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ORIGINAL RESEARCH

Intermittent Hypoxia Triggers Early 
Cardiac Remodeling and Contractile 
Dysfunction in the Time-Course of Ischemic 
Cardiomyopathy in Rats
Guillaume Bourdier, PhD*; Maximin Détrait , MSc*; Sophie Bouyon, MSc; Emeline Lemarié, MSc;  
Sandrine Brasseur, BSc; Stéphane Doutreleau , MD, PhD; Jean-Louis Pépin, MD, PhD;  
Diane Godin-Ribuot, PhD; Elise Belaidi, PhD†; Claire Arnaud , PharmD, PhD†

BACKGROUND: Sleep-disordered breathing is associated with a poor prognosis (mortality) in patients with ischemic cardiomyo-
pathy. The understanding of mechanisms linking intermittent hypoxia (IH), the key feature of sleep-disordered breathing, to 
ischemic cardiomyopathy progression is crucial for identifying specific actionable therapeutic targets. The aims of the present 
study were (1) to evaluate the impact of IH on the time course evolution of cardiac remodeling and contractile dysfunction in a 
rat model of ischemic cardiomyopathy; and (2) to determine the impact of IH on sympathetic activity, hypoxia inducible factor-1 
activation, and endoplasmic reticulum stress in the time course of ischemic cardiomyopathy progression.

METHODS AND RESULTS: Ischemic cardiomyopathy was induced by a permanent ligature of the left coronary artery in male 
Wistar rats (rats with myocardial infarction). Rats with myocardial infarction were then exposed to either IH or normoxia for up 
to 12 weeks. Cardiac remodeling and function were analyzed by Sirius red and wheat germ agglutinin staining, ultrasonog-
raphy, and cardiac catheterization. Sympathetic activity was evaluated by spectral analysis of blood pressure variability. 
Hypoxia-inducible factor-1α activation and burden of endoplasmic reticulum stress were characterized by Western blots. 
Long-term IH exposure precipitated cardiac remodeling (hypertrophy and interstitial fibrosis) and contractile dysfunction dur-
ing the time course evolution of ischemic cardiomyopathy in rodents. Among associated mechanisms, we identified the early 
occurrence and persistence of sympathetic activation, associated with sustained hypoxia-inducible factor-1α expression and 
a delayed pro-apoptotic endoplasmic reticulum stress.

CONCLUSIONS: Our data provide the demonstration of the deleterious impact of IH on post–myocardial infarction remodeling 
and contractile dysfunction. Further studies are needed to evaluate whether targeting sympathetic nervous system or HIF-1 
overactivities could limit these effects and improve management of coexisting ischemic cardiomyopathy and sleep-disordered 
breathing.

Key Words: ER stress ■ hypoxia inducible factor-1 ■ intermittent hypoxia ■ ischemic cardiomyopathy ■ sleep-disordered breathing ■ 
sympathetic activation

Coronary artery disease, and especially acute 
coronary syndrome (ACS), is the leading cause 
of death in industrialized countries and develops 

because of complex interactions between multiple 
risk factors and comorbidities.1 ACS is defined as un-
stable angina, non–ST-segment elevation myocardial 
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infarction and ST-segment–elevation myocardial in-
farction2 and contributes to heart failure progression.3 
Sleep-disordered breathing (SDB) is recognized as an 
independent cardiovascular risk factor,4 is highly prev-
alent (up to 60%) in patients with ACS,5 and is asso-
ciated with a higher rate of death in heart failure.6 In 
the early phase after myocardial infarction (MI), SDB 
promotes infarct expansion, reduces myocardial sal-
vage, and impairs ventricular remodeling.7 In addition, 
in a cohort of patients hospitalized for ACS, SDB is 
associated with higher peak troponin levels in plasma, 

increased number of diseased vessels, and duration of 
hospitalization period.8 The understanding of mecha-
nisms linking intermittent hypoxia (IH), the key feature 
of SDB, to ischemic cardiomyopathy progression is 
crucial for identifying specific actionable therapeutic 
targets.

IH has been identified as the key mediator for 
deleterious cardiovascular impact of SDB.9 In ro-
dent models, IH induces an increase in infarct size 
in response to acute myocardial ischemia–reper-
fusion.10–12 However, the role of IH in the long-term 
progression of chronic ischemic cardiomyopathy 
remains to be established. Studies in rodents em-
phasized that IH triggers a chronic and sustained 
sympathetic nervous system (SNS) activity,12–14 in-
creases hypoxia-inducible factor (HIF)-1 activity, 
and enhances myocardial pro-apoptotic endoplas-
mic reticulum (ER) stress11,15–17. Individually, all these 
mechanisms have been demonstrated to be closely 
related to the IH-induced increase in infarct size,11,12 
cardiomyocytes apoptosis, and left ventricular (LV) 
dysfunction.12,15,16,18 These IH-induced pathogenic 
mechanisms may also play an aggravating role in the 
progression of chronic ischemic cardiomyopathy.

