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Abstract
AIM: To investigate the efficacy and mechanism of 
action of allogeneic embryonic hepatocyte transplanta-
tion for the treatment of hepatic cirrhosis.

METHODS: Rat embryonic hepatocytes were char-
acterized by examining cell markers. Wistar rats with 
CCl4-induced cirrhosis were randomly divided into two 
groups: a model group receiving continuous CCl4, and 
a cell transplantation group receiving continuous CCl4 
and transplanted with embryonic fluorescent-labeled 
hepatocytes. In addition, a normal control group was 
composed of healthy rats. All rats were sacrificed after 
2 wk following the initiation of the cell transplant. Ul-
trasound, pathological analyses and serum biochemical 
tests were used to evaluate the efficacy of embryonic 
hepatocyte transplantation. To analyze the recov-
ery status of cirrhotic hepatocytes and the signaling 
pathways influenced by embryonic hepatocyte trans-

plantation, real-time polymerase chain reaction was 
performed to examine the mRNA expression of stellate 
activation-associated protein (STAP), c-myb, α smooth 
muscle actin (α-SMA) and endothelin-1 (ET-1). West-
ern blotting and immunohistochemistry were employed 
to detect α-SMA and ET-1 protein expression in hepatic 
tissues.

RESULTS: Gross morphological, ultrasound and his-
topathological examinations, serum biochemical tests 
and radioimmunoassays demonstrated that hepatic cir-
rhosis was successfully established in the Wistar rats. 
Stem cell factor receptor (c-kit), hepatocyte growth 
factor receptor (c-Met), Nestin, α fetal protein, albu-
min and cytokeratin19 markers were observed in the 
rat embryonic hepatocytes. Following embryonic hepa-
tocyte transplantation, there was a significant reversal 
in the gross appearance, ultrasound findings, histo-
pathological properties, and serum biochemical param-
eters of the rat liver. In addition, after the activation 
of hepatic stellate cells and STAP signaling, α-SMA, 
c-myb and ET-1 mRNA levels became significantly 
lower than in the untreated cirrhotic group (P  < 0.05). 
These levels, however, were not statistically different 
from those of the normal healthy group. Immunohisto-
chemical staining and Western blot analyses revealed 
that α-SMA and ET-1 protein expression levels in the 
transplantation group were significantly lower than in 
the untreated cirrhotic group, but being not statistically 
different from the normal group. 

CONCLUSION: Transplantation of embryonic hepato-
cytes in rats has therapeutic effects on cirrhosis. The 
described treatment may significantly reduce the ex-
pression of STAP and ET-1.
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INTRODUCTION
Clinical studies of  liver cell transplantation are primarily 
performed with adult hepatocytes and liver stem cells[1]. 
Adult hepatocytes are highly differentiated cells and can-
not produce sufficient and sustained biological effects[2,3]. 
However, in vitro proliferation of  liver stem cells allows 
for the generation of  a sufficient number of  cells to be 
used in clinical practice[4]. Following transplantation, liver 
stem cells continue to proliferate and may play an impor-
tant role in liver regeneration[5,6]. 

There are currently several types of  liver stem cells 
used in experimental research to treat cirrhosis, includ-
ing adult liver stem/progenitor cells from the liver portal 
canal, which are activated and differentiate into hepatic 
oval cells following severe liver damage[7,8]. Other types 
of  liver stem cells include embryonic hepatocytes[9,10], 
bone marrow/hematopoietic stem cells[11-16], and embry-
onic stem cells[17-19]. 

Early embryonic hepatocytes are self-renewing pro-
genitor cells with the capacity to differentiate into adult 
hepatocytes and bile duct cells[20]. On embryonic days (E) 
16 and 17, rat hepatic stem cells begin to differentiate. 
On E16, the gene expression profiles of  rat embryonic 
liver epithelial cells change abruptly and become similar 
to those of  mature cells; at this point, the bi-differenti-
ation potential of  these cells is significantly reduced[21]. 
On E9.5-15 in rats, most hepatocytes are liver stem cells, 
which possess potent proliferative capacity as compared 
with adult hepatocytes. After transplanted into injured 
livers, these cells can improve liver function and reduce 
animal mortality[22,23]. To investigate the effects of  allo-
geneic embryonic hepatocyte transplantation on hepatic 
cirrhosis and the associated mechanisms of  action, we 
utilized E15 rat hepatocytes as seed cells. The results 
presented here provide a theoretical and experimental 
framework for future studies of  embryonic liver stem 
cell transplantation for the treatment of  hepatic cirrhosis.

MATERIALS AND METHODS
Materials
Experimental animals: One hundred adult female Wi-
star rats and 6 male rats were purchased from the Specific 
Pathogen Free Grade Animal Department, Peking Union 
Medical College.

Primary reagents: Rabbit anti-human albumin (ALB) 

antibody and rabbit anti-rat cytokeratin 19 (CK19) anti-
bodies were purchased from Beijing Gene Biology (Bei-
jing, China). The rabbit anti-human α-fetoprotein (AFP) 
polyclonal antibody, the PV-6001 immunohistochemistry 
kit, PV-9003 immunohistochemistry kit and the chromo-
genic kit were purchased from Beijing Zhongshan Biol-
ogy (Beijing, China). The rabbit anti-human/mouse/rat 
stem cell factor receptor (c-kit) antibody, the rabbit anti-
human/mouse/rat hepatocyte growth factor receptor 
(c-Met) antibody, rabbit anti-human/mouse/rat Nestin 
antibodies were purchased from Wuhan Boster Biology 
(Wuhan, China). Percoll centrifugal liquid was purchased 
from Beijing Kehaijunzhou Bitechnology (Beijing, 
China). Collagenase type Ⅳ was purchased from Beijing 
Tianlai Biotech. Co. (Beijing, China). The rabbit anti-hu-
man/mouse/rat α smooth muscle actin (α-SMA) poly-
clonal antibody (ab66133) was purchased from Abcam 
(Cambridge, United Kingdom), the goat anti-human/
mouse/rat endothelin-1 (ET-1) polyclonal antibody was 
purchased from Santa Cruz Biotechnology (California, 
United States), the biotinylated goat anti-rabbit immuno-
globulin G (IgG) and anti-goat IgG antibodies were pur-
chased from Beijing Zhongshan Biology (Beijing, China). 
β-actin was purchased from Santa Cruz Biotechnology 
(California, United States). The Power SYBR Green poly-
merase chain reaction (PCR) Master mix was purchased 
from ABI (California, United States), the M-MLV, dNTP 
Mix and Oligo (dT15) were purchased from Promega 
Corporation (Wisconsin, United States), and the Taq en-
zyme was purchased from TIANGEN (Beijing, China). 
Primers for stellate activation-associated protein (STAP), 
c-myb, α-SMA and ET-1 were purchased from Invitro-
gen Corporation (California, United States) and were syn-
thesized by Beijing GENELIFE Biotech Co., Ltd (Beijing, 
China).

