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Abstract

Beta cell destruction in type 1 diabetes (TID) is associated with cellular oxidative stress and mitochondrial pathway of cell death. The aim
of this study was to determine whether oxidative stress and mitochondrial dysfunction are present in T1D model (non-obese diabetic mouse,
NOD) and if they are related to the stages of disease development. NOD mice were studied at three stages: non-diabetic, pre-diabetic, and
diabetic and compared with age-matched Balb/c mice. Mitochondria respiration rates measured at phosphorylating and resting states in liver
and soleus biopsies and in isolated liver mitochondria were similar in NOD and Balb/c mice at the three disease stages. However, NOD liver
mitochondria were more susceptible to calcium-induced mitochondrial permeability transition as determined by cyclosporine-A-sensitive
swelling and by decreased calcium retention capacity in all three stages of diabetes development. Mitochondria H,O, production rate was
higher in non-diabetic, but unaltered in pre-diabetic and diabetic NOD mice. The global cell reactive oxygen species (ROS), but not specific
mitochondria ROS production, was significantly increased in NOD lymphomononuclear and stem cells in all disease stages. In addition,
marked elevated rates of 2°,7’-dichlorodihydrofluorescein (H,DCF) oxidation were observed in pancreatic islets from non-diabetic NOD
mice. Using matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) and lipidomic approach, we identified oxidized
lipid markers in NOD liver mitochondria for each disease stage, most of them being derivatives of diacylglycerols and phospholipids. These
results suggest that the cellular oxidative stress precedes the establishment of diabetes and may be the cause of mitochondrial dysfunction

that is involved in beta cell death.
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Introduction

Type 1 diabetes (T1D) is an autoimmune disease initiated
by inflammation (insulitis) caused by macrophages and T
cells infiltration into the pancreatic islets followed by the
release of pro-inflammatory cytokines and destruction of
insulin-producing pancreatic B-cells. The destruction of
B-cells in T1D is associated with oxidative and nitro-oxi-
dative cellular stress [1,2]. An increase in the generation
of reactive oxygen species (ROS) is probably mediated by
inflammatory cytokines such as interleukin-1§ (IL-1[),
interferon-y (IFN-y), and tumor necrosis factor-o. (TNF-c),
which are produced by the activated T lymphocytes and
are responsible for inducing dysfunction and death of
B-cells [1,3,4]. The transduction of the signals that induce
B-cells death can occur by different mechanisms that ulti-
mately interfere with the activity of the Bcl-2 protein fam-
ily, the mitochondrial membrane permeabilization, and
the activity of caspases [5,6].

Mitochondria dysfunction has been implicated in the
pathogenesis of metabolic diseases, mainly because it is
an important source as well as target of ROS. In physio-
logical conditions, mitochondria generate a small amount

of superoxide radical at the level of respiratory complexes
I and III. However, mitochondria have a powerful anti-
oxidant system to detoxify excess of reactive oxygen pro-
duction to prevent oxidative stress [7,8]. Excess of ROS
production in the presence of increased intracellular Ca**
concentration leads to mitochondrial permeability transi-
tion (MPT), a condition caused by the formation of a non-
selective pore in the inner mitochondrial membrane that
allows the release of cell death signaling molecules [9-11].
In addition to ROS, nitric oxide and nitrosothiols have
emerged as important players in MPT regulation [12,13].

MPT is involved in many pathological processes, which
encompass cellular Ca?>* overload and oxidative stress, for
instance, ischemia—reperfusion [14]. We have previously
reported that disturbances in lipid and glucose metabolism
are associated with mitochondrial permeability transition
[7,8,15—19]. Others have described MPT in cardiovascular
diseases and obesity-related conditions [20,21].

The non-obese diabetic mouse model (NOD) was
developed more than 30 years ago and provided advances
in the understanding of the complex nature of autoimmune
diseases [22,23]. The establishment of T1D in NOD mice
is similar to what occurs in humans [24,25], beginning
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with inflammatory cells infiltration into pancreatic cells
followed by activation and release of inflammatory cytok-
ines [26]. It is possible to study in NOD mice the different
stages of the disease progress following the advancement
of pancreatic B-cells destruction along with the loss of
glycemic homeostasis [25,27].

Since B-cell destruction in T1D is associated with cel-
lular oxidative stress and possibly with the mitochondrial
pathway of cell death, the aim of this study was to deter-
mine whether oxidative stress and mitochondrial dysfunc-
tion are present in tissues of NOD mice and if they are
related to the stages of the development of the disease.
Considering the systemic inflammation of T1D and that
the major triggers of inflammation (pro-inflammatory
cytokines and chemokines) in islets can affect other tis-
sues, we studied immune system cells as well as liver,
muscle, and pancreatic islet. We determined mitochondria
respiration, susceptibility to MPT and ROS production in
liver and skeletal muscle biopsies, in isolated liver mito-
chondria, in spleen and circulating mononuclear cells, in
bone marrow-derived hematopoietic stem cells, and in
pancreatic islet from NOD mice, at different stages, before,
during, and after the onset of diabetes.

