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Table 1 Composition and nutritional content of two isocaloric liquid diets

Diet type Main energy source Energy source composition  Energy density/ Feedings per Feedings per Total daily
(kcal-g™") day/g meal/g energy/kcal
Pure carbohydrate Carbohydrates only 100% Carbohydrates 4 5 1.6 20
Non-carbohydrate Protein+fat 59% Protein, 41% fat 4.18 4.78 1.59 20

(mixed)

Daily energy intake was controlled at 20 kcal. The carbohydrate group received energy solely from maltodextrin, while the non-carbohydrate group

received energy from a protein-fat mixture.
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Fig. 1 Changes in treadmill exhaustion time (a) and rotating rod time (b) following exercise intervention under high—

temperature conditions

Data are presented as mean+SEM, n=10 per group.* P<0.05, ns: not significant.
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Fig.2 Changes in serum biochemical markers in mice after exercise under carbohydrate intake order

(a) Serum lactate (LD) concentration; (b) serum lactate dehydrogenase (LDH) activity; (c) serum creatine kinase (CK) activity; (d) serum alanine

aminotransferase (ALT) activity; (e) serum non-esterified fatty acid (NEFA) concentration. Data are presented as mean+SD, n=10.*P<0.05, **P<

0.01, ns: not significant.
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Table 2 Quantitative distribution of identified blood
metabolites classified by chemical category
Super_class Count Percentage/%
Organic acids and derivatives 78 26.26
Nucleosides, nucleotides, and analogues 59 19.87
Organoheterocyclic compounds 44 14.81
Organic oxygen compounds 35 11.78
Lipids and lipid-like molecules 26 8.75
Benzenoids 14 4.71
Organonitrogen compounds 7 2.36
Organic phosphoric acids and derivatives 5 1.68
Phenylpropanoids and polyketides 2 0.67
Homogeneous non-metal compounds 1 0.34
Organic oxoanionic compounds 1 0.34
Undefined 25 8.42
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Fig.3 PLS-DA analysis of plasma metabolites under different carbohydrate intake order
PLS-DA analysis of plasma metabolites under different carbohydrate intake order (HOT _CHO, HOT MIX, HOT PRO) in a high-temperature
environment (a). PLS-DA analysis of plasma metabolites between the HOT MIX and HOT PRO groups (b).
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Fig. 4 Screening of differential metabolites between the CHO_PRO group and CHO_MIX group

VIP: variable importance in projection.

Table 3 Top 20 differential metabolites with VIP>1 based
on OPLS-DA analysis

No. Name ViP
1 Spermidine 1.93
2 Cholesterol sulfate 1.75
3 Uracil 1.74
4 Creatinine 1.74
5 Alanine 1.74
6 N_acetyl L alanine pos 1.72
7 Sarcosine 1.69
8 Serine 1.68
9 2, 3_dihydroxybenzoic acid 1.68
10 Creatine 1.67
11 Cholesterol 1.62
12 Glyoxylate 1.59
13 Trehalose_sucrose 1.57
14 FAD 1.56
15 Taurine 1.51
16 Arginosuccinic acid 1.50
17 Indole 1.42
18 Purine 1.40
19 5 methyl THF 1.40
20 N_Acetyl L alanine neg 1.40

The variable importance in projection (VIP) value reflects the
importance of each metabolite in distinguishing between groups;
typically, metabolites with VIP>1 are considered to have significant

contribution.

WERS (Purine) ). AgFTAHOCACIMS (M [ o 2 TR
(Cholesterol sulfate, CS) . ¥ & IR EMS 1T 2
(flavin adenine dinucleotide, FAD) ) M AE=ACi4f
rhOCEE T Y (NERERER (Pyruvate) . 2R 1R
£ (Malate) ) 7EPUZ A2 55000 B 3% .
252 KikEHEE

T 68 Fh 2= A, #F—20 R Z-score #4
E 7R T HOT PROZH5 HOT MIX 4 [i] g 3% 25 5%
Ry Faami=. 2R & 5 frox, HOT_PRO
20 50 B ) R AR ot ia 3, IFR
TEF—#E N, HOT PROZH7EZA-REm Rl 52 5
FR AR AR DAY, W& . LR (Creatine) |
WLE R . BRGNS R . AR HmR
(Arginosuccinic acid) 55) "8 FE B, 0
FEFR A Re B AR . AR S — A R AR DG Ay
Yy, WnWoKERE (Spermidine) . JH [ % A% R g |
2,3- " FRFRHR (2,3-dihydroxybenzoic acid, 2,3-
DHBA) . Z2Z{[255) Nk 2T .
253 ZEEIEREFHY

