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Abstract
Aim: The transcriptional factor HIF-1α is recognized for its contribution to car-
dioprotection against acute ischemia/reperfusion injury. Adaptation to chronic 
hypoxia (CH) is known to stabilize HIF-1α and increase myocardial ischemic tol-
erance. However, the precise role of HIF-1α in mediating the protective effect 
remains incompletely understood.
Methods: Male wild-type (WT) mice and mice with partial Hif1a deficiency 
(hif1a+/−) were exposed to CH for 4 weeks, while their respective controls were 
kept under normoxic conditions. Subsequently, their isolated perfused hearts 
were subjected to ischemia/reperfusion to determine infarct size, while RNA-
sequencing of isolated cardiomyocytes was performed. Mitochondrial respiration 
was measured to evaluate mitochondrial function, and western blots were per-
formed to assess mitophagy.
Results: We demonstrated enhanced ischemic tolerance in WT mice induced 
by adaptation to CH compared with their normoxic controls and chronically 
hypoxic hif1a+/− mice. Through cardiomyocyte bulk mRNA sequencing analy-
sis, we unveiled significant reprogramming of cardiomyocytes induced by CH 
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1   |   INTRODUCTION

Adaptation to chronic hypoxia (CH) is known to pro-
tect the heart against acute ischemia/reperfusion (I/R) 
injury. In line with the human epidemiological sur-
veys,1,2 the vast majority of animal studies demonstrated 
that CH confers the protective long-lasting phenotype 
against major endpoints of acute I/R injury (reviewed 
in3). CH also induces remodeling of the pulmonary vas-
culature, leading to pulmonary hypertension and right 
ventricle (RV) hypertrophy.4 Hypoxia-inducible factor 1 
(HIF-1) is a critical oxygen-sensitive transcription factor 
that mediates the body's adaptive responses to hypoxia 
through the activation of more than 800 target genes 
that are involved in many different cellular processes, 
such as cell proliferation, angiogenesis, erythropoie-
sis, metabolism, and apoptosis.5 Heterodimer HIF-1 
consists of two subunits – HIF-1α and HIF-1ß (aryl 
hydrocarbon translocator). Whereas α and ß-subunits 
are constitutively expressed, the protein stability of 
the α-subunit is regulated in accordance with cellular 
O2 level.6 Under normoxic conditions, the α-subunit is 
rapidly degraded by 2-oxoglutarate-dependent prolyl-4-
hydroxylases. During hypoxia, the activity of prolyl hy-
droxylases becomes inhibited, allowing the α-subunit to 
accumulate, heterodimerize with ß-subunit, and initiate 
the transcription.7

Several studies demonstrated that HIF-1α is nec-
essary for the acute phase of cardiac protection by 
ischemic preconditioning (IPC8;; as well as for remote 
IPC9). In contrast to classic IPC, CH-induced cardiac 

protection persists much longer than those provided 
by any form of conditioning.10 Moreover, CH not only 
activates protective signaling pathways but also affects 
the expression of their components and other proteins 
associated with the maintenance of oxygen homeostasis 
via HIF-1α.11 Mitochondria are a key part of cell signal-
ing network, responsible for oxygen handling in cardiac 
myocytes; therefore, it is not surprising that CH-induced 
adaptive changes affect also mitochondrial function.12 
Mitochondria have emerged as the critical targets and 
key mediators of cell death when the heart is subjected 
to ischemia and subsequent reperfusion. Mitochondria 
account for over 30% of cardiomyocyte volume to meet 
the constant high energy demand.13 They are not only 
responsible for adenosine triphosphate (ATP) produc-
tion but also participate in many other physiological 
functions, such as calcium handling,14 cell signaling, 
and production of reactive oxygen species (ROS).15 
Therefore, mitochondrial quality control plays an im-
portant role in maintaining cellular homeostasis and 
cell survival. We previously found that several mito-
chondrial components are involved in the protective 
mechanism of CH.16,17

Removal of damaged mitochondria is mediated by 
mitochondrial selective macroautophagy/autophagy.18 
Once initiated, mitophagy is mediated by sequestration 
of targeted mitochondria into a double-membrane au-
tophagosomes (AP) fusing with lysosomes to ensure 
their degradation and recycling.19 However, the role of 
mitophagy in cardioprotection induced by CH and more 
specifically its connection with HIF-1α has not been 
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emphasizing mitochondrial processes. CH reduced mitochondrial content and 
respiration and altered mitochondrial ultrastructure. Notably, the reduced mi-
tochondrial content correlated with enhanced autophagosome formation exclu-
sively in chronically hypoxic WT mice, supported by an increase in the LC3-II/
LC3-I ratio, expression of PINK1, and degradation of SQSTM1/p62. Furthermore, 
pretreatment with the mitochondrial division inhibitor (mdivi-1) abolished the 
infarct size-limiting effect of CH in WT mice, highlighting the key role of mi-
tophagy in CH-induced cardioprotection.
Conclusion: These findings provide new insights into the contribution of HIF-1α 
to cardiomyocyte survival during acute ischemia/reperfusion injury by activating 
the selective autophagy pathway.
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cardioprotection, chronic hypoxia, hypoxia-inducible factor 1 alpha, mitochondria, mitophagy, 
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studied yet. Here, we focused on the impact of partial 
Hif1a deficiency on myocardial ischemic tolerance and 
mitochondrial function.

2   |   RESULTS

2.1  |  Right ventricle hypertrophy 
induced by chronic hypoxia depends on 
HIF-1α

Wild-type (WT) mice and mice with partial Hif1a defi-
ciency (hif1a+/−) were adapted to CH to explore their phys-
iological responses (Figure 1A). Adaptation to CH caused 
a mild growth retardation expressed by decreased body 
weight in both WT and hif1a+/− mice compared to their 
normoxic counterparts. As expected, our hypoxic protocol 
led to increased relative RV weight in WT mice; however, 
the effect was absent in chronically hypoxic hif1a+/− mice 
indicating that HIF-1α is necessary for development of 
hypoxia-induced RV hypertrophy. There were no signifi-
cant differences in left ventricle (LV) weight among the 
experimental groups (Table 1). As expected, adaptation to 
CH induced polycythemia demonstrated by significantly 
increased level of hematocrit in both CH groups compared 
to their corresponding normoxic controls. This increase 

was more pronounced in WT mice than in hif1a+/− mice 
(Table S1).

