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Abstract

:

This study aimed to assess the influence of ischemic preconditioning (IP) on hypoxia/reoxygenation (HR)-induced endothelial cell (EC) death. Human umbilical vein endothelial cells (HUVECs) were subjected to 2 or 6 h hypoxia with subsequent reoxygenation. IP was induced by 20 min of hypoxia followed by 20 min of reoxygenation. Necrosis was assessed by the release of lactate dehydrogenase (LDH) and apoptosis by double staining with propidium iodide/annexin V (PI/AV), using TUNEL test, and Bcl-2 and Bax gene expression measured using RT-PCR. In PI/AV staining, after 24 h of reoxygenation, 30–33% of EC were necrotic and 16–21% were apoptotic. In comparison to HR cells, IP reduced membrane apoptosis after 24 h of reoxygenation by 50% but did not influence EC necrosis. Nuclear EC apoptosis affected about 15–17% of EC after 24 h of reoxygenation and was reduced with IP by 55–60%. IP was associated with a significantly higher Bcl-2/Bax ratio, at 8 h 2–4 times and at 24 h 2–3 times as compared to HR. Longer hypoxia was associated with lower values of Bcl-2/Bax ratio in EC subjected to HR or IP. IP delays, without reducing, the extent of HR-induced EC necrosis but significantly inhibits their multi-level evaluated apoptosis.
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1. Introduction


The preconditioning process delays, without reducing, the extent of necrosis in endothelial cells exposed to hypoxia and reoxygenation. However, it significantly inhibits their multi-level evaluated apoptosis. The protective effect of the preconditioning process partially depends on the duration of the hypoxic phase.



The heart, along with every other organ, comprises a network of blood vessels. Thus, ischemia/reperfusion (I/R) injury affects elements of the vascular bed supplying the tissue subjected to I/R, including endothelial cells (ECs). I/R impairs endothelial function in large coronary arteries [1,2,3,4], arterioles with a diameter below 100 µm [5], microcirculatory vessels, and veins [6,7,8]. It also leads to structural damage of the coronary microcirculatory vessels, which, along with interstitial and cardiomyocyte edema [9], underlies the no-reflow phenomenon. Similarly, under in vitro conditions, ECs subjected to hypoxia/reoxygenation (HR) [10] or oxidative stress undergo damage.



In various experimental models, it has been demonstrated that ischemic preconditioning (IP) induces endogenous protective mechanisms against the consequences of prolonged I/R. Studies based on animal models suggest that IP can also protect the endothelium of epicardial coronary arteries in vivo [11,12,13,14] and microcirculatory vessels both in vivo [5,14] and in situ [15,16,17] against I/R-induced dysfunction. The IP process induces endothelial mechanisms that limit the inflammatory response triggered by I/R and prevent the expression of adhesion molecules on the endothelial surface, thereby inhibiting neutrophil adhesion [14,18,19,20]. Additionally, it reduces the release of endothelial cytokines, which in turn limits chemotaxis and the accumulation of inflammatory cells [16,18].



Preliminary clinical observations also seem to confirm that IP may prevent I/R-induced endothelial dysfunction and neutrophil activation in humans [21]. On the other hand, no effects of IP have been demonstrated in relation to the I/R of coronary circulation in dogs, where IP did not prevent either the reduction of resting perfusion within the myocardium or the decrease in coronary reserve between 30 min and 4 h of reperfusion [22].



Apoptosis is active, energy dependent, precisely regulated, influenced by various external factors, and a form of cell death [23,24]. Apoptosis is a multi-stage, time-distributed process involving characteristic changes in individual cell structures [25]. Within the circulatory system, this mechanism is observed in various scenarios, such as the apoptosis of cardiomyocytes during the maturation of the right ventricle in children, aging processes, or following myocardial infarction. It also occurs in conditions like hypertension, acute heart failure, post heart transplant, and in the smooth muscle or endothelium during ischemia/reperfusion (I/R) and atherosclerosis [26,27].



Classical IP, both in vivo and in vitro models, inhibits the process of cardiomyocyte apoptosis [28,29,30,31,32]. In rats, five repeated episodes of 5 min ischemia and reperfusion significantly reduce not only the infarct size but also the number of myocytes undergoing apoptosis [30]. In an in vivo rat heart I/R model, it has also been demonstrated that a single 5 min preconditioning stimulus preceding a 30 min ischemic period significantly reduces the percentage of apoptotic cells in the threatened infarct zone, from 29% in the control group to 3.5% in the preconditioned tissue. Meanwhile, epicardial artery ligation preceded by 5 min of ischemia and 5 min of reperfusion was associated with a significant reduction in cardiomyocyte apoptosis, as well as decreased neutrophil accumulation in the infarct area at risk in dogs [33]. In all the above-mentioned studies, IP resulted in a reduction of the infarct zone. However, it remains unknown as to what extent this reduction was attributed to the decrease in apoptotic cell numbers or the prevention of the transition of apoptotic cells into necrosis.



In contrast to cardiomyocytes, we do not know whether and how quickly ECs undergo HR-induced necrosis and apoptosis. Moreover, it has not yet been clearly established whether IP can protect the viability of EC subjected to HR or I/R [34,35]. IP modifies the expression of proteins involved in the process of apoptosis. The increase in the Bcl-2/Bax ratio is associated with the inhibition of cytochrome C release from mitochondria stimulated with an apoptosis-inducing stimulus [36,37]. In the I/R model of the isolated rat heart, IP inhibits the apoptosis process by increasing the expression of Bcl-2 and inhibiting the expression of p53 [31] and Bax [29]. In turn, Nakamura et al. showed that in the rat heart subjected to I/R, IP prevents myocyte apoptosis, which is accompanied by a reduction in Bax expression without changes in Bcl-2 expression [29]. In Zhao’s study [38], the increasing number of apoptotic cells during reperfusion was accompanied by an increase in the expression of Bax and p53 and a decrease in the expression of Bcl-2.



The aim of this work is to describe the process of endothelial cell death induced by HR and to determine the impact of the IP process on the course of HR-induced EC death. The in vitro HR model is intended, with some simplification, to imitate the I/R processes occurring in vivo, providing the possibility of precisely verifying the working hypothesis.




