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Proliferation tracing reveals that rifampicin induces liver
regeneration in mouse models with zone-specific liver injury
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Abstract: Based on the cellular proliferation tracing technique (ProTracer), this study explored the role of
rifampicin (RIF) in promoting liver regeneration in a mouse model with zone-specific liver injury. The ProTracer
system enables in vivo recording of cell proliferation by labeling proliferating cells with GFP fluorescence. Carbon
tetrachloride (CCl,)-induced injury and bile duct ligation (BDL) models were established, followed by RIF or
vehicle treatment. Liver function was assessed by measuring serum levels of aspartate aminotransferase (AST),
alanine aminotransferase (ALT), total bile acids (TBA), total bilirubin (TBIL), and direct bilirubin (DBIL). Liver
injury area was evaluated by H&E staining, while whole-tissue fluorescence imaging was used to assess liver

Wk HH: 2025-11-12; &[5 H I 2026-01-21.

FEEGTUH K ARG EIE (32170848, 32571289); ILARA 2 L #H HFHFEDH (tsqn202312303); HH 15 117 # 553 55 Bh A& ZL A N A (A1BL).
*JHAEH E-mail: liy@simm.ac.cn

DOI: 10.16438/7.0513-4870.2025-1341



- 1700 -+ %% % Acta Pharmaceutica Sinica 2026, 61(5): 1699-1711

regeneration. Immunofluorescence co-staining was performed to quantify proliferating hepatocytes, identify cell
types, and analyze zonal distribution. RNA sequencing was conducted to identify key differentially expressed genes
and signaling pathways, with Western blot used for protein-level validation. /n vitro validation was performed
using the HepG2 hepatocyte cell line. Results showed that RIF significantly reduced serum ALT and AST levels in
CCl,-induced liver injury and decreased TBA, TBIL, and DBIL levels in the BDL-induced liver injury, effectively
reducing the area of liver damage. Whole-tissue fluorescence imaging revealed enhanced GFP signals and increased
proliferating cells in the RIF-treated group. Immunofluorescence analysis indicated that RIF primarily promoted
hepatocyte proliferation, with a marked increase in proliferating cells in zone 2 of the liver lobule (approximately
2.5-fold), and also significant increased in zones 1 and 3. RNA-Seq and Western blot analyses demonstrated
upregulation of cell cycle and proliferation-related genes such as the Mcm family, Ccndl, Cena2, and Mki67, with
enrichment in the cell cycle pathway. /n vitro experiments showed that RIF treatment enhanced HepG?2 cell viability
and increased the proportion of Ki67-positive cells. In conclusion, RIF promotes hepatocyte proliferation and
enhances liver regeneration following zone-specific liver injury by activating cell cycle signaling pathways. Animal
experiments were conducted with approval from the Animal Ethics Committee of Binzhou Medical University
(approval number: 2025-2018).
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Figure 1 Gene lineage tracing for cell proliferation and fate

mapping. A: Strategy figure showing genetic lineage tracing cell
proliferation in liver; B: Schematic showing a Ki67 fate map. Fate
mapping of Ki67 records cell proliferation events from T1 to Tn.
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Figure 2 Rifampicin (RIF) improves carbon tetrachloride (CCl,) -induced acute liver injury and promotes liver enlargement. A:

Experimental design for assessing the therapeutical effect of RIF in CCl,-induced acute liver injury. Groups setting was shown on the right;

B: Serum biochemical indexes including aspartate aminotransferase (AST) and alanine aminotransferase (ALT); C: Hematoxylin and eosin

(H&E) staining of liver sections; D: Quantification of the injury area of H&E staining; E: Whole-mount bright-field image of liver tissues;

F: Quantification of the liver weight coefficient; G: Immunostaining for Ki67 on liver sections, quantification was shown on the right; H:

Immunostaining for f-catenin on liver sections, quantification was shown on the right. Scale bars: 2 mm (E, yellow), 100 pm (C, G, H,
white). n = 5-6 (B, D, F, G), n = 60 (H), mean = SEM. "P < 0.05, “"P < 0.01, ""P < 0.001. ns: Not significant
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Figure 3 RIF promotes liver regeneration after acute CCl, injury. A: Experimental design for genetic lineage tracing cell proliferation after
acute CCl, injury; B: Serum AST and ALT levels in R26-DreER; Ki67-2A-CrexER; R26-GFP mice with or without RIF treatment in acute
CCl, model; C: H&E staining of liver sections from R26-DreER; Ki67-24-CrexER; R26-GFP mice with or without RIF treatment in acute

