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Inhibition of Endothelial Cell Proliferation and 
bFCF-Induced Phenotypic Modulation by Nitric Oxide 
Amlan RayChaudhury, Henri Frischer, and Asrar B. Malik 

Department of Pharmacology, Rush Medical College, Chicago, Illinois 6061 2 

Abstract S-nitroso-N-acetyl-D,L-acetylpenicillamine (SNAP), a chemical donor of NO, inhibited serum- and 
basic fibroblast growth factor (bFCF)-stimulated cultured endothelial cell (EC) proliferation in a dose-dependent 
manner. The inhibitory effect of NO was reversible after washoff of SNAP-containing media. Measurement of nitrate and 
nitrite in the media of SNAP-treated EC indicated that decomposition of SNAP into NO reached a stable level at or before 
24 h; proliferation of EC was significantly inhibited for another 48 h and recovered thereafter if no additional SNAP was 
added. The level of NO produced by inhibitory concentrations of SNAP was comparable to NO levels produced by the 
induction of inducible nitric oxide synthase (iNOS) in smooth muscle cells or retinal pigmented epithelial tells. The 
growth-inhibitory effect of NO was unlikely to be due to cytotoxicity since 1) cells never completely lost their 
proliferative capacity even after 10 days of exposure to repeated additions of SNAP, 2) the inhibitory effect was 
reversible upon removal of NO and with the passage of time, and 3) NO did not reduce the number of cells that were 
growth-arrested with TGF-PI . In addition to i ts  mitogenic effect, bFGF induced pronounced phenotypic changes, 
including suppression of contact inhibition, altered cell morphology, and scattering of the cells, in BPAEC cultures, 
whereas cells treated simultaneously with bFGF and NO did not exhibit these changes. These observations suggest that 
NO contributes to the regulation of angiogenesis and reendothelialization, processes that require EC proliferation, 
migration, and differentiation. Q 1996 Wiley-Liss, Inc. 
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In addition to being the endothelium-derived 
relaxing factor, NO is also being recognized as 
an antiproliferative and cytotoxic agent for many 
cell types [Blanco et al., 1995; Cornwell et al., 
1994; Dawson et al., 1993; Garg et al., 1992; 
Kroncke et al., 1993; Maragos et al., 1993; Yang 
et al., 19941, Situations in which high and sus- 
tained amounts of NO may be produced by the 
induction of iNOS include tumor growth, inflam- 
mation, wound healing, and sepsis, in which 
iNOS-inducing cytokines and bacterial endo- 
toxin are released [for a review see Moncada and 
Higgs, 19931. These situations also involve angio- 
genesis and reendothelialization, the only situa- 
tions in which EC proliferation occurs in the 
adult organism [Engerman, 1967; Hobson and 
Denekamp, 1984; Folkman and Shing, 1992; 
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Klagsbrun and D’Amore, 19911. Although a 
number of investigators have reported that NO 
can regulate EC proliferation and angiogenesis, 
the effects observed are inconsistent. Using so- 
dium nitroprusside (NaNP) as a chemical NO- 
donor, Yang et al. [1994] reported NO to be 
antiproliferative to human umbilical vein EC 
and bovine aortic EC; Sarkar et al. [1995] re- 
ported that NO generated by a variety of chemi- 
cal donors is antiproliferative to cultured canine 
EC. Pipili-Synetos et al. [19941 found NO to be 
antiangiogenic in vivo and in vitro. Another 
report, however, found the same chemical to 
stimulate coronary venular EC proliferation and 
potentiate substance P-induced angiogenesis 
[Ziche et al., 19941. Potential drawbacks to us- 
ing NaNP are that it also releases toxic cyanide 
(CN-) and requires redox activation to produce 
NO, raising the possibility that effects seen due 
to NaNP addition may be a superimposition of 
effects produced by NO, CN-, oxidants, and 
antioxidants and as such may vary depending on 
growth conditions and cell type. To clarify the 
role of NO in EC proliferation and morphoge- 
netic behavior, we investigated modifications in 
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EC proliferation by SNAP, which spontaneously 
produces NO in physiologic buffers. The non- 
nitroso-containing chemical analog of SNAP, 
thioacetylpenicillamine (TAP), the other prod- 
uct released when SNAP generates NO, was 
used as a control to determine whether effects 
resulting from SNAP treatment were specifi- 
cally due to NO. In addition, we assayed the 
level and rate of NO production by SNAP during 
the incubation as well as the effect of NO on 
bFGF-induced EC proliferation, neither of which 
studies were explored by Yang et al. or Sarkar et 
al. The results showed that NO inhibited serum- 
and bFGF-induced cultured EC proliferation, 
and abrogated bFGF-induced phenotypic modifi- 
cations of EC that may be critical to angiogen- 
esis. These effects of NO are likely due to cytosta- 
sis and not cytotoxicity, since the inhibition was 
reversible, and NO did not cause reduction in 
the number of growth-arrested cells. 

