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Cardiomyocyte maturation during pre- and postnatal development requires multiple intertwined processes,
including a switch in energy generation from glucose utilization in the embryonic heart towards fatty acid
oxidation after birth. This is accompanied by a boost in mitochondrial mass to increase capacities for oxidative
phosphorylation and ATP generation required for efficient contraction. Whether cardiomyocyte differentiation is
paralleled by augmented capacities to deal with reactive oxygen species (ROS), physiological byproducts of the
mitochondrial electron transport chain (ETC), is less clear. Here we show that expression of genes and proteins
involved in redox homeostasis and protein quality control within mitochondria increases after birth in the mouse
and human heart. Using primary embryonic, neonatal and adult mouse cardiomyocytes in vitro we investigated
how excessive ROS production induced by mitochondrial dysfunction affects cell survival and stress response at
different stages of maturation. Embryonic and neonatal cardiomyocytes largely tolerate inhibition of ETC
complex III by antimycin A (AMA) as well as ATP synthase (complex V) by oligomycin but are susceptible to
complex I inhibition by rotenone. All three inhibitors alter the intracellular distribution and ultrastructure of
mitochondria in neonatal cardiomyocytes. In contrast, adult cardiomyocytes treated with AMA undergo rapid
morphological changes and cellular disintegration. At the molecular level embryonic cardiomyocytes activate
antioxidative defense mechanisms, the integrated stress response (ISR) and ER stress but not the mitochondrial
unfolded protein response upon complex III inhibition. In contrast, adult cardiomyocytes fail to activate the ISR
and antioxidative proteins following AMA treatment. In conclusion, our results identified fundamental differ-
ences in cell survival and stress response in differentiated compared to immature cardiomyocytes subjected to
mitochondrial dysfunction. The high stress tolerance of immature cardiomyocytes might allow outlasting un-
favorable intrauterine conditions thereby preventing fetal or perinatal heart disease and may contribute to the
regenerative capacity of the embryonic and neonatal mammalian heart.

1. Introduction

Mitochondria are critically important for cardiovascular health and
disease by affecting growth, survival and function of different myocar-
dial cell types. Consequently, mitochondrial dysfunction is involved in
various cardiac pathologies including ischemia/reperfusion injury, drug
induced cardiotoxicity, cardiomyopathy as part of syndromic

mitochondrial diseases as well as cardiac ageing [1,2]. Constantly con-
tracting cardiomyocytes in particular rely on intact mitochondria
considering their involvement in multiple metabolic processes
(including the TCA cycle, p-oxidation of fatty acids or anaplerosis), en-
ergy generation, redox homeostasis, cell death as well as calcium
handling [3].

Along with progressing cardiomyocyte differentiation mitochondria
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undergo metabolic and structural maturation during pre- and postnatal
heart development [4,5]. Whereas immature cardiomyocytes contain a
relatively low number of small and circular or elliptical mitochondria
with loosely organized cristae, a burst of mitochondrial biogenesis after
birth accompanied by fusion events results in an extended network of
elongated mitochondria with complex folding of the inner mitochon-
drial membrane resulting in dense cristae structures. Along with struc-
tural changes cardiac mitochondria undergo substantial metabolic
adaptations after birth. Whereas cardiomyocytes in the embryonic and
fetal heart primarily rely on aerobic glycolysis for ATP generation,
postnatal and adult cardiomyocytes switch to an oxidative metabolisms
primarily fueled by fatty acids [4-6]. This increase in mitochondrial
B-oxidation has been shown to elevate the levels of reactive oxygen
species (ROS) in the heart shortly after birth thereby activating a DNA
damage response which contributes to postnatal cardiomyocyte cell
cycle arrest [7].

Physiological ROS production along the mitochondrial respiratory
chain can result in oxidation of lipids, DNA and proteins [2,3,8].
Oxidative damage impairs function of existing proteins and causes
misfolding of newly synthesized proteins which eventually form ag-
gregates within different cellular compartments. Therefore, cells harbor
complex protein quality control (PQC) machineries aiming at proper
folding of newly synthesized proteins, refolding of damaged proteins,
resolving aggregates and degrading irreversibly damaged proteins [9,
10]. The latter include an organelle specific unfolded protein response
(UPR) which leads to translational inhibition to prevent further syn-
thesis of misfolded proteins. In addition, the UPR regulates protein
folding capacity by increasing the expression of chaperones and at the
same time inducing proteases to allow degradation of damaged and
aggregated proteins [9,10]. The UPR partially overlaps with the inte-
grated stress response (ISR), a joint effector pathway activated by
various upstream mechanisms which converge on the phosphorylation
of elF2a (eukaryotic translation initiation factor 2A) [11]. This generally
causes translational inhibition whereas a subset of mRNAs containing
specific upstream open reading frames is preferentially translated.
Among the latter is ATF4 (activating transcription factor 4), a core
transcription factor of the ISR and UPR which induces genes involved in
PQC [9-11]. Another PQC mechanism is the heat shock response (HSR),
which mainly regulates chaperone expression upon accumulation of
misfolded proteins [12]. Furthermore, cells harbor an extensive network
of proteins and enzymes involved in scavenging ROS thereby preventing
oxidative damage of macromolecules. This ROS detoxification involves
enzymes such as superoxide dismutase, peroxiredoxin, catalase and
thioredoxin [13]. The expression, activity and interaction of these
components are essential to maintain intracellular redox homeostasis
and prevent oxidative stress.

Whether embryonic and adult cardiomyocytes rely on different
mechanisms of PQC or redox homeostasis to cope with physiological
ROS production is incompletely understood. Moreover, mitochondrial
dysfunction usually results in markedly increased ROS levels eventually
leading to oxidative stress induced cell death [1-3]. Whether the
outcome of such pathological conditions in the heart depends on the
state of cardiomyocyte differentiation is not clear. However, under-
standing stress tolerance of embryonic, fetal and neonatal car-
diomyocytes is highly relevant for the pathogenesis of congenital heart
disease as insults during intrauterine or perinatal development might
impair cell survival, growth and differentiation thereby affecting cardiac
morphogenesis and heart function [14]. In contrast, a potential loss of
stress tolerance upon terminal differentiation might identify new ther-
apeutic targets for cardioprotection in the adult heart by reactivating
embryonic stress response mechanisms [15]. The current study inves-
tigated the consequences of mitochondrial dysfunction in primary em-
bryonic, neonatal and adult mouse cardiomyocytes in vitro.
Furthermore, we evaluated RNA and protein expression of multiple
genes involved in UPR/ISR, HSR and redox homeostasis throughout pre-
and postnatal heart development in mice and humans. The results
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highlight remarkable differences in stress tolerance and survival of
immature compared to differentiated cardiomyocytes and might there-
fore help to better understand the impact of mitochondrial dysfunction
on the pathogenesis of pre- and postnatal cardiovascular disease.

2. Material and methods

2.1. Isolation and culture of embryonic and neonatal mouse
cardiomyocytes

All animal procedures including the preparation of embryonic, fetal,
neonatal and adult mouse hearts have been approved by institutional
(JLU approval number 702_M) or governmental (RP Giessen approval
number GI 20/12 Nr. G 49/2017 and G 47/2020) authorities and were
performed according to Directive 2010/63/EU of the European Parlia-
ment on the protection of animals used for scientific purposes. C57BL/6J
mice (purchased from Charles River) were used for primary car-
diomyocyte isolation. Embryonic hearts were harvested at 12.5-14.5
dpc (days post conception). Pregnant dams were sacrificed by cervical
dislocation, embryos were dissected in cold PBS and sacrificed by
decapitation. Hearts were prepared and atria and outflow tract were
removed such that mainly ventricular myocardium was used for cell
dissociation. Neonatal mice were sacrificed by decapitation on day 1-2
after birth, hearts were dissected in cold PBS and atria were removed.
Tissue was dissociated using the gentleMACS™ Octo Dissociator with
Heaters and the Neonatal Heart Dissociation Kit for mouse and rat
(Miltenyi Biotec) according to the manufacturer’s instructions. All
hearts from one preparation were pooled (usually 15-20 embryonic or
8-10 neonatal hearts). Cells were seeded at a density of approximately
70.000 cells/cm? in 8-well chamber slides, 12-well or 6-well plates.
Culture dishes had previously been coated with 5 pg/ml laminin (L2020,
Sigma Aldrich) in PBS at 37°C over-night. Embryonic and neonatal
cardiomyocytes were cultured in DMEM (D6429) supplemented with
non-essential amino acids (M7145), 10% fetal bovine serum (F7524, all
components from Sigma Aldrich) and 1% penicillin/streptomycin (BS.A
2213, Bio&SELL) at 37°C with 95% air and 5% CO,. Cells were allowed
to recover over-night before treatment in culture medium with the
following compounds (final concentrations are provided in figure leg-
ends): Antimycin A (A8674), Rotenone (R8875), Oligomycin (04876, all
from Sigma Aldrich), DMSO (A3672, AppliChem).

