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High-Intensity Interval Training and Semaglutide Ameliorate Metabolic
Dysfunction-Associated Steatotic Liver Disease via the IL-17/CXCL1 Pathway

WANG Ziyu'?, KANG Zhenghong', XING Sisi', LIU Hua**

("Graduate School, Wuhan Sports University, Wuhan 430079, China; *Wuhan Asia Heart Hospital, Wuhan 430022, China;
3Laboratory of Physical Fitness Monitoring & Chronic Disease Intervention, Wuhan Sports University, Wuhan 430079, China)

Abstract This study was to explore the molecular mechanisms underlying the effects of 8-week high-
intensity interval training and semaglutide on hepatic inflammation in db/db mice with type 2 diabetes mellitus
complicated with metabolic dysfunction-associated steatotic liver disease. A total of 10 healthy 8-week-old db/db
mice were assigned to the control group, and another 30 age-matched db/db mice were randomly divided into DE
group, DM group and EM group, with 10 mice in each group. Mice in DE and EM groups received 8-week HIIT
intervention; mice in DM and EM groups were subjected to subcutaneous neck injection of semaglutide at a dose
of 0.05 mg/kg for 8 consecutive weeks. Body mass and fasting blood glucose of mice were regularly monitored
every week throughout the experiment. After intervention, three liver tissue samples were selected from each group
for transcriptome sequencing to screen differentially expressed genes, followed by Gene Set Enrichment Analysis
and protein-protein interaction network analysis. Oil red O and hematoxylin-eosin staining were used to observe
hepatic pathological changes, and Masson staining was applied to evaluate liver fibrosis. Liver function indexes
were detected using commercial assay kits. The mRNA expression levels of inflammation-related genes were de-
termined by quantitative real-time polymerase chain reaction. Western blot was performed to detect the protein
levels of inflammatory factors, 1L-17 signaling pathway molecules and fibrosis-related proteins in liver tissues. The
results show that compared with the DC group, the body mass, fasting blood glucose, food intake, liver mass, as
well as serum levels of TG, TC, AST, ALT, HDL-C and LDL-C were significantly decreased in DE, DM and EM
groups. HE, oil red O and Masson staining results revealed severe hepatocellular ballooning degeneration, massive
lipid deposition, inflammatory cell infiltration and partial collagen deposition in the portal area of DC group. In
contrast, hepatocellular ballooning degeneration, inflammatory infiltration and collagen deposition were markedly
ameliorated in DE, DM and EM groups. Transcriptomic analysis indicated that the IL-17 signaling pathway and
the differential gene Cxcll were significantly downregulated in DE, DM and EM groups. qRT-PCR results further
verified that the mRNA expression of Cxc// was notably reduced in the three intervention groups relative to the DC
group. Western blot results showed that the protein expressions of TNF-a, IL-6, Pro-IL-1p, Cleaved-IL-1p, IL-17A,
the ratio of p-NF-kB/NF-kB and chemokine CXCL1 were dramatically lowered in the DE group vs the DC group.
The DM and EM groups also downregulate the p-NF-kB/NF-«B ratio as well as the expressions of multiple inflam-
matory factors (TNF-a. IL-6. IL-1B. IL-17A) and CXCLI to varying degrees. Compared with the DE group, the
p-NF-xB/NF-«B ratio and the expressions of IL-6, IL-1p, IL-17A and CXCL1 were obviously elevated in the DM
group. Only the p-NF-kB/NF-kB ratio and CXCL1 expression were increased in the EM group, with no significant
differences in other inflammatory indicators. Further detection of TGF-B/Smad signaling pathway-related proteins
demonstrated that the protein levels of TGF-B1, a-SMA and p-Smad2/3 were prominently downregulated in DE,
DM and EM groups compared with the DC group, while the total protein expression of Smad2/3 showed no sig-
nificant difference among all groups. Compared with the DE group, TGF-f1 expression was upregulated in the DM
group, and a-SMA expression was increased in both DM and EM groups. In conclusion, 8-week HIIT and semaglu-
tide interventions can effectively retard the pathological progression of MASLD in db/db mice by ameliorating liver

dysfunction, suppressing hepatic inflammation, and attenuating hepatic fibrosis. The underlying mechanism may be
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attributed to the inhibition of the excessive activation of the IL-17/NF-xB/CXCL1 signaling axis.
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Fig.1 Effects of HIIT, semaglutide and their combined intervention on body mass, blood glucose, food intake

and liver mass in db/db mice
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Fig.2 Effects of HIIT, semaglutide and their combined intervention on liver pathology and liver function in db/db mice

