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GLOSSARY 

 

 

AHF  Acute Heart Failure 

AR  Aortic regurgitation 

Ca2+       Calcium 

CO          Cardiac Output 

DBP        Diastolic Blood Pressure 

DT           Diastolic Time 

EF           Ejection Fraction 

FS            Fractional Shortening 

HF           Heart Failure 

O²           Oxygen 

OM           Omecamtiv Mecarbil 

PEP          Pre-ejection Period 

PHT         Pressure Half Time 

PWT        Posterior Wall Thickness 

RAS       Renin Angiotensin System  

ROS         Reactive Oxygen Species 

RWT        Relative Wall Thickness 

SBP          Systolic Blood Pressure  

ST            Systolic Time 

SWT        Septal Wall Thickness 

SV            Stroke Volume 

LV            Left Ventricle 

LVEF        Left Ventricular Ejection Fraction 

LVEDV     Left Ventricle End Diastolic Volume 

LVESV      Left Ventricle End Systolic Volume 

LVESD      Left Ventricle End Systolic Diameter 

LVEDD     Left Ventricle End Diastolic Diameter 

LVET        Left Ventricle Ejection Time 
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RESUME 

 

La régurgitation aortique est une pathologie valvulaire caractérisée par une mal coaptation 

d’une ou de plusieurs cuspides aortiques. Le résultat est un reflux du sang de l’aorte vers le 

ventricule gauche avec une surcharge de volume et de pression. En phase aiguë en présence 

d’une fuite aortique massive, le ventricule gauche évolue rapidement vers une défaillance 

terminale. Cependant en présence d’une fuite sévère, le ventricule s’adapte chroniquement par 

une série de mécanismes compensatoires : par l’augmentation de sa masse, du diamètre de la 

chambre de chasse et par une hypertrophie ventriculaire gauche. Cette dernière facilite la 

réduction de la tension pariétale résultante de la surcharge en pression et en volume afin 

finalement de réduire la consommation en oxygène. L’évolution est marquée par une 

détérioration progressive de la fonction ventriculaire qui en l’absence de traitement évolue vers 

l’insuffisance cardiaque. Le seul traitement actuel de la régurgitation aortique est le traitement 

chirurgical. À l’heure actuelle, il y a plusieurs drogues utilisées dans le traitement de 

l’insuffisance cardiaque mais leur point commun est la modification de l’homéostasie calcique, 

l’augmentation de la consommation d’oxygène avec un risque d’augmenter les arythmies, la 

morbidité et la mortalité. L’omecamtiv mecarbil est un activateur sélectif de la myosine 

cardiaque et est une nouvelle drogue en phase d’études cliniques pour son potentiel rôle dans 

le traitement l’insuffisance cardiaque systolique. Il active spécifiquement l'ATPase 

myocardique et améliore l'utilisation de l'énergie cardiaque. Il augmente le taux de libération 

de phosphate de la myosine, une fois que la myosine est liée à l'actine, elle reste liée beaucoup 

plus longtemps en présence d'omecamtiv mecarbil. Le résultat est une amélioration de la 

fonction systolique en augmentant la durée d'éjection systolique sans consommer plus d'énergie 

d’ATP, d'oxygène ou altérer les niveaux de calcium intracellulaire entraînant une amélioration 

globale de l'efficacité cardiaque. Nous avons évalué les effets de l’omecamtiv mecarbil sur le 

ventricule gauche des rats avec ou sans régurgitation aortique (régurgitation aortique créée 

chirurgicalement) ainsi que les effets de la régurgitation aortique sur le ventricule gauche en 

mesurant différents marqueurs de la fonction cardiaque tels que les paramètres 

échocardiographiques, les paramètres  hémodynamiques et électrocardiographiques, les 

dosages de biomarqueurs sériques, l’analyse tissulaire au niveau du ventricule gauche  de 

l’expressions des gènes impliqués dans le stress oxydatif, l’apoptose, le métabolisme 

énergétique ainsi que dans l’homéostasie calcique impliquée dans la contractilité cardiaque.  

Ces paramètres ont été investigués chez des rats mâles adultes de type Wistar qui ont reçu de 

l’omecamtiv mecarbil par voie intraveineuse fémorale et de rats qui ont reçu du placebo dans 

des séries randomisées. Nos données de recherche ont montré que l’omecamtiv mecarbil 

prolonge le temps de l’éjection systolique chez les rats mais ne réduit pas la régurgitation 

aortique. Il réduit la tension pariétale liée à la régurgitation aortique. On a observé que 

l’omecamtiv mecarbil influence différemment la libération des biomarqueurs de l’étirement des 

fibres myocardiques chez le rat avec régurgitation aortique, ce qui n’est pas le cas avec 

l’administration du placebo (solution saline). Dans le ventricule gauche des rats sans 

régurgitation aortique, l’omecamtiv mecarbil augmente l’expression des gènes à action anti-

apoptotique et antioxydante. L’expression des gènes favorisant l’utilisation d’acide gras comme 

source majeur d’énergie était augmentée, sans altérer l’expression des gènes impliqués dans la 

contraction cardiaque calcium-dépendante. Nos données ont également montré que la 
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régurgitation aortique augmente l’expression des gènes à action pro-apoptique et pro-oxydatif. 

Les gènes favorisant l’utilisation de glucose comme source majeure d’énergie au niveau 

cardiaque et l’expression des gènes impliqués dans la dysfonction ventriculaire. D’autres études 

seront nécessaires pour mieux comprendre les mécanismes d’action de l’omecamtiv mecarbil, 

ainsi que son effet à des doses et des stades différents de la pathologie aortique pour définir s’il 

a une place dans le traitement de la régurgitation aortique. 
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ABSTRACT 

 

Aortic regurgitation (AR) is a pathology characterized by insufficient coaptation of one or more 

of the leaflets of the aortic valve. AR can lead to the reflux of blood from the aorta into the left 

ventricle (LV) followed by both pressure and volume overload. During the acute phase, massive 

aortic reflux into the LV evolves rapidly toward terminal heart failure (HF). By contrast, the 

LV can adapt to chronic reflux via a series of compensatory mechanisms including increased 

muscle mass and chamber diameter. These mechanisms, which ultimately lead to ventricular 

hypertrophy, facilitate reductions in the LV tension that results from pressure and volume 

overload and will ultimately reduce oxygen consumption. However, these structural changes 

may also lead to progressive functional deterioration and ultimately HF in the absence of 

treatment. Surgical intervention is currently the only treatment available for AR and must be 

performed at a comparatively early stage of the disease. While several drugs can be used to 

treat HF, many of them alter calcium homeostasis and increase oxygen consumption and the 

risk of developing arrhythmias, leading to increased morbidity and mortality. Omecamtiv 

mecarbil (OM) is a selective cardiac myosin activator that is currently tested in clinical trials 

for the treatment of systolic HF. OM specifically targets and activates the myocardial ATPase, 

improves energy utilization, increases the rate of phosphate release from myosin, and results in 

prolonged myosin-actin binding. Collectively, these mechanisms lead to improved systolic 

function and cardiac efficiency by increasing the systolic ejection time without consuming more 

ATP or oxygen or altering intracellular calcium levels. In this study, we evaluated the impact 

of OM in an experimental rat model of surgically-induced AR by measuring various markers 

of cardiac function. We evaluated echocardiographic and hemodynamic parameters, serum 

biomarkers, and expression of genes involved in oxidative stress, apoptosis, cardiac energy 

metabolism, and calcium homeostasis. OM or placebo was delivered via femoral vein injection 

to adult male Wistar rats that were randomized into 2 groups. Our data revealed that the 

administration of OM increased the systolic ejection time and decreased wall stress in rats with 

AR but did not reduce the extent of AR. Administration of OM also resulted in the differential 

release of biomarkers of myocardial fiber stretch in rats with AR compared to placebo-treated 

control rats. LV tissues from OM-treated control rats (i.e., those without AR) exhibited 

increased expression of genes associated with anti-apoptotic and anti-oxidant pathways as well 

as those involved in the shift to fatty acids (FAs) use as a major energy source; by contrast, no 

changes in the expression of genes implicated in calcium homeostasis were observed. Our data 

also revealed that induction of AR led to the increased expression of pro-apoptotic and pro-

oxidant genes as well as those associated with the metabolic shift to glucose use as a major 

energy source. Our results also revealed increased expression of genes implicated in ventricular 

dysfunction. Additional studies will be needed to provide a better understanding of the action 

of OM and to determine its impact when administered at different doses and at different stages 

of the disease. This information will be necessary for future consideration of OM as a potential 

novel treatment for AR. 
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1. Introduction  

 

1.1 Aortic valve 

 

1.1.1 Anatomy structure and function 

 

Heart valves are specialized structures that prevent the backflow of blood into the chambers of 

the heart. The aortic valve is present in the hearts of humans and most other animals, and is 

located between the left ventricle (LV) and the aorta (Fig. 1). It is one of the four valves of the 

heart and one of the two semilunar valves, the other of which is the pulmonary valve. The aortic 

valve normally has three cusps or leaflets, although 1–2% of the population congenitally has 

two leaflets (1). 

 

 

Figure 1. Anatomy of heart valves. A) The arrangement of the valves in the heart. B) The 

structures and layers of an aortic valve leaflet. From Rock et al. (2). 
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The aortic valve comprises three leaflets identified according to the presence of two coronary 

artery ostioles: a left coronary leaflet, a right coronary leaflet, and a non-coronary leaflet. 

Current anatomic texts simply describe the leaflet as comprising three layers (Fig. 1). On the 

aortic side, the fibrosa comprises an arrangement of collagen sheets and large collagen fiber 

bundles. On the ventricular side, a thin ventricularus layer is present. Between these outer layers 

is the spongiosa, a layer rich in proteoglycans. The layered structure (determined largely from 

inspection and analysis of histological specimens) has been described as an adaptation to the 

multiple functional requirements for a frequent flexion duty cycle, durability, high shear 

compliance, and high aortic hemodynamic pressure (3,4,5). This simple model is useful as a 

basic representation of valve anatomy. However, the valve material and biomechanical 

properties are well known to vary among leaflets and even within individual leaflets (6,7,8). 

 

1.1.2 Aortic valve regurgitation 

 

1.1.2.1 Definition 

 

Aortic regurgitation (AR) is characterized by diastolic reflux of blood from the aorta into the 

LV because of malcoaptation of the aortic cusps. Its clinical presentation varies and depends on 

a complex interplay among several factors, including the acuity of onset, aortic and LV 

compliance, hemodynamic conditions, and lesion severity. Although chronic AR can be 

generally well tolerated for many years; acute AR can lead to rapid cardiac failure and, if 

untreated, to early death (9). 
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1.1.2.2 Epidemiology 

 

The prevalence of chronic AR and the incidence of acute AR are not precisely known. Singh et 

al. (10) have reported the prevalence of chronic AR, detected by color Doppler 

echocardiography, in a large unselected adult population in the Framingham Offspring Study. 

The overall prevalence of AR in men was 13%, and that in women 8.5%. However, most of the 

AR in this population was trace or mild in severity, whereas moderate or severe AR was rare 

(Table 1). Multiple logistic regression analysis revealed that age and male sex were predictors 

of AR. Interestingly, hypertension did not predict AR in multivariate analysis, thus confirming 

the results of earlier studies indicating that hypertension is associated with modest increases in 

aortic root size, but not AR, when age is included in the model (11,12). The Strong Heart Study 

(13) has indicated an overall AR prevalence of 10% in a Native American population. Most 

cases were mild, and age and aortic root diameter, but not sex, were found to be independent 

predictors of AR. 

  Age, y 

26–39 40–49 50–59 60–69 70–83 

According to multivariate analysis, only age and sex predicted AR prevalence. Adapted from Singh et al.2 

Men (n=91) (n-352) (n=433) (n=359) (n=91) 

    None 96.7% 95.4% 91.1% 74.3% 75.6% 

    Trace 3.3% 2.9% 4.7% 13.0% 10.0% 

    Mild 0% 1.4% 3.7% 12.1% 12.2% 

    ≥Moderate 0% 0.3% 0.5% 0.6% 2.2% 

Women (n=93) (n=451) (n=515) (n=390) (n=90) 

    None 98.9% 96.6% 92.4% 86.9% 73.0% 

    Trace 1.1% 2.7% 5.5% 6.3% 10.1% 

    Mild 0% 0.7% 1.9% 6.0% 14.6% 

    ≥Moderate 0% 0% 0.2% 0.8% 2.3% 

TABLE 1. Prevalence of AR in the Framingham Offspring Study. Adapted from Singh et al.   

                  (10) 

 

https://www.ahajournals.org/reader/content/163f027ab5e/10.1161/CIRCULATIONAHA.104.488825/format/epub/EPUB/xhtml/index.xhtml#R2-166776


 
 

 17 

1.1.2.3 Etiology  

 

Pure AR has multiple causes, many of which arise from primary abnormalities in the aortic 

valve leaflets. The most frequent causes include congenital abnormalities of the aortic valve 

most notably the bicuspid valves, but also the unicuspid, tricuspid, and quadricuspid valves 

rheumatic disease, infective endocarditis, calcific degeneration, and myxomatous degeneration. 

Other common causes of AR include diseases of the aorta without direct involvement of the 

aortic valve, such as systemic hypertension idiopathic annulo-aortic ectasia, aortic dissection, 

and Marfan syndrome (14,15). Less common causes of AR include traumatic injuries to the 

aortic valve, aortitis occurring in ankylosing spondylitis, syphilitic infection, rheumatoid 

arthritis, osteogenesis imperfecta, giant cell aortitis, Takayasu disease, Ehlers Danlos 

syndrome, and Reiter syndrome. AR can also occur in people with discrete subaortic stenosis 

in the presence of a ventricular septal defect with prolapse of an aortic cusp, ruptured aneurysms 

of the sinuses of Valsalva, or fenestrated aortic cusps (16). AR has also been described as a 

complication associated with balloon aortic valvuloplasty (17), and anorectic drugs have been 

reported to cause AR (18). However, in many people with AR, the precise etiology is unclear. 

In a pathologic study of a surgical series of excised aortic valves, as many as 34% cases of pure 

AR were considered to have unclear etiology (15). Most of these lesions produce chronic AR, 

with slow, insidious LV dilatation and a prolonged asymptomatic phase.  

Other lesions, particularly infective endocarditis, aortic dissection, and trauma, often produce 

acute severe AR with sudden elevation of LV filling pressure, pulmonary edema, and decreased 

cardiac output (CO). 

 

  



 
 

 18 

1.1.2.4 Pathophysiology 

 

Chronic severe AR imposes a combined volume and pressure overload on the LV. The volume 

overload is a consequence of the regurgitant volume itself and is therefore directly related to 

the severity of the leak. Thus, whereas mild AR produces only minimal volume overload, severe 

AR can produce massive LV volume overload and progressive chamber dilation. The pressure 

overload results from systolic hypertension, which occurs as a result of increased total aortic 

stroke volume, because both the regurgitant volume and the forward stroke volume is ejected 

into the aorta during systole (19). Systolic hypertension can contribute to a cycle of progressive 

dilation of the aortic root and subsequent worsening of AR. In early, compensated severe AR, 

the LV adapts to the volume overload through eccentric hypertrophy, in which sarcomeres are 

laid down in series, and myofibers are elongated (20,21). 

Eccentric hypertrophy preserves LV diastolic compliance, such that LV filling pressures remain 

normal or mildly elevated despite a large regurgitant volume. In addition, eccentric hypertrophy 

increases LV mass, such that the LV volume/mass ratio is normal, and the LV ejection fraction 

(LVEF) is maintained by the increased preload. The slope of the LV pressure volume 

relationship (elastance or Emax), a load-independent measure of myocardial function, is normal 

(22). Over time, progressive LV dilation and systolic hypertension increase wall stress and the 

volume/mass ratio. During this process, a phase occurs during which the LVEF remains normal, 

but Emax decreases, thereby indicating early myocardial dysfunction that is largely masked by 

the increased preload. At this stage, LVEF still increases after successful valve replacement 

(27).  

Eventually, the increase in wall stress leads to overt LV systolic dysfunction, manifested as a 

decline in LVEF and severely diminished Emax. In chronic severe AR, the end-systolic wall 

stress can be as high as that in aortic stenosis (23). Marked LV hypertrophy (cor bovinum) 
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develops with elevated LV volume and mass and spherical geometry (24). In decompensated 

severe AR, LV systolic dysfunction is accompanied by a decrease in LV diastolic compliance 

as a result of hypertrophy and fibrosis, thus leading to high filling pressure and heart failure 

symptoms. Exertional dyspnea is the most common manifestation, but angina can also occur 

because of a decrease in coronary flow reserve with predominantly systolic coronary flow 

(25,26). In experimental animals, the transition from a compliant (chronic compensated AR) to 

a stiff (decompensated AR) LV chamber appears to involve upregulation of several cardiac 

fibroblast genes (27,28). Acute AR leads to rapid decompensation due to low forward cardiac 

output and pulmonary congestion. The time is insufficient for compensatory LV dilation to 

occur, and severe hypotension occurs rather than the systolic hypertension that characterizes 

chronic severe AR. The different stages of AR are shown in Figure 2. 

 

 

Figure 2. Stages of AR. Top left: In mild AR, LV size, function, and hemodynamics are normal. Top 

right: In acute severe AR, equilibration of aortic and LV pressures (80/40 mm Hg in this example) is 

observed. The left atrial pressure is elevated, thus leading to pulmonary edema. Bottom left: In chronic 

severe compensated AR, the LV may begin to dilate, but LVEF is often maintained in a normal range 
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by an increased preload. Systolic arterial hypertension and a wide pulse pressure are observed. However, 

LV filling pressures are normal or only slightly elevated, such that dyspnea is absent. Bottom right: In 

decompensated chronic severe AR, the LV is dilated and hypertrophied, and LV function is often 

depressed as a result of afterload excess. Forward output decreases, thus leading to fatigue and other 

low-output symptoms. Fibrosis and hypertrophy decrease LV compliance, thereby leading to increased 

filling pressures and dyspnea. From Bekeredjian et al. (29). 

 

1.1.2.5 Natural history and treatments 

 

No information is available regarding the natural history of mild AR. Natural history data for 

asymptomatic patients with severe AR and normal LV systolic function have been analyzed in 

the American College of Cardiology (ACC)/American Heart Association (AHA) guidelines on 

valvular heart disease (30), which included a review of nine published series in a total of 593 

such patients (31,32,33). These studies have consistently shown that patients can remain 

asymptomatic with preserved LV function for a considerable period of time. The rate of 

progression to symptoms and/or LV dysfunction averaged 4.3% per year. Sudden death 

occurred in 7 of the 593 patients, and the average mortality rate was less than 0.2% per year. 

The available data have also indicated that the rate of development of LV dysfunction, defined 

as an ejection fraction (EF) at rest below normal, occurs at a rate of 1.2% per year. Despite the 

low likelihood of patients developing asymptomatic LV dysfunction, more than one-quarter of 

patients in these series experienced this condition before the onset of warning symptoms. Thus, 

in the serial evaluation of patients, assessing symptomatic status alone is insufficient, and 

quantitative assessment of LV size and function is essential. Natural history studies have also 

defined variables that predict the development of symptoms or LV dysfunction. These variables 

are age, LV end-diastolic dimension or volume, LV end-systolic dimension or volume, and 

LVEF during exercise (31,34,35,36). A tenth study of asymptomatic patients with normal LV 

systolic function, published after the 2006 ACC/AHA guidelines, has reported a higher clinical 

event rate and a higher mortality rate (37). That study, in which quantitative measurement of 
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severity of AR was obtained with Doppler echocardiography, has reported that patients with 

severe AR have a much higher mortality risk and a higher likelihood of AVR than patients with 

less severe AR. The measures of AR severity are stronger predictors of outcomes than LVEF 

or any measures of LV dilatation. Importantly, the annual mortality rate in this 10th study of 

patients with initially normal EF was 2.2%, a percentage 10-fold higher than the average 0.2% 

per year mortality rate in the previous nine studies (30). This higher mortality rate may be 

explained by the more advanced age of the patients in the 10th study (60 years), which is more 

than 20 years older than the average age of patients in the other studies (39 years). This finding 

suggests that severe AR in older patients, who have stiffer arteries and stiffer LVs, may be more 

poorly tolerated than AR in younger patients. 

Data for asymptomatic patients with depressed LV function are limited, but the average rate of 

symptom onset in such patients has been estimated to exceed 25% per year (38,39). Symptoms 

caused by AR are strong predictors of clinical outcomes (40). Data have indicated that patients 

with dyspnea, angina, or overt heart failure have poor outcomes after medical therapy, with 

annual mortality rates greater than 10% in those with angina and 20% in those with heart failure 

(41,42,43). 

 

1.1.2.6 Treatments 

 

Current ACC/AHA guidelines provide three potential indications for vasodilators in severe 

chronic AR (43). The first is long-term treatment of patients with symptoms and/or LV 

dysfunction who has a very high surgical risk because of additional cardiac or noncardiac 

factors. The second is short-term therapy to improve the hemodynamic profiles of patients with 

severe heart failure symptoms and severe LV dysfunction before proceeding to valve surgery. 
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The third is to preserve LV function and possibly delay the need for AVR in asymptomatic 

patients with chronic AR.  

This indication received a class Ia recommendation by the 1998 ACC/AHA Task Force (44), 

but has since been downgraded to class IIb level by the 2006 ACC/AHA Task Force, which has 

been maintained in the current guidelines. This change reflects uncertainty regarding the 

evidence supporting the use of vasodilators for chronic asymptomatic AR. The 2007 European 

Society of Cardiology (ESC) Valvular Guideline recommendations are similar (45). In 

asymptomatic patients with chronic severe AR and hypertension, vasodilators such as ACE 

inhibitors or dihydropyridine calcium-channel blockers are warranted. However, the ESC 

guidelines have also concluded that the role of vasodilators in delaying surgery in patients with 

asymptomatic AR without hypertension is insufficiently supported. Vasodilators evaluated in 

aortic regurgitation include the dihydropyridine calcium antagonist nifedipine; the ACE 

inhibitors enalapril and captopril; and hydralazine. Vasodilators decrease peripheral vascular 

resistance and blood pressure. In addition, these actions decrease afterload with no change in 

regurgitant volume. Diminished regurgitant volume would be expected to decrease ventricular 

filling pressure, LV end-systolic volume (LVESV), and LVEDV indexes (29).  

Diminished afterload would also be expected to improve forward stroke volume and decrease 

LV hypertrophy. These effects might translate into improved clinical outcomes during long 

term treatment. Furthermore, ACE inhibitors target the RAAS, thus potentially providing a 

theoretical advantage over other vasodilators in asymptomatic chronic AR. However, whether 

vasodilatory agents have favorable effects on LV remodeling or improve clinical outcomes 

remains controversial (46). In addition, the possibility of adverse effects of treatment must be 

considered. For example, a decrease in an already low aortic diastolic blood pressure with 

vasodilator treatment could potentially adversely affect coronary perfusion. Currently, evidence 

indicating favorable and or unfavorable clinical effects of vasodilator treatments is lacking (46). 
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While vasodilators have several theoretical advantages in patients with severe asymptomatic 

aortic regurgitation, the clinical studies evaluating their effects in chronic AR have not enabled 

a reliable evaluation of their overall benefits and risks. 

In acute AR, immediate surgical intervention is necessary, because the acute volume overload 

results in life-threatening hypotension and pulmonary edema (47). Symptom onset is an 

indication for surgery, regardless of LV function (30,48), when the symptoms are mild, such as 

in NYHA class II dyspnea, clinical judgment is necessary, and in this setting, exercise testing 

is valuable. In symptomatic patients with decreased LV systolic function (subnormal EF), 

surgery is indicated (30,48). Surgery should also be considered for asymptomatic patients with 

severe AR and impaired LV function at rest, defined by a resting EF less than 50% and/or 

extreme degrees of LV dilatation (LVEDD ≥ 70 to 75 mm and LVESD ≥ 50to 55 mm) (49,50). 

 

1.2 Experimental aortic regurgitation 

 

Several animal models of AR have been developed in the past, and in small animals such as 

rats and rabbits, experimental AR can be induced by retrograde aortic leaflet perforation using 

a rigid catheter inserted via the right carotid artery (24,320) without thoracotomy (Figures 3 

and 4). This model has the advantage of being relatively non-invasive. Rats and rabbits are good 

subjects to evaluate the response of the LV to severe AR since they develop LV abnormalities 

in a relatively short period of time (weeks) compared with humans, who can tolerate this 

condition without LV dysfunction for decades (31,32,33). In the past, experimental AR has 

been performed in rats under hemodynamic guidance. That is, the investigator relied solely on 

a popping sensation that occurred when a leaflet was perforated, accompanied by an acute fall 

in aortic diastolic pressure of >30% during the procedure, to determine whether significant AR 

had been induced (320). The insertion of electromagnetic probes around the ascending aorta of 
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rabbits to quantitate AR has been used in many protocols, but this requires a thoracotomy. As 

a consequence, the procedure becomes invasive and more complicated (320), with high 

intraoperative and perioperative mortality rate in small animals. AR was found to be induced 

more precisely, easily and safely under echocardiographic guidance, with concomitant 

gradation of the severity of the regurgitation and evaluation of LV function (Figure 11), 

complications can be quickly identified and treated whenever is possible (217,221,299). 

Consequently, homogenous group of animals can be obtained with a pure valvular disease 

thereby improving the validity of research protocols. Experimental AR rats showed a LV 

hypertrophy characterized by clear chamber dilatation (increased LVEDD and decreased 

RWT), and moderate loss of function. 

