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[Abstract] Objective To investigate the regulation of B-adrenoceptor on sodium-calcium exchange current (Iy. ) and its possible
signal transduction pathway. Methods The NCX1. 1 plasmid was transfected into human embryonic kidney-293 ( HEK-293) cell by
immunomagnetic-bead-based positive expression system. Transfected HEK-293 cells totaling 103 with positive transfection were selected
and randomly divided into blank control group (n=20), isoproterenol (ISO) group (n=20), pertussis toxin (PTX) plus ISO group
(n=20), forskolin plus ISO group (n=22), and H89 [ protein kinase A (PKA) inhibitor] plus ISO group (n=21). I changes in
each group were recorded with whole-cell patch clamp technique. SPSS statistics 21. 0 was used for statistical analysis. According to data
type, t-test was used for comparison between two groups, and ANOVA was used for comparison between multiple groups. Results Against
control group, ISO increased the inward I, density from (=6.07x1.53) pA/pF to (=7.89+1.61) pA/pF (n=20, P<0.05), with
an average increase of about 30%. However, the effect of ISO on Iy current was significantly changed after pre-administration of key
molecular agonists or inhibitors of Gi-cAMP-PKA pathway. PTX and forskolin, significantly enhanced the effect of ISO, had a more
significant effect on I, density increase, the current density increased to (—=10.02+1.99) pA/pF and (-10.78+1.77) pA/pF,
respectively. Compared with ISO alone, there was a significant difference (n=20, P<0.01), suggesting that both the inhibition of
Gi protein and activation of cAMP can enhance the effect of ISO. However, the effect of pre-treatment with PKA inhibitor H89
showed no enhancement on I, and the current density was about (—6.22+1.70) pA/pF, which was not significantly different
from that of the control group (n=20,P>0.05). It suggested that PKA inhibition can basically block the effect of ISO on Iy.
Conclusion (-adrenoceptor activation may enhance the NCX1. 1 inward current, probably through stimulating G protein-cAMP-PKA
signaling pathway.
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Figure 1 HEK-293 cell (x100)
HEK: human embryonic kidney.
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Figure 2 Positive cells marked by magnetic beads
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Figure 3 Iy encoded by NCX1. 1
A original current graph and current graph after NiCl, treatment;

B: residual plot of NCX current after NiCl, treatment.

NCX: Na*/Ca”" exchanger.
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Figure 4  Effect of ISO on Iy, encoded by NCX1. 1

A effect diagram of ISO on NCX current; B
NCX; Na*/Ca®
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Figure 5 Effect of PTX+ISO on inward current of Iy

effect diagram of PTX+ISO on NCX current; B:effect of PTX+ISO on inward current of NCX. PTX: pertussis toxin

ISO; isoprenaline hydrochloride; NCX; Na*/Ca®" exchanger. Compared with 1SO group, “P<0. 001
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Figure 6  Effect of forskolin+ISO on the inward current of NCX1. 1

A effect diagram of forskolin+ISO on NCX current; B:

effect of forskolin+ISO on inward current of NCX. ISO: isoprenaline hydrochloride

NCX: Na*/Ca® exchanger. Compared with ISO group, *P<0. 001



<128 - HERARZIRNEPORAGE 2034E2 H 28 H 5248 %52 Chin ] Mult Organ Dis Elderly, Vol.22, No.2, Feb. 28, 2023

+80 mV, 400 ms

90 vis \_0mV  500pA
200 ms
~120mV

~60 mV

—ISO+H89
—ISO

A

0_
Ed
1
4l . o l.
[ [
= ¥
:& -8 )
= <] 1T
-12F g
-16 T T
1SO ISO+H89
B

7 H89+ISO Xf NCX1. 1 I [s] B2t K9 35 1
Figure 7 Effect of H89+1SO on inward current of NCX1. 1
A effect diagram of H89+ISO on NCX current; B:effect of H89+ISO on inward current of NCX. ISO: isoprenaline hydrochloride
NCX: Na*/Ca”" exchanger. Compared with ISO group, “P=0.004.

