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ABSTRACT

This study, in an experimental model of type | Diabetes Mellitus in rats, deals with the
mitochondrial production rates and steady-state concentrations of H,O, and NO, and ATP
levels as part of a network of signaling molecules involved in heart mitochondrial biogenesis.
Sustained hyperglycemia leads to a cardiac compromise against a work overload, in the
absence of changes in resting cardiac performance and of heart hypertrophy. Diabetes was
induced in male Wistar rats by a single dose of Streptozotocin (STZ, 60 mgxkg™, ip.). After
28 days of STZ-injection, rats were sacrificed and hearts were isolated. The mitochondrial

mass (mg mitochondrial protein x g heart™), determined through cytochrome oxidase activity



ratio, was 47% higher in heart from diabetic than from control animals. Stereological analysis
of cardiac tissue microphotographs showed an increase in the cytosolic volume occupied by
mitochondria (30%) and in the number of mitochondria per unit area (52%), and a decrease
in the mean area of each mitochondrion (23%) in diabetic respect to control rats. Additionally,
an enhancement (76%) in PGC-1a expression was observed in cardiac tissue of diabetic
animals. Moreover, heart mitochondrial H,O, (127%) and NO (23%) productions and mtNOS
expression (132%) were higher, while mitochondrial ATP production rate was lower (~40%),
concomitantly with a partial-mitochondrial depolarization, in diabetic than in control rats.
Changes in mitochondrial H,O, and NO steady-state concentrations and an imbalance
between cellular energy demand and mitochondrial energy transduction could be involved in
the signaling pathways that lead to the novo synthesis of mitochondria. However, this
compensatory mechanism triggered to restore the mitochondrial and tissue normal activities,
did not lead to competent mitochondria capable of supplying the energetic demands in

diabetic pathological conditions.

ABBREVIATIONS: DM, Diabetes Mellitus; mtNOS, Mitochondrial nitric oxide synthase; STZ
, Streptozotocin; SOD, Superoxide dismutase; PCG-1a, Peroxisome proliferator-

activated receptor-gamma coactivator

KEYWORDS: Heart mitochondria; Diabetes; Mitochondrial biogenesis; Mitochondrial nitric

oxide synthase (mtNOS); Hydrogen peroxide; ATP.

1. INTRODUCTION

Mitochondria are the organelles that produce the energy required to drive the
endergonic reactions of cell life and are part of the signaling process [1,2] involved in cellular
division, differentiation, growth, aging and death. Additionally, mitochondria are the main

cellular source of reactive oxygen species and also the target of their regulatory and toxic



actions. Superoxide anion (O,") is formed through the autoxidation of ubisemiquinone [3,4]
and of the flavinsemiquinone of NADH dehydrogenase [5], and it is disproportionated to
hydrogen peroxide (H,O,) [6-8] by superoxide dismutase (SOD). Nitric oxide (NO) is
biosynthesized in a reaction catalyzed by a nitric oxide synthase associated to the inner
mitochondrial membrane (mtNOS) [9—-11]. The recognition of a mitochondrial NOS activity in
a series of organs with similar specific activities, the use of spectroscopic, electrochemical
and fluorescent assays to detect NO production [12,13], the sequencing of liver mtNOS [14],
and the dependence of mtNOS activity on metabolic state and membrane potential [15,16],
strongly support both the recognition of mtNOS as a constitutive integral protein of the inner
mitochondrial membrane and the concept that mitochondrial NO release is a physiological
regulator of cytosolic and cellular functions [17]. Moreover, mtNOS is regulated by
physiological effectors [18,19,16], by pharmacological treatments [20], and in pathological
situations [21-25], being the product of its enzymatic activity, i.e. NO, an effective modulator
of mitochondrial function through the inhibition that it exerts over complex IV [26-28] and
complex Il [29,30] activities. In addition, mtNOS structurally and/or functionally interacts with
complex IV [31] and complex | proteins [24,32—-35]. Nitric oxide is involved in S-nitrosation
reactions of proteins and peptides [36,37] and gives rise to the formation of peroxynitrite
(ONOQ"), a physiological nitrifying and oxidizing species [38—40].

At present, H,O, and NO are considered mitochondrion-cytosol signaling molecules
because they are involved in the modulation of redox-sensitive kinase signaling and
transcriptional pathways [17,41-44]. H,O, is considered as the major metabolite operative in
redox sensing, signaling and redox regulation [45]. Steady-state concentration and spatial
distribution of H,O, in tissues is not uniform, existing substantial gradients between
subcellular spaces [46,47]. Even within subcellular organelles, there are H,O, gradients that
produce “redox nanodomains”, which are induced by and control calcium signaling at the
endoplasmic reticulum-mitochondrial interface [48]. In addition, changes in NO steady-state
concentration have been associated with mitochondrial biogenesis [49-52], and increased

ONOO' production has been involved in post-translational modifications of mitochondrial
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proteins, such as complex | [17]. The biochemical communication between mitochondria and
other subcellular components is considered essential in the regulation of the energy levels
and the cellular redox homeostasis. The impairment of this mechanism seems to be inherent
to the progression and/or pathological consequences of Diabetes [53,54].

