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Stay tuned to PXR: an orphan actor that
may not be D-structive only to bone

Michael F. Holick

Vitamin D, Skin, and Bone Research Laboratory, Section of Endocrinology, Diabetes, and Nutrition, Department of Medicine,
Boston University School of Medicine, Boston, Massachusetts, USA.

Pregnane X receptor (PXR) plays an important role in detoxifying xeno-
biotics and drugs. In this issue of the JCI, Pascussi et al. (see the related
article beginning on page 177) provide convincing evidence that PXR can
also induce vitamin D deficiency and bone disease because of its ability to
cross-talk with the vitamin D-responsive gene that catabolizes 25-hydroxy-
vitamin D and 1,25-dihydroxyvitamin D. This cross-talk behavior has
important health ramifications and can be mitigated through the identifi-
cation and treatment of PXR-induced vitamin D deficiency.

Historical perspective

In 1967 Schmid (1) reported an association
between osteomalacia and antiepileptic
drug therapy. This was confirmed by Dent
et al. (2), who noted that osteomalacia and
rickets were common in patients on long-
term antiepileptic drug therapy, especially
those who had been institutionalized and
treated with multiple drugs to control their
seizure disorder. Since these initial observa-
tions were made, there have been a multi-
tude of reports of abnormalities in calcium,
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VDRE, vitamin D-responsive element.
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vitamin D, and bone metabolism in subjects
chronically treated not only with antiepi-
leptic drugs but also with glucocorticoids,
rifampin, and antiretroviral drugs (3-6).
The disturbances observed in antiepileptic
drug-treated patients were noted to be very
similar to those of patients with vitamin D
deficiency. More than 50% of children and
adults receiving chronic antiepileptic drug
therapy are at risk for developing abnormal-
ities in calcium, vitamin D, and bone meta-
bolism (3). However, cardiac patients who
had been treated with conventional doses of
phenytoin for control of arrhythmias were
found to be free of these abnormalities (7).
Antiepileptic drug-induced alterations
in calcium and bone metabolism can
include biochemical abnormalities such
as hypocalcemia, hypophosphatemia, and
elevated serum concentrations of alkaline

phosphatase, parathyroid hormone, and
1,25-dihydroxyvitamin D [1,25(OH),D].
The biochemical hallmark for this dis-
order is reduced serum concentration of
25-hydroxyvitamin D [25(OH)D], the major
circulating form, which is a barometer for
a person’s vitamin D status (8). There is an
associated decrease in intestinal calcium
absorption, a reduction in urinary calcium
excretion, and an increase in bone turnover,
as evidenced by increases in osteocalcin,
bone-specific alkaline phosphatase, procolla-
gen type 1 C-terminal extension peptide, and
bone resorption markers including human
collagen type 1 C-terminal peptide and total
free deoxypyridinoline. The bone condition
most often associated with chronic antiepi-
leptic drug treatment is reduced bone miner-
al density and cortical bone loss. Rickets and,
according to histologic evidence, osteomala-
ciaindicating a defect in bone mineralization
are also accompanying problems (3).

Mechanism for drug-induced
disorders of bone metabolism

A variety of mechanisms have been pro-
posed for the antiepileptic drug-induced
disorders in calcium and bone metabo-
lism. Gascon-Barré et al. (3-5) and Hahn et
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Figure 1

A schematic illustrating how xenobiotics and drugs that activate PXR can disrupt vitamin
D metabolism and vitamin D function. The kidney is responsible for converting 25(OH)D to
1,25(0OH).D. Once formed, 1,25(0OH).D enters the blood and travels to its calcium-regulating
target tissues, where it interacts with its specific nuclear VDR. This complex binds RXR, and the
resulting heterodimeric complex binds to specific VDREs in the DNA, leading to regulation of
gene expression responsible for calcium and bone metabolism. 25(0OH)D can also be metabo-
lized in a wide variety of tissues, including colon, prostate, breast, and skin, where it acts either
as an autocrine or paracrine hormone to regulate cell growth and carry out other physiologic
functions. Xenobiotics and drugs that activate PXR bind RXR. This heterodimeric complex is
recognized by the VDRE of CYP24, which is responsible for the destruction of 1,25(0OH).D into
a water-soluble, inactive metabolite. The activated PXR-RXR complex may also be able to alter
other VDRESs that have wide-ranging biologic functions in cell growth and maturation, immuno-
modulation, renin and insulin production, and osteoblast function. Understanding of the conse-
quences of this potential interaction and alteration of VDRE gene expression on noncalcemic
functions of vitamin D requires further investigation.

