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Abstract
Cardiovascular diseases (CVD) are one of the most common causes of mortality likely genetically linked to the variation 
in basal metabolic rate (BMR). A robust test of the significance of such association may be provided by artificial selection 
experiments on animals selected for diversification of BMR. Here we asked whether genetically determined differences in 
BMR correlate with anatomical shift in endothelium structure and if so, the relaxation and contraction responses of the aorta 
in mice from two lines of Swiss-Webster laboratory mice (Mus musculus) divergently selected for high or low BMR (HBMR 
and LBMR lines, respectively). Functional and structural study of aorta showed that a selection for divergent BMR resulted 
in the between-line difference in diastolic aortic capacity. The relaxation was stronger in aorta of the HBMR mice, which 
may stem from greater flexibility of aorta mediated by higher activity of  Ca2+-activated  K+ channels. Structural examination 
also indicated that HBMR mice had significantly thicker aorta’s middle layer compared to LBMR animals. Such changes 
may promote arterial stiffness predisposing to cardiovascular diseases. BMR-related differences in the structure and relaxa-
tion ability of aortas in studied animals may be reminiscent of potential risk factors in the development of CVD in humans.
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Introduction

There is a growing evidence that the rate of energy expendi-
ture may be an informative marker of health status in humans 
(Costantino et al. 2016; Félétou 2009; Martens and Gelband 
1996; Russell and Proctor 2006). Among different metrics of 
energy turnover, basal (BMR) or resting (RMR) metabolic 
rates attract increasing attention because of mounting data 
of their association with multimorbidity (Fabbri et al. 2015; 
Maciak and Michalak 2015; Mancini et al. 2011). BMR is 
quantified as the minimum rate of energy expenditure neces-
sary to sustain bodily functions in resting, post-absorptive 
endotherms at thermoneutral conditions, whereas RMR 
refers to the level of minimum MR measured under more 
relaxed conditions, outside the thermometric zone, with no 
need to meet fasting state (Schmidt-Nielsen 1997). BMR 
(or RMR) accounts for 60–70% of daily energy expenditure 
(DEE) of humans and, therefore, serves as a useful proxy of 
DEE, which is relatively easy to assess via indirect calorim-
etry (Pelley 2012).

Several studies indicate that above-average energy 
expenditures may be a significant risk factor for modern 
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world diseases (Dang 2012; Maciak and Michalak 2015; 
Mancini et al. 2011) and general multimorbidity (Fabbri 
et al. 2015). Similarly, the pro-inflammatory status of an 
organism and overall immunological activation are corre-
lated with an increased BMR, which remains attributable to 
overall metabolic dysregulations and considered the main 
indicator of mortality (Ferrucci et al. 2005; Heilbronn et al. 
2006). Conversely, below-average BMR is associated with 
metabolic thrift and obesity (Hamilton et al. 2007; Sadowska 
et al. 2017). Moreover, variation in the rate of metabolism 
translates not only to physiological, but also to anatomi-
cal differentiation. According to previous studies, BMR is 
strongly correlated with the mass of internal organs such as 
heart, liver, kidney and small intestine (Brzęk et al. 2007; 
Konarzewski and Książek 2013), and—for example—with 
a size of cells building those organs (Maciak et al. 2014). 
Therefore, increasing evidence from both, studies on humans 
and animal models suggest that physiological and anatomi-
cal differences in the rate of metabolism can translate into 
susceptibility to the development of serious illnesses (Ghe-
bre et al. 2016; Kathiresan and Srivastava 2012; Maciak and 
Michalak 2015; Nunney 2018; Sadowska et al. 2017).

Although a general relation between energy expenditures 
(particularly at the level of RMR/BMR) and multimorbidity 
seems well established, the exact mechanisms and direc-
tion of this association are still not well understood. This 
applies in particular to cardiovascular diseases (CVD), 
which remain the most common cause of death worldwide 
(Kathiresan and Srivastava 2012; Tune et al. 2017; Wells 
et al. 2016). Few longitudinal data, linking CVD with so-
called metabolic syndrome, indicate that low energy expend-
iture and sedentary lifestyle are risk factors for weight gain, 
arthrosclerosis, hypertension, and finally development of 
cardiovascular disorders (Hamilton et al. 2007). However, 
there is no hard evidence for such increased risk in the gen-
eral population or unselected cohorts (Mancini et al. 2011; 
Prentice 2008). What is more, other studies suggest that an 
increase in the production of reactive oxygen associated with 
elevated aerobic metabolism constitutes a substantial risk of 
CVD development (Costantino etal. 2016; Wells et al. 2016).

