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Abstract Acrolein, an unsaturated aldehyde, is an envi-
ronmental toxin known to inhibit mitochondrial electron
transport chain in brain and induce lipid peroxidation and
apoptosis. However, the nature of the effects of acrolein on
cardiac function and myocardium is not known. The
objective of this study is to examine whether acrolein
induces apoptosis in cardiomyocytes and alters cytosolic
calcium concentration and the intracellular oxygen free-
radical levels. Adult mouse cardiomyocytes exposed to
1 umol/l of acrolein showed a marked increase in the
intracellular oxygen free-radicals and calcium concentra-
tion, by 12- and 2-fold, respectively, compared to the rest-
ing value. Moreover, the cardiomyocyte viability decreased
significantly in a dose-dependent manner by treatment with
25, 50, and 100 pmol/l of acrolein compared to controls.
Morphological changes and DNA laddering typical of
apoptosis were found in acrolein-exposed cardiomyocytes.
Our finding suggested that acrolein caused apoptotic death
of adult mice cardiomyocytes by increasing intracellular
oxygen free-radicals and calcium concentration.
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Introduction

Acrolein (CH,CHCHO), an unsaturated aliphatic aldehyde
with potent cytotoxicity, exists in the environment as
ubiquitous pollutant that is generated as the product of
overheated organic materials [1]. In higher organisms,
acrolein is endogenously produced by lipid peroxidation
and is also identified as a metabolite of allylamine both in
vitro and in vivo [2, 3]. It is demonstrated that acrolein
induced intracellular generation of free radicals and lipid
peroxidation [4].

Previous studies have demonstrated that acrolein is
cytotoxic to various types of cells, and thus the cardiotoxic
action of allylamine can be because of its metabolite [5, 6].
Other investigations indicated that acrolein inhibits elec-
tron transport and induces lipid peroxidation in mitochon-
dria as a primary mechanism of its cardiotoxic action [7].
However, effects of acrolein on cardiomyocytes calcium
concentration and apoptosis are still unknown.

In this study, we have used freshly isolated mouse
cardiomyocytes to investigate the effects of acrolein on
intracellular oxygen free-radicals and Ca®" and cytotoxicity.

Materials and Methods
Drugs and Chemicals

Acrolein was purchased from Showa Corp (Japan). Colla-
genase (typell) was purchased from Worthington Bio-
chemical Corp (USA). DCF, RNase, and proteinase K were
purchased from Sigma Chemicals. Fura-2AM was obtained
from Biotium Corp. Laminin and minimal essential med-
ium (MEM) were obtained, respectively, from BD Bio-
sciences and GIBCO (USA). WST-8 was obtained from
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Kishida Chemical Corp (Japan). Glutamine and fetal calf
serum (FCS) were purchased, respectively, from GIBCO
and Hyclone. Primocin (1:500) (antibiotic) was obtained
from Lonza cologne AG Corp (Switzerland).

Complete perfusion buffer contained following (mmol/1):
NaCl (113); KC1 (4.7); MgSO4¢7H,0 (1.2); NaH,PO, (0.6);
NaHCO; (12); KH,PO,4 (0.6); KHCOj3 (10); Na-HEPES
(10); Taurine (30) and BDM (2, 3-Butanedione Monox-
ime) (10).

Adult Mouse Cardiac Myocytes Isolation

The investigation was performed according to the guideline
of the Animal Care Ethics Committee of the National
Cardiovascular Center Research Institute. The Japanese
C57BL/6]J mice (2-month-old; Japan Animal Co, Osaka,
Japan) were used for isolation of viable adult mouse car-
diac myocytes. We have modified Langendorff model of
heart [8] using CS57BL/6J mice (2-month-old). After
opening the chest cavity, the aorta was quickly cannulated
using 20G needle so that the tip of the cannula was just
above the aortic valve. Then, the heart was removed and
the aorta was perfused retrogradely with a constant flow
(4 ml/min) at 37°C for 4 min, with a Ca>*-free bicarbon-
ate-based buffer. The enzymatic digestion was initiated by
adding collagenase (1.5 mg/ml) to the perfusion solution.
After 2 min, 50 pmol/l Ca*" was added to the enzyme
solution. The cardiomyocytes were isolated, washed, and
counted. Then, cardiomyocytes were cultured in the dishes
precoated with 10 pg/ml mouse laminin in 2% CO, incu-
bator at 37°C to allow myocyte attachment.

