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Abstract 

The present study was performed to evaluate the role of intrapulmonary activity of the two axes 

of the renin-angiotensin system (RAS): vasoconstrictor angiotensin-converting enzyme 

(ACE)/angiotensin II (ANG II)/ANG II type 1 receptor (AT1) axis, and vasodilator ACE type 2 

(ACE2)/angiotensin 1-7 (ANG 1-7)/Mas receptor axis, in the development of hypoxic pulmonary 

hypertension in Ren-2 transgenic rats (TGR). Transgene-negative Hannover Sprague-Dawley 

(HanSD) rats served as controls. Both TGR and HanSD rats responded to two weeks´ exposure to 

hypoxia with a significant increase in mean pulmonary arterial pressure (MPAP), however, the 

increase was much less pronounced in the former. The attenuation of hypoxic pulmonary 

hypertension in TGR as compared to HanSD rats was associated with inhibition of ACE gene 

expression and activity, inhibition of AT1 receptor gene expression and suppression of ANG II 

levels in lung tissue. Simultaneously, there was an increase in lung ACE2 gene expression and 

activity and, in particular, ANG 1-7 concentrations and Mas receptor gene expression. 

We propose that a combination of suppression of ACE/ANG II/AT1 receptor axis and activation 

of ACE2/ANG 1-7/Mas receptor axis of the RAS in the lung tissue is the main mechanism 

explaining attenuation of hypoxic pulmonary hypertension in TGR as compared with HanSD rats. 
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Introduction 

Even though hypoxic pulmonary hypertension is not per se a life-threatening 

consequence of high altitude-induced alveolar hypoxia, the development of right ventricle 

failure observed in considerable subgroup of the population involved does present a serious risk 

to health.  Hypoxic pulmonary hypertension is also a common finding in chronic lung disease, 

leading  to right heart failure and importantly contributing  to the morbidity and mortality 

(Naeije and Dedobbeleer 2013, Scherrer et al. 2013, Wang et al. 2013).   

It is now generally accepted that inappropriate activation of the renin-angiotensin 

system (RAS) importantly contributes to the development of arterial hypertension and end-

organ damage (Bernstein et al. 2014, Gonzalez-Vilalobos et al. 2013, Hall and Brands 2000, 

Kobori et al. 2007, Mitchell and Navar 1990, Navar 2014). RAS has been initially conceived as an 

endocrine system, with circulating angiotensin II (ANG II) as the major biologically active peptide 

hormone, and renin and angiotensin-converting enzyme (ACE) are two key enzymes responsible 

for ANG II production. ANG II-mediated activation of ANG II type 1 (AT1) receptors was initially 

thought to be responsible for all physiological and pathophysiological actions of RAS (Mitchell 

and Navar 1990). Later on, this initial concept had to be dramatically modified and extended.  

First, it is now recognized  that a local organ-specific RAS exist and its activity is regulated 

independently from the “classical” circulating RAS, in an autonomous way  in each tissue 

(Bernstein et al. 2014, Castrop et al. 2010, Paul et al. 2006, Navar 2014). Within the new 

concept, it is hypothesized that uncontrolled activation of this local RAS and its pleotropic 

actions play a critical role in the development and progression of fibrotic/hypertrophic diseases 

(Bernstein et al. 2014, Kobori et al. 2007, Navar 2014).  

Second, accumulating evidence shows that angiotensin-1-7 (ANG 1-7), a newly identified 

heptapeptide, exerts important vasoactive actions,  and that the recently discovered ACE type 2 

(ACE 2) is the most important ANG 1-7-forming enzyme, with  the G protein-coupled Mas as a 

functional receptor for ANG 1-7 (Burgelová et al. 2005, Burgelová et al. 2009, Prieto et al. 2011, 

Santos et al. 2014). These discoveries provided a background for a new concept of the RAS as a 

dual axis system: the traditional axis represented by ACE/ANG II/AT1 receptor, which is mainly 

vasoconstrictor, and the new ACE2/ANG 1-7/Mas receptor axis, which is vasodepressor (Bader 

