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1 ABBREVIATIONS 

TTS: Takotsubo syndrome 

LV: Left ventricular 

CAD: Coronary artery disease 

TTC: Takotsubo cardiomyopathy 

AMI: Acute myocardial infarction 

NSM: Neurogenic stunned myocardium 

NE: Norepinephrine 

Epi: Epinephrine 

SAH: Subarachnoid hemorrhage  

BNP: Brain natriuretic peptide 

AF: Atrial fibrillation 

LVOTO: Left ventricular outflow tract obstruction 

SAM: Systolic anterior motion 

STEMI: ST-segment elevation myocardial infarction 

NSTEMI: Non-STEMI 

β-AR: β-adrenoceptor 

ROS: Reactive oxygen species 

NO: Nitric oxide 

FMD: Flow-mediated dilation 

CBF: Coronary blood flow 

PAT: Peripheral arterial tonometry 

VWF: Von Willebrand factor 

PAI-1: Plasminogen activator inhibitor-1 

Ang II: Angiotensin II 

ET-1: Endothelin-1 

ATP: Adenosine triphosphate 

ABCG2: ATP-binding cassette transporter subfamily G member 2 

NRG-1: Neuregulin-1  
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BH4: Tetrahydrobiopterin 

Trx: Thioredoxin 

HUVECs: Human umbilical vein endothelial cells 

TEM: Transmission electron microscopy 

NTA: Nanoparticle tracking analysis  

hiPSC-CCs: Human induced pluripotent stem cell-derived cardiac cells 

hiPSC-CMs: Human induced pluripotent stem cell-derived cardiomyocytes 

hiPSC-SMCs: Human induced pluripotent stem cell-derived smooth muscle cells 

hiPSC-ECs: Human induced pluripotent stem cell-derived endothelial cells 

MI: Myocardial infarction 

VEGFA: Vascular endothelial growth factor 

Mst1: Mammalian sterile 20-like kinase 1  

HG: High glucose 

HCMEC: Human cardiac microvascular endothelial cell 

miRs: MicroRNAs 

3’-UTR: 3 'untranslated region 

mRNAs: Messenger RNA  

SMC: Smooth muscle cell 

NSCLC: Non-small-cell lung cancer 

CCR1: C-C Motif Chemokine Receptor 1  

PLXNB2: Plexin-B2  

Pads: Parathyroid adenomas  

RV: Right ventricle 

EPCs: Endothelial progenitor cells  

ICM: Ischemic cardiomyopathy 

TRP: Transient receptor potential  

KCa: Ca2+-activated potassium channels 

BK: Big conductance Ca2+-activated potassium channel  

SK4: Intermediate-conductance Ca2+-activated potassium channel  

SK1: Small-conductance Ca2+-activated potassium channel, type 1 
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SK2: Small-conductance Ca2+-activated potassium channel, type 2 

SK3: Small-conductance Ca2+-activated potassium channel, type 3 

EDHF: Endothelium derived hyperpolarization factor  

RP: Resting membrane potential 

mV: Millivolt  

Ito: Transient outward current  

IKr: Rapidly activating delayed rectifier potassium channel current 

ICa-L: L-type calcium channel current 

IKs: Slowly activating delayed rectifier potassium channel current 

IK1: Inward rectifier potassium current 

ARVC: Arrhythmogenic right ventricular cardiomyopathy  

HCM: Hypertrophic cardiomyopathy 

HEK: Human embryonic kidney  

CHO: Chinese hamster ovary 

LTA: Life-threatening arrhythmias 

GFR: Growth Factor Reduced  

FBS: Fetal Bovine Serum  

4-AP: 4-Aminopyridine  

BSA: Bovine Serum Albumin  

AT1R: Angiotensin II subtype-1 receptor 

Los: Losartan 

AT2R: Angiotensin II subtype-2 receptor 

PD: PD123 319 

PKA: Protein kinase A  

EMV2: Endothelial Cell Growth Medium MV2  

H2O2: Hydrogen peroxide 

NAC: N-Acetyl-L-cysteine 

qPCR: Quantitative polymerase chain reaction 

ELISA: Enzyme-linked immunosorbent assay  

PI: Propidium iodide 
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DCFH-DA: 2’, 7’-Dichlorofluorescin diacetate 

MMP: Mitochondrial membrane potential 

RGS3: G‑protein signaling 3 

MT: Mutant 

Vmax: The maximal depolarization velocity 

APD10: The action potential duration at 10% repolarization 

APD50: The action potential duration at 50% repolarization 

APD90: The action potential duration at 90% repolarization 

INa: Sodium current 

ISK4: Intermediate conductance calcium-activated potassium channel current  

CRP: C-reactive protein 

CCL2: C-C Motif Chemokine Ligand 2 

TNF-α: Tumor necrosis factor alpha 

Δψm: Mitochondrial membrane potential level 

I-V: Current-voltage relationship 

ER: Endoplasmic reticulum 

Wt-exo: Exosomes derived from HCMECs without challenge of Epi  

Epi-exo: Exosomes isolated from HCMECs treated with Epi 

Wt-exo+epi: Wt-Exo plus Epi  

Epi-exo+epi: Epi-exo plus Epi  

APA: Action potential amplitude 

INa-L: Late Na+ current  

INCX: Na+/Ca2+ exchanger current 

Exo-mimic: Exosomes derived from HCMECs transfected with miR-126-3p mimic 

Exo-inhibitor: Exosomes derived from HCMECs transfected with miR-126-3p 

inhibitor 

Exo-NC: Exosomes derived from HCMECs transfected with miR-126-3p negative 

control 

eNOS: Endothelial nitric oxide synthase 

NOS3: Nitric oxide synthase 3  
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OFPAE: Ovine fetoplacental artery endothelial cells 

NOX: Nicotinamide adenine dinucleotide phosphate oxidase 

HAECs: Human aortic endothelial cells 

VA: Ventricular arrhythmias 

MSC: Mesenchymal stem cells 

hECT: Human engineered cardiac tissue  

CDCM: Childhood dilated cardiomyopathy 

RGS3s: Short RGS3 isoform 

GIRK: G protein-gated inwardly rectifying K+  
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2  INTRODUCTION 

2.1 Takotsubo Syndrome 

Takotsubo syndrome (TTS) is an acute cardiac disorder characterized by an acute, 

transient and reversible left ventricular (LV) systolic dysfunction with apical ballooning 

and abnormal ECG (ST-segment elevation or T-wave inversion) without obstructive 

coronary artery disease (CAD), and is frequently linked to emotional or physical stress 

[1,2]. It is also called Takotsubo cardiomyopathy (TTC) or broken heart syndrome or 

stress-induced cardiomyopathy. TTS can be identified in adults of all ages and even in 

children [3]. TTS was reported for the first time in Japan in 1990, in five patients 

suffering from chest pain with abnormal ECG, similar to acute myocardial infarction 

(AMI), but no coronary artery stenosis was detected by angiography [4]. The main 

differences between TTS and AMI are the absence of significant coronary stenosis 

contributing to the extent of contraction abnormalities [5,6], and the reverse of the wall 

motion and ejection fraction abnormality. TTS shows heart ventricular 

hypercontractility in the basal and mid segments, and wall dyskinesia in apical segment 

[7].  

 

TTS and neurogenic stunned myocardium (NSM) share some common features, but 

are different in some clinical and laboratory features [8,9] (Table 1). For instance, 

hypokinesia in apical segment is more common in TTS patients, whereas hypokinesia 

in basal segment is typical in NSM-patients [10,11]. The process of NSM is 

predominantly connected with an increased plasma norepinephrine (NE) level, which 

is caused by neuronal NE but not adrenal epinephrine (Epi) [12].  
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Table 1. Clinical and experimental features between TTS and NSM 

 TTS NSM 

Trigger factors 

 

Emotional, physical, or 

combined factors 

 

Neurological event, particularly 

subarachnoid hemorrhage (SAH) 

 

Pathophysiology Mainly Epi mediated cardiac 

damage 

 

Mainly NE mediated cardiac 

damage 

 

Clinical presentation 

 

Chest pain, Heart failure 

 

Heart failure, neurological 

damage, atrial fibrillation 

ECG 

 

ST segment elevation, ST-

segment depression, T-wave 

inversion 

 

Reversed/negative T waves, 

ST segment depression, QT 

interval prolongation, large U 

waves 

 

LV wall motion 

 

Apical hypokinesia, mid-

ventricular dysfunction 

Mid-ventricular regional wall 

motion abnormalities, 

basal hypokinesia 

Cardiac markers 

 

High levels of NTproBNP 

 

LcTnI and TnT troponin increase, 

increased Brain natriuretic peptide 

(BNP) 

 

Because of the initial unawareness of the disease and reversible feature, the 

prevalence of TTS was underestimated. Now, TTS has been increasingly recognized 

worldwide. TTS patients in South-East Asian are reported as 82% being female patients, 

89% with an apical variant, with a high incidence of physical triggers and low 

cardiovascular mortality [13]. In the United States and Europe, TTS patients show a 

higher prevalence of neurological or psychiatric diseases [14].  Female predominance, 

mainly aged 56-84 years, was reported [15-17]. However, the clinical characteristics 

and the course of the disease between men and women are similar, although physical 

stress is more likely to lead to TTS with much worse outcomes in male patients 

compared with female patients [18,19]. Due to the increased notice of the disease, male 

TTS patients have also been increasingly reported with the highest incidence in younger 
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patients [14,20-22]. About 10% of TTS patients are younger than 50 years [22]. Female 

patients account for 90% of the cases, with an average age of approximately 65-75 years 

in most series, and females over 55 years of age have a five-fold increased risk of TTS 

[23]. 

 

TTS can be linked to severe or fatal complications. The possible triggers, such as the 

emotional stress, inflammatory state, physical stress of cancer surgery, systemic 

antineoplastic therapy and radiation treatment, may render patients to a higher risk for 

TTS. A rate of 11% incidence of TTS was described over a 6-year follow-up among 

275 patients with cancer [24,25]. In another study, cancer was founded in 16.6% (290 

of 1750) TTS patients, similar to that in patients with chronic obstructive pulmonary 

disease (16.2%) and CAD (15.3%) and much less than that in patients with neurologic 

and psychiatric disorders (46.8%) [26]. Some cardiovascular risk factors including 

CAD, hypertension, diabetes and morbid obesity are less prevalent in TTS patients with 

cancer; but those patients have a higher all-cause mortality [27]. TTS patients with 

cancer had atrial fibrillation (AF) more frequently than those without cancer. In our 

hospital, 14% of TTS patients had cancer at the time of the TTS event, and further, 11% 

of patients were found to have cancer during a 5-year follow-up [28]. TTS patients with 

arrhythmias had a lower survival rate than patients without them [29]. Left ventricular 

outflow tract obstruction (LVOTO) may also be a complication in the acute phase and 

after the recovery phase of TTS because LVOTO can enhance the increase in LV 

pressure and hence can be linked to hemodynamic instability, mitral regurgitation, 

systolic anterior motion (SAM) and cardiogenic shock [30,31].  

 

So far, significant progress has been achieved with respect to the diagnosis, clinical 

characterization and first-line therapy of TTS. However, the prognosis does not seem 

to be as benign as expected, with a mortality of 5.6% per patient/year from any cause 

and a rate of in-hospital complications similar to ACS [14]. The rate of 30-day mortality 

in TTS patients is between ST-segment elevation myocardial infarction (STEMI) and 

non-STEMI (NSTEMI) patients [32]. Therefore, elucidating the pathophysiology of 

TTS and further studying its molecular mechanism will improve the clinical treatment 

of TTS. 
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Since catecholamine excess is important for the occurrence of TTS, 20-25% of TTS 

patients have received beta-blocker drugs during their initial event and 40% during a 

second episode, but so far, no specific drug has been found for treating TTS or 

preventing the recurrence or improving the outcome of TTS [33]. Due to the lack of 

ideal therapy for TTS, the application of experimental models or platforms for studying 

TTS pathogenesis and searching for therapeutic targets is needed. 

 

2.2 The pathophysiological mechanism of TTS 

The proposed mechanisms linked to the pathogenesis of TTS include increased 

concentration of circulating plasma catecholamines and its metabolites, coronary 

microvascular dysfunction, sympathetic hyperexcitability, inflammation, estrogen 

deficiency, basal hypercontractility with left ventricular outflow tract obstruction and 

signal trafficking/biased agonism, spasm of the epicardial coronary vessels, genetic 

predisposition and thyroidal dysfunction [7,34-38]. TTS probably results from a 

combination of actions of multiple factors, and as such, the precise mechanisms of TTS 

are still not fully clarified. Nevertheless, it is widely accepted that catecholamine excess 

should play a critical role in the occurrence or development of TTS because stress 

factors can be identified and elevation of plasma catecholamine levels can be detected 

in most TTS patients. Although the exact mechanisms of TTS remain unclear, some 

signaling that may be important in TTS pathophysiology have been described [39] 

(Figure 1).  
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Figure 1. The possible mechanisms related to TTS. AR: adrenergic receptor; NE: norepinephrine; 

Epi: epinephrine. Emotional and/or physical stress trigger the activation of the sympathetic nervous 

system and further induce the release of catecholamines which can activate a variety of 

pathophysiological mechanisms to promote the development of TTS. Catecholamines can affect ion 

channel function through activating α and β-adrenoceptor signaling and increase oxidative stress. 

Oxidative stress promotes inflammatory factor release and cardiomyocyte apoptosis, which may 

contribute to TTS. Catecholamines surge leads to endothelial dysfunction through altering the levels 

of ET-1 and NO or elevated inflammatory factors and apoptosis-related proteins. Endothelial 

dysfunction further results in coronary and intracardiac microvascular dysfunction. Furthermore, 

metabolic abnormalities, cancer, and genetic factors may also be involved in the development of TTS. 

(Fan, X.et al. Takotsubo syndrome: Translational implications and pathomechanisms. Int J Mol Sci 

2022, 23.) 

 

Psychological or physical stress may lead to sympathetic hyperexcitability and a 

huge release of catecholamines, and in turn TTS. It was reported that intravenous 
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application of catecholamines or beta-agonists led to the clinical features similar to that 

of TTS [40,41]. Kido et al. reported that 68.2% of drug-induced TTS patients were 

associated with catecholamine, while 8.9% (14 of 157) of the patients were related to 

chemotherapy-induced coronary vasospasm [42]. Another study reported that the 

catecholamine level in TTS patients was significantly higher than that in patients with 

Killip class III MI [43]. In addition, it was detected that the response of the apical 

myocardium to sympathetic nerve stimulation was increased, which can render the apex 

more sensitive to acute elevation of the circulating catecholamine level [44]. When 

blood pressure was increased by catecholamines, basal akinesia was detected, whereas 

the apical segment preserved its function [45]. The regional dysfunction may be linked 

to differential distribution of adrenoceptors. It was demonstrated that the density of 

sympathetic innervation in the basal cardiomyocytes is higher than that in the apical 

myocytes. By contrast, the β-adrenoceptor (β-AR) density is higher in apical segment 

than that in basal segment [46]. Hence, catecholamine can exert stronger effects on the 

apical myocytes than basal cells.  

 

Since β-adrenoceptors are important for heart function and TTS is related to 

catecholamine excess, most studies regarding the pathophysiology of TTS focused on 

β-receptor signaling. It is known that activation of β-receptors can activate Gs or Gi 

signaling, increase cellular reactive oxygen species (ROS) level (oxidative stress) and 

in turn can cause different cellular dysfunctions contributing to TTS phenotype. Beside 

β-receptors, other receptors like α-receptor and dopamine receptors, which can be 

detected in cardiomyocytes and are coupled to G-protein signaling, may also contribute 

to the pathogenesis of TTS [47,48]. Estradiol has been shown to have protective effects 

against toxic effects of catecholamine [36]. Lower estrogen levels may enhance 

catecholamine effects on cardiomyocytes and endothelial cells. 

 

2.3 Endothelial dysfunction in TTS 

Endothelial cells are located in the thin layer inside all blood vessels and play 



12 

important physiological roles in angiogenesis, inflammation, coagulation, smooth 

muscle cell proliferation, and vascular tone [49]. Endothelial cells, one of the most 

abundant non-myocyte cell types in the heart, have the ability to synthesize and release 

catecholamines [50]. Endothelial dysfunction is characterized by an imbalance between 

vasoconstriction and vasodilation factors [51], and may contribute to TTS pathogenesis. 

Endothelial dysfunction is also an early feature of atherosclerosis. A reduction of 

bioavailability of vascular and myocardial nitric oxide (NO) was detected in endothelial 

dysfunction in the presence of ROS [52,53]. Until now, different techniques have been 

applied for assessing endothelial dysfunction in the setting of TTS, such as flow-

mediated dilation (FMD) of the brachial artery, coronary blood flow (CBF), and the 

peripheral arterial tonometry (PAT) [35,54,55]. Endothelin was suggested to be an 

important factor relating to endothelial dysfunction because selective endothelin-A 

receptor antagonism could prevent the dysfunction [56]. The plasma level of 

endothelin-1 in the acute phase of TTS is similar to the level in AMI patients. Notably, 

the plasma level of endothelin-1 is elevated transiently and recovered after the 

resolution of myocardial dysfunction. The biomarkers of endothelial dysfunction, 

which are von Willebrand factor (vWF) and plasminogen activator inhibitor-1 (PAI-1), 

were increased during the acute phase of TTS [57]. The surge of catecholamines in TTS 

may also lead to inflammatory reactions such as leukocytosis, the production of acute 

phase proteins and oxygen free radicals [58-61]. Wang et al. proposed that healthy 

coronary endothelial cells make happy cardiomyocytes [62]. At present, the evidence 

linking TTS to endothelial dysfunction is focused on clinical trials. However, how 

endothelial dysfunction affects the myocardium remains unclear. Protecting coronary 

vascular endothelial cells and maintaining healthy coronary circulation may be an 

effective therapeutic and anti-TTS strategy. 

 

Besides, ROS can cause redox imbalance via different mechanisms, like the 

activation of proinflammatory signaling and secretion of proinflammatory cytokines, 

which may injure endothelial cell functions [63]. This implies that elevated ROS 

generation induced by catecholamine release in the setting of TTS may cause 
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endothelial dysfunction and  in turn cause myocardial dysfunctions via  a transient 

coronary spasm [64]. It was shown that the increased production of ROS decreased 

vascular NO bioavailability, and caused endothelial and myocardial dysfunction 

[52,53].  

 

Regarding study on the mechanism of endothelial dysfunction, it was detected that 

the blood level of miRNA-125a-5p decreased, while the level of its target endothelin-1 

increased in TTS, in agreement with the microvascular spasm hypothesis for TTS [65]. 

In female TTS patients, a reduction of citrulline production and an increase in 

thrombomodulin concentration were connected with endothelial dysfunction, but no 

change in the prostacyclin level was detected, suggesting that the endothelial 

dysfunction in TTS patients can exist even in the long term [66]. Thus, studies on 

reversing endothelial dysfunction and/or on improving the efficacy of therapeutics such 

as ACE-inhibitors, AT1-receptor blockers or statins are clinically relevant [64]. 

 

Angiotensin II (Ang II) stimulation for a long time can accelerate the endothelial 

senescence process in aging-related atherosclerosis [67]. Excess Ang II leads to 

vascular endothelial injury by increasing the synthesis and production of 

vasoconstrictor such as endothelin-1 (ET-1) and thromboxane A2 and decreasing the 

release of vasodilators such as NO [68,69]. Additionally, Ang II can induce 

hypertension, vascular endothelial dysfunction, activation of inflammatory molecules, 

oxidative damage [70,71]. Notably, Ang II could also stimulate ROS generation [72,73], 

suggesting that Ang II may contribute to catecholamine effects and pathogenesis of TTS. 

 

2.4 Endothelial-cardiomyocyte interactions in cardiac remodeling and 

vascular regeneration 

Cardiomyocytes and endothelial cells，the two most abundant cardiac cell types, 

also play a central role in myocardial development, diabetes and metabolic dysfunction, 

ischemia, cardiac remodeling and vascular regeneration [74,75]. The mechanisms 
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regulating crosstalk between cardiomyocytes and endothelial cells have not been fully 

elucidated. Endothelial cells and cardiomyocytes are in close proximity and 

communicate with each other in multiple ways, such as paracrine signaling, secreted 

molecules or vesicles, or direct cell-to-cell contact [75]. Deletion of the gene encoding 

VEGF in cardiomyocytes resulted in a decrease in basal systolic function, thinning of 

the ventricular wall, and decreased the number of coronary microvessels [76]. Cardiac 

endothelial cells have the normal functions of vascular endothelial cells, and also 

release various autocrine and paracrine factors, such as Ang II, NO, endothelin, 

prostaglandin I2, which directly affect the contractile performance, growth, metabolism, 

and rhythmicity of the adult heart [77]. In addition, endothelial cells release various 

factors controlling cardiomyocyte contractility in the normal adult heart, such as ET-1，

adenosine triphosphate (ATP)-binding cassette transporter subfamily G member 2 

(ABCG2), neuregulin-1 (NRG-1), tetrahydrobiopterin (BH4), thioredoxin (Trx) [78-

82]. Accordingly, cardiomyocytes produce exosomes, proteins, or small molecules, 

which have been shown to regulate the function of endothelial cells. Exosomes secreted 

by glucose-starved cardiomyocytes significantly increase proliferation and tube 

formation in human umbilical vein endothelial cells (HUVECs) and stimulate glucose 

uptake and glycolysis in cardiac microvascular endothelial cells in vitro [83], 

suggesting that exosomes play an important role in cell-cell signaling both locally and 

remotely. 

