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Abstract

In intestinal cells, as in other target cells, the steroid hormone 1a,25(OH),-Vitamin D; (1a,25(OH),D3) regulates gene expression
via the specific intracellular Vitamin D receptor and induces fast non-transcriptional responses involving stimulation of trans-
membrane signal transduction pathways. We have previously shown that the hormone activates the extracellular signal-regulated
mitogen-activated protein (MAP) kinase isoforms ERK1 and ERK?2 in rat intestinal cells. In the present study, we have demonstrated
that 1a.,25(OH), D5 also induces the phosphorylation and activation of p38 MAPK in these cells. The hormone effects were time and
dose-dependent, with maximal stimulation at 2 min (+3-fold) and 1 nM. 1e,25(OH),D;3-dependent p38 phosphorylation was sup-
pressed by SB 203580, a selective inhibitor of p38 MAPK. Ca?* chelation with EGTA, inhibition of the c-Src-tyrosine kinase family
with PP1 or protein kinase A (PKA) with Rp-cAMP, attenuated hormone activation of p38 MAPK. The physiological significance of
1a,25(0OH),D3-dependent activation of ERK1/2 and p38 MAP kinases was addressed by monitoring c-Fos expression. Incubation
of intestinal cells with the hormone was followed by a rapid induction of c-Fos expression which was blocked by SB 203580 and
partially suppressed by the ERK1/2 inhibitor PD 98059. Our results suggest that 1a,25(OH),D5 activates p38 MAPK, involving
Ca?*, c-Src and PKA as upstream regulators, and that p38 MAPK has a central role in hormone-induction of the oncoprotein c-Fos
in rat intestinal cells.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

la,25-Dihydroxy-Vitamin D3 (1c,25(0OH),;D3) plays
an essential role in the regulation of calcium homeosta-
sis, cell proliferation and differentiation, and the immune
system (Manolagas, Hustmyer, & Yu, 1990; Reichel &
Norman, 1989; Walters, 1992). In rat intestinal cells
(enterocytes), as in other target cells, 10,,25(0OH);D3
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elicits responses through nuclear receptor-mediated gene
transcription and a fast mechanism independent of
new RNA and protein synthesis (Boland et al., 1995;
Norman et al., 1992). The genomic-independent actions
of 1a,25(0OH);D3 in enterocytes involve G protein-
coupled stimulation of adenylyl cyclase and phospholi-
pase C and activation of protein kinases A and C (Boland
& Nemere, 1992). The hormone also increases intracel-
lular Ca?* levels in rat enterocytes by stimulating inner
Ca”* store mobilization and voltage-dependent Ca’*
channels through activation of second-messenger cas-
cades (Massheimer, Boland, & de Boland, 1994; Picotto,
2001).
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The rapid nature and specificity by which
1a,25(OH),D3 activates these second messenger
pathways suggest that interaction with a plasma
membrane receptor is responsible for the initiation of
its effects. The presence of membrane binding sites
for 1a,25(0OH),D3 in chick intestinal cells has been
described (Nemere, Dormanen, Hammond, Okamura,
& Norman, 1994; Nemere et al., 2004). Alternatively
other lines of evidence point to a role of the Vitamin D
receptor (VDR) itself in mediating some of the rapid,
non-genomic effects of the hormone (Barsony, McKoy,
Renyi, & Liberman, 1994; Buitrago, Vazquez, Russo de
Boland, & Boland, 2000).

Recent studies indicate that modulation of various of
the fast as well as long-term responses to 1a,25(OH)>D3
depends on the activation of pathways implying tyrosine
phosphorylation of key signalling components. In
human keratinocytes the hormone rapidly stimulates Src
kinase activity and Src-mediated tyrosine phosphoryla-
tion of the Shc adapter protein, which in turn associates
with Grb2 and Sos (Gniadecki, 1998). Hormone-
dependent Src activation has also been observed in rat
colonocytes (Khare et al., 1997) and skeletal muscle
cells (Buitrago et al., 2000). In intestinal cells (Boland
& Norman, 1998; Gonzalez Pardo & Russo de Boland,
2004), as well as in other cell types (Marcinkowska,
Wiedlocha, & Radizowski, 1997; Morelli, Vazquez,
Boland, & Russo de Boland, 2000; Song, Bishop,
Okamura, & Norman, 1998), 1a,25(0OH),D3stimulates
the phosphorylation and activity of the mitogen-
activated protein kinases (MAPK) ERKI1 and
ERK2.

