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four-day hypoxia: the effect of concurrent hypercapnia

J. Kukacka1,2, J. Bibova3, H. Ruskoaho4 and V. Pelouch2

1 Department of Clinical Biochemistry and Pathobiochemistry, Charles University, 2nd Medical School and University Hospi-
tal Motol, V Úvalu 84, 150 06 Prague 5, Czech Republic

2 Department of Medical Chemistry and Biochemistry, Charles University, 2nd Medical School, Plzeňská 221, 150 06 Praha 5, 
Czech Republic

3 Department of Physiology, Charles University, 2nd Medical School, Plzeňská 221, 150 06 Praha 5, Czech Republic
4 Department of Pharmacology and Toxicology, Biocenter Oulu, University of Oulu, Kajaanintie 52D, FIN-80220 Oulu, 

Finland

Abstract. The combination of long-term hypercapnia and hypoxia decreases pulmonary vascu-
lar remodeling and attenuation of right ventricular (RV) hypertrophy. However, there is limited 
information in the literature regarding the first stages of acclimatization to hypercapnia/hypoxia.
The purpose of this study was to investigate the effect of four-day hypoxia (10% O2) and hypoxia/
hypercapnia (10% O2 + 4.4% CO2) on the protein composition of rat myocardium. Expression of 
the cardiac collagen types and activities of matrix metalloproteinases (MMPs) and of their tissue 
inhibitor TIMP-1 were followed. The four-day hypoxia changed protein composition of the right
ventricle only in the hypercapnic condition; remodeling was observed in the extracellular matrix 
(ECM) compartments. While the concentrations of pepsin-soluble collagenous proteins in the RV 
were elevated, the concentrations of pepsin-insoluble proteins were decreased. Furthermore, the 
four-day hypoxia/hypercapnia increased the synthesis of cardiac collagen due to newly synthesized 
forms; the amount of cross-linked particles was not affected. This type of hypoxia increased cardiac
collagen type III mRNA, while cardiac collagen type I mRNA was decreased. MMP-2 activity was 
detected on the zymographic gel through appearance of two bands; no differences were observed
in either group. mRNA levels for MMP-2 in the RV were significantly lower in both the hypoxic
and hypoxic/hypercapnic animals. mRNA levels for TIMP-1 were reduced in the RV of both the 
hypoxic and hypoxic/hypercapnic animals. Hypoxia with hypercapnia increased the level of mRNA 
(6.5 times) for the atrial natriuretic peptide (ANP) predominantly in the RV. The role of this peptide
in remodeling of cardiac ECM is discussed.
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Introduction

Adaptation of rats to chronic hypoxia in a barochamber 
(intermittent high-altitude hypoxia to 7000 m, 8 h/day, 24 
exposures) induces structural changes in their pulmonary 

vessels, hypertension in pulmonary circulation, and hyper-
trophy of right ventricles (RV). Furthermore, the profiles
of both myofibrillar and extracellular matrix (ECM) pro-
teins are altered in the hearts. All these morphological and 
biochemical changes are localized predominantly in the 
hypertrophied RV. The mechanisms involved in protein
remodeling of chronic hypoxic myocardium appear to be 
complex and diverse (Urbanova et al. 1977; Pelouch and 
Jirmar 1993). Even less is known about protein composi-
tion of myocardium in the early phase of acclimatization to 
chronic hypoxia (Pelouch et al. 1993a).
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Several studies have shown the effect of concurrent
long-term hypercapnia and hypoxia. In contrast with 
chronic hypocapnic hypoxia, decreased pulmonary vas-
cular remodeling and attenuation of RV hypertrophy was 
observed (Ooi et al. 2000); the higher amount of CO2 in the 
hypoxic chamber altered the rebuilding of different cardiac
compartments.