Sk — R AE IR L AR AR Ty 0]
52 S0/, SR P<0.05 H|log, (fold change) |>1
YE R bnifE (K 6a), X322 A Y k1 7 i
PEIT e IR 22 AR B THET (Bl 6b) . ikt 12
A BT R Hrh, A 7R



2025; 52 (6)

FEF, % BERINETHRANESYEHRIF X[ 51315 5/ RA R 2200

<1535-

e Grroup

HOT_MIX

Group
HOT_MIX
0.4 HOT_PRO

N_acetyl L alanine_pos
Creatine

Taurine

Adenosine

Sarcosine
Alanine
GMP
Creatinine

Arginosuccinic acid
N_Acetyl_L_alanine_neg -0.2
D_sedoheptulose_1_7 phosphate

S adenosyl L methionine

nosyl_L_| L 04
4 Pyridoxic acid I

L
o
f=2)

Cytosine

Uracil
S_adenosyl L _homoCysteine_pos
CMP

D _glyceraldehdye 3 phosphate
Cystathionine

FAD

S_methyl 5_thioadenosine
Phosphoenolpyruvate
Histidinol
Methylnicotinamide
2_keto_isovalerate
Acadesine
Glyoxylate

dAMP
Hydroxyisocaproic acid
Uridine
1,3_diphopshateglycerate
Maleic acid

Spermidine
Fumarate
Indoleacrylic acid
N_carbamoyl_L_aspartate_neg

Allantoate

Pyruvate

5_methyl THF
Dihydroorotate
2_Isopropylmalic acid
IS_L_Phenyl D5_alanine
Kynurenine
A_ketoglutarate
Malate
Guanidoacetic acid
Valine
Imidazoleacetic acid
Itaconic acid
Trehalose_sucrose
Purine
Phenylpropiolic acid
2,3_dihydroxybenzoic acid
Cholesterol sulfate
Aspartate
Deoxycholic acid
Ornithine
Aconitate
Nicotinamide
Glucosamine
Indole
Serine
2_Aminooctanoic acid
Shikimate
Cholesterol
Glutamine
Tryptophan
DL_Pipecolic acid

HOT_PRO

Fig. 5 Z-score heatmap of significantly different metabolites between the HOT_PRO and HOT_MIX groups

Color represents the relative standardized abundance of metabolites (Z-score), ranging from blue (upregulated) to red (downregulated).
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Fig. 6 Volcano plot of plasma metabolites identified between CHO_PRO group and CHO_MIX (a) and bar chart showing

the fold change of significantly different metabolites (b)
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Fig. 7 KEGG pathway enrichment analysis of significantly different metabolites

3 3

AW E AT EE T R IR R T 118 sl )% 5 B
R, RGN R K B AT % 12 B R A4
TR, SRR, oK HE RIS T 2 EE B
PR, BRI G, IFS R B iR &
91, TR R . AR T RGBT R A B
8, REIRIAEE R M IR TR TR A E
EHLR

PS5 OB BRI 2, HRTA NI S
95 kA SR A . AR Y ME AR B S AR N o
Koo R A) Y 5 5 B 2 Bl A ] LDH 297 15 FLiR
IR OCHERE, 7Eis sl e h AR E ;. HAE
MoKV ELEE SR FLR 1= A AR R R, L
P55 B R T eAh, CKIE MR AR fb o 2
FILPAAB 003 A0 7R R EE B4 5 T IR, AL
i BRIk SE A W) IR E R LA AL S XS
T B G 57 B OCE 2

31 BAKEHERBESERETHRE AR
v

Y RERTI 1IN I =13 = 282l AR e IR T 2 6 /g
IKACE DA AE 22 B0 R M e A A % i Ik 4 52
HE SELRACY FHm, IR IR RE ST FE, MM
AT BE NN MRG0 b 0 s A ey, TR I 2
BARDIfE . AHFSTE S AR o At — 20 &
B, HOT PRO 4w i 3 AU s fe sl vp T2 2
R, HARFEIL N Alanine . Creatine 1 FAD %
FIIACE ) _EJRAER I, X et i AR 1k n]
REJCHR T-0i/K 5 i B SRS A e iz 3l 5 fe kg AR
WAE 2 S Uk 55 ae g se o BRI E
Alanine {E 48 #0- N 2R IGA N ELIRY), fEis
SR G B AT 0 S A PR I A R, A B
FHReE P AR ', Creatine ME N BERAERE &
Gery FEELERIRY), TERGHL IR T ESE, #hFE
AT AT R e R IS B0 e RSN R) % S5 Fe Eess
LT N & W 420 W I = 8 e e 4
1 (adenosine triphosphate, ATP) & . SZHrALA



