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[ Abstract]  Objective

To assess transcriptomic differences between carbon tetrachloride ( CCl, )-induced and

diethyl 1,4-dihydro-2, 4, 6-trimethyl-3, 5-pyridinedicarboxylate ( DDC) diet-induced mouse models of liver fibrosis to

provide a framework for future research using mouse liver fibrosis models. Methods Mouse models of liver fibrosis were

induced by a 10% CCl,(2 mL/kg) injection or a 0. 1% DDC diet. After 4 weeks of induction, serum levels of ALT, AST,

and TBil were measured. HE and Sirius red staining were used to observe hepatic inflammation and collagen deposition.

Jamall’ s method was used to evaluate hydroxyproline ( Hyp) content in liver tissues. Hepatic tumor necrosis factor-o

(TNF-a) , interleukin (IL)-6, and IL-1B were measured by ELISA. Total RNA was extracted from murine liver tissues for

RNA-sequencing (RNA-seq). Differentially expressed genes of the two models were analyzed by R software and then GO

and KEGG enrichment was performed. Then, genes with significant differences were verified. Results

Compared with

normal mice, serum levels of ALT, AST, and TBil and hepatic expression of TNF-a, 1L-6, and IL-1B were significantly

increased in mice that received CCl, and DDC, while the Alb serum level was decreased. Pathological staining showed that

the structures of liver tissues were destroyed and a large number of hepatocytes around the central vein were hyalinized and

necrotic in CCl,-treated mice. In DDC diet-treated mice, a large amount of porphyrins had been deposited in the liver and

a large number of inflammatory cells had infiltrated into the portal area and bile duct. Different degrees of collagen

deposition were observed in the liver tissues of the two model mice. Different genes ( DEGs) of CCl,- and DDC diet-treated

mice were screened using a filter ( | logFC | > 2-fold and P<0.05). As a result , 1820 and 2373 DEGs in CCl,- and

DDC diet-treated mice were analyzed, including 1302 and 1978 upregulated genes, and 518 and 395 downregulated genes,

respectively. GO annotation showed that the two models had important functions in molecular function, biological process,

and cell component. KEGG analysis showed that 22 and 29 signaling pathways were activated in CCl,- and DDC diet-

induced models, respectively. Among them, 16 signaling pathways, such as extracellular matrix receptor interaction, cell

cycle, protein digestion and absorption, focal adhesion, and PI3K-Akt, were significantly enriched in the two models ( P<

0.05). Cluster analysis showed that Mup11, Mupl5, Mup17, and Mupl were significantly down-regulated in both models,

which were identified by RT-qPCR (P<0.05). Conclusions

This study conducted a comparative analysis of the RNA-

Seq transcriptomic features of liver fibrosis models induced by exposure to CCl, and a DDC diet. It examined the gene

expression patterns and the pathways influenced by gene expression. The findings serve as a valuable resource for selecting

appropriate animal models for future research on the pathogenesis and treatment of liver fibrosis.
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1.2 FERFSNEE

DDC (#L45:102579026) & 20— 4 -2 H - L-Jifi
% TR ( Trans-4-Hydroxy-L-prolin, Hyp, #t 5.
20230621) g T Sigma-Aldrich 2 #]; CCl, (#it 5
20161116) 14 T 245 48 A4k 27 12058 A FR 23 7 5 Mouse
IL-6 Uncoated ELISA Kit (#t*5:279559-008 ) . Mouse
IL-1 beta (IL-1B) Uncoated Elisa Kit (#t*5:267273-
010) .Mouse TNF alpha ( TNF-a) Uncoated ELISA Kit
(#it 5. 297764-002 ) 4 1 T 3£ B Thermo Fisher
Scientific A H], DP71 Wi EUE 531 (OLYMPUS,
H 7% ); NanoDrop 2000 43 Y% % & it ( Thermo
Scientific, 3¢ [§ ) ; Agilent 2100 Bioanalyzer ( Agilent
Technologies, 3¢ [ ); Novaseq 6000 i ¥ F 5
(Llumina, 5¢H)
1.3 EWH*E
13,1 syl s/ BRI il 4

