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Abstract

Background/Purpose Platelets develop tissue repair and

promote liver regeneration. We investigated whether

platelets prevented acute liver damage after extended

hepatectomy in pigs.

Methods Thrombocytosis was induced by the following

two methods; afterwards 80% hepatectomy was performed

in pigs. In the first method, the pigs received administration

of thrombopoietin [TPO (?) group], and they were com-

pared with a control group [TPO (-) group]. In the second

method, the pigs received a splenectomy [Sp (?) group],

and theywere compared with another control group [Sp (-)

group]. Platelet counts, biochemical examination of blood,

and histopathological findings of the residual liver were

examined.

Results Serum aspartate transaminase (AST), alanine

transaminase (ALT), alkaline phosphatase (ALP), and total

bilirubin (T-Bil) levels were significantly decreased in the

thrombocytotic groups compared with the control groups in

the early period after hepatectomy. In the histopathological

findings, hemorrhagic necrosis with a bile plug was observed

in the control groups, but this phenomenon was not observed

in the thrombocytotic groups. On transmission electron

microscopy, the sinusoidal endothelial lining was destroyed

and detached into the sinusoidal space with enlargement of

Disse’s spaces in the thrombocytotic groups, but these

findings were not observed in the control groups.

Conclusion An increased number of platelets prevents

acute liver damage after extended hepatectomy.

Keywords Platelet � Extended hepatectomy �
Acute liver damage � Thrombopoietin � Splenectomy

Introduction

It is known that platelets stick to injured tissue and initiate the

healing response [1]. Recently, it has been reported that

platelets promote tissue repair in ischemic liver injury [2].

We have demonstrated that platelets induced hepatocyte

proliferation and promoted liver regeneration after massive

hepatectomy [3–8]. An increased number of platelets res-

cued mice that were 90% hepatectomized, a level which is

usually considered as fatal [5]. Thrombopoietin (TPO),

which is a primary regulator of megakaryopoiesis and

thrombopoiesis, prevents the progression of liver fibrosis

caused by chronic liver damage and promotes liver regen-

eration after hepatectomy [6]. However, it is unclear whether

platelets have a protective effect against liver damage after

extended hepatectomy. Liver failure after hepatectomy is

induced by severe damage to hepatocytes and failure of

regeneration. Therefore, reduction of liver damage follow-

ing hepatectomy would improve the surgical outcome [9].

The anatomy of the porcine liver is similar to that of the

human liver, especially in the hepatic segment, and porcine
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liver is useful for mimicking human liver surgery [10, 11].

In addition, it is easier to collect blood samples sequen-

tially from the same animal, unlike the way blood samples

are collected from rats or mice [11, 12]. Also, concerns

have recently been raised about the welfare and care of

dogs or monkeys being used for medical research. As a

result, the use of pigs to complement the use of dogs or

monkeys has attracted notice [13]. For these reasons, the

porcine model is thought to be the best for the clinical

application of new therapies. Extended hepatectomy in the

pig causes portal hypertension, followed by liver damage

[12, 14, 15]. It was reported that 85–90% liver resection in

pigs induced more severe liver damage than 70–80% liver

resection and had a lethal effect by causing acute liver

failure [11]. Xia et al. [12] reported that pigs in which 85%

liver resection was performed died during the early period

after hepatectomy. In the present study, we performed 80%

hepatectomy in pigs and investigated the effect of

increased numbers of platelets on liver function after the

operation.

Methods

Animals

Chinese miniature pigs, weighing 41.5 ± 9.0 kg, and

young Landrace/White (LW) pigs, weighing 30.1 ±

6.7 kg, were used. Each pig was housed in a cage or a pen

(1.5 m 9 2 m) and the room temperature was maintained

at 23�C. The animal was allowed ad libitum access to food

and water for several days. Before surgery, the animal was

fasted overnight, but allowed free access to water. This

experiment was performed in the laboratories of Jichi

Medical University and in the National Institute of Agro-

biological Sciences. All experiments complied with the

Guidelines for Care and Use of Laboratory Animals at the

University of Tsukuba.

Anesthesia

Miniature pigs were anesthetized in the following way.

