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Abstract

AIM: To investigate the effect of plasmapheresis via the portal vein for “small-for-size” syndrome (SFSS) aided by extracorporeal continuous portal diversion (ECPD).
METHODS: Extensive or total hepatectomy in the pig is usually adopted as a postoperative liver failure (PLF) or SFSS model. In this study, animals which underwent 85%-90% hepatectomy were randomized into either the Systemic group (n = 7) or the Portal group (n = 7). In the Systemic group, all pigs received temporal plasmapheresis (PP) via the extracorporeal catheter circuit (systemic to systemic circulation) from 24 to 30 h post-hepatectomy (PH); in the Portal group, all pigs received ECPD to divert partial PVF (portal vein flow) to the systemic circulation after hepatectomy, then converted to temporal PP from 24 h to 30 h PH, and subsequently converted to ECPD again until 48 h PH. In the Portal group, the PVF was preserved at 3-3.3 times that of the baseline value, similar to that following 70% hepatectomy, which was regarded as the optimal PVF to the hypertrophic liver remnant. At 48 h PH, all pigs were re-opened and the portal vein pressure (PVP), PVF, and HAF (hepatic artery flow) were measured, and then diversion of the portal venous flow was terminated. After 1 h the PVP, PVF, and HAF were re-measured. The portal hemodynamic changes, liver injury, liver regeneration and bacterial/lipopolysaccharide (LPS) translocation were evaluated in the two groups.
RESULTS: The PVP in the Portal group was significantly lower than that in the Systemic group during the time period from 2 h to 49 h PH (P < 0.05). Serum alanine aminotransferase (ALT), total bilirubin (TB) and ammonia were significantly reduced in the Portal group compared with the Systemic group from 24 h to 48 h PH (P < 0.05). The Portal group may have attenuated sinusoidal endothelial injury and decreased the level of HA compared with the Systemic group. In the Systemic group, there was significant sinusoidal dilation, hydropic changes in hepatocytes and hemorrhage into the hepatic parenchyma, and the sinusoidal endothelial lining was partially destroyed and detached into the sinusoidal space. CD31 immunostaining revealed significant destruction of the endothelial lining. In the Portal group, there was no intraparenchymal hemorrhage and the sinusoidal endothelial cells and hepatocytes were well preserved. CD31 immunostaining was mild which indicated less destruction of the endothelial lining. HA was significantly decreased in the Portal group compared with the Systemic group from 2 h to 48 h PH. The rate of liver remnant regeneration was elevated, while apoptosis was attenuated in the Portal group compared with the Systemic group. Thymidine kinase activity was much higher in the Portal group than in the Systemic group at 48 h PH. The PCNA index (PI) was significantly increased and the apoptotic index (AI) was significantly decreased in the Portal group compared with the Systemic group. Bacterial translocation and endotoxin, as well as the inflammatory response, were significantly attenuated in the Portal group compared with the Systemic group. LPS, tumor necrosis factor-α (TNF-α) and interleukin (IL)-6 levels were all significantly decreased in the Portal group compared with the Systemic group from 24 h to 48 h PH, while bacterial DNA level was significantly decreased from 2 h to 48 h PH.
CONCLUSION: PP plus ECPD via the portal vein can attenuate toxic load and hyperperfusion injury, and should be undertaken instead of PP via the systemic circulation in SFSS or PLF.
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Core tip: Plasmapheresis (PP) and other artificial liver support (ALS) modalities have been used to treat postoperative liver failure (PLF) and “small-for-size” syndrome (SFSS). However, these modalities did not result in a significant improvement in survival. It is thought that these modalities cannot relieve portal hypertension, thus are inefficacious. This study demonstrated that ECPD plus temporal PP via the portal vein can not only dynamically turn the portal flow to the systematic circulation and attenuate portal overflow injury, but also reduces toxic load. This technique should be undertaken instead of PP or ALS via the systemic circulation in SFSS or PLF, and shows potential for clinical application.
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INTRODUCTION
Plasmapheresis (PP) and other plasma purification modalities have been used in the past to treat postoperative liver failure (PLF) and “small-for-size” syndrome (SFSS) following extensive liver resection and living donor liver transplantation (LDLT)[1-4]. However, none of these modalities has resulted in a significant improvement in survival. Currently, it is deemed that PP and other modalities via systemic circulation access adopted in clinical practice can decrease toxin load and improve serum biochemistry, but do not relieve portal hypertension or hyperperfusion, which results in significant harm to sinusoidal endothelial cells, liver function and intestinal barrier function and is regarded as the determining pathogenesis of PLF and SFSS following subtotal or critical hepatectomy[5-8]. This study aims to investigate the effects of temporal PP via portal vein access with the aid of extracorporeal continuous portal diversion (ECPD) in SFSS and PLF compared with temporal PP via systemic circulation access in a porcine model. 

