F49EF 108 2026 F10 B ¥yt A Drug Evaluation Research Vol 49 No. 10 October 2026  * 3639 »

YA SUBZER T8 KLF6 B4 H9¢2 (DAL ARRERE /8 S i5lh

= &, 21K, %9&
FremifoER LmENE, WE g 453000

H E:. BW R R ENEE R S8 N Keippel BEHF 6 (KLF6) HIRIE, WMEHE/EHE (HR) FHSH Hc2 WAL
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Esketamine alleviates hypoxia/reoxygenation-induced injury in H9¢2 cardiomyocytes
by downregulating KLLF6

LI Xia, JIN Weidong, HAN Minglei
Department of Cardiovascular Medicine, Xinxiang Central Hospital, Xinxiang 453000, China

Abstract: Objective To investigate whether esketamine (ESK) alleviates hypoxia/reoxygenation (H/R)-induced injury in H9c2
cardiomyocytes by downregulating the expression of Kriippel-like factor 6 (KLF6). Methods An H/R model was established using
HOc2 cells, with untreated cells serving as the control group. The model group was treated with different concentrations of ESK (1, 2,
4, and 8 pg-mL™"). To regulate KLF6 expression, plasmids sh-KLF6 (silencing) or oe-KLF6 (overexpression) were transfected into the
cells to observe the effects of ESK on transfected cells. Cell viability was assessed using the CCK-8 assay, and apoptosis rates were
detected by flow cytometry. The expression of KLF6 gene and proteins (KLF6, Bax, GPX4, FTH1) was measured by quantitative real-
time PCR (qRT-PCR) and Western blotting. Levels of malondialdehyde (MDA), reactive oxygen species (ROS), superoxide dismutase
(SOD), and inflammatory factors [tumor necrosis factor-o. (TNF-a), interleukin (IL)-6, and IL-1f] were detected using kits and ELISA.
Results Compared with the control group, the model group showed significantly reduced cell viability, upregulated KLF6 expression,
increased apoptosis rate and Bax protein expression, elevated MDA and ROS levels, decreased GPX4 and FTH1 protein expression and
SOD content, and increased levels of TNF-a, IL-6, and IL-1B (P < 0.05). Compared with the model group, treatment with 8 ug-mL ™! ESK

significantly improved cell viability, reduced apoptosis rate, Bax protein expression, MDA, and ROS levels, while increasing GPX4,
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FTHI protein expression, and SOD content, and inhibiting the release of TNF-a, IL-6, and IL-1p (P < 0.05). In the gene regulation

experiments, silencing KLF6 (transfection with sh-KLF6 plasmid) significantly reduced apoptosis rate, Bax protein expression, MDA

and ROS levels, and increased GPX4, FTHI1 protein expression, and SOD content, thereby alleviating H/R-induced cell injury.

Conversely, overexpressing KLF6 (transfection with oe-KLF6 plasmid) in the presence of ESK reversed its protective effects, leading

to increased apoptosis rate, Bax protein expression, MDA and ROS levels, decreased GPX4, FTH1 protein expression, and SOD

content, and increased inflammatory factor release. Conclusion Esketamine alleviates H/R-induced cardiomyocyte injury by

downregulating KLF6 expression, thereby inhibiting oxidative stress, ferroptosis, and inflammatory responses.
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95 C/Ii20s; 95 TR 3s, 60 CKRI20s, I
40 MEF . KLF6 Al GAPDH ()51 ¥ne) M4i s
MEARBRA R &I HE% 51750 : KLF6
57 -CACTTGAAAGCACACCAGCG-3", KLF6
N 5" -CCTGTCACAGTGGGAGCATT-3"; B-actin
i 57 -CTTCGCGGGCGACGAT-3", B-actin [iif
5’ -CCACATAGGAATCCTTCTGACC-3".
29 GitEAE

i/} Graphpad Prism 9.0.0 {17481 $E
I3, IBHBRRERTZ 0 IR 2 E B R A
)25, BiRERNX£s, 2 P<0.05I, W%
s HEASG Y B R,
3 #R
3.1 ¥ ESHEEX HR ESH HIe2 MAEMR
Al

