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Abstract

Aims Heart failure with preserved ejection fraction (HFpEF) is frequently (30%) associated with right ventricular (RV)
dysfunction, which increases morbidity and mortality in these patients. Yet cellular mechanisms of RV remodelling and RV
dysfunction in HFpEF are not well understood. Here, we evaluated RV cardiomyocyte function in a rat model of metabolically
induced HFpEF.
Methods and results Heart failure with preserved ejection fraction-prone animals (ZSF-1 obese) and control rats (Wistar
Kyoto) were fed a high-caloric diet for 13 weeks. Haemodynamic characterization by echocardiography and invasive
catheterization was performed at 22 and 23 weeks of age, respectively. After sacrifice, organ morphometry, RV histology,
isolated RV cardiomyocyte function, and calcium (Ca2+) transients were assessed. ZSF-1 obese rats showed a HFpEF
phenotype with left ventricular (LV) hypertrophy, LV diastolic dysfunction (including increased LV end-diastolic pressures
and E/e0 ratio), and preserved LV ejection fraction. ZSF-1 obese animals developed RV dilatation (50% increased
end-diastolic area) and mildly impaired RV ejection fraction (42%) with evidence of RV hypertrophy. In isolated RV
cardiomyocytes from ZSF-1 obese rats, cell shortening amplitude was preserved, but cytosolic Ca2+ transient amplitude was
reduced. In addition, augmentation of cytosolic Ca2+ release with increased stimulation frequency was lost in ZSF-1 obese
rats. Myofilament sensitivity was increased, while contractile kinetics were largely unaffected in intact isolated RV
cardiomyocytes from ZSF-1 obese rats. Western blot analysis revealed significantly increased phosphorylation of cardiac
myosin-binding protein C (Ser282 cMyBP-C) but no change in phosphorylation of troponin I (Ser23, 24 TnI) in RV myocardium
from ZSF-1 obese rats.
Conclusions Right ventricular dysfunction in obese ZSF-1 rats with HFpEF is associated with intrinsic RV cardiomyocyte
remodelling including reduced cytosolic Ca2+ amplitudes, loss of frequency-dependent augmentation of Ca2+ release, and
increased myofilament Ca2+ sensitivity.
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Translational perspective

Right ventricular (RV) dysfunction (RVD) in patients suffering
from heart failure with preserved ejection fraction (HFpEF) is
of paramount clinical relevance given its strong association
with increased mortality and hospitalization rates in this
patient population. Here, we analysed RVD at the level of
single isolated RV cardiomyocytes and detected profound
changes in RV excitation–contraction coupling with altered
Ca2+ homeostasis and a compensatory increase in myofila-
ment sensitivity, likely due to hyperphosphorylation of
cMyBP-C. Targeting RV cardiomyocyte Ca2+ homeostasis
may be an approach to alleviate RVD to improve prognosis
in patients with HFpEF and RVD.

Introduction

Right ventricular dysfunction is a frequent complication in
patients suffering from HFpEF with an average prevalence of
30%. The diagnosis of RVD is based on echocardiographic
assessment of RV morphology (RV hypertrophy and RV
dilatation) and function [reduced tricuspid annular plane
systolic excursion (TAPSE), fractional area change, or RV ejec-
tion fraction (EF)].1–6 RVD in HFpEF is closely related to worse
clinical outcome as evident by increased hospitalization rates
and overall mortality as compared with HFpEF patients with-
out RVD.4,7–9 There are currently no specialized treatment
options available for HFpEF and RVD, and the underlying
pathomechanisms of both conditions are not understood.

A widely accepted concept concerning the emergence of
RVD in HFpEF relates to passive backward congestion from
the left ventricle (LV). Key features of HFpEF are diastolic
abnormalities that refer to stiffening (passive) and/or
impaired relaxation (active) of the LV, ultimately leading to
increased LV filling pressures and left atrial enlargement.10,11

Subsequent congestion will first affect the pulmonary
circulation and ultimately the RV.12 Wall tension induced by
increased RV afterload may to a certain extent be alleviated
by RV hypertrophy. However, once pump capacity and
impaired diastolic coronary perfusion no longer match the
increased RV oxygen demand, the RV eventually dilates and
fails.13 Obesity, as a commonly observed co-morbidity in
HFpEF, has been linked to a reduced RV functional reserve.14

In the present study, we investigated RV functional
changes in a well-established HFpEF rat model with metabolic
syndrome15,16 with the aim to determine the aetiology of
these changes. Specifically, we hypothesized that besides
the classic concept of RVD as a consequence of increased
RV afterload, RV systolic dysfunction in HFpEF may also result
from altered intrinsic RV contractile function at the level of
the cardiomyocytes.

To this end, we evaluated RV function in an HFpEF rat model
in vivo by echocardiography and invasive haemodynamics as

well as in vitro using isolated RV cardiomyocytes to assess
Ca2+ homeostasis, contractile function, and regulation of
myofilament Ca2+ sensitivity.

Methods

All experiments were approved by the local ethics committee
(G0317/17) and performed in agreement with the ARRIVE
guidelines and guidelines for the Care and Use of Laboratory
Animals (National Institute of Health, USA). Animals were
housed in a 12 h light/dark regime in the local animal facility
with free access to water. The ZSF-1 obese rat model is based
on a homozygous leptin receptor mutation resulting in a
metabolic syndrome-related HFpEF phenotype with LV
hypertrophy, diastolic dysfunction, and preserved EF.15

Wistar Kyoto rats, referred to as Control, and ZSF-1 obese
rats were obtained at 10 weeks of age (Charles River Labora-
tories, MA, USA) and fed a high-caloric diet (Purina 5008:
26.6% protein, 16.5% fat, 56.9% carbohydrates; LabDiet,
MO, USA). At 22 weeks, transthoracic echocardiography was
performed prior to invasive haemodynamic measurements
at 23 weeks. Afterwards, animals were sacrificed, organs
were harvested, and morphometry and isolation of RV
cardiomyocytes were performed.

