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Abstract 

Partial hepatectomy models in mice have been widely used for liver regeneration 

studies. A typical procedure removes approximately 2/3 of the liver by lobular ligation 

without tissue dissection. However, hepatectomy in humans involves physical damage 

(i.e., physical partial hepatectomy, PPHx). Therefore, the liver regeneration process 

after PPHx should involve reactions to acute local injury followed by systematic 

remodeling. To clarify the liver regeneration process after PPHx, we used a murine liver 

injury model that mimics the actual human surgical procedure. A 20–30% PPHx was 

performed by transection of the left lobe of the liver using an ultrasonically-activated 

scalpel in mice. Gene expression and morphological characteristics were analyzed 

during the liver regeneration process. Liver weight continuously increased by 

hypertrophic reaction of hepatocytes, while Ki67 staining showed hepatocyte 

proliferation. At the transected border, emergence of ductular reactions, a representative 

process of hepatic tissue remodeling that contain liver stem/progenitor cells, were 

observed. Gene expression of the transected border and non-damaged lobes revealed 

that inflammatory cytokine- and extracellular matrix-associated genes were 

significantly up-regulated at the transected border. Our PPHx model triggered local 
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extracellular matrix remodeling that resulted in ductular reactions. These processes 

occurred during the tissue repair process in local inflammatory responses as well as 

compensatory hepatocyte hypertrophy of the entire liver. These findings may provide 

insight for elucidating the mechanism of tissue repair and regeneration of the liver after 

PPHx. 

 

Abbreviations 

 

α-SMA α-smooth muscle actin 

CK19 Cytokeratin 19 

DAB 3,3`-diaminobenzine 

DAPI 4',6-diamidino-2-phenylindole 

DDC 3.5-diethoxycarbonyl-1.4-dihydrocollidine 

DIC Differential interference contrast 

ECM Extracellular matrix 

EpCAM Epithelial cell adhesion molecule 

FFPE Paraformaldehyde-fixed paraffin-embedded 

HSC Hepatic stellate cell 

IκB-α IkappaB-α 

LPC Liver stem/progenitor cell 

MMP   Matrix metalloproteinase 

Muse Multilineage-differentiating stress enduring 
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NFκB Nuclear factor-kappaB 

PPHx Physical partial hepatectomy 

TNF-α Tumor necrosis factor-α 

TUNEL Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate 

nick-end labeling 

 

Partial hepatectomy is performed on the premise that the remnant liver will regenerate 

by compensatory growth of the remaining segments.1, 2 In rodents, a typical procedure 

removes approximately 2/3 of the liver by lobular ligation without tissue dissection (i.e., 

traditional partial hepatectomy).3, 4 Human liver is not divided into multiple lobes, 

which makes segmental hepatectomy difficult. Therefore, the hepatectomy procedure is 

different in rodents and humans due to the anatomical difference. In general, 

hepatectomy in humans involves physical damage (i.e., physical partial hepatectomy, or 

PPHx), and therefore the liver regeneration process after PPHx should involve reactions 

as a result of the acute local injury followed by systematic remodeling.  

 The liver has a robust regenerative capacity with different modes of regeneration 

according to the type and extent of injury. In the situation of the traditional partial 

hepatectomy model, liver mass is restored by hypertrophic reaction and replication of 
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existing hepatocytes with or without minimal contribution of liver stem/progenitor cells 

(LPCs).2, 5 In comparison, when the proliferation of hepatocytes is impaired as a result 

of acute or chronic broad hepatic injury, LPCs emerge and expand forming duct-like 

structures, which are known as ductular reactions.6, 7 LPCs are thought to contain some 

population of cells that have the capacity to differentiate into both hepatocytes and 

biliary cells, which eventually contribute to tissue repair.8, 9 Ductular reactions are seen 

in a wide variety of human acute and chronic liver diseases.10 Although the mechanism 

of the ductular reaction is not fully understood, growth factors/cytokines released from 

the local microenvironment resulting in changes in the extracellular matrix (ECM) have 

been thought to be important components that elicit the ductular reaction.11, 12 

 In this study, we used a murine liver injury model that mimics the actual human 

surgical procedure to clarify the liver regeneration process after PPHx. Using this model, 

we observed prompt ductular reactions localized to the damaged border during the 

wound healing process. Moreover, we found that the remodeling of ECM with an acute 

inflammation was a key molecular process associated with the emergence of ductular 
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reactions. These findings provide insight for elucidating the mechanisms of tissue repair 

and regeneration after PPHx. 