IR WL o 440 S O Wy AR AR ELMER) = (K] 2B). DE4L. DMZH K&
2.2 SEHNTHBIEREMREERESTFHAIKNE  EMAFFIEERE. 00k A fii DCAL M. HES 1
BFRRBE B AR (F20) 5o~ , DCAHYNHES AL, ik £H6IR , DE4L

JHF 22 PRI IR AL 8% 1T DL DCALRT AR ARG K, 6 ANEMZLAH i HEFBCHUEE, I BTN IR 23, T



TR RS e o P I BRI S5 ) e OB TL- 1 7/CXCL Ul B 5t A U T B I A A 6 s M 1 JHF 2189

25 AT O WA HE S R AL AR . AL OB
(KI2D)&7~, DCALE ) 2 7R3 4 . DE4L K EM
HARRECE RS, RN B Ak, DMZH 0
FEIXT# A% . 5 DCZHAA LL (B 2EF1 1€ 2F), DE4H. DM
H. EM4U/NRILEF TG, TC. LDL-CH & 2 4
fiX, HDL-C% & W3 T, 5 DE4AHEL, DMAIEMZH
TG. TC. LDL-C# & bJt, HDL-CH & R, D
Aegh R oR, DCALIE H ALTF ASTHE TS 14 =T DM
4H. EMZH. DE4; 5DEZHA L, DM4 ih 3545 B Ry 2%,
1M EMATE B35 AR b o IR B~ s I Bl 2. 24
YT TR T db/db/N RAFBES (515 I,
HAZshE s .

2.3 RHHREESRAFMR

2.3.1 db/db> RAFEMRNAR A& £ F o4 /b
B IE mRN AR & 72 7 o A W B 37~ . Venn
KPR, DC vs DM 5 DC vs EMJt [A] 22 7 1A B 4]
1214, DC vs DM 5 DC vs DE3L[A] 2 S R iA L [H] 57
A, DC vs EM5 DC vs DESE[A] 2 S Rk F K 374
AN S 76 2 S ARIA BRI, B iX e e
S RIEFE R T STRINGE UG 45, ATHM T 761z
A YRS T s R 1)k
FERIGm b ()8 5T, KA PPIM 2% (K 3B), Jf# H
cytoscape#tfT J A[ 4k . FET CytoNCAT A, @it
X O PR REAT HE T SR R O SR R, HERHT 10
DLIZERA Timd4 Siglecl Adgre4. Itgal. IIlrl.
Fcgrd4. Marco. Cxcll. Csflr. Tlr2, IXS8FE[K 7] fE

(A)

DC vs DM DC vs EM

DC vs DE

A: Venn[&]; B: #2 FH LAEMZE A

A: Venn diagram; B: protein-protein interaction network.

XIS EN) R )T P G E 2,
2.3.2  db/db/s RAFAEmRNA £ FFKIEL A o fe s
ot FIFH GSEAE &0k —25 471 T DE.
DM. EM#H H 2 F 5L (1) Rk B L, WiEl4A~ECRr
7, DE4L. DM41l. EM4LAT fL B 5 K5E. &
$% . RSB X . Hh DEART L &R
HIL-17/5 S, ming Q. sk, TH174
Hl ot S5 A o<, DM41 5 PIBK/AKT. REMEL
BERIE . NF-xBAE 58 8 [ EEEE AEDA -
IL-17{5 5B S E A <. EMALS A, 1L-17
5 5IEE. REMREDE K. NODFEZK(E i@
P
233 EFAREPCRGE  FETHRMAZHNMH
SR D IGAIE Cxel I FERAE & 4/ R T R iE
Ko 5 DCHIAHLEL (K 5E), DEZLAI DM4LK) Cxcll
mRNAZIE i (P<0.000 1; P<0.01), EMAEIL T
(P<0.001).
2.4 HHTHRERERREKETMXIL-1715
SEEEXERREMNEN

K FH Western blotyA A8 I 2% 2H /Iy 51 - ZH 27 1L-
17A. NF-kB. p-NF-kB. TNF-a. IL-6/ IL-1p#&
HZRIETENL, B SCHIE SDAEH, 5 DCAML,
DEZH % 5E K 7 TNF-a. Pro-IL-1Bp. Cleaved-IL-1p.
IL-62K & B & P&, IL-17A. p-NF-xB/NF-kB{H
A CXCL1 I FRIE K 3 PR AR . 9 A A T i
BT FECIL-6. IL-1BMIERIA/K, FE R IL-17A,

®)