Experimental methods
Experimental animals: Females and male rats (2 fe-
males/1 male) were housed together overnight. Female 
vaginal smears were examined the following morning. The 
day when the sperm was detected was defined as day 0 of  
the pregnancy. Pregnant female rats at E15 were used to 
isolate embryonic hepatocytes.

Isolation of  embryonic hepatocytes: The hepatocyte 
suspension was prepared using the enzymatic digestion 
method, and the hepatocytes were separated using Percoll 
gradient centrifugation. Percoll and a 9% NaCl solution 
were mixed at a ratio of  9:1. This solution was then di-
luted with D-F12 culture medium to 50%, 70% and 90% 
gradient centrifugation solutions. Each dilution of  Percoll 
solution (5 mL) was added sequentially into a centrifuge 
tube, and the cell suspension was placed on the top of  
these solutions. The tube was centrifuged at 4330 g for 
30 min at 4  ℃. The cells between the 50% and 70% Per-
coll layers were carefully removed and washed twice with 
Hank’s balanced salt solution by centrifuging at 719 g and 
4  ℃. The supernatant was discarded, and culture medium 
was added to the tube to a final volume of  1 mL. Cells 
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were counted using trypan blue after being re-suspended 
in the medium. Following calculation of  the cell density, 2 
× 106/mL cells were cultured in a 25-mm2 flask. 

In vitro  culture of  embryonic hepatocytes: The flask 
was placed in a 37  ℃ incubator filled with 50 mL/L carbon 
dioxide. The D-F12 culture solution contained 15% fetal 
bovine serum (FBS), and the medium was replaced every 24 
h. Cells were microscopically analyzed for growth and pro-
liferation status, and the number of  colonies was recorded.

Identification of  colonies: Colonies were marked with 
a variety of  liver stem cell markers using the two-step im-
munoperoxidase method. The analyzed markers included 
ALB (1:2000), AFP, c-kit, c-Met, Nestin and CK19 (all 
1:1000).

Experimental groups: The Wistar rats were randomly 
divided into a cirrhotic group (n = 50) and a normal 
control group (n = 10). In the normal control group, 
olive oil was injected subcutaneously into the abdomen. 
In the cirrhotic group, 50% CCl4  in olive oil was injected 
subcutaneously into the abdomen; the first four and final 
four doses were 0.5 mL/100 g body weight, and the oth-
er doses were 0.3 mL/100 g body weight. The 50% CCl4 

solution was injected every four days for a total of  15 
injections. A 10% ethanol solution, which was prepared 
with white wine and distilled water, constituted the only 
liquid drank by the rats in the cirrhotic group. 

After 63 d, the 24 surviving rats in the cirrhotic group 
(16 rats died during the induction of  cirrhosis) were ran-
domly divided into two groups: a control cirrhotic group (n 
= 12) and a cell transplantation group (n = 12). Rats in the 
control cirrhotic group received continuous CCl4. In the 
cell transplantation group, rats were transplanted with E15 
rat hepatocytes labeled with carboxyfluorescein diacetate 
and succinimidyl ester (CFSE) fluorescent molecules. CCl4 

was also continuously administered in this group. The rats 
were sacrificed 2 wk after the beginning of  the transplan-
tation treatment, and their serum was collected. A portion 
of  liver tissue from the rats was used to prepare frozen 
and paraffin sections, and the remaining hepatic tissue 
was stored in liquid nitrogen for Western blotting and real 
time-PCR. 

B-ultrasound image analysis: A solution of 0.5 mL/100 g 
chloral hydrate was used to anesthetize rats, and hair 
removal agents were used for skin preparation. Rats 
were immobilized on the operating table prior to the 
procedure. A small animal, high-resolution ultrasound 
system (Vevo 770TM) was used for image collection and 
analysis, and a PEF-704LA laparoscopic linear probe 
was used for abdominal exploration. The following ultra-
sound parameters were included: 2-D measurement of  
the portal vein and hepatic vein, Doppler imaging mea-
surement of  portal vein velocity (PVV) and hepatic vein 
velocity (HVV), echo intensity, the liver morphology and 
angle of  the liver’s blunt edge. SPSS13.0 software was 

used for statistical analyses following a completely ran-
domized single-factor F test and paired t test.

Fluorescent labeling and tracking of  E15 hepatocytes: 
CFSE was dissolved in dimethyl sulfoxide, and a 1-mmol/
L CFSE solution was stored at -20  ℃. The stock solution 
was diluted to a 5 μmol/L working solution with phos-
phate buffer solution (PBS). Following a 20-min incuba-
tion with the CFSE working solution, fluorescence of  
the E15 hepatocytes was confirmed by excitation using a 
wavelength of  488 nm. The cells were digested with 0.25% 
trypsin, counted with trypan blue staining and diluted to 2 
× 107 cells/0.5 mL.

Orthotopic liver transplantation of  fluorescently-labeled 
embryonic hepatocytes: The rats were anesthetized with 
0.5 mL/100 g chloral hydrate and immobilized on a surgi-
cal table. A 1.5-cm vertical incision on the right side of  the 
abdomen was made under the xiphoid process to expose 
the liver. Using a 1-mL syringe, 0.5 mL of  the labeled E15 
hepatocyte suspension was slowly injected into the liver 
parenchyma. The abdomen was closed, and the rats were 
placed at ≥ 26  ℃ overnight. 

Serum assay: Blood was taken from the abdominal aorta, 
and the following indicators were analyzed: total protein 
(TP), ALB, total bilirubin (TBil), alanine aminotransferase 
(ALT), and aspartate aminotransferase (AST). The lev-
els of  collagen type Ⅲ, AFP and ET-1 were determined 
by radioimmunoassays. SPSS13.0 software was used for 
statistical analysis using a completely randomized single-
factor F test.

