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Nutritional calcium modulates colonic expression
of vitamin D receptor and pregnane X receptor target
genes

Thomas Nittke, Stephan Selig, Eniké Kallay and Heide S. Cross

Department of Pathophysiology, Medical University of Vienna, Vienna, Austria

Low nutritional calcium contributes to disruption of the intestinal epithelial barrier function, to hyper-
proliferation of colonocytes and increased occurrence of aggressive secondary bile acids in the gut
lumen. These mechanisms are also known to be involved in the etiology of colonic inflammation and
cancer. We studied in mice and human adenocarcinoma-derived Caco-2 cells the impact of low cal-
cium on markers of inflammation (cyclooxygenase-2; COX-2), of detoxification (pregnane and xeno-
biotic receptor (PXR)/steroid and xenobiotic receptor (SXR), cytochrome P450 steroid-inducible
3all (CYP3A11)), and on expression of the vitamin D system as a protection against tumorigenesis.
Caco-2 cells express high COX-2 and low SXR mRNA levels when subconfluent. During differentia-
tion this is reversed, while low calcium enhanced COX-2 protein expression. In vivo low dietary cal-
cium significantly increased the expression of the PXR target gene CYP3A11 in the proximal colon,
suggesting compensatory defense mechanisms. In comparison with males, low nutritional calcium
elicits a better protective response in females: both the vitamin D synthesizing 25-hydroxyvitamin Ds
la hydroxylase (CYP27B1) mRNA and the detoxifying CYP3A11 mRNA are augmented more.
While it is recognized that colonic vitamin D synthesis may prevent tumor progression, low dietary
calcium also elevates the 1,25-(OH),-D; catabolic 25-hydroxyvitamin D; 24 hydroxylase (CYP24)
expression primarily in the proximal colon. Our data suggest the proximal colon as the primary site of
response to insufficient calcium intake.
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1 Introduction

Inflammatory bowel disease (IBD), which manifests as
either ulcerative colitis (UC) or Crohn's disease (CD) is
associated with chronic inflammation of the intestinal tract.
IBD is thought to be the result of an altered intestinal epi-
thelial barrier function in combination with dysregulation
of the mucosal immune system. While the precise etiology
of UC is still unclear, its importance as a precursor lesion
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i  InterScience’

for colorectal cancer (CRC) is well recognized: risk is
increased at least two-fold compared with the normal popu-
lation. While up to 14% of UC patients develop colorectal
tumors, the incidence in CD patients is less than 1% [1].
CRC is potentially one of the most preventable malignan-
cies. Nutritional awareness (low fat, low red meat, high fruit,
and vegetable intake) and physical activity have good poten-
tial for primary prevention. Chemoprevention with calcium
supplements, aspirin and other nonsteroidal anti-inflamma-
tory drugs (NSAIDs) all have potential to reduce both the
formation of premalignant lesions as well as that of CRC.
Dairy products contain high levels of calcium, however a
nutritional calcium deficiency in European and American
populations is evident (see, e.g., [2]). It has been suggested
previously [3] that high calcium intake in vivo ameliorates
the hyperproliferative effect of toxic secondary bile acids
by sequestering them and inhibiting contact with the
colonic epithelium. However, we have demonstrated, that
the antiproliferative effect of calcium is not observed only
in vivo, but also in vitro in those colonic cell lines that
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express the calcium sensing receptor [4, 5]. While the
molecular mechanism for a cancer-preventive effect of cal-
cium is not completely clear yet, it has been demonstrated
that low dietary calcium also increases severity of IBD in
1L-10 KO mice [6].

The steroid and xenobiotic receptor (SXR) and its rodent
ortholog pregnane and xenobiotic receptor (PXR) are mem-
bers of the nuclear receptor superfamily [7]. PXR behaves as
a xeno-sensor, regulates expression of detoxification genes
and has recently been suggested to play a role in IBD patho-
genesis as well [8]. This prompted us to investigate in a
mouse model for nutritional deficiencies (see, e.g., [9]) in
parallel to the human colon adenocarcinoma-derived cell
line Caco-2 the effect of normal and low levels of calcium on
expression of selected markers of detoxification and inflam-
mation, and of colon cancer prevention such as the vitamin D
hydroxylases and the vitamin D receptor (VDR) [10].