2. Results


2.1. Lactate Dehydrogenase Release


There were no differences between the studied groups at baseline. EC did not release LDH during hypoxia (Table 1). The LDHi in the control group, both after a 2 and 6 h period of hypoxia, increased gradually from 0.017 at baseline to 0.092–0.110 after 24 h of reoxygenation. The most dynamic LDH release was in the first 2 h of reoxygenation both in HR and in IP groups. After 2, 8, and 24 h of reoxygenation, there was a significant difference in the LDHi between the control group and HR or IP cells, both after 2 and 6 h hypoxia. After 8 h of reoxygenation, the LDHi was significantly lower in the IP versus HR group, regardless of the hypoxia time. The latter effect was transient, and after 24 h of reoxygenation, both in groups of HR and IP, the LDHi—regardless of the duration of the hypoxia phase—was more than three times higher than in the control group (Table 1).



The length of the hypoxia influenced the amount of LDH release both in HR and IP groups. In HR group, the longer 6 h hypoxia significantly increased LDH release after the first 2 (p < 0.01) and after 24 h of reoxygenation, while in IP cells it increased after 2 (p < 0.001) and 8 (p < 0.01) h of reoxygenation (Table 1).




2.2. Endothelial Cell Viability in Double Staining with Propidium Iodide and Annexin V


At baseline, after 2 or 6 h hypoxia, as well as after 2 h reoxygenation, irrespective of the hypoxia time, the percentage of viable (V), apoptotic (A), and necrotic (N) cells was identical in the three studied groups.



After 8 h of reoxygenation, both in the HR and IP groups, regardless of the duration of the hypoxia phase, the percentage of necrotic or apoptotic cells was significantly higher compared to control conditions (Table 2). Simultaneously, the percentage of necrotic or apoptotic cells in the HR groups was higher than in the IP cells. Differences in the percentage of viable, apoptotic, and necrotic cells between the HR or IP versus the control group persisted up to 24 h of reoxygenation, regardless of the duration of the hypoxic phase. After 24 h of reoxygenation, in the IP groups—regardless of the duration of the hypoxia phase—the percentage of apoptotic cells was significantly lower compared to HR cells. However, IP did not reduce the percentage of necrotic cells after 24 h of reoxygenation as compared to the HR group. The dynamics of an increase in apoptotic and necrotic cells, both in the HR as well as IP groups, were the highest between the 2nd and 8th hour of reoxygenation.



The length of the hypoxia phase influenced the percentage of apoptotic cells in both the IP and HR groups. In IP and HR conditions, both after 8 and 24 h of reoxygenation, longer hypoxia was associated with a significantly higher percentage of apoptotic cells (p < 0.05 for all comparisons). The length of the hypoxia phase did not affect the percentage of necrotic cells during the entire reoxygenation phase. Supplementary Figure S2 shows an example of double staining with PI/AV.




2.3. Endothelial Cell Apoptosis in the TUNEL Technique


At baseline, after a 2 or 6 h hypoxia, as well as after a 2 or 8 h reoxygenation phase—regardless of the duration of the hypoxia phase—there were no differences in the percentage of cells with signs of apoptosis in the cell nucleus identified based on the TUNEL technique in all study groups (Figure 1).



After 24 h of reoxygenation—regardless of the hypoxia time—the percentage of TUNEL-positive cells in the IP group was almost three times higher, and in the HR group, it was over six times higher than in the control group. Moreover, in the HR groups, there were twice more TUNEL-positive HUVECs than in the IP group. The hypoxia time had no impact on the percentage of TUNEL-positive apoptotic cells. Supplementary Figure S3 shows an example of TUNEL staining.




2.4. Expression of β-Actin, Bax, Bcl-2, e-NOS, i-NOS, and Cox-2


Gene expression of β-actin (ACTB), Bax, Bcl-2, e-NOS, i-NOS, Cox-2, and the ratio of Bcl-2/Bax was assessed in endothelial cells at baseline (Figure 2A), after 8 h (Figure 2, Figure 3 and Figure 4), and after 24 h (Figure 2, Figure 3 and Figure 4) of reoxygenation. The ACTB expression remained stable throughout the experiment (Figure 2B).



After 8 h of reoxygenation, there was a significant increase in Bax expression in both IP groups (IP2, IP6) and HR groups (HR2, HR6) compared to the control ECs (Figure 3A). No differences in Bax expression were observed between groups with different hypoxia times (HR2 vs. HR6, IP2 vs. IP6). IP did not influence Bax expression in groups with the same length of hypoxia (HR2 vs. IP2, HR6 vs. IP6). At 24 h of reoxygenation, Bax expression in groups HR2, HR6, IP2, and IP6 was still higher than in the control group, but IP was associated with a significant reduction of Bax compared to the respective HR groups (IP2 vs. HR2, IP6 vs. HR6).



The Bcl-2 expression at the 8th hour of reoxygenation in the HR2 and HR6 groups was comparable with control ECs, while in both IP groups, it was significantly higher than in the control group and in groups with the same hypoxia time (HR2 and IP2, HR6 vs. IP6) (Figure 3B). Moreover, in IP groups, Bcl-2 expression was higher when the hypoxia time was shorter (IP2 vs. IP6). After 24 h of reoxygenation, Bcl-2 expression was significantly higher in both groups subjected to HR or IP compared to the control conditions. Bcl-2 expression was significantly higher when groups with the same hypoxia time were preconditioned (HR2 vs. IP2, HR6 vs. IP6) and when the IP process was preceded by shorter hypoxia (IP2 vs. IP6).



The Bcl-2/Bax ratio at the eighth hour of reoxygenation was lower in both HR groups (HR2, HR6) and higher in both IP groups (IP2, IP6) compared to the control ECs (Figure 2C). No significant differences were observed in the Bcl-2/Bax ratio between groups subjected to hypoxia at different times (HR2 vs. HR6). However, a shorter hypoxia time was associated with a higher value of the Bcl-2/Bax ratio in the IP groups. Moreover, the IP process was associated with a higher value of the Bcl-2/Bax ratio in groups with the same hypoxia time (HR2 vs. IP2, HR6 vs. IP6). At 24 h of reoxygenation, a shorter hypoxia time was associated with a higher value of the Bcl-2/Bax ratio in groups subjected to hypoxia (HR2 vs. HR6) or IP (IP2 vs. IP6). The value of the Bcl-2/Bax ratio in the IP groups was higher compared to the HR groups (IP2 vs. HR2, IP6 vs. HR6).



