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Impact statement Abstract
As far as we know, this is the first time the | AMP-activated protein kinase-22 is the main catalytic subunit of the heart, which is mainly
role of AMP-activated protein kinase-:2 located in cardiac myocytes. The effect of AMP-activated protein kinase-22 on the cardiac
(AMPK®2) on the cardiac electrophysiology . . . . e )
is explored, and we found that the electrophysiology is barely studied. From the previous study, it is possible that AMP-

p-adrenoceptor activation resulting from | activated protein kinase-«2 may have some effect on the electrophysiology of the heart.
catecholamine release was mainly

responsible for the changes of electro- To prove the hypothesis, we used the AMP-activated protein kinase-«2 knockout
physiology related to the absence of (AMPKo22~'") mice to estimate the electrophysiological characteristics of AMPKz2 ™/~
AMPKo2. This h t clinical signifi- . ) . . :
Cance‘“as in';at?;?sr?hg r'::s: ;r'gg:e'ms mice and try to find the mechanism between them. We used AMP-activated protein
with AMPK+2 gene, we may use f-adre- | kinase-«2 gene knockout (AMPK«2 /") mice and control wild-type mice as the experimen-

noceptor antagonists for the prevention of

. tal animals. In the experiment, we measured the monophasic action potential duration and
arrhythmias in future.

test the inducibility to ventricular arrhythmia in isolated mice heart with and without f-adre-
noceptor antagonist metoprolol. Meanwhile, plasma concentration of catecholamine was collected. We found that AMPKo2 ™/~

significantly shortened 90% repolarization of monophasic action potential (MAP) (MAPDgg, than wild-type (47.4 +2.6 ms vs. 55.5
+2.4 ms, n=10, P<0.05) and were more vulnerable to be induced to ventricular arrhythmias (70% (7/10) vs. 10% (1/10),
P < 0.05), accompanied by the higher concentration of catecholamine (epinephrine: 1.75+0.18 nmol/L vs. 0.68 +0.10 nmol/L
n=10, P <0.05; norepinephrine: 9.56 +0.71 nmol/L vs. 2.52 +0.31 nmol/L n=10, P < 0.05). The shortening of MAPDgo and
increased inducibility to ventricular arrhythmias of AMPK«2~'~ could almost be abolished when perfusion with p-adrenoceptor
antagonist metoprolol. It indicated that the -adrenoceptor activation resulting from catecholamine release was mainly respon-
sible for the relating changes of electrophysiology of AMPK«2 /. It had great clinical significance, as in patients who had problem
with AMP-activated protein kinase-o2 gene, we might use fi-adrenoceptor antagonists as the prevention of arrhythmias in future.
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Introduction
normal function of the codified proteins involved in cell

Arrhythmias is a common cause of morbidity and mortality electrophysiology and calcium handling underlie arrhyth-
and is a great burden to world. Although there are several mogenic syndromes and some gene mutations have been
methods used to treat arrhythmias, some treatment are proven related with cardiac arrhythmias.4‘7 In our study,
ineffective or with limitations.!™ To some extent, our we used gene knockout mice to study the relationship
knowledge about arrhythmia is still limited. We should  between the absence of AMP-activated protein kinase-02
explore more about the potential mechanism of arrhyth- (AMPK«2) and cardiac electrophysiology, hoping to pro-
mias and look for the novel target for the treatment of vide experimental foundation to the treatment of
arrhythmias. Mutations that affect gene expression or the  arrhythmias.
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AMPK is a heterologous trimer protein which has a cat-
alytic subunit (either o1 or 02) and two regulatory subunits
(f and 7).> AMPKo2 is the main catalytic subunit of the
heart, which is mainly located in cardiac myocytes.”'® Tt
was reported that AMPK«2 deficiency (AMPKa2 /")
could exacerbate ventricular hypertrophy in mice.""*? But
the effect of AMPKo2 /™ on the cardiac electrophysiology
is barely studied. In the previous study, it is reported that in
AMPKoa2 knockout mice, there is an increased daily urinary
catecholamine excretion,® suggesting changed function of
the sympathetic nervous system. The increased catechol-
amine could activate f-adrenoceptors and result in the
change of the cardiac electrophysiology in mice.'*"*

To prove the hypothesis, we used AMPK«2 7~ mice to
estimate the electrophysiological characteristics of
AMPKe2 ™/~ mice and try to find the mechanism
between them.

