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Abstract
Aim Intermittent hypoxia (IH) is considered to be a major contributor to obstructive sleep apnoea-related
cardiovascular consequences. The present meta-analysis aimed to assess the effects of IH on cardiac
remodelling, function and infarct size after myocardial ischaemia across different rodent species and IH
severities.
Methods and results Relevant articles from PubMed, Embase and Web of Science were screened. We
performed a random effect meta-analysis to assess the effect of IH on myocardium in rodents by using
standardised mean difference (SMD). Studies using rodents exposed to IH and outcomes related to cardiac
remodelling, contractile function and response to myocardial ischaemia–reperfusion were included. 5217
articles were screened and 92 were included, demonstrating that IH exposure induced cardiac remodelling,
characterised by cardiomyocyte hypertrophy (cross-sectional area: SMD=2.90, CI (0.82–4.98), I2=94.2%),
left ventricular (LV) dilation (LV diameter: SMD=0.64, CI (0.18–1.10), I2=88.04%), interstitial fibrosis
(SMD=5.37, CI (3.22–7.53), I2=94.8) and apoptosis (terminal deoxynucleotidyl transferase dUTP nick end
labelling: SMD=6.70, CI (2.96–10.44), I2=95.9). These structural changes were accompanied by a decrease
in LV ejection fraction (SMD=−1.82, CI (−2.52–−1.12), I2=94.22%). Importantly, most of the utilised IH
protocols mimicked extremely severe hypoxic disease. Concerning infarct size, meta-regression analyses
highlighted an ambivalent role of IH, depending on its severity. Indeed, IH exposure with inspiratory
oxygen fraction (FIO2

) <7% was associated with an increase in infarct size, whereas a reduced infarct size
was reported for FIO2

levels above 10%. Heterogeneity between studies, small study effect and poor
reporting of methods in included articles limited the robustness of the meta-analysis findings.
Conclusion This meta-analysis demonstrated that severe IH systematically induces cardiac remodelling and
contractile dysfunction in rodents, which might trigger or aggravate chronic heart failure. Interestingly, this
meta-analysis showed that, depending on stimulus severity, IH exhibits both protective and aggravating
effects on infarct size after experimental ischaemia–reperfusion procedures.

Introduction
Obstructive sleep apnoea (OSA), the most common sleep-disordered breathing (SDB) disorder, is one of
the most frequent chronic diseases, affecting nearly one billion people worldwide [1]. OSA is recognised
as an independent risk factor for incident and prevalent cardiovascular diseases, including hypertension,
arrhythmia, stroke and coronary heart disease [2, 3]. OSA is characterised by the repetitive occurrence of
partial or complete upper airway obstruction during sleep, which leads to consequences that include:
1) sleep fragmentation, due to the occurrence of micro-arousal at the end of each apnoea/hypopnoea,
2) intra-thoracic pressure swings and 3) repetitive cycles of arterial oxygen desaturation and reoxygenation,
namely intermittent hypoxia (IH), with underlying cardiovascular complications.
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During the past two decades, numerous experimental and clinical reports have considered IH to be the
main contributor to OSA-associated cardiovascular complications and mortality [4–6]. Systematic reviews
and meta-analyses have reported that OSA patients exhibit increased left ventricular (LV) hypertrophy,
dilation and subclinical markers of LV diastolic dysfunction in accordance with the severity of IH [7–9].
OSA-associated cardiac remodelling results in impaired LV systolic function (i.e. decreased LV ejection
fraction (EF)), which also correlates with OSA severity. In patients hospitalised for acute coronary
syndrome (ACS), SDB is associated with higher peak troponin levels in plasma, which might reflect
increased myocardial insults [10]. BUCHNER et al. [11] demonstrated that patients with SDB exhibit a larger
infarct size and impairment of ventricular remodelling after myocardial infarction compared to patients
without SDB. These clinical studies highlight the potential deleterious impact of IH on both cardiac
remodelling and susceptibility to myocardial ischaemia. In contrast, several studies did not report such
detrimental effects of OSA on cardiovascular outcomes. For example, the recent ISAACC study failed to
demonstrate that OSA patients with ACS exhibit a higher recurrence of cardiovascular events compared
with patients without OSA [12]. In addition, large clinical trials did not evidence any beneficial effects
of continuous positive airway pressure against cardiovascular events incidence (SAVE [13] and ISAAC
[12, 14]), questioning the exact contribution of OSA to cardiovascular morbi-mortality.

Currently, OSA severity is essentially based on the apnoea–hypopnoea index, a metric that poorly reflects
the severity of IH. More and more studies are suggesting that the burden of nocturnal hypoxaemia might
represent the key predictor of cardiovascular risk in OSA patients [15–17]. Animal models of IH exposure
in rodents have been developed in order to dissect the specific impact of IH on the cardiovascular system,
due to the absence of any of the confounding factors usually present in clinical trials. These experimental
studies aim to understand the mechanisms involved in different IH-controlled conditions (cycles, intensity,
duration). These preclinical studies also allow easy access to tissue samples, facilitating the characterisation
of cardiac remodelling at cellular and tissue level.

