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Human vascular smooth muscle cells express a constitutive nitric
oxide synthase that insulin rapidly activates, thus increasing
guanosine 3’: 5’-cyclic monophosphate and adenosine 3’:5-cyclic

monophosphate concentrations
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Abstract

Aims/hypothesis. Insulin incubation of human vascu-
lar smooth muscle cells (hWSMC) for 120 min increas-
es both guanosine 3’:5-cyclic monophosphate
(cGMP) and adenosine 3":5’-cyclic monophosphate
(cAMP) and these effects are blocked by inhibiting ni-
tric oxide synthase (NOS). These data suggest that in-
sulin activates a constitutive Ca?*-dependent NOS
(cNOS), not described at yet in hVSMC. To test this
hypothesis, we evaluated in hVSMC: i) the kinetics of
the insulin-induced enhancement of the two cyclic nu-
cleotides;ii) the ability of nitric oxide (NO) toincrease
both cyclic nucleotides; iii) NO involvement in the
short-term influence of insulin on both cyclic nucle-
otides; iv) the ability of insulin to increase NO produc-
tion in a few minutes; v) the presence of a cNOS activ-
ity; vi) the expression of mRNA for ¢cNOS.

Methods. In hVSMC incubated with insulin, NO do-
nors and the Ca?* ionophore ionomycin, we mea-
sured cAMP and cGMP (RIA); in hVSMC incubated
with insulin and ionomycin we measured NO, evalu-
ated as L-(°H)-citrulline production from L-(*H)-argi-
nine; by northern blot hybridization, we measured
the expression of cNOS mRNA.

Results. 1) By incubating hVSMC with 2 nmol/l insu-
lin for 0-240 min, we observed an increase of both

cGMP and cAMP (ANOVA: p=0.0001). Cyclic
GMP rose from 0.74 £ 0.01 to 2.62+0.10 pmol/10°
cells at 30min (p =0.0001); cAMP rose from
0.9£0.09 to 11.65+0.74 pmol/10° cells at 15 min
(p =0.0001). ii) Sodium nitroprusside (100 umol/1)
and glyceryltrinitrate (100 umol/l) increased both
c¢GMP and cAMP (p = 0.0001). iii) The effects of in-
sulin on cyclic nucleotides were blocked by NOS inhi-
bition. iv) An increase of NO was observed by in-
cubating hVSMC for 5 min with 2 nmol/l insulin
(p =0.0001). v) Ionomycin (1 umol/l) enhanced NO
production (p = 0.0001) and increased both cyclic nu-
cleotides (p = 0.0001). vi) hVSMC expressed mRNA
of cNOS.

Conclusionlinterpretation. Human VSMC express
¢NOS, which is rapidly activated by insulin with a
consequent increase of both cGMP and cAMP, sug-
gesting that insulin-induced vasodilation in vivo is
not entirely endothelium-mediated. [Diabetologia
(1999) 42: 831-839]
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The vasodilating effect of insulin in humans in vivo is
blunted by the nitric oxide synthase (NOS) inhibitor
NS-monomethyl-L-arginine (L-NMMA) [1, 2]. Fur-
thermore, insulin stimulates nitric oxide (NO) pro-
duction by endothelial cells in vitro [3]. Insulin, there-
fore, could increase the endothelium-dependent va-
sorelaxation, whereby the endothelial cell-derived
NO relaxes vascular smooth muscle cells (VSMC)
through activation of VSMC-soluble guanylate cycla-
se and the consequent production of guanosine 3":5’-
cyclic monophosphate (cGMP) [4]. Cyclic GMP is
known to be involved in vasodilation by reducing in-
tracellular Ca*" in VSMC [5].

