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Abstract

Objectives: Both N-terminal fragment of B-type natriuretic
peptide (NT-proBNP) and soluble isoform of ST2 (sST2) have
been identified as biomarkers of heart failure. We evaluated
the plasma levels of NT-proBNP and sST2 in a rat model of
severe aortic valve regurgitation (AR) and correlated these
findings with echocardiographic measurements. We also
examined the impact of omecamtiv mecarbil (OM) on these
parameters.
Methods: The plasma levels of NT-proBNP and sST2 were
measured in 18 rats both before and 2months after surgical
induction of AR, and at these same time points, in six rats
assigned to a sham-procedure control group. Plasma bio-
markers were then measured again after infusion of OM or
placebo in rats with AR (n=8 and 10, respectively) and OM
alone in the sham control rats (n=6). Echocardiographic
measurements were collected before and 2 months after
induction of AR.
Results: Our results revealed increased levels of plasma
NT-proBNP (219 ± 34 pg/mL vs. 429 ± 374 pg/mL; p<0.001)
in rats with AR at day 7 after infusion of placebo, whereas
plasma levels of sST2 were higher in this cohort after
infusion of either OMor placebo.We identified a significant
positive correlation between plasma sST2 with posterior

wall thickness in diastole (r=0.34, p<0.05) and total body
weight (r=0.45, p<0.01) in rats with surgically induced AR.
Conclusions: Because sST2 increased markedly, whereas
NT-proBNP remained unchanged, when OM was adminis-
tered, we hypothesize that sST2 has a distinct capability to
detect deleterious effects of passive muscle tension, not
reliably assessed by NT-proBNP, in the setting of AR.

Keywords: aortic regurgitation; biomarkers; heart failure;
omecamtiv mecarbil; overload.

Introduction

First described in 1989 [1], the soluble isoform of suppres-
sion of tumorigenicity 2 (ST2) has been identified as a
biomarker that can be used to monitor the progression and
prognosis of acute and chronic heart failure (HF) [2]. ST2 is
amember of the interleukin (IL)-1 receptor family and is the
major receptor for IL-33, a proinflammatory cytokine that is
secreted by numerous cells and cell types in response to
damage [3] and is part of the cardioprotective signaling
system. IL-33 binds to membrane-localized ST2 and exerts
both antihypertrophic and antifibrotic effects. The soluble
isoform of ST2 (sST2) can also interact with IL-33 and
thereby, inhibit its cardioprotective effects [4]. Cardiac fi-
broblasts and cardiomyocytes release sST2 in response to
stress and overload; the circulating levels of this protein
reflect the degree of myocardial stress, ventricular remod-
eling, andfibrosis [5]. Interestingly, themain source of sST2
in HF may be the vascular endothelium rather than
myocardial cells [6].

By contrast, a B-type natriuretic peptide (BNP) and its
N-terminal fragment (NT-proBNP) are neurohormones
synthesized by the ventricular myocardium. Increases in
ventricular wall stress and myocardial hypertrophy in
states of pressure and/or volume overload signal the
release of these peptides [7]. Plasma BNP levels have been
incorporated into clinical practice for prognostic stratifi-
cation andmanagement of HF [8]. Circulating levels of sST2
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serve as an independent predictor of this condition that can
be added to those determined for BNP [9]. Omecamtiv
mecarbil (OM) is an inotropic drug targeting sacromeres
[10], binds specifically to the catalytic S1 domain of cardiac
myosin, and thus has no significant impact on the forms of
myosin found in smooth or skeletal muscle [10]. Mecha-
nistically, OM activates cardiac myosin and accelerates the
hydrolysis of ATP, thereby increasing the binding to actin
and enhancing force generation and the strength of cardiac
contractions [10]. In an experimental model of canine HF,
the administration of OM increased the systolic ejection
time, cardiac myocyte fractional shortening (FS), stroke
volume (SV), and cardiac output (CO) and reduced left
ventricular (LV) end-diastolic pressure and peripheral
vascular resistance [11].

Aortic valve regurgitation (AR) is a common heart
disease; chronic severe AR imposes a combined volume
and pressure overload; and myocardial remodeling in AR
leads to an alteration of LV function and wall stress.