Diabetes is characterized by an increase in blood glucose levels, being the
hyperglycemia itself a well-recognized risk factor for developing heart failure [55]. This
metabolic disease is typically accompanied by an increased production of free radicals
and/or impaired antioxidants defense capabilities, indicating a central contribution of reactive
oxygen and nitrogen species in the onset, progression and short- and long-term
complications of Diabetes [56,57]. Results from our laboratory [58] have shown that
sustained hyperglycemia leads to heart mitochondrial dysfunction, in which state 3 O,
consumption and oxidative phosphorylation efficiency are decreased, leading to a cardiac
compromise against a work overload. This mitochondrial impairment was observed in the
absence of heart hypertrophy and of changes in resting cardiac performance, indicating that
mitochondrial dysfunction precedes the onset of diabetic cardiac failure.

The aim of this work was to study heart mitochondrial biogenesis in relation to the
production rates and steady-state concentrations of the mitochondrial molecules H,O, and
NO and to the energetic state (ATP level), in an experimental model of type | Diabetes

Mellitus.



2. MATERIALS AND METHODS
2.1. Drugs and chemicals

Streptozotocin (STZ, S0130) and other chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Anti-neuronal nitric oxide synthase antibodies (NOS 1,
H299: cs-8309) and anti-PGC-1a (K 15: sc-5816) were from Santa Cruz Biotechnology

(Santa Cruz, CA). Other reagents were of analytical grade.

2.2. Experimental design

Male Wistar rats of 6-7 weeks of age (200-220 g) were housed in separate cages in an
environmentally controlled facility at 25 °C. The animals were subjected to circadian light—
dark cycles, fed standard rat chow, and provided water ad libitum. The procedures used in
this study were approved by the Animal Care and Research Committee of the School of
Pharmacy and Biochemistry, University of Buenos Aires (CICUAL; 00663658/15), and this
investigation was in accordance with the International Guiding Principles for Biomedical
Involving Animals (ICLAS).

The experimental protocol have been previously utilized and published by Bombicino
et. al [58]. Rats were divided in two groups, Diabetes Mellitus (DM) and Control (C). Diabetes
was induced by a single dose of Streptozotocin (STZ, 60 mg x kg~ animal weight, i.p.)
diluted in citrate buffer 100 mM pH 4.50. Control group was injected with the vehicle (1 ml x
kg™, ip.) [59,60]. Rats were considered diabetic if their fasting blood glucose values were
higher than 200 mg x dI”" [61]. Rat blood glucose concentration after 72 h of STZ-injection
was 423 + 15 mg x dI”, while control animals showed normal glycemia of 120 + 5 mg x dI”.
After 28 days of STZ-injection, glucose values of both groups were tested and animals were
sacrificed in a CO, atmosphere and hearts were removed. All the experimental procedures
were performed using the whole heart.

It should be mentioned that a group of data included in this manuscript were obtained

from the mitochondrial fraction of heart from animals included in our previous work [58].



However, in order to study other mitochondrial parameters or to increase the number of
experimental replicates, new sets of animals were used using the same experimental

protocol.

2.3. 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,
Buckinghamshire, 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-HCI, pH 7.40 (STE-1).
The buffer was removed and a brief digestion was performed in STE medium supplemented
with 0.5% (w/v) fatty acid-free BSA, 5 mM MgCl,, 1 mM ATP and 2.5 U x ml™ type XXIV
bacterial proteinase, pH 7.40 (STE-2). After 4 min of incubation at 4 °C, the 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 to remove nuclei and cell debris. The sediment was discarded and the
supernatant was centrifuged at 8000g for 10 min to precipitate mitochondria. The pellet
containing the mitochondrial fraction was washed twice and resuspended in STE-1 buffer.
This suspension consisted of mitochondria able to carry out oxidative phosphorylation. Purity
of isolated mitochondria was assessed by determining lactate dehydrogenase activity; only
mitochondrial fractions with less than 10-15% of cytosolic lactate dehydrogenase activity
were used. The whole procedure was carried out at 0-4 °C [30,62]. Protein concentration
was determined with the Folin reagent [63] using bovine serum albumin as standard.

Mitochondrial membranes were obtained by three cycles of freezing and thawing of the
mitochondrial preparation and homogenized by passage through a 25-gauge hypodermic
needle [20].

2.4. Mitochondrial hydrogen peroxide production



Mitochondrial H,O, production was followed fluorometrically at 365—-450 nm (Aexc.em)
through the scopoletin—horseradish peroxidase (HRP) assay [64], using a Hitachi F-3010
fluorescence spectrophotometer. The reaction medium consisted of 230 mM mannitol, 70
mM sucrose, 20 mM Tris—HCI, pH 7.40, added with 0.5 uM Cu,Zn-SOD, 1 uM HRP, 1 uM
scopoletin and coupled mitochondrial suspensions (0.1-0.3 mg proteinx ml™). Mitochondrial
H.O, production rates, at 30 °C, were determined in state 4 using 6 mM malate and 6
mM glutamate as complex | substrates. A calibration curve was made using H,O, (0.05-0.35
uM) as standard, previously titrated spectrophotometrically at 240 nm (¢ = 43.6 M" cm™) to

express the fluorescence changes as nmol H,O, x min” x mg protein™.