The relaxant effect exerted by insulin in VSMC is
not necessarily, however, only mediated by endothe-
lial cells. Actually, a direct effect of insulin on cul-
tured VSMC has been observed in vitro, showing
that these cells are targets of insulin action. Insulin,
in particular, attenuates in VSMC the cytosolic Ca**
fluxes elicited by some vasoconstricting substances,
such as angiotensin I, arginine vasopressin, norepi-
nephrine, serotonin and endothelin [6]. Since the
ability of insulin to inhibit agonist-induced Ca?* flux-
es is exerted against different vasoconstrictors [6]
and insulin does not affect their receptor-mediated
binding [7], the inhibition can occur at a common
point in the signalling cascade for all these agonists.
A good target for the insulin action could be the ago-
nist-elicited Ca?* release from the sarcoplasmic retic-
ulum, which is mediated by inositol-trisphosphate
(IP5) [7]. Indeed, some authors have shown that the
insulin-induced attenuation of the agonist-mediated
increase of Ca®* fluxes is caused by a reduction of
IP;-releasable Ca?" [7], mimicked by the cGMP ana-
logue 8-bromo-cGMP and blocked by the NOS inhib-
itor L-NMMA [7]. These observations suggested the
presence of an insulin-induced, NO-mediated in-
crease of cGMP in VSMC, which could inhibit the
IP;-releasable Ca®* fluxes [7].

We recently showed in both human VSMC
(hVSMC) and in platelets that insulin increases intra-
cellular concentrations of cGMP [8-13], by a mecha-
nism which is blocked both by the guanylate cyclase
inhibitor methylene blue and by the NOS inhibitor
L-NMMA [8, 9, 12, 13]. We also showed that insulin
can, in both hVSMC and platelets, increase the intra-
cellular concentrations of adenosine 3’:5’-cyclic
monophosphate (cAMP), with a mechanism blocked
by L-NMMA [9, 13], that could be attributed to
cGMP [14-17] or directly to NO [18] as we will ex-
plain more extensively in the Discussion.

In any case, our previous studies showed that, in
both platelets and hVSMC, insulin increases the con-
centrations of both cyclic nucleotides, which are
deeply involved in vasodilation and anti-aggregation
via attenuation of Ca** fluxes, and that this effect is
completely blunted by the NOS inhibitor L-NMMA
(8,9, 12, 13].
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We measured the effects of insulin on cGMP and
cAMP in platelets at close intervals ranging from a
few seconds to 120 min to show that insulin action
on both nucleotides is very rapid, reaching the maxi-
mum effect after only 2 min [13]. Furthermore, we
observed that in these cells insulin increases NO pro-
duction in a few minutes [13]. This observation was
not surprising, since it has been shown that platelets,
as endothelial cells, contain a constitutive NOS
(cNOS), a cytosolic enzyme requiring calmodulin,
Ca’* and NADPH [19-21], that can be activated in a
very short time.

In VSMC, however, as far as we know, the pres-
ence of a Ca**-dependent NOS has not yet been de-
scribed. On the other hand, it has been observed
that these cells contain an inducible NOS, which is
Ca**/calmodulin-independent and is stimulated after
hours by endotoxin, interleukin-1 and tumour necro-
sis factor. This NOS could be important in the patho-
genesis of septic shock by a huge production of NO
causing profound hypotension and hyporesponsive-
ness to vasoconstrictors [22, 23]. Our previous studies
on cGMP and cAMP production in hVSMC were
done using different insulin concentrations in the
range 240-1920 pmol/l, at a fixed incubation time of
120 min [8, 9]. Because insulin increases the concen-
trations of both nucleotides via NO after only 2 h,
we assumed the presence of a constitutive, Ca**-de-
pendent NOS also in these cells.

The present study has been carried out to clarify, in
hVSMC, the following points:

i) the kinetics of the insulin-induced increase of
¢GMP and cAMP concentrations;

ii) the ability of NO to enhance both cGMP and
cAMP, evaluated by studying the effects of NO do-
nors;

iii) the NO involvement in the short-term influence
exerted by insulin on cGMP and cAMP;

iv) the ability of insulin to increase NO production in
a few minutes;

v) the presence of Ca**-dependent NOS activity for
which we measured NO production and cyclic nucle-
otide concentrations after hVSMC incubation with
the Ca?* ionophore ionomycin, a powerful short-
term stimulus for the NO synthesis mediated by
Ca**-dependent NOS activity [24]; and,

vi) the expression of mRNA for the endothelial iso-
form of ¢cNOS (ecNOS), using the northern blot hy-
bridization technique.