This systematic review and meta-analysis aimed to assess the effects of IH on cardiac remodelling,
function and response to myocardial ischaemia across all rodent species. This might help to identify
whether specific IH patterns would have different impacts on the myocardium.

Methods
The methodology was described and preregistered in PROSPERO (www.crd.york.ac.uk/prospero/,
CRD42020170266, 24 April 2020) and a Preferred Reporting Items for Systematic Reviews and
Meta-Analyses statement is given in supplementary file S1. The review questions were: 1) does IH induce
cardiac remodelling, contractile dysfunction and alter the response to myocardial ischaemia–reperfusion in
rodent models? and 2) does the hypoxic pattern (cycles, intensity, duration per day and total duration)
influence cardiac responses?

Study search and selection
Articles published between 1980 and May 2021 were searched using the PubMed, Embase and Web of
Science databases. A first selection was conducted to select all studies that used IH in rodents, with the
following terms: (Intermittent[All Fields] AND (“hypoxia”[MeSH Terms] OR “hypoxia”[All Fields]))
AND ((“rodentia”[MeSH Terms] OR “rodentia”[All Fields] OR “rodent”[All Fields]) OR (“mice”[MeSH
Terms] OR “mice”[All Fields] OR “mouse”[All Fields]) OR (“rats”[MeSH Terms] OR “rats”[All Fields]
OR “rat”[All Fields])). Two investigators (OH, CA, EB, ABM or GF) independently screened all
references for inclusion, and discrepancies were resolved by discussion among the team. Eligibility was
considered if they were written in English and addressed myocardial outcomes after IH exposure in
rodents. The full texts of all studies referring to myocardium were reviewed for final inclusion by two
independent investigators (CA and EB).

Animals and IH protocols
We included studies using rodents (male, female, young, aged, lean, obese, various strains) exposed to IH
and reporting outcomes related to cardiac remodelling, contractile function and response to myocardial
ischaemia–reperfusion (infarct size). We defined IH as one period of hypoxia, followed by one period of
reoxygenation, repeated several times during the same day. We included all studies in which IH was
compared to a control normoxic group.

Exclusion criteria
We excluded studies that were not conducted on rodents (i.e. cell culture models), studies in which
hypoxia was applied continuously and repeated for several days, studies applying IH exposure in prenatal
or perinatal periods, studies without a separate control group, and studies without cardiac outcomes.
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Outcome extraction
A standardised Excel file was used to extract data. Data from graphs were extracted using ImageJ tools.

For each study, we extracted bibliographic details (first author, journal, PubMed identifier, year), rodent
characteristics (species, strain, sex, initial body weight, age), as well as IH pattern description (inspiratory
oxygen fraction (FIO2

) (%), hypoxia duration (seconds), reoxygenation duration (seconds), duration of IH
protocol per day (hours), total duration of IH exposure (days)).

As main outcomes, we selected the most often used parameters to characterise haemodynamic, cardiac
contractile function, cardiac remodelling and response to myocardial ischaemia–reperfusion. An exhaustive
list of extracted parameters is provided in supplementary file S2. For haemodynamic evaluation, we extracted
mean arterial pressure (MAP) and heart rate (HR) data. Cardiac function was assessed through analysis of LV
EF and LV diameter in diastole (LVDd) obtained from echocardiography. Cardiac remodelling was
documented by analysis of hypertrophy (heart weight-to-tibia length and cardiomyocyte cross-sectional area
(CSA)), interstitial fibrosis (Sirius red and Masson trichrome staining and connective tissue growth factor
(CTGF) expression) and apoptosis (terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
staining and caspase 3 (Casp3) expression). Finally, infarct size was used to evaluate the response to
myocardial ischaemia–reperfusion. For all outcomes, data were extracted as number of animals per group,
mean and standard deviation (SD). Each protocol from one study was extracted as a separate group.

Risk of bias assessment
Risk of bias and study quality were assessed by two investigators (CA and EB). Risk of bias was evaluated
in accordance with the SYstematic Review Center for Laboratory animal Experimentation (SYRCLE)
recommendations [18] and, accordingly, bias was classified into selection bias (sequence generation,
baseline characteristics, allocation concealment), performance bias (randomised housing of animals,
blinding of investigators), detection bias (random outcome assessment, blinding of outcome assessor),
attrition bias (incomplete outcome data) and reporting bias (selective outcome reporting). Each risk of bias
was scored as high, low or unclear.

Statistical analysis
For each outcome, data were abstracted and analysed using SMD, SMD=(Mc−Me)/SD, where Mc is the
mean of the outcome measure in the control group, Me is the mean of the outcome measure in the
experimental groups and SD is the pooled standard deviation of the two groups [19]. An effect size of 0.8
was considered large, 0.5 moderate and 0.2 small [20]. In cases of missing SD values, we tried to calculate
or estimate them from confidence intervals, standard errors, t-values, p-values or F-values. The remaining
SD values were imputed using the mean outcome-specific SD from the other included studies.

Given the high anticipated heterogeneity in the included studies, we performed random effect meta-analysis
through the restricted maximum-likelihood estimator method. To account for correlation among different
groups (n, IH, different patterns, etc.), we used a hierarchical model with a random intercept between groups
and studies.

