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ABSTRACT

The cardiac Na*-Ca2* exchanger (NCX) plays an imporlant role in regulating

Ca2* under physiological and pathophysiological conditions. In its forward mode of

operation, which is the predominant mode under physiological conditions, it extrudes

Ca2" that enters the cardiac myocy'te t-hrough L-type Ca2* channels on a beat-to-beat

basis. During ischemia/reperfusion (lR), increased intracellular Na* favours a reduction

of Ca2* efflux through the forward mode and an increase in Ca2* influx through the

reverse mode of NCX, resulting in Caz* overload and consequent IR injury (IRI).

Pharmacological inhibition of the reverse mode of NCX represents an attractive

therapeutic strategy for cardioprotection. This thesis focuses on the evaluation of a

novel NCX inhibitor, 2-14-l(2,5-difluorophenyl)methoxylphenoxyl-5-ethoxyaniline

(SE40400), in attenuating IRI in a polygenetic model of the metabolic syndrome and

cardiovascular disease, the JCR:LA-cp rat. The major objectives were: (1) to investigate

the efficacy of SEA0400 in attenuating IRI in this clinically relevant animal model,

using the Langendorff-perfused isolated heart technique; (2) to test the concept of

prolonged in vivo administration of SEA0400 as a chronic cardioprotective therapy and

to assess any potential effects of SEA0400 on left ventricular (LV) function by serial

transthoracic echocardiography. The main findings are: (1) an increased sensitivity to

myocardial ischemia in the obese JCR:LA-cp rats (10-13 months) as compared with lean

controls; (2) a lack of cardioprotective effects of SEA0400 against IRI in obese rats,

based on cardiac performance and release of lactate dehydrogenase during early

reperfusion, under our experimental conditions; (3) the stability of LV systolic and

diastolic function during prolonged continuous intravenous administration of SEA0400

20



in obese rats over 4 weeks. In addition, serum C-reactive protein levels and

eclrocardiographic features of the JCR:LA-cp rats were characferized for the first time.

In conclusion, the obese JCR:LA-cp rats are more susceptible to myocardial IRI as

compared with lean controls, consistent with previous f,rndings at an earlier stage of life

in this strain. While prolonged administration of SEA0400 was feasible and did not

significantly affect LV function as assessed by echocardiography, SEA0400 did not

confer significant cardioprotection against IRI in the obese JCR:LA-cp rats under the

experimental conditions of this study.
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I. REVIEW OF THE LITERATURE

1.1 Physiological Role of the cardiac sodium-calcium Exchanger

The cardiac sodium-calcium exchanger C\ICXl) is a transsarcolemmal protein

tlrat plays an important role in Ca2* horneostasis (8-11). It is a member of the NCX

family, which consists of 3 distinct proteins: NCXl, NCX2, and NCX3 (10,12). These

3 proteins have approximately 7\Yo of their respective amino acid sequences in common

(13). NCXI is ubiquitously distributed, whereas NCX2 and NCX3 are found in brain

and skeletal muscle (10). Sodium-calcium exchange activity was first described in

guinea pig atria by Reuter and Seitz in 1968 (14) and the exchanger was later cloned by

Nicoll et al in 1990 (15). The current topological model of NCXI is illustrated in

Figure I (10,16-18). The NCX1 protein, which is composed of 938 amino acids (1i0

kDa), consists of 9 transmembrane segments (TMS) and a large intracellular loop

connecting TMS 5 and 6 (17,19,20). The TMS, especially the cr-repeat regions (21,22),

are involved in ion transport; whereas regions of the large intracellular loop, such as the

exchange inhibitory peptide (XIP) region (23,24) and regulatory Ca2* binding sites

(25,26), are involved in regulation (12,13).

There is considerable evidence indicating that Na*-Ca2* exchange is the

primary mechanism for transsarcolemmal Ca2* removal and that, quantitatively, this

mechanism removes the same amount of Ca2* that enters through L-type Ca2* channels

on a beat-to-beat basis (9,27). In the forward mode (or Ca2* efflux mode) of NCX,

which is the dominant mode under physiological conditions, Na* influx is coupled to

Ca2* efflux in a 3Na*:|C*n stoichiometric ratio (11,28) (Figure 2), utilizing the Na*

gradient established by the Na*/K*-ATPase (20). Surprisingly, however, a recent study

22



Extracellular side

ü-1

RflfiRR RRRRRfrRRR

uuuu uuuu

a-2

Intracellular side

Figure l. Topographic Model of the cardiac sodium-calcium Exchanger.
@edrawn based on references #10 and 16-18.)

23



by l-lenderson e/ al (29) has demonstrated survival of mice following cardiac-specific

knockout of the exchanger, indicating that alternative Ca2* efflux mechanisms must

exist (29). While the sarcoplasmic reticulum Ca2"-ATPase and the mitochondrial Ca2*

uniporter can sequester intracellular Ca2*, these transport systems cannot extrude Ca2* to

maintain an overall intracellular Ca2* balance (9) (Figure 2). The only identified parallel

Ca2* efflux pathway in cardiac muscle is the sarcolemmal Ca2*-ATpase, although it

remains unclear as to whether this transport system has the capacity to match Ca2* influx

levels during cardiac excitation (30). Notably, in a recent study by Hurtado et al (31,32),

the technique of RNA interference was successfully applied as a novel strategy in

interfering with NCX expression in neonatal myocytes and spontaneous contractions of

the myocytes were observed, albeit at a lower frequency, even after severe depletion of

NCX. In addition, sarcoplasmic Ca2* pump expression was found to have increased 3

times, as an adaptive response to the depletion of NCX (32). Taken together, findings

from these studies using distinct techniques suggest an important, but not crucial, role of

the NCX in cardiac excitation-contraction coupling.

Being a bi-directional electrogenic transporter, the cardiac NCX also allows

Ca2* entry through its reverse mode (or Ca2* influx mode), and the direction of transport

is influenced by the membrane potential and the intracellular and extracellular

concentrations of Na* and Ca2* ç11,33). In contrast to its relatively insignificant role

under physiological conditions in the adult myocardium, the reverse mode of NCX

becomes much more important in the presence of elevated intracellular sodium (Ì.{a*i),

such as during ischemia/reperfusion, heart failure, and digitalis toxicity (12,20,34-3g),

where NCX allows entry of I c** in exchange for extrusion of 3 Na* 1tz¡.
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Sodium-calcium exchange activity is regulated by a nurnber of factors, suc¡

as Na* and Ca2*, phosphorylation, phosphatidylinositol-4,5-bisposphate (plp2) and pH

(12,17,33)- Intracellular sodium (l'Ja*i) dependent inactivation (also known as I¡

inactivation), which was initially described by Hilgemann in 1990 (39), refers to the

ability of Na*¡ to facilitate or induce the transition of NCX into an inactive state (12,40);

whereas, Ca2*-dependent regulation (or 12 regulation) describes the stimulation of NCX

activity by cytoplasmic Ca2* (12,39).

Physiological concentrations of extracellular and intracellular Na* and Ca2* in

cardiac muscle are illustrated in Figure 2. Notably, [Na*]i has been found to be higher in

the rat and the mouse (41-45), as compared with [Nu*], in other mammalian species,

such as the rabbit or the guinea pig (45,46). The greater [Na*]¡ in the rat has been

attributed to a higher rate of Na* influx (with differential contribution from Nan channels,

NHE, and NCX) rather than reduced efflux (43). In the cardiac myocyte, Na*

homeostasis is achieved through a fine balance between Na* influx and efflux.

Pathways for Na* influx include Na* channels, Na*/Ca2* exchange, Na*/H* exchange,

Na*/Mg2* exchange, Na*/HCo3- co-transport (NBC), and Na*/K*/zcl- co-transport

(Figure 3), with the first two being the major pathways under physiology conditions (20).

In contrast, sodium efflux occurs primarily through the Na*Æ(*-ATPase, which extrudes

3 Na* in exchange for the influx of 2 K* at the expense of ATp (20,47).
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1,2 Roles of lntracellular Sodium and Calcium in Ischemia/Reperfusion

Injury: Focus on the Na*-H* Exchanger and the Na*-ca2* Exchanger

1-2.I The sodium-Hydrogen Exchanger and Na* overload During IRI

The cardiac Na*-il* exchanger (NHE) is a transsarcolemmal protein that is

important in the regulation of intracellularpH and cell volume (20,48,49). Of the nine

isoforms that have been identified to date (50), NHE-1 is the primary subtype found in

mammalian heart (48,51). In contrast to its relatively quiescent state under

physiological conditions, NHE-1 becomes rapidly stimulated in the setting of

intracellular acidosis (51). During myocardial ischemia, anaerobic metabolism rapidly

produces intracellular acidosis, which activates the NHE through a pH sensor on the

cytoplasmic surface of the exchanger (51), resulting in the extrusion of H* in exchange

for Na* influx in a 1:l ratio (34,49,52) (Figure 3). This elevation in [Nu*], alters the

reversal potential of the sarcolemmal NCX, decreasing calcium efflux (forward mode)

and, depending on severity, may favour ct* influx (reverse mode) (12,34,35,53,54).

Additional Na* may also enter the cardiac myocyte via NHE on reperfusion, as the

outwardly directed H* gradient becomes augmented during the washout of extracellular

H* (34,55). In addition, [Nu*], accumulation is aggravated by Na* influx through Na*

channels (56-58) and the sodium-bicarbonate co-transporter (59,60), as well as a

reduction in Na* efflux through the Nan/I(*-ATPase (20) (Figure 4). Intracellular Na*

overload alters the reversal potential for NCX resulting in reduced Ca2* efflux and,

depending on severity, may lead to Ca2* influx through the reverse mode of transport

and Ca2* overload (12,20). Other than stimulation by ischemia-induced acidosis, NHE

activity may also be increased by endothelin-I, angiotensin II, ol-adrenergic agonists,
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thrombin, aud ischeuric rnetabolites, through paracrine or autocrine mechanisms (51).

Moreover, increased synthesis of NHE may occur in response to myocardial ischemia or

ischemia-induced metabolites, such as hydrogen peroxide and lysophosphatidylcholine

(61).

Intracellular Na* overload may also cause water influx into the cy'tosol (62-

64), in addition to its deleterious effects with respect to K* Ioss (65-67) and energetics

(35). During ischemia, products of anaerobic metabolism increase the osmotic load

inside the myocyte and in the interstitial space (63,68). On reperfusion, the washout of

osmotically active molecules leads to the generation of an osmotic gradient, favoring

influx of water into the myocyte (63). In the presence of concomitant stresses, ischemic

insults, and/or hypercontracture, the myocyte becomes more susceptible to osmotic

challenge (62). Ultimately, myocardial edema may contribute to stunning, reperfusion

arrhythmias, and ventricular remodeling (63). (Figure 5) Moreover, [Nu*], overload

may induce functional impairment of the mitochondrial membrane, affect ATp

production, and result in contractile dysfunction during reperfusion (69). (Figure 5)

Additional factors may influence Na* handling and susceptibility to IR injury, such as

pre-existing cardiac pathologies (70), age- (71) and gender-related differences (72). For

instance, increased Na+¡ accumulation and ventricular dysfunction have been reported in

hypertrophied rat hearts subjected to low-flow ischemia as compared with control (70).

Impaired Na* handling with significant increase in Na*¡, as compared with younger adult

rats, has been documented in Langendorff-perfused isolated hearts of 'middle-aged, and

senescent Fisher 344 rats subjected to global ischemia (71). Recently, a murine isolated

perfused heart study has demonstrated significantly increased ischemia-induced Na*
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acculÌlulation by 23Na-NMR 
spectroscopy in hearts fi'om male as compared those from

female rats, and the mechanism of which was postulated to be mediated through a nitric-

oxide dependent mechanism and a difference in Na* influx (72).
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1.2.2 The Reverse Mode qf NCX

Calcium influx through the reverse-mode of NCX (Figure 3) is an irnportant

contributor to Caz* overload and consequent hypoxia/reoxygenation or

isclremia./reperfusion injury (53,73-77) (Figure 6). Consequences of Ca2* overload rnay

include anhythrnogenesis (54,78), deranged energy production and utilization, disrupted

membrane integrity, and ultrastructural changes (54,55,79). These deleterious effects

are likely mediated through activation of various enzymes, such as proteases,

phospholipases, as well as other factors including oxidative stress (54,80,81). In the

context of NCX and IRI, reactive oxygen species have been shown to be necessary for

rapid reactivation of NCX after inhibition by ischemia in a hypoxia./reoxygenation

model utilizing guinea pig ventricular myocytes (82). In a recent study by Eigel et al

(83), pre-treatment of cultured guinea pig ventricular myocytes with an antisense

oligonucleotide (to suppress NCX protein expression) was found to inhibit apoptosis

induced by hypoxia/reoxygenation, suggesting a potentially important role of NCX in

initiating apoptosis in hypoxia/reoxygenation injury. Since, in addition to necrosis,

apoptosis has been recognized as another mechanism of lR-induced cell death (84-86),

this finding may have therapeutic implications. Moreover, the reverse mode of NCX is

involved in the propagation of lR-induced injury (87): once hypercontracture develops,

it may propagate via the passage of Na* through gap junctions from myocyte to myocyte,

with subsequent fNa*]¡-mediated Ca2* influx through the reverse mode of NCX

(79,87,88).

Ultimately, myocardial IRI may manifest as stunning, microvascular

dysfunction, reperfusion arrh¡hmias, and myocardial cell death or necrosis (89-91).
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otlier mechanisms include changes in myocardial pretabolisrn, micro'ascular and

endotlielial cell dysfunction, disruption of the sarcolemma, generation of oxygen free

radicals, and activation of pìatelets, neutrophils, and complement (54,90,91).

The pathopliysiologicar role of the reverse mode of NCX in

hypoxia/reoxygenation or ischemia/reperfusion injury was suggested in earlier studies

which employed ionic manipulations (92) or non-selective compounds with inhibitory

effects on NCX (53,73,93). Subsequently, the generation of transgenic mice and

heterozygous knock-out mice has substantially facilitated testing of these hypotheses.

Specif,rcally, overexpression of NCX has been shown to increase sensitivity to IRI in

male, but not female, transgenic mice (94); whereas heterozygous knock-out mice

exhibited attenuation of contractile dysfunction and reduction in infarct size after

ischemia and reperfusion, as compared with wild-type mice (95). Notably, other studies

that utilized molecular biological techniques, such as, antisense oligonucleotides (to

inhibit NCX expression and function) (75), or pharmacological approaches with novel

selective inhibitors of the reverse mode of NCX (96-93) also supported the notion that

the reverse mode of NCX is an important mechanism for Ca2* influx during IRI (99).

The consistency of the conclusions from these studies, despite their distinct

methodologies, has further strengthened this notion.
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L2.3 Phcu"rtctcological Inhibition r¡f NHE as ct Therapeuric srrareg))

Inhibition of NHE has been extensively investigated as a therapeutic strategy

for attenuating IR injury (100-104). The first experimenral evidence supporting NHE

inlribition as a cardioprotective strategy was reported by Karmazyn in 1988 (52), when

amiloride, an NHE inhibitor available at that time with relatively non-specific actions

(101), was tested in isolated rat hearts subjected to low-flow ischemia followed by

reperfusion (52). Enhanced post-ischemic contractile recovery was demonstrated, with

the maximal benefit derived when amiloride was given during both ischemia and

reperfusion (52)' Subsequent studies which evaluated amiloride and its derivatives have

confìrmed the cardioprotective effects of NHE inhibition in a number of experimental

models of IRI (73,105-108). Notably, reduction in [Na*]¡ accumulation was shown to be

an important mechanism for the observed cardioprotection (105,109,110), in addition to

attenuation of Ca2* overload (111,112).

Subsequently, benzoylguanidines, which are more potent and selective

inhibitors of NHE-1, were synthesized (104,113). Beneficial effects have been

demonstrated in multiple animal models using a variety of endpoints, including

reduction in ischemic rigor contracture (114,115), attenuation in ventricular dysfunction

or improvement in functional recovery (52,56,710,116-L21), decrease in cardiac enzyme

release (56,122-125), reduction in infarct size (1 14,123,126-131), decrease in ventricular

anhythmias (51,110,114,118,132-134), attenuation of endothelial dysfunction (128,135),

reduction in mitochondrial damage (121) and apoptosis (136), as well as preservation or

improvement of cellular energetics (116,118,137,138). Attenuation of platelet swelling

(122,139) and neutrophil activity (51,123) have also been reported, which may be of
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particlllar relevance in IR, whcre platelets (140) and neutrophils (l4i) play major roles

in the pathophysiology of iRI. Cariporide has been tested in senescent rats

(Langendorff-perfused isolated heart model) where attenuation in coronary and

nryocardial dysfunction and reduction of cardiac enzyme release were obsel-ved (142).

in addition, beneficial effects of NHE inhibition in cardiac allograft preservation have

been demonstrated in a porcine model of cardiac transplantation (143,144), aswell as in

an isolated working heart model in rats (145). Furthermore, oral administration of

cariporide has also shown great promise in attenuating the acute response to IR in a

regional ischemia model of anesthetized rats (146), and in reducing infarct size in

rabbits subjected to coronary ligation, with or without further aggravation with an

atherogenic diet ( l3 1). In these cariporide-treated rabbits, attenuation of both

lipoprotein abnormalities and endothelial dysfunction were observed and the mechanisln

has yet to be defined (l3i). In addition, alterations inNHE activity may occur in the

presence of underlying disease, such as diabetes (147,148). Specifically, reduced NHE

activity has been reported in chemically-induced models of diabetes (147,14g), which

may be an endogenous protective mechanism against IRI (148,150). Direct

measurement of [Na*]¡ by 23Na-magnetic 
resonance spectroscopy in isolated hearts from

streptozotocin-induced diabetic rats has shown less [Na*]¡ accumulation (by 4g.l%) in

diabetic hearts during zero-flow ischemia as compared with non-diabetic control, and

this observation was attributed to reduced activities of NHE (150). In another study

utilizing isolated perfused hearts of genetically diabetic rats, NHE inhibition with

ethylisopropylamiloride has been shown to attenuate elevations in [Na*]¡ and [Ca2*]¡,

limit acidosis, and preserve ATP during ischemia, even in the face of impaired NHE
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acti\/ity (151). More recently, in a rat model of hypertrophied myocardiurr (i¡duced

by aortic banding) subjected to simulated conditions of cardiac surgery with

cardioplegic arrest, the salutary effects of cariporide have also been demonstrated,

including reduction of ischemic contracture, attenuation of post-ischemic diastolic

dysfunction, and reduction in cardiac enzyme release (152).

Even though the cardioprotective effects of NHE inhibitors were

demonstrated whether NHE inhibition was initiated before or after the onset of ischemia

(at the time of reperfusion) in experimental studies, more consistent benefits were

observed with the former approach (153-156). This difference in efficacy may be

explained by the previous observation that NHE contributed substantially to Na* influx

immediately on reperfusion (157), hence the availability of NHE inhibitors at adequate

concentrations in the vicinity of the cardiac myocytes at the moment of reflow would be

a critical issue. Understandably, the degree of difficulty in achieving this immediate

access would be expected to increase as the model, subject, or environment of study

increases in complexity, in the ascending order of isolated cardiac myocytes, isolated

heart, whole animal, cardiac patients undergoing reperfusion by elective surgery or

percutaneous coronary intervention, and unstable cardiac patients undergoing

emergency reperfusion.

Despite the overwhelming evidence in support of a cardioprotective role of

NHE inhibition (52,56,73,705,108,1 16,122,127 ,r3r,132,142,143,159-163) in experi-

mental settings and some initial promising results in humans (164), subsequent large

clinical trials have demonstrated less encouraging findings. Specifically, in the study by

Rupprecht et al (\64), 100 patients with anterior myocardial infarction undergoing
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percutaneoLls transluminal coronary angioplasty (PTCA) were randomized to cariporide

vs placebo (administered prior to reperfusion). The cariporide-treated group was found

to lrave a reduction cardiac enzyme release and attenuation in ventricular dysfunction at

3 weeks post-PTCA (Table 1). In contrast, in the GUARDIAN (GUARd Duri¡g

Ischenria Against Necrosis) tríal (7), which evaluated the efficacy and safety of

cariporide in over 11,000 patients with acute IR in various clinical settings of risk,

cardioprotection was mainly observed in the subgroup of patients undergoing high-risk

coronary artery bypass graft (CABG) surgery (7,165). The discrepancy observed here

mirrors those of the aforementioned experimental studies in that clinical situations

which enabled the delivery of the NHE inhibitor to the myocardium prior to reperfusion

resulted in improved outcomes. More recently, the eff,rcacy and safety of NHE

inhibition in the prevention of myocardial infarction or death in patients undergoing

CABG were further evaluated in the EXPEDITION (sodium-hydrogen EXchange

inhibition to Prevent coronary Events in acute cardiac conDITIONs) trial, with the

primary composite end-point of death or myocardial infarction (MI) at day 5 (6,166).

Five thousand seven hundred and seventy CABG patients with risk factors for

perioperative myocardial ischemia were randomized to either intravenous cariporide or

placebo (6,166) (Table 1). Preliminary results showed a significant reduction in death

or MI at day 5, but the effects in the 2 components of the composite end-point were

'heterogeneous', with an increased mortality rate observed at day 5 in the cariporide

group as compared with the placebo group (6). In addition, a significant increase in the

overall rate of cerebrovascular events was found in the cariporide $oup as compared

with the placebo group (6). Pending the final report of the study, fuither investigations
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No. of
subjects

Rupprecht et øl6a

Clinical
settings

ÀO

NHE
inhibitor

us placebo

100

Direct PTCA for
anterior STEMI

Main
findings

Cariporide

(40 mg i.v. bolus
before reperfusion)

GUARDIANT

.Improved LV
function
.Reduced enzyme
release (CK, CK-MB,
LDH)

Unstable angina,

non-STEMI,
high-risk CABG & PCI

1 1,590

Cariporide
(20, 80, 120 mg/lhi.v.
q8h) after admission or

before CABG/PCI

a-HBDH alpha-hydrorybutyrate dehydrogenase; lo primary; CABG coronary artery bypass graft surgery; CK creatine kinase; CK-MB creatine kinase isoenzynte:
ESCAMI Evaluation of the Safety and Cardioprotective Effects of Eniporide in Acute Myocardial Infarction; EXPEDITION sodium-lrydrogen EXchange inhibition
Prevent coronary Events in acute cardíac conDITIONs; GUARDIAN GUAR{ During Ischemia".lgainst Necrosis; i.v. intravenous; LDH lac7arc dehydrãgenase;
N.S. not significant; PCI percutaneous coronary intemention; PTCA percutaneous transluminal coronary angíoplasty; STEMI ST-etevation myocaT.díalinfarctton.

Table 1. Summary of Clinical Trials on Sodium-Hydrogen Exchange Inhibitors

ESCAMT5

.1o endpoint (death/Ml
assessed after 36 days)
N.S.
.25%o reduction in death
or MI in CABG subgroup
(120-mg dose)

.'no increases in clinically
serious adverse events'

1,3 gg

Thrombol¡ic
therapy/primary

PTCA for STEMI

Eniporide (1O-min
i.v. infusion before

reperfusion)

EXPEDITIOl\6

.1o efficacy
endpoint (infarct
size estimated by
o-HBDH) N.S.
.Overall, no effect
on clinical
outcome

CABG + risk factors for
peri-operative ischemia

5,770

Cariporide (180 mgl1h pre-
operative loading, followed
by 40 mglh over 24 h and
then 20 mg/h over 24 h)

.J death/Ml at day 5,

maintained until month 6
.'heterogeneous' effects
in end-point components
(see text)
.significant J in overall rate
of cerebrovascular events in
cariporide group vs. placebo
group
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into thc pathophysiological nrechanisms for these unexpected findings r.r,ould likely bc

itrportant for fr-rture research in this area (167,168). It is speculated that the possibility

of dose-related adverse effects (be it agent-specific or class-specific) will need to be

ccnsidered, as the dosing regimen of the EXPEDITION trial (preoperative loading dose

180 mg over I hour, follou,ed b),40 mg/h over the first24 hours and then 20 mg/h over

the second 24 hours) was higher than that of the GUARDIAN trial, as inferred from

the estimations made by Weber et al (169) based on a population pharmacokinetic

model of cariporide. Moreover, in review of the ESCAMI trial (5) (a randomized,

double-blind, placebo-controlled trial phase 2 triaI, Table l) which evaluated eniporide,

another NHE inhibitor, in patients with acute ST-elevation myocardial infarction who

underwent thrombolytic therapy or primary angioplasty, a statistically non-significant

excess of deaths at 6 weeks (3.7 % placebo, 6.90/o 50-mg, 4.6 % 100-mg , 5.lo/o 150-mg,

8.\Yo200-mg groups) and stroke (0.2% placebo, 0% 50-mg,0.7oÁ i00-mg, 1.8% 150-

mg, 2.2To 200-mg groups) was noted in the eniporide-treated patients. This trend

toward an excess of deaths and stroke was felt to be due to chance (5,84) at that time in

liglrt of the absence of such findings in 2 other clinical studies (7,164), including the

GUARDIAN trial. Taken together, clinical data to date appear to be in keeping with the

cardioprotective effects of NHE inhibition demonstrated in the experimental settings,

provided that the drug was given under the specific clinical circumstance that ensures its

presence (and at an adequate concentration) on reperfusion - with the caveat of safety

issues that remain to be addressed.

In a recent experimental study (170), post-ischemic administration of

cariporide was shown to exert limited effects on Na*¡ and pH¡ in rats, providing
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lllcchanistic insight into the lack of therapeutic benefìt observed in some str,rdies which

employed post-ischemic dosing regirnens. In addition, in a rnodel of

anoxia,/reoxygenation injury utilizing isolated rat cardiac m)¡ocytes, Schäfer et ctl (l7l)
reported that sirnultalleous inhibition of NHE and NBC \vas necessary for protecti'g

cardiac myocytes against reoxygenation-induced i'iypercontracture. although such

combination strategy was not found to be effective in a global ischemia model in

isolated rat hearts (60). Regardless of the therapeutic strategy employed, the irnportance

of timely reperfusion cannot be overemphasized (154,172).

Emerging data on the use of NHE inhibitors in experimental settings of

cardiac resuscitation appeff promising, both in the isolated rat heart (173-175) and in

closed-chest models of resuscitation in the rat (173,175) and the pig (176-17g). Salutary

effects include attenuation of ischemic contracture (173,174,178), spontaneous

defibrillation (173,775,179) or reduction in ventricular anhythmias, arnelioration of

ventricular dysfunction (175,177), and reduction in mortality (175). Cariporide has also

been shown to augment the efficacy of chest compression in one report (1g0) and

improve response to resuscitation in another study (177). Moreover, there is prelirninary

evidence of increased benefits of the combination of cariporide and epinephrine over

either agent alone (178) for resuscitation of cardiac arrest induced by ventricular

fibrillation (VF), with a decrease in ischemic contracture and favourable effects on

coronary perfusion pressure. In another recent abstract, cariporide was found to

decrease the adverse effects of epinephrine (181). In a swine model of resuscitation,

cariporide was shown to attenuate ventricular dysfunction after induced VF and the
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aLrthors proposecl that NtlE inhibition may have potential urility in patients r.l,ith severe

[.V dysft'rction who require erectrophysiorogicar testi'g (rg2).
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1.3 Therapcutic potcntial of Novcl Na*-ca2* Exchange Inhibitors in

Attenu ating Myocardial Ischemia/Reperfusion Injury

Given the role of NCX in IRi, selective inhibition of its reverse mode of

transport represents au attractive theraper-rtic strategy for cardioprotection (l l,7g,lg3-

185) (Figure 3). Novel NCX inhibitors have gained increasing attention in recent years

as potential cardioprotective agents against IRI (11,185,186). Enthusiasm for this

pharmacological target likely stems from a combination of factors, including the recent

discovery of compounds that inhibit the reverse mode of NCX (l l,1g3,lg7-l9l), the

mixed results that have emerged from clinical trials evaluating the therapeutic potential

of sodium-hydrogen exchange (NHE) inhibitors as novel cardioprotective agents (5-

7 
'164,165,16'7), the lack of therapies against IRI that have been successfully translated

flom bench to bedside (172), and the established prominent roles of NCX in cardiac

physiology and parhophysiology (8- I 0,1 92,193).

