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ORIGINAL ARTICLE

Cardiac Left Ventricle Mitochondrial Dysfunction 
After Neonatal Exposure to Hyperoxia: Relevance 
for Cardiomyopathy After Preterm Birth
Daniela Ravizzoni Dartora , Adrien Flahault , Carolina N.R. Pontes , Ying He, Alyson Deprez, Anik Cloutier, Gaël Cagnone ,  
Perrine Gaub, Gabriel Altit , Jean-Luc Bigras , Jean-Sébastien Joyal, Thuy Mai Luu, Yan Burelle, Anne Monique Nuyt

BACKGROUND: Individuals born preterm present left ventricle changes and increased risk of cardiac diseases and heart failure. 
The pathophysiology of heart disease after preterm birth is incompletely understood. Mitochondria dysfunction is a hallmark 
of cardiomyopathy resulting in heart failure. We hypothesized that neonatal hyperoxia in rats, a recognized model simulating 
preterm birth conditions and resulting in oxygen-induced cardiomyopathy, induce left ventricle mitochondrial changes in juvenile 
rats. We also hypothesized that humanin, a mitochondrial-derived peptide, would be reduced in young adults born preterm.

METHODS: Sprague-Dawley pups were exposed to room air (controls) or 80% O2 at postnatal days 3 to 10 (oxygen-induced 
cardiomyopathy). We studied left ventricle mitochondrial changes in 4 weeks old males. In a cohort of young adults born 
preterm (n=55) and age-matched term (n=54), we compared circulating levels of humanin.

RESULTS: Compared with controls, oxygen-exposed rats showed smaller left ventricle mitochondria with disrupted integrity 
on electron microscopy, decreased oxidative phosphorylation, increased glycolysis markers, and reduced mitochondrial 
biogenesis and abundance. In oxygen-exposed rats, we observed lipid deposits, increased superoxide production (isolated 
cardiomyocytes), and reduced Nrf2 gene expression. In the cohort, left ventricle ejection fraction and peak global longitudinal 
strain were similar between groups however humanin levels were lower in preterm and associated with left ventricle ejection 
fraction and peak global longitudinal strain.

CONCLUSIONS: In conclusion, neonatal hyperoxia impaired left ventricle mitochondrial structure and function in juvenile animals. 
Serum humanin level was reduced in preterm adults. This study suggests that preterm birth–related conditions entail left 
ventricle mitochondrial alterations that may underlie cardiac changes perpetuated into adulthood.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT03261609. (Hypertension. 2022;79:575–587. 
DOI: 10.1161/HYPERTENSIONAHA.121.17979.) • Supplemental Material
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Nearly 10% of all infants worldwide are born preterm 
(before 37 weeks’ gestation).1 Although preterm 
birth remains one of the most important determi-

nants of perinatal mortality and morbidity,2 improvements 
in perinatal care over the last decades have enabled the 
survival of infants born preterm at rates approaching 

those of infants born full-term. Accordingly, the preva-
lence of adults born preterm is increasing.1 Despite their 
relatively young age, they are at greater risk of cardio-
vascular disease.3 Young adults born preterm display 
altered shape and mass of the left ventricle of the heart 
and slightly impaired systolic and diastolic function.4,5 
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Preterm birth is associated with increased risk of heart 
failure from childhood into adulthood.6,7 Overall, the 
mechanisms underlying increased susceptibility of the 
preterm-born to heart disease, as observed in young 
adults, remain unknown.

A well-recognized rodent model simulating preterm 
birth conditions is that of rats exposed to neonatal hyper-
oxia. In previous work with this model, we demonstrated 
the development of cardiac dysfunction, with impaired 
contractile response to stressors, which we termed oxy-
gen-induced cardiomyopathy (OIC).8–10 Exposure of an 
immature myocardium to increased tissue oxygen, as 
happens at preterm birth, might impair cardiac mitochon-
dria; normal perinatal adaptation to postnatal life is cou-
pled with mitochondrial maturation.11–14 We, therefore, 
postulated that neonatal exposure to hyperoxia could 
lead to mitochondrial changes in the left ventricle, pre-
ceding the rise in blood pressure and significant cardiac 
dysfunction that we observed in the model.8,15

To evaluate myocardial mitochondrial dysfunction in the 
clinical setting remains a challenge, as it demands fresh 
biological specimens, a procedure not inherently feasi-
ble in otherwise healthy individuals or biobank samples. 
Humanin is a mitochondrial-derived peptide increasingly 
recognized for its cytoprotective and mitoprotective prop-
erties, including in cardiac tissue.16–18 Data suggest that 

circulating levels of humanin could constitute a marker of 
mitochondrial health and function.19 We, therefore, con-
ducted a 2-pronged investigation to test our hypothesis. 
We examined cardiac tissue samples from rats with OIC 
for mitochondrial changes and compared them to those 
of normal rats. To translate to the clinical context, we 
compared serum humanin levels in our cohort of young 
adults born very preterm to those of age-matched term-
born adults,20,21 and assessed the association of humanin 
with left ventricle ejection fraction.

MATERIALS AND METHODS
Materials and methods are presented in further detail in the 
Supplemental Material. The data that support the findings of 
this study are available from the corresponding author upon 
reasonable request.

Animal Model
Sprague-Dawley litters obtained from Charles River laborato-
ries (Saint-Constant, QC, Ca; culled to n=12 pups/litter, 6/
sex) were kept in either: (1) room air (control group); or (2) 
an oxycycler (ProOx P110, BioSpherix, Lacona, NY) calibrated 
at 80% O2 from postnatal day 3 to day 10 (OIC group), as 
previously reported.8–10,15 Male rats were studied at 4 weeks of 
age when OIC rats do not yet present hemodynamic alterations 
(blood pressure levels) that could be a confounder for cardiac 
phenotype.8,15 Litters were kept co-ed to preserve normal group 
dynamics that might otherwise affect stress response. Only 
males were used in the experiments as in previous studies.8–10 
We included no more than 2 animals per litter per experiment 
to avoid experimental bias or genetic predisposition. To con-
firm the cardiac phenotype of OIC following neonatal exposure 
to hyperoxia, we assessed cardiac structure and function in 
random littermates of the pups allocated in the mitochondria 
assessments study using the VEVO 3100 ultrasound imaging 
system (Visual Sonics) equipped with a 510 MHz scan head, as 
previously described.8–10

Nonstandard Abbreviations and Acronyms

HAPI	� Health of Adults Born Preterm 
Investigation

mtDNA	 mitochondrial DNA
Nrf2	� nuclear factor erythroid 2–related factor 2
OIC	 oxygen-induced cardiomyopathy
SOD2	 superoxide dismutase 2

NOVELTY AND RELEVANCE

What Is New?
The current study shows that neonatal hyperoxia in rats 
leads to abnormal mitochondria structure and function in 
the cardiac left ventricle later in life but before overt car-
diac dysfunction.
The current study is the first clinical report correlating cir-
culating levels of the mitochondria-derived peptide huma-
nin with left ventricle function and reveals lower humanin 
levels in adults born preterm compared with full-term.

What Is Relevant?
The current study provides novel elements in the under-
standing of the pathophysiological pathway to left 

ventricle cardiac disease after preterm birth and supports 
the rationale to examine the circulating mitochondria-
derived peptide humanin as an early biomarker for car-
diac disease in individuals born preterm.

Clinical/Pathophysiological Implications?
In this study, we revealed that left ventricle mitochondrial 
alterations may underlie the cardiac changes perpetuated 
into adulthood following transient neonatal hyperoxia, a 
model of preterm birth–related conditions. We also show 
that serum humanin levels, a mitochondria-derived pep-
tide, are lower in adults born preterm versus term.
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The Animal Ethics Committee of the Centre Hospitalier 
Universitaire Sainte-Justine Research Centre approved 
the experimental procedure, according to the guidelines of 
the Canadian Council on Animal Care and the US National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals. Researchers performed analyses while blinded to the 
experimental group of the animals.

