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ABSTRACT

We previously reported that Brown Norway Katholiek rats, which feature a deficiency of plasma
kininogens, develop severe abdominal aortic aneurysm. Increased activity of matrix metalloproteinases
(MMPs) in the aortic wall, leading to degradation of extracellular matrix components, is considered to
play a crucial role in aneurysm formation. Using an in vitro model of vascular smooth muscle cells
(VSMCs), cultured from the rat aorta, we investigated whether the cleaved form of high molecular weight
kininogen, designated HKa, affects the expression of MMP-9 and MMP-2 and their tissue inhibitors
(TIMPs). Treatment of VSMCs with HKa reduced in a concentration-dependent manner IL-1a-induced
release of MMP-9 and MMP-2, associated with decreased MMP enzymatic activity levels in conditioned
media, as demonstrated by gelatin zymography and fluorescein-labeled gelatin substrate assay,
respectively. Real-time PCR revealed that HKa reduced corresponding MMP-9 mRNA levels. Further
investigations showed that this effect did not result from a modified rate of MMP-9 mRNA degradation.
TIMP-1 mRNA levels, already increased as a result of cytokine-stimulation, were significantly enhanced
by HKa. Furthermore, we found elevated basal mRNA expression levels of MMP-2 and TIMP-2 in VSMCs
derived from kininogen-deficient Brown Norway Katholiek rats. These results demonstrate for the first
time that HKa affects the regulation of MMPs in VSMCs.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The vascular extracellular matrix (ECM) is a complex network of
proteins and proteoglycans which exists in a state of constant
turnover. An intricate balance between synthesis and degradation
of its components controls the homeostasis within the ECM. Matrix
metalloproteinases (MMPs) are a family of endopeptidases with
proteolytic activity towards a variety of ECM components such as
collagens and elastin. In normal physiological vascular remodeling
the activity of MMPs is tightly regulated to prevent the ECM from
excessive degradation. Vascular smooth muscle cells (VSMCs) are
the most abundant cell type in the aortic wall and a major source of
ECM proteins. Furthermore, VSMCs produce and release MMPs as
well as the endogenous tissue inhibitors of MMPs, the TIMPs [1].

Excessive degradation of the ECM, leading to weakening and
dilatation of the aortic wall, is a hallmark in the pathogenesis of
aortic aneurysm. Increased activity of MMPs in the aortic wall has
been extensively demonstrated in established and expanding
aneurysm [2-4]. Thereby, a pivotal role has been attributed to
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MMP-2 and MMP-9 in the process of aneurysm development.
MMP-2 has been identified as the principal matrix metalloprotei-
nase in small aneurysm, whereas an increasing activity of MMP-9
was found in large aneurysm [5]. Longo et al. [6] suggest that MMP-
2 and MMP-9 are both required and work in concert to produce
abdominal aortic aneurysm.

We have previously shown that rats of the strain Brown Norway
Katholiek (BN/Ka), which feature a deficiency of plasma kinino-
gens, develop severe abdominal aortic aneurysms compared to
Brown Norway (BN) rats with normal plasma kininogen levels [7].
Thereby, aneurysm formation was associated with enhanced
elastolysis and increased expression of MMPs. Deficiency of
kininogens in the plasma of BN/Ka rats was attributed to a single
point mutation in the kininogen gene resulting in a defective
secretion of kininogens by the liver [8].

High molecular weight kininogen (HK) is a 120 kDa single-chain
glycoprotein comprising 6 domains (designated as D1-D6) with a
concentration in human plasma of ~670 nM. Proteolytic cleavage of
HK by kallikrein results in release of the nonapeptide bradykinin
from D4. The remaining molecule is designated cleaved high
molecular weight kininogen (HKa), which consists of a heavy chain
and a light chain that are connected by a single disulfide bond.
Conversion of HK to HKa is accompanied by a striking change in
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conformation as demonstrated by electron microscopy [9]. As a
result of this transformation, HKa acquires new properties. HKa, but
not HK, has been demonstrated to inhibit endothelial cell prolifera-
tion which was attributed to the ability of HKa to induce apoptosis in
proliferating cells [10]. Furthermore, HKa proved to be a potent
inhibitor of angiogenesis in different in vivo models [10,11].

