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73 
C H  A P T E R

 PHOSPHORUS 
Phosphorus is a common anion ubiquitously distributed 
throughout the body. Approximately 80% to 85% of the phos-
phorus is present in the skeleton. The rest is widely distrib-
uted in the form of organic phosphate compounds that play 
fundamental roles in several aspects of cellular metabolism. 
The energy required for many cellular reactions including bio-
synthesis derives from hydrolysis of adenosine triphosphate 
(ATP). Organic phosphates are important components of cell 
membrane phospholipids. In the extracellular   uid (ECF), 
phosphorus is present predominantly in the inorganic form 
(Pi). The physiologic concentration of serum phosphorus 
ranges from 2.5 to 4.5 mg/dL (0.9 to 1.45 mmol/L) in adults. 373

In serum, phosphorus exists mainly as the free ion, and only a 
small fraction (less than 15%) is protein bound. 274,683 There is 
a diurnal variation in serum phosphorus of 0.6 to 1.0 mg/dL, 
with the nadir occurring between 8 AM and 11 AM.

 Phosphorus Balance and Gastrointestinal 
Absorption
Approximately 1 g of phosphorus is ingested daily in an 
average diet in the United States. About 300 mg is excreted 
in the stool, and 700 mg is absorbed (Fig. 73.1). Most of 
the phosphorus is absorbed in the duodenum and jejunum 
with minimal absorption occurring in the ileum. 204 Phos-
phorus transport in proximal segments of the small intestine 
appears to involve both passive and active components and 
to be under the in  uence of vitamin D. The movement of 
phosphorus from the intestinal lumen to the blood requires 
(1) transport across the luminal brush-border membrane 
of the intestine; (2) transport through the cytoplasm; and 
(3) transport across the basolateral plasma membrane of the 
epithelium. The rate-limiting step and the main driving force 
of absorption is the luminal membrane step. 373

 Intestinal Epithelial Luminal 
Membrane Transport 
The mechanism of transport across the intestinal brush bor-
der epithelial membrane involves a sodium–phosphate (NaPi) 

cotransport system, NaPi-IIb. 265 The NaPi cotransporters are a 
secondary active form of ion transport using the energy of the 
Na gradient from outside to inside the cell to move phosphate 
ion uphill against an electrochemical gradient (Fig. 73.2). 

The intestinal NaPi-IIb transporter is upregulated by a low 
phosphate diet and 1,25-dihydroxyvitamin D3. 258,314Although 
low phosphate diets upregulate1,25-dihydroxyvitamin D3, 
studies in vitamin D–receptor (VDR) null mice indicate that 
the intestinal NaPi cotransport adaptation to a low phosphate 
diet occurs independent of vitamin D. 585

Intestinal NaPi cotransport activity and NaPi-IIb pro-
tein is also regulated by several other factors—including the 
aging process, 722 glucocorticoids, 26 epidermal growth fac-
tor (EGF), 723 and liver X receptor (LXR) 106—that decrease 
intestinal NaPi transport, and estrogen 724 and metabolic 
acidosis638 that increase intestinal NaPi transport. 

Studies of phosphorus accumulation by rat intestinal 
brush-border vesicles have demonstrated that it is affected by 
the transmembrane potential, indicating that like the renal 
type IIa cotransporter, NaPi-IIa, the intestinal type IIb cotrans-
porter, NaPi-IIb, is electrogenic. 265 The  Km(Pi) of NaPi-IIb is 
approximately 50   m, similar to the renal transport protein. 
In contrast to the renal NaPi-IIa isoform, the intestinal NaPi-
IIb cotransporter is less dependent on the pH level. 

 Transcellular Movement of Phosphorus 
The second component of transcellular intestinal phospho-
rus transport involves the movement of phosphorus from 
the luminal to the basolateral membrane. Although little is 
known about the cellular events that mediate this transcel-
lular process, evidence suggests a role for the microtubular 
micro  lament system of intestinal cells. 204 Micro  laments in 
the cell may be important in conveying phosphorus from the 
brush-border membrane to the basolateral membrane and 
may be involved in the extrusion of phosphorus at the baso-
lateral membrane from the epithelial cell. 

 Phosphate Exit at Basolateral Membrane 
Little is known about the mechanisms of phosphorus extru-
sion at the basolateral membrane of intestinal epithelial cells. 



CHAPTER 73   DISORDERS OF PHOSPHORUS, CALCIUM, AND MAGNESIUM METABOLISM 2117

equal to intestinal absorption. 332 As a result, adults are gen-
erally in balance between phosphorus intake and excretion 
(Fig. 73.1). Micropuncture studies have demonstrated that 
60% to 70% of the   ltered phosphorus is reabsorbed in the 
proximal tubule. However, there is also evidence that a sig-
ni  cant amount of   ltered phosphorus is reabsorbed in distal 
segments of the nephron. 502  When serum phosphorus levels 
increase and the   ltered load of phosphorus increases, the 
capacity to reabsorb phosphorus also increases. However, a 
maximum rate of transport (Tm) for phosphorus  reabsorption 
is obtained usually at serum phosphorus concentrations of 6 
mg per dL. There is a direct correlation between Tm phospho-
rus values and glomerular   ltration rate (GFR) even when the 
GFR is varied over a broad range. Micropuncture studies sug-
gest two different mechanisms  responsible for phosphorus 
reabsorption in the proximal  tubule. In the   rst third of the 
proximal tubule, in which only 10% to 15% of the   ltered 
sodium and   uid is reabsorbed, the ratio of tubular   uid (TF) 
phosphorus to plasma ultra  ltrable (UF) phosphorus falls to 
values of approximately 0.6. This indicates that the   rst third 
of the proximal tubule accounts for approximately 50% of 
the total amount of phosphorus reabsorbed in this segment 
of the nephron. In the last two thirds of the proximal tubule, 
the reabsorption of phosphorus parallels the movement of 
salt and water. In the remaining 70% of the pars convoluta, 
the TF:UF phosphorous ratio remains at a value of 0.6 to 0.7, 
whereas   uid reabsorption increases to approximately 60% 
to 70% of the   ltered load. Thus, in the last two thirds of 
proximal tubule, the TF:UF phosphorus reabsorption ratio 
is directly proportional to sodium and   uid reabsorption. A 
signi  cant amount of phosphorus, perhaps on the order of 
20% to 30%, is reabsorbed beyond the portion of the proxi-
mal  tubule that is accessible to micropuncture. There is little 
phosphorus transport within the loop of Henle, with most 
transport distal to micropuncture accessibility occurring 
in the distal convoluted tubule. In this location, Pastoriza- 
Munoz et al. 502  found that approximately 15% of   ltered 
phosphorus is reabsorbed under baseline conditions in ani-
mals subjected to parathyroidectomy, but that the value falls 
to about 6% after administration of large doses of parathyroid 
hormone (PTH). The collecting duct is a potential site for dis-
tal nephron reabsorption of phosphorus. 115,508,592  Transport 
in this nephron segment may explain the discrepancy be-
tween the amount of phosphorus delivered to the late distal 
tubule in micropuncture studies and the considerably smaller 
amount of phosphorus that appears in the   nal urine of the 
same kidney. Phosphorus transport in the cortical collecting 
tubule is independent of regulation by PTH. This is in agree-
ment with the absence of PTH-dependent adenylate cyclase 
in the cortical collecting tubule. 115

 Comparison of Super  cial and Deep 
Nephron Transport 
 The contribution of super  cial nephrons and deep neph-
rons of the kidney to phosphorus homeostasis differs. 

The electrochemical gradient for phosphorus favors move-
ment from the intracellular to the extracellular compartment 
because the interior of the cell is electrically negative compared 
with the basolateral external surface. Therefore, the presump-
tion has been that the exit of phosphorus across the  basolateral 
membrane represents a mode of passive transport. 321

 Renal Excretion of Phosphorus, Reabsorption 
 Most of the inorganic phosphorus in serum (90% to 95%) is 
ultra  ltrable at the level of the glomerulus. At physiologic lev-
els of serum phosphorus, approximately 7 g of phosphorus 
is   ltered daily by the kidney, of which 80% to 90% is reab-
sorbed by the renal tubules and the remainder is  excreted in 
the urine (approximately 700 mg on a 1-g phosphorus diet) 

FIGURE 73.2 The apical membrane sodium–inorganic phos-
phate (Pi) cotransport proteins utilize the electrochemical driv-
ing force for sodium to move Pi into the cell. The electrochemical 
sodium gradient is maintained by active sodium extrusion across 
the basolateral membrane through the action of Na -K -ATPase.

FIGURE 73.1 Summary of phosphorus metabolism in humans. 
Approximately 1 g of phosphorus is ingested daily, of which 
300 mg is excreted in the stool and 700 mg in the urine. The 
gastrointestinal tract, bone, and kidney are the major organs 
involved in phosphorus homeostasis.
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Three families of NaPi cotransport proteins of the proximal 
tubule (types I, II, and III) have been cloned. 414,472,473,636,661,709

The DNA clones encode 80- to 95-kd proteins that reconsti-
tute Na  -dependent concentrative, or “uphill,” transport of 
phosphate.203,414,636 The type I cotransporter, Npt1/SLC17, 
is expressed predominantly in the renal proximal tubule, and 
it accounts for about 13% of the known NaPi cotransporter 
mRNA in the mouse kidney. 662 Npt1 is not regulated by dietary 
Pi, and studies in Npt1-cRNA–injected oocytes revealed that 
it may function not only as a NaPi cotransporter but also as a 
chloride and organic anion channel. 103

The type II cotransporter NaPi-II/SLC34 proteins are 
similar between several species including humans. 472,473,661

In addition to NaPi-IIa, the predominant isoform in the renal 
proximal tubule, another isoform, NaPi-IIc, has been discov-
ered. 486,584,586,660 Nephron localization of NaPi-II proteins 
has been limited to the proximal tubule of super  cial and 
deep nephrons (greatest in the latter, concordant with physi-
ologic studies). 472,473,661 Immunolocalization studies in renal 
epithelial cells demonstrated apical membrane and subapi-
cal membrane vesicle staining, 472,473,661 suggesting that a 
functional pool of transporters is available for insertion into 
or retrieval from the BBM itself. This has been postulated 
to be a major mechanism of Pi transport regulation in re-
sponse to acute changes in phosphorus, PTH, MEPE, and   -
broblast growth factor 23 (FGF23) levels. 33,472,473,609,661 The 
NaPi-II family is upregulated at message and protein levels 
by chronic feeding of low-Pi diets 368,403 and downregulated 
at message and protein levels by PTH 136,368,403 and dietary 
potassium de  ciency. 92

The type III NaPi cotransporters SLC20 were originally 
identi  ed as retroviral receptors for gibbon ape leukemia 
virus (Glvr1) and rat amphotropic virus (Ram1). 317 They are 
ubiquitously expressed, and they comprise about 1% of the 
known NaPi cotransporter mRNAs in the mouse kidney. 662

Pit-2 protein is expressed in the apical membrane of the 
renal proximal tubule and the levels are regulated by dietary 
Pi,678 dietary potassium, 92 and LXR. 106

Studies of phosphorus exit across the basolateral mem-
brane suggest that it is accompanied by the net transfer of a 
negative charge and occurs down a favorable electrochemi-
cal gradient via sodium-independent mechanisms. 582

 Proteins that Interact with the Type IIa and 
Type IIc Na/Pi Cotransporter Proteins 
Several proteins with PDZ domains have been identi  ed that 
interact with the NaPi-IIa and NaPi-IIc protein and are local-
ized in the BBM or the subapical compartment (Fig. 73.3). 
PDZ domains are modular protein interaction domains that 
often occur in scaffolding proteins and bind in a sequence-
speci  c fashion to the C-terminal peptide sequence or at 
times the internal peptide sequences of target proteins. These 
domains of approximately 90 amino acids are known by an 
acronym of the   rst three PDZ-containing proteins identi-
  ed including the postsynaptic protein PSD-95/SAP90, the 

Nephron heterogeneity in phosphorus handling has been 
evaluated under a number of conditions by puncture of the 
papillary tip and the super  cial early distal tubule, with 
the recorded fractional delivery representing deep and 
super  cial nephron function, respectively. Microinjection 
of phosphorus tracer into thin ascending and descending 
limbs of loops of Henle reveals that only 80% of phospho-
rus was recovered in the urine, whereas 88% to 100% of 
phosphorus was recovered when the tracer was injected 
into the late super  cial distal tubule. It was concluded 
that a signi  cant amount of phosphorus must be reab-
sorbed by juxtamedullary distal tubules or by segments 
connecting the juxtamedullary distal tubules to the col-
lecting ducts to account for the discrepancy between the 
results of  super  cial nephron injection and juxtamedullary 
nephron injections. These data support an increased re-
absorptive capacity for phosphorus in deep as opposed to 
super  cial nephrons and increased responsiveness to body 
Pi requirements. 253,254

In summary, phosphorus transport occurs in the distal 
nephron, particularly in the distal convoluted tubule and 
cortical collecting tubular system. This transport may be 
considerable under certain experimental conditions, but the 
importance of the terminal nephron system in day-to-day 
phosphorus homeostasis remains to be de  ned. It is also 
evident from data obtained from various micropuncture and 
microinjection studies that juxtamedullary and super  cial 
nephrons have different capacities for phosphorus transport. 
The increased responsiveness of the deep nephrons to phos-
phorus intake suggests a key regulatory role for this system 
in phosphorus homeostasis. 

 Cellular Mechanisms of Phosphate 
Reabsorption in the Kidney 
The apical membrane of renal tubular cells is the initial bar-
rier across which phosphorus and other solutes present in the 
tubular   uid must pass to be transported into the peritubular 
capillary network. Because the electrical charge of the cell in-
terior is negative to the exterior, and phosphorus concentra-
tions are higher in the cytosol, phosphorus must move against 
an electrochemical gradient into the cell interior, whereas 
at the antiluminal membrane, the transport of phosphorus 
into the peritubular capillary is favored by the high intracel-
lular phosphorus concentration and the electronegativity of 
the cell interior. Studies with apical membrane vesicles have 
demonstrated cotransport of Na   with phosphate across the 
brush-border membrane, whereas the transport of phospho-
rus across the basolateral membrane is independent of that 
of Na  .272 The apical membrane Na  -phosphate cotransport 
protein (NaPi-IIa) energizes the uphill transport of phosphate 
across the brush-border membrane (BBM) by the movement 
of Na   down its electrochemical gradient. The latter gradi-
ent is established and maintained by active extrusion of Na  
across the basolateral cell membrane into the peritubular cap-
illary through the action of Na  -K -ATPase (Fig. 73.2). 571
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ERM proteins are typically located peripherally in the mem-
brane and link the cytoplasmic tails of membrane proteins and 
receptors to the cortical actin cytoskeleton. The ERM proteins 
play an important role in the formation of microvilli, cell-cell 
junctions, and membrane ruf  es and also participate in signal 
transduction pathways. The ERM proteins contain an F-actin 
binding site within their carboxy- terminal 30 residues. In ad-
dition, the ERM proteins have FERM (  f our-point one,  e zrin, 
 r adixin,  m oesin) domains, which are generally located at or 
near the amino terminal, and act as multifunctional protein 
and lipid binding sites. The FERM domain of ezrin inter-
acts strongly with NHERF-1 and NHERF-2. NHERF-1 and 
NHERF-2 have 2 PDZ domains and have a carboxy-terminal 
sequence of 30 amino acids that bind ezrin. 

 Using the molecular approach (yeast two-hybrid) 
several proteins with PDZ domains that interact with the 
C terminus of NaPi-IIa have been identi  ed including: 
(1) NHERF-1/EBP50, (2) NHERF-2/E3KARP, (3) PDZK1/
NaPi-Cap1, (4) PDZK2/NaPi-Cap2, and (5) CAL, a CFTR-
associated ligand. 60,68,220–222,263,456,516,594  

 Different studies suggest that apical expression of NaPi-IIa 
depends on the presence of NHERF-1. Expression of NaPi-IIa 
was reduced upon introduction of dominant- negative form of 
NHERF-1 in OK cells. 220–222,263  The in vivo importance of the 

 Drosophila septate junction protein Discs-large, and the 
tight junction protein ZO-1. 255,288,367,596  

 PDZ domain containing proteins including NHERF-1, 
NHERF-2, PDZK1, CAL, and ZO-1 play an important role 
in: (1) the regulation of the expression and activity of re-
nal proximal tubular BBM transport proteins including 
NHE-3, 596,697–700  NaPi IIa, 33,359  and NaPi-IIc 219,677  and basolat-
eral membrane transport proteins including Na-K-ATPase 359  
and Na-HCO 3  cotransporter (NBC) 696 ; (2) the regulation of 
the expression and activity of cystic   brosis transmembrane 
conductance regulator (CFTR), a cAMP-regulated chloride 
channel and channel regulator 389,477,540,653,686 ; (3) parathy-
roid hormone 1 receptor signaling 417  and  endocytic sorting 
of the    2-adrenergic receptor 107  and platelet-derived growth 
factor receptor (PDGFR) 313,436 ; (4) epithelial cell polarity and 
formation of tight junctions 64,289 ; and (5) maintaining the 
integrity of the glomerular barrier to proteins through in-
teractions with podocalyxin, negatively charged sialoprotein 
expressed on the surface of podocytes, the glomerular vis-
ceral epithelial cells. 284,285,490,503,504,655  

 In addition to their interaction with membrane proteins 
and receptors, the PDZ domain-containing proteins also inter-
act with the F-actin cytoskeleton through their interactions with 
the ezrin-radixin-moesin (ERM) proteins (Fig. 73.3). 91,524,633  

FIGURE 73.3 Interactions of NaPi-IIa with several proteins expressed in the renal proximal tubule. MAP-17 is involved in the apical 
location of PDZK1 (via PDZ-4) in OK cells. (From Biber J, Gisler SM, Hernando N, et al. PDZ interaction and proximal tubular phosphate 
reabsorption. Am J Physiol Renal Physiol. 2004;287:F871.)
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increase in Na  -independent phosphate cotransport. The 
  rst phase of adaptation is observed rapidly (within 10 min-
utes) and is characterized by an increase in the  Vmax of the 
transporter. This initial phase is independent of new protein 
synthesis.368,369,403 A slower phase resulting in a doubling 
of the phosphate transport rate, also through an increase in 
Vmax, occurs over several hours and is inhibited by block-
ing new protein synthesis. 708 The adaptation to acute Pi de-
privation occurs independent of de novo transcription and 
protein synthesis and is mediated by apical insertion of cyto-
plasmic NaPi-II a transporters by a microtubule dependent 
mechanism (Fig. 73.4). 402 Secondly, through gene transcrip-
tion and increased NaPi protein synthesis, additional units 
are produced and inserted into the brush border. Dietary Pi 
deprivation also induces the upregulation of NaPi-IIc and 
Pit-2 in the apical brush border membrane; however, the re-
sponse of these two transporters is delayed and unlike NaPi-
IIa may be dependent on de novo protein synthesis. 677

 Effects of Parathyroid Hormone on Phosphorus 
Reabsorption by the Kidney 
Parathyroidectomy decreases urinary phosphorus excretion, 
whereas PTH administration increases phosphorus excre-
tion.57,525 Micropuncture studies indicate that PTH inhibits 
phosphorus transport in the proximal tubule 9 and in seg-
ments of the nephron located beyond the proximal tubule. 502

TF:UF phosphorus ratio reaches a value of 0.6 by the S 2 seg-
ment of the proximal tubule and, once achieved, this equilib-
rium ratio is maintained along the accessible portion of the 
proximal tubule. Within 6 to 24 hours after parathyroidec-
tomy, the proximal TF:UF phosphorus ratio falls to a value 
of 0.2 to 0.4, indicating an increase in phosphorus reabsorp-
tion.41,43,707 TF phosphorus falls progressively with continu-
ous   uid absorption along the length of the tubule, so by the 
end of the proximal tubule, the reabsorption of phosphorus 
is 70% to 85% of the   ltered load, resulting in decreased 
phosphorus delivery to distal segments of the nephron. In the 
nonphosphorus-loaded, acutely parathyroidectomized ani-
mal, virtually all the distal load of phosphorus is reabsorbed 
by the distal nephron, reducing urinary phosphorus excretion 
to very low levels. 333,358 In the phosphorus-loaded animal, the 
distal reabsorption of phosphorus increases until saturation is 
approached and urinary phosphorus excretion begins to rise. 
Acute administration of PTH to phosphorus-loaded parathy-
roidectomized dogs sharply lowers the distal reabsorption. 

Administration of PTH in vivo results in decreased rates of 
Na -dependent phosphorus transport in brush-border mem-
brane vesicles isolated from the kidneys of treated rats. 184,252

Intravenous infusion of dibutyryl cyclic adenosine mono-
phosphate (cAMP) also decreased Na  -dependent phospho-
rus uptake in isolated brush-border vesicles, but neither PTH 
nor dibutyryl cAMP decreased phosphate  transport when 
added directly to membrane vesicles. 184 PTH stimulates two 
signaling pathways in proximal tubule cells: adenylate cyclase 
and phospholipase C (PLC), resulting in activation of protein 

NaPi-IIa interaction with NHERF-1 was also shown in a study 
where targeted disruption of the mouse NHERF-1 gene was 
associated with decreased BBM expression and increased in-
tracellular localization of NaPi-IIa resulting in decreased renal 
phosphate reabsorption and renal phosphate wasting. 595 On 
the other hand targeted disruption of NHERF-1 did not mod-
ulate the BBM expression and localization of NHE3; however, 
there was impaired regulation of NHE3 in response to PKA. 595

In contrast to NHERF-1, targeted disruption of the 
PDZK1 gene failed to modulate the BBM expression of NaPi-
IIa.108,334 NHERF-1, therefore, plays a critical and unique 
role in the renal proximal tubular apical membrane targeting 
of NaPi-IIa protein and maintenance of phosphate homeo-
stasis. However targeted disruption of PDZK1modulates the 
BBM expression of NaPi-IIc, as compared to NaPi-IIa PDZK1, 
which has preferential interactions with NaPi-IIc. 219,677

Recent studies have identi  ed at least three additional 
proteins that may be important in the regulation of NaPi-IIa 
targeting and traf  cking: (1) the peroxisomal protein PEX 
19, a farnesylated protein that confers PTH responsiveness 
to NaPi-IIa 297; (2) the calcium binding protein Vilip-3, a my-
ristoleated protein that may be important in calcium depen-
dent regulation of NaPi-IIa 517; and (3) MAP 17 which may 
be important for apical expression of PDZK1 (Fig. 73.3). 516

 Factors that Affect the Urinary Excretion 
of Phosphorus 
Of the multiplicity of factors that regulate phosphate trans-
port in the kidney, the most important are dietary  phosphate,
PTH, and FG23. 

 Alterations in Dietary Phosphorus Intake 
The mechanism by which the kidney modulates phospho-
rus excretion when dietary phosphorus is reduced or in-
creased continues to be intriguing. Earlier micropuncture 
studies suggested that the most striking adaptive increase in 
phosphorus transport occurs in the proximal tubule. Later 
studies707 suggested that the entire nephron participates in 
the reduction of phosphorus excretion during dietary phos-
phorus deprivation. It has been shown that isolated per-
fused tubules obtained from rabbits that were fed a normal 
or low-phosphorus diet differ in their capacity to reabsorb 
phosphate. In normal animals, the proximal convoluted tu-
bule (PCT) is capable of reabsorbing 7.2    0.8 pmol/mL/
min, whereas tubules obtained from phosphorus-deprived 
animals reabsorb 11.1    1.3 pmol/mL/min. Conversely, 
animals that are fed a high phosphorus diet show reduced 
phosphorus reabsorption when the proximal tubules are 
perfused in vitro (2.7    2.6 pmol/mL/min). 

The effect of reduced dietary phosphorus to stimu-
late renal phosphorus transport is intrinsic to the renal 
tubular epithelium and occurs at the BBM Na  -phosphate
cotransporter. The adaptation to phosphate supply by the 
sodium–phosphate cotransporter is biphasic. 61,85,113 Incuba-
tion of cells in a low-phosphate medium result in a twofold 
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from kidneys of normal dogs. Administration of PTH de-
creased signi  cantly the apparent  V  max  for Na   -dependent 
phosphorus transport in BBM vesicles isolated from kidneys 
of each of the four groups of dogs. The apparent K m  (intrin-
sic binding af  nity) for Na   - dependent phosphorus transport 
was not  signi  cantly changed by experimental maneuvers. 
Absolute tubular reabsorption of phosphorus measured in 
vivo was decreased by administration of PTH in each group 
of dogs with the exception of the dogs fed a low-phosphorus 
diet. 252,281  Thus,  alterations in phosphorus reabsorption mea-
sured in vivo were paralleled by alterations in Na   -dependent 
phosphorus transport in isolated membrane vesicles, and the 
administration of PTH in vivo resulted in altered transport 
 characteristics of the  isolated BBMs. 

 The cloning of the NaPi-IIa cotransport proteins did 
not completely elucidate the mechanisms of PTH action 
on phosphate transport. Because the phosphaturic effect of 
PTH can be reproduced by analogs of cAMP, the intracellular 
mechanism of phosphate transport regulation is thought to 
involve the cAMP/PKA signal pathway. However, the NaPi-IIa 
transport proteins are not characterized by a PKA– mediated 
phosphorylation site. 259  Phosphorylation of BBM proteins 
in vitro occurs in parallel with  inhibition with NaPi-IIa co-
transport. 252  Parathyroidectomy of rats causes a twofold to 
threefold increase in the NaPi-IIa protein content of BBM 
vesicles. 319  Immunocytochemistry reveals the increase in 
protein exclusively in apical BBMs of proximal tubules. PTH 
 treatment of parathyroidectomized rats for 2 hours decreased 

kinase A (PKA), and protein kinase C (PKC). 174  The   rst path-
way, activation of the adenylate cyclase, differs from that of 
PKC. Studies in OK cells show that PKA activation by PTH 
decreases the expression of NaPi-IIa cotransporter likely due 
to internalization and degradation of the transporter. Binding 
of PTH to its receptor leads to activation of PLC with the sub-
sequent hydrolysis of phosphatidylinositol 4,5-bisphosphate 
to inositol 1,4,5- trisphosphate (IP 3 ) and 1,2-diacylglycerol 
(DAG). IP 3  generation leads to the release of intracellular cal-
cium stores. DAG activates PKC. 174  In addition to its direct 
effect on NaPi-IIa, PTH inhibits NaPi transport indirectly by 
inhibiting the Na   -K   -ATPase by decreasing the favorable 
Na    gradient for Pi entry into the cell. 546  Recent studies in-
dicate that the activation of PKA and PKC signaling pathways 
by PTH also activates mitogen activated protein (MAP) kinase 
(MAPK) or extracellular receptor kinase (ERK1/2) which also 
induces inhibition of NaPi transport. 32,360  

 Measurement studies of in vivo renal reabsorption of 
phosphorus and calculations of kinetic parameters of Na   -de-
pendent phosphorus transport in membrane vesicles isolated 
from the renal brush-border membranes of normal dogs, para-
thyroidectomized dogs, dogs fed a low- phosphorus diet, and 
dogs receiving human growth hormone were performed. 252,281  
The latter three groups of dogs had greater baseline values for 
absolute tubular reabsorption of phosphorus compared with 
normal dogs. Na   -dependent phosphate transport in BBM 
vesicles isolated from kidneys of these dogs was signi  cantly 
increased compared with transport in brush-border vesicles 

FIGURE 73.4 Mechanisms of NaPi-IIa traf  c in the apical membranes of proximal tubular cells. Microvillar NaPi-IIa is retrieved in 
megalin containing clathrin coated vesicles. NaPi-IIa moves from the vesicles into an endosomal pool marked by EEA-1, whereas 
megalin is recycled through dense apical tubules back to the microvilli. The endosomal NaPi-IIa is targeted for lysosomal degradation. 
The process of NaPi-IIa retrieval and lysosomal degradation is stimulated by several factors (parathyroid hormone, atrial natriuretic 
peptide, nitric oxide) whose mechanisms of signal transduction (PK-A, PK-C, PK-G) merge in activation of ERK1/2 that modulates the 
process. (From Bacic D, Wagner CA, Hernando N, et al. Novel aspects in regulated expression of the renal type IIa Na/Pi-cotransporter. 
Kidney Int. 2004;66:S5, with permission.)

PTH

ANP

NO

Megalin
NaPi lla
Cla thrin coa t
Early endosomal antigen 1
Dense  apica l tubules
Lysosomes
Degraded NaPi lla  molecules
PTH receptor
ANP receptor

EEA1
DAT
Ly

EEA1

DAT

Ly

ANP

PTH cAMP

cGMP

ERK1/2PK-G

PK-C PK-A

2121



2122  SECTION IX  DISORDERS OF ELECTROLYTE, WATER, AND ACID BASE

which acts on the renal proximal tubule to decrease reab-
sorption and increase phosphorus excretion. 279,604

FGF23 actions at the proximal tubule (PCT) have not 
been studied as extensively as the actions of PTH, which were 
described above. Studies indicate that FGF23 acts to decrease 
expression of NaPi-IIa and NaPi-IIc in the PCT. 209,604 The 
actions of FGF23 on the PCT are mediated through binding 
to a FGF receptor—predominantly FGFR1(IIIc) and a core-
ceptor, Klotho. 673 Signal transduction is stimulated through 
phosphorylation of extracellular signal-regulated kinase 
(ERK) and the immediate early response gene, early growth 
response-1 (Erg-1), a zinc   nger transcription factor. 212,673

A matter of current uncertainty is related to KLOTHO ex-
pression which is mainly in the renal distal tubule where-
as its signaling function is in the PCT. Recent studies have 
shown that it is expressed in the PCT which would resolve 
this issue (M. Kuro-o, personal  communication).

Besides inhibiting PCT renal Pi transport, FGF23 sig-
naling inhibits PCT CYP27B1, the 25-OH cholecalciferol 1  
hydroxylase, and activates 24-OH hydroxylase (CYP24R1) 
resulting in decreased production and increased catabolism 
of calcitriol. 600 In addition, activation of 24-OH hydroxylase 
results in the high prevalence of vitamin D de  ciency associ-
ated with elevations of FGF23 levels, especially in chronic 
kidney disease (CKD). Calcitriol increases FGF23, closing 
the feedback loop in the system (Fig. 73.5). 

 Vitamin D 
Controversy still surrounds the regulatory role of vitamin 
D in renal phosphorus handling. Several studies have dem-
onstrated that the chronic administration of vitamin D to 
parathyroidectomized animals is phosphaturic. 75,467,647 Con-
versely, other  investigators reported that vitamin D acutely 
stimulates proximal tubular phosphorus transport in both 

protein levels and decreased the abundance of NaPi-IIa- 
speci  c messenger RNA (mRNA) by 31%. 319 Parathyroidec-
tomy did not affect NaPi-IIa mRNA levels. The effects of PTH 
were apparent within 2 hours of administration and indicate 
that PTH regulation of NaPi-IIa is determined by changes in 
the expression of NaPi-IIa protein in the renal BBMs. 319

PTH decreases the NaPi-IIa protein content of the apical 
membrane by a endocytic retrieval pathway which is mega-
lin and myosin VI dependent (Fig. 73.4). 31,67 In megalin 
intact mice or rats, following treatment with PTH NaPi-IIa is 
internalized via clathrin-coated pits, and NaPi-IIa is then de-
livered to early endosomes and eventually to the lysosomes 
where the protein is degraded. At the present time unlike 
some of the other proximal tubular transport proteins or 
receptors, there is no evidence that the NaPi-IIa protein is 
present at the recycling endosomes. 

PTH also regulates the NaPi-IIc protein content of the 
apical membrane by an endocytic retrieval pathway that is 
myosin VI–dependent, but the time course is delayed com-
pared to NaPi-IIa. 351

 Fibroblast Growth Factor 23 
Through studies of familial hypophosphatemia and tumor 
induced osteomalacia, a new hormone operating in a sys-
tems biology network regulating phosphate homeosta-
sis between the skeleton and the kidney has been discov-
ered (Fig. 73.5). 307,600 The hormone is FGF23, secreted by 
skeletal osteocytes in response to changes in bone forma-
tion and serum phosphorus. 487 The physiology is that the 
osteocyte monitors deposition of phosphorus into the skel-
etal reservoir and the saturation of the exchangeable phos-
phorus pool. When Pi levels increase within the pool due 
to decreased exit into the skeleton (bone formation) or due 
to increased plasma phosphorus, osteocytes secrete FGF23, 

FIGURE 73.5 The skeletal–kidney endocrine axis: regulation of Pi in the exchangeable pool. FGF23 is a hormone secreted by the 
 osteocyte to regulate proximal tubular cell Pi transport and calcitriol production. Multiple mechanisms of increased FGF23 levels
cause hypophosphatemic rickets. Calcitriol stimulates FGF23 to maintain Pi levels in response to stimulation of intestinal absorption. 
Function of various proteins in the endocrine axis and the genetic diseases they cause are listed in Table 73.2.
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The results of this series of studies suggest that the pri-
mary action of 1,25-dihydroxycholecalciferol is to increase 
tubular phosphorus reabsorption. Long-term administration 
of vitamin D, however, represents a more complex situa-
tion, where phosphaturia may occur secondary to changes 
in the   ltered load of phosphorus, in the body distribution 
of phosphorus, or in intracellular phosphorus activity. 

