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Abstract The b-adrenergic signaling pathways and

antioxidant defence mechanisms play important roles in

maintaining proper heart function. Here, we examined the

effect of chronic normobaric hypoxia (CNH, 10% O2,

3 weeks) on myocardial b-adrenergic signaling and selec-

ted components of the antioxidant system in spontaneously

hypertensive rats (SHR) and in a conplastic SHR-mtBN

strain characterized by the selective replacement of the

mitochondrial genome of SHR with that of the more

ischemia–resistant Brown Norway strain. Our investiga-

tions revealed some intriguing differences between the two

strains at the level of b-adrenergic receptors (b-ARs),

activity of adenylyl cyclase (AC) and monoamine oxidase

A (MAO-A), as well as distinct changes after CNH expo-

sure. The b2-AR/b1-AR ratio was significantly higher in

SHR-mtBN than in SHR, apparently due to increased

expression of b2-ARs. Adaptation to hypoxia elevated b2-

ARs in SHR and decreased the total number of b-ARs in

SHR-mtBN. In parallel, the ability of isoprenaline to

stimulate AC activity was found to be higher in SHR-

mtBN than that in SHR. Interestingly, the activity of MAO-

A was notably lower in SHR-mtBN than in SHR, and it

was markedly elevated in both strains after exposure to

hypoxia. In addition to that, CNH markedly enhanced the

expression of catalase and aldehyde dehydrogenase-2 in

both strains, and decreased the expression of Cu/Zn

superoxide dismutase in SHR. Adaptation to CNH inten-

sified oxidative stress to a similar extent in both strains and

elevated the IL-10/TNF-a ratio in SHR-mtBN only. These

data indicate that alterations in the mitochondrial genome

can result in peculiar changes in myocardial b-adrenergic

signaling, MAO-A activity and antioxidant defence and

may, thus, affect the adaptive responses to hypoxia.

Keywords SHR � Mitochondrial genome � Myocardium �
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oxidase A � Antioxidant defence � Chronic hypoxia

Introduction

The spontaneously hypertensive rat (SHR) is one of the

most commonly used animal models in cardiovascular

research. This strain, which harbors a deletion variant of

the Cd36 gene, is predisposed to the development of

hypertension and cardiac hypertrophy in adulthood [1]. The

hearts of SHR exhibit higher vulnerability to ischemia/

reperfusion (I/R) injury and susceptibility to ventricular

arrhythmias when compared to normotensive rats [2–4].

Interestingly, despite their reduced ischemic tolerance,

ischemic preconditioning was found to provide beneficial

antiarrhythmic effects in these animals [5]. We have pre-

viously documented that transgenic rescue of defective

Cd36 in SHR rat leads to smaller infarct size induced by

coronary artery occlusion [6]. In addition, transgenic SHR-

Cd36 rats were shown to express a higher number of

myocardial b-adrenergic receptors (b-ARs) and displayed
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increased adenylyl cyclase (AC) activity [7]. These data

imply that transgenic expression of an apparently unrelated

gene may strongly affect b-adrenergic signaling and

myocardial resistance to IR injury.

b-ARs and their signaling machinery are known to play

a key role in regulating myocardial function [8]. There are

numerous indications that b-AR-mediated signaling may

also participate in the development of preconditioning-in-

duced ischemic tolerance [9–11]. Adaptation to chronic

hypoxia, which may provide potent cardioprotection, can

also be associated with changes in cardiac b-ARs and AC

signaling. Down-regulation of b-ARs and desensitization

of AC were occasionally observed in hearts from hypoxia-

adapted animals [12–16]. It is well known that hypoxia

promotes the activity of the sympathetic adrenergic system

[17] and that stimulation of b-ARs may enhance mito-

chondrial reactive oxygen species (ROS) generation in

cardiomyocytes [18]. b-AR activation seems to play an

essential role in the development of powerful myocardial

ischemic resistance conferred by chronic hypoxic exposure

[19]. However, the adaptive changes induced by different

conditioning regimens or hypoxia are not limited just to b-

ARs or other membrane-bound receptors and their signal-

ing systems, but they are also tightly linked to changes in

ROS production and their detoxification.

ROS, among other factors, are well-known mediators of

the beneficial effects of hypoxic conditioning [20]. Whereas

the appropriate rise in ROS is important for achieving suit-

able protective outcomes of hypoxic adaptation [21, 22],

high levels of ROS can cause excessive oxidative stress in

cardiomyocytes. In this respect, mitochondria have drawn a

great deal of attention as a major site of ROS production and

control of redox-sensitive transcription factors. At the same

time, these organelles are also the major targets of the

detrimental effects of ROS overproduction [23]. Interest-

ingly, the functional properties and vulnerability of mito-

chondria to oxidative stress may vary somewhat between

different tissues and species [24, 25]. On the other hand,

increasing evidence indicates that mitochondrial DNA

(mtDNA) is essential for the cell phenotype and, thus, may

contribute to stress and environmental adaptability [26]. It is

known that mtDNA modulates cellular bioenergetics and

mitochondrial ROS generation and mtDNA sequence vari-

ation may, thus, contribute to disease susceptibility [27]. The

role of mtDNA in modulating physiological plasticity and

stress responses at the cellular, tissue and whole organism

level can be investigated using mitochondrial replacement

technology. We have shown recently that the conplastic

SHR-mtBN strain characterized by the selective replace-

ment of the mitochondrial genome with that of the more

ischemia–resistant Brown Norway strain exhibited the same

myocardial infarct size caused by I/R insult as the progenitor

SHR. Although adaptation to chronic hypoxia improved

cardiac ischemic resistance in both strains, the infarct size-

limiting effect was stronger in SHR-mtBN than in SHR, and

correlated with reduced sensitivity of mitochondrial per-

meability transition to Ca2?-induced opening [28].

