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The balance between bioactivation and degradation of 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] is critical for 
ensuring appropriate biological effects of vitamin D. Cytochrome P450, family 24–mediated (CYP24-medi-
ated) 24-hydroxylation of 1,25(OH)2D3 is an important step in the catabolism of 1,25(OH)2D3. The enzyme is 
directly regulated by vitamin D receptor (VDR), and it is expressed mainly in the kidney, where VDR is also 
abundant. A recent report suggests that activation of steroid and xenobiotic receptor (SXR) also enhances the 
expression of CYP24, providing a new molecular mechanism of drug-induced osteomalacia. However, here we 
showed that activation of SXR did not induce CYP24 expression in vitro and in vivo, nor did it transactivate 
the CYP24 promoter. Instead, SXR inhibited VDR-mediated CYP24 promoter activity, and CYP24 expression 
was very low in tissues containing high levels of SXR, including the small intestine. Moreover, 1,25(OH)2D3-
induced CYP24 expression was enhanced in mice lacking the SXR ortholog pregnane X receptor, and treatment 
of humans with the SXR agonist rifampicin had no effect on intestinal CYP24 expression, despite demonstra-
tion of marked CYP3A4 induction. Combined with our previous findings that CYP3A4, not CYP24, plays the 
dominant role in hydroxylation of 1,25(OH)2D3 in human liver and intestine, our results indicate that SXR has 
a dual role in mediating vitamin D catabolism and drug-induced osteomalacia.

Introduction
Vitamin D exerts important biological functions in the mainte-
nance of calcium homeostasis and in the development and main-
tenance of bones. Its active metabolite, 1,25-dihydroxyvitamin D3 
[1,25(OH)2D3], elicits most of its effects through activation of the 
vitamin D receptor (VDR) (1, 2). VDR is a ligand-dependent tran-
scription factor belonging to the nuclear receptor superfamily. 
After the binding of 1,25(OH)2D3 or other VDR ligands, VDR forms 
a heterodimer with the retinoid X receptor (RXR) and associates 
with vitamin D–response elements (VDREs) on target genes. It can 
then either positively or negatively affect the expression of its tar-
get genes (3, 4). Bioactivation of vitamin D involves the sequential 
actions of two 25-hydroxylase enzymes (cytochrome P450, family 
27A [CYP27A] and CYP2R1) in the liver and 1-hydroxylase enzyme 
(CYP27B) in the kidney, leading to the synthesis of hormonally 
active 1,25(OH)2D3 (3, 5). 1,25(OH)2D3 is catabolized by CYP24 
(also known as 25-hydroxyvitamin D 24-hydroxylase) in the kidney, 
which is followed by sequential metabolism, yielding the terminal 
product calcitroic acid (6, 7). It also undergoes CYP3A4-dependent 
23- and 24-hydroxylations in the liver and small intestine (8).

The balance between bioactivation and degradation of 1,25(OH)2D3 

is critical for ensuring appropriate biological effects and is tightly con-
trolled in vivo. For example, elevated levels of parathyroid hormone 
associated with low-calcium states function to upregulate CYP27B 
and downregulate CYP24 enzymes. This increases plasma and cel-
lular levels of 1,25(OH)2D3 to correct for calcium deficiency. In turn, 
1,25(OH)2D3 shows feedback regulation of its own synthesis by sup-
pressing CYP27B and upregulating CYP24 expression via activation 
of VDR (2, 9, 10). CYP24-mediated 24-hydroxylation of 1,25(OH)2D3 

is a critical step in the catabolism of 1,25(OH)2D3 and appears to 
be responsible for controlling intrarenal and systemic 1,25(OH)2D3 
levels. CYP24 is directly regulated by VDR, and it is expressed mainly 
in the kidney, where VDR is also abundant. Although there is also a 
relatively high level of VDR expression in the small intestine, consti-
tutive CYP24 expression in this tissue is very low or undetectable, in 
contrast to that in the kidney (8).

It is well recognized that long-term therapy with some antiepi-
leptic drugs, including phenobarbital, phenytoin, and carbam-
azepine and the antimicrobial agent rifampicin (RIF), can cause 
a metabolic bone disease — osteomalacia (11–15). The side effects 
observed in those patients are very similar to vitamin D deficiency, 
and induction of the catabolism of 1,25(OH)2D3 is thought to 
contribute to this deleterious side effect. Although it has been 
studied extensively, the molecular mechanism of drug-induced 
osteomalacia remains unclear (11). Interestingly, many (but not 
all) of the drugs that cause osteomalacia are able to activate anoth-
er nuclear receptor — steroid and xenobiotic receptor (SXR; also 
known as pregnane X receptor [PXR], PAR, and NR1I2) (16–18). 
SXR is expressed at high levels in the liver and small intestine, 
where it acts as a xenobiotic sensor that regulates the expression of 
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CYP enzymes such as CYP3A4 and CYP2C8; conjugation enzymes 
such as UGT1A1; and ABC family transporters such as MDR1 and 
MRP2 (19). SXR is thus a master regulator of xenobiotic clearance, 
coordinately controlling steroid and xenobiotic metabolism (20, 
21). SXR is also expressed at much lower levels in other tissues 
such as kidney and normal and neoplastic breast tissue, although 
no function at these tissues has yet been described (22, 23).

A recent report by Pascussi et al. provided a new mechanism for 
drug-induced osteomalacia, suggesting that activation of SXR can 
enhance the expression of the VDR target gene, CYP24 (24). Under 
this scenario, induction of CYP24 would increase the catabolism of 
1,25(OH)2D3 and therefore might lead to drug-induced osteomala-
cia. However, their model is of questionable significance with regard 
to the physiological functions of CYP24 in vivo, given that CYP24 
is found primarily in the kidney, where SXR is expressed at very low 
levels. In addition, CYP24 is expressed at very low levels in liver and 
intestine, where SXR is abundant (8). This suggests that enhanced 
CYP24 expression may not play a role in the development of osteo-
malacia following long-term treatment with SXR activators.

