
Introduction

The onset of menopause is associated with a decline
in Ca absorption efficiency, which seems undoubt-
edly related to ovarian hormone deficiency [1]. The
impaired Ca absorption is believed to contribute to a
more negative Ca balance and subsequent bone loss
in postmenopausal osteoporotic women [2–5]. The
cause of this Ca malabsorption has been attributed
to decreased 1,25 (OH)2D3 levels [2–4], the active
metabolite of vitamin D3 and a potent regulator of
Ca absorption, and/or to intestinal resistance to its

action [6–8]. However, there is evidence that intes-
tinal Ca malabsorption results directly from the low
oestrogen level that is characteristic of menopause.
Decreased Ca absorption due to ovarian hormone
deficiency is corrected by hormone replacement
therapy in some women [2, 4–5]. However, this
specific intestinal effect is still controversial [9–12].
Numerous studies on animals have also produced
supportive evidence for the role of oestrogen in Ca
absorption [13–20]. The mechanism, however, by
which this enhancement in intestinal Ca absorption
occurs is unclear.
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j Abstract Background Oestro-
gen therapy helps prevent bone
loss in postmenopausal women
and corrects a decline in Ca
absorption efficiency at the onset
of menopause. However, the
mechanism by which 17b-oestra-
diol (17b-E2) stimulates Ca
absorption is unclear. Oestrogen
may exert its effect indirectly via
increasing 1,25-dihydroxychole-
ciferol (1,25 (OH)2D3) or its
receptor, or act more directly on
the intestines via the oestrogen
receptor (OR). Since oestrogen
also increases retinol levels, this
may influence Ca absorption.
Aim To investigate the effect of
17b-E2 alone and in combination
with 1,25 (OH)2D3 on intestinal Ca
uptake and absorption in Caco-2
cells cultured under deplete- and
replete-9-cis retinoic acid (9-cis
RA) conditions. Methods Twenty-
one day-old Caco-2 cell monolay-

ers (n 9 wells per treatment) were
exposed to 9-cis RA-deplete and
-replete media containing
dimethyl sulfoxide (control),
10 nM-1,25 (OH)2D3, 10 nM-17
b-E2, or 10 nM-1,25 (OH)2D3 plus
10 nM-17b-E2, for 48 h. Results
1,25 (OH)2D3 stimulated Ca
uptake, total Ca transport, calbin-
din D9K and CaT1 mRNA levels,
while 17b-E2 and 9-cis RA had no
effect on Ca absorption or uptake.
Nor did they augment the stimu-
latory effect of 1,25 (OH)2D3.
Conclusion These in vitro findings
suggest that oestrogen does not
have a direct effect on intestinal
Ca absorption.

j Key words oestrogen – 1,25-
dihydroxycholecalciferol – reti-
noic acid – calcium absorption –
caco-2 cells

A. A. Cotter
Kevin D. Cashman

Effect of 17b-oestradiol on transepithelial
calcium transport in human intestinal-like
Caco-2 cells and its interactions with
1,25-dihydroxycholecalciferol and
9-cis retinoic acid

ORIGINAL CONTRIBUTION
Eur J Nutr (2006) 45:234–241
DOI 10.1007/s00394-006-0590-2

E
JN

59
0

A. A. Cotter Æ K. D. Cashman (&)
Dept. of Food and Nutritional Sciences
University College
Cork, Ireland
Tel.: +353-21/4901317
Fax: +353-21/4270244
E-Mail: k.cashman@ucc.ie

K. D. Cashman
Dept. of Medicine
University College
Cork, Ireland



It has been proposed that oestrogen exerts its effect
on Ca absorption by its interaction with 1,25 (OH)2D3,
or its receptor (the vitamin D receptor (VDR)) [2–4].
Deficient production of 1,25 (OH)2D3 due to ovarian
hormone deficiency is in line with observations that
oestrogen treatment increased serum 1,25 (OH)2D3 in
postmenopausal osteoporotic women [21–22]. Oes-
trogen treatment has been shown to increase the
intestinal concentration of VDR in some studies of
experimental animals [23], but not others [16].