2.2. Isolation and culture of adult mouse cardiomyocytes

Mice aged between 3 and 6 months were anaesthetized by inhalation
of 5% isoflurane followed by euthanasia by cervical dislocation. The
hearts were extracted and rinsed with 4°C cold 0.9% NaCl solution.
Thereafter, the hearts were digested with retrograde perfusion in a
Langendorff apparatus for 25 min at 37°C in a calcium-free buffer (10
mM Glucose, 25 mM HEPES, 2.5 mM KCl, 1.2 mM KH3POy4, 1.2 mM
MgSO4, 110 mM NaCl, pH 7.4) containing 2.4 mg/ml collagenase and
supplemented with 1 mM BDM (butanedione monoxime, B0753, Sigma
Aldrich). Subsequently, atria and outflow tract were removed and the
remaining ventricular myocardium was minced and incubated for
another 5 min in the digestion buffer. Cell dissociation was supported by
pipetting, the suspension was filtered through a nylon mesh (200 pm
pore size) and the cardiomyocytes were separated from other cells by
centrifugation (20xg for 1 min). To gradually reconstitute the physio-
logical calcium concentration the cells were centrifuged and resus-
pended with a step-wise increase of calcium (125 pM, 250 pM, 500 pM,
1 mM in perfusion buffer) followed by a final resuspension in mainte-
nance buffer (2.5 mM CaCl,-dihydrate, 5 mM Glucose, 10 mM HEPES,
4.7 mM KCl, 1.2 mM KH3POy4, 0.8 mM MgS0O4, 118 mM NaCl, 1.9 mM
Na-Pyruvate, pH 7.4). For short term experiments treatment of adult
cardiomyocytes usually commenced on the same day of isolation. Car-
diomyocytes were plated in maintenance buffer on laminin-coated cul-
ture dishes and incubated at 37°C (5.5% CO3, 95% humidity) for 1.5h to
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allow adherence. Subsequently, maintenance buffer containing DMSO
or AMA was added and incubated for the desired time.

For long term experiments after calcium reconstitution the car-
diomyocytes were transferred to plating medium (MEM Eagle with HBSS
(BE12-127F, Lonza), 10% FBS, 2 mM glutamine, 2 mM ATP, 10 mM
BDM, 1% penicillin/streptomycin), plated on laminin-coated culture
dishes and incubated at 37°C (5% COg2, 95% humidity). After 1.5 h the
medium was changed to culture medium (MEM Eagle with HBSS, 0.1%
BSA, 2 mM glutamine, 10 mM BDM, 1% penicillin/streptomycin, sup-
plemented with ITS (Insulin-Transferrin-Selenium, 11884, Sigma
Aldrich)) and cells were kept over-night before treatment in culture
medium.

2.3. Evaluation of cell viability and contractility

Cell density, viability, adherence, morphology and cardiomyocyte
contractility were evaluated by phase-contrast microscopy and imaged
using a Zeiss Axio Observer 7 microscope. To quantitatively assess
contractility of embryonic and neonatal cardiomyocytes, short movies of
~20 s duration were recorded using a 10x N-Achroplan objective, an
Axiocam 305 camera and ZEN 2.3 software (Zeiss). For embryonic
cardiomyocytes 4 movies per well were recorded at random positions in
4 wells per treatment condition from two independent experiments (8
wells per treatment in total). Movies were superimposed with a 10x10
grid in the ZEN 2.3 software. Each square was evaluated for visible
contraction and the number of squares with contraction was counted for
each movie or microscopic field, respectively, and averaged from the
four movies per well. For neonatal cardiomyocytes 2 movies in 4 wells
per treatment were recorded and scored as described. In addition, in 5
areas per movie the frequency of spontaneous contraction was deter-
mined as beats per minute (bpm).

2.4. Immunofluorescence staining

For immunofluorescence staining embryonic cardiomyocytes were
cultured in 8-well chamber slides (94.6140.802, Sarstedt) or 12-well
plates on glass coverslips coated with laminin (L2020, Sigma Aldrich).
After treatment with ETC inhibitors for the desired time (usually 24 h)
culture medium was aspirated. Cells were washed twice in PBS for 2
min, fixed in 4% PFA in PBS for 10 min and permeabilized in PBS
containing 0.25% Triton X-100 for 10 min (all steps at RT). After three
washes in PBS for 5 min each blocking was performed in antibody so-
lution (1% BSA, 0.1% Triton X-100, 0.05% Tween 20, 0.05% sodium
azide in PBS) containing 5% normal goat serum (Jackson ImmunoR-
esearch) for 1 h at RT, after which cells were incubated over night with
primary antibodies at 4°C on a rocking platform. The following primary
antibodies were used: Ki67 (14-5698-82, Thermo Fisher, 1:500), ATF4
(#11815, Cell Signaling Technology, 1:200), ATF5 (ab184923, Abcam,
1:500), cleaved caspase-3 (#9661, Cell Signaling, 1:400), Nkx2.5 (sc-
14033, Santa Cruz, 1:500), a-Actinin (A7811, Sigma Aldrich, 1:800),
SOD2 (24127-1-AP, Proteintech, 1:200), HSP60 (#4870, Cell Signaling,
1:1000). Secondary antibody detection was performed at room tem-
perature for 1 h using Alexa Fluor 488, 555 or 647 conjugated secondary
antibodies (A21434, A11029, A11008, A21428, A21247, Thermo
Fisher, 1:500). Nuclei were stained with DAPI (#6335, Carl Roth) and
cells were mounted in ProLong Gold antifade reagent (Cell Signaling
Technology). Imaging was performed using a Zeiss Axio Observer 7
equipped with the ZEN 2.3 pro imaging capture software.

2.5. ROS detection

Reactive oxygen species were detected using the fluorescence probe
MitoSOX Red (M36008, Thermo Fisher) according to the manufacturer’s
instructions. For fluorescence microscopy of MitoSOX cells were seeded
in 8-well chamber slides (94.6140.802, Sarstedt) and treated with
DMSO or antimycin A for 24 h. Medium was aspirated and 5 pM
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MitoSOX in DMEM was added in a total volume of 500 pl per well for 20
min at 37°C. Cells were washed two times in PBS and imaged using a 20x
LD A-Plan objective (Zeiss).

2.6. Evaluation of cell size

To measure the surface area embryonic or neonatal cardiomyocytes
were cultured in 8-well chamber slides and treated with DMSO or in-
hibitors of mitochondrial respiration for 24 h. Subsequently, immuno-
fluorescence staining for a-actinin was performed as described above to
outline cell borders. Imaging was performed using a 20x Plan-
Apochromat objective on a Zeiss Axio Observer 7 microscope equip-
ped with the ZEN 2.3 pro imaging capture software. Single a-actinin
positive cardiomyocytes in loosely confluent areas with clearly
discernible cell borders were selected and cell surface area was
measured using ZEN blue software. The mean surface area of 30-40
cardiomyocytes per well was determined with n = 4 wells per culture
condition.

2.7. Evaluation of cardiomyocyte purity and cell cycle activity

Cell cycle activity was assessed based on immunofluorescence
staining for Ki67. Embryonic cardiomyocytes were cultured in 8-well
chamber slides and treated with DMSO, antimycin A or oligomycin for
24 h. Subsequently, immunofluorescence staining for Ki67 and Nkx2.5
(to identify cardiomyocyte nuclei) was performed as described above.
Four to six random fields per well were imaged using a Zeiss Axio
Observer 7 fluorescence microscope and a 10x N-Achroplan objective.
DAPI stained nuclei were counted using the “Find Maxima” function in
ImageJ (https://imagej.net/ij/) with manual correction if required
whereas Ki67 and Nkx2.5 positive nuclei were counted manually. The
number of Nkx2.5 positive nuclei was subtracted from the total number
of nuclei to reveal the number of non-myocyte nuclei. Similarly, the
number of Ki67/Nkx2.5 double positive nuclei (indicating cycling car-
diomyocytes) was subtracted from the total number of Ki67 nuclei to
reveal the number of cycling non-myocytes. The percentage of Ki67
positive cardiomyocyte and non-myocyte nuclei was calculated for each
image and averaged per well. Each culture condition was analyzed in
triplicates, such that data was averaged from three wells.

In a second approach Ki67 staining was combined with a-actinin to
identify cardiomyocytes. Embryonic and neonatal cardiomyocytes were
cultured and treated as described. Twenty random fields per well were
imaged using a 20x Plan-Apochromat objective. The total number of
DAPI stained nuclei was counted using the Image Analysis Toolkit in the
ZEN software (Zeiss). The number of cardiomyocyte nuclei located
within a-actinin positive cells was counted manually and subtracted
from the total number of nuclei to reveal non-myocyte nuclear numbers.
Ki67 signals were counted manually and assigned to cardiomyocytes or
non-myocytes based on a-actinin staining. The percentage of Ki67 pos-
itive cardiomyocyte and non-myocyte nuclei was calculated per well
and averaged for each culture condition.