 

Figure 3. Right common carotid artery dissection. From El Oumeiri personal picture  
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Figure 4.  Rat circulatory system from: 

                https://www.biologycorner.com/worksheets/rat_circulatory.html 

 

1.3 Omecamtiv mecarbil 

 

1.3.1 Background 

 

Myocardial contraction results from the remarkable transduction of chemical energy into 

mechanical energy, as regulated on a beat-to-beat basis by inter-associated signaling pathways 

acting on the sarcomeres, the contractile units of myocytes (51). Sarcomeres have a complicated 

structure, wherein the main force-generating unit consists of actin, myosin, and multiple 

regulatory proteins (such as troponin and tropomyosin) (Figure 5).  
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Figure 5. Myocyte structure from Marieb et al. (52). 

 

The myosin complex consists of two myosin heavy chains and two pairs of myosin light chains. 

The myosin heavy chain has a globular head containing an ATPase domain which cleaves 

adenosine triphosphate (ATP) and consequently produces energy, as well as an actin-binding 

site, through which contractile force is transduced. Cardiac troponin (TnC) and tropomyosin 

form a complex that regulates the interaction of myosin with actin in a calcium sensitive manner 

(53). In the resting state, calcium concentrations in myocytes are low, and the troponin–

tropomyosin complex blocks cross-bridge formation between actin and myosin. Myocyte 

depolarization triggers calcium release from the sarcoplasmic reticulum (SR), thereby 

increasing sarcomeric concentrations of calcium and resulting in calcium binding to TnC and a 

shift in tropomyosin, such that it no longer blocks actin–myosin cross-bridge formation. 

Subsequently, myosin binds actin and, using energy released through the hydrolysis of ATP to 

ADP, produces a force-generating conformational change and shortening of the sarcomere. 

Calcium is actively transported back into the SR in a highly energy-intensive process, where it 
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awaits release again after the next depolarization event. This cycle repeats for the lifetime of 

the organism. The cardiac actin–myosin cycle (54,55) is central to this process of myocardial 

force generation (Figure 6). 

 

 

 

Figure 6. Cardiomyocyte contractile cycle. from Edgardo et al. (56). Calcium binds TnC (inhibiting 

TnI), thus inducing a conformational change that displaces tropomyosin from binding sites and exposes 

active sites between actin and myosin. Myosin head activation occurs through ATP hydrolysis 

(ADP+Pi) which is no longer inhibited (TnI), thereby enabling cross-bridge formation between myosin 

heads and active sites on actin (A/B). Release of Pi reinforces these interactions (myosin and actin) thus 

triggering the “power stroke,” another conformational change that firmly pulls myosin against actin in 

a highly stable force-generating association (B/C). The myosin-ADP-actin complex dissociates when an 

ATP molecule binds myosin heads, thereby liberating ADP and releasing actin filaments (D). Calcium 

dissociation from troponin occurs when its cytosolic levels decrease, and tropomyosin returns to its 

original state (blocking actin binding sites). ADP, adenosine diphosphate; ATP, adenosine triphosphate; 

Pi, inorganic phosphate; TnC, troponin C; TnI, troponin I. 

 

Omecamtiv mecarbil (OM) (formerly known as CK-1827452 or AMG 423) (57) is a cardiac 

myosin activator that selectively activates the S1 domain of cardiac myosin but not other muscle 

myosins. OM binds the catalytic domain of myosin, thus stabilizing the pre-power-stroke state 

(58), increasing the transition rate of myosin into the strongly actin-bound force-generating 
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state (Figure 7) (57), and consequently increasing cardiac contractility. The cycle time of 

myosin is similar to the duration of systole, thus enabling more myosin heads to enter the force-

generating state and resulting in more hands pulling on the rope and greater force production. 

The rate of ADP release is unaffected: with more myosin heads bound to the actin filaments; 

the thin filament remains activated longer as calcium levels fall, thus prolonging myocyte 

contraction (57). OM increases the rate of ATP turnover only when cardiac myosin S1 is 

present, regardless of the thin filament source (troponin-tropomyosin-regulated actin), and not 

when fast skeletal or smooth myosin are present (57). 

 

1.3.2 Pharmacodynamics and pharmacokinetics 

 

The pharmacodynamic signature of OM is an increase in the systolic ejection time (SET), as a 

consequence of the increase in the number of myosin heads interacting with actin filaments, 

thereby facilitating a longer duration of systole, even as [Ca2+]c decays. OM prolongs the time 

and increases the amplitude, but not the rate of cell shortening, and does not interfere with 

[Ca2+]c transients (Figure 5) (57). In healthy men and people with stable HF with comparable 

increases in SET, the net increases in SV and cardiac output, and the subsequent decreases in 

heart rate, have been found to be smaller overall than those observed in preclinical studies, thus 

perhaps reflecting the broad range of baseline conditions across human studies. In these early 

studies, OM was examined over a broad range of plasma concentrations, in some cases 

exceeding 1200 ng/mL. Increases in SET have been observed at plasma concentrations as low 

as 100–200 ng/mL, whereas the effect on SV appears to plateau at 400–500 ng/mL. In some 

patients, myocardial ischemia develops with chest pain, ECG changes and/or troponin increases 

at plasma concentrations beyond 1200 ng/mL (59,60). This finding may be explained by an 

excessive increase in SET, thus prolonging cardiac contraction, and progressively shortening 
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diastole (during which coronary perfusion occurs). (59,60). However, in a trial of patients with 

ischemic cardiomyopathy and angina in daily life, OM at target plasma concentrations of 

295 ng/mL and 550 ng/mL has not been found to affect symptom-limited exercise capacity in 

treadmill tests or plasma troponin I levels (61). Subsequent trials have focused on dose regimens 

constraining exposure to less than 1000 ng/mL. 

 

 

Figure 7. The mechanochemical cycle of myosin. from Malik et al. (57). Yellow indicates myosin 

weakly bound to actin, whereas red indicates myosin strongly bound to actin. Omecamtiv mecarbil (OM) 

accelerates the transition rate of myosin into the strongly actin-bound force-generating state. 

 

OM pharmacokinetics has been clinically investigated in healthy volunteers (60) and in patients 

with heart failure (59). Vu et al. (62) have aggregated the results from the studies by Teerlink 

et al. (60), Cleland et al. (59), and a study with oral dosing (62), and analyzed the population 

pharmacokinetics of OM, and the relationship between OM plasma levels and SET and LV 

outflow tract stroke volume. The absolute bioavailability of the oral formulation was assessed, 

and 90% maximal concentration was reached after approximately 1 hour. The elimination half-

life was approximately 18.5 hours, and systemic clearance occurred within 11.9 L/h, with an 

apparent volume of distribution of 298 L. These findings were consistent with the data from the 

individual studies (59,60). The first human study (60) was a randomized, double blind, placebo-
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controlled trial in which OM or placebo was administered intravenously in healthy men at doses 

ranging from 0.005 to mg/kg per hour for 6 hours. The percentage of plasma protein binding of 

OM was approximately 81.5%. OM was found to be extensively metabolized, mainly through 

decarbamylation. Only 8% of the parent compound was recovered unchanged in the urine, 

during collection for as many as 336 hours (60). In a recent study by Chen et al. (63), in a total 

of 4346 healthy participants or patients with HF and decreased EF who received intravenous or 

oral doses of 25 mg, 37.5 mg, and 50 mg twice daily, OM was found to have a clearance of 

11.7 L/h (0.701% relative standard error) and a central volume distribution of 275 L (2.12% 

relative standard error). The estimated half-life of OM was 33 hours. Body weight and estimated 

glomerular filtration rate were significant covariates, but their effects on exposure were modest 

and lacked clinical relevance. Additional covariates, including sex, race, bilirubin, albumin, 

concomitant medications, New York Heart Association functional classification, N-terminal-

pro hormone B-type natriuretic peptide, troponin I, creatine kinase MB, serum hemoglobin, 

tablet formulation, aspartate aminotransferase, and serum urea, were tested and found to have 

no effect on OM exposures (63). 

 

1.3.3 Bioenergetic aspects 

 

In a canine model of HF, OM has not been found to increase O2 consumption (64), although in 

a post-ischemic pig model, O2 consumption has been found to tend to increase (65). In isolated 

mouse hearts, OM has been observed to impair myocardial efficacy by increasing O2 

consumption in working hearts and during basal (resting) metabolism, but these effects are 

abolished by a myosin-ATPase inhibitor (65). These data suggest that OM increases (tonic) 

myosin-ATPase activity (66) and thereby O2 consumption, in contrast with the effect of OM in 

inhibiting the basal ATPase activity of myosin in vitro (67). In skinned rat cardiac myocytes, 

OM shifts the pCa/force relationship to the left, thus indicating sensitization of myofilaments 
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to Ca2+ (68). In the human myocardium, OM increases the myosin duty ratio, thereby enhancing 

Ca2+ sensitivity but slowing force development (69). In a mouse model of dilated 

cardiomyopathy with diminished myofilament Ca2+ sensitivity, OM has been observed to 

resensitize myofilaments toward control levels (70). However, in most patients with HF, the 

Ca2+ affinity of myofilaments is elevated rather than diminished (71,72,73,74). In the LV 

myocardium in patients with terminal HF, increased diastolic tension consumes as much ATP 

and O2 as systolic tension, and elevated diastolic tension is a substantial energetic burden in 

failing hearts, particularly at higher heart rates (75). 

 

1.3.4 Clinical efficacy 

 

In the ATOMIC-AHF study on patients with AHF and an LVEF ≤40%, the primary endpoint 

of dyspnea relief was not reached after three ascending intravenous infusion doses of OM versus 

placebo (76). However, in the highest dose group (n = 202), more patients experienced dyspnea 

relief with OM (51%) than placebo (37%; P = 0.034) treatment. In an echocardiographic 

substudy, OM has been found to prolong SET and decrease LV end-systolic dimension, without 

increasing LV stroke volume (76). Additionally, slight decreases in heart rate (−2 b.p.m.) and 

increases in systolic blood pressure were observed. In the COSMIC-HF trial, oral OM at either 

a fixed dose (25 mg twice daily) or dosing based on a pharmacokinetic titration protocol was 

tested against placebo in patients with stable (not acute) systolic HF receiving standard of care 

therapy (77). After 20 weeks, moderate increases in SET and SV and a slight decrease in heart 

rate were observed in the pharmacokinetic titration group. This effect might reflect slightly 

diminished endogenous sympathetic activity (78). Furthermore, the LV end-diastolic volume 

were 11 mL lower, and the N-terminal pro-B-type natriuretic peptide (NT-proBNP) levels were 

970 pg/mL lower than those in the placebo group. As in ATOMIC-AHF (76), a small increase 

was observed in cardiac troponin I, which did not correlate with OM plasma concentrations 
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(59,60). The frequency of deaths, arrhythmias, hospital admissions, or adverse events did not 

differ between groups, thus suggesting the safety of the treatment. Overall, the hemodynamic 

profile of OM appears promising within its therapeutic range. The increase in cardiac 

contractility and subsequent prolongation of SET increases LV stroke volume in patients with 

chronic HF; consequently, blood pressure initially rises and may decrease endogenous 

sympathetic activation, as indicated by the slight, consistent lowering of heart rate observed in 

human and animal studies. Consequently, cardiac output in humans appears to be largely 

unchanged despite the modest decrease in heart rate, thereby suggesting improved cardiac 

efficiency. Furthermore, the decrease in LV filling pressure, as indicated by the decrease in NT-

proBNP in COSMIC-HF, and the decrease in LV end-diastolic pressures in acute studies in 

dogs, suggests that LV unloading may facilitate reverse remodeling of the LV. In the 

GALACTIC-HF trial (79), more than 8,000 patients with chronic symptomatic (New York 

Heart Association functional class II to IV) HF, left ventricular EF ≤35%, elevated natriuretic 

peptides, and either current hospitalization for HF or history of hospitalization or emergency 

department visit for HF within a year of screening were randomized to either oral placebo or 

OM. The preclinical and clinical data suggest that OM improves cardiac function, decreases 

ventricular wall stress, reverses ventricular remodeling, and promotes sympathetic withdrawal 

(79). In a post hoc analysis (80) of data from the GALACTIC-HF clinical trial, OM therapy 

was found to be well tolerated in patients with severe HF, and no significant differences in 

blood pressure, kidney function, or potassium level were observed between the OM and placebo 

groups (80). These data support a potential role of OM therapy in patients for whom current 

treatment options are limited (80). 
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1.4 Cardiac biomarkers 

 

1.4.1 N-terminal pro-B-type natriuretic peptide (NT-proBNP) 

 

NT-proBNP is a corin-catalyzed cleavage product of proBNP that is synthesized in, and 

secreted from, primarily the ventricular myocardium (81,82). The circulating levels of these 

peptides are elevated in response to increased cardiac wall stress and myocardial hypertrophy 

in states of pressure and/or volume overload (83,84). In patients with congestive HF, BNP and 

NT-proBNP are elevated, and this response is correlated with clinical presentation and 

hemodynamic changes (85). Both markers have also been found to be independent predictors 

of prognosis in patients with heart failure, acute coronary syndrome, and pulmonary embolism 

(86,87,88). Gerber et al. have reported an association of NT-proBNP and BNP with symptoms 

and left ventricular function in 40 patients with AR (89). NT-proBNP can be used as a 

biomarker reflecting hemodynamic stress due to volume overload caused by AR (90). 

Furthermore, NT-proBNP provides prognostic information for the assessment of clinical 

outcomes in patients with isolated AR, particularly in those treated conservatively (90). NT-

proBNP levels might better reflect changes in LVMI caused by volume overload rather than by 

pressure overload. In chronic severe AR, higher preoperative NT-proBNP levels are predictive 

of LV reverse remodeling early after surgery in aortic valve disease (91). 

 

1.4.2 Soluble suppression of tumorigenicity 2 (also called interleukin 1 receptor-like 1; sST2) 

 

Suppression of tumorigenicity (ST2) is a member of the interleukin-1 (IL-1) receptor/Toll-like 

superfamily. ST2 is an interleukin-1 receptor-like 1 (IL1RL-1) protein that was considered an 

“orphan” receptor when it was first described in 1989. (92) Interleukin-33 (IL-33), a member 
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of the IL-1 family of cytokines, was described as a ligand for suppression of tumorigenicity 2 

in 2005 (93). The discovery of IL-33 aided in understanding of the signaling axis of IL-33 and 

ST2. ST2L, after IL-33 binding, inhibits the inflammatory response associated with Th2 

lymphocytes. Suppression of tumorigenicity 2 participates in inflammatory processes and 

functions in relation to immune diseases. According to current knowledge, ST2 has four 

isoforms: the two main isoforms are membrane-bound receptor (ST2L) and soluble (sST2) 

forms, whereas the other two are ST2V (94) and ST2LV (95) Differences in their structures and 

quantities result from a dual promoter system to drive differential mRNA expression (96). The 

ST2L membrane protein consists of three extracellular domains, a single transmembrane 

domain, and an intracellular domain (96). Because sST2 lacks the transmembrane and 

intracellular domains, it circulates freely in the blood. Interleukin-33, after tissue damage or 

necrosis, is released into the extracellular space, where it binds the ST2 receptor and 

subsequently recruits IL-1 receptor accessory protein (IL-1RAcP), thereby leading to the 

activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

signaling pathway (97). The soluble form of ST2, after binding IL-33, inhibits the inflammatory 

response associated with Th2 lymphocytes, thereby blocking the protective effect of IL-33. IL-

33 is biologically active and is released by living cells; it can additionally be released by 

necrotic cells after tissue damage, thereby acting as an endogenous danger signal (98). Multiple 

organs and cell types in humans express IL-33 (93). Together with ST2, IL-33 is involved in 

many inflammatory and allergic diseases, including asthma (99), rheumatoid arthritis (100), 

and inflammatory bowel disease (101); moreover, it participates in cardiovascular 

pathophysiology. Weinberg et al. have described the expression of ST2 in cardiac cells as a 

“response” to myocardial stress and biomechanical overload (102). This discovery resulted in 

research focusing on the role of ST2 in the cardiovascular system. Further studies have revealed 

that in cardiac diseases, the main source of sST2 may be vascular endothelial cells rather than 
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myocardium (103). The interaction of IL-33 and ST2L is part of the cardioprotective pathway 

that prevents fibrosis and inhibits the inflammatory response, hypertrophy, and apoptosis of 

cardiomyocytes. The prognostic value of circulating sST2 levels has been confirmed in acute 

dyspnea, acute coronary syndrome, and acute and chronic heart failure (104). 

 

1.5 Left ventricular gene expression profile 

 

1.5.1 Apoptosis and oxidative stress determinants 

 

1.5.1.1Mitochondrial members Bax and Bcl-2 

 

Apoptosis, or programmed cell death, is a process of ordered, active, non-inflammatory cell 

death. Bcl-2 is a member of a family of genes that are divided into two categories according to 

their effects on apoptosis. One group, including Bax, promotes apoptosis, whereas the other 

group, including Bcl-2, inhibits cell death pathways (105,106). Of these proteins, Bcl-2, Bax, 

and Bcl-XL are the best characterized members of the Bcl-2 family (107). In the presence of 

stress, Bcl-2 family proteins congregate at the outer mitochondrial membrane and regulate 

apoptosis. Pro-apoptotic Bax undergoes conformational changes, then translocates from the 

cytosol to the mitochondria via homo-oligomerization with cell stress signaling proteins (108). 

The Bax/Bcl-2 ratio is a measure of cell vulnerability to apoptosis: a higher Bax/Bcl-2 ratio is 

associated with greater vulnerability to apoptotic activation, and up-regulation of the Bax/Bcl-

2 ratio indicates greater apoptotic activity (109,110). 

 

1.5.1.2 Biomarkers of oxidative stress 

 

The main function of antioxidant enzymes (GPXs, GR, and SOD) is to protect cells against 

various reactive oxygen species (ROS), such as hydroperoxides through scavenging reactions 
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(111). Oxidative stress develops because of an imbalance between free radical production, 

which is often increased in the presence of dysfunctional mitochondria, and decreased 

antioxidant defenses (112,113). The mitochondrial electron transport chain is a major source of 

ROS (114). Oxidative stress is involved in the development and progression of clinical and 

experimental heart failure (115,116,117). Glutathione peroxidase (GPx) is the general name of 

an enzyme family with peroxidase activity, whose main biological role is to protect organisms 

from oxidative damage (118). The biochemical function of GPX is to reduce lipid 

hydroperoxides to their corresponding alcohols and to reduce free hydrogen peroxide to water 

(119). Superoxide dismutase (SOD) is an enzyme that catalyzes the dismutation of the 

superoxide (O−2) radical into ordinary molecular oxygen (O2) and hydrogen peroxide (H2O2) 

(120). Superoxide is produced as a by-product of oxygen metabolism and, if not regulated, 

causes many types of cell damage. SOD1 is located in the cytoplasm, whereas SOD2 is located 

in the mitochondria (121). Glutathione reductase catalyzes the reduction of glutathione 

disulfide (GSSG) to the sulfhydryl form glutathione (GSH), a critical molecule in resisting 

oxidative stress and maintaining the reducing environment of the cell (122). The ratio of 

GSSG/GSH present in cells is a key factor in properly maintaining cellular oxidative balance 

(i.e., maintaining high levels of reduced glutathione and low levels of oxidized glutathione 

disulfide). This narrow balance is maintained by glutathione reductase, which catalyzes the 

reduction of GSSG to GSH (123). 

1.5.2 Molecules implicated in energy substrate use 

 

1.5.2.1 AMPK, PPARα, and PPARγ 

 

Adenosine monophosphate-activated protein kinase (AMPK) is a serine/threonine protein 

kinase widely found in eukaryotic organisms; its major role in the myocardium is regulation of 

energy metabolism (124,125). The activation of AMPK is beneficial to the heart through the 
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activation of energy-producing pathways and inhibition of energy expenditure. AMPK 

regulates fatty acid metabolism via promoting fatty acid uptake, transport, and oxidation; 

moreover, it regulates glucose metabolism through promoting glucose uptake and glycolysis, 

and inhibiting glycogen synthesis (126). 

Peroxisome proliferator-activated receptor alpha (PPARα) is a nuclear receptor protein 

functioning as a transcription factor (127). PPARα is regulated by free fatty acids (128), and is 

involved in modulating myocardial metabolism under basal conditions and in response to 

physiologic stressors (129). Activation of PPARα promotes the uptake, utilization, and 

catabolism of fatty acids through the upregulation of genes involved in fatty acid transport, fatty 

acid binding and activation, and peroxisomal and mitochondrial fatty acid β-oxidation (130). 

PPARα activation also inhibits glycolysis and glycogen synthesis (128). PPARα is the 

pharmaceutical target of fibrates used as hypolipidemic drugs (130). 

Peroxisome proliferator-activated receptor gamma (PPARγ) is a nuclear receptor functioning 

as a transcription factor present primarily in adipose tissue (131). PPARγ regulates fatty acid 

storage and glucose metabolism (132). The genes activated by PPARγ stimulate lipid uptake 

and adipogenesis by fat cells: PPARγ increases insulin sensitivity by enhancing the storage of 

fatty acids in fat cells, and is itself activated by free fatty acids and eicosanoids (133). 

 

1.5.2.2 Glucose transporters Glut1 and Glut4 

 

Glucose is transported into cells by members of the family of facilitative glucose transporters 

(GLUTs). The predominant glucose isoforms expressed in the heart are GLUT1 and GLUT4. 

The GLUT1/GLUT4 ratio in rat hearts varies from 0.1 to 0.6 (134). GLUT translocation to the 

plasma membrane is an important mechanism through which the net flux of glucose into cells 

are regulated. Fasting is associated with a decline in GLUT1 expression (135). After 48 hours 
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of fasting, basal glucose uptake and GLUT1 expression decrease by 90% and 60%, respectively, 

in rat hearts. However, GLUT4 expression and insulin mediated glucose uptake do not change, 

thus indicating that GLUT4 is the major regulator of insulin stimulated glucose uptake in the 

heart (134). Chronic left ventricular hypertrophy (LVH) in rats is associated with increased total 

GLUT1, decreased total GLUT4, increased distribution of both transporters to the plasma 

membrane and AMPK activity (136). In severely failing human hearts, GLUT1, GLUT4, and 

muscle carnitine palmitate transferase-1 (mCPT-1) are downregulated (137). Chronic or 

intermittent myocardial ischemia is also associated with increased expression of GLUT1 in the 

heart (138). In most models of diabetes (type 1 or type 2), diminished expression of GLUT1 

and GLUT4 in the heart is consistently observed (139). 

 

1.5.2.3 PDK4 and CPT1 

 

Pyruvate dehydrogenase kinase isozyme 4 (PDK4), an enzyme located in the matrix of the 

mitochondria, inhibits the pyruvate dehydrogenase complex by phosphorylating one of its 

subunits, thereby decreasing the conversion of pyruvate, which is produced from the oxidation 

of glucose and amino acids, to acetyl-CoA, and contributing to the regulation of glucose 

metabolism. Expression of this gene is regulated by glucocorticoids, retinoic acid, and insulin 

(140). PPARα upregulates PDK4 mRNA, whereas PPARγ activation downregulates PDK4 

expression (141). PDK4 is downregulated in cardiac muscle tissue during HF (142). 

CPT1 is an outer mitochondrial membrane enzyme (143). Membrane-impermeant long chain 

acyl-CoA requires CPT1A and CPT1B to enter mitochondria and undergo β-oxidation. 

Malonyl-CoA, the product of the first committed step in fatty acid synthesis, is usually derived 

from glucose. Malonyl-CoA physiologically inhibits CPT1A and CPT1B, thereby resulting in 
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strong control of fatty acid oxidation (FAO) flux. The increased levels of malonyl-CoA caused 

by hyperglycemia and hyperinsulinemia inhibit CPT1 (144,145). 

 

1.5.2.4 CD36, Lox 1, and ALOX15 

 

CD36 is a high affinity membrane scavenger receptor for long chain fatty acid that has been 

shown to facilitate net fatty acid uptake into muscle and adipose tissues in rodents and humans 

(146).CD36 contributes to the metabolic adjustments of muscle fatty acid uptake, whereas its 

deletion abolishes the muscle's metabolic flexibility and ability to adapt to fasting (147). In 

insulin resistant human muscle, CD36 trafficking is disrupted with chronic relocation of CD36 

to the sarcolemma (148), which is associated with fatty acid accumulation. CD36 modulates 

myocardial Ca2+ metabolism and fatty acid cycling into phospholipids (149). 

Lectin-type oxidized LDL receptor 1 (Lox1) is a membrane scavenger receptor involved in 

internalization of oxidized LDL by endothelial cells. Lox1 has been found to be localized to 

endothelial cells (150), macrophages, platelets, cardiomyocyte and smooth muscle cells. 

Accumulating evidence supports its involvement not only in oxidized LDL internalization, but 

also in endothelial dysfunction, atherosclerosis, plaque instability, thrombogenesis, and innate 

immune responses (151). Lox1 expression increases when endothelial cells are exposed to shear 

stress (152). Lox1 activation by oxidized LDL contributes to the progression of fibrosis and 

cardiac dysfunction after ischemic insult or induced cardiomyopathy; consequently, drugs that 

block Lox1 might potentially be effective cardioprotective treatments of these diseases (153). 

Arachidonic acid lipoxygenase (ALOX15) is a lipid-peroxidizing enzyme (154). ALOX15 and 

its metabolites have both pro- and anti-inflammatory effects, and differential effects of the same 

metabolite may arise from their differential levels (155).  
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Moreover, 12/15-LOX is expressed in various cell types and organs of the body and has been 

implicated in a variety of diseases, including atherosclerosis, hypertension, diabetes, obesity, 

and neurodegenerative disorders. No specific LOX inhibitors are currently available (155). 