All results were represented using the orchard plot, an innovative data visualisation tool used for displaying
the results of a large number of outcomes [21].

We explored sources of heterogeneity through prespecified subgroup analyses and meta-regressions
according to population (species, strain, sex, body weight, year of publication, age) and IH protocols (FIO2

(%), hypoxia duration (seconds), reoxygenation duration (seconds), duration of IH protocol per day
(hours), total duration of IH exposure (days)).

First, we performed univariate meta-regressions on study and animal characteristics. Then, we added the
significant predictors (p<0.2) in the meta-regression model for IH protocol parameters.

Funnel plot asymmetry was explored using Egger’s regression test, with p<0.05 suggesting publication
bias [22]. Trim and fill analysis was performed to assess the robustness of the results [23]. All statistical
analyses were performed using R statistical software with the Meta and Metafor packages (version 3.6.1)

Results
Search and study selection
Our initial searches identified 2583 articles from PubMed, 3387 from Embase and 4603 from Web of
Science. After duplicate removal, 5127 articles were screened based on titles and abstracts. 227 articles
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were eligible for full-text assessment and, among them, 135 were excluded as they did not reach all the
prespecified criteria (i.e. inappropriate protocols, outcome out of interest, peri- or pre-natal studies).
Finally, 92 articles were included (figure 1 and supplementary file S3).

Study characteristics
Characteristics of the 92 studies included in the analysis are summarised in table 1. 87 studies used male
animals, one study used a female animal and four did not report animal sex. 35 studies (40%) were
conducted in mice and 57 (60%) in rats. In the mice studies, C57bl6J mice were used in 28 studies, FVB
and Swiss×129 mice in seven studies, and ob/ob mice in two studies. In the rat studies, 38 studies used
Sprague–Dawley rats, 16 used Wistar rats, two used spontaneously hypertensive rats and Wistar Kyoto rats,
and two studies did not report the rat strain used.

IH characteristics are described in figure 2. The median values of FIO2
during hypoxia periods were 5.5%

(min–max 4–10%), with hypoxia duration of 30 s (min–max 10–360 s), followed by 45 s (min–max 20–
360 s) of reoxygenation. Cycles were repeated in average for 8 h·day−1 (min–max 0.5–12 h·day−1) for a
median duration of 28 days (min–max 1–95 days).

Risk of bias and study quality
Risk of bias and study quality were assessed using the SYRCLE risk of bias tool for animal studies [18]
and the results are reported in figure 3 (overall score) and supplementary file S4 (individual study quality).

Risk of bias was lowest for risks related to selection, such as sequence generation, baseline characteristics
and allocation concealment (figure 3). Of note, risk of bias was poorly described across the majority of the
studies we analysed and were therefore reported as “unclear” risk (figure 3 and supplementary file S4).
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FIGURE 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) study flowchart.
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TABLE 1 Study characteristics

Animal characteristics IH protocol characteristics Haemodynamic
parameter

Cardiac
function

Cardiac remodelling Response
to

ischaemia

Article# Species Strain Sex Body
weight
(g)

Age
(weeks)

FIO2

(%)
Hypoxia/
Reox
(s)

IH
duration
(h per
day)

Protocol
duration
(day)

MAP HR Ejection
fraction

Structure Hypertrophy Fibrosis Apoptosis Infarct
size

LVDd HW/TL CSA PVF IF Casp3 TUNEL

BAO et al.
2020 [S1]

Mice C57Bl6J M ND 9 5 30/30 12 28 x x x x x

BÉGUIN et al. 2005
[S2]

Rat Wistar M 350 ND 5–10 40/20 0.5–4.0 1 x

BÉGUIN et al. 2007
[S3]

Rat Wistar M 350 ND 10 40/20 4 1 x

BELAIDI et al. 2008
[S4]

Rat Wistar M 340 ND 10 40/20 4 1 x

BELAIDI et al. 2009
[S5]

Rat SHR and
WKY

M ND 9 5 40/20 8 14 x x

BELAIDI et al. 2016
[S6]

Mice S129 and
C57Bl6J

M ND 8 5 30/30 8 14 x

BOBER et al. 2018
[S7]

Rat SD M 340 ND 6.5 80/120 8 7

BOURDIER et al.
2016 [S8]

Rat Wistar M 325 8 5 30/30 8 21 x x x x

CAI et al. 2003
[S9]

Mice ND M 25 ND 6 360/360 1 1 x

CASTRO-GRATTONI

et al.
2016 [S10]

Mice C57Bl6J M ND 6 5 20/40 6 42 x x

CASTRO-GRATTONI

et al. 2019
[S11]

Mice C57Bl6J F ND 8–72 5 20/40 6 56 x

CHEN et al. 2005
[S12]

Rat SD M 250 ND 5 30/30 8 35 x x x x

CHEN et al. 2008
[S13]

Rat SD M 185 ND 5 20/100 8 42 x x x x

CHEN et al. 2010
[S14]

Mice C57Bl6J M ND 26 4.5 45 10 56 x x x x x x x

CHEN et al. 2011
[S15]

Rat SD M 290 9 4 30/45 6 12 x

CHEN et al. 2011
[S16]