2.8. Evaluation of cell death

Programmed cell death (apoptosis) was detected by immunofluo-
rescence staining for cleaved caspase-3 as described above including co-
staining for a-actinin to differentiate cardiomyocytes and non-myocytes.
Twenty random fields per well were imaged using a 20x Plan-
Apochromat objective. The total number of DAPI stained nuclei was
counted using the Image Analysis Toolkit in the ZEN software (Zeiss).
The number of cardiomyocyte nuclei located within a-actinin positive
cells was counted manually and subtracted from the total number of
nuclei to reveal non-myocyte nuclear numbers. Cleaved caspase-3 sig-
nals were counted manually and assigned to cardiomyocytes or non-
myocytes based on a-actinin staining. The percentage of apoptotic car-
diomyocytes and non-myocytes was calculated per well and averaged
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for each culture condition.

To determine cellular disintegration and necrosis in adult car-
diomyocytes the release of lactate dehydrogenase into the culture me-
dium was measured using the LDH Cytotoxicity Assay Kit from Cayman
Chemical (#601170). Cells were seeded in 12-well plates for 24 h fol-
lowed by antimycin A treatment with equivalent volumes of DMSO
serving as control. Culture medium was collected at different time points
after initiation of treatment. 100 pl of cell culture supernatant was used
for the assay which was performed in white opaque 96-well flat-bottom
microplates according to the manufacturer’s instructions. Absorbance at
490 nm was measured in a CLARIOstar microplate reader (BMG Lab-
tech) after 90 min. Three to four different wells per condition were
analyzed and measurements were performed in duplicate for each well.
Cell culture medium not in contact with any cells was included in the
assay such that its absorbance was subtracted for blank correction.

2.9. Transmission electron microscopy

Neonatal mouse cardiomyocytes were isolated, cultured and treated
with DMSO, antimycin A or oligomycin in 6-well plates for 24 h as
described above. Cells were briefly washed in PBS and carefully de-
tached using TrypLE Express (Gibco) at 37°C for approximately 15 min.
Detachment was closely monitored and supported by gentle shaking and
pipetting. Detachment was stopped by adding culture medium con-
taining 10% FCS, cells were centrifuged at 200xg for 5 min and washed
twice in PBS. After the final centrifugation the cell pellets were carefully
overlayed with 2.9% glutaraldehyde in 0.4 M PBS (pH 7.2) without
dissociating the cells and kept at 4°C for at least 4 h. The cell pellets were
washed in 0.1 M PBS (pH 7.2) and were transferred to 1% osmium te-
troxide (OsO4) in Aqua dest. The cell pellets were dehydrated in
ascending grades of ethanol (25, 35, 50, 70, 75, 85 and 3 x 100%) for 10
min each. The second and third incubations in 100% ethanol were
extended to 20 min. The cell pellets were then dehydrated in propylene
oxide and a propylene oxide/resin mixture (1:1) for 20 min each and
after that infiltrated with a resin mixture and kept in a desiccator
overnight. Polymerization of the resin was accomplished in an oven at
60°C for 24 h. Semi-thin sections (990 nm thickness) were prepared and
stained with 1% Richardson to assess overall cell morphology. Ultrathin
sections (190 nm thickness) were prepared and mounted on copper
grids. Ultrathin sections were contrasted with uranyless and 3% lead
citrate with a Leica EM AC20. The contrasted ultrathin sections were
examined and photographed using a Zeiss EM 109 transmission electron
microscope equipped with a Slowscan 2 K-CCD digital camera (2K wide
angel sharp:eye). Only cardiomyocytes with clearly visible sarcomeric
structures were analyzed for mitochondrial pathology. At least 10 cells
per pellet were observed from two independent pellets per treatment.
Cells with morphological alterations like sarcomeric hypercontraction,
membrane rupture or increased numbers of vacuoles were excluded.

2.10. Isolation of proteins from murine hearts

Mice on a mixed 129Sv/C57BL/6 genetic background were used for
protein isolation. Pregnant mice were sacrificed by cervical dislocation
at 13.5 dpc or 16.5 dpc and embryos/fetuses were dissected from the
uterus directly into ice cold PBS followed by decapitation. Newborn
mice were sacrificed by decapitation on postnatal day 1 and adult mice
were sacrificed by cervical dislocation at the age of 8 weeks. For em-
bryos, fetuses and neonates the entire heart (including atria and outflow
tract) was prepared and snap frozen in liquid nitrogen whereas the apex
was used for adult hearts. For isolation of cardiac proteins embryonic
and fetal hearts were homogenized using micro pestles in RIPA buffer
supplemented with protease (Complete Protease Inhibitor Cocktail
Tablets, Roche Diagnostics) and phosphatase (PhosSTOP Phosphatase
Inhibitor Cocktail Tablets, Roche) inhibitors. Neonatal and adult heart
tissue was homogenized using a Precellys Evolution Homogenizer
(Bertin Technologies). The tissue lysates were subsequently incubated at
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4°C for 2 h with gentle agitation and centrifuged at 12.000xg for 10 min
at 4°C. Protein concentration in the supernatant was determined by a
modified Lowry assay (DC Protein Assay, BIO-RAD). Per sample 20 pg of
protein was used for Western blot analyses.

2.11. Western blot analyses

For protein isolation embryonic and adult cardiomyocytes were
cultured in 6-well plates and treated as desired. Cells were washed in
PBS and lysed in 50 pl cell lysis buffer (#9803, Cell Signaling Tech-
nology) supplemented with protease (Complete Protease Inhibitor
Cocktail Tablets, Roche Diagnostics) and phosphatase (PhosSTOP
Phosphatase Inhibitor Cocktail Tablets, Roche) inhibitors for 10 min on
ice. Cells were mechanically disrupted using cell scrapers, the lysate was
transferred to a reaction tube and centrifuged at 12.000xg for 10 min at
4°C. Protein concentration in the supernatant was determined by a
modified Lowry assay (DC Protein Assay, BIO-RAD). For samples on the
same gel equal protein amounts (usually 10-20 pg) were loaded, sepa-
rated by denaturing polyacrylamide gel electrophoresis (SDS-PAGE) and
blotted onto nitrocellulose membranes (GE Healthcare). Membranes
were blocked for 1 h in 5% non-fat dry milk (Carl Roth) in TBS-T and
incubated with primary antibodies at 4°C over night. A list of primary
antibodies used in this study is provided in Supplementary Table S1.
Antibodies against GAPDH, a-Tubulin and Vinculin were used for
loading control and for normalization upon densitometric quantifica-
tions. Secondary detection was performed using horseradish peroxidase
(HRP)-linked secondary antibodies (Cell Signaling, #7074 and #7076,
1:2000). Standard enhanced chemiluminescence (ECL) reaction was
used for abundant proteins whereas weakly expressed proteins were
detected using the SuperSignal West Femto Maximum Sensitivity Sub-
strate (Thermo Scientific). ECL signals were imaged with a Vilber
Lourmat Fusion Solo 6 S Edge or ChemiDoc XRS+ (BIO-RAD) system.
Intensity of detected protein bands was quantified by densitometry
using Evolution Capture Edge (Vilber Lourmat) or Image Lab (BIO-RAD)
software.

2.12. RNA expression analyses throughout mouse and human heart
development

To investigate RNA expression of genes throughout mouse and
human heart development previously published transcriptome data sets
in various organs and mammalian species throughout pre- and postnatal
development were used (Cardoso-Moreira et al., 2019) [16]. Raw data
(RPKM) for mouse and human hearts were downloaded from the
Kaessmann lab website (https://apps.kaessmannlab.org/evodevoapp/)
and graphs were generated using Microsoft Excel 2010.

2.13. Statistical analyses

All data were analyzed using SPSS (IBM) or Excel 2010 (Microsoft)
software and are presented as mean =+ standard error of the mean (SEM).
Graphs were generated using Excel or GraphPad Prism 7, the graphical
abstract was created with BioRender.com. Data sets were tested for
normal distribution by Shapiro-Wilk test and homogeneity of variances
between groups was assessed by Levene’s test. If these criteria were met,
differences between two groups were evaluated with unpaired, two-
sided student’s t-test and those among multiple groups with one-way
analysis of variance (ANOVA) followed by Bonferroni post-hoc test.
For multiple groups with unequal variance Games Howell post-hoc test
was performed. Differences between multiple groups with non-normal
distribution were evaluated with non-parametric Kruskal Wallis one-
way analysis of variance followed by pairwise comparison of groups.
A probability (P) value less than 0.05 was considered statistically sig-
nificant (*P < 0.05, **P < 0.01 and ***P < 0.001). Unless stated
otherwise, the sample size n for in vitro data indicates the number of
separate cell culture wells from one representative experiment. Key
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findings were confirmed by a total of 2-3 independent experiments.
3. Results

3.1. Increased expression of genes involved in redox homeostasis in
postnatal compared to prenatal mouse and human hearts

