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of peripheral pulmonary vasculature, chronic hypoxia causes pulmonary hypertension (for review, see Ref. 51). Growth and
proliferation of vascular smooth muscle cells and fibrotization of the walls of prealveolar vessels reduce both
vascular compliance and total cross-sectional area of
the pulmonary vascular bed. The resulting rise in pulmonary vascular resistance elevates pulmonary arterial blood pressure (PAP). Right ventricular hypertrophy develops as a consequence of chronic pressure
overload.
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The pathogenesis of structural remodeling of peripheral lung arteries is closely related to the alteration of
collagen metabolism by lung hypoxia (reviewed in Ref.
17). Accumulation of collagen and increase of its turnover in lung conduit vessels during pulmonary hypertension have been recognized for a long time (8, 9).
More recently, collagenolytic activity was also found
increased in peripheral pulmonary vessels of chronically hypoxic rats (40). The only enzymes capable of
initiating the breakdown of collagen are specific matrix
metalloproteinases (MMP) (for review, see Ref. 41),
and we were able to confirm elevated MMP activity in
resistance lung arteries during hypoxia (40).
Although intriguing, these data are not sufficient to
determine whether the increased collagenolysis has
any pathogenetic role in the mechanism of pulmonary
hypertension. In essence, one of three possibilities can
be expected. First, collagenolysis occurs in parallel to
the mechanism of pulmonary hypertension and has no
role in it. Second, elevated collagenolytic activity opposes the increased collagen synthesis and thus acts as
a negative feedback mechanism limiting the development of pulmonary hypertension. Third, accelerated
collagenolysis promotes proliferation of the vascular
wall components and thus contributes to the progression of pulmonary hypertension.
As counterintuitive as this third hypothesis may
seem in a condition characterized by extracellular matrix accumulation, a mechanism for such an effect is
plausible. Accelerated collagen turnover is known to be
capable of activating mesenchymal cell proliferation.
This effect may be either direct, via growth-promoting
properties of products of collagen degradation (4), or
indirect, by releasing growth-stimulating cytokines
from their bond to extracellular matrix proteins (56).
Moreover, indirect support for the idea that increased
collagenolysis promotes pulmonary hypertension development comes from an extensive set of studies of the
role of another important component of extracellular
matrix, elastin. Elastolytic activity is elevated during
the development of chronic hypoxic pulmonary hyper-
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Herget, Jan, Jana Novotná, Jana Bı́bová, Viera Povýšilová, Marie Vaňková, and Václav Hampl. Metalloproteinase inhibition by Batimastat attenuates pulmonary
hypertension in chronically hypoxic rats. Am J Physiol Lung
Cell Mol Physiol 285: L199–L208, 2003. First published
March 28, 2003; 10.1152/ajplung.00167.2002.—Chronic hypoxia induces lung vascular remodeling, which results in pulmonary hypertension. We hypothesized that a previously
found increase in collagenolytic activity of matrix metalloproteinases during hypoxia promotes pulmonary vascular remodeling and hypertension. To test this hypothesis, we exposed rats to hypoxia (fraction of inspired oxygen ⫽ 0.1, 3 wk)
and treated them with a metalloproteinase inhibitor, Batimastat (30 mg/kg body wt, daily ip injection). Hypoxia-induced increases in concentration of collagen breakdown products and in collagenolytic activity in pulmonary vessels were
inhibited by Batimastat, attesting to the effectiveness of
Batimastat administration. Batimastat markedly reduced
hypoxic pulmonary hypertension: pulmonary arterial blood
pressure was 32 ⫾ 3 mmHg in hypoxic controls, 24 ⫾ 1
mmHg in Batimastat-treated hypoxic rats, and 16 ⫾ 1 mmHg
in normoxic controls. Right ventricular hypertrophy and
muscularization of peripheral lung vessels were also diminished. Batimastat had no influence on systemic arterial pressure or cardiac output and was without any effect in rats kept
in normoxia. We conclude that stimulation of collagenolytic
activity in chronic hypoxia is a substantial causative factor in
the pathogenesis of pulmonary vascular remodeling and hypertension.
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tension, and blockade of this activity inhibits pulmonary hypertension (reviewed in Ref. 48).
For these reasons, we hypothesized that an increase
in collagen breakdown is an essential event leading to
vascular wall remodeling in the chronic hypoxic model
of pulmonary hypertension. To test this hypothesis, we
used a specific MMP inhibitor, Batimastat (61), in
chronically hypoxic rats. Batimastat was previously
used for a successful inhibition of injury-induced vascular remodeling in systemic arteries (7, 28, 61). We
reasoned that if increased collagenolytic activity is
indeed essential in the process of pulmonary vascular
remodeling, then indexes of pulmonary hypertension
should be diminished by Batimastat treatment. The
results were reported in a preliminary form (42).
METHODS