In this study we investigated the effects of HKa on the
expression of MMP-9 and MMP-2 as well as on TIMP-1 and TIMP-2
levels in cytokine-stimulated rat VSMCs. Furthermore, we
determined basal expression levels of these MMPs and TIMPs in
VSMCs derived from kininogen-deficient BN/Ka rats.

2. Materials and methods
2.1. Cell isolation and culture

Vascular smooth muscle cells were isolated from the aorta of
male Wistar, BN and BN/Ka rats by the explant technique, as
described by Campbell and Campbell [12] with few modifications.
Briefly, under a dissecting microscope fat, connective tissue and
outgoing arteries were removed from the aorta. The vessel was cut
longitudinally and the endothelium was removed with a cell
scraper by gentle scraping along the luminal surface. Using a
scalpel, the remaining tissue was then cut into explants of 2-
4 mm?. Explants were placed with the luminal side downwards in
culture dishes (Primaria™, Becton Dickinson) and incubated with
a minimal amount of culture medium. Isolated VSMCs were
cultured in Dulbecco’s modified Eagle’s medium (4.5 g/L glucose)
supplemented with 10% fetal calf serum (HyClone), 2 mmol/L L-
glutamine and 100 pg/ml gentamycin in a humidified atmo-
sphere of 5% CO, at 37°C. Cells were identified by their
characteristic “hill-and-valley” growth pattern and immuno-
fluorescence staining with an anti-smooth muscle actin mono-
clonal antibody (Chemicon). Experiments were performed with
cultures from passages 4 to 11.

2.2. Cell culture experiments

Confluent VSMCs derived from Wistar rats were serum-
deprived by incubation in low-serum medium (DMEM, supple-
mented with 0.2% fetal calf serum and 0.1% bovine serum albumin)
for 24 h. Cells were then incubated in fresh low-serum medium
and exposed to interleukin-1a (IL-1at) 10 ng/ml (Sigma) in the
presence or absence of HKa (two-chain HMW kininogen, Enzyme
Research Laboratories, Swansea, UK) for 48 h. Conditioned media
were obtained by collecting the culture media at the end of the
experiment. Samples were centrifuged for 10 min at 12,000 x g to
remove cellular debris and stored at —20 °C until use. RNA was
extracted from the cell layer and processed for analysis by PCR.

2.3. Gelatin zymography

Culture media harvested from VSMCs were analysed for
proteins with gelatinolytic activity by gelatin zymography. Briefly,
8 wl (MMP-9 analysis) and 1wl (MMP-2 analysis) aliquots of
conditioned media were resuspended in non-reducing sample
buffer and applied to 8% SDS-PAGE copolymerized with gelatin
(1 mg/ml). After electrophoresis, gels were washed with 2.5%
Triton X-100 for 1 h and subsequently incubated in enzyme buffer
(50 mM Tris-HCl, pH 7.5, 20 mM Nacl, 5 mM Cacl,, and 0.02% Brij-
35) at 37 °C overnight. The gels were then stained with 0.5%
Coomassie Brilliant Blue G-250. Following destaining in 30%
methanol and 10% acetic acid, proteins having gelatinolytic activity
were visualised as clear bands against a blue-stained background.
Gels were scanned and densitometric analysis was performed
using the image analysis program Quantity One (Biorad).

Molecular sizes of bands were characterised by comparison with
prestained molecular weight markers.

