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[ Abstract ]

skeletal muscle fatigue caused by insufficient muscle endurance is an important cause of flight fatigue. Circadian rhythm

Flight fatigue can impact the ability of pilots to complete long endurance cross-domain flight missions, and

and clock genes reportedly play an important role in regulating muscle endurance, and BMALI is one of the core clock
genes that affect muscle endurance by regulating muscle metabolism, energy production, and muscle fiber-type switching.
Disturbance of circadian rhythm or abnormal expressions of BMALI can lead to decreased muscle endurance, resulting in
body fatigue. In this paper, the research progress in the role of clock gene BMALI in regulating muscle endurance is
reviewed , which is expected to provide insights and methods for improving muscle endurance and anti-fatigue ability of
pilots in long-endurance cross-domain flights.

[Key words] flight fatigue; BMALI ;circadian rhythm ; muscle endurance

WA T [ 25 AR DR e, RAT B T I A4 )1
1E55 H 45 52 2% AR AL AT B 1R AT S {5 BE
RATAE . KA AT AT 55 5 T BOL A AT
FR AL, 51 & HA B 2 SREE S () AT
95 o Sl AL IS R, RATRE ST BR T —
FBEH AR 7 SRS M FE A, 38 AT LR R A« B IR

[(E£TA] HERAHAFHE4S (82304019)

[MEERNT] & 05,5 AR BTy 1)« B 5 A
[MEEBAL] 128 AR RN AR B2 R =, g %
710032; 2. 45 AR R 2FHAYE S o F AW ¥F A=, 6%
710032;3. 48 AR AF M MR G IR B2t % 710032
[BEEE] BRI, Tel: 13892846250, E-mail:zhaoxc@fmmu.edu.cn

B8 o0 %) JRE s St A T 9 ) 2R A IOF W A T 5 B S X
AT B O IR - AR R BT B kAT AN R R
WHEZEEL, R RS T R OIS T
BRI 55 10 7 A o R R RS B LU R P 4 20
TG Z KK 32 3 A FE 2 11 1 (brain and muscle
ARNT-like 1, BMALL) A C3R 1Y Z Bl B 4 43+ 1K
AT, H BMALL 8 15 8 55 WL AR5 | RE A il A
UL 2 2 A A A A0k A, B 352 i LI 3 KO o I
AFRGT B 35 PR 55 LI g 22 [0 1 N 7 SR, A 2
P CAT BRE R MU AT T R B 57 RE 1 5 WL
FIHR AN SRR S . AR SR RGN
AR LR BMALT 55 U 3 W5 1) Jee B a2 e i)



TP 202644 F 5504 943 Mil Med Sci, Vol 50, No 4, Apr, 2026 311

TRFCAE IR A LA i 5 454 | A i AU 25 Mz 3)
15 3 75 W A A% L o B, DA’ AT BRI DT %
S R LR R R S R AR s

1 TEFILSES

11 BRY#

TS — AR RTESE Y LA 24 h
by J A Bl 0 A ik AR, HAZ OB 3 o P
Az W A TS S AN BRI 1) [ 2D DL AR
B GO BRI RE . FERFLENY T, X S AR
[F1) 42 A 2 52 R Ry A B AR A, AL T i
X (suprachiasmatic nucleus, SCN) (19 W AiX A=
Yyph 15 O OMR A T B A2 E AU A A AR
Prph s> o BRI S dE R OB T
IRV 7 DL 5 SRV IR A5 5 RS i [ 204k .
Horp 65 54y die 2R AP R,
PR A R A B4 ' BECRH 28715 48 Y (intrinsically photo-
sensitive retinal ganglion cell ,ipRGC ) J&&H , 4 i #1L [
BT L o £ 138 25 SCN™ . SCIN 2k Il i #ft 22 | 1
VO SAT Ry i T B A RS S B IR S 2k R A
R, S A B A ) 20 AL, i O A PR fE
SMFRIREL MRS — o %o TR N 4 O e —
2 1 BE RS B I B B ], 6095 BMALT W S B3
8 5 %% (circadian locomotor output cycles kaput,
CLOCK) | Ji 3 3£ [H 1/2/3 (period 1/2/3, PER1/2/3) }
FfE & 1/2(eryptochrome 1/2,CRY1/2) . B804
JUCHE 8 9 5 s - Bl PE 6 S 15 3 % - BMALL 5 CLOCK
S — RIS SRR Z AW R U 4 S
W 7 R PR Bl XY E-box 3 58 5T, K5
PER M CRY %5 RN Y1k BiJ& PER/CRY & A &
P AR I BMALL/CLOCK [ %% s i P, DT 58
B ARG B XA 43T B RRG T R 4
LD FRAA Y B MR L S LR A BT 3 Sl Y
Sl
1.2 FAEZHLGRE

