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Abstract
A partial hepatectomy is a surgical procedure performed during the living-donor liver transplantation and sometimes the only option for patients with hepatocarcinoma. However the remnant
liver after the hepatectomy is still a major concern. Therefore, the process of liver regeneration
has been a constant theme of study in order to optimize this process. Erythropoietin, a hormone
produced by the kidney and involved in protecting organs like heart, liver and kidney itself
against injuries can be one of these factors that could accelerate the liver regeneration. This study
aims to observe if erythropoietin can accelerate the process of liver regeneration after partial hepatectomy in pigs. Methods: 8 pigs were classified into 2 groups of 4 pigs each: the control group
and the test group. The animals in the first group underwent an application of saline solution subcutaneous on the day before the hepatectomy. Instead of saline solution, the test groups received a
subcutaneous injection of 200 UI/lg of recombinant erythropoietin also on the day before the surgical procedure. After 7 days since the hepatectomy, in each animal the liver was biopsied in two
regions, one next to the hepatectomy section and other far from it. The liver regeneration was analyzed using Ki-67. Results: Pigs from control group presented the following results: Control pig I:
30% of regeneration in the hepatectomy section and 10% in the region far from it; control pig II
24% and 4%; control pig III 27% and 7%. The test group presented no significant liver regenera*
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tion since Ki-67 could not identify cell proliferation in neither the biopsied areas. Conclusion:
Since the number of pigs was not statistically significant, we could not conclude any further hypothesis. We strong believe that enhancing the number of pigs and testing different doses, we will be
able to reach further conclusions.
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1. Introduction
One of the distinctive and unique characteristics of the liver is its regenerative ability [1]. Partial hepatic resection is many times the only option for patients suffering with hepatocellular carcinoma and is a procedure frequently used in living-donor liver transplants. However, this resection is limited by the need to preserve a sufficient amount of functional liver tissue, since excessive resection may lead to liver failure just a few days after
the surgical procedure [2]-[4].
The greater understanding of the mechanisms responsible for liver regeneration has allowed for the development of various strategies that seek to optimize liver regeneration, thus avoiding liver failure. A two-stage hepatectomy and the emoblization of the vena cava post-operatively are the approaches most commonly used in this
case [5]. In keeping with this objective, many experimental studies have been conducted to try and identify substances that can act upon these mechanisms, leveraging the proliferation of the hepatocytes and minimizing the
factors that can hinder regeneration.
One of the substances recently studied is erythropoietin (EPO), a glycoprotein growth factor, which corresponds to a primary stimulus for erythropoiesis, promoting the terminal differentiation of the undifferentiated
myelin cell in normoblasts and then erythrocytes [6].
The kidneys produce nearly 90% of all erythropoietin, where interstitial fibroblasts are related to their greater
production, with the remaining amount being produced mostly in the liver [7] [8].
However, many studies relate the tubular proximal kidney cells with the production of erythropoietin [9]. This
pleiotropic cytokine, known for its role in the stimulation of erythropoiesis, was recently discovered as a powerful agent protecting various tissues against lesions, including the heart, the liver and the kidney [5] [10]-[14].
Its importance was proven in patients with chronic kidney failure, who usually have anemia due primarily to the
reduction in erythropoietin production, a consequence of the smaller number of active kidney cells [15] [16].
Besides its multiple anti-apoptotic and anti-oxidant effects, as well as its angiogenic properties, EPO showed a
neuro-protective effect against ischemia in cell cultures and in animal models [17] [18]. Therefore, administering EPO before possible injuries to the liver may be advantageous in regard to reducing the ischemia and stimulating cellular regeneration.
A partial hepatectomy is the most powerful stimulant of liver regeneration. After a resection of nearly 70% or
even a massive resection (90%), nearly 90% of the remaining hepatocytes are replicated [19] [20].
The post-hepatectomy liver regeneration is the result of a series of complex events regulated by many growth
factors and cytokines [19]-[21]. Signal mechanisms and transcriptional factors such as the nuclear factor-kappa
B (NF-kB) and intracellular mechanisms that involve mitogen-activated protein kinases, necessary for cellular
survival and proliferation, are quickly activated in the remaining liver tissue after a partial hepatectomy [22].
In detail, the phosphorylated extracellular signal-regulated kinases (pERKS), c-Jun N-terminal kinase (JNK)
and tyrosine kinase receptors promote stimuli and the initial signals of the liver regeneration process [23]-[26].
However, evidence of EPO influence in apoptosis reduction is still controversial [27]-[29].
This study aims to verify the protective role of erythropoietin in liver regeneration after partial hepatectomy in
pigs and its influence in the optimization of this process.

