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Highlights 

We investigated the reversibility of left ventricular (LV) dysfunction and myocardial cell 
damage caused by three days of hypoxia and/or norepinephrine (NE) following three 
days of normoxic recovery.  

What are the main findings? 
• The hypoxia-induced LV functional impairments resolved completely during 

normoxic recovery after both NaCl and NE infusions. 
• Oxidative/nitrosative stress, PARylation, and AIF release partially persisted through-

out the reoxygenation phase. 
What are the implications of the main findings? 
• Myocardial cell damage is largely reversible, suggesting that parthanatos probably 

plays a minor role in hypoxia-induced LV dysfunction during subchronic hypoxia 
and subsequent reoxygenation. 

• Additional NE administration increases oxidative/nitrosative stress in the heart but 
also causes mainly reversible cellular damage and does not increase parthanatos. 

Abstract 

Previous studies on rats showed a deterioration of left ventricular (LV) function and my-
ocardial injury characterized by oxidative/nitrosative stress, PARylation, and apoptosis in 
the heart after three days of hypoxia. In the present study on rats, we investigated whether 
a three-day recovery period in normoxia can reverse myocardial injury and dysfunction. 
Further, we studied the effects of norepinephrine (NE) administration as a model of strong 
sympathetic activation on hypoxia-induced LV dysfunction and myocardial damage, as 
well as their reversibility. Three days of normobaric hypoxia (10% O2) significantly de-
creased LV systolic function. Contrary to our expectations, NE infusion even aggravated 
the depression in LV function. These dysfunctions were completely reversed after three 
days of normoxic recovery. In contrast, nitrotyrosine as a marker of oxidative/nitrosative 
stress receded incompletely, and poly(ADP-ribose) (PAR) levels were even higher after 
the recovery period. However, apoptosis-inducing factor receded, at least partially indi-
cating that PAR-related apoptosis (parthanatos) is probably not a major cause of hypoxia-
induced LV dysfunction. Additional administration of NE mildly aggravated oxida-
tive/nitrosative stress but did not significantly intensify PARylation and consequently, 
parthanatos. The findings demonstrate that hypoxia-induced LV dysfunction is reversi-
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ble, suggesting that subchronic hypoxia and subsequent reoxygenation might have a bet-
ter prognosis for the LV than classical ischemia/reperfusion injury. 

Keywords: hypoxia/reoxygenation; norepinephrine; cardiac function; left and right ven-
tricular catheterization; oxidative/nitrosative stress; nitrotyrosine; PARylation; parthana-
tos; apoptosis-inducing factor  
 

1. Introduction 
Stays in hypoxic environments, e.g., at high altitudes or in rooms with low oxygen con-

tent, challenge all organs and tissues. A low arterial oxygen partial pressure (paO2) leads to 
poor oxygen supply to the tissues and energy depletion, which can ultimately result in re-
duced organ function. The heart is a high-energy-consuming organ and is absolutely depend-
ent on aerobic energy production. Even minor reductions in oxygen availability lead to 
changes in heart function, which then—due to impaired circulation—affect other organs, fur-
ther reducing their oxygen supply. Previous studies on rats showed a significant decrease in 
cardiac pump function after three days of normobaric hypoxia at 10% O2, as indicated by sig-
nificant reductions in left ventricular systolic peak pressure (LVSP) and left ventricular (LV) 
contractility, heart rate (HR), stroke volume (SV), and cardiac index (CI) [1]. The decrease in 
LVSP and LV contractility became significant at as early as after 6 h of hypoxia exposure, while 
CI remained unaltered during the first 16 h of hypoxia exposure and only began to decline 
after 24 h [2]. Prolonged exposure to hypoxia over 6 days further deteriorated CI due to a 
further reduction in HR, despite a recovery of LVSP and LV contractility [3].  

In contrast, acute hypoxia in humans is associated with an increase in cardiac output 
resulting from tachycardia in combination with unchanged stroke volume [4–6]. The 
stroke volume can be maintained by improved LV twist mechanics, as has been demon-
strated in echocardiographic studies [6–8]. This improvement in cardiac function is con-
sidered to result from sympathetic activation, which is stimulated by peripheral chemo-
receptors [9,10]. In the first hours of hypoxia, the hypoxia-induced systemic vasodilation 
tends to override sympathetic vasoconstriction. Consequently, the total peripheral re-
sistance (TPR) decreases, and the blood pressure in the systemic circulation remains 
largely constant or rises only slightly [10–12]. 

One possible reason for the significant decline in LV systolic function in rats under hy-
poxia could be that sympathetic activation is weak. This was indicated by insignificant in-
creases in serum norepinephrine (NE) and epinephrine concentrations in rats exposed to hy-
poxia for up to 24 h. Moreover, additional adrenergic blockade only slightly reduced LV sys-
tolic pressure and contractility, HR, and cardiac output compared to hypoxia without adren-
ergic blockade [2]. After three days of hypoxia, however, β-adrenergic blockade (alone or on 
combination with α1-adrenergic blockade) induced a significant reduction in LV contractility, 
SV, HR and CI [1]. Studies on humans have shown that sympathetic activation increases con-
siderably with longer exposure to hypoxia [13,14]. It is noteworthy, however, that hypoxia 
also increases NE clearance [9] and induces downregulation of β-adrenergic receptors [15], 
which may attenuate the effects of sympathetic activation and thus prevent recovery of LV 
function. 

Another reason for the LV depression in hypoxic rats can be found in the restricted met-
abolic situation caused by the reduced oxygen supply. Under hypoxic conditions, most cells, 
including cardiomyocytes, shift their metabolism towards reduced mitochondrial respiration 
and increased anaerobic glycolysis, resulting in a reduced production of adenosine triphos-
phate (ATP) [16–18]. Further, hypoxia impairs mitochondrial electron transport, leading to 
increased production of reactive oxygen species (ROS) such as superoxide anions. Several 
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mechanisms are involved in mitochondrial ROS production that are mediated both by hy-
poxia directly and by hypoxia-inducible factor (HIF) signaling pathways, of which HIF-1 is 
the most important [19,20]. ATP deficiency exacerbates mitochondrial ROS formation via an 
increase in intracellular calcium concentration. This calcium increase causes a mitochondrial 
calcium overload and leads to severe mitochondrial dysfunction, massive exacerbation of en-
ergy depletion and ROS production, and finally, cell demise [21,22]. In addition, hypoxia in-
creases the expression of inducible nitric oxide (NO) synthase and consequently, NO synthesis 
[23]. When excessively produced, NO binds to the superoxide radical, and the highly cytotoxic 
reactive nitrogen species (RNS) peroxynitrite is formed [24]. Peroxynitrite causes the oxidation 
and nitration of numerous proteins and lipids. As it is a short-lived and highly reactive oxi-
dant, it is difficult to detect, but nitrotyrosine (NT), the stable product of peroxynitrite-medi-
ated tyrosine nitration, is established as a relevant biomarker of oxidative/nitrosative stress 
[25]. Besides causing the exacerbation of oxidative damage to mitochondrial proteins and 
membranes, peroxynitrite induces DNA injuries, including single strand breaks [26]. These 
DNA injuries activate energy-consuming repair mechanisms, including the ribosylation of 
poly-adenosine diphosphate (ADP), forming poly(ADP-ribose) (PAR), which is also triggered 
by peroxynitrite [27]. In cases of severe DNA damage and pathological stress, overexpression 
of PAR polymerase (PARP)-1 causes excessive production of PAR, which releases apoptosis-
inducing factor (AIF) from the mitochondria. AIF then translocates to the nucleus, where it 
induces extensive DNA fragmentation, leading to cell death [27–29]. This pathological mech-
anism, designated as parthanatos, plays a key role in tissues with high metabolic activity, such 
as the heart, and is involved in numerous cardiovascular diseases such as myocardial ische-
mia/reperfusion (I/R) injury and heart failure [30,31]. Unlike classical apoptosis, parthanatos 
does not depend on the activation of specific “death proteins” such as caspases. Instead, it 
utilizes pleiotropic proteins that perform essential functions under physiological conditions 
such as PARP-1, an important signaling molecule initiating DNA repair processes [32], or AIF, 
which is involved in normal mitochondrial respiration [28]. In cases of extreme cellular stress, 
this pathway is hyperactivated and then functions as an emergency program to eliminate the 
damaged cells. Studies on rats exposed to normobaric or hypobaric hypoxia showed increased 
ROS/RNS generation in the myocardium [33,34]. Further, a previous study on rats exposed to 
normobaric hypoxia over three days showed a significant increase in NT, PARP-1, PAR, and 
AIF in the heart [1], indicating that this pathway is also implicated in the myocardial injury 
induced by exposure to systemic hypoxia. Strong sympathetic activation or administration of 
high doses of NE can also increase the formation of ROS/RNS, activate PARP-1 and induce 
apoptosis and necrosis [35–38], which may further promote the hypoxic myocardial damage. 