It is, however, possible that oestrogen, itself, acts
directly on the intestine to stimulate Ca absorption
rather than through 1,25 (OH)2D3 or the VDR. Arj-
mandi et al. [13], for example, demonstrated that
mucosal cells of rat intestinal tissue contain oestrogen
receptor (OR) immunoreactivity, express mRNA for
the OR, and respond directly to 17b-oestradiol with
enhanced in vitro Ca uptake in duodenal cells that is
suppressed by gene transcription and protein syn-
thesis inhibitors, suggesting that the action of oes-
trogen is mediated through nuclear mechanisms.
Recently, Campbell-Thompson et al. [24] found that
normal human colonic mucosa expressed mRNA for
ORa and -b, with mRNA for ORa much lower than for
ORb. Picotto et al. [25] also reported that 17b-oes-
tradiol increased Ca uptake (Ca influx) into rat duo-
denal cells in vitro, an effect which was mediated by a
rapid activation of the cAMP pathway and Ca chan-
nels. Interestingly, the stimulatory effect of 17b-oes-
tradiol on Ca influx has also been reported for
mammalian OR-positive RUCA-I (rat endometrial
carcinoma) cells, but not for COS (monkey kidney)
cells lacking OR [26]. The direct effect of 17b-oes-
tradiol on Ca uptake, and more importantly, on
transepithelial Ca transport (i.e., Ca absorption) in
human intestinal cells, has not been fully investigated.

The objective of the present study was to investi-
gate the possible stimulatory effect of 17b-oestradiol
alone and in combination with 1,25 (OH)2D3 on
intestinal Ca uptake and absorption and its mediators,
calbindin D9K (an important intestinal ferry protein;
[27]) and the recently described epithelial Ca channel
(a putative gatekeeper) [28] in Caco-2 cells cultured
under conditions of deplete- and replete-1,25 (OH)2D3

and 9-cis retinoic acid (9-cis RA). 1,25 (OH)2D3 and 9-
cis RA are known to be reduced during the menopause
and to be increased by hormone replacement therapy.

Caco-2 cells have been suggested to be a suitable
model for predicting Ca absorption in humans [29–
30]. In culture, Caco-2 cells spontaneously differenti-
ate and form a polarized epithelial monolayer with
tight junctions and express a differentiated cell phe-
notype consistent with absorptive small intestine-like
enterocytes [31–32]. In particular, these cells have a
functional VDR [33] and have Ca transport kinetics
that suggest the presence of both saturable and non-

saturable Ca transport pathway, similar to what has
been observed in human and animal intestine [29].
1,25 (OH)2D3 treatment induces the saturable, but not
diffusional, component of Ca transport [30] and in-
duces accumulation of calbindin D9K and 24-hydrox-
ylase mRNA in these cells [34–35]. In addition, the
Caco-2 cells possess an OR [24, 36]. Therefore, this
relatively simple in vitro method appears to be a good
model for predicting Ca bioavailability in humans.

Materials and methods

j Materials

Tissue culture materials, including phenol red-free
Dulbecco’s modified Eagle’s medium with L-glutamine
and sodium bicarbonate, foetal bovine serum (FBS),
non-essential amino acids and phosphate buffered
saline (PBS) were purchased from Sigma-Aldrich Ire-
land Ltd., Dublin, Ireland. Charcoal-stripped, heat-
inactivated FBS was purchased from Valley Biomedical
Inc., Winchester, VA, USA. 45Ca (as 45Ca in an aqueous
solution of CaCl2, with a specific activity of 1.85
MBq/mg Ca) was purchased from Nensure�, Boston,
MA, USA. Fluorescein sodium salt, 3-(4,5-dimethyl-
thiozol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
3-amino-7-dimethylamino-2-methylphenazine hydro-
chloride (Neutral Red), 1,25 (OH)2D3, 9-cis RA, and
17b-oestradiol were purchased from Sigma-Aldrich
Ireland Ltd. Trypsin (Difco Laboratories) was supplied
by Unitech, Dublin.