2. Methods
The research was carried out in the Advanced Veterinary Medicine Practice Laboratory facilities at the Faculdade Evangélica do Paraná located in the Palmeira municipality, at the Witmarsum Colony, connected to the
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Faculdade Evangélica do Paraná. Also, this research was approved by the animal ethical committee on 05/22/
2013 under the number 004101/2013 according to the Brazilian law 6638 referring to medical researches in animals.
The animals used were Large White pigs (acquired by the laboratory where the study was conducted), with an
approximate age of 3 months and weighing 20 kg. The sample used in this study was made up of 8 animals, divided into 2 groups: the control group had 4 animals and the test group also with 4 animals. The animal in the
control group was submitted to a subcutaneous injection of 0.9% saline solution, NaCl, the day before the hepatectomy. The test group received a subcutaneous injection of 200 UI/kg of 40.000 UI/ml (Eritromax®-Blausiegel) recombinant erythpoietin, also one day prior to the hepatectomy.
The animals were accommodated in stalls at the FEPAR Animal Health Unit II with water ad libitum, fed
with commercial grade feed which was balanced and age-appropriate, without any additional lipid supplementation. The animals arrived at the location 10 days prior to the procedure, which allowed for a proper environmental adaptation.
The pigs were chosen basically for two reasons, first of all, according to the Advisor’s experience with surgery in pigs, as well as their size, which allowed an easy manipulation of the liver.
Second, they are a more sturdy type of animal, with a physiology that is similar to that of humans, meaning
the laboratory handling would be safer.
The animals were submitted to a 12-hour fast for solid foods and 4 hours for liquids. The technique used was
generalized inhalatio anesthesia, using a closed system.
The pre-anesthetic medication was composed of Acempromazine (0.05 mg/kg); Ketamine (10 mg/kg); and
Midazolam (0.5 mg/kg). The anesthetic induction included Thiopental (12.5 mg/kg) and was maintained by
Isoflurane.
During the trans-operative period, the analgesia control consisted of a 30 mg morphine infusion, along with
30 mg of Ketamine and 150 mg of Lidocaine, with a 10 ml/kg/hour infusion rate.
During the post-operative stage, the animal was administered a 7 mg/kg dose of Tramadol every 8 hours,
along with 1 mg/kg of Ketoprofene every 24 hours. The antibiotic chosen was Ceftiofur, with a 30 mg/kg dose
every 12 hours, administered during 5 days. A 250 ml dose of a combination of multivitamins and glucose was
also administered to each animal immediately after the surgery.
On day 1 of the experiment, the control group animals received a 10 ml subcutaneous injection of 0.9% NaCl
saline solution the day prior to the experiment.
On day 2 of the experiment, the control group animals were submitted to a hepatectomy of approximately 65%
of the total liver volume, based on the “Partial hepatectomy and liver regeneration in pigs-the response to different resection sizes” study, published in The Journal of Surgical Research [30].
Under antiseptic surgical conditions, after a median xifopubic laparotomy and the division of the hepatic ligaments, the isolation and ligature of the portal vein branches to the lateral and medial segments of the left lobe
of the liver were carried out. A 0 cotton suture was tied around the base of lateral segment of the left lobe and
the lobe was then excised. Hemostasis was controlled by coagulation cautery. Then, the same procedure was
carried out in the medial segment of the left lobe.
Seven days post-hepatectomy, liver samples were taken from the control group animals. Two samples were
taken from each animal, one at the hepatectomy resection site and another from an area away from the surgical
procedure site, for posterior anatomopathological and immunohistochemical evaluation. The animals were then
euthanized with an anesthetic overdose using a 50 mg/kg Thiopental intravenous dose (more than three times the
dose used for anesthetic induction, as recommended by the Brazilian guide for best practices in animal euthanasia).
On this same day, the three animals in the test group, which had received a 200 UI/kg intraperitoneal injection
of recombinant erythropoietin the day prior to the procedure, were submitted to the same hepatectomy performed on the control group, without any alterations.
Finally, on the 15th day of the study, samples were taken from the test group, following the same procedures
used for the samples taken previously from the animals in the control group, and these were then euthanized
through an anesthetic overdose of Thiopental.
The samples taken from the pig livers were stored in a 10% formaldehyde solution for posterior embedding
into paraffin blocks and immunohistochemical evaluation.
The levels of cellular proliferation in the study were measured using a KI-67 monoclonal antibody through an