Given that postnatal cardiomyocytes switch to an oxidative meta-
bolism which physiologically elevates ROS levels [5-7] we asked
whether this is paralleled by an increased capacity to maintain redox
homeostasis. We therefore performed Western blot analyses on embry-
onic (13.5 dpc), fetal (16.5 dpc), neonatal (postnatal day 1, P1) and
early adult (8 weeks of age) mouse hearts. Increased mitochondrial mass
is represented by markedly higher protein levels of COX IV, a subunit of
cytochrome ¢ oxidase (complex IV) of the electron transport chain
(ETQC), in postnatal compared to prenatal hearts (Fig. 1A). At the same
time lactate dehydrogenase (LDH), which converts the glycolysis
metabolite pyruvate to lactate under anaerobic conditions, is decreased
in adult compared to prenatal and newborn hearts (Fig. 1A). Impor-
tantly, PRDX proteins form a cysteine sulfonic acid group (Cys-SO3H)
upon hyperoxidation which can be used to monitor oxidative stress in
Western blot analyses. PRDX-SO3 levels are increased in adult compared
to prenatal and newborn hearts thereby clearly confirming increased
ROS production (Fig. 1B). Protein levels of NRF2, a transcription factor
regulating expression of genes involved in antioxidative defense [13],
progressively increase with cardiac maturation (Fig. 1C). Furthermore,
protein levels of enzymes involved in ROS detoxification such as SOD1,
SOD2 and PRDX3 are significantly increased in adult compared to pre-
natal or newborn hearts (Fig. 1C) whereas TRX2 is unchanged
throughout development (Supplementary Fig. S1). In contrast, the
antioxidative enzyme HO-1 shows a reverse expression pattern with
high protein levels in the prenatal heart and a decrease after birth
(Supplementary Fig. S1). To confirm expression changes of redox genes
upon cardiac maturation at the RNA level we used previously published
transcriptome data sets in various organs and mammalian species
throughout pre- and postnatal development [16]. These analyses
confirmed that the expression of multiple antioxidative proteins and
enzymes increases after birth and is markedly higher in the adult
compared to the prenatal mouse and human heart, including SOD1,
SOD2, TXN2 and different PRDX family members (Fig. 1D and E, Sup-
plementary Fig. S2). In conclusion, the switch to an oxidative meta-
bolism and increased mitochondrial respiration in the postnatal heart is
paralleled by increased expression of redox proteins which is likely
required to cope with high ROS levels in terminally differentiated
cardiomyocytes.

3.2. Expression of genes involved in cellular protein homeostasis in the
postnatal compared to the prenatal heart

ROS generation along the mitochondrial respiratory chain requires
mechanisms to resolve oxidative protein damage. To test whether PQC
capacities increase in the postnatal heart we analyzed expression of
chaperones as well as components of the HSR and UPR. Interestingly,
protein expression of chaperones HSP70 and HSP90 gradually decrease
upon progression of murine heart development (Fig. 2A) and HSF1, a
key transcription factor of the HSR [12], is reduced in the adult
compared to the neonatal heart (Fig. 2A). In contrast, the mitochondrial
protease CLPP and the chaperone HSP60 increase in the adult heart,
indicating the requirement for high PQC capacities inside mitochondria
after the switch to an oxidative metabolism (Fig. 2B). A key step upon
activation of the ISR and UPR is phosphorylation of eIF2a which me-
diates translational inhibition but allows preferential protein synthesis
from certain mRNAs, as for example ATF4 [11]. Phosphorylation of
elF2u decreases during cardiac development and is almost undetectable
in the adult heart whereas expression of its phosphatase GADD34 does
not change (Fig. 2C). Interestingly, we observed an age dependent
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switch in the molecular weight of eI[F2a with a smaller isoform expressed
in the embryonic compared to the adult heart (Fig. 2C). ATF4 protein
levels peak in the fetal heart but are almost undetectable in adulthood
(Fig. 2C). We again evaluated the respective transcriptome data in the
mouse and human heart [16]. HSP70 consists of a protein family
encoded by different genes, expression of which (e.g. HSPA4) is mainly
unchanged throughout mouse and human heart development (Supple-
mentary Fig. S3). Similarly, expression of genes encoding HSP90 (e.g.
HSP90AA1), the ER chaperone BiP/GRP78 (HSPA5) or HSP60 (HSPD1)
either do not show major alterations or tend to decrease with advanced
cardiac maturation (Supplementary Fig. S3). UPR genes such as ATF4,
DDIT3 (encoding CHOP), PPP1R15A (encoding GADD34) or EIF2A show
variable expression throughout mouse and human heart development
but are not considerably induced in the postnatal compared to the pre-
natal heart (Supplementary Fig. S4). In summary, the postnatal increase
in redox proteins is not generally paralleled by similar expression
pattern of PQC genes although an induction of mitochondrial PQC
proteins is observed in mice after birth.

3.3. Embryonic cardiomyocytes tolerate inhibition of mitochondrial
complex III and V but not I

The data presented above suggest significant changes in the capacity
to maintain redox homeostasis in the heart upon postnatal maturation.
To investigate how immature cardiomyocytes cope with increased ROS
generation we treated primary cardiomyocytes isolated from embryonic
(12.5-14.5 dpc) mouse hearts with inhibitors of mitochondrial respira-
tion. Cell morphology and density observed by phase-contrast micro-
scopy did not reveal obvious changes after treatment with the ETC
complex III inhibitor antimycin A (AMA) or the ATP synthase (i.e.
complex V) inhibitor oligomycin (OLI) compared to DMSO treated
controls after 24 h (Fig. 3A). In contrast, embryonic cardiomyocytes
treated with the ETC complex I inhibitor rotenone (ROT) showed
reduced density, cell shrinkage, spherical morphology and detachment
(Fig. 3A), which together indicate cell death. Importantly, all three in-
hibitors reduce ATP levels in H9c2 cells (Supplementary Fig. S5), con-
firming that the applied concentrations are indeed effective. Given that
cell isolations from whole embryonic hearts contain cardiomyocytes and
various other cell types (hereafter collectively referred to as non-
myocytes) we sought to more specifically monitor the fate of car-
diomyocytes upon AMA and OLI treatment. We identified immunoflu-
orescence staining for the cardiac transcription factor Nkx2.5 as reliable
marker to differentiate cardiomyocyte from non-myocyte nuclei (Sup-
plementary Figure S6 and Fig. 3B). After 24 h DMSO treatment ~70% of
nuclei were Nkx2.5 positive and this proportion is not changed by AMA
or OLI (Fig. 3C). This suggests no major impairment of embryonic car-
diomyocyte versus non-myocyte growth and survival upon mitochon-
drial complex III and V inhibition. To further confirm the latter we
assessed expression of the cell cycle marker Ki67 after 24 h of OLI or
AMA treatment (Fig. 3B). Interestingly, both AMA and OLI reduced cell
cycle activity in non-myocytes, whereas cardiomyocytes were only
affected by OLI but not AMA (Fig. 3D). Similar results were obtained
when using Ki67 in combination with sarcomeric o-actinin as car-
diomyocyte marker (Supplementary Figs. S7A and B). Importantly,
these results also revealed that ROT completely abolishes cell cycle ac-
tivity in embryonic cardiomyocytes and has a much stronger effect in
non-myocytes compared to AMA and OLI (Supplementary Fig. S7B). To
evaluate programmed cell death (apoptosis) we performed immuno-
staining for cleaved caspase-3 (Supplementary Fig. S7A). Apoptosis was
clearly induced in embryonic cardiomyocytes by ROT whereas AMA and
OLI only had moderate effects (Supplementary Fig. S7C). In contrast,
none of the inhibitors significantly increased apoptosis in non-myocytes
(Supplementary Fig. S7C). As a consequence of increased cardiomyocyte
death their contribution to the cell composition is reduced after 24 h
ROT treatment (Supplementary Fig. S7D). Finally, we measured car-
diomyocyte area which revealed that ROT significantly reduced cell size
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Fig. 1. Expression of genes and proteins involved in redox homeostasis in the pre- and postnatal heart. (A) Western blot analyses showing protein expression
of LDHA (lactate dehydrogenase A) and the mitochondrial complex IV subunit COX IV in embryonic (13.5 dpc), fetal (16.5 dpc), neonatal (P1) and adult (8 weeks of
age) mouse hearts. (B) Western blot analyses in pre- and postnatal mouse hearts detecting sulfonic acid group (SO3) formation in PRDX (peroxiredoxin) proteins
indicating hyperoxidation. (C) Western blot analyses showing protein expression of genes involved in redox homeostasis in pre- and postnatal mouse hearts,
including the transcription factor NRF2 (nuclear factor erythroid 2-related factor 2), PRDX3 (peroxiredoxin 3) and the enzymes SOD1 and 2 (superoxide dismutase 1
and 2). (D) RNA expression of Sod2 at various stages of pre- and postnatal heart development in mice. (E) RNA expression of PRDX3 and SOD2 at various stages of
pre- and postnatal heart development in humans (data in (D) and (E) derived from Ref. [16], red lines separate pre- and postnatal development, DPC = days post
conception, WPC = weeks post conception, P = postnatal day, NB = newborn, Inf. = infant, Tod. = toddler, Teen. = teenager, YA = young adult, MA = mid age). n =
3 mice per group in (A)-(C); *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2. Expression of proteins involved in cellular protein homeostasis in the pre- and postnatal mouse heart. (A) Western blot analyses of the heat shock
response showing protein expression of the transcription factor HSF1 (heat shock factor 1) and the chaperones HSP70 and HSP90 (heat shock protein 70 and 90) in
embryonic (13.5 dpc), fetal (16.5 dpc), neonatal (P1) and adult (8 weeks of age) mouse hearts. (B) Western blot analyses of the mitochondrial unfolded protein
response showing protein expression of the mitochondrial chaperone HSP60 (heat shock protein 60) and the protease CLPP (caseinolytic mitochondrial matrix
peptidase proteolytic subunit) in pre- and postnatal mouse hearts. (C) Western blot analyses of the integrated stress response showing phosphorylation of elF2a
(eukaryotic translation initiation factor 2A) as well as expression of the transcription factor ATF4 (activating transcription factor 4) and the elF2a phosphatase
subunit GADD34 (protein phosphatase 1, regulatory subunit 15 A) in the pre- and postnatal mouse heart. Note the molecular weight switch of total elF2a with
advanced heart maturation. n = 3 mice per group in (A)-(C); *P < 0.05, **P < 0.01, ***P < 0.001.

whereas AMA and OLI only had moderate effects (Fig. 3E). In summary,
inhibition of mitochondrial complex I induces cell death in embryonic
cardiomyocytes but inhibition of complex III and V is well tolerated.
Whereas complex V inhibition decreases cell cycle activity complex III
inhibition has no detectable effect on growth and survival of embryonic
cardiomyocytes.