Historically, pharmacological inïibition of NCX had been problematic due to

the dearth of reverse-mode-specific inhibitors (12), which would be ideal for targeting

Ca2* influx through the NCX - an important mechanism for Ca2* overload in IRI (gl).

Even though amiloride analogs (e.g., 3',4'-dichlorobenzamil), divalent and trivalent

cations (e.g., Ni2*, cd2*, and Lu'*), anti-arrhythmic agents (e.g., bepridil), and organic

molecules are some examples of inhibitors of the NCX, they also act on other

transporters and ion channels at low doses and are thus non-specific for the NCX

(8,12,13). In 1996, a compound, z-[2-[4-(4-nitrobenzyloxy)-phenyl]ethyllisothiourea

methanesulphonate (KB-R7943), was reported to inhibit NCX with potency in the

micromolar range of concentrations and selectivity for the reverse mode of NCX

44



(187'188). Subsequeutly, the cllicac1' of KB-R7943 in reducing cardiac IRI has been

shown, ir-rcluding improvement in post-ischemic contractile dysfunction (76,194-196);

reduction irl propagation of myocyte hypercontracture (87); decrease in cardiac enzylne

release (74-77^196,197) or infarct size (98,198); reduction in reperfusion arrhythmias in

nrost studies (194,196,199-201), with exceptions (202,203); and presenation of energy

(204)- It is noteworthy that KB-R7943 has also been shown to be cardioprotective when

given on reperfusion (i. e., aft.er the onset of ischemia) (194,198). This may have

implications in potential clinical applications, as the onset of ischemic symptoms

typically precedes treatment in most cases, whereas initiation of therapy prior to

ischemia may only be applicable in a limited number of clinical settings, such as prior to

elective cardiac surgery. Moreover, cardioprotective effects of KB-R7943 insenescent

rat myocardium (adrninistered as a 10-minute infusion on reperfusion in the isolated

heart) have been reporled (196), as well as in models of experimental resuscitation,

based on 2 abstracls (205,206). For instance, in a rat model of ventricular fibrillation

(VF) and closed-chest resuscitation where attenuation of post-resuscitation myocardial

dysfunction was demonstrated (206).

Despite its cardiac (38,74,76,77,g7,96,9g,194-196,19g,199,201.204,206-20g),

neural (209-212), and renal (213-215) protective effects, KB-R7943 has shown several

limitations, including its inhibitory effects on certain ion channels and receptors

(189,207,216-220), increases in cellular enzyme release when higher doses were

administered (77,221), and negative hemodynamic effects (9g,19g,19 9,222,223).

Moreover, the lack of benefit of KB-R7943 has also been documented in several studies

(58,202,203,224), including preliminary evidence in diabetic rats (203,224). The
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nlcchallislll o1'this discrepancy remains elusive. Finally, wllile lnost studies suggcsLecl

that KB-R7943 was selective for the reverse mode of NCX (187,188,1gg,225), this

nrode selectivity was not observed under bi-directional ionic conditions (226).

In 200 i , a rrrore potent and selective NCX inhibitor, 2-14-l(2,5-

diflr-rorophen)/l)-methoxylphenoxy]-5-ethoxyaniline (SE40400), was reporled to exhibit

protective properties in both in vitro and in vivo models of cerebral ischemia with

potency in the nanomolar range of concentratiolls (189). Its inhibitory pote¡cy was 10

to 100 times greater than that of KB-R7943 (97,183,189,219). In NCX1 rransfectants

fChinese hamster lung fibroblasts, CCL-39 (191)] where the rates of [Na*]¡ dependent

4sca2+ uptake were measured, the ICso varues of sEA0400, sN-6 l2-t4-(4-

nitrobenzyloxy)-benzyl]thiazolidine-4-carboxylic acid ethyl ester, another novel NCX

inhibitor described ín 2002 (227 ,228)1, KBR-7943, Ni2* were 0.06, 3.2, 4.g, and 42 pM.

respectively (207,228,229). In addition, SEA0400 has been shown to preferentially

inhibit the reverse mode of NCX as compared with the forward mode (228,230,231);

and had negligible effects on other membrane transporters, ion channels, and receptors

in both neuronal (lS9) and cardiac (219) preparations. Subsequent experime¡tal studies

have documented cardioprotective effects of SE40400, including reduction in infarct

size in the isolated Langendorff-perfused rabbit heart subjected to coronary ligation and

reperfusion (98); attenuation of IR-induced ventricular dysfunction in the isolated rabbit

and rat hearts (97,98); a decrease in the incidence of VF and mortality in an IR-

anh¡hmia model of anesthetized rats subjected to coronary ligation (97); attenuation of

LV dilation and dysfunction at 1 week post-Ml (232); attenuation of stunning in

anesthetized dogs (233); and enhanced recovery of contractile function after zero-flow
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ischcrtria in et gr,rirtea-pig nrodcl o{'coronar'1,-ltcrlirsed right ventricular tissr-rc preparation,

as reported in a recent abstract (234). The cardioprotective effects of SEA0400 rvill be

discussed further in the next section.
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t.{ StrAO4OO

Anrong the rìewer NCX inhibitors described to date, 2-14-l(2,5_

difluorophenyl)-methoxy]phenoxyl-5-ethoxyaniline (SE40400), a be¡zyloxyphe'yl

derivative (13), appears particularly prornising as a potent and selective inhibitor of the

NCX. This con'rpound was developed by Taisho Pharmaceutical Co.. Ltd. (Saitama,

Japan) and was first described in 2001 (189). In this section, experimenral data on

SEA0400 in the published literature to date will be reviewed and its therapeutic

potential as a cardioprotective agent will be discussed [a part of chapter 1 of the thesis,

with a focus on SE40400, has been published (235)).

1.4.I Chemistr¡t

SE40400, as first described by Matsuda et al (189), was identified by

screening a colnpound library for inhibition of Na*-dependent Ca2* uptake in cultured

astrocytes and isolated cardiac sarcolemmal vesicles. Its chemical structure is shown in

Figure 7 (189). it has a low solubility in water (1s9). As described in several studies

(97,98,189,231) that evaluated this compound in vitro, SEA0400 was dissolved in

dimethyl sulfoxide (DMSO) with a f,rnal vehicle concentration of < 0.1 % before

application in experiments. For in vlvo studies, SEA0400 has been administered

intravenously as a lipid emulsion with the vehicle serving as control

(97,1 89,232,233,23 6-239), or orally (23 S).
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Figure 7. Chemical Structure of SE40400.
(Redrawn based on reference #189.)

49



LJ.2 Polenc'¡t ctnd l,lo¿{e Selectit¡it)¡

SEA0400 inhibited Na*-dependent Ca2* uptake in neurons, astrocytes, a¡d

microglia with lc5s's of 33 nM,5.0 nM, and g.3 nM, respectively (1s9). Notably, this

illhibition of Na'-Ca2* exchange was up to 100 times more poter-rt than KB-R7943

flc5s's:3.8 ¡rM,2.0 ¡-rM,3.1 pM, respectively] (lg9), an agent first described in 1996

as a potent and selective Na*-Ca2* exchange inhibitor (187 .188). In canine sarcolemmal

vesicles and in cultured rat myocytes, SEA0400 inhibited NCX activity with IC56 values

of 90 and 92 nM, respectively (189). In isolated guinea-pig ventricular myocyres

examined by the whole cell voltage clamp technique, Tanaka et al reported that

SEA0400 concentration-dependently inhibited NCX currenr with a 1g-fold higher

potency as compared with KB-R7943 (> 80% inhibition of NCX currenr was achieved

with l pM SEA0400 and 10 pM KB-R7943), and that the EC5s value of SEA0400 l.or

tlre inward and outward NCX current was 40 nM and 32 nM, respectively (219). In

addition, Takahashi et al (97) studied the effects of SEA0400 in canine sarcolemmal

vesicles and rat cardiac myocytes, and found that SEA0400 inhibited Na*-dependent

Ca2* uptake w'ith lC5s values of 90 and, 92 nM, respectively. In those experirnents,

SEA0400 u'as estintated to be 80 and 100 times more potent than KB-R7943, which

exhibited IC5¡'s of 7 pM in canine cardiac sarcolemmal vesicles and 9.5 ¡rM in rat

cardiac myocytes, respectively (97).

Similar inhibitory potency was also observed for the cloned cardiac Na*-Ca2*

exchanger, NCX I . 1, express ed in Xenopus laevis oocytes, where activity was evaluated

by the giant excised patch technique: SEA0400 inhibited outward NCX currents with

IC5e values of 78 nM and23 nM forpeak and steady state currents, respectively (231).
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In contrast, considerably less inhibitory potency (in the micromolar range) was observed

for inward currents (231). This preferential inhibition of SEA0400 for outward currents

was also observed by other investigators (228,240). In CCL39 fibroblasts transfected

with NCX1, SEA0400 at 0.01 - 1 pM inhibited the outward current in a concentration-

dependent manner with ICso of 0.028 pM, whereas pretreatment with 0.3 - 10 pM did

not significantly affect inward currents (240). In addition, Iwamoto et at (240)

evaluated the effects of SEA0400 on inhibition of Na*¡-dependent 45Ca2+ uptake into

CCL39 cells stably transfected with NCX isoforms G\fCX1, NCX2, NCX3) or rhe K*-

dependent Na*-Ca2* exchanger (NICKX2). It was shown that SEA0400 concentration-

dependently inhibited the initial rate of asc** uptake into NCXI and NCX2

transfectants (IC56's : 0.056 and 0.98 pM, respectively) (240). In contrast, fhe asct*

uptake into NCX3 and NCKX2 was not affected (240). These findings suggest rhat

SEA0400 preferentially inhibirs NCXI (240).

In a recent study of the effects of interferon-y on NCX activity in cultured rat

microglia, utilizing ratio-imaging of fura-2 fluorescence for measurement of [Ca2*]¡

(241), SEA0400 at 10 nM inhibited the Na*-dependent increase in [Ca2*]¡ in cultured

microglia by 50 o/o, with potency similar to that previously reported (i s9).
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1.4.3 Selectit,iÍyfot. NCX

Several studies have investigated the selectivity of SEA0400 for the NCX.

Matsuda er al (189) studied the effect of SEA0400 on store-operated Ca2* entry (SOCE)

in cultured astrocytes. At concentrations < 3 pM, sEA0400 did not inhibit socE,

although inhibition was detected at 10 pM (189). The effecrs of SEA0400 on several

ion transporters and ion channels were also evaluated and, at concentrations < 3 pM,

SEA0400 was found to have negligible affinities for Na* channels, Ca2* channels, K*

channels (including the Kalp channel), norepinephrine transporter, and 14 receptors

(including adenosine receptors, adrenergic receptors, glutamate receptors, muscarinic

acetylcholine receptots, bradykinin receptors, leukotriene Ba receptors, platelet-

activating factor receptors); and did not affect the activities of NHE, Na*/K*-ATpase,

ca2*-ATPase and 5 enzymes, including phospholipase Az, phospholipase c, 5-

lipoxygenase, inducible nitric-oxide synthetase, and constitutive nitric-oxide synthetase

(189). At higher concentrations, SEA0400 inhibited the dihydropyridine site and the

diltiazem site of the L-type Ca2* channel, as well as site 2 of thesodium channel, in rat

cerebral cortex, with estimated IC5s values of 10.g prM, 20.1 pM, and l3.g ¡rM,

respectively (189). Ar 30 pM, sEA0400 inhibited [3H]leukotriene Ba and

[3Hlnisoxetine binding (l S9).

SEA0400 at 1 ¡rM was reported to have no effect on Na* current, L-type Caz*

current, inwardly rectifying K+ current, and delayed rectifier K* current in isolated

guinea-pig ventricular myocytes (2r9). However, at r0 pM, sEA0400 partially

inhibited the L-type Ca2* current (219). In isolated canine ventricular myocytes,

SEA0400 (1 pM) did not exert any significant effects on the amplitude of L+ype Ca2*
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cul'rent, as assessed

magnitude of the Ca2*

(242).

b), the rvhole-cell voltage clarnp technique, or the shape or

transients, as measured by fura-2-based ratiometric fluorescence

1.4.4 Other Electrophysiological Effects

In canine ventricular papillary muscles and Purkinje fibres, SEA0400 (1 frM)

led to a. significant reduction in the amplitude of both early and delayed

aft erdepolarizations (242).

In guinea-pig ventricular myocytes, sEA0400 (l - 100 pM) has been shown

not to induce any signif,rcant change in the action potential configurations (237). In

guinea-pig RV tissue preparations, SEA0400 did not exert any significant effects on the

action potential under normal conditions or during ischemia, when shortening of the

action potential duration occurued (234). However, on reperfusion, it facilitated the

recovery of the action potential duration (234). In an intact guinea-pig model of

aconitine-induced arrhythmias, SEA0400 (10 mg/kg) was shown to cause no significant

change in the durations of ventricular anhythmias (243). In a preliminary report (244)

utilizing acutely dissociated rat neocortical neurons, SEA0400 (10 pM) was

demonstrated to have no effects on glutamate receptor/channel-mediated currents as

assessed by nystatin-perforated patch recording configuration. In another preliminary
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report (245), SEA0400 was noted to have no effects on the beating rate of guinea-pig

right atria and action potential configuration of rabbit sinoatrial node.

In the in vivo canine study by Nagasawa et al, sEA0400 1.0 mg/kg i.v. did

not significantly affect PR interval, QT interval, QTc interval (QT interval corrected for

heart rate), or RR interval, but a slight prolongation was detected in the QRS duration at

9 minutes after SEA0400 was given: 59 ms in the SEA-treated group vs 57 ms in the

control group (p < 0.05) (239).

Preliminary results in coronary-perfused guinea-pig RV tissue preparation

documented that SEA0400 did not exert any significant effects on the action potential

under normal conditions (234). In another abstract (245), SEA0400 was reported to

have no significant effects on action potential parameters in the guinea pig but shortened

the late plateau in the rat and mouse ventricle. Finally, in studies employing heart tubes

from NCX knock-out mice, SEA0400 was observed to depress Ca2* transients,

indicating actions beyond that of NCX inhibition (220). In our laborarory, SEA0400

was without contractile effects in electrically-stimulated rabbit papillary muscles

(unpublished observation).
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1.4.5 cardio¡trotective Effects Against Ischentia/Reperfusion Injur¡t

In a model of Ca2* paradox injury utilizing cultured rat myocytes reported by

Takahashi et al (97), SEA0400 at I ¡rM and 3 pM attenuated Ca2* paradox induced cell

death. Specifìcally, the myocyte survival rate was significantly increased from 32.1 yo

(control) upto 57.9Yo (1 pM) and 66.1 % (3 ¡rM). In that model, SEA0400 was more

than l0 times as potent as KB-R7943, which also prevented cell death at 10 pM (97).

Tanaka et al (234) studied the effects of SEA0400 in tissue preparations of

coronary-perfused guinea-pig right ventricle under conditions of zero-flow ischemia

followed by reperfusion. Preliminary results showed that SEAO 400 at I pM hacl no

effect.on the diminution in contractile force during ischemia but 'abolished' the increase

in resting tension (234). During reperfusion, significant improvement in recovery from

contractile dysfunction was noted (234).

In Langendorff-perfused isolated rat hearts, Takahashi et al (97) evaluated

SEA0400 under constant pressure (65 mmHg) conditions, using a protocol of low-

pressure perfusion (7 cm H2O for 60 minutes) followed by normal perfusion for 60

minutes. One of three drugs (5840400, KB-R7943, or cariporide) was added to the

perfusion buffer immediately after return to normal perfusion for 10 minutes (97). It

was shown that SEA0400 (0.3 ¡rM and 1 pM) significantly improved recovery of left

ventricular developed pressure from 32.1 % (control) fo 66.7% and 66.8o/o, respectively,

after reperfusion (97). In an IR anhythmia model of anesthetized rats (97), SEA0400 ar

1 mg/kg, administered at I minute before reperfusion (by releasing suture for 10 minutes

after a S-minute coronary occlusion), significantly reduced the incidence of VF from

80% (control) to 30Yo, and mortality rate from 70%o (control) to 20o/o. In addition,
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SEA0400 at 0.3 mg/kg also decreased the mortality rate to 20% (g7). There was no

effect on the incidence of ventricular tachycardia at any dose examined (97). This latter

finding was confirrned in a recent study by Nasagawa et al (239), who demonstrated in

an in vivo canine model of lR-induced ventricular arrhlthmias that SEA0400 had no

significant effects on these arrh¡hmias, although the basis for the difference in the

efficacy of SEA0400 toward VF in these 2 studies is unclear. The investigators

suggested that inter-species difference might be a potential explanation, although the

precise mechanism remains to be determined (239).

SEA0400 was evaluated in the rabbit by Magee et al (98) using the

Langendorff-perfused isolated heart technique under constant pressure conditions (80

mmHg)' The isolated hearts were subjected to 30 minutes of regional ischemia (by

coronary artery ligation) and 120 minutes of reperfusion. SEA0400 was shown to

reduce infarct size in a concentration-dependent manner (EC5e 5.7 nM) when it was

administered 30 minutes before regional ischemia, with the maximum reduction in

infarct size being 75%o (at 0.i ¡rM SEA0400). Importantly, similar reduction in infarct

size was observed, whether perfusion with SEA0400 (1 ¡rM) was started at 30 minutes

before regional ischemia or at 1 minute before reperfusion, and was continued until

completion of 120 minutes of reperfusion (98).

Yoshiyama et al (232) evaluated the cardioprotective effects of SEA0400 on

myocardial IRI in rats, using transthoracic echocardiography for assessment of changes

in cardiac structure and function at I week following myocardial infarction induced by

coronary ligation. It was found that SEAO400-treated rats (1 mg/kg i.v. administered at

5 minutes before coronary ligation) had signif,rcantly less increase in end-diastolic
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dimension and volume, attd significantly less reduction i¡ ejectio¡ fractio' as assessed

by echocardiography, in comparison with the vehicle-treated group (232). Moreover,

statistically significant reduction in infarct size and attenuation of pRNA expression of

plasrninogen activator inhibitor-l (PAl-1) were observed in non-infarcted areas of the

LV in the SEAO4O0-treated group, as compared with the vehicle-treated group (232).

SEA0400 has been shown to protect the canine heart against myocardial

stunning (233). In anesthetized dogs, stunning was induced by occlusion of the left

anterior descending coronary artety for 15 minutes followed by 4 hours of reperfusion.

SEA0400 at 0.3 or I mg/kg i.v., administered as a bolus at 1 minute before reperfusion,

significantly improved the recovery of myocardial segment shortening from 36% (in

vehicle-treated group) to 65 Yo and72o/o,respectively (233).

1.4.6 Other Models of Cardiovascular pathologt

The role of the reverse mode of vascular NCX in salt-sensitive hypertension

has been recently investigated (238,246). In a rat model of salt-sensitive hypertension,

SEA0400 was shown to increase arterial blood flow, suggesting a vasodilatory effects

(238). SEA0400 decreased arterial blood pressure in salt-sensitive rat models, but not in

normotensive or spontaneously hypertensive rats (238). A single oral dose of SEA0400

(1-10 mg/kg) reduced arterial pressure in deoxycorticosterone acetate (DOCA)-salt

hypertensive rats in a dose-dependently manner (235). Prolonged administration of
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SEA0400 (3 or 10 mg/kg for 3 weeks) prevented the onset of liyperterlsion, vascular

hypertrophy and renal dysfunction (238). in Sprague-Dawley rats treated with long-

term ouabain, SEA0400 (1 or 10 mg/kg) was noted to suppress blood pressure in a dose-

dependent manner (238). in addition, it was observed that SEA0400 significantly

lowered salt-sensitive hypertension in vascular NCX1.3-transgenic mice but not in mice

that overexpressed an SEAO4OO-insensitive mutant, consistent with the notion that the

reverse mode of vascular NCXI is involved in the development of salt-sensitive

hypertension Qal.

In a preliminary report (248), SEA0400 (as well as KB-R7943) was shown to

concentration-dependently inhibit catecholamine secretion Uo-. bovine adrenal

chromaffin cells, through attenuation of acetylcholine-mediated elevation in [Ca2*]¡.

The potential significance of this finding awaits further delineation.

In anesthetized dogs with digitalis-induced ventricular tachycardia, SEA0400

3 mg/kg i.v. bolus was reported to suppress tachyarrhythmias 'immediately' after

SEA0400 was administered and to reduce sinus rate; however, atrioventricular block

and asystole were observed in 2 dogs (239).

Recently, NHE has been shown to be active under basal conditions in

intracerebral arterioles in rats and to regulate cerebral arteriolar tone through Na*/K*-

ATPase and NCX (249). Moreover, arteriolar constriction induced by NHE inhibitors

was completely abolished in the presence of SEA0400 and ouabain in that study (249).

These findings may have implications in the future therapeutic applications of NHE and

NCX inhibitors.
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1 .4.7 Mecltanisnts o.f Aclion

TIie mechanisms of action of SEA0400, or of novel NCX inhibitors in general,

have been an intense area of investigation, as the availability of selective NCX inhibitors

in recent years has afforded opportunities not only in studying the physiological and

pathophysiological roles of NCX, but also in evaluating the prospect of utilizing NCX as

a therapeutic target. With regard to the latter goal, mechanistic insights are important

for any attempt in optimizing the benefit to risk ratio of such therapy and, probably,

toward future discovery and development of NCX inhibitors with improved potency,

selectivity, and safety profile. As reviewed in section 1.4.2, previous studies on the

mode-selectivity of SEA0400 has demonstrated mixed findings. Such differences may

be reconciled by the observation that the apparent mode selectivity of SEA0400 is likely

explained by its ability to stabilize the Na*¡-dependent inactive state of NCX (230,231),

with its greatest effectiveness under conditions of increased Na*¡, as in the setting of

ischemia and reperfusion (230,231). Findings from mutagenesis studies are in support

for this hypothesis (230,240) and suggest that Phe-213, Gly-833, and residues that

remove Na*¡-dependent inactivation are important for the inhibitory effects of SEA0400

(240). Putative interaction domains for benzyloxyphenyl derivatives have been recently

proposed and a potential mechanism of ion transport inhibition through blockade of

'pores formed within the membrane regions' was postulated (13). Moreover, in CCL39

fibroblasts transfected with NCXI, Iwamoto et al (240) evaluated the inhibitory

properties of SEA0400 and reported that SEA0400 significantly increased the half-

maximal Ca2* concentration (K,ntc"l) value from 0.22 mM (control) to 0.39 mM, and that

it significantly decreased the conesponding maximal velocity (v ^ ) from 24
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nmol/rlg/30 s (control) to i I nmol/rng/30 s. These results suggest the possibility of

nrixed (competitive and noncornpetitive) inhibition (240).

Recently, Beaugé and Dipolo (250) evaluated SEA0400 in internally dialyzed

squid giant axons and confirmed the 'enhancement' of Na*¡-dependent inactivation. In

addition, these investigators proposed that the mechanism of action of SEA0400

involves Na*¡-H*¡ synergism, which is influenced by ATP, and that the site of action of

SEA0400 is likely intracellular (250).

In the salt-sensitive hypertensive state, elevated cardiotonic steroids inhibit

Na*/Kn-ATPase in smooth muscle ceils, resulting in increased [Nu*], (251), which

reduces Ca2* efflux through the forward mode of NCX and favours Ca2* influx through

the reverse mode. This results in an increase in [Ca2*]i and consequent vasoconstriction

and elevation of systemic blood pressure (238,251).
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1.4.8 Prelintinctt'y Pharntacokinetics and Metabolisnt

In the initial report on SEA0400 in attenuating reperfl¡sion injury in cerebral

ischemic models (189), Matsuda et al reported that SEA0400 rapidly cleared from

plasma and that penetration of SEA0400 was 'excellent' in the brain. When injected at

1 mglkg and 3 mg/kg i.v., the maximal concentrations of SEA0400 in the brain were

reported to be 2.7 and 7 .3 pM, respectively (189). In the rat heart, tissue concentrations

of SEA0400 at 0.3 and 1 mg/kg were found to be 0.75 and2.1 Wglgtissue, respectively,

at 1 minute after i.v. infusion (97). In the study by Nagasawa et al (239) in anesthetized

dogs, free plasma concentration of SEA0400 (1.0 mg/kg, administered i.v. at 10 minutes

before coronary ligation) was 1.10, 0.56, 0.33 pglml at 10, 20, and 40 minutes after

administration, respectively, as determined by a liquid chromatography mass

spectrometric/tandem mass spectrometric method. In another canine study, Takahashi e¡

al (233) showed that at 30 minutes after i.v. administration of SEA0400 at 0.3 and I

mg/kg, plasma concentrations were 0.11 and 032 yt"glml, coresponding to 0.29 and0.87

pM, respectively. The investigators indicated that these concentrations were adequate

for inhibiting NCX and that a single bolus of i.v. SEA0400 would inhibit Ca2* overload

mediated through the reverse mode of NCX (233).
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t49 Toxicology

Matsuda et al (189) evaluated the neuroprotective effects of SEA0400 in rats,

both in vitro and in vivo, and did not observe any cell toxicity (up to the time of assay)

or any significant effects of SEA0400 on mean blood pressure, regional cortical blood

flow, or body temperature (when given at 3 mg/kg bolus i.v. followed by 3 mg/kg/h¡ for

2 hours).

Administration of SEA0400 under physiological conditions did not exert any

significant effects on hemodynamics or cardiac contractile function (97,98). This topic

will be further reviewed under'DISCUSSION'.

In addition, Ogata et al (236) commented on the absence of significant effects

in renal function by administration of SEA0400 (3 mglkg, i.v.) to sham-operated rats

(controls for rats subjected to acute renal ischemia by transient occlusion of left renal

artery and vein at 2 weeks following unilateral nephrectomy).

1.4. I0 Effects on the Nervous System and the Renal System

In a model of Ca2* paradoxJike injury utilizing cultured astrocytes, SEA0400

(at concentrations > 0.1 pM) attenuated injury, decreased production of reactive oxygen

species in a concentration-dependent manner, and reduced apoptosis (189,252,253).

Concentration-dependent reduction in DNA ladder formation was observed and nuclear

condensation was almost completely blocked by SEA0400 at I ¡rM (189). Very recently,
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SEA0400 (0.3 - I pM) has been shown to confer protective effects against sodium-

nitroprusside-induced apoptosis in cultured rat microglia (254).

In an anesthetized rat model of transient middle cerebral artery (MCA)

occlusion, SEA0400 at 3 mg/kg i.v. bolus administered immediately after MCA

occlusion, fbllowed by 3 mg/kg/tu continuous infusion for 2 hours, significantly

decreased infarct volume in the cerebral cortex and striatum, as compared with vehicle

(189). In addition, SEA0400 (3 and 10 mg/kg i.v.) has been shown to significantly

suppress edema after the induction of radiofrequency lesions in rat brains (255).

Ogata et al (236) studied the effects on SEA0400 on ischemic acute renal

failure in rats subjected to transient occlusion of the left renal artery and vein (by

clamping ) followed by reperfusion, at 2 weeks after contralateral nephrectomy.

