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Abstract

Aims—Atrial contractile dysfunction is associated with increased mortality in heart failure (HF). 

We have shown previously that a metabolic syndrome-based model of HFpEF and a model of 

hypertensive heart disease (HHD) have impaired left atrial (LA) function in vivo (rat). In this study 

we postulate, that left atrial cardiomyocyte (CM) and cardiac fibroblast (CF) paracrine interaction 

related to the inositol 1,4,5-trisphosphate signalling cascade is pivotal for the manifestation of 
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atrial mechanical dysfunction in HF and that quantitative atrial remodeling is highly disease-

dependent.

Methods and results—Differential remodeling was observed in HHD and HFpEF as indicated 

by an increase of atrial size in vivo (HFpEF), unchanged fibrosis (HHD and HFpEF) and a 

decrease of CM size (HHD). Baseline contractile performance of rat CM in vitro was enhanced in 

HFpEF. Upon treatment with conditioned medium from their respective stretched CF (CM-SF), 

CM (at 21 weeks) of WT showed increased Ca2+ transient (CaT) amplitudes related to the 

paracrine activity of the inotrope endothelin (ET-1) and inositol 1,4,5-trisphosphate induced Ca2+ 

release. Concentration of ET-1 was increased in CM-SF and atrial tissue from WT as compared to 

HHD and HFpEF. In HHD, CM-SF had no relevant effect on CaT kinetics. However, in HFpEF, 

CM-SF increased diastolic Ca2+ and slowed Ca2+ removal, potentially contributing to an in-vivo 

decompensation. During disease progression (i.e. at 27 weeks), HFpEF displayed dysfunctional 

excitation-contraction-coupling (ECC) due to lower sarcoplasmic-reticulum Ca2+ content 

unrelated to CF-CM interaction or ET-1, but associated with enhanced nuclear [Ca2+]. In human 

patients, tissue ET-1 was not related to the presence of arterial hypertension or obesity.

Conclusions—Atrial remodeling is a complex entity that is highly disease and stage dependent. 

The activity of fibrosis related to paracrine interaction (e.g. ET-1) might contribute to in vitro and 

in vivo atrial dysfunction. However, during later stages of disease, ECC is impaired unrelated to 

CF.
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1. Introduction

Heart failure (HF) with preserved ejection fraction (HFpEF) represents a clinical syndrome 

with patients suffering from typical symptoms of HF, while showing a normal left-

ventricular ejection fraction (LVEF; ≥50%) [1]. HFpEF accounts for 40–71% of HF patients. 

While pharmacological treatment significantly improved clinical outcomes of patients with 

systolic heart failure (HFrEF), the prognosis for patients suffering from HFpEF has 

remained unchanged [2]. Metabolic syndrome has been associated with diastolic dysfunction 

and identified as an independent predictor of new-onset HFpEF [3].

Left atrial (LA) remodeling is a hallmark feature of HFpEF and other cardiac diseases (e.g. 

hypertensive heart disease (HHD)) and commonly associated with LA enlargement and 

dysfunction. LA remodeling is a predictor of new-onset HF [4] and atrial fibrillation (AF), 

while reduction in LA ejection fraction (LA-EF) is an independent predictor of mortality [5]. 

Growing insight into the key role of atrial function in cardiac disease has recently given rise 

to the concept of ‘atrial cardiomyopathies’ [6]. While highly prevalent, the quantification of 

different stages of atrial remodeling during HF and preceding conditions as well as the 

underlying mechanisms remain elusive.

Pathological hypertrophy and interstitial fibrosis are hallmarks of HF. Increased fibrosis per 

se is an important contributor to mechanical and electrical dysfunction as fibroblasts do not 
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contribute to contractile function and affect electrical propagation. However, fibrosis might 

influence neighboring CM also directly via paracrine mediators. Recently we have identified 

neurohumoral activation, involving the renin-angiotensin-aldosterone-system (RAAS) as a 

potential contributor to contractile dysfunction in HFpEF-related LA remodeling [7]. Beside 

the RAAS, myocardial inflammation and a pro-fibrotic environment are pivotal triggers of 

adverse myocardial remodeling and may pose interesting targets for the development of drug 

therapies [8]. In cardiac tissue, paracrine mediators play an integral part in intercellular 

communication and have been shown to mediate interstitial myocardial fibrosis [9,10]. In 

turn, activated cardiac fibroblasts (CF) have been shown to contribute to myocardial 

inflammation in patients with HFpEF [11]. Experimental studies suggest, that CF-derived 

mediators are capable of directly altering CM function via regulation of gap junctions and 

ion channel expression [12].

We postulate, that the interaction between CM and CF via CF-derived mediators is pivotal 

for atrial in vivo and in vitro dysfunction in HFpEF, as well as in HHD. We also postulate 

that independent of fibrosis quantity, its “activity” significantly influences atrial function. 