Rat WKY and
SHR

M 255 9 4 30/45 6 10–30 x

CHEN et al. 2015
[S17]

Rat SD M 325 9 6 30/45 6 12 x x

CHEN et al. 2016
[S18]

Rat SD M ND 9 4 30/45 8 14 x x

CHEN et al. 2016
[S19]

Rat SD M ND 16 4 30/45 8 14 x

DEL RIO et al.
2016 [S20]

Rat SD M 250 ND 5 ND 8 28 x x x

Continued
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TABLE 1 Continued

Animal characteristics IH protocol characteristics Haemodynamic
parameter

Cardiac
function

Cardiac remodelling Response
to

ischaemia

Article# Species Strain Sex Body
weight
(g)

Age
(weeks)

FIO2

(%)
Hypoxia/
Reox
(s)

IH
duration
(h per
day)

Protocol
duration
(day)

MAP HR Ejection
fraction

Structure Hypertrophy Fibrosis Apoptosis Infarct
size

LVDd HW/TL CSA PVF IF Casp3 TUNEL

DÉTRAIT et al. 2020
[S21]

Mice C57Bl6J M ND 19 5 30/30 8 28–42 x x x x x x

DING et al. 2014
[S22]

Rat Wistar M 215 8 5.5 60/60 8 35 x x x x x

DING et al. 2014
[S23]

Rat Wistar M ND 8 5.5 20/100 ND 35 x

DU et al. 2019
[S24]

Mice C57Bl6J M ND 4 5.5 120/60 12 56 x

FARRÉ et al. 2018
[S25]

Mice C57Bl6J ND ND 8–72 6 20/40 6 42

FU et al. 2016
[S26]

Rat SD M 225 9 4.5 120/120 ND 21–56 x x x

GUAN et al. 2019
[S27]

Rat SD M 205 ND 9 15/90 8 35 x x x x

GUO et al. 2015
[S28]

Rat Wistar M 210 8 7 120/120 8 7–28 x

HAN et al. 2014
[S29]

Rat SD M 151 ND 10 240/120 6 14–28 x

HAN et al. 2018
[S30]

Rat SD M 165 ND 10 240/120 8 42 x x x x x

HAYASHI et al.
2008 [S31]

Mice C57Bl6J M ND 10 5 30/30 8 10 x x x x

HAYASHI et al.
2011 [S32]

Mice C57Bl6J M ND 8 5 60/60 8 7 x x

IMANO et al. 2018
[S33]

Mice C57Bl6J M ND 8 5 90/300 8 28 x x x x

INAMOTO et al.
2010 [S34]

Mice C57Bl6J M ND 8 5 30/30 8 10 x

JIANG et al. 2020
[S35]

Rat SD M 225 ND 5 90/90 8 28 x x x

JOYEUX-FAURE et al.
2005 [S36]

Rat Wistar M 230 ND 5 40/20 8 35 x x

LAI et al. 2015
[S37]

Mice C57Bl6J ND ND 22 7 60/60 8 56 x x x

LAI et al. 2015
[S38]

Mice C57Bl6J M ND 22 7 60/60 8 56 x x x x

LI et al. 2016
[S39]

Rat Wistar M ND 16 5 30/90 8 28 x

LI et al. 2017
[S40]

Rat SD M 225 ND 9 240/350 8 42 x x x

LU et al. 2020
[S41]

Rat SD M 200 6 7.5 90/90 8 42 x

Continued
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TABLE 1 Continued

Animal characteristics IH protocol characteristics Haemodynamic
parameter

Cardiac
function

Cardiac remodelling Response
to

ischaemia

Article# Species Strain Sex Body
weight
(g)

Age
(weeks)

FIO2

(%)
Hypoxia/
Reox
(s)

IH
duration
(h per
day)

Protocol
duration
(day)

MAP HR Ejection
fraction

Structure Hypertrophy Fibrosis Apoptosis Infarct
size

LVDd HW/TL CSA PVF IF Casp3 TUNEL

LUCKING et al.
2014 [S42]

Rat Wistar M 225 ND 5 90/210 8 14 x x x

MA et al. 2020
[S43]

Rat SD M 190 8 8 210/90 6 42 x x x x

MAEDA et al. 2013
[S44]

Rat SD M ND 7 4 ND 8 21 x

MATSUMOTO et al.
2009 [S45]

Mice C57Bl6J M ND 10 5 30/30 8 10 x

MILANO et al. 2013
[S46]

Mice C57Bl6J M ND 9 7 180/120 1.7 14 x

MORAND et al.
2018 [S47]

Rat Wistar M 340 8 5 30/30 8 14 x x

MOREAU et al.
2015 [S48]

Rat SD M ND ND 6.5 80/120 8 7–95 x x

MOULIN et al. 2020
[S49]

Mice Swiss×S129 M ND ND 5 30/30 8 21 x x

MOULIN et al. 2020
[S50]

Mice Swiss×S129 M ND 10 5 30/30 8 21 x x

NAGHSHIN et al.
2009 [S51]

Mice C57Bl6J M 23 11 5 30/30 12 28 x x x

NAGHSHIN et al.
2012 [S52]

Mice FVB M ND 11 5.5 30/30 12 28 x x

NAKAGAWA et al.
2019 [S53]