Materials and methods

Experiment animals

Institutional animal care and use committee in China
approved the animals used in this study. The protocols
were conforming to the Guide for the Care and Use of
Laboratory Animals, which is published by US National
Institutes of Health (NIH Publication No.85-23, revised
1996). The experimental animals we used were wild-type
(WT) mice and AMPK«2/~ mice (C57 background). All
the animals were male and the ages were about
eight weeks.

Echocardiography

Isoflurane (1.5%) was used to anesthetize the mice, and the
machine used in the echocardiography study was MyLab
30CV ultrasound (Biosound Esaote, Inc.). We measured the
left ventricular septum, diastolic (IVSD), left ventricular
end diastolic diameter (LVDD), left ventricular posterior
wall diameter (LVPWD), left ventricular end systolic diam-
eter (LVSD), ejection fraction (EF) and fractional shortening
(FS) of mice.

Telemetry ECG recording

Pentobarbital sodium was used to anaesthetize the mice
(60mg/kg i.p.), then placed the mice on a custom-made
ECG recording platform. The temperature of the body
was kept to 37°C. Leads were tunneled subcutaneously.
Recordings did not begin until mice recovered for more
than 24 h and recordings lasted for 24 h. The data acquisi-
tion system (DSI, US) was used to record the signals. The
modification of Bazett's formula was used to correct QT
interval (QTI), QTc = QT/(RR/100)"/21®

Langendorff perfused hearts

The mice were heparinized by heparin sodium (100U, i.p.)
for 10 min. Then they were anesthetized using pentobarbi-
tal sodium. The isolated heart was quickly excised and per-
fused with Tyrode’s solution (mmol/L): NaCl 130; KC1 5.4;
MgCl, 1; CaCl, 1.8; Na,HPO, 0.3; glucose 10; HEPES 10; pH
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7.4. Then the heart was transferred to the Langendorff per-
fusion system (AD instruments, Australia). The speed of
the perfusion was 2-2.5 ml/min.

Monophasic action potential recording

The pacing electrode was placed on the surface of the basal
ventricular. Epicardial MAPs were recorded from left ven-
tricle of the heart. Chrat7.0 software was used to analyze
the MAP waveforms.

Electrical stimulated protocol

S1 pacing

The S;S; pacing protocol was used to record MAP, and the
pacing cycle length (PCL) was 125 ms.

S$1-S2 pacing

The programmed electrical stimulation (PES) comprised
eight stimuli (S1) (CL=125 ms) and an extra stimulus
(52). The S1 S2 interval was gradually decreased until
arrhythmia was induced or no more ventricular deflection
was evoked. S1-52 pacing was used as a method to deter-
mine the susceptibility of cardiac arrhythmia.

Burst pacing

Burst pacing was another method used to determine the
susceptibility of cardiac arrhythmia. Burst pacing was con-
sisted of 2 ms pulses at 50 Hz and the duration was 2 s."”

Measurement of serum catecholamine concentrations

Animals were lightly anesthetized with 1.5% isoflurane.
The 200 ul blood was taken into heparinized capillaries
by puncturing the retro-orbital plexus. ELISA kit was
used to test the concentrations of epinephrine and norepi-
nephrine (Nanjing Senbeijia Biological Science and
Technology Co, Nanjing, China).

Role of ff-adrenoceptor activation

To test the role of fi-adrenoceptor on the AMPKo2 /"~ mice,
the MAP and the susceptibility to ventricular arrhythmia
were compared with and without of 1.8 umol/L metoprolol
(the f-adrenoceptor antagonist, Sigma).

Statistical analysis

All data reported were expressed in the form of mean £ SD.
Statistical methods used were Fisher exact test and
Student’s t test, which were completed by SPSS 17.0.
P < 0.05 was considered as significant.