In order to better understand the mechanism of drug-induced 
osteomalacia, we investigated the impact of SXR activation on 
CYP24 and CYP3A4 gene expression in vitro and in vivo. We report 
that activation of SXR neither transactivated the CYP24 promoter 
nor induced CYP24 expression. Instead, SXR inhibited VDR-medi-
ated CYP24 promoter activity, and 1,25(OH)2D3-induced CYP24 
expression was enhanced in mice lacking the SXR ortholog PXR. 
Combined with our previous findings that CYP3A4, not CYP24, 
dominated the hydroxylation of 1,25(OH)2D3 in human liver and 
intestine (8), our results indicate that SXR plays a dual role in 
mediating vitamin D catabolism and drug-induced osteomalacia. 
It upregulates CYP3A4 expression while repressing CYP24 expres-
sion in the liver and intestine.

Results
Expression of SXR/PXR, VDR, and their target genes in various tis-
sues. To elucidate the roles of SXR and VDR in the regulation of 

CYP24 expression, we first examined the levels of SXR/PXR and 
VDR mRNA and of their target genes — CYP3A4/CYP3A11 and 
CYP24 — in human and mouse liver, kidney, and small intestine. 
Gene expression was measured by quantitative real-time PCR 
(QRT-PCR) and is summarized in Figure 1. Consistent with previ-
ous reports (16), SXR/PXR was mainly expressed in the liver and 
intestine and found only at very low levels in kidney. In contrast, 
VDR was expressed mainly in the kidney and intestine at high lev-
els but was almost undetectable in the liver. CYP3A4/CYP3A11 
and CYP24, important enzymes involved in vitamin D metabo-
lism, were expressed with distinctly different patterns. CYP3A4/
CYP3A11 was mainly expressed in the human and mouse liver 
and intestine, where SXR/PXR mRNA was also abundant. How-
ever, CYP24 expression was detected primarily in the kidney and 
minimally in the intestine, particularly in humans, and this pat-
tern was not consistent with the high level of VDR expression in 
both kidney and intestine. VDR and CYP24 mRNA were almost 
undetectable in the liver.

1,25(OH)2D3 but not SXR ligands induce CYP24 gene expression in 
human intestinal cells and primary hepatocytes. The divergent patterns 
of SXR and CYP24 expression observed in kidney, intestine, and 
liver were at odds with the recent report that CYP24 expression 
is upregulated by SXR activators and that SXR directly regulates 
CYP24 promoter activity (24). To address this discrepancy, we test-
ed whether SXR ligands induce CYP24 gene expression in primary 
hepatocytes. Human primary hepatocytes from 2 different donors 
were treated with various concentrations of 1,25(OH)2D3 and 10 mM  
of 3 different SXR ligands, RIF, mifepristone (RU486), and 
clotrimazole (CLOT). Total RNA was isolated 24 hours later and 
QRT-PCR was performed to quantitate gene expression. As expect-
ed, the SXR ligands and 1,25(OH)2D3, were able to induce CYP3A4 
gene expression, which is consistent with previous reports (25, 
26). Among the 3 SXR ligands studied, RIF was the most potent 
inducer of CYP3A4, which is also consistent with our previous 
results (27). However, we found that activation of SXR by known 
agonists did not induce CYP24 gene expression in human prima-
ry hepatocytes (Figure 2, A and B), in contrast to the results of 
Pascussi et al. (24), Interestingly, 1,25(OH)2D3, stimulated CYP24 
transcription in a dose-dependent manner, despite the very low 
levels of VDR mRNA. Levels of CYP24 mRNA were increased by 
as little as 1 nM 1,25(OH)2D3. In addition to primary hepatocytes, 
we also used 2 different intestinal cell lines, LS180 and Caco-2, to 
further test the ability of SXR to induce CYP24 expression. SXR 
was found at high levels in LS180 cells but at almost undetectably 
low levels in Caco-2 cells, and VDR was expressed in both cell lines 
(data not shown), as reported previously (25). As shown in Figure 
2, SXR ligands induced CYP3A4 gene expression in LS180 cells, 
but not in Caco-2 cells, consistent with the lack of SXR expression. 
In contrast, 1,25(OH)2D3 induced CYP3A4 expression in both cell 
lines, consistent with the demonstrated role of VDR in intestinal 
CYP3A4 regulation. None of the SXR ligands affected CYP24 gene 

Figure 1
Expression of SXR/PXR, VDR, and their target genes in various tis-
sues. (A) Total RNA was isolated from human liver, intestine, and kid-
ney tissues (n = 3), and the expression of SXR, VDR, CYP3A4, and 
CYP24 was analyzed by QRT-PCR. (B) Total RNA was isolated from 
mouse liver, intestine, and kidney tissues (n = 3), and the expression of 
PXR, VDR, CYP3A11, and CYP24 was analyzed by QRT-PCR.
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expression appreciably in either intestinal cell line, in agreement 
with the human primary hepatocyte data. In contrast, 1,25(OH)2D3 
markedly induced CYP24 expression in both Caco-2 and LS180 
cells. Next, we tested whether longer exposure to SXR ligands can 
affect CYP24 expression. Human primary hepatocytes were treated 

with 10 or 50 nM of 1,25(OH)2D3 or 10 mM SXR 
ligands for 24, 48, or 72 hours. As expected, 10 
and 50 nM 1,25(OH)2D3 induced CYP24 gene 
expression after 24 hours incubation. This 
induction reached a peak after incubation of 
primary hepatocytes with 1,25(OH)2D3 for 48 
hours and significantly decreased after 72 hours 
of incubation. On the other hand, SXR ligands 
did not induce the CYP24 expression even after 
as long as 72 hours incubation (Figure 2D). The 
observation that SXR ligands did not induce 
CYP24 expression in both primary hepatocytes 
and immortalized intestinal cells suggested that 
CYP24 is not a direct target gene of SXR.

