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ABSTRACT

The detailed mechanism of the effects of extracellular Ca®™"
entry blockade on angiotensin Il (Ang Il) type 1 (AT1) receptor-
mediated growth-promoting signals in vascular smooth muscle
cells (VSMCs) is not fully understood. Ang Il stimulation caused
biphasic activation of growth-promoting signals, reaching a
peak at 5 to 10 min followed by a decrease and a second peak
at around 2 to 4 h. Addition of PD98059 (2'-amino-3’-methoxy-
flavone), a mitogen-activated protein kinase/extracellular sig-
nal-regulated kinase kinase inhibitor, or AG490 [«-cyano-(3,4-
dihydroxy)-N-benzylcinnamide], a Janus-activated kinase 2
(Jak2) inhibitor, even 4 h after Ang Il treatment inhibited [*H]thy-
midine incorporation. The calcium channel blocker azelnidipine
attenuated the later peaks of extracellular signal-regulated ki-

nase (ERK), tyrosine kinase 2, Jak2 activation, and phosphor-
ylation of signal transducer and activator of transcription
(STAT)1 and STATS. Interestingly, azelnidipine increased rather
than decreased the later ERK peaks in cells treated with small
interfering RNA against mitogen-activated protein kinase phos-
phatase-1. Ang Il-mediated [*H]thymidine incorporation was
inhibited dose dependently by azelnidipine and also by azelni-
dipine, plus olmesartan, whereas olmesartan or azelnidipine
alone at such lower doses did not affect [°H]thymidine incor-
poration. These data provide new insight into the manner in
which calcium channels exert an essential action in the AT1
receptor-mediated growth-promoting actions in VSMCs.

Angiotensin II (Ang II) has direct effects on endothelial
and vascular smooth muscle cells (VSMCs) and plays a key
role in the initiation and amplification of pathobiological
events that lead to vascular disease (Dzau, 2001). These
major vascular actions of Ang II have been reported to be
mediated by the type 1 Ang II (AT1) receptor, and AT1
receptor blockers (ARBs) have been widely used as antihy-
pertensive drugs with the expectation of a vascular protec-
tive effect (de Gasparo et al., 2000). Ca®" entry into vascular
cells has been reported to be necessary for Ang II-induced
DNA synthesis (Saward and Zahradka, 1997), and AT1 re-
ceptor stimulation has been reported to stimulate L-type
Ca®" channels and induce influx of extracellular Ca®*
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through calcium channels, resulting in a sustained elevation
of intracellular calcium (Brock et al., 1985; Berridge, 1993;
Macrez et al., 1997). It has been reported that DNA synthesis
induced by both Ang II and growth factors such as platelet-
derived growth factor in VSMCs is significantly blunted by
calcium channel blockers (CCBs) and that CCBs inhibit neo-
intimal formation in the injured artery (Ko et al., 1992; Dol
et al., 1995; Hirata et al., 2000).

Nifedipine has been shown to block the Ang II-induced
increase in intracellular calcium nearly completely in freshly
prepared VSMCs (Iversen and Arendshorst, 1998), and am-
lodipine has been demonstrated to retard or even prevent the
progression of atherosclerosis and has antiproliferative effect
on VSMCs from spontaneously hypertensive rats (Stepien
et al., 1998). In addition, other L-type voltage-gated calcium
channel blockers, such as nitrendipine, nisoldipine, nimodip-
ine, and isradipine, have been shown to blunt Ang II-induced
DNA synthesis in VSMCs (Ko et al., 1993). These results
suggest the possibility that combination therapy with an

ABBREVIATIONS: Ang Il, angiotensin Il; VSMC, vascular smooth muscle cell; AT1, type | angiotensin Il receptor; ARB, AT1 receptor blocker; CCB,
calcium channel blocker; Pyk2, proline-rich nonreceptor tyrosine kinase 2; ERK, extracellular signal-regulated kinase; Tyk2, tyrosine kinase 2; Jak,
Janus-activated kinases; STAT, signal transducer and activator of transcription; PD98059, 2'-amino-3’'-methoxyflavone; AG490, a-cyano-(3,4-
dihydroxy)-N-benzylcinnamide; siRNA, small interfering RNA; MAP, mitogen-activated protein; MAPK, mitogen-activated protein kinase; Mek/
MEK, mitogen-activated protein kinase/extracellular signal-regulated kinase kinase; MKP-1, mitogen-activated protein kinase phosphatase-1.
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ARB and CCB could more effectively prevent vascular dam-
age than monotherapy. We recently reported that in polyeth-
ylene-cuff-induced vascular injury of the femoral artery in
mice, proliferation of VSMCs and neointimal formation, as-
sociated with activation of extracellular signal-regulated ki-
nase (ERK) and tyrosine-phosphorylation of signal trans-
ducer and activator of transcription (STAT)1 and STATS,
were significantly inhibited by coadministration of lower
doses of both an ARB, olmesartan, and azelnidipine (Jinno
et al., 2004). Evidence has suggested that the intracellular
signaling mechanisms by which the AT1 receptor exerts hy-
pertrophic and/or hyperplastic effects on targets such as
VSMCs are closely associated with receptor and nonreceptor
tyrosine kinases and that some AT1 receptor-mediated sig-
naling requires Ca®"-sensitive tyrosine kinases (Eguchi and
Inagami, 2000). However, the effect of Ca®* entry blockade
on AT1 receptor mediated growth-promoting signaling and
its detailed mechanism remains to be elucidated. In this
study, we focused on the AT1 receptor-mediated Pky2/c-Src/
ERK pathway and Jak/STAT pathway and explored the pos-
sibility that azelnidipine may exaggerate the inhibitory effect
of an ARB, olmesartan, on AT1 receptor-mediated VSMC
proliferation and its related signaling.