HRHE CCK-8 Al 4 iR, XM Lhs, i
FRIZH AT 5 5 B B BRI (P<<0.05). SRR Lhg,
1 2 pg-mL ! 3] G B 2 1) 248 o A7 2 o BE B 22
5 (P>0.05), 4. 8 pg-mL" 3] SR ZH 1 24
EREEFRE (P<0.05). WLFE 1. B, F4k
£ 8 pg-mL 3 F] Sk AL E 20 .
3.2 X AISREEIRT H/R FSH H9c2 AARADRAT
RHEXERARIEHF M

MR P A ARG I E5 2R, SX IR R, A
RUZH 40O T2 A0 Bax & A RIAHETHE (P<

0.05). SHEMAE, 8 ng-mL™! & EIEEHAL
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*1 XAISEKRER H/R %S00 HOc2 HHSEE RIS
(X x5, n=9)
Table 1 Effect of esketamine on viability of H9c2 cells
induced by H/R ( X s, n=9)

ZH 53 FH/(ng mL™) YN AT 2R 1%

i R — 100.00+9.66

AR — 25.37 +2.49*
poanEidl 1 26.43+2.95
2 27.18+3.16

4 49.55+5.03"

8 82.37£7.75"

EXHALLE: #P<0.05; SBAIALE: "P<0.05.
#P < 0.05 vs control group; P < 0.05 vs model group.

*2 VARSI H/RIFESH HIc2 AAT K Bax &
BFEMFIE (X s, n=9)
Table 2 Effect of esketamine on apoptosis of H9c2 cells
induced by H/R ( X £s, n=9)

5 MPEFT-HI% Bax BEAERILE
of e 11.34+251 0.23+0.03
AR 52.48+5.37* 0.59+0.06%
YA EHEIAS pg-mL! 21.62+3.68 0.36+0.04"

SR RA LR "P<0.05; SHMAE: "P<0.05.
#P <0.05 vs control group; *P < 0.05 vs model group.

0
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Annexin FITC-A

RUIS T

o 10° 108 107
Annexin FITC-A

Xof FE BB 3R] L 8 pg-mL !

A EUEER 8 pg-mL™!

A-Ti RGN AA M 27K F;  B-Western blotting £l Bax & (A #iA

A-apoptosis levels were detected by flow cytometry; B-Bax protein expression was detected by Western blotting.

E1 ¥RSERE H/R FSH H92 AR RATHER
Fig.1 Effect of esketamine on apoptosis of H9c2 cells induced by H/R

3.3 X RISRREY H/R FSH HI2 MRS N
BAISRIE T HE X IEARAI SN

L xR b, A0 S W R MDA Al
ROS &&EKk Fe'HE T, SOD F&. GPX4 Al
FTHI HHFRLBERL (P<0.05). HHIALLL

5, 8 pgrmL ! A EULEZH ) MDA F1 ROS & &
K Fe* R [#{%, SOD & &. GPX4 fl FTH1 &
FKIEEZETE (P<0.05), WK 2K 3. 4, Xk
g5 R W F SR XT H/R 75 510 H9c2 41 I
A BRI ER AT A IR .
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FTHI 4D S e 2! 00
B-actin - - - 43000

PR R 3R] SUKER 8 pg-mL!

QS s e 20000

100 fim

A SR 8 pg-mL!

A-RF &I ROS 7KF; B-Western blotting 451l GPX4 11 FTH1 & [k .
A-ROS level detection by assay kit; B-GPX4 and FTH1 protein expression analysis by Western blotting.
2 X ESRRERT H/R ESH H9¢2 LHRHI &L R ASKIE T HI1EF

Fig.2 Effects of esketamine on oxidative stress and ferroptosis in H9¢2 cells induced by H/R

*3 NAISAREIX H/R BFF09 H9c2 MRS RMAMKIE TR (X £5, n=9)
Table 3 Effects of esketamine on oxidative stress and ferroptosis in H9¢2 cells induced by H/R ( X £5, n=9)

2H 55 MDA/(umol g7') SOD/(U mg™) Fe*/(umol L) ROS
Xt 8.57+0.64 214.53+15.02 1.76 +0.19 1.00+0.12
LY 33.37+3.47* 134.25+11.34* 6.88+0.70% 5.28+0.64*
YA SR 8 pg-mL! 8.154+0.84" 189.47+13.62" 2.88+0.32" 1.39+0.19"

EXHRALLEE: 7P<0.05; SHMALLE: "P<0.05.
#P < 0.05 vs control group; “P < 0.05 vs model group.

