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Exercise training may reduce fragmented
mitochondria in the ischemic-reperfused heart

through DRP1

Mathilde Dubois'@®, Florian Pallot™*®, Maxime Gouin-Gravezat™*®, Doria Boulghobra'*®, Florence Coste!®, Guillaume Walther'®,

Gregory Meyer'®, Isabelle Bornard?®, and Cyril Reboul!®

Mitochondrial fission is a key trigger of cardiac ischemia-reperfusion injuries (IR). Exercise training is an efficient
cardioprotective strategy, but its impact on mitochondrial fragmentation during IR remains unknown. Using isolated rat hearts,
we found that exercise training limited the activation of dynamin-like protein 1 and limited mitochondrial fragmentation
during IR. These results support the hypothesis that exercise training contributes to cardioprotection through its capacity to

modulate the mitochondrial fragmentation during IR.

Introduction

Acute myocardial infarction is a leading cause of death world-
wide. Reperfusion of the ischemic area is the current standard
therapy. However, it results in important heart cell dysfunctions
known as ischemic reperfusion (IR) injuries. In the past decade,
the key role of mitochondria in IR injuries has been highlighted
(Kuznetsov et al., 2019). During early reperfusion, mitochondrial
network disruption, defined as the imbalance between mito-
chondrial fusion and fission, has emerged as a new relevant
factor to explain the heart’s vulnerability to IR (Maneechote
et al., 2017). Indeed, inhibition of cardiac mitochondrial fission
during IR using mitochondrial division inhibitor-1 (mdivi-1)
delays the opening of the mitochondrial permeability transition
pore (mPTP), limits mitochondrial ROS overproduction (Ding
et al., 2022), and reduces infarct size (Ong et al., 2010).

Among the strategies known to reduce IR injuries, physical
activity has been much studied (Farah et al., 2013). Recently, we
(Boulghobra et al., 2021) and others (Lee et al., 2012) reported that
the cardioprotective effect of exercise training (ExTr) could be
explained by its impact on mitochondrial ROS production and
mPTP activation during early reperfusion. It was previously re-
ported that mitochondrial fission is a normal heart response to
increased energy demand during exercise (Coronado et al., 2018).
Conversely, it is not known whether ExTr can influence the mi-
tochondrial network during IR. To the best of our knowledge, only
one study focused on ExTr effect on the mitochondrial network
during IR (Ghahremani et al., 2018). However, as this study only

monitored the gene expression level of proteins involved in mi-
tochondrial fission regulation, the results are inconclusive.

Therefore, we investigated whether ExTr in rats modulate
IR deleterious impact on the mitochondrial network during
early reperfusion, known as a critical period determining the
severity of reperfusion lesions. Using western blotting and
transmission electron microscopy, we reported for the first
time that ExTr resulted in less fragmented mitochondria
during early post-IR.