A% B A 5 DR g S ) % S - 2% B A [ i 2
R T R AR E PR 4 R X R PR
RN 72 ] e RS- 5 T ) 00 0 B e A 06 25 S B A P
PRSI TT B SCN A Hh A R 5 25 78 I ik
TP A O 0, REOS RO R & E 2 A MR L
P A (G155, I b N 2R B R 7 5 2R
SRR LT AR, 2 SRR ) & A= i 3 s
B CAnEIBE TAE (B i) X3k ®AT) LA T A 21
BRI PR (2O g 40 5 P TR A P B A
LR [0 o X RN P 55 P I S A Y
R, 25 SO NS -5 19 Jo) 30 5 22 N R 2 By

5 2 B R IR B, B R AR B R
AL A RO B 43 (A1 BMALL) (9 55 0 3k
RAFUIE TR AL E E R . 7E Bmal 1 35 5 R
AN BB v, S T S B AR LS8 A kL RS
P R TE L 5 s E M P OCHEE Y. TR,
R I B3 D) PER2 58755 S 114 S i At e M o A
A 2% A 1iF (familial advanced sleep phase syndrome,
FASPS). T PER2 J& BMALI/CLOCK %% 5 f 5 it
TR 45 R, H 98 e 3 2 BMALL (19 K3k =
WU R VR S A S T OGAE S 0 AR B R
¥, PR S R IR B R DR S UL
S5 A0 R AR W B, RN 3 5 T SCN Y (8] 42 9
M KR TERN IR BRI, S A 2 2L 2
55 SCN iR 2 )25, S AR Z5 wLA LT g R A4 5
T . WA, e PR S B R R 5 Y
FREE AL MR T Z R A | B I P
LTI RE T B B M 20 K5 g 1) o g B 3B
il o TR PR L B DR AT )l 2 R 46
P 2 2R 8 07 A il A7 A, B AL E Ll
SRR 5 DI RRARAS A 28 A 3k TLAE )R
1.3 FHEFLLES

W 57 S — T FAEAZ , I R FR 2L A A
AE T AR IR S, [R] IR B T R 0 980R 548 55 AT
RE 1T B, HAS BE 3@ o 8T AR B A5 3 58 2 AT
I 57 ST 43 kg A B 55 L B 55 24> 5 T G
AR RE R KCF T B B 0 L AT AR 55
FRE IR A >

e PR 2R L R S 75 R RN IR 9% 57 1Y)
KHEHNR ., THREILFBRIPUAERE 57 = — A 2
R R, AL O AE T RS 55 A1 Jol AR ) e ) 2k () 28
A, 3 T 5 A 2 B 5 N, o e I e i AR R 2R
AR AR RA I D RE T B A5, DA AL B T 3G
[FFEH A BRI S 55 4 . 7
AP b 55 58 Hh AR B i LM RE Y 35
TR LI 7, B PR 2 R R R WA
45 A RE ) S VAl JULIA D RE 1 B 2K AR , O 4
e LR BEARTS J3 KK o WSS A 3, LT ) 1 R A=
PRPENE 55 A R B EEHLER T R, SR THALIY )
JE R TR AL 55 B8 T 1A RORAE X T G2 M 1= ik
J¥ 1z gl 5 b 2 SR ST 55 I K 07 R AU L
NHEENE L

2 HAZEL G BMALLES LG A

Aol L PRl BMALT A UL IR A s B 8 3k 146 Sk 4b
JEL A= ook WL PR AR AT R, B JUL RS P 3 PR 58 S B
HERTHERNIRG R ILA L& o 4EFE