Results

The basic character between WT and AMPK«2~/"mice

No significant difference was seen in body weight, ventric-
ular mass, and lung mass between the two groups. In addi-
tion, echocardiography data (with 1.5% isoflurane) showed
there were no difference in IVSD, LVDD, LVPWD, LVSD,
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EF and FS between AMPKo2 /~ and WT mice (Table 1).
Telemetry ECG was used to assess the basic electrophysio-
logical character of the mice in non-anesthetized and unre-
stricted conditions. From the telemetry ECG data, it
showed that AMPKo2 /™ significantly increased the heart
rate (HR), shorted QRS wave, QTI and QTc of the heart
(Table 2).

Table 1. The basic character between WT and AMPKx2 '~ mice.

WT (n=9) AMPK«-2~'~ (n =6)

Body weight, g 25.1+0.5 24.7+0.7

Ventricular mass, mg 108.2+1.8 107.1+2.3
Lung mass, mg 134.1£3.2 133.7+4.3
IVSD, mm 0.65+0.04 0.66 +0.04
LVDD, mm 3.60+0.13 3.62+0.22
LVPWD, mm 0.64+0.05 0.65+0.05
LVSD, mm 2.01+0.11 2.05+0.23
EF, % 81.50+2.43 80.50 + 3.62
FS, % 43.67 +2.25 42.83+3.43

WT: wild type; IVSD: left ventricular septum, diastolic; LVDD: left ventricular
end-diastolic diameter; LVPWD: left ventricular posterior wall diameter; LVSD:
left ventricular end-systolic diameter; EF: ejection fraction; FS: fraction-

al shortening.

Table 2. Telemetry recordings from WT and AMPKx2~/~ mice.

WT (n=9) AMPK«-2~'~ (n = 6)
HR, bpm 604.9+19.5 656.7 + 26.0*
RRI, ms 100.5+8.5 92.3+8.9
PRI, ms 34.4+4.8 33.7+5.3
QRS, ms 8.1+0.2 7.8+0.3
QTl, ms 471+2.1 42.84+1.7*
QTc, ms 47.0+2.1 44.641.8*

Note: QTc = QT/(RR/100)".
*P <0.05.
WT: wild type; HR: heart rate; RRI: RR interval; PRI: PR interval; QTI: QT interval.
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Effect of AMPK«2~'~ on MAP

In order to test the effect of AMPKo2 /~ on MAPD of the
heart, MAPs were recorded at left ventricle during pacing
at PCL 125 ms. The range of the amplitudes of MAP was
from 10.2 to 23.5 mV. MAPD was measured at 90% repo-
larization (MAPDgg). The MAPDg, of AMPKx2~/~ 474
+2.6 ms, n=10) was significantly shortened than WT
(55.5+2.4 ms, n=10, P <0.05) (Figure 1).

AMPK«2~/~ enhanced susceptibility of
cardiac arrhythmia

In order to test the susceptibility of cardiac arrhythmia, we
use PES and burst pacing to induce ventricular arrhythmias
in isolated heart from AMPK«2~/~ and WT mice. PES was
consisted of an eight S1 and a single premature pulse (52),
which elicited triggered activity, mimicking the physiolog-
ical initiation of cardiac arrhythmias, and burst pacing is a
robust arrhythmogenic test. In AMPK«2 7~ heart, 7 out 10
were induced to ventricular arrhythmias, while in WT, only
1 out of 10 was induced to ventricular arrhythmias. It
showed that AMPK«2 /"~ enhanced the susceptibility to
ventricular arrhythmias than WT (70% (7/10) vs. 10%
(1/10), P <0.05) (Figure 2). What's more, spontaneous pre-
mature ventricular contractions (PVCs) (>15 events/min)
were more frequency in AMPKe2 /"~ mice than C57 (40%,
4/10 vs. 0%, 0/10) in telemetry ECG (Figure 3).