Effects of AR on sST2 and NT-proBNP are unknown in
rodents, and those of OM-mediated cardiac contraction
strength increases on these parameters. We tested the hy-
pothesis that severe chronic AR increases NT-proBNP and
sST2 in rats in relation to changes in LV morphology and
function. In addition, we anticipated that OM administra-
tion in AR could exert differential effects on sST2 and
NT-proBNP, given the importance of myocardial stress in
sST2 release.

Methods

Animals

The experimental protocol was approved by the Institutional Animal
Care andUseCommittee of the “Université Libre deBruxelles”. 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). Our study included 24male
adultWistar rats (482± 57 g bodyweight). Six ratswere assigned to the
sham intervention group and 18 rats underwent the induction of AR.
The 18 rats that were subjected to AR induction were divided at
random into the OM (n=8) or placebo, a physiologic saline solution
(0.9% NaCl), (n=10) treatment groups. AR was induced under general
anesthesia (1.5% inhaled isoflurane) by retrograde puncture of the
aortic valve leaflet, as previously described [12]. The six rats assigned
to the sham (control) group underwent cannulation of the right carotid
artery under general anesthesia without aortic valve puncture. Heart
rate and rhythm were monitored via limb leads throughout the pro-
cedure. Invasive arterial pressures were measured with a micro-
manometer (rodent catheter 1.6 F, Transonic Systems BV, Elsloo, the
Netherlands) inserted in the right common carotid artery. The clinical
condition of each rat was monitored daily throughout the experiment
with a particular focus on the respiratory function.

Echocardiography

All ratswere assessed by echocardiography performed by experienced
cardiologists who were blinded to the group assignments and treat-
ments. Transthoracic 2D, M-mode, and Doppler echocardiography
were performed under general anesthesia (1.5% isoflurane) using an
ultrasound scanner (Vivid-E90, GE Healthcare, Wauwatosa, WI, USA)
equipped with a 12-MHz phased-array transducer (GE 12S-D, GE
Healthcare). Echocardiographic measurements were obtained ac-
cording to the American Society of Echocardiography guidelines [13,
14]. Standard right parasternal (long and short axis) and left apical
parasternal views were used for data acquisition. FS was calculated
using the formula FS=(LV end-diastolic diameter [LVEDD] – LV end-
systolic diameter [LVESD])/LVEDD × 100 in M-mode from a short-axis
view of the LV at the level of the chordae tendineae using measured
parameters including (a) diastolic (d) and systolic (s) septal wall
thickness (SWTd and SWTs, respectively), (b) posterior wall thickness
(PWTd and PWTs, respectively), and (c) LVEDD and LVESD, as
defined above. Ejection fraction (EF) was derived using the Teicholz
formula. LV mass was calculated using the formula recommended
by the American Society of Echocardiography, i.e., LV mass =
0.8 × {1.04[(LVEDD + PWTd + SWTd)3 − (LVEDD)3]} + 0.6 g. The aortic
diameter wasmeasured from the right long-axis parasternal view. The
aortic flow was measured from the left apical view to calculate the
forward SV and CO. A pressure half-time (PHT) of <200 ms was
considered to be indicative of severe AR. The relative wall thickness
(RWT) was calculated using the formula RWT=2 × PWTd/LVEDD, with
PWTd measured at end-diastole (in mm).

Experimental design

Doppler echocardiography was performed before the induction of AR
(baseline) and during the surgical procedure to confirm the presence
and severity of the lesion. It was performed again 60 days after the
experimental induction of AR in these rats. Rats with AR in the OM
treatment (n=8) and placebo, a physiologic saline solution, (0.9%
NaCl) (n=10) groups received equal volumes (12mL/kg bodyweight) of
OM (1.2 mg/kg/h) or placebo, respectively, via a 30 min infusion
through the femoral vein. Rats that underwent the sham intervention
(n=6) received the same dose of OM.

