2464

The major pathway for inactivation of vitamin D metabolites is
an additional hydroxylation step by the vitamin D 24-hydroxylase,
an enzyme that is expressed in most tissues. 1,25(OH)2D is the major
inducer of this enzyme; therefore, this hormone promotes its own
inactivation, thereby limiting its biologic effects. Mutations of the gene
encoding this enzyme (CYP24A1) can lead to infantile hypercalcemia
and, in those less severely affected, long-standing hypercalciuria, nephrocalcinosis, and nephrolithiasis.
Polar metabolites of 1,25(OH)2D are secreted into the bile and
reabsorbed via the enterohepatic circulation. Impairment of this
recirculation, which is seen with diseases of the terminal ileum, leads
to accelerated losses of vitamin D metabolites.
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Figure 423-5 Schematic representation of the hormonal control
loop for vitamin D metabolism and function. A reduction in the
serum calcium below ~2.2 mmol/L (8.8 mg/dL) prompts a proportional increase in the secretion of parathyroid hormone (PTH) and so
mobilizes additional calcium from the bone. PTH promotes the synthesis of 1,25(OH)2D in the kidney, which in turn stimulates the mobilization of calcium from bone and intestine and regulates the synthesis
of PTH by negative feedback.

The second hydroxylation, required for the formation of the mature
hormone, occurs in the kidney (Fig. 423-5). The 25-hydroxyvitamin
D-1α-hydroxylase is a tightly regulated cytochrome P450–like mixedfunction oxidase expressed in the proximal convoluted tubule cells of
the kidney. PTH and hypophosphatemia are the major inducers of this
microsomal enzyme, whereas calcium, FGF23, and the enzyme’s product, 1,25(OH)2D, repress it. The 25-hydroxyvitamin D-1α-hydroxylase
is also present in epidermal keratinocytes, but keratinocyte production
of 1,25(OH)2D is not thought to contribute to circulating levels of this
hormone. In addition to being present in the trophoblastic layer of the
placenta, the 1α-hydroxylase is produced by macrophages associated
with granulomas and lymphomas. In these latter pathologic states,
the activity of the enzyme is induced by interferon γ and TNF-α but
is not regulated by calcium or 1,25(OH)2D; therefore, hypercalcemia,
associated with elevated levels of 1,25(OH)2D, may be observed.
Treatment of sarcoidosis-associated hypercalcemia with glucocorticoids, ketoconazole, or chloroquine reduces 1,25(OH)2D production
and effectively lowers serum calcium. In contrast, chloroquine has not
been shown to lower the elevated serum 1,25(OH)2D levels in patients
with lymphoma.
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ACTIONS OF 1,25(OH)2D
1,25(OH)2D mediates its biologic effects by binding to a member of
the nuclear receptor superfamily, the vitamin D receptor (VDR). This
receptor belongs to the subfamily that includes the thyroid hormone
receptors, the retinoid receptors, and the peroxisome proliferator–
activated receptors; however, in contrast to the other members of this
subfamily, only one VDR isoform has been isolated. The VDR binds to
target DNA sequences as a heterodimer with the retinoid X receptor,
recruiting a series of coactivators that modify chromatin and approximate the VDR to the basal transcriptional apparatus, resulting in the
induction of target gene expression. The mechanism of transcriptional
repression by the VDR varies with different target genes but has been
shown to involve either interference with the action of activating
transcription factors or the recruitment of novel proteins to the VDR
complex, resulting in transcriptional repression.
The affinity of the VDR for 1,25(OH)2D is approximately three
orders of magnitude higher than that for other vitamin D metabolites.
In normal physiologic circumstances, these other metabolites are not
thought to stimulate receptor-dependent actions. However, in states
of vitamin D toxicity, the markedly elevated levels of 25(OH)D may
lead to hypercalcemia by interacting directly with the VDR and by
displacing 1,25(OH)2D from vitamin D–binding protein, resulting in
increased bioavailability of the active hormone.
The VDR is expressed in a wide range of cells and tissues. The
molecular actions of 1,25(OH)2D have been studied most extensively
in tissues involved in the regulation of mineral ion homeostasis. This
hormone is a major inducer of calbindin 9K, a calcium-binding protein expressed in the intestine, which is thought to play an important
role in the active transport of calcium across the enterocyte. The two
major calcium transporters expressed by intestinal epithelia, TRPV5
and TRPV6 (transient receptor potential vanilloid), are also vitamin
D responsive. By inducing the expression of these and other genes
in the small intestine, 1,25(OH)2D increases the efficiency of intestinal calcium absorption, and it also has been shown to have several
important actions in the skeleton. The VDR is expressed in osteoblasts
and regulates the expression of several genes in this cell. These genes
include the bone matrix proteins osteocalcin and osteopontin, which
are upregulated by 1,25(OH)2D, in addition to type I collagen, which is
transcriptionally repressed by 1,25(OH)2D. Both 1,25(OH)2D and PTH
induce the expression of RANK ligand, which promotes osteoclast differentiation and increases osteoclast activity, by binding to RANK on
osteoclast progenitors and mature osteoclasts. This is the mechanism
by which 1,25(OH)2D induces bone resorption. However, the skeletal
features associated with VDR-knockout mice (rickets, osteomalacia)
are largely corrected by increasing calcium and phosphorus intake,
underscoring the importance of vitamin D action in the gut.
The VDR is expressed in the parathyroid gland, and 1,25(OH)2D
has been shown to have antiproliferative effects on parathyroid cells
and to suppress the transcription of the PTH gene. These effects of
1,25(OH)2D on the parathyroid gland are an important part of the
rationale for current therapies directed at preventing and treating
hyperparathyroidism associated with renal insufficiency.
The VDR is also expressed in tissues and organs that do not play a
role in mineral ion homeostasis. Notable in this respect is the observation that 1,25(OH)2D has an antiproliferative effect on several cell
types, including keratinocytes, breast cancer cells, and prostate cancer
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