CCl, Ykl . 16 H SPF 2% C57BL/6 /MR, i&
Ve TR 2 G  HR B0 2 BENL Sy 2 4. 1EF X
HEZH 1 (CCl,-N,n=8) BIRIX} A 1 (CCl,-M,n=
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TR 4 JE S, #5 20 /0 BUHE R o 1 A T A 3% 1%
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0.5 emx0. 5 ¢mx0. 3 em K/NTFLHZ, 10% FESE K
[ 7
1.3.3  IiE - Bess

PR G UL AR R A /N BRI 7 ALT  AST
TBil & Alb /KF-,
1.3.4 JF4HZ! Hyp & &AM

TEVKAKIRA Y EARIZE AT 50 mg, 2 Jamall
ERFR K AR ORI I ZH 20 Hyp & i, 25 R DL ne/g

JHHZ” £
1.3.5 JFHZURIY 0

BT emx1 emx0. 3 em K/NFHLUE E T 10%
PR RS, [5E 24 h I BRIE BB K,
ZHZREY AW YT . HE BT
RIETG SN B, MR Scheuer P13 58 48 X 4 IE 12
FESAT AT RARIRLT Yt W58 21 2L SR UL
BURG B8, R H Ishak ¥ 73 28 58 X 21 48 4k 3 17
S
1.3.6 ELISA &

FREC 50 mg B FALZUE T4% 0. 5 mL RIPA 24
WY ELOE T B AL FAh 2R 1,4 C L
12 000 r/min B.L> 10 min, ERLHA VW, $EU0 &
VBRI ATLHL 3 TNF-o JI1-6 F1 TL-18 &5,
1.3.7  RNA $2I SCZER A P

SRHT TRIzol 2 fif ¥ 42 U/ BUAY S RNA, A6
RNA 401 Je /3 Hr RNA (S8 B0 A 454 ) #
W 2] SO, ITFE llumina Novaseq 6000 I 7 5 %
SCIESEAT I e, R A I 7 By e 90 4E B AT
Fastp P08 SR BUIE HEAT BP0 08, 2 BRI BT i
FICRFH
1.3.8 A aRIRHEN vt

K R4.2.1 B 19 “ DESeq2 43" X & R
Counts i P THEA THRUECLAL B K 22 S 40 i 0
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PR A 22 556, FIH“ ggplot2[ 3.3. 6 ] 41" i
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UpSet &M
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o P A PR A 275 2024 4E 5 A5 34 #4555 ] Chin J Comp Med, May 2024, Vol. 34,No. 5 35

( molecularfunction, MF ) |+ Y J& B & 46 %0, I+ 2 il
GO HI KEGG ‘iK™,
13,11 SCHEHE P A SIS 5O E B PCR ( real-time
fluorescence quantitative PCR, RT-qPCR) % 1iE

it RT-qPCR A6 5C 58 BE PR A 2 38 /K-, it —
ABGUERE PV BAR R TS . S 15 mg T
5 RNA 3% 5% cDNA BEAR , JF 2 IR U3 W] 5
17 PCR 48, MREGAALHY Ci fH, ] GAPDH 1£H
WSHER i 279 B4 4R A mRNA FAH
XFRE, SIIPSITERLE 1,
1.4 ZIUHEFRE

KT SPSS 20. 0 A AT HEH#o b, TR
B YRR IEZE (24s) RN 5 4 1 B IR 5040 I
RIS ¢ K30 70 HT 5 #7 ANAT 5 IE 2573 A1 2R
MAESEUGE , BIUA 32 BORER T Ridit 23047 ;

PI P<0.05 NESASITHE XL,
2 #R

2.1 PAMEEUNR—RER L
IER/NR M BH R, GRS, AKX
KAZIR, SIEH/NEA L, CCl, Y73/ U % 1
RREASF[] 9 JE 4 1 AR B T B B AR L 1T 3R
%, /R b 5 R84 L B B3 i (P<0..01) , DDC
AR/ IR | N GRE TG S TG
B RE AN BN 357 R e S T e T
N (P<0.05), WFK2 %3,
2.2 PHFEE M ERTThEEE R b B
2 CCl, Y3 DDC KB 5, /NI IE ALT,
AST [ TBil 7KF-#4 5 2 T+ (P<0. 01) , Alb 7K-F-347 B
PR (P<0.01), WK 4 KS,