At the structural level, abnormalities of the endothelial 
layer of vessels may be a critical factor for the initiation 
and development of vascular disorders (Costantino et al. 
2016). The endothelial cells play an important function 
in basal vascular tone regulation by the nitric oxide (NO) 
and/or prostacyclins responsible for relaxation and seal-
ing the blood vessels (Deanfield et al. 2007; Katusic et al. 
2012). The mediators produced by the vascular endothe-
lium inhibit the aggregation of blood platelets, lower blood 
pressure and prevents cardiovascular disease (Ghebre et al. 
2016; Kirkby et al. 2014; Yun et al. 2016). In the patho-
genesis of atherosclerosis (the most common syndrome 
of CVD), it comes into endothelium damage and inner 

membrane of the vessel with lipids and macrophages accu-
mulation. The resulting atheromatous plaque may narrow 
or even completely close the vessel light or it may break 
with the release of the embolic material (Skoczynska and 
Martynowicz 2005). Similarly, changes in vascular struc-
ture and function of large arteries are easily seen in aging 
individuals (Costantino et  al. 2016). Most often, age-
related impairments of vascular arrangement are the result 
of phenotypic alterations of different cell types building 
large vessels and being a direct consequence of deregula-
tion of genes involved in metabolic rate performance (Cos-
tantino et al. 2016; Sawabe 2010). Hence, to understand 
genetic and physiological mechanisms promoting CVD, it 
is of high relevance to investigate its putative associations 
with the rate of energy expenditures, particularly BMR 
and/or RMR.

Since over 30 years, constructing relevant genetically 
modified animal models of pathophysiological mecha-
nisms has become a method of choice. In many cases, 
such an approach has provided critical insights into under-
standing of studied processes (Russell and Proctor 2006; 
Zadelaar et al. 2007). Since, however, both, metabolic rate 
(Konarzewski and Książek 2013) and CVD (Kathiresan 
and Srivastava 2012) are by-products of multiple genes 
underlying distant physiological traits, comprehensive 
animal models for studies on the associations between 
those two are not available. An important initiative would 
be the creation of a consensus on the most effective ani-
mal models for the study of the various aspects of CVD. 
This must be based on the recognition of the complex 
multifactorial traits directly related to CVD rather than 
simplified molecular genetics (Russell and Proctor 2006). 
To fill this gap, here we used laboratory mice from long-
term divergent selection for high and low basal metabolic 
rate, characterized by a 50% differentiation in BMR that 
is unmatched by any other animal model (Sadowska et al 
2017). Apart from the difference in BMR, the lines differ 
distinctly with respect to the relative sizes of metabolically 
active internal organs, including heart (Konarzewski and 
Książek 2013) as well as metabolic risk indicators, such 
as per cent of body fat mass, blood lipid profile and fasting 
blood glucose levels (Sadowska et al. 2017).

Here, we examined the potential relationship between 
the variation in BMR and anatomical, as well as physio-
logical properties of the thoracic aorta in the above animal 
model. We asked whether genetically determined changes 
in BMR are coupled with anatomical shift in endothelium 
structure and so the relaxation and contraction responses 
of the aorta. We also investigated vascular contractile and 
vasodilatation function of the aorta. Thus, we aimed at 
developing a novel framework for studying metabolism 
as a risk factor of susceptibility to the development of 
cardiovascular diseases.
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Materials and methods

Animals

We used 22-week-old laboratory male Swiss-Webster mice 
(Mus musculus) from two lines divergently selected for high 
(thereafter HBMR line, n = 5) and low (thereafter LBMR line, 
n = 5) basal metabolic rate. The selection experiment is carried 
out at the Department of Evolutionary and Physiological Ecol-
ogy, Faculty of Biology, University of Bialystok. The sample 
size of five and the use of males only were dictated by an 
extremely time-consuming nature of measurements described 
therein. With larger sample size and females included, the time 
required to complete the study would incur unavoidable age 
differences of experimental animals, which would confound 
the interpretation of our findings.

Animals were housed before the test in temperature 
23 ± 0.1 °C and 12d:12n photoperiod. Mice had unlimited 
access to water and food. Following completion of BMR 
measurements (see below) animals have been anesthetized 
by intraperitoneal administration of a mixture of ketamine 
and xylazine (50 mg/kg and 5 mg/kg, respectively), then ter-
minal exsanguinations have been performed. All procedures 
were carried out in accordance with the European Directive 
(2010/63/EU) and with the consent of Local Ethical Commit-
tee on Animal Testing (University of Olsztyn, Permit Number 
9/2016).

Metabolic measurements

Metabolic measurements have been performed between 8 am 
and 8 pm. BMR has been measured by positive-pressure open-
circuit respirometry system with dried and warmed atmos-
pheric air. The air stream was divided into four streams that 
were powered separate mass flow controller with the rate of 
400 mL min−1. The mouse had been individually placed in 
350 cm3 chambers immersed in a water bath at 32 °C. The air 
stream coming from the chambers was directed to the Sable 
Systems TR-1 oxygen analyzer (Henderson, NV, USA). The 
air was picked up at speed 75 mL min−1 and before being 
moved through the oxygen sensor it was cleared of moisture 
and  CO2. The metabolic test lasted 3 h and oxygen concentra-
tion in each chamber was investigated every second for 2 h. 
BMR has been set as the lowest level of oxygen consumption 
that has not changed for at least 4 min by more than 0.01%. 
Performance analysis was based on Sable System DATACAN 
V software.