In an earlier study we looked at the dose-dependence
of the insulin effects on cyclic nucleotides and ob-
served that a 120 min incubation with insulin 240
pmol/l or above enhanced both cGMP and cAMP [8,
9]. Therefore, in this study we used a fixed insulin
dose of 2 nmol/l to measure the greatest cyclic nu-
cleotide increase.
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Materials and methods

Design
Time-dependence of the insulin effects on both cGMP and
cAMP in hVSMC. We incubated hVSMC at 37°C for 0, 2, 4,
8, 10, 15, 30, 60, 90, 120, 180 and 240 min with 2 nmol/l human
recombinant insulin; then measured intracellular concentra-
tions of cGMP and cAMP (n = 6).

The dose-dependence of the short-term insulin effects on
cyclic nucleotides was evaluated by incubating hVSMC at
37°C for 30 min with 0.25, 0.5, 1 and 2 nmol/l insulin.

Ability of NO to increase both cGMP and cAMP in hVSMC.
We incubated hVSMC at 37°C, for 0, 2, 5, 10, 30, 60, 90, 120,
180 and 240 min, with NO donors: 100 umol/l sodium nitro-
prusside (n=6) or 100 umol/l glyceryltrinitrate (n = 6); then
measured intracellular concentrations of cGMP and cAMP
(n=6).

NO involvement in the short-term influence exerted by insulin
on cGMP and cAMP in hVSMC. We incubated hVSMC at
37°C for 30 min with 2 nmol/l insulin, with and without a
20 min preincubation with 1 mmol/l L-NMMA: then measured
intracellular concentrations of cGMP and cAMP (n = 6). To
exclude non-specific effects of this L-NMMA concentration,
we measured cyclic nucleotide values after a 30 min hVSMC
incubation with 100 umol/l sodium nitrofrusside, both with
and without a 20 min preincubation with 1 mmol/l L-NMMA.

Ability of insulin to increase NO production in hVSMC. We in-
cubated hVSMC for 5 min at 37°C with 1, 2, 16 and 32 nmol/l
insulin (n = 4): then checked cells for NO synthesis, evaluated
as L-(*H)-citrulline production from L-(*H)-arginine (n = 4).

Presence of Ca**-dependent NOS activity in hVSMC. Since
¢NOS is Ca?*-dependent, we tried to get evidence of its exis-
tence in hVSMC by evaluating the effects on NO production
and cyclic nucleotide concentrations of ionomycin, a substance
that can rapidly increase intracellular Ca®* concentrations. To
do this we:

a) incubated hVSMC for 5 min at 37°C with 1 umol/l ionomy-
cin; then checked cells for NO synthesis, evaluated as L-(*H)-
citrulline production from L-(*H)-arginine (n = 4);

b) incubated hVSMC at 37°C for 15 min with 1 umol/l iono-
mycin, then measured intracellular concentrations of cGMP
and cAMP (n=6). A control experiment was done using
20 min preincubation with 1 mmol/l L-NMMA.

Expression of mRNA for ecNOS in hVSMC. We used the
northern blot hybridization technique.