Histopathology: The rat livers were fixed in formalin for 
48 h, paraffin embedded and sectioned into 4-μm thick 
slices for hematoxylin and eosin (HE) and van gieson (VG) 
staining.

Immunohistochemistry: Immunohistochemical stain-
ing of  α-SMA, ET-1. Marker expression was examined 
using the two-step immunoperoxidase method. Briefly, 
after tissue sections were deparaffinized and rehydrated, 
sections were heated in a microwave for 10 min to en-
hance antigen retrieval. Slides were then incubated for 10 
min with 3% H2O2 to inactivate endogenous peroxidase 
activity. Primary antibodies (rabbit anti-human/mouse/
rat α-SMA polyclonal antibody, 1:50; goat anti-human/
mouse/rat ET-1 polyclonal antibody, 1:50) were applied 
and incubated overnight at 4 ℃. The appropriate second-
ary antibody (biotinylated goat anti-rabbit IgG, 1:200; 
anti-goat IgG antibody, 1:200) was applied for 40 min, 
and 3,3’-diaminobenzidine was used as a chromogen. 
Negative controls were performed for each antibody us-
ing PBS instead of  the primary antibody.

Immunohistochemical staining analysis: Immunohis-
tochemical staining of  paraffin-embedded liver sections 
was analyzed with a Leica Q500 IW Imaging Worksta-
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tion. The average optical density was calculated in image 
analysis. For quantitative analyses, several fields were se-
lected in each slice using a micro-camera (Magnification: 
10 × 10), and the images were transferred to a computer. 
The position of  positive staining was first observed un-
der low magnification, and the optical density values were 
measured using a high power (Magnification: 10 × 20). 
Five high-power fields of  each specimen were randomly 
selected, and their average optical density value was cal-
culated. SPSS13.0 software was used for the statistical 
analysis following a completely randomized single-factor 
F test.

Western blotting: Liver tissue samples and cells were 
lysed in ice-cold RIPA buffer supplemented with protease 
inhibitors. Whole cell lysates were obtained by subsequent 
centrifugation at 14 000 r/min for 10 min at 4 ℃. Pro-
tein concentrations were determined using the Bradford 
protein assay with bovine serum albumin as a standard. 
Twenty-five micrograms of  protein extracts were separat-
ed using 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and were transferred to a nitrocellulose 
membrane. Membranes were blocked with a 7.5% solu-
tion of  nonfat dry milk dissolved in a Tris-HCl-buffered 
solution (TBS, pH 7.5) and were then probed with a 
primary antibody (rabbit anti-human/mouse/rat α-SMA 
polyclonal antibody, 1:50; goat anti-human/mouse/rat 
ET-1 polyclonal antibody, 1:50). Membranes were sub-
sequently washed with TBST (TBS, 0.1% Tween 20) and 
exposed for 45 min at room temperature to the appropri-
ate secondary antibody (anti-goat IgG antibody, 1:5000; 
anti-rabbit IgG antibody, 1:5000). Staining was detected 
using chemiluminescence followed by autoradiographic 
and densitometric analyses. Experiments were performed 
at least 3 times, and similar results were obtained for each 
replicate.

Real-time PCR: RNA from liver tissue was extracted us-
ing TRIzol. First-strand cDNA was reversely transcribed 
(RT) from 1 µg of  total RNA using Oligo (dT) 15 prim-
ers and a M-MLV reverse transcriptase. The primers were 
designed based on gene sequence data from GenBank. 
Primer sequences used for real-time PCR are shown in 
Table 1. Real-time PCR was performed using an ABI 
Prism 7900HT Sequence Detection System (SDS). Tripli-
cate reactions of  each sample were performed in a 96-well 
plate using SDS instrumentation for 40 cycles. Real-time 

PCR amplifications were carried out using 2 μL cDNA, 
12 μL 2 × SYBR Green PCR Master Mix, 0.3 μL primers 
(forward/reverse, 15 pmol/μL), and 10.4 μL H2O for a 
final reaction volume of  25 μL. Real-time PCR cycling pa-
rameters were 50 ℃ for 2 min, 95 ℃ for 10 min, followed 
by 40 cycles of  95 ℃ for 15 s, 60 ℃ for 1 min, 95 ℃ for 
15 s, 60 ℃for 15 s and 95 ℃ for 15 s.

Data were analyzed using SDS2.2 software. The rela-
tive quantities of  the target genes were normalized against 
the expression of  β-actin[24]. The following formulas were 
used for RT-PCR data analysis: △Ct = Ct value of  the 
target gene - Ct value of  the normalization gene (the 
reference gene); quantity of  the experimental group = 2-
△Ct of  the experimental group; quantity of  the control 
group = 2-△Ct of  the control group; quantity (relative 
expression levels) = quantity of  the experimental group 
/quantity of  the control group. After the expression of  
each gene in the normal control group was normalized 
to 1, the relative 2-ΔΔCt values for each gene in the un-
treated cirrhotic and the cell transplantation groups were 
calculated.

RESULTS
In vitro culture and identification of isolated cells
The primary fetal hepatocytes became adherent approxi-
mately 5 h into the culture period, and spheres formed 
on day 2 (Figure 1A). Spheres had a round or oval ho-
mogeneous morphology, and round or oval nuclei. Mi-
croscopic analysis revealed that the adherent cells grew 
in a monolayer and had a clear cell boundary (Figure 1B). 
Cells were round or polygonal and were arranged in neat 
rows. In addition, the cells had abundant cytoplasm and 
round nuclei. However, a small number of  fibroblasts 
were observed within the cultures. Following a few days 
in culture, approximately half  of  the clones gradually 
grew into sheets and merged with one another or gradu-
ally differentiated (Figure 1C). In a 25-mm2 flask, the 
peak number of  cell colonies (> 4000 colonies) appeared 
on day 2 into the culture period. Most cells isolated from 
the 50% Percoll sample were not adherent, and a few 
gradually died over the course of  the culture period.