Cardiac Tissue Sampling
For all tissue samples (except as stated below), used for molec-
ular and bioenergetics evaluations, rats were placed in a plastic 
chamber connected to a vaporizer machine (Dispomed, Joliette, 
QC, Canada) to be first anesthetized with inhaled Isoflurane 
USP (Batch number: N0G120H20A; Fresenius Kabi, Toronto, 
ON, Canada; 4 vol% in O2; ratio 4:1).8–10 Sedation was moni-
tored through the absence of painful response to pedal and toe 
pinch. Rats were then rapidly killed by decapitation.

For electron microscopy studies, rats were anesthetized with 
the intraperitoneal injection of a mixture of ketamine (Vetalar, 
90 mg/kg; Bioniche Animal Health Canada, Inc, Belleville, 
Ontario) and xylazine (Rompun, 10 mg/kg; Bayer Healthcare 
LCC, Whippany). Plane anesthesia was confirmed by the loss 
of pedal and toe pinch reflex. Animals were then placed in 
dorsal position near the peristaltic pump for transcardiac per-
fusion, which consists in an end-point procedure. All animals 
were killed following the guidelines of the Canadian Council on 
Animal Care and the US National Institutes of Health Guide for 
the Care and Use of Laboratory Animals to ensure minimum 
pain, suffering, and distress.

Mitochondrial Ultrastructure
Quantitative transmission electron microscopy (Facility for 
Electron Microscopy Research, McGill University, Montreal, 
Canada) at ×1400, ×2900, and ×7000 magnification was used 
to image cardiomyocytes in sections of left ventricle papillary mus-
cle (n=3 rats/group, 10 random visual fields/rat/magnification). 
Morphological characteristics of mitochondria were quantified, 
including individual surface area, perimeter, and frequency of area 
distribution, as well as mitochondria/cardiomyocyte ratio (total 
mitochondrial area/cardiomyocyte surface area). Mitochondrial 
integrity scores on a 4-point scale were determined according to 
Mofarrahi et al,22 taking into account intact matrix, cristae defini-
tion, outer mitochondrial membrane damage, and homogeneous 
mitochondrial density (electron density). All images were analyzed 
with ImageJ (National Institutes of Health).

Mitochondrial Respiration
We isolated mitochondria from ≈300 mg of fresh left ventricle 
tissue, using differential centrifugation.23,24 The rate of oxy-
gen consumption in isolated mitochondria, representing the 
mitochondrial oxidative phosphorylation, was measured with a 
Clark electrode (Oxytherm+ System, Hansatech Instruments, 
Ltd, Norfolk, England) in response to the sequential addition of 
mitochondrial respiratory chain complex II substrate (succinate) 
and complex I blocker (rotenone), ADP to induce maximal rate 
of oxygen consumption (state 3), followed by the ATP synthase 
inhibitor oligomycin (state 4), and the mitochondrial uncoupler 
carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone. The 
respiratory control ratio was calculated as the ratio of state 3 to 

state 4. Results were expressed as oxygen consumption rate/
min per milligram protein.25,26

Cardiac Lipid Deposits
Lipid depositions were evaluated in left ventricle cryosec-
tions (10 μm) using 2 methods: LipidTox27 (Invitrogen Thermo 
Fisher, Toronto, Canada, H34475) to quantify intracellular lipid 
deposition under confocal microscopy and with Oil Red O28,29 
(ab150678; Abcam, Toronto, Canada) to visualize cardiac lipid 
deposits under both bright-field and confocal microscopy. 
These were quantified automatically in Image J (National 
Institutes of Health; see Supplemental Material).

Mitochondrial Copy Number
Mitochondrial DNA copy number, determined by the ratio of 
mitochondrial DNA (mtDNA) to genomic DNA, was measured 
by quantitative polymerase chain reaction, as a marker of rela-
tive abundance of mtDNA in cells.30

Mitochondrial Superoxide Production in 
isolated cardiomyocytes
To isolate left ventricle cardiomyocytes, the hearts were rap-
idly excised and manually perfused using a Langendorff-free 
method.31,32 The dissected left ventricle was then processed 
in collagenase type II solution to isolate individual cardiomyo-
cytes. Mitochondrial superoxide (O2

−) production was assessed 
using the Invitrogen MitoSOX Red Mitochondrial Superoxide 
Indicator (Thermo Fischer Scientific, Waltham, MA).33

Human Study Population
Data were obtained from the HAPI (Health of Adults Born Preterm 
Investigation) cohort, which has been previously described.20,21 
We evaluated young adults aged 18 to 29 years, born in 1987 
to 1997 at <30 weeks’ gestation, and compared them to peers 
matched for age but born full-term at ≥37 weeks’ gestation. 
Echocardiography was performed with a Vivid E9 ultrasound 
machine (GE Healthcare, Milwaukee). Standard 2-dimensional 
echocardiographic measurements were extracted and analyzed 
according to the American Society of Echocardiography guide-
lines.34,35 Peak global longitudinal strain of the left ventricle by 
speckle-tracking echocardiography, a marker of systolic defor-
mation, was measured using Tomtec Arena (Munich, Germany). 
Ethics approval was obtained from the Research Ethics Boards 
of Sainte-Justine Hospital (Centre Hospitalier Universitaire 
Sainte-Justine; number 3901), McGill University Health Centre, 
and the Sir Mortimer B. Davis Jewish General Hospital (number 
2139). Participants gave written informed consent.

Serum Humanin Levels
Blood was collected from cohort participants on the morning 
of the study visit, after overnight fasting, and was immediately 
centrifuged. Serum samples were kept frozen at −80 °C for sub-
sequent analysis. Humanin levels were determined by ELISA 
(CSB-EL015084HU- MT-RNR2, Cusabio Technology LLC, 
Wuhan, China), as per manufacturer’s instructions. This kit has 
an intraassay coefficient of variation <8%, interassay coefficient 
of variation <10%, detection range 28 to 1800 pg/mL, and 
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sensitivity of 7 pg/mL. All measurements were within detec-
tion range and were performed in duplicate. Measurements 
with a coefficient of variation >8% were repeated if possible or 
excluded from analysis if no additional sample was available. In 
rats, a humanin equivalent remains to be identified with certainty 
and was therefore not measured in the current study.

Statistical Analysis
Data are presented as mean±SEM unless otherwise indicated. 
We used the Shapiro-Wilk test for normality and Student t test 
for analysis. We used χ2 tests to compare mitochondrial surface 
area frequency distribution and mitochondrial integrity between 
groups. Because the serum humanin distribution was not nor-
mal (Shapiro-Wilk test <0.05), humanin levels are shown as 
median (interquartile range). We used the nonparametric Mann-
Whitney U test and Fisher exact test for between-group com-
parisons of human results. Significance level was set at P<0.05. 
All statistical analyses were performed using GraphPad Prism 
version 6.0 for Windows (GraphPad Software, San Diego, CA) 
and R version 3.6.0 (open-source collaborative).

RESULTS
Animal Model
There were no differences between control and OIC 
groups in terms of survival, growth, or other param-
eters such as body weight, heart weight, and heart/
body weight ratio at the time of euthanization; P>0.05, 
Student t test (Table S1 in the Supplemental Material). 
Echocardiography studies (Table S2) confirmed OIC 
similar to what we previously reported8 and showed mild 
alteration in left ventricular structural parameters charac-
terized by increased posterior wall thickness (indexed), 
smaller cavity, and reduced end-diastolic volume and 
cardiac output in OIC versus control. Mitral E-wave to 
A-wave ratio was also significantly decreased in OIC. 
The expression of profibrotic factor TGF (transforming 
growth factor) 1β was significantly increased in the left 
ventricle of OIC when compared to the control group, 
whereas TNF (tumor necrosis factor)-α, associated with 
molecular pathways of established cardiac disease, was 
not different between groups (Figure S1).

