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Abstract

Angiotensin II (Ang II) and nitric oxide (NO)/natriuretic peptide (NP) signaling pathways

mutually regulate each other. Imbalance of Ang II and NO/NP has been implicated in the

pathophysiology of many vascular diseases. cGMP functions as a key mediator in the interaction

between Ang II and NO/NP. Cyclic nucleotide phosphodiesterase 5A (PDE5A) is important in

modulating cGMP signaling by hydrolyzing cGMP in vascular smooth muscle cells (VSMC).

Therefore, we examined whether Ang II negatively modulates intracellular cGMP signaling in

VSMC by regulating PDE5A. Ang II rapidly and transiently increased PDE5A mRNA levels in rat

aortic VSMC. Upregulation of PDE5A mRNA was associated with a time-dependent increase of

both PDE5 protein expression and activity. Increased PDE5A mRNA level was transcription-

dependent and mediated by the Ang II type 1 receptor. Ang II-mediated activation of extracellular

signal-regulated kinases 1/2 (ERK1/2) was essential for Ang II-induced PDE5A upregulation.

Pretreatment of VSMC with Ang II inhibited C-type NP (CNP) stimulated cGMP signaling, such

as cGMP dependent protein kinase (PKG)-mediated phosphorylation of vasodilator-stimulated-

phosphoprotein (VASP). Ang II-mediated inhibition of PKG was blocked when PDE5 activity

was decreased by selective PDE5 inhibitors, suggesting that upregulation of PDE5A expression is

an important mechanism for Ang II to attenuate cGMP signaling. PDE5A may also play a critical

role in the growth promoting effects of Ang II because inhibition of PDE5A activity significantly

decreased Ang II-stimulated VSMC growth. These observations establish a new mechanism by

which Ang II antagonizes cGMP signaling and stimulates VSMC growth.
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1. Introduction

Angiotensin II (Ang II) is the dominant effector of the renin–angiotensin system and

regulates numerous responses in the cardiovascular system. In addition to vasoconstriction,

Ang II regulates vascular smooth muscle cell (VSMC) growth, migration, apoptosis, and

extracellular matrix deposition [1,2]. Ang II is of great interest in cardiovascular physiology

and pathology because of the beneficial effects of Ang II-converting enzyme (ACE)

inhibitors and Ang II receptor blockers in the treatment of cardiovascular diseases such as

hypertension, atherosclerosis, heart failure, and stroke [3]. The Ang II type I (AT1) and type

2 (AT2) receptors are the main mediators of the actions of Ang II. In VSMC the vast

majority of Ang II effects occur via the AT1 receptor, a G-protein-coupled seven-

transmembrane domain receptor [2]. The signaling pathways stimulated by Ang II are

complex and include the activation of phospholipase C, with resultant hydrolysis of

membrane phospholipids, an increase in cytosolic calcium, and activation of protein kinase

C (PKC), the activation of the mitogen-activated protein (MAP) kinases and several tyrosine

kinases as well as induction of proto-oncogene expression such as c-fos and c-jun [4,5].

The cGMP-mediated signaling pathway also plays an important role in regulating smooth

muscle contractility, growth, and survival [3]. cGMP is synthesized via soluble guanylyl

cyclases (the NO receptors) and/or particulate guanylyl cyclases (the natriuretic peptide

(NP) receptors). Phosphodiesterases (PDEs) play important roles in cGMP signaling by

hydrolyzing cyclic nucleotides and thus turning off their signaling. PDEs are a superfamily

of structurally and functionally related enzymes. PDE5A is the major isoform of PDE5

family in VSMC, which specifically hydrolyzes cGMP. PDE5A has been found in all types

of vascular and visceral (uterus, small intestine) smooth muscle cells. The physiological

importance of PDE5A in the regulation of smooth muscle contractility has been very well

demonstrated by the successful clinical use of its inhibitor, sildenafil (Viagra), for the

treatment of erectile dysfunction [6]. By inhibiting PDE5A activity, sildenafil increases

accumulation of cGMP in response to NO, thus enhancing the erectile response [7].