Induction of anesthesia was performed through the

administration of xylazine (4 mg/kg body weight) and

ketamine (10 mg/kg body weight) intramuscularly. After

atropine sulfate (1.0 mg/body) was administered, oral tra-

cheal intubation was performed and anesthesia was main-

tained using 2% isoflurane. LW pigs were similarly

anesthetized except that intramuscular injection of xylazine

(4 mg/kg body weight) and midazolam (0.5 mg/kg body

weight) was used for induction, and 2% isoflurane with

nitrous oxide was used for maintenance. A catheter for

central venous access was placed through the jugular vein

for the administration of medicine and blood sampling after

the operation. During the operation, lactate Ringer solution

was administered at a rate of 10 ml/kg/body weight/h with

famotidine (20 mg/body) and cefazolin sodium (1 g/body).

Hepatectomy procedure

In this study, 80% hepatectomy was performed in the pigs.

In the preliminary studies, in pigs in which 75% hepatec-

tomy was performed, the procedure did not cause portal

hypertension followed by severe liver damage, and the pigs

in which 85% hepatectomy was performed died in the early

period after the hepatectomy (data not shown). So we

considered that 80% hepatectomy was appropriate in this

study. A midline laparotomy was performed. The cystic

artery and cystic duct were ligated and divided. Glisson

sheaths of the left lobe and medial lobe were identified and

divided. The left and middle hepatic veins were ligated

with liver parenchyma with transfixing sutures. Parenchy-

mal resection was performed and the left and medial lobes

were removed. Because the weight of the left plus medial

lobes is 75% of the total liver weight [14], additional

hepatectomy is needed for an 80% hepatectomy. Five

percent of the total liver weight could be calculated from

the resected liver weight, and equivalent to 5% of the total

liver was resected from the right lateral lobe. In the pre-

liminary experiment, the pigs that received 80% hepatec-

tomy suffered portal hypertension but did not die during

the experiment

Postoperative management

After the hepatectomy, parenteral nutrition solution (Am-

inofluid; Otsuka Pharma, Tokyo, Japan) was administered

for 5 days. The volume of infusion was 40 ml/kg body

weight/day for the first 3 days and 20 ml/kg body weight/

day for the last 2 days with famotidine (20 mg/day). After

the hepatectomy, the pigs were fed and watered freely. The

animals in each group were killed on days 2 and 7 after the

total hepatectomy.

Thrombocytosis

To induce thrombocytosis, two models were prepared. In

the first model, Chinese miniature pigs received adminis-

tration of thrombopoietin (TPO); pegylated recombinant

human megakaryocyte growth and development factor

(PEG-rHuMGDF) (20 lg/kg body weight; donated by

Kyowa Hakko Kirin, Tokyo, Japan) was given intramus-

cularly 5 days before the hepatectomy [TPO (?)] group. In

previous studies, the number of platelets reached a peak on

day 5 after the administration of TPO [3, 5, 6, 8, 16]. It was

reported that the genomic structure of the TPO gene is
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conserved between humans, pigs, and mice [17]. Indeed,

the number of platelets was increased by the administration

of TPO to Chinese miniature pigs in our preliminary study.

In the second model, splenectomy was performed in young

LW pigs because the number of available Chinese minia-

ture pigs was limited. Splenectomy was performed 7 days

before the hepatectomy in the Sp (?) group because there

was a peak in the number of platelets on day 7 after

splenectomy. In our preliminary study, the number of

platelets in young LW pigs was not increased by the

administration of TPO. The increase in platelet numbers

lasted for 9 days after the administration of TPO in Chi-

nese miniature pigs and 9 days after splenectomy in young

LW pigs (data not shown). In each model, a control group

was set up: without the administration of TPO; TPO (-)

for the TPO (?) group, and without splenectomy; Sp (-)

for the Sp (?) group. The number of pigs in each group

was 5.

Blood analysis

The number of platelets was measured with a platelet count

analyzer (Micros abc; Horiba ABX, Montpellier, France)

before the hepatectomy. The serum levels of aspartate

transaminase (AST), alanine transaminase (ALT), alkaline

phosphatase (ALP), and total bilirubin (T-Bil) were

examined with a serum multiple biochemical analyzer (Fuji

Drichem; Fuji Film, Tokyo, Japan) before the hepatectomy,

at 2 and 6 h after the hepatectomy, and up to postoperative

day 7.

