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Apelin is a novel peptide that has recently been established as the only known ligand
for the APJ receptor. Apelin has an important regulatory role in cardiovascular
homeostasis. Despite recent advances in the understanding of the cardiovascular
effects of the apelin-APJ system, the myocardial protective effects of treating
with apelin before resuscitation following hemorrhagic shock has not been
investigated. The present study investigated the myocardial protective effects of
apelin on preventing myocardial contractile dysfunction after hemorrhagic shock.
Methods: Male Sprague Dawley rats (300-350 gm) were assigned to 3 experimental
groups (n= 6 per group): Normotensive rats (N); Hemorrhagic shock rats (HS);
Hemorrhagic shock rats treated with apelin-13 (HS-AP). Rats were hemorrhaged
over 60 min to reach a mean arterial blood pressure of 40 mmHg. Rats were treated
with 1 ml of 10 nm /L apelin-13 intra-arterially after 60 min hemorrhagic shock.
Resuscitation was performed in vivo by the reinfusion of the shed blood for 30
min to restore normo-tension. Left ventricular contractile function was measured
in the isolated hearts following hemorrhage and in vivo resuscitation using the
Langendorff apparatus. Results. Hemorrhagic shock rats treated with AP exhibited
a significant increase in left ventricular generated pressure LVGP (111.20 = 9.19
mmHg) and + dP/dtmax (589.6 = 110.68 mmHg/sec) compared with the untreated
group. Conclusion. Treatment with apelin before resuscitation improved myocardial
contractile function in a hemorrhagic shock model in rats.
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Introduction

Hemorrhagic shock and resuscitation is well known
to result in myocardial contractile dysfunction and
failure (Kline, et, al., 1999). Apelin is a novel
endogenous ligand for the G-protein-coupled
receptor APJ. G protein-coupled receptors (GPCRs)
represent the largest group of transmembrane
proteins responsible for transduction of diverse
array of extracellular signals (Szokodi , et, al.,
2002).Apelin was first isolated from bovine
stomach extracts by (Tatemoto , et, al., 1998);
and (Tatemoto, et, al., 1998). At least four forms
of the peptide have been isolated, apelin-12, -13,
-17 and -36 (Hosoya, et, al., 2000); and (Szokodi,
et, al., 2002). Both apelin and APJ mRNA are
highly expressed in the cardiovascular system in
both humans and rats (Hosoya, et, al., 2000); and
(Szokodi, et, al., 2002). There are similarities in
amino acid sequence and tissue distribution with
angiotensinogen and the angiotensin II receptor
type 1 (AT,). On the basis of these findings, several
experimental studies have shown the physiological
role of apelin in the cardiovascular system.

Apelin is the recently discovered angiotensin
receptor like-1 (APJ), which potentially regulates
heart function (Hosoya, et, al., 2000). Apelin
and APJ are widely expressed throughout the
cardiovascular system (Lee, et, al, 2000); and
(Farkasfalvi, et, al., 2007). Ex vivo as well as in
vivo studies identified apelin as one of the potent
inotropic substances (Szokodi, et, al, 2002).
Studies have shown that apelin has positive
inotropic effects in vivo in both normal rat hearts
and rat hearts in failure after myocardial infarction
(Szokodi, et, al., 2002); (Ashley, et, al., 2005).
(Szokodi, et, al., 2002) used isolated perfused rat
hearts,where infusion of apelin (0.01 to 10 nmol/L)
induced a dose-dependent positive inotropic
effect(Szokodi, et, al., 2002). A plasma level of
apelin has been shown to decrease in patients
with heart failure (Kleinz and Davenport, 2005).
Despite recent advances in the understanding of the
cardiovascular effects of the apelin-APJ system,
the myocardial protective effects of treating with
apelin before resuscitation following hemorrhagic
shock has not been investigated. The present study
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will investigate the myocardial protective effects of
in vivo treatment with apelin before resuscitation
following hemorrhagic shock in rats.

