cells. The effects of 1,25(OH)2D and the VDR on keratinocytes are particularly intriguing. Alopecia is seen in humans and mice with mutant
VDRs but is not a feature of vitamin D deficiency; thus, the effects of
the VDR on the hair follicle are ligand-independent.

TABLE 423-6 Causes of Impaired Vitamin D Action
Vitamin D deficiency
Impaired cutaneous production
Dietary absence
Malabsorption
Accelerated loss of vitamin D
 Increased metabolism (barbiturates, phenytoin, rifampin)
Impaired enterohepatic circulation
Nephrotic syndrome
Impaired 25-hydroxylation
Liver disease, isoniazid
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Impaired 1α-hydroxylation
Hypoparathyroidism
Renal failure
Ketoconazole
1α-hydroxylase mutation
Oncogenic osteomalacia
X-linked hypophosphatemic rickets
Target organ resistance
Vitamin D receptor mutation
Phenytoin

Rickets and Osteomalacia In children, before epiphyseal fusion, vitamin D deficiency results in growth retardation associated with an
expansion of the growth plate known as rickets. Three layers of chondrocytes are present in the normal growth plate: the reserve zone, the
proliferating zone, and the hypertrophic zone. Rickets associated with
impaired vitamin D action is characterized by expansion of the hypertrophic chondrocyte layer. The proliferation and differentiation of the
chondrocytes in the rachitic growth plate are normal, and the expansion of the growth plate is a consequence of impaired apoptosis of the
late hypertrophic chondrocytes, an event that precedes replacement
of these cells by osteoblasts during endochondral bone formation.
Investigations in murine models demonstrate that hypophosphatemia,
which in vitamin D deficiency is a consequence of secondary hyperparathyroidism, is a key etiologic factor in the development of the
rachitic growth plate.
The hypocalcemia and hypophosphatemia that accompany vitamin
D deficiency result in impaired mineralization of bone matrix proteins,
a condition known as osteomalacia. Osteomalacia is also a feature of
long-standing hypophosphatemia, which may be a consequence of
renal phosphate wasting or chronic use of etidronate or phosphatebinding antacids. This hypomineralized matrix is biomechanically
inferior to normal bone; as a result, patients with vitamin D deficiency
are prone to bowing of weight-bearing extremities and skeletal fractures. Vitamin D and calcium supplementation have been shown to
decrease the incidence of hip fracture among ambulatory nursing
home residents in France, suggesting that undermineralization of
bone contributes significantly to morbidity in the elderly. Proximal
myopathy is a striking feature of severe vitamin D deficiency both in
children and in adults. Rapid resolution of the myopathy is observed
upon vitamin D treatment.
Although vitamin D deficiency is the most common cause of rickets
and osteomalacia, many disorders lead to inadequate mineralization of
the growth plate and bone. Calcium deficiency without vitamin D deficiency, the disorders of vitamin D metabolism previously discussed,
and hypophosphatemia can all lead to inefficient mineralization.
Even in the presence of normal calcium and phosphate levels, chronic
acidosis and drugs such as bisphosphonates can lead to osteomalacia.
The inorganic calcium/phosphate mineral phase of bone cannot form
at low pH, and bisphosphonates bind to and prevent mineral crystal
growth. Because alkaline phosphatase is necessary for normal mineral
deposition, probably because the enzyme can hydrolyze inhibitors of
mineralization such as inorganic pyrophosphate, genetic inactivation
of the alkaline phosphatase gene (hereditary hypophosphatasia) also
can lead to osteomalacia in the setting of normal calcium and phosphate levels.
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VITAMIN D DEFICIENCY
The mounting concern about the relationship between solar exposure and the development of skin cancer has led to increased reliance on dietary sources of vitamin D. Although the prevalence of
vitamin D deficiency varies, the third National Health and Nutrition
Examination Survey (NHANES III) revealed that vitamin D deficiency
is prevalent throughout the United States. The clinical syndrome of
vitamin D deficiency can be a result of deficient production of vitamin