3.4. Antimycin A induces oxidative stress and alters the mitochondrial
network in embryonic cardiomyocytes

The surprising tolerance of embryonic cardiomyocytes towards
mitochondrial complex I1I inhibition raises the question whether AMA is
indeed effective under the applied culture conditions. We therefore
detected ROS generated within mitochondria using the red fluorescence
probe MitoSOX in living cells. This revealed clearly increased fluores-
cence intensity in AMA compared to DMSO treated embryonic

cardiomyocytes after 24 h (Fig. 4A). In addition, detection of hyper-
oxidized PRDX-SO3 in Western blot analyses showed a marked induc-
tion by AMA compared to DMSO (Fig. 4B). To evaluate the intracellular
mitochondrial network, we performed immunofluorescence staining for
proteins localized within mitochondria, such as SOD2 and HSP60. Both
showed markedly different staining pattern in AMA compared to DMSO
treated embryonic cardiomyocytes. Whereas SOD2 and HSP60 staining
show a structured network predominantly localized in the perinuclear
region of DMSO treated cells it is more diffuse and disseminated in the
cell periphery upon AMA treatment (Fig. 4C and Supplementary
Fig. S8). The latter could indicate increased mitochondrial fission
resulting in smaller mitochondria with altered intracellular distribution.

Mitochondrial dysfunction could impair contractility in embryonic
cardiomyocytes by altering sarcomere structure. Immunofluorescence
staining for sarcomeric o-actinin did not show major differences in
sarcomere organization and alignment in AMA compared to DMSO
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Fig. 3. Morphology and cell cycle activity of embryonic cardiomyocytes treated with inhibitors of mitochondrial respiration. Embryonic cardiomyocytes
were treated with DMSO, AMA (50 uM), OLI (5 uM) and ROT (10 pM) for 24 h. (A) Phase-contrast microscopy images (scale bar = 200 pm). (B) Immunofluorescence
staining detecting the cell cycle marker Ki67 (in red) and the cardiomyocyte transcription factor Nkx2.5 (in green). Nuclei were stained in blue using DAPI. Arrows
indicate examples of Ki67/Nkx2.5 double positive nuclei (scale bar = 100 pm). (C) Contribution of Nkx2.5-positive nuclei to the total number of nuclei as determined
by immunofluorescence shown in (B). (D) Cell cycle activity was quantified based on Ki67 immunofluorescence staining in Nkx2.5-negative non-myocyte nuclei
(NM) and Nkx2.5 positive cardiomyocyte nuclei (CM). (E) Embryonic cardiomyocytes were treated with DMSO, AMA, OLI and ROT for 24 h (n = 4 wells per
treatment) and the cell area was measured based on a-actinin immunofluorescence staining (see Supplementary Fig. S7A). n = 4 wells per treatment for DMSO/AMA
and n = 3 for DMSO/OLI in (B) and (D); *P < 0.05, ***P < 0.001.

treated embryonic cardiomyocytes after 24 h (Fig. 4D). We furthermore stress and alters the intracellular mitochondrial network but does not
performed functional evaluations based on phase-contrast microscopy seem to impair contractility in embryonic cardiomyocytes.

by superimposing a grid over short video frames of embryonic car-

diomyocytes and counting squares with visible contractions. Consistent

with unaltered sarcomere structure, these results revealed no difference

between treatments (Fig. 4E). In conclusion, AMA induces oxidative
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Fig. 4. Oxidative stress, morphology and function in embryonic cardiomyocytes upon mitochondrial complex III inhibition. Embryonic cardiomyocytes
were treated with DMSO or AMA (50 pM) for 24 h. (A) Fluorescence microscopy images detecting MitoSOX, a red fluorescent probe for reactive oxygen species
generated inside mitochondria (scale bar = 100 pm). (B) Western blot analyses detecting sulfonic acid group (SO3) formation in PRDX (peroxiredoxin) proteins
indicating hyperoxidation (n = 3 wells per treatment, **P < 0.01). (C) Immunofluorescence staining detecting the mitochondrial ROS detoxifying enzyme SOD2 (in
red) and the cardiomyocyte specific sarcomere associated protein a-actinin (in green). Nuclei were stained in blue using DAPI (scale bar = 100 pm). (D) Immu-
nofluorescence staining for a-actinin (in green) showing sarcomere structure and organization at higher magnification (scale bar = 20 pm). (E) Contractility was
assessed in phase-contrast microscopy movies with a superimposed grid. Areas with contracting cells were quantified and related to the total number of areas scored
(n = 8 wells per treatment).

3.5. Antimycin A activates the integrated stress response and oxidative treated cardiomyocytes as well as in non-myocytes (Fig. 5B).
defense in embryonic cardiomyocytes ATFS has emerged as key transcription factor mediating the response
to mitochondrial stress and regulating the mitochondrial UPR (UPR™Y
To gain molecular insights into the tolerance of embryonic car- in mammalian cells [19]. ATF5 tends to be induced in AMA treated
diomyocytes towards mitochondrial complex III inhibition we investi- embryonic cardiomyocytes (Fig. 5A) and immunofluorescence analyses
gated various cellular stress pathways. We have previously shown in confirmed increased nuclear localization (Supplementary Fig. S9).
mice [17] and cardiac cell lines [18] that immature cardiomyocytes However, various components of the UPR™ including YME1L1, PMPCB,
activate the ISR upon complex III inhibition. Similarly, AMA treatment ClpP and HSP60 [20] are not induced by AMA on the protein level
in primary embryonic cardiomyocytes for 24 h increases phosphoryla- (Fig. 5C). Mitochondrial dysfunction induces a stress response in the
tion of elF2a and protein expression of the ISR transcription factors endoplasmic reticulum due to crosstalk between these organelles [21].
ATF4 and CHOP (Fig. 5A). Immunofluorescence analyses confirmed Indeed, the ER chaperone GRP78 (also known as BiP), which can indi-
ATF4 induction and a predominantly nuclear localization in AMA cate ER stress, is strongly induced in AMA treated embryonic
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Fig. 5. Stress response in embryonic cardiomyocytes upon mitochondrial complex III inhibition. Embryonic cardiomyocytes were treated with DMSO or AMA
(50 pM) for 24 h. (A) Western blot analyses of the integrated stress response (ISR) showing phosphorylation of elF2a as well as expression of the transcription factors
ATF4, CHOP and ATF5. (B) Immunofluorescence staining detecting the ISR transcription factor ATF4 (in red) and the cardiomyocyte specific sarcomere associated
protein a-actinin (in green). Nuclei were stained in blue using DAPI (scale bar = 50 pm). Arrows indicate accumulation of ATF4 in cardiomyocyte nuclei. (C) Western
blot analyses of the mitochondrial unfolded protein response showing protein expression of the mitochondrial chaperone HSP60 and the proteases/peptidases
YME1L1, PMPCB and CLPP. (D) Western blot analyses of ER stress showing protein expression of the ER chaperone BiP (also known as GRP78). (E) Western blot
analyses showing protein expression of the antioxidative and ROS detoxifying enzymes HO-1, SOD1 and SOD2. n = 3 wells per treatment in (A) and (C)-(E); *P <
0.05, ***P < 0.001.
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cardiomyocytes (Fig. 5D).

We have previously shown in H9c2 cells that AMA induces expres-
sion of the HSR transcription factor HSF1 [18], which was not observed
in embryonic cardiomyocytes, however (Supplementary Fig. S10A).
Moreover, AMA increases phosphorylation of the stress sensitive p38
MAP-kinase in H9c2 cells [18], which is not evident in embryonic car-
diomyocytes (Supplementary Fig. S10B). Finally, mitochondrial stress
induced by complex III inhibition leads to induction of proteins involved
in ROS detoxification in immature cardiac cells both in vivo and in vitro
[17,18]. Consistently, AMA increases protein expression of the anti-

Free Radical Biology and Medicine 213 (2024) 248-265

(Fig. 5E). In summary, mitochondrial complex III inhibition activates
the ISR (but not the UPR™) and oxidative defense in embryonic
cardiomyocytes.

