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Abstract: Chronic heart failure is associated with reduced myocardial β-adrenergic receptor expres-
sion and mitochondrial function. Since these data coincide with increased plasma catecholamine
levels, we investigated the relation between myocardial β-receptor expression and mitochondrial
respiratory activity under conditions of physiological catecholamine concentrations. This post hoc
analysis used material of a prospective randomized, controlled study on 12 sexually mature (age
20–24 weeks) Early Life Stress or control pigs (weaning at day 21 and 28–35 after birth, respectively)
of either sex. Measurements in anesthetized, mechanically ventilated, and instrumented animals com-
prised serum catecholamine (liquid-chromatography/tandem-mass-spectrometry) and 8-isoprostane
levels, whole blood superoxide anion concentrations (electron spin resonance), oxidative DNA strand
breaks (tail moment in the “comet assay”), post mortem cardiac tissue mitochondrial respiration, and
immunohistochemistry (β2-adrenoreceptor, mitochondrial respiration complex, and nitrotyrosine
expression). Catecholamine concentrations were inversely related to myocardial mitochondrial res-
piratory activity and β2-adrenoceptor expression, whereas there was no relation to mitochondrial
respiratory complex expression. Except for a significant, direct, non-linear relation between DNA
damage and noradrenaline levels, catecholamine concentrations were unrelated to markers of ox-
idative stress. The present study suggests that physiological variations of the plasma catecholamine
concentrations, e.g., due to physical and/or psychological stress, may affect cardiac β2-adrenoceptor
expression and mitochondrial respiration.

Keywords: plasma catecholamines; cardiac tissue; mitochondrial respiration; β2-adrenoreceptor;
reactive oxygen species

1. Introduction

Activation of the sympatho-adrenergic system is crucial for the short-term adaptation
to stress, e.g., critical illness. Accordingly, exogenous noradrenaline is the drug of first
choice for the management of circulatory shock. However, in patients [1,2] as well as in
large-animal models, like swine [3–7], the sustained over-activation of the sympathetic
system, and consecutive elevation of plasma adrenaline and noradrenaline levels associated
with chronic heart failure [8], is detrimental by ultimately potentially triggering cardiotoxi-
city [9]. In addition to the potential development of myocardial O2 supply/demand imbal-
ance, catecholamine-related cardiotoxicity has been associated with mitochondrial dysfunc-
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tion and/or damage resulting from (i) β-adrenoceptor activation-mediated Ca++-overload
and (ii) oxidative stress due to abnormal activation of the non-phagocytic NAD(P)H oxidase
in response to norepinephrine [10], as well as (iii) transformation of catecholamines into
“aminochromes” undergoing redox cycling in mitochondria to excessively generate reactive
oxygen species (ROS) [8,9]. In fact, even in patients with heart disease with no or only mild
heart failure, Lemieux et al. demonstrated defective Complex I-linked respiration using
high-resolution respirometry [11]. The authors also showed that progression to heart failure
was associated with aggravated impairment of oxidative phosphorylation and electron
transfer capacity, which additionally coincided with a decline in mitochondrial density [11].
These findings agree well with data from canine chronic heart failure induced by repetitive
coronary micro-embolization: plasma noradrenaline was 2–3-fold higher than in control
animals, and the “mitochondrial injury index” showed a significant direct relation to the
noradrenaline levels [12].

The chronic heart failure-related sustained elevation of endogenous noradrenaline lev-
els also led to β1-adrenoceptor down-regulation and desensitization [1,2,13–15], while β2-
adrenoceptor expression remained unaltered [15,16]. This, in turn, was accompanied by a
decreased response to β-receptor agonists including that of endogenous catecholamines [17].
In fact, in patients with cardiomyopathy, a significant direct relation was demonstrated
between the left ventricular β-receptor concentration as assessed using positron emission to-
mography and the contractile response to intracoronary dobutamine application [2]. It is of
note in this context that the crucial role of catecholamine-induced β-adrenoceptor activation
for both mitochondrial dysfunction and excess ROS formation was further demonstrated by
various experimental models using exogenous administration of adrenaline, noradrenaline
and synthetic derivatives (e.g., isoproterenol), and the respective receptor antagonists in
rats and dogs [18–22]. Finally, Perez recently highlighted the crucial role of adrenergic
receptors as potential therapeutic targets to increase cardiac mitochondrial respiratory
capacity and lower ROS production [15].

In contrast to the fairly consistent response pattern of plasma catecholamine concen-
trations and myocardial β-receptor density during chronic heart failure, acute challenges
produced more variable results: in rats, arterial hypotension with mean arterial blood
pressures ≈45–50 mmHg resulting from injection of live E. coli [23] or hemorrhage [24]
caused a several-fold increase in plasma adrenaline and noradrenaline levels. In contrast,
myocardial β-receptor density was either unchanged [23] or markedly reduced [24]. Never-
theless, regardless of whether dogs or pigs were studied immediately [25] or 2–3 weeks [26]
after coronary micro-embolization, heart failure was invariably associated with impaired
oxidative phosphorylation in left ventricular tissue specimens.

