
Title
EFFECT OF PORTAL HEMODYNAMICS ON LIVER
REGENERATION STUDIED IN A NOVEL PORTOHEPATIC
SHUNT RAT MODEL

Author(s) 丸橋, 繁

Citation 大阪大学, 2004, 博士論文

Version Type VoR

URL https://hdl.handle.net/11094/46036

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir.library.osaka-u.ac.jp/

The University of Osaka



',.-,,, ,.,,._,, _..,.,. .... '7 

Revised, Manuscript OR 20030505, Page 1 

EFFECT OF PORTAL HEMODYNAMICS ON LIVER REGENERATION 

STUDIED IN A NOVEL PORTOHEPATIC SHUNT RAT MODEL 

Shigeru Marubashi, Masato Sakon, Hiroaki Nagano, Kunihito Gotch, Kazuhiko 

Hashimoto, Masaru Kubota, Shogo Kobayashi, Shinji Yamamoto, Atsushi Miyamoto, 

Keizo Dono, Shoji Nakamori, Koji Umeshita, Morita Monden 

Department of Surgery and Clinical Oncology, Osaka University, 

Graduate School of Medicine, Suita, Osaka, JAPAN 

Short title: Effect of portal hemodynamics on liver regeneration 

All correspondence should be addressed to 

M. Sakon, MD, 

Department of Surgery and Clinical Oncology, 

Osaka University Graduate School of Medicine, 

2-2 YAMADAOKA, SUITA City, 

Osaka 565-0871, JAPAN 

TEL +81-6-6879-3251 

FAX +81-6-6879-3259 

Email: msakon@surg2.med.osaka-u.ac.ip 



Revised, Manuscript OR 20030505, Page 2 

ABSTRACT 

Background. The role of portal hemodynamics on liver regeneration after partial 

hepatectomy is not fully understood. The aim of our study was to characterize the 

effects of portal hemodynamics using a novel rat model. 

Methods. We established a rat model of portohepatic shunt with 70% hepatectomy 

(PHS model), in which the portal pressure remained stable during and after 70% 

hepatectomy. To assess the effect of portal hemodynamics on liver injury and 

regeneration in the first 24 hours, we compared PHS rats with those with simple 70% 

hepatectomy. 

Results. Biochemical and histopathological changes were similar between the two 

groups. Liver weight increased in the control, whereas it did not in PHS group 

(P=0.0021). Hepatocytes were enlarged in the control but not in PHS, although DNA 

synthesis was similar in both groups. Apoptotic hepatocytes increased markedly in 

PHS at 24 hours, whereas minimal apoptosis was noted throughout the course of the 

study in the control group. Hepatocyte growth factor increased similarly, except it was 

not activated in PHS. 

Conclusions. Our results suggested that portal hyper-dynamic state early after 70% 

hepatectomy was necessary for liver regeneration through activation of HGF, 

promoting hepatocyte hypertrophy and avoiding apoptosis, while DNA synthesis in 

hepatocytes was independent of portal hemodynamics. 

Key words: hepatectomy, rat, portal vein pressure, hepatocyte growth factor, 

cytokine 



List of abbreviations: 

BrdU, 5-bromo-2'-deoxyuridine; 

HGF, hepatocyte growth factor; 

IL-6, lnterleukin-6; 

PCNA, proliferative cell nuclear antigen; 

PHS, portohepatic shunt; 

TNF-a, tumor necrosis factor-a; 
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TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling 
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Introduction 

It is well known that the liver regenerates after partial hepatectomy, but the 

mechanism underlying this process has not been fully identified yet. At present, 

several growth factors are thought to control liver regeneration. These include 

hepatocyte growth factor (HGF), tumor necrosis factor (TNF)-cx, and interleukin (IL)-6 

(1-6), which increase during liver regeneration and promote the orchestrated cascade 

of hepatocyte regeneration. 

