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Calcium-calmodulin-dependent protein kinase mediates
the intracellular signalling pathways of cardiac apoptosis
in mice with impaired glucose tolerance
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Key points

� Spontaneous sarcoplasmic reticulum (SR) Ca2+ release events increased in fructose-rich diet
mouse (FRD) myocytes vs. control diet (CD) mice, in the absence of significant changes in SR
Ca2+ load.

� In HEK293 cells, hyperglycaemia significantly enhanced [3H]ryanodine binding and
Ca2+/calmodulin-dependent protein kinase II (CaMKII) phosphorylation of RyR2-S2814
residue vs. normoglycaemia. These increases were prevented by CaMKII inhibition.

� FRD significantly augmented cardiac apoptosis in WT vs. CD-WT mice, which was prevented
by co-treatment with the reactive oxygen species scavenger Tempol. Oxidative stress was also
increased in FRD-SR-autocamide inhibitory peptide (AIP) mice, expressing the SR-targeted
CaMKII inhibitor AIP, without any significant enhancement of apoptosis vs. CD-SR-AIP mice.

� FRD produced mitochondrial swelling and membrane depolarization in FRD-WT mice but
not in FRD-S2814A mice, in which the CaMKII site on ryanodine receptor 2 was ablated.

� FRD decreased mitochondrial area, mean Feret diameter and the mean distance between SR
and the outer mitochondrial membrane vs. CD hearts. This remodelling was prevented in AC3I
mice, with cardiac-targeted CaMKII inhibition.

Abstract The impact of cardiac apoptosis in pre-diabetic stages of diabetic cardiomyopathy is
unknown. We show that myocytes from fructose-rich diet (FRD) animals exhibit arrhythmias
produced by exacerbated Ca2+/calmodulin-protein kinase (CaMKII) activity, ryanodine receptor
2 (RyR2) phosphorylation and sarcoplasmic reticulum (SR) Ca2+ leak. We tested the hypothesis
that this mechanism also underlies cardiac apoptosis in pre-diabetes. We generated a pre-diabetic
model in FRD mice. FRD mice showed an increase in oxidative stress, hypertrophy and systolic
dysfunction. FRD myocytes exhibited enhanced SR Ca2+ spontaneous events in the absence
of SR Ca2+ load alterations vs. control-diet (CD) myocytes. In HEK293 cells, hyperglycaemia
significantly enhanced [3H]ryanodine binding and CaMKII phosphorylation of RyR2-S2814
residue vs. normoglycaemia. CaMKII inhibition prevented hyperglycaemia-induced alterations.
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FRD also evoked cardiac apoptosis in WT mice vs. CD-WT mice. Co-treatment with the reactive
oxygen species scavenger Tempol prevented FRD-induced apoptosis in WT mice. In contrast, FRD
enhanced oxidative stress but not apoptosis in FRD-SR-AIP mice, in which a CaMKII inhibitor is
targeted to the SR. FRD produced mitochondrial membrane depolarization in WT mice but not
in S2814A mice, in which the CaMKII phosphorylation site on RyR2 was ablated. Furthermore,
FRD decreased mitochondrial area, mean Feret diameter and mean SR–mitochondrial distance
vs. CD-WT hearts. This remodelling was prevented in AC3I mice, with cardiac-targeted CaMKII
inhibition. CaMKII phosphorylation of RyR2, SR Ca2+ leak and mitochondrial membrane
depolarization are critically involved in the apoptotic pathway of the pre-diabetic heart. The
FRD-induced decrease in SR–mitochondrial distance is likely to additionally favour Ca2+ transit
between the two organelles.
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Introduction

Obesity and type 2 diabetes (T2DM) are occurring at
epidemic rates worldwide, including developing countries
(Pan et al. 1997; Mokdad et al. 2001). This increasing
incidence is a result of changes in human behaviour,
available nutrition and the adoption of more sedentary
lifestyles. The main driving forces for the increased pre-
valence of insulin resistance are modern westernized diets
and patterns of eating associated with the dramatic rises
in obesity.

Diabetic cardiomyopathy (DCM) is defined as a disease
with structural and functional changes in the myocardium,
independent of hypertension, chronic artery disease or
any other known cardiac illness. It is caused by metabolic
and cellular abnormalities induced by diabetes mellitus,
ultimately resulting in heart failure (Lebeche et al. 2008;
Dobrin & Lebeche, 2010).

The transition from the early metabolic abnormalities
that precede diabetes to overt diabetes, characterized by
impaired fasting glucose (IFG) and impaired glucose
tolerance (IGT), may take decades. However, current
estimates indicate that most individuals with these
pre-diabetic states eventually develop DCM (Nguyen
et al. 2010; Wang et al. 2010; Colagiuri, 2011). DCM
may be subclinical for a long time, a state that is
difficult to diagnose yet may cause future complications.
Moreover, during the pre-diabetic state, the risk of

cardiovascular events is already increased and myocardial
abnormalities might appear prior to the diagnosis of
T2DM. Thus, the earlier identification of cardiac changes
in pre-diabetic/insulin-resistant patients, the better the
results of the strategy used to prevent the evolution to
most serious stages of the disease.

Experimental evidence indicates that a critical factor
in the transition from compensated to non-compensated
cardiac hypertrophy is myocyte cell loss by apoptosis
and necrosis (Whelan et al. 2010). Several reports have
focused on the role of myocardial cell death because of
the increasing number of studies showing high levels of
apoptotic and necrotic cardiomyocytes in experimental
models of diabetes (Fiordaliso et al. 2004; Ghosh &
Rodrigues, 2006; Ares-Carrasco et al. 2009) and in
cardiac tissue from diabetic patients (Frustaci et al.
2000; Chowdhry et al. 2007; Kuethe et al. 2007). Signals
initiating myocardial cell death originate from intrinsic
(e.g. mitochondria) and extrinsic (e.g. neurohumoral
factors) sources. It is not fully known whether and to
what extent one pathway predominates over the other
in DCM, although studies using experimental models
have recently shown that the mitochondrial-dependent
intrinsic pathway may play a large role (Ghosh et al. 2005;
Williamson et al. 2010). Despite the vast bibliography on
overt diabetes, apoptosis, its intracellular pathways and
its impact in the pre-diabetic heart are an unexplored
field.
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Recent findings from our group described that
hearts from fructose-rich diet (FRD) animals develop
remarkable cardiac remodeling (Sommese et al. 2016). In
addition, ventricular myocytes from FRD animals exhibit
cardiac arrhythmogenic events. Our results indicate that
Ca2+-calmodulin protein kinase II (CaMKII)-dependent
phosphorylation of ryanodine receptor 2 (RyR2) is a
mechanism underlying the pro-arrhythmogenic pattern
observed at the cellular level in FRD-treated rats and mice.
Moreover, the enhanced activity of CaMKII observed in
FRD animals is mainly reliant on an increase in oxidative
stress. Both, increased CaMKII activity and oxidative stress
have been related to apoptotic and necrotic cell death in
different diseases (Yang et al. 2006; Velez Rueda et al. 2012).
Indeed, one underlying mechanism proposed for the link
between DCM and heart failure is activation of CaMKII
(Luo et al. 2013).

