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Abstract
The steroid and xenobiotic receptor (SXR) and its murine

ortholog pregnane X receptor (PXR) are nuclear receptors

that are expressed mainly in the liver and intestine where

they function as xenobiotic sensors. In addition to its role

as a xenobiotic sensor, previous studies in our laboratories

and elsewhere have identified a role for SXR/PXR as a

mediator of bone homeostasis. Here, we report that systemic

deletion of PXR results in marked osteopenia with

mechanical fragility in female mice as young as 4 months

old. Bone mineral density (BMD) of PXR knockout

(PXRKO) mice was significantly decreased compared with

the BMD of wild-type (WT) mice. Micro-computed

tomography analysis of femoral trabecular bones revealed

that the three-dimensional bone volume fraction of

PXRKO mice was markedly reduced compared with that

of WT mice. Histomorphometrical analysis of the trabecular
Journal of Endocrinology (2010) 207, 257–263
0022–0795/10/0207–257 q 2010 Society for Endocrinology Printed in Great
bones in the proximal tibia showed a remarkable reduction

in bone mass in PXRKO mice. As for bone turnover of the

trabecular bones, bone formation is reduced, whereas bone

resorption is enhanced in PXRKO mice. Histomorphome-

trical analysis of femoral cortical bones revealed a larger

cortical area in WT mice than that in PXRKO mice. WT

mice had a thicker cortical width than PXRKO mice.

Three-point bending test revealed that these morphological

phenotypes actually caused mechanical fragility. Lastly,

serum levels of phosphate, calcium, and alkaline phosphatase

were unchanged in PXRKO mice compared with WT.

Consistent with our previous results, we conclude that

SXR/PXR promotes bone formation and suppresses bone

resorption thus cementing a role for SXR/PXR as a key

regulator of bone homeostasis.
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Introduction

The steroid and xenobiotic receptor (SXR) and its murine

ortholog pregnane X receptor (PXR) (also known as PAR

and NR1I2) are nuclear receptors that are activated by various

endogenous and dietary substances, pharmaceutical agents,

and xenobiotic compounds (Zhou et al. 2009). SXR/PXR is

mainly expressed in the liver and intestine (Blumberg et al.

1998), where it functions as a xenobiotic sensor by inducing

the genes involving detoxification and drug excretion

(Blumberg et al. 1998, Synold et al. 2001). The expression

of SXR/PXR was also detected at lower levels in the kidney,

lung (Miki et al. 2005), bone (especially in osteoblasts; Tabb

et al. 2003), and peripheral mononuclear cells (Albermann

et al. 2005). However, the functions of SXR/PXR in these

cells remain largely unclear.
Recently, we have found that vitamin K also functions as

a ligand for SXR/PXR and demonstrated SXR/PXR-

dependent biological functions of vitamin K in the bone

(Tabb et al. 2003) and in hepatocellular carcinoma cells

(Azuma et al. 2009). Vitamin K has been shown to have an

effect on bone fracture prevention (Shiraki et al. 2000,

Cockayne et al. 2006) and is clinically used for the treatment

of osteoporosis in Japan, Korea, and Thailand. Until recently,

vitamin K was primarily known as a co-enzyme for

g-carboxylase. Some bone-specific proteins such as osteo-

calcin (Price et al. 1976) and matrix Gla protein (Luo

et al. 1997) require g-carboxylation. We demonstrated

g-carboxylation-independent and SXR/PXR-dependent

vitamin K function in the bone by showing abolished bone

marker induction in PXR-deficient osteoblasts (Tabb et al.

2003). Furthermore, several SXR/PXR target genes
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expressed in bone such as tsukushi, matrilin-2, CD14, and

Msx2 have been identified by our group and other groups

(Ichikawa et al. 2006, Igarashi et al. 2007).

SXR/PXR has also been shown to affect the vitamin D

receptor (VDR) function by inducing the enzyme CYP3A4

in the liver and intestine, which catabolizes vitamin D among

its many substrates (Zhou et al. 2006a). Considering the

roles of vitamin D on calcium and phosphate homeostasis,

SXR/PXR could affect bone metabolism through the cross

talk with VDR. More recently, induction of the phosphate

transporter, SLC34A2, in the intestine by SXR/PXR was

reported (Konno et al. 2010). This group showed that PXR

knockout (PXRKO) mice are hypophosphatemic and

consequently experience bone loss. Taken together, these

reports indicate that SXR/PXR expression outside the bone

tissue could affect bone metabolism indirectly through the

regulation of calcium and phosphate homeostasis.