2.5. Mitochondrial nitric oxide production and NOS expression
2.5.1. NO production

Nitric oxide production by mitochondrial membranes was measured at 37 °C, following
the oxidation of oxyhemoglobin (HbO,) to methemoglobin at 577-591 nm (¢ = 11.2 mM™
cm™') using a Beckman DU 7400 diode array spectrophotometer [20,24,65]. The reaction
medium consisted of 50 mM KH,PO4/K;HPO,, pH 7.40, 1 mM L-arginine, 1 mM CaCl,, 100
uM NADPH, 10 uM dithiothreitol (DTT), 4 uM Cu,Zn-SOD, 0.1 uM catalase, 20 uM HbO,
heme, and mitochondrial membranes suspensions (0.15-0.25 mg protein x ml”). In order to
measure the “specific” NO production by mitochondria, only the HbO, oxidation inhibitable by
2 mM N*-monometil-L-arginine (L-NMMA) was considered. The absorbance changes were

expressed as nmol NO x min™" x mg protein™.

2.5.2. Mitochondrial NOS expression

To determine NOS expression in mitochondria, equal amounts of mitochondrial
membranes (60-80 pg protein) were subjected to 7.5% sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE). Non-specific binding was blocked by

incubation of the membranes with 5% non-fat dry milk in PBS for 1 h at room temperature.
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Then, they were blotted into nitrocellulose films and probed with either 1:500 diluted rabbit
polyclonal anti-neuronal NOS (Hage; ¢s-8309 Santa Cruz Biotechnology, Santa Cruz, CA) or
1:500 diluted goat polyclonal anti-VDAC-1 (D-16: sc-32063, Santa Cruz Biotechnology,
Santa Cruz, CA) antibodies. The nitrocellulose membranes were subsequently incubated
with a secondary goat anti-rabbit IgG antibody (GAR:170-5046; Bio-Rad, CA) or a mouse
anti-goat antibody (IgG-HRP, sc: 2354, Santa Cruz Biotechnology, Santa Cruz, CA) (dilution
1:5000), respectively. The secondary antibodies were conjugated with horseradish
peroxidase and were revealed by chemiluminiscence with ECL reagent. Densitometric
analysis of the bands was performed by Image 1.62 software (Wayne Rasband, NIH,
Bethesda, MD, USA) and data were expressed as relative to VDAC-1 expression (loading

control) [66].

2.6. Mitochondrial ATP production

The assay is based on the chemiluminescent detection using the luciferin-luciferase
reaction [67]. The ATP production was measured in coupled mitochondria (0.15 - 0.50 mg
protein x ml™") in a reaction medium containing 120 mM KCI, 20 mM Tris-HCI, 1.6 mM EDTA,
0.08% BSA, 8 mM K,;HPO4/KH,PQ4, 0.08 mM MgCl,, pH 7.40 (Buffer A) and 40 uM D-luciferin,
20 ug xml™” luciferase and 0.50 mM Tris-Acetate pH 7.75 (Buffer B), at 30 °C. ATP production
was triggered by the addition of 3 mM malate and 1.25 mM glutamate or 8 mM succinate, 0.1
mM ADP and 0.15 mM di-(adenosine) pentaphosphate, to the reaction medium.
Chemioluminescence emission was followed as a function of time in a LabSystem Luminoskan
EL microplate reader (LabSystem, MN, US). As negative control, 2 uM oligomycin were added
to inhibit the F, subunit of the F,F1-ATP synthase. A calibration curve was performed using ATP
(10 - 100 nmol) as standard. ATP production rate was expressed as nmol ATP x min™ x mg
protein™ [68].

2.7. Mitochondrial membrane potential



Mitochondrial membrane potential was measured by flow cytometry [69] using a Partec
PAS-Ill flow cytometer (Partec GmbH, Minster, Germany) equipped with a 488 nm argon
laser.

In order to select the mitochondrial population, 10-N-nonyl acridine orange (NAO) was
used. This probe selectively stains mitochondria through its ability to bind to the cardiolipin
located in the inner mitochondrial membrane [70]. Freshly isolated mitochondria (0.5 mg
protein x mI") were incubated in the dark with 7.5 uM NAO, for 20 min at 37 °C. Samples
were gated based on light scattering properties, and 30 000 events per sample within this
gate (R1) were collected, excluding cellular debris and damaged mitochondria.

To estimate the inner mitochondrial membrane potential, freshly isolated mitochondria
(0.5 mg protein x mI"") suspended in a reaction medium containing 0.20 M mannitol, 0.07 M
sucrose, 5.5 mM Hepes and 100 mM KH,PO,/K,;HPO,, pH 7.40 (MSHP) were incubated in
dark with the potentiometric cationic probe 3,3 -dihexyloxacarbocyanine iodide (DiOCs) (90
nM), for 20 min at 37 °C. The changes in membrane potential after the addition to the
reaction medium of 2 mM malate and 5 mM glutamate or 8 mM succinate, to establish state
4, and the supplementation with 1 mM ADP, to induce state 3, were analyzed through the
DiOCs signal in the FL-1 channel with Cyflogic software (CyFlo Ltd, Turku, Finland). The total

depolarization induced by 40 uM m-CCCP was used as a positive control [71].