Materials

Chemicals. Human recombinant insulin was obtained from
Calbiochem (La Jolla, Calif., USA); L-NMMA and sodium ni-
troprusside were obtained from Sigma (St. Louis, Mo., USA);
glyceryltrinitrate was obtained from Astra Farmaceutici
S.P. A. (Milan, Italy); L-arginine was purchased from Sigma-
Aldrich (Milan, Italy); ionomycin was obtained from Boehrin-
ger Mannheim (Mannheim, Germany); L-(2,3,4,5-*H)-arginine
monohydrochloride 2.3 x 102 Bg/mmol (62 Ci/mmol) was
from Amersham International (Amersham, Bucks, UK);
cDNA for ecNOS was a gift from Dr. T. Michel (Brigham and
Women’s Hospital, Boston, Mass., USA). Insulin was dis-
solved in modified Tyrode’s buffer containing bovine serum al-
bumin (BSA) (144 mmol/l NaCl, 2.7 mmol/l KCI, 11.9 mmol/l
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NaHCO;, 0.4 mmol/l NaH,PO, and 0.04 mmol/l BSA, pH
7.4); ionomycin was dissolved in dimethyl sulphoxide
(DMSO) in a final concentration that did not exceed 0.2%. In
each experiment, controls and samples received the same
amount of solvent.

Methods

Cell cultures. Experiments were done with hVSMC derived
from microarterioles obtained from patients undergoing ab-
dominal surgery. Isolation and characterization were made ac-
cording to classical procedures [25], i.e. cells were character-
ized by phenotype and checked for the presence of smooth
muscle cell a-actin and the absence of factor VIII (staining
with a fluorescein isothiocyanate-conjugated antibody specific
for factor VIII antigen). Cells were cultured using minimal es-
sential medium (MEM) supplemented with 10% fetal calf se-
rum, 10 mmol/l glutamine, and antibiotics, and buffered with
10 mmol/l N-Tris (hydroxymethyl) methyl-2-aminoethane-sul-
phonic acid (TES) and 10 mmol/l N-(2-hydroxyethyl) pipera-
zine-N'-(2-ethanesulphonic acid) (HEPES). For the experi-
ments, cells were used at the 6th-8th passage and cultured in
six-well plates until 70 % confluence was achieved; then the
medium with serum was removed and cells were made quies-
cent by serum starvation and culture in MEM containing
0.1% BSA, glutamine, buffers and antibiotics (MEM/BSA).
After 48-h quiescence, the medium was removed and, follow-
ing three washes with Hank’s solution, 2 ml fresh MEM/BSA
was added to the cell layer.

Cyclic nucleotide determination. Cyclic nucleotide levels were
measured after incubation of hVSMC with insulin or ionomy-
cin or NO donors, both with and without preincubation with
L-NMMA. At the end of the different incubation periods, the
medium was removed from each well and 300 ul of absolute
ethanol was added to make the cells permeable. Complete
evaporation of ethanol was obtained by shaking. Cyclic nucle-
otides were then dissolved in 300 pl acetate buffer and kept at
—70°C until the assays. To measure cCAMP and cGMP RIA
kits were used (Diagnostic Products, Los Angeles, Calif.,
USA and Immuno Biological Laboratories, Hamburg, Ger-
many, respectively). For the cAMP assay, the discrimination
is 0.1 pmol/ml, the cross-reactivity with the nucleotides is:
100% for cAMP, <0.1% for cGMP, <0.001% for AMP,
GDP, ATP, GTP, intra-assay coefficient of variation 4.8 %; for
the cGMP assay, the discrimination is 0.05 pmol/ml, the cross-
reactivity is 100% for cGMP, 0.0004 % for cAMP, 0.0001 %
for GMP, GDP, ATP and GTP, intra-assay coefficient of varia-
tion 4.4 %.