Five groups of MAP kinases have been identified
in mammalian cells: ERK1 and ERK2, c-Jun NH;-
terminal kinase (JNK), p38 MAPK, ERK3, and Big
MAPK (BMK; ERKS5) (Schaeffer & Weber, 1999). Upon
activation, MAPKs regulate cellular responses through
the phosphorylation of other kinases, cytoplasmic and
membrane proteins and transcription factors. At present
it is not known whether 1a,25(OH),D3 activates other
members of the MAPK superfamily in intestinal cells.
The present study was undertaken to examine whether
1a,25(0OH), D3 is able to activate p38 MAPK in its main
target tissue, the duodenum.

2. Materials and methods
2.1. Materials
1a25(0OH);D3 was kindly provided by Dr. Jan-

Paul van de Velde from Solvay Pharmaceuticals
(Weesp, The Netherlands). Phenylmethanesulphonyl

fluoride (PMSF), dithiothreitol (DTT), and immo-
bilon P (polyvinylidene difluoride, PVDF) membranes
were from Sigma Chemical Co. (St. Louis, MO,
USA). PP1 was from Biomol Research Lab. Inc. (Ply-
mouth Meeting, PA). Ro 31-8220, BAPTA/AM(1,2-
bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic tetra-
(acetoxymethyl)ester) and Rp-cAMP (cyclic adenosine
3’,5’-monophosphorothioate, Rp diastereomer) were
from Calbiochem (San Diego, CA, USA). SB 203580
and PD 98059 were from Tocris Cookson Inc. (Ellisville,
MO, USA). p38 MAPK assay kit was from Cell Signal-
ing Technology Inc. (Beverly, MA, USA). Antibodies
anti-phospho p38 MAPK, anti-p38 o, anti-c-Fos and sec-
ondary antibodies donkey anti-goat and goat anti-rabbit
horseradish peroxidase-conjugated IgG were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). The Super
Signal CL-HRP substrate system for enhanced chemilu-
miniscence (ECL) was obtained from Amersham Corp.
(Arlington Heights, IL, USA). Other chemicals used
were of analytical grade.

2.2. Animals

Young (3-month old) male Wistar rats were fed with
standard rat food (1.2% calcium; 1.0% phosphorous;
4 units/g Vitamin D), given water ad libitum and main-
tained on a 12 h light to 12 h dark cycle. Serum levels of
1,25(0OH),D3 were 67 &= 15 pg/ml. Animals were killed
by cervical dislocation.

2.3. Duodenum isolation and treatment

The abdomen was opened via a midline incision, and
the duodenum (10 cm from the pylorus) was exposed,
excised and placed on cold physiological saline solu-
tion. The duodenum was slit lengthwise and cut into
small segments (1 cm length) and pre-equilibrated for
10min in the incubation medium containing 154 mM
NaCl, 5mM KCI, 1mM Na;HPO4, 1mM MgCl,,
10mM Na/MOPS pH 7.3, 5.6mM glucose, 0.5%
bovine serum albumin (BSA), 1mM CaCl, (Balogh,
de Boland, & Boland, 1997). After this step, the duo-
denum was exposed for short time-intervals (0—10 min)
to 1a,25(0OH),> D3 (0.1-100 nM) or vehicle (2-propanol
0.01%). Submerging the duodenum into liquid nitrogen
ended the treatment. The mucosa was collected by scrap-
ing into ice-cold cell lysis buffer containing 20 mM Tris
(pH 7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1% Triton X-100, 2.5mM sodium pyrophosphate,
I mM B-glycerolphosphate, 1 mM Na3VOy, 1 pg/ml
leupeptin.
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2.4. SDS-PAGE and Western blot analysis

