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Abstract

Background. The delicate balance of the extracellular matrix (ECM) determines the stiffness of the vascular wall, and adventitial
fibroblasts are involved in ECM formation by synthesizing and degrading matrix proteins. In the present study, we examined
the effect of the bioactive peptide adrenomedullin (AM) on activity and expression of matrix metalloproteinases (MMPs) in cultured
aortic adventitial fibroblasts.
Methods and results. In cultured adventitial fibroblasts isolated from aorta of adult Wistar rats, 10�6 mol/L angiotensin II (Ang II)
significantly (p < 0.05) down-regulated MMP-2 activity as determined by in vitro gelatin zymography. In contrast, 10�7 mol/L syn-
thetic rat AM significantly (p < 0.05) stimulated zymographic MMP-2 activity by 23%, increasing intracellular cAMP, and AM
abolished the action of Ang II, augmenting the MMP-2 activity. Similarly, Ang II down-regulated MMP-2 protein expression
assessed by Western blotting, whereas AM increased it. Furthermore, 8-bromo-cAMP, an analogue of cAMP, mimicked the effect
of AM, and H-89, an inhibitor for protein kinase A (PKA), significantly decreased the basal and AM-induced MMP-2 activity.
Conclusion. This study provides a new insight into the biological action of AM and its intracellular signaling system of cAMP/PKA
stimulating the matrix degrading enzyme MMP-2, suggesting an important role for this molecule in modulating ECM deposition in
the adventitial layer.
� 2004 Elsevier Inc. All rights reserved.
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Vascular remodeling, defined as a change of vessel
size, is initially a physiological adaptation to physical
stimuli, such as blood flow, shear stress, and wall ten-
sion, to preserve the luminal size of the vessels [1,2].
However, the remodeling process becomes maladapta-
tive in diseased situations such as atherosclerosis or vas-
cular injury, leading to inappropriate extracellular
matrix (ECM) reorganization. The delicate balance of
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ECM synthesis and degradation determines the level
of ECM deposition in the vascular wall. A group of
Ca2+- and Zn2+-dependent endopeptidases, matrix
metalloproteinases (MMPs), contribute to the vascular
remodeling by degrading several ECM proteins [3].
MMPs are present in the vasculature: MMPs-1, -14 in
endothelial cells, MMPs-1, 2, 3, 9, 14 in smooth muscle
cells [3], and MMPs-2, -9 in adventitial fibroblasts [4].
The adventitial layer of vascular wall has recently been
recognized to have a significant role in the process of
vascular remodeling [5], and either the systemic or local
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renin–angiotensin system plays a pivotal role in vascular
fibrosis by stimulating proliferation and collagen pro-
duction of adventitial fibroblasts [6,7].

Enhanced ECM deposition makes the vascular wall
stiffer, subsequently increasing peripheral resistance [2],
therefore pharmacological intervention to ameliorate
ECM deposition might be attractive in maintaining a
distensibility of the vasculature. The bioactive peptide
adrenomedullin (AM), initially isolated from human
pheochromocytoma [8], has been shown to be produced
by the cardiovascular tissues where it exerts multiple ac-
tions mainly via the intracellular cyclic AMP (cAMP)
[9]. For example, AM has been found to inhibit cellular
proliferation and collagen synthesis of cardiac fibroblasts
in vitro [10,11]. Based upon the action of AM on the
fibroblasts in the heart, we hypothesized that AM plays
an important role in the vascular remodeling by affecting
the ECM turnover. In the present study, we conducted in
vitro experiments to examine whether AM affects expres-
sion and activity of the matrix degrading enzyme MMPs
in cultured fibroblasts isolated from rat aortic adventitia.
Methods

The present study was performed in accordance with the Animal
Welfare Act and with approval of the University of Miyazaki Insti-
tutional Animal Care and Use Committee (2003-023).

Materials. Dulbecco�s modified Eagle�s medium (DMEM)/F12 and
fetal bovine serum were from Gibco-BRL. Synthetic rat AM was
purchased from Peptide Institute (Osaka, Japan), H-89 was from
Seikagaku (Tokyo, Japan), and other reagents were from Sigma or
otherwise indicated in the text.