Echocardiography

Study individuals were subject to transthoracic echocardiog-
raphy. Animals were initially anaesthetized with 4%
isoflurane, reduced afterwards to 1.5% supplemented with
1.5 L/min oxygen. Body temperature and electrocardiogram
were continuously monitored to keep normal physiological
and comparable ranges of temperature, heart (HR), and
respiratory rate. Eyes were covered with a moisturizing
ointment to avoid occular dehydration. The chest was shaven
and depilated. Image acquisition was performed using an
ultra-high-frequency linear array transducer (MS250,
13–24 MHz) in combination with a 2100 Vevo®
high-resolution imaging system (all FUJIFILM VisualSonics,
Toronto, Ontario, Canada). Imaging of the LV was performed
according to standard guidelines and formulas.17 Image
acquisition for the RV was conducted as follows: (i) in the
parasternal long-axis views (PSLAX), M-mode recordings of
the RV outflow tract just above the aortic root were obtained
for measurement of RV diastolic and systolic diameters as
well as calculation of RV fractional shortening (FS) and mea-
surement of end-diastolic RV free wall (RVFW) thickness. (ii)
Four-chamber view (4CV) B-mode cine loops were recorded
for tracing of the RV dimensions, RV area, and RVEF.
M-mode images were acquired from the lateral tricuspid
valve annulus for determination of TAPSE. All images and cine
loops were stored for offline analysis using the V3.1 Vevolab

Right ventricular dysfunction in HFpEF 3131

ESC Heart Failure 2021; 8: 3130–3144
DOI: 10.1002/ehf2.13419



Software (FUJIFILM VisualSonics). Data from a minimum of
three cardiac cycles were evaluated for TAPSE and M-mode
dimensional measurements.

Invasive haemodynamic measurements
(pressure-volume loops)

Invasive haemodynamic measurements and the analysis of
pressure-volume (PV) loops were performed as terminal
procedure in all groups using a PV conductance system
(MPVS Ultra, Millar Instruments, USA) connected to the
PowerLab 8/35 data acquisition system and analysed using
LabChart7pro software system (both ADInstruments,
Dunedin, New Zealand). Rats were anaesthetized with 4%
isoflurane and 1.5 L/min oxygen for 3 min, intubated with
an orotracheal tube, and ventilated by a rodent ventilator
(SAR-1000 Small Animal Ventilator, CWE, USA). The animals
were placed on a controlled heating platform to maintain
core temperature at 37.5°C. Animals were attached to a
surface electrocardiogram. Anaesthesia was reduced to
1.5% isoflurane while oxygen remained at 1.5 L/min until
haemodynamics reached a steady state. A polyethylene cath-
eter was inserted into the left external jugular vein for fluid
administration (0.9% NaCl 10 mL/kg/h), and another polyeth-
ylene catheter was inserted into the right external jugular
vein for saline calibration (10% NaCl) at the end of the exper-
iment. The 2.0-Fr PV conductance catheter (SPR-838, Millar,
USA) was inserted into the right carotid artery and advanced
into the ascending aorta. The catheter was advanced through
the aortic valve into the LV under pressure control. After a
stabilization period, baseline measurements were performed.
Finally, HR and aortic pressure were recorded. Parameters of
systolic and diastolic function including LV end-systolic and
end-diastolic pressures (LVESP and LVEDP) were measured
and calculated according to standard formulas.

Cardiac morphometry

After haemodynamic measurements, a subset of animals was
used for analysis of cardiac morphometry. The heart was
harvested immediately after sacrifice, and the RV was
surgically separated from the LV. After documentation of
the RV weight, tissue samples were frozen in pre-cooled
2-methylbutane and stored at �80°C.

Histology and fluorescence imaging

Cardiac specimens were fixed in 4% paraformaldehyde
and embedded in paraffin. Sections of 4–8 μm were cut using
a microtome and transferred onto superfrost slides.
Haematoxylin/eosin as well as picrosirius red staining was

performed according to common standards. Fluorescent
staining was performed using wheat-germ agglutinin conju-
gated to Alexa-488 at a concentration of 5 μg/mL diluted in
1× phosphate buffered saline. Staining for 15 min was
followed by twowash steps with Hank’s balanced salt solution.
Slides were mounted using Fluoromount-G with DAPI. Analy-
ses were performed by Fiji (ImageJ).18 For analysis of RV fibro-
sis, five images of the RVFW were analysed per specimen to
calculate relative fibrosis area (%) using the ‘MRI fibrosis tool’
macro provided by Montpellier Ressources.19,20 RV cardio-
myocyte cross-sectional area (CSA) was assessed bymeasuring
100 cells per specimen/animal. Evaluated specimens originate
from a separate cohort at 21 weeks.

