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ABSTRACT

The aim of our study was to investigate the contribution of the adrenocorticotropic hormone fragment, ACTH
(4-10), on the recovery of postischemic cardiac function. Effects of ACTH (4-10) on caspase-3 activity, car-
diomyocyte and endothelial apoptosis, and HO-1 protein expression were studied. Rats were treated with var-
ious doses of ACTH (4-10), and then 12 h later, anesthetized, hearts were isolated, perfused, and subjected to
30-min ischemia followed by 120-min reperfusion. Cardiac function including heart rate, coronary flow, aor-
tic flow, and left ventricular developed pressure were recorded. After 120-min reperfusion, 200 ug/kg of ACTH
(4-10) significantly improved the recovery of aortic flow, coronary flow, and left ventricular developed pres-
sure from their untreated control values of 15.3 = 0.9 ml/min, 6.5 = 0.9 ml/min, and 10 % 0.6 kPa to 20.7 =
1.3 ml/min, 24.8 * 1.8 ml/min and 13.7 = 0.7 kPa, respectively. Heart rate did not show significant changes
during reperfusion. ACTH (4-10) treatment resulted in a reduction in infarct size, caspase 3 activity, apop-
tosis, and an increase in HO-1 expression. When ACTH (4-10) was given at the moment of reperfusion, the
drug failed to improve the postischemic recovery of the myocardium. Thus, ACTH (4-10) can be a useful tool
for the prevention of the development of ischemia/reperfusion-induced injury. Antioxid. Redox Signal. 9, 1851-1861.

INTRODUCTION

IN THE PAST THREE DECADES, a number of studies have been
devoted to understanding the mechanisms of ischemia/reper-
fusion—induced damage, and extensive research has been con-
ducted to find effective treatment for ischemic failure. To our
knowledge, relatively little attention has been paid on the ef-
fects of adrenocorticotropic hormone and its fragments, espe-
cially ACTH (4-10), on the recovery of postischemic cardiac
function and infarct size. Melanocortins (including a-3-, and

y-melanocyte—stimulating hormones) are derived from a larger
precursor molecule, the pro-opiomelanocortin peptide (POMC).
The adrenocorticotropic hormone is a peptide that contains 39
amino acids (1-39). Its active fragment contains 13 amino acids:
a-MSH (1-13), and within this fragment, ACTH (4-10).
Melanocortins exert their effects by activating seven-trans-
membrane domain G protein—coupled receptors. These recep-
tors have a wide and varied distribution and are found and func-
tion in several organs (38, 39, 44).

A few years ago, a-melanocyte—stimulating hormone
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(a-MSH) was described to have a protective effect on renal
cells (12), gut (46), lung (15), and brain tissue (20) against
ischemia/reperfusion—induced injury. Furthermore, melano-
cortins including «-MSH are able to exert protective effects
in a model of permanent coronary artery occlusion (6, 7).
Moreover, melanocortin peptides have peculiar, adrenal-in-
dependent antiinflammatory activity (8, 9, 17, 26, 27). In our
previous study, we demonstrated that melanocortin peptides
(i.e., a-MSH) significantly attenuated the harmful conse-
quences of myocardial ischemia, including arrhythmias,
apoptotic and necrotic cell death, and impaired cardiac func-
tion (40). Yet, a-MSH, as an endogenous derivate, is a dou-
ble-edged sword because of the unexpected hormonal side ef-
fects. Recently, a-MSH was reported to have protective
effects on renal cells, gut, lung, and brain against isch-
emia/reperfusion—induced damage. The major problem is un-
expected hormonal side effects and toxicity of ACTH. Be-
sides hypersensitivity reactions, the toxicity of ACTH is
attributable primarily to the increased secretion of corticos-
teroids. Moreover, ACTH isolated from animal pituitaries
contains significant amounts of vasopressin, which can lead
to life-threatening hyponatremia. Therefore, the goal of our
experiment was to investigate whether ACTH (4-10) could
afford cardiac protection against ischemia/reperfusion—in-
duced cardiac damage without any adrenocorticotropic side
effects. Our investigation focused on the structure of ACTH
with the most protective and fewest reverse effects regarding
ischemia/reperfusion—induced injury. Thus, the finding of a
similar hormone, derivate, or fragment of derivative without
any adrenocorticotropic effect would be an optimal tool for
the treatment of an episode of myocardial ischemia/reperfu-
sion. To achieve this goal, first we disclosed by selection of
the fraction of ACTH molecule that has similar properties
without any adrenocorticotropic effects. The shortest frag-
ment, which displayed pressor and tachycardic responses, is
the MSH “core,” included His-Phe-Arg-Trp amino acids [y-
MSH-(5-8)], which is identical to ACTH (6-9) (38). Obvi-
ously, ACTH (4-10) also contains the His-Phe-Arg-Trp
“core.” Therefore, we analyzed whether a-MSH or ACTH
(1-24) can attenuate ischemia/reperfusion—induced injury,
and ACTH (4-10) (which also includes the His-Phe-Arg-Trp
fragment) possesses a cardioprotective effect.

The main objectives of the present study were to examine
the effects of ACTH (4-10) pretreatment on the postischemic
recovery in isolated rat, including (a) the recovery of myo-
cardial function, (b) the incidence of reperfusion-induced ar-
rhythmias, (c) myocardial infarct size, (d) cardiomyocyte and
endothelial apoptosis, (e) caspase-3 activity, and (f) HO-1 ex-
pression. In additional studies, ACTH (4-10) was given at
the onset of reperfusion to determine its direct or indirect ef-
fect, if any exists, on the recovery of postischemic cardiac
function.

METHODS

Isolated working heart preparation

All animals received humane care in compliance with the
“Principles of Laboratory Animal Care,” formulated by the Na-
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tional Society for Medical Research, and the Guide for the Care
and Use of Laboratory Animals, prepared by the National Acad-
emy of Sciences and published by the National Institutes of
Health (NIH Publication no. 86-23, revised 1985).
Sprague—Dawley rats weighing 275-300 g were subcutaneously
injected with 0, 50, and 200 ug/kg of ACTH (4-10) (Sigma,
Budapest, Hungary) in saline buffer, and after 12 h, rats were
anesthetized with sodium pentobarbital (80 mg/kg b/w, i.p.) and
anticoagulated with heparin sodium (500 IU/kg b.w, i.p.) in-
jection. After thoracotomy, the heart was excised, the aorta was
cannulated, and the heart was perfused (at 37°C) according to
the Langendorff method for a 5-min washout period at a con-
stant pressure equivalent to 100 cm of water (10 kPa). The per-
fusion medium consisted of a modified Krebs—Henseleit bicar-
bonate buffer (millimolar concentration: sodium chloride, 118;
potassium chloride, 4.7; calcium chloride, 1.7; sodium bicar-
bonate, 25; potassium biphosphate, 0.36; magnesium sulfate,
1.2; and glucose, 10). The Langendorff preparation was
switched to the “working” mode after the washout period, as
previously described by Yamamoto et al. (42) and modified by
Tosaki and Braquet (36). Any isolated heart that showed car-
diac disturbances (ventricular arrhythmia and fibrillation) be-
fore the induction of ischemia was excluded from this study.