The expression of e-NOS at the eighth hour of reoxygenation was lower following 6 h hypoxia, and this change was prevented by the IP process (Figure 4A). No differences in e-NOS expression were observed between groups with different hypoxia times (HR2 vs. HR6, IP2 vs. IP6). At 24 h of reoxygenation, the expression of e-NOS was significantly lower in both groups subjected to hypoxia compared to control ECs (HR2, HR6), while again these changes were prevented by the IP process. Similarly, at the 8 h reoxygenation mark, no differences in e-NOS expression were observed between groups with different hypoxia times (HR2 vs. HR6, IP2 vs. IP6). I-NOS expression was not detected in HR2, HR6, IP2, and IP6 conditions either after 8 or 24 h of reoxygenation.



At the eighth hour of reoxygenation, the expression of Cox-2 in both HR groups was comparable with control ECs. Simultaneously, in both IP groups, Cox-2 expression was higher compared to the control conditions (Figure 4B), as well as when compared with HR groups with the same hypoxia time (HR2 vs. IP2, HR6 vs. IP6).




2.5. HUVEC Morphological Changes Following Hypoxia/Reoxygenation


Phase-contrast microscopy did not reveal changes in HUVEC morphology during hypoxia (Supplementary Figure S4). However, following reoxygenation, the endothelial cells (ECs) underwent shrinkage, and their shape transformed from polygonal to irregular. As reoxygenation progressed, increasing intercellular spaces became apparent due to cell shrinkage and detachment from the dish bottom.



Under the influence of hypoxia, actin filaments underwent reorganization, and stress fibers were either lost or shortened (Supplementary Figure S5). After 8 h of reoxygenation, F-actin accumulated in the perinuclear space, while stress fibers were degraded. Subsequently, after 24 h of reoxygenation, the effects of hypoxia and the early reoxygenation phase were reversed, and stress fibers were rebuilt.





3. Discussion


This study reveals that the Ischemic Preconditioning (IP) process, while delaying endothelial cell necrosis, does not mitigate its extent; however, it effectively inhibits the intricate process of apoptosis in Human Umbilical Vein Endothelial Cells (HUVEC) subjected to hypoxia and reoxygenation. The injury induced by Ischemia/Reperfusion (I/R) in endothelial cells within the myocardium underlies the no-reflow phenomenon, the reperfusion inflammatory response, and the expansion of the infarct zone. Consequently, enhancing endothelial cell viability through IP may potentially contribute to improved endothelial function, safeguarding coronary perfusion during I/R, and augmenting the protective effects of cardiomyocyte preconditioning.



Our findings reveal that the IP process substantially reduces, by approximately 3–4 times, the loss of cell membrane integrity in HUVEC between 2 and 8 h of reoxygenation. However, this protective effect is transient, as the percentage of viable ECs, both conditioned and unconditioned, becomes comparable after 24 h of reoxygenation. Hence, the conditioning process temporarily retards but does not arrest the decline in cell membrane integrity in ECs.



A similar trend is observed concerning the rate of necrotic cell formation in double-staining with Propidium Iodide (PI) and Annexin V (AV). IP reduces HR-induced cell necrosis 2–3 times during the first 8 h of reoxygenation. Yet, in the subsequent hours of reoxygenation, the rate of necrotic cell formation in HUVEC subjected to IP accelerates. Ultimately, after 24 h of reoxygenation, no differences are observed, indicating that IP only delays the irreversible impairment of the cell membrane in HUVEC.



In contrast to necrosis, the apoptosis process in HUVEC is modulated by preconditioning. The IP process does not completely halt but significantly reduces the percentage of cells displaying features of membrane apoptosis after 8 h, persisting after 24 h of reoxygenation. The rate of apoptotic cell increase in the conditioned population is fastest between 2 and 8 h of reoxygenation, akin to non-conditioned cells. However, compared to non-conditioned cells, this rate is approximately twice slower throughout the entire reoxygenation phase. Furthermore, in cells subjected to IP, apoptosis at the nuclear level begins between 8 and 24 h of reoxygenation; however, IP distinctly limits this process by more than half.



The lack of standardized experimental conditions poses a significant challenge in preconditioning studies using in vitro models [39]. Nevertheless, in vitro and in vivo studies on IP mediators and mechanisms consistently yield comparable results. The outcomes of conditioning for a specific organ result from the interplay of IP mechanisms in various cell types, as evidenced by in vitro studies.



The benefits of a cell culture model in preconditioning studies include the ability to study human cells, perform genetic modifications, manipulate during hypoxia and reoxygenation, measure channel activity and redox potential, separately assess necrosis and apoptosis, investigate the impact of external environment changes, and control cellular interactions. However, drawbacks include uncertainties about experimental condition stability and a lack of data on how well the model mimics in situ or in vivo I/R or infarction.



In this study, the IP stimulus was a single episode of 20 min hypoxia followed by 20 min of reoxygenation. Short episodes of ischemia (up to 15 min) have been extensively studied in coronary artery endothelial dysfunction [40,41]. Also, different experimental IP protocols have been tested in cell culture so far. Zhou et al. showed that 10 min of anoxia and 10 min of reoxygenation protected coronary endothelial cells against anoxia and reoxygenation injury [42]. Moreover, IP with 1 h anoxia and 1 h reoxygenation of cultured rat aortic endothelial cells prevented reoxygenation-induced, free-radical-mediated expression of ICAM-1 involving activation of protein kinase C and the production of nitric oxide and free radicals, and this was associated with a lesser adhesion of neutrophils to endothelial cells [43]. In turn, in vivo IP with 10 min occlusion and reperfusion preceding 60 min ischemia and 120 min of reperfusion reduced endothelial dysfunction of coronary arterioles [5]. Also, the results of our unpublished preliminary experiments showed that IP induced by 20, 30, or 60 min of hypoxia with, respectively, 20, 30, or 60 min of reoxygenation reduced LDH release following a prolonged 6 h hypoxia and 6 h of reoxygenation. The results presented here suggest that an IP protocol with 20 min of hypoxia followed by 20 min of reoxygenation was effective in inducing conditioning mechanisms.



The IP process did not prevent the increase in Bax expression during reoxygenation and did not alter Bax expression after 8 h compared to non-conditioned cells. However, after 24 h, conditioning led to a significant reduction in Bax expression compared to HUVEC not subjected to IP. Throughout the reoxygenation period, conditioned cells exhibited a significant increase in Bcl-2 expression compared to the control and hypoxia-exposed cells, resulting in a considerable enhancement of intracellular protective potential, as indicated by the Bcl-2/Bax ratio.