312 TR

20264F4 F 55504 4544]  Mil Med Sci, Vol 50, No 4, Apr, 2026

JULPR A Wy e A 52 e JUL A g A Qi 4 O T R HR
AR . A3 N BMALL 3 3o 3835 B 8% LN 78
DR Ak, s g LA AL PR A B 2 R 2, %
T A3 0 e A S e oy

2.1 BMALI 5Lt /69 % %

I 3 R BMALL 3235 5 LA 3R R M) 47 76 5% V)
A B LR A AT D e ) 3R B 22 57 . F
YR, B I R A 3 a5 e AL R 2 AR 9 A AR L e
A A R AR AR LT 3 KT AR R AR R o
AP B A A JT FE IR 3 BRDGEF LT 10 11
VR Wz IR AN . BFSE R
O Bh K BMALL 75 B 85 LA 52 90 5 3835 , BMALL
AT HILAAR A A A A A5 VT i B AL e A P TR
A Wb o T AR R IE R R LR A R X
3 Ao T B A O i S5 DR R 5 /) BRR A 9 B e R
DA B B LR R Th 6 2 B, 7E Bmal 1 36 DR 7N R
EER I ST ES R TR N S Gt TR R R L E RS TR
AR AN Y PNE N5 3 RN S )
SOEE SN T iR S S /IR s - W] 2 (19511
FHL AL 22 ZH N EE R IR 3X — R AN Zehi iR Ty fig
I 0 R UL 85 A ) e 7 L S BT s LT g
FZ SN 77 19 &3 F
2.2 BMALIL @38 % LA # 3 va LAt 7

I ER = 3 /IR B 2 o) 8 1 VAN = 2 = R
BREE A HLLZZ A A Lsh A 1 s LR 2R R
55 B 1 A0 L 22 L R o S ) S R B B 1 (L s
e S DR IE = A || R = R O B i R e
THENG LA LS BB LEF g 2
I3 NP ILE: 2 Fig ILER 4E2 PRI B R TR AR
AR CLn g 17 12 19 A4k ) 77 2 1 B MR e A% 1 — i T
(adenosine triphosphate , ATP ) PR $2 {3t 47 B [0] 745 )
PR R RE I, SR R ) R B R T g LI AR
AT AR RS B R A RN 5 95 55 U 4 , &
ST 3 AU BTG S0 AR 0. R B e i
BMALI J2& WU £F 45 28 AU F2 28 9 OC B8 O 99 A+
BMALL 338 9815 LA A BAH G JE R 2R3k, 52 0] Jsi UL
Y54k 55 LT 4R R AL, D ITTTE WLEF 4E 28 R p
RAEARVE A2, WF9E IR, Bmall 815G/ BRUFE
NN MR LYK B BRE BENIT
B, i B LGS f) B 20k e AR TR 2 AR A, L3N B
1 JILIsK 2R 1 RUL Bl 28 11 45 OGBS 7 26 1 i 208
FD A I B L 22 G5 A A | X AR A
A T B LEF 4E A HES R A 10 7] g 534
R RS A AR P AT B 1 2 45k, AT BN
AT REE . BRI, BMALL A 2B L
PR 8, A JULS P 8 10 0 i P AR lORH 240 JUL 22 25

WO, S O B ULPERE T B, M5 12 LT 7 9 T
B> Hodge 55 WFFE 4871 , 765 3 AL % IURR 57
Y Bmal 155/ BUSERL A8 JULER 4 vb i LAY 25 4
LA LU EEZ 2 (calsequestrin 2, Casq2) 1321538
i, 2 5k K A AR i) PR 6 - R SR -2-
VAT /R W% -2, 6- WU 2 T 1/3 (6-phosphofructo-2-
kinase/fructose-2, 6-biphosphatase 1/3, Pfkfb1/3) . C.
W 2 (hexokinase 2, Hk2) DA K PR T PR b S Bt 1R
fifg f# 1k 3V JE 1 (pyruvate dehydrogenase phosphatase
catalytic subunit 1, Pdpl) |35 .25 T8 , RV
FIHIABI KA S W e IR BT . Schroder S5 7E 153
AU BB VRS S M Bmald RBR /N BUBERI 2 91, R4
L LT )12 JULET 48 0 BRPE A A AR (3R
A 1T A Y JLET 2 L A ) A ATLPA Zh RE I R Pt
B o AR RN BR B A L) B T
W L LT AR A in S 2w R A X451k
B Bmal 1 JE R RER I | 2 O £ 4E 28 10 T 90 2 — i /e
SERA O RN D RE B B T 57T AACER R SO, T HE D)
REPEIE IV o BRI PE ILET 4 7E AR b S ] T 4R
AL BT UL 254 i R LA R L P R A 1 i
K, BB LRY SE PRI TR BN W A2 400 . Fakss
SREEHT, H 2 I U 254l S8 BEAE AT RE e B A
BMALIL Z5A% 0 I L A R 15 13 R LIS )
2.3 BMALL@ 8% k2Rl @ Wit 7

