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[ Abstract] Objective To investigate renal injury, functional impairment, histopathological characteristics,
and molecular features accompanying HCC development in the context of non-alcoholic steatohepatitis, utilizing a
novel MASH-HCC murine model ( HRAS-HCC). This research seeks to elucidate the underlying mechanisms of
MASH-HCC-induced renal injury, thereby providing an essential model tool for clinical investigations into disease
pathogenesis and the exploration of diagnostic and therapeutic strategies. Methods HRAS-HCC transgenic mice
generated in-house were employed, with littermate negative controls and wild-type C57BL/6 mice as comparators. At
5 weeks of age, tamoxifen was administered to induce hepatocyte-specific HRAS expression, thereby initiating and
propagating MASH-HCC. Body mass, general condition, and behavioral parameters were monitored serially during
disease progression ( weeks 1 ~ 4). Blood was collected at predetermined time points for biochemical analyses.
Structural and fibrotic changes in renal tissue were evaluated by hematoxylin-eosin( HE) and Masson staining. Results
Compared with the HRAS"™™" group, Within 4 weeks, HRAS-HCC mice transitioned from MASH through hepatic
fibrosis to established HCC, manifesting jaundice, tachypnea, kyphosis, hematochezia, hepatosplenomegaly, and
other clinical signs. At week 4, serum alkaline phosphatase( ALP) was significantly decreased (P < 0.05) , whereas
blood urea nitrogen( UREA ), uric acid (UC), and creatinine (CREA) were markedly elevated (P < 0.05). HE
staining revealed temporally heterogeneous renal lesions, including tubular basophilia, hyaline glomerulopathy, and
tubular epithelial cytoplasmic hyaline droplet formation. Masson staining demonstrated renal fibrosis whose onset
(weeks 2 ~ 3) and severity paralleled those of hepatic fibrosis/cirrhosis ( weeks 2 ~ 3). Further analysis of kidney
injury-related molecular expression revealed at week 3 showed up-regulation of keratin-18, SMAD3, fibronectin, and
transforming growth factor-B mRNAs (P < 0.05). Protein-protein interaction analyses further indicated direct
interactions among human HRAS, fibronectin (FN1), and SMAD3. Conclusions These data establish a positive
correlation between MASH HCC-induced renal injury and the degree of hepatic fibrosis, clarify the attendant
histopathological and molecular signatures, and implicate the HRAS-SMAD3-FN1 axis as a putative mechanistic
pathway. The HRAS-HCC mouse model uniquely recapitulates key clinicopathological features of human MASH-HCC
complicated by CKD, thereby providing a robust pre-clinical platform for mechanistic dissection and therapeutic
development.

[ Keywords] metabolic dysfunction-associated steatohepatitis; hepatocellular carcinoma; HRAS; renal injury;
mouse model
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L X 1 PRS2 Wi R [ 967 A B 3 S

AR5 Ty BE B A AH 5 B W7 14 IF 2 ( metabolic
dysfunction-associated steatohepatitis, MASH ) 1E M
R 2 B8 B A% AH OC AR W7 9 ( metabolic
dysfunction-associated fatty liver disease, MAFLD)
MyEEAEIE 2, AL HCC 1 A3 UIAH G, i
A RBIE A RGEME ST AU EEL A AL N S TR
BB AR B ARG, R e R
(chronic kidney disease, CKD)"®7 | i 47 /5 27
A 7R, MASH 38 KA CKD B XU i 2 i 1%
HES ) ELHE S 2 e R 5 AT 4k L T R
Pl BB 2 ARG AT, N AZ BT sl e
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HEHT R B i 8l g 2 AR A X e R g 2 A
Tl AL BRSPS, i = TR 1Y Bl A5 A
i (B4 Y, MASH 5 HCC B9 B [ 4R
FH AT REHE— 25 I B Fd A5, T3 — 2o 7 1 437 HL
il M A B AN, U R HRAS 1 55 K
i T 52 T 3K 3 MASH-HCC R | (H
SEME R EAE S S 5 B B R R R TE R
St

