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ARTICLE INFO ABSTRACT

Keywords: Hyperglycemia increases the heart sensitivity to ischemia-reperfusion (IR), but the underlying cellular mecha-

Mitochondria nisms remain unclear. Mitochondrial dynamics (the processes that govern mitochondrial morphology and their

I(;almunrll homeostasis interactions with other organelles, such as the reticulum), has emerged as a key factor in the heart vulnerability
yperglycemia

to IR. However, it is unknown whether mitochondrial dynamics contributes to hyperglycemia deleterious effect
during IR. We hypothesized that (i) the higher heart vulnerability to IR in hyperglycemic conditions could be
explained by hyperglycemia effect on the complex interplay between mitochondrial dynamics, Ca®* homeostasis,
and reactive oxygen species (ROS) production; and (ii) the activation of DRP1, a key regulator of mitochondrial
dynamics, could play a central role. Using transmission electron microscopy and proteomic analysis, we showed
that the interactions between sarcoplasmic reticulum and mitochondria and mitochondrial fission were increased
during IR in isolated rat hearts perfused with a hyperglycemic buffer compared with hearts perfused with a
normoglycemic buffer. In isolated mitochondria and cardiomyocytes, hyperglycemia increased mitochondrial
ROS production and Ca?' uptake. This was associated with higher RyR2 instability. These results could
contribute to explain the early mPTP activation in mitochondria from isolated hearts perfused with a hyper-
glycemic buffer and in hearts from streptozotocin-treated rats (to increase the blood glucose). DRP1 inhibition by
Mdivi-1 during the hyperglycemic phase and before IR induction, normalized Ca>" homeostasis, ROS production,
mPTP activation, and reduced the heart sensitivity to IR in streptozotocin-treated rats. In conclusion,
hyperglycemia-dependent DRP1 activation results in higher reticulum-mitochondria calcium exchange that
contribute to the higher heart vulnerability to IR.

Ischemia-reperfusion

1. Introduction

Acute myocardial infarction is a leading cause of morbidity and
mortality, accounting for 16% of all deaths worldwide [1]. Timely
reperfusion of the ischemic myocardium is currently the only thera-
peutic solution to reduce cardiomyocyte death and limit infarct size.
However, blood flow restoration results paradoxically in additional and
irreversible cardiac damage (i.e. reperfusion injuries). Although the
molecular mechanisms proposed to explain this phenomenon are still
debated, mitochondria are recognized as key triggers of cell death
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during acute myocardial infarction. Indeed, in the first few minutes,
reperfusion leads to injuries driven by mitochondria due to excessive
reactive oxygen species (ROS) production and mitochondrial calcium
(Ca®™) overload that trigger the opening of the mitochondrial perme-
ability transition pores (mPTP). Long-lasting pore opening results in
mitochondrial permeability, matrix swelling, membrane rupture and
release of cytochrome C and other pro-apoptotic factors that induce
cardiomyocyte death.

In the last decades, the interplay between the mitochondrial network
and the sarcoplasmic reticulum (SR) has emerged as a key element in the
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vicious circle between Ca" overload, ROS overproduction and mPTP
activation during ischemia-reperfusion (IR) [2,3]. These two organelles
are tightly associated through very dynamic connections called
mitochondria-associated membranes (MAMs). MAMs are maintained by
protein-based tethers, including mitofusins (Mfn). It has been suggested
that Mfn2, located on the endoplasmic reticulum (ER) surface, forms
dimers with Mfnl or Mfn2 located on the mitochondrial outer mem-
brane, thus forming a bridging complex between these organelles.
MAMs form functional microdomains that have been described as Ca?*
exchange platforms, notably through the inositol 1,4,5-trisphosphate
receptor (IP3R)-glucose-regulated protein 75 (GRP75)-voltage-depend-
ent anion channel (VDAC) protein complex which plays a crucial role in
the regulation of mitochondrial Ccat uptake and homeostasis [4].
However, in excitable cells, such as cardiomyocytes, Ca?" release from
the SR during excitation-contraction coupling (ECC) mainly depends on
ryanodine receptor 2 (RyR2). Recent results showed close apposition
between RyR2 clusters and mitochondria [5], RyR2 localization at
MAMs [6], and coupling of RyR2 with VDAC2 [7]. These findings sug-
gest that in cardiomyocytes, RyR2 could be a key mediator of the
crosstalk between SR and mitochondria [8]. These results are line with
the beat to beat variations of mitochondrial Ca?* concentration in car-
diomyocytes [9]. MAMs are also essential for regulating the equilibrium
between mitochondrial fusion and fission. During acute myocardial
infarction, excessive mitochondrial fission has been associated with
altered Ca®* homeostasis [10], ROS overproduction [11], higher mPTP
activation and sensitivity to IR [12]. The GTPase dynamin-related pro-
tein 1 (DRP1) plays a key role in mitochondrial fission that occurs at
contact sites between SR and mitochondria where DRP1 accumulates.
DRP1 oligomerization constricts the outer mitochondrial membrane,
leading to mitochondrial division [13]. Besides this canonical role,
DRP1 role in cellular homeostasis is more complex. A recent study
showed that DRP1 promotes the ER tubulation around mitochondria
independently of its oligomerization, facilitating the contact between
these organelles [14]. Moreover, DRP1 might promote mPTP activation
[15] and apoptotic pathways [16] and might regulate mitophagy [17].
In line with these complex roles, the DRP1 inhibitor Mdivi-1 reduces
ROS production and cytosolic Ca®* overload during IR [10], prevents
early mPTP opening [12], and reduces infarct size [18,12]. These results
strongly support the idea that DRP1 could play a central role in the
complex interplay of mitochondrial dynamics, Ca®>" homeostasis, and
ROS production during IR.

In clinical studies, high blood glucose has been associated with poor
myocardial infarction prognosis [19]. Indeed, in-hospital mortality and
myocardial infarct size are positively correlated with blood glucose
concentration [20], particularly in patients without diabetes compared
with patients with diabetes admitted with similar blood glucose con-
centrations [21,22]. This glucotoxicity has been confirmed in animal
and cellular models [23,24]. However, the underlying cellular mecha-
nisms are not clear. Recent studies reported that hyperglycemia can alter
Ca?* homeostasis in isolated cardiomyocytes through exacerbated ROS
production and RyR2 instability [25]. Moreover, in different cell lines,
hyperglycemia has been associated with higher mitochondrial fission
[26,271, ROS overproduction, and early mPTP activation [27,28]. DRP1
activation seems to play a key role. Indeed, in H9C2 cardiomyoblasts
that express a dominant-negative DRP1 mutant (DRP1-K38A), mito-
chondrial fission in response to hyperglycemia is normalized, with a
positive effect on ROS production and cell death [28]. To date, it is not
known whether DRP1 activation in response to hyperglycemia in-
fluences the complex interplay between mitochondrial Ca?* homeosta-
sis, ROS production, and cell death during IR.

Here, using an integrative approach based on in vivo and ex vivo
experiments in rats, electronic and confocal microscopy, proteomic and
biochemical assays, we determined whether i) hyperglycemia delete-
rious effect on the complex reticulum-mitochondrial interplay triggered
alterations of Ca?" homeostasis, ROS production, and higher heart
vulnerability in hyperglycemic conditions, and ii) DRP1 activation in
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hyperglycemic conditions could play a central role.
2. Materials and methods

Materials and methods are described in details in the SI Appendix, SI
Materials and Methods.

All animal experiments were performed following protocols
approved by the French national ethics committee for animal care (N°
CEEA-32041 and CEEA-27001) and adhere to the guidelines of the Eu-
ropean Parliament Directive 2010/63/EU.

2.1. Animal models

For in vivo experiments, male Wistar rats (12-week-old; weight =
250-275 g, Janvier, France) were randomly distributed in two groups:
normoglycemic group (NG) that received an injection of vehicle (citrate
buffer) and hyperglycemic group (HG) that received a single injection of
STZ (40 mg/kg, Sigma Aldrich S0130) intraperitoneally. Two days after
STZ injection, blood glucose levels were measured to confirm the hy-
perglycemic state.

