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ABSTRACT

Pentoxifulline (PTXF), a methylxanthine phosphodiesterase inhibitor, is

commonly used for the treatment of peripheral vascular disease due to its potent

hemorrheologic properties' It also has been clinically prescribed to prevent ischemic heart

injury dwing cardiopulmonary blpass and cardiac hansplant surgery. However, the

mechanisms of its cardioprotective effect are not fully understood. In this study we

examined whether PT><r'protected the heart from ischemia-reperfusion injury due to its

effect on TNF-0 synthesis and NFrcB activation in the myocardium. For this pu{pose,

isolated rat hearts were subjected to global ischemia for 30 min, followed by reperfusion

for 30 min' Reperfusion of the ischemic heart resulted in impaired cardiac performance as

indicated by a 9 fold decrease in LVDP, a 30 fold increase in LVEDp and a 10 fold

decrease in + dP/dt at 30 minutes of reperfusion. These alterations in cardiac function

were attenuated by treatment of the heart with 100 pM prxF. A2.2 fold increase in

TNF-cr protein levels and a significant activation of NFrcB in the ischemia-reperfused

hearts were also prevented by PT)G treatment. These results indicate that the

cardioprotective effect of PTXF against ischemia reperfusion iqlury may be due to

depression of TNF-ü, synthesis and attenuation of NFrcB activation.

To determine if the benefîcial effects of PTXF are associated with the prevention

of intracellular ca2*-overload, we examined the actions of this agent on caz*-paradox in

the heart, which is an appropriate model for studying the effects of intracellular Ca2*-

overload' Isolated rat hearts were subjected to perfusion with ca2*-free medium for 5 min

followed by perfusion with normal medium containing r,25 p"M c** for 30 min. ca2*
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depleted/repleted hearts showed impaired functional recovery, increased rNF-o synthesis

and altered NFKB distribution. These changes in the ca2*-parcdox hearts were

significantly attenuated by PT>m' heatment. pT>c' produced 4ryo recovery of LVDp,

35Yo recovery of + dP/dt, and a significant decrease in LVEDp in the ca2*-parodox

heart' Furthermorc, a2-fold deerease in the TNF-o protein level as well as a 1.5 fold

reversal of NFrcB distribution to the particulate fraction, were observed in the prXF-

treated Caz* -pandox hearts.

These results suggest that increased formation of TNF-0 and activation of NFKB

in the ca2*-parodox heart may be due to the occurrence of intracellular ca2*-overload.

Furthermore, PTXF may exert cardioprotection in the ca2*-paradox heart by

mechanisms, which are similar to those for the ischemia-reperfusion hearts.
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I. LITERATURE REVIEW

1. lschemia-Reperfusion lnjury in the Heart

Ischemia due to little or no blood flow results in a decrease in the supply of
oxygen and nutrients to the heart, and a build up of metabolic wastes locally (1). In

fact, myocardial ischemia has been reported to produce a decrease in the rate of
cellular oxidation and energy production (2). Myocardial ischemia has been

charccterized by rapid accumulation of protons, cessation of oxidative metabolism,

cessation of electron transport, and the initiation of the inefficient processes of
anaerobic metabolism' on the other hand, reperfusion injury is a major complication

induced by restoration of flow to a previously ischemic heart (3). Ischemia-

reperfusion (I/R) injury is one of the most common cardiovascular problems. This

injury damages vascular cells and cardiomyocytes (4). Many factors have been shown

to cause ischemic heart disease; major ones include arteriosclerosis of the coronary

arteries and coronary artery spasm (5).

In spite of the variable incidence of ischemic heart disease, it has become one

of the most signif,rcant lethal medical problems and a major economic health-care

concern' It has been reported that almost 45% of all deaths in Northern European

countries during the past decade were due to cardiovascular disease (6). In addition,

200,000 Americans under 65 die each year from ischemic heart disease and 25 times

as many suffer from symptoms related to the disease (7). A similar situation exists in

Canada, where cardiovascular disease causes more deaths than any other disease and



2

more than 58% of these deaths were attributed to ischemic lesions in 1990 (7). In

economic terms, the direct and indirect costs of heart attack and stroke per year were

about $259 billion in America alone (S). In Canada, cardiovascular disease

contributedto 2TYo of total disease expenditures in 1986, and has become the most

expensive disease with direct costs of $5.2 billion and indirect costs of $11.6 billion

(5). Consequently, it is crucial to find the pathogenic mechanisms of I/R injury and

discover ways to block events associated with irreversible ischemic injury. Many

studies have been designed to determine the possibility of amplifying the benef,rcial

effects of reperfusion and diminishing the harmful effects of I/R through

pharmacological intervention (9). The following sections review the pathogenic

alterations and pharmacological interventions in I/R-induced injury in the heart.

2, Role of Ca2*-Overload in l/R lnjury in the Heart

a' Ca2* and heart function: It is well accepted that the Ca2* ion is a major

regulator of cardiac excitation-contraction coupling. Some of the functions of Ct* in

cardiac myocytes, which have been identified, include: mediation of systolic

contraction and diastolic relaxation, modulation of enrymaÍic activity, and

participation in mitochondrial function. Additionally, Ca2* is an important ion for

maintaining cellular integrity, cell proliferation, cell growth and regulation of

metabolism. The L-type Ca2* channel is considered the most signif,rcant Ca}* channel

in the human heart. The small amount of Caz* entering the cytosol through this

channel triggers the release of addition al Caz* from the sarcoplasmic reticulum (SR)
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(10)' Normally, Caz* is bound to a negatively charged protein called calsequestrin that

is located in the SR' When the release of Ct* from SR is triggered by depo laúzation,

Ca2* is discharged through the Ca2*-release channel [ryanodine (RyR) receptor].

During the diastolic period, most of th e C** is restored by the SR Ca2*-pump ATpase

(SERCA2a). A small amount of Ca2* is extruded by the sarcolemmal (SL) Na*/Ca2*-

exchanger and SL Ca2*-pump ATPase. Moreover, some regulatory proteins such as

C**lcalmodulin-dependent protein kinase (CaMK) and cAMp dependent protein

kinase A (PKA) are involved in the regulation of Ca2* movements. These proteins

mediate cellular activify in response to different stimuli, which ultimately lead to the

alteration of Ca2* homeostasis in cardiomyocytes via the phosphorylation and

dephosphorylation cycle. It has also been established that CaMK phosphorylates

sERCA2a, ryanodine receptor (RyR) and phospholamban (pLB), while pKA

phosphorylates PLB and RyR (11-13). Since the role of Ca2* is of paramount

signif,rcance, the regulatory mechanisms for Ca2* movement may serve as useful sites

for improving the therapy of heart disease.

b. lntracellular Ca2*-overload: Reperfusion-induced intracellul ar Ct*-

overload has been thoroughly documented for the past 30 years (14). Several factors

that attribute to this phenomenon of intracellular C** increase include the lack of

ATP involved in the Caz* handling mechanisms (15), an increase in the intracellular

concentration of lrla* 116-18), an increase in membrane permeability due to the

accumulation of long chain fatty acids (19,20), enhanced adrenergic stimulation (21),

and degradation of SERCA2a andRyF- (22,23). Recent studies have demonstrated
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that intracellular Ca2*-overload was a major cause of myocardial cell damage and

cardiac dysfunction in ischemic heart disease. The Ca2*-overload evoked by post-

ischemic reperfusion is associated with irreversible injury such as ultrastructure

damage, eîzyme leakage, membrane damage, reduced capacity of the mitochondria

to regenerate ATP, and increased infarct size (14). The role of Ca2* in cardiac

dysfunction may be further extended tå ischemia-induced arrhythmias, especially

ventricular tachycardia and ventricular fibrillation, which are known as the primary

cause of sudden cardiac death. Since studying Ca2*-overload is so important in the

development of ischemic heart injury, a C**-paradox rat heart involving C**-

depletion and C**-repletion has been established as an experimental model to

understand the correlation between the disturbance of C** homeostasis and other

variations that are involved in the pathogenesis of IIR heart injury.

3. Role of Gytokines in l/R lnjury in the Heart

a. Overview of cytokines function in the heart: Although there are

many mechanisms involved in I/R injury, cytokines have been considered to play an

important role in its pathogenesis. Cytokines are produced by different types of cells,

and these molecules modify the biological responses of the same or other cells.

Cytokines include transforming growth factor (TGF)-P, tumor necrosis factor (firtf¡-

c,, interleukin (IL)-I,IL-2,IL-3,IL-4, IL-5, IL-6, IL-8,IL-12 to name a few (24-26).

Present evidence has suggested that the basic functions of cytokines include: (i)

activation or attraction of specific types of leukocytes, (ii) regulation of cell division,
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(iii) modulation of the production and activity of other cytokines, (iv) promotion of
inflammation, (v) induction certain cells to produce a multitude of proteins, and (vi)

influence on the production of cellular or humoral immunify (26). since cytokines

have played a key role in physiological and pathophysiological conditions , a great

deal of work has been carried out to investigate the role of cytokines in various

diseases' It has been demonstrated that cytokines are an important mediator of
cardiovascular diseases. For example, myocardial IiR event prompts the release of
cytokines and other inflammatory mediators to cause coronary vascular injury. The

specific tatget of such mediators has appeared to be the endothelium as well as the

neutrophils. Inflammatory cytokines act on neutrophils to adhere to the vascular

endothelium' This activity induces the obstruction of capillary beds to cause a no-

reflow phenomenon during reperfusion. Moreover, accumulation of these

inflammatory cytokines within ischemic tissue directly damages the tissue and leads

to the release of oxygen free radicals that results in further injury to the endothelium

(27)' TNF-ü, TGF-B1, IL-1, IL-6 and IL-8 have been implicated in cardiovascular

diseases, especially in ischemic heart disease (Zg,Zg).

b. Role of rNF-q in r/R injury: Among so many cytokines, TNF-ü is

considered to be the most important mediator in cardiovascular disease. Although

TNF-ü is produced mainly by lymphocytes and macrocytes, other cells such as

cardiomyocytes and vascular smooth muscle cells have also been shown to produce

TNF-0' This cytokine is synthesized as a 26-lÐa propeptide (pro-TNF-o) in the

cytosol, and then pro-TNF-o is cleaved to its l7-L<Da active form by TNF-*-
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converting enzyme (TACE); this cleavage occurs as the propeptide passes through the

cell membrane. The activated form of TNF-o binds to the receptors on the surface of

cell membrane and triggers alteration of cytosolic protein synthesis and activation of

different kinases (30,31). Similar to the pathways for other protein synthesis, there are

two levels involved in the regulation of TNF-o gene expression: transcription and

translocation. At the transcriptional level, there are many transcription factors

implicated including activator protein-l (AP-l), AP-2,Egr-l and nuclear factor kappa

B G'rrrB). In fact, NFKB is believed to be essential for the transcription of TNF-g. It

has been shown that inhibition of NFrcB signalling blocks B0% of TNF-g production

induced by lipopolysaccharide (LPS). At the translocation level, the TACE plays an

important role in converting pro-TNF-o to TNF-0 and thus inhibition of the TACE

activify is effective in controlling the synthesis of TNF-0. Atthough LpS has been

viewed as the important trigger for the production of TNF-o, several studies have

demonstrated that TNF-o is formed and released in myocardium in rat and human

after I/R injury (31-35). The pharmacological inhibition of TNF-q, synthesis

significantly improves the recovery of myocardial dysfunction induced by I/R (24,36-

42)' Although LPS-induced TNF-o expression has been studied extensively, the

mechanisms of l/R-induced TNF-o synthesis in the myocardium are not fully

understood, and myocardial alterations due to TNF-g remain unclear.

