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ABSTRACT The extracellular matrix (ECM) is an intricate
network composed of an array of macromolecules capable of
regulating the functional responsiveness of cells. Its composition
greatly varies among different types of tissue, and dysregulation
of its metabolism may contribute to vascular remodeling during
the pathogenesis of various diseases, including atherosclerosis.
In view of their antiatherosclerotic effects, the role of Ca2+
channel blockers in the metabolism of ECM was examined.
Nanomolar concentrations of the five Ca2' channel blockers
amlodipine, felodipine, manidipine, verapamil, or diltiazem sig-
nificantly decreased both the constitutive and platelet-derived
growth factor BB-dependent collagen deposition in the ECM
formed by human vascular smooth muscle cells and fibroblasts.
The drugs inhibited the expression of fibrillar collagens type I
and Ill and of basement membrane type IV collagen. Further-
more, Ca2+ channel blockers specifically increased the proteo-
lytic activity of the 72-kDa type IV collagenase as shown by
gelatin zymography and inhibited the transcription of tissue
inhibitor of metalloproteinases-2.

Cell biological changes during the development of sclerotic
lesions are characterized by an increased deposition of extracel-
lular matrix (ECM) proteins such as laminin, fibronectin, and
collagens (1-3). The latter represent a family of proteins with at
least 14 different members, which form the major structural part
of the ECM (4). The ECM has been previously considered to be
a relatively inert mass of proteins. However, recent reports have
shown that it is subjected to a continuous turnover that accounts
for a remodeling of -5-15% of total ECM per day (5). The ECM
influences cell functions and is essentially involved in tissue-type-
specific gene expression and proliferation (6-8). It is able to
affect the differentiation state of a cell, and, consequently,
alterations of the composition of the ECM modulate the respon-
siveness of cells to physiological stimuli such as growth factors,
hormones, and cytokines (7). In addition, changes in the relative
proportions of components of the ECM are apparently of crucial
relevance for the pathogenesis of various diseases such as ath-
erosclerosis (6, 9, 10). Here, the prominence of collagen as a
major element of atherosclerotic plaques is well established,
taking into account that 90% of the total collagen found in these
lesions is formed by collagens type I and III (1). Furthermore, an
increased expression of collagens IV, V, and VI was reported in
human atherosclerotic plaques (1, 2).
ECM metabolism is tightly regulated by a complex network

of interactions, including (i) the de novo synthesis of com-
pounds by interstitial cells; (ii) the degradation of existing
ECM molecules by the action of various proteases, including
members of the matrix metalloprotease (MMP) family; and
(iii) the inhibition of protease activities by specific endogenous
antagonists such as the tissue inhibitors of metalloproteinases
(TIMPs) (11-13). The MMPs are generally characterized by

their need to bind Zn2+ as a cofactor and their secretion as
inactive zymogen forms. Activation of MMPs is achieved by
removal of a conserved aminoterminal propeptide with the
subsequent exposition of the catalytic domain (11, 12).

Ca21 channel blockers, which are widely used in hypertension
therapy, are known to slow down the progression of existing
atherosclerotic lesions and to prevent the development of new
lesions in experimental animal models (14-16). We have shown
earlier that Ca2+ channel blockers are capable of modulating the
expression of various genes involved in the regulation of cellular
cholesterol biosynthesis (17) and inflammation (18). To gain
further insight into their protective efficacy, we investigated the
potential effects of Ca2 channel blockers on platelet-derived
growth factor (PDGF) BB-induced and constitutive expression of
collagens type I, III, IV, and TIMP-2. In addition, gelatinolytic
activity of MMPs secreted by vascular smooth muscle cells
(VSMCs) and fibroblasts was assessed by zymography.