B3 REF7EAxiE RENm

Fig.3 Effects of different interventions on the transcriptome



2190 B8
P value NES
(A) aay 00000 ~155 (B) P value NES
m 0.0042 -1.44 System s 00000 145
o y 00000 139
g fer 00000 1.42
£ £ NF-kB_signaling, parh\a\ 0.0000 1.48
£ 2 IL-17_signaling pathway 0.023 6 ~1.33
s g 05 —
£ £
e g
5 - &
- £ s
i allll lll IU nl | IIIII. 'I |l 1 IIIIIIIIIII m é Y
vy ” I er L' | ‘1' [yl | ni” Ay "'J e L
g [ LJu"'b Qe A hﬂl ol m AL
£ 29 . £
K p—  mm— —
%720 i ] 4 i i i % ,2() |
£ 0 2000 4000 6000 8000 10000 12000 14000 16 000 & 5000 10000 15000
Rank in ordered dataset Rank in ordered dataset
DCvs DE DC vs DM
©
P value NES
Carbon metabolism  0.000 0 1.57
es 0.0065
4 00068 154
=
5
5
£
g
i
! iy 1 o By iy B 1, B
pdth A |l g alw 1 iy | bl !
g l: i ll‘l “I fll\”l lH i llvll%m"l 'I ‘g] I‘l IIII\II N[ T 11—
g - -
z 0 !
3 20 i —t+ -~ q
g 0 5000 10 000 15 000
Rank in ordered dataset
DC vs EM
A XTHRHvsizBh4; B: KB4 vs 2540 ; C: % IR Hvs AT 4 .

A: DC vs DE; B: DC vs DM; C: DC vs EM.

[El4 GSEABHREEN
Fig.4 GSEA pathway enrichment analysis

CXCL1. p-NF-xkB/NF-xB#iA. 5DE4AM L, DM
FEMZLIL-17A. CXCL1. p-NF-kB/NF-xB#ik7K
ST, DEZE 28 FE K FIL-6+ TL-1B IR IE KT 5 -
DA b g5 A2 7mig g P ] IL- 1745 58 2% 5 o B
e
2.5 HOTHBEREREKERKS TR 4L
B X EBRIENF

itk — AR FLCXCL UG T - At e i 454
F, B PR 2347 T MassonZ (2% TGF-Bi i i3k
1T T EARN. B 6AR R, DCL H 40 A i ik |
HEF AL, T X R S ik Jo] ] ] L8 5 6 IR
JRAFYEDIAR . 48T JEDE4L(P<0.000 1), DMZH
(P=0.001 7)F1 EM4L (P=0.000 4)2T #3047 175 150 B S
FEAR.

5 DCZHA L (K 6B~E6E), DEFIEMZITGF-B1 .
a-SMA. p-Smad2/3EAFREEKMK. DM
?H(P<0-001)1ﬁi%fmﬁlﬂ%t%, Bl TGF-B1.

0-SMA. p-Smad2/3H H KL T, Smad2/345
HRIAESHZ ML EMN % R. S DE4AMLIL,
DMZH TGF-B1. a-SMAX F13KIA L] (P=0.008 4;
P<0.01). EM#l a-SMAZE [ 3R 157K T4 1 ke 34
(P<0.001), HAafetr LR FHRE, 23)
FE] A% B KT B d I H ] CXCL1 R 1A Sk 22 i
JF R PR 7 4 AL

3 g

A EME e — A K AL GLP- 1284, 435
1 i AN 25 5 B R AL AE AT TR 9T 2 BN SR P
REAE T TR B, =) S A 0k mT 36 ok ek /> JHF g ol I
R FR AT 28RE SOSE, R HE R IR E A
A R MASLD RT3 #4545 241, e i S5 ] )|
REFIE B T e I 5 I B AT T S e
I 5 B R AE B AR AL, 71 BRI 28 E £ 2 0
H LR YA R A PO AR TR I, Toil 2 2T Tilik



TR TS T T A R SR A ) S A% ARG T T - 17/CXCL 138 B DA A o BB B A5 5 B 12k 5 2191
B
(A) DC DE DM EM (B) DC DE DM EM
25 kDa Pro-IL-1p .| 31kDa
17 kDa IL-6 24 kDa
Cleaved-IL-1B |m1-,| 17 kDa
CXCLI | empemmemem | 12kDa
ﬁ—actin | - oo oD & | 42 kDa
(C) 1.5 ok Hkok sk *k
* EES . P
—_ o wwrn wan < ns
2 ns — — %
2 1.0 ns ns
: L] [ ]
:"y 7 5 .
73 @ L] oo
§ L) 2 L4 L] ? ° ® . .. : e
& I 3 & 1 :
o oo |
.E’ 0.54 oo |%e . l 0g * .
2 U P °°
=9 L4 b
0 T T
TNF-a IL-6 Pro-IL-1B Cleaved-IL-1B
(D) (E)
sk *ok ok
1.5 %% s e B 1.5 iy
% wREE i " ookl % é Aok #
£1.04 - £ 1.0 :
Z §~
= : i < 8 .
g i z 3 :
2057 % 0.5 3
£ 7
& =
0 & 0 T 1 T T