Measurements of Intracellular Oxygen Free-Radicals

To determine the oxygen free-radicals, isolated cardio-
myocytes were washed with 3 ml of MEM, then centri-
fuged for 1 min at 1,000 rpm, and suspended in 3 ml of
MEM. Cardiomyocytes were loaded with the 1.5 pl of 2,7-
dichlorofluorescin diacetate (DCF; molecular probes) at
room temperature for 30 min followed by washing in
MEM. Relative levels of oxygen free-radicals were moni-
tored with a confocal laser scanning microscope system
(Diaphot, Nikon, Japan). After adding 1 pmol/l of acrolein,
the fluorescence ratio signals were measured at room
temperature [9].

Measurements of Intracellular Calcium
To monitor intracellular [Ca”], the cellular suspension
was centrifuged and the supernatants were withdrawn. The

cardiomyocytes were resuspended in a Hepes-Tyrode’s
solution, then centrifuged for 1 min at 1,000 rpm, and
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finally suspended in 2 ml of 0.5 mmol/l Ca** Tyrode’s
solution. Cardiomyocytes were loaded with 2 pl of Fura-
2AM at room temperature for 15 min. The unincorporated
dye was removed by washing the cells with 0.5 mmol/l
Ca*" Tyrode’s solution. Cardiomyocytes were transferred
to the stage of a fluorescent microscope (Diaphot, Nikon,
Japan) at room temperature as described previously [10].
The fluorescent microscope was coupled to a dual-wave-
length excitation spectrofluorometer. After adding acrolein
1 umol/l, the fluorescent signals obtained at 340 (F540) and
380-nm (F3gp) excitation wavelengths were stored in a
computer for data processing and analysis. The fluores-
cence ratio [F(340)/F(380)] was used to represent [Ca”],-
changes in the cardiomyocytes.

Cardiomyocyte Viability Assay

Freshly isolated cardiomyocytes suspended in serum-free
MEM were incubated with different concentrations of
acrolein (0, 1, 5, 10, 25, 50, and 100 umol/l) in 96-well
plates and incubated in 2% CO, incubator at 37°C. After
1 h, FCS was added to the suspension of cardiomyocytes.
After 12 h, the cell suspension was centrifuged for 1 min at
1,000 rpm. Then, the supernatant was removed and 100 pl
of MEM and 10 pl of the dye WST-8 were added to the
cells and incubations continued for 1 h. Cell viability was
measured by multi-spectrophotometer (Viento, Japan) [11].

Detection of DNA Fragmentation

Freshly isolated cardiomyocytes suspended in serum-free
MEM were incubated with different concentrations of
acrolein (0, 5, 10, 25, and 50 umol/l) in six-well plates and
incubated in 2% CO, incubator at 37°C. After 1 h, FCS
was added to the suspension of cardiomyocytes. After 3 h,
the cell suspension was centrifuged at 1,000 rpm for S min.
DNA fragmentation in cardiomyocytes was detected as
described previously [12]. In brief, 20 pl of lysis buffer
containing 50 mmol/l Tris-HCl (pH 7.4), 10 mmol/l
EDTA-4Na, and 0.5% sodium-N-lauroylsarcosinate were
added to the cell pellet. After suspending gently, 10 pl of
RNase (0.5 mg/ml) was added to the supernatant and
incubated at 50°C for 30 min followed by an additional
incubation at 50°C for 1 h with 2 pl of proteinase K
(10 mg/ml). Then, the fragments of DNA were precipitated
with 20 pl of 5 M NaCl and 120 pl of 2-isopropanol and
centrifuged at 15,000 rpm for 15 min. The supernatant
was discarded and the samples were centrifuged again at
15,000 rpm for 5 min to remove 2-isopropanol completely.
TE buffer (20 pl) was added and the samples were pro-
cessed for DNA fragmentation analysis by 1.5% agarose
gel electrophoresis.
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Apoptotic Morphologic Change Assays

Cardiomyocytes (1.0 ml) were plated in complete MEM in
a laminin-coated six-well plate and incubated in 2% CO,
incubator at 37°C to achieve myocyte attachment. After
1 h culture, the medium was aspirated, 1.0 ml of fresh
FCS-free medium was added to the plates, and then
cardiomyocytes were treated with 1 and 10 pmol/l of
acrolein. After 1 h treatment, 50 pl of FCS was added to
the plates. Parallel controls were performed without acro-
lein. After 12 h, apoptotic morphologic changes were
examined by Hoechst 33342 in the light microscopy.