 

2.5 Roles of exosomes and microRNAs for communication between 

endothelial cells and cardiomyocytes 

Almost all cell types can secrete exosomes, which range in size from 20 to 150 nm 

[84,85]. Currently, three main approaches have been used to verify exosomes in 

researches. First, transmission electron microscopy (TEM) was used to analyze the size 

and morphology of exosomes, which were displayed as double membrane "cup" 

vesicles [86-88]. Second, exosome markers were used to identify exosomes with 

western blotting [86-89]. Third, nanoparticle tracking analysis (NTA) was performed 
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to measure the size and concentration of exosomes [87,88,90]. Currently, exosomes 

have been proved to mediate communication between endothelial cells and smooth 

muscle cells, cardiomyocytes and endothelial cells, and fibroblasts and cardiomyocytes 

[88,91-93]. Exosomes can mediate cell-to-cell communication in maintaining 

homeostasis through three mechanisms: (1) receptor-ligand interactions, (2) 

internalization by cells, (3) direct fusion to the cell membrane [94-96]. 

 

At present, many studies have focused on the intercellular signaling and information 

exchange mediated by exosomes between endothelial cells and cardiomyocytes. Zhang 

et al. reported that exosomes secreted by hiPSC-derived cardiac cells (hiPSC-CCs) 

including cardiomyocytes (hiPSC-CMs), smooth muscle cells (hiPSC-SMCs) and 

endothelial cells (hiPSC-ECs) enhanced the ability of angiogenesis, prevented hypoxic 

injury, and improved cardiac function in a porcine myocardial infarction (MI) model 

[97]. Exosomes derived from H9C2 cardiomyocytes were increased by glucose 

deprivation [98]. miR-29a-enriched exosomes secreted by Ang II-treated 

cardiomyocytes inhibited the proliferation, migration, and angiogenesis of cardiac 

microvascular endothelial cells by inhibiting vascular endothelial growth factor 

(VEGFA) expression [99]. Mammalian sterile 20-like kinase 1 (Mst1)-enriched 

exosomes derived from endothelial cells inhibited autophagy and glucose uptake, but 

enhanced apoptosis in high glucose (HG) cultured cardiomyocytes [100]. The co-

culture of miR-199b-5p-enriched exosomes derived from hiPSC-ECs and HUVECs 

significantly improved the migration, proliferation and tube formation of HUVECs via 

inhibition of Jagged1/Notch1 signaling [101]. Exosomes secreted by 

lipopolysaccharide-challenged endothelial cells could alleviate rat cardiomyocyte 

injury and apoptosis [102]. Whether exosomes secreted by human cardiac 

microvascular endothelial cells (HCMECs) can regulate the ion channel and 

electrophysiological properties of cardiomyocytes has not been elucidated.  

 

microRNAs (miRs) are small noncoding RNAs, consisting of 22 to 25 nucleotides, 

that regulate gene expression after transcription by binding to the 3’ untranslated region 
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(3’-UTR) of target messenger RNA (mRNAs). miRNAs inhibit and degrade mRNA or 

stimulate mRNA translation or directly regulate more than 60% of protein-coding genes 

[103,104]. miRNA activation can regulate smooth muscle cell (SMC)-endothelial cell 

crosstalk, endothelial cell-cardiomyocyte crosstalk, etc. [92,93,105,106]. Importantly, 

miRNAs can alter cardiac excitability, conduction, repolarization, and automaticity by 

targeting ion channel genes and even affect arrhythmia. Cardiac miR-133a, miR-1, 

miR-26, and miR-328 regulate ion channel genes involved in cardiac conduction, 

rhythmicity, and automaticity [107-113]. Recently, Fu et al. found that miRNAs 

modulate cardiac action potential by direct binding to ion channels [114], which may 

provide new insights into the pathogenesis of arrhythmias. Schreier et al. reported that 

miR-221 and miR-222 downregulate L-type Ca2+ channel current density and KCNJ5 

channel expression by targeting the 3’-UTR of CACNA1C or KCNJ5 gene [115]. These 

suggest that miRNAs from non-cardiac cells such as endothelial cells can participate in 

the electrical remodeling of cardiomyocytes by regulating the expression of ion channel 

genes, which is an important mechanism of arrhythmia.  

 

miR-126-3p, which is highly enriched in endothelial cells and located on human 

chromosome 9, plays a very critical role in vascular development by maintaining 

vascular integrity and promoting angiogenesis [116,117]. miR-126 has been studied in 

many human cancers. The upregulation of miR-126-3p can inhibit the growth, colony 

formation, invasion and migration of non-small-cell lung cancer (NSCLC) cells by 

targeting C-C Motif Chemokine Receptor 1 (CCR1), and can inhibit ovarian cancer 

proliferation and invasion via targeting plexin-B2 (PLXNB2) [118-120]. The 

downregulation of miR-126-3p promotes neovascularization of parathyroid adenomas 

(Pads), possibly through VEGFA overexpression [121]. These researches suggest that 

miR-126-3p may be used as a molecular target for tumor therapy. In addition, miR-

126-3p plays an important role in maintaining cardiovascular function. Potus et al. 

confirmed that miR-126 overexpression can promote the regeneration ability of 

vascular endothelial cells in the right ventricle (RV) and improve RV function in 

patients with right heart failure [122]. miR-126-3p was significantly downregulated in 
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AMI patients, while miR-126-3p overexpression increased migration and tube-like 

structures of endothelial progenitor cells (EPCs) to improve the heart function of 

ischemic cardiomyopathy (ICM) patients [123,124].  

 

Taking together, miRNAs, which are from either endothelial cells or cardiomyocytes, 

may participate in the regulation of endothelial or cardiac function. However, little is 

known about whether exosomal miR-126-3p in endothelial cells can modulate the ion 

channel function and electrophysiological properties of cardiomyocytes. 

 

2.6 Ion channel functions in endothelial cells and cardiomyocytes  

  Numerous ion channels have been detected in endothelial cells and some of them 

were shown to be important for endothelium functions [125-127]. Ca2+-activated 

potassium channels, ATP-sensitive potassium channel, inward rectifier potassium 

channels, P/Q-type and T-type calcium channels may be involved in determining 

endothelial cell membrane potential or modulating smooth muscle contraction and 

coronary blood flow [128-132]. Opening of potassium channels in endothelial cells can 

hyperpolarize the cell membrane potential and thus can increase the driving force for 

calcium influx conducted by transient receptor potential (TRP) channels in endothelial 

cells, and then causes vasodilation via intracellular calcium activating signaling. In 

addition, the hyperpolarization in endothelial cells can hyperpolarize smooth muscle 

cells via myo-endothelial gap-junctions, leading to vasodilation [126,133,134]. 

Furthermore, opening of calcium-conducting channels can increase intracellular 

calcium concentration, which can stimulate release of vasodilating factors, leading to 

vasodilation.  

 

In endothelial cells, the most frequently studied ion channels are the Ca2+-activated 

potassium (KCa) channels, which consist of three groups: big conductance (>200 pS) 

Ca2+-activated potassium channel (KCa1.1, BK), intermediate-conductance (20-40 pS) 

Ca2+-activated potassium channel (KCa3.1, SK4) and small-conductance (5-10 pS) 
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Ca2+-activated potassium channel, which include three subtypes, type 1 (KCa2.1, SK1), 

type 2 (KCa2.2, SK2) and type 3 (KCa2.3, SK3) [126]. In freshly isolated endothelial 

cells, BK channels are poorly expressed [135]. In contrast to BK channels, the SK 

channels are constitutively expressed in endothelial cells [136]. The endothelial SK 

channels have been suggested to play an important role in endothelium derived 

hyperpolarization factor (EDHF)-induced cell hyperpolarization. Although endothelial 

dysfunction is usually associated with decreased NO production, alteration of the 

EDHF-pathway may also participate in endothelial dysfunction or conversely can 

compensate the loss of NO bioavailability [137]. Alterations in EDHF-mediated 

responses were reported in diseases like hypertension, atherosclerosis, 

hypercholesterolemia, heart failure, diabetes, sepsis [136]. 

  

Given that ion channels in endothelial cells may modulate endothelial functions, 

abnormal modulation of ion channels may lead to dysfunctions in endothelial cells. 

However, whether ion channel dysfunctions in endothelial cells participate in 

endothelial dysfunction in TTS is unclear. 

 

TTS is characterized by acute and transient left ventricular systolic dysfunction, 

which may be linked to cardiac ion channel dysfunctions because cardiac contraction 

is initiated by the cell excitation. When cardiomyocytes are excited, bioelectrical 

signals (action potentials) initiate contractions of the heart via excitation-contraction 

coupling [138]. Action potentials are determined by the opening/activation and 

closing/inhibition of transmembrane proteins forming ion channels/transporters 

[139,140]. The cardiac action potential is a transmembrane potential variation with an 

amplitude between 60 and 120 millivolts (mV) [141]. The resting membrane potential 

(RP), which can be roughly estimated from the Nernst equation, is around -80 mV 

mainly because of the uneven distribution of potassium ions across the cell membrane. 

The action potential of the heart has five distinct stages (Figure 2). Phase 0 is the rapid 

depolarization caused by a sudden increase in sodium influx, which is mainly due to 
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the activation of Na+ channels, especially Nav1.5 channels [142]. A negative value is 

returned after an overshoot (above 0 mV), which is called repolarization that includes 

phases 1, 2, and 3. Phase 1 is characterized by a decrease in sodium inflow and a 

transient increase in potassium outflow and chloride inflow. During this phase, the 

transient outward current (Ito) channel opens shortly. During the second phase, the 

membrane potential remains almost constant or slowly decreases, caused by potassium 

outflow and simultaneous calcium (and some sodium) inflow，mainly through the 

rapidly activating delayed rectifier K+ current (IKr) and L-type calcium channel current 

(ICa-L) [142]. In the third phase, the increase of potassium efflux and the decrease of 

calcium and sodium influx lead to the rapid repolarization. In phase 3, the outward K+ 

channel currents include IKr and IKs (the slowly activating delayed rectifier K+ current) 

[142]. Phase 4 represents the resting membrane potential. Inward rectifier potassium 

current (IK1) is activated late in phase 3 and remains conducting throughout phase 4, 

and plays key roles in maintaining the RP. Any changes of the function of channels 

participating in the action potential generation may lead to abnormal action potentials 

and in turn abnormal contraction or arrhythmias.  

 

Figure 2. Analysis of action potential parameters in hiPSC-CMs. 

 

2.7 The application of human induced pluripotent stem cell-derived 

cardiomyocytes in TTS 
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Understanding the critical role of endothelial dysfunction in the pathophysiology of 

TTS may facilitate early diagnosis and intervention. Experimental in vivo or in vitro 

studies are useful to explore the underlying pathophysiology of TTS and to search for 

effective therapy for the disease. Recently, experimental studies on TTS mainly used 

animal models, hiPSC-CMs models, other cell models and computational models, each 

of which possess advantages and disadvantages. The hiPSC-CMs have advantages in 

modeling genetic cardiac disorders like long-QT syndrome, short QT syndrome, 

arrhythmogenic right ventricular cardiomyopathy (ARVC), Brugada syndrome and 

familial hypertrophic cardiomyopathy (HCM) [39,143-152]. First, hiPSC-CMs have a 

human gene background, which can avoid a potential influence of the gene differences 

between humans and animals. Second, hiPSC-CMs may be a better platform for cardiac 

drug screening and ion channel research compared with Xenopus oocytes, human 

embryonic kidney (HEK) cells and Chinese hamster ovary (CHO) cells, which do not 

possess cardiac ion channel macromolecular complexes. Third, patient-specific 

mechanistic study and drug testing can be carried out. Additionally, genome editing 

combined with patient-specific iPSC-CMs can help to explore the genotype-phenotype 

correlation of unknown gene mutations or variants in patients. 

 

Up to date, limited studies on TTS using hiPSC-CMs have been reported [47,153]. 

It is still unclear whether TTS is a genetic disease, but growing evidence suggests the 

involvement of genetic factors in TTS. For instance, variant in RBM20, encoding RNA-

binding motif protein 20, or CASQ2, encoding calsequestrin 2, could be found to exist 

in TTS patients [154]. In addition, long QT syndrome has been reported in up to 70% 

of TTS patients and has connection with life-threatening arrhythmias (LTA) triggered 

by concomitant AF. El-Battrawy et al. used hiPSC-CMs to assess the toxic effects of 

catecholamine on cardiac ion channel function and the protective effects of estrogen, 

and found out that estrogen reduced the sensitivity of hiPSC-CMs to isoprenaline by 

reducing adrenoceptor expression [36]. That study supports a possible application of 

ROS-blockers, β-blockers and late sodium channel blockers for treating or preventing 

arrhythmias in TTS. 
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A second TTS model using hiPSC-CMs was established by the application of high 

doses of epinephrine (Epi), and G1/estrogen attenuated Epi-induced cardiac injury via 

decreasing the levels of brain natriuretic peptide in blood and the lactate dehydrogenase 

in the culture supernatant [153]. Huang et al. applied a high concentration of Epi to 

mimic the setting of TTS, and detected that Epi prolonged APD and induced arrhythmia 

events [47]. The Epi-effects was alleviated by an alpha-receptor blocker phentolamine 

[47]. An activator of alpha-1 receptor, but not alpha-2 receptor, mimicked the effects of 

Epi, implying that the alpha-1 adrenergic receptor signaling was involved in the 

arrhythmogenesis of TTS. Furthermore, NADPH-ROS-PKC signaling was proved to 

be important for the effects of the alpha-1 receptor activation [47,155], which provided 

novel information for searching for new therapy of TTS. Notably, Borchert et al. used, 

for the first time, hiPSC-CMs from two TTS patients in their study, and found that the 

response of β-adrenergic signaling to catecholamine challenge was enhanced in hiPSC-

CMs from TTS patients, comparing with hiPSC-CMs from healthy donors [154]. The 

cardiac stress marker NR4A1 expression in TTS-hiPSC-CMs was also increased by 

catecholamine-challenge [154]. These data suggested the possible involvement of 

genetic factors in the pathogenesis of TTS and further support the use of hiPSC-CMs 

for studying TTS. However, pathogenic gene mutations for TTS have not been 

identified until now. Further efforts should be exerted to clarify whether and how 

genetic factors participate in the pathogenesis of TTS. From all the data reported so far, 

catecholamine-treated hiPSC-CMs or hiPSC-CMs from TTS patients mimicked TTS 

features, implying that hiPSC-CMs may provide a plausible platform for investigation 

of the pathogenic mechanism, drug effects, ion channel and gene function in TTS. 

 

In summary, there is increasing evidence that endothelial dysfunction is associated 

with TTS, but the evidence is currently based on clinical trials. The exact 

pathophysiology of endothelial dysfunction in TTS remains unclear. Here, we 

hypothesize that secretions of endothelial cells challenged by catecholamine may be 

altered and contribute to endothelial cell or cardiomyocyte dysfunction, and hence    
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participate in TTS pathogenesis.  

 

The aims of this study are to examine the contribution of Ang II signaling to 

epinephrine-induced endothelial dysfunction, the effects of exosomes from 

dysfunctional endothelial cells on cardiac ion channel functions, and to explore possible 

mechanisms underlying the endothelial Ang II and exosome effects. This study may 

provide experimental and theoretical bases for elucidating the pathophysiological 

mechanism of TTS and may reveal potentially new targets for the treatment of TTS. 

 

3  MATERIALS AND METHODS  

3.1 Ethics Statement 

The skin biopsies from three healthy donors were obtained with written informed 

consent. The study was approved by the Ethics Committee of the Medical Faculty 

Mannheim, University of Heidelberg (approval number: 2018-565N-MA) and by the 

Ethics Committee of the University Medical Center Göttingen (approval number: 

10/9/15). The study was performed in accordance with the approved guidelines and 

conducted in accordance with the Helsinki Declaration of 1975 

(https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/), revised in 

2013. 

 

3.2 Materials and reagents 

Table 2. Cell culture reagents in this study 

Name Cat No. Company 

Human Cardiac Microvascular Endothelial 

Cells (HCMEC) 

C-12285 Promocell 

TeSR™-E8™ 05990 StemCell Technologies 

RPMI 1640 Medium, GlutaMAX™ 

Supplement 

61870044 

 

Thermo Fisher Scientific 
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B-27™ Supplement (50×), serum free 17504001 Thermo Fisher Scientific 

Matrigel Growth Factor Reduced (GFR) 

Basement Membrane Matrix, LDEV-free 

354230 Corning 

Penicillin-Streptomycin 15140-122 Thermo Fisher Scientific 

Sodium Pyruvate (100 mM) 11360-039 Thermo Fisher Scientific 

RPMI 1640 Medium, no glucose, no 

glutamine 

01-101-1A Biological Industries 

L-Ascorbic acid 2-phosphate 

Sesquimagnesium salt hydrate 

A8960 Sigma-Aldrich 

StemMACS CHIR99021 130-103-926 StemMACS 

StemMACS™ Y27632 130-103-922 Miltenyi 

IWP-2 72122 StemCell Technologies 

DPBS, no calcium, no magnesium 14190250 Thermo Fisher Scientific 

Trypsin-EDTA 0.05% 25300054 Gibco 

HEPES 1M Solution 15630080 Thermo Fisher Scientific 

Sodium DL-lactate solution BCBQ6934V Sigma-Aldrich 

Collagenase, Type 1 LS004194 Worthington 

0.5 M EDTA Solution (Ph 8.0) A4892.0500 AppliChem 

2-Mercaptoethanol (50 mM) 31350010 Gibco 

Endothelial Cell Growth Medium MV2 C-22022 PromoCell 

Fetal Bovine Serum (FBS) 10500-056 Gibco 

Dimethyl Sulfoxide D2650 Sigma-Aldrich 

DMEM (1×) + GlutaMAXTM-1 2340225 Gibco 

HEK293T cells CRL-3216 ATCC 

L-glutamine (2 mM) 25030123 Thermo Fisher Scientific 

Opti-MEM™ I Reduced Serum Medium 31985-062 Thermo Fisher Scientific 
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Table 3. Drugs and chemicals used in this study 

Name Cat No. Company 

Angiotensin II A9525 Sigma-Aldrich 

Losartan 61188 Sigma-Aldrich 

PD 123 319 P186 Sigma-Aldrich 

NS309 N8161 Sigma-Aldrich 

Hydrogen peroxide 1072100250 Sigma-Aldrich 

N-Acetyl-L-cysteine A7250 Sigma-Aldrich 

Sp-8-Br-cAMPS 127634-20-2 BIOLOG Life Science 

Institute 

Tetrodotoxin  6973.1 Carl Roth 

Nifedipine  N7634 Sigma-Aldrich 

Chromanol 293B  C2615 Sigma- Aldrich 

Nickel chloride  339350 Sigma-Aldrich 

4-Aminopyridine (4-AP)  275875 Sigma-Aldrich 

E-4031  M5060 Sigma-Aldrich 

Niflumic acid  N0630 Sigma-Aldrich 

Lidocaine  L7757 Sigma-Aldrich 

Dihydroouabain  D0670 Sigma-Aldrich 

(±)-Epinephrine 

hydrochloride 

E4642 Sigma-Aldrich 

Tram-34 T6700 Sigma-Aldrich 

 

Table 4. Kits and chemicals  

Name Cat No Company 

Angiogenesis Assay Kit PK-CA577-K905 Promocell 

Endothelin-1 enzyme-linked 

immunosorbent assay 

ELH-EDN1-1 RayBiotech 

ELISA Kit for Angiotensin II USC-CEA005HU-96 Cloud clone 
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JC-10 Mitochondrial 

Membrane Potential Assay 

Kit 

ab1121 Abcam 

ATP Assay Kit ab83355 Abcam 

2’,7’-dichlorofluorescin 

diacetate 

D6883 Sigma-Aldrich 

Nitric Oxide Assay Kit EMSNO Thermo Fisher scientific 

HotRox Master Mix 119405 BIORON 

High-Capacity cDNA 

Reverse Transcription Kit 

4368814 Thermo Fisher scientific 

Dual-Luciferase Reporter 

Assay System 

E1910 Promega 

psiCheck2-let-7-WT 78260 Addgene 

TaqManTM Fast Advanced 

Master Mix 

4444557 Thermo Fisher scientific 

High-Capacity cDNA 

Reverse Transcription Kit 

4368814 Thermo Fisher scientific 

Dual-Luciferase Reporter 

Assay System 

E1910 Promega 

TaqManTM Fast Advanced 

Master Mix 

4444557 Thermo Fisher scientific 

psiCheck2-let-7-WT 78260 Addgene 

Hsa-miR-126-3p Assay ID.002228 Thermo Fisher scientific 

Hsa-RNU6B Assay ID.001093 Thermo Fisher scientific 

Hsa-miR-16 Assay ID.000391 Thermo Fisher scientific 

Hsa-miR-26a Assay ID.000405 Thermo Fisher scientific 

Hsa-miR-133a Assay ID.002246 Thermo Fisher scientific 

Hsa-miR-126-3p mimic  4464066 Thermo Fisher scientific 

Hsa-miR-126-3p inhibitor 4464084 Thermo Fisher scientific 
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Lipofectamine™ RNAiMAX 

Transfection Reagent 

13778075 Thermo Fisher scientific 

Lipofectamine™ 2000 

Transfection Reagent 

11668030 Thermo Fisher scientific 

FITC Annexin V Apoptosis 

Detection Kit I 

556547 BD Biosciences 

PKH26 Red Fluorescent Cell 

Linker Kit for General Cell 

Membrane Labeling 

PKH26GL-1KT Sigma-Aldrich 

Protease Inhibitor Cocktail P8340 Sigma-Aldrich 

BCA Protein Assay Kit 23227 Thermo Fisher Scientific 

Tris 5429.1 Carl Roth 

Glycine 3570 Merck Millipore 

Sodium dodecyl sulfate, SDS 

pellets 

20765 Serva 

Ammonium Persulfate 1610700 Bio-Rad 

30 % Acrylamide 3029.1 Carl Roth 

TEMED 1610800 Bio-Rad 

RIPA buffer R0278 Sigma-Aldrich 

PVDF Transfer Membrane GE1060009 Merck Millipore 

Milchpulver T145.3 Carl Roth 

Bovine Serum Albumin 

(BSA)   