We hypothesized that ventricular dysfunction in the
FRD model, which is associated with minor metabolic
abnormalities and mimics the human pre-diabetic state
of insulin resistance (Sommese et al. 2016), is due at least
in part, to the activation of apoptosis via mitochondrial
damage initiated by sarcoplasmic reticulum (SR) Ca2+
leak promoted by CaMKII-dependent phosphorylation
of RyR2. This enhanced Ca2+ loss is proposed to
drain to the mitochondria via the Ca2+ uniporter,
burdening the organelle and igniting the apoptotic
pathway. Knowledge of the cellular and molecular aspects
underlying the metabolic disturbances on cardiomyocytes
in the pre-diabetic state should be useful in predicting
and developing strategies to prevent, avoid or even reverse
the structural and functional cardiac consequences of the
overt disease.

Methods

Ethical approval

All experiments involving mice were performed according
to institutional guidelines and appropriate laws, and were
approved by the Faculty of Medicine, University of La Plata
Institutional Animal Care and Use Committee (CICUAL
no. T-03-01-14). The authors have read and understood
the policies and regulations of The Journal of Physio-
logy as outlined by Grundy (2015) and ensured that all
experiments complied with these regulations.

Cellular model

Cell culture and transfection. Stable, inducible HEK293
cells expressing mouse RyR2 (Helms et al. 2016) were
grown in low glucose Dulbecco’s modified Eagle medium
(100 mg dl−1; Life Technologies, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum, 100 U ml−1

penicillin and 100 μg ml−1 streptomycin on 100-mm

tissue culture dishes. RyR2 expression was induced by
adding 1 μg ml−1 tetracycline to the culture medium.
At this point, cells were maintained either in low
glucose or high glucose medium (450 mg dl−1; Life
Technologies); 1 μM KN92 (Calbiochem, Billerica, MA,
USA) or KN93 (Enzo Life Sciences, Plymouth Meeting,
PA, USA) was also added to the culture medium as
indicated. Forty-eight hours after induction, cells were
washed twice with PBS, then scraped from the dish
and solubilized in 200 μL of lysis buffer, containing
25 mM Tris (pH 7.4), 137 mM NaCl, 1% CHAPS,
0.5% egg yolk phosphatidylcholine (Sigma, St Louis,
MO, USA), 2.5 mM dithiothreitol and protease inhibitors
(2μM leupeptin, 100μM phenylmethylsulphonyl fluoride,
500 μM benzamidine, 100 nM aprotinin). The cells were
incubated at 4°C for 1 h with rotation. Finally, the
lysates were centrifuged at 14 000 r.p.m. for 10 min and
the supernatants were collected. Protein concentrations
were determined with the Bradford method (Bio-Rad,
Hercules, CA, USA).

Animal model and protocols

Male C57bl/6 mice (wild type, WT) were divided into two
groups: a control group, fed with a standard commercial
diet, control diet (CD); and a fructose group, which
received the same diet plus 10% (w/v) fructose in the
drinking water for 3 weeks, fructose-rich diet (FRD).
This protocol model has been proved to generate a useful
pre-diabetic model (Alzugaray et al. 2009; Felice et al. 2014;
Sommese et al. 2016).

Transgenic mice with cardiomyocite-delimited trans-
genic expression of SR-targeted CaMKII autocamide
inhibitory peptide, AIP (SR-AIP) (Ji et al. 2003)
were divided into three groups: (1) a control group
(CD) fed with a standard commercial diet; (2) a
fructose group (FRD) which received the same diet
plus 10% (w/v) fructose in the drinking water; and
(3) 10% (w/v) fructose plus 0.8 mM 4-hydroxy-
2,2,6,6-tetramethylpiperidin−1-oxyl (Tempol, used as
an antioxidant) (FRD+T). In addition, knock-in male
mice in which the S2814 site of RyR2 was replaced
by alanine (S2814A mice), to genetically inhibit RyR2
phosphorylation by CaMKII (Chelu et al. 2009), were
divided in two groups, CD and FRD. Moreover, transgenic
mice with cardiomyocyte-delimited transgenic expression
of a CaMKII inhibitory peptide (AC3I) (Zhang et al. 2005)
were also divided and treated as the S2814A mice. These
mice, SR-AIP, S2814A and AC3I, were generously supplied
by Drs Marcia Kaetzel and John Dedman (Cincinnati,
OH, USA), Dr Xander Wehrens (Houston, TX, USA) and
Dr Mark Anderson (Baltimore, MD, USA), respectively,
and reproduced and genotyped in our laboratory. All
treatments were performed for 3 weeks and the animals
were 4 months old at the time of the experiments.
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After the treatment, animals were weighed, systolic
blood pressure was measured by the tail-cuff method,
and echocardiography and glucose determination were
performed. Animals were then anaesthetized with an
intraperitoneal injection of ketamine/diazepam (100 and
5 mg kg−1, respectively). Central thoracotomy and heart
excision were performed immediately after phase III
anaesthesia was reached, verified by the loss of pedal
withdrawal reflex. At this moment, tibia length was
measured and the hearts were assigned for biochemical
studies, immunohistochemical staining, electron micro-
scopy, reactive oxygen species (ROS) production
determinations, or myocyte isolation for cytosolic Ca2+
and mitochondrial membrane potential measurements.
Some hearts were submitted to mitochondrial isolation
for swelling experiments.

Glucose determinations

Before the animals were killed, blood samples were drawn
from the tail vein to measure plasma glucose levels (One
Touch Ultra, Johnson & Johnson, USA) and an intra-
peritoneal test for glucose tolerance, IpTGT, expressed
as area under the curve (AUC) was performed; both
determinations were performed after a 12 h fasting
period, as previously described (Sommese et al. 2016).
A significant difference on AUC between CD and FRD
animals was considered an index of insulin deficiency
inherent of impaired glucose tolerance status.

Transthoracic echocardiography

Echocardiographic examinations were performed using a
14 MHz linear transducer (Toshiba Nemio XG, Tokyo,
Japan). After bidimensional short-axis images of the left
ventricle were obtained, M-mode tracings were recorded
(Lang et al. 2005). Measurements from three consecutive
cardiac cycles were made by a trained operator blinded to
the genotype of the animals.