The key role in the development of reperfusion-induced apoptosis is attributed to the interaction between blood cells and endothelium [44] mediated by the cytokines and reactive oxygen species released from activated neutrophils, endothelial cells, and myocytes. Endothelial cells in the studied in vitro model were not subject to such an interaction with blood cells, including neutrophils, which may be associated with the lack of induction of i-NOS expression. However, based only on the lack of i-NOS expression, it is difficult to answer whether the inflammatory process in cultured HUVEC was not activated when the more that the expression of Cox-2 increased following 2 h hypoxia and 24 h reoxygenation and even more as a consequence of the IP process. Basically, cox-2 expression accompanies harmful processes such as hypersensitivity, cancer, sepsis, apoptosis, and also inflammatory processes. On the other hand, the constant prostaglandins production by Cox-2 was found to be associated with late IP cardioprotection [45] and may also inhibit the apoptosis process in various cells [46].



The tissue hypoxia inhibits the expression of more than 95% of genes as compared to the baseline, and only a few genes increase their expression. McQuillan et al. [47] showed that in endothelial cells that underwent hypoxia, e-NOS expression was reduced by 40–60%, and this effect lasted for at least 48 h. In turn, 24 h anoxia followed by 3 h reoxygenation of human endothelial coronary cells was associated with a significant reduction of the expression, protein concentration, and activity of e-NOS [48]. In our experiment, after 24 h of reoxygenation, there was no change in e-NOS expression in the control group indicating a stable genotype of HUVECs despite the lack of shear stress, while the reduction of e-NOS expression following hypoxia/reoxygenation was prevented by the IP process.



A key limitation of our cell culture model is the absence of shear stress, a crucial factor for endothelial cell function in vivo [49,50]. The static cell culture conditions do not subject endothelial cells to flow, impacting the model’s ability to respond to shear stress effects. Additionally, the in vitro environment lacks neural stimulation and the in vivo hormonal environment necessary for regulating endothelial function. The study was unable to investigate vasodilatory endothelial function under in vitro conditions.




4. Materials and Methods


4.1. Isolation, Identification, and Culture of Endothelial Cells


Endothelial cells were isolated from the umbilical vein using the enzymatic method after natural delivery. The harvested cells were cultivated at 37 °C in a 5% carbon dioxide and 95% air environment in human endothelial serum-free medium (Gibco by Thermo Fisher, Waltham, MA, USA). The medium contained 5% fetal bovine serum (FBS, Gibco by Thermo Fisher, Waltham, MA, USA) and was supplemented with human recombinant epithelial growth factor (Gibco by Thermo Fisher, Waltham, MA, USA). The purity of endothelial cells (ECs) was verified through immunofluorescent staining against von Willebrand factor. An illustrative example of this staining is provided in Supplementary Figure S1.



HUVECs in culture underwent routine assessments every 24 h. Upon reaching confluence, cells were passaged. To mitigate the potential impact of variations between cells from different umbilical cords on experimental outcomes, cells from diverse culture vessels were combined before centrifugation. For experiments, fully confluent ECs from the third passage were utilized.




4.2. Hypoxia and Reoxygenation in HUVEC Culture


Hypoxia induction in HUVECs involved filling the culture dish with deoxygenated Tyrod’s fluid. During the subsequent reoxygenation phase, the cells were placed in normally oxygenated Tyrod’s fluid, maintaining an oxygen content of 72 ± 3%. The control group cells were incubated in Tyrod’s fluid with an identical oxygen content. Throughout the experiment, culture dishes were housed in an incubator set at a constant temperature of 37 °C, with a humidity level of 98%, and precise concentrations of oxygen, nitrogen, and carbon dioxide (IG 750 Incubator, JOUAN, Saint-Herblain, France). During hypoxia, the oxygen concentration around the culture dish was sustained below 0.5%, and during reoxygenation, it was restored to atmospheric levels.



Tyrod’s fluid, serving as the medium to sustain hypoxic conditions, was saturated with 100% nitrogen two hours before each experiment. The medium was buffered to a pH of 7.4 ± 0.05, and its osmolarity was adjusted to 290 ± 5 mOsm. Oxygen content in Tyrod’s fluid, after 15 min of nitrogen saturation, was 10 ± 2%, gradually decreasing to 7 ± 2% after 30 min, 5 ± 1% after 1 h, and reaching 3 ± 1% after 2 h. Changes in oxygen content during nitrogen saturation and the hypoxic phase are depicted in Figure 5.



The oxygen saturation of Tyrod’s fluid within the tightly closed culture dish fluctuated over time. Based on oxygen content measurements using an oxygen sensor (Oxygen Meter CO-315, Elmetron, Zabrze, Poland), it was determined that oxygen saturation during the hypoxia phase increased from 3 ± 1% initially to 5 ± 1% after 20 min, 8 ± 2% after 1 h, 11 ± 2% after 2 h, 13 ± 3% after 4 h, and 15 ± 3% after 6 h. Osmolarity of the solutions used for culture and experiments was measured using an osmometer (Osmometer, Elmetron, Zabrze, Poland), and pH was determined with a pH-meter (pH-meter P-500, Consort, Monheim, Germany).




4.3. Study Protocol


Cells from the third passage were randomly allocated to one of five study groups (Figure 6):



1. [C] Control Group: Cells were incubated with normally oxygenated Tyrod’s fluid.



2. [HR2] 2 h Hypoxia Followed by Reoxygenation: Cells were exposed to 2 h of hypoxia by incubation with deoxygenated Tyrod’s fluid, followed by reoxygenation in normally oxygenated Tyrod’s fluid.



3. [HR6] 6 h Hypoxia Followed by Reoxygenation: Cells underwent 6 h of hypoxia with deoxygenated Tyrod’s fluid, followed by reoxygenation in normally oxygenated Tyrod’s fluid.



4. [IP2] IP Followed by 2 h Hypoxia and Reoxygenation: Cells experienced 20 min of hypoxia and 20 min of reoxygenation (IP), followed by 2 h of hypoxia and reoxygenation. After IP induction, cells were incubated for 2 h with deoxygenated Tyrod’s fluid and then in normally oxygenated Tyrod’s fluid.



5. [IP6] IP Followed by 6 h Hypoxia and Reoxygenation: Cells underwent 20 min of hypoxia and 20 min of reoxygenation (IP), followed by 6 h of hypoxia and reoxygenation. After IP induction, cells were incubated for 6 h with deoxygenated Tyrod’s fluid and then in normally oxygenated Tyrod’s fluid.