Histopathological examination

Liver specimens were taken at 2 h after hepatectomy, and

on days 2 and 7 after hepatectomy after the animals were

killed, and were fixed in 10% buffered formalin and par-

affin-embedded. Thick paraffin sections were stained with

hematoxylin–eosin, using standard histological techniques.

On day 7, histological analysis was carried out, using a

semiquantitative scoring system for the following features:

cholestasis, ballooning, and hepatocyte necrosis (Table 1)

[18].

Transmission electron microscopy

Liver tissue taken by laparotomy under anesthesia at 2 h

after hepatectomy was cut into small pieces (approximately

1 mm3) and the specimens were fixed in 2% glutaraldehyde

in 0.1 M phosphate buffer. The specimens were dehydrated

through a graded series of ethanol, passed through pro-

pylene oxide, and embedded in EPON 812. Ultrathin sec-

tions mounted on copper grids were stained with uranyl

acetate and lead citrate and observed with a Hitachi H-7000

transmission electron microscope (Hitachi, Tokyo, Japan).

Liver regeneration, apoptosis

At 2 h after hepatectomy and on days 2 and 7 after hepa-

tectomy, pigs were killed and the regenerated liver weights

were measured to calculate the liver/body weight ratio, and

the proliferating cell nuclear antigen (PCNA) labeling

index (PCNA staining kit; ZYMED, San Francisco, CA,

USA) in the liver tissues was measured to evaluate the

degree of liver regeneration.

To detect apoptotic cells in liver tissue, a terminal

deoxynucleotidyl transferase-mediated dUTP nick end

labeling (TUNEL) assay (In situ Apoptosis Detection Kit;

Takara Bio, Tokyo, Japan) was performed at 2 h after

hepatectomy and on day 2 after hepatectomy.

Statistics

Values of parameters were expressed as means ± SD.

Statistical significance was determined by unpaired t-test. p

values of less than 0.05 were regarded as statistically

significant.

Results

Characteristics of experiments

All pigs in both models survived until they were killed.

Body weight, estimated liver weight, resected liver weight,

estimated residual liver weight, liver resection rate, oper-

ation time, and blood loss, with or without TPO adminis-

tration, and with or without splenectomy, are indicated in

Tables 2 and 3, respectively. Operation time in the Sp (?)

group was significantly longer than that in the Sp (-)

group, and blood loss in the Sp (?) group was significantly

Table 1 Semiquantitative scoring system for histological features

Feature Scoring system

Cholestasis 0. No

1. Yes

Ballooning 0. No

1. Yes

Necrosis 0. None

1. Small foci

2. Confluent areas

3. Bridging necrosis
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larger than that in the Sp (-) group. There were no sig-

nificant differences among the other characteristics in these

two experimental groups.

Platelet count

Before hepatectomy, the number of platelets was signifi-

cantly higher in the TPO (?) and Sp (?) groups compared

with the levels in each of the control groups (Fig. 1).

Liver damage

Serum AST levels in the TPO (?) group were significantly

lower than those in the TPO (-) group on day 2 after

hepatectomy (Fig. 2a). Serum ALT levels in the Sp (?)

group were significantly lower than those in the Sp (-)

group on day 2 after hepatectomy (Fig. 2b). Serum ALP

levels in the TPO (?) group were significantly lower than

those in the TPO (-) group at 6 h and on day 2 after

hepatectomy, and those in the Sp (?) group were signifi-

cantly lower than those in the Sp (-) group at 6 h and on

day 1 after hepatectomy (Fig. 2a, b). Serum T-Bil levels in

the TPO (?) group were significantly lower than those in

the TPO (-) group on days 1 and 2 after hepatectomy

(Fig. 2a).