The originality of the current study was to use a 
long-term time course experimental design to (1) eval-
uate the impact of IH on cardiac remodeling and con-
tractile dysfunction in a rat model of chronic ischemic 
cardiomyopathy; and (2) to determine the impact of 
IH on sympathetic activity, HIF-1 activation, and ER 
stress in the time course of ischemic cardiomyopathy 
progression.

METHODS
The data, methods used in the analysis, and materials 
used to conduct the study are available from the cor-
responding author upon reasonable request.

Study Population
Wistar male rats (5-week-old, 200–220 g, Janvier Labs, 
Le Genest-Saint-Isle, France) were housed at the ani-
mal care facility of the HP2 Laboratory (approval no. 
A38 51610006) under a 12:12 hours light–dark cycle 
at 20°C to 22°C and allowed free access to stand-
ard food and water. The experimental procedures 
were conducted in accordance with the European 
Convention for the Protection of Vertebrate Animals 
used for Experimental and Other Scientific Purposes 
(Council of Europe, European Treaties ETS 123, 
Strasbourg, 18 March 1986) and with the Guide for 
Care and Use of Laboratory Animals (NIH Publication 
No. 85-23, revised 1996) and were approved by an 
Institutional Animal Care and Use Committee (agree-
ment number 2015032010109170 (APAFIS#695)).

CLINICAL PERSPECTIVE

What Is New?
•	 Long-term exposure to intermittent hypoxia pre-

cipitates cardiac remodeling (hypertrophy and 
interstitial fibrosis) and contractile dysfunction 
during the time course evolution of ischemic 
cardiomyopathy in rodents.

•	 We identified early occurrence of sustained 
sympathetic activation, sustained hypoxia-
inducible factor-1α expression, and delayed 
pro-apoptotic endoplasmic reticulum stress fol-
lowing intermittent hypoxia exposure.

What Are the Clinical Implications?
•	 This study describes different steps of cardiac 

function deterioration after myocardial infarction 
and associated mechanisms induced by inter-
mittent hypoxia, the hallmark feature of sleep-
disordered breathing.

•	 Further studies are needed to evaluate whether 
targeting intermittent hypoxia-induced sym-
pathetic nervous system, hypoxia-inducible 
factor-1 overactivity could limit these effects 
and improve management of co-existing is-
chemic cardiomyopathy and sleep-disordered 
breathing.

Nonstandard Abbreviations and Acronyms

ACS	 acute coronary syndrome
CPAP	 continuous positive airway pressure
ER	 endoplasmic reticulum
HIF	 hypoxia-inducible factor
IH	 intermittent hypoxia
LV	 left ventricle
MI	 myocardial infarction
N	 normoxia
SDB	 sleep-disordered breathing
SNS	 sympathetic nervous system
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Myocardial Infarction
Six-week-old rats were anesthetized (ketamine (100 mg/
kg ip; Imalgene 1000, Merial, France) and xylazine 
(4 mg/kg ip; Rompun, Bayer, Germany), intubated, and 
ventilated in a 50% O2 −50% air mixture on a volume 
control ventilator (Rovent; Kent Scientific, Torrington, 
Connecticut). Anesthesia was maintained with 0.5% 
isoflurane (Isoflo; Axience, Pantin, France) in a 50% O2 
−50% air mixture during the procedure. Respiratory 
rate, tidal volume (Kent Scientific), and expired CO2 
(Capnoscan, Kent Scientific) were monitored. Rat tem-
perature was regulated using a rectal probe connected 
to a heating pad. Following a left thoracotomy, the peri-
cardium was dissected, and the left anterior coronary 
artery was ligated using a nonabsorbable braided silk 
suture (sofsilk 6-0; Covidien, Boulogne-Billancourt, 
France). The rib cage was closed and the wound su-
tured (polysorb 4-0, Covidien). Sham-operated rats 
were subjected to the same surgical procedure except 
for the coronary artery ligation. All animals were given 
0.03 mg/kg buprenorphine (Buprécare; Axience) sub-
cutaneously immediately after surgery.

Echocardiography (2D and M-mode) was per-
formed 3 days after surgery to exclude animals with 
small infarcts and limited reduction of LV ejection frac-
tion (>45%) according to the procedure described by 
Litwin et al.19 Regarding the 75 rats operated on, all the 
sham rats survived, 9 rats with MI died (11%) during the 
first 24 hours, and 10 (12%) were excluded for left ven-
tricular ejection fraction >45% (Figure 1). The infarcted 
rats were matched according to their left ventricular 

ejection fraction values in 2 homogeneous groups (MI-
normoxia [N] and MI-IH), infarct size reproducibility was 
confirmed postmortem, and 1 MI-IH rat was excluded 
for too-small infarct size.