R WU LA Y 237 BT, BMALL 761 fif
JUU R B 2 8 0k T A R AR AR A By SC AR A .
BMAL L8 1 3 75 SOR DI RE BRI AR G i o
IKEE S Ak LR RE AR AR . BESE R,
Bmal 1 5P il /1N B R i JUL v 18 SR A4 850 i 2L |
I )T B X AT RE S B LA S o A G i
Hb, BMALL i 7] BE i i 9455 B gL b i R 5 R A5 5
% | R TR % A A DR A e A, R AR
JUUXT 85 37 90 5 A R e AR T, RE S AR Y
FT R, SRR A S 40 9 5 0 ATP B 2240 Jif
i, AL IE A A o LR O 55 RE T N
W w5 UL 77 . BMALL ] _F 3o S Ak Py i AR 33 78
YIs Z Y % K1 la(peroxisome proliferator-
activated receptor gamma coactivator 1-alpha, PGC-la)
SIS T - I 3R 5K A8 i 4R 1A DNA 19 52 i e
36 mZRL A B SR AL LR A DI RE . R,
BMALL %) 58 3k /K 5 28 k7 A& - JIL 5t ™) (sarcoplasmic
reticulum, SR) B 25 R0 A K /I LR 4RI 25 B 52 1F
HI5C. BMALI/CLOCK & & ¥ il HLA% 45 & IR iG 2&
B A A T 1 2 (mitofusin 2, MEN2) 2K 14 13 30
DX, [) B 40 ] 53 24 AN SOk AR Bl ) A G 1
(dynamin-related protein 1, DRP1)f#y31k , W1 F



HRPEE 20264F4 0] H50% H4W] Mil Med Sci, Vol 50, No4, Apr, 2026 313

SRR 25 Rl A i 7 KRR R AR LR
P4 HE SR A5 ST 5 SRR fk e AL (P
Y/ K-SR BE B ) , X R AR AL T % A -l
T P 85 Y - 1 % o 5 ATP PRt % , iR R 4R Tt
VLA A 1 BE AR S A ME . BMALL i v 3
A A S LA R 5 03 2R B 25T R A A Bk
PRI AS o XAl Bh 25185 A7 By T Lebi (16 5 L
F 2 v (39 50 43 A, i ATP () A BEOR R JILIA
BRI T L e IR S LA Iy . D9, BMALL
RT3 S VR T LR A W e T A B DI R W
JULIY B A

1M AR AR, LA A A 2 4K
AT B AT 7 19 S8 20 Ak . BMALL 38 5 15 B
RAR S 22 15, 52 WA UL BE e 4 A
TR 7 T, BMALL A i 3F A NG L Bl SR
AT S W T X B 1) 22 2, i A 0 14
15 BeAh, B e VR A R ot Sl O 4 R S A
AR AP O R 1 B T 8 2 P I AL
i FERRA Iy T, BMALL T 38 5 g 105 R & A
Rl . AT A PR A R 7 65 LG R I 1Y 238, 1
TR 7 3 B D RERRARK s [RI I, A
R T B il A U L O Bl )
ik, e R TR - AL o Al o X T 1
3B MOULTE AR 12 SR AS T REAS R0 4 4 RE RLE
WY, DA R ik (30 102803, AT % L J B
B A LIS )

3 I BEERTHEBMALL R 18 % B

BT BTG OO B R BMALL
S IR WL 7 1% dnb 25670 1T 52 W), A T X e ]
PR T K BMALL DIRE R $E LI 1 X dt &
TT9E 55 I OCHESRMS . ZEF U R AR T 7002 YR
FABLH , TA LA T s S HiA R
3.1 AT AN IFRRE Y 5B %6