2.2  |  HIF-1α is necessary for cardiac 
protection induced by chronic hypoxia

To assess whether partial Hif1a deficiency affects the in-
creased ischemic tolerance induced by adaptation to CH, 
we challenged the hearts of both normoxic and chroni-
cally hypoxic WT and hif1a+/− mice with acute I/R insult. 
Isolated perfused hearts were subjected to global I/R in-
jury for infarct size (IS) determination. The results con-
firmed the cardioprotective effect of CH,2,20 as WT mice 
demonstrated reduced IS compared to their normoxic 
counterparts. On the other hand, adaptation to CH had no 
protective effect in hif1a+/− mice suggesting that partial 
Hif1a deficiency blunted the development of cardiopro-
tective phenotype provided by CH (Figure 1B,C).

2.3  |  Chronic hypoxia-induced changes 
in the transcriptome of cardiomyocytes

To gain insights at the molecular level on how CH and 
Hif1a mutation affect cardiomyocytes, we performed RNA 

F I G U R E  1   Partial Hif1a deficiency inhibits CH-induced myocardial protection against I/R injury. (A) Experimental design: WT and 
hif1a+/− mice were adapted to CH or kept in normoxia for 4 weeks. At the end of the adaptation period, all four experimental groups were 
(i) subjected to I/R injury for infarct size determination or (ii) their LV were collected for different analyses. Created with BioRe​nder.​com. 
(B) Infarct size normalized to the size of LV of normoxic and chronically hypoxic WT and hif1a+/− mice. Values are means ± SEM, n = 8–12 
mice per group. *p < 0.05, †p < 0.01, ‡p < 0.001, two-way ANOVA with Bonferroni's multiple comparisons test. (C) Representative images of 
histochemically stained cross sections of the hearts from normoxic and chronically hypoxic WT and hif1a+/− mice. Red represents survived 
tissue, and white represents infarction.
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sequencing of cardiomyocytes isolated from the LV of 
normoxic and chronically hypoxic WT and hif1a+/− mice 
(Figure  2A). The clustering analysis of transcriptomes 
from hypoxic and normoxic WT and hif1a+/− cardiomyo-
cytes indicates that the effect of CH exposure is more pro-
nounced than the influence of genotype (Figure 2B). This 
finding is further supported by the consistent clustering 
patterns observed in the relative mRNA levels of selected 
genes, which were verified through qRT-PCR analysis 
using RNA isolated from the LV (Figure 2C, Figure S1). 
Compared to normoxic WT cardiomyocytes, 606 and 
737 protein-coding genes were differentially expressed 
in chronically hypoxic WT and hif1a+/− cardiomyocytes, 
respectively (p < 0.05 and 30%-fold change threshold; 
Figure  2D–F, Table  S2). Of these, 387 transcripts were 
found in both chronically hypoxic WT and hif1a+/− car-
diomyocytes. The comparison of transcriptomes of hy-
poxic WT and hif1a+/− cardiomyocytes identified of 80 
transcripts differentially expressed (Figure 2G, Table S2). 
Functional profiling of differentially expressed genes in 
hypoxic WT and hif1a+/− cardiomyocytes revealed that 
the top gene clusters were related to highly enriched 
biological pathways and specific gene ontology (GO) 
term categories associated with biological oxidations, 
response to stress, vasculature, extracellular matrix, and 
metabolism, indicating similar structural and functional 
hypoxia-induced remodeling (Figure  2H, Table  S3). 
Shared upregulated genes in chronically hypoxic WT and 
hif1a+/− cardiomyocytes encoding enzymes associated 
with oxidative stress included glutathione peroxidases, 
glutathione S-transferases, monoamine oxidases (Gstt1, 
Gstt2, Gstt3, Gpx3, Mgst1, Maoa, and Maob), apoptosis 
(Casp3), and metabolism (Pck2, Pdk4, Acat2, Aldob, and 
Prkd1). Pathway enrichment analysis identified PI3K-Akt 
signaling pathway, HIF-1 signaling, and Focal Adhesion-
PI3K-Akt–mTOR-signaling pathway associated with 
down-regulated genes in both hypoxic WT and hif1a+/− 
groups, including Vegfa, Egln3, Cdkn1a, Nppa, Fgf6, 
Col4a1, Tlr4, and Thbs1. We focused on the transcrip-
tome comparison between chronically hypoxic WT and 
hif1a+/− cardiomyocytes to reveal specific differences in 
cellular responses. Notably, compared to hypoxic WT, hy-
poxic hif1a+/− cardiomyocytes exhibited downregulation 
of key genes such as anti-apoptotic Bcl2 that regulates 
cell death by controlling the mitochondrial membrane 
permeability21; Pfkfb4 (HIF-1 target gene) encoding gly-
colytic enzyme associated with a metabolic switch in 
cardiomyocytes22; Myc, regulating glucose metabolism 
and mitochondrial biogenesis in response to pathologic 
stress23; Egr1, the transcription factor early growth re-
sponse-1, associated with ischemic pathology and cardiac 
hypertrophy24; and the transcription activator Stat3 me-
diating mitochondrial metabolism and cardioprotective T
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processes against I/R injury.25 Conversely, chronically 
hypoxic hif1a+/− cardiomyocytes exhibited upregula-
tion of certain genes, including glutathione peroxidase 1 
(Gpx1), Casp3 enzyme of the apoptotic pathway, neuregu-
lin 4 (Nrg4), and Fabp4 and Fabp5 encoding fatty acid-
binding proteins. Gpx1 prevents cardiac mitochondrial 
dysfunction associated with reoxygenation following 
I/R injury26; Nrg4 is associated with the activation of au-
tophagy through the AMPK/mTOR-dependent signaling 
pathway27; and Fabp4 and Fabp5 are connected to cardiac 
pathological remodeling and mitochondrial function.28,29 
In summary, the comparison of transcriptomes of chroni-
cally hypoxic WT and hif1a+/− cardiomyocytes revealed 
specific gene expression changes, involving cell death 
regulation, metabolism, cardiac remodeling, autophagy, 
mitochondrial metabolism, and mitochondrial dysfunc-
tion prevention.

