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Abstract

In intestinal cells, as in other target cells, 1�,25(OH)2D3 elicits long-term and short-term responses which involve ge-
nomic and non-genomic mode of actions, respectively. There is evidence indicating that activation of tyrosine phosphory-
lation pathways may participate in the responses induced by 1�,25(OH)2D3 through its non-genomic mechanism. In this
study we have evaluated the involvement of 1�,25(OH)2D3 in the tyrosine phosphorylation of PLC� and MAPK (ERK1/2)
in enterocytes from young (3 months) and aged (24 months) rats. Immunochemical analysis revealed that the hormone
stimulates PLC� tyrosine phosphorylation in young rat enterocytes. Hormone effect on PLC� is rapid, peaking at 2 min
(+100%), is dose-dependent (10−10 to 10−8 M) and decreases with ageing. 1�,25(OH)2D3 also induces the phosphorylation
and activation of the mitogen-activated-protein kinases ERK1 and ERK2, effect which was evident at 1 min (three-fold)
and reached a maximum at 2 min (six-fold). Hormone-dependent ERK1 and ERK2 phosphorylation and activity is greatly
reduced in enterocytes from old rats. In both, young and aged animals, 1�,25(OH)2D3-induced PLC� and ERK1/2 phos-
phorylation was effectively suppressed by the tyrosine kinase inhibitor genistein (100 uM) and suppressed to a great extent
by PP1, an inhibitor of c-Src kinases. LY294002, a specific inhibitor of PI3 kinase (PI3K), enzyme with an important
role in mitogenesis, did not affect hormone-dependent ERK1/2 phosphorylation, indicating that PI3K is not involved in
1�,25(OH)2D3-induced MAPK activation. In agreement with this data, enzyme activity assays and tyrosine phosphoryla-
tion of the regulatory subunit (p85) of PI3K showed that the hormone has no effect on the enzyme activity in rat entero-
cytes.

Taken together, the present study suggest that in intestinal cells, tyrosine phosphorylation is an important mechanism of
1�,25(OH)2D3 involved in PLC� and MAPK regulation and that this mechanism is impair with ageing.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

1�,25-Dihydroxy-vitamin D3 (1�,25(OH)2D3) in
addition to its classical role in the regulation of extra-
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cellular calcium homeostasis, modulates cell prolife-
ration and differentiation and the immune system
(De Luca, 1988; Manolagas, Hustmyer, & Yu, 1990;
Norman, Roth, & Orci, 1982; Reichel & Norman,
1989; Walters, 1992). As in other target cells
(Haussler, 1986; Boland, 1986; Lieberherr, Grosse,
Duchambon, & Drueke, 1989; Minghetti & Norman,
1988; Norman et al., 1992; Boland et al., 1995),
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1�,25(OH)2D3 elicits responses in rat intestinal cells
(enterocytes) both through nuclear receptor-mediated
gene transcription and a fast mechanism inde-
pendent of new RNA and protein synthesis. The
genomic-independent actions of 1�,25(OH)2D3 in
enterocytes involve G-protein-coupled stimulation
of adenylyl cyclase and phospholipase C and acti-
vation of protein kinases A and C (de Boland &
Nemere, 1992). The hormone also increases intracellu-
lar Ca2+ levels in rat enterocytes by stimulating inner
Ca2+ store mobilization and voltage-dependent Ca2+
channels through activation of second-messenger
cascades (Massheimer, Boland, & de Boland, 1994;
Picotto, 2001). The rapid nature and specificity by
which 1�,25(OH)2D3 activates these second messen-
ger pathways suggest that interaction with a plasma
membrane receptor is responsible for the initiation of
its effects. The presence of membrane binding sites
for 1�,25(OH)2D3 in chick intestinal cells (Nemere,
Dormanen, Hammond, Okamura, & Norman, 1994)
as well as for this and other steroid hormones in vari-
ous cell types (reviewed inNemere & Farach-Carson,
1999; Wehling, 1997) has been described.

