of which 850 g usually are stored in 
bone tissue.1

In a fasting plasma specimen, most of the phosphorus 
is present as inorganic orthophosphate in concentrations 
from 2.8 to 4.0 mg/dL (0.9 to 2.3 mmol/L). Serum Pi level 

Calcium Handling in the Gastrointestinal Tract
The average daily dietary calcium intake for most healthy 
adults in Western countries is about 0.6 to 0.8 g. The intake 
varies, depending on the amount of dairy food ingested 
with meals. Unfortunately, less than 50% of dietary calcium 
is absorbed, and an even smaller proportion with advancing 
age. In contrast, children and women during either preg-
nancy or breastfeeding usually have higher calcium absorp-
tion. However, intestinal calcium absorption after a meal 
does not contribute to maintenance of the serum calcium 
value at its set point. Nevertheless, adequate dietary calcium 
intake and normal intestinal calcium absorption are essential 
to maintaining normal calcium balance and normal bone 
metabolism.8

In the intestine, absorption efficiency can vary inversely 
with dietary calcium intake (chronic adaptation). Clearly, 
with 0.5 g of calcium intake, 50% absorption means 0.25 g; 
in contrast, with 1.5 g of calcium intake, the intestinal 
absorption will be 0.5 g (30%). Moreover, 0.1 to 0.2 g of 
calcium is secreted each day into the intestinal lumen 
constantly and independently by calcium intake and absorp-
tion. Thus, although intestinal calcium absorption cannot 
regulate serum calcium levels, it provides the calcium 
needed to keep bone calcium mass within the normal range.3 
Calcium absorption takes place almost exclusively within 
duodenum, jejunum, and ileum; each of these intestinal 
segments has an elevated absorbability capacity (i.e., function 
of the length of the segment and of the residence time of 
the food). Intestinal absorption across the gut epithelium 
takes place by two ways:

1. The paracellular pathway
2. The transcellular pathway
The first is a passive absorption and is the main way in 

the presence of high calcium concentration into the lumen, 
whereas the second is an active mechanism influenced by 
calcitriol (1,25 [OH]2 Vit D).9

Calcium Handling in the Bone
Bone, a dynamic tissue that is remodeled constantly through-
out life, controls serum calcium levels in the fasting state. 
In fact, to keep serum calcium levels constant, bone releases 
an amount of calcium identical to the amount excreted in 
the urine. The calcium set point is the value for which 
the net calcium inflow, from the bone pool to the ECF, 
matches the net outflow, from the ECF to the urine. This 
mechanism is regulated primarily by PTH, which increases 
the release of calcium from the bone and limits the renal 
loss of calcium through increased tubular resorption of 
filtered calcium in the ascending loop of Henle and the 
distal tubule.10,11 In addition, bone provides storage for 
calcium and other ions necessary for homeostatic functions. 
In bone, the deposition of inorganic mineral is controlled 
by an orderly organic matrix. Importantly, the mineral 
phase is composed of calcium phosphate, so the serum 
concentration of calcium and phosphate regulate the bone 
formation rate.12 Nevertheless, bone mineralization does not 
occur when ECF concentrations of these two ions reach 
a limit value and a solubility product for bone formation 
reaches a steady state that depends on proteins that promote 
or inhibit calcification. In fact, when serum calcium and 
phosphate values are elevated and levels of inhibitory 
proteins, such as fetuin-A, matrix Gla protein, osteopro-
tegerin, osteopontin, and pyrophosphate, are reduced, as 
happens in uremia, an extraskeletal process of mineralization  
occurs.13,14
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phosphate load decreases. In contrast, phosphate clearance 
and renal tubular reabsorption increase if the filtered 
phosphate load increases. Basically, urinary phosphate 
excretion reflects dietary phosphate intake (Table 58.2).

In contrast to intestinal calcium absorption, phosphate 
is reabsorbed primarily by the gut. In fact, at levels of 
phosphate intake of about 2 mg per kg of body weight 
daily, 85% of ingested phosphorus is absorbed. Further-
more, phosphate is a key regulatory factor in parathyroid 
function. In fact, elevated serum phosphorus levels induce 
secondary hyperparathyroidism through direct (inhibition of 
1,25[OH]2D3 production) and indirect (subsequent reduction 
of calcium levels) mechanisms. Furthermore, phosphorus 
regulates PTH messenger RNA stability, controlling para-
thyroid function at a posttranscriptional level.15 Finally, the 
physiologic role of phosphorus in regulating parathyroid 
cell growth has been well demonstrated.16

PHYSIOLOGY OF VITAMIN D

Vitamin D is not a “vitamin” but rather a hormone. Vitamin 
D plays a pivotal role in calcium homeostasis and skeletal 
metabolism throughout life. Classical vitamin D deficiency 
causes rickets in children and osteomalacia in children 
and adults. Vitamin D is also important for the functioning 
of many other systems, such as the immune, cardiovascular, 
and reproductive systems.22,23,24 Classically, the metabolic 
control for activation of vitamin D is regulated by liver and 
kidney, and the target tissues for vitamin D are the bone 
and the gut. Calcium, phosphate, PTH, and other peptides 
regulate renal vitamin D handling (Fig. 58.2).