MATERIALS AND METHODS 
Cell Culture 

Bovine pulmonary arterial endothelial cells 
(BPAEC) (ATCC, Rockville, MD) were generally 
grown in RPMI (Sigma, St. Louis, MO) medium 
containing 10% fetal calf serum (FCS, Life Tech- 
nologies, Gaithersburg, MD) and supplemented 
with glutamine, penicillin, and streptomycin. In 
experiments where nitrate and nitrite concentra- 
tions were assayed, RPMI, which contains a 
high level of nitrate salts, was replaced with 
DMEM. Bovine pulmonary microvascular endo- 
thelial cells (BPMVEC), isolated as described 
earlier [Del Vecchio et al., 19921 were grown in 
DMEM (Sigma) containing 10% FCS and supple- 
mented as above. All cell cultures were grown at  
37°C in 5% COz. Cells were passaged at conflu- 
ence using trypsin-EDTA (Life Technologies) 
and replated generally at 1:3 dilution. Cells were 
occasionally tested for the uptake of Ac-LDL for 
confirmation of endothelial characteristics. 

Cell Proliferation Assay 

Cells were plated at a density of 10,000- 
20,000 per cm2 in wells of 24-well tissue culture 
plates. Next day, unattached cells were washed 
off, the start cell number (To) determined from 
one well, and cells refed with fresh growth me- 
dia containing the test substanceb) in triplicate 
or quadruplicate wells and incubated for 3 days 
under standard growth conditions. Cells were 
then trypsinized and counted electronically in a 
Coulter counter Z1  (Coulter Corp., Hialeah, FL). 

Statistical analyses were performed by the In- 
Stat program (Graphpad, San Diego, CA) and 
P < 0.05 taken as significant. The MTS-forma- 
zan assay for cell proliferation was conducted as 
follows: cells were plated in a 96-well plate at a 
density of 20,000/cm2. SNAP (200 and 500 FM) 
was added to six wells the next day. After 5 days, 
100 ~1 of media containing the MTS-PMS mix (a 
gift from Promega, Madison, WI) was added to 
them according to the manufacturer’s protocol. 
Absorbance at 450 nm was read 2-3 h after 
addition of MTS. 

Assay of Nitrate and Nitrite Production 

NO in the supernatant was assayed by measur- 
ing nitrate and nitrite (NOx- for short) concen- 
tration by the Griess reaction using a nitrate/ 
nitrite assay kit purchased from Alexis Corp 
(San Diego, CA). This reaction is specific for the 
nitrite ion, and endproduct of NO metabolism. 
Aliquots (usually 80 1.1) of filtered or centrifuged 
conditioned cell medium (grown in serum-con- 
taining DMEM) collected from SNAP-treated 
and control cells were placed in a 96-well plate. 
Nitrate was reduced to nitrite using nitrate 
reductase according to the manufacturer’s 
protocol. Then 50 ~1 each of Griess Reagent I 
(sulfanilamide) and Griess Reagent I1 (N-l- 
naphthyl-ethylenediamine) were added to the 
supernatants and the mixture incubated at room 
temperature for 10-15 min. Absorbance at 550 
nm was read by a Dynaphot MR-600 microplate 
reader. To determine nitrite concentration as 
well as whether all the nitrate was reduced, 
absorbance values were compared with stan- 
dard curves drawn with sodium nitrate and so- 
dium nitrite. 