Mitochondrial Ultrastructure
Left ventricle mitochondrial ultrastructure is shown under 
transmission electron microscopy (Figure 1A). In the OIC 
group, mitochondrial surface area (Figure 1B) and perim-
eter (Figure 1C) were smaller than in the control group. 
Overall, the cardiomyocyte area occupied by mitochon-
dria was smaller in OIC animals as compared to controls 
(Figure 1D). The frequency distribution of mitochondrial 
size was shifted left toward the smaller sizes (Figure 1E). 
In terms of integrity, whereas nearly 90% of mitochon-
dria in the control group had integrity scores of 3 or 4, 
over 70% in the OIC had scores of ≤2: organelles were 
fragmented, swollen, with loss in cristae structure and 
disrupted inner and outer membranes (Figure 1F).

Mitochondrial morphology and integrity also result 
from the dynamic process of mitochondrial fusion and 
fission. We found an overall downregulation in gene 
expression of fusion genes (mitofusins [Mfn]1 and Mfn2) 
and fission genes (mitochondrial dynamin-related protein 
[Drp1] and mitochondrial fission 1 protein [Fis1]) in OIC 
rats (Figure S2).

Mitochondrial Respiration and Bioenergetics
Mitochondrial oxidative phosphorylation capacity was 
evaluated by measuring oxygen consumption rates at 
different states, after sequential incubation with rotenone 
and succinate (state 2), ADP (state 3), oligomycin as 
inhibitor of ATP synthase (state 4), and carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone as an uncoupler. 
OIC mitochondria showed lower rates of oxygen con-
sumption than controls at baseline (state 2; Figure 2A). 
When stimulated with ADP, the oxygen consumption 
rate decreases in OIC group during state 3 (Figure 2B). 
No between-group differences were observed at state 
4 with oligomycin (Figure 2C) or with carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone–stimulated uncou-
pling (Figure 2D). Respiratory control ratios were similar 
in both groups (Figure  2E), indicating that both mito-
chondria integrity were intact.

Protein content of all electron transport chain com-
plexes, except II, was significantly reduced in left ven-
tricle isolated mitochondria from OIC group (Figure S3), 
corroborating the defect in mitochondrial oxidative phos-
phorylation observed in Figure  2. Complexes I, III, and 
IV are integral proteins of the inner mitochondrial mem-
brane that generate the proton gradient that drives ATP 
synthesis; Complex 5 is ATP synthase. HIF (hypoxia-
inducible transcription factor)-1α protein (Figure 3A) and 
hexokinase 1 mRNA (Figure 3B), primary drivers of gly-
colysis, were increased in OIC, as compared to controls. 
There was no between-group difference in hexokinase 2 
mRNA expression (Figure 3C). We observed significantly 
increased intracardiac lipid deposits in left ventricle from 
OIC but not in control rats (Figure 3D and 3E).

Mitochondrial Biogenesis and Abundance
As compared to the control group, mitochondrial biogen-
esis and abundance in left ventricle muscle tissue was 
reduced in the OIC group. Markers such as gene expres-
sion of PGC (peroxisome proliferator-activated recep-
tor gamma coactivator)-1α (Figure  4A) and of citrate 
synthase (Figure 4B) were decreased, as was the ratio 
mtDNA/genomic DNA (Figure 4C).

Left Ventricle Superoxide Production
Mitochondrial superoxide production was increased in 
isolated left ventricle cardiomyocytes (Figure 4D) from 
OIC versus control rats. Whereas expression of mito-
chondrial SOD2 (superoxide dismutase 2) did not differ 
in left ventricle tissue between groups (Figure 4E), Nfr2 
(nuclear factor erythroid 2–related factor 2), involved in 
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antioxidant capacity stimulating antioxidant response ele-
ments and in the promotion of mitogenesis, was reduced 
in OIC rats (Figure 4F).

Mitochondria-Derived Peptide Humanin and 
Left Ventricle Function in Young Adults Born 
Preterm Versus Term
There were 55 participants in the preterm group, 54 
in the full-term group, with 53% and 59% women, 
respectively. Median age on study day was 23 years 
(range, ≈21–25). There were no significant differences 
between groups in baseline characteristics (Table), 
except for a slight elevation in median diastolic blood 
pressure (about 3 mm Hg) in the preterm group. Left 

ventricle ejection fraction and systolic blood pressure 
were within normal range.

Serum humanin levels (Figure  5A) were lower in 
the preterm group than in the full-term group (median 
[interquartile range], 133 [105–189] pg/mL versus 161 
[124–252] pg/mL, respectively; P=0.041). Left ventricle 
ejection fraction was similar and within the normal range 
in the term and the preterm groups. However, lower 
serum humanin levels were associated with lower left 
ventricular ejection fraction, both in the preterm group 
(Figure 5B) and in the term group (Figure 5C). Lower 
humanin levels were also associated with a less negative 
peak global longitudinal strain (less myocardial shorten-
ing during contraction) both in preterm (Figure 5D) and 
in term group (Figure 5E). When stratified by sex, similar 

Figure 1. Mitochondrial ultrastructure, morphology, and integrity in left ventricle cardiac muscle.
Electron microscope images of left ventricular fibers (A) from rats exposed only to room air (control) and rats exposed to hyperoxia as newborns 
(oxygen-induced cardiomyopathy [OIC]). Top views were magnified ×2900 and bottom views ×7000. Individual mitochondria are indicated 
by arrows. Mitochondrial average surface area (B), perimeter (C), proportion (%) of cardiomyocyte area covered by mitochondria (D), and 
frequency distribution of mitochondrial size (E) all showed lower values for the OIC group than for controls. F presents the distribution (%) of 
mitochondria according to integrity score (0–4). Data shown are mean±SEM (SEM); n=3/group. *P<0.05, **P<0.01, ****P<0.0001 comparing 
control vs OIC with unpaired t test.
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pattern in humanin serum levels was present between 
preterm and full-term. In males, humanin level in full-
term (n=22) group were 208 (155–264) pg/mL versus 
151 (103–193) pg/mL in preterm (n=25). In females, 
humanin serum levels in full-term (n=32) group were 
147 (120–196) pg/mL versus 130 (109–184) pg/mL 
in preterm (n=29).

DISCUSSION
The current study showed that transient neonatal expo-
sure to hyperoxia in rats (a model of preterm birth) leads to 
alterations in cardiac left ventricle mitochondrial structure 
and function later in life. Disruptions included reduction 
of mitochondrial size and integrity, decreased oxidative 
phosphorylation capacity, reduced mitochondrial biogen-
esis, and abundance. Glycolysis markers were upregu-
lated, as was intracardiac lipid deposition and production 
of mitochondrial superoxide, whereas gene expression of 

antioxidant response element inducer Nrf2 was reduced. 
In the investigation of young adults born preterm versus 
full-term, we showed lower serum levels of humanin, a 
mitochondrial-derived peptide, and biomarker of mito-
chondrial function.19 Humanin levels were associated 
with left ventricle ejection fraction and peak global lon-
gitudinal strain. Taken together, these results suggest 
that preterm birth–related neonatal conditions result in 
significant cardiac mitochondrial dysfunction beyond the 
neonatal period.

At birth, the myocardium must shift from normal 
hypoxic conditions of fetal life to ex utero oxygen lev-
els.36 This process is intricately tied to mitochondrial 
maturation and function.11,12,14 When birth is preterm, an 
immature myocardium must undertake the transition. 
Clinical3–7 and experimental8,9,15,37 studies have demon-
strated morphological and functional cardiac alterations 
in adults born preterm, as well as in animal models37,38 
simulating conditions associated with preterm birth. 