Tyrosine phosphorylation is a crucial event in signal
transduction mechanisms linked to the extracellular
signal regulated protein kinases (MAPK) underlying
the regulation of cell proliferation and differenti-
ation by agonists of receptor tyrosine kinases or
heterotrimeric G-protein-coupled receptors. Translo-
cation of activated MAPK to the nucleus results in
the phosphorylation or induction of transcription fac-
tors leading to the expression of genes involved in
control of cellular growth (Marshall, 1995; Selbie &
Hill, 1998). In addition, there is evidence indicating
that tyrosine kinases may modulate Ca2+ entry both
through voltage-dependent Ca2+ channels (Cataldi
et al., 1996; Hatakeyama, Mukhopadhayay, Goyal, &
Akbarali, 1996) and SOC channel (Lee, Toscas, &
Villereal, 1993; Sargeant, Farndale, & Sage, 1993;
Sharma & Davis, 1996) pathways.

There is evidence indicating that activation of
tyrosine phosphorylation pathways participate in
the responses induced by 1�,25(OH)2D3 through
its membrane-initiated signalling. In this study we
have evaluated the involvement of 1�,25(OH)2D3 in
the tyrosine phosphorylation of PLC� and MAPK
(ERK1/2) in rat enterocytes and examined the effect
of ageing on this mechanism.

2. Materials and methods

2.1. Materials

1�,25(OH)2D3 was from Hoffman-La Roche (Nut-
ley, NJ, USA). Immobilon P (Polyvinylidene diflu-
oride, PVDF) membranes and phosphatidylinositol
were from Sigma Chemical Co. (St. Louis, MO,
USA). Anti-active (phospho) MAPK anti-ERK1/2
and anti-phosphotyrosine were from Promega (Madi-
son, WI, USA). Anti-PLC� and anti-p85� were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Secondary antibody goat anti-rabbit horseradish
peroxidase-conjugated IgG and the Super Signal
CL-HRP substrate system for enhanced chemilu-
miniscence (ECL) were obtained from Amersham
Corp. (Arlington Heights, IL, USA). Other chemicals
used were of analytical grade.

2.2. Animals

Young (3-month-old) and aged (24-month-old)
male Wistar rats were fed with standard rat food
(1.2% calcium; 1.0% phosphorous), given water ad li-
bitum and maintained on a 12-h light:12-h dark cycle.
Animals were killed by cervical dislocation.

2.3. Duodenal cell isolation

Duodenal cells were isolated as described previ-
ously (Picotto, Massheimer, & Boland, 1996). The
method employed yields preparations containing only
highly absorptive epithelial cells that are devoid of
cells from the upper villus or crypt (Weiser, 1973).
The duodenum was excised, washed with 0.9% NaCl
and trimmed of adhering tissue. The intestine was slit
lengthwise and cut into small segments (2 cm length)
and placed into solution A containing (in mM): 96
NaCl, 1.5 KCl, 8 KH2PO4, 5.6 Na2HPO4, 27 Na cit-
rate, pH 7.3, for 10 min at 37◦C. The solution was
discarded and replaced with isolation medium con-
taining (in mM): 154 NaCl, 10 NaH2PO4, 1.5 EDTA,
0.5 dithiothreitol, 5.6 glucose, pH 7.3, for 15 min at
37◦C with continuous shaking (87 oscillations/min).
The cells were sedimented by centrifugation at 750×g

for 10 min, washed twice with 154 mM NaCl, 10 mM
NaH2PO4, 5.6 mM glucose, pH 7.3, and then resus-
pended in measurement buffer (see below). All the
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steps mentioned above were performed under an at-
mosphere of 95% O2:5% CO2. Cell viability was as-
sessed by the Trypan Blue technique. Exclusion of
the dye in >90% of cells was observed for at least
90 min after isolation. Morphological characterization
was performed by phase-contrast microscopy. Ente-
rocytes isolated by this procedure have been shown
to possess functional characteristics of intestinal cell
(Weiser, 1973).

2.4. Immunoprecipitation

Enterocytes were treated with 1�,25(OH)2D3 and
then lysed. Lysates aliquots (500–700�g protein)
were incubated overnight at 4◦C with the correspond-
ing primary antibodies, followed by precipitation
of the complexes with protein A conjugated with
Sepharose. The immune complexes were washed
three times with cold immunoprecipitation buffer
(10 mM Tris–HCl, pH 7.4, 150 mM NaCl, 1 mM
EGTA, 1 mM EDTA, 0.2 mM PMSF, 0.2 mM sodium
orthovanadate, 1% Triton X-100 and 1% NP40), two
times with PBS and then subjected to Western blot
analysis.

