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Abstract

The steroid and xenobiotic receptor (SXR) has been demonstrated to play an important role in the regulation of the cytochrome P450 3A4
gene (CYP3A4) and multidrug resistance gene 1 (MDR1) by both endogenous and xenobiotic substrates. SXR and its rodent ortholog PXR
exhibit marked differences in their ability to be activated by xenobiotic inducers. This suggests that results obtained by rodent models may not
always accurately predict responses to the same compounds in humans. SXR expression was demonstrated in the human liver and intestine,
b rget genes
C icroscopy
a association
b d intestine
r with aging.
T d suggest an
i
©

K

1

a
t
1
n
p
S
3
1
(
a
b
x

02
r en-
nerally
se I
rox-
drug
and
mpo-
,
and
and
, re-
y
and
,
;

n.

0
d

ut its systemic distribution remains unknown. Therefore in this study, we first characterized the expression of SXR and its ta
YP3A4, and MDR1 in human adult and fetal tissues using quantitative RT-PCR, immunoblotting, and combined laser capture m
nd RT-PCR analysis. SXR mRNA and protein are expressed in adult and fetal liver, lung, kidney, and intestine. There is a close
etween the expression of SXR and its target genes in all of the tissues examined. The amounts of SXR mRNA in the liver an
eached maximal levels in young adults (15–38 years old) and then subsequently decreased to less than half of the maximal levels
hese findings demonstrated age-related differences in the body’s capacity to metabolize steroids and xenobiotic compounds an

mportant role for SXR and its target genes, CYP3A4 and MDR1 in this process.
2004 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

The steroid and xenobiotic receptor, SXR (Blumberg et
l., 1998a) was originally isolated as a potential homolog of

he Xenopus laevisbenzoate X receptor (Blumberg et al.,
998b). This receptor is also referred to as human preg-
ane X receptor (hPXR;Lehmann et al., 1998) or human
regnane activated receptor (hPAR;Bertilsson et al., 1998).
XR positively regulated transcription of cytochrome P450
A4 (CYP3A4; Bertilsson et al., 1998; Blumberg et al.,
998a; Lehmann et al., 1998) and multidrug resistance gene
MDR1; Geick et al., 2001; Willson and Kliewer, 2002),
lso known as ABCB1 (ATP-binding cassette B1) and has
een demonstrated to be a master or dominant regulator of
enobiotic metabolism (Synold et al., 2001; Xie and Evans,
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2001; Dussault and Forman, 2002; Kliewer et al., 20).
Metabolism of drugs, xenobiotic compounds, and othe
dogenous/exogenous substrates such as steroids ge
begins with oxidation by cytochrome P450 (CYP) pha
enzymes followed by phase II reactions in which the hyd
ylated metabolite is conjugated to a polar ligand. The
efflux pump P-glycoprotein (P-gp), encoded by MDR1
located on the cellular plasma membrane, is the final co
nent in these xenobiotic detoxification cascades (Michalets
1998). The most significant cytochrome P450 for drug
xenobiotic metabolism is CYP3A, which constitutes 30
70% of the whole CYPs in human livers and intestines
spectively (de Wildt et al., 1999). The CYP3A subfamil
consists of at least three isoforms, CYP3A4, CYP3A5
CYP3A7 (Nelson et al., 1996). Recently, a novel isoform
CYP3A43 has been characterized (Domanski et al., 2001
Gellner et al., 2001; Westlind et al., 2001), but its functions
including regulation by SXR still remains largely unknow
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Expression of CYP3A4 and CYP3A7 is induced by substrates
for these enzymes largely via activation of SXR.

SXR has been demonstrated to be closely associated with
the expression of CYP3A4 and MDR1 in human tissues
(Bertilsson et al., 1998; Blumberg et al., 1998a; Lehmann
et al., 1998; Geick et al., 2001). In addition, it is well known
that the capacity for metabolism and excretion of drugs de-
creases with advancing age and the expression of CYP3A
in human liver has been shown to vary with development
(Greenblatt et al., 1982; Osterheld, 1998) but its details still
remain unknown. Therefore, we hypothesized that the de-
creased capacity for drug and xenobiotic metabolism was
related to changes in SXR expression of human tissues.