Materials and Methods

Cell Culture and Treatment. VSMCs were prepared from tho-
racic aorta adult of Sprague-Dawley rats (Clea Japan Inc., Tokyo,
Japan) as described previously (Li et al., 1999; Cui et al., 2002).
VSMCs were cultured at 37°C under 5% CO, in Dulbecco’s modified
Eagle’s medium containing 10% fetal bovine serum and supple-
mented with antibiotics. AT1 receptor or AT2 receptor expression
was examined by radioligand binding assay as reported previously
(Li et al., 1999). Olmesartan (donated by Sankyo Pharmaceutical
Co., Tokyo, Japan), a specific AT1 receptor blocker, and/or azelnidip-
ine (donated by Sankyo Pharmaceutical Co., Tokyo, Japan) were
administered with Ang II. PD98059 (Cell Signaling Technology Inc.,
Beverly, MA), a mitogen-activated protein kinase/ERK kinase inhib-
itor, or AG490 (Calbiochem, San Diego, CA), a Jak kinase inhibitor,
was added to VSMCs and incubated with Ang II. For small interfer-
ing RNA assay, VSMCs were transiently transfected with lamin A/C
siRNA as a control or MKP-1-specific siRNA, a cocktail of three
siRNA designed by B-Bridge (Sunnyvale, CA), by LipofectAMINE
Plus (Invitrogen, Carlsbad, CA). Thirty-six hours after transfection,
cells were treated with or without Ang II and/or azelnidipine.

[3H]Thymidine Incorporation. DNA synthesis was assayed by
measurement of [*H]thymidine incorporation (Cui et al., 2002).
VSMCs were serum-starved for 48 h to induce a quiescent state.
Subconfluent and quiescent cells cultured in 24-well plates were
stimulated with various reagents for 12 h and pulsed with 1 uCi/ml
[methyl->H]thymidine (specific activity, 60 Ci/mmol) (PerkinElmer
Life and Analytical Sciences, Boston, MA) for an additional 24 h. The
cells were washed twice with ice-cold phosphate-buffered saline and
subsequently incubated with ice-cold 5% trichloroacetic acid for 20
min at 4°C. The cells were washed twice with ice-cold 5% trichloro-
acetic acid and then with ice-cold phosphate-buffered saline and
lysed with 0.5 N NaOH. The radioactivity of the cell lysate was
determined using a liquid scintillation counter.

Immunoprecipitation and Western Blot Analysis. Subconflu-
ent VSMCs were kept in a serum-free condition for 48 h and then
treated as indicated in the figure legends. Total proteins were pre-
pared from the cultured VSMCs, and Western blot was performed as
described previously (Cui et al., 2002). Immunoprecipitation was
performed using anti-Pky2 and anti-Jak2 (Upstate Biotechnology,
Waltham, MA), anti-Tyk2, and anti-epidermal growth factor recep-

1667

tor antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Immunoblotting was performed using anti-phospho-tyrosine (4G10),
anti-Pyk2, anti-c-Src, and anti-Jak2 (Upstate Biotechnology), anti-
phospho-c-Sre, anti-STAT1, anti-phospho-tyrosine-STAT1, anti-
STATS3, anti-phospho-tyrosine-STAT3, anti-ERK, and anti-phospho-
ERK (Cell Signaling Technology, Inc.), anti-phospho-serine-STAT3
(New England Biolabs, Beverly, MA), anti-Tky2, anti-epidermal
growth factor receptor, and anti-MKP-1 (Santa Cruz Biotechnology,
Inc.), and anti-phospho-serine-STAT1 and anti-a smooth muscle ac-
tin antibodies (clone 1A4; Sigma-Aldrich, St. Louis, MO). The cell
lysate (20 pg) was run on 10% SDS-polyacrylamide gel electrophore-
sis, and the separated proteins were electrophoretically transferred
onto nitrocellulose membrane (Hybond ECL; Amersham Biosciences
Inc., Piscataway, NJ). Blots were incubated with specific antibodies
as indicated. The bands were visualized with enhanced chemilumi-
nescence system (Amersham Biosciences UK, Ltd., Little Chalfont,
Buckinghamshire, UK). Densitometric analysis was performed using
NIH Image software.