The vitamin D precursors, cholecalciferol, typical of 
animal life (vitamin D3), and ergocalciferol, typical of vegetal 
life (vitamin D2), derive from dietary sources (animal and 
fish liver, eggs, fish oils). However, cholecalciferol also is 
produced in the skin from 7-dehydrocholesterol (pre-vitamin 
D3), through the nonenzymatic effect of the ultraviolet B 
rays of sunlight (UVB; wavelengths 295–305 nm). Chole-
calciferol and ergocalciferol are hydroxylated enzymatically 
at carbon 25 in the liver and at carbon 1 in renal tubules.21

The monohydroxylated metabolite, 25-hydroxycholecal-
ciferol (25[OH]D3), is 500 times less active than 1,25(OH)2D3, 
but its serum concentration is the best indicator of vitamin 

is crucial for several important cellular processes (energy 
metabolism, bone formation, signal transduction) and as a 
constituent of phospholipids and nucleic acids. Contrary 
to calcium, of which approximately 50% is bound, only 
about 12% of phosphorus is bound to plasma proteins. 
Free dihydrogen phosphate (H2PO4

−) normally accounts for 
about 10% of the total phosphorus, whereas free hydrogen 
phosphate (HPO4

2−) and sodium phosphate (NaPO4
−) account 

for 75%. Phosphate has a pKa of 6.8, but at normal physi-
ologic pH (7.4), it exists primarily as a divalent ion.2 Different 
forms of phosphorus are present in plasma, depending on 
pH and other factors. In fact, children and postmenopausal 
women have higher phosphorus levels than the general 
population. Importantly, elevated total phosphorus values 
do not seem to depend on higher intake of phosphorus 
with meals. In addition, a circadian variation in levels of 
phosphorus during a 24-hour fast, in part mediated by the 
adrenal cortex, has been demonstrated. A low-phosphorus 
diet clearly decreases the morning fasting levels and prob-
ably reduces the enhancement and the plateau typically 
seen in the afternoon. Serum ionized calcium levels do not 
change even when serum phosphorus increases twofold.3 
Gastrointestinal absorption of phosphate takes place in 
the small intestine mainly in jejunum and duodenum 
with a minimal activity in ileum. Absorption occurs by 
passive (paracellular) and active (intracellular) mechanisms. 
Intestinal absorption of P is mediated by NaPi2b (sodium 
dependent P transporter), which is regulated by phosphorus 
intake and 1,25VitD. Phosphatonin FGF23 indirectly reduces 
phosphate absorption.19 A low phosphate intake promotes 
a reduction in renal phosphate excretion, preventing 
hypophosphatemia. Clearly, renal tubular cells retain the 
ability to increase the phosphate tubular transport, with 
variability among different portions of the proximal tubules. 
Hypophosphatemia stimulates 25(OH)D-1α-hydroxylase, 
which is modulated critically by renal tubular phosphate 
fluxes.21 Contrarily, hyperphosphatemia and increased renal 
tubular fluxes result in reduced phosphate reabsorption, 
increased clearance of phosphate, and suppressed activity 
of 25(OH)D-1α-hydroxylase.

The kidney is the major organ for control of phosphate 
losses. Phosphorus filtered through the glomerulus usually 
is reabsorbed in the proximal tubule, resulting in only 10% 
to 15% excretion of the filtered load. Physiologically, the 
proximal tubular reabsorption increases if the filtered 

TABLE 58.1 

Renal Calcium Handling

SEGMENT TRANSPORT MECHANISMS REGULATION

Glomerulus Free filtration Glomerulotubular feedback
Proximal tubule Paracellular passive transport mediated by Na+,K+- ATPase; 

Na+/calcium symport
ECF variations cause changes in Na+ and 
calcium reabsorption

Loop of Henle:
 Thin loop Permeable to calcium only in thin ascending limb, with no 

active transport
In thin descending limb, calcium depends 
on water and urea reabsorption

 Thick ascending 
limb

Paracellular passive transport on basolateral membrane: Na+ 
reabsorption

Na+,K+-ATPase

On apical membrane: Calcium links to Na+ reabsorption Na+-K+-2Cl− symport regulated by 
basolateral located CaSRs

Distal tubule Transcellular active transport on apical membrane, calcium 
does not link to Na+ reabsorption

PTH increases and acidosis reduces 
calcium reabsorption

Collecting tubule Transcellular active transport against chemical and electrical 
gradient on apical membrane, calcium does not link to Na+ 
reabsorption

PTH increases and acidosis reduces 
calcium reabsorption

ATPase, Adenosine triphosphatase; CaSR, calcium-sensing receptor; ECF, extracellular fluid; PTH, parathyroid hormone.
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biologic effects, because its serum concentrations are 1000 
times higher than those of 1,25(OH)2D3, thus compensating 
for the low affinity for VDR.2 Furthermore, lower 25(OH)
D3 serum concentrations are associated with higher risk of 
fracture and low bone mineral density at different bone 
sites in young and elderly healthy individuals of both 
genders. Conversely, excessively high 25(OH)D3 levels are 
associated with low bone turnover. The need to maintain 
normal vitamin D stores suggests that an unknown vitamin 
D metabolite in addition to 1,25(OH)2D3 may have a benefi-
cial effect on bone and parathyroid metabolism.26

