Research Papers FiiEkit=:

=

0) D)L S i R
Progress in Biochemistry and Biophysics
' lJXXXX,XX(XX>A~u

www.pibb.ac.cn

=2 IME TRk L & Wit IR F Xt
it 135 3h /N BR A B4 4E B9 22 M

e ] )EER
3

EEF OEHEV OB KY I
(V AT RS AR, 10 200438 Y LMHATRIEBRT (LIENTR24ARHL), 1 200030)

WE HH AU EHTTIRAK A P AP 5 RIS T 12 sh M o7 I S AR AR (52 m s R R e A At
S, AR M35 CR S T IYIE S S /N, SR MR E THUF R IRA#FE4 (HOT MIX) . #okik
Seif 4l (HOT_CHO) KffoK/aiF &4l (HOT_PRO), ELTI7 do RAFHNITATZ SR, DM iS5 n 5D
(LDH, CK. LD, ALT. NEFA) F#FA7#Em il a 0, 456 KEGG B Edtfrig a4, &R Wk E e e
PR ] 2 T HAb 4] (P <0.05), [FIWH: LDH 5 CK /KW S FEAR , $R /8 LA 05 28 i . AR 4245 R woR
HOT_PROAAERACIHAHICAR I (N EIR . IR, FAD) Fif, [IRHIERGRE . PRREIRESE R 22 %000 i, $oRPrEib 55
BRSNS . B A B K R -2 E R R . VTR SR R R A A . @it Boke iR
WA R TR PRI oA B TR 57 2 . BRI, DTl R R SRR AR g B R R A, A E R R AL

KER  ERIAEE, EatERSY, mokIbEY, 1R,
FESES G804.2, Q591

UTAERE, A BRI R feft W i o Tt P
IR C O NS 55 B8R Sa B Rt
PEZERBEEE ", PR ER, R E -
33°CHY, HUAIG i X, MU RBE73h4E
PRI, RRFERE T sl B AR R
(exertional heat illness, EHI) &A= XU 2 P&
Wizsy . Wiz o5 KATEFINE T = i e s
28I, B R AEIIAE T i TR S e o
AW, ANl A R R R B AR B L fi Ak
FRUPIRAS S AR B 55 RS, AR TR BB AR DG AR
WHEPERLE

MAWFRFW, ERAE AT | R HUA R
RGN e . WHIEE I 0 B0, B
PR 7 26 W A R I R S AR O A A vk B
0 BROKAE S YRR B IR AR T2 19%, 3
I o e R o TR, IR AR RE T 32 2
il 7, IR T s s AR Bk Re -, IS
REARAR T e AT AN AL N, I 55 B
0 Ah, mR (35°C) TR A FERR S

AERLICHE, WLP#
DOI: 10.16476/j.pibb.2025.0199

CSTR: 32369.14.pibb.20250199

WRI AT AR (WERER . BERR) WERE
LN R PRIEI G 58, $27n & SO i Gy,
ML T RELERF S A o T X — R B
JM, BT BRI SRR . Dot
STz gk BT 10
TERZEFRT T, Bk S WAL
P RR I G M AR R, MRS BT S
FEABRAKA G Wy 2z B35 8l 5112 S ) L2 4% 18]
FWH EAFAEARG ., RS KRR
R Y MR B SR KA FE (0~3 hA) n]
BRAAIUE L5 WS LR T BEWR A, BETTRE NIz 5l
JEESF B " IR R I, HERE U A
FRERR e AREATMGR, HRARKL

* HF HRBI RS (32271226, 31971097), | i i 20224F
“CREE R AT S R (22d21204602)  FiE T S E R TR
(2020YFA0803800) #HImiH .

wx I —1EH

st IR R

Tel: 021-65507351, E-mail: wangru@sus.edu.cn

Wik H 1. 2025-04-30, $25% HH: 2025-06-11




‘2 EMUFESEYYIRHR

Prog. Biochem. Biophys. XXXX; XX (XXO

B NIHSE A A P AR U s A
e, BT TSR B SR, %R
WA e IR T 32 Bl QA 2 v 8 HAACATL ] o A P
i, R AEfE Bhis SR S PUR 55 7 I T AEA R
b= R G

BT, AW AR A AR, R
OIMT AN RIE R UT B K B A 5 iz Bl A S
TR, 5 e 7oA T IR T T A AR 33k
A U A AR b S5 KA 9 70 AL, s il
I Tz Bl 51 SRR AR R AR AR A5 SR
E(ER