Role of catecholamine

To test whether higher catecholamine was responsible for
the effect of AMPK«2 /~ on the cardiac electrophysiology,
we test the concentration of catecholamine in the blood. It
showed that AMPK«2 7~ had a higher concentration of
plasma catecholamine. The concentration of plasma epi-
nephrine of AMPKs2 /= was 1.75 & 0.18 nmol /1, compared
with 0.68 +0.10 nmol/l in WT (n=10, P <0.05), and the
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Figure 1. Representative action potential waveforms from epicardium between AMPKx2 '~ and wild-type (WT) in isolated heart. It showed that AMPKx2 '~ shortened

the action potential duration than WT.
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Figure 2. PES and burst stimuli were applied to induce ventricular arrhythmias. During PES pacing (a) and burst pacing (b), the sustained rapid ventricular activities
were occurred in 7 out of 10 mice in AMPK«2 '~ hearts, while in wild-type mice only 1 out of 10 hearts showed short time rapid ventricular activities.
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Figure 3. Representative telemetry recordings from AMPK«2~/~ and wild-type (WT) mice. More premature ventricular contractions can be seen in AMPKx2~/~ mice
than WT mice.
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concentration of plasma norepinephrine was 9.56 +0.71
nmol/1, while the WT was 2.52+0.31 nmol/l (n=10,
P <0.05) (Figure 4).

Role of fi-adrenoceptors

After release of catecholamine, to test whether the electro-
physiological change of AMPK«2 7~ was mediated via the
activating of f-adrenoceptors, we compared the effect of
AMPK#2 /" on cardiac electrophysiology with and with-
out f-adrenoceptor antagonist metoprolol. It showed that
the shortening of MAPD90 and increase in ventricular
arrhythmias inducibility can almost be abolished when
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perfusion with f-adrenoceptor antagonist metoprolol
(Figure 5).

Discussions

In the present study, we found that AMPKo2 /"~ signifi-
cantly shortened MAPD of the heart and were more vul-
nerable to ventricular arrhythmias. Perfusion with
p-adrenoceptor antagonist metoprolol almost abolished
the effect of absence of AMPKo2. It indicated that the
p-adrenoceptor activation resulting from catecholamine
release is mainly responsible for the electrophysiological
changes associated with AMPK«2 /.
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Figure 4. The plasma concentration of catecholamine between AMPKx2~/~ and wild-type (WT) mice. (a) The concentration of epinephrine, (b) the concentration of

norepinephrine. *P < 0.05.
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Figure 5. The role of -adrenoceptor antagonist metoprolol on the monophasic action potential (MAP) (a) and the susceptibility to ventricular arrhythmia (b). In the
presence of metoprolol, the effect of absence of AMPK«2 on shortening of the MAP and increased susceptibility to ventricular arrhythmia were almost abol-

ished. *P < 0.05.
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AMPKoa2 is the main catalytic subunit in the heart,
mainly expressed in cardiac myocytes.”'’ In the previous
studies, it was shown that AMPKu2 played a negative role
in cardiac hypertrophy."'> AMPK«2~/~ could increase
ventricular hypertrophy induced by transverse aortic con-
striction in mice,'" and cardiac hypertrophy that is induced
by isoproterenol was significantly higher in AMPKo2 ™/~
mice.'? However, the effect of AMPKo2 /™ on the cardiac
electrophysiology is barely studied. It is known before that
the main role of AMPK is regulating energy metabolism,
which include striated skeletal, nerve cells, fat tissue, liver
and heart."”'® And even recently, the roles of AMPK in
electrophysiology were somewhat neglected."” So we
need to explore more about the role of AMPK in electro-
physiology. It is known that the ion channels are very
important in the electrophysiology of the heart and some
ion channels are regulated by AMPK.**' Since AMPKo22 is
the catalytic subunit of the AMPK, our hypothesis is that
AMPKo2 is likely to be associated with the electrophysiol-
ogy of the heart. And from the result of our study, AMPK«2
did have some effect on the cardiac electrophysiology in
mice. But what is the possible mechanism between them?

