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Electrical Stimulation Increases the Maturity of
Differentiated Cardiomyocytes and Improves Cardiac Function in
Rats with Myocardial Infarction
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Abstract This study explored the effect of electrical stimulation on the cardiac differentiation of induced
pluripotent stem cells and evaluated the therapeutic effect of differentiated cardiomyocytes on myocardial infarc-
tion. Electrical stimulation and non-electric stimulation promoted induced pluripotent stem cells to differentiate into
functional cardiomyocytes. qRT-PCR and cellular immunofluorescence were used to detect the expression levels of
cardiogenic genes and functionally mature genes in differentiated cardiomyocytes. SD rats with myocardial infarc-
tion were established and randomly divided into myocardial infarction group, electrical stimulation group and con-

trol group, with 10 rats in each group. In the myocardial infarction group, only the coronary arteries were ligated.
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The electrical stimulation group and the control group were injected with differentiated cardiomyocytes pretreated with
electrical stimulation and non-electrical stimulation at the border of myocardial infarction respectively. Echocardiogra-
phy and invasive hemodynamics were used to detect cardiac function. Masson staining was used to evaluate the infarct
area. Immunohistochemistry was used to detect the capillary density in the marginal area of infarction. The results
showed that electrical stimulation could increase the spontaneous pulsation of differentiated cardiomyocytes, and up-
regulate the expression of cardiogenic genes (NVkx2-5, GATA4, a-MHC and CX-43) and functionally mature genes(a-
actinin and RYR?2) of differentiated cardiomyocytes (P<0.05). The electrical stimulation significantly improved the
cardiac function of rats with myocardial infarction, while reduced the infarct area and increased the capillary density
in the marginal area of the infarction (P<0.05). The above results indicated that electrical stimulation could improve
the efficiency of cardiac differentiation of induced pluripotent stem cells and promote the maturation of differentiated

cardiomyocytes. Differentiated cardiomyocytes pretreated by electrical stimulation could significantly improve the

cardiac function of rats with myocardial infarction.
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1~2 R HBEFRFE 1R, FH0.05% B E i AL AL AR, 40 &
VA PR AE BT AN /N BRUVR I 1 2T 4 2 i 1 57 =
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B BRI AE 100 mmZH B 3G 7R LA, b LG A
AR, ML UMY E T37 °C. 5% COHE 57
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HIEE M55 1B KR E RPN MR 1.
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Table 1 Primer sequences of RT-PCR

SRS REHFIIE—3) RIS/ C FEIR N bp
Target gene Primer sequence (5'—3") Tm/°C Primer size /bp
Nkx2-5 F: gac acc ctc age atg ttc atc 60 310
R:agg gtt gca ctaaac atgtcag
Cx-43 F: ttt aaa gga aat cag ttc tgg get ata 60 418
R: cga tct tet tea cgg ttg ca
GATA4 F: aca cat gtt ctc tgg gaa atc gt 57 288
R: aag tgc atc atc gtt gtt cat aca
a-MHC F: age cte tge tac tec tet tee tg 57 345
R: cct tta tgg tca ceg tet ttc ¢
Oct-4 F: gtg aag ttg gag aag gtg gaac 60 355
R: tca cac ggt tct caa tge tag t
RYR2 F: gag caa cgg agg act gtt ca 55 134
R: tga cgt agt cgg aat ggc tg
a-actinin F: cca tat aag ctg gaa ggg acg 55 139
R: gta ctt ctc tge cac atc aa
f-actin F: gag acc ttc aac acc cca gc 58 263

R: atg tca cgc acg att tcc ¢
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KA — 230 min. JC/K ZEE20 min. 95%
FES min. 90% K55S min. 80% B AES min. 70%3H
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3 AU JULZH D 1 200 U AH 255 PR N 2-5 - GATA4 RO JiE
ZEFIFE N a-MHC. CX-43WAHN ik B X BT,
1M 238 e 2 R Oct-4 AR X RIS R R, ZR7A
Giit 2 L(P<0.05)(E2).
2.3 HRERSS ORI R AE
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Ak R (1) 53 A% O JULAH A Hp R 5% 21 T AR R T 45 44
(EI3B). qRT-PCRIE 7R, 5 TG HL I 7l b B (1) 534k
O JULEH BRAR EL, 28 F s SR Ak 3 1 2340 O UL 0 PR
R Th B A K a-actinin FIRYR 2.0 I 3 [K 6 35 /K °F
W TH i, 22 55 Guit 225 (P<0.05), 2 HL T
A TR ) J3 A4 0 JUL A B AR SR T A B a-actinin
RYR2:U» JIik 3[R 1 /KPP S AEG, 1HL

