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Zusammenfassung des wissenschaftlichen Inhalts

(Prof. Dr. Samuel Sossalla)

Vorhoffimmern (VHF) und Herzinsuffizienz treten sehr haufig gemeinsam auf, was zur Verschlechterung der
kardiovaskularen Prognose fiihrt. Wéhrend die Pathophysiologie von VHF im Vorhof gut charakterisiert ist, sind
jedoch die Mechanismen und Effekte von VHF auf die LV Funktion erstaunlicherweise unverstanden. Diese Arbeit
ist die Erstbeschreibung der nachteiligen Effekte von VHF auf die menschliche Herzkammer.

Fur eine translationale Aufklarung wurde LV Herzmuskel von Patienten mit erhaltener LV Funktion mit
Sinusrhythmus (SR) oder frequenzkontrolliertem VHF untersucht. In strukturellen Untersuchungen zeigten sich
keine Unterschiede bezuglich der Fibrose in LV Myokard von Patienten mit SR oder VHF. Jedoch waren
menschliche LV Kardiomyozyten von Patienten mit VHF durch eine gestorte zellulare Ca?*-Homoostase bestehend
aus reduzierten systolischen Ca?*-Transienten gekennzeichnet. Darliber hinaus konnte fir eine prospektive
Validation die Kultivierung humaner Kardiomyozyten und die in vitro Simulation von VHF etabliert werden. Nach
VHF-Simulation zeigten sich vergleichbare Ergebnisse. Fur weitere mechanistische Untersuchungen wurden
humane ventrikulare induzierte pluripotente Stammzell-Kardiomyozyten (iPSC-CM) verwendet. Eine chronische
VHF-Simulation flihrte in iPSC-CM ebenfalls zu einer verringerten systolischen Ca?*-Transienten-Amplitude. Es
zeigte sich, dass die Ca?*-Beladung des sarkoplasmatischen Retikulums nach VHF-Simulation aufgrund eines
erhohten diastolischen Ca?*-Lecks (Verlust aus der Zelle) ursachlich ist. Als Ausloser fir das nachteilige Ca?*/Na*-
Remodeling konnten wir einen erhdhten spéten Na*-Strom detektieren. In molekularen Untersuchungen in
menschlichem LV Myokard zeigte sich vermehrt oxidativer Stress bei Patienten mit VHF. Konsekutiv konnte
aufgeklart werden, dass die Ca?‘/Calmodulin-abhangige Proteinkinase 11dc (CaMKII), welche auch am
maladaptiven Remodeling in der Herzinsuffizienz beteiligt ist, im LV von Patienten mit VHF stérker oxidiert ist, was
zu einer erhéhten CaMKII-Aktivitdt fihrte. Das damit einhergehende molekulare Remodeling konnte die
nachteiligen Veranderungen der Ca?*/Na*-Homoostase in Patienten mit VHF erklaren. Eine Inhibition der CaMKI|
sowie die Reduktion von oxidativem Stress konnten den Phénotyp in iPSC-CM nach VHF-Simulation verhindern
und somit diese Mechanismen kausal bestatigen.

Die vorliegende Arbeit beschreibt erstmalig die nachteiligen Effekte von VHF auf den menschlichen LV. Durch die
Untersuchung von verschieden Patientenkohorten und humanen Modellen sind die Ergebnisse von translationaler
Relevanz und bieten eine mechanistische Erklarung fir die prognoserelevanten Effekte der Rhythmus-
Wiederherstellung in klinischen Studien. Diese Arbeit konnte Arzte und Wissenschaftlicher dazu anregen, VHF
nicht nur als eine Erkrankung des Vorhofs, sondern als eine Erkrankung des gesamten Herzens zu verstehen.
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Effects of Atrial Fibrillation on the Human
Ventricle
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Christoph Brochhausen, Gerd HasenfuB®, Lars S. Maier®, Nazha Hamdani®, Katrin Streckfuss-Bémeke®, Samuel Sossalla

RATIONALE: Atrial fibrillation (AF) and heart failure often coexist, but their interaction is poorly understood. Clinical data indicate
that the arrhythmic component of AF may contribute to left ventricular (LV) dysfunction.

0BJECTIVE: This study investigates the effects and molecular mechanisms of AF on the human LV.

METHODS AND RESULTS: Ventricular myocardium from patients with aortic stenosis and preserved LV function with sinus
rhythm or rate-controlled AF was studied. LV myocardium from patients with sinus rhythm and patients with AF showed
no differences in fibrosis. In functional studies, systolic Ca?* transient amplitude of LV cardiomyocytes was reduced in
patients with AF, while diastolic Ca?* levels and Ca?" transient kinetics were not statistically different. These results were
confirmed in LV cardiomyocytes from nonfailing donors with sinus rhythm or AF. Moreover, normofrequent AF was simulated
in vitro using arrhythmic or rhythmic pacing (both at 60 bpm). After 24 hours of AF-simulation, human LV cardiomyocytes
from nonfailing donors showed an impaired Ca?* transient amplitude. For a standardized investigation of AF-simulation,
human iPSC-cardiomyocytes were tested. Seven days of AF-simulation caused reduced systolic Ca®* transient amplitude
and sarcoplasmic reticulum Ca?" load likely because of an increased diastolic sarcoplasmic reticulum Ca®" leak. Moreover,
cytosolic Na* concentration was elevated and action potential duration was prolonged after AF-simulation. We detected an
increased late Na* current as a potential trigger for the detrimentally altered Ca®/Na*-interplay. Mechanistically, reactive
oxygen species were higher in the LV of patients with AF. CaMKIl (Ca%*/calmodulin-dependent protein kinase 118¢c) was
found to be more oxidized at Met281/282 in the LV of patients with AF leading to an increased CaMKIl activity and
consequent increased RyR2 phosphorylation. CaMKII inhibition and ROS scavenging ameliorated impaired systolic Ca?*
handling after AF-simulation.

CONCLUSIONS: AF causes distinct functional and molecular remodeling of the human LV. This translational study provides
the first mechanistic characterization and the potential negative impact of AF in the absence of tachycardia on the human
ventricle.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: atrial fibrillation ® calcium-calmodulin-dependent protein kinase type 2 ® excitation contraction coupling ® heart failure ® oxidative stress
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Effects of Atrial Fibrillation on the Ventricle

Novelty and Significance

What Is Known?

« Atrial fibrillation (AF) has been broadly investigated in
the atria, but little is known about its effects on the left
ventricle (LV).

* In patients with AF rhythm control therapy is increas-
ingly seen as a better strategy than ventricular rate
control alone.

* However, the effects and mechanisms of nontachy-
cardic AF on the human LV remain unclear.

What New Information Does This Article

Contribute?

* LV cardiomyocytes from patients with preserved
LV function and AF had an impaired cardiomyocyte
excitation-contraction coupling with reduced systolic
Ca?" release.

* In vitro AF-simulation confirmed this detrimental phe-
notype with impaired Ca2?* handling, prolonged action
potentials, and enhanced late Na* current in primary
cultures of human cardiac myocytes and iPSC-car-
diomyocytes. While myocardial fibrosis and apoptosis
remained unchanged, occurrence of reactive oxygen
species was increased in the AF LV.

* We revealed that reactive oxygen species-depen-
dent activation of Ca?*/calmodulin-dependent pro-
tein kinase 116¢c contributes to adverse remodelling
of the AF LV.

AF and LV dysfunction very frequently coexist.
Arrhythmias are known to eventually cause sys-
tolic LV dysfunction. Based on recent clinical tri-
als, treatment strategies for patients with AF are
increasingly focused on rhythm control compared
with rate control therapy. However, the effects of
AF on LV function remain unclear. Our study inves-
tigated the effects of AF on the human ventricle
to provide pathophysiological understanding of the
detrimental interaction between AF and LV func-
tion. This translational investigation included differ-
ent patient cohorts and prospective validations using
isolated adult human cardiomyocytes and human
iPSC-cardiomyocytes. We could demonstrate that
AF by itself in the absence of tachycardia causes
impaired excitation-contraction coupling associated
with increased levels of reactive oxygen species
and CaMKIlI-dependent depression of systolic Ca?*
release. Thus, we provide an explanation for the clini-
cally frequently observed deleterious interaction of
AF and LV function. Besides that, our findings may
provide a mechanistic rationale for the outcomes of
recent clinical trials comparing rhythm and ventricu-
lar rate control. The harmful interaction between AF
and LV function may spur scientists and clinicians to
understand AF as a disease of the entire heart.