In our study, AMPK«2 /~ mice were more vulnerable to
ventricular arrhythmias. We thought that the high level of
catecholamine might contribute to it. In our study, we
tested the concentration of catecholamine in the blood
and found that AMPKo2 /= had a higher concentration
of catecholamine. It is consistent with the research of
Viollet et al™ In their research, they found that
AMPKe2 ™/~ mice had highly excretion of urinary catechol-
amine. Catecholamine is consisted of norepinephrine, epi-
nephrine, and dopamine and could activate through the
p-adrenoceptor and change the electrophysiology of the
heart.'*'> In the previous study, it showed that increased
catecholamine was associated with ventricular arrhythmias
not only in animals but also in people.”>"** For example, in
animals, it was found that catecholamine could facilitate
burst pacing-induced ventricular arrhythmias.”> While in
patients with right ventricular tachycardia (idiopathic
right ventricular outflow tract tachycardia (RVO-VT)),
they were easy to be induced to ventricular tachycardia
by catecholamine infusion during electrophysiological
studies™ and the efficacy of antiarrhythmic with antiadre-
nergic drug suggested abnormalities of cardiac sympathet-
ic innervation.”* So the increased concentration of
catecholamine might be the cause of increased inducibility
to cardiac arrhythmias in AMPK«2 ™/~ mice.

To examine whether the effect of increased catechol-
amine in the AMPK«2 /~ was mediated via the activating
of p-adrenoceptors, we compared the effect of AMPKe2 ™/~
on cardiac electrophysiology with and without
p-adrenoceptor antagonist metoprolol, and it showed that
the shortening of MAPD and increase in ventricular
arrhythmias inducibility of AMPK«2 /"~ could almost be
abolished by perfusion with metoprolol. When f-adreno-
ceptor was stimulated, it could activate the slow delayed
rectifier outward potassium current, which contributed to
the shortening of ventricular APD and QT interval.'*!*> On
the contrary, it was found that in mouse with the truncated
delayed rectifier potassium current, a significant
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prolongation of APD and QT intervals can be observed.”*

In the result of our experiment, the APD and QT interval of
AMPK#2™/~ mice was shortened. When the ventricular
APD and QT interval were shortened, then it would be
easy to be induced to ventricular arrhythmias.?”*
Shortening of APD was related with increased probability
of ventricular fibrillation induction and decreased the prob-
ability of spontaneous defibrillation by allowing a greater
number of fibrillation waves in the ventricle in the presence
of catecholamine.?® In the short QT syndrome, transmural
heterogeneity of repolarization was increased and then cre-
ated the substrate for reentry which as easy to develop to
malignant ventricular arrhythmia.?” So we could conclude
that in AMPKe2 /~ mice, the increased catecholamine
activated f-adrenoceptors and resulted in the change of
the cardiac electrophysiology.

In conclusion, AMPKx2~/~ shortened the MAPD of the
heart and facilitated the incidence of ventricular arrhyth-
mias. It indicated that ff1-adrenoceptor activation is mainly
responsible for the relating changes of electrophysiology of
AMPK«2 /. Tt had great clinical significance, as in patients
who had problem with AMPK«2 gene, we might use
p-adrenoceptor antagonists as the prevention of arrhyth-
mias. What's more, we can conclude that AMPKe2 acted
as a protected role in ventricular arrhythmogenesis and it
might also be a good way to prevent some arrhythmias by
up-regulating or activating expression of AMPKoa2.

Authors’ contributions: All authors participated in the design,
interpretation of the studies and analysis of the data and
review of the manuscript; Hong Cao, Xin Wang and Shaozhen
Ying conducted the experiments, Hong Cao wrote

the manuscript.

ACKNOWLEDGEMENTS

We thank Teng Wang for the technical support.

DECLARATION OF CONFLICTING INTERESTS

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of
this article

FUNDING

This work was supported by the Fundamental Research Funds
for the Central Universities (No. 2012302020205).

