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Hemorrhagic shock is a leading cause of death despite the improvement in emergency services. One reason is
that the resuscitation policies are designed to reestablish tissue perfusion, but not to prevent the inflamma-
tory response to shock that cause myocardial dysfunction and injury. Dipyridamole is a platelet inhibitor that
promotes anti-inflammatory effects. The present study investigated the therapeutic value of treatment with
dipyridamole before resuscitation from hemorrhagic shock on myocardial injury and protection. Male Spra-
Keywords: gue-Dawley rats were assigned to 3 experimental groups (n= 6 per group): 1) hemorrhage, 2) hemorrhage
Hemorrhage treated with dipyridamole, and 3) sham hemorrhage. Rats were hemorrhaged over 60 min to reach a mean
Heart arterial blood pressure of 40 mm Hg. After 60 min hemorrhagic shock, rats were treated or not by injection
of 1 mL of (20 pg/L) dipyridamole intra-arterially. Resuscitation was made in vivo by reinfusion of the shed
blood to restore norm tension for 30 min. Arterial blood samples were collected for measurements of TNF-
«. Left ventricular generated pressure and + dP/dtmax was significantly higher in dipyridamole treated
rats compared to the untreated group. Myocardial biopsy samples were taken for light and electron micros-
copy. Dipyridamole decreased the number of inflammatory cells and mitochondrial swollen. Dipyridamole
also decreased the plasma levels of TNF-c.. Our results demonstrate that treatment with dipyridamole before
in vivo resuscitation of hemorrhagic shock protect the myocardium against post-resuscitation myocardial

Inflammation

dysfunction by decreasing the inflammatory response to shock.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Despite the recent advances in resuscitation and emergency ser-
vices, hemorrhagic shock remains one of the leading causes of death
(Heckbert et al., 1998; Keel and Trentz, 2005; Tripodi and Mannucci,
2007). Clinical and experimental studies have shown that hemor-
rhagic shock and resuscitation will cause cardiac dysfunction (Keel
and Trentz, 2005; Yang et al., 2004). Recent studies have shown
that inflammatory response to hemorrhagic shock and resuscitation
may cause myocardial damage and cardiac dysfunction
(Frangogiannis et al., 2002; Martin et al., 1997). The release of cyto-
kines have been shown to an immune response to hemorrhagic
shock and injury (Hierholzer and Billiar, 2001). Elevated tumor ne-
crosis factor TNF-a levels have been shown following hemorrhagic
shock (Ayala et al., 1991; Beiser et al., 2010). TNF is one of the most
characteristic inflammatory and cardio-depressant factors contribut-
ing to cardiovascular shock in hemorrhage and trauma (Tracey and
Cerami, 1993b; 1994; Ulloa and Tracey, 2005).
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Dipyridamole is a platelet inhibitor drug that has been shown to
exert anti-inflammatory effects (Chello et al., 1999; Weyrich et al.,
2009; Zhao et al., 2006). Dipyridamole increase intracellular levels
of adenosine that inhibit neutrophil activation and reduce the expres-
sion of adhesion molecules on neutrophils and polymorphonuclear
cells (Wollner et al., 1993). Dipyridamole treatment before elective
coronary bypass surgery significantly reduced postsurgical neutrophil
superoxide anion generation and the extent of neutrophil adhesion to
endothelium after surgery (Chello et al., 1999). Several studies
showed the effects of dipyridamole on inflammation by assessing
the impact on circulating levels of inflammatory markers (Libby and
Theroux, 2005; Weyrich et al., 2005; Zhao et al., 2006). Several stud-
ies have shown that dipyridamole decreased the levels of TNF-o
(Chakrabarti et al., 2007; Poturoglu et al., 2009).

Nucleoside transport inhibitors, including dipyridamole
(Amrani et al., 1992; Auchampach and Gross, 1993), reduce
ischemia-reperfusion injury when infused immediately before ex-
perimental myocardial infarction. In recent studies, elevation of
serum adenosine by administration of dipyridamole improved car-
diac function in patients with heart failure (Bedetti et al., 2005;
Strauer et al., 1996). However, the cardioprotective effects of nucle-
oside transport inhibitors following resuscitation of hemorrhagic
shock is unknown.
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The purpose of the present study was to investigate the ability of
dipyridamole to protect the heart against post resuscitation myocar-
dial dysfunction and injury by decreasing the inflammatory response
in a rat model of hemorrhagic shock and resuscitation.