Nonstandard Abbreviations and Acronyms

AF atrial fibrillation

AIP autocamtide-2-related inhibitory peptide

AS aortic stenosis

CaMKIl  Ca?/calmodulin-dependent protein
kinase l1d¢

EF ejection fraction

HF heart failure

.. late Na+ current

iPSC-CM  human induced pluripotent stem cell
cardiomyocyte

Lv left ventricular

NAC N-acetylcysteine

NCX Na*-Ca?* exchanger

PLB phospholamban

RYR2 ryanodine-receptor type 2

SERCA2a sarcoplasmic reticulum Ca?* ATPase 2a
SR sinus rhythm

TNT troponin T

2 April 1,2022

HF with reduced ejection fraction and concomitant AF®
Early rhythm control improved cardiovascular outcomes
in patients with AF lasting <1 year as recently demon-
strated in the EAST-AFNET 4 trial.® Also, other previous
trials in patients with AF suggested beneficial effects
of rhythm control therapy on cardiac function and other
functional outcomes.” Even in patients with permanent
AF with narrow QRS complex who were hospitalized for
HF within the last year, ablation of the atrioventricular
junction together with biventricular pacing significantly
reduced mortality® Based on recent clinical evidence
such as the EAST-AFNET 4 trial, treatment strategies
for patients with AF are increasingly focused on rhythm
control therapy.5°

Notably, restoration of sinus rhythm (SR) was shown
to be superior to rate control in achieving contractile ven-
tricular recovery in patients with HF and AR indicating
that the arrhythmic component of AF by itself may impact
LV function and remodeling.’®'" While the mechanisms
of AF have been broadly investigated in the atria, the
effects of AF on ventricular function are poorly under-
stood.2'2'8 Remarkably, even less is known about the
pathophysiological consequences of nontachycardic AF

Circulation Research. 2022;130:00-00. DOI: 10.1161/CIRCRESAHA.121.319718
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with arrhythmic excitation of the human LV, despite being
a very frequent scenario in daily clinical practice.

Clinical data reported adverse hemodynamic effects
upon irregular pacing,' altered myocardial perfusion,'®
or an increase in sympathetic nerve activity in patients
with AR'® However, appropriate models suitable for
studying mechanistic effects of arrhythmic ventricular
excitation are scarce as in vivo models are limited by
artificial pacing, while in vitro investigation of human
tissue is challenging. Studies in neonatal rat cardio-
myocytes suggested that irregular pacing of isolated
cardiomyocytes can result in elevated oxidative stress,'”
induction of profibrotic pathways'” and disturbed Ca?*
homeostasis.’®

As rate control has often been regarded equivalent
to rhythm control, it is of utmost clinical importance to
understand the effects of arrhythmia per se on LV func-
tion. Therefore, we investigated the effects of AF on ven-
tricular function utilizing human ventricular myocardium
from patients with rate-controlled AF or SR with pre-
served LV function. Moreover, to prospectively investigate
the effects of an arrhythmic cardiomyocyte excitation in a
standardized manner, we studied chronically paced adult
human cardiomyocytes as well as human induced plu-
ripotent stem cell cardiomyocytes (iPSC-CMs).

METHODS

Patients

All procedures were performed according to the Declaration
of Helsinki and were approved by the local ethics commit-
tee of the University of Regensburg (ref. no 20-1776-101),
University of Géttingen (ref. no 10/9/15, 21/10/00 and
21/2/11) and Medical University of Graz (ref. no 28-508 ex
15/16). Informed consent was obtained from all patients. LV
myocardium from patients with aortic stenosis (AS) under-
going surgical aortic valve replacement and septal resection
(compensated hypertrophy) was acquired. Patients with SR
or persistent/permanent rate-controlled AF with preserved
systolic LV function as indicated by an echocardiographic
EF>50% were included. Moreover, human ventricular samples
were additionally acquired from nonfailing donors (+AF), which
could not be transplanted because of technical or medical rea-
sons. Myocardial tissue was taken from the interventricular
septum and immediately placed into cooled cardioplegic solu-
tion (4°C) after excision for transportation. Patient character-
istics are provided in Tables 1 and 2. Because of the limited
amount of myocardial tissue, not all experimental methods
could be performed from every patient sample.

Quantification of Myocardial Fibrosis

Tissue samples were fixed in neutral buffered formaldehyde
(8.7%) and then embedded in paraffin according to standard-
ized and automated methods (Sakura Fintek). Paraffin sections
of 4 pm thickness and Elastica van Gieson staining were per-
formed according to standardized methods. For semiautomated

Circulation Research. 2022;130:00-00. DOI: 10.1161/CIRCRESAHA.121.319718
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Table 1. Clinical Characteristics of Patients With AS and
Preserved LV Function (EF>50%) Undergoing AVR With SR
or AF

SR (n=31 AF (n=24
Patients with AS characteristic | patients) patients) P Value
Male sex, % 64.5 70.8 0.77 .
Age, y (meantSD) 66.218.5 72.5%8.0 0.01 *
White origin, % 100.0 100.0 0.99 .
Heart rate, bpm (mean+SD) 73.1£13.0 79.0+18.4 0.41 .,
Diabetes, % 276 33.3 0.77 .
Coronary artery disease, % 51.9 59.1 0.77 .
Ejection fraction, % (meantSD) | 57.1+3.4 55.8+5.0 0.34 .,
IVS, mm (mean+SD) 13.812.4 13.61£2.5 0.92 .,
AVA, cm? (meantSD) 0.83+0.2 0.80%+0.2 0.85 ,,
AV mean gradient, mm Hg 43.7116.3 36.3£11.6 0.12
(meantSD)
LVEDD, mm (mean+SD) 50.0+5.5 51.9%6.1 0.38 ;
ACE inhibitor or ARB, % 60.7 59.1 0.99 .
[-blocker, % 53.6 73.9 0.16
Aldosterone antagonist, % 8.0 10.0 0.99
Diuretic, % 32.0 70.0 0.02 .*
Digitalis, % 0.0 25.0 0.01 .*
Antiarrhythmic, % 0.0 21.7 0.01 .*
Statins, % 71.4 73.9 0.99 .

Statistical comparison was calculated using Student ¢ test for parametric data (T),
Mann-Whitney test U for nonparametric data (), or Fisher exact test for categorical
data (,). Clinical data could not be completely obtained from every patient. Data are
presented as meantSD. ACE indicates angiotensin-converting enzyme; AF, atrial
fibrillation; ARB, angiotensin Il receptor blocker; AS, aortic stenosis; AV, aortic valve;
AVA, aortic valve area; AVR, aortic valve replacement surgery; IVS, interventricular
septum; LV, left ventricular; LVEDD, LV end-diastolic diameter; and SR, sinus rhythm.

*Significant P-values.

tissue analyses, whole slide images were performed by use of a
scanner (M8 PreciPoint). Collagen proportionate area was ana-
lyzed (ImageJ with color threshold function to mark collagen
fibers)-blinded; and semiautomated.

Isolation and Culture of Human Ventricular
Cardiomyocytes

Ventricular myocardium was cleaned from fibrotic tis-
sue and cut into small pieces in cardioplegic solution. For
cell isolation, Joklik-MEM solution (Pan Biotech; pH 7.4 at
37°C) was used. Cell isolation was started by incubating
the tissue in enzyme solution containing 0.9 to 0.95 mg/
mL Collagenase (Worthington type I, 315 U/mg), 0.23 mg/
mL proteinase (Sigma-Aldrich, 7-14 U/mg) and 2 mg/mL
BSA (BSA, Sigma-Aldrich) in a spinner flask. After 23 min-
utes, tissue was transferred to enzyme solution containing
0.58 mg/mL collagenase and 2.67 mg/mL BSA in a spin-
ner flask and incubated for another 5 to 10 minutes. Then,
the supernatant containing isolated cells was removed, and
the remaining tissue was sheared mechanically in Joklik-
MEM solution containing 5 mg/mL BSA to further solve
cells. After centrifugation (RCF: 81.63 g, 5 minutes), the
cells were resuspended in Joklik-MEM solution containing
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Table 2. Clinical Characteristics of LV Myocardium From
Nonfailing Donors With SR or AF

Nonfailing donors Sinus rhythm Atrial fibrillation
characteristic (n=18 patients) | (n=10 patients) | P Value
Male sex, % 44.4 40.0 0.99
Age, y (mean+SD) 68.618.2 69.5+10.6 0.80
Ejection fraction, % 62.5£5.9 61.216.8 0.63
(meanzSD)

Statistical comparison was calculated using Student ¢ test for parametric data
(;), Mann-Whitney U test for nonparametric data (), or Fisher exact test for
categorical data (). Clinical data could not be completely obtained from every
patient. Data are presented as mean+SD. AF indicates atrial fibrillation; LV, left
ventricular; and SR, sinus rhythm.