2.2. In vivo ischemia-reperfusion

In vivo IR was performed as previously described [29]. Briefly, after
anesthesia, rats received an injection of buprenorphine subcutaneously
(0.1 mg/kg) and then, they were endotracheally intubated and me-
chanically ventilated. A thoracotomy was performed to expose the left
anterior descending coronary artery that was ligated with a 5-0 silk
suture for 30 min, followed by 120 min of reperfusion. The ECG signal
was recorded with electrodes placed on the skin surface. After reperfu-
sion, myocardial infarct size was determined by triphenyl tetrazolium
staining (0.1%).

2.3. Data and materials availability

All mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with the
dataset identifiers PXD044927 and 10.6019/PXD044927. [Reviewers
can access this private dataset using reviewer_ pxd044927 @ebi.ac.uk as
Username, and xd6SX9EG as Password]. Full data are available from the
corresponding authors upon reasonable request.

2.4. Statistical analyses

Data were expressed as the mean + SEM or as median and inter-
quartile range for the violin plots. Experimental conditions were
compared with the Student’s t-test, analysis of variance (ANOVA), or
repeated-measures ANOVA followed by the Turkey’s multiple compar-
isons test when data were normally distributed (confirmed by the Sha-
piro-Wilk normality test). When necessary, non-parametric tests were
used (Mann-Whitney test for two groups). A p value < 0.05 was
considered significant. Statistical analyses were done with GraphPad
Prism (8.4.3).

3. Results

3.1. Hyperglycemia-induced mitochondrial ROS production triggers early
mPTP activation

Hyperglycemia is associated with higher heart vulnerability to IR
[23,30] that might be partly triggered by ROS overproduction [24].
However, besides oxidative stress, the underlying mechanisms have
been poorly studied. Therefore, we first investigated hyperglycemia ef-
fect on isolated rat hearts, stabilized in normoglycemic (NG) buffer (11
mM p-glucose) for 30 min, and then perfused with 11 mM p-glucose (NG
hearts) or with 33 mM p-glucose (hyperglycemic, HG, hearts) for 45 min
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(SI Appendix Fig. S1A). Hyperglycemia did not affect the left ventricle
(LV) contractile function, evaluated by recording the LV developed
pressure (devP) throughout the perfusion period (SI Appendix Fig. S1B).
At the perfusion end, we evaluated ROS production by staining the LV
tissue with the ROS-sensitive dihydroethidium (DHE) dye (10 pM). As
previously shown [25,31], DHE fluorescence intensity was increased by
35% in HG hearts compared with NG hearts, indicating higher ROS
production (SI Appendix Fig. S1C). Perfusion of mannitol, used as os-
motic control, did not have any effect (SI Appendix Fig. S1C). Next, we
evaluated hyperglycemia effect on the heart functional recovery
following IR. For this, NG and HG hearts were subjected to 25 min of
global ischemia followed by 10 min of reperfusion in NG or HG buffer
(Fig. 1A). In line with previous studies [30], LV devP recovery was
reduced by 51% in HG hearts compared with NG hearts (Fig. 1B). This
lower functional recovery was associated with higher ROS production
measured by DHE staining (424%) compared with NG hearts (Fig. 1C
and D). Considering these results, we next evaluated by shotgun prote-
omic analyses performed on LV tissue obtained from NG and HG IR
hearts, the level of key proteins involved in antioxidant defenses. No
impact of HG was reported on these key enzymes when compared to IR
NG hearts (SI Appendix Figs. S2A-F). We then evaluated whether hy-
perglycemia could affect ROS production, measured with the
ROS-sensitive dihydrorhodamine 123 dye (DHR123; 5 pM), in freshly
isolated cardiomyocytes (Fig. 1E). After incubation in NG (6 mM) or HG
(33 mM) solution for 45 min, we stimulated cardiomyocytes with
hydrogen peroxide (H205; 100 uM) to mimic IR-induced oxidative stress.
We first assessed the impact of HG incubation on cardiomyocytes
viability and reported no impact when compared to NG condition (SI
Appendix Figs. S3A-B). Following 30 min of HyO5 stress, we reported a
decrease of cell viability by 29.2% and 36.2% in NG and HG car-
diomyocytes respectively, without reaching statistical difference (SI
Appendix Figs. S3A-B). Before HoOy addition, DHR123 fluorescence
intensity was comparable between NG and HG cardiomyocytes. After
incubation with HoO5, DHR123 fluorescence intensity increased in both
groups, but significantly more in HG cardiomyocytes (Fig. 1E), con-
firming higher ROS production in HG cardiomyocytes in stress condi-
tions. Conversely, DHR123 fluorescence intensity increase in
cardiomyocytes incubated with 1-glucose (osmotic control) was similar
to what observed in NG cardiomyocytes (SI Appendix Fig. S3C).
Recently, ROS overproduction by cardiomyocytes in hyperglycemic
conditions has been attributed to NOX2 [25]. Therefore, we asked
whether GSK-2795039 (25 pM), a NOX2-specific inhibitor, could blunt
hyperglycemia deleterious effect in HyO5-stressed cells. NOX2 inhibition
markedly reduced ROS production in response to HoO, in NG and HG
cardiomyocytes (SI Appendix Fig. S3D), although ROS production
remained significantly higher in HG cardiomyocytes. These results
suggest that in conditions mimicking IR, another ROS source contributes
to hyperglycemia deleterious effect. Therefore, we used mitochondria
isolated from HG and NG hearts (45 min perfusion), loaded with the
ROS-sensitive dye MitoSOX-Red and stimulated with antimycin-A (AA;
10 pM) to force ROS production through complex III inhibition and
mimic IR (Fig. 1F). MitoSOX-Red fluorescence intensity increase was
higher in mitochondria isolated from HG hearts than NG hearts (Fig. 1F).
Then, we determined whether hyperglycemia affected the activation of
mPTP, a key trigger of heart sensitivity to IR. For this, we performed
calcium retention capacity (CRC) tests, using the extra-mitochondrial
Ca®*-sensitive fluorescent dye Ca®" Green-5N (1 pM) and mitochon-
dria isolated from rats treated or not with a single dose of streptozotocin
(STZ, 40 mg/kg), a drug that induces the necrosis of pancreatic fp cells
and the subsequent increase in blood glucose level. In this model, to
avoid confounding factors linked to typel diabetes, we performed the
experiments 48 h after STZ injection in rats with a blood glucose level of
594 + 25.9 mg/dl (SI Appendix Fig. S4A). We first confirmed with
cyclosporine A (CsA; 2 pM), a potent mPTP inhibitor [32], that our test
was designed to evaluate mPTP activation. CsA limited the progressive
increase in Ca?" Green-5N fluorescence intensity in response to
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cumulative Ca>* pulses (SI Appendix Fig. S4B). Moreover, the increase
in Ca®" Green-5N fluorescence in response to successive ca%t pulses was
higher in heart mitochondria form STZ-treated rats (HG) than untreated
rats (NG) (Fig. 1G), suggesting lower mitochondrial CRC in hypergly-
cemia. To evaluate the implication of mitochondrial ROS (mtROS)
production, we used mitochondria isolated from HG and NG hearts (45
min perfusion) in the presence or not of MitoTEMPO (MitoT; 1 pM), an
antioxidant targeting the mitochondria. First, we confirmed that CRC
was reduced in mitochondria from HG hearts compared with mito-
chondria from NG hearts, suggesting an early mPTP activation (Fig. 1H).
Mitochondria from hearts perfused with mannitol buffer (osmotic con-
trol) did not show any change compared with those from NG hearts (SI
Appendix Fig. S4C). Then, we showed that incubation of hearts with
MitoT during perfusion with HG/NG buffer improved significantly the
CRC in mitochondria from HG hearts and to a lesser extent from NG
hearts (SI Appendix Fig. S4D). Similarly, pre-treatment of isolated
mitochondria with MitoT before the CRC test completely abolished the
difference between mitochondria isolated from NG and HG hearts
(Fig. 1H). Altogether, these results strongly support the idea that hy-
perglycemia affects mtROS production with potential deleterious effects
on mitochondrial calcium homeostasis and mPTP activation.