Vessel preparation

The thoracic aorta was removed carefully to prevent 
endothelium injury and placed in cold Krebs–Henseleit 

solution of the following composition (in mM): NaCl 118; 
KCl 4.8;  CaCl2 2.5;  MgSO4 1.2;  NaHCO3 24;  KH2PO4 1.2; 
glucose 11; EDTA 0.03 and pH 7.4.

The aorta rings (approximately 3-mm-long vessel seg-
ments) were carefully cleaned of adherent tissue and were 
mounted as ring preparations in an isometric small ves-
sels Mulvany–Halpern-type wire myograph (Model 620M, 
Danish Myo Technology, Aarhus, Denmark, Mulvany and 
Halpern 1977). The vessels were threaded on two stain-
less steel wires, 40 µm in diameter, attached to a force 
transducer and a micrometer, respectively. In this way, the 
myograph permitted direct measurement of vessel wall 
tension while the internal diameter was controlled. Ten-
sions were measured and recorded on the LabChart 7.3.7 
Pro (ADInstruments, Hastings, UK). All aorta rings were 
set at tensions that were equivalent to their mean in vivo 
(100 mmHg) using the Laplace equation with a normal-
ized lumen diameter as described by Mulvany and Halpern 
(1977). All vessels were kept at 37 °C in gas with 95% 
 O2and 5%  CO2 Krebs–Henseleit solution and were allowed 
to equilibrate for 30 min (resting tension 5 mN). After 
the equilibration period and prior to the administration of 
antagonists, inhibitors or vehicles, all of the rings were 
exposed to two stimuli of high KCl (60 mM) to establish 
tissue viability. The second KCl was used to determine 
maximum contractility of the tissue. After washing out the 
KCl, the integrity of the vessel endothelium was checked 
for sub-maximal pre-constriction with (–)-phenylephrine 
(Phe, 3 µM) followed by the induction of at least 80% 
relaxation in response to acetylcholine (Ach, 10 µM). 
Before certain experiments, the endothelium was removed 
by gently rubbing the intima. A successful endothelial 
denudation was confirmed by the absence of acetylcholine-
induced vasorelaxation (Baranowska-Kuczko et al. 2016; 
Kirsch et al. 2015).

Concentration–response curves (CRCs)

After washouts, main experiments were performed (in 
each individual preparation only one experimental curve 
was determined). To test the vascular contractile function, 
the endothelium-intact aorta was exposed to a cumulative 
concentration of phenylephrine. To examine the vasore-
laxant response of Ach or sodium nitroprusside (SNP), 
arteries were pre-constricted submaximally with phenyle-
phrine (3 µM; this concentration was approximately equal 
to its  pEC75). Phenylephrine produced the contraction of 
7.0 ± 0.2 mN (n = 72).

When a stable level of tone was reached, concentra-
tion–response curves were generated by cumulative addi-
tion of Ach or SNP.
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Potential mechanisms involved in vasodilatory 
effect of acetylcholine and sodium nitroprusside 
in LBMR and HBMR groups

To examine the mechanisms involved in the vasodilatory 
effect of Ach, aorta rings were incubated for 30 min with 
the following substances: NG-nitro-l-arginine methyl ester 
(l-NAME) 100 μM (nitric oxide synthase inhibitor), indo-
methacin (INDO) 10 μM, (cyclooxygenase inhibitor); tetra-
ethylammonium (TEA) 1 mM (non-selective blocker of cal-
cium-sensitive  K+ channels). To determine the mechanisms 
of the vasorelaxant effects of SNP, certain tissues were pre-
treated for 30 min with TEA. Control samples were treated 
with respective vehicle (Ach/SNP) only.

Drugs

(R)-Phenylephrine hydrochloride, acetylcholine chloride, 
sodium nitroprusside, l-NAME, tetraethylammonium chlo-
ride hydrate, indomethacin (Sigma, Munich, Germany) were 
dissolved in deionized water with the exception of indo-
methacin (which was dissolved in 0.5 M  NaHCO3). KCl was 
obtained from Chempur, Piekary Śląskie, Poland.

Immunohistochemistry for KCNN4, S100A6 and von 
Willebrand factor

During the preparation of aortas, its segment was taken, 
immediately fixed in 10% formalin and processed routinely 
for embedding in paraffin. Sections were cut at 4 µm thick-
ness and stained in hematoxylin and eosin for general histo-
logical evaluation.

In the immunohistochemical study, the EnVision method 
was used according to Kasacka et al. (2015) using antibod-
ies against KCNN4 (potassium channel, calcium-activated 
intermediate/small conductance subfamily N alpha, member 
4) (1:1000—incubation 24 h in + 4 ºC; rabbit Anti-KCNN4-
antibody (cat. no. Ab110105); Abcam, UK) and von Wille-
brand factor (vWB) (1:2000—incubation 2 h in RT, Poly-
clonal Rabbit Anti-Human (cat. no. A 0082); Dako Denmark 
A/S, Produktionsvej 42, DK-2600 Glostrup), S100A6—pol-
yclonal rabbit antibody (1:500—incubation 24 h in + 4 ºC; 
purchased from Nencki Institute of Experimental Biology, 
produced in-house) in a humidified chamber.