However, no data are available on the first stages of ac-
climatization to hypoxia/hypercapnia. Therefore, the aim
of the present study was to analyze the effect of four-day
hypoxia/hypercapnia on protein composition of rat myocar-
dium. The expression of cardiac collagen types, the activities
of different matrix metalloproteinases (MMPs) and their
tissue inhibitors (TIMPs) were followed. In addition, gene ex-
pression of atrial natriuretic peptide (ANP) in myocardium 
was analyzed, as this peptide might play an important role 
in the remodeling of ECM proteins (Perhonen et al. 1997; 
Tsutamoto et al. 2001).

Materials and Methods

Experimental model

Two groups of adult male Wistar rats were exposed to hy-
poxia (10% of oxygen) in an isobaric chamber for 4 days:
a)  the first group of animals (n = 12) was in the hypoxic 

chamber where CO2 was fully absorbed (CO2 was not 
measurable) – hypoxia (H),

b)  the second group (n = 12) was in the hypoxic chamber 
where CO2 level in inspired air was increased by de-
creasing its recirculation (CO2 = 4.4%, range 4.0–5.2) 
– hypoxia/hypercapnia (HC).
Control rats (n = 12) were kept in atmospheric air (C).
The isobaric chamber wasn’t opened during the ex-

perimental run. All animals had free access to water and to 
a standard laboratory diet. All procedures and experimental 
protocols were approved by the Veterinary Council of the 
Czech Republic and conform with the European Convention 
on Animal Protection.

All animals were sacrificed within 12 h after the end
of the experiment. The animals were anesthetized with
sodium pentobarbital (50 mg/kg) and their hearts were 
quickly removed. The aorta and pulmonary artery were
carefully excised close to the ventricular surface, the RV 
and the left ventricle (LV) were separated, blotted dry,
weighed, immersed in liquid nitrogen, and stored at –70°C 
until assayed.

Protein profiling

Protein profiling was performed as described previously
(Pelouch et al. 1995). The samples of RV and LV (approxi-

mately 50 mg/ventricle, n = 6 for each group) were homog-
enized in 20 volumes of buffer A (0.05 mol·l–1 phosphate 
buffer, 0.01 mol·l–3 EDTA, 1% Triton X-100, pH 7.4). The
samples were extracted at 4°C (24 h continuous stirring), 
and then centrifuged at 10,000 × g for 10 min. The su-
pernatant was recovered (a fraction of metabolic proteins 
contained predominantly different enzymes of glycolytic
and aerobic metabolic pathways) and the pellet was dis-
solved in 10 volumes of buffer B (0.9 mol·l–1 NaCl, 0.05 
mol·l–1, Tris-HCl, pH 7.5), stirred for 24 h at 4°C and then 
centrifuged at 10,000 × g for 15 min. The supernatant was
recovered, the pellet was washed with 0.5 mol·l–1 acetic acid 
and then subjected to pepsin digestion (two treatments of 
24 h duration at 4°C using 10 mg pepsin·g–1 wet weight in 
0.5 mol·l–1 acetic acid). The samples were centrifuged (at
14,000 × g for 15 min); both the pellet and the supernatant 
(containing pepsin-soluble ECM proteins) were stored. 
Pepsin digestion and centrifugation were repeated and the 
supernatant was combined with the previous one. This and
the previous pellets were combined and then solubilized in 
hot 1.1 mol·l–1 NaOH for 15 min (the fraction contained 
insoluble ECM proteins).

Protein determination in the individual fractions was 
carried out using the Lowry method (Lowry et al. 1951); 
750 nm wavelength was used for higher sensitivity. The
values were expressed as mg·g–1 wet weight of tissue; the 
concentration of 4-hydroxyproline (as a marker of colla-
gen) was determined in both ECM fractions by the same 
method as described previously (Pelouch et al. 1993b). 
The solubility of cardiac collagen was expressed as a ratio
of hydroxyproline in soluble and insoluble fractions of 
ECM proteins.