The main aim of the present study was to investigate the effects of a three-day normoxic 
recovery on cardiac function and on markers of hypoxic myocardial injury. As ischemia-in-
duced damage to myocardial cells is often deteriorated after reperfusion [39–41], we hypoth-
esized that oxidative/nitrosative stress and the associated myocardial damage, including par-
thanatos, might persist after return to normoxia. This leads to the second question as to 
whether heart function improves or remains impaired after reoxygenation. The third question 
was related to the contribution of NE administration to myocardial function and myocyte in-
jury, with particular focus on oxidative/nitrosative stress, PAR formation and AIF release. In 
a previous study, we investigated the effects of three days of hypoxia plus adrenergic blockade 
on the heart [1]. The present study aims to supplement this work by examining the effects of 
sympathetic overstimulation. NE infusion is an established model for the development of car-
diac hypertrophy and remodeling [42,43]. Therefore, we chose this model here as well, even 
though external NE administration differs in some respects from the effects of true sympa-
thetic overactivity. An important difference is that NE infusion has predominantly systemic 
α1-adrenergic vasoconstrictor effects while β-adrenergic effects are moderate to mild [44]. 
Here, we hypothesized that NE administration would aggravate hypoxia-induced myocardial 
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damage and parthanatos. Finally, we investigated whether and to what extent myocardial 
function and myocardial injury recede after this treatment, followed by three days of normoxic 
recovery and withdrawal of NE. 

2. Materials and Methods 
2.1. Animal Model 

All experiments were conducted on 98 female Sprague Dawley rats supplied by 
Charles River (Sulzfeld, Germany). At the beginning of the study, the body weight (BW) 
of the animals was 242.8 ± 1.9 g, corresponding to an age of about 10–12 weeks. All animal 
protocols were approved by the Federal State Agency (Landesdirektion Sachsen, protocol 
number TVV 46/18). The experiments were performed according to the Guide for the Care 
and Use of Laboratory Animals, published by the National Institutes of Health, and with 
the “European Convention for the Protection of Vertebrate Animals used for Experi-
mental and other Scientific Purposes” (Council of Europe No 123, Strasbourg 1985). 

2.2. Study Protocol 

Animals were divided at random into two cohorts for exposure to normoxia (N, n = 50) 
or normobaric hypoxia (H, n = 48). The animals were housed in individual cages, which were 
placed in a 65 × 105 × 50 cm chamber. This chamber was ventilated, either with ambient air 
(for normoxic animals) or with a gas mixture containing 10% oxygen in nitrogen (for animals 
exposed to hypoxia). A special device prevented ambient air from entering the chamber dur-
ing manipulations on the animals, thus maintaining a stable oxygen concentration of 10 ± 0.5% 
inside the chamber. All animals were infused via an intravenous catheter (Vygon, Aachen, 
Germany) using automatic pumps (Infors AG, Basel, Switzerland) at a rate of 0.1 mL h-1 
throughout the entire experimental period. Both the normoxic and hypoxic cohorts were ran-
domly subdivided into two groups, one infused with 0.9% sodium chloride (NaCl) solution 
and the other with NE (0.1 mg kg−1 h−1). This first phase of the experiment, the intervention 
period, lasted 72 h; after that, the experiment ended for portion of the animals of those four 
groups. These four subgroups were referred to as N-NaCl (n = 14), H-NaCl (n = 18), N-NE (n 
= 14), and H-NE (n = 10). For the remaining animals, the intervention period was followed by 
a 72-hour recovery period during which they remained in normoxia and were infused with 
NaCl. These animals were labeled as N-NaCl+R (n = 8), H-NaCl+R (n = 8), N-NE+R (n = 14) 
and H-NE+R (n = 12) (Figure 1). The transition to the recovery period did not require any direct 
manipulations on the animals. 

 

Figure 1. Experimental protocol: Upper part: Four groups of rats were exposed only to the 72-hour 
intervention period, i.e., exposure to room air (normoxia, N) or normobaric hypoxia (H, 10% O2 in 
N2) with infusion of 0.9% saline (NaCl) or norepinephrine (NE, 0.1 mg kg-1 h-1). Lower part: Four 



Cells 2026, 15, 1207 5 of 30 
 

https://doi.org/10.3390/cells15131207 

other groups of rats were exposed to the intervention period, followed by a 72-hour recovery period 
with exposure to room air (normoxia, N) and infusion of 0.9% saline (NaCl). HD marks the start of 
hemodynamic measurements (50 min before the end of the experiment). The color and pattern codes 
presented here are also used in the following figures for the respective animal groups. 

At the beginning of the experiment, we inserted the infusion catheter into the left 
jugular vein under anesthesia with 2% isofluran. The exposure to the hypoxic environ-
ment started immediately after catheter insertion. After waking up from anesthesia, the 
rats were able to move freely in their cages and had access to tap water and a rat chow 
diet (Altromin C100, Altromin GmbH, Lage, Germany). The oxygen concentration in the 
chamber, as well as sufficient availability of food and drinking water, were checked reg-
ularly. 

2.3. Hemodynamic Measurements  

About 50 min before the end of the experiment, the animals were anesthetized with 
an intraperitoneal injection of thiopental (Trapanal® 80 mg kg−1; Inresa Arzneimittel, Frei-
burg, Germany). The animals were weighed to calculate the BW difference over the ex-
perimental period. Once a sufficient depth of anesthesia had been achieved, as verified by 
testing the foot-withdrawal reflex, we performed a tracheotomy and placed a polyeth-
ylene cannula into the trachea. First, we catheterized the right ventricle (RV) with a Mil-
lar® (Millar Instruments, Houston, TX, USA) ultraminiature catheter pressure transducer, 
which was inserted through the right internal jugular vein. After measuring RV hemody-
namics, a pressure–volume catheter (Millar Instruments, Houston, TX, USA) was inserted 
into the left ventricle (LV) via the right carotid artery. Data acquisition and analysis were 
performed with Power Lab and Lab Chart Software from ADInstruments (version 8.1.9, 
ADInstruments Europe/UK, Oxford, UK) and modified LabChart Software (version 1.0) 
from the ADInstruments sales department (FMI Föhr Medical Instruments GmbH, See-
heim, Germany). Parallel conductance was corrected by injection of 0.1 ml of 0.9% NaCl 
solution, and stroke volume (SV) was calibrated by the thermodilution method. The fol-
lowing variables were measured in RV and LV: systolic peak pressures (LVSP, RVSP), 
heart rate (HR), and the maximum rate of pressure increase (LV dP/dt max, RV dP/dt max) 
or decrease (LV dP/dt min, RV dP/dt min) as measures of ventricular contractility and 
relaxation, respectively. In the LV, we further determined stroke volume (SV), ejection 
fraction (EF), and stroke work (SW), as well as end diastolic pressure (LV edP) and volume 
(LV edV). After withdrawing the LV catheter tip into the aorta, diastolic aortic pressure 
(DAP) was measured to calculate mean aortic pressure (MAP). In addition, we used the 
thermodilution method to measure the cardiac index (CI, body mass-related cardiac out-
put) using a thermosensitive 1.5F microprobe and a Cardiomax II computer (Columbus 
Instruments, Columbus, OH, USA). From this, we calculated the total peripheral re-
sistance (TPR) by dividing MAP by CI.  

Animals of the H-NaCl and H-NE groups remained in hypoxia until the completion 
of the hemodynamic measurements. 

2.4. Sampling of Materials 

After the hemodynamic measurements were completed, the abdominal cavity was 
opened, and blood was drawn from the abdominal aorta, thereby sacrificing the animals. 
The aortic blood was used for oximetry and blood gas analysis, which were carried out 
with the ABL800 BASIC blood gas analyzer (Radiometer Medical ApS, Brønshøj, Den-
mark). We measured the arterial saturation of oxygen (SaO2), the partial pressures of ox-
ygen (pO2) and carbon dioxide (pCO2), the pH, the concentration of lactate (cLac), the 
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concentrations of potassium (cK+) and sodium (cNa+), as well as the concentration of he-
moglobin (cHb) and the hematocrit (Hct). 