 

1.5.3 Vasoactive determinants 

 

1.5.3.1 Angiotensin receptors AT1 and AT2 

 

The renin-angiotensin system (RAS) is considered the major regulator of blood pressure and 

fluid homeostasis. The main effector molecule of the RAS, angiotensin (Ang) II, is produced 

from the substrate angiotensinogen through sequential enzymatic cleavages by renin and 

angiotensin converting enzyme (ACE). Renin cleaves angiotensinogen, thus forming Ang I, 

which in turn is converted to Ang II by ACE (Fig. 1). ACE is a circulating enzyme found in 

endothelial cells of the lungs, vascular endothelium, and cell membranes of the kidneys, heart, 

and brain. ACE also degrades bradykinin into inactive fragments and decreases the serum levels 

of endogenous vasodilators (156). Ang II increases systemic and local blood pressure via its 

vasoconstrictive effect, influences renal tubule retention of sodium and water, and stimulates 

aldosterone release from the adrenal glands (157). Beyond being a potent vasoconstrictor, Ang 

II exerts several prominent nonhemodynamic effects including proliferative, proinflammatory, 

and profibrotic activities (158). The binding of Ang II to Ang receptor type II (AT2) activates 

vasorelaxation of conduit and resistant arteries, improves resistance artery remodeling, 

promotes cardiovascular protection against ischemia-reperfusion injury and acute myocardial 

infarction, inhibits cardiac fibrosis, and protects the kidneys from ischemic injury (159). 
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Figure 8. Overview of the renin-angiotensin system RAS. from Cassis et al. (160). ACE angiotensin 

converting enzyme; AT1R angiotensin type 1 receptor; AT2R angiotensin type 2 receptor; ARB 

angiotensin II receptor blockers. 

 

1.5.3.2 ACE1 and ACE2 

 

Angiotensin-converting enzymes 1 (ACE1) and 2 (ACE2) are central components of the RAS, 

which controls blood pressure by regulating the volume of fluids in the body, and converts the 

angiotensin I into the active vasoconstrictor angiotensin II (160). ACE participates to the kinin-

kallikrein system, in which it degrades bradykinin, a potent vasodilator, and other vasoactive 

peptides (161). The ACE gene encodes two isozymes. A negative correlation between the ACE1 

D-allele frequency and the prevalence and mortality of COVID-19 has been established (162). 

 

1.5.3.3 eNOS and iNOS 

 

Nitric oxide (NO) is a soluble gas endogenously produced by nitric oxide synthase (NOS) 

enzymes. In the heart, three NOS isoforms are present: neuronal NOS (nNOS or NOS1), 
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endothelial NOS (eNOS or NOS3), and inducible NOS (iNOS or NOS2). NOS1 and NOS3 are 

constitutively present, and their enzymatic activity is Ca2+-dependent (163). NOS2 or iNOS is 

absent in healthy hearts, but its expression is induced by inflammation (164). In physiological 

conditions, NO exerts several functions in the myocardium, such as acceleration of relaxation 

(165). This effect is attributed to cGMP-dependent, protein kinase G (PKG)-mediated 

phosphorylation of troponin I, thereby leading to a decrease in myofilament Ca2+ sensitivity 

(166). Thus, sarcolemma-bound NOS3 or eNOS inhibits L-type Ca2+ channels and attenuates 

the β-adrenergic receptor-stimulated increase in myocardial contractility (167). eNOS has been 

reported to increase the ryanodine receptor (RyR) open probability (Po) and the amplitude of 

the Ca2+ transients under conditions of sustained myocardial stretch via a cGMP-independent 

mechanism (168). ACE inhibitors have been shown to enhance eNOS expression and NO 

bioavailability (169). eNOS expression levels have been shown to be diminished in HF (170). 

iNOS is now widely considered to be involved in various pathophysiological conditions of the 

myocardium, such as ischemia-reperfusion injury (171), aging (172), infarction (173), and HF 

(174). NOS2 has been found to contribute to contractile dysfunction (174). In contrast, studies 

have also found beneficial effects of NOS2 expression (175). This discrepancy may depend on 

which pathway is activated (cGMP-dependent or independent) and/or the end targets, which in 

turn may be dependent on the ROS levels in the heart (176). 

 

1.5.3.4 Kallikrein-kinin signalling 

 

The tissue kallikrein-associated peptidase family (KLK) is a group of trypsin- and 

chymotrypsin-like serine proteases with homology to parent tissue kallikrein (KLK1) (177). 

Kininogen is a well-known substrate of KLK members. Low-molecular weight kininogen is 

cleaved by KLK1, thus leading to the release of the vasoactive peptide kinin (178). Kinin in 

turn interacts with kinin receptors and exerts broad biological effects, such as vasodilation 
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(179), non-vascular smooth muscle contraction (180), and inflammation (181). Kinins have 

protective effects against myocardial ischemia/reperfusion insult or hypertrophy by interacting 

with two specific receptors: kinin B1 receptor (B1R) and B2 receptor (B2R) (182). 

Abnormalities in the KLK1–kinin system (KKS) are associated with cardiac hypertrophy (178). 

KLK8 induces cardiac hypertrophy but not through releasing kinin peptides (183). 

 

1.5.3.5 Bradykinin receptors 

 

Bradykinin B1 and B2 receptors (B1R and B2R) are transmembrane receptors belonging to the 

rhodopsin-like G protein-coupled receptor (GPCR) superfamily (184). The signaling of 

bradykinin receptors are mediated by kinins (185), which are produced when kininogens are 

cleaved by serine proteases in the KKS (186). B1R is generally absent in healthy tissues, and 

its expression is induced by injury and inflammation (187). In contrast, B2R is ubiquitously 

expressed throughout the body and is involved in vasodilation, osmoregulation, smooth muscle 

contraction, and nociceptor activation (184). B2R is more associated with cardiovascular 

disorders (184). The activation of B2R by kinins can induce vasodilatation, plasma 

extravasation, and cardioprotective effects (anti-hypertrophic, anti- proliferative, and anti-

atherosclerotic action) (188). In contrast, B2R activation is associated with inflammation. In 

this context, B2R antagonists can effectively treat inflammation-associated cardiovascular 

diseases (184). The activation of B1R confers protection against cardiac ischemia (184); 

however, proinflammatory cytokines stimulate B1R in leukocyte recruitment and/or activation, 

which is involved in disorders such as atherosclerosis (189). B1R expression is also associated 

with hypertension and HF (190).  

 



 
 

 44 

1.5.3.6 Calcium-dependent myocardial contraction 

 

Sarcoplasmic/endoplasmic reticulum (SR) ATPase (SERCA, SR Ca2+-pump ATPase) plays a 

major role in Ca2+ signaling (191) and is involved in various aspects of cell function (192), such 

as transcription (193), apoptosis, exocytosis, signal transduction (194), and cell motility (195). 

SERCA is responsible for the movement of Ca2+ against the concentration gradient between the 

SR and the cytosol. The SR membrane contains Ca2+-pump ATPases that pump Ca2+ ions into 

the tubular network. This active transport is required because Ca2+ ions from the cytoplasm 

cannot passively enter the SR (196). The major component of the longitudinal SR is SERCA 

(197). The SERCA2a isoform is expressed in cardiac muscle, and pressure overload decreases 

SERCA2a mRNA levels (198). Ryanodin receptor (RyR), another major protein in the SR 

membrane, is responsible for the release of Ca2+ from the intracellular stores during excitation-

contraction (199). Mutations in isoform RyR2, the predominant form in the heart muscle, are 

associated with human disorders such as polymorphic ventricular tachycardia (200). Thus, SR 

Ca2+-release plays a critical role in inducing cardiac contraction, and alterations in its signaling 

and function are also considered to be involved in the genesis of cardiac arrhythmias and 

fibrillation (201). The main role of RyR2 is Ca2+-release for the generation of cardiac contractile 

force (202). The sensitivity of RyR has been shown to govern the stability and synchrony of 

Ca2+-release during excitation-contraction coupling in the heart (203). SR Ca2+-release is not 

only regulated by phosphorylation and dephosphorylation (204), but also modulated by 

glycation and oxidation (205). The L-type Ca2+ channel α1C-subunit gene (Cacna1c) plays an 

essential role in cardiac excitation-contraction coupling (206). This protein is localized in the 

T-tubule sarcolemma adjacent to RyR2, where it controls Ca2+ influx from the extracellular 

milieu into the cytosol and thus serves as a major determinant of cardiac function. Beta-

adrenergic receptor stimulation increases the number of L-type channels at the sarcolemma, 



 
 

 45 

thereby enhancing Ca2+ influx and amplifying excitation-contraction coupling (207). Prolonged 

AT1 signaling via decreased L-type Ca2+ channels result in a negative inotropic effect (207). 

The SLC8A1 gene encodes the Na+/Ca2+ exchanger (NCX1) (208). The plasma membrane 

(PM) Ca2+ ATPase and Na+/Ca2+ exchanger are two major systems that extrude Ca2+ from cells 

(209). Because NCX mediates an electrogenic ion-exchange stoichiometry (3Na+: Ca2+), it can 

operate in either forward (Ca2+-extrusion) or reverse (Ca2+-entry) mode, depending on 

intracellular and extracellular Na+ and Ca2+ concentrations and the membrane potential (210). 

In steady-state conditions, forward mode NCX removes nearly all Ca2+ that has entered cells 

during depolarization (211). Under normal conditions, Ca2+ release from the SR is triggered by 

Ca2+ entry into cells through the L-type Ca2+ current, whereas under abnormal conditions, Ca2+ 

is released spontaneously from the SR as a Ca2+ wave (212) after the SR Ca2+ content exceeds 

a threshold level (213). These Ca2+ waves activate electrogenic Na+/Ca2+ exchange, and the 

resulting current has been implicated in cardiac arrhythmias (211). Heart muscle cells adapt to 

both acute and chronic changes in the circulatory demands of the body. Short-term adaptation 

is mediated by phosphorylation and de-phosphorylation of cytosolic proteins involved in 

contraction, excitability, and signaling. Over the long term, these same kinases and 

phosphatases modulate the cardiac phenotype through the activation of a myriad of transcription 

factors. A central pathway is mediated by Ca2+–calmodulin-dependent protein kinase II 

(CaMKII), which translates changes in [Ca2+]i into corresponding levels of kinase activity. In 

cardiac muscle cells, CaMKII phosphorylates cytosolic targets, such as L-type Ca2+ channels 

(LTCCs), RyRs, and the SERCA-regulating protein phospholamban, thus establishing positive 

feedback between the cardiomyocyte beating rate and Ca2+ signaling through Ca2+-dependent 

facilitation of plasmalemmal calcium flux and enhanced SR Ca2+ dynamics (214).  

However, under excessive cytosolic CaMKII activity, this physiological feedback becomes 

maladaptive. In the presence of acute overexpression of cytosolic CaMKII, excessive 
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phosphorylation of CaMKII target proteins alters cardiomyocyte calcium signaling to a profile 

similar to that seen in cardiac failure models (215). Furthermore, long-term potentiation of 

CaMKII activity by transgenic overexpression of cytosolic CaMKII leads to cardiac 

hypertrophy and failure (216). 

2. General hypothesis and Aims of the research work 

 

AR is a valvular heart disease associated with higher morbidity and mortality than that in the 

general population (30,37,38,41,42,43). Chronic severe AR imposes a combined LV volume 

and pressure overload. Volume increase is a direct consequence of the regurgitant volume itself, 

whereas pressure overload results from increased parietal stress and systolic hypertension (19). 

In early compensated severe AR, the LV adapts to the volume overload via eccentric 

hypertrophy (20). Over time, progressive LV dilation and systolic hypertension increase wall 

stress, and the volume/mass ratio of the LV (29), thereby impairing LV systolic function, 

leading to clinical signs of heart failure, and finally becoming irreversible and lethal (31,32). 

Rats have been found to develop progressive LV dilatation and eccentric hypertrophy after 

chronic LV volume overload, as well as progressive irreversible LV systolic dysfunction, thus 

closely mimicking the progression of the disease that occurs over a much longer time span in 

humans (217). OM is a cardiac myosin activator that increases the proportion of myosin heads 

bound to actin, thereby creating a force‐producing state that is not associated with cytosolic 

calcium accumulation and has no effect on Ca2+ homeostasis (57). OM accelerates the transition 

of myosin from the weakly actin-bound state to the strongly actin-bound state, as measured by 

the release of hydrolyzed phosphate (Pi).  

OM appears to shift the equilibrium toward myosin ATP hydrolysis without affecting the rate 

of hydrolysis, in addition to accelerating the rate of Pi release. OM decreases the rate of Pi 

release when actin is removed. This decrease in actin-independent ATP hydrolysis potentially 
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increases the overall energetic efficiency of the system by decreasing ATP utilization not 

associated with mechanical work (57). Consequently, OM increases the systolic ejection 

duration without changing the rate of left ventricular pressure development (57,64). In two 

different canine models of pacing-induced systolic heart failure after myocardial infarction, and 

in the presence of left ventricular hypertrophy (64), OM increases the systolic ejection time, 

improves global cardiac function and cardiac myocyte fractional shortening, and does not 

significantly increase LV myocardial oxygen consumption or myocyte intracellular calcium 

(64). A major determinant of myocardial oxygen consumption is peak systolic wall stress (218). 

Resting LV myocardial oxygen consumption and wall stress also exhibit a linear relationship, 

in which a doubling of the wall tension approximately doubles LV oxygen consumption (219). 

Regarding these data on OM and AR, we tested the hypothesis that cardiac myosin 

activation with OM might improve LV function in a rat-model of chronic severe AR. 

Given that OM increases systolic ejection time and cardiac function, we sought to 

determine whether AR severity and LV wall stress might be affected by OM. To test our 

hypothesis, we examined cardiac measurements and hemodynamic parameters in AR and sham 

rats receiving OM infusion, and AR rats receiving placebo infusion. AR increases LV wall 

stress (29,31,32); subsequently, cardiac fibroblasts and cardiomyocytes release sST2 in 

response to stress and overload, and circulating levels of this protein reflects the degree of 

myocardial stress, ventricular remodeling, and fibrosis (102). Moreover, the release of NT-

proBNP indicates increases in ventricular wall stress and myocardial hypertrophy in states of 

pressure and/or volume overload (83). The effects of AR on sST2 and NT-proBNP, as well as 

the effects of OM-mediated increases in cardiac contraction strength on these parameters, are 

unknown in rodents. We tested the hypothesis that severe chronic AR increased NT-

proBNP and sST2 in rats in relation to changes in LV morphology and function. In 

addition, we anticipated that OM administration in AR might exert differential effects on 
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sST2 and NT-proBNP, given the importance of myocardial stress in sST2 release. To test 

our hypothesis, in AR and sham rats receiving OM infusion, and AR rats receiving placebo 

infusion, cardiac measurements, hemodynamic parameters, and sST2 and NT-pro-BNP plasma 

levels were examined. As described above, OM increased the systolic ejection time, and 

improved global cardiac function and cardiac myocyte fractional shortening, but did not 

significantly increase LV myocardial oxygen consumption or myocyte intracellular calcium 

(64). In contrast, the administration of OM has been found to increase myocardial oxygen 

consumption in a pig model of HF (65). Although the data suggested that the administration of 

OM may increase O2 consumption, the findings were not fully consistent with the OM-mediated 

inhibition of baseline myosin ATPase activity observed in vitro (67). Similarly, Nagy et al. (68) 

have reported that OM-treated myofilaments are sensitized to Ca2+ in an exposed rat myocyte 

model, whereas Utter et al. (70) have found that OM re-sensitized myofilaments exhibit 

diminished Ca2+ sensitivity in a mouse model of dilated cardiomyopathy. Gene expression 

profiles have been established in several animal models of AR, including a rat model in early 

(2 week) and late stages of the disease (220,221). We tested the hypothesis that OM and AR 

mediated changes in gene expression in the adult rat myocardium, with a particular 

emphasis on the pathways associated with apoptosis, oxidative stress, energy substrate 

metabolism, and Ca2+-mediated cardiac contractility. To test our hypothesis, OM or placebo 

were infused in rats with or without AR. Cardiac measurements, hemodynamic parameters, and 

LV myocardial gene expression were then examined. 
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3. Methods 

 

3.1 Effects of omecamtiv mecarbil on cardiac function, aortic regurgitation and LV  

      wall stress in an experimental rat’s model 

 

This paragraph describes the material and methods used for the 2 first randomized,  

interventional studies, conducted on healthy adult Wistar rats. The first study evaluated the  

effects of OM on the LV and on the degree of AR in rats with severe chronic AR (229); the  

second study evaluated the effects of OM on LV wall stress and the degree of AR, with a  

different anesthesia technique and a more accurate measurement of AR (230). The  

experimental procedure and measurements will be explained in details in the following  

chapters. Both experimental studies were approved by the Institutional Animal Care and Use  

Committee of the Université Libre de Bruxelles (644N). Studies were conducted in  

accordance with the Guide for the Care and Use of Laboratory Animals published by the  

National Institutes of Health (NIH Publication No. 85–23, revised 1996). 

 

 

3.1.1 Experimental animals  

 

In the first study, twenty-four male adult Wistar rats (401 ± 90 g body weight) were randomized 

to a sham intervention (n = 4) or to AR creation (n = 20). Rats that survived the acute phase 

(n = 12) was randomized into an OM group (n = 7) or a placebo group (n = 5). The 4 rats (two 

in the OM group and two in the placebo group) who underwent a sham operation served as 

control for the effect of time and measurement repetition on the parameters investigated. 

For the second study, forty male adult Wistar rats (486 ± 49 g body weight) were separated into 

two groups: sham intervention (n = 6) or AR induction (n = 34). Rats that survived AR induction 
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or the acute phase (n = 18) were randomized into the OM (n = 8) or placebo (n = 10) groups. 

Rats that underwent the sham intervention (n = 6) also received OM and served as controls to 

assess the effect of time and repeated measurements on the variables investigated in the study. 

 

3.1.2 Anesthesia and surgical procedure 

 

In the first study, the animals were anesthetized with an intraperitoneal injection of 75 mg/kg 

of ketamine and 0.25 mg/kg of medetomidine. In the second study, the animals were 

anesthetized using 1.5% inhaled isoflurane. The same surgical procedure was performed in the 

both studies. The right internal carotid artery was surgically exposed and ligated distally; 

subsequently, a transverse arteriotomy was performed, through which a fixed‐core wire guide 

(0.025-inch diameter; Cook Inc,IN,USA) was advanced toward the aortic valve in a retrograde 

manner to tear the valve leaflets and induce AR. The following echocardiographic criteria after 

achieving a popping sensation at the time of surgery were used to include animals in the study: 

(1) a jet extent greater than 30% of the length of the LV, and (2) a color‐Doppler ratio of 

regurgitant jet width to LV outflow tract diameter greater than 50% (222). The six sham‐

operated animals underwent cannulation of the right carotid artery without aortic valve 

puncture. Animals were closely observed during the first hours and days after surgery for any 

sign of respiratory distress suggestive of acute HF. Pre‐ and post‐surgery analgesia was 

administered. 

 

3.1.3 Cardiac measurements 

 

Heart rate (HR) and rhythm were monitored via limb leads throughout the procedure. 

Transthoracic 2D, M-mode and Doppler echocardiography were performed under general 
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anesthesia with an ultrasound unit (Vivid-7, GE Healthcare, US) equipped with a 10-Mhz 

surgical transducer in the first study and (Vivid‐E90, GE Healthcare) equipped with a 12‐MHz 

phased‐array transducer (GE 12S‐D, GE Healthcare) in the second study. 

Rats were placed in the right and left lateral recumbent positions and their electrocardiogram 

was monitored via limb leads throughout the procedure. All measurements were made 

according to the recommendations of the American Society of Echocardiography currently 

applied to humans (222). Standard right parasternal (long and short axis) and left apical 

parasternal views were used for data acquisition. Left atrial size was assessed in right 

parasternal short axis at the level of the aorta. Diastolic (d) and systolic (s), septal wall thickness 

(SWT), posterior wall thickness (PWT) and LV diameters (LVEDD, LVESD) were measured 

in M-mode from a LV short axis view at the level of chordae tendinae and fractional shortening 

(FS) was calculated. Ejection fraction (EF) were derived using the Teicholz formula. Left 

ventricle mass was calculated using the American Society of Echocardiography recommended 

formula: LV mass = 0.8 x {1.04[(LVEDD +PWTd + SWTd)3-(LVEDD)3]} + 0.6 g. Aortic 

diameter was measured from the right long axis parasternal view. Aortic flow was measured 

from the left apical view to calculate forward stroke volume (SV) and cardiac output and to 

measure pre-ejection period (PEP: delay from Q wave of QRS to aortic opening, msec), LV 

ejection time (LVET: interval from beginning to termination of aortic flow, msec), and inter-

beat interval (RR). Systolic time was determined as PEP + LVET (msec). Diastolic time (msec) 

consists in RR interval (msec) - systolic time (msec). PEP/LVET ratio was also calculated. 

PEP/LVET is a more useful index of overall LV performance (223). This ratio is better 

correlated with other LV performance measurements than either PEP or LVET, and is 

considered independent of HR (224).  

In the first study, severity of the regurgitant aortic jet was subjectively graded (1 to 4). In the 

second study, the severity of the regurgitated aortic jet was objectively evaluated by measuring 
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the pressure half‐time (PHT) of the AR jet using a continuous‐wave Doppler. A PHT of <200 

msec was considered indicative of severe AR. Relative wall thickness (RWT) was calculated 

using the formula RWT = 2·PWTd/LVEDD, where PWTd is the posterior wall thickness at 

end‐diastole (mm). 

 

3.1.4 Calculation of wall stress variables 

 

Wall stress was calculated based on Laplace's law (σ = P × r/2w, where σ is the wall stress, P 

is the left intraventricular pressure, r is the LV diameter, and w is the wall thickness.) Wall 

stress—the true measure of LV afterload—decreases during ejection and is twice as high in 

protosystole as in telesystole. The calculation of maximum stress (σ max) must be performed 

at maximum systolic pressure using the telediastolic diameter, which is that of protosystole 

before it shortens during ejection as follows: σ max = (Psmax·Dtd)/2w, where P is the 

maximum systolic pressure, D is the LVEDD, and w is the end‐diastolic wall thickness. End‐

systolic wall stress (σ es) is calculated using the formula σ es = Pes·Dts/2w, where Pes is the 

end‐systolic pressure, Dts is the LVESD, and w is the end‐systolic wall thickness. Wall stress 

on diastole (σ d) was also calculated: σ d = Pd·Dtd/2w, where Pd is the diastolic pressure. 

 

3.1.5 Invasive blood pressure measurement 

 

Invasive arterial pressures were measured with a micro manometer (rodent catheter 1.6 F, 

Transonic Systems Inc.) inserted in the right common carotid artery before and after the 

induction of AR (only once in sham‐operated rats) and the left femoral artery for all rats before 

and after injection of OM or placebo (2 months after induction of AR). The micro manometer 
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was connected to a data acquisition system (ADV500PV system, Transonic Systems Inc.) to 

capture hemodynamic measurements.  

3.1.6 Experimental design 

Doppler echocardiography was performed before AR induction (corresponding to baseline  

time) during surgery to confirm the presence and the severity of AR. Doppler  

echocardiography was performed again 2 months after the induction of AR, both before and  

after the infusion of OM (1.2 mg/kg/hour) or placebo (0.9% NaCl). In the treatment groups,  

animals received equal volumes (12 mL/kg) of placebo or OM through a femoral vein  

perfusion for 30 min. This procedure allowed to achieve a plasma concentration of around  

400 ng/mL of OM in a previous study (225). Doppler echocardiography was performed  

immediately after the 30‐min infusion. All the animals remained alive during these  

experimental sessions. Five rats with placebo infusion and 7 rats with OM infusion were  

included in the first study. In the second study, there were 10 rats with placebo infusion and 8  

rats with OM infusion. 

 

3.1.7 Statistical analyses 

 

Statistical analyses are described hereafter for published article. 

Part1: El Oumeiri  et al (229) 

Results are expressed as mean ± standard deviation (SD). A 2-factor ANOVA for repeated  

measures followed by post-hoc Bonferroni corrections for multiple comparisons was used to  

assess the effects of OM versus placebo, and any interaction between them, after 2 months of  

AR in the 16 animals. All other statistical analysis consisted of paired-t tests between  

variables. Significance was set at a p-value less than 0.05. Statistical analysis was performed  

with the SPSS 23.0 program (IBM, Chicago, Ill, USA). 

Part 2: El Oumeiri B et al (230) 

Results are expressed as mean ± standard deviation (SD). Data were analyzed using a two‐ 
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factor analysis of variance (ANOVA) for repeated measures. Inter‐group differences were  

tested using two‐way ANOVA. If the F ratio of the ANOVA reached the threshold p‐value of  

<0.05, further comparisons were made using the parametric Student's t test. A p‐value of  

<0.05 was considered to be significant (SPSS 23.0, IBM Corp.). 

 

3.2 Effects of omecamtiv mecarbil and aortic regurgitation on cardiac biomarkers in an   

      experimental rat model 

 

3.2.1 Study protocol 

In this part of the study, circulating plasma levels of cardiac biomarkers, sST2 and NT- 

proBNP, were measured in rats 2 months after the creation of AR with or without OM  

infusion. The experimental protocol was approved by the Institutional Animal Care  

and Use Committee of the Université Libre de Bruxelles (644N). Experiments were conducted  

in accordance with the Guide for the Care and Use of Laboratory Animals published by the  

 

National Institutes of Health (NIH Publication No. 85-23; revised 1996). This part of the  

study included 24 male adult Wistar rats (weighting 482 ± 57 g). Six rats were assigned to a  

sham intervention and 18 rats underwent induction of AR. The 18 rats that were subjected to  

AR induction, were randomly assigned to OM (n = 8) or placebo (n = 10) treatment. AR was  

induced under general anesthesia (1.5% inhaled isoflurane) by retrograde puncture of the  

aortic valve leaflet as described above the six rats assigned to the sham group underwent  

cannulation of the right carotid artery under general anesthesia without aortic valve puncture.  

