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ABSTRACT

Pioglitazone (PG) is one of the thiazolidinedione (TZDs) drugs
used in diabetic patients. TZDs are known as peroxisome pro-
liferator-activated receptor gamma (PPARy) agonists. Mito-
chondria are considered as one of the targets of these drugs.
The mechanisms of the effect of PG on mitochondria are not
well understood. In this study, we investigated the effect of PG
on mitochondria isolated from brain and heart. Mitochondrial
parameters such as succinate dehydrogenase (SDH) activity,
reactive oxygen species (ROS) generation, collapse in mito-
chondrial membrane potential (MMP), mitochondrial swelling
and cytochrome c release were evaluated. The results showed
that PG at concentrations of 12.5, 25 and 50 ug/ml increased
the generation of ROS, the collapse of MMP, mitochondrial
swelling and the release of cytochrome c in mitochondria iso-
lated from both brain and heart tissues. The underlying mech-
anisms of PG induced neuro-toxicity and cardio-toxicity may
be associated with changes in mitochondrial function, ROS
generation (oxidative stress), and changes in the mitochon-
drial membrane.

Introduction

The thiazolidinedione (TZDs) are used in patients with diabetes to
help improve insulin resistance and glucose homeostasis. Further-
more, these drugs are known as peroxisome proliferator-activated
receptor gamma (PPARy) agonists [1-4]. These synthetic com-
pounds are pioglitazone, rosiglitazone, troglitazone and ciglitazone
[5,6]. There are controversies in the relationship between the use
of TZDs drugs, such as pioglitazone (PG), and the cardiovascular
outcomes. Some research has shown that there is a positive rela-
tionship between the use of PG and heart failure [7-9]. In recent
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years, PG has been used to improve some brain disorders. Howev-
er, little is known about its neurotoxicity [10-12].

Many compounds have caused mitochondrial toxicity and these
organelles has become one of the research targets [13, 14]. Brain
and heart tissues depend on mitochondria for their high energy
consumption and maintenance of their normal function [15, 16].
Research has shown that mitochondria are one of the targets of
PPARy agonists [3, 17, 18]. Mitochondrial dysfunction has been
reported by exposure to TZDs. Research shows that TZDs increas-
es the generation of reactive oxygen species (ROS) through dis-
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ruption of respiratory chain complexes I and Il in mitochondria,
collapse in mitochondria membrane potential (MMP), cytochrome
crelease, mitochondrial swelling, and apoptosis [5, 19-23]. One of
the mechanisms by which TZDs cause cytotoxicity is through the
generation of ROS. It has been reported that there is a direct rele-
vance between the level of ROS and the degree of cytotoxicity in-
duced by these compounds [2, 3, 14]. Increased ROS generation
induced by some TZDs lead to oxidation of vital components with-
in mitochondria (such as mitochondrial DNA, mtDNA) and also in-
duction of apoptotic signaling [21]. Incubation of isolated brain
mitochondria with pioglitazone resulted in impairment of complex
IIlin the mitochondrial respiratory chain [17].

The mitochondrial organelle is considered the source and tar-
get of reactive oxygen species (ROS). The electron transport chain
in mitochondria is one of the most important sources of ROS gen-
eration [24-27]. Research has shown that mitochondrial dysfunc-
tion has been implicated in the etiology of many diseases [22]. The
consequences of mitochondrial inhibition or disruption include the
generation of ROS, ATP depletion, and eventually cell death (apop-
tosis/necrosis). Mitochondria as one of the important organelles in
eukaryotic cells are involved in important physiological processes
including the generation of free radicals, energy production and
cell death [2,3, 14,19, 22]. Therefore, mitochondrial dysfunction
can be dangerous for different cells and organs due to insufficient
ATP generation and excessive level of ROS [18]. The in vitro cyto-
toxicity investigations can be helpful in providing mechanistic in-
formation, and this information can be useful in understanding the
more detailed clinical observations [19].

The effects of PG on mitochondria have not been fully studied.
Therefore, we studied the response of mitochondria isolated from
the rat brain and heart to several concentrations of PG by measur-
ing succinate dehydrogenase (SDH) activity, ROS generation, MMP
collapse, mitochondria swelling and cytochrome c release.