Statistical Analysis. Values are expressed as mean * S.E.M. in
the text and figures. The data were analyzed using analysis of
variance followed by Newman-Keuls test for multiple comparisons.
Values of p < 0.05 were considered to be statistically significant.

Results

Effect of Azelnidipine on Ang II-Induced DNA Syn-
thesis of VSMCs. To determine the role of extracellular
Ca®" influx in AT1 receptor-mediated proliferation of adult
rat aortic VSMCs, we examined the effects of azelnidipine.
Radioligand binding assay showed that rat aortic VSMCs
used in our study exclusively expressed the AT1 receptor
(10.02 = 0.85 fmol/10° cells, mean = S.E.M., n = 4) and no
detectable level of the AT2 receptor. We observed that Ang II
significantly increased [*H]thymidine incorporation in
VSMCs (Fig. 1A), and this Ang IT (10~ 7 M)-mediated [*H]thy-
midine incorporation was inhibited dose dependently by the
addition of olmesartan or azelnidipine, resulting in the basal
level of [*H]thymidine incorporation by treatment with
azelnidipine (1 to 5 X 10~¢ M) or olmesartan (1 X 1076 to
10~° M) alone (Fig. 1, B and C). Moreover, Ang II (10~7
M)-mediated [*H]thymidine incorporation was inhibited by
lower doses of azelnidipine (5 X 1077 M) and olmesartan
(107 M) together, whereas olmesartan or azelnidipine
alone at these doses did not affect [*H]thymidine incorpora-
tion in VSMCs (Fig. 1D). These results suggest an involve-
ment of extracellular Ca®" influx via the L-type calcium
channel in Ang II-stimulated VSMC proliferation.

Effect of Azelnidipine on AT1 Receptor-Mediated
Growth-Promoting Signaling in VSMCs. To examine the
underlying signaling mechanism of the inhibitory effect of
azelnidipine on AT1 receptor-mediated VSMC proliferation,
we focused on the Pyk2/c-Src/ERK cascade and Jak/STAT
cascade. We observed that Ang II (10~ 7 M) treatment acti-
vated Pyk2, c-Src, Jak2, Tyk2, and ERK determined by their
phosphorylation, reaching a peak at 5 to 10 min, followed by
a decrease in their activities and then reactivation, showing
a second peak at 2 to 4 h after Ang II stimulation (Fig. 2, A
and B). Similar results were observed for Ang II-induced
tyrosine- and serine-phosphorylation of STAT1 and STAT3
(Fig. 2, A and B). These effects of Ang II were inhibited by the
addition of olmesartan (10~° M), but not by an AT2 receptor-
specific blocker, PD123319 (data not shown). Addition of
azelnidipine (5 X 10~ M) markedly inhibited Ang II-stimu-
lated tyrosine phosphorylation of Pyk2 and c-Src (Fig. 2,
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C and D). Azelnidipine partially suppressed the initial Ang
II-mediated ERK activation and serine-phosphorylation of
STAT1 and STAT3 and did not inhibit Ang II-mediated ini-
tial activation of Jak2, Tyk2, and tyrosine phosphorylation of
STAT1 and STATS (Fig. 2, C and D). In contrast, azelnidipine
attenuated the later peaks of Ang II-mediated ERK activa-
tion, tyrosine- and serine-phosphorylation of STAT1 and
STATS3, and activation of Jak2 and Tyk2 (Fig. 2, C and D).
The protein levels of Pyk2, c¢-Src, ERK, Jak2, Tk2, STATI,
and STAT3 did not change throughout the experimental
period.

Effect of Azelnidipine on Ang II-Induced MKP-1 Ex-
pression in VSMCs. The late phase activation of ERK,
STAT1, and STATS3 by Ang II was markedly attenuated by
azelnidipine. MKP-1 is a protein phosphatase that can
dephosphorylate multiple mitogen-activated protein
(MAP) kinases (Keyse, 1995) and has been reported to be
activated by Ang II stimulation (Sandberg et al., 2004),
which might contribute to inhibition of overstimulation of
ERK (Viedt et al., 2000). In addition, Venema et al. (1998)
have demonstrated that MKP-1 induces STAT1 tyrosine
dephosphorylation in VSMCs. Consistent with a previous
report, we observed that Ang II stimulation increased
MKP-1 expression, reaching a peak at around 60 min,
followed by a decrease in MKP-1 expression (Fig. 3). We
found that the addition of azelnidipine increased Ang II-
induced MKP-1 expression and retarded its decrease. To
determine whether MKP-1 induction is required for azelni-
dipine-mediated ERK inactivation, we examined ERK
phosphorylation under conditions where small interfering
RNA specifically blocked MKP-1 induction. VSMCs were
transiently transfected with lamin A/C siRNA as a control
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or MKP-1-specific siRNA. Thirty-six hours after transfec-
tion, cells were treated with or without Ang II and/or
azelnidipine. MKP-1 protein levels were evaluated by
immunoblot. As shown in Fig. 4A, MKP-1 expression
increased in Ang II-treated control siRNA-expressing
VSMCs but was blocked in MKP-1-siRNA-expressing
VSMCs. MKP-1-siRNA-expressing cells retained ERK
phosphorylation after Ang II and azelnidipine treatment
(Fig. 4B). Interestingly, the reduction of the late phase
ERK activation was significantly blocked in MKP-1-
siRNA-expressing VSMCs.