 Effects of Changes in Acid–Base Balance on 
Phosphate Excretion 
The effect of acid–base status on the renal excretion and 
transport of phosphate is complex. Acute respiratory acidosis 
increases and acute respiratory alkalosis decreases phosphate 
excretion. 275 These effects occur independently of PTH and 
plasma or luminal bicarbonate levels. 275 However, other stud-
ies suggest that the effects of respiratory acid–base changes 
may be mediated by changes in plasma phosphate. 275

Acute metabolic acidosis has minimal effects on phos-
phate excretion; however, the phosphaturic effect of PTH is 
blunted.43 Acute metabolic alkalosis causes an increase in 
phosphate excretion independently of PTH. 206,345,448,526,530

This effect is due, in part, to volume expansion produced by 
the infusion of bicarbonate. 448,530

Chronic acidosis increases phosphate excretion, again 
independent of PTH or changes in ionized Ca 2 .144,234,345,509

The effect appears to be directly on the sodium-dependent 
phosphate transport mechanism. 674 Chronic alkalosis de-
creases phosphate excretion, probably by the same mecha-
nism as acidosis, operating in the opposite direction. 206,535

Acute and chronic acidosis in rats decreases the proxi-
mal tubule cell luminal membrane expression of the  NaPi-IIa
cotransporter. 18 In acute acidosis, there is rapid internaliza-
tion of the transporter and the total cortical homogenate 
cotransporter expression is unchanged. In chronic acidosis, 
there are parallel changes in NaPi-IIa protein and mRNA 
abundance. The effects of acid–base perturbations are com-
plex and depend on antecedent dietary intake, the chronic-
ity of the change, and whether the change affects luminal or 
intracellular pH, or both. 

 Adrenal Hormones 
Administration of pharmacologic amounts of cortisol leads 
to phosphaturia. Acute adrenalectomy reduces the GFR and 
increases the reabsorption of phosphorus in the proximal tu-
bule. Frick and Durasene 195 concluded that glucocorticoid 
hormones could play an important role in the regulation of 
fractional reabsorption of phosphorus. Indeed  administration 
of glucocorticoids to animals has been shown to decrease 
proximal tubular NaPi cotransport activity and induce phos-
phaturia by causing parallel decreases in NaPi-IIa protein and 
mRNA levels. 370 The inhibitory  effects of glucocorticoids in 
NaPi transport is in part mediated by the concomitant altera-
tions in renal proximal tubular apical BBM glycosphingolipid 
composition, as inhibition of glycosphingolipid synthesis pre-
vents in part the decrease in renal NaPi cotransport activity. 
In contrast to glucocorticoid administration, adrenalectomy 

parathyroidectomized and vitamin D–depleted rats. 211 A 
unifying interpretation of these studies was hampered by 
the fact that the dosages of vitamin D administered and the 
status of the serum calcium, phosphorus, and PTH varied 
considerably from study to study. 

Liang et al. 384 administered 1,25-dihydroxycholecalcif-
erol to vitamin D–de  cient chicks and subsequently exam-
ined the transport characteristics of isolated renal tubule cells. 
Three hours after the in vivo administration of vitamin D, 
phosphorus uptake by the cells was signi  cantly increased, 
whereas 17 hours after the administration of vitamin D, phos-
phorus uptake was reduced. The serum phosphorus concen-
tration, however, was signi  cantly increased at 17 hours after 
administration, and administration of phosphorus to vitamin 
D–depleted animals so their serum phosphorus levels were 
comparable to those of the 17-hour vitamin D–replenished 
group resulted in a similar decrease in phosphorus uptake. 384

In response to in vitro preincubation with as little as 0.01 pm 
of 1,25-dihydroxycholecalciferol, renal cells isolated from vi-
tamin D–de  cient chicks demonstrated a speci  c increase in 
sodium-dependent phosphorus uptake, which was blocked 
by pretreatment with actinomycin D. The stimulatory effect 
was relatively speci  c for 1,25-dihydroxycholecalciferol, and 
kinetic analysis indicated that the Vmax of the phosphorus 
transport system was increased, whereas the af  nity of the 
system for phosphorus was unaffected. 384

Kurnik and Hruska 346 also examined the relationship 
between vitamin D and renal phosphorus excretion in a nor-
mocalcemic, normophosphatemic weanling rat model fed a 
vitamin D–de  cient diet. The animals were mildly vitamin 
D de  cient (92 pg per mL of 1,25-dihydroxycholecalcifer-
ol versus 169 pg per mL in controls) but had no  evidence
of secondary hyperparathyroidism. Clearance studies per-
formed in the basal partially vitamin D–de  cient state 
showed an increase in both absolute and fractional phos-
phorus excretion compared with controls. Animals that were 
replenished with 1,25-dihydroxycholecalciferol and main-
tained on diets designed to protect against the development 
of hyperphosphatemia demonstrated a signi  cant decrease 
in urinary phosphorus excretion. Other animals were simi-
larly replenished with vitamin D but did not receive dietary 
adjustment; and in this group, both the serum phosphorus 
and the urinary phosphorus excretion level increased sig-
ni  cantly. A third group was fed a normal diet and received 
smaller doses of 1,25-dihydroxycholecalciferol (15 pmol per 
g of body weight) for shorter periods, and although this dose 
had no effect on the serum phosphorus concentration, the 
phosphaturia was completely resolved. 

Studies on BBM vesicles prepared from these animals 
revealed that in the partially vitamin D–de  cient state, 
sodium-dependent phosphorus uptake was signi  cantly 
reduced compared with control animals. Animals that were 
replenished with vitamin D and fed a controlled diet had 
a greater sodium-dependent phosphorus uptake than both 
vitamin D–depleted and vitamin D–replenished animals not 
maintained on controlled diets. 
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role for T 3 in the  maturation of the renal Na/Pi cotransporter, 
which was associated with changes in both K m and V max, as 
well as in the type II Na/Pi cotransporter (NaPi-II) protein 
and mRNA abundance. 

Sorribas et al. have determined the role of physiologic 
concentrations of thyroid hormone in renal phosphate trans-
port in vivo. In addition, they also determined the potential 
role of thyroid hormone in impairment of phosphate reab-
sorption that accompanies the aging kidney. 16 Their results 
show that chronically treated hypothyroid rats, using a phys-
iologic dose of T 3, exhibit increases in serum Pi levels, NaPi-
II mRNA and protein content, and Na/Pi cotransport activity 
in super  cial and juxtamedullary renal cortex, all these ef-
fects by means of enhanced transcription of the correspond-
ing NaPi-II gene. The stimulatory effect of the hormone was 
less evident in the aging kidney, which shows a lower level of 
basal phosphate reabsorption. In this study, only pharmaco-
logic hyperthyroidism was able to restore partially the level 
of serum Pi observed in young animals. 

 Epidermal Growth Factor 
Epidermal growth factor (EGF) is a 53-amino acid poly-
peptide. The kidney is a major site of synthesis of the EGF 
precursor, prepro-EGF. In renal epithelial cells grown in 
culture, EGF has been shown to modulate sodium gradient- 
dependent phosphate transport (Na-Pi cotransport) activity, 
but the directionality of the modulation in cell culture has 
been controversial. 22,232,510 A study also determined whether 
EGF regulates Na-Pi cotransport activity in vivo and whether 
the effect of EGF to regulate Na-Pi cotransport is dependent on 
the developmental stage of the animal (i.e., suckling [12-day-
old] vs. weaned [24-day-old] rats). This study demonstrated 
that proximal tubule BBMV Na-Pi cotransport activity, Na-
Pi-II protein abundance, and NaPi-II mRNA abundance are 
higher in weaned than in suckling rats and that EGF inhibits 
Na-Pi cotransport activity in BBMV isolated from suckling 
and weaned rats by a decrease in NaPi-II protein abundance, 
in the absence of a change in NaPi-II mRNA. 23

 Aging 
The aging process is associated with impairment in renal tu-
bular reabsorption of Pi and renal tubular adaptation to a 
low Pi diet. In experiments using 3- to 4-month-old young 
adult rats and 12- to 16-month-old aged rats, it was found 
that there was an age-related twofold decrease in proximal 
tubular apical BBM Na-Pi cotransport activity, which was 
associated with similar decreases in BBM NaPi-II protein 
abundance and renal cortical NaPi-II mRNA level. Immuno-
histochemistry showed lower NaPi-II protein expression in 
the BBM of proximal tubules of super  cial, midcortical, and 
juxtamedullary nephrons. This study also found that in re-
sponse to chronic (7 days) and/or acute (4 hour)  feeding of a 
low Pi diet, there were similar adaptive increases in BBM Na-
Pi cotransport activity and BBM NaPi-II protein  abundance in 
both young and aged rats. However, BBM Na-Pi  cotransport
activity and BBM NaPi-II protein  abundance were still 

with mineralocorticoid administration, resulting in selective 
glucocorticoid de  ciency, is associated with increased renal 
proximal tubular NaPi-IIa protein expression. 396

 Growth Hormone 
An increase in serum phosphorus and a rise in renal phos-
phorus transport are characteristics of growth hormone (GH) 
excess during the period of rapid growth in the child, during 
acromegaly, or during exogenous GH administration to ex-
perimental animals. Hammerman et al. reexamined this phe-
nomenon in the BBM vesicle preparation in the dog 252 and 
demonstrated that GH treatment resulted in an increased sodi-
um-dependent phosphorus transport. These data reassert the 
importance of BBM phosphorus uptake in regulating overall 
renal phosphorus reabsorptive capacity. The action of growth 
hormone is likely mediated by insulin-like growth factor-1. 114

Studies have further identi  ed the nephron sites and 
mechanisms by which GH regulates renal Pi uptake. 716

Micropuncture experiments were performed after acute thy-
roparathyroidectomy in the presence and absence of PTH 
in adult (14- to 17-week-old), juvenile (4-week-old), and 
GH-suppressed juvenile male rats. Although the phospha-
turic effect of PTH was blunted in the juvenile rat compared 
with the adult, suppression of GH in the juvenile restored 
fractional Pi excretion to adult levels. In the presence or 
absence of PTH, GH suppression in the juvenile rat caused 
a signi  cant increase in the fractional Pi delivery to the late 
proximal convoluted (PCT) and early distal tubule, so that 
delivery was not different from that in adults. These data 
were con  rmed by Pi uptake studies into BBM vesicles. Im-
muno  uorescence studies indicate increased BBM type IIa 
NaPi cotransporter (NaPi-II) expression in the juvenile com-
pared with adult rat, and GH suppression reduced NaPi-II 
expression to levels observed in the adult. GH replacement 
in the [N-acetyl-Tyr(1)-d-Arg(2)]-GRF-(1-29)-NH(2)-treated 
juveniles restored high NaPi-II expression and Pi uptake. To-
gether, these novel results demonstrate that the presence of 
GH in the juvenile animal is crucial for the early develop-
mental upregulation of BBM NaPi-II and, most importantly, 
describe the enhanced Pi reabsorption along the PCT and 
proximal straight nephron segments in the juvenile rat. 716

 Thyroid Hormone 
Because Pi is intensively used in general metabolism, Pi ho-
meostasis should be regulated by factors controlling the rate 
of metabolism itself. One such factor is thyroid hormone, 
and its role in Pi reabsorption regulation has been extensive-
ly analyzed. 45.637,729 Pharmacologic doses of T 3 have been 
shown to increase Na/Pi cotransport in BBM vesicles from 
rat proximal tubules. 54,729 In addition, T 3 concentrations 
approximating the association constant (K m) of the thyroid 
hormone nuclear receptor also elicited a similar increase in 
Pi transport in  opossum kidney (OK) cells. 637 In both cases, 
the increase in transport rate was caused by an increase in 
the capacity of the transport system, whereas the af  nity was 
not modi  ed. Euzet et al. 182,183 have shown an important 
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 Increased Excretion of Phosphorus in 
the Urine 
 Several pathophysiologic conditions increase excretion of 
phosphorus in the urine. Some of these are characterized by 
elevated levels of circulating PTH or FGF23. Because PTH 
and FGF23 decrease phosphorus reabsorption by the kid-
ney, elevations of the hormones increase urinary excretion 
(Table 73.1). Decreased tubular reabsorption of phosphorus 
may also occur without increased levels of PTH and may 

 signi  cantly lower in aged rats, in spite of a  signi  cantly 
lower serum Pi concentration in aged rats. Thus, impaired 
 expression of the type II renal Na-Pi cotransporter protein 
at the level of the apical BBM plays an important role in the 
age-related impairment in renal  tubular reabsorption of Pi 
and renal tubular adaptation to a low Pi diet. 635  

 Stanniocalcin 
 Stanniocalcin is a calcium and phosphate regulating hormone 
found in serum and the kidney. In teleost   sh, it is produced 
in the corpuscles of Stannius, specialized endocrine organs 
closely associated with the kidneys. Stanniocalcin plays a ma-
jor role in the calcium and phosphate homeostasis of   sh. It 
inhibits calcium uptake by the gills and gut and stimulates 
phosphate reabsorption by the  kidney. 151,157,294,406,413,489,680,733

 Two mammalian homologues of Stanniocalcin have been 
identi  ed. Stanniocalcin 1 and Stanniocalcin 2, with seem-
ingly opposing effects on renal phosphate transport. Stannio-
calcin I induces increased gastrointestinal (GI) and renal Pi 
transport. 295  Stanniocalcin 2 on the other hand causes inhibi-
tion of renal Pi transport by transcriptional mechanisms. 295  

 Diuretics 
 Acetazolamide inhibits phosphate reabsorption by its effects 
on proximal tubule decreases in Na   -dependent bicarbonate 
transport, essential for the maintenance of the Na    gradient. 
Furosemide inhibits carbonic anhydrase activity and thus 
decreases phosphate transport. Similar effects have been 
demonstrated with the administration of large doses of thia-
zide diuretics. 246  

 Hypophosphatemia 
 Hypophosphatemia refers to serum phosphorus concentra-
tions of less than 2.5 mg per dL. Hypophosphatemia  usually 
results from one or a combination of the following factors 
(Fig. 6) 328,340 : (1) increased excretion of phosphorus in 
the urine; (2) decreased GI absorption of phosphorus; or 
(3) translocation of phosphorus from the extracellular to the 
intracellular space. The major causes of hypophosphatemia 
are shown in Table 73.1. 

TA B L E

Causes of Hypophosphatemia
TA B L E

73.1

I. Increased excretion of phosphorus in the urine
 A. Familial
 B. Primary hyperparathyroidism
 C. Secondary hyperparathyroidism
 D. Renal tubular defects (Fanconi syndrome)
 E. Diuretic phase of acute tubular necrosis
 F. Postobstructive diuresis
 G. Extracellular   uid volume expansion
 1. X-linked hypophosphatemia
 2.  Autosomal dominant hypophosphatemic 

rickets
 3.  Autosomal recessive hypophosphatemic 

rickets 1; autosomal recessive hypophospha-
temic rickets 2

 4.  Oncogenic hypophosphatemic osteomalacia 
(TIO) - Phos

 5. McCune-Albright syndrome/Fibrous dysplasia
 6. Mutations in NaPi-IIa
 7.  Hereditary hypophosphatemic rickets with 

hypercalciuria
 H. Posttransplant hypophosphatemia
II. Decrease in gastrointestinal absorption of phosphorus
 A. Abnormalities of vitamin D metabolism
 1. Vitamin D–de  cient rickets
 2. Familial
 a. Vitamin D–dependent rickets
 b. X-linked hypophosphatemia
 B. Malabsorption
 C. Malnutrition-starvation
III. Miscellaneous causes/translocation of phosphorus
 A. Leukemia, lymphoma
 B.  Diabetes mellitus: during treatment for 

 ketoacidosis
 C. Severe respiratory alkalosis
 D. Recovery phase of malnutrition
 E. Alcohol withdrawal
 F. Toxic shock syndrome
 G. Severe burns

FIGURE 73.6 The major determinants of serum inorganic 
 phosphate (Pi) concentration.
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diagnosis is made relatively easy in most cases by the   nding 
of elevated levels of immunoreactive PTH. 

 Secondary Hyperparathyroidism 
 Although secondary hyperparathyroidism is present in most 
patients with chronic renal disease, hyperphosphatemia rath-
er than hypophosphatemia occurs in such patients because 
of decreased phosphorus excretion in the urine  resulting 
from the fall in GFR. However, certain conditions charac-
terized by malabsorption of calcium from the GI tract may 
produce hypocalcemia, leading to development of  secondary 
hyperparathyroidism. 224  The elevated levels of PTH will de-
crease phosphorus reabsorption by the kidney, resulting in 
hypophosphatemia. Thus, patients with GI tract abnormali-
ties resulting in calcium malabsorption and secondary hy-
perparathyroidism will have low levels of serum calcium and 
phosphorus. In these patients, the hypocalcemia is respon-
sible for the increased release of PTH. In addition, decreased 
intestinal absorption of phosphorus as a result of the primary 
GI tract disease may also contribute to the decrement in the 
levels of serum phosphorus. In general, these patients have 

be due to changes in the reabsorption of salt and water or 
to renal tubular defects speci  c for the reabsorption of cer-
tain solutes or phosphorus. Hypophosphatemia may also 
occur in the diuretic phase of acute tubular necrosis or in 
postobstructive diuresis, presumably due to a combination 
of high levels of PTH and decreased tubular reabsorption of 
salt and water. 

 Primary Hyperparathyroidism 
 Primary hyperparathyroidism is a common entity in clini-
cal medicine. 27  PTH is secreted in excess of the physiologic 
needs for mineral homeostasis due to either adenomas or 
hyperplasia of the parathyroid glands. 54  This results in de-
creased phosphorus reabsorption by the kidney. The losses 
of phosphorus in the urine result in hypophosphatemia. The 
degree of hypophosphatemia may vary considerably among 
patients, because mobilization of phosphorus from bone will 
in part mitigate the hypophosphatemia. Moreover, if the pa-
tient ingests large amounts of dietary phosphorus, the de-
gree of hypophosphatemia observed may be mild. Because 
these patients also have elevated levels of serum calcium, the 

 FGF23,   broblast growth factor 23; ADHR, autosomal dominant hypophosphatemic rickets; PHEX, phosphate regulating gene with homologies to endopep-
tidases on the X chromosome; XLH, x-linked hypophosphatemia; DMPI, dentin matrix protein 1; ARHR1, autosomal recessive hypophosphatemic rickets 1; 
ENNPI, ectonucleotide pyrophosphatase 1; ARHR2, autosomal recessive hypophosphatemic rickets 2; GALNT3, N- acetylglucosaminyltransferase 3; SLC34A3, 
solute carrier family 34A3; HHRC, hereditary hypophosphatemic rickets with calciuria; CYP27BI, cytochrome P450 family 27 subfamily B polypeptide I. 

TA B L E

 Inherited Disorders of Phosphate Homeostasis Cause Hypophosphatemic Rickets or 
 Hyperphosphatemia and Are Components of a Bone Kidney Endocrine Axis 

 Protein/Gene Function Disease 

 FGF23 Hormone regulating phosphate excretion ADHR: excess tumoral
       and calcitriol production       calcinosis: de  ciency 

 PHEX Unclear, inhibits FGF23 secretion/production XLH 

 DMPI Matrix protein, inhibits FGF23 secretion/production ARHR1 

 ENNPI Produces pyrophosphate in osteocyte/osteoblast ARHR2: homozygous  infantile
       extracellular   uid/inhibits FGF23       calci  c arteriopathy: 
       secretion/production       homozygous

 GALNT3 O-glycosylation of FGF23, de  ciency increases Tumoral calcinosis 
       SPC mediated FGF23 cleavage 

 KLOTHO FGF23 co-receptor Tumoral calcinosis 
   Hyperphosphatemia 
   Early senescence 

 NaPi2c/SLC34A3 Proximal tubule phosphate transport protein HHRC 

 CYP27BI Produces calcitriol which stimulates Vitamin D dependent rickets 
       FGF23 production 

 NaPi2a/SLCH34A1 Proximal tubule phosphate transport protein Nephrolithiasis 

TA B L E

73.2
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and loss of the Hyp phenotype demonstrates that FGF23 
is causative of hypophosphatemia in Hyp and XLH. 619 The 
initial thought that FGF23 was a PHEX substrate 84 proved 
untrue.47,244,392,393 In fact, FGF23 has recently been shown 
to be cleaved by subtilisin-like protein convertases (SPC) 
(Fig. 73.5). SPCs are a seven-member family of calcium-
dependent serine proteases responsible for the processing 
of peptide hormones, neuropeptides, adhesion molecules, 
receptors, growth factors, cell surface glycoproteins, and 
enzymes. Instead PHEX, most likely through the actions of 
unidenti  ed PHEX substrates or other downstream effec-
tors, regulates FGF23 secretion as part of a hormonal axis 
between bone and kidneys that controls systemic phosphate 
homeostasis and mineralization. 47

From a therapeutic point of view, the combination of 
neutral phosphate and 1,25-dihydroxycholecalciferol has led 
to an improvement in the bone disease of patients with XLH 
and in the Hyp mice. 225,676 The administration of  phosphorus
in X-linked hypophosphatemia is usually divided into four 
doses, with the total amount ranging between 1 to 4 g per 
day. Pharmacologic doses of 1,25- dihydroxycholecalciferol 
on the order of 1 to 3   g per day may be necessary to cor-
rect the skeletal alterations. 1,25-dihydroxycholecalcif-
erol does not correct the increased fractional excretion of 
phosphate. The enthusiasm for this regimen is tempered by 
a high incidence of nephrocalcinosis and occasional renal 
failure. 196,225,676

 Autosomal Dominant Hypophosphatemic 
Rickets 
The clinical presentation of ADHR is similar to XLH. How-
ever, ADHR exhibits male to male transmission, consistent 
with autosomal dominant inheritance, and is characterized 
by incomplete penetrance and variable age of onset. Adults 
typically complain of bone pain, fatigue, and/or weakness, 
and can present with stress fractures or pseudofractures. 
Renal phosphate wasting and inappropriately normal  serum
calcitriol levels are the most typical laboratory    ndings. 

The gene responsible for ADHR is a member of the FGF 
family, FGF23. 4 FGF23 is a 251 amino acid peptide secreted 
by osteocytes and processed to amino- and carboxy-terminal 
peptides at a consensus pro-protein convertase (furin) site. 
In four unrelated ADHR families missense mutations have 
been identi  ed in FGF23 in the proteolytic cleavage site 
(R176Q, R179W, and R179Q) that interfere with peptide 
processing and result in gain of function of FGF23. 603,712,713

Administration of wild-type FGF23 or FGF23 express-
ing the ADHR mutations in the furin cleavage site (R176Q, 
R179W, or R179Q) to rats and mice has been shown to 
induce hypophosphatemia, increased urinary phosphate ex-
cretion via inhibition of the type IIa NaPi cotransport pro-
tein, and decreased 1,25 (OH) 2D3 levels. 36,572,586,600 Chronic 
administration of FGF23 and increased expression of FGF23 
(FGF23 transgenic mice) has also been shown to induce 
osteomalacia and decreased 1,25 (OH) 2D3 levels via decrease 
in 25-hydroxyvitamin D 1  -hydroxylase mRNA. 35,353,604

urinary losses of phosphorus that are out of proportion to the 
hypophosphatemia in contrast to patients with predominant 
phosphorus malabsorption and no secondary hyperparathy-
roidism in whom urinary excretion of phosphorus is low. 

 Familial Hypophosphatemia 
Studies of hereditary (Table 73.2), and acquired (oncogenic 
hypophosphatemic osteomalacia [OHO] and McCune- 
Albright syndrome) renal phosphate wasting disorders 
have led to the identi  cation of novel genes involved in 
the regulation of renal Pi transport and calcitriol synthe-
sis.70,87,536,537,561,579,659 The discovery of these genes has es-
tablished a bone-kidney axis responsible for maintaining 
phosphate homeostasis (Fig. 73.5). 

 X-linked Hypophosphatemia 
X-linked hypophosphatemia (XLH) is a common cause of 
rickets with a prevalence of approximately 1 in 20,000. It is 
inherited in an X-linked dominant manner. Manifestations of 
XLH include short stature, bone pain, tooth abscesses, calci-
  cation of tendon insertions, ligaments, joint capsules, and 
lower extremity deformities. However, with genetic sequenc-
ing causing reclassi  cation of some presumed XLH patients 
into autosomal dominant hypophosphatemic rickets (ADHR) 
or autosomal recessive hypophosphatemic rickets (ARHR) 
categories, the clinical manifestations may change. For ex-
ample, posterior longitudinal ligament ossi  cation may be 
a manifestation mainly of ARHR2. 379 XLH is characterized 
by hypophosphatemia, decreased reabsorption of phospho-
rus by the renal tubule, decreased absorption of calcium and 
phosphorus from the GI tract, and varying degrees of rickets 
or osteomalacia. Patients with this disorder exhibit normal to 
reduced levels of 1,25-dihydroxycholecalciferol despite hy-
pophosphatemia and reduced Na-phosphate transport in the 
proximal tubule. The message levels of  NaPi-IIa are reduced 
by 50% in the PCT of Hyp mice similar to the reduction in 
apical membrane vesicle NaPi-IIa protein levels. 663

The gene responsible for XLH was designated  PHEX for 
PHosphate regulating gene with homology to  Endopepti-
dases on the X chromosome. 3 PHEX is a member of the M13 
family of type II cell surface zinc-dependent metallopepti-
dases which includes neprilysin, endothelin-converting en-
zymes 1 and 2, KELL, and DINE/X-converting enzyme. The 
mouse PHEX DNA sequence is highly homologous to that 
of humans and the inactivating mutations of PHEX have 
been identi  ed in the mouse homologues of XLH,  Hyp and 
Gy mice. More than 180 mutations in the PHEX gene have 
been shown to result in XLH. PHEX is expressed predomi-
nantly in osteoblasts, osteocytes, and odontoblasts, but not 
in the kidney. The hypophosphatemia and rickets of XLH 
is produced by excess FGF23 in the circulation. 307,726 How 
PHEX inactivation variably increases FGF23 secretion is 
currently unknown (Fig. 73.5). However, the   nding that 
homozygous ablation of FGF23 in the Hyp background 
produced the phenotype of FGF23 de  ciency (hyperphos-
phatemia, elevated calcitriol, and vascular calci  cation) 
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and/or immunohistochemical detection of FGF23 in patients 
who present with TIO and the serum levels to normalize 
after the resection of the tumors. 193,354,479,656,688 sFRP-4 has 
been detected in patients with TIO and it has been shown 
to inhibit Pi transport in OK cells and also in normal rats by 
PTH-independent mechanisms. 53 sFRP-4 antagonizes Wnt 
signaling but at this time the role of the Wnt pathway in 
regulation of renal Pi transport or 25-hydroxyvitamin D 1  -
hydroxylase has not been established. 

MEPE is exclusively expressed in osteoblasts, os-
teocytes, and odontoblasts and is markedly upregulated 
in murine XLH ( Hyp) osteoblasts and TIO tumors 
(Fig. 73.5). 24,90,300,561,562 The recombinant human-MEPE 
has been shown to result in dose-dependent inhibition of 
renal Pi reabsorption, phosphaturia, and hypophosphate-
mia.564 In addition, human-MEPE dose dependently inhib-
ited BMP-2 mediated mineralization of a murine osteoblast 
cell line (2T3) in vitro. 563

A protease-resistant carboxy-terminal MEPE peptide 
containing the acidic serine-aspartate rich motif (ASARM) 
peptide has been shown to play a role in the inhibition of 
the mineralization (minhibin). PHEX prevents proteolysis of 
MEPE and release of ASARM. In XLH mutated PHEX may, 
therefore, contribute to the increased ASARM peptide seen 
in that disorder. 563 Recent studies using surface plasmon 
resonance (SPR) indicates that MEPE binds to PHEX via the 
MEPE-ASARM motif which can provide a molecular basis for 
the inhibition of bone mineralization in XLH subjects and 
Hyp mice. 563 The potential role of ASARM in regulation of 
renal Pi transport or 25-hydroxyvitamin D 1  -hydroxylase, 
however, remains to be determined. 

In contrast to the potential role of MEPE and ASARM 
to inhibit bone mineralization, disruption of MEPE gene 
in mice results in increased bone mass, resistance to age-
associated trabecular bone loss, increased mineralization 
apposition rate, and accelerated mineralization in ex vivo 
osteoblast cultures. 233 These mice, however, have normal 
serum Pi levels, perhaps due to normal FGF23 and PHEX 
expression. 

 McCune-Albright Syndrome and 
Fibrous Dysplasia 
McCune-Albright syndrome (MAS) is characterized by the 
clinical triad of polyostotic   brous dysplasia (FD), café au 
lait skin pigmentation, and endocrine/metabolic disorders. 
The endocrine disorders include autonomous secretion of 
various hormones such as GH, thyroid hormone, cortisol, 
estradiol, and testosterone. Rickets and osteomalacia due to 
hyperphosphaturic hypophosphatemia are prominent com-
ponents of the syndrome. 14,58,59,134,140,146,386,387,443,551,569,704

The disorders of the syndrome share in common ex-
cessive function of cells whose actions are normally regu-
lated by hormones that induce cAMP generation. The mo-
lecular basis for the phenotype is an activating mutation of 
GNAS1 which encodes the G S  protein (   component of 

In vitro studies in OK cells have  demonstrated that FGF23 
inhibits Na/Pi cotransport activity and type IIa NaPi cotrans-
port protein abundance by the MAPK signaling dependent 
pathway. 725

In contrast, targeted ablation of FGF23 in mice results 
in signi  cantly increased serum Pi levels with increased re-
nal Pi absorption. These mice also have increased serum 
1,25 (OH) 2D3 levels that is due to increased expression of 
renal 25-hydroxyvitamin D 1  -hydroxylase (1  -OHase).601

Another study with homozygous ablation of FGF23 in mice 
revealed that these mice have marked hyperphosphatemia, 
increased serum 1,25 (OH) 2D3 levels, growth retardation, 
increased  total body bone mineral content but decreased 
bone mineral density of the limbs, and excessive mineraliza-
tion in soft tissues, including in the heart, vasculature, and 
kidneys.619

 Autosomal Recessive Hypophosphatemic 
Rickets 
Genetic studies have led to the discovery of autosomal 
recessive inheritance familial hypophosphatemic rickets. 
The genes involved are dentin matrix protein 1 (DMP1) in 
ARHR1, and ectonucleotide pyrophosphatase/phosphodies-
terase 1 (ENPP1) in ARHR2 (Fig. 73.5). 188,400,401 Circulating 
levels of FGF23 are elevated in ARHR1 and 2, and FGF23 is 
thought to be the basis of the hypophosphatemia and rick-
ets. The clinical picture of ARHR resembles that of ADHR 
and XLH. Therefore, genetic studies may be needed in the 
future to establish molecular etiology of hypophosphatemic 
rickets.

 Oncogenic Hypophosphatemic Osteomalacia or 
Tumor-Induced Osteomalacia 
Tumor-induced osteomalacia (TIO) is an acquired disorder 
of renal phosphate wasting with clinical and biochemical 
features similar to XLH and ADHR. This disorder is charac-
terized by hypophosphatemia associated with tumors. It was 
described initially in association with benign mesenchymal 
tumors; however, other reports have emphasized the asso-
ciation of this syndrome with malignant tumors. 501,565 The 
other characteristics of this syndrome are increased phos-
phate excretion, low plasma 1,25-dihydroxycholecalciferol 
concentrations, and osteomalacia. All of the biochemical 
and pathologic abnormalities disappear when the tumor is 
resected. 

