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Abstract Degradation and resynthesis of the extracellular
matrix (ECM) are essential during tissue remodeling.
Expansion of the vascular intima in atherosclerosis and
restenosis following injury is dependent upon smooth
muscle cell (SMC) proliferation and migration. The
migration of SMC from media to intima critically depends
on degradation of ECM protein by matrix metalloprotein-
ases (MMPs). MMP inhibitors and eNOS gene transfer
have been shown to inhibit SMC migration in vitro and
neointima formation in vivo. Nitric oxide (NO) and cyclic-
GMP have been implicated in the inhibition of VSMC
migration. But, there are few studies addressing the role of
NO signaling pathways on the expression of MMPs. Here
we reported the involvement of cyclic-GMP-dependent
protein kinase (PKG) (an important mediator of NO and
c¢GMP signaling pathway in VSMC) on MMP-2 expression
in rat aortic SMC. The goal of the present study was to gain
insight into the possible involvement of PKG on MMP-2 in
rat aortic SMC. MMP-2 protein and mRNA level and
activity were downregulated in PKG-expressing cells as
compared to PKG-deficient cells. In addition, the secretion
of tissue inhibitor of metalloproteinase-2 (TIMP-2) was
increased in PKG-expressing cells as compared to PKG-
deficient cells. PKG-specific membrane permeable peptide
inhibitor (DT-2) reverses the process. Interestingly, little or
no changes of MMP-9 were observed throughout the study.
Taken together our data suggest the possible role of PKG in
the suppression of MMP-2.

N. B. Dey (X)) - T. M. Lincoln

Department of Physiology, College of Medicine, University
of South Alabama, Mobile, AL 36688, USA

e-mail: ndey @usouthal.edu

Keywords Matrix metalloproteinases-2 - PKG -
Transfection - Vascular smooth muscle cells - DT-2

Introduction

Vascular remodeling in response to injury and inflamma-
tion is one of the hallmarks of vascular diseases such as
arteriosclerosis and restenosos [1, 2]. The tissue response to
injury includes the migration and proliferation of vascular
smooth muscle cells (VSMC), the increased synthesis of
extracellular matrix proteins, and the expression of matrix
degrading proteases, the matrix metalloproteinases
(MMPs) by VSMC [3, 4]. These biochemical changes in
the phenotype of VSMC are part of the phenotypic mod-
ulation process that occurs in response to injury in vivo and
to repetitive passaging of cultured VSMC in vitro [5].
There have been several reports that demonstrate that
the inhibition of MMP production, or alternatively, inhi-
bition of MMP activity, decreases VSMC migration, pro-
liferation and neointimal growth in animal models of
vascular injury [6, 7]. Nitric oxide (NO) released from
endothelial cells or from NO donor drugs, inhibits VSMC
proliferation, migration, and matrix protein synthesis [8—
10]. Our laboratory has demonstrated that passaging adult
rat aortic VSMC in culture or the application of a balloon
catheter injury in vivo suppresses the expression of the
downstream target of NO signaling, ¢cGMP-dependent
protein kinase (PKG), coincident with increased prolifer-
ation and expression of matrix proteins. Restoration of
expression of PKG using either transfection methods or
adenoviral gene transfer in vitro or in vivo inhibits matrix
protein production and neointimal growth, respectively
[11, 12]. These findings have led to the concept that NO
signaling and activation of PKG suppress vascular lesion
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formation and inhibit vascular remodeling in response to
injury and inflammation.

The role of the MMPs in vascular lesion formation and
vascular diseases has been studied extensively. Two major
forms of the MMP family, MMP-2 and MMP-9, are found
in atherosclerotic lesions, suggesting a role for these two
proteases in vascular wall remodeling [13, 14]. In addition,
tissue inhibitors of metalloproteinase (TIMPs) are pro-
duced by VSMC [15], and other cell types to inhibit MMP
activity thus attenuating matrix breakdown and remodel-
ing. It has been shown that VSMC expressing at least one
form of TIMP, the TIMP-1, inhibits neointimal formation
in animal models of vascular injury [16]. There are few
other reports on the role of NO signaling and TIMP activity
in VSMC [17]. Given the important roles for MMPs and
TIMPs in the turnover of vascular matrix and the remod-
eling of the vascular wall in response to injury, it is sur-
prising that there are few studies addressing the role of NO
signaling pathways on the expression of these substances.
In this report, we have used primary, cultured rat aortic
VSMC (both deficient in PKG expression and over
expressing PKG) to determine the role of this NO signaling
pathway on the expression of MMPs and TIMPs.