Statistical Analysis

Values are expressed as mean =+ SD. Statistical analyses
were performed using one-factor analysis of variance
(ANOVA) and Bonferroni/Dunn’s method for multiple
comparisons. Probability of P < 0.05 was considered sta-
tistically significant.

Results

Acrolein Alters Intracellular Oxygen Free-Radicals
and Ca®" Transients

In the DCF-loaded adult mouse ventricular myocytes,
1 pmol/l of acrolein caused a rapid increase of oxygen free-
radicals starting within 30 s and reached a peak elevation by
about 50 s to nearly 12-fold more than the resting values
(Fig. 1a). This rapid increase was followed by a slow decline
of oxygen radicals, reaching basal levels by 90 s (Fig. 1a).
The oxygen free-radical rise was maintained for about 1 min.

Figure 1b shows Ca®" transients of a Fura-2AM-loaded
mouse ventricular myocytes. When the cells were exposed
to 1 pmol/l of acrolein, the [Ca”] ; increased markedly and
reached twofold more than the resting value (Fig 1b). This
rise in Ca" transients was maintained for 1-2 min with the
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Fig. 1 Effect of acrolein treatment on oxygen free radicals and
intracellular Ca®" transient in cardiomyocytes. a DCF-loaded adult
mouse ventricular myocytes were exposed to 1 pmol/l of acrolein,
followed by immediate recording of fluorescence changes to measure
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Fig. 2 Effect of acrolein on the viability of mouse cardiomyocytes.
Cardiomyocytes were treated for 12 h with 0-100 umol/l acrolein.
And the viability was assessed using WST-8 assay, as detailed in
Sect. Methods. The results are expressed as a percentage of the
control. Values are mean & SD. ** P < 0.01

oscillatory pattern and then declined to near basal level
(Fig. 1b).

Effect of Acrolein on the Cardiomyocyte Viability

Cardiomyocyte viability decreased with increasing con-
centration of acrolein treatment for 12 h, from 1, 5, 10, and
25 pmol/l, but thereafter, no further increase in toxicity at
50 and 100 pmol/l acrolein was noticed (Fig. 2). Cardio-
myocyte viability with 25, 50, and 100 pumol/l of acrolein
treatment was significantly lower compared to controls
(P < 0.01).

Apoptotic Changes in Cardiomyocytes on Acrolein
Treatment

DNA Fragmentation

To examine whether acrolein induced apoptosis of
cardiomyocytes, we examined the DNA fragmentation
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the levels of oxygen free radicals. b Fura-2AM-loaded mouse cardiac
myocytes were exposed to 1 pmol/l of acrolein and recording of
fluorescence changes was started immediately, to assess the Ca’t
transients, as detailed in Sect. Methods
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Fig. 3 Electrophoretic analysis of acrolein-induced DNA fragmen-
tation in the cardiomyocytes. Cardiomyocytes were incubated with 0,
5, 10, 25, and 50 pmol/l of acrolein for 3 h. Arrows indicates DNA
ladder pattern in Mark and cardiomyocytes treated with 25 and
50 umol/l of acrolein

pattern, a hallmark of apoptosis, after acrolein treatment for
3 h. As seen in Fig. 3, DNA ladder pattern was observed in
the cardiomyocytes treated with 25 and 50 pmol/l of
acrolein suggesting the occurrence of apoptosis. In con-
trast, no significant DNA fragmentation was observed in
control and cardiomyocytes treated with 5 and 10 pmol/l of
acrolein. However, the DNA fragmentation was not
observed in the cardiomyocytes treated with 25 and
50 pmol/l of acrolein for 12 h (data not shown).

Morphological Changes

Figure 4 shows the morphological changes caused by the
incubation of cardiomyocytes in the presence of 1 and

Fig. 4 Acrolein induces apoptotic morphological features in the
cardiomyocytes. a Control; b ACR, 1 pmol/l; and ¢ ACR, 10 pmol/l.
a Cardiomyocytes were incubated in the laminin-coated six-well
plates without acrolein. Apoptotic cardiomyocytes were not observed.
b and ¢ Cardiomyocytes were incubated in the laminin-coated six-
well plates with 1 and 10 pmol/l of acrolein for 12 h. Note the
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10 pmol/l of acrolein for 12 h. Acrolein induced cell
shrinkage, nuclear chromatin condensation, and segmenta-
tion of the nucleus. Rod-shaped cardiomyocytes shortened or
became rounded after exposure to acrolein. No such mor-
phological features were noted in control cells (Fig. 4).

