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ABSTRACT: Pulmonary arterial hypertension (PAH) results from persistent vasoconstriction,

smooth muscle growth and extracellular matrix (ECM) remodelling of pulmonary arteries (PAs).

Matrix metalloproteinases (MMPs) are matrix-degrading enzymes involved in ECM turnover, and

in smooth muscle cell (SMC) and endothelial cell migration and proliferation. MMP expression

and activity are increased in experimental PAH. Therefore, this study investigated whether similar

changes occur in idiopathic PAH (IPAH; formerly known as primary pulmonary hypertension).

Both in situ and in vitro studies were performed on PAs from patients undergoing lung

transplantation for IPAH and from patients treated by lobectomy for localised lung cancer, who

served as controls.

In IPAH, MMP–tissue inhibitor of metalloproteinase (TIMP) imbalance was found in cultured PA-

SMCs, with increased TIMP-1 and decreased MMP-3. MMP-2 activity was markedly elevated as a

result of increases in both total MMP-2 and proportion of active MMP-2. In situ zymography and

immunolocalisation showed that MMP-2 was associated with SMCs and elastic fibres, and also

confirmed the MMP-3–TIMP-1 imbalance.

In conclusion, the findings of this study were consistent with a role for the matrix

metalloproteinase–tissue inhibitor of metalloproteinase system in pulmonary vascular remodel-

ling in idiopathic pulmonary arterial hypertension. The matrix metalloproteinase–tissue inhibitor

of metalloproteinase imbalance may lead to matrix accumulation, and increased matrix

metalloproteinase-2 activity may contribute to smooth muscle cell migration and proliferation.

Whether these abnormalities are potential therapeutic targets deserves further investigation.

KEYWORDS: Extracellular matrix, idiopathic pulmonary arterial hypertension, matrix metallo-

proteinases, smooth muscle cells, tissue inhibitor of matrix metalloproteinase

P
ulmonary arterial hypertension (PAH) is
characterised by a progressive increase in
pulmonary vascular resistance, which

ultimately leads to right ventricular failure.
Idiopathic PAH (IPAH) is a clinical term used
to describe a rare and fatal condition for which no
underlying cause can be found. The typical
pulmonary artery (PA) lesions in IPAH include
adventitial thickening, medial hypertrophy, neo-
intima formation and plexiform lesions in the
lung vascular bed. Cell proliferation and extra-
cellular matrix (ECM) accumulation are promin-
ent [1]. An important component of these
changes is ECM remodelling, which results from
a complex interplay between the synthesis and
proteolysis of ECM constituents.

Early studies involving ultrastructural evaluation
of PAs in lung biopsies from patients with PAH
showed fragmentation of the internal elastic
lamina [2], suggesting a role for an elastinolytic
enzyme in the pathophysiology of the disease. In
agreement with this hypothesis, animal studies
showed both an early increase in elastinolytic
activity preceding the development of vascular
changes and a later increase associated with
disease progression. Moreover, serine–elastase
inhibitors have been found to induce regression
of experimental toxic PAH [3, 4]. Although these
findings emphasise the major contribution of
serine–elastase to the pathogenesis of PAH,
matrix metalloproteinases (MMPs) may also play
a role.

MMPs are a family of matrix-degrading proteases
that are categorised according to structural
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#UPRES EA2705, Service de

Chirurgie Thoracique, Vasculaire et

de Transplantation Cardiopulmonaire,
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HP, Clamart, France.
+Laboratoire de Biologie des

Tumeurs et du Développement,
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similarities [5]. MMPs are also classified based on substrate
specificity into collagenases (which degrade fibrillar collagen),
stromelysins, membrane type (MT)-MMPs (which have a
broad spectrum of activity) and gelatinases (which cleave
basement membrane components). Most MMPs are secreted
into the extracellular milieu as inactive proteins. MMP activity
is modulated by tissue inhibitors of metalloproteinases
(TIMPs), of which four forms have been identified [5].

Studies in experimental models have sought to determine
whether MMPs are involved in PAH progression and
contribute to smooth muscle cell (SMC) migration. Several
studies concluded that MMPs contributed to PAH progression
in animals [3, 6–8], but the effects of MMP inhibitors differed
across models. In addition, little is known about the MMP–
TIMP balance in humans with IPAH. To address this question,
the current authors conducted studies on both cultured PA-
SMCs and tissue samples from patients with IPAH and from
controls.