Materials and methods
Reagents

Fetal bovine serum (FBS), Dulbecco’s modified minimal
essential medium (DMEM) were purchased from Gibco
(Grand Island, NY). 8-para-cholorophenylthio-cGMP (8-
CPT-cGMP) from Biolog (Bremen, Germany). 8-Bro-
moguanosine 3',5'-cyclic monophosphate(8-Bromo-cGMP)
from Sigma (Saint Louis, MO, USA) Polyclonal antibody
to PKG-I was purchased from StressGen Biotechnology,
Inc. (Victoria, BC, Canada). pVASP(Ser239) antibody was
purchased from Cell signaling Technology Inc., USA. PKG
specific peptide inhibitor (DT-2) is a kind gift from Dr.
W R. Dostmann, University of Vermont, USA. Antibodies
to MMP-2 and TIMP-2 and purified MMP-2 were pur-
chased from Santa Cruz Biotec. Inc. (CA, USA).

Smooth muscle cell isolation and culture

In this study male Sprague-Dawley rats were used in
accordance with the National Institute of Health Guide for
the Care and Use of Laboratory Animals (NIH publication
No. 85-23, revised 1996) and in compliance with applica-
ble laws and regulations. Animal procedures were
reviewed and approved by the Institutional Animal Care
and Use Committee of the University of South Alabama.
Rat aortic VSMC were isolated form the thoracic and
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abdominal aorta of the Sprague-Dawley male rat
(150-200 g) as described previously [18]. In brief, the rats
were sacrificed by CO, inhalation, the aortas excised,
and placed in “isolation medium” of DMEM contain-
ing 20 mM N-2-hydroxyethylpiperazine-N'2-ethanesulfo-
nic acid, 1 mg/ml bovine serum albumin (BSA), 5 pg/ml
amphotericin B, and 50 pg/ml gentamicin. After cleaning
the tissues and removing adhering fat and connective tis-
sue, aortas were placed in a digestion medium consisting of
isolation medium plus 1 mg/ml elastase and 130 U/ml of
collagenase for 10 min. The aortas were removed from the
solution and rinsed to wash away endothelial and other
non-adhering cells, and the tunicac adventitiac were
removed as everted tubes using fine forceps. The remain-
ing medial layer was minced and further digested for 1-2 h
in a digestion medium containing isolation medium plus
200 U/ml collagenase until a single cell suspension was
obtained. Cells were washed twice by low-speed centrifu-
gation in isolation medium and placed in tissue culture
medium containing DMEM, 10 % FBS, and 50 pg/ml gen-
tamicin. Before any passage after isolation cells were grown
up to confluence and used as primary cells for experiments.
Cells were routinely plated in plastic tissue culture plates
without any matrix coating in a 90 % air, 10 % CO,
humidified incubator for the first passage, and then trans-
ferred to a standard 95 % air, 5 % CO, atmosphere for
additional passages. For subculturing, cells were removed
from the tissue culture plates using 0.05 % tris-buffered
trypsin and split at a ratio of 1:5. Cells cultured under these
conditions generally express low levels of PKG after passage
4-6 (less than 10 % of unpassaged cells). Primary smooth
muscle cells were treated with 250 pM 8-Bromo-cGMP
followed by serum deprived. Condition medium was then
collected for gelatinolytic activity of MMP-2.