The tumors associated with this syndrome have been 
found to secrete substances that inhibit the renal tubular re-
absorption of phosphate and suppress 25-hydroxycholecal-
ciferol 1  -hydroxylase activity. The TIO substances include 
FGF23, MEPE, sFRP4, and others. 53 FGF23 has been cloned 
from the tumors of patients who have presented with TIO 
and FGF23 is the most prevalent factor causing both the im-
paired renal Pi reabsorption resulting in hypophosphatemia 
and also the decreased serum 1,25 (OH) 2D3 levels. 150,602,648

Several studies have shown increased serum levels of FGF23 
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cells was expressed They found in oocyte expression ex-
periments that Pi-induced currents were reduced in both 
mutants, whereas Pi and Na af  nities and other transport 
characteristics were not affected. The amount of cotrans-
port activity remaining after cysteine modi  cation, corre-
sponding to WT activity, was not affected by coexpression 
of  either mutant. Finally, GFP-tagged WT and mutants 
were expressed at the apical membrane in OK cells, show-
ing that both mutants are correctly targeted in a mammalian 
cell.679 This, therefore, suggests that the heterozygous A48F 
and V147M mutations cannot explain the pathologic phe-
notype observed by Prie and colleagues. In this regard Prie 
and colleagues reported mutations in NaPi-IIa interacting 
PDZ domain containing protein NHERF1 that result in renal 
phosphaturia.312,372,518,519 In addition Magen and Skorecki 
and colleagues have also reported a loss of function mutation 
in NaPi-IIa in ARHR with renal Fanconi syndrome. 415

 Mutations in the Type IIc NaPi Cotransporter 
(SLC34A3) 
Hereditary hypophosphatemic rickets with hypercalciuria 
(HHRH) is an autosomal form of hypophosphatemic rick-
ets.666 The gene involved in HHRH is NaPi-IIc (SLC34A3). 
The disease is characterized, and differs from other forms 
of hereditary hypophosphatemic rickets and/or osteomala-
cia, by increased serum levels of 1,25-dihydroxyvitamin D, 
increased GI calcium absorption, and hypercalciuria. Some 
of the NaPi-IIc mutations cause mistargeting of NaPi-IIc pro-
tein and uncoupling of NaPi cotransport activity. 50,301,371,658

 Renal Tubular Defects 
Several conditions characterized by single or multiple tu-
bular defects have been described in which phosphorus 
reabsorption is decreased. In the Fanconi syndrome, 559

patients excrete not only increased amounts of phospho-
rus in the urine but also increased quantities of amino ac-
ids, uric acid, and glucose, resulting in hypouricemia and 
hypophosphatemia. Rare familial forms of hypercalciuria 
are often associated with one or more of the components 
of the Fanconi syndrome including hypophosphatemia or 
hyperphosphaturia.210,394,665 Interestingly, these familial 
syndromes, Dent disease, and its variants have been found 
to be caused by a mutation in the CLCN5 chloride chan-
nel,394,578 which is an intracellular vesicular channel, per-
haps related to the vesicles that harbor the NaPi cotransport 
proteins. 242,304,305,331 There are other conditions in which an 
isolated defect in the renal tubular transport of phosphorus 
has been found, for example, fructose intolerance, which is 
an autosomal-recessive disorder. 278 After renal transplanta-
tion, an acquired renal tubular defect may be responsible for 
the persistence of hypophosphatemia in some patients. 366,556

 Diuretic Phase of Acute Tubular Necrosis 
Most patients with acute renal failure develop second-
ary hyperparathyroidism and hyperphosphatemia during 

the stimulatory heterotrimeric guanosine triphosphate bind-
ing protein, G S) in cells from affected tissues from patients 
with the syndrome. 14,58,59,134,140,146,386,387,443,551,569,704 Kidney 
tissue, presumably proximal tubule, from patients has been 
reported to contain cells with the mutation. 

A study using a combination of real-time polymerase 
chain reaction (RT-PCR), in situ hybridization, enzyme-
linked immunosorbent assay (ELISA) of media conditioned 
by normal and FD stromal cells and trabecular bone cells, 
and measurements of FGF23 in the serum has determined 
that FGF23 is expressed in FD tissues and osteogenic cells 
and that high levels of circulating FGF23 correlate with renal 
Pi wasting in FD/MAS patients. 550

 Mutations in the Type IIa NaPi Cotransporter 
(SLC34A1) 
Epidemiologic studies suggest that genetic factors confer 
a predisposition to the formation of renal calcium stones 
or bone demineralization. Low serum phosphate concen-
trations due to a decrease in renal phosphate reabsorption 
have been reported in some patients with these conditions, 
suggesting that genetic factors leading to a decrease in re-
nal phosphate reabsorption may contribute to them. Prie 
and colleagues investigated if mutations in the gene cod-
ing for the main renal sodium-phosphate cotransporter 
(NaPi-IIa) may be present in patients with these disorders. 
Twenty patients with urolithiasis or bone demineralization 
and persistent idiopathic hypophosphatemia associated 
with a decrease in maximal renal phosphate reabsorption 
were studied. The coding region of the gene for NaPi-IIa 
was sequenced in all patients. The functional consequenc-
es of the mutations identi  ed were analyzed by express-
ing the mutated RNA in Xenopus laevis oocytes. Two pa-
tients, one with recurrent urolithiasis and one with bone 
demineralization, were found to be heterozygous for two 
distinct mutations. One mutation resulted in the substitu-
tion of phenylalanine for alanine at position 48, and the 
other in a substitution of methionine for valine at position 
147. Phosphate-induced current and sodium-dependent 
phosphate uptake were  impaired in oocytes expressing the 
mutant NaPi-IIa. Coinjection of oocytes with wild-type and 
mutant RNA indicated that the mutant protein had altered 
function. This study, therefore, concluded that heterozy-
gous mutations in the NaPi-IIa gene may be responsible for 
hypophosphatemia and urinary phosphate loss in persons 
with urolithiasis or bone demineralization. 520

A follow-up study by Virkki and colleagues recreated the 
two mutants, expressed them in Xenopus oocytes, and ana-
lyzed their kinetic behavior by two-electrode voltage clamp. 
They also performed coexpression experiments where they 
injected mRNA for wild-type (WT) and mutants containing 
an additional S462C mutation, enabling complete inhibition 
of cotransport function with cysteine-modifying reagents. 
Finally, WT and mutant NaPi-IIa as C-terminal fusions to 
green   uorescent protein (GFP) in opossum kidney (OK) 
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transplant patients with normal PTH levels. Moreover, trans-
plant recipients failed to decrease Pi excretion in the urine 
even when PTH was suppressed by calcium infusion. 555 In 
addition, the phosphaturia following kidney transplantation 
could not be ascribed to the effects of nephrectomy or to the 
in  uence of immunosuppressive drugs. 555

A study by Green et al. determined that a non-PTH hu-
moral mechanism accounted for the entity of posttransplant
hypophosphatemia.237 The factor, however, had characteris-
tics different from FGF-23, sFRP-4, and MEPE, phosphato-
nins discussed earlier. 237 However, recent studies continue 
to focus on PTH and FGF23 as the causes of posttransplant 
hypophosphatemia in the early posttransplant period. 

 Decrease in Gastrointestinal Absorption of 
Phosphorus
 Abnormalities of Vitamin D Metabolism 
Vitamin D and its metabolites play an important role in 
phosphorus homeostasis. 236 Vitamin D promotes the intesti-
nal absorption of calcium and phosphorus and is necessary 
to maintain the normal mineralization of bone. Dietary de-
  ciencies of vitamin D increase the amount of osteoid tissue 
in the skeleton and decrease normal mineralization. Bone 
mineralization is a complex process that is not completely 
understood. Normally, the osteoblast is responsible for lay-
ing down normal collagen that is well organized and distrib-
uted in a lamellar fashion. Between the recently deposited 
collagen and the old bone, there is an area called the min-
eralization front. Initially, amorphous calcium phosphate is 
deposited in the mineralization front and eventually matures 
into hydroxyapatite [Ca 10(PO4)6(OH)2]. Thus, the osteoid 
tissue changes into bone. Optimal mineralization requires 
the following: (1) normal bone cell activity; (2) normal sup-
ply of minerals; (3) the appropriate pH level (7.4 to 7.6); 
(4) normal synthesis and composition of the matrix; and (5) 
control of inhibitors of calci  cation. 

The appositional growth rate in normal bone is about 
1  m per day and complete mineralization of the osteoid 
requires 13 to 21 days. Thus, the thickness of the osteoid 
usually does not exceed 20  m. Less than 20% of the surface 
of the bone is normally covered by osteoid. When a biopsy is 
performed in a healthy subject who has previously ingested 
two doses of tetracycline separately and 3 weeks apart, one 
usually detects two   uorescent rings or bands, indicating 
the locations of the mineralization front. In a patient with 
osteomalacia, usually a single band, no band, or an irregular 
and spotty uptake of tetracycline is seen. In rickets or osteo-
malacia, there is a quantitative and qualitative defect in bone 
mineralization.

 Vitamin D–De  cient Rickets 
Diets de  cient in vitamin D lead to the metabolic disorder 
known as rickets when it occurs in children or osteomalacia 
when it appears in adults. 480 Vitamin D de  ciency in child-
hood results in severe deformities of bone because of rapid 

the oliguric phase. During the recovery phase of acute re-
nal failure, the combined occurrence of a profound diure-
sis, secondary hyperparathyroidism, and continued use of 
phosphate binders may lead to severe hypophosphatemia. 
This hypophosphatemia is usually short lived, and serum 
phosphorus levels return to within the normal range as the 
diuretic phase of acute tubular necrosis subsides. 

 Postobstructive Diuresis 
A marked phosphaturia may develop in some patients after 
relief of urinary tract obstruction. This phosphaturia may 
be severe enough in a few patients to lead to hypophos-
phatemia.185

 Extracellular Fluid Volume Expansion 
Expansion of the ECF volume by the administration of solu-
tions containing sodium increases the urinary excretion of 
phosphorus. An important mechanism by which ECF vol-
ume expansion produces phosphaturia consists of a fall in 
ionized calcium and subsequent release of PTH. 42 This con-
dition is probably of minor importance in clinical medicine, 
and restoration of the ECF volume to within the normal 
range results in the return of phosphorus reabsorption to 
physiologic levels. 

 Posttransplant Hypophosphatemia 
Posttransplant hypophosphatemia, a commondisorder, is well de-
scribed in the literature. Although  described mainly in patients fol-
lowing renal transplantation, 56,208,234,245,458,488,492,500,555,574,643,687

posttransplant hypophosphatemia also occurs in patients un-
dergoing bone marrow transplantation. 143,538 In all reports, the 
decrease in serum Pi concentration was associated with an in-
crease in urinary phosphate excretion and a signi  cant decrease 
in the measured or derived ratio of maximal rate of renal tubu-
lar transport of phosphate to glomerular   ltration rate (TmPi/
GFR).684 In addition to the impairment in  renal tubular phos-
phate reabsorption, evidence indicates that intestinal phosphate 
absorption is impaired in transplant  patients.186,366,429,557

The mechanism for posttransplant hypophosphatemia 
has not been fully elucidated, but it is linked to disordered 
regulation of renal tubular reabsorption of Pi. As discussed 
earlier, PTH leads to a reduction in the expression of type II 
Na/Pi cotransport at the BBMs, which accounts for the phos-
phaturic action of PTH. Given this property of PTH, it has 
been postulated that increased PTH activity during chronic 
renal failure (CRF) may be the major mechanism responsi-
ble for maintaining Pi balance during CRF. According to this 
hypothesis, posttransplant hypophosphatemia has been at-
tributed to persistent hyperparathyroidism (HPT), that is, in-
complete involution of hyperplastic glands produced by renal 
failure prior to transplantation would cause hypophosphate-
mia and increased phosphaturia during the early posttrans-
plant period. 262 Several studies, however, have documented 
that protracted HPT cannot account for the phenomenon 
of posttransplant hypophosphatemia since it can be seen in 
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cases of human vitamin D–resistant rickets have been stud-
ied and no abnormality in the coding region of the VDR has 
been found, 264 suggesting a defect elsewhere in the hormone 
action pathway. An unexplained feature of this disease in 
adolescents is the tendency for calcium levels to normalize 
and for the radiographic abnormalities of rickets to improve, 
thus giving the appearance that they outgrow the disease. 
Human vitamin D–resistant rickets as a genetic defect in 
the VDR varies signi  cantly from other genetic diseases of 
steroid hormone receptors caused by resistance to thyroid 
hormone, androgens, and estrogens. 445,544,632 For example, 
individuals heterozygous for VDR mutations are apparently 
completely healthy. Secondly, no dominant negative muta-
tions, which are prominent in thyroid hormone resistance, 
have been identi  ed as a cause of human vitamin D–resistant 
rickets. Thus, much remains to be learned from the genetic 
analysis of this disease. The treatment of this condition re-
quires large pharmacologic doses of calcium, which over-
come the receptor defects and maintain bone remodeling. 266

Studies in mice with targeted disruption of the  VDR gene, 
an animal model of vitamin D–dependent rickets type II, 
con  rm that many aspects of the clinical phenotype are due 
to decreased intestinal ion transport and can be overcome by 
adjustments of dietary intake. 382

 Malabsorption 
Because most of the absorption of phosphorus from the GI 
tract occurs in the duodenum and jejunum, gastrointestinal 
tract disorders such as celiac disease, tropical and nontropi-
cal sprue, and regional enteritis may decrease the absorption 
of phosphorus. 224 Phosphorus malabsorption has also been 
described in patients who have undergone surgical bypass 
procedures for morbid obesity. The degree of hypophospha-
temia varies among patients with intestinal malabsorption, 
being extremely mild in some and severe in others. 

 Malnutrition 
Most of the phosphorus ingested in the diet is present in 
protein, particularly meat, cheese, milk, and eggs. In many 
parts of the world where protein consumption is extremely 
low, hypophosphatemia occurs predominantly in children. 
Overall growth is retarded and a series of metabolic abnor-
malities are present. 324

 Administration of Phosphate Binders 
Certain compounds, mainly aluminum salts (aluminum 
hydroxide, aluminum carbonate gel) and calcium carbon-
ate, are used in the treatment of hyperphosphatemia. 598

However, when these compounds are given in excess, they 
may produce profound hypophosphatemia. These gels trap 
phosphorus in the small intestine and increase the amount 
of phosphorus in the stool. Patients ingesting large amounts 
of phosphate binders and not followed closely may devel-
op phosphate depletion. With time, such individuals may 
develop severe weakness, bone pain, and osteomalacia. 

growth. These deformities are characterized by soft loose 
areas in the skull known as craniotabes and costochondral 
swelling or bending (known as rachitic rosary). The chest 
usually becomes   attened, and the sternum may be pushed 
forward to form the so-called pigeon chest. Thoracic expan-
sion may be greatly reduced with impairment of respiratory 
function. Kyphosis is a common   nding. There is remark-
able swelling of the joints, particularly the wrists and ankles, 
with characteristic anterior bowing of the legs, and fractures 
of the “greenstick” variety may also be seen. In adults, the 
symptoms are not as striking and are usually characterized 
by bone pain, weakness, radiolucent areas, and pseudofrac-
tures. Pseudofractures represent stretch fractures in which 
the normal process of healing is impaired because of a min-
eralization defect. Mild hypocalcemia may be present; how-
ever, hypophosphatemia is the most frequent biochemical 
alteration. This metabolic abnormality responds well to ad-
ministration of small amounts of vitamin D. 

 Vitamin D–Dependent Rickets 
These are recessively inherited forms of vitamin D– 
refractory rickets. The conditions are characterized by 
hypophosphatemia, hypocalcemia, elevated levels of serum 
alkaline phosphatase, and, sometimes, generalized ami-
noaciduria and severe bone lesions. Currently, two main 
forms of vitamin D–dependent rickets have been charac-
terized. The serum concentrations of 1,25-dihydroxycho-
lecalciferol serves to differentiate the two types of vitamin 
D–dependent rickets. 

Type I vitamin D–dependent rickets is associated with 
reduced calcitriol levels. It is caused by a mutation in the 
gene converting 25(OH)D to 1,25-dihydroxycholecalciferol, 
the renal 1  -hydroxylase enzyme. 178,202 This condition re-
sponds to very large doses of vitamin D 2 and D 3 (100 to 300 
times the normal requirement of physiologic doses), or to 
0.5 to 1.0  g per day of 1,25-dihydroxycholecalciferol. 

Type II vitamin D–dependent rickets is characterized 
by end-organ resistance to 1,25-dihydroxycholecalcif-
erol. Plasma levels of 1,25-dihydroxycholecalciferol are 
elevated. This   nding, in association with radiographic 
and  biochemical signs of rickets, implies resistance to 
1,25-dihydroxycholecalciferol in the target tissues. Cellular 
defects found in patients with vitamin D–resistant rickets 
type II are heterogeneous, providing in part an explana-
tion for the different clinical manifestations of this disorder. 
Among the cellular defects are (1) decreased number of 
cytosolic receptors, (2) de  cient maximal hormonal bind-
ing, (3) de  cient hormone binding af  nity, (4) normal 
hormonal binding but undetectable nuclear localization, 
and (5) abnormal DNA binding domain for the 1,25-dihy-
droxycholecalciferol receptor. 385

Numerous studies 119,187,264,266,419,445,544,632 have dem-
onstrated that hereditary type II vitamin D–resistant rickets 
is a genetic disease affecting the vitamin D receptor (VDR). 
Defects in the hormone binding domain 119,187 and the DNA 
binding domain 266,419 have been de  ned. In addition,  several
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or staphylococcal sepsis–induced release of substances 
were responsible for acute phosphorus shifts into cells is 
unknown. Lindquist et al. 363 studied in a prospective fash-
ion the importance of hypophosphatemia in patients with 
severe burns. In 33 patients studied for 2 weeks after injury, 
transient hypophosphatemia was seen in the second to tenth 
day in all these individuals. Five of seven patients who died 
from complications of the terminal injury had severe hypo-
phosphatemia. Because urinary phosphorus excretion was 
not increased, tissue uptake seems to be the predominant 
mechanism responsible for the hypophosphatemia. Levy 378

reported the occurrence of severe hypophosphatemia dur-
ing the rewarming phase in a profoundly hypothermic pa-
tient. In this individual, urinary excretion of phosphorus 
was minimal, suggesting that a shift of phosphate into the 
cells occurred as a result of rewarming. Finally, the develop-
ment of hypophosphatemia resulting from refeeding clini-
cally starved patients has been emphasized. Silvis et al. 612

showed that the classic phosphorus-depletion syndrome, 
consisting of paresthesias, weakness, seizures, and hypo-
phosphatemia, can occur in individuals who receive oral ca-
loric supplements after a prolonged period of starvation. To 
further evaluate this issue, they performed studies in nor-
mal dogs that had been starved or had received normal diets 
and found that the infusion of calories through an intragas-
tric catheter to previously starved animals resulted in a fall 
in serum phosphorus concentration from an average of 4.8 
mg per dL to 1.6 mg per dL. Nearly 50% of starved animals 
developed clinical signs of phosphate depletion after oral 
refeeding. Weinsier and Krumdiek reported two patients 
who developed the phosphorus-depletion syndrome in as-
sociation with cardiopulmonary decompensation following 
overzealous hyperalimentation after prolonged  caloric de-
privation.701

 Clinical and Biochemical Manifestations of 
Hypophosphatemia 
The manifestations of hypophosphatemia are presented in 
Table 73.3. It has been suggested that the clinical mani-
festations of hypophosphatemia and severe phosphorus 
depletion are related to disturbances in cellular energy and 
metabolism. Studies have examined the effects of phosphate 
depletion on cellular energetics and other components of 
cell function. A study of glycolytic intermediates and ad-
enine nucleotides during insulin treatment of patients with 
diabetic ketoacidosis emphasized the important effects of 
insulin-induced cellular phosphate depletion on cell metab-
olism.337 These results demonstrated that the reduced level 
of 2,3-diphosphoglycerate (2,3-DPG) seen during insulin 
treatment of diabetes is due to intracellular phosphorus de-
pletion, producing a decrease in glyceraldehyde 3-phosphate 
dehydrogenase activity rather than inhibition of the phos-
phofructokinase enzyme system. Ditzel 163 has suggested that 
repeated transient decreases in red cell oxygen delivery due 
to reduced 2,3-DPG with insulin-induced hypophosphate-
mia could contribute over many years to the microvascular 

 Miscellaneous Causes of Hypophosphatemia 
Major reviews of the causes of hypophosphatemia in hos-
pitalized patients 309,352 attributed most instances to in-
travenous administration of carbohydrate. However, 
many other causes were found, including diuretic usage, 
hyperalimentation,  alcoholism, respiratory alkalosis, and 
use of phosphate binders.55 A 31% incidence of hypophos-
phatemia was seen in patients admitted to a general medical 
ward, and a further fall in serum concentrations occurred in 
all patients with acute alcoholism between the second and 
  fth day after admission to a medical ward. 570 Hypophos-
phatemia is also seen frequently during treatment of diabetic 
ketoacidosis.587 When diabetic patients develop ketoacido-
sis, they usually have an increase in phosphate excretion 
in the urine; however, the serum phosphate level may be 
slightly elevated due to acidosis. During the administration 
of insulin, there is a rapid decrease in the level of glucose 
with translocation of phosphate from the extracellular to the 
intracellular space, resulting in hypophosphatemia. 

Acute respiratory alkalosis decreases urinary phosphate 
excretion but produces marked hypophosphatemia. 465 In 
contrast, patients who receive sodium bicarbonate excrete 
large amounts of phosphate in the urine; however, the hypo-
phosphatemia that may develop is only moderate in nature. 
It has been postulated that in respiratory alkalosis, there is 
an increase in the intracellular pH level with activation of 
glycolysis and increased formation of phosphate-containing 
sugars, leading to a precipitous fall in the concentration of 
serum phosphorus. The mild hypophosphatemia that may 
be seen during administration of sodium bicarbonate is 
probably secondary to increased renal phosphate excretion 
due to a decrease in ionized calcium and release of PTH, as 
well as to the consequences of ECF volume expansion. 

In addition, new clinical disorders have been identi  ed 
in which hypophosphatemia is an important aspect of the 
pathologic condition. Marked hypophosphatemia has been 
associated with acute leukemia or with lymphomas in the 
leukemic phase. 8,435,730 These individuals typically present 
with hypophosphatemia, normocalcemia, and no evidence 
of excess PTH activity. Urinary phosphate concentration is 
typically extremely low. Although kinetic studies have not 
been performed in this setting, the facts that serum phos-
phate concentration correlates with a growth phase of the 
tumors and that hyperphosphatemia is seen when cells are 
destroyed by chemotherapy or radiotherapy strongly sug-
gest that serum phosphorus was initially used in the rapid 
growth of new cells. Because these patients are often severely 
ill and under treatment with glucose infusions, as well as 
antacids and other drugs known to induce hypophospha-
temia, they may be at great risk of developing severe acute 
phosphorus depletion. 

Another clinical condition in which hypophosphatemia 
has been a prominent feature is the toxic shock syndrome. 
Chesney et al. 124 described 22 women with this  disorder 
who showed hypocalcemia and hypophosphatemia as 
prominent manifestations. Whether respiratory alkalosis 
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Skeletal muscle weakness and electromyographic abnor-
malities are associated with chronic hypophosphatemia and 
phosphate depletion. Dogs that were fed low-phosphate di-
ets for several months developed changes in muscle, rhab-
domyolysis, and characteristic increases in their levels of 
creatinine kinase and aldolase in blood. 329  Rhabdomyolysis 
has been observed in alcoholic patients with hypophospha-
temia. 330  Knochel et al. 329  showed that myopathy associated 
with phosphate depletion in dogs did lead to changes in cell 
water content, sodium concentration, and transmembrane 
potential difference. Kretz et al. 341  examined the possibility 
that changes in calcium transport in the sarcoplasmic reticu-
lum of muscle were responsible for the clinical myopathy 
seen in acute phosphate depletion. Despite signi  cant hypo-
phosphatemia and a reduction in muscle phosphorus con-
centration, they found no signi  cant changes in the rate of 
calcium uptake of calcium-concentrating ability in vesicles 
prepared from muscle sarcoplasmic reticulum of phosphate-
depleted rats. Thus, the role of altered transcellular calcium 

disease seen in diabetic patients. Patients with mild degrees 
of hypophosphatemia are usually asymptomatic. However, if 
hypophosphatemia is severe—that is, if serum phosphorus 
levels are less than 1.5 mg per dL—a series of hematologic, 
neurologic, and metabolic disorders may develop. In gen-
eral, the patients become anorectic and weak, and mild bone 
pain may be present if the hypophosphatemia persists for 
several months (Table 73.3). 

 Cardiovascular and Skeletal Muscle 
Manifestations 
 Severe cardiomyopathy with decreased cardiac output has 
been described in patients and animals with severe hypo-
phosphatemia. 484,731  Studies revealed that the resting muscle 
membrane potential fell, sodium chloride and water content 
of the tissue increased, and potassium content decreased 
in severe hypophosphatemia. 205  These values returned to 
 within the normal range after phosphate was administered. 

TA B L E

 Clinical and Biochemical Manifestations of Marked Hypophosphatemia 
TA B L E

 C73.3

 I. Cardiovascular and skeletal muscle 
  A. Decreased cardiac output 
  B. Muscle weakness 
  C. Decreased transmembrane resting potential 
  D. Rhabdomyolysis 
 II. Carbohydrate metabolism 
  A. Hyperinsulinemia 
  B. Decreased glucose metabolism 
 III. Hematologic alterations 
  A. Red blood cells 
  1. Decreased adenosine triphosphate (ATP) content 
  2. Decreased 2,3-DPG 
  3. Decreased P 50  
  4. Increased oxygen af  nity 
  5. Decreased lifespan 
  6. Hemolysis 
  7. Spherocytosis 
  B. Leukocytes 
  1. Decreased phagocytosis 
  2. Decreased chemotaxis 
  3. Decreased bactericidal activity 
  C. Platelets 
  1. Impaired clot retraction 
  2. Thrombocytopenia 
  3. Decreased ATP content 
  4. Megakaryocytosis 
  5. Decreased lifespan 

 IV. Neurologic manifestations 
  A. Anorexia 
  B. Irritability 
  C. Confusion 
  D. Paresthesias 
  E. Dysarthria 
  F. Ataxia 
  G. Seizures 
  H. Coma 
 V. Skeletal abnormalities 
  A. Bone pain 
  B. Radiolucent areas (X-ray) 
  C. Pseudofractures 
  D. Rickets or osteomalacia 
 VI. Biochemical and renal manifestations 
  A. Low parathyroid hormone levels 
  B. Increased 1,25(OH) 2 D 3  
  C. Hypercalciuria 
  D. Hypomagnesemia 
  E. Hypermagnesuria 
  F. Hypophosphaturia 
  G. Decreased glomerular   ltration rate 
  H. Decreased T m  for bicarbonate 
  I. Decreased renal gluconeogenesis 
  J. Decreased titratable acid excretion 
  K. Increased creatinine phosphokinase 
  L. Increased aldolase 

From Slatopolsky E. Pathophysiology of calcium, magnesium, and phosphorus. In: Klahr S, ed. The Kidney and Body Fluids in Health and Disease. New York: 
Plenum Press; 1983:269, with permission.
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movements in phosphate-depleted tissues is yet to be com-
pletely resolved. 

 Effects on Carbohydrate Metabolism 
Hyperinsulinemia and abnormal glucose metabolism sug-
gesting insulin resistance have been described in phos-
phate depletion. DeFronzo and Lange 155 have used the 
glucose and insulin clamp technique to study the kinetics 
of glucose metabolism in patients with various chronic hy-
pophosphatemic conditions including vitamin D–resistant 
rickets. When glucose was infused to maintain constant 
glycemia at 125 mg per dL, hypophosphatemic individuals 
required 36% less glucose to maintain these glycemic lev-
els than controls. Also when euglycemia was achieved by 
combined insulin and glucose infusion, the hypophospha-
temic individuals required 40% less glucose to maintain 
euglycemia than controls. Insulin catabolism was appar-
ently unaffected in these hypophosphatemic individuals. 
These data indicate that hypophosphatemia is associated 
with impaired glucose metabolism in both hyperglycemic 
and euglycemic patients. 

 Hematologic Manifestations 
Hematologic abnormalities of hypophosphatemia are a 
major manifestation of this syndrome. 388,668 In addition to 
defects in af  nity of oxyhemoglobin leading to generalized 
tissue hypoxia, there may be increased hemolysis. 298,327

Quantitative and functional defects have also been de-
scribed in platelets and leukocytes. 142 These defects lead 
to diminished platelet aggregation and abnormalities in 
chemotaxis and phagocytosis of white blood cells. The lat-
ter may contribute to the increased risk of gram-negative 
sepsis reported in hypophosphatemic patients. 549 This is 
of particular concern in immunosuppressed patients re-
ceiving phosphate-poor alimentation through a central 
venous line. 

 Neurologic Manifestations 
Manifestations at the level of the central nervous system, 
resulting in generalized anorexia and malaise or more se-
vere disturbances such as ataxia, seizures, and coma, have 
been described in hypophosphatemia. 404,405,522 Neuromus-
cular abnormalities include paresthesias and weakness, the 
result of both myopathic changes and diminished nerve 
conduction.72

 Skeletal Abnormalities 
The skeletal abnormalities associated with hypophospha-
temia, particularly in vitamin D–resistant rickets, may be 
quite marked. In addition, bony abnormalities, including 
osteomalacia and pathologic fractures, have been de-
scribed in antacid-induced phosphate depletion, 37,139

as well as in hypophosphatemic patients undergoing 
hemodialysis who did not receive phosphate  binding 
gels.11 A rheumatic syndrome resembling ankylosing 

spondylitis also has been reported in hypophosphatemic 
patients.464

 Gastrointestinal Disturbances 
These manifestations include anorexia, nausea, and vom-
iting.405 It has been speculated that hypophosphatemia in 
the alcoholic patient may further impair hepatic function 
through hypoxic insult. 

 Renal Manifestations 
There is decreased phosphorus excretion and decreased tu-
bular reabsorption of calcium, magnesium, bicarbonate, and 
glucose.130,165,181,227,228,230 The renal conservation of phospho-
rus occurs early in the syndrome and is the result of a pri-
mary increase in the tubular reabsorption of the anion and 
a decrease in the GFR and consequently in the   ltered load 
of phosphorus. 230,468 This mechanism results in complete 
renal conservation of phosphorus, with net losses represent-
ing only a small fraction of total body phosphorus stores. 405

The increase in phosphorus reabsorption seen with phospho-
rus depletion is independent of several hormones known to 
in  uence phosphorus transport under other circumstances, 
including PTH, vitamin D, calcitonin, and thyroxine. 640 The 
possibility that serum phosphorus concentration per se (or 
intracellular phosphorus) may in some manner regulate its 
absorption along the nephron seems plausible. Hypercalciuria 
of enough magnitude to produce a negative calcium balance 
is seen commonly in hypophosphatemic patients. Several fac-
tors contribute to this increase in calcium excretion including 
increased calcium mobilization from bone, enhanced GI tract 
calcium absorption, and inhibition of renal tubular calcium 
reabsorption. 130,165,181,227,228,230 These effects appear to be in-
dependent of PTH activity and may be the result of a direct 
effect of phosphate on these transport processes. 

 Acid–Base Disturbances 
Renal bicarbonate wasting, diminished titratable acid excre-
tion, and decreased ammoniagenesis have been reported in 
hypophosphatemia.165,485 However, these defects are coun-
terbalanced to some extent by the mobilization of alkali 
from bone. Thus, steady-state pH may be near normal at the 
expense of skeletal buffers. 181

 Differential Diagnosis of Hypophosphatemia 
In general, the cause of hypophosphatemia can be deter-
mined either from the medical history or from the clini-
cal setting in which it occurs. When the cause is in doubt, 
measurement of the urinary phosphorus excretion level 
may be helpful. If the urinary phosphorus concentration is 
less than 4 mg per dL when the serum phosphorus level 
is less than 2 mg per dL, renal losses may be excluded. 256

Of the three  major extrarenal causes including diminished 
phosphorus intake, increased extrarenal losses (GI tract), 
and translocation into the intracellular space, the last is the 
most common, particularly in the hospitalized patient. 309,364

2134



CHAPTER 73  DISORDERS OF PHOSPHORUS, CALCIUM, AND MAGNESIUM METABOLISM 2135

potassium phosphate (K phosphate) into 1 L of intravenous 
  uid provides 22 mEq of potassium and 15 mmol (466 mg) 
of phosphorus. 364 However, because potassium losses may 
greatly exceed the phosphorus de  cit, the repletion of po-
tassium should not be totally linked to phosphorus therapy. 
In patients with severe phosphate depletion, it is dif  cult to 
determine the magnitude of the total de  cit of phosphorus 
and to calculate a precise initial dose. It is usually prudent to 
proceed with caution and repair the de  cit slowly. The most 
frequently recommended regimen is 0.08 mmol per kg of 
body weight (2.5 mg per kg body weight) given over 6 hours 
for severe but uncomplicated hypophosphatemia and 0.016 
mmol per kg of body weight (5 mg per kg of body weight) 
in symptomatic patients. 364 Parenteral administration should 
be discontinued when the serum phosphorus concentration 
is greater than 2 mg per dL. 