Since IPAH is characterised by accumulation of ECM
components, most notably collagen, the present authors
studied the MMP inhibitors TIMP-1 and TIMP-2, as well as
the collagenase MMP-1. MMP-3 and MMP-7 were also
evaluated, given the ability of these enzymes to degrade a
broad range of substrates [5]. In addition, the authors studied
gelatinases (MMP-9 and MMP-2) and the MMP-2 activators
MT1-MMP and MT2-MMP [9], which are involved in SMC
migration and elastin degradation [10].

MATERIALS AND METHODS
Sample collection
Studies were performed on PAs (0.5–1 cm in diameter),
obtained during lung transplantation in five patients with
IPAH and during lobectomy for localised lung cancer in six
controls. The mean pulmonary artery pressure in the group
with IPAH was 72¡12 mmHg. None of the patients had
detectable type-II bone morphogenetic protein (BMP) receptor
(BMPR-II) gene mutations, which are known to play a key role
in familial PAH. PAs were either prepared for in situ studies
then frozen in liquid nitrogen or prepared for cell culture
studies.

Culture and treatment of human PA-SMC
PA-SMCs, as cultured from transplants as previously
described [11, 12], were used between passages 2 and 4.
Trypsinised PA-SMCs were seeded at a density of 46104

cells?cm-2 in Dubelcco’s modified eagle’s medium, containing

10% foetal bovine serum, then grown for 24 h. The cells were
then left in serum-free medium (SFM) for 24 h. For the next
24 h, the cells were exposed to fresh SFM containing one of the
following: 5 ng?mL-1 or 10 ng?mL-1 transforming growth factor
(TGF)-b; 10 ng?mL-1 platelet-derived growth factor (PDGF);
50 ng?mL-1 BMP-4; 200 ng?mL-1 BMP-6 (R&D Systems, Europe
Ltd, Abingdon, UK); or 1610-7 M phorbol-12-myristate-13-
acetate (PMA; Sigma, St Quentin-Fallavier, France). SFM alone
was used for the control cells. Conditioned media or RNA
samples were collected after 24 h and stored at -80 C̊.

ELISAs
ELISA kits (BiotrakTM; Amersham Pharmacia Biotech, Orsay,
France) were used according to the manufacturer’s instruc-
tions. The kits detect: total MMP-1; total MMP-3; total TIMP-1;
total TIMP-2 except TIMP-2 complexed with latent MMP-2;
latent MMP-2 only (whether complexed with TIMP-2 or not);
and latent MMP-7. The data were expressed as the amount of
protein produced in 24 h by 16105 cells. Assays were
performed in triplicate for four IPAH patients and four
controls.

Reverse and gelatin zymography
Reverse and gelatin zymographies were done as previously
described [8]. For reverse zymography, 11% SDS-polyacryl-
amide gel, impregnated with both 0.05% gelatin and gelatinase-
rich solution, was used. After Coomassie brilliant-blue
staining, inhibitors of gelatin-degrading enzymes were identi-
fied as blue zones against a clear background. Molecular
masses were estimated using both pre-stained standard
molecular markers and recombinant human (rh) TIMP-2
(Valbiotech/Abcys, Paris, France). The amounts of TIMP-2 in
samples were estimated by comparison with a standard curve
obtained using rhTIMP-2 and results given per 16105 cells.
For zymography, MMP-2 (both latent and active) was assessed
semi-quantitatively for five patients with IPAH and five
controls using gel scanning with Bio-imaging system and
densitometry with GeneTools (SynGene, Ozyme, France).

RT-PCR
Total RNA was extracted from cultured cells from seven
patients with IPAH and eight controls, using TrizolH reagent
(Life Technologies, Cergy-Pontoise, France), as recommended
by the manufacturer. The concentration of extracted RNA was
determined spectrophotometrically at 260 nm. The RT-PCR
reactions for quantitative studies were performed as pre-
viously described by LAMBERT et al. [13] using specific pairs of

TABLE 1 Sequence of forward and reverse primers used for quantitative RT-PCR amplification

Forward primers (59–39) Reverse primers (59–39)

