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Atrial Natriuretic Polypeptide Inhibits
Hypertrophy of Vascular Smooth Muscle Cells
Hiroshi Itoh, Richard E. Pratt, and Victor J. Dzau
Molecular and Cellular Vascular Research Laboratory, Division of Vascular Medicine and Atherosclerosis, Department of Medicine,
Brigham and Women's Hospital and Harvard Medical School, Boston, Massachusetts 02115

Abstract

Vascular remodeling is central to the pathophysiology of hy-
pertension and atherosclerosis. Recent evidence suggests that
vasoconstrictive substances, such as angiotensin II (All), may

function as a vascular smooth muscle growth promoting sub-
stance. To explore the role of the counterregulatory hormone,
atrial natriuretic polypeptide (ANP) in this process, we exam-

ined the effect of ANP(alpha-rat ANP 11-281) on the growth
characteristics of cultured rat aortic smooth muscle (RASM)
cells. ANP(i0-' M) significantly suppressed the proliferative
effect of 1%and 5%serum as measured by 3H-thymidine incor-
poration and cell number, confirming ANPas an antimitogenic
factor. In quiescent RASMcells, ANP(10-7, 10-6 M) signifi-
cantly suppressed the basal incorporations of 3H-uridine and
leucine by 50 and 30%, respectively. ANP(10-7, 10-6 M) also
suppressed AII-induced RNAand protein syntheses (by
3040%) with the concomitant reduction of the cell size. Fur-
thermore, ANP also significantly attenuated the increase of
3H-uridine and leucine incorporations caused by transforming
growth factor-#l (4 X 1011, 4 X 1010 M), a potent hypertro-
phic factor. These results indicate that ANPpossesses an an-

tihypertrophic action on vascular smooth muscle cells. Down-
regulation of protein kinase C by 24-h treatment with phorbol
12,13-dibutyrate did not inhibit ANP-induced suppression on

3H-uridine incorporation. Based on the observation that ANP
was more potent than a ring-deleted analogue of ANPon in-
hibiting 3H-uridine incorporation, we conclude that the ANP's
inhibitory effect is primarily mediated via the activation of a

guanylate cyclase-linked ANP receptor(s). Indeed 8-bromo
cGMPmimicked the antihypertrophic action of ANP. Accord-
ingly, we speculate that in addition to its vasorelaxant and
natriuretic effects, the antihypertrophic action of ANPob-
served in the present study may serve as an additional compen-

satory mechanism of ANP in hypertension. (J. Clin. Invest.
1990. 86:1690-1697.) Key words: angiotensin II - transforming
growth factor-fi. cyclic GMP-growth factor * hypertension

Introduction

Blood pressure homeostasis is achieved by a balance of vaso-

constrictive and vasodilatory forces. The potent vasorelaxant
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and diuretic-natriuretic hormone, atrial natriuretic polypep-
tide (ANP)' (1-4), is an important counterregulatory sub-
stance to vasoconstrictive hormones, such as angiotensin II
(All). In hypertension, the synthesis and secretion of ANPmay
be increased to compensate for the enhanced vasoconstriction.
Indeed, plasma ANPlevels are reported to be elevated both in
patients with hypertension (5) and in several hypertensive ani-
mals, such as the spontaneously hypertensive rats (SHR) (6, 7)
and deoxycorticosteroid acetate (DOCA)-salt rats (8). Recently
it has been demonstrated that chronic blockade of endogenous
circulating ANP by the monoclonal antibody against ANP
accelerates the development of hypertension in SHRand
DOCA-salt rats. This result supports the compensatory role of
ANP in hypertension and extends further the concept that
augmented secretion of ANPcould represent an antihyperten-
sive deterrent mechanism (9).

Excessive vascular smooth muscle cell growth has been
highlighted recently in the pathophysiology of hypertension
and atherosclerosis. Indeed, one of the hallmarks of chronic
hypertension is a generalized increase in the smooth muscle
mass of the blood vessel wall (10). While acute hypertensive
models (such as aortic coarctation) or experimental injury
models of atherosclerosis are characterized by vascular smooth
muscle cell proliferation (hyperplasia) (11, 12) chronic hyper-
tension models, such as the Goldblatt two-kidney one-clip hy-
pertensive rats and SHR exhibit aortic smooth muscle cell
hypertrophy with an increase in polyploidy without an in-
crease in cell number (13, 14).