3 it i

NCX J iz 0 A 45 JE AL L, BAT WU iz
Ca” Fll Na* I DI RE , J2 4E 35 M P9 405 R 2 o B 2 1
BIERAZ 1Y BSR40 Y A 2
T3l AR 28 I o 40 i 1) 38 7 Ak | e 42 32 Jo Y R
T 8 ZR I A3 A A T O LA P 1 %
A I AR b, NCX B TA Sk X6 8 97 465 ik 7 e 39
KHEAER O RS 5GBSR SEE Y ©
TR T NCX H R 3K I B0 P 5 ml LR
o I (ORI E SO PR 2 RGN 3 M R
GERRAEY AN, 5T R B NCX LA [i] 5% 32
XS5 BN G ARE TA0 05 | 200 0 T 55 22 g B it
R 20 e R A P A - s IR R O C
I CaMK- [T ik 42 Ml & NCX JZ [n] 5% 32 i A P9 25
R R SR R

UTAFER BT SR, A B O E A b Z2Fh
Foorimm S NCXT RIS, Hf a8 EIREZ
A B-E LR Z IR (E S5 X a2 5.0 L4045 53
AEPETY, ol NCX1 BB s ALS A SO0 R
DI A, BB IR Z R MR T
VSR — RGN, WTE A L 75050 5 3 1 ol 2 b 1 45
WG, 6] B Ak O L2 B 8 1, S BOH ek
I L2 85 = B iR B 77 (adenosine triphosphate ,
ATP ) [if# ( sarcoplasmic reticulum calcium ATPase,
SERCA) FZIRE , #8001 WL K N Ca® Y B£8R 1L, fix
A R R Ca™ BRI > AR B 2
N T PRI R AT g O UL F A B s O UL
Wedi g, RN ) TS O U S S5 B BT
22 JeHEAZ K 2 (ryanodine receptor 2, RyR2) i il 1] fig
S PRI FE B IR A , 48 oo T8 T i WE 52, S B80S
TAEEFSRII MU I PR 22, T 9 5 57 1 38 AR,
SEEGEA R R B R R A Y

BLAily RO LR I AR BE O T 5 v O LTE
PG B O & IF O AR B R ARSI Z —.

Zi LTk, BT O LA NCX T RE 5T
IEB WA, 6 BR SN NCX k2 7 (19 3 X,
NCX 7 PR FALE K NCX 845 H 28 1A 3 4R
ST R AR, I WTTE B IR 3R S AR Bl 7R 6
NCX1. 1 9mf i Tyo POVEF 22 AT RE IG5 5 38 %, A
SCEGHE T OISO, BMER PTX  H89 A#E T T. 524
G R, 1SO M EME R MR T NCX1. 1 4wt i1y
Tyox » PTX 3858 T 1SO XF T Ly, BYHIEAE T, 110 H89
W55 T 18O X T Iy MIVER, ASSZEREAS IR 5 iAzL
RS s 5 A R R 2598 — 30, R B0 B BAR R
ZAXT NCX1. 1 PRI A E AR AT g2 il it G 2R -
cAMP-PKA {55 B R AEAEI . S5 4h S i IRAT]
K, B B HRRZ RIS FIF cAMP & ik sl 5t
T NCX FYHIEAE H 32 2R IAE NCX 19 1E 7] H5 18 B
Kb M s s ma A B, b2l SRAR AT fig 2 R Ry 5
B A BAPE F A BRET BB E R R 2 AR
NCX {9 X ] 8 15 45 2 LA IE /) 8 95 o 32, IE R B &
NCX S B i i, S50k FH 1) HEK-293 2
i R FH I B R A et o 1) T EL A (R 5000 L
UM AP E—RE 225, 73 MR FE (N A L A Bk AR
(AR BERRT , ZEHE T R S0 Hrol afE— 20 AT 1A 241 i
(537K S B8 F D BEAE 7 T A T 95k, -4 R B
RRPLLAE S BT 100, Ao ot PV 3 AR D B AEIR S
NCX W a0 AR 1k, Ry I 2 AP NCX 3 1 5
17, SR BFIA BRI FREE O ) 5 O U SE S5 B
P B ORI AT S F ST T SR

[ &% k]

[1] Bgeholz N, Pauls P, Bauer BK, et al. Suppression of early and
late afterdepolarizations by heterozygous knockout of the Na*/Ca**

exchanger in a murine model [ J]. Circ Arrhythm Electrophysiol



MAEAEZ AN EPRAsE 2034E2 H 28 H 52248 %52 Chin J Mult Organ Dis Elderly, Vol.22, No.2, Feb. 28, 2023

- 129 -

(2]

[6]

[10]

[11]

[12]

[13]

[14]

[15]

2015, 8(5): 1010-1218. DOI: 10. 1161/CIRCEP. 115. 002927.
Janowski E, Day R, Kraev A, et al. B-adrenergic regulation of a
novel isoform of NCX: sequence and expression of shark heart
NCX in human kidney cells[ J]. Am J Physiol Heart Circ Physiol,
2009, 296(2) : 1994-2006. DOI. 10. 1152/ ajpheart. 00038. 2009.
Iwamoto T, Kita S, Uehara A, et al. Molecular determinants of
Na®/Ca®" exchange (NCX1) inhibition by SEA040[ J]. J Biol
Chem, 2004, 279(9) . 7544-7553. DOIL; 10. 1074/ jbc. M310491200.
Chu L, Yin H, Gao L , et al. Cardiac Na*-Ca® exchanger 1
(NCX 1) is critical for the ventricular cardiomyocyte formation via
regulating the expression levels of gata4 and hand2 in zebrafish[ ] ].
Sci China Life Sci, 2021, 64(2): 255-268. DOI. 10. 1007/
s11427-019-1706-1.