j Conditions of cell culture

The human colon adenocarcinoma cell line, Caco-2,
was purchased from the European Collection of Ani-
mal Cell Cultures (Salisbury, Wiltshire, UK). The cells
were routinely grown in 75-cm2 plastic culture flasks
(Costar, Cambridge, MA, USA) in Dulbecco’s modi-
fied Eagle’s medium supplemented with non-essential
amino acids (10 ml/l) and FBS (100 ml/l). Caco-2 cells
were maintained at 37�C in CO2–air (5:95, v/v). Cells
were seeded at 3·104/cm2 and passaged when reach-
ing 90% confluency with trypsin-EDTA (prepared in
PBS using EDTA (0.5 g/l) and trypsin (0.2 g/l)). Cells
used in transepithelial Ca transport experiments were
seeded at a density of 3·104/cm2 onto permeable
Transwell� filter inserts (24-mm diameter, 0.4-lm
pore size, Costar). Cell culture media (containing
FBS) were changed on alternate days for 14 days after
which the cell culture media (containing charcoal-
stripped, heat-inactivated FBS) was used for the last
7 days before the Ca transport study. These condi-
tions created a low oestrogen status for the Caco-2
cells immediately preceding their exposure to treat-
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ments. For mRNA studies, cells (3·104/cm2) were
seeded into six-well culture plates (35-mm diameter,
Costar). For viability studies, cells (3·104/cm2) were
seeded into 6-well and 48-well culture plates (Costar).

j Cell viability and cytotoxicity assays

The effect of 1,25 (OH)2D3, 17b-oestradiol and 9-cis RA
on Caco-2 cell viability was investigated using the MTT
[37–38] and Neutral Red [39] cell viability assays in 48-
well culture plates (Costar). Lactate dehydrogenase
(LDH) release from the cells into the surrounding
medium was determined as an index of cytotoxicity
[40].

j Transepithelial electrical resistance (TEER)

For all transport experiments, the transepithelial
electrical resistance (TEER) was checked prior to the
experiment by a Millicell� ERS meter (Millipore
Corp., Bedford, MA, USA) connected to a pair of thin
side-by-side electrodes. TEER readings were taken at
37�C. A TEER value ‡1000 X cm2 was used as an
indicator that the epithelial layer was intact and ready
to use for Ca transport studies.

j Cell treatments

For one series of Ca transport experiments, cells
grown in the Transwell� inserts (Costar), and cultured
in cell culture media (containing charcoal-stripped,
heat-inactivated FBS), were treated with vehicle only
(for control), 10 nM-1,25 (OH)2D3 (positive control),
10 nM-17b-oestradiol or a combination of 10 nM-1,25
(OH)2D3 and 10 nM-17 b-oestradiol for 48 h. In a
second series of Ca transport experiments, cells grown
in the Transwell� inserts (Costar), and cultured in cell
culture media (containing charcoal-stripped, heat-
inactivated FBS supplemented with 10 nM-9-cis RA),
were treated with vehicle only (control), 10 nM-1,25
(OH)2D3 (positive control), 10 nM-17b-oestradiol or a
combination of 10 nM-1,25 (OH)2D3 and 10 nM-17b-
oestradiol for 48 h. All compounds were added to
culture medium prior to their addition to the cells. The
vehicle never exceeded 2 ml/l. TEER measurements
were taken immediately prior to treatment with test
compounds and 48 h after treatment.

j Transepithelial calcium transport studies

The method used for determining Ca transport across
the Caco-2 membrane in the present study has been
described previously in detail [36]. In all studies, at
least three wells were examined per treatment and

experiments were repeated thrice (i.e., n‡9 wells per
treatment).

j Reverse transcription polymerase chain reaction
(RT-PCR) analysis for mRNA levels