Immunohistochemical staining revealed that most liv-
er stem cell-specific markers, including c-kit (Figure 2A), 
c-Met (Figure 2B), Nestin (Figure 2C), AFP (Figure 2D), 
ALB (Figure 2E) and CK19 (Figure 2F), were expressed 
in the cell colonies on day 2 of  culture. 
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  Gene Forward primer Reverse primer Segment length

  STAP AGTCCTCAGCTGCGGAAACA AGCGCGAGCACAGAGGATAC 100 bp
  a -SMA CGGGCTTTGCTGGTGATG GCTGTCCTTTTGGCCCATT 100 bp
  C-myb CCATCCAGAGACATTATAACGATGA CTGTCCCTTCAGTTCGTTCTCTGT 100 bp
  ET-1 GACCACAGACCAAGGGAACAG TGGCATGGCCGAACTCAT 100 bp
  β -actin CATTGCTGACAGGATGCAGAAG GAGCCACCAATCCACACAGAGT 100 bp

Table 1  Primer sequences used for real-time polymerase chain reaction

STAP: Stellate activation-associated protein; SMA: Smooth muscle actin; ET: Endothelin.
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Ultrasound examination
As shown in Figure 3A, ultrasound examination revealed 
that the livers of  normal control rats had a smooth cap-
sule, sharp edges, clear vascular texture and a uniform 
echo. In rats of  the untreated cirrhotic group, however, 
livers had an uneven surface, blunt edges, unclear vas-
cular texture, and serrated and enhanced echoes with 
uneven distributions (Figure 3B). No specific liver paren-
chymal lesions were observed in the untreated cirrhotic 
rats. Compared with the normal control group, the 
portal and hepatic veins in the untreated cirrhotic group 
were significantly widened (P < 0.01), and both PVV 
and HVV were significantly decreased (P < 0.01). Visible 
signs of  ascites were observed in the untreated cirrhotic 

group. Ultrasound examination, therefore, revealed that 
livers of  untreated cirrhotic rats were characterized by 
cirrhosis, portal hypertension, and the presence of  ascites. 

In the cell transplantation group, rat livers had a 
smooth capsule, smooth edges, clear vascular texture 
and even echo patterns (Figure 3C). Compared with the 
normal control group, the portal and hepatic veins were 
not obviously enlarged (P > 0.05, Table 2). The portal 
and hepatic veins were significantly narrower than those 
of  rats in the untreated cirrhotic group (P < 0.01). PVV 
and HVV were decreased compared with the velocity 
in the normal control group (P = 0.03 and P < 0.01, re-
spectively), but being higher than those observed in the 
untreated cirrhotic group (both P < 0.01). Findings and 
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A B C

Figure 1  E15 rat hepatocytes in vitro. A: E15 rat hepatocytes 2 d after cell inoculation; B: E15 rat hepatocytes 2 d following cell inoculation; C: Differentiation of rat 
embryonic hepatocytes. Scale bars: 20 μm.

A B C D E F

Figure 2  Immunohistochemistry staining of E15 rat hepatocytes. A: c-kit-positive colony; B: c-Met-positive colony; C: Nestin-positive colony; D: α-fetoprotein-
positive colony; E: Albumin-positive colony; F: Cytokeratin 19-positive colony. Scale bars: 20 μm.

Linear 2 =
L: 14.58 mm

Linear 2 =
L: 12.10 mm

Figure 3  Parameters of ultrasound examination. A: Livers exhibit a smooth capsule, sharp edges, clear vascular texture and uniform echoes in the normal control 
group; B: Livers from rats of the untreated cirrhotic group exhibit uneven surfaces, blunt edges, unclear vascular texture and serrated and enhanced echoes with 
uneven distribution; C: In the transplantation group, rat livers exhibit a smooth capsule, smooth edges, clear vascular texture and even echo patterns.

A B C
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statistical results for each parameter of  the ultrasound 
examination before and after liver transplantation (paired 
t test, P < 0.01) are shown in Table 3.

Pathological changes in rats with hepatic cirrhosis
The livers of  normal control rats were dark red, elastic 

with a smooth surface, sharp edges and a soft texture 
(Figure 4A). However, the livers of  rats in the untreated 
cirrhotic group had a hard texture, a brown or gray-
brown appearance, diffuse surface nodules of  variable 
sizes, blunt edges, uneven surfaces and were adhered to 
the adjacent organs (Figures 4B-E). The livers of  rats in 
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Diameter of the major trunk of the portal vein (mm) Hepatic vein diameter (mm) PVV (mm/s) HVV (mm/s)

  Normal control group 1.545 ± 0.095           0.775 ± 0.058   117.319 ± 15.306   122.00 ± 14.553
  Untreated cirrhotic group  2.518 ± 0.138b           1.378 ± 0.128b     53.663 ± 9.730b   56.817 ± 17.855b

  Transplantation group  1.565 ± 0.135d           0.804 ± 0.096d   104.535 ± 11.654a,d   98.561 ± 15.955b,d

Table 2  Results of ultrasound examination (mean ± SD, n  = 10)

aP < 0.05, bP < 0.01 vs the normal control group; dP < 0.01 vs the untreated cirrhotic group. PVV: Portal vein velocity;  HVV: Hepatic vein velocity.

Diameter of the major trunk of the portal vein (mm) Hepatic vein diameter (mm) PVV(mm/s) HVV (mm/s)

  Before hepatocyte transplantation 2.571 ± 0.343 1.361 ± 0.136   67.441 ± 6.666  54.679 ± 17.453
  After hepatocyte transplantation 1.575 ± 0.146 0.790 ± 0.137 100.968 ± 9.796  94.423 ± 5.207

Table 3  Effects of hepatocyte transplantation on ultrasound measurement (mean ± SD, n  = 8)

PVV: Portal vein velocity;  HVV: Hepatic vein velocity.

A B C

D E F

G H I

Figure 4  The appearance of rat livers. A: Normal control group; B-E: Untreated cirrhotic group; F-I: Transplantation group. Scale bars: 1 cm.
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the transplantation group had a partially red appearance, 
soft texture, elasticity, sharp edges and smooth facets, 
similar to the normal control livers (Figures 4F-I). 

