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Overwork damages myocardial energy metabolism homeostasis in mice
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Abstract: Objective To investigate the effect of overwork on myocardial energy metabolism in mice. Methods Thirty-two
C57BL/6] mice were randomized equally into a control group and 3 overwork groups with overwork for 2, 4, and 6 weeks (W2,
W4, and W6 groups, respectively). The mice in overwork groups were subjected to daily forced water standing and restraint.
The changes in body weight and general condition of the mice were observed weekly. After successful modeling, the mice were
examined for changes in echocardiography, blood glucose/lipid profiles, myocardial pathologies, myocardial TG and ATP
levels, and expressions in CD36, GLUT1, CPT1B, PPARa, PFKM, and PKM2 using immunohistochemistry, RT-qPCR or
Western blotting. Results The mice with prolonged overwork exhibited reduced activity with hair loss, dull fur, and slowed
body weight gain without significant changes in cardiac index or function. Blood glucose levels increased significantly in W2
and W4 groups but decreased in W6 group. Serum TG level increased significantly while TC, HDL, and LDL decreased in W4
and W6 groups. HE staining revealed myocardial swelling, disorganization, and vacuolation in the mouse models. Myocardial
TG was elevated in W4 and W6 groups and ATP level decreased in W6 group. The mRNA and protein expressions of CPT1B
and PPARa were downregulated in W4 and W6 group, and CD36 expression increased significantly in W4 group. GLUT1 and
PFKM/PKM2 expressions decreased obviously in W2 group but increased in W4 and W6 group compared with that in W2
group. Conclusion Short-term overwork causes elevation of blood glucose and suppresses glycolysis in mice, while prolonged
overwork reduces glucose, increases TG, impairs fatty acid oxidation, and limits glycolytic compensation to eventually result
in myocardial damage, lipid accumulation, and ATP deficiency.
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Tab.1 Primer sequence for RT-qPCR

Gene Sequence of primers

F: GCACACCAGGCAGTAGCTTT

CPT1B
R: CAGGAGTTGATTCCAGACAGGTA
F: AGAGCCCCATCTGTCCTCTC
PPARa
R: ACTGGTAGTCTGCAAAACCAAA
F: TGTGGTCCGAGTTGGTATCTT
PFKM
R: GCACTTCCAATCACTGTGCC
F: GCCGCCTGGACATTGACTC
PKM2
R: CCATGAGAGAAATTCAGCCGAG
F: GGCTGTATTCCCCTCCATCG
ACTB

R: CCAGTTGGTAACAATGCCATGT

F: Forward primer; R: Reverse primer.
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Tab.2 Changes of body weight of the mice in each group during modeling (g, Mean+SD, n=8)

Modeling time (weeks)

Group

0 1 2 3 6
CON 20.45+0.29 21.13+0.23 22.02+0.31° 22.54+0.47° 23.18+0.47°  23.96+0.37°  24.3+0.38"
w2 20.00£0.37 19.94+0.50 20.13+0.40"
W4 20.50+0.19 20.24+0.24 20.41£0.19* 20.90:0.24° 21.14+0.30°
W6 19.89+0.19 20.51£0.20 20.85+0.25° 20.35+0.48° 20.80+0.49  21.29+0.52°  21.54+0.45°

CON: Control group; W2: overwork for 2 weeks group; W4: overwork for 4 weeks group; W6: overwork for 6 weeks group. (The
same group names are consistently used across all the following tables and figures). “P<0.001 vs day 0 of this group, "P<0.05, °P<0.01,
4P<0.001 vs CON group at the same time point.
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Fig.1 Heart weight index (A) and echocardiography (B) in each group (mg/g, Mean+SD, n=8). *P>0.05 vs CON group. CON:
Control group. W2: overwork for 2 weeks group; W4: overwork for 4 weeks group; W6: overwork for 6 weeks group.
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Tab.3 Cardiac function changes in each group (Mean=SD, n=3)

Group LVIDs (mm) LVIDd (mm) EF% FS% LVPWd (mm)
CON 2.06+0.52 3.03+0.02 65.29+0.32 35.01+0.50 0.84+0.03
W2 2.01+0.33 3.06+0.03 65.76+0.44 35.14+0.79 0.84+0.01
w4 2.10+0.09 3.11£0.06 64.99+0.79 36.26+0.21 0.85+0.05
W6 2.11+0.06 3.18+0.01 64.87+0.55 35.28+0.43 0.85+0.01

