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Abstract

The aim of the present study was to test the hypothesis that chronic hypoxia would aggravate
hypertension in Ren-2 transgenic rats (TGR), a well-defined monogenetic model of hypertension
with increased activity of endogenous renin-angiotensin system (RAS). Systolic blood pressure
(SBP) in conscious rats and mean arterial pressure (MAP) in anesthetized TGR and normotensive
Hannover Sprague-Dawley (HanSD) rats were determined under normoxia that was either
continuous or interrupted by two weeks” hypoxia. Expression, activities and concentrations of
individual components of RAS were studied in plasma and kidney of TGR and HanSD rats under
normoxic conditions and after exposure to chronic hypoxia. In HanSD rats two weeks” exposure
to chronic hypoxia did not alter SBP and MAP . Surprisingly, in TGR it decreased markedly SBP
and MAP; this was associated with substantial reduction in plasma and kidney renin activities
and also of angiotensin Il (ANG 1l) levels, without altering angiotensin-converting enzyme (ACE)
activities. Simultaneously, in TGR the exposure to hypoxia increased kidney ACE type 2 (ACE2)
activity and angiotensin 1-7 (ANG 1-7) concentrations as compared with TGR under continuous
normoxia. Based on these results, we propose that suppression of the hypertensiogenic ACE-
ANG Il axis in the circulation and kidney tissue, combined with augmentation of the intrarenal
vasodilator ACE2-ANG 1-7 axis, is the main mechanism responsible for the blood pressure-

lowering effects of chronic hypoxia in TGR.
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Introduction

It is now generally accepted that abnormal activation of the systemic and intrarenal
renin-angiotensin system (RAS) is a crucial factor in pathophysiology of hypertension (Gonzalez-
Vilalobos et al. 2013, Kobori et al. 2007). Nevertheless, effects of hypoxia on the activity of the
RAS and on blood pressure (BP) regulation in normotensive and especially in hypertensive
subjects have not been clearly established. Some studies showed that hypoxia increased the
activity of the RAS (Frayser et al. 1975, Hubloue et al. 2004, Morrell et al. 1995, Rose et al. 1983,
Zakheim et al. 1976) while others demonstrated a decrease in BP and RAS activity (Antezana et
al. 1995, Hoehne et al. 2001, Krebs et al. 1999, Vilar et al. 2008). Therefore, the role of RAS in
the pathophysiology of arterial hypertension and especially the BP response to chronic hypoxia

remains the subject of further research.

We reasoned that the discrepancies in the findings concerning the effects of chronic
hypoxia on the activity of the RAS and systemic arterial BP are related to the experimental
model that was used in most studies. In ANG ll-infused rats, a most common model of RAS-
dependent hypertension, high BP results from chronic infusion of originally subpressor doses of
ANG I, which leads to a marked suppression of plasma renin activity and renal renin content
(Kobori et al. 2007, Zou et al. 1998), indicating that the activity of the endogenous RAS is
suppressed. Therefore, it is logical to assume that the effects of chronic hypoxia observed under
RAS suppression would differ from those seen in normotensive rats with normal endogenous
RAS activity or, even more so, from the effects observed in hypertensive rats with hypertension
dependent on increased endogenous RAS activity (ANG ll-dependent, as opposed to ANG II-
induced hypertension). Therefore, for evaluation of the role of the RAS in the arterial BP
responses to chronic hypoxia, we decided to use in this study a 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. 1990). TGR exhibit
increased circulating and tissue concentrations of ANG Il as compared with age-matched HanSD
rats (Huskova et al. 2006a, Neckar et al. 2012). In our opinion, studies using this model should
help evaluate the precise nature of the relationship between the enhanced activity of the

endogenous RAS and the effects of exposure to chronic hypoxia in the regulation of systemic BP.
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Based on the above considerations, we hypothesized that chronic hypoxia would
aggravate hypertension in TGR. To further elucidate the mechanism(s) underlying alterations of
the RAS in response to chronic hypoxia, expressions of individual components of the RAS and
their activities/concentrations were determined in plasma and tissues of 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 sympathetic nervous systems, in
the pathophysiology of ANG IlI-dependent hypertension and in the mediation of cardiovascular
responses to chronic hypoxia (Guild et al. 2012, Jankovski et al. 2013, Kobori et al. 2007), we
also determined plasma and tissue catecholamine levels in TGR and HanSD rats, both under

normoxic conditions and after exposure to chronic hypoxia.