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 2 months after the induction of AR
(or sham procedure, i.e., before infusion of OM or placebo), and 1, 2,
and 7 days thereafter. The samples were collected into vacuum blood
collection tubes (BD Vacutainer, Plymouth, UK) with ethyl-
enediaminetetraacetic acid as the anticoagulant. The tubes were
centrifuged immediately after collection at 3,000 rpm and 4 °C for
15min to obtain plasma,whichwas separated inmultiple aliquots and
stored at −80 °C until analysis. The 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 pg/mL–2000 pg/
mL. The plasma levels of NT-proBNP were measured using a rat
NT-proBNP ELISA Kit (MYBIOSOURCE, San Diego, CA, USA). The
plasma levels of sST2 and NT-proBNP were measured using
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electrochemiluminescence immunoassay GLOMAX multidetection
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 a working range (imprecision pro-
file ≤10%coefficient of variation) that extended to∼35,000pg/mL. The
assays were carried out as per the manufacturer’s instructions. The
results were presented as the mean value of duplicated experiments.
Laboratory technicians were blinded as to the specific characteristics
of each sample.

Statistical analysis

Results are presented as means ± standard deviation (SD). Data were
analyzedusing a two-factor analysis of variance (ANOVA) for repeated
measures. Intergroup 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.

Results

Impact of surgically induced AR on
echocardiographic findings

The impact of surgically inducedARwas evaluated 60 days
after the completion of the procedure. Values obtained
from these rats are shown in Table 1. Our findings were
consistent with the diagnosis of severe AR (e.g., PHT
<200 ms) in each of the 18 rats that underwent this pro-
cedure. By contrast, no AR was detected in the six rats in
the sham control group.

Plasma NT-proBNP levels detected in
response to surgically induced AR

The baseline levels of plasma NT-proBNP were
244 ± 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-proBNPwere not
significantly different, i.e., 231 ± 35 pg/mL in this
experimental cohort (Figure 1). We also detected no sig-
nificant differences in plasma NT-proBNP levels among
the six rats in the sham control group (235 ± 37 pg/mL at
baseline vs. 280 ± 66 pg/mL measured 60 days later). We
identified no correlations between plasma NT-proBNP
levels and echocardiographic parameters, blood pres-
sure, or body weight.

Plasma NT-proBNP levels detected in
response to administration of OM or placebo

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

Table : Echocardiographic measurements in rats (n=) at base-
line and  days after induction of AR. Correlations of plasma
NT-proBNP and sST levels with echocardiographic variables and
invasive arterial pressure measurements at baseline and  months
( days) after the induction of AR.

Parameterd Baseline  Months r (NT-proBNP) r (sST)

FS, %  ±   ± 
c

. .
EF, %  ±   ± 

c
. .

SWTs, mm . ± . . ± . . .
SWTd, mm . ± . . ± . . −.
LVESD, mm . ± . . ± .c −. −.
LVEDD, mm . ± . . ± .c −. −.
HR, BPM  ±   ±  −. −.
LVOT, mm . ± . . ± .c −. .
PWTs, mm . ± . . ± . −. .
PWTd, mm . ± . . ± . . .a

PEP, ms  ±   ±  . .
LVET, ms  ±   ±  . .
ST, ms  ±   ±  . .
DT, ms  ±   ±  . .
RR, ms  ±   ±  . .
PEP/LVET . ± . . ± . −. .
ST/RR . ± . . ± . . −.
ARPht, ms  ± 

SV, mL . ± . . ± .c −. .
CO, mL/min  ±   ± 

c −. .
LVOT VTI, mm  ±   ± 

c −. −.
BP sys, mmHg  ±   ±  −. −.
BP dia, mmHg  ±   ± 

c
. −.

Weight, g  ±   ± 
c −. .b

LV mass , ±   ± 
c

. .
σd, dyn/cm

 ±   ±  −. .
σmax, dyn/cm

 ±   ± 
c −. −.

σEs, dyn/cm
 ±   ± 

c −. −.
RWT . ± . . ± .c

. .

Values presented are means ± SD; ap<.; bp<.; cp<.; dFS,
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.
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experimentally induced AR and sham control rats treated
with OM (Figure 2). Interestingly, the plasma NT-proBNP
levels increased significantly in the rats with surgically
inducedARonday 7 after infusionof placebo (219± 34pg/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 signif-
icant 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.