A
( ) 200 y === Primary cardiomyocytes
180 - Electrical stimulation group
£ 160 - === Control group __
£°140
2120 * * *
2 100 it

Beat freq
RN
SRR

5 10 15 20 30
Time /d

ZR TG X (P>0.05)(K30).
2.4 ERIHCCE OB KR OINEE

SE28 R R FHM AL 75 400 31 RO I A ) i 38
)1V O ThRE, 2 ML 75 $E R B R )
O R EES SR (K4). 5O NIREAEA LA, Hl
B AN B2 LVEF . LVESD. LVEDD. LVEDP
M +dP/de3 G 3| 8068, ZRIBA SR XL
(P<0.05). SxFHEAZAAHEL, sl LVEF ¥ &, %
S G X (P<0.05). =4LAFILVPWAIIVS
HZ5(P>0.05)(2).
2.5 ERRIECRIMORIESE E AR

28K}, R FMasson — 2 4 8 310 571 & e € 7 7
FEFETHIFR R/, IE 5 WUV SUE 7R N R, TRBE O
AR LR i . 25 AR B, R E B R AT T A
(1.2240.18) mm*BH /N T U AE A (2.98+0.56) mm* Al

B)

457 mElectrical stimulation group
404 ®Control group =
35
30
25
20
15
10

5

0

Embryoid bodys beat rate /%

5 10 15 20 30

Time /d
A: SO LA RS JE AR O WL AR S A L A, *P<0.05, 5 )5 AR LEER, *P<0.05, 5 X HEALLLE; B: Sz L, *P<0.05, 55X}
M2 L3 o

A: Comparison of beat frequency between differentiated cardiomyocytes and primary cardiomyocytes, *P<0.05 compared with primary

cardiomyocytes, “P<0.05 compared with control group; B: comparison of embryoid bodys beat rate, *<0.05 compared with control group.
Bl SuCA 4R B & 5

Fig.1 Spontaneous pulsation of differentiated cardiomyocytes

Relative expression
w

0 -
Nkx2-5

GATA4

*P<0.05, Hxt R4 .
*P<0.05 compared with control group.

*

oa-MHC — CX-43

mElectrical stimulation group
= Control group

Oct-4

E2 qRT-PCRAULBEERERIFRIE
Fig.2 qRT-PCR to detect the expression of cardiogenic genes
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(A) (B) (C) 7 ® Primary cardiomyocytes

Electrical stimulation group
# Control group

=)}
N

W
i

*#

k#

Relative expression
wooa

S

—
"

0

o-actinin RYR2

A HRITRAL S 23 A LA A Pro-actininZe € B JG HOSITTUAR B (1 23400 LA B o-actinin B2 €4 C: qRT-PCRATIN L) 8 J 54 o T 25 R 1) 2
ik, £P<0.05, 5xHRALLLE, *P>0.05, 5HEACC LA LE K .
A: a-actinin staining in differentiated cardiomyocytes after electrical stimulation preconditioning; B: a-actinin staining in differentiated cardiomyocytes
after non-electrical stimulation preconditioning; C: qRT-PCR to detect the expression of functionally mature cardiogenic genes, *P<0.05 compared
with control group, "P<0.05 compared with primary cardiomyocytes.

E3 BRSSO AAER A E

Fig.3 Electrical stimulation increases the maturity of differentiated cardiomyocytes

Myocardial infarction group

Electrical stimulation group

Control group

E4 MEBRERSEEEREINER
Fig.4 M-mode ultrasound shows the wall motion of each group

T2 28KRET BRI INRELLEL

Table 2 Comparison of cardiac function of each group at 28 days

OISR ) WAL O UURESEAL P
Heart function index Electrical stimulation group Myocardial infarction group Control group
LVEF /% 56.47+8.65** 38.56+6.82 46.50+8.09*
LVEDD /mm 6.43+0.64* 8.61+0.37 6.85+0.51*
LVESD /mm 5.324+0.84* 6.85+0.60 5.8340.44%*
LVPW /mm 1.28+0.14 1.12+0.18 1.54+0.20
IVS /mm 1.22+0.25 1.13+0.22 1.49+0.28
+dP/df /mmHg's™' +54 5524+852* +38 6894727 +52 218+882*
LVEDP /mmHg 8.68+1.02* 12.26+2.39 9.32+1.40%*

#P<0.05, 5 OIUE R ELE; “P<0.05, 5T RRZ LR n=3.