Most studies have demonstrated that TNF-o directly decreases contractile

function in hamsters, dogs and humans (24,43), The acute negative inotropic effect of

TNF-ü appears to be due to changes in Ct* homeostasis. TNF-g is considered to



7

disrupt the excitation-contraction coupling and desensitize the p-adrenoceptor

mechanisms (a0). It has been shown that the initial contractile depression induced by

TNF-0 is mediated by sphingosine, an endogenous second messenger (44). In

addition' TNF-o induces the production of nitric oxide (lllo) and thereby depresses

the myofilament sensitivþ to ct* that in turn mediates the late contractile

dysfunction (a5)' Another mechanism of cardiac iepression provoked by TNF-* is

the induction of apoptosis in cardiomyocytes. It has been reported that the apoptosis

was mainly induced via a TNF-o receptor-l that includes a death domain (TRADD).

In turn, the receptor-interacting protein communicates a signal between the TRADD

and a kinase domain that induces DNA fragmentation and eventual cell apoptosis.

Moreover, this process also appeared to be mediated by sphingosine and NO

(37,46,47). Additionally, TNF-CI, was indicated as an initiator of a cytokine cascade,

which elucidated the subsequent production of IL-6, IL-l, and IL-g, to ultimately

worsen the deleterious alteration induced by vR (32,34,4g,4g). The studies mentioned

above have indicated that anti-TNF-o therapy may be varuable in IrR injury.

A body of evidence has accumulated to provide essential intervention by

blocking the TNF-o synthesis in the ischemic heart. P38 MAPK and NFKB inhibitors

appeared to depress the synthesis of this pro-inflammatory factor (50). Adenosine, as

an effective agent for protecting the heart from I/R injury, was also shown to reduce

the cardiac TNF-o production in humans (24,40,41). Moreover, Meakawa et al (51)

have reported reduced infarct size, decreased occurrence of anhythmi a, andimproved

catdiac function in TNF-o knockout mice compared with wild fype mice upon
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subjecting to I/R injury. Furthermore, the TNF-g antibody and the soluble TNF-g

receptor were used in the study of the deleterious effects of TNF-o in I/R injury, in

rcts (42). Other interventions have also been employed in clinical and experimental

trials, including the gtycoprotein 130 (gpl30), an inhibiror of TACE (50).

In contrast to the reports showing adverse effects of TNF-g, different

investigators have observed that TNF-u, may have protective effects during I/R (51-

56). Lecours et al (56) have demonstrated that TNF-o evoked preconditioning, which

is an effective intervention for the protection of IIR injury. Nelson et al (55) have

indicated that pre-treatment with TNF -u 24 hr before I/R, resulted in improved

cardiac contractile functional in rabbit. Several studies have also suggested that TNF-

o knockout mice may display larger infarct sizes than normal mice, after undergoing

coronary ligation (52-54). These conflicting results may be due to varying time

periods for which the heart is exposed to different concentrations of TNF-g.

Although it has been indicated that the conflicting effects of TNF-o are probably

dependent on the absolute levels of TNF-o during I/Rperiod (30), the effects of TNF-

o and the mechanism of these effects still remain a matter of debate. Hence, fuither

research is needed to elucidate the role of TNF-o in the pathogenesis of numerous

heart diseases.

c. Role of NFrcB in l/R injury: NFKB is a transcription factor that plays a

key role in the production of most cytokines. It has been shown that NFKB exists in

an inactive state in the cytoplasm of unstimulated cells because of binding to the

inhibitory protein kB. Numerous subunits have been discovered in mammals such as
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50-kDa and 65-kDa (ReLA) c-Rel, 52-l<Daand RelB. Multiple subfamilies of IrcB that

also exist include lrcBo, B, and y. Most of the research work is focused on the p50/p65

dimer that is associated with lrcBo. This complex is phosphorylated in many cells

under numerous conditions. It has been reported that multiple regulatory steps are

involved in the activity of NFrcB, and four phases have been defined: nuclear

translocation, phosphorylation of Rel famity protein, interaction with the basal

hanscription complex, and redox regulation (57,58). Blocking of any phase is likely

to prevent the activation of NFKB resulting in a subsequent increase in NF6B

regulated gene expression in a broad range of physiological and pathophysiological

processes. Recent evidence has indicated that NFKB is activated and is followed by

pathogenesic effects in the ischemic myocardium upon the initiation of reperfusion

(59-61). The activationiof NFrcB has been proven to stimulate the production of

cytokines such as TNF-g, IL-1P, IL-6 and IL-8 (28,62,63). Furthermore, intracellular

adhesion molecule-l (ICAM-l) protein expression and inducible NO synthesis are

also increased due to the effect of NFxB activation following the I/R injury in canine

heart (63). Since locally produced cytokines in myocardium arc activated by NFKB,

these changes form a positive feedback loop that further augments the local

pathogenesic response. Another important deleterious effect of NFrcB included the

promotion of cell death, namely apoptosis, which could have possibly induced

ineversible myocardial damage or amplified the infarct size in myocardial infarction

(64). Hence, better understanding about the relation between the activation of NFrcB

and I/R injury will provide essential information for the pathogenesis of ischemic
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heart disease.

Oxidative stress is considered to be a major trigger for the activation of NFrcB

following IIR injury (57). It has been reported that numerous antioxidants like N-

acetyl-L-cysteine (NAC), o-lipoic acid and vitamin E inhibit the activation of NFKB

in different types of cells (65-67). Cargnoni et al (65) have demonsrrated that NAC

failed to activate NFKB by preventing a decrease in intracellular thio levels such as

glutathione (GSH) and oxidized glutathion (GSSG). Additionally, the 20S

proteasome inhibitor, PS-519, was found to depress the activation of NFrcB due to IIR

injury in myocardium (68). PentoxiSrlline and nonanticoagulant heparin were also

reported to inhibit NFKB activation in cultured vascular smooth muscle cells (69-71).

Although several studies have identified the negative effect of NFKB in

cardiovascular disease, some studies have reported the protective effect of NFrcB in

I/R injury. It has been suggested that NFrcB may be a key mediator of the benef,rcial

effect of preconditioning against I/R injury. For instance, Morgan et al (72,73) have

reported that ischemic preconditioning protected the heart and this required the

activation of NFrcB. It also has been suggested that NFrcB stimulates the production of

cytoprotective genes like that for the heat shock proteins (HSP) (74) and, NO (75).

These cytoprotective genes may inhibit NFKB activation induced by the

overwhelming oxidative stress during I/R, and in turn can lead to the inhibitory effect

on the production of inflammatory genes (76). Furthermore, Bach et al (77) also

suggested that NFrcB mediates numerous gene expressions of proteins that inhibit cell

death, in particular, bcl family, zinc finger protein, endogenous antioxidants
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manganese superoxide dismutase and hemeoxygenase-l. Thus it appears that the role

of NFKB in IÆ- injury remains controversial, and the pathway mediating all these

effects of NFrcB activation still remains unknown.

4. Role of TGF-ß and rnterreukins in r/R rnjury in the

Heart

a' TGF-B: Transforming growth factor (TGF) is a family of peprides that

exists in many mammalian tissues. Recently TGF-B has received considerable

attention for its multiple functions in controlling cell growth and responding to

extracellular environmental changes (78). The most common form of TGF is TGF-pt,

which modulates various biological actions. Normally, TGF-B' binds to the TGF-Br

receptor and initiates numerous signalling pathways, including the smad family,

protein kinase C (PKC) and MAP kinases (79). Thus, different studies regarding

TGF-PI have provided essential information for the therapeutic advancements in

various diseases. It should be noted that TGF-81 has been identified as a powerful

cardioprotective agent (79-81). It has been reported that TGF-pr administration

during coronary blockade reduced the infarct size due to myocardial infarction in the

cat heart. The protective effect was assumed to be due to the inhibition of

endothelial/neutrophil interactions, as, well as anti-inflammatory actions by reducing

the production of TNF-o (79,92). Moreover, Baxter et al (g3) also observed a

significant limitation of infarct size when TGF-B was persent during the early

reperfusion in rat. In this study, it was reported that the protective effect of TGF-81 is
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associated with its anti-apoptosic actions. Furthermore, it was noted that p42lp44

MAP kinases signalling pathway may be involved in this anti-apoptosic action, which

was detected upon expanding the infarct size with p42/p44 MAp kinase inhibitor

PD98059 treatment, and the increase of p42lp44 MAp kinase phosphorylation with

TGF-PI in arut model of myocardial infarction (83). It was also reported that bcl-2

may be involved in this effect of TGF-B1 during I/R injury in rat cardiac allografts

(84,85)' Additionally, it has been demonstrated that the modulation of TGF-pr in I/R

injury was associated with the activation of PKC and inducible nitric oxide synthase

(iNoS) (86)' Moreover, the expression of matrix metalloproteinases was inhibited by

TGF-81, resulting in significant improvement of cardiac function on I/R disease (g7).

Essentially, TGF-PI has cardioprotective effect caused by the inhibition of TNF-*

release, resulting in the improvement of endothelium-dependent relaxation a¡rd

prevention of apoptosis.

b' lL-l: IL-l is as an important mediator of the inflammatory reaction. There

are two forms of IL-1, namely IL-1o and IL-1B. Since IL-lB is easily detected in the

blood flow, it has been the main focus in the experimental research field. Several

studies have shown the negative inotropic effect of IL-l in both intact heart and

isolated cardiac cells (88-90). IL-1 was also discovered to induce the expression of

iNoS at both mRNA and protein levels, and is thus involved in the p3g and p42lp44

MAP kinase-signalling pathways (25). h has been observed thar IL-lB and TNF-'

have similar pathways causing negative inotropic effects in myocardium (91),

Moreover, the decrease of Ca2* regul atory genes has been involved in the deleterious
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effect of IL-l, which may be implicated in anhythmogenesis after I/R injury (92-96).

Furthermore, it also has been noted that IL-l, like other cytokines, has an effect,

which leads to apoptosis in neonatal cardiac myocytes (97). Although most of the

data have suggested a primary negative role of IL-l in the heart, there are some

investigations that have indic ated, acardioprotective effect of IL-l as well. A number

of studies have reported the reduction in myocardial injury after I/R with IL-l pre-

treatment (95,98,99).

c. lL-6: Interleukine-6 (IL-6) was originally identified as a T-cell derived

cytokine but now it has been documented as a multiple functional cytokine produced

by different cells fypes. The IL-6 family is comprised of interleukine-ll (1¡-11),

leukemia inhibitory factor, onconstatin M and cardiotropin-l (CT-l). All cytokines in

this family regulate the signal via binding to receptors with gpl30 subunit (91,100).