+1538- EMUEEEYIEER

Prog. Biochem. Biophys. 2025; 52 (6)

WerDitie, I8 i TR AR 1 BT B S I S R
BYWLPAE A % . FAD 1E R 2 F o 25 il 1) 4 1
HAEATISE i i) L8 AT R S ey i SIPIRAS T 2ok
REE R TR AR, AR EY, FAD MUS
5EARINFAREEAM, 4058 i HAR il e
PrEfiE R, BsRA MO SRR B
X TR Is 30 44 F FAD 284k (1 B 5 0E U8 it B,
FHOCHEFE RSS2 3 AT TG NAD-FAD {5 [
%, Mimibfbie A SPiELne ), XA fRgE
HOT_PRO 41 ' FAD Ft 5 B AR e A el i v e pL
filz— 224 gi b, BRI R A AR
T 7K 12 A I T e e 1 5 e A S A
FRTHCIFRASTIERE T, A B TG & IRIE s S L
A9 57 52 A8 3 AR v

SRR AR AERA IR AR (AN REAE R ) h
WS 1l I WURRACE- T2 SRS 55 Do AHG, 2
7 WU 8 R 2 TR 1T R S vk 76 i AR 2L o
AL, V2R - 43 24 TR - LR 38 6 A E HE SL i LR AR R
Uit Z AL S e AR REATAR G 272 R, BAR
A58 45 R SRR a2 BT R RS 3 1 AR
IRV, AEATYRF A5 AN R RIS [F] A BRRES
TR AR S RO T
32 mEASERAREEIKEIHN TE

FrAg A G DA LA, ABFR IR ISR
F|HOT PRO 4] "' CS. Cholesterol }2 2,3-DHBA %
5 AR ORI B AR AR A G KT 22 R R
e, Spermidine 1 b 22 i A5 Hh %) G S v ] 7~
Vi, ITzZ 59 AN, PRI N K Rk
UIRedERy. nA sh¥sL8 iy, Spermidine il i
F ALY LS (superoxide Dismutase, SOD) ., %+
B H K E Ak Y8 (glutathione peroxidase, GSH-
Px) SEPUAALEEE M, RELRR ORI R 57
RONE 200 Y RS Bl BT A AN S R R
A% i, Spermidine T F A AEZHLIALL F 544
PRIZARZS AR R

TENR A, HOT PRO ZH v IH [ 5 Kz HoAR
R LT X E [P B PR T 12 W 2 T R IR i R TR
YRR R R B R AT A4, s Z AL R (R 2
L PR LT Pt RS, 6] i AR A 3-8 -3 - Y TR
M A L 5B (3-hydroxy-3-methylglutaryl-CoA
reductase, HMG-CoA reductase), JH[H S AR
Az ALK, G IH RS . 7Esh
LI HR I, B 2% N0 R IR 4 8 2 8
S JIE [T B T 28 B B A B i S . MLz 3

X MAER LB A AT A 2550, I HL 2 TR 55 41
KAy (IRLER . MIRER) RIFLR B

ATFFE PO EE 2] 2 A R 2 — 2 2,3-
DHBA. F#k HAG%T 2,3-DHBA 5 iRz sh iy B
PEOLH M ARG, ERUEDIRE R, %0 TEA—
SEMIERUERE, TERIRIREE T 2 & A RS, v REE
i A A TR L S SR R R 1 &N
0 TR | 0] N = 18- B S N A 1240 9 157 e Y
TR PRI R i, b 255 LA R
VRS | RS e AR EEEL, SN AN
BOKE o W, AR A&, HOT_PRO 4
2,3-DHBA K- TR, TTRE S T Rk /K 5 2F £ 5w
ML D AR B TR TR LA N R I
BB R AR AT . E SRR I RIS SR,
EEFEANG A N A R AR T, DA
MR BT EALRE ) AR . ARIE T —2
5% 2,3-DHBA 1E N 5 12 3075 S Ak Bt rh iy
ELARAEHIBLE
33 KEGGERE&£BTHBKEHENRHEER
HLH