2. Materials and methods

This study was approved by the Deanship of Scientific Research,
King Saud University and the ethical committee.

2.1. Experimental protocol

Male Sprague-Dawley rats (350-400g) were assigned to 3
groups: 1) hemorrhage, 2) hemorrhage treated with dipyridamole,
and 3) sham hemorrhage (n=6 per group). Rats were hemorrhaged
over 60 min to reach a mean arterial blood pressure of 40 mm Hg.
After 60 min hemorrhagic shock, rats were treated or not by injection
of 1 mL of (20 pg/L) dipyridamole intra-arterially. Resuscitation was
made in vivo by reinfusion of the shed blood to restore norm tension
for 30 min. In the sham hemorrhage group, rats underwent the same
surgical procedure and experimental protocol, except rats were not
hemorrhaged (Fig. 1).

2.2. Rat hemorrhagic shock model

Rats were injected intra-peritonealy (i.p.) with heparin sodium
2000 I.U. 15 min prior to anesthesia. The rats were then anesthetized
using urethane 125 mg/kg intra-peritonealy. The left carotid artery
was cannulated using polyethylene tubing size 60, and connected to
an in-line pressure transducer for continuous blood pressure moni-
toring. Animals were allowed to stabilize for a period of 30 min. The
animals were assigned randomly in experimental groups: 1) Hemor-
rhagic shock, 2) Hemorrhage + dipyridamole, and 3) sham hemor-
rhage (n=6 per group). Rats were hemorrhaged using a reservoir
(a 10 mL syringe), to maintain a mean arterial pressure of approxi-
mately 40 mm Hg, which was connected to the arterial (carotid ar-
tery) three way stopcocks. Opening the stopcock and aspirating
gently and gradually with the syringe induced hemorrhage. Blood
was aspirated at a rate of approximately 1 mL/min. Blood was contin-
uously withdrawn or re-infused to the animal to maintain a mean ar-
terial pressure of approximately 30-40 mm Hg. The same surgical
procedure was performed as for the sham hemorrhage groups except
rats were not hemorrhaged and rats were injected with 1 mL of nor-
mal saline (placebo) instead of the 1 mL of treatment received by the
dipyridamole treated group. After 60 min hemorrhagic shock, rats
were treated or not by injection of 1 mL of (20 pg/L) intra-arterially.
Resuscitation was made in vivo by reinfusion of the shed blood to re-
store norm tension for 30 min.

60 min Hemorrhagic Shock

27
2.3. Blood pressure measurements

Mean arterial blood pressure (MAP) of all rats were monitored
throughout the experimental time by pressure transducer connected
to the intra-carotid artery cannula and data was collected using the
BIOPAC system and the Acknowledge software.

2.4. Measurement of myocardial contractile function in the isolated
hearts

Hearts were excised quickly and rapidly placed onto a Langendorff
apparatus, and perfused at a flow rate of 10 mL/min with Krebs
Hanseleit Bicarbonate Buffer (KHB, in mM: NaCl 118, CaCl, 1.25, KCI
4.7, NaHCO3 21, MgS04 1.2, glucose, 11, KH,PO4 1.2, and EDTA 0.5).
Perfusate temperature was maintained at 37 °C and was gassed
with a mixture of 95% O, and 5% CO, at a pH of 7.4 as described pre-
viously (Soliman, 2009). Hearts were stimulated electrically at 5 Hz
using electrical stimulator (6020 Stimulator from Harvard Appara-
tus). Left ventricle pressure was measured by the use of a saline-
filled cellophane balloon-tipped catheter which was placed into the
left ventricle via the mitral valve and inflated to maintain an end dia-
stolic pressure at 5 mm Hg. Left ventricular generated pressure was
calculated as the difference between the left ventricular systolic pres-
sure and the end diastolic pressure. + dP/dtmax was calculated by the
Acknowledge software as the first derivative of pressure over time.
Blood pressure was continuously measured by the left carotid artery
cannula . Perfusion pressure was continuously recorded using a pres-
sure transducer. Data were collected and analyzed using the BIOPAC
system and the Acknowledge software.