Right ventricular cardiomyocyte isolation and Ca2+

measurements

Animals were sacrificed by isoflurane overdose and blood
withdrawal, and explanted hearts were enzymatically
digested in a Langendorff set-up as previously described.21

After digestion, the RV was separated with surgical scissors,
chopped, filtered, and washed. Cells were dispersed by
agitation. Ca2+ was reintroduced using Tyrode’s solutions
(130 mM NaCl, 4 mM KCl, 1 mM MgCl2, 10 mM D-glucose,
10 mM HEPES; pH 7.4 with NaOH) with stepwise increasing
Ca2+ concentrations (0.1–1.0 mM). Cells were plated on
laminin-coated glass cover-slips and incubated with fura-
2 AM (1 μmol/L) (both Thermo Fisher Scientific, Waltham,
MA, USA) in 1 mM Ca2+-supplemented Tyrode’s solution for
12 min at room temperature. Cells were washed once, and
the cover-slip was transferred for Ca2+ measurements to a
heated, temperature-controlled stage (37°C) on a ratiometric
fluorescence microscope (PMT400 photomultiplier; Axiovert
200 microscope, Zeiss, Jena, Germany; MyoPacer EP and
Fluorescence System Interface, both IonOptix, Westwood,
MA, USA). The set-up was additionally equipped with a CCD
camera for detection and subsequent analysis of sarcomere
shortening (MyoCam-S, IonOptix, Westwood, MA, USA). Field
stimulation with 1 Hz was initially applied until a steady-state
amplitude of the Ca2+ transients was maintained. Afterwards,
2 and 4 Hz were applied, and transients recorded after
transient amplitudes reached again a steady state. Measure-
ments were background and autofluorescence corrected by
measuring fluorescence intensity of unloaded cells of the
same isolation. Data analysis was performed using the
IonWizard and Transient Analysis Tool software (both
IonOptix).

Myofilament Ca2+ sensitivity

A ratio of peak intracellular [Ca2+] to systolic sarcomere
length was calculated to assess Ca2+ sensitivity. In addition,
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sarcomere shortening as measure of contractility was plotted
against intracellular [Ca2+], creating a hysteresis loop. A linear
regression line was fitted to calculate the slope between 20%
and 80% return from the peak sarcomere shortening.22,23

Only curves with a goodness of linear fit (R2) > 0.9 were
included for this analysis.

Western blot

Tissue samples were homogenized at 4°C in lysis buffer with
the following composition: 20 mM Tris–HCl, pH 7.4, 137 mM
NaCl, 10% glycerol, 1% NP 40, 20 mM NaF, 1 mM sodium
pyrophosphate, 50 mM β-glycerophosphate, 10 mM EDTA,
1 mM EGTA, 1 mM PMSF, 4 μg/mL aprotinin, 4 μg/mL
pepstatin A, and 4 μg/mL leupeptin. For Western blotting,
40 μg of tissue homogenates were run on 4–12% Bis-Tris
polyacrylamide gels and transferred to nitrocellulose
membranes. Membranes were probed with anti-phospho
Ser 23/24 troponin I (1/1000, PhosphoSolutions, Aurora,
CO, USA) and anti-troponin (1/1000, Novus, Centennial, CO,
USA) or anti-phosphoSer282 cMyBP-C (1/1000, Enzo) and
anti-cMyBP-C (1/1000, Novus, Centennial, CO, USA)
overnight at 4°C. Anti-rabbit IgG linked with IRDye 800CW
or anti-mouse IgG linked with 680RD (LI-COR, Lincoln, NE,
USA) was used as a secondary antibody. The signal was
detected with an Odyssey CLx System, and band intensities
were determined by Image Studio software (LI-COR, Lincoln,
NE, USA).

Blood glucose

Glucose levels in blood samples from the tail vein were
measured using a commercially available blood glucose
analyser (Bayer, Leverkusen, Germany).

Statistics

Data are presented as means ± standard error of the
mean. Each data point represents one biological replicate or
animal. For analysis of cellular data, figure legends include
the number of cells evaluated to obtain a mean value per
animal. Statistical analysis was performed by Mann–Whitney
test, unpaired t-test, or two-way analysis of variance with
Fisher’s least significant difference. Statistical significance
was assumed at P < 0.05. Data were analysed using
GraphPad Prism V8.0.2 (GraphPad Software, Inc, La Jolla,
CA, USA).

Results

Heart failure with preserved ejection fraction
phenotype confirmed

Twenty-three-week-old ZSF-1 obese rats showed characteris-
tic signs of LV hypertrophy (Control 0.98 ± 0.05 vs. ZSF-1 obese
1.62 ± 0.08, g; P < 0.005) and preserved LVEF (Control
73.2 ± 2.2 vs. ZSF-1 obese 72.0 ± 1.1, %) (Figure 1A). LV end-
diastolic volumes (LVEDV) (Control 370 ± 18 vs. ZSF-1 obese
507 ± 27, μL; P < 0.005) as well as end-systolic volumes
(LVESV) (Control 98 ± 8 vs. ZSF-1 obese 141 ± 7, μL;
P < 0.005) were significantly increased, whereas cardiac out-
put was not (Control 91 ± 6 vs. ZSF-1 obese 106 ± 6, mL/
min). Cardiac index, however, was significantly reduced in
ZSF-1 obese rats (Control 1.6 ± 0.1 vs. ZSF-1 obese 1.0 ± 0.01,
P < 0.005). HR during echocardiography (Figure 1B) was ap-
proximately 10% higher in the Control group (Control 335 ± 5
vs. ZSF-1 obese 292 ± 4, b.p.m.; P < 0.005). Diastolic marker
E/e0 ratio was significantly higher in ZSF-1 obese rats (Control
18.4 ± 1.3 vs. ZSF-1 obese 25.0 ± 1.2; P < 0.005) (Figure 1C).
Haemodynamic analysis revealed increased LVEDP (Control
6.4 ± 0.6 vs. ZSF-1 obese 10.8 ± 0.7 mmHg; P < 0.005) and
LVESP (Control 110.7 ± 8.4 vs. ZSF-1 obese 167.3 ± 2.2 mmHg;
P < 0.005). Relaxation time constant tau did not differ signifi-
cantly between groups (Control 11.5 ± 0.5 vs. ZSF-1 obese
12.50 ± 0.3, ms) (Figure 1D). Blood glucose levels were also sig-
nificantly higher in ZSF-1 obese animals (Control 138 ± 13 vs.
ZSF-1 obese 330 ± 23 mg/dL; P < 0.05).