&1 51975

Table 1 Primer sequence

FEH 44 LSS50 —37) TFHESIHIFS(5° —37)
Gene name Upstream primer sequence(5’ —3") Downstream primer sequence(5’ —3’ )
Mup15 TGAAGATGCTGTTGCTGCTGTG GTCAGAGGCCAGGATAATAGTATGC
Mup-ps16 TGCGCAGGTAGTAGCAAAGAAAGTG AATCTCATTCATTCTCGGTCCACAC
Mup12 TGTGAGAAGCATGGAATCCTTAGAG TGGAGGCAGCGATCTGTAGTG
Mup7 GTTCAGACATCAAGGAAAGGTTTGC GAGGCAGCGATTGGCATTGG
Mup19 GTTCAGACATCAAGGAAAGGTTTGC GAGGCAGCGATTGGCATTGG
Mup17 GTTCAGACATCAAGGAAAGGTTTGC GGAGGCAGCGATTGGCATTG
Mupl GTTCAGACATCAAGGAAAGGTTTGC GAGGCAGCGATTGGCATTGG
Mup5 TCGAGAACCAGATTTGAGTTCAGAC GGAGGCAGCGATTGGCATTG
Mup11 GTTCAGACATCAAGGAAAGGTTTGC GAGGCAGCGATTGGCATTGG
Hsd3b5 AGCCAAGGTGACGGTACTGAG GCAGCGGTGTGGATGATGAC
Mup13 GTTCAGACATCAAGGAAAGGTTTGC GAGGCAGCGATTGGCATTGG
Moxd1 GCCTGCCAGTGAATGTGAGATG ACACCAAAGGTTCTGCTTTATAGGG
S100g CCGGACCAGCTCTCCAAGG AACTTCTCCATCGCCATTCTTATCC
Sprrla GCCAGCCTAAGGTGCCAGAG GTATGGTGATGGAGTGACAGTTGAG
Gpnmb AGATGCCAGAAGGAAGATGCTAATG CAGGTCAGATGTCAGTCCCAAATC
Vmn2r3 AACTGTTTCTCCACCACCAAAGC CTCCAGCAAGTGACATAGTTGATCC
Atf3 GGAAGAGCTGAGATTCGCCATC TCTGTTGTTGACGGTAACTGACTC
Egr2 CCTGAACTGGACCACCTCTACTC GGCGGCGATAAGAATGCTGAAG
Dmkn AACAGCGGCAACAGCAACAG ACCACCACTTCCACCACTTCC
Cyp2b9 AGCGGAGTGTGGAGGAGAGG AAGACAATGGAGCAGATGATGTTGG
Cdc25¢ TGACAATGGAAACTTGGTGGACAG ATCTCTTCTGCCTGGTCTTCTCC
Tinag CACCTCTGATTGCTGTCCTGATTAC TCTGGGTCTGAAGGCTGTTGG
SlcTall GTTCGCTGTCTCCAGGTTATTCTAC AGAGCATCACCATCGTCAGAGG
Fmo3 TGCCTTCTGTAAACGACATGATGG GTCTGGATGGTGGTGCTATTGC
Cfir AATAGTCGTCTCGGCATTACAACC GCTGTGCTGTATGAAGGAAGTAGG
Aszl GGCTGGTGGAGGCGAGAG GGTGGTCAGTGCTTTCTTAAATGTC
Mmpl12 GGACAACTCAACTCTGGCAATAATG CGCTTCATCCATCTTGACCTCTG
Clca3a2 GCAGAGACAGGTACTTGGACTTAC ATGTGAGCGGTAGCCAGGAG
Fbn2 TCTGAATGCTGCTGTGCTAATCC GATGCCGATGCCACTGCTAC

Gapdh GACTCCACTCACGGCAAATTCAAC

GACACCAGTAGACTCCACGACATAC
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®2CCL GegXE/ N BURE/ A LR R LRSS (n =8 xxs)
Table 2 Effect of CCl, toxicity on liver/body and spleen/body ratios in mice

4151 AR % L/ 1A L/ %eo

Groups Liver/body ratio Spleen/body ratio
LR RA 1 4.21+0.08 3.70+0. 35
CCl,4-N group el - 10D
FEAIXS FR2H 1

5.32+0.08 ™ 6.10x0.35™

CCl,-M group

T HIER AL 1 I, ™ P<0.01,
Note. Compared with CCl,-N group, ™ P<0.0l.