Materials and Methods

(1) Surgical Procedure

Male Sprague- Dawley rats were injected intra-
peritonealy (i.p.) with heparin sodium 2000 .U
15 minutes prior to anesthesia. The rats were then
anaesthetized using urethane 125mg/kg intra-
peritonealy. The left carotid artery was cannulated
using polyethylene tubing size 60, and was
connected to an in-line pressure transducer for
continuous blood pressure monitoring. Animals
were allowed to stabilize for a period of 30
minutes. The animals were assigned randomly to
hemorrhagic treated, untreated, or similar time
matched control groups (n = 6 per group).

(2) Hemorrhage and Resuscitation

Rats were hemorrhaged using a reservoir (a 10 ml
syringe) that is connected to the arterial (carotid
artery) three way stopcocks. Opening the stopcock
and aspirating gently and gradually with the
syringe induced hemorrhage. Blood was aspirated
at a rate of 1 ml/min. Blood was continuously
withdrawn or re-infused to the animal to maintain a
mean arterial pressure of approximately 40 mmHg.
The same surgical procedure were performed
as for the sham hemorrhage group except rats
were not be hemorrhaged. This group served as
the time-matched control group to compare the
data from the hemorrhage group. After 60 min
hemorrhage period, hearts were resuscitated in
vivo, by reinfusion of the shed blood to restore
normotension and blood pressure were monitored
for 30 min. Rats were either treated or not with
intra-arterial injection of apelin-13.

(3) Harvest and Ex-vivo Perfusion of Hearts

Hearts were harvested and perfused ex-vivo
for hemodynamic measurements using the
Langendorff system. Hearts were perfused with
normal physiological buffer KHB solution for
60 minutes. Sub-xiphoid, transverse incision was
made in the abdomen and extended superiorly
along both mid-axillary lines. The diaphragm was
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carefully transected along its ventral margin and
the ventral rib cage was lifted revealing the beating
heart. Hearts were excised quickly and placed into
ice physiologic saline to arrest the heart. Hearts were
attached by the aorta to the proper size cannula in
the Langendorft system. The hearts were perfused
with non-circulating Krebs-Henseleit-Bicarbonate
(KHB) bufter consisting of the following (in mM):
sodium chloride, 118; calcium chloride, 1.25;
potassium chloride, 4.7; sodium bicarbonate, 21;
magnesium sulphate, 1.2; glucose, 11; potassium
biphosphate, 1.2; and EDTA, 0.5. An apical stab
incision was made in the left ventricle using a # 15
scalpel blade. A saline- filled cellophane balloon-
tipped catheter was placed into the left ventricle
(LV) via the mitral valve and was used to measure
LV pressure and balloon volume. LV and perfusion
pressures were measured using transducers placed
at the levels of the heart and aorta. Hearts were
stimulated electrically at 300 beats per minute using
electrical stimulator (6020 Stimulator from Harvard
Apparatus). Perfusion pressure was maintained at
50 mmHg. LVEDP was maintained at 5 mmHg.
Perfusate temperature was maintained at 37°C. The
perfusate was gassed with a mixture of 95% O, +5%
CO, at pH of 7.4 for the duration of the experiment.

(4) Experimental Groups

Three experimental groups (n=6) were assigned for
the study:

(4.1) Normotensive Rats (N)

The same surgical preparation was performed. The
rats were monitored for continuous blood pressure
measurements for the experimental period 120 min.
(4.2) Hemorrhagic Shock Rats (HS)

After 30 min stabilization period, rats were hemor-
rhaged to 40 mmHg for 60 min. Rats were then re-
suscitated and monitored for 30 min.