2.5. Pathology

To perform myocardial pathology of the myocardium, rat hearts
were harvested and stored in 10% formalin solution (n=6 in each
group). We obtained 2 transverse sections per heart for histopatho-
logical examination and sections were stained with HE and trichome.
The number of infiltrating cells in myocardium was counted as the
sum of the cell counts on three fields at x200 magnification in the
HE staining (Yamashiro et al., 1998). The area of the myocardium af-
fected by hemorrhagic shock and resuscitation consisting of inflam-
matory cells, myocardial necrosis, and fibroblast, was determined in
the trichome staining. All data were analyzed in a blind fashion.

2.6. Electron microscopy

Myocardial biopsy samples were obtained by cutting 1 mm thick
samples with a surgical blade from the left ventricles' walls within
60 s of isolation of hearts. The tissue obtained at biopsy was cut into
1 mm? pieces and fixed in 3% buffered glutaraldehyde for transmis-
sion electron microscopy. Tissue were fixed with 1% osmium
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Fig. 1. Experimental protocol. Rats were assigned to 3 groups: 1) hemorrhage, 2) hemorrhage treated with dipyridamole, and 3) sham hemorrhage (n=6 per group). Rats were
hemorrhaged over 60 min to reach a mean arterial blood pressure of 40 mm Hg. After 60 min hemorrhagic shock, rats were treated or not by injection of 1 mL of (20 pg/L) dipyr-
idamole intra-arterially. Resuscitation was made in vivo by reinfusion of the shed blood to restore norm tension for 30 min.
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tetraoxide in 0.1 M cocodylate buffer, dehydrated, and embedded in
epon. Thin sections were stained with uranyl acetate and lead citrate,
and photographed with JEOL-JEM 1010 transmission electron elec-
tron microscopy.

2.7. Blood samples for enzyme-linked immunosorbent assay and plasma
pH

Blood (0.5 mL) was collected from the left carotid artery cannula
before hemorrhage, before resuscitation and 30 min after resuscita-
tion and centrifuged at 2500 g for 10 min and plasma was stored at
— 80 °C until analysis for TNF-oc measurement. Serum samples were
analyzed by ELISA (R&D systems) according to the manufacturer's
instructions.

Blood samples were analyzed for plasma pH.

2.8. Statistical analysis

Data were presented as means 4 S.D. Data was analyzed with one
way (ANOVA). The values of P<0.05 were considered significant. The
student ¢ test was used to compare mean values between the exper-
imental groups.

3. Results
3.1. Blood pressure

Hemorrhagic shock required withdrawing 15+ 2.3 mL blood/kg
body weight. Treatment with dipyridamole did not cause any signifi-
cant difference in mean arterial blood pressure at the end of the ex-
perimental period (90 min) compared to the sham and the
hemorrhagic shock resuscitated group (Fig. 2).

3.2. Dipyridamole prevented myocardial contractile dysfunction after
hemorrhagic shock

The measurement of myocardial contractile function in the isolat-
ed hearts using the Langendorff system after treatment and resuscita-
tion of the hemorrhagic shocked animals showed improved
myocardial function compared to non-treated hemorrhagic shock
group (Fig. 3). Exposure to hemorrhagic shock resulted in myocardial
contractile dysfunction as compared to controls. Left ventricular gen-
erated pressure was significantly lower in hemorrhagic shock (44.4 +
17.9 mm Hg) compared to shams (87.0 4+ 15.8 mm Hg) (Fig. 3A). Left
ventricular generated pressure was significantly higher in animals
treated with dipyridamole than values measured in hemorrhage
non-treated animals (143.0419.2 mm Hg) (P<0.05) (Fig. 3A). Left
ventricular +dP/dtmax was significantly lower in hemorrhagic
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Fig. 2. Recording of mean arterial blood pressure (MAP) after one hour hemorrhages
and 30 min of resuscitation in the sham hemorrhage group (Sham), hemorrhage
group (HS+R), without dipyridamole and hemorrhage treated with dipyridamole
(HS+D+R).
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Fig. 3. Effect of dipyridamole treatment before resuscitation of hemorrhagic shock on
left ventricular function. (A) Left ventricular generated pressure in the sham, hemor-
rhagic shock (HS+R) and hemorrhagic shock + dipyridamole (HS+D+R) and (B)
positive change in pressure over time (+dP/dtmax) (n=6 per group). In A and B,
left ventricular generated pressure and +dP/dtmax was significantly improved in
dipyridamole treated rats compared to untreated. All values are means 4 S.D. * repre-
sents P<0.05 versus hemorrhagic shock group, * represents P<0.05 versus hemorrhag-
ic shock group (n=6 per group).