2.4  |  Chronic hypoxia reduces 
mitochondrial respiration and mass via 
HIF-1α

Based on the results obtained from cardiomyocytes bulk 
mRNA-sequencing, we decided to investigate whether 
adaptation to CH has an impact on mitochondria and 
to clarify the possible role of HIF-1α. We measured mi-
tochondrial respiration and performed gene and pro-
tein analyses. As shown in Figure 3A, adaptation to CH 
was accompanied by a significant decline in mitochon-
drial state 3 respiration in WT mice heart homogenates. 
However, the uncoupled control ratio (Figure  S2) was 
unchanged indicating proper function of the respira-
tory chain. Mitochondrial mass was evaluated by meas-
uring mitochondrial deoxynucleic acid (mtDNA) copy 
number. Changes in mtDNA content were related to 
the number of copies of a mitochondrial gene Mtatp6 
and the number of copies of a nuclear gene Nme1 using 
quantitative PCR (qPCR; Tables S4 and S5). We revealed 
a marked reduction of the mtDNA content in the LV tis-
sue of chronically hypoxic WT mice compared to their 
normoxic controls. The mtDNA content remained un-
changed in both normoxic and chronically hypoxic 
hif1a+/− mice (Figure 3B). To verify the decreased CH-
induced mitochondrial mass, we performed western blot 
analysis of mitochondrially encoded protein cytochrome 
c oxidase 1 (COX1) in relation to classical cellular protein 
loading marker vinculin. These data revealed decreased 
COX1 expression in chronically hypoxic WT mice only 
(Figure  3C). These findings indicate that HIF-1α regu-
lates mitochondrial processes in cardiac myocytes dur-
ing adaptation to CH.

2.5  |  Changes in mitochondrial 
ultrastructure in chronically hypoxic 
hearts depend on HIF-1α

Heart mitochondria were investigated by transmission 
electron microscopy (TEM). The electron micrographs 
were acquired from the LV of the normoxic and chroni-
cally hypoxic WT and hif1a+/− mice. Alterations in size 
and distribution of mitochondria are evident (Figure 3D). 
The average mitochondrial size was increased in hypoxic 
WT group only (Figure 3E). These changes were signifi-
cant compared to the normoxic control group and were 
absent in chronically hypoxic hif1a+/− mice. More de-
tailed quantitative analysis revealed a reduced proportion 
of small mitochondria in favor of larger mitochondria in 
the hearts of chronically hypoxic WT mice (Figure 3F).

2.6  |  HIF-1α mediates chronic 
hypoxia-induced mitophagy

To explain the presence of the higher number of larger 
mitochondria with simultaneous reduction in mitochon-
drial mass in LV samples of chronically hypoxic WT mice, 
we hypothesized that autophagy/mitophagy might have 
occurred. Mitophagy is responsible for degradation of 
redundant or damaged mitochondria via their sequestra-
tion into AP. We performed microtubule-associated light 
chain protein 3 (LC3) assay to monitor autophagic flux. It 
was defined as the increase in lipidated LC3-II on west-
ern blot analysis after the addition of lysosomal inhibitor 
leupeptin. Adaptation to CH led to a significant increase 
in the LC3-II/LC3-I ratio after the leupeptin administra-
tion in WT mice suggesting the increased AP formation 
(Figure 4A). Sequestosome 1 (SQSTM1/p62) is an essen-
tial adaptor protein with the ability to identify and deliver 
polyubiquitinated organelles to AP for degradation.30 We 
assessed the protein level of SQSTM1/p62 as an alternative 
method for detecting the autophagic flux. Since SQSTM1/
p62 directly interacts with LC3,30 its sequestration reflects 
autophagy. We observed a decreased level of SQSTM1/p62 
after the adaptation to CH in WT mice compared to their 
normoxic counterparts as well as to chronically hypoxic 
hif1a+/− mice (Figure 4B). Finally, we verified the protein 
expression of PTEN-induced putative kinase 1 (PINK1). 
Normally, PINK1 is imported to the inner mitochondrial 
membrane, where it is subsequently cleaved by several 
proteases.31 However, the loss of mitochondrial membrane 
potential prevents its import, resulting in the accumula-
tion of unprocessed PINK1 at the outer mitochondrial 
membrane. This accumulation recruits Parkin from the 
cytosol to damaged mitochondria initiating autophagy 
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activation.32 We observed an increase in PINK1 level after 
adaptation to CH in the LV myocardium from WT but not 
from hif1a+/− mice (Figure 4C) suggesting that HIF-1α me-
diated mitophagy in a PINK1/Parkin-dependent pathway. 
To test the hypothesis that HIF-1α-dependent reduction 
of mitochondrial mass is processed through autophagy, 
we created Atg7 knockout (KO) cells on the AC16 human 
cardiomyocyte cell line background and transfected them 
with either proline hydroxylases resistant HIF-1α plas-
mid33 simulating chronically hypoxic conditions or empty 
vector (EV). Transfection efficiency was confirmed by the 
increased protein expression of lactate dehydrogenase A 
(LDHA, Figure 4D,F), a direct HIF-1 target.34 Autophagy 
related 7 (ATG7) is a key autophagy protein that drives 
the conjugation of phosphatidylethanolamine to LC3-I 
generating LC3-II, which is found on AP membranes.35 
We demonstrated that HIF-1α overexpression resulted in 
markedly decreased protein expression of mitochondrial 
ATP synthase subunit beta (ATP5B), a marker of mito-
chondrial mass, in WT cells compared to EV transfected 
cells (Figure 4E,F). Thus, these data confirmed the pres-
ence of HIF-1α-driven mitochondrial degradation.

2.7  |  HIF-1α-activated mitophagy 
is essential for induction of 
cardioprotective phenotype

To confirm whether the cardioprotective effect of CH de-
pends on mitophagy activated by HIF-1α, we performed 
another set of experiments as a proof of principle. Since 
mitochondrial fragmentation is considered a prerequi-
site for mitophagy,36 we pharmacologically inhibited mi-
tophagy using mitochondrial division inhibitor (mdivi-1) 
that targets DRP1.37 We pretreated both normoxic and 
chronically hypoxic WT and hif1a+/− mice with mdivi-
1 and challenged their hearts with acute myocardial 

infarction for IS determination. The results demonstrated 
that the cardioprotective effect of CH in WT mice was 
abolished by mitophagy inhibition (Figure 5A). These data 
indicate that HIF-1α drives mitophagy, which is essential 
for protection of the heart against I/R injury (graphically 
depicted in Figure 5B).