In this study, we characterized the histomorphometrical

phenotype of PXRKO mice to understand the roles of

SXR/PXR in the bone tissue more precisely. Our results

demonstrated that loss of SXR/PXR enhanced bone resorp-

tion and reduced bone formation in the trabecular bones and

decreased thickness in the cortical bones. Moreover, these mice

had normal levels of serum phosphate and calcium, suggesting

that SXR/PXR regulates other bone-specific processes, which

are deficient and lead to bone loss in PXRKO mice. Thus,

SXR/PXR plays a key role in bone homeostasis.
Materials and Methods

Animal experiments

The generation of the PXRKO mice has previously been

described (Xie et al. 2000). The PXRKO mice were

maintained in the 129/Sv background. The animals were

housed in a temperature-controlled room (22 8C) with a 12 h

light:12 h darkness schedule. Animals had free access to water

andwere fed a standard laboratory chow. Age-matched 129/Sv

wild-type (WT) mice were used as controls and maintained

under the same conditions. Female mice of age 4 months were

injected with 20 mg/kg tetracycline hydrochloride s.c. 5 days

before killing, followed by 20 mg/kg calcein s.c. injection

3 days later. Mice were killed 30 h after calcein injection, and

both the legs were dissected. The left legs were preserved with

70% ethanol for histomorphometrical analysis, while the right

legs were fixed with 4% paraformaldehyde in 0.1 M phosphate

buffer for bone mineral density (BMD) measurement and

micro-computed tomography (micro-CT) analysis. The U.C.

Irvine Institutional Animal Care and Use Committee

approved all animal procedures.
BMD measurements

The BMD of the right femoral bones was measured by dual-

energy X-ray absorptiometry using the Lunar PIXImus2
Journal of Endocrinology (2010) 207, 257–263
densitometer (GE Medical Systems, Madison, WI, USA).

The whole right leg fixed with 4% paraformaldehyde in

0.1 M phosphate buffer was placed in a specimen tray. After

calibration, duplicate cycles of four scans were obtained. The

region of the femoral bone was selected and analyzed.
Quantitative micro-computed tomography

Quantitative micro-CT scanning of the femoral trabecular

bone of the distal metaphysis of PXRKO mice and WT mice

was performed. The femoral trabecular bones of the distal

metaphysis were analyzed by the micro-CT system (mCT-40;
Scanco Medical, Bassersdorf, Switzerland), as reported

previously (Rüegsegger et al. 1996). Using two-dimensional

data from scanned slices, three-dimensional analysis was

performed to calculate morphometrical indices including

bone volume density (bone volume (BV)/tissue volume

(TV)), trabecular thickness (Tb.Th.)Z2!BV/bone surface

(BS), trabecular number (Tb.N.)Z(BV/TV)/Tb.Th., trabe-

cular separation (Tb.Sp.)Z(1/Tb.N.)KTb.Th., connectivity

density representing the maximum number of branches broken

to divide the structure in two parts, and the structure model

index (SMI), an indicator of plate-like trabecular architecture

(score 0) versus rod-like trabecular architecture (score 3).
Bone histomorphometry