Table 1. Body weight, hemodynamics, and hematocrit
BW, g
Group

n

Start

End

LV⫹S/BW, mg/g

SAP, mmHg

CO, ml/min

CI, ml 䡠 min⫺1 䡠 100 g⫺1

Hematocrit, %

NC
NB
HC
HB

9
8
7
6

259 ⫾ 14
254 ⫾ 11
234 ⫾ 11
248 ⫾ 19

341 ⫾ 7
314 ⫾ 10†
234 ⫾ 11*
197 ⫾ 4*

2.1 ⫾ 0.06
1.9 ⫾ 0.13
2.4 ⫾ 0.12
2.5 ⫾ 0.06

66 ⫾ 9
73 ⫾ 9
72 ⫾ 6
82 ⫾ 12

36.7 ⫾ 6.8
32.0 ⫾ 4.5
25.2 ⫾ 2.4*
25.4 ⫾ 1.4*

10.6 ⫾ 0.9
9.4 ⫾ 0.4
14.0 ⫾ 1.9*
13.9 ⫾ 0.8*

0.47 ⫾ 0.01
0.42 ⫾ 0.01
0.69 ⫾ 0.02*
0.62 ⫾ 0.02*†

The data are means ⫾ SE. NC, group kept in normoxia treated with vehicle; NB, group kept in normoxia treated with Batimastat; HC,
group exposed to hypoxia treated with vehicle; HB, group exposed to hypoxia treated with Batimastat; n, number of successfully completed
measurements; BW, body weight; LV⫹S/BW, left heart ventricle plus septum wet weight relative to BW; SAP, systemic arterial blood
pressure; CO, cardiac output estimated from ascending aorta blood flow; CI, estimate of cardiac index (CO/BW); Start and End, weight at the
beginning and end, respectively, of Batimastat or vehicle treatment. * P ⬍ 0.05 hypoxic groups differs from corresponding normoxic group;
† P ⬍ 0.05 Batimastat-treated group differs from corresponding vehicle-treated group.
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Experiments were performed in accordance with European
Community and National Institutes of Health guidelines for
using experimental animals. All procedures were approved
by our institution’s Animal Studies Committee. Four groups
of adult male Wistar specific pathogen-free rats (Anlab,
Prague, Czech Republic) were used. Two groups were placed
in an isobaric hypoxic chamber (fraction of inspired oxygen ⫽
0.1) for 3 wk (16), and two groups were kept in atmospheric
air. Rats in one of the hypoxic groups were given intraperitoneal injections of Batimastat (30 mg/kg body wt) on each
day of the hypoxic exposure (HB group, n ⫽ 22). The second
hypoxic group served as vehicle control: it was treated identically as the HB group but received only the solvent for
Batimastat (phosphate buffer plus 0.01% Tween 80) (61) (HC
group, n ⫽ 25). To ensure exactly identical hypoxic conditions, we exposed all rats of both hypoxic groups to hypoxia
together at the same time. Of the normoxic groups kept in
air, one was treated with daily injections of Batimastat for 3
wk (NB group, n ⫽ 15), and another received only the vehicle
(NC group, n ⫽ 23).
After 3 wk of Batimastat or vehicle treatment, the rats
were removed from the hypoxic chamber and anesthetized
with pentobarbital (25 mg/kg body wt ip). Each group was
divided into three subgroups. One subgroup was used for
hemodynamic and morphological measurements, another for
collagen analysis in peripheral lung vessels, and the third
one for collagenolytic activity determination.
The hemodynamic study started with tracheal intubation
and pulmonary artery catheterization while the rat spontaneously breathed room air. The internal diameter of a 30mm-long tracheal tube was 2.1 mm. A specially shaped polyethylene catheter (1.1 mm outer and 0.75 inner diameter)