After experimental treatments, cells were harvested
and RNA was isolated and analyzed for calbindin D9K,
CaT1, and glyceraldehyde-3-phosphate dehydroge-
nase as described previously [36]. Primer sequences
were (1) calbindin D9k (GenBank X65869), forward 5¢-
ATGAGTACTAAAAAGTCTCCT-3¢, reverse 5¢-
CTGGGATATCTTTTTTACTAA-3¢; 2) CaT1 (Gen-
Bank AF365927), forward 5¢-TGATGCGGCTCATCA-
GTGCCAGC-3¢, reverse 5¢-GTAGAAGTGGCCTAG-
CTCCTCG-3¢; 3) glyderaldehyde-3-phosphate dehy-
drogenase (GAPDH) (GenBank AJ005371), forward
5¢-CCATACAGGCAGCTTCGG-3¢, reverse 5¢-AG-
TCATCCACGAGCGATTTG-3¢.

j Statistical methods

Data were normally distributed and allowed for
parametric tests of significance. Data are presented as
means and their pooled standard errors. Data for all
toxicity variables were subjected to one-way ANOVA,
with variation attributed to concentration of treat-
ment compound [41]. To follow up the ANOVA, all
pairs of means were compared by the method of least
significant difference [41]. All data for Ca uptake and
transport and TEER from the first series of studies
(cells cultured in charcoal-stripped, heat-inactivated
FBS-containing media) were subjected to two-way
ANOVA, with variation attributed to 1,25 (OH)2D3

and 17b-oestradiol [41]. Ca uptake and transport and
TEER in cell monolayers treated with 9-cis RA were
compared to control cell monolayers by Student’s t
tests. Data for Ca uptake and transport and TEER
from the second series of studies (cells cultured in
charcoal-stripped, heat-inactivated FBS-containing
media supplemented with 9-cis RA) were subjected to
two-way ANOVA, with variation attributed to 1,25
(OH)2D3 and 17b-oestradiol [41].

Results

The effect of incremental concentrations of 1,25
(OH)2D3, 17b-oestradiol and 9-cis RA on Caco-2 cell
survival and viability was assessed using the MTT
assay, which is based on mitochondrial dehydroge-
nase activity, and the Neutral Red assay, where cel-
lular uptake of the dye is indicative of cell viability.
Caco-2 cell viability, as determined by either assay
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was unaffected by exposure to either 1,25 (OH)2D3 or
17b-oestradiol in the range of 10)10 to 10)6 M or by
exposure to 9-cis RA in the range of 10)9 to 10)7 M
for 24 h, relative to control (data not shown). In
addition, treatment with 10 nM-1,25 (OH)2D3, 10 nM-
17b-oestradiol and 10 nM-9-cis RA for 24 h had no
cytotoxic effects in Caco-2 cells, relative to controls,
as assessed by the LDH release assay (data not
shown).

Ca uptake into fully differentiated Caco-2 cell
monolayers (cultured in charcoal-stripped, heat-
inactivated FBS-containing media) was significantly
(P<0.0001) increased upon exposure to 10 nM-1,25
(OH)2D3 for 48 h, irrespective of 17b-oestradiol, but
was unaffected by 17b-oestradiol (Table 1).

TEER across fully differentiated Caco-2 cell
monolayers (cultured in charcoal-stripped, heat-
inactivated FBS-containing media) was significantly

(P<0.01) reduced upon exposure to 10 nM-1,25
(OH)2D3 for 48 h, irrespective of 17b-oestradiol, but
was unaffected by 17b-oestradiol (Table 1).