Cardiac measurements were similar as those described above. 

 

3.2.2 Study Design 

Doppler-echocardiography was performed before the induction of AR induction (at baseline 

time) and during the surgical procedure to confirm the presence and severity of the lesion. 

Doppler echocardiography was performed again 60 days after the experimental induction of 
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AR in these rats. Rats with AR in the OM treatment (n = 8) and placebo (n = 10) groups received 

equal volumes (12 mL/kg body weight) of OM (1.2 mg/kg/hr) or placebo 0.9% NaCl, 

respectively, via a 30-min infusion through the femoral vein. Rats that underwent the sham 

intervention (n = 6) received the same dose of OM. 

 

3.2.3 Measurements of plasma levels of sST2 and NT-proBNP 

Blood samples were obtained from each rat by venipuncture under general anesthesia (1.5% 

inhaled isoflurane) on the day of the surgery immediately before (baseline) and two months 

after the induction of AR (or sham procedure, i.e., before infusion of OM or placebo), and 1, 2, 

and 7 days thereafter. Samples were collected into vacuum blood collection tubes (BD 

Vacutainer, Plymouth, UK) with ethylenediaminetetraacetic acid (EDTA) as the anticoagulant. 

Tubes were centrifuged immediately after collection at 3000 rpm and 4°C for 15 min to obtain 

plasma, which was separated in multiple aliquots and stored at -80°C until analysis. Plasma 

levels of sST2 were measured using a rat ST2 ELISA Kit (MYBIOSOURCE, San Diego, CA, 

USA). The detection range for sST2 assay kit was 62.5-2000 pg/mL. Plasma levels of NT-

proBNP were measured using a rat NT-proBNP ELISA Kit (MYBIOSOURCE, San Diego, 

CA, USA). Plasma levels of sST2 and NT-proBNP were measured using 

electrochemiluminescence immunoassay GLOMAX multi detection system (Promega 

Corporation, Madison, WI, USA). The lower limit of detection for the NT-proBNP assay kit 

was 5 pg/mL, with a functional sensitivity of <50 pg/mL and working range (imprecision profile 

≤10% coefficient of variation) that extended to ~35 000 pg/mL. The assays were carried out as 

per the manufacturer’s instructions. Results were presented as the mean value of duplicated 

experiments. Laboratory technicians were blinded as to the specific characteristics of each 

sample. 
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3.2.4 Statistical analysis 

 

Statistical analyses are described hereafter for the published article. 

El Oumeiri  et al (231) 

Results are presented as mean ± SD. Data were analyzed using a two-factor analysis of variance 

(ANOVA) for repeated measures. Inter-group differences were tested using a two-way 

ANOVA. If the F ratio of the ANOVA reached the threshold p-value of <0.05, further 

comparisons were made using the parametric Student’s t-test. A p-value of <0.05 was 

considered to be significant (SPSS 23.0, IBM Corp., Armonk, NY). Correlations were analyzed 

parametrically by Pearson’s rank correlation. 

 

3.3 Effects of omecamtiv mecarbil and aortic regurgitation on left ventricle in an experimental  

      rat’s model  

 

Here, we described materials and methods used for the realization of two studies evaluating  

myocardial changes in gene expression profile in adult rats with a particular emphasis on  

pathways associated with apoptosis, oxidative stress, energy substrate metabolism, and Ca2+- 

mediated cardiac contractility, 1) after OM infusion and 2) induced by AR. Both studies were  

approved by the Institutional Animal Care and Use Committee of the Faculty of Medicine of  

the Université Libre de Bruxelles (ULB; Brussels, Belgium; protocol acceptation number:  

644N). Experiments were conducted in accordance with the Guide for the Care and Use of  

Laboratory Animals published by the United States National Institutes of Health (NIH  

Publication No. 85-23; revised 1996). 
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3.3.1 Protocol and experimental design  

 

In the first study, fourteen adult male Wistar rats (Janvier, Le Genest-Saint-Isle, France) were 

randomly assigned to intravenous administration of OM (1.2 mg/kg/hour for 30 min via the 

femoral vein; n=6; mean body weight: 553 ± 38 g) or placebo (n=8; mean body weight: 536 ± 

39 g) on day 0. Dose of OM was chosen to achieve peak plasma concentrations of ~400 ng/mL, 

as previously reported (13). Seven days after OM infusion, OM- and placebo-treated rats were 

sacrificed by exsanguination via section of the abdominal aorta. The hearts were rapidly 

harvested and dissected to isolate the LV, which was snap-frozen in liquid nitrogen and stored 

at -80°C for further biological analysis. 

In the second study, 18 male adult Wistar rats (Janvier, Le Genest-Saint-Isle, France). Ten rats 

(mean body weight: 577 ± 24 g) has aortic regurgitation (AR) created two months before AR 

was induced under general anesthesia (1.5% inhaled isoflurane) by retrograde puncture of the 

aortic valve leaflet as previously described.  The other group (n=8) served as control group 

(mean body weight: 536 ± 39 g). Rats with AR (n = 10) and the group control (n = 8) received 

equal volumes (12 ml/kg body weight) of 0.9% NaCl, respectively, via a 30 min infusion 

through the femoral vein. Seven days after saline infusion rats were sacrificed by 

exsanguination via section of the abdominal aorta. The hearts were rapidly harvested and 

dissected to isolate the LV, which was snap-frozen in liquid nitrogen and stored at -80°C for 

further biological analysis. IN both studies Cardiac measurements are the same as described 

before. 

 

3.3.2 Real-time quantitative polymerase chain reaction (RTq-PCR) 

In both studies, total RNA was extracted from snap-frozen LV myocardial tissue using TRIzol 

reagent (Invitrogen, Merelbeke, Belgium) followed by a chloroform/ethanol extraction and a 
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final purification using QIAGEN RNeasy® Mini kit (QIAGEN, Hilden, Germany), according 

to manufacturer’s instructions. RNA concentration was determined by standard 

spectrophotometric techniques, using a spectrophotometer Nanodrop ® (ND-1000; Isogen Life 

Sciences, De Meern, The Netherlands) and RNA integrity was assessed by visual inspection of 

GelRed (Biotium, Hayward, California)-stained agarose gels. Reverse transcription was 

performed using random hexamer primers and Superscript II Reverse Transcriptase (Invitrogen, 

Merelbeke, Belgium) according to the manufacturer’s instructions. Gene-specific sense and 

antisense primers for RTq-PCR (Table 2 and Table 3) were designedusing the Primer3 program 

for rattus norvegicus gene sequences, including those for B-cell lymphoma 2 (Bcl2), Bcl2 

associated X apoptosis regulator (Bax), glutathione peroxidase (Gpx), glutathione-disulfide 

reductase (Gsr) Gsr , superoxide dismutases 1 and 2 (Sod1 and Sod2), AMP- activated protein 

kinase (Ampk), peroxisome proliferator-activated receptors alpha and gamma (Ppar alpha and 

gamma), solute carrier family 2 members 1 (Slc2a1, also known as Glut1) and 4 (Slc2a4 or 

Glut4), pyruvate dehydrogenase kinase (Pdk4), carnitine palmitoyltransferase1 (Cpt1) Pdk4 

and Cpt1 , fatty acid transporter Cd36, oxidized low-density lipoprotein receptor 1 (Olr1, also 

known as Lox1), arachidonate15-lipoxygenase (Alox15), angiotensin II receptor type 1a 

(Agtr1a, also known as AT1) angiotensin II receptor type 2 (Agtr2, also known as AT2), 

angiotensin converting enzymes 1 and 2 (ACE1 and ACE2), nitric oxide synthases 2 and 3 

(Nos2, also called inducible NOS or iNOS and Nos3, also called endothelial NOS or eNOS) 

AT1, AT2, ACE1, ACE2, Nos2 and Nos3.kallikrein related-peptidases 8 and 10 (Klk8 and 

Klk10), kallikrein 1-related peptidases C2 and C12 (Klk1c2 and Klk1c12) only in the first 

study, bradykinin receptors B1 and B2 (Bdkrb1 and Bdkrb2), ATPase 

sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2 (Atp2a2, also called Serca2), 

ryanodine receptor 2 (Ryr2), calcium voltage-gated channel subunit alpha1C (Cacna1c), solute 

carrier family 8 member A1(Slc8a1), Ca2+/calmodulin- dependent protein kinase II delta 
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(Camk2d) Slc8a1and camk2d, glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and 

hypoxanthine phosphoribosyltransferase 1 (Hprt1) used as housekeeping genes.  

Intron-spanning primers were selected whenever possible to avoid inappropriate amplification 

of contaminant genomic DNA. Amplification reactions were performed in duplicate using 

SYBRGreen PCR Master Mix (Quanta Biosciences, Gaithersburg, MD, USA), specific 

primers, and diluted template cDNA. Analysis of the results was performed using an iCycler 

System (BioRad Laboratories, Hercules, CA, USA). Relative quantification was achieved using 

the Pfaffl method (226) by normalization with the housekeeping genes, Gapdh and Hprt1. 

 

Genes  Primer Sequences 

Glycerol-3-phosphate dehydrogenase 

(GAPDH) 

Sense 

Antisense 

5’ – AAGATGGTGAAGGTCGGTGT – 3’ 

5’ – ATGAAGGGGTCGTTGATGG – 3’ 

Hypoxanthine guanine phosphoribosyl 

transferase (HPRT) 

Sense 

Antisense 

5’ – ACAGGCCAGACTTTGTTGGA – 3’ 

5’ – ATCCACTTTCGCTGATGACAC – 3’ 

AMP-activated protein kinase (Ampk) Sense 

Antisense 

5’ – TTCGGGAAAGTGAAGGTGGG – 3’ 

5’ – TCTCTGCGGATTTTCCCGAC-– 3 ‘ 

Angiotensin converting enzyme 1 (ACE1) Sense 

Antisense 

5' - AGTGGGTGCTGCTCTTCCTA - 3' 

5' - GGAGGCTGTGATGGTTATGG - 3' 

Angiotensin converting enzyme 2 (ACE2) Sense 

Antisense 

5' - GCCTTGGAAAATGTGGTAGG - 3' 

5' - TTCAGCCAGACAAACAATGG - 3' 

Angiotensin II receptor type 1a (Agtr1a or 

AT1) 

Sense 

Antisense 

5’ – ACATTCTGGGCTTCGTGTTC – 3’ 

5’ – CATCATTTCTTGGCGTGTTC – 3’ 

Angiotensin II receptor type 2 (Agtr2 or AT2) Sense 

Antisense 

5’ – TGCTCTGACCTGGATGGGTA – 3’ 

5’ – AGCTGTTTGGTGAATCCCAGG – 3’ 

Arachidonate 15-lipoxygenase (Alox15) Sense 

Antisense 

5' - GCACTCTTCCGTCCATCTTG - 3' 

5' - GCTTCTCCATTGTTGCTTCCT - 3' 

ATPase sarcoplasmic/endoplasmic reticulum 

Ca2+ transporting 2 (Atp2a2 or Serca2) 

Sense 

Antisense 

5’ – GCAGGTCAAGAAGCTCAAGG – 3’ 

5’ – TCTCTGCGGATTTTCCCGAC – 3’ 

Bcl2 associated X apoptosis regulator (Bax) Sense 

Antisense 

5' - CGTGGTTGCCCTCTTCTACT - 3' 

5' - TCACGGAGGAAGTCCAGTGT - 3' 

B-cell lymphoma 2 (Bcl2) Sense 

Antisense 

5' - TTTCTCCTGGCTGTCTCTGAA - 3' 

5' - CATATTTGTTTGGGGCAGGT - 3' 

Bradykinin receptor B1 (Bdkrb1) Sense 

Antisense 

5' -AAGCTACGTGCCTGCTCATC - 3' 

5' - CGGGGACGACTTTAACAGAG - 3' 

Bradykinin receptor B2 (Bdkrb2) Sense 

Antisense 

5' - GCTGTCGTGGAAGTGGCTAT - 3' 

5' - AAGGTCCCGTTATGAGCAGA - 3' 
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Ca2+/calmodulin-dependent protein kinase II 

delta (Camk2d) 

Sense 

Antisense 

5’ – ATCCACAACCCTGATGGAAA – 3’ 

5’ – GCTTTCGTGTTTCACGTCT – 3’ 

Ca2+ voltage-gated channel subunit alpha1 C 

(Cacna1c) 

Sense 

Antisense 

5’ – CCTATTTCCGTGACCTGTGG – 3’ 

5’ – GGAGGGACTTGATGGTGTTG – 3’ 

Carnitine palmitoyltransferase 1 (Cpt1) Sense 

Antisense 

5’ – AAGAACACGAGCCAACAAGC – 3’ 

5’ ACCATACCCAGTGCCATCAC – 3’ 

CD36 fatty acid transporter (Cd36) Sense 

Antisense 

5' - TTTCTGCTTTCTCATCGCCG - 3' 

5' - GGATGTGGAACCCATAACTGG - 3' 

Glutathione peroxidase (Gpx) Sense 

Antisense 

5' - CCGACCCCAAGTACATCATT - 3' 

5' - AACACCGTCTGGACCTACCA - 3' 

Glutathione-disulfide reductase (Gsr) Sense 

Antisense 

5' - GCCGCCTGAACAACATCTAC - 3' 

5' - CTTTTTCCCGTTGACTTCCA - 3' 

Kallikrein-related-peptidase 8 (Klk8) Sense 

Antisense 

5' -CGGAGACAGATGGGTCCTAA - 3' 

5' - ATCTCTTGCTCGGGCTCAT - 3' 

Kallikrein-related-peptidase 10 (Klk10) Sense 

Antisense 

5' - GCAGGTCTCCCTCTTCCATA - 3' 

5' - CAGTGGCTTATTTCTCCAGCA - 3' 

Kallikrein 1-related peptidase C2 (Klk1c2) Sense 

Antisense 

5'- CAGGAGAGATGGAAGGAGGA - 3' 

5' - CGGTGTTTTGGGTTTAGCAC - 3' 

Kallikrein 1-related peptidase C12 (Klk1c12) Sense 

Antisense 

5' - CATCAAAGCCCACACACAGAT - 3' 

5' - AAGCACACCATCACAGAGGAG - 3' 

Nitric oxide synthase 2 (NOS2 or iNOS) Sense 

Antisense 

5' - GTTTCCCCCAGATCCTCACT - 3' 

5' - CTCTCCATTGCCCCAGTTT - 3' 

Nitric oxide synthase 3 (NOS3 or eNOS) Sense 

Antisense 

5' - GGTATTTGATGCTCGGGACT - 3' 

5' - TGATGGCTGAACGAAGATTG - 3' 

Oxidized low density lipoprotein receptor 1 

(Olr1 or Lox1) 

Sense 

Antisense 

5' -CATTCACCTCCCCATTTT - 3' 

5' - GTAAAGAAACGCCCCTGGT - 3' 

Peroxisome proliferator-activated receptor 

alpha (Ppar alpha) 

Sense 

Antisense 

5 ‘ – TTAGAGGCGAGCCAAGACTG – 3’ 

5’ – CAGAGCACCAATCTGTGATGA – 3’ 

Peroxisome proliferator-activated receptor 

gamma (Ppar gamma) 

Sense 

Antisense 

5’– GCGCTAAATTCATCTTAACTC – 3’ 

5’ – CTGTGTCAACCATGGTAATTT – 3’ 

Pyruvate dehydrogenase kinase 4 (Pdk4) Sense 

Antisense 

5' - GAGCCTGATGGATTTAGTGGA - 3' 

5' - CGAACTTTGACCAGCGTGT - 3' 

Ryanodine receptor 2 (Ryr2) Sense 

Antisense 

5’ – GGAACTGACGGAGGAAAGTG – 3’ 

5’ – GAGACCAGCATTTGGGTTGT – 3’ 

Solute carrier family 2 member 1 (Slc2a1 or 

Glut1) 

Sense 

Antisense 

5' - TCTTCGAGAAGGCAGGTGTG - 3' 

5' - TCCACGACGAACAGCGAC - 3' 

Solute carrier family 2 member 4 (Slc2a4 or 

Glut4) 

Sense 

Antisense 

5' - AGGCCGGGACACTATACCC - 3' 

5' - TCCCCATCTTCAGAGCCGAT -5' 

Solute carrier family 8 member A1 (Slc8a1) 

  

Sense 

    Antisense 

5’ – GAGATTGGAGAACCCCGTCT – 3’ 

5’ – AGTGGCTGCTTGTCATCGTA – 3’ 

Superoxide dismutase 1 (Sod1) Sense 

Antisense 

5' - GGTCCACGAGAAACAAGATGA - 3' 

5' - CAATCACACCACAAGCCAAG - 3' 

Superoxide dismutase 2 (Sod2) Sense 

Antisense 

5' -AAGGAGCAAGGTCGCTTACA - 3' 

5' - ACACATCAATCCCCAGCAGT - 3' 
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Table 2.  Primers used for real-time quantitative polymerase chain reaction (RTq-PCR) in rat 

left ventricular (LV) myocardial tissue 
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Genes  Primer Sequences 

Glycerol-3-phosphate dehydrogenase 

(GAPDH) 

Sense 

Antisense 

5’ – AAGATGGTGAAGGTCGGTGT – 3’ 

5’ – ATGAAGGGGTCGTTGATGG – 3’ 

Hypoxanthine guanine phosphoribosyl 

transferase (HPRT) 

Sense 

Antisense 

5’ – ACAGGCCAGACTTTGTTGGA – 3’ 

5’ – ATCCACTTTCGCTGATGACAC – 3’ 

AMP-activated protein kinase (Ampk) Sense 

Antisense 

5’ – TTCGGGAAAGTGAAGGTGGG – 3’ 

5’ – TCTCTGCGGATTTTCCCGAC-– 3 ‘ 

Arachidonate 15-lipoxygenase (Alox15) Sense 

Antisense 

5' - GCACTCTTCCGTCCATCTTG - 3' 

5' - GCTTCTCCATTGTTGCTTCCT - 3' 

ATPase sarcoplasmic/endoplasmic 

reticulum Ca2+ transporting 2 (Atp2a2 or 

Serca2) 

Sense 

Antisense 

5’ – GCAGGTCAAGAAGCTCAAGG – 3’ 

5’ – TCTCTGCGGATTTTCCCGAC – 3’ 

Bcl2 associated X apoptosis regulator (Bax) Sense 

Antisense 

5' - CGTGGTTGCCCTCTTCTACT - 3' 

5' - TCACGGAGGAAGTCCAGTGT - 3' 

B-cell lymphoma 2 (Bcl2) Sense 

Antisense 

5' - TTTCTCCTGGCTGTCTCTGAA - 3' 

5' - CATATTTGTTTGGGGCAGGT - 3' 

Bradykinin receptor B1 (Bdkrb1) Sense 

Antisense 

5' -AAGCTACGTGCCTGCTCATC - 3' 

5' - CGGGGACGACTTTAACAGAG - 3' 

Bradykinin receptor B2 (Bdkrb2) Sense 

Antisense 

5' - GCTGTCGTGGAAGTGGCTAT - 3' 

5' - AAGGTCCCGTTATGAGCAGA - 3' 

Ca2+ voltage-gated channel subunit alpha1 

C (Cacna1c) 

Sense 

Antisense 

5’ – CCTATTTCCGTGACCTGTGG – 3’ 

5’ – GGAGGGACTTGATGGTGTTG – 3’ 

CD36 fatty acid transporter (Cd36) Sense 

Antisense 

5' - TTTCTGCTTTCTCATCGCCG - 3' 

5' - GGATGTGGAACCCATAACTGG - 3' 

Glutathione peroxidase (Gpx) Sense 

Antisense 

5' - CCGACCCCAAGTACATCATT - 3' 

5' - AACACCGTCTGGACCTACCA - 3' 

Kallikrein-related-peptidase 8 (Klk8) Sense 

Antisense 

5' -CGGAGACAGATGGGTCCTAA - 3' 

5' - ATCTCTTGCTCGGGCTCAT - 3' 

Kallikrein-related-peptidase 10 (Klk10) Sense 

Antisense 

5' - GCAGGTCTCCCTCTTCCATA - 3' 

5' - CAGTGGCTTATTTCTCCAGCA - 3' 

Oxidized low density lipoprotein receptor 1 

(Olr1 or Lox1) 

Sense 

Antisense 

5' -CATTCACCTCCCCATTTT - 3' 

5' - GTAAAGAAACGCCCCTGGT - 3' 

Peroxisome proliferator-activated receptor 

alpha (Ppar alpha) 

Sense 

Antisense 

5 ‘ – TTAGAGGCGAGCCAAGACTG – 3’ 

5’ – CAGAGCACCAATCTGTGATGA – 3’ 

Peroxisome proliferator-activated receptor 

gamma (Ppar gamma) 

Sense 

Antisense 

5’– GCGCTAAATTCATCTTAACTC – 3’ 

5’ – CTGTGTCAACCATGGTAATTT – 3’ 

Ryanodine receptor 2 (Ryr2) Sense 

Antisense 

5’ – GGAACTGACGGAGGAAAGTG – 3’ 

5’ – GAGACCAGCATTTGGGTTGT – 3’ 

Solute carrier family 2 member 1 (Slc2a1 or 

Glut1) 

Sense 

Antisense 

5' - TCTTCGAGAAGGCAGGTGTG - 3' 

5' - TCCACGACGAACAGCGAC - 3' 

Solute carrier family 2 member 4 (Slc2a4 or 

Glut4) 

Sense 

Antisense 

5' - AGGCCGGGACACTATACCC - 3' 

5' - TCCCCATCTTCAGAGCCGAT -5' 

Superoxide dismutase 1 (Sod1) Sense 

Antisense 

5' - GGTCCACGAGAAACAAGATGA - 3' 

5' - CAATCACACCACAAGCCAAG - 3' 
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Superoxide dismutase 2 (Sod2) Sense 

Antisense 

5' -AAGGAGCAAGGTCGCTTACA - 3' 

5' - ACACATCAATCCCCAGCAGT - 3' 

 

Table 3. Primers used for real-time quantitative polymerase chain reaction (RTq-PCR) in rat 

with AR left ventricular (LV) myocardial tissue 

 

 

3.3.3 Statistical analysis 

 

Statistical analyses are described hereafter for published article and submitted article. 

El Oumeiri et al. (227) 

Results are presented as mean ± standard deviation (SD) with “n” representing the number of 

individual data points. The echocardiographic data were compared using Student’s t-test for 

repeated measures (n = 6) before and after OM perfusion. The RTq-PCR data evaluating LV 

gene expression, were compared using Student’s t-test for independent samples (with n = 8 in 

the control group and n=6 in the treated group). Statistical analyses were performed using 

StatView 5.0 Software. A p-value < 0.05 was considered statistically significant. 

 

El Oumeiri et al (submitted manuscript) 

Results are presented as mean ± standard deviation (SD) with “n” representing the number of 

individual data points. The echocardiographic data were compared using Student’s t-test for 

repeated measures (n = 10) before and after saline perfusion. The RTq-PCR data evaluating LV 

gene expression, were compared using Student’s t-test for independent samples (with n = 8 in 

the control group and n=10 in the AR group). Statistical analyses were performed using 

StatView 5.0 Software. A p-value < 0.05 was considered statistically significant. 
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4. Results 

 

4.1 Effects of AR on rats left ventricle, cardiac biomarkers and LV genes expression. 

 

4.1.1 AR and LV measurements 

In the first study, AR was achieved in all 20 animals and confirmed by the presence of a 

regurgitant jet quantified as severe in all animals. Eight animals died of congestive HF within 

2 months and were not included in the final analysis. After 2 months AR (graduated from 0 to 

4) was achieved at 3.67 ± 0.44 (Figure 11), and echocardiographic signs of volume overload 

and eccentric hypertrophy were present with increased left atrial diameter, LVEDD, LVEDV 

and LV mass (n = 12, all p < 0.05, paired t-tests). Load dependent indices of LV systolic 

function (FS and EF) was unchanged but LVESD were increased. SV and cardiac output were 

decreased (n = 12, both p < 0.01, paired t tests). As expected, no AR was detected in sham 

operated rats (n = 4) with no modifications of LV function or dimension (Table 4).  