was used to measure PAP (21). Another cannula (0.9 mm
inner diameter) was introduced into the carotid artery to
measure systemic arterial blood pressure and, subsequently,
to take a blood sample for hematocrit determination. After
stable readings of both pressures were obtained, mechanical
ventilation with air was begun at ⬃60 breaths/min (10
cmH2O peak inspiratory pressure, 0 cmH2O end expiratory
pressure). The chest was opened at midline with extra care
taken to minimize bleeding. Blood flow rate in the ascending
aorta was then measured with an ultrasonic flow meter
(T106 ⫹ 2.5 mm SS-series flow probe with J-reflector; Transonic Systems, Ithaca, NY) as an estimate of cardiac output.
This value relative to body weight is referred to as cardiac
index. Although the absolute values obtained with this
method are lower than cardiac output in vivo due to the
anesthesia and especially the thoracotomy, the almost identical values found in the Batimastat-treated and control rats
(Table 1) permit exclusion of major differences in cardiac
output as a source of the difference in PAP. Numbers of
animals with all hemodynamic measurements successfully
completed are given in Table 1.
After completion of the hemodynamic measurements, we
killed the anesthetized rats by removing the heart and lung.
The heart was dissected, and the right and left ventricles and
septum were separately weighed (13). Right ventricle to left
ventricle plus septum weight ratio (RV/LV⫹S) was used as
an index of right ventricular hypertrophy associated with
pulmonary hypertension. The lungs were filled through the
trachea with neutral formol solution at a pressure of 12
cmH2O and then placed in the same solution for several days.
Lung sections were then cut and stained by the hematoxylin
resorcin fuchsin method. Because one important aspect of
lung vascular remodeling in pulmonary hypertension is a
rise in proportion of peripheral vessels that contain a muscular layer in their wall, we assessed the remodeling by
counting distal vessels bound to alveolar ducts or to alveoli
(ⱕ300 m) on one slide of each rat and determining how
many of them were muscularized (23). All peripheral pulmonary blood vessels found in sagittal sections through the
hilus region of the right and left lungs were counted. All
counts were performed by one person blinded to the denomination of the slides. The number of counted vessels was
74–134 (range) in each rat. The result is reported as percentage of double-laminated peripheral vessels (%DL), reflecting
the fact that the muscular layer is enclosed between two
elastic laminae, whereas the nonmuscularized vessels have
only one lamina (23).
We used six animals of each group to analyze collagen
proteins in extracts from peripheral pulmonary arteries.
Lungs were removed from anesthetized rats, and peripheral
pulmonary arteries (3rd and 4th intrapulmonary branches)
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sodium borate buffer, pH 9.3, 4°C, for 1 h. Starting transfer
power conditions were 35 V/350 mA; finishing conditions
were 35 V/250 mA. The blots were blocked with 10% skim
milk-PBS overnight. Monoclonal antibody to MMP-13
(MMP-13 Ab-1, Calbiochem) was diluted 1:100 in 2% skim
milk-PBS, and the nitrocellulose membrane was incubated in
this solution overnight at 4°C. The blots were then washed
with 2% skim milk-PBS and incubated with secondary antibody (HRP-conjugated swine anti-mouse antibodies solution;
USOL) diluted 1:250 for 1 h at room temperature. After
washing, the membrane was stained with HRP substrate for
15 min.
Chemicals. Batimastat [BB-94, (4-N-hydroxyamino)-2Risobutyl-3S-(thienyl-thiomethyl)-succinyl-L-phenylalanineN-methylamide] was provided by British Biotechnology (Oxford, UK). Other reagents and drugs were from Sigma
(Prague, Czech Republic) unless specified otherwise. All
chemicals were of a highest available purity.
Statistical analyses. The data were statistically evaluated
by ANOVA and Scheffé’s post hoc test (StatView 5.0; SAS
Institute, Cary, NC). The results are presented as means ⫾
SE. Differences were considered significant at P ⬍ 0.05.
RESULTS