Role of AT1 Receptor-Mediated Late Phase of Acti-
vation of ERK and STAT in VSMC Proliferation. To
address the roles of the AT1 receptor-mediated distinct
phases of activation of ERK and STAT in VSMC proliferation
induced by Ang II, we examined the effect of PD98059, an
Mek inhibitor, and the effect of AG490, a Jak2 inhibitor.
Simultaneous addition of PD98059 and AG490, or addition of
PD98059 or AG490 1 h after Ang II stimulation, abolished
Ang II-mediated [*H]thymidine incorporation in VSMCs
(Fig. 5). Addition of PD98059 and AG490 2 to 4 h after Ang II
stimulation also significantly inhibited Ang II-mediated
[*H]thymidine incorporation in VSMCs, whereas addition of
PD98059 and AG490 8 h after Ang II stimulation did not
affect Ang II-mediated [*H]thymidine incorporation in
VSMCs (Fig. 5).

Effect of Combination of Lower Doses of Azelnidipine
and Olmesartan on AT1 Receptor-Mediated Growth-Pro-
moting Signals in VSMCs. We showed that a combination
of lower doses of azelnidipine and olmesartan decreased
AT1 receptor-mediated DNA synthesis in VSMCs (Fig.
1D). To explore the signaling mechanism of this combined
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Fig. 1. Effect of angiotensin II (A) on DNA synthesis in VSMCs. Effect of azelnidipine (B), olmesartan (C), and azelnidipine plus olmesartan (D) on
Ang II-induced DNA synthesis in VSMCs. Subconfluent, quiescent VSMCs were treated with Ang IT (10”7 M), azelnidipine (Azel), and/or olmesartan
(Olme) as indicated for 36 h. DNA synthesis was assayed by measuring [*H]thymidine incorporation as described under Materials and Methods.
Similar results were obtained in four different VSMC cultures. Values are expressed as mean = S.E.M. (n = 4). *, p < 0.05; ##, p < 0.01 versus control.
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effect, we examined the effects of low doses of azelnidipine
(5 X 1077 M) and olmesartan (10~ ° M), which did not
affect Ang II-mediated growth-promoting signals in
VSMCs (Fig. 6). We observed that coadministration of
azelnidipine and olmesartan at these doses decreased Ang
II-activated rapid tyrosine phosphorylation of Pyk2, c-Src,
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Jak2, Tyk2, and ERK activity, and partially suppressed
Ang Il-activated rapid serine phosphorylation of STAT1
and STATS3, whereas the combination of these two drugs
had no significant effect on Ang II-activated rapid tyrosine
phosphorylation of STAT1 and STAT3. In contrast, a com-
bination of azelnidipine and olmesartan significantly
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Fig. 2. Effect of Ang II on activation of Pyk2, c-Src, ERK, Jak2, Tyk2, and tyrosine- and serine-phosphorylation of STAT1 and STAT3 in VSMCs (A
and B). Effect of azelnidipine on Ang II-induced phosphorylation of Pyk2, c-Src, ERK, Jak2, Tyk2, and tyrosine- and serine-phosphorylation of STAT1
and STAT3 in VSMCs (C and D). Subconfluent and quiescent VSMCs were treated with Ang II (10~7 M) and/or azelnidipine (Azel; 5 X 10~¢ M) as
indicated. Immunoprecipitation was performed using anti-Pyk2, anti-Jak2, and anti-Tyk2 antibodies. Immunoblotting was performed using anti-
phosphorylated-tyrosine (4G10), anti-Pyk2, anti-c-Src, anti-phospho-c-Src, anti-ERK, anti-phospho-ERK, anti-Jak2, anti-Tyk2, anti-STAT1, anti-
phospho-tyrosine-STAT1, anti-phospho-serine-STAT1, anti-STAT3, anti-phospho-tyrosine-STAT3, and anti-phospho-serine-STAT3 antibodies. Fig-
ures show representative data from three separate experiments. Values are expressed as mean * SE.M. (n = 3). *, p < 0.05 versus time 0.
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inhibited Ang II-mediated tyrosine- and serine-phosphory-
lation of STAT1 and STATS3 as well as Pyk2, c-Src, Jak2,