4.4. Endothelial Cell Death Measurement by Lactate Dehydrogenase Release


Lactate dehydrogenase (LDH) activity was assessed using the colorimetric LDH Cytotoxicity Detection kit (Takara Biomedicals, MK401, Takara Bio Inc., Shiga, Japan), employing a two-step enzymatic reaction. The LDH index (LDHi), representing the extent of cell damage, was calculated as LDHi = (AN − AC)/(AT − AC), where AN is the absorbance of the tested sample supernatant, AT is the absorbance of the sample incubated with Triton X-100 (Sigma-Aldrich, Burlington, MA, USA) which induces release of the entire cellular LDH pool, and AC is the absorbance of the reaction mixture. This kit enables the detection of 20–200 dead cells in a 200 µL volume.




4.5. Endothelial Cell Necrosis/Apoptosis in Double Staining with Propidium Iodide and Annexin V


Staining involved the use of 1 µg/mL propidium iodide and 0.2 mg/mL Annexin V from the Annexin V Kit (Santa Cruz Biotechnology Inc., Dallas, TX, USA). Following the experiment, cells were washed, trypsinized, and stained. Flow cytometry analysis was conducted using a FACS Calibur flow cytometer (Beckton Dickinson, Franklin Lakes, NJ, USA) with appropriate negative controls.




4.6. Endothelial Cell Apoptosis in the TUNEL Technique


The MEBSTAIN Apoptosis Kit Direct assay (Medical & Biological Laboratories Co., Tokyo, Japan) was employed following the manufacturer’s instructions. Fixed cells were subjected to TdT buffer II/FITC-dUTP/TdT reaction, and fluorescence microscopy was used for observation. Negative controls included a sample with a mixture of TdT buffer II and FITC-dUTP.




4.7. Reverse Transcription Polymerase Chain Reaction (RT-PCR)


Total cellular RNA was isolated using TRIzol reagent (Gibco by Thermo Fisher, Waltham, MA, USA), and the concentration was determined using spectrophotometry. Both reverse transcription (RT) and PCR were performed using the Enhanced Avian HS RT-PCR Kit (Sigma-Aldrich, Burlington, MA, USA, MB-955). Specific primers (listed below) were used, and electrophoresis of the cDNA amplification product was conducted on an agarose gel. Gel images were scanned, and band intensity was quantified using a laser densitometer.



Primers:




	-

	
ACTB: s-5′-AGCGGGAAATCGTGCGTG-3′, a-5′-GGGTACATGGTGGTGCCTG-3′




	-

	
Cox-2: s-5′-CCGGACAGGATTCTATGGAGA-3′, a-5′-CAATCATCAGGCGACAGGAGG-3′




	-

	
Bax, Bcl-2, i-NOS, e-NOS: Purchased from R&D Systems Inc. (Minneapolis, MN, USA).









Supplementary Materials include phase-contrast microscope images, photos from a fluorescence microscope of von Willebrand factor, propidium iodide/annexin V preparations, DNA sticky ends in TUNEL technique, and actin cytoskeleton.




4.8. Statistical Analysis


Statistical analyses were conducted using SPSS Statistics software (Version 29.0.0.0, IBM Corp., Armonk, NY, USA). Normally distributed continuous variables were presented as mean ± standard deviation. Continuous variables were compared using Student’s t-test or ANOVA with post hoc Bonferroni correction. A two-tailed p-value of <0.05 was considered statistically significant.





5. Conclusions


Apoptosis and necrosis induced by hypoxia and reoxygenation in endothelial cells exhibit dissociation in terms of both time and cell ultrastructure. The preconditioning process delays, without reducing, the extent of necrosis in endothelial cells exposed to hypoxia and reoxygenation. However, it significantly inhibits their multi-level evaluated apoptosis. The protective effect of the preconditioning process partially depends on the duration of the hypoxic phase.








Supplementary Materials


The supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ijms25021238/s1.





Author Contributions


Conceptualization, J.Z., M.Z. and P.P.; data curation, J.Z., M.S., K.S., K.N., A.K., A.d.C.Y., K.K. (Kornelia Krawczyk) and K.K. (Krzysztof Karwat); formal analysis, J.Z., M.S., K.S. and K.N.; investigation, J.Z., M.S., K.S., K.N., A.K., A.d.C.Y., K.K. (Kornelia Krawczyk) and M.Z.; methodology, J.Z., M.S., K.N., M.Z. and P.P.; project administration, J.Z., M.Z. and P.P.; resources, J.Z., M.S. and K.S.; software, J.Z., K.N. and K.K. (Krzysztof Karwat); supervision, J.Z., M.Z. and P.P.; validation, J.Z., K.K. (Krzysztof Karwat) and P.P.; writing—original draft, K.S., K.N., A.K., A.d.C.Y. and K.K. (Kornelia Krawczyk); writing—review and editing, J.Z., M.S., K.K. (Krzysztof Karwat), M.Z. and P.P. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Polish Committee for Scientific Research (grant number 4P05C00617).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Ethics Committee of Jagiellonian University Medical College (registration number KBET/127/B/2001). The endothelial cells were isolated from the umbilical vein after natural delivery.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data is contained within the article and Supplementary Material.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



VanBenthuysen, K.M.; McMurtry, I.F.; Horwitz, L.D. Reperfusion after acute coronary occlusion in dogs impairs endothelium-dependent relaxation to acetylcholine and augments contractile reactivity in vitro. J. Clin. Investig. 1979, 87, 265–274. [Google Scholar] [CrossRef] [PubMed]

	



Tsao, P.; Lefer, A.M. Time course of endothelial dysfunction and myocardial injury during myocardial ischemia and reperfusion in the cat. Circulation 1990, 82, 1402–1412. [Google Scholar] [CrossRef] [PubMed]

	



Fisher, M. Injuries to the vascular endothelium: Vascular wall and endothelial dysfunction. Rev. Neurol. Dis. 2008, 5 (Suppl. 1), S4–S11. [Google Scholar] [PubMed]

	



Daiber, A.; Andreadou, I.; Oelze, M.; Davidson, S.M.; Hausenloy, D.J. Discovery of new therapeutic redox targets for cardioprotection against ischemia/reperfusion injury and heart failure. Free Radic. Biol. Med. 2021, 163, 325–343. [Google Scholar] [CrossRef] [PubMed]

	



DeFily, D.V.; Chillian, W.M. Preconditioning protects coronary arteriolar endothelium against ischemia-reperfusion injury. Am. J. Physiol. 1993, 265, H700–H706. [Google Scholar] [PubMed]

	