At the beginning of treatment, the groups did not
differ in body weight (Table 1). During the 3 wk of
Batimastat or vehicle treatment, both groups kept in
normoxia gained weight. In contrast, both groups exposed to hypoxia lost weight (Table 1). Although the
rats of the NB group were slightly lighter on the day of
the measurements than the NC group, there was no
significant difference in body weight between the hypoxic groups (Table 1). One rat of the HB group died
after 9 days of exposure to hypoxia; there was no
mortality in other groups.
PAP was significantly higher in rats exposed to hypoxia than in rats kept in air (Fig. 1A). In normoxia,
there was no difference in PAP between Batimastatand vehicle-treated rats. In contrast, the HB group had
significantly lower PAP than the HC rats (Fig. 1A).
This effect of Batimastat in hypoxia was selective for
the pulmonary circulation, as the systemic arterial
pressure did not differ among the groups (Table 1) and
was not due to alterations in cardiac output or index,
since our estimates of either did not differ between the
HC and HB groups (Table 1).
The reducing effect of Batimastat on PAP in hypoxia
was in accord with its effect on pulmonary vascular
remodeling. Batimastat treatment during exposure to
hypoxia partly prevented the typical thickening of the
walls of peripheral pulmonary arteries: %DL was elevated significantly less in the HB than in the HC group
(Fig. 1B).
Right ventricular hypertrophy accompanying pulmonary hypertension of chronic hypoxia was markedly
smaller in rats treated with Batimastat than in vehicle-treated ones (Fig. 1C). In fact, RV/LV⫹S was not
significantly higher in the HB group than in the normoxic controls (Fig. 1C). Left ventricle plus septum
weight was not affected by Batimastat treatment (Table 1).
285 • JULY 2003 •
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were dissected under a dissecting microscope as previously
described (40). The collagen fraction was isolated by limited
pepsin digestion (40). Pepsin digest solution was centrifuged
(15 000 g, 30 min), and the supernatant was lyophilized and
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (32, 40).
In seven animals of the NC, HC, and HB groups, the
collagenolytic enzymes in the dissected peripheral pulmonary arteries were analyzed by zymography (34). Briefly,
peripheral pulmonary arteries were extracted in SDS-PAGE
sample loading buffer (40% 0.5 M Tris 䡠 HCl, 10% SDS, 10%
glycerol, and 4% bromphenol blue) for 20 h at 4°C. The
extraction volume was 100 l/g dry tissue weight. After
extraction of the tissue samples in the extracting buffer, they
were centrifuged (14 000 g, 40 min) and separated on 10%
SDS-PAGE containing 0.1% gelatin. To remove SDS, we
washed the gels for 30 min in 2.5% (vol/vol) Triton X-100 and
removed the Triton by washing the gels with distilled water
and incubation buffer (50 mM Tris 䡠 HCl, pH 7.8; 10 mM
CaCl2; and 10 mM NaCl). The gels were then incubated in
the incubation buffer (17 h, 37°C) and then stained with
0.25% Coomassie brilliant blue R in methanol-acetic acidwater (40:10:50 vol/vol/vol). Because gelatin substrate was
used, the zymography preferentially targeted MMPs with
gelatinolytic activity. The amount of each loaded sample was
standardized to the dry weight of lyophilized tissue of peripheral pulmonary arteries. A high-molecular-weight calibration
kit from Pharmacia Biotech (Uppsala, Sweden) was used as
standard. All individual protein bands loaded in the gels
were analyzed densitometrically using custom software (Jiřı́
Semecký, Prague, Czech Republic).
Western blot analysis of collagen proteins and MMP-13.
Collagen type I origin of the peptides occurring in extracts
from peripheral pulmonary arteries of hypoxic rats was confirmed by Western blot analysis in three additional rats
exposed to similar hypoxia (5 days) and one normoxic control
rat. After SDS-PAGE electrophoretic separation on discontinuous slab gel using 4% stacking gel and 7.5% separating
gel, proteins were electrotransferred to nitrocellulose membrane (Immobilon-NC, Millipore, Bedford, MA) in 15 mM
sodium borate buffer, pH 9.3, 4°C, for 24 h in Mini Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad Laboratories, Hercules, CA). Starting transfer power conditions were 15 V/250
mA; finishing conditions were 15 V/350 mA. The blots were
blocked with 10% skim milk-PBS overnight. Polyclonal rabbit antibodies to rat collagen type I (catalogue no. 2150–1980,
ANAWA Switzerland) were diluted 1:50 in 2% skim milkPBS, and nitrocellulose membrane was incubated in this
solution for 1 h at room temperature and then washed with
2% skim milk-PBS. Membrane was then incubated in horseradish peroxidase (HRP)-conjugated anti-swine rabbit antibody solution (USOL, Prague, Czech Republic) diluted 1:500
for 1 h at room temperature. After washing, the membrane
was stained with HRP substrate, 4-chloro-1-naphthol (15 mg
in 5 ml methanol, 20 ml 10 mM Tris 䡠 HCl, and 0.01% H2O2)
for 15 min. The reaction was allowed to proceed in the dark
for 15 min until all bands were visualized. The membrane
was then air-dried.
To assess possible hypoxic alterations of the principal
enzyme initiating collagen breakdown, the interstitial collagenase (MMP-13 in the rat), we used Western blot to detect
MMP-13 protein in extracts from peripheral pulmonary arteries of three per group. One microgram of MMP-13 proenzyme (Calbiochem, La Jolla, CA) was used as a standard.
After SDS-PAGE separation on a discontinuous slab gel
using 4% stacking gel and 10% separating gel, proteins were
electrotransferred to a nitrocellulose membrane in 15 mM
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Both of the hypoxic groups had higher values of
hematocrit than their corresponding normoxic controls
(Table 1). The normoxic groups did not differ significantly in hematocrit one from another. Of the hypoxic
groups, hematocrit was slightly but significantly lower
in rats treated with Batimastat than in the vehicletreated animals (Table 1).
Analysis of collagenous proteins in the peripheral
pulmonary arteries confirmed our previous finding (40)
of a typical 76-kDa collagen breakdown product in rats
exposed to hypoxia (HC group), which was not present
in any of the normoxic groups (Fig. 2). Western blot
analysis of extracts from peripheral pulmonary arteries isolated from rats exposed to hypoxia (for 5 days)

identified the low-molecular-weight peptide seen in the
group exposed to hypoxia as a collagen type I product
(Fig. 3). The appearance of this breakdown product in
small lung arteries during chronic hypoxia was prevented by Batimastat treatment (Fig. 2).
Collagenolytic activity and its inhibition by Batimastat were documented by zymographic analysis of extracts from peripheral pulmonary arteries on gelatin
substrate (Fig. 4). The lytic zones were ascribed to
gelatinase A (MMP-2) and its proenzyme on the basis
of substrate specificity and molecular weight. Densitometric analysis of the lytic zones showed that chronic
hypoxia markedly stimulated MMP-2 (HC group
greater than NC group), but this effect was completely