REFERENCES

1. Greene HL. Clinical significance and management of arrhythmias in
the heart failure patient. Clin Cardiol 1992;(15Suppl 1):113-21

2. Effect of the antiarrhythmic agent moricizine on survival after myocar-
dial infarction. The Cardiac Arrhythmia Suppression Trial II
Investigators. N Engl | Med 1992;327:227-33

3. Waldo AL, Camm AJ, deRuyter H, Friedman PL, MacNeil DJ, Pauls JF,
Pitt B, Pratt CM, Schwartz PJ, Veltri EP. Effect of d-sotalol on mortality
in patients with left ventricular dysfunction after recent and remote
myocardial infarction. The SWORD Investigators. Survival with Oral
d-Sotalol. Lancet 1996;348:7-12

4. Plaster NM, Tawil R, Tristani-Firouzi M, Canun S, Bendahhou S,
Tsunoda A, Donaldson MR, Tannaccone ST, Brunt E, Barohn R, Clark ],



714  Experimental Biology and Medicine Volume 243 May 2018

10.

11.

12.

13.

14.

15.

Deymeer F, George AL, Jr, Fish FA, Hahn A, Nitu A, Ozdemir C,
Serdaroglu P, Subramony SH, Wolfe G, Fu YH, Ptacek L]. Mutations in
Kir2.1 cause the developmental and episodic electrical phenotypes of
Andersen’s syndrome. Cell 2001;105:511-9

. Splawski I, Shen J, Timothy KW, Lehmann MH, Priori S, Robinson JL,

Moss AJ, Schwartz PJ, Towbin JA, Vincent GM, Keating MT. Spectrum
of mutations in long-QT syndrome genes. KVLQT1, HERG, SCN5A,
KCNE1, and KCNE2. Circulation 2000;102:1178-85

. Mohler PJ, Schott JJ, Gramolini AO, Dilly KW, Guatimosim S, duBell

WH, Song LS, Haurogne K, Kyndt F, Ali ME, Rogers TB, Lederer WJ,
Escande D, Le Marec H, Bennett V. Ankyrin-B mutation causes type 4
long-QT cardiac arrhythmia and sudden cardiac death. Nature
2003;421:634-9

. Wang Q, Shen J, Splawski I, Atkinson D, Li Z, Robinson JL, Moss A],

Towbin JA, Keating MT. SCN5A mutations associated with an inher-
ited cardiac arrhythmia, long QT syndrome. Cell 1995;80:805-11

. Turdi S, Fan X, Li J, Zhao J, Huff AF, Du M, Ren ]J. AMP-activated

protein kinase deficiency exacerbates aging-induced myocardial con-
tractile dysfunction. Aging Cell 2010;9:592-606

. Tian R, Musi N, D’Agostino J, Hirshman MF, Goodyear L]J. Increased

adenosine monophosphate-activated protein kinase activity in rat
hearts with pressure-overload hypertrophy. Circulation 2001;104:1664-9
Kahn BB, Alquier T, Carling D, Hardie DG. AMP-activated protein
kinase: ancient energy gauge provides clues to modern understanding
of metabolism. Cell Metab 2005;1:15-25

Zhang P, Hu X, Xu X, Fassett ], Zhu G, Viollet B, Xu W, Wiczer B,
Bernlohr DA, Bache R], Chen Y. AMP activated protein kinase-alpha2
deficiency exacerbates pressure-overload-induced left ventricular
hypertrophy and dysfunction in mice. Hypertension 2008;52:918-24
Zarrinpashneh E, Beauloye C, Ginion A, Pouleur AC, Havaux X, Hue
L, Viollet B, Vanoverschelde JL, Bertrand L. AMPKalpha2 counteracts
the development of cardiac hypertrophy induced by isoproterenol.
Biochem Biophys Res Commun 2008;376:677-81

Viollet B, Andreelli F, Jorgensen SB, Perrin C, Geloen A, Flamez D, Mu
J, Lenzner C, Baud O, Bennoun M, Gomas E, Nicolas G, Wojtaszewski
JF, Kahn A, Carling D, Schuit FC, Birnbaum M]J, Richter EA, Burcelin R,
Vaulont S. The AMP-activated protein kinase alpha2 catalytic subunit
controls whole-body insulin sensitivity. ] Clin Invest 2003;111:91-8
Volders PG, Stengl M, van Opstal JM, Gerlach U, Spatjens RL, Beekman
JD, Sipido KR, Vos MA. Probing the contribution of IKs to canine ven-
tricular repolarization: key role for beta-adrenergic receptor stimula-
tion. Circulation 2003;107:2753-60