In other studies, 50 and 200 ug/L of ACTH (4-10) were di-
rectly perfused into the myocardium at the onset of reperfusion
(“late administration”) for 10 min, and cardiac function was
monitored.

Induction of global ischemia

For the measurement of cardiac function, including heart
rate (HR), coronary flow (CF), aortic flow (AF), left ventric-
ular developed pressure (LVDP), the incidence of reperfusion-
induced ventricular fibrillation (VF), ventricular tachycardia
(VT), infarct size, cardiac apoptosis, and protein expression,
a model of myocardial ischemia/reperfusion was used. Thus,
after 10-min aerobic perfusion of the heart, the atrial inflow
and aortic outflow lines were totally clamped at a point close
to the origin of the aortic cannula. After 30 min, the reperfu-
sion was initiated by unclamping the atrial inflow and aortic
outflow lines. An epicardial ECG was recorded throughout the
experimental period with two silver electrodes attached di-
rectly to the heart. The ECGs were analyzed to determine the
presence or absence of reperfusion-induced VF. Hearts were
considered to be in VF if an irregular undulating baseline was
apparent on the ECG. If VT and VF developed and the sinus
rhythm did not spontaneously return within the first 2 min of
“nonworking” Langendorff reperfusion, hearts were electri-
cally defibrillated with a defibrillator by using two silver elec-
trodes and 15-V square-wave pulse of 1 ms duration and reper-
fused. Then, after the first 10 min of Langendorff reperfusion,
hearts were further reperfused by switching to “working”
mode for an additional 110 min. VT was defined if the num-
bers of consecutive premature ventricular beats were five or
more. Aortic and coronary flow rates were measured by a
timed collection of the aortic and coronary effluents that
dripped from the heart. Before ischemia and during reperfu-
sion, HR, CF, and AF rates were registered. LVDP was mea-
sured with a computer acquisition system (AD Instruments,
Castlehill, Australia).



CARDIAC PROTECTION WITH ACTH (4-10)

Determination of infarct size

Hearts for infarct-size measurement were perfused, at the end
of each experiment, with 15 ml of 1% triphenyl tetrazolium
(TTC) solution in phosphate buffer (88 mM Na,HPOy, 1.8 mM
NaH,PO,) via the side arm of the aortic cannula and then stored
at —70°C for later analysis. Frozen hearts were sliced trans-
versely (34), in a plane perpendicular to the apico-basal axis,
into 2- to 3-mm thick sections, weighed, blotted dry, placed be-
tween microscope slides, and scanned on a Hewlett-Packard
Scanjet 5p single-pass flat-bed scanner (Hewlett-Packard, Palo
Alto, CA). With the use of the NIH Image 1.61 image-pro-
cessing software, each digitalized image was subjected to equiv-
alent degrees of background subtraction, brightness, and con-
trast enhancement for improved clarity and distinctness. Infarct
zones of each slice were traced, and the respective areas were
calculated in terms of pixels (14). The areas were measured by
computerized planimetry software; these areas were multiplied
by the weight of each slice, and then the results were summed
to obtain the weight of the risk zone (total weight of the left
ventricle, in milligrams) and the infarct zone (in milligrams).
Infarct size was expressed as the ratio, in percentage, of the in-
farct zone to the risk zone.

Determination of cardiomyocyte and endothelial
cell apoptosis

The formaldehyde-fixed left ventricle was embedded in
paraffin, cut into transverse sections (4 um thick), and de-
paraffinized with a graded series of xylene and ethanol solu-
tions. Immunohistochemical detection of apoptotic cells was
carried out by using TUNEL, in which residues of digoxigenin-
labeled dUTP are catalytically incorporated into the DNA by
terminal deoxynucleotidyl transferase, an enzyme that catalyzes
a template-independent addition of nucleotide triphosphate to
the 3’-OH ends of double- or single-stranded DNA (25). The
incorporated nucleotide was incubated with a sheep polyclonal
anti-digoxigenin antibody followed by an FITC-conjugated rab-
bit anti-sheep IgG as a secondary antibody, as described by the
manufacturer (Apop Tag Plus; Oncor Inc., Gaithersburg, MD).
The sections (n = 5) were washed in PBS 3 times, blocked with
normal rabbit serum, and incubated with mouse monoclonal an-
tibody recognizing a-sarcomeric actin (Sigma-Aldrich Biotec,
Inc.) followed by staining with TRITC-conjugated rabbit anti-
mouse IgG (200:1 dilution) (30). For detection of apoptosis in
endothelial cells, the sections were first stained with TUNEL
(FITC staining). The sections were then incubated with rabbit
polyclonal anti—von Willebrand factor (Sigma-Aldrich Biotec
Inc., St. Louis, MO) as a primary antibody followed by incu-
bation with tetrarhodamine isothiocyanate (TRITC)-conjugated
goat anti-rabbit IgG as a secondary antibody. The fluorescence
staining was viewed with laser confocal microscopy (Fluoview;
Olympus, Tokyo, Japan). For quantitative purposes, the num-
ber of TUNEL-positive cardiomyocytes and endothelial cells
was counted in 100 high-power fields (HPF; magnification,
X600) from the endocardium through the epicardium of the mid
portion of the left ventricular free wall in five sections from
each heart (16, 35). Representative confocal images show von
Willebrand factor—positive endothelial cells (strong red stain-
ing of the cytosol) that are negative for TUNEL staining (ab-
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sence of green staining in the nucleus), as well as those posi-
tive for TUNEL staining.