Materials and methods
Animals

Female NOD/Unib mice and Balb/c were obtained from
the Animal Breeding Center of the State University of
Campinas (CEMIB/Unicamp, Sao Paulo, Brazil), under
specific pathogen-free (SPF) conditions, and were main-
tained in an SPF animal facility at the Laboratory of
Immunology (Faculty of Medical Sciences, Unicamp).
The incidence of spontaneous diabetes in our colony is
85% in females up to 25 weeks of age (in non-manipulated
mice). The animals were maintained under autoclaved
water and food ad libitum and a light cycle of 12 hours.
Mice were monitored for onset of diabetes by measure-
ments of glucose concentration in blood obtained from the
tail vein using glucose levels measured by a hand-held
glucometer Optium™ (Abbott Diabetes Care Limited,
United Kingston). The NOD mice were separated into
three groups namely: 4-6 weeks old (non-diabetic, glyce-
mia: <100 mg/dl), 7-10 weeks old (pre-diabetic, glyce-
mia: 100-150 mg/dl), and 14-25 weeks old (diabetic
glycemia:>?250 mg/dl) as compared with age-matched
control Balb/c mice. Experimental protocols were con-
ducted according to the general guidelines established by
The Brazilian College of Animal Experimentation (Cobea)
and approved by the local Committee for Ethical in Ani-
mal Experimentation (protocol # 1335-1 CEUA/UNI-
CAMP).

Isolation of liver mitochondria

Liver mitochondria from NOD/unib and Balb/c mice were
isolated by conventional differential centrifugation [28].
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Briefly, livers were homogenized in 250 mM of sucrose,
1 mM of ethylene glycol tetraacetic acid (EGTA), and
10 mM of Hepes buffer (pH 7.2), and centrifuged for 10
min at 2500 g. The supernatant was centrifuged for 10 min
at 8000 rpm. The mitochondrial pellet was washed in
medium containing 250 mM of sucrose, 10 mM of Hepes,
and 0.1 mM of EGTA, and centrifuged for additional
10 min at 8000 g. The final pellet was resuspended in
250 mM of sucrose and 10 mM of Hepes to a final protein
concentration of approximately 50-70 mg/ml. The exper-
iments with isolated mitochondria were carried out at
28°C, with continuous magnetic stirring, in standard
medium containing 125 mM of sucrose, 65 mM of KCl,
2 mM of inorganic phosphate, 1 mM of magnesium chlo-
ride, 10 mM of Hepes buffer (pH, 7.2), and a mixture of
5 mM of (nicotinamide adenine dinucleotide) NAD-linked
substrates (malate + glutamate + ketoglutarate + pyru-
vate). Other additions are indicated in the figure legends.

Mitochondrial swelling

Mitochondrial swelling (0.5 mg/ml) was determined as the
decrease in the turbidity of the mitochondrial suspension
measured at 520 nm using a temperature-controlled Hitachi
U-3000 spectrophotometer (28°C).

Mitochondrial calcium transport

Calcium uptake by isolated liver mitochondria (0.5 mg/
ml) was determined following the fluorescence of 0.1 uM
of Calcium Green-5N hexapotassium salt (Molecular
Probes) using a temperature-controlled spectrofluorometer
(Hitachi F4500, Tokyo, Japan) at 28°C, at excitation and
emission wavelengths of 506 and 531 nm, respectively,
and slit widths of 5.0 nm [29].

Islet isolation

The isolation of pancreatic islets was performed according
to Ventura-Oliveira [27]. The pancreas was excised,
minced, and digested with collagenase V (Sigma) for 24
min. Islets were isolated and collected under a dissection
microscope with a micropipette.

Spleen mononuclear cells isolation

Spleen mononuclear cells were isolated with Histopaque
1077 (Sigma), as described before [30]. Cellular viability
was tested using the trypan blue exclusion method, and it
was considered satisfactory when the viability was over
95%.

Lymphomononuclear circulating cells isolation

The blood samples were collected in heparinized tubes for
lymphomononuclear circulating cells isolation. The whole
blood was layered on the Histopaque 1077 (Sigma) solu-
tion and centrifuged at 2000 g for 20 min. The lymph-
omononuclear cells are found at the interface between
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plasma and Histopaque 1077. The supernatant was dis-
carded and the cell fraction was resuspended in 5 ml of
red cell lysis buffer, incubated for 15’ at room temperature,
and 5 ml of phosphate-buffered saline (PBS) was added
to it and centrifuged at 1500 g for 10 min. The cells were
washed once more with PBS at 1500 g for 10 min.
Cellular viability was tested using the trypan blue exclu-
sion method, and it was considered satisfactory when the
viability was over 95%.

Bone marrow-derived hematopoietic stem cells isolation

PBS supplemented with 10% fetal bovine serum (FBS)
was injected into the femurs that were sectioned between
the femoral-iliac joint and femur—tibia, to release the stem
cell string. Cells were placed in a Falcon tube containing
5 ml of 10% FBS-PBS and carefully mixed to form a
homogenous cell suspension. The cell suspensions were
transferred to 15-ml Falcon tubes containing 3 ml of His-
topaque 1077 (Sigma). Stem cells were then purified as
described above. The final cell fraction was resuspended
in PBS and cellular viability was tested using the trypan
blue exclusion method, and it was considered satisfactory
when the viability was over 95%.