Discussion

Acrolein-Induced Intracellular Generation of Oxygen
Free-Radicals

Earlier experiments of in vitro liposomes incubated with
acrolein showed a proportional increase in lipid peroxidation
of liposomal membrane [13]. A major cause of allylamine’s
cardiovascular toxicity is because of its product, acrolein,
which is known to induce lipid peroxidation, especially
in mitochondria [14]. In this study, we found that acro-
lein increased intracellular oxygen free-radicals and such
increase may have significant clinical relevance in human
cardiotoxicity situations. In addition, previous investiga-
tions demonstrated the acrolein-mediated intracellular gen-
eration of free radicals and lipid peroxidation, either through
metabolism of acrolein or its adduct with glutathione (GSH)
(glutathionyl-propionaldehyde) or by rapid depletion of
cellular GSH. The enzymes including xanthine oxidase
and aldehyde dehydrogenase were found to interact with
glutathionylpropionaldehyde to produce superoxide radical
(O3) and hydroxyl radical (HO®). Acrolein was oxidized by
xanthine oxidase producing acroleinyl radical and O3.
Aldehyde dehydrogenase can also metabolize acrolein to
form superoxide [4].

Acrolein-Induced Intracellular Ca>* Transients

Allylamine is a cardiovascular-specific toxin that causes
aortic, valvular, and myocardial lesions in many species

acrolein-induced morphological changes of apoptotic cell such as cell
shrinkage, nuclear chromatin condensation, and segmentation of the
nucleus. Rod-shaped mouse cardiac myocytes shortened or become
rounded after exposure on acrolein (arrows indicate fragmented
nuclei; original magnification x10)
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[15, 16]. Acute toxicity of allylamine is believed to involve
its metabolism to highly reactive acrolein [17]. In addition,
these investigations demonstrated that allylamine and
acrolein weakly inhibited mitochondrial electron transport
and interfered with the energy production in cultured
myocytes. However, the precise mechanism of acrolein-
mediated injury to myocytes is not clear.

Because of the known effect of acrolein on mitochondria
and energy production, in this study we investigated if
acrolein-mediated toxicity and cell death in cardiomyo-
cytes involves altered intracellular Ca*" levels. Previous
studies reported that oxygen free-radicals can cause cal-
cium loading and cellular injury in the cardiomyocytes
[18]. In this study, we noticed a marked elevation of
intracellular Ca®" levels on acrolein treatment in cardio-
myocytes. Importantly, the increase in oxygen free-radicals
after the addition of acrolein preceded the elevation in
[Ca®™]; by nearly 30 s (see Fig. 1). This suggested that the
intracellular calcium in acrolein-exposed cardiomyocytes
is likely increased by the augmented production of oxygen
free-radicals (HO' and O). The mechanisms of Ca’*"
increase include enhanced sarcoplasmic reticulum calcium
release and calcium influx through the voltage-gated cal-
cium channels of sarcolemmal membrane during exposure
to oxygen free-radicals [19].

Oxygen free-radicals induce calcium loading probably
by suppressing the sarcolemmal Ca?*-pump ATPase and
Nat—Ca’?* exchange activity and also by reducing Ca®"
extrusion from cytosol to extracellular space [20]. Fur-
thermore, it has also been shown that the Ca®"-pump
ATPase activity and steady-state Ca>" uptake are decreased
by oxygen free-radicals in the cardiac sarcoplasmic reticu-
lum [20]. Thus, it is possible that the acrolein-induced
intracellular calcium loading by oxygen free-radicals in
cardiomyocytes is related to reduced sarcolemmal Ca®*-
pump ATPase activity.

Ca”*" overloading can have serious consequences for
both reversible and irreversible myocyte damage by the
activation of a variety of proteases, lipases, phospholipases,
and ATPases [21]. Peroxidation of membrane phospholipds
and intracellular calcium loading induced by oxygen free-
radicals were supposed to be major mechanisms of ische-
mia—-reperfusion injury in cardiac tissue [22]. Moreover,
elevation of Ca*" can promote the formation of oxygen
free-radical by activating lipases.