MATERIALS AND METHODS
Animal model of PLF and SFSS
Fourteen male Bama miniature pigs (15–20 kg) were obtained from the Pig and Poultry Production Institute (Guangxi Autonomous Region, China). The pigs were raised from a closed herd and kept under strict quarantine. All experiments were conducted according to the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National Institutes of Health (NIH). All animals in this study were treated humanely in accordance with institutional and national guidelines for the ethical treatment of animals.

All 14 animals, were anesthetized by initial sedation with a deep intramuscular injection of ketamine (15-20 mg/kg) and chlorpromazine (6-8 mg/kg) 15 min after the administration of atropine (0.01 mg/kg), then underwent 85%-90% hepatectomy (left tri-lobe and partial right posterior lobe resection) with less than 60 mL blood loss and no hepatic pedicle occlusion, according to a previously described protocol[6,9]. First, ultrasonic flow probes were connected to a flow meter (Transonic Systems INC. TS420, NY, United States) to measure hepatic artery flow (HAF) and portal vein flow (PVF). Second, two 11.5-Fr dual-lumen catheters (Hanahao, Tyco Healthcare, Tianjin, China) were introduced into the upper vena cava through the internal jugular vein and the portal vein before hepatectomy. 
Study protocol
Extensive or total hepatectomy in the pig is usually adopted as a model of acute liver failure[10]. All animals which underwent 85%-90% hepatectomy were randomized into either the Systemic group (n = 7) or the Portal group (n = 7). In the Systemic group, all pigs received temporal PP via the extracorporeal catheter circuit (systemic to systemic circulation) from 24 h to 30 h post-hepatectomy (PH); in the Portal group, all pigs received ECPD to divert partial PVF to the systemic circulation after hepatectomy, then converted to temporal PP from 24 h to 30 h PH, and subsequently converted to ECPD again until 48 h PH. In the Portal group, the PVF was preserved at 3-3.3 times that of the baseline value, similar to that following 70% hepatectomy, which was regarded as the optimal PVF to the hypertrophic liver remnant[5]. At 48 h PH, all pigs were re-opened and the PVP, PVF, and HAF were measured, then diversion of the portal venous flow was terminated. After 1 h, the PVP, PVF, and HAF were re-measured. The portal hemodynamic changes, liver injury, liver regeneration and bacterial/LPS translocation were evaluated in the two groups.
Postoperative management

At the end of surgery, one dose of 375 mg penicillin/streptomycin was given intramuscularly to all pigs. This dose was repeated daily every morning until the pigs were euthanized. Each pig was allowed access to food and water ad libitum in the postoperative phase, and they were monitored postoperatively until euthanized at 49 h PH. The pigs’ systemic arterial pressure was monitored throughout the experiment. Food and water intake and serum glucose levels were evaluated at each postoperative assessment. The liver remnant was removed, weighed, and sampled, and the animals were euthanized.
Plasma extraction
During each extraction, 200-300 mL plasma was obtained from 6 donor pigs via the internal jugular vein catheter and immediately frozen at -20 ℃. 
PVF, HAF, and PVP measurement