3.2. Hyperglycemia during IR exacerbates mitochondrial fragmentation
and promotes interactions between mitochondria and sarcoplasmic
reticulum

As alterations of mitochondrial dynamics during acute myocardial
infarction trigger mtROS production and early mPTP opening [11,12],
we next investigated hyperglycemia effect on mitochondrial shape
following IR. For this, we performed ex vivo IR on isolated hearts in NG
or HG conditions and prepared tissues for transmission electron micro-
scopy (Fig. 2A). We evaluated mitochondrial shape after 10 min of
reperfusion by measuring the mitochondrial area and the aspect ratio
that reflects the length to width ratio and is more independent of
mitochondrial swelling. The mitochondrial aspect ratio and area
(Fig. 2B-D) were significantly decreased in hearts that underwent IR in
HG condition compared with the NG condition. This suggested that
hyperglycemia during IR leads to excessive mitochondrial fragmenta-
tion. We next investigated signaling pathways involved in the mito-
chondrial dynamics regulation. As mitochondrial fission requires DRP1
activation and translocation from the cytosol to mitochondria [33], we
measured by western blotting the total DRP1 level in the cytosolic and
mitochondrial fractions obtained from hearts undergoing IR in NG or HG
condition (Fig. 2E and F). We first confirmed in a preliminary study that
in line with previous work [11] our model of IR on isolated perfused
hearts was associated with DRP1 translocation (SI Appendix Fig. S5A).
Interestingly, when the IR was performed on hyperglycemic hearts the
mitochondrial/cytosolic DRP1 ratio was higher when compared to NG
hearts (Fig. 2G), suggesting that DRP1 translocation to mitochondria
was higher following IR in HG hearts. Moreover, DRP1 phosphorylation
on S616 (activation site) was increased in the mitochondrial subfraction
(Fig. 2F-H), without any effect on DRP1 phosphorylation on S637
(inhibitory site) (SI Appendix Fig. S5B). In addition, we did not report
any significant impact of our experimental conditions on other key
proteins involved in mitochondrial fusion, such as Mfn2 or OPA1 (SI
Appendix Figs. S5C and D).

Interactions between SR/ER and mitochondria are required for
mitochondrial dynamics regulation [34,13], and DRP1 might act as a
key trigger of such interactions [14]. Thus, we investigated whether
HG-mediated mitochondrial fission during IR was associated with
increased interactions. Using transmission electron microscopy, we
measured the SR-mitochondria distance and the surface of this inter-
action (Fig. 2I-K). Our results highlighted more contact points between
mitochondria and SR in the HG conditions. In line with these results we
reported, using a shotgun proteomic analysis of mitochondrial sub-
fractions from NG and HG hearts undergoing ex vivo IR, that among the
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Fig. 1. Effect of hyperglycemia on ROS production and mitochondrial calcium retention capacity. (A) Schematic illustration of the experimental protocol and
representative traces of left ventricular (LV) pressure recording during IR on hearts perfused in normoglycemic (NG; 11 mM) or hyperglycemic (HG; 33 mM) buffer.
Stabilization (30 min) in NG or HG buffer was followed by global no-flow ischemia (25 min) and reperfusion in NG or HG buffer (10 min). (B) LV developed pressure
(devP) recovery at 10 min post-IR (n = 9 NG hearts, n = 6 HG hearts; *p < 0.05 NG vs. HG; non-parametric t-test). Values were normalized to the baseline level. (C-D)
Evaluation of ROS production by staining heart tissue sections with DHE (10 pM) following 10 min of IR (n = 3 hearts/group; *p < 0.05 NG vs. HG; non-parametric
Mann-Whitney test). (E) Cardiomyocytes isolated from 5 hearts/group were loaded with the ROS-sensitive fluorescent DHR123 probe (5 pM) and then incubated in
NG (6 mM) or HG (33 mM) buffer. Fluorescence intensity was measured every 10 s and normalized to the baseline fluorescence (F/F0). Cardiomyocytes were
stimulated with H,O» (100 pM) to mimic IR-induced oxidative stress (*p < 0.05 NG vs. HG; repeated two-way ANOVA). (F) Mitochondria were isolated from hearts
perfused in NG (11 mM) or HG (33 mM) buffer for 45 min (6 hearts/group) and were loaded with MitoSOX Red (5 pM), a dye sensitive to mitochondrial ROS.
Fluorescence was measured every 10 s and normalized to the baseline fluorescence (F/F0). Mitochondria were stimulated with antimycin A (AA; 100 pM), a
mitochondrial electron transport chain complex III blocker, to force ROS production (*p < 0.05 NG vs. HG; repeated two-way ANOVA). (G) Ca>" retention capacity
(CRQ) test in mitochondria isolated from the heart of NG rats (n = 20 experiments with 5 hearts) and HG rats (STZ; 40 mg/kg) (n = 32 experiments with 8 hearts).
CRC was monitored using the Ca®>* Green-5N probe (1 pM). Each peak corresponds to Ca®* addition (3 CaCl, pulses at 1 uM followed by pulses at 2.5 uM; con-
centration changes are represented by black arrows). Fluorescence level was measured every 10 s and normalized to the baseline fluorescence (F/F0). (H) CRC test in
mitochondria isolated from hearts perfused with NG (11 mM) or HG (33 mM) buffer for 45 min (23 experiments with 5 NG hearts; 19 experiments with 4 HG hearts).
During CRC testing, mitochondria were incubated or not with MitoTEMPO (MitoT; 1 pM; 9 experiments with 3 NG hearts; 12 experiments with 3 HG hearts). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Effect of hyperglycemia during IR on mitochondrial fission and interactions between mitochondria and sarcoplasmic reticulum. (A) Schematic
illustration of the experimental protocol. Hearts were stabilized in NG (11 mM) or HG (33 mM) buffer for 30 min, using a Langendorff apparatus. This was followed
by global no-flow ischemia for 25 min and reperfusion in NG or HG buffer for 10 min. Heart tissues were used after 10 min of reperfusion. (B) Representative
transmission electron microscopy images of NG- and HG-perfused heart tissue sections. Quantification of the mitochondrial aspect ratio (C) and area (D) of NG and
HG mitochondria (n ~ 600 mitochondria from 4 hearts/group; *p < 0.05 NG vs. HG; non-parametric t-test). (E-F) Representative western blots of total DRP1 and
GAPDH expression in cytosolic fractions (E) and of phosphorylated DRP1 (DRP1S616), total DRP1 (DRP1) and VDAC1 (VDAC) levels in mitochondrial subfractions
(F) of NG- and HG-perfused hearts after IR. (G) Mitochondrial DRP1 (relative to VDAC1) to cytosolic DRP1 (relative to GAPDH) ratio in NG- (n = 4 in duplicate) and
HG-perfused hearts (n = 5 in duplicate) after IR (*p < 0.05 NG vs. HG; parametric t-test). (H) DRP1 phosphorylated on S616 (relative to total DRP1) in mitochondrial
subfractions from NG- (n = 6 in duplicate) and HG-perfused (n = 7 in duplicate) hearts. Protein levels were expressed relative to VDAC1 (*p < 0.05 NG vs. HG;
parametric t-test). (I) Representative transmission electron microscopy images of interactions between mitochondria and sarcoplasmic reticulum (SR) in NG- and HG-
perfused hearts after 10 min of reperfusion. Black arrows: distance between mitochondria (blue line) and SR (red line). Black line: length of the interaction between a
mitochondrion and SR. Quantification of the mitochondrion-SR distance (J) and interactions (K) in NG- and HG-perfused hearts after IR (n =~ 400-500 measurements
from N = 4 hearts/group; *p < 0.05 NG vs. HG; parametric t-test). (L) Volcano plot showing the -log 10 p value vs. the log2 expression levels of individual proteins in
mitochondrial subfractions obtained from NG- and HG-perfused hearts after IR. Red dots: SR proteins; black dots: mitochondrial proteins; gray dots: non-
mitochondrial proteins; blue squares: cut-offs of fold change >1.4, p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

proteins that were more abundant in the mitochondrial subfraction of DRP1 pathway, which is associated with higher mitochondrial fission
HG hearts, some proteins were SR-specific and involved in the regula- and SR-mitochondrial interactions.