Fig. 2. Collagenous extracts from peripheral pulmonary arteries of hypoxic rats contain a low-molecular-weight
peptide that is not present in extracts of normoxic rats or of hypoxic rats treated with Batimastat. A: an example
of electrophoretic profile representative of 6 similar ones; each lane contains extract from 1 rat’s peripheral
pulmonary arteries. Lane 1, molecular mass markers; lane 2, C (I) ⫽ collagen type I standard; lane 3, normal
control rat (NC group); lane 4, hypoxic vehicle-treated rat (HC group); lane 5, normoxic rat treated with Batimastat
(NB group); lane 6, hypoxic rat treated with Batimastat (HB group). ␥, ␥-fraction (chain polymers, collagen type I
and III); ␤, ␤-fraction (chain dimers, collagen type I and III); ␣1, mixture of individual ␣1-chains (collagen type I and
III); ␣2, ␣2-chain (collagen type I); arrow, small peptide present in extracts from hypoxic, but not normoxic,
peripheral pulmonary arteries. B: relative density of the low-molecular-mass collagenous peptide (molecular mass
76 kDa, arrow in A). The peptide was undetectable in both of the normoxic groups. The data are means ⫾ SE (n ⫽
6/group).
AJP-Lung Cell Mol Physiol • VOL
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Fig. 1. Hypoxic pulmonary hypertension is attenuated by metalloproteinase inhibition by Batimastat. Pulmonary
arterial blood pressure (PAP, A), percentage of muscularized (double-laminated) peripheral pulmonary vessels
(%DL, B), and relative weight of the right heart ventricle [expressed as right ventricle to left ventricle plus septum
weight ratio (RV/LV⫹S), C] are all elevated by chronic hypoxia. These increases are significantly reduced by
concomitant treatment with a synthetic inhibitor of matrix metalloproteinases, Batimastat. HB, hypoxia and
Batimastat treatment group; HC, hypoxic control group; NB, normoxia and Batimastat treatment group; NC,
normoxic control group. None of the parameters was affected by Batimastat treatment in normoxia. The data are
means ⫾ SE.

METALLOPROTEINASES IN PULMONARY HYPERTENSION

prevented by Batimastat (Fig. 4B). Pro-MMP-2 was
higher in the HC group than in normoxic controls (Fig.
4B). The density of lytic zones in the HB group did not
significantly differ from both the HC and NC groups
(Fig. 4B). Compared with the normoxic controls, proMMP-9 was elevated in the hypoxic control rats but not
in the hypoxic, Batimastat-treated group. MMP-9 was
not detected.
Both chronic hypoxic exposure and Batimastat treatment altered the expression of rat interstitial collagenase, MMP-13, in peripheral pulmonary arteries (Fig.
5). MMP-13 was the most abundant in vehicle-treated
rats exposed to hypoxia. Batimastat treatment reduced
MMP-13 expression.
DISCUSSION

The main finding of this study is that MMP inhibition by Batimastat treatment markedly attenuates the
development of hypoxic pulmonary hypertension.
Chronic hypoxia-induced increases in PAP, peripheral
pulmonary vascular muscularization, and right ventricle weight were all significantly smaller in rats treated
with Batimastat than in rats treated with vehicle (Fig.
1). Importantly, we were able to document the effectiveness of the chosen Batimastat dose and route of
administration in inhibiting collagenolysis. Together,
these data show that the previously reported stimulation of collagen breakdown by MMPs in hypoxic pulmonary vessels (40) plays a key pathogenetic role in
the mechanism of pulmonary hypertension.
We reported previously that collagen extracts from
peripheral pulmonary arteries of hypoxic rats contain a
low-molecular-weight peptide that is not present in
peripheral pulmonary vessels of normoxic rats (40).
This finding was confirmed in the present study (Fig.
2A, arrow). The molecular mass of this peptide (⬃76
AJP-Lung Cell Mol Physiol • VOL