To further define the potential role of mitochondrial

genome in the modulation of cardiac function and resis-

tance to I/R injury, here we focused on exploring b-AR-

mediated signaling and selected components of the

antioxidant defence system in LV preparations from SHR

and SHR-mtBN. We monitored the levels of selected sig-

naling molecules, antioxidant enzymes and markers of

oxidative stress and inflammation in samples obtained from

both normoxic and hypoxia-adapted animals. In addition,

we also determined the expression and activity of mono-

amine oxidase A (MAO-A). MAO-A belongs among the

main ROS producers in cardiac cells [29], but as yet there

is a lack of information about behavior of this mitochon-

drial enzyme in the chronically hypoxic heart. Interest-

ingly, replacement of the mitochondrial genome resulted in

distinct changes in myocardial b-ARs and MAO-A, as well

as in some components of the antioxidant system under

both normal and hypoxic conditions.

Materials and methods

Materials

[3H]CGP-12177 was purchased from PerkinElmer, Inc.

(Boston, MA, USA), [3H]cAMP was from American

Radiolabeled Chemicals, Inc. (St. Louis, MO, USA),

[a-32P]ATP was from Hartmann Analytic, GmbH (Braun-

schweig, Germany) and EcoLite liquid scintillation cock-

tail was from MP Biomedicals (Santa Ana, CA, USA).

Acrylamide and bis-acrylamide were from SERVA (Hei-

delberg, Germany), aluminum oxide 90 (neutral, activity I)

was from Merck (Darmstadt, Germany) and cOmplete

protease inhibitor cocktail was from Roche Life Science

(Indianapolis, IN, USA). Anti-MAO-A and anti-ALDH-2

antibodies were obtained from Santa Cruz Biotechnology

(Santa Cruz, CA, USA), anti-catalase antibody was from

Abcam (Cambridge, UK) and anti-Cu/ZnSOD and anti-

MnSOD antibodies were from Cayman Chemical Com-

pany (Ann Arbor, MI, USA). SuperSignal West Dura

chemiluminescent substrate was from Pierce Biotechnol-

ogy (Rockford, IL, USA). All other chemicals were pur-

chased from Sigma–Aldrich (St. Louis, MO, USA).

Animal model

The SHR-mtBN conplastic strain harboring the mitochon-

drial genome of a highly inbred strain BN on the nuclear

genetic background of SHR was created by selective
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replacement of a mitochondrial genome of SHR with the

mitochondrial genome of BN rats as described earlier [28].

Adult male SHR and SHR-mtBN rats (280–300 g body wt)

were exposed to continuous normobaric hypoxia (CNH;

inspired O2 fraction 0.1) in a normobaric chamber (6 m2)

equipped with hypoxic generators (Everest Summit,

Hypoxico Inc., NY, USA) for 3 weeks. No reoxygenation

occurred during this period. Animals were used immedi-

ately after the cessation of hypoxic exposure. The control

rats were kept for the same period of time at room air. All

animals were housed in a controled environment

(22 ± 2 �C; 12:12 h light–dark cycle; light from 5:00 a.m.

with free access to water and standard chow diet. The study

was conducted in accordance with the Guide for the Care

and Use of Laboratory Animals (published by the National

Academy of Science, National Academy Press, Washing-

ton, DC). Experimental protocols were approved by the

Animal Care and Use Committee of the Institute of Phys-

iology, Czech Academy of Sciences.

Processing of heart tissue for biochemical analyses

Immediately after sacrifice, the hearts were rapidly excised,

washed in ice-cold saline solution and the left ventricles

(LV) were dissected from the right ventricles and the

septum. The pieces of frozen tissue were either pulverized

in liquid nitrogen and subsequently homogenized in

RNAzol� RT (Molecular Research Center, Inc.) for iso-

lation of mRNA or homogenized in TMES buffer (20 mM

Tris, 3 mM MgCl2, 1 mM EDTA, 250 mM sucrose; pH

7.4) supplemented with protease inhibitors for radioligand

binding assay, Western blotting, enzyme activity determi-

nation or other biochemical analyses. In the latter case, the

ventricles were homogenized on ice by Ultra-Turrax

blender for 30 s and subsequently by Potter–Elvehjem

glass-Teflon homogenizer for 1 min. The homogenates

were clarified by centrifugation at 6009g for 10 min

(4 �C) in order to remove nuclei and particulate cellular

debris. The resulting postnuclear supernatant was cen-

trifuged at 50,0009g for 30 min (4 �C) to separate the

membrane and cytosolic fractions. The pellet containing

crude membranes was resuspended in TME buffer (20 mM

Tris, 3 mM MgCl2 and 1 mM EDTA; pH 7.4). Both

membrane and cytosolic fractions were aliquoted and

stored at -80 �C until use.

Real time RT-PCR

RNA isolation and real time RT-PCR were performed as

described previously [30] with a slight modification as

follows. Briefly, tissue homogenization and total RNA

isolation was performed according manufacturer’s

instruction using RNAzol Reagent (Molecular Research

Center, Inc.). One microgram of total RNA was loaded to

reverse transcription using RevertAidTM H Minus First

Strand cDNA Synthesis Kit (Thermo Fisher Scientific,

Waltham, MA, USA) with oligo(dT) primers according to

the manufacturer’s instructions. Real Time PCR analyses

were, performed on Light Cycler LC 480 (Roche Applied

Science, Branford, CT, USA) using Syber green Master

Mix (Eurogentec SA, Seraing, Belgium). Gene-specific

primers were designed to be compatible with the Roche

Universal Probe Library (UPL) and are listed in Table 1.