LVIDs: left ventricular end-systolic diameter; LVIDd: left ventricular end-diastolic diameter; EF: ejection fraction;
FS: fractional shortening rate; LVPWd: left ventricular posterior wall end-diastolic thickness.
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Fig.2 Changes of blood glucose and blood lipids in each group (Mean+SD, n=6). A-E: Blood glucose (Glu), triglycerides

(TG), cholesterol (TC), high-density lipoprotein cholesterol (HDL), and low-density lipoprotein cholesterol (LDL) levels,
respectively. **P<0.01, ***P<0.001 vs CON group; “P<0.01 vs W2 group; “““P<0.001 vs W4 group.

@
(o]

15 30
skokosk sdeskok
= 104 ;g
2 s g
0- 0 -
CON W2 W4 W6 CON W2 W4 W6

3 FAMROIALIRES TG ATPIREZL
Fig.3 Histopathological changes of the myocardial tissues and changes in myocardial TG and ATP
levels in each group. A: HE staining (Scale bar=50 um). B: Myocardial TG level (n=6; ***P<0.001 vs
CON group). C: Myocardial ATP level (n=6; *P<0.05 vs CON group).
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Protein bands in Western blotting. C, D: CPT1B, PPARa, PFKM, and PKM2 protein expression levels in each group.
#P<0.05, **P<0.01, ***P<0.001 vs CON group; *“P<0.01, **P<0.001 vs W2 group.

/N BRI R 3 ST BB 18 1 R ] AR AR R R A S
B RS R Jk  ZATAN R e T 53 DK SC 00 T i
B /IS BRI KR T s ELR N BRI AK 2T 4, T4/
VR, B AR 55 s X (AL FEOUER 8 57
Mo SEER R I BEA 55 I ] ARG /0 BRI BR
FEAR BRI R IS AR P R ATh  IA AT
BBV 57 AR s o RIS, AR YRS 30 A X6 /)N U i) 1
B AFELLIE 57 /N R REAIR ™ UEBH 9% 55 A5 A
Y

SCREER R /NG 57 R O BEFE RS D DT RESR I
AR e AR o e 950030, UK SF- 2R T s (H R
S RIEG | MBS BRI FENE T % s TG K AL
Ao e ST, R4S HDL A i Fh e ,fH TC .LDL
FTHDL i S A KA 83 F I . LA 2R it 55 0040
{CRIBA 4> B A0 A T 00 5 Bl 1 57 R B I, 120 47
SRELC LA M ZE R AL HES ZE AL A R S i £
AN, Rt 57 FECO L TG ABIITE, ATP /K FARE
AR, FE 7K L i 55 e /N O U i e Ak
KRG CPT1B M AR i 842 P+ PPARa ) mRNA
A FRIBRE N A R IR R is B 11 CD36 1Y 3%
INTEREETBCA TSN, 53— 07, 2 SHiEE i
GLUT1 & H DA B Ak 1 i O B i PFKM A1 PKM2 11
mRNA I AFBAET 5732 2], (H S5 R A
LT

AL 57T g , 3 PT RE A DR S B 25 T RS
JUL IR0 RO P v B Do ke i LA G FE ALK R
SKAFRIN, TR 57 MLV e TR A 1 L it B o 3R 43

WAKEIN , N LS B B AL SR AR
B ARBRIN R (BT A DECESR S SRS b
THFEINE A5 A/ N R TR AR AR AR A&
FER I B] BT 732 s, IR B IR 25 R s bF
St 57 il BE SRR SRR A G