RNA extraction and Northern blot analysis

Total RNA was isolated from ventricular tissues by the 
CsCl method (Chirgwin et al. 1979). The frozen samples
(6 from each group, approximately 100 mg) were rapidly 
homogenized and the tissue homogenates were subjected 
to CsCl extraction. RNA pellets were dissolved in TE buffer
and RNA concentration was calculated from absorbance at 
260 nm prior to size fractionation. For the Northern blot 
analysis, 20 µg of total RNA was electrophoresed in a 1% 
agarose/formaldehyde gel and transferred to a nitrocellulose 
filter (Hybond – N RPN.203N, Amersham Pharmacia, UK).
The filters were air-dried at 80°C for 2 h.

The complementary DNA (cDNA) probes used were
mouse procollagen α1 (I) and rat procollagen α (III) (a gen-
erous gift from Dr. Timo Takala from the Dept. of Biology
of Physical Activity, University of Jyväskylä, Finland), rat 
TIMP-1 and MMP-2 (both were the gift of Dr. L. Eklund
from the Dept. of Biochemistry, Oulu University, Finland), 
rat ANP (full-length probes), and rat 18S RNA (482-bp 
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cDNA probe) (Magga et al. 1997). The cDNAs were labeled
with [α-32P]dCTP with a random prime labeling system 
(RediprimeTM II, Amersham Pharmacia, UK). The pre-
hybridization of filters was carried out in an ultrasensitive
hybridization solution (ULTRAhybTM, Ambion, USA) for 
30 min at 42°C. The hybridization was performed for 24 h
at 42–52°C using the same buffer as for pre-hybridization.
After hybridization, the membranes were washed three times
in 0.1 × SSC + 0.1% SDS at 60°C for 20 min and exposed to 
storage phosphor screens. The results of autoradiographs
from the Northern blot analysis were quantified by densit-
ometry (Bio-Rad GS 670 imaging densitometer). The signals
of individual mRNAs were normalized to those of the 18S 
ribosomal RNA to compensate for differences in loading
and/or transfer of mRNA.

Zymography

MMP activity in cardiac tissue extracts was determined 
by gelatin zymography performed by standard proce-
dures using sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) matrix containing gelatin 
(1 mg/ml) (Tyagi et al. 1993). The cardiac tissue (20 mg)
was minced into small fragments, agitated for 24 h at 4°C 
in 10 volumes of buffer containing 10 mmol·l–1 cacodylic 
acid, 150 mmol·l–1 NaCl, 1 µmol·l–1 ZnCl2, 20 mmol·l–1 
CaCl2, 3.0 mmol·l–1 NaN3, and 0.01% Triton X-100. Then
the samples were centrifuged (4°C, 15 min, 10,000 × g). 
The final protein concentration of the tissue extract was
determined using the Lowry method and the extracts were 
aliquoted and stored at –70°C. Each sample was mixed 
with the Laemmli SDS sample buffer in the absence of the
reducing agent and electrophoresed on 8% polyacrylamide 
gel. After electrophoresis, the gels were washed two times
for 20 min in 2.5% Triton X-100 to remove SDS and permit 
enzyme renaturation. The gel was then placed in substrate
buffer (50 mmol·l–1 Tris-HCl, pH 7.8; 10 mmol·l–1 NaCl; 
10 mmol·l–1 CaCl2) and incubated for 14 h at 37°C. The

gels were stained with 0.3% Coomassie Brilliant Blue and 
distained.

Data analysis

All data are expressed as mean ± SEM. The control, hypoxia,
and hypercapnic hypoxia groups were compared using 
analysis of variance (ANOVA) and Fischer’s least significant
difference test. The data were accepted as statistically signifi-
cant at the level of p < 0.05.

Results

Body and heart weights

The four-day hypoxia decreased body weight (BW) (Table 1)
in both experimental groups (–9.2% for the H and –14.6% 
for the HC, respectively). The absolute heart weights (HW)
were not affected in either experimental group; however, the
HW/BW ratios were increased in both experimental groups; 
in the H it was due to elevation of the relative weight of the 
RV only, in the HC the relative weights of both the RV and 
LV were elevated. Furthermore, the RV/LV ratio was elevated 
in both experimental groups.