2.8. Mitochondrial biogenesis markers
2.8.1. Mitochondrial mass

Because the cytochrome oxidase enzyme is solely located in mitochondrial
membranes, the content of heart mitochondria (i.e. mitochondrial mass) in diabetic and
control animals was estimated from the ratios of cytochrome oxidase activities in heart
homogenates and in the mitochondrial fraction [72—74]. Thus, complex IV activity was

determined in homogenates (0.005-0.010 mg protein x ml") and in mitochondrial fraction



(0.003-0.010 mg protein x ml™") suspended in 100 mM KH,PO,K,HPO, pH 7.40 and
supplemented with 50 uM cytochrome ¢ [75,76]. The rate of cytochrome c¢?* oxidation by
complex IV was calculated as the pseudo-first-order reaction constant (k") and expressed as
min'xmg protein’ or min" xg tissue’ depending on mitochondrial membranes or
homogenates were used, respectively. The ratio between the activity measured in total
homogenates (k" x g tissue™) and the activity determined in mitochondrial membranes
(k" x mg protein™) yields the mitochondrial mass per gram of tissue. Reduced cytochrome ¢
was freshly prepared by reduction of cytochrome c¢** with Na,S,0, followed by Sephadex

G-25 chromatography [58].

2.8.2. Mitochondrial electron microscopy and Stereological Analysis

The study of the mitochondrial ultrastructure was performed by transmission electron
microscopy (TEM) in 1 mm® tissue sample. Hearts obtained from control and diabetic
animals were washed with 100 mM K,;HPO4/KH,PO,, pH 7.40 and then cut in cubes of 1
mm?® by a scalpel. Tissue samples were fixed with 2.5% glutaraldehyde in 100 mM
K;HPO4/KH,PQO4, pH 7.40 during 1 h at 0 °C and post-fixed in 1% (v/v) osmium tetroxide in
100 mM K;HPO4/KH,PO, for 90 min at 0 °C. Samples were incubated with 5% uranyl acetate
for 2 h at 0 °C, dehydrated by successive passages in solutions with increasing
concentrations of ethanol and incubated with propylene oxide for 15 min. Samples were
embedded in Durcupan resin (Fluka AG, ChemischeFabrik, Buchs SG, Switzerland) for 72 h
at 60 °C. Ultrathin sections (50 nm) were cut using an ultramicrotome (Reichert Jung Utracut
E.) and observed with a Zeiss EM 109 transmission electron microscope (Oberkochen,
Germany). Representative digital images were captured using a CCD GATAN ES1000W
camera (California, USA). Random sections were selected for analysis by an electron
microscopy technician blinded to the treatments.

From the images obtained, a stereological analysis was performed. For this, samples

from 3 control and 4 diabetic animals were used and between 12 and 25 photos were
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obtained from each sample. We quantified the number of mitochondria per area, the mean
area occupied by each mitochondrion in the cardiac tissue and the mitochondrial volume
density, using the Image Pro-Plus 6.0 Software (Media Cybernetics, Inc.Rockville, USA).
From these data we performed a stereological analysis of mitochondria, i.e. the spatial
interpretation of the plane sections.

The mitochondrial volume density (V.;), which represents the volume of cytosol
occupied by mitochondria, was determined using the “point counting grids” methodology [77]
and expressed as a percentage. The mitochondrial numerical density (N,,;), which represents

the number of mitochondria per unit volume, was calculated using the following expression:

1 N3
Nmi= X a x K

B Vmi 12

where N, is the number of mitochondria per each umz, Vmi is the mitochondrial volume
density, B is a coefficient which depends on the shape of the organelle, and K is a factor
dependent on the size distribution of the organelle ( = 2.25 and K = 1 for mitochondria). The
number of mitochondria was counted in an area of 112 pum? using an amplification of

12 000X. N,; was expressed as a percentage.

2.8.3. PGC-1a expression

In the case of the expression of the transcription factor peroxisome proliferator-
activated receptor-gamma coactivator (PGC-1a), equal amounts of heart total homogenate
(100 pug protein) were subjected to 10% SDS-PAGE. After the same procedures described in
section 2.5.2 they were blotted into nitrocellulose films and probed with 1:500 diluted goat
polyclonal antibodies against PGC-1a (K-15: sc-5816; Santa Cruz Biotechnology, Santa
Cruz, CA) with a secondary mouse anti-goat antibody diluted 1:5000. The secondary
antibodies were conjugated with horseradish peroxidase and were revealed by
chemiluminiscence with ECL reagent. B-actin expression was used as a loading control

(mouse monoclonal anti B-actin diluted 1:500; C4: sc-47778; Santa Cruz Biotechnology,
11



Santa Cruz, CA; with a secondary rabbit anti-mouse antibody diluted 1:5000). Densitometric
analysis of the bands was performed and data were expressed as relative to B-actin

expression.