Portal vein hemodynamics plays an important role in liver regeneration and 

injury after partial hepatectomy. In this condition, both portal vein pressure and liver 

tissue perfusion increase, and the remnant liver starts regenerating. In living donor 

liver transplantation, small-for-size graft, which needs enhanced regeneration, is 

considered to be a risk factor for delayed-graft function or graft failure, partly because 

small-for-size graft generates portal hyper-hemodynamics, which causes damage of 

hepatocytes (7-9). On the other hand, portal vein ligation in animal models resulted in 

the atrophy of the ligated part of the liver. (10) To explain these phenomena, several 

groups have reported that shear stress, which could be due to portal hyper-dynamic 

state, can induce various changes in endothelial cell function in vitro (11-15). 

However, the relation between these responses produced by hyper-hemodynamic 

change and the activation cascades of hepatotrophic factors after hepatectomy are 

not well understood. Thus, it is not clear how changes in portal vein hemodynamics 

alter liver regeneration in partially hepatectomized liver in vivo. 

Several groups have described surgical models of portosystemic shunt (16, 

17), but it was not appropriate to discuss liver regeneration in these models because 

there is no portal vein inflow to the liver and massive hepatectomy is fatal in such 
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animal models. To our knowledge, there is no animal model at present that can be 

used to evaluate both liver regeneration after hepatectomy and portal vein 

hemodynam ics. 

After several trials and technical improvements, we established a novel model 

of portosystemic shunt with 70% hepatectomy (PHS model), consisting of 

anastomosis of a portal vein branch with a hepatic vein branch. In our PHS model, the 

portal vein pressure remains almost unchanged during and after 70% hepatectomy. 

In the present study, we investigated the effects of changes in portal vein 

hemodynamics on liver injury and regeneration in the first 24 hours after 70% 

hepatectomy, using our novel PHS model. 
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Materials and Methods 

Rats 

All rats received humane care according to the criteria outlined in the Guide for 

the Care and Use of Laboratory Animals. The Institutional Animal Use and Care 

Committee of Osaka University approved all housing arrangements and experimental 

procedures. All experiments were performed in WS rats (RT/), which were kindly 

provided by Shionogi & Co., (Osaka, Japan). Rats were provided with standard chow 

and water ad libitum and maintained on a 12-12 h light-dark schedule in an 

air-conditioned room, and were used at the age of 9-11 weeks, weighing 300-330 g. 

Surgical models 

Rats were operated on under pentobariturate anesthesia. 

Portohepatic shunt group (PHS group) (Fig. 1). 

A midline incision was made to expose the liver. The left-central branch of the 

portal vein was ligated with 5-0 silk followed by injection of heparin sodium (50 unit) 

via the penile vein. Two minutes later, the left-lateral portal vein was ligated. A 

vascular clip was placed on the left portal vein, and the vein was divided. The left liver 

lobe was then freed up from the retroperitoneum, and the left hepatic vein was 

clamped using another vessel clip and the rest of left lobe peduncle was ligated with 

5-0 silk and removed. A cuff made from 16-gauge catheter was placed on the stump 

of the left portal vein. This "portal vein cuff' was inserted into the end of the left 

hepatic vein, and 7-0 praline suture was wrapped around it. The vascular clip on the 

left portal vein was then removed and the vein recanalized. The middle lobe was 
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ligated at the basal level taking care not to occlude the outflow from the left hepatic 

vein, and 70% hepatectomy was completed. 

Control group. 

Similar to the PHS group, heparin sodium (50 unit/body) was injected via the 

penile vein after laparotomy. Two minutes later, the left portal vein and artery were 

ligated with 5-0 silk. The left and middle lobes of the liver were removed (70% 

hepatectomy). 

Body weight, liver weight, portal vein pressure measurement, blood samples, 

and liver extraction 

Body weight was measured just before surgery (Pre-OP). Liver weight was 

measured immediately after removal, and the growth of residual liver was assessed 

using liver weight index, which represented the ratio of liver weight divided by body 

weight. Portal vein pressure was measured using an electronic manometer (Nihon 

Kohden, Tokyo, Japan), which was directly placed into the portal vein after puncturing 

the vein by a 27-gauge needle. Inferior vena caval (IVC) pressure was measured in 

the same manner. Portal pressure gradient was defined as portal vein pressure 

minus IVC pressure. Pressures were measured immediately after laparotomy 

(Post-OP), immediately after 70% hepatectomy, 6, 12, 18, and 24 hours after 

hepatectomy in each group (n=3 or more). Furthermore, any change in portal vein 

pressure during PHS procedure was also recorded. At 6, 12, and 18 hours after 

surgery, rats (n=4 or more for each group) received intraperitoneal injection of 100 

mg/kg body weight of 5-bromo-2'-deoxyuridine (BrdU) (Roche Diagnostics, 

Mannheim, Germany) one hour prior to liver extraction. 
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The abdomen was opened along the same incision under anesthesia at 6, 12, 