Kohajda Z, Loewe A, Toth N, et al. The cardiac pacemaker story —
fundamental role of the Na*/Ca®" exchanger in spontaneous auto-
maticity[ J]. Front Pharmacol, 2020, 11(5): 516-523. DOI;
10. 3389/1fphar. 2020. 00516.

Roome CJ, Power EM, Empson RM. Transient reversal of the sodium/
calcium exchanger boosts presynaptic calcium and synaptic trans-
mission at a cerebellar synapse[J |. J Neurophysiol, 2013, 109 (6)
1669-1680. DOI; 10. 1152/jn. 00854. 2012.

Steccanella F', Scranton K, Panday N, et al. Genetic ablation of
NCXI. 1 Na®-dependent inactivation impacts cardiac action potential
and Ca®* transient[ J]. Biophys J, 2020, 118(3): 100a. DOI; 10.
1016/]. bpj. 2019. 11. 706.

Shenoda B. The role of Na*/Ca®*
ischemic injury[ J]. Transl Stroke Res, 2015, 6(3): 181-190.
DOI; 10. 1007/s12975-015-0395-9.

Mani SK, Egan EA, Addy BK, et al. Beta-adrenergic receptor
stimulated NCX1 upregulation is mediated via a CaMKIl/AP-1

exchanger subtypes in neuronal

signaling pathway in adult cardiomyocytes[ J]. J Mol Cell Cardiol
2010, 48(2) : 342-351. DOI: 10. 1016/j. yjmce. 2009. 11. 007.
Kohajda Z, Toth N, Szlovak J, et al. Novel Na*/Ca® exchanger
inhibitor ORM-10962 supports coupled function of funny-current
and Na*/Ca® exchanger in pacemaking of rabbit sinus node tissue[ J].
Front Pharmacol, 2020, 10(1): 1632-1639. DOI. 10. 3389/ fphar.
2019. 01632.

Ma HJ, Li Q, Ma HJ, et al.

hypoxia ameliorates ischemia/reperfusion-induced calcium overload

Chronic intermittent hypobaric

in heart via Na*/Ca®" exchanger in developing rats[J]. Cell Physiol
Biochem, 2014, 34(2) . 313-324. DOI; 10. 1159/000363001.
BUE G, SRR, BRPE, 45 5P I 20 3L BRUSE B 45 40 L
B AR A B R [ )] . A R EE R 2,
2015, 49(2) . 83-87. DOI; CNKI;SUN:FJYD. 0. 2015-02-004.
Xiang GJ, Zhang JC, Chen Q, et al. Effects of isoproterenol on
spontaneous rhythm and sodium-calcium exchanger current in
newborn rat’ s sino-atrial node cells [ J]. J Fujian Med Univ,
2015, 49(2) . 83-87. DOI. CNKI:SUN:FJYD. 0. 2015-02-004.
Bradley E, Hollywood MA, Johnston L, et al. Contribution of
reverse Na*-Ca® exchange to spontaneous activily in interstitial
cells of cajal in the rabbit urethra[ J]. J Physiol, 2006, 574(3) .
651-661. DOI; 10. 1113/jphysiol. 2006. 110932.

Islam MM, Takeuchi A, Matsuoka S. Membrane current evoked by
mitochondrial Na*-Ca®* exchange in mouse heart [ J]. J Physiol
Sci, 2020, 70(1) : 24-34. DOI; 10. 1186/512576-020-00752-3.
Schulze DH, Mughal M, Lederer W], et al. Sodium/calcium
exchanger( NCX1) macromoleculer complex [ J]. J Biol Chem,
2003, 278(31) : 28849-28855. DOI; 10. 1074/jbc. M300754200.
Scranton K, Umar S, Calmettes G, et al. The Na*-dependent

[20]

[21]

[22]

[23]

[26]

[28]

inactivation of NCXI. 1 is physiologically relevant to cardiac func-
tion[ J]. Biophys J, 2020, 118(3): 100a-101a. DOI: 10. 1016/
j. bpj. 2019. 11. 707.