AWFFAUEE T A F 4 IF L B UE AT HRAS-
HCC /)N F A Ayt , i 33 Ath % P8 55 ( Tamoxifen ,
TAM) #5378 BT ZUFF 57 % 5 323K (harvey rat
sarcoma viral oncogene homolog, Hras) , 7 1 1~ H N
BLALh I K MASH-HCC 9 H 2R 95 725 R L@ m
MASH-HCC 3 i it 75 b ' D1 fiE % P 4 S0 B~
W Bh A2k, I 5 550 HT HRAS-SMAD3-FN1 Hli /£
JFF- il e A AR A HE TR MASH-HCC 7%
RN A A A O 43 T ILAR R i PR 2
FIHE )6 T H AL RV AU FroBr ST i

1 MHERFE

1.1 ##
1.1.1 SEBshY
AW 27 RN, B P E S 2

K e W5 BE 55 56 3l 9 9% U5 F 5% 0 A =X 3l i F 5
Z [ SCXK (52)2022-0002] , fiff ] 4 & 41 iy
W TAHErPAELY SPF 2% 6 ~ 10 A KN
15 ~ 20 g [ HRAS™"; Alb-iCreERT2 /)N Fi'™!
( HRAS Bl AMB R G gh ik ) 3£ 23 2 SPF 4%
6 ~ 10 iy C57BL/6 /pFRIL 4 H (2 HIfER,2 B
MER) KRN 15 ~ 20 g, SIWAFETHEE
2 R E A B [ SYXK (5)2022-0014), JiT
FHhW A B YOK MR, B 22 C, B EE 60%,
12 h DG/ BEPEIR . T shs2 5645 i b & i
24 iR A8 I 5T I S I Bl W 2 D s b HE (PR B)
()55 2022(B) 050 ) . Fr A 3l S 0 ™ 4%
ST 3R JR
112 FEEG S5

1 x PBS ¥ ¥ ( Gibco, 2435453 ) ; & 4= IfiL %5
( Gibco, 2443857 ) ; RNA later £# £ ¥ ( Thermo,
0162209) ; TRIzol ( TaKaRa, CK1205) ; S 175 ( [E 24
LA A PR A A ,20250412-1) 5 5 P B ([
2R Ak 450 A B 7, 20250328-2) 5 Tk 4
Pt (1 25 45 A Ak 22350 A FR 2 7, 20250405-A)
DEPC 7K (4 T A% T 72 B A B A A,
D250318) ; RT-PCR ¥ #% 5% i ] & ( TaKaRa,
CK1304 ); TB Green ¢ )t 3¢ ¥} ( TaKaRa,
AJ60795A) ; TR AR R -PHT (HE ) i) (4= T A4 T
TR A BRZS &, HG-2194) ; Masson Y& {65 &
( Solarbio, 20230224 ) , PCR ¥ #4 1% ( Eppendorf,
Mastercycler X40) ; K84 (36 5K KA RS
B2 W], HW-SY11-K ) 5 18 3 #2& IR (5 3, ZWY-
1102C) ; CO, {5 78 1% 3% 8 ( Thermo, Heracell
150i) ; ZHZR 513 AL ( QIAGEN , TissueLyser LT) ;1%
17 43 6 ) BE 31 ( Thermo NANODROP , NanoDrop
2000 ) ; JE ¥ 84 % ( LightCycler 480 I,
ROCHE) ;i # U] i 5 (HHMO077 H A= H,
NanoZoomer S360) ; {3 & Jt: 2% i 7 % ( Nikon 80i,
Eclipse Ti-U) ; & H sh AL /- AT ( H A KR 2,
TBA-2000FR) .
1.2 A&
1.2.1 s 5abs

it FH R A2 I A 9 HRAS™Y7; Alb-
iCreERT2 /)N Bl ( HRAS #: N i A B K |3 3h %
iKY TS W B S e B T A L 2 mg TAM,
PUR 8l HRAS 78 I 4 20 rp 4 S P 3 238, 15 3
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Table 1 Group information