2.5. Western blot analysis

Proteins were separated by one-dimensional
SDS–PAGE (Laemmli, 1970). Briefly, samples were
mixed with 2× Laemmli sample buffer (250 mM
Tris–HCl pH 6.8, 8% SDS, 40% glycerol, 20%
2-mercaptoethanol and 0.02% bromophenol blue) and
heated for 5 min at 95◦C. Proteins (25�g) were sub-
jected to electrophoresis on 10% SDS–polyacrylamide
minigels and then transferred to Immobilon P (PVDF)
membranes. The membranes were immersed in TBS
buffer (20 mM Tris–HCl pH 7.5, 150 mM NaCl) con-
taining 5% skim milk for 2 h to block non-specific
binding. Anti-active MAPK, anti-PI3K (p85�),
anti-PLC� or anti-phosphotyrosine antibodies were
allowed to react with the membrane overnight at 4◦C.
The membranes were then twice washed (5 min) with
TBS-T (20 mM Tris–HCl pH 7.5, 150 mM NaCl,
0.05% Tween 20), followed by one 10-min wash with
TBS-T. The membranes were incubated with 1�g/ml
of goat anti-rabbit IgG antibody in TBS-T for 1 h
at room temperature. After two washes with TBS-T,
the membrane was visualized by using an enhanced

chemiluminiscent technique (ECL, Amersham Corp.),
according to the manufacturer’s instructions. Images
were obtained with a model GS-700 Imaging Den-
sitometry from Bio-Rad (Hercules, CA 94547, USA)
by scanning at 600 dpi and printing at the same res-
olution. Bands were quantified using the Molecular
Analyst program (Bio-Rad).

2.6. Measurement of MAP kinase activity

Enterocytes were exposed 1 nM 1�,25(OH)2D3
for 1–10 min. Lysates were prepared followed by
immunoprecipitation of MAP kinase (p42 and p44)
as described above. After three washes with im-
munoprecipitation buffer and two washes with kinase
buffer (10 mM Tris–HCl, pH 7.2, 5 mM MgCl2, 1 mM
MnCl2, 1 mM dithiothreitol, 0.1 mM sodium ortho-
vanadate, 1 mM phenylmethylsulphonyl fluoride,
20�g/ml leupeptin, 20�g/ml aprotinin and 20�g/ml
pepstatin), the immune complexes were incubated
at 37◦C for 10 min in kinase buffer (50�l/sample)
containing myelin basic protein as an exogenous sub-
strate for MAP kinase (20�g/assay), 25�M ATP,
and [�-32P] ATP (2.5�Ci/assay). To terminate the
reaction, the phosphorylated product was separated
from free isotope on ion-exchange phosphocellu-
lose filters (Whatman P-81). Papers were immersed
immediately onto ice-cold 75 mM H3PO4, washed
(1 × 5 min, 3× 20 min) and counted in a scintillation
counter.

2.7. Phosphatidylinositol 3-kinase assay

PI3K were immunoprecipitated from control or
1�,25(OH)2D3-stimulated cells (700�g protein) us-
ing anti-phosphotyrosine. The immunoprecipitates
were washed three times with ice-cold lysis buffer and
then incubated in 50�l kinase buffer (10 nM Tris–HCl
pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.1 mM Na or-
thovanadate) containing 0.2 mg/ml phosphatidylinosi-
tol (PI) at 37◦C for 10 min. The assay was initiated by
adding 25�Ci [�-32P] ATP (10 Ci/mmol) and 20 mM
MgCl2, and terminated by adding 6N HCl (20�l),
and the phosphoinositol lipids were extracted with
160�M chloroform/methanol (2:1). The phospho-
lipid contained in the organic phase were recovered,
dried, resuspended in chloroform/methanol, spotted
on a silica gel 60 thin layer chromatography plates
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pretreated with 1% potassium oxalate and separated
in chloroform:methanol:H2O:ammonium hydroxide
(120:94:22.6:4). The phosphorylated products were
visualized by autoradiography and quantified using
the Molecular Analyst program (Bio-Rad).

2.8. Statistical evaluation

Statistical significance of data was evaluated using
Student’st-test (Snedecor & Cochran, 1967). Quanti-
tative data are expressed as the means±S.D. from the
indicated set of experiments.

