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a  b  s  t  r  a  c  t

Diabetes  is  a chronic  disease  associated  to a  cardiac  contractile  dysfunction  that  is  not  attributable  to
underlying  coronary  artery  disease  or hypertension,  and  could  be consequence  of  a  progressive  dete-
rioration  of  mitochondrial  function.  We  hypothesized  that impaired  mitochondrial  function  precedes
Diabetic  Cardiomyopathy.  Thus,  the  aim of  this  work  was  to study  the  cardiac  performance  and  heart
mitochondrial  function  of  diabetic  rats,  using  an  experimental  model  of  type  I Diabetes.  Rats  were  sacri-
ficed after  28  days  of Streptozotocin  injection  (STZ,  60  mg  kg−1, ip.).  Heart  O2 consumption  was  declined,
mainly  due  to the  impairment  of  mitochondrial  O2 uptake.  The  mitochondrial  dysfunction  observed  in
diabetic  animals  included  the  reduction  of  state  3 respiration  (22%),  the decline  of  ADP/O  ratio  (∼15%)  and
the  decrease  of the  respiratory  complexes  activities  (22–26%).  An enhancement  in  mitochondrial  H2O2

(127%)  and  NO  (23%)  production  rates  and  in tyrosine  nitration  (58%)  were  observed  in heart  of diabetic
rats,  with  a decrease  in  Mn-SOD  activity  (∼50%).  Moreover,  a decrease  in  contractile  response  (38%),
inotropic  (37%)  and  lusitropic  (58%)  reserves  were  observed  in diabetic  rats  only  after  a �-adrenergic
stimulus.  Therefore,  in conditions  of sustained  hyperglycemia,  heart  mitochondrial  O2 consumption  and

oxidative  phosphorylation  efficiency  are  decreased,  and  H2O2 and  NO  productions  are  increased,  leading
to  a  cardiac  compromise  against  a work  overload.  This  mitochondrial  impairment  was  detected  in  the
absence  of  heart  hypertrophy  and  of  resting  cardiac  performance  changes,  suggesting  that  mitochondrial
dysfunction  could  precede  the  onset  of  diabetic  cardiac  failure,  being  H2O2, NO  and  ATP  the  molecules
probably  involved  in  mitochondrion-cytosol  signalling.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Diabetes Mellitus is a chronic metabolic disease characterized
y an increase in blood glucose levels, which could be developed
s a result of defects in insulin secretion, insulin action, or both.
yperglycemia itself is a well-recognized risk factor for developing

eart failure (Boudina and Dale Abel, 2007). Glucose uptake into
he cardiomyocytes occurs through the glucose transporter GLUT-
, which is recruited to the cell membrane in response to insulin and

Abbreviations: ADP, adenosine diphosphate; H2O2, hydrogen peroxide; ISO,
soproterenol; mtNOS, mitochondrial nitric oxide synthase; NO, nitric oxide; O2

− ,
uperoxide anion; ONOO− , peroxynitrite anion; STZ, Streptozotocin.
∗ Corresponding author at: Cátedra de Fisicoquímica, Facultad de Farmacia y Bio-
uímica, Universidad de Buenos Aires, Junín 956, C1113AAD, 2o piso, Buenos Aires,
rgentina.

E-mail addresses: lbvaldez@ffyb.uba.ar, laubeaval@gmail.com (L.B. Valdez).

ttp://dx.doi.org/10.1016/j.biocel.2016.09.018
357-2725/© 2016 Elsevier Ltd. All rights reserved.
expressed exclusively in insulin-sensitive tissues, such as skeletal
muscle, adipose tissue and heart (Belke et al., 2001). Particularly,
chronic Diabetes leads to a cardiac contractile dysfunction that is
not attributable to underlying coronary artery disease or hyper-
tension, and could be consequence of a progressive deterioration
of mitochondrial function and bioenergetics (Ferreira et al., 2003;
Fitzl et al., 2002; Pierce and Dhalla, 1985; Rolo and Palmeira, 2006).
Moreover, the heart of diabetic patients is continuously exposed to
high glucose and fatty acids concentrations, generating an oxidative
environment (Aon et al., 2015; Rolo and Palmeira, 2006).

Mitochondria generate 95% of cellular ATP by oxidative phos-
phorylation, supplying the cardiomyocytes with the energy needed
to maintain normal contractile function. In addition, mitochon-

dria are the most important subcellular sites of reactive oxygen
species production. Whereas increased reactive oxygen generation
has been shown in endothelial cells that had been exposed to hyper-
glycemia (Brownlee, 1995), few studies to date have included the

dx.doi.org/10.1016/j.biocel.2016.09.018
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocel.2016.09.018&domain=pdf
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mailto:laubeaval@gmail.com
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uantification of oxygen and nitrogen reactive species produced by
eart mitochondria using experimental models of type I Diabetes
Bugger et al., 2008; Tocchetti et al., 2015).

Mitochondrial reactive oxygen and nitrogen species are mainly
erived from two primary free radicals: superoxide anion (O2

−)
nd nitric oxide (NO). Superoxide anion is the precursor of hydro-
en peroxide (H2O2) and is generated within mitochondria through
he autoxidation of the intermediate semiquinones (UQH• and
MNH•) of the redox pairs ubiquinol/ubiquinone (complex III)
nd FMNH2/FMN component of the NADH dehydrogenase (com-
lex I) (Boveris et al., 1972; Boveris and Cadenas, 1975; Turrens
nd Boveris, 1980). In addition, mitochondrial NO is produced
hrough the reaction catalyzed by mitochondrial nitric oxide syn-
hase (mtNOS), an isoenzyme of the NOS family located in the
nner mitochondrial membrane (Giulivi, 1998; Giulivi et al., 1998;
atoyan and Giulivi, 1998) and identified as the �-nNOS with post-
ranslational modifications (Elfering et al., 2002). Mitochondrial
OS expression and activity are highly regulated (Bombicino et al.,
016b; Boveris et al., 2002, 2006; Valdez et al., 2006) and, in turn,
he NO inhibits mitochondrial respiration through its effects on
he respiratory complex IV (Antunes et al., 2004, 2007; Brown
nd Cooper, 1994; Cleeter et al., 1994) and complex III (Iglesias
t al., 2015; Poderoso et al., 1996), modifying the O2

