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High-salt diet promotes the progression of fibrosis in metabolic dysfunction-

associated steatohepatitis via activating the PI3K/Akt/mTOR signaling pathway
TANG Yin, ZHANG Jie, MAO Cui, XIONG Tao, XIE Chuanming, ZHANG Leida Department of Hepatobiliary
Surgery, First Affiliated Hospital (Southwest Hospital) , Army Medical University (Third Military Medical University ) ,
Chongqing, China

[Abstract] Objective To explore the impact of high-salt diet (HSD) on the progression of high-fat
diet (HFD)-induced metabolic dysfunction-associated steatohepatitis (MASH)-related liver fibrosis, as well as
the underlying molecular mechanisms. Methods C57BL/6] mice were used to establish the following
models: normal diet (Chow), HSD diet (Chow+8%salt), MASH diet (MASH), and MASH diet combined with
HSD (MASH+8%salt). At the experience endpoint, the liver tissues were collected and subjected to HE
staining, Sirius Red staining, immunohistochemistry (IHC) assay, and Oil Red O staining for histological
assessment of steatosis, lipid deposition, and fibrosis. The levels of liver function indicators and serum lipids
were measured and statistically analyzed, and the differences in liver weight, body weight, and their ratios were
compared across the groups. RT-qPCR and Western blotting were applied to detect the mRNA and protein
levels of hepatic fibrosis and inflammatory markers. Liver tissue samples were subjected to transcriptome
sequencing, followed by bioinformatics analysis. Potential signaling pathways were validated through Western
blotting to confirm the underlying mechanisms. Results Oil Red O and HE staining confirmed the
successful establishment of the mouse models of MASH, MASH+8%salt, and Chow+8%salt. Serum levels of
aspartate transaminase (AST), alanine aminotransferase (ALT), total cholesterol (Tch), and triglyceride (TG)
showed no significant differences between the Chow+8%salt and Chow groups (P>0.05). In contrast, the
MASH+8%salt group exhibited significantly higher AST and ALT levels than the MASH group (P<0.01),
indicating that HSD exacerbates liver injury in the context of MASH. Sirius Red and a-SMA THC staining
revealed that HSD aggravated MASH-related liver fibrosis (P<0. 01). Similarly, the mRNA levels of fibrosis
activation-related genes (Collal, a-SMA, Timpl, Pdgfrp) were more significantly up-regulated in the MASH+
8%salt group (P<0.01). Protein expression levels of a-SMA and Fibronectin were also markedly elevated.
Furthermore, the mRNA levels of inflammation-related genes (TNF-a, IL-6, IL-13, TGF-B1) were obviously
up-regulated in the MASH+8%salt group (P<0. 05), suggesting that HSD promotes hepatitis and liver fibrosis
progression in MASH. Transcriptome sequencing indicated significant activation of the PI3K/AKT/mTOR
signaling pathway and up-regulation of the TGF-[3 pathway. Heatmap analysis demonstrated marked up-
regulation of fibrosis- and inflammation-related genes. Western blotting confirmed significant activation of the
PI3K/AKT/mTOR signaling pathway in the MASH+8%salt group (P<0.01). Conclusion High-salt diet
promotes the progression of hepatitis and liver fibrosis in metabolic dysfunction associated steatohepatitis by
activating the PI3K/AKT/mTOR signaling pathway.

[Key words | metabolic dysfunction-associated steatohepatitis; high-salt diet; hepatitis; liver

fibrosis; PI3K/AKT/mTOR signaling pathway
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steatohepatitis , MASH) , HRp 22 1) - #0105 516 2 i #2
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FIHF 41 H 98 (hepatocellular carcinoma, HCC) . Fi & A
AR KA B i, T I 94 PR | LG 5 1) v
P B A S R B 5 A G iR 5 1 0 4 2 R 3%
ARG v L AT AR R AR SR D5 P 08 A ALUAL R BR T
RIRE G, AW N R TR T R AR T A
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1.1 Zhapise
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JAF RGN RARTE . DL BT SRR A 4 I
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S B R KA S A RIS R
1.2 B