Discussion

Tyk2, and ERK activation in the last stage of Ang II- The Pky2/c-Src/ERK pathway and the Jak/STAT pathway,

induced growth-promoting signals.
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Fig. 4. A, effect of siRNA-MKP-1 on Ang II
and azelnidipine-induced MKP-1 expression.
Subconfluent and quiescent VSMCs were
treated with Ang II (10”7 M) and azelnidip-
ine (Azel; 5 X 1076 M) for different times.
Immunoblotting was performed using anti-
MKP-1 and anti-a-SM actin antibodies. Fig-
ures show representative data from three
separate experiments. Values are expressed
as mean = SEM (n = 3). B, effect of siRNA-
MKP-1 on Ang II and azelnidipine-induced
ERK phosphorylation. Subconfluent and qui-
escent VSMCs were treated with Ang II (1077
M) and azelnidipine (Azel; 5 X 10~ M) for
different times. Immunoblotting was per-
formed using anti-ERK and anti-phospho-
ERK antibodies. Figures show representative
data from three separate experiments. Val-
ues are expressed as mean +* SEM (n = 3).
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various growth factors, are critical for cell proliferation, dif-
ferentiation, and hypertrophy (Force and Bonventre, 1998).
In our experiment, we observed that Ang II (10~7 M) treat-
ment activated Pyk2, c-Src, Jak2, Tyk2, ERK, and STATS,
reaching a peak at 5 to 10 min, and then reactivated Pyk2,
c-Sre, Jak2, Tyk2, ERK, and STATSs, showing a second peak
at around 2 to 4 h after Ang II stimulation in VSMCs.
Moreover, we demonstrated that addition of PD98059 or
AG490 even 4 h after Ang II treatment effectively inhibited
Ang II-mediated [*H]thymidine incorporation in VSMCs,
suggesting that AT1 receptor-mediated activation of ERK or
STAT within the first hour after Ang II stimulation was not
sufficient to induce VSMC proliferation, and the later phase
of AT1 receptor-mediated activation of ERK and STAT seems
to be required for the full induction of VSMC proliferation.
We insist again both the early and late phase activation of
ERK and STAT are essential for Ang II-stimulated VSMC
proliferation. Consistent with our observation, it has been
shown that growth factor-induced late phase activation of
ERK is coupled with cellular responses of proliferation (Cook
and McCormick, 1996; Weber et al., 1997; Nelson et al.,
1998). Moreover, the possibility that temporal activation
of ERK and STATs might mediate distinct cellular events
has been reported previously (Pang et al., 1995; Wu and
Bradshaw, 1996; Kodama et al., 1997; Pelletier et al., 2003).
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Fig. 5. Effect of MEK inhibitor PD98059 (A) and Jak2 kinase inhibitor
AG490 (B) on Ang II-mediated DNA synthesis of VSMCs. Subconfluent,
quiescent VSMCs were treated with Ang II (10~ M) for 36 h, with or
without PD98059 (2.5 X 10~ ® M) or AG490 (10 ® M) as indicated. DNA
synthesis was assayed by measuring [*PHlthymidine incorporation as
described under Materials and Methods. Similar results were obtained in
four different cultured cell lines. Values are expressed as mean = S.E.M.
(n = 4). *, p < 0.05; #+, p < 0.01 versus control.
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The detailed functional roles of AT1 receptor-mediated bi-
phasic activation of the Pky2/c-Src/ERK pathway and the
Jak/STAT pathway remain to be elucidated.

Activation of ERK may also result in increased production
of serum response factor, and this may act in concert with the
activation of STATS, thereby resulting in an increase of c-fos
transcription, which is a critical determinant of VSMC pro-
liferation and is regulated by the net interaction with differ-
ent transcriptional factors. We demonstrated previously that
in response to AT1 receptor stimulation, tyrosine- and serine-
phosphorylated STAT1 and STAT3 accumulated in the nu-
clei of VSMCs and became a component of the nuclear sis-
inducing factor complex, resulting in enhancement of c-fos
promoter activity (Horiuchi et al., 1999). In the present
study, we also observed that AT1 receptor stimulation by
Ang IT increased tyrosine- and serine-phosphorylated STAT1
and STATS. These results suggest that both tyrosine- and
serine-phosphorylated STAT1 and STATS3 may contribute to
the proliferation of VSMCs.