3   |   DISCUSSION

In the present study, we evaluated whether HIF-1α sign-
aling is involved in CH-induced mitophagy and whether 
this process plays a protective role against myocardial 
I/R injury. We found that (i) cardioprotection is HIF-1α-
dependent as mice with partial Hif1a deficiency did not 
develop an increased ischemic tolerance after adaptation 
to CH; (ii) adaptation to CH was associated with HIF-1α-
induced cardiomyocyte reprogramming pointing at the 
altered mitochondrial function; and (iii) the CH-induced 
cardioprotection depended on mitophagy activated by 
HIF-1 pathway. Therefore, the major novel finding of 
our study is that HIF-1α is essential for induction of mi-
tophagy, which is a necessary prerequisite for cardiopro-
tection induced by CH in mice.

The most frequently used experimental model in 
research on chronic high-altitude hypoxia is hypoxia 
simulated under laboratory conditions in a hypoxic 
chamber. Chronic hypoxia is not always a continuous 
state; it is frequently of intermittent nature (repeated 
ascents in mountains, sleep apnea). Likewise, hypoxia 
during myocardial ischemia is not continuous but is 
dependent on regional coronary blood flow dynamics.3 
Experimental data comparing the effects of permanent 
and intermittent CH on the myocardium are sporadic. 
In addition, experimental protocols of intermittent hy-
poxia vary greatly in cycle length, severity, and num-
ber of hypoxic episodes. These factors are critical in 

F I G U R E  2   Hypoxia-mediated reprogramming of WT and hif1a+/− cardiomyocytes. (A) Experimental design: Cardiomyocytes were 
isolated from the LV of normoxic and chronically hypoxic WT and hif1a+/− hearts and used for bulk RNA-seq analyses. For validation 
experiments, RNA was isolated from the LV and used in qRT-PCR validation of selected genes identified in RNA-seq. (B) Clustering analyses 
of differentially expressed genes (cutoff the p value <0.05 and FC > 30%) among four conditions based on expression profiles in RNA-seq. 
(C) Heatmap of expression of selected genes identified in RNA-seq and analyzed by qRT-PCR. (D) Venn diagrams comparing differentially 
expressed transcripts across LV cardiomyocytes, mapping intergroup comparisons. (E) Volcano plot of transcriptomic changes between 
hypoxic and normoxic WT cardiomyocytes; colored dots correspond to genes with significant changes (cutoff the adjusted p-value <0.05 
and FC > 30%). The complete list of identified down- and up-differentially expressed genes is in Table S2. (F) Volcano plot of transcriptomic 
changes between hypoxic hif1a+/− and normoxic WT cardiomyocytes. The complete list of identified down- and up-differentially expressed 
genes is in Table S2. (G) Volcano plot of transcriptomic changes between hypoxic hif1a+/− and hypoxic WT cardiomyocytes. The complete 
list of identified down- and up-differentially expressed genes is in Table S2. (H) Functional profiling analysis of differentially downregulated 
or upregulated transcripts in hypoxic cardiomyocytes. Enrichment maps of down- and upregulated gene ontology (GO) sets visualized by 
the network between hypoxic WT or hypoxic hif1a+/− and normoxic WT cardiomyocytes. Each node represents a GO term; edges depict 
shared genes between nodes. Each GO set cluster was assigned with representative keywords. Bar graphs show the enriched GO terms and 
pathways for up- and downregulated transcripts in WT or hif1a+/− hypoxic cardiomyocytes; a list of GO sets is available in Table S3.
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8 of 18  |      ALANOVA et al.

determining whether intermittent hypoxia is beneficial 
or harmful.38 The adaptation to chronic intermittent hy-
pobaric hypoxia, used in this study, represents a well-
defined and reproducible protocol improving cardiac 
ischemic tolerance.39,40 Despite the well-known infarct 
size-limiting effect of CH that has been recognized for 
many decades,2 the specific question regarding whether 
HIF-1 itself confers this protective phenotype has not 
been addressed until now. Therefore, we analyzed the 
effect of genetically and functionally modified levels of 

HIF-1α in isolated perfused hearts of WT and hif1a+/− 
mice adapted to CH. We found that myocardial infarc-
tion was significantly smaller in chronically hypoxic WT 
mice compared to their normoxic counterparts. This re-
sult aligns with the findings in our previous studies.10,20 
Interestingly, this effect of CH was absent in mice with 
partial Hif1a deficiency. Thus, the novel finding is that 
HIF-1 mediates not only the body's response to hypoxia, 
but it is also a decisive factor for the infarct size. The 
explanation could lie in HIF-dependent expression of 

F I G U R E  3   CH reduces mitochondrial content, function and alters its ultrastructure. (A) Mitochondrial oxygen consumption rate (OCR) 
in heart homogenates of normoxic and chronically hypoxic WT and hif1a+/− mice; n = 11 mice per group. (B) Mitochondrial DNA copy 
number in LV tissue of normoxic and chronically hypoxic WT and hif1a+/− mice; n = 3–7 mice per group. (C) Protein expression of COX1 
normalized to vinculin in LV tissue of normoxic and chronically hypoxic WT and hif1a+/− mice; n = 5 mice per group. (D) Representative 
transmission electron micrographs of LV of the indicated group with arrows pointing to mitochondria; scale bar: 1 μm. (E) Mean 
mitochondrial size in LV myocardium; n = 491 analyzed mitochondria per group and (F) Distribution of mitochondrial size of normoxic 
and chronically hypoxic WT and hif1a+/− mice. Values are means ± SEM (A) or SD (B, C); *p < 0.05, ‡p < 0.001, two-way ANOVA with 
Bonferroni's (A, B, E) or Sidak's (C) multiple comparisons test.
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      |  9 of 18ALANOVA et al.