Mice were injected with 20 mg/kg tetracycline hydro-

chloride s.c. 5 days before killing. Then, they were injected

with 20 mg/kg calcein s.c. 3 days later. Mice were killed 30 h

after calcein injection, and the left legs were dissected for bone

histomorphometrical analysis. The legs were fixed with 70%

ethanol, and soft tissues were removed. Bone histomorpho-

metry was performed on undecalcified sections with the

Villanueva Bone Stain (Villanueva & Lundin 1989). The

region of trabecular bone 100–700 mm distal to the lower

margin of the growth plate in the proximal tibia was selected

for the measurement of trabecular bones. The parameters

measured for the trabecular bone included the total TV, BV,

BS, eroded surface (ES), osteoclast surface (Oc.S), number of

osteoclasts (N.Oc), osteoid volume (OV), mineralizing

surface (MS), and osteoblast surface (Ob.S). As for N.Oc,

number of mononuclear osteoclast (N.Mo.Oc.) and number

of multinuclear osteoclasts (N.Mu.Oc.) were counted

separately. Under fluorescence microscope, single- and

double-labeled surfaces (sLS and dLS respectively), labeled

thickness (L.Th.) were measured. The secondary parameters

calculated based on these measurements included BV/TV,

Oc.S/BS, N.Oc/BS, OV/BV, MS/BS, Ob.S/BS, mineral

apposition rate (MAR)ZL.Th./days of labeling interval, and

bone formation rate (BFR)Z((sLS/2CdLS)!MAR!365).

For the measurement of cortical bone, horizontal section of

the diaphysis at the center of the femoral bone was used. The

parameters measured for the cortical bone included cortical

bone area and cortical width. Under fluorescence

microscope, ES and MS were observed.
www.endocrinology-journals.org
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Figure 1 Osteopenia in PXR knockout mice. (A) Two representative
radiographs of left legs of wild-type (WT) mice and PXR knockout
(PXRKO) mice are shown. No apparent gross abnormality was
observed in PXRKO mice. (B) Bone mineral densities of right femurs
of WT (nZ8) and PXRKO (nZ8) mice are shown.
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Serum analysis

Blood was collected from WT and KO animals via direct

cardiac puncture immediately postmortem. Bloodwas allowed

to coagulate at room temperature for 90 min and centrifuged

at 4000 g for 15 min, and serum was carefully removed and

stored at 4 8C until use. Serum levels of calcium and inorganic

phosphate were measured by UCI Pathology Services using

arsenazo IV (calcium) or phosphomolybdate (phosphate).
B

3

2

1

4

0

150

100

0·8

1·0
*

0·04

0·05

50

WT KOWT KO

***

***

***

***

WT KO

200

0

15

10

5

20

0

4

5

B
V

/T
V

 (
%

)

m
)

C
on

n-
D

en
s.

 (
1/

m
m

3 )

S
M

I

m
)

m
)

Biomechanical analysis of femoral bones

The mechanical properties of the diaphysis of femoral bones

were evaluated by three-point bending test. Load was applied

midway between two supports placed 8 mm apart. The femur

was positioned so that the loading point was at the center of

the femoral diaphysis, and bending occurred in the medial–

lateral axis. The bending test was done in a saline bath at

37 8C. Load–displacement curves were recorded at a cross-

head speed of 5 mm/min using a material testing machine

MZ500S (Maruto, Co., Ltd, Tokyo, Japan). The maximum

load and stiffness were analyzed using software CTRwin

(System Supply Co., Ltd, Kanagawa, Japan).
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Statistical analysis

Data are expressed as the meanCS.E.M. Differences

between the mean values were analyzed using the unpaired

Student’s t-test.
Figure 2 Three-dimensional change in the trabecular bones of PXR
knockout mice. (A) Representative three-dimensional micro-CT
images of the femoral trabecular bones are shown. Upper panels:
wild-type (WT) mice. Lower panels: PXR knockout mice (PXRKO).
(B) Microstructural parameters (BV/TV, three-dimensional bone
volume fraction per tissue volume; Conn-Dens., connectivity
density; SMI, structure model index; Tb.N., trabecular number;
Tb.Th., trabecular thickness; Tb.Sp., trabecular separation) of
femoral trabecular bones of wild-type (WT; nZ8) and PXR
knockout (KO; nZ8) mice derived from micro-CT analysis are
shown. ***P!0.001; *P!0.05.
Results

Decreased BMD in PXRKO mice

To examine the effects of PXR on the bone tissue, we utilized

PXRKO mice. PXRKO mice were viable, fertile, bred with

normal Mendelian distribution, and did not exhibit any

overt phenotypic change as described previously (Staudinger
www.endocrinology-journals.org
et al. 2001). We first evaluated the gross appearance of entire

leg of 4-month-old female PXRKO mice using radio-

graphical images. No apparent gross abnormality in shape was

observed in the leg bones of female PXRKO mice compared

with that of femaleWTmice, although the radiographs suggest

a slight decrease in bone density in the femoral bones of

PXRKO mice (Fig. 1A). The BMD of femoral bone was

quantified by dual-energy X-ray absorptiometry (DXA).