2.4. Gelatinase/collagenase activity assay

Enzymatic activity of MMPs present in conditioned media was
detected with the EnzChek®™ Gelatinase/Collagenase Assay Kit
according to the directions provided by the manufacturer
(Molecular Probes). Samples were incubated with 1 mM p-
aminophenylmercuric acetate (APMA) for 2 h at 37° prior to the
assay, to activate proMMPs. The assay was performed with 40 .l of
APMA-activated conditioned media, mixed with 140 wl reaction
buffer (50 mM Tris-HCI, 150 mM NaCl, 5mM CaCl,, 0.2 mM
sodium azide, pH 7.6) and 20 pl of fluorescein-labeled gelatin
substrate (0.7 mg/ml), for 17h at 37°C. Fluorescence was
monitored (excitation: 490/20 nm, emission: 510/10 nm) with a
fluorescence plate reader (Victor3™, PerkinElmer). Fluorescence
intensity was corrected for background fluorescence by subtract-
ing the value derived from a no-enzyme control (reagents without
conditioned medium).

2.5. Western blotting

Cells and tissue samples were lysed in 50 mM Tris-HCI,
150 mM NaCl, 1mM EDTA, 1% Nonidet P40, 15% glycerol,
supplemented with protease inhibitors. Proteins were separated
by 8% SDS-PAGE under reducing conditions and transferred to
polyvinylidene difluoride membranes. Blots were blocked with 5%
fat-free milk and consecutively incubated with rabbit anti-
kininogen antibody (sc-25799, Santa Cruz) at a dilution of 1:500
and anti-rabbit horseradish peroxidase conjugated antibody
(P0217, Dako). Bands were detected by chemiluminescence using
an ECL detection kit (Amersham). Detection of GAPDH on the blots
by using anti-GAPDH antibody (MAB374, Chemicon) at a dilution
of 1:50,000 served as a loading control.

2.6. Quantitative real-time PCR

Total RNA was isolated using Trizol reagent (Invitrogen)
according to the manufacturer’s protocol and subsequently treated
with DNase-I (Promega). One microgram RNA was reverse-
transcribed using M-MLV reverse transcriptase (RNase H minus,
Promega) in a final reaction volume of 25 pl. Quantitative real-
time PCR was performed with the Mx3000P gqPCR system
(Stratagene) using SYBR Green I reaction mix and different primers
(Table 1). PCR conditions comprised an initial step of 94 °C (2 min),
followed by 40 cycles of 94 °C (15 s), 58 °C (15 s) and 72 °C (30's).
All samples were measured in triplicate and expression values
were normalized to 18s rRNA. Data analysis was done according to
the novel GED (Gene Expressions’s Ct Difference) method [13].

2.7. Nested PCR

The PCRs were carried out under the same conditions as described
for real-time PCR. The first PCR was performed with external HK
primers (Table 1)and 1 l cDNA for each reaction in a final volume of
30 pl. For the second PCRinternal HK primers were used and 10 .l of
a 1:100 dilution from the first amplification. Reactions performed
without addition of reverse transcriptase served as negative controls
(RT-). Nested PCR products were separated by electrophoresis on 2%
agarose gels stained with ethidium bromide.

2.8. Statistical analysis

Data are reported as means + SEM calculated on the basis of at
least three independent experiments. Significance was evaluated
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Sequences of primers used for real-time PCR and nested PCR (For: Forward, Rev: Reverse).

Gene Accession number Primer sequences 5'-3' Amplicon length [bp]

MMP-2 NM_031054.1 For: GACGCTGGGAGCATGGAG 113
Rev: TTACGCGGACCACTTGTCC

MMP-9 NM_031055 For: CTTCTCTGGGCGCAAAATG 102
Rev: CCGGTGACCAGGGTTACCT

TIMP-1 NM_053819.1 For: GTGCACAGTGTTTCCCTGTT 103
Rev: CTGGTAGCCCTTCTCAGAGC

TIMP-2 NM_021989.2 For: CGAATTTATCTACACGGCCCC 92
Rev: CCGCCTTCCCTGCAATTAG

HK external NM_012741 For: CTTGAACCCTCCCCTAGCTC 204
Rev: CCAGGACACTTGTGGGAAGT

HK internal NM_012741 For: TATGACACGGAGACCCATGA 101
Rev: TGGGAAGTTGCTTCTGGAAA

18s rRNA X01117.1 For: CCGCAGCTAGGAATAATGGAATA 108
Rev: TCTAGCGGCGCAATACGAAT

using paired Student’s t-test. A value of p < 0.05 was considered
statistically significant.