ANP gene expression

mRNA expression of ANP in the RV of the HC animals was 
6.5 times higher relative to the control level; no change was 
induced in the H rats. Gene expression of ANP in the LV 
was not affected (Fig. 1).

Protein composition of the RV and LV: concentration  
and protein content

The concentration of ECM proteins (Fig. 2) was not affected
in the RV of H animals. In contrast, a higher concentration 

Table 1. Effect of chronic hypoxia and hypercapnic hypoxia on body and heart weights

Group Rats BW HW RV LV HW/BW RV/BW LV/BW RV/LV
n (g) (mg) (mg) (mg) (mg·g–1) (mg·g–1) (mg·g–1)

C 12  267.50 ± 0.93  749 ± 18  167 ± 14  410 ± 20  2.80 ± 0.06  0.59 ± 0.03  1.50 ± 0.04  0.40 ± 0.03

H 12  242.83 ± 3.26 A  755 ± 16  178 ± 6  377 ± 10  3.12 ± 0.09 A  0.74 ± 0.02 A  1.54 ± 0.05  0.49 ± 0.02 A

HC 12  228.50 ± 3.68 AB  784 ± 27  194 ± 7A  405 ± 20  3.43 ± 0.10 AB  0.85 ± 0.04 AB  1.77 ± 0.06 AB  0.48 ± 0.02 A

Values are presented as mean ± SEM; C, controls; H, hypoxia/hypocapnia; HC, hypoxia/hypercapnia; BW, body weight; HW, absolute heart 
weight; RV, right ventricular weight; LV, left ventricular weight (without septum); HW/BW, relative HW; RV/BW, relative RV; LV/BW, rela-
tive LV (without septum); RV/LV, right ventricle/left ventricle ratio. Significance: A p  < 0.05 difference from control; B p < 0.05 difference
from the H group (analysis of variance).
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Figure 1. Representative autoradiographs from the Northern blot analysis (A) and the effect of hypoxia and hypoxia/hypercapnia on atrial
natriuretic peptide (ANP) mRNA (B). RNA was extracted from the cardiac tissue. Electrophoresis, transfer of RNA, and washing were 
carried out as described in Materials and Methods. The charts shown are the result of densitometry scanning of autoradiographs. The
same blot was sequentially hybridized with procollagen α1 (I), procollagen α (III), MMP-2, TIMP-1, ANP and 18S probes. Equal RNA 
loading was demonstrated using the expression of the 18S oligonucleotide. C, controls; H, hypoxic animals; HC, hypoxic/hypercapnic 
animals; RV, right ventricle; LV, left ventricle.
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Figure 2. Concentration and content of soluble (A) and insoluble (B) proteins in extracellular matrix (ECM) The concentrations are
expressed in mg·g–1 of wet weight, the content in mg. Values are means ± SEM.
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of soluble collagenous proteins was found in the RV of HC 
animals. The concentration of insoluble collagenous proteins
was decreased in the RV of HC rats. Lower concentration 
of soluble collagenous proteins was observed in the LV of 
these rats (Fig. 2).

Cardiac collagen: concentration, solubility, and gene expression

The concentration of hydroxyproline in the RV and LV dif-
fered even in the C rats; it was due to a higher amount of 
hydroxyproline in the fraction of insoluble ECM proteins 
derived from the RV. Hypoxia decreased the concentration 
of hydroxyproline in the fraction of insoluble ECM proteins; 
this occurred in both the RV and LV. In contrast, hypoxia/
hypercapnia elevated the concentration of hydroxyproline 
in the fractions derived from both the soluble and insoluble 
ECM proteins of the RV; in the LV it was only in insoluble 

ECM proteins (Fig. 3A,B). The ratio of insoluble-to-soluble
cardiac collagen differed even in the controls. This ratio
was elevated in the LV of the hypoxia/hypercapnia animals 
(Fig. 3C,D).