MATERIALS AND METHODS
Cell Culture. Primary cultures ofhuman pulmonary fibroblasts

and VSMCs were established as described (17, 18). Fibroblasts
were cultivated in RPMI 1640 medium supplemented with 10%
fetal calf serum and 8 mM stabilized L-glutamine; VSMCs were
cultivated in DMEM supplemented with 5% colostrum, 20 mM
Hepes, and 8 mM L-glutamine. Subconfluent cultures (80%
confluence) were used between passages two and six. Cells were
synchronized by starvation for 48 hr in low-serum medium (0.1%
fetal calf serum), replacing the medium every 24 hr. Quiescent
cells were challenged with human recombinant PDGF BB (10
ng/ml; GIBCO/BRL) in the presence or absence of the drugs.

Extraction of Total RNA and Northern Blot Analysis. Total
RNA was extracted using TRIZOL reagent (GIBCO/BRL)
following the instructions of the distributor, and 10 ,ug of
heat-denatured RNA per sample was fractionated on a 1%
agarose/7% formaldehyde gel. Northern blotting and hybrid-
ization analyses were performed according to standard pro-
cedures using [a-32P]dCTP random-primed cDNAs specific
for COL1a1 (ATCC no. 61322), COL3a1 (ATCC no. 61324),
COL4a1 (ATCC no. 61486), TIMP-2 (ATCC no. 79068), and
HLA-03 (ATCC no. 57474). Quantitative analysis of transcrip-
tion signals was performed using an image-analyzing system
supported on a Macintosh computer (17, 18).
Western Blot Analysis. Collagen synthesis was determined on

the protein level by Western blot analysis on a ready to use
gradient SDS/PAGE (4-10%; Bio-Rad). Equal amounts of pro-
tein were applied to each lane and size fractionated by electro-
phoresis. After electroblotting on nylon membranes (Appligene,
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FIG. 1. Effect of Ca2+ channel blockers on deposition of total collagen in cultivated human VSMCs. (a) Subconfluent quiescent cells were
stimulated with PDGF BB (10 ng/ml) for 3 days in the presence or absence of Ca2+ channel blockers (amlodipine, felodipine, manidipine, diltiazem,
and verapamil). (b) To evaluate the effect of the Ca2+ channel blockers alone on total collagen deposition, cells were incubated for 3 days in the
presence or absence of one of the Ca2+ channel blockers. Bars represent mean ± SD. Similar data were obtained in human fibroblasts. Asterisks
indicate statistical significant reduction (P < 0.001) of collagen deposition when compared with PDGF-stimulated cells (a) or to control cells (b).

Strasbourg, France), the different collagens were identified by
using monoclonal antibodies specific to collagen I, III, and IV
(Boehringer Mannheim) (19).

Zymography. The activity of MMPs released from stimulated
and unstimulated cells, in the presence or absence of Ca2
channel blockers, was determined using zymographic analysis
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FIG. 2. Kinetics ofPDGF BB-induced transcription of procollagen genes (a) and the effect of Ca2+ channel blockers on this PDGF BB-induced
transcription (b). (a) Quiescent VSMCs were stimulated with PDGF BB (10 ng/ml), and total RNA was isolated at various times (0, 3, 6, 12, 24,
36, 48, and 72 hr). Northern blots were evaluated by an optical densitometric analyzing system. Lines represent typical kinetics of gene transcription
of procollagens I, III, and IV in the cell line VSMC 0058. Similar results were obtained with all other cell lines. (b) Northern blot analysis of the
effect of Ca2+ channel blockers on PDGF BB-induced transcription of procollagens I, III, and IV genes at 36 hr in human VSMCs. Lane 1,
unstimulated VSMCs; lane 2, cells stimulated with PDGF BB (10 ng/ml); and lanes 3-7, cells stimulated with PDGF BB in the presence of
amlodipine, felodipine, manidipine, diltiazem, and verapamil at 1 x 10-8 M, respectively. HLA-,B was used as a constitutive control gene.
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FIG. 3. Effect of the Ca2+ channel blockers on PDGF BB-induced protein synthesis of collagens I, III, and IV in cultivated human VSMCs.
Quiescent cells were stimulated with PDGF BB (10 ng/ml) in the presence or absence of one of the Ca2+ channel blockers at 1 x 10-8 M. (a)
Collagen I. (b) Collagen III. (c) Collagen IV.