Recent evidence suggests that in addition to several growth
factors, such as platelet-derived growth factor (PDGF) and
transforming growth factor-, (TGF-f3), circulating or para-
crine-autocrine vasoactive peptides may influence vessel wall
growth. For example, All enhances serum-stimulated prolifer-
ation of human aortic smooth muscle cells (15), and induces
hypertrophy in quiescent vascular smooth muscle cells in
serum-free medium (16). All has been also shown to stimulate
the expression of the protooncogene, c-fos (17), one of the
earliest genetic programs associated with growth. Wedemon-
strated further that All can induce sequentially c-myc and
PDGFmRNAexpressions in these cultured vascular smooth
muscle cells (18). The in vivo data that the angiotensin-con-
verting enzyme inhibitor captopril prevented smooth muscle
cell growth to a much greater extent than propranolol or hy-
dralazine for a similar reduction in blood pressure (19) sup-
ports the role of All in the promotion of vascular smooth
muscle cell growth.

1. Abbreviations used in this paper: All, angiotensin II; ANP, atrial
natriuretic polypeptide; DOCA, deoxycorticosteroid acetate; PDGF,
platelet-derived growth factor; RASM, rat aortic smooth muscle; SHR,
spontaneously hypertensive rats; TGF-fl, transforming growth factor-
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Because ANPis known to be a physiological antagonist to
AII in vasoconstriction, secretion of aldosterone (3, 4), or sev-
eral centrally mediated effects (20), we hypothesize that ANP
can also inhibit vascular smooth muscle cell growth, especially
that induced by AII. In this study we examined the antigrowth
properties of ANPon vascular smooth muscle cells. Indeed,
our data suggest that ANP is an inhibitor of vascular smooth
muscle cell growth to many factors (e.g. serum, angiotensin,
and TGF-fi).

Materials and Methods

Cell culture. RASMcells (passage 5-10) were isolated and cultured
according to the method of Owens et al. (21). They were maintained in
1:1 mixture of DMEand Ham's F12 medium (Gibco, Grand Island,
NY) with 10% FCS, penicillin (100 U/ml), streptomycin (100 4g/ml),
and 25 mMHepes, pH 7.4. Cells were incubated at 370C in a humidi-
fied atmosphere of 95%air-5% CO2with media changes every 2-3 d. In
preparation for experiments, the cells were made quiescent by placing
them for 48 h in a defined serum-free (DSF) medium containing
insulin (5 X l0-' M) (Sigma Chemical Co., St. Louis, MO), transferrin
(5 ug/ml) (Sigma Chemical Co.), and ascorbate (0.2 mM) (Sigma
Chemical Co.). This medium has been shown to maintain smooth
muscle cells in a quiescent, noncatabolic state and to promote expres-
sion of smooth muscle cell-specific contractile proteins for an ex-
tended period of time (21).

Growth curves. For the determination of cell numbers, RASMcells
were plated into 24-well culture dishes (Costar Corp., Cambridge, MA)
at 1 X 104 cells/well and grown in Medium 199 containing 10% FCS
for 24 h, then switched to the same medium containing either 1 or 5%
FCSfor 4 d, with media changes every 24 h. Cultures were washed with
a calcium- and magnesium-free PBS (NaCl, 137 mM; Na2HPO4, 8.1
mM; KCI, 2.7 mM; KH2PO4, 1.5 mM; pH 7.4) and harvested with
trypsin-EDTA (0.05% trypsin, 0.02% EDTA, Gibco) solution. Counts
were performed by hemocytometer measurement immediately after
the cell harvest.

Determination of DNA, protein, and RNAsyntheses. Relative rates
of DNA, protein, and RNAsyntheses were assessed by determination
of tritiated thymidine, leucine, and uridine incorporations, respec-
tively, into TCA-precipitable material. Quiescent RASMcells grown in
24-well Costar culture dishes were pulsed for 4 h with tritiated thymi-
dine (10 uCi/ml), leucine (10 gCi/ml), or uridine (2 ,Ci/ml), washed
twice with cold PBS, twice with 10% (wt/vol) cold TCAand incubated
with 10% TCA at 4°C for 30 min. Cells were then rinsed in ethanol
(95%) and dissolved in 0.25 N NaOHat 4°C for 2 h, neutralized, the
radioactivity determined by liquid scintillation spectrometry.