Mehta, J.L.; Nichols, W.W.; Donnelly, W.H.; Lawson, D.L.; Saldeen, T.G. Impaired canine coronary vasodilator response to acetylcholine and bradykinin after occlusion-reperfusion. Circ. Res. 1989, 64, 43–54. [Google Scholar] [CrossRef]

	



Dauber, I.M.; VanBenthuysen, K.M.; McMurtry, I.F.; Wheeler, G.S.; Lesnefsky, E.J.; Horwitz, L.D.; Weil, J.V. Functional coronary microvascular injury evident as increased permeability due to brief ischemia and reperfusion. Circ. Res. 1990, 66, 986–998. [Google Scholar] [CrossRef]

	



Hausenloy, D.J.; Chilian, W.; Crea, F.; Davidson, S.M.; Ferdinandy, P.; Garcia-Dorado, D.; van Royen, N.; Schulz, R.; Heusch, G. The coronary circulation in acute myocardial ischaemia/reperfusion injury: A target for cardioprotection. Cardiovasc. Res. 2019, 115, 1143–1155. [Google Scholar] [CrossRef]

	



Humphrey, S.M.; Gavin, J.B.; Herdson, P.B. The relationship of ischemic contracture of vascular reperfusion in the isolated rat heart. J. Mol. Cell. Cardiol. 1980, 12, 1397–1406. [Google Scholar] [CrossRef]

	



Inauen, W.; Granger, D.N.; Meininger, C.J.; Schelling, M.E.; Granger, H.J.; Kvietys, P.R.; Sasaki, M.; Elrod, J.W.; Jordan, P.; Itoh, M.; et al. An in vitro model of ischemia/reperfusion-induced microvascular injury. Am. J. Physiol. 1990, 259, G134–G139. [Google Scholar] [CrossRef]

	



Szabó, P.L.; Dostal, C.; Pilz, P.M.; Hamza, O.; Acar, E.; Watzinger, S.; Mathew, S.; Kager, G.; Hallström, S.; Podesser, B.K.; et al. Remote ischemic perconditioning ameliorates myocardial ischemia and reperfusion-induced coronary endothelial dysfunction and aortic stiffness in rats. J. Cardiovasc. Pharmacol. Ther. 2021, 26, 702–713. [Google Scholar] [CrossRef] [PubMed]

	



Kaeffer, N.; Richard, V.; Francois, A.; Lallemand, F.; Henry, J.P.; Thuillez, C. Preconditioning prevents chronic reperfusion-induced coronary endothelial dysfunction in rats. Am. J. Physiol. 1996, 271, H842–H849. [Google Scholar] [CrossRef]

	



Li, Q.; Guo, Z.; Wu, C.; Tu, Y.; Wu, Y.; Xie, E.; Yu, C.; Sun, W.; Li, X.; Zheng, J.; et al. Ischemia preconditioning alleviates ischemia/reperfusion injury-induced coronary no-reflow and contraction of microvascular pericytes in rats. Microvasc. Res. 2022, 142, 104349. [Google Scholar] [CrossRef] [PubMed]

	



Thourani, V.H.; Nakamura, M.; Duarte, I.G.; Bufkin, B.L.; Zhao, Z.-Q.; Jordan, J.E.; Shearer, S.T.; Guyton, R.A.; Vinten-Johansen, J. Ischemic preconditioning attenuates postischemic coronary artery endothelial dysfunction in a model of minimally invasive direct coronary artery bypass. J. Thorac. Cardiovasc. Surg. 1999, 117, 383–389. [Google Scholar] [CrossRef] [PubMed]

	



Beresewicz, A.; Czarnowska, E.; Maczewski, M. Ischemic preconditioning and superoxide dismutase protect against endothelial dysfunction and endothelium glycocalyx disruption in the postischemic guinea-pig hearts. Mol. Cell. Biochem. 1998, 186, 87–97. [Google Scholar] [CrossRef]

	



Bouchard, J.F.; Lamontagne, D. Mechanisms of protection afforded by preconditioning to endothelial function against ischemic injury. Am. J. Physiol. 1996, 271, H1801–H1806. [Google Scholar] [CrossRef]

	



Maczewski, M.; Beresewicz, A. The role of adenosine and ATP-sensitive potassium channels in the protection afforded by ischemic preconditioning against the post-ischemic endothelial dysfunction in guinea-pig hearts. J. Mol. Cell. Cardiol. 1998, 30, 1735–1747. [Google Scholar] [CrossRef]

	



Gesuete, R.; Stevens, S.L.; Stenzel-Poore, M.P. Role of circulating immune cells in stroke and preconditioning-induced protection. Acta Neurochir. Suppl. 2016, 121, 39–44. [Google Scholar]

	



Akimitsu, T.; Gute, D.C.; Korthuis, R.J. Ischemic preconditioning attenuates postischemic leukocyte adhesion and emigration. Am. J. Physiol. 1996, 271, H2052–H2059. [Google Scholar] [CrossRef]

	



Kubes, P.; Payne, D.; Ostrovsky, L. Preconditioning and adenosine in I/R-induced leukocyte-endothelial cell interactions. Am. J. Physiol. 1998, 274, H1230–H1238. [Google Scholar] [CrossRef]

	



Kharbanda, R.K.; Peters, M.; Walton, B.; Kattenhorn, M.; Mullen, M.; Klein, N.; Vallance, P.; Deanfield, J.; MacAllister, R. Ischemic preconditioning prevents endothelial injury and systemic neutrophil activation during ischemia-reperfusion in humans in vivo. Circulation 2001, 103, 1624–1630. [Google Scholar] [CrossRef] [PubMed]

	



Bauer, B.; Simkhovich, B.Z.; Kloner, R.A.; Przyklenk, K. Does preconditioning protect the coronary vasculature from subsequent ischemia/reperfusion injury? Circulation 1993, 88, 659–672. [Google Scholar] [CrossRef] [PubMed]

	



Majno, G.; Joris, I. Apoptosis, oncosis, and necrosis. An overview of cell death. Am. J. Pathol. 1995, 146, 2–16. [Google Scholar]

	



Bu, L.L.; Yuan, H.H.; Xie, L.L.; Guo, M.H.; Liao, D.F.; Zheng, X.L. New dawn for atherosclerosis: Vascular endothelial cell senescence and death. Int. J. Mol. Sci. 2023, 24, 15160. [Google Scholar] [CrossRef] [PubMed]

	



Tokuyama, T.; Yanagi, S. Role of Mitochondrial Dynamics in Heart Diseases. Genes 2023, 14, 1876. [Google Scholar] [CrossRef] [PubMed]