under denaturing but nonreducing conditions. In brief, cell
supernatants were collected at various times (0, 12, 24, 36, and 48
hr) after addition of the respective Ca2+ channel blocker. Ali-
quots (10 ,ul) of each sample were applied onto a denaturing
SDS/8% polyacrylamide gel containing 0.1% gelatine. Electro-
phoresis was performed at 25-mA constant current for 2 hr at
room temperature, followed by equilibration in twice-distilled
water containing 2.5% Triton X-100 for 1 hr to remove SDS. The
gel was then incubated in enzyme buffer containing 50 mM
Tris HCl (pH 7.3), 200 mM NaCl, 5 mM CaCl2, and 0.02% Brij
35 for 18 hr at 37°C. Bands of enzymatic activity were visualized
by negative staining with standard Coomassie brilliant blue dye
solution (20). Molecular sizes of bands displaying enzymatic
activity were identified by comparison to prestained standard
proteins (Bio-Rad), as well as to purified recombinant MMP-1,
MMP-2, or MMP-3 (Anawa Trading, Wangen, Switzerland). To
assess a possible direct effect of the Ca2+ channel blockers on the
enzymatic activity ofMMPs, identical zymograms were incubated
in the presence or absence of 10-6 M to 10-8 M of each of the
drugs, respectively.

Proline Incorporation Assay. Subconfluent serum-deprived
cell cultures were stimulated for 48 and 72 hr with PDGF BB
in the presence or absence of Ca2+ channel blockers, and the
incorporation of [3H]proline was assessed by liquid scintilla-
tion counting. In brief, cells were incubated in low-serum
medium containing 1 ,uCi (1 Ci = 37 GBq) of [3H]proline per
ml and 50 ,tg of sodium ascorbate per ml. De novo deposition
of total collagen was determined in ethanol-fixed ECM (70%
ethanol, twice for 15 min at room temperature), after removal
of the culture medium and lysis of the cells (25 mM NH40H
for 10 min at room temperature). ECM was washed with 50
mM Tris.HCl/1 mM CaCl2/1 mM proline, pH 7.5, followed by
4 hr of incubation in a buffer containing 50 mM Tris HCl (pH
7.5), 5 mM CaCl2, and 2.5 mM N-ethylmaleimide, either with
or without collagenase (30 units/ml). Residual ECM was
solubilized by overnight incubation in 0.3 M NaOH and 1%
SDS. Radioactivity in supernatants or in residual matrix was
determined by liquid scintillation counting. Calculations of
collagen content in the ECM were as follows: (i) (supernatant
dpm without collagenase x 100)/(supernatant dpm without
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FIG. 4. Ca2+ channel blockers enhance the proteolytic activity of metalloproteinases. (a) Representative zymographic analysis of the
gelatinolytic activity of MMP-2 in cell culture supernatants of a primary human VSMC line (V038) after 36-hr incubation. Lane 1, unstimulated
control cells; lane 2, cells stimulated with PDGF BB (10 ng/ml); lanes 3-6, cells stimulated with 1 X 10-8 M amlodipine, felodipine, manidipine,
and verapamil, respectively; and lanes 7 and 8, recombinant human MMP-2 at 20 ng/ml and 5 ng/ml, respectively. Similar results were obtained
with three other VSMC lines. (b) Quantitative analysis of a representative zymogram obtained with culture supernatants of primary human VSMCs.

collagenase + solubilized matrix dpm without collagenase) =
% background; (ii) supernatant dpm with collagenase - %
background = ECM collagen dpm); and (iii) (ECM collagen
dpm x 100)/[collagen dpm + 5.4 x (supernatant dpm with
collagenase + solubilized matrix dpm with collagenase -
ECM collagen dpm)] = % ECM collagen synthesis (21).

