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Abstract

Endothelium-derived relaxing factor has been recently identi-
fied as nitric oxide. The purpose of this study was to determine
if vasodilator drugs that generate nitric oxide inhibit vascular
smooth muscle mitogenesis and proliferation in culture. Three
chemically dissimilar vasodilators, sodium nitroprusside, S-ni-
troso-N-acetylpenicillamine and isosorbide dinitrate, dose-de-
pendently inhibited serum-induced thymidine incorporation by
rat aortic smooth muscle cells. Moreover, 8-bromo-cGMP
mimicked the antimitogenic effect of the nitric oxide-generat-
ing drugs. The antimitogenic effect of S-nitroso-N-acetylpeni-
cillamine was inhibited by hemoglobin and potentiated by su-
peroxide dismutase, supporting the view that nitric oxide was
the ultimate effector. Sodium nitroprusside and S-nitroso-N-
acetylpenicillamine significantly decreased the proliferation of
vascular smooth muscle cells. Moreover, the inhibition of mi-
togenesis and proliferation was shown to be independent of cell
damage, as documented by several criteria of cell viability.
These results suggest that endogenous nitric oxide may func-
tion as a modulator of vascular smooth muscle cell mitogenesis
and proliferation, by a cGMP-mediated mechanism.

Introduction

Vasodilation, induced by acetylcholine, bradykinin, ATP, his-
tamine, vasoactive intestinal polypeptide (VIP),' A23187 and
leukotrienes, among others, is dependent on the presence of
endothelium (1-3). The substance evoking these relaxations
has been termed endothelium-derived relaxing factor (EDRF)
and has been recently identified as nitric oxide (NO) (4-8).
The actions of EDRFappear to be mediated by cGMP, inas-
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much as EDRF increases vascular cGMPand cGMPana-
logues as well as agents that increase cGMPmimic the actions
of EDRF(9-12). In addition, pharmacologic inhibition of the
increase of cGMPinduced by EDRFattenuates its vasodila-
tory effect ( 13).

Recently, our laboratory has shown that atrial natriuretic
hormone decreases serum-stimulated DNAsynthesis and pro-
liferation of cultured mesangial cells (14). These cells share
many characteristics with systemic vascular smooth muscle
cells, including contractile activity. Atrial natriuretic hormone
and NOboth have the ability to increase vascular cGMP, and
based on this observation, we speculated that NO-generating
vasodilators would inhibit the mitogenesis and proliferation of
vascular smooth muscle cells. Wenow report that three such
structurally dissimilar drugs, as well as 8-bromo-cGMP, effec-
tively inhibit DNA synthesis and proliferation of rat aortic
smooth muscle cells in culture.

Methods

S-Nitroso-N-acetylpenicillamine (SNAP) was synthesized according to
the method of Field et al., by reaction of NaNO2and N-acetylpenicil-
lamine, at low pH (15). The chemical purity of the product was estab-
lished by thin-layer chromatography on silica gel-GF (Analtech, Ne-
wark, DE) with CHC13:CH3OH:H20 (7:3:0.3/vol/vol/vol) as the sol-
vent system (single spot with Rf - 0.6), and by determination of the
melting point which was found to be 1490-15 1 IC, similar to the pre-
viously reported value of 1 520C (15). Additionally, SNAPwas found
to have a nuclear magnetic resonance spectrum consistent with the
expected chemical structure (results not shown). Sodium nitroprusside
(SNP), isosorbide dinitrate (ISDN), and 8-bromo-cGMP were pur-
chased from Sigma Chemical Co. (St. Louis, MO).

Rat aortic smooth muscle cells were isolated and cultured, as pre-
viously described (16). For the measurement of thymidine uptake,
cells, used between the 4th and 11th subculture, were seeded at a
density of - 2 X l0-4. cm-2 and cultured for 2-5 d in RPMI 1640
medium supplemented with 20% heat-inactivated fetal bovine serum
(Gibco Laboratories, Grand Island, NY), insulin (5 ,.Lg/ml), transferrin
(5 tg/ml), and selenous acid (5 ng/ml) (Collaborative Research, Lex-
ington, MA) plus antibiotics. To achieve quiescence, aortic smooth
muscle cells were washed, three times, with serum-free medium and
cultured for 2 d in the same medium further supplemented with 0.5%
albumin. To investigate the effect of various agents on mitogenesis,
quiescent cells were cultured for 20 h in medium supplemented with or
without 5%serum, containing or lacking experimental agents. Finally,
cells were incubated for 2 h in freshly prepared media that were addi-
tionally supplemented with I uCi [methyl-3H]thymidine (7-20
Ci * mmol-'; New England Nuclear, Boston, MA), to measure DNA
synthesis by thymidine incorporation. The experiments were termi-
nated by washing cells with 1 mMCa-supplemented PBS, precipitation
of acid-insoluble material with 10% TCA and extraction of the DNA
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Figure 1. Dose-response
relationships for the in-