FI) 38 S 28 55 6/ BRIBURE IR it BBCAA < /)N BRURR
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T AGE D T — 258, A U 10% (1)
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T
1.3 8Bk a5k

JHFZH 2 % 48 h s V) HGE T4l 28 T AH 213
&, A LU K HL CRIINIE R A ) R 17 41 2L 7K
(/R H AR 30 min,75% £, 1% 30 min .85% £, 1% 30 min
95% £, % 30 min 95% £, 1 30 min, 100% £, P 30 min
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20 min A7 8% 30 min . A7 4% 40 min) , 2R J5 {67 20 2140 1
PLIEAT VR 3, 15 0 B 20 )5 i FH A1 23000 | #L 1)
R R 4 wm BESE LD Ao
1.4 B4R B
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Rk 25 RS B0 R 0 2 B 46 22 it (A spartate Transaminase,
AST) A T8 76 % [iff ( Alanine aminotransferase , ALT) | &
JH [ 5 (Total cholesterol , Teh) H Vi ?Eﬁ(triglyceride,
TG) SEATRI .

1.6 FARFHFL(HEE)FEE

K Jd 95 J5 1) R 1 CE T 958 AR & (Solarbio, G1120)
Y rh R 30 s Jm 8 B TCE T A RIK R mrisk e
W15 min, B T MK ESE B O FREAGL
(Solarbio, G1120) Y43 1 20 s, B JL T /5 ¥ A JC/K £
3T JE XU T S R A R AR R BT R
TBE TR A R
1.7 RIRAE4r 4 & (Sirius Staining)

S 5 D) B b e KRR AT G
(Merck , CAS#:2610-10-8) , 58 e i fE AT LHEL, & T
W& E 25 min J5¥ B TIKOEET 1 s, 38K
it v BT R AR B L SR TR A T AR IR AR
K15 .

1.8 2L 0% & (0il Red O Staining)

H DA TR U HE T B B A DT — /N T
OCT(#24E OCT Y2 VR UL A (5], Cat#4583) vk PR 41
A IR LI AR PR TR TR A, BT KR
DIR AL EDIHH 5~10 pum PALZ) Jr )5 6 FH AR RITIHEL O
et id 5 B UEAT Y5 (Solarbio, G1260-100) , H 44 B
J R R S UL B A TR
1.9 Mgtz (IHC) &

PURBE R R AU R & T T AT IR S 4T
J55 5 W (Solarbio, C1032) ¥ PBS ¥ 1, 58 ARV
HLAREE T RIER T ZEE, 25542 E KU 2.5 min
KPR, U D Je AR IR =R R (TP 4
S 21 2k~ & (R A2 & 0F , PV-9000) A7
AR A T A B 30 min, BEE 45 4 °C

UKFAIIAL 55 K PBS PRI =K, I A HUAAIG SR IK 1 h,
PBS P& =K, = & — 9t 1 h, PBS VLIS DAB I
% ,—¥PL:a-SMA (proteintech, Cat. #:67735-1-Ig,1:200)
FLARD B P hs e BRI A5 A T4
1.10 ## F Ear ke 5k 48a X R B (RT-
qPCR)

R4 3550 156 BH 5 HE AT 5256, Trizol 7 (TaKaRa,
H ) HF A sl G SR A i H2 HUS RNAL
B M & (TaKaRa, HAS) W54 584K 0 cDNA . 2R,
KH TB Green(TaKaRa, H AX) #47 q-PCR. ¥ _LAESE
EE 1 96 FL PCR AR B T 3L I 5 o R A5 i =X s Iz A%
HEAT OB, B 3 RIFL LR BRI 195 °CL30 85
95 °C,5 5360 °C,30 s(40 KA ) ,4 °Cl. EJRYE CT
SESRLAE A 2702 Tk ol B DR A AR ek, BT
ST HIILE 1,
1. 11 &G i %95 ¥P 3 5 B (Western blot)