bl N Ab 377 3 R S Hre/ H
Groups Mouse strain Intervention method Group name Number of mice/pcs
HRAS™ 2] HRAS™Y~; r
. iy TAM STAM 17
HRAS™ group Alb-iCreERT2 HRAS
HRASNONTAM 25 HRAS™¥~, TR (TEABBEETF) HRASNONTAM 6
HRASM™ group Alb-iCreERT2 Maize oil(non-TAM)
25 A IR CSTBLY/6 0. 9% FAL S W Lgacyit! 4
Native control group 0. 9% sodium chloride solution Wild-type

1.2.2 ¥ B S SR g 5 A B A% SN ( reverse
transcription-quantitative real-time polymerase chain
reaction , RT-qPCR) il /)N iU ZH 4 Hp B [H 58

FRIUH RNA later 2H ZURAF IR 1 52 14 7N B
BLHZ10. 1 g, {8 7 TRIzol B4R I 4H /N B B 4
218 RNA, Nanodrop 2000 %5 4k 435t B 31 46 il
RNA HJHeE KA 2l TE 1.8 ~ 1.9 ARYEHeE
4 RNA 5 28 DEPC /K B 2 400 ng/plL J5 7]
VER I 55 SRR, T — 80 °C IRA7, 18 it s i %
PCR 3454 ¢DNA, LA ¢DNA AR IEFT RT-qPCR
K, IG5 o Wk 2, B 3 DA, B
FEAVHE 3 AL, Wik SRS E B PCR IR
25 F 4 .95 CHUASE 30 5,1 IRAFE3F ;65 C7AE T
5 5,40 IRHEIF;95 CiB Kk 30 s, 1 KIEH, HPH
A HRAS FE PR E R 65 C, HE 3 DR
H 58 °C . B AT 79— LA B, BILL GAPDH
VER NS, SE R Fe ik i FH 277 it
AACT = (CTypgum = CTrzmn ) yyasrng ~ CCT g
1.2.3 Masson 48,

et B 2H ZUAE A% v VG2 b BT BE [ E 24 h
& AT A D) R UV RREE N 5 pm,
AEEIY] AT 60 CBE A 30 min, B BLES  BE
J5 #2 JE Masson Y0350 G ibi B 5 47 4L B 1A
BRI R WY B2 A Bouin W, EIR &M T,
ARG, SR G K ik =AU R b A R
PRI R A W G A0, Y445, 2 min , KV ;s FEHR N

R2 NG

Table 2 Primer sequences for gene amplification

2R

Gene name

SIYIFAI(5-3")

Primer sequence(5’ =3

F: TCATTGATGGGGAGACGTGC

HRAS

R:TCACCCGTTTGATCTGCTCC

AFP F:CTTCCCTCATCCTCCTGCTAC
R:ACAAACTGGGTAAAGGTGATGG

KRTIS F:CAGCCAGCGTCTATGCAGG3

R:CTTTCTCGGTCTGGATTCCAC

SMAD3 F:CACGCAGAACGTGAACACC
R:GGCAGTAGATAACGTGAGGGA

TCHBI F:TCTGCATTGCACTTATGCTGA
R:AAAGGGCGATCTAGTGATGGA

CAPDH F:CAGCAACTCCCACTCTTCCAC

R:TGGTCCAGGGTTTCTTACTC

Mayer Jh AR 2R YL (0, Ye 4 2 min, /K PE; BRME L 1
AR T ACEICRD K ol 10 min ; I AR LA 21 9%
IR Y 10 min, 22 KIE UL R IR A AL FR 2
10 min, BLEZ ARG 35 YL A S min, 55 FRIA TR
AEFR 2 min, JO/K LBERE K, — FRGE B, A A
v EPan
1.2.4 'BFHZURHE2ARN (HE Jef0)
B 2 ZUAE 4% b SE oh RS [ E 24 b
Ja T A R Y R U R RN 5 um, K
AMEEYEY) BT 60 °C 45 R 30 ming 476 EE
B s R 3 UK, 2L 10 min BB BE S (TEK TOK |
95% .80% . 70%) , BB EE 1 min, B )5, H1ZE 18
FKIGYE 5 min; IIAR R YL 5 min, 1%L R LB 4)
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b ZEBK B, 0. 5% PHEL e (0, JooK S BB K |
THRGEN] PR B = TR AR 24 b S B
WMEL
12,5 Ifit i A AL Fa m G