SXR was reported to be present in adult human liver,
small intestine, and large intestine (Bertilsson et al., 1998;
Blumberg et al., 1998a; Lehmann et al., 1998), but its cel-
lular localization and expression in other tissues has also re-
mained largely unknown. CYP3A and MRD1 expression has
been detected in adult and fetal lung, kidney, and other human
tissues (Thiebaut et al., 1987; Cordon-Cardo et al., 1990; van
Kalken et al., 1992; Anttila et al., 1997; de Wildt et al., 1999)
but correlation between the expressions of SXR and CYP3A
or SXR and MDR1 mRNAs remain unknown. Metabolism
and elimination of endogenous and exogenous substrates is
very important in the fetus as well as in adults, but SXR
m ere-
f SXR
a t and
f tion
u ned
l er to
f iotic
m

2. Materials and methods

2.1. Tissue preparation

The age and gender of the subjects examined are summa-
rized inTable 1a. The number of subjects examined in each
experiment was summarized inTable 1b. The subjects have
been divided into four age groups as follows: neonatal, 0 years
old; young, 15–38 years old; middle aged, 45–65 years old;
elderly, 67–85 years old. Human neonatal and adult livers,
kidney, lung, small/large intestine, and other tissues (subjects
No. 13, 15, 19, and 23) were obtained from autopsy at the
Department of Pathology, Tohoku University Hospital within
2 h postmortem. Human fetal tissues (gestation ages, 14–21
weeks) were obtained after elective termination in normal
pregnant woman at Nagaike Maternal Clinic (Sendai, Japan).
None of the patients received corticosteroids prior to autopsy.
The committee on the ethics of Tohoku University School of
Medicine approved this research protocol, and informed con-
sent for this study was obtained from pregnant women before
elective termination.

2.2. Polymerase chain reaction (PCR)

2.2.1. Reverse transcription (RT)
sue
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RNA expression in human fetal tissues is unknown. Th
ore, in this study, we characterized the expression of
nd its target genes CYP3A4, and MDR1 in human adul

etal tissues obtained from autopsy or elective termina
sing quantitative RT-PCR, immunoblotting, and combi

aser capture microscopy and RT-PCR analysis in ord
urther study the possible roles of SXR in human xenob
etabolisms.

able 1a
ummary of the subjects examined

a Fetus, weeks; neonatal-elderly, years. M, male; F, female.
b No. 9, 1 day after birth; No. 10, 8 days after birth; No. 11, 14 days
Total RNA was extracted by homogenizing frozen tis
amples in TRIzol reagent (InVitrogen Life Technolog
nc., Gaithersburg, ND). In order to rule out possible
omic DNA contamination, the RT step was performe

he absence of SUPERSCRIPTTM II Reverse Transcriptas
InVitrogen Life Technologies, Inc.) followed by PCR. T
T-PCR products were electrophoresed and no bands
etected in these control samples (data not shown). Th

irth; 12, 24 days after birth.
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sulting cDNA was used as a template for polymerase chain
reaction (PCR).

2.2.2. Semi-quantitative real-time RT-PCR
Real-time PCR was carried out using the LightCycler

System (software version 3.5.3) with SYBR Green (Light-
Cycler FastStart DNA Master SYBR Green I, Roche Diag-
nostics GmbH, Mannheim, Germany). PCR was set up at
4 mM MgCl2, 10 pmol/l of each primer (Table 2; Blumberg
et al., 1998a; Faneyte et al., 2001; Miki et al., 2002; Miyoshi
et al., 2002) and 2.5 UTaqDNA polymerase (InVitrogen
Life Technologies, Inc.). An initial denaturing step of 95◦C
for 1 min was followed by 40 cycles, respectively, of 95◦C
for 0 s; 15 s annealing at 68◦C (SXR), 62◦C (CYP3A4, and
MDR1) or 60◦C (GAPDH); and extension for 15 s at 72◦C.
In initial experiments, PCR products were purified and sub-
jected to direct sequencing (ABI PRISM BigDye Termina-
tor v3.0 Cycle sequencing Kit and ABI PRISM 310 Genetic
Analyzer, Applied Biosystems, CA, USA) to verify ampli-
fication of the correct sequences. RNA from cultured hu-
man liver cells [HuH7, human hepatocellular carcinoma ob-
tained from Cell Resource Center for Biomedical Research,
Institute of Development, Aging and Cancer, Tohoku Uni-
versity (Sendai, Japan)] were used for SXR, CYP3A4, and
MDR1 as a positive control. Negative control experiments in-
c res-
e rod-
u e the
q n-
c ping
g PDH)
w PCR.
T tio of
G with
t CR
r tion
o uti-
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c

