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Abstract 

Hypoxia, a state of reduced oxygen availability, exerts complex and often paradoxical effects 

on the heart. While chronic hypoxia is detrimental and leads to adverse cardiac remodeling and 

dysfunction, short-term or intermittent hypoxia can contribute towards protective adaptations that 

enhances the heart’s ability to protect itself from ischemic injury. This protective adaptation, also 

known as hypoxic preconditioning, drives the activation of several essential signaling pathways, 

including the hypoxia-inducible factor (HIF) signaling, reactive oxygen species (ROS) signaling, 

nitric oxide (NO) regulation, and ATP-sensitive potassium channel (KATP) mediated regulation, 

leading to metabolic reprogramming, angiogenesis with vascular remodeling, and enhanced calcium 

handling, thereby increasing resistance to ischemic heart disease. We discuss strategies such as 

hypoxic conditioning and pharmacologically activated HIF signaling, along with targeted 

approaches to enhance glycolysis and KATP channel regulation and optimize sarcoplasmic reticulum 

calcium ATPase 2a (SERCA2a) mediated calcium handling in cardiomyocytes. In this review, we 

explore the mechanisms and therapeutic potential of short-term or intermittent hypoxia-mediated 

cardioprotection. Additionally, we highlight the importance of addressing challenges and limitations 

of using hypoxic preconditioning in clinical practice. 
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Introduction 

Hypoxia, a state of reduced oxygen availability, can occur due to various 

physiological or pathological conditions, such as high altitude, sleep apnea, or 

cardiovascular diseases (1, 2). It can be classified into several types based on its duration 

and pattern. The first type is acute hypoxia, which refers to a sudden decrease in oxygen 

availability, frequently triggered by events such as acute respiratory distress or high-

altitude exposure. This abrupt change in oxygen levels can exhibit immediate and 

significant physiological reactions (3). The second type is chronic hypoxia, caused by 

prolonged periods of reduced oxygen availability due to conditions like chronic 

obstructive pulmonary disease or prolonged living at high altitude. This sustained 

exposure to low oxygen levels drives long-term physiological adaptations in the 

organism (4, 5). The third type is intermittent hypoxia, which refers to the periodic 

occurrence of low oxygen levels, as observed in patients with obstructive sleep apnea. 

The recurrent pattern of intermittent hypoxia can elicit distinct physiological adaptations 

within the organism (6). Each distinct state of hypoxia is characterized by unique 

underlying mechanisms and resulting physiological consequences (7, 8). 

Studying the effects of hypoxia in cardiovascular diseases is critical, as many heart 

conditions involve ischemia and reduced oxygen supply to the myocardium (9). Ischemic 

heart disease, for example, is a leading cause of morbidity and mortality worldwide, and 

understanding the cellular and molecular responses to hypoxia is essential for developing 

effective interventions (10). 

Interestingly, brief episodes of hypoxia, known as hypoxic preconditioning, can 

paradoxically induce protective mechanisms in the heart, potentially mitigating the 

damaging effects of prolonged ischemia (11). This cardioprotective response has been the 

subject of extensive research, as it offers a promising avenue for developing therapeutic 

strategies to manage ischemic heart disease and heart failure (12, 13). 

This review will delve into the molecular mechanisms underlying the 

cardioprotective effects of hypoxia, exploring key pathways such as HIFs, ROS signaling, 

NO synthesis, KATP channels, metabolic adaptations, vascular remodeling and 

angiogenesis and calcium handling (14–16). Understanding these complex and 

interconnected mechanisms is crucial for designing more effective interventions to 

mitigate the devastating consequences of ischemic heart disease and heart failure. 

Significance of Studying Hypoxia in Cardiovascular Pathologies 

Hypoxia, or the state of reduced oxygen availability, is a potent regulator of 

cardiovascular function, influencing the cardiac and vascular systems at both molecular 

and systemic levels. Elucidating the role of hypoxia in cardiovascular diseases holds 

substantial significance for several reasons: 

1. Pathophysiological Insights: Hypoxia plays a central role in the pathogenesis 

and progression of various cardiovascular diseases, including ischemic heart 

disease, heart failure, and pulmonary hypertension. It affects key processes such 
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as angiogenesis, erythropoiesis, and metabolic regulation, all of which are 

integral to cardiovascular health (17).  