W E AR A

2R W 5 0 ) R AR AR IR PR T i AR iR
PR A IE SR T T3z sl 2k =
BT )9, A BMALIT 25 it e 35 D] %) T 6 IR 3 1
S BRI EZS - W RO e 2 (SIS 3l 2 NIIE 3
O, T8 F 5 Ak P TR T A BB T L g
HAw o AR B 6 1 1 3 B A0 25 i X R AT B AR
1) RAT O E L, A2 HF SCN HAGR 8% i Fo e
PEFNSIJE B 1) 1) 26 Ak Ty 1] & # CBEAVE T CR UE AR
PR SR RN B BT SR A WA AR o AR I
flt 1, AT A LS T AR AR AR A8 i 1 1 4R 1 5
T TSR W« A 4 B[] Cn E bR A= 4 el e [ 7

/R ) ZEE Tt T, il i ipRGC-SCN 3 [ 31 il
HRER L300, TS PERT 45w b B 4 223520, AT
JAE 0 AR LB T AN 5 R 2, A % I RE U] ]
ABE S AHA LB ROFPEAE VLB 1 O A YT e
By PR H FE B SCN Fh A R RS A A7, SR R IE AR
FE MRN8 A1 R B Bh i e A AR B . — o S A E
TR, BUHEIE RO Re B R T B e A KR
I, B B T I % 2 I 2 15 45 g SE ) K SR
ROk ) B3R PR R B i LB AL T R Y AR
RS, A kUL A o 2 4 e AN T R A0 AL ok 7 3
RiAILES 357 o R N2, A HoE iHg gl , A
B —Fhm A i szt R 7 BE A R Ak Ah R 4
21, 0 H R AR LR i Bh A [R5 Y LY
S PUBHYINZR AN A 4T 7 U1 25 Re B H2 4 T+ L 77,
I S S P A AR LR R A B
B AN A % R TE LER 4 2 Ak LA B AR
TG PR R 0 B e LA RS sl b 5
e 1o R AR 12 Bl 2k (B 3 B 3z 5l
T AE VAT B b 35 PR e 3K 3 3k 5 M i LR BMALT
S A% 0 B DR 3 K R B RN AR A, P Ak L
PESOL R IE R LR B R S E .
2GR VAT R R SR, EARAEH T AW RS0
)i AR AT
3.2 AT IR B R AR AR AR

PG T A SRR L, nT A R R Y S R A
(B BIL S B, 2 — 25 1) A1 J 21 20 (O HG 2 i
JUL) %) A= o R A 3 B, S5 R A QU o e A
DARGSR LI g o B I R bR R 5 IS A (L0, HLARR
ERE R, QB B JE A (time - restricted feeding,
TRF) , fig @ &1 Fiz shif S oMLK #E T TREF
VR —Flsi A i AN E B2 R F, BT 5B L
Bh 3 R (U PER2 . BMALL ) W) 3% 15 77 £ MU A o
25 & W AEURIE Y IR SC , FE MR IR I UE 1T TRF, GBS B
L VAN i B [T N = T A b i A 2 P
T5E % ) PER2 F1 BMALI 3 K W € | i Bmall w4
/INERAE TRF T 22 30t UL IR 20T 1l 1 b O S8 il 0%
(1 ATP & fiff ) 52 58 B ik g 4 F+ 208 0 2K 8 R
BMALI FE 4y J R & W A5 5 0759 LA B & R
(R0 2 12 WULET 4t 1) S AR AR 0 ) A Tt g v 4 %
OMXALAE T o 122 9 o 1 FAR 5 2 1 52 e A= 4
BRI, ST UL PR i o BEORS 40 P R 8
3.3 3@y T .4 EAD BMALL 2k 5 %%

BEXIAT R 5 A T 300 ¥ 5 4 vl IR AR TR B Y
2L B R A e R A B 1 A0 B ey
BMALL, 15 H Rk K Fe it MR R E %
T T W EL A A R M AR, A H R 2



