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Abstract

The vasodilating peptide adrenomedullin (AM) has been reported to regulate vascular tone as well as proliferation and differentiation of

various cell types in an autocrine/paracrine manner.

Our study was designed to investigate the effect of AM on Ang II-induced contraction on human aortic smooth muscle cells (HASMC) in vitro,

evaluating the signal pathways involved.

Our findings indicate that AM was able to inhibit HASMC Ang Il-induced contraction (ICsy 19 nM). AM stimulated cAMP production in a
dose-dependent fashion as well. SQ 22.536, an adenylate cyclase inhibitor, and KT5720, a PKA inhibitor, blunted the AM effect, suggesting that it

was mediated by the activation of the cAMP transduction pathway.

Our results suggest that AM plays a role in the regulation of HASMC contraction by antagonizing the Ang II effects and may be involved in

conditions of altered regulation of the blood vessels.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The control of blood pressure is regulated by a complex
network of various systems that cooperate to maintain the
homeostatic balance in which the regulation of vascular tone is
a major mechanism [1,2].

Adrenomedullin (AM) is a multifunctional regulatory peptide
originally isolated from the extract of human pheochromocyto-
ma which was subsequently shown to be ubiquitously secreted
by endothelial cells [3,4]. Furthermore, vascular smooth muscle
cells express its receptors [5,6] suggesting a role for AM as an
autocrine/paracrine factor in the regulation of vascular tone.

In man, intravenous infusion of adrenomedullin results in a
potent and sustained hypotension [7,8]. AM increases forearm
blood flow when infused into the human brachial artery and
reverses the venous constriction in the dorsal hand vein caused
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by norepinephrine preinjection [9—11]. Intrapulmonary AM
infusion in patients with pulmonary hypertension induces a
significant dose-dependent increase in blood flow velocity in a
segmental pulmonary artery, suggesting a strong pulmonary
vasodilator activity of AM [12]. Accordingly, acute and
chronic administration of adrenomedullin provoke blood
pressure fall by dilating resistance vessels with a drop in total
peripheral resistance.

The mechanisms involved in the vasodilation induced by
AM are likely to be multiple, but nitric oxide production by
endothelial cells with subsequent vascular smooth muscle cells
(VSMC) relaxation is usually held as the more important [13].
However, NO-independent vasodilation has been reported as
well [14] and attributed to a direct action on VSMC through a
marked increase of cyclic adenosine 3]5‘monophosphate
(cAMP) [15].

Our study was designed to investigate whether AM has a
direct effect on the contraction of human aortic smooth muscle
cells (HASMC) induced by angiotensin II, and to evaluate the
signal pathways involved.
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2. Materials and methods
2.1. Materials

AM and AM-(22-52) were purchased from Peptide Institute
(Osaka, Japan). Ang II was obtained from SIGMA (Milan,
Italy), and PD 98059, SQ 22536, KT5720 from Calbiochem
(Milan,Italy). Losartan was kindly provided by Merck, Sharp
& Dohme (Rome, Italy), and human VSMC was obtained from
BioWhittaker, Europe.

2.2. HASMC culture

After thawing, according to the method suggested by
BioWhittaker, cryopreserved cells were placed at density of
2.5 % 10? cells/cm? in 75 ml plastic flack (Falcon) with SmGM-
2 medium (BioWhittaker Europe) containing 0.5 pg/ml hEGF
(human recombinant Epidermal Growth Factor), 0.5 mg/ml
insulin, 1 pg/ml hFGF (human recombinant Fibroblast Growth
Factor), 1 mg/ml TGF-p1 (Transforming Growth Factor 1),
50 mg/ml Gentamicin, 50 pg/ml Amphotericin-B and 10% fetal
calf serum. They were maintained at 37 °C in 5% CO,
atmosphere, and the medium was changed every 48 h. When
the cells were about at 70-80% confluence they were
subcultured.

2.3. HASMC contraction in microperfusion chamber system

The microperfusion experiments were performed as already
described [16]. In brief, a glass coverslip with plated HASMC
was placed into a stainless steel microperfusion chamber (0.5
ml volume). Perfusate was circulated by a peristaltic pump. A
multiport valve served to switch between perfusates with
different composition. Control of the temperature inside the
cell chamber (37 °C) was achieved by external control of
perfusate temperature. Measurements were performed upon
continuous cell perfusion on an Olympus microscope using a
20 x phase contrast objective. Images were video captured by a
Panasonic B/W camera coupled to a Sony video recorder. After
perfusion (I ml/min) with regular buffer for 3 min, time
necessary for thermal equilibration, cells were flushed with test
compounds. To evaluate cell contraction, the video captured
images were acquired on computer (Screen Machine II, FAST
Multimedia AG, Munchen, Germany), cell areas were calcu-
lated from the digitized images (SigmaScan Pro, Jandel
Scientific, Erkrath, Germany), and percent of contraction (C)
computed according to the formula:

C = [(4—a/4] x 100

where A is the area of a single cell before stimulation and a is
the area of the same cell after stimulation. Experiments were
performed at least 3 times in triplicate.