MMP-1 GAGCAAACACATCTGAGGTACAGGA TTGTCCCGATGATCTCCCCTGACA

MMP-2 AGATCTTCTTCTTCAAGGACCGGTT GGCTGGTCAGTGGCTTGGGGTA

MT1-MMP GGATACCCAATGCCCATTGGCCA CCATTGGGCATCCAGAAGAGAGC

TIMP-1 CATCCTGTTGTTGCTGTGGCTGAT GTCATCTTGATCTCATAACGCTGG

TIMP-2 CTCGCTGGACGTTGGAGGAAAGAA AGCCCATCTGGTACCTGTGGTTCA

MMP: matrix metalloproteinase; MT: membrane type; TIMP: tissue inhibitor of metalloproteinase.
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primers (table 1). Table 2 shows the number of cycles and the
type and number of multiple synthetic internal standard (mss)
RNAs. Nonquantitative RT-PCRs for MMP-3, MMP-7, MMP-9,
MMP-13 and MT2-MMP were performed as described above
but without mssRNA. The primers and PCR cycle conditions
are listed in tables 3 and 4.

Immunofluorescence on culture cells
Antibodies against MMP-3, MT1-MMP, TIMP-1 and TIMP-2
were goat polyclonal antibodies (Santa Cruz Biotechno-
logy, Tebu, France), and the antibody against MMP-2
was a rabbit polyclonal antibody (Chemicon, Temacula, CA,
USA). Primary antibodies (1:200) were revealed with
fluorescein isothiocyanate-conjugated anti-goat (Santa Cruz
Biotechnology) or anti-rabbit (Biomeda Microm, Frachville,
France) antibodies diluted 1:1,000. The cells were then treated
for nuclear labelling with bisbenzimide dye (Hoechst-33258;
Sigma, Paris, France). Finally, the cells were observed under an
immunofluorescent inverted microscope (Axiovert-200M;
Carl-Zeiss-Vision, Rueil-Malmaison, France). Quantification
was realised using ImageJ 1.32J (Wayne Rasband, Maryland,
NH, USA) on photographs (n54) taken at a magnification of
6600.

Immunostaining and gelatinolytic activity in PA
MMP-2, MMP-3 and TIMP-1 in PAs were localised on frozen
tissue sections. RTU Vectastain Universal Kit and NovaREDTM

Substrate kit for peroxidase (Vector, Abcys, Paris, France) were
used to reveal the primary antibodies anti-MMP-2 (1/100),
anti-MMP3 (1/50) and anti-TIMP-1 (1/50), i.e. the same
antibodies as those used for immunofluorescence on cell

cultures. The slides were counterstained with Mayer’s haema-
toxylin.

In situ zymography was performed as previously described [6,
8]. Serial arterial sections 10 mm in thickness were stained with
orcein-picro-indigo-carmine to localise collagen and elastin in
PAs [6].

Statistical analysis
Results are expressed as mean¡SEM. Statistical analysis was
performed using the Mann-Whitney U-test, p-values ,0.05
were considered statistically significant.

RESULTS
MMP and TIMP expression in conditioned media of
PA-SMCs from controls and patients with IPAH
In controls, the predominant MMPs were MMP-1, MMP-2 and
MMP-3 (fig. 1), whereas MMP-7 and MMP-9 were barely
detectable. The level of latent MMP-2 (149.0¡31.0 ng?10-5

cells) in PA-SMCs was approximately five-times the level of
MMP-1 (25.8¡7.4 ng?10-5 cells) and 10-times the level of
MMP-3 (15.8¡4.8 ng?10-5 cells). TIMP-1 was also produced
(740¡400 ng?10-5 cells). MMP-7 and TIMP-2 were undetect-
able using ELISA (data not shown). Consequently, TIMP-2
was assessed by reverse zymography (fig. 2), which detected
both TIMP-1 and TIMP-2. In keeping with the ELISA results,
TIMP-1 was largely predominant.

Differences in MMP and TIMP expression were found between
control and IPAH cells. The IPAH cells showed a significant
decrease in MMP-3 production (15.8¡4.8 versus
2.4¡0.7 ng?10-5 cells) and a significant increase in TIMP-1
production (740¡400 versus 2,700¡600 ng?10-5 cells) as

TABLE 2 Number of cycles, mssRNA type and number of
copies for quantitative RT-PCR

Cycles n mssRNA mssRNA copies n

MMP-1 30 C3 56104

MMP-2 28 C1 16105

MT1-MMP 30 C1 56104

TIMP-1 26 C4 56106

TIMP-2 26 C4 26106

28s 18 C1 56105

mssRNA: multiple synthetic internal stranded RNA; MMP: matrix metallopro-

teinase; MT: membrane type; TIMP: tissue inhibitor of metalloproteinase.