Right ventricular dysfunction in heart failure with
preserved ejection fraction

Echocardiographic assessment of the RV revealed a signifi-
cant dilatation in M-mode recordings from ZSF-1 obese
animals in the parasternal long-axis view (Figure 2A,B) with
increased RV systolic diameter (Control 2.0 ± 0.1 vs. ZSF-1
obese 2.5 ± 0.1, mm; P < 0.01) and diastolic diameter
(M-mode: Control 3.2 ± 0.1 vs. ZSF-1 obese 4.1 ± 0.1, mm;
P < 0.01). This was confirmed in B-mode recordings from
the long-axis four-chamber view (Figure 2C,D), also showing
increased diameters (diastole; Control 3.2 ± 0.3 mm vs.
ZSF-1 obese 4.6 ± 0.2, mm; P < 0.005) and additionally
detecting an increase in RV luminal size by approximately
50% in ZSF-1 obese animals (Control 32.9 ± 2.2 vs. ZSF-1
obese 49.7 ± 2.6, mm2, P < 0.005). RV functional perfor-
mance measured by FS was preserved in ZSF-1 obese rats
compared with Control (Control 35.8 ± 1.9 vs. ZSF-1 obese
38.4 ± 2.8, %). Ratio of RV FS to LV FS was unchanged in
ZSF-1 obese rats compared with controls (Control
0.59 ± 0.03 vs. ZSF-1 obese 0.61 ± 0.07). TAPSE was un-
changed in ZSF-1 obese animals (Control 1.9 ± 0.2 vs. ZSF-1
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Figure 1 Echocardiographic and haemodynamic confirmation of HFpEF phenotype in ZSF-1 obese rats. (A) Representative parasternal long-axis
B-mode images of the left ventricle and quantification of left ventricular (LV) mass in grams (g). (B) Quantification of left ventricular ejection fraction
(LVEF) in per cent (%), heart rate (HR) in beats per minute (b.p.m.), LV end-diastolic and end-systolic volumes in μL (LVEDV and LVESV), cardiac output
(CO) in mL/min, and cardiac index (CI) in L/min/m

2
. (C) Representative tissue Doppler recordings from the septal mitral valve annulus depicted as

velocity in mm/s and quantification of E/e0 ratio. (D) Haemodynamic data quantification of left ventricular end-systolic/end-diastolic pressures (LVESP
and LVEDP) in mmHg as well as Tau in ms. n = 10 per group for echocardiography (except for CI: Control n = 5) and n = 5 per group for haemodynamics.
Control, Wistar Kyoto rats; ZSF-1 ob, ZSF-1 obese. Scale bar = 3 mm; data are presented as mean ± standard error of the mean; statistics were
performed by Mann–Whitney test or unpaired t-test with *P < 0.05, **P < 0.01, ***P < 0.005.
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Figure 2 Right ventricular dilation in HFpEF. (A) Schematic of parasternal long-axis M-mode measurements of the right ventricular diameter (RVD)
with corresponding sample images; scale bar = 3 mm. Double-headed arrow indicates RVD (B) Mean RVD in systole (sys.) and diastole (dia.), RV
fractional shortening (FS), and ratio of RV and LV FS (n = 10–13 per group). (C) Representative B-mode four-chamber view (4CV) images; scale
bar = 3 mm. (D) Quantification of the RVD and RV area from the 4CV (n = 6–10 per group). (E) Tricuspid annular plane systolic excursion (TAPSE)
and RV ejection fraction (EF) measured from the 4CV (n = 6–10 per group). AO, aorta; AV, aortic valve; Control, Wistar Kyoto rats; LA, left atrium;
LV, left ventricle; MV, mitral valve; PM, papillary muscle; RV, right ventricle; RVOT, right ventricular outflow tract; S, septum; ZSF-1 ob, ZSF-1 obese.
Data are presented as mean ± standard error of the mean; statistics were performed using unpaired t-test with *P < 0.05, **P < 0.01, ***P < 0.005.
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Figure 3 ZSF-1 obese rats exhibit right ventricular hypertrophy. (A) Gravimetric ratio of RV weight to tibia length (TL); n = 5–6 per group. (B) Repre-
sentative right ventricular (RV) M-mode images depicting increased RV free wall thickness with quantification and n = 8–11 per group; scale
bar = 1 mm. (C) Representative haematoxylin/eosin (H&E), wheat-germ agglutinin/DAPI (WGA/DAPI), and picrosirius red (PS) staining images with
RV cardiomyocyte cross-sectional area (CSA) and relative fibrosis quantification; n = 6 per group with 100 cells being measured per data point/animal
for CSA assessment and five images of the RV free wall were evaluated per data point/animal for fibrosis analysis. Control,Wistar Kyoto rats; ZSF-1 ob,
ZSF-1 obese. Data are presented as mean ± standard error of the mean; statistics were performed by Mann–Whitney test or unpaired t-test with
*P < 0.05, **P < 0.01, ***P < 0.005.
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Figure 4 Isolated right ventricular cardiomyocytes from HFpEF rats exhibit low intracellular [Ca
2+
] and preserved contractility. (A) Representative Ca