We further investigated paracrine mediators like ET-1 and their relevance for atrial function 

in this context. At the same time, we seek to provide evidence that differential cellular and in 

vivo remodeling can be observed during different stages of HHD and HFpEF. The present 

data helps to establish a crucial role for direct cellular CM – CF interaction in several 

clinically highly relevant settings of atrial dysfunction (i.e. hypertensive heart disease and 

HFpEF). In a translational approach, we also investigated an association of a CF-derived 

mediator (i.e. atrial tissue ET-1) and the presence of particular co-morbidities (i.e. arterial 

hypertension, obesity) in humans.

2. Methods

The investigation conforms to the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH Publication No. 85–23, revised 

1985) and the principles outlined in the Declaration of Helsinki (Br Med J 1964; ii: 177).

2.1. Patient data

All patients gave written informed consent to participate in the study (DZHK Biobank, 

German Heart Center Berlin). Excess patient tissue was obtained from right atria during 

routine surgery and clinical data (presence of overt arterial hypertension, i.e. systolic blood 

pressure > 139 mmHg; obesity, i.e. body mass index > 25 kg/m2) was gathered from existing 

in-hospital documentation.

2.2. Animal echocardiography

Echocardiography was performed as previously described [13]. In brief, rats were 

anesthetized and transthoracic echocardiography performed with a high-resolution micro-

imaging system equipped with a 17.5-Mhz linear array transducer (Vevo770TM Imaging 

System, VisualSonics, USA) using standard 2D imaging. Measurements were performed to 

assess changes in LA dimensions (LA size) from at least three consecutive cardiac cycles 

under stable conditions.
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2.3. HF model

Animal experiments were approved by local authorities (G0276/16). The well characterized 

ZFS-1 HF rat model is based on a leptin receptor mutation leading to a lean (heterozygous; 

arterial hypertension) and obese (homozygous; metabolic syndrome, HFpEF) phenotype 

[14]. WT, HHD and HFpEF animals were fed a high caloric diet (Formulab Diet 5008). LA 

CM were isolated from 21-week-old ZSF-1 lean (HHD; ZSF+/−), ZFS-1 obese (HFpEF; ZSF
+/+) and wild type (WT; Wistar Kyoto; Charles River) and after disease progression at 27–28 

weeks from HFpEF (still without systolic dysfunction [15]) and WT as previously described 

[13]. WT animals (CTRL; Wistar; Charles River) for in-vitro experiments with bosentan and 

2-APB were fed standard diet for 21 weeks.

2.4. CM isolation

Animals were anesthetized with isoflurane and euthanized by cervical dislocation. The heart 

was excised, mounted on a Langendorff-apparatus and perfused with nominally Calcium 

(Ca2+)-free Tyrode solution for 3 min, followed by enzyme solution containing 0.035 

Wünsch units/ml Liberase TM and 10 μM Ca2+. The LA was separated from the heart, 

minced, filtered and washed. Isolated cells were stepwise adjusted to Tyrode solution 

containing 1 mM Ca2+ and kept at room temperature until subsequent experimentation.

2.5. ELISA

ELISAs were performed according to the manufacturers’ protocol (R&D Systems, 

Minneapolis, MN: IL-1β, IL-6, IL-10, IL-33, PDGF, TGF-β, TNF-α; Enzo Life Sciences, 

Lausen, Switzerland: ET-1).

2.6. Histologic analysis

Hearts were excised after euthanasia, washed in phosphate-buffered-saline and the LA 

separated from the remaining organ. Tissue specimen were fixed and paraffin-embedded. 

Histologic slides were stained with Picrosirius Red (Morphisto, Frankfurt am Main, 

Germany) in order to assess cardiac fibrosis.

Interstitial myocardial fibrosis was defined as the percentage fraction of Picrosirius Red-

stained collagen fibers from the total image. Endo- and epicardial fibrotic tissue was 

manually excluded by a blinded expert in veterinary pathology. Interstitial myocardial 

fibrosis was automatically assessed and calculated using ImageJ (National Institutes of 

Health, Bethesda, MD; ImageJ Macro attached in Supplement).

2.7. Solution and chemicals

Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA) unless noted 

otherwise. Fluorescent Ca2+ indicators Fluo-4 AM and Fura-2 AM were obtained from 

Thermo Fisher Scientific (Waltham, MA, USA). Tyrode solution contained (in mM): 130 

NaCl, 4 KCl, 2 CaCl, 1 MgCl2, 10 Glucose, 10 HEPES; pH adjusted to 7.4 with NaOH. 

Cells were plated on laminin-coated glass coverslips. For experiments with condition 

medium derived from CF, the respective medium was diluted 1:1 with Tyrode solution and 

cells incubated for 1 h at 37 °C. The endothelin receptor blocker Bosentan and the 
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inositol-1,4,5-trisphosphate (IP3)-receptor blocker 2-Aminoethoxydiphenyl borate (2-APB) 

were used at a concentration of 100 and 10 μM, respectively.