Fig. 1. Effect of age on 1�,25(OH)2D3-induced changes in rat enterocytes PLC� tyrosine phosphorylation. Enterocytes isolated from young
(3 months) and aged (24 months) rats were treated with 1 nM 1�,25(OH)2D3 1–5 min. After cell lysis and immunoprecipitation with
anti-phosphotyrosine antibody, immunoprecipitated proteins were separated by SDS–PAGE followed by Western blotting with anti-PLC� as
described inSection 2. (A) Representative immunoblots from young and aged rats are shown. (B) Quantification by scanning densitometry
of blots from three independent experiments; means± S.D. are given.∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.002.

3. Results

Polyphosphoinositide-PLC� isoform is activated
and associates to membranes by tyrosine phosphory-
lation (Hunter, 1998; Kim et al., 1991). In order to
evaluate if ageing affects 1�,25(OH)2D3-dependent
PLC� tyrosine phosphorylation, enterocytes from 3-
and 24-month-old rats were incubated with 1 nM
1�,25(OH)2D3 for 1–5 min and cell lysates were
immunoprecipitated with anti-phosphotyrosine an-
tibody followed by anti-PLC� immunoblotting. As
shown in Fig. 1, we found that treatment of young
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rat duodenal cells with 1�,25(OH)2D3 markedly in-
creased PLC�-tyrosine phosphorylation. The effect
was maximal between 1 and 2 min (+100%) and re-
turned to near basal tyrosine phosphorylation levels
by 5 min. In cells from aged animals, the action of the
hormone was greatly diminished (+30% and+35%
at 1 and 2 min, respectively). When the order of anti-
body addition was reversed and anti-PLC� immuno-
precipitates were probed with anti-phosphotyrosine
antibody, a similar time-course of PLC� tyrosine

Fig. 2. Dose–response studies on 1�,25(OH)2D3-induced PLC� tyrosine phosphorylation in rat enterocytes. Enterocytes isolated from
young (3 months) and aged (24 months) rats were exposed for 1 min to 0.1–10 nM 1�,25(OH)2D3. Cell lysates were immunoprecipitated
and immunoblotted as described in the legend ofFig. 1. (A) Representative immunoblots from young and aged rats are shown. (B)
Quantification by scanning densitometry of blots from three independent experiments; means± S.D. are given.∗P < 0.05; ∗∗P < 0.01.

phosphorylation was detected (not shown). In above
experiments the band corresponding to IgG heavy
chains were quantified. Equal amounts of IgG were
showed to be precipitated by the antibody at each of
the time points. Dose–response studies with young
enterocytes showed maximum effects at 1 nM, the
cells from aged rats evidenced a similar profile of
1�,25(OH)2D3 to increase PLC� tyrosine phospho-
rylation after 1 min of treatment (Fig. 2). Again,
the hormone response in aged rats was markedly
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Fig. 3. Effects of PP1 and genistein on 1�,25(OH)2D3-induced PLC� tyrosine phosphorylation. Enterocytes isolated from young (3 months)
rats were exposed for 1 min to 1 nM 1�,25(OH)2D3, in the absence or presence of PP1 (10�M) or genistein (100�M). Cell lysates
were immunoprecipitated and immunoblotted as described in the legend ofFig. 1. (A) Representative immunoblot. (B) Quantification by
scanning densitometry of blots from three independent experiments; means± S.D. are given.∗P < 0.01.

lower than in young animals at all hormone levels
tested. To evaluate whether the cytosolic tyrosine
kinase c-Src is part of the 1�,25(OH)2D3 signalling
mechanism in this cells, we investigated the effect of
the Src family tyrosine kinase-selective inhibitor PP1
(Hanke et al., 1996) on hormone-induced PLC� tyro-
sine phosphorylation. To that end, cells from young
rats were pretreated with 10�M PP1, followed by

exposure to 1 nM 1�,25(OH)2D3 for 1 min, under
these conditions, the effects of the hormone on PLC�
phosphorylation were diminished by 50% (Fig. 3),
indicating that activation of Src is part of the mecha-
nism involved in 1�,25(OH)2D3 stimulation of PLC�
tyrosine phosphorylation in rat enterocytes. In addi-
tion, genistein (100�M), a tyrosine kinases inhibitor,
blocked the maximal response observed at a hormone
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Fig. 4. Effect of age on 1�,25(OH)2D3-induced changes in rat enterocytes ERK1 and ERK2 tyrosine phosphorylation. Enterocytes isolated
from young (3 months) and aged (24 months) rats were treated with 1 nM 1�,25(OH)2D3, for 1–10 min. After cell lysis, comparable aliquots
of lysate proteins were separated by SDS–PAGE followed by Western blotting with anti-active (phospho) MAP kinase as described in
Section 2. To measure ERK1/2 activity, cell lysates were immunoprecipitated with anti-active MAPK antibody and enzyme activity of the
immunoprecipitate was measured using myelin basic protein as a substrate as described inSection 2. (A) Representative immunoblots from
young and aged rats are shown. (B) Quantification by scanning densitometry of blots from three independent experiments; means± S.D.