R3 DDCREX/NEUIT AR LRI (n =8, x+5)
Table 3 Effect of DDC diet on liver/body and spleen/body ratios in mice

215 /AR % Ji/ 1A L/ %0

Groups Liver/body ratio Spleen/body ratio
=N HR Y
IERXIHRAL 2 3.85+0.26 4.48+1.44
DDC-N group
FEALXS R 2 - .
DDC-M group 9.01+0.77 6.14+0.74
T SIER S HRAL 2 MK, © P<0.05, ™ P<0.01,

Note. Compared with DDC-N group, * P<0.05, ™ P<0.01.

R4 CCl G d /D UL P D REAYSEIE (n =8, xs)

Table 4 Effects of CCl, toxicity on serum liver function in mice

215 WNRAREILEHE/(IU/L)  RINZASFEHE/(IU/L) BIHZ/ (pumol/L) HEF/(g/L)
Groups ALT AST TBIL Alb
IEH TR 1
23.94x1.56 32.56+3.90 4.02+0. 19 29.95+0. 69
CCl,-N group
PRI IR 1 v
162.49+2. 13 ™ 131.45£6.19 ™ 9.55+0.44 ™ 21.90+0. 18 **

CCL,-M group

o HIEEXTAEMLIL, ™ P<0.01,
Note. Compared with CCl,-N group, ** P<0.0l.

%5 DDC MRFEXS/INERIMLE F DI RERYSZ A (n =8, x+s)
Table 5 Effects of DDC diet on serum liver function in mice

415 WRRAS M/ (IU/L)  RIZZEERRM/ (IU/L)  SUHZL/ (pumol/L) HEHR/(g/L)
Groups ALT AST TBIL Alb
WX R 2
LEH R A 22.92+6. 66 21.54+8. 86 2.65+0.59 32.56+0.73
DDC-N group
IR IRAL 2
DDC-M group 153.18+12.20 118.15+17. 02 11. 88+0. 90 26.26+1. 61
T HIEE XA 2 MLk, ™ P<0.01,

Note. Compared with DDC-N group, ™ P<0. 01.

2.3 TIFERIBTHL HE FIRIRIBLA LB LR
TEH /N B AL 2 /N 5 48 5 3% JHF 552 36 A
JF 440 2 A5 Z R HE S B 5%, 7 rh e Ik J] Bl 22 s 5
ARG A8 X TC B i 9 0 4 BRI RRE 3 9 3
H GO, LAk 43 A R S0, CCl, Be 75/ BT M &%
FME IR, 20 M HE 51 250 52 AR AR VA4S X
Al ULVE 2 S PEANIR T, RAE R EZELL G3 i &,
LA I EELLL S3 S F ., DDC MEFE/IN U A48
JLHES ZEEL 45 DX R IR AE ] 161 m L o 4 i 400 i

2, RAEATHRFELL G3 3, £F Ak s % L)
2 kE, WK1 EK6~F9,
2.4 WFHIEEIFFAL Hyp K F L

2 CCl, e uk DDC K& 5, /MU 4141 Hyp
SEHBEETE(P<0.01), WFEK10 F 11,
2.5 WAEE BT ALK E R FKFE LR

2 CCl, Y35k DDC KRB, /N U4 85 0E
¥ IL-1B, TNF-o, IL-6 & 4 8 #F JF & (P <
0.01), W12 %13,
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1% R 2H CCl et LA AT DDCHK &
A Normal control group CCl, intoxicated B Normal control group DDC diet