Antigen retrieval was performed before commencing IHC 
staining: for KCNN4 is Target Retrieval Solution High pH 
(S2369; Dako Denmark A/S, Produktionsvej 42, DK-2600 
Glostrup), for vWB is Target Retrieval Solution (S1699; 
Dako Denmark A/S, Produktionsvej 42, DK-2600 Glostrup) 
and for S100A6 and using Target Retrieval Solution with 
pH 9.0 (S 2367, Dako Denmark A/S, Produktionsvej 42, 
DK-2600 Glostrup). After being cooled to room tempera-
ture, sections were incubated with the Peroxidase Blocking 

Reagent (S 2001 Dako Denmark A/S, Produktionsvej 42, 
DK-2600 Glostrup) for 10 min, to block endogenous per-
oxidase activity. Subsequently sections were incubated with 
suitable primary antibodies. Procedure was followed by 
incubation with secondary antibody (conjugated to horse-
radish peroxidase-labeled polymer). The bound antibodies 
have visualized by 1-min incubation with liquid 3,3′-diam-
inobenzidine substrate chromogen. The sections were finally 
counterstained in hematoxylin QS (H—3404, Vector Labo-
ratories; Burlingame, CA), mounted and evaluated under 
light microscope. Appropriate washing with wash buffer 
(S 3006 Dako Denmark A/S, Produktionsvej 42, DK-2600 
Glostrup) was performed between each step. The specificity 
of the antibodies included a negative control, in which the 
antibodies were replaced by normal rabbit serum (Vector 
Laboratories, CA) at the respective dilution (no staining), 
and positive control, prepared with mice heart for KCNN4 
and S100A6 and mice lung for vWB. The obtained results 
of immunohistochemical staining were submitted for evalu-
ation in an Olympus BX41 microscope with an Olympus 
DP12 camera under a magnification of 200 × (20 × lens and 
10 × eyepiece; each field was 0.785  mm2) and submitted to 
morphometric evaluation using software for image analy-
sis (NIS-Elements Advanced Research software of Nikon). 
For each immunohistochemical staining were performed 
measurements of immunohistochemical reaction intensity 
per group of mice (5 mice × 3 scraps × 10 randomly selected 
microscopic fields). The intensity of the immunohistochemi-
cal reaction was measured using a 0–256 gray-scale level, 
in which completely black pixels were given a value of 256 
and white or bright pixels a value of 0 (Baranowska-Kuczko 
et al. 2016).

Statistical analysis

For contractile responses to Phe, we analyzed the data as per-
centage of the reference response to the second 60 mM KCl. 
All vasodilatory effects produced by Ach were expressed 
as the percentage of the relaxation after the isometric pre-
contraction induced by Phe.

The GraphPad Prism 5.0 software (California, USA) was 
used to plot the mean data as sigmoidal CRCs curves:

where X is the logarithm of the molar concentration 
of the agonist and Y is the percent response. The curves 
were used to determine potency  (pEC50 = −  logEC50 or 
 pEC25 = − logEC25, where  EC50 or  EC25 is the concentra-
tion (M) of agonist that produced the 50 or 25%-maximal 
effects) and maximal response (Rmax) values as the effects of 
the highest concentration of the particular agonist (Kenakin 
2019).

Y = Bottom + (Top − Bottom)

/(

1 + 10(logEC
−X
50 )

)
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All results are presented as the mean ± standard error of 
the mean (SEM). BMR was analyzed by means of ANCOVA 
with the line type as a fixed factor and body mass as a covar-
iate. For statistical calculation, in immunohistochemistry 
parametric ANOVA was used. Statistical comparisons of 
the CRCs of two or more treatment groups to the same con-
trol were performed using an analysis of variance (ANOVA) 
followed by Dunnett’s multiple comparison test of the whole 
data set. Student’s t test for unpaired data was used where 
necessary. Differences were considered significant when 
p < 0.05.

Results

BMR values

Mice originated from each specific line type differ signifi-
cantly with respect to basal metabolic rate (F = 1442.58; 
p < 0.0001), but not body mass (F = 1.91, p = 0.273). Such 
a marked divergence in BMR between selection lines con-
stitutes a justification for testing the associations between 
genetically based differentiation in energy expenditures and 
the function and structure of thoracic aorta as a potential 
risk factor for developing cardiovascular diseases (Table 1).

Morphological features of aorta

There were no histopathological changes observed in the 
aortic wall of the examined mice (Fig. 1a, b). Morphometric 
studies showed a significant between-line difference in the 
thickness of the wall thickness and diameter of aortas. The 
aorta of the HBMR animals had thicker walls and a larger 
diameter (Table 2).

The antisera staining against S100 calcium-binding pro-
tein A6 (S100A6) gave positive results in the aortas of all 
studied mice, with S100A6 protein found in endothelial cells 
and smooth muscle cells of the aortic wall (Fig. 1c, d). The 
density and intensity of S100A6-staining were weaker in the 
HBMR mice as compared with that recorded in the LBMR 
animals (p < 0.01) (Fig. 1i).

