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Abstract Studies in animal models of myocardial
ischemia-reperfusion revealed that the administration
of insulin-like growth factor (IGF-1) can provide
substantial cardioprotective effect. However, the
mechanisms by which IGF-1 prevents myocardial
ischemia-reperfusion injury are not fully understood.
This study addresses whether mitochondrial bioener-
getic pathways are involved in the cardioprotective
effects of IGF-1. Single cardiomyocytes from adult rats
were incubated in the absence or presence of IGF-1 for
60 min and subjected to 60 min hypoxia followed by
30 min reoxygenation at 37°C. Mitochondrial function
was evaluated by assessment of enzyme activities of
oxidative phosphorylation and Krebs cycle pathways.
Hypoxia/reoxygenation (HR) caused significant inhi-
bition of mitochondrial respiratory complex IV and V
activities and of the Krebs cycle enzyme citrate syn-
thase, whereas pretreatment with IGF-1 maintained
enzyme activities in myocytes at or near control levels.
Mitochondrial membrane potential, evaluated with
JC-1 staining, was significantly higher in IGF-1 + HR-
treated myocytes than in HR alone, with levels similar
to those found in normal control cardiomyocytes. In
addition, IGF-1 reduced both HR-induced lactate
dehydrogenase (LDH) release and malondialdehyde
production (an indicator of lipid peroxidation) in car-
diomyocytes. These results suggest that IGF-1 protects
cardiomyocytes from HR injury via stabilizing mito-
chondria and reducing reactive oxidative species
(ROS) damage.
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Introduction

Mitochondria constitute over one-third of cardiomyo-
cyte volume and exclusively support the energy
requirements of excitation—contraction coupling, thin—
thick filament interaction, and ion (including calcium)
homeostasis required during the cardiac work cycle.
High-energy phosphates (including ATP and phos-
phocreatine) are mainly produced by oxidation of
carbon fuels with oxygen in mitochondria through the
electron transport chain (ETC). Furthermore, mito-
chondrial Ca** signaling modulates the Krebs cycle
and mitochondrial matrix dehydrogenases that main-
tain the nicotinamide adenine dinucleotide (NADH)
redox potential and ATP synthesis.

It is well-established that both ATP synthesis and
Ca™ homeostasis are driven by proton motive force
(the H" electrochemical gradient) resulting in the
generation of a membrane potential across the inner
mitochondrial membrane. The maintenance of the
electrochemical gradient and mitochondrial membrane
potential relies on membrane integrity, sufficient aer-
obic metabolism, and normal oxidative phosphoryla-
tion (OXPHOS) of carbon fuels.

Myocardial ischemia/reperfusion is a common event
in coronary artery disease, heart surgery (including
cardiac transplantation) and thrombolytic therapy. The
key factor leading to tissue injury and subsequent cell
death is the anoxia and reoxygenation that happens to
somatic cells. In particular, re-introduction of oxygen
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to ischemic tissues or cells lead to the burst of reactive
oxidative species (ROS), mainly derived from mito-
chondria due to the impairment of respiratory ETC.
Furthermore, mitochondria play a critical role in the
early progression of apoptosis with the release to the
cytosol of apoptotic factors, which activate caspases
and enhance genomic DNA fragmentation. Therefore,
mitochondrial dysfunction might be important as a
major causative agent in tissue injury during ischemia-
reperfusion (I/R).

Several lines of evidence indicate that insulin-like
growth factor 1 (IGF-1), a 70 amino acid polypeptide,
has a wide protective effect on I/R injury in a variety
of tissues including the heart. IGF-1 has been shown
to ameliorate I/R-induced acute renal failure [1], to
recover neurons from severe cerebral hypoxic-ische-
mic injury [2], to improve cardiac function and
reduce structural damage during I/R [3-9], and to
prevent apoptosis and promote survival of cardio-
myocytes [7-11]. Davani et al. observed that the
histological and functional cardiac improvements
generated by IGF-1 treatment in an ex vivo model of
myocardial I/R injury were accompanied by the
maintenance of the ratio of mitochondrial to nuclear
DNA in the mouse heart after I/R [4]. Using cultured
neonatal rat cardiomyocytes, Lai et al. found that
IGF-1 can prevent the loss of the mitochondrial
electrochemical gradient and membrane depolariza-
tion resulting from doxorubicin-induction and dem-
onstrated that IGF-1 signaling to the organelle
involved the PI3 kinase-Akt pathway [12].