2013, Ferrario 2011, Xu et al. 2011). In addition, based on recent findings it has been proposed 

that the ACE2/ANG 1-7/Mas receptor axis acts as counterbalancing factor of the deleterious 
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actions of the ACE/ANG II/AT1 receptor axis, especially under pathological conditions (Passos-

Silva et al. 2013, Santos et al. 2013). Moreover, recent studies indicate that the role of 

ACE2/ANG 1-7/Mas receptor axis is not limited to such counterregulatory role, but the axis 

exerts independent cardiovascular, renal and metabolic actions (Santos et al. 2013, Santos et al. 

2014). 

With regard to the pathogenesis of pulmonary hypertension, the role of intrapulmonary 

RAS would be of great interest. However, effects of chronic hypoxia on the activity of this local 

RAS have not been clearly established and the role of the RAS in the development of pulmonary 

hypertension in response to chronic hypoxia remains unknown.  It is now accepted that ANG II 

does not mediate hypoxic pulmonary vasoconstriction but facilitates this response (Sylvester et 

al. 2012). It has been established that all major components of both RAS axes are expressed in 

lung tissue (Kaparianos and Argyropoulou 2011, Marshall 2003) and it has been recently shown 

that upregulation combined with endogenous activation of ACE2 with subsequent increase in 

intrapulmonary ANG 1-7 protect against the development of right ventricle hypertrophy in 

animal models of pulmonary hypertension and lung fibrosis (Kleinsasser et al. 2012, Li et al. 

2013, Shenoy et al. 2011). Based on these studies, it has been proposed that intrapulmonary 

activation of ACE2/ANG 1-7/Mas receptor axis might be a promising therapeutic target for 

pulmonary hypertension (Shenoy et al. 2011). Nevertheless, studies evaluating the role of the 

RAS in hypoxic pulmonary hypertension have yielded inconsistent results (Berkov 1974, Camelo 

et al. 2012, de Ma et al. 2012, Hales et al. 1977, Herget et al. 1996, Kay et al. 1985, Kreutz et al. 

1996, McMurtry 1984, Morrell et al. 1995, Oparil et al. 1988, Suggett et al. 1980, Rabinovitch et 

al. 1988, Ward and McMurtry 2009, Zhao et al. 1996). Therefore, the role of RAS in the 

pathophysiology of hypoxic pulmonary hypertension remains controversial and is the focus of 

continuing research. 

In view of the aforementioned knowledge, we hypothesized that increased 

intrapulmonary activity of the vasoconstrictor ACE/ANG II/AT1 receptor axis combined with a 

lack of compensatory activation of vasodilatory ACE2/ANG 1-7/Mas receptor axis of the RAS 

promotes the development of the hypoxic pulmonary hypertension. To test this hypothesis, we 

examined the effects of chronic hypoxia on the development of pulmonary hypertension in Ren-

2 renin transgenic rat strain (TGR). TGR represent a unique well-defined monogenetic model of 

hypertension, in which hypertension is clearly related to the insertion of a mouse Ren-2 renin 

gene into the genome of normotensive Hannover Sprague-Dawley (HanSD) rats (Mullins et al. 
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1990). TGR exhibit increased tissue concentrations of ANG II, also in the lung (Campbell et al. 

1995, Husková et al. 2006, Kreutz et al. 1998, Peters et al. 1996). In our opinion, studies using 

this model should help evaluate the precise nature of the relationship between the enhanced 

intrapulmonary activity of the endogenous RAS and the effects of exposure to chronic hypoxia 

in the pathophysiology of hypoxic pulmonary hypertension. Therefore, expressions of individual 

components of the RAS and their activities/concentrations in the lung tissue were determined in 

TGR and HanSD rats, both under normoxic conditions and after exposure to chronic hypoxia. 