The α-hydroxylation of 25(OH)D takes place in the kidney 
and in extrarenal tissues via the 1α-hydroxylase enzyme 
CYP27B1 to 1,25(OH)2D. The 1,25(OH)2D produced in the 
kidney and transported bound to DBP to tissues involved 
in Ca-P metabolism acts as an endocrine modulator of 
calcium and phosphate homeostasis.27 The final product, 
1,25-dihydroxycholecalciferol (1,25[OH]2D3), is the active 
metabolite of vitamin D, although its serum concentra-
tion does not correlate with vitamin D stores. It has been 
demonstrated that 1,25(OH)2D3 promotes active and passive 
intestinal absorption of calcium and phosphate and, conse-
quently, bone mineralization. The actions of 1α,25(OH)2D3 
on the osteoblast (bone formation) and cross-talk with 
the osteoclast result in bone resorption and overall bone 
remodeling.22 Conversely, 1,25(OH)2D3 suppresses PTH syn-
thesis and parathyroid cell proliferation through a genomic 
activity.28 The genomic effect of 1,25(OH)2D3 is modulated 
by specific cytosolic vitamin D receptors (VDRs) in target 
cells. VDR forms a heterodimer with the retinoid X receptor 
that enables the complex 1,25(OH)2D3–VDR to bind with 
high affinity to the vitamin D response element (VDRE) on 
the transcription promoters of vitamin D–sensitive genes. 
VDR has been detected in vitamin D–sensitive tissues (bone, 
intestine, kidney, and parathyroid glands) and even in tissues 
in which vitamin D activity is still unclear (myocardium, 
brain, pancreas, and testis). In addition to the genomic 
effect, a rapid nongenomic effect of 1,25(OH)2D3 has been 
found in intestinal cells.2 This rapid effect is mediated 
with the interaction with the classic VDRs associated with 

D body stores. Optimal levels of 25(OH)2D3 are not defined 
unanimously; most experts agree that values below 20 
ngL(50 nmol/L) indicate deficiency, values between 21 and 
30 ng/L indicate insufficiency, and levels above 30 ng/mL 
(75 nmol/L) indicate sufficiency.25 In spite of its low affinity 
for the vitamin D receptor (VDR), 25(OH)D3 maintains some 

TABLE 58.2 

Renal Phosphorus Handling

SEGMENT TRANSPORT MECHANISMS REGULATION

Glomerulus Free filtration Glomerulotubular feedback
Proximal tubule Na+,K+-ATPase; Phosphate transporters NaPi-2a and 

-2c are responsible for transepithelial transport
Na+ and PO4

− reabsorption

ECF variations cause changes in Na+ and PO4
− 

reabsorption
Transepithelial transport is regulated by P load, 
PTH, FGF23/Klotho: last two inhibit PT phosphate 
reabsorption

PTH induces PO4
− excretion

Loop of Henle
Thin loop Permeable to PO4

− only in thin ascending limb, 
with no active transport

In thin descending limb, PO4
− depends on water and 

urea reabsorption
Thick ascending 
limb

Extremely low PO4
− reabsorption —

Distal tubule On apical membrane, PO4
− reabsorption depends 

on PTH but does not link to Na+ reabsorption
Increased PTH inhibits PO4

− reabsorption and 
enhances PO4

− excretion
Reduced serum PO4

− levels suppress PTH and 
increase PO4

− reabsorption
Collecting tubule On apical membrane, PO4

− reabsorption depends 
on PTH but does not link to Na+ reabsorption

Increased PTH inhibits PO4
− reabsorption and 

enhances PO4
− excretion

Reduced serum PO4
− levels suppress PTH and 

increase PO4
− reabsorption

ATPase, Adenosine triphosphatase; ECF, extracellular fluid; FGF23, fibroblast growth factor 23 (phosphatonin produced by osteocytes and osteoblasts); 
Klotho, transmembrane protein of FGF23 for its receptors; PO4

−, phosphate; PTH, parathyroid hormone.
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overt abnormality in either serum calcium or phosphate 
concentration. Therefore simply measuring serum calcium 
and phosphate concentrations is not much help in predicting 
calcium and phosphate balance. Anyway, if treatment is 
initiated assuming an initial condition of low serum calcium 
or high serum phosphate levels, a subsequent increase in 
PTH synthesis and secretion, accompanied by a rapid 
parathyroid gland hyperplasia, occurs. Target tissues for 
PTH are bone, kidney, and gut. The effects on bone are to 
enhance bone to increase serum calcium and phosphate 
levels. The effects on the kidneys are to increase calcium 
reabsorption but produce phosphate excretion, with an 
enhancement in active vitamin D. Active vitamin D increases 
calcium and phosphate reabsorption from the gut. Finally, 
higher calcium levels suppress PTH secretion through 
negative feedback.

Key Points

1. Calcium and phosphate physiology is regulated 
by the intestine, bone, kidney, and the parathyroid 
gland.

2. Parathyroid hormone and vitamin D are the two 
key hormones that control calcium and phosphate 
handling.

3. Renal calcium and phosphate transport is regulated 
differently along the proximal and distal tubules.

4. Serum calcium and phosphate concentrations 
poorly predict calcium and phosphate balance.

5. Vitamin D receptors and calcium-sensing receptors 
are expressed widely in the body, and both types 
of receptors biologically regulate calcium and 
phosphate homeostasis.
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maintaining a central role in the pathogenesis and treatment 
of secondary hyperparathyroidism.1
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CONCLUSION
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Oral phosphorus 
intake 770 – 2000

mg/day

Feces
800 mg

150 –1500 mg
absorption 12,000 mg

12,000 mg

Filtration
3700–6200 mg

Reabsorption
3000–5250 mg

Urine 615 –1545 mg

BoneGI tract

Kidney

Soft tissue and
intracellular
phosphorus

Extracellular
fluid and plasma

FIGURE 58.3 Phosphate homeostasis. GI, Gastrointestinal. 