To further confirm that activation of SXR 
does not upregulate CYP24 expression, we trans-
fected LS180 cells with a mutant form of SXR 
(VP16-SXR) that constitutively activates SXR 
target genes in vitro and in vivo (28). Total RNA 
from VP16-SXR transfected cells was isolated, 
and QRT-PCR was performed. Overexpression 
of VP16-SXR successfully induced (40-fold) the 
expression of the SXR target gene CYP3A4 but 
had only a slight effect (<2-fold compared with 
VP16) on CYP24 expression (Figure 2E). These 
results, and those described above, suggest that 
CYP24 expression is not induced to any appre-
ciable extent by either ligand-activated SXR or 

the constitutively active VP16-SXR.
SXR does not transactivate the CYP24 promoter or bind to VDREs in the 

CYP24 promoter. Since activation of SXR had a minimal to unde-
tectable effect on CYP24 expression in both hepatocytes and LS180 
cells, we next tested whether SXR can directly regulate CYP24 pro-

Figure 2
1,25(OH)2D3 but not SXR ligands induce CYP24 
gene expression in human primary hepatocytes 
and intestinal cells. (A and B) Human primary 
hepatocytes from 2 different donors were treated 
with 1, 10, or 50 nM of the VDR ligand 1,25(OH)2D3 
or 10 mM of SXR ligands RIF, CLOT, or RU486 for 
24 hours as indicated. Total RNA from each sam-
ple was isolated, and the expression of CYP3A4 
and CYP24 genes was determined by QRT-PCR 
assays. (C) Two different immortalized human intes-
tinal cell lines, Caco-2 and LS180, were treated with 
1, 10, or 100 nM of the VDR ligand 1,25(OH)2D3 or 
10 mM of SXR ligands RIF, CLOT, or RU486 for 
24 hours as indicated. Total RNA from each sam-
ple was isolated, and the expression of CYP3A4 
and CYP24 genes was determined by QRT-PCR 
assays. (D) Human primary hepatocytes from 
donor 3 were treated with 10 or 50 nM of the VDR 
ligand 1,25(OH)2D3 or 10 mM of SXR ligands RIF, 
CLOT, or RU486 for 24, 48, or 72 hours as indicat-
ed. Total RNA from each sample was isolated, and 
the expression of CYP24 genes was determined by 
QRT-PCR assays. (E) LS180 cells were transfected 
with control vector, VP16, or VP16-SXR expression 
vector; total RNA from each sample was isolated; 
and the expression of CYP3A4 and CYP24 genes 
was determined by QRT-PCR assays.
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moter activity (24). HepG2 cells were transfected with a CYP24 or 
CYP3A4 promoter reporter, in the absence or presence of SXR or 
VDR expression plasmids. Cells were treated with the VDR ligand, 
1,25(OH)2D3, or SXR ligands, RIF, CLOT, or RU486, at the indi-
cated concentrations (Figure 3). Consistent with the gene expres-
sion data, SXR agonists only transactivated the CYP3A4 reporter 
and not the CYP24 reporter, in the presence of SXR (Figure 3B). In 

the presence of VDR, 1,25(OH)2D3 was able to induce both CYP24 
and CYP3A4 reporter activity, which confirmed VDR’s role in the 
regulation of both genes (Figure 3A). These results indicate that 
SXR does not regulate CYP24 promoter activity, which is consis-
tent with our gene expression analysis from primary hepatocytes 
and intestinal cells.

The promoter of CYP24 has been well characterized, and 2 VDR 
binding motifs have been previously identified: VDRE-1, locat-
ed –174 to –151, and VDRE-2, located –294 to –274 (24, 29). To 
further understand the failure of SXR to regulate CYP24 expres-
sion, we tested whether SXR can directly bind to those response 
elements by EMSA. SXR, VDR, and RXR proteins were prepared 
by in vitro transcription and translation. VDR-RXR heterodimers 
were able to bind both VDRE-1 and VDRE-2, as expected (Figure 
4A). Excess cold probes decreased VDR-RXR binding to those ele-
ments, confirming the specificity of the interaction. The SXR-RXR 
heterodimer, on the other hand, could not bind to either of those 
motifs under the conditions employed (Figure 4A). In contrast, 
SXR-RXR was able to bind to the ER6 motif from the CYP3A4 
promoter, and this was competed by addition of excess cold ER6 
probe but not to any appreciable degree by excess cold VDRE-1 

Figure 3
VDR but not SXR transactivates the CYP24 promoter. (A) HepG2 
cells were transiently transfected with full-length VDR together with a 
CYP3A4-luc reporter or CYP24-luc reporter and CMX-β-galactosidase 
transfection control plasmid. After transfection, cells were treated with 
control medium or medium containing 1 or 10 nM 1,25(OH)2D3 for 24 
hours. (B) HepG2 cells were transiently transfected with full-length 
SXR together with a CYP3A4-luc reporter or CYP24-luc reporter and 
CMX–β-galactosidase transfection control plasmid. After transfection, 
cells were treated with control medium or medium containing 10 mM 
CLOT, RIF, or RU486 for 24 hours.

Figure 4
SXR does not bind to the VDRE-1 and VDRE-2 motifs in the CYP24 promoter region. (A) In vitro–translated VDR, SXR, and RXR, as indicated, 
were incubated with [32P]-labeled VDRE-1 or VDRE-2 probe and analyzed by EMSA. Ten- or 50-fold excess of unlabeled VDRE-1 or VDRE-2 
probes was used for competition experiments. (B) In vitro–translated SXR and RXR were incubated with a [32P]-labeled ER6 motif, and 10- or 
50-fold excess of unlabeled ER6, VDRE-1, or VDRE-2 probes was used for competition experiments. (C and D) In vitro–translated VDR and RXR 
were incubated with [32P]-labeled VDRE-1 (C) or VDRE-2 (D) along with increasing amounts of SXR or RXR protein and analyzed by EMSA.
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or VDRE-2 probes (Figure 4B). Coincubation of VDR-RXR pro-
tein with increasing amounts of SXR protein interfered slightly 
with VDR-RXR heterodimer binding to either VDRE-1 or VDRE-2 
elements (Figure 4, C and D). However, this inhibition could be 
due to a weak nonspecific effect or competition for limited RXR 
protein, given that the effect of SXR did not appear to be protein 
concentration dependent, and an increase in the amount of RXR 
protein rescued this inhibitory effect. Together, these results sug-
gest that only VDR-RXR, but not SXR-RXR, binds to the known 
VDR response elements in the CYP24 promoter, which explains 
our observation that activation of SXR does not induce CYP24 
expression or transactivate its promoter in reporter gene assays.