The relative levels of analyzed gene transcripts were cal-

culated according to Pfaffl [31] using the 18S rRNA gene

as a suitable reference gene (18S_F: tctagacaacaagct-

gcgtga; 18S_R: cctctatgggctcggatttt). This reference gene

was selected from six candidates using GenEx software

(MultiD Analyses AB, Göteborg, Sweden).

b-Adrenergic receptor binding

Myocardial b-ARs were determined by radioligand binding

assay with a nonselective b-adrenergic antagonist [3H]CGP

12177 as described previously [32]. Samples of crude

membranes (100 lg protein) were incubated in incubation

buffer (50 mM Tris, 10 mM MgCl2 and 1 mM ascorbic

acid; pH 7.4) containing increasing concentrations of

[3H]CGP 12177 (0.06–4 nM) for 1 h at 37 �C in a total

volume of 0.5 ml; at this time the specific binding of

radioligand had reached an equilibrium. The binding

reaction was terminated by addition of 3 ml of ice-cold

washing buffer (50 mM Tris, 10 mM MgCl2; pH 7.4) and

subsequent filtration through Whatman GF/C filters, which

Table 1 PCR primers for the real time PCR

Gene Forward primer Reverse primer

AC5 gggagaaccagcaacagg catctccatggcaacatgac

AC6 atgagatcatcgcggacttt gccatgtaagtgctaccgatg

ACO1 ttgctgtgtctgagattgaaaag cttgaaaacctttaaatccttgct

ACO2 cgccttacagcctactggtc ggcagaggccacatggta

ALDH2 agacgtcaaagatggcatga ttgaggatctgcatcactgg

CAT cagcgaccagatgaagca ggtcaggacatcgggtttc

CuZnSOD taagaaacatggcggtcca tggacacattggccacac

GSTO1 aagcttgccagaagatgacc ctcttcgccctaataaaactcg

MAOA tggtatcatgacccagtatgga tgtgcctgcaaagtaaatcct

MnSOD tggacaaacctgagccctaa gacccaaagtcacgcttgata

NRF1 atagtcctgtctggggaaacc tccatgcatgaactccatct

NRF2 agcatgatggacttggaattg cctccaaaggatgtcaatcaa

PRX3 agaagaacctgcttgacagaca caggggtgtggaatgaaga

PRX5 gactatggccccgatcaa aaaacacctttcttgtccttgaa

TXN2 cacacagaccttgccattga acgtccccgttcttgatg

TXNRD2 gcacatggtgaagctacctaga gctccatccacatcttctcag
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were presoaked with 0.3% polyethyleneimine for 1 h. The

filters were then washed twice with ice-cold washing buffer

and placed into scintillation vials. After addition of 4 ml

EcoLite scintillation cocktail, radioactivity retained on the

filters was measured by counting for 5 min. Nonspecific

binding was assessed by incubating the samples with

radioligand in the presence of 10 lM L-propranolol, and it

represented less than 30% of the total binding. For com-

petition experiments, samples of crude membranes were

incubated with 1 nM [3H]CGP 12177 and increasing con-

centrations of the selective b2-AR antagonist ICI 118.551

(10-4–10-10 M). The characteristics of b-adrenergic

binding sites and the proportions of b1- and b2-ARs in

myocardial crude membranes were calculated using

GraphPad Prism 6 software (GraphPad Software, La Jolla,

CA, USA).

Assessment of adenylyl cyclase activity

Activity of AC was determined by measuring the conver-

sion of [a-32P]ATP to [32P]cAMP as described previously

[33]. Samples of crude myocardial membranes (20 lg

protein) were incubated in the reaction mixture (in a total

volume 100 ll) containing 48 mM Tris buffer (pH 8),

2 mM MgCl2, 20 lM GTP, 0.8 mg/ml BSA, 40 lM

3-isobutyl-1-methylxanthine, 5 mM potassium phospho-

enolpyruvate, 3.2 U of pyruvate kinase, 100 mM NaCl,

0.1 mM cAMP and about 15,000 cpm [3H]cAMP as a

tracer. For stimulation of AC, the following stimulators

were used in separate experiments: 10 lM isoprenaline,

10 lM forskolin, 10 mM MnCl2 and 10 mM NaF. After

1 min preincubation, 0.4 mM ATP was added along with

2,000,000 cpm [a-32P]ATP and incubation proceeded for

20 min at 30 �C. The reaction was terminated by addition

of 200 ll 0.5 M HCl and heating for 5 min at 100 �C.

Samples were neutralized by 200 ll 1.5 M imidazole.

Separation of cAMP produced by stimulated membrane

preparations from other nucleotides was performed by fil-

tration through alumina columns, and the detected amount

of [32P]cAMP in each vial was corrected for recovery with

[3H]cAMP as the internal standard.

Assessment of monoamine oxidase A activity

MAO-A activity in the LV was determined using kynu-

ramine dihydrobromide as substrate in the presence of

deprenyl (inhibitor MAO-B) as described previously [34]

with a slight modification. Myocardial crude membranes

(100 lg protein) were lysed by treatment with 2% Triton

X-100. Resulting lysate samples (200 ll) were mixed with

0.2 ll of 1 mM deprenyl and 2.5 ml of 50 mM phosphate

buffer (pH 7.4) and incubated for 60 min at 37 �C. After

incubation, 30 ll of 2.19 mM kynuramine dihydrobromide

were added to each reaction mixture as substrate and

incubation was continued for another 30 min at 37 �C. The

reaction was terminated by addition of 200 ll of 5 M

perchloric acid. Samples were centrifuged at 15009g for

10 min and 500 ll aliquots of supernatant were transferred

into test tubes containing 2.5 ml of 1 M NaOH. The fluo-

rescence of the reaction product 4-quinolinol was measured

at Ex 310-nm/Em 380-nm using a Biotek Synergy HT plate

reader. A standard curve of 4-quinolinol (in the range of

0.03–0.5 mM) was used to calculate MAO-A enzyme

activity.

Electrophoresis and Western blotting

Individual samples of myocardial preparations were solu-

bilized in Laemmli buffer and loaded (10–30 lg per lane)

on 10 or 15% acrylamide gels for SDS-PAGE as described

previously [35]. After electrophoresis, the resolved proteins

were transferred to nitrocellulose membranes (GE Health-

care Life Sciences, Buckinghamshire, UK), blocked with

5% non-fat dry milk in TBS buffer (10 mM Tris, 150 mM

NaCl; pH 8.0) for 1 h and then incubated for 1.5 h at room

temperature or overnight at 4 �C with relevant primary

antibodies. After three 10-min washes in TBS containing

0.3% Tween 20, the membranes were incubated with sec-

ondary antibody conjugated to horseradish peroxidase for

1 h at room temperature. Immunoreactive proteins on the

blots were visualized by enhanced chemiluminiscence

technique according to the manufacturer’s instructions

(Pierce Biotechnology, Rockford, IL, USA) and quantita-

tively analyzed by ImageQuant software (Molecular

Dynamics, Sunnyvale, CA, USA). To correct for errors

associated with sample loading and gel transfer, b-actin

was used as a housekeeping protein for reliable quantifi-

cation of Western blot data.