K BB K JE E B IR 25 AR 8w AR
“HaEm . 2ZMARARMRE” . KR
TR . IR A A L AR Sk A
BEFRACI” DA S “RERMERAWA B S hE
REZMEEAREAESRB g . “HE&EmR.
2E R B AR WEESCAMRER—
o, A FRAENT D AEFEME IS ) 51 34T 8 A 4R
YIRS BSR4 B v R B3 1 1)
PR E G0 7 IR R R Z o R N A .
T E—2 2B, Glycine % £ #h 78 T #1255 04
EHIPRE W RELE S RIZLRRIR R, iLE
Gepios kA Y. BRae A R A SRR AR A
ALK AR R SR A R R AR5 28 [ i
YA W IKAE HOT PRO 4o % & 4,
PEARBRIKEE AN 7T e Xt g s . AR &
R A ERATEH . Taurine 7F b —Fh9E &
FRRERERRR, |2 5PN . IR
ity LRRDReAERE SR E MR R . BRAEAT
gri N, Honlm e s 1 B g . R UE
AEJT . BEEAR B g S BRI R 54
PR K 01 ARHFGEAE HOT _PRO 4L 75 1k
FIRE S T HUANT E A 1 5 A G ZE BLE B PR AP
o BEAR, B ERAE A AH R T e =4,
1ENG MR IERR R LA R S iRl I35



2025; 52 (6) EFEF, %: BRI TBKEUAWHERIRF w1530/ B EHER 00 1539+
NP S i ACRT . CABSRI, 8% WRERY. BeAh, Bz Flr ARG 10w

AR AL AR AT 38 L VR IR RS S e i 4G 5 W 1
AR, TTSZ M MA R ARReR
34 SRSEEMETHRIIFUNMWEEER

A T e i PR SR T B AL
ARIGIE N s, T R IR T AR DG 5
FEAE TP TR E IR R AT X S5 UG FEE
E N VA N 1 <2 0 S TS N (P 1 3 3
KGR ARNY CeHZE Bk G Y e S
W), e RRCVE S B, LKl EZ 5T
SHHEE R MRS R (A R
Jik 1 (glucagon-like peptide-1, GLP-1) ) 43 AH
ORI, XS 2 TR ERE, R
KMATE 5z S SF 4N RN IR ZR T iR AR
LA R A E TR, WPEREIE R . BRI
el A SRR A ZE AL, ALART BE R RIS IR
TR G H KA B AR

AW A = iz 2 450 TSR, ik s
PR RIS ] B E UG SR, WD NS dE bR
(1 LDH A1 CK) , Jf 5 % 4 2 19 A 538 2% (4o
Alanine. Creatine Il FAD 2511 F i) o 13X AP AR g5
LA 5 IR 2 BARTE T e84 5 v
FEAE2ES . TR ShEREE T, ALK il ) TP
B RS ORI AR ) BER RE AL, [RIE R R
5 Z AR A0 I B ARORE S L B, 3k S AR AR T fig
b 2 R LA B R T WO A AU, AR R
EQI IR IR OR AW AT b A iS5 i s S ¢
IR 5 BRI ANESE T 5 T & 92 i 3
A, R BRI O e PR AR B S AR R A AR
fhieds . fEHFRE R A SR, T S A
Gfifiz shif T AR AR SRS . b, il
ST B TH AR S T e AR A AT RE S ) AR T AR B )
S B (A AT B IR W) 46 B B 1 HEAS DLW X H8;
B, BGE AN RS SRR G AR, #E—2P TR
TiROK I BRSO e IS ik 5 A
AL T A

AHFRAIFEAE—E W RBR . B e, AR
MR/ N, AL 5 NIRfEAE 2 S, 58
5 235 T ) N I 1 R S ) o 2 R Y 52
Mo AR BIBIFFE I AE AT it — 20 B Uik 2E
T %of iz 2y 2 905 A Qa5 i A Atk B e 4k
Hk, AU R TR, REEHEAMIN IR
BTz s RIS I RS, RIS
SEAF TN B BTN, DA IS IR

PREE RO ST PG, ELMELU BT s i 5 1 I
PSS EAE o IR T N AR IR IR, Gl
P [ 2R B WY £ /vl B AR 25 5%, Ak
PG R PR TR ORI R, TS T4
TR SRR T 55N o