PVF, HAF, and PVP were measured in both groups at several time points during the procedure: at laparotomy, at 1 h PH, 24 h PH, and 48 h PH. At 48 h PH, the pigs were re-opened, the ECPD was stopped, and the PVP, HAF and PVF were re-measured.
Blood and serum analysis

Blood samples at pre-operation, 2 h PH, 24 h PH, 30 h PH, and 48 h PH were collected and analyzed. The serum levels of alanine aminotransferase (ALT), total bilirubin (TB) and ammonia were determined in these samples. Increased serum level of hyaluronic acid (HA), which is chiefly eliminated in the hepatic sinusoidal endothelium, indicated sinusoidal endothelial damage[11,12]. HA in serum samples was measured by radiometric assay using the Pharmacia HA test (Shanghai Hua Yi Scientific, Inc., Shanghai, China) at pre-operation, 2 h PH, 24 h PH and 48 h PH. Thymidine kinase (TK) activity is the index of hepatic regeneration. Serum TK activity was measured with the Liaison TK assay (DiaSorin, Inc., Stillwater, MN, USA) at pre-operation, 2 h PH, 24 h PH and 48 h PH[13,14].
Histological analysis

Hepatic tissue was sampled at 1 h PH. Each biopsy sample was divided into 2 specimens. The tissue specimens for electron microscopy were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.3). The other set of samples were preserved in 10% neutral buffered formalin, embedded in paraffin, and stained with hematoxylin and eosin. Then, 4-um-thick sections were immunostained with porcine anti-CD31 antibody (Serotec, Oxford, United Kingdom) to evaluate the microstructural integrity of the hepatic sinusoid[15,16]. The animals were sacrificed at 49-50 h PH. The liver was excised after laparotomy, then weighed and processed. The hepatic tissue was sampled again, preserved in 10% neutral-buffered formalin and embedded in paraffin for proliferating cell nuclear antigen (PCNA) immunostaining and in-situ terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) examination. 

The PCNA expression was detected by immunostaining using monoclonal anti-PCN-antibody (DAKO) (Shanghai Hua Yi Scientific, Inc., Shanghai, China). The rate of increase of liver volume was evaluated by the following equation: 

The rate of increase = liver volume at sacrifice ⁄ estimated remnant liver volume at operation × 100%. 

Liver samples at 48 h PH were stained for PCNA. PCNA is a stable cell-cycle nuclear protein. The rate of DNA synthesis correlates with proliferation of the cells. Data were expressed as the percentage of hepatocytes stained with PCNA. The percent of PCNA-stained hepatocytes in the total cells per 10 high-power fields was calculated and compared between the two groups.

Three-micrometer-thick sections were stained with hematoxylin and eosin and analyzed by TUNEL using an in situ apoptosis-detection kit (Jiamei Biotech Co. Ltd., Shenzhen, China) following the manufacturer’s instructions. The percent of apoptotic cells in the total cells in each high-power field was measured and compared between the Portal group and the Systemic group. Ten consecutive high-power fields were calculated at 400 × magnification for each pig.
Measurement of LPS levels

LPS levels in serum samples were measured by the quantitative chromogenic limulus amebocyte lysate test (Yihua BioScience Ltd. Shanghai, China) according to the manufacturer’s instructions. All samples were tested in duplicate and read at 405 nm[17].
Bacterial translocation

Total bacterial quantification was accomplished by DNA isolation and real-time polymerase chain reaction (PCR). DNA was isolated from blood using the Fast DNA Spin Kit (Cat. 69506; Qiagen, United States) according to the manufacturer’s instructions. Subsequently, total bacterial quantification was performed with 16S rRNA gene-targeted primers. The sequences of the universal primers were as follows: 5’TTCCGGTTGATCCTGCCGGA3’ forward and 5’ GGTTACCTTGTTACGACTT-3’ reverse[18,19]. The serially diluted genomic DNA of selected bacterial isolates was used as a real-time PCR positive control for total bacterial quantification. Bacterial counts are expressed as Log10 cells per gram tissue (cells/g).
Quantification of serum cytokine levels