1 T )
IL-17A p-NF-xkB/NF-kB CXCLI1

DC DE DM EM

A. B: EARILAN, C: RIEF TTINF-0. IL-6. Cleaved-IL-1B. Pro-IL-1pf{J & 1% /KF; D: IL-17A. p-NF-kB/NF-kB. CXCLI{Z 1%k
IKF; B FFHZACxell mRNAZKF. ns: P>0.05, #P<0.05, **P<0.01, ***P<(.001, ****P<0.000 1; “P<0.05, *P<0.01, **P<0.001. n=6.

A,B: protein expression bands; C: protein expression of inflammatory factors TNF-a, IL-6, Cleaved-IL-1f and Pro-IL-1P; D: protein expression of IL-
17A, p-NF-kB/NF-kB and CXCL1; E: Cxc/l mRNA levels in liver tissues. ns: P>0.05, *P<0.05, **P<0.01, ***P<(.001, ****P<(.000 1; “P<0.05,

#P<0.01, *P<0.001. n=6.

El5 &4H/NRATBE o 2OE R FAIL-178 B8 & BRI FRIAKF

Fig.5 Expression of inflammatory cytokines and IL-17 pathway-related proteins in the liver of mice from each group

RIBH T, WRERE R EImE. faE., 4
JiRE KR &, X5 DAERII O R — B0,
—, SRR B AT I I R B R i, I e
I HEZ A i v R ORI B AR 0Y, =, w5
& oS s AR A RGN GLP-1 2 4K A5 &
Yt , D8/ BE B RN FEARAA B & B HITHE A

ME BT T B, ALAEFFAIT db/db ) AR 57 AT
MUBEK, S REAE— RERE L L8/ I i s 25 &7
AR HITT 10t ) A R P A 2 R0 PR A6 1 22 1R
IMRE K, B R AR A 5 28O0 B 8
TN BA B 2 AR R D, 1 A0 8 A HINT ) BAIR
JERE S KR, IR S RIS E R IR A



2192

DC DE

(A)

Masson staining

(B)

DC DE DM EM ©)
<
<6
o

) [
stk
(E) —

154 xrxx ¥

DC DE DM EM

DC DE DM EM

DC DE DM EM

DM EM

(D)

sk ok
ok

DC DE DM EM

p-Smad2/3

DC DE DM EM

A: F AN AT AEMasson et B: 8 AL C: Masson e (€ S0 7 4% 41/ RFFAE AR S AR 4 A7 i LE; D~G: a-SMA. TGF-1. Smad2/3.
p-Smad2/3 [ & FFRIE . ns: P>0.05, **P<0.01, ***P<(.001, ****P<0.000 1; “P<0.05, “P<0.01, **P<0.001. n=6.

A: Masson’s trichrome staining of liver tissue in each group; B: protein expression bands; C: quantitative analysis of hepatic collagen area fraction in
mice of each group using Masson’s trichrome staining; D-G: protein expression of 0-SMA, TGF-B1, Smad2/3 and p-Smad2/3. ns: P>0.05, **P<0.01,

k% P<0.001, **#%P<0.000 1; “P<0.05, *P<0.01, “P<0.001. n=6.

Elo =B/RATIEPAENEXERRNTIEKT

Fig.6 Expression of fibrosis-related proteins in the liver of db/db mice in each group

SRENKFIEEZEZLLY, 12T HReE ikE
T2DM B E ARG OB DRE MR I S 4R FRE

AT S 2w v 1 w) SRS BN HITT %
AU 55 5 T IR JOCRIRAS 1 R AV REE
SRR AL, & 07 R3] A [F R FE 10 54 B AT
RAEMREER M Fw mRiE . e £ R,
TRIERRM EFRIAER FEEE T RBENE. %
it ) B R AR S G 5 S S A I d R
RIS & T, IL-1715 5@ A AR F T ALK
ZRRIEFEN P RO EEEE, FORIL-175Hm]
e TR T IE SRE ) S AR Al 2 — o BEAEWF AR
BH, 752 B0 R0 55 e S5 3 1 3 [R] @ 2 = R 0 A
W IL-1715 Sl A 0 e 0 3 SRl ik 2 —, IS
MASLDAH S = BB, ghah, AHF 78 R BT