(4.3) Effect of Apelin-13 during Hemorrhagic Shock
(HS-AP)

After 30 min stabilization period, rats were hem-
orrhaged to 40 mmHg for 60 min. 1 ml of 10 nm
/L apelin-13 was injected intra-arterially after the
hemorrhage period and before resuscitation (Szo-
kodi, Tavi et, al., 2002). Rats were resuscitated and
monitored for 30 min.
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(5) Hemodynamic Measurements

At the end of the experimental period, hearts were
harvested and perfused using the Langendorff Ap-
paratus for 60 minutes. Myocardial function was
determined with a balloon- tipped catheter inserted
into the left ventricle via the mitral valve. Left ven-
tricular end diastolic pressure (LVEDP), left ven-
tricular peak systolic pressure (LVPSP), coronary
perfusion pressure PP was recorded. The left ven-
tricular + dP/dt, which is the left ventricular index
of contractility, was calculated.

(6) Statistical Analysis

(6.1) Data were initially analyzed with Bartlett’s
test for homogeneity.

(6.2) Data found not to be homogeneous were
transformed and reanalyzed. Data were analyzed
with multivariate analysis of variance (ANOVA).
(6.3) Means were analyzed using Duncan’s test
and were considered significant when yielding a
“p” value less than or equal to 0.05.

(6.4) Data were expressed as means = SD.

Results

(1) The animals were subjected to hemorrhagic
shock to lower the MABP to the desired level of
hypotension (35-40 mmHg).

The total volume of blood withdrawn was 15 +
1.5 mL/kg body weight. There was no significant
difference in the amount of blood withdrawn among
the groups of animals subjected to hemorrhagic
shock.

(2) MeanArterial Blood Pressure: The normotensive
rats maintained MABP at approximately 123.50
+ 3.4 mmHg, whereas the hemorrhagic shocked
rats exhibited significantly lower levels(p < 0.05)
of MABP at approximately 39.2 £ 1.5 mmHg.
In hemorrhagic shocked animals, intra-arterial
administration of 1 ml of 10 nm /L apelin-13 did
not cause a significant difference (p> 0.05) in the
MABP at the end of the resuscitation compared
with the normotensive (figure 1).
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(*represents p< 0.05 between the resuscitated and
non-resuscitated hemorrhagic shock groups).

Figure 1: Effects of in vivo Treatment with AP
on the MABP in Rats. Recording of the Arterial
Blood Pressure after One-hour Hemorrhages and
30 Min of Resuscitation in the Normotensive
Group (N), Hemorrhage Group Not Resuscitated
(HS), Hemorrhage Group Resuscitated without AP
(HS+R) and Hemorrhage Group Resuscitated with
AP (HS-AP).

(3) Treatment with Apelin-13 Prevented Myocardial
Contractile  Dysfunction after Hemorrhagic
Shock: The measurement of left ventricular
generated pressure (LVGP) in the isolated hearts
that was measured using the Langendorff system
after treatment with AP and resuscitation of the
hemorrhagic shocked animals showed significant
increase (p < 0.05) in LVGP compared with the HS

group (figure 2).
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(*represents p< 0.05 versus hemorrhagic shock
group, * represents p<0.05 versus the hemorrhagic
shock group (n= 6 per group)).

Figure 2: Effect of AP Treatment before
Resuscitation of Hemorrhagic Shock on Left
Ventricular Generated Pressure (LVGP) in the
Normotensive (N), Hemorrhagic Shock (HS)
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and Hemorrhagic Shock+AP (HS-AP) (n= 6 per
group). All the values are the means + SD.

(4) Treatment with Apelin-13 Prevented Myocardial
Contractile Dysfunction after Hemorrhagic Shock:
The measurement of positive change in pressure
over time (+dP/dt) in the isolated hearts that was
calculated. Treatment with AP and resuscitation
of the hemorrhagic shocked animals showed
significant increase (p< 0.05) in +dP/dt compared
with the HS group (figure 3).

700
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(All the values are the means + SD. * represents p<
0.05 versus hemorrhagic shock group, * represents
p<0.05 versus the hemorrhagic shock group (n= 6
per group)).

Figure 3: Effect of AP Treatment Before Resuscitation
of Hemorrhagic Shock on Positive Change in Pressure
Over-time (+ dP/dt) (n= 6 per group).