kDa) corresponds to three-fourths of the molecule of
native collagen and thus suggests that it is a product of
cleavage by interstitial collagenase, because this MMP
cleaves collagen at approximately one-fourth of the
collagen molecule length (reviewed in Ref. 41). The
collagen type I origin of this peptide was confirmed by
immunoblotting (Fig. 3) and by amino terminal peptide
sequencing (12, 40). The increased collagenolytic activity, strongly implicated by those data, was subsequently directly proved by zymography (40). These
findings were confirmed in the present study by showing the appearance of a collagen breakdown product
(Fig. 2) and increased collagenolytic activity (Fig. 4) in
peripheral pulmonary arteries of the hypoxic, vehicletreated rats but not of the normoxic groups. Importantly, the collagen breakdown peptide was absent,
and the hypoxic increase in collagenolytic activity was
markedly and significantly reduced in hypoxic rats
treated with Batimastat, attesting to the effectiveness
of Batimastat administration.
The conclusions of this study fit with previous reports showing the importance of extracellular matrix
alterations in the mechanism of pulmonary hypertension. Increased pulmonary vascular collagen synthesis
and collagen accumulation in pulmonary hypertension
have been well documented (8–10, 29, 30, 46, 47, 54).
This process plays a causative role in the pathogenesis
of pulmonary hypertension, as shown by studies where
inhibition of collagen synthesis (by ␤-aminopropionitrile or cis-4-hydroxy-L-proline) partly reduced
chronic hypoxic pulmonary hypertension (29, 30, 46).
Chronic hypoxia stimulates not only synthesis but also
metabolic turnover of collagen (8). In addition to collagen, synthesis of other components of extracellular
matrix, including elastin, is also accelerated in pulmonary hypertension (10, 37, 48). Elevated elastin synthesis in chronic hypoxic pulmonary hypertension is
associated with accelerated elastolysis, and pulmonary
hypertension can be reduced by elastase blockade (reviewed in Ref. 48). It is also useful to note that there is
extensive evidence from systemic vessels that extracellular matrix degradation in general and collagenolysis
by MMPs in particular have an essential role in vascular remodeling after injury (6, 53, 61). Pulmonary
vascular remodeling in chronic hypoxia has many features of injury repair (reviewed in Ref. 16).
Our results differ in several important ways from
those recently reported by Vieillard-Baron et al. (59).
In that study, viral transfer of the human gene for
tissue inhibitor of MMPs (TIMP-1), as well as treatment with a broad-spectrum MMP blocker, doxycycline, augmented several, but not all, indexes of hypoxic pulmonary hypertension in rats. PAP was not
significantly altered by TIMP-1 transfection, whereas
right ventricular hypertrophy and lung vascular remodeling were augmented. Conversely, doxycycline increased PAP by ⬃20% but did not significantly affect
right ventricular hypertrophy. Remodeling of peripheral pulmonary vasculature was enhanced by doxycycline. Importantly, although collagenolytic activity appeared reduced by TIMP-1 transfection and doxycy285 • JULY 2003 •
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Fig. 3. Western blot analysis demonstrates collagenous origin of
peptides found in extracts from peripheral pulmonary arteries of
hypoxic rats. Western blot analysis of collagen protein in the extracts
from the peripheral pulmonary arteries (PPA) isolated from rats
exposed to hypoxia for 5 days (lanes 1–3) and from a normoxic rat
(lane 4). Coll I, collagen type I standard (Sigma); ␥, chain polymers;
␤, collagen chain dimers; ␣1 and ␣2, individual collagen chains; 1A
and 2A, 3⁄4 fragments of ␣1 and ␣2 chains; 1B and 2B, ¼ fragments of
␣1 and ␣2 chains. The lane at far right is a molecular mass standard.
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Fig. 4. Gelatin zymography of extracts from peripheral lung arteries. A: an example of gelatin zymography
representative of 7 similar ones; each lane contains extract from 1 rat’s peripheral pulmonary arteries. Lanes are,
from the left: hypoxic vehicle-treated rat (HC group), hypoxic rat treated with Batimastat (HB group), normal
control rat (NC group), standards of matrix metalloproteinase (MMP)-9 and MMP-2, and high-molecular-weight
(HMW) standards. Bands were identified as gelatinase A (MMP-2) and its proenzyme (pro-MMP-2) and proenzyme
of gelatinase B (pro-MMP-9) on the basis of substrate specificity and molecular weight. B: relative densities of lytic
zones corresponding to pro-MMP-2 (left) and MMP-2 (right) in zymographs of extracts from peripheral pulmonary
arteries. Note that absolute values of density are shown, meaning that higher numbers represent higher MMP
activity. All data are means ⫾ SE (n ⫽ 7/group).

