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BRI DM BUIRARZE - B (HE ) Yo ST R EERE OGBS 15 00 5 R A2 4¢ (DHE) %
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[Abstract] Objective To investigate the effects of mitochondrial Lon protease 1 (LONP1) overexpression
on mitochondrial oxidative stress in a mouse model of septic myocardial injury. Methods Twenty-four SPF-grade
male C57BL/6] mice were randomly divided into a normal control group (Control group), a sepsis model group (LPS
group), an adeno-associated virus control group (AAV+LPS group), and a LONP1 overexpression group (LONP1+LPS
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group), with 6 mice in each group. A septic myocardial injury model was established by intraperitoneal injection of
lipopolysaccharide (LPS) at 10 mg/kg; the Control group was intraperitoneally injected with an equal volume of normal
saline. Three weeks before modeling, the Control group and LPS group were sham-transfected via tail vein injection
with an equal volume (100 pL) of normal saline; the AAV+LPS group was injected with adeno-associated virus (AAV)
without the Lonp1 gene (100 uL) via tail vein; the LONP1+LPS group was injected with AAV targeting the myocardium
and carrying the Lonpl gene fragment (viral titer: 1 X 10" vg/mL, 100 pL) via tail vein. In the LONP1+LPS group, Lonpl
gene overexpression was evaluated by frozen section and Western blotting 3 weeks after viral transfection, and modeling
was performed after successful overexpression was confirmed. Twenty-four hours after modeling, the establishment of
the septic myocardial injury model was assessed by mouse activity, secretions, urine and feces, combined with cardiac
echocardiography, and hematoxylin-eosin (HE) staining of myocardial tissue; reactive oxygen species (ROS) production
was detected by dihydroethidium (DHE) method; adenosine triphosphate (ATP) production and mitochondrial membrane
potential changes were detected by relevant kits. Changes in mitochondrial oxidative stress indicators [4-hydroxynonenal
(4-HNE), malondialdehyde (MDA), mitochondrial aconitase 2 (mt-ACO2)] and cardiac function indicators [left ventricular
ejection fraction (LVEF), left ventricular fractional shortening (LVFS), left ventricular end-systolic volume (LVESV),
left ventricular end-diastolic volume (LVEDV)] were also evaluated. Results Twenty-four hours after modeling,
compared with the Control group, mice in the LPS group exhibited lethargy, piloerection, increased oral and ocular
secretions, pyuria, and loose stools; LVEF and LVFS were significantly decreased; HE staining showed degeneration
and necrosis of some myocardial fibers in the LPS group, with disordered arrangement and inflammatory cell infiltration.
Under fluorescence microscopy after frozen section, successful viral transfection was observed in the LONP1+LPS group;
Western blotting showed that, compared with the Control group, LPS group, and AAV+LPS group, protein expression
of LONP1 was significantly increased in the LONP1+LPS group (LONP1/GAPDH: 1.4740.01 vs. 1, 1.11£0.01,
1.12£0.01, all P<0.05). Under fluorescence microscopy, green fluorescent protein (GFP) signals were concentrated
in the cytoplasm of cardiomyocytes, showing continuous and striped- distribution along the long axis of myocardial
fibers, with fluorescence intensity significantly higher than that in the surrounding interstitium, indicating widespread