Plasma sST2 levels detected in rats with
surgically induced AR

As shown in Figure 3, we detected no significant differ-
ences in plasma sST2 in rats when comparing levels
detected before and 2months after surgical induction of AR
(583 ± 514 pg/mL vs. 543 ± 340 pg/mL).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 correla-
tion between plasma sST2 and body weight (r=0.45,
p<0.01), as shown in Figure 4.

Figure 1: 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.

Figure 2: Plasma NT-proBNP levels. Shown are values at baseline
(day 0) and at days 60, 61, 62, and 67 after induction of AR or sham
procedure in response to administration of OMor placebo in ratswith
AR (n=8 or 10, respectively) and OM infusion only in rats in the sham
control group (n=6).Values shown are means ± SDs; ***p<0.001.

Figure 3: Plasma sST2 levels in adult male rats (n=18) at baseline
and 60 days after the induction of AR. Values shown (pg/mL) are
means ± SDs.
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Plasma sST2 levels detected in response to
administration of OM or placebo

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) of rats with experimentally

induced AR and sham control rats treated with OM were

assessed (Figure 5). 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 pg/mL 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 (day

67; 498 ± 225 pg/mL 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 pg/mL at day

0 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.

(A)

(B)

Figure 4: (A) Correlations between plasma NT-proBNP and sST2
levels and body weight (n=18 rats) at baseline and 60 days 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.

Figure 5: Plasma sST2 levels. Shown are values 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
shamcontrol group (n=6). Values shownaremeans±SDs; **p<0.01.
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Discussion

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 2 months after surgical induction of AR when
compared to that in baseline. As might be anticipated from
these results, we detected no significant correlations between
echocardiographicparameters andplasmaNT-proBNP levels.
As one explanation for this finding, we consider the possi-
bility that compensatorymechanismsmightdevelop in theLV
in response to chronic severe AR. For example, the LV can
adapt to the volume overload by developing eccentric hy-
pertrophy and increased mass. In this situation, the LV vol-
ume/mass ratio remains within normal limits. Likewise, the
LVEF is maintained by increased preload, and, despite an
increase in the end-systolic diameter andpressure early in the
course of the disease, the end-systolic wall stress is main-
tainedwithin thenormal rangebya compensatory increase in
wall thickness [15]. In a previous study, Song et al. [16] re-
ported that NT-proBNP levels may reflect time-dependent
structural and/or functional changes in the LV. Similarly,
Weber and colleagues [17] 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. Another possible explanation
considers the long time spanbetween the inductionofARand
thefirst biochemical assessment. Given the biological half-life
of NT-proBNP, the plasma levels detected at 2 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 because the two groups of rats (AR and
sham) that were treated with OM received the same volume
of liquid, yet no modification of the plasma NT-proBNP
levels were observed in the latter group. However, the vol-
ume 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 AR, as reported by a
previous study [18]. Of note, NT-proBNP expression is pro-
moted not only by mechanical stretch, but also by proin-
flammatory, oxidative, and trophic stimuli [19].

Our results also revealed that plasma sST2 levels un-
derwent no significant change from baseline levels at

60 days after induction of AR, despite the impact of this
procedure on LV function to the opposite of our working
hypothesis. Najjar et al. [20] reported that there were no
significant differences in sST2 levels when comparing
healthy controls to subjects with HF with a preserved EF.
This is in contrast to Weinberg et al. [5] who reported that
sST2 levels increased significantly as early as 1 day after
experimentally induced myocardial infarction (MI). Inter-
estingly, 3 days after MI, serum sST2 levels were similar to
those of the unmanipulated control mice. This group also
reported a significant increase in ST2 levels detected in hu-
man subjects 1 day after experiencing anMI when compared
to values obtained at 2 weeks and 3 months thereafter.
Collectively, these results suggest that elevations in circu-
lating sST2 levelsmay represent a transient response to acute
myocardial stress that diminishes over time and ultimately
returns tobaseline levels after severalweeks tomonths. Such
mechanisms could, thus, account for observations.