The level of mRNA for procollagen α1 (I) was decreased 
in the RV of hypoxic animals (both the H and HC groups); 
no change was observed in the LV. The level of mRNA for
procollagen α (III) was higher only in the RV of the HC 
group (Fig. 4A,B and Fig. 1A).

Activities of cardiac MMP, MMP-2 and TIMP-1 gene 
expression

MMP-2 activity was detected on the zymographic gel by the 
appearance of two bands: 72 kDa (pro-form) and 66 kDa 
(active form). No differences were observed in either group.
Furthermore, activities of both MMP-9 (92 kDa) and MMP-1 
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Figure 3. Collagen concentration in the fraction of soluble (A) and insoluble (B) extracellular matrix (ECM) proteins. Collagen concen-
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(53 kDa) were not quantified due to their very low apparent
activities (Fig. 5A,B). The levels of mRNA for MMP-2 in the
RV were significantly lower in both H and HC animals; no
differences were observed in the LV in either group (Fig. 5C
and Fig. 1A). The levels of mRNA for TIMP-1 were reduced
in the RV of both H and HC animals; no differences were
observed in the LV (Fig. 5D and Fig. 1A).

Discussion

The present study demonstrated that the exposure of rats
to four-day hypoxia and hypercapnic hypoxia induced 
changes in weight parameters, in the protein composition 
of the cardiac ECM, in collagen concentration and collagen 
gene expression, and in the expression and activity of matrix 
metalloproteinase.

Increased pressure load due to the hypoxia-induced 
pulmonary vasculature resistance is known to lead to RV 
hypertrophy (Pelouch et al. 1997). Increased RV weights 
have been shown after 7 days, 10 days, and 3 weeks exposure
to isobaric (normobaric) hypoxic conditions (Johnson et al. 
1983; Stockmann et al. 1988; Kukacka et al. 2002). Although 
some authors found RV hypertrophy after 5 days (Sheedy et
al. 1996), we now present a novel finding that an even shorter
exposure to hypoxia (4 days) leads to RV hypertrophy. 
Furthermore, the four-day exposure to hypoxic conditions 
induced a decrease in BW in both experimental groups. We 
can speculate that it was induced by smaller food and water 
intakes in animals living in the normobaric chamber. In our 
experimental set, the growth retardation was much more 
pronounced in animals living in higher concentrations of 
CO2; hypercapnia apparently contributed to the decrease in 

BW. Whereas it acted as a stress factor in the initial part of 
acclimatization to chronic hypoxia, hypercapnia in combi-
nation with chronic hypoxia had a protective character; the 
difference in the BW between the controls and the experi-
mental rats living in hypoxia/hypercapnia for a long period 
is far less pronounced as compared with hypoxic animals in 
hypocapnia (Neckar et al. 2003).

The absolute weight of myocardium was not affected in
our hypoxic rats; but the relative weights of the total myo-
cardium as well as those of its parts were increased. This
was the result of the lower BW in both the hypocapnic and 
hypercapnic experimental rat groups. The elevated relative
HW in hypocapnia was due only to the higher relative weight 
of RV; in hypercapnia, it was due to the relative weights of 
both the RV and LV. No direct experimental data related to 
the elevation of pressure in pulmonary circulation in briefly
hypoxic animals are available; however, depressed reactivity 
to acute hypoxic challenges (in the range of 0–10% O2) and 
perfusion pressure-flow relationship (resistive properties)
were shifted towards higher pressure in hypoxic animals
exposed to isobaric hypoxia for 5 days (Lachmannova 
and Herget 2002). On the other hand, chronic hypoxia in 
eucapnia induced RV cardiomegaly due to hypertension in 
pulmonary circulation as a result of hypoxic pulmonary va-
soconstriction and morphological and biochemical remod-
eling of pulmonary vessels (Adnot et al. 1991; Ooi et al. 2000). 
Similar results were observed in animals even after chronic
intermittent hypercapnic hypoxia (McGuire and Bradford 
2001), however, RV hypertrophy was less pronounced as 
compared with eucapnic hypoxic animals (Nattie et al. 1978; 
Baudouin and Bateman 1989).