2. Therapeutic Potential: The controlled application of hypoxic stimuli, such as 

interval hypoxic training, has demonstrated promising results as a therapeutic 

approach. This method has the potential to enhance cardiovascular function and 

mitigate the risk of complications associated with hypoxia-related 

cardiovascular diseases (5).  

3. Epidemiological Significance: The high incidence of cardiovascular 

conditions characterized by hypoxia, such as heart failure with reduced ejection 

fraction and ischemic heart disease, highlights the importance of investigating 

hypoxia. This research can inform the development of more effective 

prevention and treatment approaches for these prevalent cardiovascular 

pathologies (18). 

Protective Effects of Hypoxia Preconditioning on the Heart 

Hypoxia preconditioning refers to the process of exposing tissues to short, non-lethal 

episodes of hypoxia to build resistance against subsequent severe hypoxic or ischemic 

events. This phenomenon has shown potential protective effects on the heart, including: 

 Enhanced Cardiac Function: Preconditioning can improve cardiac function by 

promoting angiogenesis, enhancing myocardial perfusion and reducing infarct 

size during ischemic events (19, 20). 

 Metabolic Adaptations: Hypoxia preconditioning induces metabolic shifts that 

enhance the heart's ability to utilize glucose and other substrates more efficiently, 

thereby improving energy production under low oxygen conditions (21, 22). 

 Cellular Protection: It activates various cellular pathways that enhance cell 

survival, reduce oxidative stress, and modulate inflammatory responses, 

contributing to overall cardioprotection (21, 23). 

Molecular Mechanisms of Hypoxia-Induced Cardioprotection 

The cardioprotective effects of hypoxia preconditioning are mediated through 

complex interconnected molecular pathways (24). Key mechanisms include: 

Hypoxia-Inducible Factors (HIF) 

HIFs are master transcriptional regulators that orchestrate the cellular response to low 

oxygen conditions (21, 25). They activate a multitude of genes involved in angiogenesis, 

metabolism, and cellular survival, thereby enhancing the heart's ability to adapt and survive 

under hypoxic stress (24). HIFs are heterodimeric transcription factors composed of an 

oxygen-regulated α subunit (HIF-1α, HIF-2α and HIF-3α) and a constitutively expressed β 

subunit (HIF-1β) (24, 26–28). Under normoxic conditions, the α subunits are hydroxylated 

by prolyl hydroxylase domain (PHD) enzymes, leading to their ubiquitination and 

proteasomal degradation (29–31). However, during hypoxia, the PHDs are inhibited, 

allowing the stabilization and nuclear translocation of HIFα subunits, where they dimerize 
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with HIF-1β and bind to hypoxia response elements (HREs) in the promoters of target 

genes (24, 28, 32). HIF-1α is the most extensively studied isoform in the context of hypoxia-

induced cardioprotection. Its activation triggers a multifaceted response involving metabolic 

reprogramming, angiogenesis, erythropoiesis, and cell survival pathways (25, 28, 32). HIF-

1α induces the expression of glycolytic enzymes and glucose transporters, facilitating a shift 

from oxidative phosphorylation to glycolysis, which is more efficient in hypoxic conditions. 

This metabolic reprogramming reduces oxidative stress and preserves adenosine triphosphate 

(ATP) levels in cardiomyocytes (24, 28). HIF-1α upregulates the expression of vascular 

endothelial growth factor (VEGF) and other pro-angiogenic factors, promoting the formation 

of new blood vessels and improving oxygen delivery to the ischemic myocardium (24, 32). 

Additionally, HIF-1α activates the transcription of genes involved in cell survival pathways, 

such as the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) and Bcl-2 pathways, 

inhibiting apoptosis and promoting cardiomyocyte survival during ischemia and hypoxia-

induced cell death (24, 32). While HIF-1α is primarily involved in acute cardioprotective 

responses, emerging evidence suggests that HIF-2α plays a crucial role in cardiac 

regeneration and long-term adaptation to hypoxia (33, 34). HIF-2α has been shown to induce 

the expression of cell cycle regulators, such as cyclin D1 and c-Myc, promoting 

cardiomyocyte proliferation and regeneration (32, 34). HIF-2α regulates the activation and 