Notably, the BMD of PXRKO mice was significantly
Journal of Endocrinology (2010) 207, 257–263
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decreased compared with the BMD of WT mice (WT:

0.0679G0.0014 g/cm2, PXRKO: 0.0588G0.0011 g/cm2,

P!0.001; Fig. 1B). To exclude the possibility that difference

of body weights between PXRKO mice and WT mice

influenced decreased BMD in PXRKO mice, growth of

PXRKO mice was compared with that of WT mice. The

mean body weight of PXRKOmice at 1 month of age (nZ3)

was 14.16G0.72 g, while the mean body weight of WTmice

at the same month of age (nZ8) was 15.07G0.38 g

(PZ0.26). The mean body weight of PXRKO mice at 2

months of age (nZ3)was 19.68G0.66 g,while themean body

weight of WT mice at the same month of age (nZ10) was

18.84G0.45 g (PZ0.37). Finally, the mean body weight of

PXRKO mice at 4 months of age (nZ6) was 22.38G0.51 g,
while themean bodyweight ofWTmice at the samemonth of

age (nZ3)was 20.71G0.60 g (PZ0.09). Therefore, therewas
no significant difference in growth betweenPXRKOmice and

WTmice at least up to 4 months of age when we analyzed the

bone phenotype.
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Microstructural differences in trabecular bones of PXRKO mice

Next, three-dimensional bone microstructure was evaluated

using micro-CT analysis. These studies revealed a remarkable

bone loss in femoral trabecular bones of 4-month-old female

PXRKO mice (Fig. 2A). Calculation of standard three-

dimensional parameters of the trabecular bones revealed a

significant and substantial decrease in BV/TV of PXRKO

mice compared with that of WT mice (WT: 14.85G1.01%,
PXRKO: 5.92G0.79%, P!0.001). This decrease was

associated with changes in bone microstructure, such as

reduced trabecular connectivity, thickness and number,

accompanied by increased Tb.Sp. The SMI was also increased

in PXRKOmice, indicating transformation of the shape from

plate-like structure to fragile rod-like structure (Fig. 2B).
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Figure 3 Histomorphometrical differences in the trabecular bones of
PXR knockout mice. (A) Representative cross-sectional images of the
proximal tibial metaphyseal trabecular bones of wild-type (WT) and
PXR knockout (PXRKO) mice. Microscopic views under incandes-
cent light (upper panels) and fluorescent light (lower panels) are
shown. Yellow and green lines of tetracycline and calcein labeling
were visualized under fluorescent light. (B) Histomorphometrical
parameters (BV/TV, bone volume fraction per tissue volume; ES/BS,
eroded surface per bone surface; Oc.S/BS, osteoclast surface per
bone surface; N.Oc/BS, number of osteoclasts per bone surface;
OV/BV, osteoid volume fraction per bone volume fraction; MS/BS,
mineralizing surface per bone surface; Ob.S/BS osteoblast surface
per bone surface; MAR, mineral apposition rate; BFR/BS, bone
formation rate per bone surface) of proximal tibial metaphyseal
trabecular bones of wild-type (WT; nZ8) and PXR knockout (KO;
nZ8) mice are shown. ***P!0.001; **P!0.01; *P!0.05. Full
colour version of this figure available via http://dx.doi.org/10.1677/
JOE-10-0208.
Histomorphometrical differences in trabecular bones of
PXRKO mice

We next employed histomorphometrical analysis with

tetracycline and calcein double labeling to evaluate bone

turnover in WT and PXRKO animals. Gross observation

of trabecular bone in the proximal tibia revealed decreased

trabeculae and narrower interval between double labelings

(Fig. 3A). Measurement of histomorphometrical parameters

revealed that the BV/TV of WT mice was 23.18G1.54%.
In contrast, the BV/TV of PXRKO mice was 9.32G1.47%
(P!0.001), indicating a remarkable reduction in bone mass

in PXRKO mice (Fig. 3B). The BFR/BS (mm3/mm2 per

year) in WT mice was 0.465G0.018, whereas it was reduced
by half in PXRKO mice, 0.224G0.034 (P!0.001). The
ES/BS ratio (ES/BS) inWTmicewas 38.97G1.19%,whereas
it was 49.49G2.16% (P!0.001) in PXRKO mice. The

N.Oc/BS ratio (N.Oc/BS) in WT mice was 4.30G0.36
(N/mm), whereas it was 6.33G0.47 (P!0.01) in PXRKO

mice, indicating increased osteoclast number in PXRKOmice
Journal of Endocrinology (2010) 207, 257–263 www.endocrinology-journals.org
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(Fig. 3B). Taken together, these values indicate reduced bone

formation and enhanced bone resorption in PXRKO mice.