18, 24 hours after the procedure in each group. Rats without hepatectomy were used 

as preoperative controls. After checking the patency of PHS, a blood sample (2 ml) 

was obtained from IVC, and followed immediately by liver extraction. Liver weight was 

measured and divided into two parts; one was placed in liquid nitrogen, then stored at 

-80°C, and the other was kept in 20% buffered formalin. Liver weight index was 

defined as the ratio of the weight of the extracted liver divided by pre-op body weight. 

Furthermore, after measuring the weight of the liver samples stored at -80 °C, the dry 

weight of these samples were measured by freeze drying as reported previously (18), 

and the ratio of the wet to dry weight of the livers were determined. Blood samples 

were mixed with EDTA2Na, centrifuged, and the levels of AST, ALT, and LOH were 

measured in the sera using Auto Dry Chemistry Analyzer SP-4410 (Arkray, Kyoto, 

Japan). 

Histology, immunohistochemistry, terminal deoxynucleotidyl 

transferase-mediated dUTP nick end-labeling (TUNEL), and BrdU 

Liver tissue sections were cut at 4 µm thickness and stained with H&E using 

standard technique. Cell volume was calculated as 1000 divided by numbers of nuclei 

in 10 randomly selected high-power fields in the parenchyma, assuming that the 

thickness of each section was constant. The numbers of nuclei were calculated 

manually in TUNEL, and automatically using Mac SCOPE ver. 2.5 (MITANI 

CORPORATION, Tokyo) in cell volume. 

For immunohistochemistry, sections were incubated for 2 hours at room 

temperature with anti-PCNA monoclonal antibody (Novocastra, Newcastle, UK) and 

anti-BrdU monoclonal antibody (Dako, Glostrup, Denmark). Apoptotic cells were 
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visualized by TUNEL, using the Apop Tag In situ Apoptosis Detection Kit (Oncor, 

Gaithersburg, MD). Positive cells were counted in 10 randomly selected high-power 

fields each in the portal and central areas and distributed over at least three 

independent sections. 

Tissue homogenization 

The tissue mixed with the buffer as described previously (19) was 

homogenized on ice for 15 seconds with Ultrasonic homogenizer UD-201 (TOMY 

Digital Biology Co., Tokyo). The samples were then spun for 15 minutes at 20,000 x g 

at 4°C in a KUBOTA-1910 centrifuge (Kubota Corporation, Tokyo). The supernatant 

was promptly aliquoted and stored at -80°C. 

Western-blot analysis 

Protein was extracted from homogenized livers. Western-blot analysis was 

performed with samples normalized for protein concentrations. The membrane was 

probed with anti-rat hepatocyte growth factor (HGF) (Institute of Immunology, Tokyo) 

as described previously (19). The exposed films were scanned in a flatbed scanner 

and the intensity of each band was quantified using NIH Image analysis software ver. 

1.61 (National Institute of Health, MD). 

Serum and tissue HGF concentration 

HGF concentration was determined using rat HGF EIA Kit (Institute of 

Immunology, Tokyo). Liver tissues stored at - 80°C were homogenized as described 

for Western blotting. HGF concentrations in liver samples and serums were 
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determined according to the instructions provided by the manufacturer. Briefly, 

microplates coated with mouse anti-rat HGF monoclonal antibody were incubated for 

20 hours at room temperature with 100 µI of each diluted sample. Wells were washed 

five times with washing buffer and incubated for 2 hours at room temperature in 100 

µI of rabbit anti-rat HGF polyclonal antibody. After washing, wells were again 

incubated for 2 hours at room temperature with peroxidase-conjugated anti-rabbit lgG 

and then with 100 µI of enzyme substrate solution. The reaction was terminated with 

50 µI of 6N H2SO4 . Absorbance at 492 nm was measured with an ELISA 

spectrometer (model 3550 reader, Bio-Rad). 