Tracking E15 hepatocytes
Under fluorescence microscopy, E15 hepatocytes labeled 
in vitro with CFSE showed strong green fluorescence 
(Figure 5A). CFSE-labeled cells were transplanted into 
cirrhotic rat livers, and the livers were removed 2 wk af-
ter the transplantation. Scattered green fluorescent mark-
ers were observed in frozen tissue sections from these 
livers (Figure 5B); however, no fluorescent cells were ob-
served in sections from the normal control or untreated 
cirrhotic rats (Figure 5C). These results suggest that em-
bryonic hepatocytes labeled with CFSE in vitro are able 
to survive in the livers of  cirrhotic rats. 

Effects of hepatocyte transplantation on serum indicators 
As shown in Table 4, ALT, AST and TBil levels in rats in 
the untreated cirrhotic group were much higher than in 
the normal control and cell transplantation groups. ALT 
and AST levels in the cell transplantation group were 

also slightly higher than in the normal control group (P 
< 0.01); however, no statistical differences in TBil levels 
were observed between the cell transplantation and nor-
mal control groups (P > 0.05). The TP and ALB levels 
of  the model rats were lower than those in the cell trans-
plantation group, which were also lower than the TP and 
ALB levels in the control group (P < 0.01). 

PⅢ and ET-1 levels of  rats in the untreated cirrhotic 
group were much higher than in the normal control or 
cell transplantation groups (P < 0.01, Table 5). PⅢ lev-
els in rats with transplanted cells were higher than those 
observed in normal control rats (P < 0.01); however, 
no statistical difference in ET-1 levels was observed be-
tween the cell transplantation and normal control groups 
(P > 0.05). AFP levels in the cell transplantation group 
were much higher than in the control and untreated cir-
rhotic groups (P < 0.01); no statistical difference in AFP 
levels were observed between the control and untreated 
cirrhotic groups (P > 0.05).  

Effects of hepatocyte transplantation on histopathology
Results of  HE staining revealed that normal control 
rats exhibited typical liver lobules and orderly hepatic 
cords (Figure 6A). In contrast, livers from cirrhotic rats 
exhibited swollen hepatocytes, severe diffuse hydropic 
degeneration, and fatty degeneration. Some necrotic he-
patocytes and pyknotic or dissolute nuclei were observed 
in the cirrhotic livers. The following abnormalities were 
also noted in the cirrhotic livers: remarkable expansions 
of  the hepatic sinus and central vein; disorganization of  
the hepatic cord; apparent focal lymphocyte infiltration 
in the portal area; hyperplasia of  the bile duct epithelia; 
brown pigmentation; diffuse hyperplasia of  interstitial 
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ALT (μmol/L) AST (μmol/L) TP (μmol/L) ALB (μmol/L) TBil (μmol/L)

  Normal control group        22.297 ± 2.445        52.393 ± 32.356        61.984 ± 2.489        33.860 ± 1.102         2.015 ± 0.451
  Untreated cirrhotic group      627.264 ± 113.580b      432.771 ± 100.330b        45.697 ± 2.646b        26.030 ± 1.282b       35.355 ± 9.587b

  Transplantation group        86.623 ± 38.953a,d      158.284 ± 94.099b,d        56.174 ± 2.780b,d        31.330 ± 1.222b,d         1.957 ± 0.723d

Table 4  Effects of hepatocyte transplantation on serum biochemical tests (mean ± SD, n  = 10)

aP < 0.05, bP < 0.01 vs the normal control group; dP < 0.01 vs the untreated cirrhotic group. ALT: Alanine aminotransferase; AST: Aspartate aminotransferase; 
TP: Total protein; ALB: Albumin; TBil: Total bilirubin.

A B C

Figure 5  Tracking E15 hepatocytes. A: Using fluorescence microscopy, in vitro E15 hepatocytes demonstrated strong green fluorescence 2 d into the culture period 
with the carboxyfluorescein diacetate and succinimidyl ester fluorescent label; B: Cells in frozen liver tissue sections (2 wk following transplantation); scattered green 
fluorescent markers were observed; C: No fluorescent cells were observed in the frozen liver tissue sections of the untreated cirrhotic group. Scale bars: 20 μm.

PⅢ (μg/L) ET-1 (pg/mL) AFP (ng/mL)

  Normal control group 48.096 ± 5.010 45.459 ± 12.626 12.150 ± 11.430
  Untreated cirrhotic group 92.954 ± 4.481b 132.192 ± 8.906b 12.099 ± 8.529
  Transplantation group 54.023 ± 4.535b,d 42.383 ± 11.701d 61.315 ± 20.973b,d

Table 5  Effects of hepatocyte transplantation on serum mar-
ker levels (mean ± SD, n  = 10)

bP < 0.01 vs the normal control group; dP < 0.01 vs the untreated cirrhotic 
group. ET: Endothelin; AFP: α-fetoprotein.
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cells; noticeable fibrosis with septation; and formation 
of  pseudo-lobules (Figures 6B-E). In the cell transplan-
tation group, no pseudo-lobules or disorganized hepatic 
cords were detected, and the hepatocytes were similar to 
those in normal control rats. Although a small number 
of  cells had vacuoles, most hepatocytes of  the transplan-
tion group had abundant cytoplasm (Figures 6F-I). 

Depositions of  collagen fibers were examined in VG-
stained rat liver tissues. In the normal control group, rats 
had normal hepatic lobules. Hepatocytes were radially ar-
ranged around the central vein and no hyperplasia of  the 
fibrous tissue was observed (Figure 7A). In the cirrhotic 
rats, the hepatic lobule was destroyed, and pseudo-lobules 

were surrounded by fibrous tissues (Figures 7B-E). The 
cell transplantation group exhibited noticeably less hy-
perplasia of  the collagen fibers when compared with the 
untreated cirrhotic group (Figures 7F-I). 

Immunohistochemical analysis
α-SMA expression was only observed in the vascular 
wall of  normal rats; no significant expression was ob-
served at other sites (Figure 8A). In untreated cirrhotic 
rats, α-SMA was primarily expressed in the periportal 
areas, fibrous septa, pseudo-lobules and hyperplastic 
fibers (Figure 8B). α-SMA expression in the cell trans-
plantation group was observed in the periportal vascular 
wall while it was rarely detected in the periportal areas 
or fibrous septa (Figure 8C). The optical density (OD) 
values of  α-SMA in the untreated cirrhotic group were 
much higher than in normal control or cell transplanta-
tion groups (P < 0.01, Table 6).  No statistical difference 
was observed in the α-SMA OD values between the cell 
transplantation and normal control groups (P > 0.05). 