*4 XESAEEIXT H/R FS89 H9c2 4AfE GPX4 1
FTH1 ZRFIEHEM (X £5, n=9)
Table 4 Effects of esketamine on GPX4 and FTH1 protein
expressions in H9¢2 cells induced by H/R ( X £s, n=9)

GPX4 & B FTH1 & H
415 ‘ ‘
FKikE FKikE
X8 1.05+0.11 1.1940.12
A 0.29+0.03* 0.334-0.04%
Y SUKEA 8 pgrmL™! 0.99+0.09" 0.861-0.08"

EXBA LR "P<0.05; SHMAE. "P<0.05.
#P <0.05 vs control group; “P < 0.05 vs model group.

3.4 Y EISHEEREY H/R FSH Hc2 ML AER
FHIFZ N

FRIE ELISA Kl 45 A B, SxHaa s, f&
TV 2 b 350 9 TNF-a IL-6 F1 IL-1p & &1
T (P<0.05). SHEERIALLE, 8 pgmL™ A&
[ B2 ) TNF-a. IL-6 Al IL-1p & &R IEK (P<
0.05), W3R 5. 25 R Ui A &I H/R 551
H9c2 4H i % 5 IR 7R U A HHIE A
3.5 X RISRREIY H/R FSH H9c2 4R+ KLF6
FIKHIFZ N

F4 qRT-PCR F1 Western blotting #5124 5 & BH,

#* 5 XASZEEXT H/R FESH He2 AR ERFRIFM (X £s, n=9)
Table 5 Effect of esketamine on inflammation in H9¢2 cells induced by H/R ( X £s, n=9)

2H 5 TNF-o/(pg mL™") IL-6/(ng mL™") IL-1B/(pg ML)
pagict 19.12+1.67 0.66+0.05 73.26+8.01
R 64.29+7.68" 1.52+0.13* 158.93+12.67*
3w SR 8 pg-mL! 27.33+2.08" 0.75+0.06" 85.65+5.80"

LXTRALLEES: *P<<0.05; SBAMLLE: "P<0.05.

#P < 0.05 vs control group; “P < 0.05 vs model group.
xR ZH %, AR A2 ) KLF6 mRNA FlEE 3Rk
BT (P<0.05). SHEIRIZH AL, 8 pugmL ! X
H] S EH 2 ) KLF6 mRNA 1 [ %2k B & P&
(P<0.05), W3 6 F1E 3. 455100 3 A SUILEHE
H9c2 1A AEIHTS H/R ALHEXS KLF6 ik KLk
YEH .

3.6 Il KLF6 EE#I3REXT H/R iFSH) H9c2 4
BUET-RY1ER

MRAE AR . gRT-PCR FI Western blotting
K2 BRI, SXTIRA L, B+ sh-NC 411
KLF6 H3KiAs . 4UH -2 A Bax & HKIEW STt
B (P<0.05); S5HAI4sh-NC 41Eb4s, 17 +sh-
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*6 XAIRALEIXT H/R 5389 H9c2 48 KLF6 FRiAH)
M (X £s, n=9)
Table 6 Effect of esketamine on KLF6 expression in H9¢c2
cells induced by H/R ( X £s, n=9)

KLF6 mMRNA  KLF6 & X

AL ik ik
oyl 0.26+0.03 0.2940.03
it 1.00+0.13%  1.23+0.14*
Y F AR 8 pg-mL! 0.48+0.04"  0.36+0.04"

EXRALLEL: #P<0.05; SHMAE: "P<0.05.
#P < 0.05 vs control group; “P < 0.05 vs model group.