[3H]Ryanodine binding assays

Binding assays were carried out following a modified
version of a protocol previously described (Helms et al.
2016). Binding mixtures were prepared containing 50 μg
of protein from cell lysates, 0.2 M KCl, 20 mM Na-Hepes
(pH 7.4), 6.5 nM [3H]ryanodine (Perkin Elmer, Boston,
MA, USA) and enough CaCl2 to set free [Ca2+] between
100 nM and 100μM. EGTA (1 mM) was used to buffer Ca2+.
The Ca2+/EGTA ratio for these solutions was determined
using MaxChelator (WEBMAXCLITE v1.15, http://max-
chelator.stanford.edu/webmaxc/webmaxclite115.htm).
The binding reactions were incubated for 2 h at 37°C,
then filtered through Whatman GF/B filters presoaked
with 5% polyethilenimine and washed three times

with 5 ml of distilled water in a Brandel M24-R Harvester.
Non-specific binding was determined in the presence
of 20 μM unlabelled ryanodine (MP Biomedicals).
[3H]Ryanodine binding was determined by liquid
scintillation. Hill’s equation was used to determine the
maximum [3H]ryanodine binding and the EC50 in Origin
9 (Origin Lab, Northampton, MA, USA).

Myocyte isolation

Mice were anaesthetized (100 mg kg−1 of ketamine) and
submitted to analgesia (5 mg kg−1 of diazepam) before
being killed. Immediately after plane three of phase III of
anaesthesia was verified by loss of corneal reflex and the
appearance of slow deep diaphragmatic breathing, central
thoracotomy and heart excision were performed. Myo-
cytes were isolated by enzymatic digestion as previously
described (Palomeque et al. 2009). Briefly, the hearts were
attached via aorta to a cannula, excised and mounted in a
Langendorff apparatus. Hearts were retrogradely perfused
at 37°C at a constant coronary flow with a Krebs–Henseleit
solution of the following composition (mM): 146.2 NaCl,
1.0 CaCl2, 10.0 Hepes, 0.35 NaH2PO4, 1.05 MgSO4, 10.0
glucose (pH adjusted to 7.4 with NaOH). The solution was
continuously bubbled with 100% O2. After a stabilization
period of 5 min, perfusion was switched to a nominally
Ca2+-free Krebs–Henseleit solution with EGTA for 4 min.
Hearts were then perfused with collagenase (118 u ml−1),
0.1 mg ml−1 proteinase and 1% BSA, in Krebs–Henseleit
solution containing 50 μM CaCl2. Perfusion continued
until hearts became flaccid (15–20 min).

Ca2+
i measurements

Mouse cardiac isolated myocytes were loaded with
Fura-2/AM (10 μmol l−1 for 15 min). Ca2+

i fluorescence
was measured with an epifluorescence system (Ion Optix,
Milton, MA, USA), as described (Palomeque et al. 2009).
Briefly, dye-loaded cells were placed in a chamber on
the stage of an inverted microscope (Nikon TE 2000-U)
and continuously perfused with a Hepes-buffered solution
at a constant flow of 1 ml min−1 at room temperature
(20–22°C). Myocytes were stimulated via two platinum
electrodes on either side of the bath at 0.5 Hz. Fura-2
fluorescence was taken as an index of Ca2+

i.
Myocytes were stimulated at 0.5 Hz until stabilization.

A caffeine pulse (15 mM) was rapidly applied after
stabilization in the absence of field electrical stimulation,
to assess SR Ca2+ load. The caffeine contracture decay
rate constant (k Caff) was used to estimate the velocity
of Ca2+ extrusion by the Na+/Ca2+ exchanger (NCX).
SERCA2a activity (K SERCA2a) was estimated by sub-
tracting k caff (1/τ of the caffeine transient decay) from
kt (1/τ) of the systolic Ca2+ transient decay (Diaz et al.
2004). These estimations assume that decay of the systolic
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Ca2+ transient is contributed by a combination of SR
and surface membrane fluxes, whereas the SR does
not contribute to the decay of the caffeine response.
Fluorescence data were stored for an off-line analysis (ION
WIZARD fluorescence analysis software).

Confocal imaging

Confocal images of Ca2+ sparks, waves and spontaneous
contractile activity were taken in line scan mode. Cells
were loaded with 10 μM Fluo-3 AM for 20 min at room
temperature excited with a 488 nm (argon laser) and
fluorescence was collected at >515 nm (Mazzocchi et al.
2016). Each image consisted of 512 line scans obtained at
4 ms intervals.

Data were visualized using Leica Application Suite and
Ca2+ sparks were measured using the ‘Sparkmaster’ plugin
for ImageJ. Sparks and waves were obtained in quiescent
cells. Spark frequency was expressed in units (100 μm)−1

s−1. Spark-mediated Ca2+ leak from the SR was defined as
spark frequency × spark mass. Spark mass, was calculated
as spark amplitude × full width half maximum × full
duration half maximum (Biesmans et al. 2011).

ROS determinations: lipid peroxidation

Lipid peroxidation was determined by measuring the rate
of production of thiobarbituric acid reactive substances
(TBARS), expressed as nmol mg−1 protein (Sommese et al.
2016). Heart homogenates were centrifuged at 2000 g for
10 min. Supernatants (0.5 ml) were mixed with 1.5 ml
trichloroacetic acid (30%, w/v) and 0.5 ml water, followed
by boiling for 15 min. After cooling, absorbance was
determined spectrophotometrically at 535 nm, using an ε
value of 1.56 × 105 (mmol l−1)−1 cm−1.

Western blotting

Hearts were freeze-clamped, pulverized and processed
as previously described (Sommese et al. 2016). Briefly,
0.1 g of tissue was homogenized in four volumes of
lysis buffer (in mmol l−1: 20 sodium glycerolphosphate,
20 NaF, 1 EGTA, 2 EDTA, 0.2 Na2VO4, 2 dithiothreitol,
10 benzamide, 1 phenylmethylsulfonyl fluoride, 0.001
pepstatin, 1% Igepal, 0.01% Triton and 0.048 mg ml−1

leupeptin). Protein was measured by the Bradford method
using BSA as standard. Lysates (�90 μg of total protein)
were separated per gel line in 10% SDS polyacrylamide
gel (Mundina-Weilenmann et al. 1996) and transferred to
polyvinylidene difluoride (PVDF) membranes. Blots were
probed overnight with the following primary antibodies:
Bax (1:2000, Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA) and Bcl-2 (1:2000, Santa Cruz). GAPDH signals
were used to normalize the signal intensity of the different
proteins. Secondary antibodies were used as appropriate,

goat anti-mouse-HRP (1:15 000, Santa Cruz) or goat
anti-rabbit-HRP (1:15 000, Santa Cruz).

Isolated mitochondria and fractions were processed
as described above after homogenization. As primary
antibody, COX1 (1:1000, Santa Cruz) was used to
evaluate the purity of the isolation. Immunoreactivity
was visualized by a peroxidase-based chemiluminescence
detection kit (Millipore, Billerica, MA, USA) using a
Chemidoc Imaging system (Bio-Rad). The signal intensity
of the bands in the immunoblots was quantified by
densitometry, using Image J software (NIH, Bethesda,
MD, USA).