520

H. A. Wiederkehr et al.

immunohistochemical analysis. The KI-67 (pKI-67) nuclear protein is considered to be expressed exclusively in
proliferating cells, in other words, during the active stage of cellular division. This strict correlation between cell
proliferation and pKi-67 makes this protein an excellent marker for determining the growth of a specific cellular
population and therefore is widely used in the investigation of proliferative cellular patterns [31]-[33].
The method for obtaining the immunohistochemical staining of the paraffin cuts and the expression of the
markers studied came from CITOLAB (Laboratório de Citologia e Histopatologia Ltda.), laboratory in Curitiba.
All the sections received immunohistochemical treatment with the ki-67 marker, following the CITOLAB
protocol and were then analyzed by pathologists.
The preparation included two stages in two days. The first was dewaxing, followed by antigen retrieval,
blocking of endogenous peroxidase and incubation of the sections with primary antibodies overnight. On the
second day, the next stage was carried out with the incubation of the secondary antibody (biotin) for 30 minutes
(yellow color) and after that Streptavidin incubation immersed in buffered solution for 30 more minutes (red
color). Next, the section will receive DAB-Diaminobenzidine, a chromogen or a substance that takes on a brownish hue in the reaction tree, after bonding with the Streptavidin. The Streptavidin remains bonded to the biotin
(secondary antibody), which in turn remains bonded to the primary antibody. This reaction provides the colors
to be studied by the computerized system, creating yet a new stain with Hematoxylin in order to contrast compared to the section background, improving visualization. Only then will the samples be mounted for reading by
pathologists.
In this study the marker for ki67 was used, which stains cellular proliferation through an immunological reaction to a specific antibody. The antibody used was the anti-KI-67 antibody, IgG type, derived from rat plasma in
a 200 µ/ml (QBEnd/10 LAB-VISION clone).
The analysis of the sections was examiner dependent with a trained professional and was based on the amount
nuclei marked with KI-67, in other words, proliferating hepatocyte nuclei, in order to determine the percentage
of liver regeneration. The Image J 1.46r (Wayne Rasband National Institutes of Health, USA) software was also
used for a quantitative analysis of the marked areas.

3. Results
Two samples from each animal were analyzed, one from the resected area of the liver and another from an area
away from the first, totaling 16 histopathology samples. All of the samples were immunolabeled for KI-67.
In the control group pigs, the ratio of nuclei labeled with a brown stain was considered as follows: control
animal I resulted in 30%, control animal II in 24% and control animal III around 27%, and control animal IV
around 25% also in a visual estimate, without counting, involving various fields (Figure 1 & Figure 2).
In the sample taken away from the resected area in the control group pigs, the results were: control animal I
resulted in 10%, control animal II in 4%, control animal III in 7% and a control animal IV a labeling of around
6% was observed, relative to the ratio of nuclei observed in proliferation, as represented in Table 1.

Figure 1. Liver tissue of control animal II taken from resected area, post-hepatectomy, observed with 40× magnification, revealing proliferating nuclei (black arrows), observed through the brown color obtained by the KI-67
immune marker.
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Figure 2. Sample of resected area, post-hepatectomy, in a
wide field, showing extensive cellular proliferation represented by the large amount of nuclei marked by KI-67
(nuclei stained in brown) in control animal I.
Table 1. Liver regeneration observed through cellular proliferation analyzed with KI-67.
Within the resected area (%)

Outside the resected area (%)

Control Animal I

30

10

Control Animal II

24

4

Control Animal III

27

7

Control Animal IV

25

6

Test Animal I

0

0

Test Animal II

0

0

Test Animal III

0

0

Test Animal IV

0

0

Various typical mitoses were observed and many nuclei marked in pairs. These were interpreted as most likely being originated from the mitosis of a precursor cell. In mitoses, the cytoplasm will frequently also be marked
by KI-67, forming a type of cloud around the chromosomes.
Among the test group animals the results were similar to those shown in Table 1. There were practically no
nuclei marked by the immunomarker, both in the resected area after the hepatectomy and in the area away from
the site (Figure 3 & Figure 4). Therefore, the result and consequently, the liver regeneration, were interpreted
as being insignificant.
It is important to note that no statistical calculation can be made given the low sample size contained in each
group.