Fluorimetric ROS measurement

General ROS production was measured by incubating
mitochondria (0.5 mg/ml) in standard reaction medium
containing 5 UM of 2°,7’-dichlorodihydrofluorescein diac-
etate (H,DCF-DA) (Molecular Probes, Invitrogen, Carls-
bad, CA) at 28°C. DCF fluorescence was monitored using
a F4500 spectrofluorometer (Hitachi F4500, Tokyo, Japan)
operating at excitation and emission wavelengths of 488
and 525 nm, respectively, slit widths of 2.5 nm, with con-
tinuous stirring. In isolated cells (103 cells/ml circulating
mononuclear and 10° cells/ml spleen mononuclear or bone
marrow stem cells) and islet (25 islet/ml), the production
of ROS was determined by incubating them with Hanks
balanced salt solution medium containing 5 UM of
H,DCF-DA at 37°C.

Hydrogen peroxide production was measured by incu-
bating mitochondria (0.5 mg/ml) in standard reaction
medium containing 10 UM of Amplex Red (Molecular
Probes, Invitrogen, Carlsbad, CA) and 1 U/ml of horserad-
ish peroxidase at 28°C. Resorufin fluorescence was mon-
itored using a RF5301 spectrofluorometer (Shimatsu PC,
Kyoto, Japan) operating at excitation and emission wave-
lengths of 563 and 587 nm, respectively, slit widths of 5
nm, with continuous stirring.

Flow cytometry ROS measurement

Mitochondrial superoxide generation was assessed using
MitoSOX™ Red, a highly selective fluorescent probe for
the detection of superoxide generated within mitochon-
dria. MitoSOX™ Red was added to the cells (10° cells
ml~ ! circulating mononuclear and 10° cells ml ~! spleen
mononuclear or bone marrow stem cells) at a final con-

centration of 5 UM in culture media and incubated at 37°C
for 10 min. The cells were then washed with RPMI 1640
medium (Invitrocell). Fluorescence intensity was analyzed
using a FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA, USA) equipped with an argon laser and
CellQuest software (version 4.1) with excitation at 488 nm
and emission at 620 nm. A minimum of 10,000 events
were collected. Results are presented as single-parameter
histograms or scattergrams of cellular events versus fluo-
rescence intensity [31].

Skeletal muscle and liver oxygen consumption

Fragments (3—5 mg) of soleus muscle and liver were placed
in a Petri dish on ice with 1 ml of relaxing solution [contain-
ing 10mM of Ca-EGTA buffer (2.77 mM of
CaK2EGTA +7.23 mM of K2EGTA), 0.1 mmol/L of free
concentration of calcium, 20 mmol/L of imidazole,
50 mmol/L of K+/4-morpholinoethanesulfonic acid,
0.5 mmol/L of dithiothreitol, 7 mmol/L of MgCl2, 5 mmol/L
of ATP, 15 mmol/L of phosphocreatine, pH="7.1]. Soleus
skeletal muscle fiber bundles were separated using two for-
ceps. Tissue samples were permeabilized for 30 min in ice-
cold relaxing solution with saponin (50 pg/mL), gently
stirred, and washed 3 times with MiR05 medium [60 mmol/L
of potassium lactobionate, 0.5 mmol/L of EGTA, 3 mmol/L
of MgCl2, 20 mmol/L of taurine, 10 mmol/L. of KH2PO4,
20 mmol/L of Hepes, 110 mmol/L of sucrose, 1 g/L. of BSA,
pH=7.1] at 4°C. Tissue samples were then immediately
transferred into an Oroboros respirometer (Innsbruck, Aus-
tria) containing an air-saturated respiration medium, MiRO05,
in the presence of pyruvate (10 mM) and malate (5 mM).
The respiration rate in state III was measured after addition
of ADP (400 uM), the state IV in the presence of oligomy-
cin (1.0 pg/ml) and at last the uncoupler Carbonyl cyanide-
4-(trifluoromethoxy)phenylhydrazone (FCCP) was added
(0.2 uM to liver and 1.5 uM to muscle). The Oxygraph-2k
(Oroborus, Innsbruk, Austria) is a two-chamber titration-
injection respirometer with a limit of oxygen flux detection
of 1.0 pmol/sec/ml, at 37°C.