Materials and methods

Animal model

All animal experiments were performed according to the Euro-
pean Parliament Directive 2010/63/EU and were approved by
the local ethics committee (No. CEEA-00223, #27001). Male
Wistar rats (12-wk-old; weight = 225-275 g, Janvier) were
randomly assigned to a sedentary control group (Sed) or a
5-wk ExTr group, as previously described (Farah et al.,
2013). Moderate ExTr was performed according to a pro-
tocol previously described to reduce heart vulnerability to
IR (Farah et al., 2013). Briefly, rats exercised on a motor-
driven treadmill (47300; Ugo Basile) 45 min/day, 5 days/wk
for 5 wk at 25 m/min (=60% of their MAV). To avoid the
acute effects of exercise, 17-wk-old rats were sacrificed
24 h after the last ExTr session.
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Figure 1. Effect of ExTr on left ventricular
heart function after IR. (A-F) Schematic illus-
tration of the experimental protocol (upper
panel). Hearts from sedentary (Sed, n = 5) and
exercised (ExTr, n = 5) rats were stabilized for
30 min using a Langendorff apparatus. Then,
hearts underwent a total no-flow ischemia for
25 min followed by 10 min of reperfusion. Left
ventricular (LV) pressure traces in the hearts of
Sed (middle) and ExTr rats (lower panel) during
the IR protocol. Ischemic contracture time (B)
and maximal ischemic contracture amplitude (C)
in isolated hearts from Sed and ExTr rats un-
dergoing ex vivo IR. Recovery of LV developed
pressure (Pdev) (D), minimal (E), and maximal (F)
first derivative pressure (dP/dtmin and dP/
dtmax, respectively) after 10 min of post-IR.
ExTr versus Sed P-value obtained with non-
parametric t test. Data are mean + SEM.
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Figure 2. Effect of ExTr on Drpl signaling pathway in basal condition and after ex vivo IR. (A) Schematic illustration of the experimental protocol. Hearts
from sedentary (Sed, n = 12) and exercised (ExTr, n = 12) rats underwent or did not undergo an IR ex vivo. Western blotting was performed on hearts before
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(baseline) or after IR (post IR). (B) Representative western blots showing phosphorylated DRP1 (p-DRP15¢7¢16 and p-DRP15¢7637) and total DRP1 expression level
in the mitochondrial subfraction of Sed and ExTr hearts, in basal condition (baseline) or after ex vivo IR (Post-IR). (C-E) Quantification of total DRP1and DRP1
phosphorylated at Ser616 and Ser637 in mitochondrial subfractions analyzed by western blotting in hearts from Sed and ExTr rats, in basal condition (baseline,
n = 5-6 hearts in duplicate), or after ex vivo IR (Post-IR, n = 6 hearts in duplicate). DRP1 level was expressed relative to VDACI in mitochondria samples. Sed
versus ExTr p-value obtained with, two-way ANOVA followed by Tukey’s multiple comparisons test; Data are mean + SEM. (F) Representative western blots
showing Mfn2 expression level in the mitochondrial subfraction of Sed and ExTr hearts, in basal condition (baseline), or after ex vivo IR (Post-IR).
(G) Quantification of Mfn2 in mitochondrial subfractions analyzed by western blotting in hearts from Sed and ExTr rats that underwent (Post-IR; n = 6 hearts in
duplicate) or did not undergo (baseline; n = 5 hearts in duplicate) IR. Mfn2 level was expressed relative to VDACL in mitochondria samples. Sed versus ExTr
P-value obtained with two-way ANOVA followed by Tukey’s multiple comparisons test. Data are mean + SEM. Source data are available for this figure:

SourceData F2.

IR on isolated perfused hearts

IR was performed on a Langendorff apparatus, as previously
described (Dubois et al., 2024). Briefly, after stabilization, a total
no-flow ischemia was performed for 25 min followed by 10 min
of reperfusion. The left ventricular (LV) pressure (MP36R;
BioPac System Inc.) was recorded during the entire per-
fusion and the cardiac functional recovery following IR was
determined. LV ischemic contracture time and amplitude
were measured at the peak of contracture during ischemia. LV tis-
sues were flash-frozen in liquid nitrogen for biochemical experi-
ments or fixed in 2.5% glutaraldehyde/2% paraformaldehyde in a
sodium cacodylate buffer (0.1 M) for electron microscopy analysis.

Western blotting

Western blotting was performed on the LV free wall as previously
described (Boulghobra et al., 2021). Hearts were removed either
directly after the 5 wk of training (baseline) or after an ex vivo IR
procedure on an isolated perfused heart (post IR), as illustrated in
Fig. 2 A. Mitochondrial proteins were separated on polyacrylamide-
SDS gels and transferred to PVDF membranes. Membranes were
blocked and then incubated at 4°C with primary antibodies against
dynamin-related protein 1 (Drpl) (1:1,000; Cell Signaling), P-Drpl
S616 (1:500; Cell Signaling), P-Drpl S637 (1:1,000; Cell Signaling),
Mfn2 (1:1,000; Santa Cruz Biotechnology), and VDAC1 (1:5,000;
Thermo Fisher Scientific). As a mitochondrial subfraction, VDAC1
was used as a housekeeping protein. The corresponding HRP-
conjugated IgG (secondary antibodies) was used according to stan-
dard procedures. Immunodetection and revelation were carried
out using the ECL chemiluminescence system (VILBER Fusion
FX) (Table S1).

