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Prolonged oxytocin treatment in rats affects intracellular signaling

and induces myocardial protection against infarction
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Introduction

Abstract. Oxytocin is a hormone, which is released into the circulation in response to acute or
chronic stress stimuli. One of the important targets of oxytocin is cardiovascular system. Present
studies were aimed at testing the hypothesis that prolonged treatment with oxytocin (simulation
of stress-induced rise in circulating oxytocin) activates intracellular signaling pathways playing a role
in ischemia/reperfusion injury. Furthermore, we tested protective effects of oxytocin treatment in
vivo against cardiac injury induced by ischemia/reperfusion of isolated hearts. Male Wistar rats were
treated with oxytocin or vehicle continuously via osmotic minipumps for 2 weeks. The hearts were
used for biochemical measurements or isolated for Langendorff perfusion. Treatment with oxytocin
resulted in a significant increase in specific phosphorylation (activation) of p38-MAPK and Akt
kinase, an increase in phosphorylated Hsp27 and an elevation in atrial natriuretic peptide (ANP)
levels in left ventricular heart tissue. There were no significant changes in the activation of MMP-2
and ERK in the left heart ventricle of oxytocin-treated rats. Postischemic recovery of functional
parameters LVDP, RPP, +dP/dtmax and -dP/dtmax was better in the hearts of oxytocin-treated
rats compared to that in the controls. Oxytocin treatment significantly reduced infarct size to 15.1
+3.2% as compared to 32.4 + 3.5% in vehicle-treated rats (p < 0.01). This is the first evidence for
cardioprotective effects of oxytocin administered in vivo simulating chronic stress-induced elevation
in plasma oxytocin. The present results show that positive effects of oxytocin that may ameliorate
negative consequences of stress on the heart are, at least in part, mediated through p38-MAPK and
Akt kinase pathways.
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Abbreviations: ANP, atrial natriuretic peptide; CFE, coronary flow; ERK, extracellular signal-regulated
protein kinase; HR, heart rate; Hsp, heat shock protein; IS, infarct size; LVDP, left ventricular developed
pressure; LVEDDP, left ventricular end-diastolic pressure; MAPK , mitogen-activated protein kinase;
MMP, matrix metalloproteinase; PI3K, phosphatidylinositol-3 kinase; RPP, rate-pressure product.

Oxytocin may be considered a typical stress hormone
responding to several acute and chronic stress stimuli and
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has a great array of physiological activities in the periphery
(Jezova et al. 1995; Ondrejcakova et al. 2010). Cardiovascu-
lar system belongs to important targets of oxytocin action
that is supported by the presence of oxytocin receptors in the
heart (Gutkowska et al. 1997) and vascular endothelial cells
(Thibonnier et al. 1999; Jankowski et al. 2000). Cardiovascu-
lar effects of oxytocin include its influence on blood pressure
(Costa-E-Sousa et al. 2005; Bakos et al. 2008), heart rate
and contractility (Ondrejcakova et al. 2009). Moreover, in
agreement with described protective action of oxytocin on
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renal and liver tissue injury (Tugtepe et al. 2007; Diistinceli
et al. 2008), we have shown that oxytocin exerts beneficial
effects on myocardial injury induced by ischemia/reper-
fusion in isolated rat heart (Ondrejcakova et al. 2009).
This finding was supported by the data of Houshmand et
al. (2009) who used acute in situ treatment with oxytocin
in anesthetized rats. The mechanisms responsible for car-
dioprotective action of oxytocin are not understood. So far,
the involvement of negative chronotropic action of oxytocin
(Ondrejcakova et al. 2009) and activation of mitochondrial
ATP-dependent potassium channels (Alizadeh et al. 2010)
has been suggested. Oxytocin treatment prior to myocardial
infarction can modify several other pathways playing a role
in ischemia/reperfusion injury, such as enzyme systems
of protein kinases (Ravingerova et al. 2003; Simoncikova
etal. 2008). For example, an association between increased
activation of some mitogen-activated protein kinases
(MAPKs) and cardioprotection has been proposed (Yue et
al. 2002) and the cascade of phosphatidylinositol-3 kinase
(PI3K)/Akt is known for its antiapoptotic effects (Miya-
moto et al. 2009). The aim of the present studies was to
test the hypothesis that simulation of stress-induced rise
in circulating oxytocin (treatment with oxytocin for two
weeks) stimulates selected intracellular signaling pathways
in the myocardial tissue. Furthermore, we have verified the
hypothesis that prolonged treatment with oxytocin in vivo
exerts protective effects against cardiac injury induced by
ischemia/reperfusion.