2 Materials and methods

2.1 Mouse studies

C57BL/6 mice were housed at the Centre for Laboratory
Animal Care at the University of Vienna in a contained
environment. Mice were weaned when 3 wk of age, were
then fed ad libitum either a standard diet (basis was AIN
76A) containing high (0.9%) or low levels (0.04%) of cal-
cium (Harlan Teklad Europe, Borchen, Germany). The cal-
cium levels chosen represent the equivalent of high and low
calcium intake in humans [11]. Mice were killed by cervical
dislocation and tissue samples were collected. All animals
were sacrificed when 13—14 wk old. Treatment groups con-
sisted of at least five animals. The colon (without coecum)
was divided into proximal (from end of coecum to middle
of transversum) and distal (from middle of transversum to
rectum) parts, the lumen was cut open, rinsed with PBS, the
mucosa was scraped off on ice, and was immediately frozen
in liquid nitrogen. Study protocols were reviewed and
approved by the Institutional Committee of Animal Experi-
mentation of the Medical University of Vienna and by the
Austrian Ministry of Science and Education.

2.2 Cell culture

For comparison with the normal mouse colon mucosa we
selected the human cell line Caco-2, subclone AQ. While
Caco-2 cells are colon adenocarcinoma-derived, they still
are a valuable model for the normal colon, since they differ-
entiate spontaneously after confluence. From the original
cell line we cloned a cell type, the Caco-2/AQ, that has low
25-hydroxyvitamin D; 24 hydroxylase (CYP24) activity
[12] and a higher proliferation rate and reduced alkaline
phosphatase activity compared with the original cell line
[13]. Cells were routinely cultured at 37°C in a humidified
atmosphere of 95% air and 5% CO, in DMEM. Media were
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supplemented with 10% fetal calf serum (FCS), 10 mM
HEPES, 100 IU penicillin, 100 pg/mL streptomycin, and
2 mM glutamine (all from Gibco Life Technologies, Gai-
thersburg, MD). Media were changed every second day. For
low calcium treatment cells were transferred to “control TS”
medium: DMEM containing only 0.74% FCS and supple-
mented with 10 pg/mL transferrin (Sigma) and 5 ng/mL
sodium selenite (Merck, Darmstadt, Germany) 7 days after
confluency. The final Ca*" concentration in this medium was
1.8 mM. After 48 h accommodation to the low serum condi-
tion, the cells were treated for further 48 h with a TS medium
containing 0.025 mM calcium. This concentration was
reached by adding 0.74% FCS to nominally Ca®*-free
DMEM.

2.3 Methods

Total RNA was prepared with TRIzol™ reagent (Invitrogen,
Lofer, Austria) according to the manufacturer's instruc-
tions. RNA (2 ug) was reverse-transcribed (RevertAid™ H
Minus M-MuLV Reverse Transcriptase; Fermentas) using
random hexamer primer at 42°C for 60 min, 45°C for
10 min, followed by 72°C for 15 min.

Semiquantitative RT-PCR was performed on MyCycler™
(BioRad, Hercules, CA). RT-PCR conditions were: 94°C for
15 s, 58°C for 30 s (18S rRNA, cyclooxygenase-2 (COX-2),
25-hydroxyvitamin D; 1a hydroxylase (CYP27B1), VDR)
or 65°C for 30 s (PXR), 72°C for 1 min for 35 cycles with a
final extension at 70°C for 10 min.