Hypoxia is a potent stimulus for ANP secretion from the 
heart and indeed, some studies demonstrated in vitro that 
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Figure 4. Representative autoradiographs from the Northern blot analysis (A) and the effect of hypoxia and hypoxia/hypercapnia on
procollagen α1 (I) mRNA (A) and procollagen α (III) mRNA (B). RNA was extracted from the cardiac tissue.
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hypoxic exposure can directly stimulate ANP gene expres-
sion in the absence of hemodynamic, neural and hormonal 
influences (Lew and Baertschi 1989; Chen et al. 1997). We
analyzed the mRNA for ANP primarily as a validation of the 
hypoxic stimulus on heart ventricles, but also as a sensitive 
indicator of the hypertrophic process, because some stud-
ies have demonstrated the RV ANP mRNA expression and 
ANP synthesis during the development of RV hypertrophy 
(Ruskoaho et al. 1997). The lack of response of the ventricles
to ANP mRNA expression in the hypoxic-only animals in 
the current study may be a result of an insufficient hypoxic
stimulus. Indeed, some studies in vivo have shown that 
hypoxic episodes shorter than 4 days have no influence
on ANP gene expression (Johnson et al. 1997). Our study 
possesses a limitation in that we did not examine the influ-
ence of isolated hypercapnia on ANP expression or plasma 
concentration. Yet other animal studies have shown ANP 
concentration to increase by more than 100% under hy-

percapnic conditions (Clozel et al. 1989). In this study, we 
observed highly increased ANP mRNA levels in the right 
heart of hypoxic/hypercapnic rats, indicating a significant
hemodynamic alteration in this part of the heart. This could
be due to a rise in the cardiac filling pressures as reported
by Chabot et al. (1995).

The changes in the weight of the cardiac muscle were
accompanied by protein remodeling of ventricular muscula-
ture. Moreover, gene expression of cardiac collagens and ma-
trix metalloproteinases was observed. Chronic hypoxia is an 
important factor for qualitative and quantitative rebuilding of 
cellular and subcellular compartments of the myocardium. It 
was demonstrated here that even a brief hypoxia changed the 
protein composition, but only in the group of animals living 
in the hypercapnic conditions. The ECM compartment of the
heart muscle is composed of different collagens, proteogly-
cans, glycoproteins and elastin; all these collagenous proteins 
have different structural subtypes (e.g. there are two major