SEA0400 (0.3, 1, and 3 mg/kg, i.v.) or vehicle administered by slow bolus injection at

30 minutes before renal vascular occlusion was shown to dose-dependently attenuate

IR-induced renal dysfunction and histological damage (236). In addition, SEA0400 (at

3 mg/kg i.v.) almost completely suppressed IR-induced increases in renal endothelin-l

contents after reperfusion, as compared with vehicle-treated rats with acute renal failure

(236). Furthermore, administration of SEA0400 3 mglkg i.v. post-ischemia also

attenuated lR-induced renal dysfunction (23 6).

SEA0400 (0.2 and I pM) has also been shown to confer protection to cultured

porcine tubular cells against hypoxia/reoxygenation-induced cell injury in vitro (236).

In another study, Iwamoto et aI (240) reported that SEA0400 protected porcine renal

tubular cells expressing wild-type NCXI against hypoxia/reoxygenation-induced cell

injury (this effect was not observed in cells expressing SEA040O-insensitive mutants).
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1.4.I I Comparison with Other NCX Inhibitors

In CCL-39 fibroblasts transfected with NCXI, the inhibitory effects of

different NCX inhibitors on the rates of [Nu*], dependent 4sC** uptake were measured

and the IC56 values of SE40400, SN-6 [a novel benzyloxyphenyl derivative with

preferential inhibition of the reverse mode of NCX (191)1, KB-R7943, and Ni2* were

0.06,3.2, 4.9, and 42 p.M, respectively (207,228,229). In NCX 1 transfectants,

SEA0400 has been estimated to be '70 times more inhibitory' than KB-R7943 (ICso's of

0.056 pM and 4.1 pM, respectively) (240).

In addition to increased potency, SEA0400 has also been demonstrated to be

more selective for NCX as compared with KB-R7943 (189,219). However, as both

SEA0400 and KB-R7943 have been shown to depress C** transients at low

concentrations in electrically stimulated heart tubes from NCX1 knock out mouse

embryos (220), both agents are not entirely specific for NCX. Isoform selectivities also

differ among the 3 benzyloxyphenyl derivatives (13). SEA0400 primarily inhibits

NCXI, with mild inhibitory action on NCX2 and no effect on NCX3 (240). SN-6 also

inhibits NCXI more (by 3 to 5 fold) than NCX2 and NCX3 (191). In contrast, KB-

R7943 has been shown to inhibit NCX3 3-fold more than its effects on NCXI and

NCX2 (22e).

With regard to comparisons of efficacy, in the study by Magee et al (98),

SEA0400 was shown to be more efficacious than KB-R7943 in reducing infarct size in

the Langendorff-perfused isolated rabbit heart subjected to regional ischemia, with75%

and 4}Yoreduction in infarct size by 1 pM SEA0400 and I ¡rM I(B-RTg43,respectively

(98). In addition, in the IR model of Langendorff-perfused isolated rat hearts reported
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by Takahashi et al (97), SEA0400 was > l0 times as potent as KB-R7943 and cariporide

in attenuating cardiac dysfunction

Moreover, SEA0400 (S I pM) did not show any negative effects on cardiac

function in Langendorff-perfused isolated rabbit hearts, in contrast to the deterioration in

cardiac function and coronary flow observed with KB-R7943 ar concentrations > 1 ¡rM

(98). In Langendorff-perfused isolated rat hearts, SEA0400 (f I ¡rM) did not exert any

significant effects on heart rate and coronary flow, whereas KB-R7943 af 10 pM led to a

signif,rcant reduction in heart rate and a significant increase in coronary flow as

compared with control (DMSO) (97). Notably, negative effects of KB-R7943 on

hemodynamics have also been reported in previous studies (198,199,222,223).
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1.4.I2 Comparison with NHE Inhibitors

In Langendorff-perfused isolated rat hearts subjected to hypoperfusion

followed by normal perfusion, Takahashi et al (97) demonstrated that SEA0400 (0.3 and

I pM) significantly improved the post-ischemic recovery of LV developed pressure.

Even though such benef,rt was also observed using cariporide (3 pM), its potency was l0

times less than that of SEA0400 in this model (97). In the IR-anhythmia model of

anesthetized rats (97), SEA0400 was > 3 times as potent as cariporide in reducing the

incidence of ventricular fibrillation (VF), and the mortality rate was significantly

reduced by SE40400, as compared with a trend in the reduction of mortality in the

cariporide-treated group. In addition, Magee et 
.ol 

(98) indicated that, in their experience,

the effrcacy of SEA0400 in cardioprotection was similar to that of zoniporide and

cariporide, but was greater than that of eniporide - with maximum reduction in infarct

size of l5o/o,83yo,85o/o, and 58Yo for SE40400, zoniporide, cariporide, and eniporide,

respectively (I27). Based on the above findings, it appears that the efficacy of

SEA0400 in attenuating myocardial IRI is at least equivalent to that of NHE inhibition,

pending confirmation in other animal models. Overall, these results are consistent with

those of a previous study which demonstrated that either KB-R7943 or cariporide, when

administered before ischemia, conferred cardioprotection in a rabbit model of global IRI

(198). However, when either compound was administered on reperfusion, only KB-

R7943 afforded benefit (198).
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1.4.I3 Comparison with Other Drugs

SEA0400 was compared with lidocaine in the IR arrh¡hmia model of

anesthetized rats (97), and lidocaine (1 mg/kg and 3 mg/kg) did not show any significant

protection against IR anhythmias whereas SEA0400 reduced the incidence of VF and

mortality as discussed.
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1.5 Other Novel NCX Inhibitors

In 2002, preliminary data on another mode-selective NCX inhibitor, 2-[4-

(nitrobenzyloxy)benzyl]thiazolidine-4-carboxylic acid etþl ester (SN-6), was described

(256). It also had additional action as a nitric oxide donor and exhibited

cardioprotective effects in Langendorff-perfused guinea pig hearts (256). Iwamoto et al

(191) has demonstrated that SN-6 preferentially inhibits the reverse mode of NCX (by

Na*¡-dependent 4sca2* uptake) in CCL39 cells transfected with NCXI, NCX2, and

NCX3 with IC56 values 2.9, 16,8.6 pM, respectively, with potentiation of inhibitory

effects under conditions of ATP depletion (ICso : 0.78 ¡rM in ATp depleted NCXI

transfectants). Further investigation documented protective effects of SN-6 against

hypoxia/reoxygenation-induced damage in renal tubular cells overexpressing NCXi

with an IC56 value of 0.63 ¡rM (191). It has been postulated that the properties of this

compound may derive from its interaction with the XIP region of the NCX molecule

(19i), which is thought to play an important role in Na*¡-dependent inactivation of NCX

(12). This compound may have a future role as an anti-ischemic agent (z5j).

Recently, a potent NCX inhibitor, sM-I5811, a 3,4-drhydro-2(lH)-

quinazolinone derivative, was discovered, with an IC¡o value of 0.017 pM (190). In

cardiac myocytes, it inhibited Na*-dependent Ca2* influx in a concentration-dependent

manner (190). Its mechanism of action is not known. In addition, phenoxypyridine

derivatives have been synthesized and tested in CCL 39 cells expressing NCXl.l for

their inhibitory activity against forward mode and reverse mode of NCX (258). Two of

these derivatives were reported to have a high selectivity for the reverse mode of NCX

(ICso values : 0.60 and 0.79 pM, the latter was a 6-{4-K3-flurobenzyl)-
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oxy]phenoxylnicotinamide derivative). More recently, the synthesis and the structure-

activity relationships of 6- {4-[(3-flurobenzyl)oxy]phenoxy]nicotinamide derivatives

were described (259). In parricurar, N-(3-aminobenzyl)-6-{4-[(3-flurob enzyr)-

oxy]phenoxylnicotinamide was reported to inhibit the reverse mode of NCXI.I

expressed in CCL39 cells with an IC56 value of 0.24 p,M (259) and was further utilized

for designing a series of benzyloxyphenyl derivatives (IC56 values of the 2 most potent

derivatives against the reverse mode of NCX were 0.22 pM) (260). [In some of the

more recent publications described above (258-260), reference was also made to the

chemical structure of a patented compound (261) in the context of benzyloxyphenyl

derivatives with inhibitory effects on the NCX.I Based on the IC56 values described in

these recent reports [with the possible exception of SM-15811 described in one

publication (190)1, SEA0400 remains the most potent NCX inhibitor described to date.

Apart from inhibitors with predominant actions against the NCX, another

compound, 5-methyl-2-(1-piperazinyl) benzenesulfonic acid monohydrate (MCC-135),

has been described to act on both the NCX and the sarcoplasmic reticulum (SR) (262).

Specifically, in a recent study, MCC-135 was shown to suppress Ca2*overload, which

was attributed to inhibition of [Na*]¡-dependent influx of Ca2* via the reverse mode of

NCX, and to confer cardioprotective effects in Langendorff-perfused isolated rat hearts

(263). This represents an additional mechanism to findings in an earlier study (262),

which demonstrated lusitropic effects of MCC-135 on the diabetic myocardium,

attributable to an increase in SR Ca2* uptake and a reduction in SR-leak (262). Notably,

this compound is being evaluated in phase II clinical trials in the settings of the acute

coronary syndromes (1,264) and heart failure (265). Preliminary results of the Calderet

69



in ST Elevation Myocardial Infarction (CASTEMI) trial was reported at the American

College of Cardiology Annual Scientific Session 2004 (1). It was an international,

multicentre, randomized, placebo-controlled trial designed to evaluate whether i.v.

caldaret, when used in the setting of primary percutaneous coronary intervention (pCI)

for acute ST-elevation myocardial infarction (STEMI), could lead to further reduction in

infarct size and improvement in LV function (1). Tlu'ee hundred and eighty-seven

patients were randomized to receive a 48-hour infusion (initiated 'during, pCI) of high-

dose caldaret (172.5 mg i.v.), low-dose caldaret (57.5 mg i.v.), or placebo (t). No

difference in infarct size was detected between the groups, as assessed by single photon

emission computed tomography (1) In patients TIMI (Thrombolysis in Myocardial

Infarction trial) grade 0 (complete occlusion) or grade 1 (some penetration of contrast

agent beyond the obstruction but without distal perfusion) flow (266,267) and anterior

myocardial infarction, high-dose caldaret was associated with signif,rcant decreases in

LV end-systolic and end-diastolic volumes, as compared with placebo, at days 7 and 30

(l)' High-dose caldaret was also associated with a significantly greater improvement in

global ventricular function at day 7 (although the difference was no longer statistically

significant at day 30) and a significant decrease in cardiac markers (1). No

abnormalities in biochemical, hemodynamic, or electrocardiographic parameters were

detected in patients treated with caldaret (1). In addition, further analysis of this study,

as reported in a recent abstract (268), demonstrated that significant left ventricular

dysfunction with ejection fraction <30yo occurred less frequently in the subgroup of

patients who presented with anterior myocardial infarction and were treated with

caldaret pre-PCI, suggesting that this compound may be of benefit to patients with more
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extensive infarcts- Based on these findings, it appears that caldaret may have a potential

role as an adjunctive cardioprotective agent in the context of the acute coronary

syndromes and thus warrants further investigation.
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1.6 The Metabolic Syndrome (or the Insulin Resistance syndrome)

In light of the promising cardioprotective effects demonstrated by novel NCX

inhibitors, it is speculated that such therapy would be of the greatest therapeutic

potential in individuals with increased risk for coronary artery disease, such as those

with the metabolic syndrome. The metabolic syndrome (MetS), also known as the

insulin resistance syndrome (IRS) or syndrome X, consists of a cluster of metabolic risk

factors, with insulin resistance being the primary defect (269,270). Insulin resistance

occurs primarily in skeletal muscles (271), with potential involvement of adipose tissues

(272)' and may be overcome by compensatory hyperinsulinemia (271). Even though

hyperglycemia may be prevented by compensatory hyperinsulinema, this state is

associated with the atherogenic metabolic abnormalities (271). It was first recognized

by Reaven in 1988 as a multiplex risk factor for cardiovascular disease (269). There

have been a number of proposed definitions or diagnostic criteria for this syndrome

(273-277). For instance, the National Cholesterol Education Program's Adult Treatment

Panel III report (ATPIIÐ definition (275), as recently reviewed (274,277), identified 5

characteristics in this syndrome: abdominal obesity (waist circumference ) 102 cm in

men or > 88 cm in women), hypertriglyceridemia [triglyceride (TG) > 1.7 mmol/L or

> 150 mg/dll, low high-density lipoprotein (HDL) cholesterol (< 1.0 mmolll or < 40

mgldL in men; < 1.3 mmol/L or < 50 mg/dl in women), high blood pressure (> 130Þ

85 mmHg) , and elevated fasting glucose (l 6.1 mmol/L or > 110 mg/dl). A clinical

diagnosis can be made when the cut-points for 3 or more of the 5 characteristics are met

(275). In contrast, the World Health Organization requires the demonstration of insulin

resistance (as defined by type 2 diabetes; impaired fasting glucose; impaired glucose
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tolerance; or, in the presence of a normal fasting glucose, a glucose uptake below the

lowest quartile for background population under hyperinsulinemic, euglycemic

conditions) as one of the diagnostic criteria, in conjunction with 2 other risk factors

(273). The latter may include high blood pressure (ì 140 mmHg systolic or > 90 mmHg

diastolic) and/or the need for antihypertensive medications, plasma TG U 150 mg/dl (ì

1.7 mmol/L), HDL cholesterol < 35 mg/dl (0.9 mmol/L) in men or < 39 mg/dl (1.0

mmolll) in women, BMI > 30 kg/m2 and/or waist to hip ratio > 0.9 in men, > 0.85 in

women, urinary albumin excretion rate > 20 pglmin or albumin-to-creatinine ratio > 30

mg/g (277). Notably, for both the NCEP ATPIII and the WHO criteria, the MetS can

still be diagnosed in the setting of type 2 diabetes (277).

Even though the MetS and IRS are often used interchangeably, the emphasis

of the two terms differ in that IRS highlights the concept of insulin resistance being the

fundamental defect, whereas the MetS emphasizes the clinical manifestations and the

associated risks (278). While the definition of MetS can be readily applied without

having to demonstrate insulin resistance by objective testing (which is not widely

available in common clinical settings) (277), it may have some limitations in applying

the obesity criteria in different populations (279) nd in identifying insulin resistance in

apparently healthy individuals (280). However, given the many common features

among the various sets of diagnostic criteria, it is likely that individuals at risk will be

identified by one method or another (281). For the purpose of this thesis, the term

'metabolic syndrome' will be used throughout for consistency, recognizing that the

clinical components in this definition would be an extrapolation to the experimental
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setting and that the 'insulin resistance syndrome' would also be very appropriate as an

alternative term.

Individuals with the MetS are at elevated risk of developing diabetes (almost

half of the population-attributable risk) (277), cardiovascular disease (277,282-291), and

increased mortality from cardiovascular disease and all causes (2g2). The 1g-year risk

for developing cardiovascular disease ranges from 10 to 20yo (277). In those who have

clinically manifest vascular disease, the presence of the MetS has been associated with

advanced vascular damage (293). In addition, in type 2 diabetes, which is the

predominant type in the adult population (274,294), the MetS is associated with an

almost 5-fold increase in the risk for developing cardiovascular diseas e (295) and is also

a predictor of increased all-cause and cardiovascular mortality (296). Individuals with 4

to 5 metabolic abnormalities have been shown to be more likely to develop coronary

events and new onset diabetes, as compared with those with 2 or 3 abnormalities (2g7).

In Canada, the overall prevalence of the MetS has been reported to be 25.8 %

in one study which randomly sampled

backgrounds from 4 communities in Ontario and Alberta, using the definition of NCEp

ATPIII (297). Individuals with the MetS were found to have a higher burden of

atherosclerosis (as assessed by B-mode carotid ultrasound), more cardiovascular disease,

and higher levels of plasminogen-activator-inhibitor-1 (a marker of fibrinol¡ic

dysfunction), the latter may, at least in part, explain the increased risk of cardiovascular

disease in the MetS (297). In a registry of patients referred for wgent and elective

percutaneous coronary intervention in Nova Scotia (298), the prevalence of MetS was

recently reported, in an abstract, to be 40.I%. In these patients with the MetS, higher
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rates of rehospitalization for any cardiac cause and of CABG surgery were observed as

compared with patients without the MetS (298). Moreover, in another study which

enrolled consecutive patients (mean age 58 years,793 men and 315 women) undergoing

elective coronary angiography in Québec,5lo/o of them were found to have the MetS, as

delrned by the NCEP ATPIII criteria (299). These patients had more severe coronary

artery disease (CAD) on angiography as compared with those without the MetS (29g).

Other studies have also documented increased prevalence of overt CAD or subclinical

atherosclerosis in the setting of the MetS (285,300). Notably, even in the presence of

angiographically 'normal' coronary arteries, coronary blood flow has been shown to be

impaired in the presence of the MetS (301). The magnitude of this tremendous burden

of cardiovascular disease is further magnified by the fact that the prevalence of the MetS

increases with age (> 40% in those aged > 60 years) (302) and that the MetS affects

populations worldwide (279,302), especially in light of the growing epidemic of obesity

(277,303,304).

Six components of the MetS have been identified by the NCEP ATpIII as

being components that specifically pertain to cardiovascular disease - the primary

clinical outcome of MetS (277). They include abdominal obesity, atherogenic

dyslipidemia [typically hypertriglyceridemia, low HDL, and small dense LDL (305)],

increased blood pressure, insulin resistance with or without glucose intolerance,

proinflammatory state, ffid prothrombotic state (277). Abdominal obesity, which

manifests as increased waist circumference, is the type of obesity with the strongest

association with the MetS (277). Previous studies have described the

'hypertriglyceridemic waist', which was defined as waist circumference ) 90 cm in the
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presence of elevated triglyceride > 2 mmol/L, and its utility in predicting of a triad of

atherogenic metabolic abnormalities, including hyperinsulinemia, hyperapolipoprotein B,

and small dense LDL, in men (306), as well as coronary artery disease (306). In the

Quebec Health Survey, the 'hypertriglyceridemic waist' was presentin l9o/o of a sample

of 907 adult non-diabetic male and was accompanied by the highest levels of fasting

insulin and total cholesterol to HDL cholesterol ratios in the study (307). Other studies

have also documented abdominal obesity as a risk factor for coronary artery disease

(308), myocardial infarction (309), stroke (308), hypertension (310), and type 2 diabetes

(303,311). In the presence of obesity and physical inactivity, insulin resistance with

hyperinsulinemia commonly occurs before the onset of hyperglycemia (303). Moreover,

intra-abdominal fat has been shown to be independently associated with each one of the

5 diagnostic criteria of the MetS, suggesting its potential involvement in the

pathophysiology of the MetS (312). In particular, the release of various products (such

as nonesterified fatty acid, inflammatory cytokines, PAI-I, and leptin) from adipose

tissue has been a major focus of research (304). As the simple measurement of waist

circumference is positively correlated with intra-abdominal obesity (3l l), it provides a

simple and practical way to assess the cardiovascular risk associated with obesity in the

clinical setting (3 I 0,3 I 3).

The prothrombotic state of the MetS is characterized.by elevated fibrinogen

and PAI-I (277). Fibrinogen is an acute-phase reactant that increases in response to a

rise in cytokines (277) and has been shown to be predictive of future risk of MI and

stroke in epidemiological studies (314). Plasminogen activator inhibitor-1, is an

endogenous inhibitor of the clot-dissolving tissue-type plasminogen (t-pA) and
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urokinase activator (314), and is a marker of hypofibrinolysis in the MetS in human

(315). Among the various risk markers, C-reactive protein (CRp), a marker of

inflammation and cardiovascular risk, appears most promising (3 14,316,317) and has

gained intense research and clinical attention on its utility as a biomarker of

cardiovascular risk in clinical settings and, potentially, as a marker of therapeutic

efficacy (318-320). The latter appears particularly promising in the context of lipid

lowering with HMG-CoA reductase inhibitors as revealed in recent clinical trials

(321,322). Notably, CRP is commonly found to be elevated in the setting of the MetS

(277,323). The mechanism may be attributed to obesity, especially abdominal fat

accumulation (324), as increase in CRP may be mediated through inflammatory

cytokines released from adipose tissues (277). Moreover, CRp also significantly

correlated with insulin resistance (323,325).

The remarkable research progress in CRP can be traced back to 1930 when

Tillet and Francis (326) first noted, in the sera of individuals with acute pneumonia, a

substance which formed a precipitate with or 'reacted with' a distinct fraction derived

from pneumococci (this fraction was the third one derived from pneumococci and was

designated as 'Fraction C'). Subsequently, this substance was characterized as a protein

by Macleod and Avery (327), as reviewed in (328). C-reactive protein is made up of

five 23-kDa non-glycosylated subunits that are arranged in a cyclic configuration

(329,330). It is synthesized and released primarily in the liver (31g,32g). Under

physiological conditions, CRP is present only in a trace amount in blood (3lg).

However, its synthesis is stimulated by cytokines in response to tissue injury or infection

within hours (328,331). Moreover, local production of CRP has also been demonstrated
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in smooth muscle cells of human coronary arteries, especially in vessels with active

atherosclerotic lesions, but not in end-stage plaques (332).

The availability of high-sensitivity CRP (hs-CRp) assays has improved the

precision of measurements in the clinical setting and has given this test the attribute

toward the prediction of cardiovascular events (316,333). In multiple prospective

epidemiological studies, hs-CRP was demonstrated to predict the risk of MI, stroke,

peripheral vascular disease, and sudden cardiac death (314,334,335). It has also been

shown to be a stronger predictor of cardiovascular events than low-density lipoprotein

(LDL) cholesterol (336), and provide additional prognostic information in conjunction

with LDL measurement or to the Framingham Risk Score in the prediction of

cardiovascular risks (336,337). Moreover, it may play a direct role as a mediator of

atherosclerotic disease (33S-343). Elevated CRP is commonly seen in the MetS, with an

age-adjusted prevalence of 29Yoin one study (344),and is a marker of the associated

proinflammatory state (277). In particular, CRP level has been shown to correlate with

the various components of the MetS, such as fasting insulin, microalbuminuria, and

impaired fibrinolysis (319). It also adds prognostic information on cardiovascular risk

at all levels of the MetS (345), and predicts the risk for the development of type 2

diabetes (334,346). of note, it has been postulated that inflammation may be a common

pathophysiological basis for insulin resistance, the MetS, and atherosclerosis (347).

Current management strategies of the MetS include correction of underlying

metabolic risk factors, with lifestyle modification being the first-line therapy, ffid

control of other major cardiovascular risk factors (34S). If lifestyle modification alone

is ineffective, pharmacological therapy may be considered, such as in the management
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of dyslipidemia and hypertension (348,349). In the absence of diabetes, the use of

insulin-sensitizing agent is not recommended at the present time, given the lack of data

on reduction of cardiovascular risks (348). Even though prophylactic use of low-dose

aspirin is recommended for intermediate-risk and high-risk individuals, with the goal of

ameliorating the prothrombotic and proinflammatory state of the MetS (348), there is

clearly a dearth of cardioprotective therapies that specifically address the

pathophysiology of ischemia/reperfusion injury, both in the context of the MetS and in

cardiovascular medicine in general. Conceivably, myocardial protection in individuals

with the MetS may be of particular clinical relevance, in light of the prevalence of the

MetS (which will very likely further increase with aging of our population), their

predisposition toward the development of both cardiovascular disease and Wpe 2

diabetes (277), and the potential risks of having repeated episodes of ischemia and

reperfusion during their lifetime (such as in the setting of acute coronary syndromes and

revascul ari zation pro cedures).

79



1.7 The JCR:LA-cp Rar

Given the growing impact of the MetS and the associated cardiovascular

disease, and the dearth of clinical therapies against myocardial IRI, clinically relevant

animal models of the MetS would greatly facilitate evaluation of novel compounds for

cardioprotection. As rodents share a very similar natural history and manifestations of

the MetS with humans, they can be utilized as an 'accelerated version' of the MetS in

human (350). Among the various rodent models of hyperinsulinemia, such as the

JCR:LA-cp rat, the Zucker folfa rat, the Zucker diabetic falfu rat, the oblob mouse and

the dbldb mouse (351-356), the JCR:LA-cp rat is unique in that it has not only the

typical metabolic abnormalities, but also well-characterized, spontaneous cardiovascular

complications (351,352,357-366). The mutated gene in this strain was identified by

Koletsky (367) and was later designated as cp by Hansen (368), as reviewed by Russell

and Graham (352). It was later found to be due to a point mutation of the leptin receptor

at amino acid 763,leading to a stop codon in the extracellular domain of the leptin

receptor and consequent absence of leptin receptors in the plasma membrane

(352,369,370). As leptin, the obese gene product (371), is a hormone with that serves to

reduce appetite, enhance energy consumption, inhibit insulin secretion and improve

insulin sensitivity, along with other actions (37z),leptin dysregulation in the cplcp rats

results in hyperphagia and marked hypersecretion of insulin (352). The basis of the

hyperphagia could be attributed to the absence of leptin-mediated inhibition of

neuropeptide Y, an important stimulant of eating, in the cplcp rats (373). Rats that are

homozygous recessive for the corpulent, cp, gene, exhibit severe hyperinsulinemia,

morbid obesity (Figure 8), marked elevation of very-low*density lipoprotein (VLDL),
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Figure 8. The Obese JCR:LA-cp Rat at 12 Months.
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hypertriglyceridemia, glucose intolerance, hyperleptinemia, and cardiovascular disease;

whereas *l-r or tlcp rats are lean and metabolica[y normal (352).

Spontaneous cardiovascular complications, which are unique features in the

cplcp rats, include atherosclerosis, myocardial ischemia and infarction (352,354). These

lesions have been confirmed on necropsy and have been well chara cterized, on the basis

of pathology (352,362). For example, advanced intimal lesions of the aortic arch have

been observed in almost all cplcp male rats by 9 months of age (352,362). The genetic

basis of the metabolic and cardiovascular abnormalities has not been well defined,

although a polygenetic basis has been postulated (352). In addition, these rats have been

described as being susceptible to stress, to the extent that stress-induced spontaneous

myocardial ischemia and myocardial infarction have occurred (352,362). Even mild

stress induced by transient restraint of the obese rat could lead to rapid accumulation of

non-esterified fatty acid in blood (374). The sensitivity of the obese rats to global

ischemia at 6 months and 9 months of age has also been well described in Langendorff-

perfused isolated hearts (361). Moreover, the obese rats have been shown to have

abnormal vascular function and impaired ability to compensate for vasoconstriction,

especially with advancing age (365). Plasminogen activator inhibitor-l expression in

culture of aortic rings ln vitro and PAI-I levels in blood were found to be elevated in

another study (375), suggesting a potential role of hypofibrinolysis in the

pathophysiology of the MetS and atherothrombosis in this animal model. Of note, the

incidence of cardiovascular disease in the obese rats has been demonstrated not to

correlate with the extent of dyslipidemia, but rather, it correlated with the degree of

insulin resistance and glucose intolerance (376).
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The insulin-resistant JCR:LA-cp rat has been shown to have preserved

myocardial Ca2*-ATPase activity and sarcoplasmic reticular function, in contrast to

animal models of chemically-induced diabetes (with low insulin levels) which are often

found to have cardiomyopathy (377,378). Given the constellation of metabolic and

cardiovascular features mimicking their human counterparts, this strain of rat may serve

as a valuable model for evaluation of cardioprotective therapies against acute IRI in the

context of the MetS.
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2.t

2. STATEMENT OF THE PROBLEM AND HYPOTHESES

Statement of the Problem

2'I.l The metabolic syndrome is a prevalent public health problem in Canada

(297,379) and worldwide (279), and is anticipated to increase in magnitude

as our population ages and the obesity epidemic prevails (303,380). The

constellation of atherogenic risk factors in the MetS substantially increases

the risks for both cardiovascular disease and type 2 diabetes (277), with the

latter being a'risk equivalent' to CAD (275,391).