2
ma-

r ed
f ent
f (55
y ues
w urgi-
c mall
i eeks,
m ture
M ell
R ells
w ules,
a tela
s ll in-
t from
luded those lacking cDNA substrates to check for the p
nce of exogenous contaminant DNA. No amplified p
cts were detected under these conditions. To determin
uantity of target cDNA transcripts, cDNAs of known co
entration for SXR, CYP3A4, MDR1, and the house-kee
ene, glyceraldehyde-3-phosphate dehydrogenase (GA
ere used to generate standard curves for real-time q
he mRNA level in each case was represented as a ra
APDH, and was evaluated as a ratio (%) compared

hat of each positive control. Conventional quantitative P
equires the utilization of a defined cDNA in the construc
f a standard curve, but employment of the LightCycler

izing a purified PCR product cDNA of known concentrat
an semi-quantify PCR products (Miki et al., 2002).

.2.3. Microdissection/RT-PCR
The specimens used microdissection/RT-PCR are sum

ized inTable 1b. Normal adult kidney tissues were obtain
rom two male patients who underwent surgical treatm
or renal atrophy (17 years old) and renal cell carcinoma
ears old), respectively. Normal adult small intestinal tiss
ere obtained from two male patients who underwent s
al treatment (57 and 76 years old). Fetal kidney and s
ntestine were obtained from the same two fetuses (18 w

ale and female) after elective termination. Laser Cap
icrodissection LCM was performed using a CRI-337 (C
obotics, Inc., Albuquerque, NM). Approximately 100 c
ere laser-transferred from the glomerulus, urinary tub
nd the interstitium of adult and fetal kidney. Epithelium,
ubmucosa and tunica muscularis of adult and fetal sma
estine were also transferred. Total RNA was extracted
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Table 2
Primer sequences used in RT-PCR analysis

Cdna GeneBank accession No. Sequence Size (bp) Ref.

SXRa NM022002 Forward 5′-TCC TAC ATT GAA TGC AAT CGG-3′ 218 Blumberg et al. (1998a)
Reverse 5′-CAT CAA TGC TCA GCA CAC CC-3′

CYP3A4 NM017460 Forward 5′-CAG GAG GAA ATT GAT GCA GTT TT-3′ 80 Miyoshi et al. (2002)
Reverse 5′-GTC AAG ATA CTC CAT CTG TAG CAC AGT-3′

MDR1 AF616535 Forward 5′-AAG CCA CGT CAG CTC TGG ATA-3′ 73 Faneyte et al. (2001)
Reverse 5′-CGG CCT TCT CTG GCT TTG T-3′

GAPDH M33197 Forward 5′-TGA ACG GGA GCT CAC TGG-3′ 307 Miki et al. (2002)
Reverse 5′-TCC ACC ACC CTG TTG CTG TA-3′

a Oligonucleotide primers for SXR were designed using the previously published cDNA sequence.

laser-transferred cells according to a RNA microisolation
protocol (Emmert-Buck et al., 1996; Niino et al., 2001). To-
tal RNA from the microdissected kidney and intestine tissue
was reverse transcribed and cDNA was amplified in 25�l of
a PCR mix consisting of GeneAmp, 1× PCR Gold Buffer
(PerkinElmer Life Sciences, Inc.), 1.5 mM MgCl2, 200�M
dNTP, and 0.125 unit of AmpliTaq Gold (PerkinElmer Life
Sciences, Inc.) under the following conditions: initial dena-
turing at 95◦C for 10 min followed by 40 cycles of 1 min at
94◦C, 1 min at 55◦C, and 1 min at 72◦C, after which PCR
products were subjected to a final extension step for 7 min
at 72◦C. Primers used for PCR amplification were described
above.

2.3. Immunoblotting

The specimens used immunoblotting are summarized in
Table 1b. Approximately 100 mg of human tissues [liver, kid-
ney, lung, spleen, stomach, small intestine, large intestine
obtained from a 38-year-old woman (No. 19 inTable 1)]
and livers [0,15, 24, 44, 63, and 86 years old (No. 9,
13, 21, 26, and 36 inTable 1). fetus; 18 wk (No. 4 in
Table 1)] were homogenized in 500�l of triple detergent
buffer.