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 2™ Faculty of Medicine.
Animals

All animals used in the present study were bred at the Center for Experimental Medicine
from stock animals supplied from Max Delbriick 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 systolic BP (SBP) in TGR and HanSD rats.

Beginning from 55 days of age, in appropriately trained conscious animals SBP was
measured every second day by tail-pletysmography, using a tail-cuff apparatus (MC 4000;
Hatteras Instruments Co., Cary, NC, USA); in all cases a mean systolic BP (SBP) of 4
measurements was taken. In accordance with recommendation for BP measurements in
experimental animals (Kurtz et al. 2005), this method is adequate for detecting intergroup
differences in SBP over time and therefore is optimal for long-term studies. This method is
regularly used in our laboratory (Cervenka and Heller 1996, Kujal et al. 2010, Kujal et al. 2014)
and was previously validated: a close correlation was found between SBP measurements by tail-
pletysmography and direct BP measurements using an indwelling catheter in conscious rats.
Between the days of age 66 and 80 (for 14 days) the animals were exposed to chronic
normobaric hypoxia (10% O;) using isobaric hypoxic chamber as described in detail in our
previous studies (Hampl et al. 2003, Herget et al. 1996). For the procedure of measurements of
SBP, rats were removed from the hypoxic chamber for not more than 2 hours. During SBP

measurements body weight (BW) was also monitored. Beginning from the day of age 81 the
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exposure to hypoxia was ceased and until the day 125 all rats were maintained in normoxia. The

following experimental groups were examined:
1. TGR + hypoxia (between days of age 66 and 80) (n = 10)
2. TGR + continuous normoxia (n =9)
3. HanSD + hypoxia (n = 8)
4. HanSD + continuous normoxia (n = 8)

At the end of experiments, animals were anesthetized with sodium thiopental (40 mg/kg,
i.p.) and left carotid artery was catheterized for measurement of mean arterial pressure (MAP).
For assessment of cardiac hypertrophy, the ratio of left ventricle weight (LVW) to tibia length
(TL), was employed. It has been shown that tibia length is independent of changes in BW, and
the above ratio is the most suitable index for assessment of cardiac hypertrophy (Huskova et al.

2010, Kujal et al. 2010, Kujal et al. 2014, Vaniourkova et al. 2006).

Series 2: Effects of chronic hypoxia on MAP in TGR and HanSD rats.

In this series TGR and HanSD rats were subjected to the same protocol as described in
series 1, up to the 80th day of age. On day 80 of age (i.e. on day 14 of exposure to hypoxia) MAP
was directly measured and the degree of cardiac hypertrophy was determined as described for

series 1. The following experimental groups were examined:
1. TGR + hypoxia (n=7)
2. TGR + continuous normoxia (n = 7)
3. HanSD + hypoxia (n = 6)

4. HanSD + continuous normoxia (n = 7)

Series 3: Effects of chronic hypoxia on expression and activities of individual components of

the RAS, and on epinephrine, norepinephrine and dopamine levels.
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In this series TGR and HanSD rats were subjected to the same protocol as animals in

series 2. The following experimental groups were examined:
1. TGR + hypoxia (n=9)
2. TGR + continuous normoxia (n = 10)
3. HanSD + hypoxia (n =9)
4. HanSD + continuous normoxia (n = 10)