Measurement of caspase Il activity
by immunohistochemistry

The free-floating sections of the heart were first incubated
with biotinylated goat anti-caspase-3 antibody (Sigma; diluted
1:1,000) overnight at 4°C. The immunologic and immunocyto-
chemical characteristics of the antibody were published earlier
(24). Sections were then transferred into a solution of biotinyl-
ated rabbit antibody (Vector Laboratories, Burlingame, CA; di-
luted 1:200) for 50 min at room temperature, and then avidin-
biotinylated peroxidase complex (ABC; Vector Laboratories,
Burlingame, CA; diluted 1:100) for 4 h at room temperature,
and completed with a diaminobenzidine chromogen reaction
(23). Before the antibody treatments, sections were kept in 10%
normal goat serum (Vector Laboratories) for 50 min. All incu-
bations were performed under continuous gentle agitation, and
all of antibodies were diluted in 10 mM phosphate-buffered
saline (PBS, pH 7.4), to which 0.1% Triton X-100 and 1% nor-
mal rabbit serum (Vector Laboratories) were added. Sections
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FIG. 1. Effects of various doses of ACTH (4-10) on the inci-
dence (percentage) of VF (A) and VT (B) in isolated rat
hearts. Isolated hearts (n = 10 in each group) were obtained
from rats treated subcutaneously with O (drug-free control), 50,
or 200 ug/kg ACTH (4-10). Then hearts were isolated and sub-
jected to 30-min ischemia followed by 120-min reperfusion. *p <
0.05 compared with the untreated drug-free control values.
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were mounted on gelatin-coated slides and covered with Per-
mount neutral medium (Fluka, Buchs, Switzerland).

Western blot method

Total protein (50 wg) in the Clontech Extraction buffer was
added to an equal volume of sodium dodecylsulfate (SDS) buffer
and boiled for 10 min before being separated on 12% SDS poly-
acrylamide gels in running buffer (25 mM Tris, 192 mM glycine,
0.1% (wt/vol) SDS, pH 8.3) at 200 V. The Precision plus Pro-
tein Kaleidoscope standards (10 ul) (Bio-Rad Laboratories, CA)
were used as molecular-weight standards. The gel was transferred
onto a nitrocellulose membrane (Bio-Rad Laboratories, Hercules,
CA) at 100 V for 1 h in transfer buffer (25 mM Tris base, 192
mM glycine, 20% (vol/vol) methanol, pH 8.3). After blocking
the membranes for 1 h in Tris-buffered saline (TBS-T) (50 mM
Tris, pH 7.5, 150 mM NaCl) containing 0.1% (vol/vol) Tween-
20 and 5% (wt/vol) nonfat dry milk, blots were incubated
overnight at 4°C with the primary antibody. Membranes were
washed 3 times in TBS-T before incubation for 1 h with horse-
radish peroxide (HRP)-conjugated secondary antibody diluted
1:2,000 in TBS-T and 5% (wt/vol) nonfat dry milk. Western
blots were developed with the ECL Detection Reagents 1 and
2 (Amersham Biosciences, NJ) and exposed to Kodak X-
OMAT (Amersham Biosciences, NJ) film.

Statistical analysis

HR, CF, AF, LVDP, infarct size, caspase-3, and HO-1 ac-
tivities were expressed as mean value = SEM. A two-way anal-
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ysis of variance was first carried out to test for any differences
in mean values between groups. If differences were established,
the values of the drug-treated groups were compared with those
of the drug-free group by Bonferroni correction. A different
procedure, because of the nonparametric distribution, was used
for the distribution of discrete variables, such as the incidence
of VF and VT. Thus, the y? test was used to compare individ-
ual groups.

RESULTS

Effect of ACTH (4-10) on cardiac arrhythmias

Figure 1 shows the incidence of reperfusion-induced VF (Fig.
1A) in isolated hearts obtained from rats subcutaneously treated
with O (untreated control), 50, and 200 ug/kg of ACTH (4-10),
12 h before the isolation of hearts and induction of ischemia
and reperfusion. Thus, our results show that the incidence of
reperfusion-induced ventricular fibrillation was significantly re-
duced from its untreated control value of 100% to 90%, and
40% (p < 0.05), respectively. The reduction of the incidence
of reperfusion-induced VT (Fig. 1B) followed the same pattern.
The incidence of reperfusion-induced ventricular tachycardia
was significantly reduced from its untreated control value of
100% to 100% and 50% (p < 0.05) with the doses of 50 and
200 ug/kg of ACTH (4-10). These data and our previous re-
sults represent (40) that the higher dose of ACTH (4-10) was
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FIG. 2. Effects of different doses of ACTH (4-10) on heart rate (HR), coronary flow (CF), aortic flow (AF), and left ven-

tricular developed pressure (LVDP).

Rats were treated subcutaneously with two different doses (50 and 200 ug/kg) of ACTH

(4-10) 12 h before the induction of ischemia and reperfusion. HR, CF, AF, and LVDP were measured before the induction of
ischemia and during postischemic reperfusion. Results are expressed as mean = SEM of six hearts in each group.
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FIG. 3. Effects of different doses of ACTH (4-10) on infarct
size in isolated rat hearts subjected to 30 min of ischemia
followed by 120 min of reperfusion. Isolated hearts were
obtained from rats treated in vivo with O (drug-free control),
50, and 200 ng/kg of ACTH (4-10). Then hearts were isolated
and subjected to 30 min of ischemia followed by 120 min of
reperfusion; n = 6 in each group, mean = SEM. *p < 0.05
compared with the untreated drug-free control value. Repre-
sentative slices of infarct size are shown above each bar. White
areas, Infarcted tissues with TTC staining.

able to reduce the incidence of VF and VT; however, it was not
so effective as 200 ug/kg of a-MSH (ACTH 1-13).

Effects of ACTH (4-10) on cardiac function

Rats treated with various doses of s.c. ACTH (4-10) had sig-
nificantly improved postischemic contractile function compared
with the drug-free controls. It can be easily explained by the re-

FIG. 4. Caspase-3 activity de-
tected by immunohistochem-
istry. (A) Nonischemic aerobi-
cally perfused heart. (B) Drug-free
heart subjected to 30-min ischemia
followed by 120 min of reperfu-
sion (drug-free control). (C, D)
Rats were subcutaneously treated
with 50 or 200 wgkg ACTH
(4-10) 12 h before ischemia, and
then hearts were subjected to 30
min of ischemia followed by 120
min of reperfusion. The immuno-
histochemistry and sampling were
done at the end of the reperfusion
period.
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duction of the incidence of reperfusion-induced VF and VT. In-
terestingly, ACTH (4-10) at the doses used had no effect on heart
rate (Fig. 2). However, AF was increased from its drug-free isch-
emic/reperfused control value of 6.5 = 0.9 to 6.5 = 1 ml/min
(NS) and 24.8 = 1.8 ml/min (p < 0.05) with the concentrations
of 50 and 200 wg/kg of ACTH (4-10), respectively (Fig. 2C).
Postischemic CF (Fig. 2B) and LVDP (Fig. 2D) also showed sig-
nificant improvement in cardiac function in hearts obtained from
rats treated with 50 and 200 ug/kg of ACTH (4-10). The lower
dose of ACTH (4-10) failed to improve the postischemic recov-
ery in HR, CF, AF, and LVDP (Fig. 2).