Then the heart was excised, and the apex was trimmed off and fixated in formalin for 
immunohistochemical analyses. At the end of the experiment, the leftover feed was 
weighed to determine the total feed consumption and to calculate the daily feed intake of 
the animals. Drinking water consumption was measured every day for all animals that 
were in the experiment for 6 days, meaning those that had completed both the interven-
tion and recovery phases. This allowed us to directly compare the water intake during the 
two experimental phases in the same animals. 

2.5. Immunohistochemistry 

Immunohistochemical analysis was applied to determine markers of oxidative/ni-
trosative stress (NT), for DNA damage and its repair (PAR), and for the PAR-induced 
apoptosis (AIF) in the heart. We cut 2 µm thick sections of the cardiac apex. These slices 
were dewaxed, rehydrated, cooked in 0.01 M citrate buffer (pH = 6) and then blocked with 
bovine serum albumin to saturate unspecific bindings. The samples were incubated with 
the primary antibodies at 4 °C overnight. For the determination of NT, we used mouse 
monoclonal anti-nitrotyrosine primary antibody (1 mg/mL, dilution 1:100; product num-
ber = MAB5404; Merck-Millipore, Darmstadt, Germany). For PAR, the primary antibody 
was mouse monoclonal antibody IgG2a (1 mg/mL, dilution 1:200; product number = ALX-
804-220; Enzo, Lörrach, Germany), and for determination of AIF, we employed mouse 
monoclonal antibody IgG (200 µL/mL, dilution 1:50; product number = sc-13116; Santa 
Cruz, Heidelberg, Germany). On the second day, the samples were washed, and the 
horseradish peroxidase-labeled secondary antibody (goat anti-mouse antibody; dilution 
1:200; product number = 12-349; Merck-Millipore, Darmstadt, Germany) was added and 
incubated for 1 h (AIF and PAR) or 2 h (NT) at room temperature. After another wash 
cycle, we applied AEC red chromogen (Enzo, Lörrach, Germany) to visualize the positive 
cells. Cell nuclei were counterstained with hemalum.  

To conduct the microscopic examination and photography, we used the Axioimager 
M1 microscope from Zeiss (Carl Zeiss, Jena, Germany), together with an AxioCam MRc 5 
camera and Zen Blue 3.1 software (Carl Zeiss, Jena, Germany). At least 50 photographs 
per animal were captured at 100× magnification for the identification of each marker. The 
positive areas (in µm2) in the pictures were measured using the ImageJ [45] program. The 
samples were evaluated by two independent, blinded experimenters (A.S. and B.R.). The 
expression of each marker is given as the positive area related to the total area of the spec-
imen (in percent). 

2.6. Statistical Analysis 

Statistical analyses were performed using analysis of variance (ANOVA) procedures 
via the software package SigmaPlot Version 16.0 (Systat Software GmbH, Erkrath, Ger-
many) for Windows. As a first step, a Shapiro–Wilk test was conducted to ensure normal 
distribution. If the data were normally distributed, a one-way ANOVA with post hoc tests, 
according to the Holm–Sidak method was performed to compare all groups against one 
another. If the data were not normally distributed, we employed a Kruskal–Wallis 
ANOVA on ranks with a post hoc test, according to Dunn’s method. Since the experiment 
included various treatment factors, their main effects and interactions among the treat-
ment factors were examined using a three-way ANOVA. We defined the factors A = en-
vironment with the levels normoxia (N) and hypoxia (H), B = infusion with the levels NaCl 
and NE, and C = periods with the levels intervention (INT) and intervention + recovery 
(INT+R). Post hoc tests were performed using the Holm–Sidak method. p values < 0.05 
were considered significant. The results of the three-way ANOVA are presented as the p-
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values of the factor interactions. The main effects of the factors are reported only if there 
are no significant interactions with other factors. 

2.7. Use of Generative Artificial Intelligence (GenAI) 

We used GenAI exclusively to assist with literature research while drafting the man-
uscript. 

3. Results 
3.1. General Metabolic Situation 

Under hypoxia, food intake was reduced by more than 50% compared to that of the 
normoxic control animals (p < 0.001, see Figure 2a). Consequently, the H-NaCl animals 
lost 11.7 g on average (equivalent to 5.1% of their initial body weight) during the days of 
hypoxia, while normoxic animals maintained their body weight (BW) as almost stable. NE 
infusion also reduced food intake, particularly in normoxia. The three-way ANOVA re-
vealed significant interactions among the factors. We found significant differences in fac-
tor A (i.e., between N and H) at both levels of factor B, and significant differences in factor 
B (i.e., between NaCl and NE) at level N of factor A during the intervention period (p < 
0.001; Table 1). Accordingly, BW loss during NE infusion was significantly greater, even 
in normoxia (16.7 g; 6.8%; p = 0.01), but even more so in hypoxia (32.7 g; 12.9%; p < 0.001). 
The three-way ANOVA showed significant differences between NaCl and NE in the in-
tervention period (p < 0.001; Table 1). During the 72 h recovery period, food intake nor-
malized, and the BW returned to nearly its initial level and remained only slightly below 
it (Figure 2). 

(a) (b) 

Figure 2. (a) Daily food intake in g; (b) change in body weight (ΔBW) in g between the first and last 
day of the experiment. Data are given as mean ± SEM. N, normoxia; H, hypoxia; 72 h, intervention 
period only; 72 h + R, intervention + recovery period; NaCl, saline infusion; NE, norepinephrine 
infusion. Significance marks: * p < 0.05, ** p < 0.01, and *** p < 0.001; significant differences vs. corre-
sponding intervention period: ••• p < 0.001. 

Table 1. Three-way ANOVA results for the general condition parameters. 

Three-factor 
interactions A × B interactions (within factor C) A × C and B × C interactions 

Differences in 
factors 

A (within B) 
N vs. H 

B (within A) 
NaCl vs. NE 

A (within C) 
N vs. H 

B (within C) 
NaCl vs. NE 

Level of the 
other factors B: NaCl B: NE A: N A: H C: INT C: INT+R A: N A: H 

A x B interactions at level INT of factor C (no sign. A x B interactions at level INT+R) 
Food/d <0.001 <0.001 <0.001 0.957 ----- 0.004 ----- 0.066 

pH 0.116 0.022 0.385 0.201 0.262 
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                                          A x B interactions at level INT+R of factor C (no sign. A x B interactions at 
level INT) 

K+ 0.279 0.393 0.783 0.036 <0.001 ----- 0.900 ----- 
 
Two-factor in-
teractions only 

            

Differences in 
factors 

A (within B) 
N vs. H 

B (within A) 
NaCl vs. NE 

A (within C) 
N vs. H 

C (within A) 
INT vs. INT+R 

B (within C) 
NaCl vs. NE 

C (within B) 
INT vs. INT+R 

Level of the 
other factor 

B: NaCl B: NE A: N A: H C: INT C: 
INT+R 

A: N A: H C: INT C: 
INT+R 

B: NaCl B: NE 

ΔBW 0.754 0.088 <0.001 0.57 0.94 <0.001 
pCO2 0.628 0.004 0.945 0.001 0.857 0.128 0.013 0.69 <0.001 
Hct <0.001 0.054 0.006 0.722 0.558 0.192 
Na+ 0.286 0.056 0.884 0.001 <0.001 0.577 

Water intake 0.674 0.013 0.006 0.055 <0.001 0.064 
The table shows the p values for the interactions between the factors. ----- Significance not calculated 
because it is included in the three-factor interaction. For SaO2, pO2, cLac, and cHb, there were no 
significant interactions. 

Arterial oxygen saturation (SaO2) and pO2 decreased in hypoxia from 93% to ~82% 
and from 96 to 88 mmHg, respectively, in the NaCl-infused rats. The acid–base situation 
shifted in these animals towards a mildly acidotic state, with a pH of about 7.35 and a 
lactate concentration in the blood of 3.6 mmol/L. pCO2 was slightly reduced to ~33 mmHg, 
indicating mild hyperventilation. With NE infusion, these changes were even more pro-
nounced. SaO2 was already ~82% in the normoxic NE group and decreased further to 
~73% under hypoxia. For SaO2, we observed significant main effects in the three-way 
ANOVA for factors A (N vs. H: p = 0.042) and C (INT vs. INT+R: p < 0.001). pO2 also 
decreased slightly, but not significantly, with NE administration. pH in the N-NE group 
was normal (7.4), and pCO2 was moderately elevated (49 mmHg). Under hypoxia and NE 
infusion, both values decreased to 7.33 and 32 mmHg, respectively. Most of these param-
eters tended to normalize during the recovery period, only pCO2 decreased further in an-
imals that were previously infused with NE (Figure 3 and Table 1 and 2). 