5 mg/mL BSA. This procedure was repeated 5 to 8 times
with the remaining tissue.?’® Ca®* concentration was step-
wise increased to 0.8 mmol/L after cell isolation. LV cardio-
myocytes from large myocardial samples (>1 g) from donor
hearts were isolated using 0.6 mg/mL collagenase Type
5 (Worthington) and 2.5% trypsin (Gibco) for 45 minutes
and the second enzyme solution contained 1 mg/mL col-
lagenase Type 5. Only cell solutions containing elongated,
nongranulated cardiomyocytes with cross-striations were
selected for experiments. Cardiomyocytes were used either
for direct experiments or for cell culture (24 hours arrhyth-
mic pacing for AF-simulation). For cell culture (37 °C, 5%
CO,), 2 mL of MEM-Medium (Gibco) containing 0.5 mg/
mL Pen/Strep 100X (Gibco), 1% Insulin-Transferrin 100X
(Gibco), 2 mmol/L L-Glutamin 100X (Gibco), 0.505 mg/
mL BDM (Alfa Aesar), 0.1% BSA (Thermo Fisher Scientific)
were mixed with 200 L cell solution.

IPSC-Cardiomyocyte Differentiation

IPSCs were cultured feeder-free and adherent on cell culture
dishes in the presence of chemically defined medium E8 (Life
Technologies). Cardiac differentiation of iPSCs was performed
by sequential targeting of the WNT pathway as described previ-
ously.?' Briefly, undifferentiated iPSCs were cultured as a mono-
layer on Geltrex-coated 12-well dishes to a confluence of 85%
to 95%. Medium was changed to cardio differentiation medium
composed of RPMI 1640 medium (Gibco) supplemented with
0.02% L-Ascorbic Acid 2-Phosphate (Sigma-Aldrich) and
0.05% albumin (Sigma-Aldrich) including the GSK3 inhibitor
CHIR99021 (4 pmol/L, Millipore) (d0). After 48 hours, medium
was changed to fresh media supplemented with 5 pmol/L of
the inhibitor of Wnt production-2 (IWP2, Millipore) for 2 days.
From day 10, the cells were cultured in cardio culture medium
(RPMI 1640 medium supplemented with 2 mmol/L I-glutamine
and 2% B27 with insulin (Gibco), which was changed every 2
to 3 days. iPSC-CMs were purified after 20 to 40 days of dif-
ferentiation by metabolic selection for 4 to b days using lactate
(4 mmol/L) as carbon source. Following differentiation, purity
of iPSC-CM was determined by Flow analysis (=90% car-
diac TNT*), cardiac immunofluorescence, by morphology and
gPCR for cardiac sub-type markers (Supplemental Material).22
Measurements were performed around day 90 after initiation
of differentiation. For functional experiments, iPSC-CMs were
plated on glass dishes (World Precision Instruments). Because
of technical reasons, not all 25 differentiations of iPSC-CMs
were used for each functional assay.

4 April 1,2022
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Simulation of AF In Vitro

Isolated human ventricular cardiomyocytes or human iPSC-
CM cultured in 6-well dishes were paced via electrical field
stimulation using a culture stimulation system (C-Pace EM,
lonOptix Corp.). Pacing was conducted for 24 hours (adult
cardiomyocytes, iPSC-CM) or 7 days (iPSC-CM). Control
cells were continuously stimulated at 60 beats per minute
(bpm). AF was simulated via arrhythmic pacing at 60 bpm with
irregular beat to beat intervals (40% variability). Stimulation
pulse was set 10% to 20% above threshold to achieve a suf-
ficient capture of the cells. Sufficient cell stimulation and cell
viability were strictly and continuously monitored and reevalu-
ated during cell culture and pacing.

Ca?* Cycling Measurements

For the investigation of cardiomyocyte Ca?" homeostasis, epi-
fluorescence microscopy was used.?® Cells were plated on lam-
inin-coated chambers (adult cardiomyocytes) or gelatin-coated
glass dishes (iPSC-CM) and were mounted on an inverted
microscope (Nikon Eclipse TE2000-U). Cardiomyocytes were
incubated with a Fura-2 am loading buffer (Invitrogen), supple-
mented with Pluronic F-127 0.05% w/v (Sigma-Aldrich) for 15
minutes followed by 15 minutes incubation with Tyrode’s solu-
tion (in mmol/I: NaCl 140, KCl 4, MgCl, 1, HEPES 10, Glucose
10, CaCl, 1.25 (iPSC-CM) or 2 (adult cardiomyocytes), pH 7.4,
NaOH) to ensure de-esterification of intracellular Fura-2 before
measurement was started. Fura-2 fluorescence ratio was calcu-
lated using alternating excitation at 340 and 380 nm. The emit-
ted fluorescence was collected at 510 nm. Measurements were
performed using a fluorescence detection system (lonOptix
Corp.). Ca®* transients were recorded at steady state condi-
tions under constant rhythmic field stimulation (30-60 bpm)
at room temperature. Sarcoplasmic Ca?* content was assessed
by caffeine application (10 mmol/L). SERCAZ2a (sarcoplasmic
reticulum Ca?" ATPase 2a) activity was estimated as difference
between the decay constant K of the systolic Ca?* transient and
the caffeine-induced Ca™* transient (K_-K_)** For CaMKIl
(Ca**/calmodulin-dependent protein kmase ||6c) inhibition, AIP
(autocamtide-2-related inhibitory peptide, 1 umol/I, Enzo) was
used. N-acetylcysteine (NAC, 200 umol/I, Sigma-Aldrich) was
used as ROS-scavenger. Treatment was applied for 7 days dur-
ing cell culture as well as during the functional measurements
of iPSC-CM. The recorded Ca?* transients were analyzed with
the software lonWizard (lonOptix Corp.).

Analysis of Diastolic Sarcoplasmic Reticulum
Ca?* Sparks

For assessing diastolic sarcoplasmic reticulum Ca?* sparks,
iPSC-CMs were loaded with Fluo-4 av (10 pmol/L,
Invitrogen) in the presence of Pluronic F-127 0.05 % w/v
(Life Technologies) for 15 minutes and then incubated with
Tyrode's solution for 15 minutes.?%® Ca?* spark measurements
were performed at room temperature by using a laser scan-
ning confocal microscope (LSM 7 Pascal, Zeiss). Fluo-4 was
excited by an argon ion laser (488 nm), and emitted fluores-
cence was collected through a 505 nm long-pass emission
filter. Fluorescence images were recorded in the line-scan
mode (512 pixels per line, scan width: 35.4 pm, pixel time:
0.64 ps, 10000 unidirectional line scans/image, 6.9-second

Circulation Research. 2022;130:00-00. DOI: 10.1161/CIRCRESAHA.121.319718
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measurement period). Ca?* sparks were recorded during rest,
immediately after stopping continuous electric field stimula-
tion (rhythmic, 30 bpm). Diastolic Ca?* sparks were analyzed
with the program SparkMaster for Imaged. The Ca?" spark fre-
quency of each cell resulted from the number of sparks normal-
ized to scan width and time (100 um=""s™").