RT-PCR 

To assess the expression of TNF-a, IL-6, and cyclin B mRNAs, total RNA was 

subjected to real-time RT-PCR using the LightCycler PCR and detection system 

(Roche Diagnostics) as described previously by our group (20, 21) using the following 

primers. TNF-a: 5'-GTAGCCCACGTCGTAGCAAA-3' and 

5'-CCCTTCTCCAGCTGGAAGAC-3', I L-6: 5' -AGCCAGACTCATTCAAGAGCA-3' 

and 5'-AGATACCCATCGACACGATA-3 (22). Primers for p2-microglobulin as an 

internal control were designed as 5'-CTGGTCTTTCTACATCCTGG-3' and 

5'-GGTGTGCTCATTGCTATTCT-3'. 

Statistical analysis 

All data were expressed as mean ± SD. Differences between groups were 

examined for statistical significance using the Mann-Whitney U-test (nonparametric) 

and two-way analysis of variance (ANOVA). A P value less than 0.05 denoted the 

presence of a statistically significant difference. 
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RESULTS 

Animal model 

After initial learning period, we performed PHS procedure on over 60 rats. The 

success rate of PHS procedure was more than 95%. Survival study using 6 rats in 

each group showed that five rats {83%) in PHS group survived more than 24 hours. 

On the other hand, the survival rate at 24 hours of the control group was 100%. No 

thrombosis in hepatic vein or portal vein was noted, and lung, heart and other organs 

were macroscopically and microscopically intact in each rat as determined at 24 hour 

or postmortem examination. 

Changes in portal pressure gradient 

Minimal changes in portal pressure gradient were noted in PHS group during 

the surgical procedure and postoperatively. In contrast, the pressure increased 

immediately after 70% hepatectomy in the control group and returned to the pre-OP 

value after 12 to18 hours (Fig. 2A, Intra-operative data not shown). 

Liver injury and histopathological changes 

The serum levels of AST, ALT, and LOH were elevated to similar levels in both 

PHS and control {Fig. 28, AST, LOH; data not shown). H&E staining of the harvested 

liver samples from these two groups showed sinusoidal narrowing and increased fatty 

degeneration, which commenced around the portal area 12 hours after hepatectomy 

and spread to the central vein area by 24 hours after hepatectomy {Fig. 3A-C). There 

was no necrosis or bleeding in both groups, and no histopathological differences 

were noted between two groups. 
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Kinetics of liver regeneration 

Liver weight index was almost unchanged at 6 hours after the procedure, and 

increased thereafter in the control group, while it was almost unchanged by 12 hours 

and slightly elevated toward 18 hours in the PHS group. There were significant 

differences in 12 and 18 hours after hepatectomy between the two groups (Fig. 4A). 

The ratio between wet and dry weight of the liver was almost unchanged throughout 

the experiment (Fig. 4B). The volume of hepatocytes remained unchanged in the 

PHS group up to 18 hours, but increased significantly in the control group. There was 

a significant difference between the two groups at 18 hours (P=0.007, Fig. 4C). 

However, proliferative cell nuclear antigen (PCNA) index (23) and 

5'-bromo-2-deoxyuridine (BrdU) incorporation (24) changed in a similar fashion in 

both groups. PCNA index progressively increased after hepatectomy in both groups 

(Fig. 4D) and PCNA-positive nuclei were found diffusely in the liver parenchyma and 

no predominance was noted in the portal or central area. BrdU incorporation started 

after 12 hours in both groups, and at 18 hours after hepatectomy, substantial BrdU 

incorporation was noted in both groups (PHS group 14.4 ± 15.6 positive cells/1000 

nuclei, Control 19. 7 ± 22.2 positive cells / 1000 nuclei, p, not significant). 

BrdU-positive nuclei were diffusely present in the liver parenchyma. To further 

investigate cell proliferation, we examined the expression of cyclin B mRNA, 

representing one of the earliest markers for G2/M phase in cell cycle (25). The 

expression reached a peak level at 6 hours but no difference was observed between 

the two groups (Data not shown). 
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Apoptotic cells and expression of hepatotrophic factors in the remnant liver 

TUNEL staining (26) showed very few positive hepatocytes throughout the 

course of experiment in both the control and PHS groups, until a substantial increase 

of apoptotic cells was noted in PHS group at 24 hours after the procedure (Fig. 5A). 