IL-6 is reported to be involved in a variety of diseases, as elevated IL-6 levels have

been detected in patients with myocardial infarction, especially during the period of

reperfusion (101)' other experimental studies have also reported an elevation of IL-6

mRNA and protein contents of IL-6 in canine myocardium subjected to I/R injury

(102-104). Hence, it can be seen that IL-6 may play a role in the pathogenesis of

ischemic heart disease. An increasing number of investigations have demonstrated

that IL-6 serves as a direct cardiodepressant as it has been reported to inhibit

contractility in the hamster myocardium (43). It also has been indicated that IL-6

reduces the peak systolic Ca2* transient and contractili ty viaincreasing the production

of NO and subsequent cGMP-mediated decrease in L-type Caz* channel current,
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Furthermore, it has been suggested that IL-6 induces iNOS in cardiomyocytes, which

subsequently causes a sustained depression of myocardial contractility (43,105,106).

The induction of IL-6 also has involved in the expression of ICAM-1, which leads to

inflammatory injury in the dog ischemic heart (103,107). conversely, cT-l, a

member of the IL-6 family, has been shown to have different effects on cardiac cells.

Stephanou et al (108) suggested that pre-treatment with CT-l was apparently

protecting cultured cardiomyocytes against stimulated ischemia/hypoxia, which may

have been mediated via enhancing the protein level of HSP70 and HSp90.

Furthermore, Latchman et al (109) also demonstrated that CT-1 protected the cultured

cardiac cells and/or isolated rutheart from I/R injury via regulating the po'lpoo MAPK

pathway to inhibit apoptosis in heart. All in all, the involvement of IL-6 in IIR

damage has been clearly supported.

d. lL-8: Like other cytokines, IL-8 is also expressed at both mRNA and

protein levels in the myocardium subjected to I/R injury. Subsequently, different

reports have suggested that IL-8 is important in the development of myo cardial injury

in human myocardial infarction (110,111). Different cells such as neutrophils,

monocytes, lymphocytes-T and endothelial cells can produce IL-8 (Il2). Presently,

no information is available to suggest that cardiomyocytes produce IL-8. IL-8 has

been considered as a potent participant of granule enzymatic release and oxidative

burst in neutrophils, which in turn lead to further damage in the ischemic heart.

Boyle et al (113) have shown that neutralities of IL-8 protected the heart from I/R

injury in rabbit; however, the role of IL-8 in the interaction of neutrophil and
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endothelial cells has been controversial. Some results have shown inhibitory effects

(114-116), as others have indicated the stimulatory effects on the migration of

neutrophils via the swollen endothelium (112,1L7-Il9). Although the effect of IL-g

on neutrophils is conflicting, it has been reported that IL-8 is not involved in the

regulation of myocardial contractility after I/R (91). Hence, IL-8 may be a minor

factor for mediating the inflammatory effect in hearts subjected to IlR.

5. Cardioprotection Against l/R lnjury

Since the pathophysiology of I/R injury is becoming clear gradually,

therapeutic strategies for treatment of I/R injury have provided new insights in the

f,reld of cardioprotection. The following sections will focus on the effects of different

interventions on IIR injury in the heart; these include preconditioning, antioxidants,

Ct* channel blockers, phospholipase A2 inhibitors, Na*-FI* exchange inhibitors, p38

MAP kinase inhibitors, phosphatase inhibitors, and 5-HT receptor antagonists.

a' Preconditioningi Myocardial ischemic preconditioning is a phenomenon

which is produced by brief episodes of cardiac ischemia and reperfusion leading to a

decrease in the rate of progression of the ischemia-induced myocardial injury and

development of resistance to subsequent ischemic attacks (120-122). The potential

therapeutic benefits of this adaptive mechanism have generated much attention that

has revolutionized our understanding of the signal transduction and subsequent

intracellular events that mediate the I/R injury Q23). A variety of intracellular

signalling pathways have been implicated in the protective mechanisms of ischemic
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preconditioning including the activation of G protein-linked phosphotipase C-coupled

receptors, adenosine receptor, bradykinin receptor, opioid receptor, tyrosine kinase

pathways and PKC (122,124-126). Several mechanisms explain the role of

preconditioning in I/R injury' Ischemic preconditioning appears to render protection

against the I/R-induced damage to the myocardium by improving SR function. This is

attributed to decreased ryanodine-sensitive SR Ct*-release and the regulation of SR

phosphorylation by endogenous CaMK (127,128). Some studies have reported that

ischemic preconditioning triggers phospholipase D (PLD) signalling in the ischemic

myocardium, which produces beneficial effects on the heart because of the production

of phosphatidic acid and diacylglycerol and subsequent activation of pKC (I2g).

In addition, the ATP-sensitive potassium channel is a strong candidate for

mediation of the preconditioning protection. Pharmacological and

electrophysiological evidence favourably implicate the involvement of mitoKalp

rather than surfaceK4lp as the relevant mediator of preconditioning (124). Opening

of mitoKap has been shown to block apoptosis in cardiac myocytes via pKC-e

activation (130). Preconditioning protects against cell necrosis and possibly also

against stunning (131). The mechanism of such protection is still unclear, yet it has

been demonstrated that the ATP content of the myocardium is reduced following

ischemic preconditioning. However, during prolonged coronary occlusion, the rate of

decline in ATP is initially slower in preconditioned myocardium as compared to a

non-preconditioned one (121). Thus an alteration in the energy supply-demand

relationship may be involv ed (I32). Preconditioning may further protect against
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necrosis through its action on TNF-u. It has been shown to reduce myocardial TNF-g

production and TNF-ü, induced myocardial injury (50).

Preconditioning may also induce protection against other aspects of I/R injury

such as coronary endothelial damage or arrhythmias (123,133). It has been reported

that the incidence of ventricular fibriltation decreased from 90% inthe conhol hearts

to 20% in the preconditioned heart. It has also been reported that ischemic

preconditioning exerted its protective effect primarily by maintaining the function of

the forward mode of the Na+-Ca2+-exchanger and limiting the development of

intracellular acidosis. This reduces the occurrence of intracellular C**-overload, thus

protecting the heart against anhythmias (134,135). It has also been suggested that the

antiarrh¡hmic beneht of ischemic preconditioning is mediated through the activation

of endothelium bradykinin receptor-l (126). Defity et al. (133) also reporred that

ischemic preconditioning significantly preserved endothelium-dependent dilation.

Therefore, the preservation of endothelial function may be one of the mechanisms by

which preconditioning reduced the amount of tissue necrosis during reperfusion. In

conclusion, the mechanisms modulating ischemic preconditioning include alterations

in antioxidant defence (136), stimulation of adenosine A1 receptors, activation of

PKC, activation of phospholipase D, induction of HSP, reduction in TNF-g

production, limiting the development of intracellular acidosis and prevention of Ca2*-

overload (50,128,129). The above evidence therefore strongly favours

preconditioning as an effective intervention for the treatment of I/R injury.

b, Antioxidants: Reactive oxygen species, including the superoxide anion,
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hydrogen peroxide, and the hydroxyl radical, are derivatives of many biologic

systems and, in high concentrations are associated with oxidative stress and

subsequent cardiovascular tissue injury QZI); the superoxide anion is a key entity in

the production of the hydroxyl radical. It has been demonstrated that superoxide

radicals and hydrogen peroxide exert their deleterious effect on cells through the

subsequent generation of the highly reactive hydroxyl radicals and. are therefore not

toxic directly (9). One major site of oxygen free radical production and cell injury is

endothelial cells. In culture, endothelial cells have been shown to possess a system

which is capable of generating oxygen radicals (137). Normally oxygen-derived free

radicals interact with cellular constituents, including lipids, proteins and nucleic

acids. In turn, thgy can disrupt membrane integrity, ion channels and enzymatic

function. Such adverse effects of toxic oxygen metabolites have been associated with

dysfunction of sarcoplasmic reticulum, mitochondria, and creatine kinase reperfusion

of the ischemic heart (I25).

The view that reactive oxygen species are implicated in I/R inury is fuither

substantiated when considering the effects of antioxidants on hearts subjected to I/R.

The antioxidant capacity of the cell can be divided into two categories. The first line

of cellular defence against oxidative injury are the free radical scavenging enzymes

including superoxide dismutase (SOD), catalase (CAT), and reduced glutathione

(GSH). The second line antioxidant is a non-enzymatic scavenger such as alpha-

tocopherol (vitamin E), beta-carotene, vitamin A, ascorbate and sulfhydryl-containing

compounds (137), Since the endogenous antioxidants are depleted by ischemia, it
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predisposes the myocardium to oxidant injury Q25).In fact, a direct correlation

between the myocardial dysfunction induced by IIR and the magnitude of free radical

generation by exogenously administered oxidants has been previously demonstrated;

this indicates the major role of antioxidant treatment for I/R injury. It has been

previously shown that SoD plus CAT treatment prevents changes in sarcoplasmic

reticulum protein phosphorylation and phosphocreatine in the IIR heart (127).other

agents shown to have beneficial effects which act as antioxidants are: N-2

mercaptopropionyl glycine and N-acetylcysteine, melatonin (13g), allopurinol,

oxypurinol and desferrioxamine (125,138-140). New antioxidant interventions are

currently being suggested. Recently certain amino acids, such as taurine, were used

for the pulpose of maintaining membrane stabilization. In vitro and in vivo studies

indicate that taurine has the ability to scavenge HOCI and thereby prevent I/R-

induced membrane damage by attenuating lipid peroxidation (141). Although anti-

free radical interventions may reduce the severity of reperfusion injury, some

negative reports (142,143) indicate that I/R injury is a complex phenomenon and

further research is needed to better elucidate this dynamic process.

c' Ga2* channel blockers: Since a greatdeal of research demonstrates that

intracellular ca2*-overload is a major cause of myocardial cell damage and cardiac

dysfunction in ischemic heart disease, the L-type Ca2* channels are considered as one

of primary channels of Ca2*-influx for the occunence of intracellular Ca2*-overload.

In this regard, it is pointed out that the L-type Ca2* channel blockers were used in the

treatment of ischemic heart disease more than three decades ago.These Ctn
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antagonists function by reducing the contractility of the myocardium, decreasing the

contraction of smooth muscle in the vasculature and altering the conducting system of

the heart (144). Generally Ct* channel blockers are classified as dihydropyridines

and non-dihydropyridines. The dihydropyridines act primarily by relaxation of the

vascular smooth muscle with less effect on cardiac contractility and conduction;

nifedipine is the most commonly used representative of dihydropyridines. Non-

dihydropyridines such as verapamil and diltiazem act primarity on myocardial and

cardiac conducting tissues with less effect on the vascular smooth muscle. At present

nifedipine, .diltiazem and verapamil are the three most common clinically used

calcium channel blockers (145). Other Ca2* charmel blockers are also applied in

experimental research such as felodipine, 5-2150, lacidipine, anipamil and benidipine

(146-150)' Several mechanisms which describe the protective effect of Caz*

antagonists on the myocardium with IiR injury include: coronary vasodilation (150-

152), an energy-sparing effect which results in a lower rate of adenosine triphosphate

depletion and slowed loss of adenosine precursors (146,147,153), decreased release

of degradative lysosomal proteases (154,155), protection of the sarcolemmal integrity

(156,157), attenuation of the l/R-induced mobilization of noradrenaline (l5B), lower

endothelial permeability (159), protection of rnitochondrial function (160),

attenuation of ischemia-induced acidosis (161,162), retardation of the early rise in

cytosolic Caz* (163), protection of lipid-containing membranes against lipid

peroxidation caused by free radicals (148) and antiarrhythmic effect believed to be

related to their inhibitory action on the phosphatidylethanolamine N-methylation
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activity (164). It appears that Ct* channel blockers are an effective treatment of IIR

injury at different experimental levels: cellular pharmacology, molecular biology, in

vitro and in vivo animal pharmacology, clinical pharmacology and clinical efficacy

studies (165).

d. Phospholipase A2 inhibitors: The membranes of living cells consist of

phospholipids, cholesterol and proteins. The integrrty of the membrane is important

for proper cell function. Phospholipids, the major constituents of the cellular

membrane, provide the principal shuctural framework of the membrane and undergo

a continued turnover process. The cell is able to synthesize required phospholipids

and regulate the fatty acyl composition of the phospholipids. An integral enzyme

involved in the hydrolysis of phospholipid is phospholipase A (PLA), with two

isozymes, phospholipase A1 (PLAr) and phospholipase A2 (PLA2) (10). of at least

three different types of PLA2 in the human heart, the group II PLA2 has been cloned

and been well studied (166,167). The regulation of the group II PLA2 activity occurs

through multiple entities, such as cytokines (TNF-o, IL-1, IL-6) and Ct*

concentration. Phospholipid homeostasis is disturbed during myocardial ischemia.