Chapter 58 / Calcium and Phosphate Physiology  349.e1

16. Cozzolino M, Lu Y, Sato T, et al. A critical role for enhanced-
TGFα and EGFR expression in the initiation of parathyroid 
hyperplasia in experimental kidney disease. Am J Physiol Renal 
Physiol. 2005;289:F1096-F1102.

17. Kurokawa H. The kidney and calcium homeostasis. Kidney 
Int. 1994;45:S97-S105.

18. Watanabe H, Sutton RA, Wittner M, et al. Renal calcium 
handling in familial hypocalciuric hypercalcemia. Kidney 
Int. 1983;24:353-357.

19. Felsenfeld AJ, Levine BS, Rodriguez M. Pathophysiology of 
Calcium, Phosphorus and Magnesium Dysregulation in Chronic 
Kidney Disease. Semin Dial. 2015;28(6):564-577.

20. Hoenderop JGJ, Nilius B, Bindels RJM. Calcium absorption 
across epithelia. Physiol Rev. 2005;85:373-422.

21. Portale AA, Halloran BP, Morris RC Jr. Physiologic regulation 
of the serum concentration of 1,25-dihydroxyvitamin D by 
phosphorus in normal men. J Clin Invest. 1989;83:1494-1499.

22. Anthony W. Norman From vitamin D to hormone D: funda-
mentals of the vitamin D endocrine system essential for good 
health. Am J Clin Nutr. 2008;88(suppl):491S-499S.

23. Scientific Advisory Committee on Nutrition. Update on Vitamin 
D. London, United Kingdom: The Stationery Office; 2007.

24. Mazzaferro S, Pasquali M. Viamin D: adynamic molecule. How 
relevant might the dynamism for a vitamin be? Nephrol Dial 
Transplant. 2016;31:23-30.

25. Holick MF. Vitamin D deficiency. N Engl J Med. 2007;357:266-281.
26. Parfitt A. Equilibrium and disequilibrium hypercalcemia: New 

light on an old concept. Metab Bone Dis Rel Res. 1979;13: 
279-293.

27. Prentice A, Goldberg GR, Schoenmakers I. Vitamin D across 
the lifecycle: physiology and biomarkers. Am J Clin Nutr. 
2008;88(suppl):500S-506S.

28. Darwish H, DeLuca H. Vitamin D-regulated gene expression. 
Crit Rev Eukaryotic Gene Expression. 1993;3:89-116.

29. Huhtakangas JA, Olivera CJ, Bishop JE, et al. The vitamin D 
receptor is present in caveolae-enriched plasma membranes 
and binds1α,25(OH)2-vitaminD3 in vivo and in vitro. Mol 
Endocrinol. 2004;18:2660-2671.

30. Pike JW, Shevde NK. The vitamin D receptor. In: Feldman D, 
Pike JW, Glorieux FH, eds. Vitamin D. 2nd ed. Burlington, 
MA: Elsevier Academic Press; 2005:167-192.

References
1. Nordin BEC. Calcium, Phosphate and Magnesium Metabolism: 

Clinical Physiology and Diagnostic Procedures. Edinburgh: 
Churchill Livingstone; 1976.

2. Holick MF, Krane SM, Potss JT Jr. Calcium, phosphate and 
bone metabolism: Calcium-regulating hormones. In: Fauci A, 
Harrison TR, eds. Harrison’s Principles of Internal Medicine. 
14th ed. New York: McGraw-Hill, New York, 1998.

3. Marxhall DH, Nordin BE, Speed R. Calcium, phosphorus and 
magnesium requirement. Proc Nutr Soc. 1976;35:163-173.

4. Kos CH, Karaplis AC, Peng J-B, et al. The calcium-sensing recep-
tor is required for normal calcium homeostasis independent 
of parathyroid hormone. J Clin Invest. 2003;111:1021-1028.

5. Parfitt A. The action of parathyroid hormone on bone: Relation 
to bone remodelling and turnover, calcium homeostasis and 
metabolic bone disease. Part III. Metabolism. 1976;25:1033-1069.

6. Bringhurst FR. Calcium and phosphate distribution, turnover, 
and metabolic actions. In: DeGroot LJ, et al, eds. Endocrinology. 
3rd ed. Philadelphia: WB Saunders; 1995:1015.

7. K/DOQI clinical practice guidelines for bone metabolism and 
disease in chronic kidney disease. Am J Kidney Dis. 2003;42: 
S1-S201.

8. Heaney RP. Thinking straight about calcium. N Engl J Med. 
1993;328:503-505.

9. Blaine J, Chonchol M, Levi M. Renal Control of Calcium, 
Phosphate, and Magnesium Homeostasis. Clin J Am Soc 
Nephrol. 2015;10:1257-1272.

10. Matrovic V. Calcium and peak bone mass. J Intern Med. 1992;231: 
151-160.

11. Peacock M. Calcium metabolism in health and Disease. Clin 
J Am Soc Nephrol. 2010;5:s23-s30.

12. Kurz P, Monier-Faugere MC, Bognar B, et al. Evidence for 
abnormal calcium homeostasis in patients with adynamic 
bone disease. Kidney Int. 1994;46:855-861.