2.4. Determination of cAMP

Confluent HASMC (10 x 10* cells/well in 24-well trays)
were washed twice with the assay buffer (M199 containing 0.1

% BSA, 20 mM Hepes, and 0.5 mM isobutyl-methylxanthine,
pH 7.4) and subsequently incubated for 15 min at 37 °C in the
absence or in the presence of AM and antagonists. Cells were
lysed in 6% trichloroacetic acid, and the acid was removed by
water-saturated diethyl ether extraction. After lyophilization of
the aqueous phase, intracellular cAMP was measured by an
RIA kit (Amersham, England).

2.5. Statistical analysis

Data are presented as means+standard error of mean
(S.E.-M.). Statistical analysis was performed by using the
Student’s paired #-test. P<0.05 was taken as statistically
significant.

3. Results

Angiotensin I, as expected, was able to induce contraction
in HASMC in a dose-dependent manner with ECs, value of 1.3
nM (1.07-1.73 nM, 95% confidence limits). Losartan inhibited
its effect and produced a rightward parallel shift of the curve
(Fig. 1). Schild analysis of the data gave a pA, value of 7.27
(7.23-7.30 % confidence limits) and a slope of 1.1 (0.8—1.18,
95% confidence limits), showing a receptor—antagonist effect.
When cells were pretreated with adrenomedullin (10 nM) 1
h before treatment with increasing dose of Ang II, HASMC
contraction induced by angiotensin was blunted, as illustrated
in Fig. 2.

To elucidate this inhibitory effect, we performed a set of
experiments using increasing doses of adrenomedullin. In this
set AM inhibited HASMC contraction induced by Ang II (100
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Fig. 1. Dose—response curve of the contraction induced in HASMC by graded
concentration of Ang II (closed circle), and competitive inhibition exerted by
losartan (open circle). Losartan produced a rightward parallel shift in the dose—
response curve. The results are expressed as percentage of contraction
computed as the difference in the areas before and after stimulation. Student’s
paired 7-test was used for the statistical analysis of data. Each point is expressed
as the mean of 3 separate experiments run in triplicate. Bars show S.E.M.
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Fig. 2. Dose—response curve of HASMC contraction induced by graded
concentration of Ang II in the presence or the absence of AM (10 nM). The
results are expressed as percentage of contraction computed as the difference in
the areas before and after stimulation. Student’s paired 7-test was used for the
statistical analysis of data. Each point is expressed as the mean of 3 separate
experiments run in triplicate. Bars show S.E.M.

nM) in a dose—response fashion with an ICsq value of 19 nM
(14.2-25.2 nM, 95% confidence limits) (Fig. 3). Under these
conditions we evaluated the action of the specific receptor
antagonist AM-(22-52). Pretreatment with 10 nM AM-(22-52)
produced a rightward parallel shift in the dose—response curve
of AM effect on Ang Il-induced contraction. Schild analysis of
the data gave a pA, value of 5.56 (5.46—5.73, 95% confidence
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Fig. 3. Effect of graded concentration of AM on HASMC contraction induced
by Ang II (10 nM). Adrenomedullin inhibited contraction with an ICsy of 19
nM (14.2-25.2 nM, 95% confidence limits). The results are expressed as
percentage of contraction computed as the difference in the areas before and
after stimulation. Student’s paired #-test was used for the statistical analysis of
data. Each point is expressed as the mean of 3 separate experiments run in
triplicate. Bars show S.E.M.
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Fig. 4. Adrenomedullin inhibition curve of Ang II-induced HASMC
contraction. Pretreatment with the specific antagonist AM-(22-52) (10 nM)
produced a rightward parallel shift in the dose—response curve. The results are
expressed as percentage of contraction computed as the difference in the areas
before and after stimulation. Student’s paired z-test was used for the statistical
analysis of data. Each point is expressed as the mean of 3 separate experiments
run in triplicate. Bars show S.E.M.

limits) and a slope 0f 0.93 (0.55—1.31, 95% confidence limits),
showing a typical receptor—antagonism fashion (Fig. 4).