− and H2O2
itochondrial production rates. Nitric oxide also reacts with O2

−

hrough a controlled diffusion reaction (∼2 × 1010 M−1 s−1) yield-
ng ONOO− (Kissner et al., 1997; Radi et al., 2002; Valdez et al.,
000). At present, H2O2 and NO are considered mitochondrion-
ytosol signalling molecules because of they are involved in the
odulation of redox-sensitive kinase signalling and transcriptional

athways (Jones and Sies, 2015; Sies, 2015; Yin et al., 2012; Yin
t al., 2014; Yin and Cadenas, 2015). The molecular signals could
lay a central contribution in the onset, progression and/or patho-

ogical consequences of Diabetes.
Therefore, the aim of this work was to study the cardiac per-

ormance and its association with mitochondrial function, using
n experimental model of type I Diabetes Mellitus, in which the
yperglycemia occurs without the presence of the typical type

 Diabetes characteristics, i.e. insulin resistance, obesity, hyperc-
olesterolemia and hypertension.

. Materials and methods

.1. Drugs and chemicals

Streptozotocin (STZ, S0130) and other chemicals were pur-
hased from Sigma Chemical Co. (St. Louis, MO,  USA). Anti-
itrotyrosine antibodies (HM.11, sc-32731) were from Santa Cruz
iotechnology (Santa Cruz, CA). Other reagents were of analytical
rade.

.2. Experimental design

Male Wistar rats of about 6–7 weeks from birth (200–220 g)
ere housed in separate cages in an environmentally controlled

acility at 25 ◦C. The animals were subjected to circadian light–dark
ycles, fed standard rat chow, and provided water ad libitum. The
rocedures used in this study were approved by the Animal Care
nd Research Committee of the School of Pharmacy and Biochem-
stry, University of Buenos Aires (CICUAL; Exp. 00663658/15), and
his investigation was in accordance with the International Guiding
rinciples for Biomedical Involving Animals (ICLAS).
Rats were divided in two groups, Diabetes Mellitus (DM) and
ontrol (C). Diabetes was induced by a single dose of Streptozo-
ocin (STZ, 60 mg  kg−1 animal weight, ip.)  diluted in citrate buffer
00 mM pH 4.50. Control group was injected with the vehicle (cit-
ochemistry & Cell Biology 81 (2016) 335–345

rate buffer 100 mM pH 4.50; 1 ml  kg−1, ip.) (Li et al., 2009; Rossini
et al., 1977). Rats were considered diabetics if their fasting blood
glucose values, 3 days after the STZ administration, were higher
than 200 mg  dl−1, being this latter the cut off value to consider the
animals as diabetics (Joffe et al., 1999). From the beginning of the
treatment, the animals were weighed once a week. After 28 days of
STZ-injection, glucose values were tested, animals were sacrificed
in a CO2 atmosphere and hearts were removed. All the experimental
procedures were performed using the whole heart.

3. Sample preparation

3.1. Isolated heart perfusion

Hearts were excised and placed in a perfusion system accord-
ing to the Langendorff technique. Perfusion medium consisted in
a Krebs-Henseleit buffer containing 118 mM NaCl, 4.7 mM KCl,
1.2 mM KH2PO4, 1.2 mM MgSO4, 2.5 mM CaCl2, 25 mM NaHCO3
and 10 mM glucose, pH 7.40, equilibrated with 95% O2/5% CO2
at 37 ◦C. Two  electrodes were sutured and connected to a pace-
maker in order to stimulate the heart and to maintain a constant
heart rate of 250–300 beats min−1. A latex balloon connected to
a pressure transducer (Deltram II; Utah Medical System) via a
polyethylene cannula was inserted into the left ventricle (LV) for
measurement of LV pressure. The latex balloon was filled with
distilled water to achieve a left-ventricle end-diastolic pressure
(LVEDP) of 8–10 mm Hg. All hearts were perfused with constant
coronary flow (13 ml  min−1) to obtain a coronary perfusion pres-
sure of 70.5 ± 4.2 mmHg  during the initial stabilization period that
was kept constant throughout the experiment. Left-ventricular
pressure was  recorded in real time using a computer with data
acquisition hardware (Utah Medical System, UT, USA).

3.2. Tissue cubes preparation

Hearts were isolated, washed, weighed and kept in Krebs-
Henseleit buffer, at 4 ◦C. Then, 1 mm3 tissue cubes were cut by the
use of a scalpel (Navarro et al., 2005). The average weight of the
cubes was 1.0 mg cube−1.

3.3. Heart mitochondrial isolation and mitochondrial membranes
preparation

Heart mitochondrial fraction was obtained from tissue
homogenates by differential centrifugation in a Sorvall RC5C
centrifuge (Sorvall-Instruments-Du Pont, Model RC5S, Bucking-
hamshire, England). The hearts were isolated, washed, and minced
in 5 ml  of ice-cold medium containing 250 mM sucrose, 2 mM EGTA,
5 mM Tris-HCl, pH 7.40 (STE-1). This procedure was  repeated and
then the sample was divided in two  petri dishes; in one of them
the buffer was  removed and filled with a buffer containing STE
added with 0.5% (w/v) BSA, 5 mM MgCl2, 1 mM  ATP and 2.5 U ml−1