Understanding the roles and regulation of PDE5 in other vascular events may expand the

therapeutic usage of sildenafil in other vascular diseases.

There is an impressive body of evidence regarding the functional interaction between Ang

II-stimulated and cGMP-mediated events [3,8]. For example, Ang II promotes VSMC

growth, migration, and inflammation while cGMP inhibits these processes [3]. Thus, the

antagonistic interplay may occur between Ang II and cGMP signaling pathways. Therefore,

we hypothesized that Ang II may up-regulate cGMP-hydrolyzing PDE5 expression and

activity in VSMC to attenuate cGMP accumulation and signaling. Here, we demonstrate that

PDE5A is transcriptionally up-regulated by Ang II. Ang II upregulation of PDE5A

expression is mediated by activation of ERK1/2. Finally, our findings suggest that PDE5A
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may be an important regulator in Ang II attenuation of cGMP signaling and Ang II-

stimulated VSMC growth.

2. Materials and methods

2.1. Materials

Sildenafil was a kind gift from Pfizer. JNJ-10258859 was a kind gift from Johnson &

Johnson [9]. Losartan was a kind gift from Merck. Ang II was purchased from ICN.

PD098059 was purchased from Calbiochem®. The dominant negative MEK1 was MEK1

mutant with Serine 217 and 221 mutated to alanine, which has been previously shown to

effectively block ERK1/2 activation in variety of cell types [10].

2.2. VSMC culture

Rat aortic VSMC were isolated from 250 to 300 g male Harlan Sprague–Dawley rats and

maintained in 10% fetal bovine serum/Dulbecco’s modified eagle’s medium (DMEM,

GIBCO BRL) as described previously [11]. Passages 5–10 VSMC at ≈70% confluence

were growth-arrested by serum starvation (in DMEM containing 0.1% FBS) for 48 h before

agonist Ang II treatment. Serum starvation reduces cellular growth to a minimum while

maintaining VSMC in a synthetic phenotype.

2.3. Relative quantitative reverse transcription-polymerase chain reaction (RT-PCR)

Cellular RNA was extracted with Total RNA Isolation Kit (Qiagen) based on

manufacturer’s protocol. First strand cDNA was synthesized from 5 μg of total RNA by use

of random primers with SuperScript Pre-amplification System (GIBCO BRL) according to

manufacturer’s protocol. Relative quantitative RT-PCR was performed as described

previously using 18s rRNA as an internal control [12]. Ambion’s competimer technology

(Quantrum RNA 18s Internal Standards, Ambion) was used to modulate the amplification of

18s rRNA in the same linear range as the RNAs under studies when amplified under the

same condition. The numbers of PCR cycles that allowed for linear amplification of PDE5A

as well as the optimal 18s primer: competimer ratio were determined empirically. PCR

products were then run-on a 2% agarose gel, stained with ethidium bromide, and quantified

by densitometry using image analysis software (NIH Image 1.60). Relative PDE5A mRNA

levels were determined by normalizing to 18S rRNA or GAPDH mRNA.

2.4. Western blot analysis

Western blots were carried out as described previously [12]. Polyclonal antibody against

VASP (Alexis) and monoclonal antibody against phospho-Ser239 VASP (Alexis) were used

to detect total VASP and Ser239 phosphorylated VASP, respectively. A polyclonal PDE5

antibody, kind gift from Dr. Beavo (University of Washington, Seattle), was used to detect

PDE5A protein. Total cellular ERK1/2 and phsophorylated ERK1/2 were detected by using

anti-ERK1 plus anti-ERK2 antibodies (Santa Cruz) and anti-phospho-ERK1/2 antibody

(Cell Signaling), respectively. Protein levels were quantified by densitometry using image

analysis software (NIH Image 1.60).
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2.5. PDE enzyme assay

Cultured VSMC were homogenized in 1 ml of cold homogenization buffer (40 mmol/l Tris–

HCl, pH 7.5, 1 mmol/l EGTA, 0.1 mmol/l Na3VO4, 1 mmol/l DTT, 10 ug/ml aprotinin, 5

ug/ml pepstatin, 20 ug/ml leupeptin, 1 mmol/l benzamidine). PDE assays were carried out as

described previously [12]. PDE5 activity was determined by the cGMP-hydrolyzing activity

inhibited by PDE5-selective inhibitor JNJ-10258859 or sildenafil using 1 μM cGMP as the

substrate. Protein concentrations were determined by the method of Bradford using

commercially obtained reagent (Bio-Rad Laboratories).