Flow microfluorimetric analysis of cell volume and cellular total
protein content. Quiescent RASMcells grown in T-25 flasks (Corning
Laboratory Science Co., Corning, NY) were washed with PBS and
harvested with trypsin EDTAsolution described above, and then pel-
leted by centrifugation (1 13 g, 6 min). The cells were resuspended in
PBS, fixed at 4°C in 2% paraformaldehyde and stained with fluores-
cein isothiocyanate (100 ng/ml, FITC, Sigma Chemical Co.) for 30
min at room temperature. All samples for cell volume and protein
determination were kept at 4°C in the dark and were analyzed within 3
h after staining on a FACSI cell analyzer (Becton Dickinson, Sunny-
vale, CA).

Materials. Alpha-rat ANP [1-28], All, and TGF-# from human
platelets were obtained from Peninsula Laboratories Inc. (Belmont,
CA), Sigma Chemical Co., and Calbiochem-Behring Corp. (La Jolla,
CA), respectively. 8-Bromo cyclic GMP(cGMP), phorbol 12-myristate
13-acetate (PMA), and phorbol 12,13-dibutyrate (PDBu) were pur-
chased from Sigma Chemical Co. Des[Gln'8,Ser'9,Gly20,Leu2',Gly22]-
ANP[4-23]-NH2 (C-ANP [4-23]) was donated from Dr. Kazuwa
Nakao in Kyoto University School of Medicine. These compounds
were dissolved in PBS and added independently or together to the
media of cultured RASM.

Statistical analysis. All values are expressed as mean±SEM, n
= 6-12 in three to six separate experiments. Analysis of variance with
subsequent Duncan's test was used to determine significant differences
in multiple comparisons. P < 0.05 was considered significant.

Results

Inhibition of serum-stimulated cellproliferation byANP. Table
I shows the effect of daily administration of ANP (alpha-rat
ANP[1-28]; 1O'7 M) on the growth of RASMcells stimulated
by FCS. After 4 d, ANP-treated cell cultures maintained in
both 1 and 5% FCS showed significantly lower cell number
than the respective vehicle-treated cell cultures. In 1% FCS,
ANP reduced the cell number by 35% as compared to cells
treated with vehicle. In 5%FCS, a 27% reduction in cell num-
ber was observed with ANPtreatment.

ANPexhibited significant inhibitory effect on 3H-thymi-
dine incorporation of RASMcells as shown in Table I. In these
experiments, RASMcells, upon confluency, were cultured in
DSFmedia for 2 d to induce quiescence. The cell cultures were
then divided into two experimental groups; one group contin-
ued to be maintained in DSF media (basal group), and the
other group was cultured in DMEM/Ham's F12 containing
1% FCS (1% FCS group). Both groups then received either
vehicle (PBS) or ANP10-7 M. 16 h after the addition of ANP,
RASMcells were pulse-labeled with 3H-thymidine (10 1sCi/ml)
for 4 h. Our results demonstrated that in the absence of ANP,
the 1% FCS-treated group exhibited nearly a fivefold increase
of 3H-thymidine incorporation as compared to DSF group
(basal vs 1% FCS in vehicle-treated groups). ANP (I0-7 M)
reduced 3H-thymidine incorporation to a comparable extent
(50-60% reduction), in both the basal and 1%FCS-stimulated
cultures.

Hypertrophic action of AII on postconfluent RASMcells.
All exhibited concentration-dependent stimulatory effects on
3H-uridine and leucine incorporations in quiescent RASM
cells with the maximal increase of 130% for 3H-uridine and
70% for 3H-leucine incorporations occurring at 100 nM. The
half-maximal All concentration for these effects was - 10 nM
(Fig. 1 B). No further increase was observed at the higher
concentration of All.

The time course of All-induced 3H-uridine and leucine
incorporations is shown in Fig. 1 A. The stimulatory effect of
All on RNAsynthesis was first observed after incubation for
4-8 h, and on protein synthesis, 8-12 h. The peak effects were
observed 12-16 h after All exposure.

