
Abstract. Background/Aim: The pathological role of
vascular endothelial growth factor receptor 2 (VEGFR-2) in
chronic liver injury and liver regeneration is not fully
understood. This study analysed the role of VEGFR-2 in liver
fibrosis and its regeneration process. Materials and Methods:
We administered 50 mg/kg to 300 mg/kg thioacetamide (TAA)
to 9-week-old male mice intraperitoneally for 17 weeks. We
measured the levels of VEGFR-2 protein and identified the
location of cells that specifically express VEGFR-2. Results:
VEGFR-2 is rarely expressed in normal hepatocytes.
However, high VEGFR-2 expression in liver sinusoidal
endothelial cells was noted in the TAA group. Conversely, the
group that experienced regeneration from liver fibrosis
showed significantly higher VEGFR-2 expression in the
nucleus of hepatocytes compared to the other groups.
Conclusion: VEGFR-2 plays a pivotal role in the nucleus of
hepatocytes during liver regeneration and VEGFR-2 may be

closely related to cell division. Therefore, VEGFR-2 may be
a new therapeutic target for liver regeneration.

Liver fibrosis is marked by the formation of an abnormally
large amount of scar tissue in the liver (1). Liver fibrosis
represents the final common route of chronic liver disease,
which eventually leads to cirrhosis (2). Chronic liver disease
and cirrhosis result in approximately 35,000 deaths yearly in
the United States and cirrhosis is the ninth leading cause of
death (3). Therefore, it is very important that liver fibrosis
does not progress to cirrhosis, an irreversible stage.

Angiogenesis, which is the process of new blood vessel
growth from existing vessels, is essential for the physiological
functioning of tissues (4). Hepatic angiogenesis is closely
associated with the progression of fibrosis in chronic liver
diseases (5). According to a recent study, hepatic angiogenesis
occurs in chronic liver disease, and is characterized by
progressive fibrosis (6). Angiogenesis is a dynamic process
regulated by the balance between pro-angiogenic and anti-
angiogenic factors. Vascular endothelial growth factor (VEGF)
is one of the most important pro-angiogenic factors (4). 

Hepatocytes play a key role in angiogenesis, and have a
close anatomical relationship with endothelial cells that secrete
VEGF (7). VEGF regulates blood and lymphatic vessel
development and maintains homeostasis (8). VEGF is
primarily produced by endothelial cells in response to hypoxia
and by stimulation of growth factors such as transforming
growth factor, interleukins or platelet derived growth factor (9,
10). The biological function of VEGF is mediated upon
binding to type III receptor tyrosine kinase (RTK), VEGF
receptor 1 (VEGFR-1, Flt-1), VEGFR-2 (KDR/Flk-1), and
VEGFR-3 (Flt-4) (11, 12). VEGF stimulates angiogenesis by
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binding to VEGFR, which is also a type of RTK, on the cell
surface of endothelial cells (13). Generally, steady state
hepatocytes are not known to express VEGFR-2 in the normal
liver (14, 15). However, the exact role of VEGFR-2 in the liver,
particularly in relation to hepatocytes, is not fully understood. 

VEGFR-2 is the primary responder to VEGF signals; thus,
it regulates endothelial migration and proliferation (16). In
general, VEGF is released by hepatocytes and endothelial
cells during hypoxic conditions or by damaged macrophages,
which bind to VEGFR on the cytoplasmic membrane of liver
sinusoidal endothelial cells (LSECs) (4, 17, 18). VEGFR-2
has been known to be expressed in endothelial cells and
some vascular tumors, but many reports have also noted
expression in carcinomas and lymphomas (19). However, the
mechanisms of angiogenesis and their association with
VEGFR-2 during regression of liver fibrosis and liver
regeneration are not fully understood. 

The present study focused on examining the critical role
of VEGFR-2 in liver damage conditions induced by
thioacetamide (TAA). To elucidate the role of VEGFR-2
based on three liver conditions, the mice were divided into
three groups as follows: the control group, the TAA group,
and the TAA-R group. The relative patterns VEGFR-2
expression in the different liver conditions were analyzed
according to TAA administration and the results elucidated
the role of VEGFR-2 in each liver state. We administrated
Dulbecco’s PBS or TAA to induce liver fibrosis and included
a regeneration period. 