Transmission electron microscopy

Hearts were removed either directly after 5 wk of training
(baseline) or after an ex vivo IR procedure on an isolated per-
fused heart (post IR), as shown in Fig. 3, A and G. Samples of the
subendocardial layer of the LV free wall were washed and fixed
in 2.5% glutaraldehyde/2% paraformaldehyde in 0.1 M sodium
cacodylate buffer. After rinsing, samples were post-fixed in 1%
osmium tetroxide for 1 h, dehydrated through a graded ethanol
series, and embedded in resin. Ultrathin heart tissue sections
were prepared with a diamond knife and a Reichert Ultracut E
ultramicrotome and stained with uranyl acetate and lead citrate.
Images were acquired using a transmission electron microscope
(TEM-Hitachi H7800) by randomly selecting areas of longitu-
dinally arranged cardiomyocytes.
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Statistical analyses

Data were expressed as the mean + SEM or as the median and
interquartile range for the violin plots. The normal distribution of
the data was tested with the Shapiro-Wilk normality test. Ex-
perimental conditions were compared with Student’s t test,
analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test, nested analysis of variance (ANOVA), or nested
t test. When necessary, non-parametric tests were used (Mann-
Whitney test for two groups). A P < 0.05 value was considered
statistically significant. The P-value was reported in all graphs.
Statistical analyses were done with GraphPad Prism (8.4.3).

Online supplemental material

Materials and methods are described in detail in the supplemental
text at the end of the PDF. A table summarizing the conditions of
antibody use for the biochemical analysis is available in the sup-
plemental text at the end of the PDF and in Table S1.

Results and discussion

To evaluate the impact of ExTr on mitochondrial fission during
cardiac IR, we first confirmed the cardioprotective effect of 5 wk
of EXTr on heart vulnerability to IR. To this aim, we performed
global ischemia followed by reperfusion on isolated perfused
hearts (Langendorff apparatus) from Sed and ExTr rats. No
impact of ExTr was reported regarding the onset of ischemic
contracture (Fig. 1 B) and its amplitude (Fig. 1 C). However, as
previously reported by our group (Farah et al., 2013) and others
(Bowles et al., 1992), ExTr improved IR cardiac functional re-
covery (Fig. 1, D-F), as indicated by the higher LV developed
pressure (Pdev; Fig. 1 D) and LV contractility indexes (Fig. 1, E
and F). In addition, using exactly the same protocol (ExTr in-
tensity and duration), we previously showed that this functional
recovery improvement during early reperfusion is associated
with reduced ROS production and infarct size (Farah et al.,
2013). Alterations of the mitochondrial fusion/fission equilib-
rium have been well described to play a key role in heart sen-
sitivity to IR (Maneechote et al., 2017). In addition, it has been
well described that the GTPase DRP1 plays a key role in excessive
mitochondrial fragmentation that occurs during IR (Ong et al.,
2010). Considering this, we next evaluated the impact of 5 wk of
ExTr on DRPI level in the mitochondrial subfraction and on its
phosphorylation level (Fig. 2, A-E). We reported a trend toward
increasing DRP1 levels in the mitochondrial subfraction of ExTr
hearts compared with Sed ones (P = 0.0819) (Fig. 2 C). No
changes were reported regarding the phosphorylation of DRP1
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Figure 3. Effect of ExTr on mitochondrial shape in basal condition and after ex vivo IR. (A) Schematic illustration of the experimental protocol.
Transmission electron microscopy was performed in the hearts of sedentary (Sed, n = 3) and 5-wk-exercised (ExTr, n = 3) rats. (B-F) Representative
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transmission electron microscopy images of cardiac mitochondria from Sed and ExTr hearts (Baseline). Quantification of the mitochondrial area (C), aspect
ratio (D), Feret’s diameter (E), and matrix electron density (F) of hearts from Sed or ExTr rats. (G) Schematic illustration of the experimental protocol.
Transmission electron microscopy was performed in the hearts of sedentary (Sed, n = 3) and 5-wk-exercised (ExTr, n = 3) rats after an ex vivo IR. (H-L)
Representative transmission electron microscopy images of cardiac mitochondria from Sed and ExTr hearts after IR (Post-IR). Quantification of the mito-
chondrial area (1), aspect ratio (J), Feret’s diameter (K), and matrix electron density (L) of hearts from Sed or ExTr rats that underwent IR. The mitochondrial
shape was measured in ~600-750 mitochondria from three independent hearts in each condition. Sed versus ExTr P-value obtained with nested t test. Data
are median and interquartile range. Source data are available for this figure: SourceData F3.