Since it is now well recognized that plasma and tissue ANG Il 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 anesthesia and
surgery than do ANG ll-dependent hypertensive animals (Huskova et al. 2006a, Huskova et al.
2006b), 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 plasma and 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 (Biirgelova et al. 2009, Cervenka et al.
2008, Huskova et al. 2006a, Huskova et al. 2006b, Huskova et al. 2010, Kujal et al. 2010, Kujal et
al. 2014, Neckar et al. 2012, Vanourkova et al. 2006, Varcabova et al. 2013). Plasma and kidney
tissue renin, angiotensin-converting enzyme (ACE) and angiotensin-converting enzyme type 2
(ACE2) activities and angiotensin | (ANG 1), ANG Il and angiotensin-(1-7) (ANG 1-7) levels and
tissue concentrations of catecholamines were measured as described previously (Blirgelova et
al. 2009, Cervenka et al. 2008, Huskova et al. 2010). In addition, rat and mouse renin gene, the
expression of ANG Il type 1 (AT;) receptor and G-protein-coupled receptor Mas gene (as a
functional receptor for ANG 1-7) in the kidney, and ACE and ACE2 gene expression in the kidney
were determined as described previously (Blirgelova et al. 2009, Nogueira et al. 2007, Wong et
al. 2012). Briefly, total RNA was extracted from liver, kidney and lung tissue using TRIzol®
Reagent (Life Technologies, Prague, Czech Republic) according to the manufacturer’s directions.
DNase | (Fermentas, Thermoscientific, Waltham, MA, USA)-treated total RNA was reverse
transcribed and amplified using One Step SYBR® PrimeScript™ RT-PCR Kit Il (TAKARA BIO INC,
Shiga, Japan) in the total volume of 20 pl. 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’
AT, receptor: forward: 5'- CCAAGATGACTGCCCCAAG-3’
reverse: 5- ATCACCACCAAGCTGTTTCC-3’
B-actin: forward: 5"-TGACTGACTACCTCATGAAGA-3’
reverse: 5'-CACGTCACACTTCATGATG-3’
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. B-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 A 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

- 2-(ACt sample/ACt basal)’ where ACt values

relative to B-actin mRNA and calibrator as follows: n-fold
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 B-actin mRNA gene for each
sample. Plasma and tissue concentrations of 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.

Western blot analyses of kidney cortex AT, receptor protein expression was performed
as described recently (Harrison-Bernard et al. 1999, Harrison-Bernard et al. 2002, Herrera et al.
2013, Huskova et al. 2006a) and we viewed with caution the notion about potential problems

with nonspecific binding in kidney tissues of commercially available anti-AT; receptor antibodies


http://www.bio-rad.com/en-cz/sku/185-5196-cfx96-touch-real-time-pcr-detection-system
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and therefore, as suggested (Herrera et al. 2013), we employed two different antibodies
(Alomone Labs, Israel, and Santa Cruz, USA), and the data were analyzed only if the results

obtained were identical.

Western blot analyses of kidney cortex Mas receptor protein expression and ACE2 were
performed as described recently (Blirgelova et al. 2009, Giani et al. 2012, Wong et al. 2012) by
employing commercially available antibodies (Alomone Labs, Israel and Gene Tex, USA). Again,

the ratio LVW/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) as
appropriate. ANOVA for repeated measurements, followed by Student-Newman-Keuls test was
performed for the analysis within groups (e.g. for analysis of effects of 14 days’ hypoxia on SBP).

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

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

As shown in Figure 1A, before exposure to hypoxia TGR were markedly hypertensive
(207 £ 5 mmHg) and 14 days’ exposure to hypoxia resulted in a significant decrease in SBP (to
148 + 4 mmHg; P<0.05 compared with initial values). After cessation of hypoxia, SBP gradually
returned to levels observed in TGR maintained on continuous normoxia, and between day 105
of age and the end of the study no significant differences between these two groups were seen
(201 £ 7 vs. 206 £ 4 mmHg). Exposure to hypoxia had no effect on SBP in HanSD rats and there
were no significant differences in SBP between the two groups of HanSD rats. Direct
measurements of MAP at the end of experiment (on day 125 of age) confirmed that there were
no significant differences between TGR maintained on continuous normoxia and TGR exposed
to 14 days of hypoxia (162 + 5 vs. 159 + 4 mmHg). In addition, at the end of experiment there
were no significant differences between these two groups of TGR in the degree of cardiac
hypertrophy (expressed as LVW/TL) and these ratios were markedly higher compared with
HanSD rats exposed to continuous normoxia (30.6 £ 1.1 and 30.2 £ 0.9 vs. 23.1 + 0.4, P<0.05 in
both cases). At the end of experiment, there were no significant differences in MAP and LVW/TL
between HanSD rats maintained on continuous normoxia and HanSD rats exposed to 14 days of

hypoxia.