138 TG T ] g5 AEAR A sl R AE AR G, T
W — TR R RIS /N B DU ] 5
TPk I 2R BUA LI TG A BERG IN™™ , 28 BLAY 24 /N Rk
T /\JE TR BRIAE 5 , L3S TC AT LDL FRAIG, X L6 B4
SN SR80 BRI 3 K]
555235 LA PR R O S E PR 7 13, $ it 95 v L
RSP RAE . A IFSE CAE ST UATES PR IR )
PEREAT T BESZ AR, FBARFEL I AR A 57 1T A HEAG 2
o TC A LDL (I AEEN R i TG B . TG 5 shillik
SRREIEAL Y 22 [ 6 R L 2 RIS IE S22, 2011 4F
S [ELOAF2 B E TG 2 UL KRG (4 2 )
PRaEW™ . RIS RS AR R e 57 X LA A
P03 , i S5 80 sh bk i Y TR, TG AR S 1
) SRR RERE LR 4 e . 45 HDL /K- LT RS
BHLATE L 55 T IR N (BB RIS ZE AL 5t
T HDL FIREAFAEIIRE ST & , I A — 1 KA M AR
YEH™,

ARSI L 7 AR ENRLO DI RE  (HRL BEE shX
JULAG TR 7 4 5 L 22 TR 5 G S < LWL 0 45 4L 1
B SV BRAZ AR SRR SZ 55, /NGOG ILHE
ety B R Fiead 55 15 RO WL e ik HESIZEEL 5%
Pz ik, S K 7 5 O VRS 4, I F Bt 2 55



http://www.j-smu.com

J South Med Univ, 2025, 45(12): 2598-2606

+ 2605

i PR ZE A T I ™Y, ARSI RS 95 1 B CPT1B,
PPARa k980, CPT 1 E Ry Jig 105 18 S Ak DG e, 425 1
LR BE I AT A AR, A LR PR o
B B 484k, CPT 1B AR 5 T 5.0 LG ) ™ E
JERH S He 25 R IAE CPTIB B M &1 T, 494
80% I/ INEUAE F2 BTk =5 428 AR5 (1 1 5 N 2R
Y1 5 N 1 N =30 T T 7 el i Y
i R S A TEAR KRR |32 5 i SR AL W B A B
ZAK(PPARSs) 1T , PPARoE I IR Y 32 2 5t
AT PR, LA A 5 i T R SR g b A2l 4
TRE, 76K FG2 % 25 B A iE 920 UL PPAR 23 R
Fit O LSRR 0 8 B T R RRAIRE . SR TTT CD36 1 &3k
HIH BN, ARkt 95 v mL O NUIR IR A AL Z
RE LR AN S, (ELH58 70 LR U AR SRR, 33X o] BE L
e TGRFZEMERR R 2GRS, O IR Bk
TEREFIA R FFLLR R BR SR T RE G bk Hrih — g A
MBS, RO R ORI AR A5
i Co LS F T R A B0 e S H 3 44
IO R I T KA A TP AR A 5T O WU B A
AR PRI, FRATTHEINLC LR B R S A AZ A R o AR
AT BE R I 55 A TR A B R 2 —

i 57 1 30 5 A BE ) 1% 0 F , GLUT1, PFKM FI
PKM2 AR SR FE A 2032 B , F 0.0 LX 3
PRI S A DR B SN 4 e K imisg
) RE A e i s s b OO U R AR sl , i vl
AB538 SR LR FNIE 23 1 17 I vl 22 1 i 41 o 14
PR A A 60 A B9 AR s s
BEIINFEAAR FECME () R A RIS X 0T B 5 UL g
s i B A A 3 B S RE AT 4R 55 T T o b
BAEIEH DL ATP A ALY 25%~30%, (HA 22 %
Ryt S 2l 2 B o O WUTR R S AL A2 A ) 5 e B R
PR LR ) FH G HOR AR A L ER, R CRIE IE 1Y
OMERERE™ . Bl i 95 RESE , FRVETEA G 20k 20
T3 (1T, S ELISC o U i 1) e 2 0 ) AR o f 1
N F I RS PRK (TG AHFFLE A TG UURUALL
WUIR IR LA , B3 8 ATP 7= AR /b, 26 X ol
PR SRS W AN JE LUK TR IV R S TS A2 18 AP i o [B
Z TN T 5P R DI B

ARGAFAE—E PR . eI T 45 A 2y
ZFE B S BRI A3 HAE I T REAE— e R
R T RN . AR AT AR
LA AT SR B RO AR S IR RE R
YIRS , DAIR O AP B B IR AR HE T Y
TREMG I 5

g5 L KRl 55 25 B g A b TG VR
HEPHEAE , B O WLAE S RIS RA A, 1 L O LIS R

A AURLC IUBEREAS I O AR5, X T RE 2
1955 EASCEP LA W AL PR RS ERY IR R 22—

Declaration of interests: The authors declare no competing
interests.