The rate of total transepithelial Ca transport
across fully differentiated Caco-2 cell monolayers
(cultured in charcoal-stripped, heat-inactivated FBS-
containing media) was significantly (P<0.0001) in-
creased upon exposure to 10 nM-1,25 (OH)2D3 for
48 h, irrespective of 17b-oestradiol, but was unaf-
fected by 17b-oestradiol (Table 1). Similarly, the rate
of transcellular Ca transport across fully differenti-
ated Caco-2 cell monolayers was significantly
(P<0.0001) increased upon exposure to 10 nM-1,25
(OH)2D3 for 48 h, irrespective of 17b-oestradiol, but
was unaffected by 17b-oestradiol, while paracellular
Ca transport (as indicated by fluorescein transport)
was unaffected by 1,25 (OH)2D3 or 17b-oestradiol
(Table 1).

Treatment of fully differentiated Caco-2 cell
monolayers with 10 nM-9-cis RA for 48 h had no
significant effect on total transepithelial, transcellular
or paracellular calcium transport (Fig. 1). Similarly,
TEER across the monolayers was unaffected by with
9-cis RA for 48 h (mean (SD) 1922 (501) vs. 1669
(559) W cm2, for control and 10 nM-9-cis RA,
respectively; P=0.260). TEER across fully differenti-
ated Caco-2 cell monolayers (cells cultured in char-
coal-stripped, heat-inactivated FBS-containing media
supplemented with 9-cis RA) was unaffected by 1,25
(OH)2D3 or 17b-oestradiol (Table 2).

Ca uptake into and the rate of total transepithelial
Ca transport across fully differentiated Caco-2 cell
monolayers (cells cultured in charcoal-stripped, heat-
inactivated FBS-containing media supplemented with
9-cis RA) were significantly (P<0.0001 and P<0.05,

Table 1 Independent and combined effect of 17b-oestradiol (17b-E2) and 1,25 (OH)2D3 (1,25 D3) on calcium uptake and transport in Caco-2 cell monolayers
cultured in oestrogen-deplete media (Mean values and pooled standard errors of the mean)

Treatmenta )1,25 D3 +1,25 D3 Pooled SEM Statistical significance of variance
ratio (P), effects of:

)17b-E2 (n 9) +17b-E2 (n 9) )17b-E2 (n 9) +17b-E2 (n 9) 1,25 D3 17b-E2 1,25 D3·17b-E2

Ca uptake (nmol/well)b 2.36 2.42 3.12 3.36 0.10 <0.0001 0.182 0.387
Ca Transport

Total transepithelial:
(nmol/well per min) 0.15 0.14 0.26 0.28 0.02 <0.0001 0.803 0.734
(%/h) 0.70 0.69 1.19 1.28 0.08 <0.0001 0.673 0.534

Transcellularc:
(nmol/well per min) 0.12 0.11 0.23 0.25 0.07 <0.0001 0.903 0.212

Paracellular:
(%/h) 0.13 0.15 0.13 0.12 0.01 0.315 0.878 0.286

TEER (W cm2) 2531 2758 2368 2243 108 0.004 0.638 0.115

TEER, transepithelial electrical resistance (after 48-h exposure to the different treatments).
aTreatments were given for 48 h before measurement of calcium transport.
bCa uptake evaluated after 60 min.
cTranscellular transport is total calcium transport corrected for paracellular (fluorescein) transport (for details of procedures, see Materials and Methods section).
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Fig. 1 Effect of 9-cis RA treatment for 48 h on total, paracellular and
transcellular Ca transport across Caco-2 cell monolayers grown in charcoal-
stripped, heat-inactivated foetal bovine serum-containing media. No significant
treatment effects were found (P>0.05)
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respectively) increased upon exposure to 10 nM-1,25
(OH)2D3 for 48 h, irrespective of 17b-oestradiol, but
was unaffected by 17b-oestradiol (Table 2). Similarly,
the rate of transcellular Ca transport across fully
differentiated Caco-2 cell monolayers was signifi-
cantly (P<0.05) increased upon exposure to 10 nM-
1,25 (OH)2D3 for 48 h, irrespective of 17b-oestradiol,
but was unaffected by 17b-oestradiol, while paracel-
lular Ca transport (as indicated by fluorescein trans-
port) was unaffected by 1,25 (OH)2D3 or 17b-
oestradiol (Table 2).