10270106 Thermo Fisher Scientific 

ECL Western Blotting 

Substrate 

32209 Thermo Fisher Scientific 

Paraformaldehyde 4% P087.4 Carl Roth 

Triton X-100 3051.3 Carl Roth 

Fluo-3 AM F1242 Thermo Fisher Scientific 

Calcium chloride C3881 Sigma-Aldrich 
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Magnesium chloride 

hexahydrate 

MD250 Sigma-Aldrich 

Potassium chloride P3911 Sigma-Aldrich 

Glucose G7528 Sigma-Aldrich 

Sodium Chloride  S9625 Sigma-Aldrich  

Cesium chloride  289329 Sigma-Aldrich 

EGTA  E4378 Sigma-Aldrich 

Sodium hydroxide  S-5881 Sigma-Aldrich 

HEPEs  H-3375 Sigma-Aldrich 

Hydrochloric acid H1758 Sigma-Aldrich 

Barium chloride  449644 Sigma-Aldrich 

Cesium hydroxide solution  232068 Sigma-Aldrich 

TEA-Cl  T2265 Sigma-Aldrich 

Tryptone T9410 Sigma-Aldrich 

Yeast Extract Y1625 Sigma-Aldrich 

Agarose A5030 Sigma-Aldrich 

Ampicillin, sodium salt 11593027 Thermo Fisher Scientific 

GenElute HP Plasmid 

mimiprep kit 

NA0160-1KT Sigma-Aldrich 

Herculase II Fusion DNA 

Polymerases 

699675 Agilent 

Not I-HF R3189S NEB 

Xho I R0146S NEB 

T4 DNA Ligase M0202S NEB 
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Table 5. Primary antibodies for experiments  

Name Cat No. Company 

Recombinant Anti-PKA 

alpha/beta/gamma (catalytic 

subunit) (phospho T197) 

antibody [EP2606Y] 

ab75991 Abcam 

Anti-KCNN4 (KCa3.1, SK4) 

Antibody 

APC-064 Allomone 

BAD Polyclonal antibody 10435-1-AP  Proteintech 

Mouse monoclonal anti-bcl2 sc-7382 Santa Cruz 

Anti-Bax Antibody sc-20067 Cell Signaling technology 

Rabbit polyclonal anti-

cleaved caspase 3 

ab2302 Abcam 

Recombinant Anti-Cardiac 

Troponin T antibody 

[EPR20266]  

ab209813 Abcam 

RGS3 Polyclonal Antibody 66790-1-Ig  Proteintech 

Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) 

(14C10) antibody 

2118S Cell Signaling 

Anti-GNAS  10150-2-AP  Proteintech 

CD9 Polyclonal Antibody PA5-11559 Thermo Fisher scientific 

CD63 Monoclonal Antibody 

(Ts63) 

10628D Thermo Fisher scientific 

CD81 Monoclonal Antibody MA5-13548 Thermo Fisher scientific 

Anti-GRP94 antibody ab13509 Abcam 

GM130 antibody sc-55591 Santa Cruz 
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Table 6. Secondary antibodies used in this study 

Name  Cat No. Company 

Goat anti-Rabbit IgG (H+L) 

Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 488 

A-11008 Thermo Fisher scientific 

Anti-Rabbit IgG (whole 

molecule)-Peroxidase 

antibody produced in goat 

A0545 Sigma-Aldrich 

Anti-Mouse IgG (Fab 

specific)-Peroxidase antibody 

produced in goat 

A3682 Sigma-Aldrich 

 

Table 7. Primers for real-time polymerase chain reaction (qPCR) 

Gene name Cat No. Primers  Company 

CACNA1C (L-type Ca2+ channel) PPH01378G Qiagen 

SCN5A (Na+ channel, Nav1.5) PPH01671F Qiagen 

SCN10A (Na+ channel, Nav1.8) PPH15064A Qiagen 

SLC8A1 (NCX1) PPH12509B Qiagen 

KCND3 (Ito, Kv4.3) PPH06923A Qiagen 

KCNH2 (IKr, Kv11.1) PPH01660A Qiagen 

KCNQ1 (IKs, Kv7.1) PPH01419A Qiagen 

KCNN4 (SK4) PPH01418C Qiagen 

TNF-α PPH00341F Qiagen 

 

Table 8. Primer sequence for qPCR 

Gene name Primer sequence (5’-3’) Company 

RGS3 

wildtype 

F: CCG CTC GAG GGG CCA CTG GAG TCG AGC TC 

R: AAG GAA AAA AGC GGC CGC AAG GGT CAA GAA 

CAA GAA AT 

Sigma-

Aldrich 
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RGS3 mutant 
F: CAACCTTAACCCTCAGACCACACAGT 

R: TAAGGTTGTTCCCAAAGCCCCCGAGG 

Sigma-

Aldrich 

NOS3 
F: GAC CAG AAA CTG TCT CAC CTG 

R: CGA ACA TCG AAC GTC TCA CA 

Eurofins 

CRP 
F: AGA CAT GTC GAG GAA GGC TTT T 

R: TCG AGG ACA GTT CCG TGT AGA A 

Eurofins 

CCL2 
F: CTC TCG CCT CCA GCA TGA AA 

R: TTT GCT TGT CCA GGT GGT CC 

Eurofins 

RGS3 

F: GTTCTGGTTGGCTTGTGAGG 

R: CCAGGTAGAGGTCAGAACGG 

Eurofins 

 

Table 9. Disposable items 

Name Cat No. Company 

35mm Cell Culture Dish 81151 Ibidi 

µ-Dish 35 mm, high 81156 Ibidi 

15mL High Clarity PP 

Centrifuge Tube 

352096 Falcon 

50mL High Clarity PP 

Centrifuge Tube 

352070 Falcon 

75cm² Rectangular Canted 

Neck Cell Culture Flask with 

Vented Cap 

353136 Falcon 

24 Well Cell Culture Plate 353047 Falcon 

12 Well Cell Culture Plate 353043 Falcon 

Falcon® 4-well Culture Slide 354114 Corning 

Cell Scrapers 353085 Thermo Fisher Scientific 

EMD Millipore Stericup 

Sterile Vacuum Filter 

SCVPU11RE Thermo Fisher Scientific 

MicroAmp™ Fast Optical 96- 4346907 Thermo Fisher Scientific 
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Well Reaction Plate, 0.1 ml 

Falcon® 10 mL Serological 

Pipet, Polystyrene 

357551 Corning 

Falcon® 25 mL Serological 

Pipet, Polystyrene 

357525 Corning 

Eppendorf® epT.I.P.S. 

standard, volume range 50-

1000 μl, blue polypropylene 

EP0030000919 Eppendorf 

Eppendorf® epT.I.P.S. 

standard, volume range 2-200 

μl, yellow polypropylene 

EP0030000870 eppendorf 

Eppendorf® epT.I.P.S. 

standard volume range 0.1-10 

μl 

EP0030000811 Eppendorf 

Eppendorf® ep Dualfilter 

T.I.P.S.® PCR clean, sterile, 

tip volume × L 2-200 μl × 55 

mm, yellow tip 

EP0030078551 Sigma-Aldrich 

Eppendorf® ep Dualfilter 

T.I.P.S.® volume × L 0.1-10 

μL × 34 mm 

EP0030078519 Sigma-Aldrich 

Eppendorf® ep Dualfilter 

T.I.P.S.® PCR clean, sterile, 

tip volume × L 50-1000 μl × 

76 mm 

EP0030078578 Sigma-Aldrich 

 

Table 10. The main instruments used in this study 

Name Company 

Fluorescence microscope Leica DMRE DFC3000G 
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PCR Amplifier PeQSTAR PeQlab 

qPCR Applied Biosystems stepone Plus 

Multi-function-reader Spark 10M Tecan infinite m200 

Incubator Thermo HeRacell 240 

Centrifuge  M&S Laborgerate GMBH 

Electrophoresis Chambers BIO-RAD 

Chemiluminescence reader PeQlab 

Cytometry plate BRAND 

Patch electrodes World Precision Instruments MTW 150F 

DMZ-Universal Puller Zeitz-InstrumenteVertriebs GmbH 

HEKA patch clamp system HEKA 

FACSCanto II BD-Becton Dickinson 

Gel-Documentation System Intas Science Imaging Instruments GmbH 

Ultracentrifuge Beckman Coulter 

Nanosight NS300 Malvern Panalytical 

 

3.3 Methods 

3.3.1 Study design 

To investigate the possible roles of endothelial dysfunction in TTS, we designed the 

following experiments (Figure 3): 

(1) To determine if Ang II plays important roles in endothelial dysfunction under 

conditions of high concentrations of catecholamines, we measured the 

concentration of Ang II in the supernatant of HCMECs treated with Epi. 

(2) To examine the roles of Ang II in catecholamine-induced endothelial dysfunction, 

we detected changes of endothelial cell functions monitored by the levels of ET-1 

and NO, tube formation, mitochondrial function, inflammatory factors and 

apoptosis in HCMECs. 

(3) Ang II subtype-1 receptor (AT1R) blocker Losartan (Los) or Ang II subtype-2 

receptor (AT2R) blocker PD123 319 (PD) was used to identify receptors mediating 
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Ang II effects in HCMECs.  

(4) An activator (NS309) and a blocker (Tram-34) of intermediate-conductance Ca2+-

activated K+ channels (SK4 channels) were used to explore the involvement of SK4 

in Ang II-induced endothelial functions.  

(5) SK4 channel current and membrane potential were measured to clarify the ionic 

mechanism by which Ang II caused endothelial dysfunction.  

(6) Blocker or activator of ROS and Protein kinase A (PKA) was applied to examine 

the involvement of ROS and PKA signaling in the regulation of SK4 channel by 

Ang II. 

 

Next, we examined the effects of endothelial cell secretions on ion channel functions 

in hiPSC-CMs in the setting of TTS. The following experiments were performed. 

(1) To examine whether exosomes derived from endothelial cells can influence the 

function of cardiomyocytes, we isolated exosomes from HCMECs, characterized 

them and applied them to hiPSC-CMs. 

(2) We investigated the effects of exosomes from HCMECs with and without treatment 

of Epi on ion channel function, action potential and arrhythmia events in hiPSC-

CMs to clarify whether exosomes from endothelial cells with and without Epi-

challenge exert differential effects in cardiomyocytes. 

(3) To elucidate the mechanism by which exosomes alter Epi-induced changes in 

hiPSC-CMs, we assessed Epi-effects on expression levels of miRNAs in HCEMCs 

and exosomes from HCMECs.  

(4) After it was revealed that miR-126-3p in exosomes derived from HCMECs 

challenged by Epi plays a key role in modulating the electrophysiological properties 

of hiPSC-CMs, we applied miR-126-3p-mimic or miR-126-3p-inhibitor to treat 

HCMECs to overexpress or suppress miR-126-3p and then isolated exosomes, and 

applied the exosomes again to hiPSC-CMs to confirm the importance of miR126-

3p for the exosome effects in hiPSC-CMs.  

(5) Next, we further explored possible targets of miR-126-3p in hiPSC-CMs.
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Figure 3. Study design. Epi. Epinephrine; HCMECs, Human Cardiac Microvascular Endothelial 

Cells; Exo, exosome; Ang II, angiotensin II; SK4, intermediate conductance calcium-activated 

potassium channel. 

 

3.3.2 HCMECs culture 

HCMECs were purchased from PromoCell (Heidelberg, Germany) and were 

cultured according to the manufacturer’s instructions. They were characterized by vWF 

(Factor VIII) and CD31 (PECAM-1) positive staining as well as smooth muscle α-actin 

negative staining using immunofluorescence method within the first two passages. 

Their functions were measured by Dil-Ac-LDL uptake assay performed by the company. 

The cells were grown in Endothelial Cell Growth Medium MV2 (EMV2) supplemented 

with SupplementMix (C-22022, Promocell). Cells were cultured in Matrigel coated 

flasks and maintained in a humidified atmosphere of 5% carbon dioxide/95% air at 

37°C. The medium was changed every other day until they reached 90% confluence 

before experiments. Ang II (1μM, final concentration) was added into HCMECs for 24 

hours. AT1R antagonist Los (10 μM, final concentration) and AT2R antagonist PD (10 

μM, final concentration) were used to treat HCMECs for 24 h, respectively. HCMECs 

were separately administered with vehicle (control), Ang II (1 μM), hydrogen peroxide 

(H2O2, 100 μM), Ang II with H2O2, and Ang II with N-Acetyl-L-cysteine (NAC) (1mM) 

for 24 h, and then the SK4 current was measured. 
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3.3.3 Differentiation and culture of hiPSCs 

In this study, iPSCs (provided by Dr. Lukas Cyganek, Stem Cell Center, Göttingen) 

were differentiated into cardiomyocytes by the following methods (Figure 4). hiPSCs 

were generated from healthy donor fibroblasts from skin biopsies at the Department of 

Dermatology at the University Medical Center Mannheim. hiPSCs were maintained in 

TeSR™-E8™ medium (05990, StemCell Technologies) supplemented with TeSR™-

E8™ 25×supplement. hiPSCs were put into a 24-well plate coated with Matrigel when 

they reached 80-90% confluence in a T-75 flask. After 2 days, hiPSCs were started to 

differentiate into cardiomyocytes (hiPSCs-CMs) in a 24-well plate. The cardiac 

differentiation medium included RPMI 1640 Medium with GlutaMAX™ Supplement 

(61870044, Thermo Fisher Scientific), 1% Pen/Strep (15140-122, Thermo Fisher 

Scientific), 1% Sodium Pyruvate (11360-039, Thermo Fisher Scientific), 2% B27 

(17504001, Thermo Fisher Scientific), 0.2 mg/ml L-ascorbic acid 2-phosphate (A8960, 

Sigma-Aldrich). On day 0, hiPSCs were treated with 6 μM CHIR99021 (130-103-926, 

StemMACS). On day 2, 5 μM IWP-2 (72122, StemCell Technologies) was used to treat 

hiPSCs. On day 4, normal cardiac differentiation medium was used to feed the cells. 

On day 13, the cells were fed with cardio-selection medium containing RPMI 1640 

without glucose and glutamine supplemented with 5 mM Sodium DL-Lactate Solution 

(BCBQ6934V, Sigma Aldrich), 50 mM 2-mercaptoethanol (31350010, Gibco). The 

differentiated hiPSC-CMs were cultured for 50-60 days for maturity. After that, hiPSC-

CMs were used for biological studies or were digested into single cell for patch clamp 

measurement. 

 

Figure 4. Schematic representation of differentiating hiPSCs into cardiomyocytes 

in this study. 
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3.3.4 Real-time quantitative PCR 

Total RNA was extracted from HCMECs and hiPSC-CMs using the RNeasy Mini kit 

(74106, Qiagen), followed by the synthesis of cDNA using a high capacity cDNA 

reverse transcription kit (4368814, Thermo Fisher Scientific) according to 

manufacturers’ recommendations. The reaction for RT-PCR was prepared (Table 11). 

The procedure of obtaining cDNA was performed with the following cycle conditions: 

10 min at 25 °C, 120 min at 37 °C, 5 min at 85°C and store at 4°C. Quantitative 

polymerase chain reaction (qPCR) was performed on the StepOne Plus Real-Time PCR 

platform (Applied Biosystems) using HotRox Master Mix (119405, BIORON). The 

reaction for qPCR was prepared (Table 12). Cycler conditions were as follows: 94°C 

for 2 min; 94°C for 10 s, 60°C for 20 s, 72°C for 1 min, 40 cycles, followed by a melting 

curve analysis. Relative mRNA expression level was calculated as the expression of 

target gene relative to GAPDH in samples, which was analyzed by the 2-Δ(ΔCT) method, 

where ΔCT = CT target gene - CTGAPDH and Δ(ΔCT) = ΔCT treated – ΔCT control. 

 

Table 11. Components for RT-PCR 

Component Volume (μl) 

10× RT Buffer 2 

25× dNTP Mix (100 mM) 0.8 

10× RT Random Primers 2 

MultiScribeTM Reverse 

Transcriptase 

1 

Nuclease-free H2O 4.2 

Total per reaction 10 

 

Table 12. Components for qPCR 

Component Volume (μl)/25 μl PCR reaction 

2× HotRox Master Mix 12.5 

Forward primer 1 
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Reverse Primer 1 

Template DNA 1 

Nuclease-free H2O 9.5 

Total per reaction 25 

 

3.3.5 Levels of ET-1 and NO 

The supernatant from HCMECS treated with Ang II, Los and PD for 24 h, 

respectively, were collected to determine the levels of NO and ET-1. The concentration 

of ET-1 in the supernatant was detected according to the instructions of enzyme-linked 

immunosorbent assay (ELH-EDN1-1, RayBiotech). Total NO production in culture 

medium was determined by measuring the concentration of nitrate and nitrite according 

to the protocol of Nitric Oxide Assay Kit (EMSNO, Thermo Fisher Scientific). 

 

3.3.6 Tube formation assay 

Tube formation measurements were performed by using the Angiogenesis Assay Kit 

(PK-CA577-K905, PromoCell) according to the manufacturer’s recommendations. 96-

well plates were coated with extracellular matrix solution at 37℃ for 1 h. After that, 

2x104 cells/well were seeded into 96-well plates for 14 h. At the same time, HCMECs 

were treated with Ang II, Los, and PD, respectively. The medium was carefully 

removed. The cells were gently washed with 100 μl of wash buffer, dyed by 100 μl/well 

of staining dye working solution, and incubated for 30 min at 37°C. The endothelial 

tube formation was examined using Leica fluorescence microscopy. Images were 

analyzed by Angiogenesis Analyzer for Image J. 

 

3.3.7 Enzyme‐linked immunosorbent assay (ELISA) for Ang II 

The concentration of Ang II was measured by human Ang II Elisa Kit (USC-

CEA005HU-96, Cloud-Clone) according to the manufacturer’s instructions. HCMECs 

were treated with 100 μM Epi. Cell culture supernatant was centrifuged for 20 min at 
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1,000×g and then the Ang II levels in the collected the medium were examined. Ang II 

levels were quantified using Spark® multimode microplate reader with 450 nm filter. 

 

3.3.8 Apoptosis assay 

The apoptosis in HCMECs was determined by using a FITC annexin V apoptosis 

detection kit I (556547, BD Biosciences). The PBS-washed HCMECs were digested 

with 0.05% trypsin-EDTA for 1 min at 37℃. The cells were then harvested and 

centrifuged for 5 min (200 g, 4 °C). After removing the supernatant, PBS was used to 

wash the HCMECs 3 times and centrifuged again. Then 5 μl of Annexin V-FITC and 

5 μl of propidium iodide (PI) were added into 100 μl cell suspension. After being 

thoroughly mixed, they were left at room temperature for 15 min in the dark, and then 

they were analyzed using BD FACS Canto TM II (Becton Dickinson, Heidelberg, 

Germany). 

 

3.3.9 Measurement of ROS 

The ROS production in HCMECs was evaluated by 2’, 7’-Dichlorofluorescin 

diacetate (DCFH-DA, D6883, Sigma) method according to the ROS assay instructions. 

HCMECs were harvested. After being washed 3 times with PBS, they were incubated 

with10 μM DCFH-DA at 37℃ for 30 min in the dark. Then the cells were washed 3 

times with PBS, the results were measured by BD FACS Canto TM II (Becton 

Dickinson, Heidelberg, Germany). 

 

3.3.10 Measurement of the mitochondrial membrane potential (MMP) 

The MMP was determined using the fluorescent dye, JC-10 (ab1121, Abcam), which 

is capable of reversibly changing its color from green to orange as membrane potentials 

increase. HCMECs were seeded into a 96-well plate at a density of 8×104 cells/well and 

then cells were treated with Ang II, Los or PD, and cultured in a 37 °C, 5% CO2 

incubator for 24 h. JC-10 dye-loading solution (50 μl/well) was added into the 96-well 

plate and incubated in a 37°C, 5% CO2 incubator for 1 h. Fluorescence intensities were 
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measured at Ex/Em = 490/525 nm and 540/590 nm for ratio analysis using Spark® 

multimode microplate reader. 

 

3.3.11 ATP detection 

Total ATP production from HCMECs was measured through an ATP Assay Kit 

(ab83355, Abcam). In brief, HCMECs were harvested, washed with cold PBS, and then 

resuspended in 100 μl of ATP assay buffer, followed by centrifuging 5 min (4 °C at 

13,000 g). After that, the supernatant was collected. Deproteinizing Sample Preparation 

Kit-TCA (ab204708, Abcam) was used to remove enzymes that can interfere with the 

ATP assay from HCMECs and then the cells were incubated with the ATP probe at room 

temperature for 30 min in the dark. The ATP content was measured at Ex/Em = 535/587 

nm using Spark® multimode microplate reader. 