2.6. [3H]-leucine or [3H]-thymidine incorporation

Subconfluent VSMC grown in 12-well plates were growth-arrested for 48 h and stimulated

with Ang II in the presence or absence of the PDE inhibitors for 48 h. During the last 6 or 2

h of incubation, 2 μCi [3H]-leucine or [3H]-thymidine was added, respectively. Cells were

then washed with ice-cold PBS and incubated in 1 ml of 5% trichloroacetic acid for 30 min

at 0 °C. Cells were then solubilized in 1 mol/l NaOH for 30 min at 0 °C. After neutralization

with HCl, solubilized proteins were counted by a scintillation counter.

2.7. Nuclear run-on assay

Nuclear run-on assays were performed as described by Greenberg [13]. Briefly, equal

numbers of nuclei (5 × 107) from cells treated with or without Ang II were used for

preparation of nascent transcripts. Nuclei were incubated in a reaction buffer containing

ATP, GTP, CTP, and 100 μCi of [α-32P]UTP for 30 min at 30 °C. RNA was extracted using

TRIzol reagent (Invitrogen) and hybridized with a Hybone-N+ membrane slot-blotted with 2

μg of mouse PDE5A, rat GAPDH, and pBluescript vector DNA. Results were visualized by

autoradiography.

2.8. Data analysis and statistical evaluation

Values are expressed as mean ± S.E.M. of triplicate samples from an experiment.

Comparisons were performed with Student’s t-test. Values of P < 0.05 were considered

significant. At least three independent experiments were performed.

3. Results

3.1. Ang II up-regulates PDE5A mRNA, protein and activity in VSMC

To determine if Ang II antagonizes cGMP signaling via the regulation of cGMP-

hydrolyzing PDE5A expression in VSMC, we first assessed the effect of Ang II on steady-

state PDE5A mRNA levels. VSMC were growth-arrested by serum starvation for 48 h

before stimulation with Ang II. Total RNA was then isolated at various times and subjected

to relative quantitative RT-PCR. VSMC stimulated with Ang II (200 nmol/l) showed a

225% ± 10% increase in PDE5A mRNA levels peaking at 1 h (Fig. 1A). Ang II-stimulated

upregulation of PDE5A was in a dose-dependent manner (Fig. 1B).

To examine whether the increase in PDE5A mRNA stimulated by Ang II was associated

with an increase in PDE5A protein level, western blot analysis with a PDE5A specific

antibody was performed. PDE5A protein levels increased with Ang II stimulation, peaking
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at 2 h (195% ± 6%, which correlates with PDE5A mRNA levels), and returning to baseline

by 24 h (Fig. 1C).

Finally, to determine whether the increase in PDE5A mRNA and protein stimulated by Ang

II results in increased activity, PDE5 activity was determined. VSMC lysates stimulated

with Ang II were assayed for cGMP-PDE activity with and without sildenafil, a PDE5-

selective inhibitor, to determine the contribution of PDE5 to total cGMP-hydrolyzing

phosphodiesterase activity. As shown in Fig. 1D, PDE5 activity increased by 220% at 2 h,

consistent with the increase in the mRNA and protein levels shown in Fig. 1A, C.