Histological findings

Light microscopic photographs of the liver tissue, stained

with hematoxylin–eosin, are shown in Fig. 3. At 2 h after

hepatectomy, no serious change was observed in any

groups (data not shown). In the TPO (-) group, necrotic

changes with vacuolization and cholestasis were observed

on days 2 and 7 after hepatectomy. However, few changes

were observed in the TPO (?) group (Fig. 3a). Necrotic

changes with vacuolization were also observed in the Sp

(-) group, but the structure was mostly preserved in the Sp

(?) group (Fig. 3b). Cholestasis, ballooning, and hepato-

cyte necrosis were recognized in zone 2 in the TPO (-)

group but these findings were not observed in the TPO (?)

group (p \ 0.05) (Fig. 4a). Ballooning and necrosis were

recognized in zone 2 in the Sp (-) group, but these findings

Table 2 Characteristics of Chinese miniature pigs in the experiment

with or without thrombopoietin (TPO) administration

Parameters TPO (-) (n = 5) TPO (?) (n = 5)

Body weight (kg) 41.7 ± 11.9 43.3 ± 3.0

Estimated total liver (g) 556.8 ± 119.1 566.0 ± 70

Weight of resected liver (g) 442.6 ± 93.1 450.0 ± 58.3

Estimated residual liver (g) 114.2 ± 26.8 116.3 ± 12.6

Resection rate of the liver (%) 79.6 ± 1.1 79.4 ± 0.9

Operation time (min) 201 ± 40 180 ± 38

Blood loss (ml) 340 ± 222 425 ± 53

TPO (?), hepatectomy was performed after platelet numbers were

increased by administration of TPO. TPO (-), hepatectomy only was

performed. Data are expressed as means ± SD

Estimated total liver = (weight of left and medial lobes) 9 100/75

Estimated residual liver = (estimated total liver) - (weight of

resected liver)

Table 3 Characteristics of young Landrace/White (LW) pigs in the

experiment with or without splenectomy (Sp)

Parameters Sp (-) (n = 5) Sp (?) (n = 5)

Body weight (kg) 31.4 ± 5.8 28.5 ± 7.1

Estimated total liver (g) 726.7 ± 95.8 699.0 ± 153.4

Weight of resected liver (g) 580.3 ± 76.5 555.4 ± 118.9

Estimated residual liver (g) 146.3 ± 21.4 141.6 ± 31.7

Resection rate of the liver (%) 79.9 ± 1.3 79.6 ± 1.1

Operation time (min) 168 ± 18 209 ± 34*

Blood loss (ml) 358 ± 102 410 ± 219*

Sp (?), hepatectomy was performed after platelets were increased by

splenectomy. Sp (-), hepatectomy only was performed. Data are

expressed as means ± SD

Estimated total liver = (weight of left and medial lobes) 9 100/75

Estimated residual liver = (estimated total liver) - (weight of

resected liver)

* p \ 0.05 versus Sp (-) (unpaired t-test)

Fig. 1 Platelet count before hepatectomy with or without thrombo-

poietin (TPO) administration (a) and with or without splenectomy

(Sp; b). Data are expressed as means ± SD. *p \ 0.05 versus TPO

(-) group, #p \ 0.05 versus Sp (-) group
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were not observed in the Sp (?) group (p \ 0.05)

(Fig. 4b).

Transmission electron microscopy

In the TPO (-) group, the sinusoidal endothelial lining

was destroyed and detached into the sinusoidal space

with the enlargement of Disse’s spaces, and the cyto-

plasm of sinusoidal endothelial cells was swollen with

secondary lysosomes at 2 h after hepatectomy. In con-

trast, the structure of the endothelial lining in the TPO

(?) group was well preserved (Fig. 5a). Severe destruc-

tion, i.e., deterioration of the endothelial lining, detach-

ment of endothelial cells, and secondary lysosomes were

recognized in the Sp (-) group. But these findings were

not observed in the Sp (?) group (Fig. 5b).

Liver regeneration, apoptosis

The liver/body weight ratio and the PCNA labeling index

showed no significant difference between the TPO (?) and

TPO (-) groups on days 2 and 7 after hepatectomy

(Figs. 6a, 7a). There were also no significant differences

between the Sp (?) and Sp (-) groups (Figs. 6b, 7b).

TUNEL-positive cells were not observed at 2 h or on

day 2 after hepatectomy in any groups (data not shown).

Discussion

With the advances in surgical techniques and anesthesia,

extended hepatectomy is safer than before [19]; however,

surgeons are still fearful of liver failure. After extended

Fig. 2 Changes in serum levels of biochemical data. Aspartate

transaminase (AST), alanine transaminase (ALT), alkaline phospha-

tase (ALP), and total bilirubin (T-Bil) were measured until day 7 after

hepatectomy with or without TPO administration (a) and with or

without splenectomy (b). Data are expressed as means ± SD.