Winter ], Brack KE, Ng GA. The acute inotropic effects of cardiac con-
tractility modulation (CCM) are associated with action potential dura-
tion shortening and mediated by betal-adrenoceptor signalling. | Mol
Cell Cardiol 2011;51:252-62

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Zhang Z, He Y, Tuteja D, Xu D, Timofeyev V, Zhang Q, Glatter KA, Xu

Y, Shin HS, Low R, Chiamvimonvat N. Functional roles of Cav1.3
(alphalD) calcium channels in atria: insights gained from gene-
targeted null mutant mice. Circulation 2005;112:1936-44

Reil JC, Hohl M, Oberhofer M, Kazakov A, Kaestner L, Mueller P,
Adam O, Maack C, Lipp P, Mewis C, Allessie M, Laufs U, Bohm M,
Neuberger HR. Cardiac Racl overexpression in mice creates a substrate
for atrial arrhythmias characterized by structural remodelling.
Cardiovasc Res 2010;87:485-93

Hardie DG, Hawley SA, Scott JW. AMP-activated protein kinase-devel-
opment of the energy sensor concept. | Physiol 2006;574:7-15

Arad M, Seidman CE, Seidman JG. AMP-activated protein kinase in the
heart: role during health and disease. Circ Res 2007;100:474-88
Yoshida H, Bao L, Kefaloyianni E, Taskin E, Okorie U, Hong M, Dhar-
Chowdhury P, Kaneko M, Coetzee WA. AMP-activated protein kinase
connects cellular energy metabolism to KATP channel function. ] Mol
Cell Cardiol 2012;52:410-8

Alesutan I, Munoz C, Sopjani M, Dermaku-Sopjani M, Michael D,
Fraser S, Kemp BE, Seebohm G, Foller M, Lang F. Inhibition of Kir2.1
(KCNJ2) by the AMP-activated protein kinase. Biochem Biophys Res
Commun 2011;408:505-10

Vinet L, Pezet M, Bito V, Briec F, Biesmans L, Rouet-Benzineb P, Gellen
B, Previlon M, Chimenti S, Vilaine JP, Charpentier F, Sipido KR,
Mercadier JJ. Cardiac FKBP12.6 overexpression protects against trig-
gered ventricular tachycardia in pressure overloaded mouse hearts.
Basic Res Cardiol 2012;107:246

Kienzle MG, Martins JB, Constantin L, Aschoff A. Effect of direct, reflex
and exercise-provoked increases in sympathetic tone on idiopathic
ventricular tachycardia. Am | Cardiol 1992;69:1433-8

Zipes DP. Sympathetic stimulation and arrhythmias. N Engl | Med
1991;325:656-7

Jeron A, Mitchell GF, Zhou J, Murata M, London B, Buckett P, Wiviott
SD, Koren G. Inducible polymorphic ventricular tachyarrhythmias in a
transgenic mouse model with a long Q-T phenotype. Am | Physiol Heart
Circ Physiol 2000;278:H1891-8

Baker LC, London B, Choi BR, Koren G, Salama G. Enhanced disper-
sion of repolarization and refractoriness in transgenic mouse hearts
promotes reentrant ventricular tachycardia. Circ Res 2000;86:396-407
Extramiana F, Antzelevitch C. Amplified transmural dispersion of
repolarization as the basis for arrhythmogenesis in a canine
ventricular-wedge model of short-QT syndrome. Circulation
2004;110:3661-6

Tovar OH, Bransford PP, Jones JL. Probability of induction and stabili-
zation of ventricular fibrillation with epinephrine. | Mol Cell Cardiol
1998;30:373-82

(Received September 26, 2017, Accepted March 7, 2018)



	table-fn1-1535370218767389
	table-fn2-1535370218767389
	table-fn3-1535370218767389
	table-fn4-1535370218767389