 

MATERIALS AND METHODS 

Animal Experiments 

Eight to ten-week-old female C57BL/6J and SCID C.B-17/ICR-SCID/SCID mice 

(CLEA Japan Inc., Tokyo, Japan) were used for the experiments. All animal 

experiments in this study were approved by Iwate Medical University Ethical 

Committee for Animal Experiment Regulation (25-038). Mice were anesthetized by 

inhalation of isoflurane (2.5% v/v). After a 2 cm laparotomy, PPHx was performed by 

transection of the left lobe of the liver using a harmonic scalpel (Harmonic Focus®, 

Ethicon Endo-Surgery, Blue Ash, OH, USA), which is an ultrasonically-activated 

surgical device for tissue dissection without lobular ligation, to remove approximately 

20-30% of the entire liver. The average length of the liver transection line was 

approximately 10 mm. Regenerating liver samples were harvested at 24, 48, and 72 

hours after the PPHx and then formalin fixed or embedded in O.C.T compound (Sakura 
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Finetek, Tokyo, Japan) for further analysis. Mice that underwent only laparotomy (sham 

operation) were used as a control. Sham-operated livers were harvested 24 hours after 

laparotomy for further analysis. 

 

Histological Evaluation 

Paraformaldehyde-fixed paraffin-embedded (FFPE) (4%) liver tissue blocks were cut 

into 3 µm sections and stained with hematoxylin and eosin.  

 

Apoptotic Cell Detection 

Apoptosis was evaluated by terminal deoxynucleotidyl transferase-mediated 

deoxyuridine triphosphate nick-end labeling (TUNEL) assay using the In Situ Cell 

Death Detection Kit, POD (Roche diagnostics, Mannheim, Germany). TUNEL staining 

was performed on the transected and remnant medial lobes at each time point after the 

PPHx. 

 

Immunohistochemistry 
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The following primary antibodies were used for colorimetric immunohistochemical 

staining on paraffin embedded liver sections: rabbit anti-Ki67 antibody (1:300; 

RM-9106, Thermo Scientific, Fremont, CA, USA); mouse anti-α-smooth muscle actin 

(α-SMA) antibody (1:600; MS-113-P, Thermo Scientific); rabbit anti-matrix 

metalloproteinase (MMP)-9 antibody (1:75; ab124513, abcam, Cambridge, UK); and 

rabbit anti-cytokeratin 19 (CK19) antibody (1:50; ab15463, abcam). After primary 

antibody incubation, the FFPE sections were incubated with peroxidase-labeled 

anti-mouse or anti-rabbit secondary antibodies (Histofine Simple Stain Max-PO Kit, 

Nichirei, Tokyo, Japan). Then, 3,3`-diaminobenzine (DAB) was used for colorimetric 

signal development in the presence of peroxidase, which was conjugated with the 

secondary antibody (K3468, DAKO, Carpinteria, CA, USA). The sections were then 

counterstained with hematoxylin to visualize nuclei. 

For immunofluorescent detection, the following primary antibodies were used 

on frozen sections (6 μM): rabbit anti-CK19 antibody (1:40); rat anti-Thy1 antibody 

(1:20; 553011, BD Biosciences, San Diego, CA, USA); rat anti-epithelial cell adhesion 

molecule (EpCAM) antibody (1:150; 552370, BD Biosciences); rat anti-A6 antibody 
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(1:100; gift from Valentina Factor, NIH); and rabbit anti-Ki67 antibody (1:300). All 

primary antibodies, except the anti-Ki67 antibody, were detected with one of the 

following secondary antibodies: anti-rabbit Alexa Fluor 488 (1:300; A21206, Life 

Technologies, Carlsbad, CA, USA) or anti-rat Alexa Fluor 594 (1:300; A11007, Life 

Technologies). The anti-Ki67 primary antibodies were incubated with 

peroxidase-labeled anti-rabbit secondary antibody (Histofine Simple Stain Max-PO Kit, 

Nichirei). Bound secondary antibody was detected by treating with tyramide-Cy3 

(NEL704A001KT, Perkin Elmer Life Sciences, Waltham, MA, USA). Nuclei were 

counterstained with 4`-6-diamidino-2-phenylindole (DAPI). The images were obtained 

by a laser confocal microscopy (Nikon Corp., Tokyo, Japan). To quantify the size of 

hepatocytes, Alexa Fluor 488 phalloidin (1:300; A12379, Life Technologies) was used 

to recognize the outline of hepatocytes. The average size of hepatocytes was quantified 

using ImageJ software (NIH Image; http://rsb.info.nih.gov/ij/). 