Levels of mRNA for calbindin D9K and CaT1
genes were increased in Caco-2 cells exposed to

10 nM-1,25 (OH)2D3, alone or in combination with
17b-oestradiol, for 48 h compared to that in cells
exposed to dimethyl sulfoxide (control) (Fig. 2).
mRNA levels for calbindin D9K and CaT1 genes were
unaffected in Caco-2 cells which were exposed to
10 nM-17b-oestradiol, and exposure to 10 nM-17b-
oestradiol did not augment the 1,25 (OH)2D3 in-
duced increase in mRNA levels, relative to control
(Fig. 2).

Discussion

As expected, in the present study, exposing Caco-2
cell monolayers in culture to 10 nM-1,25 (OH)2D3 for
48 h stimulated Ca uptake and total transepithelial Ca
transport. This is in agreement with the findings of
other studies that have found that 1,25 (OH)2D3 en-
hanced Ca transport in Caco-2 cells [29–30, 34–36,
42–44]. The enhancement of total transepithelial Ca
transport by 1,25 (OH)

2
D3 was accompanied by an

increased transcellular Ca transport, whereas para-
cellular Ca transport was unaffected. This is in
agreement with the findings of several other studies
[29–30, 34–35], supporting the notion that 1,25
(OH)2D3 regulates intestinal Ca absorption by
increasing the transcellular flux of Ca through en-
terocytes [45]. The mechanism by which 1,25 (OH)2D3

increased transcellular Ca transport is likely to be
related to the increase in levels of mRNA for the
intestinal calcium binding protein (calbindin D9K),
and presumably also in the protein level, although this
was not determined. Calbindin D9K is proposed to
function as either an intracellular Ca buffer or an

Table 2 Independent and combined effect of 17b-oestradiol (17b-E2) and 1,25 (OH)2D3 (1,25 D3) on calcium uptake and transport in Caco)2 cell monolayers
cultured in oestrogen-deplete media supplemented with 9-cis RA (Mean values and pooled standard errors of the mean)

Treatmenta )1,25 D3 +1,25 D3 Pooled SEM Statistical significance of variance
ratio (P), effects of:

)17b-E2 (n 9) +17b-E2 (n 9) )17b-E2 (n 9) +17b-E2 (n 9) 1,25 D3 17b-E2 1,25 D3·17b-E2

Ca uptake (nmol/well)b 4.27 4.21 5.10 5.12 0.10 <0.0001 0.909 0.836
Ca Transport

Total transepithelial:
(nmol/well per min) 0.24 0.23 0.32 0.39 0.05 0.015 0.553 0.456
(%/h) 1.42 1.34 1.86 2.03 0.17 0.018 0.668 0.979

Transcellularc:
(nmol/well per min) 0.18 0.18 0.26 0.32 0.04 0.013 0.517 0.488

Paracellular:
(%/h) 0.32 0.27 0.34 0.36 0.04 0.198 0.689 0.446

TEER (W cm2) 1669 2052 1541 1622 186 0.158 0.238 0.439

TEER, transepithelial electrical resistance (after 48-h exposure to the different treatments).
aTreatments were given for 48 h before measurement of calcium transport.
bCa uptake evaluated after 60 min.
cTranscellular transport is total calcium transport corrected for paracellular (fluorescein) transport (for details of procedures, see Materials and Methods section).
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Fig. 2 Effect of treatment for 48 h on calbindin D9K and CaT1 mRNA
accumulation in Caco-2 cells. Treatments were: dimethyl sulfoxide (DMSO,
control); 10 nM-1,25-dihydroxycholecalciferol (1,25D; 10-nM 17b-oestradiol
(17b-E2); 10 nM-1,25-dihydroxycholecalciferol and 10 nM 17b-oestradiol
(1, 25+17b-E2). Marker, 500 (double band), 400, 300 and 200 bp. Calbindin
D9K, CaT1 and glyceraldehydes-3-phosphate dehyrogenase (GAPDH) mRNA
levels were assessed by reverse transcriptase-polymerase chain reaction.
Representative gels from individual experiments
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intracellular ferry protein that facilitates diffusion of
Ca across the enterocyte [46]. That 1,25 (OH)2D3-in-
duced an increase in mRNA for calbindin D9K is in
agreement with similar findings of several other
studies [29, 34–36, 47].