TNF-α, IL-1 and IL-6 levels in serum were measured using enzyme-linked immunosorbent assays (ELISAs) following the manufacturer’s instructions (Jingmei Biotech Co. Ltd, Shenzhen, China). All samples were tested in triplicate and read at 490 nm in a thermomax microplate reader. 
Statistical analysis
All variables were expressed as mean±SD and compared with the Student’s t test using PASW Statistics 18 software (SPSS Inc., Chicago, IL, United States). P values of less than 0.05 were considered significant.
RESULTS
Arrangement of the experiment and the hemodynamic studies

Extracorporeal continuous portal diversion (ECPD) plus temporal plasmapheresis (PP) by the extracorporeal catheter circuit was established (Figure 1). In the Portal group, portal venous blood was aspirated through the portal catheter and into tubing connected to a centrifugal pump immediately PH. The portal venous blood first passed through the centrifugal pump and then through plasma-separation cartridges with a blood flow of 90–110 mL/min to preserve the pigs’ PVF per unit volume range of 3.0 - 3.3 times that of the baseline. From 24 h PH, these pigs were converted to plasma exchange or PP for 6 h. After plasma exchange, the blood was returned to the pig through a double-lumen catheter inserted into the internal jugular or subclavian vein, and then continued on ECPD until 48 h PH. In the Systemic group, the extracorporeal catheter circuit was established with systemic circulation to systemic circulation at 24 h PH. The systemic circulation blood was aspirated through the systemic circulation catheter and into tubing connected to a centrifugal pump, and the same plasma exchange as the above group was performed for 6 h in all pigs from 24 to 30 h PH, and then stopped after the blood was returned to the pig.

The infusion plasma volume was equal to 1.3 times the plasma volume that had been removed per hour in each pig. The total exchanged plasma volume was 4000-5000 mL each time. The adequacy of anticoagulation was monitored by activated clotting time (ACT), and heparin was administered as required to maintain ACT levels greater than 250 s. Standard monitoring (ECG and arterial line for blood pressure, and Foley catheter for urine output) was performed for all pigs.

The characteristics of the hemodynamic studies are shown in Table 1. The evolution of hemodynamic parameters was measured at baseline, immediately PH, 48 h PH, and euthanasia (49 h PH). All flow values are reported in mL/min per 100 g hepatic tissue. The results showed that hemodynamic parameters such as PVF, HAF and P/A gradually reduced with time in the Systemic group and the Portal group. These hemodynamic parameters were significantly decreased in the Portal group compared with the Systemic group.
PVP was significantly reduced in the Portal group compared with the Systemic group 

The changes in PVP in both groups are shown in Figure 2. The results showed that PVP in the Portal group was significantly lower than that in the Systemic group during the time period from 2 h to 49 h PH (P < 0.05). These results suggested that PVP in the Portal group reduced much more than in the Systemic group. Thus, the Portal group had fewer complications in terms of portal hypertension compared with the Systemic group.
Serum ALT, TB and ammonia were reduced in the Portal group compared with the Systemic group

Levels of serum ammonia, alanine aminotransferase (ALT) and TB collected serially during the follow-up period are shown in Table 2. The results showed that serum ALT, TB and ammonia were significantly reduced in the Portal group compared with the Systemic group from 24 h to 48 h PH (P < 0.05). In addition, serum ALT and ammonia in the Portal group were significantly improved, while TB remained the same after PP from 24 h to 30 h PH (P < 0.05). These results indicated that the Portal group may be better than the Systemic group in improving liver function in PLF, and PP in the Portal group might enhance this protection of liver function. 
Portal group attenuated sinusoidal endothelial injury compared with the Systemic group