Several studies indicate that the degradation of membrane phospholipid is associated

with enhanced phospholipase A2 activity stimulated by Ca2*-overload and increase in

cytokines (10). This activation leads to increased phospholipid catabolism and

subsequently the liberation of lysophosphatidylcholine (LPC). LPC has been repor[ed

to induce major changes in membrane function. It has been shown to increase the

intracellular Na* concentration by inhibiting myocardial Na*-K* ATPase and
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increasing the burst of the Na* influx, in turn producing Ca2*-overload via the

Na+/Ca2*-exchanger. It has also been reported that LPC may directly increase

sarcolemmal permeabitity to Ct* andincrease non-selective cation currents including

Na*, and f*. an of these effects demonstrate that LPC is an anhythmogenic

substance. In addition, LPC accumulation in cardiac myocytes augments the activity

of phospholipase Azviaa positive feedback mechanism (168-171).

In view of the above results, any pharmaceutical agent possessing anti-

phospholipase activity would render protection against I/R damage. Manoalide, a

phospholipase A2 inhibitor, has been shown to protect the heart from the injury by IiR

by partially inhibíting the degree of LPC-induced increass in C** (168). Mepacrine,

another phospholipase inhibitor, while decreasing the level of phospholipid

degradation, displayed a negative inotropic effect and appeared to interfere with

calcium currents across the sarcolemma (172). Chlorpromazine and MR-256 (an

oligomer of prostaglandin E1) are two unrelated drugs, both of which were shown to

have a protective effect on ischemia-reperfused heart due to their ability to inhibit

PLA2 Q73). It has been further reported that coenzyme Qro may inhibit PLA2 on

inner membranes of myocardial mitochondria or dipalmitoyl phosphatidylcholine,

and in turn prevent the development of mitochondrial dysfunction and mitochondria

phospholipid hydrolysis by phospholipase (174). Despite the encouraging results

shown by phospholipase inhibitors, many of their mechanisms of action are still

unknown.

e. Na*-H* exchange inhibitors: The sarcolemmal Na*/H* exchanger
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(NtD) is an electroneutral exchanger that extrudes one proton in exchange for one

Na+ under normal condition (175). At least five different isoforms of NHE are known

to exist. NHEI, the most widely distributed type, is predominant in cardiac tissue. It

is thought to mediate a number of physiological functions in various cell types

including maintenance of the intracellular pH and cell volume. Additionally, it

controls cell growth and proliferation by mediating the action of a number of mitogen

and growth factors (176,177). The acidosis induced by a shift to anaerobic

metabolism during I/R can activate the NIIE. Accordingly, NHE activity correlates

with internal pH where the exchanger will be maximally active at low intracellular

pH þH<6 .5) (177). The intracellular Na* level will be elevated by the activation of

NIIE, thus activating the Na*-K* ATPase. The increase in Na* concentration will also

lead to the occurrence of Ca2*-overload via Na+-Caz+ exchanger (178) leading to cell

injury via necrosis and/or apoptosis; ventricular arrhythmias will also occur. In

chronic responses, I/R injury will stimulate NFIE expression and improve NHE

synthesis; finally it will induce cell remodelling, ventricular remodelling and heart

failure (176). Although not fully understood, the above mechanisms indicate that an

inhibitor of NHE may play a key role in protection against I/R injury.

A great deal of research is focused on studying the inhibitor of NHE as a

potential effective treatment of I/R injury 079,180). NHE inhibitors are investigated

via Na* nuclear magnetic resonance (NNß.) and many inhibitors of NHE have been

used in clinical settings including amiloride and its derivative (EIpA, DMA, MIBA,

HMA), or non-amiloride structure inhibitor, cariporide, and (HOE 642) (lig,lgl).
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These are commonly known as selective NHE 1 inhibitors. Since the early 1990s, it

has been demonstrated that amiloride and its derivatives reduce Na*-overload in

cardiac IÆ( injury, and consequently influence Caz* accumulation (ls2-1g4).

Similarly, cariporide' a non-amiloride structure inhibitor, has no effect on the decline

in cytosolic pH while preventing the accumulation of intracellular sodium. A

reduction in infarct size, enzyme release, edema formation, arrh¡hmias and induction

of apoptosis in a reperfused myocardium were also observed by NIIE inhibitors

(185). Some NHE inhibitors such as SM-20550 were reported to reduce the Ct* and

Na* levels at the end-stage of ischemia in guinea pig heart; these protective effects

may be modulated at the mitochondrial level. Similarly, HOE 694, another inhibitor

of NHE, prevented clumping of C** aggregates on mitochondria. Clearly, the

mitochondria may play a major role in the regulation of both physiological and

pathological cell death in myocytes (186). Future research on this subject should

focus on the usage of NHE inhibitors in clinical settings and provide an effective

intervention for I/R myocardial injury.

f' P38 MAP kinase inhibitors: MAP (mitogen-activated protein) kinases

are recognized as regulators of cell growth and proliferation. They are activated upon

binding of peptide growth factors to their tyrosine kinase receptors. Three pathways

are currently described that ultimately lead to MAP kinase activation. These are

adhesion molecules, G protein-coupled receptors, and stress-activated MAp kinase

pathways' The stress-activated MAP kinase pathway plays an important role in

response to I¿R in the heart since this phenomenon presents a realpathological stress
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(187)' The MAP kinases involved in this pathway include c-jun arnino-terminal

kinase, that phosphorylates the transcription factor c-jun and p3g MAp kinase. An
increase in hydrogen peroxide concentration in the heart during ischemia and/or

reperfusion could activate P38 MAPK (188,189). Normally mitogenic MAp kinases

stimulate protein synthesis, cell proliferation an¿ inhiuit apoptosis. However, stress-

activated pathways promote apoptosis and cytokine production, as in p3g MAp
kinase induction of hypertrophy and expression of the fatal gene program in the heart.

P38 MAPK appears to be a key factor in the signal transduction cascade of
myocardial apoptosis proceeding ischemia and reperfusion (1g0-1g4). In addition,

P38 MAPK has been implied to phosphorylate 72-lÐaheatshock protein or 27-lÐa

heat shock protein which provides cytoprotection by stabilizing the actin cytoskeleton

(1 95,196).

Extensive research is being directed towards the inhibition of p3g MAp kinase

pathway as an intervention for the treatment of I/R injury eg7,19g). currently, sB

203580 is the most effective inhibitor of P38 MAP kinase. An important f,rnding from

some animal models is that treatment with sB 203580 significantly decreases the

levels of myocardial apoptosis, and equally significant is the improvement in cardiac

function recovery after reperfusion (1gg,200). selective blocking of p3g MAPK

activation by sB 203580 and inhibition of the critical component in the signal

transduction pathway leading to apoptotic cell death explains these findings. Thus,

sB 203580 has the capability to attenuate post-ischemic myoc ardial injury and

improve heart function recovery. Ma et al (198) reported that administration of sB
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203580 signif,rcantly attenuated postischemic myocardial necrotic injury due to its

ability to reduce early apoptosis in I/R heart. Although numerous studies support the

notion that P38 lvtAP inhibition is protective (198,20 l,2az),the benefits of inhibiting

this kinase continue to be subject to controversy (203).

g. Protein phosphatase inhibitors: Protein kinases have been studied for

many yearq because of their important role in the regulation of heart function;

however, it has now been demonstrated that protein phosphatases play an equally

irnportant rcle (204). Protein phosphatases are currently classif,red into two groups:

type I phosphatase (PPl) and type 2 phosphatase (pp2). Type 2 phosphatase is

further subdivided into PP2A, PP2B and PP2C; however, three major protein

phosphatases control cell function and these are PP1, PP2A and pp2B. They comprise

more than 90/o of the phosphatase activity in mammalian cells. These phosphatases

provide the cell with the ability to rapidly change proteins from their phosphorylated

to dephosphorylated form in order to meet different physiological needs such as cell

cycle regulation, gene transcription, carbohydrate and lipid metabolism, organization

of cytoskeleton, cholesterol and protein biosynthesis (205). It has been postulated

that protein dephosphorylation during ischemia could result in damage to the

cytoskeletal integrity and lead to cell death. It is believed that the heart is protected by

inhibiting the dephosphorylation rate or stimulation of kinase activity to maintain

protein phosphorylation, which could be preserved by ATP utilization under

physiological conditions (206, 207 ).

Many phosphatase inhibitors have been widely applied in experimental
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research and clinical settings. Fostriecin is a highly selective inhibitor for pp2A and is

used as an anti-tumor agent (20s). Although there is no evidence to show that

fostriecin is effective when applied to ischemic heart patients, several research reports

have suggested the beneficial effect of fostriecin in ischemic heart disease in

experimental animals (207,209,210). In different experimental models, this drug has

been reported to protect the heart from myo cardialinfarction before or after the onset

of ischemia' Wejnbrenner et aI (206) have suggested that fostriecin may inhibit

dephosphorylation of PKC-specific substrates, thus protecting the heart during

ischemia' In another study it was reported that fostriecin had similar cardioprotective

effects as preconditioning in both rabbit and pig models. This protection may occur

via the same effectors mechanism that preserves cytoskeletal phosphorylation and

integrity of cell plasma membrane (207,211). Moreover, vanadate as a protein

tyrosine phosphatases inhibitor has been identified to inhibit the dephosphorylation of
the oB-crystallin, which is translocated to intercalated disks, and Z line to stabilize

the myofibrils during ischemia in rats (212).It was also demonstrated that this drug

presents other beneficial effect on isolated perfused ratheart such as attenuation of

acidosis and changing glucose utilization (213). other pp inhibitors such as okadaic

acid, calyculin A and cantharidin have facilitated the study of protein phosphatase

function (214,215) and have been shown to protect ischemic rat and rabbit

cardiomyocytes (2 I 0,2 I 6) .

h' s-HT receptor antagonists: Serotonin (5-HT) is stored in platelets and

released during platelet aggregation. It is present in large quantities within the heart
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and is able to stimulate it directly via specific receptors. Those receptors are classified

as 5-HT1, 5-HT2, 5-HT3 and 5-HTa QI|).It has been reported that 5-HT plays a role

as a mediator of iiflammation, since neutrophil uptake of 5-HT results in release of a

vasoconstrictive substance. 5-HT similarly affects the function of other leukocytes

such as macrophages. These effects of 5-HT suggest a potential therapeutic value on

the process of reperfusion injury after experimental ischemia (21S). In addition 5-HT

has been found to provoke contraction of isolated coronary arteries in various species

and may be a major component in elicitin g utt"ry vasospasm, thus indirectly

contributing to arhythmias. Those findings suggest that 5-HT may play a pathologic

role in a variefy of low blood flow conditions. It was believed that 5-HT is released

during certain types of myocardial ischemia, particularly when thrombosis persists.