Materials and Methods

Animals and experimental design. Nine-week-old male C57BL/6
mice weighing 25 g each were housed in individually ventilated
cages that were maintained at 22˚C-24˚C and 40%-50% humidity
under a 12-h light-dark cycle. Normal chow diet and water were
provided ad libitum. The animals were acclimated in this
environment for two weeks before the experiment. The 16 mice
were divided into three groups. The control group mice were
injected with saline intraperitoneally. The first experimental group
was intraperitoneally injected with TAA (Sigma, St. Louis, MO,
USA) for 17 weeks (TAA group), and the second experimental
group was intraperitonealy injected with TAA for 17 weeks,
followed by an additional regeneration period for 2 weeks (TAA-R
group). The dosages for the intraperitoneal TAA route ranged from
50 mg/kg to a maximum dose of 300 mg/kg. TAA was administered
at a dose of 50 mg/kg twice per week for 10 weeks. After 10 weeks,
TAA was given three times per week, with the dose increasing by
50 mg/kg a week until reaching 300 mg/kg for the last three weeks.
For 17 weeks, saline was given to the control group whereas TAA
was given the TAA and TAA-R groups. The control and TAA
groups were euthanized two days after the last injection. After
receiving of the last dose of TAA, the TAA-R group underwent two-
week regeneration period before being euthanized. All animal
experiments were conducted in accordance with the National
Institutes of Health (NIH) guidelines for the care and use of
laboratory animals and were approved by the Kyungpook National

University Institutional Animal Care and Use Committee (IACUC,
approval number 2019-0024 and 2019-0070).

Histopathology. For the histological analysis of liver tissues, the
liver tissue was fixed in 10% neutral buffered formalin, routinely
processed, and embedded in paraffin wax. The paraffin blocks were
cut to a thickness of 3 μm. The sections were deparaffinized with
toluene for hematoxylin and eosin (H&E) or Masson’s trichrome
(MT) staining. The tissue samples were rehydrated with graded
ethanol solutions, washed in distilled water, and stained. A
histological analysis of fibrosis was performed using a modified
liver fibrosis grading system (grades 0~4, Table I). The stained
tissue slides were observed, and representative images were
captured using a Leica microscope (Leica Microsystems,
Heerbrugg, Switzerland).

Immunofluorescence. For the immunofluorescence analysis, the
collected liver tissues were fixed in 4% paraformaldehyde at 4˚C
for 2 days in the dark and were then washed with PBS three times
for 5 min, followed by overnight incubation in 30% sucrose until
the tissue samples were no longer floating. The tissue samples that
were sufficiently incubated in sucrose were embedded in OCT
compound (Sakura FineTek, Torrance, CA, USA) and rapidly frozen
on dry ice. The frozen OCT blocks were cryo-sectioned a thickness
of 5 μm by a cryostat. The sections were immunostained with
primary antibodies of rabbit anti-VEGFR-2 (Cell Signaling,
Danvers, MA, USA), and mouse anti-PCNA (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The sections were
subsequently incubated with the secondary antibody Alexa Fluor®
555 donkey anti-rabbit IgG (Abcam, Cambridge, MA, USA).
ProLong® Gold Antifade Reagent with DAPI (Cell Signaling) was
used for the nuclear staining. VEGFR-2 was observed under an
Olympus BX53 fluorescence microscope (Olympus, Tokyo, Japan)
at wavelength of 555 nm. The immunostained tissues were observed
under an Olympus BX53 fluorescence microscope using ToupView
software (version ×86, 3.7.7817, Hangzhou ToupTek Photonics Co.,
Zhejiang, PR China).

Immunoblot analysis. The frozen liver tissues were homogenized in
activated VJ lysis buffer containing sodium fluoride (NaF), sodium
pyrophosphate (Na4P2O7), 0.1 mM sodium vanadate (Na3VO4), a
protease inhibitor cocktail tablet (Roche Diagnostics, Mannheim,
Germany), and Pefabloc SC (Roche). The homogenized liver tissues
were centrifuged at 6,000 rpm and 4˚C for 10 min. The clear
supernatant was centrifuged at 13,000 rpm and 4˚C for 20 min. The
lipids in the upper layer were discarded and the proteins in the lower
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Table I. Histological scoring system for the assessment of liver fibrosis.