2.1.2 As atherosclerosis is a chronic process which progresses with time,

potentially punctuated with episodes of acute coronary events, it is

anticipated that individuals with coronary artery disease would be at risk for

repeated episodes of IRI during their lifetime. Since the MetS confers

increased cardiac risk, adjunctive cardioprotective therapies against IRI, in

conjunction with timely reperfusion (i68), may have particular therapeutic

potential in this population.

2.1.3 Despite the wealth of data accumulated over the past 3 decades on

compounds that exhibited cardioprotective properties against IRI in

experimental settings, none has been successfully translated into routine

clinical practice (172). To date, there continues to be a need for such
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adjunctive cardioprotective therapies in spite of recent advances in both

pharmacological and catheter-based reperfusion strategies for the

management of acute coronary syndromes (168,381).

2.t.4 Pharmacological inhibition of the NHE as a strategy for myocardial

protection is one of the few examples where remarkable research progress

has been made (i68) - from the first report of cardioprotection in the

experimental setting (52) to completion of 3 large-scale clinical trials (5-7)

within only 15 years - but, unfortunately, was hampered by preliminary

evidence of serious adverse events (6), which remain to be addressed.

whether inhibition of the NCX, a downstream target in relation to NHE,

might provide an alternative strategy for myocardial protection remains to

be further investigated, although experimental data to date appear promising

(97,98,233).

2.1.5 One of the challenges in translating experimental findings to clinical

applications is related to limitations of animal models (352). For instance,

healthy animals may have more reserve to withstand drug toxicities and,

therefore, during drug evaluation, they may not manifest certain adverse

effects that may otherwise occur under pathophysiological conditions (383).

Similarly, findings in young animals are not necessarily applicable to

senescent animals (and elderly persons) due to age-related changes in the

cardiovascular system (3S4). A clinically relevant animal model with
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parallel characteristics and pathologies as those in its humans counterpart

would be particularly valuable for assessment of the efficacy (3g2) and

safety (383) ofnovel therapies.

2.1.6 Delays in drug administration, which commonly occur for various reasons in

clinical settings (381), may partly explain the lack of efficacy of

cardioprotective agents observed in some clinical trials of NHE inhibitors

(r54). Successful delivery of a cardioprotective agent to the jeopardized

myocardium in the presence of an occluded artery is a major challenge,

especially when time is of the essence in salvaging the myocardium

(381,385).

2.1.7 While experimental data on the cardioprotective effects of NCX inhibition

appears promising in models of acute IR, the utility of chronic

administration of an NCX inhibitor was unknown (at the start of this

project), which may have potential clinical relevance. Recently, the reverse

mode of NCX has been shown in experimental models to play a central role

in the pathophysiology of salt-sensitive hypertension (238) and, conceivably,

NCX inhibitors may be of therapeutic potential both as a chronic anti-

hypertensive agent and as a prophylactic drug against IRI. The latter may

circumvent the problem of delay in drug delivery, as it is anticipated that a

steady drug level would have been achieved in the circulation prior to the

onset of ischemia.
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2.1.8

2.1.9

2.1.10

Before contemplating chronic use of NCX inhibitors, one fundamental issue

that needs to be addressed is whether such strategy would compromise the

forward mode of NCX, which plays an important physiological role in the

extrusion of ca2* that enters the cardiac myocyte through L-type ca2*

channels on a beat-to-beat basis (27). while the novel NCX inhibitor,

sE40400, has been described as the most potent and selective NCX

inhibitor available to date (13), whether ch¡onic use of NCX inhibitors

under physiological conditions is indeed innocuous to basal ventricular

function requires formal evaluation.

!

One established method of non-invasive evaluation of ventricular function is

echocardiography, both in the experimental (386-390) and the clinical

settings (391,392). whether such a technique is applicable to the JCR:LA-

cp rat is unknown, in light of its stress-prone nature and its morbid obesity.

The former may constitute a form of stress and impose a cardiac risk,

whereas the latter may introduce technical diffrculties in image acquisition,

as is commonly observed in humans (393).

While the identification of novel biomarkers in predicting cardiovascular

risk has been an intense area of research in clinical cardiovascular medicine

(314) and the Mets (334), with parricular promise demonstrated by cRp

(316), it is unknown whether cRP would have a potential role as a

clinically-relevant biomarker in pre-clinical drug evaluation. At the time of
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writing, baseline cRP level of the JCR:LA-cp rat is not available in the

existing literature.
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7) Hypotheses

The JCR:L A-cp rat would be a valuable animal model for evaluation of

sEA0400 as a cardioprotective agent in the context of the Mets and IRI.

Transthoracic echocardiography would be feasible and practical in the

JCR:LA-cp rat, despite its stress-prone nature and morbid obesity. Similarly,

prolonged prophylactic therapy with SEA0400 via an osmotic pump would be

a feasible approach for experimentation.

In vivo administration of SEA0400 under physiological conditions would

have negligible effects on cardiac function, as the reverse mode of NCX does

not play a significant role under physiological conditions.

The senescent, obese JCR:LA-cp rat, a model of the MetS and cardiovascular

disease in the elderly, would be more sensitive to myocardial ischemia as

compared with the lean control.

Pharmacological inhibition of the reverse mode of NCX with SEA0400

would be cardioprotective against IRI in this polygenetic model of the MetS.

2.2.1

2.2.2

2.2.3

2.2.4

2.2.5
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2.2.6 Baseline CRP would be significantly elevated in the senescent, obese rat (in

light of its severe metabolic abnormalities and atherosclerosis) as compared

with the lean control and may have potential utility in pre-clinical drug

evaluation.
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2.3 Objectives

Utilizing the obese JCR:LA-cp rats and the lean controls, this study was

conducted to achieve the following objectives:

2.3.1 to assess the feasibility of transthoracic echocardiography in this strain;

2.3.2 to characterize baseline cardiac structure and function by echocardiography;

2.3.3 to evaluate the effects of prolonged administration of SEA0400 in vivo, with a

focus on left ventricular function as assessed serially by echocardiography,

2.3.4 to assess the sensitivity of the senescent myocardium to ischemia and

reperfusion in JCR:LA-cp rats, using the Langendorff-perfused isolated heart

technique,

2.3.5 to assess the efficacy of SEA0400 in attenuating IRI at the level of the

isolated heart,

2.3.6 to establish baseline c-reactive protein levels in this strain.
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3. MATERIALS AND METHODS

3.r Animals

The experimental protocol was approved by University of Manitoba protocol

Managemenf &. Review Committee in accordance to guidelines set forth by the

Canadian Council on Animal Care.

All JCR:LA-cp tats (obese and lean control) were bred in an established

colony at the University of Alberta (352) and were transported to the University of

Manitoba by airfreight. To minimize stress, an acclimatization period of > I week was

introduced prior to any experimentation. This period was typically much longer as the

rats were purchased in large numbers to ensure adequate supply for the entire project,

given the scarcity of this strain.

Only male rats were studied to minimize variability in background cardiac

risk, in light of previously reported differences between male and female JCR-LA:cp

rats' Specifically, male cp/cp rats exhibit more severe hyperinsulinemia and glucose

intolerance (394), more severe vascular dysfunction (352), more advanced

atherosclerotic and myocardial lesions (352,376), but less severe dyslipidemia (376) as

compared with cp/cp females. Rats were maintained on a l2:12-hour lighrdark cycle

and were housed in pairs in polycarbonate cages with wood chip bedding. A standard

rodent diet with water was freely available.

Rats of the 2 distinct age groups were studied: 3 - 6 and l0 - 13 months. The

former group was utilized for in vivo evaluation of SEA0400 over a 4-week period

followed by in vitro testing using the Langen¿o¡ft-perfused isolated heart technique.
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Tlre latter group was utilized for in vitro evaluation of SE40400, and these rats will be

considered as 'senescent' since cp/cp rats have been described to have a reduced

lifespan (352,395). These older rats were utilized as a model of the MetS in the elderly,

given the increasing prevalence of the MetS with age (302).

3.2 Anesthesia

Isoflurane was the anesthetic agent used for all experiments, primarily based

on previously reported favourable experience with volatile anesthesia in the cplcp rats

(352). For all in vitro and in vivo experiments, anesthesia was administered exclusively

by the staff of the R.O. Bunell Facility of the St. Boniface General Hospital Research

Centre according to the standard operating procedures of the Facility.

For induction of anesthesia, the rat was gently introduced into a 4-litre

containing 4-5% isoflurane with oxygen at 2Llmin, with subsequent titration

isoflurane (1.5 - 2%)to maintain anesthesia.

Jar

of
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J.J The Study Drug (5840400)

The compound, 2-[4-[(2,5-difluorophenyl)methoxy]phenoxyl-5-ethoxyaniline

(SE40400), was obtained from Taisho Pharmaceutical Co., Ltd. (Saitama, Japan) in the

forms of a powder (for in vitro experiments) and an emulsion (containing the active

compound and the vehicle for in vivo experiments). It was stored in tight and light-

resistant containers, at I - 10oC, according to the instructions on the Material Safety

Data Sheet on SEA0400 (396).

The vehicle, which was a lipid emulsion containing soybean oil2T%o,vitelline

lecithin 2.4yo, glycerine 2.7o/o, deionized water, was also obtained from the

manufacturer for in vivo studies. A stock solution (10 mM) was made from the

SEA0400 powder (diluted in DMSO, with a final concentration of DMSO < 0.1%) and

was used for preparing the required dose of SEA0400 on the day of the experiment,

using precautions to minimize exposure to light and to heat (396).

3.4 Implantation of Osmotic Pumps

This route of drug administration was chosen to maximize bioavailability and

to avoid fluctuations in drug level (397) in in vivo studies utilizing the cplcp rats.

The osmotic pump consists of 3 concentric cylindrical layers: an outermost,

rigid layer of semipermeable membrane made of cellulose materials; a middle layer of
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supersaturated salt solution; and an innermost, flexible layer of impermeable drug

reservoir (397). After implantation, interstitial fluid enters the pump through the

semipermeable membrane (driven by the osmotic gradient between the supersaturated

salt solution and the interstitial fluid) (397). Due to fluid expansion within the fixed

volume enclosed by the rigid outermost layer, the drug reservoir (within the flexible

innermost layer) became compressed and the drug was delivered out of the pump at the

same rate as fluid enters the pump (397).

Subcutaneous implantation of osmotic pumps was performed by a designated

member of staff in the R.O. Bunell Facility of the St. Boniface Research Centre,

according to the instructions and a video of the surgical implantation procedure provided

by DURECT Corporation (Cupertino, CA), the manufacturer of the ALZET@ osmotic

pumps (398) (Figure 9), where all the osmotic pumps were purchased. The osmotic

pumps were filled through the delivery portal leading to the reservoir of each pump,

with SEA0400 (emulsion containing the active compound and the vehicle) or the vehicle

alone, by means of a filling tube connected to a drug-filled syringe at the other end (3g7).

SEA0400 or vehicle was delivered tbrough the same port and access into the venous

system of the rat was achieved by cannulation of the right jugular vein. The total

duration of continuous i.v. drug infusion was 28 days. The dose of SEA0400 (l mglkg

i.v. continuously over each day) was chosen based on the experience reported by

Takahashi et al (97).
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6 Echo-Control lì.ats:
Baseline Echo
j

Follorr,-up Echo (at u'eeks 1,2,3, 4)

JJl

20 rats - implantation of osmotic pumps
(containine SEA0400 + vehicle ys. vehicle alonel

Baseline Echo

J

Follow-up Echo (at weeks 1,2,3,4)
JJJ

1
Pump implantation

tr'igure 9. Experimental Protocol for In Wvo Evaluation of SEA0400 (upper
panel). ALZET@ osmotic pumps eower left). Obese JCR:LA-cp
rats on post-operative day I following osmotic pump implantation
(lower right).
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3.5 Transthoracic Echocardiography in Rats

On the day of echocardiography, the rat was anesthetized with isoflurane and

was placed on a heating pad to avoid hypothermia (352,399) (Figure l0). The

ultrasound medium was also pre-warmed. The hair on the rat's chest was shaved to

optimize image quality. The rat was then placed in the left lateral decubitus position for

image acquisition from the parasternal window (388,400,401) (Figure 1l).

Imaging was performed at adepth of 2 cm (3S8). Standard views include the

parasternal long-axis view, the parastemal short-axis view, and the apical 4-chamber

view. A 12-MHz transducer was used to acquire images (SONOS 5500, philips

Medical Systems, Markham, ON). Two-dimensionally-guided M-mode images (at 150

mm/sec) were acquired from the parastemal window, at the level of the papillary

muscles (401-403) (Figure 11, upper panel). Pulsed-wave Doppler signal of mitral

inflow was obtained from the apical window under 2D-guidance (Figure 11, lower

panel). To minimize the duration of exposure of the rats to volatile anesthesia, all

images were recorded on magneto-optical disks (Hewlett-Packard, Palo Alto, CA) for

analysis using the same ultrasound system at a later date. The duration of exposgre to

anesthesia of each rat was also recorded.

Motion-mode (M-mode) measurements included LV end-diastolic dimension

(LVEDD), LV end-systolic dimension (LVESD), septal thickness (ST), and posterior

wall (PW) thickness, and the duration of each cardiac cycle (for determination of heart

rate - an attempt for continuous electrocardiographic monitoring was also made at the

beginning of the project, but the quality of the signal was suboptimal and therefore was

not used). Motion-mode measurements were made from leading edge to leading edge
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Figure 10. Transthoracic Echocardiographic in the JCR:LA-cp Rat.
Upper panel: The rat was anesthetized with isoflurane and was

placed in the left lateral decubitus position.
Lower panel: Experimental setup (note heating pad in the left

lower corner).
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Figure 11. Image Acquisition by Echocardiography.
Upper panel: parasternal window
Lower panel: apical window
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(according to the recommendations of the American Society of Echocardiography)

(401,404).

Left ventricular systolic function was estimated by calculation of fractional

shoftening, using the formula (LVEDD - LVESD)/LVEDD (405). Left ventricular mass

was calculated by the following formula which has been validated in rats (3g6,406),

with the assumption of a spherical LV geometry @07): LV mass :1.04x [(LVEDD +

PW + sr)'- LVEDD3I, where r.04 g/mr: specific gravity of muscle, LVEDD: LV

end-diastolic dimension (in cm), PW: end-diastolic posterior wall thickness (in cm), ST

= septal thickness (in cm). The following mitral inflow parameters was obtained by the

pulsed-wave Doppler technique, using the smallest sample volume (set at 0.06 cm) at

the tip of the mitral valve leaflets (40g): E verocity, A velocity, E/A ratio, and

deceleration time (2). An average of 3 readings (390) was used for all parameters,

where possible. Echocardiographic studies were analy zed, in a blinded fashion to

minimize bias (409).

Baseline echocardiography was performed on 26 obese rats and 12 lean rats

to charactetize cardiac structure and function. The former were utilized for in vivo drug

evaluation, whereas the latter were sacrificed at l0 to 13 months of age for isolated heart

experiments.

The obese rats were randomized to one of following 3 groups within a few

days after baseline echocardiograms were obtained:

1) osmotic pump implantation + 4-week continuous i.v.

2) osmotic purnp implantation r 4-week continuous i.v.

infusion of SEA I mg/kg/day,

infusion of vehicle,

100



3) no intervention [no osrnotic pump implantation and no SEA/vehicle to assess if the

procedure of osmotic pump implantation alone has any effects on ventricular function,

in liglrt of tlre previously reported stress-prone nature of these rats (352,362)1.

After osmotic pump implantation, follow-up echocardiograms were obtained

at the end of weeks r,2,3, and 4 (Figure 9). After 4 weeks, all26 obese rats were

sacrihced for isolated heart experiments as described in the next section. Inspection of

the osmotic pumps was made post-morlem to confirm emptying of reservoir.
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3.6 Perfusion of Isolated Rat Hearts

Retrograde perfusion of the isolated rat heart was performed according to

Langendorff (410). A protocol of global ischemia followed by reperfusion was

employed to simulate IR during cardiac surgery (411), as outlined in Figure I2. The

isolated heart experiments were initially performed under constant pressure conditions

(80 mmHg). Unfortunately, because of technical problems with the pressure transducer

that could not be easily resolved, the project was interrupted and had to be re-started on

a different system (under constant flow conditions as detailed below). All isolated heart

experiments reported in this thesis were performed using the latter system.

On the day of the experiment, the JCR:LA-cp rat (male, obese cplcp or lean

control +/+ or +/cp) were anesthetized with isoflurane at 30 minutes following pre-

treatment with intra-peritoneal injection of heparin at 40IIJ/kg for anticoagulation in the

animal facility. The heart was excised and the aorta was cannulated for retrograde

perfusion according to Langendorff (410), using an established perfusion system (412).

Calibration of the perfusion system was performed prior to the start of the first

experiment of each day.

The final composition of the perfusion solution was as follows (in mM): 120

Nacl,20 NaHCo3.l.25 caclz,4.5 KCl, l.2Mgcl2,l.2 KH2poa,10 dextrose þH 7.4 at

37oC), modified from (361). The concentration of CaCl2was lowered from 1.8 to 1.25

mM approximately one third into the course of the studies, due to excessive ventricular

anh¡hmias, which will be detailed under section 5 'DISCUSSION'. All the results

reported in this thesis were based on experiments using 1.25 mM of CaCl2. The

perfusion rate was maintained constant at 10 ml per minute.
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JCR:LA-cp rats (obese & lean)

Lan gendorff-perfused isolated heart experiments

compared parameters of cardiac performance (LVdevp, LVdiasp, dp/dt."*,
dP/dt*in) & LDH release using global, zero-flow ischemia/reperiúsion protocol

Global. Zero-Flow Ischemia/Reperfusion Protocol (obese vs. Lean):

Stabilization Ischemia

(-15 min) (30,40, or 50 min)

Reperfusion

(90 min)

Figure 12. Protocol of Langendorff-Perfused Isolated Heart Experiments Assessing
Sensitivity to Ischemia (Obese ys. Lean Rats).
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Once perfusion was established, the heart was electricalll' 51i-ulated at 5 Hz

(Harvard 6002 stimulator, Harvard Apparatus, Holliston, MA) to achieve a constant

heart rate of 300 beats per minute throughout the experiment. The left atrium was

incised and an unstressed, hand-made, plastic balloon (using comrnercial plastic wrap)

was inserted into the LV through the mitral valve. The balloon was attached to a

pressure transducer (Model 10508P; BIOPAC Systems Inc., Goleta, CA) (412). Left

ventricular diastolic pressure (LVdiasP) was maintained at < l0 mmHg during the

stabilization period (of approximately 15 minutes) by adjusting the size of the balloon.

Once stabilizafion was achieved, the balloon remained isovolumic for the rest of the

experiment. Global ischemia was induced by turning off the peristaltic pump and

reperfusion was achieved by restarting the pump.

For assessment of sensitivity to myocardial ischemia, an ischemic period of

30,40, or 50 minutes was used. The experimental protocol is presented in Figure 12. In

preliminary experiments, 30 minutes of global ischemia resulted in moderate functional

recovery (in the range of 40%). This duration was used in the evaluation of SEA0400 in

the isolated hearts of obese rats. Three concentrations of SEA0400 were evaluated, 100

nM, 300 nM, 1 ¡rM, based on cardioprotective efficacy demonstrated in previous studies

(97,98).

The experimental protocol is presented in Figure 13. SEA0400 infusion was

initiated immediately before the onset of global ischemia as a lO-minute infusion and

again for 10 minutes at the start of reperfusion. In control experiments, an equivalent

amount of DMSO used for dissolving SEA0400 was added to the solution for perfusion

during the entire experiment.
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JCR:LA-cp rats (obese)

Lan gendorff-perfuse isolated heart experim ents

Compared parameters of cardiac performance (LVdevp, LVdiasp, dp/dtr"*,
dP/dtmin) & LDH release in a global, zero-flow ischemia/reperfusion protoòol

Global, Zero-Flow rschemia/Reperfusion protocol (*DMSO vs. sEA0400):

90 min in total

10 min 30 min 10 min 80 min

* For control, the perfusate contains DMSO (the equivatent amountfor dissolving SEA0400)
throughout the entire experiment.

** SEA0400 100 nM, 300 nM, or I pM

FÍgure 13. Protocol of Langendorff-Perfused Isolated Heart Experiments for
Evaluating 5840400.
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Cardiac perforurance was assessed by the following parameters: LV

developed pressure (LVdevp), LV diastolic pressure (LVdiasp); and maximum

rates of isovolumic pressure development and decline, dp/dtru* and dp/dt,,,¡,,,

respectively (as calculated by the Acknowledge 3.5.3 software for Windows. BIOpAC

System Inc., Goleta, CA) (4lZ).

The following predefined excrusion criteria were emproyed:

1) LVSP < 60 mmHg at the end of the stabilization period

2) irreversible ventricular arrh¡hmias at the end of the stabilization period (up to 30

minutes from the time of excision of rat heart).

Attempts were also made to assess the effects of pre-ischemic administration

alone and post-ischemic administration alone. As illustrated in Figure 14 (upper panel),

there was a considerable distance between the drug chamber (wrapped in aluminum foil

to minimize exposure of SEA0400 to light) and the chamber for the isolated heart (red

arrow) in the Langendorff-perfusion system, inhoducing some difficulties in conducting

these additional protocols (which will be detailed under 'RESULTS'). An alternative

method of drug delivery via an infusion pump within a short distance from the isolated

heart (Figure 14,lower panel, orange arrow) was also attempted. preliminary results

were also suboptimal and will be fuither discussed under ,RESULTS,.
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Figure 14. Perfusion System for Isolated Heart Experiments.
Upper panel: The SEA0400-containing chamber was wrapped with
aluminum foil to minimize exposure of SEA0400 to light.
Lower panel: Alternative position for drug infusion via infision
pump was attempted. (The ¿urow indicates the level where SEA0400
entered the perfusion system.)
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3.7 Measurement of Non-fasting Blood Glucose

Immediately after excision of rat heart for LangendorfÊperfusion experiments,

a drop of rat blood was placed on a new test strip of the glucometer (ACCU-CI{EK@

Cornpact System, Roche Diagnostics, Laval, PQ) for measurement of blood glucose

level in the non-fasting state.

3.8 Measurement of Lactate Dehydrogenase in coronary Effluent

Coronary effluent was collected to measure lactate dehydrogenase (LDH), a

cytosolic er]uyme, for estimation of the extent of myocardial injury Ø13). During initial

experiments, the following schedule of frequent collection was employed to assess the

timing of occurrence of peak LDH release (2 drops of coronary effluent per tube):

baseline (in triplicate), 40 tubes immediately on reperfusion (collected at the maximum

possible rate to captwe peak LDH release), and then 40 tubes at 2-minute intervals for

the rest of reperfusion. Samples were placed in liquid nitrogen and were stored in the

freezer at -80oc until assay, using commercially available kits (oxford Biomedical

Research, Inc., oxford, MI). The assays were performed according to the

manufacturer's instructions @lQ arñ quantification of colour development (as an

indicator of the amount of LDH) was made using a Molecular Devices ThermoMax

108



n-ricroplate reader (Molecular Devices Corporation, Sunnyvale, CA). The colorimetric

assay measured the amount of LDII release upon membrane damage or cytolysis and

was based on the following reaction catalyzedby LDFI (alfl:
LDI I

NAD* * lactate 
-> 

pyruvate + NADH

where NAD(H) : nicotinamide-adenine dinucleotide (reduced) (4)

NADH was then reoxidized in a reaction coupled with the reduction of another

substance, resulting in the formation of a formazan dye which was bright red in colour.

A standard curve was constructed based on the average absorbance of the controls at

pre-defined dilutions (the reconstituted control vial contained a known amount of LDH)

and this standard curve was subsequently used for determining the concentration of

LDH in the experimental wells of the microplate containing rat coronary effluent (414).

Based on initial results (n : 7), which demonstrated an early peak of LDH at

the beginning of reperfusion (in the first tube D : 6, in the second tube n : 1), the

frequency of collection was reduced: 16 tubes immediately on reperfusion and 1 tube

every l0 minutes until the end of reperfusion. Based on further analysis of samples

from 36 rats, it was determined that the amount of the LDH released as assessed in tfr"

collection of the first 7 tubes of coronary effluent, would provide the most representative

data and therefore this value of 'LDH release during early reperfusion' will be reported

in this thesis.
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3.9 Quantification of Rat C-Reactive Protein

Exsanguinated rat blood from the aorta was collected (415) imrnediately on

excision of the heart for Langendorff-perfusion experiments. Blood was allowed to clot

for 30 minutes prior to centrifugation at 1000 x g for 10 minutes, according to the

instructions from the manufacturer of the C-reactive protein kit (BD Biosciences,

Mississauga, ON). The serum was gently aspirated with a pipette into a plastic tube,

which was placed in liquid nitrogen until the end of the experiment. The sample was

then transferred to the freezer for storage at - 80oC until assay.

For this solid phase sandwich enzyme-linked immunosorbent assay (ELISA)

(416), an antibody specific for rat C-reactive protein was coated on a 96-well plate and

the immobilized antibody bound any CRP present in samples or standards added into the

wells. After a period of incubation followed by washing of the wells, a horseradish

peroxidase conjugated anti-rat CRP was added to form an antibody-antigen-antibody

'sandwich' (416). Following another incubation period, the wells were again washed

and a substrate solution containing 3,3',5,5'-tetramethylbenzidine was added which led

to the production of colour in proportion to the amount of CRP present (416). The

colour could then measured on a spectrophotometer or on an ELISA reader (416).

3.10 Measurement of Abdominal Girth

Measurement of abdominal girth in rat was made under general anesthesia

immediately before dissection, using a piece of th¡ead (Figure 15), which was later

measured against a ruler. Care was taken to avoid excessive tension when placing the

thread against the skin to optimize accuracy.
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Figure 15. The JCR:LA-cp Rat (12-13 Months), Obese and Lean.
Upperpanel: Measurement of Abdominal Girth.
Lower panel : Illustration of Intra-abdominal Adipose Tissue.
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3.1 r Statistical analysis

For comparison of baseline characteristics, 2-tailed independent t-test was

used' Statistics pertaining to echocardiography (where blinding was used in the study

protocol for drug evaluation and some of the comparisons between obese and lean rats)

were performed with the professional assistance of the Biostatistical Consulting Unit at

the University of Manitoba. Echocardiographic parameters of the SEAo400-treated

group' the vehicle-treated group, and the no-intervention group at baseline and during

weekly follow-up for a total of 4 weeks were analyzed using repeated measures analysis

of variance followed by a least square means test for multiple comparisons.

For comparison between contractile parameters before and after infusion of

sE40400, 2-talled paired t-test was employed. For analysis of other data obtained from

isolated heart experiments, 2-tailed, independent t-test was used for comparison between

groups @17) and analysis of variance was used for multiple comparisons between

groups at pre-specified time points (end of stabilization; end of ischemia; 30, 60, and 90

minutes after reperfusion). The following statistical software was employed:

Microsoft@ Excel version 2002 (Microsoft corporation, Redmond, wA), electronic

worksheets from the textbook by Bolton and Bon (418), and ORIGIN@ version 7.5

(Originlab Corporation, Northampton, MA). Bonferroni correction was applied in

multiple comparisons between groups to maintain the overall type I error at 0.05 (419),

where applicable. The ORIGIN@ software (20) was employed for correlation analysis

and for making graphical presentations of all statistical data.
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Statistical significance was defined as p < 0.05 for all statistical tests

described in this thesis. Standard deviation (S.D.) will be presented for baseline

characteristics and echocardiographic measurefilents, whereas standard error mean

(S'E'M') will be used for presentation and graphing of data on isolated hearl

experiments.
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4.1

4 t.1

4. RESULTS

Baseline Characteristics of the JCR:LA-cp Rats

Age

In total, I 3 I male JCR:LA-cp rats ( 107 obese, cplcp, and 24lean, +l+ or +lcp)

were involved in this study. They were evaluated at 2 stages of their lives, 3 - 6 months

(in vitro and in vivo experiments) and 10 - 13 months (in vitro experiments only). There

were no stress-related deaths. Five rats were euthanized due to skin disease (n : l),

dehydration or gastrointestinal problems (n:2); and respiratory distress within the first

week following implantation.of osmotic pumps (n : 2). The latter will be detailed in

section 5.3.