In the Systemic group, there was significant sinusoidal dilation, hydropic changes in hepatocytes and hemorrhage into the hepatic parenchyma (Figure 3-A). The sinusoidal endothelial lining was partially destroyed and detached into the sinusoidal space, accompanied by enlargement of the Disse’s spaces (arrow↑) (Figure 3B). CD31 immunostaining revealed significant destruction of the endothelial lining (Figure 3C); whereas in the Portal group, no intraparenchymal hemorrhage was observed (Figure 3D), the sinusoidal endothelial cells and hepatocytes were well preserved (arrow head, Figure 3E), and CD31 immunostaining was mild which indicated less destruction of the endothelial lining (Figure 3F). Serial changes in the levels of HA in the two groups are shown in Figure 3G. HA was significantly decreased in the Portal group compared with the Systemic group from 2 h to 48 h PH (P < 0.05). These results suggested that the Portal group may have attenuated sinusoidal endothelial injury and decreased HA level compared with the Systemic group. 
Rate of liver remnant regeneration was elevated while apoptosis was attenuated in the Portal group compared with the Systemic group

The rate of increase of liver volume in the Portal group was slightly increased compared with the Systemic group, although there was no statistical difference (P > 0.05) (Figure 4 A). Thymidine kinase activity was initially lower in the Portal group than the Systemic group immediately PH, and was subsequently higher at 48 h PH (Figure 4D). The PCNA index (PI) was significantly increased and the apoptotic index (AI) was significantly decreased in the Portal group compared with the Systemic group (Figure 4 C, F). These results suggested that the rate of liver remnant regeneration was elevated, while the rate of apoptosis was attenuated in the Portal group compared with the Systemic group.
Bacterial translocation and endotoxin as well as the inflammatory response were significantly attenuated in the Portal group compared with the Systemic group.

Serial changes in serum LPS levels, bacterial DNA levels, TNF-α and IL-6 levels in the Portal group compared with the Systemic group are shown in Figure 5. The results showed that LPS, TNF-α and IL-6 levels were all significantly decreased in the Portal group compared with the Systemic group from 24 h to 48 h PH, while bacterial DNA level was decreased from 2 h to 48 h PH (Figure 5). In addition, LPS, bacterial DNA, TNF-α and IL-6 levels were all significantly decreased after plasma exchange from 24 to 30 h PH. These results suggested that bacterial translocation and endotoxin as well as the inflammatory response were significantly attenuated in the Portal group compared with the Systemic group.
DISCUSSION
Following extensive hepatectomy when the remnant liver mass is low, it is unable to sustain synthetic, metabolic and detoxifying functions, and SFSS or PLF may ensue[5,6]. SFSS is a recognizable clinical syndrome, which is characterized by postoperative liver dysfunction with prolonged cholestasis, coagulopathy and portal hypertension. The mortality in severe SFSS or PLF after hepatectomy and LDLT is very high and ranges from 80% to 100%[5,20]. 
PP or plasma exchange, a type of plasma purification, is usually performed in acute liver failure. During this process, the patient’s blood is introduced into the plasma separator and the plasma is replaced. The harmful substances or protein-binding toxins are eliminated from the blood, and the blood cells and fresh frozen plasma are re-infused. PP can eliminate toxic soluble materials and small-molecule toxins, as well as coagulation factors, opsonins, and albumin among other factors[21]. In previous research[1,2,22,23], it was demonstrated that these modalities can temporarily support the metabolic and excretory functions of the liver, and help to remove potentially hepatotoxic substances and maintain the patient’s clinical stability. The present study demonstrated that PP via both the systemic circulation and the portal vein can reduce toxic load and the inflammatory response and improve liver function, blood coagulation status, and LPS translocation. However, we were unable to find literature reports on the successful treatment of PLF[24-26]. 