Extent of infarct size

Figure 3 shows infarct size in the control hearts (35.3 = 6%).
In hearts treated with 200 ug/kg of ACTH, a marked reduction
in infarct size [20.16 = 1.5% (p < 0.05)] at the end of reperfu-
sion was observed, suggesting that ACTH (4—10) can prevent isch-
emia/reperfusion—induced injury. The lower concentration (50
ng/kg) of ACTH (4-10) failed to reduce infarct size (33.0 =
2.6%).

Measurement of caspase-3 activity

Visualization of the caspase-3 protein after the im-
munoperoxidase reaction revealed decreased activity of these
proteins in treated hearts subjected to 30 min of ischemia fol-
lowed by 2 h of reperfusion. Immunoreactive caspase-3 was
localized mainly in the cytoplasm of cardiomyocytes and vas-
cular smooth muscle cells. Figure 4 shows caspase-3 activity
in hearts obtained from rats treated with O (untreated control),
50, and 200 ug/kg of ACTH (4-10), and subjected to isch-
emia/reperfusion. Caspase activity, using immunohistochem-
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istry, was reduced in treated subjects indicating by a reduc-
tion in brown staining intensity (see Fig. 4) in the myocardium.
The results of caspase-3 activity were confirmed by Western
blot analysis (see later).

Cardiomyocyte and endothelial apoptosis

The results show that TUNEL-positive nuclei were condensed;
representing apoptotic cells (Fig. 5). Similar to myocardial infarct
size, the numbers of apoptotic cardiomyocytes and endothelial
cells were reduced significantly when hearts were pretreated by
the higher dose of ACTH (4-10). Total numbers of cardiomy-
ocytes at 100 high-power fields, which cover almost all the mid
portion of left ventricular free wall, were examined for detecting
apoptotic cells. The data were expressed in counts/100 high-power
field and not in percentage of apoptotic cells. After treatment with
200 ug/kg of ACTH (4-10), the numbers of endothelial and car-
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diomyocyte apoptotic cells were also significantly reduced. How-
ever, the lower dose of ACTH (4-10) did not cause a significant
change in apoptotic cell death.

Effects of ACTH (4-10) on the expression of
caspase-3 and HO-1

The ischemia/reperfusion—induced caspase-3 expression was
decreased by the higher dose of ACTH (4-10) (Fig. 6), and
Western blot analysis confirmed the semiquantitative immuno-
histochemistry results. In addition, we examined whether HO-
1 signaling is involved in ACTH (4-10) treatment. Figure 6B
shows that pretreatment with the higher dose (200 ug/kg) of
ACTH (4-10) increased the expression of HO-1, whereas the
housekeeping gene expression (GAPDH) was unchanged (Fig.
6C). Thus, the expression of HO-1 could be related to the pro-
tective effect of ACTH (4-10).

FIG. 5. TUNEL assay for apoptotic cardiomyocytes (A) and endothelial cells (B).

(a—d) Double immunofluorescence stain-

ing for a-sarcomeric actin (specific for cardiomyocyte; red fluorescence) and TUNEL-positive (green fluorescence). (e~h) Dou-
ble immunofluorescence staining for von Willebrand factor (specific for endothelial cells; red fluorescence) and TUNEL-posi-
tive (green fluorescence). (a, e) Untreated ischemia/reperfused (drug-free control). (b, f) Treated with 50 wg/kg ACTH (4-10).
(c, g) Treated with 200 ug/kg ACTH (4-10). (d, h) Nonischemic aerobically perfused heart. Data are expressed at counts/100
high-power fields. Bar graphs show the extent of cell death by apoptosis; n = 4 in each group, mean = SEM. *p < 0.05 com-
pared with the untreated drug-free control value. Immunohistochemistry and sampling were carried out at the end of reperfusion
period. Arrows (white), Endothelial apoptotic cells around coronary vessels.
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FIG. 6. Effects of the 200-ug/kg ACTH (4-10) on caspase-
3 and HO-1 protein expression. Blots were scanned, nor-
malized, and the averages (mean = SEM) of four samples are
shown on the upper panels; the representative blots are shown
on the lower panels. In each lane, protein concentration was 60
ng. GAPDH(C) was used to demonstrate equal protein load-
ing. Samplings were done at the end of reperfusion period (n =
4 in each group, mean = SEM; *p < 0.05 compared with the
untreated age-matched, drug-free control values.

Effects of ACTH (4-10) on cardiac function
(“late administration”)

In additional studies, the drug perfused at the onset of reper-
fusion failed to improve the postischemic recovery in HR, CF,
AF, and LVDP (Fig. 7). The incidence of reperfusion-induced
VF and VT was also not significantly reduced (data not shown)
in comparison with the control values.
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DISCUSSION

Underlying the electrophysiologic dysfunction of acute myo-
cardial ischemia is a dysfunction of biochemical homeostasis,
including various endogenous substances that alter cell-cell
coupling and signaling. After the ischemic period, without any
doubt, reperfusion, although a prerequisite for the survival of
ischemic cells, is not without risk. Thus, components of the
reperfusion process might temporary increase the presumption
of ventricular arrhythmias and heart failure, decreasing the
chance of the myocardial recovery to steady-state contractile
function. In view of this, the utmost importance lies in pro-
tecting the tissue from ischemia/reperfusion—-induced damage.
Many factors play a critical role in ischemia and reperfusion,
but the relative importance of these factors is uncertain and con-
troversial. If we provoke a change in only one pathologic fac-
tor, then the modification of the signal-transduction pathway
can beneficially modulate the recovery of postischemic cardiac
function.

The goal of our experiments was to study whether ACTH
(4-10) pretreatment could afford cardiac protection against
ischemia/reperfusion—induced cardiac damage. Thus, we deter-
mined that ACTH (4-10) is able (a) to improve postischemic
cardiac function, (b) to reduce the incidence of reperfusion-in-
duced ventricular fibrillation and tachycardia, (c) to decrease
the myocardial infarct size, (d) to attenuate the apoptotic en-
dothelial and myocardial cell death, and (e) to influence cas-
pase-3 activity and HO-1 signaling. In addition, (f) we studied
whether the effect of ACTH (4-10) originates from its direct
action on the myocardium or its indirect effect.