4. t.2 Ilreight

A comparison of the available weights of obese ys lean rats is presented in

Figure 16. In 6 cases where serial weights were available without the confounding

weights of the SEA0400/vehicle-hlled osmotic pumps, specifically the'no-intervention'

group, the data at both weeks i and 4 were included in the statistical analysis. A

statistically significant difference was detected at all time points (4, i0, ll, 12, 13

months, p < 0.05, obese vs lean) where comparisons were made.
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Figure 16. Weights of Obese Rats ys Lean Rats.

Age

(months)

Weights of Obese Rats Weights of Lean Rats

Mean + SD (g) n Mean + SD (g) n

J 563 t25 5 N/A 0

4 601 I 28 8 360 !2s 12

5 694 !2 2 N/A 0

6 720 + 59 22 N/A 0

7 745 + 43 t6 N/A 0

8 N/A 0 N/A 0

9 788 N/A 0

t0 868 + 73 25 427 t28 l0

ll 878 + 46 23 438 + I3 4

l2 905 + 48 24 455 x20 5

l3 923 x55 9 449 ! 19 3
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4.1.3 AbdominctlGirtlt

The available mean abdominal girth rneasurements of obese rats and lean rats

are presented in Figute 77. Obese rats at 6 months of age had a significantly smaller

abdominal girlh than those at 10 rnonths of age (p < 0.05). When comparisons were

made between obese rats and lean rats, a statistically significant difference was detected

at all time points evaluated (r0, 1r, 12, 13 months, p < 0.05 for comparison at each time

point).

In 73 obese rats and 22 lean rats, both weight and abdominal girth were

available' Correlation analysis was performed and the correlation coeffrcients (r)

between abdominal girth and body weight for obese rats and for lean rats were 0.72 (p <

0.0001) and 0.53 (p < 0.05), respectively (Figure 1g).

4.1.4 Non-fasting Glucose

The mean + SD of available non-fasting glucose levels of obese (n : 35) and

lean (n: 13) rats were 13.4 + 3.0 and 14.0 t 1.8 mmol/L, respectively (Figure l9).

There were no significant differences between the 2 groups.

4.1.5 C-Reactive Protein

The mean t SD C-reactive protein levels of obese rats and lean rats were

234'7 + 25.2 and 228.4 + 28.3 pglmL, respectively (Figures 20 and2l). There \À/ere no

statistically significant differences between the 2 groups.
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Figure 17. Abdominal Girth of Obese us Lean Rats.

Age

(months)

Abdominal Girth of
Obese Rats

Abdominal Girth of
Lean Rats

Mean + SD (cm) n Mean + SD (cm) n

6 30.1 r 1.7 4 N/A 0

l0 32.6 ! 1.6 24 19.6 + I.l l0

ll 32.5 + 1.5 2t 20.4 !0.4 4

l2 32.7 t 1.5 15 20.4 x0.5 5

l3 33.2! 1.6 9 19.7 + t.e 3
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4.2 Characterization of Bchocardiographic Features of the JCR:LA-cp Rats

4.2.I Feasibili4t

Transthoracic echocardiography was performed on 26 obese rats and 121ean

rats at baseline. There was no apparent morbidity or mortality. The duration of time

required for anesthesia was typically less than l5 minutes.

4.2.2 Ventricular Dimensions and l4tall Thicknesses

Baseline data of obese rats (O) and lean rats (L) are presented in Table 2. An

example of the echocardiographic images of the obese rats and the lean rats, along with

their phenotypic appearance, is shown inEigure22.

Heart rate and the duration of time required for anesthesia were similar

between the 2 groups. Notably, the heart rates of the obese rats and the lean rats,379 r
27 arÅ 371 + 26 beats per minute, respectively, were in the physiological range for rats

(421)- Significant differences (mean t SD) were detected in septal thickness (0.17 t
0.01 vs 0.13 t 0.01 cm, p < 0.0001, o vs L), posterior wall thickness (0.17 t 0.01 vs

0.14 t 0.01 cm, p < 0.0001, o vs L), and LV mass (0.76 + 0.10 vs 0.60 10.07 g, p <

0'0001, O vs L), consistent with findings of left ventricular hypertrophy. V/hen the

above LV mass was indexed with body weight, there was a significant difference in the

reversed direction (LV mass/body weight, mean + sD): l.r7 + 0.00 vs 1.67 t0.00 mg/g

(P < 0-0001, O vs L). No significant difference was observed in ventricular dimensions.
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Results (mean + SD): Obese

(n:26)
Lean

(n: 12)

P value

Weight (g)

Heart rate (bpm)

Anesthesia time (min)

Septal thickness (cm)

LV end-diastolic dimension (cm)

Posterior wall (cm)

LV end-systolic dimension (cm)

Fractional shortening

LV mass (g)

LV massÆVeight (mg/g)

*E/A

*Deceleration time (s)

652+ 68

379 +21

I 1.3 + 3.5

0.17 r .01

0.68 + .04

0.17 * .01

0.39 + .04

0.43 + .04

0.76 + .10

1.17 + .00

1.54 + .78

0.05 + .02

360 + 25

311+26

I 0.8 + 3.4

0. l3 r .01

0.7t + .05

0.14 + .01

0.38 + .03

0.47 + .03

0.60 + .07

I.67 + .00

1.77 + .56

0.04 * .01

<0.0001

0.37

0.68

<0.0001

0.06

<0.0001

c.54

<0.01

<0.0001

<0.0001

0.02

0.29

*16 obese, tl lean

Table 2. Echocardiography in the JCR:LA-cp Rats: comparison of Baseline
characteristics of obese (3 - 6 Months) us Lean (4 Months) Rats.
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A

F'igure 22. Phenotypic and Echocardiographic tr'eatures of the JCR:LA-cp
Rats, Obese (Right) vs. Lean (Left).
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Due to logistical difficulties in coordinating schedules (of echocardiography,

anesthesia, and osmotic pump implantation) and the fact that the cplcp rats were

relatively scarce in supply fas they represented the25Yo of the offspring of heterozygous

rats and were themselves infertile (352)1, the intended age range for the

echocardiographic studies, 4 to 5 months, had to be extended to 3 to 6 months. In

contrast, all the lean rats were of 4 months of age. As the impact of the above on the

echocardiographic measurements was unclear (specifically, whether the above would

have contributed to the findings of thicker walls and larger LV mass in the obese rats

was unknown), a subsequent analysis was performed focusing on 10 obese rats at 3 to 4

months of age (3 months, n:5;4 months, n:5) vs 12leanrats (4 months). The data

are presented in Table 3. A similar pattern of findings was still observed with the

comparisons in wall thicknesses and LV mass remain significant. Specifically, in the

comparison between most closely age-matched obese and lean rats: septal thickness 0.16

vs 0.13 cm (p < 0.0001), posterior wall 0.16 vs 0.14 cm Cr < 0.0001), LV mass 0.70 vs

0.60 g (p < 0.01), and LV mass/weight I.2I vs 167 mg/g (p < 0.0001).
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Results (mean + SD): Obese

(n: 10)

Lean

(n: 12)

P value

Weight (g)

Heart rate (bpm)

Anesthesia time (min)

Septal thickness (cm)

LV end-diastolic dimension (cm)

Posterior wall (cm)

LV end-systolic dimension (cm)

Fractional shortening

LV mass (g)

LV mass/Weight (mg/g)

*E/A

*Deceleration time (s)

577 +28

384 + 30

14.5 +2.6

0.16 + .01

0.68 + .04

0.16 + .01

0.37 +.04

0.46 + .03

0.70 + .07

1.21r.00

1.54 + .53

0.05 +.02

360 + 25

37 I ).26

I 0.8 + 3.4

0.t3+.0t

0.71 + .05

0. I4 + .01

0.38 +.03

0.47 + .03

0.60 + .07

1.67 * .00

1.71 + .56

0.04 + .0 r

<0.0001

0.26

0.01

<0.0001

0.18

<0.0001

0.68

0.39

<0.01

<0.0001

0.09

0.21

*9obese, Il lean

Table 3. Further Analysis of Baseline Characteristics Focusing on l0 Obese
Rats (3 - 4 Months) us Lean Rats (4 Months).
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4.2.3 Systolic and Diastolic FuncÍion

Systolic function was assessed by the calculated fractional shortening (FS),

which showed a statistically signifìcant difference between the 2 groups (mean + SD):

0-43 + 0.04 vs 0.47 + 0.03 (p < 0.01, o vs L, Table 2). However, when the mean FS of

the 10 obese rats at 3 - 4 months of age (0.46 t0.03) was compared with that of the lean

rats at 4 months of age (0.47 t 0.03), the difference was no longer significant (Table 3).

Assessment of diastolic function, as estimated from mitral inflow parameters,

was possible in 16 of the 26 obese rats, and I I of the l}leanrats. The main reasons for

not being able to obtain these parameters in some rats included complete fusion of the E

wave and the A wave as a result of high heart rate and technical difficulties.

Comparison of the E/A ratio and the deceleration time between the obese rats (n : 26)

and the lean rats (n : 12) showed with a statistically significant reduction in the E/A

ratio in the obese rats: r.54+ g.7g and 1.77 t0.56 (p:0.02, o vs L), suggesting the

possibility of impaired relaxation (2), although the numeric increase in deceleration time

(0'05 t 0'02 vs 0.04 t 0.01, O vs L) did not reach statistical significance (p: 0.2g).

Further analysis focusing on the results of 10 best-matched obese rats iir terms of age (3

to 4 months) to the 12lean rats (4 months) showed a numeric decrease in E/A ratio in

the obese rats (o vs L, p:0.09): 1.54 + 0.53 and r.77 t 0.56, and the findings on

deceleration time were similar to the overall analysis as shown above (0.05 t 0.02 vs

0.04+0.01,p:0.21).
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4.3 Serial Echocardiographic Assessments of Cardiac Function durino

Prolonged In vivo Administration of sEA0400 in the JCR:LA-cp rat

4.3.I Feasibility

Twenty-six obese JCR:LA-cp rats (male, cp/cp,3 - 6 months) were involved

in this part of the study. Osmotic pumps were implanted in 20 obese JCR:LA-cp rats

which were randomized to a 4-week i.v. continuous infusion of SEA0400 1 mg/kg/day

(n: l3) or vehicle (n:7). Six rats were randomly assigned to the'no-intervention,

group (no osmotic pump implantation and no SEA0400/vehicle) as a control group to

assess for any potential effects of osmotic pump implantation alone.

Of these 26 rats, 2 raTs (1 SEA-treated, 1 vehicle-treated) were euthanized

after osmotic pump implantation due to respiratory distress. These 2 rats were noted by

the staff of the animal facility on day 4 after the procedure to exhibit unusual behavior.

One rat appeared lethargic, dehydrated, stressed, and lost its appetite. Its breathing

appeared laboured. A decision was made to euthanize the rat. (An echocardiogram was

not performed for diagnostic purposes prior to euthanization of the 2 rats, as the

incidents occurred during my absence at the American Heart Association Scientific

Sessions in 2003.) After euthanization,the thorax of the rat was opened and the position

of the catheter was checked by the personnel who performed the implantation procedure.

It was reported to be un¡emarkable. A blood smear was obtained to screen for evidence

of infection and was also reported to be unremarkable. The cause of the deterioration of

this rat was unclear. The second rat showed similar signs, but to a lesser extent, as

compared to those of the first rat and was treated empirically with enrofloxacin lgmg/kg
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intramuscularly for 3 days. Because of a lack of improvement, the second rat was also

euthanized. After euthanization, the catheter of the osmotic pump u,as again examined

by the personnel who performed the procedure and was reported to be unremarkable.

However, the thoracic cavity of this second rat was noted to be full of clear liquid and

the possibility of heart failure was contemplated at that time. However, since a formal

necropsy was not performed, the exact causes of death of these 2 rats remain speculative.

Data from these 2 rats were excluded from analysis in this section on drug evaluation,

although their baseline echocardiographic findings have been included in the

comparison between obese rats vs lean rats in the previous section.

4.3.2 Weight and Heart Rate

The baseline weights (mean + SD) of the rats in SEA0400-treated group, the

vehicle-treated group, and the 'no-intervention' group werc 672 + 66, 631 + 60, 652 +

82 grams, respectively, which were significantly different (p values as listed in Table 4).

All the heart rates presented in Table 4 were within the physiological range of

heart rate for rats (421). Statistically significant differences were present in some of the

comparisons, although biological significance, if any, was unclear.
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Parameter
over 4 weeks
(mean+SD)

SEAO4OO

n= 12
Vehicle
n:6

Control
n:6 P value

Week 0 Wt
Week I Wt
Week 2 Wt
Week 3 Wt
Week 4 Wt

'1672 + 66
1667 -r 64
ï684 -t 63
'689 -{- 63

717 -r 58

'T652 -r g2
.669 -r g4
-685 t g7

'1700 + 92
7t0 -{- 83

'r <.ool, Ì<.oooI
- f <.ooo l
- t <.ool

t a.05, I a.g t

NS

TT63 I

'T641
.r669

ros¿

712

+60
+59
+54
+46
+45

Week 0 HR
Week I HR
Week 2 HR
ìù/eek 3 HR
Week 4 HR

'371 + 24
368 + 30
358 + 32
368 + 35
'361 -r 26

383 + 33

364 -r 22
-342 + 3g
360 + 32
rEso + zg

-397 + 24
368 i 3l
.371 -r 3l
367 -r 25

-t384 -r 23

. <.05

NS
* <.05

NS
'<.05, t <.01

Week 0 FS
Week I FS
Week 2 FS
Week 3 FS
Week 4 FS

.42 + .04

.47 + .04

.46 -r .04

.45 + .03

.45 I .03

.M + .04

.44 + .04

.46 + .04

.45 -{- .05

.46 + .07

.45 -f .03

.44 + .03

.45 + .05

.43 -f .05

.46 -r .03

NS
NS
NS
NS
NS

Week 0 E/A
Week I E/A
Week2 E/A
Week 3 EiA
Week4 E/A

1.5 + 0.2
1.5 + 0.2

'1.4 + 0.3
-r1.6 + 0.2
1.4 + o.2

1.7 + 0.1

1.4 + 0.2
-1.8 + 0.3
f 1.9 + 0.4
1.6 + 0.3

1.4 + 0.3
1.5 -f 0.2
1.6 -f 0.3

*2.0 -f o.l
1.6 + 0.4

NS
NS

'<.01
'T <.ol

NS

Week 0 DT
Week I DT
Week 2 DT
Week 3 DT
Week 4 DT

.05 +.01

.04 -{- .00
t.o5 -r .ol
.05 + .01

.05 + .01

.05 + .01

.04 + .00
-f.05 t .ol
'.05 1.01
.05 1.00

.04 + .00

.04 -{- .01
*.05 -{- .ol
'.04 -f .00
.04 -r .01

NS
NS

-..05, I ..gt
* <.ol
NS

Each reading represents an average of 3 measurements, where possible in most cases.wt: weight (g), HR: Heart rate (beats per min), FS : Fractional shortening ,ElA: Ratio of
maximum filling velocity (E velocity) to the atrial velocity (A velocity) of Lv diastotic filling.

Table 4. summary of serial Echocardiographic Data (part I of 2).
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4.3.3 Left Ventricular Structure

Left r'entricular systolic and diastolic dimensions, as well as the thickness of

the septum and of the posterior wall, were compared among the 3 groups (Table 5).

Even though statistical significance was detected in some of the comparisons, the

functional significance was unclear as the differences did not seem to point to any

unifying, consistent pattern of structural abnormalities. A more likely explanation

would be variability introduced as a result of technical challenges in achieving the ideal

position during image acquisition, such as in achieving the exact same plane at the level

of the papillary muscles in the mid-LV on serial measurements. These challenges arose

primarily due to difficulties in positioning the obese rat in the presence of excess, soft

adipose tissues and a subcutaneously-implanted pump on its dorsal side within the

permitted anesthesia time frame of approximately 15 minutes (which included

preparation prior to image acquisition). Similarly, the differences seen in the

comparison of the calculated LV mass may possibly be explained by the above, as the

formula for LV mass calculation includes the above measurements (386,406), assuming

spherical LV geometry (407): LV mass:1.04 x [(LVEDD + pw + sr)3- LVEDD3],

where 1.04 g/ml : specific gravity of muscle, LVEDD : LV end-diastolic dimension (in

cm), PW: end-diastolic posterior wall thickness (in cm), ST: septal thickness (in cm).
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*Parameter

over 4 weeks
(mean+SD)

SEAO4OO

n=12
Vehicle
n:6

Control
n:6 P value

Week 0 ST
Week I ST
Week 2 ST
Week 3 ST
Week 4 ST

.166 -r-.015

.160 + .0t2

.167 + .014
..167 + .ol2
.170 + .01I

.160 +.011

.163 + .010

.16l + .009
-.159 -{- .ol4
.168 + .018

.166 -r .014

.163 + .014

.164 + .0ll

.165 t .006

.t7l I .016

NS
NS
NS

-<.05

NS

Week 0 PW
Week I PW
Week2 PW
Week 3 PW
Week4 PW

r.rcg + .012
.167 + .008
..172 + .012
'.170 + .00g
.170 + .007

'f.16l -|_ .0ll
.164 + .0ll
'.161 + .oog
'.162 + .005
.174 + .014

.l7l -1- .009
.166 + .013
.167 + .011
.169 I .007
.l7t + .007

*T<.05

NS
.<.01
*<.05

NS

Week 0 LVESD
Week I LVESD
V/eek 2 LVESD
Week 3 LVESD
Week4 LVESD

.391 -r .043
-.357 + -049
'.359 1- .036
.380 -r- .035
.372 + .037

.380 + .030

.317 + .064

.360 + .036

.396 -r .027

.403 t .052

.369 + .035
..400 + .022
-.393 +- :059
.409 + .058
.391 + .035

NS
'<.05
'<.05
NS
NS

Week 0 LVEDD
Week I LVEDD
Week 2 LVEDD
Week 3 LVEDD
Week4 LVEDD

.678 + .046
..667 + .057
'.663 + .034
.688 + .037

.t.671 -r .042

.680 + -026

.677 + .078

.668 -r .032

.718 + .027
I.lqo + .olo

.674 -r .034
'.71'l + .o3o
'.i07 + .049
.713 -r .052
'.722 -r .049

NS
*<.05

'<.05
NS

'l<.05

Week 0 LVM
Week I LVM
Week 2 LVM
Week 3 LVM
Week4 LMVI

.760 -l- .105
'.720 + .124
.746 -r .100
.788 r- .103

'r.761 + .062

.720 + .097

.737 -+- .150
'.699 + .0't5
.786 + .092

t.895 + .t04

.760 + .090
..809 + .0gl
'.803 + .143
.824 + .llt

..864 +.100

NS
'<.05
*<.05

NS
'<.01 t<.001

Each reading represents an average of 3 measurements, where possible in most cases.
ST: Septal thickness (cm), PW: Posterior Wall (cm), LVESD : Left ventricular end-systolic
dimensions (cm), LVEDD: LV end-diastolic dimensions (cm), LVM: Left ventriculaimass (g).

Table 5. Summary of serial Echocardiographic Data (part 2 of 2).
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4.3 4 Left I/entricular Systolic and Diastolic Function

While the above may have posed some limitations to the measurement of wall

thicknesses and ventricular dimensions, the evaluation of left ventriculal systolic and

diastolic function, which was the primary goal of in vivo evaluation of SEA0400 in this

study would likely be affected to a lesser extent, since ratios (as opposed to absolute

values) were involved in the assessment of fractional shortening (LVEDD

LVESD)/LVEDD and E/A ratio [ratio of the early maximum hlling velocity (E velocity)

to the atrial velocity (A velocity) of left ventricular diastolic fiìlingl. As shown in Table

4, fhe fractional shortening of all groups appeared quite similar, ranging from 0.42 to

0.47. There were no statistically significant differences detected in the comparison of

fractional shortening between groups at all time points of serial echocardiography. With

regard to diastolic function assessment, statistically significant differences were shown

in some of the comparisons between groups at weeks 2 and.3, but the differences were

no longer present at week 4. The functional significance of these findings, if any, was

unclear, especially given the very small numeric differences, in the deceleration time.

Moreover, the use of mitral inflow parameters for the assessment of diastolic function

has a number of limitations, which will be detailed under .DISCUSSION'.

4.3.5 Other Findings

Delayed re-growth of hair following shaving for osmotic pump implantation

was observed in obese rats in both the SEA04O0-treated group and the vehicle-treated

group, up to 4 weeks after the surgical procedure (Figure 23).
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Figure 23. Example of Delayed Regrowth of Hair at 4 \ileeks after
Osmotic Pump Implantation in a cplcpRat.
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4.4 sensitivity to Ischemia as Assesserl in the Langendorff-perfused

Isolated Hearts (senescent, obese JCR:LA-cp Rats ys Lean controls)

Obese and lean JCR:LA-cp rats were subjected to global ischemia of 30, 40,

and 50 minutes followed by 9O-rninute reperfusion. The main focus of this comparison

was to compare the myocardial response of obese rats and lean rats subjected to 30

minutes of ischemia, as this duration was also employed in the evaluation of SEA0400

in obese rats (section 4.6) - based on results of preliminary experiments showing

approximately 40%;o spontaneous recovery of LVdevP. However, comparisons were also

made for longer durations of ischemia (40 min and 50 min) with a goal toward

substantiating findings by increasing the severity of the ischemic insult.

As blinding was not possible in this part of the study, time intervals for

manual recording of data were pre-defined to be every 10 minutes throughout the

experiments to minimize bias. Of note, it was observed on many occasions that an

undulating baseline appeared during reperfusion (Figure 24,lower panel). The source of

the undulation, based on its frequency, was determined to originate from the roller pump.

Since this undulation was compressed when the tracings were displayed on a

compressed time scale (upper panel) and could not be automatically distinguished from

the true LV developed pressure by the computer program, instantaneous pressure

readings at the peaks of the undulations at pre-specifred time points were used in all data

collection to minimize variation introduced by this artifact. As illustrated in the example

in Figure 24, wherc the o/o recovery of LV developed pressue at the end of the

experiment was calculated using both methods, an overestimation of the parameter
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Fig.24. Example of Baseline undulations observed During Reperfusion.
Upper Panel: Summary Chart (from top to bottom: LVp, dp/dt).
Lower Panel: Expanded rime scale (last 8 sec of the experiment).
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occurred when the LV pressure readings fi-om the summary grapli (upper panel)

was used (605% recovery of LV developed pressure) as opposed to 46.gyo, using the

instantaneous pressure readings at the last peak of the undulating tracing (point A, lower

panel) of the entire experiment.

4.4.1 Thirry Minutes of Gtobat Ischemia

Data on the cardiac performance of isolated hearts subjected to 30 minutes of
global ischemia, as well as the statistical analysis at pre-defined time points (pre-

ischemia, end-ischemia; 30, 60, and 90 minutes of reperfusion), are presented in Table 6.

The corresponding oá pre-ischemia of the hemodynamic data are also presented in Table

6' Data at other time points are plotted graphically in Figures 25 - 2g. As shown in

Table 6, parameters of cardiac performance (mean + SEM, O vs L) were similar

between the 2 groups both at baseline (LVdiasp 5.2 + 0.7 vs 5.1 + i.0 mmHg, LVdevp

100.6 + 8.3 vs 118.3 + 10.8 mmHg, dp/dr,,* 5562.6+ 555.g vs 67gg.3 + 536.3 mmHg/s,

and dP/dt-;" -3570.4 + 297 .5 vs -2774.4 + 1216.1 mmHg/s) and at rhe end of 30 minutes

of ischemia (LVdiasP 74.2 + 6.4 vs 59.3 + 2.0 mmHg, LVdevp 1.3 + 0.2 vs l.g + 0.7

mmHg, dP/dt,* 59.4 + i1.4 vs 133.0 + 74.2 mm*g/s, and dp/dt,¡n _60.g + 16.2 vs _

129'6 + 72'4 mmHg/s). After 30 minutes of reperfusion, all parameters were

significantly worse in the obese group (o vs L, p < 0.01, except for dp/dt,n* where p <

0.05): LVdiasP 96.0 + 4.7 vs 60.4 * 7.7 mmïg, LVdevp 21.2 + 6.2 vs 65.g + 11.6

mmHg, dP/dt'* 1127.0 t 396.4 vs 3517.7 + 673.4 mmHg/s, dp/dt.¡n _7g6.1 +.219.1 vs

-2405'0 + 355.6 mmHg/s. The difference remained significant after 60 and 90 minutes

of reperfusion (p < 0.05 for all parameters, except for LVdiasp, where p < 0.0r): at 60
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LVdiasP o/o pre-I
(mmHg)

Pre-I

ob

Ln

t,
oo

5.2 !03 100.0 r 0

5.1 r 1.0 t00.0 I 0

End-I

ob

Ln

74.2+.6.4 1604.1 + 335.0

59.3 t2.0 145t.2 !299.6

LVdevP o/o pre-I
(mmHg)

30'R

ob

Ln

rge .o ¡ q.l 203 8.0 r 3 86. 1

r60.4 !7.7 t399.8 t25i.o

100.6 r 8.3 100.0 r 0

I t8.3 r 10.8 100.0 1 0

60'R

ob

Ln

tqz.o i s.s 206s.4 t 40s.4

rsz.g t s.o 1304.9 t212.7

dP/dt ,"* o/o pre-l
(mmHg/s)

90'R

ob

Ln

t.3 t0.2 1.4 t 0.2

1.8 r 0.7 2.0 r 1.0

110r.8 r 9.1 2158.0 t422.4

r60.7 ! s.5 1444.4 tz9o.g

All valuesshownaremeani sEM. ¡= 5 forobese(ob), n= 6 for lean (Ln) rats. Two+ailed, independentt-testwasperformed on absolutevalues(inmmHgormmHg/s),*p<0.05,ip.0.01 (obvs.Ln).pr.-1 =pre-ischemia; end-l=end-ischemia;30,R=30minofreperfusion

5562,6 r 555.8 100.0 r 0

6788.3 r 536.3 100.0 t 0

121.2 !6.2 223 t 6.6

ros.gtll.o 58.6rt2.l

Table 6. Cardiac Performance of Isolated Hearts Subjected to 30 Minutes of Ischemia (Obese us Lean).