 
(a) (b) 

Figure 3. (a) arterial pH; (b) arterial oxygen saturation (SaO2) in %. Data are given as mean ± SEM. 
N normoxia; H hypoxia; 72 h intervention period only; 72 h + R intervention + recovery period; NaCl 
saline infusion; NE norepinephrine infusion. Significance marks: * p < 0.05. 
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Table 2. Oximetry and blood gas assessment. 

  NaCl    NE   
 N-NaCl H-NaCl N-NaCl+R H-NaCl+R N-NE H-NE N-NE+R H-NE+R 

pO2 
(mmHg) 

95.6 
± 2.4 

88.0 
± 2.7 

94.3 
± 6.9 

99.8  
± 4.5 

80.5 
± 9.6 

76.5 105.8 
± 3.8 

86.9 
± 6.6 

pCO2 
(mmHg) 

37.4 
± 1.8 

32.6 
± 2.9 

38.1 
± 2.6 

35.0 
± 1.8 

48.9 # 
± 5.1 

32.2 
± 2.1 

24.7 ••• 
± 3.5 

28.3 
± 7.1 

cLac 
(mmol/L) 

0.95 
± 0.35 

3.60 
± 1.09 

2.97 
± 1.11 

3.01 
± 0.85 

2.77 
± 0.37 

3.79 
± 1.37 

2.41 
± 0.26 

2.74 
± 0.56 

Partial pressures of oxygen (pO2) and carbon dioxide (pCO2); concentration of lactate (cLac). Data 
are presented as mean ± SEM. Significance marks: significant difference vs. H-NE: # p < 0.05; signif-
icant difference vs. corresponding intervention period: ••• p < 0.001. 

Three days of hypoxia induced a significant increase in hemoglobin concentration 
(cHb) and hematocrit (Hct), indicating that acclimatization to hypoxia is taking place. For 
cHb, the three-way ANOVA revealed significant main effects for factors A (N vs. H: p < 
0.001) and C (INT vs. INT+R: p < 0.001). With NE infusion, both cHb and Hct were already 
slightly elevated in normoxia, but further increased under hypoxia to a similar level as 
that resulting from NaCl infusion. After three days of normoxic recovery, they showed a 
tendency to return to normal levels, but not to complete normalization. However, serum 
potassium (cK+) and sodium concentrations (cNa+) also increased during the hypoxic pe-
riod and reverted after three days of recovery (Figure 4). It should be noted that the ani-
mals reduced their daily fluid intake during the period of hypoxia by about 50% (14.4 
mL/d compared to 27.2 mL in normoxic animals), but compensated for this during the 
days of recovery. With NE infusion, the daily fluid intake was even mildly increased in 
normoxia, but also decreased under hypoxic conditions. During recovery, the daily fluid 
intake increased even further in the formerly normoxic NE animals. However, in the pre-
viously hypoxic animals, the fluid intake per day reached levels more than three times as 
high as those during the intervention period (76.6 mL/d compared to 21.4 mL/d; Figure 
5). There was a significant difference in factor C between INT and INT+R at level H of 
factor A (p < 0.001).  
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Figure 4. (a) Hemoglobin concentration (cHb) in g/100 mL; (b) hematocrit (Hct) in %; (c) K+ concen-
tration (cK+) in mmol/L; (d) Na+ concentration (cNa+) in mmol/L. Data are given as mean ± SEM. N, 
normoxia; H, hypoxia; 72 h, intervention period only; 72 h + R, intervention + recovery period; NaCl, 
saline infusion; NE, norepinephrine infusion. Significance marks: * p < 0.05, ** p < 0.01; significant 
differences vs. corresponding intervention period: •• p < 0.01. 

 
Figure 5. Daily drinking water intake in mL: (a) furing the intervention period (day 1–3); (b) during 
the recovery period (day 4-6). Drinking water consumption was measured only in the animals that 
were exposed to the 6-day experiment, including the intervention and recovery phases. Data are 
given as mean ± SEM. N, normoxia; H, hypoxia; NaCl, saline infusion; NE, norepinephrine infusion. 
Significant differences vs. corresponding intervention period: •• p < 0.01; ••• p < 0.001. 

The significance levels from the three-way ANOVA for the parameters described in 
this section are presented in Table 1. 
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3.2. Hemodynamic Results 

Hemodynamic data are presented in Figure 6 and Tables 3 and 4. Exposure to hy-
poxia deteriorated LV systolic function, as indicated by significant differences in factor A 
(environment, i.e., between N and H) at level INT of factor C for numerous parameters 
such as LVSP, SV, SW, CI, EF, and HR. A significant reduction in LV dP/dt min and an 
increase in LV edP at level INT demonstrate that LV diastolic function was compromised 
as well (Table 3). In contrast, RV function was slightly improved under hypoxia. There 
was a significant main effect of factor A (N vs. H: p = 0.019), without significant interac-
tions with the other factors. RV dP/dtmax was slightly, but not significantly, improved by 
about 7%. The TPR was slightly but not significantly reduced. 

Table 3. Three-way ANOVA results for the HD parameters. 

Three-factor 
interactions 

A × B interactions (within factor C) A × C and B × C interactions  

Differences in 
factors 

A (within B) 
N vs. H 

B (within A) 
NaCl vs. NE 

A (within C) 
N vs. H 

B (within C) 
NaCl vs. NE 

Level of the 
other factors 

B: NaCl B: NE A: N A: H C: INT C: INT+R A: N A: H 

A x B interactions at level INT of factor C (no sign. A x B interactions at level INT+R) 
LVSP <0.001 0.012 0.003 0.036 ----- 0.003 ----- 0.003 

LV dP/dt max ----- ----- ----- ----- 0.04 0.14 0.723 0.734 
DAP  <0.001 <0.001 0.002 0.002 ----- 0.187 ----- 0.035 
MAP  <0.001 0.003 0.004 0.01 ----- 0.176 ----- 0.01 
TPR  ----- ----- ----- ----- 0.366 ----- 0.024 ----- 

Two-factor 
interactions 

only 
            

Differences 
in factors 

A (within B) 
N vs. H 

B (within A) 
NaCl vs. NE 

A (within C) 
N vs. H 

C (within A) 
INT vs. INT+R 

B (within C) 
NaCl vs. NE 

C (within B) 
INT vs. INT+R 

Level of the 
other factor 

B: NaCl B: NE A: N A: H C: 
INT 

C: 
INT+R 

A: N A: H C: 
INT 

C: 
INT+R 

B: NaCl B: NE 

LV edP 0.688 0.002 0.342 0.041 <0.00
1 

0.96 0.772 0.001 0.758 

SW 0.354 0.011 0.135 0.876 <0.00
1 

0.08 

SV 0.505 0.03 0.419 0.301 <0.00
1 

<0.00
1 

0.597 0.32 <0.00
1 

HR 0.544 0.012 0.38 0.048 0.186 0.056 0.019 0.065 0.015 

CI 0.668 0.01 0.477 0.828 
<0.00

1 0.170 

LV dP/dt 
min 0.221 0.01 0.004 0.37 

<0.00
1 

<0.00
1 0.355 0.088 

<0.00
1 

EF 0.461 0.037 0.263 0.348 
<0.00

1 0.226 

The table shows the p values for the interactions between the factors. ----- Significance not calculated 
because it is included in the three-factor interaction. For LV edV, RVSP, RV dP/dt max, and RV 
dP/dt min, there were no significant interactions. 
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Figure 6. (a) Left ventricular systolic peak pressure (LVSP) in mmHg; (b) right ventricular systolic 
peak pressure (RVSP) in mmHg; (c) left ventricular maximum rate of pressure increase (LV dP/dt 
max) in mmHg/s; (d) left ventricular end-diastolic pressure (LV edP) in mmHg; (e) stroke work in 
mmHg μL; (f) stroke volume in μL; (g) heart rate in min-1; (h) cardiac index in mL min-1 kg-1. Data 
are given as mean ± SEM. N, normoxia; H, hypoxia; 72 h, intervention period only; 72 h + R, inter-
vention + recovery period; NaCl, saline infusion; NE, norepinephrine infusion. Significance marks: 
* p < 0.05; ** p < 0.01; *** p < 0.001; significant differences vs. corresponding intervention period: • p 
< 0.05; •• p < 0.01; ••• p < 0.001. 
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Table 4. Hemodynamic parameters. 