differentiation of cardiac stem/progenitor cells, contributing to myocardial repair and 

regeneration in the context of ischemic heart disease and heart failure (35). HIF-2α modulates 

the expression of matrix metalloproteinases (MMPs) and their inhibitors, facilitating 

extracellular matrix remodeling and tissue repair (35). Recent studies have explored the 

therapeutic potential of HIF stabilizers, such as prolyl hydroxylase inhibitors (PHIs) and 

iron chelators, in preclinical models of myocardial infarction and ischemia-reperfusion 

injury (36–38). These interventions have demonstrated promising results in improving 

cardiac function, reducing infarct size, and enhancing angiogenesis. However, it is important 

to note that the HIF pathway is complex, and the specific roles of different HIF isoforms may 

vary depending on the context and duration of hypoxia exposure. Additionally, the crosstalk 

between HIFs and other signaling pathways, such as the wingless related integration site 

(WNT)/β-catenin and Notch pathways, contributes to the intricate regulation of hypoxia-

induced cardioprotection and regeneration (32, 32, 34). Despite the promising role of HIF 

signaling in cardioprotection, several challenges remain. The specificity of HIF-1α as a 

therapeutic target for atherosclerosis, for instance, depends on the cell type in which it is 

expressed (39). A greater understanding of the timing and cellular distribution of HIF-1α in 

the plaque is needed to use it effectively for HIF-based therapies. Furthermore, as small 

molecules that modulate HIF signaling enter clinical trials, it will be important to determine 

what effects these treatments may have on patients with heart disease (36, 40). In summary, 

recent advances have highlighted the pivotal roles of HIFs, particularly HIF-1α and HIF-2α, 

in orchestrating cellular responses to hypoxia, including metabolic adaptation, angiogenesis, 

cell survival, and cardiac regeneration (Figure 1). Targeting the HIF pathway through 

pharmacological interventions holds promise for developing novel therapeutic strategies for 

ischemic heart diseases and heart failure (24, 25, 28, 32, 34). 
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Figure 1.   Molecular and cellular mechanisms of hypoxia-induced cardioprotection. 

 Short-term or intermittent hypoxia regulates several molecular and 

cellular adaptations in the heart which eventually drives pro-survival 

mechanisms that protect the heart from ischemic injury. The figure was 

created in www.Biorender.com. 

Slika 1.   Molekularni i ćelijski mehanizmi kardioprotekcije ostvarene pomoću 

hipoksije. Kratkoročna ili povremena hipoksija reguliše nekoliko 

molekularnih i ćelijskih adaptacija u srcu, što potom pokreće mehanizme 

za preživljavanje koji štite srce od ishemijskog oštećenja. Slika je kreirana 

pomoću www.Biorender.com. 

 

Reactive Oxygen Species Signaling 

Reactive oxygen species (ROS) are chemically reactive molecules containing 

oxygen, which include free radicals such as superoxide (O2•−), hydroxyl radicals (•OH), 

and non-radical species such as hydrogen peroxide (H2O2) (41, 42). While they were 

traditionally viewed as harmful byproducts of aerobic metabolism, recent research has 

elucidated their dual role as both damaging and signaling molecules, particularly in the 

context of hypoxia-induced cardioprotection (43, 44). Hypoxia can induce the production 

of reactive oxygen species, which can paradoxically function as signaling molecules to 
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trigger protective mechanisms in a concentration-dependent manner. These include 

activating pro-survival pathways, modulating metabolic shifts, and regulating gene 

expression programs (25). However, excessive ROS production leads to oxidative stress, 

cellular damage, and apoptosis (45–47). Interestingly, ROS signaling is integral to the 

mechanisms of ischemic preconditioning and postconditioning, where brief periods of 

ischemia and reperfusion confer protection against subsequent prolonged ischemic insults. 