In total, 50 μg of protein from HEK293 cell lysates was
suspended in Laemmli buffer and separated by SDS-PAGE
in 4–20% TGX precast gels (Bio-Rad). Proteins were
then transferred to PVDF membranes using the iblot2
transfer system (Thermo Fisher Scientific Inc., Waltham,
MA, USA). Membranes were probed using the ibind flex
system (ThermoFisher) with the following primary anti-
bodies: anti-RyR (1:2000, ThermoFisher), pS2808-RyR
(1:5000, Badrilla, Leeds, UK) and pS2814-RyR (1:5,000,
Badrilla). Secondary antibodies, used as appropriate, were
goat anti-mouse-HRP (1:1000, ThermoFisher) or goat
anti-rabbit-HRP (1:2000, ThermoFisher). Membranes
were developed using SuperSignal Femto ECL reagent
(ThermoFisher) and imaged with a ChemiDoc MP
apparatus (Bio-Rad). Band intensity was quantified with
ImageLab (Bio-Rad).

Isolation of mouse heart mitochondria

Mitochondria from four to six mouse hearts were
isolated by differential centrifugation, according to a
modified method described previously (Pardo et al.
2015). Briefly, hearts were rapidly excised from
pentobarbital-anaesthetized rats and placed in an
ice-cold isolation buffer containing (in mM): 75 sucrose,
225 mannitol and 0.01 EGTA, pH 7.4. After both atria and
right ventricle were removed, the remaining left ventricle
was homogenized manually with a Dounce homogenizer
(�20 strokes) in the presence of proteinase (0.8 mg in
5 ml of isolation buffer, Sigma). Homogenized tissue
was centrifuged for 5 min at 480 g (4°C), and the
pellet containing unbroken cells and nuclei was discarded.
The resulting supernatant containing the mitochondrial
fraction was further centrifuged at 7700 g (three times
for 5 min), and the final pellet was resuspended in isolation
buffer with no EGTA and further centrifuged at 7700 g
for 5 min. Protein concentration of the mitochondrial
suspension was determined as described above.

Mitochondrial swelling determination

Mitochondrial swelling was measured as a decrease in the
90 degrees light-scattering signal induced by the addition

C© 2017 The Authors. The Journal of Physiology C© 2017 The Physiological Society
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of either 20, 100 or 200 μM CaCl2, which promotes
the influx of solutes through the opened mitochondrial
membrane permeability transition pore (mPTP) and
decreases light scattering (Pardo et al. 2015). After 5 min
of preincubation at 37°C in a medium containing (in
mmol l−1) 120 KCl, 20 MOPS, 10 Tris-HCl and 5 KH2PO4,
pH 7.4, the different CaCl2 concentrations were added to
induce mPTP opening. The decrease in light scattering was
detected with a temperature-controlled Aminco Bowman
Series 2 spectrofluorometer operating with continuous
stirring at excitation and emission wavelengths of 520 nm.
Light-scattering decrease was calculated for each sample
as the difference between the values before and after
the addition of CaCl2. Each determination was made in
triplicate.

Tissue preparation and electron microscopy

Isolated mitochondria and samples of 1 mm2 excised from
the left ventricles were harvested in 0.1 M PBS (pH 7.4)
and fixed with 5% glutaraldehyde at 4°C (Pelco Inter-
national, CA, USA) in 0.1 M sodium cacodylate buffer at
10°C. Each set was washed in the same buffer, postfixed
in 1% OsO4 for 1 h at room temperature, dehydrated in
a graded acetone series and embedded in low-viscosity
epoxy resin (Pelco International) as described previously
(Spurr, 1969). Polymerization was performed for 48 h
at 70°C. Ultrathin sections with interference colour grey
were cut by an ultramicrotome (Ultracut R; Leica, Vienna,
Austria), mounted on grids, and stained with uranyl
acetate and lead citrate (Reynolds, 1963). Grids were
examined by transmission electron microscopy (TEM)
(model 900; Zeiss, Jena, Germany) with a Gatan digital
camera (model Orius SC 1000).

TUNEL technique

The terminal deoxynucleotidyltransferase dUTP nick
end labelling (TUNEL) technique was used to study
apoptosis, using the Tunel In situ Cell Death Detection
Kit, TMR red (Roche, Indianapolis, IN, USA), as pre-
viously described (Salas et al. 2010). Briefly, sections were
deparaffinized, dehydrated and incubated with proteinase
K for antigen retrieval. After washing with PBS containing
0.5% Tween 20 (Merck, Schuchardt OHG, Hohenbrunn,
Germany), slides were incubated with the reaction
mixture containing modified nucleotides (TMR-dUTP)
and the enzyme terminal deoxynucleotidyltransferase
(TdT) that catalyses the template-independent poly-
merization of deoxyribonucleotides to the 3′-end of single-
and double-stranded DNA. After washing, nuclei were
counterstained with 5 μg ml−1 of DAPI (6-diamidino-
2-phenylindole; Invitrogen Life Technologies, Eugene, OR,
USA) following the manufacturer’s protocol. Coverslips
were mounted on slides using the aqueous medium

Reagent FluoroSave (Calbiochem, La Jolla, CA, USA) and
then examined under confocal microscopy (FV1000,
Olympus Co., Tokyo, Japan). The TUNEL reaction
mixture replaced by the label solution of the kit was used
as a negative control.

Collagen determination

Collagen evaluation was done in sections stained with the
Picrosirius Red technique and viewed with polarized light
(Montes, 1996). For this, sections were deparaffinized,
hydrated through graded ethanol and stained for 1 h in
a 0.1% solution of Sirius Red (Direct Red 80, Aldrich,
Milwaukee, WI, USA) dissolved in aqueous saturated
picric acid. Sections were then rapidly washed in running
tap water and counterstained with Harris haematoxylin
(Montes, 1996). A conventional optical microscope (BX53
Olympus microscope) with a strong light source (halogen
lamp), an analyser (U-ANT Olympus) and a polarizer
(U-POT Olympus) were used to study the birefringence
of the stained collagen.

Morphometry analysis

For analysing TUNEL and Picrosirius Red-stained
slides, cellSens Dimension software (v1.7 Olympus)
was used. For morphometric determinations of TEM
images, ImagePro Plus software (v6.3 Media Cybernetics,
Rockville, MD, USA) was used. Confocal images of slides
stained with the TUNEL technique were analysed per
fluorophore channel (Texas Red, red channel; DAPI, blue
channel). The manual threshold option of the Count
and Measure menu was used to select the range of
both colours. Once selected, identified cells were counted
per image. At least 10 images representing each about
4 × 105 μm2 of ventricle tissue were analysed per
sample. Results were expressed as the ratio between
apoptotic and normal cells. Samples stained with the
Picrosirus Red technique were analysed in the same
way but using a unique image to select both types of
collagen, I and III, selecting the range yellow-to-red for
the former and a range of greens for the latter. The area
occupied by both structures was measured and their ratio
expressed.