CCl, model, quantification of injury area was shown on the right; D: Whole-mount fluorescence images of liver from R26-DreER; Ki67-2A-

CrexER; R26-GFP mice with or without RIF treatment in acute CCl, model, quantification of the liver weight coefficient was shown on the

right; E: Immunostaining for GFP and HNF4a on liver sections from R26-DreER; Ki67-24-CrexER; R26-GFP mice with or without RIF

treatment in acute CCl, model, quantification of GFP" cells was shown on the right; F: Immunostaining for GFP, E-cadherin (E-CAD, zone 1

marker) and glutamine synthetase (GS, zone 3 marker) on liver sections from R26-DreER; Ki67-24-CrexER; R26-GFP mice with or without

RIF treatment in acute CCl, model; G: Quantification GFP" cells in three liver zones. Scale bars: 2 mm (D, yellow), 100 um (C, E, F, white).
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n=>5-6, mean + SEM. "P < 0.05, P < 0.001
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Figure 4 Study on proliferation-related genes based on high-throughput RNA sequencing. A: Cluster heatmap showing the expression of

differentially expressed genes; B: KEGG pathway analysis; C: GO pathway enrichment analysis; D: Protein levels of Ki67, cyclin A2

(CCNA2), minichromosome maintenance complex component 2 (MCM2) and cyclin D1 (CCND1) were analyzed by Western blot; E:

Quantification of the protein expression levels of Ki67, CCNA2, MCM2, and CCNDI in the RIF group relative to the vehicle group in acute

CCl, model. n = 3, mean + SEM. "P < 0.05



1706 -

%% % Acta Pharmaceutica Sinica 2026, 61(5): 1699-1711

L 1 MCM2 1 5 DNA & il Y5 v] (1) S B R 1, &k
ik FABR T DNA E &I RE 71 1 HE % %, Ki67
()32 I b5 558 40 MR R AR s R g N T B TE A
&7~ 7 RIF 7] gl o o (7 3 58 GU/S 3% i 45 5
DNA & il V] B 4 20 T 20 A e pl 4 it 28 4 3
4 FETRFH/DNREELEILIR AT 4HAEIETE
DLW FE 2 B, RIF 0] BALE CCL, 15 3 /it 3 X
(Hp S K X 3 4 R R A G B . Ok, R
Wt 72K I BDL 245 4 F /N i 11X (1] ik X k) X
S AR A R o g G LR, BELWT AR 1 B i
(L3N, T SO T B T8 I P9 ¥ B o 7 26 40 i 2 R0
JIEL Y 2 e A S 73 ()RR SR AT A 1) 5 Mk o [FR] X3 ) P-4

J8, S ESONT 40 R T ERERBE, 3 R SRE S L 4H 41
£ o Ak A0 AE A 40 i 5 0. 4 1k ProTracer
NS IR A R, N (RAE BDL % ST 1040 &
A, RIF C2 3 I 48 554 28000 1 P R BE, 7645405 70 0
INEREEAT T 3 R IK RIF FRALEE . 45105 5 4k 4 45 24 LA 4
FEZG W B 8, 155 RIF 76 BT 9345 & 26 I () 4 72 2
4 RS E T BDLEA, KRS 1 X X 8
JFA5 A%, Bt J /N B BE 32 RIF (100 mg-kg™'-d™) ¥ B WK,
Bith i 3 RARFE /N B IF AT BURE 40 0T, R F i A