Immunohistochemical detection of KCNN4 chan-
nels in the aortas revealed their presence in myocytes and 

endothelial cells (Fig. 1e, f). The density of KCNN4 chan-
nels in the aortas of the HBMR mice characterized by high 
metabolic rate, measured as the intensity of immunohisto-
chemical reaction, was significantly higher (p < 0.01) when 
compared to the LBMR animals (Fig. 1j).

The antisera against von Willebrand factor stained the 
corresponding endothelial cells, recognizing their site and 
morphology in the aortas. The analysis of vWF immuno-
reactivity showed endothelial cells forming the continuous 
layer of the aortic lumen, which attests to the integrity of 
aortic endothelium in all studied mice (Fig. 1g, h).

Functional features of aorta

Vasoconstrictor responses to phenylephrine

The vasoconstrictor under study, the α1-adrenoceptor 
agonist, phenylephrine (0.0001–30  µM, Phe), induced 
a concentration-dependent contraction of mouse aorta 
rings isolated from LBMR and HBMR  (pEC50 = 6.5 ± 0.1, 
Rmax = 78.3 ± 5.7%, n = 5 and 6.6 ± 0.1, 83.3 ± 3.6%, n = 5, 
respectively; Fig. 2).

Influence of endothelium denudation and l‑NAME, 
indomethacin and TEA on the relaxation induced 
by acetylcholine in the isolated aorta rings

Acetylcholine (Ach, 0.001–30 µM) produced concentration-
dependent relaxation of isolated mouse aorta pre-constricted 
with Phe in the LBMR and HBMR animals (for the respec-
tive  pEC25 and Rmax, see: Fig. 3a, b). The relaxation response 
to Ach was almost completely blocked by endothelium denu-
dation in isolated aorta rings in mice from both selected 
lines (Fig. 3a, b).

Blockage of NO synthase with l-NAME (100  µM) 
resulted in the significant rightward displacement of the 
relaxation response curve to Ach and reduction of its effi-
cacy in isolated aortas from the HBMR and LBMR mice 
(for Rmax values, see Table 3, Fig. 3a, b). The reduction was 
significantly stronger in isolated aortas from HBMR than 
LBMR mice (p < 0.01).

Indomethacin (10  µM, the COX-1/COX-2 inhibitor) 
reduced the relaxant effect elicited by the highest concen-
tration of Ach (30 µM) in isolated aortas from HBMR and 
LBMR (for  pEC25 and Rmax values, see Table 3, Fig. 3a, 
b). The reduction was stronger in isolated aortas from the 
HBMR than LBMR mice. Likewise, TEA (10 mM, non-
selective calcium-sensitive  K+ channel inhibitor) reduced 
the relaxant effect of Ach (30  µM. The vasorelaxation 
induced by Ach in the presence of TEA was more potent 
in isolated aortas from HBMR compared with LBMR mice 
(Rmax values, see Table 3, Fig. 3 a, b).

Table 1  The BMR and body mass values

The results are expressed as a as the mean ± SEM. n represents the 
number of animals
### p < 0.001 compared to the LBMR group

n Body mass (g) BMR  (mL02/h)

LBMR 5 36.23 ± 2.49 41.43 ± 2.75
HBMR 5 34.28 ± 1.92 69.04 ± 2.14###
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Influence of TEA on the relaxation induced 
by sodium nitroprusside in the isolated aorta rings

SNP (0.0001–3  µM) the NO donor, endothelium-inde-
pendent vasodilator, produced concentration-dependent 
relaxation of the isolated mouse aorta pre-constricted 
with phenylephrine (Fig. 4a, b). SNP was more potent as a 

vasodilator in the isolated aortas of the HBMR than LBMR 
mice  (pEC50 = 7.8 ± 0.1, n = 5, and 7.3 ± 0.1, n = 6; p < 0.01) 
and its efficacy was comparable (Rmax = 104.1 ± 7.1% and 
106.2 ± 5.1%).

Pre-treatment with the non-selective blocker of KCa chan-
nels TEA (1 mM) shifted the CRCs for SNP to the right by a 
factor of 8 and 3 in arteries from HBMR and LBMR mice, 
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Fig. 1  Representative images of the aortic wall (a, b), immunodetec-
tion of S100A6 (c, d), immunohistochemical reaction for KCNN4 
channels (e, f), immunolocalization of vWF (g, h) in the vessels 
from LBMR and HBMR mice. Scale bars − 50 µm. The bar graph 

illustrates the intensity of the immunohistochemical reaction for the 
S100A6 (i) and KCNN4 (j) protein in the aortas. Mean ± SEM of 
n = 5 animals for each bar; *p < 0.01 by a Student’s t test
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respectively, and significantly attenuated potency in response 
to SNP  (pEC50 = 6.9 ± 0.1, n = 5, p < 0.05 and 6.9 ± 0.1, 
n = 6, p < 0.001). TEA reduced the vasorelaxant efficacy of 
SNP in aortas from the HBMR (Rmax = 78.4 ± 5.1%, n = 5; 
p < 0.05) but not LBMR mice (Rmax = 93.9.1 ± 3.5%, n = 6) 
(Fig. 4a, b).