Calcium has also been shown to regulate gene expression
via multiple signaling pathways by activating calcium-sensi-
tive kinases such as MAP kinases. It has been reported that
AT1 receptor stimulation increases intracellular calcium
(Ca®") via influx of extracellular Ca®* by opening cell mem-
brane calcium channels or release from the intracellular
Ca®* pool (Eguchi and Inagami, 2000). We previously re-
ported (Jinno et al., 2004) that ERK activation and tyrosine-
phosphorylation of STAT1 and STAT 3 were partially but not
totally inhibited in cuff-induced vascular injury of AT,, re-
ceptor-null mice, indicating that Ca®" influx via the L-type
calcium channel, which results in phosphorylation of growth-
promoting signals in VSMCs, may be not only in parallel but
also in series to activation of AT1 receptors. The MAP ki-
nases ERK1 and ERK2 have been reported to be activated by
an increase in Ca®" influx, which activates upstream ki-
nases. For example, in PC12 cells, membrane depolarization
leading to calcium influx through the L-type calcium chan-
nels activates the dual specificity MAPK kinase, MEK1,
which phosphorylates and activates MAPK (Rosen et al.,
1994). Moreover, calcium influx leads to activation of the
small guanine nucleotide-binding protein, Ras, which is also
required for signaling to MAPK (Rosen and Greenberg,
1996). In the present study, we demonstrated that addition of
azelnidipine (5 X 107" M) markedly inhibited biphasic Ang
II-stimulated Pyk2 and c-Src activation and partially sup-
pressed the initial Ang II-mediated ERK activation and
serine-phosphorylation of STAT1 and STATS3, whereas
azelnidipine did not inhibit initial activation of Jak2 and
Tyk2 and tyrosine-phosphorylation of STAT1 and STATS3
and markedly attenuated the later peaks of ERK, Jak2, and
Tyk2 activation and phosphorylation of STATSs. Ang II-medi-
ated [*H]thymidine incorporation in VSMCs was also inhib-
ited dose dependently by the addition of azelnidipine. These
results suggest that azelnidipine-mediated inactivation the
early and late phase of signaling kinases may contribute to
its inhibitory effect on the proliferation of VSMCs via inhi-
bition of Ca®" influx.

To elucidate the mechanism by which azelnidipine inhib-
ited the late phase activation of ERK, we focused on MKP-1.
Consistent with a previous report (Sandberg et al., 2004), we
observed that Ang II stimulation increased MKP-1 expres-
sion, reaching a peak at around 60 min, followed by a
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decrease in MKP-1 expression. Moreover, we found that the
addition of azelnidipine increased Ang II-regulated MKP-1
expression and retarded its decease. On the other hand,
siRNA-MKP-1 studies clearly showed that the reduction of
the late-phase ERK activation was significantly blocked by
MKP-1 knockdown, indicating that MKP-1 expression has
contributed to the late phase of ERK phosphorylation. There-
fore, it would be possible that blocking of Ca®" entry in
VSMCs by azelnidipine increases AT1 receptor-mediated
MKP-1 expression, thereby inhibiting Ang II-activated late
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phase activation of ERK and contributing to the inhibition of
Ang II-mediated VSMC proliferation. These studies suggest
an additional role of calcium influx in controlling MKP-1
expression and ERK and that studying the detailed mecha-
nism of effect of azelnidipine on MCP-1 expression could
contribute to further understanding of the mechanism of
VSMC proliferation.

Combined antihypertensive therapy with a CCB and ARB
seems to have crucial roles in achieving targeted blood
pressure reductions (Kuriyama et al., 2002), and we could

Fig. 6. A and B, effect of com-
bination of azelnidipine (Azel)
and olmesartan (Olme) on Ang
II-mediated rapid phase phos-
phorylation of Pyk2, c-Src,
ERK, and tyrosine- and serine-
phosphorylation of STAT1 and
STAT3 in VSMCs. C and D, ef-
fect of combination of azelni-
dipine plus olmesartan on Ang
II-mediated late phase of phos-
phorylation of Pyk2, c-Src,
ERK, Jak2, Tyk2, and tyrosine-
and serine-phosphorylation of

STAT1 and STATS3 in VSMCs.
Immunoprecipitation and im-
munoblotting were performed
as in Fig. 2. Figures show rep-
resentative data from three
separate experiments. Values
are expressed as mean =
S.E.M. (n = 3). *, p < 0.05 ver-
sus control; #*, p < 0.05 versus
Ang II (+).
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anticipate that this combined therapy could contribute to
more effective cardiovascular protection and fewer side ef-
fects than monotherapy. We demonstrated in this study that
Ang II-mediated [*H]thymidine incorporation in VSMCs was
inhibited dose-dependently by the addition of azelnidipine
(5 X 1077 M) with olmesartan (10 1° M), whereas olmesar-
tan or azelnidipine alone at these doses did not affect
[®*Hlthymidine incorporation in VSMCs. Furthermore, the
combination of lower doses of azelnidipine and olmesartan
also inhibited the AT1 receptor-mediated early-phase and
late-phase phosphorylation of growth-promoting signaling
factors Pky2, c-Src, ERK, and STAT. Consistent with these
observations, we recently reported that azelnidipine also
enhanced the vascular protective effects of olmesartan in
polyethylene-cuff-induced vascular injury of the femoral
artery in mice, with the inhibition of proliferation of VSMCs
and neointimal formation associated with decreased activa-
tion of ERK and tyrosine-phosphorylation of STAT1 and
STATS3 (Jinno et al., 2004).