Intracellular Na* Imaging
To assess intracellular Na* concentration ([Nat]), iPSC-CMs

were stained with SBFI-AM 10 pmol/L (Invlitrogen) and
Pluronic F-127 0.05 % w/v (Thermo Fisher Scientific) for 90
minutes at room temperature. To allow de-esterification of the
dye, cells were incubated for additional 20 minutes with Tyrode’s
solution. Cell culture dishes were mounted on a Nikon Eclipse
TE-2000-U microscope equipped with a HyperSwitch Light
Source and Fluorescence System Interface (both lonOptix).
SBFI fluorescence ratio F,, /F,. was obtained by recording
emitted fluorescence at 510£40 nm during dual excitation
(340 and 380 nm alternating at 240 Hz). Cells were measured
at steady-state conditions under constant field stimulation (30
bpm). Recorded data were analyzed using lonWizard (lonOptix
Corp.). Each iPSC-CM differentiation underwent calibration of
SBFI to analyze [Na*]i as previously described?” Cells were
superfused with increasing extracellular Na* concentrations
(0-20 mmol/L) in the presence of strophanthidin 100 pmol/L
and gramicidin 10 umol/L (both Sigma-Aldrich) to record a
calibration curve. The solutions with various Na* concentrations
were prepared by mixing potassium-free calibration solution (in
mmol/I: NaCl 30, Na-gluconat 115, HEPES 10, glucose 10,
EGTA 2, pH 7.4 with TRIS) with Na*-free solution (in mmol/I:
KCI 30, K-gluconat 115, HEPES 10, glucose 10, EGTA 2, pH
7.4 with TRIS) in the appropriate proportion.

Action Potential Measurements

Cardiomyocytes were incubated with Tyrode’s solution for 15
minutes before measurements were started. Microelectrodes
(2-4 MQ) were filled with (in mmol/1): K-Aspartate 122, KCI 8,
NaCl 10, MgCI2 1, HEPES 10, Mg-ATP 5, LiGTP 0.3 (pH 7.2,
KOH). Access resistance was typically <10 MQ after rupture.
For action potential recordings, whole-cell current-clamp tech-
nique was used (HEKA electronics).?® Action potentials were
continuously elicited by current pulses (0.75-1 nA, 2-6 ms)
at 30 bpm at room temperature. Fast capacitance was com-
pensated in cell-attached configuration. Membrane capaci-
tance and series resistance were compensated after patch
rupture. Signals were filtered with 2.9 and 10 kHz Bessel fil-
ters and recorded with an EPC10 amplifier (HEKA Elektronik).
Recordings were analyzed using LabChart 8 (ADInstruments).

.. Measurements

Ruptured-patch whole-cell voltage-clamp was used to measure
I (HEKA electronics)?® Microelectrodes (2-4 MQ) were
filled with (in mmol/L): CsCl 95, Cs-glutamate 40, NaCl 10,
MgCl, 0.92, Mg-ATP 5, Li-GTP 0.3, HEPES 5, niflumic acid
0.083 (to block Ca**-activated chloride current), nifedipine 0.02
(to block Ca** current), strophanthidin 0.004 (to block Na*/
K+-ATPase) EGTA 1, and CaCl, 0.36 (free [Ca?*],100 nmol/I,
pH 72, CsOH). The bath solution contained (in mmol/L):
NaCl 135, tetramethylammonium chloride 5, CsCl 4, MgCl, 2,
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glucose 10,HEPES 10 (pH 7.4, CsOH). Access resistance was
<7 MQ. Cardiomyocytes were held at =120 mV, and |, was
elicited using a train of pulses to —35 mV (1000 ms duration,
10 pulses, BCL 2s). Recordings were initiated 4 to 5 minutes
after rupture and were performed at room temperature. The
measured current was integrated (between 100 and 500 ms)
and normalized to the membrane capacitance.

Western Blot

For protein expression and phosphorylation analysis, we used
6%, 12%, and 15% SDS-PAGE. The expression of RYR2
(ryanodine-receptor type 2), NCX (Na*-Ca?* exchanger),
SERCA2a, PLB (phospholamban), and CaMKIl was studied
using specific antibodies anti-RyR2 (mouse monoclonal anti-
body, dilution 1:1000, Santa Cruz Biotechnology), NCX (mouse
monoclonal antibody, dilution 1:1000, Swant), SERCA2a (rab-
bit polyclonal antibody, dilution 1:1000, Alomone), PLB (mouse
monoclonal antibody, dilution 1:1000, Thermo Fisher) and
CaMKII-6 (rabbit polyclonal antibody, dilution 1:1000, Thermo
Fisher). The phosphorylation of RyR2 and CaMKI| was studied
using anti-phospho-RyR2 (S2814; rabbit polyclonal antibody,
dilution 1:1000, Thermo Fisher) and anti-phospho-CaMKI|
(Thr286; rabbit monoclonal antibody, dilution 1:1000, Cell
Signaling Technologies). The oxidation of CaMKII was studied
using anti-oxidized-CaMKII (Met281/282; rabbit polyclonal
antibody, dilution 1:1000, Genetex).

Samples were applied at a concentration that was within the
linear range of the detection system: 20 pg (dry weight). After
separation, proteins were transferred to Merck Millipore poly-
vinylidenflouride membranes (pore size 0.45 nm). Blots were
preincubated with 5% BSA in Tween Tris-buffered saline (TBS-
T: 10 mmol/L Tris-HCI pH 7.6, 75 mmol/L NaCl, 0.1% Tween)
for one hour at room temperature. Then, blots were incubated
overnight at 4°C with the primary antibodies against the
respective (phospho-) protein. After washing with TBS-T, pri-
mary antibody binding was visualized using a secondary horse-
radish peroxidase-labeled, goat-anti-rabbit/mouse antibody
(dilution 1:10000; OriGene Technologies GmbH and Jackson
ImmunoResearch Europe Ltd, respectively) and enhanced che-
miluminescence (ECL Western blotting detection, Amersham
Biosciences) on a Biorad ChemiDoc XRS. The signals were
analyzed with Multi Gauge V3.2 and BioRad ImagelLab V6.1
software. All signals of small proteins were normalized to
GAPDH (dilution 1:10000; Sigma) stained on the same blots.

Hydrogen Peroxide Emission

Stable H,0, accumulation was assessed in myocardial homog-
enates using a colorimetric peroxidase assay kit (Sigma-Aldrich;
MAK311).2° Subsequently, 40 pL of each standard into wells of
a 96-well plate was added to 40 pL of each sample into sepa-
rate wells. Followed by 200 L of prepared detection reagent
to each sample and standard well. To initiate the reaction, it
was incubated for 30 minutes at room temperature. Then, the
absorbance was measured at 585 nm (A58Db).

To quantify hydrogen peroxide emission in iPSC-CM,
the Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit
(Invitrogen) was used. Cell culture medium of iPSC-CM cul-
tures was replaced with a working solution containing Amplex
Red 50 pmol/L and horseradish peroxidase 0.1 U/mL.
Simultaneously, a standard curve was prepared according to
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the manufacturer’s instructions. After incubation for 30 min-
utes, fluorescence of the working solution (excitation 530 nm,
emission 590 nm) was measured.

CaMKII Activity Testing

CaMKIl activity was determined using a CycLex CaMKII assay
kit and MyBiosource according to the manufacturer's guide-
lines.2° Briefly, frozen tissues were homogenized in sample
buffer containing 15% glycerol, 62.5 mmol/L Tris; pH 6.8; 1%
(w/v) SDS, protease inhibitor, and protein phosphatase inhibi-
tor, all prepared in distilled H,O or buffer provided by the kit
according to the manufacturer's guidelines. Homogenates were
centrifuged at 10000xg for 15 minutes at 4°C. The superna-
tant was removed and stored at —80 °C. Protein samples were
loaded to microwells coated with CaMKII specific substrate,
syntide-2, along with kinase reaction buffer with or without
Ca?*/calmodulin. To quantify CaMKII activity, a standard curve
correlating the amount of active CaMKII and the level of phos-
phorylation of syntide-2 was constructed.

Flow Cytometry for Apoptosis

To evaluate apoptosis in iPSC-CM after in vitro pacing, APC
Annexin V Apoptosis Detection Kit (BioLegend) was used fol-
lowing the manufacturer’s instructions. After dissociation from
the culture plates, cells were resuspended in 100 pL Annexin
V Binding Buffer with 5 L. of APC Annexin V and 10 pL prop-
idium iodide solution, followed by incubation for 15 minutes
at room temperature. After adding 400 pL Annexin V Binding
Buffer, cells were analyzed by flow cytometry utilizing a BD
FACSCalibur (BD Life Sciences) with dual excitation at 488
and 635 nm. Events were gated using CellQuest Pro 5 (BD
Life Sciences) depending on APC and propidium iodide fluo-
rescence intensity. Flow cytometry gates were set up using a
positive control with staurosporine 1 mmol/L (Sigma-Aldrich).
Apoptosis rate was calculated as the percentage of events
positive for APC and negative for propidium iodide.