4 & &

AW FRINE T s Ps s, R4
FOAS T A [RIBR K AR A 1 B X AR IS B 2R
AR K S R AR A S o 45 R WK,
HOT_PRO 7EX i SR PE . FEARLA L 46 b
KARHACEFRS T ARG, g 2
R, 2R R T e R LR
AR %, UM Alanine. Creatine 5 FAD /K- FiH,
PR ILAE SR A 55 FVR A2 e i h OV AEVE T TR
S S IR B A AR AR Y (40 spermidine |
CS) JKF TR, FIRE S WA (] Y A5 1 5 s
h el is SR T R A M IR T TR A T R
WAz -

Bt ULASCIM 4L (http://www.pibb.ac.cn, http:

//'www.cnki.net ) :
PIBB 20250199 Table S1.pdf

2 % x W

[1]  Chiarella C, Meyfroidt P, Abeygunawardane D, et al. Balancing
the trade-offs between land productivity, labor productivity and
labor intensity. Ambio, 2023, 52(10): 1618-1634

[2]  Hernandez-Fuentes C, Galmés J, Bravo L A, et al. Elevation
provenance affects photosynthesis and its acclimation to
temperature in the high-Andes alpine herb Phacelia secunda.
Plant Biol (Stuttg), 2023, 25(5): 793-802

[3] Zhang R, Zhou Q, Yang T, et al. Experimental and numerical
investigation of thermal environment of the child trapped in a
parked vehicle. Forensic SciInt,2024,358: 111998

[4] Teunissen L P J, Jansen K M B, Janssen E, et al. Impact of different
climatic conditions on peak core temperature of elite athletes
during exercise in the heat: a Thermo Tokyo simulation study. BMJ
Open Sport Exerc Med, 2022, 8(2): 001313

[5] HuY, Zheng Y, Wang Y, et al. Temperature-dependent metabolite
orchestration to acute submaximal exercise indicates
cardiorespiratory fitness in humans. Life Sci, 2023,313: 121284

[6] Bennett S, Brocherie F, Phelan M M, et al. Acute heat stress
amplifies exercise-induced metabolomic perturbations and
reveals variation in circulating amino acids in endurance-trained

males. Exp Physiol, 2023, 108(6): 838-851



<1540

EMUFESEYIRHR

Prog. Biochem. Biophys.

2025; 52 (6)

(7]

(8]

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

Mougin L, MacRae H Z, Henderson A, et al. Running in the heat
similarly reduces lipid oxidation and peak oxygen consumption in
trained runners and inactive individuals. J Appl Physiol (1985),
2025,138(2): 508-517

Garnier C, Blier P U, Couture P. Evaluation of the combined effects
of manganese and thermal stress on the metabolic capacities of
Arctic charr (Salvelinus alpinus). Ecotoxicol Environ Saf, 2025,
292:117895

Williamson-Reisdorph C M, Quindry T S, Christison K S, et al.
Training in a hot environment fails to elicit changes in the blood
oxidative stress response. J Hum Kinet, 2023, 87: 81-92

Ricci A A, Evans C, Stull C, ef al. International society of sports
nutrition position stand: nutrition and weight cut strategies for
mixed martial arts and other combat sports. J Int Soc Sports Nutr,
2025,22(1):2467909

Mattsson S, Edin F, Trinh J, ez al. Impact of carbohydrate timing on
glucose metabolism and substrate oxidation following high-
intensity evening aerobic exercise in athletes: a randomized
controlled study. J Int Soc Sports Nutr, 2025, 22(1): 2494839
Diaz-Lara J, Reisman E, Botella J, et al. Delaying post-exercise
carbohydrate intake impairs next-day exercise capacity but not
muscle glycogen or molecular responses. Acta Physiol (Oxf),
2024,240(10): e14215

Yan K, Gao H, Liu X, et al. Establishment and identification of an
animal model of long-term exercise-induced fatigue. Front
Endocrinol (Lausanne), 2022, 13:915937

Yuan M, Breitkopf S B, Yang X, et al. A positive/negative ion-
switching, targeted mass spectrometry-based metabolomics
platform for bodily fluids, cells, and fresh and fixed tissue. Nat
Protoc,2012,7(5): 872-881

Zhang W C, Wells J M, Chow K H, ez al. miR-147b-mediated TCA
cycle dysfunction and pseudohypoxia initiate drug tolerance to
EGER inhibitors in lung adenocarcinoma. Nat Metab, 2019, 1(4):
460-474

Wang Z, Liu X, Gao K, et al. Clinical effects and biological
mechanisms of exercise on lumbar disc herniation. Front Physiol,
2024,15: 1309663

Coqueiro AY, Raizel R, Bonvini A, et al. Effects of glutamine and
alanine supplementation on muscle fatigue parameters of rats
submitted to resistance training. Nutrition, 2019, 65: 131-137