Discussion

In this article, we used an animal model to study associations 
between genetically conditioned whole-body basal metabolic 
rate and physiological and structural properties of the tho-
racic aorta as risk factors of cardiovascular diseases develop-
ment. High-BMR mice had significantly wider diameter and 
thicker middle layer of aorta compared to their counterparts 
selected for low BMR (Fig. 1a, b). Interestingly, the density 

of S100 calcium-binding protein A6 was significantly 
lower, while KCNN4 channels higher, in the HBMR ani-
mals (Fig. 1i, j, respectively). The differences in BMR were 
also reflected in the functional differentiation of thoracic 
aorta. We observed stronger inhibition of the endothelium-
dependent relaxation of the aorta in the HBMR animals. 
Similarly, tetraethylammonium- and sodium nitroprusside-
induced relaxation showed stronger vasodilatory effect of the 
muscle in examined aortas of mice from the high-BMR line. 
Our results, therefore, demonstrate that marked differences 
in structure and function of aortas correlate with genetically 
determined differentiation of BMR.

Aortic function

Among numerous factors contributing to CVD development, 
regulation of blood pressure and flow by nitric oxide (NO) 
and prostacyclins seems to play the main role (Deanfield 
et al. 2007; Katusic et al. 2012). They act via intracellular 
accumulation of the second way mediators, such as cyclin 
adenosine/guanosine monophosphate (cAMP and/or cGMP) 
(Ledoux et al. 2006). In consequence, an increased concen-
tration of cAMP/cGMP, activates (open)  K+ channels in the 
cell membrane, which allows  K+ efflux of the cell, causing a 
decrease in membrane potential, hyperpolarization and clos-
ing calcium channels, affecting a vascular relaxation. Our 
results showed significant differences in inhibition of the 
endothelium-dependent relaxation of the aortas between the 
mouse lines. Both NO and prostacyclins were more active in 
the arteries of the HBMR animals and played a significant 
role in Ach-induced relaxation of vessels. Several clinical 
studies indicate that deficiency of nitric oxide weakens the 
diastolic ability of aorta and increases the risk of hyperten-
sion (Doroszko et al. 2008). Therefore, our results suggest 
that high organismal energy expenditure may contribute to 
increased aortic diastolic capacity. Such physiological cor-
relation should protect against an increase in arterial blood 
pressure and development of cardiovascular disorders.

Potassium channels

Incubation of aortas in a medium containing tetraethylam-
monium revealed that the vessel relaxation is associated with 

Table 2  The values of wall 
thickness, vessel diameter and 
wall thickness to diameter ratio

The results are expressed as mean ± SEM. n represents the number of animals
# p < 0.05

n Wall thickness (µm) Vessel diameter (µm) The ratio of wall 
thickness to 
diameter

LBMR 5 43.9 ± 0.65 235.1 ± 2.13 0.19 ± 0.006
HBMR 5 61.7 ± 1.85# 246.2 ± 1.76# 0.25 ± 0.017#
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Fig. 2  Influence of phenylephrine (Phe) on the contractile effects in 
the isolated mouse aorta from HBMR and LBMR mice. For contrac-
tile responses to Phe, data are shown as a percentage of the reference 
response to the second 60 mM KCl. Mean ± SEM of n = 5 animals for 
each curve. The results were analyszd by means of Student’s t test
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the density of potassium channels located in the endothe-
lial cells of the artery. In this case, stronger inhibition of 
Ach-induced relaxation was also noted in the aortas of the 
HBMR mice. Moreover, the study of the SNP-induced relax-
ation showed that stronger relaxation of the arterial muscle 
layer of the HBMR mice depended on the level of NO. The 
stronger inhibition of relaxant following the use of SNP 
and TEA in isolated aortas of the HBMR mice suggests the 
presence of a large number of potassium channels  (BKCa/
KCa1.1) located in the smooth muscles of blood vessels. 
The study on the  KCa3.1-deficient mice  (KCa3.1−/−), testing 
the functional role of the endothelial intermediate conduct-
ance  KCa  (IKCa/KCa3.1), showed that in response to Ach the 
endothelial and smooth muscle hyperpolarization is reduced 
in  KCa3.1−/− individuals (Si et al. 2006). Relaxation proper-
ties of aortas, therefore, suggest their functional link with 

the amount of potassium channels observed in arteries of the 
HBMR individuals. Higher density of  BKCa/KCa1.1 channels 
should be also directly coupled with the thickening of aorta 
observed in the HBMR mice.  BKCa/KCa1.1 are activated 
(opened) by changes in electrical potential of the membrane 
and/or by increases in the concentration of intracellular cal-
cium ion (Yuan et al. 2010). The immunohistochemical 
staining corroborated the between-line differentiation of 
physiological properties of aorta observed in the functional 
test. The HBMR mice were characterized by significantly 
higher density of KCNN4 channels in the main artery com-
pared with the LBMR counterparts. The KCNN4 protein is a 
part of the potentially heterotetrameric voltage-independent 
potassium channels (Steudel et al. 2017). It contributes to 
NO generation and endothelium-dependent hyperpolariza-
tion of vascular smooth muscle (Félétou 2009). Our results 