Immunoblotting was performed using 20�g of protein.
Following electrophoresis, protein was transferred on to Hy-
bond P polyvinylidene difluoride membrane (Amersham Bio-

Table 3
Summary of semi-quantitative PCR for SXR, CYP3A, and MDR1

SXR expressiona Tissues Age/sex CYP3A4 MDR1

Adult (years) Fetus (weeks) Adult Fetus Adult Fetus

Positive Liver 54/M 18/F 620.0 9.7 18.7 0.2
Kidney 54/M 18/F 0.0 0.7 50.0 2.3
Small intestine 24/M 18/F 112.7 10.0 20.3 2.0
Large intestine 24/M 18/F 9.7 13.0 5.0 2.1
Lung 54/M 14/M 0.8 1.0 1.9 0.3

Trachea 54/M b 0.0 0.4
Heart 54/M 18/F 0.0 0.0 0.1 1.5

b

b

b

21/
18

18
b

N 21
18/
18/
18/

b

b

b

b

b

D

Aorta 24/M
Esophagus 24/M
Stomach 24/M
Brain 54/M
Pancreas 54/M
Spleen 54/M
Urinary bladder 54/M

egative Adrenal gland 54/M
Thyroid 54/M
Thymus b
Testis 24/M
Prostate 24/M
Mammary gland 38/F
Fat 54/M
Skin 54/M
Muscle 15/F

Umbilical cord 19/

ata are expressed on the basis of GAPDH mRNA level (%).
a SXR mRNA transcripts analyzed by real-time RT-PCR.
b No specimens were available for study.
0.0 0.3
0.4 1.8
0.6 1.5

F 0.0 0.5 0.9 1.0
/F 0.1 2.5

/F 0.0 0.9 3.3 0.1
0.0 0.7

/M 0.7 0.4 1.7 1.2
M 0.0 1.9 1.2 0.9
F 0.0 1.7
M 0.3 0.2 2.3 3.0

0.6 3.4
0.0 10.1
0.0 0.0
0.0 0.0
0.0 0.7
M 0.1 1.3
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sciences Corp., NJ, USA) using Mini Trans-Blot Cell and
Power/Pac 200 (Bio-Rad Laboratories Inc., CA, USA). Mem-
branes were incubated with a 1:1000 dilution of human SXR
antiserum (PXR, Santa Cruz Biotechnology, Inc., CA, USA)
for overnight at 4◦C and a 1:1000 dilution of anti-goat IgG
horseradish peroxidase (ICN Biomedicals, Inc., CA, USA)
conjugated for one hour at room temperature. Protein bands
were detected using the ECL Plus Western blotting detec-
tion reagent (Amersham Biosciences Corp.) and visualized
with Las-1000 cooled CCD-camera chemiluminescent im-
age analyzer (Fuji Photo Film Co., Ltd., Tokyo, Japan). The
relative signal abundance was subsequently quantified as op-
tical density (OD) value with Science Lab 99 Image Gauge
3.2 software (Fuji Photo Film Co., Ltd.). The intensity for
SXR immunoreactivity was expressed as relative OD (arbi-
trary units).

2.4. Statistical analysis

Results were expressed as mean± S.D. Statistical analysis
was performed with the StatView 5.0 J software (SAS Insti-
tute Inc., NC, USA). All data were analyzed by analysis of
variance (ANOVA) followed by post-hoc Bonferroni/Dunn
multiple comparison test. Ap-value < 0.05 was considered
to indicate statistical significance.

3. Results

3.1. Systemic distribution of SXR, CYP3A and MDR1 in
human adult and fetal tissues

Results of semi-quantitative analysis of SXR, CYP3A and
MDR1 in adult (male, 54 and 24 years old; female, 38 and
15 years old) and fetal (male, 18, 19, and 21 weeks old; fe-
male, 20 and 21 weeks old) human tissues are summarized in
Table 3. Data are expressed relative to GAPDH mRNA levels
in each specimen. Expression of SXR mRNA was detected in
adult liver, kidney, and small/large intestine, but was below
the limits of detection in other tissues examined. SXR mRNA
transcripts in fetal tissues were limited to liver, kidney, and
small/large intestine.