 

cDNA Microarray Analysis 
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Total RNA was extracted using an RNeasy Mini kit (Qiagen, Tokyo, Japan) according 

to the manufacturer’s protocol. RNA samples were extracted from 3 mm3 specimens of 

liver tissue from the transected border of SCID mice at each time point. The 

concentration and purity of the total RNA were determined using a SmartSpec Plus 

Spectrophotometer (Bio-Rad, Hercules, CA, USA). Gene expression profiling was 

performed according to the manufacturer’s instructions (Agilent Whole Mouse Genome 

Microarray, 4×44K, Agilent Technologies, Santa Clara, CA, USA). The microarray data 

were analyzed by Genespring GX12 software (Agilent Technologies). Genes with > 

3.0-fold up- or down-regulation compared with sham samples were considered 

differentially expressed. Differentially expressed genes at any single time point after the 

PPHx were analyzed by one-way hierarchical clustering with a Euclidean distance 

measurement and a Ward linkage in the Genespring GX12 software. Genes from major 

clusters were further analysed using the Database for Annotation, Visualization and 

Integrated Discovery (DAVID; http://david.abcc.ncifcrf.gov) for gene ontology 

classification.  
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RNA Preparation and Quantitative Reverse Transcription PCR 

For this assay, C57BL/6J mice were used. Total RNA was extracted from 3 mm3 

specimens of medial intact lobe and of the transected border of the damaged left lobe, 

respectively. First-strand cDNA was synthesized from one µg of total RNA using the 

ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). The synthesized cDNA was used 

for real-time PCR (LightCycler: Roche diagnostics, Mannheim, Germany) with 

FastStart SYBR Green Master (Roche diagnostics) as a fluorophore. RNA expression 

was normalized to the housekeeping gene 18s rRNA. Primer sequences are listed in 

Supplementary Table 1. 

 

Proliferation of Mouse LPCs 

An EpCAM positive liver progenitor cell line from the liver of a 

3.5-diethoxycarbonyl-1.4-dihydrocollidine (DDC)-fed adult mouse was kindly provided 

by Professor Atsushi Miyajima and Dr. Minoru Tanaka of University of Tokyo.13 

Serum-starved LPCs were treated with recombinant murine tumor necrosis factor-α 

(TNF-α) (rm TNF-α: Wako, Osaka, Japan) with or without BAY11-7082 (Wako), 
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which irreversibly inhibits IkappaB-α (IκB-α) phosphorylation resulting in the 

disruption of nuclear factor-kappaB (NFκB) nuclear translocation and activation.14 Cells 

were stimulated with the reagents for 24 h to assess Cyclin D1 expression and for 15 

min to assess p-IκB-α expression. 

 

Cell Viability Assay 

Serum-starved LPCs (5.0 × 104 cells/mL) were treated with TNF-α, BAY11-7082, or 

their combination for 24 h. The number of viable cells was counted using a Cell Count 

Reagent SF (Nacalai Tesque, Tokyo, Japan).15 Light absorbance was measured at 450 

nm with a microplate photometer (Immuno Mini NJ-2300: InterMed, Tokyo, Japan). 

 

Western Blot 

Total protein was extracted from the LPCs using a Total Protein Extraction Kit 

(BioChain Institute, Inc., Hayward, CA, USA). Five μg of protein from each sample 

was separated using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis 

and electrotransferred onto a polyvinylidene difluoride membrane. Immunobloting was 
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performed using rabbit anti-p-IκB-α (Ser32) (1:1000; #2859, Cell Signaling Technology, 

Danvers, MA, USA); mouse anti-Cyclin D1 (1:1000; #2926, Cell Signaling 

Technology); and mouse anti-β-actin (1:500; sc-47778, Santa Cruz Biotechnology, 

Dallas, TX, USA). Horseradish peroxidase-conjugated sheep anti-mouse IgG (1:5000; 

NA9310V, GE healthcare, Little Chalfont, Buckinghamshire, UK) or donkey anti-rabbit 

IgG (1:5000; N9340V, GE Healthcare) were used as secondary antibodies. 