D in the skin, lack of dietary intake, accelerated losses of vitamin D,
impaired vitamin D activation, or resistance to the biologic effects of
1,25(OH)2D (Table 423-6). The elderly and nursing home residents are
particularly at risk for vitamin D deficiency, since both the efficiency
of vitamin D synthesis in the skin and the absorption of vitamin D
from the intestine decline with age. Similarly, intestinal malabsorption
of dietary fats and short bowel syndrome, including that associated
with intestinal bypass surgery, can lead to vitamin D deficiency. This
is further exacerbated in the presence of terminal ileal disease, which
results in impaired enterohepatic circulation of vitamin D metabolites.
In addition to intestinal diseases, accelerated inactivation of vitamin
D metabolites can be seen with drugs that induce hepatic cytochrome
P450 mixed-function oxidases such as barbiturates, phenytoin, and
rifampin. Impaired 25-hydroxylation, associated with severe liver
disease or isoniazid, is an uncommon cause of vitamin D deficiency.
A mutation in the gene responsible for 25-hydroxylation has been
identified in one kindred. Impaired 1α-hydroxylation is prevalent in
the population with profound renal dysfunction due to an increase in
circulating FGF23 levels and a decrease in functional renal mass. Thus,
therapeutic interventions should be considered in patients whose
creatinine clearance is <0.5 mL/s (30 mL/min). Mutations in the renal
1α-hydroxylase are the basis for the genetic disorder, pseudovitamin
D–deficiency rickets. This autosomal recessive disorder presents with
the syndrome of vitamin D deficiency in the first year of life. Patients
present with growth retardation, rickets, and hypocalcemic seizures.
Serum 1,25(OH)2D levels are low despite normal 25(OH)D levels and
elevated PTH levels. Treatment with vitamin D metabolites that do
not require 1α-hydroxylation results in disease remission, although
lifelong therapy is required. A second autosomal recessive disorder,
hereditary vitamin D–resistant rickets, a consequence of vitamin D
receptor mutations, is a greater therapeutic challenge. These patients
present in a similar fashion during the first year of life, but alopecia
often accompanies the disorder, demonstrating a functional role of the
VDR in postnatal hair regeneration. Serum levels of 1,25(OH)2D are
dramatically elevated in these individuals both because of increased
production due to stimulation of 1α-hydroxylase activity as a consequence of secondary hyperparathyroidism and because of impaired
inactivation, since induction of the 24-hydroxylase by 1,25(OH)2D
requires an intact VDR. Because the receptor mutation results in
hormone resistance, daily calcium and phosphorus infusions may be
required to bypass the defect in intestinal mineral ion absorption.
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deficiency are largely a consequence of impaired intestinal calcium
absorption. Mild to moderate vitamin D deficiency is asymptomatic,
whereas long-standing vitamin D deficiency results in hypocalcemia
accompanied by secondary hyperparathyroidism, impaired mineralization of the skeleton (osteopenia on x-ray or decreased bone mineral
density), and proximal myopathy. Vitamin D deficiency also has been
shown to be associated with an increase in overall mortality, including
cardiovascular causes. In the absence of an intercurrent illness, the
hypocalcemia associated with long-standing vitamin D deficiency
rarely presents with acute symptoms of hypocalcemia such as numbness, tingling, and seizures. However, the concurrent development of
hypomagnesemia, which impairs parathyroid function, or the administration of potent bisphosphonates, which impair bone resorption,
can lead to acute symptomatic hypocalcemia in vitamin D–deficient
individuals.

Diagnosis of Vitamin D Deficiency, Rickets, and Osteomalacia The most
specific screening test for vitamin D deficiency in otherwise healthy
individuals is a serum 25(OH)D level. Although the normal ranges
vary, levels of 25(OH)D <37 nmol/L (<15 ng/mL) are associated
with increasing PTH levels and lower bone density. The Institute
of Medicine has defined vitamin D sufficiency as a vitamin D level
>50 nmol/L (>20 ng/mL), although higher levels may be required to
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