cline treatment when evaluated with nonquantitative
in situ zymography, several quantitative methods
showed that collagenolytic activity was not significantly reduced by either treatment. Although we do not
know why our findings so sharply contradict those of
Vieillard-Baron et al. (59), we believe MMP inhibition
AJP-Lung Cell Mol Physiol • VOL

was better defined in our experiment, as shown by our
analyses of collagen breakdown products and collagenolytic activity.
Although the paper of Vieillard-Baron et al. (59)
favors the concept that collagenolysis opposes the development of hypoxic pulmonary hypertension, our
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Fig. 5. Interstitial collagenase, MMP-13, detected
by immunoblotting in extracts from peripheral pulmonary arteries, is elevated by hypoxia and reduced
by Batimastat. Each lane contains a sample from 1
rat and is representative of 3 similar immunoblots
for each group.
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enzyme responsible for initiation of collagen breakdown in vivo is interstitial collagenase, i.e., MMP-13
(rodent-like interstitial collagenase) in the case of the
rat (36). Assessment of MMP-13 by zymography was
not possible in our study due to the inherently low yield
from small pulmonary arteries of individual rats. However, as Batimastat is well known as a broad-spectrum
MMP inhibitor, the finding of its effectiveness against
MMP-2 can be extrapolated to other MMPs. Using
Western blot analysis, we found that MMP-13 protein
levels were reduced by Batimastat in both normoxic
and hypoxic rats. Thus both our zymography and immunoblotting data support our view that chronic hypoxia increases MMP-2, -9, and -13 protein levels and
that this elevation can be partly prevented by Batimastat treatment.
The cellular sources of MMP activity involved in the
mechanism of pulmonary vascular remodeling and hypertension may include vascular smooth muscle and
mast cells (26, 57). We have preliminary data from
quantitative histology showing accumulation of mast
cells with massive expression of MMP-13 in the walls
of prealveolar arteries of hypoxic rats (58). Accumulation of vascular smooth muscle has been recognized as
a typical feature of hypoxic pulmonary vascular remodeling for a long time (51). Because collagenolysis is an
important part of cell migration, we reasoned that
MMP production by migrating smooth muscle and/or
mast cells in hypoxia may be reduced by Batimastat.
Indeed, that is what our immunoblotting data indicate
(Fig. 5). Although these data are not quantitative,
MMP-13 expression appears elevated by chronic hypoxia and reduced by Batimastat. Therefore, one mechanism whereby collagenolysis contributes to pulmonary vascular remodeling in hypoxia may be by enabling mast cells and/or mesenchymal cells to migrate
into the walls of peripheral pulmonary arteries injured
by hypoxia, thus promoting mesenchymal proliferation. In addition, collagen breakdown may be related to
cellular proliferation through stimulatory effects of
low-molecular-mass collagen breakdown products (2, 4,
14, 15), altered adherence of mesenchymal cells to the
modified collagen (3), or lower binding of cytokines and
growth factors to altered matrix proteins (56, 60).
Moreover, proteolysis of collagen by MMPs is essential
for initiating alternative forms of cell behavior, includ285 • JULY 2003 •
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current results support an opposite view, i.e., that
collagenolysis is one of the causes promoting structural
remodeling of peripheral pulmonary arteries in pulmonary hypertension. This latter concept is indirectly
supported by numerous reports showing that transfecting injured systemic arteries with genes for TIMPs
inhibits rather than stimulates their remodeling (for
review, see Ref. 34).
Although there is consensus that hypoxia stimulates
MMP activity, the mechanism of this effect remains to
be elucidated. As discussed extensively elsewhere (17,
24), an intriguing possibility involves MMP activation
by peroxynitrite. Initial stages of hypoxic injury to
pulmonary vascular tissue are associated with augmented production of reactive oxygen species (such as
superoxide) (24, 25, 39) and nitric oxide (for review, see
Ref. 17). Superoxide and nitric oxide interact extremely rapidly to form peroxynitrite, which is capable
of activating tissue collagenolytic metalloproteinases
(49). Serum nitrotyrosine levels, used as a marker of
peroxynitrite production (5), are elevated in rats exposed to several days of hypoxia (24). In addition,
reactive oxygen species themselves can also control
MMP production (31).
We tested the effectiveness of our Batimastat dose
and route of administration against MMPs by zymography. This method demonstrated that hypoxia elevated and Batimastat reduced the lytic zones produced
on zymography by MMP-2 and, in part, pro-MMP-2