Materials and Methods

Animals

Adult male Wistar (350-490 g) rats (AnLab s.r.o., Prague,
Czech Republic), were used in this study. They were
kept under standard housing conditions with a constant
12:12 h light/dark cycle (lights on at 06.00 h) and tempera-
ture (22 + 2°C). Food and water were available ad libitum.
Principles of laboratory animal care and all procedures were
approved by the Animal Health and Animal Welfare Divi-
sion of the State Veterinary and Food Administration of the
Slovak Republic and conformed to the NIH Guidelines for
the Care and Use of Laboratory Animals.

Treatment and implantation of osmotic minipumps

The animals were randomly assigned to vehicle- (n = 15),
and oxytocin-treated groups (n = 17). Oxytocin (Oxytocin,
H-2510, Bachem, Switzerland) or vehicle (saline) were
continuously administered via osmotic minipumps (Model
2002, Alzet, Alza Corp., USA) for 2 weeks. Implantation
of osmotic minipumps was carried out under combined

ketamine (Narkamon 5%, 1.2 ml/kg) and xylazine (Rome-
tar 2%, 0.4 ml/kg) anesthesia. Minipumps were implanted
subcutaneously as described previously (Hlavacova and
Jezova 2008; Eckertova et al. 2011). Following implantation
of osmotic minipumps, the rats were housed individually.
The minipumps delivered oxytocin at the dose of 3.6 ug/
100 g body weight/day. Oxytocin was dissolved in isotonic
saline. Control animals received minipumps that contained
vehicle only.

Experimental protocols

On the 14th day following minipumps implantation, vehi-
cle- (n = 8) and oxytocin-treated (n = 8) rats were killed by
decapitation in the morning between 10.00-12.00 h. Heart
ventricles were quickly removed, frozen in liquid nitrogen
and stored at —70°C until use.

Other groups of animals treated with vehicle (n =7) and
oxytocin (n = 9) were anesthetized, hearts were rapidly ex-
cised, placed in ice-cold perfusion buffer and mounted on
the perfusion apparatus for the investigation of the physi-
ological parameters. The hearts were perfused for an initial
15-min stabilization period (baseline) and subjected to 25
min of global ischemia followed by reperfusion. Contractile
parameters of the heart function were measured until 40 min
of reperfusion which lasted 120 min. Thereafter the hearts
were processed for the infarct size determination.

Perfusion technique

The hearts were cannulated via the aorta and perfused in
the Langendorff mode at a constant perfusion pressure as
described previously (Ondrejcakova et al. 2009). Shortly,
the perfusion solution was a modified Krebs-Henseleit
buffer gassed with 95% O, and 5% CO, (pH 7.4). Heart
rate (HR) was calculated from the epicardial electrogram,
which was continuously recorded (Mingograph ELEMA-
Siemens, Solna, Sweden). Coronary flow was measured by
a collection of coronary effluent. Left ventricular pressure
was measured by means of a latex water-filled balloon
inserted into the left ventricle (adjusted to obtain diasto-
lic pressure of 5-7 mmHg) and connected to a pressure
transducer (P23 Db Pressure Transducer, Gould Statham
Instruments, USA). Left ventricular developed pressure
(LVDP, systolic minus diastolic pressure), left ventricular
end-diastolic pressure (LVEDP), maximal rates of pressure
development and fall (+dP/dt;,,x and —dP/dt,,y) as the
indexes of contraction and relaxation, rate-pressure prod-
uct (RPP, LVDP x HR) as well as the HR and coronary flow
(CF) were used to assess cardiac function. Postischemic
recovery of function after ischemia/reperfusion was ex-
pressed as percentage of preischemic baseline values or
in absolute values (mmHg) for LVEDP.
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Infarct size determination

The infarct size was visualized by staining with 2,3,5-triphe-
nyl-tetrazolium chloride (1%; Sigma, St. Louis, MO, USA)
and determined by a computerized planimetric method as
described previously (Ondrejcakova et al. 2009). The infarct
size (IS) area was normalized to the size of the left ventricle
(LV) area (IS/LV) and expressed as percentage. The mean
value of IS/LV in all sections in one heart was treated as one
value and used for group statistics.