Cell culture. Adventitial fibroblasts of aorta were prepared accord-
ing to the method of Gu and Brecher with our modification [12]. Aortic
tissues resected aseptically from 10-week-old male Wistar rats were
placed in ice-cold DMEM/F-12 containing 10% fetal bovine serum and
antibiotics. Loosely adhering connective tissue was rapidly removed
from the aorta, and the luminal surface was opened by a longitudinal
cut. Endothelial cells were removed by gently rubbing the lumen with
the blunt side of dissecting scissors, and the medial layer was peeled off
with the use of two forceps. The remaining tissues, predominantly
adventitia, were cut into segments �2 mm3 and placed in DMEM/F-12
solution for subsequent enzymatic digestion with 0.12% trypsin and
0.03% collagenase. The cells were then incubated in 10 cm collagen type
1-coated culture plates. After achieving confluence, they were harvested
with trypsin and used for experiments at passage 3–5.

The cultured cells were incubated in DMEM/F12medium with 10%
fetal bovine serum, followed by the incubation with serum-free medium
containing 5 lg/mL insulin, 5 lg/mL transferrin, and 5 ng/mL sodium
selenite for 24 h. Thereafter, the cells were incubated with fresh serum-
free medium described above in the presence or absence of angiotensin
II (Ang II), synthetic rat AM or 8-bromo-cAMP (8-Br-cAMP). In an-
other set of experiments, H-89, a specific protein kinase A (PKA)
inhibitor, was added 30 min prior to AM administration. The isolated
cells were positive for vimentin, a-smooth muscle actin, but negative for
von-Willebrand factor, desmin, smoothmuscle-myosin heavy chain and
caldesmon, indicating that they are activated adventitial fibroblasts.

In vitro gelatin zymography. Conditioned media of adventitial
fibroblasts (2 lg protein) were concentrated and used for the zymo-
graphic gelatinase activity assay as described before [13]. In brief,
samples mixed with Laemmli sample buffer were loaded onto 10%
Tris–glycine gels with 0.1% gelatin (Invitrogen) in Tris–glycine sodium
dodecyl sulfate running buffer. The gels were then washed with rena-
turing buffer, followed by incubation with zymogen developing buffer
for 24 h. They were stained with 0.5% (wt/vol) Coomassie brilliant blue
overnight and then with destaining buffer. Lytic bands corresponding
to the pro- and active-forms of MMP-2 were analyzed as a total MMP-
2 activity with NIH image software v. 1.63.

Western blot. Denatured protein extracts (30 or 60 lg) from cul-
tured adventitial fibroblasts were subjected to sodium dodecyl sulfate–
polyacrylamide gel as previously described [13]. The separated proteins
were electrically transferred onto polyvinylidene difluoride membranes
(Bio-Rad). Equal protein loading was verified by staining the gels with
Coomassie brilliant blue. After blocking the non-specific background
with 5% skim milk, polyvinylidene difluoride membranes were incu-
bated with anti-MMP-2 polyclonal antibody (AB809, Chemicon,
1:1000), anti-tissue inhibitor of MMP-2 (TIMP-2) polyclonal antibody
(AB801, Chemicon, 1:1000) or anti-MMP-14 monoclonal antibody
(Daiichi Fine Chemical F-84, 10 lg/mL) followed by incubation with
horseradish peroxidase-coupled secondary antibody. Immunoreactive
bands were visualized by the ECL Plus detection kit (Amersham), and
the intensity of the bands was analyzed densitometrically (Chemi Doc
Documentation System, Bio-Rad).

Assays for cAMP and AM. Intracellular cAMP concentration in
the adventitial fibroblasts was measured as previously described [10].
In brief, the fibroblasts were incubated in Hanks� balanced salt
solution containing 20 mmol/L N-[2-hydroxyethyl]piperazine-3-
isobutyl-1-methylxanthine for 10 min at 37 �C. AM was then added
at the indicated concentrations. The reaction was terminated by
aspirating the medium and adding cold 6% trichloroacetic acid. Cells
were extracted with water-saturated ethyl ether, and cAMP was
measured by radioimmunoassay. To evaluate AM secretion from the
adventitial fibroblasts, conditioned media were collected at indicated
time points, and rat AM immunoreactivity in the media was mea-
sured with commercially available immunoradiometric assay kits
(Shionogi, Japan).