tion of Ca®>" homeostasis (RyR2, PLN) or in SR tubulation (Reep5Dp1)
[35,36] (Fig. 2L). This reinforces the idea that following IR in HG con-
dition, interactions between SR and mitochondria were promoted. We
also found that OST48, a reticulum protein involved in protein
N-glycosylation, was more abundant in the mitochondrial subfraction of
HG hearts. Interestingly, N-glycosylation is implicated in the regulation
of ER morphology and dynamics [37]. Altogether, these results strongly
support the idea that IR in HG conditions triggers the activation of the

3.3. Hyperglycemia dlters mitochondrial Ca?" homeostasis

Mitochondria and SR interactions trigger Ca?* transfer from the SR
to the mitochondria [3]. This transfer plays a key role in cardiac myo-
cyte excitation-bioenergetic coupling, but can also lead to mitochondrial
Ca?* overload and subsequent mtROS and mPTP activation [38]. Thus,
we determined whether hyperglycemia increases mitochondrial Ca®*
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uptake. First, we measured the level of matrix Ca?* in mitochondria mitochondria through the mitochondrial Na*/Lit/Ca?" exchanger
isolated from NG and HG hearts (45 min perfusion). The mitochondrial (NCLX) or mPTP, we performed the experiments in the presence of
Ca?" content tended to be higher in HG than NG mitochondria without CGP37157 (10 pM) and CsA (1 mM) to inhibit these channels, respec-
reaching statistical significance (Fig. 3A). As Ca2* entry in mitochondria tively. The rate of Ca®" uptake by mitochondria following a single 2.5
is regulated mainly by the mitochondrial Ca?* uniporter (MCU) complex UM Ca?" pulse was higher in mitochondria isolated from HG than NG
[39,40], we assessed Ca®" uptake through this complex in mitochondria hearts (Fig. 3B). Similarly, Ca?* uptake rate was higher in mitochondria
isolated from NG and HG hearts using the Ca®* Green-5N probe isolated from hearts of STZ-treated (HG) than untreated rats (NG)
(Fig. 3B). To avoid confounding factors due Ca®" release by (Fig. 3C). In cardiomyocytes, Ca?" exchange between SR and
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Fig. 3. Effect of hyperglycemia on mitochondrial calcium uptake. (A) Quantification of mitochondrial Ca®>* content using the o-Cresolphthalein-Complexone
method in mitochondria isolated from NG- (11 mM) and HG- (33 mM)-perfused hearts (n = 3 NG hearts; n = 4 HG hearts, in triplicate; *p < 0.05 NG vs. HG;
parametric t-test). (B) Mean traces of mitochondrial Ca%* uptake by isolated mitochondria, using Ca?" Green-5N (1 pM) as an extra-mitochondrial Ca®* indicator.
Mitochondrial Ca®* uptake was induced by adding 2.5 pM of CaCl, to mitochondria isolated from NG- or HG-perfused hearts (n = 12 experiments with 3 hearts/
group). Fluorescence was measured every 7 s and normalized to the peak fluorescence (F/Fpeak) (*p < 0.05 NG vs. HG; repeated two-way ANOVA). (C) Mean traces
of mitochondrial Ca* uptake by mitochondria isolated from control rat hearts (NG; n = 35 experiments with 7 independent rats) and STZ-treated (HG) rat hearts
(STZ; 40 mg/kg; n = 45 experiments with 9 independent rats). Mitochondrial Ca®* uptake was induced by adding 2.5 pM of CaCl, to mitochondria. Fluorescence was
measured every 10 s and normalized to the peak fluorescence (F/Fpeak) (*p < 0.05 NG vs. HG; repeated two-way ANOVA). (D) Left panel, mean traces of mito-
chondrial Ca?* measured in isolated cardiomyocytes incubated in NG (6 mM) or HG (33 mM) buffer, using Rhod-2 (5 pM) as mitochondrial Ca?" sensitive probe.
Ca2* release by the SR was stimulated with histamine (500 pM). Right panel, quantification of histamine effect on mitochondrial Ca®* level change from baseline (F/
FO). (E) Left panel, mean traces of mitochondrial Ca®* measured in isolated cardiomyocytes incubated in NG (6 mM) or HG (33 mM) buffer, using Rhod-2 (5 pM) as
mitochondrial Ca®* sensitive probe. Ca?* release by the SR was stimulated with isoproterenol (ISO; 1 pM). Right panel, quantification of ISO effect on mitochondrial
Ca®* level changes relative to baseline (FO) (*p < 0.05 NG vs. HG; parametric t-test). (F-G) Confocal images of rat cardiomyocytes, loaded with Rhod-2 (5 pM) and
incubated in NG (6 mM) or HG (33 mM) buffer for 45 min. Cardiomyocytes were paced (19 V) at 0.5 Hz (30 s) and 4 Hz (30 s) to stimulate excitation-contraction
coupling and mitochondrial accumulation of Ca?*. Fluorescence was measured every 5 s for 60 s and was normalized to the baseline value (F0) (n ~ 23-28 cells per
condition from N = 3 hearts). Some cardiomyocytes were incubated with Ru360 (10 pM), a MCU inhibitor (*p < 0.05 NG vs. HG; repeated two-way ANOVA). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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mitochondria is mediated through Ca?* release by IP3R [41] or through (Fig. 3E). This suggests a key role of RyR2 in the increased mitochondrial

Ca2* release during the ECC by RyR2 [42]. We next measured mito- Ca?* uptake by HG cardiomyocytes. Next, we evaluated mitochondrial
chondrial Ca?* uptake in isolated cardiomyocytes loaded with Rhod-2, a Ca?* uptake in electrically paced cardiomyocytes to stimulate ECC and
mitochondrial Ca®" sensitive probe (SI Appendix Figs. S6A-B). After Ca?* release by RyR2. After 45 min incubation in NG or HG buffer, we
incubation in NG or HG buffer for 45 min, we incubated cardiomyocytes paced cardiomyocytes with field electrodes (MyoPacer, Ionoptix Sys-
with histamine (500 pM) and isoproterenol (ISO, 1 pM) to stimulate tem) (30s at 0.5 Hz followed by 30 s at 4 Hz) to stimulate Ca?t accu-
Ca?* release from the SR through IP3R and RyR2, respectively. Rhod-2 mulation in mitochondria. We recorded line scan (x-t) confocal images
fluorescence intensity was comparable in NG and HG cardiomyocytes of Rhod2 fluorescence to evaluate changes in mitochondrial diastolic
after IP3R stimulation by histamine (Fig. 3D), whereas it was signifi- Ca®* level (Fig. 3F). First, we confirmed using Ruthenium 360 (Ru360),
cantly higher in HG cardiomyocytes following incubation with ISO a potent MCU inhibitor, that Rhod2 fluorescence changes were related
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Fig. 4. Hyperglycemia effect on calcium homeostasis in response to stress. (A) Schematic illustration of the experimental protocol and representative traces of
left ventricular (LV) pressure recording during ischemia and reperfusion. The blue arrows represent measurements of ischemic and early-reperfusion contracture. (B)
Maximum ischemic and (C) early-reperfusion LV contracture in isolated hearts undergoing IR in NG (11 mM) or HG (33 mM) conditions (n = 8 NG hearts; n = 6 HG
hearts; *p < 0.05 NG vs. HG; parametric t-test). (D) Representative trace of a Ca®* transient obtained in paced (0.5 Hz, Ionoptix System) isolated cardiomyocytes
loaded with the Fluo-4 Ca®" sensitive dye (10 pM). (E) Amplitude of Ca®" transients measured in isolated cardiomyocytes pre-incubated in NG (6 mM) or HG (33
mM) buffer, paced at 0.5 Hz for 30 s, and stimulated or not with ISO (1 pM) (n = 20-30 cells/condition from 4 hearts). (F) Ca®* transient exponential decay time
(Tau) measured in isolated cardiomyocytes incubated in NG (6 mM) or HG (33 mM) buffer for 45 min, paced at 0.5 Hz for 30 s and stimulated or not with ISO (1 pM)
(n = 20-30 cells/condition from 4 hearts; #p < 0.05 ISO effect; repeated two-way ANOVA). (G) Representative confocal line scans obtained in isolated car-
diomyocytes loaded with the intracellular Ca’" sensitive dye Fluo-4 AM (10 pM) and incubated in NG (6 mM) or HG (33 mM) buffer for 45 min before analysis.
Cardiomyocytes were pre-incubated or not with MitoTEMPO (1 pM) for 30 min and stimulated or not with ISO (1 pM). Cells were paced at 0.5 Hz for 30 s followed by
30 s at 2 Hz (19 V). The stimulation was then stopped to record spontaneous Ca?" waves (SCaW) for 30 s. (H) SCaW number over 30 s in the conditions previously
described (n = 15-30 cells/condition from 3 to 6 hearts; *p < 0.05 NG vs. HG, £p < 0.05 MitoT effect; repeated two-way ANOVA). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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to Ca* entry in mitochondria through the MCU (Fig. 3F and G). Then,
we confirmed that mitochondrial Ca?* uptake was higher in HG than NG
cardiomyocytes (Fig. 3G). Indeed, despite no difference between NG and
HG cardiomyocytes during the stimulation at 0.5 Hz, Rhod2 fluores-
cence intensity (F/F0) was increased by 155% in HG cardiomyocytes
and by 90% in NG cardiomyocytes at 4 Hz. Perfusion with mannitol gave
similar results as with the NG buffer (SI Appendix Fig. S7A). These re-
sults strongly suggest that hyperglycemia increases Ca®* uptake by
mitochondria in response to stress (i.e. incubation with ISO or high
pacing).