(Fig. 4). It is generally accepted that Batimastat inhibits the activity of various metalloproteinases by binding to their active site (11). It is unlikely, however, that
this binding would resist the zymography procedure,
particularly the SDS-PAGE. Therefore our data suggest that Batimastat treatment may affect not only the
enzymatic activity but also the expression, secretion,
and/or degradation of metalloproteinases. In support of
this view, Makela et al. (35) reported a positive correlation between zymography and Western blot analysis
of MMP-2 and MMP-9 in isolated keratinocytes treated
with various synthetic metalloproteinase inhibitors. Li
et al. (33), on the other hand, found MMP-2 and -13
inhibition on zymography after Batimastat but no
change on Western blot. Although MMP-2 has been
shown to be capable of cleaving native collagen molecules in vitro (1, 44), the consensus is that the principal
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substantial factor mediating the effect of hypoxia on
the development of pulmonary hypertension.
Batimastat was a gift from British Biotech Pharmaceuticals (Oxford, UK). The work was supported by the Grant Agency of the Czech
Republic (grants 305/97/S070 and 305/00/1432), by the Internal
Grant Agency of the Czech Ministry of Health (grant NA/5681–3/99),
and by Second Medical Faculty Research Project 111300002.
REFERENCES
1. Aimes RT and Quigley JP. Matrix metalloproteinase-2 is an
interstitial collagenase. Inhibitor-free enzyme catalyzes the
cleavage of collagen fibrils and soluble native type I collagen
generating the specific 3/4- and 1/4-length fragments. J Biol
Chem 270: 5872–5876, 1995.
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only in hypoxia, whereas a similar tendency in normoxic rats did not reach statistical significance.
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Mrázková L, and Ošt’ádal M. A possible role of the oxidant
tissue injury in the development of hypoxic pulmonary hypertension. Physiol Res 49: 493–501, 2000.
Hoshikawa Y, Ono S, Tanita S, Sakuma T, Noda M, Tabata
T, Ueda S, Ashino Y, and Fujimura S. Contribution of oxidative stress to pulmonary hypertension induced by chronic hypoxia. Nippon Kyobu Shikkan Gakkai Zasshi 33: 1169–1173,
1995.
Jacob MP, Badier-Commander C, Fontaine V, Benazzoug
Y, Feldman L, and Michel JB. Extracellular matrix remodeling in the vascular wall. Pathol Biol (Paris) 49: 326–332, 2001.
Jones PL, Crack J, and Rabinovitch M. Regulation of tenascin-C, a vascular smooth muscle cell survival factor that interacts with the ␣v␤3 integrin to promote epidermal growth factor
receptor phosphorylation and growth. J Cell Biol 139: 279–293,
1997.
Kenagy RD, Vergel S, Mattsson E, Bendeck M, Reidy MA,
and Clowes AW. The role of plasminogen, plasminogen activators, and matrix metalloproteinases in primate arterial smooth
muscle cell migration. Arterioscler Thromb Vasc Biol 16: 1373–
1382, 1996.
Kerr JS, Riley DJ, Frank MM, Trelstad RL, and Frankel
HM. Reduction of chronic hypoxic pulmonary hypertension in
the rat by beta-aminopropionitrile. J Appl Physiol 57: 1760–
1766, 1984.
Kerr JS, Ruppert CL, Tozzi CA, Neubauer JA, Frankel
HM, Yu SY, and Riley DJ. Reduction of chronic hypoxic pulmonary hypertension in the rat by an inhibitor of collagen
production. Am Rev Respir Dis 135: 300–306, 1987.
Kheradmand F, Werner E, Tremble P, Symons M, and
Werb Z. Role of Rac1 and oxygen radicals in collagenase-1
expression induced by cell shape change. Science 280: 898–902,
1998.
Laemmli VK. Cleavage of structural proteins during the assembly of the head of bacteriophage. Nature 227: 680–685, 1970.
Li YY, Kadokami T, Wang P, McTiernan CF, and Feldman
AM. MMP inhibition modulates TNF-␣ transgenic mouse phenotype early in the development of heart failure. Am J Physiol
Heart Circ Physiol 282: H983–H989, 2002.
Li YY, McTiernan CF, and Feldman AM. Interplay of matrix
metalloproteinases, tissue inhibitors of metalloproteinases and
their regulators in cardiac matrix remodeling. Cardiovasc Res
46: 214–224, 2000.
Makela M, Larjava H, Pirila E, Maisi P, Salo T, Sorsa T,
and Uitto VJ. Matrix metalloproteinase 2 (gelatinase A) is

L207

L208

METALLOPROTEINASES IN PULMONARY HYPERTENSION

55. Stringa E, White D, Tuan RS, Knauper V, and Gavrilovic
J. Role of newly synthesized fibronectin in vascular smooth
muscle cell migration on matrix-metalloproteinase-degraded collagen. Biochem Soc Trans 30: 102–111, 2002.
56. Taipale J and Keski-Oja J. Growth factors in extracellular
matrix proteins. FASEB J 11: 51–59, 1997.
57. Tozzi CA, Thakker-Varia S, Yu SY, Bannett RF, Peng BW,
Poiani GJ, Wilson FJ, and Riley DJ. Mast cell collagenase
correlates with regression of pulmonary vascular remodeling in
the rat. Am J Respir Cell Mol Biol 18: 497–510, 1998.
58. Vajner L, Herget J, Uhlı́k J, and Konrádová V. MMP-13
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