Series 2: Effects of chronic hypoxia on MAP in TGR and HanSD rats.

As shown in Figure 1B, the 14 days’ exposure to hypoxia reduced MAP in TGR as compared with
TGR exposed to continuous normoxia (105 + 4 vs. 157 + 3 mmHg, P<0.05), but did not alter it in
HanSD rats. There were no significant differences in BW between TGR and HanSD rats
maintained on 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 1C, TGR on continuous
normoxia exhibited severe left ventricle hypertrophy (expressed as LVW/TL) as compared to
HanSD rats, and 14 days’ exposure to chronic hypoxia elicited a significant decrease in this ratio

in TGR (P<0.05 when compared with TGR in continuous hypoxia).
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Series 3: Effects of chronic hypoxia on expression and activities of individual components of

the RAS, and on epinephrine, norepinephrine and dopamine levels.

Figures 2 A and 2 B show that under continuous normoxia plasma ANG Il levels and plasma renin
activity were markedly higher in TGR than in HanSD rats (62 + 9 vs. 34 £+ 7 fmol/ml and 7.12 +
0.81 vs. 5.27 + 0.63 ng ANG I.mI"".h"!, P<0.05 in both cases). The exposure to hypoxia resulted in
significant decreases in plasma ANG Il levels and in plasma renin activity to values similar in TGR
and HanSD rats. As shown in Figures 2C and 2D, plasma ACE activity measured either directly or
estimated as the ratio of ANG Il to ANG | did not significantly differ between TGR and HanSD rats
maintained in continuous normoxia, and were not altered by exposure to hypoxia. Likewise,
plasma ANG 1-7 and plasma ACE2 activity did not significantly differ between TGR and HanSD
rats in continuous normoxia, and exposure to hypoxia did not change them significantly (Figures

2E and 2F).

There were no significant differences in plasma epinephrine, norepinephrine and dopamine
levels between TGR and HanSD rats in continuous normoxia (2.86 £ 0.29 vs. 3.34 £ 0.33, 1.71
0.14 vs. 1.72 £ 0.26 ng/ml and 70.4 £ 4.1 vs. 75.2 + 3.9 pg/ml) and the exposure to hypoxia did

not alter them in TGR or HanSD rats.

As shown in Figure 3A, kidney ANG Il concentrations were markedly higher in TGR than in HanSD
rats under continuous normoxia (293 + 45 vs. 150 + 31 fmol/g, P<0.05) and exposure to chronic
hypoxia caused significant decreases in these levels in TGR and HanSD rats (to 65 + 8 and to 59 +
9 fmol/g, respectively; both changes different at P<0.05 from corresponding normoxic controls).
As shown in Figure 3B, kidney renin activity was under continuous normoxia significantly lower
in TGR as compared with HanSD rats (27 + 4 vs. 186 + 38 ug ANG |. g of tissue *.h™*, P<0.05) and
exposure to hypoxia resulted in profound decreases in these values in TGR as well as in HanSD
rats. Kidney ACE activity and the renal ANG II/ANG | ratio did not significantly differ between
TGR and HanSD rats under continuous normoxia and chronic exposure to hypoxia did not alter
them in TGR or HanSD rats (Figure 3C and 3D). Likewise, kidney ANG 1-7 levels and kidney ACE2
activity did not significantly differ between TGR and HanSD rats under continuous normoxia and
exposure to hypoxia significantly increased kidney ANG 1-7 concentrations and kidney ACE2

activity in TGR but did not change them in HanSD rats (Figures 3E and 3F).

Similarly as in the case of catecholamine concentrations in plasma, there were no significant

differences under continuous normoxia in kidney epinephrine, norepinephrine and dopamine
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levels between TGR and HanSD rats (10.09 + 0.81 vs. 10.74 + 0.92, 198.8 + 7.4 vs. 206.9 + 9.7
ng/g and 51.2 + 3.4 vs. 45.8 + 4.1 pg/g) and exposure to hypoxia did not change these values

significantly.