Statistics

Clinical data are expressed as mean valuestSD. All experi-
mental data are presented as mean valuestSD. As individual
observations (measurements of single cells) are dependent
on each other within one heart/differentiation, the mean of
each patient or iPSC-CM differentiation was calculated and
used for statistical testing. Mean values of the patients or dif-
ferentiations are provided in the scatter dot plot within the
figure. The total numbers of analyzed cells, patients, and car-
diac iPSC-CM differentiations are provided below each figure.
Normal distribution of data was tested with the Shapiro-Wilk
test if applicable. In datasets with sample sizes too small for
normality testing, normality was extrapolated from control data
pooled across experiments. Categorical data were analyzed
using Fisher exact test. For comparison of 2 groups contain-
ing normally distributed data from different patients/differ-
entiations unpaired Student f test was used. For analysis of
2 groups containing normally distributed data from the same
patient or differentiation (ttreatment with AF-simulation)
paired t test was applied. For not normally distributed data,
Mann-Whitney U test was used. Analysis of data sets includ-
ing >2 groups was performed using nested 1-way ANOVA
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corrected for multiple comparisons using Holm-Sidak test.
Graphpad Prism 9 was used for statistical analysis. P are
2-sided and considered statistically significant if £<0.05.

RESULTS
Patient Characteristics

LV myocardium was obtained from patients with AS
with preserved systolic LV function undergoing aortic
valve replacement. Clinical characteristics of patients
with SR (n=31 patients) or AF (n=24) are provided in
Table 1. While general characteristics and comorbidities
were balanced, patients with AF were older (72.56+8.0
years) than patients with SR (66.2+8.5 years). As we
aimed to evaluate the effects of AF per se in the absence
of tachycardia, patients with AF were characterized by
a preserved LV function with an echocardiographic EF
of 65.8+5.0% and a heart rate of 79.0+18.4 bpm, both
of which were not statistically different to SR patients
(57.1£3.4%, 73.1£13.0 bpm). Importantly, echocardio-
graphic measurements of the aortic valve area and the
aortic valve mean pressure gradient demonstrated no dif-
ference in the severity of AS between the groups. Like-
wise, LV remodeling as indicated by the interventricular
septum thickness and the LV-end diastolic diameter did
not differ between AF and SR patients (Table 1). How-
ever, patients with AF received digitalis, diuretic therapy,
and antiarrhythmic drugs more often (Table 1).

Moreover, LV myocardium was procured from non-
failing donors with SR (n=18 patients) or AF (n=10).
Because of ethical and clinical reasons, availability of
clinical data is generally limited. Clinical characteristics of
nonfailing donors = AF are presented in Table 2. Donors
with AF showed no differences in sex and age compared
with individuals with SR. Also, EF was not significantly
different in donors with AF (61.2+6.8%) compared with
SR (62.5+5.9%).

Ventricular Fibrosis in Patients With AF

Using the histochemical fiber staining Elastica van Gie-
son and blinded semiautomated tissue analyses, we
found no statistical difference in the amount and distribu-
tion of fibrosis between SR and AF LV myocardium from
patients with AS and preserved LV function (Figure 1A).
The collagen proportionate area was 16.7+£5.2% in myo-
cardium from patients with SR (n=10 patients) com-
pared with 13.6+6.0% in AF (n=13 patients, Figure 1B).

AF Impairs Systolic Ca?* Release in the Human
Ventricle

For functional investigation, we isolated human LV cardio-
myocytes from patients with preserved LV function with
SR or AF. As Ca?* handling is a major regulator of car-
diac contractility, we studied cellular Ca®" cycling using
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Figure 1. Fibrosis and Ca?* handling in the atrial fibrillation (AF) ventricle.

Human left ventricular (LV) myocardium was studied from patients with aortic stenosis (AS) with preserved LV function with sinus rhythm (SR) or
AF (clinical characteristics are given in Table 1). A, Representative stainings (Elastica van Gieson) and (B) mean values for collagen proportionate
area in ventricular SR (n=10 patients) and AF myocardium (n=13). C, Representative original recordings of stimulated Ca** transients
(epifluorescence microscopy, Fura-2) of human LV cardiomyocytes from patients with SR or AF. D, Mean values of Ca?* transient amplitude of
human LV cardiomyocytes from patients with SR (n=112 cardiomyocytes/10 patients) compared with AF (n=69/8) and (E) diastolic Ca* levels,
(F) time to peak 80%, (G) relaxation time 80%. Data are presented as scatter plot with mean£SD. Each data point represents the mean value of

measurements from one patient. P were computed using Student ¢ test.

epifluorescence microscopy (Fura-2, Figure 1C). Isolated
LV cardiomyocytes from patients with AF were character-
ized by a reduced Ca?* transient amplitude (0.17£0.09
Faiojssy N=09 cardiomyocytes/8 patients) compared
with cardiomyocytes from patients with SR (0.27+0.18
Faiossse N=112710, Figure 1D). Diastolic Ca?* level and
Ca?* transient kinetics were not significantly changed in
patients with AF (Figure 1E through 1G).

In addition, we investigated human ventricular myo-
cardium from nonfailing donors. Comparing LV cardio-
myocytes from donors, we also observed a reduced
Ca?* transient amplitude in AF cardiomyocytes (n=17
cardiomyocytes/4 nonfailing donors) compared with SR
(n=46/8, Figure 2A and 2B), while diastolic Ca** level
and Ca?" transient kinetics showed no significant altera-
tions (Figure 2C through 2E). As clinical characteristics
may influence the observed phenotype, we conducted a
standardized prospective normofrequent in vitro AF-sim-
ulation for 24 hours, which was compared with rhythmic
pacing. Noteworthy, we used 24-hour cultured human LV
cardiomyocytes from nonfailing donors for AF-simulation.
Again, cardiomyocytes developed a significantly reduced
Ca?* transient amplitude after 24-hour arrhythmic pac-
ing (n=43/8) compared with control (n=52/8, Figure 2F
and 2G), while Ca?* transient kinetics and diastolic Ca?*

Circulation Research. 2022;130:00-00. DOI: 10.1161/CIRCRESAHA.121.319718

levels were not significantly different (Figure 2H through
2J). Taken together, these translational data demonstrate
impaired ventricular systolic Ca?* release in response to
AF and AF-simulation.

Human iPSC-CM Develop Altered Ca?* and Na*
Homeostasis Upon AF-Simulation

For extended investigation of chronic AF-simulation in
healthy cardiomyocytes, we utilized human iPSC-CM.
Human ventricular iPSC-CMs from 5 healthy individu-
als were generated (n=25 differentiations in total) and
analyzed regarding differentiation efficiency and purity.
Ventricular iPSC-CM displayed well-organized stri-
ated patterns visualized by a-actinin and titin and were
89.7£3.0% cTNT positive (cTNT*) (Figure ST1A and
S1B). Immunocytochemical staining of cardiac subtype-
specific proteins showed that 70.0£3.5% of ventricular
cells were stained positive for the ventricular isoform of
myosin light chain 2 and negative for the atrial isoform of
myosin light chain 2 (MLC2V+/MLC2A-, Figure S1C).
Ventricular differentiation was confirmed on mRNA level
by gPCR (Figure S1D).

Arrhythmic (AF-simulation) or rhythmic pacing pro-
tocols were conducted for 7 days using electrical field
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Figure 2. Effects of atrial fibrillation (AF) in human left ventricular (LV) myocardium from nonfailing donors.

A, Original Ca?* transients from LV cardiomyocytes from nonfailing donors (clinical characteristics are provided in Table 2) with sinus rhythm (SR)
or with AF (epifluorescence microscopy, Fura-2). B, Mean values of human LV cardiomyocytes from patients with SR (n=46 cardiomyocytes/8
patients) compared with AF (n=17/4) for Ca®* transient amplitude, (C) diastolic Ca?* level, (D) time to peak 80%, (E) relaxation time 80%.