As mentioned above, all data on altered myocardial β-receptor density and/or mi-
tochondrial respiration were reported under conditions of supra-normal plasma cate-
cholamine concentrations. To our knowledge, no data are available regarding whether
plasma catecholamine levels within the physiological range, e.g., resulting from psycho-
logical and/or physical stress, may also impact myocardial β-receptor density and/or
mitochondrial respiratory activity. Therefore, in the present study, we investigated the
relation between plasma adrenaline and noradrenaline levels, blood markers of ROS pro-
duction and oxidative stress, as well as cardiac tissue β-receptor expression, mitochondrial
respiratory complex expression, and mitochondrial respiratory activity. The data presented
are a post hoc analysis of material available from a study published previously [27].

2. Results

Table 1 summarizes the data of the blood catecholamine, isoprostane, and superox-
ide anion concentrations as well as the DNA single-strand breaks presented as the “tail
moment” in the comet assay. All values were in the lower physiological range reported
by other authors in porcine blood samples for catecholamines [28] and isoprostanes [29]
as well in as the “tail moment” of the comet assay [30,31], and in healthy volunteers for
superoxide anion blood concentrations as assessed using electron spin resonance [32,33].
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Table 1. Plasma adrenaline, noradrenaline, isoprostane, whole-blood superoxide anion (O2
•−), and

DNA strand breaks (“tail moment” in the comet assay). All data are median (interquartile range),
n = 12. Note that in one animal, the adrenaline concentration was below the detection limit; for this
animal the threshold value of 15 pg/mL was recorded.

Adrenaline
[pg/mL]

Noradrenaline
[pg/mL]

Isoprostane
[pg/mL] O2•− [µmol/L] Tail Moment

75 (28; 143) 127 (92; 228) 43 (39; 47) 3.8 (3.5; 4.6) 0.16 (0.15; 0.18)

Figure 1 and Table 2 show representative pictures (Figure 1) as well as the overall
quantitative analysis (Table 2) of the tissue protein expression of subunits of the mitochon-
drial NADH:ubiquinone oxidoreductase (Complex I; Figure 1a), succinate dehydrogenase
(Complex II; Figure 1b), and the β2-adrenergic receptor (Figure 1c) as assessed using
immunohistochemistry. Sulfide quinone oxidoreductase, Complex III, and Complex IV
expression were not quantified because visual examination of the samples revealed no
obvious differences in the intensity of the staining between the individual animals. Nitroty-
rosine formation was not quantified, since no nitrotyrosine formation was detected in any
of the heart tissue specimens. Hence, data for these markers are not shown. In addition,
Table 2 also shows the overall data of the maximum respiratory capacity in the coupled
state (OxPhos) and the maximum electron transfer capacity in the uncoupled state (ETC)
of the myocardial mitochondrial respiratory activity (presented as JO2). The latter were
within the normal range for healthy swine as reported by others [34,35].

Figure 1 

 
 

 

 

Figure 1. Immunohistochemistry examples of the cardiac tissue protein expression of the (a) mitochon-
drial NADH dehydrogenase (ubiquinone oxidoreductase, complex I); (b) succinate dehydrogenase
(complex II); (c) β2-adrenergic receptor, and (d) nitrotyrosine formation. Note that no nitrotyro-
sine staining could be detected, indicating that cardiac tissue oxidative and nitrosative stress was
negligible if present at all. All pictures are displayed with a magnification of 10×.
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Table 2. Maximum respiratory capacity in the coupled (OxPhos) and the maximum electron transfer
capacity in the uncoupled state (ETC) of the myocardial mitochondrial respiratory activity, presented
as JO2, and tissue protein expression of the mitochondrial NADH dehydrogenase (ubiquinone
oxidoreductase, complex I) and succinate dehydrogenase (complex II) and the β2-adrenergic receptor,
presented as % positive area staining. All data are median (interquartile range), n = 12.

JO2 -OxPhos
[pmol/s/mgtissue]

JO2-ETC
[pmol/s/mgtissue] Complex I [%] Complex II [%] β2-Adrenoreceptor [%]

194 (110; 223) 222 (158; 261) 86 (78; 89) 71 (60; 82) 83 (70; 89)

Figure 2 shows the myocardial tissue OxPhos and ETC plotted as a function of the
noradrenaline and adrenaline concentrations. While OxPhos and ETC showed a significant,
inverse linear correlation with the noradrenaline levels (r = −0.68, p = 0.015, and r = −0.76,
p = 0.004, respectively); a significant, inverse non-linear correlation was present for ETC as
a function of the adrenaline concentrations (r = −0.69, p = 0.013). The inverse non-linear
relation of OxPhos plotted as a function of the adrenaline levels narrowly missed statistical
significance (r = −0.57, p = 0.051).