Figure 2. Mitochondrial respiration in isolated mitochondria from left ventricle cardiac muscle.
Rates of oxygen consumption in isolated left ventricular mitochondria from rats exposed only to room air (control) and rats exposed to hyperoxia 
as newborns (oxygen-induced cardiomyopathy [OIC]). Values are shown at metabolic state 2 (A); metabolic state 3 (B) metabolic state 4 (C); 
and uncoupled respiration, using carbonyl cyanide-4- (trifluoromethoxy)phenylhydrazone (FCCP; D). Respiratory control ratio (RCR) indicates 
functional integrity of mitochondria (E). Data shown are mean±SEM; n=9/group. *P<0.05 comparing control vs OIC with unpaired t test.
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However, mechanisms of cardiac alterations after pre-
term birth are not well known.

The present study demonstrated substantial changes 
in left ventricle mitochondrial ultrastructure and function. 
It is in the perinatal period that important morphological 
changes of cardiac mitochondria occur, with increasing 
level of structural complexity and spatial organization that 
were found clearly disrupted in the left ventricle of OIC 
rats. These changes were observed in 4-week-old ani-
mals, in which we had previously shown normal blood 
pressure and minimal changes in left ventricle func-
tion.8 Along with increased profibrotic signaling path-
way (increased expression of TGF1β) but normal TNFα, 
these mild alterations in the left ventricle echocardiogra-
phy parameters in OIC are in line with cardiac functional 
and structural changes observed in young adults born 
preterm.4,39,40 Taken together, these studies show the 

clinical relevance of the experimental model and that, in 
OIC, mitochondrial dysfunction is present before signifi-
cant cardiac dysfunction.

Left ventricle mitochondria from OIC rats showed 
reduced oxidative phosphorylation capacity and mito-
chondrial respiration compared with controls as well as 
lower protein expression of the electron transport chain 
subunits encoded by mtDNA (complex I, III, IV, and V). 
Reduced oxidative phosphorylation was associated with 
increased expression of HIF-1α and hexokinase 1 in OIC 
hearts, both known to be involved in glycolysis upregu-
lation.14,41 The mechanism by which neonatal hyperoxia 
results in these changes is unknown and could imply a 
reprogramming in mitochondrial function.

In adult humans and animal models for cardiac 
diseases, left ventricle hypertrophy and heart fail-
ure are characterized by a metabolic reprogramming 

Figure 3. Glycolysis activation and 
lipid deposition in left ventricle 
cardiac tissue.
A, Representative blot and histogram of 
compiled data of the protein HIF (hypoxia-
inducible factor)-1α expression in rats 
exposed only to room air (control) and 
rats exposed to hyperoxia as newborns 
(oxygen-induced cardiomyopathy 
[OIC]); β-tubulin was used as internal 
standard. Hexokinase 1 mRNA (B) and 
hexokinase 2 mRNA (C) are expressed 
relative to the 40S ribosomal protein 
S16 (S16). Representative image (D) 
and quantification (E) of intracardiac 
lipid deposition in left ventricle sections. 
Scale bar: 36.8 µm Data shown are 
mean±SEM; n=6/group. Lipid droplets 
appear as green fluorescent dots in 
the representative images. *P<0.05; 
***P<0.001 comparing control vs OIC 
with unpaired t test.
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with increased dependency on glycolysis to generate 
ATP.42,43 A reduction in HIF-1α signaling is also required 
for mitochondrial maturation and adaptation during the 
transition from late gestation to postnatal life.14,44 HIF-
1α is a key determinant of metabolic regulation and the 
glycolytic metabolic program; its (over)activation is asso-
ciated with lipid droplet accumulation41 as we found in 
the OIC left ventricle. A major role for metabolic altera-
tions in the cardiac consequences following neonatal 
hyperoxia exposure has recently been suggested at the 
level of the atria.45 Cohen et al45 showed in mice that 
neonatal hyperoxia exposure impairs the proliferation of 
left atria cardiomyocytes by repressing major compo-
nents of fatty acid synthesis.

A reduction in oxidative phosphorylation capacity can 
also be partially compensated by increased mitochondrial 
mass.46 We observed rather the opposite, with a marked 
downregulation of major regulators of mitochondrial 

biogenesis, and of total mitochondrial area/cardiomyo-
cyte.47 Expression of Pgc-1α, a major coordinator of 
mitochondrial biogenesis, was reduced which in turn 
can contribute to the decrease in oxidative phosphory-
lation capacity in the OIC rats. Current results are con-
sistent with observations by Goss et al,38 who reported 
decreased PGC-1α in the right ventricle of 1-year old 
rats exposed to neonatal hyperoxia; the left ventricle was 
not evaluated in that study.

Supraphysiological levels of oxygen decrease mito-
chondrial respiration and promote mitochondrial pro-
duction of reactive oxygen species.48 Mitochondrial 
superoxide production was increased in left ventricle 
myocytes from OIC. Furthermore, whereas SOD2 
expression was similar between groups, expression 
of Nrf2, a transcription factor involved in the induction 
of a battery of antioxidant defenses and mitochondrial 
biogenesis, was reduced in OIC, suggesting a lesser 

Figure 4. Mitochondrial biogenesis and abundance, mitochondrial superoxide production, SOD2 (superoxide dismutase 2), and 
Nrf2 (nuclear factor erythroid 2–related factor) expression in cardiac left ventricle.
Markers of mitochondrial biogenesis and abundance in left ventricle tissue from rats exposed only to room air (control) and rats exposed to 
hyperoxia as newborns (oxygen-induced cardiomyopathy [OIC]): Pgc (peroxisome proliferator-activated receptor gamma coactivator)-1α 
gene expression (A), citrate synthase (B), the ratio of mitochondrial DNA (mtDNA) to genomic DNA (gDNA; C) were all reduced in rats with 
OIC compared with controls. Mitochondrial superoxide production was increased in isolated left ventricular cardiomyocytes from OIC rats as 
compared to room air (control); representative images and quantification (D). SOD2 protein expression (representative blot with β-tubulin as 
internal standard and histograms of compiled data) is shown in (E) and Nrf2 gene expression in (F) in left ventricle. Gene mRNA expression are 
expressed relative to the 40S ribosomal protein S16 (S16). Data shown are mean±SEM; n=6/group. *P<0.05, **P<0.01 comparing control vs 
OIC with unpaired t test.
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capacity to regulate oxidative stress.49 Electron trans-
port chain and oxidative phosphorylation deficits are 
associated with increased reactive oxygen species pro-
duction that can be both cause and/or effect of mito-
chondrial dysfunction.50

Under physiological conditions, fatty acid oxidation at 
the mitochondrial matrix increases permanently in the 
perinatal period. Although we did not specifically assess 
substrate oxidation at mitochondrial level and consider-
ing that cardiac metabolism regulation includes compo-
nents beyond the mitochondrial step itself, the evidence 
of oxidative phosphorylation machinery rarefaction (dem-
onstrated by decreased oxygen consumption rate and 
reduced protein expression of electron transport chain 
complexes), along with accumulation of intracardiac lipid, 
support the presence of mitochondrial energetic dys-
function in the left ventricle of OIC rats.