*P<(.05 compared with myocardial infarction group; “P<0.05 compared with control group; n=3.
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(A) (B)

25 um

A LRI B: O UUREZEAL; C: X IR,

25 um 25 pm

A: electrical stimulation group; B: myocardial infarction group; C: control group.
El5 (CAEEZEEARLER

Fig.5 Comparison of myocardial infarct size

25 pm

Az HURIAE; B: O ALFEFEZE; C: X FRZE.,

25 um 25 um

A: electrical stimulation group; B: myocardial infarction group; C: control group.
E6 fEZANKNEMNERE

Fig.6 Detection of capillary density by immunohistochemical

Xt ZH(2.5140.37) mm?, % 57 it 22 = L (P<0.05)
(K5).
2.6 BRIFIEMBRINGXEMMERE

28 KM}, P A A A A DR G g 2H Ak e
g R EIR, B BoR NIRER 6. R A
FUIN 2 X BB 40055 2 (142.70421.24)FR /mm>FH
BT DU ZEAL (66.52+11.85)4R /mm> Al Xt 1 41
(118+14.66)H/mm?, 7 57 A 4t it % & L (P<0.05)(H
6).

3 it

R — AN AT O UL I B 38 7, 76 LT
SR RS ST D, 0 JULA R 2 3 S R AE 1 R R,
2T KU T W, A0 e R BT AR T 98 0
S 2P0 L ) PR P, R (R D UL ALY, i S
2 A2 M B A o L5 A 5 25 T — o 5 i
T4, I BTS2 S 2 6 T 40 75 14 4 A
55 1 404k A COWLARAREY ., SRTIT I AR A A R %
3 R TE V5 5 22 AT 0 B ) Co L R 3 e 1
FE B FLTE 20 ML, [0 26 o WUREBE £ 49 10 UL 40
FERLVA ST T, 5 A0 L 0 AR 5 8 e O 1 5% 16 7

NG AR R, SMEVE R B e T
2 e T4 I AR Lo JULEAR M 73 A 7 E AT 234 o UL 1
D ek, 28 WL B b BRI 23 A0 LA PR 2 A S
A 2 O D IR E K SR K L Bh RE, X 5 5B AT
SRR I i T~ 440 M RO F e 2 R — 350

AT, AN T 70K 2 BOR 5 T 30s L IR R
(RIA5 5 38 B R 3 9% 3 2 BE T 4RI 5E 1 0 AL
JULAE B, B G B TR BB A0 BRI A 4T A 4 i A
7, BA R /N 93 -7 Wt i 751 A0 GS KA il 771) £ 44 1IE
ST DA EE R T 4 A5 2 BT A A L LUK
AR FR B T RIE R T, AR T DLk E
MR A B RS, IR B T IR AR R B LR R
PAULE R KRB RAETE 3 2 GE T AL /AL )
O LR B P vk — A AN S AR R A K T, T
TSNS B 07 A2 AR G, ALK AR O I
HIPREG, S5 RR W, SINHRIB 6T, SR4RETR]
WA SRR B 50 B K s R T REE O
LA B s £0), 3 BB 90 /min /e A, EIRTH
T JEACC LR, BT E m Te sREA, HAtie
PR BRI E S v, ELAE A AN SR 1) 24 R L 7y
AL JULEH B 5 EL WA, R B A LA R A LR
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HATEEME, HREOE S ER T 0 LGH B O
JRE AL JE D] Nkx2-5. GATA4RI O I 45 ) R K o-MHC .
CX-43 M X RIE &, R T 2 68 3 K Oct-411)
AR 3RA B, IX e (R Rk 45 IR PR Il 2 1R T
ZEeTAMRMA RS R 72 AR GERE D) R AT
O JILAH B X 755 22 e 40 BRI PR IR FH 22 0 H 08200
TEARR T, FAIEITAL RS, F3 4O LA i o 2o
HH G UL A5 FR AR AAE 12 2% S0 (UL 40 % A 40 UL 4
W 247 1) B A B AT, DA S AR R D) RE B I a-actinin Al
RYR2:UDMESE R RIE AR B, Rk, s
T 5340 BT S 5 4 A0 B O U S PR Rk K
SRRV AL . 2 AT PR Co FIRAEL £ B A0 VR A T 40 i e
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