Intermittent Hypoxia
Rats were randomly exposed to IH or N for 4–12 weeks 
(Figure  1), in our HypE platform (https://hp2.univ-
greno​ble-alpes.fr/plate​forme​-hypeG​renoble, France). 
Animals were exposed daily to 8 hours of IH or N dur-
ing their daytime sleep period. The IH stimulus was 
performed using a specifically designed device, as 
previously described.20 It consisted of 1-minute cycles 
with alternating 30 seconds of hypoxia (5% fraction of 
inspired O2 (FiO2) and 30 seconds of normoxia (21% 
FiO2). FiO2 was monitored throughout the experiment 
with a gas analyzer (ML206; AD Instruments, Oxford, 
UK). Normoxic rats were exposed to air streams to 
reproduce equivalent levels of noise and turbulence 
related to gas circulation. Sham rats were maintained 
in housing cages. At the end of exposure, rats were 
anesthetized with injection of ketamine (100 mg/kg ip, 
Merial) and xylazine (4 mg/kg ip, Bayer) before experi-
mental procedures.

Echocardiography
A longitudinal follow-up of rat LV dimensions and func-
tion was performed weekly and every 2  weeks for 
4- and 12-week exposure, respectively. Rats were an-
esthetized with 5% isoflurane (Axience) in a 50% O2 

Figure 1.  Study flow chart. Rats underwent a ligature of the left coronary artery to induce 
myocardial infarction (MI) or a sham surgery (Sham).
Three days after coronary artery ligation, rats with MI were randomly exposed to 4- or 12-weeks 
intermittent hypoxia (IH) or normoxia (N). At the end of exposures, rats were anesthetized for experimental 
procedures (power spectral analysis of arterial blood pressure variability, pressure-volume loop analysis) 
and tissues were harvested for histology or molecular biology.
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−50% air mixture and maintained with 2% isoflurane 
during the procedure. Using an ultra-high-frequency 
probe (MS250 13–24 MHz, VisualSonics), diastolic and 
systolic LV wall thickness, cavity diameter, and ejection 
fraction were measured and calculated as the mean of 
3 cardiac cycles in M-mode long axis.

Histology
An intracardiac injection of KCl 120 mmol/L stopped 
rat hearts in diastolic phase. Hearts and adrenal glands 
were harvested and fixed overnight in 4% paraformal-
dehyde in PBS and were embedded in paraffin. Five-
micrometer sections (RM2255 Fully Automated Rotary 
Microtome, Leica) were stained for 1 hour with Sirius-
red (0.1% of Sirius red in saturated picric acid) and 
washed twice with acidified water. Interstitial fibrosis 
density in remote areas of the infarct was determined 
through ImageJ analysis.

Wheat germ agglutinin Oregon Green 488 conju-
gate (Molecular Probes) was used in order to mea-
sure cardiomyocytes minimum Feret diameter (µm) 
at a 1/100 dilution for 1 hour. Cross-sectional area 
analysis was performed using a macro in ImageJ 
(Stochastic watershed plugin, adapted by Dr A. 
Fertin, TIMC-IMAG).

Apoptosis was determined through analysis of DNA 
fragmentation by terminal deoxynucleotidyl transfer-
ase-mediated dUTP nick end-labeling (TUNEL) assay 
on paraffin-embedded sections, following the man-
ufacturer’s instruction (Abcam, Cambridge, United 
Kingdom) as previously described.21 An Axioscan 
fluorescent microscope (Zeiss, Göttingen, Germany, 
×20) was used to visualize TUNEL-positive red cells 
and sections were counterstained with 4′,6-diamidi-
no-2-phenylindole. Analyzes were performed on 2 to 
3 rats per group and 7 to 15 images per animal were 
quantified using Image J software (National Institutes 
of Health, Bethesda, MD). Apoptotic cells were ex-
pressed as percentage of nuclear positive red staining 
per field.

Experimental Procedures
Pressure-Volume Loop Analysis

Animals were deeply anesthetized as previously de-
scribed. LV pressures and volumes were measured 
with a pressure-volume conductance catheter (SPR-
869, Millar Instruments, Houston, TX) inserted first 
into the right carotid artery to measure baseline ar-
terial pressure (5-minute record), and then into the 
LV to record systolic and diastolic hemodynamics. 
End-systolic-pressure-volume relationship and end-
diastolic-pressure-volume relationship were calculated 
using 5 consecutive cycles following occlusion of the 
inferior vena cava.

Sympathetic Nervous System Activity

Power spectral analysis of blood pressure variability 
was carried out using the baseline 5-minute arterial 
pressure record, before catheter insertion into the LV 
cavity. Signals were processed using rodent spec-
tral analysis software (SA-BPV, Nevrokard, Ljubljana, 
Slovenia). Frequency domain analysis of diastolic pres-
sure variability was performed. Power and normalized 
units of the low frequency (0.25–0.75 Hz) and high fre-
quency (0.75–3 Hz) were computed, as well as the low 
frequency/high frequency ratio, considered as general 
marker of sympathovagal balance.