Treatment with the SXR agonist RIF induces duodenal CYP3A4 but 
not CYP24 expression in healthy human volunteers. To confirm that 
SXR activation does not affect CYP24 expression in vivo, we ana-
lyzed duodenal epithelial biopsy samples collected from 6 healthy 
human volunteers before and after 2, 7, or 14 
days of oral RIF administration (150 mg every 
6 hours) using QRT-PCR. As seen in Figure 5, 
CYP24 mRNA was undetectable in baseline 
biopsy samples, and this was unchanged follow-
ing RIF treatment. In contrast, the SXR agonist 
elicited an expected marked (5-fold) induction 
of CYP3A4 expression after 2 days of RIF treat-
ment. The inductive effect was slightly decreased 
following longer exposures to RIF but still sig-
nificant even after 14 days of RIF treatment. The 
lack of detection of CYP24 mRNA in duodenal 
biopsy samples was not a methodological prob-
lem, as it was clearly detected in human kidney 
and at very low levels in another set of archived 
jejunal samples (Figure 1).

Crosstalk between SXR and VDR coordinately regu-
lates CYP24 promoter activity. Our in vitro and in 

vivo data indicated that SXR does not transactivate the CYP24 
promoter, nor does it upregulate CYP24 expression. However, we 
noted that CYP24 was expressed at undetectable or very low lev-
els in the human small intestine despite the high expression levels 
of VDR (Figure 1) and its known physiological function in this 
organ. CYP24 was also essentially absent from the human liver, 
although VDR expression at this site was also very low. Nuclear 
receptors can repress transcriptional responses to diverse signal-
ing pathways, which is an essential component of their biological 
activities (30). Indeed, it has been reported recently that SXR can 
crosstalk with constitutive androstane receptor (CAR) and sup-
press its effects on gene transcription (31). Accordingly, we tested 
whether SXR negatively affects CYP24 expression by repressing 
VDR activation. HepG2 cells were transiently transfected with 
SXR or VDR expression plasmids, or with both plasmids, along 
with a CYP24 reporter, and then treated with 1,25(OH)2D3 or the 

Figure 5
Induction of duodenal CYP3A4 but not CYP24 expression in healthy 
volunteers treated with RIF. The duodenal epithelial biopsy samples 
were collected from 6 healthy human volunteers before and after 2, 7, 
or 14 days of oral RIF administration (150 mg every 6 hours). Total RNA 
was isolated from biopsy samples, and the expression of CYP3A4 and 
CYP24 was analyzed by QRT-PCR. ND, not detectable. Statistically 
significant expressions compared with conditions before RIF adminis-
tration (day 0) are marked with asterisks; *P < 0.05 and **P < 0.01.

Figure 6
Crosstalk between SXR and VDR coordinately 
regulates CYP24 promoter activity. HepG2 cells 
were transiently transfected with SXR or/and VDR 
expression plasmids along with a CYP24-luc report-
er and CMX–β-galactosidase control plasmid, as 
indicated. (A) After transfection, cells were treated 
with control medium or medium containing 1, 10, or 
100 nM 1,25(OH)2D3 and 10 mM RIF as indicated for 
24 hours. (B) After transfection, cells were treated 
with 100 nM 1,25(OH)2D3 and 1, 5, and 10 mM RIF 
for 24 hours. (C) HepG2 cells were transfected with 
increasing amounts of SXR at 1:1, 2:1, or 4:1 ratio 
with VDR expression vector. After transfection, cells 
were treated with 100 nM 1,25(OH)2D3.
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SXR ligands RIF or RU486. As shown in Figure 6A, 1,25(OH)2D3-
enhanced CYP24 reporter activity mediated by VDR was repressed 
when SXR was coexpressed. The addition of SXR ligands further 
enhanced this repressive effect. RIF and RU486 had no significant 
impact on CYP24 reporter activity in the absence of SXR (Figure 
6A). Furthermore, the repression of CYP24 activity by the SXR 
ligand RIF was dose dependent in the presence of SXR (Figure 6B). 
The repression of CYP24 promoter activity was also proportional 
to the ratio of SXR to VDR expression vectors. When cells were 
transfected with increasing amounts of SXR expression vector, the 
ability of SXR to repress CYP24 activity was further enhanced (Fig-
ure 6C). Considering the high abundance of SXR in the human 
small intestine (Figure 1), this negative crosstalk between SXR and 
VDR may explain the low levels of CYP24 expression in the intes-
tine, despite the high levels of VDR. Similarly, SXR may repress the 
expression of CYP24 in the liver, although hepatic VDR expression 
is low and therefore unlikely to support significant gene transcrip-
tion. In contrast, the low level of SXR in the kidney may permit 
optimal expression and function of CYP24 enzyme.

SXR inhibits VDR effects on osteopontin and osteocalcin promoter 
activities but not on their common target gene, CYP3A4. We next tested 
whether SXR is able to inhibit other VDR-mediated promoter 
activities in addition to those in CYP24. Reporter constructs con-
taining the human osteopontin (SPP) or osteocalcin (OC) promot-
ers, which contain known VDREs, and regulated by VDR (32–34) 
were transfected into HepG2 cells in the absence or presence of 
SXR or VDR expression vectors. Cells were then cultured with 1 
or 10 nM 1,25(OH)2D3, 10 mM RIF, or a mixture of both, and then 

reporter activities were measured. As expected, 1,25(OH)2D3 was 
able to induce both SPP (Figure 7A) and OC (Figure 7B) promoter 
activities in the presence of VDR. In the presence of SXR alone, RIF 
had only slight effects on SPP and OC reporter activities. Similar 
to CYP24 regulation, cotransfection with SXR significantly inhib-
ited VDR-mediated SPP and OC promoter activities. The addition 
of RIF didn’t further enhance the repressive effect of SXR.