Cell transfection

The cDNA encoding bovine PKG-lIaz was cloned into
pcDNA-1 neo into the BamHI site, amplified and purified
using a Wizard Maxi Prep. Five micro gram of vector
containing PKG-1a cDNA was used to transfect rat aortic
VSMC at passage 2 using 10 pl of transfectam reagent with
precipitation of the DNA-liposome complex for 15 min at
room temperature. The precipitate was added to the cell
monolayer and the cells were incubated for 6 h at 37 °C in
an atmosphere of 90 % air, 10 % CO,. The transfection
was terminated by adding DMEM with 20 % FBS. Control
treatments were transfection of a catalytically-inactive
PKG-Io (critical lysine mutant) or simply empty vector
controls. Stably transfected cells were selected using
500 pg/ml G418. After isolation of colonies from 96-well
plates, the transfected cell lines were maintained in 250
pg/ml G418 for ~8 passages following plating. For all
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subsequent experiments, cells were plated and allowed to
attach overnight. Cells were then serum deprived for 24 h
in DMEM containing 1 mg/ml BSA before experiments
were performed. DT-2 was added to the culture medium
and incubated before collecting condition medium and
cells for western blot and gelatinolytic activity.

RNA isolation and RT-PCR

Total RNA was isolated from control and PKG stable trans-
fected rat aortic VSMC using the Quiagen RNAEasy RNA
isolation kit following the manufacturer’s instructions. The
one step RT-PCR was performed using primer sets from the
rat MMP-2 sequences [19]. The PCR product was analyzed in
1 % agarose gels and visualized using UV irradiation.

Affinity purification of MMPs

MMP-2 and MMP-9 were affinity purified according to the
procedure described by Rajagopalon et al. [20]. In brief,
1 ml of conditioned medium from control and PKG-trans-
fected cells was added to 100 pl of gelatin—agarose beads
and the mixture was incubated for 1 h at 4 °C. The mixture
was then centrifuged briefly and the beads were washed two
times with buffer. The MMP was eluted from the washed
beads using cold 10 % DMSO. The eluted MMP was
applied to a polysulfone ultrafuge filter (30,000 MW
exclusion) and centrifuged at 3500 rpm to remove DMSO.
The filtered supernatant was used as the source of MMP.

Zymography

MMP-2 gelatinolytic activity was identified using an in-gel
10 % SDS-PAGE electrophoresis assay according to the
procedure of [20]. Samples were applied to gels containing
1 mg/ml gelatin and electrophoresed. Following renatur-
ation by exchanging SDS for Triton-X-100 (2.5 % Triton
in 50 mM Tris—Cl, pH 7.5) two times for 25 min each, the
gels were incubated overnight at 37 °C in 50 mM Tris—Cl,
pH 7.5 containing 10 mM CaCl, and 0.05 % Brij 35
detergent. Gels were stained with coomassie blue, partially
destained, and photographed. The proteins having gelatin-
olytic activity were visualized as the area of lytic activity,
i.e., a white band on a light blue background.

Western blot

Conditioned medium from transfected rat aortic VSMC was
subjected to affinity purification for MMP as described. The
fractions were applied to 10 % SDS—polyacrylamide gels
and proteins separated by electrophoresis. The proteins
were transferred to nitrocellulose, blocked in 5 % non-fat
dried milk in TBS buffer for 1 h at room temperature, and

incubated with primary antibody toward MMP-2 overnight.
The next day, the blots were washed three times in TBS
buffer, incubated in secondary antibody solutions, and
bands were developed using chemilumenescence.

Northern blot

Total cellular RNA was isolated from the cultured cells
using the RNA STAT-60 isolation reagent according to the
manufacturer’s instructions (Tel-Test, Inc.). RNA (15 pg)
was resolved on 1 % formaldehyde agarose gel, transferred
to Nytran membrane, and UV crosslinked. After prehy-
bridization in Quickhyb (Stratagene), the membrane was
incubated with 32[P]-labeled PCR generated MMP-2 and
TIMP-2 probes. Hybridization was carried out for 2-3 h at
65 °C. Membranes were then washed twice with 2x SSC
in 0.2 % SDS, twice at room temperature, and again at
50 °C as needed. After washing the blots were exposed to
kodak film and developed.