Calcium administration may be needed during phos-
phate repletion to prevent severe hypocalcemia. Calcium 
must not be added to bicarbonate- or phosphate-containing 
solutions because of the potential precipitation of calcium 
salts. Intravenous infusion of calcium gluconate or calcium 
chloride may be given until tetany abates. In addition to 
hypocalcemia, metastatic calci  cation, hypotension, hy-
perkalemia, and hypernatremia are potential side effects of 
parenteral infusion of phosphorus. These problems can be 
prevented by judicious use of therapy and frequent monitor-
ing of serum electrolyte concentrations. 

 Hyperphosphatemia 
Hyperphosphatemia is said to occur when the serum phos-
phorus concentration exceeds 4.6 mg per dL in adults. In
children, serum levels of phosphorus of up to 6 mg per dL 
may be physiologic. The most frequent cause of hyperphos-
phatemia is decreased excretion of phosphorus in the urine 
as a result of a fall in the GFR. However, increases in serum 
phosphorus concentration can also occur as a result of in-
creased entry into the ECF due to excessive intake of phos-
phorus, increased release of phosphorus from tissue break-
down, and release of phosphorus from the skeletal reservoir 
through bone resorption. The major causes of hyperphos-
phatemia are listed in Table 73.4. 

 Decreased Excretion of Phosphorus in Urine 
 Decreased Renal Function 
In progressive kidney failure, phosphorus homeostasis is 
maintained by a progressive increase in phosphorus excre-
tion per nephron. 624,625 As a result of increased phosphorus 
excretion per nephron, it is unusual to see marked hyper-
phosphatemia until GFRs decrease to less than 25 mL per 
minute.624,625 Under physiologic conditions with a GFR of 
120 mL per minute, a fractional excretion of 5% to 15% 
of the   ltered load of phosphorus is adequate to maintain 
phosphorus homeostasis. However, as renal insuf  ciency 
progresses and the number of nephrons decreases, fractional 
excretion of phosphorus may increase to as high as 60% to 

When the urinary phosphorus excretion level is high, the 
differential diagnosis includes hyperparathyroidism, a pri-
mary renal tubular abnormality, or vitamin D–dependent 
or –resistant renal rickets. Measurements of serum calcium, 
PTH, and vitamin D and its metabolites, as well as urinary 
excretion of other solutes (glucose, amino acids, and bicar-
bonate), will usually elucidate the underlying disturbance 
that is responsible for the hypophosphatemia. 

 Treatment of Hypophosphatemia 
There are several general principles that apply to the treat-
ment of hypophosphatemic patients. As with any predomi-
nantly intracellular ion (e.g., potassium), the state of total 
body phosphorus stores, as well as the magnitude of phos-
phorus losses, cannot be readily assessed by measurement 
of the concentrations in serum. In fact, under conditions in 
which a rapid shift of phosphorus has resulted from glucose 
infusion or hyperalimentation, total body stores of phospho-
rus may be normal, although with diminished intake and 
renal losses, there may be severe phosphorus depletion. 
Furthermore, the volume of distribution of phosphorus may 
vary widely, re  ecting in part the intensity and duration of 
the underlying cause. 364

In clinical situations in which hypophosphatemia is to 
be expected (e.g., glucose infusion or hyperalimentation in 
the alcoholic or nutritionally compromised patient during 
treatment of diabetic ketoacidosis), careful monitoring of the 
concentration of serum phosphorus is crucial. In these situ-
ations, addition of phosphorus supplementation to prevent 
the development of severe hypophosphatemia may prove 
very helpful. Certainly, other  contributing causes of hypo-
phosphatemia in this setting should be identi  ed and treat-
ed. This is particularly true of the use of phosphate binding 
antacids (aluminum and magnesium hydroxide) for peptic 
ulcer disease, which may be replaced by aluminum phos-
phate antacids (Phosphagel) or cimetidine (Tagamet). It is 
now generally recommended that hyperalimentation solu-
tions contain a phosphorus concentration of 12 to 15 mmol 
per L or 37 to 46.5 mg per dL, in order to provide an appro-
priate amount of phosphorus in the patient in whom renal 
impairment is absent. 364 Phosphorus supplementation dur-
ing glucose infusion or during the treatment of ketoacidosis 
is usually withheld until the serum phosphorus levels de-
crease to less than 1 mg per dL. Phosphorus may be given 
orally to these patients and others with mild asymptomatic 
hypophosphatemia in the form of skim milk, which contains 
0.9 mg per mL, Neutra-phos (3.3 mg per mL), or phospho-
rus soda (129 mg per mL). However, intestinal absorption 
is quite variable, and diarrhea often complicates the oral ad-
ministration of phosphate-containing compounds. For these 
reasons, parenteral administration is usually recommended 
in the hospitalized patient. If oral therapy is permissible, Fleet 
Phospho-Soda may be given at a dosage of 60 mmol daily in 
three doses (21 mmoL per 5 mL or 643 mg per 5 mL). A con-
venient method is to provide the phosphorus  together with 
potassium replacement in these patients. Addition of 5 mL of 
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binders such as calcium carbonate, sevelamer, or lanthanum 
carbonate that decrease the absorption of  phosphate from 
the GI tract. 568  In patients with acute kidney injury (AKI), 
hyperphosphatemia is a common   nding. 430  The degree of 
hyperphosphatemia in patients with acute renal failure var-
ies considerably. It is quite marked in patients with renal 
insuf  ciency secondary to severe trauma or nontraumatic 
rhabdomyolysis. 335  Hyperphosphatemia in CKD and AKI 
directly stimulates osteocyte, osteoblast, odontoblast, and 
vascular smooth muscle cell signaling that results in gene 
transcription of  RUNX2  and  osterix . 434  In vascular smooth 
muscle cells of neointimal atherosclerotic plaques and cardi-
ac valves, stimulation of  RUNX2  and  osterix  produce matrix 
calci  cation akin to bone formation. 590  In mineralizing vas-
cular smooth muscle cells, Pi is a signal stimulating molecule, 
and the sodium-dependent Pi transport protein PIT1 may be 
the phosphorus sensing receptor. 381  Thus, hyperphosphate-
mia is related to vascular  calci  cation and both of these are 
cardiovascular risk factors in CKD. 69,398  Cardiovascular mor-
tality is extremely high in CKD and hyperphosphatemia and 
vascular calci  cation  account for much of this. 192,630  

 Decreased or Absent Levels of Circulating 
Parathyroid Hormone 
 Hypoparathyroidism is characterized by low or absent 
 levels of PTH, low levels of serum calcium, and hyper-
phosphatemia. 498  The most common causes of hypopara-
thyroidism result from injury to the parathyroid glands, or 
their blood supply during thyroid, parathyroid, or radical 
neck surgery. Idiopathic hypoparathyroidism is a rare dis-
ease. Because PTH normally inhibits the renal reabsorption 
of phosphorus, its absence leads to an elevation in the Tm 
for phosphorus and a decrease in the excretion of the an-
ion in the urine. Balance is reestablished when the serum 
phosphorus concentration rises to 6 to 8 mg per dL. At 
this concentration of serum phosphorus, the   ltered load 
of phosphate is increased, exceeding the Tm for phospho-
rus reabsorption, and a new steady-state is reestablished. 
Patients with  hypoparathyroidism are easily diagnosed by 
the   ndings of a low level of serum calcium, hyperphos-
phatemia, and undetectable levels of circulating immuno-
reactive PTH. After  several years of hypoparathyroidism, 
other signs may become manifest such as cataracts and 
bilateral symmetrical calci  cation of the basal ganglia on 
X-ray   lms of the skull. The most striking symptoms in 
patients presenting with hypoparathyroidism are related to 
an increase in neuromuscular excitability resulting from a 
decrease in the levels of ionized calcium in serum. Some 
patients may not develop hypocalcemia and severe tetany, 
but increased neuromuscular excitability may be dem-
onstrated by contraction of facial muscles in response to 
stimulus over the facial nerve (Chvostek’s sign) or by carpal 
spasm (Trousseau’s sign) occurring 2 or 3 minutes after in-
  ating a blood pressure cuff around the arm above systolic 
blood pressure. In other patients, psychiatric disturbances, 

 From Slatopolsky E. Pathophysiology of calcium, magnesium, and phos-
phorus. In: Klahr S, ed.  The Kidney and Body Fluids in Health and Disease.  
New York: Plenum Press; 1983:269, with permission. 

TA B L E

 Causes of Hyperphosphatemia 
TA B L E

73.4

 I. Decreased renal excretion of phosphate 
  A. Renal insuf  ciency 
  1. Chronic 
  2. Acute 
  B. Hypoparathyroidism 
  C. Pseudohypoparathyroidism 
  1. Type I 
  2. Type II 
  D. Abnormal circulating parathyroid hormone 
  E. Acromegaly 
  F. Tumoral calcinosis 
  G. Administration of bisphosphonates 
 II.  Increased entrance of phosphorus into the 

 extracellular   uid 
  A. Neoplastic diseases 
  1. Leukemia 
  2. Lymphoma 
  B. Increased catabolism 
  C. Respiratory acidosis 
 III.  Increased intake and gastrointestinal absorption of 

phosphorus 
  A.  Pharmacologic administration of vitamin D 

 metabolites 
  B.  Ingestion and/or administration of phosphate salts 
 IV.  Miscellaneous 
  A. Cortical hyperostosis 
  B. Intermittent hyperphosphatemia 
  C. Artifacts 

80% of the   ltered load. This progressive phosphaturia per 
nephron serves to maintain the concentration of phosphorus 
within normal limits in plasma as renal disease progresses. 
The decrease in phosphate reabsorption per nephron is 
 stimulated by increased PTH and FGF23 levels. However, 
when the number of nephrons is greatly diminished, if the 
dietary intake of phosphorus remains constant, phosphorus 
homeostasis can no longer be maintained and hyperphos-
phatemia develops. This usually occurs when the GFR falls 
to less than 25 mL per minute. As hyperphosphatemia devel-
ops the   ltered load of phosphorus per nephron increases, 
phosphorus excretion rises, and phosphorus balance is 
reestablished but at higher concentrations of serum phos-
phorus, PTH, and FGF23. Hyperphosphatemia is a usual 
  nding in patients with far-advanced renal insuf  ciency un-
less phosphorus intake in the diet has decreased through 
dietary manipulations or the patient is receiving phosphate 
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children (5 to 8 mg per dL) than in adults. This may be re-
lated in part to increased levels of circulating GH in children. 

 Tumoral Calcinosis 
This condition, which is seen more frequently in young 
African Americans, is characterized by hyperphosphate-
mia, ectopic calci  cation around large joints, normal levels 
of circulating immunoreactive PTH, and a normal response 
to administration of exogenous PTH. 408,732 The extensive 
calci  cation of soft tissues observed in patients with this 
condition is most likely due to an elevated phosphorus–
calcium product in blood. Despite the development of hy-
perphosphatemia, patients with tumoral calcinosis do not 
develop secondary hyperparathyroidism. This may be due 
to the fact that circulating levels of 1,25-dihydroxycho-
lecalciferol remain within the normal range in these pa-
tients despite hyperphosphatemia. These normal levels of 
1,25-dihydroxycholecalciferol maintain a normal GI tract 
absorption of calcium. This, combined with the decreased 
urinary calcium observed in these patients, may serve to 
maintain normal serum calcium values and prevent the de-
velopment of secondary hyperparathyroidism. 

The pathogenesis of this disease has been clari  ed by 
genetic studies of rare familial forms, see below. Mutations 
in three genes,  FGF23, KLOTHO, and GALNT3, all related 
to FGF23 function, have been found to cause tumoral cal-
cinosis.48,291,667 Because acquired tumoral calcinosis is most 
often observed in association with kidney disease, which is 
characterized by reduced  KLOTHO and FGF23 signaling, 
tumoral calcinosis is probably related to decreased phospho-
rus excretion by the kidney. 454

 Familial Tumoral Calcinosis 
Familial tumoral calcinosis (FTC) is inherited in both au-
tosomal recessive and autosomal dominant patterns. 407,409,

410,455,495,521,629 The disease most commonly appears be-
fore the second decade of life, presenting as periarticular 
calci  ed masses of the hip, elbow, or shoulder. This disor-
der is associated with hyperphosphatemia and increased 
renal tubular Pi reabsorption, but with normal serum lev-
els of calcium and parathyroid hormone. Serum levels of 
1,25-dihydroxyvitamin D may be normal or elevated. 

Biallelic mutations in the UDP- N-acetyl-alpha-D-
galactosamine:polypeptide N-acetylglucosaminyltransferase 
3 ( GALNT3) gene have been identi  ed in two large families as 
a cause of FTC. 290 GALNT3 encodes a glycosyltransferase re-
sponsible for initiating mucin-type O-glycosylation. FGF23 
is O-glycosylated which blocks the recognition sequence for 
SPC and processing of FGF23. Thus, lack of  GALNT3 func-
tion leads to reduced FGF23 levels. Furthermore, inactivat-
ing mutations of FGF23 have been shown to cause tumoral 
calcinosis.48 Recently, mutations in the  KLOTHO gene have 
also been shown to cause familial tumoral calcinosis. 291

Thus, familial tumoral calcinosis is a disease of decreased 
FGF23 signaling. 

paresthesias, numbness, muscle cramps, and dysphagia 
may be presenting symptoms. 

 Pseudohypoparathyroidism 
This is a relatively rare condition characterized by end- 
organ resistance to the action of PTH. 13 Characteristically, 
the kidney and skeleton do not respond appropriately to the 
action of PTH. Some patients with pseudohypoparathyroid-
ism (PHP) may have speci  c somatic characteristics such as 
short stature, round face, short metacarpal bones and pha-
langes, and some degree of mental retardation.  Biochemically, 
these patients, like those with hypoparathyroidism, have low 
concentrations of serum calcium and hyperphosphatemia. 
However, there are two important points in the differential 
diagnosis. First, in most patients with PHP, the circulating lev-
els of immunoreactive PTH are elevated, whereas in  patients
with true hypoparathyroidism PTH levels are low or absent. 
Second, patients with PHP do not respond to the administra-
tion of exogenous PTH with phosphaturia. Patients with true 
hypoparathyroidism demonstrate a heightened phosphatu-
ric response to administration of exogenous PTH. Two major 
types of PHP have been described. In type I, patients fail to 
increase the excretion of cAMP or phosphate in the urine 
in response to the administration of exogenous PTH. PHP 
type Ia is due to defects in the guanosine triphosphate (GTP) 
binding protein, G S (the alpha subunit of the heterotrimeric 
stimulatory G protein), which is a product of the  GNAS gene 
locus, whereas PHP type Ib is due to methylation defects in 
the imprinted GNAS cluster. 425 In other patients, there is an 
increase in cAMP in response to the administration of exog-
enous PTH but no phosphaturic response. This condition 
has been termed PHP type II. 169

 Abnormal Circulating Parathyroid Hormone 
This syndrome is characterized by hyperphosphatemia, 
hypocalcemia, chronic tetany, and cataracts. These manifesta-
tions, as described previously, are those observed in patients 
with hypoparathyroidism, but these patients have normal or 
high serum levels of PTH. However, in contrast to patients 
with pseudohypoparathyroidism, they do respond to the ex-
ogenous administration of PTH, with an increase in the ex-
cretion of cAMP and phosphaturia. It has been postulated 
that the defect in these patients relates to an abnormal form 
of endogenous PTH that is devoid of physiologic effects. 137

However, this postulate has not been substantiated by charac-
terization and analysis of the circulating PTH in these  patients. 

 Acromegaly 
GH decreases the urinary excretion of phosphorus and in-
creases the Tm for phosphorus. 350 Hypersecretion of GH may 
lead to development of gigantism if the increased secretion 
occurs before the closure of the epiphysis or to acromegaly if 
the excessive secretion occurs after puberty. Hyperphospha-
temia has been described in patients with acromegaly. It is 
known that serum phosphorus concentrations are higher in 
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malignant lymphomas. The best method of prevention of this 
complication, as well as the best therapeutic intervention, has 
not been well de  ned. Initially, it appears useful to attempt to 
increase the renal excretion of phosphate during the induction 
of remission by chemotherapy in these patients. This requires 
infusion of large amounts of saline and possibly bicarbonate, 
which has been shown to increase renal phosphorus excre-
tion above and beyond the mere  effects of volume expansion. 
Acetazolamide, a potent phosphaturic agent, might also be 
bene  cial in these individuals. The general recommendation 
of hemodialysis as the prime therapeutic modality for hyper-
phosphatemia and acute renal insuf  ciency resulting from 
tumor lysis is not based on experimental data. Although he-
modialysis no doubt rapidly lowers serum phosphorus levels, 
the mass of phosphorus continually presented to the extracel-
lular space from ongoing tissue breakdown is not continuous-
ly treated by this modality. Thus, it is possible that  combined 
hemodialysis and peritoneal dialysis, or even peritoneal di-
alysis alone, might be as, if not more, bene  cial and safer in 
individuals with tumor lysis syndrome. 

 Increased Catabolism 
Conditions characterized by increased protein breakdown 
(e.g., severe tissue muscle damage and severe infections) 
may sometimes be accompanied by hyperphosphatemia. 
Although the hyperphosphatemia may be related simply 
to translocation of phosphorus into the extracellular space, 
other factors seem to play a role. Hyperphosphatemia has 
been described in patients with ketoacidosis before treat-
ment. After administration of intravenous   uids and insu-
lin therapy, the entrance of glucose into the cells is usually 
followed by movement of phosphorus back into the intracel-
lular space, and some patients now may develop hypophos-
phatemia. Thus, the combination of dehydration, acidosis, 
and tissue breakdown in different catabolic states may lead 
to hyperphosphatemia. 

 Respiratory Acidosis 
Acute respiratory acidosis may lead to a marked increase in 
serum phosphorus concentration. 217 By contrast, chronic 
respiratory acidosis is usually not manifested by sustained 
elevated levels of serum phosphorus. Acute rises in P CO2 in 
experimental animals have been shown to lead to increased 
serum phosphorus levels. The modest degree of hyperphos-
phatemia seen in chronic respiratory acidosis is probably 
related to renal compensation and increased phosphorus ex-
cretion via the kidney to maintain phosphorus homeostasis. 

 Increased Intake and Gastrointestinal 
Absorption of Phosphorus 
 Administration of Phosphate Salts or Vitamin D 
or Its Metabolites 
Administration of vitamin D 3 or its metabolites, particular-
ly 1,25-dihydroxycholecalciferol, may result in increases in 
serum phosphorus, particularly in uremic patients. These 

 Administration of Bisphosphonates 
Administration of bisphosphonates, which are used in the 
treatment of Paget disease and osteoporosis, may result in 
the development of hyperphosphatemia. 685 The mechanisms 
by which bisphosphonates increase serum phosphorus are 
not completely clear but may involve an alteration in phos-
phate distribution between different cellular compartments 
and a decrease in renal phosphorus excretion. It appears that 
the levels of both circulating PTH and the urinary excretion 
of cAMP after administration of exogenous PTH are within 
the normal range in patients receiving bisphosphonates. 

 Redistribution of Phosphorus between 
Intracellular and Extracellular Pools 
 Tumor Lysis Syndrome 
Various syndromes of tissue breakdown may result in the de-
velopment of hyperphosphatemia and subsequent hypocal-
cemia. Hyperphosphatemia has been described in patients 
with several types of lymphomas. Patients receiving treat-
ment for lymphoblastic leukemia may develop hyperphos-
phatemia with a concomitant decrease in serum calcium 
concentration.734 The phosphorus load originates primarily 
from the destruction of lymphoblasts, which have about four 
times the concentration of organic and inorganic phospho-
rus present in mature lymphocytes. 

Similar   ndings have been described during treatment of 
Burkitt lymphoma. Cohen et al. 133 reviewed the acute tumor 
lysis syndrome associated with the treatment of Burkitt lym-
phoma. In 37 patients with American Burkitt lymphoma, azo-
temia occurred in 14 patients and preceded chemotherapy in 
eight. Pretreatment of azotemia was associated with elevated 
levels of lactate dehydrogenase (LDH) and uric acid and some-
times extrinsic ureteral obstruction by the tumor. After che-
motherapy, major metabolic complications related to tumor 
lysis were associated with large tumors and high LDH levels 
and were manifested by hyperkalemia, hyperphosphatemia, 
and hyperuricemia. Elevated phosphorus levels were seen in 
31% of nonazotemic patients and in all azotemic patients. He-
modialysis was required in three patients for control of azo-
temia, hyperuricemia, hyperphosphatemia, or hyperkalemia. 

Tsokos et al. 669 studied the renal metabolic complications 
of other undifferentiated lymphomas and  lymphoblastic lym-
phomas. These workers found that serum LDH concentration 
before chemotherapy correlated well with the stage of disease 
and predicted the serum levels of creatinine, uric acid, and 
phosphorus in the posttreatment period. Patients with LDH 
values of more than 2,000 IU were likely to develop severe 
hyperphosphatemia. When azotemia developed in the post-
chemotherapy period, it was attributed to hyperuricemia or 
hyperphosphatemia. Some of these patients had elevated se-
rum phosphorus levels in the range of 20 to 30 mg per dL, 
which may contribute to the development of renal insuf  cien-
cy due to calcium deposition in the kidney and other tissues. 

Thus, there is a great risk of hyperphosphatemia in 
patients undergoing chemotherapy for rapidly growing 
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 calci  cation in tissue such as cornea and lungs. In patients 
with severe calci  cation (calciphylaxis), it appears that high 
 levels of circulating PTH may also aggravate this condition. 
Hyperphosphatemia plays a key role in the development of 
secondary hyperparathyroidism in patients with renal insuf-
  ciency. It has been observed that when phosphate inges-
tion is decreased and hyperphosphatemia is prevented in 
experimental animals with induced renal insuf  ciency, hy-
perparathyroidism can be prevented. 622  The mechanisms 
presumably relate to maintenance of serum calcium levels 
with prevention of hyperphosphatemia and, at the same 
time, continued synthesis of 1,25-dihydroxycholecalciferol, 
the circulating levels of which may directly in  uence the se-
cretion of PTH. 229,628  Several investigators 156,499,611,623  have 
demonstrated that dietary phosphate markedly in  uences 
the rate of parathyroid cell proliferation and PTH synthesis 
and secretion independent of changes in ionized calcium or 
1,25-dihydroxycholecalciferol. It seems that the mechanism 
by which phosphorus increases PTH synthesis and secretion 
is posttranscriptional. Moreover, in experimental uremic 
rats, it has been shown that phosphate restriction suppresses 
parathyroid cell growth by inducing p21, a repressor of the 
cell cycle. On the other hand, a high phosphate intake rap-
idly (3 to 5 days) induces signi  cant parathyroid cell hyper-
plasia by inducing an increase in transforming growth  factor 
    (TGF   ). 344  TGF   , which is known to promote growth 
not only in malignant transformation but also in normal 
tissues, 170,176  is enhanced in hyperplastic and adenomatous 
human parathyroid glands. 226  In patients on chronic hemo-
dialysis, the degree of hyperparathyroidism correlates well 
with the concentration of serum phosphorus. Patients who 
do not adhere to their therapeutic prescriptions requiring 
ingestion of phosphate binders seem to develop more severe 
and persistent hyperphosphatemia with marked secondary 
hyperparathyroidism and bone disease than patients who 
adhere carefully to dietary and therapeutic prescriptions. 

compounds very likely may result in hyperphosphatemia 
in  uremic individuals by increasing phosphorus absorption 
from the gut and perhaps by potentiating the effect of PTH on 
the skeleton with increased release of phosphorus from bone. 
Decreased renal function limits the compensatory mechanism 
of the kidney to excrete the increased load of phosphate en-
tering the extracellular space. In addition to elevating serum 
phosphorus levels, vitamin D metabolites may result in hy-
percalcemia. An increase in the  phosphorus–calcium product 
may result in tissue deposition of calcium, particularly in the 
kidney, leading to further renal functional deterioration. 

 Ingestion or Administration of Salts Containing 
Phosphate 
 Hyperphosphatemia has been observed in adults ingesting 
laxative-containing phosphate salts or after administration of 
enemas containing large amounts of phosphate. 273,441  Intra-
venous phosphate administration has been used in the treat-
ment of hypercalcemia of malignancy. The administration of 
1 to 2 g of phosphate intravenously decreases the concen-
tration of serum calcium. Unfortunately, the severe hyper-
phosphatemia induced by administration of large amounts 
of phosphorus intravenously may lead to calcium-phosphate 
precipitation in important organs such as the heart and kid-
ney, and several deaths resulting from this form of therapy 
have been reported. Hyperphosphatemia may develop in 
newborn infants who are fed cow’s milk, which is higher 
in phosphorus content than human milk. This may be an 
important factor in the genesis of neonatal tetany. 

 Clinical Manifestations of 
Hyperphosphatemia 
 Acute hyperphosphatemia following administration of phos-
phate enemas or oral sodium phosphate solution has been 
associated with acute and chronic renal failure or acute 
phosphate nephropathy. 5,426  Otherwise, most of the clini-
cal effects of hyperphosphatemia are related to secondary 
changes of calcium metabolism. Hyperphosphatemia pro-
duces  hypocalcemia by several mechanisms (Fig. 73.7), 
including decreased production of 1,25-dihydroxycholecal-
ciferol, precipitation of calcium, and decreased absorption 
of calcium from the gastrointestinal tract, presumably due 
to a direct effect of phosphorus on calcium absorption. 462

In addition to the manifestations by hypocalcemia, which 
are described elsewhere in this chapter, ectopic calci  cation 
is one of the important manifestations of hyperphospha-
temia. The association of hyperphosphatemia and ectopic 
calci  cation has been observed in several clinical settings 
including in patients with chronic renal failure, hypopara-
thyroidism, and tumoral calcinosis. It appears that when 
the calcium–phosphorus product exceeds 70, the likeli-
hood for calcium precipitation is greatly increased. In addi-
tion to the calcium–phosphorus product,  local tissue  factors 
may play an important role in calcium deposition. For ex-
ample, regional changes in pH (local alkalosis) may favor 

 FIGURE 73.7 Pathophysiologic changes occurring during the 
development of hyperphosphatemia. These changes tend to 
increase the urinary excretion of phosphorus and to correct the 
hyperphosphatemia. 
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Although coronary artery calci  cations worsen with age, this 
abnormality has been demonstrated in young patients. 231 In 
fact, postmortem examination of children with renal failure 
demonstrated that 60% to 70% had calci  cation of the heart, 
lungs, and blood vessels. 452 Positive calcium balances of 500 
to 900 mg daily were demonstrated in uremic patients re-
ceiving large doses of calcium carbonate. 627 Thus, it is criti-
cal not only to reduce the Ca–PO 4 product to less than 60, 
but also to signi  cantly decrease the calcium load that pa-
tients receive to control serum phosphorus. 

To avoid these deleterious side effects, well-tolerated 
calcium albumin–free phosphate binders have been devel-
oped—sevelamer hydrochloride or carbonate and lantha-
num carbonate that are not absorbed from the GI tract that 
interact with phosphate ions. Several short-term clinical 
studies in patients with end-stage renal disease (ESRD) have 
established that they are effective phosphate binders without 
increasing the calcium load to the patients. 121,621 In addition, 
sevelamer hydrochloride decreases low-density lipoprotein 
cholesterol by 30% to 40%, and in long-term studies in-
creases high-density lipoprotein cholesterol by 20% to 30%; 
it does not affect triglycerides. 122

Studies have shown that nicotinamide may also be an 
effective agent to decrease serum phosphorus levels. Be-
cause nicotinamide is an inhibitor of sodium-dependent 
phosphate cotransport in rat renal tubule and small intes-
tine,315,719 studies have examined whether nicotinamide 
reduces serum levels of phosphorus and intact parathy-
roid hormone (iPTH) in patients undergoing hemodialysis. 
Sixty-  ve hemodialysis patients with a serum phosphorus 
level of more than 6.0 mg per dL after a 2-week washout 
of calcium carbonate were enrolled in this study. Nicotin-
amide was administered for 12 weeks. The starting dose 
was 500 mg per day, and the dose was increased by 250 mg 
per day every 2 weeks until serum phosphorus levels were 
well controlled at less than 6.0 mg per dL. A 2-week post-
treatment washout period followed the cessation of nicotin-
amide. Blood samples were collected every week for mea-
surement of serum calcium, phosphorus, lipids, iPTH, and 
blood nicotinamide adenine dinucleotide (NAD). The mean 
dose of nicotinamide was 1080 mg per day. The mean blood 
NAD concentration increased from 9.3    1.9 nmol per 105 
erythrocytes before treatment to 13.2    5.3 nmol per 105 
erythrocytes after treatment. The serum phosphorus con-
centration increased from 5.4    1.5 mg per dL to 6.9    1.5 
mg per dL with the pretreatment washout, then decreased 
to 5.4   1.3 mg per dL after the  12-week nicotinamide 
treatment, and rose again to 6.7    1.6 mg per dL after the 
posttreatment washout. Serum calcium levels decreased 
during the pretreatment washout from 9.1    0.8 mg per 
dL to 8.7   0.7 mg per dL with the cessation of calcium 
carbonate. No signi  cant changes in serum calcium levels 
were observed during nicotinamide treatment. Median se-
rum iPTH levels increased with pretreatment washout from 
130.0 (32.8 to 394.0) pg per mL to 200.0 (92.5 to 535.0) 
pg per mL and then decreased from the maximum 230.0 

Vascular calci  cation has been observed in some patients 
with chronic renal insuf  ciency and severe calci  cation, 
hyperphosphatemia, and hyperparathyroidism, leading to 
necrosis and gangrene of extremities. Slit-lamp examination 
may show ocular calci  cation, and some patients may de-
velop acute conjunctivitis, the so-called red eye syndrome 
of uremia. Precipitation of calcium in the skin may be in 
part responsible for pruritus, a symptom that is usually seen 
in patients with far-advanced uremia. It has been reported 
that parathyroidectomy in such patients may alleviate the 
symptoms. From the therapeutic point of view, the most ef-
  cacious way of controlling hyperphosphatemia is through 
the use of phosphate binders that decrease the absorption 
of phosphorus from the GI tract. In patients with adequate 
renal function, expansion of the ECF with saline will greatly 
increase phosphorus excretion in the urine and contribute to 
correction of the hyperphosphatemia. 

 Treatment of Hyperphosphatemia 
Decreased absorption of phosphate from the GI tract is a 
cornerstone of treatment of hyperphosphatemia. Phosphate 
absorption from the GI tract can be markedly decreased by 
decreasing the amount of phosphorus in the diet, by ad-
ministering phosphate binding agents capable of decreasing 
absorption of phosphorus, or both. Because protein require-
ments limit the amount of phosphorus restriction that can 
be achieved through dietary manipulation, from a practical 
point of view, administration of agents capable of decreas-
ing phosphorus absorption from the GI tract is the mainstay 
of treatment. Administration of calcium salts has replaced 
aluminum salts as the traditional treatment to control hy-
perphosphatemia. Most of these preparations require the ad-
ministration of two to four tablets or capsules three or four 
times daily. If the patient develops constipation, one of the 
complications of such medications, magnesium salts may be 
incorporated into these preparations. However, if the patient 
has hyperphosphatemia secondary to severe  renal insuf  -
ciency, magnesium should not be given because of the like-
lihood of producing severe hypermagnesemia, which may 
lead to magnesium intoxication, muscle paralysis, and death. 

The elucidation of aluminum toxicity, which results 
from prolonged administration of aluminum-containing 
salts, as phosphate binders to patients with chronic renal 
insuf  ciency, has led to diminished use of these agents or 
their elimination. 52,689 Several studies indicate that calcium 
carbonate463,626,627 is an effective agent for control of hyper-
phosphatemia in chronic renal failure. However, numerous 
investigators have demonstrated an increase in the number 
of aortic and mitral valve calci  cations in patients on dialysis 
when compared with the general population. Cardiovascu-
lar events are responsible for a 40% to 60% mortality rate 
of patients on dialysis. 240,397,547,558 Morbidity and mortality 
rates increase as the Ca–PO 4 product raises to more than 
60. Braun et al., 88 with the use of electron beam computed 
tomography (CT), demonstrated a signi  cant deposition 
of calcium in the coronary arteries of patients on dialysis. 
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primarily crystalline hydroxyapatite, although some calcium 
exists as amorphous crystals in combination with phos-
phate. The normal calcium:phosphate ratio in bone is 1.5:1. 