TEM images were used to measure different
morphometric parameters. Low magnification images
(12 000×) were used to measure sarcomere length,
myofibril width and mitochondrial characteristics [area
and mean Ferret diameter (which reports the shortest
caliper – Feret – length). Higher magnification images
(85 000×) were used to establish the separation between
mitochondrial membrane and SR. For this, skeleton-
ization of the images allowed us to determine the central
line of both membrane structures. Lines perpendicular to
both membranes were then drawn and their length was
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Table 1A. General characterization of the fructose-rich diet
model

Treatment

Parameter Control diet Fructose-rich diet

n 9–23 9–17
Body weight (g) 31.4 ± 1.2 29.5 ± 1.1
Tibia length (mm) 17.7 ± 0.5 17.9 ± 0.0
Blood pressure (mmHg) 122.9 ± 1.5 122.7 ± 1.7
FG (mg dl−1) 132.9 ± 5.2 139.9 ± 2.9
AUC [mmol glucosa (l.min)−1] 970.3 ± 9 1112.6 ± 57∗

Calorie intake (kcal day−1) 9.0 ± 0.2 12.3 ± 0.4∗∗

TBARS (%) 100.0 ± 27.4 188.2 ± 13.2

Fructose-rich diet (FRD) induces a significant increment in the
area under the curve (AUC) of plasma glucose levels after an
intraperitoneal load of glucose, in calorie intake and in the
oxidative stress (measured by thiobarbituric acid reactive sub-
stances, TBARS) of the treated animals with respect to control
diet (CD) animals. Other parameters, i.e. body weight, tibia
length and fasting glucose (FG), were not modified by the FRD,
indicating a pre-diabetic state rather than an overt diabetes.
Data are mean ± SEM. ∗P < 0.05, ∗∗P < 0.01 vs. CD.

measured. At least one line every 20 nm of membrane
length was drawn. Measurements of all lines were then
averaged.

Statistics

Continuous variables were expressed as mean ± SEM
and were evaluated with either unpaired Student t test
or ANOVA followed by Tukey’s post hoc test, when
comparison among different groups was performed. A
P value<0.05 was considered significant.

Results

Impaired glucose tolerance induced by fructose-rich
diet

FRD-fed WT mice showed a significant increase in the
area under the curve of serum glucose after intraperitoneal
glucose administration, without significant alterations in
fasting glycaemia, as well as body weight, tibia length
and blood pressure when compared to CD mice (Table
1A). These findings are consistent with a pre-diabetic
state rather than an overt T2DM, and allowed for
excluding effects at the cellular and organ level other
than those produced by impaired glucose tolerance. In
agreement with previously reported results (Sommese
et al. 2016), mice treated with FRD showed a significant
increase in ROS, indicated by the increase in TBARS.
Results from echocardiography revealed hypertrophy and
systolic dysfunction in FRD vs. DC mice, respectively
(Table 1B).

Table 1B. Echocardiographic parameters from control and
fructose-treated mice

CD FRD

n 9 13
LVDD (mm) 3.40 ± 0.11 3.77 ± 0.20
LVSD (mm) 2.40 ± 0.10 2.87 ± 0.14∗

FS (%) 29.80 ± 2.35 23.93 ± 1.58∗

LVMI (mg g−1) 7.90 ± 0.66 12.19 ± 1.19∗

LVMI (mg mm−1) 14.10 ± 1.16 21.00 ± 2.43∗

Diastolic left ventricular diameter (LVDD) was not different
between the fructose-rich diet (FRD) and control diet (CD)
mice. However, left ventricular systolic diameter (LVSD) and
the hypertrophy indices [LVMI: left ventricular mass index,
normalized by body weight (mg g−1) or by tibia length
(mg mm−1)] were significantly increased in FRD with respect
to CD animals. These altered parameters, in association with
the fractional shortening (FS: endocardial fractional shortening)
being significantly decreased in FRD vs. CD mice, support
a cardiac dysfunction produced by the diet. Values are
mean ± SEM. ∗P < 0.05 vs. control mice.

FRD increases spontaneous Ca2+ release events

Figure 1A shows typical recordings and averaged results
obtained using confocal microscopy of mouse myo-
cytes isolated from WT mice on CD or FRD, showing
Ca2+ sparks, waves and spontaneous contractions. Myo-
cytes from FRD mice exhibited a significantly increased
frequency of each of these spontaneous events compared
to myocytes from CD mice. The calculated spark-mediated
SR Ca2+ leak was also significantly increased in FRD vs.
CD WT myocytes.

An increase in SR Ca2+ leak may be produced by an
increase in SR Ca2+ load, an alteration of RyR2 activity or
a combination of both. Figure 1B shows that SR Ca2+
content was similar in FRD vs. CD myocytes. These
findings are consistent with previous reports showing
that CaMKII-dependent phosphorylation of RyR2 may
evoke by itself an increase in diastolic SR Ca2+ leak
in the absence of changes in SR Ca2+ content (van
Oort et al. 2010; Gonano et al. 2011; Erickson et al.
2013; Sommese et al. 2016). Moreover, the lack of
SR Ca2+ content decrease associated with an increase
in SR Ca2+ leak can be explained only by an increase in SR
Ca2+ uptake. Figure 1B shows that the estimated SERCA2a
activity increased significantly in FRD myocytes compared
to CD cells. Furthermore, recent experiments from our
laboratory showed an increase in CaMKII activity and
phosphorylation of the Thr17 site on phospholamban
(PLN) in FRD animals (Sommese et al. 2016), which
may account for the increase in SERCA2a activity and
the lack of change in SR Ca2+ content in the presence
of a leaky RyR2. In these previous experiments, FRD
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Figure 1. Fructose rich diet induces SR Ca2+ leak without changes in SR Ca2+ content
A, representative confocal images of isolated myocytes from control diet (CD) or fructose-rich diet (FRD) mice.
While CD myocytes barely show spontaneous Ca2+ release events (SCaRE), FRD myocytes showed sparks, waves
and spontaneous contractions (SC and white arrows). Below, bar graphs showing average data of SCaRE frequency
and spark-mediated SR Ca2+ leak (see Methods for details). ∗P < 0.05 vs. CD myocytes, n = 9–13 myo-
cytes from four mice per group. B, bar graphs showing Ca2+ transient amplitude (CaiT), the decay time of
CaiT (τ CaiT), caffeine induced CaiT amplitude (Caff-induced CaiT), the decay time of the Caff-induced CaiT
(τ Caff-induced CaiT), fractional Ca2+ release and the estimated SERCA2a activity from CD and FRD myocytes.
CaiT- and Caff-induced CaiT are not different between the groups, but due to the slight increase in CaiT and
decrease in Caff-induced CaiT, fractional Ca2+ release is significantly increased in FRD compared to CD myocytes.
Moreover, the SERCA2a estimated activity is also significantly increased in FRD myocytes. In this and the following
figures the data are expressed as mean ± SEM. ∗P < 0.05, n = 35−50 myocytes from 3–4 mice per group.
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also increased RyR2 S2814 phosphorylation (the CaMKII
site), without significant changes in RyR2 expression levels
in mouse myocytes. In contrast, phosphorylation at the
protein kinase A site S2808 was not altered in pre-diabetic
compared with control hearts.