In our previous study, we found that melanocortin peptides
(i.e., a-MSH) significantly attenuated the life-threatening con-
sequences of myocardial ischemia. In the present study, we en-
deavored to obtain more direct or indirect circumstantial evi-
dence for an involvement of the ACTH fragment on the
postischemic recovery of the heart. Thus, we investigated
whether the smaller fragment of a-MSH could mimic the ef-
fect of melanocortin peptides in ischemic/reperfused my-
ocardium. The action mechanisms of melanocortins remain
speculative, and a possible explanation is based on previous in-
vestigations (38, 39). One of the protective effects of adreno-
corticotropic hormones in myocardial infarct seems to be due
to the capacity of these peptides to inhibit the overproduction
of free radicals and to their antiinflammatory activity. Although
it was not the aim of our study, it is of interest to note that clin-
ical concepts recently have proven that the synthesis or release
of endogenous inflammatory mediators could contribute to the
protection. The antiinflammatory action of melanocortins is
possibly related to the melanocortin-1 and melanocortin-3 re-
ceptors (MC1-R, MC3-R) (18, 19). Thus, the antiinflammatory
effects of melanocortin peptides are also associated with a re-
duced production of proinflammatory cytokines, such as inter-
leukin (IL)-1e, IL-18, IL-6, tumor necrosis factor (TNF) (27,
28), and with an enhanced genesis of the antiinflammatory IL-
10 and of the angiogenic factor IL-8 (28). The role of
melanocortin peptides on the immune system appears to be
complex and depends on several concerted actions. Thus, ex-
ogenously applied «-MSH was found to inhibit the lipopolysac-
charide (LPS)-induced release of proinflammatory TNF-a in
whole blood under in vitro conditions (10). Furthermore, the
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10 min of reperfusion. HR, CF, AF, and LVDP were measured before the induction of ischemia and during the postischemic
reperfusion. Results are expressed as mean = SEM of six hearts in each group.

POMC peptides are widely expressed in the body. Thus, POMC
and POMC-derived ACTH peptides are produced by monocytes
cells (32), melanocytes (11), and endothelial cells (33). There-
fore, it is reasonable to believe that endogenous mediators such
as a-MSH or ACTH fragments could contribute to the reduced
release of inflammatory mediators in the heart and other organs
(1, 2).

In many of the studies, interventions or drugs have been used
before the induction of ischemia, often during the period of
ischemia, and sometimes at the moment of reperfusion. Thus,
many drugs (e.g., beta blockers and calcium channel antago-
nists) and other interventions exert beneficial effects, thereby
protecting the heart against the ischemia-induced cell injury, so
that at the onset of reperfusion, the myocardium in treated
groups is less severely injured. Because vulnerability of the my-
ocardium to reperfusion-induced damage is proportional to the
severity of the preceding period of ischemia, it is almost im-
possible to ascertain whether the obtained cardiac protection is
adirect consequence of a reduction of reperfusion-induced dam-
age or whether it is indirect and originates from other benefi-
cial signal transduction mechanism(s). In our present study,
ACTH (4-10) demonstrated cardiac protection when the drug
was administered before the induction of ischemia, and this
protection was lost if the drug was given at the moment of
reperfusion. Therefore, we stress that the protection afforded
by ACTH (4-10) may originate from other signal-transduc-
tion mechanism(s) that operate before the initiation of reper-
fusion.

Programmed cell death in the myocardium has been also
linked to ischemia/reperfusion injury, as well as to extreme
mechanical forces associated with an increase in ventricular
loading. Moreover, hypoxia and ischemia activate the suicide
program of cardiomyocytes and endothelial cells under in
vitro and in vivo conditions. Apoptosis also frequently occurs
as a harmful mechanism in both acute and chronic tissue in-
jury, yet the signal transduction responsible for this action is
not precisely known. The end points of our previous study
showed that higher doses of a-MSH reduced apoptotic cell
death (40). In the present study, we investigated whether
ACTH (4-10), which also contains the His-Phe-Arg-Trp core,
could influence the apoptotic capability of cardiomyocyte and
endothelial cells.

We stressed earlier that molecular mechanisms of apoptosis
are complicated and diversified, and many factors have been
suggested to play an important role in the apoptotic or necrotic
process. A change in only one pathologic factor or downstream
pathway could attenuate the development of cell death. Cas-
pase-3 is an important apoptotic marker in the cellular and sui-
cide cascade, which is well known and documented. Caspase-
3 is a downstream effector of caspase-9, which is activated by
cytochrome ¢ by mitochondria or by caspase-8 (3). Caspase-3
protein also is related to the Bcl-2 family, Bax-like (22),
Fas/FasL, TNF-«, TNF-a receptor (3), right ventricular dys-
plasia, and end-stage heart failure (13, 29, 31). Therefore, it is
important to consider whether cardiac function and infarct size
can be modified by caspase-3 down- or upregulation. However,
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blockade of caspase activation with a specific inhibitor was re-
ported to decrease infarct size after coronary artery ligation
in rats (43), but the cause-and-effect relation between caspase-
3 and cardiac function has not been established (13). It is im-
portant to note that drugs or natural derivatives, which could
attenuate caspase activity, may contribute to avoid the harm-
ful and destructive consequences of apoptosis. Treatment with
a caspase-3 inhibitor improved survival and prevented ven-
tricular dilation and dysfunction after permanent coronary
artery occlusion. The results of our study showed, for the first
time, that the beneficial effect of ACTH (4-10) is due to its
ability to reduce caspase-3 activation, which is linked, at least
in part, to the reduction of apoptotic cell death. Caspase-3 ac-
tivity, shown by immunohistochemistry and Western blot
analysis, was reduced in the ACTH (4-10)—treated group. Be-
cause caspase-3 activity was diminished, accordingly, the
number of death cells of cardiomyocytes and endothelial cells
were also reduced in the ACTH (4-10)—treated group. More-
over, one of the reasons for decreased apoptosis could be the
overexpression of the HO-1 protein. HO-1 induction appears
to be an important factor in ischemia/reperfusion protection
of the myocardium. The role of heme oxygenase signaling in
various disorders (ischemia/reperfusion, hypertension, car-
diomyopathy, organ transplantation, endotoxemia, lung dis-
ease, and immunsuppression) has already been well docu-
mented (37). Zou et al. (46) showed that treatment with
a-MSH at 1 h of reperfusion led to an increased HO-1 pro-
tein expression in a gut ischemia/reperfusion model. The ex-
act antiapoptotic mechanism(s) of HO is (are) not clearly
known but is speculative. One possible mechanism could be
via the bilirubin system, because bilirubin has been shown to
protect cardiomyocytes against oxidative damage (41, 45).
Therefore, we investigated whether ACTH (4-10) is also able
to affect the HO-1 protein level in our model. Without doubt,
it is reasonable to believe that a reduction in programmed cell
death limits infarct size in ACTH-treated rats. The importance
of HO-1 expression could be a crucial factor in the postis-
chemic cardiac protection of ACTH (4-10), because ACTH
(4-10)—induced cardiac protection related to the HO-1 protein
expression when the drug was administered before the isola-
tion of hearts and the induction of ischemia and reperfusion.
The mechanism(s) of reperfusion-induced damage and devel-
opment of arrhythmias could be related to the endogenous car-
bon monoxide production via the HO-1 system, as was
stressed by Bak ef al. (5). The authors (5) demonstrated that
HO-1 expression and its relation to endogenous carbon
monoxide production significantly determined the develop-
ment of reperfusion-induced VF in HO-1 knockout mice.
Thus, interventions that are able to increase HO-1 expression
(4) and parallel reduce apoptosis and/or necrosis could directly
or indirectly result in a reduction in the incidence of reperfu-
sion-induced arrhythmias. However, if the drug were perfused
at the moment of reperfusion, the ACTH (4-10)—induced pro-
tection was lost, indicating that HO-1 expression and protec-
tion is time dependent and operated before the induction of
ischemia. Thus, ACTH (4-10) could be a preventive tool
against ischemia/reperfusion—-induced damage.