Infarct Size Measurement and Tissue 
Sampling
After experimental procedures, blood was collected 
from the inferior vena cava and centrifuged 10 minutes 
at 4500g in order to measure hematocrit. Hearts were 
excised and sectioned into atria and ventricles. The right 
ventricle was harvested and the LV was opened from 
the base to the apex along the middle of the septum 
and photographed. Infarcted areas were determined 
as described by Loennechen et al.22 Then, the LV was 
divided into infarcted and remote zones. Organs were 
weighted, rapidly frozen, and kept at −80°C.

Western Blotting
Frozen samples of remote areas were homogenized 
using mortar and pestle and were lysed to extract 
total proteins (Precellys 24, 6500  rpm, 3  ×  20  sec-
onds–5  seconds, Bertin Technology, Montigny le 
Bretonneux, France; sample lysis buffer: 5  mmol/L 
EDTA, 1 mmol/L Na3VO4, 20 mmol/L NaF, 1 mmol/L 
dithiothreitol, and protease inhibitor cocktails) or nu-
clear proteins (Nuclear Extract Kit; Active Motif Europe, 
Rixensart, Belgium). The protein concentration was 
calculated using Bradford assay (Bradford’s reagent, 
Sigma-Aldrich, Saint-Quentin Fallavier, France). Thirty 
milligrams of protein were separated by SDS poly-
acrylamide gels (8%–12%) and transferred to polyvi-
nylidene difluoride membranes. Next, membranes 
were blocked with 5% nonfat milk or BSA in Tris-
buffered saline with Tween 20 (0.1%). Membranes were 
then incubated overnight at 4°C with primary antibod-
ies in Tris-buffered saline-Tween 20 (0.1%), 5% BSA, 
or nonfat milk. The following day, membranes were 
incubated for 1  hour at room temperature with the 
appropriate horseradish peroxidase–conjugated anti-
IgG (1: 5000, Santa Cruz Biotechnology, Heidelberg, 
Germany). Enhanced chemiluminescence was per-
formed with the Western Blot ECL substrate (Clarity; 
Bio-Rad, Marnes-la Coquette, France) according to 
the manufacturer’s instructions and video acquisi-
tion (ChemiDoc-XRS-System, Bio-Rad). The relative 
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amount of protein was quantified by densitometry 
(ImageJ). The following antibodies were used: the tran-
scription factor ATF4, caspase-12, caspase-3, cleaved 
caspase-3 (1:1000, Cell Signaling Technology, Hitchin, 
UK), nuclear transcription factor CHOP (C/EBP ho-
mologous binding protein), Grp78 (chaperone pro-
tein), TBP (TATA binding protein) (1: 1000, Santa Cruz 
Biotechnology), nuclear HIF-1α (1: 500), and tubulin 
(1: 2000, Santa Cruz Biotechnology). Phosphorylated 
proteins were expressed relative to total proteins, and 
nonphosphorylated cytosolic proteins were expressed 
relative to tubulin. Nuclear CHOP and HIF-1α were ex-
pressed relative to TBP.

RNA Isolation, Reverse 
Transcription, and Quantitative Real-Time 
Polymerase Chain Reaction

Total mRNA from remote areas were extracted using 
RNA isolation kit (Nucleospin RNA Plus, Macherey-
Nagel, Düren, Allemagne). Total RNA (0.5  µg) was 
reversely transcribed to cDNA using iScript Reverse 
Transcription Supermix (C-1000 Thermal Cycler, Bio-
Rad). Quantitative real-time polymerase chain reac-
tion was performed using SsoAdvanced Universal 
SYBR Green Supermix (Bio-Rad) and polymerase 
chain reaction primers for Nppa, Nppb, and Acta1 
(Sigma-Aldrich). Primer sequences are listed in Table 1. 
Quantification of mRNA was standardized to the 2 best 
household genes (Cyca, Rplp0, and HPRT1) selected 
with the RefFinder program,23 and was calculated 
using the 2ΔΔCt method.

Statistical Analysis
Statistical analysis was performed using GraphPad 
Prism 6 software (San Diego, CA). Data are expressed 
as means±SEM. For each comparison group, normality 
and equal variance were tested using Shapiro–Wilk and 
Bartlett tests, respectively. When these assumptions 
were met, results were analyzed using 2-way ANOVA, 
followed by post hoc Sidak’s multiple comparison tests. 
In other conditions and when sample size was too 
small (n < 3), Kruskal–Wallis test was used, followed by 
Dunn’s multiple comparison test. For ultrasonographic 

parameters, repeated-measures ANOVA was used 
(Prism; GraphPad Software, La Jolla, CA). A 2-sided 
P < 0.05 was considered statistically significant.