Among the osteoclasts in WT mice, the N.Mo.Oc./BS

ratio (N.Mo.Oc./BS) was 1.63G0.28 (N/mm), whereas

the N.Mu.Oc./BS ratio (N.Mu.Oc./BS) was 2.66G0.27.
On the other hand, N.Mo.Oc./BS in PXRKO mice was

2.45G0.37, while N.Mu.Oc./BS was 3.87G0.34. The ratio
of N.Mo.Oc./N.Mu.Oc. was not significantly different

between WT and PXRKO mice (PZ0.82).
Interestingly, OV index (OV/BV), which would have been

increased in hypophosphatemia, was rather decreased in

PXRKOmice (Fig. 3B). This suggests that PXRKOmice are

not hypophosphatemic, which is in contrast with a recent

report (Konno et al. 2010). We also demonstrate that PXRKO

mice display no changes in serum calcium (Fig. 4A) and

inorganic phosphate (Fig. 4B) concentrations, consistent with

the hypothesis that SXRKOmice are not hypophosphatemic.
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Figure 5 Histomorphometrical differences in the cortical bones
of PXR knockout mice. (A) Representative cross-sectional images
of the femoral cortical bones of wild-type (WT) and PXR knockout
(PXRKO) mice. Microscopic views under fluorescent light are
shown. Upper direction in the figure corresponds to lateral direction,
and right direction in the figure corresponds to anterior direction in
the actual setting. Bone forming posteromedial endosteal surface
labeled with tetracycline and calcein was indicated with red arrows.
Bone resorbed anterolateral endosteal surface was indicated with
blue arrows. (B) Cortical area (Ct.Ar.) and cortical width (Ct.Wi.)
of the femoral cortical bones of wild-type (WT; nZ8) and PXR
knockout (KO; nZ8) mice are shown. ***P!0.001; *P!0.05.
(C) Stiffness and the peak load were calculated by three-point
bending test of femoral diaphysis of wild-type (WT; nZ8) and PXR
knockout (KO; nZ8) mice are shown. **P!0.01; *P!0.05.
Histomorphometrical differences in cortical bones of PXRKO mice

Having demonstrated a reduction in trabecular structure

accompanied by enhanced resorption and reduced bone

deposition, we next performed histomorphometrical exami-

nation of the femoral cortical bones from WT and PXRKO

mice. Gross images of the femoral section revealed that the

posteromedial endosteal surface of PXRKO mice was labeled

with tetracycline and calcein, while an eroded anterolateral

endosteal surface was observed in PXRKO mice (Fig. 5A).

This indicates that, in contrast to WT mice, a posteromedial

modeling process was underway in PXRKO mice. Measure-

ment of histomorphometrical parameters revealed reduced

cortical area and width (Fig. 5B).

To evaluate whether morphological phenotype of the

femoral cortical bones in PXRKO mice actually caused

mechanical fragility, three-point bending test was performed.

In PXRKO mice, both of the two mechanical parameters

calculated, stiffness and the maximum load, were decreased

(Fig. 5C), indicating mechanical weakness in the femoral

bones of PXRKO mice.
www.endocrinology-journals.org
Discussion

The data presented above provide important new information

defining an important role for SXR/PXR in bone

metabolism. The current results demonstrate that systemic

SXR/PXR deficiency results in osteopenia with mechanical

fragility, thus confirming the importance of this nuclear

receptor as a regulator of bone homeostasis.
Journal of Endocrinology (2010) 207, 257–263
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Concordant with reduced BMD, decreased trabeculae and

cortical thickness were observed in PXRKO mice. The

increased SMI score in PXRKO mice suggested the presence

of a fragile, rod-like trabecular structure, which leads to

mechanical fragility. The observation of continuing modeling

process of the endosteal surface of femoral cortical bones also

implied mechanical weakness of bones in PXRKO mice.