In conclusion, the findings of the present study demonstrate
that ACTH (4-10) could attenuate the destructive consequences
of myocardial ischemia. The application of ACTH (4-10) be-
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fore the induction of ischemia suggests that the observed pro-
tective effect could originate from the mechanism(s) operating
before the induction of ischemia because the protection was lost
when the drug was perfused at the moment and the first 10 min
of reperfusion. The interpretation of our results must, of course,
be limited by our observations in the rat heart and by the fact
that we used an isolated preparation. The use of the isolated
perfused myocardium, although offering the advantage of the
ability to study direct cardiovascular responses, independent of
various peripheral factors, is subject to the criticisms that it is
a denervated and perfused ansanguineous solution. In addition
to its denervated condition, the isolated perfused heart system
can be criticized because of the absence of blood and its cellu-
lar components, such as leukocytes and platelets, which can in-
fluence cardiac function, apoptosis, and cell signaling, deter-
mining the recovery of the myocardium. However, considerably
more experimentation must be done in the field of
ischemia/reperfusion—induced injury under in vivo conditions
to establish the most useful cardioprotective ACTH fragment
without any adrenocorticotropic side effects. Thus, future stud-
ies should determine (beside realization of the exact mecha-
nism) the “core” of adrenocorticotropic hormones with most
beneficial effects and fewest side effects regarding
ischemia/reperfusion injury in different organs, because these
drugs may open a new and modern therapeutic approach to isch-
emia/reperfusion-induced diseases.
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ABBREVIATIONS

ACTH, adrenocorticotropic hormone; AF, aortic flow; CF,
coronary flow; ECG, electrocardiogram; HO, heme-oxygenase;
HR, heart rate; HRP, horseradish peroxide; I/R, ischemia/reper-
fusion; IL, interleukin; LPS, lipopolysaccharide; LVDP, left
ventricular developed pressure; MC1-R, melanocortin-1 recep-
tor; MC3-R, melanocortin-3 receptor; NIH, National Institutes
of Health; POMC, proopiomelanocortin; SDS, sodium dode-
cylsulfate; TBS, Tris-buffered saline; TNF-«, tumor necrosis
factor-a; TRITC, tetrarhodamine isothiocyanate; TTC, triph-
enyl tetrazolium; ttkg, total tissue kilogram; VF, ventricular
fibrillation; VT, ventricular tachycardia; «-MSH, a-melano-
cyte—stimulating hormone.

REFERENCES

1. Airaghi L, Lettino M, Manfredi MG, Lipton JM, and Catania A.
Endogenous cytokine antagonists during myocardial ischemia and
thrombolytic therapy. Am Heart J 2: 204-211, 1995.

2. Airaghi L, Garofalo L, Cutuli MG, Delgado R, Carlin A, Demitri
MT, Badalamenti S, Graziani G, Lipton JM, and Catania A. Plasma
concentrations of alpha-melanocyte-stimulating hormone are ele-
vated in patients on chronic haemodialysis. Nephrol Digl Trans.
plant 15: 1212-1216, 2000.



1860

20.

. Ashkenazi A and Dixit VM. Death receptors: signaling and mod-

ulation. Science 281: 1305-1308, 1998.

. Bak I, Lekli I, Juhasz B, Nagy N, Varga E, Varadi J, Gesztelyi R,

Szabo G, Szendrei L, Bacskay I, Vecsernyes M, Antal M, Fesus
L, Boucher F, de Leiris J, and Tosaki A. Cardioprotective mecha-
nisms of Prunus cerasus (sour cherry) seed extract against isch-
emia-reperfusion-induced damage in isolated rat hearts. Am J Phys-
1 L i@/ 291: H1329-H1336, 2006.

. Bak I, Szendrei L, Turoczi T, Papp G, Joo F, Das DK, de Leiris J,

Der P, Juhasz B, Varga E, Bacskay I, Balla J, Kovacs P, and Tosaki
A. Heme oxygenase-1-related carbon monoxide production and
ventricular fibrillation in isolated ischemic/reperfused mouse my-
ocardium. FASEB J 17: 2133-2135, 2003.

. Bazzani C, Guarini S, Botticelli AR, Zaffe D, Tomasi A, Bini A,

Cainazzo MM, Ferrazza G, Mioni C, and Bertolini A. Protective
effect of melanocortin peptides in rat myocardial ischemia. J Phar-

wacol Exp Ther 297: 1082-1087, 2001.

. Bazzani C, Mioni C, Ferrazza G, Cainazzo MM, Bertolini A, and

Guarini S. Involvement of the central nervous system in the pro-
tective effect of melanocortins in myocardial ischaemia/reperfusion
injury. Resuscitation 52: 109-115, 2002.

. Bertolini A, Guarini S, and Ferrari W. Adrenal-independent, anti-

shock effect of ACTH-(1-24) in rats. g J Pharmacol 122:
387-388, 1986.

. Catania A, Cutuli M, Garofalo L, Airaghi L, Valenza F, Lipton JM,

and Gattinoni L. Plasma concentrations and anti-L-cytokine effects
of alpha-melanocyte stimulating hormone in septic patients. Crit
Care Med 28: 1403-1407, 2000.

. Catania A, Gatti S, Colombo G, and Lipton JM. Alpha-melanocyte

stimulating hormone in modulation of inflammatory reactions. Pe-
diatr Endocrinol Rev 1: 101-108, 2003.