Determination of malondialdehyde

Lipid peroxidation was quantified by measuring malondi-

aldehyde (MDA) formation. Myocardial samples (100 mg)

were pulverized to a fine powder and dissolved in 500 ll of

ice-cold buffer (25 mM Tris and 0.10% Triton X 100; pH).

The homogenates were sonicated, centrifuged (10009g,

10 min, 4 �C) and 100 ll samples of supernatant were

taken and analyzed as described by Pilz et al. [36] with a

slight modification. Briefly, 20 ll of 6 M NaOH was added

to each sample, vortexed and incubated for 30 min at

60 �C. The solution was then cooled on ice and 50 ll of

35% perchloric acid was added. After centrifugation

(10,0009g, 5 min, 4 �C), 100 ll of supernatant was taken

and derivatization was performed using 10 ll of

5 mM 2,4-dinitrophenylhydrazine. After 10 min in the

dark, the solution was analyzed using a HPLC system
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(Shimadzu, Kyoto, Japan) with UV detection at 310 nm

(column: EC Nucleosil 100-5 C18, 4.6 mm 9 125 mm

heated to 30 �C; mobile phase: acetonitrile–water–acetic

acid 380:620:2 (v/v/v); flow rate: 1.0 ml/min). MDA con-

centration was normalized to total protein content.

Determination of TNF-a, IL-6 and IL-10

Levels of TNF-a (tumor necrosis factor-a), IL-6 (inter-

leukin-6) and IL-10 (interleukin-10) in myocardial homo-

genates from different experimental groups were measured

using DuoSet ELISA kits (eBioscience, Vienna, Austria)

according to the standard protocols described by the

manufacturer. The content of cytokines is given in pico-

grams per milligram of total protein [37].

Data analysis

Biochemical data were determined in at least three inde-

pendent preparations. All results were expressed as the

mean ± SEM. The Kolmogorov–Smirnov test was used to

assess the normality and all parameters were distributed

normally. One-way analysis of variance (ANOVA) and

subsequent Student–Newman–Keuls tests were used for

comparison of differences in normally distributed variables

between the groups. Differences between appropriate

groups were considered to be statistically significant when

the p value was smaller than 0.05 (p\ 0.05).

Results

All measurements were done on LV myocardial prepara-

tions obtained from normoxic rats (SHR and SHR-mtBN)

as well as from those exposed to continuous normobaric

hypoxia (CNH) for 3 weeks (SHR/H and SHR-mtBN/H).

b-Adrenergic receptors

The total number of b-ARs and dissociation constants of

these receptors in myocardial membrane preparations from

LVs were determined by using saturation binding experi-

ments (Fig. 1a). We found that the total number of b-ARs,

expressed as Bmax, tended to be higher (by about 15%) in

SHR-mtBN than SHR, but this difference was not statis-

tically significant. The values of Bmax were also affected by

adaptation of rats to hypoxia. Whereas CNH induced a

significant increase (by 16%) in the total number of b-ARs

in SHR/H, the expression of these receptors was markedly

diminished (by 26%) in SHR-mtBN/H (Table 2). Dissoci-

ation constants (Kd) did not differ significantly between the

strains and their values were not affected by adaptation to

hypoxia. Subsequently, competition binding experiments

were conducted to assess the distribution of b-AR subtypes

in LV preparations (Fig. 1b). As indicated in Table 3, the

proportion of b2-ARs was significantly increased (by 37%)

in SHR-mtBN, compared to SHR. Exposure to hypoxia

increased the proportion of b2-AR in SHR/H by 30% but

did not affect the relative proportion of b-AR subtypes in

SHR-mtBN/H.

Adenylyl cyclase

Activity of AC in myocardial membrane preparations was

determined by measuring cAMP production under different

experimental conditions. Besides determining basal AC

activity, the enzyme activity was modulated by the fol-

lowing stimulatory agents: isoprenaline, forskolin, MnCl2
and NaF. Isoprenaline is a b-AR agonist, forskolin or

MnCl2 can stimulate the AC catalytic subunit directly and

NaF elicits the enzymatic response through activation of

the stimulatory G proteins [38]. Results of experiments in

which AC activity was tested under different conditions are

Fig. 1 Effect of hypoxia on myocardial b-adrenergic receptors. b-

ARs in LV preparations from SHR (closed triangles), SHR/H (open

squares), SHR-mtBN (closed diamonds) and SHR-mtBN/H (open

circles) were characterized by radioligand binding experiments.

Shown are [3H]CGP 12177 saturation binding curves (a) and

competitive binding curves (b) which were constructed using the

b2-AR antagonist ICI 188.551. Data represent means (±SEM) of

three separate experiments performed in triplicate
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summarized in Fig. 2. Basal AC activity did not signifi-

cantly differ between both strains or even after adaptation

to hypoxia, but the enzyme activity was diversely influ-

enced by different stimulators. Whereas there was no sig-

nificant difference between SHR and SHR-mtBN in AC

activity stimulated by forskolin or MnCl2, the enzyme

activity stimulated by isoprenaline and NaF was markedly

increased in SHR-mtBN (by about 35%). Adaptation of

rats to hypoxia also led to specific changes in variably

stimulated AC activity. Whereas CNH increased AC

activity stimulated by forskolin or NaF by about 30% in

preparations from SHR, there was no change in forskolin-

stimulated AC activity and decrease (by 17%) in NaF-

stimulated AC activity in hypoxia-adapted SHR-mtBN/H,

compared to the corresponding normoxic controls. The

stimulatory effects on AC activity of forskolin and NaF

were lower by 10 and 14%, respectively, in SHR-mtBN/H

than in SHR/H. Hypoxia did not significantly affect the

ability of isoprenaline to stimulate AC activity in SHR but

decreased its stimulatory effect by 13% in SHR-mtBN.