Grade Histological description

0 No fibrosis
1 Centrilobular perisinusoidal/pericellular fibrosis
2 Centrilobular perisinusoidal/pericellular fibrosis and portal/

periportal fibrosis
3 Centrilobular perisinusoidal/pericellular fibrosis and portal/

periportal fibrosis with focal or extensive bridging fibrosis
4 Cirrhosis



layer were collected. The protein concentrations were measured
using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA). A
100 μg aliquot of protein mixed with 1X electrophoresis sample
buffer and lysis buffer was boiled for 10 min using a dry bath
incubator. The boiled protein samples were loaded onto a 10%
acrylamide gel for electrophoresis and then transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore Corp,
Bedford, MA, USA). The transferred membranes were blocked with
5% skim milk diluted in Tris-buffered saline containing 0.1% Tween-
20 (TBS/T) for 1 h and then incubated with the following antibodies:
rabbit anti-VEGFR-2 (Cell Signaling), rabbit anti-VEGF (Santa Cruz
Biotechnology), rabbit anti-SMP30 (COSMOBIO CO., LTD., Tokyo,
Japan), and mouse anti-PCNA (Santa Cruz Biotechnology). β-actin
(Sigma-Aldrich) was used as an internal standard. After incubation
with the primary antibodies, the membranes were incubated with
horseradish peroxidase (HRP) conjugated goat-anti-rabbit or goat-
anti-mouse antibodies (Calbiochem, San Diego, CA, USA) and
diluted in 5% skim milk for 1 h at room temperature. The antigen-
antibody complex was visualized using the ProNA™ ECL Ottimo
(Translab, Seoul, Republic of Korea), and the images were recorded
using Amersham™ Imager 680 (GE Healthcare Bjorkgatan,
Uppsala, Sweden).

Serum biochemistry for the measuring ALT. Whole blood was
collected from all mice and centrifuged at 3000 rpm for 15 min at
4˚C. The supernatant was then collected. Serum triglyceride levels
were measured using a spectrophotometer and an ALT activity assay
kit (BioVision, Milpitas, CA, USA). Each mouse serum sample was
mixed with master mix in a 96-well plate and incubated for 10 min
at 37˚C, after which the absorbance was measured at 570 nm. 

cDNA synthesis and quantitative RT-PCR. Total liver RNA was
extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA),
and the RNA concentrations were measured by Nanodrop. The
extracted RNA was used as a template for cDNA synthesis using
the Advantage RT-for-PCR kit (Elpis Bio, Daejeon, Republic of
Korea) with M-MLV Reverse Transcriptase, random hexamers and
oligo dT. The synthesized cDNAs were mixed with SYBR Green
PCR master mix (Elpis Bio) and 5 pmol of mouse-specific primers
(Bioneer, Daejeon, Republic of Korea). The synthesized cDNA was
mixed with SYBR green supermix (Bio-Rad Laboratories, Hercules,
CA, USA), ultra-pure water and primers, followed by amplification
using CFX maestro software.

In vitro experiments. Alpha mouse liver 12 (AML12) mouse
hepatocyte cell lines were cultured at 37˚C in Dulbecco’s modified
Eagle’s medium and Ham’s F-12 nutrient 1:1 mixture (DMEM/F12)
(WELGENE Inc., Gyeongsan, Republic of Korea) supplemented
with 10% heat -inactivated fetal bovine serum (FBS) (Invitrogen,
Carlsbad, CA, USA), 1× insulin transferrin-selenium-pyruvate
solution (WELGENE Inc.), 1× antibiotic-antimycotic solution
(WELGENE Inc.), and dexamethasone (100 nM) in a 37˚C, 5% CO2
incubator. Hepatoma G2 human hepatocellular carcinoma cell lines
were cultured at 37˚C in Dulbecco’s modified Eagle’s medium
(WELGENE Inc.) with 10% heat inactivated FBS (Invitrogen) and
1× antibiotic-antimycotic solution (WELGENE Inc.). The AML12
and HepG2 cells were seeded in 12-well plates at a density of 5×104
cells per well. After 24 h, the cells were treated with 100 mM TAA
(Sigma) diluted in DPBS (WELGENE Inc.). The cells were then
fixed in 4% paraformaldehyde at room temperature for 20 min with

shaking and washed three times in PBS for 5 min. The fixed cells
were blocked in 5% donkey serum for 1 h and then incubated with
primary monoclonal rabbit anti-VEGFR-2 (Cell Signaling) diluted
in 0.1% triton X. The cells were incubated with Alexa Fluor® 555
donkey anti-rabbit IgG (Abcam) secondary antibodies. ProLong®
Gold Antifade Reagent with DAPI (Cell Signaling) was used for
nuclear staining. VEGFR-2 was observed using an Olympus BX53
fluorescence microscope (Olympus) at 555 nm using ToupView
software (version ×86, 3.7.7817, Hangzhou ToupTek Photonics Co.).