In the second study, AR was achieved in all 34 rats, as confirmed by the presence of a 

regurgitant jet quantified as severe (PHT <200 msec). Sixteen rats died during the surgery or 

from congestive heart failure before the end of the 2‐month follow‐up and were thus excluded 

from the final analysis. After 2 months, AR (PHT <200 msec) was confirmed, and the presence 

of volume overload and eccentric hypertrophy were established echocardiographically by 

significant increases in LVEDD, LVESD, and LV mass (n = 18, all p < 0.001, Figure 9 ). Load‐

dependent indices of LV systolic function (FS and EF) and RWT were significantly lower than 

baseline (p < 0.05, n = 18), whereas SV and CO were significantly higher than baseline (n = 

18, both p < 0.001). As expected, signs of AR were not present in the sham‐operated rats (n = 

6), and thus no changes in LV functions or dimensions were observed in this group. 
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Table 4. Two-way ANOVA statistics with Bonferroni correction at base (T1), before injection (T2) and 

after injection (T3) for all sham animals (n = 4). Values are mean ± SD. LVEDD Left ventricle end-

diastolic diameter, LVEDV Left ventricle end-diastolic volume, LVESD Left ventricle end-systolic 

diameter, LVESD Left ventricle end-systolic volume, FS Fractional shortening, EF Ejection fraction, 

SV stroke volume, SWTs septal wall thickness at end-systole, SWTd septal wall thickness at end-

diastole, PEP aortic pre-ejection period, LVET Left ventricular ejection time, RR inter-beat interval.  
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Figure.9 Hemodynamic effects of aortic regurgitation (AR) induced in rats (n = 18) at baseline and 2 

months after induction of AR. Values are expressed as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001 

(or other symbols; two‐way analysis of variance). Comparisons: * = within a group compared with 

baseline; * between the same rats that had an AR 2 months before (n=18), before AR and 2 months after 

induction of AR. CO, cardiac output; LVEDD, left ventricle end‐diastolic diameter; LVESD, left 

ventricle end‐systolic diameter; RWT, relative wall thickness; SV, stroke volume; σ, max wall stress; σ 

d, diastolic wall stress; σ es, end‐systolic wall stress 
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4.1.2 AR effects on wall stress and blood pressure 

As mentioned above, wall stress and invasive blood pressure measurements were only 

performed in the second study. Diastolic arterial blood pressure was significantly lower after 

the induction of AR (n = 18, p < 0.001). End‐systolic and maximum wall stress were 

significantly higher in all rats with AR after induction (n = 18, p < 0.05). We detected no 

changes in σ max or arterial blood pressure in sham‐operated rats (n = 6). 

 

4.1.3 Effects of AR on cardiac biomarkers 

 

4.1.3.1 Plasma NT-proBNP levels in rats with AR 

 

The baseline levels of plasma NT-proBNP were244 ± 48 pg/mL in the 18 rats that were 

designated to undergo surgical induction of AR. About 60 days after the induction of AR, the 

plasma levels of NT-proBNP were not significantly different, i.e., 231 ± 35 pg/mL in 

thisexperimental cohort (Figure 13). We also detected no significant differences in plasma NT-

proBNP levels among the six rats in the sham control group (235 ± 37 pg/mL at baseline versus 

280 ± 66 pg/mL measured 60 days later). We identified no correlations between plasma NT-

proBNP levels and echocardiographic parameters, blood pressure, or body weight. 
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Figure 10. Plasma NT-proBNP levels in adult male rats (n = 18) at baseline and 60 days after induction 

of AR (day 60). Values shown (pg/mL) are means ± SDs. 

 

4.1.3.2 Plasma sST2 levels in rats with AR 

 

As shown in Figure 14, we detected no significant differences in plasma sST2 in rats when 

comparing levels detected before and 2 months after surgical induction of AR (583 ± 514 pg/mL 

vs. 543 ± 340). We also detected no significant changes in the levels of plasma sST2 in rats in 

the sham group at these time points. However, we did identify significant correlations between 

plasma levels of sST2 and PWTd as determined by echocardiography (r=0.34, p<0.05). We 

also identified a significant correlation between plasma sST2 and body weight (r=0.45, p<0.01), 

as shown in Figure 15A and 15B. 
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Figure 11. Plasma sST2 levels in adult male rats (n = 18) at baseline and 60 days after the induction of 

AR induction. Values shown (expressed in pg/mL) are means ± SDs. 
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B. 

 

Figure 12. (A) Correlations between plasma NT-proBNP and sST2 levels and body weight (n=18) at 

baseline and 60days after the induction of AR (p <0.01). (B) Correlations between plasma NT-proBNP 

and sST2 levels and PWTd (n =18 rats) at baseline and 60 days after the induction of AR; *p <0.05. 

 

 

 

 

 
  

Parameter¹ Baseline 

 

Two 

months 

 

 r (NT-proBNP)        r (sST2) 

FS, % 40 ± 6  32 ± 7 *** 0.014 0.12 

EF, % 75 ± 10  64 ± 12 *** 0.08 0.13 

SWTs, mm 2.72 ± 0.57  2.64 ± 0.59  0.017 0.04 

SWTd, mm 1.94 ± 0.53  2.11 ± 0.64  0.08 -0.065 

LVESD, mm 5.0 ± 1.0  7.5 ± 1.3 *** -0.02 -0.06 

LVEDD, mm 8.3 ± 1.1  11.1 ± 1.3 *** -0.033 -0.028 

HR, BPM 309 ± 50  291 ± 43  -0.096 -0.14 

LVOT, mm 2.48 ± 0.18  2.76 ± 0.18 *** -0.14 0.12 

PWTs, mm 2.86 ± 0.46  2.87 ± 0.69  -0.083 0.21 

PWTd, mm 1.85 ± 0.45  1.87 ± 0.41  0.17 0.34* 

PEP, ms 24 ± 9  23 ± 13  0.014 0.08 

LVET, ms 78 ± 5  86 ± 8  0.08 0.2 

ST, ms 103 ± 13  108 ± 17  0.05 0.017 

DT, ms 99 ± 28  101 ± 30  0.06 0.1 

RR, ms 201 ± 30  208 ± 28  0.08 0.12 

PEP/LVET 0.30 ± 0.10  0.26 ± 0.15  -0.25 0.11 

ST/RR 0.53 ± 0.11  0.52 ± 0.10  0.03 -0.08 

ARPht, ms     91 ± 25    

SV, ml 0.30 ± 0.08  0.52 ± 0.12 *** -0.1 0.03 

CO, ml/min 96 ± 29  151 ± 41 *** -0.08 0.02 
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LVOT VTI, mm 65 ± 13  87 ± 15 *** -0.081 -0.03 

BP Sys, mmHg 116 ± 6  122 ± 15  -0.09 -0.05 

BP Dia, mmHg 78 ± 7  60 ± 10 *** 0.05 -0.12 

Weight, g 486 ± 76  562 ± 66 *** -0.004 0.45** 

LV mass 1042 ± 394  1747 ± 558 *** 0.047 0.02 

σd, dyn/cm² 88 ± 25  87 ± 30  -0.06 0.18 

σmax, dyn/cm² 264 ± 72  348 ± 125 *** -0.15 -0.014 

σEs, dyn/cm² 69 ± 24  124 ± 52 *** -0.02 -0.02 

RWT 0.46 ± 0.15  0.34 ± 0.10 ** 0.08 0.24 

 

Table 5. El Oumeiri et al. (231). Echocardiographic measurements in rats (n = 18) at baseline and 60 

days after induction of AR. Correlations of plasma NT-proBNP and sST2 levels with echocardiographic 

variables and invasive arterial pressure measurements at baseline and two months (60 days) after the 

induction of AR.Values presented are means ± SD; *p <0.05, **p < 0.01, ***p < 0.001. ¹FS, fractional 

shortening; EF, ejection fraction; SWTs, septal wall thickness in systole; SWTd, septal wall thickness 

in diastole; LVESD, left ventricle end-systolic diameter; LVEDD, left ventricle end-diastolic diameter; 

HR, heart rate; LVOT, left ventricle outflow tract diameter; PWTs, posterior wall thickness in systole; 

PWTd, posterior wall thickness in diastole; PEP, pre-ejection period; LVET, left ventricular ejection 

time; ST, systolic time; DT, diastolic time; RR, interval between successive R waves; ARPht, aortic 

regurgitation pressure half-time; SV, stroke volume; CO, cardiac output; VTI, velocity-time integral; 

BP, blood pressure; σ, wall stress; σmax, maximum wall stress; σd, end-diastolic wall stress; σEs, end-

systolic wall stress; RWT, relative wall thickness. 

 

 4.1.4 Effects of AR in rats LV genes expression 

 

4.1.4.1 AR and LV expression of genes regulating apoptosis and oxidative stress 

 

Myocardial LV gene expression of pro-apoptotic Bax was significantly higher in rats with AR 

compared to control group, whereas no difference in gene expression of anti-apoptotic Bcl2 

was observed (Figure 21A). The resulting pro-apoptotic Bax-to-Bcl2 ratio was increase in the 

LV of rats with AR (Figure 21A). We also examined differential expression of genes involved 

in oxidative stress regulation. Myocardial expression of Gpx, an anti-oxidant enzyme, increased 

in the LV rats with AR, decreased Sod2 gene expression whereas no changes in Sod1 gene 

expression were observed (Figure 21B). 
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A. 

 

B. 

   

Figure 13. Myocardial left ventricular relative expression of genes implicated in (A) apoptosis (Bax, 

Bcl2) and (B) oxidative stress (Gpx, Sod1, Sod2) processes seven days after placebo (AR; n = 10; black 

bars) versus placebo (n = 8; grey bars) infusion. Values are presented as mean ± SD; * 0.01 < p < 0.05, 

** 0.001 < p < 0.01, *** p < 0.001.   
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4.1.4.2 AR impacted LV expression profile of key determinants of cardiac energy substrate 

use 

 

To assess the effects of AR on basal myocardial energy metabolism, we evaluated gene 

expression profile of transcription factors and molecules regulating cardiac glucose and fatty 

acid metabolism. As illustrated in Figure 22A, myocardial LV gene expression of key energy 

sensors Ppar gamma and Ampk decreased. Myocardial LV expression of Slc2a1 (Glut1), the 

major myocardial glucose transporter remained unchanged in rats with AR, while gene 

expression of Slc2a4 (Glut4) decreased with AR (Figure 22B). As illustrated in Fig. 22C, AR 

increased LV expression of Alox15 encoding the 12/15 lipoxygenase enzyme implicated in 

polyunsaturated fatty acid metabolism, and of oxidized low-density lipoprotein receptor 1 

(Olr1, also known as Lox1) encoding for a scavenger receptor mediating the uptake of oxidized 

lipoproteins into cells, whereas gene expression of fatty acid transporter Cd36 remained 

unchanged. 

A. 
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B. 

 

 

C. 

 

Figure 14. El Oumeiri et al. (228). Myocardial left ventricular relative expression of genes implicated in 

cardiac metabolism, including (A) cellular energy sensors such as Ampk, Ppar α, and Ppar γ; (B) glucose 

transporters Glut1 and Glut4; and (C) fatty acid metabolism regulators such as Cd36, Lox-1, and Alox-

15, seven days after placebo (AR; n = 10; black bars) versus placebo (n = 8; grey bars) infusion. Values 

are presented as mean ± SD; ** 0.001 < p < 0.01, *** p < 0.001.  

0,0

0,5

1,0

1,5

GLUT1 GLUT4

R
e
la

ti
v
e
 m

R
N

A
 g

e
n
e
 e

x
p
re

s
s
io

n
 

(G
A

P
D

H
, 

H
P

R
T

)

Control AR

0

3

6

9

12

15

18

CD36 OLR1 15-LOX

R
e
la

ti
v
e
 m

R
N

A
 g

e
n
e
 e

x
p
re

s
s
io

n
 

(G
A

P
D

H
, 

H
P

R
T

)

Control AR

**

*

* 



 
 

 75 

4.1.4.3 AR altered LV expression of genes implicated in cardiac contractility 

 

As illustrated in Figure 3A, AR did not induce a major change in LV gene expression in 

kallikrein-bradykinin system except an increase in LV gene expression of KlK10. Again, after 

2 months chronic severe AR did not induce major changes in gene expression of Cacna1c and 

RYR, except a decrease in LV gene expression of Serca2 in response to AR (Figure 23B). 

A. 

 

B. 

 

 

 

 

 

 

 

 

Figure 15. Myocardial left ventricular relative expression of genes controlling myocardial contractility 

including (A) Ca2+-dependent excitation–contraction Cacna1c, Ryr2, serca2a ; (B) cardiac actors of 

kallikrein (Klk8, Klk10) - bradykinin (Bdkrb1 and Bdkrb2) system and of seven days after placebo (AR 

; n = 10 ; black bars) versus placebo (n = 8 ; grey bars) infusion. Values are presented as mean ± SD ; * 

0.01 < p < 0.05, ** 0.001 < p < 0.01, *** p < 0.001. 
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4.2 Effects of OM and placebo on LV rats with AR 

 

4.2.1 Effects of placebo in rats with AR.  

As illustrated in Table 5, in the first study before infusion, there was no difference in 

echocardiographic results between the 2 groups (Placebo versus OM). NaCl infusion affected 

none of the echocardiographic parameters of global and systolic cardiac function neither the 

indices of LV preload (n = 5, p > 0.06, paired t tests). 

In the second study, infusion with 0.9% NaCl (placebo group, n = 10) affected some 

echocardiographic parameters in rats with AR (Figure 10 and table 9). FS was significantly 

higher (p < 0.05), whereas LVESD, LVESDD, and end‐systolic wall stress were significantly 

lower (p < 0.05). Hemodynamically, NaCl infusion significantly increased systolic and diastolic 

blood pressures (p < 0.05), as well as PWTs and the PEP/LVET ratio (p < 0.05). 
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Table 6. Two-tailed T-test before and after placebo infusion on LV function after 2 months of AR in a 

rat model (n = 5). Values are mean ± SD. Left ventricle end-diastolic diameter; LVEDV: Left ventricle 

end-diastolic volume; LVESD: Left ventricle end-systolic diameter; LVESD: Left ventricle end-systolic 

volume; FS: Fractional shortening; EF: Ejection fraction; SV: stroke volume; SWTs: septal wall 

thickness at end-systole; SWTd: septal wall thickness at end-diastole PEP: aortic pre-ejection period; 

LVET: Left ventricular ejection time; RR: inter-beat interval. 
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Figure 16. El oumeiri et al. (230) Hemodynamic effects of aortic regurgitation (AR) induced in rats at 

baseline, 2 months after induction of AR (pre‐infusion), and following infusion (I) of omecamtiv 

mecarbil (OM) or placebo (0.9% NaCl)1. 1Values are expressed as mean ± SD. *p < 0.05; **p < 0.01; 

***p < 0.001 (or other symbols; two‐way analysis of variance). Comparisons: * = within a group 

compared with baseline; # = within a group compared with 2 months (pre‐infusion); £ = compared with 

placebo group at the same time point; # within the same goup (placebo (n=10) or OM (n=8)) before and 

after infusion, the 2 group had a AR; ### is p<0.001 (in the same group placebo after 2 months before 

and after infusion of placebo n=10, or for the OM group (n=8) after 2 months before and after OM 

infusion). CO, cardiac output; LVEDD, left ventricle end‐diastolic diameter; LVESD, left ventricle end‐

systolic diameter; ST, systolic time; SV, stroke volume; σ, max wall stress; σ d, diastolic wall stress; σ 

es, end‐systolic wall stress. 

 

4.2.2 Effects of OM rat with AR 

OM increased indices of global cardiac function (SV, CO), decreased HR and increased systolic 

performance (FS, EF) (n = 7, all p < 0.05, paired t tests). These effects concurred with decreases 

in measures of LV preload (Left atrial diameter, LVEDD), and a decreased PEP/LVET ratio 

(n = 7, all p < 0.05, paired t tests). OM did not affect the severity score of the AR jet (Table 6). 

Infusion with OM (treatment group, n = 8; Figure 10, Table 9) significantly increased FS, ST, 

and LVET (p < 0.05) and significantly decreased LVEDD and LVESD (p < 0.05). In addition, 

OM treatment resulted in a significant decrease in the wall stress parameters σ max, σ es, and 

σ d (p < 0.05). OM infusion also affected indices of global cardiac function, including 

significant decreases in SV and CO (p < 0.05), but did not affect the severity of AR (PHT 110 

± 12 ms vs. 89 ± 10 ms before OM injection, P ns). 
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Table 7. Two-tailed T-test before and after OM infusion on LV function after 2 months of AR in a rat 

model (n = 7). Values are mean ± SD. LVEDD Left ventricle end-diastolic diameter, LVEDV Left 

ventricle end-diastolic volume, LVESD Left ventricle end-systolic diameter, LVESD Left ventricle end-

systolic volume, FS Fractional shortening, EF Ejection fraction, SV stroke volume, SWTs septal wall 

thickness at end-systole, SWTd septal wall thickness at end-diastole, PEP aortic pre-ejection period, 

LVET Left ventricular ejection time, RR inter-beat interval.  

 

4.2.3 Effects of OM compared with placebo rats with AR 

Only FS and EF increased after OM as compared to placebo (p = 0.014 and p = 0.012, 

respectively; Table 7 and Figure 12). None of the other hemodynamic changes investigated in 

this study achieved the level of significance in this analysis. 
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In the second study, the effects of OM and placebo treatments in AR rats were compared by 

using two‐way ANOVA (Table 9). In the comparison of OM versus placebo, values for PEP (p 

< 0.01), the PEP/LVET ratio (p < 0.001), the ST/RR ratio (p < 0.01), and SWTs (p < 0.01) were 

lower in rats infused with OM than those in the placebo group. Similarly, diastolic time (DT) 

was higher in rats of the OM group than in rats of the placebo group (p < 0.05). No other 

echocardiographic or hemodynamic parameters investigated in this study exhibited significant 

differences between the OM and placebo groups. 

 

Table 8. Hemodynamic parameters at baseline (T1), before (T2) and after injection (T3) of OM in all 

animals (n = 12) analyzed with a two-way ANOVA statistic test with Bonferroni correction. Values are 

expressed as mean ± SD. LVEDD means left ventricle end-diastolic diameter; LVEDV, left ventricle 

end-diastolic volume; LVESD, left ventricle end-systolic diameter; LVESD, left ventricle end-systolic 

volume; FS, fractional shortening; EF, ejection fraction; SV, stroke volume; SWTs, septal wall thickness 

at end-systole; SWTd, septal wall thickness at end-diastole; PEP, aortic pre-ejection period; LVET, left 

ventricular ejection time; RR, inter-beat interval. 
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Figure 17. Illustrative examples of M-mode echocardiography recordings in 2 Wistar rats during the 

entire study. The figure displays left ventricular end diastolic diameter (LVEDD, mm) and fractional 

shortening (FS, %) prior to AR (left tracings), after 2 months of AR (middle tracings) and after 30 min 

of placebo (upper tracings) and OM infusions (lower tracings).  
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Figure 18. Two-way ANOVA with Bonferroni corrections for multiple comparisons on the effects of 

OM versus placebo on FS (p = 0.014) and EF (p = 0.012) after 2 months of AR. Box and Whisker plots 

before infusion, and after infusion of OM vs. placebo (median: horizontal band within the box, box top 

and bottom: upper and lower first quartiles, top and bottom whiskers: highest and lowest quartiles; 

n = 12). 
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4.2.4 effects of OM in sham-operated rats 

No AR was detected in sham operated rats (n = 4) with no modifications of LV function or 

dimension in the placebo group while only FS and EF increased after injection of OM (p = 0.011 

and p = 0.032, respectively; Table 4). The effects of OM treatments in AR rats and sham‐

operated rats were compared by two‐way ANOVA (Table 8). Infusion of OM in sham‐operated 

rats (n = 6) resulted in significant increases in LVET, FS and decreases in σ d, the PEP/LVET 

ratio, and PEP (all p < 0.05). 

 

 

Table 9. Echocardiographic measurements in rats (n = 6) at baseline and 30 min after OM infusion. 

Values presented are means ± SD; * p < 0.05. FS, fractional shortening; EF, ejection fraction; LVESD, 

left ventricle end-systolic diameter; LVEDD, left ventricle end-diastolic diameter; HR, heart rate; PEP, 

pre-ejection period; LVET, left ventricular ejection time; SV, stroke volume; CO, cardiac output; SBP, 

systolic blood pressure; DBP, diastolic blood pressure; LA, left atrial diameter. 

 

 



 
 

 85 

 

 

 

Table 10. Hemodynamic effects of aortic regurgitation (AR) induced in rats at baseline, 2 months after 

induction of AR (pre-infusion), and following infusion of omecamtiv mecarbil (OM) or placebo (0.9% 

NaCl) compared to sham-operated rats 2 months after operation. Values are expressed as mean ± SD. 

*p < 0.05; **p < 0.01; ***p < 0.001 (or other symbols; two-way ANOVA). Comparisons: * = within a 

group compared with baseline; # = within a group compared with 2 months (pre-infusion); £ = compared 

with placebo group at the same time point. FS, fractional shortening; EF, ejection fraction; SWTs, septal 

wall thickness in systole; SWTd, septal wall thickness in diastole; LVESD, left ventricle end-systolic 

diameter; LVEDD, left ventricle end-diastolic diameter; HR, heart rate; LVOT, left ventricle outflow 

tract diameter; PWTs, posterior wall thickness in systole; PWTd, posterior wall thickness in diastole; 

PEP, pre-ejection period; LVET, left ventricle ejection time; ST, systolic time; DT, diastolic time; RR, 

interval between successive R; ARPht, aortic regurgitation pressure half-time; SV, stroke volume; CO, 

cardiac output; VTI, velocity-time integral; BP, blood pressure; σd, diastolic wall stress; σ, max wall 

stress; σEs, end-systolic wall stress; RWT, relative wall thickness. 

 

4.3 Effects of OM and placebo on cardiac biomarkers 

 

4.3.1 Effects of OM and placebo on plasma NT-proBNP levels 

 

The plasma NT-proBNP levels were measured on day 0 as well as on days 1, 2, and 7 after OM 

or placebo treatment (i.e., days 60, 61, 62, and 67 post-procedure) of rats with experimentally 

 SHAM (n=6) Placebo (n=10) Omecaptivmercarbyl (n=8) 

 Base 2 Mois 2M+OM Base 2 Mois 2M+placabo IAO 2 Mois 2 Mois+OM 

FR, % 40 ± 1   38.8± 3.6* 44 .1
± 

4.4 * 42 ± 2  33 ± 1 * 44 ± 4 ### 38 ± 3  31 ± 4 * 38 ± 4 # 

FE, % 74 ± 3 76 ± 2  81 ± 2  76 ± 3  65 ± 4 ** 70 ± 3  73 ± 4  63 ± 5 * 68 ±
4 

3  

SIVs, mm 2.54 ± 0.11 2.56 ± 0.09  2.73 ± 0.13  3.03 ± 0.18  2.85 ± 0.22  3.20 ± 0.25  2.32 ± 0.09 ££ 2.38 ± 0.11  2.51 ± 0.07 ££ 

SIVd, mm 1.65 ± 0.04 1.68 ± 0.07  1.77 ± 0.09  2.20 ± 0.18  2.38 ± 0.24 $ 2.42 ± 0.15 $ 1.62 ± 0.10  1.78 ± 0.05 £ 1.87 ± 0.07  

LVESD, mm 5.4 ± 0.2 5.5 ± 0.2  4.6 ± 0.4  4.6 ± 0.2  7.2 ± 0.3 $$*** 4.7 ± 0.4 ### 5.4 ± 0.4  8.0 ± 0.6 $$*** 5.9 ± 0.5 ### 

LVEDD, mm 8.9 ± 0.2 9.0 ± 0.2  8.3 ± 0.4  7.9 ± 0.2  10.7 ± 0.3 $*** 8.5 ± 0.2 ### 8.8 ± 0.5  11.6 ± 0.6 $$*** 9.4 ± 0.7 ### 

FC, BPM 285 ± 19 283 ± 23  304 ± 28  315 ± 19  301 ± 15  313 ± 13  301 ± 13  279 ± 14  273 ± 16  

LVOT, mm 2.37 ± 0.12 2.54 ± 0.08 * 2.59 ± 0.08 ** 2.41 ± 0.06  2.82 ± 0.06 *** 2.85 ± 0.05 *** 2.58 ± 0.05  2.69 ± 0.05  2.69 ± 0.07  

PVGs, mm 2.49 ± 0.05 2.63 ± 0.05  2.77 ± 0.09  3.00 ± 0.14  2.89 ± 0.24  3.45 ± 0.19 $*# 2.69 ± 0.15  2.85 ± 0.23  2.93 ± 0.18  

PVGd, mm 1.72 ± 0.05 1.64 ± 0.05  1.68 ± 0.04  1.88 ± 0.17  1.76 ± 0.15  2.35 ± 0.16  1.82 ± 0.12  2.01 ± 0.11  2.06 ± 0.15  

PEP, ms 21 ± 3 21 ± 2  14 ± 3 *# 28 ± 2  31 ± 3  34 ± 3 $$** 20 ± 4  12 ± 2 ££** 15 ± 3 ££ 

LVET, ms 81 ± 3 79 ± 6    89±8
* 

* 81 ± 1  87 ± 3  88 ± 4  76 ± 2  84 ± 3  100 ± 10 ***## 

ST, ms 103 ± 5 100 ± 3  102 ± 6  109 ± 3  119 ± 4  122 ± 6  95 ± 5  95 ± 4 £ 117 ± 11 ***### 

DT, ms 112 ± 9 114 ± 11  106 ± 18  88 ± 9  85 ± 8  72 ± 5 $ 112 ± 9  121 ± 7 £ 115 ± 7 £ 

RR, ms 215 ± 14 214 ± 14  209 ± 23  197 ± 11  202 ± 9  194 ± 8  206 ± 9  216 ± 9  232 ± 14  

PEP/LVET 0.25 ± 0.03 0.26 ± 0.03  0.15 ± 0.03 **## 0.34 ± 0.02  0.36 ± 0.03  0.38 ± 0.03 ## 0.25 ± 0.04  0.13 ± 0.03 £££*** 0.15 ± 0.02 £££** 

ST/RR 0.48 ± 0.01 0.47 ± 0.02  0.50 ± 0.03  0.58 ± 0.04 $ 0.59 ± 0.02 $$ 0.63 ± 0.02 $$ 0.46 ± 0.02 ££ 0.44 ± 0.01 £££ 0.50 ± 0.03 ££ 

ARPht, ms                92 ± 7  123 ± 15 #     89 ± 10  110 ± 12  

SV, ml 0.29 ± 0.03 0.32 ± 0.03  0.35 ± 0.02  0.30 ± 0.02  0.51 ± 0.04 $$*** 0.47 ± 0.03 *** 0.31 ± 0.04  0.53 ± 0.04 $$*** 0.44 ± 0.05 ***# 

CO, ml/min 83 ± 10 90 ± 8  106 ± 9  96 ± 8  153 ± 12 $*** 145 ± 8 *** 97 ± 12  149 ± 15 $*** 118 ± 8 # 

LVOT VTI, mm 67 ± 5 64 ± 4  67 ± 3  66 ± 4  81 ± 3  74 ± 4  63 ± 5  94 ± 6  77 ± 7  

TA Sys Pré, mmHg 124 ± 8 128 ± 4  128 ± 9  119 ± 2  115 ± 2  135 ± 4 **### 114 ± 2  131 ± 7 ** 120 ± 4  

TA Dia Pré, mmHg 88 ± 7 90 ± 4  88 ± 8  82 ± 1  59 ± 3 $$$*** 69 ± 4 $**# 73 ± 3  62 ± 3 $$* 56 ± 3 $$$*** 

TA Sys Post, mmHg            106 ± 3          97 ± 4          

TA Dia Post, mmHg            63 ± 3          51 ± 2          

Poids, g 479 ± 15 553 ± 16 ***     502 ± 27  577 ± 24 ***     466 ± 23  544 ± 18 ***     

LV Mass 756 ± 124 996 ± 69  883 ± 61  1094 ± 140  1750 ± 209 $*** 1453 ± 122 # 978 ± 121  1742 ± 156 $*** 1328 ± 204 *# 

Laplace s 67 ± 7 68 ± 4  55 ± 6  46 ± 4  76 ± 7 ** 53 ± 6 # 67 ± 8  120 ± 17 ££ $$ *** 71 ± 9 ## 

Laplace d 119 ± 8 126 ± 12  104 ± 8 # 77 ± 6 $ 73 ± 9 $$ 65 ± 8 $ 102 ± 9  96 ± 8 £ 81 ± 7 **$### 

max 336 ± 21 343 ± 12  306 ± 29  224 ± 18 $ 282 ± 29 * 248 ± 20  314 ± 21 £ 432 ± 39 ££*** 309 ± 33 ### 

Sigma Es 106 ± 11 110 ± 6  86 ± 9  60 ± 5 $ 104 ± 11 ** 73 ± 10 # 81 ± 10  150 ± 22 £$ *** 91 ± 11 ### 

RWT 0.39 ± 0.02 0.36  0.02  0.41 ± 0.02  0.49 ± 0.05  0.33 ± 0.03 ** 0.56 ± 0.05 ## 0.43 ± 0.04  0.36 ± 0.04  0.46 ± 0.05  

 



 
 

 86 

induced AR and sham rats treated with OM (Figure 16). Interestingly, the plasma NT-proBNP 

levels increased significantly in the rats with surgically induced AR on day 7 after infusion of 

placebo (219 ± 34 pg/mL on day 0 vs. 429 ± 374 pg/mL on day 7; p<0.001). We also observed 

significant increases in plasma NT-proBNP when comparing levels detected on day 1 and day 

2 vs. day 7(208 ± 39 pg/mL and 220 ± 57 pg/mL, respectively vs. 429 ± 374 pg/mL on day 7; 

p<0.001). We observed no significant changes when comparing levels detected on days 0, 1, 

and 2 (days 60, 61, and 62 post-procedure) to one another. Likewise, we observed no significant 

changes in plasma levels of NT-proBNP in either the sham (n=6) or surgically induced AR 

group (n=8) when comparing levels detected at day 0 to those on 1, 2, and 7 after infusion with 

OM. 