Table L Effect of ANPon 3H-Thymidine Incorporation
and Serum-stimulated Proliferation of RASMCells

3H-Thymidine incorporation Cell number

Group Basal 1%FCS 1%FCS 5%FCS

cpm/well x(lY/well

Vehicle 22,100±690 99,000±5780* 33.1±1.9 46.8±3.2#
ANP 10-7 M 9690±460t 38,100±2970*t 21.4±1.9* 34.0±2.6*f

Values are means±SEM, n = 6 in 3H-thymidine incorporation and
n = 12 in cell number.
* P < 0.05, significantly different from basal group.
P < 0.05, significantly different from vehicle group.

f P < 0.05, significantly different from 1% FCS group.
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To verify the hypertrophic action of All on RASMcells,
cell size and cellular protein content were assessed by flow
cytometric analysis. Daily administration of All at the con-

centration of 08, 10-7, and 1o-6 Mfor 3 d caused increases of
cell size (6.3±0.7%, n = 5; 23.3±1.9%, n = 8; 49.1+5. 1%, n = 4
over control, respectively) and of cellular protein content
(9.7±7.3%, n = 7; 22.4±7.7%, n = 6; 24.8±4.9%, n = 4 over

control, respectively).
Wealso studied the mitogenic influence of All on RASM

cells. As described by previous investigations, we did not ob-
serve any significant effects of All on the cell number, 3H-thy-
midine incorporation, or 3H-thymidine labeling index deter-
mined by 3H-thymidine autoradiography (data not shown).

Antihypertrophic action of ANP on postconfluent RASM
cells. Fig. 2 shows the effect of ANPon 3H-uridine and leucine
incorporations of postconfluent RASMcells in the basal state
in DSF media or stimulated by All (10-8 M). ANPinhibited
RNAand protein syntheses of RASMcells. The maximal inhi-
bition was seen at an ANPconcentration of 100 nM, and an

ED50 at 10-100 nM for both the basal state and All-stimulated
state. The inhibitory action of ANPon 3H-uridine incorpora-

Figure 1. Stimulatory effect of All on the incor-
porations of 3H-uridine and leucine in RASM
cells. (A) Time course for induction of RNA(left)
and protein (right) syntheses by All. Quiescent
RASMcells (n = 8 in each group) were incubated
for 0, 4, 8, 12, and 16 h with vehicle (PBS) or I
MMAII or 10% FCS, and pulse-labeled with 2
MCi/ml of 3H-uridine or 10 MCi/ml of 3H-leucine

for additional 4 h. 3H-Uridine and leucine incor-
porations into TCA-precipitable material were

performed as described above. UP< 0.05 is signif-
icantly different from time-dependent vehicle-
treated control group. (B) Concentration depen-
dence of AII-induced RNA(left) and protein
(right) syntheses in RASMcells. Cultures of qui-
escent RASMcells (n = 8-12 in each group) were

incubated for 16 h with AII (1-100 nM) and then
pulse-labeled with 3H-uridine or leucine for 4 h.
RNAand protein syntheses were measured by in-
corporation into TCA-precipitable material, *P
< 0.05.

tion was, however, more prominent in the basal state than in
All-stimulated state (50 vs. 30% reduction at the concentra-
tion of lo-' Mof ANP).

In another series of experiments we demonstrated that
ANPdid not cause the loss of cells at the confluent state. 20 h
after the addition of ANP, < 1% of cells were found to be
present in the supernatant media.

Because DSF medium contains insulin (5 X l0- M), we

examined whether the inhibitory action of ANPon RNAand
protein syntheses in the basal state is mediated via a blocking
action of ANPon insulin effect. 3H-Uridine incorporation of
postconfluent RASMcells cultured with DMEM/Ham's F12
without insulin for 2 d, was 24,000±1,900 cpm/well (n = 8; 4 h
pulse-labeling with 2 gCi/ml of 3H-uridine); that of RASM
cells cultured with DMEM/Ham'sF12 containing insulin was

31,000+2,200 cpm/well (n = 8). ANP(l0-7 M) reduced 3H-
uridine incorporation significantly almost to the same extent
in these two groups (18,300±1,500 cpm/well in the cells grown
in the medium without insulin, n = 8, and 23,200±2,300
cpm/well in the cells with the medium containing insulin, n
= 8).
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Figure 2. Inhibitory effect of ANPon 'H-uridine (A) and leucine (B)

incorporations in quiescent or All-stimulated RASMcells. ANP

(alpha-rat ANP [ 1-28]) (lI0-8_ 10-6 M) was added to quiescent RASM

cells in the presence or absence of All (108 M) for 16 h and then
pulsed for 4 h with 3H-uridine (2 ,Ci/ml) or leucine (10 ,uCi/ml).
Values are mean±SEMof n = 8-12. *P < 0.05 is significantly differ-
ent from control groups treated with vehicle or All alone.