FHE E G0 61 77T A 9 (Roche, i 1) +RIPA 24
i 2% P (Thermo Fisher, € [E ) A3 1) 3 4 T 2H 21
PR BUREE 1, SR 7E VK 124 20 min. 2485 K
fFRIEAE 4 °CHY 13 000 r/min, B0 15 mine B0 b
5 WO AR B 0 EP A b, BCA B I N &
(Beyotime , "1 [ ) FI T Ak 2 (0T VR B, I MR 22
M (Solarbio, 1) . 48 )5 4:J@ 14 100 °C, 10 min ¥ iR
FARPE | A8 P 5 R RE S B 2 10% SDS-PAGE #E fis H ik
I ORIGHE R NC I (Amersham, EEH) . B IEE R R
THI 5% B RE 4 WL 1 h, SRJG7E 4 CF 5% 0 —#t
MER R RH RS R 5 0 A R A = IR
TWEE 1 h G i ECL & 6 (Al , o ) Fn
B UG 2 58 (BIO-RAD, JE 8 ) X 8 4 457 E 47l
AR BRSPS B B LA DL 26 2.

#1 RT-qPCREEERSIHFSI
Table 1 Primer sequences for RT-qPCR

Gene name

Forward primer(5'—3")

Reverse primer(5'—3")

Mouse a-Sma

Mouse Collal

CCGCCATGTATGTGGCTATT
TAAGGGTCCCCAATGGTGAGA

CAGTTGTACGTCCAGAGGCATA
GGGTCCCTCGACTCCTACAT

Mouse Pdghi3 TCCCACATTCCTTGCCCTTC GCACAGGGTCCACGTAGATG
Mouse Timp-1 CGAGACCACCTTATACCAGCG GGCGTACCGGATATCTGCG

Mouse 1I-6 GAGCCCACCAAGAACGATAG TCATTTCCACGATTTCCCAG
Mouse 11I-1B8 GCTTCAGGCAGGCAGTATCA GACAGCACGAGGCTTTTTTG

Mouse Tnf-a
Mouse Tgt81
Mouse Gapdh

CAAGATGCTGGGACAGTGAC
CTCCCGTGGCTTCTAGTGC
AGACGGCCGCATCTTCTT

AGGGAAGAATCTGGAAAGGT
GCCTTAGTTTGGACAGGATCTG
TTCACACCGACCTTCACCAT

Collal: Collagen type | alpha 1 chain; Pdgfrf: Platelet-derived growth factor receptor beta; Timp-1: Tissue inhibitor of

metalloproteinases 1; Tgf-B1: Transforming growth factor-beta 1; Gapdh: Glyceraldehyde-3-phosphate dehydrogenase
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*2 WBIBR—HHMEESKE
Table 2 Catalogue numbers and dilutions of primary

antibodies for Western blotting

Antibodies Catalogue No. Dilution
P-mTOR CST,Cat. #: 55368 1:1 000
T-mTOR CST,Cat. #: 29838 1:1 000
a-SMA CST,Cat. #: 48938 1:1 000
p-AKT CST, Cat. #: 40608 1:1 000
T-AKT CST,Cat. #: 46918 1:1 000
p-S6K CST,Cat. #: 22118 1:1 000
p-4EBP1 CST,Cat. #: 28558 1:1 000
T-4EBP1 CST,Cat. #: 96443 1:1 000
Fibronectin Proteintech, Cat# 15613-1-AP 1:1 000
B-actin proteintech , Cat# 20536-1-AP 1:5000
GAPDH proteintech , Cat# 10494-1-AP 1:5000

P-mTOR: Phosphorylated mechanistic target of rapamycin;
T-mTOR: Total mechanistic target of rapamycin; o-SMA :
Alpha-smooth muscle actin; p-AKT: Phosphorylated protein
kinase B; T-AKT: Total proteinkinase B; p-S6K: Phosphorylated
ribosomal protein S6 kinase; p-4EBP1: Phosphorylated
eukaryotic translation initiation factor 4E-binding protein 1;
T-4EBP1: Total eukaryotic translation initiation factor 4E-

binding protein 1

1.12 PR LR 5

WH VR AR AE 1 P SRS, & D) G AR FR A
2l DU 2H B 2H 43 R R 3 H /N BRFEAS 2% 56 5 A= W
LI, 0 24 SR AR IR SR 2 I E R ik AT
G307 -
113 @fe3E R A A 22