Since SXR and VDR can both bind to and transactivate the 
CYP3A4 promoter, we also investigated how SXR and VDR coor-
dinately regulate CYP3A4 promoter activity. A reporter construct 
containing the CYP3A4 promoter (XREM-luc) was transfected 
into HepG2 cells in the absence or presence of SXR or VDR expres-
sion vectors. Cells were then treated with 1 or 10 nM 1,25(OH)2D3,  
10 mM RIF, or a mixture of both, and reporter activities were mea-
sured. In the presence of VDR, 1,25(OH)2D3 was able to transacti-
vate the CYP3A4 promoter, while RIF also transactivated the same 
promoter in the presence of SXR (Figure 7C). In addition, unlike 
results obtained with the CYP24 promoter construct (Figure 6A), 
when HepG2 cells were cotransfected with both VDR and SXR, 
cotreatment of 1,25(OH)2D3 and RIF further enhanced CYP3A4 
promoter activity (Figure 7C). These data suggest that SXR 
represses VDR activation of some target genes, such as CYP24, OC, 
and SPP, but not the common target gene, CYP3A4.

Pregnenolone 16a-carbonitrile does not induce CYP24 expression in 
vivo, and 1,25(OH)2D3-induced CYP24 expression is enhanced in PXR-
knockout mice. In order to obtain additional in vivo evidence for the 
upregulation of CYP24 by VDR but not SXR, we treated wild-type 
and PXR-knockout mice with either the PXR ligand pregneno-

Figure 7
SXR inhibits VDR effects on SPP and OC promoter activities but 
not on their common target gene, CYP3A4. HepG2 cells were 
transfected with SXR and VDR expression plasmids along with 
an SPP2-luc reporter (A), OC-luc reporter (B), or CYP3A4-luc 
(C) reporter and CMX–β-galactosidase control plasmid, as indi-
cated. After transfection, cells were treated with control medium 
or medium containing 1 or 10 nM 1,25(OH)2D3 and 10 mM RIF, as 
indicated, for 24 hours.
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lone 16a-carbonitrile (PCN) or the VDR ligand 1,25(OH)2D3 for 3 
consecutive days and analyzed the expression levels of CYP24 and 
CYP3A in liver, kidney, and small intestine. As expected, PCN treat-
ment significantly induced CYP3A11 expression in the liver and 
intestine of wild-type mice but not in PXR-knockout mice (Figure 
8A). CYP24 mRNA was not elevated by PCN treatment in the liver, 
intestine, or kidney of either wild-type or PXR-knockout mice, 
which is consistent with our in vitro analysis demonstrating that 
SXR does not activate CYP24 transcription. 1,25(OH)2D3 was able 
to induce CYP24 expression in only the kidney (Figure 8C), but not 
the liver and small intestine, of wild-type mice (Figure 8B), despite 
the high level of VDR in the small intestine. Moreover, the induc-
tive effect of 1,25(OH)2D3 in the kidney was markedly enhanced in 
PXR-knockout mice, compared with wild-type mice. In addition, 
1,25(OH)2D3 treatment was also able to elicit a modest (2.5-fold) 
but significant inductive effect in small intestine (but not liver) 
of PXR-knockout mice, consistent with the absence of repressive 
activity from PXR on CYP24 expression. Interestingly, PCN treat-
ment significantly inhibited renal CYP24 expression in wild-type 
mice, but not in PXR-knockout animals. Taken together with the 
findings from our CYP24 promoter activity analysis, these results 
strongly suggest that PXR represses VDR-mediated CYP24 expres-
sion and that 1,25(OH)2D3-induced CYP24 expression is enhanced 
when the PXR repression is removed in PXR-knockout mice.

Discussion
VDR mediates the genomic effects of 1,25(OH)2D3 in the small 
intestine, kidney, and bone, organs whose integrated activities 

function to regulate calcium and phosphorus homeosta-
sis (35). 1,25(OH)2D3 also regulates CYP24, which is a key 
enzyme in 1,25(OH)2D3 catabolism. Enhanced CYP24 syn-
thesis by 1,25(OH)2D3 provides negative-feedback control of 
hormonal effects in target tissues through the formation of 
inactive metabolite(s) (3). Induction of 1,25(OH)2D3 catabo-
lism is thought to contribute to osteomalacia that can occur in 
patients treated long term with some antiepileptic drugs such 
as phenytoin, carbamazepine, and phenobarbital (11), which 
are ligands for SXR. Pascussi et al. attributed this adverse effect 
to an induction of CYP24 mediated by SXR activation (24). 
They reported that SXR/PXR is able to bind to the CYP24 
promoter and induce CYP24 gene expression in primary 
hepatocytes and kidney, which would enhance 1,25(OH)2D3 

degradation and subsequently diminish its biological effects 
in the body (24). However, based on substantial evidence from 

in vitro and in vivo experimental models, we conclude that SXR 
does not transactivate the CYP24 promoter, nor does it induce 
CYP24 expression to any appreciable extent. Instead, SXR inhib-
ited VDR-mediated CYP24 promoter activity, and CYP24 expres-
sion was low or nondetectable in those tissues containing high 
levels of SXR, including the small intestine, which has a high 
level of VDR expression. Moreover, these repressive effects were 
enhanced by SXR ligand activation, and 1,25(OH)2D3-induced 
CYP24 expression in the kidney and small intestine was enhanced 
in PXR-knockout mice. This renal effect is quite remarkable, given 
that basal expression of PXR in the kidney is relatively low com-
pared with that in intestine or liver, but presumably still sufficient 
to elicit a repressive effect in the wild-type animals. Finally, the 
inability of SXR/PXR to activate CYP24 is strongly supported by 
our data from healthy humans showing that RIF treatment did 
not induce duodenal CYP24 expression, despite profound induc-
tion of CYP3A4 in the same tissue.