Fig. 3 shows histograms of cell size and cellular protein
content of postconfluent RASMcells defined by flow micro-
fluorimetric analysis. Daily treatment with ANP(10-7 M, 4 d,
n = 4) tended to reduce the cell size and cellular protein con-

tent (-1 1.4±3.2%, 0.05 < P < 0.1 and -1 1.5±3.9%, 0.05 < P
< 0.1, respectively, over control) and caused a significant left-
ward shift in cell size-and protein content histograms in All
(10-7 M, 4 days)-treated cell groups (All alone vs. All + ANP;
65.4±8% vs. 12.8±3%, P < 0.01 in cell size; 24.8±2.8% vs.

0.3±4.6%, P < 0.01 in protein content over control). This
result documented further the inhibitory effect of ANP on

cellular hypertrophy of RASMcells.

To examine further the antihypertrophic effect of ANPon

RASMcells, we studied ANPeffect on RNAand protein syn-

theses stimulated by TGF-f3, which has been demonstrated to
cause hypertrophy in RASMcells (22). Fig. 4 depicts TGF-fl-
induced RNAand protein syntheses in RASMcells and the
effect of ANPon these parameters. TGF-/3 exhibited potent
stimulatory action on 3H-uridine and leucine incorporations
with the threshold of 40 pM for 3H-uridine and 400 pM for
3H-leucine incorporations, respectively. As shown in Fig. 4,
ANP at 100 nM added simultaneously with TGF-,3 signifi-
cantly attenuated TGF-fl-induced 3H-uridine and leucine in-
corporations.

Receptor specificity of antihypertrophic action of ANP.
Three distinct ANPreceptors have been identified to date. The
ANP-A and B receptors are coupled to particulate guanylate
cyclase and cGMPis considered to be the intracellular second
messenger (23, 24). A third receptor, the ANP-C receptor,
possesses a short intracellular COOH-terminal domain and
shows relatively high binding affinities with wide range of
NH2- or COOH-terminally-truncated ANP-related peptides
(25, 26). We, therefore, examined which of the ANP recep-
tor(s) is responsible for the antihypertrophic action of ANP. It
has been reported and we also confirmed in our RASMcells
that a ring-deleted analogue of ANP, des[Gln"8,Ser'9,Gly20,
Leu21,Gly22] ANP[4-23]-NH2 (C-ANP [4-23]) generates more

than two orders of magnitude less intracellular cGMPthan
ANP[ 1-28] and exhibits higher affinity to C-receptor (26, 27).
As shown in Fig. 5, the inhibitory effect of C-ANP [4-23] (10-7
M) on 3H-uridine incorporation of RASMcells in the basal
state was significantly weaker than that of ANP [1-28] at the
same concentration. Furthermore, C-ANP [4-23] did not sup-

press All (10-8 and 10-7 M)-induced increase of 3H-uridine
incorporation, whereas ANP [1-28] caused significant reduc-
tion. In another series of experiments, the inhibitory effect of
C-ANP [4-23] at the concentration of 10-6 Mon the basal
uridine incorporation was almost the same as that at the con-
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Figure 3. Histograms of relative cell size (left)
and relative protein content (right) of postcon-
fluent cells as measured by flow microfluori-
metric analysis of fluorescein isothiocyanate-
stained paraformaldehyde fixed RASMcells.
RASMcells were plated on T-25 flasks and
fed DMEM/Ham's F12 until confluent. Cul-
tures were maintained in DSFmedia for 2 d
to induce quiescence and then treated with ve-

hicle; ANP(I -' M); All (10-7 M); and ANP
(10-7 M) plus All (10-7 M) for 4 d. Analyses
of 5,000 or 10,000 cells were performed on a

Becton Dickinson cell sorter. The data pre-

sented are typical of four such experiments. y-

Axis shows cell numbers and x-axis represents
relative cell size or protein content.
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Figure 4. Inhibitory effect of ANPon TGF-(3-induced
RNA(A) and protein (B) syntheses in RASMcells.
TGF-fl with various concentrations (4-400 pM) with/
without ANP(alpha-rat ANP[1-28]; 100 nM) was ad-
ministered to quiescent RASMcells. After 16 h, these
cells were pulse-labeled with 3H-uridine (A) or leucine
(B) for 4 h. Each group consists of n = 6-8 and values
are mean±SEM. *P < 0.05 is significantly different from
respective control groups without the addition of ANP.

centration of 1o-7 M(-29.7±10.4%, n = 4, vs. -26.2±6.7%, n

= 4, over control). C-ANP [4-23] (10-6 M) also did not sup-
press All (10-8 M)-induced RNAsynthesis.