infection of AAV9-cardiac troponin T (¢TnT)-LONP1-GFP in myocardial tissue and enrichment of expression products
in cardiomyocytes. Compared with the Control group, ROS production was significantly increased in the LPS group and
AAV+LPS group; ATP, mitochondrial membrane potential, LVEF, LVES, and LVESV were significantly decreased;
LVEDV, 4-HNE, MDA, and mt-ACO2 contents were significantly increased. Compared with the AAV+LPS group, ROS
production was significantly decreased in the LONP1+LPS group (fluorescence intensity: 1.4340.10 vs. 2.95+0.15);
ATP, mitochondrial membrane potential, LVEF, LVFS, and LVESV were significantly increased [ATP (nmol/g):
75.12£6.20 vs. 58.03 =4.54, mitochondrial membrane potential: 0.81+0.15 vs. 0.75+0.12, LVEF: 0.69 £0.06 vs.
0.3940.05, LVFS: 0.354+0.04 vs. 0.18£0.03, LVESV (uL): 38.26 £4.02 vs. 23.65+5.39, all P<0.05]; LVEDV,
4-HNE, MDA, and mt-ACO?2 contents were significantly decreased [LVEDV (uL): 50.26 =-4.02 vs. 62.82 +5.39, 4-HNE
(ng/L): 4.70 £0.55 vs. 6.01 £0.73, MDA (mmol/L): 13.46 +1.68 vs. 19.88 =2.19, mt-ACO2 (U/g): 528.26 +72.41 vs.
1286.82+151.28, all P<0.05]. No statistically significant differences were observed in the aforementioned indicators
between the LPS and AAV+LPS groups. Conclusion LONP1 overexpression reduces ROS production, promote
ATP generation, enhance mitochondrial membrane potential, and alleviate mitochondrial oxidative stress in septic mice,
thereby improving cardiac function.
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SPF sl sgibly o By shWyid IR SR 1 5
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12 SEH R B AL : LPS | St LONPL Hidd 11
Fl 35 [ Sigma 23 1), /N BT 3- W 1R il A O S
(glyceraldehyde-3-phosphate dehydrogenase, GAPDH )
Pk BAR L B AL (horseradish peroxidase , HRP)
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= JE A H AR AT, Lonpl FEPEII 2635 MR AH 5C
7 [ JAH % EE 9 (adeno-associated virus 9, AAV9) -
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DUBLEYIA IR 76 8, — A 25 (dihydroethidium,
DHE ) j# % B 2 5~ ROS A& 15070 &0 1 A b st A
P AN 7, 4, 6- kL 2- FRIEM|E (4, 6-
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600X g, 20 ), 3 L3 | JHEORLAR G 25 15 8 0L
BB L (4 °C, 600X g, 20 8) FFHUITIE « Lok A 4>
B R FRULIE KR 210K B0 (4.°C, 600X g,
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L MFT 2 1, HAR A RR LA O RIR
1.6.7  ATP i« Z: 8 ATP 6 I35 S # VR AR,
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BCA 45 1l 5 1250 & 0 SR B Bk Ak 3, 25 5
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1.6.9 4-HNE. N — [ (malondialdehyde, MDA) £
RN« BN O FE IR 2R 3 000 r/min 5.0 10 min
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21, > H Tmage J B4 21T Western blotting 85 H
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AFPEIRBE , RAE AL , 53 YRAE X AT D /b 2 21 4
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TR, LONP1+LPS 41/ AAV BT (& 3).
Western blotting #5145 5 878 (&l 4), 5 Control 4 .
LPS 21 F1 AAV+LPS 4 b4, LONP1+LPS 41/ o0y
WL 21/ LONP1 8 1 R A T+ (3 P<0.05), Hor
LPS #15 AAV+LPS 4] LONP1 £ 1 &k 22 7051
2R (P>0.05),
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VKA T LG A R 1 (GFP) W LT e Stz 2 . 447tk
A3 T M S SR PE, TR BRI 5 (AAV) -LONPL YL A%,
U Aot e mATHCR
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LPS 21 Fl AAV+LPS 41 Fb#¢, LONP1+LPS 4119 ROS
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T s Control ZH 2 1E 5 X FRZH, LPS 2 0 M FRRERCRIL] , AAV+LPS 21