Mice ND M ND ND 5 60/300 8 14

NISHIOKA et al.
2013 [S54]

Mice C57Bl6J M ND 8 5 30/30 8 10 x x

PAI et al. 2016
[S55]

Rat SD M ND 20 5 40/40 8 28 x x x x

PARK et al. 2007
[S56]

Mice C57Bl6J M ND 10 6 120/120 8 7–28 x x x

RAMIREZ et al.
2012 [S57]

Rat SD M ND ND 10 180/180 8 7 x x

RAMOND et al.
2007 [S58]

Rat Wistar M 300 ND 5 40/20 4 1 x

RAMOND et al.
2013 [S59]

Rat Wistar M 300 ND 5 30/30 8 14 x x

RAY et al. 2015
[S60]

Rat Wistar M ND ND 5 90/330 8 14 x x x

RODRIGUEZ et al.
2014 [S61]

Mice C57Bl6J
and ob/ob

M ND 10 5.5 30/30 12 28 x x

SUN et al. 2020
[S62]

Rat SD M 220 ND 9 15/30 8 35 x x

Continued
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TABLE 1 Continued

Animal characteristics IH protocol characteristics Haemodynamic
parameter

Cardiac
function

Cardiac remodelling Response
to

ischaemia

Article# Species Strain Sex Body
weight
(g)

Age
(weeks)

FIO2

(%)
Hypoxia/
Reox
(s)

IH
duration
(h per
day)

Protocol
duration
(day)

MAP HR Ejection
fraction

Structure Hypertrophy Fibrosis Apoptosis Infarct
size

LVDd HW/TL CSA PVF IF Casp3 TUNEL

TAO et al. 2019
[S63]

Mice C57Bl6J M ND 8 5 30/30 8 28 x x x x

TONG et al. 2019
[S64]

Mice C57Bl6J M 22 6 5 20/40 8 13 x

TOTOSON et al.
2013 [S65]

Rat Wistar M 290 ND 5 30/30 8 14–28 x

WANG et al. 2013
[S66]

Rat Wistar M 250 ND 7.6 30/30 4 1–28 x x

WANG et al. 2017
[S67]

Rat SD ND 260 ND 9 90/90 8 21

WANG et al. 2017
[S68]

Rat SD M 200 ND 9 90/90 8 21 x x

WANG et al. 2018
[S69]

Mice C57Bl6J M 23 ND 5.5 60/60 8 84 x

WANG et al. 2018
[S70]

Rat SD M 225 9 8 90/210 5 28 x x x

WANG et al. 2020
[S71]

Mice C57Bl6J M ND 8 8 20/40 12 56 x x x x

WEI et al. 2017
[S72]

Rat SD M 250 10 7.6 30/30 8 35 x x

WILLIAMS et al.
2010 [S73]

Rat SD M 180 ND 5 30/30 8 10 x x x

XIE et al. 2015
[S74]

Rat SD M 200 ND 8 240/350 8 42 x x x

XU et al. 2015
[S75]

Rat SD M 200 ND 8.5 10/80 8 35 x

YANG et al. 2011
[S76]

Mice C57Bl6J
and ob/ob

M ND 10 5 30/30 12 28 x x x

YANG et al. 2018
[S77]

Rat SD M 200 8 6 120 8 42 x x x x

YANG et al. 2019
[S78]

Rat SD M 200 9 6 80/40 8 42

YEUNG et al. 2015
[S79]

Rat SD M 70 4 5 15/45 8 28 x x

YIN et al. 2014
[S80]

Mice FVB and
129S1

M ND 9 8 20/100 12 7–56 x x x

YUAN et al. 2014
[S81]

Rat Wistar M 200 ND 5 30/30 8 42

YUAN et al. 2015
[S82]

Rat SD M 235 ND 8 240/350 8 42 x

ZHANG et al. 2018
[S83]

Rat SD M 300 ND 8 ND 6 30 x x x

Continued
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TABLE 1 Continued

Animal characteristics IH protocol characteristics Haemodynamic
parameter

Cardiac
function

Cardiac remodelling Response
to

ischaemia

Article# Species Strain Sex Body
weight
(g)

Age
(weeks)

FIO2

(%)
Hypoxia/
Reox
(s)

IH
duration
(h per
day)

Protocol
duration
(day)

MAP HR Ejection
fraction

Structure Hypertrophy Fibrosis Apoptosis Infarct
size

LVDd HW/TL CSA PVF IF Casp3 TUNEL

ZHANG et al. 2017
[S84]

Mice C57Bl6J M 22 6 5 20/40 8 84 x x x

ZHANG et al. 2018
[S85]

Rat SD M ND ND 8 ND 6 30 x x

ZHANG et al. 2018
[S86]

Rat SD M ND ND 8 ND 6 30 x x x

ZHAO et al. 2019
[S87]

Rat SD M 205 ND 9 90/90 8 35 x x

ZHOU et al. 2014
[S88]

Mice 129S1 and
FVB

M ND 9 8 60/60 ND 21–28 x x

ZHOU et al. 2017
[S89]

Mice C57Bl6J
and FVB

M ND ND 8 20/100 12 3–28 x x

ZHOU et al. 2018
[S90]