Because cGMPis thought to be the second messenger for
the ANP-A and B receptors, we tested the effect of 8-bromo
cGMPon 3H-uridine incorporation in the basal and All (10-8

M)-stimulated cells (Fig. 6). 8-Bromo cGMP(l03-l02 M)

suppressed significantly the basal and All-stimulated rates of
RNAsynthesis.

Recently the role of protein kinase C in mediating protein
synthesis in RASMcells has been suggested (28). Accordingly,
we examined the possible involvement of protein kinase C in
the antihypertrophic action of ANP. As shown in Table II, the

0 vehicle

:ANP [1-28]

3 2 C-ANP [4-233 P-0.05
4 (107M)

pfl .05

0

C

0T

0

C

02

BasalI AIU 1OM AfIIlO6 M

Figure Specificity of inhibitory effect of ANPon, RNAsynthesis in

RASMcells. ANP [ 1-28] or a ring-deleted analogue of ANP, C-ANP

[4-23 ] at the- concentration of IO-' Mwas added to the media of qui-

escent RASMcells in the basal state or stimulated with All (10-8_

l0~M). ANPs and All were administered simultaneously and the

cells were incubated for 16 h and pulsed with 'H-unidine (2 juCi/ml)
for the following 4 h. Values are mean±SEM(n =, 8). *P < 0.05 is

significantly different from respective control groups without the

treatment of ANPs. +P < 0.05 is significantly different from respec-
tive groups treated with C-ANP [4-23].

phorbol ester, phorbol 12-myristate 13-acetate (PMA), which
is known to activate protein kinase C at the concentration of
10-8 M, caused significant increase of 3H-uridine incorpora-
tion 16 h after its addition (4 h pulse-labeling with 2 ,Ci/ml of
3H-uridine, untreated cells in Table II). In these cells in which
a protein kinase C-dependent pathway for RNAsynthesis is
present, ANP (lo-7 M) inhibited basal 3H-uridine incorpora-
tion and significantly blunted the PMA-induced increase of
3H-uridine incorporation. To down-regulate protein kinase C
activity, we pretreated RASMcells with 4 AMphorbol 12,13-
dibutyrate (PDBu) for 24 h (PDBu-treated cells in Table II).
This condition has been shown to down-regulate protein ki-
nase C. Under this condition, the acute PMA-induced 3H-uri-
dine incorporation was almost completely abolished
(-2.2±4.4% increase over control). Interestingly, in these pro-
tein kinase C-down-regulated cells, ANPstill exerted the inhib-
itory effect on RNAsynthesis.

Discussion

ANPis an important counterregulatory hormone to the vaso-
constrictive sodium retentive hormones, such as All (3, 4).
Because our recent data suggest that these vasoconstrictive
substances are also growth promoting substances of vascular
smooth muscle, it is logical to question whether ANP is an
inhibitor of vascular smooth muscle cell growth and if it antag-
onizes All's effect on vascular hypertrophy.

Several lines of evidence in vitro demonstrate a hypertro-
phic effect of All ( 16, 28) on vascular smooth muscle cells. Our

Table II. Effect of Phorbol 12,13-Dibutyrate (PDBu) Treatment
on Inhibitory Action of ANPon 3H-Uridine Incorporation