4. Discussion
Situations causing the loss of liver tissue, such as viral diseases, chemical damage and surgical resections, many
times can serve as a trigger for the replication of hepatocytes [34]. A broader knowledge of the complex mechanisms involved in liver regeneration may usher in a new era in the treatment of patients with terminal liver
failure.
The induction of liver regeneration in liver transplants would help reduce donor morbidity and allow the recipients to experience a faster clinical improvement. Substances that can positively or negatively affect liver regeneration is one of the most attractive topics in modern science [35].
EPO was first defined as a hormone that regulates erythropoiesis in mammals [36]. This substance is also
known for its anti-inflammatory, anti-oxidant, anti-apoptotic and angiogenic properties [37].
Bockhorn [37] discovered that different doses of EPO significantly increased liver regeneration and survival
in rats submitted to partial hepatectomies and partial liver transplants, however, further studies are necessary in
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Figure 3. Liver tissue removed from test pig I, outside the
resected area post-hepatectomy, showing a lack of nuclei
marked by KI-67 immune marker.

Figure 4. Liver tissue removed from test pig II, from the
resected area, post-hepatectomy, revealing a minimal amount of nuclei marked by KI-67 (black arrows).

order to identify the ideal dose.
Klemm [38] discovered that when EPO was administered in multiple doses of 500 and 5000 UI/kg intravenously, it interrupted liver regeneration.
There are various studies about the method and EPO dosage for use in animals, with some suggesting 3.000
UI of EPO/kg subcutaneously [1], 4.000 (UI of EPO/kg intraperitoneal [10]. This study showed that a dose of
200 UI EPO/kg subcutaneously, in spite of being considered a low dose, significantly reduced the regenerative
ability of the remaining tissue after liver resection.
Knowing that a dose of 5.000 UI/kg of body weight is high when compared to the dose used for the treatment
of anemia (10 - 15 UI/kg), the fact that similar doses have been used experimentally to exert cytoprotective effects on non-hematopoietic cells must be taken into consideration [39]. A dosage of 5.000 UI/kg in rodents is
comparable to a dose of nearly 500 IU/kg, tested on humans in a small clinical course [40], taking into account
the different weight-surface ratio. However, comparative studies between rodents and mid-sized animals are still
needed, such as the ones used in this experiment.
The reduced liver regeneration shows discrepancies with a study published by Schmeding et al. showing that
the intraportal administration of EPO before the resection or a subcutaneous injection during 3 days after the
surgery does in fact increase liver regeneration in rats after a 70% resection [41]. The Klemm [38] study on the
other hand, presented concurring results regarding the negative influence of low erythropoietin doses in liver
regeneration. However, there are various discrepancies such animal models, administration mode, among others,
in the current study as well as in Klemm’s, making comparisons difficult.
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The preference for using pigs instead of other animals, such as rats, rabbits or even sheep, is based mainly on
the similaraties between pig and human gastrointestinal and endocrine systems. Another factor is that since it is
a larger animal, it offers many advantages, such as the variety of sites from which blood and tissue samples can
be collected [42], therefore these animals can be studied and followed in a sequenced manner, without any significant harm to the well-being of the animal.
Thus, researchers can still follow and describe the sequential and morphological changes in order to understand the liver regeneration mechanism and its activity factors, such as thymidien kinase [42]-[44].
Once the animal is chosen, an important part of the project to be discussed is the surgical technique. Even
with the best liver regeneration index being reached with 70% resection of the liver tissue, according to model
presented by Kahn and collaborators [30], the chosen technique for this model was a 65% partial hepatectomy,
due to the shorter surgical period and reduced blood loss, making the surgery safer.
The technique consists of disecting the portal vein and ligating its branches and the branches of the left hepatic artery in the lateral and medial segments of the left lobe of the animal’s liver. These two lobes are then resected using the “crushing” technique in which the lobes are manually removed, with the use of the surgeon’s
fingers to separate the liver parenchyma.
In this study, however, we modified the technique and used electric cautery to divulse the liver tissue and apply mechanical stimulation to promote liver regeneration.

5. Conclusions
This study was important in order to establish an evaluation model for liver regeneration in pigs, especially related to the use of Ki-67 in liver tissue in pigs, which proved to be an effective and reliable immune marker.
As this was a pilot project, the conclusion is only that future studies are required in order to better understand
the liver regeneration process and the influence exerted by erythropoietin in this process.
We believe that with a larger sample number and the creation of animal groups with different doses, further
exploration and discoveries related to this topic will be made possible.
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