Interestingly, determination of transcript levels of the

dominant myocardial isoforms of AC (AC5 and AC6)

revealed a decrease (by about 35%) in mRNA levels of

both these isoforms in SHR-mtBN adapted to hypoxia

(Suppl. Fig. S1).

Monoamine oxidase A

Gene expression and enzyme activity of MAO-A were

assessed in myocardial preparations from both normoxic

and hypoxia-exposed SHR and SHR-mtBN. The mRNA

level of MAO-A was significantly lower (by 30%) in SHR-

mtBN than in SHR (Fig. 3a). Adaptation to hypoxia

resulted in marked increase of MAO-A mRNA in both

strains (by 97 and 132% in SHR and SHR-mtBN, respec-

tively). The same trend was detected at the protein level

and in the enzyme activity of MAO-A. The expression of

MAO-A protein was lower by 28% in SHR-mtBN than in

SHR, and CNH elevated the amount of MAO-A protein by

66 and 92% in SHR and SHR-mtBN, respectively

(Fig. 3b). The enzyme activity of MAO-A in SHR-mtBN

Table 2 Binding

characteristics of b-ARs
SHR SHR/H SHR-mtBN SHR-mtBN/H

Bmax (fmol mg-1) 21.71 ± 0.88 25.20 ± 0.38? 24.87 ± 0.73 18.37 ± 0.46§#

KD (nM) 0.49 ± 0.10 0.58 ± 0.07 0.51 ± 0.03 0.32 ± 0.01

Data are means (±SEM) of three separate experiments performed in triplicates

Bmax maximal binding capacity, KD equilibrium dissociation constant of radioligand ([3H]CGP 12177)
? p\ 0.05 SHR vs. SHR/H; § p\ 0.05 SHR/H vs. SHR-mtBN/H rats; # p\ 0.05 SHR-mtBN vs. SHR-

mtBN/H

Table 3 Distribution and

properties of b-AR subtypes
SHR SHR/H SHR-mtBN SHR-mtBN/H

b2 (%) 24.03 ± 0.30 31.12 ± 1.42? 32.97 ± 2.01* 31.15 ± 0.42

Kib2 (nM) 0.80 ± 0.53 1.43 ± 0.17 4.80 ± 1.25 0.75 ± 0.21

Kib1 (lM) 0.73 ± 0.06 0.77 ± 0.25 0.70 ± 0.07 0.31 ± 0.03

Data are means (±SEM) of three separate experiments performed in triplicates

b2 (%) percentage of b2-ARs of total myocardial b-ARs, Kib2 (b1) apparent dissociation constant repre-

senting the affinity of ICI 118.551 to b2-ARs (b1-ARs)

* p\ 0.05 SHR vs. SHR-mtBN; ? p\ 0.05 SHR vs. SHR/H

Fig. 2 Effect of hypoxia on activity of myocardial adenylyl cyclase.

AC activity in LV preparations from SHR (empty bars), SHR/H

(closed bars), SHR-mtBN (dotted bars) and SHR-mtBN/H (hatched

bars) was determined in the presence of the following stimulators:

10 lM isoprenaline (ISO), 10 lM forskolin (FSK), 10 mM MnCl2
and 10 mM NaF. Differently stimulated AC activity is expressed as a

percentage of the corresponding basal AC activity, which did not

significantly differ between different samples and was in the range of

7.9–9.2 pmol cAMP/min per mg protein in all measurements. Data

represent means (±SEM) of five independent measurements per-

formed in triplicate. *p\ 0.05 SHR vs. SHR-mtBN rats; ?p\ 0.05

SHR vs. SHR/H rats; §p\ 0.05 SHR/H vs. SHR-mtBN/H rats;
#p\ 0.05 SHR-mtBN vs. SHR-mtBN/H rats

446 J Physiol Sci (2018) 68:441–454

123



was lower by 21% than in SHR, and CNH increased the

enzyme activity by 33 and 22% in SHR and SHR-mtBN,

respectively (Fig. 3c).

Antioxidant defence enzymes

In the next set of experiments, we tested whether

adaptation to hypoxia affects expression of selected

antioxidant defence enzymes in the LV of both rat

strains. CNH did not change the mRNA level of catalase

(CAT) in SHR, but markedly increased (by 51%) the

amount of this transcript in SHR-mtBN (Fig. 4, panel a).

The expression of CAT protein was increased by 105

and 68% in hypoxia-exposed SHR/H and SHR-mtBN/H,

respectively (Fig. 4, panel b). Adaptation to hypoxia

elevated the level of aldehyde dehydrogenase 2 (ALDH-

2) mRNA in both strains by about 40–50% (Fig. 4, panel

a). The expression of ALDH-2 protein was increased by

25 and 32% in SHR/H and SHR-mtBN/H, respectively,

when compared to corresponding normoxic controls

(Fig. 4, panel b). In contrast to CAT and ALDH-2,

mRNA and protein levels of superoxide dismutases

(SODs) were decreased (Cu/ZnSOD) or remained

unchanged (MnSOD) after adaptation to hypoxia (Fig. 5).

The mRNA level of cytosolic Cu/ZnSOD was reduced

by 12 and 16% in SHR/H and SHR-mtBN/H, respec-

tively, but the expression of Cu/ZnSOD protein was

significantly changed (a drop by 31%) just in SHR/H.