Lin S, Zhang Y, Ye P, et al. Oyster (Ostrea plicatula Gmelin)
peptides improve exercise endurance capacity via activating
AMPK and HO-1. JAm Nutr Assoc, 2024, 43(5): 437-451

Harlow J, Blodgett K, Stedman J, et a/. Dietary supplementation on
physical performance and recovery in active-duty military
personnel: a systematic review of randomized and quasi-
experimental controlled trials. Nutrients, 2024, 16(16): 2746

Li S, Mu R, Zhu Y, ef al. Shifts in the microbial community and
metabolome in rumen ecological niches during antler growth.
Comput Struct Biotechnol J, 2024, 23: 1608-1618

Shadiow J, Miranda E R, Perkins R K, et al. Exercise-induced

changes to the fiber type-specific redox state in human skeletal

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

muscle are associated with aerobic capacity. J Appl Physiol (1985),
2023,135(3):508-518

Xu Q, Cao Y, Zhong X, et al. Riboflavin protects against heart
SCAD-dependent DJ-1-Keap1-Nrf2
pathway. BrJ Pharmacol, 2023, 180(23): 3024-3044
Walzik D, Joisten N, Schenk A, et al. Acute exercise boosts NAD"

failure  via signalling

metabolism of human peripheral blood mononuclear cells. Brain
BehavImmun, 2025,123:1011-1023

Walzik D, Jonas W, Joisten N, et al. Tissue-specific effects of
exercise as NAD -boosting strategy: current knowledge and future
perspectives. Acta Physiol (Oxf), 2023, 237(3):€13921

Kreider R B, Kalman D S, Antonio J, et al. International society of
sports nutrition position stand: safety and efficacy of creatine
supplementation in exercise, sport, and medicine. J Int Soc Sports
Nutr,2017,14: 18

Post A, Garcia E, Shalaurova I, et al. Creatine and creatinine
quantified using nuclear magnetic resonance: a method validation
study and clinical associations between circulating creatine and
fatigue in kidney transplant recipients. Clin Chim Acta, 2023,
548: 117517

KimHY, Lee ] D, Lee Y H, et al. Urinary metabolomics in young
soccer players after winter training season. Metabolites, 2022,
12(12): 1283

Catalan J, Martinez-Rodero 1, Yanez-Ortiz I, et al. Metabolic
profiling of preovulatory follicular fluid in jennies. Res Vet Sci,
2022,153:127-136

LiJ, Wang H, Guo M, et al. Combination of exogenous spermidine
and phosphocreatine efficiently improved the quality and
antioxidant capacity of cryopreserved boar sperm and reduced
apoptosis-like changes. Mol Reprod Dev, 2024, 91(10): €70003
Zhang Q, Pan J, Liu H, et al. Characterization of the synergistic
antioxidant activity of epigallocatechin gallate (EGCG) and
kaempferol. Molecules, 2023, 28(13): 5265

Sidorova Y S, Petrov N A, Markova Y M, et al. The influence of a
high-cholesterol diet and forced training on lipid metabolism and
intestinal microbiota in male wistar rats. Int J Mol Sci, 2024,
25(10):5383

Wang H, Ma H, Yan H, et al. Study on the effect of bifidobacterium
adolescentis CCFM 1066 on exercise performance, gut microbiota,
and its metabolites in mice. Probiotics Antimicrob Proteins, 2025.
DOI: 10.1007/S12602-025-10493-7

Kontoghiorghes G J. The puzzle of aspirin and iron deficiency: the
vital missing link of the iron-chelating metabolites. Int J] Mol Sci,
2024,25(10): 5150

Kontoghiorghes G J. New insights into aspirin's anticancer
activity: the predominant role of its iron-chelating antioxidant
metabolites. Antioxidants (Basel), 2024, 14(1): 29

Nonaka M, Kanouchi H, Torii S, et al. Lactic acid induces
HSPA1A expression through ERKI/2 activation.
Biotechnol Biochem, 2023, 87(2): 191-196

Gackowska A, Studzinski W, Shyichuk A. Intermediates of

Biosci

hydrogen peroxide-assisted photooxidation of salicylic acid: their



2025; 52 (&)

BB IME T ok & Wt | IFF X3 i 115 3/ RACHHEHER 22

<1541

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

degradation rates and ecotoxicological assessment. Int J Mol Sci,
2025,26(2): 697