Pharmacologic Agents 

The NO donor SNAP (Calbiochem) was dis- 
solved at  a concentration of 0.05 M in ethanol. 
TAP, chemically synthesized, was also dissolved 
in ethanol at a concentration of 0.1 M. Addi- 
tional ethanol was added to control wells when- 
ever necessary to equalize the amount of etha- 
nol in control and experimental wells. Human 
recombinant bFGF and TGF-Pl were purchased 
from R & D Systems (Minneapolis, MN) and 
reconstituted in 0.1% BSA-containing PBS. 

RESULTS 
The NO Donor, SNAP, Inhibits Endothelial Cell 

Proliferation 

Exposure of BPAEC to SNAP resulted in a 
dose-dependent inhibition of serum-induced cell 
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Fig. 1. Inhibition of BPAEC proliferation by NO as determined 
by (A) cell count and (B) Metabolic Assay. (C) Inhibition of 
BPMVEC proliferation by N O  as determined by cell count. 
TAP = Thioacetylpenicillamine. To = Cell number at start. Aand 
C were 3-day assays; B was a 5-day assay. 100-500 FM SNAP 
treatments produced significantly different cell numbers and 
absorbance. The less dramatic difference between control and 

SNAP treatment in B is probably due to the 1ongt.r time of 
incubation, which cause contact inhibition of control cells and 
partial recovery in SNAP-treated cells. A and C represent one 
assay from three similar experiments. Error bars represent ? 

SD. *Indicates statistically significant difference from control 
(P  < 0.05). 
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TABLE I. Nitric Oxide Metabolites From 
SNAP-Treated Conditioned Media 

[SNAP], WM [Nitrate + Nitrite], FM 

0 low ( <  < 1 FM) 
100 30-35 
200 60-70 
500 150 
1000 > 200 

growth (Fig. 1A). A second cell proliferation 
assay, based on the conversion of MTS into 
formazan by mitochondrial dehydrogenases pres- 
ent only in viable cells, confirmed the inhibitory 
effect of SNAP as well as the viability of SNAP- 
treated cells even after 5 days of exposure (Fig. 
1B). TAP, the non-nitroso-containing chemical 
analogue of SNAP, had no significant effect on 
BPAEC or on BPMVEC, which underwent a 
similar growth-inhibition in response to SNAP 
(Fig. 1C). In addition to these bovine pulmonary 
EC, SNAP inhibited growth of human pulmo- 
nary arterial and dermal EC, rat brain EC, and 
an immortalized mouse brain microvascular en- 
dothelial cell line bEND.3, indicating that this 
effect is not species- or tissue-specific (data not 
shown). Measurement of NOx- concentration 
by the Griess reaction to determine the amount 
of NO released by SNAP showed that 100 pM 
SNAP, the lowest dose at  which significant 
growth inhibition was observed, released 30-35 
pM NOx- in the supernatant; higher concentra- 
tions of SNAP released proportionately higher 
NOx- levels (Table I). The proliferation of these 
EC in the presence of NOS-inhibitors L-NAME 
and L-NIO, however, was not significantly af- 
fected, indicating endogenous NO produced by 
unstimulated EC is not present in sufficiently 
high quantities to act as an autocrine growth 
regulator (not shown). Indeed, determination of 
nitritelnitrate levels from the conditioned me- 
dia of unstimulated cells showed much lower 
NO concentrations ( < < 1 pM) than those re- 
leased by antiproliferative concentrations of 
SNAP. 