Mice 129s1 and
C57Bl6J

ND ND ND 8 30/30 12 28 x x x

ZHOU et al. 2018
[S91]

Rat SD M 165 ND 4.5 30/60 8 21 x x x x

ZHU et al. 2020
[S92]

Rat SD M 190 ND 10 30/60 8 35 x

#: For full details of the studies included in the meta-analysis see supplementary file S3, references listed in this table refer to this file. Casp3: caspase 3; CSA: cross-sectional area; F: female; FIO2
:

inspired oxygen fraction (in percentage); HR: heart rate; Hypoxia/Reox (s): duration of hypoxia and reoxygenation (in seconds); HW/TL: heart weight to tibia length ratio; IF: interstitial fibrosis; IH:
intermittent hypoxia; LVDd: left ventricular diameter in diastole; M: male; MAP: mean arterial pressure; ND: no data; PVF: perivascular fibrosis; SD: Sprague–Dawley; SHR: spontaneously
hypertensive rat; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labelling; WKY: Wistar Kyoto.
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Meta-analysis and meta-regression
Impact of IH on systemic haemodynamic and cardiac parameters
We confirmed our recent meta-analysis on the vascular impact of IH [24] and demonstrated that IH
induces a significant increase in MAP (SMD=1.19; CI (0.85–1.52); I2=68.5%) (figure 4a) and HR
(SMD=0.34; CI (0.06–0.62); I2=48.9%) (figure 4b). Most importantly, IH significantly reduces EF (SMD=
−1.82; CI (−2.52–−1.12); I2=94.2%) (figure 4c). IH also significantly affects cardiac structure,
significantly increasing cardiomyocyte CSA (SMD=2.90; CI (0.82–4.98)) and LVDd (SMD=0.64; CI
(0.18–1.10)) (figure 5a), with high heterogeneity between studies (94.2 and 88.0% for CSA and LVDd,
respectively). IH induces cardiac fibrotic remodelling, characterised by perivascular fibrosis (SMD=2.29;
CI (1.25–3.33); I2=79.5), interstitial fibrosis (SMD=5.37; CI (3.22–7.53)); I2=94.8) and CTGF expression
(SMD=2.22; CI (0.66–3.78); I2=90.6) (figure 5b). Finally, IH also induces cardiac apoptosis (Casp3:
SMD=7.89; CI (1.03–14.7); I2=99.3; TUNEL: SMD=6.70; CI (2.96–10.44); I2=95.9) (figure 5c).

Univariate meta-regressions were performed according to population characteristics (strain, species, sex,
body weight, year of publication, age). While strain seems to exert an effect on MAP (p=0.04), subgroup
analysis does not demonstrate any effect of species, sex, year of publication and age. After adjustment for
significant confounders in univariate meta-regressions (mainly strain), we performed meta-regressions on
IH pattern specificities (FIO2

(%), hypoxia duration (seconds), reoxygenation duration (seconds), duration
of IH per day (hours) and total duration of IH exposure (protocol duration, in days)). The meta-regression

Inspired oxygen 

fraction

Hypoxia 

duration

Reoxygenation 

duration

Duration of IH 

protocol per day 

Total duration 

of IH exposure

4.0–6.0%

6.5–8.0%

8.5–10.0%

<60 s

>60 s

NR

>60 s

<60 s

NR NR

<4 h
4 h
5 h

6 h

8 h

10 h

12 h

1 day

<14 days

14–21 days

>28 days

FIGURE 2 Characteristics of intermittent hypoxia (IH) protocols. NR: not reported.

Low

High

Unclear
Selection bias

Performance bias

Detection bias

Attrition bias

Reporting bias

0 20 40 60 80 100

No. studies
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Selective outcome reporting
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FIGURE 3 Risk of bias assessment according to the SYstematic Review Center for Laboratory animal
Experimentation (SYRCLE) (overall score).
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analyses are summarised in supplementary file S5. The IH protocol characteristics did not significantly
influence the analysed parameters, apart from Casp3 level which is significantly associated with protocol
duration (supplementary file S5).

Impact of IH on myocardial response to ischaemia–reperfusion: infarct size
Finally, 17 studies with a total of 24 protocols were included for analysis of myocardial response to
ischaemia–reperfusion. The meta-analysis did not reveal any global impact of IH on infarct size
(SMD=0.20; CI (−0.58–0.99); I2=86.4). Nevertheless, figure 6a reveals a high heterogeneity between
studies (I2=86.4%), with two distinct effects of IH that we explored in depth using meta-regressions
analysis.