type XXIV bacterial proteinase, pH 7.40 (STE-2). After 4 min  of
incubation at 4 ◦C, both samples were homogenized in 1:10 STE-
1 buffer with a glass-Teflon homogenizer and centrifuged at 8000g
for 10 min. The pellet was  resuspended in ice-cold STE-1 buffer and
centrifuged at 700g for 10 min. The sediment was discarded and
both supernatants were mixed and centrifuged at 8000g for 10 min.
The pellet of this centrifugation was  resuspended in STE-1 buffer
and centrifuged at 8000g for 10 min. The pellet containing the mito-
chondrial fraction was rinsed and resuspended in STE-1 buffer. The

whole procedure was  carried out al 0–4 ◦C (Iglesias et al., 2015;
Mela and Seitz, 1979). Protein concentration was determined with
the Folin reagent (Lowry et al., 1951) using bovine serum albumin
as standard.
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Mitochondrial membranes were obtained by three cycles of
reezing and thawing of the mitochondrial preparation and homog-
nized by passage through a 25-gauge hypodermic needle (Boveris
t al., 2002).

. Cardiac performance

.1. Systolic and diastolic ventricular function

Systolic and diastolic functions were assessed both at baseline
nd after a �-adrenergic stimulus through the addition of 1 �M
soproterenol (ISO) to the perfusion medium. This experimental
trategy allows evaluating the myocardial reserve, i.e. the capacity
f the heart to respond to an additional metabolic requirement (Jain
t al., 2001). The �-adrenergic stimulus leads to positive inotropic
nd lusitropic effects, like an increase in the contraction force and in
he myocardium relaxation rate, respectively, similarly to a cardiac
ork overload (Sicari et al., 2008).

Systolic behaviour was evaluated as left-ventricular developed
ressure (LVDP, calculated as the difference between peak systolic
ressure and LVEDP) and also with the maximum rate of increase
f the intraventricular pressure (+dP/dtmáx), both contractile state
ndexes. The isovolumic relaxation (lusitropism) was analyzed as
he time required for the left ventricular pressure to fall up to
0% from the peak of LVDP (t50 or relaxation rate). Thus, a higher
elaxation rate correlates with a lower time to reach 50% of relax-
tion (t50) (Marchini et al., 2013; Vittone et al., 1974). The addition
f �-agonists, such as isoproterenol, leads to an increment in the
elaxation velocity, i.e. a lower value of t50.

.2. Heart O2 uptake

Tissue O2 uptake rates were determined polarographically, at
0 ◦C, using a Clark-type electrode (Hansatech Oxygraph, Hansat-
ch Instruments Ltd, Norfolk, England). Hearts were sectioned
nto 1 mm3 cubes; and two to four cubes were added to 1.0 ml
f Krebs-Henseleit buffer. Initial O2 consumption rates (up to
–10 min) showed a linear relationship with tissue mass (Valdez
t al., 2011). In order to estimate the amount of O2 consumed
y mitochondria, 2 mM KCN was added to the reaction chamber,
fter 3 min  of tissue addition, to inhibit the cytochrome oxi-
ase of the mitochondrial respiratory chain. By this approach,
he fraction inhibited by KCN corresponds to mitochondrial O2
onsumption, and the remainder O2 uptake corresponds to the
2 consumed by other cellular sources, such as peroxidases and
xidases, e.g. NAPDH oxidase, and non-enzymatic autoxidation
eactions (Ernster, 1986; Pesta and Gnaiger, 2012). The results were
xpressed as �mol  O2 min−1 g tissue−1.

. Mitochondrial function

.1. Mitochondrial O2 consumption and oxidative
hosphorylation efficiency (ADP/O)

Mitochondrial O2 uptake was followed polarographically with
 Clark-type electrode (Hansatech Oxygraph, Hansatech Instru-
ents Ltd, Norfolk, England). State 4 respiration was determined

t 30 ◦C in an air-saturated (220 �M O2) reaction medium con-
isting of 120 mM KCl, 5 mM  KH2PO4, 1 mM EGTA, 3 mM HEPES,

 mg  ml−1 BSA, 2 mM malate and 5 mM glutamate (complex I
ubstrates) or 5 mM succinate (complex II substrate), pH 7.20,

nd heart mitochondrial suspension (0.1–0.3 mg  mitochondrial
rotein ml−1). State 3 O2 consumption rate was  established by
upplementation of this medium with 0.5 mM ADP (Boveris et al.,
999). Results were expressed as ng-at O min−1 mg  protein−1 and
ochemistry & Cell Biology 81 (2016) 335–345 337

the respiratory control ratio (RC) was calculated as the ratio of state
3/state 4 respiration rates.

In order to estimate the efficiency of the oxidative phospho-
rylation through the number of moles of phosphate equivalents
esterified per oxygen consumed (ADP/O ratio), state 3 O2 consump-
tion was established by the addition of limiting amounts of ADP
(0.2 mM).  ADP/O ratio was calculated considering the amount of
O2 that is consumed during mitochondrial state 3 and the concen-
tration of ADP added to the chamber (Estabrook, 1967). Taking into
account the relation 1:1 for the formation of ATP per each ADP  con-
sumed, the amount of nmol of ATP produced per ng-atom of oxygen
consumed was  calculated. The results are expressed as nmol ATP
ng-atom O−1.

5.2. Mitochondrial electron transfer activities

Respiratory chain complexes (I–III, II–III, and IV) activities were
determined spectrophotometrically using a Beckman DU 7400
diode array spectrophotometer, at 30 ◦C (Navarro et al., 2005;
Valdez et al., 2011; Zaobornyj et al., 2009).

Complex I–III was  determined as NADH-cytochrome c reductase
activity and complex II–III was determined as succinate-
cytochrome c reductase activity, following the reduction of
cytochrome c3+ at 550 nm (� = 19 mM−1 cm−1) (Hatefi, 1985). Mito-
chondrial membranes suspended in 100 mM KH2PO4/K2HPO4 pH
7.40 (0.01–0.03 mg  protein ml−1) were added with 0.2 mM NADH
or 6.0 mM succinate as substrates, 25 �M cytochrome c3+, and
0.5 mM KCN. Enzymatic activities were expressed as nmol of
reduced cytochrome c3+ min−1 mg  protein−1.