The primer sets were:
18S rRNA forward: 5'-CCCGGGGAGGTAGTGACGAAA-

AAT-3,
18S rRNA reverse: 5'-CGCCCGCTCCCAAGATCCAAC-

TAC-3";

COX-2 forward: 5'-TTCAAATGAGATTGTGGGAAAAT-3;
COX-2 reverse: 5-AGATCATCTCTGCCGAGATCTT-3',
CYP27B1 forward: 5-CAGAGGCAGCCATGAGGAAC-3';
CYP27BI1 reverse: 5'-GGGTCCCTTGAAGTGGCATAG-3';
PXR forward: 5-CAAGCGGAAGAAAAGTGAACG-3;
PXR reverse: 5-CACAGATCTTTCCGGACC TG'-3';

VDR forward: 5’-CGCTCCAATGAGTCCTTCACC-3';
VDR reverse: 5-GCTTCATGCTGCACTCAGGC-3'

PCR products were separated on a 2% agarose gel con-
taining ethidium bromide and bands were analyzed with a
video camera imaging system under UV light (Herolab,
Wiesloch, Germany). For each experimental sample, the
relative abundance value obtained by densitometric anal-
ysis was normalized to the value derived from the control
sequence (18S rRNA) in the corresponding sample.

2.4 Quantitative real time RT-PCR

Basal levels of vitamin D hydroxylases are at least ten-fold
lower in normal mucosal cells than in tumor cells. There-
fore, in order to assess mRNA levels accurately in the

www.mnf-journal.com



Mol. Nutr. Food Res. 2008, 52, S45—S51

mouse colon, we quantified VDR, CYP24, and CYP27B1
mRNA levels by the comparative AACt method. Reliability
of data was improved by including an invariant endogenous
control: 18S rRNA. For each experimental sample, the rela-
tive abundance value obtained was normalized to the value
derived from the control sequence (18S rRNA) in the corre-
sponding sample. A pool of C57BL/6 mouse colon mucosa
(containing proximal and distal parts) cDNAs was desig-
nated as the “calibrator”, and the relative expression levels
of all other samples were assessed relative to the calibrator.
The real-time PCR was performed on an ABI Prism 7700
Sequence Detection System (Applied Biosystems, Foster
City, CA). Triplicates were set up for each sample and tran-
script under investigation. PCR conditions were: 50°C for
2 min, 94°C for 2 min, which was followed by 40 cycles of
94°C for 15 s and 60°C for 30 s. Primers and internal probes
were designed using Primer Express (Applied Biosystems)
and are located on different exons to prevent amplification
of contaminating genomic DNA. For detection of 18S
rRNA we used the VIC-labeled “Assays-on-Demand™
Gene Expression” kit (Applied Biosystems).

Additional primers and internal probes were:
mCOX-2 forward: 5-GCTCAGCCAGGCAGCAAA-3';
mCOX-2 reverse: 5'-ATCCTGTGCTCATACATTCCCC-3;
mCOX-2 probe: FAM-TTGCTGTTCCAATCCATGTCA-

AAACCG-TAMRA;
mCYP3A11 forward: 5-GCCACTCACCCTGATATCCAGA-

3
mCYP3A11 reverse: 5-ATACGTGGGAGGTGCCTTGTT-3;
mCYP3A11 probe: FAM-AAACTGCAGGATGAGATCGA-

TGAGGCTCT-TAMRA;
mPXR forward: 5-ACACCTGGCCGATGTGTCA-3';
mPXR reverse: 5'-GGCAGGTCCCTAAAGTAGGATATGA-3';
mPXR probe: FAM-TACATGTTCAAGGGCGTCATCAA-

CTTCG-TAMRA;

The sequences of CYP27B1, CYP24, and VDR were
described earlier [14].