ROS act as triggers and mediators in the signaling pathways that underlie these protective 

phenomena, involving kinases such as Protein Kinase C (PKC), mitogen activated protein 

kinases (MAPKs), and Akt, as well as the opening of mitochondrial ATP-sensitive 

potassium channels (24, 48–50). These pathways culminate in the modulation of 

mitochondrial permeability and inhibition of apoptosis, contributing to 

cardioprotection (48). The recognition of ROS's role in hypoxia-induced cardioprotection 

has spurred interest in developing antioxidant therapies. However, clinical trials have 

yielded mixed results, underscoring the complexity of ROS signaling and the need for 

targeted approaches. Future therapies must consider the specific sources, timing, and 

cellular compartments of ROS production to effectively harness their protective potential 

without disrupting physiological signaling processes (48, 50–52). Overall, recent advances 

in our understanding of ROS signaling have elucidated its critical role in hypoxia-induced 

cardioprotection (Figure 1). ROS serve as double-edged swords, mediating cellular damage 

and signaling pathways that promote survival and adaptation to hypoxic stress. The intricate 

balance between these opposing effects is crucial for cardiovascular health (53, 54). Further 

research is needed to unravel the complex regulatory networks of ROS signaling and to 

develop targeted antioxidant therapies that can mitigate the detrimental effects of excessive 

ROS while preserving their beneficial signaling functions (54, 55). 

Nitric Oxide (NO) Synthesis and Regulation 

Nitric oxide (NO) is a critical signaling molecule that mediates various 

cardioprotective effects, such as vasodilation, inhibition of platelet aggregation, and 

modulation of mitochondrial function. Hypoxia can stimulate nitric oxide synthesis by 

endothelial nitric oxide synthase (eNOS) and regulate its bioavailability, contributing to 

the protective phenotype (24, 56). Nitric oxide signaling can activate pro-survival 

pathways, such as the PI3K/Akt and MAPK cascades, and induce the expression of genes 

involved in angiogenesis, metabolic adaptation, and apoptosis inhibition (Figure 1) (57). 

NO also inhibits platelet aggregation and adhesion, which are common during ischemia 

reperfusion injury (58). By preventing platelet activation, NO reduces the risk of 

thrombosis, further enhancing blood flow to the ischemic myocardium. Additionally, NO 

modulates the inflammatory response, reducing the recruitment and activation of 

leukocytes that can exacerbate tissue damage (59, 60). At the mitochondrial level, NO 

has been shown to exert protective effects by inhibiting the opening of the mitochondrial 

permeability transition pore (mPTP). This action helps to maintain mitochondrial 

integrity and prevent cell death during ischemia-reperfusion events (59). Furthermore, 

NO interacts with components of the electron transport chain, such as cytochrome C 
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oxidase, modulating its activity to reduce oxidative stress and stabilize mitochondrial 

function (59). Recent studies have highlighted the role of nitric oxide in remote ischemic 

preconditioning (RIPC), where brief episodes of ischemia in a remote organ confer 

protection to the heart. NO signaling has been implicated in the transmission of protective 

signals from the remote organ to the heart, involving neural pathways and circulating 

factors (61, 62). Moreover, the development of NO-donating drugs and biomaterials that 

release NO in a controlled manner represents a significant advancement. These 

therapeutic strategies aim to harness the cardioprotective effects of NO without the 

adverse effects associated with systemic NO administration (62, 63). For instance, nitrate-

functionalized patches that deliver NO directly to the myocardium have shown promise 

in enhancing cardiac repair and reducing infarct size in preclinical models (59). Overall, 

nitric oxide is a key player in the complex signaling networks that underlie hypoxia-

induced cardioprotection. Its multifaceted actions on vascular function, inflammation, 

and mitochondrial regulation make it a crucial target for therapeutic interventions. 

Regulation of ATP-Sensitive Potassium Channels 

One of the key mechanisms by which hypoxia promotes cardioprotection is the 

modulation of ATP-sensitive potassium channels (KATP). KATP channels are present in the 

plasma membrane and the inner mitochondrial membrane of cardiac cells (64, 65). KATP 

channels play a crucial role in the heart's response to hypoxia by linking cellular metabolic 

status to membrane excitability (66). These channels are regulated by intracellular ATP 

levels; under normoxic conditions, high ATP concentrations inhibit KATP channels, 

keeping them closed (66, 67). However, during hypoxia, ATP levels decrease, and 

adenosine diphosphate (ADP) levels rise, leading to the opening of KATP channels. This 

opening helps to stabilize the membrane potential, reduce calcium overload, and prevent 

cellular depolarization, thereby protecting cardiomyocytes from hypoxic damage. The 

opening of KATP channels also induces mild depolarization of the inner mitochondrial 

membrane, which can inhibit the opening of the mitochondrial permeability transition 

pore (mPTP) and prevent the release of pro-apoptotic factors, and reduces mitochondrial-

mediated cell death during ischemia-reperfusion injury (68, 69).  