2+

transients at 1 Hz (left, top), and mean values for systolic (sys.) and diastolic (dia.) [Ca2+], and Ca2+ amplitudes at 1, 2, and 4 Hz field stimulation. (B)
Representative example of sarcomere shortening at 1 Hz (left) and mean sarcomere shortening amplitude (right) at 1 and 2 Hz. (C) Representative
loops of sarcomere shortening as a function of [Ca

2+
]i in an RV cardiomyocyte from ZSF-1 obese and Control rat (left). The linear fit between 20%

and 80% relaxation is marked; mean values for the slope of the linear fit (right) and peak [Ca2+]i to syst. SL ratio (bottom); N = 4–5 animals per group
(symbols) with an average of 16 cells per animal. Control, Wistar Kyoto rats; ZSF-1 ob, ZSF-1 obese. Error bars represent standard error of the mean;
statistics were performed by two-way analysis of variance with Fisher’s least significant difference for (A) and (B) and unpaired t-test for (C) with
*P < 0.05, **P < 0.01, ***P < 0.005. # and + in (A) indicate differences compared with 1 and 2 Hz, respectively, within groups.
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obese 1.9 ± 0.2, mm) whereas RVEF was reduced by about
10% (Control 52.0 ± 3.3 vs. ZSF-1 obese 42.4 ± 1.9, %;
P < 0.05, Figure 2E).

Right ventricular hypertrophy in heart failure
with preserved ejection fraction

Gravimetric analysis of RV weight to tibia length ratio (Figure
3A) yielded a significant difference between ZSF-1 and con-
trols subjects (Control 3.7 ± 0.3 vs. ZSF-1 obese 5.3 ± 0.3;
P > 0.05). RVFW thickness assessed by echocardiography
(Figure 3B) was increased by approximately 50% in ZSF-1
obese rats (Control 0.42 ± 0.02 vs. ZSF-1 obese 0.65 ± 0.06,
mm; P > 0.01). Measurement of RV cardiomyocyte CSA in

cardiac histology (Figure 3C) also detected a significant in-
crease in the ZSF-1 obese group (Control 270 ± 11 vs. ZSF-1
obese 412 ± 14, μm; P > 0.005) whereas determination of
relative RV fibrosis revealed no changes (Control 2.6 ± 0.1
vs. ZSF-1 obese 3.2 ± 0.2, %).

Altered Ca2+ handling and sensitivity in isolated
right ventricular cardiomyocytes from ZSF-1
obese rats

Ca2+ transient analysis of isolated RV cardiomyocytes (Figure
4A, Table 1) revealed a frequency-dependent increase in sys-
tolic Ca2+ transient amplitudes in Control whereas in ZSF-1
obese rats, the frequency response was blunted, and peak

Table 1 Right ventricular cardiomyocyte characterization

Parameter
Control HFpEF

Stimulation frequency Mean ± SEM P-values

Cell shortening (CS)
CS amplitude (%) 1 Hz 5.72 ± 0.51 4.48 ± 1.03 0.3646

2 Hz 7.16 ± 0.63 5.72 ± 0.86 0.2163
Sarcomere length (μm) 1 Hz 1.79 ± 0.01 1.84 ± 0.04 0.1724

2 Hz 1.77 ± 0.01 1.79 ± 0.01 0.6040
CS TTP (ms) 1 Hz 145.40 ± 11.35 162.80 ± 5.35 0.1656

2 Hz 126.00 ± 9.27 142.5 ± 6.29 0.2122
CS RT50 (ms) 1 Hz 241.20 ± 25.25 285.20 ± 25.73 0.1513

2 Hz 192.00 ± 15.38 200.30 ± 9.30 0.7929
CS RT90 (ms) 1 Hz 401.20 ± 25.47 518.80 ± 68.16 0.0526

2 Hz 262.80 ± 23.42 290.00 ± 3.67 0.6528
CS Tau (s) 1 Hz 0.11 ± 0.02 0.19 ± 0.05 0.0603

2 Hz 0.08 ± 0.02 0.09 ± 0.01 0.8703
Calcium transients (CaT)—epifluorescence

CaT amplitude (F340/F380 ratio) 1 Hz 0.41 ± 0.02 0.22 ± 0.02 <0.005
2 Hz 0.42 ± 0.02 0.23 ± 0.03 <0.005
4 Hz 0.42 ± 0.02 0.21 ± 0.03 <0.005

Systolic cytosolic [Ca2+] 1 Hz 1.16 ± 0.02 0.97 ± 0.05 <0.05
2 Hz 1.23 ± 0.03 0.99 ± 0.05 <0.005
4 Hz 1.29 ± 0.05 1.00 ± 0.06 <0.01

Diastolic cytosolic [Ca2+] 1 Hz 0.75 ± 0.01 0.73 ± 0.03 0.6003
2 Hz 0.81 ± 0.02 0.77 ± 0.03 0.3112
4 Hz 0.89 ± 0.04 0.83 ± 0.03 0.2991

CaT TTP (ms) 1 Hz 40.20 ± 2.04 61.00 ± 3.54 <0.005
2 Hz 40.00 ± 4.47 60.00 ± 3.16 <0.01
4 Hz 42.00 ± 2.00 52.00 ± 2.00 <0.01