 Extracellular Calcium 
In humans, the serum calcium concentration is kept remark-
ably constant, between 9.0 and 10.4 mg per dL, or 4.5 to 5.2 
mEq per L, or 2.25 to 2.6 mmol per L. About 50% of serum 
calcium is ionized and 10% is complexed with citrate, phos-
phate, bicarbonate, and lactate. These two fractions, ionized 
plus complexed calcium ( ultra  ltrable calcium), make up ap-
proximately 60% of the total serum calcium. The rest, 40%, 
is protein bound, mainly to albumin. In hypoproteinemic 
states, such as the nephrotic syndrome or cirrhosis, although 
total serum calcium may be low, the ionized fraction may 
be within the normal range. Five to 10% of the calcium is 
bound to globulins. It is unusual for total serum calcium 
concentrations to change because of alterations in the lev-
els of serum globulins. However, in severe hyperglobulin-
emia, such as may occur in patients with multiple myeloma 
or other dysproteinemias, elevations of total serum calcium 
concentrations may be observed. 

 Intracellular Calcium 
Calcium is the major intracellular ionic messenger for the ac-
tivation of many biologic processes. 286 The intracellular con-
centration of calcium is approximately 0.15   M (Table 73.5 
and Fig. 73.8). Cells extrude calcium via pumps or exchang-
ers, sequester it in intracellular organelles, or use low-af  nity 
binding sites with large capacities to maintain free calcium, 
Ca2 , at the 0.15  M level. 109,303 Intracellular calcium is 
complexed with ions such as orthophosphate or pyrophos-
phate and is bound to organic molecules such as ATP and 
proteins. Three major cellular calcium pools exist: (1) bound 
to multiple diverse sites, (2) sequestered in intracellular or-
ganelles, and (3) bound or free within the cytosol. 286

Extrusion of Ca 2  from the cell and sequestration in 
intracellular organelles are transport functions generally 
carried out by two mechanisms, Na  -Ca2  exchange and 
Ca-ATPase (Table 73.5 and Fig. 73.8). 109,166,303,416,481,577,714 In 
cardiac muscle, nerve, brain, and kidney, calcium extrusion 
is directly coupled to sodium transport. 481,545 The  Na -Ca2 

transport system depends on the asymmetric distribution 
of Na   across the plasma membrane. The Na-K-ATPase of 
the plasma membrane maintains the Na   gradient. Thus, 
the movement of Na   into the cell is coupled to the   ux of 
Ca2  out of the cell. This Na  -Ca2  antiport system is elec-
trogenic with a stoichiometry of three Na   per Ca 2 .111,545 A 
second and more ubiquitous mechanism of calcium ef  ux 
energizes uphill transport of calcium by the hydrolysis of 
high-energy–yielding phosphate bonds of ATP. 416,577,639

The cytosolic calcium concentration is also main-
tained by an active transport into mitochondria and the 
endoplasmic reticulum (Fig. 73.8). It has been shown that 
mitochondria accumulate Ca 2  through a Ca-uniporter, with 
Ca2  moving down an electrochemical gradient. The  Km for 

(90.8 to 582.0) pg per mL to 150.0 (57.6 to 518.0) pg per 
mL after the 12-week nicotinamide treatment. With nico-
tinamide, serum high-density lipoprotein (HDL) cholesterol 
concentrations increased from 47.4    14.9 mg per dL to 
67.2   22.3 mg per dL and serum low-density lipoprotein 
(LDL) cholesterol concentrations decreased from 78.9   
18.8 mg per dL to 70.1   25.3 mg per dL; serum triglyc-
eride levels did not change signi  cantly. 654 This study dem-
onstrated that nicotinamide may provide an alternative for 
controlling hyperphosphatemia and hyperparathyroidism 
without inducing hypercalcemia in hemodialysis patients. 

Although decreased GI absorption of phosphorus is an 
effective way to control hyperphosphatemia in patients with 
renal insuf  ciency, excretion of phosphorus through the 
kidney is also an important mechanism. Thus expansion of 
the ECF volume may markedly increase phosphorus excre-
tion by the kidney. This result is presumably  related both 
to direct effects of volume expansion on the kidney, which 
decreases salt and water reabsorption and hence phosphorus 
reabsorption, and to increased PTH release, particularly as a 
consequence of decreased ionized calcium during volume 
expansion. In patients with marked renal insuf  ciency or 
with marked degrees of hyperphosphatemia due to tumor 
lysis or chemotherapy, peritoneal dialysis or hemodialysis 
may be used to remove large quantities of phosphorus from 
the extracellular space. Redistribution of phosphorus from 
the intracellular to the extracellular space can sometimes be 
rapidly corrected by the administration of glucose and insu-
lin. In general, mild degrees of hyperphosphatemia can be 
tolerated, particularly if calcium levels are not markedly el-
evated. The goal in patients with chronic renal insuf  ciency 
is to keep phosphorus levels at less than 4.5 mg per dL to 
avoid falls in serum ionized calcium and marked develop-
ment of severe hyperparathyroidism. 

 CALCIUM 
Calcium, the most abundant cation of the body and the 
principal mineral of the human skeleton, is essential to the 
integrity and function of cell membranes, neuromuscular 
excitability, transmission of nerve impulses, multiple enzy-
matic reactions, and regulation of hormones such as PTH, 
calcitonin, and 1,25-dihydroxycholecalciferol. A complex 
homeostatic system involving the interplay of the bones, the 
kidneys, and the intestine has evolved to maintain calcium 
concentrations within a narrow range. 

 Distribution of Calcium 
The total amount of calcium in the human body ranges from 
1,000 to 1,200 g or 20 to 25 g per kg of fat-free body tissue. 
Approximately 99% of body calcium resides in the skeleton; 
the other 1% is present in the extracellular and intracellular 
spaces. About 1% of the calcium in the skeleton is freely 
exchangeable with calcium in the ECF. Together, these two 
fractions are known as the exchangeable pool of calcium and 
account for 2% of total body calcium. Calcium in bone is 
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Ca 2     of the uniporter is about 1    mmol per L. Mitochon-
dria also contain an Na   -Ca 2     exchange mechanism. In the 
mitochondria, calcium and phosphate ions form insoluble 
amorphous tricalcium phosphate, a reaction that releases 
hydrogen ions into the cytosol. Cell injury may lead to a rise 
in intracellular calcium suf  cient for Ca 2     to be sequestered 
in the mitochondria. 168  Ca 2     is sequestered in the endoplas-
mic reticulum by the action of a Ca-ATPase, which differs 
in properties from that found on the plasma membrane and 
Golgi apparatus. 343,466  During the early response of cells to 
certain stimuli, production of IP 3  and cyclic adenosine di-
phosphate ribose stimulates the opening of Ca 2     channels 
in the endoplasmic reticulum, serving to transiently increase 
cytosolic Ca 2     and allow the ion to act as an intracellular sig-
nal. Recently, polycystin-2 has been identi  ed as an IP 3  sen-
sitive ER Ca release channel. 339  Polycystin-2 is the product of 
the gene mutated in type 2 autosomal dominant  polycystic 
kidney disease (ADPKD). 339  This identi  es polycystin-2 as a 
critical regulator of renal tubular epithelial cell Ca signaling, 
and suggests that disordered Ca signaling during develop-
ment leads to polycystic kidney disease. 

 Skeletal Calcium 
 More than 99% of the total body calcium is found in the 
skeleton. Bone consists of approximately 40% mineral, 
30% organic matrix, and 30% water. Bone mineral exists 

Epithelial Calcium Transporters
TA B L ETA B L E
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 Plasma membrane 
  A. Calcium channels 
   1. TRPV5 
   2. TRPV6 
  B. Calcium buffer proteins 
   1. Calbindin    9K 
   2. Calbindin    28K 
  C. Calcium/Na exchangers 
   1. NCX1 
   2. NCX2 
   3. NCX3 
  D. Calcium ATPases 
   1. PCA1 
   2. PMCA2 
   3. PMCA3 
   4. PMCA4 
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   1. SERCA: IP 3  sensitive Ca release channel 
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  A. Calcium channel (uniporter) 
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 FIGURE 73.8 Control of intracellular calcium. 
The distal tubule epithelial cell is portrayed as 
an example of cellular control of cytosolic Ca 2     
concentrations. Cells extrude Ca by energy 
(ATP) dependent pumps to maintain cytosolic 
levels at the 0.15      M range. Intracellular stores 
in the endoplasmic reticulum (ER) and the 
mitochondria (Mito) have pumps to load in Ca 
and release channels, the IP 3  receptor, and the 
ryanodine receptor for the ER. Entry of calcium 
is controlled by entry channels, TRPV5 (which 
was originally called ECaC) in the case of the 
distal tubule epithelium and Na/Ca exchange 
transporters. Ca entering the cell is sequestered 
by vesicles enriched in calbindin 8K (CaBP) or 
25K in the kidney and intestine, respectively. 
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 observed. 347  Bone remodeling is a coupled process because 
the activation of a remodeling unit sets two cell differentia-
tion programs into operation—that of the osteoblast and 
that of the osteoclast. Bone marrow stromal cells, the osteo-
progenitors that will become osteoblasts, harbor the recep-
tors that are recognized by the factors capable of activating 
bone remodeling. Their stimulation results in the synthesis 
of a cell-attached ligand for RANK (receptor for activation 
of nuclear factor kappa B) on osteoclast progenitors, known 
as RANK ligand (RANKL). 102,336,349  RANKL and macrophage 
colony-stimulating factor (MCSF-1) are the critical osteo-
clast differentiation factors, and these local bone marrow 
factors are suf  cient to direct osteoclast formation. Thus, 
stimulation of osteoblastic cells leads to stimulation of os-
teoclasts, and the process of skeletal remodeling represents 
bone formation and bone resorption. 

 The osteoclasts responsible for bone resorption are mul-
tinucleated giant cells lying in irregular indentations of the 
bone surface known as Howship’s lacunae. Bone resorption 
depends on the number and activity of osteoclasts. The pro-
cess of bone resorption performed by the osteoclasts includes 
the production of an acidic environment by proton secretion 
and matrix degradation by cathepsin K. The osteoblasts, on 
the other hand, are the cells responsible for the repair pro-
cess after bone resorption (bone formation). Differentiation 
of the cells in the osteoblast lineage begins with speci  ca-
tion of mesenchymal stem cells to the lineage by expression 
of osteoblast-speci  c transcription factors—RUNX2 172  and 
Osterix. 476  RUNX2 expression is stimulated by the bone 
morphogenetic protein subfamily of the TGF    superfam-
ily responsible for the direction of osteoblast differentiation 
and bone formation. Cells early in the process of osteoblast 
differentiation initiate bone matrix production by the bio-
synthesis of collagen. Thereafter, the matrix is mineralized 
by the deposition of calcium and phosphate, with forma-
tion of amorphous material initially and then  development 
of  hydroxyapatite. The deposition of mineral occurs along a 
well-de  ned front (“mineralization front”), outside of which 
there is an osteoid border or seam. The osteoid begins to 
calcify about 10 days after deposition. From the architectural 
point of view, the skeleton is composed of two types of bone: 
(1) compact cortical bone, which surrounds the marrow cav-
ity and forms the shaft of the long bones, and (2) cancel-
lous or trabecular bone, which is the main component of   at 
bones, such as ribs, and vertebra. 

 A differentiation between two other general types of 
bone is critical in the diagnosis of metabolic bone disease. 
The   rst, called woven bone (immature bone) 1  is a loosely 
organized, highly mineralized bone in which the collagen 
  bers are coarsely arranged and the osteocytes are large 
and irregular in size and shape. Woven bone is formed by 
simultaneous and unorganized actions of many cells. The 
calci  cation of the tissue is patchy, occurring in a speckled 
pattern and independent of the presence of vitamin D activ-
ity. Woven bone is present in the fetus, but after age 14 is no 
longer found in the human skeleton, except with pathologic 

in two physical forms, the amorphous and the crystalline. 
The amorphous form consists mainly of brushite and trical-
cium phosphate; the crystalline form is composed mainly 
of hydroxyapatite. More than 90% of the organic material 
of the bone matrix is in the form of collagen   bers that are 
arranged in bundles with speci  c interaction with hydroxy-
apatite. Crystalline skeletal Ca is the huge Ca depot that is 
slowly exchangeable with blood and interstitial   uid pools 
of extracellular Ca. A large rapidly exchangeable Ca pool 
is also found in the skeleton (Fig. 73.9). The nature of the 
freely exchangeable calcium pool in bone is unknown, but 
it is unlikely to be collagen- associated hydroxyapatite. The 
Ca pool is likely amorphous and found associated with areas 
of active bone formation (mineralization fronts) where Ca is 
being deposited into the crystalline (poorly exchangeable) 
pool of bone. 

 A coupled process of bone resorption and formation 
(remodeling) is responsible for exit of calcium from the ex-
changeable pool (bone formation) and release of skeletal 
calcium (bone resorption) into the exchangeable pool. Re-
modeling imbalance contributes to serum calcium in certain 
disease states, especially CKD. Pathologic states in which 
bone resorption is increased (i.e., when bone resorption is 
greater than bone formation) produce profound changes 
in calcium homeostasis. In states wherein bone formation 
is decreased and bone resorption continues in excess (i.e., 
the renal adynamic bone disorder), hypercalcemia is often 

Bone  formationBone  resorption

Inte rs titia l fluid

Glomerula r
filtra tion
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 FIGURE 73.9 The exchangeable Ca pool. Absorbed Ca from the 
intestine enters the interstitial   uid and blood compartments. 
These compartments are in equilibrium with a larger com-
plexed Ca compartment located in the mineralization fronts at 
sites of skeletal remodeling and bone formation. Ca leaves the 
 exchangeable pool by the enterohepatic circulation, glomerular 
  ltration, and bone formation. Besides intestinal absorption, Ca 
enters the exchangeable pool by bone resorption and tubular 
reabsorption. 
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diet, approximately 800 mg is excreted in the feces and 200 
mg in the urine (Fig. 73.10). With a normal Ca intake (700 
to 1,000 mg per day), approximately 30% to 40% of ingest-
ed Ca is absorbed in the intestine. However, on lower Ca 
diets, the percentage of Ca absorbed increases, and the per-
centage of Ca absorbed decreases when the diet has a high 
Ca content (more than 1,500 mg per day). The mechanisms 
responsible for this adaptation have been partially character-
ized and require the participation of PTH, vitamin D, and 
perhaps calcitonin. With low-Ca diet feeding, mild hypo-
calcemia activates the parathyroid gland chief cell Ca sensor 
and the release of PTH, which increases the conversion of 
25-hydroxycholecalciferol to 1,25-dihydroxycholecalciferol 
in the renal cortex. 1,25-Dihydroxycholecalciferol is the hor-
monal metabolite of vitamin D, and it increases the intestinal 
absorption of Ca and mobilizes Ca from bone, synergisti-
cally with PTH. Thus, serum Ca levels return to normal. On 
the other hand, if the patient is fed a high-Ca diet, the mild 
hypercalcemia inhibits the chief cell Ca sensor, suppress-
ing PTH, and stimulates the release of calcitonin from the 
C cells of the thyroid. In the absence of PTH, the activity of 
the 1   -hydroxylase is diminished and the 24- hydroxylase is 
activated; thus, the kidney makes preferentially 24,25-dihy-
droxycholecalciferol [24,25(OH) 2 D 3 ], which is less ef  cient 
than 1,25-dihydroxycholecalciferol in promoting Ca absorp-
tion from the GI tract and mobilizing calcium from the skel-
eton. Fecal calcium consists of the fraction of ingested Ca 
that is not absorbed plus 100 to 200 mg of Ca secreted by 

conditions such as chronic kidney disease, Paget disease, 
hyperparathyroidism and during rapid bone turnover, as in 
the presence of healing fractures. 1,2,670  The second general 
type of bone is lamellar bone (mature bone), which is the 
major component of the normal adult skeleton. It is a highly 
organized tissue in which the collagen bundles are arranged 
in successive layers, between which are cells called osteo-
cytes. Lamellar bone is the product of synchronized activity 
by the osteoblast depositing collagen materials at a speci  c 
cell surface. 

 Another difference between woven bone and lamellar 
bone relates to the relation of mineral to collagen. In lamel-
lar bone, the relative amounts of collagen and minerals are 
closely related, making hypermineralization in these bones 
dif  cult. Mineralization of woven bone is disorderly, and 
the degree of mineralization varies enormously; thus, hy-
permineralization (osteosclerosis) may occur in this type of 
bone. 1,2,86  

 PTH, in conjunction with PTH-related peptide (PTHrP), 
other locally produced cytokines, and vitamin D, play key 
roles in bone turnover. At physiologic doses, PTH has an 
anabolic effect, increasing bone formation. Thus, PTH, by 
increasing calcium reabsorption by the kidney and gut and 
through stimulation of the osteoblast, affects the rate of bone 
formation. However, in pathologic conditions (e.g., hyper-
parathyroidism), the concentration of PTH in serum may be 
increased 10- to 50-fold. At this high concentration, PTH 
increases the activity and number of osteoclasts; thus, bone 
resorption predominates over bone formation, and miner-
als and organic matrix are removed from bone and enter 
the ECF. Not only PTH but also other hormones such as 
PTH-related proteins, thyroxine, interleukin-1 (IL-1), and 
tumor necrosis factor can produce severe hypercalcemia by 
increasing the activity of osteoclasts. The bone remodeling 
in these conditions, such as renal failure, is characterized by 
increased woven bone. 86,280,421  

 Calcium Balance 
 Approximately 700 to 2,000 mg of Ca is ingested daily in 
the diet. However, this amount may vary depending on the 
amount of milk consumed. Milk and cheese are the major 
sources of Ca, contributing 50% to 70% of the total amount 
ingested in the diet. In the United States, 1 L of milk con-
tains approximately 800 to 900 mg of Ca. About 10 to 15 
mg of Ca per kilogram of body weight is the recommended 
daily intake. Ca needs may vary widely; for instance during 
the last trimester of pregnancy, there is an increased require-
ment for Ca because approximately 20 to 30 g of Ca enters 
the fetus. Transfer of Ca from the mother to milk during 
lactation is another instance of increased Ca demand. 675  In 
these states, intestinal absorption may not be suf  cient and 
regulation of extracellular Ca by the calcium sensor, PTH 
and PTHrP, regulate the intestine and the skeleton to sup-
ply the needed Ca. With age, active intestinal Ca absorption 
declines; thus, an increase in Ca intake may be necessary to 
maintain Ca homeostasis. When 1 g of Ca is ingested in the 

 FIGURE 73.10 Diagrammatic representation of Ca metabolism 
in humans showing the contribution of the gastrointestinal 
tract, the kidney, and bone to the maintenance of the Ca pool. 
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and jejunum, where the luminal Ca concentration is lower 
than 6.0 mmol per L, the active transport process assumes a 
predominant role. 442  

 Active intestinal calcium transport involves three steps: 
(1) the transport of Ca from the lumen into the cell; (2) the 
movement of Ca within the cell; and (3) the movement of 
Ca from the cell into the interstitial   uid (Fig. 73.11). In-
sulation of the cell interior from the millimolar Ca concen-
trations of plasma suggests that a brush-border component 
is instrumental in the transfer of Ca into the epithelial cell. 
The transfer of Ca across the intestinal brush-border sur-
face is modulated by vitamin D. 19,190,383  The early effects of 
1,25-dihydroxycholecalciferol on Ca transport are mediated 
by changes in the structure of the luminal membrane of 
the intestine. 543  Administration of 1,25-dihydroxycholecal-
ciferol leads to an increase in de novo synthesis and total 
content of phosphatidylcholine of the BBM. These chang-
es in lipid structure precede or occur simultaneously with 
the change in calcium transport rate. 543  However, the ma-
jor mechanism of Ca entry across the intestinal enterocyte 
brush border of the duodenum, proximal jejunum, and ce-
cum is through a channel, TRPV6, 267,270  which shares high 

the intestine daily. The secreted digestive juice Ca is known 
as endogenous fecal calcium. The amount of Ca secreted by 
the intestine is fairly constant and is not greatly in  uenced 
by hypercalcemia. 

 Intestinal Calcium Absorption 
 The mechanisms of Ca transport across the intestinal mucosa 
are complex, but our understanding of the physiology is rap-
idly improving. Intestinal Ca absorption occurs by two general 
mechanisms: active and passive transport (Fig. 73.11). 690,691  
The passive process involves paracellular movement of Ca in 
some intestinal segments, and active transport involves move-
ment through mucosal epithelial cells. When the intestine is 
perfused in vitro with increasing Ca concentrations, the rate 
of movement of Ca from the mucosa to the serosa increases 
without evidence of saturation or a maximum transport rate. 
An active transport process would be expected to be satura-
ble. It has been estimated that at luminal Ca concentrations of 
more than 7.0 mmol per L, Ca is transported primarily by a 
diffusional process. 95 . This suggests that in regions of the in-
testine such as the ileum, where the Ca concentration is high, 
the passive transport process predominates. In the duodenum 
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 FIGURE 73.11 Intestinal Ca transport in jejunal enterocytes. Ca transport may be through the paracellular space or by an active 
 process through the cell. Transport of Ca from the jejunal lumen through the microvillar membrane is through the TRPV6 channel. Ca 
is shuttled down the microvillar stalk by calmodulin/myosin (CM/MY) to the glycocalyx where it is bound to calbindin 9K and vesicle 
sequestered, Ca vesicles deliver Ca to the endoplasmic reticulum and to the  ef  ux pathway, a Ca ATPase in the basolateral membrane. 
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Many factors regulate intestinal Ca absorption includ-
ing (1) dietary Ca intake; (2) vitamin D intake; (3) age of the 
patient; (4) the general state of Ca balance; and (5) circulat-
ing levels of PTH, which all affect active transport. In addi-
tion to PTH and vitamin D, other factors such as phosphate 
in  uence Ca absorption. High-phosphate diets decrease 
Ca absorption, possibly due to the formation of relatively 
insoluble calcium–phosphate complexes that decrease the 
availability of Ca for transepithelial uptake and to decreased 
1,25-dihydroxycholecalciferol synthesis secondary to hy-
perphosphatemia. Experimentally, large concentrations of 
lactose or other sugars (mannose, xylose) or certain amino 
acids (lysine, arginine) inhibit intestinal Ca absorption. The 
physiologic signi  cance of these observations is unknown. 
The decreased Ca absorption produced by glucocorticoids 
has therapeutic implications in the management of hypercal-
cemic disorders associated with excessive intake or  increased 
sensitivity to vitamin D. 

 Renal Handling of Calcium 
In humans who have a GFR of 170 L per 24 hours and se-
rum ultra  ltrable Ca concentrations of 6 mg per dL, roughly 
10 g of Ca is   ltered per day. The amount of Ca excreted in 
the urine usually ranges from 100 to 200 mg per 24 hours; 
hence, 98% to 99% of the   ltered load of Ca is reabsorbed by 
the renal tubular epithelium (Fig. 73.12). There are remark-
able similarities in the handling of Ca and Na by the kidney. 
Less than 2% of their   ltered load is excreted normally, and 
there is no evidence of tubular secretion of either Ca or Na in 
the mammalian nephron. Urinary excretion of either Na or 
Ca is controlled by adjustments in tubular reabsorption. Ap-
proximately 60% of the   ltered Ca is reabsorbed in the PCT 
(Fig. 73.12), 20% to 30% in the loop of Henle, 10% by the 
distal convoluted tubule, and 1% by the collecting system. 
The terminal nephron (connecting segment, distal tubule, 
and collecting duct), although responsible for the reabsorp-
tion of only 10% of the   ltered Ca load, is the major site for 
regulation of Ca excretion. 

 Calcium in the Glomerular Filtrate 
Micropuncture studies of the kidney in the Munich-Wistar 
rat with surface glomeruli have demonstrated that the ratio 
of Ca in   uid of Bowman’s space to plasma (TF/P  calcium) 
is 0.6, indicating that only the serum Ca not bound to 
protein is   lterable. 256 Thus, approximately 60% of the to-
tal Ca, which is the ultra  ltrable Ca, is   ltered across the 
glomerulus. 

 Proximal Convoluted Tubule 
Potential factors regulating Ca reabsorption in the PCT in-
clude convection (solvent drag), concentration (increased Ca 
concentration in tubular   uid due to absorption of Na and 
water), and transepithelial potential difference. Microperfu-
sion studies of the rabbit PCT in vitro 73,474 and micropunc-
ture of the rat in vivo 672 indicate that   uid absorption and 

homology (75%) with the renal tubular epithelial calcium 
channel (TRPV5). 283,482 The TRPV acronym stands for the 
Transient Release Potential (TRP), family of Ca channels of 
the Vanilloid (V) receptor type, TRPV. 283 TRPV6 is voltage-
dependent and permeant to Sr and Ba but not Mg. It is in-
hibited by the trivalent cations Gd and La, and the divalent 
Cd and Co. 267,270,271

Less is known about the movement of Ca within the in-
testinal cell. When Ca enters the cell, it either diffuses or is 
carried across the cell to the basolateral membrane, where 
it is pumped out into the serosal medium. Studies suggest 
that Ca entering through the apical membrane is accumu-
lated in subcellular organelles within the terminal web of 
the microvillus. This process is stimulated by 1,25-dihy-
droxycholecalciferol through nongenomic mechanisms. 322

Calmodulin is the major Ca binding protein in the micro-
villus.62,63 Its concentration in the microvillus is increased 
by 1,25- dihydroxycholecalciferol by redistribution from 
the cytosol. No new calmodulin synthesis is required or ob-
served after 1,25-dihydroxycholecalciferol administration. 62

Calmodulin is thought to play a major role in Ca transport 
within the microvillus, whereas calbindin is thought to be 
the dominant Ca binding protein in the cytoplasm. The hy-
pothesis put forth by Bikle et al. 62,63 is that calmodulin and 
myosin 1 regulate Ca movement within the microvillus to 
where Ca accumulates within intracellular organelles through 
the action of calbindin. Movement in the intracellular organ-
elle provides Ca access to the ef  ux mechanisms. Thus, Ca is 
transported across the cell without affecting cytoplasmic Ca 
levels. Speci  c Ca binding proteins have been demonstrated 
in the mucosal cells of the intestine of many species. 657,692–694

Their molecular weights are 8,000 to 25,000 and they are re-
ferred to as calbindins. Calbindins are transcriptionally regu-
lated by vitamin D, and calbindin- 9K is present in intestinal 
mucosal cells, whereas calbindin- 25K is present in distal renal 
tubular cells involved in active transepithelial Ca 2  transport 
and the brain, but not in bone or other cells. The time course 
of the calbindins’ appearance after vitamin D treatment is 
similar to the time course of changes in Ca transport, and 
they are localized in the glycocalyx surface of the brush bor-
der of the mucosal intestinal cells. The exact role of these 
proteins in Ca transport by mucosal cells is still unknown, 
but it appears to be related to movement of Ca from the entry 
channel to a shuttle mechanism delivering it to the cell exit 
mechanism (Fig. 73.11). Increased intestinal Ca absorption 
is accompanied by an increase in calbindin levels without 
changes in their intrinsic binding af  nity ( Km) for Ca. 

Calcium movement from the mucosa to the serosal sur-
face of the intestinal epithelia occurs against a concentration 
gradient. The intestinal cells contain a “pump” capable of 
moving calcium against an electrochemical gradient, 109 a Ca-
dependent ATPase that is increased by vitamin D. 639 The in-
crease in Ca ATPase parallels the change in Ca transport after 
vitamin D repletion. Delivery of intracellular Ca to the exit 
pump is a process largely unknown but appears to  involve
calbindins.

2146



CHAPTER 73   DISORDERS OF PHOSPHORUS, CALCIUM, AND MAGNESIUM METABOLISM 2147

are thought to participate in cell volume regulation. 439  Baso-
lateral ef  ux of calcium PCTs may be mediated in whole or 
in part by Na   -Ca 2     exchange. 167,199,583,672,727  

 Proximal Straight Tubule (Pars Recta) 
 Calcium is transported in the pars recta by a process that is 
not inhibited by ouabain. 560  Because ouabain abolishes water 
and sodium transport, this suggests that the  sodium–calcium 
exchange is not the major mechanism for Ca extrusion across 
the basolateral membrane in this segment of the nephron. 
Approximately one third of the Ca transported can be at-
tributed to sodium and water, and thus, it would seem that 
an active transport component plays an important role in the 
reabsorption of Ca in the proximal straight tubule. 

solvent drag, as well as diffusion along an electrochemical 
gradient, contribute to net Ca   ux. The reabsorption of Ca in 
the PCT parallels that of Na and water: The ratio of tubular 
  uid to plasma ultra  ltrable calcium in the earliest portion 
of the PCT rises to 1.1 and remains at this value along the 
rest of the PCT. This is compatible with passive Ca reabsorp-
tion secondary to Na and water reabsorption along most of 
the PCT. The transepithelial movement occurs through the 
paracellular pathway across the tight junction. Although the 
passive movement of Ca through a paracellular pathway ac-
counts for most of the Ca transport across the proximal tu-
bule, there is evidence of an active transport component in 
this segment of the nephron (Fig. 73.13). 73,171,201,356,672  Dur-
ing stop-  ow microperfusion experiments measuring net 
PCT ef  ux, Ullrich et al. demonstrated that the tubular   uid 
Ca concentration was lower than that in the capillary. 672

They calculated the active transport rate as 3.4     10    13  mol/
cm/second, which is in the range of 20% to 30% of the total 
reabsorptive rate for this segment. 

 The reabsorption of Ca transcellularly rather than 
through intercellular channels is a multistep process in 
which Ca enters the cell across apical membranes and exits 
across basolateral plasma membranes. Calcium-permeable 
channels in PCT cells have been described. 189,438–440  How-
ever, these are activated by membrane stretch and, therefore, 

 FIGURE 73.12 Schematic illustration of the reabsorption of cal-
cium by different segments of the nephron.  CCD , cortical collect-
ing duct;  CNT , connecting tubule;  DCT , distal convoluted tubule; 
IMCD , intramedullary collecting duct;  PCT , proximal convoluted 
tubule;  PST , proximal straight tubule;  TAL , thick ascending limb. 
(From Friedman P, Gesek F. Calcium transport in renal epithelial 
cells.  Am J Physiol.  1993;264:F181, with permission.) 

 FIGURE 73.13 Cellular and paracellular calcium transport 
pathways along the nephron. Relative percentage of calcium 
absorbed by cellular or paracellular pathways in the proximal 
convoluted tubule ( PCT ), thick ascending limb ( TAL ), and distal 
convoluted tubule ( DCT ). (From Friedman P, Gesek F. Calcium 
transport in renal epithelial cells.  Am J Physiol.  1993;264:F181, 
with permission.) 
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Ca2  enters the cell across apical plasma membranes,  diffuses 
across the cytosol bound to calcium  binding proteins, and is 
actively extruded from the cell across basolateral membranes 
(Fig. 73.14). The mechanism of Ca 2  entry into the cells 
was de  ned with the expression cloning of the ECaC (now 
TRPV5) (Fig. 73.14). 270 Apical in  ux is considered the rate-
limiting step in transcellular Ca transport and, therefore, the 
regulatory target of stimulatory and inhibitory hormones 
(Fig. 73.15). 201,634 Evidence suggests that hormonal stimuli 
of Ca 2  transport produce an insertion of Ca channels into 
the apical membrane (Fig. 73.15). 34,482,634 Furthermore, thia-
zide diuretics stimulate Ca 2  transport in this segment. 605,664

Thiazides produce their diuretic action by inhibiting a Na  -
Cl  cotransport protein of the apical membrane. 138,605,664

How this is translated into a stimulation of Ca 2  transport 
was elucidated by Shimizu et al. 605 and Bordeau and Lau 83

(Fig. 73.16). In the presence of inhibited apical Na   entry, 
there is increased Na     ux into the cell across the basolateral 
membranes, which is coupled to Ca 2  extrusion, in other 
words actuation of a basolateral Na  -Ca2  exchanger. This 
nephron segment is also characterized by a hormonally reg-
ulated isoform of the Ca-ATPase, PMCA1b, found only in 
epithelia involved in active Ca 2  transport (Fig. 73.14). 79 In 
addition, the vitamin D–regulated calcium binding protein, 
calbindin-28K, associated with Ca 2  transport is also local-
ized in the distal tubule (Fig. 73.14). 78,395

The apical Na-Cl cotransport, which is thiazide sensi-
tive, appears mainly in the distal tubule (Figs. 73.16 and 
73.17). In the connecting tubule and the collecting duct, 
Na  entry occurs through an apical, amiloride-sensitive Na  
channel.395,494,664 Amiloride also stimulates Ca 2  reabsorp-
tion in these segments. The mechanism appears to be, as for 
thiazides, a limitation of apical Na   entry stimulating baso-
lateral Na   entry through a Na  -Ca2  exchange, activating 
Ca2  ef  ux (Figs. 73.16 and 73.17). 