Proteins were separated by one-dimensional
SDS-PAGE (Laemmli, 1970). Briefly, samples were
mixed with 2x Laemmli sample buffer (250 mM
Tris—HCI pH 6.8, 8% SDS, 40% glycerol, 20% 2-[3-
mercaptoethanol and 0.02% bromophenol blue) and
heated for 5 min at 95 °C. Proteins (30-35 ng) were sub-
jected to electrophoresis on 10% SDS—polyacrylamide
minigels and then transferred to PVDF membranes.
The membranes were immersed in TBS-T buffer
(50 mM Tris—HCI pH 7.5, 0.15M NaCl, 0.1% Tween-
20) containing 5% non-fat dry milk for 1h to block
non-specific sites. Anti-phospho-p38 MAPK (1:1000),
anti-p38 o (1:1000) or anti-c-Fos (1:500) antibodies
were allowed to react with the membrane overnight
at 4°C. The membranes were then washed twice
(5min) with TBS-T, followed by one 10min wash
with TBS-T and incubated 1h with the respec-
tive secondary antibody in TBS-T 2% non-fat dry
milk at room temperature. After three washes with
TBS-T, bands were visualized by using an enhanced
chemiluminiscent technique, according to the man-
ufacturer’s instructions. To strip the membranes for
reprobing with a different antibody, the membranes
were washed in stripping buffer (62.5 mM Tris—HCl,
pH 6.8, 2% SDS, 50mM 2-B-mercaptoethanol)
for 30min at 55°C and then blocked and blotted
as described above. Images were obtained with a
model GS-700 imaging densitometer from Bio-Rad
(Hercules, CA 94547, USA) by scanning at 600 dpi
and printing at the same resolution. Bands were
quantified using the Molecular Analyst program
(Bio-Rad).

2.5. p38 MAPK activity assay

The activity of p38 MAPK was analyzed by using a
p38 MAPK assay kit. Phosphorylated p38 was immuno-
precipitated with a p38-phospho-specific antibody from
200 g of lysate; this antibody specifically recognized
phosphorylated p38 and did not cross-react with phos-
phorylated JNK or ERK1/2. The immune complex was
washed thoroughly and resuspended in kinase buffer
containing ATP and 1 g of recombinant activating
factor-2 (ATF-2) as a p38 MAPK substrate. The reac-
tion was incubated at 30 °C for 30 min and terminated
by adding SDS sample buffer. The kinase reaction was
analysed by Western blotting with a phospho-specific
anti-ATF-2 antibody (Banerjee, Narayanan, Mizutani, &
Makino, 2002).
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Fig. 1. Time-course of changes in p38 MAPK activity and phos-
phorylation in response to 1c,25(OH),D3. Slices of duodenum were
treated with 1 nM 1a,25(OH), D3 for 0-10 min. (A) Cell lysates were
immunoprecipitated with anti-phospho-p38 MAPK antibody, followed
by p38 MAPK kinase assay using ATF-2 as a substrate like was
described under Section 2. (B) Cell lysates were subject to SDS-PAGE
electrophoresis and blotted with anti-phospho-p38 MAPK antibody.
To measure the amount of total protein loaded, the membrane was
reprobed with antibodies against p38a-MAPK. The immunoblots and
the quantification by scanning densitometry are representative of three
independent experiments; mean & S.D. are given. “P <0.05.

2.6. Statistical evaluation

Statistical significance of data was evaluated using
Student z-test (Snedecor & Cochran, 1967). Quantitative
data are expressed as the mean =+ S.D. from the indicated
set of experiments.

