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Pro-arrhythmic action of autoantibodies against the second extracellular
loop of Bi-adrenoceptor and its underlying molecular mechanisms

Lin Zuo ?, Yunthui Du ®, Jihua Ma ¢, Ke Wang °, Yuhui Zhao °, Feng Bai ¢, Bowei Wu ?,

Xinliang Ma °, Huirong Liu ®*"

* Department of Physiology, Shanxi Medical University, Taiyuan, Shanxi 030001, PR China

® Department of Physiology and Pathophysiology, School of Basic Medical Sciences, Capital Medical University,
Beijing 100069, PR China

¢ Cardiac Electrophysiology Research Center, Medical College, Wuhan University of Science and Technology, Wuhan,
Hubei 430000, PR China

4 Department of Cardiology, The First Affiliated Hospital, Shanxi Medical University, Taiyuan, Shanxi 030001, PR China

¢ Emergency Medicine, Thomas Jefferson University, Philadelphia 19107, USA

T Beijing Key Laboratory of Metabolic Disorders Related Cardiovascular Diseases, Capital Medical University, Beijing
100069, PR China

Objectives: The incidence of arrhythmia is associated with autoantibodies against the second
extracellular loop of B;-adrenergic receptor (B;-AAbs). The current study was designed to determine
the mechanisms by which arrhythmia experimentally might be induced by ;-AAbs.

Methods: Blood samples were collected from patients with varied arrhythmias or coronary heart
disease (CHD) and healthy subjects. The titer of B;-AAbs was assessed. Passive immunization rat
models with B;-AAbs were established to determine whether [(;-AAbs induced arrhythmia.
Conventional intracellular microelectrode technique and whole cell patch clamp were employed to
record action potential duration (APD), resting potential (RP), L-type calcium current (Ic,r),
sodium—calcium exchange current (INCX), transient outward potassium current (l;,), inward rectifier
potassium current (l;) and delayed rectifier potassium current ().

Results: High levels of B;-AAbswere found in the sera of heart disease patients, especially in
ventricular arrhythmia (VA). Transfusion with f;-AAbs could induce arrhythmias in normal rats in vivo.
B1-AAbs purified from the sera of active immunized rats induced triggered activity (TA), delayed after
depolarization (DAD), and prolonged APD in the papillary muscles of rats. f;-AAbs prolonged QT
interval, increased lc, and decreased Iy, |, and Iy, c, in rat ventricular myocytes in vitro. All these
effects can be inhibited by B;-AR blocker metoprolol.

Conclusions: These results demonstrate for the first time that P;-AAbs could directly induce
ventricular arrhythmia by prolonging QT interval.

http://dx.doi.org/10.1016/j.ijjcard.2015.06.144.

Abbreviations: AA, atrial arrhythmia; APD, action potential duration; BMI, Body Mass Index; B;-AR,
B;-adrenergic receptor; B;-AAbs, autoantibodies against the second extracellular loop of ;-adrenergic receptor; CA,
conductive arrhythmia (atrioventricular block); CHD, coronary heart disease; DAD, delayed after depolarization;
EAD, early after depolarization; ECG, electrocardiography; ELISA, enzyme-linked immunosorbent assay; IDCM,
idiopathic dilated cardiomyopathy; NYHA, New York Heart Association; NRVMs, neonatal rat ventricular
cardiomyocytes; OD, optical density; RP, resting potential; TA, triggered activity; VA, ventricular arrhythmia; VT,
ventricular tachycardia.

*Corresponding author at: Department of Physiology and Pathophysiology, School of Basic Medical Sciences,
Capital Medical University, Beijing 100069, PR China.

E-mail address: liuhr2000@126.com (H. Liu).
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1. Introduction

Cardiovascular diseases are one of the leading
causes of death globally. Normal heart rhythm is
an essential part of cardiac function. The
adrenoceptor is considered a key point in
arrhythmia formation. The B;-adrenergic receptor
(Bi-AR) s
cardiomyocytes. Over-activation of B;-AR is a

the dominant adrenoceptor in
component of heart failure "' and coronary heart
disease 1*!. Wallukat found antibodies against the
second extracellular loop of f;-AR (B;-AAbs) in
the sera of patients with idiopathic dilated
cardiomyopathy (IDCM) P! Further studies
indicated that B;-AAbs displayed an analogous
agonist effect mediated by PB;-AR . This
process appears to contribute to heart failure and
dilated cardiomyopathy ©®. We have shown that
B1-AAbs are involved in ventricular arrhythmia
formation in guinea pigs through activation of
Bi-AR. The exact mechanism of [,-AAbs
inducing arrhythmia is still not clear.

induces QT

interval prolongation by inhibition of potassium
[7]

Activation of adrenoceptors
currents Dysfunction of L-type calcium
currents prolongs the QT interval in various

(8.9 whether

species However, potassium
currents and L-type calcium currents contribute
to PBi-AAbs-related long QT interval is still
unknown.