genes enhancing the capacity for ATP generation by 
metabolic switch toward anaerobic glycolysis, regulat-
ing local O2 supply by myocardial angiogenesis and in-
creasing antioxidant capacity. Zhang et al.41 studied the 
reprogramming induced by CH and depicted the crucial 
role of mitofusin 2 being involved in the regulation of 
mitochondrial fusion and cell metabolism. HIF-1α was 
demonstrated to exert a protective role in renal I/R in-
jury through increased expression of HIF-1-targeted 
genes involved in the shift of glucose metabolism to 
glycolysis.42 Cai et al.43 demonstrated that delayed pro-
tection against myocardial ischemia induced by hypoxic 
preconditioning (5 cycles, 6% O2, 5 min + 21% O2, 5 min) 
was lost in hif1a+/− mice. Several studies demonstrated 

that HIF-1α is necessary for the acute phase of IPC8 
as well as for remote IPC,9 since a partial Hif1a defi-
ciency was associated with a complete loss of protection 
against I/R injury. In addition, ischemic or pharmaco-
logical postconditioning markedly increased mRNA and 
protein expression of Hif1a gene in ischemic tissue after 
reperfusion.44,45

In line with other studies,46,47 we showed decreased 
mitochondrial content in LV tissue and cardiomyocytes 
after exposure to CH. Zhang et al.48 reported decreased 
mtDNA mass in WT mouse embryonic fibroblasts 
(MEFs) exposed to 1% O2 for 48 h compared to hif1a−/− 
MEFs. Based on our results, we propose that the de-
crease in mitochondrial content is an adaptive response 

F I G U R E  4   CH induces autophagic flux. (A) LC3-II/LC3-I ratio in LV of normoxic and chronically hypoxic WT and hif1a+/− mice 
administered with PBS/leupeptin. Values are means ± SD; n = 4–9 mice per group. *p < 0.05, †p < 0.01, ‡p < 0.001, three-way ANOVA with 
Bonferroni's multiple comparisons test. (B) Protein expression of SQSTM1/p62 normalized to vinculin, (C) Protein expression of PINK1 
normalized to vinculin in LV of normoxic and chronically hypoxic WT and hif1a+/− mice. Values are means ± SD; n = 5 mice per group. 
*p < 0.05, †p < 0.01, ‡p < 0.001, two-way ANOVA with Bonferroni's multiple comparisons test. (D) Protein expression of LDHA normalized 
to vinculin. Values are means ± SEM; n = 9. *p < 0.05, two-way ANOVA with Bonferroni's multiple comparisons test. (E) Protein expression 
of ATP5B normalized to vinculin. Values are means ± SD; n = 7. *p < 0.05, two-way ANOVA with Bonferroni's multiple comparisons test. (F) 
Representative western blots in WT cells and Atg7 KO cells with HIF-1α overexpression or with empty vector (EV).
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10 of 18  |      ALANOVA et al.

that safeguards cells against the excessive generation of 
ROS under conditions of reduced oxygen availability. In 
cardiomyocytes, the largest amount of ROS is generated 
within the mitochondria.49 The mitochondrial respira-
tory chain is the best-characterized source of ROS pro-
duction; however, monoamine oxidases (MAO), outer 
mitochondrial membrane enzymes, have been shown to 
produce more H2O2 than the mitochondrial respiratory 
chain.50 The role of MAO has been proved in cardiac pa-
thologies such as I/R injury,51 heart failure,52,53 diabetic 
cardiomyopathy,54,55 or doxorubicin-induced cardiotox-
icity.56 Through RNA-sequencing, we observed an in-
crease in Maoa and Maob gene expression in chronically 
hypoxic mice (Table S2). Our group previously reported 
that adaptation to chronic intermittent hypoxia is asso-
ciated with ROS generation, enhancing cardiac toler-
ance against acute I/R injury.57,58 While the precise site 
of ROS generation remains unknown, we hypothesize 
that ROS act as a second messenger, and ROS moderate 
levels are necessary for the improved ischemic tolerance 
induced by CH.

Interestingly, together with decreased mitochondrial 
content, we observed an increased size of mitochondria 
in chronically hypoxic WT mice. Mitochondrial fission 
stimulated by DRP1 phosphorylation on Ser616 has been 
described as essential for segregation of damaged mito-
chondria.59 Conversely, mitochondria elongate as a result 
of DRP1 phosphorylation at Ser637 by PKA, which is trig-
gered by an increase in cyclic adenosine monophosphate 
levels. Gomes et al.60 demonstrated that during starvation 
activated PKA phosphorylates DRP1 at Ser637, allowing 
mitochondrial fusion in mouse embryonic fibroblasts. 
As fragmented mitochondria are usually associated with 

apoptosis, the elongated mitochondria are thought to be 
more bioenergetically efficient.61 The elongated mito-
chondria possess various advantageous features, such as 
resistance to autophagic degradation, an increased num-
ber of cristae, enhanced dimerization and activity of ATP 
synthase, and sustained ATP production, enabling the 
survival of starving cells.62 As hypoxia increases activity 
of PKA63 and HIF-1 represses mitochondrial biogenesis,64 
we hypothesized that fragmented mitochondria were 
sequestered by mitophagy leaving the larger elongated 
mitochondria with a maintained function. Our hypoth-
esis further correlated with the respiration data showing 
a decrease in coupled respiration in the whole heart ho-
mogenates of chronically hypoxic WT mice, while the 
uncoupled control ratio did not show any difference. 
Therefore, we conclude that CH-induced decrease in mi-
tochondrial respiration can be explained by the loss of mi-
tochondrial mass, without affecting quality of remaining 
mitochondria.

Accumulated data show that mitophagy plays a pivotal 
role in maintaining cellular homeostasis in the heart, and 
the elimination of possibly dysfunctional mitochondria is 
a key determinant in the progression of myocardial I/R 
injury.65,66 Therefore, we hypothesized that mitophagy is 
HIF-1-dependent and involved in the regulation of car-
diac tolerance to I/R injury. To evaluate mitophagy, we as-
sessed significantly increased autophagic flux in WT mice 
adapted to CH compared to their normoxic controls and 
chronically hypoxic hif1a+/− mice. Autophagy activation 
was confirmed by alterations in the protein abundance 
of SQSTM1/p62, a well-studied autophagy substrate that 
directly binds to LC3 and is degraded by autophagy, and 
PINK1 that accumulates in response to mitochondrial 