. Chakraborty AK, Funasaka Y, Slominski A, Ermak G, Hwang J,

Pawelek JM, and Ichihashi M. Production and release of proopi-
omelanocortin (POMC) derived peptides by human melanocytes
and keratinocytes in culture: regulation by ultraviolet B. Biochim
Biophys Acta 1313: 130-138, 1996.

. Chiao H, Kohda Y, McLeroy P, Craig L, Housini I, and Star RA.

?-Melanocyte-stimulating hormone protects against renal injury af-
ter ischemia in mice and rats. J Clin Invest 99: 1165-1172, 1997.

. Condorelli G, Roncarati R, Ross J Jr, Pisani A, Stassi G, Todaro

M, Trocha S, Drusco A, Gu Y, Russo MA, Frati G, Jones SP, Lefer

DJ, Napoli C, and Croce CM. Heart-targeted overexpression of cas-

pase3 in mice increases infarct size and depresses cardiac function.
L 17: 9977-9982, 2001.

Lo Mol Acod Sei LS4,
. Dickson EW, Blehar DJ, Carraway RE, Heard SO, Steinberg G,

and Przyklenk K. Naloxone blocks transferred preconditioning in
isolated rabbit hearts. LMol Cell Cardiol 33: 1751-1756, 2001.

. Deng J, Hu X, Yuen PS, and Star RA. Alpha-melanocyte-stimu-

lating hormone inhibits lung injury after renal ischemia/reperfu-
sion. TR 169: 749-756, 2004.

oL Besnle Conit Coce Med
. Gerber HP, McMurtrey A, Kowalsk J, Yan M, Keyt BA, Dixit V,

and Ferrara N. Vascular endothelial growth factor regulates cell
survival through the phosphatidylinositol 3’-kinase/Akt signal
transduction pathway. J Biol Chem 273: 33036-33043, 1998.

. Getting SJ. Melanocortin peptides and their receptors: new targets

for anti-inflammatory therapy. Jreuds Pharmacal Sci 23: 447-449,
2002.

. Getting SJ, Christian HC, Lam CW, Gavins FN, Flower RJ, Schioth

HB, and Perretti M. Redundancy of a functional melanocortin 1
receptor in the anti-inflammatory actions of melanocortin peptides:
studies in the recessive yellow (e/e) mouse suggest an important
role for melanocortin 3 receptor. J Immunol 170: 3323-3330, 2003.

. Getting SJ, Di Filippo C, Christian HC, Lam CW, Rossi F, D’Am-

ico M, and Perretti M. MC-3 receptor and the inflammatory mech-
anisms activated in acute myocardial infarct. J Leukoc Biol 76:
845-853, 2004.

Giuliani D, Mioni C, Altavilla D, Leone S, Bazzani C, Minutoli L,
Bitto A, Cainazzo MM, Marini H, Zaffe D, Botticelli AR, Pizzala
R, Savio M, Necchi D, Schioth HB, Bertolini A, Squadrito F, and
Guarini S. Both early and delayed treatment with melanocortin 4
receptor-stimulating melanocortins produces neuroprotection in
cerebral ischemia. Endocrinology 147: 1126-1135, 2006.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

JUHASZ ET AL.

Gong H, Wang W, Kwon TH, Jonassen T, Li C, Ring T, Froki A,
Er J, and Nielsen S. EPO and alpha-MSH prevent ischemia/reper-
fusion-induced down-regulation of AQPs and sodium transporters
in rat kidney. Kidney Int 66: 683-695, 2004.

Green DR and Reed JC. Mitochondria and apoptosis. Science 281:
1309-1312, 1998.

Hancock MB. Visualization of peptide-immunoreactive pro-
cesses on serotonin-immunoreactive cells using two-color im-
munoperoxidase staining. LHigacheom Cutochom 32: 311-314,
1984.

Hatip-Al-Khatib I, Iwasaki K, Chung E H, Egashira N, Mishima
K, and Fujiwara M. Inhibition of poly (ADP-ribose) polymerase
and caspase-3, but not caspase-1, prevents apoptosis and improves
spatial memory of rats with twice-repeated cerebral ischemia. Life
Sci 75: 1967-1968, 2004.

Kajstura J, Cheng W, Reiss K, Clark WA, Sonnenblick EH, Kra-
jewski S, Reed JC. Olivett G, and Anversa P. Apoptotic and
necrotic myocyte cell death are independent contributing variables
of infarct size in rats. Lab Invest 74: 86-107, 1996.

Lipton JM, Zhao H, Ichiyama T, Barsh GS, and Catania A. Mech-
anisms of antiinflammatory action of alpha-MSH peptides: in vivo
and in vitro evidence. Agp N Y Acgd Scj 885: 173-182, 1999.
Lipton JM, Catania A, and Delgado R. Peptide modulation of in-
flammatory processes within the brain. MNeyroizuuuzomaedulation
5: 178-183, 1998.

Luger TA, Scholzen T, and Grabbe S. The role of ?-melanocyte
stimulating hormone in cutaneous biology. Lluvest Rermatol Sumn
Proc 2: 87-93, 1997.

Mallat Z, Tedgui A, Fontaliran F, Frank R, Durigon M, and
Fontaine G. Evidence of apoptosis in arrhythmogenic right ven-
tricular dysplasia. N _Engl J Med 335: 1190-1196, 1996.

Maulik N, Yoshida T, Zu YL, Sato M, Banerjee A, and Das DK.
Ischemic preconditioning triggers tyrosine kinase signaling: a po-
tential role for MAPKAP kinase 2. Am_J Physiol 275:
H1857-H1864, 1998.

Narula J, Pandey P, Arbustini E, Haider N, Narula N, Kolodgie
FD, Dal Bello B, Semigran MJ, Bielsa-Masdeu A, Dec GW, Is-
raels S, Ballester M, Virmani R, Saxena S, and Kharbanda. Apop-
tosis in heart failure: release of cytochrome ¢ from mitochondria
and activation of caspase-3 in human cardiomyopathy. Proc Natl
Acad Sci U S A 14: 8144-8149, 1999.

Rajora N, Ceriani G, Catania A, Star RA, Murphy MT, and Lip-
ton JM. Alpha-MSH production, receptors, and influence on
neopterin in a human monocyte/macrophage cell line. J Leukoc
Biol 59: 248-253, 1996.

Scholzen TE, Brzoska T, Kalden DH, Hartmeyer M, Fastrich M,
Luger TA, Armstrong CA, and Ansel JC. Expression of functional
melanocortin receptors and proopiomelanocortin peptides by hu-
man dermal microvascular endothelial cells. Agp N Y Acad Sci 885:
239-253, 1999.