Acrolein-Induced Cardiomyocytes Apoptosis

It was reported that acrolein caused apoptosis in the colon
cancer cells by production of a cellular stress response [23,
24]. In this study, we demonstrated that acrolein can cause
cardiac myocytes injury and cell death in concentration-
dependent manner. Moreover, typical DNA fragmentation

was observed in the cardiomyocytes treated with 25 and
50 pmol/l of acrolein for 3 h, strongly suggesting apoptotic
cell death. The absence of DNA fragmentation in cells
treated for 12 h with 25 and 50 pmol/l of acrolein indicated
that prolonged exposure of cardiomyocytes with higher
doses of acrolein induces necrotic cell death.

Collectively, our data indicate that acrolein causes a
dose-dependent oxygen free-radical production, calcium
loading, and apoptosis in the adult mice cardiomyocytes.
Thus, we suggest that acrolein-induced cardiomyocytes
apoptosis is likely because of increased intracellular oxy-
gen free-radicals and calcium concentration.

Acknowledgments This study was supported by Department of
Biochemistry and Cardiovascular Medicine, Osaka University Grad-
uate School of Medicine, Japan. The authors acknowledge the fel-
lowship provided by China Scholarship Council (CSC) (No.
22821173) and Japanese Government Scholarship.

References

1. Stevens, J. F., & Maier, C. S. (2008). Acrolein: sources, metab-
olism, and biomolecular interactions relevant to human health
and disease. Molecular Nutrition & Food Research, 52, 7-25.

2. Uchida, K., Kanematsu, M., Morimitsu, Y., Osawa, T., Noguchi,
N., et al. (1998). Acrolein is a product of lipid peroxidation
reaction. Formation of free acrolein and its conjugate with lysine
residues in oxidized low density lipoproteins. Journal of Bio-
logical Chemistry, 273, 16058—16066.

3. Wang, H., Liu, X., Umino, T., Skold, C. M., Zhu, Y., et al.
(2001). Cigarette smoke inhibits human bronchial epithelial cell
repair processes. American Journal of Respiratory Cell and
Molecular Biology, 25, 772-779.

4. Adams, J. D., Jr., & Klaidman, L. K. (1993). Acrolein-induced
oxygen radical formation. Free Radical Biology and Medicine,
15, 187-193.

5. Nardini, M., Finkelstein, E. 1., Reddy, S., Valacchi, G., Traber,
M., et al. (2002). Acrolein-induced cytotoxicity in cultured
human bronchial epithelial cells. Modulation by alpha-tocopherol
and ascorbic acid. Toxicology, 170, 173—185.

6. Toraason, M., Luken, M. E., Breitenstein, M., Krueger, J. A., &
Biagini, R. E. (1989). Comparative toxicity of allylamine and
acrolein in cultured myocytes and fibroblasts from neonatal rat
heart. Toxicology, 56, 107-117.

7. Biagini, R. E., Toraason, M. A., Lynch, D. W., & Winston, G. W.
(1990). Inhibition of rat heart mitochondrial electron transport in
vitro: implications for the cardiotoxic action of allylamine or its
primary metabolite, acrolein. Toxicology, 62, 95-106.

8. Wolska, B. M., & Solaro, R. J. (1996). Method for isolation of
adult mouse cardiac myocytes for studies of contraction and
microfluorimetry. American Journal of Physiology, 271, H1250-
H1255.

9. Mattson, M. P., Barger, S. W., Begley, J. G., & Mark, R. J.
(1995). Calcium, free radicals, and excitotoxic neuronal death in
primary cell culture. Methods in Cell Biology, 46, 187-216.

10. Kenichi, H., Yoichiro, K., Makoto, K., Masato, K., Satoshi, K.,
et al. (2002). Use of tetanus to investigate myofibrillar respon-
siveness to Ca>" in isolated mouse ventricular myocytes. Japa-
nese Journal of Physiology, 52, 121-127.

11. Ishiyama, M., Miyazono, Y., Sasamoto, K., Ohkura, Y., & Ueno,
K. (1997). A highly water-soluble disulfonated tetrazolium salt as

@ Springer



136

Cell Biochem Biophys (2011) 61:131-136

12.

14.

15.

16.

17.

18.

a chromogenic indicator for NADH as well as cell viability.
Talanta, 44, 1299-1305.