Immunoreactive bands were detected by chemiluminescence using the ECL Prime 

Western Blotting Reagent (GE Healthcare). 

 

Statistical Analysis 

Unless otherwise noted, data were expressed as the mean ± s.e.m. Statistical analyses 

including Student’s unpaired, two-tailed t-test were conducted using GraphPad Prism, 

version 6 (GraphPad Software, San Diego, CA, USA). Differences were considered 

significant when the P-value was < 0.05. 

 

RESULTS 
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Mouse Model of PPHx 

In contrast to a traditional partial hepatectomy that simply removes the medial and left 

lateral lobes by ligating the pedicle, our PPHx model employs a harmonic scalpel that 

remove approximately 20-30% of the entire liver (Figure 1a). The width of the ablation 

band of the liver resection was approximately 1 mm, which corresponded to the 

coagulated tissue (Figure 1b). Figure 1c shows histological characterization of the 

wound edge tissue at specific time points after the PPHx. At 24 h, massive hepatic 

parenchymal injury was observed in the damaged area. TUNEL assays exhibited a 

broad area of cells with DNA fragmentation in the damaged area in contrast to 

non-damaged areas (Figure 1c and Supplementary Figure 1). At 48 h, substantial 

infiltration of neutrophils and lymphocytes was observed, while small duct-like 

structures were seen along the damaged border. By 72 h, infiltrating cells further 

accumulated along the damaged border. The cells comprising the duct-like structures 

were CK19 positive, suggesting that ductular reactions had been initiated. We also 

confirmed that the negative control showed no staining (Supplementary Figure 2).  
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PPHx Induces Ductular Reactions at the Damaged Border 

To investigate the process of ductular reactions that emerged at the transected 

border, we next performed CK19 and Thy1 immunofluorescent staining. There were 

almost no CK19-positive cells at the transected border at 24 h (Figure 2a). At 48 h, 

CK19-positive cells (i.e., ductular reactions or LPCs) were observed in some areas of 

the transected border (Figure 2b). CK19-positive duct-like structures were also observed, 

especially in the periportal areas adjacent to the damaged area (Figure 2c). By 72 h, the 

number of CK19-positive cells had increased along the damaged border (Figure 2d). In 

addition, Thy1-positive cells, known as a niche for LPCs,16 also appeared in the vicinity 

of the ductular reactions (Figure 2e). The CK19-positive area at the damaged border 

was significantly increased over the time course (Figure 2f). Thy1-positive areas also 

appeared to be increased by 48 h, but the difference was not statistically significant. In 

intact tissue areas, only preexisting structured bile ducts stained positive for CK19 and 

apparent ductular reactions were not observed. We further examined the expression of 

A6 and EpCAM to characterize newly formed bile duct-like structures (i.e., ductular 

reactions) induced by PPHx. Ductular reactions showed A6 and EpCAM-positive cells 
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adjacent to the transected border (Supplementary Figures 3a and b). These findings 

suggest that physical liver damage by PPHx induces an LPC response that may form 

bile duct-like structures. 

 

PPHx Does Not Affect Hypertrophic Reaction and Proliferation of Hepatocytes in 

the Remnant Liver 

After traditional partial hepatectomy in mice, hypertrophy occurs throughout the entire 

liver followed by proliferation of hepatocytes.2 To investigate whether hypertrophy and 

proliferation of hepatocytes are involved in the wound healing process, we monitored 

microscopic and macroscopic features after PPHx in the damaged front and intact 

remnant liver.  

The liver weight increased in a time-dependent manner (Figure 3a). The 

transected site was identified grossly with no indication of adjacent tissue damage 

(Supplementary Figure 4). Microscopically, we examined the size of hepatocytes, which 

play a critical role in restoring liver volume after partial hepatectomy. The size of 

hepatocytes increased up to 24 h and slightly decreased from 48 to 72 h (Figure 3b). We 



Suzuki et al 

 17

also examined the local proliferative activity of hepatocytes with Ki67 staining, but 

there was no significant difference between the transected left and remnant medial lobes 

at any time points (Figure 3c). This result was in agreement with a previous report that 

50% of PPHx induced hepatocyte proliferation in the entire liver.17 Cyclin D1-encoding 

gene Ccnd1, which is an alternative cellular proliferation marker,18 was also 

significantly up-regulated at 72 h, but there was no significant difference between 

transected and intact lobes (Figure 3d). In contrast, Ki67-positive proliferating cells 

were significantly increased in the ductules at the transected border, suggesting that 

duct-like structures located at the transected border after PPHx have increased 

proliferative activity (Supplementary Figures 5a and b). 