Asterisk indicates significant differences between TPO (-) and

TPO (?) groups at that time point, and hash indicates significant

differences between Sp (-) and Sp (?) groups at that time point

(p \ 0.05 for both)
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hepatectomy, the hepatic vascular bed immediately

decreases and vascular resistance in the residual liver

increases, consequently leading to high portal pressure.

This ‘‘shear stress’’ caused by portal hypertension induces

severe damage to sinusoidal endothelial cells and disrup-

tion of the sinusoidal lining, which disturbs the sinusoidal

microcirculation, and this is one of the major causes of

acute liver failure [12, 14, 15, 20–22]. It has been reported

that portal pressure was increased by 83–85% hepatec-

tomy, resulting in a lethal effect in pigs [12, 14]. In the

present study we performed 80% hepatectomy, because in

this model high portal pressure and severe liver damage

were observed, but the effects were not lethal. We per-

formed extended hepatectomy in two different strains of

pigs; that is, Chinese miniature pigs and LW pigs. In

particular, the Chinese miniature pigs suffered from

icterus, which is similar to clinical liver failure after

hepatectomy.

Platelets accumulate in injured tissue and release key

mediators of hemostasis and promote the healing response

[1]. In the liver, accumulation of platelets occurs imme-

diately after hepatectomy or other types of liver injury,

such as ischemia/reperfusion (I/R) and administration of

lipopolysaccharide [3, 23–26]. In our previous studies, we

have demonstrated that platelets promote liver regeneration

after hepatectomy [3–5]. However, the protective effect of

platelets against liver damage caused by extended hepa-

tectomy was unknown. In a recent study, tissue repair was

delayed in platelet-depleted animals with normothermic

I/R injury [2]. That is, platelets have a protective effect on

Fig. 3 Light microscopic

findings of the liver tissues on

days 2 and 7 after hepatectomy

with or without TPO

administration (a) and with or

without splenectomy (b) (H&E,

9100; H&E, 9400). Necrotic

change with vacuolization

(arrow heads) and cholestasis

(arrows) were observed in the

TPO (-) group. In contrast, few

serious changes were observed

in the TPO (?) group. Necrotic

change with vacuolization

(arrow heads) was also

observed in the Sp (-) group,

but was only slightly observed

in the Sp (?) group
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tissue repair after normothermic hepatic ischemic injury

[2]. In the clinical setting, it is reported that the number of

platelets is related to recovery from postoperative liver

dysfunction and platelets play a critical role after hepa-

tectomy [27]. In the present study, disruption of the sinu-

soidal lining and necrotic change caused by extended

Fig. 4 Semiquantitative

scoring for cholestasis,

ballooning, and hepatocyte

necrosis. Cholestasis,

ballooning, and hepatocyte

necrosis were recognized in

zone 2 in the TPO (-) group but

these findings were not

observed in the TPO (?) group

(p \ 0.05) (a). Ballooning and

necrosis were recognized in

zone 2 in the Sp (-) group, but

these findings were not

observed in the Sp (?) group

(p \ 0.05) (b)

Fig. 5 Transmission electron

microscopic findings at 2 h after

hepatectomy (96000). In the

TPO (-) group (a) and the Sp

(-) group (b), the sinusoidal

endothelial lining was destroyed

and detached into the sinusoidal

space with enlargement of

Disse’s spaces (arrow heads),

and the cytoplasm of sinusoidal

endothelial cells was swollen

with secondary lysosomes

(arrows). In contrast, in the

TPO (?) group (a) and the Sp

(?) group (b), the sinusoidal

endothelial cells were well

preserved
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hepatectomy was observed in the residual liver, and bio-

chemical markers related to liver damage were increased in

the control groups. In contrast, these phenomena were not

observed in the thrombocytotic groups. These results sug-

gest that platelets prevent acute liver damage by protecting

sinusoidal endothelial cells after extended hepatectomy. It

is known that apoptosis of sinusoidal endothelial cells is

induced by partial hepatectomy [28, 29]. However, in the

present study, there were no apoptotic cells in the liver

tissue after extended hepatectomy. We performed TUNEL

staining only at two time points, i.e., on days 2 and 7 after

hepatectomy; therefore, it remains possible that apoptosis

of liver tissue was not detected. On the other hand, it was

reported that liver failure after extended hepatectomy

originated not only from apoptosis but also from necrosis

caused by various factors, i.e., hemodynamic changes,

ischemia, sepsis, and cholestasis [30]. Additional research

is needed to clarify the mechanisms of the protective

effects of platelets on sinusoidal endothelial cells.