Figure 2 
 

 

Figure 2. (a) Myocardial tissue maximum respiratory capacity in the coupled state (OxPhos) plotted
as a function of the noradrenaline concentration; (b) myocardial tissue OxPhos plotted as a function
of the adrenaline concentration; (c) myocardial tissue maximum electron transfer capacity in the
uncoupled state (ETC) plotted as a function of the noradrenaline concentration, and (d) myocardial
tissue ETC plotted as a function of the adrenaline concentration. Males are presented by closed
squares, females by open circles, presence or absence of early life stress (ELS) is depicted by red and
blue symbols, respectively. While OxPhos and ETC showed a significant, inverse linear correlation
with the noradrenaline levels (r = −0.68, p = 0.015, and r = −0.76, p = 0.004, respectively), a significant,
inverse non-linear correlation was present for ETC as a function of the adrenaline concentrations
(r =−0.69, p = 0.013). The inverse non-linear relation of OxPhos plotted as a function of the adrenaline
levels narrowly missed statistical significance (r = −0.57, p = 0.051).
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Figure 3 shows the markers of oxidative stress (whole blood superoxide anion O2
•−

concentrations, whole blood tail moment in the comet assay, and plasma isoprostane
levels) plotted as function of the noradrenaline and adrenaline concentrations. Except for a
significant, direct, non-linear correlation between the tail moment and the noradrenaline
levels (r = 0.67, p = 0.017), no significant relation could be detected.

Figure 3. (a) Whole blood superoxide anion (O2
•−) concentrations; (b) whole blood tail moment in the

comet assay, and (c) plasma isoprostane levels plotted as function of the noradrenaline concentration,
and (d–f) the same parameters of oxidative stress plotted as a function of the adrenaline concentration.
Males are presented by closed squares, females by open circles, presence or absence of ELS is depicted
by red and blue symbols, respectively. Except for a significant, direct, non-linear correlation between
the tail moment and the noradrenaline levels (r = 0.67, p = 0.017), no significant relation was detected.

Figure 4 shows the results of the immunohistochemistry quantification of the my-
ocardial tissue expression of the subunits of the mitochondrial respiratory complexes I
and II as well as the β2-adrenergic receptor plotted as a function of the noradrenaline and
adrenaline concentrations. While there was no significant relation between the expression
of the mitochondrial respiratory complexes and the catecholamine levels, the expression of
the β2-adrenergic receptor showed a significant, inverse, linear correlation with both the
noradrenaline (r = −0.59, p = 0.045) and adrenaline (r = −0.81, p = 0.001) concentrations.
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Figure 4. Results of the immunohistochemistry quantification of the myocardial tissue expres-
sion of the (a) mitochondrial respiratory complex I, (b) mitochondrial respiratory complex II, and
(c) β2-adrenergic receptor plotted as a function of the noradrenaline; and (d–f) the same parameters
plotted as a function of the adrenaline concentrations. Males are presented by closed squares, females
by open circles, presence or absence of ELS is depicted by red and blue symbols, respectively. While
there was no significant relation between the expression of the mitochondrial respiratory complexes
and the catecholamine levels, the expression of the β2-adrenergic receptor showed a significant,
inverse, linear correlation with both the noradrenaline (r =−0.59, p = 0.045) and adrenaline (r =−0.81,
p = 0.001) concentrations.

3. Discussion

It is well established that chronic heart failure is associated with a sustained in-
crease of plasma catecholamine levels, which, in turn, coincides with reduced myocardial
β2-adrenergic receptor density and impaired cardiac tissue mitochondrial function. In-
creased catecholamine concentrations resulting from acute challenges, like circulatory
shock, and/or exogenous catecholamine administration resulted in a similar response
pattern. Since all data on altered myocardial β-receptor density and/or mitochondrial
respiration were reported under conditions of supra-normal plasma catecholamine con-
centrations, we aimed to answer the question whether plasma catecholamine levels under
physiological, i.e., stress-free conditions and in the absence of exogenous catecholamine
administration may also impact myocardial β-receptor expression and/or mitochondrial
respiratory activity. The main findings of this study were that even physiological cate-
cholamine concentrations showed significant inverse relationships with both (i) myocardial
mitochondrial respiratory activity and (ii) tissue expression of the β2-adrenergic recep-
tor, whereas (iii) no relation was found between catecholamine concentrations and the
expression of mitochondrial respiratory complexes.