1 #MREFZE

1.1 SEWFEHAEIET

SR EH] SPF 4% CSTBL/6 T /1N FUE A AFSE %
%, W HTTHEFRERAYRHARA A DRE
MPEESR LR E, LA 34, A8 R, ik
M IR E K% SPF e sh Wit 55 s (347 AT iE 2
51 SYXK2014-0002) PhBhE R, /NERAEZ 0
PRALAIPR IR R SR MRS . TR SCR T E R
153 BIRE KA ZE LSt (NO.10277202
2DW022), TSR 5 TR 22~24°CZ ], Ol
WCR 12 Wi RSBl A il i/ MRS AT A
AR AR FHK ,  DAPRIESE 6 Z8 R 1 — Sk
X} 8 JE A B et CSTBL/6 /N R E AT FIE B o Lk 3
d, /NRAEM A ELL10 m/min (938 E4T 15 min/d
AN, 205, NRBENLT A3 (n=8):
RAEEEH IR | oK St &4l kK g i
T ().

1.2 SREEI5| EMEFRE

27 Zhang 5 " IWFIE Or E LT UA T, Xt
NRAIEFT IR 7 d S ISR, IZRET, Ird /bR
T OCUE AT WA N AR . BT 35°C . AH R EE R
70% AR IR E RIS T, Tah i E LS m/min
A3 A T7E 3 min, FEJS LA 10 m/minf75E 1 min, 1F
SN B, 9045 38 5 5% 2 4 10 m/min, REFE S
min 2 BB 2 m/min, /N BB IR A
VRT3 oy (s v Ay /0N BRGAE  3 YR TG T2 kil b A L
RKEFBune S . NgFese7d, BH 1R, 1B,
1048 H/ N B A R i 1] S MBS . DXk
HISIRIINZR 7 d LIRSS sh g% 57 /N . 7658 7
RUEAT F7 ok iz shilliat, B B 18, 21,
24, 26. 29, 34 m/min, FESminihB 14, HE
ANERFE A R, s /N R R ]

1.3 EFEn

AR B K AL A R AL SHE S 57K 2
RIS, ARG T 3 AR o, I R 45
PR IARTRRL: ROKBSRARTERE (DL 2RI
FEAEEORI) ;. TOK BRI R OR &Rk K1k
EY) o AU T gL 2 ] E A — 2
PR, RIEDRAEIREE (AS5g) MHEGHRERE
ok (2920 keal), B T P PR A5 P MR AR TR
RN S UE S

a. /K BRI LA ZERERRG e — A
i, AR 4 keal/g;

b. JCRRK RSB AARGRE: S AR 15 K A
RGN, P vTik LB 8 H BT 59% . B
41% (P58 . B4 keallg,  JEI 9 keal/
g), I 4.18 keal/g,

Table 1 Composition and nutritional content of two isocaloric liquid diets

Energy densi- Feedings per Feedings per Total daily en-

Diet type Main energy source Energy source composition
P & & P ty (kecal/g) day/g meal/g ergy/kcal
Pure Carbohydrate Carbohydrates only 100% Carbohydrates 4 5 1.6 20
Protein+fat
Non-Carbohydrate 59% Protein, 41% Fat 4.18 4.78 1.59 20
(mixed)

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

drate group received energy from a protein-fat mixture.
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Fig.1 Changes in Treadmill exhaustion time and ( b ) 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
Serum lactate (LD) concentration (a); serum lactate dehydrogenase (LDH) activity (b); serum creatine kinase (CK) activity (c);
serum alanine aminotransferase (ALT) activity (d); serum non-esterified fatty acid (NEFA) concentration (e) . Data are presented as

mean+SD, #7n=10.¥*P<0.05, **P<0.01, ns not significant.
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Table 2 Quantitative distribution of identified blood me-
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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

Notes: The variable importance in projection (VIP) value reflects the importance of each metabolite in distinguishing between groups; typical-

ly, metabolites with V7P>1 are considered to have significant contribution.
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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) tored (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.
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Graphical abstract

Effect of carbohydrate intake order on metabolic profiles

of endurance exercise mice in a high-temperature environment
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Objective Results Metabolomics
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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
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 biomarks of muscle damage, such as lactate
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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 (P<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.
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