2.8. Cell culture

The hearts from 21-week-old rats were used to obtain primary CF from LA tissue as 

described previously [16]. LA tissue was used from a total of 4 animals/group for the 

subsequent steps. After separation of atria and ventricle, tissue was digested in 0.1 mg/ml 

Liberase (Roche, Germany) dissolved in Hanks’ Balanced Salt Solution while gently 

shaking at 37 °C for 10 min. The supernatant containing the isolated cells was collected and 

immediately placed on ice. The remaining tissue was used for an additional digestion cycle. 

This tissue digestion was repeated six times consecutively. Cells were separated through a 

cell strainer and enzymatic solution was removed after centrifugation. Cells were collected 

in complete growth medium (Dulbecco’s Modified Eagle Medium (DMEM)) containing 

20% fetal calf serum (FCS), 100 U/ml penicillin and 100 μg/ml streptomycin and seeded in 

cell culture flask. For sub-culturing, cells were detached utilizing trypsin/EDTA solution. To 

mechanically activate CF, cells were placed on collagen-I coated flexible-bottomed 6-well 

culture plates (Bioflex plates, Dunn). Mechanical stretch was applied using the Flexercell 

System FX-4000 Tension Plus (Dunn) to deform the cultured cells using an elongation of 

10% at a frequency of 1 Hz. Prior to mechanical stretch, cells were starved overnight in 

serum reduced medium (DMEM containing 0.5% FCS, 100 U/ml penicillin and 100 μg/ml 

streptomycin. The mechanical stimulation was performed in the presence of a protease 

inhibitor cocktail (P1860) for 3 h to investigate gene expression analysis or for 72 h to 

produce the cell culture supernatant for subsequent cellular experiments.

2.9. Confocal and ratiometric Ca2+ measurements

For confocal Ca2+ measurements, cells were loaded with Fluo-4 AM as previously described 

[7]. Transversal or longitudinal confocal line scan images were recorded at 1250 lines per 

second using a 40 × oil-immersion objective lens (NA: 1.49; pixel size 0.12 μm) with a Zeiss 

LSM 800 system. Ca2+ transients (CaT) were elicited by electrical field stimulation 

(frequency: 1 Hz) of intact LA CM with a pair of platinum electrodes (voltage: ~50% above 

contractile threshold). Changes in Ca2+ are expressed as the amplitude ΔF/F0, where F 

represents time-dependent Fluo-4 fluorescence, F0 represents diastolic fluorescence levels 

under steady-state conditions during electrical stimulation and ΔF = F – F0. Tau of a mono-

exponential fit of the decay of CaT was obtained as a parameter of Ca2+ removal. At 27-

weeks, a subset of cells was exposed to Tyrode solution containing caffeine (20 mM) and the 

subsequent Ca2+ release, expressed as ΔF/F0, taken as a measure of Ca2+ content of the 

sarcoplasmic reticulum (SR).

For ratiometric Ca2+ measurements, cells were loaded with Fura-2AM (1 μM; excitation: 

340 nm and 380 nm, emission: 510 ± 10 nm) for 30 min at room temperature. Background 

signals were subtracted and changes of Ca2+ are expressed as the ratio R = F340/F380.

2.10. Visualization of global cell shortening

For measurements of contractility cell shortening along the longitudinal axis during 1 Hz 

electrical stimulation was measured with video edge detection (time resolution: 60 frames/s; 
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PTI FelixGX, HORIBA Scientific, Edison, NJ). Cell shortening is expressed as the change 

in systolic relative to diastolic cell length. Tau of a mono-exponential fit of the decay of 

contraction traces was obtained as a parameter of cell relaxation.

2.11. Data analysis and statistics

Data were analyzed as previously described [3]. Results are shown as mean ± standard error. 

Statistical analysis was performed by using unpaired Student’s t-test or analysis of variance 

for multiple comparisons, followed by the Bonferroni post-hoc test. A two-tailed p value of 

< 0.05 was used to indicate statistical significance.

3. Results

3.1. LA remodeling in HFpEF and HHD is not related to the degree of fibrosis

LA fibrosis is a hallmark feature of remodeling and LA in vivo function is impaired in 

HFpEF [7]. However, LA fibrosis was unchanged in HHD at 21 weeks as compared to WT. 

In HFpEF at 21 weeks, LA interstitial fibrosis was also unchanged compared to WT and 

HHD (Fig. 1B and C). In order to evaluate the potential contribution of LA fibrosis in 

advanced disease progression, interstitial fibrosis of HFpEF was evaluated at a later time-

point (27 instead of 21 weeks), where again no difference could be observed compared to 

WT (Fig. 1F).

Similar results were obtained using a semi-quantitative analysis of localized LA fibrosis. 

Transmural distribution of fibrosis was unchanged (subendocardial, subepicardial, 

myocardial; Supp. Fig. 1).