Materials and Methods

Animals

Male Wistar rats (n=10), weighing 250-300 g were housed under
standard conditions (temperature 20-25 °C, humidity 50-60 %,
12 h light-dark cycle and free access to food and water). The ex-
perimental protocols were approved by the Animal Ethics Commit-
tee of Shahid Beheshti University of Medical Sciences. All efforts
were made to minimize the number and the suffering of animals
used.

Mitochondria Isolation

In this study, mitochondria were isolated from the fresh brain and
heart using a mitochondrial isolation kit from Sigma Chemical Co.
(St. Louis, MO, USA) according to the manufacture’s instruction.
The protein concentration of the pellet mitochondria was meas-
ured using Bradford protein assay [28]. Furthermore, mitochondrial
function was assessed through determining mitochondrial SDH ac-
tivity, mitochondrial reactive oxygen species (ROS) level, mitochon-
drial membrane potential (MMP) collapse, mitochondrial swelling
and cytochrome c release. In this study, the mitochondrial purity
and integrity were performed through the MTT test (for evaluation
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of mitochondrial function/ mitochondrial complex Il) and cy-
tochrome c oxidase (complex IV) assay kit, respectively.

Succinate Dehydrogenase (SDH) assay

Briefly, MTT dye was used to evaluate SDH activity. At first, mito-
chondriaisolated from the brain and heart were exposed to PG con-
centrations (12.5, 25 and 50 ug/ml) for 30 min. Then, MTT (0.4 %)
was added to the mitochondrial suspension and incubated at 37 °C
for 30 min. In the final step, dimethyl sulfoxide (DMSO, 100 pl) were
used to dissolve formazan crystals, then the absorbance (570 nm)
was assayed using an ELISA reader (Tecan, Rainbow Thermo, Aus-
tria) [29].

ROS determination assay

2,7-dichlorofluorescein diacetate (DCFH-DA) probe at final concen-
tration of 10 uM was used to evaluate mitochondrial ROS genera-
tion. The isolated mitochondria from brain and heart were suspend-
ed in respiration assay buffer and then were exposed to PG concen-
trations (12.5, 25 and 50 ug/ml). Then, DCFH-DA was added to the
mitochondrial suspension and incubated for 5, 30 and 60 min at
37 °C.The fluorescence intensity (EXA= 488 nm and EMA=527 nm)
was assayed using a fluorescence spectrophotometer (Shimadzu
RF5000U) [30].

MMP determination assay

The Rhodamine 123 (Rh 123) probe at final concentration of 10 uM
was used to evaluate MMP collapse. The isolated mitochondria from
brain and heart were suspended in MMP assay buffer and then were
exposed to PG concentrations (12.5, 25 and 50 ug/ml). Then, Rh
123 was added to the mitochondrial suspension and incubated for
5,30and 60 min at 37 °C. The fluorescence intensity (EXA= 490 nm
and EMA=530 nm) was assayed using a fluorescence spectropho-
tometer (Shimadzu RF5000U) [31].

Mitochondrial swelling

The isolated mitochondria from brain and heart were suspended
in mitochondrial swelling assay buffer and then were exposed to
PG concentrations (12.5, 25 and 50 ug/ml). Then, mitochondrial
swelling was evaluated at 5, 30 and 60 min at 37 °C. The absorb-
ance (540 nm) was assayed using using an ELISA reader (Tecan,
Rainbow Thermo, Austria) [30].

Cytochrome c release

Briefly, cytochrome c release was evaluated using the Quantikine
Rat/Mouse Cytochrome c Immunoassay kit provided by R & D Sys-
tems, Inc. (Minneapolis, Minn.). The micro-plate was used to pre-
coating the monoclonal antibody specific for rat/mouse cy-
tochrome c. In the next step, conjugate (75 pL), standard and pos-
itive control (50 uL) were added to each well of the micro-plate.
Then, 1ug of protein from each supernatant fraction was added to
the sample wells. All controls and standards, controls and samples
were added to the micro-plate (two wells), and then substrate so-
lution (100 pl) was added to micro-plate. Finally, stop solution
(100 pl) was added to each well of micro-plate and optical density
was evaluated at 540 nm.
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Statistical analysis

Results are presented as mean + SD. All statistical analyses were
performed using GraphPad Prism (version 5). The assays were per-
formed 3 times. Statistical significance was determined using the
one-way ANOVA test, followed by the post hoc Tukey test. The one-
way ANOVA test was used as a specific statistical analysis for the
determinations of SDH activity, and cytochrome c release. In some
experiments, the two-way ANOVA test, followed by the post hoc
Bonferroni test was also performed. The two-way ANOVA test was
used for the determinations of mitochondrial ROS level, MMP and
mitochondrial swelling. Statistical significance was set at P<0.05.