Hypoxia has been shown to activate KATP channels through various signaling 

pathways, including ROS signaling, nitric oxide, and the activation of protein kinase C (24). 

In fact, recent studies have shown sub hypoxia, mild hypoxia, mild to severe hypoxia and 

chronic hypoxia to regulate sulfonylurea receptor type 2A (SUR2A) subunit of the KATP 

channels in the heart through multiple signaling mechanisms, including extracellular signal-

regulated kinase (ERK), PI3K/Akt, 5' adenosine monophosphate-activated protein kinase 

(AMPK), and intracellular ATP signaling pathways, respectively, to induce 

cardioprotection (70–73) (Figure 1). Interestingly, the cardioprotective effects of ischemic 

preconditioning and postconditioning are also mediated in part by the modulation of KATP 

channels (68, 74). The pharmacological activation of these KATP channels, using agents 

such as diazoxide or nicorandil, has been a focus of intensive research as a potential 

therapeutic strategy for cardioprotection (75–77). Recent studies have also shown that 
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regulating the levels of KATP channels by agents like nicotinamide and pyrazinamide can 

also confer cardioprotection (78–80). While the precise mechanisms by which KATP 

channel modulation confers cardioprotection are still being elucidated, these channels 

clearly play a central role in the adaptive responses of the heart to hypoxic stress. 

Overall, the regulation of ATP-sensitive potassium channels represents a crucial 

mechanism by which hypoxia induces cardioprotective effects. KATP channels act as 

metabolic sensors, coupling cellular energy status to membrane potential and 

mitochondrial function. By promoting the opening of these channels, hypoxia can 

enhance the heart's resistance to ischemia-reperfusion injury, making it an attractive target 

for the development of new cardioprotective therapies. 

Cellular and Functional Adaptations to Hypoxia 

At the cellular level, hypoxia induces significant changes in gene expression, 

primarily mediated by HIFs. HIFs are stabilized under low oxygen conditions and 

regulate the transcription of numerous genes involved in critical processes such as 

metabolic reprograming, angiogenesis, and vascular remodeling, remodeling of 

contractility leading to cell survival (81). These transcriptional changes help cells adapt 

by enhancing oxygen delivery and optimizing energy production under hypoxic 

conditions. Additionally, hypoxia leads to the suppression of ATP-consuming processes 

and modulates protein synthesis, mitochondrial respiration, and nutrient acquisition to 

conserve energy and maintain cellular function (17, 82). 

Metabolic Reprogramming 

One of the hallmarks of the hypoxic response is a shift in cardiac metabolism, 

characterized by increased glycolysis and decreased oxidative phosphorylation. This 

metabolic adaptation enhances the heart's ability to generate ATP more efficiently under 

low oxygen conditions, thereby promoting cell survival (21, 24). HIFs play a central role 

in orchestrating these metabolic changes. HIF-1α, for example, upregulates the expression 

of glycolytic enzymes, such as hexokinase, pyruvate dehydrogenase kinase, and lactate 

dehydrogenase, while down-regulating the expression of mitochondrial enzymes involved 

in oxidative phosphorylation (40). This metabolic shift reduces oxygen consumption, as 

glycolysis is more oxygen-efficient than oxidative phosphorylation. Moreover, HIF-1α 

induces the expression of genes involved in angiogenesis, such as vascular endothelial 

growth factor, which enhances oxygen delivery to the myocardium (35) (Figure 1). 

Interestingly, the metabolic reprogramming observed during hypoxia-induced 

cardioprotection shares similarities with the Warburg effect, a metabolic phenotype 

commonly observed in cancer cells (83). Like cancer cells, the hypoxic heart prioritizes 

glycolysis over oxidative phosphorylation, even in the presence of adequate oxygen (34). 