Figure 5. Representative zymographic gel of the cardiac metalloproteinase activity in the control, hypoxic and hypoxic/hypercapnic RV 
(A) and LV (B), and the effect of hypoxia and hypoxia/hypercapnia on the MMP-2 mRNA (C) and TIMP-1 mRNA (D). The charts shown
are the result of densitometry scanning of autoradiographs.
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collagens in myocardium – types I and III). Furthermore, 
both the battery of enzymes responsible for degradation 
of ECM proteins and growth factors responsible for their 
synthesis are localized in this compartment (Kukacka et al. 
2005). The isolation of pepsin-soluble and pepsin-insoluble
fractions of collagenous proteins, and subsequent assays of 
both proteins and hydroxyproline, along with molecular biol-
ogy techniques (mRNAs for different collagens and MMPs)
make it possible to analyze biochemical pattern of ECM and 
its remodeling under the hypoxic condition. Three different
alterations of protein composition could be anticipated in 
a hypoxic myocardium: a) quantitative changes of ECM 
proteins; b) quantitative changes of the total collagen and/or 
its types; c) qualitative changes of ECM proteins. Four days 
of hypoxia affected the protein profile of the ECM only in
the HC condition and predominantly in the RV. Protein 
remodeling of the ECM compartment was characterized 
by a higher concentration of proteins in the pepsin-soluble 
fraction; this fraction is occupied by newly synthesized ECM 
proteins. It followed from both the hydroxyproline and the 
mRNA analyses that it is due to a higher amount of the more 
elastic cardiac collagen type III. Elevation of collagen type III 
is typical for developing cardiac hypertrophy (Pelouch and 
Jirmar 1993). However, it was observed in this study in a time 
period when no change of absolute ventricular weights was 
detected. The functional significance of different cardiac
collagen types is not yet fully understood. Interestingly, the 
concentration of total hydroxyproline in the RV of the HC 
rats decreased, which is an indication of a disproportional 
growth of non-collagenous and collagenous myocardial ele-
ments in this time period. The short-term hypoxia-induced
synthesis of cardiac collagen had a higher amount of cross-
linked material; this can probably be attributed to reduced 
collagen degradation. The amount of collagenous proteins
in myocardium results from the dynamic balance between 
their synthesis and degradation. Different collagenases (e.g.
MMP-1, MMP-8, MMP-13) or gelatinases (MMP-2 and 
MMP-9) together with their specific inhibitors (TIMPs)
remodel the biochemical composition of ECM in hypoxic 
myocardium (Tyagi et al. 1997; Rouet-Benzineb et al. 1999; 
Kukacka et al. 2005); this event can be activated in hypoxic 
myocardium by reactive oxygen species or by the level of 
natriuretic hormones or cytokines (Rajagopalan et al. 1996; 
Kinugawa et al. 2000). MMP-9 is inactivated though forming 
a specific complex with TIMP-1; TIMP-1 is inactivated by
different proteinases. However, increased mRNA for TIMP-1
does not necessarily correspond to a decrease in activities of 
MMPs (Nishikawa et al. 2003). Down-regulation of levels of 
mRNAs for MMP-2 and TIMP-1 was observed during both 
hypoxia and hypoxia/hypercapnia in the RV. We can not 
assume that mRNA levels were accompanied by changes 
in the protein content because the three genes MMP-2, 
MMP-9 and TIMP-1 typically do not show positive correla-

tion between the protein and the mRNA (Lichtinghagen et 
al. 2002; Greenbaum et al. 2003). Additionally, matrix metal-
loproteinases are affected by many complicated and variable
post-transcriptional mechanisms involved in turning the 
mRNA into a protein. They may differ substantially in their
in vivo half lives; and these enzymes are activated or inhibited 
in vivo by many independent mechanisms (Kukacka et al. 
2005). In conclusion, with regard to the zymography results 
we could speculate that MMP-2 has a higher specific activity
in the RV of the control group. From the present study, it 
follows that the decreased expression of both the mRNA for 
MMP-2 and for TIMP-1 is characteristic of the RV in animals 
exposed to 4-day hypoxia; it elevates the concentration of 
cardiac collagen in animals after a short time in a hypoxic
chamber. Furthermore, it is independent on the CO2 level 
in the chamber.

The role of ANP in protein remodeling in a diseased
myocardium seems to be a rather speculative subject. It was 
demonstrated that an increase in ANP suppressed collagen 
synthesis induced by hypoxia in the cardiac tissue (Ogawa 
et al. 2000, 2001). Synthesis of type I and type III collagens 
by rat cardiac fibroblasts was stimulated when the cells were
cultured in hypoxic conditions and the stimulative effects
were attenuated by the presence of ANP or BNP (brain 
natriuretic peptide) in the culture medium (Nakagawa et al. 
1995). In spite of our completely new findings that the RV
hypertrophy in the hypercapnic/hypoxic rats is associated 
with an increase in ANP mRNA levels and accompanied by 
an increase in collagen type III mRNA, we cannot conclude 
whether these changes in ANP are directly responsible for 
the biochemical remodeling of the ECM compartment. 
Only a further analysis could clarify this aspect of protein 
remodeling of myocardium induced by acute hypoxia and 
different levels of pCO2.
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