3.2. Differential LA remodeling and enhanced in vitro contractile function can be 
observed in HHD and HFpEF

In addition to the observed unchanged fibrosis, CM size tended to be reduced in HHD (Fig. 

2A and B). At the same time, LA diameter was significantly increased in HFpEF vs. HHD 

and WT, indicating differential LA remodeling (Fig. 2C).

However, in vitro, this was accompanied by a significantly increased cell shortening of LA 

CM in comparison to WT (Fig. 2D and E). LA CM in HFpEF showed an acceleration of 

contractile kinetics: Time-to-peak was shorter compared to WT and relaxation (tau) was 

faster compared to WT and HHD. However, LA CM from HHD showed a significant 

acceleration in time-to-peak compared to WT, but no significant change of cell shortening 

amplitude and cell relaxation (Fig. 2F and G). These results further underscore the 

differential remodeling observed during HHD and HFpEF at 21 weeks.

3.3. Stretched cardiac fibroblasts enhance Ca2+ cycling during excitation-contraction 
coupling in WT (21w)

LA structure and function showed marked differences on the in vivo and in vitro level in 

WT, HHD and HFpEF. To resolve the conundrum of an enhanced in vitro function, impaired 

in vivo function, yet unchanged fibrosis, we next investigated the impact of CF – CM 

interaction on atrial function in the setting of mechanical stretch in the different models. 
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First, we studied the impact of increased cellular distention as it might occur during 

conditions of increased preload on WT animals. In order to simulate this condition in vitro, 

cultured CF from their respective groups were stretched and the conditioned medium 

collected. Subsequently, isolated LA CM were treated with their respective conditioned 

medium of unstretched (CM-NSF) or stretched CF (CM-SF) and Ca2+ measured 

ratiometrically. After treatment with CM-NSF, LA CM showed increased diastolic [Ca2+] as 

compared to control conditions (NT2, Fig. 3B). Interestingly when treated with CM-SF, 

diastolic [Ca2+] increased even further (Fig. 3B). In addition, CaT amplitudes were 

significantly increased upon exposure to CM-SF. Similar results were obtained with 

confocal measurements and a different [Ca2+] sensitive dye (fluo-4, not shown). Confocal 

measurements were used to differentiate subcellular differences of CaT kinetics: CM-SF led 

to a faster time-to-peak CaT and faster [Ca2+] removal (i.e. tau was smaller, Fig. 3G and H). 

The effect was equally strong in subsarcolemmal and central cytosolic compartments of the 

cells.

3.4. Cardiac fibroblasts alter diastolic Ca2+ in HHD (21w)

Next, we repeated these experiments in the HHD animals. Interestingly there was not 

significant effect on CaT amplitudes or kinetics (Fig. 4C–E), even though diastolic [Ca2+] 

tended to be increased with CM-NSF as compared to control (NT2, Fig. 4B). In support of 

this data no difference of amplitude (not shown) or kinetics of CaT were found with 

confocal [Ca2+] measurements (Fig. 4F–H).

3.5. Stretched cardiac fibroblasts impair LA in vitro function in HFpEF (21w)

LA in HFpEF showed an increased diameter (Fig. 2A), indicating LA remodeling 

accompanied by increased cellular distention in vivo. Stretch-related changes in the 

composition of fibroblast medium had significantly different effects on the kinetics of the 

CaT in CM from HFpEF hearts.

After treatment with CM-SF, LA CM in HFpEF showed significantly increased diastolic 

Ca2+ and a reduced area under the curve for CaT as compared to control. The area under the 

curve represents a measure of Ca2+ exposure of the myofilaments and might therefore 

correlate with contractility (Fig. 5B and E). As opposed to the previously observed effect in 

WT, the Ca2+ amplitude remained unchanged upon exposure to CM-SF (Fig. 5D). In 

addition, CM-SF significantly increased tau throughout the cytosol (Fig. 5H), indicating 

slower cellular relaxation upon exposure to stretched fibroblast media.

3.6. ET-1 and other paracrine mediators are altered in CM-SF and potentially related to the 
observed functional differences

In order to further explore mechanisms involved in impaired LA function in the animal 

model, gene expression analysis of cultured CF was performed in search of genomic 

switches which may contribute to the facilitation of CF-induced ECC dysfunction in LA 

CM. We found significant changes of IL-6 on the mRNA level upon stretch (Supp. Fig. 2). 