Statistical analysis. All data are expressed as means ± SEM. Re-
sults of the Western blot and zymography are expressed as ratios rel-
ative to the respective control. Comparisons between groups were
assessed with one-way ANOVA followed by Fisher�s test. A statistical
significance was accepted at p < 0.05.
Results

Effects of Ang II and AM on MMP-2 activity and protein

Fig. 1A illustrates the effects of Ang II and AM on
zymographic MMP-2 activity in the cultured aortic
adventitial fibroblasts.Onelmol/L ofAng II significantly
(p < 0.05) decreased zymographic MMP-2 activity in
these cells. Conversely, 10�7 mol/L synthetic rat AM sig-
nificantly increased MMP-2 activity by 23% (p < 0.05),
and AM abolished the action of Ang II, augmenting
MMP-2 activity, at 10�7 and 10�8 mol/L. MMP-9 is an-
other metalloproteinase having an important role in the
adventitia [4], but the band corresponding to MMP-9
activity of 92 kDawas too faint to be quantified in control
fibroblasts and those stimulated by either Ang II or AM.
Fig. 1B illustrates the effects ofAng II andAMonMMP-2
protein expression. Similar to the zymographic finding,
10�6 mol/L Ang II down-regulated protein expression
of MMP-2, while 10�7 mol/L AM increased the MMP-2
expression whether or not Ang II was added.



Fig. 1. (A) Effects of Ang II and AM on zymographic MMP-2 activity in cultured adventitial fibroblasts. Adventitial fibroblasts were incubated with
or without 10�6 mol/L Ang II in the absence or presence of indicated concentration of synthetic rat AM for 24 h. Values are shown as means ± SEM
(n = 7–8). The upper panel shows a representative zymographic picture. *p < 0.05, vs. control cells; ##p < 0.01, vs. cells incubated with Ang II. (B)
Effects of Ang II and AM on protein expression of MMP-2 in adventitial fibroblasts. Identical results were obtained in three independent
experiments.
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Roles of cAMP/PKA signaling on zymographic

MMP-2 activity

Figs. 2A and B illustrate the effect of AM on intracel-
lular cAMP content in cultured adventitial fibroblasts.
One lmol/L AM significantly stimulated cAMP produc-
tion, peaking at 10 min (Fig. 2A), and this effect was
dose-dependent (Fig. 2B). Figs. 2C and D illustrate the
effects of the cAMP analogue 8-Br-cAMP and the spe-
cific PKA inhibitor H-89 on zymographic MMP-2 activ-
ity. 8-Br-cAMP mimicked the effect of AM stimulating
MMP-2 activity (Fig. 2C), while H-89 significantly de-
creased the MMP-2 activity of the cells incubated with
or without 10�7 mol/L AM (Fig. 2D).

AM secretion from adventitial fibroblasts

Adventitial fibroblasts time-dependently secreted AM
into the media up to 48 h under the serum-free condi-
tions. Rat AM concentrations in the conditioned media
were: 6 h, 1.4 ± 0.1; 24 h, 2.0 ± 0.3; and 48 h,
5.5 ± 0.3 fmol/105 cells (n = 6).
Discussion

Balance between ECM synthesis and degradation
determines its abundance in the vasculature. Although
hemodynamic stimuli largely regulate vascular remodel-
ing in normal arteries, humoral factors such as Ang II,
inappropriately stimulating collagen synthesis, seem to
be of importance in the pathological situation [1].
MMPs reorganize the vessel structure by degrading the
ECM proteins and a significant role for MMPs in vascu-
lar remodeling has been suggested [3]. For example, the
plasma level of MMP-1 was reduced in hypertensive pa-
tients [14], and MMPs-1, 3, and 9 were up-regulated in
the atherosclerotic lesion [15,16]. Constitutively pro-
duced by vascular endothelial and smooth muscle cells,
MMP-2 degrades gelatin, type I, IV, V, VII collagen,
and elastin [17,18]. Here we report for the first time that
the bioactive peptide AM increased protein level and
enzymatic activity of MMP-2 in cultured aortic adventi-
tial fibroblasts of rats. Hernandez-Barrantes et al. [19]
showed that MMP-2 is regulated by MMP-14, a mem-
branous type of MMP, and by the tissue inhibitor of
MMP (TIMP)-2. We examined expressions of these pro-
teins by Western blotting, but neither AM nor Ang II af-
fected the MMP-14 protein expression and TIMP-2 was
undetectable in the fibroblasts (data not shown).