We acknowledge that there are key differences between some 
of our experimental results and those reported by Pascussi et al., 
including the absence of an inductive effect by RIF on CYP24 
expression in cultured human hepatocytes (24). Pascussi et al. 
reported a 20-fold increase in CYP24 mRNA in cells culture with 
10 mM RIF for 48 hours and a time-dependent increase in CYP24 
mRNA following treatment with 20 mM RIF. We saw no induction 
by 10 mM RIF or the other SXR agonists tested after 24, 48, or 72 
hours of treatment (Figure 2D). The difference in experimental 
outcome could not be explained by assay sensitivity, as we found 
that CYP24 in human hepatocytes was readily induced many fold 

Figure 8
Activation of mouse PXR by PCN does not induce CYP24 expres-
sion in mice, and VDR-mediated CYP24 expression is enhanced by 
PXR knockout. Ten-week-old male PXR-knockout and C57BL6/J  
(wild-type) mice (3 per group) were injected intraperitoneally with 
vehicle control (DMSO), PXR ligand PCN (40 mg/kg), or VDR 
ligand 1,25(OH)2D3 (50 ng/mouse) for 3 consecutive days. Tissues 
were collected, and gene expression in the specific tissues was 
determined by QRT-PCR. (A) Expression of the PXR target gene 
CYP3A4 in PXR-knockout or WT mice was determined by QRT-
PCR. Total RNA was isolated from liver and intestine, as indicated. 
(B) Expression of the VDR target gene CYP24 in PXR-knockout or 
WT mice was determined by QRT-PCR. Total RNA was isolated 
from liver, intestine, and kidney, as indicated. *P < 0.05, **P < 0.01, 
and #P < 0.001.
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by 1,25(OH)2D3 in a dose- and time-dependent manner. We also 
note a discrepancy in the effect of PCN on the renal expression of 
CYP24 in wild-type mice. Pascussi et al. reported a 2.2-fold increase 
in renal CYP24 mRNA content, whereas we observed a significant 
reduction in gene expression (Figure 8B). Again we are at a loss 
to explain the difference other than to note that we employed 
a slightly lower dose of PCN (40 mg/kg versus 100 mg/kg) and 
treated animals for fewer days (3 versus 6 days). However, we did 
observe a 5-fold induction of renal CYP24 in animals treated with 
1,25(OH)2D3, indicating adequate assay sensitivity to detect a PCN 
effect. Finally, we were unable to show by EMSA that SXR binds 
to the CYP24 VDRE-1 and VDRE-2 motifs (Figure 4A), in contrast 
to clear evidence reported by Pascussi et al. of SXR and SXR-RXR 
binding to the same elements. It is possible that methodologi-
cal differences account for the discrepant outcomes, although in 
vitro–synthesized receptor proteins and identical VDRE oligonu-
cleotides were employed by both laboratories.

We recently reported that CYP3A4, and not CYP24, played the 
dominant role in 23- and 24-hydroxylation of 1,25(OH)2D3 under 
constitutive and induced conditions in human small intestine 
and liver (8). Data from this report suggests that SXR negatively 
regulates CYP24 expression in the small intestine, liver, and even 
kidney under constitutive conditions and yet mediates enhanced 
1,25(OH)2D3 catabolism through induction of CYP3A4 in liver 
and small intestine in response to treatment with SXR ligands 
such as those associated with drug-induced osteomalacia. Indeed, 
results from the healthy volunteer study clearly show no increase 
in duodenal CYP24 following RIF treatment and instead the 
expected marked increase in CYP3A4 expression. Admittedly, we 
cannot exclude the possibility that RIF elicited a transient increase 
in intestinal CYP24 expression during the 6-hour dose interval, 
similar to that seen in rats treated acutely with 1,25(OH)2D3  
(36–38), but the effect would have to have been short lived and dis-
cordant with the effect of the SXR agonist on CYP3A4 expression. 
Overall, our data strongly suggest that any change in intestinal 
(or hepatic) 1,25(OH)2D3 metabolism following chronic treatment 
with SXR agonists such as phenytoin and RIF would be more likely 
explained by an induction of CYP3A4 than CYP24.

The regulation of bone mass in mammals is a complex process 
that requires a balance between the bone-forming cells (osteo-
blasts) and bone-resorbing cells (osteoclasts) (39). In our previous 
report, we found that vitamin K2, a molecule used clinically to pre-
vent and treat osteoporosis, is able to bind to and activate SXR and 
is thus a bona fide SXR ligand (40). Vitamin K2 treatment of osteo-
sarcoma cells increased mRNA levels for the osteoblast markers 
bone alkaline phosphatase, osteoprotegerin, SPP, and matrix Gla 
protein. The known SXR activators RIF and hyperforin induced, 
rather than inhibited, this panel of bone markers to a similar 
extent as did vitamin K2. Vitamin K2 is able to induce bone mark-
ers in primary osteoblasts isolated from wild-type murine calvaria 
but not in cells isolated from mice deficient in the SXR ortholog 
PXR. Combined with our results showing that SXR inhibited 
CYP24 expression and that CYP3A4 plays the dominant role in 
1,25(OH)2D3 hydroxylation in human small intestine and liver, this 
indicates that SXR may have dual but opposing roles in mediating 
bone homeostasis. On one hand, activation SXR of by some drugs 
induces CYP3A4 expression in liver and intestine, which promotes 
metabolism of 1,25(OH)2D3 and may contribute to impaired cal-
cium absorption. On the other hand, vitamin K2 and these same 
SXR ligands can induce osteoblastic bone markers in bones and 

inhibit 1,25(OH)2D3-mediated CYP24 expression in kidney, which 
may induce bone cell formation and enhance systemic levels of 
1,25(OH)2D3, eventually opposing the development of osteoporo-
sis. Therefore, the effects of SXR on bone homeostasis are tissue 
specific and signal specific, and drug-induced osteomalacia may 
be far more complicated than just a phenomenon of enhanced 
CYP3A4 (or CYP24) expression and induced 1,25(OH)2D3 catabo-
lism. Perhaps the development of osteomalacia and osteoporosis, 
which is not seen in all patients receiving CYP3A4 inducers, occurs 
because of impaired osteoblast activation in response to SXR ago-
nists. Thus, drug-induced osteomalacia may be due, at least in 
part, to factors other than altered vitamin D metabolism.