  NaCl    NE   
 N-NaCl H-NaCl N-NaCl+R H-NaCl+R N-NE H-NE N-NE+R H-NE+R 

LV dP/dt min 
(mmHg/s) 

−11896 
± 468 

−10175 ## 
± 614 

−10570 
± 1091 

−14055  
± 344 

−8464 ** 
± 633 

−6668 *** 
± 461 

−11069 
± 820 

−12126  
± 854 

RV dP/dt max 
(mmHg/s) 

2307  
± 183 

2458  
± 192 

2456  
± 274 

2583  
± 226 

2448  
± 158 

2686  
± 190 

2445  
± 151 

2521  
± 141 

RV dP/dt min 
(mmHg/s) 

−2098  
± 174 

−1928  
± 137 

−1986  
± 195 

−2348  
± 167 

−2024  
± 144 

−2148  
± 151 

−1996  
± 117 

−2262  
± 152 

EF  
(%) 

61.8 
± 1.2 

54.1 
± 2.7 

64.4 
± 4.0 

64.9 
± 6.1 

49.8 
± 3.1 

41.8 * 
± 6.0 

54.8 
± 5.9 

64.3  
± 2.1 

LV edV  
(μL) 

311.0 
± 9.8 

279.6 
± 9.7 

274.6 
± 21.3 

271.8 
± 14.5 

282.3 
± 10.1 

275.5 
± 9.4 

266.2 
± 14.1 

299.8 
± 9.3 

DAP 
(mmHg) 

98.4  
± 3.9 

79.8 ** #  
± 3.4 

80.9  
± 5.7 

100.0  ° 
± 2.7 

82.7 * # 
± 4.0 

63.6*** 
± 2.8 

103.4  °°  
± 3.4 

95.1  
± 2.5 

MAP 
(mmHg) 

109.6 
± 3.5 

91.4 ** 
± 3.6 

91.4  
± 5.6 

111.9  ° 
± 3.2 

94.7 # 
± 4.0 

77.9 ***  
± 3.0 

117.2  °°° 
± 3.5 

108.0   
± 2.9 

TPR (mmHg 
min kg mL-1) 

0.29 
± 0.01 

0.27 
± 0.02 

0.24 
± 0.02 

0.30 
± 0.02 

0.33 
± 0.02 

0.42 
± 0.08 

0.41 ° 
± 0.05 

0.31 
± 0.01 

LV and RV maximum rate of pressure decrease (LV dP/dt min, RV dP/dt min); RV maximum rate 
of pressure increase (RV dP/dt max); ejection fraction (EF); LV end-diastolic pressure (LV edP); 
diastolic aortic pressure (DAP); mean aortic pressure (MAP); total peripheral resistance (TPR). Data 
are presented as mean ± SEM. Significance marks: significant differences vs. N-NaCl: * p < 0.05; ** p 
< 0.01; *** p < 0.001; vs. H-NE: # p < 0.05; ## p < 0.01; vs. N-NaCl+R: ° p < 0.05; °° p < 0.01; °°° p < 0.001; 
significant differences vs. corresponding intervention period: • p < 0.05; •• p < 0.01; ••• p < 0.001. 

NE infusion further aggravated the LV depression, even in normoxia, as particularly 
evidenced in LVSP showing significant interactions among all three factors, with a 
significant difference in factor B (NaCl vs. NE: p = 0.003) at level N of factor A and level 
INT of factor C (Table 3). Under hypoxic conditions, the deterioration in LV function was 
even more prominent. LVSP decreased significantly by about 25% and consequently, SV, 
SW and CI also decreased significantly by about 40–50% compared to the results for the 
N-NaCl group. For SV, there were significant differences in factor B (NaCl vs. NE) at level 
INT of factor C (p < 0.001). TPR was mildly elevated in the NE-treated animals, as 
indicated by a significant difference in factor B (infusion, i.e., between NaCl and NE) at 
level INT of factor C (p = 0.024). LV edP decreased in N-NE rats but increased in the H-
NE group by more than one third above the level in N-NaCl animals. This is also 
underscored by significant differences in factor B (NaCl vs. NE) at level H of factor A (p = 
0.041) and in factor A (N vs. H) at level NE of factor B (p = 0.002; Table 3). In contrast, RV 
function improved slightly further during NE infusion. In RVSP, we found a significant 
main effect of factor B (infusion; p = 0.04); with RV dP/dtmax and RV dP/dtmin, there were 
no significant main effects or interactions among the factors. 

After a three-day period of normoxic recovery with NaCl infusion, most of the 
hemodynamic parameters were restored to the levels of the N-NaCl group or even 
exceeded them. This is evident from the results of the three-way ANOVA: Many 
parameters show significant differences in factors A and B at level INT of factor C, but not 
at level INT+R (see Table 3). Only HR and consequently, CI, remained slightly below the 
values of the N-NaCl group in the previously NE-infused animals. For HR, there was a 
significant interaction between factors B and C at level INT+R (p = 0.019). 

3.3. Immunohistochemical Results 
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Hypoxia induced oxidative/nitrosative stress in the heart, as indicated by a 
significant increase in NT. The three-way ANOVA revealed a significant main effect for 
factor A (N vs. H: p < 0.001). NE infusion, however, increased NT to almost the same level, 
even in normoxia, and increased it further under hypoxic conditions. There was also a 
significant main effect for factor B (NaCl vs. NE: p < 0.001). Three days of recovery largely 
restored the NT levels in the animals that had only received NaCl infusion. Of note, in rats 
kept in normoxia with NaCl infusion over six days, the NT values were even lower than 
those after three days of this treatment. The three-way ANOVA also showed a significant 
main effect for factor C (INT vs. INT+R: p = 0.013), even though there was hardly any 
decrease in the NT levels after the recovery phase in those animals that were previously 
infused with NE (Figure 7). There were no statistically significant interactions among the 
factors. 

Moreover, we found a significant increase in the levels of PAR under hypoxia. The 
extent of hypoxic PARylation was in a similar range with levels for NaCl and NE infusion. 
In the three-way ANOVA, we found a significant main effect of factor A (N vs. H: p < 
0.001) but no interactions of factor A with factor B or C. After the recovery period, the PAR 
levels receded in the animals previously exposed to NE plus hypoxia, but they were even 
higher in those animals that had received NaCl during the intervention phase (Figure 8). 
There was a significant interaction between factors B and C: The difference in factor C 
(INT vs. INT+R) was significant at level NaCl of factor B (p = 0.047), and the difference in 
factor B (NaCl vs. NE) was significant at level INT+R of factor C (p < 0.001). 

Finally, we observed a significant increase in AIF under hypoxia in NaCl-infused rats 
(p = 0.017), which completely regressed after three days of normoxic recovery. With NE 
infusion, however, AIF was significantly elevated, even in normoxia, and did not further 
increase under hypoxic conditions. We found a significant difference in factor B (NaCl vs. 
NE: p = 0.002) at level N of factor A. In the recovery period, the AIF levels declined 
partially in the formerly hypoxic animals, but increased even more in animals that were 
previously exposed to NE and normoxia (Figure 9). There was a significant difference in 
factor C (INT vs. INT+R, p = 0.012) at level H of factor A. Of note, the 
immunohistochemical images showed a rather diffuse distribution of AIF within the cell, 
with no clear localization in the nucleus. 
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(g) 

Figure 7. Nitrotyrosine (NT) in the heart: representative immunohistochemical images from N-NaCl 
(a), H-NaCl (b), N-NE (c), H-NE (d), H-NaCl+R (e), and N-NE+R (f) hearts. (g) Abundance of NT in 
the heart expressed as the percentage of positive area related to the total area of the cardiac walls. 
Data are presented as means ± SEM. N, normoxia; H, hypoxia; NaCl, saline infusion; NE, 
norepinephrine infusion. Significance marks: ** p < 0.01; *** p < 0.001. All images are shown in the 
same magnification (100×), with the scale bars indicating 500 µm each. 

(a) (b) 

(c) (d) 

(e) (f) 
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(g) 

Figure 8. Poly(ADP-ribose) (PAR) in the heart: representative immunohistochemical images from 
N-NaCl (a), H-NaCl (b), N-NE (c), H-NE (d), H-NaCl+R (e), and N-NE+R (f) hearts. (g) Abundance 
of PAR in the heart expressed as the percentage of positive area related to the total area of the cardiac 
walls. Data are presented as means ± SEM. N, normoxia; H, hypoxia; NaCl, saline infusion; NE, 
norepinephrine infusion. Significance marks: * p < 0.05; ** p < 0.01. All images are shown in the same 
magnification (100×), with the scale bars indicating 500 µm each. 