314 TRP Y

20264F4 F 55504 4544]  Mil Med Sci, Vol 50, No 4, Apr, 2026

N T SR Bl 14 5 BMALL A 5 100 15 B 25 IR 4 53 )
2 DAL LR AR 28 2 28 R0 3 4 [ 2 R AR D) g
9% K B0 22 b RAR B A A A& ) A A DG 7,
P2 P 3 3 S 25 L R AL (sirtuin 1, STRT1) ,
{2 #F SIRT1 5 BMALI/CLOCK B & W44 . %
5 BB S LTS N T PGC - Lo Y IS AR I 25 2 B
1250 PGC- 1o AN tnb 35 184 58 2ok M4 A8 1 B il
51iRg , $ETHE #E LA AL RE J1 R B 57 RS AT
YE I AL HAS B 2 BMALL (% 55 7 1 Jr) 30 15 D)
T, JE A SIRT1-PGC-1a-BMALL iF 2 FR i , R il
KAY B S PR RN, A, ZR R
FEAEH T BMALL, 5 5 H 342 35 7K P 1 98 A0 AH 4% i
R AT 58 BMALL/CLOCK & 4 ¥ %t T e b 45
BEDRRTAR I AH DG 35 PR 10 70 SRt |, e 204 T WL A T
JIRBTIE 57 e S

4 REZ

H T C & B 31 A 5 A% 0 B B B ) BMALL
FEVA T B HE LT B 4E 15 S5 9 e Qi Jaz
St 3 OCEEVE T, A L 1a) BMALL A9 LT 77
PETH R WGP T OCHE IS SR . )5 ZEWFSE AT HE ST
BT BMALL (Y Z 2 UORBEAR R < 510 B (R A
SR AE RATHT AN T8 40 1 22 2 B0 SIRT1-PGC-1a-
BMALL {5 5 38 4% DA 3G 58 8k AR AR 1) & A Fn A8 Ak
2 AL e 77, 32 7 WL 7E A AR B8 T 1 B AL 1 2%
2, D2 LA 2 T HE 2 57 e HE 5 BRI I X
AL R, R P X AR S SR 557 9 4 O e, )
FHBE B G I T SCN HR i g AR A7, [7] 2238 i TRF
IERE R [N N R AN DN N i S S
BMALL 5 PR IAAE CAT R B Al T i AEAR L, R
UL A T B8 7F B 22 38 B B9 R e M . Bl ROk
BMALL 73 DI RE M 25 (A S# T , 8 [a] B 7% 19 RN
BMALL 1Y 256 W AU AT DL 25 32 T %A 7 0 K
Bf Bl CAT R AR RE ) e e T AT R R
“HIL-RG -G B R g E R AL A LA A O B
95 55 BT AP 393 B R R R AR 8 4 i ) B H R R D) 5
AR TT %

(&% 3tk]

[1] CHOWDHURY D, WANG C, LU A P, et al. Understanding
quantitative circadian regulations are crucial towards advancing
chronotherapy[]]. Cells,2019,8(8) : 883.

GENTRY N W, ASHBROOK L H, FU Y H, et al. Human
circadian variations[ J]. J Clin Invest,2021,131(16) :e148282.
AOYAMA S, SHIBATA S. The role of circadian rhythms in
muscular and osseous physiology and their regulation by

nutrition and exercise[ J ]. Front Neurosci,2017,11:63.

(4]

[5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

PATKE A, YOUNG M W, AXELROD S. Molecular mechanisms
and physiological importance of circadian rhythms [J]. Nat Rev
Mol Cell Biol ,2020,21(2) : 67-84.

MEYER N, HARVEY A G, LOCKLEY S W, et al. Circadian
rhythms and disorders of the timing of sleep [J]. Lancet, 2022,
400(10357):1061-1078.

SMITH H A, BETTS J A. Nutrient timing and metabolic
regulation[ ] |. J Physiol,2022,600(6) : 1299-1312.

FISHBEIN A B,KNUTSON K L,ZEE P C. Circadian disruption
and human health[J]. J Clin Invest,2021,131(19) :e148286.
ZHANG F,LI W, LI H, et al. The effect of jet lag on the human
brain: a neuroimaging study [J]. Hum Brain Mapp, 2020, 41
(9):2281-2291.

BUNGER M K, WILSBACHER L D, MORAN S M, et al. Mop3
is an essential component of the master circadian pacemaker in
mammals[J ]. Cell,2000,103(7) :1009-1017.