3.6. Adult cardiomyocytes rapidly disintegrate upon mitochondrial
complex III inhibition

To test how adult cardiomyocytes cope with mitochondrial complex
III inhibition they were isolated from 3 to 6 months old murine hearts

and treated with AMA. A concentration of 50 pM AMA, which was well

oxidative proteins SOD1, SOD2 and HO-1 in embryonic cardiomyocytes
tolerated by embryonic cardiomyocytes for up to 24 h, led to rapid
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Fig. 6. Survival and morphology of adult and neonatal cardiomyocytes upon mitochondrial dysfunction. (A) LDH activity was measured in the culture
medium of adult cardiomyocytes treated with DMSO or AMA (50 pM) for 30 min or 6 h (n = 3 wells per treatment, *P < 0.05). (B) Phase-contrast microscopy images
of adult cardiomyocytes treated with DMSO or AMA (5 uM) for 15 min. (C) Phase-contrast microscopy images of neonatal cardiomyocytes treated with DMSO or
AMA (50 pM) for 24 h. (D) Phase-contrast microscopy images of neonatal cardiomyocytes treated with DMSO, OLI (5 pM) and ROT (10 pM) for 24 h (scale bar = 200
pm in (B)-(D)). (E) Neonatal cardiomyocytes were treated with DMSO, AMA (50 pM), OLI (5 pM) or ROT (10 pM) for 24 h and contractility was assessed in phase-
contrast microscopy with a superimposed grid. Areas with contracting cells were quantified and related to the total number of areas scored and the frequency of
spontaneous contraction (bpm = beats per minute) was determined (n = 4 wells per treatment, ***P < 0.001).
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changes in cell morphology. Whereas the majority of DMSO treated
adult cardiomyocytes was rod shaped and attached to the culture flask
for several hours, AMA treated cells showed a rounded and spherical
shape after 30 min (Supplementary Fig. S11A). In addition, the majority
of cells had detached and was floating in the medium. 6 h after the onset
of AMA treatment increased LDH activity in the culture medium
compared to DMSO treated cells indicated cellular disintegration, which
was not yet observed after 30 min despite detachment and altered cell
shape (Fig. 6A). The rapid changes in cell morphology were similarly

A
HSP60
DMSO 24 h

AMA 24 h

OLI 24 h

ROT 24 h
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observed with 10 pM and 5 pM AMA, a concentration 10 times lower
compared to that tolerated by embryonic cardiomyocytes. Adult car-
diomyocytes started to round up and detach as soon as 5 min after the
onset of treatment (Supplementary Fig. S11B) and after 15 min rod
shaped cells were no longer observed (Fig. 6B). Thus, adult car-
diomyocytes are highly susceptible to mitochondrial complex III inhi-
bition and undergo rapid cellular disintegration.

Fig. 7. Sarcomere organization and mitochondrial ultrastructure in neonatal cardiomyocytes treated with inhibitors of mitochondrial respiration. (A)
Immunofluorescence staining of neonatal cardiomyocytes treated with DMSO, AMA (50 pM), OLI (5 pM) and ROT (10 pM) for 24 h detecting the mitochondrial
chaperone HSP60 (in red) and the cardiomyocyte specific sarcomere associated protein a-actinin (in green). Nuclei were stained in blue using DAPI (scale bar = 20
pm). (B) Transmission electron microscopy (TEM) images of neonatal cardiomyocytes treated with DMSO, AMA (50 pM) and OLI (5 pM) for 24 h. Cardiomyocytes
were identified based on the presence of myofibrils (see white asterisks) and sarcomere structures such as z-discs (see white arrows). Mitochondria are indicated by
red arrows. Red arrowheads point to extremely misshaped (AMA) or enlarged (OLI) mitochondria (scale bar = 1000 nm). (C) High power TEM images of neonatal
cardiomyocytes treated as described above to show mitochondrial morphology and ultrastructure (scale bar = 250 nm).
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3.7. Neonatal cardiomyocytes behave similar to embryonic
cardiomyocytes upon inhibition of mitochondrial respiration

If resistance towards mitochondrial dysfunction is lost during car-
diomyocyte terminal differentiation, it might still be preserved in the
perinatal phase. Therefore, neonatal mouse cardiomyocytes were iso-
lated on postnatal day 1 (P1) and treated with AMA (50 pM), OLI (5 pM)
and ROT (10 pM). Interestingly, no major differences in cell density and
no signs of excessive cell death (i.e. detached or floating cells) were
observed in AMA and OLI compared to DMSO treated cells after 24 h
(Fig. 6C and D). In contrast, ROT treatment results in severely disturbed
cell morphology (i.e. shrinkage, globular shape and fragmentation),
detachment and reduced cell density (Fig. 6D). Immunofluorescence
staining for Ki67 and a-actinin revealed that all three inhibitors reduced
cell cycle activity in non-myocytes with ROT having the most severe
effect (Supplementary Figs. S12A and B), a result similar to cells isolated
from the embryonic heart described above. In contrast to embryonic
cardiomyocytes, all three inhibitors including AMA reduced cell cycle
activity and size in neonatal cardiomyocytes (Supplementary Figs. S12B
and C).

Functional analyses by counting areas with visible contractions in
phase-contrast microscopy revealed that neonatal cardiomyocytes
treated with AMA showed contractile areas similar to DMSO after 24 h
but contractility was reduce by OLI and almost absent after ROT treat-
ment (Fig. 6E). The frequency of spontaneous contractions, however,
was unaffected by OLI but clearly reduced by AMA (Fig. 6E). Thus,
whereas ROT abolishes contractility in neonatal cardiomyocytes and
causes cellular disintegration, AMA and OLI are largely tolerated but
have moderate but differential effects on contractile function.

3.8. Neonatal cardiomyocytes exhibit changes in mitochondrial
ultrastructure when treated with mitochondrial inhibitors

Consistent with the contractility results described above, immuno-
fluorescence staining for a-actinin revealed largely normal sarcomere
organization and alignment in AMA and OLI compared to DMSO treated
neonatal cardiomyocytes. In contrast, ROT leads to disassembled and
fragmented sarcomeres evident as speckled a-actinin staining (Fig. 7A).
To assess organization of the intracellular mitochondrial network
immunofluorescence staining for HSP60 was performed. This revealed a
predominantly perinuclear localization of mitochondria in DMSO
treated neonatal cardiomyocytes with numerous extensions in the cell
periphery (Fig. 7A). In contrast, HSP60 staining is much weaker and
diffusely distributed within AMA treated cardiomyocytes whereas a
stronger but similarly diffuse staining pattern was observed upon ROT
treatment (Fig. 7A). Interestingly, HSP60 staining in OLI treated car-
diomyocytes is characterized by bright and punctuated structures in the
perinuclear region (Fig. 7A). Thus, the inhibitors of mitochondrial
respiration have different consequences for the organization of the
mitochondrial network within neonatal cardiomyocytes.

To further evaluate the latter we performed transmission electron
microscopy (TEM) in cultured cells isolated from the neonatal mouse
heart and treated with AMA or OLI for 24 h. Cardiomyocytes could
readily be identified in TEM images based on the presence of myofibrils
and sarcomere structures (Fig. 7B). DMSO treated cardiomyocytes
contained relatively large and uniformly round mitochondria with a
loose but well organized cristae structure. In contrast, AMA and OLI
treated cardiomyocytes showed remarkable mitochondrial poly-
morphisms with a large number of small and round mitochondria but
also elongated or totally misshaped mitochondria presenting as ring-like
structure with apparent inclusions (Fig. 7B and C). In addition, OLI
treated cardiomyocytes occasionally contain some extremely enlarged
mitochondria which could represent the punctuated structures seen in
HSP60 immunofluorescence staining. In summary, mitochondrial
dysfunction in neonatal cardiomyocytes leads to alterations of the
mitochondrial network und ultrastructure.
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3.9. Antimycin A treatment in adult cardiomyocytes leads to inactivation
of the integrated stress response

Adult cardiomyocytes rapidly undergo cell death upon AMA treat-
ment with LDH release in the culture medium detected after 6 h
(Fig. 6A). Consequently, Western blot experiments after 6 h and 24 h
AMA treatment (50 pM) revealed loss of the majority of proteins,
including cytoplasmic (GAPDH, HSP70 and HSP90) as well as structural
and cytoskeletal (vinculin and tubulin) proteins indicative of cellular
disintegration (Supplementary Fig. S13). Interestingly, proteins local-
ized within mitochondria (HSP60 and SOD2) or the ER (GRP78/BiP)
were still detectable, suggesting that these organelles are somewhat
preserved (Supplementary Fig. S13). To gain insights into the stress
response of adult cardiomyocytes we performed Western blot analyses
after 15 and 30 min AMA treatment, a period after which LDH release
was not yet detected (Fig. 6A). Importantly, hyperoxidation of PRDX
was observed at both time points confirming a rapid increase in ROS
generation (Fig. 8A). Expression of proteins involved in antioxidative
defense was not altered in adult cardiomyocytes after 15 or 30 min AMA
compared to DMSO treatment (Supplementary Fig. S14A), similar to
chaperones HSP60, HSP70 and HSP90 (Supplementary Fig. S14B).
When investigating the ISR we found reduced phosphorylation of eIF2a
and reduced ATF4 and CHOP expression after AMA compared to DMSO
treatment (Fig. 8B). Thus, a rapid onset of oxidative stress by mito-
chondrial complex III inhibition is accompanied by inhibition of the ISR
in adult cardiomyocytes.