2.9. Statistics

Results included in tables and figures are expressed as means + SEM and represent
replicated measurements on at least three to seven independent experiments. Student’s
t-test was used to analyze the significance of differences between Control and Diabetic
groups. Values of p<0.05 and p<0.01 were considered statistically significant and highly
significant, respectively. Statistical analysis was done using GraphPadnstat 4 (GraphPad

Software, La Jolla, CA, USA).
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3. RESULTS
3.1. Mitochondrial H,O, and NO production rates and mtNOS expression
The H,O, production rate of heart mitochondria from diabetic animals sustained by

malate-glutamate was 2-fold the H,O, generation detected in control mitochondria (Fig. 1A).
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Fig 1. Heart mitochondrial H,O, (A) and NO (B) production rates from control (white bars) and
diabetic rats (grey bars). (C) NOS expression in heart mitochondrial fraction. Western blot analysis of
heart mitochondrial membranes using anti-nNOS Hyg antibodies (MW: 162 kDa, upper panel) and
VDAC-1 antibodies (MW: 30 kDa, lower panel) as loading control (Santa Cruz Biotech.). Plot showing
the densitometric units ratio between nNOS and VDAC 1, expressed as the percentage relative to
control. *p< 0.05; ***p < 0.005, significantly different respect to control group (Student’s t test). Control

(C, n = 4); Diabetes (DM, n = 6).

The NO production rate by heart mitochondrial membranes, i.e. the mtNOS activity,
was significantly increased by 23% in the diabetic rats in comparison with control animals

(Fig. 1B). The expression of NOS in the heart mitochondrial fraction using anti-nNOS
13



antibodies was analyzed. As Fig. 1C shows, the mtNOS expression in heart from diabetic
animals was about 132% higher than the NOS expression detected in control group, in
accordance with the enhancement in mitochondrial NO production (Fig. 1B) observed in the

animals injected with STZ.

3.2. Mitochondrial membrane potential and ATP production rate

Mitochondrial membrane potential, i.e. the electrical component of the electrochemical
potential generated by the H" pumping to the intermembrane space, was measured using
flow cytometry (Fig. 2). Mitochondria were selected from background based on its light
scattering properties (SSC: Side Scattervs. FSC: Forward Scatter) and events within gate
R1, ~30 000 events, were chosen for analysis. Between 60-70% of the events within R1 gate
were NAO-positive (R2) compared with the auto-fluorescence signal corresponding to
unstained control samples.As it is shown in the overlaid histograms (Fig. 2A), STZ treatment
induced a slightly decrease in FL1 DiOCg signal when mitochondria were respiring in state 3
both using malate-glutamate and succinate as substrates, in comparison with the control
group. This phenomenon is observed as a shift to the left in the histograms, i.e. a lower
fluorescence intensity of the DiOCg probe, corresponding to heart mitochondria from diabetic
animals. In contrast, no differences between groups were observed in state 4 mitochondria,
neither supported by malate-glutamate nor succinate. As expected, a strong depolarization
was induced by the addition of m-CCCP to the reaction medium in both groups (data not
shown).

The quantification of DiOCg fluorescence intensity of gated (R1) histograms
corresponding to the state 3 mitochondrial membrane potential of heart from diabetic and
control animals, and the total depolarization after the addition of the uncoupler m-CCCP are
included in Fig. 2B. Thus, a significantly lower percentage of visible events in the R1 gate
(22%) has been observed when mitochondria from diabetic animals are respiring in state 3
using malate-glutamate. Although the shift to the left was also observed when mitochondria

were respiring in state 3 using succinate as substrate, this change was not statically
14



significant, suggesting a partial depolarization of mitochondria mainly when the electrons

entered through complex I.
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Fig 2. Heart mitochondrial membrane potential. (A) Overlaid histograms of gated (R1) mitochondrial
events vs. DIOCG6 fluorescence intensity. State 4 and state 3 membrane potentials were evaluated in
coupled mitochondria of control (dark grey line) or diabetes animals (grey line) using malate-glutamate
or succinate as substrates. (B) DiOC6 fluorescence intensity quantification of gated (R1) histograms
corresponding to mitochondria from control (white bars) or diabetic animals (dark grey bars) respiring
in state 3. Mitochondrial depolarization induced by m-CCCP was used as positive control. Results are

expressed as the percentage of visible events within R1.

* p< 0.05, significantly different respect to control group (Student’s t test). Control (C, n = 4),

Diabetes (DM, n = 5).