S IRARSERREE (AAV) X IRZH , LONP1+LPS 20l 2 A 55 7 Ikt - 1
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AAV+LPS 4 lb#s, ©P<0.05

4 IR FRGIEENIARE (Western blotting) Kl
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2.4 LONP1 if ik xh/NGU LR ATP ;= A1
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ATP A= R R A K-35 T (3 P<0.05),
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- (R) (ng/L) (mmol/L,) (Ulg)
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7 - Control 2 TEH XFHRZ, LPS 41 M e ARAEARIL , AAV+LPS
2H M IR AH S5 T (AAV) A IR 4, LONP1+LPS 2y 28 ki i 25 7 ik
B -1 (LONP1) i #3541 5 4-HNE b 4-FIE MR, MDA N ¥,
mt-ACO2 LRI 1 S R 2, LPS MIEZHE ; 5 Control 4H FLHZ,
ap<0.05; 5 AAV+LPS 41 iz, PP<0.05

2.6 LONPI i Fak X /N IE D R 2 (% 2) -
55 Control 20 458, LPS ZH A1 AAV+LPS 4 LVEF . LVFS
LVESV $[&% , LVEDV 55 (3 P<0.05), 5 AAV+LPS
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Control4f LPS#H

100 ym

B 5 OB NS AN EO LR EA (ROS) 77 AR R B

AAV+LPSH LONPI1+LPS#]

T A 5 (DHE) 24 ROS % Hbrid et ; 4', 6- k5L -2-

FEHENE (DAPT) g A0 MRS I I hRIE W 0. LPS MR ZHE, LONP1 W2 RidA B KA -1 5 165 % B84 ( Control 4H) (X WLHR S5 4T €2
96, ROS FERIZK AR 5 MeEEAERRIZH (LPS 41 ) ZLA85¢ )6 25 10, ROS KAz il 3 JRAR R EEXT BAZH (AAV+LPS 41) 21 (5,58 Com BE 5
LPS ZHAH3T ; LONP1 33 #4541 (LONP1+LPS 41) £1 (A5 B Idia5 , ROS AL B 8> SyEvotietn Aok

100 80.93+ 1.8 L4+
5.51 75.12+ 0.18
6.20°
80
@ &
3 60 P
g =
= =
= 5
5 X
20
Control4l LPSZl  AAV+  LONPI+ Control#l  LPS#  AAV+  LONPI+
LPS4l  LPS4l LPS#4l  LPS4l
5 51
I+ Control 41 R IE R X IRLL, LPS 41N MEFRAEARTIL , AAV+LPS AUA IR SEHGEE (AAV) XFHRLL, LONPI+LPS 41 0 4ok iAc s 7 Ik -1
(LONP1) i #3h2 5 ATP b = BEFRAR T, LPS iS4 5 5 Control 4 HLAR, 2P<0.05 ; 5 AAV+LPS 41 L4, "P<0.05
B 7 HAUNFUONIZHZ] ATP & i AR AR e 47 L g
2 %, LONPI+LPS 41 LVEF | LVFS, LVESV ¥ 7
B, LVEDV [ (1] P<0.05), £ ] LONP1 i3 ik
B A LPS 3 O Y IR
o
2 - . -
® *2 BHNROIIBEIEFRILE (x £5)
n - Y
Q o L7 G— : LVESV LVEDV
& ikl (n) LVEF LVFS (uL) (ul)
Control 41 6 079005 044+004 4104+448 4726+371
p . LPS 4 6 0324005° 0.14+£0.02" 18494587 63.82+587"
Controlifl — LPSHL f}és\i;[ LL%I\STFF AAVALPS AL 6 039+005" 0.18=0.03° 23654539 6282+539°
15 ’ ) LONPI+LPS 4l 6  0.69+006" 035+0.04" 3826+4.02" 5026+4.02"
Zh
1 : Control ZH 4 1E X HRZH , LPS 2H MM BEAEAL AL, AAV+LPS
1 Comrol SUSIERHIAL, LPS AUMRBEIRBLRAL, anvrips g e LSRG L SO A
HIAIRAE (AAV) FHRZL, LONPI+LPS 410 2bkifhns Fakmg -1 JOVIRADCIERAAVOXIIEEL, LONPI+ LPS SHS 20 K 25 UG -1

(LONP1)i K4 s ROS MG HEA, LPS AR ZHi ; 55 Control ZH LA,
Ap<0.05; 5 LPS 4145, PP<0.05; 5 AAVHLPS 41 [, ©P<0.05