 

3.3.12 Detection of intracellular calcium transients 

hiPSC-CMs were loaded with the fluorescent Ca2+-indicator Fluo-3 AM (F1242, 

Thermo Fisher scientific) to measure the intracellular Ca2+ transients. First, the 

membrane permeable acetoxymethyl-ester derivative of Fluo-3 AM (50 µg) was 

dissolved in 44 µl of the Pluronic F-127 stock solution (20% w/v in DMSO) to get a 1 

mM Fluo-3 AM stock solution, which can be stored at -20 °C for several weeks. Pre-

incubated PSS (see below) was used to wash hiPSC-CMs in dishes 2 times. Then, Fluo-

3 AM stock solution (10 µl) was added into 1 ml PSS to prepare a final concentration 

of 10 µM Fluo-3, which was used to incubate hiPSC-CMs for 10 min at room 

temperature in the dark. Thereafter, the PSS was carefully sucked out, and hiPSC-CMs 

were washed with PSS 4-5 times. Finally, the cells were kept in PSS at room 

temperature for about 30 min for de-esterification before measurements. After de-

esterification the fluorescence of the cells was measured by using Cairn Optoscan 

calcium imaging system (Cairn Research, UK). Fluorescence is excited by 488 nm and 

emitted at 520 nm. 
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3.3.13 Isolation and quantification of exosomes 

The exosomes secreted by HCMECs was isolated by ultracentrifugation as 

previously described [156]. In short, the supernatant from medium of HCMECs 

cultured for 48 h with exosome-free serum was collected and processed for gradient 

centrifugation at 200 g for 10 min, 2000 g for 20 min and 10,000 g for 30 min, 

respectively. Then, the resultant supernatant was further centrifuged at 100,000 g for 70 

min to pellet exosomes. Thereafter, the pellets were washed with PBS and centrifuged 

at 100,000 g for 70 min to harvest exosomes. The size and concentration of exosomes 

were measured by ZetaView instrument (Particle Metrix, Meerbusch, Germany). 

 

3.3.14 Confirmation of exosomes by flow cytometry 

Exosomes were isolated from the collected EMV2 medium that was used to culture 

HCMECs and then stained for flow cytometry according to ExoStep Cell Culture 

(ExoS-25-C9, Immunostep) recommendations. First, CD63+ exosomes were isolated 

according to the following steps: The capture beads (50 µl) resuspended by vortex for 

approximately 20 s and about 10-15 ug of exosomes were added into a 12×75 mm 

cytometer tube; They were gently mixed by pipetting up and down several times with 

a 1 ml pipette and vortexed for few seconds; After that, they were incubated overnight 

at room temperature in the dark; On the next day, the bead-bound exosome was washed 

by adding 1 ml of 1× assay buffer, and then the magnetic beads were collected by 

placing tubes on a magnetic rack by incubating for 5 min; The supernatant was removed 

from tubes by aspiration; The primary detection antibody (5 µl) was added to the bead-

bound exosome tube and incubated in the dark for 60 min at 2-8ºC; After that, the 

magnetic beads were collected and then the supernatant was removed from tubes; The 

sample was resuspended in 350 μl 1× assay buffer and acquired on a flow cytometer or 

stored in the dark maximal up to 2 h at 2-8ºC. The isolated exosomes were measured 

by BD FACS Canto™ II (Becton Dickinson, Heidelberg, Germany). Data analysis was 

conducted using the BD FACS Diva software (Version 8.0.1). 
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3.3.15 Exosome labeling for myocyte uptake assessments 

The uptake of exosome by cardiomyocytes was monitored with a PKH26 Red 

Fluorescent Cell Linker Kit for General Cell Membrane Labeling (PKH26GL-1KT, 

Sigma-Aldrich). Exosomes isolated from HCMECs supernatant and 4 µl PKH26 or 4 

µl PBS were mixed up with 0.5 mL Diluent C and then incubated at room temperature 

for 5 min in the dark. FBS (2 ml) was used to stop over-staining. The labeled exosomes 

were centrifuged at 110,000 × g for 1 h to remove residual dye, then the exosome pellet 

was resuspended in 200 µl PBS. The labeled exosomes (20 µg), PBS and unlabeled 

exosomes were added into hiPSC-CMs, and incubated for 8 h in the dark in a 37°C cell 

incubator. Thereafter, the medium was removed from slides and slides were washed 3 

times with PBS. Then, hiPSC-CMs in all slides were fixed with 4% paraformaldehyde 

at room temperature for 10 min in the dark and washed 3 times with PBS. DAPI (Biozol) 

was used to incubate hiPSC-CMs for 10 min at room temperature in the dark. The 

uptake of exosome by cardiomyocytes was observed using the confocal microscope 

TCS SP-8 upright (Leica, Germany) with Plan-Apochromat 40×/0.6 objective.  

 

3.3.16 Immunofluorescence staining 

hiPSC-CMs in the 24-well plate were digested into 4-well Culture Slide as separated 

single cells. The following steps were performed to prepare the single cell from 24-well 

plate to dishes: Collagenase I (2 mg/ml) in PRMI1640 medium was added into each 

well of 24-well plate; Then the cells were incubated for 40 min at 37 °C; After that, the 

cells were pipetted up and down about 10 times; Then the cell suspension was 

centrifuged at 250 g for 5 min at room temperature; PRMI 1640 medium (300 μl) and 

10% FBS were used to stop the reaction and then cell suspension was centrifuged at 

250 g for 2 min at room temperature; Cardio-differentiation medium was added to 

resuspend the cells, and then the cell suspension was added to dishes for patch clamp 

experiment.  

 

hiPSC-CMs were treated with exosomes before PBS was used to wash them 3 times. 
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The cells in 4-well culture slide were fixed with 4% paraformaldehyde (P087.4, Carl 

Roth) at room temperature for 15 min and permeabilized with 0.1% triton X-100 

(3051.3, Carl Roth) for 10 min. Then, after the cells were washed 3 times with PBS, 

they were blocked with 5% bovine serum albumin (BSA, Sigma-Aldrich) in PBS at 

room temperature for 1 h. Recombinant Anti-Cardiac Troponin T antibody [EPR20266] 

(ab209813, Abcam) in 5% BSA was added into the slides to incubate the cells at 4 °C 

overnight. On the next day, hiPSC-CMs in 4-well culture slide were washed with PBS 

3 times before incubated with Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary 

Antibody, Alexa Fluor 488 (A-11008, Thermo Fisher Scientific) for 1 h at room 

temperature in the dark. Thereafter, the cells were washed 3 times with PBS. Finally, 

hiPSC-CMs were incubated with VECTASHIELD Antifade Mounting Medium with 

DAPI (VEC-H-1200, BIOZOL) for 10 min at room temperature in the dark. Images 

were photographed using the confocal microscope TCS SP-8 upright (Leica, Germany) 

with Plan-Apochromat 40×/0.6 objective.  

 

3.3.17 Dual-Luciferase assay 

PsiCHECK2-LET-7 WT vector (Plasmid #78260) was purchased from Addgene. The 

plasmid was amplified before it was extracted with GenElute HP plasmid mimiprep kit 

(NA0160-1KT, Sigma-Aldrich). The following steps were carried out. 

(1) Harvest and lyse bacteria: 5 ml of an overnight culture was centrifuged at 12,000 × 

g for 1 min and then supernatant was discarded. Resuspension solution (200 µl) was 

used to resuspend cells. Lysis buffer (200 µl) was added and the tube was gently 

inverted 6-8 times until the solution was clear. 

(2) Prepare cleared lysate: neutralization/binding buffer (350 µl) was added into 

Eppendorf tubes and the tube was gently inverted 4-6 times to mix and then 

centrifuged at 12,000 × g for 10 min. At the same time, the GenElute HP Miniprep 

Binding Column was inserted into microcentrifuge tube. Column preparation 

solution (500 µl) was added to miniprep binding column and then centrifuged at 

12,000 × g for 1 min. The flow-through liquid was discarded. 
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(3) Bind plasmid DNA to column: the cleared lysate was transferred to the column and 

centrifuged at 12,000 × g for 1 min. The flow-through liquid was discarded. 

(4) Wash to remove contaminants: 500 µl of wash solution 1 was added to the column 

and then centrifuged at 12,000 × g for 1 min. The flow-through liquid was discarded. 

Next, 750 µl of wash solution 2 was added to the binding column and centrifuged 

at 12,000 × g for 1 min. The flow-through liquid was discarded. The column was 

centrifuged at 12,000 × g for an additional 1 min to remove excess ethanol. 

(5) Elute purified plasmid DNA: the binding column was transferred to a fresh 

collection tube. 30 µl of ddH2O was added to the column and then centrifuged at 

12,000 × g for 1 min. The concentration of plasmid DNA was measured by using 

Spark® multimode microplate reader. 

After PsiCHECK2-LET-7 WT vector was digested with Not I-HF and Xho I at 37℃ 

overnight (Table 13), psiCHECK2-WT and G‑protein signaling 3 (RGS3)-WT, 

psiCHECK2-WT and RGS3-MT (mutant) were ligated with T4 DNA ligase (Table 14). 

 

Table 13. Plasmid digestion reaction 

Component 50 μl reaction 

DNA 1 μg (Calculate volume) 

10x rCutSmart Buffer 5 μl (1x) 

Not I-HF 1 μl (20 unites) 

Xho I 1 μl (20 unites) 

Nuclease-free water To 50 μl 

 

 

Table 14. Ligation  

Component 20 μl reaction 

(RGS3-WT) 

20 μl reaction 

(RGS3-MT) 

T4 DNA ligase buffer(10x) 2 μl 2 μl 

Psi CHECK2 vector DNA(6.2kb) 3.6 μl (50 ng) 3.6 μl (50 ng) 
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RGS3 CDS DNA (0.79kb) 1.4 μl (31.85 ng, 

5:1) 

1.5 μl (31.85 ng, 

5:1) 

T4 DNA ligase 1 μl 1 μl 

water 12 μl 11.9 μl 

In total 20 μl 20 μl 

 

The ligation products (10 μl) were subjected to transformation reaction, and then the 

plasmid was extracted. After PCR reaction, 1% gel was run for identification. 

HEK293T cells (CRL-3216, ATCC) were cultured in DMEM supplemented with 1% 

penicillin-streptomycin (15140122, Thermo Fisher Scientific), 10% FCS, and 2 mM L-

glutamine (25030123, Thermo Fisher Scientific). Then, the following steps were 

performed: 

A. miRNA-126-3p-mimic (5 μl, 20 μM) stock solution and 1 μl RGS3-psiCHECK 2 

recombinant plasmid (the amount of transfected plasmid was 1μg) were added into 125 

μl Opti-MEM, mixed gently, incubated at room temperature for 5 min.  

B. Lipofectamine 2000 (5 μl) was added to 125 μl serum-free medium Opti-MEM, 

mixed gently and incubated at room temperature for 5 min. 

C. samples from A and B were gently mixed, and incubated at room temperature for 

20 min 

D. The mixture from C was added to a six-well plate containing 1750 μl medium of 

cells, mixed gently, and cultured for 48 h.  

 

Dual-Luciferase experiment was performed according to Dual-Luciferase® Reporter 

Assay instructions. TargetScan and miRDB (https://www.targetscan.org/vert_80/ and 

https://mirdb.org/) were used to predict if RGS3 was indeed a target gene of miR-126-

3p. Human embryo kidney (HEK293T) cells were cultured in DMEM containing 10% 

FBS at 37°C with 5% CO2. The cDNA fragment in RGS3 3’UTR containing miR-126-

3p binding sites was inserted into psiCHECK2 WT vector. The cDNA fragments of 

RGS3 3’UTR with binding site mutation were inserted into psiCHECK2 WT vector. 

file:///D:/mannheim/my%20dessertation/desertation/my%20thesis-xuehui%20Fan-2-zhou-3/my%20thesis-xuehui%20Fan-2-zhou-3.docx
https://mirdb.org/
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The recombinant vector of psiCHECK2 WT-RGS3 or psiCHECK2 MT-RGS3 was co-

transfected with miR-126-3p-mimic or miR-126-3p-NC (negative control) into 

HEK293T cells by Lipofectamine 2000 Transfection Reagent (11668030, Thermo 

Fisher Scientific), respectively. HEK293T cells were then cultured for 48 h. 

Subsequently, the growth medium was removed from the cultured hiPSC-CMs, and the 

cells were gently washed with a sufficient volume of PBS. hiPSC-CMs were covered 

with 100 µl 1× PLB and shaken at room temperature for 15 min. Lysate (20 µl) was 

transferred into a 96-well plate. Thereafter, 100 µl of LAR II was added to each well 

and firefly luciferase luminescence was measured. Then, 100 µl of Stop & Glo® 

Reagent was added and the renilla luciferase activity measurement was recorded. The 

renilla luciferase and firefly luciferase activities were detected by Spark® multimode 

microplate reader.  

 

3.3.18 Single-cell contraction measurement 

Single hiPSC-CM contraction was measured by a single cell contraction measuring 

system (MyoCam-S IonOptix). The shortening of spontaneously beating hiPSC-CMs 

was recorded at 37°C. The rhythmic and arrhythmic events were analyzed in the 

absence and presence of a drug. The data were analyzed by MyoCam-S IonOptix. 

 

3.3.19 Electrophysiological recording in single cell 

Patch electrodes we used in patch clamp experiment were thin wall borosilicate glass 

capillaries (TW150F-4, world Precision Instruments) and were pulled with DMZ-

Universal Puller (Zeitz-InstrumenteVertriebs GmbH, Martinsried, Germany) and filled 

with pre-filtered pipette solution for different current recording. The pipette resistance 

ranged from 2-4 MΩ for measurements. 

 

For action potential recording, pulses of 800-1000 pA for about 5 ms were applied to 

trigger the AP under current-clamp in the whole-cell configuration. All the recordings 

were performed at room temperature (22-25°C). APs were recorded at 1 Hz with the 
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bath solution containing (mM): 130 NaCl, 5.9 KCl, 2.4 CaCl2, 1.2 MgCl2, 11 Glucose, 

and 10 HEPES (pH 7.4 (NaOH)). The pipette solution contained (mM): 20 KCl, 110 

K-aspartate, 1 MgCl2, 0.5 EGTA, 2 ATP, 0.5 GTP, and 10 HEPES (pH 7.2 (KOH)). The 

cell RP, the maximal depolarization velocity (Vmax), the action potential duration at 

10% repolarization (APD10), the action potential duration at 50% repolarization 

(APD50), the action potential duration at 90% repolarization (APD90) were analyzed 

by FitMaster software.  

 

Different ion channel currents in hiPSC-CMs were recorded in voltage-clamp mode. 

Sodium current (INa) was measured with the bath solution containing (mM): 20 NaCl, 

110 CsCl, 1.8 CaCl2, 1 MgCl2,10 HEPES, 10 Glucose, and 0.001 nifedipine (pH 

7.4(CsOH)). The pipette solution contained (mM): 10 NaCl, 135 CsCl, 2 CaCl2, 3 

MgATP, 2 TEA-Cl, 5 EGTA, and 10 HEPES (pH 7.2 (CsOH)). The peak INa density or 

gating kinetics including the channel activation, inactivation, and recovery from 

inactivation or late INa density were analyzed using FitMaster software. 

 

For L-type calcium channel current (ICa-L) recording, we used the bath solution 

containing (mM): 140 TEA-Cl, 5 CaCl2, 1 MgCl2, 10 HEPES, 0.003 E-4031, 0.02 TTX, 

and 3 4-AP (pH 7.4 (CsOH)). The electrode solution used in this experiment contained 

(mM): 10 NaCl, 135 CsCl, 2 CaCl2, 3 MgATP, 2 TEA-Cl, 5 EGTA, and 10 HEPES (pH 

7.2 (CsOH)). The ICa-L density or gating kinetics including the activation, inactivation, 

and recovery from inactivation were analyzed using FitMaster software. 

 

For recording Na+/Ca2+ exchanger current (INCX), the extracellular solution contained 

(mM): 135 NaCl, 10 CsCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, 0.01 nifedipine, 

0.1 niflumic acid, 0.05 lidocaine, and 0.02 dihydroouabain (pH 7.4 (CsOH)). The 

intracellular solution contained (mM): 150 CsOH, 75 aspartic acid, 10 NaOH, 5 EGTA, 

2 CaCl2, 1 MgCl2, (pH7.2 (CsOH)). The INCX density were analyzed by FitMaster 

software. 
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For measuring the rapidly activating delayed rectifier channel current (IKr), Cs+ is 

used as the charge carrier instead of the K+ ion. The following bath solution was used 

(mM): 140 CsCl, 2 MgCl2, 10 HEPES, and 10 glucose (pH 7.4 (CsOH)). Pipette 

solution contained 140 CsCl, 2 MgCl2, 10 HEPES, and 10 EGTA (pH 7.2 (CsOH)). The 

IKr density were analyzed by FitMaster software. 

 

For recording Ito and IKs, the following bath solution was used (mM): 130 NaCl, 5.9 

KCl, 2.4 CaCl2, 1.2 MgCl2, 11 Glucose, and 10 HEPES (pH 7.4 (NaOH)). The pipette 

solution contained (mM): 20 KCl, 110 K-aspartate, 1 MgCl2, 0.5 EGTA, 2 ATP, 0.5 

GTP, and 10 HEPES (pH 7.2 (KOH)). Importantly, 10 μM nifedipine, 10 μM TTX, and 

3 μM E-4031 were added into the bath solution to avoid interference of ICa-L, INa, and 

IKr when Ito was recorded. For IKs recording, 10 μM TTX, 10 μM nifedipine, 3 mM 4-

AP were added in the bath solution. 

 

Intermediate conductance calcium-activated potassium channel currents (ISK4) were 

measured by standard patch-clamp recording techniques in the whole-cell configuration 

at room temperature. To isolate ISK4 from others, a specific channel blocker Tram-34 (1 

μM) was used. The extracellular solution contained 130 mmol/L NaCl, 11 mmol/L 

glucose, and 10 mmol/L HEPES, 5.9 mmol/L KCl, 2.4 mmol/L CaCl2, 1.2 mmol/L 

MgCl2, (pH 7.4 (NaOH)). The pipette solution contained 126 mM KCl, 11 mM glucose, 

10 mM HEPES, 6 mM NaCl, 5 mM EGTA, 1.2 mM MgCl2, and 1 mM MgATP (pH 

7.4 (KOH)). Appropriate amount of CaCl2 was added to the pipette solution to get the 

final free Ca2+ concentration of 0.5 μM according to the calculation by the software 

MAXCHELATOR (http://web.stanford.edu/~cpatton/downloads.htm). 

 

3.3.20 Western blot 

Equal amounts of total proteins added into each lane were separated by 10% 

separation gel and 15% separation gel, respectively, and then transferred to a PVDF 

membrane (Millipore, USA). The membrane was incubated in 5% non-fat milk in 
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TBST for 1 h at room temperature and incubated with the corresponding primary 

antibodies overnight at 4 °C. The primary antibodies are as follows: Anti-KCNN4 

(KCa3.1, SK4) Antibody (APC-064, Alomone, Israel), Anti-Bcl-2 antibody (sc-7382, 

Santa Cruz Biotechnology), Anti-Cleaved Caspase-3 antibody (ab2302, abcam), Anti-

Bax Antibody (sc-20067, Santa Cruz Biotechnology), BAD Polyclonal antibody 

(10435-1-AP, proteintech), Anti-PKA alpha/beta/gamma (catalytic subunit) (phospho 

T197) antibody (ab75991, abcam), Anti-CD9 Polyclonal Antibody (PA5-11559, 

ThermoFisher scientific), Anti-CD63 Monoclonal Antibody (Ts63) (10628D, 

ThermoFisher scientific), Anti-CD81 Monoclonal Antibody (MA5-13548, 

ThermoFisher scientific), Anti-GM130 antibody (sc-55591, Santa Cruz), Anti-GRP94 

antibody (ab13509, Abcam), RGS3 Polyclonal Antibody (66790-1-Ig, Proteintech), 

mouse-anti-GAPDH (5G4MAb6C5，HyTest).  

 

On the next day, the membranes were washed for 10 min 3 times in TBST and then 

incubated with the corresponding secondary antibodies for 60 min. The secondary 

antibodies were anti-Mouse IgG (Fab specific)-Peroxidase antibody produced in goat 

(A3682, Sigma-Aldrich) and anti-Rabbit IgG (whole molecule)-Peroxidase antibody 

produced in goat (A0545, Sigma-Aldrich). After washing for 10 min 3 times in TBST, 

the results were visualized with chemiluminescence, and the density of the bands was 

analyzed by Image J software. 

 

3.2.21 Statistics 

All data are shown as mean ± SD and were analyzed by SigmaPlot 14.0 (Systat 

GmbH, Germany) and GraphPad Prism 7 (GraphPad Software Inc., California, USA). 

Unpaired Student’s t-test analysis was performed to compare two independent groups 

with normal distribution. One-way ANOVA followed with Holm-Sidak post-test was 

used for comparison of more than two groups. To compare categorical variables, the 

Fisher test was used. P value less than 0.05 were considered statistically significant. 
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4. RESULTS 

Part Ⅰ. Catecholamine could induce endothelial dysfunction via Ang II, 

SK4 channel and ROS signaling 

 

4.1 Catecholamine-induced changes of ET-1 and NO release in 

HCMECs contained roles of Ang II and SK channels  

To examine the possible involvement of Ang II in the catecholamine-induced 

endothelial dysfunction, we first measured the levels of ET-1 and NO in supernatant of 

HCMECs treated with epinephrine (Epi) or Epi plus AT1R blocker losartan (Los) or 

AT2R blocker PD123319 (PD) or both together. The concentration of ET-1 in the 

collected medium from HCMECs treated by Epi was significantly increased compared 

with control group, while the concentration of NO was decreased by the Epi treatment 

(Figure 5A-B). Los or PD significantly attenuated the effects of Epi on ET-1 level 

(Figure 5A) and NO level (Figure 5B), suggesting involvement of Ang II in Epi effects. 

Next, Ang II effects were examined. Like Epi, Ang II increased ET-1 level and reduced 

NO level in HCMECs, and Los or PD blocked Ang II effects (Figure 5C-D). 