X IR (K SA). I sE I TBA. TBIL &

DBIL, RIF nJ 235 i1 5 25 L4 )5 B9 D g (1 5B).
FAR T AR T, RIF 4/ BT 22 818 3% 14 GFP

A Experi i B * = 300 * o *
perimental design 7,400 =300 7,300+
) ey s s s
R26-DreER; Ki67-24-CrexER; R26-GFP Ba0o| g I £
= =200- 52004 o],
Tam Vehicle or RIF Collect 3 2 @
5200 8 B T
BDL < i = O
. ; ‘ ; P = 100+ = 1004
“E‘ 100 = 2
lw 0d 1d 2d 3d 4d 5d 6d g § §
v ool e B 4 ol B — & 01— .
Vehicle  RIF Vehicle RIF Vehicle RIF
C D GFP GFP HNF4a DAPI
%2’ S sk 2 Kk
5 < 8 - 25
Z 5} == 2 [
g 6 == .+E § 20
5 B
8 F315
54 £y
e T 310
; 2 . 7 =5
£ ol — 0
Vehicle ~ RIF Vehicle ~ RIF
E GFP E-CAD GS DAPI F
Hkk kK kk
600
3 =}
Qo —_—
5 2 =
> x 400
S
3200 =
B_ ==
[+
<] -
G =
<3 Zonel Zone2 Zone3
&~
BDL + Vehicle

BDL + RIF (100 mg-kg"')

®
=100

Figure 5 RIF promotes liver regeneration after bile duct ligation (BDL) injury. A: Experimental design for genetic lineage tracing cell
proliferation after BDL injury; B: Serum total bile acids (TBA), total bilirubin (TBIL) and direct bilirubin (DBIL) levels in mice from R26-
DreER; Ki67-24-CrexER; R26-GFP mice with or without RIF treatment in BDL model; C: Whole-mount fluorescence images of liver from
R26-DreER; Ki67-2A-CrexER; R26-GFP mice with or without RIF treatment in BDL model, quantification of the liver weight coefficient
was shown on the right; D: Immunostaining for GFP and HNF4a on liver sections from R26-DreER; Ki67-2A-CrexER; R26-GFP mice with
or without RIF treatment in BDL model, quantification of GFP" cells was shown on the right; E: Immunostaining for GFP, E-CAD (zone 1
marker) and GS (zone 3 marker) on liver sections from R26-DreER;Ki67-2A-CrexER;R26-GFP mice with or without RIF treatment in BDL
model; F: Quantification GFP" cells in three liver zones. Scale bars: 2 mm (C, yellow), 100 um (D, E, white). n = 5-8, mean = SEM. P <
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0.05, "P<0.01, " P <0.001
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Figure 6 Exploring cell proliferation in liver by ProTracer mice during acute CCl, and BDL injury. A: Immunostaining for GFP and other
cell lineage markers, cytokeratin 19 (CK19), platelet endothelial cell adhesion molecule 1 (CD31), leukocyte common antigen (CD45),
platelet-derived growth factor receptor a (PDGFRa) on liver sections from R26-DreER; Ki67-2A-CrexER; R26-GFP mice with or without
RIF treatment in acute CCl, injury model; B: Quantification GFP" cells in acute CCl, injury model; C: Immunostaining for GFP and other
cell lineage markers, CK19, CD31, CD45, PDGFRa on liver sections from R26-DreER; Ki67-24-CrexER; R26-GFP mice with or without
RIF treatment in BDL injury model; D: Quantification GFP" cells in BDL injury model; E: Immunostaining for macrophage markers,
CD206, inducible nitric oxide synthase (iNOS) on liver sections from mice with or without RIF treatment in acute CCl, injury model; F:
Quantification of CD206" and iNOS" cells in acute CCl, injury model; G: Immunostaining for macrophage markers, CD206, iNOS, and
activated fibroblast marker alpha-smooth muscle actin (¢SMA) on liver sections from mice with or without RIF treatment in BDL injury
model; H: Quantification of CD206" and iNOS" cells in BDL injury model; I: Quantification of aSMA" area in BDL injury model. Scale
bars: 100 pm. n = 5-6, mean + SEM. "P<0.05,"P<0.01,"P<0.001
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Figure 8 Effects of RIF on viability and proliferation of human hepatocellular carcinoma cell line HepG2. A: Experimental design; B: Cell

viability detection of HepG2 cells treated with various concentrations of RIF; C: Immunostaining for Ki67 and DAPI in HepG2 cells treated

with vehicle or RIF; D: Quantification of Ki67" cells in HepG2 cells after treatment with different concentrations of RIF. Scale bars:
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