TABLE 3 Sequence of forward and reverse primers used for nonquantitative RT-PCR amplification

Forward primers (59–39) Reverse primers (59–39)

MMP-3 GATCCTTCATTTTGGCCATCTCTTC CTTCCAGTATTTGTCCTCTACAAAGAA

MMP-7 CCCCCTGCATTTCAGGAA TCCTGGCCATCAAATGG

MMP-9 GCGGAGATTGGGAACCAGCTGTA GACGCGCCTGTGTACACCCACA

MMP-13 ATGATCTTTAAAGACAGATTCTTCTGG TGGGATAACCTTCCAGAATGTCATAA

MT2-MMP CTTGCAGAGATGCAGCGCTTCTAC TGGATGCTAAAGGTCAGATGGTG

MMP: matrix metalloproteinase; MT: membrane type.

TABLE 4 Number of cycles and PCR conditions for
nonquantitative RT-PCR

Cycles n PCR conditions

MMP-3 42 B#

MMP-7 40 B

MMP-9 30 A"

MMP-13 42 B

MT2-MMP 30 A

MMP: matrix metalloproteinase; MT: membrane type. #: 94 C̊ for 15s, 60 C̊ for

30s, 72 C̊ for 30s; ": 94 C̊ for 15s, 68 C̊ for 20s, 72 C̊ for 10s.
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compared with the control cells. In contrast, no difference was
detected between control and IPAH cells for latent MMP-2
(149.0¡31.0 versus 140.0¡27.1 ng?10-5 cells), for MMP-1
(25.8¡7.4 versus 29.8¡15.6 ng?10-5 cells; fig. 1) or for TIMP-2
(160¡20 versus 180¡20 ng?10-5cells; fig. 2b).

The anti-MMP-2 antibody used for ELISA recognised only
latent MMP-2; therefore, conditioned media were subjected to
gelatin zymography to assess MMP-2 activation. Gelatin
zymography analysis and densitometry data (fig. 3a and b)
showed that active MMP-2 was clearly visible in IPAH cells,
but was barely detectable in control cells. As a result, total
gelatinase activity was higher in the IPAH cells than
in controls. This method also confirmed the ELISA
results showing similar latent MMP-2 levels in IPAH and
control cells.

MMP-9 was not expressed spontaneously and was induced in
low levels by PMA (data not shown) in both IPAH and control
cells. Although BMPR-II mutations play a key role in familial
PAH [14], the levels of MMP-9 and of latent and active MMP-2
were not modified by addition of TGF-b, BMP-4 or BMP-6,
three ligands of the TGF-b-receptor superfamily, or PDGF
(data not shown).

Presence of MT1-MMP was evaluated by Western blot. This
showed three MT1-MMP forms of 60, 50 and 37 kDa, as
previously described [15], in both IPAH and control cells (data
not shown).

MMP and TIMP transcript expression by PA-SMCs from
controls and IPAH patients
Quantitative RT-PCR showed no difference between IPAH and
control cells for MMP-1 transcript expression. Trends were
found towards increases in MMP-2, MT1-MMP, TIMP-1 and
TIMP-2 transcript expression in IPAH (fig. 4). MT2-MMP
transcript levels were similar in control and IPAH cells (data
not shown).

No MMP-9 or MMP-7 mRNAs were found, even with up to 40
PCR cycles. Despite the use of 42 PCR cycles, MMP-3 mRNA
was detected in only four out of six controls and two out of
five IPAH patients (fig. 5), and quantitative RT-PCR could
not be performed. Furthermore, when detected, MMP-3
mRNA bands were less marked in IPAH cells than in control
cells.