B o6 #HUA/NLOIL ROS KF-HHK

(LONP1) i3 33540 ; LPS MNRZ W, LVEF M 222 il 4348, LVFS 4
ZE S AR R LVESY NSRS, LVEDV A== &7k
WIAZR; 5 Control 41 HLZ ,*P<0.05; 55 AAV+LPS 41 4%, PP < 0.05
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3 it iR

i T RE 51 A 1 I T B A 2 S M B R
FRT T E I e, RS AR E S TR
BRI AL (LA PR I S 45 (B A B 48 2%
ER IRITROCR A BR, 452 B E W 4796 3 (intensive
care unit, ICU) JGJ7 B E ROMERT . FRZREQHT FLA 3L
(4 43 F-F TR 0] LA IR 36 97 I 9T I i %o e
U JULG 9 L A BEAIL A A B AR . LONP1 &2 {0 T4k
7 A I 14 2 1 I, TR AL U AR AR T R IR A 1
2 (uncoupling protein 2, UCP2) [AL.CILERFVE S &
L, LONP1 B UCP2 1y R iA 281k el 22 , 1 # HA
[ [ FE ka7, W] LONPL fE R UCP2 19 F
Ui o N 22—, XoF e 0 5 | 100 T R o s L
AW AP RRE . EHEEJRHE LONPL X405, XF
O LA B T e S 1) 4, AT BB LA S v A
BRI . AWFoT 32 i s/ U O
IR | 5k F63k LONP1 H4R 58 HoMedEie LG
FHER.

JHeRE O LG (4 1 PR e AU 45 Lo 25 S AL i
I S AR R AG A ) ARSI i EE S LPS 5
/N UM S RE AR A & B, 55 Control ZH FL55E, TPS 2H
LVEF 1 LVFS ¥8] i F [, LVEDV B & Jh& ., X
AT RE S TE MR MR T i 20, =0 AL E
Pk 2 B B0 EE KR B R, i — 25
SHUP BRI WL U0 HE gt
LR, M L Control 2H, LPS ZH/INELCo JIL Y BFE 43
LY AR PESR Y, HEFI ZKEL, AT D5 AE A MR, 35 59
IRFEIX 0] WLEF Ae Ll 80887 o i — A5 UM R e £ Bt
F O FI I RE AT E o

WREFAEF T 10O T REAN 4 ()95 BRAIL AR f FE 2R AL
TRINBERERS SR . AR PR TR e > 7
i 75 i ST 1), PN B 28RN E A AR 3 T R K T
fE, N5 S AE A 2 FI ROS B2, b4 % 1
FEHEIN T MR O U IR T L 5 1 B (R4 4-HNE
MDA |\ mt-ACO2) 251 S ALK 22 S48 Ak
WO R, Zhu 265 ST IBFSE B, 30 S8
FTROS FH 22T ol IV 1 A 175 3 1) A AR O T 0 1)
REMERG . ABFFTIRIFERI, LPS i MR & A1
PEREE ROS A It 7728, ATP W/, 2Rk AR i H 7
A%, 4-HNE . MDA . mt-ACO2 %5 i3} 4 Ak 4y 7= A 44
Jins 4 LONPL i 3R3Af5  BEAR 1 LA b el M RERE 5
A0 JILE B S8 AR L 8™ 0 7K Wl T e 750 0
Tygeif