Both IL-6 and TNF-a were strongly upregulated in PHS group from 12 to 24 hours, 

while they were mildly upregulated in the control. There were significant differences in 

the mRNA expression of these two cytokines between the two groups (Fig. 5B, C). 

HGF concentration and activated form of HGF 

HGF concentrations in the serum and in liver tissue increased markedly after 

hepatectomy in both groups and no significant difference was noted between the two 

groups in either study (Fig. 6A and B). To identify the activation of single chain form of 

HGF (scHGF, 92kDa) in the liver, western-blot analysis was performed to detect the 

activated form of HGF (hcHGF, 62kD) (27). A marked increase in activated HGF was 

noted after 12 hours in control rats while no activation was detected in PHS rats (Fig. 

6C). The ratio of hcHGF to scHGF was significantly different between the two groups 

(Fig. 60). 
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DISCUSSION 

In experimental animals with 70% partial hepatectomy, hepatic regeneration 

occurs most evidently following increase in portal blood pressure and flow (28). 

Although several groups reported that the hyper-dynamic state of the portal system 

causes sinusoidal epithelial injury (9, 29), or may also induce liver regeneration (30), 

the exact mechanisms of liver regeneration after partial hepatectomy have not been 

elucidated yet. 

In this study, we established a novel animal model of 70% hepatectomy with 

porto-hepatic shunt, in which the portal blood pressure during and after 70% 

hepatectomy remained almost unchanged compared to the preoperative value (Fig. 

2A). In this animal model, hepatic artery flow in the remnant liver was not disturbed, 

and portal vein flow was maintained by the cuff generating pressure gradient between 

the shunt. Portocaval shunt with 70% hepatectomy in rats is associated with a high 

mortality rate in rats (16), causing high ammonia (NH3) level in peripheral blood (17). 

However, our PHS rats survived more than 24 hours and had normal NH3 level similar 

to the control rats (data not shown). Based on these features, our animal model 

should allow assessment of the effects of portal hemodynamics on liver regeneration 

after partial hepatectomy. 

Prior to the experiment, we postulated that the PHS liver should suffer less 

damage due to unchanged portal flow compared with the control liver with elevated 

portal flow. However, the results showed that the biochemical changes after 70% 

hepatectomy were similar in both groups (Fig. 2B). Histological examination of the 

remnant liver in the PHS group showed no ischemic or necrotic changes until 24 

hours as in the control group. Furthermore, similar extent of lipogenesis was noted in 
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both groups as confirmed by the time course studies (Fig. 3A-C), as reported in 

previous studies (31 ). 

Despite the similar biochemical and histopathological findings, the liver weight 

index increased after 12 hours in the control group but not in PHS group (Fig 4A). 

Since the ratio of wet to dry weight of the liver was unchanged (Fig 4B), the increased 

remnant liver mass early after 70% hepatectomy is considered as a result of liver 

regeneration rather than a simple weight gain due to fluid retention or edema (31, 32). 

Liver regeneration after partial hepatectomy can be characterized by three different 

stages; hepatocyte enlargement, cell proliferation with DNA synthesis and apoptosis 

(33, 34). The hypertrophy of the remnant liver was more evident in control rats than 

PHS rats (Fig. 4C), while cell proliferation and DNA synthesis were similar between 

the two groups, and apoptosis of hepatocytes was similar until it increased in PHS 

rats at 24 hours after 70% hepatectomy. These findings suggested that neither cell 

proliferation with DNA synthesis nor apoptosis of hepatocytes, but cell hypertrophy 

could explain liver regeneration in this study. 

All markers of the cell cycle and DNA synthesis (BrdU labeling index, PCNA 

index, and the expression of cyclin B mRNA) were elevated to similar levels in both 

groups (Fig. 40), suggesting that cell proliferation with DNA synthesis after partial 

hepatectomy was not different between the two groups. Cell proliferation with DNA 

synthesis is regulated by various cytokines such as HGF, IL-6, and TNF-a. HGF is a 

multifunctional cytokine and one of the most potent mitogens for hepatocytes (35, 36). 