Importantly, we found that Epi treatment of HCMECs could significantly increase the 

level of Ang II (Figure 5E). Furthermore, a calcium activated potassium (SK) channel 

activator NS309 attenuated Ang II-induced elevation of ET-1 level and Ang II-induced 

reduction of NO level in the supernatant of HCMECs (Figure 5F-G). Tram-34, an SK4 

channel blocker, mimicked Ang II effects (Figure 5F-G), suggesting involvement of 

SK4 channel in Ang II effects. 
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Figure 5. Ang II and SK4 channel contributed to epinephrine-induced endothelial dysfunction. 

Endothelin-1 (ET-1) and nitric oxide (NO) in the supernatant of HCMECs were measured by ELISA 

kits. HCMECs were treated with vehicle (Ctr) or 100 µM epinephrine (Epi) or 1 µM angiotensin II 

(Ang II) in the absence or presence of losartan (Los, 10 µM) or PD123319 (PD, 10 µM). (A) Los 

and PD reduced the effect of Epi on ET-1 production in HCMECs (n= 3). (B) Los and PD reversed 

the effect of Epi on NO production in HCMECs (n= 3). (C) Ang II increased ET-1 level in the 

collected supernatant of HCMECs compared with control group，Los and PD inhibited the effect 

of Ang II (n=4). (D) Ang II reduced the concentration of NO in the supernatant of HCMECs，and 

PD reversed Ang II effect (n=4). (E) Epi increased the level of Ang II in the collected supernatant 

of HCMECs (n=8). Then, HCMECs were treated with vehicle (Ctr) or 1 µM angiotensin II (Ang II) 

for 24 h in the absence or presence of NS309 (1µM) or Tram-34 (1 µM) or NS309 or Tram-34 alone. 

(F) NS309, an SK channel activator, reduced the ET-1 concentration in the supernatant of HCMECs 
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stimulated by Ang II, while an SK4 inhibitor Tram-34 increased ET-1 level (n=3). (G) NS309 

rescued NO production reduced by Ang II, while Tram-34 decreased NO generation in the presence 

of Ang II. (n=3). All results are presented as means ± SD. The n-number represent replicates of 

different experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 determined by one-

way ANOVA with Holm-Sidak post-hoc test. 

 

4.2 SK4 channels contributed to Ang II-effects on endothelial cell 

functions 

To further investigate roles of SK4 channel for endothelial functions besides ET-

1/NO generation, we treated HCMECs with Ang II with or without NS309 or Tram-34 

to measure the tube formation, which is an important function character of endothelial 

cells. Figure 6A showed that the tube formation ability of HCMECs was reduced by 

Ang II. NS309 significantly increased tube formation compared with Ang II group, 

while Tram-34 further reduced tube formation (Figure 6B), implying that SK4 channels 

are important for endothelial tube-forming function.  

 

 

Figure 6. SK4 channel activator rescued and SK4 channel blocker mimicked Ang II effect on 

tube formation. HCMECs were treated with vehicle (Ctr) or 1 µM angiotensin II (Ang II) for 24 h 

in the absence or presence of NS309 (1 µM) or Tram-34 (1 µM) or NS309 or Tram-34 alone. (A) 

Representative images demonstrating tube formation in HCMECs. (B) The total tube length 
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reflecting tube formation in indicated groups. Triplicate tube formation experiments were performed. 

Data are presented as mean ± SD and are expressed as % of control. *P < 0.05, **P < 0.01 

determined by one-way ANOVA with Holm-Sidak post-hoc test. 

 

To further characterize the roles of Ang II for endothelial dysfunction, we examined 

its roles in inflammation, mitochondrial impairment and apoptosis of HCMECs. We 

first treated HCMECs with Ang II with or without Los and PD to measure the 

expression of inflammatory factors. Figure 7A showed that Ang II reduced NOS3 

mRNA expression, which could be reversed Ang II receptor blockers. The expression 

levels of c-reactive protein (CRP), C-C Motif Chemokine Ligand 2 (CCL2), and tumor 

necrosis factor alpha (TNF-α) gene expression were upregulated in response to Ang II 

in HCMECs, which were abolished or attenuated by Los and PD (Figure 7B-D). Then, 

we assessed the cellular energy metabolism and apoptosis in HCMECs. The results 

showed that Ang II promoted mitochondrial damage by reducing the mitochondrial 

membrane potential (Δψm) (Figure 7E) and reducing ATP level (Figure 7F). Both 

effects could be reversed by Los but not PD (Figure 7E-F). In addition, Ang II 

increased apoptotic cells, which was attenuated by both Los and PD (Figure 7G-H).  

These results indicated that Ang II can promote endothelial cell apoptosis, 

mitochondrial impairment and inflammation leading to endothelial dysfunction. 
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Figure 7. The effects of Ang II on inflammation-related factors, mitochondrial membrane 

potential (Δψm), ATP production and apoptosis. HCMECs were treated by vehicle (Ctr) or 1 µM 

angiotensin II (Ang II) for 24 h in the absence or presence of losartan (Los, 10 µM) or PD123319 

(PD, 10 µM). (A) Ang II reduced NOS3 gene expression, and Los reversed Ang II effect (n=3). (B) 

Ang II increased CRP gene expression, and Los blocked the effect of Ang II (n=3). (C) Ang II 

increased CCL2 mRNA expression, Los and PD blocked Ang II effect (n=3). (D) Ang II increased 

TNF-α gene expression, and Los prevented Ang II effect (n=3). (E) Fluorescence intensity ratio 

[590/525] relative to control showing changes of mitochondrial membrane potential (Δψm) in 

HCMECs (n=5). (F) Ang II reduced cellular ATP content in HCMECs and Los rescued it (n=3). (G-

H) Representative flow cytometry measurements (G) and statistical data (H) showing that Ang II 

increased cell apoptosis. Cell apoptosis of HCMECs was assessed using FITC Annexin V Apoptosis 
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assay (n=3). All data shown are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 determined by 

one-way ANOVA with Holm-Sidak post-hoc test. 

 

Interestingly, we found that apoptosis is associated with SK4 channel function. Ang II 

significantly decreased the protein expression of Bcl2, (Figure 8A, B) and increased 

the expression levels of cleaved caspase 3, Bax and Bad (Figure 8A, C-E), which are 

commonly used markers for cell apoptosis. Ang II also increased the number of 

apoptotic cells (Figure 8G-H, 9F-G). Strikingly, all these effects could be reversed by 

NS309 and mimicked by Tram-34 (Figure 8), suggesting that SK4 channel function 

may play an important role in Ang II induced apoptosis. In addition, KCl (10 mM), 

which could depolarize the cell membrane (Figure 9A), also increased cell apoptosis 

(Figure 9B-C), suggesting alteration of cell membrane potential, which could be 

caused by changing the potassium channel current, may play a critical role for 

endothelial apoptosis. 
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Figure 8. NS309 restored and Tram-34 mimicked Ang II-effects on apoptosis in HCMECs. 

HCMECs were treated with vehicle (Ctr) or 1 µM angiotensin II (Ang II) for 24 h in the absence or 

presence of NS309 (1 µM) or Tram-34 (1 µM) or NS309 or Tram-34 alone. (A) Representative 

western blot of each group showing Bcl2, cleaved caspase-3, Bax, and Bad expression in HCMECs. 

(B) Bcl2 relative protein expression in HCMECs. (C) Relative protein expression level of cleaved 

caspase-3 in HCMECs. (D) Bax relative protein expression in HCMECs. (E) Bad relative protein 

expression in HCMECs. All the protein levels shown are normalized to GAPDH. (F-G) 

Representative (F) and statistical (G) analyses of apoptotic cells by flow cytometry. All data shown 
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are mean ± SD for triplicate experiments. *P < 0.05, **P < 0.01 determined by one-way ANOVA 

with Holm-Sidak post-hoc test. 

 

Figure 9. KCl depolarized cell membrane potential and increased cell apoptosis. HCMECs 

were treated with vehicle (Ctr) or 10 mM KCl for 1 h and then, patch clamp and flow cytometry 

analyses were performed to evaluate cell membrane potential and apoptosis. (A) KCl induced 

depolarization of cell membrane potential (RP) (n=7 cells). (B)-(C) Representative (B) and 

statistical data of flow cytometry analyses showing that KCl increased HCMECs apoptosis (n=3). 

Data are presented as means ± SD, *P < 0.05, **P < 0.01 determined by unpaired t-test. 

   

4.3 Ang II could regulate membrane potential and SK4 channel 

function in HCMECs 

In order to determine how Ang II could alter endothelial function via SK4 channels, 

we performed whole cell patch clamp measurements to record cell RP and SK4 channel 

current. Figure 10A showed that Ang II caused a depolarization and Los or PD, 

significantly restored the depolarization of membrane potential induced by Ang II in 

HCMECs. Tram-34-sensitive SK4 current (ISK4) was obtained in HCMECs treated by 

Ang II and Ang II with Los or PD (Figure 10B). ISK4 density between -80 mV to +50 

mV was calculated (Figure 10C). The data exhibited that Ang II significantly decreased 

the ISK4 and both Los and PD blocked the effect of Ang II on ISK4 (Figure 10D). These 

data indicated that Ang II could regulate the function of SK4 channels through both 

AT1R and AT2R signaling, and in turn change the RP of HCMECs.  

 

We next conducted qPCR and western blot to further check possible effects of Ang 

II on the protein and gene level of SK4 channel. The protein expression level of SK4 

under the condition of Ang II stimulation for 24 h showed no significant differences 
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compared with control group (Figure 10E), although qPCR results showed a down-

regulation of KCNN4 gene expression by Ang II, which could be reversed by Ang II 

blockers (Figure 10F). 

 

Figure 10. Ang II reduced RP and inhibited SK4 channel currents in HCMECs via PD-

sensitive AT2R and Los-sensitive AT1R signaling. HCMECs were treated by vehicle (Ctr) or 1 

µM angiotensin II (Ang II) for 24 h in the absence or presence of losartan (Los, 10 µM) or PD123319 

(PD, 10 µM). Patch clamp whole-cell recordings were performed to measure cell membrane 

potential and current. Tram-34 was used to isolate SK4 channel current (ISK4) from other currents. 

(A) Ang II-induced depolarization of membrane potential (RP). (B) Representative SK4 channel 

current traces in HCMECs. (C) Current-voltage relationship (I-V) curves of ISK4. (D) SK4 current 

density at + 50 mV in indicated groups. (E) Representative bands (top panel) and statistical values 

(bottom panel) of western blot analyses showing SK4 protein expression levels in HCMECs of 

indicated groups. N=6 replicates. (F) The mRNA expression of SK4 channels. N=3 replicates in 

each group. Data are shown as means ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 determined by 
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one-way ANOVA with Holm-Sidak post-hoc test (A, D, F) or unpaired t-test (E).  

 

4.4 Ang II reduced SK4 channel current via promoting ROS 

production 

Next, to explore the possible mechanisms by which Ang II reduced ISK4, we 

investigated the effects of Ang II on ROS generation because ROS may mediate 

endothelial dysfunction. We observed that Ang II induced ROS generation in HCMECs 

and the effect could be blocked by Ang II blockers (Figure 11A-B). Then, we examined 

the effects of ROS on SK4 channel current. Tram-34-sensitive SK4 current was 

obtained in the presence of Ang II, H2O2 or Ang II plus NAC (Figure 11C). The results 

showed that Ang II inhibited ISK4, and H2O2 mimicked Ang II effect on ISK4 (Figure 11 

D-E). NAC (ROS blocker) attenuated Ang II effect on ISK4 (Figure 11D-E). These data 

demonstrated that ROS was involved in the regulation of SK4 channels by Ang II. 
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Figure 11. Ang II reduced SK4 channel current by increasing ROS production. HCMECs were 

treated by vehicle (Ctr) or 1 µM angiotensin II (Ang II) for 24 h in the absence or presence of 

losartan (Los, 1 µM) or PD123319 (PD, 1 µM) or 100 µM H2O2 or Ang II +H2O2 or Ang II+NAC. 

Flow cytometric analysis was performed to analyze ROS generation. Patch clamp whole-cell 

recordings were performed to measure SK4 current. Tram-34 was used to isolate SK4 channel 

current (ISK4) from other currents. (A) Representative flow cytometric analysis of ROS in HCMECs 

treated with Ang II, Ang II plus Los, Ang II plus PD. (B) Mean values of ROS levels in HCMECs 

of indicated groups (n=7 in each group). (C) Representative SK4 channel current traces in HCMECs 
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treated by Ang II, H2O2, Ang II plus H2O2 and Ang II plus NAC. (D) I-V curves of ISK4 in indicated 

groups. (E) SK4 current density at + 50 mV in indicated groups. Data are shown as means ± SD. 

Scatter plots show the value of every experiment (B) or measured cells (E). *P < 0.05, **P < 0.01 

determined by one-way ANOVA with Holm-Sidak post-hoc test. N.S., no significance. 

 

4.5 Protein kinase A contributed to the effect of Ang II on SK4 channel  

To further explore the mechanism by which Ang II affects SK4 channels, we 

examined PKA signaling. The results showed that Ang II treatment significantly 

reduced PKA protein expression in HCMECs (Figure 12A). Sp-8-Br-Camps, a PKA 

activator, significantly increased SK4 channel current (Figure 12B-D). These data 

implied that Ang II could inhibit SK4 channel by reducing PKA protein expression. 

 

Figure 12. Ang II reduced SK4 channel current by inhibiting PKA expression. HCMECs were 

treated with vehicle (Ctr) or 1 µM Ang II or 5 µM Sp-8-Br-cAMP, a PKA activator. Western blot 

and patch clamp were used to measure protein expression and SK4 channel current. (A) 

Representative bands (top panel) and statistical values (bottom panel) of western blot analyses 
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showing that Ang II decreased PKA protein expression. n=4 (each group). (B) Representative SK4 

channel current traces after application of PKA activator Sp-8-Br-cAMP. (C) I-V curves of ISK4 with 

and without application of Sp-8-Br-cAMP. (D) SK4 current density at + 50 mV between control and 

Sp-8-Br-cAMP group. n=10 cells (control group), n=9 cells (Sp-8-Br-cAMPs group), *P < 0.05 

determined by unpaired t-test. 

 

Part II. Catecholamine could induce cardiac ion channel dysfunction 

through endothelial cell secreted exosomes  

 

4.6 Isolation and characterization of exosomes derived from HCMECs 

To explore possible factors secreted by endothelial cells, which may be involved in 

the pathogenesis of cardiac dysfunction in the setting of catecholamine excess, we 

purified exosomes from the culture supernatant of HCMECs by serial differential 

centrifugation plus ultracentrifugation (Figure 13A). To characterize endothelial 

exosomes, the expression of exosome makers was first assessed. Western blot results 

demonstrated that the widely recognized exosome markers CD9, CD63, and CD81 

were highly expressed in our extracted exosomes from HCMECs (Figure 13B). 

However, endoplasmic reticulum (ER) stress-related proteins-GRP94 and Golgi marker 

GM130 were absent in exosomes but were present in HCMECs, ruling out cellular 

protein or intracellular debris contamination in exosome preparations (Figure 13C). In 

addition, the NTA demonstrated that the diameter of exosomes derived from HCMECs 

was around 100 nm (Figure 13D). Flow cytometry results confirmed that 97.5% of 

vesicles were CD9+ (Figure 13E). These data indicated that the exosome-isolation from 

HCMECs was successful. 



62 

 

Figure 13. Isolation and characterization of exosomes from HCMEC culture supernatant. (A) 

Flow chart for obtaining exosomes from HCMECs supernatant by ultracentrifuge. (B) Western blot 

showing exosomal markers CD9 (~25 kDa), CD63 (between 37 and 50 kDa), and CD81 (~25 kDa) 

in exosomes (10 μg lysates) isolated from supernatant of HCMECs of three samples (Exo 1, Exo 2, 

Exo 3). (C) GRP94 (~94 kDa) and GAPDH (~37 kDa) serve as a negative control and a loading 

control, respectively. (D) Size distribution of HCMECs-derived exosomes by ZetaView NTA 

analysis. (E) Percentage of CD9-positive exosomes displayed by flow cytometry. 

  

4.7 Exosomes secreted by endothelial cells can be taken up by hiPSC-

CMs 

To examine the possibility that exosomes derived from HCMECs can affect 

cardiomyocytes, we first check the uptake of endothelial exosomes by hiPSC-CMs.  

hiPSC-CMs were marked with cardiomyocyte marker cTNT and treated with PBS or 

exosomes or exosomes plus PKH26, which was used to label exosomes. The results 

showed that exosomes isolated from HCMECs could be taken up by hiPSC-CMs 

(Figure 14), suggesting that exosomes may affect the function of hiPSC-CMs. 
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Figure 14. Exosomes secreted by endothelial cells can be taken up by hiPSC-CMs. hiPSC-CMs 

were labeled with cTnT (green) and exosomes were stained with PKH26 (red). DAPI was use to 

stain cell nuclei (blue). (A) hiPSC-CMs treated with PBS and stained with cTnT (green). (B) hiPSC-

CMs treated with endothelial exosomes (Exo) and stained with cTnT (green). (C) hiPSC-CMs 

treated with PKH26 and stained with cTnT (green) and PKH26 (red). (D) hiPSC-CMs treated with 

exosomes that were labeled by PKH26 and stained with cTnT (green) and PKH26 (red) showing 

that exosomes labeled with PKH26 were taken up by hiPSC-CMs. 

 

4.8 Endothelial cell-derived exosomes changed arrhythmic events 

induced by epinephrine in hiPSC-CMs 

To investigate the effects of exosomes on arrhythmia events in hiPSC-CMs, the 

occurrence of arrhythmic events (such as irregular or triggered beats or EAD-like 

events) was assessed in spontaneously beating cells. Intriguingly, high concentration of 

Epi (500 μM, 1 h) significantly decreased the beating frequency of hiPSC-CMs and 

triggered episodes of arrhythmic events such as extra contractions and irregular 

contractions. Interestingly, exosomes derived from HCMECs without challenge of Epi 

(Wt-exo) attenuated Epi-effects and exosomes isolated from HCMECs treated with Epi 

(Epi-exo) mimicked the Epi effect (Figure 15A-C). hiPSC-CMs treated with both Epi-

exo and Epi further decreased the rate of beating and enhanced irregular contractions 
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(Figure 15A-C). These data indicated that endothelial exosomes may contribute to Epi-

induced arrhythmias. 

A                             B  

 

 

 

 

 

                                   C 

 

 

 

 

 

Figure 15. Exosome effects on arrhythmia events in hiPSC-CMs. hiPSC-CMs were treated with 

either vehicle (Ctr) or 500 μM epinephrine (Epi), or exosomes from HCMECs without Epi treatment 

(Wt-exo), or Wt-exo plus epi (Wt-exo+epi), or exosomes secreted by HCMECs treated with Epi 

(Epi-exo), or Epi-exo plus Epi (Epi-exo+epi), respectively. (A) Representative traces of single-cell 

contractions in indicated groups. (B) Average values of beating rates of hiPSC-CMs in indicated 

groups. (C) Percentage of hiPSC-CMs with arrhythmia events in indicated groups. Data are shown 

as means ± SD. Scatter plots show the value of every measured cell. Numbers given in C represent 

number of cells showing arrhythmic event/total number of measured cells. *P < 0.05, **P < 0.01, 

***P < 0.001 determined by one-way ANOVA with Holm-Sidak post-hoc test (B) or Fisher test (C). 

 

4.9 Exosomes contributed to action potential changes induced by 

epinephrine 

  To examine the possible mechanisms underlying the occurrence of arrhythmias 

induced by high concentration of Epi (500 μM, 1 h) and the contribution of endothelial 

Ctr Epi 

Wt-exo+epi Wt-exo 

Epi-exo Epi-exo+epi 

5 s 
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exosomes, we investigated the effects of exosomes on action potential in hiPSC-CMs 

challenged by Epi. The results showed that RP and action potential amplitude (APA) 

were not affected by Epi, Wt-exo with or without Epi, Epi-exo with or without Epi 

(Figure 16A-C). Epi significantly reduced maximum depolarization velocity (Vmax) 

and prolonged action potential duration at 10% repolarization (APD10), action 

potential duration at 50% repolarization (APD50), and action potential duration at 90% 

repolarization (APD90), respectively, which were reversed by Wt-exo (Figure 16A, 

16D-G). Strikingly, we found that Epi-exo alone mimicked the effects of Epi. In the 

presence of Epi, Epi-exo further decreased Vmax and further prolonged APD10, 

APD50, and APD90, respectively (Figure 16A, 16D-G). These data indicated that 

exosomes secreted by HCMECs plays an important role in electrophysiological 

activities of hiPSC-CMs and can contribute to Epi-induced arrhythmic events via 

changing APs. 
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Figure 16. Exosomes derived from HCMECs contributed to action potential changes induced 

by Epi. hiPSC-CMs were treated with either vehicle (Ctr) or 500 μM epinephrine (Epi), or exosome 

from HCMECs without Epi treatment (Wt-exo), or Wt-exo plus Epi (Wt-exo+epi), or exosomes 

secreted by HCMECs treated with Epi (Epi-exo), or Epi-exo plus Epi (Epi-exo+epi), respectively. 

Action potential (AP) was measured by patch clamp whole cell recording with pulses of 1 nA for 5 

ms at 1 Hz. (A) Representative traces of APs in hiPSC-CMs of indicated groups. (B) Mean values 

of cell resting potential (RP) in indicated groups. (C) Mean values of action potential amplitude 

(APA) in indicated groups. (D) Mean values of maximal upstroke velocity of action potential (Vmax) 

in indicated groups. (E) Mean values of APD at 10% repolarization (APD10) in indicated groups. 