Complex IV activity (cytochrome oxidase) was  determined in
mitochondrial membranes suspended in 100 mM  KH2PO4/K2HPO4
pH 7.40 (0.01–0.03 mg  protein ml−1) and supplemented with
50 �M cytochrome c2+ (Yonetani and Ray, 1965; Yonetani, 1967).
The rate of cytochrome c2+ oxidation by complex IV was  calcu-
lated as the pseudo-first-order reaction constant (k′) and expressed
as min−1mg  protein−1. Reduced cytochrome c was freshly pre-
pared by reduction of cytochrome c3+ with Na2S2O4, followed by
Sephadex G-25 chromatography. In order to test the reduction of
cytochrome c solution, the ratio between absorbances at 550 nm
and at 565 nm (A550nm/A565nm) was calculated. The cytochrome c
solution was  used to measure complex IV activity in the samples
if this ratio was higher than 6, indicating an adequate proportion
of cytochrome c2+. The concentration of cytochrome c2+ solution
(about 0.8–1.0 mM)  was calculated from the absorbance at 550 nm
(� = 19 mM−1 cm−1).

5.3. Hydrogen peroxide production

Mitochondrial H2O2 production was  determined fluorometri-
cally at 365–450 nm (�exc-em) using a Hitachi F-3010 fluorescence
spectrophotometer, at 30 ◦C, through the scopoletin–horseradish
peroxidase (HRP) assay (Boveris, 1984). The reaction medium con-
sisted of 0.23 M mannitol, 0.07 M sucrose, 20 mM Tris–HCl, pH 7.40,
added with 0.5 �M Cu,Zn-SOD, 1 �M HRP, 1 �M scopoletin and
mitochondrial suspensions (0.1–0.3 mg  protein ml−1). Mitochon-
drial H2O2 production rates were determined in state 4 using 6 mM
malate and 6 mM glutamate or 8 mM succinate as substrates of
complex I or II, respectively. To distinguish the H2O2 production
associated with O2

− generation from complex I, H2O2 production
rates were determined in the absence or in the presence of 1 �M

rotenone. A calibration curve was  made using H2O2 (0.05–0.35 �M)
as standard, previously titrated spectrophotometrically at 240 nm
(� = 43.6 M−1 cm−1), to express the fluorescence changes as nmol
H2O2 min−1 mg  protein−1.
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.4. Nitric oxide production

Nitric oxide production by mitochondrial membranes was mea-
ured at 37 ◦C, following the oxidation of oxyhemoglobin (HbO2)
o methemoglobin at 577–591 nm (� = 11.2 mM−1 cm−1) using a
eckman DU 7400 diode array spectrophotometer (Boveris et al.,
002; Murphy and Noack, 1994; Valdez et al., 2011). The reaction
edium consisted of 50 mM KH2PO4/K2HPO4, pH 7.40, 1 mM L-

rginine, 1 mM CaCl2, 100 �M NADPH, 10 �M dithiothreitol (DTT),
 �M Cu,Zn-SOD, 0.1 �M catalase, 20 �M HbO2 heme, and the mito-
hondrial membranes suspension (0.15–0.25 mg  protein ml−1). In
rder to consider only the L-NMMA-sensitive HbO2 oxidation, con-
rol experiments adding the inhibitor of mtNOS L-NMMA  (2 mM)
ere performed. The absorbance changes that were inhibited by

-NMMA  were expressed as nmol NO min−1 mg  protein−1.

.5. Nitrotyrosine detection by western blot

Equal amount of mitochondrial membranes (80 �g protein)
ere subjected to 7.5% sodium dodecyl sulfate–polyacrylamide gel

lectrophoresis. Non-specific binding was blocked by incubation of
he membranes with 5% non-fat dry milk in PBS for 1 h at room tem-
erature. The membranes were blotted into nitrocellulose films and
robed with 1:100 diluted mouse monoclonal anti-nitrotyrosine
ntibody (HM.11, sc-32731 Santa Cruz Biotechnology, Santa Cruz,
A) or 1:500 diluted goat polyclonal anti-VDAC-1 antibody (D-16:
c-32063, Santa Cruz Biotechnology, Santa Cruz, CA). The nitrocel-
ulose membranes were subsequently incubated with a secondary
abbit anti-mouse IgG antibody ((315-035-048) Jackson Inmuno
esearch, Baltimore Pike, USA) or a mouse anti-goat antibody (IgG-
RP, sc: 2354, Santa Cruz Biotechnology, Santa Cruz, CA) (dilution
:5000), respectively. The secondary antibodies were conjugated
ith horseradish peroxidase and were revealed by chemiluminis-

ence with ECL reagent. Densitometric analysis of the bands was
erformed using the Image 1.62 software (Wayne Rasband, NIH,
ethesda, MD,  USA) and data was expressed as relative to VDAC-1
xpression (loading control) (Bustamante et al., 2002).