This metabolic shift is thought to provide multiple benefits, including the generation of 

reducing equivalents for antioxidant defense, the production of biosynthetic precursors 

for cellular repair and proliferation, and the maintenance of ATP levels under conditions 

of limited oxygen availability (34).  
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Recent studies have also highlighted the role of mitochondrial dynamics in the 

metabolic adaptation to hypoxia. Hypoxia can induce changes in mitochondrial 

morphology, such as increased fission and reduced fusion, which alter mitochondrial 

function and bioenergetics. These mitochondrial remodeling processes are regulated by 

HIF-1α and other signaling pathways, and they contribute to the overall metabolic 

reprogramming that occurs in the hypoxic heart (28). 

Overall, the metabolic shift towards glycolysis and the associated changes in 

mitochondrial dynamics are crucial adaptive responses that help the heart maintain energy 

production and cellular viability under hypoxic conditions.  

Angiogenesis and Vascular Remodeling 

Hypoxia is a potent stimulus that can trigger angiogenesis, forming new blood 

vessels from existing ones. This adaptive response is essentially driven by the HIFs, 

which direct the transcriptional regulation of various pro-angiogenic genes, including 

vascular endothelial growth factor, angiopoietin-2 (ANGPT2), and stromal cell-derived 

factor-1α (SDF-1α) (35, 84). The increase in expression of these angiogenic factors 

promotes the proliferation, migration, and differentiation of endothelial cells, and 

contributes towards the formation of new capillaries and the remodeling of existing 

vasculature (85, 86). This adaptive response improves oxygen and nutrient delivery to the 

hypoxic myocardium, thereby optimizing metabolic and contractile function within the 

tissue (40) (Figure 1). This is particularly crucial in ischemic heart disease, where the 

restoration of blood flow to oxygen-deprived myocardial tissues can significantly 

improve cardiac function and reduce infarct size (87–89).  

Vascular remodeling is defined by structural and functional changes that occur in 

blood vessels following alterations in hemodynamics, metabolic demands, physiological 

and pathological stimulations (90). This process involves alterations in the architecture of 

the vascular wall, including changes in endothelial cell function, smooth muscle cell 

proliferation, extracellular matrix composition, and vessel diameter (91). Hypoxia is a 

potent driver of vascular remodeling, triggering the activation of a variety of signaling 

cascades that ultimately lead to maladaptive changes in the vasculature. For instance, 

hypoxia can stimulate the production of matrix metalloproteinases, which degrade the 

extracellular matrix and facilitate the migration and proliferation of vascular smooth muscle 

cells (92, 93). This can result in the expansion and remodeling of the vascular network, 

which enhances blood flow and oxygen delivery to the myocardium (33, 94). These 

processes are mediated by various signaling pathways, including those involving HIFs, 

VEGF, and nitric oxide, which collectively promote endothelial cell proliferation, smooth 

muscle cell relaxation, and extracellular matrix remodeling (93). However, pathological 

vascular remodeling can be detrimental to the heart. Excessive or uncontrolled remodeling 

leads to vascular stiffness, reduced compliance, and impaired blood flow (95, 96).  

In conclusion, the hypoxia-induced angiogenic and vascular remodeling responses 

represent crucial adaptive mechanisms that improve oxygen delivery to the myocardium 

and enhance cardiac function under low oxygen conditions. By understanding the 
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molecular processes that drive hypoxic adaptations, we can identify potential therapeutic 

targets to treat ischemic heart disease and other cardiovascular pathologies. 

Contractile Function and Remodeling 

Hypoxia can have complex and sometimes paradoxical effects on cardiac 

contractile function and remodeling that is essentially dependent on duration and severity 

of the hypoxic exposure (97). In the short term, acute hypoxia can impair contractility 

due to the reduced ATP utilization and decreased ATP production, as well as the 

accumulation of metabolic byproducts like lactate (98). 

However, intermittent or preconditioning exposure to hypoxia can lead to the 

activation of signaling pathways that ultimately improve carbohydrate metabolism and 

mitochondrial respiratory capacity, ATP production, calcium handling, and contractile 

function, and protect the heart from ischemic injury (28, 89). The mechanisms underlying 

the improved contractile function after hypoxic preconditioning are usually complex and 

diverse and involve various adaptations, including metabolic reprogramming, enhanced 

calcium handling, and the activation of pro-survival signaling pathways (89) (Figure 1). 