3. Results

In order to evaluate if 1a,25(OH), D3 stimulates p38
MAPK in intestinal cells, we investigated changes in
the phosphorylation and activity of p38 MAPK. To
that end, slices of duodenum were incubated with 1 nM
1a,25(0OH), D3 for 0-10 min. The activity of p38 kinase
was assayed in vitro with activating transcription factor-
2 (ATF-2) as substrate after immunoprecipitating the
enzyme from cell lysates. As shown in Fig. 1A, control
cells showed low or undetectable levels of activated
p38; 10,,25(0OH),D3 caused a time-dependent increase
in p38 activity, which peaked at 2min (three-fold)
and remained elevated up to 10 min. To monitor p38
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Fig. 2. Dose-response studies on 1a,25(OH);Ds3-dependent p38
MAPK phosphorylation. Slices of duodenum were exposed to
0.1-100 nM 1a,25(OH), D3 or vehicle (<0.01% 2-propanol) for 2 min.
Cell extracts were analyzed by Western blotting using an anti-phospho-
p38-MAPK antibody, as described in the legend of Fig. 1. (A) Repre-
sentative immunoblot is shown. (B) Quantification by scanning den-
sitometry of blots from three independent experiments; mean &+ S.D.
are given. “P <0.05.

MAPK phosphorylation, cell lysates were subjected to
SDS-PAGE and then immunoblotted with an antibody
that reacts with the phosphorylated form of all p38
MAPK isoforms (e, 3, v and 8). As shown in Fig. 1B,
1a,25(0OH),; D3 increased p38 phosphorylation, with a
kinetics similar to that found for the increase in p38
kinase activity. Incubation of cells with the hormone for
longer time-intervals revealed that p38 MAPK phospho-
rylation remained elevated up to 30 min (data not shown).
The response of intestinal cells to 1a,25(OH);D3 was
also dose-dependent. The hormone elicited the greatest
activation of p38 phosphorylation at a concentration
between 0.1 and 1nM, after a 2 min treatment interval
(Fig. 2). Compound SB 203580 (20 wM), a highly spe-
cific inhibitor of P38 o/ which binds to the enzyme ATP
pocket (Davis, Reddy, Caivano, & Cohen, 2000), totally
blocked hormone-dependent p38 phosphorylation
(Fig. 3). Two other Vitamin D3 metabolites, 250HD3
and 24,25(0OH),; D3, that have been shown to stimulate
transcaltachia in intestinal epithelial cells (Yoshimoto &
Norman, 1986; Phadnis & Nemere, 2003) were tested
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Fig. 3. 1a,25(OH)2D3-dependent p38 MAPK phosphorylation is
blocked by SB 203580. Slices of duodenum were preincubated 10 min
in the presence or absence of p38 MAPK specific pharmacolog-
ical inhibitor SB 203580 (20 nM) followed by exposure to 1nM
1a,25(OH),2D3 or vehicle for 2min. Cell lysates were subjected to
SDS-PAGE electrophoresis and blotted with anti-phospho-p38 MAPK
antibody, membranes were striped and reprobed with p38a. (A) Repre-
sentative immunoblot from three independent experiments is shown.
(B) Quantification of blots from three independent experiments by
scanning densitometry; mean & S.D. are given. “P <0.01.

for their ability to activate p38 MAPK. Fig. 4 shows that
both metabolites also enhanced p38 phosphorylation,
and to a similar extent than 1,25(OH),D3. Contrary to
Vitamin D3 metabolites, the steroid hormone proges-
terone did not significantly affect p38 phosphorylation.