3. Results
3.1. Effect of HKa on cytokine-induced MMP-9 and MMP-2 secretion

To evaluate possible effects of HKa on the secretion of MMP-9
and MMP-2, we stimulated VSMCs with IL-1a (10 ng/ml) in the
presence or absence of HKa at different concentrations and
performed gelatin zymography on conditioned media. As pre-
viously reported, treatment of VSMCs with cytokines such as IL-1a
augments protein levels of constitutively expressed MMP-2 in the
cell culture media and induces de novo synthesis and secretion of
MMP-9 [14]. Because the expression of both MMPs in IL-1a-
treated VSMCs reaches a maximal level after 48 h of stimulation
we chose incubation times of 48 h. As shown in Fig. 1a (upper
panel), gelatin zymography analysis of conditioned media from
cytokine-stimulated VSMCs revealed gelatin lysis at 92 kDa
corresponding to the proform of MMP-9, as verified by conversion
to the active 82-kDa form of MMP-9 with p-aminophenylmercuric
acetate (APMA) (Fig. 1d).

As indicated by the position of molecular weight markers and the
labelling at the left side, Fig. 1d (lower panel) shows corresponding
MMP-2 gelatinolytic bands after treatment with APMA.

Treatment of cytokine-stimulated VSMCs with HKa reduced
MMP-9 release in a concentration-dependent manner. Densito-
metric analysis of the zymograms shows a reduction to 49 + 6% by
1 oM HKa compared with IL-1a treatment alone (Fig. 1a, lower
panel).

Analysis of MMP-2 levels in conditioned media by gelatin
zymography (Fig. 1b, upper panel) showed that cytokine-
stimulated VSMCs released more proMMP-2 (72 kDa) into the
culture media, which was paralleled by an increase of active MMP-
2 levels (62 kDa). Treatment of cytokine-stimulated cells with HKa
reduced proMMP-2 release with a significant reduction seen at
1 wM HKa (31 + 12%relative to IL-1 alone), paralleled by a decrease
of active MMP-2 levels (26 + 6% relative to IL-1a alone), as shown by
densitometric analysis of the zymograms (Fig. 1b, lower panel).
Thereby, the relative ratio of active MMP-2 to proMMP-2 in the
conditioned media from HKa-treated VSMCs remained almost
constant (Table 2).

3.2. HKa does not affect the gelatinolytic capability of released MMPs

To evaluate whether the HKa present in cell culture media
directly affects the gelatinolytic capability of the MMPs detected

by gelatin zymography, we performed cell-free incubation
experiments. Aliquots of conditioned media harvested from IL-
la treated VSMC were incubated with or without HKa [1 wM] for
48 h at 37 °C and subsequently assayed by gelatin zymography.
Cell-free incubation with HKa did not have an effect on gelatin lysis
by proMMP-9 and the pro- and active form of MMP-2, as
demonstrated by almost identical gelatinolytic bands for all
samples (Fig. 1c).

3.3. Effect of HKa on MMP-9 and MMP-2 mRNA levels in cytokine-
stimulated VSMCs

To evaluate whether the reduction of MMP-9 and MMP-2
release is due to a decrease of the corresponding mRNA levels,
real-time PCR was performed. As shown in Fig. 2a, treatment
with HKa concentration-dependently decreased the cytokine-
induced MMP-9 mRNA level up to 48 +£5% by 1uM HKa
compared with IL-1a treatment alone. We next investigated
whether HKa reduced the MMP-9 mRNA level by increasing the
rate of mRNA degradation. VSMCs were pre-treated with IL-1a
(10 ng/ml) for 48 h to stimulate MMP-9 mRNA expression before
any further transcription was blocked by actinomycin D (5 pg/ml).
Simultaneously, cells were treated with IL-1a (10 ng/ml) in the
presence or absence of HKa [1 wM] for further 12 or 24 h. As shown
in Fig. 2c, real-time PCR analysis demonstrated MMP-9 mRNA
degradation by decreased mRNA levels after 24 h of actinomycin D
treatment. However, an enhanced MMP-9 mRNA degradation by
HKa could not be observed, indicating that its suppressive effect on
mRNA levels shown in Fig. 2a is not the result of an increased rate
of mRNA degradation. In contrast to the effects of IL-1ac and HKa on
MMP-2 protein levels, real-time PCR revealed that corresponding
MMP-2 mRNA levels did not vary significantly under the different
treatments (Fig. 2b).