Results

PG decreased the SDH activity

The results showed that exposure to PG (12.5, 25 and 50 ug/ml)
decreased SDH activity in mitochondria isolated from the brain
and heart (> Fig. 1). Also, this decrease in SDH activity in mitoch-
ondria isolated was in a concentration-dependent pattern
(50>25>12.5ug/ml). Infact, the decrease in absorbance indicates
adecrease in SDH activity.

PG increased the ROS generation

In »Fig. 2, exposure of mitochondria isolated from the brain
(» Fig. 2a) and heart (> Fig. 2b) to PG at all applied concentrations
(12.5,25and 50 ug/ml) showed anincrease in the level of ROS gen-
eration. PG in a dose- and concentration-dependent manner in-
creased the level of ROS generation in isolated the brain and heart
mitochondria.

PG increased the MMP collapse

The results in » Fig. 3a show that PG was able to collapse on MMP
at concentrations of 25 and 50 ug/ml in the isolated mitochondria
from the brain and at concentration of 12.5 pg/mlhad no effect on
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MMP. However, PG at all concentrations caused the collapse of the
MMP in mitochondria isolated from the heart.

PG increased the mitochondrial swelling

The results showed that exposure to PG (12.5, 25 and 50 yg/ml) at
5,30 and 60 min increased mitochondrial swelling in mitochondria
isolated from the brain (> Fig. 4a) and heart (> Fig. 4b). Also, this
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»Fig. 1 SDH activity assay. The effect of PG on the SDH activity in
the mitochondria isolated from the brain and heart. Data are pre-
sented as mean £ SD (n=3). The one-way ANOVA test was carried
out. ~ " show a significant difference in comparison with the corre-
sponding control group (P<0.001). ## Show a significant difference
between 12.5 pug/ml group 25 and 50 ug/ml (P<0.001) groups.

$3% Show a significant difference between 25 ug/ml group 50 ug/ml
group (P<0.001).
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»Fig.2 ROS generation assay. The effect of PG on the ROS generation in the mitochondria isolated from the brain a and heart b. Data are present-
ed as mean+SD (n=3). The two-way ANOVA test was carried out. *“and * """ show a significant difference in comparison with the corresponding

control group (P<0.01 and P<0.0001, respectively).
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»Fig.3 MMP collapse assay. The effect of PG on the MMP collapse in the mitochondria isolated from the brain a and heart b. Data are presented as
mean = SD (n=3). The two-way ANOVA test was carried out. ** "~ show a significant difference in comparison with the corresponding control group

(P<0.0001).
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»Fig.4 Mitochondrial swelling assay. The effect of PG on the mitochondrial swelling in the mitochondria isolated from the brain a and heart b.
Data are presented as mean SD (n=3). The two-way ANOVA test was carried out. ~~* " show a significant difference in comparison with the corre-

sponding control group (P<0.0001).

increase in mitochondrial swelling in mitochondria isolated was in
aconcentration-dependent pattern (50>25>12.5ug/ml). In fact,
the decrease in absorbance indicates an increase in mitochondrial
swelling.

PG increased the cytochrome c release

In »Fig. 5, exposure of mitochondria isolated from the brain
(» Fig. 5a) and heart (> Fig. 5b) to PG at all applied concentrations
(12.5, 25 and 50 ug/ml) showed an increase in the release of cy-
tochrome c.

Considerably, the pretreatment of mitochondria with the MPT in-
hibitor (cyclosporine A; Cs A) and an antioxidant (butylated hydrox-
ytoluene; BHT), inhibited cytochromec release from PG (25 ug/ml)
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treated mitochondria. Our results showed that PG release of cy-
tochrome c due to oxidative stress and MPT pore opening.