Given the importance of the interaction of RAS with other vasoactive systems, such as 

endothelin (ET) and sympathetic nervous systems, in the mediation of cardiovascular responses 

to chronic hypoxia (DiCarlo et al. 1995, Hu et al. 1998, Shimoda and Laurie 2013), we also 

evaluated lung tissue catecholamines and endothelin-1 (ET-1) levels of TGR and HanSD rats, 

both under normoxic conditions or after exposure to chronic hypoxia. 
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Materials and Methods 

 The studies were performed in accordance with guidelines and practices established by 

the Animal Care and Use Committees of the Institute for Clinical and Experimental Medicine and 

of the 2nd Faculty of Medicine, Charles University, Prague.  

Animals 

All animals used in the present study were bred at the Center for Experimental Medicine 

from stock animals supplied from Max Delbrück Center for Molecular Medicine, Berlin (we 

acknowledge the generous gift of Drs. Bader and Ganten). The TGR rat strain was constructed by 

inserting the mouse Ren-2 renin gene, including 5 kb of 5´-flanking sequences and 9 kb 3´- 

flanking sequences into the rat genome of HanSD rats. Heterozygous TGR were generated by 

breeding male homozygous TGR with female homozygous HanSD rats as described and verified 

in the original study (Mullins et al. 1990). Animals were fed a standard rat chow containing 0.4% 

sodium chloride (SEMED, Prague, Czech Republic), with free access to tap water.   

 

Experimental design 

Series 1: Effects of chronic hypoxia on mean pulmonary artery pressure (MPAP) in TGR and 

HanSD rats. 

Between the days of age 66 and 80 (for 14 days) the animals were exposed to chronic 

normobaric hypoxia (10% O2) using isobaric hypoxic chamber as described in detail in our 

previous studies (Hampl et al. 1993, Hampl et al. 2003, Herget et al. 1996) and control groups 

were maintained on continuous normoxia. The following experimental groups were examined: 

1. TGR + hypoxia (n = 10) 

2. TGR + normoxia (n = 9) 

3. HanSD + hypoxia (n = 8) 

4. HanSD + continuous normoxia (n = 8) 

At the end of experiments, animals were anaesthetized with sodium thiopental (30 mg/kg, i.p.) 

and measurements of hemodynamic parameters were performed by methods described in 

detail previously (Hampl et al. 1993, Hampl et al. 2003, Herget and Paleček 1972, Herget et al. 
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1996). Briefly, the pulmonary artery was catheterized via the left jugular vein and MPAP was 

recorded. Thereafter the rats were intubated via a tracheostomy and mechanically ventilated at 

~65 breaths/min with room air (peak inspiratory pressure of 9 cm H2O, and expiratory pressure 

0). The chest was opened at the  midline and an ultrasonic flow probe was placed around the 

ascending aorta to estimate cardiac output (Transonic Systems, Altron Medical Electronic 

GmbH, Germany). This method is known to underestimate the in vivo values of cardiac output 

measured with intact chest and spontaneous breathing, but the error is likely similar in all 

animals and thus this approach allows reliable comparisons between control and experimental 

groups (Hampl et al. 1993). The cardiac index was calculated as the ratio of cardiac output 

divided by body weight (BW). After obtaining this value, the animals were killed with a lethal 

dose of thiopental sodium. Right heart ventricle (RV) was separated from left ventricle plus 

septum and weighed in a wet state as described previously (Hampl et al. 1993, Hampl et al. 

2003, Herget and Paleček 1972, Herget et al. 1996). For assessment of RV cardiac hypertrophy, 

the ratio of RV weight (RVW) to tibia length (TL) was employed because it has been shown that 

TL is independent of changes in body weight, and the above ratio is the most suitable index for 

assessment of cardiac hypertrophy under conditions when significant changes in BW occur 

(Husková et al. 2010, Honetschlagerová et al. 2013, Vaňourková et al. 2006). Analysis of right 

ventricular fibrosis was performed by histomorphometry using a Nikon Eclipse Ni-E light 

microscope and Nikon NIS-Elements AR 3.1 morphometric program (Nikon, Tokyo, Japan). 