The newly discovered CaT1 epithelial Ca channel, a
primary gatekeeper protein which may regulate
homeostatic modulation of intestinal Ca absorption
efficiency, has recently been reported to be up-regu-
lated in Caco-2 cells by 1,25 (OH)2D3 treatment for
24 h [47], suggesting another possible means by
which 1,25 (OH)2D3 increases Ca uptake and trans-
port. mRNA levels for CaT1 were relatively low in
untreated Caco-2 cells but increased when cells were
exposed to 1,25 (OH)2D3 for 48 h.

Treatment with 10 nM-17b-oestradiol for 48 h had
no effect on Ca uptake or total transepithelial Ca
transport in differentiated Caco-2 cells (grown in
charcoal-stripped, heat-inactivated FBS-containing
media). The concentration of 17b-oestradiol (10 nM)
used in the present study, while high in terms of
physiological circulating concentrations (typically
around 325 and 75 pM, in HRT-treated and non-
treated postmenopausal women, respectively; [48]),
was chosen as it has been used in several studies of Ca
uptake into intestinal cells in culture [13, 25–26]. The
lack of effect of 17b-oestradiol (and its lack of aug-
mentation of the stimulatory effect of 1,25 (OH)2D3)
on transepithelial Ca transport are in agreement with
preliminary findings which suggest that 100 nM-17b-
oestradiol has no stimulatory effect (and lack of its
augmentation of the stimulatory effect of 100 nM-1,25
(OH)2D3) on transepithelial Ca transport in Caco-2
cells grown in media containing charcoal-stripped
FBS (personal communication from S Taparia and RJ
Wood).

While the lack of effect of 17b-oestradiol on Ca
uptake into human intestinal cells has not been
reported previously, the findings of the present
study are in contrast with those which show that
10 nM-17b-oestradiol significantly (P<0.05) in-
creased Ca uptake into rat duodenal cells [13, 25].
In addition, the findings of these Caco-2 studies
appear to be in contrast to the findings of oestro-
gen-depleted ovariectomized rats [15–16, 18, 49]
and postmenopausal women [2–5], which suggest
that oestrogen stimulates Ca absorption in vivo.
However, this is not a universal finding in human
trials. For example, Gallagher et al. [10] reported a
lack of direct effect of oestrogen treatment on Ca
absorption in postmenopausal women. It is of
interest that, even though 1,25 (OH)2D3 stimulated
Ca absorption in that study, there was no aug-
mentation of the stimulatory effect of 1,25 (OH)2D3

by oestrogen. Others have also reported a lack of
effect of oestrogen on Ca absorption in postmeno-

pausal women [49–50]. Moreover, Holzherr et al.
[12] reported a decrease in Ca absorption in post-
menopausal women 8 months after commencing
HRT.