Measurement of citrulline synthesis as a reliable marker of nitric
oxide production. Since NO formation is catalysed by NOS,
which induces the conversion of L-arginine to L-citrulline and
NO with a 1: 1 stoichiometry [26], we measured L->H-citrulline
synthesis from L-*H-arginine to evaluate NO production in
VSMC. The method used here to measure NO in VSMC is a
modification of a technique described previously [27] and has
been used by our research group in human umbilical vein en-
dothelial cells [24]. Briefly, cultured hVSMC, put in 35-mm
dishes, were washed once with HEPES buffer (145 mmol/l
NacCl, 5 mmol/l KCI, 1 mmol/l MgSO,, 10 mmol/l HEPES sodi-
um salt, 10 mmol/l glucose and 1 mmol/l CaCl,, pH 7.4) and in-
cubated in 1 ml of the same buffer at 37 °C for 20 min. We add-
ed L-(®*H)-arginine, 185 x 10° Bq (5 uCi) corresponding to a fi-
nal concentration of 0.8 nmol/l to each dish and after 1 min
stimulated cells with insulin or ionomycin. After a 5 min incu-
bation at 37°C, the reaction was stopped by washing dishes
with 2ml cold PBS containing 5 mmol/l r-arginine and
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4 mmol/l EDTA. Ethanol (0.5 ml, 96 %) was then added and,
after evaporation, 2 ml of 20 mmol/l HEPES-Na (pH 6) were
added. The supernatant was collected, applied to 2-ml columns
of Dowex AG50WX-8 (Na* form) and eluted with 4 ml water.
The radioactivity corresponding to L-*H-citrulline content in
6 ml eluate was measured with liquid scintillation counting.
Blank was done by incubating cells in 1 mmol/l cold L-arginine
to remove the small percentage of L-*H-citrulline contaminat-
ing the L-*H-arginine preparation. We calculated that L->H-cit-
rulline present in the L-*H-arginine preparation did not exceed
3% of radioactivity.

Expression of mRNA for ecNOS. Total RNA was obtained by
the guanidine isothiocyanate/cesium chloride method [28].
We electrophoresed 10-15 pg of total RNA on a 1% agarose
gel containing 6.3 % formaldehyde in 4-morpholinepropane-
sulphonic acid (MOPS) buffer and blotted on a Nylon Dur-
alon-UV membrane (Stratagene, La Jolla, Calif., USA) by
the traditional capillary system in 10 x SSC [29]. Prehybridiza-
tion and hybridization steps were carried out overnight in
50% deionized formamide, 10% dextran sulphate, 1 mol/l
NaCl, with 100 pg/ml denaturated salmon sperm DNA at
42°C. The cDNA for ecNOS [30] was labelled with a (**P) 2’-
Deoxycytidine 5’-triphosphate, 111 x 10'> Bg/mmol (3000 Ci/
mmol), (Amersham International) at 2.2 x 10® cpm/ug specific
activity, by the random primer labelling kit (Amersham Inter-
national) according to the manufacturer’s instructions. Post-
hybridization washes were done at high stringency (once in
2x SSC plus 0.1% SDS for 30 min at room temperature,
once in 0.2 x SSC plus 0.1 % SDS for 30 min at room tempera-
ture, and twice in 0.1% SDS for 30 min at 55°C) and the
membrane was exposed on autoradiography with Hyperfilm-
MP (Amersham International) and intensifying screens at
-80°C.

This procedure was applied both to hVSMC and to human
endothelial cells from umbilical vein (HUVEC) used as a pos-
itive control.

Statistical analysis. Data in the text and in the figures are ex-
pressed as means = SEM. Statistical analysis was carried out
using ANOVA, to determine the significance of the time-de-
pendent or dose-dependent effects, and using the unpaired
Student’s ¢ test when only two values were compared.

Results

Time-dependence of the insulin effects on both cGMP
and cAMP in hVSMC. Insulin induced an increase of
c¢GMP and cAMP in hVSMC (ANOVA, p = 0.0001)
(Fig.1). Concentrations of cGMP were higher than
basal values from 2 to 180 min (p = 0.0001) but not
at 240 min. All cAMP concentrations were higher
than basal values (p = 0.0001).