F, Original Ca®* transients of human LV cardiomyocytes from nonfailing donors (epifluorescence microscopy, Fura-2) after 24-h in vitro AF-
simulation (arrhythmic pacing: Arr; 60 bpm, 40% beat-to-beat variability) vs rhythmic pacing (control: Ctrl; 60 bpm). G, Mean values of human LV
cardiomyocytes after AF-simulation (n=43/8) or rhythmic pacing (n=52/8) for Ca?* transient amplitude, (H) diastolic Ca?* level, (I) time to peak
80%, (J) relaxation time 80%. Data are presented as scatter plot with mean£SD. Each data point represents the mean value of measurements

from one patient. P were calculated using Student ¢ test.

stimulation (both at 60 bpm). After 7 days of AF-simu-
lation, iIPSC-CM exhibited a significantly reduced systolic
Ca?* transient amplitude (0.38%0.15 F 40,380 =09 cardio-
myocytes/6 differentiations/4 donors) in epifluorescence
microscopy (Fura-2) compared with control (0.47+0.15
Fauo/380 "=71/6/4, Figure 3A and 3B). Diastolic Ca?* was
not statistically altered (Figure 3C), and there were no sig-
nificant changes in time to peak 80% (Figure 3D) and
relaxation time 80% (Figure 3E) upon AF-simulation. In
further mechanistic investigations, we detected a reduced
sarcoplasmic reticulum Ca?* load (caffeine application)
in iPSC-CM after AF-simulation (0.73+0.15 F
n=13/6/4) compared with control (1.06+£0.20 F,, ...,
n=12/6/4, Figure 3F and 3G). SERCA2a activity (Ksys-
K. Was lower in arrhythmically paced iPSC-CM com-
pared with control (Figure 3H). Of note, after 24 hours of
AF-simulation, we found no statistical difference in sys-
tolic Ca?* handling in iPSC-CM (Figure S2).

As sarcoplasmic reticulum Ca?* load was reduced, we
performed confocal microscopy measurements (Fluo-4)

3407380’
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to investigate diastolic sarcoplasmic reticulum Ca?* leak.
iPSC-CM showed a >2-fold increased frequency of dia-
stolic sarcoplasmic reticulum Ca?* sparks after 7 days
of AF-simulation (n=68/7/4) compared with control
cells (n=67/7/4, Figure 3| and 3J). The reduction in
sarcoplasmic reticulum Ca?" load, likely caused by leaky
RyR2, may explain the diminished systolic Ca?* transient
amplitude and constitutes a well-accepted key player for
contractile dysfunction in HF®' Since Ca?* handling is
closely linked with cellular Na* homeostasis, we inves-
tigated alterations in cytosolic Na* via epifluorescence
microscopy (SBFI). Cytosolic Na* in iPSC-CM was sig-
nificantly elevated after arrhythmic pacing (n=110/7/4)
compared with control (n=98/7/4, Figure 3K and 3L).

AF/AF-Simulation Prolongs the Ventricular
Action Potential and Enhances |

Detailed electrophysiological studies were conducted
to further clarify the mechanisms of LV remodeling

Circulation Research. 2022;130:00-00. DOI: 10.1161/CIRCRESAHA.121.319718
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Figure 3. Atrial fibrillation (AF)-simulation in induced pluripotent stem cell cardiomyocytes (iPSC-CMs).

Human iPSC-CMs treated either with AF-simulation (arrhythmic pacing: Arr; 60 bpm, 40% beat-to-beat-variability) or rhythmic pacing (control (Ctrl);
60 bpm) chronically for 7 d. A, Representative recordings of stimulated Ca®* transients (epifluorescence microscopy, Fura-2) and (B) mean values
for Ca?* transient amplitude, (C) diastolic Ca?* levels, (D) time to peak 80%, (E) relaxation time 80% of human iPSC-CM upon chronic AF-simulation
(n=69 cardiomyocytes/6 differentiations/4 donors) or rhythmic pacing (n=71/6/4). F, Original recordings of caffeine-induced Ca?* transients (10
mmol/| caffeine, epifluorescence microscopy, Fura-2), (G) mean caffeine-transient amplitude indicating the sarcoplasmic reticulum Ca?* load and (H)
SERCA2a activity (Ksys-Kcaﬁ) of iPSC-CM after chronic AF-simulation (n=13/6/4) vs control (n=12/6/4).1, Representative confocal line scans (Fluo-4)
showing diastolic sarcoplasmic reticulum Ca?* sparks and (J) mean Ca?* spark frequency (CaSpF) after chronic AF-simulation (n=68/7/4) vs control
(n=67/7/4). K, Original recordings of cytosolic Na* levels (epifluorescence microscopy, SBFI) and (L) mean values of cytosolic Na* concentration of
human iPSC-CM after chronic AF-simulation (n=110/7/4) compared with control (98/7/4). Data are provided as scatter plot with mean£SD. Each
data point is calculated as mean value per differentiation. P were calculated using Student ¢ test (A—C, E-L) or Mann-Whitney U test (D).

upon AF/AF-simulation. In patch clamp experiments,
we observed a significantly prolonged action poten-
tial duration (APD,) in LV cardiomyocytes from
AS-patients with AF and preserved LV function
(376.8£166.1 ms n=30 cells/10 patients) compared
with SR (257.0£112.7 ms, n=39/12, Figure 4A and
4B). Resting membrane potential or action potential
amplitude were not statistically different (Figure 4C
and 4D). These results could be confirmed in iPSC-
CM after 7 days of AF-simulation (n=15-16 cells/4

Circulation Research. 2022;130:00-00. DOI: 10.1161/CIRCRESAHA.121.319718

differentiations/4 individuals each, Figure 4E through
4H). As a potential explanation for the prolonged action
potential duration and the detrimentally altered Ca?*/
Na* interplay, we found in further ion-current measure-
ments a significantly enhanced late Na* current (I, _ ) in
iPSC-CM after AF-simulation (—192.5+61.1 A*'ms/F,
n=19/6/2) compared with control (—127.9434.1
A*ms/F, n=21/6/2, Figure 4l and 4J). The increased
.. may perpetuate the vicious cycle of Na*/Ca?* dys-
regulation, which is also present in HF.2832
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Figure 4. Electrophysiological alterations in response to atrial fibrillation (AF).

A, Original stimulated action potential recordings (whole-cell current-clamp) of human left ventricular (LV) cardiomyocytes from patients with aortic
stenosis (AS) with preserved LV function with either sinus rhythm (SR) or AF. B, Effects of AF (n=30 cardiomyocytes/10 patients) compared with
SR (n=39/12) on action potential (AP) duration at 90% repolarization (APD, ), C, Resting membrane potential (RMP) and (D) action potential
amplitude (APA) in isolated human LV cardiomyocytes. E, Representative stimulated action potential recordings (whole-cell current-clamp) of iPSC-
CM after chronic (7 d) AF-simulation (arrhythmic pacing: Arr; 60 bpm, 40% beat-to-beat-variability) compared with rhythmic pacing (control: ctrl; 60
bpm). F, Mean values for APD,, (G) RMP and (H) APA after chronic AF-simulation (n=15 cardiomyocytes/4 differentiations/4 donors) compared
with control (n=16/4/4). 1, Original traces of late Na* current (INaL’ whole-cell voltage-clamp) in iPSC-CM after chronic AF-simulation compared
with control. J, Mean data of I (integral 100-500 ms) after AF-simulation (n=19/6/2) compared with control (n=21/6/2). Data are presented as
scatter plot with mean+SD. Each data point is calculated as mean value per patient or differentiation. P were calculated using Student ¢ test.

Remodeling of Ventricular EC-Coupling explain the increase in diastolic sarcoplasmic reticu-
Proteins in AF lum Ca?* leak. Protein expression of the NCX, which

mediates cytosolic Ca?* removal in exchange with Na*,
was increased in the LV of patients with AF (n=6-7
patients each, Figure 5C). Also, SERCA2a expression

Western Blots of EC-coupling proteins were con-
ducted using LV myocardium from patients with AS

and preserved LV function. The total RyR2 protein a5 reduced in AF LV myocardium while PLB expres-
expression was upregulated in the LV of AF patients g5 showed no statistical difference (n=6-7 patients
(n=6-7 patients each, Figure BA). In line with each, Figure 5D and 5E).

increased RyR2-mediated diastolic Ca?" leak, RyR2

was hyperphosphorylated at the CaMKIl-dependent . : T
RyR2 site S2814 in the AF ventricle compared Reactive Oxygen Species, CaMKII Oxidation,

with SR (n=6-7 patients each, Figure bA and 5B). and CaMKil ACtiVity in AF
As RyR2 hyperphosphorylation increases the open  To elucidate the mechanisms underlying EC-coupling
probability (P,) of the channel, these changes likely  protein remodeling in the LV of patients with AF, we
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Figure 5. Molecular remodeling in the atrial fibrillation (AF) ventricle.