%Increase over control

Untreated PDBu-treated
Treatment cells cells

PMAl0-8 M +48.9±6.6* -2.2±4.4
ANP 10-7 M -58.0±1.7* -39.5+3.0*
PMA10-i8 M+ ANP 1O-7 M +23.4±2.3t -56.0+2.7*$

Values are means±SEM, n = 8.
* P < 0.05, significantly different from control.
P < 0.05, significantly different from PMAalone.
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flow cytometric analyses confirming the results of Geisterfer et
al. (16) showed that All caused the increase of cell size up to
50%over untreated control cells, accompanied by the increase
of cellular protein content, reflecting the concentration-de-
pendent stimulation of 3H-uridine and leucine incorporations
by All (ED50 = 10 nM). Recently, we have demonstrated that
All induces early activation of protooncogenes, c-fos and
c-myc (18, 29), and the later inductions of PDGF, a potent
mitogen (18), and TGF-f# (Gibbons, G. H., et al., unpublished
observation). The time course of the increases of RNAand
protein syntheses observed in the present study (Fig. 1 A) is
compatible with the temporal profile of the induction of these
two growth factors. This result suggests that these growth fac-
tors are the possible mediator of All-induced hypertrophic
action. In fact, we observed that the antisense oligonucleotides
complementary to PDGFmRNAattenuates All-induced hy-
pertrophy in RASMcells (30). TGF-# is reported to inhibit
serum (1 l-10%)-stimulated proliferation of RASMcells (ED50
= 2 pM) and concurrently induce cellular hypertrophy (22).
This means that TGF-4 may selectively inhibit serum-stimu-
lated increase in DNA replication, while having little or no
inhibition on serum-induced increase of protein synthesis. It
has been supposed that TGF-fl may be a mediator of smooth
muscle cell growth in vivo during wound repair and athero-
genesis (10). Weobserved in the present study the potent stim-
ulatory effect of TGF-3 on RNAand protein syntheses in
RASMcells (Fig. 4), supporting the idea that TGF-f3 is a potent
hypertrophic factor. In this setting, we examined the effect of
ANPon RNAand protein syntheses, both in the basal state
and in All- and TGF-(i-stimulated states.

The present study confirms the previous reports of an an-
tiproliferative effect of ANP on serum and PDGF-induced
mitogenesis (31-33). More importantly, it demonstrates
clearly for the first time that ANP inhibits vascular hyper-
trophy in RASMcells in a concentration-dependent manner.
The concentration of ANPemployed in this study exceeds the
circulating level of plasma ANPencountered in physiological
or pathophysiological conditions (34-36). However, we have
previously studied the degradation of ANPin proteinase inhib-
itor- and EDTA-free culture media and showed that 80-90%
of ANPimmunoreactivity was lost during the initial 24-h in-
cubation at 370C (37). Therefore, the actual effective antihy-
pertrophic concentration of ANPmay be much lower. Thus it
seems plausible to speculate that the ANPlevels in the circula-
tion may influence hypertrophic change of vascular smooth
muscle cells in vivo. Furthermore, the local concentration of
ANP accumulated in the tissue (e.g., blood vessel) may be
much higher than that in the plasma. Indeed, a prolonged
infusion of ANP(20 ,ug/kg per hr) to rats induced atrophy of
zona glomerulosa cells of rat adrenals and lowered the plasma
concentration of aldosterone without provoking significant
changes in plasma renin activity, indicating that ANP ex-
erted inhibitory effects on growth of rat zona glomerulosa
in vivo (38).

As for 3H-uridine incorporation, ANPshowed more pro-
nounced inhibitory effect in the basal state rather than All-
stimulated state (Fig. 2). This phenomenon is comparable to
the observation that the degree of relaxation of norepineph-
rine-contracted aorta produced by nitroprusside or 8-bromo
cGMPwas dependent on the dose of norepinephrine (39). At
higher concentrations of norepinephrine, less relaxation was
seen for nitroprusside or 8-bromo cGMPthan at lower con-

centration of norepinephrine. This result suggests that ANP
exerts its antihypertrophic effect via the intracellular signaling
pathway independent of All-specific activation pathway for
hypertrophy. Indeed, ANPalso showed the inhibitory effect on
hypertrophy induced by TGF-fl, a potent hypertrophic factor,
as well as by All. Therefore, these experiments indicate a more
generalized inhibitory effect of ANP on the hypertrophy of
vascular smooth muscle cells.