At 30 min, when cGMP concentrations reached
their peak, the dose-dependent experiment showed a
progressive increase of cGMP (ANOVA, p=
0.0001). All the insulin doses used induced increases
of cGMP (p =0.0001). Cyclic GMP values with 0,
0.25, 0.5, 1 and 2 nmol/l were 0.67 = 0.01, 0.89 £ 0.02,
1.22+0.01, 1.47+0.01 and 249+0.2 pmol/10°
hVSMC, respectively. A similar dose-response curve
was observed for cAMP (ANOVA, p = 0.0001).
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Fig.1. Time-dependence of the effects exerted by 2 nmol/l in-
sulin incubation at 37°C on cGMP and cAMP concentrations
in hVSMC. Insulin increased both cyclic nucleotides (n =6,
ANOVA for repeated measures p =0.0001). Values for
c¢cGMP from 2 to 180 min were significantly higher than basal
values (p = 0.0001). Values for cAMP from 2 to 240 min were
significantly higher than basal values (p = 0.0001). [_] Control;
# insulin 2 nmol/l

Ability of NO to increase both cGMP and cAMP in
hVSMC. The NO donor sodium nitroprusside in-
duced an increase of both cGMP and cAMP through-
out the study (ANOVA, p = 0.0001) (Fig.2). All con-
centrations measured were at least threefold higher
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Fig.2. Time-dependence of the effects exerted by 100 umol/l
sodium nitroprusside incubation at 37°C on c¢cGMP and
cAMP concentrations in hVSMC. Sodium nitroprusside in-
creased both cyclic nucleotides (n = 6, ANOVA for repeated
measures, p = 0.0001). All cGMP and cAMP values measured
were significantly higher than basal values (p =0.0001).
[ ] Control; % sodium nitroprusside 100 umol/l

than baseline, both for ¢cGMP and for cAMP
(p =0.0001). The highest value was reached at
10 min, followed by a decrease.

Also glyceryltrinitrate increased both cyclic nu-
cleotides. In particular, cGMP concentrations in-
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Fig.3. Influence of a 20-min preincubation with 1 mmol/l
L-NMMA on the effects exerted by a 30-min incubation with
2 nmol/l insulin on cGMP and cAMP in hVSMC. The signifi-
cant insulin effects on both cyclic nucleotides (p = 0.0001)
were completely blunted by L-NMMA. [ ] Control; Z insulin
2 nmol/l; & insulin 2 nmol/l + L-NMMA 1 mmol/l

creased from 0.84£0.06 to 10.01+0.33 pmol/10°
hVSMC at 10 min and then decreased to 4.64 + 0.08
pmol/10° hVSMC at 240 min, whereas cAMP con-
centrations increased from 1.33+0.09 to 15.85%
0.53 pmol/10° hVSMC at 10 min and then decreased
to 7.35+0.12 pmol/10°® hVSMC at 240 min. During
incubation with glyceryltrinitrate, all cGMP and
cAMP concentrations were higher than basal values
(p = 0.0001).

To compare the effects exerted by NO donors and
those exerted by insulin, we also measured the influ-
ence on cyclic nucleotides of 30 min incubation with
2 nmol/l insulin and found that cGMP increased
from 0.84+0.06 to 7.28£0.70 pmol/10® hVSMC
(p = 0.0001) and cAMP increased from 1.33 £ 0.09 to
12.93 £ 0.30 pmol/10° hVSMC (p = 0.0001).

NO involvement in the short-term influence exerted by
insulin on cGMP and cAMP in hVSMC. A complete
inhibition of the insulin-induced cGMP and cAMP
increases was observed with 1 mmol/l L-NMMA
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Fig.5A-C. (A) Influence of a 5-min incubation of hVSMC
with 1 umol/l ionomycin on NO generation, evaluated by the
measurement of L-(*H)-citrulline after incubation with L-
(®*H)-arginine (n=4). The ionomycin effect was significant
(p =0.0001). (B) Influence of a 15-min incubation of hVSMC
with 1 umol/l ionomycin on cGMP concentrations. The iono-
mycin effect was significant (p = 0.0001). (C) Influence of a
15-min incubation of hVSMC with 1 umol/l ionomycin on
cAMP concentrations. The ionomycin effect was significant
(p = 0.0001). [] Control; Z ionomycin 1 umol/l
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' ecNOS mRNA

hVSMC HUVEC

Fig.6. Expression of the e¢NOS mRNA in hVSMC. This
northern blot experiment is representative of two similar ex-
periments. As a control for ecNOS transcript HUVEC (human
umbilical vein endothelial cells) mRNA was checked