As shown in Figure 4A, the expression in kidney tissue of rat renin gene under continuous
normoxia was markedly suppressed in TGR as compared with HanSD rats. The exposure to
chronic hypoxia significantly increased kidney rat renin gene expression in TGR as well as in
HanSD rats, but the magnitude of this increase was markedly higher in the latter. In contrast, as
shown in Figure 4B, kidney mouse renin gene was markedly overexpressed and chronic hypoxia
further increased this expression. Since the kidney mouse renin gene expression was virtually 0

in HanSD rats, the data are not shown.

Under continuous normoxia there were no significant differences in kidney ACE and ACE2
receptor gene expression in TGR and HanSD rats; the values were not altered by chronic
exposure to hypoxia (Figures 3C and 3D). As shown in Figures 3E and 3F, there were no
significant differences in kidney AT, and Mas receptor gene expression between TGR and HanSD
rats 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.

Western blot analyses of renal protein expression of ACE2, AT, and Mas receptor confirmed the

data obtained by gene expression analyses and therefore are not shown.
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Discussion

The first major finding of the present study was that in TGR a two weeks’ exposure to
hypoxia resulted in a significant decrease in BP, almost to normotensive levels observed in
HanSD rats. After cessation of hypoxia, BP gradually returned to levels observed in TGR under
continuous normoxia. We saw that the post-hypoxic decrease in BP was associated with marked
suppression of plasma and kidney ANG Il concentrations, even below the levels observed in age-
matched normotensive HanSD rats in continuous normoxia. In addition, we found that 14 days’
exposure to chronic hypoxia resulted in significant increases in intrarenal ACE2 activity, ANG 1-7
concentrations and Mas receptor expression. However, the exposure to chronic hypoxia had no
significant effect on BP in HanSD rats. Thus, our findings in TGR were actually opposite to the
predictions regarding the effects of chronic hypoxia on the hypertension in TGR: instead of
aggravation of hypertension chronic hypoxia normalized BP. Therefore, the critical issue in the
present study was to explain the mechanism(s) underlying the BP-lowering action of chronic

hypoxia in TGR.

In this regard, it is important to note that the critical role of the circulating and especially of
the intrarenal RAS in the pathophysiology of hypertension is now well established (Cervenka et
al. 2008, Gonzalez-Vilalobos et al. 2013, Kobori et al. 2007) and this is particularly true for our
TGR model (Cervenka et al. 2008, Huskova et al. 2006a, Huskova et al. 2006b, Huskova et al.
2010, Kujal et al. 2010, Kujal et al. 2014, Neckar et al. 2012, Vanourkova et al. 2006, Varcabova
et al. 2013). A concept has recently emerged that, within the RAS, a newly discovered
vasodilatory axis ACE2-ANG 1-7-Mas receptor exists and, under conditions of enhanced RAS
activity, counteracts the classical vasoconstrictor ACE-ANG I1I-AT; receptor axis (Bader et al.
2013, Fraga-Silva et al. 2013, Varagic et al. 2014). Therefore it could be hypothesized that the
BP-lowering effect of chronic hypoxia in TGR could be, at least in part, mediated via increased
activity of this vasodilatory axis. This notion is supported by our present results showing that 14
days” exposure to chronic hypoxia increased intrarenal activity, concentration and expression of
individual components of the ACE2-ANG 1-7-Mas receptor axis in TGR and did not alter them in
HanSD rats. Our results suggest that increased intrarenal activity of the vasodilatory axis could
contribute to the BP-lowering effects of chronic hypoxia in TGR. This concept is further
supported by recent findings in two-kidney, one-clip (2K1C) Goldblatt hypertensive rats (another
model of ANG Il-dependent hypertension with increased endogenous intrarenal RAS activity)

indicating that both kidneys of 2K1C hypertensive rats exhibit reciprocal changes in ACE-ANG I
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(augmentation) and ACE2-ANG 1-7 (suppression) axis (Prieto et al. 2011) and that impairment of
the ACE2-ANG lI-Mas receptor axis contributes to the acceleration of hypertension in this model

(Burgelova et al. 2009).