In our animals, median plasma noradrenaline and adrenaline concentrations were
127 and 75 pg/mL. Except for a single adrenaline level, all individual values were be-
low the upper threshold of the normal range reported for pigs, i.e., 800 and 300 pg/mL,
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respectively [28]. Moreover, these concentrations well agree with those reported for
both anesthetized and mechanically ventilated pigs under baseline conditions [36] as
well as awake, “non-stress susceptible” individual swine prior to transport stress [37].
Similar catecholamine levels were also reported in adult swine prior to induction of a
“hypertension+hyperlipidemia-induced heart failure with preserved ejection fraction”, and
the range of variation in that study resembled that in our experiment [38]. Finally, these
noradrenaline and adrenaline concentrations are 4–7-fold and 6-fold lower than those in
swine with rapid pacing-inducing congestive heart failure [3–7,39]. Together with the
cortisol concentrations of 65 ± 24 ng/mL as reported in the original publication [27], which
were also within the normal range of morning values [28,40], we can exclude any stress
response induced by the experimental procedures. Hence, albeit recorded in anesthetized,
mechanically ventilated animals that had undergone some surgical instrumentation rather
than in awake animals, our data represent strictly physiological, un-stressed conditions.

We found significant inverse relationships between myocardial tissue mitochondrial
respiratory capacity and plasma catecholamine concentrations. It is well-established that
impairment of myocardial mitochondrial respiration occurs during chronic heart failure as
well as acute challenges resulting from circulatory shock and/or exogenous administration
of catecholamines, i.e., under conditions of supra-normal plasma catecholamine concen-
trations. To our knowledge, our findings are the first to report that even catecholamine
levels within the normal physiological range may directly affect cardiac mitochondrial
respiratory capacity. In other words, our data suggest that even acute variations in en-
dogenous catecholamine release under physiological conditions and without exogenous
catecholamine administration, e.g., exposure to psychological stress [41], may interfere
with cardiac mitochondrial respiration. Psychological stress, on the one hand, is associated
with increased plasma catecholamine concentrations [42–44] and, on the other hand, affects
immune cell mitochondrial respiration [45–49]. However, so far, a direct interaction of
endogenous variations in catecholamine concentrations within the physiological range and
tissue mitochondrial respiration has only been documented for skeletal muscle in swine
undergoing cold exposure [50].

Although there were significant inverse correlations between mitochondrial respira-
tory capacity and plasma catecholamine concentrations, no relation was detectable between
the expression of the mitochondrial complexes I (NADH:ubiquinone oxidoreductase) and
II (succinate dehydrogenase), suggesting that any effect on myocardial tissue OxPhos
and/or ETC was not due to variable mitochondrial density and/or expression of respira-
tory proteins. This finding is in good agreement with previous data in porcine acute [35]
or chronic myocardial dysfunction [51]: 24 h of fecal peritonitis was associated with sig-
nificant impairment of complex II and IV activity, while citrate synthase activity, a marker
of mitochondrial content, remained unaffected [35]. Moreover, in young adult miniature
swine with heart failure induced by 20 weeks of aortic banding, complex I dysfunction
coincided with unchanged expression of complex I and IV [51]. Finally, in swine with
streptozotocin-induced diabetes type I, the impaired left ventricular ETC and increased
myocardial superoxide anion production were associated with only very minor reductions
in mitochondrial density protein or content [34].

In contrast to the lacking relation between the expression of mitochondrial respi-
ratory proteins and plasma catecholamine concentrations, we found significant inverse
linear correlations between the cardiac tissue expression of the β2-adrenergic receptor
and the plasma catecholamine concentrations. It is well-established that chronic heart
failure and the consecutive sustained increase in plasma catecholamine concentrations is
associated with down-regulation of the cardiac β1-receptors [13–15], while β2-receptor
expression remains unaffected [15,16]. This may ultimately lead to decreased responses
to β-adrenoceptor agonists [2,17]. In animal models, equivocal data are available on the
impact of increased plasma adrenaline and/or noradrenaline concentrations on the myocar-
dial β-adrenoceptor expression, inasmuch as unchanged [23,52], reduced [18,53], or even
increased [19] (β1) receptor expression were reported. Results depended on whether chal-
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lenges were acute [19,23] or maintained over days and weeks [18,52,53] and/or whether
exogenous catecholamine administration [18,19] had been studied. Acute increases in
plasma catecholamine levels are normally associated with increased mitochondrial res-
piratory enzyme activity, and, hence, OxPhos and/or ETC [54], e.g., during physical
exercise [55]. Our data suggest that even variations in the plasma catecholamine concen-
trations within the normal physiological range may affect the cardiac tissue β2-adrenergic
receptor expression and, thereby possibly the response to β-adrenoceptor agonists.