F I G U R E  5   CH-induced mitophagy is HIF-1α driven. (A) The IS normalized to the size of LV of the hearts from normoxic and 
chronically hypoxic WT and hif1a+/− mice administered with DMSO/mdivi-1. Values are means ± SD, n = 4–7 mice per group. *P < 0.05, 
three-way ANOVA with Bonferroni's multiple comparisons test. (B) Graphical summary showing the consequences of Hif1a loss on 
mitochondrial function and cardioprotection induced by adaptation to CH. Created with BioRe​nder.​com.
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membrane depolarization and damage. The connection 
between HIF-1 and autophagy has been previously de-
scribed in pancreatic cancer cells67 and human umbilical 
vein endothelial cells68 exposed to hypoxia. Additionally, 
we also observed an increased Bnip3 in chronically hypoxic 
WT mice compared to their normoxic controls (Figure 2C 
and Figure  S1). BNIP3, a downstream HIF-1 target, is 
known to trigger mitochondrial autophagy as part of the 
adaptive metabolic response to hypoxia.69 Previous stud-
ies demonstrated HIF-1-dependent induction of BNIP3 
leading to mitophagy under prolonged (48 h) hypoxia in 
MEFs.48 Moreover, BNIP3 binds to LC3,70 supporting the 
involvement of BNIP3 in HIF-1α-activated mitophagy ob-
served in our study.

Our bulk mRNA sequencing analysis revealed a sig-
nificant reprogramming of cardiomyocytes, evident 
through substantial changes in gene expression. To in-
vestigate further these reprogramming changes, we ana-
lyzed the expression of selected genes using western blot 
and RT-qPCR techniques. Utilizing the entire LV of the 
heart for subsequent assessments, we identified some 
disparities in gene expression levels, suggesting the in-
volvement of other cell types contributing to the com-
plex process of heart reprogramming induced by CH. 
This underscores a limitation of our study, highlighting 
the need for single-cell RNA sequencing to fully estab-
lish molecular differences induced by CH linked to spe-
cific cell types in the heart. Additionally, it is important 
to note that the main conclusions of our study are based 
on a mouse in vivo model. While we anticipate that our 
findings will be relevant to the human heart, this has 
not been confirmed.

In conclusion, the recent advance in genetic tools has 
allowed us to examine the role of the transcriptional fac-
tor HIF-1α in mediating the survival of cardiomyocytes 
during I/R injury. As ischemic heart disease, particularly 
acute myocardial infarction, remains a leading cause of 
mortality worldwide, our study brings a clinically im-
portant finding that HIF-1 induces beneficial mitophagy, 
thereby contributes to cardioprotection against I/R injury. 
Our study not only contributes to our understanding of 
the pathophysiology of heart disease but also the role of 
HIF-1 in cardioprotective mechanisms. HIF-1 is a central 
component of cardioprotective IPC, and therefore, vari-
ous ways to target the HIF-1 pathway or to supplement 
HIF downstream target molecules are under active inves-
tigation. Stabilization of HIF-1 by IPC or pharmacologic 
intervention has been tested in recent clinical trials.71 
However, the development of newer intervention agents 
specifically targeting the HIF-1 pathways is essential. Our 
finding of HIF-1-mediated mitophagy as a mechanism 
for cardioprotection against I/R injury represents a new 
avenue for potentially targeting mitochondrial pathways 

in the treatment of acute myocardial infarction. Since 
the underlying molecular mechanisms are complex, fur-
ther studies are required to identify the specific pathway 
through which mitophagy can be effectively induced to be 
cardioprotective and explore its therapeutic applications.

4   |   MATERIALS AND METHODS

All chemicals were purchased from Merck, Germany, if 
not specified otherwise.

4.1  |  Animals

All animal experiments were approved by the Animal Care 
and Use Committees of the Institute of Molecular Genetics 
and the Institute of Physiology of the Czech Academy of 
Sciences (Permit Number: 75/2016). Experiments were 
performed in males, and WT males were compared to 
hif1a+/− males with the hif1atm1jhu null allele.72 The line 
was maintained on the FVB background. hif1a+/− mice 
show a partial loss of HIF-1α protein expression levels.73,74 
Mice were kept under standard experimental conditions 
with constant temperature (23–24°C) and fed on standard 
diet (Altromin, #1324, Germany). Genotyping was per-
formed by polymerase chain reaction (PCR; Table S5) on 
tail DNA.75,76

4.2  |  Chronic hypoxia

Both WT and hif1a+/− mice were exposed to intermittent 
hypobaric hypoxia of 7000 m for 8 h/day, 5 days a week. 
Barometric pressure was lowered stepwise, so that the 
final level was reached after 6 exposures. The total num-
ber of exposures was 20. The control groups of animals 
were kept for the same period of time at room air. Mice 
were terminated on the next day after the last hypoxic 
exposure.

4.3  |  Isolated perfused hearts

Animals were killed by cervical dislocation and 
hearts were rapidly excised and perfused according to 
Langendorff under constant pressure of 80 mm Hg with 
non-recirculating modified Krebs–Henseleit solution 
(18 mM NaCl, 25 mM NaHCO3, 4.7 mM KCl, 1.2 mM 
MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, 0.5 mM EDTA, 
11 mM glucose; Penta Chemicals) gassed with 95% O2 and 
5% CO2 (pH 7.4) and maintained at 37°C. After 15 min 
of stabilization, the spontaneously beating hearts were 
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subjected to 45 min of global no-flow normothermic is-
chemia followed by 60 min of reperfusion.77

In a separate set of experiments, mice were admin-
istered with mdivi-1, a mitochondrial fission inhibitor 
(Merck, M0199; 25 mg/kg body weight, i.p.) or correspond-
ing volume of dimethyl sulfoxide (DMSO) 15 min before 
sacrificing. Subsequently, we followed the same protocol 
as described above.

4.4  |  Infarct size determination

A 2 mL bolus of 1% 2,3,5 triphenyltetrazolium chloride 
(TTC; Merck, T8877) was injected through the aorta fol-
lowed by incubation of the heart in TTC for 30 min at 
37°C and fixation overnight in 10% neutral formaldehyde 
solution. Next day, the RV was separated and the LV was 
cut perpendicularly to the long axis into 5–6 slices. The IS 
(TTC-negative) and the size of the LV were determined 
from photographs by a computerized planimetric method 
using the software Ellipse (ViDiTo, Slovakia). The IS was 
normalized to the size of the LV.77

4.5  |  Tissue processing

Separate groups of animals (not subjected to myocardial 
I/R injury) assigned to biochemical analyses of the LV my-
ocardium were killed by cervical dislocation, hearts were 
rapidly excised, washed in cold (0°C) saline, dissected into 
the RV, the LV, and the septum and weighed; the LV free 
wall was frozen in liquid nitrogen and stored at −80°C 
until use.

