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ABSTRACT 

Background. Although some studies have hypothesized portal venous blood is important 

for liver regeneration, no studies have established organs around the portal vein secrete 

liver regenerating factors into the portal vein during liver regeneration. The aim of this 

study was to elucidate up-regulation of vascular endothelial growth factor (VEGF) in the 

portal vein, and expressions of hepatic regenerating factors in organs around the portal 

vein during liver regeneration after partial hepatectomy (PHx).  

Materials and Methods. VEGF protein in systemic and portal venous blood, and besides, 

expression of VEGF, hypoxia-inducible factor-1alfa (HIF-1α), hepatocyte growth factor 

(HGF) and HGF activator (HGFA) mRNA were evaluated in the regenerating liver, spleen 

and intestine following 70% PHx in rats.  

Results. The portal VEGF protein level was significantly higher than the systemic level 

post-PHx (portal /systemic at 72, 120 and 168 h post-PHx: 17.2/13.0, 20.2/12.8, and 

24.0/14.7 pg/ml; P = .003, P = .022 and P = .032, respectively). VEGF mRNA expressions 

were significantly higher in the liver (P =.000027: 168h), spleen (P =.000059: 72h) and 

intestine (P =0.01: 24-72h) post-PHx compared to the pre-PHx levels. HIF-1α, HGF, HGFA 

mRNA expressions in the liver, intestine and spleen were also significantly higher 

post-PHx compared to the pre-PHx levels.  

Conclusions. Portal VEGF was significantly higher than systemic VEGF, and besides 

expressions of VEGF, HIF-1α, HGF, and HGFA mRNA in the liver, spleen and intestine 

were up-regulated during liver regeneration. These results suggest that hepatic 

regenerating factors derived from the spleen or intestine may contribute liver 

regeneration. 
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INTRODUCTION 

  After extensive hepatectomy or segmental liver transplantation with a small-for-size graft, 

liver regeneration is essential for patient survival. Postoperative liver failure occurs because the 

small remnant liver volume cannot sustain the postoperative metabolic and synthetic demands, 

and remnant liver dysfunction can eventually lead to liver failure.  

 Liver regeneration is a highly complex and organized process that has been shown to involve 

the actions of a number of cytokines and growth factors, such as hepatocyte growth factor 

(HGF) (1), transforming growth factor-α(2), epidermal growth factor (3), hepatocyte growth 

factor activator (HGFA) (4) and vascular endothelial growth factor (VEGF) (5). Although some 

previous studies have hypothesized that liver regenerating factors secreted into the portal venous 

blood are important for liver regeneration (6-8), no studies have established that organs around 

the portal vein, such as the intestine, or spleen, actually secrete liver regenerating factors into 

the portal venous blood during liver regeneration. We have reported that the portal venous blood 

VEGF level was higher than the systemic venous blood VEGF level after living-donor liver 

transplantation (LDLT) (9) and hypothesized that portal venous VEGF secreted by the spleen or 

intestine plays an important role in graft regeneration, in addition to hepatocyte-derived VEGF. 

In the present study, we aimed to elucidate up-regulation of portal venous VEGF, and of hepatic 

regenerating factors in organs around the portal vein during liver regeneration after partial 
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hepatectomy (PHx) in rats.  

 

Materials and Methods 

Animals  

  Male Wistar rats, weighing 250-300 g (10-13 the age of the week), were used. The animals 

were housed in a temperature- and humidity-controlled environment with a 12 hours light /12 

hours dark cycle and allowed food (standard laboratory chow) and water ad libitum. All 

experiments were conducted in accordance with with the NIH guidelines, Principles of 

Laboratory Animal Care. 

Operative Procedure 

  Under diethyl ether anesthesia, 70 % PHx involving a median and left lateral lobectomy was 

performed according to the procedure of Higgins and Anderson (10). Animals were humanely 

sacrificed before and at 24, 72, 120 and 168 hours (h) after PHx, with twenty-five animals at 

each time point. For the assessment of VEGF, hypoxia-inducible factor-1α (HIF-1α), HGF and 

HGFA, the liver right inferior lobe, spleen and intestine (jejunum which is 3 centimeter apart 

from duodenum) were carefully excised and processed for different experimental procedures.  

Measurement of the Liver Wet Weight 

  We calculated the ratio of liver regeneration at 24, 72, 120 and 168 h after PHx according to 
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the following equations. 