 

 

Figure 19. Plasma NT-proBNP levels at baseline (day 0) and at days 60, 61, 62, and 67 after induction 

of AR or sham procedure in response to administration of OM or placebo in rats with AR (n = 8 or 10, 

respectively) and OM infusion only in rats in the sham control group (n = 6). Values shown are means 

± SD; ***p < 0.001. 

 

4.3.2 Effects of OM and placebo on plasma sST2 levels 

The plasma sST2 levels measured on day 0 and days 1, 2, and 7 after OM or placebo treatment 

(i.e., days 60, 61, 62, and 67 post-procedure) in rats with experimentally induced AR and sham 
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rats treated with OM were assessed (Figure 17). The plasma sST2 levels increased significantly 

on day 7 when compared to that on day 0 in rats with AR after infusion of placebo (543 ± 154  

vs. 1,457 ± 1,248 pg/mL, p<0.01). Significant increases in plasma sST2 were also observed 

when comparing results obtained on day 1 (day 61) and day 2 (day 62) vs. day 7 (day67; 498 ± 

225 and 625 ± 393 pg/mL, respectively, vs. 1,457 ±1,248 pg/mL, p<0.01). Among the rats with 

AR who were treated with OM, we detected significant increases in sST2 on day 7 after the 

infusion (543 ± 483 at day0 vs. 1 401 ± 1 284 pg/mL, p<0.01). However, we observed no 

significant differences in plasma sST2 when comparing levels detected on days 1 and 2 vs. day 

7. No significant differences in plasma sST2 levels were detected in any of these comparisons 

in the sham group. 

 

Figure 20. Plasma sST2 levels at baseline (day 0) and at days 60, 61, 62, and 67 after induction of AR 

or sham procedure in response to administration of OM or placebo in rats with AR (n = 8 or 10, 

respectively) and OM infusion only in rats in the sham control group (n = 6). Values shown are means 

± SD; **p <0.01.  

 

4.4 OM and LV genes expression 

 

4.4.1 OM and LV Expression of Genes Regulating Apoptosis and Oxidative Stress 
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Myocardial LV gene expression of anti-apoptotic Bcl2 was significantly higher in rats treated 

with OM, compared to placebo, whereas no difference in gene expression of pro-apoptotic Bax 

was observed (Figure 18A). The resulting pro-apoptotic Bax-to-Bcl2 ratio was reduced in the 

LV of rats that underwent OM infusion (Figure 18A). We also examined the differential 

expression of genes involved in oxidative stress regulation. The myocardial expression of Gpx, 

an antioxidant enzyme, increased in the LV after OM infusion, whereas no changes in Gsr, 

Sod1, or Sod2 gene expression were observed (Figure 18B). 

 

Figure 21. Myocardial left ventricular relative expression of genes implicated in (A) apoptosis (Bax, 

Bcl2) and (B) oxidative stress (Gpx, Gsr, Sod1, Sod2) processes seven days after omecamtiv mecarbil 

(OM; n = 6; black bars) versus placebo (n = 8; grey bars) infusion. Values are presented as mean ± SD; 

* 0.01 < p < 0.05, ** 0.001 < p < 0.01, *** p < 0.001.  

 

4.4.2 OM and LV Expression of genes determinants of Cardiac Energy Substrate Use 

As illustrated in Figure 19A, myocardial LV gene expression of key energy sensors Ppar α and 

γ and Ampk remained unchanged. Myocardial LV expression of Slc2a1 (Glut1), the major 
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myocardial glucose transporter, decreased after OM infusion, while gene expression of Slc2a4 

(Glut4) remained unchanged (Figure 19B). In contrast, myocardial LV expression of Pdk4, a 

mitochondrial pyruvate dehydrogenase (PDH) regulator overarching metabolic shift between 

fatty acid oxidation and glycolysis as energy fuel, increased after OM infusion (Figure 19C), 

whereas the carnitine palmitoyltransferase1 (Cpt1) remained unchanged (Figure 19D). As 

illustrated in Figure 2E, the OM infusion increased the LV expression of Alox15 encoding the 

12/15 lipoxygenase enzyme implicated in polyunsaturated fatty acid metabolism and of 

oxidized low-density lipoprotein receptor 1 (Olr1, also known as Lox1) encoding for a 

scavenger receptor mediating the uptake of oxidized lipoproteins into cells, whereas the gene 

expression of fatty acid transporter Cd36 remained unchanged. 
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Figure 22. Myocardial left ventricular relative expression of genes implicated in cardiac metabolism, 

including (A) cellular energy sensors such as Ampk, Ppar α, and Ppar γ; (B) glucose transporters Glut1 

and Glut4; (C) mitochondrial metabolic regulators contributing to glucose to fatty acids shift as cardiac 

major energy fuel, such as Pdk4 and (D) Cpt1; and (E) fatty acid metabolism regulators such as Cd36, 

Lox-1, and Alox-15, seven days after omecamtiv mecarbil (OM; n = 6; black bars) versus placebo (n = 

8; grey bars) infusion. Values are presented as mean ± SD; ** 0.001 < p < 0.01, *** p < 0.001. 
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4.4.3 OM and LV Expression of Genes Implicated in Cardiac Contractility 

Because OM is a myosin-specific activator that increases myocardial contractility 

independently of Ca2+ fluxes, we evaluated the OM-induced myocardial expression of different 

regulators of cardiac contraction. As illustrated in Figure 20A, OM infusion increased the 

myocardial LV gene expression of both angiotensin receptors AT1 and AT2, while the gene 

expression of angiotensin-converting enzymes ACE1 and ACE2 remained unchanged (Figure 

20B). Myocardial LV expression of NO-synthase catalyzing the production of NO, a key 

modulator of myocardial function, was increased by OM infusion for the inducible iNOS 

isoform, while it remained stable for the constitutive eNOS isoform (Figure 20C). The 

kallikrein-bradykinin system was upregulated in the LV of rats after OM infusion, with the 

increased myocardial LV expression of genes encoding the serine proteases Klk8, Klk1c2, and 

Klk1c12 (Figure 20D), as well as the bradykinin receptors (Bdkr) B1 and B2 (Figure 20E), 

which are G-protein-coupled receptors mediating kinin actions. No change in myocardial gene 

expression in Klk10 was observed (Figure 20D). Finally, OM infusion did not induce any 

changes in the gene expression of major players involved in Ca2+-dependent cardiac 

contraction, except for an increase in LV gene expression of Cacna1c in response to OM (Figure 

20F). 
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Figure 23. Myocardial left ventricular relative expression of genes controlling myocardial contractility 

including (A) AT1 and AT2 angiotensin II receptors; (B) ACE1 and ACE2 angiotensin-converting 

enzymes; (C) endothelial (eNos or Nos3) and inducible (iNos or Nos2) nitric oxide synthases; (D) major 

cardiac actors of kallikrein (Klk8, Klk10, Klk1c2, and Klk1c12)-(E) bradykinin (Bdkrb1 and Bdkrb2) 

system and of (F) Ca2+-dependent excitation–contraction Atp2a, Ryr2, Cacna1c, Slc8a1, and Camk2d 

seven days after omecamtiv mecarbil (OM; n = 6; black bars) versus placebo (n = 8; grey bars) infusion. 

Values are presented as mean ± SD; * 0.01 < p < 0.05, ** 0.001 < p < 0.01, *** p < 0.001.  
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5. General Discussion 

 

The main findings of the present original work can be summarized as follows: 

A. In an experimental rat model of severe chronic AR, OM decreased volume overload,   

lessened LVEDD and LVESD, decreased LV wall stress parameters  

associated with the prolongation of ejection time but did not affect the severity of AR. OM  

maintained the baseline global cardiac function in rats with severe chronic AR. 

B. In this experimental model of AR, OM modified differently the plasma levels of pro-BNP  

and sST2, both biomarkers of stress and stretching of cardiomyocytes.  

C. In the adult rat left ventricle, OM led to an altered gene expression profile in molecules  

implicated in the activation of apoptosis, oxidative stress, energy substrate metabolism, and   

induced a minor expression change in the genes involved in Ca2+ homeostasis and associated  

myocardial contraction. 

D. AR led to an altered gene expression profile in adult rat left ventricle, mainly in genes  

implicated in myocardial apoptosis, with increased expression of molecules regulating the  

utilization of glucose as an energy source. This was accompanied by a change in the LV  

expression of the genes involved in Ca2+ homeostasis and its associated contraction. 

 

 

5.1 Effect of AR on cardiac function 

 

Chronic severe AR imposes a combined volume and pressure overload on the LV. The volume 

overload is a consequence of the regurgitant volume itself (29), whereas the pressure overload 

results from systolic hypertension, which occurs as a result of an increase in total aortic SV 

from both the regurgitant volume and the forward stroke volume that is ejected into the aorta 

during systole (29). This effect was observed in all rats (n=18) with induction of AR (Figure 9 



 
 

 94 

in second study). In compensated severe AR, eccentric hypertrophy with combined concentric 

hypertrophy of the LV is an essential adaptive response to volume overload, which itself is a 

compensatory mechanism that permits the ventricle to normalize its afterload and maintain 

normal ejection performance (232). This effect was observed in our rat model, as demonstrated 

by an RWT value of 0.34 ± 0.02 (n=18), with LV dilation, corresponding to physiologic 

hypertrophy (233), in agreement with the LV structural remodeling previously described (233) 

in humans. Sarcomeres are laid down in series, and myofibers are elongated (20), and eccentric 

hypertrophy preserves LV diastolic compliance and increases LV mass, such that the 

volume/mass ratio is normal, and LVEF is maintained by increased preload (29). Again, these 

effects were observed in our two study (increased left atrial diameter, LVEDD, LVEDV and 

LV mass (n = 12), all p < 0.05, Figure 9 in second study ). 

LV dilatation and systolic hypertension increase wall stress and LV volume/mass ratio. LV wall 

stress was elevated in rats with AR, and EF was significantly lower than baseline, 2 months 

after the induction of AR (Figure9). Taniguchi et al. (234) reported an abnormal relationship 

between EF (depressed contractility) and LV wall stress in patients with chronic AR and 

advanced cellular hypertrophy which worsened with LV enlargement. Percy et al. (235) 

addressed the prognostic significance of LV wall stress in asymptomatic patients with AR, and 

concluded that elevated wall stress in chronic AR predicts a faster deterioration of LV function. 

Greenberg et al. (236) demonstrated associations between EF response and systolic wall stress 

and concluded that patients with EF decreased during exercise had elevated resting LV systolic 

wall stress. The groups studied had similar near‐normal LV end‐systolic dimensions and 

abnormal LV wall stress, suggesting that elevated wall stress in chronic AR predicts a poorer 

mechanical and clinical prognosis that may be independent of classical parameters such as LV 

dimensions and LV function. 
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In our first study (229) there is a decrease in stroke volume (SV) and cardiac output (CO) in 

this study we have no information regarding the hemodynamic conditions and as you know it 

is a of the determinants of cardiac output (DC=MAP/RTP, MAP=mean arterial pressure; 

RTP=total peripheral resistance), Figure 9 corresponds to the results of our second study 

(230) where there is an increase in these parameters (CO and SV), a second possible 

explanation the anesthesia technique is different depending on the study, Plante et al (322) 

reported Impact of anesthesia on echocardiographic evaluation of systolic and diastolic 

function in rats by comparing two groups of rats with RA, that the VES and DC is 

significantly lower in the group of rats anesthetized with Ketamine Xylazine intraperitoneally 

vs isoflurane, in our first study (229) the rats were anesthetized with Ketamine, medetomidine 

and the second (230) with isoflurane. 

5.2 Effect of OM on AR and wall stress 

 

In our two studies (229, 230), OM extended LVET and ST, as reported previously (67), without 

changes in DT. OM did not affect the severity of AR, as measured by AR PHT <200 msec  

(230). This finding was concordant with the results of our first study (229). However, in our 

first study, we subjectively graded the severity of the AR jet on a scale from 1 to 4, whereas in 

the second study, we used an objective quantification of AR to measure the effect of OM on 

AR more precisely. In mitigation, however, excessive prolongation the duration of systole 

might compromise myocardial blood flow, and thereby aggravate ischemia; even if studies with 

OM in patients with angina and ischemic cardiomyopathy seem reassuring in this regard (237). 

This stands in contrast with inotropic drugs that enhance the risk of ischemia, arrhythmias and 

death. Hence forth those risks have limited their utility in treating acute and chronic heart failure 

(238). 
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In our two studies (229,230), OM decreased volume overload induced by AR during the whole 

cardiac cycle, by lowering LVEDD. Moreover, by decreasing LVEDD and LVESD OM 

decreased wall stress in AR, our results showed that treatment with OM decreased maximum 

wall stress, end‐systolic wall stress, and diastolic wall stress of the LV (Figure 8) in our rat 

model of AR. In our model, this effect was related to a decrease in LVEDD and a decrease in 

average maximum systolic pressure. End‐systolic wall stress was significantly lower (p < 0.05) 

in the placebo group (n = 10), but to a lesser extent than in the OM group (n = 8; p < 0.001). 

Furthermore, decreases in LVEDD and end‐diastolic pressure following OM have been 

reported in animal models of cardiac ischemia (65, 239).  

Reducing ventricular wall stress is considered as a cornerstone in treating HF (240). In its 

simplest form, as described by Laplace's law, ventricular wall stress is directly proportional to 

the diameter of the ventricle and ventricular pressure and is inversely proportional to the wall 

thickness of the ventricle. It is widely believed that increased ventricular wall stress is 

responsible for the adverse remodeling process that eventually leads to HF (241). Increased 

wall stress is an independent predictor of subsequent LV remodeling (242). One of the main 

determinants of myocardial oxygen usage is peak systolic wall stress (243). Because the cavity 

decreases in size and the wall thickens increase during ejection, protosystolic stress is twice the 

telesystolic stress (244). This variation is greater than that of the pressures during systole; 

therefore, peripheral vascular resistance overestimates the overload losses secondary to 

vasodilatation but underestimates increase caused by vasoconstriction (245). 

 

5.3 Effect of OM on cardiac function  

 

OM decreased SV and CO without any effect on HR but were not inferior to baseline pump 

indices and with prolongation of LVET and ST (Table 9). In contrast, OM increased FS in a 
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similar manner to classic inotropes by improved emptying in systole. Furthermore, we did not 

observe any SV, CO, or HR changes in our all-placebo group (Table 5 and 9). The extended 

myocardial systole could have caused the reduced contractile efficiency observed in the OM 

group. The fact that LVEDD, and consequently the LV volume, decreased despite unchanged 

preload and HR suggest that OM induces myocardial constraint in late diastole. This is in line 

with a previous study that reported that OM slows relaxation and increases passive tension at 

rest in isolated rat cardiomyocytes (68). 

Shen et al. (64) reported that OM significantly increases CO and SV. However, their study 

differed in several aspects from the present study. They used a canine model of ischemia, the 

animals were conscious, and the dose of OM and duration of infusion were different. All these 

factors could explain the difference in the effect of OM on cardiac function compared with our 

study. Nevertheless, OM significantly extended LVET in both studies. Because our AR model 

did not exhibit characteristics of diastolic dysfunction, the interpretation that OM impairs 

diastolic performance warrants caution. The impairment of diastolic function by OM was 

reported by Rønning et al. (239) in pigs with acute ischemic HF. OM failed to restore general 

pump indices such as SV, CO, and EF in the pig model. Likewise, they found no significant 

changes in SV and CO in the pig model of ischemia in response to OM treatment. 

In our first study (229), OM increased SV and CO in rats with AR. In that study, the animals 

were anesthetized with an intraperitoneal injection of ketamine/medetomidine. Ketamine is a 

dissociative anesthetic agent with a cardiovascular effect resembling sympathetic nervous 

system stimulation, increasing HR and CO (246). Medetomidine improves muscle relaxation, 

potentiates the anesthetic action of ketamine, and compensates for the cardiac‐stimulating effect 

of ketamine by decreasing HR and CO. Dexmedetomidine had no direct myocardial depressant 

effect in the rat heart in doses like those encountered in clinical conditions (247). Because the 

different animal groups were all anesthetized using the same regimen, the decrease in HR that 
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we observed can be attributed to OM in our previous study. However, we cannot predict 

whether this bradycardic effect of OM would also have occurred in conscious, non‐sedated 

animals. In the second study (230), animals were anesthetized using 1.5% inhaled isoflurane. 

Current evidence suggests that isoflurane exerts a negative inotropic effect (248). This in 

contrast with the increase in SV during isoflurane anesthesia we observed in this study, possibly 

because the negative inotropic effects of isoflurane can be overridden by a decrease in systemic 

vascular resistance (249). 
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5.4 The differential response of cardio biomarkers to OM in experimental model of AR 

 

Our findings included several notable results. First, contrary to our initial hypothesis and  

despite the severity of cardiac dysfunction revealed by the echocardiographic findings  

(particularly those documenting changes in LV parameters), we detected no significant  

changes in plasma levels of NT-proBNP at two months after surgical induction of  

AR compared to baseline. As expected, we did not detect any significant correlations between  

echocardiographic parameters and plasma NT-proBNP levels. One explanation could be that  

compensatory mechanisms might develop in the LV in response to chronic severe AR. For  

example, the LV can adapt to volume overload by developing eccentric hypertrophy and  

increased mass. In this situation, the LV volume/mass ratio remains within normal limit  

values. In addition, the LVEF is maintained by increased preload, and, despite an increase in  

the end- systolic diameter and pressure early in the course of the disease, the end-systolic wall  

stress is maintained within the normal range of values by a compensatory increase in the wall 

thickness (29). In a previous study, Song et al. (250) reported that NT-proBNP levels may  

reflect time-dependent structural and/or functional changes in the LV. Similarly, Weber and  

colleagues (90) found that NT-proBNP levels were associated with clinical symptoms in  

patients with chronic AR, notably with dyspnea. Interestingly, none of the rats in our study  

developed dyspnea (231). Another possible explanation considers the long-time span between  

the induction of AR and the first biochemical assessment. 

Given the biological half-life of NT-proBNP, plasma levels detected at two months after  

induction of AR may be significantly influenced by the number of cardiomyocytes available  

for and engaged in its production. 

It is unlikely that the significant increase in NT-proBNP in the rats with AR treated with a  

placebo infusion can be explained by an increase in wall stress as a result of volume overload  

per se since the two groups of rats (AR and sham) treated with OM received the same volume  

of liquid. No modification of the plasma NT-proBNP levels was observed in the latter group.  
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However, volume overload not counteracted by concomitant OM administration in the  

presence of AR could explain this observation. This result is consistent with an OM-mediated  

reduction in myocardial wall stress in the AR group as reported in a previous study (230).  

Moreover, NT-proBNP expression is promoted not only by mechanical stretch, but also, by  

proinflammatory, oxidative, and trophic stimuli (251). 

Our results also revealed that plasma sST2 levels underwent no significant change from  

baseline levels to 60 days after induction of AR despite the impact of this procedure on LV  

function.  Najjar et al. (252) reported that there were no significant differences in sST2 levels  

when comparing healthy controls to subjects with HF with a preserved ejection fraction. This  

is in contrast to Weinberg et al. (102) who reported that sST2 levels increased significantly as  

early as one day after experimentally-induced myocardial infarction (MI). Interestingly, three  

days after MI, serum sST2 levels were similar to those of control mice. This group also  

reported a significant increase in sST2 levels detected in patients one day after experiencing a  

MI, compared to values obtained at two weeks and three months thereafter. These results  

suggest that elevations in circulating sST2 levels may represent a transient response to acute  

myocardial stress that diminishes over time and ultimately returns to baseline levels after  

several weeks to months.  

In our study (231), we identified significant positive correlations between sST2 levels with  

body weight and PWTd. Interestingly, we observed no significant increases in PWTd two  

months after the induction of AR. The explanation for this observation is unclear given the  

overall absence of changes in sST2 after AR induction. We can only speculate that the stress  

imposed on cardiomyocytes, during diastole, secondary to overload associated to AR as  

described in humans, may play a role (101). The gene encoding sST2 is induced under  

conditions of myocardial overload associated with MI, as the myocardial tissue that remains  

viable is required to bear more stress. 

In our model, we identified no associations between plasma sST2 levels and LV function and  

geometry, including LV volume and mass. This finding is consistent with results reported in  
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other recent studies that also demonstrated no specific associations between sST2 levels and  

LV function or geometry as assessed by echocardiography in humans (252,253).  

Likewise, we observed a correlation between sST2 levels and weight only in the rats with  

surgically-induced AR. This correlation may reflect the impact of myocardial stress,  

ventricular remodeling, and/or fibrosis (102). It is also possible that surgical induction of AR  

results in a chronic inflammatory response. sST2 has been implicated in numerous  

inflammatory diseases (101), as well as in cardiovascular pathophysiology. No correlations  

between these parameters were detected in the sham group despite significant weight  

gain.  

The significant increase in plasma sST2 levels observed in rats with AR in response to  

placebo administration may be directly related to acute cardiomyocyte stretch due to  

volume overload and mechanical stress (254). Volume overload in a setting of a fragilized  

hemodynamic status as a result of AR could conceivably induce similar changes in sST2 than  

those already discussed with NT-proBNP. In contrast, no changes in plasma sST2 levels  

were detected in the sham rats at days 1, 2, and 7 after OM administration. This could be  

explained by the fact that cardiomyocytes in control rats can support this acute volume  

overload. Changes in sST2 levels in rats with AR that present volume overload and were  

treated with OM, differ completely from those already discussed with NT-proBNP. We  

believe that this is an important finding of our study as it highlights a differential regulation of  

NT-proBNP and sST2 in AR. Rønning et al. (239) reported that administration of OM  

prolonged the systolic ejection time in LV dilated due to ischemia. This may be associated  

with  

limitated capacity of LV distensibility observed in diastole. Interestingly, OM had an opposite 

effect in animal models of cardiac ischemia. This is consistent with previous findings that  

suggest that OM reduces the rate of relaxation and increases passive tension in isolated  

cardiomyocytes at rest (68). This will limit the extent to which the cardiomyocytes can  

undergo additional stretch or distension, including that required to compensate for AR. NT- 
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proBNP remained unchanged, while sST2 increased markedly in our study (231) suggesting  

that passive muscle tension induced by OM has distinct and subtitle deleterious effects in the  

setting of AR, not reliably assessed by modifications in circulating NT-proBNP levels. 