13. Cozzolino M, Dusso A, Slatopolsky E. Role of calcium × 
phosphate product and bone associated proteins on vascular cal-
cification in renal failure. J Am Soc Nephrol. 2001;12:2511-2516.

14. Cozzolino M, Brancaccio D, Gallieni M, et al. Pathogenesis of 
vascular calcification in chronic kidney disease. Kidney Int. 
2005;68:429-436.

15. Silver JS, Sela SB, Naveh-Many T. Regulation of parathyroid cell 
proliferation. Curr Opin Nephrol Hypertens. 1997;6:321-326.


	Chapter 000 - Cover.pdf
	a.pdf
	b.pdf
	c.pdf
	d.pdf
	e.pdf

	Chapter 001 - The Critically Ill Patient.pdf
	Chapter 002 - The Pathophysiologic Foundations of Critical Care.pdf
	Chapter 003 - Mechanical Ventilation.pdf
	Chapter 004 - Hemodynamic Support in the Critically Ill Patient.pdf
	Chapter 005 - Monitoring Organ Dysfunction in Critical Care.pdf
	Chapter 006 - Kidney-Specific Severity Scores.pdf
	Chapter 007 - The Physiology of the Glomerulus.pdf
	Chapter 008 - The Physiology of the Loop of Henle.pdf
	Chapter 009 - Glomerular Filtration Rate, Renal Functional Reserve, and Kidney Stress Testing.pdf
	Chapter 010 - Renal Energy Consumption and Metabolism.pdf
	Chapter 011 - Acute Kidney Injury_ From Clinical to Molecular Diagnosis.pdf
	Chapter 012 - Community- and Hospital-Acquired Acute Kidney Injury.pdf
	Chapter 013 - Epidemiology of Acute Kidney Injury in Critically Ill Patients.pdf
	Chapter 014 - Acute Kidney Injury in Patients With Chronic Kidney Disease.pdf
	Chapter 015 - Genetic Predisposition for Acute Kidney Injury (AKI).pdf
	Chapter 016 - Risk Factors and Risk Assessment in Acute Kidney Injury.pdf
	Chapter 017 - Experimental Models of Acute Kidney Injury.pdf
	Chapter 018 - Renal Blood Flow and Perfusion Pressure.pdf
	Chapter 019 - Humoral Mediators in Sepsis.pdf
	Chapter 020 - Cell Death Pathways_ Apoptosis and Regulated Necrosis.pdf
	Chapter 021 - Pathogen-Associated Molecular Patterns, Damage-Associated Molecular Patterns, and Their Receptors in Acute Kidney Injury.pdf
	Chapter 022 - Acute Kidney Disease.pdf
	Chapter 023 - Acute Kidney Disease, Renal Recovery, and Post–Acute Kidney Injury Care.pdf
	Chapter 024 - The Role of Biomarkers in the Diagnosis and Management of Acute Kidney Injury.pdf
	Chapter 025 - Functional Biomarkers.pdf
	Chapter 026 - Damage Biomarkers.pdf
	Chapter 027 - Kidney Stress Biomarkers.pdf
	Chapter 028 - Renal Repair and Recovery.pdf
	Chapter 029 - Maladaptive Repair and Progression to CKD.pdf
	Chapter 030 - Biomarkers of Recovery and_or Repair Following Acute Kidney Injury.pdf
	Chapter 031 - Practical Considerations of Renal Biopsies in Critical Care Patients.pdf
	Chapter 032 - Localization of Injury and Repair Pathways.pdf
	Chapter 033 - Ultrasonography and Doppler Techniques.pdf
	Chapter 034 - Contrast-Enhanced Renal Ultrasound.pdf
	Chapter 035 - Traditional Radiology, Computed Tomography, and Magnetic Resonance Imaging in Critical Care Nephrology.pdf
	Chapter 036 - Radionuclides Diagnostic Techniques.pdf
	Chapter 037 - Multiple Organ Dysfunction.pdf
	Chapter 038 - Acute Kidney Injury in Burns and Trauma.pdf
	Chapter 039 - Drug-Induced Acute Kidney Injury.pdf
	Chapter 040 - Acute Kidney Injury in Pregnancy.pdf
	Chapter 041 - Acute Kidney Injury in Oncology and Tumor Lysis Syndrome.pdf
	Chapter 042 - Acute Kidney Injury in Cardiac Surgery.pdf
	Chapter 043 - Acute Kidney Injury in Major Surgery.pdf
	Chapter 044 - Acute Kidney Injury in Heart Failure.pdf
	Chapter 045 - Acute Kidney Injury in Cirrhosis.pdf
	Chapter 046 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 047 - Acute Glomerulonephritis.pdf
	Chapter 048 - Contrast-Induced Acute Kidney Injury.pdf
	Chapter 049 - Abdominal Compartment Syndrome.pdf
	Chapter 050 - Hemolytic Uremic Syndrome.pdf
	Chapter 051 - Nonpharmacologic Management of Acute Renal Injury.pdf
	Chapter 052 - Novel Drugs for Acute Kidney Injury.pdf
	Chapter 053 - Remote Ischemic Preconditioning.pdf
	Chapter 054 - Blood Biochemistry_ Measuring Major Plasma Electrolytes.pdf
	Chapter 055 - Assessment of Urine Biochemistry.pdf
	Chapter 056 - Disorders of Sodium and Water Balance.pdf
	Chapter 057 - Disorders of Potassium and Magnesium.pdf
	Chapter 058 - Calcium and Phosphate Physiology.pdf
	Chapter 059 - Principles of Fluid Therapy.pdf