These findings, suggesting that IGF-1 has salutary
effects on heart mitochondria, are the primary rational
for the present study. We tested the hypothesis that
IGF-1 exerts protective effects in adult rat cardio-
myocytes stressed by hypoxia/reoxygenation by pre-
venting damage to mitochondrial bioenergetic function
and membrane potential. Our findings indicate that
IGF-I is able to stabilize mitochondrial function and
enable cardiomyocytes to become more resistant to
hypoxia and reoxygenation injury.

Materials and methods
Materials

IGF-1 and all the reagents used for mitochondrial
enzyme assays as well as cell culture media were
purchased from Sigma Chemicals (St. Louis, MO).
JC-1 was from Biotium (CA). Collagenase II was
from Worthington (NJ) and hyauronidase from
Sigma.
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Cell dissociation and culture

Single cardiomyocytes from hearts of 20 adult male
Sprague-Dawley rats were isolated with collagenase
(type II, Worthington) using a previously described
method [13], and cultured in Petri dishes (0.2-1 x
10%cm?) with Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with (in mM): 10 HEPES, 5
taurine, 5 creatine, 5 glucose, 4 pyruvate, 5 NaHCOs,
and 1% penicillin-streptomycin at 37°C in a 5% CO,
incubator.

Hypoxia/reoxygenation

One hour after preculture of cardiomyocytes in the
presence or absence of IGF-I (100 nM), the media was
replaced with 95% N,/5% CO,-bubbled DMEM con-
taining 5 mM glucose with or without IGF-1. Hypoxia
was achieved in a customized chamber by continuous
positive N,-flow for 60 min at 37°C. Subsequently,
reoxygenation was induced by switching to 95%
0,/CO, for 30 min after the culture media was chan-
ged to DMEM containing 10 mM glucose.

Assays of mitochondrial enzyme activities

Quantitative assays of specific mitochondrial enzyme
activities were performed in cardiomyocyte homogen-
ates prepared in STE buffer (in mM, 320 sucrose, 10
Tris-HCI, 1 EDTA, pH 7.4). Specific activity levels of
respiratory complexes I, II, IV and V, as well as the
Krebs cycle enzyme, citrate synthase (CS) were mea-
sured following previously described methods [14].
Complex I activity was measured by the oxidation of
NADH by ubiquinone-1 at 340 nm, complex II at
600 nm with the reduction of ubiquinone-2 and
dichlorophenolindophenol by succinate, complex IV
(cytochrome ¢ oxidase) activity was assessed by the
oxidation of dithionite-reduced cytochrome c¢ at
550 nm and complex V (oligomycin-sensitive ATP
synthase) assayed by NADH oxidation using a coupled
enzyme assay with pyruvate kinase and lactate dehy-
drogenase (LDH) at 340 nm by spectrophotometry at
room temperature. Complexes I and V were assayed in
the presence and absence of rotenone and oligomycin,
respectively. CS was measured at 412 nm by the reac-
tion of sodium oxaloacetate, acetyl-coenzyme A and
5-dithiobis-(2 nitrobenzoic) acid.

Detection of LDH release

Culture media was collected after Hypoxia/reoxygen-
ation (HR) and the activity of LDH, leaked out from
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cardiomyocytes, was assayed in 1.2 ml of phosphate
buffer (0.1 mol/l, pH 7.4) with 50 pl of NADH (2.5 mg/
ml phosphate buffer). The rate of NADH oxidation
was determined following decrease in absorbance at
340 nm at room temperature with the use of a spec-
trophotometer (U-2000, Hitachi).

Measurement of MDA production

The product of lipid peroxidation, malondialdehyde
(MDA), was determined in cardiomyocyte homogen-
ates using thiobarbituric acid assay [15]. A homogenate
extract (containing 200 pg protein) was incubated with
2.0 ml of TCA-TBA-HCI reagent in boiling water for
15 min. After centrifugation, the absorbance of the
sample (supernatant) was measured at 535 nm at room
temperature with the use of a spectrophotometer.

Assessment of mitochondrial membrane potential
(A¥m)

After HR, cardiomyocytes were loaded with 0.5 mM
of JC-1 (a lipophilic and cationic dye that exhibits
potential-dependent accumulation in negatively
charged mitochondria) in DMEM at 37°C for 15 min
and washed twice with DMEM. The cells were visu-
alized under a fluorescent microscope equipped with
red and green filters. Fluorescent images were taken
with a CCD camera (Q Imaging Micropublisher),
saved in a Mac computer, and analyzed offline with
Image-J software (NIH). At low concentration (low
AY¥,,,) JC-1 exists mainly in a monomeric form, which
emits green fluorescence. JC-1 at high concentration
(high AY,,) forms aggregates called “J” complexes,
which emit red fluorescence. Thus, a reduction in the
ratio of red to green fluorescence indicated a fall in
AY ..