The aim of the present study was to determine
whether [;-AAbs are

occurrence of arrhythmia by prolonging the QT

responsible for the

interval; and if so, to explore the role of
potassium currents and calcium currents in
B1-AAbs
interval.

induced prolongation of the QT

2. Material and methods

2.1. Patients and samples

This study adheres to the principles of the
1964 Declaration of Helsinki and its later
194

amendments. The research protocol was
approved by the Institutional Committee for the
Protection of Human Subjects of Shanxi Medical
University. All patients were informed of the
purpose and protocol of the investigational
nature of the study. Both oral informed consent
and written consent were obtained. 162 patients
were recruited from the first affiliated hospital of
Medical

electrocardiography—ECG). The

Shanxi University  (based on

arrhythmia
patients were divided into groups: ventricular
arrhythmia (VA, n = 41), atrial arrhythmia (AA,
n=38) and conductive arrhythmia (CA, n=33).
Coronary artery heart disease (CHD, n=50). The
control group consisted of 100 healthy subjects
randomly selected from the same community who
had normal clinical and ECG examinations.
Clinical characteristics are summarized in Table 1.
Venous blood samples were collected in vials
After

centrifugation at 4 °C, the serum was immediately

without an  anticoagulant  agent.

separated and stored at —80 °C until assay.

2.2. Animals

All animal experiments were performed in
accordance with the NIH guidelines (Guide for
the care and use of laboratory animals), the
Guide for the Care and Use of Laboratory
Animals protocol published by the Ministry of
the People's Republic of China (issued June 3,
2004), and the Institutional Committee on
Animal Care of Shanxi Medical University. The
Wistar rats used in the present study were
obtained from the Animal Center of Shanxi
Medical University, P.R. China. The rats were
housed in pathogen-free conditions at 20 °C and
were exposed to a reverse light condition with
12:12 h light-dark periods daily. The rats were
fed with rat chow and water ad libitum
throughout the study period.



2.3. Enzyme-linked immunosorbent assay (ELISA)
Bi1-AAbs were measured in serum by ELISA

as previously reported ' and results expressed
as optical-density (OD) value.

2.4. Active immunization and purification of
B1-AAbs

Peptide designation and immunization were
performed as described in a previous study M.
Briefly, a peptide corresponding to the residues of
B1-AR-EC;; was synthesized by GL Biochem
(Shanghai) Ltd. Eight-week-old male Wistar rats
(weight: 180-200 g, n=40) were divided into two
groups: (1) vehicle group: immunoadjuvant and
Bi-AAbs  group:
immunoadjuvant and emulsified B;-AR peptide

saline  immunized; (2)
immunized by subcutaneous injection. Eight weeks
after immunization, the rats with high OD value of
Bi-AAbs were anesthetized with 2% pentobarbital
sodium (0.01ml/g, IP, Sigma). The sera of rats were
mixed together and purified by MabTrap™ Kit
(GE healthcare). The concentration and specificity
of the purified B;-AAbs and negative 1gGs were
determined by BCA Protein Assay, ELISA and
neonatal rat ventricular cardiomyocyte (NRVMs)

beating rates.

2.5. Isolation and culture of NRVMs

NRVM culture was performed as described in a
previous study "\, Briefly, 2-day Wistar rats were
anesthetized with 2% pentobarbital sodium
(0.01ml/g, IP, Sigma) and sacrificed with N,. The
rat's heart was removed to a plate. Ice cold PBS
wash the hearts 3 times. 0.6% Pancreatin (Sigma)
and 1% collagenase II (Sigma) in F10 medium
digested the heart tissue for 3x15 min at 37 °C.
Supernatant was collected and centrifuged at 3000
rpm x 10 min at room temperature. The cells were
resuspended  with  F10  medium (1%
Penicillin/Streptomycin, 10% FBS) and planted at
1x10° cells/well in 6-well plates. The beating rates

of a selected NRVM or a cluster of spontaneously
contracting myocytes in each of the 15 fields were
counted for 1 min. This procedure was repeated 6
times in different cultures.