It is produced as an inactive, single chain form (scHGF) by various cells including 

hepatic nonparenchymal cells (37, 38). scHGF bound to the liver matrix can be 

degraded by plasmin and then activated by HGF activator (HGFA) (39) or uPA 

(40-42), forming two-chain type of HGF (tcHGF), which binds its receptor on 
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hepatocytes and induce intracellular signal transduction leading to cell proliferation 

(43). In the present study, serum HGF level and concentration of HGF in liver tissue 

were not different between PHS group and control group (Fig. 6A and B). However, 

the hcHGF/scHGF ratio was markedly increased in the control group at 12 and 18 hrs 

after partial hepatectomy while no such increase was noted in the PHS group (Fig. 6C 

and D). These results indicate that portal hyper-hemodynamics may be a critical 

trigger for HGF activation in the remnant liver. In fact, recent studies demonstrated 

that uPA activation was initiated after 70% hepatectomy (19, 42), and uPA degrades 

scHGF, forming an active form of HGF, hcHGF (19). HGFA can also splice scHGF to 

its active form. Therefore, it is possible that HGF activation occurs following partial 

hepatectomy by portal hyper-hemodynamics-mediated uPA or HGFA activation. 

However, cell proliferation with DNA synthesis in both groups cannot be explained by 

HGF only. 

Transcription of both IL-6 and TNF-a in liver tissue was more strongly 

upregulated in PHS group from 12 to 18 hours, than in control group (Fig. 5B and C). 

Recent studies have highlighted IL-6 (4) and TNF-µ(6) as major and initial cytokines 

promoting DNA synthesis in hepatocytes after partial hepatectomy. They can be 

downregulated, for example, by suppressors of cytokine signaling (SOCS)-3 as well 

(44). Considering the similarity of DNA synthesis in hepatocytes in both groups and 

upregulation of transcription of IL-6 and TNF-a in PHS rats, IL-6 and TNF-a may play 

an important role in hepatocyte proliferation in PHS group, compensating for the 

suppression of activation of HGF. 

In contrast to the almost identical results of the regenerative markers of DNA 

synthesis, apoptotic properties were different between the two groups. Apoptotic 

indexes were low in the two groups until it was significantly elevated at 24 hours after 
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the procedure in PHS rats (Fig. 5A). Previous reports, which showed reduced portal 

vein hemodynamics resulted in increased apoptosis and liver atrophy (10, 45), add 

support to these findings, suggesting that the hyper-dynamic state of portal vein might 

be necessary for protection of hepatocytes against apoptosis. 

The volume of hepatocytes was increased in the control group but not in PHS 

group (Fig. 4C). Several agents are known to promote the enlargement of 

hepatocytes (33). HGF is one such agent; activated HGF has been shown to cause 

enlargement of hepatocytes in rats (33, 46). Therefore, activation of HGF, which 

occurred only in control rats, can explain the difference in cellular enlargement and 

liver mass recovery between the two groups. It is conceivable that the hyper-dynamic 

state of portal vein was necessary for cellular enlargement. 

The characteristics of the PHS model are the combination of partial 

hepatectomy and shunting of portal venous flow. Portal venous pressure can be 

decreased with agents such as beta-blocker or octreotide. The use of such agents 

combined with partial hepatectomy may result in the interference of hepatocyte 

regeneration as in PHS model. Several authors reported that octerotide 

administration inhibited liver regeneration after 70% hepatectomy in rats (47, 48). 

Their results may be explained by the mechanism of our HGF theory. On the other 

hand, portal venous pressure increases in cirrhotic liver. The application of our HGF 

theory on cirrhotic liver is quite interesting, although the situation is rather 

complicated with intrahepatic shunts and capillarization of sinusoids due to cell 

necrosis and deposition of new collagen, making the interpretation of experiments 

difficult. 
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In conclusion, our comparative study between partially hepatectomized rats 

with and without portohepatic shunt revealed that portal hyper-dynamic state early 

after 70% hepatectomy was necessary for liver regeneration through activation of 

HGF, promoting hepatocyte hypertrophy and avoiding apoptosis. However, DNA 

synthesis of the remnant liver did not correlate with portal hemodynamics. 
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FIGURE LEGENDS 

Fig. 1. Rat model of portohepatic shunt (PHS) model. The left portal vein was 

anastomosed with left hepatic vein using 16-gauge catheter cuff, after systemic 

administration of heparin sodium (50 unit). 70% partial hepatectomy was completed, 

preserving the anastomosis of portohepatic shunt. 