In SFSS or PLF following massive hepatectomy or LDLT, the toxic load is not “solely” pathogenic, as portal hypertension and splanchnic pooling have been reported to greatly contribute to the high postoperative morbidity and mortality of SFSS or PLF[6,24]. Severe damage to the sinusoidal endothelial cells (SECs) of the remnant liver is one of the main factors responsible for high mortality[5,16,27]. Sinusoidal overperfusion seems to be a significant factor impairing liver function following liver resection. PP via systemic circulation access, which is currently universally adopted, did not improve survival rate and relieve portal hyperperfusion[2, 25, 28]. In the present study, the Portal group undergoing ECPD plus PP via the portal vein not only demonstrated removal of the toxic load, but also diversion of portal flow to the systemic circulation, thus relieving portal hypertension. This method attenuated sinusoidal endothelial injury and hepatocyte injury, and significantly decreased the serum endotoxin/bacterial DNA level, IL-6, and TNF-a level compared with the Systemic group without portal decompression. These results also indicated that portal hypertension not only damages the sinusoidal endothelium, but also aggravates endotoxin absorption/bacterial translocation[7,27,29]. Therefore, ECPD plus PP via the portal vein, which relieved both toxic load and portal hyperperfusion injury, has an advantage over PP via the systemic circulation. In a recent report, it was identified that PP combined with surgical modulation of the portal vein inflow was an effective treatment for SFSS after LDLT[26]. 

Currently, the PCS/MCS is usually adopted to relieve portal hyperperfusion in both the clinic and in animal experiments. However, these techniques have many shortcomings, including surgical procedure-related complications and, long-lasting and excessive diversion of portal flow which could retard liver regeneration[16,30,31]. Fortunately, dynamic adjustment of the diverting flow between the portal and systemic circulation is characteristic of ECPD, which was able to halt the portal diversion, while the liver remnant underwent hypertrophy. This showed a potential advantage over the modalities presently adopted. In this study, the PVF per unit volume in the Portal group was preserved at more than 3 times the baseline value, and the increased rate of the liver remnant in the Portal group at 48 h PH was similar to that in the Systemic group with the presence of higher portal hyperperfusion. This indicated that PVF preserved at more than 3 times the baseline value was adequate and a good stimulus for liver regeneration. In addition, injury to the liver in the Portal group was milder and the AI was significantly lower than that in the Systemic group. To the best of our knowledge, this is the first study to investigate the feasibility and effectiveness of ECPD plus PP in relieving portal hyperperfusion in PLF or SFSS. As residual liver increases rapidly after major hepatectomy and within two days, portal hypertension will be relieved rapidly. Thus, ECPD is usually only needed for a short time. In this study, even when ECPD was stopped, the PVP only rose slightly compared with the baseline value, indicating that portal hypertension was relieved after a short time. 

In general, ECPD plus temporal PP or plasma purification via the portal vein does not only dynamically turn the portal flow to the systematic circulation, attenuate portal overflow injury, and preserve the optimum portal flow for liver regeneration, but also reduces toxic load and improves biochemistry parameters. This technique should be undertaken instead of PP or ALS via the systemic circulation in SFSS or PLF.

COMMENTS
Background
Plasmapheresis (PP) and other plasma purification modalities have been used in the past to treat postoperative liver failure (PLF) and “small-for-size” syndrome (SFSS). However, these modalities have not resulted in a significant improvement in survival. It is thought that these modalities were unable to relieve portal hypertension, thus are inefficacious.
Research frontiers
In SFSS or PLF after hepatectomy and living donor liver transplantation, the rationale for using PP or other plasma purification modalities is support for the patient, however, these modalities do not relieve portal hyperperfusion. The PCS/MCS is usually adopted to relieve portal hyperperfusion, however, the long-lasting diversion of portal flow and the potential risk of excessive diversion of portal flow to the systemic circulation could retard liver regeneration.