RESULTS
Effect of Ca2+ Channel Blockers on Total Collagen Synthe-

sis. Fig. 1 illustrates the effect of Ca2+ channel blockers on the
deposition of newly synthesized collagen by determining the
content of deposited collagen in the ECM of human VSMCs and
fibroblasts. Both constitutive and PDGF BB-induced deposition
of collagen were downregulated in the presence of Ca2+ channel
blockers at nanomolar concentrations (1 X 10-8 M to 1 X 10-9
M). This effect of the drugs was clearly dose-dependent (data not
shown). Considering the efficacy of the different drugs, we
observed that manidipine was the most potent drug in inhibiting
PDGF BB-stimulated deposition of collagen.
Ca2+ Channel Blockers Inhibit Expression of Collagen

Genes. PDGF BB induced de novo synthesis ofmRNA encod-
ing the procollagens type I, III, and IV starting at 18, 24, and
36 hr, respectively, after the addition of the growth factor in
human fibroblasts and VSMCs (Fig. 2a). The PDGF BB-
induced transcription was abolished when cells were preincu-
bated with actinomycin D (10 jig/ml), indicating that the
growth factor-dependent increase of the respective mRNA
signals was mainly due to de novo synthesis and not to an
increased mRNA stability (data not shown). Ca2+ channel
blockers affected this PDGF BB-induced transcription of the
three procollagen genes in a dose-dependent manner. Tran-
scription of the procollagens was significantly inhibited at
concentrations of 1 x 10-9 M and completely abolished at
concentrations of 1 x 10-8 M (Fig. 2b).

Similar inhibitory effects of Ca2+ channel blockers on
PDGF-induced and constitutive de novo synthesis of collagens
were obtained at the protein level when Western Blot analysis
and immunofluorescence microscopy were performed. As
shown in Fig. 3, the expression of collagens type I, III, and IV

was significantly inhibited in the presence of the Ca2+ channel
blockers at a concentration of 1 X 10-8 M.

Effect of Ca21 Channel Blockers on Proteolytic Activity of
MMPs. Fig. 4a shows a representative zymogram of culture
supernatants of human VSMCs treated with the respective
Ca2+ channel blockers. The zymogram revealed one major
band at 72 kDa that was identified as the 72-kDa type IV
collagenase by comparison with recombinant human MMP-2
(Fig. 4a). The data were confirmed by Western blotting with
a monoclonal antibody to human MMP-2 (Anawa Trading;
data not shown). Assignment of this band to the latent form of
MMP-2 was carried out after in vitro activation by 2 mM
p-aminophenylmercuric acetate for 2 hr at 37°C (22), which
resulted in shift toward the lower molecular weight form, which
was also detected in the recombinant form. Furthermore,
enzymatic activity of MMP-2 was inhibited after addition of 10
mM EDTA, a specific inhibitor of MMPs. In contrast, gela-
tinolytic bands displayed after zymography were unaffected by
incubation in phenylmethylsulfonyl fluoride, a specific inhib-
itor of serine proteases.
Enhanced MMP-2-dependent digestion of gelatine was ob-

served in cell culture medium sampled after 36 and 48 hr of
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FIG. 5. Northern blot analysis of the inhibitory effect of Ca2+
channel blockers on PDGF BB-induced de novo synthesis of TIMP-2
mRNA in human VSMCs (V042). Lane 1, unstimulated VSMCs; lane
2, cells stimulated with PDGF-BB (10 ng/ml); and lanes 3-7, cells
stimulated with PDGF BB in the presence of amlodipine, felodipine,
manidipine, verapamil, or diltiazem at 1 x 10-8 M. HLA-f was used
as a constitutive control gene. Similar results were obtained in other
VSMC lines and fibroblasts.
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incubation. This effect occured in the presence of all drugs tested.
Fig. 4b shows the increased proteolytic activity of MMP-2 in the
presence of the respective Ca2+ channel blockers.
Ca2+ Channel Blockers Inhibit the Transcription of

TIMP-2. PDGF BB induced the de novo synthesis of TIMP-2
mRNA in human fibroblasts and VSMCs, starting at 12 hr of
incubation and continuing for an additional 48 hr. In the
presence of Ca2+ channel blockers, the PDGF BB-dependent
transcription of TIMP-2 was inhibited in fibroblasts and
VSMCs. This inhibitory effect on transcription of TIMP-2
occured at nanomolar concentrations (10-8 to 10-9 M) and
was maintained for the entire time of incubation (Fig. 5).