	Chapter 060 - Blood Transfusion Therapy.pdf
	Chapter 061 - Loop and Thiazide Diuretics.pdf
	Chapter 062 - Vaptans and the Treatment of Hyponatremia.pdf
	Chapter 063 - Aldosterone Antagonists, Amiloride, and Triamterene.pdf
	Chapter 064 - Laboratory Tests_ Blood Gases, Anion Gap, and Strong Ion Gap.pdf
	Chapter 065 - Acid-Base Physiology and Diagnosis of Disorders.pdf
	Chapter 066 - Metabolic Acidosis.pdf
	Chapter 067 - Hyperlactatemia and Lactic Acidosis.pdf
	Chapter 068 - Renal Tubular Acidosis.pdf
	Chapter 069 - Metabolic Alkalosis.pdf
	Chapter 070 - Respiratory Acid-Base Disorders.pdf
	Chapter 071 - Iatrogenic and Poison-Derived Acid Base Disorders.pdf
	Chapter 072 - Energy Requirement and Consumption in the Critically Ill Patient.pdf
	Chapter 073 - Impact of Renal Replacement Therapy on Metabolism and Nutrient Requirements in the Critically Ill Patient.pdf
	Chapter 074 - Amino Acid Turnover, Protein Metabolism, and Nitrogen Balance in Acute Kidney Injury.pdf
	Chapter 075 - Carbohydrates and Lipids.pdf
	Chapter 076 - Endocrinology of the Stress Response During Critical Illness.pdf
	Chapter 077 - Anemia of Critical Illness.pdf
	Chapter 078 - Management of Nutrition in Acute Kidney Injury and Renal Replacement Therapy.pdf
	Chapter 079 - Blood Glucose Control in Critical Care.pdf
	Chapter 080 - Enteral Nutrition.pdf
	Chapter 081 - Microbiologic Considerations in the Intensive Care Patient.pdf
	Chapter 082 - Innate Immunity and the Kidney.pdf
	Chapter 083 - Adaptive Immunity and Critical Illness.pdf
	Chapter 084 - Spontaneous Bacterial Peritonitis and Hepatorenal Syndrome.pdf
	Chapter 085 - Tropical Infections Causing Acute Kidney Injury.pdf
	Chapter 086 - Sepsis and Septic Shock.pdf
	Chapter 087 - Complement and Its Consequences in Sepsis.pdf
	Chapter 088 - Coagulation Abnormalities in Sepsis.pdf
	Chapter 089 - Endothelial Dysfunction of the Kidney in Sepsis.pdf
	Chapter 090 - Sepsis-Induced Acute Kidney Injury.pdf
	Chapter 091 - Recommendations for Sepsis Management.pdf
	Chapter 092 - Principles of Antimicrobial Prescription in Intensive Care Unit Patients With Acute Kidney Injury.pdf
	Chapter 093 - Renal Replacement Therapy for Septic Acute Kidney Injury.pdf
	Chapter 094 - Blood Purification for Sepsis.pdf
	Chapter 095 - Management of Infection in Patients With Kidney Transplant.pdf
	Chapter 096 - Critical Care Viral Infections.pdf
	Chapter 097 - Principles of Antibiotic Prescription in Intensive Care Unit Patients and Patients With Acute Renal Failure.pdf
	Chapter 098 - Drugs and Antidotes in Acute Intoxication.pdf
	Chapter 099 - Extracorporeal Therapies in Acute Intoxication and Poisoning.pdf
	Chapter 100 - Plasmapheresis in Acute Intoxication and Poisoning.pdf
	Chapter 101 - Poisoning_ Kinetics to Therapeutics.pdf
	Chapter 102 - Bleeding and Hemostasis in Acute Renal Failure.pdf
	Chapter 103 - Gastrointestinal Problems in Acute Kidney Injury.pdf
	Chapter 104 - Cardiovascular Problems in Acute Kidney Injury.pdf
	Chapter 105 - Water and Electrolyte Disturbances in Acute Renal Failure.pdf
	Chapter 106 - Neurologic Problems in Acute Renal Failure.pdf
	Chapter 107 - Immunologic and Infectious Complications of Acute Kidney Injury.pdf
	Chapter 108 - Cellular Response to Acute Kidney Injury.pdf
	Chapter 109 - Heart-Kidney Cross-Talk.pdf
	Chapter 110 - Classification of Cardiorenal Syndrome.pdf
	Chapter 111 - Cardiorenal Syndrome Type 1.pdf
	Chapter 112 - Cardiorenal Syndrome Type 2.pdf
	Chapter 113 - Cardiorenal Syndrome Type 3.pdf
	Chapter 114 - Cardiorenal Syndrome Type 4.pdf
	Chapter 115 - Cardiorenal Syndrome Type 5.pdf
	Chapter 116 - Renal Function During Cardiac Mechanical Support and Artificial Heart.pdf
	Chapter 117 - The Kidney in Diastolic Dysfunction.pdf
	Chapter 118 - Principles of Diuretic Management in Heart Failure.pdf
	Chapter 119 - Management of Overhydration in Heart Failure Patients.pdf
	Chapter 120 - Recent Advances for Stroke Prevention in Patients With Atrial Fibrillation and Advanced Kidney Disease.pdf
	Chapter 121 - Lung-Kidney Cross-Talk.pdf
	Chapter 122 - The Kidney During Mechanical Ventilation.pdf
	Chapter 123 - Extracorporeal Membrane Oxygenation and Renal Function.pdf
	Chapter 124 - Extracorporeal Carbon Dioxide Removal.pdf