CYP3A4 mRNA was detected in adult lung, esopha-
gus, stomach, small/large intestine, adrenal gland, testis,
and prostate (28.3–112.7% of adult liver expression). In
those fetal tissues where CYP3A4 expression was detected,
the mRNA levels were comparable with those in adult tis-
sues (lung, small/large intestine, liver, and adrenal gland
22.1–64.7%). Relatively low levels of CYP3A4 mRNA were
detected in adult pancreas, fetal brain, spleen, kidney, thy-
roid, and testis (2.5–19.1%). CYP3A4 mRNA was also de-
tected in placenta and umbilical cord (63.5 and 0.00%,

F
S
m
e
l
n

ig. 1. Levels of mRNA for SXR, CYP3A4, and MDR1 in human fetal and ad
I). (B) SXR mRNA levels in adult tissues (*p< 0.05 vs. K, Lu, and LI). (C) CY
RNA levels in adult tissues (*p< 0.05 vs. K, Lu, SI, and LI; a, 224± 61.9). (E) M

xamined). (F) MDR1 mRNA levels in adult tissues (*p< 0.05 vs. K, Lu, and LI
iver (Li), n= 24; kidney (K),n= 24; lung (Lu),n= 24; small intestine (SI),n= 16
= 5; LI, n= 5. The data are expressed as the mean± S.D.
ult tissues. (A) SXR mRNA levels in fetal tissues (*p< 0.05 vs. Li, K, Lu, and
P3A4 mRNA levels in fetal tissues (*p< 0.05 vs. K and Lu). (D) CYP3A4
DR1 mRNA levels in fetal tissues (there were no correlations among tissues
). The number of each subjects was summarized as follows—Adult tissues:
; large intestine (LI),n= 16. Fetal tissues: Li,n= 8; K, n= 8; Lu, n= 8; SI,
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respectively). MDR1 mRNA expression was detected in
nearly all the tissues examined with levels ranging from
11–82% of adult SXR liver levels (adult tissues) and 11–87%
(fetal tissues).

3.2. Age and sex differences

The highest levels of SXR mRNA expression were de-
tected in adult liver and small intestine, fetal small/large in-
testine with lower levels in the adult/fetal lung and fetal liver
(Fig. 1A and B). The levels of CYP3A4 mRNA expression
were also higher in adult liver and small intestine than other
tissues examined (Fig. 1C and D). CYP3A4 mRNA levels
were relatively low in fetal tissues including liver and small
intestines (Fig. 1C). MDR1 mRNA expression was similar to
that of CYP3A4 mRNA in the tissues where they were co-
expressed with the highest levels in the adult liver and small
intestine (Fig. 1E and F).

There were no significant differences detected between
male and female subjects in any of the adult human tissues
examined (data not shown).

3.2.1. SXR
SXR mRNA expression was low in fetal and neonatal liv-

ers. Its levels subsequently increased in the young to middle

age group and then decreased to fetal levels in the elderly
group (Fig. 2A). In kidney, the levels of SXR mRNA expres-
sion were relatively high in the fetus, but decreased towards
term (Fig. 2B). In lung, SXR mRNA levels remained rela-
tively low but variable throughout life (Fig. 2C). High levels
of SXR mRNA expression were detected in the small intestine
of the young-middle group (Fig. 2D). In the large intestine,
SXR mRNA was expressed at high levels in the fetal group
and then decreased to lower levels after birth (Fig. 2E).

3.2.2. CYP3A4
In liver, CYP3A4 mRNA expression was also low in the

fetus up to neonatal group. In the young group, the levels
of CYP3A4 mRNA transcripts markedly varied but were in
general higher than those in the middle group (Fig. 3A). In
kidney, the levels of CYP3A4 mRNA expression were highly
variable within and across age groups of the subjects exam-
ined (Fig. 3B). As with SXR, CYP3A4 of lung was expressed
at relatively low levels (Fig. 3C). High levels of CYP3A4
mRNA were also detected in the young group small intestine
(Fig. 3D). As with SXR, CYP3A4 mRNA was only expressed
at high levels in the fetal large intestine (Fig. 3E).