A role for altered mitochondrial oxidative phosphory-
lation capacity in preterm birth–related complications in 
humans has been suggested by other reports. Endothe-
lial cells taken from the umbilical cord vein of extremely 
preterm neonates who later died or developed broncho-
pulmonary dysplasia showed lower oxygen consumption 
rates and increased superoxide and hydrogen peroxide 
production as compared to others.51 In adults born pre-
term, mitochondrial oxygen consumption patterns in cir-
culating peripheral blood mononuclear cells were similar 
to those reported for individuals diagnosed with meta-
bolic diseases, such as type II diabetes.52 These studies 
support the concept that preterm birth impacts cellular 
energetic metabolism in several tissues. To translate 
our experimental findings to a clinical context, we mea-
sured circulating levels of humanin, a peptide encoded 
by mtDNA and considered mitoprotective and cytopro-
tective. We found lower humanin levels in young adults 
born preterm versus full-term. Lower humanin levels 
were associated with decreased left ventricular ejection 
fraction and decreased left ventricle performance by 
strain analysis (less negative peak global longitudinal 
strain) in both preterm and full-term participants. To our 

knowledge, there are no previous studies reporting a 
correlation between circulating humanin levels and left 
ventricle function in humans, nor the measure of huma-
nin in preterm-born subjects. As per current knowledge, 
higher humanin levels are associated with preserved 
coronary endothelial function in adults16 and the admin-
istration of humanin analogs improves ventricular func-
tion in rodent18,53 and pig17 models of heart failure. In 
vitro treatment with humanin analogs improved cardiac 
myoblast function and survival, protecting mitochondria 
from oxidative stress induced by hydrogen peroxide.54 
In newborns, cord blood humanin correlated with mito-
chondrial function measured in cord blood peripheral 
blood mononuclear cells19; whether cord blood humanin 
levels are modulated by perinatal factors such as pre-
maturity is unknown. Our results suggest that mitochon-
drial dysfunction is present in preterm-born adults and 
that these alterations may be related to left ventricular 
systolic function. Because left ventricle ejection frac-
tion and left ventricle systolic deformation by speckle-
tracking echocardiography were within normal range 
for most participants,20 we cannot extrapolate current 
results to diseased states. How left ventricle systolic 
function in preterm individuals will evolve with aging 
and associated age-related risk factors, and whether 
serum humanin could be used to predict risk of heart 
disease, remain to be determined.

Limitations apply to our study. The OIC model does 
not fully capture the spectrum of conditions experienced 
by infants born preterm. Nonetheless, the critical role of 
high oxygen in the causal pathway of the most impor-
tant short-term complications of preterm birth, as well as 
our previous reports showing how accurately this model 
mimics clinical cardiovascular findings, support its rele-
vance. Only males were studied and accordingly we can-
not extrapolate the findings to female rats which would 
need to be included in future assessments. We expect 
to find similar results between males and females as we 
previously reported that male and female rats showed 
similar blood pressure, vascular, renal, and hemoglobin 

Table.  Clinical Characteristics of Study Participants

Characteristics Full-term birth (n=54) Preterm birth (n=55) P value*

Male sex, n (%) 22 (41) 26 (47) 0.56

Gestational age, wk, median (range) 39.8 (39 to 40.4) 27.5 (26.2 to 28.4) …

Birth weight, g, median (range) 3358 (3131 to 3641) 940 (855 to 1135) …

Maternal preeclampsia, n (%) 4 (13) 6 (11) >0.99

Bronchopulmonary dysplasia,† n (%) … 17 (31) …

Age on study day, y, median (range) 23.2 (21.9 to 24.8) 23.5 (21.2 to 25.4) 0.69

Systolic blood pressure, mm Hg, median (range) 114 (105 to 122) 116 (108 to 131) 0.084

Diastolic blood pressure, mm Hg, median (range) 67 (62 to 74) 70 (60 to 75) 0.027

Left ventricular ejection fraction, %, median (range) 57.6 (52.1 to 60.3) 57.0 (52.3 to 61.2) 0.71

Peak global longitudinal strain, %, median (range) −21.8 (−23.9 to 0.86 −17.9) −21.3 (−23.7 to −18.8) 0.86

*P values were calculated using Fisher’s exact test or the Mann-Whitney U test.
†Bronchopulmonary dysplasia defined as oxygen or respiratory support at 36 wk postmenstrual age.
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changes after neonatal hyperoxia.15,55,56 Pups survival 
and growth are also similar between sex and groups.15 In 
clinical studies, increased neonatal risk related to males 
born preterm has been documented in large cohorts.57 It 
remains unclear, however, if sex differences between pre-
term males and females persist similarly when examining 
adult cardiovascular disease: overall only a few studies to 
this date have the power to compare outcomes in males 
versus females and the vast majority of these studies 
are derived from one population. These reports showed 
either no difference, increased risk of disease for males, 

or increased risk for females depending on the outcome 
examined.58,59 Clinical papers from our group previously 
showed no sex-based difference between preterm and 
term individuals on overall cardiovascular risk factors, 
on the left ventricle20 and the right ventricle60 and on 
hemoglobin levels.61 Nevertheless, in the clinical part 
of our study, both men and women were evaluated and 
although the lack of power prevent us to perform statisti-
cal analyses of sex-stratified results, humanin serum lev-
els were similarly lower in preterm versus term for both 
males and females.

Figure 5. Clinical study: humanin 
levels and left ventricle (LV) ejection 
fraction in young adults born preterm 
vs full-term.
Serum humanin levels in young adults 
born preterm (<30 wk’ gestation) and full-
term (≥37 wk’ gestation; A). LV ejection 
fraction in preterm (B) and full-term 
groups (C) and peak global longitudinal 
strain (%) in preterm (D) and full-term 
groups (E) by humanin tertile. Tertiles: low 
(≤130 pg/mL), medium (131–193 pg/
mL), high (>193 pg/mL). Statistical tests: 
Mann-Whitney U (A) and Kendall (B and 
C).
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In conclusion, this 2-pronged study shows that tran-
sient neonatal hyperoxic exposure results in significant 
structural and functional mitochondrial alterations in car-
diac muscle cells of the left ventricle in juvenile animals. 
In a cohort of young adults born extremely preterm (aver-
age 27 weeks’ gestation), we report lower levels of the 
mitochondrial-derived peptide humanin; humanin levels 
correlated with left ventricular ejection fraction.

PERSPECTIVES
Our results combining experimental and clinical stud-
ies indicate that preterm birth can result in left ventri-
cle mitochondrial alterations that are perpetuated into 
adulthood. The role of mitochondrial dysfunction in the 
development of cardiac disease after preterm birth, and 
whether humanin can be used as a biomarker of disease 
and to monitor the benefits of intervention, will be impor-
tant to examine.

ARTICLE INFORMATION
Received June 29, 2021; accepted November 15, 2021.

Affiliations
Department of Pediatrics, Sainte-Justine University Hospital (Centre Hospital-
ier Universitaire Sainte-Justine) and Research Centre (D.R.D., A.F., C.N.R.P., Y.H., 
A.D., A.C., G.C., P.G., J.-L.B., J.-S.J., T.M.L., A.M.N.) and Department of Physiology 
and Pharmacology (G.C., P.G., J.-S.J.), Faculty of Medicine, University of Mon-
treal, Quebec, Canada. Department of Physiology and Pharmacology, Univer-
sidade Federal de Goias, Brazil (C.N.R.P.). Division of Neonatology, Department 
of Pediatrics, Montreal Children’s Hospital, McGill University, Montreal, Quebec, 
Canada (G.A.). Department of Cellular and Molecular Medicine, University of Ot-
tawa, Canada (Y.B.).

Acknowledgments
We thank all research nurses, the technical team from the Cardiology and Radiol-
ogy Departments, and the Applied Clinical Research Unit, all from Sainte-Justine 
Hospital and the Centre Hospitalier Universitaire Sainte-Justine Research Cen-
tre, the Vision Health Research Network, aniamal facility staff from the Centre 
Hospitalier Universitaire Sainte Justine and the team from Facility for Electron 
Microscopy Research, McGill University, as well as all HAPI (Health of Adults 
Born Preterm Investigation) participants and collaborating group: Nathalie Alos, 
MD, Mariane Bertagnolli, PhD, Jean-Luc Bigras, MD, Thierry Ducruet, PhD, Ramy 
El-Jalbout, MD MSc, Rafael Oliveira Fernandes, PhD, Camille Girard-Bock, MSc, 
Patrick Hamel, MD, Anne-Laure Lapeyraque, MD, MSc, Benoît Masse, PhD, Mu-
hammad Oneeb Rehman Mian PhD, Valérie Orlando, MSc, Rong Wu, MD, and Li 
Feng Xie, MSc. The authors are grateful to Danielle Buch, Medical Writer, Re-
searcher, for critical revision of the article, the abstract, and editing of the article. 
D. Ravizzoni Dartora, Y. Burelle, J.-S. Joyal, T. Mai Luu, and A.M. Nuyt conceptual-
ized the study. A.M. Nuyt obtained funding. D. Ravizzoni Dartora, A. Flahault, C.N.R 
Pontes, Y. He, A. Deprez, and A. Cloutier conducted the study and participated in 
data collection and interpretation of the results. D. Ravizzoni Dartora, A. Flahault, 
C.N.R Pontes, Y. He, A. Deprez, G. Cagnone, G. Altit, and A.M. Nuyt conceptual-
ized and performed data analyses. D. Ravizzoni Dartora, A. Flahault, and A.M. Nuyt 
wrote the article. All authors reviewed and approved the article as submitted.