both on its main activation site (Ser616, Fig. 2 D) and its inhib-
itory site (Ser637, Fig. 2 E) in basal conditions. Following is-
chemia (25 min) and early reperfusion (10 min), known as a
critical period determining the severity of reperfusion lesions,
the level of DRPI in the mitochondrial subfraction was increased
by 36% in Sed hearts, without reaching statistical significance,
and, at the opposite, was significantly decreased by 48% in EXxTr
hearts (Fig. 2, B and C). Thus, during early reperfusion, the
expression level of DRP1 was lower in the mitochondrial sub-
fraction of ExTr hearts compared with Sed ones (Fig. 2, B and C).
In addition, we also reported that following IR, the phospho-
rylation of DRP1 on Ser616 was markedly increased in the Sed
hearts, whereas no effect was reported in ExTr animals (Fig. 2, B
and D). As a consequence, during early reperfusion, this pa-
rameter was lower in ExTr hearts compared with Sed ones
(Fig. 2, B and D). Regarding the phosphorylation of DRP1 on its
inhibitory site (Ser637), we did not observe a significant impact
of IR in Sed hearts but we reported that in the ExTr hearts, the
phosphorylation on Ser637 tended to be increased (P = 0.0805)
(Fig. 2, B and E). Then, at the time of early reperfusion, the
phosphorylation on Ser637 was significantly higher in the mi-
tochondrial subfraction of ExTr hearts compared to Sed ones
(Fig. 2, B and E). Altogether, these results support a lower acti-
vation state of DRPI in the mitochondrial subfraction of ExTr
hearts compared with Sed ones during early reperfusion. Pre-
vious work reported that ExTr results in a higher level of Mi-
tofusin2 (MFN2) mRNA following IR (Ghahremani et al., 2018).
Considering that MFN2 overexpression is associated with car-
dioprotection (Xiong et al, 2019) and that MFN2 is known
as a central regulator of mitochondrial fusion, we next asked
whether ExTr could influence the expression level of MFN2
in mitochondrial subfraction following 5 wk of ExTr and
during early post-IR. We reported that IR was associated
with a decrease in the expression level of MFN2 without a
specific impact on our experimental groups (Fig. 2, F and
G). Indeed, when compared with Sed hearts, no impact of
ExTr was reported on the mitochondrial level of MFN2 in
baseline condition as well as during early reperfusion
(Fig. 2, F and G).