.6. Mn-SOD activity and concentration

Manganese-superoxide dismutase (Mn-SOD) activity was
ssayed at 550–540 nm by monitoring the reduction rate of par-
ially acetylated ferricytochrome c3+ (� = 19 mM−1 cm−1) by the
on-enzymatic reaction with O2

− (Flohe and Gunzler, 1984;
cCord and Fridovich, 1969; Valdez et al., 2011). The xanthine-

anthine oxidase system was used as O2
− source. The reaction

edium consisted of 50 mM KH2PO4/K2HPO4 added with 1 mM
DTA, pH 7.80 containing, 10 �M partially acetylated ferricy-
ochrome c3+, 50 �M xanthine, and sufficient xanthine oxidase
XO; ∼5 nM)  to reach an absorbance increase of 0.025 per min  at
5 ◦C, in the absence of SOD. The reaction was started by the addi-
ion of xanthine and the absorbance was followed continuously for

 min, in the absence or in the presence of different amounts of
itochondrial membranes suspension (2.5–30 �g ml−1). One unit

f SOD was defined as the amount of enzyme that inhibits by 50%
he reduction of ferricytochrome c and corresponds to 4.0 pmol of

n-SOD. Control experiments in the presence of 0.5 mM KCN were
arried out to discount the inhibition of cytochrome c reduction
ssociated with the CuZn-SOD activity. Under our experimental

onditions, the addition of KCN to the reaction medium did not
odify the rate of cytochrome c reduction. Results were expressed

s Mn-SOD activity (U mg  protein−1) and as Mn-SOD concentration
�M) in the mitochondrial matrix.
ochemistry & Cell Biology 81 (2016) 335–345

6. Statistics

Results included in tables and figures are expressed as
means ± SEM and represent replicated measurements on at least
three to eight independent experiments.Student’s t-test was  used
to analyse the significance of differences between Control and
Diabetes groups. Values of p < 0.05 and p < 0.01 were considered
statistically significant and highly significant, respectively. Statisti-
cal analysis was done using GraphPad Instat 4 (GraphPad Software,
La Jolla, CA, USA).

7. Results

7.1. Rats and hearts weights and blood glucose concentrations

Rat blood glucose concentration after 3 days of STZ-injection
was 423 ± 15 mg  dl−1, while control animals showed normal
glycemia of 120 ± 5 mg  dl−1. Blood glucose values of both groups
were maintained at the same level until the end of the treatment
(Fig. 1A).

As previously reported (Mora et al., 2009; Tomita et al., 1996),
the weight of control animals increased steadily along the 28 days
(69%), in accordance to a normal growth profile for control ani-
mals in this period (Fig. 1B). However, diabetic rats did not increase
their weight, after the instauration of Diabetes (Initial: 223 ± 4 g
vs. 4 weeks: 257 ± 11 g). In accordance to this observation, hearts
weights at day 28 were also lower in diabetic (0.89 ± 0.04 g) than
in control (1.27 ± 0.04 g) animals (Fig. 1C), showing a linear cor-
relation (r2 = 0.771) between hearts and bodies weights. Although
heart weight of diabetic rats was  lower than the one of control
rats, the cardiac index (Fig. 1D), calculated as the ratio between
heart weight/animal weight, was  not different between groups (C
vs DM,  0.34 ± 0.04 vs. 0.36 ± 0.06), indicating that there is not heart
hypertrophy in diabetic animals at the time studied.

7.2. Cardiac performance

7.2.1. Systolic and diastolic ventricular function
Systolic and diastolic ventricular functions were assessed both

at baseline and after a �-adrenergic stimulus with isoproterenol.
Fig. 2A shows that, at day 28, cardiac function measured as
left-ventricular developed pressure (LVDP) in basal or resting con-
ditions was  similar in diabetic and control animals. While an
enhancement of 52% was  observed in LDVP of control group
after perfusion with isoproterenol, the increase in LVDP was only
about 32% in diabetics animals (p < 0.05). Interestingly, after a �-
adrenergic stimulus, diabetic animals showed a lower contractile
response (38%) compared to control animals (Fig. 2B).

A similar behaviour was observed in the maximal rate of
increase of the intraventricular pressure (+dP/dtmáx) (Fig. 2C). The
+dP/dtmáx values were similar between groups at resting situation.
However, after a �-adrenergic stimulus, the increase in +dP/dtmáx
observed in control hearts was  about 87% while the enhancement
in hearts from diabetic animals was  55%, suggesting a contractile
reserve dysfunction in diabetic rats.

Left ventricular diastolic function was  evaluated through the
isovolumic relaxation index (t50), which indicates the time needed
to reach 50% of the maximum intraventricular pressure. A higher
relaxation rate correlates with a lower time to reach 50% of relax-
ation. No differences between control and diabetic groups were
observed in this parameter in resting conditions (Fig. 2E). However,

when a �-adrenergic stimulus with isoproterenol was induced,
hearts of control animals showed a reduction in t50 of 26%, increas-
ing their relaxation rate, while hearts of diabetic rats showed a
reduction of only 11%. Fig. 2F shows the difference between the
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Table 1
Heart O2 uptake of control and STZ-induced diabetic rats.

Experimental conditions Oxygen uptake
(�mol O2 min−1 g tissue−1)

Control Diabetes

Basal 3.68 ± 0.14 3.24 ± 0.10*

+ KCN 1.20 ± 0.11 1.20 ± 0.12
f  the treatment (Day 28). (C) Heart weight. Inset: Linear correlation between hea
alculated as the ratio between heart weight and animal weight at the end of the tre
iabetes vs. control (Student’s t-test; C n = 16; DM n = 25). §§§ p < 0.005 control (day 

50 values in basal conditions and after isoproterenol addition,
xpressed as a variation of time (�t50), and indicates that there
s an impairment of the lusitropic reserve, or relaxation velocity, in
earts of diabetic animals (55%) in response to a work overload.

Consequently, the overall results show contractile and lusitropic
eserve impairments in hearts obtained from diabetic animals, indi-
ating a ventricular dysfunction evidenced only when hearts are
xposed to a work overload and non-detected when heart works at
esting conditions.