RESULTS
IH Impacts Heart and Lung Weights and 
Volumes
IH induced a significant increase in hematocrit com-
pared with Sham and MI-N animals at both 4 and 
12  weeks (Table  2). After 12  weeks MI, body weight 
was lower in MI-IH compared with Sham and MI-N 
animals (*P < 0.05 vs Sham and †P < 0.05 vs MI-N; 
Table 2 and Figure 2A). Heart and LV weights were sig-
nificantly increased in both MI-N and MI-IH compared 
with Sham (*P < 0.05 vs Sham; Table 1, Figure 2B and 
2C), whereas right ventricle and lung weights were sig-
nificantly increased in the MI-IH group only (*P < 0.05 
vs Sham and †P < 0.05 vs MI-N; Table 2, Figure 2D 
and 2E).

IH Exacerbates Cardiac Remodeling and 
Contractile Dysfunction During the Time 
Course of Ischemic Cardiomyopathy 
Development
Three days after coronary artery ligation, we vali-
dated the surgical procedure homogeneity by echo-
cardiography. After 4 and 12 weeks of exposure to 
IH or N, infarct sizes were similar between MI-N and 
MI-IH groups (29±2 vs 29±1% of LV area in N and 
IH rats, respectively, after 4  weeks MI; and 22±2 
vs 23±1% in N and IH, respectively, after 12 weeks; 
Table 2). At 4 weeks, MI induced LV dilation in both 
N and IH groups compared with Sham, character-
ized by increased end-diastolic LV internal diameter 
(Table 2). This was associated with cardiac dysfunc-
tion as shown by significant decreases in LV frac-
tional shortening, dP/dtmax, and dP/dtmin in both 
MI-N and MI-IH (P < 0.05 vs Sham; Table 2) and a 
decrease in stroke volume and cardiac output (CO) in 
MI-IH compared to Sham (P < 0.05 vs Sham; Table 2). 
At 12 weeks, our data confirmed the acceleration of 
cardiac dysfunction in MI-IH compared with MI-N, as 

Table 1.  Primers Used for RT-qPCR

Genes Proteins Forward Primer 5′-3′ Reverse primer 3′-5′

Cyca Cyclin A TATCTGCACTGCCAAGACTGAGTG CTTCTTGCTGGTCTTGCCATTCC

Rplp0 Ribosomal protein large P0 CCCTGCACTCTCGCTTTCTGGA AGGGGCAGCAGCCGCAAATG

HPRT1 Hypoxanthine 
phosphorybosyltransferase1

GGGGGACATAAAAGTTATTGGTGGA GGTCCTTTTCACCAGCAAGCTTG

Nppa Natriuretic peptide A AGGCCATATTGGAGCAAATC CTCCTCCAGGTGGTCTAGCA

Nppb Natriuretic peptide B GCTCTCAAAGGACCAAGGC AACAACCTCAGCCCGTCAC

Acta1 Skeletal alpha actin GGCTCCCAGCACCATGAAGA CAGCACGATTGTCGATTGTCG
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revealed by a significantly higher reduction of ejec-
tion fraction and end-systolic-pressure-volume rela-
tionship compared with MI-N (*P < 0.05 vs Sham and 
†P < 0.05 vs MI-N; Figure 3A and 3B).

IH Induces LV Remodeling
At 12 weeks, MI induced cardiomyocytes hypertrophy, 
as shown by the increase in minimum Feret diameter of 
cardiomyocytes from Sham to MI-N and a maximum in-
crease in MI-IH (*P < 0.05 vs Sham and †P < 0.05 vs MI-N; 
Figure 4A and 4B). This was associated with dynamic 
changes in mRNA expression of fetal genes program 
(Nppa, Nppb, and Acta1) from 4 to 12 weeks (Figure 4C 
through 4E). In addition, we observed an increase in in-
terstitial fibrosis (*P < 0.05 vs Sham; Figure 4F and 4G) 
and apoptosis (*P < 0.05 vs Sham; Figure 4H and 4I) in 
remote LV areas in MI-IH but not in MI-N animals.

IH Induces Sustained Sympathetic 
Hyperactivity
After 4 weeks of IH, we observed a significant elevation 
of the low frequency to high frequency (low frequency/
high frequency) ratio of diastolic blood pressure vari-
ability that lasted until 12 weeks of exposure (*P < 0.05 

vs Sham; Figure 5B). As the adrenal medulla releases 
catecholamines in response to SNS activation, we ex-
amined its structural status after 12 weeks. IH rats pre-
sented adrenal hypertrophy with a significant increase 
in adrenal weight to tibia length ratio (*P < 0.05 vs Sham; 
Figure 5C), associated with significant increase in the 
medullar area in MI-IH (*P < 0.05 vs Sham; Figure 5E).