IH protocol significantly influences the response to myocardial ischaemia and, particularly, the univariate
model highlighted specific effects of FIO2

levels and duration of IH exposure per day. Indeed, most of the
studies using FIO2

<7% demonstrate an increase in infarct size, whereas a decrease is shown for FIO2
levels

of at least 10% (figure 6b). Interestingly, a similar association is found between IH duration per day, with
a reduction in infarct size for short-term exposure to IH (<4 h per day), whereas longer exposure induces
an increase in infarct size (figure 6c). The multivariate meta-regression model revealed that only FIO2

levels are associated with IH-induced increase in infarct size (supplementary file S5).
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FIGURE 4 Orchard plots of the effect of intermittent hypoxia (IH) on a) mean arterial blood pressure (MAP);
b) heart rate (HR); and c) ejection fraction (EF). Data were extracted in IH and control groups from primary
studies and expressed as standardised mean differences. The pooled estimate (yellow) indicates an increase in
MAP and HR and a reduction in EF upon IH exposure compared to control normoxic groups.
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Publication bias
The results of Funnel plot and Egger regression tests showed significant asymmetry, suggesting that
small-study effects were probably induced by publication bias for all outcomes (supplementary file S6).
However, the SMD remained significant for all outcomes after correcting for missing studies through trim
and fill analysis, suggesting a consistent effect of IH on the outcomes despite publication bias.

Discussion
Main findings
The finding of this study is original as this is the first meta-analysis evaluating the cardiac consequences of
rodents exposed to IH. After reviewing more than 5400 experimental studies, we finally exploited 92
studies including a total of 1412 animals exposed to various regimens of IH versus control conditions. We
found that IH induces cardiac contractile dysfunction, remodelling, and protective or impaired response to
myocardial ischaemia–reperfusion depending on the burden of IH.

Elevation of arterial blood pressure
Our analysis confirmed that IH significantly increases arterial blood pressure in rodents. These results are
consistent with studies describing an elevation of MAP in healthy volunteers exposed to IH for 14 nights
[25, 26] and support the role of IH as the major risk factor for hypertension in patients with OSA [27].
Although clinical studies suggest that severe oxygen desaturation enhances an increased risk of
hypertension [28], our meta-regression does not allow us to demonstrate any specific effect of hypoxia
protocol characteristics (i.e. pattern, duration, intensity).

Robust and innovative methodology in the field
Most previous studies addressing the possible link between sleep apnoea and heart structure and function
were observational, lacking a comparison group and limited by small sample sizes being unadjusted for
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confounders. OSA patients are exposed not only to IH but also to large swings in negative intra-thoracic
pressure, due to pharyngeal obstructions affecting preload and afterload, and to sleep fragmentation
triggered by micro-arousals accompanying desaturations. These three major consequences of OSA
contribute concomitantly to associated cardiovascular dysfunctions [4] and the aim of the present analysis
was to isolate the effect of IH alone. Indeed, the distinctiveness of experimental studies of exposure to IH
in rodents is that they provide a true control group, the severity of hypoxia can be varied and there is easy
access to heart tissue samples. By conducting a meta-analysis of these studies, we have further increased
the robustness of the data by combining information gained from major groups involved in the field and
achieving a sample size of more than 1400 animals. Such meta-analyses in rodents could represent very
useful tools for evaluating mechanistic hypotheses, guide translational research and address new
hypotheses, as clearly described by FARRÉ et al. [29].

Cardiac remodelling and dysfunction
We demonstrated that, in rodents, chronic IH induces cardiac remodelling, characterised by hypertrophy
(increased cardiomyocytes size), LV dilation (increased LVDd), and both myocardial fibrosis and
apoptosis. These experimental studies in rodents are very valuable as they are in accordance with the few
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studies in humans describing the association between SDB and both LV hypertrophy [30–32] and
myocardial fibrosis [33, 34], but generally conducted in small samples, with no comparison group. Finally,
this IH-induced cardiac remodelling could initiate, or at least contribute to, the reduced EF we evidenced
in our meta-analysis and is in accordance with that reported in OSA patients [8, 9, 35]. The deleterious
role of chronic IH was consistent across all measured outcomes. However, despite the large number of
studies included, the post hoc subgroup analysis did not reveal any dose-response relationship between
specific IH pattern (hypoxia intensity, hypoxia cycle duration, total duration of IH protocol) and structural
and functional abnormalities. A limitation is that most of the IH protocols used were quite similar, with
nadir FIO2

around 6%, 1 min hypoxia–reoxygenation cycles and long-duration protocols (i.e. at least
3 weeks) (figure 2), and did not reflect the heterogeneity of hypoxia encountered in OSA patients. Of note,
the nadir SaO2, which is rarely reported in the literature, was around 60% [36], mimicking extremely
severe sleep apnoea [37]. Accordingly, recent clinical studies demonstrated cardiac remodelling and
incident heart failure only in severely hypoxic patients [8, 9, 17]. Also, in the “research agenda”,
preclinical studies should now include the complexity of OSA phenotypes for developing animal models
of OSA with comorbid conditions (i.e. obesity, type 2 diabetes, hypertension, pre-existing coronary
disease, etc.) reflecting routine practice. In that way, two recent studies demonstrated that IH, when applied
during the time course evolution of ischaemic cardiomyopathy, exacerbated pathological remodelling and
precipitated contractile dysfunction in rodents [38, 39]. This could ultimately reflect the specific impact of
IH in different patient phenotypes [40].