In chronic heart failure, the sustained elevation of plasma adrenaline and nora-
drenaline levels resulting from over-activation of the sympathetic system was associ-
ated with aggravated oxidative stress due to abnormal activation of the non-phagocytic
NAD(P)H oxidase in response to noradrenaline [10] and transformation of catecholamines
into “aminochromes” undergoing redox cycling in mitochondria to excessively generate
ROS [8,15]. Furthermore, the 2–3-fold increases in plasma noradrenaline levels in canine
chronic heart failure induced by coronary micro-embolization showed a significant relation
to the “mitochondrial injury index” [12]. Finally, in various animal models, exogenous
catecholamine administration was associated with induction of oxidative stress [19,20,56],
in particular as a result of noradrenaline-induced excess superoxide anion formation [57].
In our experiment under conditions of catecholamine levels within the normal physi-
ological range, we did not find any relation between blood superoxide anion, plasma
isoprostane concentrations, or tissue nitrotyrosine formation and plasma noradrenaline
or adrenaline levels. Whole blood superoxide anion blood concentrations and plasma
isoprostane levels were comparable to those reported for healthy volunteers [32,33], as
well as both swine [29] and control patients [58] when using the same methodology as in
our present study. Moreover, we did not find any tissue nitrotyrosine formation. Hence, if
present at all, there was only a minor degree of oxidative stress on both the systemic and
the cardiac tissue level. Nevertheless, the “tail moment” in the comet assay, i.e., whole
blood oxidative DNA strand breaks, showed a significant, non-linear direct relationship
with plasma noradrenaline levels, albeit also well within the normal range reported for
healthy volunteers [30,31]. This result agrees well with our previous study in healthy vol-
unteers: the psychological stress induced by the Trier social stress test for groups (TSST-G)
was not only associated with a moderate rise in salivary α-amylase activity, which was
assessed as a surrogate for noradrenaline plasma concentrations, but also with a mild
increase in the tail moment indicating mild oxidative DNA damage [41]. Other authors
reported increased left ventricular tissue superoxide anion formation in adult minipigs
with streptozotocin-induced diabetes mellitus; however, animals were studied after five
months [34]. Nevertheless, since we did not find any increase in markers of enhanced
oxidative stress in the cardiac specimens, it remains speculative whether increased ROS
formation contributed to our finding of an inverse relation between cardiac mitochondrial
respiration and catecholamine concentrations.

Limitations of the Study

Our study is certainly limited by the fact that for this pilot experiment, we were only
able to obtain a permission from the Animal Care Committee of the Universität Ulm and the
Federal Authorities for Animal Research (Regierungspräsidium Tübingen) for six control
and six ELS animals. Therefore, a power calculation was unavailable, and, consequently,
more significant differences may have been missed due to the small number of pigs in
each group. In addition, studying pigs per se may limit the transferability of our results;
however, several porcine studies available in the literature have demonstrated the useful-
ness of swine as a surrogate for human physiology with respect to cardiac function and
markers of oxidative as well as stress hormone plasma concentrations [3,25,27–29,39,40].
Clearly, studying anesthetized and mechanically ventilated animals after minor surgical
instrumentation rather than awake pigs may have influenced the results. However, this
approach was explicitly chosen in order to (i) control as much as possible parameters
of hemodynamics, gas exchange, acid-base status, and metabolism, and, in accordance
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with the “3R” principle of animal experimentation, (ii) simultaneously avoid as much as
possible any stressful conditions. In fact, as mentioned above, the stress hormone plasma
concentrations prove that our data represent a strictly physiological, un-stressed situation.
Finally, it could be argued that exogenous administration of catecholamines might have
allowed for more definitive assessment of possible cause/effect relationships. Again, we
explicitly did not choose this approach in order to study physiological conditions rather
than a situation with possible catecholamine-induced changes in particular in hemodynam-
ics (e.g., tachycardia, and/or arterial hypertension) and metabolism (e.g., increased oxygen
demand, hyperglycemia, and/or -lactatemia) that would have per se influenced cardiac
energy metabolism.

4. Materials and Methods

The data presented are a post hoc analysis of material available from a previously
published study [27] in order to comply with the “3R” principle of animal experimentation
requesting the minimization of animal numbers used. The original experiments had been
performed after obtaining the approval by the University of Ulm Animal Care Commit-
tee and the Federal Authorities for Animal Research (Regierungspräsidium Tübingen;
Reg.-Nr. 1559, approval 29 October 2021) and in compliance with the National Institute of
Health Guidelines on the Use of Laboratory Animals and the European Union “Directive
2010/63/EU on the protection of animals used for scientific purposes”. The data presented
are from twelve young (median (interquartile range) age 23 (22; 24) weeks, bodyweight
82 (67; 93) kg), sexually mature German Large White pigs with equal sex distribution
(n = 3 males/females each per group). Animals of the “control” group had been weaned on
day 28–35 after birth, which corresponds to the weaning period regularly used for swine
husbandry. In contrast, swine with “early life stress (ELS)” had already been weaned on
day 21 after birth. This time point had been chosen, because (i) it represents the earliest
time point for swine weaning described in the Federal German regulations on farm animal
husbandry (“Tierschutz-Nutztierhaltungsverordnung—TierSchNutztV, 22 August 2006;
last amendment 29 January 2021), and (ii) was evaluated as “. . .not to cause any violation
of animal protection. . .” according to the chapter no. 90 entitled “Influence of weaning age on
piglet behaviour” (“Einfluss des Absetzalters auf das Verhalten von Ferkeln nach dem Absetzen”)
of the report on “Environmentally compatible and site-specific agriculture” (“Umweltverträgliche
und Standortgerechte Landwirtschaft”) of the Friedrich-Wilhelms-University, Bonn, Germany.
Moreover, (iii) we aimed to avoid any pathological clinical symptoms associated with earlier
(at day 16–18) weaning of piglets in other ELS models, e.g., diarrhea, weight loss, and/or
intestinal mucosal barrier dysfunction [59–62]. In order to minimize inter-individual differ-
ences with respect to age and development as far as possible, every 2 pairs of control and
ELS animals had been taken from the same litter. Since neither the analysis of heart tissue
mitochondrial respiratory activity or protein expression nor plasma catecholamine levels
showed any effect of sex or of presence/absence of ELS, data of all 12 animals were pooled.