3.2. Ang II-induced PDE5A mRNA expression in VSMC is blocked by AT1 receptor
blockade and is dependent on transcription

Most of the physiological and pathophysiological effects of Ang II in VSMC have been

shown to occur via the AT1 receptor [2]. To determine whether Ang II-induced PDE5A

expression is mediated by the AT1 receptor, VSMC were pre-treated with the AT1 receptor

antagonists losartan or irbesartan (10 μmol/l). Both losartan (Fig. 2A) and irbesartan (data

not shown) prevented the increase in PDE5A mRNA accumulation caused by Ang II. These

data suggest that the induction of PDE5A expression by Ang II is mediated through AT1

receptors in VSMC. To investigate whether Ang II-induced increases in PDE5A mRNA

levels were transcription-dependent, VSMC were pretreated with 10 μg/ml actinomycin D,

an inhibitor of RNA polymerase II. In this case, we used GAPDH as an internal control

because the 18S rRNA was altered by actinomycin D (Fig. 2B). Actinomycin D almost

completely inhibited PDE5A mRNA induction elicited by Ang II (Fig. 2B). To further

determine whether this was due to a change in PDE5A transcription, nuclear run-on analyses

were performed. As shown in Fig. 2C, Ang II treatment significantly increased the amount

of radiolabeled nascent PDE5A transcripts. In contrast, Ang II had no effects on

transcription rate of the housekeeping gene, GAPDH. These results suggest that Ang II up-

regulates PDE5A expression through a transcriptional mechanism.

3.3. Ang II-induced PDE5A mRNA expression is ERK1/2 dependent

Ang II is a strong activator of the MAP kinase signaling pathways in rat aortic VSMC and

Ang II-induced gene expression in VSMC is regulated by MAP kinases. To investigate

whether activation of MAP kinase ERK1/2 is involved in Ang II-induced PDE5A mRNA

expression, VSMCs were pre-treated with PD098059, the ERK1/2 kinase (MEK1/2)

inhibitor, although PD098059 also inhibits ERK5 kinase MEK5. Pretreatment of VSMCs

with 10 μmol/l PD098059 inhibited Ang II-induced PDE5A mRNA expression (Fig. 3A).

To further specifically determine the role of ERK1/2 in Ang II-induced PDE5A expression,

we overexpressed a dominant negative mutant of MEK1 (DN-MEK1) via adenovirus, which

has been shown to specifically block ERK1/2 but not ERK5 activation [14]. As expected,

overexpression of DN-MEK1 inhibited Ang II-stimulated ERK1/2 activation (Fig. 3B).

Furthermore, the Ang II-mediated increase of PDE5A expression was completely

diminished by DN-MEK1 (Fig. 3C). These observations suggest that activation of ERK1/2

signaling is essential for Ang II-induced PDE5A mRNA expression in VSMC.
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3.4. Upregulation of PDE5A by Ang II attenuates CNP-elicited cGMP signaling

The upregulation of PDE5 by Ang II suggests one mechanism by which Ang II regulates

cGMP signaling in VSMC. To determine the effect of Ang II-mediated upregulation of

PDE5A expression on intracellular cGMP signaling, we examined cGMP-dependent protein

kinase (PKG) activity. PKG activity was measured by phosphorylation of VASP, a well-

characterized substrate for PKG. VASP is a 46-kDa protein that is phosphorylated

preferentially at Serine 239 (Ser239) by PKG and at Serine 157 (Ser157) by PKA. At high

levels of cyclic nucleotides, both sites may be phosphorylated by either protein kinase [15].

Phosphorylation of Ser157 leads to a shift in the apparent molecular weight from 46 to 50

kDa on SDS-PAGE, which is detectable by Western blot analysis using anti-VASP

antibody. Phosphorylation of Ser239 can be detected using a Ser239 phospho-specific

VASP monoclonal antibody that recognizes the 46 kDa band phosphorylated on Ser239

alone, as well as the 50 kDa band phosphorylated on both Ser239 and Ser157. Therefore, we

could determine the extent of VASP Ser239 phosphorylation by Western blot using

combination of Ser239 phospho-specific VASP antibody and the total VASP antibody (Fig.