. . . . 1
2.6. Passive immunization "'

Eight-week-old healthy Wistar rats were
immunized by caudal vein injection every two
weeks until 40 weeks old, with 700mg/kg
bodyweight of IgGs (B;-AAbs and negative I1gGs,
n=8/group) from active immunized rats. In the
experiment, the rats were anesthetized with 2%
pentobarbital sodium (0.01ml/g, IP, Sigma).
Electrocardiography (ECG) was recorded at the
different final of the

experiment, cardiac tissues were perfused with

timepoints. At the

collagenase II for the isolation of ventricular

cardiomyocytes.

2.7. Acute transfer of B;-AAbs

In the experiment, the rats were anesthetized
with 2% pentobarbital sodium (0.01ml/g, IP,
Sigma). Saline, negative IgG obtained from
control humans, or purified human IgG isolated
from [(;-AAbs-positive ventricular arrhythmia
patients was injected into the carotid artery of
adult rats at a final plasma concentration of 0.1
pumol/l. ECG was recorded for one hour after the
intervention. n= 8/group.

2.8. ECG recording and QT-interval (repolarization
time) detection

In the experiment, the rats were anesthetized
with 2% pentobarbital sodium (0.01ml/g, IP,
Sigma). The ECG signal was recorded using an
SWEF-1B (Chengdu

Chengdu, China) and analyzed using software

amplifier Instrument,
which recognized the shape of the tracing and

automatically stopped after each R-wave
detection and amplification of the last QRST.

Using a gauge calibrated in milliseconds, the

195



operator manually evaluated the QT duration as
the time elapsed between the onset of the Q
wave and the end of the complex. The time
interval between two consecutive R deflections
was then automatically calculated and recorded
with the QT interval. The value for QT interval
was the mean of 300 measurements (50
measures for each 10 min period of 1 h ECG
record per rat). The QT interval corrected for
heart rate (QTc) was also evaluated by use of the
Bazett equation: QTc = QT/[RR” (1/ 2)] 121 All
QT measurements were made by the same
investigator who was blinded to the study
conditions.

2.9. Action potential (AP) recordings

The rats and guinea pigs were anesthetized
with 2% pentobarbital sodium (0.01ml/g, IP,
Sigma). The ventricular papillary muscles were

isolated as previously described .

Cardiac
tissues were continuously perfused with oxygen
saturated Tyrode's solution (126 mmol/l NacCl,
5.4 mmol/l KCI, 1.0 mmol/l MgCl,, 12 mmol/l
NaHCOs;, 0.33 mmol/l NaH,PO4, 5.5 mmol/l
glucose, 10 mmol/l HEPES, pH 7.4) that was
equilibrated at 37 °C for 30 min. The tissue was
stimulated with square pulses [basic cycle length
(BCL) = 2000 ms, 2 ms duration, 50% above the
threshold voltage] using a stimulus isolation unit
(RM6240C, 196 Chengdu Instrument, Chengdu,
China). After allowing 30min for stabilization,
the APs were recorded with a 3 mol/l KCl-filled
(10-20MQ)

conventional microelectrode

Table 1
Clinical characteristics of patients with arrhythmia and healthy people.

connected to the SWF-1B amplifier. 0.1 umol/l
ISO and B,-AAbs were added to the well
separately.  Synthetic  peptide  constructed
according to the extracellar loop of B;-AR (5
pumol/l) was used to block the effect of B;-AAbs.
Mean action potential duration at 90% of
repolarization (MAPD90) can be calculated by

Clampfit 8.0 software.