It is well known that administration of TPO or sple-

nectomy is performed to induce thrombocytosis. TPO,

which is produced by the hepatocytes in the liver, is a

primary regulator of megakaryopoiesis and thrombopoie-

sis, leading to platelet production [31]. In the present study,

administration of TPO increased the number of platelets

and prevented acute liver damage after extended hepatec-

tomy. However, it is not clear whether the protective effect

was due to the increased number of platelets or to the TPO

itself. There is no study in which TPO was reported to

prevent liver damage. Further detailed investigation will be

required to reveal the mechanism of the effect of TPO

administration. On the other hand, TPO did not increase

platelet numbers in young LW pigs. It was reported that the

TPO level and platelet count were higher in human infants

than in adults [32]. It is likely that the TPO dosage in the

present study was insufficient for young LW pigs.

The influence of splenectomy on liver damage has been

described in several reports [33–35]. Jiang et al. [33]

reported that prior splenectomy inhibited apoptosis and

inflammation of liver tissue, and ameliorated acute liver

damage induced by hepatic I/R. In a clinical setting,

splenectomy improved biochemical markers of liver func-

tion in patients with chronic hepatitis C [34]. Glanemann

et al. [35] reported that splenectomy significantly reduced

shear-stress-induced liver injury due to a reduction of

portal venous blood flow in 90% hepatectomized rats. In

the present study, there were no significant differences in

portal venous pressure after hepatectomy between the Sp

(-) and Sp (?) groups (data not shown). The results of the

present study indicate that thrombocytosis induced by

splenectomy itself may have a protective effect on the liver

other than by bringing about a reduction in portal pressure.

However, performing splenectomy prior to hepatectomy

creates additional surgical stress in the patient, and hepa-

tectomy would then be difficult because of postoperative

adhesions. In the present study, significantly greater blood

loss and prolongation of operation time were observed in

the Sp (?) group than in the Sp (-) group. In addition, the

spleen is well known to be the largest lymphoid organ, and

Fig. 6 Changes in the liver/body weight ratio on days 0, 2, and 7

after hepatectomy with or without TPO administration (a) and with or

without splenectomy (b). Data are expressed as means ± SD

Fig. 7 Proliferating cell nuclear antigen (PCNA) labeling index on

day 2 after hepatectomy with or without TPO administration (a) and

with or without splenectomy (b). Data are expressed as means ± SD

862 J Hepatobiliary Pancreat Sci (2010) 17:855–864

123



asplenia predisposes the patient to infection [36, 37]. For

these reasons, performing splenectomy for clinical appli-

cations is the subject of discussion.

Liver regeneration after hepatectomy is an efficient and

well-regulated process [38]. Recently, it was reported that

platelets have a strong effect on the initiation of liver

regeneration [3, 39]. We previously reported the strong

effects of platelets on liver regeneration and clarified the

mechanism in both in vivo and vitro studies [3, 4]. In

the present study, there were no significant differences in

the parameters of liver regeneration; i.e., liver/body weight

ratio and PCNA labeling index, between thrombocytotic

and the control groups. It is reported that the potential for

liver regeneration is different between 67% hepatectomized

rats and 82% hepatectomized rats [40]. Genetic responses

related to apoptosis, nitric oxide metabolism, oxidative

stress, and the cell cycle, which are associated with liver

damage and liver regeneration, vary with the degree of

hepatic resection in the residual liver of the pig [41]. It is

likely that the degree of hepatic resection influenced liver

regeneration in the present study.

Conclusion

Increases in the number of platelets protect the sinusoidal

lining from disturbance and prevent acute liver damage

after extended hepatectomy. In the near future, the induc-

tion of thrombocytosis induced by the administration of

TPO or by splenectomy could be a new therapy in hepatic

surgery; i.e., extended hepatectomy for the prevention of

liver damage. In the clinical setting, thrombopoietin

injection, as well as platelet transfusion, will be applicable

for increasing platelet numbers before hepatectomy.
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