CAL'Y D,XUE Y, TRUONG C C, et al. CK2 Inhibits TIMELESS
nuclear export and modulates CLOCK transcriptional activity to
regulate circadian rhythms [J]. Curr Biol, 2021, 31 (3) :
502-514.

FRAZIER K, MANZOOR S, CARROLL K, et al. Gut microbes
and the liver circadian clock partition glucose and lipid
metabolism[ ] . J Clin Invest,2023,133(18) :e162515.
PATTYN N, VAN CUTSEM J,DESSY E, et al. Bridging exercise
science, cognitive psychology, and medical practice: is “cognitive
fatigue” a remake of “the emperor’s new clothes” ? [J]. Front
Psychol ,2018,9:1246.

MEEUSEN R, VAN CUTSEM J, ROELANDS B. Endurance
exercise - induced and mental fatigue and the brain [J]. Exp
Physiol ,2021,106(12) :2294-2298.

TAILLARD J, SAGASPE P, PHILIP P, et al. Sleep timing,
chronotype and social jetlag: impact on cognitive abilities and
psychiatric  disorders [J]. Biochem Pharmacol, 2021, 191:
114438.

ZHANG J, PEARSON A Z, GRUNAU M, et al. The role of
muscle mass in endurance performance and neuromuscular
fatigue: a systematic review and meta-analysis[J]. Sports Med,
2025,55(11):2809-2824.

PROCOPIO S B, ESSER K A. Clockwork conditioning: aligning
the skeletal muscle clock with time-of-day exercise for
cardiometabolic health[]]. ] Mol Cell Cardiol ,2025,198:36-44.
FIGUEROA -TOLEDO A M, GUTIERREZ-PINO J, CARRIEL
NESVARA A, et al. BMALI and CLOCK proteins exhibit
differential association with mitochondrial dynamics, protein
synthesis pathways and muscle strength in human muscle [ ] ].
J Physiol ,2024,602(23) : 6403-6415.

CARRIEL-NESVARA A,MUNOZ-MEDINA C,DELDICQUE L,
et al. The role of the circadian clock in regulating mitochondrial
dynamics and their impact on skeletal muscle function and
metabolism[J]. J Physiol, 2025, doi: 10.1113/JP289019.

KAHN R E, ZHU P, ROY I, et al. Ablation of satellite cell-
specific clock gene, Bmall, alters force production, muscle
damage, and repair following contractile - induced injury [J].
FASEB J,2025,39(2) :70325.

WANG Z,GRANGE M, WAGNER T, et al. The molecular basis



TR

20264F4 1 55504 444 Mil Med Sci, Vol 50, No 4, Apr, 2026 315

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

for sarcomere organization in vertebrate skeletal muscle [J].
Cell, 2021, 184(8) :2135-2150.

KUHNEN G, GUEDES RUSSOMANNO T, MURGIA M, et al.
Genes whose gain or loss of function changes type 1,2A,2X, or
2B muscle fibre proportions in mice-a systematic review [ J]. Int
J Mol Sci,2022,23(21):12933.

SCHIAFFINO S, CHEMELLO F,REGGIANI C. The diversity of
skeletal muscle fiber types[J]. Cold Spring Harb Perspect Biol,
2025,17(8) :a041477.

HARFMANN B D, SCHRODER E A, ESSER K A. Circadian
rhythms, the molecular clock, and skeletal muscle [J]. J Biol
Rhythms,2015,30(2) : 84-94.

SCHRODER E A, HARFMANN B D,ZHANG X, et al. Intrinsic
muscle clock is necessary for musculoskeletal health[]]. J Physiol,
2015,593(24) :5387-5404.

LAING N G, NOWAK K J. When contractile proteins go bad:
the sarcomere and skeletal muscle disease[]]. Bioessays, 2005,
27(8):809-822.

HODGE B A, WEN Y, RILEY L A, et al. The endogenous
molecular clock orchestrates the temporal separation of substrate
metabolism in skeletal muscle[J]. Skelet Muscle,2015,5:17.
CHEMELLO F, BEAN C, CANCELLARA P, et al. Microgenomic
analysis in skeletal muscle: expression signatures of individual
fast and slow myofibers[ ] ]. PLoS One,2011,6(2) :e16807.
WADA T, ICHIHASHI Y, SUZUKI E, et al. Deletion of Bmall
prevents diet-induced ectopic fat accumulation by controlling
oxidative capacity in the skeletal muscle[J ]. Int ] Mol Sci, 2018,
19(9):2813.