LX-2 40 3% 5% J5 LA 4k 25 BE A, 10 FH PA (AR
i : 500 wM, KCO002, P4 A1) \NaCl(200 mM) K2 71
%5 % (Rapamycin: 100 pM, AY-22989, MCE ) &b 3 2 Jfg
48 h JE WORE A TR BRI S0 5, HARZ: DLET 4C,
1.14 %itF 5%

GraphPad Prism 8. 0 B4 FH T35 50 B F i 2= i
YEo THR TR w2s B FRIR . 2 4LIH] FR AR L
FRAEBCXT e K . B R B2 R 2l sy 2 ] L3R
BERE R T 2 sl 2 R I 22708, P<0. 051
hZERAGIFE .

2 #R
2.1 FHHAELSImEMASHK A D R IFH%

R TR IEAC ) BE B A A S W IR 5
Y f R A XS P 45 47 ) 52 M) K g BEATL o 4] 7k
ST /N BB G0y vk 2 A | [ 45 7 MASH IR

EHEHRREINA (FI1A), 5@ A, MASH
TR PR R R, AR AR T A AR (1B
MASH IR 2H & MASH il Eh ik g a1 3 1 80 1 A2l
A B 15 A 5C B 15 1 JEF 28 A JFF I R AR 25 (&L 1C) 1
MASH Ml e £ AR 20 1Y /) BUA H 52 154 MASH 20 541G
(D) R I, MASH Jiit i 552 & 41 59 /N BRI JEF
WERARIE A5 MASH 4150 ™ 5, bR T 30 T B S i
BE WG IETEZS A0, FFAE B0 T R [R) A2 B (9 Rl Ak, 30 2738
S0 A A0 A, 2 T A A ORISR S T 7 (& 16
T AR R LR, MASH 2 45038 30 1k £ 20 o s, T
MASH M = 0k 8 21 DR A JFIOE 98 RE Ko AR Ak 5 MASH
HEAL(EE)

S TR A, MASH 2B 2H /) BURY TR 45
Vi IR 9 TR A S o Il (ALT) FlR 4 2 R 2 S
B (AST) K FFHiE (P<0. 01, & TH, D) . {HASVE S
B, 5P MASH TR 5 Eh iR B /N R L, S8R
REHE— A T MASH /N R0 % & K T, %
R S ™ ) D e A (& 1TH L 1D .

2.2 ZHELAR ik T MASH H & F &9 A 4F 44 Fo

36 3 I JE [ K CIET 1R L H Il = R 7K P
(K16G) IR ARE-F P i (K 2E) DLIHEL O G
0, (& 2)) , MASH TR £ 40 Al MASH 1564 5 b I i 20 1
FEE B S A R AR MR, R B IR T A i, 3
O3 S8 E 4 IR T AT HE AL 25, R T MASH Y,
Boipiy s k]

A SCHRHCIA , B2l ) v R 1 J 1] P X 2 4
P 18 5B 8 0 5 ), (R A 5 S 2 2 1T L 2 % I
PR A — et S AN R R Al i R TR
5 MAFLD 9 % A= M1 ET A SCiik 48 5 46 Tk il
i1 Nirf2/Keap 55 77 A o i (3G PE AU (ROS) S B0
G G RRATH SRS — B FEH U R T
A HRARFE AL (H-E) Y e RARPRLL (Sirius ) Yo 2
a-SMA Gy 24Uk 27 (THC) Yt |- R g3 paafi i 3
R X T A 4 5 3 3 Kk B A b A B 2 R (18D 2K,
F-1)o B THIEAEMASHIRE T 5 FECA M ik &t
[v) s G ) P 958 £ 2 75 2 skt 41 4k A6 I8 3 s F
& FRATiE AT HE J4 (5, Sirius J {555 o-SMA %35 41 21
b2 Y f8, 5 A0 £ ] MASH TR £ 55 B 45 25 3h ik £ 19 41
FHEE , TR B F6 A MASH AR B i R R 1)/ BUTF k27
AEALFEEE B (P<0. 05, K 2K, F~1)