Sections stained with Picrosirius red were photographed with a 20x objective in transmitted 

light to determine total tissue area and subsequently in polarized light to display areas occupied 

by collagen. The degree of RV fibrosis was expressed as the percentage of tissue area occupied 

by collagen compared to the total tissue surface, as reported previously (Whittaker et al. 1994).  

 

Series 2: Effects of chronic hypoxia on expression and activities of individual components of 

the RAS, and on ET-1, epinephrine, norepinephrine and dopamine levels in lung tissue. 

In this series TGR and HanSD rats were subjected to the same protocol as animals in 

series 1. The following experimental groups were examined: 

1. TGR + hypoxia (n = 9) 

2. TGR + normoxia (n = 10) 
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3. HanSD + hypoxia (n = 9) 

4. HanSD + normoxia (n = 10) 

 Since it is now well recognized that ANG II concentrations in anesthetized animals are 

higher than those obtained from decapitated conscious rats, and that normotensive animals 

exhibit greater increases in renin secretion in response to anaesthesia and surgery than do ANG 

II-dependent hypertensive animals (Husková et al. 2006), in the present study rats from each 

experimental group were decapitated at the age of 80 days (i.e. on day 14 of exposure to 

hypoxia) and lung tissue samples were collected. This approach which is routinely used in our 

laboratory allows comparison of the present results with those of our previous studies 

performed to evaluate the role of the RAS in the pathophysiology of hypertension and end-

organ damage (Husková et al. 200643, Husková et al. 2010, Honetschlagerová et al. 2013, 

Vaňourková et al. 2006, Varcabová et al. 2013). Lung tissue renin, ACE, and ACE2 activities and 

angiotensin I (ANG I), ANG II and ANG 1-7 levels and lung tissue concentrations of ET-1 and 

catecholamines were measured as described previously (Husková et al. 2010, Honetschlagerová 

et al. 2013, Vaňourková et al. 2006, Varcabová et al. 2013). In addition, rat and mouse renin 

gene, the expression of AT1 receptor and G-protein-coupled receptor Mas gene and ACE and 

ACE2 gene expression in the lung tissue were determined as described previously (Burgelová et 

al. 2009, Husková et al. 2010, Honetschlagerová et al. 2013, Nogueira et al. 2007, Vaňourková et 

al. 2006, Varcabová et al. 2013). Briefly, total RNA was extracted from lung tissue using TRIzol® 

Reagent (Life Technologies, Prague, Czech Republic) according to the manufacturer’s directions. 

DNase I (Fermentas, Thermoscientific, Waltham, MA, USA)-treated total RNA was reverse 

transcribed and amplified using One Step SYBR® PrimeScriptTM RT-PCR Kit II (TAKARA BIO INC, 

Shiga, Japan) in the total volume of 20 l. All samples were analyzed in triplicates.  The primers 

were designed by Primer3 software. Primer sequences were:  

rRen1 (rat renin):                 forward 5´-GGCTGTTGATGGAGTCATCC-3´ 

   reverse 5´- AGCCGGCCTTGCTGAT-3´ 

mRen2 (mouse renin): forward: 5´-GCCTCAGCAAGACTGATTCC-3´ 

   reverse: 5´-ATATTCATGTAGTCTCTTCTCC-3´ 

AT1 receptor:  forward: 5´- CCAAGATGACTGCCCCAAG-3´ 

   reverse: 5´- ATCACCACCAAGCTGTTTCC-3´ 

β-actin:   forward: 5´-TGACTGACTACCTCATGAAGA-3´  

   reverse: 5´-CACGTCACACTTCATGATG-3´ 
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ACE:            forward: 5´- TCCTATTCCCGCTCATCTGC-3´ 

         reverse: 5´- CCAGCCCTTCTGTACCATT-3´ 

ACE2:            forward: 5´- GAATGCGACCATCAAGCGTC-3´ 

         reverse: 5´-CAAGCCCAGAGCCTACGAT-3´ 

Mas receptor:                      forward: 5´-CCTGCATACTGGGAAGACCA-3´ 

                                               reverse: 5´-TCCCTTCCTGTTTCTCATGG-3´ 

 