A similar downward trend was also observed in the

expression of myocardial glutathione S-transferase x1

(GTSO1), thioredoxin 2 (TXN2) and thioredoxin reduc-

tase 2 (TXNRD2) and peroxiredoxin 5 (PRX5) after

adaptation to hypoxia (Suppl. Fig. S2a–c). The mRNA

levels of these enzymes dropped by 19% (GSTO1 and

TXN2), 18% (TXNRD2) and 16% (PRX5) in SHR/H and

by 32% (TXN2), 27% (TXNRD2) and 25% (PRX5) in

SHR-mtBN/H. Although hypoxia exposure did not mark-

edly affect comparable levels of PRX3 mRNA in both rat

strains, the amount of this transcript was higher (by 48%)

in SHR-mtBN/H than in SHR/H (Suppl. Fig. S2c). The

mRNA levels of ACO1 and ACO2 remained without sig-

nificant changes (Suppl. Fig. S2d). In addition, we detected

increased expression (by 31%) of nuclear respiratory factor

1 (NRF1) mRNA in SHR-mtBN/H and no change in the

mRNA level of nuclear factor (erythroid-derived 2)-like 2

(NFE2L2, NRF2) (Suppl. Fig. S2e).

Markers of lipid peroxidation and inflammation

Malondialdehyde (MDA) was determined as a marker of

oxidative stress-induced lipid peroxidation. Myocardial

preparations from both rat strains kept under normoxic

conditions did not exhibit any differences between MDA

levels. Adaptation to hypoxia increased the MDA con-

centration by 104 and 52% in SHR/H and SHR-mtBN/H,

respectively (Fig. 6a). Levels of anti-inflammatory

Fig. 3 Effect of hypoxia on myocardial monoamine oxidase. Expres-

sion levels of mRNA and protein of MAO-A in LV preparations from

SHR and SHR-mtBN rats kept in normoxic (empty bars) and hypoxic

(hatched bars) conditions were assessed by RT-PCR and Western

blotting, respectively. The amounts of specific mRNA species were

normalized with 18S levels (a). The 18S levels were not significantly

affected by hypoxic exposure. Representative Western blots are

shown below the corresponding bar graphs depicting the relative

protein expression levels (b). Specific enzyme activity of MAO-A

(c) was determined spectrophotometrically by using kynuramine as

substrate. Data represent means (±SEM) of at least three separate

experiments. *p\ 0.05 SHR vs. SHR-mtBN rats; ?p\ 0.05 SHR vs.

SHR/H rats; §p\ 0.05 SHR/H vs. SHR-mtBN/H rats; #p\ 0.05

SHR-mtBN vs. SHR-mtBN/H rats
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interleukin-10 (IL-10) and pro-inflammatory tumor necro-

sis factor-a (TNF-a) and interleukin-6 (IL-6) tended to be

lower in SHR-mtBN than in SHR, and these levels tended

to increase in both strains after hypoxic exposure (Suppl.

Fig. 3). CNH did not significantly change the IL-10/TNF-a
ratio in SHR/H and increased this ratio (by 17%) in SHR-

mtBN/H (Fig. 6b).

Discussion

In the present study, we sought to explore the impact of

mitochondria replacement on myocardial b-adrenergic

signaling and antioxidant defence in the spontaneously

hypertensive rat (SHR) under normoxic and hypoxic

conditions. The experiments were conducted in parallel on

SHR and SHR-mtBN, i.e., the SHR-based conplastic strain

carrying the mitochondrial genome from Brown Norway

rats [28]. Our investigation revealed a number of distinct

changes at the level of b-ARs, AC and MAO-A, as well as

in some components of the antioxidant defence system.

We observed that the proportion of myocardial b2-ARs

was significantly higher in SHR-mtBN than in SHR and

that adaptation to hypoxia diversely affected the distribu-

tion of b-ARs in both rat strains. Whereas CNH elevated b-

AR density in SHR due to increased expression of b2-AR,

the total number of b-ARs in SHR-mtBN declined without

a change in the proportion of b-AR subtypes. The higher b-

AR density in SHR-mtBN was reflected by increased

ability of isoprenaline to stimulate AC activity. However,

Fig. 4 Effect of hypoxia on myocardial catalase and aldehyde

dehydrogenase-2. Expression levels of mRNA and protein of CAT

and ALDH-2 in LV preparations from SHR and SHR-mtBN rats kept

in normoxic (empty bars) and hypoxic (hatched bars) conditions were

assessed by RT-PCR and Western blotting, respectively. The amounts

of specific mRNA species were normalized with 18S levels (column

a). The 18S levels were not significantly affected by hypoxic

exposure. Representative Western blots are shown below the corre-

sponding bar graphs depicting the relative protein expression levels

(column b). Data represent means (±SEM) of at least three separate

experiments. ?p\ 0.05 SHR vs. SHR/H rats; §p\ 0.05 SHR/H vs.

SHR-mtBN/H rats; #p\ 0.05 SHR-mtBN vs. SHR-mtBN/H rats
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isoprenaline-stimulated AC activity was reduced in