3.4. Cytokine-induced increase of TIMP-1 expression is further
enhanced by HKa

We next analysed mRNA levels of TIMP-1 and TIMP-2, the
endogenous inhibitors of MMPs that are expressed by VSMCs [14].
Additionally to the increase caused by cytokine-stimulation,
simultaneous treatment with HKa further increased TIMP-1 mRNA
levels as detected by real-time PCR (Fig. 3a). This effect reached
statistical significance at a HKa concentration of 1 wM. HKa alone
had no effect on TIMP-1 mRNA expression (data not shown). TIMP-
2 mRNA expression, already high under basal conditions, was
affected neither by IL-1a nor by HKa (Fig. 3b). Since the MMP-9/
TIMP-1 ratio is considered to be an important characteristic of the
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Fig. 1. Effect of HKa on cytokine-induced MMP-9 and MMP-2 secretion. VSMCs were kept under basal conditions (control) (—) or treated simultaneously with 10 ng/ml IL-1a
(+) and HKa at the indicated concentrations for 48 h. Gelatin zymography with aliquots of conditioned media revealed gelatinolytic bands corresponding to proMMP-9 (a),
proMMP-2 and active MMP-2 (b). The position of prestained molecular weight markers is indicated in kilodaltons. Bars represent densitometric data (mean + SEM) of four
independent experiments. In every experiment, values of gelatin lysis were normalised to the corresponding bands in conditioned media of VSMCs kept under basal conditions
(MMP-2 analysis) or treated with IL-1a only (MMP-9 analysis). (c) Cell-free incubation with HKa. Aliquots of conditioned media from VSMCs stimulated for 48 h with IL-1ac were
mixed with HKa [1 wM]. Samples were incubated for 48 h at 37 °C and subsequently assayed by gelatin zymography. Results are shown as triplicates. (d) Conversion of proMMP-9 to
active MMP-9 by treatment with p-aminophenylmercuric acetate (APMA). Conditioned media from IL-1a-stimulated VSMCs were incubated for 3 h at 37 °C with APMA [1.0 mM]

before being subjected to gelatin zymography. *p < 0.05, **p < 0.01.

pathogenesis of aneurysm we calculated MMP-9/TIMP-1 mRNA
ratios which were remarkably decreased by HKa (Fig. 3c).

3.5. Treatment of cytokine-stimulated VSMCs with HKa decreases
MMP activity levels in conditioned media

Concerning the effect of HKa on the expression of TIMP-1,
MMP-9 and MMP-2, we investigated whether treatment of
cytokine-stimulated VSMCs with HKa also results in less enzy-
matic MMP activity levels. Determination of total MMP activity
levels was performed with APMA-activated conditioned media
using a quenched-fluorescent gelatin substrate assay. As shown in
Fig. 4, MMP activity levels were strongly increased as a result of
cytokine-stimulation. Significantly less MMP activity levels were
detected in conditioned media of cytokine-stimulated cells treated

Table 2
The relative ratio of active MMP-2 to proMMP-2.

Treatment group OD aMMP-2/0D proMMP-2

Control 4.97 (+0.89)

[L-1a [10 ng/ml] 3.87 (+£0.72)?
+ HKa [10nM] 3.85 (+0.60)°
+ HKa [100nM] 4.10 (+£0.74)°
+ HKa [1 uM] 4.09 (+0.75)°

The relative ratio of active MMP-2 to proMMP-2 in the conditioned media was
determined for each experiment using the values for optical density (OD) of the
corresponding gelatinolytic bands obtained from densitometric analysis of the
zymograms. Values represent the mean (+SEM).