CS activity

Citrate synthase (CS) activity was assayed by measuring
the conversion of oxaloacetate and acetyl-CoA to citrate
and SH-CoA catalyzed by CS and monitoring the colori-
metric product, thionitrobenzoic acid, as described by
Shepherd and Garland [32]. Briefly, liver, muscle, or islet
tissues were homogenized (1:10, W:V) in 50 mM of Tris-
buffer, 1 mM of EDTA, and 5% Triton X-100, at pH = 7.4.
After centrifugation at 700 g for 10 min, supernatant was
saved and further diluted in 50 mM of Tris-buffer to a final
concentration of ~1 mg/ml. Four to six micrograms of
proteins of these samples was added to a microplate before
adding 250 uL of CS reaction buffer (50 mM of Tris-HCI
(pH = 8.0), 0.1% Triton X-100, 250 uM of oxaloacetate,
50 uM of acetyl-CoA, and 100 uM of 5,5'-dithiobis(2-
nitrobenzoic acid)). The kinetics of absorbance at 412 nm
was measured in a microplate reader (PowerWave XS 2,
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BioTek) for 6 min. The enzyme activity was calculated as
umol of citrate formation per min, and expressed per mg
of sample protein (U/mg).

Sample preparation and MALDI-MS analysis

Mitochondrial extracts were diluted in a 10 mg/mL solu-
tion of o-cyano-hydroxycinnamic acid in MeOH:ACN
(acetonitrile) (50:50) to a proportion of 1:100. A volume
of 1.5 pL of this mixture was transferred to a MALDI
96-well plate and then sent to analysis after homogenous
crystallization. Mass spectrometric data were acquired in
a MALDI-LTQ-XL quadrupole linear trap instrument
(Thermo Scientific, San Jose, CA, USA) equipped with a
solid-state Nd:YAG laser. Typical operating conditions
were as follows: 4.0 wJ of laser energy, 3 shots per step,
m/z range of 50-1000, and negative ion mode. For struc-
tural elucidation, collision-induced dissociation (CID)
reactions (MS/MS) were performed using helium as the
buffer gas with 30-50 normalized energy. The obtained
data from all replicates and groups were submitted to a
principal component analysis (PCA) using the Unscram-
bler software (v. 9.7, CAMO software, Oslo, Norway) for
identifying chemical markers that could indicate each con-
dition. Once elected, the markers were submitted to MS/
MS reactions and the obtained fragments were compared
with those generated by simulations on Mass Frontier soft-
ware (v. 6.0, Thermo Scientific, San Jose, CA, USA).
When all the observed fragments matched the simulated
ones, the structure can be assigned to that particular m/z.

Statistical analyses

Two mean comparisons within each age group were
tested by Student’s t-test, using GraphPad Prism 5 software.

A- Liver
4-6 weeks old

O, consumption /
Citrate Syntase Activity
(pmol.s"'/mU)

B- Muscle

O, consumption /
Citrate Syntase Activity
(pmol.s"'/mU)

ADP Oligo  FCCP ADP
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30 30 3

20 20 20

10 10 10
0 0 0

ADP Oligo FCCP ADP
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Data are presented as Average = SE of independent experi-
ments. Differences were considered significant when
p value was less than 0.05.

Results

In this work, NOD mice mitochondrial (dys)functions
were studied in several tissues (liver, muscle, mononuclear
and stem cells, and pancreatic islets) in three stages
of diabetes development, namely, 4-6 weeks of age
(non-diabetic, glycemia: << 100 mg/dl), 7-10 weeks of age
(pre-diabetic, glycemia: 100—150 mg/dl), and 14-25 weeks
of age (diabetic glycemia >250 mg/dl) as compared
with age-matched control Balb/c mice.

Mitochondrial respiratory activities are presented in
liver (Figure 1, panel A) and skeletal muscle (Figure 1,
panel B) under resting (oligomycin A), phosphorylating
(ADP), and uncoupled (FCCP) states in permeabilized
tissue biopsies. The results were normalized by the CS
activity (pmol O,/s/mU) and demonstrate that, regardless
of the stage of the disease, there were no significant dif-
ferences between NOD and Balb/c mice respiratory activ-
ities in both tissues. These results are in agreement with
those obtained in isolated mitochondria from the liver of
non-diabetic, pre-diabetic, and diabetic NOD and age-
matched Balb/c mice (Table I). It was observed that in
muscle biopsies, CS activity decreased by 32% after the
onset of the disease (Table II). This suggests that T1D
reduces the amount of functional mitochondria in muscle,
but not in liver.

Since apoptosis can be triggered by MPT, we assessed
the susceptibility of NOD mice mitochondria to this pro-
cess by analyzing Ca?"-induced mitochondrial swelling
and the ability of mitochondria to retain the accumulated

14-25 weeks old
0

Oligo FCCP ADP Oligo  FCCP

[ Balb/c
l NOD

Oligo  FCCP ADP  Oligo FCCP

Figure 1. Mitochondrial respiration rates (oxygen consumption) in liver (A) and skeletal muscle (B) biopsies are not altered in NOD mice
before and during development of diabetes. Tissue biopsies (2-3 mg) were added to the MiR0O5 medium. The following were added: 400
UM of ADP, 1 mg/ml of oligomycin, and 0.2 uM of FCCP for liver or 1.5 uM of FCCP for skeletal muscle. Data are mean * SE of five

independent experiments.
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Table I. Oxygen consumption rates in isolated mitochondria from liver of NOD and age-matched Balb/c
mice measured in phosphorylating state (State III) and resting state (State IV).