To analyze the signaling pathways involved in the AM
effect, CAMP production was measured. AM was able to induce
cAMP production in a dose-dependent fashion (Fig. 5). In
addition, pharmacological inhibitors were used to study the
cAMP pathway. Two compounds were used, 9-(tetrahydro-2-
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Fig. 5. Adrenomedullin effect on intracellular cAMP. AM elicited an increase
of intracellular cAMP in HASMC in a dose-dependent manner with an ECs, of
about 10 nM (10-13 nM, 95% confidence limits). AM(22-52) (10 nM)
inhibited AM effect, inducing a right parallel shift of the curve with an ICs of
290 nM (240-350 nM, 95% confidence limits). Each point is expressed as the
mean+S.E.M. of 3 separate experiments run in triplicate. Bars show S.E.M.
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Fig. 6. Effects of the inhibition of cAMP and MAPK pathways and of nitric
oxide production on AM inhibition of Ang II (10 nM)-induced HASMC
contraction. SQ22.536 and KT5720 inhibited the AM effect, whereas MAPK
inhibitor PD 98059 (5 uM) and nitric oxide synthase inhibitor L-NAME (100
uM) were ineffective. The results are expressed as percentage of contraction.
Data are normalized assuming a 100% response evoked by Ang II (100 nM).
Each histogram represents the mean+S.E.M. of 3 separate experiments run in
triplicate. *Indicates significant difference (P <0.005) vs. samples treated
with AM.

furanyl) adenine (SQ 22.536), an adenylate cyclase inhibitor,
and KT5720, a PKA inhibitor. Both compounds blunted the
inhibitory effect of AM on Ang II, further indicating that the
cAMP pathway is involved in the effect.

To evaluate whether nitric oxide production was involved in
the inhibition of Ang Il-induced contraction, the cells were
pretreated with the nitric oxide synthase L-NAME (100 uM)
which was unable to reverse the AM effect (Fig. 6).

Because the extracellular signal-regulated kinase (ERK)
subfamily of MAPKs are activated by AM [17] and these
kinases are able to modulate Ang Il-induced contraction in
VSMC of spontaneously hypertensive rats [18], the relevance
of the MAPK pathway was also analyzed using the MAPK
inhibitor PD 98059 (5 uM). No change of the AM effect was
induced by PD 98059 (Fig. 6).

4. Discussion

Our investigation documents that AM is able to inhibit Ang
[I-induced contraction of human aorta smooth muscle cells
(HASMC). Ang II is well known to elicit a rapid, reversible,
contractile response in VSMC, inhibited by pretreatment with
the AT1 competitive antagonist [19], via the tyrosine kinase
pathway [20]. The present documentation of the AM inhibitory
effect on Ang Il-induced contraction is in line with previous
investigations in our laboratory which demonstrated that AM is
able to inhibit Ang Il and ET1-induced contraction in testicular
peritubular myoid cells [16,21].

The investigation of the transduction pathway showed that
cAMP inhibitor SQ22.536 and PKA inhibitor KT5720 blunted
the AM inhibitory effect on Ang Il-induced contraction,

suggesting that the cAMP pathway, a known intracellular
messenger of AM, is involved. The contraction inhibition was
not mediated by NO, as pretreatment with L-NAME was not
able to reverse the AM effect. This is at variance with what has
been reported on resistance vessels and coronary arteries in
man, in which the nitric oxide synthase inhibition is capable to
blunt the AM-induced vasodilation [7,22]. In addition, in
contrast with what reported in other species [17], the MAPK
pathway does not seem to be involved as demonstrated by the
lack of effect of PD 98059.

In conclusion, our findings indicate that AM antagonizes the
HASMC contraction induced by Ang II, by acting directly on
HASMC via the cAMP pathway. The contractile activity in
smooth muscle cell is regulated by the extent of Ca” myosin light
chain phosphorylation [23], catalyzed by a myosin light chain
kinase regulated through the calcium binding protein calmodulin
[24]. Smooth muscle cell myosin can be phosphorylated by the
catalytic subunit of PKA [25], and this phosphorylation results
in a high increase in the amount of calmodulin required for half-
maximal activity [26]. Thus AM, increasing intracellular cAMP,
can induce Ca" desensitization of aortic smooth muscle cell, and
inhibit their contraction. On the other hand AM did not change
the Ca" transient provoked by Ang II (data not shown).

On this grounds, in man, AM is likely to regulate aorta tone
by directly affecting HASMC contraction, even if our
experimental model cannot exclude that in vivo AM may also
stimulate NO production by endothelial cells with additional
HASMC relaxation and, as the VSMC phenotype changes in
cultured cells, different data could be gathered with the
denuded vessel model. The cAMP-dependent relaxation in
the human aorta is in keeping with porcine coronaries and cat
hind-limb [13,14] regulation but is in contrast with what has
been reported for rat aorta and resistance vessels and coronary
arteries in man. Taken all together, this indicates that, beyond
species difference, different vascular districts may be regulated
by AM via different transduction pathways.

The evidence shown in our study suggests that AM plays a
direct role in the regulation of HASMC, and may be involved
in conditions of altered regulation of the vascular tone as an
autocrine or paracrine regulatory peptide. However, further
investigation is required to elucidate the complex role of AM in
the intricate regulatory mechanisms of cell contraction in which
a large number of agonists are involved.
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