(a) (b) 

(c) (d) 

(e) (f) 
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(g) 

Figure 9. Apoptosis-inducing factor (AIF) in the heart: representative immunohistochemical images 
from N-NaCl (a), H-NaCl (b), N-NE (c), H-NE (d), H-NaCl+R (e), and N-NE+R (f) hearts. (g) 
Abundance of AIF in the heart expressed as the percentage of positive area related to the total area 
of the cardiac walls. Data are presented as means ± SEM. N, normoxia; H, hypoxia; NaCl, saline 
infusion; NE, norepinephrine infusion. Significance marks: * p < 0.05. All images are shown in the 
same magnification (100×), with the scale bars indicating 500 µm each. 

(a) (b) 

(c) (d) 

(e) (f) 



Cells 2026, 15, 1207 18 of 30 
 

https://doi.org/10.3390/cells15131207 

4. Discussion 
4.1. General Metabolic Situation 

Exposure to a hypoxic environment with atmospheric O₂ levels or pO₂ values that 
are only half those found at sea level leads to arterial hypoxemia, resulting in insufficient 
oxygen supply to the tissues. This, in turn, means that the body must increasingly rely on 
anaerobic glycolysis to meet its energy needs [18,46]. The accumulation of lactate leads to 
metabolic acidosis. Both hypoxemia and metabolic acidosis cause an increase in 
ventilation, which counteracts the acidosis. In awake rats, the mean arterial pH (pHa) is 
slightly higher, at 7.47 ± 0.02, while the mean arterial pCO₂ is slightly lower, at 34.5 ± 3.0 
mmHg, than that in humans [47]; the values observed in the N-NaCl group thus 
correspond well to these normal values. In contrast, pH values of 7.35 or lower, as 
measured in the hypoxic animal groups (H-NaCl; H-NE), together with the elevated 
lactate levels, indicate metabolic acidosis. The pCO₂ levels of approximately 33 mmHg 
measured in these groups are slightly diminished, indicating mild hyperventilation, 
which is caused by hypoxia on the one hand, but which also represents a respiratory 
compensation for metabolic acidosis. After 3 days of normoxic recovery, pH values have 
shifted toward alkalosis, which may result from hyperventilation that persists after return 
to normoxia as part of a deacclimatization reaction [48]. This post-hypoxic 
hyperventilation largely subsides within 24 h [49], which could explain the normal pCO2 
levels in the H-NaCl group. As hypoxia-induced sympathetic activation also persists over 
several days after the return to normoxia [14], we would expect that hyperventilation 
during the recovery phase following NE infusion would be prolonged and more 
pronounced than after NaCl infusion, resulting in a significant reduction in pCO₂ levels 
in the NE+R groups. 

Despite the reduced energy supply, appetite and food uptake are reduced under 
hypoxic conditions [50], and this has also been observed in travelers to high altitudes 
[51,52]. We assume that reduced feed and water intake are major causes for the BW loss 
of hypoxia-exposed animals. However, there must be other factors contributing to the BW 
loss, as also demonstrated by a comprehensive meta-analysis [53]. While food intake 
during NE infusion was only little (in normoxia) or not at all reduced (in hypoxia) 
compared to that in the respective NaCl groups, BW loss was significantly greater than 
that with NaCl infusion. We suspect that increased physical activity and stress in NE-
infused rats are the reasons for the greater BW loss of these animals, a conclusion 
supported by the greater BW loss in humans during exposure to moderate or high 
altitudes when combined with physical activity compared to the results during physical 
inactivity [53]. Another factor contributing to the reduction in BW is a reduction in plasma 
volume [54,55]. A reduced plasma volume means a reduced load for the heart, which 
improves oxygen supply to the tissues while at the same time reducing the strain on the 
heart. The main mechanism of this hypoxia-induced fluid loss is increased urine excretion, 
also referred to as acute hypoxic diuretic response [56,57], but it is enhanced by reduced 
fluid intake [54], as we also observed in the animals in the present study during hypoxia 
exposure. Plasma volume reduction, which can already exceed 10% within the first 24 
hours, is an early response during adaptation to high altitude or systemic hypoxia [55], 
contributing to an early increase in cHb and Hct. A sustained increase in O₂ transport 
capacity is triggered by the increase in erythropoiesis mediated by HIFs and 
erythropoietin and begins after a few days of hypoxia [58,59]. The elevated values of cHb, 
Hct, cK+ and cNa+, combined with reduced water intake in the hypoxic animal groups, 
demonstrate that these adaptive responses also occurred in the hypoxic animals in the 
present study. An earlier study in rats exposed to hypoxia for 6 days demonstrated that 
cHb continues to rise significantly with prolonged exposure to hypoxia [3]. 
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4.2. Hemodynamic Situation 

Previous studies revealed that hypoxia significantly impairs LV systolic function, as 
reflected in reduced values of LVSP, LV dP/dt max, MAP, DAP, SV, SW, and CI. It is well 
known that the anesthetic thiopental can reduce the contractile force of the heart and cause 
a drop in blood pressure, accompanied by reflex tachycardia. Treating hypoxic and/or NE-
infused animals in the same manner as normoxic control animals and comparing them 
with the controls allows the treatment effects to be distinguished from any potential 
cardiodepressive effects of thiopental. LV depression starts after just 6 hours of hypoxia 
exposure and persists with continued hypoxia [1,2], as confirmed by the results of the 
present study. This functional impairment is largely based on an energetic depletion of 
myocardial cells resulting from the shift in their energy metabolism to anaerobic 
glycolysis, which is less ATP-efficient [16,18,60]. LV diastolic function is generally even 
more sensitive than systolic function to a lack of energy, as the return of Ca2+ from the 
cytoplasm to the sarcoplasmic reticulum is delayed, and this impairs LV relaxation [61]. 
The resulting increase in stiffness is reflected in the increased LV edP in the hypoxic 
animals in this study. In addition, oxidative and nitrosative stress and apoptosis cause 
myocardial damage [1], which may further impair myocardial function, as discussed in 
more detail below. The reduction in SV is exacerbated by hypovolemia, which leads to 
diminished venous return and reduced end-diastolic filling [62]. A decrease in HR, which 
is promoted by elevated cK+ in the blood, also contributes to the deterioration of LV 
function [63]. An earlier study in rats exposed to hypoxia for up to 24 hours showed that 
the hypoxia-induced sympathetic activation was relatively weak and was not sufficient to 
prevent the deterioration of LV function [2]. This is further supported by the fact that 
adrenergic blockade only caused a slight further deterioration in LV function under 
hypoxic conditions [1]. In contrast, RVSP was not impaired under hypoxic conditions but 
actually increased slightly, even though hypoxia-induced myocardial damage due to 
oxidative/nitrosative stress, PARylation, and apoptosis was similarly pronounced in both 
the RV and LV [1]. One possible cause of the slightly elevated RVSP could be hypoxic 
pulmonary vasoconstriction, since the resulting increase in pulmonary vascular resistance 
requires the RV to generate higher pressure. In the systemic circulation, however, TPR did 
not increase because hypoxia has a vasodilatory effect on systemic arteries [64]. Due to the 
lower pressures in the pulmonary circulation, the systolic work of the RV is only about 
1/5 to 1/7 of the stroke work of the LV, so that hypoxic myocardial damage has a less 
pronounced effect on the pumping function of the RV than on that of the LV. Another 
explanation for the different responses of the two ventricles to hypoxia can be found in 
the differing densities of adrenergic receptors between LV and RV and their response to 
hypoxia [65]. In addition, transcriptomic studies have shown that under hypoxic 
conditions, numerous genes are expressed at higher levels in the RV than in the LV, 
suggesting that the RV may be better adapted to hypoxic conditions than is the LV [66].
  