2.5 Inmunoblotting

Western blot analysis was performed as described previ-
ously. Briefly, total proteins extracted from snap frozen,
ascending, and descending colon of mice were separated by
10% SDS-PAGE and subsequently blotted to a nitrocellu-
lose membrane. The membranes were incubated with a goat
anti-COX-2 antibody (Santa Cruz, Santa Cruz, CA) respec-
tively with an anti-actin antibody as internal loading control
(Sigma, Saint Louis, MI). To evaluate specificity of the
COX-2 antibody we also exposed the membrane to the
COX-2 antibody preincubated for 2h with a five-fold
excess of the peptide against which the antibody was raised.
Horseradish peroxidase-conjugated secondary antibodies
(Amersham Life Sciences, Buckinghamshire, UK) were
used and subsequent detection was performed with the
SuperSignal CL-HRP Substrate system (Pierce, Rockford,
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IL). Bands were evaluated by densitometry with a video
camera imaging system (Herolab).

2.6 Statistical evaluation

Statistical analyses were performed with the SPSS software
(version 12.0.1., SPSS, Chicago, IL). We assessed whether
our data were normally distributed using the one-sample
Kolmogorov-Smirnov goodness of fit-test for continuous
variables. Bivariate comparisons for normally distributed
data were calculated with the Student's #-test (two tailed).
Data that were not normally distributed were analyzed non-
parametrically with the Mann—Whitney—Wilcoxon test. A
confidence level of 0.95 was applied throughout. Results
are expressed as mean = SEM. Values of p <0.05 were
considered statistically significant and were marked with
an asterisk (¥*).

3 Results

3.1 Invivoregulation of VDR/ PXR target genes by
low dietary calcium in the mouse colon

In the normal mouse colon vitamin D hydroxylases are
expressed at very low levels, barely detectable by semi-
quantitative RT-PCR. We have previously demonstrated
that only in hyperproliferative colonic mucosa and in
tumors these mRNA species have an at least eight-fold
higher expression [15, 16].

We therefore quantified mRNA levels of CYP27B1, the
1,25-(OH),-D; — synthesizing hydroxylase, of CYP24, the
1,25-(OH),-D; — catabolizing hydroxylase, and of the VDR
by quantitative real-time RT-PCR separately in male and
female mice both in the proximal and distal colon.

There were no gender-related differences in basal expres-
sion patterns of the vitamin D system in mice fed AIN76
chow containing 0.9% calcium, with the one important
exception of VDR mRNA: females have significantly
higher expression (p = 0.026) than males but only in the dis-
tal colon (see Fig. 1A). Interestingly, feeding 0.04% cal-
cium led to an at least four-fold induction of CYP24 mRNA
in male mice and a three-fold induction in female mice, but
in the proximal colon only (Fig. 1B). In the distal colon the
low calcium diet did not change CYP24 expression. Feed-
ing 0.04% calcium elevated VDR as well as CYP27Bl1
expression in the proximal colon, and significantly reduced
VDR expression in the distal colon (p = 0.04) however only
in female mice (Figs. 1A and C).

3.2 COX-2 and PXR mRNA expression in mouse
colon

Highest COX-2 expression and lowest PXR mRNA were
observed in the proximal colon of male mice, whereas in
female mice there are no site-dependent differences in
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Figure 1. Quantitative Real-Time PCR analysis of VDR (A),
CYP24 (B), and CYP27B1 (C) mRNA levels in colonic mucosa
of C57BL/6 mice. Amount of mRNA species were compared in
proximal and distal colon of female and male animals fed
either with 0.9% (white bars) or 0.04% Ca?* (black bars). Data
were quantified by the comparative AAC; method and
expressed as 2724 with mean + SEM (n =5 mice/group). p-
value: *a=0.027, *b = 0.042, “c = 0.043.

COX-2 or PXR expression (Fig. 2A). None of the changes
in COX-2 and PXR mRNA expression elicited by low cal-
cium were significantly different from values obtained by
feeding high dietary calcium (not shown). Cytochrome
P450 steroid inducible 3all (CYP3Al1l) however, the
enzyme responsible for detoxification and a target gene of
PXR, was significantly elevated in the colon of mice receiv-
ing a low calcium diet (males p = 0.014; females p = 0.025)
(Fig. 2B). In comparison with male mice, expression was
significantly augmented in female mice and only in the
proximal colon (female vs. male mice, p = 0.04), while the
distal colon was not found to be positive for CYP3A11
expression (not shown).