IH Induces a Sustained Overexpression of 
Nuclear HIF-1α Post-MI
After 4-week exposure, nuclear HIF-1α expression was 
significantly increased in both MI groups, with a more 
important upregulation in the MI-IH group (*P < 0.05 vs 
Sham and †P < 0.05 vs MI-N; Figure 6A). At 12 weeks, 
nuclear HIF-1α expression was normalized to Sham 
group in MI-N, whereas it remained overexpressed in the 
MI-IH group over time (*P < 0.05 vs Sham, Figure 6A).

IH Promotes Myocardial Pro-Apoptotic 
ER Stress
In normoxic animals, MI induced a slight increase in 
ER stress markers expression over time, with a mod-
est but significant rise in Grp78 expression at both 4 

Figure 2.  Morphometric parameters after 12 weeks exposure to intermittent hypoxia (IH).
A, Rat body weight. B, Heart weight to tibia length (L) ratio. C, Left ventricle (LV) weight on tibia length ratio. D, Right ventricle (RV) 
weight on tibia length ratio. E, Lung weight on tibia length ratio. Values are mean±SEM. n=7 to 8 per group; *P < 0.05 vs Sham; 
†P < 0.05 vs MI-N.
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and 12  weeks (*P  <  0.05 vs Sham; Figure  6B). This 
was associated with a slight increase in the nuclear 
pro-apoptotic transcription factor CHOP expression 
and an increase in c-Casp3/Casp3 ratio at 4 weeks, 
which were no longer elevated at 12 weeks (*P < 0.05 
vs Sham; Figure  6D and 6E). ATF4 and Casp12 ex-
pressions were not modified in the MI-N group over 
12 weeks (Figure 6C and 6F). The kinetic of ER stress 
markers expression differed in the MI-IH group in which 
ER stress was limited at 4 weeks compared with Sham 
and significantly increased at 12 weeks, with a signifi-
cant increase in Grp78, ATF4, and nuclear CHOP ex-
pression (*P < 0.05 vs Sham and †P < 0.05 vs MI-N; 
Figure 6B through 6D). Interestingly, apoptosis seemed 
to be present from 4 weeks in the MI-IH group, with 
increased expression of Casp12 and cCasp3/Casp3, 
which persisted until 12 weeks (*P < 0.05 vs Sham and 
†P < 0.05 vs MI-N; Figure 6E and 6F). These results are 
consistent with TUNEL stainings (Figure 4H and 4I).

DISCUSSION
Our results demonstrate that IH, the hallmark feature 
of SDB deleterious cardiovascular consequences, 

precipitates cardiac remodeling and contractile dys-
function during the time course evolution of ischemic 
cardiomyopathy in rodents. Among associated mech-
anisms, we identified the early occurrence and per-
sistence of sympathetic activation, associated with 
sustained nuclear HIF-1α expression and a delayed 
pro-apoptotic ER stress.

IH Exacerbates the Progression of 
Ischemic Cardiomyopathy
SDB is highly prevalent in patients with ACS, with a 
remaining question about the role of chronic IH on 
long-term prognosis.24 Application of a positive air-
way pressure remains the gold standard treatment of 
SDB. However, although many studies demonstrated 
the benefit of continuous positive airway pressure on 
quality of life and neurocognitive dysfunctions,25 re-
cent large clinical trials reported that continuous pos-
itive airway pressure failed to prevent cardiovascular 
mortality,26,27 underlying the complex relationship 
between SDB and cardiovascular complications.28 
In this context, well-controlled animal studies are 
required to demonstrate the long-term impact of 
chronic IH on ischemic cardiomyopathy progression 

Figure 4.  Effect of chronic IH on cardiac remodeling.
A, Representative images of wheat germ agglutinin staining. B, Measurement of minimum Feret diameter from Sham, myocardial 
infarction normoxia (MI-N) and myocardial infarction intermittent hypoxia (MI-IH) rats at 12 weeks intermittent hypoxia or normoxia. 
Values are mean±SEM; n=2 to 3 animals per group, 100 to 400 cells per animal; *P < 0.05 vs Sham; †P < 0.05 vs MI-N. C, Nppa 
(natriuretic peptide type A), D, Nppb (natriuretic peptide type B), E, actin alpha1 skeletal muscle (Acta1) mRNA expression relative to 
household genes mRNA expression at 4- and 12-weeks experiment. Values are normalized to Sham group (dashed line) and expressed 
as mean±SEM. n=7 to 8 per group; *P < 0.05 vs Sham. F, Representative images of Sirius red staining. G, Interstitial fibrosis evaluated 
in the LV remote area as a percentage of Sirius red staining relative to cardiomyocytes area, in myocardium from Sham, MI-N, and MI-
IH rats at 12 weeks experiment. Values are mean±SEM; n=2 to 3 animals per group, 20 to 40 images per animal; *P < 0.05 vs Sham. H, 
Representative images of TUNEL staining. I. Apoptotic cells quantified in the LV remote area and expressed as percentage of nuclear 
positive red staining per field. Values are mean±SEM; n=2 to 3 animals per group, 7 to 15 images per animal; *P < 0.05 vs Sham. LV 
indicates left ventricular.