However, a weak hypoxic sympathetic activation cannot be the sole explanation to 
account for the hypoxic LV depression. Even with additional NE infusion, systolic LV 
function did not improve. Although the decline in HR was prevented, SW, SV and CI 
actually decreased even further under hypoxia plus NE infusion. In contrast, sympathetic 
vasoconstrictor effects were clearly pronounced, as reflected in the increase in TPR. This 
may also have contributed to the depression of LV systolic function under NE infusion. 
These findings are in line with observations in humans at high altitude [10]. Diastolic 
function also further deteriorated with NE administration and hypoxia, as evidenced by 
the significantly increased LV edP. We assume that a lack of energy is the primary cause 
of the deterioration in LV function in this context, since the administration of NE 
disproportionately increases myocardial oxygen consumption—a phenomenon also 
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known as the “oxygen-wasting effect of norepinephrine” [67]. This effect is already 
evident in normoxia, as evidenced by reduced values of SW, SV, and CI, and becomes 
even more pronounced under hypoxia. The increased NE clearance under hypoxia might 
also have contributed to the reduced LV function, despite the NE administration [9]. 
Additionally, the NE effects decrease with longer duration of infusion due to the 
downregulation of β-adrenoceptors [68]. Finally, heart cell damage caused by NE also 
contributes to functional decline. In human pathology, Takotsubo syndrome is a well-
known condition in which excessive release of catecholamines leads to nitrosative stress, 
causing a life-threatening reduction in myocardial contractility that can result in acute 
heart failure [69,70]. In a rat model, it was demonstrated that injection of the β-adrenergic 
agonist isoproterenol led to an intramyocardial accumulation of NT at levels 
approximately four times higher than those in control animals [71]. In contrast, the 
function of the RV is not impaired by NE administration; in fact, it is slightly improved. 
This observation has been repeatedly made in earlier rat studies [42–44]. One possible 
explanation for this could be that the distribution of α- and β-adrenergic receptors differs 
between the two ventricles and is regulated differently in the LV and RV during NE 
infusion. The NE-mediated regulation of adrenergic receptors in the two ventricles is not 
identical to the changes in the receptors induced by hypoxia [65]. 

The assumption that energy depletion is the primary cause of LV depression under 
hypoxic conditions is strongly supported by the finding that the functional impairment 
resolved completely upon return to normoxia, that is, once oxygen supply was restored. 
In the animals that had received NE during the intervention phase, most LV functional 
parameters also recovered completely. LVSP and LV dP/dt max even rose to levels higher 
than those of the normoxic control animals. Only HR and CI remained slightly reduced 
after three days of recovery. This can be explained by several mechanisms. First, a re-
expansion of plasma volume following the end of hypoxic exposure can lead to increased 
ventricular filling. This mechanical stimulus, combined with myocardial damage caused 
by the preceding hypoxia and NE infusion, can trigger the Bezold–Jarisch reflex, in which 
stimulation of ventricular mechanoreceptors and chemoreceptors causes an increase in 
parasympathetic activity and a decrease in sympathetic activity [72–74]. Such a shift in the 
sympatho–vagal balance can also be triggered by desensitization of the arterial baroreflex 
induced by sustained adrenergic stimulation, e.g., via NE infusion [75,76] and the 
subsequent rise in LVSP and MAP during the recovery phase [77,78]. Finally, the NE 
infusion leads to the downregulation of β-receptors [68,79], a process that can be further 
exacerbated by hypoxia [15], resulting in reduced cardiac sensitivity to sympathetic 
activity after the NE infusion is discontinued. 

4.3. Immunohistochemical Signs of Myocardial Damage 

In addition to the direct effect of reduced ATP production, cardiac function is also 
impaired by hypoxia-induced damage to myocardial cells caused by oxidative/nitrosative 
stress. After three days of hypoxia, the proportion of NT-positive myocardial tissue 
increased significantly by > 50% when compared to that of normoxic animals. This 
increase in NT was accompanied by similar or even greater increases in PAR and AIF in 
the myocardium. These data confirm previous findings that hypoxia leads to increased 
peroxynitrite production, which in turn results in enhanced PARylation and AIF-
dependent apoptosis [1]. Furthermore, activation of PARP-1 causes depletion of 
nicotinamide adenine dinucleotide (NAD+) and ATP, thus further exacerbating 
myocardial cell stress [27,32]. 

It is well known that cardiomyocyte injury not only persists after hypoxia but may 
paradoxically worsen during reoxygenation due to I/R injury. I/R injury is a typical 
complication occurring in the treatment of various cardiovascular diseases such as 
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myocardial infarction when myocardial perfusion is restored after a period of ischemia, 
leading to further mitochondrial injury and aggravation of myocardial damage [80–82]. 
While ischemia typically causes more severe, focal cellular damage, hypoxia—in which 
blood flow is generally maintained—tends to impose a diffuse metabolic burden on 
tissues and organs. Reoxygenation following prolonged systemic hypoxia can induce 
oxidative stress, calcium dysregulation, and mitochondrial dysfunction in 
cardiomyocytes, resembling mechanisms of I/R injury. A study on isolated rat heart 
mitochondria demonstrated that reoxygenation after exposure to hypoxia, but not 
hypoxia alone, increased mitochondrial calcium concentration and peroxynitrite 
production [41]. Following ischemia or hypoxia, the production of ROS, including 
peroxynitrite, increases significantly immediately after reoxygenation or reperfusion and 
then decreases slightly [83–85]. However, peroxynitrite and/or NT levels remain elevated 
and can be detected in the tissue for hours up to several days [86,87]. This increase in 
ROS/RNS and the resulting damage to mitochondria and DNA lead to the activation of 
PARP in the reperfused myocardium. Numerous studies in various experimental models 
involving hypoxia/reoxygenation or coronary artery occlusion/reocclusion have shown 
that pharmacological inhibition or genetic deletion of PARP significantly improved the 
outcome of myocardial I/R injury (reviewed in [32]). In the present study as well, PARP-
1 activation persisted after three days of normoxic recovery, at least in those animals that 
had consistently been infused with NaCl, as evidenced by the PAR levels, which were 
even higher than those at the end of the intervention period. Typically, I/R injury is 
associated with a decrease in LV contractile function [82], which was not observed in our 
results—on the contrary, after three days in normoxia, LV function recovered completely. 
We suspect that the myocardial damage caused by hypoxia/reoxygenation in our 
experiment was not overly severe, and that, as a result, LV function recovered relatively 
quickly, whereas myocardial damage takes a longer time to resolve. The persistently high 
levels of NT and PAR after three days of recovery may possibly be due to the arbitrary 
end of the observation period. We cannot draw a clear conclusion regarding the further 
development or regression of myocardial damage based on the available results. The 
statistically significant difference between NaCl- and NE-treated animals during the 
recovery phase suggests that pretreatment of the animals influences the temporal 
dynamics of PARP-1 activity; however, this would need to be confirmed by experiments 
involving multiple measurement time points (see the Limitations section). A key function 
of PARP-1 is its involvement in the translocation of AIF from the mitochondria to the 
nucleus, which leads to DNA fragmentation and ultimately, to cell death [27–29]. 
However, the animals of the H-NaCl+R group showed a complete return to baseline AIF 
levels in the heart after three days of normoxia. This may suggest that the damage to 
myocardial cells caused by hypoxia and subsequent reoxygenation was most likely 
reversible and would support the idea that oxidative/nitrosative stress—and ultimately 
PARP-1 activation as well—could subside following a prolonged period of normoxic 
recovery. Under moderate genotoxic stress, the activation of PARP-1 facilitates the repair 
of DNA damage without directly leading to cell death. Thus, sustained PARP activation 
could enable the survival of the myocardial cell [32,88]. Another possible explanation for 
the regression of AIF and for its rather diffuse distribution within the cell could involve 
the activation of anti-apoptotic signals, such as HSP70 or AKT2, which inhibit the 
translocation of AIF into the cell nucleus [89–91]. However, the decrease in AIF despite 
persistently elevated PAR levels can also be explained by the different temporal dynamics 
of the two proteins. An elevated PAR level reflects ongoing PARP-1 activity in response 
to persistent DNA damage, which can remain elevated over time, thus indicating 
sustained cellular stress. In contrast, AIF release is a transient event that occurs during the 
early phase of mitochondrial injury [88,92]. At later stages of apoptosis, detectability of 
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AIF can decrease due to the clearance of apoptotic cells or the relocation of AIF to the 
mitochondria [93,94]. Overall, the results suggest that the reduced oxygen supply and the 
associated energy depletion and acidosis were the primary mechanisms underlying 
hypoxia-induced LV depression. The complete recovery of LV function after 
reoxygenation suggests that oxidative stress, PAR formation, and apoptosis, although 
involved in myocardial injury, did not cause sustained myocardial damage.  