2 Not significant vs control group.

b Not significant vs IL-1a group.

with 100 nM HKa (67 + 6%) and 1 uM HKa (59 + 9%). Fluorescence
intensity of samples that were not activated with APMA was only
minimal above fluorescence background levels (data not shown).

3.6. Elevated basal expression of MMP-2 and TIMP-2 in VSMCs
derived from kininogen-deficient rats

VSMCs isolated from the aorta of BN and kininogen-deficient
BN/Ka rats were grown to confluence and serum-deprived for 24 h.
Cells were further incubated in low-serum medium (0.2% FCS) for
48 h before total RNA was extracted. Real-time PCR analysis
revealed significantly elevated basal mRNA levels for MMP-2 (2.3-
fold) and TIMP-2 (1.7-fold) in VSMCs derived from BN/Ka
compared to VSMCs derived from BN rats, whereas TIMP-1 mRNA
was expressed almost to the same extent (Fig. 5). MMP-9 mRNA
could not be detected under basal conditions neither in cells from
BN nor in cells from BN/Ka rats (data not shown).

3.7. HK is not expressed by VSMCs

To evaluate whether HK is expressed by VSMCs, analysis on
mRNA and protein level was performed. We took into considera-
tion that VSMCs might express HK mRNA in low abundance and
hence not easily detectable by standard PCR protocols. Therefore,
detection of HK mRNA was performed using a nested PCR protocol.
For this purpose HK mRNA specific primers were designed,
comprising an external and an internal primer pair. Nested PCR,
including two consecutively performed PCRs with first external
and then internal primer pairs, yielded the expected amplicons of
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Fig. 2. Real-time PCR analysis of MMP-9 (a) and MMP-2 (b) mRNA levels in untreated VSMCs (—) or VSMCs treated for 48 h with 10 ng/ml IL-1a (+) in the presence or absence
of HKa at different concentrations. Bars represent expression ratios (mean + SEM), normalised to 18s rRNA, relative to IL-1a treatment alone (MMP-9) or control (MMP-2). (c)
Effect of HKa on MMP-9 mRNA degradation. VSMCs were pre-treated for 48 h with IL-1c (10 ng/ml) and subsequently incubated with actinomycin D (5 pg/ml) and IL-1c (10 ng/ml)
in the absence or presence of HKa [1 wM] for additional 12 or 24 h. Results from real-time PCR analysis are expressed as percentage (mean 4 SEM) relative to MMP-9 mRNA levels

before addition of actinomycin D. *p < 0.05, **p < 0.01.

204 bp and 101 bp, respectively, when using liver cDNA as a
positive control (Fig. 6a). Nested PCR analysis of VSMCs showed no
detection of HK mRNA. A total of four VSMC cultures derived from
different animals were analysed. Also HK mRNA could not be
detected in aortic tissue. Western blot analysis of total protein
lysates confirmed the absence of HK in VSMCs (Fig. 6b). Interest-
ingly, in contrast to mRNA analysis, Western blots showed a strong
signal for HK protein in aortic tissue.

4. Discussion

The pathogenesis of abdominal aortic aneurysm is charac-
terised by a dramatic remodeling of the ECM, increased activity of
MMPs and the presence of a chronic inflammatory infiltrate. In
normal physiological vascular remodeling, the activity of MMPs is
tightly regulated at the level of transcription, mRNA stability,
posttranslational activation of proMMPs and inhibition by
endogenous inhibitors.

Various inflammatory cytokines, such as IL-1a and TNF-a, are
known to stimulate MMP expression by vascular cells in vitro [15].
Furthermore, several investigators have found elevated levels of
inflammatory cells and cytokines in aneurysmatic tissues, includ-
ing IL-1a [16]. Hence, it has been hypothesized that cytokine
stimulation may trigger increased production of MMPs by
inflammatory and smooth muscle cells within the aortic wall
[17]. Stimulation of human VSMCs with IL-1a has been demon-
strated to enhance release of both MMP-9 and MMP-2 into the
culture media [14]. We therefore used IL-1a in our cell culture
experiments to evaluate possible effects of HKa on the expression
of MMP-9 and MMP-2.