Nuclear receptors can repress transcriptional responses to diverse 
signaling pathways, which can be an essential component of their 
full spectrum of biological activities (30). It was reported recently 
that SXR can also negatively regulate other signaling pathways. 
SXR represses CAR-mediated gene activation involved in bilirubin 
detoxification and that CAR target genes are upregulated in PXR-
knockout mice (31). In addition, we also found that SXR represses 
the NF-kB signaling pathway and may contribute to the immu-
nosuppressive effects of some drugs (C. Zhou and B. Blumberg, 
unpublished observations). The present study revealed that SXR 
also represses VDR-mediated CYP24 gene activation. This effect 
was SXR dependent, and its ligands further enhanced the down-
regulation of CYP24 transcription (Figure 6). Not surprisingly, 
SXR-mediated gene repression is selective in that SXR negatively 
affects CYP24 transcription but not CYP3A4. Although transre-
pression by nuclear receptors and crosstalk between nuclear recep-
tors and other signaling pathways have been studied extensively, 
the molecular mechanisms are still far from completely understood 
(41). SXR-mediated repression of CYP24 cannot be explained by 
competitive DNA binding, as, in our hands, SXR did not bind to 
the VDR motifs in the CYP24 promoter and VDR-RXR binding to 
those motifs was not affected appreciably by addition of SXR. Since 
both SXR and VDR recruit same coactivators, such as SRC-1, PBP, 
and p300/CBP (42, 43), ligand-independent and ligand-dependent 
coactivator recruitment by SXR may at least in part account for 
the inhibition of VDR activities. SXR is also able to interact with 
corepressors, SMRT and NCoR (27, 42), which may also be involved 
in transrepression of VDR activities by SXR. It also remains to be 
determined whether activation of SXR blocks the nuclear translo-
cation of VDR and therefore inhibit its genomic activities.

In conclusion, crosstalk between SXR and VDR regulates CYP24 
expression and 1,25(OH)2D3 catabolism. CYP24 expression is sup-
pressed at sites of high SXR expression, and CYP3A4 mediates 
1,25(OH)2D3 hydroxylation reactions. SXR activation of CYP3A4 
and not CYP24 is likely to be responsible for enhanced catabo-
lism of 1,25(OH)2D3 that is associated with long-term treatment 
with SXR ligands. Although its bone and intestinal effects may be 
paradoxical, SXR appears to be an important factor in vitamin D 
and bone homeostasis, in addition to xenobiotic homeostasis and 
cholesterol and bile acid detoxification. The current study widens 
the pharmacological implications of SXR action beyond xenobiotic 
response and establishes SXR as a potential therapeutic target for 
clinical treatment or prevention of osteomalacia and osteoporosis.

Methods
Reagents and plasmids. RIF, RU486, and CLOT were purchased from Sigma-
Aldrich. 1,25(OH)2D3 was purchased from Calbiochem, and PCN was 
purchased from BioMol International. SXR, VDR, VP16-SXR, CMX–b-gal 



research article

	 The Journal of Clinical Investigation      http://www.jci.org      Volume 116      Number 6      June 2006	 1711

expression vectors; SXR-dependent CYP3A4 promoter reporter (CYP3A4
XREM-luc); and human SPP promoter reporter (SPP-luc) have been previ-
ously described (16, 27, 34, 44). Human CYP24 promoter reporter (CYP24-
luc) and OC promoter reporter (OC-luc) were kindly provided by J.W. Pike 
(University of Wisconsin—Madison, Madison, Wisconsin, USA) (33).

Cell culture. The human hepatic cell line, HepG2, and intestinal epithe-
lial cell lines, LS180 and Caco-2, were obtained from ATCC and cultured 
in DMEM containing 10% FBS at 37°C in 5% CO2. The cells were seeded 
into 6-well plates and grown in DMEM–10% FBS until 70–80% conflu-
ence. Twenty-four hours before treatment, the medium was replaced with 
DMEM containing 10% resin-charcoal–stripped FBS. Immediately before 
treatment, the medium was removed; the cells were washed once with PBS 
and then treated with compounds or DMSO vehicle for appropriate times. 
Human primary hepatocytes were obtained from the Liver Tissue Procure-
ment and Distribution System (Pittsburgh, Pennsylvania, USA) as attached 
cells in 6-well plates. The hepatocytes were maintained in hepatocyte medi-
um (Sigma-Aldrich) for at least 24 hours before treatment.

Transient transfection and luciferase assay. Transfection and luciferase and 
b-galactosidase assays were performed as described previously (27). To test 
the ability of SXR and VDR to activate different reporters, HepG2 cells were 
seeded into 12-well plates overnight and transiently transfected with the 
SXR or/and VDR expression plasmid, together with the CYP3A4XREM-
luc or CYP24-luc reporter and CMX–β-galactosidase transfection control 
plasmids using FuGENE 6 (Roche Applied Science) in serum-free DMEM. 
Twenty-four hours after transfection, the cells were treated with DMSO or 
EtOH as a negative control, the known SXR ligands RIF, RU486, and CLOT, 
1,25(OH)2D3, or the mixture of 1,25(OH)2D3 and SXR ligands for 24 hours. 
The cells were lysed 24 hours after treatment, and β-galactosidase and lucif-
erase assays were performed as described previously (45). Reporter gene 
activity was normalized to the β-galactosidase transfection controls and the 
results expressed as normalized RLU per OD β-galactosidase per minute to 
facilitate comparisons between plates. Fold induction was calculated relative 
to solvent controls. Each data point represents the mean ± SEM of triplicate 
experiments that were replicated independently.

Human tissue samples. Human liver and intestine (jejunum) samples were 
obtained from the University of Washington School of Pharmacy Human 
Tissue Bank. The collection and use of these tissues for research was approved 
by the University of Washington Human Subjects Review Board. Human 
kidney RNA samples were obtained from BD Biosciences — Clontech. Total 
RNA was isolated from those samples and used for QRT-PCR analysis.

Animals and treatments. The following protocol was approved by the 
Animal Care Committee at St. Jude Children’s Research Hospital. PXR-
knockout and C57BL6/J (wild-type) mice were maintained on standard 
chow. Ten-week-old male C57BL6/J and PXR-knockout mice received an 
intraperitoneal injection of DMSO control, PXR ligand PCN (40 mg/kg), 
or 1,25(OH)2D3 (50 ng/mouse) for 3 consecutive days. Mice were then 
euthanized, and tissues were harvested for further analysis.