4.1. Anesthesia and Surgery

Anesthesia and surgery have been described in detail in the previously published
study [27]. Briefly, animals had their last meal at the evening before the experiment and
free access to water during the 12 h preceding the experiment. In the morning of the
experimental day, pigs received an intramuscular pre-medication (2 mg/kg of azaperone
plus 0.5–1 mg/kg of midazolam), followed by placement of a peripheral venous catheter in
an ear vein. Subsequently, general anesthesia was induced using propofol (1.5–2 mg/kg)
and ketamine (1 mg/kg), followed by endotracheal intubation, and fentanyl (20 µg/kg).
Muscle paralysis was achieved using pancuronium (0.1 mg/kg). Animals were mechani-
cally ventilated using the following ventilator settings: tidal volume 8 mL/kg, respiratory
rate 8–12 breaths/minute adapted to achieve an arterial PCO2 (PaCO2) = 35–40 mmHg,
inspiratory/expiratory ratio (I/E) of 1:1.5, fraction of inspiratory oxygen (FiO2) of 0.3,
positive end-expiratory pressure 10 cmH2O to prevent atelectasis formation [27]. Anes-
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thesia was maintained by continuous intravenous infusion of propofol (10 mg/kg/h). A
balanced electrolyte solution (10 mL/kg/h, Jonosteril 1/1®, Fresenius Kabi, Bad Homburg,
Germany) was infused as maintenance fluid. Via surgical cut down, a 9F-metal-sheathed
catheter (Arrow® International Inc. (Teleflex), Morrisville, NC, USA) was placed in the left
iliac artery for continuous blood pressure monitoring and blood sampling. After comple-
tion of the surgical instrumentation, ventilator settings were modified to an I/E ratio = 1:2,
FiO2 = 0.21, and zero end-expiratory pressure (0 cmH2O) to mimic physiological conditions
as much as possible.

4.2. Experimental Protocol

All experiments had followed a strict timeline, thus allowing to avoid any effect of
circadian rhythm, i.e., intramuscular pre-medication had always been performed at 06:00 h,
induction of general anesthesia at 07:00 h, and, subsequently, surgical instrumentation for
approximately 45 min. As described in the previously published study [27], arterial blood
sampling was performed one hour after surgical instrumentation, immediately followed
by euthanization with KCl after anesthesia had been further deepened for immediate post
mortem organ sampling. Overall, individual experiment duration did not vary by >15 min.

4.3. Measurements and Calculations

In addition to recording of blood temperature, heart rate, and mean arterial pressure,
arterial blood samples were taken for the measurement of PaO2 and PaCO2, acid–base
status, and metabolic parameters (lactate, glucose). Catecholamine levels (adrenaline, nora-
drenaline) were determined after centrifugation of whole blood samples in Li+-heparine-
coated, stabilizer-primed (20 µL/mL blood containing 0.2 M reduced glutathione and 0.2 M
ethylenglycol-bis(aminoethylether)-N,N,N′,N′-tetra-acetic acid (EGTA), both Carl-Roth,
Karlsruhe, Germany) tubes using liquid-chromatography/tandem-mass-spectrometry (LC-
MS/MS) (external analysis by Dr. Eberhard & Partner, Dortmund, Germany). In one
animal, adrenaline concentrations were below the detection limit of 15 pg/mL. For this
animal, this lower threshold value was used for analysis.