SELWk:

[1] Kivimiki M, Jokela M, Nyberg ST, et al. Long working hours and
risk of coronary heart disease and stroke: a systematic review and
meta-analysis of published and unpublished data for 603, 838
individuals [J]. Lancet, 2015, 386(10005): 1739-46.

[2] Pega F, Nafradi B, Momen NC, et al. Global, regional, and national
burdens of ischemic heart disease and stroke attributable to exposure
to long working hours for 194 countries, 2000-2016: a systematic
analysis from the WHO/ILO Joint Estimates of the Work-related
Burden of Disease and Injury [J]. Environ Int, 2021, 154: 106595.

[3] Eguchi H, Wada K, Smith DR. Recognition, compensation, and
prevention of karoshi, or death due to overwork[J]. J Occup
Environ Med, 2016, 58(8): e313-4.

[4] Al-Madhagi HA. Unveiling the global surge: unraveling the factors
fueling the spread of karoshi syndrome[J]. Risk Manag Healthc
Policy, 2023, 16: 2779-82.

[5] Lopaschuk GD, Karwi QG, Tian R, et al. Cardiac energy metabolism
in heart failure [J]. Circ Res, 2021, 128(10): 1487-513.

[6] Flam E, Jang C, Murashige D, et al. Integrated landscape of cardiac
metabolism  in  end-stage  human  nonischemic  dilated
cardiomyopathy [J]. Nat Cardiovasc Res, 2022, 1(9): 817-29.

[7] Piché ME, Tchernof A, Després JP. Obesity phenotypes, diabetes,
and cardiovascular diseases[J]. Circ Res, 2020, 126(11): 1477-500.

(8] Zesifil, IRBluk, TIHe%e, 45 R Bid 55 JERA Ay 7 M B TR Y
Be AR UL N B B BT 2H 2 R ZH 2753 A 0] A=Ak
S Bk RE, 2024, 51(8): 1935-49.

[9] Miao Q, LiJ, Pan YP, et al. Three cases of karoshi without the typical
pathomorphological features of cardiovascular/cerebrovascular
disease[J]. Am J Forensic Med Pathol, 2020, 41(4): 305-8.

(10T S0, ARl A% roii, S5 . 9 07 R (@R N SRR AR (00,
ZREE2#,2012,33(1): 21-4.

(L) B =38, Brondly, THiate, 45 G BE97 0/ Bl BUNERS (i S e Ay 520
(0], A 42 B R4, 2024(5): 427-33.

[12] Matsui T, Ishikawa T, Ito H, et al. Brain glycogen superco-
mpensation following exhaustive exercise[J]. J Physiol, 2012, 590
(3): 607-16.

[13] Lee WD, Liang LF, AbuSalim J, et al. Impact of acute stress on
murine metabolomics and metabolic flux[J]. Proc Natl Acad Sci
USA, 2023, 120(21): €2301215120.

[14] Lightman SL, Birnie MT, Conway-Campbell BL. Dynamics of
ACTH and Cortisol secretion and implications for disease[J].
Endocr Rev, 2020, 41(3): bnaa002.

[15] Chen YY, Gao TH, Bai J, et al. Ren-Shen-Bu-Qi decoction alleviates
exercise fatigue through activating PI3K/AKT/Nrf2 pathway in mice
[J]. Chin Med, 2024, 19(1): 154.

[16] Flockhart M, Tischer D, Nilsson LC, et al. Reduced glucose
tolerance and insulin sensitivity after prolonged exercise in
endurance athletes[J]. Acta Physiol (Oxf), 2023, 238(4): €13972.

[17] Zhang QL, Shen XT, Yuan X, et al. Lipopolysaccharide binding



+ 2606

J South Med Univ, 2025, 45(12): 2598-2606

http://www.j-smu.com

protein resists hepatic oxidative stress by regulating lipid droplet
homeostasis[J]. Nat Commun, 2024, 15(1): 3213.

[18] Geng J, Zhang XL, Guo YJ, et al. Moderate-intensity interval
exercise exacerbates cardiac lipotoxicity in high-fat, high-calories
diet-fed mice [J]. Nat Commun, 2025, 16(1): 613.