The left ventricular generated pressure was
significantly lower (p < 0.05) in the hemorrhagic
shock group (40.0 £ 0.88 mmHg) compared with
the normotensive group (109.15 + 7.85 mmHg)
(figure 2). The left ventricular generated pressure
was significantly higher in animals treated with AP
(111.20 += 9.19 mmHg) than in hemorrhage non-
treated animals (p< 0.05) (see, figure 2). The left
ventricular +dP/dtmax was significantly lower (p
< 0.05) in the hemorrhagic shock group (115.05
+ 35.7 mmHg/s) than in the normotensive group
(289.83 £25.04 mmHg/s) (see, figure 3). The +dP/
dtmax was significantly higher (p < 0.05) in the
animals treated with AP (589.6 £ 110.68 mmHg)
than in hemorrhage non-treated animals (p< 0.05)
(see, figure 3).
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Discussion

The present study demonstrated that treatment
with apelin-13 before resuscitation of hemorrhagic
shock protected the myocardial against post-
resuscitation myocardial dysfunction. Apelin
has been shown to have potent positive inotropic
effects (Szokodi, et, al., 2002). Animal and human
studies suggest that apelin may play a role in the
pathogenesis of heart failure by modulating the
harmful effects of angiotensin II (Chandrasekaran,
et, al., 2008).This is in consistent with our results
that demonstrated a significant positive inotropic
effect of apelin in the hemorrhage treated group.
(Berry, et, al.,2004) used native rats (n=32) and
rats in heart failure 6 weeks after left anterior
descending coronary artery ligation (n=22) with
placement of a perivascular flow probe around the
ascending aorta and a pressure volume conductance
catheter into the left ventricle (Berry, e, al., 2004).

The study showed that compared with sham-
operated rats, the ligated rats had significantly
decreased baseline Pmax and max dP/dt. Continous
infusion of apelin at a rate of 0.01 ug/min for 20
minutes significantly increased max dP/dt in both
native and failing hearts (Berry, et, al., 2004) . The
study also showed that apelin infusion increased
cardiac contractility, indicated by a significant
increase in stroke volume (Berry, ef, al., 2004).
Another study used intraperitoneal injection of
apelin (300 pg/kg) and used conductance catheter
pressure-volume hemodynamic measurement and
echocardiography in vivo (Ashley, et, al., 2005).

The study showed that apelin increased
contractile function and associate apelin with a
positive hemodynamic profile and suggested that
apelin is an attractive target for pharmacotherapy
in heart failure. Another study used isolated adult
ventricular myocytes to show the positive inotropic
effects of apelin (Farkasfalvi, ez, al., 2007).

The study suggested that the positive inotropic
effects of apelin is due to stimulation of the
sarcolemmal Na-H exchanger, leadingto intracellular
alkalinization and increased myofilament sensitivity
to Ca?* (Farkasfalvi, et, al., 2007).

The mechanism of the positive inotropic effect
of apelin is not well understood. One possible
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explanation is that apelin lower the levels of
the inflammatory mediators released following
hemorrhagic shock (Sambol, ez, al., 2011). Apelinis
known to have anti-inflammatory effects (Horiuchi,
et, al., 2003). Studies have shown that apelin can
bind and activate its own receptors in the heart
specifically, independent of release of endogenous
angiotensin II, endothelin, catecholamine or nitric
oxide (Szokodi, et, al., 2002). (Szokodi, et, al.,
2002) also showed that activation of phospholipase
C and protein kinase C (PKC) are involved in the
positive inotropic effects of apelin (Szokodi, et, al.,
2002). Inhibition of sodium hydrogen exchange 1
(NHE-1) significantly attenuate ed the inotropic
response to apelin, suggesting that activation of
NHE , at least in part, contributes to the effect of
apelin (Szokodi, et, al., 2002).

The present study examined the protective
effects of treatment with apelin before resuscitation
ofhemorrhagic shock in a rat model. Further studies
are needed to examine the effects of treatment with
apelin in vivo. The results may open a new field
of treatment of hemorrhagic shock and improve
the overall outcome in patients with hemorrhagic
shock.
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