shock (139.6 +£67.9 mm Hg/s) compared to shams (313.1+

53.0 mm Hg/s) (Fig. 3B). +dP/dtmax was significantly higher in ani-
mals treated with dipyridamole than values measured in hemorrhage
non-treated animals (589.6 +110.8 mm Hg) (P<0.05) (Fig. 3B).

3.3. Myocardial pathology

The number of infiltrating inflammatory cells, including neutro-
phil and macrophages, were increased in the hemorrhagic non-
treated group (Fig. 4A). Dipyridamole treatment before resuscitation
decreased the number of infiltrating inflammatory cells (Fig. 4B and
0).

3.4. Electron microscopy

Electron microscopy was performed in randomly selected hearts
from the in vivo hemorrhage treated and untreated groups. The hem-
orrhage group showed prominent I bands and swollen mitochondria
with disrupted cristae and amorphous matrix densities (Fig. 5A).
However, no such changes were seen in the dipyridamole treated
group (Fig. 5B).

3.5. Blood pH

Blood was collected before hemorrhage, before resuscitation and
30 min after resuscitation. The blood pH after hemorrhage was signif-
icantly decreased (pH 7.24+£0.04) (P<0.01) compared to the sham
group (pH 7.4240.02) . This drop in the pH was not changed by
treatment with dipyridamole (pH 7.32 4+ 0.04) (Fig. 6).
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Fig. 4. A. HE 200 magnification showing hemorrhagic shock untreated group with in-
flammatory cells, myocardial necrosis, and fibroblast. B. HE 200 magnification. C. Tri-
chome staining 200 magnification showing dipyridamole treatment before
resuscitation following hemorrhagic shock with attenuated infiltration of inflammato-
ry cells and LV fibrosis.

3.6. Dipyridamole decreased TNF-a levels

TNF-a levels were significantly elevated following hemorrhagic
shock compared to sham hemorrhage animals (Fig. 5). Treatment
with dipyridamole before resuscitation following hemorrhagic shock
significantly lowered the levels of TNF-« (Fig. 7).

4. Discussion

The present study demonstrated that the certain dosage of dipyr-
idamole improved post-resuscitation myocardial dysfunction (Fig. 3).
This myocardial protective effect of dipyridamole is due to the anti-
inflammatory effects that causes the significant decrease in TNF-a
levels (Fig. 7). Dipyridamole also decreased the number of inflamma-
tory cells in the postresuscitated hearts (Fig. 4). The myocardial pro-
tective effects of dipyridamole also involved the ultra structures as
dipyridamole decreased the mitochondrial swelling when adminis-
tered before resuscitation (Fig. 5).Therefore, our data suggest that
one of the mechanisms by which dipyridamole protect the myocardi-
um against dysfunction and injury when administered before resusci-
tation following hemorrhagic shock in rats, by decreasing the
inflammatory response to shock and resuscitation. The myocardial

Fig. 5. Electron microscopic analyses. A. Hemorrhage untreated hearts showing mito-
chondrial swelling with disrupted cristae. B. Dipyridamole-treated hearts showing
mild mitochondrial swelling with clear cristae (original magnification x 30,000).

protective effects of dipyridamole may provide a new spectrum for
myocardial protection following hemorrhagic shock.