23 W R ML 2504 B3 LT , 80 CORAE, 11
4 H BRI T AL LA | HE 0 — YR g 1
AILEF ( creatinine, CREA ) . Ifil i JR & % ( carbonyl
diamide ,UREA) JR P (uric acid, UA) | IML75 Bk P
IR (alkaline phosphatase, ALP) $8 %5, JUr 4 Tt
H R DL s R U | 45 0 5 = 1) B3 34 i
JR MLFEAS [ Sh A5, B0 Db S ] 5
1.2.6 & H 5 AF M 4§l ( protein-protein
interaction analysis, PPI)

i F STRING (98 /& (v12.0), https ; //string-
db. org/) #£ 28 ¥t 47 PPI, il i Cytoscape %K {4
(v3.33.1) ( https://www. cytoscape. org/) [
MCODE #i fXF FT 94 45 47 ] AL B2 34T
1.3 HitZE5Hh

Fi A geit o3 M 2448 GraphPad Prism V8.0
SIHTEAE . A RS R P BE £ AR iEZE (&
P Z [A] 1 GE 17 10 225 R H] Student ¢ K5

i 5% Model establishment

+5) o

HATIE . P <0.05 A N EA G5

2 #R
2.1 MASH-HCC #ER HRAS-HCC /NRIEE
HTRETHIER

TERTA TAE R, 3EF TAM % S0 Cre-ERT2
ARG, AU B R T ] A A SRR S
f e il AR HRAS # H Y /N BB A Bl HRAS-
HCC /NS AR HRAS 3 R AE 2% /)N RS

RIFFLH 2 A sh &k Ja i — A~ H N, AT 7R IE K
B AL MASH-JFEF4EAb-JF s Ab-HCC B Bt
Pg i e AL W&l 1A s, HRAS-HCC /)
FUBIRL T AN UR HRAS FEH S sh 2R IK8 5 55 3 J8 2
e, W 1B s,

5 AR HRAS FE R R IE ) HRAS N 2
A, HRAS-HCC /N EL( HRAS™Y 2 ) (44 i 12 [
MASH-HCC H i Ji& 32 i KA, 5 90 46 4K T 45 A
Fb, IR 10% , InE 1€ Fis .,

2.2 BFEFZ4L BBt HRAS-HCC /MNR'S
=

1 ~ 4 JEEF, 5 HRASMN™ 25 /N UM H, T

¥ 1t F# Disease progression

#Hi1n

I i) /)

Time/week

<@ ro—

|
4
9

@ L—

BRI Actual age in weeks

HWKE/%

4 Bt
Rate of body mass gain/%

A | [
0 1
5 6
a\ -
I i MASH
Normal liver
B s HRAS™H (n=17) HRASYNONTAME  (p=6)
HRAS™ group (n=17) HRASYNT™M group  (n=6)
100 = A
"
e ®
S 3
&3 *
B ; 50 - oy
& *
*
T T T T 1
0 1 2 3 4 5
I 1)/
Time/week

o @9’ er o

J£F itk

Liver fibrosis

JrHg 4t

Liver cirrhosis

HRASYNONTAMZY  (p=6)
HRASYNAM group (n=6)

. HRAS™W (n=17)
~ HRAS™ group (n=17)

(@]

2
I 17/ fi

Time/week

1A HRAS-HCC /MEABE A HE T2 MASH-HCC Fim k@R 2 B B AR A7t £k ¢ R it 2%
1 HRAS-HCC /] SUBC AU A4 o SEACRRAE
Note. A. Construction of HRAS-HCC mouse model and schematic diagram of MASH-HCC disease progression. B. Survival cure. C.