Since 1a,25(0OH), D3 increases intracellular Ca2* lev-
els in rat intestinal cells by stimulation of Ca>* mobiliza-
tion from inner stores and Ca** influx through voltage-
dependent Ca?* channels (Picotto, 2001), we evaluated
whether hormone activation of p38 MAPK was medi-
ated by calcium. Slices of duodenum were preincubated
with EGTA (0.5mM), an extracellular Ca?* chelator,
and the intracellular Ca®* chelator BAPTA-AM (5 uM)



V.G. Pardo et al. / The International Journal of Biochemistry & Cell Biology 38 (2006) 11811190 1185

—»p-p38

— — — — — —* P38

Control + - -
1.25(0H),D4 . + s
24.25(0H),Dq4 . - + .
25(0H)D, . . . +
Progestrone . . . . &
(A)

fold-induction
n

(B) C 125 24,25 25 P

Fig. 4. Effect of 250HD3, 24,25 (OH),;D3 and progesterone on p38
MAPK phosphorylation. Slices of duodenum were exposed to 1 nM
1a,25(0OH),; D3, 250HD3, 24,25(0H),;D3, progesterone or vehicle
(<0.01% 2-propanol) for 2 min. Cell extracts were analyzed by West-
ern blotting using an anti-phospho-p38-MAPK antibody, as described
in the legend of Fig. 1. (A) Representative immunoblot is shown. (B)
Quantification by scanning densitometry of blots from three indepen-
dent experiments; mean & S.D. are given. P< 0,01.

followed by 2min exposure to 1nM 1a,25(0OH),D3
and measurement of p38 MAPK activity and phos-
phorylation. As shown in Fig. 5, pretreatment of rat
duodenum with EGTA or BAPTA-AM inhibited the
hormone-dependent changes in the phosphorylation of
p38 MAPK. Treatment with the intracellular Ca>* chela-
tor alone gave values greater than basal in enterocytes,
an observation which remains unexplained but consis-
tently repeated itself throughout several experiments.
These results indicate that calcium is an important medi-
ator in the mechanism of activation of p38 MAK by
12,,25(OH);D3.

As 1a,25(0OH);D3 increases in rat intestinal cells
the intracellular levels of cAMP and activates PKA
(Massheimer et al., 1994), PKC (Balogh et al., 1997)
and the non-receptor tyrosine kinase c-Src (Gonzailez
Pardo & Russo de Boland, 2004). In the present study
we examined whether these kinases are involved in
hormone-stimulation of p38 MAPK. Rat duodena were
preincubated with Rp-cAMP (0.2 mM)), a highly specific
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Fig. 5. Effect of calcium on 1a,25(OH),D3-dependent p38 MAPK
activity and phosphorylation. Slices of duodenum were preincubated
10 min in the presence or absence of EGTA (0.5 mM) or BAPTA-AM
(5 wM) followed by exposure to 1 nM 1o,25(OH),D3 or vehicle for
2 min. (A) Cell lysates were assayed for p38 kinase activity as described
in the legend of Fig. 1. (B) Cell lysates were subjected to SDS-PAGE
electrophoresis and blotted with anti-phospho-p38 MAPK antibody.
Representative images and bar graphs (C) of p-p38 MAPK and p-ATF2
quantified by scanning densitometry of blots from three independent
experiments are shown. Mean + S.D. are given. *P <0.05.

competitive antagonist for all activators of the cAMP sig-
nal pathway (Botelho, Rothermel, Coombs, & Jastorff,
1988), the PKC inhibitor Ro 318220 (200 nM) (Davis
et al., 2000) or the Src tyrosine kinase family selective
inhibitor PP1 (10 wM) (Hanke et al., 1996). Duodenum
slices were then treated with 1 nM 1a,25(OH),D3 for
2 min and p38 phosphorylation assays were performed.
The results shown in Fig. 6 revealed that in presence
of PKA and c-Src inhibitors the phosphorylation of p38
MAPK was partially suppressed while the PKC inhibitor
did not alter 1a,25(OH),D3-induced p38 phosphoryla-
tion.