are given.∗P < 0.01; ∗∗P < 0.05. Bar graphs represent intensities of both phospho p42 and phospho p44 MAPK. (C) Results are the
average of three independent experiments performed in duplicate±S.D.
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concentration of 1 nM (Fig. 3). Genistein per se gave
values greater than basal in enterocytes, an observation
which remains unexplained. One may speculate that
it could be due to its interaction with enterocyte estro-
gen receptors and stimulation of cytosolic tyrosine ki-

Fig. 5. Dose–response studies on 1�,25(OH)2D3-induced ERK1/2 tyrosine phosphorylation. Enterocytes isolated from young (3 months)
and aged (24 months) rats were exposed for 1 min to 0.10–10 nM 1�,25(OH)2D3. After cell lysis, comparable aliquots of lysate proteins
were separated by SDS–PAGE followed by Western blotting with anti-active (phospho) MAP kinase as described inSection 2. Total MAPK
was measured in the same immunoblot by stripping the membrane and reincubating with anti-total MAPK (ERK1/2). (A) Representative
immunoblots from young and aged rats are shown. (B) Quantification by scanning densitometry of blots from three independent experiments;
means± S.D. are given.∗P < 0.05, ∗∗P < 0.01.

nase c-Src, which in turn, could phosphorylate PLC�
and induce phosphorylation of adaptor proteins which
results in ERK phosphorylation, independently of its
inhibitory action on tyrosine kinases (Di Domenico,
Castoria, Bilancio, Migliaccio, & Auricchio, 1996;
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Nethrapalli et al., 2001). MAP kinase (ERKs) or ex-
tracellular signal-regulated kinase consists of 42 and
44 kDa isoforms, and requires both tyrosine and threo-
nine phosphorylation for activation (Anderson, Maller,
Tonks, & Sturgiel, 1990). To explore the possibility
that 1�,25(OH)2D3 stimulates the phosphorylation
of ERK1/2 in rat enterocytes, the cells were exposed
to 1 nM 1�,25(OH)2D3 for 1–5 min, and proteins
in lysates were separated by SDS–PAGE and then
probed with anti-active MAP kinase antibody which
recognizes both the 42 and 44 kDa species.Fig. 4A
and Bshows that the hormone significantly increased
ERK1/2 tyrosine phosphorylation, with highest stim-
ulation reached at 2 min (four-fold) decaying after
5 min of 1�,25(OH)2D3 exposure. Hormone-induced
ERK1/2 phosphorylation was much lower (less than

Fig. 6. Effects of genistein and PP1 on 1�,25(OH)2D3-induced ERK1/2 tyrosine phosphorylation. Enterocytes isolated from young (3
months) rats were exposed for 1 min to 1 nM 1�,25(OH)2D3, in the absence or presence of genistein (100�M) or PP1 (10�M). Cell
lysates were immunoblotted as described in the legend ofFig. 4. Total MAPK was measured in the same immunoblot by stripping the
membrane and reincubating with anti-total MAPK (ERK1/2). (A) Representative immunoblot (B) Quantification by scanning volumetric
densitometry of blots from three independent experiments; means± S.D. are given.∗P < 0.01.