Considering that the electrochemical H* gradient across the inner mitochondrial
membrane is the driving force for ATP synthesis, ATP production by heart mitochondria from
control and diabetic animals was measured both using complex | and complex Il substrates.
Fig. 3 shows that ATP production rate was 44% or 37% lower in heart mitochondria from
diabetic animals than from control rats, when malate-glutamate or succinate were used,
respectively. These results indicate energy production impairment, in accordance with the

partial depolarization of heart mitochondria from diabetic animals.
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Fig 3. ATP production rate by heart mitochondria from control (white bars) and diabetic rats (grey
bars), using malate-glutamate or succinate as substrates. * p< 0.05, significantly different respect to

control group (Student’s t test). Control (C, n =4), Diabetes (DM, n = 6)

3.3. Mitochondrial biogenesis
3.3.1. Mitochondrial mass

Mitochondrial mass, expressed as mg mitochondrial protein per grams of tissue, was
determined by the ratio of complex IV activity measured in total homogenate, expressed as
min” x g tissue”, and the activity in the mitochondrial fraction, expressed as min™ x mg
protein”. The cytochrome oxidase activity measured in heart homogenate was not
statistically different between groups (Fig. 4A). On the contrary, complex IV activity
measured in the mitochondrial fraction was 22% lower in diabetic animals than in control rats
(Fig. 4B). As a consequence, the proportion of mitochondrial mass per tissue mass was 47%

higher in diabetic hearts than in control hearts (Fig. 4C), suggesting a mitochondrial
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biogenesis process with de novo synthesis of new mitochondrial proteins in the STZ-treated

animals triggered in response to the hyperglycemic status.
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Fig 4. Cytochrome oxidase (complex IV) activity as an index of mitochondrial biogenesis. (A) Complex
IV activity in heart homogenates (k4"). (B) Complex IV activity in heart mitochondrial fraction (ky"). (C)
ki/ ko” ratio as an index of mitochondrial mass, expressed as mg mitochondrial protein per gram of
tissue. *p < 0.05; *** p < 0.005, significantly different respect to control group (Student’s t test). Control

(C, n=5), Diabetes (DM, n = 7).

3.3.2. Electron microscopy and stereological analysis of cardiac tissue
Electron microscope images form diabetic cardiac tissue show a higher number of
mitochondria with variable shapes respect to control heart, disorganized and damaged with

structural alterations such as swelling, loss of cristae and external membrane (Fig. 5).
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Fig 5. Electron transmission microscope microphotographs of cardiac tissue of a control (A and
C) and a diabetic (B and D) rats. Figure B shows a higher number of mitochondria in cardiac tissue of
diabetic animals, accompanied by mitochondrial disorganization in the muscle fiber respect to control

tissue (A). Additionally, in Figure B it can be observed a variability of mitochondrial shapes and sizes,
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in cardiac tissue from diabetic rats. Figure D shows cardiac mitochondria from diabetic animals in a
higher augment, with the presence of mitochondrial alterations; e.g. disruption of the internal and
external membrane (dim and dem, dotted arrows) and mitochondrial swelling (ms, full arrows). Scale

bars: Aand B, 0.5 um; C and D, 0.2 um.

The performed stereological analysis of heart mitochondria, included: the fraction of
cytosolic volume occupied by mitochondria, i.e. the mitochondrial volume density (Vi), the
number of mitochondria per area (N,), and the mitochondrial numerical density (N.,).

To estimate V., approximately 40 microphotographs of cardiac tissue from 3 control
rats and 60 microphotographs from 4 diabetic rats were analyzed. Thus, the V., of cardiac
tissue from diabetic animals was 30% higher than the one detected in control cardiac tissue
(Table 1). Nonetheless, the mean area of each mitochondrion, expressed in um? was
reduced by 23% in heart of diabetic animals respect to the mean area in control tissues.
Hence, as each mitochondrion is smaller in diabetic than in control cardiac tissue, the
increase in Vp; is due to a higher number of mitochondria per tissue mass. This result was
confirmed with the counting of mitochondria in a microscope field area at 12 000X augment
(112 pm?) and referred to 1 um?, i.e. the number of mitochondria per unit area (N,). This
value in the cardiac tissue from diabetic animals (0.67 + 0.02 mitochondria x pm?) was 53%
higher than the one in control tissues (0.44 + 0.06 mitochondria x pm™).

Mitochondrial numerical density (N.,), which expresses the number of mitochondria
counted per unit volume, was calculated using the formula described by Weibel et al. [78]. As
shown in Table 1, N, was enhanced by 66% in the cardiac tissue from diabetic animals
respect to control tissue. Therefore, this result agrees with the increment observed in the
mitochondrial mass estimated from complex IV activity (Fig. 4C), and suggests the presence

of an active mitochondrial biogenesis process.
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Table 1. Stereological analysis of cardiac tissue mitochondria from control and diabetic

animals
Stereological parameters Control Diabetes
Mitochondrial volume density (V) 0.30 + 0.01 0.39 + 0.01***
Mitochondrial volume density (Vi; %) 30 39**
Mitochondrial mean area (um?) 0.70 + 0.06 0.54 + 0.06
N° mitochondria per area (mitochondriaxpum) 0.44 +0.06 0.67 + 0.02***
Mitochondrial numerical density (Ny;; %) 100 166*

*p < 0.05; ***p < 0.005 significantly different respect to control group (Student’s t test).
Control (n = 3), Diabetes (n = 4). 12 to 25 photos were taken from each sample.