	Chapter 125 - Extracorporeal Membrane Oxygenation and Continuous Renal Replacement Therapy in Adults and Children.pdf
	Chapter 126 - Pulmonary-Renal Syndrome.pdf
	Chapter 127 - Liver-Kidney Interaction.pdf
	Chapter 128 - Pathophysiology and Management of the Hepatorenal Syndrome.pdf
	Chapter 129 - Kidney Dysfunction After Liver Transplantation.pdf
	Chapter 130 - Extracorporeal Liver Support Devices.pdf
	Chapter 131 - Treatment of Combined Acute Renal Failure and Cerebral Edema.pdf
	Chapter 132 - Renal Protection in the Organ Donor.pdf
	Chapter 133 - Effect of Extracorporeal Therapies on the Brain.pdf
	Chapter 134 - Components of Fluid Balance and Monitoring.pdf
	Chapter 135 - Noninvasive Methods of Fluid Status Assessment in Critically Ill Patients.pdf
	Chapter 136 - Management of Fluid Overload in Cardiorenal Patients_ The Five B Approach.pdf
	Chapter 137 - Mechanical Fluid Removal.pdf
	Chapter 138 - Indications for Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 139 - Principles of Extracorporeal Circulation and Transport Phenomena.pdf
	Chapter 140 - Membranes and Filters for Use in Acute Renal Failure.pdf
	Chapter 141 - Continuous Renal Replacement Therapy Machine Technology.pdf
	Chapter 142 - Principles of Anticoagulation in Extracorporeal Circuits.pdf
	Chapter 143 - Dialysis Solutions and Replacement Fluids.pdf
	Chapter 144 - Starting and Stopping Renal Replacement Therapy in the Critically Ill.pdf
	Chapter 145 - The Concept of Renal Replacement Therapy Dose and Efficiency.pdf
	Chapter 146 - Quantification of Acute Renal Replacement Therapy.pdf
	Chapter 147 - Principles of Pharmacodynamics and Pharmacokinetics of Drugs Used in Extracorporeal Therapies.pdf
	Chapter 148 - Ethical Considerations in Acute Renal Replacement Therapy.pdf
	Chapter 149 - Intermittent Techniques for Acute Dialysis.pdf
	Chapter 150 - Solute and Water Transport in Hemodialysis_ Dialyzers, Flow Distribution, and Cross-Filtration.pdf
	Chapter 151 - Biocompatibility of the Dialysis System.pdf
	Chapter 152 - Composition of Hemodialysis Fluid.pdf
	Chapter 153 - Indications for and Contraindications to Intermittent Hemodialysis in Critically Ill Patients.pdf
	Chapter 154 - Technical and Clinical Complications of Intermittent Hemodialysis in the Intensive Care Unit.pdf
	Chapter 155 - Correction of Water, Electrolyte, and Acid-Base Derangements by Hemodialysis and Derived Techniques.pdf
	Chapter 156 - Urea Kinetics, Efficiency, and Adequacy of Hemodialysis and Other Intermittent Treatments.pdf
	Chapter 157 - Assessment of Fluid Status and Body Composition and Control of Fluid Balance With Intermittent Hemodialysis in the Critically Ill Patient.pdf
	Chapter 158 - Outcomes of Intermittent Hemodialysis in Critically Ill Patients With Acute Kidney Injury.pdf
	Chapter 159 - Hybrid Dialysis Techniques in the Intensive Care Unit.pdf
	Chapter 160 - The Role of Plasmapheresis in Critical Illness.pdf
	Chapter 161 - Cascade Filtration for ABO Incompatible Transplant.pdf
	Chapter 162 - Nursing Issues and Procedures in Continuous Renal Replacement Therapy.pdf
	Chapter 163 - Indications for Continuous Renal Replacement Therapy_ Renal Replacement Versus Renal Support.pdf
	Chapter 164 - Beginning and Ending Continuous Renal Replacement Therapy in the Intensive Care Unit.pdf
	Chapter 165 - Solute and Water Kinetics in Continuous Therapies.pdf
	Chapter 166 - Continuous Renal Replacement Therapy_ Modalities and Their Selection.pdf
	Chapter 167 - Vascular Access for Acute Renal Replacement Therapy.pdf
	Chapter 168 - Anticoagulation Strategies for Continuous Renal Replacement Therapy.pdf
	Chapter 169 - Nursing Strategies to Prevent Coagulation of the Extracorporeal Circuit.pdf
	Chapter 170 - Adequacy of Continuous Renal Replacement Therapy_ Prescription and Delivery.pdf
	Chapter 171 - High-Volume Hemofiltration in the Intensive Care Unit.pdf
	Chapter 172 - Pulse High-Volume Hemofiltration in Management of Critically Ill Patients With Severe Sepsis or Septic Shock.pdf
	Chapter 173 - High Cutoff Membranes for Mediators Removal.pdf
	Chapter 174 - Clinical Effects of Continuous Renal Replacement Therapies.pdf
	Chapter 175 - Antibiotic Adjustment in Continuous Renal Replacement Therapy.pdf
	Chapter 176 - Nomenclature_ Basic Principles.pdf