al. (6) suggested that alterations in vitamin
D metabolism are mainly a consequence
of induction of destructive hepatic P450
enzyme(s) by phenobarbital, phenytoin,
and carbamazepine. This induction was
thought to lead to an increase in vitamin
D turnover, including catabolism. Indeed,
it was demonstrated that phenobarbital
treatment increased hepatic endobiotic/
xenobiotic metabolizing enzyme capacity,
which increased not only the metabolism
of vitamin D to 25(OH)D in the liver but
also its turnover — ultimately leading to
vitamin D deficiency. This explains why
it is often observed that patients initially
taking an antiepileptic drug have increased
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circulating concentrations of 25(OH)D
followed by a rapid decrease that leads to
vitamin D deficiency.

Hahn etal. (6) noted that rats that initially
received phenobarbital had increased blood
levels not only of 25(OH)D butalso of 24, 25-
dihydroxyvitamin D3 [24,25(OH),Djs]|, while
the 1,25(OH);Dj3 levels were unchanged.
However, after 21 days of treatment, both
25(OH)Dj; and 24,25(OH),D; concentra-
tions and intestinal calcium absorption were
significantly decreased, while 1,25(0OH),D3
concentrations increased by 80%.

Pascussi et al. (9) now provide new insight
into how antiepileptic drugs as well as other
xenobiotic drugs, including rifampin,
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glucocorticoids, and antiretroviral drugs,
induce vitamin D deficiency and decrease
bone mineral density. The authors recog-
nized that a common property of these
medications is the induction of hepatic
cytochrome P450s involved in drug metab-
olism, including CYP2B and CYP3A. Since
pregnane X receptor (PXR) induced both
CYP2 and CYP3 and PXR shared approxi-
mately 60% homology of the amino acid
sequence in the DNA binding domain of
the vitamin D receptor (VDR), they rea-
soned that PXR could act on the vitamin
D-responsive element (VDRE) motifs on
25-hydroxyvitamin D-24-hydroxylase
(CYP24), which is responsible for the catabo-
lism of 25(OH)D and 1,25(OH),D (10, 11).

Although 25(OH)D is the major cir-
culating form of vitamin D, it must be
converted in the kidney to 1,25(OH),D
before it is functional in target tissues,
including intestine, bone, and kidney
(8, 11) (Figure 1). 1,25(OH),D interacts
with its specific VDR, which then forms a
heterodimeric complex with retinoic acid
X receptor (RXR). This complex binds to
specific VDRESs to induce gene expression
for its various physiologic functions on
calcium and bone metabolism. Once it
has accomplished its anabolic function(s),
1,25(0OH),D induces its own destruction
through the VDR-RXR nuclear mechanism
by enhancing the expression of CYP24. The
hydroxylation of 1,25(OH),D on carbon
24 initiates a cascade of hydroxylation and
oxidation events leading to the formation
of the water-soluble and biologically inac-
tive calcitroic acid (10, 11).

Pascussi et al. (9) also recognized that the
ligand-binding domains of the VDR and
PXR share 37% identity and that lithocholic
acid and derivatives are activators for both
VDR and PXR. Furthermore, PXR has a
heterodimeric partner, RXRa, similar to
VDR. Thus, the authors speculated that
functional nuclear receptor cross-talk
might cause PXR activators to interfere
with VDR-controlled CYP24.

Pascussi et al. (9) conducted a series of
elegant in vitro and in vivo studies that pro-
vide convincing evidence that a drug that
can activate PXR is likely to enhance CYP24
expression and the catabolism of 25(OH)D,
leading to vitamin D deficiency. These
include a wide variety of pharmaceutical
agents, including antiepileptic drugs, taxol,
rifampin, and human immunodeficiency
virus protease inhibitors such as ritonavir
and saquinavir, as well as the herbal antide-
pressant St. John’s wort.
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PXR: cross-talk causes

vitamin D deficiency

This orphan actor (PXR) is responsible
for the regulation of enzymes and trans-
porters that help the body rid itself of
potential toxic and offensive chemicals.
Man-made drugs, which appear as for-
eign substances, are an ideal target for
PXR. The fact that once activated, the
PXR-RXR complex can substitute for acti-
vated VDR-RXR explains why drugs from
diverse families can have effects on cal-
cium, vitamin D, and bone metabolism.
The cross-talk between PXR and VDR has
important implications for bone health.
It is likely that other families of drugs
also are activators of PXR and may play a
role in enhancing vitamin D catabolism.