Ratio of liver regeneration (%) = regenerating remnant liver (g) / estimated whole liver (g) 

Estimated whole liver (g) = resected liver x 100/70 

Analysis of VEGF, HIF-1α, HGF and HGFA Messenger Ribonucleic Acid (mRNA) 

Expression by Reverse Transcription-Polymerase Chain Reaction (RT-PCR)  

  The liver, spleen and small intestine were flash-frozen in liquid nitrogen immediately after 

harvesting and then stored at -80ºC until analysis. Total RNA was extracted from the tissues 

using an RNeasy Mini Kit (QIAGEN, Tokyo, Japan) according to the manufacturer’s 

instructions. An aliquot of 5 µg of the total RNA was then reverse-transcribed to complementary 

deoxyribonucleic acid (cDNA) using a SuperScript First-Strand Synthesis System (Invitrogen 

Japan KK, Tokyo, Japan). Next, the cDNA was amplified using specific primers for rat VEGF, 

rat HIF-1α, rat HGF or rat HGFA (Table 1). Reverse transcription and PCR amplification of a 

housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), were also 

performed to verify equal loading of the RNA and cDNA in the reverse transcription and PCR, 

respectively. The PCR was performed for 28-30 cycles under the following conditions: 

denaturation for 30 seconds at 94°C, annealing for 30 seconds at 60°C and extension for 1 

minute at 72°C in a program temperature control system. All the RT-PCR reaction products 

were electrophoresed in a 2% agarose gel and stained with ethidium bromide.  
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Blood Sample Collection and VEGF Assay  

  Portal and systemic venous blood samples were obtained from the portal vein and inferior 

vena cava by direct puncture with a tuberculin needle in order to assess the VEGF levels before 

and at 24, 72, 120 and 168 h after PHx. Following collection of the samples into plasma 

separator tubes and centrifugation for 10 minutes at 3000 g, the plasma samples were stored at 

-80°C until analysis. The VEGF concentrations were measured using VEGF enzyme-linked 

immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN) according to the 

manufacturer's instructions. 

Statistical Analysis 

  The results were expressed as the means ± standard deviation (SD). Differences among 

unpaired continuous or discontinuous data between two groups were analyzed using Student’s 

t-test. All calculations were performed using StatView-J 5.0 statistical software (SAS Institute, 

Cary, NC).  

 

RESULTS 

Liver Regeneration 

  Figure. 1 shows the serial changes in the liver regenerative ratio during the 168 h after 70% 

PHx (Figure. 1). At 24, 72, 120, and 168 h after PHx, the liver regenerative ratios were 33.3 ± 
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0.9%, 56.2 ± 1.5%, 67.8 ± 2.8% and 83.8 ± 8.0%, respectively. 

Portal and Systemic Plasma VEGF Levels 

  Figure. 2 shows the systemic and portal venous plasma VEGF levels after 70% PHx. Both the 

systemic and portal venous VEGF levels increased during 168 h after PHx. At 72, 120 and 168 

h after PHx, the VEGF level was significantly higher in the portal venous blood than in the 

systemic venous blood (portal venous blood / systemic venous blood at 72, 120 and 168 h after 

PHx: 17.2 ± 6.6 / 13.0 ± 5.8, 20.2 ± 9.7 / 12.8 ± 6.6 and 24.0 ± 6.6 / 14.7 ± 9.8 pg/ml; P = .003, 

P = .022 and P = .032, respectively). 

VEGF mRNA Expression in the Liver, Spleen and Intestine 

  Figure. 3 shows the ratios of VEGF mRNA expression compared to the corresponding 

pre-PHx levels in the liver (A), spleen (B) and intestine (C) during the 168 h after PHx. VEGF 

mRNA expression in the regenerating liver doubled at 72 h after PHx compared with the 

pre-PHx level. At 24, 72, 120 and 168 h after PHx, the ratios of VEGF mRNA expression were 

1.48 ± 0.07, 2.03 ± 0.19, 1.97 ± 0.24 and 2.07 ± 0.06, respectively, and significantly higher than 

the pre-PHx level (P = .016, P = .0051, P = .014 and P = .000027, respectively). 

  VEGF mRNA expression in the spleen peaked at 72 h after PHx, and gradually decreased 

beyond 120 h after PHx (Figure. 3B). At 24, 72 and 120 h after PHx, the ratios of VEGF mRNA 

expression were 1.35 ± 0.09, 1.61 ± 0.02 and 1.26 ± 0.02, respectively, and significantly higher 
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than the pre-PHx level (P = .016, P = .000059 and P = .0045, respectively). 

  VEGF mRNA expression in the intestine peaked at 72 h after PHx, and gradually decreased 

beyond 120 h after PHx (Figure. 3C). At 24 and 72 h after PHx, the ratios of VEGF mRNA 

expression were 1.19 ± 0.03 and 1.43 ± 0.12, respectively, and significantly higher than the 

pre-PHx level (P = .01 and P = .036, respectively). 