Additionally, conditioned medium obtained from cultured CF was screened by ELISA for a 

range of cytokines known to modulate fibrosis and inflammation (Fig. 6). Concentrations of 

IL-1β, IL-33, PDGF, TGF-β and TNF-α were below detection threshold (< 31.3 or < 12.5 
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pg/ml, resp. n.s.). However, as shown in Fig. 6A, ET-1 and IL-6 were especially prevalent in 

WT CM-SF. While HHD media still contained ET-1 and IL-6 upon stress (Fig. 6B), this 

response was blunted in HFpEF CM-SF (Fig. 6C). In support of this data, tissue ET-1 

concentration was significantly reduced in HFpEF (Fig. 6D). ET-1 is known to be a potent 

inotrope in a variety of animal models: ET-1 augmented sarcoplasmic reticulum Ca2+ release 

(Suppl. Fig. 3) even in the presence of the ryanodine receptor inhibitor tetracaine. When 

blocking ET-1 receptors in cells exposed to CM-SF, the inotropic response was mitigated 

and diastolic and systolic [Ca2+] tended to be even decreased. This indicates that ET-1 is a 

decisive part of the paracrine “cocktail” mediating positive inotropic effects in WT animals 

upon stretch (Fig. 6E). In support of this notion, application of the IP3-receptor blocker 2-

APB lowered systolic and diastolic Ca2+ to control levels (Fig. 6F). Moreover, the lower 

concentration of ET-1 in HHD and HFpEF tissue as well as in HHD and HFpEF CM-SF 

indicates an absent additional production of this inotropic substance upon stretch during 

atrial remodeling.

3.7. Atrial CM dysfunction is related to impaired excitation-contraction coupling during 
progression of HFpEF (27w) and paralleled by increased nuclear Ca2+

As shown in Fig. 2, baseline LA CM function was preserved or even improved in HHD and 

HFpEF, while the interaction between CF and CM led to in vitro decompensation (Figs. 4 

and 5). Next, we explored atrial remodeling in the setting of disease progression in HHD and 

HFpEF. With advanced age, LA diameter was still significantly increased in HHD and 

HFpEF (Fig. 7B), while LA function was preserved in HHD and tended to be reduced in 

HFpEF (Fig. 7D). Clinically, animals still showed a preserved left ventricular ejection 

fraction (suppl. Fig. 4D). However, during disease progression (i.e. at 27-weeks) LA CM 

showed a significant impairment of ECC under baseline conditions. LA CM of HFpEF 

presented with a lower CaT amplitude, a slower Ca2+ removal (almost 2-fold increase of tau) 

and increased time-to-peak compared to WT (Fig. 7F–H). These observations could be 

explained by a significant reduction of sarcoplasmic reticulum Ca2+ content in HFpEF (Fig. 

7I).

An increase of nuclear Ca2+ has been associated with cardiac remodeling [17]. Interestingly 

and in support of this notion, LA CM during later stages of HFpEF had a significantly 

augmented CaT amplitude during ECC in the nuclear cell compartment (Fig. 7J).

3.8. Stretched cardiac fibroblasts have no adverse effect on Ca2+ cycling during 
excitation-contraction coupling in WT, HHD or HFpEF in disease progression (27w)

We tested if CM-SF had an additional positive or negative effect on CaT amplitudes and 

kinetics in vitro in WT, HHD and HFpEF, respectively. Upon exposure to CM-SF neither 

WT cells (Fig. 8A–D), nor HHD (Fig. 8E–H) or HFpEF cells (Fig. 8I–L) showed altered 

CaT during excitation-contraction coupling. Interestingly at this later disease stage, atrial 

tissue ET-1 concentration was not significantly different between WT, HHD and HFpEF 

(Fig. 8M). This supports the notion that atrial enlargement as observed in vivo led to no 

further increase of fibroblasts ET-1 secretion at 27 weeks. However, ET-1 concentration 

within the particular groups still positively affected left atrial ejection fraction (Fig. 8N) 

which is in agreement with the presented results in Figs. 3–5. Last, we tested the hypothesis 
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that tissue ET-1 concentration differed between in humans with arterial hypertension or 

diastolic dysfunction. Human myocardial ET-1 was quantified by ELISA from a total of 16 

patients. However, as compared to control patients, atrial tissue ET-1 was not significantly 

altered (Fig. 8O).

4. Discussion

Atrial remodeling has been shown to affect morbidity and mortality of patients and recent 

results from clinical studies like CASTLE-AF suggest that altering the course of atrial 

cardiomyopathy (with its signature feature atrial fibrillation) positively influences survival 

[18]. Several disease entities like hypertension or heart failure are associated with atrial 

remodeling, which is thought to be related to impaired cardiomyocyte function and altered 

fibrosis [19]. However, even though clinically highly relevant, the exact mechanism of 

differential atrial cardiomyopathies are not well understood. We therefore investigated the 

interaction between the most prevalent cell types in atria that contribute to remodeling, 

cardiomyocytes and fibroblasts, in different disease states and entities. Here, we show for the 

first time, that an altered “activity of fibrosis”, independent of the extent of fibrotic 

remodeling, affects atrial function in the context of healthy and diseased hearts in a time-

dependent manner.