3.4. Hyperglycemia alters cardiomyocyte calcium homeostasis in response
to stress

As previously reported [43], altered cardiomyocyte Ca%" homeo-
stasis can trigger mitochondrial Ca>* overload and subsequent mito-
chondrial dysfunctions. Thus, we next investigated the impact of HG on
cardiomyocyte Ca®" handling in response to stress. During IR, alter-
ations of Ca?* handling leading to cytosolic and mitochondrial Ca%*
overload play a key role in IR injuries [44]. As the ischemic- and
reperfusion-induced rigor-type LV contracture can be used as cytosolic
Ca?t overload index [45], we analyzed hyperglycemia effect on
ischemic and early-reperfusion-induced LV contracture (Fig. 4A). In
isolated hearts undergoing ex vivo IR, the amplitude of LV ischemic
(Fig. 4B) and early reperfusion (after 10 min of reperfusion) contractures
(Fig. 4C) were higher in HG than NG hearts. This suggests higher Ca?*
overload in HG than NG hearts. Among the factors that may explain the
altered calcium homeostasis, recent studies reported that hyperglycemia
promotes RyR2 instability and subsequent arrhythmogenic SR Ca%* leak
[46,25]. As we showed a key role of Ca" release through the RyR2 in
mitochondrial Ca?" increase, we investigated hyperglycemia effect on
Ca?* handling in isolated cardiomyocytes incubated with HG or NG
buffer and loaded with the cytosolic Ca®" sensitive dye Fluo-4 (10 pM).
We recorded line scan (x-t) confocal images of Fluo-4 fluorescence to
evaluate changes in cytosolic Ca®" level (Fig. 4D-G). In basal conditions
(i.e. 0.5 Hz), we did not observe any difference between cardiomyocytes
in the Ca®" transient amplitude and the exponential decay time con-
stants (Tau) of calcium transients (Fig. 4E and F). After stimulation with
ISO (1 pM), the Ca®" transient amplitude tended to increase similarly in
NG-, HG- (Fig. 4E) and mannitol-incubated cardiomyocytes (SI Appen-
dix Fig. S8A). ISO stimulation significantly and similarly decreased Tau
in NG-, HG- (Fig. 4F) and mannitol-incubated cardiomyocytes (SI Ap-
pendix Fig. S8B). As increasing Ca®" leak through the RyR2 could result
in spontaneous Ca?t waves [47], we evaluated the effect of high pacing
(2 Hz, 30 s), in the presence/absence of ISO, on spontaneous Ca®* waves
(SCaW) (Fig. 4G and H). Following electrical field pacing (30s at 0.5 Hz
followed by 30 s at 2 Hz), we measured SCaW number over 30 s without
stimulation. SCaW number was higher in HG than NG cardiomyocytes
(Fig. 4H). Following stimulation with ISO, SCaW number increased both
in NG and HG cardiomyocytes, but remained higher in HG than NG
(Fig. 4H) and mannitol-incubated cardiomyocytes (SI Appendix
Fig. S8C). In line with these results, using MS/MS spectra, we were able
to detect the phosphorylation state of peptide [2798-2816] of RyR2 in
all post-IR HG samples but not in any post-IR NG samples. The MS/MS
fragmentation spectrum (SI Appendix Fig. S9A) is in favor of ser2803 as
phosphorylation site: RISQTpSQVSIDAAHGYSPR. This is in agreement
with the impact of RyR2 phosphorylation on ser2808 (human site),
which has been well described as a key trigger of SR Ca®* leak [48]. As
hyperglycemia was associated with higher mtROS in stress situations
and mtROS can trigger the activation of kinases [49] involved in RyR2
$2808 phosphorylation and subsequent Ca" leak [48], we determined
whether MitoT (1 pM) influenced SCaW occurrence. In basal conditions
(i.e. without ISO), MitoT did not affect SCaW occurrence in car-
diomyocytes, although SCaW number was slightly increased in NG
cardiomyocytes (Fig. 4H). Following incubation with ISO, MitoT had no
effect on SCaW number in NG cardiomyocytes, but normalized SCaW
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number in HG cardiomyocytes (Fig. 4H), suggesting a key role of mtROS
in RyR2 instability in hyperglycemia. These results strongly support the
idea that hyperglycemia is associated with altered Ca®>" homeostasis in
response to stress, with a key role for the exacerbated mtROS
production.

3.5. Hyperglycemia-induced DRP1 activation triggers mitochondrial ROS
overproduction, altered cat homeostasis, early mPTP activation, and
heart sensitivity to IR

Here, we showed that hyperglycemia is associated with increased
mitochondrial fragmentation and interactions between SR and mito-
chondria interactions during IR. DRP1 activation could be implicated in
the complex interplay between mtROS and altered calcium homeostasis.
Therefore, we investigated whether DRP1 inhibition with Mdivi-1 (50
puM) prevented hyperglycemia deleterious impact. In isolated car-
diomyocytes perfused with HG, Mdivi-1 normalized ROS production
following Hy0; stress to the level observed in NG cardiomyocytes, but
did not have any effect in NG cardiomyocytes (Fig. 5A). We next
investigated Mdivi-1 effect on cardiomyocyte Ca2" homeostasis
(Fig. 5B). In basal conditions (i.e. 0.5 Hz without ISO), Mdivi-1 had no
effect on the Ca®" transient amplitude (Fig. 5C), on Tau (Fig. 5D), and on
SCaW number (in line with the results obtained with MitoT) in NG and
HG cardiomyocytes (Fig. 5E). Following stimulation with ISO, Mdivi-1
did not influence Ca®* transient amplitude and Tau (Fig. 5C and D).
Conversely, it normalized SCaW number in HG cardiomyocytes to the
level observed in NG cardiomyocytes on which it did not have any effect
(Fig. 5E). Therefore, we next determined whether Mdivi-1 could
modulate mitochondrial Ca?" homeostasis in STZ-treated rats. Un-
treated (NG) and STZ-treated (HG) rats received an intraperitoneal in-
jection of Mdivi-1 (1.2 mg/kg) 24 h and 1 h before the experiments.
Then, we isolated cardiac mitochondria, as previously described, and
measured Ca?" uptake in the presence of both CGP37157 and CsA to
inhibit Ca?* release by NCLX and mPTP, respectively. Mdivi-1 had no
effect on Ca?" uptake by mitochondria from control hearts (NG)
(Fig. 5F). Conversely, DRP1 inhibition reduced Ca?" uptake in mito-
chondria from the heart of STZ-treated rats (HG) (Fig. 5G). Then, we
assessed Mdivi-1 effect on mitochondrial CRC in the same animal model.
Unexpectedly, Calcium Green-5N fluorescence intensity strongly
increased in response to calcium pulses in mitochondria from NG rats
treated with Mdivi-1 compared with untreated NG animals (Fig. 5H).
This suggests a lower mitochondrial CRC when DRP1 is inhibited in NG
hearts before mitochondrial isolation. However, in mitochondria from
STZ-treated rats treated with Mdivi-1, the increase in Calcium Green-5N
intensity in response to calcium pulses was significantly reduced
(Fig. 5H), suggesting that Ca?* release was lower and mPTP activation
delayed.