  HIF-1α mRNA Expression in the Liver, Spleen and Intestine   

 Figure. 4 shows the ratios of HIF-1α mRNA expression compared to the corresponding 

pre-PHx levels in the liver (A), spleen (B) and intestine (C) during the 7 days after PHx. 

  HIF-1α mRNA expression in the regenerating liver was more than 2-fold higher at 24 h after 

PHx compared to the pre-PHx level, and peaked at 72 h after PHx (Figure. 4A). At 24 and 72 h 

after PHx, the ratios of HIF-1α mRNA expression were 2.26 ± 0.10 and 2.56 ± 0.12, 

respectively, and significantly higher than the pre-PHx level (P = .019 and P = .012, 

respectively). 

  HIF-1α mRNA expression in the spleen peaked at 120 h after PHx (Figure. 4B). At 72 and 

120 h after PHx, the ratios of HIF-1α mRNA expression were 1.64 ± 0.10 and 1.62 ± 0.12, 

respectively, and significantly higher than the pre-PHx level (P = .0019 and P = .047, 

respectively).  

  HIF-1α mRNA expression in the intestine peaked at 24 h after PHx, and decreased beyond 72 
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h after PHx (Figure. 4C). At 24 and 72 h after PHx, the ratios of HIF-1α mRNA expression 

were 1.31 ± 0.07 and 1.23 ± 0.10, respectively, and significantly higher than the pre-PHx level 

(P = .021 and P = .013, respectively). 

 HGF mRNA Expression in the Liver, Spleen and Intestine  

  Figure. 5 shows the ratios of HGF mRNA expression compared to the corresponding pre-PHx 

levels in the liver (A), spleen (B) and intestine (C) after PHx. 

  HGF mRNA expression in the regenerating liver peaked at 120 h after PHx (Figure. 5A). At 

24, 72 and 120 h after PHx, the ratios of HGF mRNA expression were 1.59 ± 0.15, 1.81 ± 0.12 

and 2.04 ± 0.14, respectively, and significantly higher than the pre-PHx level (P = .014, P 

= .0036 and P = .0064, respectively). 

  HGF mRNA expression in the spleen peaked at 120 h after PHx (Figure. 5B). At 24, 72 and 

120 h after PHx, the ratios of HGF mRNA expression were 1.53 ± 0.18, 1.76 ± 0.04 and 1.94 ± 

0.07, respectively, and significantly higher than the pre-PHx level (P = .023, P = .043 and P 

= .037, respectively). 

  HGF mRNA expression in the intestine gradually increased to the peak at 72 h after PHx, and 

then gradually decreased (Figure. 5C). At 72 h after PHx, the ratio of HGF mRNA expression 

was 1.53 ± 0.11 and significantly higher than the pre-PHx level (P = .027). 

HGFA mRNA Expression in the Liver, Spleen and Intestine 
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  Figure. 6 shows the ratios of HGFA mRNA expression compared to the corresponding 

pre-PHx levels in the liver (A), spleen (B) and intestine (C) during the 7 days after PHx.  

  HGFA mRNA expression in the regenerating liver gradually increased, and peaked at 72 h 

after PHx (Figure. 6A). At 72 and 168 h after PHx, the ratios of HGFA mRNA expression were 

1.39 ± 0.01 and 1.14 ± 0.11, respectively, and significantly higher than the pre-PHx level (P 

= .0084 and P = .029, respectively). 

  HGFA mRNA expression in the spleen peaked at 72 h after PHx (Figure. 6B). At 24, 72, 120 

and 168 h after PHx, the ratios of HGFA mRNA expression were 1.05 ± 0.02, 1.26 ± 0.08, 1.30 

± 0.01 and 1.24 ± 0.03, respectively, and significantly higher than the pre-PHx level (P = .0083, 

P = .023, P = .0026 and P = .013, respectively). 

  HGFA mRNA expression in the intestine increased to 1.5-fold at 24 h after PHx compared to 

the pre-PHx level (Figure. 6C). At 24 h after PHx, the ratio of HGFA mRNA expression was 

1.47 ± 0.08 and significantly higher than the pre-PHx level (P = .045). 

   

DISCUSSION 

 Previous studies have clarified that regenerating factors are essential for liver regeneration (11). 

However, no studies have established that organs around the portal vein, such as the intestine 

and spleen, secrete liver regenerating factors into the portal venous blood during liver 
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regeneration. We have reported that the portal venous blood VEGF level was higher than the 

systemic venous blood VEGF level during liver graft regeneration after LDLT and hypothesized 

that portal venous VEGF derived from the spleen or intestine plays an important role in liver 

graft regeneration, in addition to hepatocyte-derived VEGF (9).  