 

Gene Expression Profile in the Damaged Area Reveals an Inflammatory Response 

and Matrix Metalloproteinase Activities 

We hypothesized that the wound region provides a microenvironment that mobilizes 

LPCs in response to injury. To determine the molecular profiles of the wound region, 

we performed microarray analysis for genes specifically expressed in the transected 
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border. A total of 3057 differentially expressed genes were subjected to one-way 

hierarchical clustering and represented in a heatmap of the time course (Supplementary 

Figure 6). Differentially-expressed genes were clustered by the time course and each 

cluster was related to functional annotation using DAVID. We selected up to the top 

four genes from ontology terms in each cluster based on the literature (Table 1).19-21 We 

noted that genes encoding pro-inflammatory cytokines (e.g., Tnf, Il6, and Il1b), CC and 

CXC chemokines and their receptors (e.g., Cxcl2, Cxcr2, Ccl2, and Ccr2) were 

up-regulated transiently at 24 h, and 32% of them returned to control levels at 48 to 72 h 

after the PPHx. Genes in ECM-associated genes, such as collagen transcripts (e.g., 

Col1a1, Col1a2, Col3a1, Col4a1, and Col4a2), S100a4 [which promotes liver fibrosis 

by activating hepatic stellate cells (HSCs)],22 MMP genes (e.g., Mmp2, 3, 7, 9, and 13), 

and tissue inhibitors of metalloproteinase genes (Timp1 and Timp2), were up-regulated 

at 24 h and remained at their highest levels for up to 72 h. From 48 h to 72 h, cell 

cycle-associated genes were up-regulated, which is consistent with previous reports 

indicating that genes in both cell cycle and DNA replication categories are up-regulated 

after a traditional partial hepatectomy.23, 24 In fact, Ki67 staining showed that 
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hepatocytes entered the cell cycle at 48 h. However, no difference was seen in Ki67 

positivity of hepatocytes between transected and intact lobes (Figure 3c). In addition, no 

difference was seen in the level of Ccnd1 mRNA expression between transected and 

intact lobes (Figure 3d). In contrast, inflammatory cytokine- and ECM-associated genes 

do not represent major categories for the traditional partial hepatectomy.25 We 

confirmed that a subset of these genes were up-regulated at the transected border by 

quantitative reverse transcription PCR (Figures 4a and b). Taken together, these data 

suggest that remodeling of the ECM with an acute inflammation is a key molecular 

process of wound healing after PPHx. In addition, we confirmed that the expression 

levels of Spp1 and Afp mRNA, which are a bile duct-associated gene and progenitor 

marker, respectively, were up-regulated at the transected border.  

Among the genes of additional interest, Krt19 mRNA, which encodes the 

CK19 protein, was significantly up-regulated at the transected border (Figure 4c). These 

data support the results of the immunofluorescence analysis indicating that ductular 

reactions only occurred at the transected border. 
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α-SMA-Positive Hepatic Stellate Cells Were Observed at the Transected Border 

HSCs, which express MMPs,26 are found in tight association with LPCs.11 Therefore, 

we stained liver sections with an α-SMA antibody, which is a marker of HSC activation, 

to determine the location of HSCs in the liver. Immunohistochemical staining 

demonstrated that the number of α-SMA-positive cells was significantly increased at the 

transected border compared with an intact lobe from 48 h post-procedure (Figures 5a 

and b). In intact tissue areas, smooth muscle cells of hepatic artery and portal vein 

branches were mainly α-SMA-positive (Supplementary Figure 7). Although infiltrating 

Kupffer cells also influence the induction of LPCs, there was no significant change in 

the number of F4/80 positive Kupffer cells in the transected border or intact lobe 

(Supplementary Figures 8a and b). MMP-9 produced by infiltrating Kupffer cells is 

critical for LPC induction in the chronic liver injury mouse model.27 Based on the lack 

of F4/80 positive cell infiltration, we examined localization of MMP-9 producing cells 

at the transected border. Immunohistochemical staining revealed that infiltrating cells 

expressed MMP-9 mainly at the transected border (Figure 5c), which is consistent with 

the area in which α-SMA-positive cells were located (Figure 5a), suggesting that a 
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substantial number of α-SMA-positive cells at the transected border may contribute to 

ECM remodeling. 