Body mass curve.

Figure 1 Construction and basic characteristics of HRAS-HCC mouse model
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HElm £ i8N HRAS % [N HRAS-HCC
(HRAS™" 1) /N B H A7 B0 1 #5980 (10717 ) il
M(1/17) PR S (3/17) 4k, F 4 A
( HCC Bir Bt ) #F 17 fi# &1, & B HRAS-HCC
(HRAS™™ 41) /NERHA PR (12/17) g R
(12/17) JUERSEUE K B (17/17) S 4FAE, A& 2A
i 3 iR,

5 HRAS™™™M 2 /N U AH b, HRAS-HCC
(HRAS™ £1) /NELI ALP /KF- B, Tii UREA,
UA 1 CREA & T, i 2B ~ K 2K FiR, 5
e A B4 B 0 45 B8 2 LT HR AR AR AR AR ALY Bab

zE WL IR, fE MASH-HCC ¥ J& i 72 | HRAS-
HCC /NPT RE AR F L %%

JEHRAE MASH-HCC i & th HRAS-HCC /)N
SRV 2L 1 AR AR 45, DA B A A 2 1) 9 2R
RE, T 4 JE (HCC BYBe) i, it HE Y 6% 45
ZH/INERAC I I ML i S B R S5 A e B
AR ERY] R g, I R PR K iz W, 4
BN, 4 JE BT HRAS™ 20 /)N BRL77- 7 19 556 A1 1 ifi
(16/17) SR HCC (12/17) JlitfiiAs (2/17) il
WK (2/17) ONEIAE (3/17) S 2 AL E SR 7E
HRAS"™™ 20/ NR IR, ani&l 2F Fi1k 4 s,

R®3mARAERUEE ST

Table 3 Statistical analysis of clinical symptoms in study participants

205 Groups

HER ,
Symptoms HRAS™ % (n = 17) HRAS™M™WY 46 (5, = 6)
HRAS™ group(n = 17) HRASY ™M group(n = 6)
#H Jaundice 10
JF K Hepatomegaly 12
JEL R Splenomegaly 12
FFHE 9% White hepatic lesions 14
ALITZL i Perianal erythema and edema 1
JFH I Hepatic hemorrhage 3 0
{RIRARAL Hypothermia 3
SN N EENGRESN I 3
Hunched posture, ruffled coat, tachypnea
{# fil. Hematochezia 1
B ahiRgE BHR IFXE Hypomotility, difficulty in eye opening 1
RELZE K Lymph node enlargement 2

x4 szt
Table 4 Pathological diagnosis summary

2051 Groups

Symptoms HRAS™ #(n = 17) HRASYY™ 2 (n = 6)
HRAS™ group(n = 17) HRASYN™™ group(n = 6)

HCC 17 0

RSP I Splenic extramedullary hematopoiesis 16 1
JFHE3E Hepatic infarction 6
i B KT A0 % Pulmonary metastatic hepatocellular carcinoma 12
JF£F 44k Hepatic fibrosis 4
Jifi 114 Pulmonary thrombosis 2
JIF 5P 5 21 ffL 4% 4= Hepatic oval cell hyperplasia 4

JFANAEIRFE Hepatocellular necrosis 1 0
LMEIMAE Cardiac thrombosis 3
o[RS AiE A 1320 Cardiac interstitial inflammatory cell infiltration 1
JF#ESM 3G I Hepatic extramedullary hematopoiesis 1
i /K B Pulmonary alveolar edema 2
i % 4E Pulmonary inflammation 1
fifi i 1fil. Pulmonary hemorrhage 1
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Figure 2 Comprehensive statistical of clinical manifestations, histopathological diagnoses and serum biomarkers
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Table 5 Pathological diagnosis statistics of renal tissues