Quantitative differences of fibrosis directly influence atrial contractility in the setting of 

atrial cardiomyopathy [20,21]. In addition, local differences of fibrosis with potentially pro-

arrhythmic and deteriorating effects regarding tissue mechanics have been shown to be 

especially prevalent in obesity related atrial remodeling [19]. Interestingly however, in our 

animal model, fibrosis was quantitatively not altered, even though atria were enlarged and 

atrial function was impaired [7]. This is in line with data presented e.g. by Khan et al. who 

found no difference in total collagen content in atria of a canine model of heart failure [22]. 

A setting that allowed us to study the impact of the “activity of fibrosis” on atrial function in 

HHD and HFpEF in detail.

An interaction between CF and CM and vice-versa leading to altered function has been 

proposed in the past, yet evidence was lacking [23]. Our data indicates that stretch of CF 

presents as an important trigger for the activation of fibrosis and changes the paracrine 

signature of fibroblasts, with differential effects on “neighboring” cardiomyocytes. Indeed, 

stretch has been shown to activate a plethora of different cell types to augment or alter their 

function [11]. Our data shows an increase in IL-6 expression mirroring this cellular 

activation through stretch.

ET-1 is a potent inotrope [24] that allows to even overcome impaired Ca2+ release through 

ryanodine receptors most likely via its activation of inositol-1,4,5-phosphate receptors [25]. 

ET-1 release has been linked to mechanical stress [26]. It can also foster remodeling 

processes like enhanced fibrosis and hypertrophy with prolonged exposure [27]. In the 

studied healthy WT rats, stretched fibroblasts secreted high concentrations of ET-1 which 

led to an IP3-receptor dependent augmentation of CM function. IP3R mediated Ca2+ release 

has been shown to be highly important in atrial cells and to allow compensatory 

augmentation of contractility [28]. Indeed, tissue ET-1 concentrations positively correlated 
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with left atrial function in our animal model. In vivo, fibroblast ET-1 release upon stretch 

and its impact on CM function might therefore very well represent a compensatory 

mechanism to account for increased hemodynamic demands.

Stretch however has been shown to also have opposite effects, especially in the context of 

cardiac disease. Chronic overload as occurring during HF has been associated with impaired 

ECC in CM [29]. In addition, pro-fibrotic signalling cascades and cytokines, known to 

modulate CF activity and enhance remodeling, are activated through stretch in this setting 

[30]. CF activity itself is altered through stretch [31]. In support of this notion, Ca2+ cycling 

during ECC was impaired in early stage HFpEF due to an altered composition of CF 

secretions, potentially contributing to the observed in vivo phenotype of an impaired atrial 

contractility [7]. Various cytokines and paracrine mediators that are excreted by CF have 

been associated with a potential impairment of contractile function [32]. Even though we 

found no detectable change in IL-1β, IL-6, IL-10, IL-33, PDGF, TGF-β or TNF-α in the 

supernatant in the animal model, it is likely that a cytokine “cocktail” has potentiating 

possibly adverse effects on tissue mechanics [33].

During disease progression in our animal model and in human patients, we found no 

association between tissue ET-1 concentrations and arterial hypertension or obesity, further 

challenging the relevance of ET-1 as the sole mediator for the observed effects of 

mechanically stressed atrial fibroblasts on atrial function during particular states of 

remodeling. Even though plasma levels of ET-1 have been shown to be elevated in HFrEF 

patients [34], previous studies have failed to correlate myocardial ET-1 with LA remodeling 

in the absence of AF [35] in humans, corroborating our results.

Interestingly, in early stage and progressive hypertensive heart disease the CF – CM 

interaction was of less importance regarding cellular function. LA diameter was unchanged 

as compared to WT and significantly smaller than in HFpEF. In addition, CM size tended to 

be decreased. At the same time, the extent of fibrosis was unchanged. These morphological 

findings indicate an earlier but also differential state of remodeling. Others described similar 

findings in early stage heart failure, where total collagen was unchanged and gelatinase and 

metalloprotease activity influencing “dynamic collagen turnover” was increased [22]. In 

HHD, CM-SF, showing smaller yet relevant concentrations of ET-1 and IL-6 as compared to 

WT, significantly increased diastolic Ca2+, indicating a less pronounced activation of CF 

upon stress and a less pronounced susceptibility of CM towards CM-SF. In progressive HHD 

(27w), LA were significantly enlarged, yet left atrial function was unimpaired. As opposed 

to the great impact of CM-SF on HFpEF (21w), in progressive HHD (27w) CM-SF had no 

effect on ECC, again underscoring differences in cellular remodeling. Others have shown 

that atrial enlargement occurs in rats with a comparable genetic background at older ages of 

up to 25 months and that LA myocytes eventually show impaired baseline ECC during 

further disease progression [36]. Moreover, in progressive HHD, left ventricular function 

was preserved indicating that atrial macroscopic remodeling can be observed even before 

ventricular changes become apparent. Similar findings have been reported in larger animal 

models by others [37].
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In advanced HFpEF, contractile function was even impaired without exposure to CF derived 

factors. This could be related to decreased sarcoplasmic reticulum Ca2+ content and 

therefore altered ECC per se [38], possibly due to a maximal baseline activation of IP3Rs. 