Kong F, Zhu M, Pan X, ef al. The metabolome characteristics of
aerobic endurance development in adolescent male rowers using
polarized and threshold model: an original research. Metabolites,
2025,15(1): 17

Ramos-Jiménez A, Hernandez-Torres R P, Hernandez-Ontiveros
DA, et al. An update of the promise of glycine supplementation for
enhancing physical performance and recovery. Sports (Basel),
2024,12(10): 265

Wang L, Jiang L, Chu Y, et al. Dietary taurine improves growth
performance and intestine health via the GSH/GSSG antioxidant
system and Nrf2/ARE signaling pathway in weaned piglets.
Antioxidants (Basel), 2023, 12(10): 1852

Liu Y, Mao X, Yu B, et al. Excessive dietary taurine
supplementation reduces growth performance, liver and intestinal
health of weaned pigs. Livest Sci, 2014, 168: 109-119

Wul, YeY, QuanJ, et al. Using nontargeted LC-MS metabolomics
to identify the association of biomarkers in pig feces with feed
efficiency. Porcine Health Manag, 2021, 7(1): 39

Kurotobi Y, Kuwata H, Matsushiro M, ef al. Sequence of eating at
Japanese-style set meals improves postprandial glycemic
elevation in healthy people. Nutrients, 2025, 17(4): 658
Murugesan R, Kumar J, Thiruselvam S, et al. Food order affects
blood glucose and insulin levels in women with gestational
diabetes. Front Nutr, 2024, 11: 1512231

Shukla A P, Karan A, Hootman K C, et al. A randomized controlled
pilot study of the food order behavioral intervention in prediabetes.
Nutrients, 2023, 15(20): 4452

Escobar-Morreale H F, Martinez-Garcia M A, Insenser M, ef al.
Serum metabolomics profiling by proton nuclear magnetic
resonance

spectrometry of the response to single oral

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

macronutrient challenges in women with polycystic ovary
syndrome (PCOS) compared with male and female controls. Biol
Sex Differ, 2023, 14(1): 62

Ferguson B K, Wilson P B. Ordered eating and its effects on
various postprandial health markers: a systematic review. ] Am
NutrAssoc,2023,42(8): 746-757

Alonso-Bastida A, Adam-Medina M, Salazar-Pina D A, et al.
Impact on glycemic variation caused by a change in the dietary
intake sequence. Foods, 2023, 12(5): 1055

Shi C, Liang Z, Li T, et al. Metabolome and microbiome analyses
of the anti-fatigue mechanism of Acanthopanax senticosus leaves.
Food Funct,2024,15(7):3791-3809

ZhouY, Chu Z, Luo Y, et al. Dietary polysaccharides exert anti-
fatigue functions via the gut-muscle axis: advances and
prospectives. Foods, 2023, 12(16): 3083

Dunn R A, Tinsley G M, Palmer T B, et al. The efficacy of
nutritional strategies and ergogenic aids on acute responses and
chronic adaptations to exertional-heat exposure: a narrative
review. Nutrients, 2024, 16(22): 3792

Alley E E, Warrier T, Saleem R, ef al. Thermal sensitivity of
respiration and ROS emission of muscle mitochondria in Deer
mice.J Comp Physiol B,2025,195(2):227-234

Schleger 1 C, Pereira D M C, Resende A C, et al. Metabolic
responses in the gills of Yellowtail Lambari Astyanax lacustris
under low- and high-temperature thermal stress. J Aquat Anim
Health,2024,36(1): 16-31

Sumi D, Nagatsuka H, Matsuo K, er al. The impact of heat
acclimation on gastrointestinal function following endurance
exercise in a hot environment. Nutrients, 2023, 15(1): 216

Han A, Hudson-Paz C, Robinson B G, et al. Temperature-
dependent differences in mouse gut motility are mediated by
stress. Lab Anim (NY), 2024, 53(6): 148-159



-1542- EYUFSEYYIEH#E  Prog. Biochem. Biophys. 2025; 52 (6)

Effect of Carbohydrate Intake Order on Metabolic Profiles of Endurance
Exercise Mice in a High—temperature Environment

WANG Huan-Yu""”, ZHOU Guo-Dong””, WANG Ru-Wen", QIU Jun?"", WANG Ru""™"
("School of Exercise and Health, Shanghai University of Sport, Shanghai 200438, China;

DDepartment of Stomatology, Shanghai Yangpu District Kongjiang Hospital, Shanghai 200093, China;
IShanghai Research Institute of Sports Science (Shanghai Anti—Doping Agency), Shanghai 200030, China
g

Graphical abstract
2
Objective Results Metabolomics
Investigate the effects of carbohydrate intake order on findings
post-exercise recovery and metabolic regulation /\/ HOT PRO group  Increased
under heat stress in endurance models ) ' . ' imprc:ved rotarod & Alanine 3 r
performance & Creatine E ?