Myocardial response to ischaemia–reperfusion
In this meta-analysis, we also investigated the impact of IH on myocardial susceptibility to ischaemia–
reperfusion, assessed by infarct size. A strength of our meta-analysis was to reveal the high heterogeneity
between studies, with a meta-regression allowing identification of two distinct responses to IH. Some
studies demonstrated that IH reduces infarct size following ischaemia–reperfusion, whereas others reported
an increase in infarct size. FIO2

significantly affects infarct size, with an increase in infarct size for an
FIO2

<7% and an opposite decrease for an FIO2
>10%. The second key exposure parameter was the duration

of IH per day, with a reduction in infarct size for short-term exposure to IH (<4 h per day), whereas longer
exposure increased infarct size. These findings strongly suggest that the severity of oxygen desaturation
might represent predictors of individual response to myocardial infarction in OSA patients. These results
are in accordance with clinical studies suggesting that patients with severe OSA exhibit an increase in
infarct size following an acute coronary event [11], whereas other reports suggest that moderate OSA may
confer protection against ischaemia–reperfusion injury [41–43]. From these observations emerged the
concept of a dual response to IH that could result in cardioprotection, namely hypoxic conditioning [44],
and/or maladaptive responses resulting in cardiac damage [45]. Using specific patterns of IH (FIO2

,
duration per day, etc.), rodent studies have contributed to understanding of the mechanisms responsible for
either beneficial or detrimental responses to myocardial infarction. Among them, many works focused on
hypoxia-inducible factor-1 (HIF-1), a key regulator of oxygen homeostasis. Of note, HIF-1 induces the
transcription of more than 150 genes that drive both adaptive and maladaptive responses [46]. For
example, it has been clearly demonstrated that moderate IH confers cardioprotection through
HIF-1-dependant nitric oxide synthase (NOS) gene transcription [47], whereas severe IH contributes to
increased ischaemic insults through HIF-1-dependant endothelin-1 gene transcription [48] or pro-apoptotic
pathway activation (i.e. HIF-1-activating transcription factor 4 (ATF4)-C/EBP homologous binding protein
(CHOP)) [49]. Thus, a better characterisation of the hypoxemic burden (i.e. hypoxia duration and intensity)
associated with the identification of specific biomarkers of beneficial (i.e. HIF-1-NOS) or detrimental (i.e.
HIF-1-ET-1/ATF4-CHOP) effects of IH is mandatory to better stratify cardiovascular risk in OSA patients
and improve personalised therapeutic strategies [3].

Limitations of the study
Besides a significant pooled effect of chronic IH, heterogeneity between studies was high (I2>50% for all
the parameters) and probably multifactorial. Differences in population characteristics (animal species,
strain, age, sex, body weight), IH protocols and a lack of precision regarding period of IH exposure (during
sleep or wakefulness) can explain a part of this heterogeneity, while multivariate meta-regressions showed
inconsistent results among studied outcomes and should be interpreted cautiously due to the limited
number of studies in some subgroups. For example, as similarly reported in our recent meta-analysis
investigating the vascular impact of IH in rodents [24], among the 92 studies included in our analysis, only
one used female animals, whereas 87 used male animals, and four did not report animal sex. This
represents an important limitation of preclinical studies in regards to recent literature highlighting the effect
of sex on OSA-associated cardiovascular dysfunctions [50]. Along the same lines, most of the animal
studies included in our meta-analysis were conducted in healthy and young rodents, in the absence of any
comorbidities. As the OSA population is highly heterogeneous, affecting both young and elder patients,
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male and female, with multiple comorbidities, the conclusions of such preclinical studies should be
interpreted cautiously and more complex preclinical models will be necessary in the future. Moreover, in
this study, we used SMD to pool studies expressing results with different units, which may reflect
technical heterogeneity in measurement methods. An additional source of heterogeneity might be induced
by the studies’ risk of bias, which has been particularly difficult to evaluate due to the poor reporting of
the methods used in the included studies, leading to a high proportion of items judged as unclear risk.
Lastly, differences in laboratory environments and other unmeasured (or undescribed) parameters, such as
temperature, diet, or even social interactions among animals, may also play a role in this heterogeneity.

Conclusion
Our meta-analysis demonstrated that IH systematically induces cardiac remodelling and contractile
dysfunction in rodents. Importantly, most of the studies assessing these parameters applied IH protocols

Translational perspective

IH is considered as a major contributor to OSA-related cardiovascular consequences. This relationship is
challenged by large clinical studies, suggesting the urgency to better understand the response to IH in order
to improve OSA physiopathology and individualised healthcare. Fortunately, this meta-analysis aimed to
investigate how different IH-controlled conditions impact cardiac remodelling, function and response
to myocardial ischaemia in rodents. This systematic review aimed to highlight the importance of IH pattern, to
dissect the mechanisms involved and to propose biomarkers for specific hypoxic response in order to better
predict cardiovascular risk and to improve healthcare in patients with OSA.
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that mimicked extremely severe hypoxic disease. Conversely, IH induces a dual response to myocardial
ischaemia–reperfusion, which is related to hypoxia intensity and duration (figure 7). Further preclinical
studies, with various IH experimental designs and rigorous follow-up of hypoxic burden, are needed 1) to
determine the specific detrimental or beneficial cardiovascular effects of different IH protocols (intensity
and duration), 2) to dissect the mechanisms involved, and 3) to propose biomarkers for each specific
hypoxic response in order to better predict cardiovascular risk and to improve healthcare in patients
with OSA.
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