(Fig.3). With the same rL-NMMA concentration,
sodium nitroprusside-induced increases of cGMP
(»p =0.0001) and cAMP (p =0.0001) remained un-
modified: in particular cGMP and cAMP values with
sodium nitroprusside + L-NMMA were 103% and
104 % of values with sodium nitroprusside alone, re-
spectively (NS). The quantitative difference of the
cGMP and cAMP responses to insulin shown in
Fig.1 and in Fig. 3 are due to the different cell passag-
es used for the experiments.

Ability of insulin to increase NO production in
hVSMC. Incubation with 2 nmol/l insulin increased L-
(*H)-citrulline production from vL-(*H)-arginine
(Fig.4), a reliable marker of NO synthesis (p =
0.0001). Insulin at 1,2, 16 and 32 nmol/l induced an in-
crease of citrulline from 0.07 £ 0.003 to 0.16 £ 0.06,
0.30 +£0.03, 0.34 +0.07 and 0.38 £ 0.08 pmol - min™" -
mg protein!, respectively (ANOVA, p = 0.007).

Presence of Ca**-dependent NOS activity in hVSMC.
Ionomycin rapidly increased L-(*H)-citrulline pro-
duction from L-(*H)-arginine, a reliable marker of
NO synthesis (p = 0.0001) and enhanced both cGMP
and cAMP (p = 0.0001) (Fig.5). The increase of both
cyclic nucleotides was completely blunted by L-
NMMA. These results suggest the presence of a
Ca**-dependent NOS activity in hVSMC, responsible
for the increase of both cGMP and cAMP.

Expression of mRNA for ecNOS in hVSMC. Figure 6
shows that hVSMC express a specific ecNOS tran-
script.

Discussion

This study shows that hVSMC express the endothe-
lial isoform of the constitutive NOS. This result can

account for many of the different actions exerted by
insulin in VSMC in vitro [6, 31].
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The demonstration of ecNOS expression in
hVSMC is the final step of a research work carried
out by our team in the last ten years, involving also
platelets, since they share with VSMC many biologi-
cal features [6]. The last steps of this work are pre-
sented in the first part of the present study.

We show in this study the time-dependence of the
insulin effects on cyclic nucleotides in hVSMC: i) as
in platelets, insulin elicits an increase after only
2 min of incubation [13]; ii) as in platelets, the insulin
effects on cGMP and on cAMP are simultaneous
[13]; iii) the cyclic nucleotide maximum increase
(15-30 min) is delayed in comparison with that ob-
served in platelets, where it is reached after only
2 min [13].

The differences in the cyclic nucleotide kinetics in
the two cell types could reflect differences in the ki-
netics of post-receptor insulin signalling involving
NOS activation or NO-induced guanylate cyclase ac-
tivation, or both. Further studies are needed to clarify
these points.

We have shown previously that the insulin effects
on both cGMP and cAMP observed at 120 min are
blunted both in hVSMC and in platelets by incubation
with the inhibitor of guanylate cyclase methylene blue
and by the inhibitor of NOS L-NMMA [8, 9, 12, 13];
this suggests insulin influence on both cGMP and
cAMP was mediated by an insulin action on NO. Our
present study shows that the insulin effect on both cy-
clic nucleotides is also very rapid in hVSMC and that
this rapid increase is NO-dependent.