Preparation of protein fractions

The tissues from LV of control and oxytocin-treated rats were
resuspended in ice-cold homogenization buffer contain-
ing 20 mmol/l Tris-HCI, 250 mmol/l sucrose, 1.0 mmol/l
EGTA, 1.0 mmol/l dithiothreitol (DTT), 1.0 mmol/l phe-
nylmethylsulfonylfluoride (PMSF) and 0.5 mmol/l sodium
orthovanadate (resulting pH 7.4) and homogenized with
a Teflon glass homogenizer. The homogenates were centri-
fuged at 800 x g for 5 min at 4°C and the supernatants were
centrifuged again at 16,100 x g for 30 min. The final super-
natants representing soluble fraction were used for further
analysis. The protein concentrations were measured by the
method of Bradford (1976). Quantification of protein levels
and/or activation was done using Phosphorimager Thyphoon
(Amersham Biosciences).

Electrophoresis and immunochemical Western blot analysis

Samples of protein fractions containing equivalent amounts
of proteins per lane were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
After electrophoretic separation, proteins were transferred
to nitrocellulose membrane for Western blot assays. The
quality of transfer was controlled by Ponceau S staining
of nitrocellulose membranes after transfer and protein
loading was controlled using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a housekeeper. After incuba-
tion of membranes with specific primary and secondary
antibodies, the bound antibodies were detected by enhanced
chemiluminescence (ECL) method.

Specific primary and secondary antibodies used for im-
munodetection of proteins were obtained from Santa Cruz
Biotechnology (anti-ERK-2: rabbit polyclonal, anti-p38-
MAPK: rabbit polyclonal, anti- Akt: rabbit polyclonal, anti-
GAPDH: rabbit polyclonal, anti-MMP-2: rabbit polyclonal),
Cell Signaling Biotechnology (anti-phospho-ERK: rabbit
polyclonal (Thr202/Tyr204), anti-phospho-p38-MAPK:
rabbit polyclonal (Thr180/Tyr182), anti-phospho-Akt: rabbit
polyclonal (Ser473), anti-phospho-Hsp27: rabbit polyclonal
(Ser82), peroxidase-labelled anti-rabbit imunoglobulin) and
Chemicon International(anti- ANP: rabbit polyclonal). In the

case of enzymes, both non-phosporylated and phosphor-
ylated forms were determined. The ratio between the levels
of phosphorylated and non-phosphorylated forms reflects
the activation of the enzyme.

Measurement of matrix metalloproteinase (MMP) activities
by gelatin zymography

The gelatinolytic activities of MMP were determined by the
modified method of Schénbeck et al. (1997). Laemmli buffer
without 2-mercaptoethanol in proportion 1:1 was added to
protein samples and non-heated samples were subjected to
electrophoresis on 10% SDS-polyacrylamide gels co-polym-
erized with gelatin (2 mg/ml). After electrophoresis, gels were
washed twice for 20 min each with 50 mmol/l Tris-HCI (pH
7.4), containing 2.5% Triton X-100, at 25°C. After wash-
ing, the gels were incubated overnight at 37°C in substrate
buffer containing 50 mmol/l Tris-HCI, 10 mmol/l CaCl,
and 1.25% Triton X-100, pH 7.4. After this incubation, the
gels were stained with 1% Coomassie Brilliant Blue G-250,
resolved in mixture of methanol : acetic acid : water (4:1:5)
at room temperature for 2 hours and then destained with
40% methanol and 10% acetic acid. Gelatinolytic activities
of matrix metalloproteinase-2 (MMP-2) were detected as
transparent bands against dark blue background.

Statistical evaluation

Two-way analysis of variance (ANOVA) for repeated meas-
ures or Student’s ¢-test were used for comparison of differ-
ences in variables among the groups (treatment). Data were
expressed as means + SEM. Differences were considered
significant at p < 0.05.