& FAD

(Methods o
35°C Reduced Decreased [
muscle damage # Serine TER
markers # Spermidine | (]
(e.g. LDH, CK)

Exerc1se induced | fatigue (treadmlll) o gzoleswroi "
# Cholesterol sulfate

HOT_MIX HOT_CHO HOT_PRO

D . 6. ﬁ' Conclusion
Qﬁ Carbohydrate-later intake (HOT PRO) showed better

_ ) Carbohydrate Carbohydrate regulation of muscle damage bi
ge biomarkers and
Mixed intake rSthintake later intake °

K / metabolic homeostasis under heat stress

Abstract Objective The primary objective of this study was to investigate the effects of carbohydrate intake
order on post-exercise recovery and metabolic regulation under heat stress, particularly in models of exercise
induced fatigue. Given the increasing significance of optimizing nutritional strategies to support performance in
extreme environmental conditions, this study aimed to provide experimental evidence that contributes to a better
understanding of how the sequence in which carbohydrates are consumed impacts exercise recovery, metabolic
homeostasis, and fatigue alleviation in a high-temperature environment. Methods A mouse model of exercise-
induced fatigue was established under high-temperature (35°C) to simulate heat stress. The subjects were divided
into 3 distinct groups based on their carbohydrate intake order: the “mixed intake” group (HOT MIX), where all

macronutrients (carbohydrates, proteins, and fats) were consumed in a balanced ratio; the “carbohydrate-first
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intake” group (HOT_CHO), where carbohydrates were consumed first followed by other macronutrients; the
“carbohydrate-later intake” group (HOT PRO), where proteins and fats were consumed prior to carbohydrates.
Each group underwent a 7 d intervention period with daily intake according to their designated group. Exercise
performance was assessed using rotarod retention time test, and biomarkers of muscle damage, such as lactate
dehydrogenase (LDH), creatine kinase (CK), lactate (LD), alanine aminotransferase (ALT), and non-esterified
fatty acids (NEFA), were measured. Furthermore, targeted metabolomics analyses were conducted to investigate
metabolic shifts in response to different dietary strategies, and KEGG pathway enrichment analysis was employed
to explore the biological mechanisms underlying these changes. Results The findings demonstrated that the
HOT PRO group exhibited a significantly improved performance in the rotarod test, with a longer retention time
compared to both the HOT MIX and HOT CHO groups (£<0.05). Additionally, this group showed significantly
reduced levels of muscle damage markers such as LDH and CK, indicating that the carbohydrate-later intake
strategy helped alleviate exercise-induced muscle injury. Metabolomic profiling of the HOT PRO group showed
marked increases in alanine, creatine, and flavin adenine dinucleotide (FAD), indicating shifts in amino acid
metabolism and oxidative metabolism. Conversely, metabolites such as spermidine, cholesterol sulfate,
cholesterol, and serine were significantly reduced in the HOT PRO group, pointing to alterations in lipid and
sterol metabolism. Further analysis of the differential metabolites revealed that these changes were primarily
associated with key metabolic pathways, including glycine-serine-threonine metabolism, primary bile acid
biosynthesis, taurine and hypotaurine metabolism, and steroid hormone biosynthesis. These pathways are
essential for energy production, antioxidant defense, and muscle recovery, suggesting that the carbohydrate-later
feeding strategy may promote metabolic homeostasis and improve exercise recovery by enhancing these critical
metabolic processes. Conclusion The results of this study support the hypothesis that consuming carbohydrates
after proteins and fats during exercise recovery enhances metabolic homeostasis and accelerates recovery under
heat stress. This strategy effectively modulates energy, amino acid, and lipid-related pathways, which are crucial
for improving endurance performance and mitigating fatigue in high-temperature environments. The findings
suggest that carbohydrate-later intake could be a promising nutritional strategy for athletes and individuals
exposed to heat during physical activity. Furthermore, the study provides valuable insights into how different
nutrient timing strategies can impact exercise recovery and metabolic regulation, paving the way for more

personalized and effective nutritional interventions in extreme environmental conditions.

Key words high temperature, exercise-induced fatigue, carbohydrate, metabolomics, energy metabolism,
muscle injury
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