Considering these results obtained on key signaling pathways
involved in the regulation of mitochondrial fission/fusion equilib-
rium, we next investigated the consequences of our experimental
conditions on mitochondrial shape by transmission electron mi-
croscopy (Fig. 3, A and B). Following 5 wk of ExTr, we reported that
although mitochondrial area (Fig. 3 C), aspect ratio (Fig. 3 D), and
Feret’s diameter (Fig. 3 E), three different indexes of mitochondrial
fusion/fission equilibrium, tended to be higher when compared
with sedentary hearts, no significant difference was reported for
these three parameters. We also reported that the matrix electron
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density, an index of mitochondrial cristae density for which denser
areas (higher cristae density) appear with lower grayscale values
(Allen et al., 2020), tended to be lower in ExTr hearts compared
with Sed ones (Fig. 3 F). This suggests higher mitochondrial cristae
density following 4 wk of ExTr. Together, these results highlight
that mitochondria only tended to be more fused in ExTr hearts with
a trend toward higher cristae density. In the literature, the impact of
ExTr on cardiac mitochondrial shape remain controversial. Indeed,
only the work of Guski et al. (1980) reported that following 45 h of
ExTr, both mitochondrial volume and cristae density were in-
creased. Regarding the size of mitochondria, some studies reported
that following ExTr (4 wk), the size of the mitochondria was re-
duced (Jia et al., 2019) whereas others reported some positive im-
pact of ExTr (12 wk) (Yuan et al., 2021), suggesting a potential
impact of ExTr duration.

Considering the impact of ExTr on DRP1 activation during IR
(Fig. 2), we next evaluated the impact of myocardial IR. Using
nested ANOVA analyses, we reported some significant impact of
IR on the mitochondrial area (Sed: +66%, P = 0.0002; ExTr: +44%,
P = 0.0008) and Feret’s diameter (Sed: +21%, P = 0.0147; ExTr:
+15%, P = 0.0434) both in Sed and ExTr hearts. We also reported a
trend toward a decrease of the aspect ratio in Sed hearts (-15%,
P = 0.1020) and a significant decrease of this index in the ExTr
hearts (-21%, P = 0.0150). Finally, we reported that matrix elec-
tron density was increased by 16% in Sed hearts, without reaching
statistical significance, and by 49% in ExTr hearts (P = 0.018).
These results, suggesting mitochondrial swelling and fragmenta-
tion during IR in both Sed and ExTr hearts, must be taken cau-
tiously. Indeed, the TEM images of baseline conditions were
obtained from hearts fixed directly after the euthanasia of the
animals, while IR hearts were perfused with Krebs-Henseleit
buffer on a Langendorff apparatus before being fixed. Then, mi-
tochondrial swelling, which is a classic feature of IR, may also have
been affected by Krebs-Henseleit buffer perfusion, known to in-
duce myocardial edema independently of IR (Andrés-Villarreal
et al, 2016). Such phenomenon can also impact mitochondrial
structure due to osmotic stress and intracellular water content.
Considering this, in Fig. 3, we choose to compare results obtained
on mitochondrial shape during reperfusion independently to
those obtained under basal conditions. We reported that mito-
chondrial area was higher in ExTr hearts than Sed ones during
early reperfusion (Fig. 3 I). This parameter is strongly influenced
both by mitochondrial fragmentation and swelling. Considering
that there is an inverse relationship between mitochondrial cristae
density and mitochondrial swelling, we next measured matrix
electron density as an index of cristae density and we did not
observe any difference between groups during early reperfusion
(Fig. 3 L), suggesting comparable mitochondrial swollen state in
Sed and ExTr hearts during early reperfusion. These results are
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not in accordance with studies showing that ExTr limits the ac-
tivation of mPTP (Boulghobra et al., 2021), and further studies on
the reversibility of such mitochondrial swelling observed during
early reperfusion would be necessary. Considering these results
suggesting that the mitochondria of the ExTr hearts were less
fragmented than the Sed ones, we next studied both the mito-
chondrial aspect ratio (Fig. 3 J) and Feret’s diameter (Fig. 3 K) as
indexes of mitochondrial fragmentation. We reported that mito-
chondrial the aspect ratio tended to be higher in the ExTr com-
pared with Sed hearts (P = 0.0591) and that the Feret’s diameter
was higher in the ExTr hearts compared with Sed ones (Fig. 3, ]
and K), confirming that during early reperfusion, mitochondria of
the ExTr hearts were less fragmented than mitochondria of Sed
hearts. In addition, we also observed more elongated mitochondria
in ExTr than Sed hearts after IR. These results could be explained
by the lower activation of DRP1 we reported in Fig. 2, B-E in re-
sponse to IR and could support the hypothesis that the ExTr heart
is more able to preserve a fused state of these mitochondria during
IR. Indeed, the role of DRPI1 activation and translocation to mito-
chondria in the severity of IR injuries has been well described
(Ong et al., 2010). Most studies show that Ser616 phosphorylation
promotes the translocation of Drpl to the mitochondrial outer
membrane, whereas Ser637 phosphorylation reverses this process
(Tong et al,, 2020). It is well described that both Ca** and ROS-
dependent kinases, such as CaMKII, regulate DRP1Ser616 phos-
phorylation. This could contribute to explaining that the level
Ser616 phosphorylation was higher during IR (Wang et al., 2022).
Thus, we could hypothesize here that in the ExTr hearts, the
better regulation of Ca?* homeostasis and the lower level of ROS
production during IR (Boulghobra et al, 2020) contribute to
limiting the activation of such kinases and then the activation of
DRP1. Regarding the phosphorylation on Ser637, it is well
described that the calcium-dependent phosphatase calcineurin
dephosphorylates this specific inhibitory site of DRP1, which
promotes its recruitment to mitochondria (Cribbs and Strack,
2007). Interestingly, this phosphatase is also known to be ROS-
sensitive (DeGrande et al., 2013). The same hypothesis could
then be advanced to explain that ExTr modulates the phos-
phorylation of DRP1 on Ser637 during IR. Further studies are
needed to better understand the impact of ExTr on DRP1 reg-
ulation during myocardial infarction and its role in exercise-
induced cardioprotection.