CaT RT50 (ms) 1 Hz 204.20 ± 9.48 233.60 ± 13.67 <0.05
2 Hz 158.60 ± 9.50 177.40 ± 4.47 0.1174
4 Hz 119.20 ± 2.78 122.80 ± 2.69 0.7585

CaT RT90 (ms) 1 Hz 555.60 ± 29.20 603.00 ± 56.16 0.2263
2 Hz 338.20 ± 6.56 366.60 ± 13.74 0.4735
4 Hz 191.20 ± 10.22 211.00 ± 5.34 0.6087

CaT Tau (s) 1 Hz 0.25 ± 0.02 0.28 ± 0.05 0.5464
2 Hz 0.18 ± 0.02 0.18 ± 0.02 0.9156
4 Hz 0.14 ± 0.02 0.23 ± 0.08 0.0945

Cardiomyocyte myofilament sensitivity
Peak Ca2+ to systolic sarcomere length ratio 1 Hz 0.69 ± 0.01 0.55 ± 0.03 0.0087
Slope (a.u.) 1 Hz 23.83 ± 2.78 38.60 ± 7.36 0.0396

Cell shortening (CS); CS amplitude, %; diastolic sarcomere length, μm; CS time to peak (TTP), ms; CS time to 50% baseline (RT50), ms; CS
time to 90% baseline (RT90), ms; CS relaxation time constant (Tau), s; calcium transients amplitude (CaT), F340/F380 ratio; systolic cytosolic
[Ca2+] concentration; diastolic cytosolic [Ca2+] concentration; CaT time to peak (TTP), ms; CaT time to 50% baseline (RT50), ms; CaT time
to 90% baseline (RT90), ms; CaT time constant (Tau), s; peak Ca2+ to systolic sarcomere length ratio; slope of cardiomyocyte myofilament
sensitivity, a.u.; cell shortening measurements were performed at 1 and 2 Hz stimulation. Epifluorescence measured calcium transients
were performed at 1, 2, and 4 Hz stimulation. Control, Wistar Kyoto rats. Four to five animals per group with an average of 16 cells
per animal. Error bars represent standard error of the mean (SEM).
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systolic [Ca2+] was significantly lower (F340/F380 ratio) at 1 Hz
(�16%), 2 Hz (�19%), and 4 Hz (�24%) field stimulation. In
contrast, diastolic [Ca2+] did not differ between groups. As a
result, the Ca2+ amplitude was also significantly decreased
by approximately 45% at 1 Hz, 46% at 2 Hz, and 50% at
4 Hz. Sarcomere analysis (Figure 4B, Table 1) did neither
detect changes in cardiomyocyte contractility as determined
by sarcomere shortening nor in diastolic sarcomere length
between control and ZSF-1 obese animals. Ca2+ transient
and sarcomere kinetics were largely unchanged in ZSF-1
obese rats compared with controls, with exception of Ca2+

transient time to peak being significantly prolonged at 1, 2,
and 4 Hz as well as Ca2+ time to 50% baseline at 1 Hz in
ZSF-1 obese rats compared with controls (Table 1). Analysis
of myofilament Ca2+ sensitivity from [Ca2+]–sarcomere length
relationships (Figure 4C, Table 1) revealed a significant in-
crease in slope of the returning Ca2+ hysteresis loop in ZSF-
1 obese rats and a significant reduction of the peak Ca2+ to
systolic sarcomere length ratio by approximately 20%.

Western blot phosphorylation analysis of
sarcomeric proteins involved in myofilament Ca2+

sensitivity and contractility from right ventricular
tissue specimens

Phosphorylation of cTnI S-23, 24 (Figure 5A) did not differ sig-
nificantly between RV tissue samples from ZSF-1 obese rats

compared with controls (albeit a trend towards higher phos-
phorylation in ZSF-1 obese F was seen: Control 1.00 ± 0.20 vs.
ZSF-1 obese 1.88 ± 0.41, a.u.), whereas cMyBP-C P-282
(Figure 5B) was significantly increased by 1.35-fold (Control
1.00 ± 0.04 vs. ZSF-1 obese 1.35 ± 0.09; P < 0.01).

Discussion

In this study, we explored RV function in an established rat
model of metabolic syndrome with HFpEF.15,16,24–27 We show
that RV remodelling in HFpEF is associated with profound
alterations in RV cardiomyocyte Ca2+ homeostasis, as well
as increased myofilament Ca2+ sensitivity, likely linked to
hyperphosphorylation of cMyBP-C.

Heart failure with preserved ejection fraction accounts for
approximately 50% of all HF patients with no specific treat-
ment currently available to improve clinical outcomes.24 In-
volvement of the RV has been reported in about 30% of
HFpEF patients and frequently constitutes a major cause of
death in this subgroup.1–6 The role of RV cardiomyocyte re-
modelling and adaptation of intrinsic cardiomyocyte function,
however, has not yet been explored. The ZSF-1 rat has
recently been established as a model of HFpEF,15,16,25–28

and our present findings of LV concentric hypertrophy with
preserved LVEF conclusively recapitulate a common clinical
phenotype (Figure 1A–D). Cardiac volumes (Figure 1B) were