'31;7 + 10.7 33.0 t 11.5

'72.4 t 8.5 64.5 t t0.l

59.4!11.4 1.1 r0.2

133.0!74.2 2.611.8

dP/dt min o/" pre-l
(mmHg/s)

'1127.0 :.386.4 22.0 l-7.0

r35n 
.7 ! 6r.3.4 54.7 t 12.5

-3570.4 t297.5 100.0 r 0

-2714.4 + 1216.l t00.0 t 0

'32.8 + 8.5 34.0 tg.2

164.3 + 4.7 58.2 t 9.8

'1846.4 t 688.1 35.4 t r2.5

'3962.41518.9 6t.0t 10.4

-60.8 t 16.2 1.8 r 0.5

-129.6 !72.4 3.7r t..ì

'1856.0 t526.7 36.3 r 10.9

-3658.4 x259.4 57.0 t 8.9

t-786.1 t2t9,t 23.8t7.3

+-2405.0 t 3-s-s.ó 62.7 t 9.1

'-1127.8 t 358.5 34.2t 12.0

'-2599.6 ! 291 .2 61 .3 ! 6 1

'-111?.1 1311.9 33.5t9.9

^-2210.9 t t32.-s _58.0 1 4..{
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Fig. 25. Left Ventricular Diastolic Pressure in Isolated Hearts from Obese and
Lean JCR:LA-cp Rats subjected to 30 Minutes of Global Ischemia.
Values shown are means + SEM.
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Fig.26- Left Ventricular Developed Pressure in Isolated Hearts from Obese and
Lean JCR:LA-cp Rats subjected to 30 Minutes of Global Ischemia.
Values shown a.re means + SEM.
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Fig.27. Maximum Rate of LV Pressure Development (dp/dt,o"r) in Isolated
Hearts from Obese and Lean JCR:LA-cp Rats Subjected to 30
Minutes of Global Ischemia. Values shown are means + SEM.
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Fig.28. Maximum Rate of LV Pressure Decline (dp/dt r¡o) h rsolated
Hearts from obese and Lean JCR:LA-cp Rats subjected to 30
Minutes of Global Ischemia. Values shown are means + SEM.
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mirlutes of reperfusion LVdiasP 97.6.t 8.8 vs 57.8 + 8.0 rnml{g, LVdevp 31.7 +10.7 vs

72.4 + 8.5 mmHg, dP/drn.,u" 1846.4 + 6gg.l 's 3962.4 + 51g.9 mmHg/s, dp/dr',¡,,

-1127'8 + 358.5 vs -2599.6 + 297.2 mml{gis); and ar 90 minutes of reperfusion

(LVdiasP 101.8 + 9.1 vs 60.7 + 5.5 mmHg, LVdevp 32.g+ g.5 vs 64.3 +4.7 mmHg,

dP/dt,',," 1856.0 + 526.7 vs 3658.4 + 2s9.4 mmHg/s, dp/dt,n¡,, -lll7.l + 311.9 vs

-2210.9 + 132.5 mmHgis ).

Moreover, significantly more lactate dehydrogenase (mean + sEM, p < 0.05)

was released during early reperfusion from isolated hearts of obese rats 1.25 + 0.19 units

vs those of the lean rats 0'67 + 0'08, suggesting a greater extent of myocardial injury.
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4.4.2 Þ-orty Minutes oJ'Global Ischenùa

Data on the cardiac performance of isolated hearts subjected to 40 minutes of

global ischemia, as well as the statistical analysis at pre-def,rned time points (pre-

ischemia, end-ischemia; 30,60, and 90 minutes of reperfusion), are presented in Table 7.

In addition, the corresponding 0á pre-ischemia of the data are presented in Table 7 . Data

at other time points are plotted graphically in Figures 29 - 32. As shown in Table 7,

parameters of cardiac performance were similar between the 2 groups at baseline

(LVdiasP 6.7 t 2.5 vs 6.3 + 0.6 mmHg, LVdevP 102.2 + r2.9 vs 92.2 + 12.9 mmHg,

dP/dt,u* 5835.7 * 588.4 vs 5039.3 + 787.4 mmHg/s, and dP/dtn'in -3128.0 + 386.1 vs

-3295.8 + 451.0 mmHgis). At the end of 30 minutes of ischemia, the only statistical

difference detected was in LVdiasP 67.1 + 4.3 vs 49.3 + 3.7 mmHg (p < 0.05).

Similarly, after 30 and 60 minutes of reperfusion, LVdiasP remained the only parameter

which was found to be significantly different (p < 0.05 for both comparisons) between

the 2 groups (Table 7). Specifically, mean LVdiasP (O vs L) was 119.2 + 9.5 vs 85.9 *

5.0 mmHg after 30 minutes of reperfusion and was 122.4 + 11.6 vs 81.6 + 3.9 mmHg

after 60 minutes of reperfusion. However, after 90 minutes of reperfusion, all

parameters were significantly worse in the obese group (o vs L, p < 0.05 for all

comparisons): LVdiasP 130.5 + 6.6 vs 80.8 + 5.8 mmHg, LVdevp 5.0 r 0.7 ys 34.5 +

6.6 mmHg, dP/dt.o 202.6 + 96.8 vs 2141.r + 466.4 mmHg/s, dp/dt*in -151.8 +.37.4 vs

-142I.2 * 291.9 mmHg/s. A summary of the recovery of LV developed pressure (%

pre-ischemia) after 30 min and 40 min of ischemia in obese rats and lean rats is

presented graphically in Figure 33.
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Pre-I

Obese

Lean

LVdiasP Vo pre-I
(mmHg)

6.7 t2.5 100.0 r 0

6.3 t 0.6 t00.0 I 0

End-I

Obese

Lean

è(¡

'67.1 * 4.3 1392.3 t 426.2

'49.3 + 3.7 805.5 I 9l .4

30, R

Obese

Lean

LVdevP o/o pre-I
(mmHg)

'119.2 t9.5 2562.7 r 804.6

-85.9 + 5.0 l42t.l 1 180.9

60' R

Obese

Lean

102.2 r. n9 100,0 r 0

92.2 t 12.9 100.0 r 0

'122.4t 11 .6 2662.8 t 857 .2

-81.6 + 3.9 1346.4 t t60.9

90'R

Obese

Lean

0.8 r 0.1 0,9 r 0.1

l.0t0.t t.l+0.1

dP/dt max o/o pre-l
(mmHg/s)

'130.5 t 6.6 2740j1 t 818.2

-80.8 + 5.8 13403 t 182.3

s835.7 r 588.4 100.0 r 0

5039.3 t787 4 t00.0 r 0

All values shown a¡e mean t S,E.M. n:4 for both obese (ob) and lean (Ln) rats. Two-tailed, independent t-test was performed on absolute values(in mmHg or mmHg/s), * p < 0.05 (ob vs. Ln), Pre.l = pre-ischemia; end-l = end-ischemia; :ó'n =':g min of reperfusion

6.1 t s.2 9.6 r 8,3

l7 .2 ! 3.8 20.3 ! 6.5

Table 7. Cardiac Perf'ormance of Isolated Hearts Subjected to 40 Minutes of Ischemia (Obese us Lean).

16.2 r 13.8 23.9 t 21.8

33.2!7.2 35.5 r4.l

47 ,5 ! 5.3 0.9 r 0.2

56.2t9.0 t.2!0.3

dP/dt m¡n o/" pre-l
(mmHg/s)

370.8 r 302.8 8.6 t7.6

890.91256.f t8.716.9

"5.0 + 0.7 5.i t 1.6

'34.5 + 6.6 37 .2 t 3.5

-3128.0 r 386.1 100.0 r 0

-3295.8 r 45 t.0 t00.0 r 0

969 .9 ! 87 4.3 23 .1 t 2t .6

1943.7 t 502.0 37.4 ! 4.3

-42.9 x6.t 1.5 r 0.5

-43.1 t t0.7 t.4 r 0.3

'202.6 + 96.9 4.3 t2.6
r214t.t t 466.4 42.2 t 4,5

-229 .5 t t7 8.6 10 .6 t 9 .2

-692.4 ! 180.7 2t.e !7.0

-485.7 ! 431.9 23.4 !22.1

-l2l0.l 1 278.1 .17.9 1.1.9

'-151.9 + 37.4 5.7 !2.4
r-t121.2 !291.9 4t.8 t 5. t



þo
¡.¡<

E

()

<h
V)()
LÀ
o
õ
(t)

.s
â
J

r40

120

r00

80

60

40

20.

Obese (n:4
---^- Lean (n:4

20 40 60 80 r00 120

Time Since End of Stabilization (min)

Fig.29. Left Ventricular Diastolic Pressure in Isolated Hearts from Obese and
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Fig.30. Left Ventricular Developed Pressure in Isolated Hearts from Obese
and Lean JCR:LA-cp Rats Subjected to 40 Minutes of Global
Ischemia. Values shown are means + SEM.
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Fig.3r. Maximum Rate of LV pressure Development (dp/dtr"r) in Isolated
Hearts from obese and Lean JCR:LÁ-cp Rats subjecibd to 40
Minutes of Global rschemia. values shown are means + sEM.
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Fig.33. Percent Recovery of LV Developed Pressure in Isolated Hearts from
obese and Lean JCR:LA-cp Rats subjected to 30 and 40 Minutes of
Global fschemia. Values shown are means + SEM.
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Moreover, more lactate deltydrogenase (mean + SEM, p:0.12) was released

duririg early reperfusion frorn isolated hearts of obese rats 1.24 r0.2I units vs those of

the lean rats 0.83 * 0.09, although the difference did not achieve statistical significance.

4.4.3 Fifty Minutes of Global Ischemia

Data on the cardiac performance of isoÌated hearts subjected to 50 minutes of

global ischemia, as well as the statistical analysis at pre-defined time points (pre-

ischemia, end-ischemia; 30,60, and 90 minutes of reperfusion), are presented in Table g.

The conesponding % pre-ischemia of the data are also presented in Table 8. Data at

other time points are plotted graphically in Figures 34 - 37. As shown in Table 7, except

for baseline differences in LVdevP and dP/dtn-,¡n, comparisons of all hemodynamic

parameters of isolated hearts from obese ys lean rats (n : 3 in each group) at all the pre-

defined time points did not show any statistical significance.

There was also no significant difference in the amount of lactate

dehydrogenase released during early reperfusion (mean + sEM, o vs L, p:0.4g): 1.20

t 0.i8 vs 1.03 t 0.13 unirs.

An overall summary of the recovery of LV developed pressure (o/o pre-

ischemia) after 30, 40, and 50 min of ischemia in obese rats and lean rats is presented

graphically in Figure 38, and the conesponding sunmary of the LDH data is shown in

Figure 39.
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LVdiasP o/o pre-I
(mmHg)

6.4 t0.2 100.0 r 0

6.2 t 1.7 100.0 r 0

(Jt
N)

52.9 t 10.5 844.0 f 189.6

50.312.1 95t.8!29t.2

I16.5 r 19.9 1849.0 t364.t

74.2 x 12.0 t498.6 ! 617.7

*114.4 t 1.9 100.0 r 0

*133.9 t2.6 100.0 r 0

115.9 t t7.t 1837.5 t 329.8

73.3 r 10.8 1477.5 ! s90,3

1.2 !0.3 1.0 r 0.2

1.5 1 0,9 t.2 t 0.7

dP/dt max o/o pre-I
(mmHg/s)

r18.8 t 15.8 1883.3 r 301.9

75.0 t9.4 t48t.4 t574.9

6577.0 r 60.0 100.0 r 0

7820.3 r 7l t. I 100.0 f 0

9.9 t 5.0 8.8 r 3.9

51.7 t2t.3 39.t r 16.3

All values shown a¡e mean t S.E.M. n = 3 for both obese (ob) and lean (Ln) rats. Two-tailed, independent t-test was performed on absolute values
(in mmHg or mmHg/s), r p < 0.05 (Ob vs. Ln). Pre-l = pre-ischemiat end-I = end-ischemia; 30'R ='30 min of reperfusion

Table 8. Cardiac Performance of Isolated Hearts Subjected to 50 Minutes of Ischemia (Obese vs Lean).

17.4 r 8.8 15.5 r 7.9

54.1t 16.0 40.8!12.4

50.2 r 8.6 0,8 r 0.1

75.1 t29.9 1.0 r 0.5

dP/dt
tmmnË/Ö

493.4t276.9 7.5t4.2

2535.7 !967.1 32.0 t I t.2

23.5 ! 10.5 20.9 !9.4

48.01t0.6 36.118.4

*-3555.8 t 1t7 .',] 100.0 r 0

*-4785.8 + t5_s.l t00.0 t 0

931.1t545.4 14.1 r 8,3

2902.7 r 806.7 36.9 t9.2

-37.3 ! 4.3 1.1 r 0.1

-68.2r t8.6 1.4r0..+

1348.8 t 667.7 20.4 x t0.2

29t9.3 r 809.0 37.0 r 8.9

-3623 ! 184.2 10.3 r 5.4

-1994.,5 t740.6 4l.l t t.l.-s

-s73.8 !297 .3 16.3 t 8.8

-2076.5 r-569.t 43.t1 tr.3

-716.0 t329.7 20.3 t9.l

-1918.41480.6 4l.l I e.7
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Fig.35. Left Ventricular Developed Pressure in Isolated Hearts from Obese
and Lean JCR:LA-cp Rats subjected to 50 Minutes of Global
Ischemia. Values shown are means + SEM.
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Fig.36. Maximum Rate of LV Pressure Development (dp/dt r"*) h Isolated
Hearts from Obese and Lean JCR:LA-cp Rats Subjected to 50
Minutes of Global fschemia. Values shown are means + SEM.
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Reperfusion

156



--O- Obese 30 min ischemia (n:5)
--f- Læan 30 min ischemia (n:6)
--4- Obese 40 min ischemia (n :4)
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Fig. 38. Percent Recovery of LV Developed Pressure in Isolated Hearts from
obese and Lean JCR:LA-cp Rats subjected to 30,40, and 50 Minutes
of Global Ischemia. Values shown are means + SEM.
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Fig.39. Release of Lactate Dehydrogenase During Early Reper{'usion from
Isolated Hearts of obese and Lean JCR:LA-cp Rats subjected to 30,
40, and 50 Minutes of Global Ischemia.
Values shown are means I SEM.
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4-5 Effects of sEA0400 on Baseline cardiac performance

Data on cardiac performance before and after 10-minute infusion of SEA0400

irnrnediately prior to global ischemia are presented in Table 9. At 100 nM, no

significant change in cardiac performance was observed before ys after pre-ischemic

infusion of SE40400. At both 300 nM and I pM concentrations, significant differences

in LVdiasP, LVdevP, and dP/dt*,¡¡ wers detected. Specifically, the above parameters of

cardiac performance before and after infusion of SEA0400 at 300 nM were 1.0 + 1.4 vs

4.9 !1.1 mmHg, 1r3.7 + 9.1 vs 129.6! 11.7 mmHg, and -3gg9.g x355.2vs -4402.9 +

4i5.1 mmHg/s, respectively (p < 0.05). The corresponding data for SEA0400 ar l¡rM

were 5.3 + 0.9 us 3.7 t 0.6 mmHg, 123.6 t 10.7 vs r32.g + g.9 mmHg, and -39g3.g t
386.8 vs -4699.4 + 309.9 mmHg/s, respectively (p < 0.05).
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Dose and time

SEA0400 100 nM

-10 min

0 min

o\

LVdiasP

(mmHg)

SEA0400 300 nM

-10 min

0 min

5.1 r 1.3

5.5 r 1.9

LVdevP

(mmHg)

SEA0400 I pM

-10 min

0 min

115.0 r 7.1

114.0 ! 5.4

dP/dt,"*
(mmHg/s)

*7.0 + 1.4

*4.9 + l.l

All values shown are mean t S.E.M. (n = 5 per group), Comparisons were made by 2-tailed paired t-test.
''10 min' = 10 min before ischemia. '0 min' : immediately before onset of ischemia

Table 9. Cardiac Performance of Isolated Hearts Before and At the End of Infusion of SEA0400 for l0
Minutes Prior to Ischemia.

5855.4 !719.1

s870.s 1658.5

tttl,l tg.t

I lzg.6 + lt .7

dP/dt,in
(mmHg/s)

*5.3 + 0.9

*3.7 + 0.6

5905.0 ! 567.6

6954.1t916.4

-3938.9 t2s5.7

-4275.51311.9

Ï123.6 ! 10.7

ttzz9 xg.g

P value

r-gsgg.g t355.2

r-q+oz.g r 415.1

681 1.4 ! 601.7

7186.4 t 6s7.4

*p = o.o2

tp: o.o4

ip: o.o4

r-3983.8 r 386.8

r-4699.4 r 309.9

*p = o.o3

+p: o.o1

ip = o.o2



4.6 Effects of sEA0400 in the Langendorff-perfused Isolated Rat Heart

Subjected to Global, Zero-Flow Ischemia

4.6.I Cardiac Performance

Isolated hearls from obese rats were randomly assigned to treatment with one

of three concentrations of 5840400, 100 nM,300 nM and 1 pM, for l0 minutes before

and again for 10 minutes after 3O-minute global ischemia, followed by 90 minutes of

reperfusion. For control, isolated hearts from obese rats were treated with an equivalent

amount of DMSO used for dissolving SEA0400.

As shown in Table 10 and ll, there were no significant differences in all

parameters between groups at all pre-specified time points for statistical analyses , i.e., at

baseline, at the end of ischemia, and at 30, 60, and 90 minutes of reperfusion. The

corresponding %o pre-ischemia of the data are also presented in Tables i 0 and I l. Data

at other time points are shown graphically in Figures 40 - 43,44 - 47,and 4g - 5l for

SEA0400 100 nM, 300 nM, and I ¡rM, respectively.

A summary of the recovery of LV developed pressure (% pre-ischemia) of all

the sEAO4O0-treated groups and the controls is presented in Figure 52.

4.6.2 Release of Lactate Dehydrogenase

The amount of lactate dehydrogenase release during early reperfusion did not

differ significantly between groups, as shown in Figure 53.
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Pre-I

Control

SEAO4OO

l0OnM

300nM

I trM

LVdiasP

(mmHg) 
o/o Pre'l

Or
N)

5.2t0.7 100.010

5.5 r 1.9 100.0 r 0

4.9 r 1.1 100.010

3.7 t 0.6 100.0 r 0

End-I

Contol

SEAO4OO

l00nM

300nM

ItrM

LVdevP

(mmHg) 
o/o Pre'l

74.2t6.4 1604.1 1335.0

77.7 t2.3 2678.9 I 1018.8

83.3 r 2.5 2377.1! 839.5

76.7 t3,4 2327.5 t 424.s

100.6 r 8.3 100.010

114.01 5.4 100.0 r 0

129.6 t tl.7 100.0 1 0

t32.9 t8.9 100.0 r 0

All values shown are mean t S.E.M. (n : 5 per group). No significant differences were detected by analysis of variance (ANovA).
Pre-I = pre-ischemial end-l = end-ischemia.

dP/dr

(,,,,nHäö 
o/o Pre-r

Table 10' Cardiac Performance of Isolated Hearts at Baseline and at the End of Ischemia (Controt us SEA0400).

5562.6 I 555.8 100.0 r 0

5870.5 r 658.5 100.0 r 0

6954.1 !916.4 100.0 r 0

7186.4 t 657.4 100.0 r 0

1.3 ! 0.2 1.4 ! 0.2

2.3 1 0.8 2.0 t 0.7

1.6 r 0.6 t.2 ! 0.4

l.4L 0.2 1.0 r 0.1

-3570.4 ! 297 .5 I 00.0 f 0

-4275.5 r 311.9 100.0 r 0

-4402.9 r415.l 100.0t 0

-4699.4 r 309.9 100.0 r 0

59.4 t 1t.4 l.t ! 0.2

99.8 r 31.3 2.0 r 0.8

67.0! 16.0 l.l r 0.3

57.1 t 5.9 0.8 r 0.2

-60.8 t 16.2 1.8 r 0.5

-98.0 1 23.5 2.4 t 0.6

-67 .4 ! 15.4 I .5 r 0.2

-58.9 I 4.4 1.3 r 0.2



30' R

Contol

SEAO4OO

l00nM

300nM

lpM

LVdiasP "/o pre-l
(mmHg)

96.0 t 4.7 2038.0 r 386.1

92.2 !9.4 2892.3 !99t.2
100.4 !7.3 3024.2 r I 182.8

92.0 ! 8.7 2703.3 r 410.8

o\
UJ

60' R

Connol

SEAO4OO

l00nM

300nM

lpM

LVdevP o/o pre-l
(mmHg)

97.61 8.8 2069.4 t 40s.4

92.5 r 10.0 2875.4 t989.2

96.4!10.2 2956.8 r 1201.5

93.1!9.3 27t9.4 r 390.s

21.2 t 6.2 22.3 t 6.6

18.1 r il.7 t'|.9 t t2.5

I8.8 18.9 16.6 f 8.5

10.9 !4.6 9.2t4.2

90'R

Control

SEAO4OO

l00nM

300nM

I pM

101.819,1 2158.0t422.4

95.819.3 2980.8 !995.9

96.1 !7.7 2958.5 ! 1225.4

95.8 r 10.4 2804.4 r 435.s

dP/dt max o/o pre-l
(mmHg/s)

31.7 !10.7 33.0r 11.5

29.t ! 12.4 27.8 ! t3.2

34.0115.9 29.5!t4.7

14.6 t 4.6 12.2 t 4.4

All values shown are mean f S.E.M. (n : 5 per group). No significant differences were dètected by analysis of variance (ANOVA).
30'R = 30 min of reperfusion.

Table 11. Contractile Parameters of Isolated Hearts During Reperfusion (Control us SEA0400).

112',7,0 r 386.4 22.0 t7.0

884.4 t 593.6 t8.7 t 13.7

'757.7 !366.3 I3.9 r7.-5

4l t. t 1 182.6 6.8 r 3.4

32.8 r 8.5 34.0 t9.2

28.3 r t0.9 26.9 ! 11.8

34.7 ! t5.3 29.7 ! l4.t

l7 .0 r.4.2 13.8 r 4,0

dP/dt min o/o pre-l
(mmHg/s)

1846.4 r 688.1 35.4 ! 12.s

t412.4 ! 590,8 26.9 + 13.5

t482.4 t 696.0 27.0 ! t4.2

729.7 !313.0 il.9 r 5.,s

-786.1 ! 219 .1 23 .8 t 7 .3

-706.6 t 4-s9.8 19.(r t li.7
-761 .2 t i85.0 I 8."1 t 9.(r

-3-58.2 t t52.2 8.1 t 3.-5

1856.0 t 526.7 36.3 I 10.9

t504.3r6t0.0 28.6r14.2

1546.9 !65t.2 27.4 t t3.5

784.4 t 238.4 t2.2 + 4.2

-1127.8 t 358.5 34.2 ! 12.0

- l0l-s.2 t 4(r-5.9 l(r.8 _t 14. I

-1294.7 + (r51.9 10.5 t 15.0

-540,9t177.3 12.(tx47

-1117.1r 3l 1.9 33.s r 9.9

-890.014654 tl.ót ti
-1271 .7 r 64 t .9 te.i t t4.

-579.6 r 166.4 t-'ì.3 t 4.4
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Values shown are means + SEM.

t20

^ 100
òoÈl

g80
(l)
L
tt')
Øg ó(.)

Êi

c)

-ã 40
I
()
ô\' 20

-l

Reperfusion

16s



Reperfusion

(A

òa
l-{

Ë 4000

E

ã :ooo
E

> 2000
'o

--r- SEAl00nM (n:5)
--O- Control (n:5

20 40 60 80 100

Time Since End of Stabilization (min)
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1.6-3 I-iming o.f Drug ¡rcrntinisrrario, and Merhod o.f Drug Delit,er)t

Preliminary experirnents were performed to test a regimen of pre-ischemic

administration alone. However, on cessation of the infusion of SEA0400 immediately

before global zero-flow ischemia, residual SEA0400 remained in the tubing connecting

the drug chamber and the heart chamber (Figure 14, upper panel). on reperfusion, at a

constant flow rate of 10 ml/min, it required about 2 minutes for the residual volume to

be replaced, in other words, there was an obligatory infusion of SEA0400 for 2 minutes

on reperfusion. Because of this reason, pre-ischemic administration of SEA0400 could

not be precisely delivered. Moreover, preliminary experiments showed poor recovery of

cardiac function and no obvious attenuation in LDH release, this pre-ischemic regimen

was not further pursued. Similarly, a post-ischemic regimen could not be precisely

tested, due to an obligatory delay of about 2 minutes for the transit of SEA0400 from the

drug chamber to the heart chamber, at a constant flow rate of 10 ml/min.

In view of the above, an attempt was made to modifu the method of delivery

of 5840400, specifically by means of an infusion pump connected to the side-port in

close proximity to the isolated heart (Figure 14, lower panel, orange anow). However,

preliminary experiments showed minimal recovery of LV function. One potential

explanation was that drug delivery by the infusion pump necessitated the use of a

relatively high concentration of SEA040 0 [2.6 ¡rM, in comparison with its solubility

limit of approximately 3 pM (231)] within a short distance from the isolated heart, thus

introducing the possibility of inadequate mixing between the concentrated drug solution

with the perfusion solution flowing at only l0 ml/min.
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5. DISCUSSION

This is the first study that has evaluated the novel NCX inhibitor, SEA0400,

in a polygenetic model of the rnetabolic syndrome and cardiovascular disease. The

following findings are demonstrated for the first time:

a) the feasibility of transthoracic echocardiography in the JCR:LA-cp rats;

b) echocardiographic features of the obese JCR:LA-cp rats and the lean controls;

c) the feasibility of prolonged in vivo administration of SEA0400 in rats under

physiological conditions and the absence of significant effects of SEA0400 on

systolic and diastolic function ¿s assessed by serial echocardiography;

d) an increased sensitivity to myocardial ischemia in the obese JCR:LA-cp rat at 10 to

13 months of age as compared with lean controls;

e) the absence of signif,rcant cardioprotection of SEA0400 in Langendorff-perfused

isolated hearts from senescent, obese, JCR:LA-cp rats under our experimental

conditions;

f) quantification of baseline C-reactive protein in the obese and lean JCR:LA-cp rats;

g) quantification of abdominal girth as a baseline characteristic in this strain.

The JCR:LA-cp rat was utilized for the evaluation of SEA0400 in this study,

in light of its severe insulin resistance and other atherogenic metabolic risk factors, as

well as its unique cardiovascular complications, that closely mimic those in humans

(354'422). Insulin resistance, hyperleptinemia, obesity, hypertriglyceridemia, glucose

intolerance, increased plasminogen activator inhibitor-l of the cplcp rat (352,375) are
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commonly found in the rnetabolic syndrome

animal models are most valuable (424).

(271,314,423), of which polygeneric

5.1 BaselineCharacteristics,IncludingC-Reactiveprotein

5.1.I Weight and Abdominal Girth

The significant differences in body weight between obese rats and lean rats

were consistent with previous findings (352).

The signifrcant differences in abdominal girth between the 2 groups were as

anticipated, given the obese phenotype of the cp/cp rafs. Based on the correlation

coefficients (r) for abdominal girth vs body weight of 0.72 (obese rats) and 0.53 (lean

rats), the corresponding values for r2, which measures the strength of the relationships

(425), were 0.52 and 0.28, respectively. In other words, in obese rats, body weight and

abdominal girth had 52Yo of their variation in common, whereas in lean rats, the 2

variables only had 28Yo in common (425).

5.1.2 Non-fastingGlucose

With regard to non-fasting glucose, the lack of significant difference between

obese rats and lean rats (13.4 vs 14.0 mmolll, respectively) was consistent with

previous findings by Czubr¡ et al (426) in 9-month-old, male, obese and lean JCR:LA-

cp rats (224 and I52 mg/dl, respectively, p : NS). [For comparison, the corresponding

values in the International System of Units were 12.4 mmol/L and 8.4 mmol/L,

180



respectively, using a conversion factor of 0.05551 (427).1 In the study by O'Búen et ctl,

the non-fasting glucose levels of obese and leanJCR:LA-cp rats at 6 months of age were

found to be 147 and 192 mg/dl, respectively, as measured by a glucose oxidase

procedure (428)- [The corresponding values in the International System of Units were

8'16 mmol/L and 10.66 mmol/L, respectively, using a conversion factor of 0.05551

(427)1. The investigators indicated that plasma glucose in rhis strain ,tend to be

variable' (428), thus providing a potential explanation for the higher non-fasting glucose

observed in the lean rats.