EC exposed to SNAP for up to 10 days showed 
no obvious signs of toxic exposure, and did not 
internalize trypan blue. Cells incubated with 
SNAP for 3 days resumed significant growth 
after SNAP was washed out and fresh culture 
media added. As control cells underwent contact 
inhibition, cells from which SNAP had been 
washed off ultimately reached same cell num- 
bers as untreated controls, whereas cells to which 

SNAP was readded had significantly lower cell 
numbers (Fig. 2). 

In another experiment BPAEC were growth- 
arrested by treating them with TGF-P1 (5 ngl 
ml) for 48 h; then one set of samples was ex- 
posed to 200 FM SNAP and fresh TGF-P1 for 4 
more days while another set was exposed only to 
fresh TGF-pl. There was no difference seen in 
the cell number between samples treated with 
SNAP and TGF-p1 and those treated only with 
TGF-Pl-in both cases, cell numbers remained 
at the plating number at start (Fig. 3). Since the 
growth of these cells was completely abolished 
by TGF-p1, a reduction in cell number in the 
(SNAP + TGF-p1)-treated samples compared to 
TGF-p 1-treated samples should have occurred 
if SNAP were cytotoxic. Control experiments 
showed that if TGF-pl and SNAP were together 
added to rapidly-growing cells, they had additive 
growth-inhibitory effect, demonstrating that 
TGF-p1 did not protect cells from the SNAP 
effect (not shown). It is unlikely that the ab- 
sence of a reduction in cell number is due to 
insensitivity of nonproliferating cells to cytotox- 
icity, since similar experiments showed SIN-1, a 
peroxynitrite donor, to be very toxic on TGF-P- 
arrested cells [A. RayChaudhury, in press]. 

To determine the time course of the action of 
SNAP, BPAEX were incubated with 200 pM 
SNAP and cell counts were made after 1 day, 3 
days, and 6 days of incubation without supply of 
additional SNAF’. As shown in Figure 4, after 
only 1 day ( - 24 h) of SNAP treatment a signifi- 
cant level of growth inhibition was effected by 
SNAP and about 60 pM NO as assayed by the 
Griess reaction was produced. Over the next 2 
days SNAP-treated cells grew much more slowly 
than untreated cells even though no additional 
NO production was detected. Between Day 3 
and Day 6 ,  proliferation of untreated cells slowed 
down considerably, most likely due to a combina- 
tion of serum depletion and increased contact 
inhibition. SNAP-treated cells during this pe- 
riod proliferated slightly faster than control cells, 
indicating that they were recovering from NO. 
These observations suggest 1) that NO release 
from SNAP reaches a maximum in I 24 hl and 
2) the antiproliferative effect of NO persists for 
at least 48 h after cells have been exposed to NO. 

Since the effect of NO persisted after all NO 
was released and since washoff could restore the 
full growth potential of the EC, we investigated 
whether NO was inducing an autocrine secreted 
growth inhibitor from EC. However, CM col- 
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Fig. 2. Reversibility of NO-induced inhibition of BPAEC proliferation. SNAP was used at a concentration of 200 wkl, 
and in one set added on Day 0, 3, and 6 and in another set washed off on Day 3. Control cells received ethanol ,it 
equal volume. Data show one assay of three similar experiments. * and d indicate statistically significant difference 
from control. 

lected from SNAP-treated cells applied to fresh 
BPAEC at a 50% concentration (supplemented 
with 50% regular growth medium to compen- 
sate for spent serum) did not have any inhibi- 
tory effect (data not shown). 