PCR amplifications were performed using the Light Cycler® 96 Real-Time PCR System 

(Roche, Prague, Czech Republic) following the reaction parameters recommended by the 

manufacturer, using 2 mg RNA per sample. β-actin was used as an endogenous control gene and 

negative controls contained water instead of cDNA. In all experiments, relative gene expression 

was calculated by the ∆ cycle threshold (Ct) method. Briefly, the resultant mRNA was 

normalized to a calibrator; in each case, the calibrator chosen was a group of HanSD rats on 

continuous normoxia. Final results were expressed as the n-fold difference in gene expression 

relative to β-actin  mRNA and calibrator as follows: n-fold = 2-(∆Ct sample/∆Ct basal), where ∆Ct values 

of the sample and calibrator were determined by subtracting the average Ct value of the 

transcript under investigation from the average Ct value of the β-actin mRNA gene for each 

sample (Nogueira et al. 2007). Lung tissue concentrations of ET-1, epinephrine, norepinephrine 

and dopamine were analyzed by ELISA employing commercially available kits (Tricat ELISA, IBL 

International, and GmbH, Germany), in accordance with the manufacturer’s  instructions. Again, 

the ratio RVW/TL was assessed. 

 

Statistical Analysis 

All values are expressed as means ± SEM. Using  Graph-Pad Prism software (Graph Pad 

Software, San Diego, CA, USA), statistical analysis was performed by  Student´s t-test, 

Wilcoxon´s signed-rank test for unpaired data, or one-way analysis of variance (ANOVA) when 

appropriate. Values exceeding the 95% probability limits (p<0.05) were considered statistically 

significant. 

 

 

http://www.bio-rad.com/en-cz/sku/185-5196-cfx96-touch-real-time-pcr-detection-system
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Results  

      

Series 1: Effects of chronic hypoxia on MPAP in TGR and HanSD rats. 

As shown in Figure 1A, the data from haemodynamic studies reveal, that under continuous 

normoxia there were no significant differences in MPAP between TGR and HanSD rats (18.6 ± 

1.4 vs. 17.7 ± 0.8 mmHg) and that the 14 days´ exposure to hypoxia resulted in significant 

increases in MPAP in TGR (to 25 ± 1.4 mmHg) as well as in HanSD rats (to 30.4 ± 1.6 mmHg) (in 

both cases different from normoxia at P<0.05). However, the increases in MPAP in response to 

hypoxia were significantly smaller in TGR than in HanSD rats (+6.4 ± 0.7 vs. +12.7 ± 0.9 mmHg, 

P<0.05).  There was no significant difference in BW between TGR and HanSD rats maintained 

under continuous normoxia (329 ± 12 vs. 341± 9 g) and the two weeks’ exposure to hypoxia 

elicited similar decreases in BW in TGR and in HanSD rats (to 240 ± 8 and to 238 ± 4 g, in  both 

cases different from normoxia at P<0.05).     

As shown in Figure 1B, there was no sign of RV hypertrophy [RVW/TL ratio] in TGR as compared 

with HanSD rats maintained under continuous normoxia (5.81± 0.10 vs. 6.22 ± 0.14). Chronic 

hypoxia caused RV hypertrophy in both the TGR and HanSD rats, but its magnitude was 

significantly smaller in the former (6.99 ± 0.17 vs. 7.61 ± 0.16, P<0.05). 

As shown in Figure 1C, among rats maintained in continuous normoxia, TGR showed the index 

(%) of cardiac fibrosis significantly higher than observed in HanSD rats. Chronic hypoxia 

significantly decreased cardiac fibrosis in TGR and HanSD rats to similar levels. The images for 

representative slices of the right ventricular myocardium are shown for all groups in Figure 2.  

 

Series 2: Effects of chronic hypoxia on expression and activities of individual components of 

the RAS, and on ET-1, epinephrine, norepinephrine and dopamine levels in lung tissue. 