2.10. Whole cell patch clamp

At the end of the passive immunization, the
rats were anesthetized with 2% pentobarbital
sodium (0.01ml/g, IP, Sigma). Adult ventricular
cardiomyocytes were isolated according to the
method previously described '*!. Recalcificated
cardiomyocytes were allowed to adhere onto a
round glass for 10-15 min and transferred to a
small chamber mounted on the stage of an
inverted microscope (TE300, Nikon). The flow
rate through the chamber was 2 ml/min and
solution exchange of the bath was achieved
within 30 s. Patch pipettes were pulled from
borosilicate glass using a P-97 Puller (Sutter
Instruments) and were polished on an MF-200
(World  Precision
Sarasota, FL). When filled with internal solution,

microforge Instruments;
the pipette resistance was 2-3MQ.Whole cell
currents of Iy, ki, lcar, Inaca and Il were
recorded with an Axopatch 1-D amplifier (Axon
Instruments; Burlingame, CA) equipped with the
pCLAMP 8.0 Digidata 1200 data acquisition
system. Junction potentials (9—11 mV) were

corrected. Six cardiomyocytes' current were

Characteristics Arrhythmia patients

CHD patients (n = 50) Healthy people (n = 100)

VA (n =41) AA (n=38) CA(n=33)
Mean age (years) 55+45 58 +56 55+48 56 £50 53+42
Sex (M/F) 2021 22/16 17/16 25/25 55/45
BMI (kg/m?) 2395 £ 051 2358 £ 0.69 23,68 £ 0.74 25.02 £+ 0.87" 2339 £ 0.55
NYHA functional class 3.0+0.15 31011 29+0.09 28+205 ND
QTc (ms,%) 503 + 50" (29.3%) 405 £ 30 (0%) 402 £33 (0%) 520 & 70" (12.0%) 400 + 35 (0%)
EF (%) 338 +£2.05 372+185 38.1+233 323+284 ND

VA: Ventricular arrhythmia, AA: Atrial arrhythmia, CA: Conductive arrhythmia (atrioventricular block); CHD: Coronary artery heart disease. BMI: Body Mass Index; NYHA: New York Heart
Association; Prolonged QT interval: QTc > 440 ms; EF: Left ventricular ejection fraction (echocardiography); ND: not done. Values are expressed as mean + SD. “P<0.05 vs. healthy group.
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recorded in each rat, n= 8/group.

2.11. Statistics

All values in the results were presented as mean
+ SEM. Statistical significance was determined by
one-way ANOVA followed by Bonferroni post-hoc
test when appropriate. For grouped comparison, a
student's t-test was used followed with Welch's
correction. Probabilities of 0.05 or less were

considered to be statistically significant

3. Theory/calculation

Numerous studies confirmed that autoimmune
mechanisms were involved in the occurrence and
development of a variety of cardiovascular
diseases. Our study found high level to f;-AAbs
in the sera of arrhythmia patients. Moreover,
there was a positive correlation between
Bi-AAbs level and QT interval duration in
patients with VA. Based on this clue, animal
experiment was designed to provide detailed
experimental data and possible target for the
treatment of patients with arrhythmia and high
level of B;-AAbs in the sera.

4. Results

4.1. The distribution of B;-AAbs in healthy

people and arrhythmia patients

The positive rates of f;-AAbs in the sera of
CHD, VA, AA and CA patients were 53.7%,
44.7%, 33.3% and 26%, compared to 5% in
healthy human controls (Fig. 1A). Moreover, the
levels of B;-AAbs in the sera of CHD, VA, AA
and CA patients were 2.72 + 0.26, 2.10 + 0.21,
1.58 = 0.15 and 1.64 £ 0.09-fold higher than in
healthy people (Fig. 1B). There was a positive
correlation between [;-AAbs level and QT
interval duration in patients with VA (= 0.6947,
P<<0.01, Fig. 1C).

4.2. B1-AAbs can induce arrhythmia in vivo
Purified B;-AAbs from arrhythmia patients

was injected into the tail vein of the anesthetized
rats at a dose of 0.7 ug/g. ECG was recorded
before and after injection. 66.7% (6/9) of rats
developed arrhythmia in the B;-AAbs group
which was higher than the negative IgG group
(12.5%, 1/8) and saline group (11.1%, 1/9).
Ventricular arrhythmia was the dominant
arrhythmia type in B;-AAbs group (Fig. 2C).
Arrhythmia seldom happened in the saline group
(Fig. 2A) and negative IgG group (Fig.
2B).Moreover, of the animals with premature
ventricular contraction (PVC), the frequency in
B1-AAbs group (20 + 3.6 times/h, P<<0.05, Fig.
2D)was higher than in saline group (6+0.5
times/h) and negative IgG group (7 £ 0.7
times/h). The above data supports that the
purified human fB;-AAbs from the sera of
arrhythmia patients could directly induce
arrhythmia in vivo.