Discussion

Today, PG is used in the treatment of hyperglycemia in diabetic pa-
tients (type-2) [10, 32]. Research has shown that some TZDs induce
mitochondrial dysfunction through different mechanisms, includ-
ingincrease in ROS level, collapse in the MMP, mitochondrial swell-
ing, and induction of apoptosis signaling [5, 19-23]. However,
mechanistic information regarding exposure to PG and mitochon-
drial dysfunction is not available. In this study, we investigated mi-
tochondrial function after exposure to different concentrations of
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»Fig.5 Cytochrome c release assay. The effect of PG on the cytochrome c release assay in the mitochondria isolated from the brain a and heart b.
Data are presented as mean £SD (n=3). The one-way ANOVA test was carried out. “and * " show a significant difference in comparison with the
corresponding control group (P<0.05 and P<0.001). #, # and #*## show a significant difference between the control plus 25 pg/ml with 25 ug/ml plus

BHT and 25 pg/ml plus CsA (P<0.05, P<0.01 and P<0.001).

PG. Furthermore, the functions of freshly mitochondria (mitochon-
driaisolated from the rat brain and heart) were assessed by meas-
uring SDH activity, ROS generation, MMP collapse, mitochondrial
swelling, and cytochrome c release.

The brain tissue holds nearly 2 % of total body mass, but con-
sumes nearly 20 % of total body energy (ATP). In fact, the brain is
one of the tissues that needs a lot of ATP. Mitochondrion is known
as a source of energy in the body, and it produces energy through
the respiratory chain. Therefore, brain tissue needs mitochondria
to maintain its normal function and energy consumption. Mito-
chondrial dysfunction in the brain is associated with neurodegen-
erative diseases [15, 33, 34]. In addition, energy consumption in
the heartis similar to that of the brain. On the other hand, the heart
needs energy forits normal function and development, and mito-
chondria are the source of this energy [16, 35, 36].

In the mitochondria isolated from the brain and heart, we found
asignificant decrease in SDH activity compared with control group
following the addition of several concentrations of PG. ROS are in-
volved in important physiological processes including cell growth
and proliferation and apoptosis. Studies have shown that mitochon-
dria are a major source of ROS. The generation of ROS is via the elec-
tron leakage in the respiratory chain of mitochondria, especially
complexes | and 111 [24,37-39]. High levels of oxygen consumption
can lead to increase generation of ROS in tissues with high oxygen
consumption (such as brain and heart). High levels of free radicals
lead to consequences including oxidative stress, damage to the mi-
tochondrial membrane and mtDNA, and induction of apoptosis
[40-42]. Our findings regarding ROS generation using DCFH-DA
shows that PG increases the ROS levels in the mitochondria ob-
tained from the brain and heart at 5, 30 and 60 min after exposure.
The results of this study are in agreement with other studies that
have shown that exposure to some TZDs increases the generation
of ROS [3, 14].
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Anincrease in the level of ROS can induce the opening of mito-
chondrial permeability transition (MPT) pore [2]. Research has
shown that the opening of the MPT pore in the inner membrane
leads to the collapse of mitochondrial membrane potential, mito-
chondrial swelling, cytochrome c release and subsequently induc-
tion of cell death (apoptosis) [4, 13]. The MMP as one of the most
important indicators of mitochondrial function can be evaluated
by fluorescence probes. Compared with the control group, expo-
sure the mitochondria obtained from the brain and heart with PG
induced significant collapse in MMP. These results are in agreement
with the results of previous studies [2, 14,20, 21]. The collapse in
MMP facilitates cytochrome c exit from mitochondria and induces
cell death [43].

Finally, the results showed that exposure of mitochondria iso-
lated from the brain and heart to PG caused mitochondrial swell-
ing and cytochrome c release. Cytochrome c release from mito-
chondriais one of the early events in the cell death process [43]. In
conclusion, the results of this study suggest that pioglitazone in-
creases the generation of ROS through the effect on the mitochon-
drial respiratory chain. An increase in the level of ROS can induce
the opening of MPT pore. Finally, the opening of MPT pore can dis-
rupt the mitochondrial membrane, mitochondrial swelling, and cy-
tochrome c release and eventually cell death in the mitochondria
isolated from the brain and heart. Mitochondrial dysfunction in
brain and heart is associated with neurodegenerative and cardio-
vascular diseases.
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