Fig. 3  Influence of endothelium denudation, l-NAME, indomethacin 
(INDO) and TEA on the relaxation induced by Ach in the isolated 
aorta rings from LBMR (a) and HBMR mice (b). Results of relaxa-
tion are expressed as a percentage relaxation of the isometric contrac-
tion induced by phenylephrine (Phe) (3 µM). Mean ± SEM of n = 4–5 

animals for each curve. Differences between concentration were ana-
lyzed by one-way analysis of variance (ANOVA) and between LBMR 
and HBMR groups were determined by Student’s t test. See Table 3 
for values and statistical comparisons

Table 3  Effect of endothelium 
denuded, l-NAME, 
indomethacin (INDO), 
tetraethylammonium (TEA) 
on acetylcholine- induced 
relaxation responses in the 
phenylephrine-precontracted 
isolated aorta rings from mouse 
with low (LBMR) and high 
basal metabolism (HBMR)

The results are expressed as mean ± SEM. n represents the number of animals
#, *p < 0.05; ##p < 0.01, ###,***p < 0.001, compared to the respective control group (*to control LBMR or to 
control HBMR, as determined by one-way ANOVA followed by Dunnett’s post hoc test; #between LBMR 
and HBMR group, by a Student’s t test for unpaired data). In case of below-range extent of vasorelaxant 
effect of Ach under assumed conditions, specific values were not determined (ND)

Relaxation responses to Ach n LBMR mice n HBMR mice

Group pEC25 Rmax (%) pEC25 Rmax (%)

Control (+ ENDO) 5 6.7 ± 0.1 75.5 ± 8.4 5 6.9 ± 0.1 78.3 ± 5.5
(−)ENDO 4 ND 15.3 ± 2.5*** 4 ND 18.9 ± 8.7***
l-NAME (100 µM) 5 ND 22.8 ± 3.0*** 5 ND 12.5 ± 1.1***,##

INDO (10 µM) 4 6.3 ± 0.1* 40.4 ± 4.2*** 5 5.3 ± 0.1***,### 27.1 ± 3.7***,#

TEA (1 mM) 4 5.3 ± 0.1*** 40.5 ± 0.9*** 4 ND 17.2 ± 5.4***,##
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suggest the existence of the association between genetically 
determined variation of BMR and the activity of potassium 
channels.

Although increased activity of the potassium channels 
in the vascular smooth muscle cells may improve relaxa-
tion properties of aorta, the physiological consequences 
of chronic, high activity of  K+ channels remain poorly 
studied. Long-term alternation in both endothelium and 
ion channels may contribute to the development of car-
diovascular disorders (Heaps et al. 2005; McNeish et al. 
2005; Sobey 2001). Under pathological conditions, altered 
vascular  BKCa/KCa1.1 function may be either a cause (i.e., 
involved in the pathogenesis) or an effect (i.e., a second-
ary phenomenon or compensatory mechanism) of the 
disease (Sobey 2001). Changes in the activity of potas-
sium channels are thought to be the result of a decreased 
number and/or reduced sensitivity of these channels to the 
physiological activators, like NO or prostacyclins (Sobey 
2001). Studies on spontaneously hypertensive rats revealed 
that  KCa channels are highly activated in the resting state 
of carotid, femoral and mesenteric arteries (Asano et al. 
1993). However, an increase in transmembrane flow of 
 K+ ions manifesting stronger contraction of the vessels 
reported by Asano et  al. (1993) was not noted in our 
study. Similarly, an increase of the activity of the  BKCa/
KCa1.1 channels in blood vessels affected by atheroscle-
rosis and/or hypertension is corroborated by studies on 
animals fed a high-fat diet (Sobey 2001). Although such 
increase is not associated with alternation in activity of 
NO-depended cGMP relaxant, observed changes manifest 
a serious dysfunction of endothelium-dependent aorta 
relaxation (Sobey 2001). This is in agreement with grow-
ing evidences suggesting that other (i.e., genetic) factors 

may play a considerable role in the modification of the 
function of the  Ca2+-activated  K+ channels, contributing 
to the differences in the functional properties of artery 
endothelium (Lu et al. 2005; Martens and Gelband 1996).