Study limitation

This study has some limitations. The main limitation concerns
the difficulty of measuring the dynamic equilibrium between
mitochondrial fusion and fission in cardiac tissue. Considering
this, we discussed rather about the fragmented state of the mi-
tochondria measured at a given time than mitochondrial fission
or fusion. In addition, it is well known that mitochondrial in-
teractions are complex and that the longitudinal 2-D evaluation
of this network does not reveal its full complexity. Further
studies using 3-D reconstruction of the mitochondrial network
following IR in Sed and ExTr hearts will be necessary to better
understand the impact of exercise-induced cardioprotection.
Another limitation of the present work concerns the fact that
myocardial IR was performed on isolated hearts perfused with a
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crystalloid solution that could impact osmotic equilibrium and
then the mitochondrial shape. For this reason, data obtained in
baseline conditions (non-crystalloid perfused hearts) and fol-
lowing IR (crystalloid perfused hearts) were treated indepen-
dently. To better understand the direct impact of IR on cardiac
mitochondrial shape in ExTr hearts, further in vivo IR experi-
ments will be necessary. Another limitation of the present work
concerns the difficulty of concluding the role of lower mito-
chondrial fragmentation on the cardioprotective impact of ExTr.
Indeed, although it has been well described that the inhibition of
excessive mitochondrial fragmentation during cardiac IR results
in less severe injuries (Maneechote et al., 2017), further studies
are necessary to decipher the potential key role of this phe-
nomenon in exercise-induced cardioprotection.

Conclusion

In conclusion, these results support the hypothesis that ExTr
limits the activation of DRP1 during early post-IR which is as-
sociated with less fragmented mitochondria. As excessive mi-
tochondrial fission is considered a key trigger of IR injuries, our
findings could contribute to understanding how exercise pro-
tects the heart during IR. However, more studies are necessary
to determine whether this phenomenon constitutes or not a key
trigger of exercise-induced cardioprotection.