4-6 weeks old

7-10 weeks old 14-25 weeks old

(non-diabetic) (pre-diabetic) (diabetic)
Oxygen consumption Balb/c NOD Balb/c NOD Balb/c NOD
(nmol O,/min/mg) n=_8 n=38 n=11 n=12 n=16 n=16
State 111 51,611 546*x1.8 454=x26 514*x20 462*x13 442=x12
State IV 9.6+0.3 11.0x0.3 9.0+x0.5 102x04 9.4+0.2 8.8+£0.3
RC (state III/state IV) 54*03 5.0x0.3 50+03 5.1x0.3 4.9+0.2 52%+0.3

Average = SE. RC— respiratory control. State III: upon addition of 200 nM of ADP.

cation. Figure 2 shows that in all stages of the disease,
NOD liver mitochondria exhibit extensive cyclosporin-
A-sensitive swelling, in contrast to the liver mitochon-
dria isolated from Balb/c mice. Accordingly, the changes
in Ca®" Green fluorescence shown in Figure 3 indicate
that NOD liver mitochondria retain Ca?>" for a much
shorter period of time than Balb/c mitochondria, irre-
spective of the disease stages. Balb/c mitochondria are
able to retain calcium 3-5 folds longer than NOD mito-
chondria. These results indicate that NOD liver mito-
chondria presentincreased susceptibility to Ca*-induced
MPT that is not related to the increasing levels of
glycemia.

It is well known [33,34] that ROS play an important
role in the MPT pore opening. Therefore, we estimated
ROS production using two different probes: Amplex
Red, a specific probe for hydrogen peroxide and
H,DCF-DA that detects a large variety of reactive oxy-
gen and nitrogen species [35], and is also used to indicate
cell death associated with oxidative stress [36]. The
analyses of fluorescence changes in both probes,
H,DCF-DA (Figure 4A) and Amplex Red (Figure 4B),
induced by liver mitochondria isolated from NOD or
Balb/c indicate that only the NOD mitochondria isolated
from non-diabetic NOD mice present higher rates of
ROS release. The data suggest that H,O, production or
elimination rates are significantly altered in mitochon-
dria from NOD at the initial, non-diabetic stage. Interest-
ingly, in more advanced stages of diabetes, differences
in H,0, production rates between NOD and Balb/c liver
mitochondria are not detected.

Since T1D is an autoimmune disease involving lym-
phocyte activation [22,23,37], we also investigated ROS
production in spleen and circulating mononuclear cells
and their precursor stem cells. Hematopoietic stem cells
can be differentiated into lymphoid cells such as T and B
lymphocytes that are involved in the development of T1D

[38,39]. In these experiments we used, in addition to
H,DCF-DA, the MitoSOX, a marker for mitochondrial
superoxide production in intact cells [40,41]. Higher lev-
els of H,DCF-DA oxidation occurred in all cell types at
all diabetic stages of NOD mice as compared with those
in age-matched Balb/c cells. These results were not pro-
portional to increasing glycemia levels in the mice
(Figure SA-C). In contrast to H,DCF-DA data, MitoSOX
fluorescence did not differ between NOD and Balb/c
spleen mononuclear (Figure 6A), circulating mononuclear
(Figure 6B), as well as hematopoietic stem cells (Figure 6C),
at all stages of the disease. These results suggest that
immune cell oxidative stress detected by the oxidation of
H,DCF-DA probably does not come from mitochondrial
source measured by MitoSOX.

Macrophage infiltration into the pancreatic islets from
NOD is an early event related to islet destruction [22,23].
Therefore, we evaluated H,DCF-DA oxidation using
isolated pancreatic islets from non-diabetic NOD mice
(Figure 7A). Mice with 4 weeks of age were used to obtain
islets with low-grade cellular infiltration. H,DCF-DA oxi-
dation was sevenfold higher in islets from NOD than that
in islets from Balb/c mice (Figure 7B). To evaluate if the
exacerbated probe oxidation in NOD islets was related to
the content of mitochondria, we measured the total CS
activity. No differences were observed in CS activity
in islets from non-diabetic NOD and Balb/c mice
(Figure 7C), indicating similar number of functional
mitochondria in islets from both groups at this early age.

In order to reinforce the ROS probes data, we investi-
gated the presence of oxidative damaged macromolecules
(lipids) in isolated liver mitochondria of NOD mice
(Table III). Using MALDI mass spectrometry and the
lipidomics approach, we identified oxidized lipid markers,
most of them being derivatives of diacylglycerols and
phospholipids, in NOD liver mitochondria for each
disease stage.

Table II. CS activity in biopsies of liver and soleus muscle from NOD and age-matched Balb/c mice.