4A). Specifically, the relative amount of Ser239 phosphorylation was estimated based on the

intensities of both 46 and 50 kDa bands detected using anti-phospho-Ser239 antibody

normalized to the intensities of total VASP (Fig. 4B). As shown in Fig. 4, CNP significantly

increased VASP Ser239 phosphorylation (lane 2 vs. 1) as we expected because CNP is a

well known cGMP-elevating reagent. However, in cells pretreated with Ang II for 2 h, CNP-

stimulated VASP Ser239 phosphorylation was significantly reduced (lane 4 vs. 2). The

PDE5-selective inhibitor, sildenafil, diminished the effect of Ang II on CNP-stimulated

VASP Ser239 phosphorylation (lane 8 vs. 6 compared with lane 4 vs. 2). A different PDE5-

selective inhibitor, JNJ-10258859 [9], elicited a similar effect (lane 12 vs. 10 compared with

lane 4 vs. 2). These observations suggest that the upregulation of PDE5 by Ang II may

mediate the effect of Ang II to attenuate CNP-elicited cGMP signaling.

3.5. Inhibition of PDE5A activity attenuates Ang II-induced VSMC growth

Ang II stimulates both VSMC hypertrophy [16,17] and hyperplasia [18]. cGMP and cGMP-

elevating agonists such as NO and CNP have been shown to inhibit VSMC growth [19,20].

Thus, the upregulation of PDE5A and the resulting downregulation of cGMP signaling by

Ang II may be one mechanism by which Ang II promotes VSMC growth. To test this

hypothesis, we determined the role of PDE5 in Ang II-stimulated cell growth by evaluating

Ang II-stimulated protein and DNA synthesis using two different PDE5-selective inhibitors,

sildenafil and JNJ-10258859. To determine the specificity of sildenafil or JNJ-10258859 on

PDE5, the inhibitory profiles of sildenafil or JNJ-10258859 on several other known PDEs

present in rat aortic VSMCs have been examined (Fig. 5). Based on their inhibitory profiles,

we believe that sildenafil at concentrations 10–100 nM or JNJ-10258859 at 10–30 nM

should have no significant inhibitory effects on PDE1A, 3A, and 4D in vivo.

Ang II significantly increased protein synthesis in VSMC based on [3H]-leucine

incorporation (Fig. 6A). Both PDE5A-selective inhibitors consistently decreased Ang II-

stimulated protein synthesis in a concentration-dependent manner. Similarly, Ang II-

stimulated DNA synthesis measured by [3H]-thymidine incorporation in VSMC was also

significantly inhibited in the presence of either sildenafil or JNJ-10258859 (Fig. 6B). These
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results suggest that the upregulation of PDE5A may play an important role in Ang II-

stimulated VSMC growth.

4. Discussion

The major finding of the present study is that Ang II transcriptionally up-regulates the

expression of PDE5A via AT1 receptor mediated signaling. Upregulation of PDE5A

expression by Ang II is dependent on the Ang II-mediated activation of ERK1/2.

Importantly, PDE5A upregulation and activation appear to be required for Ang II

attenuation of cGMP signaling and stimulation of VSMC growth. These observations

suggest that upregulation of PDE5A expression represents a novel mechanism by which

Ang II antagonizes cGMP signaling pathways and promotes VSMC growth. The roles of

PDE5A in the regulation of cGMP signaling and VSMC growth were determined by two

well known PDE5-selective PDE5 inhibitors sildenafil and JNJ-10258859. Because both

structurally different PDE5 inhibitors elicit very similar effects on cGMP signaling and cell

growth in VSMC, we believe that the biological effects of these two PDE5 inhibitors very

likely reflect the consequences of PDE5A inhibition in VSMC.

4.1. Multiple mechanisms for Ang II to regulate cGMP signaling

In VSMC, Ang II stimulates a wide variety of intracellular signal transduction events,

leading to diverse biological actions such as vascular smooth muscle contractility and

growth. cGMP functions as an antagonist of Ang II action by countering Ang II signaling

pathway at different steps [3]. For instance, cGMP has been shown to block Ang II-

stimulated Ca2+ mobilization [21,22] and inhibit several protein kinases that are activated by

Ang II [23]. Therefore, down-regulation of cGMP signaling is important for Ang II

signaling to occur.