Statistical analysis

All quantitative data are presented as mean + SEM.
Multiple comparisons among groups were analyzed by
t-test as well as ANOVA analysis. A level of P < 0.05
was accepted as statistically significant.

Results

LDH release

In energy production, LDH is a key enzyme that cat-

alyzes the conversion of lactate to pyruvate. Cardio-
myocytes are rich in LDH, particularly LDH-5 (M4)

and LDH-1 (H4). LDH-1 normally resides in
mitochondria, whereas LDH-5 is present not only in
mitochondria but also in myofibrils, cytosol, and matrix
surrounding mitochondria [16]. When cells are dam-
aged or dead, LDH is leaked out into culture media.
Figure 1 shows that substantially elevated LDH levels
in culture media occurred as a result of HR. The
accumulation of LDH in the media was significantly
prevented by IGF-1 pretreatment, indicating that IGF-
1 significantly reduced cell damage following HR
stress. However, no significant difference was noted
between the control and IGF-1 treated groups with
respect to overall cardiomyocyte survival (data not
shown).

Mitochondrial membrane potential (AY,,)

Negatively charged mitochondrial membrane (AY,,) is
essential to allow ATP synthase to produce ATP by
adequate electrochemical gradient across the mito-
chondrial membrane. An increase in membrane per-
meability to ions or small molecules might be mediated
in part by an increase in the opening of mitochondrial
membrane permeability transition pore (PTP), leading
to the loss of electrochemical gradient and collapse of
AY,,. We used JC-1 as an indicator of mitochondrial
membrane potential to test whether IGF-1 could pre-
serve AW, in cardiomyocytes subjected to HR stress.
As shown in Fig. 2a and b, red fluorescence intensity,
in particular, the ratio of red to green fluorescence was
significantly decreased in HR-treated cardiomyocytes
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Fig. 1 IGF-I protects myocytes against HR stress. Myocyte
damage was assessed by measuring level of LDH in culture
media collected after reoxygenation. Data derived from 6
independent experiments were expressed as mean + SE.
#P < (0.001 vs control. *P < 0.001 vs HR and P < 0.03 vs control,
respectively
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Fig. 2 (A) Representative A
fluorescence microscopic
images of JC-1 staining in
myocytes. IGF-1 (100 nM)
was added to the culture
medium 1 h prior and during
HR. A to F showed the
changes in mitochondrial
fluorescence intensity in
myocytes with or without HR
stress. A, B, and C show cells
with red filter; D, E, and F
with green filter. (B) IGF-I
rescued Ayym in myocytes
subjected to HR.
Mitochondrial membrane
depolarization was
characterized by the
reduction of red/green ratio.
Data derived from four
independent experiments are
shown. n=number of cells
determined; *P < 0.0001
versus control; *P < 0.0001
versus HR

Mitochondrial JC-1 Staining
(Red/Green ratio)
P

0.5 4
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T

compared to control (0.8 + 0.08 in HR vs. 1.98 + 0.17
in control), suggesting that HR caused the loss of
mitochondrial electrochemical gradient in cultured
adult cardiomyocytes. On the other hand, in cardio-
myocytes pretreated with IGF-1 the ratio of red to
green fluorescence after HR was significantly higher
compared to HR alone (1.89 + 0.07 in IGF-1 + HR vs.
0.8 + 0.08 in HR, P < 0.0001), indicating that IGF-1
prevented the collapse of the mitochondrial electro-
chemical gradient. These data suggest that rapid IGF-1
signaling is able to effectively maintain or to promote
full recovery of A¥, in cardiomyocytes undergoing
HR stress.
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Respiratory chain and oxidative phosphorylation
function