4-6 weeks old

7-10 weeks old 14-25weeks old

(non-diabetic) (pre-diabetic) (diabetic)
Citrate synthase activity
(mU/mg of tissue) Balb/c NOD Balb/c NOD Balb/c NOD
Liver 34+0.7 3602 28*02 29*+06 25*x0.6 23*0.7
Muscle 8817 9.0*x1.7 93%x03 93=*1.1 94*13 64+19*

Average = SE. Student’s t-test: *p <0.05.
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Figure 2. Liver mitochondrial susceptibility to calcium-induced
swelling is markedly increased in NOD mice before and during
development of diabetes. Mitochondria (0.5 mg/ml) were incubated
in standard medium at 28°C with addition of 60 uM of Ca?".
Absorbances at 10 minutes for Balb/c vs. NOD were non-diabetic
group: 1.1 0.2 versus 0.86 £0.1; pre-diabetic group: 1.06 =0.2
versus 0.82 =0.1; diabetic group: 1.3*=0.3 versus 1.02*0.3.
p<<0.05 for all comparisons. Data are Average = SE of eight
independent experiments.

Discussion

In the present study, we analyzed mitochondrial function
in metabolic organs such as liver, skeletal muscle, and
pancreatic islets and also in the main cells involved in
autoimmune diseases (mononuclear cells) along the three
phases of TID development: before, during, and after
B-cell destruction in NOD compared with control Balb/c
mice.

In in vitro standard optimum conditions, oxygen con-
sumption by isolated mitochondria and tissue biopsies
were not altered during T1D development in NOD com-
pared with matched control mice. In addition, the num-
ber of functional mitochondria in liver biopsies was not
altered. Herlein et al. [42] also showed no alterations
in mitochondrial respiration in liver mitochondria
of streptozotocin-diabetic rats. However, in muscle biop-
sies from diabetic NOD mice, there was a significant
decrease in the indicator of functional mitochondria
number, CS activity. This finding is supported by
previous study [43] that showed altered mitochondrial
biogenesis, structure, and function in muscle tissue
from diet-induced diabetic mice.

The susceptibility of mitochondria to undergo perme-
ability transition (MPT) in physiological and stressful
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4-6 weeks old

Balb/c
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14-25 weeks old

Balb/c
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-—

Balb/c + Cys A
NOD + Cys A
Em—
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Figure 3. Liver mitochondrial calcium retention capacity is
profoundly reduced in NOD mice before and during the development
of diabetes. Mitochondria (0.5 mg/ml) were incubated in standard
medium at 28°C with 0.1 pM of calcium green in 5 N of
hexapotassium salt. Figure representative of five independent
experiments performed in duplicate. Average times (seconds)
for calcium release for Balb/c versus NOD were non-diabetic
group: 972.2+122.0 versus 349.2*132.9; pre-diabetic group:
670.8 = 151.8 versus 244.5*96.6; diabetic group: 968.9 =28.5
versus 182.8 = 11.9; P <0.05 for all comparisons.

conditions is directly associated with redox imbalance and
the intrinsic pathway of cell death [5]. After about 40
years of research, the importance of MPT in mammalian
cell fate has been well recognized, especially after numer-
ous observations that MPT blockers prevent cell death in
many disease models [34]. Here, we observed that liver
mitochondria susceptibility to calcium-induced MPT was
markedly increased in organelles obtained from NOD
mice, before and during the development of T1D com-
pared with controls of the same age. This MPT predispo-
sition was assessed by measuring the organelle swelling
(increased in NOD, Figure 2) and the calcium retention
capacity (reduced in NOD, Figure 3). The calcium signal-
ing to MPT is highly relevant in cell death processes.
Mitochondria in situ may be exposed to high concentra-
tions of calcium released directly from the endoplasmic
reticulum (ER), the main intracellular calcium storage
(250-600 uM), and independent of variations in cytoplasm
calcium concentrations [44,45]. This process is mediated
by a physical interaction between ER and mitochondria
through a membrane structure known as “mitochondria-
associated membranes”, which is composed of proteins
that bridge the two organelles enabling the direct transfer
of Ca?* from ER to mitochondria. For example, the
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Figure 4. Liver mitochondrial global ROS (H,DCF-DA oxidation)
and H,0, generation (Amplex Red) are increased in non-diabetic
NOD mice, but not in later stages of diabetes development.
Mitochondria from NOD and Balb/c mice (0.5 mg/ml) were
incubated in standard medium at 28°C, in the presence of 1uM of
H,DCF-DA (A), 10 uM of Amplex Red, 1 U/ml of horseradish
perox1dabe (B), and 10 uM of Ca*. The results are expressed in
percentage relative to the control. Data are the Average * SE of
eight independent experiments. *p=0.05 NOD versus Balb/c
(Student’s t-test).

protein grp75 connects the Inositol trisphosphate (IP3) ER
receptor with the voltage-dependent anionic channel in
mitochondria [46]. Mitochondrial dysfunction such as the
opening of permeability transition pore may be a general
event with widespread tissue occurrence in T1D, since
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there is a close interrelationship between oxidative stress
and inflammatory signaling pathways [47].