Isolation and culture of primary hepatocytes. Primary hepatocytes
were isolated using a liver perfusion system. The liver was perfused
with digestion buffer and then homogenized and filtered through a
70 μm nylon mesh filter. The non-parenchymal cell fractions were
discarded after centrifugation at 50×g for 3 min at room
temperature. The hepatocyte pellet was resuspended with 50% 1X
Percoll. After centrifugation at 50×g for 5 min, the hepatocytes were
washed twice with basal maintenance medium. The isolated
hepatocytes were cultured in adherence medium for 6 h. The media
was replaced with basal maintenance media. The hepatocytes were
incubated in a 37˚C, 5% CO2 incubator. Primary hepatocytes were
seeded in 12-well plates at a density of 5×104 cells per well, and
after 24 h, the cells were treated with 25 mM TAA (Sigma) diluted
in DPBS (WELGENE Inc.). Thereafter, immunofluorescence was
performed with primary rabbit anti-VEGFR-2 antibodies (Cell
Signaling) in the same manner as in the AML12 and HepG2 cells.

Statistical analysis. The data are presented as the mean±standard
error. A two-way analysis of variance or the Student’s t-test was used
to determine the statistical significance between multiple experimental
groups using GraphPad InStat (GraphPad Software, Inc., San Diego,
CA, USA). Statistical significance was set at p<0.05. 

Results
Livers of the TAA group exhibited greater hepatocellular nodules
formation on the liver surface compared with the other groups. TAA
was intraperitoneally injected into the experimental groups for 17
weeks. Interestingly, the livers of the TAA mice exhibited
significantly more hepatocellular nodules on the surface compared
with the other groups (Figure 1A). As expected, the nodules were
significantly decreased in the TAA-R group. After the gross and
phenotype examination, we performed a microscopic observation to
confirm the phenotypic differences mentioned above through
histopathological analysis. All TAA-treated groups (the TAA and
TAA-R groups), particularly the TAA group revealed centrilobular
necrosis and inflammatory cell infiltration. The TAA group
displayed much more severe hepatocyte necrosis and inflammatory
cell infiltration around the central vein area than the TAA-R group.
The livers of the control group showed intact normal liver
morphology (Figure 1A). Compared to the TAA group, the TAA-R
group displayed significantly alleviated in fibrosis, as confirmed by
Masson’s trichrome staining. The TAA-R group was characterized
by a reduced extracellular matrix area during the regeneration
period after the TAA treatment (Figure 1A). To quantify the
progression of liver fibrosis in each group, a histopathological
analysis was performed using modified fibrosis grading system
(Table I). As expected, no fibrosis was observed in the control
group. However, the livers of the TAA group were characterized by
thick collagen bundles that of the central veins to central veins,
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which extended to the fibrotic bridge. Some of the mice in the TAA
group showed pre-cirrhotic conditions. The TAA-R group exhibited
significantly alleviated liver fibrosis compared with the TAA group
(Figure 1B). The serum ALT levels were then measured using an
ALT activity assay kit. The serum ALT levels of the TAA group
were significantly higher than those of the control group and twice
as high as those of the TAA-R group. In fact, the ALT level of the
TAA-R group was similar to that of the control (Figure 1C), which
suggests that the liver in the TAA-R group underwent a regeneration
period after severe injury and sufficiently recovered. The
microscopic observation noted that the TAA group had larger but
fewer hepatocytes. There were significantly fewer hepatocytes per
field in the TAA group as a result of the TAA treatment. The TAA-
R group had more hepatocytes than the TAA group (Figure 1D). In
agreement with the results mentioned above, the livers of the TAA

group had significantly larger hepatocytes than those of the control
group. The average size of the hepatocytes in the TAA-R group was
increased compared to that of the control groups, but this difference
was not significant. However, the hepatocytes in the TAA-R group
were significantly reduced in size compared to the TAA group
(Figure 1E). Taken together, these results indicate that, portion of
the lost cells was replaced by regenerative hepatocytes causing the
increment in the volume of organs or tissues even though the liver
was damaged after TAA treatment.