Since the preservation of AY, suggested a salutary
effect of IGF-1 treatment on cardiomyocyte mito-
chondria, we further determined if IGF-1 protected
mitochondrial respiratory enzyme activities in cardio-
myocytes subjected to HR. As indicated in Fig. 3a, HR
by itself inhibited complex IV activity by 25%, which
was prevented by IGF-1 pretreatment of myocytes. In
addition, activity of complex V, the enzyme primarily
responsible for mitochondrial ATP synthesis, was
inhibited by over 50% when myocytes underwent HR.
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Fig. 3 (A) IGF-1 prevented HR-induced inhibition of mito-
chondrial complex IV and V activity in myocytes. Data shown
are derived from 7 sets of separate experiments. *P < 0.005
versus control;"P < 0.03 versus HR. (B) Effects of IGF-1 on HR-
induced mitochondrial complex I and II activities. The activity of
complex I and II was assayed in myocyte homogenates after HR
(see methods). Data derived from 7 independent experiments
are shown. *P < 0.04 versus control; *P < 0.03 versus HR

However, in cardiomyocytes treated with IGF-1, HR
caused only a slight decrease (<15%) in complex V
activity. These data indicate that IGF-1 preserves
mitochondrial ETC function in cardiomyocytes during
HR. Analysis of cardiomyocyte respiratory complex I
and II activities also shows a similar trend of IGF-1
mediated protection against HR inhibition (Fig. 3B).

Krebs cycle activity

Furthermore, we evaluated cardiomyocyte mitochon-
drial bioenergetic function by determining the activity
levels of a key rate-limiting enzyme in the Krebs cycle
pathway, citrate synthase (CS), an enzyme encoded by

nuclear DNA, which is located in the mitochondrial
matrix. HR reduced CS activity by over 21% (Fig. 4).
However, in IGF-1 pretreated myocytes, CS activity
remained unchanged after HR, indicating that IGF-1
signaling is able to prevent Krebs cycle and oxidative
metabolism dysfunction in cardiomyocytes stressed by
HR.

Lipid peroxidation

Reoxygenation in aerobic cells, especially in cardio-
myocytes, results in a burst of ROS production, which
in turn causes extensive lipid peroxidation and cellular
damage. ROS production was indirectly gauged by
determining levels of cardiomyocyte lipid peroxidation
as assessed by the measurement of MDA. As shown in
Fig. 5, HR increased MDA level near or above 75%
compared to control, while IGF-1 pretreatment of
cardiomyocytes reduced HR-induced MDA produc-
tion by 67% (P < 0.04 vs HR alone). These findings
demonstrated that exposure of cardiomyocytes to
IGF-1 reduces the oxidative injury promoted by HR.

Discussion

Mitochondria play a critical role in reperfusion or
reoxygenation injury of cardiac muscle. The mecha-
nisms involved in this process include impaired ETC
function that leads to generation of ROS and augments
cellular oxidative stress, increased mitochondrial Ca™™*
accumulation that promotes PTP opening, produces a
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Fig. 4 The protective effect of IGF-1 on mitochondrial Krebs
cycle in myocytes following HR stress. The Krebs cycle was
evaluated by citrate synthase activity in myocyte homogenates.
Data are derived from 7 independent experiments. *P < 0.0002
versus control; *P < 0.003 versus HR
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Fig. 5 IGF-1 reduced lipid peroxidation in myocytes following
HR stress. The extent of HR-induced lipid peroxidation was
assessed by the measurement of MDA in myocyte homogenates
from 7 sets of independent experiments. *P < 0.0004 versus
control; *P < 0.006 versus HR and P < 0.05 versus control,
respectively

profound mitochondrial depolarization, and causes the
release of cytochrome ¢ and other apoptosis-inducing
proteins [17-20]. Recently, it has been suggested that
modulation of mitochondrial function can stem the
effects (and reduce levels) of oxidative stress and
ultimately protect cardiac cells from injury. In agree-
ment with this hypothesis, our study, for the first time
showed evidence that IGF-1 preserves mitochondrial
Krebs cycle, ETC function, and AY,, in cardiomyo-
cytes subjected to HR stress, and these effects may in
part account for the protective action of IGF-1 against
myocardial I/R injury.

Normal mitochondrial electrochemical gradient or
membrane potential, the driving force for OXPHOS, is
essential for the survival of cardiomyocytes during and
after HR. Sustained or irreversible depolarization
leads to irreversible cell injury or death. Previously it
has been shown that cardiomyocyte AWY,, dropped
rapidly when exposed to short periods (15-25 min) of
hypoxia and recovered partially upon reoxygenation
with a subset of hypoxic cardiomyocytes developing
sustained depolarization after reoxygenation [19].
Similarly, Honda et al. reported that rabbit myocytes
subjected to anoxia and reoxygenation exhibited irre-
versible mitochondrial depolarization and ultimately
developed hypercontracture leading to cell death [20].
Although we were unable to dynamically monitor the
changes in AY,, using our experimental conditions,
significant mitochondrial depolarization was found in
the majority of cardiomyocytes after HR, indicating
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that those cells were unable to recover from the
damage. We also found that sustained depolarization
occurred in conjunction with HR, as did irreversible
mitochondrial enzyme dysfunction. Whether this
membrane depolarization develops as a consequence,
acts as a stimulus or is a parallel event with mito-
chondrial enzymatic dysfunction remains presently
undetermined.