Sources of Funding
This work was supported by the Canadian Institutes of Health Research (CIHR 
133572 to A.M. Nuyt and T.M. Luu and 159688 to A.M. Nuyt and J.S. Joyal), 
the Canadian Foundation for Innovation (to A.M. Nuyt), and the Centre Hospital-
ier Universitaire Sainte-Justine Foundation (to A.M. Nuyt). T. Mai Luu received a 
Fonds de Recherche du Québec—Santé (FRQS) salary award. D. Ravizzoni Dar-
tora was awarded fellowships from the Société Québecoise d’Hypertension Ar-
térielle, Canadian Vascular Network, and FRQS (process number: 268142 and 
36412). A. Flahault was awarded an FRQS/Foundation of the Stars fellowship. 

C.N.R Pontes received a visiting research fellowship from Coordenação de Aper-
feiçoamento de Pessoal de Nível Superior – Brazil (CAPES – process number 
23038.017466/2018-50). A. Deprez was awarded a Fonds de Recherche du 
Québec—Nature et technologies grant (FRQNT 275929) fellowship. G. Cagnone 
was supported by the Mitacs Elevation Post-doctoral Fellowship, J.-S. Joyal was 
supported by the Burroughs Wellcome Fund, the Canadian Institutes of Health 
Research (CIHR grant 390615), the Natural Sciences and Engineering Re-
search Council of Canada, and a salary award from the FRQS.

Disclosures
None.

Supplemental Materials
Expanded Methods
Table S1 and S2
Figures S1–S4
Reference 61

REFERENCES
	 1.	 Chawanpaiboon S, Vogel JP, Moller A-B, Lumbiganon P, Petzold M, 

Hogan D, Landoulsi S, Jampathong N, Kongwattanakul K, Laopaiboon M, 
et al.Global, regional, and national estimates of levels of preterm birth in 
2014: a systematic review and modelling analysis. Lancet Glob Health. 
2019;7:e37–e46. doi: 10.1016/S2214-109X(18)30451-0

	 2.	 Luu TM, Katz SL, Leeson P, Thébaud B, Nuyt AM. Preterm birth: risk fac-
tor for early-onset chronic diseases. CMAJ. 2016;188:736–746. doi: 
10.1503/cmaj.150450

	 3.	 Crump C, Howell EA, Stroustrup A, McLaughlin MA, Sundquist J, 
Sundquist K. Association of preterm birth with risk of ischemic heart 
disease in adulthood. JAMA Pediatr. 2019;173:736–743. doi: 10.1001/ 
jamapediatrics.2019.1327

	 4.	 Lewandowski AJ, Augustine D, Lamata P, Davis EF, Lazdam M, Francis J, 
McCormick K, Wilkinson AR, Singhal A, Lucas A, et al. Preterm heart in adult 
life: cardiovascular magnetic resonance reveals distinct differences in left 
ventricular mass, geometry, and function. Circulation. 2013;127:197–206. 
doi: 10.1161/CIRCULATIONAHA.112.126920

	 5.	 Telles F, McNamara N, Nanayakkara S, Doyle MP, Williams M, Yaeger L, 
Marwick TH, Leeson P, Levy PT, Lewandowski AJ. Changes in the pre-
term heart from birth to young adulthood: a meta-analysis. Pediatrics. 
2020;146:e20200146. doi: 10.1542/peds.2020-0146

	 6.	 Carr H, Cnattingius S, Granath F, Ludvigsson JF, Edstedt Bonamy AK. Pre-
term birth and risk of heart failure up to early adulthood. J Am Coll Cardiol. 
2017;69:2634–2642. doi: 10.1016/j.jacc.2017.03.572

	 7.	 Crump C, Groves A, Sundquist J, Sundquist K. Association of preterm 
birth with long-term risk of heart failure into adulthood. JAMA Pediatr. 
2021;175:689–697. doi: 10.1001/jamapediatrics.2021.0131

	 8.	 Bertagnolli M, Huyard F, Cloutier A, Anstey Z, Huot-Marchand JÉ, 
Fallaha C, Paradis P, Schiffrin EL, Deblois D, Nuyt AM. Transient neo-
natal high oxygen exposure leads to early adult cardiac dysfunction, 
remodeling, and activation of the renin-angiotensin system. Hypertension. 
2014;63:143–150. doi: 10.1161/HYPERTENSIONAHA.113.01760

	 9.	 Bertagnolli M, Dios A, Béland-Bonenfant S, Gascon G, Sutherland M, 
Lukaszewski MA, Cloutier A, Paradis P, Schiffrin EL, Nuyt AM. Activation 
of the cardiac renin-angiotensin system in high oxygen-exposed newborn 
rats: angiotensin receptor blockade prevents the developmental pro-
gramming of cardiac dysfunction. Hypertension. 2016;67:774–782. doi: 
10.1161/HYPERTENSIONAHA.115.06745

	10.	 Mian MOR, He Y, Bertagnolli M, Mai-Vo TA, Fernandes RO, Boudreau F, 
Cloutier A, Luu TM, Nuyt AM. TLR (Toll-Like Receptor) 4 antagonism pre-
vents left ventricular hypertrophy and dysfunction caused by neonatal hyper-
oxia exposure in rats. Hypertension. 2019;74:843–853. doi: 10.1161/ 
HYPERTENSIONAHA.119.13022

	11.	 Piquereau J, Ventura-Clapier R. Maturation of cardiac energy metabo-
lism during perinatal development. Front Physiol. 2018;9:959. doi: 
10.3389/fphys.2018.00959

	12.	 Lopaschuk GD, Jaswal JS. Energy metabolic phenotype of the cardiomyo-
cyte during development, differentiation, and postnatal maturation. J Cardio-
vasc Pharmacol. 2010;56:130–140. doi: 10.1097/FJC.0b013e3181e74a14

	13.	 Lai L, Leone TC, Zechner C, Schaeffer PJ, Kelly SM, Flanagan DP, 
Medeiros DM, Kovacs A, Kelly DP. Transcriptional coactivators PGC-1alpha 
and PGC-lbeta control overlapping programs required for perinatal maturation 
of the heart. Genes Dev. 2008;22:1948–1961. doi: 10.1101/gad.1661708



Original





 A
rticle




586    March 2022� Hypertension. 2022;79:575–587. DOI: 10.1161/HYPERTENSIONAHA.121.17979

Ravizzoni Dartora et al Mitochondrial Dysfunction After Neonatal Hyperoxia

	14.	 Menendez-Montes I, Escobar B, Palacios B, Gómez MJ, Izquierdo-Garcia JL,  
Flores L, Jiménez-Borreguero LJ, Aragones J, Ruiz-Cabello J, Torres  
M, et al. Myocardial VHL-HIF signaling controls an embryonic metabolic 
switch essential for cardiac maturation. Dev Cell. 2016;39:724–739. doi: 
10.1016/j.devcel.2016.11.012

	15.	 Yzydorczyk C, Comte B, Cambonie G, Lavoie JC, Germain N, 
Ting Shun Y, Wolff J, Deschepper C, Touyz RM, Lelièvre-Pegorier M, 
et al. Neonatal oxygen exposure in rats leads to cardiovascular and 
renal alterations in adulthood. Hypertension. 2008;52:889–895. doi: 
10.1161/HYPERTENSIONAHA.108.116251