KLFe  ws WD S 02000
. 43000
Pacin G . —

X i B 3E S 8 pgrmL!

3 X ESRERER H/R B5FH) HOe2 4AAEHY KLF6 /H
RIEHIER
Fig. 3 Effect of esketamine on KLF6 protein expression in
H9¢2 cells induced by H/R
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2@ H/R 551 HOc2 M0 A AL N AR SET
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FHISZ NG
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E(P<<0.05); 5 +sh-NC 2H FbA, #58) 4-sh-KLF6
Z1f) TNF-a IL-6 F1 IL-1B & & B WK (P<<0.05),
WE 10, KUIEIL KLF6 RiAREZEME H/R i1
HOc2 2l 98 i [ i

B
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Fig. 4 Effect of inhibiting KLF6 gene expression on apoptosis of H9¢c2 cells induced by H/R

=7 1% KLF6 % H/R iFSAY H9c2 AREEAT- K KLF6 #1 Bax EHRIAMEN (X £5, n=9)
Table 7 Effect of inhibiting KLLF6 on apoptosis and expression of KLF6 and Bax of H9¢2 cells induced by H/R ( X s, n=9)

151 KLF6 mRNA ik & KLF6 & Rk NI T %1% Bax & A RIL&E
xof 0.2440.03 0.3240.04 45241.24 0.2640.02
F R +sh-NC 1.0040.12% 0.8640.12% 32.37+5.03" 0.6440.06%
A +sh-KLF6 0.35+0.03" 0.44+0.05" 17.69+2.95 0.33+0.04"

EXHRALLE: #P<0.05; S +sh-NC 4. "P<0.05.
#P <0.05 vs control group; *P < 0.05 vs model + sh-NC group.
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Fig. 5 Effects of inhibiting KILF6 on oxidative stress and ferroptosis in H9¢2 cells induced by H/R
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Table 8 Effects of inhibiting KLF6 on oxidative stress and ferroptosis in H9¢2 cells induced by H/R ( X X5, n=9)

2H 5 MDA/ (umol g7') SOD/(U mg™) Fe?*/(umol L) ROS
tof e 10.26+1.23 206.32+18.56 1.26+0.15 1.00£0.12
78 +sh-NC 32.26+3.03" 130.49+12.46" 6.53+0.76% 2.56+0.19%
R +-sh-KLF6 14.78+1.86" 182.36+17.06" 2.3940.34" 1.454+0.15"

EXRALLLE: 7P<0.05; H5HiH4-sh-NC A EE: "P<0.05,
#P < 0.05 vs control group; “P < 0.05 vs model + sh-NC group.

#*9 %] KLF6 XF H/R ESH) H9¢2 4R GPX4 F1
FTH1 ERFIEHEM (X £5, n=9)
Table 9 Effect of inhibiting KLF6 on GPX4 and FTH1
protein expressions in H9¢2 cells induced by H/R ( X %,

n=9)
20 5] GPX4 EHAFLE FTHIEAXZE
oyl 1.0240.13 1.0540.09
&l +sh-NC 0.23+0.04% 0.3440.03%
Hi 7 +sh-KLF6 0.83+0.09" 0.85+0.08"

SRR “P<<0.05; AL +sh-NC 41HAL: "P<0.05.
#P < 0.05 vs control group; *P < 0.05 vs model + sh-NC group.

3.9 YAISKEIRETINEG KLF6 220 H/R iFSH
H9c2 RIS 5

FRPEAG I 45 RIS IR b, i - oe-
NC 40 %M Bax & HFRIAH BT+, MDA
M ROS &EMHETE, GPX4 FHH. FTHI HAE
XA SOD &8 &K, TNF-a. IL-6 F1IL-18 & &
BItE (P<0.05). 58 +o0e-NC 4Ll, BAY+
oe-KLF6 4141 H 1% F1 Bax £ HZRIEH 87t &,
MDA H1 ROS & & 2T, GPX4 . FTHI1 &
HERIAM SOD & & F#M%, TNF-a. IL-6 Al IL-1B