DISCUSSION
Nanomolar concentrations of five Ca2+ channel blockers
significantly decreased constitutive and PDGF BB-dependent
collagen deposition in the ECM of human VSMCs and fibro-
blasts and inhibited the expression of procollagens I, III, and
IV. Furthermore, all drugs increased the proteolytic activity of
the 72-kDa type IV collagenase (MMP-2) secreted by primary
human VSMCs. Additionally, the substances inhibited the
transcription of TIMP-2 in both fibroblasts and VSMCs.
The ECM is believed to play an important role in the regulation

of functional differentiation. Its components control both the
differentiation and biological responsiveness of cells (6, 7). Con-
sequently, alterations in the tissue type-specific composition of
the ECM have serious impacts in malignancies and inflammatory
diseases including atherosclerosis (9, 23, 24). The major processes
leading to atherosclerotic lesion development are as follows: (i)
proliferation and migration of smooth muscle cells and macro-
phages, (ii) increased deposition of ECM compounds including
collagens and proteoglycans secreted by VSMCs and fibroblasts,
and (iii) accumulation of lipid and esterified cholesterol within the
surrounding matrix (9). Considering these pathophysiological
events, we have previously reported on the beneficial effect of
Ca2+ channel blockers on intracellular cholesterol metabolism
(17) and on their influence on expression of inflammatory
mediators (18).
The present data suggest a new aspect of the protective

effects of Ca2+ channel blockers because they are capable of
influencing the metabolism of the ECM associated with ath-
erosclerosis. Although Ca2+ channel blockers have long been
known to slow down the progression of lesion development in
animal models of atherosclerosis, the molecular mechanisms
of these effects are not yet completely understood (14-16).
Under physiological conditions, the composition of the ECM
is subjected to a permanent turnover that results from bal-
anced synthesis and degradation (5, 25). However, the precise
mechanisms controlling this homeostasis, which involve de
novo synthesis of ECM compounds, ECM degradation by
MMPs, and MMP inhibition by TIMPs (12), have not been
fully elucidated. Consequently, dysregulation of one of these
factors may result in alteration of the components of the ECM
during the formation of atherosclerotic plaques.
We have shown that PDGF BB, which is upregulated in

atherosclerotic lesions (9, 26), increased de novo synthesis of
collagens I, III, and IV and the deposition of total collagen in
the ECM. These effects of PDGF BB were counterbalanced by
Ca2+ channel blockers. The drugs significantly downregulate
the PDGF BB-induced deposition of total collagen by inhib-
iting the gene expression of procollagens I, III, and IV.
Furthermore, an increased proteolytic activity of MMP-2 was
observed in the culture medium of VSMCs treated with Ca2+
channel blockers. In contrast, incubation of the enzymes with
the Ca2+ channel blockers during zymography did not result in
enhanced proteolysis (data not shown), excluding a direct
effect of the drugs on the activity of MMP-2. Recent reports
demonstrated an influence of intracellular calcium levels on
the gelatinolytic activity of MMP-2 and stromelysin-1 (27-29),

indicating that lower calcium levels lead to decreased MMP-2
activity due to inhibition of transcription. In contrast, Lohi and
Keski-Oja (30) reported that the calcium ionophores ionomy-
cin and A23187 decreased the enzymatic activity of MMP-2 in
human fibrosarcoma cells, indicating that higher calcium levels
lead to decreased MMP-2 activity. Analogously, we found that
lower intracellular calcium levels lead to increased proteolytic
activity. However, there may also exist a regulatory mechanism
of MMP-2 activation that is not primarily linked to changes of
intracellular calcium concentrations and is still brought about
by Ca2+ channel blockers.
Our observations provide further insight into the protective

actions of Ca2+ channel blockers on atherosclerosis by coun-
terbalancing both PDGF BB-induced and constitutive ECM
metabolism. This is due to inhibition of transcription of certain
ECM components as well as to interference with regulatory
mechanisms controlling the metabolism of the ECM within the
vessel wall.
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