preparations from SHR-mtBN exposed to hypoxia, which

is in line with the lower expression of b-ARs and AC

determined in these animals. The enzyme activity stimu-

lated by forskolin and NaF (the agents capable of stimu-

lating AC both directly and through G proteins or only

through G proteins, respectively) was enhanced in SHR

after their exposure to CNH. Interestingly, no such eleva-

tion was found in CNH-adapted SHR-mtBN. By contrast,

NaF-stimulated AC activity in these rats was already

increased under normoxic conditions, and it was dimin-

ished after exposure to CNH. These strain-specific differ-

ences may presumably be explained by altered ability of G

proteins to regulate AC activity. Both forskolin and NaF

enhanced AC activity much more strongly than isopre-

naline, which is a well-known and commonly reported

phenomenon [14]. The observed decline in the number b-

ARs in SHR-mtBN after CNH exposure is consistent with

previous findings of lower b-AR expression in rat heart

following hypoxia [12, 13, 15]. As a rule, b-AR subtypes

were not discerned in these studies. The only exception is a

study of Mardon et al. [14], which demonstrated a selective

decrease in b1-ARs caused by 5-day hypoxia. These

investigators, like others [15, 16], found reduced AC

activity in myocardial preparations from hypoxia-exposed

rats. The reduction in NaF-stimulated AC activity observed

in CNH-exposed SHR-mtBN, thus, conforms well to the

previously published data. On the other hand, the CNH-

Fig. 5 Effect of hypoxia on myocardial cytosolic copper/zinc

superoxide dismutase and mitochondrial manganese superoxide

dismutase. Expression levels of mRNA and protein of Cu/ZnSOD

and MnSOD in LV preparations from SHR and SHR-mtBN rats kept

in normoxic (empty bars) and hypoxic (hatched bars) conditions were

assessed by RT-PCR and Western blotting, respectively. The amounts

of specific mRNA species were normalized with 18S levels (column

a). The 18S levels were not significantly affected by hypoxic

exposure. Representative Western blots are shown below the corre-

sponding bar graphs depicting the relative protein expression levels

(column b). Data represent means (±SEM) of at least five separate

experiments. ?p\ 0.05 SHR vs. SHR/H rats; #p\ 0.05 SHR-mtBN

vs. SHR-mtBN/H rats
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induced increase in the ability of G proteins to stimulate

myocardial AC activity in SHR has not been previously

noted and may represent a specific feature of this rat strain.

It is worth mentioning that especially b2-AR appears to be

important for generating the salutary effects of precondi-

tioning [11, 39]. Accordingly, b2-ARs were found to acti-

vate pro-survival kinases and attenuate mitochondrial

dysfunction during oxidative stress [40]. The increased

proportion of b2-AR in SHR-mtBN, compared to SHR, and

reduction in the total number of b-ARs after adaptation to

CNH may, thus, contribute to better protection of this rat

strain against acute I/R injury [28].

It is well known that hypoxic stress is associated with

increased production and release of catecholamines, and

these compounds may be subjected to oxidative deamina-

tion catalyzed by monoamine oxidases [41]. These

enzymes have recently emerged as important mitochon-

drial sources of oxidative stress in the cardiovascular sys-

tem and MAO inhibition may apparently have a therapeutic

value for treating cardiac affections of ischemic and non-

ischemic origin [42]. Interestingly, the presence of MAO

inhibitors during ischemic preconditioning (IPC) was

shown to potentiate the IPC-induced post-ischemic func-

tional recovery of a rat heart [43]. In the present study, we

found that the expression and activity of MAO-A (the

predominant cardiac isoform) was lower in SHR-mtBN

than in SHR and that CNH exposure increased similarly the

expression and activity of this enzyme in both strains.

Nevertheless, MAO-A activity remained still significantly

lower in SHR-mtBN under these conditions, which can be

considered as a strain-specific feature. The observed ele-

vation of myocardial MAO-A after hypoxic exposure may

suggest the importance of MAO-A in adaptive responses to

chronic hypoxia. It should be mentioned here that our

finding of a relatively large increase in MAO-A activity

after CNH is in contrast to the work of Maher et al. [44].

These authors did not find any change in MAO activity in a

goat heart exposed to chronic hypoxia. However, this dis-

crepancy can be explained by using different models and

experimental conditions. There are some indications that

the possible changes in MAO activity may depend on the

duration of hypoxia. Whereas 5-day exposure to hypoxia

led to decrease of MAO activity in rat liver, 21-day

exposure increased the enzyme activity [45].

The harmful effects of ROS generated from different

sources, including mitochondria and MAO activity, are

regularly combated by a number of endogenous antioxidant

defence mechanisms. The enzyme antioxidant defence

system consists of different types of enzymes with different

functions [46]. In the present study, we focused on selected

ROS-degrading enzymes (SODs, CAT, PRXs, GSTO1)

and enzymes participating in maintenance of cellular redox

homeostasis (TXN2, TXNRD2, ALDH-2, ACO1 and 2).

Assessment of expression levels of all these enzymes in

myocardial preparations from SHR and SHR-mtBN did not

reveal any significant differences between both these

strains under normoxic conditions. Moreover, adaptation to

hypoxia elicited very similar changes in the levels of most

of these enzymes in both progenitor and conplastic SHR

strains. CNH appreciably elevated the protein levels of

CAT and ALDH-2, and did not change MnSOD in

myocardial preparations from both strains. In contrast,

CNH markedly reduced the amount of Cu/ZnSOD protein

in SHR but not in SHR-mtBN. The transcript levels of

mitochondrial antioxidants TXN2, TXNRD2 and PRX5

were always significantly lower in CNH-exposed animals

than in corresponding normoxic controls. On the other

hand, CNH did not change the mRNA levels of PRX3,

ACO1 and ACO2, and decreased GSTO1 in SHR only.

Interestingly, most changes associated with CNH in the

expression of antioxidant enzymes in SHR and SHR-mtBN

markedly differ from those reported in previous studies. In

contrast to our current findings, the expression levels of Cu/

ZnSOD, MnSOD, TXN2, TXNRD2, PRX5 and ACO2

were found to increase, CAT to decrease and GSTO1 not to

Fig. 6 Effect of hypoxia on myocardial malondialdehyde levels and

the ratio of interleukin-10/tumor necrosis factor-a. Concentrations of

malondialdehyde (a) and the IL-10/TNF-a ratio (b) were assessed in

LV preparations from SHR a SHR-mtBN rats kept in normoxic

(empty bars) and hypoxic (hatched bars) conditions. Data represent

means (±SEM) of at least five separate experiments. ?p\ 0.05 SHR

vs. SHR/H rats; #p\ 0.05 SHR-mtBN vs. SHR-mtBN/H rats
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change after adaptation of Wistar rats to the same cardio-