In this study, we identified significant positive correla-
tions between sST2 levels with body weight and PWTd.
Interestingly, we observed no significant increases in PWTd
at 2 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 the overload linked to AR as described in hu-
man subjectsmayhaveplayed a role [21]. Thegeneencoding
sST2 is induced under conditions of myocardial overload
associated with MI, because the myocardial tissue that re-
mains viable is required to bear more stress.

In our model, no associations were identified between
plasma sST2 levels with LV function and geometry,
including LV volume and mass. This finding is consistent
with the results reported in other recent studies that also
demonstrated no specific associations between sST2 levels
and LV function or geometry, as assessed by echocardi-
ography in human subjects [9, 20]. Likewise, we observed a
correlation between sST2 levels and weight only in the rats
with surgically induced AR. This correlationmay reflect the
impact of myocardial stress, ventricular remodeling, and/
or fibrosis [5]. It is also possible that the surgical induction
of AR results in a chronic inflammatory response. Of note,
sST2 has been implicated in numerous inflammatory dis-
eases [22] and in cardiovascular pathophysiology. No cor-
relations between these parameters were detected in the
sham control group despite the significant weight gain.

The significant increase in plasma sST2 levels observed
in rats with AR in response to administration of the placebo
may be directly related to acute cardiomyocyte stretch due
to volume overload and mechanical stress [21]. Volume
overload in a setting of a fragilized hemodynamic status as
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a result of AR could conceivably induce similar changes in
sST2 than those already discussed with NT-proBNP. By
contrast, no changes in plasma sST2 levelswere detected in
the sham control rats at days 1, 2, and 7 after OM admin-
istration, possibly since cardiomyocytes in the control rats
can support this acute volume overload.

Changes in sST2 levels in rats with AR who received
volume overload and 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 differ-
ential regulation of NT-proBNP and sST2 in AR. Rønning
et al. [23] reported that the administration of OM prolonged
the systolic ejection time in LVs that were dilated due to AR.
This effect may be associated with limitations on LV
distensibility observed in diastole. Interestingly, OM had an
opposite effect in animal models of cardiac ischemia. This is
consistent with the previous findings that OM reduces the
rate of relaxation and increases passive tension in isolated
cardiomyocyteswhile at rest [24]. Thiswill limit the extent to
which the cardiomyocytes can undergo additional stretch or
distension, including that required to compensate for AR. In
such circumstances, NT-proBNP remained unchanged,
whereas sST2 increased markedly in our study suggesting
that passivemuscle tension with OM has distinct and subtle
deleterious effects in the setting of AR, not reliably assessed
by modifications in NT-proBNP. Furthermore the effects of
OM are concentration, time, and species-dependent [25].

Limitations

This study has several limitations. First, our analysis
included only a small number of rats. Second, we did not
measure plasma NT-proBNP and sST2 at any time between
the induction of AR and the initiation of experimental in-
fusions 2months later. Thus, we do not have a clear sense of
events thatmay have taken place during this interval. Third,
we did not perform echocardiographic or any invasive he-
modynamic 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.
Finally, we used an ELISA kit marked “research use only” to
assay plasma sST2 levels. There may be considerable dif-
ferences between the results from this commercial assay and
others that are currently in wide use [26].

Conclusions

Among our findings, we noted that plasma levels of sST2
correlated positively with both PWTd and body weight in

rats with chronic severe AR. Interestingly, NT-proBNP and
sST2 levels were significantly higher in these rats after
infusion of placebo, a finding that may be linked to pres-
sure overload. Importantly, plasma sST2 to the opposite of
NT-proBNP increased after therapeutic infusion with OM.
These results may reflect LV dysfunction associated with
the administration of OM in the presence of AR, a drug
whosemechanism of action has not been fully determined.