As shown in Figure 3A, under continuous normoxia ANG II concentrations in lung tissue were 

significantly higher in TGR than in HanSD rats (281 ± 34 vs. 75 ± 27 fmol/g, P <0.05). In TGR the 

exposure to hypoxia decreased lung ANG II to levels observed in HanSD rats in which hypoxia 

was without effect. As shown in Figure 3B, under continuous normoxia lung renin activity was 

markedly higher in TGR than in HanSD rats (34.2 ± 4.5 vs. 11.9 ± 0.9 ng ANG I.ml-1.h-1, P<0.05). 

Neither value was altered by exposure to chronic hypoxia. As shown in Figures 3C and 3D, lung 
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ACE activity measured directly or estimated as the ratio of ANG II to ANG I did not significantly 

differ between TGR and HanSD rats maintained under continuous normoxia; however, exposure 

to hypoxia significantly decreased ACE activity in TGR and did not alter it in HanSD rats.  

As shown in Figure 3E, under continuous normoxia ANG 1-7 concentrations in lung tissue were 

not significantly different in TGR as compared with HanSD rats. The exposure to chronic hypoxia 

did not alter ANG 1-7 concentrations in lung tissue of HanSD rats, but elicited a significant 

increase in TGR (61 ± 8 vs. 14 ± 5 fmol/g, P<0.05). As shown in Figure 3F, lung ACE2 activity 

exhibited a concentration pattern similar as that observed for lung ANG 1-7:  no difference 

between TGR and HanSD rats under continuous normoxia, and exposure to chronic hypoxia 

increasing ACE2 activity in TGR but not in HanSD rats. 

 

As shown in Figure 4A, there were no significant differences in lung rat renin gene expression 

between TGR and HanSD rats under continuous normoxia, and chronic hypoxia did not change it 

significantly. Likewise, chronic hypoxia did not change lung mouse renin gene expression in TGR 

(Figure 4B).  

As shown in Figure 4C, there were no significant differences in lung ACE gene expression 

between TGR and HanSD rats under continuous normoxia. The exposure to chronic hypoxia did 

not alter these values in HanSD rats, but caused a significant decrease in lung ACE gene 

expression in TGR.  

As shown in Figure 4D, lung ACE2 gene expression was similar in TGR and HanSD rats under 

continuous normoxia. The exposure to chronic hypoxia did not modify this value in HanSD rats, 

but elicited a marked increase in lung ACE2 gene expression in TGR. 

As shown in Figure 4E, lung tissue of AT1 receptor gene was significantly higher in TGR than in 

HanSD rats maintained under continuous normoxia, and exposure to chronic hypoxia decreased 

the expression in TGR and did not alter it in HanSD rats.  

As shown in Figure 4F, there were no significant differences in lung tissue Mas receptor gene 

expression between TGR and HanSD rats maintained under continuous normoxia, and exposure 

to chronic hypoxia elicited a significant increase in the expression in TGR but did not alter it in 

HanSD rats. 
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As shown in Figures 5A and 5B, there were no significant differences in lung norepinephrine and 

dopamine levels between TGR and HanSD rats maintained under continuous normoxia. Nor 

were these values significantly changed by exposure to chronic hypoxia. As shown in Figure 5C, 

there were no significant differences in lung ET-1 tissue concentrations between TGR and HanSD 

rats under continuous normoxia (60.1 ± 4.4 vs. 52.2 ± 5.4 pg/g). The exposure to chronic hypoxia 

caused significant and similar increases in these values both in TGR and in HanSD rats (to 115.2 

± 6.1 and 108.9 ± 5.1 pg/g). 
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Discussion 

The major new finding of this study is that in TGR a two weeks’ exposure to hypoxia did not 

increase pulmonary hypertension more than was seen in transgene-negative normotensive 

HanSD rats. In fact, the increases in MPAP in response to chronic hypoxia were significantly 

smaller in TGR as compared with HanSD rats.  

In this regard the most important question of our present study is: what are the 

mechanism(s) responsible for the attenuated MPAP response to chronic hypoxia in TGR as 

compared with HanSD rats?  