 

5.5 OM and LV rat’s gene expression 

 

Our results show that a single 30-min infusion of myosin activator OM induced significant LV 

expression alterations in genes regulating apoptosis (with decreased pro-apoptotic Bax-to-Bcl2 

ratio), oxidative stress (with increased antioxidant Gpx), cardiac metabolism (with decreased 

Glut1 and increased Lox1, Alox15, and Pdk4), and contraction (with increased AT1 and AT2, 

upregulation of kallikrein-bradykinin system, but no changes in molecules involved in Ca²+-

dependent myocardial contraction) 7 days after OM infusion. The first set of gene expression 

profile focuses on the differential expression of the genes regulating apoptosis. Specifically, we 

examined the OM-induced gene expression of mitochondrial anti-apoptotic Bcl2, and pro-

apoptotic Bax (255). Bcl2 is known to control the release of cytochrome c, preserve 

mitochondrial integrity, and protect against apoptosis (256). Our findings revealed a significant 

increase in Bcl2 expression, leading to a down-regulation of the Bax-to-Bcl2 ratio, in response 

to OM infusion. The Bax-to-Bcl2 ratio reflects an overall vulnerability to apoptosis; increases 

in the Bax-to-Bcl2 ratio suggest higher levels of apoptotic activity (257). In contrast to the 

response to the inotropic agent dobutamine, which partially activates the apoptosis processes in 

vivo (258), our results suggested that OM did not activate apoptotic processes and was even 

able to protect the LV against apoptosis. Gpx is one of three main antioxidant enzymes (259). 

Our findings revealed that OM infusion resulted in increased expression of Gpx, but had no 

impact on any other tested antioxidant genes.  

Interestingly, these findings are contrasted with those reported for other inotropic drugs.  
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Indeed, levosimendan was shown to reduce oxidative stress through increased expression of 

genes encoding Sod and Gpx (260). In a recent publication, Rhoden et al. (261) reported that 

OM promoted the accumulation of mitochondrial reactive oxygen species (ROS) in both rat 

and human cardiac tissues. As ROS are known to promote the expression of Gpx (262), our 

results (227) suggested a link between OM and this critical antioxidant pathway. We also 

evaluated the effects of OM on cardiac metabolism via the evaluation of genes involved in the 

metabolism of fatty acids, glucose, and lactate and the production of high-energy phosphates 

(263). Glut1 is the major determinant of homeostatic glucose transport in cardiac muscle (264). 

Administration of OM resulted in decreased expression of Glut1 in rat LV, which may result in 

decreased glucose uptake. In contrast to the findings reported for dobutamine (264), the present 

results suggest that OM promoted a shift from glycolytic to oxidative metabolism (264). Fatty 

acid catabolism is coordinately regulated with glucose pathways to support homeostasis. in 

response to changes in energy supply or demand.  

Reciprocal regulation in fatty acid and glucose metabolism involves both the PDH complex and 

the Cpt (265). PDH converts the pyruvate generated by glycolysis to acetyl-CoA and CO2 via 

oxidative decarboxylation, while the Cpt contributes to fatty acid transport into mitochondria, 

where they undergo oxidation to generate acetyl-CoA (265). Pdk4 is an important regulator of 

PDH activity (266). Increased levels of Pdk4 promote the inactivation of PDH and, thus, act on 

the metabolic shift from glucose to fatty acid oxidation (267). In the present study, the 

administration of OM resulted in increased expression in Pdk4, which may be a marker of 

increased fatty acid oxidation in the LV (268). 

Decreased glucose uptake and increased fatty acid oxidation may result in the production of 

higher levels of ATP and higher O2 consumption. These findings are consistent with those 

reported by Bakkehaug et al. (65), who reported that the administration of OM resulted in 

increased myocardial oxygen consumption. Similarly, Lox1, which was originally identified as 
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a receptor for oxidatively-modified LDL (269), can be induced by numerous stimuli, including 

angiotensin II (270), shear stress (271), and ischemia-reperfusion injury (272). Alox15, which 

is a lipid-peroxidizing enzyme (273), has been implicated in the pathogenesis of atherosclerosis 

(268,269,274) diabetes, and neurodegenerative disease (273). The expression levels of both 

Lox1 and Alox15 were markedly increased in HF (274,275), and increased expression of Lox1 

was detected in cases of diastolic dysfunction (262,276). OM-associated diastolic dysfunction 

and stiffness have also been reported (277,278). Here, we found increased LV expression in 

Lox1 and Alox15 in OM-infused rats. Because Lox1 expression has been related to diastolic 

dysfunction, the link between OM infusion, specific molecular determinants, and diastolic 

dysfunction should be further studied in future studies. Angiotensin II binding to AT1 induces 

vasoconstriction and promotes oxidative stress by activating NADPH oxidase and inducing 

eNOS uncoupling. This results in a switch from NO to the production of ROS, including 

superoxide. In contrast, binding to AT2 promotes vasorelaxation, protection against ischemia-

reperfusion injury and myocardial infarction, and decreased inflammation (279). Thus, the 

activation of AT2-mediated pathways may counter-regulate those resulting from AT1 

activation (280). Here, we found increased gene expression of both AT1 and AT2 in response 

to OM, with an observed AT2-to-AT1 ratio of 1.15. A high AT2-to-AT1 ratio has been 

associated with increased oxidative stress and cardiac cell apoptosis (281). The relatively low 

ratio observed in the present study is consistent with the absence of activation of apoptosis and 

oxidative stress. Nitric oxide synthase (NOS) catalyzes the conversion of L-arginine to L-

citrulline and NO, which is a free radical involved in both homeostatic and immunological 

functions. iNOS is a Ca2+-independent enzyme that is expressed in cardiomyocytes, in 

response to environmental perturbation (e.g., cytokine release) (282). The activation of iNOS 

results in substantially higher levels of NO, compared to other forms of NOS (283). In the heart, 

iNOS contributes to a contractile dysfunction characteristic of ischemia-reperfusion injury, 
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infarction, and HF (284,285). In contrast, several studies have shown beneficial effects of iNOS 

in the normal, hypertrophied, transplanted, or cardiomyopathic human heart (286,287). Here, 

we found that the administration of OM resulted in increased iNOS expression, whose 

significance to OM mechanism of action has to be further determined. 

KLK8 has been previously detected in the rat myocardium (288). Although its physiologic 

substrates remain largely unknown, the expression of Klk8 protects against acute ischemia-

reperfusion injury and induces cardiac hypertrophy in rats (288,289), in response to pressure 

overload (288). Klk1c2 (also known as tonin) can catalyze the release of angiotensin II directly 

from angiotensinogen; thus, the activation of this enzyme may result in increased production of 

angiotensin II, independently of ACE activity (290). Klk1c2 may also induce cardiac 

hypertrophy (291). Klk1c2 perfusion in Wistar rats induced coronary vasoconstriction and 

simultaneously depressed myocardial contractility; the time to peak for cell shortening and half 

relaxation was significantly reduced. All these results suggest that Ca2+ handling is significantly 

accelerated by Klk1c2 (292). Direct interactions between Kllk1c12 or Klk1 and the Kinin B2 

receptor are critical factors responsible for cardioprotective responses. The activation of this 

pathway is known to inhibit oxidative stress, apoptosis, and inflammation, as well as cardiac 

hypertrophy and fibrosis (293). These ligand-receptor interactions result in improved cardiac 

function and lead to reduced blood pressure (293). In our study, OM administration resulted in 

an increased expression of Klk1, Klk1c2, and Klk8. In the present study, increases in all these 

three proteases may allow the heart to develop a combined adaptative response to OM (288). 

The bradykinin receptor family includes two G protein-coupled receptors (Bdkrb1 and Bkrbr2) 

that also mediate the biological effects of kinins (293).  

Bdkrb1 is expressed and synthesized de novo, in response to tissue injury and inflammation 

(294). Bdkrb2 is the main receptor for bradykinin; it interacts directly with AT2 (294), as well 

as other receptors (293). While signaling, both Bdkrb1 and Bdkrb2 induce NO production 
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(293), and their overall physiological and pathophysiological significance remain unknown 

(293). Cardioprotective effects mediated by Bdkrb1 or Bdkrb2 alone via ACE-inhibition have 

been reported (293). Endothelial overexpression of Bdkrb1 in rat models has resulted in an 

expanded LV cavity and reduced function (295). Bradykinin-mediated upregulation of Bdkrb2 

in the absence of Bdkrb1 did not provide full cardioprotection. Interestingly, the upregulation 

of Bdkrb1, in the absence of Bdkrb2, results in further tissue damage (296). In the present study, 

the administration of OM resulted in increased expression of both Bdkrb1 and Bdkrb2 and 

could, therefore, suggest potential cardioprotective effects.The L-type Ca2+ channel α1C-

subunit gene (Cacna1c) plays an essential role in cardiac excitation–contraction coupling (297). 

This protein is localized in the T-tubule sarcolemma, adjacent to RYR2, where it controls Ca2+ 

influx from the extracellular milieu into the cytosol and, thus, serves as a major determinant of 

cardiac function. β-adrenergic receptor stimulation increases the number of L-type channels at 

the sarcolemma, which results in enhanced Ca2+ influx and amplification of excitation–

contraction coupling (298). Prolonged AT1 signaling via reduced L-type Ca2+ channels result 

in a negative inotropic effect (299). Ca2+-calmodulin-dependent protein kinase II (CaMKII) 

activity controls the expression of Cacna1c in isolated rat neonatal ventricular cardiomyocytes 

(276). In the present study, the administration of OM increased the expression of Cacna1c, 

although this resulted in no modification of the Serca2, RYR2, GLUT1, or CamkII expressions; 

these have been all implicated in maintaining Ca2+ homeostasis. In canine LV monocytes, OM 

has been recently shown to affect intracellular Ca2+ homeostasis by increasing the capacity of 

RYR2 to remain open, therefore impacting cardiomyocyte repolarization (299). However, it 

seems that Cacna1c would provide only minor contributions to intracellular Ca2+ release.  

Administration of OM did not result in a significant increase in the concentration of cytosolic 

Ca2+. The increase in Cacna1c expression in response to OM might, instead, be related to a 

diastolic Ca2+ leak from the sarcoplasmic reticulum (276). Low-level Ca2+ release induced by 
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Caν1.2 α1 may serve to restore and maintain Ca2+ levels that resulted from the leak in the SR 

(300). As previously reported (277), permeabilized human cardiomyocytes exhibited a marked 

reduction in the rate of force generation and relaxation once the Ca2+ concentration reached a 

steady state in permeabilized human cardiomyocytes. Collectively, these findings suggest the 

existence of a previously unidentified action of OM in promoting Ca2+ regulation at the actin-

myosin complex. 

 

5.6 Combined volume and pressure overload and LV rat’s gene expression  

 

The present experimental model of combined volume and pressure overload in rats induced  

significant LV expression alterations in genes regulating apoptosis (with increased pro- 

apoptotic Bax-to- Bcl2 ratio), oxidative stress (with decreased antioxidant Sod2), cardiac  

metabolism (with decreased Glut4, ampk4, ppar gamma and increased Lox1, Alox15), and  

contraction (with increase of kallikrein 10, and decreased SERCA2a involved in Ca2+- 

dependent myocardial contraction) 7 days after placebo infusion in rats with AR. 

In the present study, we evaluated the echocardiographic parameters and gene expression in  

the LV of rats with AR. As previously reported (230), the administration of placebo in rats  

with AR resulted in increased FS, cardiac output and stroke volume, and decreased LVESD,  

LVESDD, and end‐systolic wall stress. Hemodynamically, placebo infusion significantly  

increased systolic and diastolic blood pressures. However, we did not observe significant  

increases in maximum wall stress, end-diastolic wall stress and EF. 

The first set of gene expression profile focuses on the differential expression of the genes  

regulating apoptosis. We therefore examined the AR-induced gene expression of  

mitochondrial anti-apoptotic Bcl2, and pro-apoptotic Bax (255). Our findings revealed a  

significant increase in Bax expression, leading to an up-regulation of the Bax-to-Bcl2 ratio, in  

response to AR. As already mentioned above, the Bax-to-Bcl2 ratio reflects an overall  

vulnerability to apoptosis (257). Our findings revealed that AR also resulted in increased  
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expression of Gpx, and decreases SOD2. Gpx and SOD are antioxidant enzymes acting to  

protect cells against different hydroperoxides resulting from reactive reactive oxygen species  

(ROS) through scavenging reactions (302). As ROS are known to promote the expression of  

Gpx (299), SOD2 clear mitochondrial reactive oxygen species (ROS) and, as a result, confer  

protection against cell death. (303), In animal models of hemodynamic overload leading to  

myocardial remodeling and failure, there is a chronic increase in myocardial oxidative stress  

(304), tonic mechanical stretch of rat papillary muscle increases the production of reactive  

oxygen species (ROS), which appear to be involved in mediating myocyte apoptosis in that  

model (305). Thus, our results suggest a link between AR and apoptotic activation. 

We also evaluated the effects of AR on cardiac metabolism via the evaluation of genes  

involved in the metabolism of fatty acids and glucose. In the present study, AR was associated  

with decreased myocardial expression of GLUT4, while GLUT1 expression did not change.  

Both GLUT1 and GLUT4 are the main glucose transporters in the heart. Germ-line disruption  

of the GLUT4 gene resulted in striking cardiac hypertrophy, and impaired cardiac function.  

These mice were hyperinsulinemic and had profound alterations in cardiac substrate delivery,  

thus it was uncertain if the cardiac hypertrophy was a primary or secondary consequence of  

GLUT4 ablation (306). In the present study, cardiac expressions of different key energy  

sensors, including Ppar’s and Ampk was also evaluated. Ampk detects intracellular  

ATP/AMP ratio and plays a pivotal role in intracellular adaptation to energy stress. Here,  

expression of Ampk was decreased after AR. Cardiac AMPK activation has been involved in  

cardiac protection, accelerating ATP generation and attenuating ATP depletion, protecting  

against cardiac dysfunction and cardiomyocyte apoptosis (307). Inactivation of Ampk has  

been linked to the activation of apoptotic processes in cardiomyocytes (308), while Ampk  

activation reduced cardiomyocyte apoptosis improved diabetic cardiomyopathy and can  

inhibit myocardial hypertrophy (309,310). 

Ampk can regulate the fatty acid metabolism via promoting the fatty acid uptake, oxidation,  

it can regulate the glucose metabolism through promoting glucose uptake and glycolysis  
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(310). PPARγ regulates fatty acid storage by stimulate lipid uptake and adipogenesis by fat  

cells and glucose metabolism by increases insulin sensitivity (132), decreased of GLUT4,  

Ampk and PPARγ without alteration of GLUT1 expression suggest that AR switches  

myocardial energy source for oxidative energy from fatty acids to glucose. 

Lox1 is a membrane scavenger receptor involved in internalization of oxLDL by endothelial  

cells (150). Myocardial ischemia enhances expression of Lox1, which, in turn, promotes  

cardiomyocyte apoptosis, local inflammation, and fibroblast activation, thereafter favoring  

myocardial fibrosis and loss of cardiac function (311). Similar results were also found when  

endothelial cells were exposed to shear stress, supporting a role of disturbed blood flow on  

Lox1 mechanotransduction (152), increased expression of Lox1 was detected in cases of  

diastolic dysfunction (300). Alox15, which is a lipid-peroxidizing enzyme (269), has been  

implicated in the pathogenesis of atherosclerosis (150), diabetes, and neurodegenerative  

disease (270). The expression levels of both Lox1 and Alox15 were markedly increased in HF  

(271, 272). AR is associated with diastolic dysfunction and shear stress who can explain at  

least partly the present results. 

Sarcoplasmic reticulum ATPase (SERCA, SR Ca2+-pump ATPase) plays a major role in  

Ca2+ signalling, and is involved in various aspects of cell function, such as transcription,  

apoptosis, exocytosis, signal transduction, and cell motility (312). SERCA is responsible for  

the movement of Ca2+ against concentration gradient between the SR and the cytosol. It has  

been shown that SERCA 2 gene knockout disrupted SR function and this disruption was  

associated with HF in mice (313). It has been described in chronic overload, with  

decreased SERCA2a expression in both pressure (314) and volume overload  

(315), in our study SERCA2a decreased in rats’ wit AR these results correlate  

with the literature data.  

Klk10 is a member of the kallikrein-related peptidase ‘KLK’ family and was initially  

discovered as a potential tumor suppressor with its expression downregulated in breast,  

prostate, testicular, and lung cancer (316, 317). Klk10 inhibits endothelial inflammation,  
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endothelial barrier dysfunction, and reduces endothelial migration and tube formation, but not  

apoptosis or proliferation. It may serve as potential anti-atherogenic therapeutic targets (317). 

Our results show an increase in klk10 in rats with AR. Only one study reported  

increased expression of klk10 in a model of volume overload with aorta-cava fistula (318) but  

not in AR. It may be thus be related to the compensatory phase of AR, an adaptation  

mechanism to protect against ventricular dysfunction. 

 

5.7 Limitations of the studies and perspectives 

 

The present studies have several limitations. First the limited number of rats with chronic AR,  

that thus represented a narrow observational window into the natural course of this disease.  

Further investigations with a larger sample size will be necessary for a more robust  

evaluation, interpretation, and corroboration of our findings.  

Second, we did not measure plasma NT-proBNP and sST2 at all the time points between the  

induction of AR and the initiation of experimental OM infusions two months later. Thus, we  

do not have a clear kinetics of the events that may have occurred during this interval period.  

Third, we did not perform echocardiographic or any invasive hemodynamic measurements on  

days 1, 2, and 7 after the OM or placebo infusions. Thus, we were unable to evaluate the  

relationships between these parameters and the changes in plasma sST2 and NT-proBNP  

concentrations observed. We used an ELISA kit marked “research use only” to assay plasma  

sST2 levels. There may be considerable differences between the results from this commercial  

assay and others currently in wide use (319). 

Although the effects of OM are concentration-, time-, and species-dependent (298), only one  

set of experimental conditions was examined here. Indeed, we did not assess dose‐dependent  

hemodynamic effects in our model of AR. Thus, caution is appropriate when extrapolating  

these data to humans. In addition, the evaluation was performed at gene level and may not  

correspond directly with protein expression and function levels in vivo. Future studies should  

be performed in experimental models with LV pathology to better understand the effects of  
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OM in this context. Finally, all the rats in the present study were male and we know that the  

expression of genes in the left ventricle related to AR can be different depending on the sex  

(320). The role of various signaling pathways controlling the gene expression in the AR  

should be more extensively explored. 

 

6. Conclusion 

 

In conclusion, the administration of OM led to a significant increase in the duration of left  

ventricular ejection time (LVET) and ST in the rat AR model; while it did not affect  

the duration of DT or the severity of AR. OM also significantly decreased LV wall stress in  

experimental rats with chronic severe AR. The mechanisms underlying these findings remain  

to be determined. 

In terms of cardiac function, OM maintained general pump indices and baseline values of SV  

and CO. Increased and decreased plasma levels of cardiac biomarkers sST2 and NT-proBNP  

were observed in response to therapeutic OM infusions in rats with AR. These results may  

reflect ongoing AR-associated LV dysfunction in response to the administration of OM. We  

note that the mechanism of action of this drug has not been fully elucidated.  

OM infusion in rats with normal LV function yielded gene expression profiles that suggested  

the preservation of myocardial LV tissue against induction of apoptosis and oxidative stress.  

The gene expression provides also suggested an increase in fatty acid oxidation in the LV that  

may be compatible with an increased rate of oxygen consumption. Interestingly, OM  

administration had no impact on LV expression of genes involved in Ca2+ homeostasis or  

Ca2+-mediated muscle contraction. Future studies based on these results may provide further  

insight into the precise mechanisms of action of OM. Plasma sST2 levels correlated positively  

with both PWTd (posterior wall thickness in diastole) and body weight in rats with chronic  

severe AR. LV gene expression profiles from these rats suggested increased myocardial LV  

apoptosis, oxidative stress, and glucose oxidation among other findings, thereby highlighting  

potential LV dysfunction. 
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Abstract 

 

To explore the impact of combined volume and pressure overload on the gene expression profile in 
adult male rats. Eighteen male Wistar rats were included in our study. Ten rats have aortic 
regurgitation (AR) created two months before and eight rats served as control group. Rats with AR 
and the group control received equal volumes (12 ml/kg body weight) of 0.9% NaCl, respectively, via 
a 30 min infusion through the femoral vein.  Echocardiography was performed before and after 
saline infusion. Seven days after infusion, rats were euthanized, and left ventricular (LV) tissues were 
removed for real-time quantitative polymerase chain reaction (RTq-PCR) experiments. After saline 
infusion, pro-apoptotic Bax-to-Bcl2 ratio was increased, with increased Bax gene expression. The 
gene expression of molecules regulating oxidative stress, including glutathione superoxide 
dismutases (Sod1) remained unchanged, (Sod2) decreased whereas the expression of antioxidant 
glutathione peroxidase (Gpx) increased. While LV gene expression of key energy sensors, peroxisome 
proliferator activator (Ppar) α remained unchanged, (Ppar) γ, AMP-activated protein kinase (Ampk), 
decreased after saline infusion. The LV expression of the major myocardial glucose 
transporter Glut1 and Glut4 expression remained unchanged, whereas the LV expression of oxidized 
low-density lipoprotein receptor 1 (Olr1) and arachidonate 15-lipoxygenase (Alox15) increased, with 
no changes in fatty acid transporter Cd36.The Kalikrein-bradykinin system, LV expression of 
kallikrein-related peptidases Klk8 and bradykinin receptors B1 and B2 (Bdkrb1 and Bdkrb2) remained 
unchanged, whereas the LV expression of Klk10 increased. LV expression in major molecular 
determinants involved in calcium-dependent myocardial contraction remained unchanged, except 
for a decreased LV expression of ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2 
(Serca2a) in response to saline infusion. A single intravenous infusion of saline solution, in adult rats 
with chronic severe aortic regurgitation, resulted in significant changes in the LV expression of genes 
regulating apoptosis, oxidative stress, metabolism, and cardiac contractility. 

Keywords: left ventricle, gene expression, apoptosis, metabolism, oxidative stress 
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Introduction 

Chronic severe Aortic regurgitation (AR) imposes a combined volume and pressure overload  

On the left ventricle (LV) (1). The volume overload is a consequence of the regurgitant  

volume itself and is therefore directly related to the severity of the leak. The pressure overload 

results from systolic hypertension, wich occurs as a result of increased total aortic stroke  

volume because both the regurgitant volume and the forward stroke volume are ejected into  

the aorta during systole (2). In early, compensated severe AR, the LV adapts to the volume  

overload by eccentric hypertrophy, in wich sacromeres are laid down in series and myofibers  

are elongated (3), in addition eccentric hypertrophy increases LV mass, such that the LV  

volume/mass ration is normal, and LV ejection fraction (LVEF) is maintained by increased  

preload (1). AR is associated with a long asymptomatic period during which the LV  

progressively dilates and hypertrophies in response to chronic volume overload, this process  

is accompanied by a decrease in LV function, occurrence of symptoms, and eventually heart  

failure (4). No medical therapy has yet been clearly shown to be effective to slow dilation,  

hypertrophy, and loss of function or to have any impact on morbidity or mortality (5), the role  

of medical, particularly vasodilators are primiraly to decrease systolic hypertension and delay  

the onset of LV dysfunction in asymptomatic patients. The Framingham heart study reported  

that the overall prevalence of AR was 13% in men and 8.5% in women (6). It’s anticipated  

that the prevalence of AR will increase even further due to the rapidly growing aged  

population worldwide (7). The pathophysiological mechanisms involved in chronic AR  

remain not fully elucidated (8). Gene expression profiles have been established in several  

animals’ models of LV eccentric hypertrophy, including by us in a rat model after short (2- 

weeks) and late stage of the disease (9 months) (8,9,10).  

Considering that AR is a chronic condition often evolving over decades in human, the study  

of animals are of great interest. We present here the study of LV gene expression profiling in  

a combined model of pressure and volume overload caused by severe aortic valve  

regurgitation in male Wistar rats. We examine gene expression in the rat myocardium, with a  
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particular emphasis on pathways associated with apoptosis, oxidative stress, metabolism, and  

calcium- mediated cardiac contractility. 
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Methods 

Animal model and experimental design 

The experimental protocol was approved by the Institutional Animal Care and Use Committee  

of the Faculty of Medicine of the Université Libre de Bruxelles (ULB; Brussels, Belgium;  

protocol acceptation number: 644N). Experiments were conducted in accordance with the  

Guide for the Care and Use of Laboratory Animals published by the United States National  

Institutes of Health (NIH Publication No. 85-23; revised 1996). Our study included 18 males  

adult Wistar rats (Janvier, Le Genest-Saint-Isle, France). Ten rats (mean body weight: 577 ±   

24 g) has aortic regurgitation (AR) created two months before AR was induced under general  

anesthesia (1.5% inhaled isoflurane) by retrograde puncture of the aortic valve leaflet as  

previously described (11).  The other group (n=8) served as control group (mean body weight:  

536 ± 39 g). Rats with AR (n = 10) and the group control (n = 8) received  

equal volumes (12 ml/kg body weight) of 0.9% NaCl, respectively, via a 30 min infusion  

through the femoral vein. Seven days after saline infusion rats were sacrificed by  

exsanguination via section of the abdominal aorta. The hearts were rapidly harvested and  

dissected to isolate the LV, which was snap-frozen in liquid nitrogen and stored  

at -80°C for further biological analysis. 