C SHP hibition of serum-in-
_ duced thymidine incor-
KS poration by SNAP,
_GMP ISDN, SNP, and 8-

bromo-cGMP. Results
are the mean of three to

'° six separate experi-
ments, each in quadru-

plicate. Results are expressed as percentage of control, defined as thy-
midine incorporation in the presence of 5%serum only. For the sake

of clarity, standard errors were omitted from the figure but they were

< 10% of control except for those at 0.2 and 0.3 mMSNAP, which
were 18.8% and 12.6% of control, respectively.

with 0.1% SDS/0.5 N NaOH. The radioactivity of an aliquot of the
extract was measured by scintillation counting.

To determine the effect of experimental agents on cell growth, cells
were seeded at a density of - 6 X 102 * cm-2 and cultured for 2 d in
medium supplemented with 20%serum. Cells were then cultured, for 2
d, in serum-free medium in order to induce cell quiescence. This was

followed by culture for 6 d in medium supplemented with 5%serum,

containing or lacking experimental agents. Culture media were

changed daily and cell numbers were determined by dissociation of
adherent cells with trypsin and counting with a hemacytometer.

Statistical comparisons were performed by the use of unpaired,
two-tailed Student's t test, or analysis of variance, as appropriate.

Results

SNPand ISDN are drugs that generate NOspontaneously or

by intracellularly catalyzed reactions (9, 1 1). SNAPis a similar
experimental drug which spontaneously releases NOin
aqueous medium (9). The actions of these drugs on thymidine
incorporation into quiescent cultured aortic smooth muscle
cells were therefore evaluated. Serum stimulated thymidine
incorporation by 15-20-fold, relative to serum-lacking me-

dium (not shown), whereas all three NO-generating vasodila-
tors dose-dependently inhibited the incorporation of thymi-
dine (Fig. 1). SNAPwas most potent, followed by SNPand
ISDN. At the highest concentrations used, SNAPand SNP
almost completely inhibited serum-induced thymidine incor-
poration.

Inasmuch as the effects of the above mentioned vasodila-
tors are generally thought to be mediated by cGMPas the
second messenger, we also tested the effect of 8-bromo-cGMP
on serum-induced thymidine incorporation. As shown in Fig.
1, 8-bromo-cGMP dose-dependently inhibited serum-stimu-
lated thymidine incorporation.

Hemoglobin is well established as antagonist of the actions
of EDRF/NO, by trapping and/or oxidation (17, 18). To fur-
ther identify the agent inducing antimitogenesis, we compared
the dose-response relationship of SNAP-induced antimitogen-
esis in the presence or absence of hemoglobin. Hemoglobin
itself had very little effect on serum-induced mitogenesis, de-
creasing it by 14.3% (n = 3). However, as indicated in Fig. 2,
the dose-response relationship for SNAP-induced inhibition of
mitogenesis was shifted to the right by almost an order of
magnitude, indicating antagonism of SNAP's antimitogenic
activity by hemoglobin.

A second agent that can alter NOlevels in aqueous media
is SOD(4, 6, 19). Superoxide anions, which are spontaneously

o lZU Figure 2. Effect of he-
moglobin (50 1AM, Hgb)

SNAP on the inhibition of mi-
80 Hgb togenesis induced by

z 601 - \ HI / SNAP. Open squares
°L 40 SNAP i'& 1:'indicate the effect of
C SNA SNAPalone, while
Xc20 t | closed squares indicate

E ,atheeffect of SNAPin
00.01 O.1 1 1 the presence of hemo-

(SNAP), mM globin. Results are the
mean±SE of three sepa-

rate experiments (each in quadruplicate) and the difference between
the two curves was significant at P < 0.001, by analysis of variance.
Standard errors are not shown when their magnitude is less than the
width of the symbol.

generated in oxygen containing media, have the ability to oxi-
dize NOand therefore to decrease its concentration; SODin-
hibits or prevents this effect by catalyzing the degradation of
superoxide. SODalone caused a 5%decrease of serum-stimu-
lated thymidine incorporation but, as shown in Fig. 3, it
caused significant potentiation of the antimitogenic activity of
SNAP, particularly at low concentrations of SNAP, further
supporting the notion that NOwas the ultimate effector of
antimitogenesis.