We saw that chronic hypoxia did not alter lung ANG II concentration in HanSD rats but 

substantially reduced them in TGR, down to levels found in HanSD rats. Since  ANG II facilitates  

hypoxic pulmonary vasoconstriction (Berkov 1974, Hales et al. 1977, Sylvester et al. 2012), it can 

be reasoned that attenuation of hypoxic pulmonary hypertension in TGR as compared with the 

response in HanSD rats can be ascribed to the substantial suppression of lung ANG II 

concentration in the former.  Chronic hypoxia did not suppress lung renin gene expression and 

activity but did suppress lung ACE gene expression and activity and lung AT1 receptor gene 

expression. These findings indicate that suppression of increased ANG II concentrations in lung 

tissue in response to chronic hypoxia is mediated by suppression of lung ACE activity, moreover, 

chronic hypoxia suppressed lung AT1 receptor gene expression in TGR. Considering the recent 

reports indicating that increased activity of ACE2/ANG 1-7/Mas receptor axis protects the 

circulatory system against the development of pulmonary hypertension induced by 

monocrotaline injection or by acute exposure to hypoxia (Kleinsasser et al. 2012, Li et al. 2013), 

our findings that lung ACE2 gene expression, lung ACE2 activity and especially lung ANG 1-7 

concentrations and Mas receptor gene expression are markedly increased in TGR exposed to 

chronic hypoxia (but not in HanSD rats) are of critical importance. They provide sound evidence 

that activation of the ACE2/ANG 1-7/Mas receptor axis is decisive for attenuation of MPAP 

response to chronic hypoxia in TGR.  

Since there were no significant differences in lung tissue concentrations of catecholamines 

between TGR and HanSD rats, both under conditions of continuous normoxia and after 

exposure to chronic hypoxia, it is unlikely that local changes in the activity of the sympathetic 

nervous system were responsible for the different pulmonary hypertensive responses to 

hypoxia  in TGR vs. HanSD rats. Finally, our finding that in TGR and HanSD rats chronic hypoxia 
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elicited significant increases in lung tissue ET-1 concentration are in agreement with the 

accepted notion that activation of ET system contributes to the development of pulmonary 

hypertension (DiCarlo et al. 1995, Hu et al. 1998, Shimoda and Laurie 2013).  However, because 

the increases in lung tissue ET-1 were similar in TGR and HanSD rats, it is unlikely that activation 

of ET system should account for the observed difference in the development of hypoxic 

pulmonary hypertension between TGR and HanSD rats. 

 

The second important finding of the present study is that under conditions of continuous 

normoxia TGR do not exhibit pulmonary hypertension and RV hypertrophy. This is in accordance 

with aforementioned studies suggesting that increased intrapulmonary RAS activity per se does 

not lead to the development of pulmonary hypertension (Kaparianos et al. 2011, Krebs et al. 

1999, Lefebvre et al. 2011, Sylvester et al. 2012) On the other hand, our findings are at odds 

with the results reported recently by DeMarco et al. (DeMarco et al. 2008, DeMarco et al. 2009), 

who found that TGR overexpressed Ren-2 renin gene in lung tissue and exhibited elevated RV 

systolic blood pressure (RVSP) as compared with control animals, also under conditions of 

continuous normoxia.  We cannot offer a satisfactory explanation for these discrepancies, one 

reason could be the different methodology of estimating MPAP between the laboratory of 

DeMarco´s and ours. We measure MPAP directly in rats with closed chest, a method that is 

generally accepted as a golden standard (Sylvester et al. 2012) whereas DeMarco´s group 

employed RVSP as a marker of the degree of pulmonary hypertension, an indirect method that 

is, however, also commonly accepted (Sylvester et al. 2012). Thus, this difference in 

methodology might or might not be responsible for the different findings regarding MPAP in 

TGR rats. In this regard, it is intriguing that even though deMarco et al. found markedly 

increased RVSP in TGR, they did not observe any sign of RV hypertrophy as compared with 

control animals (DeMarco et al. 2008, DeMarco et al. 2009). 