 

 

Echocardiography and cardiac measurements 

Transthoracic 2D, M-mode, and Doppler echocardiography was performed using an  

ultrasound scanner (Vivid-E90, GE Healthcare, Wauwatosa, WI, USA) equipped with a 12- 

MHz phased-array transducer (GE 12S-D, GE Healthcare) in anesthetized rats (with inhaled  

1.5% isoflurane). All echocardiographic measurements were obtained by the same observer  

according to the American Society of Echocardiography guidelines (12). Standard right  

parasternal (long and short axis) and left apical parasternal views were used for data  

acquisition. Fractional shortening (FS) was calculated using the formula (FS = LVEDD – 
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LVESD/LVEDD x 100) in M-mode from a LV short-axis view. Ejection fraction (EF) was  

derived using the Teicholz formula. Electrocardiogram was monitored via limb leads  

throughout the procedure. Aortic flow was measured from the left apical view to calculate  

forward stroke volume (SV) and cardiac output (CO), and to measure pre-ejection period  

(PEP: delay from Q wave of QRS to aortic opening; msec), LV ejection time (LVET: interval  

from beginning to termination of aortic flow; msec), and inter-beat interval (RR; msec).  

Systolic time (msec) was determined as PEP + LVET (msec), and diastolic time (msec) was  

calculated as RR interval − systolic time. Echocardiography was performed before and 30- 

min after saline administration. 

 

Real-time quantitative polymerase chain reaction (RTq-PCR) 

Total RNA was extracted from snap-frozen LV myocardial tissue using TRIzol reagent  

(Invitrogen, Merelbeke, Belgium) followed by a chloroform/ethanol extraction and a final  

purification using QIAGEN RNeasy® Mini kit (QIAGEN, Hilden, Germany), according to  

manufacturer’s instructions. RNA concentration was determined by standard  

spectrophotometric techniques, using a spectrophotometer Nanodrop ® (ND-1000; Isogen  

Life Sciences, De Meern, The Netherlands) and RNA integrity was assessed by visual  

inspection of GelRed (Biotium, Hayward, California)-stained agarose gels. Reverse  

transcription was performed using random hexamer primers and Superscript II Reverse  

Transcriptase (Invitrogen, Merelbeke, Belgium) according to the manufacturer’s instructions.  

Gene-specific sense and antisense primers for RTq-PCR (Table 1) were designed using the  

Primer3 program for rattus norvegicus gene sequences, including those for B-cell lymphoma  

2 (Bcl2), Bcl2 associated X apoptosis regulator (Bax), glutathione peroxidase (Gpx),  

glutathione-disulfide reductase (Gsr), superoxide dismutases 1 and 2 (Sod1 and Sod2), AMP- 

activated protein kinase (Ampk), peroxisome proliferator-activated receptors alpha and  

gamma (Ppar alpha and gamma), solute carrier family 2 members 1 (Slc2a1, also known as  

Glut1) and 4 (Slc2a4 or Glut4), fatty acid transporter Cd36, oxidized low-density lipoprotein  
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receptor 1 (Olr1, also known as Lox1), arachidonate 15-lipoxygenase (Alox15), kallikrein  

related-peptidases 8 and 10 (Klk8 and Klk10), bradykinin receptors B1 and B2 (Bdkrb1 and  

Bdkrb2), ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2 (Atp2a2, also  

called Serca2), ryanodine receptor 2 (Ryr2), calcium voltage-gated channel subunit alpha1C  

(Cacna1c), glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and hypoxanthine  

phosphoribosyltransferase 1 (Hprt1) used as housekeeping genes.  

Intron-spanning primers were selected whenever possible to avoid inappropriate amplification  

of contaminant genomic DNA. Amplification reactions were performed in duplicate using  

SYBRGreen PCR Master Mix (Quanta Biosciences, Gaithersburg, MD, USA), specific  

primers, and diluted template cDNA. Analysis of the results was performed using an iCycler  

System (BioRad Laboratories, Hercules, CA, USA). Relative quantification was achieved  

using the Pfaffl method (13) by normalization with the housekeeping genes, Gapdh and  

Hprt1. 

 

Statistical analysis 

Results are presented as mean ± standard deviation (SD) with “n” representing the number of  

individual data points. The echocardiographic data were compared using Student’s t-test for  

repeated measures (n = 10) before and after saline perfusion. The RTq-PCR data evaluating  

LV gene expression, were compared using Student’s t-test for independent samples (with n =  

8 in the control group and n=10 in the AR group). Statistical analyses were performed using  

StatView 5.0 Software. A p-value < 0.05 was considered statistically significant. 
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Results 

Effects of AR on LV measurements in rats 

As illustrated in Table 2 AR as confirmed by the presence of a regurgitant jet quantified as  

severe (PHT <200 ms). 

After 2 months, AR (PHT <200 ms) was confirmed, and the presence of volume overload and  

eccentric hypertrophy was established echocardiographically by significant increases in  

LVEDD, LVESD, and LV mass (n = 10, all p < 0.001, Table.1). Load‐dependent  

indices of LV systolic function (FS and EF) and RWT were significantly lower than baseline  

(p < 0.05, n = 10), whereas SV and CO were significantly higher than baseline (n = 10, both p  

< 0.001), wall stress was significantly higher than baseline (n=10, p <0.05)  

 

Effects of saline infusion in rats with AR 

As illustrated in Table 2, infusion of saline 0.9% affected some echocardiographic parameters  

in rats with AR. FS was significantly higher (p < 0.05), whereas LVESD, LVESDD, and end‐ 

systolic wall stress was significantly lower (p < 0.05). Hemodynamically, NaCl infusion  

significantly increased systolic and diastolic blood pressures (p < 0.05), as well as PWTs and  

the PEP/LVET ratio (p < 0.05). 

 

AR altered myocardial LV expression of genes regulating apoptosis and oxidative stress 

Myocardial LV gene expression of pro-apoptotic Bax was significantly higher in rats  

with AR compared to control group, whereas no difference in gene expression of anti- 

apoptotic Bcl2 was observed (Fig. 1A). The resulting pro-apoptotic Bax-to-Bcl2 ratio was  

increase in the LV of rats with AR (Fig. 1A). We also examined  

differential expression of genes involved in oxidative stress regulation. Myocardial expression  

of Gpx, an anti- oxidant enzyme, increased in the LV rats with AR, decreased Sod2 gene  

expression whereas no changes in Sod1 gene expression were observed (Fig. 1B). 
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AR impacted LV expression profile of key determinants of cardiac energy substrate use 

To assess the effects of AR on basal myocardial energy metabolism, we evaluated gene  

expression profile of transcription factors and molecules regulating cardiac glucose and fatty  

acid metabolism. As illustrated in Fig. 2A, myocardial LV gene expression of key energy  

sensors Ppar gamma and Ampk decreased. Myocardial LV expression of Slc2a1 (Glut1), the  

major myocardial glucose transporter remained unchanged in rats with AR, while gene  

expression of Slc2a4 (Glut4) decreased with AR (Fig. 2B). As illustrated in Fig. 2C, AR  

increased LV expression of Alox15 encoding the 12/15 lipoxygenase enzyme  

implicated in polyunsaturated fatty acid metabolism, and of oxidized low-density lipoprotein  

receptor 1 (Olr1, also known as Lox1) encoding for a scavenger receptor mediating the uptake  

of oxidized lipoproteins into cells, whereas gene expression of fatty acid transporter Cd36  

remained unchanged. 

 

AR altered LV expression of genes implicated in cardiac contractility 

As illustrated in Fig. 3A, AR did not induce a major change in LV gene expression in   

Kallikrein-bradykinin system except an increase in LV gene expression of KlK10. 

Again, after 2 months chronic severe AR did not induce major changes in gene expression of  

Cacna1c and RYR , except an decrease in LV gene expression of Serca2 in response to AR  

(Fig. 3B). 
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Discussion 

Induction of AR in experimental rats led to combined LV volume and pressure overload as  

well as significant changes in gene expression. Collectively, our findings revealed differential  

expression of genes that promote apoptosis (an increased Bax/Bcl2 ratio), oxidative stress  

(decreased expression of Sod2), cardiac metabolism (decreased expression of Glut4, Ampk4,  

and Pparγ, and increased expression of Lox1 and Alox15), and Ca2+-dependent myocardial  

contraction (increased expression of Klk10 and decreased expression of Serca2a) at t = 7 days  

after placebo infusion in rats with AR. 

 As previously reported (230), the administration of the placebo to rats with AR resulted in  

increases in fractional shortening (FS), cardiac output (CO), and stroke volume (SV)  

accompanied by decreases in LV end-systolic dimension (ESD), end-diastolic diameter  

(EDD), and end‐systolic wall stress. Hemodynamically, placebo (saline) infusion resulted in  

significant increases in both systolic and diastolic blood pressures. However, we observed no  

significant increases in maximum wall stress, end-diastolic wall stress, or ejection fraction  

(EF). 

The first set of profiles focused on the differential expression of the genes involved in the  

regulation of apoptosis. Specifically, we examined AR-induced expression of the  

mitochondrial anti-apoptotic protein, Bcl2, and pro-apoptotic protein, Bax (254). Bax is a  

well-characterized member of the Bcl-2 gene family; this protein resides in the cytosol until it  

has been activated by stress stimuli, whereupon it induces cell death (300). Our findings  

revealed a significant increase in Bax expression and a concomitant increase in the Bax/Bcl2  

ratio in response to AR. An elevated Bax/Bcl2 ratio reflects a higher level of pro-apoptotic  

activity and an overall increased vulnerability to apoptosis (256). Our findings revealed that  

AR led to differential expression of the critical antioxidants Gpx and Sod2 which both  

function to protect cells against hydroperoxide-mediated injury associated with the  

scavenging of reactive oxygen species (ROS) (301). As exposure to ROS can promote Gpx  

expression (298), the function of Sod2 was to eliminate ROS and thus confer protection  
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against cell death (302). Animal models of hemodynamic overload exhibit chronic increases  

in myocardial oxidative stress which can lead to myocardial remodeling and HF (303).  

Furthermore, tonic mechanical stretch of rat papillary muscle increases ROS production and  

thus may mediate myocyte apoptosis in this model (304). Taken together, our results suggest  

a link between AR and apoptotic activity at the level of gene expression. 

We also evaluated the effects of AR on cardiac metabolism via the evaluation of genes  

involved in FA and glucose metabolism. In this study, we found that rats with AR exhibited  

decreased myocardial expression of Glut4; interestingly, Glut1 expression remained  

unchanged. Both GLUT1 and GLUT4 are critical glucose transporters in the heart. Germ-line  

disruption of the gene encoding GLUT4 resulted in striking cardiac hypertrophy and impaired  

function. Glut4 gene-deleted animals were hyper-insulinemic and exhibited profound changes  

in cardiac substrate delivery. Thus, it was not clear whether the observed cardiac hypertrophy  

was a primary or secondary consequence of GLUT4 ablation (305). We also evaluated the  

differential expression of several key energy sensors, including PPARs and AMPK. AMPK  

detects the intracellular ATP/AMP ratio and plays a pivotal role in promoting intracellular  

adaptation to energy stress. Our findings revealed decreased expression of Ampk in rats with  

AR. Previous studies highlighted the contributions of local AMPK activation to cardiac  

protection, notably its role in accelerating ATP generation and attenuating ATP depletion to  

protect against cardiac dysfunction and cardiomyocyte apoptosis (306). While AMPK  

inactivation has been linked to the activation of apoptotic processes in cardiomyocytes (307),  

AMPK activation reduced cardiomyocyte apoptosis, reversed diabetic cardiomyopathy, and  

inhibited the development of myocardial hypertrophy (308, 309). Furthermore, APMK  

regulates FA metabolism by promoting FA uptake and oxidation; it can also regulate glucose  

metabolism by promoting glucose uptake and glycolysis (309). Similarly, PPARγ regulates  

FA storage by stimulating lipid uptake and adipogenesis by fat cells and regulates glucose  

metabolism by increasing insulin sensitivity (132). Decreases in Glut4, Ampk, and Pparγ  

expression with no changes in the levels of Glut1 suggest that LV tissues from rats with AR  



 
 

 195 

use glucose rather than FAs as a primary source of oxidative energy. 

Lox1 is a membrane scavenger receptor that contributes to endothelial cell internalization of  

oxidized low-density lipoprotein (ox-LDL) (150), Myocardial ischemia enhances the  

expression of Lox1, thereby promoting cardiomyocyte apoptosis, local inflammation, and  

fibroblast activation, thus favoring myocardial fibrosis and loss of function (310). Similar  

results were obtained when endothelial cells were exposed to shear stress, thus supporting a  

role for disrupted blood flow on Lox1-mediated mechano-transduction (152). As described in  

a previous report, increased expression of Lox1 was detected in cases of diastolic dysfunction  

(299). Similarly, Alox15, which is a lipid-peroxidizing enzyme (269), has been implicated in  

the pathogenesis of atherosclerosis (150), diabetes, and neurodegenerative disease (269). The  

expression levels of both Lox1 and Alox15 were markedly increased in HF (270, 271). AR- 

associated diastolic dysfunction and shear stress may thus explain at least some of our results. 

Sarcoplasmic reticulum (SR) Ca2+-pump ATPase (SERCA) plays a major role in Ca2+  

signaling and is involved in a significant range of cell functions including transcription,  

apoptosis, exocytosis, signal transduction, and cell motility (311). SERCA is responsible for  

the movement of Ca2+ against the concentration gradient between the SR and the cytosol.  

SERCA 2 gene-deleted mice exhibit disrupted SR function that was associated with HF (312).  

Decreased SERCA2a expression was reported in both pressure (313) and chronically volume- 

overloaded mice (314). In this study, decreased expression of Serca2a observed in rats with  

AR correlated with findings reported in the literature. 

Klk10 is a member of the kallikrein-related peptidase (KLK) family. This enzyme was  

initially discovered as a potential tumor suppressor that was downregulated in breast, prostate,  

testicular, and lung cancer (315, 316). Administration of Klk10 inhibits endothelial  

inflammation and the development of barrier dysfunction. It also reduces endothelial cell  

migration and tube formation but has no impact on apoptosis or proliferation, among other  

potential anti-atherogenic therapeutic targets (316). 

Our results highlight an increase in Klk10 expression in AR rats. Interestingly, results from a  
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previous study revealed increased expression of Klk10 in a model volume of overload  

secondary to an aorta-cava fistula (317) but not in AR. This may be related to the onset of the  

compensatory phase of AR which includes compensatory/defense mechanisms used to  

prevent ventricular dysfunction. 

 

Study limitations 

The results of this study have to be viewed in the light of some limitations. Rodent left  

ventricle may differ in some aspect from humans, all the rats in our study are male or in the  

expression of genes in the left ventricle related to AR can be different depending on the sex  

(46), In addition, the evaluation was performed at gene level and may not correspond directly  

with protein levels in vivo. The role of various signaling pathways controlling the gene  

expression in the AR will need to be explored more in details 

In conclusion combined pressure and volume overload in rats resulted in a gene expression  

profile suggesting increasing myocardial LV apoptosis and oxidative stress with an increased  

glucose oxidation and other gene expression suggesting left ventricle dysfunction, klk10  

augmentation maybe related to a defense mechanism. 
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Figure legends 

Fig. 1 Myocardial left ventricular relative expression of genes implicated in (A) apoptosis 

(Bax, Bcl2) and (B) oxidative stress (Gpx, Sod1, Sod2) processes seven days after placebo 

infusion in rats with AR (AR; n=10; black bars) versus placebo (n=8; grey bars) infusion. 

Values are presented as mean ± SD; *0.01< p < 0.05, **0.001< p <0.01, *** p <0.001. 

Fig. 2 Myocardial left ventricular relative expression of genes implicated in cardiac 

metabolism including (A) cellular energy sensors such as Ampk, Ppar alpha, and Ppar 

gamma; (B) glucose transporters Glut1 and Glut4; (C)  fatty acid metabolism regulators such 

as Cd36, Lox-1, and Alox-15, seven days after placebo infusion in rats with AR  (AR; n=10; 

black bars) versus placebo (n=8; grey bars) infusion. Values are presented as mean ± SD; 

**0.001 < p <0.01. 

Fig. 3 Myocardial left ventricular relative expression of genes controlling myocardial 

contractility including (A) cardiac actors of kallikrein (klk8,klk10) -  bradykinin (Bdkrb1and 

Bdkrb2) system and (B) Ca2+-dependent excitation-contraction Serca2a, Ryr2,Cacna1c  

seven days after placebo infusion in rats with AR (OM; n=10; black bars) versus placebo 

(n=8; grey bars) infusion. Values are presented as mean ± SD; *0.01< p <0.05, **0.001 < p 

<0.01, ***p <0.001. 
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Table1.Primers used for real-time quantitative polymerase chain reaction (RTq-PCR) in rat 

left ventricular (LV) myocardial tissue. 

Genes  Primer Sequences 

Glycerol-3-phosphate dehydrogenase (GAPDH) Sense 

Antisense 

5’ – AAGATGGTGAAGGTCGGTGT – 3’ 

5’ – ATGAAGGGGTCGTTGATGG – 3’ 

Hypoxanthine guanine phosphoribosyl transferase 

(HPRT) 

Sense 

Antisense 

5’ – ACAGGCCAGACTTTGTTGGA – 3’ 

5’ – ATCCACTTTCGCTGATGACAC – 3’ 

AMP-activated protein kinase (Ampk) Sense 

Antisense 

5’ – TTCGGGAAAGTGAAGGTGGG – 3’ 

5’ – TCTCTGCGGATTTTCCCGAC-– 3 ‘ 

Arachidonate 15-lipoxygenase (Alox15) Sense 

Antisense 

5' - GCACTCTTCCGTCCATCTTG - 3' 

5' - GCTTCTCCATTGTTGCTTCCT - 3' 

ATPase sarcoplasmic/endoplasmic reticulum Ca2+ 

transporting 2 (Atp2a2 or Serca2) 

Sense 

Antisense 

5’ – GCAGGTCAAGAAGCTCAAGG – 3’ 

5’ – TCTCTGCGGATTTTCCCGAC – 3’ 

Bcl2 associated X apoptosis regulator (Bax) Sense 

Antisense 

5' - CGTGGTTGCCCTCTTCTACT - 3' 

5' - TCACGGAGGAAGTCCAGTGT - 3' 

B-cell lymphoma 2 (Bcl2) Sense 

Antisense 

5' - TTTCTCCTGGCTGTCTCTGAA - 3' 

5' - CATATTTGTTTGGGGCAGGT - 3' 

Bradykinin receptor B1 (Bdkrb1) Sense 

Antisense 

5' -AAGCTACGTGCCTGCTCATC - 3' 

5' - CGGGGACGACTTTAACAGAG - 3' 

Bradykinin receptor B2 (Bdkrb2) Sense 

Antisense 

5' - GCTGTCGTGGAAGTGGCTAT - 3' 

5' - AAGGTCCCGTTATGAGCAGA - 3' 

Ca2+ voltage-gated channel subunit alpha1 C (Cacna1c) Sense 

Antisense 

5’ – CCTATTTCCGTGACCTGTGG – 3’ 

5’ – GGAGGGACTTGATGGTGTTG – 3’ 

CD36 fatty acid transporter (Cd36) Sense 

Antisense 

5' - TTTCTGCTTTCTCATCGCCG - 3' 

5' - GGATGTGGAACCCATAACTGG - 3' 

Glutathione peroxidase (Gpx) Sense 

Antisense 

5' - CCGACCCCAAGTACATCATT - 3' 

5' - AACACCGTCTGGACCTACCA - 3' 

Kallikrein-related-peptidase 8 (Klk8) Sense 

Antisense 

5' -CGGAGACAGATGGGTCCTAA - 3' 

5' - ATCTCTTGCTCGGGCTCAT - 3' 

Kallikrein-related-peptidase 10 (Klk10) Sense 

Antisense 

5' - GCAGGTCTCCCTCTTCCATA - 3' 

5' - CAGTGGCTTATTTCTCCAGCA - 3' 

Oxidized low density lipoprotein receptor 1 (Olr1 or 

Lox1) 

Sense 

Antisense 

5' -CATTCACCTCCCCATTTT - 3' 

5' - GTAAAGAAACGCCCCTGGT - 3' 

Peroxisome proliferator-activated receptor alpha (Ppar 

alpha) 

Sense 

Antisense 

5 ‘ – TTAGAGGCGAGCCAAGACTG – 3’ 

5’ – CAGAGCACCAATCTGTGATGA – 3’ 

Peroxisome proliferator-activated receptor gamma 

(Ppar gamma) 

Sense 

Antisense 

5’– GCGCTAAATTCATCTTAACTC – 3’ 

5’ – CTGTGTCAACCATGGTAATTT – 3’ 

Ryanodine receptor 2 (Ryr2) Sense 

Antisense 

5’ – GGAACTGACGGAGGAAAGTG – 3’ 

5’ – GAGACCAGCATTTGGGTTGT – 3’ 

Solute carrier family 2 member 1 (Slc2a1 or Glut1) Sense 

Antisense 

5' - TCTTCGAGAAGGCAGGTGTG - 3' 

5' - TCCACGACGAACAGCGAC - 3' 

Solute carrier family 2 member 4 (Slc2a4 or Glut4) Sense 5' - AGGCCGGGACACTATACCC - 3' 
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Antisense 5' - TCCCCATCTTCAGAGCCGAT -5' 

Superoxide dismutase 1 (Sod1) Sense 

Antisense 

5' - GGTCCACGAGAAACAAGATGA - 3' 

5' - CAATCACACCACAAGCCAAG - 3' 

Superoxide dismutase 2 (Sod2) Sense 

Antisense 

5' -AAGGAGCAAGGTCGCTTACA - 3' 

5' - ACACATCAATCCCCAGCAGT - 3' 
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Table 2 Hemodynamic effects of aortic regurgitation (AR) induced in rats at baseline, 2 

months after induction of AR (pre-infusion), and following infusion of placebo (0.9% NaCl)1 

 

 Placebo (n=10) 

Parameters Base 2 Months 2Months+placabo 

FR, % 42 ± 2  33 ± 1 * 44 ± 4 ### 

FE, % 76 ± 3  65 ± 4 ** 70 ± 3  

SIVs, mm 3.03 ± 0.18  2.85 ± 0.22  3.20 ± 0.25  

SIVd, mm 2.20 ± 0.18  2.38 ± 0.24 $ 2.42 ± 0.15 $ 

LVESD, mm 4.6 ± 0.2  7.2 ± 0.3 $$*** 4.7 ± 0.4 ### 

LVEDD, mm 7.9 ± 0.2  10.7 ± 0.3 $*** 8.5 ± 0.2 ### 

FC, BPM 315 ± 19  301 ± 15  313 ± 13  

LVOT, mm 2.41 ± 0.06  2.82 ± 0.06 *** 2.85 ± 0.05 *** 

PVGs, mm 3.00 ± 0.14  2.89 ± 0.24  3.45 ± 0.19 $*# 

PVGd, mm 1.88 ± 0.17  1.76 ± 0.15  2.35 ± 0.16  

PEP, ms 28 ± 2  31 ± 3  34 ± 3 $$** 

LVET, ms 81 ± 1  87 ± 3  88 ± 4  

ST, ms 109 ± 3  119 ± 4  122 ± 6  

DT, ms 88 ± 9  85 ± 8  72 ± 5 $ 

RR, ms 197 ± 11  202 ± 9  194 ± 8  

PEP/LVET 0.34 ± 0.02  0.36 ± 0.03  0.38 ± 0.03 ## 

ST/RR 0.58 ± 0.04 $ 0.59 ± 0.02 $$ 0.63 ± 0.02 $$ 

ARPht, ms     92 ± 7  123 ± 15 # 

SV, ml 0.30 ± 0.02  0.51 ± 0.04 $$*** 0.47 ± 0.03 *** 

CO, ml/min 96 ± 8  153 ± 12 $*** 145 ± 8 *** 

LVOT VTI, mm 66 ± 4  81 ± 3  74 ± 4  

TA Sys Pré, mmHg 119 ± 2  115 ± 2  135 ± 4 **### 

TA Dia Pré, mmHg 82 ± 1  59 ± 3 $$$*** 69 ± 4 $**# 

TA Sys Post, mmHg 106 ± 3          

TA Dia Post, mmHg 63 ± 3          

Poids, g 502 ± 27  577 ± 24 ***     

LV Mass 1094 ± 140  1750 ± 209 $*** 1453 ± 122 # 

Laplace s 46 ± 4  76 ± 7 ** 53 ± 6 # 

Laplace d 77 ± 6 $ 73 ± 9 $$ 65 ± 8 $ 

max 224 ± 18 $ 282 ± 29 * 248 ± 20  

Sigma Es 60 ± 5 $ 104 ± 11 ** 73 ± 10 # 

RWT 0.49 ± 0.05  0.33 ± 0.03 ** 0.56 ± 0.05 ## 

 

¹Values are expressed as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001 (or other symbols; 

two-way ANOVA). Comparisons: * = within a group compared with baseline; $ = compared 

with sham-operated rats at the same time point. 

²FS, fractional shortening; EF, ejection fraction; SWTs, septal wall thickness in systole; 

SWTd, septal wall thickness in diastole; LVESD, left ventricle end-systolic diameter; 

LVEDD, left ventricle end-diastolic diameter; HR, heart rate; LVOT, left ventricle outflow 

tract diameter; PWTs, posterior wall thickness in systole; PWTd, posterior wall thickness in 
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diastole; PEP, pre-ejection period; LVET, left ventricle ejection time; ST, systolic time; 

DT,diastolic time; RR, interval between successive R; ARPht, aortic regurgitation pressure 

half-time; SV, stroke volume; CO, cardiac output; VTI, velocity-time integral; BP, blood 

pressure; σd, diastolic wall stress; σ, max wall stress; σEs, end-systolic wall stress; RWT, 

relative wall thickness.   
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Figure 1 
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Figure 2 

A. 
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Figure 3 
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