It is now recognized that most of the
population in the United States is at risk of
vitamin D deficiency (8, 12, 13). Knowledge
of the fact that xenobiotics and drugs can
enhance the destruction of 25(OH)D and
1,25(OH),D should heighten physicians’
awareness that patients on almost any med-
ication or herbal supplement could poten-
tially become vitamin D deficient because
of the pleiotropic effect of PXR activation.
The good news is that vitamin D deficiency
is both easy to monitor and equally easy to
treat. A regimen of 50,000 IU of vitamin D,
once a week for 8 weeks, followed by 50,000
IU of vitamin D, twice a month is often
adequate (13). Patients should maintain
25(OH)D at a level of at least 30-50 ng/ml
to overcome the destructive effect of PXR
on vitamin D catabolism.

This observation has far-reaching rami-
fications for vitamin D beyond bone
metabolism. It will be interesting to see
whether the PXR-VDR cross-talk affects
other VDR-responsive genes. It is now
recognized that 1,25(OH),D, through its
interaction with VDR, has a wide variety
of biologic effects that not only control
calcium metabolism but are also impor-
tant for osteoblast function, regulating
the immune system as well as renin and
insulin production (16, 17) and control-
ling the expression of genes that modulate
cell growth, including those responsible
for apoptosis, cell cycle arrest, and differ-
entiation (8, 15). Thus, it is reasonable to
speculate that xenobiotics and drugs caus-
ing vitamin D deficiency can increase risk
of type 1 diabetes, multiple sclerosis, rheu-
matoid arthritis, hypertension, cardiovas-
cular heart disease, and common cancers
(8, 14-18) — diseases that have been linked
to vitamin D deficiency (8).
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Itis also likely that xenobiotics and drugs
interact with the PXR system in a selec-
tive manner, resulting in organ-specific
alterations of genes that are regulated by
1,25(OH),D. For example, glucocorticoids
are known to cause bone demineralization.
There have been a variety of mechanisms
proposed, including alterations in intesti-
nal calcium absorption and osteoblast bone
formation, two functions that are regulat-
ed by 1,25(OH),D. It is possible that when
PXR is activated by prednisone, it could
cause a conformational change different
from that occurring when PXR binds an
antiepileptic drug, resulting in a different
interaction with the VDR-responsive genes
in osteoblasts. It is also possible that some
xenobiotics, through this PXR-VDR cross-
talk mechanism described by Pascussi et
al. (9), could cause local tissue vitamin D
deficiency by selectively upregulating
CYP24. It is conceivable that a drug target-
ed to the prostate might not only have the
desired effect on prostate cell growth, but
also could induce the PXR transactivation
of CYP24 to locally decrease cellular lev-
els of 1,25(OH),D. This has interesting
implications now the prostate, colon, and
breast all are believed to have the enzy-
matic machinery (CYP27B2) to increase
the local production of 1,25(OH),D. Once
produced, 1,25(OH),D locally helps regu-
late cell growth by interaction with VDR
through transactivation of a variety of
genes that regulate cell growth and differ-
entiation. Local tissue induction of CYP24
by activated PXR could negate this effect by
rapidly destroying any 1,25(OH),D that is
made. This was demonstrated in a prostate
cancer line — DU145 — that had marked
increase in CYP24 activity (19, 20). Unlike
other prostate cancer cell lines (PC3 and
LNCaP), these cells do not respond well
to the antiproliferative effect of 25(OH)D,
because the markedly enhanced CYP24
expression rapidly destroys any 1,25(OH),D
that is produced in the cells.

The message is simple. It is likely that the
drugs described by the authors are not the
only ones that affect the PXR-VDR cross-
talk and that further scrutiny will reveal that
several other families of drugs and xenobiot-
ics can have a similar effect. Thus, the vita-
min D status of patients on almost any type
of medication should be monitored.

Address correspondence to: Michael F.
Holick, Boston University Medical Center,
Endocrine Section, Department of Medi-
cine, Vitamin D, Skin and Bone Research

htep://www.jci.org ~ Volume 115

Number 1

Laboratory, 715 Albany Street, M-1013,
Boston, Massachusetts 02118, USA. Phone:
(617) 638-4545; Fax: (617) 638-8882;
E-mail: mfholick@bu.edu.