S| m

= o
w
=

@ E

2 7

R

w2

A CCl, R, B, DDC AR
1 PRSI A120 HE FORARPRLT Yo i
Note. A, CCl, model. B, DDC model.
Figure 1 HE and Sirius red staining of liver tissue in two models

R 6 CClL Jeag Xl /MU RAE S RI RN (n =8, x:45)

Table 6 Effects of CCl, toxicity on the grades of liver inflammation in mice

TE46RE AN 24 Ridit 2347
21 ) Grades of liver inflammation Ridit analysis
Groups 0% 1 % 29 39 49 R i
GO Gl G2 G3 G4 R value
TR IRAL L
CCl,-N group 8 0 0 0 0 0.25
IR AR 1
RIE00) 0 1 2 4 1 0.75"

CCl,-M group

L GIERXTIRAL LM, ™ P<0.01,
Note. Compared with CCl,-N group, * P<0.0l.

RTCCl G/ T AR LEAL M IR (=8, x£5)

Table 7 Effects of CCl, toxicity on the stages of liver fibrosis in mice

JFFF 4 AL 53- 40 Ridit 7347
5 Stages of liver fibrosis Ridit analysis
Groups 03] 1 244 34 44 R fH
S0 S1 S2 S3 S4 R value
IEH X IRAL 1
. 2.
CCL-N group 8 0 0 0 0 0.25
TR HRAE 1
REARIXT 0 0 3 5 0 0.75™

CCl,-M group

T SERI A AL, ™ P<0.01,
Note. Compared with CCl,-N group, ™ P<0.0l.

8 DDCIREXS/INRITFIAE /I FEM (n =8, x+5)
Table 8 Effects of DDC diet on the grading of liver inflammation in mice

I RAE 53 % Ridit 7347
4151 Grades of liver inflammation Ridit analysis
Groups 0 19 2% 3% 479 R fH
GO Gl G2 G3 G4 R value
IER X IR 2
AT 8 0 0 0 0 0.25
DDC-N group
AU A 2
B 0 0 2 5 1 0.75™
DDC-M group

L GIERXTIRAL 2 HIH, ™ P<0.01,
Note. Compared with DDC-N group, ™ P<0.0l.
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R9  DDC IRERX/N LA R (n =8, x5)
Table 9 Effects of DDC diet on the staging of liver fibrosis in mice

JFET 44k 53 39) Ridit 5347
21 1) Stages of liver fibrosis Ridit analysis
Groups 03 13 24 3 4 4 R1{A
S0 S1 S2 S3 S4 R value
IEHRA IR 2
8 0 0 0 0 0.25
DDC-N group
GBI IR 2 2
BRBlx 0 4 4 0 0 0.75*
DDC-M group
T HIEFEAEA 2 41, T P<0.01,

Note. Compared with DDC-N group, ™ P<0. 01.

£ 10 CCl, YeFEN/NEATHS Hyp K FHIFEI (n=8,%+s)
Table 10 Effects of CCl, toxicity on Hyp levels in

mouse liver tissue

£ 11 DDC REXT/NEUITHL Hyp KRN (n=8 x4s)
Table 11 Effects of DDC diet on Hyp levels in mouse

liver tissue

215 Hyp (pe/g P44 20 51 Hyp (/g IFAET
Groups Hyp( pg/g liver tissue) Groups Hyp( pg/g liver tissue)
IR IR 1 X HEA 2
o 45.10%6.29 LEH X R4 44.70+10. 17
CClL,-N group DDC-N group
REALTHERZH 1 " R X HEZH 2 .
CCl,-M group 202.37+54.32 DDC-M group 149.94+7. 69
L HIEH XA 1 ML, 7 P<0.01, I SIE®E XA 2 MLk, ™ P<0.01,

Note. Compared with CCl,-N group, “ P<0.01.

Note. Compared with DDC-N group, ™ P<0.0l.

F 12 CCl, Y /MR LG RAE H F7KF 85200 (n =8, %+s , pg/mL)
Table 12  Effects of CCl, toxicity on serum inflammatory factor levels in mice
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B 4 1 -
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T HIER AL LA, " P<0.01,
Note. Compared with CCl,-N group, ™ P<0.0l.