Calcium‑binding proteins

The density of S100A6 that belongs to a member of the S100 
family of EF-hand  Ca2+-binding proteins in the endothe-
lial and muscle cells of the aorta was significantly lower in 
the HBMR mice compared with LBMR individuals. The 
observed small amount of calcium-binding molecules sug-
gests higher activity of potassium ion channels in the aortas 
of the HBMR mice. The opening of KCNN4 channels and 
outflow of  K+ ions from the cells decreases the cell mem-
brane potential (hyperpolarization), closes of calcium chan-
nels, reduces intracellular calcium levels and results in the 
whole vessel relaxation (Matchkov 2010). Therefore, mice 
characterized by low metabolic rate and reduced potassium 
channel activity should have higher concentration of cal-
cium ions and, therefore, impaired contractile properties of 
aorta. Since several studies suggest a higher level of calcium 
ions in the hypertensive cell (Asano et al. 1993; Tune et al. 
2017), individuals characterized by lower energy expendi-
ture should be at greater risk of increased blood pressure, 
and so CVD development. Arterial hypertension is one of 
the most significant modifiable risk factors in the preven-
tion of cardiovascular disease (Schroeder et al. 2019). Here 
we demonstrated that genetically determined high BMR is 
generally coupled with a greater relaxation of aorta mediated 
by higher density of  K+ channels, which may potentially 
constitute protective mechanisms against hypertension.

Fig. 4  Influence of TEA on the vasorelaxant effects of sodium nitro-
prusside (SNP) in the isolated mouse aorta from LBMR (a) and 
HBMR mice (b). Results of relaxation are expressed as a percent-

age relaxation of the isometric contraction induced by phenylephrine 
(Phe) (10  µM). Mean ± SEM of n = 5 animals for each curve. The 
results were analyzed by means of Student’s t test
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Aortic structure

A long-term arterial thickening lowers the activity of  K+ 
channels reduces arterial flexibility, and promotes structural 
stiffness (Lee and Oh 2010). The permanent state of such a 
disturbance contributes to development of cardiovascular 
diseases including atherosclerosis, or hypertension (Cos-
tantino et al. 2016). Here we showed that the HBMR mice 
have significantly thicker middle layer of aorta compared 
to the LBMR individuals. Endothelial and vascular smooth 
muscle cells play a key role in the contractile and relaxa-
tion response of aorta (Costantino et al. 2016). They also 
contribute to the regulation of arterial blood pressure by 
releasing vasoactive factors that modulate the contractile 
state of the underlying smooth muscle (Berk 2001; Ghebre 
et al. 2016; Yun et al. 2016). In case of our animal model, 
the overgrowth of the myointimal layer of aorta presumably 
results from well-documented increase in the size of heart 
and greater burden of cardiovascular system in the HBMR 
animals (Konarzewski and Książek 2013; Ksiazek et al. 
2004). Those changes in the vascular structure reported for 
the high-BMR mice are reminiscent of those observed in 
aging humans. The architecture of main arteries in older 
individuals is characterized by myointimal thickening, col-
lagen deposition, perivascular fibrosis, and vessel dilatation 
in comparison to the younger ones (Costantino et al. 2016; 
Scioli et al. 2014). The overgrowth of smooth muscle layer 
and alternation in endothelial-to-muscle ratio remain a hall-
mark of the aged vasculature, leading to excessive vessels 
stiffness (Costantino et al. 2016; Lee and Oh 2010). The 
changes in arterial stiffness may also result from altered vas-
cular tone, representing the imbalance between vasoconstric-
tion and vasorelaxation (Zieman et al. 2005). While decrease 
in aorta tension remains a major determinant of vascular 
impedance affecting pulsatile ejection of blood from the 
heart (Costantino et al. 2016; Agrawal et al. 2017) a long-
term perturbation in artery contractility increases systolic 
pressure, promoting hypertension and vascular dysfunction.

Irrespective of age, high RMR/BMR constitutes an inde-
pendent mortality risk in humans (Sadowska et al. 2017; 
Schrack et al. 2014). Therefore, the thickening of myo-
intimal layer, observed in the HBMR mice, constitute an 
unique model to test for a risk of cellular drain, vascular 
disturbances, and CV-related morbidity in individuals with 
a higher rate of energy turnover.

Conclusion

In conclusion, the present study demonstrates the rel-
evance of our animal model for studies on the associa-
tions between energy expenditures and structure as well 
as the function of aorta. Individuals characterized by high 

energy expenditures exhibit improved relaxation of aorta 
as a result of higher activity of  Ca2+-activated  K+ chan-
nels in the endothelial and muscle layer of that artery. 
Several clinical studies indicate that aorta’s flexibility 
remains the main factor determining diastolic capacity of 
vessels and, therefore, may protect against hypertension 
and CVD advancement. However, the high-BMR mice are 
also characterized by thicker myointimal layer and alterna-
tion in endothelial-to-muscle ratio. Since thickening and 
long-term over-activity of artery’s middle layer promotes 
arterial stiffness and myocyte degradation, such structural 
changes of blood vessels may constitute the important risk 
factor of general CV failure. To resolve this inconsistency, 
future study on BMR-related changes in histological and 
physiological profiles of aortas in aging individuals would 
be of particular interest. Meanwhile, our research showed 
the functional link between organismal energy expen-
ditures and structural/physiological properties of aorta, 
which demonstrated the usefulness of our model for the 
identification of potential risk factors of the development 
of CVD in humans.
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