Ithas recently been reported that 1, 25(OH), D3 stim-
ulates Activator Protein DNA binding activity through an
increase in c-Fos, Fral, and c-Jun expression in human
keratinocytes mediated by a mechanism dependent on
phosphatidylinositol 3-kinase/Ras/MEK/ERK1/2 and
c-Jun N-terminal kinase 1 (Johansen, Kragballe,
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Fig. 6. Involvement of PKA, PKC and c-Src kinases in 1at,25(OH),D3-
dependent p38 MAPK phosphorylation. Slices of duodenum were
preincubated 10 min in the presence or absence of Rp-AMPc (0.2 mM),
a PKA inhibitor, PKC inhibitor Ro 318220 (200 nM) or c-Src inhibitor
PP1 (10 uM), followed by exposure to 1 nM 1a,25(OH), D3 or vehicle
for 2 min. Cell lysates were subjected to SDS—-PAGE electrophoresis
and blotted with anti-phospho-p38 MAPK antibody. The immunoblot
(A) and the graph (B) of quantification by scanning densitometry
of three independent experiments is shown. Mean & S.D. are given.
“P<0.05.

Henningsen, Westergaard, & Kristiansen, 2003). This
prompted us to explore whether the exposure of duode-
nal cells to 1a,25(OH);D3 resulted in any changes in
the expression of c-Jun and c-Fos proteins. To that end,
whole cell extracts were prepared from duodenal cells
incubated with 1 nM 1«,25(OH),Dsfor various times.
As shown in Fig. 7, c-Fos protein expression, which
appeared as a band of 62 kDa, was significantly increased
by 1a,25(0OH),D3. This effect was manifested as early
as min, reached a plateau after 10 min (+2.5-fold) and
returned to baseline by 20 min. c-Jun protein (39 kDa)
was also detected in rat duodenal cells, but its expression
was not changed by 1a,25(OH);D3 (data not shown).
We next examined whether 1a,25(OH)>D3 upregula-
tion of the c-Fos oncoprotein synthesis in intestinal
cells involves the ERK and the p38 MAP kinase path-
ways. To that end, rat duodenum was treated for 5 min
with 1 nM 1a,25(OH),; D3 in the presence or absence of
PD98059 (20 uM), which inhibits ERK1 and ERK?2 acti-
vation by the dual MAPK kinase MEK (Alessi, Cuenda,

= |_,, ¢c-Fos

(A) o 2 & 5 10 15 20 30
3,5
c 3 * k
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o]
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Fig. 7. Time-course of c-Fos expression induced by 1a,25(OH),D3
in rat duodenum. Slices of duodenum were expossed to 1nM
10,25(0OH);D3 for 0-30 min. Cell lysates were immunoblotted with
an specific antibody against c-Fos protein as described in Section 2.
The membranes were dyed using Coomassie brillant blue to demon-
strate equal loading. The immunoblot (A) and bar graphs (B) of c-Fos
quantified by scanning densitometry of blots from three independent
experiments are shown; mean = S.D. are given. “P <0.05.

Cohen, Dudley, & Saltiel, 1995), and the p38 MAPK
selective inhibitor, SB203580 (20 wM). Cell lysates
were immunoprecipitated followed by immunobloting
with a highly specific anti-c-Fos monoclonal antibody.
The stimulation of the expression of c-Fos caused
by 1a,25(0OH),D3 was partially reduced in the pres-
ence of PD98059 but completely blocked by SB203580
(Fig. 8). These results indicate that the p38 MAPK path-
way, and to a lesser extent the ERK cascade, mediates
1a,25(0OH),D3-induced c-Fos expression in rat duode-
nal cells.