 

The third interesting finding of our present study is that under conditions of normoxia our 

TGR and HanSD rats exhibited only minimal cardiac fibrosis and collagen deposition which were 

further reduced after exposure to chronic hypoxia. This indicates that the observed RV 

hypertrophy was not associated with increased cardiac fibrosis or collagen deposition, however, 
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it cannot be excluded that such pathologic changes would develop with longer duration of 

pulmonary hypertension. 

In summary, we showed that pulmonary hypertension induced by chronic hypoxia was 

distinctly less pronounced in TGR as compared with transgene-negative normotensive HanSD 

rats. The alleviation of pulmonary hypertensive response to hypoxia observed in TGR was 

associated with two sets of changes.  On one hand, there was a suppression of ACE gene 

expression and activity, a decrease in the expression of AT1 receptor gene, and normalization of 

ANG II concentrations in lung tissue. On the other hand, we observed increased ACE2 gene 

expression and ACE2 activity and, perhaps most important, increased ANG 1-7 concentrations 

and Mas receptor expression in lung tissue.  

Taken together, our present data suggest, that a combination of suppression of ACE/ANG 

II/AT1 receptor axis and activation of ACE2/ANG 1-7/Mas receptor axis in the lung tissue is the 

main mechanism explaining attenuation of hypoxic pulmonary hypertension in TGR as 

compared with HanSD rats.  
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Figure Legends 

Figure 1. Mean pulmonary arterial pressure (A), the ratio of right ventricle to tibia length (B), 

and cardiac fibrosis in right ventricle (C) after 14 days´ exposure to chronic hypoxia (on day 80 of 

age) in TGR (heterozygous Ren-2 renin transgenic rats) or HanSD (transgene-negative) rats, 

compared with TGR and HanSD rats maintained under continuous normoxia.  Values are means 

± SEM. *P<0.05 versus unmarked values; # P<0.05 versus all the other values.    

 

Figure 2. Representative images from slices of picrosirius red staining of the right ventricular 

myocardium in TGR (heterozygous Ren-2 renin transgenic rats) under conditions of continuous 

normoxia (A), in TGR exposed to chronic hypoxia (B), and  in HanSD (transgene-negative) rats  

under conditions of continuous normoxia (C), and in HanSD exposed to chronic hypoxia (D). The 

images show only minimal interstitial collagen deposition without significant differences 

between the two rat strains; nor was there any demonstrable increase in the staining after 

hypoxia-induced pulmonary hypertension (original magnification 200x).  

 

Figure 3. Lung angiotensin II (ANG II) levels (A), lung renin activity (B), lung angiotensin-

converting enzyme (ACE) activity (C) and the ratio of lung ANG II to angiotensin I (ANG I) levels 

(D), lung angiotensin 1-7 (ANG 1-7) levels (E) and lung angiotensin-converting enzyme type 2 

(ACE2) activity (F) in TGR (heterozygous Ren-2 renin transgenic rats) and HanSD (transgene-

negative) rats. Values are means ± SEM. *P<0.05 versus unmarked values. 

 

Figure 4. The expression in lung tissue of rat (A) and mouse (B), renin genes for angiotensin-

converting enzyme (ACE), and the expression in lung tissue of angiotensin-converting enzyme 

genes for ACE (C) and ACE 2 (D), lung ANG II type 1 (AT1) receptor gene expression (E), and lung 

Mas receptor gene expression (F) in TGR (heterozygous Ren-2 renin transgenic rats) and HanSD 

(transgene-negative) rats. Values are means ± SEM.  *P<0.05 versus unmarked values in TGR 

(heterozygous Ren-2 renin transgenic rats) and HanSD (transgene-negative) rats. Values are 

means ± SEM. *P<0.05 versus unmarked values. 
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Figure 5. Lung tissue norepinephrine (A), dopamine (B) and endothelin 1 (ET-1) levels (C) in TGR 

(heterozygous Ren-2 renin transgenic rats) and HanSD (transgene-negative) rats). Values are 

means ± SEM. *P<0.05 versus unmarked values. 
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