	



Elsässer, A.; Suzuki, K.; Lorenz-Meyer, S.; Bode, C.; Schaper, J. The role of apoptosis in myocardial ischemia: A critical appraisal. Basic Res. Cardiol. 2001, 96, 219–226. [Google Scholar] [CrossRef] [PubMed]

	



Kelland, E.; Patil, M.S.; Patel, S.; Cartland, S.P.; Kavurma, M.M. The prognostic, diagnostic, and therapeutic potential of TRAIL signalling in cardiovascular diseases. Int. J. Mol. Sci. 2023, 24, 6725. [Google Scholar] [CrossRef] [PubMed]

	



Maulik, N.; Yoshida, T.; Engelman, R.M.; Deaton, D.; Flack, J.E.; Rousou, J.A.; Das, D.K. Ischemic preconditioning attenuates apoptotic cell death associated with ischemia/reperfusion. Mol. Cell. Biochem. 1998, 186, 139–145. [Google Scholar] [CrossRef]

	



Nakamura, M.; Wang, N.-P.; Zhao, Z.-Q.; Wilcox, J.N.; Thourani, V.; Guyton, R.A.; Vinten-Johansen, J. Preconditioning decreases Bax expression, PMN accumulation and apoptosis in reperfused rat heart. Cardiovasc. Res. 2000, 45, 661–670. [Google Scholar] [CrossRef]

	



Fliss, H.; Gattinger, D. Apoptosis in ischemic and reperfused rat myocardium. Circ. Res. 1996, 79, 949–956. [Google Scholar] [CrossRef]

	



Maulik, N.; Engelman, R.M.; Rousou, J.A.; Flack, J.E., III; Deaton, D.; Das, D.K. Ischemic preconditioning reduces apoptosis by upregulating anti-death gene Bcl-2. Circulation 1999, 100, II369–II375. [Google Scholar] [CrossRef] [PubMed]

	



Deng, R.M.; Zhou, J. The role of PI3K/AKT signaling pathway in myocardial ischemia-reperfusion injury. Int. Immunopharmacol. 2023, 123, 110714. [Google Scholar] [CrossRef] [PubMed]

	



Wal, P.; Aziz, N.; Singh, Y.K.; Wal, A.; Kosey, S.; Rai, A.K. Myocardial infarction as a consequence of mitochondrial dysfunction. Curr. Cardiol. Rev. 2023, 19, 23–30. [Google Scholar] [CrossRef]

	



Popov, S.V.; Mukhomedzyanov, A.V.; Voronkov, N.S.; Derkachev, I.A.; Boshchenko, A.A.; Fu, F.; Sufianova, G.Z.; Khlestkina, M.S.; Maslov, L.N. Regulation of autophagy of the heart in ischemia and reperfusion. Apoptosis 2023, 28, 55–80. [Google Scholar] [CrossRef]

	



Shirai, T.; Rao, V.; Weisel, R.D.; Ikonomidis, J.S.; Li, R.-K.; Tumiati, L.C.; Merante, F.; Mickle, D.A. Preconditioning human cardiomyocytes and endothelial cells. J. Thorac. Cardiovasc. Surg. 1998, 115, 210–219. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Liu, X.; Bhalla, K.; Kim, C.N.; Ibrado, A.M.; Cai, J.; Peng, T.-I.; Jones, D.P.; Wang, X. Prevention of apoptosis by Bcl-2: Release of cytochrome c from mitochondria blocked. Science 1997, 275, 1129–1132. [Google Scholar] [CrossRef]

	



Kluck, R.M.; Bossy-Wetzel, E.; Green, D.R.; Newmeyer, D.D. The release of cytochrome c from mitochondria: A primary site for BcI-2 regulation of apoptosis. Science 1997, 275, 1132–1136. [Google Scholar] [CrossRef]

	



Zhao, Z.Q.; Velez, D.A.; Wang, N.P.; Hewan-Lowe, K.O.; Nakamura, M.; Guyton, R.A.; Vinten-Johansen, J. Progressively developed myocardial apoptotic cell death during late phase of reperfusion. Apoptosis 2001, 6, 279–290. [Google Scholar] [CrossRef]

	



Marber, M.S. Ischemic preconditioning in isolated cells. Circulation Res. 2000, 86, 926–931. [Google Scholar] [CrossRef]

	



Kim, Y.D.; Fomsgaard, J.S.; Heim, K.F.; Ramwell, P.W.; Thomas, G.; Kagan, E.; Moore, S.P.; Coughlin, S.S.; Kuwahara, M.; Analouei, A. Brief ischemia-reperfusion induces stunning of endothelium in canine coronary artery. Circulation 1992, 85, 1473–1482. [Google Scholar] [CrossRef]

	



Nicklas, J.M.; Gips, S.J. Decreased coronary flow reserve after transient myocardial ischemia in dogs. J. Am. Coll. Cardiol. 1989, 13, 195–199. [Google Scholar] [CrossRef]

	



Zhou, X.; Zhai, X.; MAshraf, M. Preconditioning of bovine endothelial cells. The protective effect is mediated by an adenosine A2 receptor through a protein kinase C signaling pathway. Circ. Res. 1996, 78, 73–81. [Google Scholar] [CrossRef] [PubMed]

	



Beauchamp, P.; Richard, V.; Tamion, F.; Lallemand, F.; Lebreton, J.P.; Vaudry, H.; Daveau, M.; Thuillez, C. Protective effects of preconditioning in cultured rat endothelial cells: Effects on neutrophil adhesion and expression of ICAM-1 after anoxia and reoxygenation. Circulation 1999, 100, 541–546. [Google Scholar] [CrossRef] [PubMed]

	



Maslov, L.N.; Popov, S.V.; Mukhomedzyanov, A.V.; Naryzhnaya, N.V.; Voronkov, N.S.; Ryabov, V.V.; Boshchenko, A.A.; Khaliulin, I.; Prasad, N.R.; Fu, F.; et al. Reperfusion cardiac injury: Receptors and the signaling mechanisms. Curr. Cardiol. Rev. 2022, 18, 63–79. [Google Scholar] [CrossRef] [PubMed]

	



Bolli, R.; Shinmura, K.; Tang, X.-L.; Kodani, E.; Xuan, Y.-T.; Guo, Y.; Dawn, B. Discovery of a new function of cyclooxygenase (COX)-2: COX-2 is a cardioprotective protein that alleviates ischemia/reperfusion injury and mediates the late phase of preconditioning. Cardiovasc. Res. 2002, 55, 506–519. [Google Scholar] [CrossRef] [PubMed]