5.1.3 C-Reactive Protein

The lack of significant difference in baseline CRP levels between obese rats

and lean rats was intuitively not in keeping with frndings from human investigations.

With the advent of high-sensitivity assays, which are in clinical use, C-reactive protein

is considered the best candidate as a biomarker of inflammation and is an independent

predictor of coronary risk in human (< i, 1 - 3, and > 3 mg/L for low, average, and high

risk categories, respectively) (316). However, some differences exist between human

CRP and rat CRP. First, human CRP is low at baseline and can increase up to 1000-fold

in the response to infection or tissue injury (42g), whereas rat CRp is not considered an

acute-phase protein (430) and its basal level is more than 100 times higher than that in

human (429,43I,432) - basal plasma level of rat CRp has been reported to be in the

range of 300 - 500 mg/L (429). In comparison, CRP in mice has been found to be at

low levels both at baseline and in the setting of an acute-phase response (329). Second,
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despite considerable llomology between the structure of rat CRp, which is rnade up of 5

monomers (430), and those of human, rabbit and mouse, rat CRp is unique among

mammalian CRP in being a glycoprotein and in having covalently linked dimer in the

pentameric structure (430).

Alternative explanations for the lack of significant difference in the baseline

CRP levels between the obese and the lean JCR:L A-cp rats have been considered. For

instance, it is conceivable that a superimposed process (such as an occult infection)

might have brought any pre-existing differences in CRP levels between the 2 groups to

an equivalent level' However, in view of the CRP levels of the JCR:LA-cp rats in this

study, in the - 200 pg/mL (or mg/L) range, being below the reported range for rats in

the literature (300 - 500 mg/L) (429),this explanation seems unlikely. Nevertheless,

this possibility cannot be ruled out, as CRP levels may not be comparable between rats

of different strains, or in the presence v.r absence of cardiovascular and metabolic

abnormalities. In addition, technical aspect of blood collection (immediately on

excision of heart) being a confounding factor was considered. However, the time lapse

between excision of the heart and collection of blood sample (performed consistently by

2 designated individuals - a team member and myself) was typically in the range of 20 -

30 seconds, which is a relatively brief period as compared with the time course of CRp

elevation reported in the literature (433). Specif,rcally, a previous study evaluated the

time course of elevation of acute phase proteins in response to injection of an

inflammatory stimulus (turpentine) in rats and found that there was a 9-hour delay

between the injection and elevation of CRP, which peaked at 48 hours, presumably due

to the time required for some intermediate steps leading to response (433). Even though
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change in CRP level is reflective of change in its production by hepatocytes (431),

regulation of CRP secretion is also important in that CRP is retained in the endoplasrnic

reticulum of hepatocl'tes under the basal state (through binding to carboxylesterases)

and upon stimulations, there is a decrease in binding as well as a reduction in time for

secretion (329).

A previous study in human evaluated the rate of increase in acute phase

proteins in response to major and minor surgery and showed that CRP increased at 6 to

8 hours after the initial incision and peaked at 48 hours (434). Moreover, the severity of

injury did not appear to influence the time course of change in CRP (434). In another

study assessing patients undergoing major operations, CRP was found to peak at 48 to

96 hours after the operation (435). In the setting of acute myocardial infarction, CRp has

been shown to increase within I to 2 hours after the onset of chest pain and the duration

of rising CRP levels was significantly longer in patients with extensive infarction

(reaching a peak > 3 days after the onset of pain) as compared with those with mild

infarction (corresponding time of 2 days) (436). The calculated mean initial rates of

increase in CRP levels were 0.1 16 pg/mLlhr artd 0.270 pglmLfttr for mild and extensive

infarction, respectively Q36). The authors commented that they had noted comparable

findings in the clinical settings of various surgical procedures (436), as well as in rabbits

subjected to intravenous injection of endotoxins (437). Based on the above descriptions

in experimental and clinical studies, it is speculated that collection of exsanguinated

blood from the JCR:LA-cp rats within 30 seconds of excision of the heart would be an

unlikely mechanism for a sudden rise in CRP to the extent of equilibrating any potential

pre-existing significant difference in CRP between the obese rats and the lean rats.
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5-2 Characteruation of Echocardiographic Features of the JCR:LA-cp Rats

Echocardiography was employed as a tool for in vivo drug evaluation in this

study. The procedure was feasible and uneventful in all the JCR:LA-cp rats.

Precautions were taken to minimize stress during handling of the rats and anesthesia

with documented safety in this strain was used (352). Care was taken to avoid applying

excessive pressure on the thorax of the rats during image acquisition with the transducer,

as hypotension (438), extreme bradycardia and cardiac arrest could occur (400).

The rationale for performing echocardiography in younger rats was to

minimize confounding factors introduced by coronary artery disease in the assessment

of left ventricular function by 2-D guided M-mode echocardiography, as atherosclerotic

lesions have been shown to increase with age in this strain and, by 9 months of age,

advanced intimal lesions of the aortic arch were observed in essentially all cplcp male

rats (352). The above was balanced against the logistical issue of housing a large

number of JCR:LA-zp rats in our facility until l0 months of age for Langendorff-

perfusion experiments. As a result, 4-5 months were chosen as the age range for

echocardiography, recognizing that atherosclerosis is a continuous process and had been

previously documented in this strain of rats by 12 weeks of age (352). For the logistical

reasons as detailed under 'RESULTS', the final age range of the obese rats was

extended to 3 - 6 months, whereas the lean rats were all of 4 months of age.

The major findings of the 26 obese JCR:LA-cp rats (3 - 6 months), as

compared with the 12lean controls (4 months), were increased septal and posterior wall

thickness and increased LV mass, consistent with left ventricular hypertrophy (LVH).
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There were also suggestions of mild systolic and diastolic dysfunction, as evidenced bv

decreased fractional shortening and reduced E/A ratio, respectively.

In clinical echocardiography, the E/A ratio is a ratio of the early maximum

filling velocity (E velocity) to the atrial velocity (A velocity) of left ventricular cliastolic

filling (2), which are recorded using pulsed-wave Doppler echocardiography by placing

the sample volume between the tips of the mitral leaflets during diastole (40g).

Normally, early diastolic filling of the LV constitutes approximately B0%o of the

diastolic filling (439) and the E velocity coincides with the maximum pressure gradient

between the left atrium (LA) and the LV (2). This is then followed by flow deceleration

and the 'deceleration time' is defined as the time interval between the peak of the E

wave and the point where the deceleration slope intersects with the zero baseline (2).

After the period of diastasis (when minimal flow occurs), atrial contraction contributes

15 - 20 o/o of the late diastolic filling (439) and forms the second velocity peak (or A

velocity) (2). A reduced E/A ratio and prolonged deceleration time are f,rndings of

impaired relaxation (439).

In this study, subsequent analysis focusing on 10 obese rats (3 - 4 months) vs

12lean rats was performed to rule out the possibility that the relatively larger age range

might have contributed to the observed differences in echocardiographic features. The

findings of increased wall thicknesses and LV mass were still present, although the

differences in fractional shortening and in the decreased E/A ratio were no longer

statistically significant, suggesting that additional factors or pre-existing factors that

progressed with time might have contributed to the systolic and diastolic dysfunction
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observed in the overall analysis. In addition, potential effects of anesthesia on cardiac

function cannot be excluded.

The echocardiographic finding of the LVH in this study is in keeping with

nrorplrometric characteristics of the whole hearts of JCR:LA-cp rafs previously reported

by Misra et al (377). Specifically, in 3-month-old, cp/cp rats and age-matched controls,

a significant difference in heart weight was observed: 0.98 g and 0.77 g, respectively (p

< 0.05). The heart weight/body weight ratio was also significantly different (O vs L, p <

0'05): 1.98 mg/g vs 2.35 mg/g, respectively (377). In comparison, the corresponding

calculated values in the present study, based on echocardiographic measurements of the

left ventricle of obese rats (3 - 4 months) vs lean rats (4 months) were: LV mass 0.70 vs

0.60 g (p < 0.01), ffid LV mass/body weight 1.2r vs 1.67 mg/g (p < 0.0001),

respectively (Table 3). The reversed direction of difference after indexing for body

weight could be explained by the presence of morbid obesity, as body weight constituted

the denominator in the calculation, as similarly observed in dbldb mice (440).

In the study by Barouch et al (440), dbldb micè, which were analogous to the

cplcp rats in having a leptin receptor defect (441), were demonstrated to have LVH at 6

months of age (dbldbvs db control): wall thickness 0.80 vs 0.58 cm, LV mass 105 vs 77

mg, LV massibody weight r.69 vs 2.rr mg/g, respectively þ < 0.01 for all 3

comparisons), without any significant difference in end-systolic or end-diastolic

dimensions. Hypertrophy of the cardiac myocytes were observed under light

microscopy (440). In that study, LVH was also demonstrated in oblob mice, which

lacked leptin lthe ob gene product (37I)1, and the increased wall thickness was reversed

after leptin infusion, suggesting an anti-hyperhophic effect of leptin (440,442). In
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contrast, other studies have shown direct hyperlrophic effects of lepti¡ in cardiac

myocytes (443'444) and the reason for the difference is unclear. Notably, leptin

receptors are also present in the heart (442,445) and a detailed study of the leptin system

in various areas of the heart has been reported recently (445). It is quite possible that the

precise role of leptin in cardiac hypertrophy has yet to be fully explored.

It is speculated that other possible contributors to LVH in the obese JCR:LA-

cp rats may also include obesity, insulin resistance, and other metabolic abnormalities,

based on studies in other strains of rats (446,447) and in human (44g-452). As the

JCR:LA-cp rats, at 12 weeks of age, have been reported not to have hypertension as

measured by inserting a needle (attached to a pressurc analyzer) into the femoral artery

(453), hypertension is not likely to be a contributing factor in the LVH observed in thë

present study.

There are a number of potential limitations in this study pertaining to the

application of M-mode and pulsed-wave Doppler echocardiography, as listed as follows:

(a) Anesthetic agents might affect cardiac function during echocardiography

(454). Nevertheless, isoflurane, which was used in this study, has been

shown to have less cardiovascular depressive effects, as compared with

halothane, in rodents (455). In addition, it was associated with the most

reproducible results in fractional shortening in serial murine

echocardiography, as compared with several other anesthetic regimens, in one

study (454).

Gating with electrocardiography was attempted in the JCR:LA-cp rat but the

signal was not reliable. In the absence of ECG gating, diastolic

(b)
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(c)

Ineasurerllents were made at the time of maxirnal LV diastolic dimension on

M-mode images, whereas end-systolic measurements were made at the time

of minirnal LV dimension (438).

Despite the advantage of M-mode echocardiography in providing excellent

temporal resolution fdue to its high sampling rate at 1g00 fiames per second

(401)], the image represents a one-dimensional view of the heart displayed

over time (388,389,401). The implications are that non-perpendicular

orientation (401) to the cardiac structure during measurement would

potentially reduce accuracy. In addition, M-mode echocardiography would

be best utilized only in the presence of uniform ventricular geometry and wall

motion (389). To maximize accuracy in the present study, 2D images in two

orthogonal planes were used in guiding M-mode measurements (401) and

younger rats were used to minimize the possibility of concomitant presence of

significant coronary heart disease.

Previous investigators have reported difficulty with identifying the leading

edge of the anterior wall (or septum) on M-mode images of rat hearts

(400,402). Every effort was made in this study to take multiple images to

facilitate selection of best quality images for data analysis.

In the application of the pulsed-wave Doppler technique for measuring

velocities of blood flow, the accuracy of this measurement depends on a

parallel orientation between the ultrasound waves and the direction of blood

flow (408). To maximize accuracy, 2D imaging was used to guide

positioning of the sample volume (2).

(d)

(e)
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(D

(e)

Mitral inflow pararneters are preload-dependent and may also be altered in the

presence of concomitant cardiovascular pathologies (2). In additio¡, being

measures of LV filling dynamics, abnormal mitral inflow parameters do not

necessarily imply dysfunction of intrinsic diastolic properries of the LV (456).

Fusion of the E and A waves in the presence of high heart rates, which are of

particular relevance to echocardiography in rats and mice (3gg), may preclude

measurement of mitral inflow parameters.
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5.3 Itt Vivo Administration of SEAO400

These experiments were designed to test the hypothesis that prolonged in vivo

administration of SEA0400 would be feasible and innocuous to global ventricular

function, as there were no data on this subject at the inception of this study and the

concept of chronic prophylactic therapy with an NCX inhibitor has never been tested. A

formal evaluation of the above was warranted as a study on SEA0400 by Tanaka et al

(219) in 2002 showed equivalent inhibitory potency of this compound toward the

forward mode and the reverse mode of NCX in guinea pig ventricular myocytes. In

another study, Reuter et al (220) evaluated SEA0400 in embryonic heart tubes of NCXI

knock-out mice and demonstrated depression of Ca2* transients by 5840400, suggesting

a non-specific action of this compound. Since NCX has an established role in

maintainin g Ca'* homeostasis on a beat-to-beat basis under physiological conditions, it

is postulated that the following would be important attributes of NCX inhibitors for

chronic prophylactic use:

(a) no significant inhibitory effects on ion channels and transporters other than NCX,

(b) no significant inhibitory effects on the forward mode of NCX,

(c) selective inhibition of the reverse mode of NCX,

(d) no adverse effects on overall systolic and diastolic function,

(e) no significant adverse effects on other organ systems.

The present study was conducted to test the hypothesis that prolonged use of

an NCX inhibitor would not significantly affect systolic and diastolic function, as the

role of the reverse mode of NCX under physiological conditions is negligible and that
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SEA0400 is seiective for the reverse mode of NCX, particularly under conditions when

intracellular Na* is elevated, such as during ischemia/reperfusion. As it is anticipated

that tlie potential use of an NCX inhibitor on a chronic basis for cardiac protection

would be best suited for individuals with cardiac risk factors, an animal model of the

metabolic syndrome, the JCR:LA -cp rat, was chosen.

As SEA0400 was available only as an intravenous drug at the inception of

this study and very limited information was available on this drug at that time, the

osmotic pump was chosen as a method of drug delivery to ensure bioavailability (391).

The dose of SEA0400 used, 1 mg/kglday as a continuous infusion for 4 weeks, was

based on the study by Takahashi et at (97) using SEA0400 i mg/kg in acute IR

experiments in anesthetized,rats, as that was the only available invivo cardiac study in

rats at that time.

5.3.1 Feasibility of Osmotic pump Implaúarion

In this part of the project,26rats were randomized to I of 3 groups: osmotic

pump implantation with SE40400, osmotic pump implantation with vehicle, no

intervention. The purpose of the latter was to assess any potential effects of the surgical

procedure itself on ventricular function in these stress-prone rats. As detailed under

'RESULTS', two rats had to be euthanized within the first week after osmotic pump

implantation. Since one of these rats was from the SEA040O-treated group and the

other one was from the vehicle-treated group, it is likely that these adverse events were

not related to the active component of S8A0400.
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5.3.2 Systolic and Diastolic Function

Serial echocardiographic data of the remaining24 rats showed stable systolic

function (as assessed by fractional shortening) and stable diastolic function (as assessed

by the E/A ratio and the deceleration time) with no significant differences at the end of 4

weeks.

5.3.3 Delayed Hair Re-growth

During echocardiographic follow-up, delayed re-growth of hair following

shaving for osmotic pump implantation was noted (even at the end of week 4) in some

of the obese rats, both from the SEA04O0-treated group and the vehicle-treated group.

Since impaired wound healing has been recently reported in obese JCR:LA-cp rats, as

compared with lean controls (457), it is possible that our observations may be attributed

to this reason. Of note, delay in regrowth of hair following shaving has been reported in

mice, which was observed increasingly with advancing age of the mice, across the age

groups of 20,66, 188, and 312 days (458). Inthat study, biochemical analysis of skin

with and without re-growth of hair showed differences in certain enzyme levels although

the precise mechanism remained unclear (458). Overall, as delayed regrowth of hair

occurred in both the SEAO40O-treated group and the vehicle-treated group, it is not

likely to be related to the active component of the drug..
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5.3.4 Dffirences in Body Weights

Notably, statistically significant differences in body weights were detected for

all comparisons between groups at baseline. Potential contributing factors are as

follows: a) the scarcity of tlie cplcp rats and the associated difficulties in achieving a

tight range of age might have contributed to imbalances in body weights at baseline; b)

logistical difficulties in coordinating surgical, anesthesia, and echocardiographic

schedules resulted in delays and re-scheduling of experiments, resulting in a widening of

the age range of the rats (from 4 - 5 months to 3 - 6 months), which might have

impacted on the comparison of body weights at baseline). At weeks 1,2, and 3, some of

the above significant differences persisted, as shown in Table 4. However, at week 4,

no significant differences were detected in any of the comparisons.

In review of the age of the rats on the day of osmotic pump implantation, it

was noted that more of the rats randomized to SEA0400 treatment were closer to the

upper end of the age range (i.e., 6 months). Since these SEAO4O0-treated rats had a

significantly higher mean baseline weight than the other 2 groups and this difference

was no longer present at the end of the 4 weeks, one interpretation would be a relative

paucity of weight gain in this group, which may or may not drug-related. The following

observation would suggest a non-drug-related reason: in Figure 16, there seemed to be a

part of the growth curve, around 5 - 6 months, where the rate of weight gain was

relatively attenuated. (It is recognized thatthe small 'n' at 5 months in Figure 16 might

be a potential limitation of the growth curve.) In addition, in review of a figure

published by others (352), a gradual slowing of weight gain also appeared to be present

approximately between 12 to 18 weeks.
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The baseline weight of the control group being in the rniddle among the 3

groups would be consistent with this hypothesis, as their age comprised both ends of the

range of 3-6 months.

On the other hand, an altetnative explanation would be a potential inhibitory

effect of SEA0400 on weight gain (or growth) and an enhancing effect on weight gain

by the vehicle, which seemed unlikely but cannot be completely excluded.

It is recognized that these experiments mainly serve the purpose of proof of

principle in a clinically relevant animal model with intrinsic cardiac and metabolic

abnormalities, since the appropriate dose and duration for ch¡onic administration of

SEA0400 were both unknown. In addition, the presence of significant obesity, in

general, would affect pharmacokinetics (459). A previous study suggested that the age

and tlre strain of rats might influence the dose requirements for KB-R7943 (196). At the

time of this study, such information is not available for SE40400. Thus, findings from

the JCR:LA-cp rats in this study may not be applicable to other strains of rats.

It has been established that the proportion of Caz* efflux through NCX is

lower in the rat (7%o via NCX, 92o/o via SR Ca2*-ATPase, 1%o via sarcolemmal Caz*-

ATPase and mitochondrial uniport), as compared with the rabbit (with conesponding

values being 28yo, 70yo, and ZYq respectively) (9). As the balance of ca2* fluxes in

human is closer to that in rabbit rather than in rat (9), the findings from the JCR:LA-cp

rats may not be generalized to their human counterparts. Nevertheless, these findings

may provide the basis for further evaluation of any potential effects of chronic NCX

inhibition on cardiac function in larger animal models (such as the rabbit and the dog).
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5'4 Sensitivity of Senescent JCR:LA-cp Rats to Ischemia/Reperfusion

In this part of the study, the myocardial sensitivity of the senescent JCR:LA-

cp rat to global ischemia followed by reperfusion (to simulate the setting of cardiac

surgery) was evaluated. The age range of 10 - 13 months was chosen based on the

following reasons: (a) the senescent JCR:LA-cp rat may serve as a model of the

metabolic syndrome in the elderly, as the prevalence of the metabolic syndrome (302)

and that of ischemic heart disease (460) increase with age; (b) such information on the

senescent rat was not available in the literature.

The main focus was on the protocol of 30 minutes of global ischemia

followed by 90 minutes of reperfusion. Additional experiments were performed using

40 and 50 minutes of ischemia (both followed by 90 minutes of reperfusion) to further

evaluate ischemic response.

The key finding in this part of the project is the increased sensitivity to 30

minutes of global ischemia in the senescent, obese JCR:LA-cp rats vs lean controls, as

evidenced by the significantly worse post-ischemic contractile function of the obese rats

at 30, 60, and 90 minutes of reperfusion, and the signifìcantly larger amount of LDH

released during early reperfusion. Data from 40 minutes of ischemia are also in favour

of these findings, although the statistical comparisons are not as significant, possibly due

to the onset ofirreversible injury in both the obese rats and the lean rats (to a differential

extent) after 40 minutes of ischemia. A previous report by palmer et al (461)

documentating a transition to irreversible injury at approximately 20 minutes of

normothermic global ischemia in isolated hearts from Sprague-Dawley rats would be in

keeping with this hypothesis. The data on 50 minutes of ischemia are limited by the
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small nunlbers and the relatively large variability in the data, although the trends of the

plots (Figures 34 - 37) are still in keeping with the results from 30 minutes of ischemia.

overall, the above findings are consistent with those reported by Maddaford

et al (361), who evaluated the obese rats and the lean rats at 3 - g months of age and

demonstrated increased sensitivity to ischemia in the obese rats at 6 and 9 months of age,

as compared with lean controls.

It is speculated that the unexpected finding of an undulating baseline (Figure

24) during reperfusion and the exceedingly high diastolic pressures observed in this

study were both manifestations of IRI, either directly or indirectly. Despite restoration

of epicardial coronary blood flow, IR-induced microcirculatory dysfunction was

probably present, due to a potential combination of endothelial dysfunction, myoc),te

necrosis, tissue edema, injury from oxygen free radicals, and obstruction of capillaries

by microemboli (462) - the latter could have originated from atherosclerotic lesions in

the ascending aorta at the time of excision of the heart (this hypothesis will be further

discussed under section 5.5.2). Swelling and contracture of the endothelial cells might

have resulted in increased permeability of the microvascular endothelium (due to the

formation of gaps between endothelial cells) (54). The formation of tissue edema (462)

could have led to extravascular compression and compromise of microvascular blood

flow (54,463). It has been previously demonstrated by Gaasch and Bernard (a6a) in

anesthetized dogs that (a) LV end-diastolic wall thickness (as measured by

echocardiography) decreased during coronary ligation and increased above baseline on

reperfusion (reactive hyperemia), (b) prevention of reactive hyperemia by controlled

release of the ligature also prevented the overshoot in wall thickness during early

t96



reperfusiol't. Such acute increase in wall thickness ol1 reperfusion has also been

demonstrated in a porcine model using percutaneous intracoronary balloon inflation to

induce transmural infarction (465). In that study (465), an acute increase in end-

diastolic wall thickness (as monitored by echocardiography) was observed which

increased 'logarithmically' during 60 minutes of reperfusion, with subsequent

histological demonstration of massive extracellular edema. The end-diastolic cavity size

decreased immediately on reperfusion with no further changes afterwards (465). In the

context of the present study, it is postulated that the undulating baseline represented the

exaggerated motion of the roller pump transmitted to the transducer as it pumped against

markedly increased coronary resistance on reperfusion, due to extravascular

compression resulting from massive myocardial edema and/or capillary damage and

obstruction (466), in the presence of a fixed flow rate set by the roller pump. This

potential limitation of constant flow perfusion has been previously pointed out by

Sutherland and Hearse (a67) in that 'autoregulatory mechanisms are overïidden' and, in

the setting of ischemia/reperfusion, a fixed volume of perfusate would be pumped

through a diminished vascular bed. Since no obvious rhythmic motion of the heart

could be observed during the experiment, it is speculated that this exaggerated motion

was transmitted to the balloon inside the left ventricle through the edematous

endocardium abutting against the balloon (especially if an acute reduction in end-

diastolic cavity size also occurred). Conceivably, the exceedingly high diastolic

pressure might also have been partially contributed by active compression from the

edematous endocardium, in addition to severe diastolic dysfunction in the presence of a

globally edematous, non-complaint ventricle with pre-existing hypertrophy, as well as
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probable vascular dysfunction and coronary artery disease (352,468). These

abnormalities were probably further aggravated by an in vitro phenomenon that could be

likened to persistent reactive hyperemia during the entire reperfusion period (it was

'persistent' due to the constant flow rate employed in the experimental protocol).

The excess ventricular anh¡trmias observed during the early course of our

study was likely due to a combination of the relatively higher stimulation rate (469), at

300 beats per minute, as compared with 200 beats per minutes employed by Maddaford

et al (361), along with the relatively high Ca2* concentration (1.8 mM) in the perfusion

solution. Notably, in a model of isolated working heart, the myocardium of the cplcp

rats has documented to be sensitive to Ca2* concentration in the perfusate (470). During

the early course of the experiments, trauma to the aorta during dissection or cannulation

would have accounted for some of the arrh¡hmias but this problem resolved with time

and experience. Moreover, the possibility of an intrinsic predisposition to ventricular

amhythmias was also contemplated, although the prompt correction of this problem with

lowering of Ca2* concentration would favour the first explanation as the most likely

reason in this situation.

In this study, there are limitations pertaining to the isolated heart technique

(411,467). First, the absence of blood components in the crystalloid solution precluded

evaluation of contribution of platelets and leukocytes in the simulated IR, which are

known to play key roles in the pathophysiology (467). Second, isoflurane has been

reported to confer cardioprotection in a number of studies (a71) (which will be reviewed

in section 5.5.1) and could have been a potential confounding factor. Third, the

senescent rats likely had pre-existing coronary artery disease. It is speculated that any
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coronary lesion, even if rnild, in the setting of massive myocardial edema on reperfusion,

might have become hemodynamically signifìcant.

t99



5'5 Effects of SEA0400 in the Langendorff-Perfusecl Isolatecl Hearts

Subjected to Global, Zero_Flow Ischemia

In this study, no signifìcant benefits of SEA0400 could be dernonstrated in

attenuating post-ischemic contractile dysfunction or LDH release during early

reperfusion. The 3 concentrations of SEA0400 tested (100 nM, 300 nM, and I ¡rM)

were based on the available publications in the literature evaluating SEA0400 in the

isolated hearts of rats (97) and rabbits (98) during the course of this project. Even

though cardioprotective effects of post-ischemic administration of SEA0400 were

demonstrated in both of these studies [one of which also tested pre-ischemic drug

initiation and showed similar benefit to post-ischemic drug initiation (9s)], important

differences exist between these studies and the present study. First, young, healthy rats

and rabbits were evaluated the above studies, as compared with the older rats with pre-

existing severe metabolic and cardiovascular abnormalities assessed in this study.

Second, the protocols for induction of ischemia differed in duration, anatomic extent,

and severity in that 30 minutes of regional ischemia was employed in rabbits by Magee

et al (98) and 60 minutes of hypoperfusion (induced by lowering perfusion pressure

from 65 mmHg to 7 cm Hzo in wistar rats) was used by Takahashi et ar (97), as

compared with the 30-minute, global, zero-flow ischemia protocol utilized in this study.

Notably, protocols of regional ischemia and global hypoperfusion have likely made the

testing of post-ischemic administration feasible in that sEA0400 could be delivered into,

or in close proximity to, the isolated heart at the end of the ischemic period for

immediately use at the moment of reperfusion, whereas timely drug delivery on

reperfusion was challenging in this study using global zero-flow ischemia, as detailed
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elsewhere in this thesis. Third, the duration of drug administration differed in that

SEA0400 was initiated either at 30 minutes before regional ischemia or at I minute

before reperfusion and was continued for the entire experiment (including 120 min of

reperfusion) in rabbits (98), for l0 min immediately upon return to normal perfusion at

65 mmHg following hypoperfusion in Wistar rats (i.e., without pre-ischemic

administration) (97); and, in this study, for 10 minutes before global ischemia and again

for 10 min on reperfusion. The t O-minute post-ischemic administration in this study

was chosen based on the protocol of Takahashi et al, and the rationale for pre-ischemic

administration was based on a combination of logistical reasons and previous findings in

the NHE literature (52). Due to the above differences in experimental protocols, direct

comparison between these studies and the present investigation would not be possible.