As these results suggest a key role of DRP1 in hyperglycemia dele-
terious effect on the complex interplay between mtROS and Ca®* ho-
meostasis, we next assessed the effect of DRP1 inhibition in STZ-treated
and untreated rats following injection of Mdivi-1 at 24 h and 1 h before
in vivo IR. The procedure was designed to modulate the effect of DRP1
activation during hyperglycemia with only a moderate effect on its
activation in response to IR (Fig. 6A). Before using Mdivi-1, we
confirmed that 48 h after a single injection of STZ, blood glucose level
was increased compared with vehicle (Fig. 6B). Then, we showed that
survival rate during IR was reduced in STZ-treated rats (HG), compared
with untreated rats (NG) (Fig. 6C). We next compared the ECG profiles
throughout IR in the animals that survived during IR (Fig. 6D). We used
the corrected QT interval (QTc) as an index of heart sensitivity to IR.
Before ischemia (baseline), we did not observe any QTc difference be-
tween groups (Fig. 6E). Following 90min of reperfusion, the QTc was
increased by 10% in HG animals and only by 3% in NG rats (Fig. 6E). We
confirmed that HG animals were more sensitive to IR by measuring the
infarct size by triphenyl tetrazolium chloride staining after 2 h of
reperfusion (Fig. 6F-H). These results confirmed [23,24] that
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Fig. 5. Effect of the DRP1 inhibitor Mdivi-1 on hyperglycemia-induced alterations of ROS production, calcium homeostasis, and mPTP opening in car-
diomyocytes. (A) Cardiomyocytes isolated from 4 hearts/group were loaded with the ROS-sensitive fluorescent probe dihydro-rhodamine 123 (DHR123; 5 pM) and
then incubated or not with Mdivi-1 (50 uM, 30 min), in NG (6 mM) or HG (33 mM) buffer, for 45 min. Cells were stimulated with HyO5 (100 uM) to mimic IR-induced
oxidative stress. Fluorescence was measured every 10 s and normalized to baseline fluorescence (F/F0) (*p < 0.05 NG vs. HG; repeated two-way ANOVA). (B)
Representative confocal line scan recording of Ca®* transients and spontaneous Ca%" waves obtained in isolated cardiomyocytes loaded with the intracellular Ca*’
indicator Fluo-4 AM (10 pM) and incubated in NG (6 mM) or HG (33 mM) buffer for 45 min. Cardiomyocytes were paced at 0.5 Hz (30s) and 2 Hz (30s). The
stimulation was then stopped to record SCaW for 30 s. Cardiomyocytes were pre-incubated or not with Mdivi-1 (50 pM) for 30 min and stimulated or not with ISO (1
pM). Quantification of the amplitude of Ca®* transients (C), exponential decay time (Tau) (D) and number of SCaW (E) in isolated cardiomyocytes (n = 15-30 cells/
condition from 3 to 6 hearts; *p < 0.05 NG vs. HG, $p < 0.05 Mdivi-1 effect; repeated two-way ANOVA). (F-G), Mean traces of Ca>* uptake by mitochondria isolated
from NG rat hearts (n = 35 experiments from N = 7 hearts) or STZ-treated rat (NG) hearts (STZ; 40 mg/kg; n = 45 experiments from N = 9 hearts), treated or not with
Mdivi-1, 24 h and 1 h before the experiment (NG Mdivi-1: n = 19 experiments from N = 4 hearts. HG Mdivi-1: n = 20 experiments from N = 3 hearts; $p < 0.05
Mdivi-1 effect, repeated two-way ANOVA). Mitochondrial Ca?* uptake was stimulated by a single CaCl, pulse (2.5 pM) in isolated mitochondria in the presence of
Ca®" Green-5N (1 pM). Fluorescence was measured every 7 s and normalized to the peak fluorescence. (H) Mean CRC traces in mitochondria isolated from NG rats (n
= 20 experiments from N = 5 hearts) or STZ-treated rats (HG; n = 32 experiments from 8 hearts), treated or not with Mdivi-1 (50 pM) (NG Mdivi-1: n = 16 ex-
periments from N = 4 hearts; HG Mdivi-1: n = 12 experiments from N = 3 hearts). CRC was monitored using the Ca%* Green-5N probe (1 pM). Each peak corresponds
to Ca* addition (3 CaCl, pulses at 1 uM followed by pulses at 2.5 uM; changes in concentration are represented by black arrows). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Effect of the DRP1 inhibitor Midiv-1 on the hyperglycemia-induced heart sensitivity to IR. (A) Control rats (NG) and STZ-treated rats (HG) were treated
or not with Mdivi-1 (1.2 mg/kg; intraperitoneal injection), 24 h and 1 h before in vivo IR (30 min of ischemia followed by 2 h of reperfusion). (B) Bood glucose levels
before IR (N = 4-6 rats/group; *p < 0.05 NG vs. HG; two-way ANOVA). (C) Animal survival rate (no cardiac arrest before the reperfusion end) during IR (N = 4-6
rats/group). (D) Representative ECG recording before ischemia (baseline), after 30 min of ischemia (coronary artery ligation), and after reperfusion (90 min) in NG
and HG rats pre-treated or not with Mdivi-1 (1.2 mg/kg; intraperitoneal injection) 24 h and 1 h before coronary artery ligation. (E) QTc values recorded at baseline
and after 90 min reperfusion (N = 4-6 rats/group; *p < 0.05 NG vs. HG post-IR; repeated two-way ANOVA). (F) Representative transverse sections of triphenyl
tetrazolium chloride-stained hearts from NG or HG rats treated or not with Mdivi-1 (1.2 mg/kg). The deep red visible area represents the area at risk (AAR), the white
area is the infarcted area, and the blue area indicates non-ischemic tissue. (G) AAR percentage, calculated as the AAR to LV size ratio, in each group (N = 4-6 hearts/
group). (H) Percentage of infarct size, calculated as the infarcted area to the AAR ratio in each group (N = 4-6 rats/group; $p < 0.05 Mdivi-1 effect; two-way
ANOVA). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

hyperglycemia leads to higher IR injuries. Then, we investigated the
effect of Mdivi-1 pre-treatment (24 h and 1 h before IR). Mdivi-1
markedly increased the survival during IR in both NG (by 25%) and
HG rats (by 88%) (Fig. 6C). Unexpectedly, Mdivi-1 pre-treatment did not
have any protective effect on QTc and myocardial infarct size in NG rats
(Fig. 6E-H). Conversely, in HG animals, in line with the results obtained
on isolated cardiomyocytes and mitochondria, Mdivi-1 decreased the
QTec to the level observed in NG rats (Fig. 6E) and markedly reduced
infarct size (Fig. 6H). These results confirmed that
hyperglycemia-induced DRP1 activation plays a central role in hyper-
glycemia deleterious effects on heart sensitivity to IR.

4. Discussion

Our results support the hypothesis that hyperglycemia-induced
DRP1 activation plays a key role in the higher heart sensitivity to IR.
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Specifically, we found that hyperglycemia (i) increased reticulum-
mitochondria interactions which could trigger excessive mitochondrial
calcium exchange and fragmentation during ischemia-reperfusion., (ii)
impacted RyR2 activation in response to stress, which could be a key
trigger of altered mitochondrial calcium homeostasis and (iii) subse-
quently increase heart sensitivity to IR. Lastly, (iv) the use of Mdivi-1 to
inhibit DRP1 allowed normalizing Ca?! homeostasis, ROS production
and reducing heart sensitivity to IR in the hyperglycemic condition.
Collectively, these results provide additional insights to better under-
stand the mechanisms involved in hyperglycemia deleterious effect on
heart sensitivity to IR.