JIE 9 A 1) S0 AE S Bl - TRAE T B O I, IX — 4

H5ATHIAG Bt £ R . HITO/E L Fhah e il gl
E S RENS 2 35 G2 M T T 0, WT30 0d AR e A A10 )
JIE H TollFf 52 1 4 R NF-«xBAS 518 2% (13805 SR 1T
JIFE 2 B, il i AMPK/mTORGE 4 5# ak /b 1T IE 2 4
JRAE RS . RS R AENASHE TS A5 18, HITT B
AR [k 4 S DR ) LT R 8 R A DR ) e 3R
KB SB BRI RERE DA RORE A B JR) B A 5,
/0 FR PR 20 BRI R B4R X 5 CXCLIAE RGEA
N b Az O E - @ EY & . B AT E G SCERIIE SE
semaglutidef i TL-175l138 6 R 52 fift HFHIE 20E , (H I
T B ) 2238 0 NF- B ke 2438 Ik 980 Ak F
S0, F] eSS KT Beid i B TR A GLP-1
S AR TR S P2 A A e e R 4 o AR A i e A S )



TR RS e o P I BRI S5 ) e OB TL- 1 7/CXCL Ul B 5t A U T B I A A 6 s M 1 JHF 2193

FENLH R ok 2 9 RE 1, JHCS JHF AT Jm 38 98 ik 240 Pf 5 4
Sttt R 1 I 28 1 B 4 4 R 0 T BE AR A PR . it
Ab, IEB) T IR ERF B B LS A D BT T B RE
P, T w) Ak & IKIE T E AR A B LA E R
B, L2 AT Re s i AR UL E PR, E RS E
AR S R T A, Al LR I R
55 I 2 T AR AN SREAS 5 A0, FEERR AT 20
PRSI B ERTTER , X AT Re R a s EST
R EALT 25T 1000 B i PRz — 1440,
CXCL Uy R ) v PR 4 B Ak R 7, 72
NASH/FZHZ B 25 B 19 ] K i 55 4 A 1t ki 4
RO I, BETRCR A B SR T 4EAG R T, AT
175 P R PR i 2 2 i R 181, AT R T =
T A Ay I IL-1745 S %, H AR CXCL1ERIA K
SRR, UL 2GRS B T T AT BE DI T “IL-
17/NF-kB/CXCL1” [ 1E SUSEAEE , M T AE 22 I 58
i[RI B RE . 32T, TGF-B/Smadid
P8 A2 A AEAL A% C IR B ML, RF SR 0E %l B v
IEHEHSCA LA AF 4EFE R T #4097, Western blot4h
IR, IBEHMZY T4 A] F i a-SMA. TGF-B1
I p-Smad2/3% [R5, H Masson4e i i /s i 20
BRI B B e . SR, AR R I iz sh 4 >
P& T > RN, 5 RAE S B —
o XA RE AR FUNTE SORE S 5 3 78 2 # () 1
5, RA4EAE S RIEPRES . IL-17/CXCL1m]
fie 5 TGF-BHIAFELE IE 7] AT, — HAT#H g, 5%
WS . BB A | H A %738 Tomiga
USRI, RN IZ 2 A W W DU SRS S 1
FEEF 44k, , DR TR BE R0 o 32 shll SR FRAK T AT
2R A A AN 5 21 Ak AR AE G Tk DAL R PR s KBRS
AIr mRNA )& KU, s R ZE A, HINT 5%
T I B AR AR KT, AR GE R L
WA SRS, M T, AEEERERA
BFTA P 70 28 R0 3038 I T D 2 P VR FE (R G 2
HEA I T PRSCRATIAEAE — € F+i o Inia%s POHIE R W]
B IR BB B3 IO R RE ) Ldlr /)N BRI JE i A2
PRI JE0E , AN BERS TS T 21 44k . Mollerhej %5 Y
[FIREARIE , fEm T e A0 S H [ B £ 5 5 1
MASH# I | semaglutide S0 FT g 5 A8 14 , {EX6)
YT R E . PLEIETF SR P, semaglutideid
o # [5) SIRT 1/AMPK A TGF-B/Smad i 1% 22 fi# /> 63T
WELF AL FEIG R 7T, AT RoR, 7 A%

JRAE A 05 36 ) MASH A FF R B R 41 A0 R 3 b 2
NP AEALTE 77, BT T 2 KT FT e Uk L ZH 21
LOCE R AR, A IRATM SRR, BT
PN CXCL1 KA e £F 4E AL A5 5 U7 T A S B
IOLH, TG T B SGE B R AL, (B K B pE 3
R

HIIT5 7] SE 4% & k3507 gk /> db/db /s 5 IE AR
JRUTCAR S st FF A 28 R e 8% - 98¢ 68 i 41 4 AL 453407
HHUHI ] B8 540 1L-17/NF-xB/CXCL {5 5 38 4 AH
Ko HIITAE S MASLD AT AR AR T 30 48
M A YA R TT TR N B3, NI s Bk E 254
F-Fi 2 T+ T2DM & MASLD f) B [7] £ 47 25 5 112 43t
TR SIS AR S B S

SE Wk (References)

[1]  Genitsaridi I, Salpea P, Salim A, et al. 11th edition of the IDF
Diabetes Atlas: global, regional, and national diabetes prevalence
estimates for 2024 and projections for 2050 [J]. The Lancet Dia-
betes & Endocrinology, 2026, 14(2): 149-156.