Weak ET-1 expression was detected in a small num-
ber of  sinusoid endothelial cells of  the normal control 
rats (Figure 8D). In contrast, clear expression was ob-

316 January 28, 2012|Volume 18|Issue 4|WJG|www.wjgnet.com

A B C

D E F

G H I

Figure 6  Hematoxylin and eosin staining of tissue slices from rat livers in each group. A: Normal liver lobules from the normal control group; B-E: Pseudo-
lobules, fatty degeneration, necrotic hepatocytes, brown pigmentation (arrow) in livers from the untreated cirrhotic group; F-I: Sections from the cell transplantation 
group; a few cells have vacuoles (arrow), and liver lobules are present. Scale bars: 20 μm.

α-SMA ET-1

  Normal control group      0.140 ± 0.023     0.161 ± 0.022
  Untreated cirrhotic group      0.602 ± 0.060b     0.523 ± 0.063b

  Transplantation group      0.150 ± 0.031d     0.172 ± 0.021d

Table  6  Average optical density values (mean ± SD, n  = 10)

bP < 0.01 vs the normal control group; dP < 0.01 vs the untreated cirrhotic 
group. SMA: Smooth muscle actin; ET: Endothelin.
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served in the pseudo-lobules (Figure 8E) and fibrous 
septa (Figure 8F) of  the untreated cirrhotic rats. In the 
cell transplantation group, ET-1 expression was only 
observed in the sinusoid endothelial cells (Figure 8G). 
The OD values of  the untreated cirrhotic group were 
much higher than those of  the normal control and cell 
transplantation groups (P < 0.01, Table 6). There was 
no significant difference in these values between the cell 
transplantation and control groups (P > 0.05). 

Western blotting analysis
α-SMA and ET-1 expression levels in normal rat livers 

were extremely low (Figure 9). α-SMA and ET-1 pro-
tein was more highly expressed in the liver tissues of  
the untreated cirrhotic group than in the normal group. 
Additionally, the expression of  α-SMA and ET-1 in rats 
treated with cell transplantation was significantly lower 
than that of  the untreated cirrhotic group (P < 0.01). 
There was no statistically significant difference between 
the cell transplantation group and the control group (P 
> 0.05). The Western blotting optical density ratios are 
shown in Table 7. 

Real-time PCR
After the expression of  each gene in the normal control 
group was normalized to 1, the relative 2-ΔΔCt value of  
each gene in the untreated cirrhotic and cell transplanta-
tion groups was calculated. Compared with the control 
group, the expression levels of  STAP, c-myb, α-SMA and 
ET-1 were increased in the untreated cirrhotic group (P 
< 0.01). However, the expression levels of  these mRNAs 
in rats of  the cell transplantation group were significantly 
reduced when compared with the untreated cirrhotic 
group (P < 0.01) (Table 8). There was no statistically sig-
nificant difference between the cell transplantation and 
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Figure 7  Van gieson staining of tissue slices from rat livers in each group. A: No hyperplasia of the fibrous tissue was observed in the normal control group; 
B-E: Pseudo-lobules were surrounded by fibrous tissues in livers from the untreated cirrhotic group; F-I: A few collagen fibers (arrow) were observed in livers from the 
transplantation group. Scale bars: 20 μm.

α-SMA ET-1

  Normal control group        0.457 ± 0.055      0.593 ± 0.006
  Untreated cirrhotic group        0.929 ± 0.036b      1.034 ± 0.112b

  Transplantation group        0.502 ± 0.066d      0.607 ± 0.012d

Table 7  Optical density values of Western blotting protein 
bands (mean ± SD, n  = 3)

bP < 0.01 vs the normal control group; dP < 0.01 vs the untreated cirrhotic 
group. SMA: Smooth muscle actin; ET: Endothelin.
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control groups (P > 0.05). 

DISCUSSION
There is no precise or unified definition for hepatic stem 
cells. In 1956, Farber et al[25] observed hepatic oval cells 
with a diameter of  approximately 10 μm. These cells 
were shown to be able to differentiate into either hepa-

tocytes or bile duct cells and were considered as liver 
stem cells[8,26,27]. It is well known that hepatic stem cells 
have unlimited proliferative capacity and the potential to 
differentiate into hepatocytes.

The morphology, phenotype and molecular expres-
sion profile of  hepatic stem cells change dynamically in 
their degree of  differentiation[28]. Due to the lack of  spe-
cific markers, hepatic stem cells are principally identified 
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Figure 8  Immunohistochemical staining of rat livers in each group. A: α smooth muscle actin (α-SMA) expression (arrow) was only observed in the vascular 
wall of the normal group; B: α-SMA (arrow) was highly expressed in the periportal areas and fibrous septa of livers from the untreated cirrhotic group; C: The cell 
transplantation group exhibited noticeably weaker α-SMA (arrow) expression than the untreated cirrhotic group; D: Weak endothelin-1 (ET-1) (arrow) expression was 
detected in a few sinusoid endothelial cells of livers from the normal control group; E: Clear ET-1 expression (arrow) was observed in the pseudo-lobules of livers from 
the untreated cirrhotic group; F: Clear ET-1 (arrow) expression in the fibrous septa of livers from the untreated cirrhotic group; G: In the cell transplantation group, 
ET-1 (arrow) expression was only observed in the sinusoid endothelial cells. Scale bars: 20 μm.
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using their differentiation potentials. Hepatic stem cells 
with bi-potentiality can differentiate into hepatocytes and 
biliary duct epithelial cells and can be identified using 
antibodies for specific hepatocyte and biliary epithelial 
cell markers. Pack et al[29] reported that ALB specifically 
marks mature hepatocytes and that CK19 specifically 
marks bile duct epithelial cells[30]. Although AFP can be 
expressed in both embryonic hepatocytes and hepatic 
oval cells, AFP synthesis ceases upon differentiation and 
maturation of  hepatocytes[31]. c-Met and Nestin are stem 
cell markers, and c-kit is a common epitope for hepatic 
and blood stem cells[32-35]. 