For instance, the upregulation of glycolytic enzymes such as hexokinase, 

phosphofructokinase, and lactate dehydrogenase helps regulate the glycolytic pathway 

efficiently, enabling a shift towards more oxygen-efficient ATP production, which can 

aid in maintaining contractile function, thereby affording cardioprotective effects (99). 

Moreover, HIF-1α has been shown to regulate the expression of key calcium-handling 

proteins, such as the sarcoplasmic reticulum calcium ATPase 2a (SERCA2a), which can 

enhance calcium cycling from cytoplasm into sarcoplasmic reticulum and improve 

excitation-contraction coupling during stress (100, 101). 

In contrast, chronic hypoxia can lead to adverse remodeling of the heart, which is 

defined by the development of cardiac hypertrophy, fibrosis, and impaired diastolic function 

(102–104). These detrimental effects are often mediated by the activation of pathways 

involving oxidative stress, inflammation, and neurohormonal activation (102, 105, 106).  

Overall, hypoxic preconditioning has been an effective strategy with 

cardioprotective effects. However, the impacts of hypoxia on cardiac contractility and 

remodeling are intricate and diverse, involving the interplay of varied signaling pathways 

and metabolic adaptations. Understanding these mechanisms is pivotal for developing 

targeted interventions to enhance cardiac function. 

Therapeutic Implications and Future Directions 

Our understanding from the study of hypoxia-induced cardioprotection has 

important therapeutic implications. Identifying some of the key molecular pathways and 

underlying mechanisms involved in physiological adaptation of the heart to hypoxia has 

uncovered potential new targets with therapeutic implications for the treatment of various 

diseases, including ischemic heart disease and heart failure (24, 89, 107).  

Developing safe and effective methods of intermittent hypoxic training for patients 

with high-risk cardiac ischemic disease and the use of pharmacological agents that can 
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provide the benefits of intermittent hypoxia through targeting HIF-1α or its downstream 

signaling under normoxic conditions could have the potential for providing 

cardioprotection (25, 108). Exposure to mild intermittent hypoxia has shown beneficial 

cardiovascular outcomes, with a decrease in blood pressure in participants with obstructive 

sleep apnea and hypertension (109). Using remote ischemic preconditioning in patients 

undergoing coronary artery bypass graft surgery showed significantly lower levels of 

troponin-T release following surgery, indicating that it could effectively reduce myocardial 

injury (110). In patients with ST-segment elevation myocardial infarction, remote ischemic 

conditioning prior to primary percutaneous coronary intervention decreased infarct size, 

myocardial salvage and myocardial edema (111). Moreover, other therapeutic approaches 

such as modulation of mitochondrial function, enhancing angiogenesis, targeting metabolic 

pathways, like enhancing glycolysis and oxidative phosphorylation so as to maintain ATP 

production to meet the energy demands, regulating contractile function through optimizing 

calcium handling in cardiomyocytes, essentially by modulating SERCA2a activity, has the 

potential for cardioprotection under ischemic heart disease (89, 112). Recent studies have 

shown the benefits of using intracoronary adenosine readily binding to adenosine receptor 

during reperfusion, which can limit the infarct size and also reduce the coronary no-reflow 

(113, 114). Using beta blockers such as Metoprolol during early administration before 

reperfusion has also been shown to be cardioprotective (115). Roxadustat, a HIF prolyl-

hydroxylase inhibitor pretreatment, significantly reduced infarct size following ischemia 

reperfusion injury (116). 

However, translation of preclinical findings to the clinical setting has significant 

challenges. The complexity of the hypoxic response, the potential for off-target effects, and 

lack of innovative delivery systems for delivering hypoxic therapies to the region of injury 

in the heart have contributed to the limited success of clinical trials to date (117–119). 

Future research should focus on understanding the context-dependent and cell-

specific roles of HIF-1α and HIF-2α in the heart, as well as identifying novel downstream 

effectors and signaling involved in hypoxic preconditioning (24, 40). Additionally, the 

development of more sophisticated and targeted therapeutic strategies, such as gene 

therapy and tissue engineering approaches, may hold promise for the effective clinical 

translation of hypoxia-induced cardioprotection (35, 49). Identifying reliable biomarkers 

from patients responding to hypoxic preconditioning therapies and monitoring their status 

of efficacy, along with developing personalized hypoxic preconditioning treatments 

based on patient’s age, comorbidities and genetic makeup, could also facilitate clinical 

trials (120–122). 