Moreover, since chronic hypoxia did not alter plasma and kidney concentrations of
catecholamines, it is unlikely that changes in the sympathetic nervous activity significantly
contribute to the BP-lowering effect of chronic hypoxia in TGR. Since we showed that the
exposure of TGR to two weeks’ hypoxia caused a marked suppression of circulating and
intrarenal ANG Il, we propose that normalization of inappropriately elevated plasma and kidney

ANG Il was the main mechanism responsible for the decrease in BP.

What remains, however, is the issue of the mechanism(s) responsible for the suppression of
elevated plasma and kidney ANG Il levels in TGR exposed to chronic hypoxia. We saw that
exposure to chronic hypoxia did not alter plasma or renal ACE activity and intrarenal ACE gene
expression in TGR or HanSD rats but significantly reduced plasma and renal renin activity in both
rat strains. Our findings that rat renin gene expression in the kidney in continuous normoxia was
markedly lower in TGR than in HanSD rats and that mouse renin gene was substantially
overexpressed are in accordance with the earlier evidence (Bohlender et al. 1998, Mullins et al.
1990). It indicated that, first, increased ANG Il formation in TGR is unequivocally the
consequence of overexpression of the mouse renin transgene, and, second, TGR retain the
physiological negative feedback effect of increased ANG Il levels on endogenous rat renin gene
(Castrop et al. 2010). Furthermore, the observation that TGR responded to chronic hypoxia by
increased rat as well as mouse renin gene expression suggests that under conditions of renin
depletion and reduced ANG Il synthesis, TGR retain the feedback control of renin secretion by
the baroreceptor of the afferent glomerular arterioles (Castrop et al. 2010). Of special interest
are our findings regarding kidney cortex AT; receptor gene and protein expression because we
found that AT, receptor expression in TGR in continuous normoxia is maintained at the same
level as in HanSD rats, despite increased BP and intrarenal ANG Il concentrations. The sustained
kidney AT, receptor expression can be considered as inappropriately high for the level of BP and
ANG Il concentrations observed in TGR. However, our observations are in agreement with the
finding of Harrison-Bernard (Harrison-Bernard et al. 1999, Harrison-Bernard et al. 2002) who
found that ANG ll-infused rats also do not exhibit down-regulation of kidney AT, receptor
expression despite marked hypertension and elevation of ANG Il levels. Even though it was

originally claimed that AT, receptors in the kidney are under negative feedback regulation by
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ANG Il (elevated ANG Il concentrations downregulate and decreased ANG Il concentrations
upregulate them) (Douglas 1987), uncertainty remains regarding the effects of chronically
increased ANG Il concentrations on AT; receptors expression in the kidney. Notably, a number
of studies failed to detect changes in AT; receptors expression in the kidney in response to
chronic alterations in ANG Il concentrations induced either pharmacologically or by long-term
modification of dietary salt intake (Harrison-Bernard et al. 1999, Harrison-Bernard et al. 2002,
Huskova et al. 2006a, Schmidt et al. 1997, Wang et al. 1998). This contradiction is also apparent
in our present study: on one hand the exposure to 14 days” hypoxia caused upregulation of AT,
receptors in the kidney in TGR and, on the other hand, the same procedure did not significantly

change AT, receptor expression in HanSD rats.

Collectively, with the above-discussed observations in mind, we suggest that the inhibition
of plasma and kidney renin activity is the main cause of the suppression of increased plasma and
kidney ANG Il in TGR exposed to chronic hypoxia. The precise mechanism(s) responsible for this
suppression and the question if such mechanism(s) are specific to TGR only or are operative in
all ANG ll-dependent models of hypertension require a separate study. However, in this context
it is important to note that already 25 years ago similar BP-responses to exposure chronic
hypoxia were observed in spontaneously hypertensive rats (SHR) a genetic model of human
primary hypertension (Zicha and Kunes, 1999), i.e. decreases in BP and attenuation of cardiac
hypertrophy during exposure to chronic hypoxia and after returning to normoxia increases in BP
to levels observed in SHR maintained on continuous normoxia (Henley et al. 1992, Henley and
Tucker 1986). Even if SHR is not an ANG Il-dependent model of hypertension (Zicha and Kunes,
1999) and activities/concentrations of individual components of RAS were not evaluated at
those studies, these findings are of special interest, because it might indicate that BP and RAS

responses to chronic hypoxia might exhibit similar pattern in many rat hypertensive models.