Morphology and microscopic analysis

To examine cells for MMP-2 expression using immunocyto-
fluorescence microscopy, cells (50,000 cells/I cm? coverslip)
were grown in DMEM containing 10 % FBS. For MMP-2
immunofluorescence, the medium was removed and replaced
with DMEM in the absence of serum and incubated for 2 h at
37 °C. The cells were washed two times in PBS and fixed in
100 % methanol for 5 min at —20 °C. After fixation, cells
were washed twice with PBS and incubated with 1 % BSA for
1 h at room temperature, then washed three times with PBS.
Cells were then incubated for 1 h at room temperature with
monoclonal anti-MMP-2 and anti-a-actin antibody diluted in
1 % BSA, washed three times with PBS, then incubated with
FITC-conjugated anti-mouse IgG (1:50) for 1 h at room tem-
perature. The cells were then washed three times in PBS and
mounted in a slide containing one drop of mounting medium.
The slides were sealed with white nail polish and examined
using a Leica confocal fluorescence microscope equipped with
Nikon camera. Nuclei were stained with 1 pg/ml DAPIin PBS
5 min at room temperature in same slides. Preimmune serum
controls were performed using non-immune host serum. All
experiments were repeated 3—4 times with similar results.

Migration assay

For SMC migration study, in vitro scratch or wound
healing assay was performed [30]. In brief, SMC were
cultured in monolayer and transfected with PKG cDNA
and control cDNA. After transfection, wounds were made
by scratching the monolayer with a 200 pl pipet tip, fol-
lowed by washing with medium to remove the cell debris.
Scratched regions were photographed immediately after
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injury (time 0) and after 24 h under an inverted microscope
using Nikon Cool Pix 4500 digital camera attached with
microscope. Images were taken from same plates each time
point. The experiments were repeated three times with
duplicate for each condition.

Statistical analysis

All experiments were repeated at least three times. Data
represents are mean + SD. Value of p < 0.05 were con-
sidered statistically significant.

Results
Characterization of PKG-expressing cells

The expression of PKG in adult rat aortic VSMC decreases
with cell passage as described [21, 22]. In part, this appears
to be due to disruptions in cell—cell contact that occurred
with subculturing [3, 5] so that by passage 4-6, PKG-I
expression at the protein level decreased. The effects of
PKG expression on cell phenotype and morphology are
shown in Fig. la, VSMC when transfected with PKG-1«
took on a more contractile phenotype with cells
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Fig. 1 Effect of PKG-1 over expression on cell phenotype. a Pheno-
typic difference among primary, PKG-deficient and PKG-transfected
rat aortic SMC. b Western blot for PKG-1 levels in primary, non-
transfected and PKG-transfected rat aortic SMC extracts. ¢ Western

Average band density
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Passaged SMC

demonstrating an elongated morphology and growing in
parallel fashion similar to primary cells. PKG-deficient
cells, on the other hand grew as rounded cells in a random
fashion. Western blot (Fig. 1b) shows the differences in
PKG expression in primary, passaged and PKG-transfected
SMC. In order to evaluate the PKG activity in primary,
passaged and PKG-transfected cells, we assessed PKG
activity by using VASP phosphorylation using the anti-ser-
239 VASP antibody. As shown (Fig. Ic) in primary and
PKG-transfected cells activity is almost equal although less
pVASP is seen in passaged cells compared with primary
and PKG-transfected cells. Figure 1d showing more MMP-
2 production by passaged control-transfected cells, how-
ever, almost undetectable in primary and PKG tranfected
cells. As reported previously [11, 18], PKG expression
increases the levels of contractile proteins (SMMHC, cal-
desomon) and decreases the levels of extracellular matrix
proteins osteopontin, thrombospondin, and collagen 1.

Effect of PKG expression on MMP-2 expression

Cells expressing PKG-1 had a reduced level of MMP-2
mRNA (Fig. 2a, b) and protein (Fig. 2c) when compared to
control-transfected cells. The RNA results were obtained
using both RT-PCR and northern blot approaches. These