Figure 3.  Chronic intermittent hypoxia (IH) precipitates myocardial infarction (MI)-induced contractile dysfunction.
A, Echocardiographic measurement of ejection fraction (EF) over time. B, End-systolic pressure-volume relationship (ESPVR) after 
12-week exposure to nomoxia (MI-N) or intermittent hypoxia (MI-IH). Values are mean±SEM; n=10 to 11 per group for EF, n=7 to 8 for 
ESPVR. *P < 0.05 vs Sham and †P < 0.05 vs MI-N.
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and to decipher associated mechanisms. This would 
allow proposing new therapeutic targets, and even 
potential biomarkers of disease severity, in order to 
improve management of SDB-related cardiovascu-
lar risk in patients with ischemic cardiomyopathy, 
in addition to continuous positive airway pressure. 
The originality of our data is to make available a se-
quential long-term longitudinal echocardiographic 
follow-up. At 4 weeks of IH, cardiac remodeling did 
not significantly differ between MI-N and MI-IH rats. 
However, at the functional level, although the de-
crease in ejection fraction induced by coronary liga-
tion was identical in the MI-IH and MI-N groups, the 
reduction of cardiac output was more pronounced 
in the IH group. In the long term, cardiac function 
started to decline after 6 weeks of IH exposure with, 
at 12 weeks, a significantly higher reduction in end-
systolic-pressure-volume relationship and ejection 
fraction in the MI-IH group compared with the MI-N 
group. This was associated with LV cardiomyocyte 
hypertrophy and interstitial fibrosis. Such a marked 
LV remodeling and dysfunction in MI-IH animals was 
associated with right ventricle hypertrophy and lung 
edema, confirming an accelerated progression of 
ischemic cardiomyopathy to heart failure after long-
term IH exposure.

IH Induces an Early and Sustained 
Sympathetic Hyperactivity

Following myocardial ischemia, SNS is activated as a 
compensatory mechanism in order to increase con-
tractile performance and maintain cardiac output. 
However, sustained and persistent SNS stimulation in 
turn drives a maladaptive response, through desensiti-
zation of adrenergic signaling, direct effects on cardio-
myocytes (ie, apoptosis, hypertrophy, and interstitial 
fibrosis) and a subsequent and progressive reduction 
of cardiac output.29 In the present study, we demon-
strated that IH induced an early and persistent sympa-
thetic activity over time. Interestingly, spectral analysis 
of blood pressure was realized 12 hours after the last 
IH exposure, indicating that sympathetic activation per-
sists after cessation of IH stimulus in accordance with 
data in patients with SDB.25 At 4 weeks IH exposure, 
the increase in low frequency/high frequency ratio 
preceded cardiac remodeling and severe contractile 
dysfunction, acting as a compensatory mechanism. 
This is in accordance with previous data demonstrat-
ing that 4  weeks of IH exposure in C57BL/6J mice 
increases cardiac contractility through activation of 
cardiac β-adrenergic pathways.30 On the other hand, 
such a sustained sympathetic activity in the long term 

Figure 5.  Chronic intermittent hypoxia (IH) exposure increases sympathetic activity post-myocardial infarction (MI).
A, Representative power analysis spectra of diastolic blood pressure (DBP) variability from sham animals or rats with MI exposed to 
normoxia (N) or intermittent hypoxia (IH). B, Quantification of low-frequency-to-high-frequency ratio from DBP variability (LF/HF DBP) 
after 4- and 12-week exposure to N or IH in MI and Sham rats. C, Adrenal hypertrophy measured by adrenal weight to tibia length (L) 
ratio. D, Representative images of adrenal gland sections from Sham, MI-N, and MI-IH animals. E, Medulla area in arbitrary units (arb. 
unit). Values are mean±SEM; n=7 to 8 per group; *P < 0.05 vs Sham. n.u. indicates normalized unit.D
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might be responsible for the cardiac remodeling and 
contractile dysfunction we observed in the MI-IH group 
between 6 and 12 weeks.