 

TNF-α Triggers Proliferation of Mouse LPCs via IKK/NFκB Signaling 

Our experiments suggest that infiltrating cells at the transected border should contribute 

to ECM remodeling that induces LPCs to participate in ductular reactions. 

Inflammatory responses associated with ECM remodeling are considered to be 

important components in the induction of LPCs.12 To determine whether LPC 

proliferation is triggered by inflammatory cytokines, we assessed if the administration 

of TNF-α and IL-6 induces LPC proliferation in vitro. Administration of 50 ng/ml of 

TNF-α induced LPC proliferation by stimulating the activation of IκB (Figures 6a and 

b). In contrast, however, administration of IL-6 did not induce LPC proliferation (data 

not shown). In a separate study, we found that CXCL2 induced mouse LPC 

proliferation in vitro, suggesting the involvement of an inflammatory response in 

LPC-associated liver regeneration (Kakisaka et al. unpublished data).  
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 We next examined whether the proliferative effect of TNF-α was abolished by 

the NFκB inhibitor BAY11-7082. It has been reported that BAY11-7082 suppresses 

hepatocyte proliferation at 10 μM.28 Incubation of LPCs with 5 μM of BAY11-7082 for 

24 h induced the suppression of proliferation, whereas lower concentrations (range 

0.1~1 μM) exhibited no suppressive effect (Figure 6a). Administration of 50 ng/ml of 

TNF-α stimulated the phosphorylation of IκB-α (Figure 6b) and increased Cyclin D1 

expression (Figure 6c). Moreover, the induction of these genes at the protein level was 

suppressed by co-treatment with as low as 0.1 μM of BAY11-7082 (Figures 6b and c). 

 

DISCUSSION 

In this report, we evaluated a liver wound healing process after the simultaneous 

induction of liver volume loss and tissue damage. Using a murine liver injury model 

that mimics the actual human surgical procedure, we demonstrated that both 

hypertrophy and proliferation of hepatocytes were induced simultaneously in the entire 

liver by local severe tissue damage as a part of liver regeneration. At the transected 

border, ductular reactions were observed at 48-72 h after the PPHx along the damaged 
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border. Ductular reactions, which contain a population of LPCs, are thought to occur 

diffusely when the proliferation of hepatocytes is impaired by both acute and chronic 

liver damage.6, 10 Our results suggest that ductular reactions could be induced even if the 

damage is limited to a small area of the liver. Although the differentiation of LPCs into 

hepatocytes and cholangiocytes has been controversial,9, 29, 30 based on our results, it is 

conceivable that LPCs participate in the tissue repair process after PPHx. 

 We have recently shown that a unique stem cell population in adult human bone 

marrow mesenchymal stem cells, namely multilineage-differentiating stress enduring 

(Muse) cells, integrate near the transected border and subsequently differentiate into 

major liver components after PPHx.31 In that study, human muse cells were injected 

into the tail vein of SCID mice 24 h after PPHx, and we found that they engrafted 

preferentially into the damaged border and expressed liver progenitor markers 48 h after 

transplantation. From these previous observations, we hypothesize that the wound 

region provides a microenvironment that mobilizes LPCs.  

 Based on our microarray results, we found that the PPHx induced the expression 

of inflammatory cytokine genes, including Tnf, Il6, and Cxcl2, at the wound site 
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compared with intact lobes. The involvement of TNF-α, IL-6, and other inflammatory 

cytokines have been implicated in LPC proliferation when injury-induced proliferation 

of hepatocytes is impaired.32-34 Our in vitro experiment showed that TNF-α induced 

LPC proliferation. Indeed, the NFκB inhibitor BAY11-7082 inhibited Cyclin D1 

induction at a concentration that did not cause cytotoxicity. These results suggest that 

TNF-α signaling through NFκB activation plays a role in the proliferation of LPCs.33 A 

recent report demonstrated that TNF-α was responsible for inducing the morphological 

change of hepatocytes into biliary epithelial cells in vitro.21 Another recent study also 

demonstrated that mature hepatocytes could convert into LPCs to form bile duct-like 

structures in chronic injury models.35 These observations suggest that LPCs induced by 

pro-inflammatory cytokines are important factors in the generation of ductular 

reactions. 