MMP and TIMP immunostaining of cultured PA-SMCs
Representative photographs of immunofluorescence studies
are shown in figure 6. Quantification (table 5) found over-
expression of MMP-2 and TIMP-1 and reduced expression of
MMP-3 in PA-SMCs from IPAH specimens, with similar levels
of both MT1-MMP and TIMP-2.
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FIGURE 1. ELISA quantification of a) matrix metalloproteinase (MMP)-1, b)

MMP-2, c) MMP-3 and d) tissue inhibitor of metalloproteinase (TIMP)-1 in

conditioned media of pulmonary artery smooth muscle cells from patients with

idiopathic pulmonary arterial hypertension (IPAH) and from controls. Measurements

were performed in triplicate for each control (n54) and IPAH (n54) specimen. Data

are presented as mean¡SEM. MMP-7 and TIMP-2 were undetectable. *: p,0.05.
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FIGURE 2. Reverse zymography evaluation of tissue inhibitor of metallo-

proteinase (TIMP)-2 in conditioned media of pulmonary artery smooth muscle cells

from patients with idiopathic pulmonary arterial hypertension (IPAH) and from

controls. a) Lanes 1–3 show three different controls and lanes 4–6 show IPAH cell

cultures. Molecular mass standards are indicated on the right. The molecular

masses of TIMP-1 (29 kDa) and TIMP-2 (21 kDa) are shown on the left. Three

amounts of recombinant human TIMP-2 (30, 20 and 10 ng) were used to establish a

standard curve. b) Data are presented as mean¡SEM.
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Immunostaining and gelatinolytic activity in PA walls
In situ, gelatinolytic activity and MMP-2 immunostaining
were colocalised and predominated in the media (figs 7
and 8). MMP-2 immunolocalisation was found in SMCs
and was also associated with elastic fibres in both IPAH
and control specimens. In IPAH arteries, high gelatinolytic
activity and MMP-2 immunostaining were found all along
the inner elastic lamina up to the break in this structure.
Interestingly, at these sites, a marked change in SMC
orientation was noted (arrow head in fig. 8f), consistent
with SMC migration from the media to the neo-intima.
MMP-3 staining in the media was weak or absent in control
specimens, and absent in IPAH specimens. TIMP-1 immuno-
staining was diffuse and strong in both control and IPAH
arteries.

DISCUSSION
Marked differences between IPAH patients and controls were
found in the current study. In vitro, TIMP-1 was over-
expressed and MMP-3 under-expressed by IPAH cells,
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FIGURE 3. Expression (a and b) and quantification (c) of gelatinase

produced by pulmonary artery smooth muscle cells from patients with idio-

pathic pulmonary arterial hypertension (IPAH) and from controls. a) Two different

control-cell cultures and b) IPAH-cell cultures from two different patients are

shown. Lane 1 shows the unstimulated condition serum-free medium and lane 2

shows stimulation by transforming growth factor-b (10 ng?mL-1). As a control for

the size and relative quantification of gelatinolysis bands, 5% new calf serum

medium (NCS) was used. L.: latent; MMP: matrix metalloproteinase; A.: active.

c) Data are presented as mean¡SEM amounts of L.MMP-2 (h) and A.MMP-2 (&)

produced by unstimulated cells from controls (n55) and patients with IPAH (n55).

The values for each MMP band were normalised for the value obtained with NCS.

*: p,0.05.
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FIGURE 4. Electrophoretic (a, c, e, g, i) and scanning densitometry (b, d, f, h,

j) of quantitative RT-PCR products for matrix metalloproteinase (MMP)-2 (a, b),

MMP-1 (c, d), membrane type (MT)1-MMP (e, f), tissue inhibitor of metalloprotein-

ase (TIMP)-1 (g, h) and TIMP-2 (i, j) in pulmonary artery smooth muscle cells from

controls and idiopathic pulmonary arterial hypertension (IPAH) patients. a, c, e, g, i)

The bands at the top show amplified multiple synthetic internal stranded RNA

(mssRNA) and the bands at the bottom show amplified mRNAs. b, d, f, h, j) Steady-

state levels of mRNAs expressed as the ratio over 28s mRNA expression ((MMPx/

mssRNAx)/(28s/mssRNA28s)). Data are presented as mean¡SEM.
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FIGURE 5. Electrophoresis of the RT-PCR products for matrix metallopro-

teinase (MMP)-3 from pulmonary artery smooth muscle cells from controls (n58)

and idiopathic pulmonary arterial hypertension (IPAH) patients (n57). The size of

RT-PCR products of multiple synthetic internal stranded RNA (mssRNA; 272 bp)

and MMP-3 mRNA (246 bp) are indicated.
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whereas MMP-1 expression was similar in the two groups.
Total MMP-2 overexpression was also found, with a greater
amount of the active form in IPAH cells as compared with
controls. In situ studies showed gelatinolytic activity in tissue
sections and strong MMP-2 immunostaining along the inner
elastic lamina up to the lamina break. TIMP-1 immunostaining
was found in both control and IPAH arteries, whereas MMP-3
staining was detected only in the media of a few control
specimens. This evidence, indicating severe disruption of the
TIMP–MMP balance, is consistent with a major role for this
system in pulmonary vascular remodelling in IPAH.