In this study, E15 hepatocytes were cultured in vitro 
and grew in a similar manner as stem cells, exhibiting 
colony-like growth with clear boundaries for each clone. 
Molecular characterization revealed that c-kit, c-Met, 
Nestin, AFP, ALB and CK19 were expressed in the ma-
jority of  colony cells, suggesting that the majority of  rat 
E15 hepatocytes were undifferentiated and bipotential. 
Because embryonic hepatocytes have a higher prolifera-
tive capacity, multiple differentiation potentials, and low 
immunogenicity, there is greater clinical value for em-
bryonic hepatocytes than for mature hepatocytes in the 
treatment of  liver injury due to chronic cirrhosis.

The use of  CCl4 and alcohol to induce and model 
cirrhosis has a high success rate, which is the reason why 
this technique is chosen for this study. Following the 
completion of  this protocol, ultrasound examination and 
HE and VG staining of  paraffin-embedded specimens 
revealed pathological changes indicative of  hepatic cir-
rhosis. In addition, serum biochemical indicators were 
also abnormal, suggesting that hepatic cirrhosis was ef-
fectively induced.

Two weeks after E15 hepatocytes were transplanted 

into the cirrhotic rats, serum levels of  ALT, TBil, type-Ⅲ 
procollagen and ET-1 were significantly reduced. How-
ever, serum ALB and TP were significantly increased, 
indicating that embryonic liver hepatocyte transplanta-
tion significantly improved the hepatic function of  cir-
rhotic rats. This conclusion is particularly exemplified 
by the observed normalization of  total bilirubin levels 
in treated cirrhotic rats. Serum AFP levels in the cell 
transplantation group were significantly higher than in 
the untreated cirrhotic group, suggesting that the bio-
logical activities of  transplanted embryonic hepatocytes 
induced liver regeneration in cirrhotic rats. There was no 
significant difference in the ultrasound results between 
the cell transplantation and normal control groups; nei-
ther high portal vein pressure nor ascites were observed. 
Pathological results revealed that collagen fiber hyper-
plasia was significantly reduced in rats treated with liver 
cell transplantation. A small number of  collagen fibers 
around the lobules were observed in treated livers, and 
the majority of  hepatocytes in the lobules were mor-
phologically normal. All these results demonstrate that 
rat embryonic hepatocyte transplantation significantly 
improves liver morphology and function in rats with he-
patic cirrhosis. These cells also effectively inhibit hepatic 
necrosis and fibrosis and promote normal hepatocyte 
proliferation and function. 

CCl4 is a hepatotoxic compound that damages the 
liver via lipid peroxidation[36,37] and leads to intracellu-
lar calcium overload, resulting in fatty degeneration of  
hepatocytes. Continuous administration of  CCl4 in rats 
leads to hepatic necrosis. Moreover, CCl4 may cause he-
patocyte damage via its metabolism into CCl3 radicals by 
cytochrome P450, resulting in the oxidation of  unsatu-
rated fatty acids and the production of  lipid peroxides[38]. 
Lipid peroxidation can directly activate hepatic stellate 
cells (HSCs) and facilitate hepatocyte conversion to 
myofibroblasts. The latter cell type subsequently synthe-
sizes extracellular matrix (ECM) proteins, leading to liver 
fibrosis[39]. 

The metabolites of  alcohol, such as acetaldehyde, 
lactic acid, and reactive oxygen species (ROS), can stimu-
late oxidative stress and cytokine-mediated damage. ROS 
generated by alcohol metabolism in hepatocytes is also 
known to activate HSCs and to result in the production 
of  large amounts of  collagen[40,41]. Alcohol-induced he-
patocyte apoptotic bodies can be phagocytosed by HSCs 
and Kupffer cells, resulting in HSC activation and ECM 
synthesis.

The combination of  CCl4 and alcohol induced hepat-
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STAP c-myb α-SMA ET-1

  Normal control group             1.000 ± 0.2667             1.000 ± 0.250             1.000 ± 0.2446              1.000 ± 0.3191
  Untreated cirrhotic group             44.97 ± 19.40b             22.32 ± 5.536b             45.65 ± 11.98b              8.021 ± 1.191b

  Transplantation group             1.133 ± 0.2222d           0.7143 ± 0.5714d             1.094 ± 0.1974d              1.010 ± 0.3298d

Table 8  Effects of embryonic hepatocyte transplantation in rats on different mRNA expression (mean ± SD, n  = 9)

bP < 0.01 vs the normal control group; dP < 0.01 vs the untreated cirrhotic group. STAP: Stellate activation-associated protein; SMA: Smooth muscle actin; 
ET: Endothelin.
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Figure 9  Western blotting analysis of α smooth muscle actin and endo-
thelin-1 expression in liver tissues. Lane 1: The untreated cirrhotic group; 
Lane 2: The cell transplantation group; Lane 3: The normal control group. SMA: 
Smooth muscle actin. ET-1: Endothelin-1.
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ic cirrhosis in rats in the current study. Although these 
two agents induced cirrhogenesis via distinct mecha-
nisms, they ultimately converged on the key step of  HSC 
activation. Under normal circumstances, HSCs are in a 
resting state. Following liver damage, however, HSCs are 
activated and transformed into myofibroblast-like cells, a 
transition characterized by the loss of  cytoplasmic lipid 
droplets, morphological changes, and the expression of  
α-SMA and many cytokines and their receptors. These 
myofibroblast-like cells can proliferate and synthesize a 
variety of  ECM proteins, primarily type-Ⅰ and type-Ⅲ 
collagens. HSC activation plays an essential role in liver 
fibrosis and can cause excessive accumulations of  ECM 
proteins in the liver, resulting in liver fibrosis and cir-
rhosis. In 2001, Kawada et al[42] described a novel protein 
in rat HSCs that is highly associated with HSC activa-
tion, namely STAP [also referred to as cytoglobin/STAP 
(Cygb/STAP)]. STAP is a cytoplasmic protein in HSCs 
and myofibroblasts, and both protein and mRNA levels 
are significantly up-regulated during HSC activation[42,43]. 
Kang et al[44] used the increased expression of  STAP as 
an indicator of  cirrhosis in the rat model of  cirrhosis. 