—_

. Schmid, F. 1967. Osteophthien bei antiepileptisch-
er Dauerbehandlung. Fortschr. Med. 38:381-382.
Dent, C.E., Richens, A., Rowe, D.J.F., and Stamp,
T.C.B. 1970. Osteomalacia with long-term anti-
convulsant therapy in epilepsy. Br. Med. J. 4:69-72.
. Gascon-Barré, M. 2004. Antiepileptic drugs and
bone health. In Nutrition and bone bealth. B. Dawson-
Hughes and M.F. Holick, editors. Humana Press.
Totowa, New Jersey, USA. 647-666.

Gascon-Barré, M., and Gamache, M. 1991. Contri-

bution of the biliary pathway to the homeostasis

of vitamin D3 and 1,25-dihydroxyvitamin Dj.

Endocrinology. 129:2335-2344.

. Gascon-Barré, M., Vallieres, S., and Huet, P.M.
1986. Influence of phenobarbital on the hepatic

handling of [*H]vitamin D3 in the dog. Am. J.

Physiol. 251:G627-G63S.

Hahn, TJ., Birge, S.J., Scharp, C.R., and Avioli, L.V.
1972. Phenobarbital-induced alterations in vita-

min D metabolism. J. Clin. Invest. 51:741-748.

7.Wark, J.D., et al. 1979. Chronic diphenylhydantoin
therapy does not reduce plasma 25-hydroxyvitamin
D. Clin. Endocrinol. 11:267-274.

. Holick, M.F. 2004. Vitamin D: importance in the

prevention of cancers, type 1 diabetes, heart disease,

and osteoporosis. Am. J. Clin. Nutr. 79:362-371.

Pascussi, J.M., et al. 2005. Possible involvement

of pregnane X receptor-enhanced CYP24 expres-

sion in drug-induced osteomalacia. J. Clin. Invest.

115:177-186. doi:10.1172/JCI1200521773.

10. Chen, K.S., and DeLuca, H.F. 1995. Cloning of
the human 1 alpha,25-dihydroxyvitamin Dj
24-hydroxylase gene promoter and identification
of two vitamin D-responsive elements. Biochim.
Biophys. Acta. 1263:1-9.

.Omdahl, J.L., Bobrovinkova, E.A., Choe, S., Dwive-
di, P.P.,,and May, B.K. 2001. Overview of regulatory
cytochrome P450 enzymes of the vitamin D path-
way. Steroids. 66:381-389.

12. Lips, P., et al. 2001. A global study of vitamin D
status and parathyroid function in postmeno-
pausal women with osteoporosis: baseline data
from the multiple outcomes of Raloxifene eval-
uation clinical trial. J. Clin. Endocrinol. Metab.
86:1212-1221.

13. Malabanan, A., Veronikis, LE., and Holick, M.F.
1998. Redefining vitamin D insufficiency. Lancet.
351:805-806.

14. DeLuca, H.F., and Cantorna, M.T. 2001. Vitamin
D: its role and uses in immunology. FASEB ]J.
15:2579-2585.

15. Polek, T.C., and Weigel, N.L. 2002. Vitamin D in
prostate cancer. J. Androl. 23:9-17.

16. Li, Y., etal. 2002. 1,25-dihydroxyvitamin Ds is a neg-
ative endocrine regulator of the renin-angiotensin
system. J. Clin. Invest. 110:229-238. d0i:10.1172/
JCI200215219.

17. Mathieu, C., Waer, M., Laureys, J., Rutgeerts, O.,
and Bouillon, R. 1994. Prevention of autoimmune
diabetes in NOD mice by 1,25 dihydroxyvitamin
Ds. Diabetologia. 37:552-558.

18. McGrath, J. 2001. Does ‘imprinting’ with low pre-
natal vitamin D contribute to the risk of various
adult disorders? Med. Hypotheses. 56:367-371.

19. Schwartz, G.G., Whitlatch, L.W., Chen, T.C.,
Lokeshwar, B.L., and Holick, M.F. 1998. Human
prostate cells synthesize 1,25-dihydroxyvitamin
D3 from 25-hydroxyvitamin D3. Cancer Epidemiol.
Biomarkers Prev. 7:391-395.

20. Chen, T.C., and Holick, M.F. 2003. Vitamin D and

prostate cancer prevention and treatment. Trends

Endocrinol. Metab. 14:423-430.

»

[}

b

wn

o

o]

o

1

—_

January 2005