Innovations and breakthroughs
In SFSS and PLF, extracorporeal continuous portal diversion (ECPD) plus PP via the portal vein not only removes the toxic load, but continuously diverts the portal flow to the systemic circulation and relieves portal hypertension, attenuates sinusoidal endothelial injury and has an advantage over PP via the systemic circulation. In addition, ECPD via the portal vein can dynamically adjust the diverting flow to the “functional competition” between the portal and systemic circulation in the case of PCS/MCS, and is available to halt the portal diversion, while the remnant liver underwent hypertrophy. This showed a potential advantage of this technique over the modalities presently adopted.
Applications
ECPD plus temporal PP via the portal vein does not only attenuate portal overflow injury, but also reduces toxic load and should be undertaken instead of PP or ALS via the systemic circulation in SFSS or PLF, and shows potential for application in the clinic.

Peer review
It was supposed that PP and other artificial liver support (ALS) modalities did not relieve portal hypertension, resulting in inefficacious treatment. This study firstly demonstrated that the ECPD plus temporal PP via the portal vein can not only attenuate portal overflow injury, but also reduce toxic load, and should be undertaken instead of PP or ALS via the systemic circulation in SFSS or PLF.
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Figure 1 Flow diagram of the extracorporeal circuit indicating the plasmapheresis and conditions of slow plasma exchange. The portal venous blood was aspirated through the portal catheter and into tubing connected to a centrifugal pump immediately post-hepatectomy (PH), and then passed through plasma-separation cartridges with a blood flow of 90–110 mL/min. From 24 h PH these pigs were converted to plasma exchange for 6 h. After that the blood was returned to the pig through a double-lumen catheter inserted into the internal jugular or subclavian vein, and then continued on extracorporeal continuous portal diversion until 48 h PH.
Figure 2 Portal vein pressure was significantly reduced in the Portal group compared with the Systemic group. Portal vein pressure (PVP) in the Portal group was significantly lower than that in the Systemic group from 2 to 49 h post-hepatectomy. aP < 0.05 indicates Portal group vs Systemic group.
Figure 3 Portal group attenuated sinusoidal endothelial injury compared with the Systemic group. A,D: Hematoxylin and eosin staining (× 400 magnification) in the Systemic group and Portal group, respectively; B,E: Transmission electron microscopic (TEM) photographs (× 6000 magnification) in the Systemic group and Portal group, respectively; C,F: CD31 immunohistochemical staining of tissue samples (× 400 magnification) taken at 1 h post-hepatectomy (PH) in the Systemic group and Portal group, respectively; G: Serial changes in the level of hyaluronic acid (HA) in the two groups. aP < 0.05 indicates Portal group vs Systemic group.
Figure 4 The rate of liver remnant regeneration was elevated and apoptosis was attenuated in the Portal group compared with the Systemic group. A: The rate of increase of liver volume in the two groups; B: Proliferating cell nuclear antigen (PCNA) staining in the liver remnant (arrows indicate stained positive cells × 400 magnification). A large number of TUNEL-positive cells (arrows) in the liver remnant (× 400 magnification); C: Microphotometric evaluation of the PCNA index (PI) in PCNA-stained tissue at 48 h PH; D: The change in thymidine kinase activity in the two groups; E. TUNEL staining at 48 h PH; F: Microphotometric evaluation of the apoptotic index (AI) in TUNEL-stained tissue at 48 h PH. aP < 0.05 indicates a significant difference between the groups. 
Figure 5 Bacterial translocation and endotoxin, as well as the inflammatory response, were significantly attenuated in the Portal group compared with the Systemic group. A： LPS level was reduced in the Portal group compared with the Systemic group from 24 h post-hepatectomy (PH) until 48 h PH; B: Bacterial DNA level was reduced in the Portal group compared with the Systemic group from 2 h PH until 48 h PH; C: IL-6 level was reduced in the Portal group compared with the Systemic group from 24 h PH until 48 h PH. D. TNF-α level was reduced in the Portal group compared with the Systemic group from 24 h PH until 48 h PH. aP < 0.05 indicates Portal group vs Systemic group; cP < 0.05 indicates before plasma exchange vs after plasma exchange. 
Table 1 Hemodynamic parameters measured at baseline, immediately post-hepatectomy, 48 h post-hepatectomy and euthanasia (49 h post-hepatectomy) 