Results

Influence of oxytocin treatment on MAPKs signaling
pathways

Analysis with an antibody specific for p38-MAPK showed
that prolonged release of oxytocin via osmotic minipumps
failed to influence protein levels of cytosolic p38-MAPK in
the left heart ventricle (Fig. 1A). However, treatment with
oxytocin resulted in a significant increase (p < 0.05) in spe-
cific phosphorylation (activation) of cytosolic p38-MAPK
in left ventricular heart tissue (Fig. 1B,C). The activation
of p38-MAPK pathway was confirmed also by the determina-
tion of phosphorylated Hsp27, a physiological substrate for
MAP kinase-activated protein kinase 2, which is activated
by p38-MAPK. Phosphorylated Hsp27 in the left ventricular
tissue was significantly increased (p < 0.05) in the hearts
of oxytocin-treated animals (Fig. 2A,B,C).
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Analysis of extracellular signal-regulated protein kinases
(ERKs), other members of MAPKs signaling, showed that
oxytocin treatment failed to influence both protein levels
and activation of ERKs in left heart ventricular tissue (data
not shown).

Influence of oxytocin on PI3K/Akt signaling pathway

Analysis with the antibody specific for Akt kinase revealed
no differences in the levels of Akt kinase in the left heart
ventricle between oxytocin- and vehicle-treated rats (Fig.
3A). On the other hand, detection with a phosphospecific
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Figure 1. Influence of oxytocin on p38-MAPK signaling pathway.
A. Western blot record showing protein levels of cytosolic p38-
MAPK in the left heart ventricle of control and oxytocin-treated
rats. The arrow on the right shows the position of p38-MAPK.
B. The changes in specific phosphorylation of cytosolic p38-MAPK
in the left heart ventricle of control and oxytocin-treated rats. The
p38-MAPK activation was determined using dual phospho-specific
antibody (Thr180/Tyr182). The arrow on the right shows the posi-
tion of activated enzyme. C. The quantification of cytosolic p38-
MAPK phosphorylation in the left heart ventricle of control and
oxytocin-treated rats. Data were obtained from Western blot records
and are expressed as a ratio of the amount of phosphorylated, acti-
vated p38-MAPK to total p38-MAPK. Each bar represents mean +
SEM. * p < 0.05 vs. control group. C, control group; Ox, oxytocin-
treated group; P-p38-MAPK, phosphoprylated p38-MAPK.

antibody (Ser473) showed increased activation of Akt kinase
(Fig. 3B,C) in left ventricular heart tissue of oxytocin-treated
rats as compared with untreated controls (p = 0.05).

Influence of oxytocin treatment on atrial natriuretic peptide

Prolonged exposure of rats to the action of oxytocin led to
an increase in the levels of atrial natriuretic peptide (ANP)
in the left ventricular heart tissue of oxytocin-treated
animals (Fig. 4 A,B) compared with vehicle-treated group
(p < 0.05).
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Figure 2. Influence of oxytocin on phosphorylation of Hsp27.
A. Western blot record showing levels of cytosolic specific (Ser82)
phosphorylated Hsp27 (P-Hsp27) in the left heart ventricle
of control and oxytocin-treated rats. The arrow on the right shows
the position of P-Hsp27. B. Record showing the protein levels
of cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
in the left heart ventricle of control and oxytocin-treated rats. C. The
quantification of cytosolic Hsp27 phosphorylation in the left heart
ventricle of control and oxytocin-treated rats. Western blot data
obtained for P-Hsp27 were normalized to the levels of GAPDH
(housekeeper). Each bar represents mean + SEM. * p < 0.05 oxy-
tocin-treated vs. control group. For abbreviations see Fig. 1.
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Influence of oxytocin treatment on MMP-2

The effects of oxytoxin on protein levels of MMP-2 were
determined using antibody that detects 63 kDa (active
MMP-2) and 72 kDa (pro-MMP-2) forms of MMP-2. There
were no differences in protein levels of MMP-2 in left heart
ventricular tissue between the control and oxytocin-treated
rats (data not shown). MMPs activities evaluated by zymo-
graphic analysis in polyacrylamide gels containing gelatin
as a substrate, showed mainly the enzymatic gelatinolytic
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Figure 3. Influence of oxytocin on PI3K/Akt kinase signaling
pathway. A. Western blot record showing protein levels of cytosolic
Aktkinase in the left heart ventricle of control and oxytocin-treated
rats. The arrow on the right shows the position of Akt kinase. B. The
changes in specific phosphorylation of cytosolic Akt kinase in the
left heart ventricle of control and oxytocin-treated rats. The Akt
kinase activation was determined using phospho-specific antibody
(Ser473). The arrow on the right shows the position of this activated
enzyme. C. The quantification of cytosolic Akt kinase phosphoryla-
tion in the left heart ventricle of control and oxytocin-treated rats.
Data were obtained from Western blot records and are expressed
as aratio of amount of phosphorylated, activated Akt kinase to
total Akt kinase. Each bar represents mean + SEM. * p = 0.05 vs.
control group. P-Akt, phosphorylated Akt kinase. For other ab-
breviations see Fig. 1.