The role of 5-HT is to ampli$r the occlusive event via activation of 5-HT2 receptor. 5-

HT is also implicated in platelet-vessel wall interactions inducing vascular smooth

muscle cell proliferation, vasospasms and arterial thrombosis. Therefore, 5-HT

receptor antagonists may offer possible treatments for ischemic heart disease (ZI9).

Previous studies have shown the contractile ef,fect of serotonin or 5-HT2 receptor

agonists on isolated rat intramyocardial coronary artery, while 5-HTIA or 5-HT3

receptor agonists showed no contraction (220). It is suggested that 5-HTl receptor

mediates vasodilatation (22t), while 5-HT2 receptor mediates vasoconstriction. In the

reperfused heart there is marked impairment of endothelium-dependent relaxation of

the coronary arteúes after global ischemia (222). The vasoconstriction of 5-HT2

occurs due to a defect in the counter regulation of vasorelaxation by normal
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endothelial cells.

Since 5-HT2 receptors play a functional role in platelet aggregation, thrombus

formation and in the impairment of endothelin-dependent relaxation of arteries (223),

many 5-HT2 receptor antagonists were studied for their effects on I/R injury; these

include MDL28, 1334, LY53857, DV-7028, ICS 205-930, cinanserin, mianserin,

ketanserin and yohimbine (224-227). Undoubtedly, in vivo studies of 5-HT2 receptor

antagonists exhibit inhibition of 5-HT-induced platelet aggregation, decreased lysis

time and delayed reocclusion. In vitro studies have reported that 5-HT2 receptor

antagonists increased the time to contracture in isolated globally ischemic rat heart

(228). It was furlher suggested that 5-HT might be implicated in the genesis and

determination of severity of ventricular arrhythmias induced by acute myocardial

ischemia, especially via 5-HT2 receptor. Hence, 5-HT2 receptor antagonists may be

useful therapeutic agents for these arrhythmias. The mechanism of 5-HT2-mediated

effects may occur through activation of phospholipase C (PLC) and accumulation of

inositol phosphates causing the release of Ca2* from intracellular pools (229), yet the

exact mechanism of 5-HT2 receptor antagonists that attenuate ischemic injury are still

unknown. Although pharmacological approaches to protect the heart from the I/R

iqury have been investigated, these still need to be well established by future

research.

6. Effect of Pentoxifylline on Gardiovascular Disease
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a. General information about pentoxifylline: PTXF, a synthetic

methylxanthine, was approved in 1984 to prevent intermittent claudication in chronic

occlusive artenal disease (230,231). Like other metþlxanthine derivatives, PTXF is

not only prescribed for peripheral vascular and cerebrovascular diseases but is also

indicated for the treatment of asthma (232). PTXF is used to improve the

effectiveness of microcirculation, increase red blood cell (RBC) deformability,

decrease platelet aggregation and lower plasma viscosity (232-234). PTXF has also

been shown to modify the immune system. For example, this drug improves

leukocyte deformability and chemotaxis, depresses neuhophil degranulation,

decreases endothelial leukocyte adhesion and lowers the sensitivity of leukocyte to

cytokines (235-242). It has also been reported that PTXF can inhibit the production of

inflammatory cytokircs (27) and thus reduces neutrophil adhesiveness to endothelial

cells, enhances chemotaxis and lowers the production of free radicals Qa!.In other

studies, PTXF has been shown to augment the production of prostacyclins and a

vasodilator, ecidosanoid (244,245). Since, PTXF is known to inhibit

phosphodiesterase (PDE), an enzyme that breaks down oAMP, it elevates the level of

intracellular cAMP and thus lowers platelet aggregation QaQ and depresses the

production of TNF-o (247).

PTXF has received much attention for its pharmacoiogical effects on

hemorrheology and immune response; hence its metabolism has been examined

extensively. This drug is clinically effective when administered either orally or
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intravenously. It is metabolizedby erythrocytes and the liver, and is excreted by the

kidney with a halÊlife of 3.4 hr. There are seven metabolites of PTXF; metabolite V

is considered as the major urinary metabolite of PTFX in humans (232). Although the

effects of these metabolites on cardiovascular disease have not been fully examined,

some investigations of metabolites I and V indicate that these have hemorrheologic

properties similar to those of PTXF. Moreover, metabolite I, known as liso$rlline or

BL-149, was found to be the most active metabolite of PTXF for the treatment of

intermittent claudication in humans (248). Although lysoÛrlline can be useful in the

treatment of cardiovascular disease, PTXF is required clinically due to its diverse

effects on hemorrheology and inflammation with fewer side effects. Conclusively,

PTXF promotes the oxygenation of ischemic areas and lowers the amount of

metabolic derangements associated with I/R injury. In view of a wide variety of

effects of PTXF and potent hemorrheologic properties, it is proposed to discuss the

pharmacological actions of this agent for a clear understanding of its therapeutic

potentials for the treatment of cardiovascular disease.

b. Effect of pentoxifylline on l/R injury: I/R injury in various organs has

become a major global health concelaì., as it is the third leading cause of death in

North America and one of the primary factors that disables the elderly. Therefore,

searching for an effective pharmacological intervention of ischemic disease has

become very important (249). Many investigators have discovered that the

hemorrheologic properties of PTXF allow this drug to reduce blood viscosity,

improve red blood cell flexibility and inhibit platelet aggregation in ischemic cerebral
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disease. These modifications cause an increase in capillary perfusion and regional

cerebral blood flow (CBF) (250,251). Several in viho studies of rats also demonstrate

that PTXF extensively enhances red cell elasticity by increasing the amount of ATP

in RBCs (232). Similar findings were reported in humans (252). Bowton et al (1984)

also found that this change in ATP level, via oral administration of a single sustained

release capsule of PTXF, increases global and regional CBF in patients with

cerebrovascular disease (253). Moreover, current studies of PTXF indicate that this

drug can be beneficial to those with cerebrovascular disease. It can inhibit brain

edema by reducing disturbances of brain cell membrane permeability. PTXF can also

remove mechanical obstacles in microcirculation (238,254,255). Therefore, PTXF has

a broad range of therapeutic effects on patients with cerebrovascular disorders. It can

be used to treat transient ischemic attacks, cerebral thrombosis and hemorrhage, and

chronic cerebrovascular insufficiency (232). PTXF is potentially a very useful drug in

combatting ischemic brain injury.

Meanwhile, it has been discovered that PTXF is a very important agent in

establishing a treatment for I/R injuries to skeletal muscle. This agent has been

reported to inhibit neutrophil adhesion by blocking the effects of completment

receptor (CR) 3 up-modulation, preventing degranulation of myeloperoxidase and

lysozyme which are found in the granules of neutrophil, and modulating cytoskeletal

interactions at the adenosine A2 receptor (238,256). PTXF also prevents adherence of

neutrophils stimulated by TNF-o (237). Furthermore, it has been shown that PTXF

interferes with the leukocyte-signalling pathway by activating phosphatidylinositol-3-
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kinase and PLD via a number of different agonists. Eventually, actin polymerization

and superoxide production are inhibited by PTXF treatment (257). PTXF treatment

blocks the response of granulocytes to platelet-activating factor (PAF) (258,259) and

subsequently decreases the level of PAF in the venous blood. This potent lipid

mediator, produced by ischemic skeletal muscle during periods of reperfusion, would

otherwise result in increased binding of neutrophils to endothelial cells

(258,260,261). It also was shown that the administration of PTXF at a high dose

decreased the degree of muscle necrosis (260). Adams et al (1995) reported that using

25 mg of PTXF per kg, immediately before reperfusion, extensively diminished the

degree of muscle necrosis and PAF levels in the venous effluents of isolated canine

gracilis (258). As well, Hanazawa et al (262) reported that PTXF treatment prevented

leukocyte adhesion after reperfusion in the rat cremaster muscle venous blood. The

administration of PTXF also significantly decreases PAF levels and neutrophil

adhesion in the ischemic skeletal muscle (237,258,262). Thus PTXF prescription in

the clinic and basic research as the therapeutic strategy of I/R skeletal smooth muscle

has provided further information for the treatment of other vital organ I/R injury such

as ischemic heart injury. In fact, the I/R heart injury has become a major economic

and health-care concern. There are a number of factors to consider before we can

successfully treat these injuries. Many modifications have been used in the treatment

of this problem as we mentioned in the previous section. Meanwhile, various

experimental and pharmacodynamic studies also demonstrated the beneficial effect of

PTXF on myocardial vascular disorder (243,263-267). In one study, 40 ischemic
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heart disease patients treated with PTXF (600 mg per day for 25 to 30 days) showed

lowered level of glyceryl trinitrate consumption, greater ability to exercise and

reduced tachycardia (232).

The primary pharmacodynamic actions of PTXF, such as increased RBC

deformability and decreased blood viscosity are considered as aî important

mechanism to protect the heart from yR injury Q32). Dauber et aL (268)

demonstrated that PTXF attenuated the coronary microvascular protein leak and

decrement in endothelium-dependent relaxation in the coronary epicardial arteries

after ischemia and reperfusion. In addition, the increase in neutrophil cyclic AMP

induced by PTXF also diminished the superoxide production and adherence of

neutrophils to vascular endothelium, as well as a reduction in the response of

neutrophil to PAF (269-271). PTXF was also reported to decrease myeloperoxidase,

arr index of tissue leukocyte accumulation in ischemia myocardium. This

demonstrates that PTXF modification significantly reduced leukocyte adhesion (263).

In addition, PTXF is an effective hydroxyl radical scavenger preventing endothelial

injury by reactive oxygen species (243,253).

Additionally, reduction in TNF-o production has been shown to be an

important mechanism of PTXF when it was prescribed in the treatment of

mild-to-moderate heart failure and advanced heart failure, as well idiopathic dilated

cardiomyopathy (272,273). PTXF also have been prescribed to protect heart and lung

from cardiopulmonary bypass surgery due to the anti-TNF-s synthesis effect

(274,275). According to some investigators, this effect has been shown to occur in
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vitro and/or in vivo. There is evidence, which demonstrates that PTXF decreases

TNF-o synthesis via two mechanisms. Firstly, one of its metabolites, lisofylline

inhibits the lysophosphatidic acid acyl transferase that converts lysophosphatidic acid

to phosphatidic acid. This induces a rise in Caz* concentration and increase in the

synthesis of TNF-o (276). Secondly, PTXF acts as an inhibitor of phosphodiesterase

and induces prolonged cyclic AMP actlity resulting in activation of PKA, which

serves to block NFKB activation, in turn inhibiting TNF-o mRNA transcription (277).