3.3.3. PGC-1a as biogenesis marker

The expression of the transcription factor PCG-1a, which is involved in the signaling
cascade that carry out to mitochondrial biogenesis, was analyzed in homogenates obtained
from the heart of control and diabetic animals (Fig. 6A). Figure 6B illustrate the densitometric
units relative to B-actin, this latter used as a loading control. An enhancement in PGC-1a
expression of 76% was observed (Fig. 6B) at the end of the treatment, in heart homogenates
from diabetic animals with respect to the levels expressed in control animals, in agreement
with the higher mitochondrial mass per tissue mass estimated and showed above (Figs. 4,

Table 1).
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Fig 6. PGC-1a. expression in heart homogenates. (A) Western blot using anti-PGC-1a
antibodies (MW: 103 kDa, upper panel) and anti-f actin antibodies (MW: 43 kDa, lower panel) as
loading control (Santa Cruz Biotech.). (B) Plot showing the densitometric units ratio between PGC-1a
and 3-actin in heart homogenate from control and diabetic animals, expressed as the percentage
relative to control (100%).**p < 0.01, significantly different respect to control group (Student’s t test).

Control (C, n = 3), Diabetes (DM, n = 4).
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4. DISCUSSION

The results presented in this work provide evidence that mitochondrial biogenesis is
enhanced in hearts of STZ-induced diabetic rats. Changes in the steady-state concentrations
of the mitochondrial molecules H,O, and NO and in the ATP level could be involved in the
signaling pathways that lead to the novo synthesis of mitochondria.

It is known that organs that demand large amounts of energy, such as heart, are
particularly susceptible to an energy crisis and concomitantly to cell death. Mitochondria
generate 95% of cellular ATP by oxidative phosphorylation, supplying the cardiomyocytes
with the energy needed to maintain normal contractile function. Mitochondrial function
depends on the electrochemical gradient of H* that is established through the inner
mitochondrial membrane, carried out by the activity of the respiratory chain complexes, being
this gradient the driving force for ATP synthesis. In this work, a partial depolarization of the
inner mitochondrial membrane of heart of diabetic rats was observed when mitochondria
were respiring in state 3 (Fig. 2), mainly when the electrons entered through Complex I.
Furthermore, ATP production rate was about 40% lower in heart mitochondria from diabetic
than from control animals (Fig. 3).These data are in agreement with the lower mitochondrial
complexes activities and ADP/O ratio previously observed [58] in hearts of diabetic respect to
control animals. Therefore, a mitochondrial energetic state impairment occurs in heart of
diabetic animals which could lead to a reduced supply of energy to the rest of the cell.

Mitochondria not only generate ATP that supports the energy demands of
cardiomyocytes but also produce second messengers, such as H,O,, NO and ONOO',
implicated in the modulation of redox sensitive signaling pathways and in the regulation of
NAD*/NADH homeostasis, influencing the activation of the cofactor PGC-1a [17]. At present,
H.O. is considered as the major redox metabolite operative in redox sensing, signaling and
redox regulation [45]. The generation of H,O, reports the mitochondrial energy charge to the
cytosol and is implicated in the regulation of the cellular redox status, thus transducing redox

signals into a wide variety of responses, such as proliferation, differentiation, and cellular
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death pathways. The role of H,O, in redox signaling depends on its steady-state
concentration and its suborganellar distribution [45]. Under our experimental conditions, an
increase in H,O, production rate was observed only when mitochondria were supplemented
with complex | substrates (Fig. 1A), suggesting structural modifications of complex | proteins
in heart of diabetic rats [24,34,35]. Additionally, an increase not only in NO production (Fig.
1B) but also in mtNOS expression (Fig. 1C) were observed in the heart of diabetic animals,
indicating that NO could participate as a signaling molecule, leading to mitochondrial
biogenesis [51,52]. This compensatory mechanism might be an adaptive response to replace
damaged and dysfunctional mitochondria and to restore the bioenergetics function that is
altered in hearts of diabetic animals. This process was evaluated focusing on different
approaches: a) de novo synthesis of mitochondrial proteins, b) stereological analysis of heart
mitochondria, and c) expression of the transcription factor PGC-1a. The data obtained
showed that mitochondrial mass per tissue mass was 47% higher in diabetic than in control
cardiomyocytes (Fig. 4C), indicating the activation of the biogenesis process. This result was
confirmed by the stereological analysis of cardiac tissue microphotographs (Figs. 5 and
Table 1), in which a 30% increment in the cellular volume occupied by mitochondria was
observed in diabetic hearts, with a smaller mitochondrial size (23%) than in control hearts.
Thus, the higher V,,; observed in hearts from diabetic animals was due to a higher number of
mitochondria per unit area (52%). Additionally, the number of mitochondria per unit volume
(Nmi) showed an increment of 66% in agreement with the enhancement in mitochondrial
mass. Furthermore, an increase (76%) in the expression of the transcription factor PGC-1a
was observed (Fig. 6B). To note, this is one of the main regulators of mitochondrial
biogenesis in cardiac muscle, skeletal muscle and adipose tissue [79-81] and its expression
is regulated by oxygen or nitrogen reactive species [82]. The expression of this transcription
factor has been positively associated with glucose capture and oxidation and with a higher
expression of the glucose transporter GLUT-4 [83]. Figure 7 shows that the enhancement in

H,O, and NO production rates are accompanied to an increase in the number of
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mitochondria per unit area, in heart of diabetic respect to control animals. Thus, the overall
results presented in this work along with the linear correlations observed in Fig. 7 support the
idea that mitochondrial biogenesis is activated in diabetic hearts, and both NO and H,O,
could act as signaling molecules involved in the process that leads to the novo synthesis of

mitochondria.
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Fig 7. Linear correlation between the number of mitochondria per unit area, as an index of
mitochondrial biogenesis, and H,0, (circles, r* = 0.983) or NO (squares, r* = 0.896) production rates,

in heart of diabetic (grey) respect to control (white) animals.