PKG transfected

C
— e —
pVASP(Ser’") el o — N—
p-actin e - e

Primary SMC Passaged SMC PKG transfected

MMPZ-

RASMC

transfecied early passage

blot for PKG activity by VASP phosphorylation in primary, non-
transfected and PKG-transfected cells. d Gelatinolytic activity for
MMP-2 in control-transfected, PKG-transfected, and early passaged
VSMC
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results suggested that MMP-2 secretion was greater in the
non-PKG-expressing cells compared to PKG-expressing
cells as a result of a greater synthesis of MMP-2. In order to
confirm that PKG inhibited MMP-2 activity in VSMC,
zymogram analysis was performed using gels containing
1 mg/ml gelatin as the substrate. Expression of PKG-1 in rat
aortic VSMC resulted in decrease in MMP-2 activity
(Fig. 2d) in conditioned medium from the cultured cells. To
demonstrate the importance of PKG we took another
approach. We reported [31] prolonged treatment of cells
with the ¢cGMP analog, 8-Bromo-cGMP, down-regulated
PKG via the ubiquitin priteasomal pathway. Figure 2 e
showing that treatment of SMC with 250 uM 8-Bromo-
c¢GMP increases the MMP-2 production. MMP-9 levels on the
other hand were very low and did not appear to be different.

TIMP expression

Tissue inhibitors of metalloproteinases, or TIMPs, decrease
the activity of the secreted MMP enzymes by binding
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Fig. 2 RT-PCR, northern blot and western blot analysis for MMP-2 in
control and PKG-transfected aortic SMC. a Total RNA was isolated
from the two cell phenotypes and RT-PCR was performed for MMP-2
by using specific primers. b Northern blot analysis for MMP-2 using a
32 [P]-labeled cDNA probe. ¢ Western blot analysis for MMP-2 from
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tightly to their catalytic sites. As shown (Fig. 3a, b) PKG-1
expression increased both RNA and protein (Fig. 3c)
expression for the TIMP-2 isoform in rat aortic VSMC.
Protein was detected in the media from PKG-transfected
cells, but not from the control-transfected cells.

Immunocytofluorescence analysis of MMP-2 levels
in VSMC

Because MMP-2 is synthesized as a precursor protein in
VSMC, it was of interest to examine the effects of PKG-1
transfection on the expression levels and the distribution of
MMP-2 in the cells. MMP-2 fluorescence (Fig. 4b) was
widely distributed in non-PKG-transfected cells compared
to a very sparse distribution of stain in PKG-expressing
cells. Smooth muscle-specific actin staining was also per-
formed to assess cellular distribution of MMP-2 in control
and PKG-expressing cells. As shown in Fig. 4c, PKG-
expressing cells demonstrated a higher organization of
actin into filaments compared with control-transfected

B
- ——— MMP-2
Cont
MNP-9
Pro-MMP2
Active MNP-2
Cont
E Primary SMC
8-Bromo-cGMP -
(250 uM )

whole cell lysate or conditioned media. Graph represents the MMP-2
band density. The values mean & SD. d Gelatin zymography.
Positions of MMP-9, MMP-2, and pro MMP-2 indicated. e Gelatin-
olytic activity of MMP-2 in 8-Bromo-cGMP untreated and treated
SMC. Standards were run along with sample in each experiment
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Fig. 3 RT-PCR, northern blot
and western blot analysis for
TIMP-2. a RT-PCR for TIMP-2
in rat aortic SMC. b Northern
blot for TIMP-2. ¢ Western blot
for TIMP-2 in condition media
of rat aortic VSMC. Graph
shows average TIMP-2 band
density. The values mean + SD
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Fig. 4 Immunocytofluorescence for MMP-2 expression and «-actin in control and PKG-transfected cells. Preimmune serum (a), anti-MMP-2

(b), and anti alpha actin (c)

cells, although the intensity of staining did not appear to be ~ Effect of DT-2 on MMP-2 expression

dramatically different between the two cell types. Thus,

PKG affected both actin filament formation and MMP-2  To further evaluate the possible involvement of PKG on
expression and distribution in rat aortic VSMC. MMP-2 inhibition, we used DT-2 [24]. Following treatment
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Fig. 5 Effect of DT-2 on A MMP-2 Gelatinolytic activity MMP-2 western blot
MMP-2 secretion and
expression in PKG-expressing
SMC:s. Cells were treated with ‘ ‘ -
or with out 10 pM DT-2 (a c
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with 10 uM DT-2, both MMP-2 secretion and expression
were increased as compare to control, shown by gelatino-
Iytic activity (Fig. 5a) and western blot analysis (Fig. 5b).
This data may suggest a role of PKG on MMP-2 inhibition.