While Arjmandi et al. [13] suggest that the effect
of oestrogen on Ca uptake in their in vitro model is
via a nuclear OR-mediated mechanism, Picotto
et al. [25] suggest that the rapidity of the effect of
17b-oestradiol could be due to a cell surface sig-
nalling OR, and probably not the nuclear receptor,
since the pure anti-oestrogen ICI 182,780 did not
abolish the 17b-oestradiol-induced stimulation of Ca
uptake by rat duodenal cells in vitro. Interestingly,
Dopp et al. [26] reported that 10 nM-17b-oestradiol
increased Ca uptake into OR-positive rat endome-
trial carcinoma (RUCA-1) cells but not in COS
(monkey kidney) cells, which lack OR. We have
previously shown that our Caco-2 cells, which are
colonocytes in origin but spontaneously differentiate
in culture into small intestinal-like enterocytes, ex-
press mRNA for ORb but not the ORa [36], in
agreement with the findings of Campbell-Thompson
et al. [24] which also show that ORb message and
protein were expressed in Caco-2 cells, but that
ORa mRNA was undetectable. Campbell-Thompson
et al. [24], on the other hand, showed that normal
human colonic mucosa as well as colon tumour
samples expressed mRNA for ORa and ORb, with
message for ORa being much lower than for ORb.
It is unclear whether epithelial cells in the human
small intestinal tissue express ORa. For example,
Salih et al. [51] have shown that there is heteroge-
neity within intestinal OR proteins in rats, with the
duodenum expressing a variant OR devoid of the
classical DNA binding domain, whereas, the ileum,
jejunum and colon expressed a more typical OR.
While it is possible that the lack of mRNA for ORa,
and presumably of the ORa protein in our Caco-2
cells, might, in part, explain the lack of stimulatory
effect of 17b-oestradiol on Ca transport, we have,
however, previously shown that the Caco-2 cells
were capable of a functional biological response to
17b-oestradiol (i.e., a proliferative effect), which was
inhibited by OH-Tamoxifen, a partial oestrogen
agonist [36].

There was no effect of 10 nM-17b-oestradiol on
calbindin D9K or CaT1 mRNA levels. These findings
are in agreement with those of Wood et al. [47]
who reported that exposure of Caco-2 cells to
100 nM-17b-oestradiol had no effect on CaT1 mR-
NA levels.

The charcoal-stripped, heat-inactivated FBS-con-
taining media used in the present study has dra-
matically reduced concentrations of various steroid
hormones, including 17b-oestradiol and 1,25
(OH)2D3. It also has reduced retinoic acid levels

A. A. Cotter and Kevin D. Cashman 239
17b-oestradiol and Ca transport in CaCo-2 cells



and this may influence the potential of 1,25
(OH)2D3 to enhance transcellular Ca absorption. For
example, the reduced 9-cis RA levels may limit the
induction of gene transcription by the 1,25
(OH)2D3-VDR-retinoic acid receptor (RXR) com-
plex. 9-cis RA, the ligand for the RXR, with 1,25
(OH)2D3 has been shown to increase parathyroid
hormone receptor/parathyroid hormone-related
protein receptor mRNA levels 4-fold in renal distal
convoluted tubule cells, whereas 1,25 (OH)2D3 on its
own increase mRNA levels by only 70% [52].
However, addition of 9-cis RA had no effect on the
stimulatory potential of 1,25 (OH)2D3 on Ca trans-
port in the Caco-2 cells.

In addition to increasing circulating oestrogen and
1,25 (OH)2D3 levels, HRT has been shown to increase
circulating retinol concentrations [53–54]. It is un-
clear whether increased levels of 9-cis RA, influences
the enhancement of Ca absorption by HRT by su-
peractivation of the 1,25 (OH)2D3-VDR-RXR com-
plex. In the present study, Ca transport was not

influenced by oestrogen in the presence of 9-cis RA.
This is the first study, to our knowledge, of the effect
of 9-cis RA (alone or in conjunction with other steroid
hormones) on Ca transport.

In conclusion, the findings of our in vitro study
would suggest that oestrogen does not have a direct
effect on intestinal Ca absorption. It may be that
oestrogen therapy in some individuals enhances Ca
absorption indirectly by increasing the circulating
levels of 1,25 (OH)2D3 in postmenopausal women or
increasing the intestinal concentration of VDR.
However, should the presence of the OR-a be con-
firmed in healthy human small intestinal tissue,
especially the duodenal tissue, then these studies
should be repeated with Caco-2 cell lines transfected
with OR-a, before a direct effect on intestinal Ca
absorption can be discounted.

j Acknowledgements The authors would like to thank Prof. David
Thurnham for his discussion in relation to the possible role of
retinoic acid in calcium absorption.
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