Figure 5 Hyperphosphorylation of cMyBP-C S282 but not TnI S23, 24 was present in right ventricular tissue from HFpEF rats. (A) Western blot analysis
of phosphorylation of cardiac troponin I (cTnI) at serine residues 23, 24 normalized to total cTnI levels. (B) Western blot analysis of phosphorylation of
cMyBP-C serine residue 282 normalized to total cMyBP-C levels. n = 5 animals per group. Control, Wistar Kyoto rats; ZSF-1 ob, ZSF-1 obese. Data are
presented as mean ± standard error of the mean; statistics were performed by unpaired t-test. *P < 0.05, **P < 0.01, ***P < 0.005.
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increased in the HFpEF group in agreement with clinical
features of obese HFpEF patients.29 Cardiac index was
significantly reduced suggesting reduced tissue perfusion.
HR tended to be lower in some of our measurements, with
no relevant effects on myocardial contractile function as LVEF
remained preserved and did not differ from Control. We as
well as others deliberately chose WKY animals as Control
because ZSF-1 lean rats do show a pathological cardiac
phenotype, including increased mean arterial blood pressure
and LV hypertrophy.16 As a result of diastolic dysfunction,
filling pressures in ZSF-1 obese animals were greatly
elevated as indicated by an increased E/e0 ratio, and elevated
systolic and diastolic LV pressures, whereas relaxation
constant tau only showed a trend towards slower relaxation
(Figure 1B–D). Mechanical load is considered the main
pathophysiological trigger for initially compensatory RV
concentric hypertrophy and ultimately dilation and RV
failure.4,7–9 The model is characterized by a metabolic
phenotype, as confirmed by highly elevated blood glucose
levels. This is especially interesting in the context of the
globally increasing prevalence of type-2 diabetes and obesity,
both largely preventable conditions that are major risk
factors for developing HFpEF.31,32 As such, the ZSF-1 obese
rat presents a clinically relevant model for an in-depth analy-
sis of underlying pathomechanisms in HFpEF. Here, we report
that HFpEF in this model is also associated with RVD (Figure
2A–D), matching clinical conditions. RVEF was significantly
reduced to approximately 42% (Figure 2E) in ZSF-1 obese
animals. This matches clinical data by Tadic and colleagues
suggesting mild RVD in HFpEF with an RVEF below 45%.33

Interestingly, unchanged RV FS (measured in PSLAX) and
TAPSE (Figure 2B,E) did not correspond to the reduced EF.
Of note, the RV PSLAX M-mode measurements do not assess
the longitudinal but circumferential shortening of the RV,
thereby assessing shortening of transverse muscle fibres that
are only pledgable for about 20% of the overall RV output.34

It may thus be speculated that helical muscle fibres
responsible for longitudinal shortening and lengthening,
which make up 80% of the RV output, are affected in our
model.34 A different aspect is that our M-mode measure-
ments were recorded towards the RV base. RV strain analyses
show that the RV basal segment is less kinetically active
compared with middle and apical segments, and as a result,
recordings of the RV base are expected to be less sensitive
for detection of subtle functional changes.35 In addition,
previous studies have pointed out lower accuracy of TAPSE
in assessment of RV systolic function compared with frac-
tional area change and RVEF.36 Finally, our data agree with
clinical observations that TAPSE is dependent on RV load, as
in individuals with mildly dilated RV higher TAPSE cut-off
values may be needed to detect RVD.37 In post-mortem
gravimetric analysis of the RV, we detected RV hypertrophy
(Figure 3A), which is expected in functional compensatory
states of the RV.34 Further gravimetric analysis of liver

and kidney are supplied in Figure S1. In support of this
finding, echocardiographic data revealed an increased
RVFW thickness in the ZSF-1 obese group (Figure 3B), a
marker that is also routinely used in the clinics to assess
RV hypertrophy.38 Analysis of histological and fluorescent
staining (Figure 3C) further strengthened our characterization
of RV hypertrophy, showing a distinct increase in RV cardio-
myocyte CSA. Whereas general cardiomyocyte hypertrophy
in this HFpEF model has previously been described by
others,27 the present study is to our knowledge the first to
confirm this finding also specifically for the RV. Overt fibrotic
changes in the RV could, on the other hand, not be detected,
albeit a trend towards higher relative fibrosis in the ZSF-1
obese group was seen.

Previous studies on cardiac Ca2+ handling and sensitivity in
HFpEF have primarily relied on assessing cardiomyocytes
isolated from the LV,39 whereas RV cardiomyocyte function
has not been studied. Here, ratiometric Ca2+ imaging in
isolated RV cardiomyocytes revealed a considerably altered
cytosolic Ca2+ homeostasis (Figure 4, Table 1) with an almost
50% decrease of the Ca2+ amplitude but unchanged diastolic
resting calcium (Figure 4A, Table 1). In addition, the
frequency-dependent augmentation of Ca2+ release observed
in the control was lost in ZSF-1 obese rats. While a reduced
Ca2+ transient amplitude is reminiscent of Ca2+ handling in
failing cardiomyocytes from the dilated LV in HFrEF,40 the
unchanged diastolic Ca2+ and differentially altered Ca2+

transient kinetics (Figure 4A, Table 1) point towards a unique
RV cardiomyocyte phenotype. Interestingly, RV cardiomyo-
cyte sarcomere shortening and resting sarcomere length
were not significantly affected by RVD (Figure 4B, Table 1).
The marked reduction in the ratio of peak Ca2+ relative to sys-
tolic sarcomere length suggests increased myofilament Ca2+