one-fold) in enterocytes from aged animals. To fur-
ther investigate whether 1�,25(OH)2D3 stimulates
MAP kinase activity, cells were exposed to the hor-
mone (1–10 min) followed by immunoprecipitation
of the ERK1/2 species with anti-phospho MAPK
antibody and assay of immunocomplexes for kinase
activity in the presence of myelin basic protein as
substrate. 1�,25(OH)2D3 rapidly increased MAPK
activity with kinetics roughly comparable with that
of phosphorylation and again, the enzyme activity
decreased with ageing (Fig. 4C). As shown inFig. 5,
the hormone stimulation of ERK1/2 tyrosine phos-
phorylation, is dose-dependent, with maximal effects
achieved at 1 nM (three-fold). Again, in enterocytes
from 24-month-old rats, hormone effects were less ef-
fective (less than one-fold at 10 nM). Pretreatment of
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enterocytes with the tyrosine kinase inhibitor genis-
tein (100�M) or the Src kinase inhibitor PP1 (10�M)
prevented 1�,25(OH)2D3-induced tyrosine phospho-
rylation of ERK1/2 (Fig. 6). PI3K has been reported to
be an upstream regulator of the extracellular regulated
mitogen-activated protein kinases ERK1 and ERK2
(Conway, Rakhit, Pyne, & Pyne, 1999; Cross et al.,
1994; Jascur, Gilman, & Mustelin, 1997). Therefore
we investigated a possible role for PI3K in the regu-
lation of ERK1/2 by 1�,25(OH)2D3. To address this

Fig. 7. Effects of PI3K inhibitor LY294002 on 1�,25(OH)2D3-induced ERK1/2 tyrosine phosphorylation. Enterocytes isolated from young
(3 months) rats were treated with 1 nM 1�,25(OH)2D3 during 1 min in the presence or absence of 20�M LY294002. The cells were then
lysed and comparable aliquots of lysate proteins were separated by SDS–PAGE followed by Western blotting with anti-active (phospho)
MAP kinase as described inSection 2. Total MAPK was measured in the same immunoblot by stripping the membrane and reincubating with
anti-total MAPK (ERK1/2). (A) Representative immunoblot. (B) Quantification by scanning densitometry of blots from three independent
experiments; means± S.D. are given.∗P < 0.01.

issue, cells were stimulated with the hormone (1 nM)
in the presence of the PI3K inhibitor LY294002, and
the phosphorylation of ERK1 and ERK2 was assessed
by immunoblotting cell lysates with antibodies that
detect the dual phosphorylated (activated) form of
both ERK1 and ERK2. The results inFig. 7, demon-
strate that preincubation with LY294002 did not
alter the ability of 1�,25(OH)2D3 to induced ERK1
and ERK2 activation. This result suggests that the
PI3K pathway does not contribute to 1�,25(OH)2D3
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Fig. 8. 1�,25(OH)2D3 does not enhance PI3K activity in rat enterocytes. Cell lysates (700�g of protein) from control and 1�,25(OH)2D3

(1 nM) stimulated cells, were immunoprecipitated with an antibody against P-tyrosine and immunoprecipitates were assayed for PI3K
activity as described inSection 2. A representative image of the phosphorylated substrate (PIP) is shown (A). Means± S.D. of PI3K
activity is plotted as a function of the duration of hormone stimulation of cells after scanning the autoradiographic films exposed to TLC
plates from three independent experiments (B). Averages± S.D. are given.

stimulation of the MAPK signalling cascade in rat
enterocytes. We then investigated if the hormone
was able to stimulate PI3K activity in these cells.
To that end, the enterocytes were briefly (1–5 min)
stimulated with the hormone (1 nM) and PI3-kinase
activity was measured after immunoprecipitation of
the cell lysates with anti-phosphotyrosine. Assays
with phosphatidylinositol as a substrate revealed that
the lipid kinase activity of PI3K was not enhanced
upon hormone treatment of either young or aged en-
terocytes (Fig. 8). Moreover, 1�,25(OH)2D3 appears
to induce a fall in PIP levels, although this change
is not statistically significant. These results demon-
strate that the steroid hormone, at short time-intervals,
which are temporally related with ERK1 and ERK2
activation, does not increase PI3K activity in rat ente-
rocytes. In order to evaluate whether 1�,25(OH)2D3
affects the tyrosine phosphorylation of PI3K reg-

ulatory subunit, p85�, cells lysates obtained from
either hormone-treated (1–5 min, 1 nM) enterocytes
were immunoprecipitated with anti-phosphotyrosine
antibody, resolved in SDS–PAGE gels and then im-
munoblotted with anti-p85� antibody. As shown in
Fig. 9, and consistent with the above data, incubation
of enterocytes, from either 3- or 24-month-old rats,
with 1�,25(OH)2D3 does not significantly modify
the level of tyrosine phosphorylation of the p85�
regulatory subunit of PI3K.