Ventricular (VT) also was

observed in rats passively immunized with rat

tachycardia

B1-AAbs, while no significant arrhythmia was
recorded in the negative IgG group (Fig. 2E). VT
was the dominant arrhythmia type in B;-AAbs
group (Fig. 2F). VT mostly occurred after 24
weeks of immunization. At the 24th week of
passive immunization, the total duration of VT in
the B1-AAbs group was 90.0 £+ 34.6 s/h (P<<0.01
vs. negative IgG group); at the 36th week of
passive immunization, it prolonged to 170.0 +
124.2 s/h (P<<0.01 vs. negative 1gG group; Fig.
2G). The above data suggested that long-term
presence of PB;-AAbs could induce ventricular

arrhythmia in rats in vivo.

4.3. B1-AAbs could induce the prolongation of
QT interval and action potential duration (APD)

4.3.1. B;-AAbs prolong the QT interval in rats

In the rats undergoing [;-AAbs passive
immunization, prolonged QTc interval was

recorded. At the 24th week of immunization,
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QTc prolonged to 460 = 15 ms (Fig.3B)
compared to 320 = 19 ms in the negative IgG
group (P<<0.01, Fig. 3A). At the 36th week of
immunization, QTc kept increasing to 510 + 15
ms, compared to 330 + 18 ms in the negative
IgG group (P<<0.01, Fig. 3C). The mechanism
by which exposure to B;-AAbs prolongs QT

interval needs further study.

4.3.2. B1-AAbs could prolong the APD in Guinea
pig ventricular myocytes in vivo

After heparinization and anesthesia, the heart
of adult male guinea pigs was removed from the
body and connected to the Langendorff perfusion
apparatus. APD was recorded by patch clamp on
single ventricular myocytes after enzymatic
digestion (Fig. 3D). The data indicated that ISO
(0.1umol/L) could increaseMAPDgy (0 min,
470+£30.0 ms; 10 min, 650+42.0 ms, P<<0.05;
n=6). Similarly, f;-AAbs (0.1 pmol/l) also can
prolong MAPDy, (0 min, 510 + 54.0 ms; 10 min,
684 + 56.0 ms, P<<0.05; n=6, Fig.3E), the effect
of which can be blocked by synthetic peptides (5
pmol/l, GL Biochem, Shanghai) that minic the
second extracellular loop of B;-AR.

4.3.3. Long-term presence of P;-AAbs could
induce the prolongation of APD and reduction of
resting potential (RP)

At the 36th week of passive immunization
B1-AAbs,
myocytes were isolated and the RP and APD
determined by patch clamp. APD in B;-AAbs
group was 51.09 = 2.66 ms which was longer
than that in negative IgG group (33.26 £ 2.58 ms,
P<0.01, Fig. 3F-G). APD prolongation of a
single ventricular myocyte is one important
long QT Bi-AAbs
enhanced membrane excitability, revealed in that
RP in the B;-AAbs group (—62.37 + 0.69 mv)
was less than in the negative IgG group (—81.27
+0.91 mv, P<<0.01, Fig.3H).
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with purified rat rat ventricular

contributor to interval.

4.4. Acute treatment with ;-AAbs can induce rat
papillary muscle triggered activity (TA) and early
after depolarization (EAD), and prolong APD

After anesthesia, the ventricular papillary
muscle of adult male rats was removed. Using
glass microelectrodes, we studied the effects of
different treatments on the AP of ventricular
papillary muscles. We found that 0.1 pmol/l
B1-AAbs can induce TA (73%, 11/15, Fig. 4D)
and EAD (60%, 9/15, Fig. 4E) in most isolated
papillary muscles. However, only EAD, and not
TA can be observed when treated with ISO (0.1
umol/l) (Fig. 4C). In saline (Fig. 4A) and
negative IgG groups (Fig. 4B), TA and EAD
were not observed. Metoprolol (MET, 10 pmol/1)
inhibited EAD and TA induced by B;-AAbs (Fig.
4F). Synthetic peptides (Fig. 4G) and anti-rat
IgG antibody (Santa cruz) (Fig. 4H) inhibited the
effect of B1-AAbs on AP of ventricular papillary
muscle. Extensive data from guinea pigs
corroborated the rat experimental findings (See
supplemental Fig. 2).
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Fig. 1. B,-AAbs level in the sera of patients and healthy
people. A: Positive rates of B;-AAbs in the sera of
patients and healthy controls. B: The level of 3;-AAbs in
the sera. C: Correlation analysis of ;-AAbs level and
QT interval. VA: Ventricular arrhythmia, n=41; AA:
Atrial arrhythmia, n=38; CA: Conductive arrhythmia
(atrioventricular block), n=33; CHD: Coronary artery
heart disease, n = 50. Healthy people: n = 100. BMI:



Body Mass Index; NYHA: New York Heart Association;
QTc > 440 ms; EF: Left

ventricular ejection fraction (echocardiography); ND: not

Prolonged QT interval:

done. Values are expressed as mean + SD."P<C0.05 vs.

healthy group.

4.5. PB;-AAbs inhibit potassium current and
promote calcium overload resulting in APD
prolongation

4.5.1. Long-term presence of B;-AAbs decreased
I, and ly; on the cardiomyocyte membrane of rats

The current—voltage relationship of the
average values of ly; and I, is illustrated in

outward (=50 and —40 mV) components of Iy
and |, were attenuated at the 36th week of
immunization (P<<0.05). At =50 mV, B;-AAbs
decreased ly; density from 2.18 + 0.40 pA/pF to
1.72 + 0.60 pA/pF, which was reduced by 21%
compared with negative IgG group (P<<0.05, Fig.
5A). In B;-AAbs group, Ito density at +70 mV
was decreased by 33.4% (from 26.15 £+ 1.01
pA/pF to 17.43 = 1.42 pA/pF, P<<0.05, Fig. 5B).
Therefore, long-term presence of p1-AAbs could
attenuate Iy, and I, which may serve to delay AP
repolarization. It

also maybe serve as a

mechanism of QT prolongation.

Fig. 5. Both inward (=120 to —100 mV) and
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Fig. 2. B;-AAbs induce the occurrence of arrhythmia. The influence of saline (A) and negative IgG (B) on the ECG
(Electrocardiogram) of normal rats. C: VA could be induced in normal rats by acute transfer of B;-AAbs purified from
ventricular arrhythmia patients. D: The frequency of PVC per hour. Data are presented as the mean value + SEM,
**P<0.01 B;-AAbs-Human group vs saline group or negative IgG-Human group; n = 8/group. The long-term influence
of negative IgG-Rat (E) and ;-AAbs-Rat (F) on the ECG of normal rats. G: Persistent time of VT in the process of
passive immunization. Negative IgG-R: IgG from the sera of B;-AAbs negative rats. ;-AAbs-R: f;-AAbs purified from
the immunized rats' sera. Data are presented as the mean value + SEM. **P<C0.01 B,-AAbs group vs. negative IgG
group at the same time point. n = 8/group. VA: ventricular arrhythmia; PVC: premature ventricular contraction; VT:
ventricular tachycardia.

The current—voltage relationship of lc,p is
illustrated in Fig. 5C-D. In B;-AAbs group, lcaL
density was significantly higher than that in the

4.5.2. Long-term presence of f;-AAbs increases
lcar and intracellular free calcium levels, and

decreases Ina_ca
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negative IgG group (P<<0.05, Fig. 5C). At +10
mV, lc,p reached the peak current which was
significantly increased (—12.33 £+ 0.34 pA/pF)
compared to the negative IgG group (—6.84 +
0.38 pA/pF, P<<0.05). The Iy, ca recordings
were shown in Fig. 5D. When measured at
+50mv, In,c, amplitude was significantly
decreased in the B;-AAbs group (0.92 £ 0.20
pA/pF) which was 40.3% lower than the
negative IgG group (1.54 + 0.18 pA/pF, P<<0.05,
Fig. 5E). At —80mv, Iy, c, amplitude was
significantly decreased in ;-AAbs group (—1.66
+ 0.21 pA/pF) which was 33.3% lower compared
to the negative IgG group (—2.49 £+ 0.17 pA/pF,
P<<0.05, Fig. 5E).

The free calcium level in immunized rat
myocytes (503.3 + 122.07) was significantly
higher than that in the negative IgG group (52.9
+ 1.30, P<<0.05) (Supplementary Fig. 3).