protective regimen of hypoxia [22]. A significant increase

in myocardial Cu/ZnSOD and MnSOD was also detected in

Wistar rats adapted to different hypoxic conditions

[47–49]. Hence, the observed discordant changes in

antioxidant enzymes induced by hypoxic exposure appear

to be strain-specific. The unique downregulation of Cu/

ZnSOD and GSTO1 in SHR following hypoxia may partly

explain the lower cardioprotective effect of CNH against

acute I/R injury in these rats when compared to SHR-mtBN

[28]. The effect of hypoxia on ALDH-2 expression has not

yet been investigated and our finding of increased levels of

ALDH-2 in both rat strains exposed to CNH supports the

notion that this enzyme is highly important for reducing

ischemic heart damage [50] and may follow activation of

MAO-A. NRF2 is a transcription factor crucially involved

in the regulation of antioxidant enzyme expression, and

they can modulate the capacity of the antioxidant system at

the protein level [51]. The observed increase in NRF1 in

CNH-exposed SHR-mtBN might contribute to upregula-

tion of some nuclear-encoded mitochondrial respiratory

genes (such as cytochrome c oxidase (subunit VIc) and

reductase, the c subunit of ATP synthase) as NRF1 is one

of the important transcription factors for structural

components of the mammalian electron transport chain

[52, 53]. Moreover, NRF1 has been shown to play a role in

the mitochondrial DNA replication machinery and other

biosynthetic and degradative pathways [54]. The elevated

NRF1 expression after CNH exposure may promote

mitochondrial biogenesis and, thus, increase cardiac resis-

tance to I/R injury of SHR-mtBN/H.

Chronic hypoxia is usually accompanied by increased ROS

formation [55, 56]. Therefore, we decided to assess the extent

of lipid peroxidation by monitoring MDA content in

myocardial preparations from rats under normoxic and

hypoxic conditions. Interestingly, the MDA concentration

was markedly increased in both rat strains after CNH expo-

sure, but this increase was much more pronounced in hearts of

SHR, which may reflect lower antioxidant capacity of these

animals when compared to SHR-mtBN. Similar increase in

myocardial MDA concentration was previously found in

Wistar rats or mice after exposure to different regimens of

hypoxia [37, 57–59]. These data indicate that, irrespective of

animal model, ROS formation accompanied by increased

lipid peroxidation is a typical sign of chronic hypoxia.

It is known that the adaptive response to hypoxia of the

heart tissue can be modulated by inflammatory cytokines

[60]. In the present study, we found that the amount of the

Fig. 7 Schematic summarizing the main findings. Replacement of

the mitochondrial genome of SHR with that of the more ischemia–

resistant Brown Norway strain (mtBN) distinctly affects myocardial

expression of b-ARs and MAO-A. Adaptation to chronic hypoxia is

associated with partially dissimilar changes in b-ARs, MAO-A and

some components of the antioxidant defence in the myocardium of

SHR and SHR-mtBN. These differences may contribute to more

efficient cardioprotection conferred by chronic hypoxia in SHR-

mtBN, compared to progenitor SHR. The arrows indicate changes

relative to SHR or to SHR-mtBN in the case of SHR-mtBN/H. b-ARs,

b-adrenergic receptors; b1/b2, the b1-AR/b2-AR ratio; MAO-A

monoamine oxidase A, CAT catalase, SOD superoxide dismutase,

MDA malondialdehyde, up arrow (double up arrow) and down arrow,

increase (higher increase) and decrease, respectively
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principal anti-inflammatory (IL-10) and pro-inflammatory

(TNF-a and IL-6) cytokines tended to be increased under

hypoxic conditions. In parallel, these animals exhibited a

significant increase in the IL-10/TNF-a ratio. Interestingly,

these results appear rather contradictory with respect to the

previously observed decrease in IL-10 and lower IL-10/

TNF-a ratio in Wistar rats adapted to hypoxia [37]. We

think that the disproportionate changes in the content of

myocardial cytokines under hypoxic conditions can be

ascribed to specific differences between individual rat

strains. Moreover, the increased IL-10/TNF-a ratio in

SHR-mtBN exposed to CNH can likely contribute to the

lesser extent of myocardial damage caused by I/R.

The main findings obtained in the present study are

schematically shown in Fig. 7. Taken together, our results

indicate that the selective replacement of mitochondria of

SHR with those of more ischemia–resistant Brown Norway

strain can modify the functioning of myocardial AC signaling

regulated by b-ARs and G proteins, as well as the expression

and activity of MAO-A and some components of the antiox-

idant defence system. This is the first study to demonstrate

relatively far-reaching consequences arising from the

manipulation of the mitochondrial genome for b-adrenergic

signaling and redox balance in rat heart. Concurrently, these

data provide new evidence that mitochondria function not

only as key ATP-producing organelles, but they may influence

other aspects of normal cell functioning. Importantly,

manipulating the mitochondrial genome may apparently lead

to complex alterations within target cells, and this should be

taken into account when planning application of such

manipulations for research or therapeutic purposes.
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M, Kopkan L, Khan MA, Imig JD, Kolář F, Neckář J (2015)

Tumour necrosis factor-a contributes to improved cardiac

ischaemic tolerance in rats adapted to chronic continuous

hypoxia. Acta Physiol 214:97–108

38. Giannuzzi CE, Seidler FJ, Slotkin TA (1995) Beta-adrenoceptor

control of cardiac adenylyl cyclase during development: agonist

pretreatment in the neonate uniquely causes heterologous sensi-

tization, not desensitization. Brain Res 694:271–278

39. Mieno S, Horimoto H, Sawa Y, Watanabe F, Furuya E, Horimoto

S, Kishida K, Sasaki S (2005) Activation of beta2-adrenergic

receptor plays a pivotal role in generating the protective effect of

ischemic preconditioning in rat hearts. Scand Cardiovasc J

39:313–319

40. Fajardo G, Zhao M, Berry G, Wong LJ, Mochly-Rosen D,

Bernstein D (2011) b2-adrenergic receptors mediate cardiopro-

tection through crosstalk with mitochondrial cell death pathways.

J Mol Cell Cardiol 51:781–789

41. Schömig A, Fischer S, Kurz T, Richardt G, Schömig E (1987)

Nonexocytotic release of endogenous noradrenaline in the

ischemic and anoxic rat heart: mechanism and metabolic

requirements. Circ Res 60:194–205

42. Kaludercic N, Carpi A, Menabò R, Di Lisa F, Paolocci N (2011)
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