4.6  |  Mitochondrial respiration

Animals were sacrificed, hearts quickly excised and atria 
were removed. The heart homogenates were prepared on 
ice in 0.25 M STE buffer [100 mM NaCl, 10 mM Tris–HCl 
(pH 8.0), 1 mM EDTA] using a glass-teflon homogenizer and 
filtered through a fine mesh. Detection of protein concen-
tration was performed using the Bradford method. Freshly 
harvested mitochondria were used for respirometry analy-
ses. Oxygen consumption was detected at 30°C using the 
Oxygraph-2 k (Oroboros Instruments GmbH, Innsbruck, 
Austria) as previously described.78,79 Respiration was meas-
ured in the XFe MAS medium (220 mM mannitol, 70 mM 
sucrose, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 
3 mM EGTA, 0.2% bovine serum albumin). Substrates and 
inhibitors were added in following order and concentra-
tions: 50 μM palmitoyl carnitine, 2 mM malate, 1 mM ADP, 
5 μM cytochrome c, 10 mM pyruvate, 10 mM glutamate, 

10 mM succinate, 1 μM oligomycin, 500 nM carbonyl cya-
nide p-trifluoro-methoxyphenyl hydrazone—FCCP titra-
tion, 0.5 μM rotenone, 10 mM malonate, 2 mM ascorbate, 
1 mM N,N,N′,N′-tetramethylphenylenediamine (TPMD), 
0.5 mM KCN. Data were expressed as pmol O2/s/mg 
protein.

4.7  |  Mitochondrial DNA content

Mitochondrial DNA was quantified using a comparative 
Ct method, taking the ratio between a target mitochon-
drial gene and a reference nuclear gene using qPCR. 
Briefly, total DNA from LV of 12-week-old mice was 
isolated by TRIzol Reagent (Invitrogen, 15596026) using 
the interphase and lower phenol–chloroform phase ac-
cording to the manufacturer's protocol. Obtained total 
DNA was quantified by Nanodrop 2000 (Thermo Fisher 
Scientific, Waltham, MA, USA). The qPCR was per-
formed on QuantStudio 5 (Thermo Fisher Scientific, 
Waltham, MA, USA) using Power SyberGreen PCR 
Master Mix (Thermo Fisher Scientific, 4367659). 
Amount of mtDNA was measured using primers against 
mitochondrially encoded Mtatp6 gene and nuclear-
encoded Nme1 gene.80 Primer sequences are presented 
in Table S4.

4.8  |  Transmission electron microscopy

The samples for TEM were obtained from the freshly ex-
cised hearts. The cross sections of the LV anterior walls 
were fixed in 2.5% glutaraldehyde in 0.1 M sodium caco-
dylate buffer (pH 7.4) at 4°C. After an overnight incuba-
tion, the fixative was replaced with fresh buffer and kept 
at 4°C. The samples were then with buffer at 4°C, stained 
in 1% osmium tetroxide (OsO4) with 1% potassium ferro-
cyanide (K4Fe(CN)6) in 0.1 M sodium cacodylate buffer 
(pH 7.4) for 1 h at 4°C, embedded in resin and sectioned. 
After washing 3 × 5 min with ddH2O at 4°C, the samples 
were dehydrated in a graded ethanol series and embed-
ded in polymerized resin. Tissues were sectioned using an 
Ultrotome V (LKB, Stockholm, Sweden). Ultrathin sec-
tions were examined with FEI Tecnai G2 transmission 
electron microscope (FEI, Hillsboro, OR, USA). ImageJ 
(Java Technology, CA, USA) was used to measure the area 
of the mitochondria in micrographs.81

4.9  |  CRISPR-Cas9 in AC16 cell line

The AC16 cells were maintained in growth me-
dium DMEM/Nutrient Mixture F-12 (Thermo Fisher 
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      |  13 of 18ALANOVA et al.

Scientific, 11320033) at 37°C in a humidified atmos-
phere of 5% CO2. Cells were subcultured until 70% con-
fluence then divided. The Atg7 KO cell lines in AC16 
background were generated by CRISPR-Cas9 technology 
according to Zhang laboratory protocol82 using px458 
plasmid (Addgene 48138). AC16 WT cells and Atg7 KO 
cells were transfected either with proline hydroxylases 
resistant HA-HIF1alpha P402A/P564A-pcDNA3 plas-
mid (Addgene, 18955) or empty vector pcDNA3.1 by 
GenJet In Vitro DNA Transfection Reagent (SigmaGen 
Laboratories, SL100489) resulting in HIF-1α overexpres-
sion. After 72 h, cell lysates were prepared for western 
blot.

4.10  |  Western blotting

The LV tissue samples were disrupted by TissueLyser 
in eight volumes of ice-cold homogenization buffer 
[12.5 mM Tris (pH 7.4), 250 mM sucrose, 2.5 mM 
EGTA, 1 mM EDTA, 6 mM β-mercaptoethanol, pro-
tease (Merck, 04693159001) and phosphatase (Merck, 
04906837001) inhibitors]. Lysates were centrifuged 
for 10 min at 10000g at 4°C. Supernatant aliquots were 
stored at −80°C until use. Total protein concentrations 
were determined using the Bradford protein assay. 
Lysates were separated by sodium dodecyl-sulfate po-
lyacrylamide gel electrophoresis (SDS-PAGE, 10 or 
15% gels) and transferred to polyvinylidene difluoride 
membranes (Bio-Rad, 1620177). After blocking with 
5% dry low-fat milk in Tween-20 Tris-base sodium 
buffer for 1 h at room temperature, membranes were 
washed and probed at 4°C with the following primary 
antibodies against: ATG7 (Abcam, ab133528), ATP5B 
(Abcam, ab14730), COX1 (Abcam, ab110413; 1:1000), 
LC3 (Abcam, ab128025; 1:1000), LDHA (Rockland, 100–
1173, 1:1000), PINK1 (Cayman Chemicals, 10006283; 
1:1000), SQSTM1/p62 (Cell Signaling Technology, 
23214s; 1:1000). After overnight incubation, the mem-
branes were washed and incubated for 1 h at room tem-
perature with fluorescent secondary antibodies Alexa 
Fluor 680 (Invitrogen, A10038 and A10043; 1:10000). 
The bands were visualized by Odyssey CLx (LI-COR 
Biosciences, Lincoln, NE, USA) and quantified using 
ImageJ software (Java Technology, Cupertino, CA). The 
samples from each experimental group were run on the 
same gel and quantified on the same membrane. Since 
the expressions of commonly used loading controls 
such as glyceraldehyde 3-phosphatase dehydrogenase 
or β-actin are affected by adaptation to CH,58 vinculin 
(Merck, V4139; 1:5000) served as a loading control for 
our western blot experiments.