Renin–angiotensin system activation has been shown
to be involved in the process of vascular remodeling.
Angiotensinogen is expressed in the adventitia [20],
and angiotensin converting enzyme was found to be in-
duced in the injured artery [21]. Further, mast cell
mainly distributed in the adventitia has been reported
to be an additional source of renin [22]. These findings
suggest an existence of the local renin–angiotensin
system in vascular adventitia. Recent reports have
shown that MMP-2 activity is down-regulated in the



Fig. 2. (A,B) Time course of cAMP elevation by 10�6 mol/L rat synthetic AM (A) and dose-dependent effect of AM on cAMP elevation at 10 min
(B) in adventitial fibroblasts. (C,D) Effects of 8-Br-cAMP (C) and H-89 (D) on zymographic MMP-2 activity in adventitial fibroblasts. The upper
panels show representative zymographic pictures. Values are shown as means ± SEM, and the sample numbers were four in (A) and (B) and six in
(C) and (D), respectively. *p < 0.05, **p < 0.01, vs. control fibroblasts; ##p < 0.01, vs. AM-treated cells without H-89.
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vasculature of rats and humans with diabetes mellitus
[23,24], where the renin–angiotensin system has been
shown to be activated; though, the role of AM in the
vascular adventitia remains unknown. In the present
study, we examined the effects of Ang II and AM on the
ECM metabolism in the cultured adventitial fibroblasts.
When assessed by [3H]proline incorporation into the cells,
AM failed to inhibit the Ang II-induced de novo collagen
synthesis (data not shown). However, AM increased not
only basal levels of MMP-2 protein expression and its
enzymatic activity but also those reduced by Ang II.

AMwas initially isolated during experiments monitor-
ing cAMP elevation in rat platelets [8], and many of the
actions of AM have been shown to be mediated by intra-
cellular cAMP [9–11]. In the present study, the cAMP
analogue 8-Br-cAMP mimicked the effect of AM, stimu-
lating zymographicMMP-2 activity, and PKA inhibition
with H-89 attenuated its activity. These results suggest
that the cAMP/PKA signaling system is involved in the
AM-induced activation and up-regulation of MMP-2 in
the aortic adventitial fibroblasts. This is comparable with
the finding by Maioli et al. [25] who reported that para-
thyroid hormone-related peptide stimulated MMP-2
activity by intracellular cAMP accumulation without
affecting collagen synthesis in human skin fibroblasts.

It has been well documented that AM is produced by
the vascular wall, particularly in endothelial and smooth
muscle cells [26]. Immunohistochemical staining for AM
was also observed in the adventitia of rat femoral artery
[27], and consistent with this, we found that cultured
aortic adventitial fibroblasts also secreted AM in this
study. According to our unpublished observation, intra-
venous AM infusion attenuated collagen accumulation
in the adventitia following ballooning injury in rat caro-
tid artery, suggesting an important role of AM as an
anti-fibrotic factor in the vascular remodeling. Taken to-
gether, renin–angiotensin system activation increases
ECM formation by stimulating collagen synthesis and
by decreasing MMP-2 activity in the adventitia, making
the vascular wall stiffer; while AM may reduce vascular
stiffness by enhancing action of the matrix degradation
enzyme MMP-2, thus antagonizing the action of Ang
II in the adventitial layer. However, this hypothesis
should be tested further by in vivo studies.

In summary, this study provides a new insight into
the biological action of AM in vascular remodeling, sug-
gesting that AM may modulate ECM metabolism by
augmenting the MMP-2 action in the adventitia.
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