3.3 Caco-2/AQ cells

3.3.1 Basal expression of the VDR and of vitamin D
hydroxylases CYP27B1 and CYP24 mRNA
during differentiation

Caco-2 is the most “normal” human colon cancer cell line

available since it differentiates spontaneously during cul-

ture and expresses high levels of cytokeratin &, a marker of
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Figure 2. (A) COX-2 and PXR expression in the colonic
mucosa assessed by Quantitative Real-Time PCR analysis for
proximal and distal colon of both male and female C57BL/6
mice. (B) Gender-related effect of mice fed either 0.9% (white
bars) or 0.04% Ca?* (black bars) on CYP3A11 mRNA expres-
sion in proximal colon. Data were quantified by the compara-
tive AACr method and expressed as 272A¢T with mean + SEM
(n =5 mice/group). p-value: *a =0.014, *b = 0.049,*c = 0.025.

normal epithelial cells, of p27, the cyclin-dependent kinase
inhibitor WAF-1, and low levels of vimentin and of cyclin
D1 [12]. During increasing differentiation of Caco-2/AQ
cells, i.e., from subconfluent highly proliferative growth
until 7 days after confluency in nonproliferative cultures,
expression and activity of alkaline phosphatase, a marker
for intestinal differentiation, is enhanced [17]. Also the
VDR was suggested to be a marker of differentiation in
colonic cells [18]. In Caco-2 cells, mRNA expression of
both VDR and CYP27B1 was augmented with differentia-
tion, however this increase was statistically not significant
due to high variability of data (Fig. 3A). Basal, non-1,25-
(OH),-Ds-induced expression of CYP24 was barely detect-
able independent of the degree of differentiation (not
shown).

Treatment of confluent Caco-2/AQ cells with low con-
centrations of calcium (0.025 mM) in the culture medium
doubled VDR mRNA expression while CYP27B1 mRNA
levels remained similar relative to basal levels found in
cells cultured in medium containing 1.8 mM calcium (Fig.
3B).

3.3.2 Basal COX-2 and SXR mRNA expression
during differentiation of Caco-2/AQ cells
We measured COX-2 and SXR mRNA levels by semiquan-
titative RT-PCR. In subconfluent, highly proliferative
Caco-2/AQ cells, COX-2 mRNA was high whereas SXR
mRNA was barely detectable (Fig. 4A). During culture of
Caco-2 cells up to 21 days after confluency this expression
pattern was reversed in a time-dependent manner: in highly
differentiated Caco-2 cells COX-2 was reduced to barely
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Figure 3. Semiquantitative RT-PCR analysis of VDR and
CYP27B1 mRNA in human adenocarcinoma-derived Caco-2
cells. (A) Differences in expression levels of VDR and
CYP27B1 in subconfluent (white bars) and confluent (black
bars) Caco-2 cells grown in DMEM containing baseline
(1.8 mM) concentrations of calcium. (B) Quantification of VDR
(white bar) and CYP27B1 (black bar) transcription levels in
well differentiated Caco-2 cells treated with 0.025 mM Ca?* for
2 days (% of 1.8 mM calcium control). Lower panels show rep-
resentative agarose gel analysis of VDR and CYP27B1
expression compared to 18S rRNA (C=1.8 mM Ca*, low
Ca? = 0.025 mM Ca?*). Data are mean = SEM (n = 3).

detectable levels and SXR mRNA became highly expressed
(Fig. 4A).

3.3.3 Invitroregulation of COX-2 expression by
low calcium
Treating differentiated (confluent) Caco-2/AQ cells with a
medium containing 0.025 mM calcium, COX-2 mRNA
expression was elevated with a parallel decrease in SXR
levels (Fig. 4B). When we evaluated COX-2 regulation at
the protein level by immunoblotting, 0.025 mM calcium
clearly elevated also COX-2 protein expression, however
results just missed being significant (p = 0.07) (Fig. 4C).