To further support these previous findings, we
performed experiments in cultured HEK293 cells
expressing wild type RyR2 exposed to normal glucose
or high glucose media to simulate hyperglycaemia.
Figure 2A and B shows that high glucose significantly
increases [3H]ryanodine binding. This increase was pre-
vented by treatment of the cells with the CaMKII
inhibitor KN93 but not with its inactive analogue KN92.
Moreover, phosphorylation of the CaMKII site, S2814,

was significantly increased, without significant changes
in either RyR2 expression or the protein kinase A site,
S2808 (Fig. 2C and D). Similar to [3H]ryanodine binding,
co-treatment of the cells with KN93 prevented the
increase of CaMKII phosphorylation of RyR2 produced
by hyperglycaemia. Although the osmolality of the low
and high glucose culture media is different (316 vs.
340 mosmol kg−1 respectively, Life Technologies), this
difference seems not to affect the conclusions, since high
glucose in the presence of KN93 reproduced the results of
low glucose.

Taken together, the results support the notion that the
increase in SR Ca2+ leak in FRD myocytes is produced by
CaMKII-dependent phosphorylation of RyR2.
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in C. HG media did not change the phosphorylation status at S2808 but increased the phosphorylation of RyR2 at
S2814, the CaMKII site, which could be prevented by the CaMKII inhibitor, KN93. ∗P < 0.05.
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FRD-induced increase in cardiac apoptosis
is dependent on CaMKII activity

To explore the possibility that CaMKII-induced diastolic
Ca2+ mishandling may trigger apoptosis, detection of
cardiac apoptosis was performed using the fluorescence
TUNEL method that identifies broken DNA. Figure 3A

shows typical photographs of specimens from mice fed
with CD, FRD and FRD co-treated with Tempol, an
intracellular ROS scavenger. Previous studies showed
that Tempol per se does not affect CaMKII-dependent
RyR2 phosphorylation (Sommese et al. 2016). Figure 3B
shows that treatment with FRD dramatically increased
the number of apoptotic cells, and that this effect
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Figure 3. Fructose rich diet induces ROS dependent apoptosis
A, representative images of TUNEL (red dots) to denote the apoptotic cells, DAPI (blue dots) to mark the nuclei
and the merging of both in a bright field image. White arrows highlight some of the TUNEL-positive nuclei. The
specimens correspond to control diet (CD), fructose-rich diet (FRD) and FRD + Tempol (FRD+T), an intracellular
ROS scavenger, in WT mice. B, average data of the experiments in A, indicating a significant increase in the
apoptotic nuclei in the FRD group, which is prevented when animals are treated with the ROS scavenger. C, typical
immunoblots of the proapoptotic protein Bax, and the anti-apoptotic protein Bcl-2, and GAPDH as a loading
control. Below the blots, the bar graph shows that the apoptotic index (Bax/Bcl-2) is significantly increased in FRD
with respect to CD samples. D, collagen types I and III were detected in the cardiac tissue after staining, using the
Picrosirius Red technique. Polarized microscopy identified type I collagen fibres as red or yellow structures. Type III
collagen fibres are seen as green filaments. To homogenize the range of colour that identifies each collagen type,
a light-blue mask for collagen I and a yellow mask for collagen III were applied on the original images. E, average
data of the experiments in D, showing no difference in collagen types I and III between CD and FRD specimens.
∗P < 0.05 vs. CD, n = 3–5 animals per group.
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was prevented by co-treatment with Tempol. The
apoptotic effect of FRD was also supported by a
significant increase in the Bax/Bcl-2 ratio (Fig. 3C). These
results indicate that apoptosis is associated with an
increase in oxidative stress in FRD animals. Notably, the
increase in apoptosis was not associated with an increase
in collagen, either type I or III, in mice treated with either
FRD or FRD + Tempol, which indicates that apoptosis is
an early sign in the evolution of the disease that precedes
fibrosis.

To elucidate the role of CaMKII and CaMKII-dependent
phosphorylation of RyR2 on cell death produced
by hyperglycaemia, we next treated SR-AIP mice,
which express the cardiomyocyte-delimited transgenic
SR-targeted CaMKII inhibitor, AIP, with FRD. In these
mice, CaMKII-dependent phosphorylation of SR proteins
is significantly reduced (Ji et al. 2003). FRD fed
SR-AIP mice did not show any significant increase
in TUNEL-positive nuclei in comparison with control
diet-matched samples. As expected, Tempol treatment did
not modify these results. Similarly, the Bax/Bcl-2 ratio did
not change significantly between SR-AIP CD and FRD
mice (Fig. 4A and B). Interestingly, and in agreement with
our previous work (Sommese et al. 2016), although FRD
increased oxidative stress, assessed by TBARS (Fig. 4D),
apoptosis was not increased in SR-AIP mice. This finding
indicates that ROS per se are not sufficient to cause
apoptosis and that CaMKII-dependent phosphorylation
at the SR level may play a role in the apoptotic pathway in
the FRD model.

FRD induces mitochondrial damage through
an increase in CaMKII-induced SR Ca2+ leak

Apoptosis may occur by activation of the extrinsic and/or
the intrinsic pathway. The intrinsic apoptotic pathway
involves mitochondrial participation and is the most
common intracellular cascade observed in the heart when
apoptosis takes place (Ghosh et al. 2005; Williamson
et al. 2010). Considering the SR Ca2+ leak observed
in FRD mice, we hypothesized that at least some of
the Ca2+ lost by the SR enters into the mitochondria
inducing mitochondrial Ca2+ overload. This in turn would
dissipate mitochondrial membrane potential (�ψm)
through opening of the mPTP, and favours the release of
apoptotic factors (Olichon et al. 2003). If our hypothesis
is correct, we should expect an increase in mitochondrial
damage in these myocytes and that this damage could
be avoided by preventing CaMKII phosphorylation
of RyR2.