.2.2. Heart oxygen consumption
Heart O2 consumption rates were assessed in 1 mm3 tissue

ubes. Tissue O2 uptake was slightly lower (12%) in diabetic ani-
als than in control animals in basal conditions (Table 1). When

CN, which inhibits cytochrome oxidase activity, was  added to the
eaction chamber no differences in the remained O2 uptake was
bserved. The O2 uptake sensitive to KCN was significantly lower

18%) in hearts from diabetic than from control animals, suggesting
hat the decline in tissue O2 consumption observed in STZ-injected
nimals is mainly due to a mitochondrial respiratory chain dysfunc-
ion.
Mitochondrial consumption 2.48 ± 0.18 2.04 ± 0.16*

* p < 0.05 Diabetes vs. Control (Student’s t-test; n = 3).

7.3. Mitochondrial function

7.3.1. Mitochondrial O2 consumption, electron transfer activities
and oxidative phosphorylation efficiency

In order to evaluate mitochondrial function, we measured mito-
chondrial O2 consumption, using malate-glutamate or succinate as

substrates of complexes I or II, respectively (Table 2). State 3 mito-
chondrial respiration, the active respiration that yields ATP, was
significantly decreased when malate-glutamate (22%) or succinate
(17%) were used as substrates of complex I or II, respectively; while
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Fig. 2. Ventricular systolic function (A–D). (A) Left ventricular development pressure (LVDP) in basal conditions (full bars) and after stimulation with a �-adrenergic stimulus,
isoproterenol (stripped bars). LVDP was calculated as the difference between peak systolic pressure and left ventricular end diastolic pressure (LVEDP). (B) Contractile response
(%)  calculated as the difference between LVDP after the �-adrenergic stimulus and LVDP in basal conditions, relative to basal LVDP. (C) First derivative of LV pressure (+dP/dtmáx)
in  basal conditions (full bars) and after stimulation with a �-adrenergic stimulus, isoproterenol (stripped bars). (D) Inotropic response (%) calculated as the difference between
+ ic fun
t  isopr
r

t
T
i
s
a
t
p
m

dP/dtmáx in the presence and in the absence of isoproterenol. Ventricular diastol
o  reach 50% of relaxation in basal conditions (full bars) and after stimulation with
eserve  capacity. *p < 0.05; ***p < 0.005 Diabetes vs. Control group (Student’s t-test).

he resting respiration (state 4) was not different between groups.
he respiratory control ratio (RC), an estimator of mitochondrial
ntegrity and of the coupling of the oxidative phosphorylation, was
ignificantly declined (27%) in heart mitochondria from diabetic
nimals when the electrons enter by complex I of the respira-

ory chain. Moreover, the ADP/O ratio, an index of the oxidative
hosphorylation efficiency, was significantly decreased (15%) when
alate-glutamate was used as substrate.
ction (E and F). (E) Isovolumic relaxation time (t50) measured as the time needed
oterenol (stripped bars). (F) Isovolumic relaxation (%) as an index of the lusitropic

The respiratory impairment of heart mitochondria form diabetic
animals was  further investigated by assaying mitochondrial respi-
ratory chain complexes (Table 3). Complex I–III activity was 22%
lower in diabetic animals than in control rats, being this difference
highly significant. Additionally, complexes II–III (26%) and IV (22%)

activities were also reduced in diabetic animals.
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Table  2
Heart mitochondrial O2 consumption and ADP/O ratio of control and STZ-induced diabetic rats.

Mitochondrial O2 uptake
(ng–at O min−1 mg  protein−1)

ADP/O
(nmol ng-atom−1)

State 4 State 3 Respiratory control

Malate-Glutamate
Control 53 ± 8 217 ± 15 4.5 ± 0.2 2.71 ± 0.17
Diabetes 56 ± 6 169 ± 9* 3.3 ± 0.1* 2.30 ± 0.11*

Succinate
Control 117 ± 9 235 ± 10 2.0 ± 0.2 1.40 ± 0.16
Diabetes 114 ± 5 198 ± 9* 1.7 ± 0.1 1.25 ± 0.10

* p < 0.05 Diabetes vs. Control (Student’s t-test; n = 8).

Table 3
Heart mitochondrial electron transfer activities of control and STZ-induced diabetic rats.

Group Complex I–III
(nmol min−1 mg  protein−1)

Complex II–III
(nmol min−1 mg  protein−1)

Complex IV
(min−1 mg protein−1)

Control 492 ± 22 263 ± 17 60 ± 4
Diabetes 385 ± 16*** 194 ± 13** 47 ± 3*

*p < 0.05. **p < 0.01. ***p < 0.005 Diabetes vs. Control (Student’s t-test, n = 6).

Table 4
State 4 mitochondrial H2O2 production and NO production rates of heart from con-
trol  and STZ-induced diabetic rats.

Group NO production
(nmol min−1 mg  protein−1)

H2O2 production
(nmol min−1 mg protein−1)

Malate-glutamate Succinate

− rotenone + rotenone

Control 0.93 ± 0.07 0.40 ± 0.19 0.62 ± 0.12 0.52 ± 0.08
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Table 5
Mn-SOD activity and concentration (expressed as active center) of heart mitochon-
dria of control and STZ-induced diabetic rats.

Group Mn-SOD

Activity
(U mg protein−1)

Concentration
(�M)

Active centers# Enzyme

Control 143 ± 32 68 ± 9 17 ± 3
Diabetes 71 ± 8* 35 ± 4 8.5 ± 0.9

* p < 0.05 Diabetes vs. Control group (Student’s t-test, n = 4).
# The concentration of Mn-SOD active centers was calculated taking into account

the value of Mn-SOD activity, the amount of commercial SOD that inhibits 50% fer-
ricytochrome c reduction by each SOD unit (1 U SOD corresponds to 4 pmol SOD),
the sample protein concentration (0.3–1.0 mg mitochondrial protein ml−1), and a
volume of 7.2 �l mitochondrial matrix. mg  protein−1 (Costa et al., 1988). The con-
centration of Mn-SOD (�M enzyme) in the mitochondrial matrix was calculated
as  (�M active center)/4, because mammalian Mn-SOD is a homotetramer with a
Diabetes 1.14 ± 0.06* 0.91 ± 0.08*** 0.95 ± 0.12* 0.62 ± 0.09

* p < 0.05; ***p < 0.005 Diabetes vs. Control group (Studentś t-test, n = 6).