 Factors that Regulate Calcium Transport 
Maneuvers such as administration of parathyroid hormone 
(PTH),30,115,197,459,460 cAMP, 593 and calcitonin, 116,524 ECF vol-
ume expansion, 10,525 insulin administration, 153,154,526,527 and 
phosphate depletion 204,357,717 have all been shown to inhibit 
proximal tubular reabsorption of Ca and increase the de-
livery of Ca to the more distal nephron segments. The rela-
tionship of these maneuvers on urinary Ca excretion, how-
ever, may be a decrease, no change, or an increase in Ca 
excretion, emphasizing again the critical role of the distal 
tubule in the   nal regulation of Ca excretion. Both metabolic 
acidosis652 and phosphate depletion 41,357,717 are accompa-
nied by increased Ca excretion in the urine. Experimental 
studies in animals suggest that the “defect” in Ca reabsorp-
tion in metabolic acidosis 652 and phosphate depletion 717 is 
located in the distal tubule and probably through an effect 
on the TRPV5, 271 although phosphate depletion may also af-
fect Ca transport in the proximal tubule. The  administration
of  sodium bicarbonate, which rapidly corrects acidosis, 
increases Ca reabsorption in the late distal tubule. Similar 

 Loop of Henle 
Neither the thin descending limb nor the thin ascending 
limb (TAL) of the loop of Henle plays an important role in 
calcium reabsorption. 560 In contrast, in vitro studies have 
shown that the TAL of the loop of Henle reabsorbs Ca from 
lumen to both in the absence of water movement. About 
20% of the   ltered Ca is reabsorbed in this segment of the 
nephron. The transepithelial   ux of Ca is proportional to 
the positive transepithelial potential gradient generated by 
sodium chloride transport mechanisms. 81,591,593 Much of this 
  ux is probably paracellular (Fig. 73.13). Studies of the TAL 
suggest that the   ux ratio for Ca may be greater than can be 
accounted for by the positive intraluminal potential; thus, an 
additional active transport process for Ca is present in this 
segment,292,552,651 and it accounts for up to 50% of the total 
Ca transported (Fig. 73.13). This transcellular component 
is regulated by PTH 201,552 and calcitonin in the cortical and 
medullary TALs, respectively. 201,651

Under resting conditions, Ca 2  transport is passive in the 
TAL. Changes in the electrochemical drive for Ca 2  determine 
the magnitude of passive, paracellular absorption. Under these 
circumstances, the transepithelial voltage is the primary deter-
minant of the driving force, and the magnitude of the voltage, 
oriented electropositive in the lumen, is set by the rate of Na  
absorption. As Na   absorption increases, transepithelial volt-
age increases 198,261 and Ca 2    ux increases. Peptide hormones 
that enhance Na   transport and thereby increase the trans-
epithelial voltage in medullary TALs would be expected to 
stimulate passive Ca 2  absorption. Extensive evidence consis-
tent with this model has been provided. 158,162,180 Inhibition of 
Na  absorption reduces the transepithelial voltage and would 
be expected to decrease passive Ca absorption. Furosemide, 
bumetanide, and ethacrynic acid, which block sodium trans-
port in the TAL of the loop of Henle, also block Ca transport. 
The tight junction of the TAL has a speci  c permeability for 
Ca that participates in the voltage-dependent paracellular   ux 
of the cation. This was proven by the discovery that mutations 
in the gene PCLN1 which encodes for the protein Paracellin-1 
(PCLN1), a member of the claudin family of epithelial tight 
junction proteins, 207 cause a syndrome of renal magnesium 
wasting, hypercalciuria, and nephrocalcinosis. 613

 Distal Convoluted Tubule, Connecting 
Tubule, and Collecting Tubule 
Calcium transport in the distal convoluted tubule, connect-
ing tubule, and collecting ducts is an active process. It oc-
curs against an electrochemical gradient. The epithelium 
is considered “tight,” meaning there is very little   uid or 
electrolyte   ux through the paracellular route (Fig. 13). 395

Free   ow micropuncture studies in the rat demonstrate that 
TFCa2 /UFCa2  falls from a value of 0.6 in the early PCT to 
0.3 by the early portion of the cortical collecting duct. This is 
consistent with active transcellular calcium movement. 

Active transcellular Ca 2  absorption in the distal convo-
luted tubule and connecting tubule is a three-step process. 
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 FIGURE 73.14 Calcium transport in distal 
convoluted tubule and connecting tubule. 
Transport mechanisms involved in transcel-
lular Ca   ux are depicted in the lower cell, 
whereas other transport proteins whose 
actions impinge on Ca absorption (apical 
NaCl cotransport, Na channels, basolateral 
chloride channels, and basolateral potas-
sium channels) are shown in the top cell. 
There is no paracellular   ux. The apical NaCl 
cotransport is inhibited by thiazide diuret-
ics whose action in Ca transport is thought 
to be a limitation of Na availability leading 
to increased activity in the basolateral Na/
Ca exchange, NCX1, causing increased Ca 
ef  ux. Likewise, the  epithelial Na channel is 
inhibited by amiloride diuretics whose ac-
tion also stimulates Ca transport similar to 
thiazide diuretics. Ca entry is facilitated by the 
apical epithelial Ca channel TRPV6/5 which 
assembles as homo- or heterotetramers. Sub-
sequently, the ion binds to CABP28K and may 
be delivered to the endoplasmic reticulum. 
The ER may come into close association with 
PMCA1b resulting in delivery of Ca to the ef-
  ux  pathways. 

 FIGURE 73.15 Schematic model for hormonal regulation of transcellular Ca 2     transport in distal nephron. Parathyroid hormone 
(PTH), V 2 , atrial natriuretic peptide (ANP), and EP 3  receptors are localized in the basolateral membrane, whereas A 1  is present in the api-
cal membrane. EP 2/4  and P 2Y  are present in both membranes. 1,25-dihydroxycholecalciferol passes plasma membranes and binds to 
the intracellular vitamin D receptor (VDR). Hormones can be divided into stimulatory hormones, including PTH, arginine vasopressin, 
ANP, prostaglandin E 2  (PGE 2 ) (via EP 2/4 ), and adenosine, and inhibitory hormones such as adenosine triphosphate and PGE 2  (via EP 3 ). 
(From Hoenderop JG, Willems PH, Bindels RJ. Toward a comprehensive molecular model of active calcium reabsorption.  Am J Physiol 
Renal.  2000;278:F352, with permission.)  
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 results are found when phosphate is given to an animal that 
has been previously phosphate depleted. 

 PTH plays an important role in the regulation of Ca 
transport and reduces urinary Ca excretion (Fig. 73.15). 
In humans, the status of the parathyroid gland greatly in-
  uences the amount of Ca excreted in the urine. At equal 
  ltered loads of Ca, patients with high levels of circulating 
PTH have less Ca in the urine than those in whom the levels 
of PTH in serum are low. Experimental evidence indicates 
the main effect of PTH is in the distal tubule and connect-
ing tubule 30,197,605–607  and is mediated through the adenylate 
cyclase system. Although PTH inhibits proximal tubular re-
absorption of Na and Ca, the main action of PTH is localized 
in more distal segments of the nephron. 

 Studies in rabbits have shown a PTH-sensitive Ca trans-
port mechanism in the cortical TAL. 459,460  Little is known 
about how PTH affects the paracellular pathway for Na  
and Ca 2     reabsorption of the PCT. Studies in isolated renal 
cortical BBM vesicles indicate that PTH mimics the effect of 
membrane phosphorylation on Ca binding and transloca-
tion. 320,634  Phosphorylation of BBM vesicles  produces an 
increase in membrane-bound Ca due to production of nega-
tively charged phospholipids. 282  Aminoglycosides compete 
for the binding of Ca to phospholipids. In the presence of 
a chemical potential for Ca, PTH also stimulates Ca binding 
that is aminoglycoside inhibitable, as well as an increase in 
the BBM content of the acidic phospholipids produced by 
phosphorylation. 282  The control of Ca ef  ux across the baso-
lateral membrane of the PCT by PTH involves the Na   -Ca 2   

 FIGURE 73.16 Model of Ca 2     transport in distal convoluted 
tubule, connecting tubule, and cortical collecting duct cells. 
Transport mechanisms involved in apical Ca 2     entry (channels) 
and basolateral ef  ux (Ca 2    -ATPase and Na  -Ca 2     exchange) are 
depicted. Other transport proteins whose action impinges on 
Ca 2     absorption (apical Na   -Cl cotransport, Na   channels, baso-
lateral Cl channels, and basolateral K    channels) are shown. The 
apical Na   -Cl cotransport is inhibited by thiazide diuretics whose 
action on Ca 2     transport is thought to be a limitation of Na    avail-
ability leading to increased activity of the basolateral Na   -Ca 2     
exchange causing increased Ca 2   ef  ux. This would assume basal 
activity of Ca 2     channel activity. The dependency of the thiazide 
effect on the presence of parathyroid hormone (PTH) would be 
expected because PTH stimulates insertion of Ca 2     channels into 
the apical membrane. (From Friedman P, Gesek F. Calcium trans-
port in renal epithelial cells.  Am J Physiol.  1993;264:F181.) 
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 FIGURE 73.17 Renal distribution of TRPV6 in mouse kidney. Summary of the renal distribution of TRPV6 as determined by immuno-
histochemistry.  DCT , distal convoluted tubule;  CNT , connecting tubule;  CCD , cortical collecting duct;  OMCD , outer medullary collecting 
duct;  IMCD , inner medullary collecting duct;  PMCA , plasma membrane Ca 2    -ATPase;  NCX , Na   /Ca 2     exchanger;  NCC , Na   -Cl    cotrans-
porter;  AQP 2, aquaporin-2. (From Nijenhuis T, Hoenderop JG, vander Kamp AW, et al. Localization and regulation of the epithelial Ca 2     
channel TRPV6 in the kidney.  J Am Soc Nephrol.  2003;14:2731, with permission.) 
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exchange. Scoble et al. 583 and Jayakumar et al. 302 demon-
strated sodium gradient (outside   inside) dependent on Ca 
ef  ux stimulated by PTH in basolateral membrane vesicles 
from dog and rat renal cortex. These studies were thought 
to use membranes from the proximal tubule. However, more 
recent studies suggested that the Na  -Ca2  exchange activity 
is the highest in the distal tubule and the earlier studies may 
have been affected by contaminants from these segments. 541

PTH stimulation of Ca 2  transport in the TAL of the loop 
of Henle is localized to the cortical portion, whereas the calci-
tonin effect is exerted in the medullary portion. Because PTH 
does not stimulate Na   or Cl   transport, it is unlikely that it 
works to increase the lumen-positive transepithelial electrical 
driving force. Rather, its main action has been suggested to 
be at the level of the permeability to Ca 2  of the paracellular 
pathway80,82 and to be related to the function of paracellin-1 
(PCLN1), also referred to as claudin-16, the tight junction 
Ca/Mg permeability factor. Recent thought indicates that an 
effect on transcellular transport may be involved. 197,200

Signi  cant progress has been made in the understand-
ing of PTH actions on Ca 2  transport in the connecting 
tubule and the cortical collecting duct. Here, Ca 2  reabsorp-
tion is transcellular and an active energy consuming pro-
cess. Studies 30,197,200,214 suggest that PTH hyperpolarizes the 
epithelium and produces insertion of voltage- operated Ca 2 

channels in the apical membrane. 34,200 Patch clamp studies 
of PTH-stimulated distal convoluted tubule cells 200,215,538,540

demonstrated an increase in open time of apical membrane 
channels with increasing membrane voltage. 652 However, 
these   ndings remain controversial, 200,214,215 and the mech-
anism of anomalous function of the apical Ca entry chan-
nel remains to be elucidated. Voltage-operated epithelial Ca 
channels are complex heterotetramers consisting of TRPV5 
and TRPV6 subunits (Fig. 73.16). 269 Identi  cation of the dis-
tal nephron Ca entry channel, TRPV5 (Fig. 73.14), 268,270,271

which is insensitive to membrane potential, failed to shed 
light on the mechanism of Ca entry associated with hyper-
polarization,728 and although the discovery of heterotetra-
mers may explain the divergent electrophysiologic results, 269

other Ca entry mechanisms probably await discovery. 

 Hypocalcemia 
Hypocalcemia decreases the renal excretion of Ca, secondary 
to a decrease in the   ltered load of Ca and enhanced tubu-
lar reabsorption of Ca. Hypocalcemia triggers the release of 
PTH, which increases Ca reabsorption in the TAL and distal 
tubule. The effects on the TAL could also be observed in 
the TPTX setting.529 Recent studies have indicated that the 
Ca sensor receptor (CaSR) inactivation plays an important 
role in the enhancement of Ca transport in the TAL during 
hypocalcemia.30,97,260

 Hypercalcemia 
In general, patients with hypercalcemia have increased 
amounts of v in the urine, partly due to an increase in 
the   ltered load of Ca and partly to suppression of PTH 

secretion. Activation of the CaSR also may increase the excre-
tion of Ca by decreasing the activity of the apical K   channel 
and decreasing the positive potential difference (PD). Thus, 
less Ca and Mg are reabsorbed via the paracellular pathway 
in the TAL. 30,97

 Volume Status 
Volume contraction decreases and volume expansion in-
creases the renal excretion of Na and Ca. Volume expansion 
decreases tubular reabsorption of both Na and Ca even if 
the   ltered load is reduced, 431 clearly demonstrating that the 
regulation of these ions is primarily by changes in tubular 
reabsorption. 

 Diuretics 
Furosemide produces a signi  cant increase in Na   and Ca 2 

excretion by inhibiting the reabsorption of both ions in the 
TAL. 179 Furosemide decreases the PD in the TAL. Because the 
reabsorption of Ca in this segment of the nephron is passive, 
a decrease in the positive voltage of the lumen diminishes 
the movement of Ca through the paracellular pathway. Thia-
zide, on the other hand, produces dissociation between Na 
and Ca excretion. A mild natriuresis is usually accompanied 
by a decrease in Ca excretion. Micropuncture studies have 
shown that this mechanism occurs in the distal portion of 
the nephron. Thiazide stimulates Ca entry through the api-
cal Ca 2  channel by activating Cl channels (Fig. 73.13). 213

These effects are independent of PTH, although PTH is im-
portant for the presence of TRPV5 in the apical membrane 
of the connecting tubule. The chronic administration of thia-
zide produces signi  cant decrease in Ca excretion secondary 
to volume contraction, because this effect can be reversed by 
the administration of NaCl. 

 Vitamin D 
The acute administration of 1,25-dihydroxycholecalciferol 
increases renal transepithelial Ca transport by its  effects on 
the distal, connecting, and collecting duct system. In these 
segments of the nephron, the transport of Ca is mainly active. 
1,25-Dihydroxycholecalciferol has a positive  transcriptional
effect on TRPV5 gene transcription. In addition, an in-
crease in calbindin-28K and on the Ca ATPase in the baso-
lateral side of the cell is also transcriptionally regulated by 
1,25-dihydroxycholecalciferol (Fig. 73.15). 271

The chronic administration of 1,25-dihydroxycholecal-
ciferol increases the excretion of Ca secondary to an increase 
in the   ltered load of Ca. This is due to an increase in Ca 
absorption in the gut and Ca resorption in the skeleton. 

 Clinical Effects of Plasma Calcium 
Concentrations 
 Hypocalcemia 
The clinical manifestations of hypocalcemia vary greatly 
among patients. 581 Patients who suddenly become hypocal-
cemic, such as those with postsurgical hypoparathyroidism, 
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may develop profound symptomatology, including tetany, 
even after a moderate decrease in serum Ca levels. On the 
other hand, patients with chronic renal insuf  ciency adjust 
well to low levels of  serum Ca and seldom become symp-
tomatic. Before the pathophysiologic mechanisms respon-
sible for the hypocalcemia can be correlated with the clini-
cal symptomatology, it is critical to determine whether both 
total and ionized Ca levels are low. In conditions such as the 
nephrotic syndrome and cirrhosis with severe hypoalbumin-
emia, total serum Ca may be decreased, but ionized Ca levels 
may be within the normal range or only slightly decreased, 
and the patient remains asymptomatic. 

 Clinical Symptoms 
 Patients with signi  cant hypocalcemia have increased 
neuromuscular irritability. 411  The hallmark of hypocalce-
mia is tetany. Latent tetany may be detected by tapping 
over the  facial nerves, which results in contraction of the 
facial muscles (Chvostek’s sign), or by occluding the arte-
rial blood supply to the forearm, which produces carpal 
spasm (Trousseau’s sign). The symptomatology depends 
on the rapidity of onset of hypocalcemia. Patients with 
chronic renal failure occasionally have marked hypocal-
cemia; however, tetany is extremely rare. This may be due 
in part to the presence of metabolic acidosis. However, 
the changes in ionized Ca produced by metabolic acido-
sis in the majority of patients with profound hypocalce-
mia are not suf  cient to bring the ionized Ca level back 
to normal. On the other hand, respiratory alkalosis due 
to hyperventilation can precipitate tetany. Clinically, the 
patient may complain of tingling in the tips of the   ngers, 
stiff muscles, and cramps and may develop convulsions or 
impaired mental function. Children may develop mental 
retardation, and dementia may occur in adults. Extrapy-
ramidal disorders also have been found in some patients. 
Psychiatric manifestations are characterized by confusion 
and hallucinations. Proximal muscle weakness is more fre-
quently seen when the hypocalcemia is secondary to vita-
min D de  ciency. 

 Severe complications of hypocalcemia include develop-
ment of cataracts, 293  papilledema, and rarely, optic neuritis. 
In general, the skin may be dry and puffy, and the patient 
may develop dermatitis. Hypocalcemia may produce hy-
potension and a delay in ventricular repolarization, thus 
increasing the QT interval and ST segment. Ventricular 
arrhythmias and atrial   brillation refractory to digoxin 126

have been seen in patients with hypocalcemia. Because Ca, 
as mentioned previously, has an inotropic effect, hypocal-
cemia may be responsible in part for a decrease in cardiac 
output. 100,135,216  

 The pathogenetic mechanisms responsible for the de-
velopment of hypocalcemia are described in Table 73.6 and 
include: (1) absence of PTH; (2) decreased Ca mobilization 
from bone; (3) reduced Ca absorption in the gastrointesti-
nal tract; (4) translocation of Ca between different compart-
ments of the body; and (5) miscellaneous conditions. 

 From Slatopolsky E. Pathophysiology of calcium, magnesium, and phos-
phorus. In: Klahr S, ed.  The Kidney and Body Fluids in Health and Disease.  
New York: Plenum Press; 1983:269, with permission. 

TA B L E

 Causes of Hypocalcemia 
TA B L E

73.6
  I.  Hypocalcemia secondary to low or absent levels of 

 parathyroid hormone in blood 
  A. Hypoparathyroidism 
  1. Congenital 
  2. Idiopathic 
  3. DiGeorge syndrome 
  4. Postsurgical 
  5.  In  ltration of parathyroid glands by 

 malignancy or amyloidosis 
  B. Transient hypoparathyroidism 
  1. Neonatal 
  2. Postsurgical (for parathyroid adenoma) 
  II.  Hypocalcemia secondary to a decrease in calcium 

 mobilization from bone 
  A. Vitamin D de  ciency 
  1. Decreased ingestion 
  2. Decreased absorption (gastrointestinal disorders) 
  a. Partial gastrectomy 
  b. Intestinal bypass 
  c. Sprue 
  d. Pancreatic insuf  ciency 
  B. 25(OH)D 3  de  ciency 
  1. Severe liver disease 
  a. Biliary cirrhosis 
  b. Amyloidosis 
  2. Ingestion of anticonvulsant medication 
  3. Nephrotic syndrome 
  C. 1,25(OH) 2 D 3  de  ciency 
  1. Advanced renal failure 
  2. Severe hyperphosphatemia 
  3. Hypoparathyroidism 
  D. Pseudohypoparathyroidism types I and II 
  E. Magnesium de  ciency 
  III.  Hypocalcemia secondary to reduced calcium 

 absorption in the gastrointestinal tract 
  A. De  ciency of vitamin D or its metabolites 
  IV.  Hypocalcemia secondary to translocation of calcium 

into different compartments 
  A. Hyperphosphatemia 
  B. Administration of citrate 
  C. Administration of ethylenediaminetetraacetic acid 
  D. Urinary excretion 
  V. Miscellaneous conditions 
  A. Ca receptor gene mutations 
  B. Pancreatitis 
  C. Colchicine intoxication 
  D. Pharmacologic dose of calcitonin 
  E. Administration of mithramycin 
  F. “Hungry bone” syndrome 
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 Hypocalcemia Secondary to Low or Absent 
Levels of Parathyroid Hormone in Blood 
A decrease or absence of PTH will have signi  cant effects 
on Ca metabolism. 373,475,597 Because PTH plays a key role in 
the regulation of osteoclasts, which are the cells responsible 
for bone resorption, through the production of RANKL, a 
decrease in the activity or in the number of osteoclasts will 
eventually reduce the ef  ux of Ca from bone. In the absence 
of PTH, the capacity of the ascending portion of the loop of 
Henle and distal nephron to transport Ca is decreased; thus, 
at any   ltered load of Ca, a greater amount of Ca will be ex-
creted in the urine. Moreover, the absence of PTH decreases 
the activity of 1  -hydroxylase in the kidney and leads to 
decreased formation of 1,25-dihydroxycholecalciferol and 
a reduction in Ca absorption from the GI tract. Thus, de-
creased mobilization of Ca from bone, excretion of larger 
amounts of Ca in the urine, and decreased absorption of Ca 
from the gut lead to profound hypocalcemia. The most com-
mon cause of hypoparathyroidism is excision or damage to 
the parathyroid glands at surgery. This may be secondary to 
thyroid or parathyroid surgery or to radical neck dissection 
performed for the treatment of cancer. 149,575 Some patients 
might develop transient hypocalcemia. This phenomenon is 
observed in patients who have one adenoma of the parathy-
roid gland. The hypercalcemia produced by the excessive 
secretion of PTH by the adenoma usually suppresses secre-
tion from the other glands, and the removal of the adenoma 
may produce a transient period of hypoparathyroidism and 
hypocalcemia. However, the remaining glands, if they are 
intact, will respond to the hypocalcemia, and this abnor-
mality will be reversible in a relatively short period of time. 

Idiopathic hypoparathyroidism is a rare disease, and tet-
any may occur soon after birth. Idiopathic hypoparathyroid-
ism may be associated with congenital absence of the thymus 
(DiGeorge syndrome). 161,323,451 These patients have de-
pressed cell immunity and many other malformations; they 
frequently have mucosal candidiasis and usually die in early 
childhood of severe hypocalcemia or severe infections. 323

The parathyroid gland may be transiently suppressed at birth 
as a result of maternal hypercalcemia; thus, neonatal tetany 
should be looked for in the presence of hypercalcemia of any 
cause in the mother. The fetal parathyroid glands are sup-
pressed by maternal hypercalcemia and when the hypocal-
cemic infant is stressed—for example, with a phosphate load 
(cow’s milk)—tetany may result. Another factor that plays a 
key role in the secretion of PTH is magnesium. 21,118,365,566,649

As will be discussed in a subsequent section, profound hy-
pomagnesemia may decrease the release of PTH. In this 
syndrome, administration of magnesium to correct the hy-
pomagnesemia increases the release of PTH within minutes. 

 Hypocalcemia Secondary to Decreased Calcium 
Mobilization from Bone 
Vitamin D has a synergistic effect with PTH that increases 
the mobilization of calcium from bone. The mechanism 

by which vitamin D and its metabolites increase bone re-
sorption is not fully understood. Both hormones are key 
factors in the differentiation of osteoclasts, 642,695 and both 
factors regulate the osteoblast through differentiation of 
osteoblast precursors and direct regulation of bone matrix 
protein gene transcription. 642,695 Many disorders can alter 
the metabolism of vitamin D, and different vitamin D me-
tabolites could be responsible for decreased mobilization 
of Ca from bone. In vitamin D–de  cient rickets, a nutri-
tional condition observed in children, the lack of vitamin 
D is responsible for hypocalcemia, hypophosphatemia, 
and mild secondary hyperparathyroidism. 112,496 Disorders 
of the GI tract such as partial gastrectomy, intestinal by-
pass, tropical and nontropical sprue, and Crohn disease 
may impair the absorption of vitamin D from the diet. 
Pathologic processes that involve the liver, such as hepa-
tobiliary cirrhosis, may decrease the production of 25-hy-
droxycholecalciferol. 77 The lack of this metabolite greatly 
diminishes the mineralization front, and adults with low 
levels of 25-hydroxycholecalciferol may develop osteoma-
lacia. Although there may be an increase in the level of 
PTH, osteoclasts are unable to remove Ca because the os-
teoid material lacks minerals; therefore, there is decreased 
mobilization of Ca from bone. Administration of anticon-
vulsant medication may also result in low serum levels of 
25-hydroxycholecalciferol, possibly due to the enhanced 
microsomal activity in the liver with increased catabolism 
of 25-hydroxycholecalciferol. 129,249,610

 Chronic Renal Failure/1,25(OH) 2 D 3  De  ciency 
Chronic renal failure is characterized by moderate hypocal-
cemia. Serum calcium seldom falls to less than 7.0 mg per 
dL. The pathogenesis of hypocalcemia in chronic renal fail-
ure is multifactorial. However, phosphate retention and low 
levels of 1,25-dihydroxycholecalciferol play a key role in its 
genesis.128 In patients with profound hypomagnesemia, the 
skeleton becomes resistant to the action of PTH, and there is 
decreased Ca mobilization from bone. 365,566

 Pseudohypoparathyroidism 
Another important condition causing hypocalcemia is 
PHP, which is a genetic disorder characterized by skeletal 
and somatic defects including short stature, rounded face, 
brachydactyly, subcutaneous calci  cation, and subnormal 
intelligence.15,152,391,423 The secretion of PTH is increased 
as assessed by elevated levels of immunoreactive PTH; 
thus, the hypocalcemia in PHP is felt to represent a bone 
resistance to the effects of PTH. 355,703 This syndrome is col-
lectively referred to as Albright hereditary osteodystrophy 
(AHO).376,424 Many patients also have renal resistance to 
the action of the hormone because administration of exog-
enous PTH does not lead to increased urinary excretion of 
cAMP and phosphate. The syndrome has been subclassi  ed 
as PHP type Ia (PHP-Ia), in which there is neither a cAMP 
nor a phosphaturic response to exogenous PTH.  Maternally 
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 Hypocalcemia Secondary to Reduced Intestinal 
Calcium Absorption 
A healthy individual who ingests a low calcium diet usually 
does not develop hypocalcemia or develops it to a minimal 
degree because compensatory secondary hyperparathyroid-
ism will correct mild hypocalcemia. Hypocalcemia is usually 
associated with pathologic processes of the GI tract that af-
fect the absorption of vitamin D. Under these circumstances, 
the low absorption of calcium, plus abnormalities in vitamin 
D metabolism, greatly affects calcium homeostasis, and the 
patient may develop profound hypocalcemia. Growing ani-
mals fed a low calcium diet develop severe hypocalcemia. 

 Hypocalcemia Secondary to Translocation of 
Calcium into Different Compartments 
Precipitation of ionized Ca is seen in disorders in which 
there is retention of phosphorus. Patients with advanced re-
nal insuf  ciency, malignancies, 730 or severe rhabdomyolysis 
and hyperphosphatemia 335 may precipitate Ca rapidly and 
may develop symptoms characterized by tremors, muscu-
lar irritability, and tetany. In the neonate, administration of 
cow’s milk, which is high in phosphorus content compared 
with human milk, may produce severe hyperphosphate-
mia and hypocalcemia. Neonatal parathyroid function is 
not adequate to cope with this challenge, and the neonate 
may develop severe symptoms secondary to hypocalcemia. 
When large amounts of blood containing citrate are given to 
patients (open heart surgery, exchange transfusions for neo-
natal hyperbilirubinemia), the ionized calcium is complexed 
by citrate and hypocalcemia leading to tetany may develop. 

Hypocalcemia secondary to increased urinary excre-
tion of Ca is rare and self-limited. The expansion of the ECF 
compartment produces a remarkable decrease in the reab-
sorption of Na and Ca, and large amounts of these cations 
may be excreted in the urine. However, these are transitory 
mechanisms that are rapidly corrected by the release of PTH. 
Thus, if the PTH, vitamin D, and skeletal axis are intact, an 
increase in urinary Ca excretion should not result in signi  -
cant hypocalcemia. Diuretics such as furosemide or etha-
crynic acid, which block the reabsorption of Ca in the thick 
ascending portion of the loop of Henle, are effective drugs 
in the treatment of hypercalcemia. However, very seldom do 
patients ingesting these drugs develop hypocalcemia. 

 Miscellaneous Conditions 
Defects in the human CaSRs have been shown to cause 
familial hypocalciuria, hypercalcemia, and neonatal severe 
hyperparathyroidism. 127,507,511 Recently, Pollak et al. 513 dem-
onstrated that a missense mutation (GLU128 Ala) in this 
gene causes familial hypocalcemia in affected membranes of 
one family. In this syndrome, an alteration in the CaSR shifts 
the “set point” for calcium to the left, and the parathyroid 
glands are hyperresponsive to extracellular Ca. 

Approximately 10% to 20% of patients with acute 
pancreatitis develop some degree of hypocalcemia. The 

inherited mutations in one of the 13 GNAS exons encod-
ing G S  cause PHP-Ia. 355,375,505 The mRNA for G S is also 
reduced about 50% in these patients. 505 Heterozygous mu-
tations of the G S  gene have been identi  ed in families of 
subjects with AHO, providing molecular con  rmation that 
transmission of the G S  gene defects accounts for the auto-
somal-dominant inheritance of AHO. 453,702 When the same 
GS  mutations are inherited paternally, affected individuals 
develop AHO in the absence of hormone resistance, and 
this condition is referred to as pseudopseudohypoparathy-
roidism (PPH). 355 Thus, the development of hormone resis-
tance in a patient with a G S  mutation is subject to paternal 
imprinting; that is, it develops only after maternal trans-
mission.355,573,703 Genomic imprinting is a process by which 
speci  c genes undergo allele-speci  c epigenetic changes 
that lead to allele-speci  c differences in gene expression. 
One or more of the epigenetic changes is established in 
the male or female germline during gametogenesis. Often, 
imprinting is associated with allele-speci  c differences in 
DNA methylation at CpG dinucleotides during gametogen-
esis and maintained throughout development. Imprinting 
may be incomplete, as in tissue speci  c, as is the case for 
GNAS. G S  is biallelically expressed in most tissues, but in 
the renal proximal tubule and some endocrine organs, it is 
expressed primarily from the maternal allele. As a result of 
this tissue-speci  c imprinting, patients who inherit G S  null 
mutations from their mother develop multihormone resis-
tance of PHP-1a. 573

Some subjects with PHP type I lack features of AHO. 
Patients with this subtype, termed PHP type Ib (PHP-Ib), 
typically show hormone resistance that is limited to PTH tar-
get organs and have normal G S  activity. 374 This variant has 
been genetically linked to the GNAS locus on chromosome 
20q13-3, and the pattern of inheritance indicates paternal 
imprinting (maternal transmission). Furthermore, affected 
individuals with autosomal dominant PHP-Ib show loss of 
GNAS exon A/B methylation and a heterozygous  3 kb 
microdeletion located within STX1b approximately 220kb 
centromeric of GNAS exon A/B. 355 Hormone resistance in 
PHP-Ib is limited to the PTH dependent actions in the renal 
proximal tubule and a few other tissues in which G S  is pa-
ternally imprinted such as the thyroid. 355

PHP type II, in which there is no phosphaturia de-
spite a normal cAMP excretion rate in response to 
PTH,117,169,274,325,483,553 is a heterogeneous disorder. Some 
of these patients have low levels of 1,25-dihydroxychole-
calciferol, perhaps representing renal resistance to PTH- 
stimulated 1  -hydroxylase activity. Thus, the high levels of 
PTH and the lack of response to the exogenous administra-
tion of PTH differentiate this syndrome from true hypopara-
thyroidism. The hyperphosphatemia that is present in this 
syndrome also may be partly responsible for the low levels 
of 1,25-dihydroxycholecalciferol. Thus, PHP is a heteroge-
neous disorder; some patients have resistance to PTH at the 
renal level only, others at the skeletal level, and still others 
in both organs. 
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nephropathy is an inability to concentrate the urine. 40,110,218

This abnormality persists even after the administration of 
antidiuretic hormone (ADH). 44  The mechanisms by which 
hypercalcemia impairs concentration of the urine are mul-
tiple. 241,422,650  The osmotic gradient of the medulla is de-
creased, partly because of decreased sodium transport in 
the thick ascending portion of the loop of Henle. Moreover, 
hypercalcemia decreases the permeability of the collecting 
duct to water by inhibiting the adenylate cyclase activity and 
generation of cAMP in response to ADH. There is some evi-
dence to suggest that increased prostaglandin synthesis may 
mediate part of this effect. Prostaglandin E 2  (PGE 2 ) enhances 
medullary blood   ow, inhibits sodium chloride transport in 
the loop of Henle, and antagonizes the effect of ADH on the 
collecting duct. 390  It is possible that several of the effects of 
hypercalcemia on the concentrating mechanism are related 
to increased prostaglandin synthesis in the medulla. Thus, 
a salt-wasting nephropathy and the inability to concentrate 
the urine may explain some of the symptoms such as poly-
uria and polydipsia seen in patients with hypercalcemia. 
Chronic persistent hypercalcemia eventually leads to the de-
velopment of nephrocalcinosis, most commonly localized to 
the medulla of the kidney. 