Figure 5A and B shows representative transmission
electron micrographs at two different magnifications
(left) and Western blots (right), revealing the integrity
and purity of the isolated mitochondrial fraction used.
Loss of mitochondria function by mPTP opening can

be measured in isolated mitochondria in response to
supraphysiological mitochondrial Ca2+ increases. Fig. 5C
and D provdes typical examples and overall results
showing that mitochondria from FRD-fed mice were
more susceptible to Ca2+-triggered decreases in light
scattering, which correlate with mPTP opening (Joiner
et al. 2012), than mitochondria from CD mice. In contrast,
FRD and CD myocytes from S2814A mice, in which
the CaMKII site at RyR2 was replaced by Ala and
therefore is not phosphorylatable, behaved similarly to
CD mice (Fig. 5E and F). Similar results were obtained
with a second mitochondrial integrity assay that uses the
mitochondrial membrane voltage-sensitive fluorescent
indicator, JC-1. Mitochondria from FRD myocytes showed
a significant loss of�ψm compared to mitochondria from
CD-WT and FRD S2814A myocytes (Fig. 5G). Taken
together, these results indicate that CaMKII-dependent
phosphorylation of RyR2 and the consequent SR Ca2+
leak are involved in mitochondrial damage of FRD
mice.

FRD induces CaMKII-dependent mitochondria–SR
remodelling

The results described above prompted us to further
investigate mitochondrial morphology and, in particular,
SR–mitochondrial interaction and the possible
involvement of CaMKII. We analysed transmission
electron micrographs of WT mice and mice transgenically
expressing the CaMKII inhibitory peptide (AC3I) (Zhang
et al. 2005), on CD or FRD. We found that mitochondrial
area and mean Feret diameter were significantly decreased
in WT mice on FRD compared to CD. In contrast, none of
these parameters were altered in AC3I mice on FRD when
compared to CD-AC3I or CD-WT mice (Fig. 6). Possibly
more important to the main goal of the present work,
FRD hearts also showed a significant decrease in the main
distance between the SR and the outer mitochondrial
membrane versus CD hearts (Fig. 7). This decrease
was prevented in AC3I mice on FRD vs. CD-WT and
CD-AC3I mice, which indicates that CaMKII is involved
in this remodelling. This enhanced proximity between
both organelles would facilitate the Ca2+ transit from the
SR to the mitochondria.

Discussion

DCM is a disorder of the heart muscle in people with
diabetes that occurs independently of hypertension or
vascular disease. Impaired fasting glucose and impaired
glucose tolerance are early metabolic abnormalities that
precede diabetes. These alterations are thought to root
irregularities at the cardiac myocyte level, ultimately
contributing to structural and functional anomalies (Hajat
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Figure 4. Inhibition of CaMKII activity at the SR level prevents FRD-induced apoptosis
A, representative images of TUNEL to denote the apoptotic cells (red dots and arrows), DAPI (blue dots) to mark
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is prevented by Tempol treatment. Taken together, these results indicate that ROS per se are not sufficient to
induce apoptosis in the FRD model. Moreover, CaMKII-dependent phosphorylation at the SR level is a necessary
step in the FRD-induced apoptosis. ∗P < 0.05 vs CD, #P < 0.05 vs FRD, n = 4–6 mice per group.
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et al. 2004). Indeed, patients with diabetes mellitus,
independently of the severity of coronary artery disease,
have an enhanced risk of heart failure compared to
patients without diabetes mellitus (Kannel & McGee,
1979; Dandamudi et al. 2014). Although the transition
from a pre-diabetic state to overt diabetes may take years,
more than 50% of pre-diabetic individuals will eventually
develop diabetes which, if untreated, will inexorably
evolve to DCM. Thus, early detection and management
of pre-diabetes is mandatory to prevent the evolution
of the disease. Myocardial cell death is recognized as a

major event in the progression to heart failure (Kang &
Izumo, 2000). Myocyte apoptosis has been demonstrated
in hearts of diabetic individuals suffering from DCM
(Miki et al. 2013) and in streptozotocin-induced diabetic
rats (Hostiuc et al. 2013). However, the importance of
apoptosis in the early stages of the illness preceding
DCM as well as the possible mechanisms involved, remain
unknown.

The present experiments performed in a validated
mouse model of pre-diabetes (Alzugaray et al. 2009;
Felice et al. 2014; Sommese et al. 2016) show for the
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vs CD, n = 6–12 cells from 3–5 mice per group.
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first time that apoptosis is an early sign of myocardial
dysfunction in the evolution of diabetic disease, pre-
ceding the increase in collagen which may lead to
structural and irreversible alterations. Taking advantage
of genetically modified animals, this model enabled us
to delineate the signalling pathway that underlies this
apoptotic cascade. The results revealed a cascade of events
initiated by a CaMKII-induced increase in SR Ca2+
leak to produce mitochondrial membrane depolarization
and cardiac damage. A particularly striking finding was
the CaMKII-induced remodelling of mitochondria and
SR–mitochondria interaction. The latter would strongly
support SR–mitochondria dialogue, facilitating Ca2+

drain to the mitochondria and cell death, in the scenario
of an increased SR Ca2+ leak.

FRD increases spontaneous CaMKII-dependent Ca2+

release events and cardiac apoptosis

The present results clearly demonstrate that FRD promotes
apoptosis, as shown by the significant increase in
TUNEL-positive nuclei and Bax/Bcl-2 ratio, the latter
suggesting the involvement of SR/mitochondria in the
apoptotic process (Pinton et al. 2008). The results show
that apoptosis is dependent on an increase in oxidative
stress and on CaMKII activity at the SR level. Since
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apoptosis does not take place in mice with targeted
CaMKII inhibition at the SR level (SR-AIP mice), in
which FRD also produce an increase in ROS, these findings
further indicate that the increase in ROS produced in this
model was not enough to evoke apoptosis by itself. In
addition, the experiments revealed that ROS production is
upstream of CaMKII activation in the apoptotic signalling
cascade triggered by FRD. These results are in line with
previous experiments which indicate that FRD increases
the activity of oxidized CaMKII in rat heart to evoke
arrhythmias, which like the apoptosis described in the pre-
sent results, could be prevented in SR-AIP mice (Sommese
et al. 2016). These findings suggest an analogous signalling
pathway for both phenomena.