The involvement of NO in the insulin-induced in-
crease not only of cGMP but also of cAMP agrees
with the ability of NO donors sodium nitroprusside
and glyceryltrinitrate to enhance cAMP. This allows
us to better understand the molecular basis of the va-
sodilating effects exerted by these agents that is usu-
ally attributed only to cGMP. The ability of NO do-
nors to increase cAMP, however, has already been
observed in human platelets and has been attributed
to a cGMP-stimulated inhibition of the so-called
cGMP-inhibited cAMP phosphodiesterase [14-17].
In other words, it is possible that NO, derived from
NO donors or endogenously synthesized, enhances
c¢cGMP production and, via cGMP, decreases cAMP
catabolism, therefore increasing its cellular concen-
trations. Alternatively, when guanylate cyclase is
stimulated by NO, it shows striking modifications in
its activity, being able also to synthesize cAMP [18].
It is possible, therefore, that cAMP is produced by
guanylate cyclase both in the presence of the exoge-
nous NO provided by nitro-vasodilators and in the
presence of the endogenous NO stimulated by insu-
lin. The simultaneity of cGMP and cAMP increases
in hVSMC during insulin incubation fits particularly
well with this hypothesis.

The NO-mediated effect exerted by insulin on
both cyclic nucleotides in hVSMC shows a consistent
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trend to reduce with time. It is known that pretreat-
ment of tissues with NO donors results in a molecular
desensitization of soluble guanylate cyclase [32, 33]
and that activation of guanylate cyclase by NO is re-
versible over time [34, 35].

Interestingly, the experiments in this study in
which hVSMC were incubated with fixed doses of so-
dium nitroprusside and glyceryltrinitrate show a re-
duction over time in the increase of both cyclic nucle-
otides.

Also note that insulin increases NO production in
only 5 min. Results concerning the insulin effects on
cyclic nucleotides and NO in hVSMC, therefore,
clearly suggest the presence of a NOS able to be rap-
idly activated, as cNOS is.

Since ¢NOS is also Ca**-dependent, the ability of
a Ca®> ionophore to enhance NO production in
hVSMC and to increase cyclic nucleotide concentra-
tions with a NO-dependent mechanism is another im-
portant step in supporting the hypothesis of a cNOS
expression in hVSMC. The evidence that a Ca** iono-
phore increases, via NO, not only cGMP but also
cAMP is not surprising if we consider that cGMP in-
creases induced through NO are accompanied by in-
creases of cCAMP, as shown in this study.

Thus, from the biological point of view, the results
of this study strongly support the suggestion that
hVSMC exhibit a Ca**-dependent NOS activity that
insulin is able to activate in a few minutes. A similar
suggestion, based on other evidence, has been done
by other authors [31]. The transcript for ecNOS in
hVSMC that we present in this study accounts for
the results concerning cyclic nucleotides obtained in
our laboratory [8, 9] and for other direct effects exert-
ed by insulin in hVSMC |6, 31].

In summary, this study indicates that hVSMC ex-
press not only an inducible, Ca**-independent NOS
activity, able to produce huge amounts of NO when
stimulated by endotoxins and cytokines and there-
fore to induce the dramatic clinical picture of septic
shock [22, 23] but also a constitutive, Ca?>*-dependent
NOS activity, able to be stimulated by insulin in a few
minutes. The mechanisms by which insulin activates
¢NOS in hVSMC need further investigation: a possi-
ble hypothesis is a covalent modification of the en-
zyme that would result in its activation [36], as it has
been already shown for the insulin effects on the
c¢GMP-inhibited cAMP phosphodiesterase [37].

Obviously, evidence that insulin can directly acti-
vate ¢cNOS in hVSMC does not exclude the possibili-
ty that, in vivo, insulin-induced vasodilation is at least
in part — and potentially in the greatest part — an en-
dothelium-mediated phenomenon, since insulin is
also able to increase NOS activity in endothelial cells
[3]- In vivo, the direct insulin-mediated effects on
hVSMC could be modest. Evidence of the ability of
insulin to activate VSMC ¢NOS provides, however,
an explanation for some of its direct effects on cyclic
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nucleotides and Ca?* fluxes previously observed in
these cells [6, 31].
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