Another important question regards the mechanism(s) responsible for augmentation of the
activity of the intrarenal ACE2-ANG-Mas receptor axis in TGR exposed to chronic hypoxia. Since
recent studies have demonstrated that ANG Il downregulates ACE2 expression and activity and
Mas receptor expression in various tissue, especially in kidney cortex (Ferrario et al. 2005,
Gallagher et al. 2006, Koka et al. 2008, Varagic et al. 2014), and because ACE2 is thought to be
the major enzyme involved in ANG 1-7 formation (Bader 2013, Fraga-Silva et al. 2013, Varagic et

al. 2014), we propose that increased intrarenal ACE2 activity, ANG 1-7 concentration and Mas
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receptor expression is the consequence of decreased intrarenal ANG Il levels and interruption of

the negative feedback loop in TGR exposed to chronic hypoxia.

Collectively, our present study suggest that suppression of the hypertensiogenic ACE-ANG II-
AT, receptor axis in the circulation and kidney tissue combined with activation of the intrarenal
vasodilator ACE2-ANG 1-7-Mas receptor axis is the main mechanism explaining BP-lowering
effects of chronic hypoxia in TGR. Obviously, further studies are needed to clarify if these
hypotensive effects of chronic hypoxia are specific for TGR only or are a feature characteristic

for all ANG ll-dependent models of hypertension.



17

ACKNOWLEDGMENTS

This study was supported by the grant No. NT/14085-5 awarded by the Internal Grant Agency of
the Ministry of Health pf the Czech Republic to Z.H. L.C. is also supported by the project of the
Ministry of Health of the Czech Republic for the development of research organization
00023001 (IKEM) (institutional support). S.). is supported the Grant Agency of Charles
University No. 266213. The Center for Experimental Medicine (IKEM) received financial support
from the European Commission within the Operational Program Prague—Competitiveness;
project “CEVKOON” (#CZ.2.16/3.1.00/22126) and this study was also result of noncommercial
cooperation between IKEM and OMNIMEDICS Ltd. within the project “CEVKOON”. J.H and V.H

are supported by the grant No. 13-01710S from the Grant Agency of the Czech Republic.



18

Figure Legends

Figure 1. Changes in systolic blood pressure (a), mean arterial pressure (b) and the ratio of left
ventricle weight to tibia length 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. Values are
means + SEM. *P<0.05 versus corresponding basal values (i.e. before exposure to chronic hypoxia)

or versus unmarked values on the same day.

Figure 2. Plasma angiotensin Il (ANG 1) levels (a), plasma renin activity (b), plasma angiotensin-
converting enzyme (ACE) activity (c), the ratio of plasma ANG Il to angiotensin | (ANG I) levels
(d), plasma angiotensin 1-7 (ANG 1-7) levels (e) and plasma 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; # P<0.05 versus all the

other values.

Figure 3. Kidney angiotensin Il (ANG Il) levels (a), kidney renin activity (b), kidney angiotensin-
converting enzyme (ACE) activity (c) and the ratio of kidney ANG Il to angiotensin | (ANG 1) levels
(d), kidney angiotensin 1-7 (ANG 1-7) levels (e) and kidney 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; ¥ P<0.05 versus all the

other values.

Figure 4. Kidney rat (a) and mouse renin gene expression (b), kidney angiotensin-converting
enzyme (ACE) gene expression (c), kidney angiotensin-converting enzyme type 2 (ACE2) gene
expression (d), kidney ANG Il type 1 (AT;) receptor gene expression (e), and kidney 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; ¥ P<0.05 versus all the

other values.
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