A number of studies have investigated cell death in
diabetic hearts. These studies indicate that apoptosis is
enhanced and associated with left ventricular enlargement
and increased fibrosis following myocardium infarction in
diabetic cardiomyocytes (Cai et al. 2002; Backlund et al.
2004). Moreover, several lines of evidence indicate that
CaMKII constitutes a common intermediate by which
various death-inducing stimuli trigger cardiomyocyte
apoptosis (Zhu et al. 2007). Interestingly, Luo et al.
(2013) described a pathway of CaMKII-induced apoptosis
in pacemaker cells of streptozotocin-induced diabetic
mice. Furthermore, different results suggest a strong link
between abnormal myocyte Ca2+ handling, mitochondrial
dysfunction and apoptosis (Chen et al. 2005; Vila-Petroff
et al. 2007; Salas et al. 2010). Indeed, numerous data
support the hypothesis that Ca2+ movement from the
endoplasmic reticulum/SR to mitochondria is a key
process in some apoptotic routes (Pinton et al. 2008).
In this context, experiments from the Houser laboratory
revealed that mitochondria-triggered myocyte death is
increased by activation of CaMKII through an increase
in L-type Ca2+ current and SR Ca2+ release (Chen et al.
2005). A critical role for excessive cytosolic Ca2+ and
CaMKII activation has also been shown under different
pathological conditions (Vila-Petroff et al. 2007; Sapia
et al. 2010; Joiner et al. 2012; Di Carlo et al. 2014). Excessive
[Ca2+] within mitochondria can induce apoptosis by
opening the mPTP (Crow et al. 2004). This occurs at
higher mitochondrial Ca2+ levels than those that match
myocyte energy supply and demand in normal cardio-
myocytes (Balaban et al. 2004). Finally, it is well known
that over-activation of CaMKII occurs in heart failure and
that this can contribute to major dysfunctions of the failing
heart (Anderson et al. 2011). However, the role of CaMKII
has mainly been studied in heart failure independent of
diabetes (Couchonnal & Anderson, 2008; Anderson et al.
2011; Swaminathan et al. 2012).

Our study is the first to show that in FRD mice with
impaired glucose tolerance – a stage that largely pre-
cedes overt diabetes and DCM – there is a significant
increase in mitochondrial damage and apoptotic death

produced by an enhancement of SR Ca2+ leak due to
CaMKII-dependent phosphorylation of RyR2. Notably,
a CaMKII-dependent increase in SR Ca2+ leak inducing
arrhythmias have been previously described in FRD
mouse myocytes (Sommese et al. 2016), underlining the
importance of CaMKII activation in the early stages of
DCM evolution. The essential role of spontaneous SR
Ca2+ release in CaMKII-induced apoptosis is supported
by the fact that prevention of S2814 phosphorylation of
RyR2 (the CaMKII site) prevents mitochondrial damage
and apoptosis.

Interestingly, recent experiments showed that acute
hyperglycaemia causes covalent modification of CaMKII
by O-linked N-acetylglucosamine, which significantly
enhances CaMKII-dependent activation of spontaneous
SR Ca2+ release events and arrhythmias in the perfused
intact heart (Erickson et al. 2013). In line with these
seminal findings, our results in HEK293 cells subjected
to hyperglycaemia showed an increase in RyR2 activity
dependent on CaMKII phosphorylation. Whether the
novel mechanism of CaMKII activation also takes place
in our cellular model was not assessed in the present study
and will be subject of future investigation. Our results
in Tempol-treated mice do clearly indicate that ROS play
a significant role in the apoptotic cell death observed in
the pre-diabetic stage of the FRD mice. Moreover, the
finding that apoptosis was prevented in SR-AIP mice in
spite of the fact that ROS were increased, further supports
that ROS production is upstream of CaMKII activation,
suggesting a role of oxidized CaMKII, according to our
previous report (Sommese et al. 2016). This ROS-induced
CaMKII activity might fade other mechanisms of CaMKII
activation, or act synergistically to them, as suggested by
Erickson et al. (2013).

FRD evokes a CaMKII-mediated SR–mitochondria
remodelling

Mitochondrial Ca2+ homeostasis is crucial for balancing
cell survival and death. On the one hand, mitochondria
are essential to cardiac SR Ca2+ cycling as the source
of ATP that powers several ion pumps and myosin
ATPase. Moreover, Ca2+ plays a key role in mitochondria
through the coordination of energy supply and demand
by stimulating intra-mitochondrial effectors, such as
the Ca2+-dependent dehydrogenases of the Krebs cycle.
On the other hand, mitochondrial Ca2+ overload
results in opening of a non-specific mPTP, membrane
depolarization and cell death.

Spatial co-localization and close contact of
mitochondria with SR permit transorganelle trafficking
of different compounds such as ATP, phospholipids or
Ca2+. The close apposition between SR and mitochondria
allows the generation of microdomains with high
Ca2+ concentration, which induces accumulation of
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Ca2+ into the mitochondria (Giacomello et al. 2007).
Decreasing the SR–mitochondria distance would increase
Ca2+ concentrations in these microdomains, favouring
Ca2+ influx into the mitochondrial matrix. Previous
experiments have shown that the physical contact
between SR and mitochondria is supported by tethering
proteins. Among these, mitofusin 2 (Mfn2) has been
shown to be crucial for interorganelle signalling in the
myocardium (Chen et al. 2012). These authors showed
that in Mfn-knockout hearts there is a trend towards
an increase in the mean distance between junctional SR
and the outer mitochondrial membrane associated with
an increase in mitochondria area, compared with their
respective controls. This structural uncoupling correlated
with decreased SR to mitochondrial Ca2+ transfer in
isolated cardiomyocyte experiments. Although the role
of Mfn2 as a positive regulator of SR–mitochondria
interaction has been challenged (Cosson et al. 2012;
Filadi et al. 2015), it is clear that the distance between the
SR/endoplasmic reticulum and the outer mitochondria
membrane is critical for the efficient transfer of Ca2+
(Marchi et al. 2014).

The present experiments reveal that FRD produces an
early cardiac remodelling at the level of mitochondrial
morphology and the SR–mitochondria interaction, which
is dependent on CaMKII. Experimental evidence indicates
that early during induction of apoptosis, mitochondria
become largely fragmented, resulting in small and
numerous organelles (Pinton et al. 2008). In our
experiments the mitochondrial area of FRD myo-
cytes was significantly decreased with respect to CD
myocytes or FRD myocytes from AC3I mice, a sign
that suggests mitochondrial fragmentation. Activation
of the mitochondrial fission machinery and further
mitochondrial fragmentation has been associated with
apoptosis (Parra et al. 2008). However, the relationship
between mitochondrial fusion and fission and apoptosis
is complex and this point remains contentious (Martinou
& Youle, 2006; Arnoult, 2007; Pinton et al. 2008).
Possibly more important in the remodelling described
in the present results is that the contact area between
SR and mitochondria is reduced by approximately 50%
in FRD mouse myocytes compared with CD myocytes,
and that this enhanced proximity is greatly prevented
in mouse myocytes with CaMKII inhibition at the heart
level. This increased structural coupling correlated with
an increase in mitochondria damage and apoptosis,
suggesting that this alteration may facilitate Ca2+ transit
from the SR to the mitochondria. Further studies are
required to explore the intrinsic nature of this increased
interaction.

In conclusion, this study is the first to investigate
apoptosis and its underlying mechanisms in a pre-diabetes
model. The elucidation of these early events preceding
DCM is necessary and may lead to the design of novel

targets to prevent the evolution to more critical stages of
the illness.
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