3.10. Embryonic and adult cardiomyocytes show a different stress
response after mitochondrial complex III inhibition

Rapid disintegration of adult cardiomyocytes upon AMA treatment
precludes meaningful comparisons with embryonic cardiomyocytes
regarding molecular stress response mechanisms. We therefore titrated
an AMA concentration that is tolerated by adult cardiomyocytes for a
longer period and found that 1 pM for 2 h results in moderate
morphological changes with the majority of cells still being rod shaped
(Supplementary Fig. S15). Thus, we directly compared stress response
pathways in embryonic and adult cardiomyocytes treated with 50 uM or
1 pM AMA, respectively, for 2 h. Hyperoxidation of PRDX was not
observed in both groups (Supplementary Fig. S16A) suggesting that
oxidative stress is still kept in check. Importantly, 50 pM AMA results in
PRDX-SO3 formation after 15 min in adult cardiomyocytes (Fig. 8A)
whereas no changes are observed in embryonic cardiomyocytes for up to
2 h. These data indicate fundamental differences in the dynamics of ROS
generation upon mitochondrial dysfunction in embryonic versus adult
cardiomyocytes.

Western blot analyses showed increased levels of mitochondrial
(COX 1V) and antioxidative (PRDX3 and SOD2) proteins in adult versus
embryonic cardiomyocytes (Supplementary Fig. S16A), similar to in
vivo data during heart development described above (Fig. 1A and C).
However, PRDX3 and SOD2 were not induced by AMA compared to
DMSO in either cell type after 2 h (Supplementary Fig. S16A). The HSR
transcription factor HSF1 showed lower protein expression in adult
versus embryonic cardiomyocytes (Fig. 8C) as shown in vivo (Fig. 2A).
Whereas HSF1 is not affected in AMA treated embryonic cardiomyocytes
it is reduced by AMA in adult cardiomyocytes (Fig. 8C). The ER chap-
erone BiP/GRP78 also showed lower protein levels in adult versus em-
bryonic cardiomyocytes but is not affected by AMA in either cell type
(Supplementary Fig. S16B). Thus, ER stress observed in embryonic
cardiomyocytes after 24 h (Fig. 5D) appears to be a late but not an im-
mediate response to mitochondrial complex III inhibition. When inves-
tigating the UPR™ we found no changes in ATF5, HSP60 or YME1L1
protein expression in AMA versus DMSO treated embryonic or adult
cardiomyocytes, respectively (Supplementary Fig. S16C). In contrast,
phosphorylation of elF2a was increased by AMA in both cell types
(Fig. 8D). Thus, whereas high AMA concentrations associated with
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Fig. 8. Stress response in adult compared to embryonic cardiomyocytes upon mitochondrial complex III inhibition. (A) Adult cardiomyocytes were treated
with DMSO or AMA (50 pM) for 15 or 30 min. Western blot analyses show sulfonic acid group (SO3) formation in PRDX (peroxiredoxin) proteins indicating
hyperoxidation. (B) Western blot analyses of the integrated stress response showing phosphorylation of elF2u as well as expression of the transcription factors ATF4
and CHOP in adult cardiomyocytes treated as described in (A). (C) Embryonic and adult cardiomyocytes (CM) were treated with DMSO or AMA (50 pM and 1 pM,
respectively) for 2 h. Western blot analyses show protein expression of the transcription factor HSF1. (D) Western blot analyses of the integrated stress response
showing phosphorylation of eIF2a and expression of the transcription factor CHOP in embryonic and adult cardiomyocytes treated as described in (C). Note the
molecular weight switch of total elF2a in embryonic versus adult cardiomyocytes. (E) Western blot analyses showing phosphorylation of p38 MAP-kinase in em-
bryonic and adult cardiomyocytes treated as described in (C). n = 3 wells per cell type and treatment in all panels; *P < 0.05, **P < 0.01.
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cellular disintegration reduce elF2a phosphorylation (Fig. 8B), moder-
ate oxidative stress increases the latter in adult cardiomyocytes.
Intriguingly, the ISR transcription factor and downstream effector CHOP
is increased by AMA in embryonic but reduced in adult cardiomyocytes
(Fig. 8D). Thus, regulation of the ISR downstream of elF2a phosphory-
lation in response to mitochondrial complex III inhibition seems to differ
in embryonic compared to adult cardiomyocytes.

Finally, we have previously shown that stress responsive p38 MAP-
kinase is activated by AMA in cardiac cell lines [18]. Interestingly,
whereas phosphorylation of p38 was not altered in AMA treated em-
bryonic cardiomyocytes after 2 h, it was strongly induced in adult car-
diomyocytes (Fig. 8E). Taken together, in addition to striking differences
in survival of embryonic versus adult cardiomyocytes in response to
high AMA concentrations, even sub-lethal complex III inhibition results
in differential regulation of stress response mechanisms including the
ISR, HSF1 and p38 MAP-kinase.

4. Discussion

Cardiomyocyte differentiation throughout pre- and postnatal heart
development involves a multitude of critical steps to eventually generate
highly specialized cells that allow efficient contraction. Mitochondrial
maturation in cardiomyocytes is characterized by an increase in mass
after birth accompanied by a switch towards an oxidative metabolism
[4-6]. The latter is required for sufficient ATP supply but also comes
with increased ROS generation along the mitochondrial ETC [7,8].
Whether cardiomyocyte terminal differentiation therefore includes ad-
aptations of cellular redox and PQC mechanisms to establish stress
tolerance in the postnatal heart is incompletely understood. The current
study shows that genes and proteins involved in ROS detoxification [13]
are increased at the RNA and protein level in the mouse heart after birth.
The same trend in RNA expression is observed in humans. In contrast,
genes involved in PQC such as chaperones or components of the
ISR/UPR [9-12] show only moderate changes in RNA expression in the
pre- versus postnatal human and mouse heart. Exceptions are proteins
specifically involved in mitochondrial PQC (i.e. HSP60 and CLPP) [19,
20] which increase in the postnatal mouse heart. In summary, postnatal
cardiomyocyte maturation is paralleled by the induction of genes
involved in redox homeostasis and mitochondrial PQC which are likely
required to compensate for the consequences of an oxidative
metabolism.

Even though the postnatal increase in redox capacities protects adult
cardiomyocytes from physiological ROS production, mitochondrial
dysfunction boosts ROS levels [2,3,8]. Indeed, our results clearly show
that cardiomyocyte differentiation affects susceptibility towards com-
plex III inhibition. Whereas embryonic and neonatal cardiomyocytes
largely tolerate AMA treatment for at least 24 h, adult cardiomyocytes
undergo disintegration within minutes. These results are in agreement
with our previous studies in cardiac cell lines which revealed that
immature H9c2 cardiomyoblasts tolerate AMA treatment whereas more
differentiated HL-1 cells do not [18]. Furthermore, studies in mouse
embryos have shown that cardiomyocytes lacking the mitochondrial
electron transport protein cytochrome c are not eliminated during heart
development and survive until adulthood [17]. An intriguing question is
what protects immature cardiomyocytes from mitochondrial complex II
inhibition? An obvious explanation might be the primary reliance on a
glycolytic metabolism [5,6]. That way electron flux along the respira-
tory chain is low leading to moderate ROS production even under
pathological conditions. In contrast, the high oxidative metabolism of
adult cardiomyocytes causes excessive electron leakage upon mito-
chondrial dysfunction resulting in high ROS levels and oxidative damage
[2,3,8]. Alternatively, immature cardiomyocytes might be better
equipped to deal with oxidative stress, either by more efficient ROS
detoxification or more effective repair of oxidative damage. Finally,
energy demands can potentially be met via glycolysis in immature car-
diomyocytes subjected to mitochondrial dysfunction. Adult
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cardiomyocytes, in contrast, heavily rely on ATP generated by oxidative
phosphorylation such that ATP depletion has more severe consequences.
The latter might affect ATP dependent processes required to maintain
basic cellular functions and membrane integrity [1-3]. Given the rapid
disintegration of adult cardiomyocytes it appears likely that rupture of
the plasma membrane is involved in the induction of cell death. The
latter therefore likely represents necrosis rather than programmed cell
death which would not be executed within minutes after the onset of
mitochondrial dysfunction [22]. Interestingly, under pathological con-
ditions adult cardiomyocytes undergo metabolic reprogramming
resulting in altered substrate utilization and reduced fatty acid oxidation
[23]. Whether the latter contributes to bypassing mitochondrial respi-
ration thereby preventing excessive ROS production and oxidative
damage is incompletely understood.