ZH 5 Groups

Symptoms HRAS™ 4 (n = 17) HRASYY™ £ (n = 6)
HRAS™ group(n = 17) HRASNNM™M group(n = 6)
B /INE I AR
Tubular basophilia 16(94%)
PV L AR st
Hyaline droplet changes in renal tubular epithelial cells 0(0%)
0
B /INER 1 5 R
Dilation of Bowman’s capsule 16(94%)
S HH e o
AU DAy 007

Hyaline glomerulopathy

T AL B /NERBE S R TR B B/ NERTT BV REAL ; C. B /M PEBRE S ; D W /M b S 2002 WA TR AR s B B TR/ R

5 F /NS B R B IR + B IPENERo
3

(FEiAVTES

Note. A. Dilation of Bowman’ s capsule. B. Tubular changes comprised renal tubular basophilia. C. Tubular basophilia. D.

Hyaline droplet changes in renal tubular epithelial cells. E. Hyaline glomerulopathy. F. Hyaline droplet changes in renal tubular

epithelial cells + hyaline glomerulopathy.

Figure 3 Histopathological of renal tissue
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Note. A. HE staining of hepatic tissue. B. HE staining of renal tissue.

Figure 4 Histopathological of hepatic and renal tissue
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Figure 5 Masson staining results of renal tissue
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Note. A. Expression profiles of TgfBl. B. Expression profiles of Smad3. C. Expression profiles of Fnl.

Figure 6 Temporal expression profiles of target genes in renal tissue during 1 ~ 4 weeks
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Figure 7 Potential PPI network of renal injury-associatedmolecules



T SR B YA 2026 4F 3 4534 B4 3 W Acta Lab Anim Sci Sin, March 2026, Vol. 34, No. 3 421
SMAD3 /A28 TGFB A4 INLEAA )
A SMAD3 overall survival B TGFEp1 overall survival C I'N1 overall survival
1.0 — Low SMAD3 TPM — Low 7GFpI TPM 1.0 — Low FNI TPM
—— High SMAD3 TPM ——High 7GFp1 TPM ‘ = High /NI TPM
Logrank P = 0.039 Logrank P = 0.46 Logrank P =0.17
0.8 HR(high) = 1.4 0.8 HR(high) = 1.1 HR(high) = 1.3
— P(HR) = 0.04 o O P(HR) = 0.47 _ P(HR)=0.17
E e N ol s WO - 152 : WLOm - 152
2 A(LOW) = 182 = = -2 g n(LOW)=
BEE 06w ey v 4 S 0.6+ e | 3 0.6 :
¢§ P ¢ E ¢ E
TG HE =
8 0.4- 8044 0 =R S 0.4+
o o3 L
=% -9 -
0.2 0.2 1 0.2
0.0 0.0 1 0.0+
T T T T T T T T T T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
&)/ H IF )/ I/ H
Time/month Time/month Time/month
SMAD3(4088) FN1 (2335) TGFP1(7040)
D E
1014 HR = 0.71(0.34-1.47) 1.0 HR = 1.59(0.87-2.9) 104 HR = 1.53(0.73-3.2)
H;\ logrank P =0.35 logrank P =0.13 logrank P = 0.25
0.8 4 ! 0.84 0.8 1
By
z & z z
=506 == 06 #E06
2 2 2
P = .8 Pt ™
2044 =S 04 =2 0.4 ]
-9 e o e - o 1
Hikh Hik B HEE 4 :
0.2 1 Expression 0.24 Expression 0.2 1 Expression 1
— fikLow — fikLow —fikLow L.
0.0 = High 0.04 — rHigh 0.04 — miHigh
0 20 40 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 100 120
i)/ A I/ H N ]/
Time/month Time/month Time/month
Number at risk Number at risk Number at riel
low 68 33 1 6 f ? g low S6 12’7

high 23 11 3 3 high S5

riek
10 7 4 4 0 low 24 10 6 5 1 1 [
4 0 high 87 34 8 4 4 3 0

2 1 0

B 8 SMAD3 . TGFB1 .FN1 #HEiL5 HCC BFEHFEYELS T
Figure 8 Clinicopathological and prognostic significance of SMAD3, TGFf1 and FN1 expression in HCC
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