2] Harding J L, Pavkov M E, Magliano D J, et al. Global trends in
diabetes complications: a review of current evidence [J]. Diabe-
tologia, 2019, 62(1): 3-16.

[3]  Yasin A, Nguyen M, Sidhu A, et al. Liver and cardiovascular dis-
ease outcomes in metabolic syndrome and diabetic populations:
bi-directional opportunities to multiply preventive strategies [J].
Diabetes Research and Clinical Practice, 2024, 211: 111650.

[4]  Kamalraj N, Sathishkumar M, Arunvignesh M, et al. Retrospec-
tive analysis (2009-2017) of factors associated with progression
and regression of non-alcoholic fatty liver disease (hepatic ste-
atosis) in patients with type 2 diabetes seen at a tertiary diabetes
centre in Southern India [J]. Diabetes & Metabolic Syndrome:
Clinical Research & Reviews, 2021, 15(5): 102261.

[5]  European Association for the Study of the Liver (EASL), Euro-
pean Association for the Study of Diabetes (EASD), European
Association for the Study of Obesity (EASO). EASL-EASD-
EASO Clinical Practice Guidelines on the management of meta-
bolic dysfunction-associated steatotic liver disease (MASLD) [J].
Journal of Hepatology, 2024, 81(3): 492-542.

[6] WeiSL,WangL, Evans P C, et al. NAFLD and NASH: etiology,
targets and emerging therapies [J]. Drug Discovery Today, 2024,
29(3): 103910.

[7] Habibullah M, Jemmieh K, Ouda A, et al. Metabolic-associated
fatty liver disease: a selective review of pathogenesis, diagnostic
approaches, and therapeutic strategies [J]. Frontiers in Medicine,
2024, 11: 1291501.

[8]  Drozdz K, Nabrdalik K, Hajzler W, et al. Metabolic-associated
fatty liver disease (MAFLD), diabetes, and cardiovascular dis-
ease: associations with fructose metabolism and gut microbiota
[J]. Nutrients, 2021, 14(1): 103.

[9]  Nassir F. NAFLD: mechanisms, treatments, and biomarkers [J].
Biomolecules, 2022, 12(6): 824.

[10] Mahapatra M K, Karuppasamy M, Sahoo B M. Therapeutic po-



2194

)

BRI

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

tential of semaglutide, a newer GLP-1 receptor agonist, in abat-
ing obesity, non-alcoholic steatohepatitis and neurodegenerative
diseases: a narrative review [J]. Pharmaceutical Research, 2022,
39(6): 1233-1248.

Nauck M A, Quast D R, Wefers J, et al. GLP-1 receptor agonists
in the treatment of type 2 diabetes-state-of-the-art [J]. Molecular
Metabolism, 2021, 46: 101102.

Korda M. Semaglutide improves cardiovascular health indepen-
dently of weight loss [J]. Nature Cardiovascular Research, 2024,
3(6): 615.

Chen T H, Hu E H, Chen DY, et al. GLP-1 RAs and cardiovas-
cular and kidney outcomes by body mass index in type 2 diabetes
[J]. JAMA Network Open, 2025, 8(9): €2530952.

Hu Q, Zhang L, Tao Y T, et al. Semaglutide ameliorates hepato-
cyte steatosis in a cell co-culture system by downregulating the
IREla-XBP1-C/EBPa signaling pathway in macrophages [J].
Pharmacology, 2025, 110(1): 26-35.

Chen G, Banini B, Do A, et al. The independent effect of exercise
on biopsy-proven non-alcoholic fatty liver disease: a systematic
review [J]. Clinical and Molecular Hepatology, 2023, 29(Sl):
S319-S332.

Guarino M, Kumar P, Felser A, et al. Exercise attenuates the tran-
sition from fatty liver to steatohepatitis and reduces tumor forma-
tion in mice [J]. Cancers, 2020, 12(6): 1407.

Kawanishi N, Yano H, Mizokami T, et al. Exercise training at-
tenuates hepatic inflammation, fibrosis and macrophage infiltra-
tion during diet induced-obesity in mice [J]. Brain, Behavior, and
Immunity, 2012, 26(6): 931-941.