  Several authors have reported that VEGF secreted by proliferating hepatocytes represents an 

important stimulator of sinusoidal endothelial cell proliferation (12-14). Previous studies have 

reported that VEGF mRNA expression is markedly increased in the regenerating liver between 

48 and 120 hours after hepatectomy, and gradually decreases thereafter (14, 15). Taniguchi et al. 

(13) demonstrated that VEGF mRNA expression is mainly detected in periportal hepatocytes by 

immunohistochemistry and in situ hybridization and suggested that VEGF promotes hepatocyte 

proliferation through the reconstruction of liver sinusoids via proliferation of sinusoidal 

endothelial cells. Shimizu et al. (15) also showed that VEGF secreted by replicating hepatocytes 

induces sinusoidal endothelial cell proliferation during regeneration after PHx in rats. Our 

results have revealed that not only the systemic VEGF level, but also the portal VEGF level, 

gradually increase during the first 168 hours after PHx. In addition, the portal venous VEGF 

levels were significantly higher than the systemic VEGF level for 72-168 h after PHx; 

consistent with our previous results for LDLT (9). These results suggest that portal venous 

VEGF plays an important role in liver regeneration after PHx. On the other hand, Bockhorn, M. 
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(16) et al. has recently reported that VEGF is important during liver regeneration, however 

exogenous VEGF administration does not improve liver regeneration and survival liver 

regeneration after 90% PHx in rats. For the next step, liver regeneration under VEGF 

administration from portal vein should be analyzed. 

  Hypoxia is well-known to be one of the strongest stimulants for angiogenesis, and HIF-1α 

has been well recognized to play an essential role in hypoxic adaptation during mammalian 

development (17). Gopfert et al. (18) showed that moderate hypoxia enhances HIF-1α 

expression in rat hepatocytes, while Maeno et al. (15) found that HIF-1α expression is preceded 

by VEGF and fms-like tyrosine kinase-1 (flt-1) expressions and hypothesized that HIF-1α is 

related to sinusoidal endothelial reconstruction. In the present study, VEGF mRNA expression 

was observed to occur after HIF-1α mRNA expression in all the organs analyzed, and we 

therefore hypothesize that elevation of the portal venous pressure after PHx, which arises 

through shear stress, causes portal venous stasis that results in hypoxia in the viscera around the 

portal vein and consequently elevates the HIF-1α level, thereby leading to VEGF production.  

  HGF is a heterodimeric protein that has been identified as a liver sinusoidal endothelial 

cell-derived paracrine mediator in liver regeneration (19). HGF is also produced by fibroblasts, 

hemocytes and endothelial cells in vitro and the spleen in vivo (20, 21). In the present study, 

HGF mRNA expression was detected spleen and intestine as well as the regenerating liver after 
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PHx. Although we were unable to analyze the systemic or portal venous HGF levels in the 

present study due to the limited blood samples available, our previous study revealed elevation 

of the HGF levels in the systemic and portal venous blood in LDLT recipients before and after 

transplantation (9). These findings may allow us to speculate that that portal venous HGF 

derived from the organs around the portal vein as well as HGF derived from sinusoidal 

endothelial cells induce liver regeneration. 

  On the other hand, Four proteases have been reported as factors that activate HGF in vitro, 

namely blood coagulation factor XIIa (22), urokinase (23), tissue-type plasminogen (24) and 

HGFA, which is most important for activating HGF (21). Miyazawa et al. (25) concluded that a 

proteolytic cascade plays a key role in the activation of HGF in response to tissue injury. After 

tissue injury, prothrombin is converted to thrombin, which activates HGFA, which in turn 

converts single-chain HGF to activated heterodimeric HGF (25). Kaido et al. (21) showed that 

HGFA protein is present in the liver, but not in the spleen or lungs after PHx in rats with liver 

cirrhosis. In the present study, however, HGFA mRNA was expressed not only in the 

regenerating liver, but also in intestine and spleen after PHx. Therefore, we could speculate that 

the HGFA up-regulated in the spleen and intestine activate the single-chain HGF in the portal 

venous blood, that cause hepatocytes to proliferate. Further studies are needed in order to more 

precisely define the role of portal venous regenerating factors secreted from the spleen or the 
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intestine during liver regeneration after PHx or LDLT.  

  In conclusion, portal venous VEGF protein level was significantly higher than systemic 

venous VEGF during liver regeneration. In addition, expression of VEGF, HIF-1α, HGF, and 

HGFA mRNA in spleen and intestine were up-regulated during liver regeneration.  These 

results suggest that hepatic regenerating factors derived from the spleen or intestine may 

contribute liver regeneration. 
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