activity of 72 kDa form of pro-MMP-2. Similarly, there were
no significant differences in the activities of MMP-2 in left
heart ventricle of oxytocin-treated rats compared to those
in the controls (data not shown).

Influence of oxytocin treatment on physiological parameters
of the isolated heart

Physiological parameters of the hearts prior to ischemia
are summarized in Table 1. There were no significant
differences in baseline functional parameters between
the groups.

Postischemic recovery of LVDP (Fig. 5A) and RPP
(Fig. 5B) was better in the hearts of oxytocin-treated rats
compared to their timecourse in the controls. Statistical
analysis by two-way Anova for repeated measures revealed
significantly higher values of LVDP (F(j 14) = 7.35, p <
0.05 for factor group) and RPP (F(j 14y = 5.1397, p < 0.05
for factor group) in oxytocin-treated animals compared
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Figure 4. Influence of oxytocin on protein levels of atrial natriu-
retic peptide (ANP). A. Western blot record showing protein
levels of cytosolic ANP in the left heart ventricle of control and
oxytocin-treated rats. The arrow on the right shows the position
of ANP. B. The quantification of cytosolic ANP protein levels in
the left ventricular heart tissue of control and oxytocin-treated
rats. Western blot data obtained for ANP were normalized to
levels of GAPDH (housekeeper). Each bar represents mean +
SEM. * p < 0.05 oxytocin-treated vs. control group. For abbrevia-
tions see Fig. 1.
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to those in controls. Similarly, maximal postischemic re-
covery of +dP/dty,,x and —dP/dt,,,x measured at 40 min
of reperfusion was significantly higher (p < 0.05) in the
hearts of oxytocin-treated rats compared to that in the
controls (Fig. 5C,D).

After ischemia, the values of LVEDP were significantly
lower (p < 0.05) in the hearts of oxytocin-treated animals
compared to those in the controls during the initial 40 min-
utes of reperfusion period (Fig. 6A). Statistical analysis by
two-way ANOVA for repeated measures revealed a statistical
significant effect (F(j,14)= 5.6, p < 0.05 for factor group).
There were no differences in CF recovery between the hearts
of oxytocin- and vehicle-treated rats during reperfusion
(data not shown).
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Influence of oxytocin treatment on the size of infarction in
the isolated heart

The effect of oxytocin treatment on the size of infarction
induced by ischemia/reperfusion is shown in Fig. 6B. Pre-
treatment of rats with oxytocin significantly reduced infarct
size to 15.1 + 3.2 % as compared to 32.4 + 3.5 % in vehicle-
treated rats (p < 0.01).

Discussion

The results of the present study show that two-week treat-
ment with oxytocin activates intracellular PI3K/Akt kinase
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Figure 5. Effect of oxytocin on postischemic recovery of heart contractile function. A. Timecourse of left ventricular developed pressure
(LVDP) recovery, in % of baseline values. B. Timecourse of rate-pressure product (RPP) recovery, in % of baseline values. C. Maximal rates
of pressure development (+dP/dt,,,y) at 40 min of reperfusion, in % of baseline values. D. Maximal rates of pressure fall (~dP/dt,,y) at 40 min
of reperfusion, in % of baseline values. Data are means + SEM. * p < 0.05, ** p < 0.01 vs. control group. For other abbreviations see Fig. 1.
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Table 1. Preischemic functional parameters of the isolated perfused rat heart of oxytocin-treated rats and control animals