RNA isolation and QRT-PCR analysis. Total RNA was isolated from primary 
hepatocytes, LS180 cells, Caco-2 cells, and mouse and human tissues using 
TRIzol regent (Invitrogen Corp.) according to the manufacturer-supplied 
protocol. QRT-PCR was performed using gene-specific primers and the SYBR 
green PCR kit (Applied Biosystems) in an ABI 7900 system (Applied Biosys-
tems). All samples were quantified using the comparative Ct method for rela-
tive quantification of gene expression, normalized to GAPDH (27, 46). The 
following primer sets were used in this study: CYP3A4 (5′-GGCTTCATC-
CAATGGACTGCATAAAT-3′ and 5′-TCCCAAGTATAACACTCTACA-
CAGACAA-3′); CYP24 (5′-GGTGACATCTACGGCGTACAC-3′ and 
5′-CTTGAGACCCCCTTTCCAGAG-3′); VDR (5′-GACATCGGCATGAT-
GAAGGAG-3′ and 5′-GCGTCCAGCAGTATGGCAA-3′); SXR (5′-TGGGT-
GACACCTCCGAGA-3′ and 5′-TAGGGAGACAGGCCAGCA-3′); GAPDH 

(5′-GGCCTCCAAGGAGTAAGACC-3′ and 5′-AGGGGAGATTCAGTGT-
GGTG-3′); mouse CYP3A11 (5′-cagcttggtgctcctctacc-3′ and 
5′-tcaaacaacccccatgtttt-3′); mouse CYP24 (5′-CTGCCCCATT-
GACAAAAGGC-3′ and 5′-CTAACCGTCGGTCATCAGC-3′); mouse 
VDR (5′-ACCCTGGTGACTTTGACCG-3′ and 5′-GGCAATCTCCATT-
GAAGGGG-3′); mouse PXR (5′-GACGCTCAGATCCAAACCTT-3′ and  
5′-TGGTCCTCAATAGGCAGGTC-3′); mouse GAPDH (5′-AACTTTG-
GCATTGTGGAAGG-3′ and 5′-GGATGCAGGGATGATGTTCT-3′).

EMSA. Two VDRE probes and 1 ER6 probe were created by anneal-
ing the oligonucleotides 5′-CCGGACGCCCTCGCTCACCTCGCTGA-3′  
(VDRE-1), 5′-CGAAGCACACCCGGTGAACTCCGG-3′ (VDRE-2), or  
5′-ATATGAACTCAAAGGAGGTCAGTG-3′ (ER6) to the complementary 
strand. Double-stranded oligonucleotides were end labeled using T4 poly-
nucleotide kinase (Invitrogen Corp.) and γ-[32P]-ATP (PerkinElmer). One 
microliter of in vitro–translated SXR, VDR, or RXR protein was incubated 
with 2 mg poly d(I-C) (Promega), 2 ml bandshift buffer (50 mM MgCl2, 
340 mM KCl), and 6 ml delta buffer (0.1 mM EDTA, 40 mM KCl, 25 mM 
HEPES [pH 7.6], 8% Ficoll 400, 1 mM dithiothreitol) on ice for 10 min-
utes. [32P]-labeled double-stranded oligonucleotide probe (100,000 cpm) 
was then added, and the reaction was incubated for another 20 minutes 
on ice (27). The binding complexes were subjected to electrophoresis in a 
6% nondenaturing polyacrylamide gel containing 0.5× tris-borate-EDTA 
(TBE). The gels were dried, and the complexes were visualized on a Phos-
phorimager (Amersham Biosciences).

Treatment of healthy volunteers with RIF. Six healthy adult (human) vol-
unteers were admitted to the UNC General Clinical Research Center and 
placed on a whole food diet devoid of caffeine, cruciferous vegetables, and 
grapefruit juice. They were not smokers, and each was asked to refrain from 
consumption of alcohol, herbal products, dietary supplements, grapefruit 
products, vitamin and mineral supplements, caffeine, carbonated bever-
ages, and medications (both over-the-counter and prescription) for the 
2 weeks prior to admission. On the morning after admission and before 
breakfast, each subject underwent a standard upper gastrointestinal endo-
scopic procedure. A fiberoptic endoscope was passed through the mouth 
to the third portion of the duodenum (distal to the ampulla of vater), and 
“pinch” mucosal biopsy samples were obtained under direct vision. Upon 
recovery from the procedure, the subjects began treatment with oral RIF 
(Rifadin capsules [sanofi-aventis], 150 mg every 6 hours) for 14 consecutive 
days. The endoscopic procedure with biopsies was repeated on the morn-
ing of day 3 at the end of the 6-hour dosing interval (after 2 days of RIF 
treatment), and again after 7 and 14 days of treatment. A standard prepara-
tion regimen was employed for each endoscopic procedure that consisted 
of gargling, but not swallowing, Cetacaine (14% benzocaine, 2% butyl ami-
nobenzoate, 2% tetracaine hydrochloride) and intravenous midazolam and 
meperidine as needed for sedation. Four-pinch biopsy samples obtained 
at each procedure were immediately placed in 500 ml denaturing solution 
(4 M guanidine isothiocyanate, 0.5% N-lauroylsarcosine, 25 mM sodium 
citrate, and 0.7% 2-mercaptoethanol, pH 7.0), blended in a glass Dounce 
homogenizer and snap-frozen in liquid nitrogen. Total RNA was extracted 
using TRIzol reagent (Invitrogen Corp.). QRT-PCR was performed using 
gene-specific primers for CYP3A4 (5′-CCAAGCTATGCTCTTCACCG-3′ 
and 5′-TCAGGCTCCACTTACGGTGC-3′), CYP24 (5′-AGCACGTTT-
GGGAGGATGATG-3′ and 5′-GCACTAGGCTGCTGAGAATAC-3′), and 
villin (5′-CATGAGCCATGCGCTGAAC-3′ and 5′-TCATTCTGCACCTC-
CACCTGT-3′).Values were normalized to villin levels. Relative mRNA lev-
els were evaluated using the 2–DDCt method (46).

Statistics. Differences between 2 groups were analyzed using 2-tailed 
Student’s t test or 1-way ANOVA test. A P value less than 0.05 was con-
sidered to be significant. All data are presented in the text and figures as 
the mean ± SEM.
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