The above data suggested that B;-AAbs could
increase free Ca”" level in cytoplasm by increasing
Ica and inhibiting Iy, ¢, which may serve to affect
EAD, TA and prolonged QT interval.

4.6. B;-AAbs can increase I, and decrease lys in
ventricular myocytes of guinea pigs

After heparinization and anesthesia, the heart
of adult male guinea pigs was removed from the
body and connected to the Langendorff perfusion
apparatus. l, and l; were recorded by patch
clamp on single ventricular myocytes after
enzymatic digestion. Both 3;-AAbs (0.1 umol/l)
and ISO (0.1 pmol/l) increased ly,. At +10 mV,
Bi-AAbs increased Iy, density to 1.28 + 0.53
pA/pF which was higher than before treatment
(0.56 = 0.05 pA/pF, P<<0.05, Fig. 6D) and in the
negative IgG group (0.59 + 0.05, P<<0.05, Fig.
6B). ISO also increased Ik, density (Fig. 6C).
The effect was different on lg,. At +60 mV,
B1-AAbs decreased lgs density to 1.39 + 0.13
pA/pF compared to before treatment (4.35 £+ 0.40
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pA/pF, P<<0.05, Fig. 6H), but ISO (0.1 pmol/l)
increased lgs density to 12.0 = 1.0 pA/pF (P<<
0.05, Fig. 6G). Saline (Fig. 6E) and negative IgG
(Fig. 6F) did not influence IKs. From the above,
we can conclude that in this guinea pig muscle
model, B;-AAbs don't have significant effect on
the repolarization of AP because of increased Iy,
and decreased ly.

Supplementary Fig. 4 summarized the
influence of B;-AAbs on the multiple ion flows
and APD of cardiomyocytes.

5. Discussion

Ventricular arrhythmia is a common clinical
arrhythmia type with high morbidity. Ventricular
arrhythmia induced by long QT syndrome has
attracted increasing attention in clinical
treatment because of its sudden onset and poor
prognosis. Autoimmunity plays an important role
in the pathogenesis of arrhythmia 5] Under
pathological conditions such as heart failure and
myocardial ischemia, the §;-AR pathway is often
impaired. B;-AAbs may induce arrhythmias via
Bi-AR pathway. Our previous studies ! reported
that the long-term presence of P;-AAbs led to
cardiac remodeling and pathological changes of
DCM which maybe the underlying reason of
arrhythimia. Moreover other researchers found
that B;-AAbs may contribute to the formation of
arrhythmia (1617,

Our current study found that there was a
higher B,-AAbs positive rate in CHD, VA, AA
and CA patients' sera, consistent with the

(3] Importantly,

findings of other research groups
there was a positive correlation between
Bi-AAbs level and QT interval. The above
results suggested that B;-AAbs may be involved
in the occurrence and development of
arrhythmias by influencing QT interval, but the
which

pathophysiological mechanism by

B1-AAbs induce arrhythmia was not clear.
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APD equally to ISO. Ab-: Negative IgG group, Ab+: B;-AAbs group, IgG from the sera of f1-AAbs-positive rats;
B1-AAbs + MET group: B;-AAbs (0.1 umol/L) + Metoprolol (10 pmol/L); Ab + P: f;-AAbs (0.1 pmol/L) + synthetic
peptide (5 pmol/L); Ab+ anti-IgG: B;-AAbs (0.1 pmol/L) + anti-rat IgG (1 pmol/L); Data are presented as the mean
value + SEM. *P<C0.05, **P<(0.01, n= 8/group.
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presented as the mean value + SEM, *P<C0.05 vs. 0 min. n= 6/group.
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The limited B;-AAbs available from human
patients was unable to meet the high demand of
our experiments, so we created an active
immunization rat model ! The result showed
that purified PB;-AAbs from rat accelerated
cultured NRVM beating rates with agonist-like
biological effects similar to human ;-AAbs.

Purified B;-AAbs from arrhythmia patients
could induce 66.7% of normal male rats to have
arrhythmia (predominantly ventricular). Rats
passively immunized with rat B;-AAbs also
commonly developed ventricular arrhythmia. It
is clear that PB;-AAbs can induce ventricular
arrhythmia in vivo, but the exact mechanism is
still not known.