	16.	 Widmer RJ, Flammer AJ, Herrmann J, Rodriguez-Porcel M, Wan J, 
Cohen P, Lerman LO, Lerman A. Circulating humanin levels are associ-
ated with preserved coronary endothelial function. Am J Physiol Heart Circ 
Physiol. 2013;304:H393–H397. doi: 10.1152/ajpheart.00765.2012

	17.	 Sharp TE 3rd, Gong Z, Scarborough A, Goetzman ES, 
Ali MJ, Spaletra P, Lefer DJ, Muzumdar RH, Goodchild TT. Efficacy of 
a novel mitochondrial-derived peptide in a porcine model of myocardial 
ischemia/reperfusion injury. JACC Basic Transl Sci. 2020;5:699–714. 
doi: 10.1016/j.jacbts.2020.04.015

	18.	 Thummasorn S, Shinlapawittayatorn K, Chattipakorn SC, Chattipakorn N. 
High-dose Humanin analogue applied during ischemia exerts cardiopro-
tection against ischemia/reperfusion injury by reducing mitochondrial dys-
function. Cardiovasc Ther. 2017;35:e12289. doi: 10.1111/1755-5922. 
12289

	19.	 Yen K, Mehta HH, Kim SJ, Lue Y, Hoang J, Guerrero N, Port J, Bi Q, 
Navarrete G, Brandhorst S, et al. The mitochondrial derived peptide huma-
nin is a regulator of lifespan and healthspan. Aging (Albany NY). 
2020;12:11185–11199. doi: 10.18632/aging.103534

	20.	 Flahault A, Altit G, Sonea A, Gervais AS, Mian MOR, Wu R, Desbrousses E, 
Mai L, Cloutier A, Simoneau J, et al. Left ventricle structure and function in 
young adults born very preterm and association with neonatal characteristics. 
J Clin Med. 2021;10:1760. doi: 10.3390/jcm10081760

	21.	 Flahault A, Paquette K, Fernandes RO, Delfrate J, Cloutier A, 
Henderson M, Lavoie JC, Mâsse B, Nuyt AM, Luu TM; HAPI Collaborating 
Group*. Increased incidence but lack of association between cardiovas-
cular risk factors in adults born preterm. Hypertension. 2020;75:796–
805. doi: 10.1161/HYPERTENSIONAHA.119.14335

	22.	 Mofarrahi M, Sigala I, Guo Y, Godin R, Davis EC, Petrof B, Sandri M, 
Burelle Y, Hussain SN. Autophagy and skeletal muscles in sepsis. PLoS 
One. 2012;7:e47265. doi: 10.1371/journal.pone.0047265

	23.	 Rosca MG, Vazquez EJ, Kerner J, Parland W, Chandler MP, Stanley W, 
Sabbah HN, Hoppel CL. Cardiac mitochondria in heart failure: decrease in 
respirasomes and oxidative phosphorylation. Cardiovasc Res. 2008;80:30–
39. doi: 10.1093/cvr/cvn184

	24.	 Leger T, Azarnoush K, Traoré A, Cassagnes L, Rigaudière JP, Jouve C, 
Pagès G, Bouvier D, Sapin V, Pereira B, et al. Antioxidant and cardiopro-
tective effects of EPA on early low-severity sepsis through UCP3 and 
SIRT3 upholding of the mitochondrial redox potential. Oxid Med Cell Longev. 
2019;2019:9710352. doi: 10.1155/2019/9710352

	25.	 Chance B, Williams GR. Respiratory enzymes in oxidative phosphorylation. 
III. The steady state. J Biol Chem. 1955;217:409–427.

	26.	 Chance B, Williams GR. Respiratory enzymes in oxidative phosphorylation. I. 
Kinetics of oxygen utilization. J Biol Chem. 1955;217:383–393.

	27.	 Andrich DE, Ou Y, Melbouci L, Leduc-Gaudet JP, Auclair N, 
Mercier J, Secco B, Tomaz LM, Gouspillou G, Danialou G, et al. Altered 
lipid metabolism impairs skeletal muscle force in young rats submit-
ted to a short-term high-fat diet. Front Physiol. 2018;9:1327. doi: 
10.3389/fphys.2018.01327

	28.	 Mehlem A, Hagberg CE, Muhl L, Eriksson U, Falkevall A. Imaging of neutral 
lipids by oil red O for analyzing the metabolic status in health and disease. 
Nat Protoc. 2013;8:1149–1154. doi: 10.1038/nprot.2013.055

	29.	 Schiattarella GG, Altamirano F, Kim SY, Tong D, Ferdous A, Piristine H, 
Dasgupta S, Wang X, French KM, Villalobos E, et al. Xbp1s-FoxO1 axis 
governs lipid accumulation and contractile performance in heart fail-
ure with preserved ejection fraction. Nat Commun. 2021;12:1684. doi: 
10.1038/s41467-021-21931-9

	30.	 Cagnone G, Vaghjiani V, Lee W, Sun C, Johnson J, Yeung KY, St John JC. 
Analysis of the mitochondrial DNA and its replicative capacity in induced 
pluripotent stem cells. Methods Mol Biol. 2016;1357:231–267. doi: 
10.1007/7651_2014_156

	31.	 Ackers-Johnson M, Li PY, Holmes AP, O’Brien SM, Pavlovic D, Foo RS. A 
simplified, langendorff-free method for concomitant isolation of viable car-
diac myocytes and nonmyocytes from the adult mouse heart. Circ Res. 
2016;119:909–920. doi: 10.1161/CIRCRESAHA.116.309202

	32.	 Omatsu-Kanbe M, Yoshioka K, Fukunaga R, Sagawa H, Matsuura H. A 
simple antegrade perfusion method for isolating viable single cardio-
myocytes from neonatal to aged mice. Physiol Rep. 2018;6:e13688. doi: 
10.14814/phy2.13688

	33.	 Andersson DC, Fauconnier J, Yamada T, Lacampagne A, Zhang SJ, Katz A, 
Westerblad H. Mitochondrial production of reactive oxygen species con-
tributes to the β-adrenergic stimulation of mouse cardiomycytes. J Physiol. 
2011;589(pt 7):1791–1801. doi: 10.1113/jphysiol.2010.202838

	34.	 Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, 
Chandrasekaran K, Solomon SD, Louie EK, Schiller NB. Guidelines for the 
echocardiographic assessment of the right heart in adults: a report from the 
American Society of Echocardiography endorsed by the European Associa-
tion of Echocardiography, a registered branch of the European Society of 
Cardiology, and the Canadian Society of Echocardiography. J Am Soc Echo-
cardiogr. 2010;23:685–713; quiz 786. doi: 10.1016/j.echo.2010.05.010

	35.	 Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, 
Smiseth OA, Waggoner AD, Flachskampf FA, Pellikka PA, Evangelisa A. 
Recommendations for the evaluation of left ventricular diastolic func-
tion by echocardiography. Eur J Echocardiogr. 2009;10:165–193. doi: 
10.1093/ejechocard/jep007

	36.	 Kamlin CO, O’Donnell CP, Davis PG, Morley CJ. Oxygen saturation in 
healthy infants immediately after birth. J Pediatr. 2006;148:585–589. doi: 
10.1016/j.jpeds.2005.12.050

	37.	 Benny M, Hernandez DR, Sharma M, Yousefi K, Kulandavelu S, 
Batlahally S, Zambrano R, Chen P, Martinez EC, Schmidt AF, et al. Neo-
natal hyperoxia exposure induces aortic biomechanical alterations and 
cardiac dysfunction in juvenile rats. Physiol Rep. 2020;8:e14334. doi: 
10.14814/phy2.14334

	38.	 Goss KN, Kumari S, Tetri LH, Barton G, Braun RK, Hacker TA, 
Eldridge MW. Postnatal hyperoxia exposure durably impairs right ven-
tricular function and mitochondrial biogenesis. Am J Respir Cell Mol Biol. 
2017;56:609–619. doi: 10.1165/rcmb.2016-0256OC