In PXRKO mice, the modeling process was still observed at

4 months of age, indicating that a shift in BV to adjust for

mechanical stress was still necessary. Histomorphometrical

analysis of trabecular bones showed that bone formation

parameters were decreased, while bone resorption parameters

were increased in PXRKO compared with WT mice. We

infer that SXR/PXR loss-of-function resulted in suppressed

osteoblastic function and increased osteoclastic function,

which is compatible with osteopenia. From the observed

N.Mo.Oc. and N.Mu.Oc., the proportion of these two types

of osteoclasts was almost the same in WT mice and PXRKO

mice. Considering that multinuclear osteoclasts are function-

ally activated, the increased osteoclastic function in PXRKO

mice can be explained by increased whole N.Oc rather than

by activation of individual osteoclasts. This issue should be

clarified by functional studies in the future.

We previously showed by in vitro analysis that vitamin K

treatment induced the expression of several SXR/PXR-

dependent genes (Ichikawa et al. 2006). One of the induced

genes CD14, which affects osteoblastogenesis and osteo-

clastogenesis, could explain the in vivo effect of SXR/PXR

function in this study. Igarashi et al. identified Msx2 as a

SXR/PXR target gene in osteoblasts. Notably, Msx2 is a

transcription factor promoting osteoblastogenesis, which could

also explain the direct in vivo effect of SXR/PXR in bone tissue.

Since PXRKO mice lack the expression of PXR

throughout the body, it is conceivable that the osteopenic

phenotype could be due to SXR/PXR functions outside the

bone tissue. Recently, Konno et al. reported an interesting

indirect bone effect of SXR/PXR through induction of

SLC34A2. They showed decreased BMD and hypopho-

sphatemia in PXRKO mice and argued that the lack of

SLC34A2 induction was responsible for these phenotypes

(Konno et al. 2010). SLC34A2 is a phosphate transporter

expressed in the intestine and kidney. Although their report is

persuasive and intriguing, the reduced OV observed in our

study indicated that other mechanisms may be at work because

increased OV is a hallmark of osteopenia due to hypopho-

sphatemia (Harrell et al. 1985). Moreover, our PXRKO

animals did not exhibit elevated serum calcium or phosphate

(Fig. 4A and B). SXR/PXR was also shown to affect

calcium and phosphate homeostasis through the induction

of vitamin D-catabolizing enzyme CYP3A4 in the liver and

intestine (Zhou et al. 2006a). In this mechanism, activation of

SXR/PXR in the liver and intestine would favor bone loss

in WT mice. However, our work and that of other labor-

atories clearly indicates that SXR/PXR is required as a

positive regulator of bone homeostasis. Thus, the overall

conclusion we draw is that while activation of hepatic or
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intestinal SXR/PXR may have some unfavorable influ-

ences on bone metabolism, on balance, the presence and

activation of SXR/PXR in bone is required to maintain

proper bone homeostasis.

Another possible indirect action of SXR/PXR in bone

involves its action as a suppressor of nuclear factor kappa-B

(NF-kB) signaling. We and others previously reported

SXR/PXR-dependent NF-kB inhibition (Gu et al. 2006,

Zhou et al. 2006b). The expression of NF-kB target genes was

elevated in all tissues tested in PXRKO mice (although bone

was not examined). NF-kB signaling was reported to

promote osteoclastogenesis ( Jimi et al. 2004) and to inhibit

bone formation by mature osteoblast (Chang et al. 2009).

Therefore, increased NF-kB signaling and consequent

enhancement of osteoclast function together with the

suppression of osteoblastic function would be a reasonable

explanation for the phenotypes observed.

In conclusion, the data presented above show that PXRKO

mice are osteopenic. Micro-CT and histomorphometrical

analyses were performed for the first time for PXRKO mice;

fragile three-dimensional bone structure, suppressed bone

formation, and enhanced bone resorption were observed.

Further studies such as functional analysis of bone cells and

selective ablation of PXR in bone cells will aid in under-

standing the precise role of SXR/PXR signaling in bone

homeostasis, how this receptor exerts its osteoprotective effects,

and could provide novel therapeutic targets for osteoporosis.
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