A major finding from the present study is the marked increase
in TIMP-1 protein in PA-SMCs from IPAH patients. Excessive
TIMP levels have been reported in fibrotic diseases charac-
terised by ECM accumulation, such as hepatic [16] and
pulmonary fibrosis [17]. TIMP-1 is more widely distributed
than the other TIMPs and inhibits the activity of all active
MMPs [5]. The current findings are in keeping with histo-
logical studies in human PAs showing intimal fibrosis and
medial hypertrophy corresponding to accumulation of ECM,
particularly collagen [1, 18].

This study also found lower MMP-3 levels in IPAH-condi-
tioned media, with a decrease in MMP-3 mRNAs, suggesting
transcriptional regulation. The low MMP-3 expression in this
study is consistent with an earlier report of weak MMP-3
staining in myofibroblasts from remodelled PAs and negative
MMP-3 staining in mature plexiform lesions [19]. MMP-3 is a
key member of the MMP family and is characterised by broad
substrate specificity, including several collagens, proteoglycan,
laminin and fibronectin [5]. In addition, MMP-3 can activate
latent forms of other MMPs, such as MMP-1 and MMP-8, a
property that gives MMP-3 a crucial role in connective tissue
remodelling [5]. The TIMP-1–MMP-3 imbalance found in
IPAH cells in the present study would be expected to promote
ECM accumulation.

Zymograms showed significantly higher MMP-2 levels in the
IPAH cells related to the presence of the active enzyme form,
which was barely detectable in control cells. This result is
consistent with previous studies showing increased levels and
activation of MMP-2 in PAs from experimental PAH models
[8]. An important issue is activation of latent MMP-2, which

a) b)

c) d)

e) f)

g) h)

i) j)

k) l)

FIGURE 6. Matrix metalloproteinase (MMP)-2 (a, b), MMP-3 (c, d), membrane

type 1-MMP (e, f), tissue inhibitor of metalloproteinase (TIMP)-2 (g, h) and TIMP-1

(i, j) expression by pulmonary artery smooth muscle cells, as evaluated by

immunofluorescence. Cells are shown from controls (a, c, e, g, i, k) and patients

with idiopathic pulmonary artery hypertension (b, d, f, h, j, l). k, l) correspond to

negative controls. Scale bars55 mm.

TABLE 5 Immunofluorescence quantification of MMP-2,
MMP-3, MT1-MMP, TIMP-2 and TIMP-1 in cultured
pulmonary artery smooth muscle cells from
patients with IPAH and from controls

Control IPAH

MMP-2 13.0¡0.3 17.5¡0.4*

MMP-3 10.8¡0.2 2.7¡0.2*

MT1-MMP 7.9¡0.3 10.3¡1.0

TIMP-1 16.4¡0.2 24.5¡0.2*

TIMP-2 7.8¡0.9 10.7¡0.4

Data are presented as mean¡SEM. IPAH: idiopathic pulmonary arterial

hypertension; MMP: matrix metalloproteinase; MT: membrane type; TIMP:

tissue inhibitors of metalloproteinase. *: p,0.05.
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can occur via several pathways. Latent MMP-2 activation by
MMP-7 [20] probably did not occur in this study, as no MMP-7
expression was detected. MMP-2 can also be activated via the
MMP-2/MT-1MMP/TIMP-2 complex [5]. However, produc-
tion of MT1-MMP (Western blot, data not shown) and TIMP-2
(fig. 2) was similar in IPAH and control cells. The two other
known mechanisms of MMP-2 activation are MMP-2 auto-
catalytic activation by another molecule of active MMP-2,
which must be tethered to the cell surface [5], and TIMP-2-
independent activation [9] involving MT2-MMP. The second
mechanism may activate MMP-2 in processes and tissues
characterised by induction of MT2-MMP and low levels of
TIMP-2 [9], a situation suggested by the results of the present
study.