Despite alterations of the mitochondrial network have been well
described to play a key role in diabetic cardiomyopathy [50,51], the
consequence on mitochondrial Ca?" homeostasis remains controversial.
Recently, it has been reported that in mouse models of type 2 diabetes
(high fat diet), reduced Ca®" transfer from the SR to mitochondria
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constitutes a key feature of diabetic cardiomyopathy [52]. Similarly, in a
mouse model of typel diabetic cardiomyopathy (8 weeks after STZ
treatment), the restoration of MCU expression improves mitochondrial
Ca?* handling and reduces the heart sensitivity to IR [53]. However, in
another mouse model of type 1 diabetes (injection of a low dose of STZ)
and in diabetic Akita mice, hyperglycemia was associated with higher
interactions between SR and mitochondria and mitochondrial Ca®*
overload [54]. These results have been confirmed in other mouse models
of diabetes, based on high fat diet and intraperitoneal injection of STZ
[55], and are in line with our results showing that hyperglycemia
increased interactions between SR and mitochondria. These data suggest
that in function of the animal model and diabetes duration, the complex
interactions between SR/ER and mitochondria could be differently
affected. In our model of acute hyperglycemia, which allows avoiding
other confounding factors associated with diabetes, we showed that
DRP1 activation in response to altered glucose homeostasis could
contribute to explain mitochondrial Ca>" homeostasis disorders and
mtROS production. It is interesting to note that hyperglycemia, with
[56] and without diabetes [28], is associated with DRP1 activation and
that its inhibition reduces IR heart injuries in diabetic animal models
[57].

DRP1 is a key trigger of mitochondrial fission. Its activation is
strongly dependent on its phosphorylation on S616 (activation site)
[58], whereas phosphorylation on S637 is inhibitory. Among the kinases
that positively regulates DRP1 activity through phosphorylation on
S616, the Ca2+/calmodulin—dependent kinase II (CaMKII) is activated in
response to ROS [59] and Ca?* [60]. This could also be true in response
to hyperglycemia due to the activation of CaMKII by O-GlcNAcylation
[46]. High level of cytosolic Ca®", in response to hyperglycemia, also
can activate the extracellular signal-regulated kinase 1/2 (ERK1/2) that
phosphorylates DRP1 on S616 [61], while the Ca?*-dependent protein
phosphatase calcineurin dephosphorylates DRP1 on S637 [62,10]. Both
increase DRP1 activation and mitochondrial fission. Therefore, it seems
that the effects of HG on cellular Ca?* homeostasis disorders and ROS
overproduction during IR, may promote the activation of key proteins
leading to higher level of DRP1 phosphorylation. DRP1 has also been
reported to be activated, independently on its phosphorylation state, by
its redox-dependent depolysulfidation [63]. Considering the higher level
of ROS production in our model, we could also hypothesis that such
phenomenon contributes to higher DRP1 activation in response to HG.
In addition, considering that NOX2 has been shown as a key trigger of
ROS overproduction in HG conditions [25], which was confirmed in our
work with the use of GSK-2795039, we could speculate that
NOX2-dependent ROS could trigger DRP1 activation in response to HG.
Further studies will be necessary to better understand the interactions
between these two proteins. Moreover, previous studies showed that the
stimulation of mitochondrial Ca?* uptake with thapsigargin or KCl
triggers the reversible fragmentation of the mitochondrial network [64]
and that inhibition of mitochondrial Ca?* uptake during IR with Ru360
limits mitochondrial fragmentation [65]. These results strongly support
the idea that hyperglycemia-induced ROS production and altered Ca%*
homeostasis trigger DRP1 activation and excessive mitochondrial frag-
mentation during IR. However, as in our work DRP1 inhibition also
normalized ROS production and Ca?" homeostasis, we could hypothe-
size that a more complex bidirectional interplay between these factors
contributes to explain hyperglycemia deleterious impact. Indeed,
changes in mitochondrial dynamics also can alter mitochondrial and
cytosolic Ca®* homeostasis. Mfn2 knockdown in C2C12 myoblasts to
force mitochondrial fission results in reduced mitochondrial Ga2*
retention capacity [66]. However, in this model, mitochondrial fission is
associated with lower mitochondrial Ca®* uptake, unlike in our condi-
tions. Therefore, more studies are needed to precisely describe the
complex interplay between mitochondrial dynamics and Ca?* homeo-
stasis. DRP1 activation and exacerbated mitochondrial fission trigger
mtROS overproduction. Similarly, in H9C2 cells, increased ROS pro-
duction in hyperglycemic conditions requires DRP1-dependent
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mitochondrial fragmentation [28]. Altogether, these results are in line
with the scientific literature showing complex interplays between
mitochondrial dynamics and changes in Ca%* and ROS homeostasis. It is
now important to determine whether mitochondrial fission is a key
trigger of altered mitochondrial function or a consequence of altered
mitochondrial Ca?* and ROS homeostasis.

Our results could also be linked to the non-canonical roles of DRP1.
Indeed, besides its role in mitochondrial fission, DRP1 also facilitates
interactions between mitochondria and SR/ER [14], promotes mPTP
activation [15], apoptotic pathways [16] and regulates mitophagy [17].
A recent study suggested a potential role of DRP1 in interactions be-
tween mitochondria and ER by showing that DRP1 can shape the ER into
tubules independently of GTP hydrolysis, facilitating contacts between
organelles [14]. Moreover, in cardiomyocytes, DRP1 is observed in
MAMs where it colocalizes with RyR2 [17], which are induced in
response to metabolic stress caused by high fat diet. Here, we found in
response to hyperglycemia, more interactions between SR and mito-
chondria and higher expression of proteins involved in the regulation of
SR/ER tubulation (Reep5Dpl and OST48). These results suggest that
hyperglycemia stimulates SR remodeling during IR, promoting in-
teractions with mitochondria. We could hypothesize that in response to
hyperglycemia, DRP1 contributes to promote SR tubulation around
mitochondria, thus increasing MAM number and surface and the sub-
sequent mitochondrial division. This hypothesis is supported by the
higher Ca* exchange between SR and mitochondria. Indeed, MAMs are
Ca?* exchange platforms that play a crucial role in the regulation of
mitochondrial Ca?* uptake. MAMs also contribute to ROS exchange
[67]. In our conditions, RyR2 appears as a good candidate to explain
higher Ca®* exchange from SR to mitochondria and mitochondrial Ca®*
overload. Indeed, RyR2, which is involved in the regulation of Ca%*
transients during ECC, was more abundant and in a phosphorylated state
in the mitochondrial subfractions obtained from HG hearts undergoing
IR. Moreover, although the stimulation of Ca®* release from SR by IP3Rs
had no effect on mitochondrial Ca>* uptake, we found that both ISO and
high pacing, known to stimulate the release of Ca®* through RyR2,
resulted in higher mitochondrial Ca?* uptake in HG than NG car-
diomyocytes. It has been suggested that RyR2 instability plays a key role
in the increased Ca?* uptake by mitochondria. For instance, higher level
of Ca* sparks, a sign of RyR2 diastolic Ca®" leak, has been observed in
cardiomyocytes isolated from STZ-treated animals, and their levels was
further increased following high glucose treatment [68] and in car-
diomyocytes studied in hyperglycemic conditions [25]. Here, we
confirmed that hyperglycemia increases RyR2 instability that was
exacerbated by stimulation with ISO. This could be explained in our
work by RyR2 phosphorylation on ser2808, which has been largely
described to trigger RyR2 Ca®* leak [48]. In conditions of exacerbated
ROS production, RyR2 oxidation has also been associated with higher
RyR2 Ca®* leak [69]. In our work, we showed that incubation with
MitoT, to target mtROS production, can normalize SCaW number, used
as an index of RyR2 instability. These results are in agreement with
previous studies showing that in isolated cardiomyocytes, mtROS
scavenging with MitoT reduces caffeine-mediated SR Ca®* leak and that
Ca?" leak through the RyR2 leads to mtROS production and RyR2
oxidation [69], supporting a bidirectional crosstalk between SR and
mitochondria. MtROS can then directly impact RyR2 stability through
its oxidation. However, higher mtROS can also contribute to activate
ROS sensitive kinase, such as CaMKII [70] or PKA [49], with subsequent
consequences on RyR2 phosphorylation and activation [71,48]. Such
close contacts between mitochondria and SR could constitute an adap-
tive process to ensure the heart bioenergetic metabolic response [72]
where RyR2 can play a key role [73]. However, in some conditions,
including IR, this promotes mitochondrial Ca®" overload and mPTP
activation [74]. In agreement, disrupting the interactions between
SR/ER and mitochondria during hypoxia-reoxygenation attenuates
mitochondrial Ca?* overload and protects cardiomyocytes [12]. To the
best of our knowledge, our study is the first to propose that DRP1
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activation in response to hyperglycemia could exacerbate this crosstalk.
Future studies should investigate the effect of DRP1 activation on the
functional and structural interactions between SR and mitochondria.