 Gastrointestinal Manifestations 
 Anorexia, nausea, and vomiting are frequently seen in pa-
tients with hypercalcemia. Occasionally, abdominal pain, 
distention, and ileus may be present. 478  There is an in-
creased incidence of peptic ulcer in patients with primary 

 hypocalcemia is related to deposition of calcium salts in 
areas of lipolysis and tissue necrosis. 250  Some investigators 
have postulated that proteolytic digestion of PTH may ex-
plain the lack of elevated levels of PTH in the serum of pa-
tients with acute pancreatitis. 

 Some drugs such as calcitonin, mithramycin (used for 
testicular carcinoma), and colchicine (used in gout) can pro-
duce profound hypocalcemia by decreasing bone resorption. 
A series of disorders are characterized by increased bone for-
mation in which the uptake of Ca by the skeleton is greatly 
increased. Such patients may develop profound hypocal-
cemia. A disorder known as “hungry bone syndrome” is 
seen in patients with chronic renal insuf  ciency and severe 
secondary hyperparathyroidism. The removal of the para-
thyroid glands in these uremic patients produces profound 
hypocalcemia, which sometimes is dif  cult to correct even 
with pharmacologic doses of 1,25-dihydroxycholecalciferol. 
Under these conditions, when the factors producing bone 
resorption have been removed and the osteoblastic activity is 
greatly increased, there is a remarkable   ux of Ca into bone 
due to bone formation. The great uptake of minerals by the 
skeleton may produce profound hypocalcemia. 

 Hypercalcemia 
 Hypercalcemia is an elevation of total serum Ca levels to 
more than 10.5 mg per dL (when serum protein values are 
within the normal range). The manifestations of hypercal-
cemia differ among patients. 94  Mild hypercalcemia may be 
totally asymptomatic and may be detected during routine 
blood chemistry tests; however, hypercalcemia may be severe 
enough to produce lethargy, disorientation, coma, and death. 

 Clinical Symptoms of Hypercalcemia 
 Patients with mild hypercalcemia may be totally asymp-
tomatic 66 ; however, as serum Ca increases, usually to more 
than 11.5 mg per dL, numerous symptoms may be present 
and practically every organ of the body is affected. The most 
common symptoms are nausea, vomiting, polyuria, poly-
dipsia, lack of concentration, fatigue, somnolence, mental 
confusion, and even death (Table 73.7). 

 Renal Effects 
 Hypercalcemia may cause either an acute and reversible dec-
rement in the GFR or a chronic nephropathy. There are nu-
merous mechanisms by which hypercalcemia decreases the 
GFR. 287,377,515  Hypercalcemia may lead to vasoconstriction of 
the afferent arterioles and decreased renal blood   ow. It can 
decrease ultra  ltration across glomerular capillaries. In addi-
tion, acute hypercalcemia may produce natriuresis and ECF 
volume contraction. In chronic hypercalcemic nephropathy, 
there is a fall in the GFR and a decrease in the maximum 
urinary concentrating capacity, and the urine is free of cells 
or casts, although mild proteinuria may be observed. The 
  ndings are similar to those seen in patients with interstitial 
nephritis. The characteristic abnormality of hypercalcemic 

TA B L E

13.2 Clinical Manifestations of Hypercalcemia

TA B L ETA B L E

73.7

 I. General: apathy, lethargy, weakness 
 II. Cardiovascular: cardiac arrhythmias, hypertension, 

vascular calci  cation 
 III. Renal: polyuria, hypercalciuria, stones, 

 nephro calcinosis-impaired concentration of 
urine renal insuf  ciency 

 IV. Gastrointestinal: anorexia, nausea, vomiting, poly-
dipsia, constipation, abdominal pain, gastric ulcer, 
pancreatitis 

 V. Neuropsychiatric and muscular: headache, impaired 
concentration, loss of memory, confusion, hallucina-
tion, coma, myalgia, muscle weakness, arthralgia 

 VI. Heterotopic calci  cation: band keratopathy, con-
junctival irritation, vascular calci  cation, periar-
ticular calci  cation 

 From Slatopolsky E. Pathophysiology of calcium, magnesium, and phos-
phorus. In: Klahr S, ed.  The Kidney and Body Fluids in Health and Disease.  
New York: Plenum Press; 1983:269, with permission. 
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 hyperparathyroidism, and it has been shown that Ca in-
creases the release of gastrin and hydrochloric acid in the 
stomach. Moreover, the incidence of pancreatitis is also 
greatly increased. Several mechanisms have been implicat-
ed in the development of pancreatitis. Usually, hypercalce-
mia increases pancreatic enzyme secretion, and intraductal 
proteins may cause obstruction of the pancreatic duct. En-
hanced conversion of trypsinogen to trypsin due to elevated 
Ca levels may contribute to the in  ammatory process. 

 Cardiovascular Effects 
 Calcium has an inotropic effect on the cardiovascular system. 
Calcium increases peripheral resistance, and hypertension 
occurs in 20% to 30% of patients with chronic hypercalce-
mia. 51,131,418  Renal parenchymal damage with elevated levels 
of renin, increased cardiac output, and severe vasoconstric-
tion may participate in the development of hypertension. 
The most signi  cant change in the electrocardiogram is a 
shortening of the QT interval. Because the positive inotropic 
effect of digitalis is enhanced by Ca, digitalis toxicity may be 
aggravated by hypercalcemia. 

 Neurologic and Psychiatric Effects of 
Hypercalcemia 
 Patients with hypercalcemia are frequently admitted to psy-
chiatric wards because of nonspeci  c complaints character-
ized by lethargy, apathy, depression, and decreased memory. 
Patients with hypercalcemia secondary to increased PTH 
levels have electroencephalographic changes that are re-
versible after removal of the parathyroid adenoma. More-
over, the administration of large doses of PTH to dogs 
results in increased brain Ca and changes in the electroen-
cephalogram. 25  

 Heterotopic Calci  cation 
 Patients with hypercalcemia may develop band keratopathy, 
which is the appearance of corneal calci  cation. The changes 
in the cornea are usually permanent. However, conjunctival 
irritation disappears after correction of the hypercalcemia. 
Arterial and periarticular calci  cations are observed more 
frequently in patients who have some degree of renal insuf  -
ciency, 399  especially those who also have hyperphosphatemia. 
Vascular calci  cation has become a critical complication of 
chronic kidney disease. 120,123,141,398,539  Vascular calci  cation 
in CKD associated with the adynamic bone disorder is often 
associated with hypercalcemia. 147,148,399  

 Hypercalcemia 
 Pathologically, three general mechanisms may lead to the 
development of hypercalcemia (Table 73.8): (1) increased 
mobilization of Ca from bone, by far the most common and 
important mechanism; (2) increased absorption of Ca from 
the GI tract; and (3) decreased urinary excretion of Ca (of 
minor importance). In some clinical disorders, although one 

TA B L E

Causes Of Hypercalcemia
TA B L E

73.8

  I.  Hypercalcemia secondary to increased calcium 
mobilization from bone 

  A. Malignancy 
  1. Metastatic 
  2. Nonmetastatic 
  a. Osteoclastic-activating factor 
  b. Prostaglandin E 2  
  c. Ectopic hyperparathyroidism 
  B. Hyperparathyroidism 
  1. Primary 
  a. Adenoma 
  b. Hyperplasia 
  c. Neoplastic 
  2. Secondary 
  3. Multiple endocrine neoplasias 
  a. Type I with pituitary and pancreatic tumors 
  b.  Type II with medullary carcinoma of thyroid 

and pheochromocytoma 
  C. Immobilization 
  D. Hyperthyroidism 
  E. Vitamin D intoxication 
  F. Renal disease 
  1. Chronic renal failure 
  2. After renal transplantation 
  3. Diuretic phase of acute renal failure 
  G. Vitamin A intoxication 
  II.  Hypercalcemia secondary to an increase in calcium 

absorption from the gastrointestinal tract 
  A. Sarcoidosis 
  B. Vitamin D intoxication 
  C. Milk-alkali syndrome 
  III.  Hypercalcemia secondary to a decrease in urinary 

calcium excretion 
  A. Thiazide diuretics 
  B. Familial hypocalciuric hypercalcemia 
  IV. Miscellaneous 
  A. Adrenal insuf  ciency 
  B. Tuberculosis 
  C. Berylliosis 
  D. Dysproteinemias 
  E. Hemoconcentration 
  F. Hyperalimentation regimens 

 From Slatopolsky E. Pathophysiology of calcium, magnesium, and 
 phosphorus. In: Klahr S.  The Kidney and Body Fluids in Health and Disease.  
New York: Plenum Press; 1983:269, with permission. 
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However, if the osteolytic process predominates, the patient 
develops severe hypercalciuria and hypercalcemia. In con-
trast to tumors that produce a “parathyroid-like material,” 
the serum phosphorus level or the tubular reabsorption 
of phosphate usually is not decreased in metastatic bone 
disease. However, the patient may develop hypophosphate-
mia when the disease progresses and malnutrition becomes 
evident. Although many tumors may secrete PTHrP (59 of 
72 cases with hypercalcemia) 682 the two most important 
ones are the epidermoid squamous cell carcinoma of the 
lung and renal cell carcinoma. Rarely, patients with hyper-
calcemia of malignancy have elevated levels of circulating 
immunoreactive PTH. 644,682 Most often this is due to coexis-
tent parathyroid disease and malignancy. 644,682

 Primary Hyperparathyroidism 
Primary hyperparathyroidism is the most common en-
docrine disorder causing hypercalcemia. 65 It is probably 
the major cause of asymptomatic hypercalcemia in young 
people and older women. A single adenoma of the parathy-
roid gland is the most common cause of primary hyperpara-
thyroidism. In contrast, chief cell hyperplasia is commonly 
observed in patients with secondary hyperparathyroidism 
caused by renal insuf  ciency. The incidence of primary hy-
perparathyroidism increases substantially in both men and 
women older than 50 years but is two to four times more 
common in women. 65 The mechanism of hypercalcemia is 
due to the action of PTH in the skeleton and kidney. The 
levels of PTH measurable by radioimmunoassay are elevated 
in primary hyperparathyroidism. The percentage of positive 
results to con  rm the diagnosis depends on the type of anti-
body used and the sensitivity of each particular radioimmu-
noassay for PTH. Sensitive assays, using a carboxyterminal 
antibody, demonstrate elevated levels of PTH in 90% to 95% 
of patients with primary hyperparathyroidism, but these as-
says were sensitive to retention of fragments in kidney fail-
ure and have been replaced by assays measuring the intact 
hormone without loss of sensitivity. 65,671 As PTH increases 
the activity and number of osteoclasts, bone resorption is 
seen on bone histology. X-ray   lms of the phalanges show 
subperiosteal bone resorption. The increased Ca mobiliza-
tion from bone raises the   ltered load of Ca and leads to 
the development of hypercalciuria despite the effect of PTH 
in increasing the reabsorption of Ca in the distal nephron. 
Moreover, the hypercalcemia is aggravated by increased Ca 
absorption from the gut secondary to high levels of 1,25-di-
hydroxycholecalciferol in response to high levels of PTH in 
blood. PTH decreases the renal reabsorption of phosphorus 
in the proximal and distal tubules, resulting in hypophos-
phatemia. Patients with primary hyperparathyroidism have 
a high incidence of peptic ulcer, renal stones, soft tissue 
calci  cation, neuromuscular disease, and psychiatric disor-
ders. Because hypercalcemia interferes with the renal coun-
tercurrent mechanism responsible for the concentration of 
the urine, the patient develops polyuria and polydipsia. The 
treatment of this condition is surgery (parathyroidectomy), 

or more of these mechanisms may be operative, compensa-
tory adaptations develop and hypercalcemia may not occur. 
For example, in idiopathic hypercalciuria due to increased 
Ca absorption from the GI tract, increased urinary excretion 
of Ca may prevent the development of hypercalcemia. On 
the other hand, in hyperparathyroidism, all three mecha-
nisms (increased bone resorption, augmented GI absorption 
of Ca, and decreased urinary calcium excretion) lead to the 
development of hypercalcemia. 

 Hypercalcemia Secondary to Increased Calcium 
Mobilization from Bone 
 Hypercalcemia Secondary to Malignancies/Humoral 
Hypercalcemia of Malignancy 
Malignancy is the most common cause of hypercalcemia. 
Multiple mechanisms underlie the development of hyper-
calcemia of malignancy, but in general, it is due to a com-
bined disorder of increased mobilization of Ca from the 
skeleton secondary to increased bone resorption by osteo-
clasts and variable decreases in the renal excretion of cal-
cium.74,644 This increased resorption could be due to the 
action of malignant cells that have metastasized to bone 
from tumors of such organs as the breast, prostate, kidney, 
lung, and thyroid. 644 The tumor cells in the bone metastasis 
produce RANKL and macrophage colony stimulating fac-
tor (MCSF) that stimulate production of active osteoclasts 
and local osteolysis. However, on some occasions, hyper-
calcemia occurs with no evidence of bone metastasis, and 
generally, the removal of the tumor results in correction of 
the hypercalcemia. In these cases, humoral agents are in-
volved. The major humoral osteoclast-stimulating factor is 
PTH-related peptide (PTHrP). 238,644,720 This factor, which is 
a endochondral bone morphogen and an endogenous para-
crine of the adult mammary glands, oviduct,   broblasts, 
and vascular smooth muscle, has suf  cient homology with 
PTH in its amino terminal region to act through PTH re-
ceptors on PTH target cells such as the osteoblast and the 
distal connecting tubule. 277,675,721 Thus, its production by 
tumors mimics the action of high PTH levels in stimulat-
ing bone resorption and renal Ca retention. PTHrP ac-
counts for about 80% of the hypercalcemia associated with 
malignancies. Other mechanisms of hypercalcemia due to 
tumors include secretion of PGE 2,29,145,299,326 especially by 
solid tumors, the production of TNF  , as in patients with 
multiple myeloma and lymphosarcoma, 470 and the secre-
tion of IL-1 and TGF  . The latter factors are often produced 
in association with PTHrP. TGF   works through epidermal 
growth factor receptors and stimulates bone resorption. Its 
production is highly prevalent (40%) in tumors associated 
with hypercalcemia, and it may play a secondary role in 
association with many cases in which PTHrP is being pro-
duced. In metastatic bone disease, there are usually two ef-
fects: (1) an increase in bone resorption and (2) an increase 
in woven bone formation. If the osteoblastic process (bone 
formation) predominates, hypercalcemia may not develop. 
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signi  cant reductions of serum phosphorus levels or after 
ingestion of large amounts of Ca carbonate usually associ-
ated with vitamin D analog treatment. 

A mineralization defect described in a substantial num-
ber of patients maintained on chronic hemodialysis 620,683 has 
been shown to be due to aluminum deposition in the interface 
between osteoid and mineralized bone is responsible for this 
defect. Many of these patients have mild hypercalcemia and 
relatively low levels of PTH. This   nding has led to the elimi-
nation of aluminum from the chronic dialysis environment. 

Hypercalcemia occurs more frequently after a successful 
renal transplantation than in patients with chronic renal in-
suf  ciency. 620 Because patients receiving kidney transplants 
usually have severe secondary hyperparathyroidism, the 
amount of 1,25-dihydroxycholecalciferol produced by the 
new kidney, if the graft is successful, is greatly increased due 
to both high levels of PTH and decreased serum phosphate 
levels due to the marked phosphaturia after the transplanta-
tion. Synergistically, 1,25-dihydroxycholecalciferol and PTH 
would increase calcium mobilization from bone, leading to 
hypercalcemia. Obviously, 1,25-dihydroxycholecalciferol 
also increases Ca absorption from the GI tract. In most pa-
tients, the hypercalcemia does not require speci  c treatment 
and subsides after 3 to 4 weeks. However, in some patients, 
speci  c measures should be taken to prevent nephrocalcino-
sis, and if the hypercalcemia is severe and persists for several 
months or years, the patient may require surgical parathy-
roidectomy. 

 Vitamin A Intoxication 
This is a very rare cause of hypercalcemia and is seen more 
frequently in children than adults. 132,308,316

 Hypercalcemia Secondary to Increased Calcium 
Absorption from the Gastrointestinal Tract 
There are several clinical entities such as sarcoidosis, vitamin 
D intoxication, and milk alkali syndrome that are character-
ized by increased Ca absorption from the gut and positive Ca 
balance. Some patients also have widespread soft tissue cal-
ci  cation and nephrocalcinosis. Most of these patients have 
low or undetectable levels of PTH. 

 Sarcoidosis 
About 10% to 20% of patients with sarcoidosis have mild 
hypercalcemia. 437 This abnormality is secondary to an in-
crease in Ca absorption, and the mechanism responsible 
for the increased Ca absorption is unregulated production 
of calcitriol in macrophages of the sarcoid lesions. Serum 
levels of 1,25-dihydroxycholecalciferol may be elevated 
in sarcoidosis, but this is not uniform. 38,46 Recent studies 
in an anephric patient with sarcoidosis with high levels of 
1,25-dihydroxycholecalciferol 38 clearly indicate an extrarenal 
production of 1,25-dihydroxycholecalciferol in sarcoidosis. 
Adams et al. 7   rst demonstrated that alveolar macrophages 
obtained by bronchial lavage from a patient with sarcoidosis 

except in mild cases of asymptomatic hypercalcemia (plasma 
calcium concentration of less than 11 mg per dL), especially 
in older adults. 66,506,645,705

 Immobilization 
Patients who are immobilized for several days develop some 
degree of hypercalciuria. However, some of these patients 
may develop hypercalcemia. 51,631 This occurs in diseases in-
volving increased bone turnover such as Paget disease. Hy-
percalcemia is seen frequently in immobilized patients with 
multiple fractures. It seems that prolonged periods of immo-
bilization disrupt the balance between bone resorption and 
formation. The resorptive process predominates because of 
the depression of osteoblastic activity, and calcium mobiliza-
tion occurs. 

 Hyperthyroidism 
Serum Ca concentration may increase in thyrotoxicosis. 
Usually the increment is mild and does not produce severe 
symptoms. Bone histology reveals an increase in osteoclas-
tic bone resorption and   broblastic proliferation resembling 
osteitis   brosa cystica. Moreover, patients with thyrotoxi-
cosis who present with hypercalcemia usually have low or 
undetectable levels of PTH in blood. 

 Vitamin D Intoxication 
Vitamin D increases both Ca absorption from the GI tract 
and bone resorption. Metabolites of vitamin D have been 
shown to increase the ef  ux of Ca from bone in vitro. More-
over, administration of 1,25-dihydroxycholecalciferol to 
dogs fed low Ca diets leads to hypercalcemia, suggesting 
that the effect on bone was responsible for the rise in ex-
tracellular Ca. The manifestations of vitamin D intoxication 
include high levels of 25-hydroxycholecalciferol in blood, 
whereas the circulating levels of 1,25-dihydroxycholecalcif-
erol may remain within the normal range. Of course, if a 
patient receives pharmacologic doses of 1,25-dihydroxycho-
lecalciferol, the hormonal derivative of vitamin D produces 
toxic effects and the characteristic hypercalcemia. 

 Renal Disease 
Hypercalcemia is rare in patients with chronic kidney fail-
ure 620 prior to dialysis. Most patients with renal disease have 
hypocalcemia, which leads to the development of secondary 
hyperparathyroidism. Hypercalcemia in patients with end-
stage kidney failure receiving treatment is commonly associ-
ated with the administration of vitamin D analogs and the 
adynamic bone disorder. 347 The mechanism of hypercalce-
mia is both intestinal resorption and excess bone resorption 
over formation. 280 Extreme hyperplasia of the parathyroid 
glands may also develop in these patients, and progress to a 
point at which they no longer respond to normal feedback 
mechanisms due to the development of clonal adenoma-
tous change. 28 Thus, a greater degree of hypercalcemia may 
be necessary to suppress PTH secretion by such enlarged 
glands. In some patients, hypercalcemia may be seen after 
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contraction and the presence of PTH, because patients with 
hypoparathyroidism do not greatly reduce the amount of 
Ca in the urine after the administration of thiazides. Thus, 
in patients with increased Ca mobilization from bone, the 
administration of thiazides may blunt the expected hyper-
calciuria and potentially raise serum Ca. However, thiazides 
also have a direct effect on the skeleton. 420 Administration of 
thiazides intravenously produces a mild change in ionized 
Ca. This effect is apparently potentiated by PTH because the 
effect is greater in patients with hyperparathyroidism than 
in healthy subjects. 514 Finally, there is controversy about 
whether thiazides per se increase the release of PTH. Most of 
the evidence indicates that this is not the case. 

 Familial Hypocalciuric Hypercalcemia and Neonatal 
Severe Hyperparathyroidism 
Marx et al. 427,428 describe a syndrome characterized by hypo-
calciuria and mild hypercalcemia. Usually several members 
of the same family are affected. Familial hypocalciuric hyper-
calcemia is characterized by autosomal dominant transmis-
sion and generally follows a benign course. Some patients 
may have a mild degree of hyperparathyroidism; however, 
the hypercalcemia persists after subtotal parathyroidectomy. 
The main characteristic of this syndrome is a decrease in uri-
nary Ca. Thus, the calcium:creatinine ratio provides an im-
portant diagnostic tool to differentiate familial hypocalciuric 
hypercalcemia from primary hyperparathyroidism. The de-
velopment of hypercalcemia in young members of the family 
also favors this diagnosis. The pathogenesis of this syndrome 
is due to mutations in the Ca sensor of the parathyroid gland 
chief cells and the TAL/distal nephron epithelia or to auto- 
antibodies.96,493,548 As a result, these cells do not downregu-
late PTH secretion and Ca transport with the correct sensi-
tivity to the plasma calcium. Mutations in the Ca sensor are 
also responsible for neonatal primary hyperparathyroidism. 
Two abnormal alleles for calcium sensor mutations produce 
the primary hyperparathyroidism, whereas single abnormal 
alleles produce familial hypocalciuric hypercalcemia. 512

 Treatment of Disorders of Calcium 
Metabolism
 Hypocalcemia 
The treatment of severe hypocalcemia and tetany is a medi-
cal emergency. Administration of Ca intravenously is manda-
tory to prevent severe complications and even death in these 
patients. If the patient has severe hypocalcemia and tetany 
in the absence of hypomagnesemia, the symptoms can be 
easily relieved by administration of 1 or 2 ampules of Ca glu-
conate given intravenously over 10 minutes (1 ampule of Ca 
gluconate has approximately 100 mg of elemental Ca). This 
initial treatment can be followed by administration of 1.0 g 
of elemental Ca dissolved in 500 mL of dextrose in water 
and given intravenously over 4 to 6 hours. If the condition 
responsible for the hypocalcemia cannot be corrected (e.g., 
hypoparathyroidism), a program for the chronic treatment 

and hypercalcemia converted 25-hydroxycholecalciferol to 
1,25-dihydroxycholecalciferol. In general, patients with sar-
coidosis are sensitive to small doses of vitamin D and expo-
sure to ultraviolet radiation of the skin. The administration of 
corticosteroids in these patients decreases intestinal calcium 
absorption and corrects the hypercalcemia. Hypercalcemia 
also has been demonstrated in patients with histoplasmo-
sis,681 tuberculosis, 6 disseminated coccidioidomycosis, 361

and berylliosis, 646 all due to unregulated calcitriol production 
by macrophages associated with disease lesions. 

 Vitamin D Intoxication 
Vitamin D and its metabolites, especially 1,25-dihydroxy-
cholecalciferol, increase intestinal Ca absorption. Thus, 
high concentrations of vitamin D metabolites (mainly 
25-hydroxycholecalciferol) in blood are responsible for 
the hypercalcemia observed in vitamin D intoxication. As 
described already, vitamin D metabolites may also have a 
direct effect on bone resorption, which contributes to the 
development of hypercalcemia. 

 Milk Alkali Syndrome 
This syndrome was seen frequently in patients with pep-
tic ulcer disease who ingested large amounts of Na and 
Ca bicarbonate. 444,491 Calcium carbonate contains 40% of 
elemental Ca. Some patients who ingested up to 20 g of 
Ca carbonate in 24 hours developed severe hypercalcemia. 
Moreover, alkalosis increases renal Ca reabsorption in the 
distal tubule and reduces bone turnover, thus decreasing Ca 
uptake by bone. 

 Hypercalcemia Secondary to Decreased Urinary 
 Calcium Excretion 
The decrease in urinary excretion of Ca may be secondary to 
a fall in the   ltered load of Ca or to an increase in the tubular 
reabsorption of Ca. The fall in the   ltered load of Ca may 
be secondary to a decrease in serum Ca level or the GFR. 
By de  nition, if the patient has a disorder that produces hy-
pocalcemia with a decrease in urinary Ca excretion, he or 
she cannot be at the same time hypercalcemic; thus, such 
disorders can be excluded. A fall in the GFR may decrease 
Ca delivery to the distal tubule, and less Ca may be excreted 
in the urine. This situation, which may occur in profound 
dehydration, is self-limited and the hypercalcemia does not 
persist for a prolonged time. Moreover, dehydration or other 
conditions that decrease GFR may also modify the transport 
of Na and water and affect the reabsorption of Ca by the 
nephron. 

 Thiazide Diuretics 
Patients taking thiazide diuretics may develop moderate 
hypercalcemia. 93,420,497,514 The mechanisms for the hyper-
calcemia are not fully understood, and a number of factors 
are involved. Thiazides decrease urinary excretion of Ca by 
increasing Ca resorption in the distal tubule. This reduction 
in urinary Ca seems to require some degree of ECF volume 
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add a second line of medications to decrease the ef  ux of Ca 
from bone. In addition, many patients with hypercalcemia 
have renal failure and are not responsive to diuretics. 

 Bisphosphonates 
A derivative of the bisphosphonates, disodium dichloroeth-
ylene diphosphonate, 618 was originally used with success 
on an experimental basis in patients with tumors and bone 
metastases and severe hypercalcemia. 616 Pamidronate, iban-
dronate, and zoledronic acid, second- and third-generation 
bisphosphonates, respectively, have become the standard of 
therapy for hypercalcemia of malignancy 39,49,71,239,576 and 
other causes of hypercalcemia requiring inhibition of bone 
resorption. One or two doses of 30 to 60 mg of pamidronate 
or a single dose of zoledronic acid intravenously are usually 
effective. 24 Potent bisphosphonates, including alendronate 
and risedronate, have become available and are effective as 
oral agents for hypercalcemia. Renal toxicity has to be con-
sidered when using these agents. 554

 Cinacalcet 
Cinacalcet maintains long-term normocalcemia in patients 
with mild or asymptomatic primary hyperparathyroid-
ism.506 Cinacalcet is an orally bioavailable calcimimetic that 
increases the sensitivity of Ca sensing receptors to extracel-
lular calcium. Cinacalcet in doses of 30 to 50 mg twice daily 
is suf  cient to normalize serum Ca in hyperparathyroidism. 
Cinacalcet is also used in the treatment of secondary hyper-
parathyroidism seen in CKD. 457

Calcitonin produces hypocalcemia by decreasing the ac-
tivity of osteoclasts. The dose commonly used ranges from 2 
to 5 MRC U per kg of body weight every 6 to 12 hours. The 
degree of hypocalcemia produced by this drug is mild, and 
the decrease is usually 1 to 3 mg per dL. 311 Calcitonin can be 
given either intramuscularly or intravenously in a concentra-
tion of 5 MRC U per kg dissolved in 500 mL of 5% dextrose 
in water to be given over 6 hours. Calcitonin is also available 
as a nasal spray. Unfortunately, in most patients, there is an 
escape from the hypocalcemic effect of calcitonin after 6 to 
10 days of administration. 

 Miscellaneous Approaches 
Mithramycin is an antibiotic originally introduced for the 
treatment of testicular tumors. Mithramycin blocks the activ-
ity of osteoclasts and may result in severe hypocalcemia. 615,617

It is usually given intravenously over 3 to 4 hours in a dose 
of 25  g per kg of body weight dissolved in 500 mL of 5% 
dextrose in water or saline. Mithramycin is an effective drug. 
However, the effects may be seen only after 48 to 72 hours. 
One of the toxic effects of the drug is severe thrombocytope-
nia and bleeding. In general, the drug should not be given 
more than once every 4 or 5 days, and its use has been almost 
eliminated by development of effective, less toxic agents such 
as the bisphosphonates. 616

of hypocalcemia should be instituted. The amount of Ca in 
the diet should be supplemented by 1 to 3 g of elemental 
Ca. Calcium carbonate has roughly 40% of elemental Ca; 
commercial preparations such as 3M Titralac or Os-Cal can 
be used in this situation. However, in many circumstances, 
administration of large amounts of Ca may not be suf  cient 
to increase absorption by the intestine; therefore, different 
metabolites of vitamin D should be used. In chronic situ-
ations, 1,25-dihydroxycholecalciferol could be used. The 
dosage used ranges from 0.5 to 2   g per 24 hours. Most pa-
tients eventually require 0.5   g per day. If this metabolite of 
vitamin D is not available, vitamin D 2 or D 3, about 50,000 U 
three times a week, could be used instead. The dosage can be 
gradually increased up to 50,000 to 100,000 units daily. The 
serum Ca should be carefully monitored to prevent severe 
hypercalcemia, nephrocalcinosis, and potentially irreversible 
renal disease. 

 Hypercalcemia 
A useful maneuver to correct hypercalcemia is to increase 
urinary Ca excretion (Table 73.9). 469 As discussed previ-
ously, only 1% to 2% of the   ltered load of Ca is excreted 
by the kidney. This percentage can be greatly increased, and 
the kidney may thus become an excellent excretory organ 
for Ca. Because most patients with hypercalcemia develop 
dehydration and volume contraction with a consequent de-
crease in GFR, one of the   rst therapeutic maneuvers is the 
expansion of the ECF space. Expansion with saline requires 
several liters per day; therefore, it is mandatory that strict 
records be kept to maintain accurate determination of the 
intake and output of   uids. In most patients, it is convenient 
to determine the central venous pressure (CVP), which will 
allow volume expansion and prevent the potential risk of 
overexpansion and heart failure. Thus, after a CVP line is 
inserted, volume expansion with saline should be instituted 
until the venous pressure increases to 10 to 14 mm Hg. This 
maneuver alone will increase the GFR and decrease the reab-
sorption of Ca in the proximal tubule and in the ascending 
portion of the loop of Henle. Thus, fractional excretion of 
Ca will be greatly increased. This effect can be enhanced by 
administration of diuretics such as furosemide, bumetanide, 
or ethacrynic acid. The administration of 40 to 120 mg of 
furosemide every 4 hours is recommended in most patients. 
Using these maneuvers, fractional excretion of Ca can be in-
creased to 10% of the   ltered load. Thus, 1 g of Ca can be 
easily excreted in the urine in 24 hours. The administration 
of large amounts of saline and diuretics usually increases the 
excretion of potassium. To prevent arrhythmias, serum po-
tassium should be maintained between 3.5 and 5.0 mEq per 
L. This can be achieved by adding 10 to 30 mEq of potas-
sium to each liter of saline. 