This indicates that this phosphodiesterase inhibitor blocks TNF-o gene transcription

and protein production (278). However, although the anti-TNF-s effect of PTXF has

been studied in heart failure and cardiomyopathy, this anti-TNF-o effect of PTXF on

I/R heart still remains inconsistent.

In summary, PTXF with limited side effects and favourable activity in

hemorrheologic properties has received more attention for its beneficial effect on

ischemic heart disease presently. PTXF has gained widespread interest and is widely

considered as an effective intervention for l/R-induced damage. Numrous in vitro and

in vivo studies have revealed that the hemorrheologic and anti-inflammatory activities

of PTXF were responsible for the therapeutic effects of this drug. PTXF can

immensely increase the recovery of all kinds of I/R diseases in various organs,

including the brain, heart, intestines, testis and skeletal muscle (234,263,263,274,279-

282). Based on the cumulative action of all of these effects, PTXF has been

recognized as an effective therapeutic strategy for dealing with various cardiovascular

diseases. However, its mechanism for alleviating cardiovascular dysfunction and the
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optimum dosage for therapy have not been clearly identified. Hence, a greaf deal of

research and appropriate clinical trials still need to be conducted.
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II. STATEIVIENTS OF THE PROBLEM AND

HYPOTHESIS TO BE TESTED

Ischemic injury occurs immediately upon cessation of blood flow to the heart

and persists even after restoration of coronary perfusion. These alterations in cardiac

performance have been partially attlbr¡ted to the occurrence of intracellular caz*-

overload in the ischemic and I/R heart. on the other hand, several studies have

indicated that the þroduction of TNF-o may participate in cardiac dysfunction in

different fypes of heart diseases such as myocardial infarction, heart failure and

various cardiomyopathies. Although PTXF, a phosphodiesterase inhibitor, has been

reported to protect the heart during cardiopulmonary bypass surgery, the exact

mechanism of its action still remains unclear. several factors such as increased RBC

deformability, decreased platelet aggregation and a reduction in plasma viscosity

have been assumed to mediate the benefrcial effect of pTXF. Furthermore, prXF has

been reported to inhibit the production of TNF-ü and NFKB activity in

cardiomyopathy and heart failure. This study was designed to examine if the

depression of rNF-s synthesis and inhibition of NFKB activation are involved in the

cardioprotective effect of PTXF against I/R-induced injury. To control potential

hematological contributions in the beneficial effects of prXF on I/R injury, this study

was conducted in the isolated, crystalloid-perfused rat heart. Since Caz*-paradox

heart is considered to be an appropriate experimental model for studying the effects

of intracellulat ca2*-overload, this study also examined the effects of prXF in hearts
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subjected to Ct*-depletion and C**-repletion. The role of intracellular Caz*-

overload in TNF-o formation and NFrB activation was also investigated by

employing the Ca2*-paradox heart with or without PT)(F treatment. This research

was therefore undertaken to test the hypothesis that improvement in cardiac function

by PTXF in both I/R atd Caz*-paradox hearts is associated with inhibition of TNF-'

synthesis and NFxB activation.
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III. MATERIALS AND METHODS

All experimental protocols for animal studies were approved by the Animal

Care Committee of the University of Manitoba, following the guidelines established

by the Canadian Council on Animal Care.

1. Perfusion of lsolated Rat Hearts

The perfusion procedure for the isolated heart was similar to previous studies

from our laboratory (zB3,zB4). Male sprague-Dawley rats (2g0-350 g) were

anesthetized by injecting a mixture of ketamine (60 mg/kg) andxylazine (10 mglkg).

The hearts were rapidly excised and perfused using the Langendorff technique. Each

heart was stabilized with perfusion at a constant flow rate of 10 ml/min for 20 min

with normal Krebs-Henseleit (KH) buffer containing in mM: 120 NaCl, 4.g KCl, I.35

cacl2, 1'2 Mgso+, r.2 KH2Po+,25 NaHCo3 and 11 glucose (pH 7.4). Alt of these

chemicals were purchased from Sigma Aldrich in USA. The perfusion solution was

maintained at 37"C and gassed continuously with a rnixture of 95% 02 and 5% COz.

The hearts were stimulated electrically at 300 beats/min by using 611 Stimulator

(Phipps & Bird, Richmond, USA). A water-filled plastic balloon was inserted into the

left ventricle and the left ventricular end diastolic pressure (LVEDp) was adjusted at

10 mm Hg at the beginning of the experiment. The left ventricular developed pressure

(LVDP), LVEDP, rate of pressure development (+dP/dt) and rate of pressure decay (-

dP/dÐ were measured by using AcqKnowledge 3.5 for Windows 3.0 (Biopac System

Inc., Goleta, CA, USA). Data was recorded online through an analogue-digital
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interface (MP 10Q, Biopac System Inc., Goleta, CA, USA).

2. Experimenta¡ Protocol for l/R

The isolated rat hearts were perfused for 20 min for stabili zation. For the

control group, the hearts were perfused with KH buffer for 60 min and for the I/R

grouP, the hearts underwent 30 min of global ischemia followed by 30 min of

reperfusion with normal KH medium. For the PT)G treatment group, PTXF was

given for 10 min before inducing ischemia during the stabilizationperiod, as well as

during the 30 min reperfusion period. The drug was infused into the perfusion

medium via a side arm close to the cannula. The experimental protocol is depicted in

Figure 14. Different concentrations (50, 100, 125 andl50 pM) of PT)G were used in

this study. The left ventricular function was measured by recording the LVDp,

LVEDP, +dP/dt and -dP/dt and the hearts were stored in -70"C after 30 min

reperfusion.

3. Experimental Protocol for Ca2*-Paradox

The Ca2n-paradox study was induced in hearts as in previous studies from our

laboratory (20,285). After 20 min of stabilization by using normal KH solution, the

hearts were divided into three groups. For the control group, the hearts were perfused

with oxygenated KH medium for 35 min. For the Caz*-parud.ox group, the heafis were

perfused with Ca2*-free KH medium for 5 min followed by 30 min perfusion with

normal KH buffer containing 1.25 mM Ca2*. For the PTXF treatment group, PTXF
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Figure 1: Experimental protocols in I/R moder (A), and c**-parudox model (B). All
hearts were perfused for 20 min for stabilization before 30 min giobal ischemia or 5 min
Caz+-free perfusion as this was followed by 30 min reperfusion or 30 min Ca2+-repletion.
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infusion was started 10 min before Ca2*-depletion and was carried out throughout the

Ca2*-depletion and Ca2*-repletion periods. The experimental protocol is shown in

Figure 18. The left ventricular function was measured by recording the LVDp,

LVEDP, +dP/dt and -dP/dt. The hearts were stored in -70"C after 30 min of Caz*-

repletion.

4. Measurement of TNF-q

Ventricular tissue was homogenized in 10 volumes of phosphate-buffered

saline (PBS), which contained 1% Triton-l00 along with protease inhibitor cocktail

(Roche, Laval, Quebec, Canada) Q$.The homogenate was centrifuged at 2500 g for

20 min at 4"C. The supernatant was collected and the TNF-o level was measured

using a sandwich ELISA kit for rat TNF-o with a 12.5 pg/ml derecrion timit (R&D

Systems, Inc., Minneapolis, USA). The assay was performed according to the

manufacturer's instructions. Absorbance of standards and samples were determined

spectrophotometrically (SPECTRAmax@ PLUS38a, Molecular Devices, Sunnyvale,

CA, USA) at 450 nm. Results were calculated from the standard curve and were

reported as pgl gprotein.

5. Preparation of Tissue Extract for NFrcB Determination

Ventricular tissue (50 mg) was homo genized on ice at setting 8 for 2 x 30 s

with 30 s interval in between (Polytron PT 3000, Brinkmann Instruments;

Mississauga, 9N, Canada) in 1 ml of buffer A containing: 50 mM Tris-HCl, 0.25 M

sucrose, l0 mM EGTA, 4 mM EDTA and protease inhibitor cocktail (Roche, Laval,
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Quebec, Canada), pH 7.5. The suspension was sonicated for 2 x 15 s with 30 s

interval in befween and then centrifuged at 100,000 g for 60 min in an ultracentrifuge

(Model L70, Beckman Instruments, Fullerton, cA, usA). The supernatant was

collected as cytosolic fraction. The pellet was resuspended in I ml of buffer B (buffer

A+ lVo Triton X-100) and incubated on ice for 60 min, then centrifuged at 100,000 g

for 60 min in an ultracentrifuge. The supernatant containing dissolved membrane

protein was labelled as particulate fraction. Another piece of 50 mg ventricular tissue

was suspended in buffer B, homogenized and sonicated as above. The homogenate

was incubated on ice for 60 min, and then centrifuged at 100,000 g for 60 min in an

ultracentrifuge. The supernatant obtained was labelled as homogenate fraction. This

method for preparing tissue extract is the same as described elsewhere (2g6).

6. Determination of protein concentration

Protein concentration of tissue extract was estimated by the microassay

procedure of Bradford. Tissue samples were diluted to a final volume of 1600 pl, and

treated identical to standards. A standard curve was obtained by taking different

samples of BSA solution containing 2.5, 5,7.5, I0 pglml in total volume of 1600 pl.

The colour reagent (a00 pl) was added to each tube and the mixture incubated for l5

min at 22oC. The colour intensify was measured in a spectrophotometer at 595 nm.

7. Analysis of NFrcB protein Gontent

The immunoblotting analysis of NFrcB was performed by separation of 20 Wg

protein from homogenate, cytosolic and particulate fractions on a I0%
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SDS-polyacrylamide gel electrophoresis (SDS-PAGE) followed by immunostaining

by Western blot assay. The concentration of protein in these samples was adjusted to

1 mg/ml with the buffer A or buffer B and 4 X SDS-PAGE loading buffer containing

250 mM Tris-HCl (pH 6.8@25"c), Bo/o wlv sDS, 40% Glycerol, 200 mM p-

Mercaptoethanol and 0.4a/o Øv Bromophenol Blue. The elechophoresis was carried

out first at 100 volts for 10 min followed by 200 volts for 40-45 min. The proteins

separated by SDS-PAGE were then electroblotted at 110 volts for t hr at 4"C to

polyvinylidene difluoride membrane (PVDF) by employing a transfer buffer

containing 25 mM Tris-HCl, I92 mM glycine and 20Yo methanol (v/v) for the

determination of relative protein content with immunoblotting analysis. The

transferred membranes were incubated overnight in blocking buffer, TBST (10 mM

Tris-HCl, 150 mM NaCl and 0.1olo Tween-20) containing 5%o non-fatmilk powder at

4"C. The membranes were placed at room temperature for 30 min and incubated for 2

hr with anti-P65 NFrB primary antibody (1:1000) (Cell Signaling Technology,

Ontario, Canada) in 10 ml blocking buffer with gentle agitation. The membranes were

washed 3 times for 10 min each with 15 ml of TBST and then incubated with second

antibody (l:10000 Goat Anti-Rabbit IgG Horseradish Peroxidase Conjugate, diluted

in TBST containing lo/o fat-free milk) at room temperature for t hr. The membranes

were again washed with TBST as described above. Antigen - antibody complexes in

all membranes were detected by the chemiluminescence ECLplus kit (Amersham-

Pharmacia Biotech, Baie d'Urfe, Quebec, Canada). An Imaging Densitometer (GS-

800, Bio-Rad, Mississauga, Ontario, Canada) was used to scan the protein bands and
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quantified using the Image Analysis software version 1.0. protein loading was

checked in every experiment by staining the membrane with ponceau s staining

before immunoblofring (69).