4. Discussion

The p38 family of mitogen-activated protein kinases
are involved in regulation of cell differentiation, pro-
liferation, apoptosis, and response to inflammation and
stress (Ono & Han, 2000). p38 o, also called p38, was
first cloned as a 38 kDa protein. Three other p38 iso-
forms (p38 B, -y, and -8) were isolated later and have
more than 60% identity in sequence in comparison with
p38 «. p38 o and p38 B are ubiquitously expressed,
whereas the p38 -y and p38 8 products are only detected
in certain cell types (Ono & Han, 2000). The p38 MAP
kinase pathway is triggered through phosphorylation on
a TGY motif within the kinase activation loop (Cano &
Mahadevan, 1995). The major upstream activators of p38
MAP kinases are two MAP kinase kinases (MAPKK),
MKK3 and MKKG®6, which directly phosphorylate the
dual site in p38 MAP kinases. Once activated, p38 MAP
kinases directly phosphorylate serine/threonine residues
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Fig. 8. Involvement of p38 MAPK and ERK1/2 in the expression of
c-Fos induced by 1a,25(0OH),D3. Slices of duodenum were preincu-
bated 10 min in the presence or absence of p38 inhibitor, SB 203580
(20 wM) or ERK1/2 inhibitor, PD 98059 (20 uM), followed by expo-
sure to 1 nM 1a,25(OH);D3 or vehicle for Smin. (A) Cell lysates
were immunoblotted with anti-c-Fos antibody as described in legend
of Fig. 7. A representative immunoblot and quantification (B) by scan-
ning densitometry of blots from three independent experiments are
shown; mean £ S.D. are given. “P <0.05.

in a wide array of cytoplasmic proteins and transcrip-
tion factors to mediate stress-responsive signaling (Han
& Molkentin, 2000).

Little is known of the functions of p38 in intesti-
nal epithelial cells. Recent studies have found that
p38 activity appears to be involved in matrix adhesion
and wound-induced signaling (Dieckgraefe, Weems,
Santoro, & Alpers, 1997; Goke, Kanai, Lynch-Devaney,
& Podolsky, 1998; Yu, Sanders, & Basson, 2000),
whereas the p38 a isoform was identified as an impor-
tant player in driving enterocyte differentiation (Houde
etal., 2001). The results of the present investigation pro-
vide, to our knowledge, the first direct evidence on the
stimulation of the p38 MAPK pathway by 10,25(OH),-
Vitamin D3 in intestine. In our study, 1a,25(0OH)>D3
rapidly increased p38 MAPK activity and phosphoryla-
tion in rat duodenal cells in a dose- and time-dependent
fashion.

Similarly to the steroid hormone, 250HD3 and
24,25(0H),D3 also enhanced p38 phosphorylation.
Although the actions of these metabolites may be
explained by cross-reaction with the 1,25(OH),D3 mem-
brane receptor, evidence suggest that a specific receptor
also exists for 24,25(OH),D3 (Nemere et al., 1994). The
ability of Vitamin D3 metabolites to activate p38 MAPK
could also be the consequence of membrane receptor

interaction with different G proteins or activation of sig-
naling pathways.

1a,25(0OH),D3-induced p38 activation was inhibited
by the extracellular Ca?* chelator EGTA, and the intra-
cellular Ca®* chelator BAPTA-AM. In agreement with
our results, Ca>* has been shown to be an upstream mod-
ulator of PACAP-induced p38 MAPK activation in PC12
cells (Sakaietal., 2002). In vascular smooth muscle cells,
BAPTA-AM and EGTA, also inhibited H,O,-stimulated
p38 MAPK as well as ERK1/2 and PKB phosphoryla-
tion (Blanc, Pandey, & Srivastava, 2004). It has also been
reported that p38 phosphorylation-dependent of perox-
isome proliferator-activated receptor (PPAR) ligand is
reduced by intracellular Ca?* chelation (Gardner, Dewar,
Earp, Samet, & Graves, 2003).