IH Induces Sustained Nuclear HIF-1 
Expression
We have previously demonstrated that chronic expo-
sure to IH induces a sustained activation of HIF-131 
responsible for the increased infarct size.11 Here, we 
demonstrated that cardiac HIF-1α nuclear expression 
was elevated at 4 weeks in both MI-N and MI-IH ani-
mals. However, whereas expression was normalized 
at 12  weeks in MI-N rats, HIF-1α nuclear expression 
remains elevated at 12 weeks in MI-IH, reflecting the 
sustained and persistent activation only within IH ani-
mals. Previous studies have highlighted that long-term 
HIF-1α stabilization triggers the development of cardio-
myopathy in rodents.32,33 Indeed, mice with inducible 
cardiomyocyte-specific expression of HIF-1α exhibited 
a progressive decrease in cardiac function concomi-
tantly with transgene expression.33 In addition, con-
stitutive cardiac-specific HIF-1 overexpression in mice 
mediates beneficial effects in the short term, whereas 
it triggers cardiac dysfunction occurrence with aging.32 

Finally, in patients with cardiomyopathy, HIF-1α expres-
sion is increased in heart samples32 and high plasmatic 
HIF-1α level correlates with a decrease in ejection frac-
tion and survival rate in patients with decompensated 
heart failure.34

IH Induces Late Pro-Apoptotic ER Stress
ER stress plays a major role in development of cardio-
vascular diseases.35 ER stress, characterized by an 
increase in CHOP expression, contributes to cardiac 
apoptosis, hypertrophy, and contractile dysfunction 
in rodent models of pressure overload.36,37 In the cur-
rent study, we determined pro-apoptotic ER stress at 
12 weeks only in the MI-IH group, which was concomi-
tant with the progression of ischemic cardiomyopathy 
to heart failure. These results are in line with previous 
studies demonstrating that, independently of MI, IH in-
duces deleterious pro-apoptotic ER stress in myocar-
dium.11,12,15,16 Indeed, tauroursodeoxycholic acid, an ER 
stress inhibitor, prevents the IH-induced increase in in-
farct size11 and several cardioprotective strategies, such 
as adiponectin,16 metallothionein,15 and high-intensity 
exercise,12 limit the IH-induced myocardial pro-apoptotic 
ER stress and associated decline in cardiac function.

Figure 6.  Effect of myocardial infarction (MI) and intermittent hypoxia (IH) exposure on myocardial hypoxia-inducible 
factor-1α (HIF-1α) expression, endoplasmic reticulum (ER) stress, and apoptosis.
A, Nuclear HIF-1α expression relative to TBP (TATA binding protein). B, Grp-78 (glucose-regulated protein kinase) expression relative 
to tubulin. C, Activating transcription factor (ATF)-4 expression relative to tubulin. D, Nuclear CHOP (C/EBP homologous binding 
protein) expression relative to TBP. E, Cleaved-caspase 3 (C-Casp3) expression relative to caspase 3 (Casp3). F, Caspase 12 (Casp12) 
expression relative to tubulin. Values are normalized to sham group (dashed line) and expressed as mean±SEM. n=7 to 8 per group; 
*P < 0.05 vs Sham; †P < 0.05 vs MI-normoxia (N).
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Interconnection Between IH-Induced 
Mechanisms
A crosstalk between mechanisms reported above is 
supported by the literature. In mice, HIF-1α deletion 
prevents the IH-induced sympathetic activity38 and 
recent evidence suggests that, during hypoxia, sym-
pathetic activation increases HIF-1α expression and 
stabilization in kidney.39 Adrenergic stimulation also 
induces cardiac ER stress and subsequent cardiac 
dysfunctions,40,41 while β-blockers are able to reduce 
pro-apoptotic ER stress in a dog model of ischemic 
cardiomyopathy.42 Finally, IH-induced cardiac ER 
stress activates HIF-1, initiating a vicious circle as HIF-1 
triggers ER stress and CHOP-mediated apoptosis in 
alveolar epithelial cells.43 In our study, the time course 
of IH effects starts with a concomitant sympathetic 
overactivity and nuclear HIF-1 expression, which might 
trigger mechanisms of IH-induced accelerated car-
diac remodeling and post-MI dysfunction, whereas ER 

stress activation occurs later with the decline of car-
diac function (Figure 7).

CONCLUSIONS
We have described for the first time the different steps 
and possible mechanisms associating IH and acceler-
ated deterioration in cardiac function post-MI. Further 
studies are needed to evaluate whether targeting IH-
induced SNS or HIF1 overactivities could limit these ef-
fects and improve management of coexisting ischemic 
cardiomyopathy and SDB.

Study Limitations
1.	 Whereas we demonstrated the deleterious impact 

of IH on post-MI cardiac remodeling and con-
tractile dysfunction, associated with activation of 
several mechanisms (SNS activation, HIF-1 nuclear 
expression, and pro-apoptotic ER stress), our pres-
ent study cannot make a firm conclusion on the 
specific role of each one. Importantly, all these 
mechanisms could be interconnected, and further 
studies are needed to establish their respective 
contributions to IH-induced post-MI dysfunctions.

2.	SDB exhibits a complex pathophysiology. Apart 
from IH, which is described as the main contributor 
to cardiovascular complications, SDB are also as-
sociated with sleep fragmentation and intrathoracic 
pressure swings and we cannot exclude their contri-
butions on post-MI cardiac remodeling and decline 
in cardiac function.
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