VAR Sk, WF9E3E S LONPL A 8 15 £ fh 2k i 44
TR, IR by 2 A7 A0 P 5~ . i iz £ 3
BRSSP SR T 2 e P T A
P, B E2 R ¥ LONPL (9 £ 37 %80 BE © w0 1 A8 35
Venkatesh 252 5 3o 2 57 /I B LBk i, P8 v 6
Pt AL e B, LONP e 0% 3 4o 9 8 4R A4 481k
Wi ORI TR EE | R IRE S 1 RS
gt T P A R I R A TR L, DA T Ol 2 O I A5
Wi Zhao %7 ik — LA S UE S, /1N BLG BE LONPI
FIR) A S e R o i T AR A T A AL, Bl
JULEZR A0 A0 o g S i AN IR L O WU Y R A, R
] LONP1 ZE00 JIE A= B8 BR A 38 22 45 22 i vh i)
BE, A H BT A LONPL 76O I 32 45
EUVECIRAS TR IR RS N, (HX) T LONP1 2 52k
SRR O IEDIRER S8 B RTJCE. —I0k
TR AR A ST LONPL Xt LA B 77 1545 1
ARFFERI, LONP1 it RIBLEH S 41F TRl ROS
B BEAS A, SR 40 M T2, fB LONPL T PR ROS
IR A B S AR T 5 M, AR
0638 1544 /N B EEAE O WL 8 % 1, LONP1
e O LA 15 ) 2235 E I, 6] i £ B ROS 7 A= 4
s {H S LONPI 3 3R3K 5 , ROS 77 A8/, oL I
AV RETS B 5. X A AEZR W] LONP1 7EAS [R] 9 B
SRR T A R S T A AN . IR AR R G T
LONPL 18IF5 8 73 R 3 T H 2 HE i D Be N A4 1Y
PHL . Shin 257 RUBFSE % B, LONPL 4 —Fi
g3 AR, 5 8RR BR 52 8 1 70 (mitochondrial
heat shock protein 70, mtHSP70) 3 [6) /F H , i o
ATP Jifg 1% P 75 ORI EE F1 4 & b E AR, By 1k
F R B R RN B 1 E B AT S M e iRy, B
PR L LONPT AN CELAT N AE 19 50 T AR T 1,
RE A% i 57 FS s ORI B L & P R SR RE S
mtHSP70 FH 5L AT, 38 9 28 F RS € P AT & fiE
77, Fe[F i HEL AR B A IR AT S SR PRI
FAXS T AERR SRR 1) 1 T RE R OCHE 2L, A Ry 4ohs
R H RS RS MR 2 R A T RE A,
T 7T 5% W A 40 A8 A 77 LONPT a8
55 A0 AR 3T, R AT B . Li g
W4 7R T LONP1 A LR A - P Joi 194 JI5E 422 fih o7
™ (mitochondria-associated endoplasmic reticulum
membrane, MAM) [ REEEE 1, 4E4F MAM 1958 Bk
LA P9 I I A A B 8T o A s 25
K12 2 (unfolded protein response, UPR )o



- 246 -

rhA s FG A fBE A 2026 4F 3 45 38 4555 3 ] Chin Crit Care Med, March 2026, Vol.38, No.3

LONP1 $l2s 22 S50 MAM JE i /b , 2ok iR m% o1k,
FEBLIE P9 NGB UPR, HHr B UPR 1
BOE B EURG. Ak, LONPL e if 25| R AR E
SE , R s S AR A LR, AR XS AR T e
P i RISV B, e 2 B800 IR T B e i R 3
N5 i B2 B 1oy S A 3 R

Zi b ARHFSE IS HE ST LPS i SRR AE O LR
PN ERABE Y, 28 R i IOk v S0 1) o0 ULZEL 21 AAV-
LONP1, -3 i e 95 Y6 Fll Western blotting &5 52 55
JiIESE LONPL i 23k sy, S b (A S Ak A 5
$8F5 (ROS, ATP ., (V. , 4-HNE, MDA |, mt-ACO2)
FIGER 70 B B 0 W T 68 32 10117 100 Ay Az 0 45 S i
7, LONP1 3 235 AT e 38 2 AR S AR, el /)N
FRUMeREAE O LA A5

kN SR (Rl iR e lIEnR Ui
EE R D EEERAIBOT S SR IY | SRAEE | o

B/ ARl R RSO | GEL T 5 RO . R A B S S
WS RAREE o / SRR 5 TRt - SRAEBE AT / il %
Bl R FOCE ST 5 AR - AT BORBOBR SRR 48, 52
FRYETTHR 5 (/N2 - BRRASEFSC58, 20T / R , X SCEE A
PPN AAEHEITAS B, RIS 22 8% AT BORBBRL S, 48
S, SCRpPE TR
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