3.2.3. MDR1
MDR1 mRNA expression was relatively high in the el-

derly group liver, but the differences were not statistically

F
k
(
T

ig. 2. Changes in SXR mRNA levels in human adult and fetal tissues throu
idney (no development and aging affected SXR mRNA levels); (C) in lung
*p< 0.05 vs. N group); (E) in large intestine (*p< 0.05 vs. N, YM, and El groups)
he numbers of each subject are summarized inTable 1b. The data are expresse
gh development and aging. (A) In liver (*p< 0.05 vs. F, N, and El groups); (B) in
(no development and aging affected SXR mRNA levels); (D) in small intestine
; (F) fetal. N, neonatal; Y, young; M, middle; El, elderly; YM, young-middle.
d as the mean± S.D.
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Fig. 3. Changes in CYP3A4 mRNA levels of human adult and fetal tissues through development and aging. (A) In liver (*p< 0.05 vs. F and E groups;†p< 0.05
vs. N group); (B) in kidney (*p< 0.05 vs. F and E groups); (C) in lung (no development and aging affected CYP3A4 mRNA levels); (D) in small intestine
(no development and aging affected CYP3A4 mRNA levels); (E) in large intestine (*p< 0.05 vs. N, YM, and El groups); (F) fetal. N, neonatal; Y, young; M,
middle; El, elderly; YM, young-middle. The numbers of each subject are summarized inTable 1b. The data are expressed as the mean± S.D.

significant. In the neonatal group liver, MDR1 expression
was relatively low but it increased with development and
reached a plateau in the young group liver (Fig. 4A). The
levels of MDR1 mRNA expression in kidney were low in
fetus to neonatal group and later increased and remained rel-
atively constant with maximal expression in the young group
(Fig. 4B). In lung, MDR1 mRNA expression was very low in
fetus but increased with development, and reached plateau in
the young group and decreased thereafter (Fig. 4C). MDR1
expression levels were relatively low in both small and large
intestine (Fig. 4D and E) throughout life with the exception
of the small intestine in the young group.

3.3. Microdissection/PCR

Results of combined LCM/RT-PCR analysis of SXR,
CYP3A4, and MDR1 in human kidney and small intestine
are summarized inTable 4andFig. 5.

In adult human kidney, SXR PCR products were detected
as a specific single band in whole kidney tissues and in uri-
nary tubular epithelial cells isolated by LCM. SXR mRNA
was reproducibly absent from the adult glomerulus whereas
low levels of SXR mRNA expression were detected in stromal
cells from one of three adult cases examined in our study (55

years old). CYP3A4 and MDR1 mRNAs were also detected
in urinary tubular epithelial cells but not in the glomeruli.
Low levels of CYP3A4 mRNA expression were also de-
tected in stromal cells from one of three adults (55 years
old), that also expressed SXR at low levels in these cells. SXR
and CYP3A4 mRNAs were detected in urinary tubules and
surrounding stromal cells in fetal kidney examined. MDR1
mRNA transcripts were detected only in the adult and fetal
urinary tubules.

In adult small intestine, SXR and CYP3A4 mRNA ex-
pression were detected in surface epithelial cells, but not
in tela submucosa and tunica muscularis. We could exam-
ine only one subject, but SXR and CYP3A4 mRNA ex-
pression were both detected in lamina propria mucosae of
this 57-year-old male. MDR1 mRNA expression was re-
stricted to surface epithelial cells. In the fetal small intes-
tine, both SXR and CYP3A4 mRNA expression were de-
tected in surface epithelial cells, but not in tunica mus-
cularis. SXR and CYP3A4 mRNA were detected in the
tela submucosa of fetal small intestine. MDR1 mRNA
transcripts were restricted to surface epithelial cells as
in the adult. Expression of GAPDH was detected in all
the specimens examined in this combined LCM/RT-PCR
analysis.
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Fig. 4. Changes of MDR1 mRNA levels in human adult and fetal tissues through development and aging. There were no correlations between development
and aging in MDR1 mRNA levels of liver (A), kidney (B), small intestine (D), and large intestine (E). In lung (C), a statistically significant difference was
detected (*p< 0.05 vs. N, YM, and El groups). F, fetal; N, neonatal; Y, young; M, middle; El, elderly; YM, young-middle. The numbers of each subject are
summarized inTable 1b. The data are expressed as the mean± S.D.