These results suggest an impaired respiratory chain, mainly due
o complex I dysfunction, which correlates with the diminished
issue O2 consumption.

.3.2. Hydrogen peroxide and nitric oxide production rates
State 4 mitochondrial H2O2 production rates were measured

sing malate-glutamate or succinate as substrates (Table 4). The
ain impairment of complex I activity was evidenced by the

ncrease in H2O2 production rates using malate-glutamate but
ot succinate as substrates. When malate-glutamate was  used,
he rate of H2O2 released by heart mitochondria from diabetic
nimals was 127% higher than the one detected from control
itochondria. This results agrees with the impairment observed

n electron transfer activities of the complexes involved in O2
−

roduction; i.e. complexes I and III. Moreover, the supplemen-
ation of the reaction medium with 1 �M rotenone produced
n enhancement in H2O2 production rate of about 55% in
ontrol mitochondria (0.62 ± 0.12 nmol min−1 mg  protein−1), but
nly of about 4% in heart mitochondria from diabetic animals
0.95 ± 0.12 nmol min−1 mg  protein−1), suggesting structural mod-
fications of complex I proteins in heart mitochondria from diabetic
ats associated to oxidative stress.

In addition, the NO production by heart mitochondrial mem-
ranes, i.e. mtNOS activity, was significantly increased by 23% in the
iabetic group in comparison with control group (Table 4), indicat-

ng a higher mtNOS expression in heart mitochondria from diabetic
han from control animals.
.3.3. Mn-SOD activity and active concentration
The activity of Mn-SOD was measured and Mn-SOD concen-

ration in the mitochondrial matrix was calculated (Table 5).
n-SOD from heart mitochondria of control animals was
manganese ion per subunit.

143 ± 32 USOD mg  protein−1 which corresponds to a Mn-SOD
“active” concentration of 68 ± 9 �M expressed as active centres or
17 ± 4 �M expressed as enzyme, in the mitochondrial matrix. In
diabetic animals, both Mn-SOD activity and concentration were
about 50% lower than in control mitochondria, leading to an
enhancement in O2

− steady-state concentration in the mitochon-
drial matrix.

7.4. Protein tyrosine nitration

Tyrosine nitration of mitochondrial proteins was  analysed by
Western Blot using an anti-3-nitrotyrosine antibodies (Fig. 3).
Fig. 3B illustrate the densitometric units relative to VDAC-1, this
latter used as a loading control. An increase in tyrosine nitration
of about 58% was observed in heart mitochondrial proteins from
diabetic animals in comparison with control rats, suggesting an
enhancement in the generation and/or steady-state concentration
of ONOO−. This result agrees with both the increased mitochondrial
NO production as the augmented O2

− steady-state concentration,
this latter supported by the enhancement in H2O2 production rate

and by the reduction in Mn-SOD activity of hearts from diabetic
animals.
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ig. 3. (A) Western blot analysis of heart mitochondrial membranes using anti-3-n
ruz,  CA) and VDAC-1 antibody (lower panel) as loading control (D-16: sc-32063, S
xpressed as the percentage relative to control. *** p < 0.001 Diabetes vs. Control gr

. Discussion

The results presented in this work provide evidence that
TZ-induced diabetic rats did not show cardiac hypertrophy nor
lterations in the cardiac performance when their hearts work
t resting conditions. However, they exhibited ventricular sys-
olic and diastolic dysfunction when hearts were exposed to a
ork overload, suggesting a lower capacity of hearts from dia-

etic than from control rats to respond towards an extra metabolic
equirement. The higher time needed to reach 50% of relaxation
fter isoproterenol addition in hearts from diabetic animals than
ontrols, indicates changes in the lusitropic reserve and suggests
ariations in Ca2+ transients during contraction and relaxation pro-
esses (Yu et al., 1994), modifying the correct relaxation of the
yocardium in response to �-agonists.
It has been proposed that the failure in the contractile function

n response to a work overload might be originated by mitochon-
rial dysfunction (Beer et al., 2002; How et al., 2006; Neubauer,
007). In this sense, Anderson et al. (2009) have shown mito-
hondrial dysfunction in permeabilized muscle cells obtained from
uman cardiac tissue, providing evidences into the role of mito-
hondrial dysfunction and oxidative stress in the pathogenesis of
eart failure in diabetic patients. In the experimental model used

n this article, the decline in O2 uptake observed in hearts from
iabetic animals was produced by changes in active mitochon-
rial respiration (Tables 1 and 2). Moreover, the decay detected

n state 3 O2 consumption, without changes in state 4 respira-
ion, agrees with the cardiac compromise observed only after a
-adrenergic stimulus. The difference between the resting and the
ctive respiration is known as mitochondrial reserve capacity and
llows the cardiomyocytes to sustain the correct function of the
issue when the energetic demand is enhanced (Hill et al., 2009).
n physiological conditions, only about 30–40% of the maximum
TP production capacity is used (Navarro et al., 2005; Valdez and
overis, 2007). In addition, lower mitochondrial complexes activ-

ties (Table 3) and ADP/O ratio (Table 2) were observed in hearts
rom diabetic respect to control animals, suggesting an inefficient
xidative phosphorylation. To note, an imbalance between the ATP

emand and supply was previously observed in human hearts
ith cardiac failure, impeding a correct contractile work (Beer

t al., 2002; Neubauer, 2007). Taking into account the values of
tate 3 O2 consumption and ADP/O ratio, ATP production rate can
rosine antibody (upper panel) (HM.11, sc-32731 Santa Cruz Biotechnology, Santa
Cruz Biotech.). (B) Densitometric units ratio between 3-nitrotyrosine and VDAC-1,
tudent’s t-test, n = 3).

be estimated, multiplying both data. The oxidative phosphoryla-
tion rate was  about 588 nmol ATP min−1 mg  protein−1 for control
mitochondria vs. 389 nmol ATP min−1 mg  protein−1 for mitochon-
dria from diabetic animals, when malate-glutamate was used; and
470 vs.  337 nmol ATP. min−1 mg  protein−1, for control and diabetic
mitochondria, respectively, when succinate was used as substrate.
Therefore, a decrease in ATP production rate of about 34% and 28%
(for malate-glutamate and succinate, respectively) was observed in
heart mitochondria of diabetic animals. Consequently, the impair-
ment in the oxidative phosphorylation detected in heart from
diabetic rats agrees with the changes observed in cardiac perfor-
mance after isoproterenol addition (Fig. 2).