	Chapter 177 - Nomenclature_ Techniques.pdf
	Chapter 178 - Peritoneal Dialysis System.pdf
	Chapter 179 - Indications, Contraindications, and Complications of Peritoneal Dialysis in Acute Renal Failure.pdf
	Chapter 180 - Solute and Water Transport Across the Peritoneal Barrier.pdf
	Chapter 181 - Choice of Peritoneal Dialysis Technique_ Intermittent or Continuous.pdf
	Chapter 182 - Correction of Fluid, Electrolyte, and Acid-Base Derangements by Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 183 - Feasibility, Efficiency, and Adequacy of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 184 - Clinical Results and Complications of Peritoneal Dialysis in Acute Kidney Injury.pdf
	Chapter 185 - Treatment of Peritonitis and Other Clinical Complications of Peritoneal Dialysis in the Critically Ill Patient.pdf
	Chapter 186 - Comparison of Peritoneal Dialysis With Other Treatments for Acute Kidney Injury.pdf
	Chapter 187 - Continuous-Flow Peritoneal Dialysis as Acute Therapy.pdf
	Chapter 188 - Nursing and Procedure Issues in Peritoneal Dialysis.pdf
	Chapter 189 - Sorbents_ From Basic Structure to Clinical Application.pdf
	Chapter 190 - Therapeutic Apheresis in Critically Ill Patients_ Indications, Modalities and Techniques, Clinical Results.pdf
	Chapter 191 - Extracorporeal Blood Purification Techniques Beyond Dialysis_ Coupled Plasmafiltration-Adsorption.pdf
	Chapter 192 - Prometheus System.pdf
	Chapter 193 - Toraymyxin and Other Endotoxin Adsorption Systems.pdf
	Chapter 194 - Plasmafiltration-Adsorption-Dialysis System.pdf
	Chapter 195 - Extracorporeal Membrane Oxygenation for Cardiac Support.pdf
	Chapter 196 - Extracorporeal Membrane Oxygenation for Pulmonary Support.pdf
	Chapter 197 - Cell-Based Therapies.pdf
	Chapter 198 - Cellular and Molecular Mechanisms of Acute Kidney Injury.pdf
	Chapter 199 - Epidemiology of Pediatric Acute Kidney Injury.pdf
	Chapter 200 - Treatment of Acute Kidney Injury in Children_ Conservative Management to Renal Replacement Therapy.pdf
	Chapter 201 - Technical Aspects of Pediatric Continuous Renal Replacement Therapy.pdf
	Chapter 202 - Multiple Organ Dysfunction in the Pediatric Intensive Care Unit.pdf
	Chapter 203 - Drug Dosing in Pediatric Acute Kidney Insufficiency and Renal Replacement Therapy.pdf
	Chapter 204 - Nutrition of Critically Ill Children With Acute Renal Failure.pdf
	Chapter 205 - Outcome of Pediatric Acute Kidney Injury.pdf
	Chapter 206 - Renal Replacement Therapy for the Critically Ill Infant.pdf
	Chapter 207 - Neonatal Hyperammonemia and Continuous Renal Replacement Therapy.pdf
	Chapter 208 - Modified Ultrafiltration in Pediatric Heart Surgery.pdf
	Chapter 209 - Techniques and Machines for Pediatric Renal Replacement Therapy.pdf
	Chapter 210 - Antibiotics in Critically Ill Newborns and Children_ Nephrotoxicity and Management During Renal Replacement Therapy.pdf
	Chapter 211 - Patient Selection and Pretransplantation Care for Kidney Transplant Recipients.pdf
	Chapter 212 - Kidney Support and Perioperative Care in Kidney Transplantation.pdf
	Chapter 213 - Acute Renal Failure in Kidney Transplant Recipients.pdf
	Chapter 214 - Management of Chronic Kidney Disease and End-Stage Kidney Disease Patients in the Intensive Care Unit.pdf
	Chapter 215 - Management of Patients with Diabetes in the Intensive Care Unit.pdf
	Chapter 216 - Diagnosis and Management of Acute Kidney Injury in the Emergency Department.pdf
	Chapter 217 - Anticancer Drugs and the Kidney.pdf
	Chapter 218 - Antiinflammatory Drugs and the Kidney.pdf
	Chapter 219 - Calcineurin Inhibitors and Other Immunosuppressive Drugs and the Kidney.pdf
	Chapter 220 - Alternative Medicine and Chinese Herbs and the Kidney.pdf
	Chapter 221 - Environment, Smoking, Obesity, and the Kidney.pdf
	Chapter 222 - Lead and Heavy Metals and the Kidney.pdf
	Chapter 223 - Statins and the Kidney.pdf
	Chapter 224 - Erythropoietin Therapy in Critically Ill and Acute Kidney Injury Patients.pdf
	Chapter 225 - Vasoactive Drugs, Renal Function, and Acute Kidney Injury.pdf
	Chapter 226 - End Points for Clinical Trials in Acute Kidney Injury.pdf
	Chapter 227 - Hypothermia and the Kidney.pdf
	Chapter 228 - Renin-Angiotensin System Blockers and Acute Kidney Injury.pdf