	
	Systemic group
	Portal group
	P value

	Body weight (kg)
	22.4 ±3.4
	23.6±3.6
	0.91

	Left trilobes (g)
	381.2±14.9
	390.5±15.8
	0.84

	ETL (g)
	476.8±18.4
	487.0±19.7
	0.86

	WRL (g)
	412.1±15.6
	413.1±20.4
	0.79

	ERL (g)
	61.7 ±3.8
	63.8±4.1
	0.76

	Proportion of ERL (%)
	12.8±2.3
	13.1±3.5
	0.87

	Operation time (min)
	110 ±23
	126±28
	0.45

	Blood loss (mL)
	41.7 ±13.8
	49.1 ±16.1
	0.73

	PVF, L/min/100 g 

BAS

2 h PH 

48 h PH 

49 h PH 
	61.9 ±9.6

431.8±36.6

220.3±21.1

214.3±26.1
	64.1 ±10.6

238.8±29.3 

152.3±21.6

227.4±27.61
	0.945

0.002

0.014

0.674

	HAF, L/min/100 g

BAS

2 h PH
48 h PH 

EUT (49 h PH)
	19.4±4.5

6.1±2.5

7,9±2.1

8,2±2.4
	19.9±4.1

14.9±2.5

13.2±4.2

11.6±3.5
	0.921

0.003

0.002

0.003

	P/A 

BAS

2 h PH 

48 h PH 

EUT (49 h PH) 
	3.1±0.2

70.8±8.1

27.8±6.6

26.1±4.9
	3.2±0.2

16.0±3.1 

11.5±1.8

19.4±4.6*
	0.843

0.000

0.002

0.001


All flow values are reported in mL/min per 100 g hepatic tissue. The data are expressed as mean ± SD. Estimated total liver weight = (Weight of left trilobes) × 100/80. ETL: Estimated total liver weight; WRL: Weight of resected liver; ERL: Estimated residual liver weight; PH: Post-hepatectomy; BAS: Baseline; EUT: Euthanasia; P/A: Portal-to-arterial flow ratio. 1Extracorporeal continuous portal diversion was stopped for 1 h.

Table 2 Serial change in serum ammonia, alanine aminotransferase and total bilirubin levels in the two groups
	
	ALT (U/L)
	TB (mmol/L)
	Ammonia(μmol/L)

	
	Systemic
	Portal
	Systemic
	Portal
	Systemic
	Portal

	Pre
	45.2±12.1
	51.3±15.5
	17.3±4.1
	16.4±5.5
	158.4±57.5
	164.3±46.2

	2 h
	67.2±23.4
	61.7±26.1
	19.5±6.1
	18.6±6.3
	239.6±61.8
	193.7±47.0

	24 h
	129.7±35.2
	78.6±24.51
	45.9±8.5
	28.4±5.71
	345.2±59.5
	210.3±67.71

	30 h
	101.5±23.2
	67.2±16.41, 2
	36.4±7.4
	25.8±5.11
	217.4±51.8
	131.7±37.41,2

	48 h
	118.6±31.4
	74±29*
	58.4± 9.0
	38.3±7.11
	254.3±49.7
	180.1±54.51


1Indicates a significant difference between the two groups (P < 0.05); and 2Indicates a significant difference in levels before and after PP (P < 0.05). ALT: Alanine aminotransferase; TB: Total bilirubin.
PAGE  
25