Recently, molecular cloning has defined three types of na-
triuretic peptide receptors: the ANP-C receptor of relative mo-
lecular mass 60-70 K, which is not coupled to cGMPproduc-
tion and may function in the clearance of ANP(25, 26), and
the ANP-A and B receptors of 120-140 K, which are mem-
brane forms of guanylate cyclase (23, 24). It is generally ac-
cepted that the guanylate cyclase-linked receptors mediate the
cellular effects of ANP. However, recent evidence suggests that
ANPmay exert some biological activities through a nonguan-
ylate cyclase-linked receptor system. For example, Ganguly et
al. reported that ANP(I0O- M) inhibited aldosterone secretion
in calf adrenal glomerulosa cells, while 8-bromo cGMP(2
mM)did not (40). In the present paper, we studied the receptor
subtype that mediates the growth inhibiting effect of ANP. Our
data showed that C-ANP [4-23], which shows much higher
affinity to the ANP-C receptor than the guanylate cyclase-
coupled receptors (26, 27), exerted little effect on the hyper-
trophy of RASMcells compared to ANP [1-28] (Fig. 5). This
result suggests that the antihypertrophic effect of ANPis me-
diated by a guanylate cyclase-coupled receptor(s) (the ANP-A
or B receptor). Because the exogenous administration of a
cGMPanalogue, 8-bromo cGMP, mimicked the ANPeffect
(Fig. 6), the intracellular second messenger responsible for the
antihypertrophic action of ANPseems to be cGMP. Indeed,
recent data demonstrated that nitric oxide-generating vasodi-
lators and 8-bromo cGMPcan inhibit the proliferation of
RASMcells (41).

Involvement of protein kinase C pathway in cell growth
has been postulated (28). Indeed, our data show that PMA
increased the rate of RNAsynthesis (Table II). In the present
study, ANP inhibited both basal and PMA-stimulated RNA
synthesis. Furthermore, in protein kinase C-depleted cells,

L:vehicle

-3

-: *:8-bror cGMP 10 M

-62M
E 0: 8-bromo cGMP

u p<0.05

0

0

= 10-
0

0.

0 1u

0
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Figure 6. Effect of 8-
bromo cGMPon the
basal and AII-stimu-
lated RNAsynthesis in
RASMcells. 8-Bromo
cGMP(1 or 10 mM)
was added to the media
of quiescent or AII-
stimulated (I1O8 M)
RASMcells. 8-Bromo
cGMPand All were ad-
ministered simulta-
neously and the cells
were incubated for 16 h
and pulsed with 3H-uri-
dine (2 ,Ci/ml) for the
following 4 h. TCA-Pre-
cipitable material was
determined as described

above. Values are mean±SEM(n = 6). *P < 0.05 is significantly dif-
ferent from respective control groups without the treatment of 8-
bromo cGMP.
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ANPstill exerted its inhibitory effect on RNAsynthesis. Thus,
the antihypertrophic action of ANPappeared not to be depen-
dent on protein kinase C activity. However, because it is also
known that there is a protein kinase C isoform that is resistant
to down-regulation in the rabbit aortic smooth muscle cells
(42), the involvement of protein kinase C activity in the anti-
hypertrophic action of ANPcannot be completely ruled out.
The elucidation of cellular mechanisms by which ANP in-
hibits hypertrophy of vascular smooth muscle cells awaits fur-
ther investigation.

The present study demonstrates that ANPacts both as an
antiproliferative as well as an antihypertrophic factor. These
properties differ from those of TGF-f which inhibits serum
stimulated cell proliferation by prolonging cell-cycling time or
inducing G2 arrest, thereby increasing cell mass without divi-
sion (22). In contrast, ANPexerts inhibitory effects, not only
on DNAreplication and cell division, but also on RNAand
protein syntheses that mediate the increase in cell mass.

Vascular hypertrophy in hypertension is usually an adap-
tive process in response to increased arterial wall stress. How-
ever, the resultant increase in the wall-to-lumen ratio can lead
to an amplified vasoconstrictive response to contractile ago-
nists and may perpetuate hypertension. In hypertension, aug-
mented secretion of ANP, which is not only a vasorelaxant but
also an antihypertrophic peptide, may prevent the progression
of hypertension by inhibiting the vascular hypertrophy, as well
as reducing the vascular tone (9). The angiotensin converting
enzyme inhibitor, captopril, not only reduced aortic smooth
muscle cell contents in SHR (19) and two-kidney, one-clip
hypertensive rats (43), but also decreased cross-sectional wall
area of arterioles in one-kidney, one-clip hypertensive rats
(44). These data indicate the crucial role of circulating and/or
local renin angiotensin system(s) in the vascular growth of
conduit and resistant vessels. The inhibition of All-induced
hypertrophy by ANPin the present study further suggests the
compensatory role of ANP in hypertensive vascular change
and also suggests a novel functional antagonistic relationship
between ANPand renin angiotensin systems on cell growth. In
addition, the general antimitogenic and antihypertrophic ac-
tions of ANPdemonstrated in the present study suggest further
the potential value of this peptide in the therapeutic applica-
tion for hypertension.
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