We demonstrate that HKa reduced in a concentration-
dependent manner the release of MMP-9 by cytokine-stimulated
VSMCs. MMP-9 mRNA analysis clearly indicates, that this effect
predominantly results from alterations of the corresponding
mRNA levels. Since recent studies showed that cytokine-induced
MMP-9 mRNA can be regulated post-transcriptionally at the level
of mRNA stability [18,19], we addressed the question as to whether
this might be the underlying mechanism for the negative
regulation of MMP-9 mRNA by HKa. Our studies using actinomycin
D, an inhibitor of eukaryotic gene transcription, demonstrated that
HKa did not affect the rate of MMP-9 mRNA degradation,
suggesting that its suppressive effect on MMP-9 mRNA levels is
more likely to be the result of an inhibited MMP-9 gene
transcription.

As a result of cytokine-stimulation, VSMCs released signifi-
cantly more MMP-2 into the culture media, which was diminished
when cells were stimulated in the presence of HKa. Most MMPs are
released as inactive pro-enzymes which require proteolytic
processing to become active, a posttranslational control mechan-
ism of MMP activity. Activation of the proMMPs in the extracellular
space occurs via proteinases, including other MMPs, serine
proteinases such as the plasminogen activator/plasmin system,
cysteine proteinases, as well as by nonproteolytic agents such as
reactive oxygen species, sulfhydryl reactive agents, and denatur-
ants. However, MMPs that are resistant to serine proteinase
activation, such as MMP-2, are activated via a novel mechanism
involving the MT-MMPs [20].

In our study, HKa reduced concentration-dependently levels of
both active MMP-2 and proMMP-2 in conditioned media. Thereby,
the relative ratio of active MMP-2 to proMMP-2 remained almost
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unchanged, indicating that HKa does not affect the processes that
lead to conversion from pro- to active MMP-2.

To exclude the possibility that the zymographic results of MMP-
levels in conditioned media might be the result of a direct
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Fig. 4. Assay of enzymatic activity in conditioned culture media using fluorescein-
labeled gelatin. Conditioned media from VSMCs kept under basal conditions (control)
(=) or treated simultaneously with IL-1ac 10 ng/ml (+) and HKa at the indicated
concentrations for 48 h were analysed for enzymatic MMP activity. Samples were
activated with APMA for 2 h and subsequently subjected to a quenched-fluorescent
gelatin substrate assay. Fluorescence intensity measured in samples from VSMCs
stimulated with IL-1a only was set as 100%. *p < 0.05, **p < 0.01.

interference of MMPs with HKa, independent of cellular processes,
incubations in the absence of cells were performed. We could
demonstrate that 1 wM HKa did not interfere with the gelatinolytic
capability of MMP-2 and MMP-9, thereby confirming that the
observed effects of HKa result from a negative regulation of cellular
expression. However, changes in MMP-2 release did not corre-
spond to almost constant MMP-2 mRNA levels. This result is in line
with the findings from others [14], showing that highly expressed
MMP-2 mRNA under basal conditions was not affected by
stimulation with various cytokines.