Research funding: This study was supported and funded
by the Fonds pour la Chirurgie Cardiaque, Brussels,
Belgium, grant number 489639 and Fondation Emile
Saucez –RenÃ© Van Poucke, Brussels, Belgium.
Author contributions:All authors have accepted responsibility
for the entire content of this manuscript and approved its
submission.
Competing interest: The authors declare that they have no
competing interests.
Ethics approval: The experimental protocol was approved
by the Institutional Animal Care and Use Committee of the
‘Université Libre de Bruxelles’. 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).
Availability and data materials: All materials and data are
available at request at the laboratory of physiology of the
University of Brussels.

References

1. Tominaga S. A putative protein of a growth specific cDNA from
BALB/c-3T3 cells is highly similar to the extracellular portion of
mouse interleukin 1 receptor. FEBS Lett 1989;258:301–4.

2. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr., Colvin MM,
et al. 2017 ACC/AHA/HFSA focused update of the 2013 ACCF/AHA
guideline for the management of heart failure: a report of the
American college of cardiology/American heart association task
force on clinical practice guidelines and the heart failure society
of America. J Am Coll Cardiol 2017;70:776–803.

3. Kakkar R, Hei H, Dobner S, Lee RT. Interleukin 33 as a
mechanically responsive cytokine secreted by living cells. J Biol
Chem 2012;287:6941–8.

4. Sanada S, Hakuno D, Higgins LJ, Schreiter ER, McKenzie AN,
Lee RT. IL-33 and ST2 comprise a critical biomechanically induced
and cardioprotective signaling system. J Clin Invest 2007;117:
1538–49.

5. Weinberg EO, Shimpo M, Keulenaer GWD, MacGillivray C,
Tominaga S, Solomon SD, et al. Expression and regulation of ST2,
an interleukin-1 receptor family member, in cardiomyocytes and
myocardial infarction. Circulation 2002;106:2961–6.

6. Bartunek J, Delrue L, Van Durme F, Muller O, Casselman F,
Wiest BD, et al. Nonmyocardial production of ST2 protein in
human hypertrophy and failure is related to diastolic load. J Am
Coll Cardiol 2008;52:2166–74.

El Oumeiri et al.: Biomarkers response to OM in rats model 7



7. Ikeda T, Matsuda K, Itoh H, Shirakami G, Miyamoto Y, Yoshimasa T,
et al. Plasma levels of brain and atrial natriuretic peptides elevate in
proportion to left ventricular end-systolic wall stress in patients with
aortic stenosis. Am Heart J 1997;133:307–14.

8. Miller WL, Hartman KA, Burritt MF, Grill DE, Rodeheffer RJ,
Burnett JC Jr., et al. Serial biomarkermeasurements in ambulatory
patientswith chronic heart failure: the importance of change over
time. Circulation 2007;116:249–57.

9. Sugano A, Seo Y, Ishizu T, Sai S, Yamamoto M, Hamada-
Harimura Y, et al. Soluble ST2 and brain natriuretic peptide
predict different mode of death in patients with heart failure and
preserved ejection fraction. J Cardiol 2019;73:326–32.

10. Malik FI, Hartman JJ, Elias KA, Morgan BP, Rodriguez H, Brejc K,
et al. Cardiacmyosin activation: a potential therapeutic approach
for systolic heart failure. Science 2011;331:1439–43.

11. Shen Y, Malik FI, Zhao X, Depre C, Dhar SK, Abarzúa P, et al.
Improvement of cardiac function by a cardiac myosin activator in
conscious dogs with systolic heart failure. Circ Heart Fail 2010;3:
522–7.

12. El-Oumeiri B, Entee KM, Annoni F, Herpain A, Eynden FV,
Jespers P, et al. Effects of the cardiac myosin activator
Omecamtiv-mecarbil on severe chronic aortic regurgitation in
Wistar rats. BMC Cardiovasc Disord 2018;18:99.

13. Zoghbi WA, Enriquez-Sarano M, Foster E, Grayburn PA,
Kraft CD, Levine RA, et al. American Society of
Echocardiography. Recommendations for evaluation of the
severity of native valvular regurgitation with two-dimensional
and Doppler echocardiography. J Am Soc Echocardiogr 2003;
16:777–802.

14. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF 3rd, Dokainish H,
Edvardsen T, et al. Recommendations for the evaluation of left
ventricular diastolic function by echocardiography: an update
from the American society of echocardiography and the European
association of cardiovascular imaging. J Am Soc Echocardiogr
2016;29:277–314.

15. Bekeredjian R, Grayburn PA. Valvular heart disease: aortic
regurgitation. Circulation 2005;112:125–34.

16. Song BG, Park YH, Kang GH, Chun WJ, Oh JH, Choi JO, et al.
Preoperative, postoperative and one-year follow-up of N-terminal
pro-B-type natriuretic peptide levels in volume overload of aortic

regurgitation: comparison with pressure overload of aortic
stenosis. Cardiol 2010;116:286–91.

17. Weber M, Hausen M, Arnold R, Moellmann H, Nef H, Elsaesser A,
et al. Diagnostic and prognostic value of N-terminal pro B-type
natriuretic peptide (NT-proBNP) in patients with chronic aortic
regurgitation. Int J Cardiol 2008;127:321–7.

18. El Oumeiri B, van de Borne P, Hubesch G, Herpain A, Annoni F,
Jespers P, et al. The myosin activator omecamtiv mecarbil
improveswall stress in a ratmodel of chronic aortic regurgitation.
Phys Rep 2021;9:e14988.

19. Vanderheyden M, Goethals M, Verstreken S, De bruyne B,
Muller K, Van Schuerbeeck E, et al. Wall stress modulates brain
natriuretic peptide production in pressure overload
cardiomyopathy. J Am Coll Cardiol 2004;44:2349–54.

20. Najjar E, Faxén UL, Hage C, Donal E, Daubert JC, Linde C, et al. ST2
in heart failure with preserved and reduced ejection fraction.
Scand Cardiovasc J 2019;53:21–7.

21. Kakkar R, Lee RT. The IL-33/ST2 pathway: therapeutic target and
novel biomarker. Nat Rev Drug Discov 2008;7:827–40.

22. Boga S, Alkim H, Koksal AR, Ozagari AA, BayramM, Tekin N, et al.
Serum ST2 in inflammatory bowel disease: a potential biomarker
for disease activity. J Invest Med 2016;64:1016–24.

23. Rønning L, Bakkehaug JP, Rødland L, Kildal AB,Myrmel T, HowOL.
Opposite diastolic effects of omecamtiv mecarbil versus
dobutamine and ivabradine co-treatment in pigs with acute
ischemic heart failure. Phys Rep 2018;6:e13879.

24. Nagy L, Kovács Á, Bódi B, Pásztor ET, Fülöp GÁ, Tóth A, et al. The
novel cardiac myosin activator omecamtivmecarbil increases the
calciumsensitivity of force production in isolated cardiomyocytes
and skeletal muscle fibres of the rat. Br J Pharmacol 2015;172:
4506–18.

25. Rhoden A, Schulze T, Pietsch N, Christ T, Hansen A,
Eschenhagen T. Comprehensive analyzes of the inotropic
compound omecamtiv mecarbil in rat and human cardiac
preparations. Am J Physiol Heart Circ Physiol 2022;322:H373–8.

26. Mueller T, Zimmermann M, Dieplinger B, Ankersmit HJ,
Haltmayer M. Comparison of plasma concentrations of soluble
ST2 measured by three different commercially available assays:
the MBL ST2 assay, the presage ST2 assay, and the R&D ST2
assay. Clin Chim Acta 2012;413:1493–4.

8 El Oumeiri et al.: Biomarkers response to OM in rats model


	Detection of soluble suppression of tumorigenicity 2 and N-terminal B-type natriuretic peptide in a rat model of aortic reg ...
	Introduction
	Methods
	Animals
	Echocardiography
	Experimental design
	Plasma levels of sST2 and NT-proBNP
	Statistical analysis

	Results
	Impact of surgically induced AR on echocardiographic findings
	Plasma NT-proBNP levels detected in response to surgically induced AR
	Plasma NT-proBNP levels detected in response to administration of OM or placebo
	Plasma sST2 levels detected in rats with surgically induced AR
	Plasma sST2 levels detected in response to administration of OM or placebo

	Discussion
	Limitations

	Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