Fig. 2. Time course of portal vein pressure and liver injury. A, Portal vein 

pressure increased immediately after 70% hepatectomy from 5.7±1.0 mmHg to 

10.0±1.2 mmHg, then gradually decreased to pre-OP value by 18 hours in the control 

group (o, n = 6), whereas it remained almost unchanged in PHS group (•, n = 6). 

*P<0.0001; tP<0.05. B, serum level of ALT reached a peak level at 12 hours in both 

groups. Data are mean ± SD. There was no statistical difference between the two 

groups(•, PHS group, n = 4, o, control, n = 4). 

Fig. 3. Livers after 70% hepatectomy in PHS and control rats. A-C, Left panel, 

control rats, right panel, PHS rats. A, H&E stain of liver section at portal area at 6 

hours after 70% hepatectomy showing narrowing of sinusoids (arrowhead). Band C, 

livers at 18 hours after 70% hepatectomy showing narrowing of sinusoids (B, 

arrowhead) and marked balloon like hepatocytes containing fatty deposits (C, 

arrowhead) in both groups. These histopathological changes expanded from 

peri-portal area to the central area. Note the lack of ischemic changes or necrosis in 

both groups. P, Portal vein, C, Central vein, Original magnification, A and B, x 200, C, 

X 400. 
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Fig. 4. Liver regeneration and hepatocyte apoptosis. A, Liver weight index after 

70% hepatectomy showing liver weight index did not increase until 18 hours in PHS 

group(•, n = 6), whereas it increased by 12 hours in the control (o, n = 6). Significant 

difference was noted between the two groups using ANOVA (P = 0.0021). *P = 0.005; 

tP = 0.0183. B, The ratio of wet and dry weight of the livers. The ratio almost did not 

change throughout the experiment in both groups. C, Cell volume in PHS group ( •, n 

= 6) was almost unchanged until 18 hours, while it increased continuously until 18 

hours in the control (o, n = 6). +P = 0.007. D, Time course of PCNA index showing 

marked increase after 70% hepatectomy in both groups. There was no difference 

between two groups.(•, PHS group, n =4, o, control, n = 4). 

Fig. 5. mRNA Expression in liver after 70% hepatectomy. A, TUNEL staining 

showed few hepatocytes were apoptotic in both groups throughout the experiment (I, 

PHS group, n = 3, Jt!, control, n = 3), with the exception of marked apoptosis in PHS 

liver at 24 hours. *P<0.01. Data are mean ± SD. B and C, marked expression of IL-6 

and TNF-a in PHS group. (I, PHS group, n = 3, rat control, n = 3). Data are mean ± 

SD. tP<0.05. 

Fig. 6. Serum and tissue HGF concentrations, and detection of activated HGF in 

liver. A, serum concentration of HGF showing no remarkable increase in both groups. 

B, HGF concentration in homogenized liver showing remarkable increase in both 

groups. The pattern of increase was similar in both groups ( •, PHS group, n =6, o, 

control, n = 6). C and D, Western blot of HGF demonstrating kinetics of induction of 

activated HGF. Single chain HGF (scHGF) was spliced into heavy chain HGF 

(hcHGF, 62 kDa) by limited proteolysis. C, control, hcHGF was markedly increased 
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after 12 hours. PHS group, No increase in he HGF was observed. D, Time course of 

HGF activation. The ratio of hcHGF intensity divided by scHGF intensity represented 

activation of HGF (19). The intensities of hcHGF and scHGF were calculated using 

densitometry. There was no increase in PHS group, whereas a 5-fold increase was 

noted in the control group. Data are mean ± SD. There was a significant difference 

between the two groups by ANOVA (P<0.001). *P = 0.025. 
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