Herrmann, M., Lorenz, H. M., Voll, R., Grunke, M., Woith, W, et al.
(1994). A rapid and simple method for the isolation of apoptotic
DNA fragments. Nucleic Acids Research, 22, 5506-5507.

. Jaeschke, H., Kleinwaechter, C., & Wendel, A. (1987). The role

of acrolein in allyl alcohol-induced lipid peroxidation and liver
cell damage in mice. Biochemical Pharmacology, 36, 51-57.
Awasthi, S., & Boor, P. J. (1994). Lipid peroxidation and oxi-
dative stress during acute allylamine-induced cardiovascular
toxicity. Journal of Vascular Research, 31, 33—41.

Conklin, D. J., Bhatnagar, A., Cowley, H. R., Johnson, G. H.,
Wiechmann, R. J.,, et al. (2006). Acrolein generation stimulates
hypercontraction in isolated human blood vessels. Toxicology
and Applied Pharmacology, 217, 277-288.

Conklin, D. J., Langford, S. D., & Boor, P. J. (1998). Contribu-
tion of serum and cellular semicarbazide-sensitive amine oxidase
to amine metabolism and cardiovascular toxicity. Toxicological
Sciences, 46, 386-392.

Nelson, T. J., & Boor, P. J. (1982). Allylamine cardiotoxicity—IV.
Metabolism to acrolein by cardiovascular tissues. Biochemical
Pharmacology, 31, 509-514.

Josephson, R. A., Silverman, H. S., Lakatta, E. G., Stern, M. D.,
& Zweier, J. L. (1991). Study of the mechanisms of hydrogen

@ Springer

19.

20.

21.

22.

23.

24.

peroxide and hydroxyl free radical-induced cellular injury and
calcium overload in cardiac myocytes. Journal of Biological
Chemistry, 266, 2354-2361.

Trebak, M., Ginnan, R., Singer, H. A., & Jourd’heuil, D. (2010).
Interplay between calcium and reactive oxygen/nitrogen species:
an essential paradigm for vascular smooth muscle signaling.
Antioxidants & Redox Signaling, 12, 657-674.

Kaneko, M., Elimban, V., & Dhalla, N. S. (1989). Mechanism for
depression of heart sarcolemmal Ca*" pump by oxygen free
radicals. American Journal of Physiology, 257, H804-H811.
Katz, A. M., & Reuter, H. (1979). Cellular calcium and cardiac
cell death. American Journal of Cardiology, 44, 188-190.
Garlick, P. B., Davies, M. J., Hearse, D. J., & Slater, T. F. (1987).
Direct detection of free radicals in the reperfused rat heart using
electron spin resonance spectroscopy. Circulation Research, 61,
757-760.

Pan, J., Keffer, J., Emami, A., Ma, X., Lan, R., et al. (2009).
Acrolein-derived DNA adduct formation in human colon cancer
cells: its role in apoptosis induction by docosahexaenoic acid.
Chemical Research in Toxicology, 22, 798-806.

Roy, J., Pallepati, P., Bettaieb, A., Tanel, A., & Averill-Bates, D.
A. (2009). Acrolein induces a cellular stress response and triggers
mitochondrial apoptosis in A549 cells. Chemico-Biological
Interactions, 181, 154-167.



	Acrolein, an Environmental Toxin, Induces Cardiomyocyte Apoptosis via Elevated Intracellular Calcium and Free Radicals
	Abstract
	Introduction
	Materials and Methods
	Drugs and Chemicals
	Adult Mouse Cardiac Myocytes Isolation
	Measurements of Intracellular Oxygen Free-Radicals
	Measurements of Intracellular Calcium
	Cardiomyocyte Viability Assay
	Detection of DNA Fragmentation
	Apoptotic Morphologic Change Assays
	Statistical Analysis

	Results
	Acrolein Alters Intracellular Oxygen Free-Radicals and Ca2+ Transients
	Effect of Acrolein on the Cardiomyocyte Viability
	Apoptotic Changes in Cardiomyocytes on Acrolein Treatment
	DNA Fragmentation
	Morphological Changes


	Discussion
	Acrolein-Induced Intracellular Generation of Oxygen Free-Radicals
	Acrolein-Induced Intracellular Ca2+ Transients
	Acrolein-Induced Cardiomyocytes Apoptosis

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