To uncover differences between embryonic and adult -car-
diomyocytes subjected to mitochondrial complex III inhibition we
characterized various cellular stress response mechanisms previously
identified in cardiac cell lines and embryonic mouse hearts [17,18]. A
striking observation was an activation of the ISR in embryonic but an
inactivation in adult cardiomyocytes in response to AMA. Activation of
the ISR has previously been observed in immature H9c2 cardiomyo-
blasts but it is not required for their survival upon AMA treatment [18].
Similarly, HL-1 cells activate the ISR upon complex III inhibition but
pharmacological ISR augmentation does not reduce cell death [18]. In
adult cardiomyocytes treated with high AMA concentrations the detri-
mental changes resulting in rapid cellular disintegration might not allow
a coordinated ISR activation. Adult cardiomyocytes treated with low
dose AMA show elF2a phosphorylation but no induction of CHOP. Thus,
differential activation and regulation of the ISR might be involved in cell
fate of embryonic versus adult cardiomyocytes upon complex III inhi-
bition. Interestingly, the inability to activate or maintain ISR signaling
during ER stress contributes to cell death in macrophages [24].

Additional differences include reduced HSF1 protein expression and
increased p38 MAP-kinase phosphorylation in AMA treated adult but
not embryonic cardiomyocytes. HSF1 can protect cardiomyocytes in the
adult heart [25] and its reduction may increase the susceptibility of
adult cardiomyocytes to cell death. However, HSF1 is induced in AMA
treated H9c2 cells but is not required for their survival [18]. p38
MAP-kinase executes multiple functions in the heart but can promote
myocardial injury and cardiomyocyte death under pathological condi-
tions [26,27]. Nevertheless, whether changes in HSF1 and p38 are
causatively involved in the rapid disintegration of adult cardiomyocytes
upon mitochondrial complex III inhibition or just confounding obser-
vations is unclear. In AMA treated H9c2 cells antioxidative defense
downstream of the transcription factor NRF2 is required for growth and
survival [18]. Induction of enzymes involved in ROS detoxification is
also observed in AMA treated embryonic cardiomyocytes whereas the
rapid changes in adult cardiomyocytes likely precede activation of the
respective proteins. Nevertheless, augmenting NRF2 signaling has been
shown to be cardioprotective in the adult heart [28].

Embryonic and neonatal mouse cardiomyocytes show a different
outcome depending on which mitochondrial complex is functionally
impaired. Whereas inhibition of complex III and V is relatively well
tolerated, inhibition of complex I causes severe changes in cell
morphology and death, findings that are in agreement with previous
results in H9c2 cells [18]. AMA and ROT doses applied in H9c2 cells
result in similar ROS levels [18] and all three components cause ATP
depletion (this study). A possible explanation for the different outcomes
is that complex I releases ROS in the mitochondrial matrix whereas
complex III releases ROS in the matrix and the intermembrane space
from where it can more easily reach the cytoplasm [29]. That way,
compartment overlapping ROS detoxification machineries might be
more efficiently accessible upon complex III inhibition thereby attenu-
ating the overall burden of oxidative damage [30]. Complex V itself does
not produce ROS but OLI treatment results in hyperpolarization of the
inner mitochondrial membrane thereby inducing electron leakage and
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ROS production along the ETC [8]. How ROS are distributed within the
cell in this scenario is not fully established. Furthermore, inhibition of
ATP synthase in cancer cells can result in metabolic reprogramming in
favor of glycolysis as well as ROS mediated activation of a pro-survival
program involving NF«B signaling and anti-apoptotic BCL-proteins [31].
Whether immature cardiomyocytes harbor a similar plasticity to deal
with mitochondrial dysfunction is an intriguing question in future
studies.

Even though oxidative stress is harmful for the heart, ROS are also
physiological signaling molecules involved in various cardiovascular
processes [32]. This seems particularly relevant for immature car-
diomyocytes given that cardiomyocyte differentiation from iPS cells in
vitro requires ROS [33]. Furthermore, differentiation of embryonic
mouse cardiomyocytes is regulated by the mitochondrial permeability
transition pore and depends on ROS levels [34]. In contrast, mito-
chondrial dysfunction and elevated ROS levels impair cardiomyocyte
proliferation in the embryonic mouse heart resulting in reduced heart
size and intrauterine lethality [35]. Mitochondrial dysfunction in the
immediate postnatal period, however, does not affect cardiomyocyte
maturation when considering sarcomere organization and cell di-
mensions even though it impairs calcium handling and contractility
[35]. AMA and OLI treatment do not disturb sarcomere structure and
organization in embryonic and neonatal cardiomyocytes whereas ROT
causes sarcomere disassembly. Oxidative modifications of sarcomere
proteins have been reported leading to different degrees of contractile
impairment [36]. Interestingly, our results suggest that the type and
source of ROS has an impact given that ROS generated from complex I
have more severe consequences for sarcomere assembly in immature
cardiomyocytes.

Mitochondrial morphology and intracellular localization are differ-
entially affected by the various inhibitors of respiration in cultured
embryonic and neonatal cardiomyocytes. Immunofluorescence analyses
show that mitochondria normally accumulate in the perinuclear region
but AMA and ROT result in a diffuse and disseminated localization
throughout the cell. OLI causes yet another pattern characterized by
clustered aggregation of mitochondria in the perinuclear region. TEM
analyses confirmed marked differences in mitochondrial size,
morphology and structure in AMA and OLI treated neonatal car-
diomyocytes, mainly characterized by an increased number of small
mitochondria compared to controls. Mitochondrial dynamics play a
major role in cardiomyocyte stress response and survival under various
pathological conditions [37,38]. Mitochondrial fission generally occurs
upon stress thereby allowing damaged mitochondria to be more easily
accessible for mitophagy while at the same time facilitating biogenesis
from the remaining intact mitochondria [39]. Our data suggest that all
three inhibitors applied primarily cause mitochondrial fragmentation in
neonatal cardiomyocytes, whereas ATP synthase inhibition might
furthermore result in occasional mitochondrial hyperfusion or swelling,
as shown in other studies [40,41].

Limitations of the current study include the in vitro approach which
does not resemble the complexity of myocardial tissue and its influence
on cardiomyocyte survival, including interaction with other cell types,
growth factors, cytokines, metabolites, extracellular matrix components
and many more. Given that some of these factors might be protective
whereas others are detrimental, cardiomyocyte survival upon mito-
chondrial dysfunction in vivo might be different. Moreover, we did not
identify the molecular mechanisms that protect embryonic car-
diomyocytes from mitochondrial complex III inhibition neither did we
characterize differences in stress response induced by AMA compared to
ROT or OLI treatment. Although we performed the respective experi-
ments in H9c2 cells in a previous study [18], primary cardiomyocytes
likely differ in this regard. Along these lines, the onset and dynamics of
mitochondrial dysfunction was not characterized in full detail in
immature cardiomyocytes treated with different mitochondrial in-
hibitors. Thus, we cannot definitively claim that stress levels were
comparable at any time such that outcomes might be influenced by
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variable severity of mitochondrial impairment. Finally, throughout this
study primary cardiomyocytes were isolated from C57BL/6J mice which
harbor an inactivating mutation in the NTT (nicotinamide nucleotide
transhydrogenase) gene that affects mitochondrial redox homeostasis
[42]. Even though this mutation is generally believed to increase
oxidative stress it has been shown to be protective in the heart upon
pressure overload [43]. Nevertheless, we cannot formally exclude that
abnormal NTT function might have an impact on some of the in vitro
results reported here.

In summary, this study shows that cardiomyocyte maturation during
pre- and postnatal heart development is accompanied by increased ca-
pacities to maintain redox homeostasis and mitochondrial protein
quality control. Failure to achieve full potential of the latter after birth,
as recently proposed in children with dilated cardiomyopathy (DCM)
[44], might contribute to the pathogenesis or progression of pediatric
heart disease. Furthermore, immature cardiomyocytes show remarkable
tolerance towards mitochondrial dysfunction induced by inhibition of
complex IIT and V and fetal human cardiomyocytes have been proposed
to largely tolerate ischemia and reperfusion [45]. Such plasticity of
embryonic and fetal cardiomyocytes might be essential to outlast pe-
riods of unfavorable or pathological intrauterine conditions to sustain
heart growth and prevent structural defects or perinatal heart disease. In
this regard, uncompensated mitochondrial oxidative stress has been
proposed to be involved in the pathogenesis of hypoplastic left heart
syndrome (HLHS) [46]. Furthermore, a remarkable recovery of heart
function in children with DCM, myocarditis [47,48] and myocardial
infarction [49] is observed in a subset of patients during follow-up and a
positive outcome may be influenced by stress tolerance of immature
cardiomyocytes. The latter might also be involved in the regenerative
capacity of the embryonic and neonatal mammalian heart after
myocardial injury [50]. Although regeneration is primarily attributed to
proliferation of uninjured cardiomyocytes, survival of cardiomyocytes
in the area at risk might also contribute, either by reducing the overall
extent of injury, by functional recovery of cells after the insult or by
inducing proliferation of neighboring healthy cardiomyocytes. Whether
the stress tolerance of immature cardiomyocytes can somehow be
reactivated after terminal differentiation might be a key question when
aiming to improve cardioprotective strategies in the adult heart. Inter-
estingly, cellular stress response and mitochondrial quality control have
been proposed to contribute to adult heart regeneration beyond car-
diomyocyte renewal [51].
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