Jeong J H, Lee Y R, Park H G, et al. The effects of either resve-
ratrol or exercise on macrophage infiltration and switching from
MI to M2 in high fat diet mice [J]. Journal of Exercise Nutrition
and Biochemistry, 2015, 19(2): 65-72.

Linden M A, Sheldon R D, Meers G M, et al. Aerobic exercise
training in the treatment of non-alcoholic fatty liver disease relat-
ed fibrosis [J]. The Journal of Physiology, 2016, 594(18): 5271-
5284.

Houttu V, Bouts J, Vali Y, et al. Does aerobic exercise reduce
NASH and liver fibrosis in patients with non-alcoholic fatty liver
disease? A systematic literature review and meta-analysis [J].
Frontiers in Endocrinology, 2022, 13: 1032164.

van den Hoek A M, de Jong J C B C, Worms N, et al. Diet and
exercise reduce pre-existing NASH and fibrosis and have ad-
ditional beneficial effects on the vasculature, adipose tissue and
skeletal muscle via organ-crosstalk [J]. Metabolism, 2021, 124:
154873.

Giles D, Moreno-Fernandez M, Divanovic S. IL-17 axis driven
inflammation in non-alcoholic fatty liver disease progression [J].
Current Drug Targets, 2015, 16(12): 1315-1323.

Abdelnabi M N, Hassan G S, Shoukry N H. Role of the type 3
cytokines IL-17 and IL-22 in modulating metabolic dysfunction-
associated steatotic liver disease [J]. Frontiers in Immunology,
2024, 15: 1437046.

Shi W P, Ju D, Li H, et al. CD147 promotes CXCL1 expression
and modulates liver fibrogenesis [J]. International Journal of Mo-
lecular Sciences, 2018, 19(4): 1145.

Kavyani Z, Dehghan P, Khani M, et al. The effects of camelina
sativa oil and high-intensity interval training on liver function

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

and metabolic outcomes in male type 2 diabetic rats [J]. Frontiers
in Nutrition, 2023, 10: 1102862.

Guo W J, Xu Z, Zou H X, et al. Discovery of ecnoglutide: a
novel, long-acting, cAMP-biased glucagon-like peptide-1 (GLP-
1) analog [J]. Molecular Metabolism, 2023, 75: 101762.

Lau J, Bloch P, Schiffer L, et al. Discovery of the once-weekly
glucagon-like peptide-1 (GLP-1) analogue semaglutide [J]. Jour-
nal of Medicinal Chemistry, 2015, 58(18): 7370-7380.

Newsome P N, Sanyal A J, Engebretsen K A, et al. Semaglutide
2.4mg in participants with metabolic dysfunction-associated ste-
atohepatitis: baseline characteristics and design of the phase 3 es-
sence trial [J]. Alimentary Pharmacology & Therapeutics, 2024,
60(11/12): 1525-1533.

Yu W J, Liu Y F, Le S L, et al. Multi-pathway-driven hepatic
protection: Semaglutide combined with HIIT counteracts diabetic
liver injury in db/db mice [J]. Journal of Diabetes Investigation,
2025, 16(12): 2145-2159.

Timms M, Bowen C, Steel R. Identification of semaglutide use
through detection of U6 and U7 metabolites in human urine [J].
Analytical and Bioanalytical Chemistry, 2026, 418(4): 1115-
1124.

Gabery S, Salinas C G, Paulsen S J, et al. Semaglutide lowers
body weight in rodents via distributed neural pathways [J]. JCI
Insight, 2020, 5(6): €133429.

Zheng L F, Qin R T, Rao Z J, et al. High-intensity interval train-
ing induces renal injury and fibrosis in type 2 diabetic mice [J].
Life Sciences, 2023, 324: 121740.

Terada T, Wilson B J, Myette-Coté E, et al. Targeting specific
interstitial glycemic parameters with high-intensity interval exer-
cise and fasted-state exercise in type 2 diabetes [J]. Metabolism,
2016, 65(5): 599-608.

AR, JAEE, RAAEE, S iR AL R LA 55 K 22 2 MR My
AT RIS D). w24 AR, 2024, 45(7): 960-964.

Zhao R, Zhou W, Zhao Y M. Effects of high-intensity interval
training on adipokines in obese male college students [J]. Chi-
nese Journal of School Health, 2024, 45(7): 960-964.

LiJ, Cheng W, Ma H F. A comparative study of health efficacy
indicators in subjects with T2DM applying power cycling to
12 weeks of low-volume high-intensity interval training and
moderate-intensity continuous training [J]. Journal of Diabetes
Research, 2022, 2022: 9273830.