Although expansion of the ECF may control the hy-
percalcemia, this effect is temporary, and because in most 
circumstances, hypercalcemia is secondary to increased mo-
bilization of Ca from bone, the physician may be forced to 
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There are rare tumors that produce prostaglandins that 
have resulted in the development of hypercalcemia. The use 
of aspirin in a dosage of 1 g four times daily or indomethacin 
75 mg twice daily has ameliorated the hypercalcemia. 89,296,589

If hypercalcemia is mainly due to increased absorption 
of Ca from the GI tract, such as in sarcoidosis, it is obviously 
important to decrease the amount of Ca in the diet and to 
administer corticosteroids, which will result in decreased 
absorption.471,715 Usually prednisone (20 mg twice daily) 
has been effective in conditions such as sarcoidosis, which 
is characterized by increased 1,25-dihydroxycholecalciferol 
production by macrophages in the granulomas. The dose of 
corticosteroid should be titrated down to the lowest dose 
required to maintain normocalcemia. 

Phosphate has been used in the treatment of hyper-
calcemia.433 However, the presence of a normal or slightly 
elevated serum phosphorus level or decreased renal func-
tion precludes the use of this medication. Phosphorus 
should be given only when the serum phosphorus level is 
low, and its use is generally discouraged. If an elevation of 
the serum phosphorus level is achieved and the serum Ca 
level decreases, the patient may deposit Ca phosphate in 
soft tissues.

There are some general measures that are important 
in the treatment of hypercalcemia. Immobilization should 
be avoided as much as possible, especially in patients with 
rapid bone turnover such as those with Paget disease. Be-
cause most patients with hypercalcemia have an underlying 
tumor that is causing the hypercalcemia, physicians should 
be aware of this pathogenetic mechanism and join efforts 
with oncologists in the diagnosis and treatment of the ma-
lignancy. Finally, when the hypercalcemia is very severe and 
the patient has advanced renal insuf  ciency, acute hemodi-
alysis is an effective method of correcting the hypercalcemia 
(Table 73.9). 

 MAGNESIUM 
 General Considerations 
Magnesium is the second most abundant intracellular cat-
ion (after potassium) and the fourth most abundant cation 
of the body (after Ca, K, Na). Magnesium (Mg 2 ) is diva-
lent and has an atomic weight of 24. Mg 2  has an essen-
tial role as a cofactor for various enzymes, most of which 
use ATP. Mg 2  increases the stimulus threshold in nerve 
  bers and in pharmacologic doses has a curare-like action 
on neuromuscular function, probably inhibiting the release 
of acetylcholine at the neuromuscular junction. Mg 2  de-
creases peripheral resistance and lowers blood pressure. 
Like Ca 2 , Mg 2  plays a role in the regulation of PTH se-
cretion. Hypermagnesemia suppresses the release of PTH. 
Acute hypomagnesemia has the opposite effect; however, 
profound magnesium depletion decreases the release of 
PTH. In vitro, magnesium increases the solubility of both 
calcium and phosphorus. 

 Body Stores of Magnesium 
The total body magnesium concentration is approximately 
2,000 mEq, or 25 g. As with calcium, only a small fraction 
(about 1%) of the body magnesium is present in the ECF 
compartment. Approximately 60% of the total body mag-
nesium is found in bone. Most of the magnesium in bone 
is associated with apatite crystals, and a signi  cant amount 
is present as a surface-limited ion on the bone crystal and is 
freely exchangeable. Approximately 20% of the total body 
magnesium is localized in the muscle. The remaining 20% 
is localized in other tissues of the body; the liver has a high 
magnesium content. The concentration of magnesium in 
blood is maintained within narrow limits, ranging between 
1.5 and 1.9 mEq per L. Approximately 75% to 80% of the 
magnesium in serum is ultra  ltrable, and the rest is protein 
bound.99,432 Most of the ultra  ltrable magnesium is present 
in the ionized form. Red cell magnesium concentration is 
approximately 5 mEq per L. 

Intracellular free Mg 2  levels in renal tubular cells are 
in the range of 500  mol per L. 380 High-performance liquid 
chromatography and   uorescent methods have been used to 
ascertain intracellular Mg 2  levels. Mitochondrial inhibitors 
that deplete intracellular ATP produce modest increases in 
intracellular Mg 2  and Ca 2 . The effects of these inhibitors 
are due to the changes in ATP levels. 380 Another agent, an-
timycin, diminishes ATP levels and decreases intracellular 
Mg2  to 430   mol per L but increases cytosolic Ca 2 , in-
dicating that Mg 2  movements can be distinguished from 
those of Ca 2  by   uorescent techniques. Also, these stud-
ies indicate that intracellular regulation of Mg 2  is distinc-
tive from that of Ca 2 . The role of intracellular Mg 2  in the 
control of cell function remains poorly understood. 160 How-
ever, intracellular Mg 2  levels are rapidly changed through 
a number of different in  uences that have important effects 
on cell function. 

 Magnesium Balance 
Approximately 300 mg, or 25 mEq, of magnesium is in-
gested daily in the diet (1 mEq   12 mg). A large portion 
of dietary magnesium is provided by the ingestion of green 
vegetables. A minimal magnesium intake of 0.3 mEq per kg 
of body weight is apparently necessary to maintain magne-
sium balance in the average person. Of the total amount of 
magnesium ingested in the diet, about one third is elimi-
nated in urine and the rest in feces (Fig. 73.18). Thus, on 
a normal diet containing approximately 300 mg of magne-
sium, 30% to 40% of the ingested magnesium is absorbed 
(Fig. 73.18). Small amounts of magnesium, on the order of 
15 to 30 mg per day, are secreted by the GI tract. Many stud-
ies have shown that animals fed low-magnesium diets can 
excrete urine that is very low in magnesium. 99,160,173 How-
ever, the GI tract continues to secrete small amounts of mag-
nesium, and the animal becomes magnesium depleted. Most 
of the magnesium is absorbed in the upper GI tract. Magne-
sium shares with calcium similar pathways for absorption in 
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from the GI tract. Diets high in calcium decrease the absorp-
tion of magnesium, and diets low in magnesium increase the 
 absorption of calcium. 

 Renal Handling of Magnesium 
 Approximately 2 g of magnesium is   ltered daily by the kidney, 
and about 100 mg appears in the urine. Thus, 95% to 97% of 
the   ltered load of magnesium is reabsorbed, and 1% to 3% is 
excreted in the urine (Fig. 73.19). 159,160  In states of magnesium 
de  ciency, the kidney can reduce the amount of magnesium 
excreted in the urine to less than 0.5% of the   ltered load. 
On the other hand, during magnesium infusion or in patients 
with far-advanced renal insuf  ciency, as is commonly seen, the 
kidney can excrete 40% to 80% of the   ltered load of magne-
sium. 641  The proximal tubule is poorly permeable to magne-
sium, 98,99,159,257,641,718  and probably no more than 15% to 20% 
is reabsorbed in this segment (Fig. 73.19). This is in contrast 
to the amount of sodium and calcium (60%) reabsorbed in 
this segment of the nephron. The tubular   uid magnesium 
is usually 1.5-fold greater than the plasma magnesium, 12  and 
it increases along perfused tubules in a linear manner, with 
net water reabsorption. Further studies indicated a low level 
of back  ux from peritubular membrane into the lumen. 528,608

In the descending limb of the loop of Henle, the magnesium 
concentration is raised severalfold over the ultra  ltrable serum 
concentration due to water removal. The TAL of the loop of 
Henle seems to play a critical role in the reabsorption of mag-
nesium. Early studies by LeGrimellec et al. 362  and by Morel 
et al. 461  demonstrated that the loop of Henle was the major site 
for magnesium reabsorption. Approximately 60% to 70% of 
the   ltered magnesium was reabsorbed between the last acces-
sible portion of the proximal tubule and the early distal tubule 
(Fig. 73.19). 534  In the presence of a normal plasma magne-
sium concentration, magnesium absorption increases with in-
traluminal magnesium concentration, without indication of a 
 T  max  for magnesium. On the other hand, an increase in plasma 
magnesium concentration (i.e., on the basolateral membrane) 
resulted in a signi  cant depression of magnesium absorption, 
suggesting that hypermagnesemia decreases  magnesium ab-
sorption in the loop of Henle by inhibiting magnesium trans-
port at the basolateral membrane. Thus, the permeability of 
the TAL to magnesium is quite different from that of the proxi-
mal tubule. Two mechanisms have been proposed to explain 
magnesium transport in the TAL of the loop of Henle: (1) pas-
sive, 81  secondary to the potential difference generated by the 
active transport of sodium chloride, which facilitates paracel-
lular movement of Mg 2    ; and (2) active, 292,552,593  because the 
chemical concentration of magnesium in the cells is higher 
than that in the lumen, and the potential gradient may not 
be great enough to explain the entry of magnesium into cells. 
Diets de  cient in magnesium or the administration of PTH en-
hances the reabsorption of magnesium in the TAL of the loop 
of Henle. On the other hand, diets containing large amounts 
of  magnesium or factors that decrease the reabsorption of 
 sodium chloride in this portion of the nephron (ECF volume 

the intestine, but whereas most of the evidence suggests that 
calcium is actively absorbed from the GI tract, magnesium is 
absorbed mainly by ionic diffusion and “solvent drag” result-
ing from the bulk   ow of water. A carrier mechanism also 
may be involved in this process. 12,235  Intestinal magnesium 
absorption occurs via two different pathways: a nonsatu-
rable paracellular passive transport and a saturable active 
transport. At low intraluminal concentrations, magnesium 
is absorbed primarily via the active cellular route, and with 
increasing concentrations, via the paracellular pathway. In 
hypomagnesemia with secondary hypocalcemia, all magne-
sium is absorbed via the paracellular pathway. This is evi-
denced by mutations in TRPM6 which leads to disruption 
of transcellular magnesium absorption in the intestine and 
kidney. 338  The factors controlling the absorption of mag-
nesium from the bowel are not fully understood. Although 
there is some evidence to suggest that vitamin D may in-
  uence the absorption of magnesium, this role seems to be 
less important for magnesium than for the absorption of cal-
cium. 446,449  It is known that patients with severe renal insuf-
  ciency and low levels of 1,25-dihydroxycholecalciferol may 
develop profound hypermagnesemia by slightly increasing 
the amount of magnesium in the diet without modifying 
the metabolites of vitamin D in serum. The sigmoid colon 
has the capability of absorbing magnesium, and there are 
several reports in the literature of patients who developed 
magnesium toxicity after receiving enemas containing mag-
nesium; most of these patients also had renal insuf  ciency. 
Experimental evidence in different species suggests an in-
terrelationship between magnesium and calcium absorption 

 FIGURE 73.18 Diagrammatic representation of magnesium 
metabolism in humans showing the contribution of the gastro-
intestinal tract, the kidney, bone, and soft tissues to the magne-
sium pool. (From Slatopolsky E, Rosenbaum R, Mennes P, et al. 
The hypocalcemia of magnesium depletion. In: Massry S, Ritz 
E, Rapado A, eds.  Homeostasis of Phosphate and Other Minerals . 
New York: Plenum; 1978:263.) 
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expansion, administration of diuretics such as furosemide, bu-
metanide, or ethacrynic acid) also decrease the reabsorption 
of magnesium. 

 Hypomagnesemia with Hypercalciuria and 
Nephrocalcinosis 
 Recently a protein, paracellin 1 (PCLN1), was detected in 
the TAL and in the distal tubule. 613  PCLN1 or claudin16 
is a member of the claudin family of high-junction pro-
teins. PCLN1 is a highly negative-charged protein, with 
10 negatively charged residues and a net charge of    5 
(Fig. 73.20). 613  Mutations in the protein induce renal Mg 2     
wasting, hypercalciuria, nephrocalcinosis, and renal failure. 
PCLN1 plays an important role in the conductance of the 
TAL. The negative charges may contribute to the cationic 
selectivity of the paracellular pathway for the reabsorption 
of calcium and magnesium. 613  

 The terminal segment of the nephron (late distal tubule 
and collecting duct) appears to play a minor role in the re-
absorption of magnesium under normal conditions. 527,532,534  
However, more recent studies by the same investigators 
indicate that the distal tubule also plays an important role 
in magnesium conservation. 531  The distal tubule normally 
reabsorbs about 10% of the   ltered load of magnesium. Be-
cause there is little reabsorption of magnesium in the collect-
ing duct, the distal tubule plays a key role in determining the 
  nal urinary excretion of magnesium. 

 Recent studies with immortalized DCT cell lines have 
shown that magnesium uptake is speci  c and regulated by 

 FIGURE 73.19 Summary of segmental magnesium absorption along the nephron relative to sodium and calcium reabsorption. 
(From Quamme GA, De Rouf  gnac C. Renal magnesium handling. In Selding D, Giebisch G, eds.  The Kidney.  New York: Lippincott 
 Williams & Wilkins; 2004:1711.) 

 FIGURE 73.20 Structure of the  PCLN-1  human gene. The red 
dots indicate mutations in  PCLN-1  in patients with recessive 
renal hypomagnesemia. (From Simon DB, Lu Y, Cahote KA, et al. 
Paracellin-1, a renal tight junction protein required for paracellu-
lar Mg 2     resorption.  Science.  1999;285:103.)  

factors shown to in  uence distal magnesium reabsorption. 
Quamme and DeRouf  gnac 533  speculated that Mg 2     entry 
is through a channel, and transport is dependent on the 
transmembrane voltage. The active step is at the basolateral 
membrane where Mg 2     leaves the cell against both electrical 
and concentration gradient. Na   –Mg 2     exchange may oc-
cur, with Na    moving back into the cell, coupled with Mg     
exiting from the cell into the interstitium. A large number 
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subjects receiving large amounts of magnesium sulfate per 
rectum have been found to have serum magnesium levels of 
more than 10 mEq per L. 164

 Symptoms and Signs of Hypermagnesemia 
Profound hypermagnesemia blocks neuromuscular trans-
mission and depresses the conduction system of the heart. 
The neuromuscular effects of magnesium are antagonized 
by the administration of calcium. Mild hypermagnesemia is 
well tolerated. However, if serum magnesium levels increase 
to 5 to 6 mg per dL, there may be a decrease in tendon re-
  exes 706 and some degree of mental confusion. If the serum 
magnesium level increases to 7 to 9 mg per dL, the respira-
tory rate slows and the blood pressure falls. If serum mag-
nesium levels increase to about 10 to 13 mg per dL, there 
is usually profound hypotension and severe mental depres-
sion. When the levels increase further to about 15 mg per 
dL, death may occur. 17,164,706 In uremic patients, the adverse 
effect of hypermagnesemia may be worsened by the presence 
of hypocalcemia. Acute hypermagnesemia may also produce 
mild hypocalcemia. This may be due to (1) suppression of 
the release of PTH and (2) competition for tubular reabsorp-
tion between calcium and magnesium, leading to decreased 
calcium reabsorption and hypercalciuria, which aggravates 
the hypocalcemia produced by decreased release of PTH. In 
chronic renal insuf  ciency, there is probably an increase in 
red cell magnesium and muscle magnesium, but the results 
are controversial. The amount of magnesium in bone is ap-
parently increased in cortical and trabecular bone. 17

 Hypomagnesemia 
Hypomagnesemia is de  ned as a decrease in serum 
magnesium to levels less than 1.5 mg per dL. Diseases in-
volving the small intestine may decrease magnesium absorp-
tion and are the most common cause of hypomagnesemia 
(Table 73.10). It is dif  cult to predict the degree of total 
body magnesium de  ciency by determining only serum 
magnesium concentration. Because only 1% of magnesium 
is present in the ECF compartment, changes in intracellular 
magnesium and skeletal magnesium can modify the concen-
tration of serum magnesium, and it may not be possible to 
assess precisely the degree of magnesium de  ciency by de-
termining serum magnesium level. Probably the determina-
tion of skeletal or muscle magnesium may provide a better 
index of magnesium de  ciency. However, these determina-
tions are not practical in clinical medicine. In patients with 
magnesium de  ciency, the administration of 50 to 100 mEq 
of magnesium per day usually corrects the hypomagnesemia 
after a short time. Magnesium depletion can also produce 
changes in other electrolytes. Usually there is an increase 
in potassium excretion in the urine, and patients may de-
velop hypokalemia. 710 In several experimental studies, it 
has been shown in humans 599 and animals 711 that magne-
sium depletion is accompanied by urinary potassium losses. 
Potassium alone did not increase muscle potassium unless 

of hormones, such as PTH, calcitonin, glucagon, and vaso-
pressin, stimulate Mg 2  reabsorption in the thick ascending 
loop and distal tubule; however, they have no effect in the 
proximal tubule. 

Chronic administration of mineralocorticoids increases 
magnesium excretion. Several interrelationships between 
calcium and magnesium reabsorption have been demon-
strated. The administration of one of these two elements de-
creases the reabsorption of the other. When large amounts 
of magnesium are given intravenously, there is a remarkable 
decrease in the renal reabsorption of calcium and vice versa. 
Alcohol also affects the handling of magnesium by the kid-
ney. A remarkable short-lived hypermagnesuria is seen after 
alcohol is given to experimental animals or humans. The in-
travenous administration of glucose has a similar effect. 

In summary, in contrast to calcium, the thick ascending 
portion of the loop of Henle is the most important portion 
of the nephron in the regulation of magnesium reabsorp-
tion. Magnesium reabsorption in the loop occurs within 
the cortical TAL primarily by passive means driven by the 
transepithelial voltage through the paracellular pathway. 
On the other hand, magnesium reabsorption in the distal 
tubule is transcellular and active in nature. Moreover, the 
reabsorption of magnesium in the proximal tubule, in con-
trast to that of sodium, calcium, and phosphate, is rather 
limited. 

 Hypermagnesemia 
By far the most common cause of hypermagnesemia is chronic 
renal insuf  ciency. 542 The kidney can excrete large amounts 
of magnesium in the urine. Thus, hypermagnesemia is sel-
dom seen in patients with normal renal function, even if the 
patient ingests large amounts of magnesium such as antacids 
containing magnesium or laxatives such as milk of magnesia. 
Mild hypermagnesemia may be seen in patients with GFRs 
of approximately 10 mL per minute. However, moderate hy-
permagnesemia is usually seen in patients with GFRs of less 
than 5 mL per minute. As renal insuf  ciency progresses, the 
fractional excretion of magnesium in the urine signi  cantly 
increases. Patients with a GFR of 120 mL per minute excrete 
approximately 5% of the   ltered load of magnesium. How-
ever, patients with far-advanced renal failure (GFR of less than 
10 mL per minute) may excrete up to 40% to 80% of the 
  ltered load of magnesium. 542 Thus, patients with chronic re-
nal failure may not be able to increase magnesium excretion 
further after ingestion of large amounts of magnesium. There-
fore, if magnesium ingestion is increased (after administration 
of laxatives or antacids containing magnesium) in patients 
with advanced renal failure, profound hypermagnesemia and 
death may occur. In obstetric wards, magnesium is still used 
for the treatment of eclampsia. 523 In some of these patients, 
the GFR is decreased, and the administration of large amounts 
of magnesium sulfate may result in hypermagnesemia. Al-
though most of the magnesium is absorbed in the small intes-
tine, the sigmoid colon can also absorb magnesium. Healthy 
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magnesium replacement was given as well to patients re-
ceiving  diuretics. 177  It has been suggested that the effect of 
magnesium on intracellular potassium is a result of mag-
nesium stimulating Na-K-ATPase activity, allowing the cell 
to maintain a potassium gradient. 588  However, the most im-
portant manifestation of hypomagnesemia is the develop-
ment of hypocalcemia and tetany. Experimental animals fed 
a low-magnesium diet develop hypocalcemia. 125,175,348,450

However, the rat becomes hypercalcemic. The pathogenesis 
of hypocalcemia in magnesium depletion is multifactorial. 
Hypomagnesemia has profound effects on PTH metabolism 
and bone physiology. It is known that mild hypomagnesemia 
increases acutely the levels of PTH in vivo 101  or in vitro 247 ; 
on the other hand, profound hypomagnesemia decreases the 
levels of PTH in blood. 21  It seems that neither the biosynthe-
sis nor the conversion of pro-PTH to PTH is greatly affected 

TA B L E

Causes of Hypomagnesemia
TA B L E

73.10

 From Slatopolsky E. Pathophysiology of calcium, magnesium, and phos-
phorus. In: Klahr S, ed.  The Kidney and Body Fluids in Health and Disease.  
New York: Plenum Press; 1983:269, with permission. 

  I. Decreased intestinal absorption 
  A. Severe diarrhea 
  B. Intestinal bypass 
  C. Surgical resection 
  D. Tropical and nontropical sprue 
  E. Celiac disease 
  F. Invasive and in  ltrative process; lymphomas 
  G. Prolonged gastrointestinal suction 
  II. Decreased intake 
  A. Starvation 
  B. Protein energy malnutrition 
  C. Chronic alcoholism 
  D.  Prolonged therapy with intravenous   uids lacking 

magnesium 
  III. Excessive urinary losses 
  A. Diuretic phase of acute tubular necrosis 
  B. Postobstructive diuresis 
  C. Diuretic therapy 
  D. Diabetic ketoacidosis (during treatment) 
  E. Chronic alcoholism 
  F. Hypercalcemic states 
  G. Primary aldosteronism 
  H. Inappropriate antidiuretic hormone secretion 
  I. Aminoglycoside toxicity 
  J. Idiopathic renal magnesium wasting 
  K. Cisplatinum 
  L. Cyclosporine 
  M. Gitelman syndrome 

by the concentration of magnesium. 248,251  However, the re-
lease of PTH is in  uenced by the serum magnesium concen-
tration. 20  Several investigators have demonstrated that the 
administration of magnesium to patients with severe hypo-
magnesemia who have low levels of immunoreactive PTH in 
serum increases the release of PTH a few minutes after mag-
nesium administration. Also, there is evidence to indicate 
that during hypomagnesemia, the skeleton is resistant to the 
action of PTH, 136,567  and in general, the administration of 
mildly pharmacologic doses of PTH does not elicit a normal 
calcemic response in patients with magnesium depletion. 
Studies by Freitag et al. 194  have further clari  ed this abnor-
mality. The uptake of PTH by bones obtained from dogs 
with experimental magnesium depletion was greatly dimin-
ished, and the release of cAMP by bone was also blunted in 
hypomagnesemia. In addition to a decrease in the release of 
PTH and skeletal resistance to this hormone, in magnesium 
depletion there is evidence that the ionic exchange from the 
hydration shell of bone between calcium and magnesium 
also is decreased 412 ; thus, on a physicochemical basis, less 
calcium is mobilized from bone in hypomagnesemia. Thus, 
the decrease in the release of PTH, the low uptake of PTH by 
bone, and the decreased heteroionic exchange of calcium for 
magnesium in bone are all pathogenetic factors responsible 
for the hypocalcemia observed in patients with profound 
magnesium depletion. 

 Clinical Manifestations of Hypomagnesemia 
 Patients with severe hypomagnesemia usually develop 
some degree of anorexia, mental confusion, and vomiting. 
In general, there is increased neuromuscular irritability, and 
tremors and seizures are usually observed in these patients. 
Muscle fasciculation and positive Trousseau’s and Chvostek’s 
signs can be observed. Nodal or sinus tachycardia and pre-
mature atrial or ventricular contractions may occur. The elec-
trocardiogram may show prolongation of the QT interval and 
broadening and   attening or even inversion of the T waves. 
Magnesium de  ciency potentiates the action of digitalis, and 
there is an enhanced sensitivity to the toxic effects of digi-
talis. Because magnesium plays a key role in regulating the 
activity of Na-K-ATPase, which is the enzyme responsible for 
the maintenance of intracellular potassium concentration, 
severe alterations in skeletal muscle and myocardial func-
tion are observed. Sometimes it is dif  cult to decide whether 
the changes in the electrocardiogram are related to magne-
sium or  potassium depletion. Most of these patients also 
have profound hypocalcemia, and sometimes it is dif  cult 
to determine whether the symptoms are due to magnesium 
de  ciency or to the concomitant hypocalcemia. Other neu-
rologic manifestations may include vertigo, ataxia, nystag-
mus, and dysarthria. Changes in personality, depression, and 
sometimes  hallucinations and psychosis have been observed. 
Patients also may show some degree of hypophosphatemia. 
In the rat, it has been shown that magnesium de  ciency pro-
motes renal phosphate excretion. 342  
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due either to a primary GI  disease or to decreased intake from 
individuals with increased urinary excretion of magnesium. 
As mentioned previously, when there is decreased intake or 
absorption of magnesium from the GI tract, the amount of 
magnesium excreted in the urine is greatly reduced, on the 
order of 10 to 15 mg per day. 

 Hypomagnesemia Secondary to Increased 
Urinary Losses of Magnesium 
Because 60% to 70% of magnesium is absorbed in the TAL 
of the loop of Henle, any factor that blocks the reabsorp-
tion of sodium chloride in this part of the nephron will also 
promote the urinary excretion of magnesium. In conditions 
in which the ECF volume is increased and in entities charac-
terized by profound diuresis (diuretic phase of acute tubular 
necrosis, postobstructive diuresis), the patient may excrete 
20% to 30% of the   ltered load of magnesium and may de-
velop profound hypomagnesemia. Administration of large 
amounts of diuretics such as ethacrynic acid, bumetanide, 
or furosemide has a signi  cant effect on renal magnesium 
excretion. Patients with ketoacidosis may develop hypomag-
nesemia. Serum magnesium, phosphorus, and potassium 
concentrations may be elevated during periods of ketoacido-
sis; however, the levels usually fall after the administration of 
insulin and   uid replacement. Increased excretion of magne-
sium has been seen after the treatment of diabetic ketoacido-
sis104 and in metabolic conditions characterized by an excess 
of mineralocorticoids 276 such as primary aldosteronism. A 
speci  c defect has been described in patients receiving ami-
noglycosides318 or cisplatin (an antitumoral agent). 580 The 
usual lesions produced by aminoglycosides are acute tu-
bular necrosis, renal insuf  ciency, and hypermagnesemia; 
however, several patients have developed a speci  c tubular 
defect characterized by profound hypermagnesuria and hy-
pomagnesemia that may persist for several weeks after the 
drug is discontinued. Some of these patients also developed 
hypokalemia.

 Gitelman Syndrome 
Patients with chronic hypokalemia and a phenotype other 
than that of Bartter syndrome, who have hypomagnese-
mia and excess urinary magnesium, are described as hav-
ing Gitelman syndrome. 223 Gitelman syndrome is actually 
more common than Bartter syndrome and is characterized 
as follows. The patients may be children or adults with 
primary renal tubular hypokalemic metabolic alkalosis 
with magnesium de  ciency, hypocalciuria, and skin le-
sions. Hyperreninemic hyperaldosteronism is present, as 
are the other features of Bartter syndrome. The inheritance 
is autosomal recessive, and linkage analysis to the locus 
encoding the renal thiazide–sensitive Na-Cl cotransporter 
is uniform. 614 Thus, reduced sodium chloride reabsorp-
tion in the diluting segment is the pathogenesis of the dis-
ease, and it further leads to abnormalities in magnesium 
transport. 

 Mechanisms Responsible for the 
Development of Hypomagnesemia 
From the pathogenetic point of view, three main mechanisms 
are responsible for the development of hypomagnesemia: 
(1) decreased intestinal absorption, (2) decreased  intake, and 
(3) excessive urinary losses. 

 Hypomagnesemia Secondary to Decreased 
Intestinal Absorption of Magnesium 
By far the most common causes responsible for the devel-
opment of hypomagnesemia are pathologic entities affect-
ing the small bowel. In these conditions, the kidney adapts 
to the hypomagnesemia and decreases the urinary excre-
tion of magnesium. However, the amount of magnesium 
in the stool does not decrease appropriately (probably the 
secretion of magnesium is not greatly reduced), and the pa-
tient develops hypomagnesemia. Severe magnesium deple-
tion is associated with steatorrheic syndromes. 76 Pathologic 
processes such as celiac disease, tropical and nontropical 
sprue, malignancies (characteristically lymphoma), sur-
gical resection, intestinal bypass, and profound diarrhea 
have all been considered responsible for the develop-
ment of hypomagnesemia. From 1960 to 1975, when the 
number of surgical bypass procedures for the treatment of 
obesity increased greatly, it was noted that many of these 
patients developed profound hypomagnesemia and tetany. 
Hypomagnesemia is especially prominent in patients with 
idiopathic steatorrhea and diseases affecting the terminal 
ileum. 

As described before, the characterization of TRPM6 
mutations demonstrated a key role in hypomagnesemia and 
hypocalcemia secondary to a decrease in intestinal absorp-
tion and renal reabsorption of magnesium. 

 Hypomagnesemia Secondary to Decreased 
Magnesium Intake 
Magnesium depletion has been described in children with 
protein-calorie malnutrition. 105 The hypomagnesemia results 
from a combination of decreased intake and GI losses due to 
diarrhea or severe vomiting. In a hospital setting, perhaps the 
most common cause of hypomagnesemia is prolonged thera-
py with intravenous   uids lacking magnesium. Often, when 
surgical patients require intestinal suction, they are given in-
travenous   uid, sometimes for several weeks, and seldom is 
magnesium added to the intravenous   uids. Alcoholism is 
probably the most common cause of hypomagnesemia in the 
United States. 191,306,447 The chronic ingestion of alcohol pro-
duces hypomagnesemia. The mechanisms are multifactorial. 
Usually patients with chronic alcoholism ingest diets poor in 
magnesium. Alcohol increases the urinary excretion of mag-
nesium.310 From the point of view of differential diagnosis, the 
clinical history, evidence of malnutrition, the presence of diar-
rhea and vomiting, or a history of surgery may help to differ-
entiate individuals with decreased absorption of magnesium 
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 Treatment of Alterations in Magnesium 
Metabolism
 Hypermagnesemia 
Hypermagnesemia is seen very seldom in clinical medicine. 
In general, it is observed in patients with far-advanced re-
nal insuf  ciency, usually with a GFR of less than 10 mL per 
minute. The treatment is similar to that for hypercalcemia 
(i.e., volume expansion with saline and administration of 
furosemide). However, care is required because this thera-
peutic regimen will also increase the excretion of calcium in 
the urine and potentiate the toxic effects of hypermagnese-
mia. Thus, if expansion with saline and furosemide is used, 
calcium should be added to the solutions, approximately 
1 to 3 ampules of calcium gluconate per liter of saline, to 
prevent hypocalcemia. If the patient’s GFR is extremely low, 
and volume expansion with saline and diuretics is not effec-
tive, dialysis with a low or zero magnesium dialysate should 
be instituted. Hypermagnesemia is also seen clinically when 
large amounts of magnesium are given intravenously to pa-
tients. A decrease in the dose administered will rapidly cor-
rect the condition. 

 Hypomagnesemia 
Profound magnesium depletion may be accompanied by 
hypocalcemia and tetany. Thus, the treatment of severe 
hypomagnesemia may constitute a medical emergency. 
Profound hypomagnesemia can be easily corrected by ad-
ministration of magnesium intravenously, provided that 
the patient has fairly normal renal function. In patients 
with compromised renal function, magnesium should be 
given cautiously, and serum magnesium should be closely 
monitored. Fifty to 75 mEq of magnesium sulfate or mag-
nesium chloride should be mixed in 500 mL of dextrose 
in water and given intravenously over 6 to 8 hours. The 
next morning, serum magnesium should be measured and, 
if hypomagnesemia persists, the amount of magnesium 
should be increased to 100 mEq dissolved in the same type 
of solution and given over 8 hours. In some circumstances, 
this procedure should be repeated two or three times until 
the serum magnesium level increases to 2.5 mg per dL. If 
the patient requires magnesium orally over a prolonged pe-
riod, magnesium salts can be given to these patients. One 
gram of magnesium oxide has roughly 50 mEq, or 600 mg, 
of magnesium. Thus, magnesium oxide in a dose of 250 
to 500 mg can be given to patients two to four times daily. 
Larger doses are not well tolerated, and most patients will 
develop diarrhea. It is important to emphasize that a nor-
mal diet provides approximately 25 mEq, or 300 mg, of 
magnesium. 
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