Ang II influences cGMP signaling in VSMC via regulating cGMP synthesis and breakdown

[3]. For example, Ang II has been shown to rapidly inhibit sGC enzymatic activity [3]. The

inhibitory effects of Ang II on sGC catalytic activity are likely mediated by the production

of superoxide [3]. In addition to blocking cGMP production by inhibiting GC activity, Ang

II also enhances cGMP breakdown by stimulating cGMP-phosphodiesterases. For example,

we have previously shown that Ca2+/calmodulin-stimulated PDE1A1 is rapidly and

transiently activated by Ang II in VSMC, probably via Ang II-mediated elevation of Ca2+,

and plays an important role in the initial inhibitory effect of Ang II on A-type NP (ANP)-

induced cGMP accumulation [12]. Similar observations have also been reported in

mesangial cells [24] and in intact vessels [25]. These observations suggest that the rapid

inactivation of GC and activation of PDE1A1 represent the earliest events following Ang II

stimulation to attenuate cGMP accumulation, which may be important in Ang II signaling

such as stimulating VSMC contraction.

Our finding that Ang II up-regulates cGMP-hydrolyzing PDE5A expression in VSMC

suggests an additional key mechanism by which Ang II attenuates long term cGMP

accumulation, which may be important for effects of Ang II, such as promoting VSMC

growth. The fact that PDE5-selective inhibitors blocked Ang II-stimulated VSMC growth

suggest that PDE5A-controlled cGMP pool functions as a critical inhibitor of Ang II-
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mediated VSMC growth (Fig. 5). Upregulation of PDE5A expression and downregulation of

PDE5A-controlled cGMP pool might be an important mechanism for Ang II stimulating

VSMC growth.

4.2. Molecular mechanisms of Ang II regulation of PDE5A expression

The majority of physiological and pathophysiological effects of Ang II in VSMC have been

shown to occur via the AT1 receptor. Consistent with this, Ang II-mediated upregulation of

PDE5A expression is also dependent on the AT1 receptor because the Ang II effect on

PDE5A expression was completely blocked by the AT1 receptor antagonists losartan and

irbesartan (Fig. 2). Stimulation of the AT1 receptor activates many protein kinases. Among

them, MAP kinases are well known to be involved in Ang II-mediated VSMC hypertrophy

and hyperplasia [5]. Using inhibitor PD098059 and DN-MEK1 adenovirus, we found that

activation of ERK1/2 is important for Ang II upregulation of PDE5A expression (Fig. 3).

ERK1/2 can phosphorylate many proteins including transcription factors such as c-jun and

p62TCF (also called elk-1 or SAP-1) [5]. The human PDE5A gene contains 21 exons,

spanning at least 100-kb of chromosomal DNA [26]. Several potential transcription factor

binding sequences have been found in the proximal promoter region of the PDE5A gene,

such as sequences for AP1, Sp1, and SRF [27]. Some of these transcription factors have

been shown to be regulated by Ang II. For example, it is very well known that AP-1 (c-

fos/c-jun complex) is activated by Ang II. The role of Sp1 in Ang II-regulated gene

expression has been suggested by the finding that Ang II activation of Sp1 was important for

mediating Ang II-induced plasminogen-activator inhibitor type-1 gene expression [28].

Moreover, the CArG box, also referred to as Serum Response Element (SRE), is the binding

site of serum response factor (SRF). Induction of the SRE occurs on the formation of a

ternary complex with SRF, ternary complex factor (p62TCF), and SRE [29]. ERK1/2 has

been shown to phosphorylate p62TCF, resulting in enhanced ternary complex formation [30].

Thus, some of these transcription factor binding sites are potentially involved in Ang II

induction of PDE5A gene expression.