Demonstration of a TIMP-1–MMP imbalance conducive to
ECM accumulation does not rule out a role for active MMP-2
in IPAH. Proteolysis may be effective in limited areas even
when TIMP levels are high in the extracellular milieu, because
MMP-2 tethering and activation at the cell surface focuses the
catalytic activity on limited targets on the cell membrane. This
hypothesis is supported by the immunohistology and in situ
zymography data, which clearly show that gelatinolytic
activity colocalised with MMP-2 immunostaining in arteries
from IPAH patients. This pattern of MMP and TIMP
expression, characterised by increased TIMP-1 levels coexist-
ing with evidence of ECM degradation, has been found in
other fibrotic diseases, such as adult respiratory distress
syndrome (ARDS). In bronchoalveolar lavage (BAL) fluid from
ARDS patients, TIMP-1 levels were significantly higher than in
healthy controls [21]. Despite the high TIMP-1 levels, ECM
degradation by MMPs is suggested by the presence of active

MMP-2 in epithelial lining fluid [22] and of basement
membrane disruption markers in BAL fluid [23] of ARDS
patients. Altogether, these data suggest that a TIMP-1–MMP
imbalance promoting ECM accumulation within the interstitial
tissue may coexist with the presence of active MMP-2 confined
to the cell surface.

In IPAH, disruption of the internal elastic lamina, ECM
disorganisation and SMC migration are strong arguments
supporting a direct role for active MMP-2. This enzyme not
only degrades nonfibrillar collagen, but also cleaves elastin [5].
Elastin fragmentation has been shown to be an early
pulmonary vascular abnormality in patients with congenital
heart defects and PAH [2]. Elastinolytic activities have also
been ascribed to endogenous vascular elastase [24, 25]. In
addition, elastinolytic properties of MMP-2 should also be
taken into account [26]. Moreover, latent-MMP-2 may both
bind to elastin and undergo auto-activation, subsequently
degrading elastin [27]. The results presented here are consis-
tent with previous data, as in situ zymography and MMP-2
immunolocalisation showed colocalisation of gelatinolytic
activities and MMP-2 along elastic fibres. Also, active MMP-2
may contribute not only to ECM remodelling but also to
important processes in IPAH, such as SMC migration and
proliferation [10, 28].

A number of methodological issues deserve discussion. First,
the number of specimens was small, as the authors studied
human tissue and the prevalence of IPAH in humans is low
(0.5 per 1,000,000). Secondly, the controls were specimens from
patients who had surgery for lung cancer. Many studies have
found increases in MMP and TIMP in cancer tissue as

a) b) c)

d) e) f)

FIGURE 7. Localisation of matrix metalloproteinase (MMP)-2 and gelatinolytic activity as compared with collagen, elastin and cell organisation in pulmonary arteries in

controls. Serial, consecutive, 10-mm frozen sections were used for orcein-picro-indigo-carmine staining (a: red, elastin; blue, collagen); in situ zymography (b: gelatinolytic

activity is seen as a white area against the black background); and MMP-2 (c), MMP-3 (e) and TIMP-1 (f) immunolocalisation (brown stain). A representative negative control

without antibody is shown in (d). Scale bars530 mm.
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compared with adjacent normal tissue [29]. In the present
study, the PAs were dissected out several centimetres away
from the tumours. Moreover, most of the data from this study
came from cultured SMCs, which were not primarily involved
in the tumoural angiogenic process. Finally, the histological
and immunostaining data were obtained from fairly large PAs.
However, most of the data were obtained from SMCs in vitro,
and there were clear differences between patient SMCs and
control SMCs that persisted over time. A previous study in rats
found that MMP expression was similar in proximal and distal
arteries [8].

In conclusion, this in situ and in vitro study of human
pulmonary arteries found an imbalance between matrix
metalloproteinase and tissue inhibitors of metalloproteinase-1
and an increase in active matrix metalloproteinase-2 in
idiopathic pulmonary arterial hypertension cells as compared

with controls. The imbalance in favour of tissue inhibitor of
metalloproteinase-1 may lead to extracellular matrix accumu-
lation. Active matrix metalloproteinase-2 confined to the cell
may contribute to other processes, such as smooth muscle cell
migration and proliferation. Whether the abnormalities found
in the current study are potential therapeutic targets deserves
investigation.
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