	



von Knethen, A.; Brune, B. Cyclooxygenase-2: An essential regulator of NO-mediated apoptosis. FASEB J. 1997, 11, 887–895. [Google Scholar] [CrossRef] [PubMed]

	



McQuillan, L.P.; Leung, G.K.; Kostyk, S.K.; Kourembanas, S.; Luchi, W.M.; Shimizu, M.H.M.; Canale, D.; Gois, P.H.F.; de Bragança, A.C.; Volpini, R.A.; et al. Hypoxia inhibits expression of eNOS via transcriptional and posttranscriptional mechanisms. Am. J. Physiol. 1994, 267, H1921–H1927. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Tomson, K.; Yang, B.; Mehta, P.; Croker, B.P.; Mehta, J.L. Modulation of constitutive nitric oxide synthase, bcl-2 and Fas expression in cultured human coronary endothelial cells exposed to anoxia-reoxygenation and angiotensin II: Role of AT1 receptor activation. Cardiovasc. Res. 1999, 41, 109–115. [Google Scholar] [CrossRef]

	



Dominguez, A.; Iruela-Arispe, M.L. Integration of chemo-mechanical signaling in response to fluid shear stress by the endothelium. Curr. Opin. Cell. Biol. 2023, 85, 102232. [Google Scholar] [CrossRef]

	



Zhou, H.L.; Jiang, X.Z.; Ventikos, Y. Role of blood flow in endothelial functionality: A review. Front. Cell. Dev. Biol. 2023, 11, 1259280. [Google Scholar] [CrossRef]








[image: Ijms 25 01238 g001] 





Figure 1. The percentage of apoptotic cells in the TUNEL test. Abbreviations: C: control group, IP: preconditioning, HR: hypoxia/reoxygenation, B: baseline conditions, H: hypoxia, R: reoxygenation, n: number of experiments. Post hoc differences: * p < 0.001. 
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Figure 2. The expression of selected genes. (A) Baseline expression, (B) ACTB expression after 8 and 24 h of reoxygenation and (C) Bcl-2/Bax ratio after 8 and 24 h of reoxygenation. Abbreviations: R: reoxygenation, C: control group, HR2: 2 h hypoxia, HR6: 6 h hypoxia, IP2: 2 h hypoxia preceded by preconditioning, IP6: 6 h hypoxia preceded by preconditioning. 
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Figure 3. The expression of Bax after 8 and 24 h of reoxygenation (A) and Bcl-2 after 8 and 24 h of reoxygenation (B). Abbreviations: see Figure 2. 
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Figure 4. The expression of e-NOS after 8 and 24 h of reoxygenation (A) and of cox-2 after 8 and 24 h of reoxygenation (B). Abbreviations: see Figure 2. 
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Figure 5. The oxygen saturation of Tyrod’s fluid. 
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Figure 6. Experimental protocol. 
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Table 1. The lactate dehydrogenase index.
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n = 12

	
Study Group

	
Baseline

	
H

	
2 h R

	
8 h R

	
24 h R






	
2 h hypoxia

	
C

	
0.017 ± 0.010

	
0.019 ± 0.011

	
0.023 ± 0.028

	
0.043 ± 0.019

	
0.092 ± 0.016




	
IP

	
0.018 ± 0.011

	
0.020 ± 0.011

	
0.075 ± 0.021 *

	
0.096 ± 0.028 *,**

	
0.280 ± 0.052 *




	
HR

	
0.016 ± 0.009

	
0.019 ± 0.012

	
0.098 ± 0.027 *

	
0.167 ± 0.033 *

	
0.305 ± 0.048 *




	
6 h hypoxia

	
C

	
0.017 ± 0.011

	
0.018 ± 0.011

	
0.035 ± 0.021

	
0.054 ± 0.027

	
0.110 ± 0.030




	
IP

	
0.017 ± 0.010

	
0.018 ± 0.012

	
0.117 ± 0.023 *

	
0.134 ± 0.034 *,**

	
0.330 ± 0.079 *




	
HR

	
0.018 ± 0.011

	
0.020 ± 0.011

	
0.146 ± 0.045 *

	
0.193 ± 0.043 *

	
0.370 ± 0.084 *








Abbreviations: C: control group, IP: preconditioning, H: hypoxia, R: reoxygenation, n: number of experiments. Post hoc differences: * p < 0.001 vs. control group, ** p < 0.001 vs. HR group.













 





Table 2. The percentage of viable, apoptotic and necrotic cells in double staining with propidium iodide and annexin V.
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n = 6

	

	
2 h Hypoxia

	
6 h Hypoxia




	

	

	
C

	
IP

	
HR

	
C

	
IP

	
HR






	
8 h R

	
Apoptotic

	
2.3 ± 0.3

	
4.5 ± 0.5 *,**

	
6.5 ± 0.85 *

	
2.4 ± 0.3

	
5.4 ± 0.65 *,**

	
7.9 ± 0.9 *




	
Necrotic

	
5.8 ± 0.7

	
9.1 ± 1.0 **,***

	
17.5 ± 2.4 *

	
6.2 ± 0.8

	
11.1 ± 1.6 **,***

	
20.2 ± 3.0 *




	
Viable

	
91.9 ± 1.5

	
86.4 ± 2.8

	
76.0 ± 4.8

	
91.4 ± 1.6

	
83.5 ± 2.7

	
72.1 ± 4.9




	
24 h R

	
Apoptotic

	
2.4 ± 0.35

	
7.4 ± 0.9 *,**

	
15.6 ± 2.0 *

	
2.6 ± 0.4

	
10.6 ± 1.3

	
20.7 ± 2.2




	
Necrotic

	
7.6 ± 0.91

	
26.9 ± 3.1 *

	
30.2 ± 4.0 *

	
8.8 ± 1.1

	
28.2 ± 3.3 *

	
33.2 ± 4.3 *




	
Viable

	
90.0 ± 1.8

	
65.7 ± 3.8

	
54.2 ± 6.2

	
88.6 ± 1.8

	
61.2 ± 4.6

	
46.0 ± 6.5








Abbreviations: C: control group, IP: preconditioning, HR: hypoxia/reoxygenation, R: reoxygenation, n: number of experiments. Post hoc differences: * p < 0.001 vs. control group, ** p < 0.001 vs. HR group, *** p < 0.01 vs. control group.
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