Nayan S I, Rahman M H, Hasan Md M, et al. Network based
approach to identify interactions between type 2 diabetes and
cancer comorbidities [J]. Life Sciences, 2023, 335: 122244.
Malheiro L F L, Oliveira C A, Portela F S, et al. High-intensity
interval training alleviates liver inflammation by regulating the
TLR4/NF-kB signaling pathway and M1/M2 macrophage bal-
ance in female rats with cisplatin hepatotoxicity [J]. Biochemical
and Biophysical Research Communications, 2024, 733: 150712.
Wang Y, Guo Y F, Xu Y'Y, et al. HIIT ameliorates inflammation
and lipid metabolism by regulating macrophage polarization and
mitochondrial dynamics in the liver of type 2 diabetes mellitus
mice [J]. Metabolites, 2022, 13(1): 14.

Fredrickson G, Barrow F, Dietsche K, et al. Exercise of high in-
tensity ameliorates hepatic inflammation and the progression of
NASH [J]. Molecular Metabolism, 2021, 53: 101270.

El Sayed N F, Baraka S A, El-Mokadem B M, et al. Exploring



5 R AR va R T BRI ZR AN ] 6 IO T TL- 1 7/CXCL Ll B o5 A Ty R B A AH G I s 12 -

2195

[41]

[42]

[43]

[44]

[45]

[46]

novel protective role of semaglutide in 5-fluorouracil-induced
hepatotoxicity: insights into phosphorylated CREB, PINK1/Par-
kin-mediated mitophagy, and NF-xB/NLRP3 pathways [J]. The
Journal of Pharmacology and Experimental Therapeutics, 2025,
392(8): 103629.

Lee Y S, Jun H S. Anti-inflammatory effects of GLP-1-based
therapies beyond glucose control [J]. Mediators of Inflammation,
2016, 2016(1): 1-11.

Ren Q J, Zhi L, Liu H F. Semaglutide therapy and accelerated
sarcopenia in older adults with type 2 diabetes: a 24-month
retrospective cohort study [J]. Drug Design, Development and
Therapy, 2025, 19: 5645-5652.

Codella R, Senesi P, Luzi L. GLP-1 agonists and exercise: the
future of lifestyle prioritization [J]. Frontiers in Clinical Diabetes
and Healthcare, 2025, 6: 1720794.

Guo S S, Feng Y H, Zhu X P, et al. Metabolic crosstalk between
skeletal muscle cells and liver through IRF4-FSTL1 in nonalco-
holic steatohepatitis [J]. Nature Communications, 2023, 14(1):
6047.

Semba T, Nishimura M, Nishimura S, et al. The FLS (fatty liver
shionogi) mouse reveals local expressions of lipocalin-2, CXCL1
and CXCL9 in the liver with non-alcoholic steatohepatitis [J].
BMC Gastroenterology, 2013, 13(1): 120.

Amatya N, Garg A V, Gaffen S L. IL-17 signaling: the yin and
the yang [J]. Trends in Immunology, 2017, 38(5): 310-322.

[47]

[48]

[49]

[50]

[51]

[52]

Wang W L, Gao Y L, Chen Y Z, et al. TGF-B inhibitors: the fu-
ture for prevention and treatment of liver fibrosis? [J]. Frontiers
in Immunology, 2025, 16: 1583616.

Tomiga Y, Tanaka K, Kusuyama J, et al. Exercise training ame-
liorates carbon tetrachloride-induced liver fibrosis and anxiety-
like behaviors [J]. American Journal of Physiology-Gastrointesti-
nal and Liver Physiology, 2024, 327(6): G850-G860.

Harris S J, Smith N, Hummer B, et al. Exercise training improves
serum biomarkers of liver fibroinflammation in patients with
metabolic dysfunction-associated steatohepatitis [J]. Liver Inter-
national, 2024, 44(2): 532-540.

Inia J A, Stokman G, Morrison M C, et al. Semaglutide has ben-
eficial effects on non-alcoholic steatohepatitis in Ldlr-/-.Leiden
mice [J]. International Journal of Molecular Sciences, 2023,
24(10): 8494.

Mollerhej M B, Veidal S S, Thrane K T, et al. Hepatoprotective
effects of semaglutide, lanifibranor and dietary intervention in the
GAN diet-induced obese and biopsy-confirmed mouse model of
NASH [J]. Clinical and Translational Science, 2022, 15(5): 1167-
1186.

Hawary O A, Wadie W, El-Said Y A M, et al. Repurposing of
semaglutide by targeting SIRT1 and TGF-B/Smad signaling in
hepatic fibrosis [J]. Naunyn-Schmiedeberg’s Archives of Phar-
macology, 2025, 399(3): 4413-4425.