4. Discussion

Responsiveness to many hormones and neuro-
transmitters by target tissues is altered during age-
ing (Roth, 1995). The Vitamin D endocrine system
is involved in the reduction of intestinal calcium
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Fig. 9. 1�,25(OH)2D3 does not modify the tyrosine phosphorylation of p85�, the regulatory subunit of PI3K. Enterocytes isolated
from young (3 months) and aged (24 months) rats were treated with 1 nM 1�,25(OH)2D3, for the indicated times. Cell lysates were
immunoprecipitated with anti-P tyrosine, resolved on 10% SDS–PAGE gels, followed by Western blotting with anti-p85� antibody as
described inSection 2. Total p85� was measured in the same immunoblot by stripping the membrane and reincubating with anti-p85�.
(A) Representative immunoblot. (B) Bar graphs represent intensities of phospho-p85� quantified by scanning densitometry of blots from
three independent experiments. Averages± S.D. are given.

absorption observed with ageing (Armbrecht et al.,
1989), which has been related to an impairment in
both the genomic and the non-genomic modes of
action of 1�,25(OH)2D3 (Massheimer, Picotto, de
Boland, & Boland, 1995; Takamoto, Seino,
Sacktor, & Liang, 1990). Age-related alterations of
1�,25(OH)2D3-signal transduction have been demon-
strated. In enterocytes and skeletal muscle isolated
from aged rats, the transient production of IP3 and
DAG generated by the hormone decreased signifi-
cantly (de Boland, Facchinetti, Balogh, Massheimer,
& Boland, 1996; Facchinetti, Boland, & de Boland,
1998). In addition, the stimulation of cAMP/protein
kinase A-dependent calcium uptake by the steroid

hormone in these cells is severely impaired with
senescence (Massheimer et al., 1995). Moreover,
age-related alterations of 1�,25(OH)2D3-induced duo-
denal PKC- and PKA-dependent protein phosphoryla-
tion has been recently reported (Balogh & de Boland,
1999). In the present study we have further examined
the effects of ageing on 1�,25(OH)2D3-induced ty-
rosine phosphorylation in enterocytes isolated from
3- and 24-month-old rats. We found that the hor-
mone stimulates, in a dose-dependent fashion, the
phosphorylation of PLC� in rat enterocytes. The re-
sponse was very rapid and was suppressed by the
tyrosine kinase inhibitor genistein. Immunoprecipi-
tation and Western blot analysis demonstrated that
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1�,25(OH)2D3-induced PLC� tyrosine phosphory-
lation is greatly decreased in enterocytes from old
rats. Age-related alterations in signalling events re-
lated to protein tyrosine kinase activity have been
less studied. Decreased protein tyrosine phosphoryla-
tion in granulocytes and lymphocytes (Fulop, 1994)
and by PTH in rat enterocytes (Gentili, Boland, &
de Boland, 2001) with ageing has been reported.
Two structurally related PLC� isozymes PLC�1 and
PLC�2 have been identified (Cockcroft & Thomas,
1992). Both isozymes have been found in association
with several signalling molecules, including kinases
of the Src and Syk families (Khare et al., 1997; Law,
Chandran, Sidorenko, & Clark, 1996; Marrero,
Schieffer, Paxton, Schieffer, & Berstein, 1995).
We have recently demonstrated that 1�,25(OH)2D3
rapidly stimulates the enzymatic activity of c-Src
tyrosine kinase in embryonic skeletal muscle cells
(Buitrago, Vazquez, de Boland, & Boland, 2000), the
hormone also activates c-Src in rat colonocytes (Khare
et al., 1997) and human keratinocytes (Gniadecki,
1998). In further agreement with a role of tyrosine
phosphorylation in 1�,25(OH)2D3-signalling in rat
enterocytes, PP1, a specific inhibitor of the cytosolic
tyrosine kinase family Src, also caused an inhibition
in hormone-dependent PLC� phosphorylation, and
thus suggest that Src kinase activity participates at an
upstream step of PLC� regulated by 1�,25(OH)2D3
in this cells. In addition, Western analysis revealed
that the hormone rapidly stimulates in rat enterocytes
the tyrosine phosphorylation of the growth-related
proteins MAP kinases (ERK1/2), on the basis of their
immunoreactivity with corresponding selective anti-
body. In line with these observations, it has been re-
ported that 1�,25(OH)2D3 induces a rapid stimulation
of MAP kinase phosphorylation in chick enterocytes
(de Boland & Norman, 1998) and in other cell types
(Gniadecki, 1996; Lissoos, Beno, & Davis, 1993;
Morelli, Buitrago, Vazquez, de Boland, & Boland,
2000; Song, Bishop, Okamura, & Norman, 1998).
There is concordant information on the pathway by
which the hormone activates MAP kinase in other cell
types. It has been reported that the steroid triggers
tyrosine phosphorylation of Shc and complex for-
mation between Shc, Grb2 and Sos in keratinocytes
(Gniadecki, 1996) and stimulates Raf kinase in hepatic
Ito cells (Lissoos et al., 1993). Furthermore, in HL-60
promyelocytic leukemia cells it has been shown that