4 Discussion

CRC is one of the most preventable forms of visceral can-
cer. While only about 5% of colon cancers are associated
with high-risk, inherited colon cancer syndromes, there is
weaker familial clustering in about 30% of all CRC cases
[19]. Average risk patients include persons 50 years and
older and risk is enhanced in the male population. Risk is at
least doubled if individuals have IBD. COX-2 expression is
low or undetectable in normal colonic mucosa, but is found
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Figure 4. Evaluation of COX-2 and SXR expression levels in
Caco-2 cells by semiquantitative RT-PCR and immunoblot-
ting. (A) Time-dependent evaluation of COX-2 and SXR
mRNA expression patterns in Caco-2 cells during differentia-
tion. (B) Assessment of COX-2 (white bar) and SXR (black
bar) mRNA levels in confluent (7 days) Caco-2 cells treated
with 0.025 mM Ca?* for 2 days (% of 1.8 mM calcium control).
Lower panel shows representative agarose gel analysis of
SXR and COX-2 expression pattern compared to 18S rRNA.
(C=1.8 mM Ca*, low Ca? = 0.025 mM Ca?*) (C) Evaluation
of COX-2 protein in confluent (7 days) Caco-2 cells treated
with 0.025 mM Ca? for 2 days. B-Actin was used as internal
loading control (C=1.8mM Ca?/white bar, low
Ca? =0.025 mM Ca?/black bar). Original Blot is shown
below. Lane 1: specificity control of the COX-2 antibody (prein-
cubation with the immunogenic peptide); lanes 2—4: 1.8 mM
Ca%; lanes 5-7: 0.025 mM Ca?. Data are meanx SEM
(n=23).

in approximately half of adenomas and 90% of CRCs [20].
Nonsteroidal anti-inflammatory drugs like celecoxib that
specifically target and block COX-2 are effective inhibitors
of inflammation and may also reduce risk of CRC [21].
However, considerable side effects are known. Therefore, it
would be preferable to prevent the disease, if possible by
nutritional means. Increasing dietary calcium as well as
vitamin D intake could be such factors [22].

Calcium shows an inverse association (risk reductions in
the range of 15-40% for the highest versus the lowest intake
categories, see, e.g., [23]) with CRC incidence, whereas it
has been estimated that increasing 25-OH-D; levels to
40 ng/mL serum would result in a 50% decrease of CRC
incidence [24]: it is assumed that this enhancement would
provide sufficient precursor for elevation of colonic 1,25-
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(OH),-D; synthesis to prevent CRC progression locally
[10]. Recently it has been demonstrated in a mouse model
that both calcium and 1,25-(OH),-D; target the TNF-a path-
way and thus might be able to suppress onset of IBD as a
risk factor for CRC [6].

We previously demonstrated the importance of the VDR
for prevention of colonic hyperproliferation and of poten-
tial tumorigenesis in the VDR-knockout mouse [25]. Com-
plete loss of the VDR resulted in colonic hyperproliferation
as well as cyclin D1 elevation, suggesting that proper func-
tioning of the vitamin D system may be essential for normal
growth of mucosal cells. It is interesting to observe in our
present mouse model a gender-related modulation of the
VDR: female mice have significantly higher expression of
the VDR than male mice (male vs. female, p = 0.027) in the
distal colon only (Fig. 1A). This suggests (i) that the VDR
is potentially increased by female sex hormones as protec-
tion against colonic hyperproliferation (see also [26]), and
(ii) that this protection extends mainly to the distal colon.
Low dietary calcium decreases significantly (p =0.04)
VDR expression in the distal colon of female mice whereby
VDR levels become similar to those found in the male
mouse. This regulation of VDR expression primarily in the
distal colon again is highly suggestive of its role there: we
have previously demonstrated in the VDR knockout mouse
that lack of VDR activity resulted in hyperproliferation of
primarily distal colon crypts and a concomitant increased
positivity for 8-hydroxy-2'-deoxyguanosine, a marker of
oxidative DNA damage [25].