It is known that H2O2 and NO production by mitochondria plays
a critical role in Diabetes-related metabolic disorders (Rolo and
Palmeira, 2006; Tocchetti et al., 2015). Under our experimental con-
ditions, we  observed an increase in H2O2 production rate (diabetic
vs. control animals) only when mitochondria were supplemented
with complex I substrates, suggesting structural modifications of
complex I proteins in heart from diabetic rats, probably associated
to oxidative stress. Not only O2

− production by complex I–III is
enhanced in heart mitochondria of diabetic rats, as evidenced by
the increase in H2O2 production, but also O2

− decomposition by
SOD-catalysed reaction is decreased, being the Mn-SOD activity
declined by about 50%. In this context, O2

− steady-state concen-
tration in the mitochondrial matrix is increased. These results are
consistent with the data obtained in heart from OVE26 transgenic
mice that showed both an increase in free radical generation as
a decline in antioxidant defences (Shen et al., 2006), involving to
oxidative stress in the initiation, progression and pathological con-
sequences of Diabetes (Cai, 2006). To note, complex I provides
NAD+ required for the steady-state operation of the Krebs cycle,
and serves as the major entry point for feeding the respiratory
chain with the reducing equivalents needed for the electrochemical
gradient of H+ generation and subsequent ATP synthesis. The O2

−

production rate by complex I is increased by inhibition of electron
transfer with rotenone (Boveris and Chance, 1973) or by complex
I dysfunction (Hensley et al., 2000; Navarro and Boveris, 2009).
The concept of “complex I syndrome” was  recently described and

defined (Boveris et al., 2010), and it is characterized by a decline in
tissue O2 uptake and malate-glutamate-supported mitochondrial
respiration, associated to complex I and mtNOS activities impair-
ment, O2

− and H2O2 production rates enhancement, sustained by
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omplex I substrates, and phospholipid and protein oxidation and
rotein nitration increments. The molecular mechanism respon-
ible for complex I syndrome is probably accounted by a series of
rocesses and reactions that lead to complex I inactivation (Boveris
t al., 2010; Valdez et al., 2011; Vanasco et al., 2012).

Additionally, an enhancement in NO production by mtNOS
23%) was observed in heart of diabetic animals respect to con-
rol. The enhancement in mitochondrial NO production together
ith the increase in O2

− steady-state concentration agrees with
he enhancement of protein tyrosine nitration (58%) observed
n heart mitochondria of diabetic rats (Fig. 3). These data sup-
ort the idea that in pathological situations in which Mn-SOD
ctivity is reduced, the metabolic pathway between O2

− and NO
s exacerbated increasing ONOO− generation (Bombicino et al.,
016a; Valdez et al., 2016). In addition, considering that approx-

mately 40–50% of the NO might be produced in the mitochondria
nd diffused to the cytosol (Valdez et al., 2004; Zaobornyj et al.,
009), this molecule may  play a central role as mitochondrion-
ytosol signalling. Mitochondrial NO could diffuse to the cytosol
nd participate in the excitation-contraction coupling, through
GMP dependent pathways (Balligand et al., 1993; Kaye et al., 1996;
ao and McKenna, 1994), explaining the contractile dysfunction
bserved in the diabetic heart when a �-adrenergic stimulus is
pplied.

In this context, changes in H2O2 and NO production and in
nergetic mitochondrial states could be communicated to cytosol,
nducing a compensatory and/or adaptive response, in which Ca2+

omeostasis processes could be involved. It is known that mito-
hondria regulate cytosolic signalling pathways: (a) they provide
TP to support the cellular energy demands; (b) they generate H2O2
nd NO, both involving in the modulation of redox-sensitive kinase
ignalling and transcriptional pathways (i.e. the insulin and insulin-
ike growth factor (IGF-1) signalling and the MAPK pathways, and
he cGMP-PKG pathway that activates Sirt1 and PGC-1�); and (c)
hey participate in NAD(P)+/NAD(P)H homeostasis, which, in turn,
nfluence in mitochondrial biogenesis (Yin et al., 2014). Although

ore studies are necessary, the enhancement in mitochondrial
2O2 and NO production rates observed in heart from diabetic
nimals may  be associated to redox-sensitive signalling modula-
ion and to mitochondrial biogenesis triggering (Bombicino et al.,
016a).

To conclude, the results presented in this article suggest that a
ustained hyperglycemia leads to heart mitochondrial dysfunction,
n which state 3 O2 consumption and oxidative phosphorylation
fficiency are decreased, and H2O2 and NO production rates are
ncreased, producing a cardiac compromise against a work over-
oad. This mitochondrial impairment was detected in the absence
f heart hypertrophy and of changes in resting cardiac perfor-
ance, suggesting that mitochondrial dysfunction could precede

he onset of diabetic cardiac failure. Fluctuations in mitochondrial
edox (H2O2 and NO) and energetic (ATP) states could be part of an
ntricate network of signalling molecules, involved in the underly-
ng cellular events that lead to the diabetic cardiomyopathy.
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