Heart tissue mitochondrial respiration was measured by high-resolution respirometry
using the Oxygraph-2K® (Oroboros Instruments, Innsbruck, Austria). This device allows
for simultaneous recording of the O2 concentration in two parallel chambers calibrated for
2 mL of respiration medium MiR05 [63,64]. This medium is composed of 110 mM D-Sucrose
(Sigma Aldrich, St. Louis, MO, USA), 60 mM K-Lactobionate (Sigma Aldrich, St. Louis,
MO, USA), 0.5 mM ethylene glycol tetra acetic acid (Sigma Aldrich, St. Louis, MO, USA),
1 g/L bovine serum albumin free from essentially fatty acids (Sigma Aldrich, St. Louis,
MO, USA), 3 mM MgCl2 (Scharlau, Hamburg, Germany), 20 mM taurine (Sigma Aldrich,
St. Louis, MO, USA), 10 mM KH2PO4 (Merck, Darmstadt, Germany), and 20 mM HEPES
(Sigma Aldrich, St. Louis, MO, USA), adjusted to pH = 7.1 with KOH and equilibrated with
21% O2 at 37 ◦C. Heart tissue homogenates containing 0.75 mg tissue/mL of respiration
medium were filled into both chambers and continuously stirred at 750 rpm. Closing
the chambers by gently pushing down the stoppers started the continuous recording of
mitochondrial respiration, which was quantified in terms of O2 flux (JO2) based on the rate
of change of the O2-concentration in the chambers normalized for tissue weight. Once the
chambers were sealed, specific analysis of mitochondrial respiratory function was achieved
by sequential injections of mitochondrial substrates and inhibitors into the respiration
medium. Recording of measurements started after achieving a stable JO2-signal. The
maximum respiratory capacity in the coupled state (OxPhos) was determined after the
addition of 2 mM malate, 10 mM glutamate, 5 mM ADP, 5 µM cytochrome c, 10 mM
pyruvate, 1 mM octanoyl-carnitine, and 10 mM succinate, and the maximum respiratory
capacity in the uncoupled state (ETC) was measured after the repetitive titration of 1 µM
FCCP. The data shown are normalized for tissue wet weight.

Whole blood superoxide anion (O2
•−) concentrations were determined immediately

after sampling as described previously [27,63]. For this purpose, 25 µL of whole blood
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was mixed with an aliquot of 25 µL freshly thawed CMH spin probe solution. The
CMH solution contained 400 µM CMH spin probe (1-Hydroxy-3-methoxycarbonyl-2,2,5,5-
tetramethylpyrrolidine), 25 µM deferoxamine, and 5 µM diethyldithiocarbamate to chelate
transition metal ions in Krebs-HEPES-Buffer (KHB) (Noxygen, Elzach, Germany). After mix-
ing whole blood with CMH, the solution was transferred to a 50 µL glass capillary, sealed,
and measured with an EMXnano electron spin resonance (ESR) spectrometer (Bruker, Bil-
lerica, MA, USA) after 5 min incubation at 37 ◦C (Bio-III, Noxygen, Elzach, Germany). For
each measurement, 3 scans of the following settings were averaged: 3440 G center field,
60 G sweep width, 72.70 ms conversion time, 9.66 GHz microwave frequency, 0.3162 mW
microwave power, and 2 G modulation amplitude. As a blank sample, KHB added to the
respective amount of CMH was measured and subtracted from the sample value.

As a marker of oxidative stress, whole blood DNA single strand-breaks were quantified
as “tail moment” using single cell gel electrophoresis (alkaline version of the “comet assay”)
adapted for swine blood as described previously [41,65]. For this purpose, 5 µL whole
blood was mixed with 120 mL LMP-Agarose (37 ◦C) and applied on a slide. Slides were
stored in lysis-buffer for 2 days at 4 ◦C. Briefly after lysis, the cells were denaturated with
alkali (electrophoresis buffer pH 13) for 40 min, followed by electrophoresis for 40 min
at 25 V and 300 mA. Slides were stained with 50 µL ethidium bromide and evaluated by
image analysis (Comet Assay II, Perceptive Instruments, Haverhill, UK). Results are shown
as mean tail moment (percentage of DNA in the tail × tail length) according to the image
analysis software (Comet Assay II V1.02).