We also provide evidence in our mouse model that
mRNA of the catabolic CYP24 hydroxylase is present in
both the proximal and distal colon at approximately equal
levels. While, due to individual variabilities, differences do
not quite reach significance (p = 0.066) there is a four-fold
enhancement by low nutritional calcium in the proximal
colon of male mice, whereas in female mice enhancement
is only about three-fold (Fig. 1B). This suggests that the
female gender has a higher potential for accumulation of
1,25-(OH),-D; also in the proximal colon due to lower deg-
radation of the steroid hormone, and this in turn could pro-
tect against premalignant lesions. A reduced incidence of
CRC in women is well known: women age-matched to men
have a significantly decreased risk [27] and this may be due
(at least in part) to improved activity of the vitamin D pro-
tective system in women.

In the intestine specifically PXR may be instrumental in
degradation of secondary bile acids known to be irritants
and potential mutagens [28]. Interestingly, it has been sug-
gested that PXR can interact with the vitamin D system by
modifying expression of CYP24, the catabolic vitamin D
hydroxylase [29]. Although low dietary calcium had no sig-
nificant effect on COX-2 and PXR mRNA expression (not
shown), it did increase expression of the PXR target gene
CYP3Al1, the enzyme involved in detoxification proc-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2008, 52, S45—-S51

esses, significantly but only in the proximal colon (Fig.
2B). This is especially apparent in the female gender
(female vs. male, p =0.049). It is also interesting that in
female mice there is a tendency for lower COX-2 expres-
sion and higher PXR expression in the proximal colon than
in male mice though these differences are not statistically
significant (Fig. 2A). Taken together this suggests that also
enhanced detoxification processes could contribute to the
reduced CRC incidence found in the female gender.

The colon adenocarcinoma-derived cell line Caco-2/AQ
is obviously an excellent model to investigate regulation of
COX-2 and SXR expression. With decreasing proliferation
and increasing differentiation we observed a consistent
decrease of COX-2 and an increase of SXR mRNA expres-
sion (Fig. 4A). During enhanced differentiation and
reduced proliferation also the VDR as well as CYP27B1 are
increasingly expressed (Fig. 3A).

Low (0.025 mM) calcium in the culture medium not only
led to enhanced proliferation of Caco-2 cells [5] similar to
that observed in mice on low dietary calcium [14], but also
increased COX-2 expression and lowered that of SXR
(Fig. 4B). We also evaluated COX-2 protein expression by
immunoblotting under identical culture conditions: low cal-
cium again augments expression though just missing signif-
icance (Fig. 4C). This suggests, at least in part, a direct
effect of low calcium on colonocytes, potentially via the
calcium sensing receptor (CaSR) that has been described in
Caco-2 cells [4]. Interestingly, with hyperproliferation of
cells mainly VDR mRNA expression, but also that of
CYP27B1 was elevated (Fig. 3B). This response is reminis-
cent of the upregulation of the VDR and of CYP27BI
expression we observed in human colon tissue during
hyperproliferation and premalignancy, which we interpret
as a physiological defense mechanism to prevent further
disease progression [10].

Our present results suggest, both in vivo and in vitro, that
low calcium, on the one hand, contributes to colon patho-
genesis by increasing vitamin D degradation, and, on the
other hand, induces defense mechanisms such as detoxifi-
cation processes and potentially enhanced vitamin D syn-
thesis. These effects are site-specific in the proximal colon
only and could contribute to disease etiology. We observed
better defense mechanisms in female mice: though the pro-
tective effect of 17B-estradiol on UC is controversial [30], it
has been documented that in UC patients progressing to col-
orectal neoplasia the estrogen receptor gene is methylated,
i.e.,inactivated [31].
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