(F) Mean values of APD at 50% repolarization (APD50) in indicated groups. (G) Mean values of 

APD at 90% repolarization (APD90) in indicated groups. Data are presented as means ± SD. Scatter 

plots show the value of every measured cell. *P < 0.05, **P < 0.01, ***P < 0.001 determined by 

one-way ANOVA with Holm-Sidak post-hoc test.  

 

4.10 The ionic mechanisms of action potential changes induced by Epi 

and exosomes 

To investigate the mechanism of action potential changes induced by exosomes in 

the TTS setting, the expression profile of the main ion channel associated with action 

potential changes was assessed by carrying out qPCR experiments. The results revealed 

that Epi significantly increased CACNA1C (coding L-type calcium channel), SCN10A 

(coding Nav1.8 sodium channel), and SLC8A1 (coding Na+/Ca2+-exchanger, NCX) 

gene expression (Figure 17A-C). Exosomes secreted by HCMECs (Wt-exo) reversed 

Epi-effects (Figure 17A-C). Exosomes derived from HCMECs challenged by Epi (Epi-

exo) exhibited similar effects as Epi on the gene expression of CACNA1C, SCN10A, 

and SLC8A1(Figure 17A-C). In contrast, Epi clearly reduced gene expression of 

SCN5A (coding sodium channel, Nav1.5), KCNH2 (coding IKr, also called HERG 

channel, Kv11.1) and KCND3 (coding Ito channel, Kv4.3), which were reversed by 

Wt-exo (Figure 17D-F). Epi-exo showed the same effect as Epi on the gene expression 

of these three channels. However, Epi or Wt-exo or Epi-exo showed no influence on 
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KCNQ1 (coding IKs channels, Kv7.1) gene expression of hiPSC-CMs (Figure 17G). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Ion channel gene expression of hiPSC-CMs was affected by exosomes derived from 

HCMECs. hiPSC-CMs were treated with either vehicle (Ctr) or 500 μM epinephrine (Epi), or 

exosomes from HCMECs without Epi treatment (Wt-exo), or Wt-exo plus Epi (Wt-exo+epi), or 

exosomes secreted by HCMECs treated with Epi (Epi-exo), or Epi-exo plus Epi (Epi-exo+epi), 

respectively. qPCR analyses were performed to detect gene expression levels of different ion 

channels. (A) Gene expression of CACNA1C in indicated groups. (B) Gene expression of SCN10A 

in indicated groups. (C) Gene expression of SLC8A1 in indicated groups. (D) Gene expression of 

KCND3 in indicated groups. (E) Gene expression of SCN5A in indicated groups. (F) Gene 

expression of KCNH2 in indicated groups. (G) Gene expression of KCNQ1 in indicated groups. 

Data are presented as means ± SD. Scatter plots show the value of every experiment.  *P < 0.05, 

**P < 0.01, ***P < 0.001 determined by one-way ANOVA with Holm-Sidak post-hoc test. N.S., no 

significance. 

A B C 

D E F 

G 

C
tr

E
pi

W
t-
ex

o

W
t-
ex

o+
ep

i

E
pi-e

xo

E
pi-e

xo
+ep

i
0.8

1.0

1.2

1.4

1.6

R
el

a
ti

v
e 

C
A

C
N

A
1
C

m
R

N
A

 e
x
p

re
ss

io
n *** ***

*

C
tr

E
pi

W
t-
ex

o

W
t-
ex

o+
ep

i

E
pi-e

xo

E
pi-e

xo
+ep

i
0

1

2

3

4

R
el

a
ti

v
e 

S
C

N
1
0
A

m
R

N
A

 e
x
p

re
ss

io
n

*** *
*

C
tr

E
pi

W
t-
ex

o

W
t-
ex

o+
ep

i

E
pi-e

xo

E
pi-e

xo
+ep

i
0.0

0.5

1.0

1.5

R
e
la

ti
v
e
 S

L
C

8
A

1

m
R

N
A

 e
x
p

r
e
ss

io
n

** **
**

C
tr

E
pi

W
t-
ex

o

W
t-
ex

o+
ep

i

E
pi-e

xo

E
pi-e

xo
+ep

i
0.0

0.5

1.0

1.5
R

e
la

ti
v
e

S
C

N
5
A

m
R

N
A

 e
x
p

re
ss

io
n

***

***
*

C
tr

E
pi

W
t-
ex

o

W
t-
ex

o+
ep

i

E
pi-e

xo

E
pi-e

xo
+ep

i
0.0

0.5

1.0

1.5

R
e
la

ti
v
e
 K

C
N

H
2

m
R

N
A

 e
x
p

r
e
ss

io
n

**
**
*

C
tr

E
pi

W
t-
ex

o

W
t-
ex

o+
ep

i

E
pi-e

xo

E
pi-e

xo
+ep

i
0.0

0.5

1.0

1.5

R
el

a
ti

v
e

K
C

N
Q

1

m
R

N
A

 e
x
p

re
ss

io
n

N.S.



68 

 

Next, we performed voltage clamp experiment to record ion channel currents 

including ICa-L, INa, late Na+ current (INa-L), the Na+/Ca2+ exchanger current (INCX) and 

several K+ channel currents such as IKr, IKs, and Ito in each group of hiPSC-CMs. Wt-

exo significantly reduced but Epi-exo mimicked Epi effect on ICa-L (Figure 18A-C). 

Epi or Wt-exo or Epi-exo did not influence the activation and inactivation of ICa-L, 

evaluated by the potential of 50% activation (V0.5) and the potential of 50% inactivation 

(V0.5) (Figure 18D-G). Interestingly, Epi increased the time constant of recovery from 

inactivation, which was reduced by Wt-exo and mimicked by Epi-exo (Figure 18H-I).  
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Figure 18. Effects of exosomes derived from HCMECs on the L-type calcium current (ICa-L) 

in hiPSC-CMs in the presence of Epi. hiPSC-CMs were treated with either vehicle (Ctr) or 500 

μM epinephrine (Epi), or exosomes from HCMECs without Epi treatment (Wt-exo), or Wt-exo plus 

Epi (Wt-exo+epi), or Exo secreted by HCMECs treated with Epi (Epi-exo), or Epi-exo plus Epi 

(Epi-exo+epi), respectively. Patch clamp whole cell recording techniques were used to measure L-

type calcium channel current (ICa-L). (A) Representative traces of ICa-L in indicated groups. (B) 

Current-voltage (I-V) relation curves of ICa-L in indicated groups. (C) Current density of ICa-L at 10 

mV in indicated groups. (D) Steady-state activation curves for ICa-L in indicated groups. (E) Mean 

values of potentials at 50% activation (V0.5) in indicated groups. (F) Voltage-dependent inactivation 

of ICa-L in cells of indicated groups. (G) Half-maximal inactivation potential (V0.5) in indicated 

groups. (H) Time course curves of recovery from inactivation in indicated groups. (I) Time 

constants (tau) of recovery from inactivation. Data are shown as means ± SD. Scatter plots show 

the value of every measured cell. The n-numbers represent the number of measured cells. *P < 0.05, 

**P < 0.01 determined by one-way ANOVA with Holm-Sidak post-hoc test. N.S., no significance. 

 

The peak INa was reduced by Epi (Figure 19A-C). Wt-exo attenuated but Epi-exo 

mimicked the effects of Epi on peak INa in hiPSC-CMs (Figure 19A-C). Epi-exo+epi 

caused a significant shift of the steady-state activation curves toward more positive 

potentials (Figure 19D). No significant changes were observed in other biophysical 

properties of the peak sodium channel such as voltage-dependent inactivation and time 

dependent recovery from inactivation in hiPSC-CMs of each group (Figure 19F-I). 

Strikingly, INa-L that was increased by Epi was significantly reduced by Wt-exo and 

further enhanced by Epi-exo (Figure 19J). 
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Figure 19. Exosome effects on biophysical properties of sodium channels. hiPSC-CMs were 

treated with either vehicle (Ctr) or 500 μM epinephrine (Epi), or exosomes from HCMECs without 

Epi treatment (Wt-exo), or Wt-exo plus Epi (Wt-exo+epi), or Exo secreted by HCMECs treated 

with Epi (Epi-exo), or Epi-exo plus Epi (Epi-exo+epi), respectively. Patch clamp whole cell 

recording techniques were used to measure sodium channel current (INa). Peak and late INa as well 

as the channel gating kinetics including activation, inactivation and recovery from inactivation were 

analyzed. (A) Representative traces of INa in indicated groups. (B) I-V curves of peak INa in 

indicated groups. (C) Current density of peak INa at -40 mV in indicated groups. (D) Steady-state 

activation curves of peak INa in indicated groups. (E) Mean values of the half-maximal activation 
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potential (V0.5) in indicated groups. (F) Voltage-dependent inactivation curves of peak INa in 

indicated groups. (G) Mean values of half-maximal inactivation potential (V0.5) in indicated groups. 

(H) Time course curves of recovery from inactivation in indicated groups. (I) Time constants (tau) 

of recovery from inactivation in indicated groups. (J) Current density of late INa at -40 mV in 

indicated groups. The late INa was the current measured at 200 ms of the pulse. Data are shown as 

means ± SD. Scatter plots show the value of every measured cell. The n-numbers represent the 

number of measured cells. * P < 0.05, ***P < 0.001 determined by one-way ANOVA with Holm-

Sidak post-hoc test. N.S., no significance. 

 

In addition, we checked whether INCX participated in action potential changes caused 

by Epi, Wt-exo, or Epi-exo. An increase in INCX in the presence of Epi in hiPSC-CMs 

was observed compared with control group at +50 mV and -85 mV (Figure 20A-C). 

Wt-exo restored and Epi-exo simulated the Epi effect on INCX at +50 mV and -85 mV 

(Figure 20A-C).  

A     Ctr              Epi          B        +50 mV  

 

     Wt-exo              Wt-exo+epi 

C         -85 mV 

     Epi-exo               Epi-exo+epi       

 

 

Figure 20. Effects of epinephrine and exosomes on INCX in hiPSC-CMs. hiPSC-CMs were 

treated with either vehicle (Ctr) or 500 μM epinephrine (Epi), or exosomes from HCMECs without 
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Epi treatment (Wt-exo), or Wt-exo plus Epi (Wt-exo+epi), or Exo secreted by HCMECs treated 

with Epi (Epi-exo), or Epi-exo plus Epi (Epi-exo+epi), respectively. Patch clamp whole cell 

recording techniques were used to measure Na/Ca exchanger current (INCX). (A) Representative 

traces of INCX before and after application of 10 mM NiCl2, an INCX blocker, in hiPSC-CMs of 

indicated groups. (B) Current density of INCX at +50 mV in indicated groups. (C) Current density of 

INCX at -85 mV in indicated groups. The results are shown as means ± SD. Scatter plots show the 

value of every measured cell.  * P < 0.05, ** P < 0.01 determined by one-way ANOVA with Holm-

Sidak post-hoc test. N.S., no significance. 

 

Next, we evaluated the effects of Epi, Wt-exo, Epi-exo on K+ channels. Epi 

significantly reduced IKr and Ito, which was reversed by Wt-exo secreted by HCMECs 

(Figure 21A-C and 22A-C). Epi-exo mimicked the Epi effects on IKr and Ito, showing 

reduced IKr and Ito (Figure 21A-C and 22A-C). No significant difference was observed 

between Epi-exo+epi and Epi. IKs was not significantly influenced by Epi or Wt-exo or 

Epi-exo (Figure 23A-C). 

A                  B               C      -30 mV 

    

 

 

 

 

 

Figure 21. Effects of epinephrine and exosomes on IKr of hiPSC-CMs. hiPSC-CMs were treated 

with either vehicle (Ctr) or 500 μM epinephrine (Epi), or exosomes from HCMECs without Epi 

treatment (Wt-exo), or Wt-exo plus Epi (Wt-exo+epi), or exosomes secreted by HCMECs treated 

with Epi (Epi-exo), or Epi-exo plus Epi (Epi-exo+epi), respectively. Patch clamp whole cell 

recording techniques were used to measure rapidly activating delayed rectifier potassium channel 

current (IKr). (A) Representative current traces of IKr at +30 mV in hiPSC-CMs of indicated groups. 

(B) I-V relationship curves of IKr from -80 mV to +40 mV in indicated groups. (C) Current density 
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of IKr at -30 mV in indicated groups. The results are shown as means ± SD. Numbers given in B 

represent the number of measured cells. Scatter plots (C) show the value of every measured cell. * 

P < 0.05, ** P < 0.01 determined by one-way ANOVA with Holm-Sidak post-hoc tests. N.S., no 

significance.  

A                     B                C      +60 mV 

 

 

 

 

 

 

Figure 22. Measurements of Ito in hiPSC-CMs treated with epinephrine or exosomes. hiPSC-

CMs were treated with either vehicle (Ctr) or 500 μM epinephrine (Epi), or exosomes from 

HCMECs without Epi treatment (Wt-exo), or Wt-exo plus Epi (Wt-exo+epi), or exosomes secreted 

by HCMECs treated with Epi (Epi-exo), or Epi-exo plus Epi (Epi-exo+epi), respectively. Patch 

clamp whole cell recording techniques were used to measure transient outward potassium current 

(Ito). (A) The raw traces of Ito at +60 mV in hiPSC-CMs in indicated groups. (B) I-V curves of 4-

AP (Ito blocker)-sensitive currents in hiPSC-CMs of indicated groups. (C) Current density of Ito at 

+60 mV in indicated groups. Data are shown as means ± SD. Numbers given in B represent the 

number of measured cells. Scatter plots (C) show the value of every measured cell. *P < 0.05 

determined by one-way ANOVA with Holm-Sidak post-hoc tests. N.S., no significance.  
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Figure 23. Measurements of IKs in hiPSC-CMs treated with epinephrine or exosomes. hiPSC-
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CMs were treated with either vehicle (Ctr) or 500 μM epinephrine (Epi), or exosomes from 

HCMECs without Epi treatment (Wt-exo), or Wt-exo plus Epi (Wt-exo+epi), or exosomes secreted 

by HCMECs treated with Epi (Epi-exo), or Epi-exo plus Epi (Epi-exo+epi), respectively. Patch 

clamp whole cell recording techniques were used to measure slowly activating delayed rectifier 

potassium channel current (IKs). (A) The raw traces of IKs at +60 mV in hiPSC-CMs in indicated 

groups. (B) I-V curves of IKs from -80 mV to +80 mV in hiPSC-CMs of indicated groups. (C) 

Current density of IKs at +60 mV in indicated groups. Data are shown as means ± SD. Numbers 

given in B represent the number of measured cells. Scatter plots (C) show the value of every 

measured cell. N.S., no significance.   

 

4.11 miR-126-3p was involved in the effects of endothelial exosomes 

Since our results revealed that exosomes derived from HCMECs with or without Epi 

challenge could differentially influence Epi-induced ion channel dysfunction and 

arrhythmias in cardiomyocytes, we assumed that the Epi-challenge of HCMECs 

changed components of exosomes. We next studied in more detail which component of 

exosomes secreted by endothelial cells modulated the function of cardiomyocytes. 

Some studies proved that miR-16, miR-26a, miR-133a are related to TTS [157,158]. 

Further, miR-126-3p, one of the most important endothelial cell-restricted miRNAs, 

was shown to modulate vascular integrity and developmental angiogenesis [116,117]. 

Therefore, we measured the expression of miR-16, miR-26a, miR-133a and miR-126-

3p in exosomes derived from HCMECs treated with vehicle or Epi. Consequently, we 

observed that miR-16, miR-26a and miR-133a were upregulated in exosomes derived 

from HCMECs treated with Epi (Figure 24A-D), consistent with previously reported 

data showing increased levels of those three miRNAs in the blood of TTS patients. 

Interestingly, the expression of miR-126-3p in exosomes derived from HCMECs 

treated with 500 μM Epi was also increased compared with control group (Figure 24D), 

indicating that miR-126-3p may play an important role in the pathophysiology of TTS. 

Moreover, we found that exosomes secreted from HCMECs treated with Epi increased 

the expression of miR-126-3p in hiPSC-CMs compared with control group (Figure 
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24E). Considering that roles of miR-126-3p in TTS have not been reported, we focused 

on it in the subsequent assessments.  

  

To study the effects of miR-126-3p in exosomes on hiPSC-CMs, we tried to increase 

and decrease miR-126-3p in exosomes using its mimic and inhibitor. We transfected 

miR-126-3p-mimic, miR-126-3p-inhibitor or miR-126-3p-NC (negative control) into 

HCMECs to measure the expression of miR-126-3p in cells and exosomes. miR-126-

3p-mimic increased the expression of miR-126-3p in exosomes derived from HCMECs 

(Figure 24F) and also in HCMECs (Figure 24G) compared with control (vehicle) 

group. Accordingly, miR-126-3p-inhibitor reduced the expression of miR-126-3p in 

exosomes (Figure 24F) and HCMECs (Figure 24G) compared with control group. 

There was no significant difference in the expression of miR-126-3p in exosomes and 

HCMECs between the miR-126-3p-NC group and control group (Figure 24F-G). After 

hiPSC-CMs were treated with exosomes derived from HCMECs transfected with miR-

126-3p mimic (Exo-mimic), miR-126-3p inhibitor (Exo-inhibitor), miR-126-3p 

negative control (Exo-NC), we observed that Exo-mimic increased miR-126-3p 

expression in hiPSC-CMs compared with control group, whereas Exo-inhibitor 

decreased miR-126-3p expression in hiPSC-CMs compared with control group (Figure 

24H). These data suggested that Epi-induced increase in miR-126-3p could be involved 

in the observed effects of endothelial exosomes on ion channels in hiPSC-CMs. 
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Figure 24. Changes of miRNAs in HCMECs or hiPSC-CMs treated with epinephrine, miR-

126-3p activator and inhibitor. HCMECs were treated with vehicle (Ctr) or 500 µM epinephrine 

(Epi) and different miRNAs were measured in exosomes. Then, HCMECs were transfected with 

vehicle (Ctr) or miR-126-3p mimic (mimic) or miR-126-3p inhibitor (inhibitor) or miR-126-3p 

negative control (NC), respectively. Exosomes (Exo) were isolated from HCMECs of each group 

(Exo-ctr, Exo-mimic, Exo-inhibitor and Exo-NC) and applied to hiPSC-CMs. (A) Epi increased the 

expression of miR-16 in Exo from HCMECs. (B) Epi increased the expression of miR-26a in Exo 

from HCMECs. (C) Epi increased the expression of miR-133a in Exo from HCMECs. (D) Epi 

increased the expression of miR-126-3p in Exo from HCMECs. (E) The expression of miR-126-3p 

in hiPSC-CMs treated with Exo derived from HCMECs pretreated by Epi (Epi-exo). (F) The 

expression of miR-126-3p in Exo derived from HCMECs transfected with miR-126-3p mimic, miR-

126-3p inhibitor, miR-126-3p NC. (G) The expression of miR-126-3p in HCMECs transfected with 

miR-126-3p mimic, miR-126-3p inhibitor or miR-126-3p NC. (H) The expression of miR-126-3p 
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in hiPSC-CMs treated with Exo-ctr, Exo-mimic, Exo-inhibitor, Exo-NC. Data are presented as 

means ± SD. Scatter plots show the value of every experiment. *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001 determined by unpaired t-test (A-E) or one-way ANOVA with Holm-Sidak post-

hoc test (F-H). 

To investigate if miR-126-3p in exosomes derived from HCMECs play a key role in 

modulating the electrophysiological properties of hiPSC-CMs in the setting of TTS, we 

also carried out current clamp experiment to record the AP of hiPSC-CMs treated with 

Exo-mimic (exosomes overexpressing miR-126-3p) or Exo-inhibitor (exosomes with 

low level of miR-126-3p) in the presence and absence of Epi. The results showed no 

significant effects of Epi and Exo-mimic on RP and APA (Figure 25A-C). Interestingly, 

the Exo-mimic but not Exo-inhibitor mimicked Epi-effects on Vmax, APD50 and 

APD90 (Figure 25A, 25D, 25F-G). These data indicated that miRNA-126-3p could 

contribute to effects of Epi on electrophysiological properties of hiPSC-CMs. 

A 

 

 

 

B                     C              D  

 

 

 

 

 

E                   F                 G  

 

 

 

 

 

-100

-80

-60

-40

-20

0

R
P

(m
V

)

C
tr

E
p
i

E
xo

-m
im

ic
E

xo
-m

im
ic

+
ep

i

E
xo

-i
n
h
ib

it
or

E
xo

-i
n
h
ib

it
or

+
ep

i

C
tr

E
pi

E
xo

-m
im

ic

E
xo

-m
im

ic
+ep

i

E
xo

-in
hib

ito
r

E
xo

-in
hib

ito
r+

ep
i

80

100

120

140

160

A
P

A
(m

V
)

C
tr

E
pi

E
xo

-m
im

ic

E
xo

-m
im

ic
+ep

i

E
xo

-in
hib

ito
r

E
xo

-in
hib

ito
r+

ep
i

0

50

100

150

V
m

a
x

(V
/S

)

*

*
***

*

C
tr

E
pi

E
xo

-m
im

ic

E
xo

-m
im

ic
+ep

i

E
xo

-in
hib

ito
r

E
xo

-in
hib

ito
r+

ep
i

0

200

400

600

A
P

D
5
0

(m
s)

**
***

*
*

C
tr

E
pi

E
xo

-m
im

ic

E
xo

-m
im

ic
+ep

i

E
xo

-in
hib

ito
r

E
xo

-in
hib

ito
r+

ep
i

0

100

200

300

A
P

D
1
0

(m
s)

* *



78 

Figure 25. Exosomes secreted by endothelial cells overexpressing miR-126-3p 

mimicked the effects of epinephrine on action potential of hiPSC-CMs. hiPSC-CMs 

were treated with vehicle (Ctr) or 500 µM epinephrine (Epi) or exosomes from HCMECs transfected 

by miR-126-3p mimic (Exo-mimic), or Exo-mimic plus Epi (Exo-mimic+epi), or exosomes from 

HCMECs transfected with miR-126-3p inhibitor (Exo-inhibitor), or Exo-miR-126-3p inhibitor plus 

Epi (Exo-inhibitor+epi), respectively. Patch clamp whole cell recording techniques were used to 

measure action potentials (AP). (A) Representative traces of AP recorded in hiPSC-CMs in indicated 

groups. (B) Mean values of resting potential (RP) in indicated groups. (C) Mean values of amplitude 

of action potential (APA) in indicated groups. (D) Mean values of maximal depolarization velocity 

(Vmax) in indicated groups. (E) Mean values of action potential duration at 10% repolarization 

(APD10) in indicated groups. (F) Mean values of action potential duration at 50% repolarization 

(APD50) in indicated groups. (G) Mean values of action potential duration at 90% repolarization 

(APD90) in indicated groups. Data are presented as means ± SD. Scatter plots show the value of 

every measured cell. *P < 0.05, **P < 0.01, ***P < 0.001 determined by one-way ANOVA with 

Holm-Sidak post-hoc test. 