3.4. Immunoblotting analysis

Immunoblotting analysis demonstrated that expression of
SXR protein (approximately 52 kDa) was detected in human
liver, kidney, lung, small intestine, and large intestine, but was
below the limits of detection in spleen and stomach (Fig. 6A).
The highest levels of SXR immunoreactivity were detected
in liver and small intestine with relatively lower levels in kid-
ney. Weak immunoreactivity was detected in lung and large
intestine. In spleen and stomach, SXR immunoreactivity was
not detected [Fig. 6B (left)]. SXR protein expression was low
in the fetal and 0-year-old liver, whereas high levels of SXR
protein expression were detected in adult liver [Fig. 6C (left)].
Results of SXR immunoreactivity were consistent with those
of SXR mRNA transcripts [Fig. 6B (right) and C (right)].

4. Discussion

SXR expression has been reported in human adult liver,
small intestine, and large intestine by several groups of in-
vestigators (Bertilsson et al., 1998; Blumberg et al., 1998a;
Lehmann et al., 1998). Our results were consistent with these
results, but in this study we also detected SXR expression

in adult lung and kidney. In human liver, the levels of SXR,
CYP3A4, and MDR1 mRNAs were all detected in both fe-
tus and neonates. CYP3A7 was the major CYP3A form in
fetal liver, andHakkola et al. (2001)demonstrated that the
abundance of CYP3A7 varied more markedly at the mRNA
levels than at the protein level. CYP3A5 mRNA has been
also reported in fetal liver, but the average level was 700-
fold lower than that of CYP3A7 (Hakkola et al., 2001). In
addition, CYP3A5 mRNA was detected only in a subset of
the fetal liver specimens and its level was the lowest among
CYP3A forms (Hakkola et al., 2001).

Bertilsson et al. (1998)demonstrated that in 10-week hu-
man embryos, expression was limited to the intestinal mu-
cosal layer using in situ hybridization analysis. In our present
LCM analysis, SXR mRNA was also detected in tela submu-
cosa of fetal small intestine. In this study, we could also detect
CYP3A4 and MDR1 mRNA transcripts in the adult and fetal
intestinal epithelium. It is well known that the small intestine
is one of the most important organs for the metabolism and
clearance of both endogenous and exogenous substrates in-
cluding steroids. This is consistent with the findings of our
present study in that SXR, CYP3A4, and MDR1 mRNA tran-
scripts were markedly present in adult and fetal small intes-
tine. SXR and CYP3A4 mRNAs were also abundantly ex-
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Table 4
Summary of laser capture microdissection/RT-PCR in human kidney and
small intestine

No. Age Sex Kidney Small intestine

G T S E PM SM M

SXR
Adult 1 17 M 0 2 0

2 55 M 0 3 1
3 38 F 0 2 0
4 57 M 3 1 0 0
5 76 M 3 a 0 0

Fetus 6 21 M 0 1 2 3 a 1 0
7 21 F 0 1 2 3 a 1 0

CYP3A4
Adult 1 17 M 0 2 0

2 55 M 0 1 1
3 38 F 0 3 0
4 57 M 3 1 0 0
5 76 M 3 a 0 0

Fetus 6 21 M 0 1 1 2 a 1 0
7 21 F 0 1 1 2 a 1 0

MDR1
Adult 1 17 M 0 1 0

2 55 M 0 2 0
3 38 F 0 2 0
4 57 M 3 0 0 0
5 76 M 3 a 0 0

Fetus 6 21 M 0 1 0 1 a 0 0
7 21 F 0 1 0 1 a 0 0

M, male; F, female; 0, negative; 1, weak; 2, moderate; 3, strong; G, glomeru-
lus; T, urinary tubules; S, stromal cells; E, epithelium; PM, lamina propria;
SM, tela submucosa; M, tunica muscularis. In kidney, adult,n= 3; fetus,
n= 2. In small intestine, adult,n= 2; fetus,n= 2.

a No specimens were available for study.

pressed in the fetal large intestine. The ability to absorb or
digest nutrients is generally considered to be acquired from
fetus to newborn in the small and large intestine (Babyatsky
and Podolsky, 1999). In adult kidney, SXR mRNA transcripts
were detected only in the urinary tubules whereas SXR tran-
scripts were also detected in interstitial and stromal cells sur-
rounding the urinary tubules in fetal kidney. CYP3A4 mRNA
expression was considered dominant in adult urinary tubules,
whereas it was dominant in the stromal cells of the fetal kid-
ney. The possible roles of SXR and CYP3A4 in the fetal
kidney may include an inactivation of steroids and xenobi-
otics, possibly leaking from the urinary tubules due to their
immaturity.