Immunohistochemistry was used to quantify myocardial expression of the β2-adren-
oreceptor, subunits of the mitochondrial respiration complexes I–IV, and nitrotyrosin as
a marker of tissue oxidative and nitrosative stress. Immunohistochemistry was chosen,
because (i) it is well established in the literature that densitometric analysis of colorimetric
immunohistochemical staining is as acceptable a method as Western blotting for protein
measurement [66], (ii) we had previously established the immunohistochemistry protocols
for porcine cardiac tissue specimens [67,68], (iii) we had obtained highly significant cor-
relations between the densitometric values and those obtained by Western blotting [69],
and (iv) in contrast to Western blotting, the immunohistochemistry evaluation of the tis-
sue allows identification of the physical topography and protein expression in different
cell types within the tissue specimen. Immunohistochemistry of heart specimens was
performed as previously described [70]. Immediate post mortem left-ventricular cardiac
samples were fixed in formalin (3.5–3.7%) for 6 days, dehydrated, and embedded in paraffin
blocks. Paraffin sections (3–5 µm) were cut, de-paraffinized in xylene, and rehydrated
in a graded series of ethanol (100% Ethanol (1 min), 100% Ethanol (5 min), 90% Ethanol
(3 min), 70% Ethanol (5 min)) and deionized water. Heat-induced antigen retrieval was
performed by heating up the slides in a microwave for 2 times 3 min in 10 mM citrate
solution (pH 6). After cooling back to room temperature, the slides were blocked for 20 min
with 10% normal goat serum (Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA, UK) before incubating for 1 h with the following primary antibodies: β2-adrenergic
receptor (ADRB2 rabbit polyclonal antibody, proteintech 13096-1-AP), mitochondrial sul-
fide quinone oxidoreductase (SQRDL rabbit polyclonal antibody, proteintech 17256-1-AP),
NADH dehydrogenase (ubiquinone) 1 beta subcomplex 8 (NDUFB8 rabbit polyclonal anti-
body, proteintech 14794-1-AP), succinate dehydrogenase complex subunit A (SDHA rabbit
polyclonal antibody 14865-1-AP), ubiquinol-cytochrome c reductase Rieske iron-sulfur
polypeptide 1 (UQCRFS1 rabbit polyclonal antibody, proteintech 18443-1-AP), cytochrome
c oxidase subunit Va (COX5A polyclonal antibody, proteintech 11448-1-AP), nitrotyrosine
(Anti-Nitrotyrosine polyclonal antibody, Millipore, MA, USA, AB5411). Primary antibody
detection was performed by a Dako REAL detection system (anti-mouse, anti-rabbit; al-
kaline phosphatase conjugated) and visualized with red chromogen (Dako REAL; Dako,
Agilent Technologies, Santa Clara, CA, USA) followed by counterstaining with hematoxylin
(Sigma). Washing steps (TBS 1 min, TBS Tween 3 min, TBS 1 min) were performed after
primary antibody incubation (1 h), Dako REAL, Biotinylated Secondary Antibodies incu-
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bation (30 min), Dako REAL Streptavidin Alkaline Phosphatase (AP) incubation (30 min),
and Dako REAL red chromogen. A Zeiss Axio Imager A1 microscope with a 10× objective
was used for visualization of the slides. Two representative 800,000 µm2 sections per
slide were graded for quantification of the red chromogen using the Zen Image Analysis
Software 3.0 blue edition (Zeiss, Oberkochen, Germany). All primary antibodies were
titrated to their optimal dilutions within the range recommended by the manufacturer.
Antibody specificity had been confirmed in NCBI BLAST searches (courtesy of the U.S.
National Library of Medicine, https://blast.ncbi.nlm.nih.gov/Blast.cgi, November 2023).
We compared immunogen sequences of the used antibodies to the Sus scrofa database.
Immunohistochemistry results are presented as % positive area.

4.4. Data Analysis

Since there was neither any effect of the group assignment to the “control” and “early
life stress (ELS)” groups nor any sex-specific effect on plasma catecholamine concentra-
tions, blood markers of ROS production or oxidative stress, nor on tissue mitochondrial
respiration or protein expression, we performed a pooled analysis of all 12 individual
animals. Nevertheless, individual animals are presented according to their original group
assignment, i.e., male (closed squares)/female (open circles) and presence (red)/absence
(blue symbols) of ELS. For the original experiment [27], a power analysis had not been
feasible due to (i) the unavailability of appropriate literature data, and the fact that (ii) our
approach of “mild” early weaning had allowed avoidance of any clinical symptoms, phe-
notype differences, and/or effects on growth, body weight, and behavior of the individual
animals. Accordingly, the Animal Care Committee of the Universität Ulm and the Federal
Authorities for Animal Research (Regierungspräsidium Tübingen) deemed our study as
“exploratory” allowing for n = 6 per group only. For the complete set of data, normal
distribution was tested by Shapiro-Wilk test, and consequently, all data are presented
as median (interquartile range) unless stated differently. Correlation coefficients were
calculated according to Pearson for linear modeling. Non-linear correlation coefficients
were calculated according to Spearman; the model calculated used the following general
formula: y = xplateau + (yx=0 − xplateau) · ek · x. All statistical analyses were carried out with
Origin 2019b (9.6.5) (OriginLab Corporation, Northampton, MA, USA).

5. Conclusions

The present study aimed to answer the question whether variations in plasma cate-
cholamine levels within the normal range may impact myocardial β-receptor expression
and/or mitochondrial respiratory activity. The main findings of this study were that
even physiological catecholamine concentrations showed significant inverse relationships
with both myocardial mitochondrial respiratory activity and tissue expression of the β2-
adrenergic receptor, whereas no relation was found between catecholamine concentrations
and the expression of mitochondrial respiratory complexes. Hence our study suggests that
even variations in the plasma catecholamine concentrations within this normal physiologi-
cal range, e.g., resulting from psychological and/or physical stress, may affect the cardiac
tissue β2-adrenergic receptor expression and thereby possibly the response of cardiac tissue
energy metabolism to β-adrenoceptor agonists.
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