Ischemia results in early and progressive cardiac
mitochondrial structural and functional damage [21,
22]. A variety of animal models of cardiac ischemia
(e.g., pig, rat and dog) have shown that I/R causes
inhibition of cardiomyocyte mitochondrial function
manifested by reduced levels of respiratory complex
activities [23, 24], with complex IV [25, 26], and com-
plex V [27] activities most severely inhibited. There is
also evidence that subpopulations of myocardial
mitochondria can be detected whose enzymes are more
susceptible to ischemic damage [25]. Some studies have
suggested that damage of the ETC components is
exacerbated upon reperfusion [28]. Consistent with
these observations, our findings documented a signifi-
cant reduction in ETC (e.g., complex IV and V) and
Krebs cycle CS activities in cultured cardiomyocytes
exposed to HR.

An important effect of mitochondrial ETC dys-
function is ROS generation. Inhibition of complex I
and III activities favors the leakage of electrons from
the ETC resulting in superoxide anions (O3) formation
[29]. The O3 could be further converted to hydrogen
peroxide (H,0O,) by superoxide dismutase (MnSOD)
present in the mitochondrial matrix and can also be
converted to highly-reactive hydroxyl radicals (OH")
via H,O, by Fenton reaction. Furthermore, electron
leakage at complex I and II results in the generation of
lipid peroxide. These ROS may affect cellular com-
ponents including proteins, lipids, and DNA and can
further damage mitochondria leading to the formation
of a vicious cycle. Our findings of extensive lipid per-
oxidation in the HR treated cardiomyocytes not only
indicate increased ROS production, but also may have
an impact on the activity and stability of mitochondrial
enzymes by modifying the lipid environment similar to
that reported with oxidized cardiolipin affecting com-
plex IV activity [26]. However, it is important to note
that while our findings of both mitochondrial enzy-
matic dysfunction and a parallel increase in lipid per-
oxidation in hypoxic cardiomyocytes, and their reversal
by IGF-1 treatment, are suggestive of a contributory
role of mitochondria in the modulation of hypoxia and
IGF-1 cardioprotective responses, they do not directly
show a definitive cause and effect relationship. Further
studies employing a time-course approach may be



Mol Cell Biochem (2007) 301:181-189

187

helpful in establishing the precise sequence of events
and in defining cause-effect relationships.

Another consequence of ischemia/HR on mito-
chondria is the irreversible change in membrane per-
meability mediated by opening of the nonspecific PTP
megachannel composed of the adenine nucleotide
translocase (ANT) in the inner membrane, cyclophilin
D (CyP-D) in the matrix, and the voltage-dependent
anion channel (VDAC) in the outer membrane [17,
20]. Using the mitochondrial DOG-entrapment tech-
nique, it has been shown that PTP opening occurs upon
reperfusion and not during ischemia [18]. Opening of
PTP may result from sustained mitochondrial mem-
brane depolarization, ROS burst and/or mitochondrial
Ca™™ overload, which leads to uncoupling, swelling,
and loss of nucleotides and other small molecules from
the mitochondrial matrix. Furthermore, PTP opening
and swelling are thought to contribute to mitochon-
drial outer membrane rupture resulting in the release
of cytochrome ¢ and other apoptosis-inducing factors
from the mitochondrial intermembrane space (e.g.,
smac/Diablo, endoG, and AIF) into the cytosol, critical
early events of the intrinsic apoptotic pathway [30].

Our data suggest that mitochondria constitute a
crucial target in the treatment of HR injury. Improving
or stabilizing mitochondrial respiratory function may
help to interrupt, dampen or prevent the ROS burst-
mediated cellular damage cycle, to eliminate the re-
lease of cytochrome ¢ and AIF, and to promote cell
recovery from HR injury. Several lines of evidence
support this approach.