The fact that CM-SF had no additional effect on ECC in advanced HFpEF is in agreement 

with earlier results from HF rabbits, where increased baseline activation of the IP3R 

signalling cascade itself could be shown to contribute to the Ca2+ related atrial contractile 

dysfunction [28].

The variety of mechanisms leading to atrial mechanical dysfunction at different stages and 

with different underlying causes of disease is underscored by findings from Yeh et al.: The 

group has even found enhanced Ca2+ release in combination with impaired cellular 

contractility in atrial remodeling caused by congestive heart failure. They reported that this 

was related to altered phosphorylation states of myosin-binding protein C rather than Ca2+ 

release itself. Others have associated progressive remodeling processes with altered nuclear 

[Ca2+] [17]. Interestingly and in support of this concept, in our older animals, nuclear Ca2+ 

release was enhanced.

In summary, we show an interaction between stressed CF and CM, potentially representing a 

compensatory mechanism in healthy atria, that might contribute to in vivo atrial dysfunction 

in the setting of HFpEF. We identified ET-1 as a contributor to enhanced left atrial ejection 

fraction and cellular contractility under normal conditions, but with adverse effects in 

HFpEF. However, we also found CF - CM interactions to be highly stage and underlying-

disease dependent, as Ca2+ release was impaired independently of CF during progression of 

HFpEF. In support of this, CF had no effect on atria in hypertensive remodeling and ET-1 

tissue concentrations were unaltered in human arterial hypertension or obesity. Our findings 

underscore the complex mechanisms underlying atrial remodeling and establish the “activity 

of fibrosis” related to paracrine interaction with CM (e.g. via ET-1) as an important stage-

dependent contributor to in vitro and in vivo atrial dysfunction.
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CaT Calcium transient

Ca2+ Calcium

CM cardiomyocyte

CM-SF conditioned medium from stretched cardiac fibroblasts

CM-NSF conditioned medium from non-stretched cardiac fibroblasts

CF cardiac fibroblast

ECC excitation-contraction-coupling

ET-1 Endothelin-1

HF heart failure

HHD hypertensive heart disease

HFpEF heart failure with preserved ejection fraction

HFrEF heart failure with reduced ejection fraction

IL Interleukin

IP3 inositol 1,4,5-trisphosphate

LA left atrium

LA-EF left atrial ejection fraction

PDGF Platelet-derived growth factor

RAAS renin-angiotensin-aldosterone-system

SR sarcoplasmic reticulum

TGF Transforming growth factor

TNF Tumor necrosis factor

WT Wildtype

2-APB 2-Aminoethoxydiphenyl borate
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Fig. 1. 
Example of histologic sections stained with Picro-Sirius Red dye of the left atrium in 21-

week-old WT, HHD and HFpEF (A). Fibrotic tissue is indicated by red color. Total 

myocardial fibrosis quantified by computer-automated analysis (B) and semi-quantitatively 

assessed by a blinded expert in veterinary pathology at 21 weeks (C). Computer-automated 

analysis of myocardial fibrosis at 27 weeks (D). (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. 
Cell surface of LA cardiomyocytes of WT, HHD and HFpEF at 21 weeks (A) and the 

respective distribution frequency (B). LA diameter derived from transthoracic 

echocardiography in 21-week-old WT, HHD and HFpEF during diastole (C). Example of 

contractile function recorded with video edge-detection in 21-week-old WT, HHD and 

HFpEF at baseline conditions and 1 Hz electrical pacing (D). Cell shortening relative to the 

size of the cell (E), time to reach maximum amplitude (F) and tau of decay (G). *p < .05; 

#1p = 0.055.
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Fig. 3. 
Example of ratiometrically recorded CaT (Fura-2) after 1 h incubation with either Normal 

Tyrode (NT2; 2 mM Ca), conditioned-medium from non-stretched CF (CM-NSF; 0% stretch 

for 72 h; 1.8 mM Ca) and conditioned medium from stretched CF (CM-SF; 10% stretch for 

72 h; 1.8 mM Ca) at 1 Hz steady state stimulation in WT at 21 weeks. Quantification of 

diastolic (B) and systolic Ca (C), as well as Ca amplitude (D) and area under the curve (E). 

Example of confocal CaT (Fluo-4) after 1 h incubation with CM-NSF and CM-SF at 1 Hz 

steady state stimulation. Markings indicate the sub-sarcolemmal region (SS; ROI: 1 μm 
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below cell surface), central region (CT; ROI: 1 μm in cell center) and the total transverse line 

scan (TT). Quantification of cellular (TT) and sub-cellular (CT, SS) CaT time-to-peak (G) 

and tau of decay (H). *p < .05; #1p= 0.08; #2p =0.07; #3p = 0.06.
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Fig. 4. 
Example of ratiometrically recorded CaT (Fura-2) after 1 h incubation with either Normal 

Tyrode (NT2; 2 mM Ca), conditioned-medium from non-stretched CF (CM-NSF; 0% stretch 

for 72 h; 1.8 mM Ca) and conditioned medium from stretched CF (CM-SF; 10% stretch for 

72 h; 1.8 mM Ca) at 1 Hz steady state stimulation in HHD at 21 weeks. Quantification of 

diastolic (B) and systolic Ca (C), as well as Ca amplitude (D) and area under the curve (E). 