8. Statistical Analysis

The data were expressed as mean + SE. Differences between the two groups

were analyzed by using an unpaired student t-test. p<0.05 was considered the

threshold for statistical significance between the control and the experimental groups.
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IV. RESULTS

Effect of PTXF on t/R tnjury

a. Alteration of cardiac function in l/R-induced injury: Thirty min of

ischemia and 30 min reperfusion caused a marked depression of cardiac function.

Figure 2 shows alterations in left ventricular pressures as well as pressure

development and decay. There was a 9-fold decrease in LVDP and a 3O-fold increase

in LVEDP after 30 min of reperfusion. A lO-fold decrease in both +dp/dt and -dp/dt

in I/R group was also observed (Table 1). The data in Figure 2 and,Table I also

indicate that treatment with PTXF (100 pM) enhanced the cardiac function

significantly; there was about 75Yo rccovery of LVDP and about 600/o recovery of

both +dP/dt and -dP/dt after I/R. Although a significant decrease in LVEDp was seen

after PTXF treatment, LVEDP still remained 10-fotd higher than pro-I/R value. The

dose-response for the beneficial effects of PTXF against I/R injury shows that 50 pM

PTXF did not exert any signif,rcant action whereas maximal effects are seen with 125

pM PT)G (Figure 3).

b' Myocardial TNF-q product¡on in l/R-induced injury: Myocardial

TNF-0 contents in ischemic and ischemic-reperfused ventricular tissues are shown in

Figure 4. TNF-ü levels were decreased in the ischemic heart; however, this change

was not affected by treatment with PTXF (100 pM). On the other hand, a signif,rcant

increase was detected (from 409 + 32 to 906 + 92 pglg protein) at 2 min of

reperfusion but thereafter TNF-o levels decreased towards control level. Treatment



A

È
¡r
bo

s

B

a.
o
¡<
Þ0
Ð
Éo
ÈË
Cgojr
få
XF
Êi

---o-yR8rorp
--{-PDGteffi

02X446080
TinE(min)

-{-IlRgrow
-{-P|XFt¡eúrrrf

fil 80
tä
H
H
':t 60

ä
l¿o

(o'
o\ 6fl

ä
â.
tsl
b40
È'
È!{

&ro

n4A6080
linp(min)

Figure 2: Ttacings represent recording from the heart under I/R without (A) and with (B)
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and LVEDP at the different time point during I/R. Each group consists of 6 experiments.*p<0,05 vs. I/R group.
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Table 1. Effect of prXF (r00pM) on cardiac performance in r/R heart

Group

Control

Control with PTXF

30'I

30'I with PTXF

I/R

I/R with PTXF

LVDP

118 + 5.6

103 r9.7

3.1 + 9.5*

2.2 + g.g*

15.3 t2.g+

75 + 6.1*#

mmHg

30' I for 30 min ischemia, I/R for 30 min ischemia and 30 min reperfusion. values are Mean + sE of 6 separatedexperiments *p<0'05 vs. control group, #p<0.05 vs. ischemiu."p.rfusion group

LVEDP

4.0 + 0.8

4.7 t 0.8

48.6 + 1.7*

43.7 +2.5*

92.3 ! 4.9*

40.5+5.1*#

+dP/dr

6618 !268

5883 + 786

107 + 16.4x

97 r22.7*

569 + 150x

4328 + 328*#

mmHg/sec

-dP/dr

4024 +203

3608 +284

1ig + 17.6*

97 t25.6*

397 + 78.1*

2490 + 128*#
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of the heart with PTXF attenuated the initial inuease in TNF-o content due to reperfusion

(at 2 min)' However the TNF-o content remained at the same level in the pTXF

treated group and in fact, TNF-c, level at 10 and 30 min of reperfusion were higher

than the untreated hearts.

c. Myocardial NF*B prote¡n content in l/R-induced injury:

Figure 5 shows the representative Western blots for NFKB and the analysis of protein

contents of NFKB in homogenate, cytosolic and particulate fractions. It is observed

that the relative protein content of NFrcB in homogenate decreased by about l3o/o of

the control in 30 min reperfused hearts following 30 min of global ischemia. The

cytosolic NFKB content was reduced by about 85%o of the control (Figure 58)

whereas the particulate content was decreased by about 50yo ofthe control in I/R

hearts (Figure 5C). On the other hand, the NFrB protein content in the homogenate

fraction (Figure 5A) or in the particulate fraction (Figure 5C) did not change

significantly in the PTXF treated I/R group hearts. However, the NFrcB content in the

cytosolic fraction (Figure 5B) decreased by about 46% inthe pT)Cl treated IIR hearts.

It is pointed out that the ratio of particulate to cytosolic ratio for the NFKB protein

content in the untreated L1R heart was about 3.3, whereas that in the pTXF I/R hearts

was about 1.8. This indicates that redistribution of NFKB in the IIR hearts is

attenuated by PTXF treatment.
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Figure 5: 'western blot analysis showing the alteration in the protein content of NFrcB at

homogenate fraction (A), c1'tosolic fractio-n (B), and particulate fraction (c) of I/R heart with or

without PTXF (f O0piø) treatment. *p<0.05 vs. control group, #p<0'05 vs' I/R gloup'
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2. Effect of pTXF on Ga2*-paradox Heart

a' Gardiac dysfunction in ca2*-paradox injury: Five min of ca2*-free

perfusion followed by 30 min of ca2*-repletion caused a dramatic impairment in

cardiac performance. This change was demonstrated by a l0-fold decrease in LVDp

and about 2O-fold increase in LVEDP at 30 min of Ca2*-repletion (Figures 6C and

6D). A 2O-fold decrease in + dP/dt in the Cazn-paradox heart was also detected

(Table 2)' To determine if PT)(F attenuated cardiac dysfunction caused by C**-
paradox, hearts were pretreated with PTXF (100 pM) before the Caz*-free perfusion.

As depicted in Figure 6 andTable 2, PTXF treatment significantly improved cardiac

function as demonstatedby 4l% fecovery of LVDp, 350/o recovery of + dp/dt, and, a

significant decrease of LVEDp but still lO-fold higher than control group.

b' Ga2*-paradox induced TNF-q production in the heart: As shown in

Figure 7 , a dramatic increase in TNF-* protein levers (from 409 + 32 to r g33 + 1g0

pglg protein) was detected in the myocardium after 30 min Ca2*-repletion, whereas

there was no increase of TNF-u, protein level after 5 min Ca2*-depletion. However, a

significant depression in TNF-o level (784 +.770 pglg protein) was detected in the

PTX¡'treatment group (Figure 7).

c' Ca2*-paradox induced alterations in NFrcB protein content: In

order to investigate the possible mechanism of C*"-paradox induced injury, the

protein content of NFKB in homogenate, cytosolic and particulate fractions from

control, Caz*-parcd,ox and PTXF treated hearts were measured. Figure g shows the
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LVDP and LVEDP at the different time points during Ca2+-depletion and C*+-repletron. Each
group consists of 6 experiments. *p<0.05 vs. Ca2+_paradox group.
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Table 2. Effect of PTXF (100¡rM) on cardiac performance of Ca2*-paradox heart

Group

Control

Control with PTXF

Ca2+ -depletion

Ca2+-depletion with PTXF

Ca2*-paradox

Ca2*-paradox with PTXF

LVDP

lIl + 4.1

106 + 5.5

7.3 +1.0*

6.6 +1.0*

9.6 + 1.5*

44.3 + tI.g*#

mmHg

Values are mean + SE of 6 separated experiments *p<0.05 vs. control group, #p<0.05 vs. Ca2+ paradox group

LVEDP

4.5 + 0.8

3.1+ 0.3

27.5 +2.6*

23.3 +3.1*

82.3 + 6.0x

52.5 + 12.4*#

+dP/dr

5938 + 320

5666+318

156 + 29.4+

t63 + 42.2*

264 + 53.7'+

l9t2 + 656.0*#

mmHg/sec

-dP/dr

3821 L 137

3419 + 193

150 + 32.0*

158 + 35.1*

236 +39.6*

1259 +393*#
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Figure 7: TNF-o protein level in myocardium subjecte d, C*+-paradox with or without pTXF
(100pM) treatment' Ca2+-Free: data from heart subjected 5 min Ca2*-depletion. Data represent
6 separated experiments in each group. i'p<0.05- vs. the control group, #p<0.05 vs, Ca2*-
paradox group.
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representative westem blots of NFrcB protein content and analysis of the data. It can
be seen in the homogenate fraction @igure gA), that NFKB protein contents were
significantly reduced (about rs%) in caz*-paradox group when compared to the
control group without any significant changes to pTXF treatment group. The NFrcB
content in the cytosolic fraction from ca2*-paradox heartwere decreased by about
66% (Figne 8B)' whereas that in the particulate fraction was decreased by about25o/o

(Figure 8c) compared to the control group. PT){F treatment significantly reversed

these changes in both cytosolic and particulate fractions. The ratio of NFrcB protein
content in particulate fraction to cytosolic fraction in the untreated caz*-paradox heart
was about 2'2'whereas that of the PTXF treated ca2*-parad,ox heartwas about 1.6.

This indicated that PTXF prevented the redistribution of NFrcB protein in the ca2*-

paradox heart.
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Figure 8: Western blot analysis showing alterations in the protein content of NFrB in
homogenate fraction (A), cytosolic fraction (B) and particulate fraction (C) upon Ca2*-paradox

in heart with or without PTXF (100prM) treatment. *p<0.05 vs. control group, #p<0.05 vs.

Cú*-parcdox group.
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V. DISCUSSION

1. Effect of prXF on r/R-lnduced lnjury in the Heart
Depressed cardiac function, as a consequence of I/R injury, has been reported

clinically and experimentally. our results showing depression in cardiac function in
IIR hearts are in agreement with previous reports (2s3). Although depressed cardiac
performance due to I/R is considered to be a consequence of intracellular caz*-

overload and free tadical generation, it has been suggested that the production of
some cytokines' such as TNF-ü, may be an important factor involved in I/R injury
(24'40)' on the other hand, different investigators have demonstrated that TNF-' may
produce cardioprotection by enhancing myocardial torerance to ischemia (52-54).

such conflicting effects of TNF-' in I/R are probabry dependent on the absolute

levels of TNF-* during I/R period, as high levels of TNF-* may produce deleterious

alterations caused by I/R, thereby decreasing contractile function and inducing
apoptosis (30)' other studies have also demonstrated that TNF-o may serve as an

initiator for the cytokine cascade for the production of IL-6 and IL-g. They have

demonstrated that as TNF-o was washed out from coronary vessels, the newly
produced cytokines further reduced the peak systolic ca2* transients and contractility

by increasing the production of No, as well as a subsequent cGMp-mediated

decrease in L-type caz* channer current (32,34,4g,49), consistent with previous

reports from Gurevitch et al (35), our results demonstrated that TNF-* was

synthesized during reperfusion; there was a dramatic elevation at z min of
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reperfusion' such an increase in TNF-g may trigger the synthesis of other deleterious

cytokine in the heart (48), and in turn, may worsen the l/R-induced myocardium

injury' The decrease in TNF-cl levels in the I/R heart after 2min of reperfusion may

be due to coronary washing out as a result of cell necrosis and lesions in cell
membrane' This view is in agreement with others who have reported a marked

increase in creatine kinases and other proteins in the perfusate during the reperfusion

period (35)' since TNF-ü is known to depress contractile function in isolated hamster

trabeculae, as well as dogs and huma ns (24,43), it is possible that the observed

increase in TNF-0 protein levels at2 minof reperfusion may play animportant role in
the depression of cardiac function in I/R heart.