Together, these results suggest that Ang II (10~7 M) stim-
ulation exerted biphasic activation of Pyk2, c-Src, Jak2,
Tyk2, and ERK and tyrosine- and serine-phosphorylation of
STAT1 and STATS, both of which seem to be necessary for
the full induction of VSMC proliferation. The L-type calcium
channel plays an essential role in AT1 receptor-mediated
growth-promoting actions in VSMCs, and MKP-1 is at least
one of the critical phosphatases that mediate the antiprolif-
erative actions of the CCB azelnidipine. A CCB had a syner-
gistic inhibition of Ang II-induced DNA synthesis with an
ARB, accompanied by marked inhibition of Pyk2, c-Src, Jak
kinases, ERK, and STAT activity. Dominant negative-ERK
gene transfer significantly suppressed VSMC proliferation in
both the intima and the media after balloon injury (Izumi
et al., 2001), indicating that ERK pathway has a pivotal role
of atherosclerosis formation. Thus, our findings provide novel
insights into the pathogenesis of VSMC proliferation and
vascular atherosclerosis and might initiate rational and new
therapeutic concepts. Our findings also suggest that a com-
bination of CCBs and ARBs might be a useful and effective
therapy for the treatment of cardiovascular diseases associ-
ated with hypertension.

References

Berridge MJ (1993) Inositol triphosphate and calcium signaling. Nature (Lond)
361:315-325.

Brock TA, Alexander RW, Ekstein LS, Atkinson WJ, and Gimbrone MA (1985)
Angiotensin increases cytosolic free calcium in cultured vascular smooth muscle
cells. Hypertension 7 (Suppl I):1105-1109.

Cook SJ and McCormick F (1996) Kinetic and biochemical correlation between
sustained p44ERK1 (44 kDa extracellular signal-regulated kinase 1) activation
and lysophosphatidic acid-stimulated DNA synthesis in Rat-1 cells. Biochem J
320:237-245.

Cui TX, Nakagami H, Iwai M, Takeda Y, Shiuchi T, Tamura K, Daviet L, and
Horiuchi M (2002) ATRAP, novel AT1 receptor associated protein, enhances in-
ternalization of AT1 receptor and inhibits vascular smooth muscle cell growth.
Biochem Biophys Res Commun 279:938-941.

de Gasparo M, Catt KJ, Inagami T, Wright JW, and Unger T (2000) International
Union of Pharmacology. XXIII: the angiotensin II receptors. Pharmacol Rev 52:
415-472.

Dol F, Schaeffer P, Lamarche I, Mrrie AM, Chatelain P, and Herbert JM (1995)
Effect of SR 33805 on arterial smooth muscle cell proliferation and neointima
formation following vascular injury. Eur J Pharmacol 280:135-142.

Dzau VJ (2001) Tissue angiotensin and pathobiology of vascular disease: a unifying
hypothesis. Hypertension 37:1047-1052.

Eguchi S and Inagami T (2000) Signal transduction of angiotensin II type 1 receptor
through receptor tyrosine kinase. Regul Pept 91:13-20.

Force T and Bonventre JV (1998) Growth factors and mitogen-activated protein
kinases. Hypertension 31:152-161.

Hirata A, Igarashi M, Yamaguchi H, Suwabe A, Daimon M, Kato T, and Tominaga

1673

M (2000) Nifedipine suppresses neointimal thickening by its inhibitory effect on
vascular smooth muscle cell growth via a MEK-ERK pathway coupling with Pyk2.
Br J Pharmacol 131:1521-1530.

Horiuchi M, Hayashida W, Akishita M, Tamura K, Daviet L, Lehtonen JYA, and
Dzau VJ (1999) Stimulation of different subtypes of angiotensin II receptors, AT1
and AT2 receptors, regulates STAT activation by negative crosstalk. Circ Res
84:876-882.

Izumi Y, Kim S, Namba M, Yasumoto H, Miyazaki H, Hoshiga M, Kaneda Y,
Morishita R, Zhan Y, and Iwao H (2001) Gene transfer of dominant-negative
mutants of extracellular signal-regulated kinase and c-Jun NH2-terminal kinase
prevents neointimal formation in balloon-injured rat artery. Circ Res 88:1120—
1126.

Iversen BM and Arendshorst WJ (1998) Angiotensin II and vasopressin stimulate
calcium entry in freshly isolated afferent arteriolar smooth muscle cells. Am J
Physiol 503:237-251.

Jinno T, Iwai M, Li Z, Li JM, Liu HW, Cui TX, Rakugi H, Ogihara T, and Horiuchi
M (2004) Calcium channel blocker azelnidipine enhances vascular protective ef-
fects of AT1 receptor blocker olmesartan. Hypertension 43:263-269.

Keyse SM (1995) An emerging family of dual specificity MAP kinase phosphatases.
Biochim Biophys Acta 1265:152-160.

Ko Y, Totzke G, Graack GH, Heidgen FJ, Meyer zu Brickwedde MK, Dusing R,
Vetter H and Sachinidis A (1993) Action of dihydropyridine calcium antagonists on
early growth response gene expression and cell growth in vascular smooth muscle
cells. J Hypertens 11:1171-1178.