Data availability
All data are available from the corresponding authors upon
reasonable request.
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Supplemental material

Provided online is Table S1. Table S1 shows the antibody table.
Animal model and exercise protocol

All animal experiments were performed according to the European Parliament Directive 2010/63/EU and approved by the local ethics
committee (No. CEEA-00223, DAP27001). Male Wistar rats (12-wk-old; weight = 225-275 g, Janvier) were randomly assigned to the
sedentary control group (Sed) or 5-wk exercise-trained group (ExTr). Moderate exercise training was performed according to a protocol
previously described to reduce heart vulnerability to IR [5]. Briefly, rats exercised on a motor-driven treadmill (47300; Ugo Basile,
Transforming ideas into instruments) 45 min/day, 5 days/wk for 5 wk at 25 m/min (=60% of their MAV). To avoid the acute effects of
exercise, rats were sacrificed 24 h after the last exercise training session.

Ischemia-reperfusion (IR) on isolated perfused heart

Ischemia-reperfusion procedure was performed on isolated hearts, perfused retrogradely with Krebs-Henseleit buffer (KH; 118 mM Nacl,
11 mM D-glucose, 25 mM NaHCOs, 1.25 mM CaCl,, 4.7 mM KCl, 1.2 mM MgSO0,, and 1.2 mM KH,PO,; pH 7.4) on a Langendorff apparatus as
previously described [10]. Briefly, after stabilization, a total no-flow ischemia in situ was performed for 25 min, followed by 10-min of
reperfusion. Hearts were paced at 300 beats/min (Low voltage stimulator, BSL MP35 SS58L, 3V) and a non-compliant balloon was inserted
into the left ventricle (LV) to monitor the LV pressure during the entire perfusion. The cardiac functional recovery following IR was
determined and LV ischemic contracture time and amplitude were measured at the peak of contracture during ischemia. Hearts tissues
were collected and flash-frozen in liquid nitrogen for biochemical experiments or fixed in 2.5% glutaraldehyde/2% paraformaldehyde in a
sodium cacodylate buffer (0.1 M) for electron microscopy analysis.

Transmission electron microscopy

Strips of left ventricular subendocardium were washed and fixed in 2.5% glutaraldehyde/2% paraformaldehyde in a sodium cacodylate
buffer (0.1 M) for 2 h at RT and next at 4°C overnight. After rinsing, samples were post-fixed in 1% osmium tetroxide for 1 h, dehydrated
through a graded series of ethanol, and embedded in resin. Ultrathin sections of heart tissues were prepared with a diamond knife on a
Reichert Ultracut E ultramicrotome and stained with uranyl acetate and lead citrate. Images were photographed under a transmission
electron microscope (TEM Hitachi H7800) by randomly selecting photos of longitudinally arranged cardiomyocytes. The mitochondrial
area was quantified by manual contouring using ImageJ software, excluding swelled mitochondria. The aspect ratio which reflects the
“length to width ratio,” as well as the mitochondrial Feret’s diameter, defined as the longest distance between any two points within the
mitochondrion was calculated. Cristae density was evaluated based on the mitochondrial matrix electron density (average greyscale
value/pixel) using Image | software. A higher greyscale value indicates a lower cristae density. More than 600 mitochondria per group
were analyzed to determine these mitochondrial parameters.

Statistical analyses

Data were expressed as the mean + SEM or as the median and interquartile range for the violin plots. The normal distribution of the data
was tested with the Shapiro-Wilk normality test. Experimental conditions were compared with Student’s t test, analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test, nested analysis of variance (ANOVA), or nested t test. When necessary, non-
parametric tests were used (Mann-Whitney test for two groups). A P < 0.05 value was considered statistically significant. The P-value was
reported in all the graphs. Statistical analyses were done with GraphPad Prism (8.4.3).
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