LC3 immunoblotting was performed in the presence 
and absence of lysosomal inhibitor to accurately evaluate 
the total autophagic flux. Leupeptin (Merck, L2884; 40 mg/
kg body weight) or corresponding volume of PBS were ad-
ministered to mice via intraperitoneal injection and the 
animals were sacrificed 1 h thereafter.83 We defined auto-
phagic flux as the increase in the lipidated LC3-II that was 
induced by the addition of inhibitor.

4.11  |  Adult mouse 
cardiomyocytes isolation

Adult mouse LV myocytes were isolated according to 
Kaludercic et  al.52 with minor modifications. Briefly, 
the 12-week-old mice were pretreated with heparin 
(Zentiva, 08594739026131; 40 IU/g body weight, i.p.) 
and rapidly sacrificed by cervical dislocation. The 
hearts were excised and perfused with a calcium-free 
perfusion buffer to clean it from blood and arrest con-
traction, followed by a solution containing collagenase 
(Worthington, LS004177) and protease (Merck, P5147) 
enzymes to digest the extracellular matrix. After di-
gestion, atria and RV were removed and LV myocytes 
were dispersed into a single-cell suspension and cen-
trifuged (100g, 1 min, 25°C). Supernatant was replaced 
and TRIzol (Invitrogen, 15596026) was added and resus-
pended with the cell suspension. Prior to RNA isolation, 
the samples were stored at −80°C.

4.12  |  RNA-sequencing

Total RNA was extracted from the LV cardiomyocytes of 
12-week-old mice. Fragment Analyzer assessed the qual-
ity of cDNA libraries. The libraries were prepared using 
kit SureSelect XT HS2 mRNA Library Preparation System 
with Poly A Selection (Agilent) and sequenced on an 
Illumina NextSeq 500 next-generation sequencer. NextSeq 
500/550 High Output kit 75 cycles (Illumina, 200024906) 
were processed at the Genomics and Bioinformatics Core 
Facility (Institute of Molecular Genetics CAS, Czechia). 
RNA-Seq reads in FASTQ files were mapped to the mouse 
genome using STAR [version 2.7.0c84] GRCm38 primary 
assembly and annotation version M8. The raw data of 
RNA sequencing were processed with a standard pipe-
line. Using cutadapt v1.18,85 the number of reads (mini-
mum, 32 million; maximum, 73 million) was trimmed by 
Illumina sequencing adaptor and of bases with reading 
quality lower than 20, subsequently reads shorter than 
20 b< were filtered out. TrimmomaticPE version 0.36.86 
Ribosomal RNA and reads mapping to UniVec database 
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were filtered out using boWTie v1.2.2. with parameters 
-S -n 1 and SortMeRNA.87 A count table was generated 
by Rsubread v2.0.1 package using default parameters 
without counting multi mapping reads. The raw RNA-
seq data were deposited at GEO: (https://​www.​ncbi.​nlm.​
nih.​gov/​geo/​).88

DESeq2 [v1.26.089] default parameters were used to 
normalize data and compare the different groups. Genes 
were then filtered using the criteria an adjusted p-value 
padj < 0.05, and a base mean ≥50, and a 30%-fold change 
threshold. The enrichment of the functional categories 
and functional annotation clustering of the differentially 
expressed genes was performed using g: Profiler90 input 
using version e104_eg51_p15_3922dba with g: SCS mul-
tiple testing correction methods applying a significance 
threshold of 0.05. Complete query details are available 
in Query info tabs in Dataset S2. The resulting GEM and 
combined GMT files were loaded into Cytoscape plugin 
“EnrichmentMap” using 0.01 FDR q-value cutoff to gen-
erate a network.

4.13  |  Reverse transcription-quantitative 
real-time polymerase chain reaction

Total RNA was isolated from the LV of 12-week-old mice 
(n = 6 samples/group). Following reverse transcription 
with 1 μg of total RNA, qPCR was performed with the ini-
tial AmpliTaq activation at 95°C for 10 min, followed by 
40 cycles at 95°C for 15 s and 60°C for 30 s, as described.91 
The Hprt1 gene was selected as the best reference gene 
for our analyses from a panel of 12 control genes (TATAA 
Biocenter AB, Sweden).92 The relative expression of a 
target gene was calculated, based on qPCR efficiencies 
and the quantification cycle (Cq) difference (Δ) of an ex-
perimental sample versus control. Primers were designed 
using the Primer Blast tool (https://​www.​ncbi.​nlm.​nih.​
gov/​tools/​​prime​r-​blast/​​). Primers were selected accord-
ing to the following parameters: length between 18 and 24 
bases, melting temperature (Tm) between 58° and 60°C, 
G + C content between 40% and 60% (optimal 50%) and 
efficiency above 80%. Primer sequences are presented in 
Table S4.

4.14  |  Statistical analysis

Statistical analyses were performed using GraphPad 
Prism 8 software (Graph Pad Inc., CA, USA). Two-way 
analysis of variance (ANOVA; with genotype and experi-
mental conditions as categories) or three-way ANOVA 
(with genotype, experimental conditions and treatment 
as categories) were carried out to determine significant 

interactions, followed by a recommended post-hoc 
test for multiple comparisons. Values are expressed as 
mean ± SEM or SD (when n < 7). Statistical significance is 
indicated by symbols *p < 0.05, †p < 0.01, ‡p < 0.001.

5   |   CONCLUSION

In summary, our findings provide the supporting evi-
dence that HIF-1α stabilized under the conditions 
of chronic hypoxia enhances degradation of possibly 
harmful mitochondria by activating mitophagy and 
thus, boosts the development of the cardioprotective 
phenotype.
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