We conducted several experiments in isolated mito-
chondria and in intact cells to estimate the ROS production
which is closely linked with calcium-induced MPT [34].
Our results indicate that mitochondrial ROS (DCF) and
H,0, (Amplex Red) release increased in liver mitochon-
dria of non-diabetic NOD mice, but not in advanced stages
of the disease (Figure 4). Herlein et al. [42] also observed
no changes in H,O, production in liver mitochondria from
streptozotocin-diabetic rats. The increased H,O, produc-
tion by liver mitochondria of non-diabetic NOD mice
observed in the present study could be explained by the
activation of macrophages and lymphocytes at this early
stage of the disease [1,4,23], which leads to a generalized
inflammation, including liver tissue, rich in Kupffer cells.
The fact that increased H,O, release in isolated mitochon-
dria is detected only in the early but not in more advanced
stages of the disease may be related to a homeostatic
response of upregulation of mitochondrial antioxidant sys-
tem in face of a chronic oxidative insult. Nonetheless, when
the cell (but not mitochondria) oxidative stress persists, the
organelles are attacked by the extra-mitochondrial gener-
ated ROS. If this assumption is true, we should be able to
detect mitochondrial oxidative damage, such as lipoperox-
ides, in the later stages. In fact, lipidomic analyses evi-
denced the presence of oxidized lipid in liver mitochondria
of all 3 stages of the disease. Oxidized polyunsaturated
fatty acids in mitochondrial cardiolipin and other phospho-
lipids disturb membrane integrity and are associated with
the early phase of apoptosis [48]. Alterations of mitochon-
drial cardiolipin are thought to be involved in the develop-
ment of diabetes and other pathologic conditions [49,50].
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Figure 5. ROS production (H,DCF-DA oxidation) is increased in intact mononuclear and stem cells from NOD mice before and during diabetes
development. 1 X 10° cells for spleen mononuclear (A), 1 X 10° cells for circulating mononuclear (B), and 1 X 10° stem cells (C) were incubated
in Hank’s balanced salt solution (HBSS) medium in the presence of 1uM of H,DCF-DA. The results are expressed in percentage relative to
the control. Data are the Average * SE of five independent experiments. *p = 0.05 NOD versus Balb/c (Student’s t-test).
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Figure 6. Mitochondrial superoxide production (MitoSox) is not altered in intact mononuclear and stem cells from NOD mice along the
development of diabetes. 1 X 10 cells for spleen mononuclear (A), 1X 10° cells for circulating mononuclear (B), and 1 X 10° stem cells
(C) were incubated in RPMI 1640 medium in the presence of 5 UM of MitoSOX Red. The results are expressed in percentage relative to
the control. Data are the Average * SE of five independent experiments. *p =0.05 NOD versus Balb/c (Student’s t-test).

Bao et al. [51] demonstrated that insulin-secreting cells
accumulated oxidized phospholipid molecular species and
exhibited higher levels of apoptosis when treated with
streptozotocin or inflammatory cytokines.

Intact mononuclear cells from peripheral blood and
from spleen and stem cells from bone marrow of NOD

(A) H,DCF-DA NOD

5nM DCF Oxi
(200 AF.U)

e
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Balb/c

mice exhibited increased oxidation of the probe H,DCF-DA
before and during diabetes development (Figure 5). This
could not only be the result of a direct action of ROS and
RNS on the probe, but also may reflect the cell damage
caused by the oxidative stress, for example, the leak of
iron and cytochrome ¢ from damaged mitochondria to
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Figure 7. ROS production (H,DCF-DA oxidation) and CS activity in isolated pancreatic islets from non-diabetic NOD mice (4 weeks of
age) compared with islets from age-matched Balb/c mice. Islets were incubated in HBSS medium in the presence of 1uM of H,DCF-DA.
Representative trace of three independent experiments (A), and results expressed in percentage relative to the control (B). Data are Average
* SE of three independent experiments with 25 islets in each. CS activity from isolated pancreatic islets (C). Data are Average * SE of
eight independent experiments with 25 islets each. *p =0.05 NOD versus Balb/c (Student’s t-test).
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Table III. Oxidized lipid markers identified in liver mitochondria from NOD and age-matched control
(Balb/c) mice by MALDI-MS and PCA.
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Group Molecule class CN:DB* m/z m/z

Control (Balb/c, all ages) Diacylglycerol 28:0 511 493, 467, 423
Diacylphosphoglycerol 35:5 679 661, 635, 489
Phosphatidylcholine 36:4 738 720, 694, 677

Non-Diabetic Oxidized diacylglycerol 34:3 605 561, 517, 473
Oxidized diacylglycerol 33:4 589 545, 501, 400
Oxidized 20:5 545 527, 501, 457

glycerophosphatidylglycerol

Pre-Diabetic Oxidized phosphatidylcholine 46:1 991 975, 949, 865
Oxidized diacylglycerol 34:3 621 603, 577, 432
Diacylglycerol 30:2 567 549, 523

Diabetic Oxidized phosphatidylcholine 34:4 785 767, 741, 438
Oxidized phosphatidylserine 42:4 883 864, 703

Lyso-o-D-glucopyranosylcardiolipin -~ 52:0 1327*

1309, 1081, 847

4Carbon number: Double bond.
*As described in Ref [61].

cytosol leading to cell death [36]. Therefore, DCF fluores-
cence evidences the oxidative stress or damage in immune
cells from NOD mice in early and advanced diabetic
stages. Accordingly, Kim et al. [52] showed evidence of
increased H,O, generation (dihydrorhodamine oxidation)
by T lymphocytes and monocytes in the peripheral blood
of obese Zucker rats before the development of diabetes.