We investigated the signaling events underlying the
effect of 1a,25(0OH);D3 on p38 MAP kinase activa-
tion. The role of cAMP-dependent protein kinase and
Src tyrosine kinases as known upstream effectors of
MAP kinases was studied. We found that in presence
of chemical inhibitors of PKA and c-Src, phosphory-
lation of p38 MAPK was greatly diminished. Depend-
ing on the stimulus and the cell type, p38 phospho-
rylation has been shown to be dependent (Kabuyama,
Homma, Kurosaki, & Homma, 2002; Mocsai etal., 2000;
Ouwens et al., 2002) or independent (Yoshizumi, Abe,
Haendeler, Huang, & Berk, 2000) of non-receptor tyro-
sine kinases of the Src family. Furthermore, stimulation
of p38 MAPK through activation of the cAMP/PKA
pathway has been demonstrated (Chio, Chang, Hsu, Chi,
& Lin, 2004; Schulte & Fredholm, 2003). The par-
tial blockade of 1a,25(OH);D3-induced p38 phospho-
rylation by c-AMP/PKA and c-Src inhibitors, indicates
that more than one signal contributes to the hormone
action. The involvement of PKC on p38 phosphoryla-
tion seems to dependent on the stimulus and the cell
type. Thus p38 activation has been shown to be depen-
dent (Hofmann et al., 2004; Togo, 2004) and independent
of PKC (Lemonnier, Ghayor, Guicheux, & Caverzasio,
2004). The fact that the PKC inhibitor Ro 31-81220 did
not abolish the hormone-induced increase in p38 phos-
phorylation, rules out the participation of PKC in the
action of 1a,25(OH),D3 on the p38 MAPK pathway in
duodenal cells. Among the p38 subfamily of MAPK,
p38 a and p38 B can be specifically inhibited by SB
203580 through its binding to the ATP pocket (Gum et
al., 1998) whereas p38 y and p38 & are not sensitive
to this compound (Goedert, Cuenda, Craxton, Jakes, &
Cohen, 1997). Therefore, it appears that 1a,25(OH), D3
induces the phosphorylation of the p38 o and/or p38 3
isoforms in intestine. Regarding the expression of indi-
vidual p38 isoforms, it was reported (Vachon et al., 2002)
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that distinct profiles of p38 isoform expression are exhib-
ited by undifferentiated (o, 3, ') and differentiated (e,
v, 8) enterocytes.

P38 downstream effectors consist of kinases such as
MK?2 (MAPK-activating protein kinase 2) and PRAK
(p38-related/activated protein kinase) and transcription
factors including activating transcription factor-2 (ATF-
2) and myocyte enhancement factor 2 (MEF2) (Ono &
Han, 2000). In addition to these effectors, p38 can also
signal through cross-talk with JNK (c-Jun NH;-terminal
kinase) (Chen, Hitomi, Han, & Stacey, 2000) and ERK
pathways (Oh et al., 2000).

There is evidence of contrasting activities of the dif-
ferent p38 isoforms in transmitting the upstream sig-
nal to AP-1 and the expression profile of p38 isoforms
determines whether the p38 signal pathway activates
or inhibits AP-1-dependent processes (Pramanik et al.,
2003).

In intestinal cells, we have previously demon-
strated that 1a,25(OH);D3 induces ERK1/2 activation
(Gonzélez Pardo & Russo de Boland, 2004). In other
cell types, activation of ERK has been shown to increase
the expression of members of the Fos protein family
(Whitmarsh & Davis, 1996). In this study we found that
activation of p38 MAPK and, to a lesser extent, ERK1/2,
by 1a,25(OH),> D3 led to a rapid increase of c-Fos protein
levels in duodenal cells. The hormone has been shown to
increase AP-1 DNA binding activity in cultured human
keratinocytes (Johansen et al., 2003) through activation
of the PI3 kinase/Ras/MEK/MAPK (ERK1/2 and JNK1)
signaling pathway that results in increased expression
of c-Fos, Fral, and c-Jun, that then form AP-1 dimers
mediating transactivation (Johansen et al., 2003). Fur-
ther studies are needed to evaluate if 1a,25(OH);D3
modifies the expression of other Fos family members in
intestine.

Taken together, our results indicate that
1a,25(0OH),D3 activates in rat duodenal cells the
p38 MAPK cascade by a rapid mechanism which
involves Ca’*, PKA and c-Src as upstream regulators,
and that p38 MAPK and ERK1/2, participate in the
regulation of c-Fos expression. Since the activation of
c-Fos is a common feature of the cellular response to
cell-growth promoting agents, it also may play a role
in the hormone regulation of intestinal cell growth and
differentiation.
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