VIGGARS M R, BERKO H E, HESKETH S J, et al. Skeletal
muscle BMALL is necessary for transcriptional adaptation of
local and peripheral tissues in response to endurance exercise
training[ﬂ. Mol Metab,2024,86:101980.

SCARPULLA R C. Transcriptional paradigms in mammalian
mitochondrial biogenesis and function[ ] |. Physiol Rev, 2008, 88
(2):611-638.

ZHANG Y,YAN Z,NAN N, et al. Circadian rhythm disturbances
involved in ozone-induced glucose metabolism disorder in mouse
liver[ J ]. Sci Total Environ,2023,905:167316.

PAN X,MOTA S,ZHANG B. Circadian clock regulation on lipid
metabolism and metabolic diseases [J]. Adv Exp Med Biol,
2020, 1276:53-66.

MELENDEZ-FERNANDEZ O H, LIU J A, NELSON R J.
Circadian rhythms disrupted by light at night and mistimed food
intake alter hormonal rhythms and metabolism[J]. Int J] Mol Sci,

2023,24(4):3392.

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

LIU P Y,REDDY R T. Sleep, testosterone and cortisol balance,
and ageing men []]. Rev Endocr Metab Disord, 2022, 23 (6) :
1323-1339.
GROSSER L, KNAYFATI S, YATES C, et al. Cortisol and
shiftwork: a scoping review [1]. Sleep Med Rev, 2022, 64:
101581.
BRACCI M, ZINGARETTI L, MARTELLI M, et al. Alterations
in pregnenolone and testosterone levels in male shift workers[J].
Int J Environ Res Public Health,2023,20(4) :3195.
KRAEMER W J, RATAMESS N A,HYMER W C, et al. Growth
hormone (s ) , testosterone , insulin-like growth factors , and
cortisol: roles and integration for cellular development and
growth with exercise| J |. Front Endocrinol,2020, 11:33.
MARTIN R A, VIGGARS M R, ESSER K A. Metabolism and
exercise: the skeletal muscle clock takes centre stage [J]. Nat
Rev Endocrinol,2023,19(5) :272-284.
EGAN B, SHARPLES A P. Molecular responses to acute
exercise and their relevance for adaptations in skeletal muscle to
exercise training[ ] ]. Physiol Rev,2023,103(3):2057-2170.
GPEHE, B W, TR . 6 Eh AR K BMALL 16328 3 P B A0
Ptk S i A A LD ] v R AR B2 2, 2022, 38(3)
220-226..
XIN H, HUANG R,ZHOU M, et al. Daytime-restricted feeding
enhances running endurance without prior exercise in mice [J].
Nat Metah,2023,5(7) : 1236-1251.
SPALENIAK W, CUENDET M. Resveratrol as a circadian clock
modulator: mechanisms of action and therapeutic applications[J].
Mol Biol Rep,2023,50(7) :6159-6170.
LAGOUGE M, ARGMANN C, GERHART-HINES Z, et al.
Resveratrol improves mitochondrial function and protects against
metabolic disease by activating SIRT1 and PGC - lalpha [J].
Cell,2006,127(6) : 1109-1122.
KUKKEMANE K, JAGOTA A. Therapeutic effects of curcumin
on age-induced alterations in daily rhythms of clock genes and
Sirt] expression in the SCN of male Wistar rats[ ] |. Biogerontology,
2019,20(4) :405-419.
FOTEINOU P T, VENKATARAMAN A, FRANCEY L J, et al.
Computational and experimental insights into the circadian
effects of SIRT1[J]. Proc Natl Acad Sci USA, 2018, 115(45) :
11643-11648.
KHYATI,MALIK I, AGRAWAL N, et al. Melatonin and curcumin
reestablish disturbed circadian gene expressions and restore
locomotion ability and eclosion behavior in Drosophila model of
Huntington's disease[J ]. Chronobiol Int,2021,38(1):61-78.
(W H i 2025-08-25 k)