Original representative Western Blots of human left ventricular (LV) myocardium from aortic stenosis patients with preserved LV function with sinus
rhythm (SR, n=6-7) or AF (n=7) and expression levels (normalized to SR) for (A) ryanodine receptor type 2 (RyR2), (B) RyR2 phosphorylation at
Ser2814 (normalized to total RyR2 expression), (C) NCX (Na*/Ca?" exchanger), (D) SERCA (sarcoplasmic reticulum Ca?" ATPase 2a), and (E)
PLB (phospholamban). Representative Western Blots for (F) CaMKII (Ca?*/calmodulin-dependent protein kinase 118¢), (G) CaMKII phosphorylation
at Thr287 (CaMKII-P), and (H) CaMKII oxidation at Met281/282 (CaMKIl-ox). GAPDH was used as loading control. I, CaMKII activity (CycLex
CaMKIl activity ELISA kit) and (J) H,O, levels (colorimetric peroxidase assay) in LV myocardium from patients with SR or AF (n=6-7 each). Data
are provided as scatter plot with mean+SD. Groups were statistically analysed using Student ¢ test or Mann-Whitney U test (for E and G).

particularly investigated CaMKII regulation as it plays
a central role for maladaptive remodeling in different
cardiac diseases including HF. LV myocardium from AS
patients with preserved LV function was studied. CaMKII
expression was increased in patients with AF compared
with SR patients (n=7 each, Figure 5F). CaMKIl auto-
phosphorylation at Thr287 was not significantly altered
(Figure 5G). However, in patients with AF (n=7), CaMKI|
was found to be more oxidized at Met281/282 in the
regulatory domain (Figure 5H), which has been demon-
strated to activate CaMKII.*® Accordingly, CaMKI| activ-
ity was augmented in the LV of AF patients (n=7 each,
Figure Bl). As oxidative stress contributes to CaMKII
activity modulation, we measured the level of oxidative
stress in the AF ventricle. LV myocardium from patients

Circulation Research. 2022;130:00-00. DOI: 10.1161/CIRCRESAHA.121.319718

with AF (n=6) showed increased concentrations of
hydrogen peroxide (H,0,) compared with SR patients
(n=6, Figure bJ).

While overall CaMKIl expression was not sta-
tistically different in iPSC-CM after chronic in vitro
AF-simulation (n=4 differentiations/2 donors each,
Figure 6A), CaMKIl oxidation at Met281/282 was
elevated (Figure 6B) resulting in increased CaMKI|
activity (Figure 6C). Increased levels of H,0, after
chronic in vitro AF-simulation (n=7 differentiations/3
donors each, Figure 6D) may underlie the oxidative
CaMKIl activation in iPSC-CM. Of note, the percent-
age of apoptotic cells (annexin V flow cytometry) was
not statistically different in iPSC-CM after AF-simu-
lation compared with control (n=7 differentiations/3
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Figure 6. Molecular remodeling in response to atrial fibrillation (AF) in induced pluripotent stem cell cardiomyocyte (iPSC-CM)
and in non-failing myocardium.

Original representative Western Blots of human iPSC-CMs after chronic (7 d) AF-simulation (Arr, n=4 differentiations/2 donors) or rhythmic pacing
(control [Ctrl]; 60 bpm, n=4 differentiations/2 donors) and expression levels (normalized to SR) for (A) CaMKII (Ca?*/calmodulin-dependent protein
kinase 118c) and (B) CaMKI| oxidation at Met281/282 (CaMKIl-ox). GAPDH was used as loading control. €, CaMKI| activity (CycLex CaMKII
activity ELISA kit, n=4 differentiations/2 donors each), (D) H,0, levels (colorimetric peroxidase assay, n=7 differentiations/3 donors each) and

(E) percentage of apoptotic cells (=7 differentiations/3 donors each) in iPSC-CM after chronic (7 d) AF-simulation compared with control. F,
Representative Western Blots for CaMKIl and (G) CaMKI| oxidation at Met281/282 (CaMKIl-ox) in LV myocardium from nonfailing donors with

SR or AF (n=6-7 donors each). GAPDH was used as loading control. All Blots were on the same respective gels but on different positions. Thus,
membrane was cut (black middle line). Data are given as scatter plot with mean+SD. P were calculated using Student ¢ test.

donors each, Figure 6E). Finally, increased CaMKIl  CaMKII Inhibition and ROS Scavenging

oxidation was also confirmed in human nonfailing Prevents Impairment of Systolic Ca?* Handling

myocardium from patients with AF compared with o
SR, while total CaMKI! did not statistically differ (=8 To test the relevance of oxidative stress and CaMKI| for

each, Figure 6F and 6G). impaired systolic Ca?* handling in AF/upon AF-simulation,
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measurements of Ca?* cycling (epifluorescence micros-
copy, Fura-2) were performed in iPSC-CM after chronic
AF-simulation (7 days). CaMKIl was inhibited using AIP
(1 pmol/L). N-acetylcysteine (NAC, 200 pmol/l) was
used as ROS-scavenger. After 7 days of AF-simulation,

Effects of Atrial Fibrillation on the Ventricle

decreased after AF-simulation, which could also be pre-
vented by either inhibiting CaMKII or ROS scavenging
(Figure 7F and 7G). Therefore, CaMKIl and ROS might
be one mechanism associated with the AF-induced
impairment of cardiomyocyte Ca?* cycling.

iPSC-CM exhibited a diminished systolic Ca®* transient
amplitude (=67 cardiomyocytes/3 differentiations/2
donors) compared with control (n=70/3/2). In contrast,
Ca?* transient amplitude was preserved in iPSC-CM
after AF-simulation when concomitantly treated with
either AIP (n=68/3/2) or NAC (n=80/3/2, Figure 7A
and 7B). Diastolic Ca?* and Ca?* transient kinetics were
not statistically different upon AF-simulation (Figure 7C
through 7E). Sarcoplasmic reticulum Ca*" load was

DISCUSSION

This study investigated the effects and mechanisms of
AF on ventricular function. Patients with preserved LV
function and AF showed no structural remodeling with
respect to LV fibrosis but marked alterations in car-
diomyocyte Ca?" homeostasis with reduced systolic
Ca?" release. This could be explained by a diminished

Human iPSC-CM after 7d AF-simulation
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Figure 7. Effects of CaMKII and oxidative stress on Ca?* handling after atrial fibrillation (AF)-simulation.

Human induced pluripotent stem cell cardiomyocytes (iPSC-CM) after chronic (7 d) AF-simulation (arrhythmic pacing: Arr; 60 bpm, 40% beat-
to-beat-variability) or rhythmic pacing (control [Ctrl]; 60 bpm) and effects of CaMKII inhibition (AIP [autocamtide-2-related inhibitory peptidel],

1 umol/L) or oxidative stress reduction (NAC [N-acetylcysteine], 200 umol/L). A, Representative recordings of stimulated Ca®* transients
(epifluorescence microscopy, Fura-2) and (B) mean values for Ca?* transient amplitude, (C) diastolic Ca* levels, (D) time to peak 80%, (E)
relaxation time 80% of human iPSC-CM upon chronic AF-simulation (n=67 cardiomyocytes/3 differentiations/2 donors), rhythmic pacing
(n=70/3/2), AF-simulation + AIP (n=68/3/2) or AF-simulation+NAC (n=80/3/2). F, Original recordings of caffeine-induced Ca?* transients
(10 mmol/L caffeine, epifluorescence microscopy, Fura-2) and (G) mean caffeine-transient amplitude indicating the sarcoplasmic reticulum Ca2*
load of iPSC-CM after chronic AF-simulation (n=11/2/2), rhythmic pacing (n=12/2/2), AF-simulation+AIP (n=16/2/2) or AF-simulation+NAC
(n=15/2/2). Data are provided as scatter plot with mean£SD. Each data point is calculated as mean value of all cardiomyocytes per
differentiation. P were calculated using nested 1-way ANOVA and corrected for multiple comparisons using Holm-Sidak test.
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sarcoplasmic reticulum Ca?* load accompanied by an
increased sarcoplasmic reticulum Ca?* leak. Moreover,
cytosolic Na* and |, were elevated, thereby prolonging
action potential duration. Oxidative stress, CaMKII oxida-
tion, and CaMKII activity were found to be augmented in
LV myocardium from patients with AF leading to RyR2
hyperphosphorylation. These mechanisms may contrib-
ute to the Ca®" handling changes in the AF ventricle,
which could be prospectively confirmed in cardiomyo-
cytes upon in vitro AF-simulation.