The specific mitochondrial generation of superoxide
(MitoSOX) was not altered in mononuclear and stem cells
isolated from NOD mice before and during diabetes devel-
opment (Figure 6). Herlein et al. [42] also showed no
changes in superoxide production by mitochondria iso-
lated from muscle, heart, and liver of streptozotocin-
diabetic rats. The authors proposed that these results may
reflect an adaptive response of mitochondria to the oxida-
tive stress, for instance, through increases in antioxidant
enzymes or uncoupling protein 3 (UCP-3) activity. In addi-
tion, another study [52] reported no changes in superoxide
production in spleen lymphocytes from obese not-as-yet
diabetic Zucker rats. Therefore, we suggest that mitochon-
dria are not an important source of ROS in immune cells
of NOD mice. Instead, mitochondria may be a target of
ROS generated in extra-mitochondrial compartments.

The pancreatic islets isolated from non-diabetic NOD
mice (4 weeks old) showed markedly increased oxidation
of H,DCF, while the amount of functional mitochondria
(CS activity) was not altered (Figure 7). At this stage that
precedes the onset of disease, there is hypersecretion of
insulin due to the increased volume of B-cells in response
to increased pro-inflammatory cytokines in pancreatic
islets [25]. This is in accordance with the presence of func-
tional mitochondria.

Various inflammatory cytokines and oxidative stress
produced by islet-infiltrating immune cells have been pro-
posed to play an important role in mediating the destruction
of B-cells. The oxidative stress mechanism and inflamma-
tory signals are interrelated. Pro-inflammatory cytokines
signal directly and indirectly to ROS production, for
instance, through activation of reduced nicotinamide

adenine dinucleotide phosphate (NADPH) oxidase, ER
stress, and increases in cellular iron uptake. On the other
hand, oxidative stress provokes inflammatory responses
through activation of c-Jun N-terminal kinase (JNK),
nuclear factor kappa B (NF-kB), and p38 mitogen-activated
protein kinase pathway. Therefore, a positive feedback loop
is likely to occur in the B-cell (and perhaps in other tissues)
in which inflammatory mediators promote ROS generation
that activates transcription of various cytokines, which in
turn act in an autocrine manner to exacerbate the oxidative
and inflammatory responses. Intracellularly, there is an
extensive crosstalk between signaling molecules involved
in oxidative stress, ER stress, inflammatory responses, and
mitochondrial dysfunction. This issue has been excellently
reviewed by Imai et al. [47].

The present study has shown that the mononuclear and
stem cells from NOD mice present increased ROS produc-
tion and ROS-induced damage and that NOD mitochon-
dria are more susceptible to permeability transition pore
opening as compared with Balb/c mice, before and during
diabetes development. These events may occur due to dif-
ferent factors at each stage of the disease progress. In the
initial stage (non-diabetic) of auto-immune diseases, infil-
tration of activated T lymphocytes into target tissues
induces activation of resident macrophages and recruit-
ment of circulating monocytes. The activated macrophages
produce pro-inflammatory cytokines and ROS, mainly
through activation of NADPH oxidase [53,54]. Intracel-
lular ROS signals calcium release [55,56], which then
would contribute to mitochondria dysfunction (increased
susceptibility to permeability transition).

In the pre-diabetic stage, an increase in intracellular
Ca’* concentration is observed in B-cells of NOD mice
[25], probably due to a lower expression of sarco/ER cal-
cium ATPase compared with those of control mice. The
increased intracellular Ca®>" maintains increased insulin
secretion, a feature of this stage of pre-diabetes. The ele-
vated intracellular Ca’* levels will trigger both mitochon-
dria MPT and generation of ROS.
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In the diabetic stage, hyperglycemia leads to the
formation of advanced glycation end products (AGEs).
These AGEs are able to induce several abnormal
responses in vivo, such as increased expression of NF-kB,
secretion of pro-inflammatory cytokines, alterations of
mitochondrial respiratory chain proteins, and mitochon-
drial DNA damage and apoptosis of different cell types
[57-59]. AGEs may also increase the expression and
activity of NADPH oxidase and deplete the antioxidant
system contributing to the formation of free radicals [59].
Increases in AGEs [60] and TNF-o. and IL-1 [59] are
found in the serum of patients with TID [60]. It was
previously demonstrated that the AGEs in the diet can
anticipate the onset of diabetes in NOD, db/db, and apo-
lipoprotein E knockout mice [57].

The present study shows that, in the T1D NOD mouse
model, the oxidative insult that triggers mitochondrial per-
meability transition is generated in the extra-mitochondrial
compartment, occurs in several tissues, and starts much
before the onset of the disease.
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