QT interval is a measure of the time between
the start of Q wave and the end of T wave in the
heart electrical cycle which represents the total
time of ventricular depolarization and
repolarization. The prolongation of QT interval
can lead to sudden death due to ventricular
arrhythmia or ventricular fibrillation (VF) '®. In
healthy individuals, the QT interval is estimated

at 320-440 ms. If the QT interval exceeds 440
]

ms, it is regarded as QT interval prolongation "%,

It has been reported that prolongation of QT
interval is the primary cause of ventricular
arrhythmia and VF [
evidence was lacking that §;-AAbs can induce
QT prolongation directly. In this study, QT
interval was recorded in the process of passive

. Direct experimental

immunization. QTc increased by the 24th week
of immunization and continued to increase until
the end of the experiment. This supports that
long-term presence of ;-AAbs can prolong QT
interval which may underlie the mechanism of
its induction of ventricular arrhythmia.
Mechanisms of arrhythmia include reentry,
ectopic automaticity and TA. Compared with
automaticity, triggered activity depends on outside
stimulation. TA is classified into two categories:

EAD and DAD. EAD occurs with abnormal
depolarization during phase 2 or phase 3. TA
induced by EAD in Purkinje fibers from German
shepherd dogs revealed one of the mechanisms of
inherited ventricular arrhythmia B DAD begins
during phase 4-after repolarization is completed,
but before another action potential would
normally occur. DAD is important in the
pathogenesis of arrhythmia, especially malignant
arrhythmia, which can be induced by high
extracellular calcium, low extracellular sodium,
catecholamines, calcium channel agonists et al.

(ISO) is commonly used in
arrhythmia models in pharmacology 2.

Isoproterenol

APD of single myocytes can influence the QT
interval. Our data revealed that B;-AAbs can
prolong APD of single ventricular myocytes
acutely in guinea pigs in vivo which was in
1 In papillary
muscles of guinea pigs and rats, B;-AAbs can
lead to the prolongation of APD and TA which
B1-AAbs
arrhythmia. Moreover, [;-AAbs could induce

accordance with other data

may underlie ability to cause
EAD 2 which is one of the mechanisms by
which B;-AAbs might increase both APD and
QT interval. In order to clarify the long-term
effects, patch clamp technology was used to
record the AP of single cardiomyocytes after
long-term treatment with B;-AAbs. The data
indicated that APD of single cardiomyocyte
increased and RP decreased in B;-AAbs group.
that [;-AAbs

after-depolarization by increasing intracellular

We speculate might induce
calcium, which may further cause arrhythmia.
APD includes two phases of depolarization
and repolarization. Repolarization phase is the
main factor affecting the length of APD. After
recording multiple ion flows in the repolarization
process, we identified that long-term presence of
B1-AAbs could decrease Iy, lx; and positive

Ina_ca Of the single ventricular myocyte, increase

203



lcar, and increase free calcium level in the
cytoplasm. Because AP repolarization is mainly
formed by Iy, weakening two of the main
currents (l,, lx) will slow the outflow of
potassium which results in the prolongation of
repolarization. Also, increased lc, can prolong
plateau and repolarization time. Previous reports
described that f;-AAbs could raise the calcium

[25,26]

level . Long-term presence of p;-AAbs

appears to be an important cause of high free
Ca®" in the cytoplasm, and therefore may
contribute to TA and EAD generation. Iy, is one
of the main ion currents regulating RP 7.
Decreased ly; can reduce RP of the cell

membrane and membrane

[28,29]

improve  cell
excitability . Because of the lack of Iy
channel protein in the cardiomyocyte membrane
of rats, guinea pig’s cardiomyocytes were used to
record lys i and lg.y by patch clamp. The data
indicated that B;-AAbs can increase ly.q,; and
decrease lig 1.

In summary, autoimmune mechanisms appear
important in the pathogenesis of VA. B;-AAbs
can affect APD and QT interval by regulating
multiple ion flows in the AP repolarization
process. Moreover, B;-AAbs can affect the
excitability of ventricular myocytes, which is a

i*@*@*@*@*@w*
EEEHM
AR

potential risk factor for ventricular arrhythmia.
How to eliminate the pathologic effects of
Bi-AAbs now becomes the focal point of our
future work.

6. Conclusions

B1-AAbs can induce the pathogenesis of VA by
affecting APD and QT interval which were
regulated by multiple ion flows in the AP
repolarization process.

Supplementary data to this article can be
found online at http://dx.doi.org/10.1016/j.

ijcard.2015.06.144.
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