The inhibition of DNAsynthesis by NO-generating agents
indicated that these agents should also inhibit cell prolifera-
tion. Wetested the effect of the two most potent vasodilators,
SNAPand SNP, on the rate of serum-induced cell prolifera-
tion. As shown in Fig. 4, both SNAPand SNP significantly
inhibited the rate of aortic smooth muscle cell proliferation.

A trivial explanation of the antimitogenic- effect of NO-
generating agents is that it is the result of the degradation of
serum mitogens by a free radical-mediated mechanism. To
rule out this possibility, we preincubated serum-containing
culture medium with 1 mMSNAP (highest concentration
used in our experiments) for 3 d. The half-life of SNAP in
aqueous medium has been determined to be - 5 h (9), and we

reasoned that after 3 d of preincubation, almost all SNAP
would be degraded to products that are thought to include the
dimer of N-acetylpenicillamine as well as nitrite and nitrate
(9). Preincubated SNAP'(1 mM) decreased thymidine incor-
poration by 37.5±2.4% (n = 3), relative to serum-containing
medium preincubated without SNAPfor 3 d, whereas culture

0 120 Figure 3. Effect of SOD

a (100 U/ml) on the inhi-

bition of mitogenesis
induced by SNAP.

Cr SNAP

0O " \ 2 / Open squares indicate
60/

SNAPA the effect of SNAP
40

SOD alone, while closed

* 20 t squares indicate the ef-
fect of SNAPin the

~> 10.01 0.1 1 10 presence of SOD. Re-

(SNAP), mMl sults are the mean±SE
from one experiment,

in quadruplicate. The difference between the two curves was signifi-
cant at P < 0.001, by analysis of variance. Standard errors are not
shown when their magnitude is less than the width of the symbol.
Similar results were also obtained in a second experiment.
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12 Figure 4. Inhibition of

-i 0 contro vascular smooth muscle

SNAP cell growth by SNAP
8 _SNP (0.l mM)orSNP(0.5

° 6 _ / mM). Results represent
the mean±SE of three

4 separate experiments,

2 each in quadruplicate,2 and are expressed as the

0 fold increase of cell
0 1 2 3 4 5 6 7 number, relative to that

Time in culture, d on day 0 of the experi-
ments. Standard errors are not shown when their magnitude is less
than the width of the symbol. The difference between each of the
growth curves in the presence of SNAPor SNPand control was sig-
nificant (P < 0.01) by analysis of variance.

medium containing the same concentration of fresh SNAP
inhibited thymidine incorporation by 94.6±1% (n = 3).

It is also possible that the antiproliferative effect of NO-
generating agents is the result of loss of cells due to toxicity. To
rule out this possibility the following series of experiments was
performed (a) The number of cells present in the supernatant
media was determined daily for 6 d, both in the presence and
absence of 0.1 mMSNAP. While this concentration of SNAP
caused significant inhibition of cell growth, <1%of cells were
found to be present in the supernatant during any portion of
the culture period. Thus, detachment and loss of cells did not
account for inhibition of cell proliferation. It should be noted
that increasing the concentration of SNAPabove 0.1 mMdid
cause the loss of cells after several days in culture, indicating
possible toxicity in long-term experiments at high concentra-
tions of SNAP.

Incubation of aortic smooth muscle cells for 22 h with 1
mMSNAPalso caused no significant cell loss: the number of
cells was 3.0±0.2 X 105 (n = 4) in control wells and 2.9±0.1
X I05 (n = 4) in SNAP-treated wells; moreover, no significant
release of lactate dehydrogenase was observed in this experi-
ment, again indicating that in short-term incubations, even
high concentrations of SNAPdo not induce cell damage. (b)
Cells were cultured for 6 d in medium containing or lacking
0.1 mMSNAPand lactate dehydrogenase levels in the super-
natants were determined, daily. No significant release of lac-
tate dehydrogenase was observed during the entire culture pe-
riod. (c) Less than 1% of the cells treated with 0. 1 mMSNAP
for 6 d or 1 mMSNAPfor 22 h, stained with trypan blue.