Our results demonstrate that STAP mRNA expres-
sion in the untreated cirrhotic rats was significantly 
higher than in control rats, indicating the HSC activation 
and the development of  hepatic cirrhosis in untreated 
cirrhotic rats. CCl4 and other pathogenic factors can lead 
to lipid peroxidation, the up-regulation of  STAP-related 
signaling pathways, and HSC activation. Due to the 
peroxidative activities of  STAP on hydrogen peroxide 
and lipid peroxides, increased expression of  this gene 
can lower the peroxide levels and prevent hepatic fibro-
sis[42]. In the present study, STAP mRNA levels were 
much lower in the transplantation group than in the 
untreated cirrhotic group and were comparable to the 
normal control group. This result suggests that HSCs 
in the cell transplantation group were in a resting state 
and that STAP-related signaling pathways were inactive. 
Alternatively, transplanted embryonic hepatocytes may 
selectively induce activated HSCs to undergo apoptosis 
or inactivate HSCs. Therefore, cell transplantation treat-
ment maintains HSCs in a resting state[45] and reverses 
hepatic cirrhosis in rats.  

There are no definitive reports with respect to up-
stream regulators of  STAP. In vitro experiments found 
that α-SMA can induce increased expression of  STAP, 
but STAP is not regulated by IFN-γ, TGF-β, PDGF/
BB, cAMP or cGME[42]. In the initial stages of  HSC ac-
tivation, the transcription factor c-myb is up-regulated. 
c-myb is a proto-oncogene, and its expression is growth-
dependent; it is expressed at low levels in quiescent cells, 
and its expression is rapidly increased in exponentially 
dividing cells. c-myb can interact with α-SMA pro-
moter regulatory elements and alter α-SMA expression. 
α-SMA is a microfilament protein with contractile prop-
erties and is widely distributed in muscle cells. It is also 
the cytoskeletal marker of  HSC activation, and its in-
creased expression may up-regulate STAP expression. In 
the present study, mRNA levels of  c-myb, α-SMA and 

STAP were significantly increased in the untreated cir-
rhotic group but were much lower in the cell transplanta-
tion group. However, there was no significant difference 
between the normal control and the cell transplantation 
group. Similar results were observed in α-SMA protein 
expression levels. These findings suggest that the ob-
served successful treatment of  cirrhosis with embryonic 
hepatocyte transplantation is related to the activity of  
STAP-related signaling.  

ET is the most powerful vasoconstrictor peptide in 
humans; it is also a damage-inducible factor produced 
during ischemia and hypoxia[46]. The occurrence and 
development of  many chronic liver diseases, such as he-
patic cirrhosis, are related to ET plasma and tissue levels. 
ET-1 is the most important member of  the ET family 
and is one of  the primary inducers of  portal hyperten-
sion[47]. ET-1 catalyzes the phosphorylation of  amino 
acid residues in many kinases through the G-protein 
complex-phospholipase C-protein kinase C signaling 
pathway. ET-1 thereby regulates gene expression and 
promotes HSC mitosis and the synthesis of  collagen 
and matrix proteins[48]. After ET-1 binds to its recep-
tor, endothelin receptor, it activates voltage-dependent 
calcium channels, promoting calcium influx and leading 
to vasoconstriction. HSC is considered one of  the main 
sources of  ET-1, which is involved in increased portal 
vein pressure and plays an important role in the regula-
tion of  blood flow in the liver. In the normal liver, ET-1 
is primarily expressed in liver sinusoid endothelial cells; 
upon liver injury, however, ET-1 is primarily expressed 
in activated HSCs. 

Contraction of  the portal vein and sinusoid as a result 
of  EF-1-induced HSC activation may be a significant 
event in cirrhogenesis, resulting in increased portal vein 
obstruction following liver fibrosis[49]. In the current 
study, serum and liver ET-1 levels were significantly high-
er in the untreated cirrhotic group when compared with 
the normal control and cell transplantation groups. Ultra-
sound results demonstrated that the untreated cirrhotic 
rats had a wider portal vein and reduced PVV. Rats in 
the cell transplantation group showed significant remis-
sion, suggesting that treatment of  hepatic cirrhosis with 
embryonic hepatocytes is able to reduce ET-1 expression 
and modify various parameters of  this pathway.  The re-
duction in the portal vein pressure of  the cell transplan-
tation-treated cirrhotic group may indicate a remission of  
the portal hypertension caused by cirrhosis. 

Significant therapeutic effects were observed in the 
treatment of  hepatic cirrhosis using embryonic hepato-
cyte transplantation in rats. Transplanted embryonic he-
patocytes significantly reduce c-myb, α-SMA and STAP 
expression, all of  which are involved in HSC activation. 
This treatment also down-regulates the expression of  
ET-1, a vasoactive substance.

COMMENTS
Background
Hepatic cirrhosis is a terminal illness that can only be cured by a liver trans-
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plant. Stem cells are capable of indefinite self-renewal and are able to gener-
ate other cell types via differentiation. Stem cell transplantation is the most 
promising therapy for hepatic cirrhosis. Embryonic hepatocytes are stem cells 
that have the capacity to proliferate and to differentiate into hepatocytes. These 
cells have a more promising clinical potential than adult hepatocytes for the 
treatment of liver injury due to chronic cirrhosis.
Research frontiers
Stem cell transplantation for the treatment of hepatic cirrhosis is far from ap-
plication. The identification of the most effective stem cells and probe into their 
mechanisms of action have recently become a popular research topic.
Innovations and breakthroughs
The authors confirm the efficacy of embryonic hepatocyte transplantation for 
hepatic cirrhosis in rats by demonstrating reduced expression level of stellate 
activation-associated protein (STAP), α smooth muscle actin and endothelin-1. 
In addition, they initially revealed the mechanism of this therapy, which may be 
of significance for the treatment of hepatic cirrhosis.
Applications
Although it is far from clinical application, it is possible that embryonic hepa-
tocyte transplantation will become a curative treatment for hepatic cirrhosis 
and other severe liver diseases. This study has laid a foundation for further 
experimental researches and clinical studies, and provided useful data for the 
treatment of cirrhosis.
Terminology
STAP is a protein expressed in hepatic stellate cells. Hepatocyte damage leads 
to increased STAP expression; therefore, STAP can be used as an indicator of 
cirrhosis in the rat cirrhosis model.
Peer review
This is a well-performed and comprehensive study. The authors show the effec-
tiveness of embryonic stem cells to treat cirrhosis. Furthermore, the mechanism 
by which this protective effect is mediated has been elucidated.
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