Ko YD, Sachinidis A, Graack GH, Appenheimer M, Wieczorek AdJ, Dusing R, and
Vetter H (1992) Inhibition of angiotensin II and platelet-derived growth factor-
induced vascular smooth muscle cell proliferation by calcium entry blockers. Clin
Investig 70:113-117.

Kodama H, Fukuda K, Pan J, Makino S, Sano M, Takahashi T, Hori S, and Ogawa
S (1997) Biphasic activation of the Jak/STAT pathway by angiotensin II in rat
cardiomyocytes. Circ Res 82:244-250.

Kuriyama S, Tomonari H, Tokudome G, Horiguchi M, Hayashi H, Kobayashi H,
Ishikawa M, and Hosoya T (2002) Antiproteinuric effects of combined antihyper-
tensive therapies in patients with overt type 2 diabetic nephropathy. Hypertens
Res 25:849—-855.

Li G, Chen YF, Greene GL, Oparil S, and Thompson JA (1999) Estrogen inhibits
vascular smooth muscle cell-dependent adventitial fibroblast migration in vitro.
Circulation 100:1639-1645.

Macrez N, Morel JL, Kalkbrenner F, Viard P, Schultz G, and Micronneau J (1997) A
B,y dimer from G, transduces the angiotensin AT1 receptor signal to stimulation
of Ca?" channels in rat portal vein myocytes. J Biol Chem 272:23180-23185.

Nelson PR, Yamamura S, Mureebe L, Itoh H, and Kent KC (1998) Smooth muscle
cell migration and proliferation are mediated by distinct phases of activation of the
intracellular messenger mitogen-activated protein kinase. J Vasc Surg 27:117—
125.

Pang L, Sawada T, Decker S, and Saltiel A (1995) Inhibition of MAP kinase kinase
blocks the differentiation of PC-12 cells induced by nerve growth factor. J Biol
Chem 270:13585-13588.

Pelletier S, Duhamel F, Coulombe P, Popoff M, and Meloche S (2003) Rho family
GTPases are required for activation of Jak/STAT signaling by G protein-coupled
receptors. Mol Cell Biol 23:1316-1333.

Rosen LB, Ginty DD, Weber MdJ, and Greenberg ME (1994) Membrane depolariza-
tion and Ca?" influx stimulate MEK and MAP kinase via activation of Ras. Neuron
12:1207-1221.

Rosen LB and Greenberg ME (1996) Stimulation of growth factor receptor signal
transduction by activation of voltage-sensitive calcium channels. Proc Natl Acad
Sci USA 93:1113-1118.

Sandberg EM, Ma X, YonderLinden D, Godeny MD, and Sayeski PP (2004) Jak2
tyrosine kinase mediates angiotensin II-dependent inactivation of ERK2 via in-
duction of mitogen-activated protein kinase phosphatase 1. J Biol Chem 279:
1956-1967.

Saward L and Zahradka P (1997) Angiotensin II activates phosphatidylinositol
3-kinase in vascular smooth muscle cells. Circ Res 81:249-257.

Stepien O, Gogusev J, Zhu DL, Iouzalen L, Herembert T, Drueke TB, and Marche P
(1998) Amlodipine inhibition of serum-, thrombin-, or fibroblast growth factor-
induced vascular smooth muscle cell proliferation. J Cardiovasc Pharmacol 31:
786-793.

Venema RC, Venema VJ, Eaton DC and Venema RC (1998) Angiotensin II-induced
tyrosine phosphorylation of signal transducers and activators of transcription 1 is
regulated by Janus-activated kinase 2 and Fyn kinases and mitogen-activated
protein kinase phosphatase 1. J Biol Chem 273:30795-30800.

Viedt C, Soto U, Krieger-Brauer HI, Fei J, Elsing C, Kubler W, and Kreuzer J (2000)
Differential activation of mitogen-activated protein kinases in smooth muscle cells
by angiotensin II: involvement of p22phox and reactive oxygen species. Arterioscler
Thromb Vasc Biol 20:940-948.

Weber JD, Raben DM, Phillips PJ, and Baldassare JJ (1997) Sustained activation of
extracellular signal-regulated kinase 1 (ERK1) is required for the continued ex-
pression of cyclin D1 in G1 phase. Biochem J 326:61—68.

Wu YY and Bradshaw RA (1996) Induction of neurite outgrowth by interleukin-6 is
accompanied by activation of Stat3 signaling pathway in a variant PC12 cell (E2)
line. J Biol Chem 271:13023-13032.

Address correspondence to: Dr. Masatsugu Horiuchi, Department of Mo-
lecular and Cellular Biology, Division of Medical Biochemistry and Cardiovas-
cular Biology, Ehime University School of Medicine, Tohon, Ehime 791-0295,
Japan. E-mail: horiuchi@m.ehime-u.ac.jp

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