Dipyridamole has been shown to possess anti-inflammatory prop-
erties (Jain and Ridker, 2005). Dipyridamole has been shown to in-
crease extracellular adenosine levels that inhibit neutrophil
activation (Wollner et al., 1993). In cocultures of human platelets
and monocytes, dipyridamole attenuated nuclear factor B transcrip-
tion in monocytes (Weyrich et al,, 2005). Evidence from previous
studies suggested that dipyridamole exhibits anti inflammatory ef-
fects on all stages of atherosclerotic plaque progression (Libby and
Theroux, 2005). Based on the results of several basic, preclinical and
clinical studies, there is evidence that dipyridamole exert anti-
inflammatory response. However, the myocardial protective effects
of dipyridamole following shock and resuscitation, by decreasing
the inflammatory response, has not been investigated. In our study,
dipyridamole significantly lowered the levels of TNF-a when admin-
istered before resuscitation of hemorrhagic shock (Fig. 7).
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Fig. 6. Arterial pH in two blood samples: 60 min following hemorrhagic shock and
60 min hemorrhagic shock + 30 min resuscitation in the sham hemorrhage and hem-
orrhage treated with dipyridamole (n=6 per group). * represents P<0.05 versus
sham group. (n==6 per group).
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Fig. 7. Hemorrhage increased TNF-« levels. * represents P<0.05 versus sham group.
(n=6 per group), and * represents P<0.05 versus hemorrhage group (n=6 per
group).

Another mechanism by which dipyridamole improved post resus-
citation myocardial function is increasing the blood flow and the vas-
cular volume within the ventricular wall which in turn leads to
stretching of myocardial fibers and to an increase in contractility
through the Frank-Starling effect (Poli et al., 1996). This could be
one of the reasons for that the higher left ventricular generated pres-
sure in rats treated with dipyridamole (143.03 mm Hg) than that of
sham group (87.04 mm Hg).

Resuscitation following hemorrhagic shock has been reported to
cause a systemic inflammatory response that can be more dangerous
than the original hemorrhage (Cai et al., 2009). Several previous stud-
ies have shown that TNF-ae and other inflammatory markers are ele-
vated in the plasma following trauma or hemorrhagic shock
(Heckbert et al., 1998; Keel and Trentz, 2005; Shahani et al., 2000;
Soliman, 2011; Yang et al., 2004). TNF is a characteristic cardiode-
pressant factor contributing to myocardial dysfunction and injury in
hemorrhage and trauma (Soliman, 2011; Tracey and Cerami, 1993a;
1994; Ulloa and Tracey, 2005). Moreover, TNF neutralization prevents
cardiovascular dysfunction (Cai et al., 2011; Soliman, 2009). There-
fore, there is an increasing interest in developing new resuscitation
therapeutics that are capable of lowering the TNF-« levels by de-
creasing the inflammatory response to shock. This is consistent with
the data from the present study that showed that lowering the TNF-
a levels by administering dipyridamole prevent the myocardial dys-
function and injury following hemorrhagic shock and resuscitation
in rats.

Previous studies have shown that dipyridamole therapy protect
against ischemia-reperfusion injury in guinea pigs (Figueredo et al.,
1999) . Another study showed that intracoronary dipyridamole im-
proves systolic and diastolic ventricular performance in humans dur-
ing coronary angioplasty (Strauer et al, 1996). However, the
protective effects of dipyridamole following hemorrhagic shock and
resuscitation is unknown.

Though, the present study is limited by the fact that it examined
one certain dosage of dipyridamole that did not cause any further
drop in blood pressure (Fig. 2). Figueredo et al. (1999) showed that
dipyridamole therapy, 11.4 mg/L (4 mg.kg~'.day~!) given in water
for 2-6 weeks produced sustained protection against ischemia-
reperfusion injury in guinea pigs. Phillis et al. (1998) showed that
dipyridamole 1 uM doubled coronary flow rates during hypercapnic
acidosis. However, the results of the present study is limited by only
one dosage of dipyridamole (20 pg/L). Further studies are needed to
examine the dose-response effects. Another limitation of the use of
dipyridamole following hemorrhagic shock is the drop in blood pres-
sure and antiplatelet properties.

In conclusion, the present study demonstrated that dipyridamole
protect the myocardium against post resuscitation myocardial dys-
function injury following hemorrhagic shock. This may be partially
explained by the anti inflammatory effects of dipyridamole that

lowered the levels of TNF. Further studies are needed to measure
other inflammatory markers (ex. PGE2, IL, COX2, etc.). Thus, treat-
ment with dipyridamole before resuscitation of hemorrhagic shock
may be considered in the certain examined dose for prevention of
post resuscitation myocardial dysfunction and injury.
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