Cyclosporine (CsA) and NIM811, which inhibit PTP
opening were found to protect the heart against I/R
injury [31] as did deletion of CyP-D in mice [32, 33].
Zhao et al. using another mitochondrial-based cardio-
protective approach employed cell-permeable peptide
antioxidants targeting the inner mitochondrial mem-
brane which were able to inhibit mitochondrial ROS
production, PTP and swelling, and to prevent 3-nitro-
propionic acid-induced mitochondrial depolarization
[34]. These peptides significantly induced recovery of
cardiac function following I/R injury. A mitochondrial-
targeted antioxidant (MitoQ) has been shown to be
particularly potent in preventing lipid peroxidation and
mitochondrial damage [35]. Feeding MitoQ to rats
significantly prevented heart dysfunction, cell death,
and ETC defects caused by I/R. These findings suggest
that stabilization of mitochondria may be a practical
way to prevent myocardial I/R injury [36].

Several observations have demonstrated that IGF-1
protects the heart against post-ischemic reperfusion
injury [3-8]. In vivo studies have shown that IGF-1
pretreatment reduces myocyte apoptosis in rat heart

subjected to I/R [3]. Moreover, ex vivo studies
demonstrated that IGF-1 treatment improved recovery
of cardiac performance and reduced infarct size as well
as apoptotic cell death following I/R [3-7]. In addition,
IGF-1 overexpression may offer protection of cardio-
myocytes from apoptosis after either ischemia or post-
ischemic reperfusion [9,10]. The anti-apoptotic effect
of IGF-1 has also been confirmed in cultured cardio-
myocytes [11]. Furthermore, positive regulatory
actions of IGF-1 on myocyte Ca*" handling and con-
tractility may contribute to cardioprotection [37-40]
and activating normal mitochondrial function, upon
which IGF-1’s effect is not known.

IGF-1 signaling can trigger multiple signal cascade
pathways in cardiomyocytes [7-12, 41]. Activation of
the PI3K-Akt pathway and/or ERK 1/2 kinase cascade
by IGF-1 can initiate efficient anti-cell death mecha-
nisms, and show evidence of mitochondrial involve-
ment. For instance, systemic IGF-1 treatment in rat has
been reported to up-regulate Bcl-XI expression but
down-regulates pro-apoptotic Bax protein in heart
mitochondria, as well as significantly reducing PTP
opening and cytochrome c release in response to I/R
injury [7]. In addition, overexpression of Bcl-XI1 affects
mitochondrial membrane potential, matrix swelling,
and prevents cell death induced by OXPHOS inhibi-
tors [42]. These findings suggest that IGF-1 may reg-
ulate mitochondrial function and in turn protect
myocytes against a lethal stimulus like HR.

Interestingly, our findings showed that IGF-1 can
rapidly target mitochondria, maintaining respiratory
enzyme activity after HR, likely acting at a non-
genomic level. A rapid protective action of IGF-1 on
mitochondria was also reported by Lai et al. [12].
Doxorubicin, a drug widely used in chemotherapy, was
found to cause rapid loss of the mitochondrial elec-
trochemical gradient and depolarization in cultured
neonatal myocytes, which was prevented by IGF-1
pretreatment. Also, high glucose has been found to
cause mitochondrial depolarization in neurons, which
was prevented by IGF-1 as well [43].

Improved mitochondrial ETC activity may reduce
the leakage of electrons and reduce ROS production.
In fact, several observations have shown that IGF-1
can reduce ROS generation induced by angiotensin II
[44] or hyperglycemia [45]. Similarly, our data provides
indirect evidence that IGF-1 reduce ROS generation
and lipid peroxidation in cardiomyocytes during HR.

IGF-1 has been reported to decrease Ca™*-stimu-
lated mitochondrial cytochrome c release and inhibit
Ca*"-sensitive mitochondrial swelling [7], suggesting
that IGF-1 signaling can modulate PTP in heart.
Juhaszova et al. reported that glycogen synthase
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kinase-3 (GSK-3), a potential downstream target of the
IGF-signaling pathway can regulate PTP opening in
cardiomyocytes [46]. Also, IGF-1 can prevent mito-
chondrial DNA damage following I/ R injury [4], and
promote increased tonic mitochondrial ATP synthesis
in rat heart myocytes [7]. These salutary actions of
IGF-1 would enable mitochondria to be more resistant
to insult stress and protect cardiac muscle against oxi-
dative stress.

In conclusion, our data showed that the activation of

IGF-1 signaling pathways provide full protection to rat
cardiomyocytes against HR injury, which might be
associated with stabilization of mitochondrial respira-
tory chain function and reduction of oxidative stress.
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