NO Inhibits Stimulation of 
EC Proliferation by bFCF 

Our previous experiments demonstrated that 
NO inhibits the serum-induced proliferation of 
EC. To determine whether NO also inhibits the 
stimulation of EC proliferation by bFGF, a po- 
tent EC mitogen and angiogenic agent, we 
treated BPAEC with 1) 10% serum alone, 2) 
10% serum + bFGF (5 and 25 ng/ml), 3) 10% 
serum + SNAP (200 and 500 pM) and 4) 10% 
serum + bFGF + SNAP. As shown in Figure 5, 
bFGF exerts a two-fold stimulation over the 
serum-stimulated proliferation of BPAEC. How- 
ever, in the presence of 500 p M  SNAP, there is 

no difference in cell numbers between cells 
treated with bFGF and those untreated with 
bFGF, showing NO can completely block the 
mitogenic stimulation by bFGF. Control studies 
showed that 500 pM SNAP produced about 
2.5-fold as much NO as 200 pM SNAP. 

NO Inhibits bFCF-Induced Phenotypic 
Changes in EC 

In the presence of bFGF (5-25 nglml), the 
BPAEC monolayer was completely disrupted, 
cells were scattered, grew in an overlapped pat- 
tern, and underwent morphologic changes. In 
addition, bFGF-treated cells detached readily on 
gentle washing with PBS. Cells treated with 
both bFGF and 500 pM SNAP, however, re- 
tained the contact-inhibited growth pattern, re- 
mained firmly attached to the substratum and 
showed only slight morphologic changes (Fig. 6). 
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DISCUSSION 

Proliferation of EC is an essential step for 
angiogenesis-in the normal adult, EC have a 
very low turnover rate whereas in angiogenesis- 
dependent processes, such as reproduction and 
tumor metastasis, EC actively proliferate. This 
study identifies NO as a potent inhibitor of EC 
proliferation. Our results are consistent with 
the reports of Yang et al. [19941 and Sarkar et al. 
C19951; in addition, we have convincing evidence 
for the reversible and nontoxic nature of this 
inhibition. 

The lowest concentration of NO that incurred 
near-maximal growth inhibition was 30-35 bM. 
This level is comparable to NO released by 
smooth muscle cells (SMC) or retinal pigmented 
epithelial cells on stimulation with cytokines or 
lipopolysaccharide [Fukuo et al., 1995; Goureau 
et al., 19921, indicating that EC may indeed be 
exposed to paracrine antiproliferative doses of 
NO in the vasculature. Direct measurements of 
NO in vivo have been rare due to experimental 
difficulties and the short half-life of NO; how- 
ever, Malinski et al. [19931, using a microsensor, 
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number of wells only fresh TCF-pl was added. Whereas SNAP 
inhibited growth of non-TCF-P-treated cells ( P  < 0.051, it did 
not reduce the number of TCF-b-treated growth arrested cells, 
indicating SNAP is not killing cells. 

reported NO concentrations of up to  4 pM in rat 
brain tissue in vivo after transient cerebral ar- 
tery occlusion. Thus, there is a reasonable likeli- 
hood that in pathologic situations (such as in- 
flammation and sepsis) where iNOS may be 
turned on, antiproliferative concentrations of 
NO will be generated in the endothelial microen- 
vironment. 

The effect of NO can persist well after cells 
have been exposed. However, although cells even- 
tually recovered from the antiproliferative effect 
of NO in the absence of further addition, we did 
not see any indication of BPAEC getting resis- 
tant to NO-induced growth-inhibition-if fresh 
NO was added, growth inhibition was main- 
tained. A study by Fukuo et al. [19951 found 
that whereas NO alone (as derived from NaNP) 
inhibited EC proliferation, treatment of EC- 
SMC cocultures with NaNP as well as CM from 
NaNP-treated SMC stimulated DNA synthesis 
in EC. This stimulatory activity was partially 
attributed to bFGF being released due to the 
cytotoxic effect of NO on SMC. Our results and 
those of Fukuo et al. are not inconsistent, since 



NO Inhibits Endothelial Cell Proliferation 131 

A 60 Q) 70w SNAP+ 
300000 

250000 
L a 
9 
E 200000 
3 
2 
0 150000 w < e 
m 100000 

50000 

0 
* 

Control 

SNAP 

0 1 2 3 4 5 6 
Days 
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release from SNAP was assessed by the Griess reaction. *Denotes statistically significant difference from control. 