2N T B AR A 0 BT 27 AR i bm 25, S L
LN 1 (-SMA) ; 40 JL SN o br i ) e 2 5 5L T i
AR, &)W AR TR AL SV R (Timp1) (TR A ol



3014

B 475 R K2 2A 4, 2025,47(24)

http ://aammt. tmmu. edu. cn

C57BL/6) 8%salt - +
’—Q Male mice
(8 weeks age)
_ | Normal water > ’ r
Chow
| Sl water >
_ | Normal water > ) »
e o > ; .
'y A 'y Ly 'y A Iy A £y A A AT MASH
Weeks 1 2 3 4 5 6 7 8 9 10 11 12Sac
A P ; B
8%salt - +
60 b c s 8+
g | —b——c
2 £ a
E 404 a =
Chow 2 =)
§ s — 2 a4
> >
8 204 5
. o 2 24
, S
.__. 2
O_

mmol/L

R S ¢ & N X
© 0\09 @?‘6 e\‘g9 0‘6\ e\é” @?’6 <>\°9
R S D & 8 K E
N XN 2 X
¢ & &
0 & >
ALT b AST
400+ a 500+ N a
a
T 4004 I T
3004 b
. _, 300 o
5 200+ 5
200
1004 T - 1004
0- 0-
S & S S &
& x‘g\@ & x‘g\@ o x(g\@ X xcg\@
\$ XX S XX
® \ ® 4
N H W |

A: Schematic detailing the process of animal modelling; B: Gross observation for mice of each group; C: Gross morphology of

the isolated liver; D~I: Statistical analyses on body weight (D), ratio of liver to body weight (E), and serum levels of total

cholesterol (Tch, F), triglyceride (TG, G), aspartate aminotransferase (AST, H) and alanine aminotransferase (ALT, 1)
across the groups of mice. a: P<0.05, b: P<0.01, c¢: P<0.001

E1

NRERTEERGE FEFEEE, L RITE

Figure 1 Schematic diagram of mouse modeling and comparative evaluation of body weight, liver weight, liver morphology,

and liver function across groups

HE(Collal) LA Kz it /INB AT A A= A TR 32 44 B (Pdgfir) o
5% BEZH  MASH 1R £ 21 sl gl v Eh i e 4 1, &
MASH 8t & i 2R IR E AL B /N BRI a-SMA L COLTAT
Timpl # PDGFRB i mRNA /K - i 2 7} 5 (P<0. 05,
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A~D: Hepatic mRNA expression levels of fibrosis markers (a-SMA, Collal, Timp-1, Pdgfrf) in the 4 groups as detected by

RT-qPCR (n=6) ; E: Representative images of HE staining, Sirius Red staining, and a-SMA immunohistochemical staining of

liver sections from the 4 groups; F~I: Quantitative analysis of liver fibrosis score, steatosis score, Sirius Red-positive area

percentage, and a-SMA-positive area percentage in the 4 groups (n=6). a: P<0. 05, b: P<0.01, c: P<0.001
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Figure 2 High-salt diet exacerbates hepatic inflammation and fibrosis in the context of MASH
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J: Representative images of Oil Red O staining of liver tissues from the 4 groups; K: Protein expression levels of Fibronectin

and a-SMA in liver tissues from the 4 groups as detected by Western blotting (n=3) ; L~O: Hepatic mRNA expression
levels of inflammatory markers (IL-6, TNF-a, IL-18, TGF-B1) in the 4 groups as detected by RT-qPCR (n=6). a: P<

0.05, b: P<0.01, c: P<0.001
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Figure 3 Transcriptomic characteristics and signaling pathway enrichment in liver tissues of mice subjected to MASH with a

high-salt diet
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Figure 4 Validation of signaling pathway molecule expression by Western blot analysis in mouse liver tissues
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