4.3. Role and mechanism of cGMP in Ang II-mediated regulation of VSMC growth

Changes in PDE5A expression and activity should alter intracellular cGMP concentration

because PDE5A is a cGMP-specific enzyme in VSMC. Although the best known cGMP

target molecule is PKG, cGMP also interacts with several other molecules in the cell, such

as cGMP-gated ion channels and the guanine nucleotide exchange factor CNrasGEF [3]. In

addition, the effects of cGMP could involve the modulation of cAMP levels and PKA

activity via stimulation of cAMP-hydrolyzing PDE2 or inhibition of cAMP-hydrolyzing

PDE3 activity [31]. High concentrations of cGMP may also directly stimulate PKA as well

[32]. We have shown that inhibition of PDE5A activity by PDE5-delective inhibitors in

VSMC significantly increases PKG phosphorylation of VASP (Fig. 4), suggesting that the

PDE5-regulated VASP phosphorylation is mediated by PKG.

The anti-proliferative effects of increased cGMP in response to NO generation [19,33,34],

NPs [35,36], or PDE inhibitor [34] have been known in VSMC for years, however, the role

of PKG in cGMP-mediated inhibition of VSMC growth still controversial, probably due to
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the presence of multiple cGMP target molecules. Recently, a pro-atherogenic effect of PKG

in VSMC was reported by Wolfsgruber et al. [37]. In transgenic mice in which type I PKG

(PKGI) was selectively ablated postnatally in SMC, atherosclerotic lesions were

significantly reduced, due to primarily the reduced number of PKGI-positive SMCs in the

lesion areas [37]. Results from this study suggest that activation of PKGI in VSMCs

promotes the phenotypic modulation of medial VSMCs to proliferate, which is somewhat

contradictory to the current knowledge regarding the role of PKGI in anti-proliferating and

maintaining the contractile (differentiated) phenotype of VSMCs [38,39].

Although the role of PKGI in VSMC growth and phenotypic change needs to be further

addressed, the effect elicited by elevation of intracellular cGMP may not be fully explained

by activation of PKG because cGMP can act on other target molecules as well. For example,

we have recently found that cGMP raised by NO or CNP inhibits NF-kB-dependent

transcription in rat aortic VSMCs via cGMP-dependent inhibition of PDE3, increase of

cAMP, and activation of PKA [40]. It also has been shown that the inhibitory effects of

organic nitrates and PDE5 inhibitor sildenafil on PDGF-induced DNA synthesis in VSMCs

are mediated by activation of PKA probably via cGMP inhibition of PDE3 [34]. The

findings presented in this study supports a potential role of PDE5A and cGMP in inhibiting

Ang II-induced VSMC growth. Future studies are needed to determine whether the cGMP

pool regulated by PDE5A acts via PKG or another effector to inhibit VSMC growth.
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Fig. 1.
Ang II up-regulates PDE5A expression in rat aortic VSMC. Growth-arrested rat aortic

VSMCs were stimulated with 200 nmol/l Ang II for indicated time (A, C, and D) or various

doses of Ang II for 1 h (B). mRNA levels of PDE5A (A and B) were measured by relative

quantitative RT-PCR. 18s RNA was used as internal control. Protein levels of PDE5A (C)
were measured by Western blot analysis. The activities of PDE5 (C) were measured by PDE

assay using cGMP as a substrate in the absence or presence of sildenafil (30 nM). The

sildenafil-inhibited cGMP-PDE activity is counted as PDE5 activity. Values are expressed

as mean ± S.E.M. of triplicates from a representative experiment. Mean values for the

percent change of PDE5A were calculated by comparing Ang II-stimulated samples versus

samples collected at time 0, or without Ang II, which was arbitrarily set at 100% for each

experiment. * P < 0.05, ** P < 0.01 compared with samples at time 0 or without Ang II.

Similar results were obtained from at least three independent experiments.
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Fig. 2.
Effects of losartan and actinomycin D on Ang II-induced PDE5 A ARNm expression.