In our study, we also reported that the rate of mitochondrial Ca%*
uptake was increased on isolated mitochondria obtained from HG
hearts. This result could suggest some impact of our experimental con-
ditions on the Ca?* sensitivity of the MCU complex, known to be regu-
lated by cytosolic Ca®* concentration [75] but also by redox modulation
[76]. However, it is also interesting to note that on isolated mitochon-
dria, both crude and purified, some caffeine sensitive vesicles of retic-
ulum were also present and can trigger mitochondrial Ca%* uptake [77].
Whether HG results in higher amount of reticulum vesicles on isolated
mitochondria, due to stronger interactions between these organelles,
will require further investigations. Further studies will be necessary to
understand the impact of HG on mitochondrial Ca®* uptake.

It also interesting to note that the deleterious impact of HG on heart
sensitivity to IR were not abolished or corrected by the use of insulin to
normalize blood glucose level during IR [78] or in response to oxidative
stress [79]. This is in line with our results showing that mitochondria
isolated from HG hearts but studied in the same conditions than mito-
chondria isolated from NG hearts, presented a higher rate of ca%t up-
take, produce more ROS and have a lower Ca®" retention capacity.
Altogether these results strongly suggest that HG per se, prior to IR, has
deleterious consequence on mitochondrial homeostasis which condi-
tioned its deleterious response during cardiac IR. Further studies will be
necessary to better understand this point.

4.1. Study limitations

This study has some limitations. The first limitation concerns the use
of Mdivi-1 to inhibit DRP1. Mdivi-1 is a well-described allosteric in-
hibitor of DRP1, which has been largely used to prevent excessive
mitochondrial fragmentation during cardiac IR [12,10]. However, its
interaction with this protein remains poorly understood. It has been
proposed that Mdivil inhibits the GTPase activity of DRP1, but this
remains controversial [80,81]. Furthermore, although Mdivi-1 remains
the most commonly used DRP1 inhibitor in the scientific literature, its
specificity is questioned in several recent studies [80,82,83]. Yet, if we
consider that DRP1 has also many non-canonical roles (independent of
mitochondrial fission), including on mitochondria-reticulum interaction
[14], mPTP activation [15] and apoptosis [16], it seems difficult to
determine whether the non-specific effects of Mdivi-1 are due to its lack
of specificity or to the complex role of DRP1. Further studies, using
either other DRP1 inhibitor, such as P110, or animal models with con-
ditional cardiac deletion of DRP1, would help us to better understand
our results. The second limitation concerns the impact of Mdivi-1 in NG
conditions. Indeed, in mitochondria isolated from NG animals treated
with Mdivi-1, Calcium Green-5N fluorescence intensity strongly
increased in response to calcium pulses. This result suggests lower
mitochondrial calcium retention capacity, which is in contradiction with
the literature demonstrating that Mdivi-1 protect the heart during IR
[12,10]. This phenomenon is not easy to understand. Indeed, to the best
of our knowledge, only few studies evaluated its impact on mitochon-
drial Ca?t homeostasis with conflicting results. In C2C12 cell lines,
mitochondrial Ca?* flux in response to ATP was severely reduced in
shDRP1 treated cells [84]. This result was explained by lower level of
MCU. On the opposite, on the same cell lines (C2C12), the use of a
dominant negative form of DRP1 markedly increased mitochondrial
Ca%* uptake rates in permeabilized cells [66]. In line with this result,
cardiac specific DRP1 deletion resulted in higher mitochondrial Ca%*
uptake measured on intact cardiomyocytes and higher mitochondrial
sensitivity to Ca’*-induced mPTP opening [85]. These results, which are
in accordance with our results obtained on NG mitochondria, could
contribute to explain the lack of cardioprotective effect of Mdivi-1 in NG
animals. However, the specificity of our Mdivi-1 treatment, designed to
target the effects of HG rather than the direct impact of IR, may also
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explain such discrepancy between our results and the literature. Finally,
this is also interesting to note that in NG condition, results obtained on
mitochondrial Ca?t homeostasis with Mdivi-1 differed from those ob-
tained with MitoTempo. Indeed, the use of this mitochondrial-targeting
antioxidant delayed the mPTP activation threshold, as previously re-
ported with the use of MitoQ [86]. Then, despite DRP1 inhibition during
IR results in lower ROS production during IR [87,10], its car-
dioprotective role appears to be more complex. Altogether, these results
suggest that the use of Mdivi-1 may prevent the deleterious role of DRP1
overactivation in pathological conditions, but that its inhibition in
healthy conditions may conversely lead to non-physiological response
with potential adverse effects. Further studies will be necessary to better
understand the impact of DRP1 inhibition on mitochondrial Ca?* ho-
meostasis in physiological conditions. A third limitation concerns the
use of SCaW occurrence as an index of RyR2 instability rather than Ca®*
sparks, known to be a better index. However, it is well described that
reticulum Ca®" leaks promote openings of the RyR2 channels resulting
in spontaneous release elicited in the form of a Ca?t wave [88]. In
addition, it is well described that RyR2 instability results in more
frequent SCaW [47], as reported in our work. We can also note that we
reported the phosphorylation state of RyR2 in all post-IR HG samples but
not in any post-IR NG samples. This last result reinforces the idea of a
leaky RyR2 following myocardial stress in HG conditions. Finally, the
last limitation concerns the fact that we did not measured ATP pro-
duction in our experimental conditions. Considering the deleterious
impact of HG on myocardial functional recovery and contracture
following IR, we can hypothesize that in these conditions mitochondrial
ATP production was reduced. However, further studies would be needed
to evaluate this parameter and its potential role.

Overall, our findings strongly suggest that hyperglycemia increases
the interactions between SR and mitochondria and that this could
trigger a complex interplay between altered mitochondrial Ca%" ho-
meostasis and mtROS production. This seems to play an important role
in the early mPTP activation and in the higher heart sensitivity to IR in
hyperglycemic conditions (Fig. 7). These results provide additional in-
sights to better understand hyperglycemia deleterious impact on IR in-
juries and highlight DRP1 activation as a potential key target. More
studies are needed to better understand how hyperglycemia can stim-
ulate both the canonical and non-canonical DRP1 pathways to increase
the heart sensitivity to IR.
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Fig. 7. Hyperglycemia-induced DRP1 activation plays a central role in the
deleterious impact of hyperglycemia on the heart sensitivity to IR. Hy-
perglycemia prior and during ischemia-reperfusion, increases interactions be-
tween the sarcoplasmic reticulum and mitochondria (1). This promotes both
Ca®* and ROS exchanges between these organelles (2), and reinforces the vi-
cious circle between mitochondrial ROS production and RyR2-dependent
Ca®*leak (3), to finally drives excessive mitochondrial fragmentation and
early mPTP activation (4). Finally, DRP1, through its canonical and non-
canonical roles, is proposed as a key trigger of these phenomena and plays
then a key role in the higher sensitivity of the hyperglycemic heart to ischemia-
reperfusion.
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