As fibrosis is increased in the atria of patients
with AF34% and LV fibrosis may contribute to cardiac
dysfunction, histology of human AF LV was studied.
Blinded semiautomated quantification of LV collagen
proportionate area showed no difference between LV
myocardium from SR or AF patients. Previous preclini-
cal data showed less or no effects of pacing-induced
AF in animal models on LV fibrosis compared with atrial
fibrosis, depending on the model studied.’®3¢ Of note,
dogs with pacing-induced AF showed that increased
LV fibrosis is rather mediated by the tachycardic com-
ponent of AF3" Clinical data from echocardiographic
measurements in patients with AF or cardiac magnetic
resonance imaging reported an augmented diffuse LV
fibrosis in patients with AF®33° However, since fibrosis
is considered to be irreversible, the improvement in LV
function after catheter ablation in patients with AF and
concomitant HF observed in clinical trials is mechanisti-
cally unexplained.*#° In addition, the functional improve-
ment of LV function after SR restoration in patients
with AF and HF has been demonstrated to occur rap-
idly.*® Therefore, rather functional and thus reversible
mechanisms might be involved in the contractile recov-
ery following rhythm restoration. Our data provide new
mechanistic concepts on how AF might deteriorate LV
function via arrhythmic excitation by altering human
cardiomyocyte Ca?* handling. In functional investiga-
tions of human LV cardiomyocytes from AS patients
with preserved LV function, we observed a reduced
Ca?* transient amplitude in patients with AF compared
to SR. These results were confirmed in LV cardiomy-
ocytes from nonfailing donors with AF and also after
24-hour in vitro AF-simulation in LV cardiomyocytes
from nonfailing donors. Previous studies of neonatal rat
ventricular cardiomyocytes reported a lower Ca?* tran-
sient amplitude after irregular pacing, which however
was accompanied with an increased diastolic Ca?*'®
and in another study with concomitant changes in Ca®*
transient kinetics.'® However, EC-coupling is largely
species-dependent, and human specimens are war-
ranted for translational aspects. Therefore, we investi-
gated human myocardium from patients with AF and
utilized isolated cardiomyocytes for standardized in vitro
confirmation. Based on our findings in different human
tissues and cellular preparations, we propose that AF/
normofrequent arrhythmia per se is associated with
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profound disturbances of cardiomyocyte EC-coupling.
To comprehensively investigate the underlying pheno-
type in a standardized human model, we used human
iPSC-CM for chronic AF-simulation as these cells are
suitable for long-term culture. In line with our obser-
vations in patients with AF, 7 days of AF-simulation
caused a depression in Ca?* transient amplitude with-
out significant effects on diastolic Ca?* or Ca?* tran-
sient kinetics. This could be explained by a reduced
sarcoplasmic reticulum Ca®* content as it was detected
upon AF-simulation in iPSC-CM. SERCAZ2a protein
expression and function were found to be reduced in
AF/AF-simulation indicating an impaired Ca?* reuptake
to the sarcoplasmic reticulum, which has also been
suggested in irregularly paced neonatal rat ventricu-
lar cardiomyocytes.” In addition, we found that RyR2
was markedly hyperphosphorylated at the CaMKIl site
S2814 in the LV of patients with AF, thereby increasing
the open probability of the channel.*' Indeed, diastolic
sarcoplasmic reticulum Ca®* leak was abnormally aug-
mented after AF-simulation in iPSC-CM. The combina-
tion of both, RyR2-mediated Ca?* leak and decreased
SERCAZ2a expression likely explain the reduced ven-
tricular Ca?* transient amplitude in AR As Ca?* binds
to troponin C for myofilament activation, the amplitude
of the systolic Ca?* transient strongly determines sys-
tolic force. Thus, the Ca?* leak-mediated reduction in
sarcoplasmic Ca?* load and consecutive impairment of
systolic Ca?* release can deteriorate cardiac contractil-
ity and may contribute to HF remodeling with systolic
and diastolic dysfunction.®'#2

Cardiomyocyte Ca?* and Na* homeostasis are closely
intertwined via NCX, which was found to be increased
in protein expression in the LV of patients with AR We
demonstrate that AF-simulation in iPSC-CM resulted in
elevated cellular Na* levels possibly explained by NCX-
mediated Ca®" extrusion in exchange with Na* under
conditions of an increased Ca?* leak. This mechanism
could contribute to the diminished Ca®* transients and
sarcoplasmic reticulum Ca®* load.*® In addition, |, was
enhanced, thereby further increasing Na* influx leading
to a prolonged action potential duration after AF simula-
tion. Altered Na* homeostasis together with prolonged
action potentials constitute typical hallmarks of maladap-
tive electrophysiological remodeling in HF** and may
therefore further deteriorate cardiomyocyte EC-coupling
in the AF ventricle.

We elucidated the underlying mechanisms of dys-
regulated EC-coupling in the ventricle of patients with
AF and demonstrated that CaMKIl activity was aug-
mented. This could be explained by increased CaMKI|
oxidation at the regulatory domain Met281/282, which
activates CaMKII,* likely because of increased levels of
oxidative stress in the AF LV. These observations could
be confirmed in iPSC-CM after AF-simulation and,
with respect to CaMKIl oxidation, in human nonfailing
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myocardium from patients with AF. In line with our findings
of increased oxidative stress in response to AF, previous
studies of rat cardiomyocytes showed elevated levels
of oxidative stress and enhanced CaMKIl phosphoryla-
tion after irregular pacing.'” Enhanced oxidative stress
has also been described in in vivo AF models, although
with concomitant tachycardia.*® The contribution of both,
oxidative stress and CaMKII could be confirmed by the
finding that either CaMKIl inhibition or ROS scavenging
ameliorated the AF=simulation-induced impaired Ca®*
handling. Thus, oxidation-dependent increase in CaMKI|
activity may serve as an explanation for the depressed
EC-coupling in the AF ventricle.

Nevertheless, AF-mediated arrhythmic excitation
may cause further ionic disturbances in cardiomyocyte
sub- or nanodomains and could also affect other ion cur-
rents/channels. Thus, additional AF-mediated functional
and structural remodeling of the ventricle is possible.
In particular, the significance of the pathophysiological
drivers in the AF-ventricle could also depend on disease
entity, comorbidities, and other features. Accordingly, fur-
ther studies on the causative role of oxidative stress and
CaMKIl activation as AF-mediated triggers for ventricu-
lar dysfunction are warranted.

AF is a highly prevalent arrhythmia and 20% to 30%
of patients with AF suffer from systolic LV dysfunction.?
Moreover, AF was discussed to be associated with an
increased risk for sudden cardiac death possibly via
HF-related complications.*® In clinical practice, patients
with AF are often successfully rate controlled. However,
recent clinical studies demonstrated that also at normal
ventricular rates AF may deteriorate LV function.2'0'

Rhythm control strategies have been demonstrated to
improve cardiovascular outcomes in patients with AF as
shown in different clinical trials, particularly in the EAST-
AFNET 4 trial and the CASTLE-AF trial.5¢ In addition,
different studies reported an improved LV function after
AF ablation in patients with HF with reduced ejection
fraction and AFR*®

Although of high clinical relevance, the underlying
pathophysiology of the effects of AF on the ventricle is
poorly understood. On the contrary, the effects of AF in
the atria are broadly characterized.*” This study eluci-
dated that normofrequent AF with arrhythmic ventricu-
lar excitation impairs LV EC-coupling. This finding may,
at least in part, explain the potential development of LV
dysfunction in patients suffering from AF. In our human-
based approaches we found no statistical difference
regarding fibrosis or apoptosis in response to AF. Thus,
the functional ventricular phenotype in the AF ventricle
could potentially be reversible upon SR restoration. Our
data thus indicate that AF could rather be the cause for
the deterioration of LV-function than the consequence of
an occult cardiomyopathy.*®

In conclusion, this study provides the first mechanistic
characterization of the detrimental effects of AF on the

Circulation Research. 2022;130:00-00. DOI: 10.1161/CIRCRESAHA.121.319718
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human ventricle and may pave the way to understand AF
as a disease of the whole heart.
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