Group HR CF ' LVEDP LVDP RPP —dP/dtmax  +dP/dtmax

(bpm) (ml/min) (mmHg) (mmHg) (bpm x mmHg) (mmHg/s) (mmHg/s)
Control 264 + 12 15+1.2 3.5+0.2 85.5+7.5 22731 £ 2398 2862 + 148 3309 = 390 9
Oxytocin-treated 263 +17 152+14 3.8+0.3 78.1+7.3 20811 + 2623 2691 + 145 3337 £ 414 7

CF, coronary flow; HR, heart rate; LVDP, left ventricular developed (systolic minus diastolic) pressure; LVEDDP, left ventricular end-
diastolic pressure; —dP/dtmax, maximal rate of pressure fall; +dP/dtmax, maximal rate of pressure development; RPP, rate pressure

product. Data are means + SEM.

and p38-MAPK signaling pathways in the left heart ven-
tricle as demonstrated by enhanced specific phosphoryla-
tion of p38-MAPK, Hsp27 and Akt kinase. In addition,
increased levels of ANP were observed in the left heart
ventricle of oxytocin-treated rats. Oxytocin treatment failed
to influence activities of ERKs. Importantly, reduced size
of infarction induced by ischemia/reperfusion and improved
postischemic cardiac functional recovery were observed in
rats treated with oxytocin for two weeks.

Increased Akt kinase phosphorylation indicates that
prolonged increase in circulating oxytocin results in an ac-
tivation of PI3K/Akt signaling pathway. The information on
modulatory effects of oxytocin on this signaling pathway is
scarce. In human umbilical vein endothelial cells, incubation
with oxytocin led to increased Akt kinase phosporylation
(Cattaneo et al. 2008). The PI3K/Akt pathway has been sug-
gested to be involved in the oxytocin effects on the process
of angiogenesis (Cattaneo et al. 2009). In the heart, PI3K/Akt
signaling pathway was found to play an important role in
responses of the heart to ischemia/reperfusion and in the
mechanisms of heart adaptation to pathological situations
(Hauselnoy et al. 2004; Strniskova et al. 2006; Spanikova et
al. 2010). Moreover, PI3K/Akt kinase cascade is implicated
in the processes of cell survival and metabolic control, and
its activation was also found to play a role in infarct size-
limiting mechanisms in the rat heart (Ravingerova et al.
2007). In spite of this knowledge, possible effects of oxytocin
on this pathway in the heart are unknown. The only study
available demonstrated an increase in phosphorylated Akt
kinase in the hearts of rats injected with oxytocin postinf-
arction on day 2 and 14 (Kobayashi et al. 2009). The present
study demonstrates that prolonged treatment with oxytocin
activates PI3K/Akt kinase cascade in the healthy heart which
can explain cardioprotective effects of oxytocin observed
previously following acute administration before ischemia
in isolated hearts (Ondrejcakova et al. 2009) or anesthetized
rats (Alizadeh et al. 2010) as well as following prolonged
administration of oxytocin via minipumps found in the
present experiments.

Presented data further show an activation of p38-MAPK
pathway reflected by elevated levels of phosphorylated p38-
MAPK and Hsp27 proteins in the left heart ventricle induced

by prolonged treatment with oxytocin. The role of p38-
MAPK in ischemia/reperfusion injury is rather controversial
(Barancik et al. 2000; Ravingerova et al. 2003), however, some
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Figure 6. Effect of oxytocin on postischemic diastolic dysfunction
and lethal myocardial injury. A. Timecourse of recovery of LVEDP.
B. Effect of oxytocin on the size of myocardial infarction after
25-min global ischemia and 120-min reperfusion. Infarct size (IS)
was normalized to the size of area at risk (LV) and expressed as
percentage. Data are means + SEM. ** p < 0.01 vs. control group.
For other abbreviations see Fig. 1.
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studies demonstrated the beneficial role of its activation in
the mechanisms of cardioprotection in rats (Mocanu et al.
2000). To our knowledge, no information is available on
oxytocin influence on p38-MAPK in the heart. Increased
activation or no influence of oxytocin on p38-MAPK sign-
aling was described in myometrial or endometrial cells in
vitro (Burns et al. 2001; Devost et al. 2008). The activation
of p38-MAPK can lead to the phosphorylation of small heat-
shock protein Hsp27. With regard to this protein, a study
using immunoblotting detected marked changes in Hsp27
phosphorylation at labor. The functional significance of these
changes was demonstrated in vitro where myometrial strips
stimulated to contract with oxytocin exhibited increased
Hsp27-Serl5 phosphorylation (Maclntyre et al. 2008).
Overexpression of Hsp27 in transgenic mice (Efthymiou et
al. 2004) was found to protect the myocardium by reducing
infarct size after ischemic injury. Thus, increased activation
of both p38-MAPK and Hsp27 protein observed in the
present study may indicate involvement of these proteins in
cardioprotective potential of oxytocin. Moreover, increased
activation of p38-MAPK pathway may be, at least partially,
responsible for oxytocin-induced increase in the heart weight
without apparent enhancement of cell proliferation observed
in our previous study (Ondrejcakova et al. 2010).