It is known that the liver function, including xenobiotic
metabolism decreases with aging. Moreover, neonatal liver is
known to be immature in its ability to metabolize compounds
(Greenblatt et al., 1982; Wynne et al., 1989; Sotaniemi et al.,
1997; de Wildt et al., 1999). Our study suggests that SXR
levels are at least partly responsible for these reductions in
drug clearance in elderly subjects, but this also requires fur-
ther investigations for confirmation. Individual differences

Fig. 5. (A) Toluidine blue staining for laser capture microdissection (LCM)
in human kidney and small intestine. The numbers of each subject are sum-
marized inTable 1b: (a) human adult kidney; (b) after microdissection; (c)
after laser pressure cell transfer (Gl, glomerulus; T, tubules; SC, stromal
cells); (d) human fetal kidney; (e) human adult small intestine; (f) human
fetal small intestine. (B) Results of electrophoresis of microdissection/RT-
PCR. Results are summarized inTable 4. In adult kidney, mRNA expression
for SXR, CYP3A4, and MDR were detected only in urinary tubules. In fe-
tal kidney, mRNA expressions for SXR, CYP3A4, were detected in urinary
tubules and stromal cells. MDR1 mRNA expression was detected only in uri-
nary tubules. In adult small intestine, mRNA expression for SXR, CYP3A4,
were detected in epithelium, and lamina propria mucosae (data not shown),
and tunica muscularis in this case. MDR1 expression was detected only
in surface epithelium. In fetal small intestine, mRNA expression for SXR,
CYP3A4, were detected in epithelium, and tela submucosa. In all cases,
GAPDH was detected as a specific single band. G, glomerulus; T, urinary
tubules; S, stromal cells surrounding the urinary tubules; K, whole tissue
of same kidney; E, epithelium; L, lamina propria mucosae of adult; S, tela
submucosa of fetus; M, tunica muscularis; I, whole tissue of same small
intestine; N.C., negative control; M, 100 bp ladder.

in the CYP enzymatic activities decrease with aging (Hunt et
al., 1992). However, the differences of the amounts of
CYPs detected in each age group examined were lower
than expected in our study.Masuyama et al. (2003)reported
that SXR was not detected in normal endometrium but was
expressed in the endometrium of patients who took oral
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Fig. 6. Results of immunoblotting analysis for SXR in human tissues. (A) Expression of protein for SXR was detected in adult (38-year-old women) liver,
kidney, lung, small intestine, and large intestine (arrow head, 50 kDa). (B) The levels of SXR immunoreactivity were high in liver, kidney, and small intestine,
low in lung and large intestine (left panel). SXR mRNA transcripts (right panel) were also detected in liver, kidney, lung, small intestine, and largeintestine.
(C) The levels of SXR protein and mRNA transcripts in adult and fetal livers. SXR protein expression was low in the fetal and 0-year-old livers, whereasthe
high levels of SXR protein expression were detected in adult livers (left panel). As with SXR protein expression patterns, SXR mRNA transcripts (right panel)
were high in 15–44 years old, and low in fetus, 0, 63, and 86 years old. Small, small intestine; Large, large intestine; Marker, size marker. The numbersof each
subject are summarized inTable 1b.

contraceptives.Masuyama et al. (2001)also reported the
expression of PXR mRNA in reproductive organs such as the
ovary, uterus, and placenta of non-pregnant and/or pregnant
mice. These authors suggested that the steroid strongly in-
fluences SXR expression in human endometrium and rodent
reproductive organs. Aging and/or maturation are associated
with concomitant change in activities of steroid hormones in
both male and female (Beitins et al., 1973; Hermann et al.,
2000; Purohit and Reed, 2002). In addition, SXR transcripts
have been reported from both normal breast tissue and breast
carcinoma (Dotzlaw et al., 1999). Estradiol has traditionally
been considered to play a critical role in female reproductive
organs, normal breast, and breast cancer and is well known
to activate SXR-dependent transcription (Blumberg et al.,
1998a) and to be metabolized by CYP3A4 (Lee et al., 2001).
These reported findings, taken together with the results pre-
sented above indicated that changes in SXR levels associated
with the aging/maturation process may be related to physi-
ological responses in the response to steroid and xenobiotic
exposure.
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