Discussion
Recently, we reported that atriopeptins 28 and 24 inhibit
serum-induced thymidine incorporation and proliferation of
mesangial cells (14). Inasmuch as atriopeptins are believed to
exert most of their biological effects by raising intracellular
cGMP, we intended to test the hypothesis that nitric oxide-
generating agents that are well documented to increase cGMP,
would also inhibit DNAsynthesis and proliferation of smooth
muscle cells. In this study we report that three chemically
dissimilar, NO-generating vasodilators effectively inhibit DNA
synthesis and proliferation of rat aortic smooth muscle cells.
This effect was dose dependent, with the order of potency
being SNAP> SNP> ISDN.

The two most potent antimitogens, SNAPand SNP, were
tested for their ability to inhibit the proliferation of aortic

smooth muscle cells. As expected, both drugs significantly de-
creased the rate of serum-induced aortic smooth muscle prolif-
eration, consistent with the finding that they inhibited DNA
synthesis.

That the antimitogenic and antiproliferative effects of NO-
generating agents were likely to be due to the action of NO
itself was indicated by the decreased potency of SNAPin the
presence of hemoglobin. The ability of hemoglobin to inhibit
EDRFactivity and to trap NOhas been shown previously by
several groups of investigators (17, 18). That the maximal ef-
fectiveness of SNAPwas not affected by hemoglobin could be
attributed to the ability of high concentrations of SNAP to
generate sufficient NOto overcome the capacity of hemoglo-
bin to bind and inactivate NO. The identity of NOas the
ultimate antimitogenic effector was further supported by the
potentiation of SNAP-induced antimitogenesis by SOD, an
agent that is thought to increase the chemical stability of NO
by decreasing superoxide levels in oxygen-containing media
(4, 6, 19).

The antimitogenic effect of NO-generating agents was un-
likely to be due to NO-induced cell damage, based on the
finding that 1 mMSNAPdid not cause the release of lactate
dehydrogenase or decrease cell number after 22 h of incuba-
tion. Moreover, the inhibition of cell proliferation induced by
0.1 mMSNAPin long-term experiments was also unlikely to
be the result of toxicity and damage to cells as shown by the
lack of lactate dehydrogenase release into the extracellular me-
dium, the lack of staining by trypan blue and the lack of cell
detachment. Concentrations of SNAPhigher than 0.1 mM
SNAPdid however induce a decrease of cell number in long-
term experiments, indicating the potential for cell damage by
either SNAPor SNAP-degradation products at relatively high
concentrations.

Most, if not all, of the antimitogenic effect of NO-generat-
ing agents appeared to be the result of a direct interaction with
cells rather than degradation of serum mitogens, based on the
finding that preincubated SNAP-containing culture medium
regained most of its mitogenic activity. The residual inhibition
of mitogenesis by degraded SNAPcould be due to SNAPdeg-
radation products that include nitrite and nitrate, the former
of which is a potential NOprecursor and could conceivably
generate additional NO, by sulthydryl-catalyzed reactions (9).
It is also possible that the dimer of N-acetylpenicillamine,
thought to be generated as a result of SNAPdegradation, could
inhibit mitogenesis. Still another possibility is that NO, partic-
ularly at higher concentrations, did cause some degradation of
serum mitogens.

The ability of 8-bromo-cGMP to mimic the antimitogenic
effect of NO-generating vasodilators provided preliminary evi-
dence in support of the notion that at least a portion of this
effect was likely to be mediated by cGMPas the second mes-
senger. Moreover, this finding also provided further support
for the notion that most of the antimitogenic effect was not
due to cell toxicity or to degradation of serum mitogens by free
radical mechanisms since 8-bromo-cGMP would not be ex-
pected to generate free radicals.

Excessive vascular smooth muscle proliferation is consid-
ered to be a hallmark of atherosclerotic disease (20-22) and the
experimental removal of endothelium has been associated
with proliferation of the underlying vascular smooth muscle
cells (23-25). It has therefore been postulated that one of the
functions of endothelial cells is to maintain the mitogenic qui-
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escence of the underlying medial vascular smooth muscle cells.
Recent studies have also demonstrated the tonic generation of
NOand EDRFby endothelial cells (8, 26). These results, taken
together with our present observations, support the possibility
that endogenous NOmay play an important role as modulator
of smooth muscle cell growth and that the lack of endogenous
NOmight induce excessive proliferation of these cells, conse-
quent to the removal of a tonic inhibitory influence.
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