Kobayashi et al. (2009) demonstrated an increase in
phosphorylated ERK in the hearts of rabbits injected with
oxytocin postinfarction. Present experiments in rats failed
to demonstrate an influence of oxytocin treatment on the
activation of ERKs, which play an important role in cell pro-
liferation and differentiation. It appears that administration
of oxytocin has no influence on ERK pathway and MMP-2
under physiological conditions.

The results of the present study show that prolonged
treatment of rats with oxytocin leads to increased levels
of ANP in the left heart ventricle. This is consistent with
the findings of Gutkowska et al. (2000), showing the ability
of oxytocin to release ANP from isolated perfused hearts. The
mentioned authors have suggested that ANP is involved in the
mediation of oxytocin action on the heart (Gutkowska et al.
1997). On the other hand, prolonged treatment with oxytocin
postinfarction reduced the expression of atrial and brain
natriuretic peptides in the infarcted ventricle, as well as the
concentration of both peptides in the circulation (Jankowski
et al. 2010). Based on present data it may be suggested that
increased levels of ANP in the left ventricle induced by
oxytocin treatment are mediated through activation of Akt
kinase signaling pathway. This suggestion is supported also by
the results of a recent study showing contribution of activated
(phosphorylated) Akt kinase to enhanced expression of ANP
in left ventricular cardiomyocytes (Horikawa et al. 2011).

Present study shows that prolonged oxytocin treatment
improved postischemic recovery of functional parameters
of the heart and led to the reduction of the infarct size. The

observed changes in the above mentioned pathways indicate
their potential role in oxytocin-mediated protection of the
heart against ischemia/reperfusion injury that has not yet
been demonstrated in vivo. As stated above, there are no
reports on the effects of prolonged pretreatment of rats with
oxytocin on the size of myocardial infarction. Single injection
of oxytocin in anesthetized rats prior to regional myocardial
ischemia provided myocardial protection against reperfusion
injury by decreasing infarct size (Houshmand et al. 2009;
Alizadeh et al. 2010). However, in these studies, no significant
differences were observed between the control and oxytocin-
treated rats during reperfusion in the hemodynamic param-
eters measured with the exception of a significant increase in
rate-pressure product. Apparently, oxytocin treatment can in-
duce positive effects on the heart even when it is administered
at the time or after the exposure to ischemia (Kobayashi et al.
2009; Jankowski et al. 2010). It may be argued that long-term
treatment with oxytocin has influence on oxytocin receptors.
Indeed, prolonged administration of oxytocin can result in
up-regulation of oxytocin receptor mRNA (Ahmed et al.
2011). It is not contradictory to the conclusions of the present
study because activation of oxytocin receptors induced by
oxytocin treatment was associated with positive effects on
the heart (Kobayshi et al. 2009).

It should be underlined that the dose of oxytocin and the
treatment schedule used in the present study were the same
in our previous experiments (Ondrejcakova et al. 2010)
which demonstrated that the resulting plasma oxytocin
levels are approaching those which may be observed during
intensive stress situations. We hypothesize that similarly as
shown for acute stress stimuli (Moghimian et al. 2011), oxy-
tocin released during chronic stress ameliorates the negative
consequences of stress on the heart.

In conclusion, prolonged treatment with oxytocin under
physiological conditions in vivo leads to activation of p38-
MAPK and PI3K/Akt kinase, reduction of the infarct size
and improved postischemic recovery of heart function. The
present results show that positive effects of oxytocin that
may ameliorate negative consequences of stress on the heart
are, at least in part, mediated through p38-MAPK and Akt
kinase pathways.
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