Effect of MMP-2 inhibition on SMC migration

We next tested PKG expression on SMC migration, by the
wound healing assay. Figure 6 shows that in PKG-expressing
cells, migration was significantly lower as compare to con-
trol. As shown in Fig. 5a, b, the level of MMP-2 expression
and production was also significantly lower in PKG cells as
compare to control. This observation may indicate an
important correlation between PKG expression and MMP-2
inhibition, resulting in the inhibition of SMC migration,
which is the main event during neointima formation after an
injury or inflamation in the arterial wall.

Discussion

In the present study, we have characterized expression and
activity of MMPs in cultured rat aortic VSMC in response
transfection of PKG-In. Passaged cells transfected with
empty vector express only ~20 % of the normal level of
PKG-1 as determined by western blotting, and express
lower levels of several contractile proteins [23]. These
results suggest that PKG is capable of regulating some
aspects of smooth muscle-specific gene expression,
although the mechanisms are obscure. In addition to effects
on contractile protein expression, we and others [11, 29]
have found that PKG-1 transfection in VSMC or mesangial
cells inhibits the expression of extracellular matrix proteins
such as collagen, thrombospondin-1, and osteopontin.

These findings are also consistent with a role for NO/cGMP
signaling in preventing phenotypic modulation of cultured
rat aortic VSMC to a more synthetic and fibroproliferative
phenotype [24].

Ithas been reported by several laboratories [25] that VSMC
or those present in atherosclerotic lesions express and secrete
abundant levels of MMPs. MMP expression occurs when
matrix turnover is necessary for cell migration, proliferation,
angiogenesis, and wound healing, and several MMPs are
found in vascular lesions [26]. In vivo studies suggest that
remodeling that occurs in arterial lesions in response to injury
is due in part to the increased production of MMPs necessary
for tissue breakdown and resynthesis. In particular, MMP-2
and MMP-9 have been shown to be present in human arterial
lesions and in animal models of restenosis [27, 28].

In the current study, we found that highly passaged
cultured rat aortic VSMC synthesize and secrete both
MMP-2 and to a lesser extent MMP-9. Restoration of PKG
expression to the cells had little effect on the expression of
MMP-9, but dramatically inhibited the expression and
secretion of MMP-2. Previous studies [28] have demon-
strated that both MMPs are increased during VSMC growth
in rabbit aortic explants in vitro [14] and in balloon injured
rat carotid artery in vivo. Our study also demonstrates that
the MMP-2 expression which is produced by VSMC in a
more synthetic proliferative phenotype is inhibited by PKG.

In addition, PKG-1 expression stimulates the level of
TIMP-2 in rat aortic VSMC. This is the first report of an
effect of PKG on this protein, and brings a new insight to
the role of MMPs in response in arterial injury, and pos-
sible mechanisms whereby PKG inhibits matrix synthesis
during vascular remodeling. TIMP proteins which suppress
MMP activity, reduces matrix production and turnover,
thus the expression of major TIMP isoform TIMP-2, in
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24hr

Fig. 6 Migration of SMC in control and PKG-transfected cells.
Wound healing assay was performed as describe in methods.
Representative images were taken at 0 and 24 h after making the

addition to the effect of PKG-1 on MMP-2 levels result in a
net decrease in matrix turnover.

Interestingly, a previous report [16] demonstrated that
MMP inhibitors only partially inhibit neointima formation,
whereas over expression of TIMP-1 by adenoviral medi-
ated gene transfer inhibited smooth muscle cell migration
and reduced neontimal hyperplasia in the rat model of
vascular balloon injury. Our results suggest that the effect
of PKG on TIMP-2 expression and MMP-2 supression in
VSMC are important mechanisms by which PKG inhibits
SMC proliferation and migration and thus inhibition of
neointima formation. 8-Bromo-cGMP induced PKG down
regulation [31] in VSMC also causes increased production
of MMP-2, which may indicate a role of PKG.

PKG inhibition by DT-2 thus increases MMP-2
expression, which introduces added evidence of a role of
PKG activity on MMP-2. PKG silencing in freshly isolated
SMC via siRNA mediated knockdown and in vivo study
might provide very important information. The actual
molecular mechanism by which PKG-1 affects the
expression of these proteins is not known and is subjected
to future studies.
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