It is speculated that the most likely explanation of the findings in the JCR:LA-

cp rats in this part of the study is a lack of efficacy of SEA0400 in this pathological

animal model (with extreme metabolic abnormalities, cardiovascular sequelae, and

increased susceptibility to IRI), in the setting of a severe ischemic insult induced by

global, zero-flow ischemia of a substantial duration. This lack of efficacy is in distinct

contrast to the encouraging results demonstrated in otherwise healthy animals subjected

to IR in the literature (97,98,232-234), as well as findings from preliminary experiments

on 6 Sprague-Dawley rats (male, 545 _ 820 g,3 control and 3 treated with SEA0400 of

different concentrations) in our laboratory (not shown). Notably, there has also been a

canine study, by Nagasawa et al (239), in which SEA0400 did not demonstrate any

efficacy against IR-induced ventricular arrhythmias. Specifically, using an in vivo

canine model of regional ischemia (induced by ligation of the left anterior descending
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artery for 30 minutes followed by reperfusion), the investigators demonstrated that

neither pre-ischemic adrninistration of SEA0400 (1.0 mg/kg at l0 minures prior ro

coronary ligation) nor post-ischemic administratìon (0.3, 1.0,3.0 mg/kg at I minute

before coronary reperfusion) resulted in a significant reduction in the incidence of

vetrtricular fibrillation (239). Notably, previous studies that had evaluated KB-R7943 as

a potential cardioprotective agent also documented some negative frndings in that KB-

R7943 did not signihcantly attenuate lR-induced anhythmias in dogs (202),and did not

improve energy metabolism or reduce 'LV stiffness' in diabetic rat hearts subjected to

hypoperfusion/reperfusion, with or without exacerbation by norepinephrine (224). On

the contrary, in the latter abstract (224), KB-R7943 tended to increase the injury

exaggerated by norepinephrine. Based on the above findings, it is speculated that while

inhibition of the reverse mode of NCX with SEA0400 (and KB-R7943) appeared

promising as a cardioprotective strategy against IRI in healthy animals, whether it would

eventually reach the stage of clinical investigation would likely depend on the

reproducibility of the cardioprotective effects in animal models with pre-existing

pathologies and ultimately in their human counterparts. Indeed, it has been pointed out

that 'almost all studies' of cardioprotection and cardiac arrest in the experimental

settings have ¡esulted in findings that were inconsistent and/or non-reproducible, thus

representing major challenges in the translation of cardioprotective therapy from the

research bench to the bedside (172).
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5.5. 1 Isoflurane

Even though a lack of efficacy of SEA0400 is the most likely explanation for

the results of these experiments, other possibilities must also be considered as detailed

below. Specifically, experimental data in the literature to date have largely supported the

cardioprotective properties of isoflurane in various models across over a range of doses

(471-481), with few exceptions (482-484). Some clinical studies have also evaluated

pre-operative or intra-operative administration (prior to aortic cross-clamping) of

isoflurane as a cardioprotective strategy and demonstrated certain favourable effects on

post-operative hemodynamics (485,486) and reduction in cardi ac enzyme release (4g7),

although neutral findings have also been shown (488) and long-term data on clinical

outcomes are lacking (489). Potential mechanisms of isoflurane in cardioprotection may

include preservation of adenosine-triphosphate (ATP) (490,49I);decrease in Ca2* influx

(471,492); inhibition of neutrophil activities (4g0,493); md, imporrantly,

preconditioning (471) - the latter may involve multiple signaling pathways (4g2,4g4-

496), telease of reactive oxygen species (477,497), activation of ATp-sensitive

potassium channels of the mitochondria (495,498) or the sarcolemma (474,499,500).

Neuroprotective effects of isoflurane have also been demonstrated in several

experimental studies (501-504). Even though the role of isoflurane as a confounding

factor in this study remains speculative (as information on the exact duration of

exposure to isoflurane of each rat, as administered by the staff on duty of the day, would

not be available to supplement our data analysis), it may partially explain the wide

variation in myocardial response to ischemia/reperfusion observed in this study

(including preliminary datathat are not reported in this thesis), as any variation in the
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concentration and duration of exposure could be likened to concomitant administration

of a variable dose of another cardioprotective agent. The above may also have

ramifications for clinical evaluation of cardioprotective agents in surgical settings, since

some of the anesthetic agents in cìinical use, including volatile anesthetics, have

cardioprotective prope rties (47 1,489).

5.5.2 Potential Impact of Pre-exisÍing Cordiovascular Disease on the Isolated

Heart Experiments

It is likely that the obese rats would have developed pre-existing coronary

lesions to a variable degree, by i0 to 13 months of age (362), thus potentially

introducing variability to the extent of reperfusion. In addition, the possibility of

embolization of atherosclerotic debris to the coronary arteries upon cannulation of the

aorta was contemplated. As it has been documented that by 9 months of age,

'essentially all' male, obese JCR:LA-cp rats had 'advanced intimal lesions' of the aortic

arch (including thrombi demonstrated by scanning electron microscopy), similar to

atherosclerotic changes in human vasculature (352). It is conceivable that excision of

the heart at the level of the ascending aorta, followed by cannulation of the aorta and

retrograde perfusion (from the aorta) into the coronary arteries might have resulted in
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elnbolization of atherosclerotic debris into the coronary vasculature - a situation

aualogous to embolization to the cerebral circulation following cross-clamping of

severely atherosclerotic aortae at the time of cardiac surgery (505-507) (with

dislodgement of atherosclerotic debris in the antegrade direction from the aorta to the

braiu, as a potential cause of embolic stroke), or following catheter-based procedures

(507,508).

If this proposed mechanism indeed occurred in the Langendorff-perfused

isolated heart experiments, such microemboli would possibly have compromised

microvascular perfusion and introduced variability into the experiments, as the pattern

of microembolization in the coronary vasculature would be unpredictable. While it is

likely that any potential emboli introduced would have been small, given the stable

baseline hemodynamics and the virtual absence of LDH in baseline measurements, these

findings could not be regarded as absolute reassurance due to the following reasons: (i)

global ventricular function might not have been significantly affected by localized

occlusion of the microvasculature (509), (ii) any LDH released during the early part of

the stabilization period would not have been captured, since baseline samples of

coronary effluent were collected routinely at the end of the stabilization period.

In summary, while SEA0400 may have no cardioprotective effects in this rat

model of extreme metabolic abnormalities with spontaneous cardiovascular sequelae,

alternative explanations of our findings would potentially include intrinsic variabilities

due to pre-existing coronary artery disease and the use ofvolatile anesthesia.
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5.6 Bffects of SEA0400 on Baseline Cardiac Performance

The effect of SEA0400 on basal cardiac function was assessed during pre-

ischemic adrninistration. Overall, no negative effects on cardiac function were observed

(Table 9). Statistically signihcant differences were present in some of the comparisons

of cardiac function, although these findings would also be compatible with changes that

commonly occurred during the stabilization period, especially since the time lapse

between cannulation of the aorta and initiation of SEA0400 was typically about 15

minutes (once the parameters of cardiac performance appeared stable).

In review of the literature, 3 studies have not identified a significant inotropic

effect associated with SEA0400 administration. This includes isolated rabbit (98) and

rat (97) hearts subjected to retrograde perfusion according to Langendorff, an in vivo

canine model of lR-induced arrhythmias, anesthetized dogs subjected to transient

occlusion of the left anterior descending artery followed by reperfusion to induce

myocardial stunning (233). In particular, in the latter Ìn vivo study (233), it was noted

that SEA0400 did not significantly affect the product of heart rate and LV systolic

pressure (an index of myocardial oxygen demand), when comparisons were made either

between the groups receiving vehicle vs different doses of SEA0400 or within the

groups themselves throughout the experiments (233). However, in an abstract report

(245), SEA0400 increased contractile force in the guinea pig, rat and mouse ventricle

(along with increased amplitude of Ca2* transients) and suppressed ouabain induced

positive inotropy in the guinea pig in a concentration-dependent manner.

The absence of negative effects of SEA0400 on contractile function in

isolated rabbit hearts was reported by Magee et al (98). Significant improvement in the
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development and the decline of LV pressure (+ dP/dÐ post-ischemia were observed in

hearts treated with SEA0400 (l pM) (98). However, evaluation of higher

concentrations of SEA0400 was precluded by its limited solubility (98). In the study b1,

Takahashi et al (97), SEA0400 (5 1 pM) did not have any significant effects on heaft

rate and coronary flow in the ischemia/reperfusion model of Langendorff-perfused

isolated rat hearts; and did not exert any significant effects on mean blood pressure and

heart rate in the IR-anhythmia model of anesthetized rats (< 1 mgikg, administered i.v.

at 1 minute before reperfusion). Similarly, in the study by Iwamoto et al (238), infusion

of SEA0400 in normal rats and dogs did not affect arterial blood pressure.

The absence of negative hemodynamic effects of SEA0400 have also been

demonstrated in dogs by Takahashi e/ al (233). In this canine model of myocardial

stunning, electrocardiographic and hemodynamic parameters, as well as coronary blood

flow after reperfusion, were unaffected after in vivo administration of SEA0400 (0.3

mg/kg or 1.0 mg/kg) as an i.v. bolus at 1 minute before reperfusion (233). Moreover, no

significant change in segmental shortening was observed in the non-ischemic

myocardial after administration of 5840400, supporting the notion that SEA0400 does

not exert significant effects on contractility (233). In another in vivo canine study,

Nagasawa et al (239) reported no significant change in baseline heart rate or blood

pressure (as monitored through right femoral arterial catheter) following pre-ischemic

administration of SEA0400 1.0 mg/kg i.v. (at 10 minutes prior to coronary artery

ligation). No change in the heart rate, blood pressure, or ECG parameters was observed

after treatment \ ¡ith vehicle (239). At 20 minutes after administration of SEA0400 i.v.

bolus in anesthetized dogs with digitalis-induced anhythmias, the mean blood pressure
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was noted to have decreased, as compared with that prior to SEA0400 administration,

and this decrease persisted until the end of the 60-minute observation period (239) -
approximately 155, 175 (baseline), and 115 mmHg, respectively, based on plotted data

(239). As details of the above were not available, the mechanism and the significance of

this finding remain to be clarified.
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5.7 Future Directions

A unique challenge in utilizing NCX as a therapeutic target is that both the

forward (Ca2n-efflux) and the reverse (ca2*-influx) mode of NCX have to be taken into

consideration when an inhibitor is applied. As the forward mode is a primary

mechanism for removin g Ca2* that enters the myocyte through the L-type Ca2' channels

on a beat-to-beat basis (27), the ideal drug would be either (a) one that inhibits only the

reverse mode of NCX (hence preventing Ca2* overload) and has no effects against the

forward mode of NCX, other ion channels and transporters; or (b) a drug that has the

intrinsic property of inhibiting both modes of transport (differentially or equally) and

such inhibition would only occur under pathophysiological conditions (such as during

ischemia/reperfusion when intracellular Na* is elevated). Experimental data to date on

SEA0400 suggest the latter as the likely explanation for its efficacy (230,231), although

the mechanism of action of novel NCX inhibitors is still an area under active

investigation. An important caveat in studying the pharmacology of NCX inhibitors is

that actions other than NCX inhibition may exist (220). Nevertheless, research and

development in the recently discovered compounds, such as KB-R7943 and SEA0400,

must be considered important progress in this field (12) and will undoubtedly continue

to be one of the priorities for research in the field of NCX. While NCX inhibition

appears promising against cardiac, cerebral, and renal IRI, its effects on the brain require

further delineation and clarification, as there have also been reports suggesting

deleterious effects of NCX inhibition in experimental settings of IR in the brain (5i0-

5 l2) (although the use of non-selective NCX inhibitors was a limitation in those studies),

as well as the preliminary report of increase in stroke observed in the EXPEDITION
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study (6) (where NHE inhibition with cariporide vs placebo was rested in high-risk

cardiac surgical patients). In addition, while the cardioprotective effects of post-

ischemic administration of SEA0400 appear impressive in animal models, as

demonstrated in rats (97), rabbits (98), dogs (233), confirmation of the efficacy of post-

ischemic administration of NCX inhibitors requires large-scale prospective clinical trials,

especially in light of previous experience from the NHE literature (154). In the interim,

the anticipated final report of the recently completed CASTEMI trial, as well as future

findings from another phase II clinical trial (in progress) evaluating the safety,

tolerability, and efficacy of MCC-I35 in patients with STEMI undergoing pCI (264),

would be valuable in guiding future research on the potential use of NCX inhibitors for

cardioprotection.

Recent advancements in experimental techniques in the use of microbubbles

(513-515), ultrasound enhancement (514-516), specialized catheter systems (517) and

surgical protocols, such as, retrograde delivery (of cells) through the coronary venous

system in the presence of arterial occlusion (518), appear promising as potential novel

strategies for facilitating drug delivery during acute coronary thrombosis. V/hether

these techniques would have potential applications for the delivery of SEA0400 or other

novel inhibitors of NCX remains to be investigated. Notably, ultrasound-enhanced

fibrinolysis has been successfully applied in humans in the setting of acute ischemic

stroke (519). Similar experimental data pertaining to the coronary territory also appear

promising (520,521).

Despite recent advances in pharmacological and catheter-based reperfusion in

the management of the acute coronary syndromes and in cardioprotection during cardiac
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surgery, there is still a need for therapies that specifically target the pathophysiology of

IRI (168,381,522,523). In fact, it has been suggested that progress in further reducing

rnortality in patients with ACS, beyond timely reperfusion, might be limited by injuries

induced by IR (524). for which there is currently no clinical therapy (172). While it

would be ideal to have one single agent with an established safety profile that could be

easily administered in a timely manner to protect the myocardium against IRI regardless

of mechanism within the complex pathophysiology of IRI, this goal may not be

attainable. Alternatively, combination therapy may theoretically afford greater

cardioprotective benefits (68), although, conceivably, the challenge would be to identify

the best agents (and in the right proportions) to be used in combination with NCX

inhibitors so as to achieve the most favourable benefit to risk ratio for the individual

patient. There will likely be vast potential in the evaluation of combination therapies,

since the progress made in the field of NCX inhibitors has been relatively recent [targely

as a result of the dearth of selective NCX inhibitors in the past (12)], as compared with

the overall experience accumulated in the evaluation of various cardioprotective

compounds or strategies over the past 3 decades (172). Moreover, potential

combination of non-pharmacological therapies with NCX inhibitors also appears to be

an attractive strategy. In particular, 'post-conditioning', which consists of 3 cycles of

30-second reperfusion, each followed by 30-second reocclusion, at the start of

reperfusion (525), has been shown to protect the myocardium against IRI (525-527).

The precise mechanisms of cardioprotection are under active investigation, although

investigations to date suggest the involvement of Kalp channels (sz7),nitric oxide (527),

reperfusion salvage kinase pathway (527,528), adenosine receptors and other signaling
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pathways implicated in pre-conditioning (529). As experimental data on SEA0400 to

date support the efficacy of post-ischernic administration for cardioprotection

(97,98,233), it is speculated that the combination of SEA0400 and post-conditioning

may potentially provide incremental cardioprotective effects through different

mechanisms. Similarly, whether there is any therapeutic advantage in combining

preconditioning with NCX inhibition (applied before orland after ischemia) remains to

be investigated.

In addition, the use of animal models with pre-existing cardiovascular

pathologies may be particularly valuable in providing insights into human disease (352).

Specifically, in the context of evaluation of SE40400, models mimicking increased risk

for CAD in humans, such as models of hypercholesterolemia, diabetes or the metabolic

syndrome, hypertension, and aging; as well as those of cardiac hypertrophy and heart

failure would be of particular clinical relevance. Despite the lack of cardioprotective

effects of SEA0400 demonstrated in the JCR:LA-cp rats under our experimental

conditions, fuither investigations using other animal models of the metabolic syndrome,

or using the same model at earlier stage of tife [for example, at 6 months when both

insulin resistance (352) and sensitivity to myocardial ischemia (361) have developedl in

combination with a standardized anesthesia protocol may reduce potential variabilities

due to pre-existing coronary artery disease and variable exposure to anesthesia,

respectively. Even with these precautions, the possibility of underestimating any

cardioprotective effects of the compound under investigation cannot be excluded

(especially if volatile anesthesia is used in the standardized protocol). On the other hand,

the above may also be viewed as a unique opportunity for testing a combined
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cardioprotective strategy with clinically established anesthetic agents, which may be of

potential relevance to cardiac surgical patients or non-cardiac surgical patients with pre-

existing coronary arÍery disease. Notably, coronary revascularization (PCI or CABG)

prior to major elective vascular surgery in patients with stable coronaly disease in a

recent randomized study (530) did not result in improved outcomes at 30 days (in terms

of death, myocardial infarction, or length of hospitalization) or any long-term reduction

in mortality (at 2.7 years after randomization). Yet with the post-operative myocardial

infarction rate being l2o/o and 14% (within 30 days of surgery, as defined by an increase

in troponin) in the revascularization and non-revascularization groups, respectively

(530), there seems to be opportunities for further improving current pharmacotherapies

the peri-operative settings in this subset of patients with stable CAD prior to surgery.

While the combination therapy of an NCX inhibitor with anesthetic agents has not been

studied (in the experimental or clinical settings), similar strategies with NHE inhibitors

have been evaluated by Mathur et al (473,531) in isolated rat hearts subjected to global

ischemia. Specifically, the combinations of cariporide with isoflurane (473),

sevoflurane (473), or propofol (531) all afforded additive and superior cardioprotection.

Conceivably, the use of combination therapy with agents that act by different

mechanism may enable the use of a lower dose of some or all of the agents to achieve

similar cardioprotective effects, yet minimizing potential dose-related side effects. It is

tempting to conjecture that there may be a role for combining NHE and NCX inhibitors,

possibly at reduced doses, in myocardial protection. Nasagawa et al (239) have recently

demonstrated in an in vivo carine model of IR-induced ventricular arrh¡hmias that

SEA0400 had no effects on these anhythmias, in contrast to the results of Takahashi e/

213



al (97) which showed the reduction of ventricular fibrillation and mortality by SEA0400

in anesthetized rats. Apart from potential differences between experimental models, the

investigators speculated that NCX inhibitors might not as effective as NHE inhibitors in

treating IR-induced aruhythmias (239), based on their previous investigations on NHE

inhibition (133,532-535), as u,ell as mixed reports in the literature on the anti-

arrhythmic potential of KB-R7943 - with some studies demonstrating benefit (194-

196,199,201), but not in others (58,202). In addition, these investigators pointed out

that as Na* overload is not prevented with inhibition of the reverse mode of NCX,

deleterious effects of Na* overload, such as those on the mitochondria (69,536), may

contribute to IRI (239). On the other hand, Matsumoto et al (198) suggested that

inhibition of the reverse mode of NCX might be a more 'efficient' strategy in protecting

the myocardium than NHE inhibition as the former would also antagonize the effects of

Na* from other sources of influx in promoting NCX-mediated Ca2* influx during IR,

such as the Na* chan¡els and the NBC (20). Based on the above, it is conceivable that

combination therapy consisting of a blocker of Na* influx (such as an NHE inhibitor)

and an NCX inhibitor would offer the following possible advantages: (a) attenuation of

Na* overload and its associated deleterious effects, such as on the mitochondria, through

NHE inhibition; (b) Na* accumulation as a result of Na* influx from pathways other

than NHE would facilitate the actions of the newer NCX inhibitors, such as SEA0400

(230,231) and SN-6 (191), in preferentially blocking the reverse mode of NCX; (c) the

concomitant presence of an NCX inhibitor might enable the use of a lower dose of the

NHE inhibitor and minimize any potential dose-related side effects; (d) since evidence

to date supports the efftcacy of either pre-ischemic or post-ischemic administration of
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NCX inliibitors (97,98,233), whereas pre-ischemic adminisrration of NHE inhibitors

seerìs to confer more consistent benefits (154,537), combination therapy might extend

the time window for potential therapeutic benefits; (e) the anti-arrhythmic effects of

NHE might compensate for the relative lack (239) of anti-arrh1'thmic effects of NCX

inhibitors against IR-induced arrh¡hmias (pending confìrmation of the latter in future

studies)' At the point of writing, such combination therapy has not been evaluated in the

setting of IRI to date. Mechanistic studies on the effects on [Na*]¡, lcur*1, and pH

recovery in response to IR would be most valuable and, if proved beneficial, may guide

future investigation with regard to the optimal dosing, timing, and route of

administration, as well as potential adverse effects, of NHE and NCX inhibitors in the

setting of myocardial IRI.

Based on the available evidence in the literature on NHE and NCX, it seems

reasonable to speculate that NCX inhibitors may have therapeutic potential in the

following clinical scenarios of ischemia/reperfusion: (a) cardiac surgery; (b) major non-

cardiac surgery in the patient with significant coron ary artery disease; (c) cardiac

resuscitation, whete protective effects in other organs, such as the brain and the kidney,

become important attributes [although its anti-arrhythmic potential requires further

evaluation, in light of the mixed findings (g7,23g) in the literaturel; (d) acute coronary

syndromes (as an adjunctive therapy to be administered at the earliest available

opportunity prior to percutaneous or pharmacological reperfusion, such as in the patient

who is awaiting transfer to a hospital with such capabilities), (e) for cardiac allograft

preservation in cardiac transplantation, (Ð as chronic prophylactic therapy in the patient

with est¿blished coronary artery disease, especially if another indication is present, such
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as salt-sensitive hypertension. It is conceivable that this strateg y may avoid delays in

drug administration in the acute coronary syndromes and may extend the therapeutic

window for myocardial salvage. A recent study suggested that inhibition of the reverse

mode of NCX may have potential application in the management of pulmonary arterial

hypertension, as it was demonstrated that the reverse mode of NCX was involved in

both vasoconstriction secondary to Ct* entry into the cytosol of cultured smooth muscle

cells of human pulmonary artery and the proliferation of these cells in the presence of

serum and growth factors (538). The NCX inhibitor, KB-R7943, was shown to

attenuate the increase in cytosolic Ca2* and the smooth muscle cell proliferation (53S).

Novel strategies of drug design and delivery may also have potential

applications in the field of NCX. A recent report by Palandoken et al (539) that

described the design of an inactive 'prodrug' of amiloride appears most intriguing. It is

anticipated that this 'prodrug' could be chronically administered on a prophylactic basis

and, in the event of acute cerebral ischemia, be immediately activated by endopeptidases

released during ischemia (539). Whether similar strategies could be applied to NCX

inhibitors remain to be explored. Moreover, whether there is any role in incorporating

an NCX inhibitor as an adjunctive drug in drug-eluting coronary stents for localized

drug delivery has never been tested in the experimental setting to my knowledge. Such

a strategy might offer potential additional advantages, at least on a theoretical basis, of

attenuating IRI and of inhibiting the reverse mode of NCX of platelet s (540-542),

although the efficacy and safety, in combination with other established anti-thrombotic

therapies in PCI (543), would require thorough evaluation. It is conceivable that such a

strategy would also require administration of concomitant cardioprotective therapy
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through another route (e.g., intravenous or oral, such as at the time when aspirin would

be taken, assuming no adverse drug interactions) to bridge the time between

presentation to hospital and eventual placement of the stent. MoLeover, whether NCX

inhibition would have potential applications in newer reperfusion strategies, such as

pharmacoinvasive therapy [combining pharmacological and catheter-based strategies

(522,544)l and hybrid procedures lcombining PCI and surgery (545,546)l in selected

subgroups of patients, along with other clinical scenarios of myocardial

ischemia/reperfusion (Figure 54) remain to be explored.

As a potential chronic therapy, NCX inhibition appears promising as a novel

strategy in the management of 
. 

salt-sensitive hypertension, given the recently

identified role of the reverse mode of NCX in the pathophysiology, as depicted in

Figure 55' Elevated cardiotonic steroids in the salt-sensitive hypertensive state inhibit

Na*/K*-ATPase in smooth muscle cells and increase [Nu*],, which reduces Ca2* efflux

through the forward mode of NCX and favours Ca2* influx through the reverse mode,

resulting in elevation of [Ca2*]1, Vâsocoilstriction, and systemic hypertension (23g,251).

If left untreated, hypertension is known to cause target organ damage, such as left

ventricular hypertrophy, which increases the risk of myocardial ischemia, arrh¡hmias,

and ventricular dysfunction (547,548). While most anti-hypertensive agents have been

shown to produce regression of LVH (547), the prognostic importance of LV mass

reduction, independent of any blood pressure lowering, has only been recently

established (549,550). In light of this new evidence, further research directed toward

demonstration of LV mass reduction in experimental models using NCX inhibitors

would likely provide clinically relevant information for future human investigation.

217



f'.::-lþ*
çi

P e rc u ta n eo u s co ro n a rÌ-
inten,ention (PCI)

í!;;;t
Myocardial

IRI

Cardiac
sufgery

'**ö;äo,

-:$'"J'äÏ

"sÌj9SEAO4OO
\ 

\a"rebrat 
and Renal IRI\

S alt-sensitive hypertension

Figure 54. clinical scenarios where sEA0400 May Have potential
Therapeutic Applications.

'-' denotes inhibition.

218



Endogenous cardiotonic
steroids in salt-sensitive
hypertensive state

vasoconstriction ------->
Hypertension

&
complications

ofLVH &
,' cardioprotection

<_ SEAO4OO

Figure 55. Role of vascular NCX in salt-sensitive Hypertension.

@ased on ref. #nS e,251.) ,-' denotes inhibition.

Na* N-a] Na* î^2+ smoorh
Na+ ua 

muscle

219



In tlie recent study by Iwamoto et al, SEA0400 was shown to lower arterial

pressure in deoxycotlicosterone acetate (DOCA)-salt hypertensive rats in a dose-

dependently manner, after a single oral dose (238). Prolonged administration of

SEA0400 over 3 weeks prevented the development of hypertension, vascular

hypertrophy, and renal dysfunction in this model (238). Moreover, the therapeutic

response to SEA0400 appears promising as a potential diagnostic tool for delineation of

the mechanism of hypertension (238,251). Whether chronic NCX inhibition with

SEA0400 would reduce LV mass in established salt-sensitive hypertension and protect

the hypertrophied myocardium against ischemia/reperfusion injury on a prophylactic

basis is unknown. The latter would also represent a potential strategy to circumvent

delays in drug administration in the event of acute ischemia. The recent demonstration,

by Romero et al (551), of the involvement of reverse-mode NCX in signal transduction

leading to fibrogenesis may offer additional opportunities for therapeutic intervention.

On the other hand, as the reverse mode of NCX has also been shown to play a role in

endothelium-dependent relaxation (552), the therapeutic potential and the safety of

ch¡onic NCX inhibition remain to be investigated.
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6. CONCLUSIONS

In conclusion, the senescent JCR:LA-cp obese rat is more susceptible to

myocardial ischemia./reperfusion injury as compared with the lean control, consistent

with previous findings at an earlier stage of life in this strain. The selective sodium-

calcium exchange inhibitor, SE40400, did not confer significant cardioprotection

against IRI in the JCR:LA-cp obese rats under the experimental conditions of this study.

Prolonged administration of SEA0400 was feasible and did not significantly affect left

ventricular systolic and diastolic function as assessed by serial echocardiography.

Future discovery and development of NCX inhibitors with increased potency and

selectivity holds the promise of enhancing our ability to pharmacologically manipulate

this complex yet attractive therapeutic target of NCX toward potential application in the

clinical setting.
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