Schultz JE, Yao Z, Cavero I, and Gross GJ. Glibenclamide-induced
blockade of ischemic preconditioning is time dependent in intact
rat heart. Am J Physiol 272: H2607-H2615, 1997.

Sasaki H, Ray PS, Zhu L, Otani H, Asahara T, and Maulik N. Hy-
poxia/Reoxygenation promotes myocardial angiogenesis via an
NF?B-dependent mechanism in a rat model of chronic myocardial
infarction. LMol Cell Cardiol 33: 283-294, 2001.

Tosaki A and Braquet. P. DMPO and reperfusion injury: arrhyth-
mia, heart function, electron spin resonance, and nuclear magnetic
resonance studies in isolated guinea pig hearts. Am _Heart J 120:
819-830, 1990.

Tosaki A and Das DK. The role of heme oxygenase signaling in
various disorders. Mol Cell Biochem 232: 149-157, 2002.

Van Bergen P, Janssen PM, Hoogerhout P, De Wildt DJ, and Ver-
steeg DH. Cardiovascular effects of gamma-MSH/ACTH-like pep-
tides: structure-activity relationship. Fyr J Pharmacol 294:
795-803, 1995.

Versteeg DH, Van Bergen P, Adan RA, and De Wildt DJ.
Melanocortins and cardiovascular regulation. Fyr J Pharmacol
360: 1-14, 1998.

Vecsernyes M, Juhasz B, Der P, Kocsan R, Feher P, Bacskay I,
Kovacs P, and Tosaki A. The administration of alpha-melanocyte-




CARDIAC PROTECTION WITH ACTH (4-10)

41.

42.

43.

44.

45.

stimulating hormone protects the ischemic/reperfused myocardium.
470: 177-183, 2003.

Vulapalli SR, Chen Z, Chua BH, Wang T, and Liang CS. Car-

dioselective overexpression of HO-1 prevents I/R-induced cardiac

dysfunction and apoptosis. gkttt kamikaiay 253

688-694, 2002.

Yamamoto F, Braimbridge MV, and Hearse DJ. Calcium and car-

dioplegia: the optimal calcium content for the St. Thomas’ Hospi-

tal cardioplegic solution. LlhardeCardigugce Sure 87: 908-912,

1984.

Yaoita H, Ogawa K, Maehara K, and Maruyama Y. Attenuation of

ischemia/reperfusion injury in rats by a caspase inhibitor. Circula-

tion 97: 276-281, 1998.

Wikberg JE, Muceniece R, Mandrika I, Prusis P, Lindblom J, Post

C, and Skottner A. New aspects on the melanocortins and their re-

ceptors. Rharmacol Res 42: 393-420, 2000.

Wu TW, Wu J, Li RK, Mickle D, and Carey D. Albumin-bound

bilirubins protect human ventricular myocytes against oxyradical

damage. Biochem Cell Biol 69: 683-688, 1991.

1861

46. Zou L, Sato N, Attuwaybi BO, and Kone BC. Delayed adminis-
tration of alpha-melanocyte-stimulating hormone or combined ther-
apy with BAY 11-7085 protects against gut ischemia-reperfusion
injury. Shock 20: 469-475, 2003.

Address reprint requests to:

Arpad Tosaki

Department of Pharmacology

Faculty of Pharmacy, Health and Science Center
University of Debrecen

Nagyerdei krt. 98

4032—-Debrecen, Hungary

E-mail: tosaki@Xking.pharmacol.dote.hu

Date of first submission to ARS Central, December 15, 2006;
accepted June 15, 2007.






Thisarticle has been cited by:

1. Somasundaram Arumugam, Ragargjan A. Thandavarayan, Punniyakoti T. Veeraveedu, Takashi Nakamura, Wawaimuli
Arozal, Flori R. Sari, Vijayasree V. Giridharan, Vivian Soetikno, Suresh S. Palaniyandi, Meilei Harima, Kenji Suzuki, Masaki
Nagata, Makoto Kodama, Kenichi Watanabe. 2012. Beneficial effects of edaravone, anovel antioxidant, in rats with dilated
cardiomyopathy. Journal of Cellular and Molecular Medicine 16:9, 2176-2185. [ CrossRef]

2. Daniela Giuliani, Letteria Minutoli, Alessandra Ottani, Luca Spaccapelo, Alessandra Bitto, Maria Galantucci, Domenica
Altavilla, Francesco Squadrito, Salvatore Guarini. 2012. Melanocortins as potentia therapeutic agents in severe hypoxic
conditions. Frontiersin Neuroendocrinology 33:2, 179-193. [ CrossRef]

3. Angelique A. M. van Oorschot, Anke M. Smits, Evangelia Pardali, Pieter A. Doevendans, Marie-José Goumans. 2011. Low
oxygen tension positively influences cardiomyocyte progenitor cell function. Journal of Cellular and Molecular Medicine
15:12, 2723-2734. [ CrossRef]

4. Alessandra Ottani, Daniela Giuliani, Maria Galantucci, Luca Spaccapelo, Ettore Novellino, Paolo Grieco, Jerzy Jochem,
Salvatore Guarini. 2010. Melanocortins counteract inflammatory and apoptotic responses to prolonged myocardial ischemia/
reperfusion through a vagus nerve-mediated mechanism. European Journal of Pharmacology 637:1-3, 124-130. [ CrossRef]

5. BelaJduhasz , Rudolf Gesztelyi , Arpad Tosaki Some Useful Methodsfor the Detection of Redox Signaling in Various Organs
166-174. [Abstract] [Summary] [Full Text PDF] [Full Text PDF with Links]

6. Dipak K. Das Methods in Redox Signaling . [Citation] [Full Text HTML] [Full Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1111/j.1582-4934.2012.01526.x
http://dx.doi.org/10.1016/j.yfrne.2012.04.001
http://dx.doi.org/10.1111/j.1582-4934.2011.01270.x
http://dx.doi.org/10.1016/j.ejphar.2010.03.052
http://dx.doi.org/10.1089/9781934854068.166
http://online.liebertpub.com/doi/sum/10.1089/9781934854068.166
http://online.liebertpub.com/doi/pdf/10.1089/9781934854068.166
http://online.liebertpub.com/doi/pdfplus/10.1089/9781934854068.166
http://dx.doi.org/10.1089/9781934854068
http://online.liebertpub.com/doi/full/10.1089/9781934854068
http://online.liebertpub.com/doi/pdf/10.1089/9781934854068
http://online.liebertpub.com/doi/pdfplus/10.1089/9781934854068