R 13 DDC PREXE/INEUILIE JAE 57K I 520 (n =8, x:£5, pg/mL)
Table 13  Effects of DDC diet on serum inflammatory factor levels in mice
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Note. Compared with DDC-N group, ** P<0. 01.
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Note. A, Heat map for hepatic differential genes between normal mice and CCly toxicity mice. B, Volcano map for hepatic differential genes between

normal mice and CCl, toxicity mice. C, Heat map for hepatic differential genes between normal mice and DDC diet mice. D, Volcano map for hepatic

differential genes between normal mice and DDC diet mice. E, Venn diagram for differential genes between CCl, and DDC models. F, Upset diagram for

differential genes between CCl, and DDC models.

Figure 2 Comparisons of differential genes between two models in liver tissue



40 rp [ L BE 2 A 2024 4FE 5 A5 34 555 5 ) Chin J Comp Med, May 2024, Vol. 34,No. 5

Bubb

T -
0 10 20 30 50 L

N
&4

0 10 20 30 40 50 60

A IEH /DR CCL, Jeai/NEUIF 22 F LR PPT IMZS 1K B PR 1E# /N BRI CCL, Heai/N RIT 22 525 9 PPT W45 HE4 T 30 45 i3t
B C 1B /N DDC AR &/ BT 22 5 38 5 PPL IIZS &L 5 D 45 1E 5 /N BRURT DDC AR B /N BRI 25 5 56 19 PP I 4% HE 44 1T 30 44 S i3
M, E: CCl, BEIA DDC BRI FUT 22 S 3L K PPT M4 8] F .l 45 CCl, BERA DDC BRI U 22 538 1 PPT N 45 HE 4% /T 30 4% 64

HH,

B3 PRS0 S AL R Y PP 45 5]

Note. A, PPI network map of liver differential genes in normal mice and CCl, toxicity mice. B, Top 30 genes in the PPI network that regulate the

differential expression of liver genes in normal mice and CCl, toxicity mice. C, PPI network map of liver differential genes in normal mice and

DDC diet mice. D, Top 30 genes in the PPI network that regulate the differential expression of liver genes in normal mice and DDC diet mice. E,

PPI network map of liver differential genes in CCl, toxicity mice and DDC diet mice. F, Top 30 genes in the PPI network that regulate the

differential expression of liver genes in CCl, toxicity mice and DDC diet mice.

Figure 3 PPI network for differential genes of the two models in liver tissue
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Note. A, GO analysis of differentially expressed genes between normal mice and CCl, toxicity mice. B, GO analysis of liver differential genes in

normal mice and DDC diet mice. C, Venn diagram of BP in GO analysis of liver differential genes in CCl, and DDC models. D, Venn diagram

of CC in GO analysis of liver differential genes in CCl, and DDC models. E, Venn diagram of MF in GO analysis of liver differential genes in CCl,

and DDC models.

Figure 4 GO analysis of differentially expressed genes of the two models in liver tissues
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Note. A, KEGG analysis of differentially expressed genes between normal mice and CCl, toxicity mice. B, KEGG analysis of liver

differentially genes between normal mice and DDC diet mice. C, Venn diagram of KEGG analysis of liver differential genes between CCl,
and DDC models.

Figure 5 KEGG analysis of differentially expressed genes of the two models in liver tissues
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Note. A, Two-way histogram of differential genes expression between normal mice and CCl, toxicity mice. B, Two-way histogram of
differential genes expression between normal mice and DDC diet mice.

Figure 6 Expression levels of liver up-regulated and down-regulated differentially expressed genes in two models
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Note. A, RT-qPCR analysis of liver down-regulated TOP 5 and up-regulated TOP 5 differentially expressed genes in CCl, toxicity mice. B, RT-qPCR

analysis of liver down-regulated TOP 5 and up-regulated TOP 5 differentially expressed genes in DDC diet mice. N, Normal control group. M, Model
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Figure 7 RT-qPCR analysis of liver differentially expressed genes in CCl, toxicity and DDC diet mice
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