NO release from SNAP is complete in 24 h; EC proliferation is inhibited for at least 72 h but recovers. NO 

whereas in our studies SNAP and bFGF were 
added simultaneously, it is doubtful whether in 
their studies EC were being acted on by both NO 
and bFGF during the assays. As we have shown, 
single exposure to NO inhibits EC proliferation 
for up to 72 h but cells recover proliferative 
ability thereafter; in their assays cultures were 
treated with NaNP (or IL-1) for 72 h and then 
thymidine assays were conducted for 24 h. If 
SMC were lethally injured by autocrine NO, 
releasing bFGF, EC were exposed to a short 
burst of paracrine NO, and then continually to 
bFGF. During the thymidine assay (96 h post- 
NaNP addition), EC may have recovered from 
the antiproliferative effect of NO but still ex- 
posed to bFGF. Further, the blocking effect of 
NO on bFGF-induced proliferation was dose- 
dependent-whereas 200 FM SNAP had a par- 
tial effect, 500 FM SNAP completely inhibited 
bFGF-induced mitogenesis. In situations like 
inflammation and tumorigenesis, EC may be 
continually exposed to NO from SMC, macro- 
phages, and neutrophils (in addition to endog- 

enous NO), consequently, the antiproliferative 
effect of NO may be more pronounced and pro- 
longed. 

bFGF induces matrix-degrading protease ac- 
tivity in EC [Pepper et al., 1990; Saksela et al., 
19871, an effect that may play a role in bFGF- 
induced EC proliferation, migration, and angio- 
genesis. The phenotypic changes observed in 
BPAEC after bFGF-treatment-scattered distri- 
bution of cells, abrogation of contact inhibition, 
and easy detachability may arise from a combina- 
tion of the chemokinetic and protease-activating 
actions of bFGF, resulting in degradation of the 
subendothelial matrix and allowing freer move- 
ment of cells. The mitogenic and phenotypic 
changes may be related-TIMP-2, an inhibitor 
of matrix-degrading metalloproteinases, abol- 
ishes bFGF-induced proliferation of EC [Mur- 
phy et al., 19931. NO reversed the scattered 
growth pattern of bFGF-treated cells, as well as 
their easy detachability, indicating that NO may 
strengthen cell-cell and/or cell-matrix adhesion 
and may at least in part exert its antiprolifera- 
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tive effect through such a mechanism. Indeed, 
Pellegata et al. [19941 have reported that NOS 
activity upregulates fibronectin production by 
HUVEC. 

The reversal of bFGF-induced morphologic 
and phenotypic changes by NO is particularly 
intriguing since these changes (loss of contact 
inhibition, altered morphology, scattering) may 
explain how bFGF incurs EC migration and 
proliferation in an contact-inhibited monolayer 
during angiogenesis. bFGF has been implicated 
as an angiogenic agent in several tumors and 
other angiogenesis-dependent diseases [Folk- 
man and Shing, 1992; Schultz-Hector and 
Haghayegh, 1993; Takahashi et al., 19911 and is 
responsible for EC proliferation following vascu- 
lar injury [Lindner et al., 19901. A number of 
physiologic antiangiogenic agents have been 
identified, such as thrombospondin-1 [Good et 
al., 19901 and angiostatin [O’Reilly et al., 19941, 
which by preventing neovascularization in the 
normal adult organism may act as a defense 
mechanism against angiogenesis-dependent dis- 
eases. NO may serve a similar purpose in vivo. 
bFGF attenuates the level of iNOS expression 
[Goureau et al., 19931 which may contribute to 
its angiogenic potential. Another angiogenesis- 
dependent disease, diabetic retinopathy, gener- 
ates advanced glycosylation endproducts which 
can quench NO and reverse the antiproliferative 
action of NO [Hogan et al., 19921. Thus, the 
irregular angiogenesis in many pathologic situa- 
tions may at least be partially aided by suppres- 
sion of NO. 
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