Taking into account the experimental values of H,O, and NO production rates and the
active Mn-SOD concentration in the mitochondrial matrix (control 17 uM and diabetic 8.5 uM,;
[58]), NO and O," steady-state concentrations can be calculated [35,84] (Details of the
calculation procedure were included in the supplementary material). Table 2 shows that
[NOJss is enhanced by 20% in heart mitochondria from diabetic animals respect to controls, in

accordance with the increment observed in NO production rate and the enhancement in
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mtNOS expression (Fig. 1). Additionally, the [O,"], calculated was 4 times higher in diabetic
than control animals. Thus, the increase in H,O, production rate measured in mitochondria
from diabetic animals was due to a higher O,” steady-state concentration, even in the

presence of Mn-SOD activity reduction.

Table 2. NO and O, steady-state concentrations and ONOO" formation in heart

mitochondria from control and diabetic animals

Group [NO].s [027]ss d[ONOO/dt
(10° M) (10™ M) (nM s™)

Control 9.40 4.71 8.40

Diabetes 1.4 21.3 46.0

In addition, the rate of ONOO™ formation can be calculated by considering the steady-
state concentrations of NO and O," in the mitochondrial matrix and the second-order rate
constant k = 1.9 x 10" M™ s [85]. Table 2 shows that ONOO" production rate was 5 times
higher in heart mitochondria from diabetic than from control rats. Whereas in physiological
situations only 15% of the O,™ generated in the mitochondria is metabolized through the
reaction with NO to form ONOQO/, in situations in which Mn-SOD activity is reduced and NO
generation is enhanced, the catabolic pathway of O, that yields ONOO™ could be
exacerbated. Moreover, ONOO™ generation rate seems to be mainly controlled by O,"
steady-state concentration rather than by NO steady-state concentration. Furthermore, these
results agree with the increase in protein tyrosine nitration (~60%) observed in heart
mitochondria obtained from diabetic animals [58].

Hence, the results presented in this work suggest that in order to increase the number
of mitochondria and to supply the energetic dysfunction that occurs as a consequence of
hyperglycemia, mitochondrial biogenesis is triggered in the heart of diabetic animals. Nisoli

and colleagues [2] showed that the stimulation of mitochondrial biogenesis by an NO donor
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in cell lines generates new and functional mitochondria. Nevertheless, in this work
mitochondrial biogenesis was not accompanied with the recovery of the mitochondrial
function and energy bioavailability for the tissue. Mitochondria from diabetic animals showed
the presence of structural alterations (mitochondrial swelling, loss of cristae and disruption of
inner and outer membranes) along with changes in mitochondrial bioenergetics, e.g. a partial
depolarization of the inner mitochondrial membrane and a lower ATP production rate.
Concomitantly with these observations, previous results of our group [58] with the same
experimental protocol, showed a heart mitochondrial dysfunction characterized by reduction
in mitochondrial respiration, in the activity of respiratory chain complexes and in the
efficiency of oxidative phosphorylation, leading to alterations in cardiac bioenergetics and to
a cardiac compromise against a work overload. It is worth noting that the biogenesis process
triggered in vivo in an organism, in physiopathological conditions, not necessarily results in
the generation of functionally active mitochondria. Bugger and Abel [86] had reported an
increase in mitochondrial biogenesis in cardiomyocytes from diabetic mice, without an
improvement of the mitochondrial function. Studies in transgenic mice that over express
PCG-1a, show that although the biogenesis process is activated, the mitochondrial function
is not recovered in the same magnitude [87].

To conclude, changes in the steady-state concentrations of H,O, and NO and an
imbalance between cellular energy demand and mitochondrial energy transduction could
lead to mitochondrial biogenesis. Because of the sustained hyperglycemia that occurs in our
experimental model, this compensatory mechanism triggered to restore the mitochondrial
and tissue normal activities did not lead to competent mitochondria capable of supplying the

energetic demands.
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HIGHLIGHTS
¢ Mitochondrial biogenesis is triggered in heart of STZ-induced diabetic rats
o Mitochondrial NO, ONOO™ and H,O, productions are increased in heart of diabetic
rats
e Heart mitochondrial [O,"]ss and [NO]; are higher in diabetic than in control rats
e Changes in membrane potential and ATP synthesis lead to energetic-state
imbalances

e NO, H,O, and ATP are signaling molecules involved in mitochondrial biogenesis
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