NE administration led to a significant increase in NT levels, even under normoxic 
conditions, and this effect was further amplified under hypoxic conditions. NT levels did 
not return to baseline, even after three days of recovery under normoxic conditions and 
NaCl infusion. AIF showed a similar trend: AIF levels were also significantly higher with 
NE in normoxia than in normoxic control animals and remained at this level after 
discontinuation of the NE infusion. Only after prior combined exposure to hypoxia and 
NE infusion did AIF levels decrease moderately. It is well known that hypoxic 
sympathetic activation at high altitude persists for several days after returning to 
normoxia [14]. Prolonged, intense sympathetic activation leads to oxidative stress and 
apoptosis in the myocardium through persistent stimulation of β1-adrenoceptors, but also 
via α-adrenergic receptors. In this process, NE activates intracellular signaling cascades 
that remain active even after NE is withdrawn. These reactive intermediates sustain ROS 
generation and apoptosis [36,37,95,96]. This pathway mediated by adrenergic stimulation 
is relevant in numerous cardiac conditions, such as Takotsubo syndrome, heart failure, 
and I/R injury [70,97–100]. Interestingly, PAR levels did not rise higher during NE 
infusion—neither under normoxic nor hypoxic conditions—than those in the 
corresponding NaCl-infused groups. In the H-NE+R group, PAR levels even returned to 
near-control levels. These results clearly demonstrate that NE is not a significant enhancer 
of PAR-induced apoptosis. In addition to PAR, other factors can also promote the release 
of AIF from the mitochondria, e.g., activation of Bcl-2 proteins, such as Bax or Bak, or of 
mitochondrial calpain, as well as of caspases [93,101,102]. Cell culture studies on 
cardiomyocytes and cardiac fibroblasts showed that NE induces apoptosis via various 
pathways, such as the overexpression of proapoptotic Bcl-2 proteins, c-Jun N-terminal 
kinase (JNK), or tumor necrosis factor (TNF)-α; however, these pathways primarily 
involve the activation of caspases [35,103,104]. Cardiac pathologies are usually associated 
with chronic severe sympathetic activation and primarily cause classic caspase-dependent 
apoptosis [100,105,106]. In cardiomyocytes, NE-induced ROS generation leads to 
mitochondrial damage and activation of mitochondrial apoptotic signals [36,70,95,106], 
resulting in the release of AIF from the mitochondria, even without PARP-1 
overactivation. NE thus induces ROS/RNS-dependent cell damage, which, however, 
cannot be classified as parthanatos. Generally, the results from the NE-treated groups 
show that NE intensifies and prolongs mitochondrial stress, which could explain the 
impaired LV function observed with NE administration. Particularly under hypoxia, the 
mismatch between the reduced O2 supply and the increased energy demand caused by 
the NE-induced stress, as also reflected in a rise in HR, is exacerbated, leading to a 
significant reduction in LVSP, SV, and CI. On the other hand, the complete recovery of LV 
function after three days of recovery in normoxia and without further NE administration 
suggests that NE-induced cell damage and apoptosis were rather moderate and reversible 
and that hypoxic damage was scarcely exacerbated by NE administration. 

4.4. Limitations of the Study 

Although the components of PARP-1-dependent cell death (parthanatos)—such as 
oxidative/nitrosative stress, PAR, and AIF—increased significantly under hypoxia and/or 
NE administration, the results showed that the deterioration in LV function was 
reversible, suggesting that parthanatos played a relatively minor role in the present 
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experimental setup. However, one of the main limitations of this study is that we have no 
measure of the extent of cell death or of the extent to which other mechanisms of cell 
damage or cell death such as classical (caspase-dependent) apoptosis might have 
contributed to the observed functional impairments. Future studies should include 
measurements of caspase activation and cell viability to obtain a clearer picture of 
hypoxia- and NE-mediated cardiac damage. Furthermore, it must be considered that the 
development of damage caused by hypoxia and reoxygenation is a gradual process. 
Determining relevant markers at a single, arbitrarily chosen point in time cannot 
adequately reflect this process. Repeated measurements at different stages of the exposure 
phase and above all, during the recovery phase, provide a more accurate picture of the 
actual extent of myocardial damage and should therefore be employed in future studies. 

The reversibility of the functional impairment observed in this experiment suggests 
that reversible myocardial damage, resulting from myocardial energy depletion, was the 
predominant mechanism. An assessment of energy status, including the simultaneous 
determination of ATP, ADP, and adenosine monophosphate (AMP), as well as the 
measurement of phosphocreatine (PCr), would confirm this hypothesis and should be 
incorporated into future studies. 

Another limitation of this study is that the present experiments were performed on 
female rats only. The intention behind this choice was to ensure comparability with the 
results of earlier studies of our group [1–3,44]. A comparative study on rats demonstrated 
that blood pressure and heart rate were similar in adult male and female rats under both 
normoxia and normobaric hypoxia conditions [107]. However, the hearts of male and 
female organisms in humans and in many animal species, including rats, exhibit 
numerous structural, functional, and cellular differences [108,109]. Studies in mice 
indicated that female animals have a better tolerance for hypoxia than do males. It was 
shown that chronic hypoxia induced a reduction in HR and in daytime activity in male 
but not in female mice. In addition, male mice exhibited stronger RV hypertrophy than 
did females [110]. Another study demonstrated that the hearts of male and female animals 
employ different mechanisms to cope with oxidative stress, with female hearts proving to 
be more resistant to I/R injuries than are male hearts [111]. These findings are in line with 
other animal studies and clinical observations in patients [98,112]. Given the differences 
in hypoxia tolerance between male and female animals, caution is warranted when 
drawing generalizations. It is possible that the present experiment might have caused 
more severe LV dysfunction and myocardial damage in male rats than that which we 
observed in female animals. 

5. Conclusions 
Our results show that the deterioration in LV function induced by three days of 

hypoxia exposure was completely reversed after three days of normoxic recovery, even 
though signs of oxidative/nitrosative stress and ongoing PARP-1 activity persisted. This 
suggests that—unlike in cases of I/R injury—myocardial damage caused by hypoxia and 
reoxygenation was relatively mild and above all, reversible. Based on this, we speculate 
that cell death due to parthanatos plays a minor role. This conjecture is mainly supported 
by the significant regression of AIF during the recovery phase following hypoxia, even 
though the available results cannot provide conclusive proof of this assumption. The 
observed functional decline is partly due to general adaptations to the challenge of 
hypoxia exposure; however, it is primarily regarded as a consequence of myocardial 
energy depletion and can be completely reversed by restoration of the O2 supply. NE 
administration exacerbated mitochondrial stress, which also persisted after the cessation 
of exposure to NE and hypoxia. Nevertheless, the functional impairment resolved 
completely, even under these conditions, indicating that additional NE administration (as 
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a model of strong sympathetic activation) mainly causes reversible cellular damage and 
does not exacerbate parthanatos. The results of this study indicate that myocardial injury 
due to generalized hypoxia and subsequent reoxygenation differs from I/R-induced 
damage. These findings are not only relevant for individuals in a hypoxic environment 
but may also have prognostic significance for patients with hypoxemia, although it must 
be taken into account that the hearts of men and women exhibit a wide range of 
differences in their responses to hypoxia [112,113]. 
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Abbreviations 
The following abbreviations are used in this manuscript:  
ADP adenosine diphosphate 
AIF apoptosis-inducing factor 
AMP adenosine monophosphate 
ANOVA analysis of variance 
ATP adenosine triphosphate 
BW body weight 
c  concentration 
cHb concentration of hemoglobin 
CI cardiac index 
DAP diastolic aortic pressure 
dP/dt max maximum rate of pressure increase 
dP/dt min maximum rate of pressure decrease 
EF ejection fraction 
H normobaric hypoxia (10% O2 in N2) 
Hct hematocrit 
HIF hypoxia-inducible factor 
HR heart rate 
I/R ischemia/reperfusion 
LV left cardiac ventricle 
LV edP left ventricular end-diastolic pressure 
LV edV left ventricular end-diastolic volume 
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LVSP left ventricular systolic peak pressure 
MAP mean aortic pressure 
N normoxia 
NaCl 0.9% sodium chloride solution 
NE norepinephrine 
NO nitric oxide 
NT nitrotyrosine 
PAR poly(ADP-ribose)  
PARP-1 PAR polymerase-1 
pCO2 partial pressure of carbon dioxide 
pO2 partial pressure of oxygen 
+R plus recovery period 
RNS reactive nitrogen species 
ROS reactive oxygen species 
RV right cardiac ventricle 
RVSP right ventricular systolic peak pressure 
SaO2 arterial saturation of oxygen 
SEM standard error of the mean 
SV stroke volume 
SW stroke work 
TPR total peripheral resistance 
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