sensitivity (Figure 4C, Table 1). An extended kintetics evalua-
tion can found be Figure S2. This again is in contrast to failing
LV cardiomyocytes, where Ca2+ myofilament sensitivity is
characteristically reduced. Increased Ca2+ sensitivity in intact
cardiomyocytes was also evident by performing analysis of
Ca2+/sarcomere shortening hysteresis loops as previously
described.22,23 The curve revealed a left shift of the hysteresis
loop with an increased slope during the cardiomyocyte
relaxation phase in ZSF-1 obese animals, in agreement
with increased myofilament Ca2+ sensitivity22,23 (Figure 4C,
Table 1). To further explore potential molecular mechanisms
of altered RV myofilament Ca2+ sensitivity in ZSF-1 obese rats,
we performed western blot analyses of the phosphorylation
status of S-23, 24 TnI and S-282 cMyBP-C (Figure 5), two
myofilament-interacting proteins known for their involve-
ment in Ca2+ sensitization.41,42 Phosphorylation of TnI S-23,
24 is primarily mediated via PKA activity secondary to
adrenergic stimulation and has proven particularly important
in regulating the myofilament response to Ca2+ towards a
lowered responsiveness and enhanced relaxation.42 A
previous study assessed TnI phosphorylation in LV samples
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of the current HFpEF model and revealed a significant
reduction in total TnI phosphorylation, in agreement with
other studies.43 In contrast, our present data from RV tissue
showed no significantly altered phosphorylation of TnI in
ZSF-1 obese animals, albeit there was a trend towards higher
phosphorylation. Previous studies also suggest a modulatory
function of myosin-binding protein C (cMyBP-C) towards the
interaction of myosin and actin.41 Phosphorylated cMyBP-C,
for example, as a result of PKA activation, favours actin
binding over myosin S2 binding, which is reported to
contribute to Ca2+ sensitization of the thin filament.41,44 We
chose to evaluate the S-282 phosphorylation site of cMYBP-
C, because it has been described as a requirement for
further phosphorylation at S-273 and S-302 and is therefore
crucial to cMyBP-C’s overall phosphorylation status.45 In RV
myocardium from ZSF-1 obese animals, we detected in-
creased phosphorylation of cMyBP-C, suggesting PKA-
dependent cMYBP-C phosphorylation as one mechanism for
the observed increased RV myofilament Ca2+ sensitivity. In-
terestingly, a recent publication by Kolijn et al.46 showed in
a genetically related model of HFpEF, the ZDF rat, that PKA
activity and c-MyBPc phosphorylation status in the LV were
not altered, suggesting an RV-specific phenotype in our study.
Functionally, increased myofilament sensitivity acts compen-
satory to reduced Ca2+ transient amplitudes, thus explaining
unchanged cell shortening in isolated cardiomyocytes. The
mechanisms leading to reduced Ca2+ transient amplitudes
remain to be determined. While increased Ca2+ buffering by
the sensitized myofilaments itself may directly affect
cytosolic [Ca2+],47 the observed unchanged diastolic [Ca2+]
but reduced frequency-dependent Ca2+ release in ZSF-1
obese animals favours impaired Ca2+-induced Ca2+ release
to be explored in more detail in future studies. Albeit it
seems improbable that the observed effects are at large
attributable to genetic variance between Wistar Kyoto and
ZSF-1 obese rats used as controls and HFpEF animals, respec-
tively, we cannot exclude a potential partial contribution of
this factor to the results and acknowledge this as a potential
limitation of the present study. In addition, we would like to
mention that great efforts were made to perform 3D imaging
with echocardiography and cardiac magnetic resonance
imaging (MRI), which both yielded unsatisfying results. Dur-
ing echocardiography, the amount of fat tissue in ZSF-1 obese
rats surrounding the heart greatly limited image quality, a
phenomenon also described in the literature.48 For cardiac
MRI recordings, similarly, the obesity of ZSF-1 obese animals
made them incompatible with the bore of the machine
available to us (MRsolutions MRS3017), a system already
fitted to be compatible with overweight small animals. On
this account, M-mode imaging of the RV in the parasternal
long-axis view is the preferred method in studies featuring
small animal echocardiography49–51 and—given its high
temporal and spatial resolution—viewed as the accepted
approach to assess relative RV dimensions and function.

In conclusion, in a small animal model of metabolic
HFpEF, we identified distinct modifications in RV cardiomyo-
cyte function in RVD. While HFpEF has been extensively
studied, we believe to be the first to evaluate RVD at the
level of single isolated RV cardiomyocytes, reporting
profound changes in RV excitation–contraction coupling
with altered Ca2+ homeostasis and a compensatory increase
in myofilament sensitivity, likely in part attributable to
hyperphosphorylation of cMyBP-C. The underlying mecha-
nisms of this endogenous adaptation of reduced cardiomyo-
cyte Ca2+ release and increased RV myofilament sensitivity
should be further investigated to possibly identify a novel
therapeutic target, tailored for patients suffering from RVD
in conjunction with HFpEF.
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Figure S1. Expanded organ gravimetry. A) Liver weight and
B) kidney weight to tibia length (TL) ratios; n = 8–9 animals
per group; Control = Wistar Kyoto rats; ZSF-1 ob = ZSF-1
obese; data are presented as mean ± SEM; statistics
were performed by Mann-test. *P < 0.05, **P < 0.01,
***P < 0.005.
Figure S2. Ca2+ and contractile kinetics. A) Ca2+ time-to-
peak, time to 50% relaxation, time to 90% relaxation and
relaxation constant tau in seconds (s). B) Contractility
(Contr.) time-to-peak, time to 50% relaxation, time to 90%
relaxation and relaxation constant tau in seconds (s);
Control = Wistar Kyoto rats; ZSF-1 ob = ZSF-1 obese; data
are presented as mean ± SEM; statistics were performed
by 2-Way Anova with Fisher’s LSD test. *P < 0.05,
**P < 0.01, ***P < 0.005.
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