 

 4.12 Exosomes secreted by endothelial cells overexpressing miR-126-

3p increased arrhythmia-like events of hiPSC-CMs 

Since exosomes secreted by HCMECs overexpressing miR-126-3p (Exo-mimic) 

prolonged the APD, we performed calcium transient experiments to detect the 

arrhythmia-like events of hiPSC-CMs treated with Epi (500 μM, 1 h), Exo-mimic or 

Exo-inhibitor in the presence and absence of Epi. In spontaneously beating hiPSC-CMs, 

Exo-mimic not only mimicked but also further significantly enhanced Epi-effects on 

beating intervals and the occurrence of arrhythmia-like events in hiPSC-CMs (Figure 

26A-C). Exo-inhibitor significantly reduced Epi-effects (Figure 26A-C). These data 

suggested that exosomes derived from endothelial cells could induce arrhythmia events 

via miR-126-3p.   
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Figure 26. Exosomes derived from HCMECs could induce arrhythmia events of 

hiPSC-CMs via miR-126-3p. hiPSC-CMs were treated with vehicle (Ctr) or 500 µM 

epinephrine (Epi) or exosomes from HCMECs transfected with miR-126-3p mimic (Exo-mimic), 

or Exo-miR-126-3p mimic plus Epi (Exo-mimic+epi), or exosomes from HCMECs transfected with 

miR-126-3p inhibitor (Exo-inhibitor), or Exo-miR-126-3p inhibitor plus Epi (Exo-inhibitor+epi), 

respectively. (A) Calcium transient traces obtained in spontaneously beating hiPS-CMs of indicated 

groups. Arrows indicate EAD- or DAD-like events. (B) Standard deviation (SD) of beat intervals in 

indicated groups. (C) The percentage of hiPSC-CMs showing arrhythmia events in indicated groups. 

Scatter plots show the value of every measured cell. Numbers given in C represent number of cells 

showing arrhythmic events/total number of measured cells. *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001 determined by one-way ANOVA with Holm-Sidak post-hoc test (B) or Fisher-test 

(C). 

 

Next, we evaluated the effects of exosomes derived from HCMECs overexpressing 

miR-126-3p on single cell contractions of hiPSC-CMs. In spontaneously beating 

hiPSC-CMs, Exo-mimic further reduced beat frequency, increased the numbers of 

hiPSC-CMs showing arrhythmia events, increased SD of beat intervals of hiPSC-CMs 

(Figure 27A-D). By contrary, Exo-inhibitor significantly improved beats of hiPSC-
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CMs, reduced Epi-induced arrhythmia events in hiPSC-CMs, and reduced SD of beat 

intervals (Figure 27A-D). The results in single cell contraction measurements are 

similar to the abovementioned results in calcium transient measurements, confirming 

that exosomes secreted by endothelial cells can alter the beat rhythm of cardiomyocytes 

via miR-126-3p. 

A    Ctr             Epi             B   
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Figure 27. Effects of exosomes overexpressing miR-126-3p on single cell contractions of 

hiPSC-CMs. hiPSC-CMs were treated with vehicle (Ctr) or 500 µM epinephrine (Epi) or exosomes 

from HCMECs transfected by miR-126-3p mimic (Exo-mimic), or Exo-miR-126-3p mimic plus 

Epi (Exo-mimic+epi), or exosomes from HCMECs transfected by miR-126-3p inhibitor (Exo-

inhibitor), or Exo-miR-126-3p inhibitor plus Epi (Exo-inhibitor+epi), respectively. Single cell 

contraction measurements were performed. (A) Contraction traces of single hiPSC-CMs in 

indicated groups. Arrows indicate EAD- or DAD-like events. (B) The effects of Exo derived from 

HCMECs transfected with miR-126-3p mimic or inhibitor on beat frequency. (C) The percentage 
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of hiPSC-CMs showing arrhythmia events. (D) SD of beat intervals in indicated groups. Results are 

presented as means ± SD. Scatter plots show the value of every measured cell. Numbers given in C 

represent number of cells showing arrhythmic events/total number of measured cells. *P < 0.05, 

**P < 0.01, ***P < 0.001 determined by one-way ANOVA with Holm-Sidak post-hoc test (B, D) 

or Fisher-test (C). N.S., no significance. 

 

4.13 The endothelial exosome overexpressing miR-126-3p affected ion 

channel expression in hiPSC-CMs  

To investigate the mechanisms by which exosomes derived from HCMECs 

transfected with miR-126-3p affected the AP and arrhythmia events, we measured the 

mRNA expression of ion channels which are related to the alteration of action potential 

of hiPSC-CMs. Exo-mimic increased CACNA1C, SCN10A, and SLC8A1 mRNA 

levels compared with exosomes derived from HCMECs without transfection (Exo-ctr) 

or transfected with Exo-NC, while exosomes secreted by HCMECs transfected with 

miR-126-3p inhibitor (Exo-inhibitor) reduced the mRNA expression of CACNA1C, 

SCN10A, and SLC8A1 compared with Exo-ctr and Exo-NC (Figure 28A-C). The 

mRNA expression levels of SCN5A, KCND3, KCNH2, and KCNQ1 were decreased 

by Exo-mimic compared with Exo-ctr and Exo-NC (Figure 28D-F). But there was no 

significant difference in gene expression of KCNQ1 among Exo-ctr, Exo-mimic, Exo-

inhibitor, Exo-NC groups. The detected changes of ion channel expression levels in 

hiPSC-CMs caused by exosomes overexpressing miR-126-3p are consistent with 

changes of ion channel expression (Figure 17) and currents (Figure 18-23) caused by 

exosomes from HCMECs challenged by Epi (Epi-exo). Thus, miR-126-3p probably 

mediated the observed effects of endothelial exosomes on the ion channel function in 

hiPSC-CMs. 

 

 

 

 



82 

A                   B                 C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Effects of exosomes derived from HCMECs transfected with miR-126-

3p on ion channel expression in hiPSC-CMs. hiPSC-CMs were treated with exosomes 

from HCMECs transfected with vehicle (Exo-ctr) or miR-126-3p mimic (Exo-mimic) or miR-126-

3p inhibitor (Exo-inhibitor) or miR-126-3p inhibitor negative control (Exo-NC), respectively. qPCR 

was performed to measure gene expression. (A) The mRNA expression of CACNA1C in hiPSC-

CMs of indicated groups. (B) The mRNA expression of SCN10A in hiPSC-CMs of indicated groups. 

(C) The mRNA expression of SLC8A1 in hiPSC-CMs of indicated groups. (D) The mRNA 

expression of SCN5A in hiPSC-CMs of indicated groups. (E) The mRNA expression of KCND3 in 

hiPSC-CMs of indicated groups. (F) The mRNA expression of KCNH2 in hiPSC-CMs of indicated 

groups. (G) The mRNA expression of KCNQ1 in hiPSC-CMs of indicated groups. Results are 

presented as means ± SD (n=3 for each group).  *P < 0.05, **P < 0.01, ***P < 0.001 determined 

by one-way ANOVA with Holm-Sidak post-hoc test. N.S., no significance. 
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4.14 RGS3 is targeted by miR-126-3p in hiPSC-CMs  

To further explore possible mechanisms underlying miR-126-3p effects, we tried to 

find out possible targets of miR-126-3p. Using TargetScan and miRDB 

(https://www.targetscan.org/vert_80/ and https://mirdb.org/), RGS3 was identified as a 

potential target for miR-126-3p (Figure 29A). miR-126-3p was detected to have a 

specific binding region for RGS3 within its 3’-UTR. To demonstrate that miR-126-3p 

can regulate RGS3 by binding to the predicted target site in the 3’ UTR, a dual luciferase 

reporter gene assay was performed in HEK293T cells. Overexpression of miR-126-3p 

inhibited the luciferase activity of 3’ UTR of RGS3-wild-type (WT) (Figure 29A and 

B). However, miR-126-3p showed no significant effect on the luciferase activity of 3’-

UTR RGS3 mutant (RGS3 MT) (Figure 29A and B), indicating that RGS3 is a target 

of miR-126-3p. Western blot and qPCR analysis showed that miR-126-3p mimic 

reduced the gene expression and protein level of RGS3 in RGS3 WT group (Figure 

29C-E).  
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Figure 29. miR-126-3p targeted RGS3 in HEK293T cells. (A) Predicted miR-126-3p target 

N
C

+R
G

S3 
W

T
 

m
im

ic
+R

G
S3 

W
T
 

N
C

+R
G

S3 
M

T

m
im

ic
+R

G
S3 

M
T
 

0.0

0.5

1.0

1.5

R
en

il
la

/F
ir

ef
ly

****

N
C

+R
G

S3 
W

T

m
im

ic
+R

G
S3 

W
T

N
C

+R
G

S3 
M

T

m
im

ic
+R

G
S3 

M
T

0.0

0.5

1.0

1.5

R
el

a
ti

v
e 

R
G

S
3

 m
R

N
A

 e
x

p
re

ss
io

n

(F
o
ld

 c
h

a
n

g
e)

**

N
C

+R
G

S3 
W

T

m
im

ic
+R

G
S3 

 W
T

N
C

+R
G

S3 
M

T

m
im

ic
+R

G
S3 

M
T

0.0

0.5

1.0

1.5

R
G

S
3
/G

A
P

D
H

(F
o
ld

 c
h

a
n

g
e)

*

https://www.targetscan.org/vert_80/
https://mirdb.org/


84 

sequence in RGS3-3’ UTRs by TargetScan and miRDB 

(https://www.targetscan.org/vert_80/ and https://mirdb.org/ ). Predicted target sequences of 

RGS3-3’UTRs were mutated for examining the change of binding to miR-126-3p. (B) Luciferase 

reporter assay of HEK293T cells transfected with RGS3-3’ UTR-WT (RGS3 WT) or RGS3-3’ UTR-

mutant (RGS3 MT) together with miR-126-3p NC or miR-126-3p mimic. (C) The real time qPCR 

analysis of HEK293T cells transfected with RGS3 WT or RGS3 MT together with miR-126-3p NC 

or miR-126-3p mimic. (D)-(E) Representative (D) and mean values (E) of western blot analyses of 

RGS3 protein level in HEK293T cells transfected with RGS3WT or RGS3 MT together with miR-

126-3p NC or miR-126-3p mimic. Results are presented as means ± SD (n=4 in each group in B, 

n=3 in each group in C and E). *P < 0.05, **P < 0.01, ****P < 0.0001 determined by one-way 

ANOVA with Holm-Sidak post-hoc test. 

 

Next, qPCR and western blot analysis were employed to determine effects of 

miR126-3p on the mRNA and protein expression of RGS3 in HCMECs and hiPSC-

CMs. The expression of RGS3 gene was decreased when HCMECs were treated with 

miR-126-3p mimic, whereas the mRNA level in HCMECs treated with miR-126-3p 

inhibitor was upregulated (Figure 30A). hiPSC-CMs treated with exosomes derived 

from HCMECs transfected with miR-126-3p mimic showed also a decrease in RGS3 

gene expression (Figure 30B). The mRNA level of RGS3 was significantly increased 

in hiPSC-CMs treated with exosomes derived from HCMECs transfected with miR-

126-3p inhibitor (Figure 30B).  

 

At the protein level, miR-126-3p mimic downregulated RGS3 expression in 

HCMECs, whereas the miR-126-3p inhibitor upregulated it (Figure 30C). hiPSC-CMs 

treated with exosomes derived from HCMECs transfected with miR-126-3p mimic 

showed a decrease in RGS3 protein expression compared with that of Exo-NC group 

and Exo-ctr (Figure 30D). All the data confirmed that RGS3 is the target of miR-126-

3p. However, Exo-mimic or Exo-inhibitor did not affect Gs (GNAS) protein expression 

(Figure 30E). 

https://www.targetscan.org/vert_80/
https://mirdb.org/


85 

A                         B                   

 

 

 

 

C 

 

 

 

D                                        E   

 

 

 

 

Figure 30. miR-126-3p targeted RGS3 in HCMECs and hiPSC-CMs. HCMECs were 

transfected with vehicle (Ctr), or miR-126-3p mimic (mimic), or miR-126-3p inhibitor (inhibitor), 

or miR-126-3p negative control (NC), respectively. hiPSC-CMs were treated for 48 h with 

exosomes from HCMECs transfected with vehicle (Exo-ctr) or miR-126-3p mimic (Exo-mimic) or 

miR-126-3p inhibitor (Exo-inhibitor) or miR-126-3p negative control (Exo-NC), respectively. The 

RGS3 or Gs expression was measured. (A) The relative mRNA expression of RGS3 detected by 

qPCR in HCMECs transfected with vehicle or miR-126-3p mimic or miR-126-3p inhibitor or miR-

126-3p NC. (B) qPCR analysis of RGS3 mRNA level in hiPSC-CMs treated with Exo-ctr, Exo- 

mimic or Exo-inhibitor or Exo-NC. (C) Representative bands (left panel) and mean values (right 

panel) of western blot analyzed RGS3 protein levels in HCMECs treated with miR-126-3p mimic 

or miR-126-3p inhibitor or miR-126-3p NC. (D) Representative bands (left panel) and mean values 

(right panel) of RGS3 protein expression in hiPSC-CMs treated with Exo-ctr, Exo-mimic or Exo- 
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inhibitor or Exo-NC measured by Western blot. (E) Gs (GNAS) protein expression in hiPSC-CMs 

treated with Exo-ctr, Exo-mimic or Exo-inhibitor or Exo-NC measured by Western blot. Results are 

presented as means ± SD. Scatter plots show the value of every experiment. *P < 0.05, **P < 0.01, 

***P < 0.001, ****P < 0.0001 determined by one-way ANOVA with Holm-Sidak post-hoc test. 

N.S., no significance. 

 

5 DISCUSSION 

5.1 Novelty of the study 

To date, no study has investigated the roles of Ang II in the pathogenesis of TTS. Our 

study demonstrates for the first time that catecholamine induced Ang II production in 

HCMECs, which contributed to endothelial dysfunction by regulating SK4 channel and 

ROS production. The novel findings in present study are: (1) Epi facilitated Ang II 

release in HCMECs, (2) Ang II elevated ET-1 production and reduced NO generation 

via inhibiting SK4 channel current, (3) Ang II suppressed SK4 channel current through 

down-regulating PKA and increasing ROS, (4) SK4 inhibition contributed to 

endothelial dysfunction caused by Epi/Ang II. Given that endothelial dysfunction is a 

well-known feature in TTS, this study has provided experimental evidences showing 

that Ang II signaling can contribute to pathogenesis of TTS. 

 

In addition, to our knowledge, this is the first study to use HCMECs and hiPSC-CMs 

to demonstrate the roles and mechanisms of exosomal miRNAs for the ion channel 

dysfunction in TTS. The second part of novel findings in this study contains: (1) 

Exosomes secreted by endothelial cells could be taken up by hiPSC-CMs; (2) 

Exosomes secreted by endothelial cells could reverse APD prolonged by high 

concentration of catecholamines; (3) Exosomes secreted by endothelial cells could 

attenuate arrhythmias triggered by high concentration of catecholamines; (4) Exosomes 

derived from endothelial cells could attenuate ion channel dysfunction induced by high 

concentration of catecholamines. (5) Exosomes derived from dysfunctional 

(epinephrine-challenged) endothelial cells mimicked the effects of high concentration 
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of catecholamines on ion channels in cardiomyocytes. (6) Exosome secreted from 

endothelial cells regulated ion channels of cardiomyocytes by exosomal miR-126-3p. 

(7) miR-126-3p affected cardiac ion channel function by targeting RGS3. These results 

may provide novel insight into the connection between endothelial dysfunction and 

TTS pathogenesis. 

 

5.2 Roles and mechanisms of Ang II/SK4 related endothelial 

dysfunction in the pathogenesis of TTS 

Patients with TTS had a significant increase in endothelial dysfunction compared to 

matched controls [159]. Martin et al. found that patients diagnosed with TTS 6 months 

later had a worsening endothelial function in response to stress compared to post-

myocardial infarction controls [55]. Endothelial dysfunction is characterized by an 

imbalance between vasoconstricting and vasodilating factors [160], which is considered 

one of the pathophysiological mechanisms of some cardiac disorders. Furthermore, 

catecholamine-induced senescence of endothelial cells plays a pivotal role in the 

progression of heart failure [161]. Several methods have been applied to estimate 

endothelial function. One of them is to measure NO level and ET-1 level and observe 

changes of the vasodilation and vasoconstriction following a stimulus [162,163]. When 

the ability of the endothelial cells to release NO is reduced, endothelial dysfunction 

ensues [164], and vasoconstriction can be facilitated. Our study revealed that high 

concentration Epi significantly stimulated ET-1 release and reduced NO level in the 

supernatant of HCMECs, indicating that high level catecholamine may cause 

endothelial dysfunction. It was shown that Ang II increased Epi level in perfused 

chromaffin cells [165]. However, few papers reported the effects of Epi on Ang II level 

in endothelial cells. We detected in the present study that Epi significantly elevated Ang 

II level in HCMECs, implying that Ang II may contribute to toxic effects of 

catecholamine excess.  

 

Previous studies have demonstrated that Ang II decreased NO production in 
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endothelial cells, increased ET-1 level, and promoted the production of ROS by 

inducing multiple downstream pathways in endothelial cells [166-168], but the 

underlying mechanisms have not been clarified. The effects of Ang II leading to 

endothelial dysfunction are reported to be mediated by the AT1 receptor subtype 

[169,170]. We found that Ang II regulated ET-1 level by both AT1R and AT2R, and that 

Ang II decreased NO production by activating AT2R, suggesting that AT2R is also 

important for Ang II-induced endothelial dysfunction. More important and interesting 

findings in the present study are that NS309 reversed and Tram-34 mimicked Ang II-

induced increase in ET-1 and decrease in NO generation in HCMECs, indicating that 

SK4 channel may exert a crucial role in endothelial dysfunction (the ET-1/NO 

imbalance) induced by Ang II. 

 

Endothelial nitric oxide synthase (eNOS), also called nitric oxide synthase 3 (NOS3), 

is an enzyme encoded by the NOS3 gene. Literature reports concerning the effect of 

Ang II on NOS3 expression in endothelial cells are controversial. Zheng et al. reported 

that Ang II increased eNOS protein expression but not NOS3 mRNA level in ovine 

fetoplacental artery endothelial (OFPAE) cells [171]. Some studies demonstrated that 

Ang II treatment could decrease eNOS activity and total level of NO in HUVECs [172]. 

The primary function of eNOS is NO production [172]. In our study, we demonstrated 

that Ang II decreased NO level by reducing NOS3 gene expression. Considering that 

the NO-reduction induced by Ang II contained SK4 channel effects, it could be possible 

that the SK4 channel inhibition, which may change cell membrane potential, changed 

the NOS3 expression level and hence reduced NO generation. 

 

It was reported that Ang II increased apoptosis rate, reduced tube formation by 

Nox2/Nox4 upregulation elevating ROS production, and impaired mitochondrial 

function [173,174]. In our study, we observed similar results. However, the study added 

new data showing that the Ang II-induced apoptosis and tube formation involved roles 

of SK4 channels. Here a question is how SK4 channel can contribute to endothelial tube 

formation and apoptosis. Ang II inhibited ISK4 and led to a depolarization of cell 

https://en.wikipedia.org/wiki/Enzyme
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membrane potential. Therefore, we checked whether a depolarization can contribute to 

the cell apoptosis caused by Ang II. Indeed, a depolarizing high concentration (10 mM) 

of KCl in culture medium increased cell apoptosis, similar to effect of Ang II. This may 

help us understand how SK4 inhibition by Ang II can contribute to endothelial 

dysfunction, including ET-1/NO imbalance, abnormal tube formation and abnormal 

ATP level as well as apoptosis. It is well-know that membrane potential is important for 

maintaining cell functions. Any change in membrane potential may change cell 

functions. For example, a depolarization of endothelial cells can reduce the driving 

force for influx of positively charged ions like Na+, Ca2+, etc., which may be important 

for some intracellular signaling, and hence can influence cell functions. For clarifying 

more exactly the mechanism for alterations in HCMECs caused by the depolarization, 

further studies are required. 