 We also observed that a significant up-regulation of ECM-associated genes, 

such as Mmp2, Mmp9, and S100a4, occurred simultaneously with the induction of 

ductular reactions. MMP-2 and MMP-9, which are involved in the degradation of the 

ECM, are closely associated with LPC mobilization.36 In addition, S100a4 promotes 
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liver fibrosis by activating HSCs.22 Immunohistochemical staining of MMP-9 revealed 

that infiltrating cells expressed MMP-9 mainly at the transected border, which was 

consistent with the area in which both α-SMA-positive cells and ductular reactions were 

located. Our PPHx model induced severe hepatic parenchymal damage at the transected 

site. Pathological features of the transected site resemble acetaminophen-induced liver 

injury,37, 38 whereby A6/CK-positive cells were observed as early as 3 h.37 In the PPHx 

model, no CK19-positive cells were seen at the transected border up to 24 h. The 

CK19-positive cells were detected between 48 and 72 h after PPHx with infiltrating 

inflammatory cells at the transected border. Moreover, those CK19-positive ductular 

cells also expressed A6. These results are consistent with recent studies showing that 

ductular reactions appear to be tightly associated with HSCs, macrophages, and the 

ECM during the response to liver injury.11, 39 Therefore, although our PPHx is a distinct 

model of liver injury using this procedure, the pathological features of severe injury by 

acetaminophen are not entirely dissimilar to those of PPHx. Taken together, we suggest 

that expansion of ductular reactions in the wound region is regulated by cell-cell and 



Suzuki et al 

 26

cell-matrix interactions, which are triggered, at least in part, by TNFα/NFκB 

inflammatory pathway activation. 

 In conclusion, our PPHx model triggered local ECM remodeling that resulted in 

ductular reactions. These processes occurred during the tissue repair process in local 

inflammatory responses as well as compensatory hepatocyte hypertrophy of the entire 

liver. These findings may provide insight into elucidating the mechanism of hepatic 

tissue repair and regeneration of the liver after PPHx. 
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TITLES AND LEGENDS TO FIGURES 

Figure 1 Schematic of the PPHx and liver section histology after the PPHx. (a) 

Conventional ligation point of traditional 2/3 partial hepatectomy (asterisk). The dashed 

line indicates the transected line in the left lobe in this study. (b) Macroscopic view and 

hematoxylin and eosin staining of the transected liver at 24 h after the PPHx. The right 

side of the hematoxylin and eosin staining is the coagulated area. Scale bar, 500 μm. (c) 

Histological examination of transected liver at the indicated time points. Scale bar 

represents 200 μm except for the right lower panel. In the right lower panel, the arrows 

indicate that CK19-positive duct-like structures. Scale bar, 50 μm. 

 

Figure 2 CK19 and Thy1 immunofluorescent staining after a PPHx. (a) 

CK19-immunostaining, DIC, and merged images at 24 h after the PPHx. Arrowheads 

indicate the transected line. Scale bar, 300 μm. (b) CK19-immunostaining, DIC, and 

merged images at 48 h after the PPHx. Scale bar, 300 μm. (c) CK19-positive duct-like 

structures in periportal areas adjacent to the damaged area. Dashed line indicates the 

transected border. Scale bar, 100 μm. (d) CK19-immunostaining, DIC, and merged 
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images at 72 h after PPHx. Scale bar, 300 μm. (e) Double immunostaining of CK19 

(green) and Thy1 (red). Scale bar, 100 μm. (f) CK19- and Thy1-positive areas were 

quantified by immunostaining images. Student’s t-test was performed between each 

time point and 24 h after the PPHx. Mean ± s.e.m. (n=3), **P<0.01, ***P<0.001, n.s., 

not significant. DIC, differential interference contrast. PV, portal vein. 