1�,25(OH)2D3 activation of MAP kinase is medi-
ated by upstream PKC regulation (Marcinkowska,
Wiedlocha, & Radizowski, 1997) and in skele-
tal muscle cells is mediated by PKC and Ca2+
(Morelli, Buitrago, Boland, & de Boland, 2001). It
is not known how the MAPK cascade is regulated
by 1�,25(OH)2D3 in rat enterocytes. Suppression
of hormone effects by PP1, a specific Src family
tyrosine-kinase inhibitor, indicates that 1�,25(OH)2D3
stimulates ERK1 and ERK2 phosphorylation via the
non-receptor tyrosine kinase Src in these cells.

In addition to their lipid kinase activity, certain
PI3Ks also exhibit protein kinase activity that has been
implicated in the regulation of the MAPK cascade.
Recent studies have shown that inhibitors of PI3K
lead to inhibition of agonist-stimulated ERK1 and
ERK2 activation (Conway et al., 1999; vonWillebrand
et al., 1996) and different forms of dominant nega-
tive p85 mutants also inhibit agonist-stimulated ERK
activation (Sharma et al., 1998; vonWillebrand et al.,
1996). However, it has also been reported that PI3K
inhibition does not influence ERK activity (Ferby,
Waga, Hoshino, Kuma, & Shimizu, 1996; Scheid &
Duronio, 1996). 1�,25(OH)2D3 has been shown to
increase PI3K activity and differentiation in myeloid
cells (Hmama et al., 1999). In rat intestinal cells the
connection of PI3K to the MAPK pathway and its
role in 1�,25(OH)2D3 signal transduction has not
been explored. The fact that LY294002, a specific
inhibitor of PI3K, does not alter hormone-induced
ERK1 and ERK2 phosphorylation, demonstrates that
PI3K activity is not required for MAPK activation
in rat enterocytes stimulated with 1�,25(OH)2D3. In
agreement with this data, enzyme activity assays and
tyrosine phosphorylation of the regulatory subunit
(p85�) of PI3K showed that, at short time-intervals,
the hormone does not modify PI3K phosphoryla-
tion and activity in rat enterocytes. Additional ex-
periments will be required to define the point at
which signals emanating from 1�,25(OH)2D3 inter-
sect with the MAPK cascade in this cells. Although
the relative levels of p42 and p44 MAPK did not
substantially change with age, the magnitude of
1�,25(OH)2D3-dependent ERK1/2 phosphorylation
and activity were significantly lower in enterocytes
of aged rats compared with those of young animals.
Thus, our results demonstrate that ageing alters the
activation of the 1�,25(OH)2D3-signal transduction
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cascade that leads to MAPK phosphorylation and
activation. Age-related decline in MAPK activation
upon mitogenic stimulation has been demonstrated
in hepatocytes, T lymphocytes and brain (Gorgas,
Butch, & Miller, 1997; Liu et al., 1996; Palmer,
Tuzon, & Paulson, 1999; Zhen, Uryu, Cai, Jhonson,
& Friedman, 1999). In conclusion, the results ob-
tained in this work expand our knowledge on the
mechanism of action of 1�,25(OH)2D3 in rat intestine
upon ageing, revealing that protein tyrosine phos-
phorylation is linked to 1�,25(OH)2D3 regulation of
enterocyte PLC� and MAPK activation, and that this
mechanism is impaired with ageing and may explain
age-induced alterations in the intestinal processes
under the control of the hormone. Understanding the
molecular mechanisms for the age-related differences
in 1�,25(OH)2D3 signalling will require more infor-
mation about the subtle mechanisms that modulate
these signalling pathways.
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