PTXF is considered to produce beneficial effects in heart faiìure as well as in
idiopathic dilated cardiomyopathy due to its inhibitory effect on TNF-', synthesis

(272'273)' Furthermore, it has been documented that pTXF protected heart and lungs

during cardiopulmonary bypass surgery and protected the skeletal muscle from

ischemia (274)' PTXF also exhibits hemorrheologic properties (275)as it improved

RBC deformability, decreased RBC aggregation and inhibited neutrophil adhesion.

Treatment with PTXF was shown to render protection against cardiacdysfunction

and provide an overall increase in survival (232). Although the exact mechanism for
the cardioprotective action of this agent is not yet fully understood, PTXF is

considered to exert beneficial effects on the ischemic heart by promoting oxygenation

of the ischemic areas and lowering the amount of metabolic derangements associated

with I/R injury' In this study, treatment with PTXF protected the heart from I/R injury
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because it showed improved cardiac performance as compared to the I/R group.

These results are consistent with a previous study with similar effects of prxF on I/R
injury Q65)'since the PTXF treatment depressed of TNF-o synthesis at 2 min of
reperfusion, it might be assumed that PT>c' has depressed the occurïence of the first
peak of TNF-ü synthesis, and in turn might have probably blocked the direct

deleterious effect of TNF-o in addition to subsequent production of other cytokines

according to the current investigations about initiatory effect of rNF-cr, on deleterious

cytokines synthesis (48,49). From the present study, we also found that TNF-cr

protein level maintained in lower level in the PT)G treatment group but higher than

IÆ' group at 10 min an'd 30 min reperfusion when TNF-cr might have been washed

out from I/R heart due to cell necrosis and membrane lesions. since the previous

study (2s7) have shown that pr)(F reduces capillary membrane injury and

subsequent protein leakage, it is likely that pTXF treatment might block TNF-0

washout after 2 min of reperfusion. Meanwhile, since the effects of TNF-* are

considered to be dependent on the absolute levels of TNF-o during I/R period, it is
possible that PTXF prevented the first peak of TNF-g synthesis and maintained lower

levels of TNF-ü, and thereby prevented the deleterious effects of this cytokine by

protecting the heart from IR injury. In addition, it also might be pointed out the pTXf

may also have some TNF-c¿ independent effect in I/R heart injury after 10 min and 30

min reperfusion.

since NFKB inhibition is generally associated with depression of pro_
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inflammatory factors gene expression and cell apoptosis (50), it is possible that

interference of the activation of NFrcB may be implicated in the l/R-induced heart

injury' It was documented that PTXF blocked the translocation of NFrcB in vascular

smooth muscle cells (288)' In the present study we have also obtained a similar effect

of PT)G on the activation of NFrB in IiR heart. our data have shown marked

alterations of NFrcB protein levels in the cytosolic and particulate fractions in the

myocardium subjected to I/R injury. In view of the factthatNFKB is phosphorylated

in response to diverse stimuli, as this process activates NFKB to then translocate to

the nucleus and bind to a promoter that leads the gene expression of pro-

inflammatory cytokines. Thus, it is possible that this distribution change of NF*B in

the IÆ' heart may indicate NFrcB activation and translocation. It may also be noted

that PTXF treatment partiatly reversed this redistribution of NFrcB protein content in

patticulate fraction and cytosolic fraction as compared to the I/R group. This suggests

there were dramatic redistribution changes between cytosolic and particulate parts in

the IÆ' myocardium, and PTXF treatment partially reversed this alteration, even

though the total NFKB protein levels in both gïoups were decreased when compared

to control group. This effect of PT)G on this NFKB redistribution suggests that pTXF

inhibits the NFrcB activation in response to I/R injury. Although prxF has been

reported to inhibit NFKB activity in the tumour cell (289), intestinal epithelial cells

(290), T lymphocytes and hepatic satellite cells (29I,2g2), the data presented here

show for the first time that PTXF blocks the activation of NFrcB in myocardium when

subjected to I/R injury. Therefore, it is proposed that NFrcB may be an important
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factor involved in the mechanism of the beneficial effects of prXF on the

improvement of cardiac performance in I/R heart injury.

2' Effect of prxF on Ga2*-paradox lnduced lnjury

Recent studies have demonstrated that intracellular Ca2*-overload is a major

cause of myocardial cell damage and cardiac dysfirnction in ischemic heart diseases.

The intracellular ca2*-overload evoked by post-ischemic reperfusion is associated

with irreversible injury such as ultrastructural changes, enzyme leakage, membrane

damage, and reduction in ATP production by mitochondria, and increased infarct size

(1a)' The role of intracellular Caz*-overload in cardiac dysfunction may be fuither

extended to lÆ--induced arrhythmias, especially ventricular tachycardia and

ventricular fibrillation, which are the major cause of sudden cardiac death. Therefore,

in view of the important role played by intracellular ca2*--overload in the development

of ischemic injury, the Caz*-paradox heart has been used as an experimental model

for understanding the correlation between the disturbanc e of C** homeostasis and

other pathogenic variations that are involved in the pathogenesis of I/R injury.

Several studies have been conducted to understand the mechanism of this disturbance

in Ca2* homeostasis, and some therapeutic strategies have been developed to

determine whether the Ca2*-related mechanisms were involved in their protective

effect on I/R injury (283,285,293,294). To gain some information regarding rhe effect

of PTXF on disturbance of Ca2* homeostasis in the heart, we investi gatedthe effect of

PTXF in the heart subjected to cazn-paradox. The results showed that (i) the synthesis
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of TNF-ü was increased and NFKB was activated in caz*-parcdox induced heart

urjury; (ii) PT)G improved cardiac function in C**-paradox by blocking the

activation of NF*B and depressing the synthesis of rNF-o in myocardium.

It is pointed out that Caz*'paradox \ryas associated with a loss of contractile

function, which is in agreement with previous studies (2g3,2g5,2g3,2g4).

Furthermore, PTXF (100 pM) was observed to partially improve the heart function in

the ca2*-paradox heart. These beneficial effects on ca2*-paradox heart injury support

the view that PT)G not only protects the heart from I/R injury, but is also a general

cardioprotective agent in terms of preventing the ocouffence of intracellular cazn-

overload' Accordingly, it is suggested that ca2*-related mechanisms may pray a

crucial role in the beneficial effects of prxF against IR injury.

It is now well known that the myocardium possesses molecular rnechanisms to

produce increased amounts of TNF-g proteins under certain conditions such as heart

failure, cardiomyopathy and cardiopurmonary bypass surgery (2i2,273,295). The

results from the IiR model have indicatedthatl/R in isolated ratheartinduces TNF-g

production after 2 min of reperfusion. Some investigators have reported that TNF-*

production is closely related to oxidative stress (31-35) for causing negative inotropic

effects by influencing ca2* homeostasis (24,43,50); there also occurs a disruption in

the excitation-contraction coupling and desensitizationof the B-receptors (a0). It has

been documented that eaily contractile depression, induced by TNF-g is mediated by

sphingosine, which is an endogenous second messenger (a4). Furthermore, TNF-' is

also known to promote the production of nitric oxide (No), which reduces the
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myofilament sensitivity to Ca2* and mediates the late contractile dysfunction (a5).

Although it has been reported that TNF-o produces negative inotropic effects by

influencin g Ca2* homeostasis, very liule information is available regarding the

disturbance of Ca2* homeostasis and its contribution to the production of TNF-' in

cardiomyocytes. In the present study, we reported that TNF-u was produced by the

myocardium subjected to I/R. Interestingly, our results also demonstrated that TNF-*

was produced after 5 min Ca2*-depletion and during 30 min Ca2*-repletion period.

While no changes in TNF-o content \ryere seen due to Ct*-depletions, a marked

increase in the synthesis of TNF-o was seen upon induction of intracellular Caz*-

overload. Thus, it is proposed that intracellul ar Ct*-overload in I/R may play an

important role in the production of TNF-g in addition to oxidative stress which is

considered as a major trigger for the synthesis of TNF-o following I/R injury (57).

NFKB, a mediator for the production of TNF-u, is considered to be activated

by different pathways that are induced by VR, especially oxidative stress (57,59-61).

Since the level of TNF-u \ryas increased following the disturbanc e of Ca2*

homeostasis in Ca2*- paradox heart, it is likely that NFrcB may be involved in this

pathophysiological condition. In the present study, it was found that Caz*-paradox

stimulated the distributipn of NFrcB from cytosolic to particulate fraction and this

may be a mechanism that increased the production of TNF-ø in the heart subjected to

Ca2*-paradox' Although Ca2* has been shown to play an important role in the

activation of some transcription factors like NFrcB in kidney and lymphocyte (296-

zgl),the present study is first to report the redistribution of NFrcB due to intracellular
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ca2*-overload in heart. since PTXF treatment significantly reversed the activation of
NFKB induced by C**-paradox, it appears the anti-TNF-s effect of pTXF in Ca2*-

paradox heart may also be related to blocking the activation of NFrcB.
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VI. GONCLUSIONS

The data presented in this study have demonstrated the protective effect of

PTxF in the isolated crystalloid-perfused ratheatlsubjected to I/R and C*n-paradox.

In view of the depression of TNF-0, production and inhibition of NFKB activation by

PTXF treatment, it may be assumed that this protective effect has resulted from the

inhibition of the activation of NFrcB, and the reduction of the production of TNF-* in

the I/R heart at 2 minreperfusion. Furthermore, our study is the first to demonstrate

that the benef,rcial effects of PT)G may be Ca2*-re?ated, which plays an important

role in modulating the recovery of cardiac performance in IlR heart. There also

appears a close correlation between Ca2* homeostasis as well as TNF-* synthesis and

NFKts activation. our results therefore sugges t thar. the administration of pTXF

during surgical interventions may prove usefi.rl in the clinical management of

cardiovascular diseases.

The following conclusions are drawn from this study:

(i) Both IIR and caz*-paradox increase TNF-' synthesis and produce

NFKB activation in rat heart.

(ii) PTXF attenuates I/R induced cardiac dysfunction, possibly

depressing the occurrence of the first peak TNF-a, synthesis and

blocking the activation of NFrB,

(iii) PTXF attenuate caz*-parud,ox induced hear-t injury likely due

depressing the synthesis of TNF-c¿ and blocking the redistribution

by

by

to

of
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NFKB.

(iv) Intracellular caz*-overload may play a role in TNF-ü production and

NFKB activation in both I/R and ct*-paradox hearts.
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