 

The abundant formation of ROS within the vascular wall is a key determinant in 

endothelial dysfunction [64,175]. Ang II can increase the production of ROS by 

regulating the activity of nicotinamide adenine dinucleotide phosphate oxidase (NOX) 

[172,176,177]. We observed also an increase in ROS production of HCMECs 

stimulated by Ang II and proved that Ang II-induced ROS can participate in the 

inhibition of SK4 current. Consistent with previous studies which showed that Ang II 

can reduce MMP in ECs [178], our data confirmed that Ang II can decrease MMP and 

inhibit ATP production. Given that damages of the mitochondria can lead to cell 

apoptosis [179], we tested the effects of Ang II on Bcl2, Bax, cleaved caspase 3, and 

BAD expression and observed changes, which are consistent with enhancement of 

apoptosis. Importantly, our data displayed that the change of SK channel function and 

cell membrane depolarization were involved in Ang II-induced apoptosis in HCMECs.  

 

Previous studies demonstrated that the increased stress hormone release, formation 

of oxidative stress, and activation of inflammatory pathways subsequently led to 

vascular/endothelial dysfunction [180]. Previous studies also reported that Ang II 

induced CRP generation in human aortic endothelial cells (HAECs), increased TNF-α 
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secretions in HAECs [181,182]. Our results confirmed that the Ang II can increase CRP 

and TNF-α expression, which can be prevented by Los. In addition, we also 

demonstrated that both Los and PD reduced Ang II-induced CCL2 gene expression, 

implying that both ATR1 and ATR2 blockers may be helpful for relieving Ang II-

induced inflammation reaction. Whether SK4 channel is important for Ang II-induced 

inflammatory reaction needs to be explored in future studies. Another mechanism for 

Ang II-induced inhibition of SK4 is the downregulation of PKA. It was shown that SK4 

channel could be activated by PKA [183], in agreement with the result from this study, 

showing an enhancement of ISK4 by a PKA activator (Sp-8-Br-cAMPS). Ang II can 

reduce PKA expression and hence reduce ISK4. The mechanism by which Ang II reduces 

PKA expression remains to be clarified in the future. 

 

The inhibition of ISK4 can cause a depolarization of membrane potential in endothelial. 

The depolarization in endothelial cell can be transmitted to smooth muscle through 

myoendothelial gap junctions connecting the endothelial and smooth muscle cells 

[126,184]. It implies that the depolarization in endothelial cells can lead to a 

depolarization of smooth muscle cells via gap junctions. The depolarization in smooth 

muscle cells can activate L-type calcium channels, increase the inward calcium current 

and increase calcium release through calcium-induced calcium release mechanism, and 

in turn cause contraction of smooth muscle cells. Taking this together with the results 

showing the involvements of ISK4 in the generation of ET-1 and NO, we can expect that 

the inhibition of SK4 channel can contribute to catecholamine induced blood vessel 

contraction through at least two mechanisms, i.e., a depolarization of smooth muscle 

and an ET-1/NO imbalance. The contraction of coronary artery can reduce blood flow 

and cause ischemic changes in cardiomyocytes and ECG, which are usually detected in 

TTS patients. In addition, SK4 channels can also contribute to other process of 

endothelial dysfunction like apoptosis or inflammatory process or energy metabolism 

(ATP production), which may also influence the blood vessel contraction.  
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Given that the area of dysfunctional cardiomyocytes in TTS is usually beyond the 

area covered by a single coronary artery, it is possible that the endothelial dysfunction 

can exert effects on cardiomyocytes through a mechanism other than reduction of blood 

flow, for example through endothelial secretions, which can affect cardiomyocytes. 

 

5.3 Roles and mechanism of endothelial exosomes in the pathogenesis 

of TTS  

TTS is characterized by acute myocardial dysfunction of the left and/or right 

ventricle. The common complications of TTS include heart failure, rupture of the left 

ventricular free wall and fatal arrhythmias. The incidence of life-threatening 

arrhythmias in TTS patients was 6.29% [185,186]. Ventricular arrhythmias (VA) in TTS 

patients, which has largely been underestimated for many years, are an important 

contributor to increased morbidity and mortality and are currently a treatment challenge 

[187,188]. TTS cases are often associated with cardiac arrhythmias such as ventricular 

tachycardia, ventricular fibrillation, and atrioventricular nodal block [187,189]. 

Catecholamines released by adrenal medullary chromaffin cells surge during the acute 

phase of TTS, leading to myocardial injury through multiple mechanisms. So far, the 

exact mechanism has not been fully elucidated. In our study, high concentrations of Epi 

induced arrhythmia-like events in single cardiomyocytes, which is consistent with the 

important clinical feature of TTS. Cardiac arrhythmias are often linked to dysfunction 

of the cardiac ion channels. Thus, we observed that high concentrations of Epi lead to 

changes in AP by affecting ion channel currents, such as ICa-L, INa, INa-L, INCX, IKr, and 

Ito.  

 

The cross-talk between cardiomyocytes and endothelial cells is essential for 

maintaining the normal development and function of the heart. Mechanisms regulating 

endothelial cell-cardiomyocyte crosstalk, especially during acute stress situations, are 

poorly understood. Exosomes, which can be generated by different kinds of cells, can 

mediate cross-talk between different cells. Exosomes may play an important role in 
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mediating cell-to-cell communication in the heart by regulating the activity and 

functions of target cells under physiological and pathological conditions. Importantly, 

cardiac-specific exosomal miRNAs can regulate the expression of sarcomeric genes, 

autophagy, ion channel genes, anti-apoptotic and anti-fibrotic activities, and 

angiogenesis [190]. Exosomes derived from adipose-derived mesenchymal stem cells 

(MSC) suppressed cardiac apoptosis, cardiac dysfunction, inflammatory responses, and 

cardiac fibrosis by activating S1P/SK1/S1PR1 signaling and inducing macrophage M2 

polarization [191]. Exosomes can transmit signals to target cells through direct binding 

of their transmembrane ligands, fusion with target cells, or endocytosis by receptor cells 

[192-195]. Currently, it was shown that exosomes derived from MSCs increased 

contractility in human engineered cardiac tissue (hECT) comprised of human 

embryonic stem cell-derived cardiomyocytes [196]. In addition, hMSC paracrine 

signaling can modulate ion channel/pump activity of cardiomyocytes, enhance 

excitation-contraction coupling and reduce cardiac fibrosis [197-199]. In our study, 

exosomes derived from non-Epi-challenged HCMECs reversed Epi-induced cardiac 

ion channel dysfunction and arrhythmias by affecting ion channel activity, suggesting 

that exosomes secreted from endothelial cells contributes to modulation of cardiac ion 

channel functions.  

 

Endothelial cells can maintain the cardiac homeostasis by secreting a variety of 

biologically active substances, and play an important role in maintaining normal heart 

function and repairing injury. Although clinical features in TTS patients are transient, 

the endothelial stimulation persists even in an apparent quiescent phase of TTS 

[35,57,61,200]. However, the exact mechanism of how cardiomyocyte function is 

affected by endothelial dysfunction remains obscure. Our study demonstrated that 

exosomes derived from dysfunctional (Epi-challenged) endothelial cells mimicked or 

further aggravated Epi-induced ion channel dysfunction and arrhythmias of 

cardiomyocytes by affecting expression and currents of ion channels on the cell 

membrane of cardiomyocytes. The normal rhythm of the heart is maintained by normal 

electrophysiological properties of different transmembrane ion channels in 
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cardiomyocytes [201]. Exosomes can exert the function of cellular communication via 

three mechanisms such as internalization by cells, direct fusion to the cell membrane, 

and receptor-ligand interactions. In this study, exosomes derived from HCMECs could 

be taken up by hiPSC-CMs. Therefore, it is possible to apply exosomes isolated from 

HCMECs to hiPSC-CMs for elucidating how endothelial cell-derived exosomes can 

regulate the ion channel function in cardiomyocytes in the setting of TTS.   

 

Cardiac exosomes can transmit proteins, mRNA, and miRNAs to other cells under 

both physiological and pathological conditions. Cardiac-specific exosome miRNAs can 

regulate the expression of ion channel genes and transfer genetic information between 

cells. It was demonstrated that miRNAs, which are 22 to 25 nucleotides in length, 

suppressed and degraded mRNAs, or alternatively stimulated translation of mRNAs by 

binding to the 3’-UTR of their target mRNAs [103,202]. miRNAs have been 

extensively studied in the pathogenesis of cardiovascular disease. miR-133a-3p induced 

repolarization abnormalities and significantly increased ICa-L in atrial cardiomyocytes 

[203]. In addition, miR-1 affected both repolarization and depolarization phases of the 

cardiac action potential by inhibiting the expression of the KCNJ2 gene and modulating 

the expression of CaV1.2 (CACNA1C) gene which is involved in myocardial 

depolarization, action potential duration and excitation-contraction coupling [204-208]. 

Of note, circulating miRNAs, such as miR-1, miR-133a, miR-16, and miR-26a, are 

used to diagnose acute TTS and even distinguish TTS from acute MI [65]. Moreover, 

miR-16 and miR-26a reduced calcium transient amplitude, and decreased ICa-L at the 

apex of cardiomyocytes [157]. In our study, the expression of miR-16, miR-26a, miR-

133a, miR-126-3p in exosomes derived from HCMEC treated by Epi was higher than 

that in exosomes from normal (non-Epi-challenged) HCMECs, suggesting that these 

miRNAs may mediate the observed exosome effects and may play a crucial role in the 

process of TTS. Given that miR-16, miR-26a and miR-133a but not miR-126-3p have 

been shown to be related to TTS, we focused on miR126-3p in the current study. 

  

Exosomes derived from HCMECs overexpressing miR-126-3p (Exo-mimic) 
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displayed effects on APs similar to Epi effects, showing that Exo-mimic reduced Vmax 

and prolonged APD, as Epi did. Moreover, Exo-mimic promotes arrhythmic events, 

suggesting that miR-126-3p may play a role in arrhythmogenesis in TTS. Exo-mimic 

simulated Epi effects on the gene expression of CACNA1C, SCN10A, SLC8A1, 

SCN5A, KCND3, KCNH2, and KCNQ1. These data indicate that miR-126-3p is 

involved in catecholamine induced ion channel dysfunction and arrhythmias. 

    

miR-126 is highly expressed in endothelial cells [209]. miR-126-3p was correlated 

with AF, heart failure and childhood dilated cardiomyopathy (CDCM) [210,211]. So 

far, how miR-126-3p regulate the contractile function and electrophysiological 

properties of cardiomyocytes is poorly understood. Overexpressing miR-126-3p in the 

human saphenous vein endothelial cells led to increased migration and proliferation by 

silencing SPRED1 and PiK3R2 [212]. Moreover, miR‑126‑3p inhibited the 

proliferation, migration, invasion, and angiogenesis of triple‑negative breast cancer 

cells by targeting RGS3 [213]. RGS3, a GTPase-activating protein, is a negative 

regulator of G protein-mediated signaling. Upregulation of RGS3 inhibits maladaptive 

hypertrophy and fibrosis to improves cardiac function by blocking MEK-ERK1/2 

signaling [214]. An alternatively spliced short RGS3 isoform (RGS3s) significantly 

reduced the maximal ACh-evoked G protein-gated inwardly rectifying K+ (GIRK) 

channel current amplitude [215]. In this study, our results demonstrated that miR-126-

3p regulates the electrophysiological properties of cardiomyocytes by directly binding 

RGS3 gene and inhibiting RGS3 expression. The downregulation of RGS3 by miR-

126-3p could enhance the activity of Gs-protein although miR-126-3p did not change 

the expression level of Gs. Hence, miR-126-3p could mimic or enhance Epi effects on 

cardiac ion channels via suppressing RGS3 expression. 

 

Another interesting finding in this study is that exosomes from HCMECs with and 

without Epi-challenge exerted differential effects on hiPSC-CMs. Exosomes from 

HCMECs without Epi-challenge (Wt-exo) attenuated Epi-effects on ion channel 

currents, APs and beating rhythm of hiPSC-CMs, whereas exosomes from Epi-
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challenged HCMECs (Epi-exo) mimicked or even further enhanced Epi-effects. The 

former suggests a protective effect of exosomes against toxic effects of catecholamine 

excess, and the later suggests an aggravating effect of exosomes in catecholamine 

excess. Since Epi increased the expression level of miR-126-3p in HCMECs and 

exosomes from HCMECs, and more importantly, exosomes overexpressing miR-126-

3p (by transfecting HCMECs with miR-126-3p-mimic) could mimic Epi-effects, miR-

126-3p should be at least one of factors responsible for the aggravating effects of 

exosomes from Epi-challenged HCMECs on ion channel function and arrhythmic 

events in the presence of Epi. Therefore, we can understand it as that under 

physiological conditions, exosomes from endothelial cells may exert effects on 

cardiomyocytes to participate in maintaining normal cardiac function by attenuating 

detrimental effects of catecholamine excess, while under stress miR-126-3p in 

endothelial cells and also in endothelial exosomes is upregulated, and then exerts effects 

mimicking or enhancing toxic effects of catecholamine, contributing to the 

pathogenesis of TTS. Here, which factor is responsible for the beneficial effects of 

exosome from non-Epi-challenged HCMECs is still an open question. Previous studies 

reported protective effects of exosomes or miRNAs in cardiomyocytes [216-218]. In 

this study, the expression of miR-16, miR-26a, miR-133a in HCMECs and exosomes 

derived from HCMECs was also increased by Epi, suggesting that miR-16, miR-26a 

and miR-133a may also contribute to Epi-exo effects and are unlikely the factors 

responsible for the protective effects of Wt-exo. Further studies are needed to explore 

the effects of other factors on endothelial exosomes. 

 

  Taking all together, this study has for the first time investigated and elucidated the 

effects of endothelial cell secretion on cardiac ion channel functions and 

electrophysiological properties as well as underlying mechanisms using HCMECs and 

hiPSC-CMs in the setting of TTS. Our data showed that high concentration of 

catecholamine can increase Ang II release to cause endothelial dysfunction via 

inhibiting SK4 channels. The endothelial dysfunction including ET-1/NO imbalance, 

cell membrane depolarization, inflammatory action, abnormal energy metabolism and 
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apoptosis may cause coronary spasm, leading to cardiomyocyte dysfunction. Besides 

Ang II, endothelial cells can secret exosomes, which can through unknown mechanism 

exert protective effects against catecholamine excess. However, exosomes from 

dysfunctional endothelial cells (in the setting of catecholamine excess) could induce 

ion channel dysfunction in cardiomyocytes, which may contribute to the occurrence of 

arrhythmias in the presence of catecholamine excess. The effects of endothelial 

exosomes may result from the upregulation of exosomal miR-126-3p, which targets 

RGS3 signaling in cardiomyocytes (Figure 31).  

 

Figure 31. Schematic diagram showing possible mechanisms by which 

catecholamine excess causes endothelial dysfunction and endothelial cell secretion 

modulates electrophysiological properties of hiPSC-CMs in the setting of TTS. Epi 

triggers Ang II release and in turn leads endothelial dysfunction (ET-1/NO imbalance), 

leading to vasospasm and then cardiomyocyte dysfunction. On the other hand, Epi can 

upregulate miR-126-3p in endothelial cells and endothelial exosomes, which can be 

delivered to cardiomyocytes and affect cardiac channel function via inhibiting RGS3 

signaling. Exosomes derived from normal endothelial cells may exert protective effect 

against catecholamine excess.   
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5.4 Study limitations 

There are multiple limitations which need to be considered. First, how Epi can 

increase Ang II release from HCMECs and how Epi can upregulate miR126-3p in 

HCMECs have not been clarified. Epi is a non-specific adrenoceptor agonist. Every 

adrenoceptor signaling could be potential candidate for Epi effects, which needs to be 

clarified in future studies. Further investigations are needed to clarify how RGS3 

regulates ion channel function in the setting of TTS. In addition, miR-126-3p may have 

other binding targets affecting electrophysiological properties of hiPSC-CMs. Besides, 

intracellular signaling pathways in immature hiPSC-CMs may be different from that in 

adult human cardiomyocytes. However, due to easy access to large numbers of cells 

and genetic modification to simulate pathological conditions, hiPSC-CMs become the 

most common sources of human cardiomyocytes which were used in vitro studies. 

Finally, whether hiPSC-CMs from TTS patients display results different from that 

obtained in hiPSC-CMs from healthy donors treated with Epi remains unknown. 

 

5.5 Conclusions 

From this study, it can be concluded that endothelial dysfunction may play important 

roles in the pathogenesis of TTS. Catecholamine excess can cause endothelial 

dysfunction through Ang II/ROS/PKA/SK4 signaling. Catecholamine can upregulate 

miR-126-3p in endothelial cells and endothelial exosomes, which can contribute to 

cardiomyocyte dysfunctions in catecholamine excess.  
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6 SUMMARY 

Typical ST-segment changes in ECG of patients with Takotsubo syndrome (TTS) 

suggest coronary spasm and endothelial dysfunction. Although several studies have 

detected endothelial dysfunction in TTS patients, the exact cellular mechanism of 

endothelial dysfunction in the setting of TTS has not been completely elucidated. Since 

the area of dysfunctional cardiomyocytes is usually beyond the area covered by a 

single coronary artery, it is possible that the endothelial dysfunction can exert effects 

on cardiomyocytes through a mechanism other than reduction of blood flow. Therefore, 

we hypothesize that high concentration catecholamine may cause endothelial 

dysfunction and change endothelial secretions, which can contribute to the 

pathogenesis of TTS. To test the hypothesis, the present study was designed to 

investigate the catecholamine excess induced endothelial dysfunction and roles and 

mechanisms of the endothelial dysfunction in cardiomyocyte dysfunction in the setting 

of catecholamine excess.  

 

Epinephrine was applied to human cardiac microvascular endothelial cells (HCMECs) 

or to human induced pluripotent stem cell derived cardiomyocytes (hiPSC-CMs) to 

mimic the setting of catecholamine excess. Endothelial dysfunction was detected by 

measurements of levels of nitric oxide (NO) and endothelin -1(ET-1), tube formation, 

inflammatory factors, mitochondrial function and cell apoptosis in HCMECs. 

Secretions from HCMECs including Ang II and exosomes were measured and isolated, 

and their effects and mechanisms underlying effects were assessed in HCMECS and 

hiPSC-CMs, respectively. Multiple techniques including ELISA, flow cytometry, 

qPCR, patch-clamp, dual luciferase reporter assay and western blotting were 

performed for the study. 

 

Epi increased ET-1 and decreased NO generation in HCMECs. The Epi effects could 

be attenuated by Ang II subtype-1 receptor (AT1R) antagonist losartan (Los) and 

subtype-2 receptor (AT2R) antagonist PD123319 (PD). Epi increased Ang II secretion 
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by HCMECs and Ang II mimicked Epi effects on ET-1 and NO generation, indicating 

that Epi can cause endothelial dysfunction through enhancing Ang II signaling. Ang II 

effects on ET-1/NO generation, tube formation, and apoptosis could be mimicked by 

an SK4 channel blocker Tram-34 and attenuated by an SK4 channel activator NS309, 

suggesting an involvement of SK4 channel function. Patch clamp results showed that 

SK4 channel current was inhibited by Ang II and ROS, but enhanced by PKA activator. 

Ang II could increase ROS generation and suppress PKA expression, which can 

explain the inhibitory effect of Ang II on SK4 channels. 

 

High-concentration Epi suppressed the maximal depolarization velocity (Vmax) 

of action potential, prolonged the action potential duration at 10% repolarization 

(APD10), the action potential duration at 50% repolarization (APD50), and the action 

potential duration at 90% repolarization (APD90), and induced arrhythmic events in 

hiPSC-CMs. Exosomes derived from HCMECs without Epi-treatment (Wt-exo) 

reversed the effects of Epi on action potentials and ion channel currents including L-

type calcium channel current (ICa-L), peak sodium current (INa), the transient outward 

current (Ito), late sodium current (INa-L), the slowly activating delayed rectifier K+ 

current (IKs) and the rapidly activating delayed rectifier K+ current (IKr) and gene 

expression of these ion channels in hiPSC-CMs. Exosomes derived from HCMECs 

treated with epinephrine (Epi-exo) mimicked or further enhanced Epi effects. Epi 

could increase the level of miR-126-3p in HCMECs and exosomes from HCMECs, 

suggesting a contribution of miR-126-3p to Epi-exo effects in hiPSC-CMs. HCMECs 

transfected with miR-126-3p mimic secreted exosome with overexpression (increased 

level) of miR-126-3p. The exosome with overexpression of miR-126-3p mimicked the 

effects of Epi-exo, confirming key roles of miR-126-3p in Epi-exo effects. Dual 

luciferase reporter assay with gene mutation techniques proved a targeting site of 

miRNA-126-3p in G‑protein signaling 3 (RGS3) gene. Western blot and qPCR 

analyses displayed that miR-126-3p mimic could reduce RGS3 expression level in 

both HCMECs and hiPSC-CMs, confirming that miR-126-3p can exert effects by 

inhibiting RGS3 signaling. 
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The study demonstrated that high level catecholamine can increase Ang II release in 

endothelial cells, and Ang II can cause endothelial dysfunction by inhibiting SK4 

channel current via increasing ROS generation and reducing PKA expression. 

Exosomes derived from dysfunctional HCMECs (affected by high level of 

catecholamine) can exert effects on cardiomyocytes and induce cardiac ion channel 

dysfunctions, which may contribute to the occurrence of arrhythmias in presence of 

catecholamine excess. The exosomal miR-126-3p can mediate the endothelial exosome 

effects via targeting RGS3 signaling in cardiomyocytes. This study may provide new 

insights into pathogenesis of TTS. AT1R and AT2R signaling, SK4 channel and miR-

126-3p may be potential targets for preventing or treating TTS. 
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