	39.	 Lewandowski AJ, Levy PT, Bates ML, McNamara PJ, Nuyt AM, 
Goss KN. Impact of the vulnerable preterm heart and circulation on adult 
cardiovascular disease risk. Hypertension. 2020;76:1028–1037. doi: 
10.1161/HYPERTENSIONAHA.120.15574

	40.	 Lewandowski AJ, Raman B, Bertagnolli M, Mohamed A, 
Williamson W, Pelado JL, McCance A, Lapidaire W, Neubauer S, Leeson P. 
Association of preterm birth with myocardial fibrosis and diastolic dys-
function in young adulthood. J Am Coll Cardiol. 2021;78:683–692. doi: 
10.1016/j.jacc.2021.05.053

	41.	 Krishnan J, Suter M, Windak R, Krebs T, Felley A, Montessuit C, 
Tokarska-Schlattner M, Aasum E, Bogdanova A, Perriard E, et al. Activa-
tion of a HIF1alpha-PPARgamma axis underlies the integration of glycolytic 
and lipid anabolic pathways in pathologic cardiac hypertrophy. Cell Metab. 
2009;9:512–524. doi: 10.1016/j.cmet.2009.05.005

	42.	 Doenst T, Pytel G, Schrepper A, Amorim P, Färber G, Shingu Y, Mohr FW, 
Schwarzer M. Decreased rates of substrate oxidation ex vivo predict the 
onset of heart failure and contractile dysfunction in rats with pressure over-
load. Cardiovasc Res. 2010;86:461–470. doi: 10.1093/cvr/cvp414

	43.	 Lehman JJ, Kelly DP. Transcriptional activation of energy metabolic 
switches in the developing and hypertrophied heart. Clin Exp Pharmacol 
Physiol. 2002;29:339–345. doi: 10.1046/j.1440-1681.2002.03655.x

	44.	 Neary MT, Ng KE, Ludtmann MH, Hall AR, Piotrowska I, Ong SB, 
Hausenloy DJ, Mohun TJ, Abramov AY, Breckenridge RA. Hypoxia sig-
naling controls postnatal changes in cardiac mitochondrial mor-
phology and function. J Mol Cell Cardiol. 2014;74:340–352. doi: 
10.1016/j.yjmcc.2014.06.013

	45.	 Cohen ED, Yee M, Porter GA Jr, Ritzer E, McDavid AN, Brookes PS, 
Pryhuber GS, O’Reilly MA. Neonatal hyperoxia inhibits proliferation and sur-
vival of atrial cardiomyocytes by suppressing fatty acid synthesis. JCI Insight. 
2021;6:140785. doi: 10.1172/jci.insight.140785

	46.	 Wredenberg A, Wibom R, Wilhelmsson H, Graff C, Wiener HH, Burden SJ, 
Oldfors A, Westerblad H, Larsson NG. Increased mitochondrial mass in 
mitochondrial myopathy mice. Proc Natl Acad Sci U S A. 2002;99:15066–
15071. doi: 10.1073/pnas.232591499

	 47.	 Oka T, Lam VH, Zhang L, Keung W, Cadete VJ, Samokhvalov V, Tanner BA, 
Beker DL, Ussher JR, Huqi A, et al. Cardiac hypertrophy in the newborn 
delays the maturation of fatty acid β-oxidation and compromises postisch-
emic functional recovery. Am J Physiol Heart Circ Physiol. 2012;302:H1784–
H1794. doi: 10.1152/ajpheart.00804.2011

	48.	 Turrens JF, Freeman BA, Levitt JG, Crapo JD. The effect of hyperoxia on 
superoxide production by lung submitochondrial particles. Arch Biochem 
Biophys. 1982;217:401–410. doi: 10.1016/0003-9861(82)90518-5



Original Article

Hypertension. 2022;79:575–587. DOI: 10.1161/HYPERTENSIONAHA.121.17979� March 2022    587

Ravizzoni Dartora et al Mitochondrial Dysfunction After Neonatal Hyperoxia

	49.	 Tsushima M, Liu J, Hirao W, Yamazaki H, Tomita H, Itoh K. Emerging evi-
dence for crosstalk between Nrf2 and mitochondria in physiological 
homeostasis and in heart disease. Arch Pharm Res. 2020;43:286–296. doi: 
10.1007/s12272-019-01188-z

	50.	 Hamanaka RB, Chandel NS. Mitochondrial reactive oxygen species regu-
late cellular signaling and dictate biological outcomes. Trends Biochem Sci. 
2010;35:505–513. doi: 10.1016/j.tibs.2010.04.002

	51.	 Kandasamy J, Olave N, Ballinger SW, Ambalavanan N. Vascular endo-
thelial mitochondrial function predicts death or pulmonary outcomes in 
preterm infants. Am J Respir Crit Care Med. 2017;196:1040–1049. doi: 
10.1164/rccm.201702-0353OC

	52.	 Kumari S, Barton GP, Goss KN. Increased mitochondrial oxygen con-
sumption in adult survivors of preterm birth. Pediatr Res. 2021; doi: 
10.1038/s41390-021-01387-9

	53.	 Lue Y, Gao C, Swerdloff R, Hoang J, Avetisyan R, Jia Y, Rao M, Ren S, 
Atienza V, Yu J, et al. Humanin analog enhances the protective effect 
of dexrazoxane against doxorubicin-induced cardiotoxicity. Am J 
Physiol Heart Circ Physiol. 2018;315:H634–H643. doi: 10.1152/ 
ajpheart.00155.2018

	54.	 Klein LE, Cui L, Gong Z, Su K, Muzumdar R. A humanin analog 
decreases oxidative stress and preserves mitochondrial integrity in car-
diac myoblasts. Biochem Biophys Res Commun. 2013;440:197–203. doi: 
10.1016/j.bbrc.2013.08.055

	55.	 Sutherland MR, Béland C, Lukaszewski MA, Cloutier A, Bertagnolli M, 
Nuyt AM. Age- and sex-related changes in rat renal function and pathology 
following neonatal hyperoxia exposure. Physiol Rep. 2016;4:e12887. doi: 
10.14814/phy2.12887

	56.	 Flahault A, Dartora DR, Pontes CNR, He Y, Lachance C, Luu TM, Nuyt AM. 
Exposure to high levels of oxygen in neonatal rats induce a decrease in 
hemoglobin levels. Pediatr Res. Published online October 30, 2021; doi: 
10.1038/s41390-021-01802-1

	 57.	 Binet ME, Bujold E, Lefebvre F, Tremblay Y, Piedboeuf B; Canadian Neonatal 
Network™. Role of gender in morbidity and mortality of extremely premature 
neonates. Am J Perinatol. 2012;29:159–166. doi: 10.1055/s-0031-1284225

	58.	 Crump C. An overview of adult health outcomes after preterm birth. Early 
Hum Dev. 2020;150:105187. doi: 10.1016/j.earlhumdev.2020.105187

	59.	 Crump C. Preterm birth and mortality in adulthood: a systematic review. J 
Perinatol. 2020;40:833–843. doi: 10.1038/s41372-019-0563-y

	60.	 Dartora DR, Flahault A, Luu TM, Cloutier A, Simoneau J, White M, Lapointe A, 
Villeneuve A, Bigras JL, Altit G, et al. Association of bronchopulmonary dyspla-
sia and right ventricular systolic function in young adults born preterm. Chest. 
2021;160:287–296. doi: 10.1016/j.chest.2021.01.079

	61.	 Flahault A, Girard-Bock C, Fernandes RO, Cloutier A, Pastore YD, Luu TM, 
Nuyt AM. Duration of neonatal oxygen supplementation, erythropoiesis and 
blood pressure in young adults born preterm. Thorax. 2020;75:494–502. 
doi: 10.1136/thoraxjnl-2019-214307