Growth-arrested rat aortic VSMCs were pretreated with the AT1 receptor blocker losartan

(10 μmol/l) for 30 minutes (A) or actinomycin D (Act.D, 10 μg/ml) for indicated time (B)
followed by 200 nmol/l Ang II stimulation for 1 heure. PDE5 A ARNm was measured by

relative quantitative RT-PCR. GAPDH was used as internal control. (C) Growth-arrested rat

aortic VSMCs were treated with or without Ang II (200 nmol/l) for 1 heure, followed by

isolation of nuclei and nuclear run-on analysis. Specific bands were visualized by

autoradiography and quantified by densitometry. Relative amount of nascent PDE5 A

transcripts was determined by normalizing to GAPDH. Values are expressed as mean ±

S.E.M. of triplicates from a representative experiment. Mean values for percentage changes

of PDE5 A ARNm were calculated by comparing experimental samples versus control

(treatment with vehicle) that was arbitrarily set at 100 % for each experiment. * P < 0.05, **

P < 0.01 compared with control. Similar results were obtained from at least three

independent experiments.
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Fig. 3.
Role of ERK1/2 in Ang II-induced PDE5 A ARNm expression. Effects of inhibition of

ERK1/2 activation by PD098059 (A) and DN-MEK1 (B, C) on ERK1/2 activation or PDE5

A ARNm expression. (A) Growth-arrested rat aortic VSMCs were pretreated with

PD098059 for 30 minutes, followed by 200 nmol/l Ang II stimulation for 1 heure. (B and C)

Rat aortic VSMCs were treated with 100 MOI Ad-DN-MEK1 or Ad-LacZ for 2 heures and

then changed to serum-free medium for 48 heures, followed by 200 nmol/l Ang II

stimulation for 10 minutes (B) or 1 heure (C). The ARNm levels were measured by relative

quantitative RT-PCR and ERK1/2 activation were determined by Western blot analysis.

Values are expressed as mean ± S.E.M. of triplicates from a representative experiment.

Mean values for percentage changes of PDE5 A ARNm were calculated by comparing
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experimental samples versus control (treatment with vehicle or LacZ) that was arbitrarily set

at 100 % for each experiment. * P < 0.05, ** P < 0.01 compared with control. Similar

results were obtained from at least three independent experiments.
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Fig. 4.
Role of PDE5 in Ang II attenuation of CNP-activated cGMP signaling. Growth-arrested rat

aortic VSMCs were pretreated with 200 nmol/l Ang II for 2 heures. Ang II treated cells were

then treated with or without PDE5 inhibitors sildenafil (100 nmol/l) or JNJ-10258859 (30

nmol/l) for 30 minutes before being stimulated with 100 nmol/l CNP for 1 minute Cell

lysates were subjected to Western blot analysis using anti-phospho-Ser239 VASP antibody

(A, top panel) or anti-VASP antibody (A, bottom panel). Ser239 phosphorylation of VASP

was estimated by the relative ratio of Ser239 phosphorylated VASP (46 + 50 kDa) versus

total VASP (46 + 50 kDa) (B). N.S.: no significant difference.
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Fig. 5.
Specificity of PDE5 inhibitors sildenafil and JNJ-10258859. PDE1A1, PDE4D3, PDE3A1,

and PDE5A1 were transiently expressed in CHO cells and assayed for PDE activity in cell

lysates in vitro in the presence of various concentrations of sildenafil (A) or JNJ-10258859

(B).
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Fig. 6.
Role of PDE5 A in Ang II-induced rat aortic VSMC growth. Growth-arrested rat aortic

VSMCs were pretreated with or without sildenafil (10–100 nmol/l) or JNJ-10258859 (10–30

nmol/l) for 30 minutes, followed by stimulation with 200 nmol/l Ang II for 48 heures.

Protein synthesis (A) and ADN synthesis (B) were measured by [3H]-leucine and [3H]-

thymidine incorporation, respectively. Values are expressed as mean ± S.E.M. of triplicates

from a representative experiment. Mean values for fold changes were calculated by

comparing experimental samples versus control (treatment with vehicle) that was arbitrarily

set at 1. * P < 0.05, ** P < 0.01 compared with control. † P < 0.05, †† P < 0.01 compared

with Ang II alone. Similar results were obtained from at least three independent

experiments.
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