Example of confocal CaT (Fluo-4) after 1 h incubation with CM-NSF and CM-SF at 1 Hz 

steady state stimulation. Markings indicate the sub-sarcolemmal region (SS; ROI: 1 μm 
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below cell surface), central region (CT; ROI: 1 μm in cell center) and the total transverse line 

scan (TT). Quantification of cellular (TT) and sub-cellular (CT, SS) CaT time-to-peak (G) 

and tau of decay (H). #1p = 0.07.
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Fig. 5. 
Example of ratiometrically recorded CaT (Fura-2) after 1 h incubation with either Normal 

Tyrode (NT2; 2 mM Ca), conditioned-medium from non-stretched CF (CM-NSF; 0% stretch 

for 72 h; 1.8 mM Ca) and conditioned medium from stretched CF (CM-SF; 10% stretch for 

72 h; 1.8 mM Ca) at 1 Hz steady state stimulation in HFpEF at 21 weeks. Quantification of 

diastolic (B) and systolic Ca (C), as well as Ca amplitude (D) and area under the curve (E). 

Example of confocal CaT (Fluo-4) after 1 h incubation with CM-NSF and CM-SF at 1 Hz 

steady state stimulation. Markings indicate the sub-sarcolemmal region (SS; ROI: 1 μm 
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below cell surface), central region (CT; ROI: 1 μm in cell center) and the total transverse line 

scan (TT). Quantification of cellular (TT) and sub-cellular (CT, SS) CaT time-to-peak (G) 

and tau of decay (H). *p < .05; #1p =0.07.
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Fig. 6. 
Quantification of selected cytokines in CM-NSF and CM-SF in WT (A), HHD (B) and 

HFpEF (C) at 21 weeks. Myocardial tissue levels of ET-1 in the left atrium (D). Diastolic (E) 

and systolic Ca (F) after 1 h incubation with CM-SF in the presence of ET-1 receptor 

antagonist Bosentan or IP3 receptor inhibitor 2-APB. Reference for CM-SF (with or without 

Bosentan/2-APB) was obtained in two different sets of experiments with n = 13 and n = 11 

CM-NSF cells. Dashed lines indicate respective Ca levels after treatment with NT2, CM-

NSF and CM-SF without Bosentan/2-APB. *p < .05.
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Fig. 7. 
In vivo atrial function in a model of advanced atrial remodeling. Example of parasternal 

longitudinal axis images obtained with echocardiography in WT, HHD and HFpEF at 27 

weeks (A). Marked area depicts the left atrium. LA diameter during diastole (B) and LA 

ejection fraction (D). Correlation of systolic blood pressure (invasive catheterization) with 

LA area (C). Example of confocally recorded transversal and longitudinal CaT (E; Fluo4) at 

baseline conditions in 27-week-old WT and HFpEF at 1 Hz steady state stimulation 

(transversal and longitudinal) and application of caffeine (longitudinal; 20 mM; without 
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electric stimulation). Markings in the transversal line scans indicate the sub-sarcolemmal 

region (SS; ROI: 1 μm below cell surface), central region (CT; ROI: 1 μm in cell center) and 

the total line scan (TT), while markings in the longitudinal line scans indicate the cytosolic 

region between the sarcolemma and nucleus (CSL) and the nucleus (NCL). Cytosolic (TT) 

and subcellular (SS, CT) Ca amplitude (F), tau of decay (G) and time-to-peak (H) at 1 Hz 

steady state stimulation in NT2. Caffeine-triggered (20 mM) cytosolic Ca release without 

electrical stimulation (I). Nuclear Ca amplitude at 1 Hz steady state stimulation (J). *p < .05; 

#1p= 0.21; #2 =0.09; #3p = 0.051.
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Fig. 8. 
Confocal Ca imaging in 27-week-old animals after 1 h incubation with CM-NSF and CM-

SF from 21-week-old animals. Transversal line scans at 1 Hz steady state stimulation. TF50, 

time-to-peak, Ca peak, and tau of decay of WT (A-D), HHD (E-H) and HFpEF (I-L). 

Myocardial tissue levels of ET-1 in the left atrium at 27 weeks (M). Correlation of LA 

ejection fraction and myocardial ET-1 (N). Myocardial tissue levels of ET-1 in a cohort of 
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patients (O). The control group is represented by patients with a BMI ≤ 25 and no history of 

AHT.
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