Concerning the potential of MMPs to degrade the ECM, their
interaction with specific MMP-inhibitors has to be considered.
Several natural inhibitors of MMPs exist, but the most common
inhibitors are TIMPs [21]. They are endogenously expressed and
capable to bind both active MMPs and proMMPs by forming
noncovalent complexes and hence inhibiting MMP activity and
processing of the proMMPs, respectively. Therefore, the net
proteolytic activity towards ECM components is determined by
the balance between MMPs and their endogenous inhibitors.
Several studies reported that the expression of both MMP-9 and
TIMP-1 is highly increased in abdominal aortic aneurysms
compared to normal aortas [22,23]. Also our results show that
cytokine-induced MMP-9 expression in VSMCs was paralleled by
remarkably elevated TIMP-1 mRNA levels. Most interestingly,
treatment with HKa further increased TIMP-1 mRNA expression.
The significantly decreased ratio MMP-9 to TIMP-1 mRNA as well
as the reduced enzymatic activity of MMPs in conditioned media
suggests that altogether the balance between MMPs and TIMPs is
shifted towards less net proteolytic activity by HKa.
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Fig. 5. mRNA levels under basal conditions. VSMCs derived from rats of the strains BN and BN/Ka were cultured under basal conditions and mRNA levels were determined by
real-time PCR. Results (means =+ SD) are shown as percent of basal mRNA expression in VSMCs from BN rats. *p < 0.05, ***p < 0.001.
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Fig. 6. Expression of HK mRNA and protein in rat liver, aorta and VSMCs. (a) Nested PCR analysis of HK mRNA expression showing products from two consecutively performed
PCRs using an external and an internal primer pair, respectively. 18s rRNA was amplified simultaneously as an internal control. L: 100 bp DNA ladder, RT+: PCR as described in
methods, RT—: negative control without addition of reverse transcriptase. (b) Western blot analysis of total protein lysates showing detection of HK heavy chain (62 kDa).

Detection of GAPDH on the same blot was performed as a loading control.

Interestingly we found, by comparing VSMC cultures derived
from the strains BN and BN/Ka, that basal mRNA levels for MMP-2
and TIMP-2 in cells derived from kininogen- deficient BN/Ka rats
were significantly elevated. TIMP-2 represents a physiological
inhibitor of MMP-2. However, its role regarding MMP-2 activity
seems to be complex since TIMP-2 has also been demonstrated to
be substantially involved in the activation of proMMP-2 at the cell
surface [24]. In this context, Xiong et al. [25] reported an
attenuated aneurysm formation associated with less active

MMP-2 levels in TIMP-2-deficient mice compared to wild-type
mice. We hypothesised that VSMCs cultured from BN/Ka rats
feature a deficient HK expression, which might result in an
increased MMP-2 and TIMP-2 expression due to the lack of
inhibitory effects of HKa. To address this possibility, we first
investigated whether HK is expressed by VSMCs. Since neither HK
protein nor mRNA was detectable in VSMCs we can exclude any
HKa effects under cell culture conditions. Interestingly, mRNA
encoding HK was not detectable in aortic tissue whereas HK
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protein was present, thus suggesting that the detected HK is
derived from blood plasma. These findings suggest that VSMCs
cultured from BN/Ka rats had been affected by the deficiency of
plasma kininogens in vivo and that the effect is sustained in vitro
under cell culture conditions. In this context, Crowther et al. [26]
showed an increased MMP-2 expression in aortic VSMCs cultured
from aneurysmal tissue.

Our results raise the question of the mechanism by which HKa
exerts its effects on VSMCs. Several proteins on the surface of
endothelial cells, that interact with HK or HKa, have been
identified, including the urokinase plasminogen activator receptor
(uPAR) [27], tropomyosin [28], globular C1q receptor [29], and
cytokeratin-1 [30]. The uPAR has been found to be expressed by the
VSMCs [31]. This receptor, as a part of plasminogen activator/
plasmin system mediates the generation of proteolytic activity and
subsequently contributes to ECM degradation. Therefore, uPAR
may be a possible candidate for HKa binding in the VSMCs.
However, until know a specific receptor for HKa on VSMCs has not
been identified and the underlying mechanism(s) for its effects
demonstrated in this study remains to be evaluated.

In summary, our results show for the first time that HKa affects
the regulation of MMPs in VSMCs as demonstrated by a negative
regulation of cytokine-induced MMP expression and activity.
Furthermore, the finding that VSMCs from kininogen-deficient BN/
Ka rats feature elevated basal MMP-2 and TIMP-2 expression levels
indicates that HKa plays a role in the regulation of MMPs. This
study suggests that HKa might contribute to prevent the
extracellular matrix from excessive degradation in the context
of physiological and pathophysiological vascular remodeling.
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