F 10 HPH KLF6 X H/R S HOc2 RABKFERE FHIRM (X £5, n=9)
Table 10 Effect of inhibiting KLF6 on inflammatory factors in H9c2 cells induced by H/R ( X £s, n=9)

4151 TNF-o/(pg mL™") IL-6/(ng mL™") IL-1B/(pg mL™")
Xt B 22.36+1.98 0.54+0.05 75.26+7.24
i +sh-NC 62.64+7.71* 1.41+0.15* 154.81+13.55%
7 4-sh-KLF6 29.47+2.29" 0.724+0.07" 93.87+8.66"

SXHEA L 7P<0.05; HHiR4-sh-NC Al HE: "P<0.05,
#P < 0.05 vs control group; “P < 0.05 vs model + sh-NC group.

SEWEIE (P<0.05). 588+ Y5 SUHE +
oe-NC AHtl, M+ A S&HEH + oe-KLF6 ZH 1141
MU T2 F0 Bax 85 HFRIAH B F 5, MDA 1 ROS
T EWE IR, GPX4 fEH. FTHI & HZFRIAF SOD
SEMEAK, TNF-a. IL-6 f1 IL-1p & & BT
(P<<0.05) 3% B 3w Uk I a3 # i) KLF6 i

221 H/R %510 HOc2 4 Mt fi. 455 W& 6.
7 FFE 11,
4 THE

MIRI 248 S IR Bk P 2% f5, PSR
Fb R A B 5 7™ B O LR S, LTS BRI S A4
PR FERE AR 50112, MR &k AR LE OO JLRE B
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Fig. 6 Esketamine regulate KLF6 to affect apoptosis in H/R-induced H9c2 cells
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Fig. 7 Esketamine regulated KLF6 to affect oxidative stress and ferroptosis in H/R-induced H9c¢2 cells
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Table 11 Esketamine regulated KLF6 to affect injury in H/R-induced H9¢2 cells ( X s, n=9)
HEREE TNF-o/ IL-1p/
2H 51 IL-6/(ng mL™)

Bax GPX4 FTH1 (pg mL™) (pg mL™)
paict 0.15+0.02 1.85+0.16 1.924+0.18 2250+1.80 0.32+0.04 75.60+4.20
%78 +0e-NC 0.42+0.05* 0.60+0.03* 0.46+0.04* 56.80+5.20¢ 1.38+0.12* 134.60+11.50*
%7 +o0e-KLF6 0.584-0.06" 0.32+0.02" 0.28+0.03° 64.50+5.80° 155+0.14" 148.30+13.20"
PRI+ 3 ) SR +0e-NC - 0.29+0.047 1.18+0.10" 1.26+0.13" 28.42+261" 0.78+0.07°  87.74+7.92"
P43 W S +oe-KLF6  0.53+0.05%  0.55+0.03%¢  043+0.04% 59.16+5.38% 1.40+0.11% 139.22+12.28%
A5 MDA/(umol g™') SOD/(U mg™!) Fe?/(umol L) ROS NPT 2R %

Xt 7.52+045  245.80+18.60 1.08+0.15 1.00+0.14 5.35+1.12

%7 +0e-NC 23.50+2.20"  135.60+12.50*  4.95+0.65* 3.25+0.42% 17.20+4.15*
%74 +o0e-KLF6 27.80+2.50°  120.30+11.80°  6.80+0.75" 5.10+0.48" 23.80+4.60"
P+ 3 =) S +oe-NC - 8.68+£0.80°  184.56+14.39"  2.63+0.41" 1.20£0.14" 1856+2.34"
PR+ U m) S +oe-KLF6 24.64+2.36%  132.49+12.82%  6.08+0.69% 3.53+0.48% 28.7614.38%

XA LA *P<0.05; S5BA40e-NC 41HAEL: "P<<0.05; SHEAI+ESK+oe-NC H#%: £P<0.05.
#P < 0.05 vs control group; *P < 0.05 vs model + 0e-NC group; ¢P < 0.05 vs model + esketamine + oe-NC group.
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