Takeuchi A, Matsuoka S. Minor contribution of NCX to Na*-Ca**
exchange activity in brain mitochondria[ J]. Cell Calcium, 2021,
96(2) : 102386. DOI: 10. 1016/j. ceca. 2021. 102386.

Parnis J, Montana V, Delgado-Martinez I, et al. Mitochondrial
exchanger NCLX plays a major role in the intracellular Ca®* signaling,,
gliotransmission, and proliferation of astrocytes[ J].J Neurosci, 2013,
33(17): 7206-7219. DOI; 10. 1523/JNEUROSCI. 5721-12. 2013.
Herchuelz A, Nguidjoe E, Jiang L, et al. Na*/Ca®" exchange and
the plasma membrane Ca®*-ATPase in beta-cell function and dia-
betes[ J]. Adv Exp Med Biol, 2013, 961 (1) . 385-394. DOI.
10. 1007/978-1-4614-4756-6_33.

Aronsen JM, Swift I, Sejersted OM. Cardiac sodium transport and
excitation-contraction coupling[ J].J Mol Cell Cardiol, 2013, 61,
11-19. DOI: 10. 1016/j. yjmcc. 2013. 06. 003.

Kohajda Z, Toth N, Szlovak J, et al. Novel Na*/Ca® exchanger
inhibitor ORM-10962 supports coupled function of funny-current
and Na*/Ca®" exchanger in pacemaking of rabbit sinus node tissue[ J].
Front Pharmacol, 2020, 10;1632-1643. DOI: 10. 3389/fphar.
2019. 01632.

Skogestad J, Aronsen JM, Tovsrud N, et al. Coupling of the Na*/K"-
ATPase to ankyrin B controls Na*/Ca®" exchanger activity in cardio-
myocytes[ J |. Cardiovasc Res, 2020, 116(1) ; 78-90. DOI; 10. 1093/
cvr/ cvz087.

Roome CJ, Knoepfel T, Empson RM. Functional contributions of
the plasma membrane calcium ATPase and the sodium-calcium
exchanger at mouse parallel fibre to purkinje neuron synapses[ J].
Pflugers Arch, 2013, 465(2) . 319-331. DOI; 10. 1007/s00424-012-
1172-1.

Gok C, Robertson AD, Fuller W. Insulin-induced palmitoylation
regulates the cardiac Na*/Ca®* exchanger NCX1[J]. Cell Calcium,
2022, 104(2): 102567. DOI; 10. 1016/]. ceca. 2022. 102567.
Inserte J, Garcia-Dorado D, Ruiz-Meana M, et al. Effect of inhi-
bition of Na*/Ca®" exchanger at the time of myocardial reperfusion
on hypercontracture and cell death[ J]. Cardiovasc Res, 2002, 55(4) .
739-748. DOL: 10. 1016/S0008-6363( 02) 00461-3.

Greenstein JL, Foteinou PT, Hashambhoy-Ramsay YL, et al.
Modeling CaMK Tl mediated regulation of L-type Ca*" channels
and ryanodine receptors in the heart[ J]. Front Pharmacol, 2014,
5(60) : 1-8. DOI: 10. 3389/fphar. 2014. 00060.

Menick DR , Li MS, Chernysh O, et al. Transcriptional pathways
and potential therapeutic targets in the regulation of NCX 1 expression
in cardiac hypertrophy and failure[ J]. Adv Exp Med Bio, 2013,
961(1): 125-135. DOI; 10. 1007/978-1-4614-4756-6_11.
TELL, T, AT, S DAL RS S A S RO R R
AR T REAEFIL . PR O R 240K, 2015, 19(6)
464-467. DOI: 10. 3760/ cma. j. issn. 1007-6638. 2015. 06. 019.
Wei XH, Huo Y, Ren L, et al. The potential role of late sodium
current in ventricular arrhythmias caused by increased intracellular
calcium concentration[ J]. Chin J Card Arrhythmias, 2015, 19(6):
464-467. DOI; 10. 3760/ cma. j. issn. 1007-6638. 2015. 06. 019.
Ai X, Curran JW, Shannon TR, et al. Ca*/ calmodulin-dependent
protein kinase modulates cardiac ryanodine receptor phosphorylation
and sarcoplasmic reticulum Ca®" leak in heart failure[ J]. Circ Res,
2005, 97(12) : 1314-1322. DOI. 10. 1161/01. res. 0000194329.
41863. 89.

(%% ARAIL)