(191 B B, B 25, XE =A%, 5 3 95 5 /N BN AE N  B E Th ey )]
BT BERIREE2R, 2024, 44(9): 1814-20.

[20] Kim HG, Lee JS, Lee JS, et al. Hepatoprotective and antioxidant
effects of Myelophil on restraint stress-induced liver injury in BALB/
¢ mice[J]. J Ethnopharmacol, 2012, 142(1): 113-20.

[21] Raposeiras-Roubin S, Rossellé X, Oliva B, et al. Triglycerides and
residual atherosclerotic risk[J]. J Am Coll Cardiol, 2021, 77(24):
3031-41.

[22] Nordestgaard BG. Triglyceride-rich lipoproteins and atherosclerotic
cardiovascular disease: new insights from epidemiology, genetics,
and biology[J]. Circ Res, 2016, 118(4): 547-63.

[23]Miller M, Stone NJ, Ballantyne C, et al. Triglycerides and
cardiovascular disease: a scientific statement from the American
Heart Association[J]. Circulation, 2011, 123(20): 2292-333.

(24 Wi, T o, B A, 55 . S BE 95 S0 R Bk i A AN M AN EE B
SO []. v e e e, 2022, 44(2): 262-9.

[25] Zhang YF, Yu MY, Chen Y, et al. High-density lipoprotein in
cardiovascular diseases: From high quantity to high quality[J]. Clin
Chim Acta, 2026, 578: 120574.

[26] Ljones K, Ness HO, Solvang-Garten K, et al. Acute exhaustive
aerobic exercise training impair cardiomyocyte function and
calcium handling in Sprague-Dawley rats[J]. PLoS One, 2017, 12
(3): e0173449.

[27] Oldh A, Németh BT, Matyds C, et al. Cardiac effects of acute
exhaustive exercise in a rat model[J]. Int J Cardiol, 2015, 182:
258-66.

(2815 3, B, XB =&, 55 . 4d 25 /NIRRT /N B Co LA B T A 5

(0], f e A2, 2025, 50(6): 756-761.

[29] Haynie KR, Vandanmagsar B, Wicks SE, et al. Inhibition of
carnitine palymitoyltransferaselb induces cardiac hypertrophy and
mortality in mice [J]. Diabetes Obes Metab, 2014, 16(8): 757-60.

[30]He L, Kim T, Long QQ, et al. Carnitine palmitoyltransferase-1b
deficiency  aggravates pressure  overload-induced  cardiac
hypertrophy caused by lipotoxicity [J]. Circulation, 2012, 126(14):
1705-16.

(31T Wiy, 4 25, XV, 45 . J1mis slE KO WIZH S0 KA
[F] i #H PPAR« ¢ ik 19 A8 46 [J]. v (42 2 R 2: 24 7, 2009, 28(3):
264-8.

[32] O’ Connell RP, Musa H, Gomez MSM, et al. Free fatty acid effects
on the atrial myocardium: membrane ionic currents are remodeled
by the disruption of T-tubular architecture[J]. PLoS One, 2015, 10
(8): €0133052.

[33] Schulze PC, Drosatos K, Goldberg 1J. Lipid use and misuse by the
heart[J]. Circ Res, 2016, 118(11): 1736-51.

[34] Gibb AA, Hill BG. Metabolic coordination of physiological and
pathological cardiac remodeling[J]. Circ Res, 2018, 123(1): 107-28.

[35] Kemppainen J, Fujimoto T, Kalliokoski KK, et al. Myocardial and
skeletal muscle glucose uptake during exercise in humans[J]. J
Physiol, 2002, 542(Pt 2): 403-12.

[36] Wang X, Zhu XX, Jiao SY, et al. Cardiomyocyte peroxisome
proliferator-activated receptor a is essential for energy metabolism
and extracellular matrix homeostasis during pressure overload-
induced cardiac remodeling[J]. Acta Pharmacol Sin, 2022, 43(5):
1231-42.

[37] Gibb AA, Epstein PN, Uchida S, et al. Exercise-induced changes in

glucose metabolism promote physiological cardiac growth[J].

Circulation, 2017, 136(22): 2144-57.

(il 22 13%)