Conclusion 

In conclusion, hypoxia drives cardioprotection through complex and diverse 

adaptative responses that protect the heart from ischemic heart diseases. Some of the key 

mechanisms that drive these protective responses include activation of HIF signaling 

pathway, reactive oxygen species signaling, regulation of nitric oxide synthesis, and 

regulation of KATP channels. At the cellular level, hypoxia drives metabolic 
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reprogramming that enhances glycolysis, regulating mitochondrial dynamics, increased 

angiogenesis and vascular remodeling, and modulation of contractile function (Figure 2). 

 

 

Figure 2.   Mechanisms of hypoxia-induced cardioprotection. Short-term or 

intermittent hypoxia protects the heart by activating various pathways 

including hypoxia-inducible factor signaling, reactive oxygen species 

signaling, nitric oxide production and regulation, and regulation of ATP-

sensitive potassium channels. These pathways drive increased ATP 

production efficiency and utilization, tissue regeneration, cell survival, 

remodeling of cardiac contractility, calcium regulation, and angiogenesis, 

which ultimately leading to cardioprotection against ischemic injury. The 

figure was created in www.Biorender.com.  

Slika 2.   Mehanizmi kardioprotekcije ostvarene pomoću hipoksije. Kratkoročna ili 

povremena hipoksija štiti srce aktivacijom različitih puteva, uključujući 

signalizaciju faktora indukovanog hipoksijom, signalizaciju reaktivnih 

kiseoničnih vrsta, proizvodnju i regulaciju azot-monoksida, kao i regulaciju 

ATP-senzitivnih kalijumskih kanala. Ovi putevi dovode do povećane 

efikasnosti proizvodnje i korišćenja ATP, regeneracije tkiva, preživljavanja 

ćelija, preoblikovanja kontraktilnosti srca, regulacije kalcijuma i 

angiogeneze, što na kraju dovodi do kardioprotekcije koja štiti od 

ishemijskih oštećenja. Slika je kreirana pomoću www.Biorender.com. 
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Kratak sadržaj 

Hipoksija predstavlja stanje smanjene dostupnosti kiseonika koje ima složene i često 

paradoksalne efekte na srce. Premda je hronična hipoksija štetna i dovodi do nepovoljnog 

preoblikovanja srca i disfunkcije, kratkotrajna ili povremena hipoksija može doprineti zaštitnim 

adaptacijama koje povećavaju sposobnost srca da se zaštiti od ishemijskog oštećenja. Ova zaštitna 

adaptacija, poznata kao hipoksično prekondicioniranje, pokreće aktivaciju nekoliko ključnih 

signalnih puteva, uključujući signalizaciju faktora indukovanog hipoksijom (HIF), signalizaciju 

reaktivnih kiseoničnih vrsta (ROS), regulaciju azot-monoksida (NO) i regulaciju putem ATP-

osetljivih kalijumskih kanala (KATP), što dovodi do metaboličkog reprogramiranja, angiogeneze 

sa vaskularnim preoblikovanjem i poboljšane regulacije kalcijuma, čime se povećava otpornost 

na ishemijsku bolest srca. U radu razmatramo strategije kao što su hipoksično kondicioniranje i 

farmakološka aktivacija HIF signalizacije, zajedno sa ciljanim pristupima za poboljšanje glikolize 

i regulacije KATP kanala, kao i optimizaciju upravljanja kalcijumom putem kalcijum-ATPaze 2a 

sarkoplazmatskog retikuluma (SERCA2a) u kardiomiocitima. U ovom pregledu istražuju se 

mehanizmi i terapijski potencijal kardioprotekcije ostvarene kratkoročnom ili povremenom 

hipoksijom. Takođe naglašavamo važnost pružanja odgovora na ograničenja i izazove koji se 

javljaju pri korišćenju hipoksičnog prekondicioniranja u kliničkoj praksi. 

 

Ključne reči:  hipoksija, kardioprotekcija, hipoksično prekondicioniranje, HIF (faktor 

indukovan hipoksijom), ishemijska bolest srca i srčana insuficijencija 

 

 