 

Figure 3 Hypertrophic reaction and proliferation of hepatocytes in the remnant liver 

after the PPHx. (a) Changes of liver to body weight ratios after the PPHx. Student’s 

t-test was performed between each time point and 24 h after PPHx. Mean ± s.e.m. (n=3), 

*P<0.05, **P<0.01. (b) Size of hepatocytes after PPHx. Student’s t-test was performed 

between sham-operated liver and each time point. Mean ± s.e.m. (n=3), **P<0.01, 

***P<0.001. (c) Ki67 staining on liver sections of transected left lobe and intact medial 

lobe. Scar bars, 100 μm. Mean ± s.e.m. (n=3), ***P<0.001. (d) Ccnd1 mRNA 

expression levels in transected lobe and intact lobe. Fold induction was estimated on 

sham-operated liver. Mean ± s.e.m. (n=3), *P<0.05. 

 



Suzuki et al 

 34

Figure 4 Gene expression analysis of samples taken from the transected border and 

intact lobe. (a) Expression of Tnf, Il6, and Cxcl2 mRNA. (b) Expression of Mmp2, 

Mmp9, and S100a4 mRNA. (c) Expression of Spp1, Afp, and Krt19 mRNA. Fold 

induction was estimated for the values of intact lobe at each time point after 

normalization to 18s mRNA levels. Student’s t-test was performed. Results are 

represented as mean ± s.e.m. (n=3), *P<0.05, **P<0.01, ***P<0.001. 

 

Figure 5 Immunohistochemical analysis of α-SMA and MMP-9. (a) Histological 

examination of α-SMA-positive area in the transected area at the indicated time points. 

(b) Quantitative analysis of α-SMA-positive area using ImageJ program. Ten randomly 

selected high-power fields were quantified. Scale bar, 200 μm. Student’s t-test was 

performed. Mean ± s.e.m., *P<0.05, **P<0.01, ***P<0.001, n.s., not significant. (c) 

Histological examination of MMP-9 in the transected area at the indicated time points. 

Scale bar, 200 μm. 
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Figure 6 Effects of TNF-α and IκB-α inhibitor BAY11-7082 on mouse LPC 

proliferation. (a) Cell viability of LPCs was estimated in response to treatment with 50 

ng/ml TNF-α, BAY11-7082, and their combination. Student’s t-test was performed to 

compare each treated sample to control sample. Results are represented as mean ± s.e.m. 

(n=3), *P<0.05, **P<0.01, ***P<0.001. (b) and (c) Western blot analysis was performed 

using cell lysates of LPCs and antibodies specific for p-IκB-α and Cyclin D1 as 

indicated. LPCs were treated with 10 ng/ml or 50 ng/ml TNF-α with or without 0.1 μM, 

1 μM, or 5 μM BAY11-7082. β-actin was used as the internal control. 
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Table 1 Functional annotation clustering using DAVID 

 

 

 

Functional enrichment of data presented in each cluster. P = P-value. 

 

Cluster Gene ontology term Count  P 

Up-regulated at 24-72 h  

(181 probe sets) 

response to wounding 

extracellular region 

extracellular region part 

chemokine activity 

18 

40 

26 

8 

2.9E-9 

3.7E-9 

1.0E-8 

2.7E-8 

Up-regulated at 24 h  

(626 probe sets) 

 

inflammatory response 

defence response 

response to wounding 

acute inflammatory response 

15 

21 

17 

6 

2.1E-4 

8.9E-4 

2.1E-3 

2.5E-2 

Up-regulated at 48 h 

(307 probe sets) 

 

MHC class II protein complex 

Antigen processing and presentation of peptide 

antigen via MHC classII 

4 

4 

6.6E-5 

2.4E-4 

Up-regulated at 72 h 

(477 probe sets) 

extracellular matrix 

proteinaceous extracellular matrix 

extracellular region part 

20 

19 

31 

1.3E-6 

3.0E-6 

1.8E-5 

Up-regulated at 24 h and 72 h  

(319 probe sets) 

extracellular matrix 

extracellular region part 

proteinaceous extracellular matrix 

20 

32 

19 

5.3E-8 

7.1E-8 

1.5E-7 

Up-regulated at 48-72 h  

(357 probe sets) 

 

Cell cycle 

M phase 

cell cycle phase 

72 

50 

51 

7.5E-46 

2.0E-39 

2.0E-37 

Down-regulated at any one point of time 

(564 probe sets) 

 

extracellular region part 

extracellular matrix 

proteinaceous extracellular matrix 

28 

14 

13 

1.2E-3 

5.3E-3 

9.8E-3 

Down-regulated at 24 h to 72 h 

(226 probe sets) 

eye development 

sensory organ development 

5 

6 

9.6E-3 

1.2E-2 
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