Expression levels of fibrogenic and inflammatory mRNA were
dramatically increased in the TAA group, compared to the control
and TAA-R groups. qRT-PCR was performed to quantify fibrosis of
inflammatory-related gene expression. The mRNA expression of α–
SMA, the marker of activated HSCs that plays an important role in
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Figure 1. Histological characterization of livers after TAA administration. (A) Livers with intact periportal zones in the TAA group displayed
hepatocellular surface nodules, side-spread centrilobular necrosis and inflammation. However, there were more hepatocellular nodules in the TAA
group than in the TAA-R group. Furthermore, there was a prominent decrease in collagen fibers and the degree of inflammation in the livers of the
TAA-R group. (B) The liver fibrosis grade was considerably increased in the TAA group. However, the TAA-R group showed reduced liver fibrosis
grades compared to those of the TAA group. (C) The serum ALT level was dramatically decreased in the TAA-R group compared to the TAA group.
(D), (E) The average size of hepatocytes was markedly increased in TAA-treated livers. Data are shown as the mean±SD (*p<0.05, **p<0.01).



the progression of liver fibrosis, was higher in the two groups that
received TAA treatment compared to the control group (Figure 2A).
However, there was no significant difference between the control
group and the TAA-R group. COL1A1, a marker of a collagen type
1 produced by activated HSCs, was highly expressed in the TAA
group (Figure 2B). Conversely, the control and TAA-R groups had
similar mRNA expression levels. The expression of TIMP-1, a
collagenase inhibitor, was significantly higher in the TAA group
(Figure 2E). MMP-13, which codes for collagenase, showed the
highest expression in the TAA group but there was no significant
difference between the three groups (Figure 2F). Like COL1A1,
TIMP-1 had a similar expression level in both the control and the
TAA-R groups. IL-6, an inflammatory and proliferation marker, was
significantly increased in the TAA group compared with the control
group (Figure 2D). The TAA-R group had the highest average
mRNA levels. UnlikeIL-6, IL-1β, another inflammatory marker, was
highly expressed in the TAA and control groups, but not in TAA-R.
In particular, the TAA group displayed mRNA levels that were
significantly increased compared with the TAA-R group (Figure
2C). This experiment demonstrates that the TAA group had marked
liver fibrosis progression, and the TAA-R group displayed sufficient
regeneration to a state similar to that of normal livers.

Dramatically increased VEGFR-2 expression was noted in the TAA-
R group. VEGFR-2 was localized to the LSECs of the TAA group,
whereas it was observed in the nucleus of hepatocytes in the TAA-R
group during liver regeneration. Immunoblot analyses were
performed to investigate the expression and quantities of VEGF and
VEGFR-2. VEGFR-2 showed very weak expression in the control
group and was rarely expressed in the TAA group. Conversely,
VEGFR-2 was significantly expressed in the TAA-R group (Figure
3A). The TAA-R group showed significantly increased levels of
VEGFR-2 expression compared to the other groups (Figure 3A).
Specially, VEGFR-2 expression levels in the TAA-R group were

more than seven times higher than those in the control group (Figure
3B). These results indicate that VEGFR-2 expression can be altered
according to different liver conditions, particularly during liver
regeneration. To identify the types and the location of the cells that
specifically express VEGFR-2, we performed an immunofluorescence
assay using an anti-VEGFR-2 antibody. In the control group,
VEGFR-2-positive cells were hepatocytes, but the expression level
of VEGFR-2 was undetectably low. There was a huge difference in
the expression patterns of VEGFR-2 between the two TAA-treated
groups. In the TAA group, most VEGFR-2-positive cells were
LSECs, whereas the VEGFR-2-positive cells were hepatocytes in the
TAA-R group. Interestingly, VEGFR-2 expression in these two
groups not only differed in the types of cells expressing VEGFR-2,
but also in the intracellular location. There was a difference in the
expression levels of VEGFR-2 between the control group and the
TAA-R group, but the expression cells and the intracellular location
were the same (Figure 3C). In these two groups, VEGFR-2 was
specifically expressed in the nucleus of hepatocytes. VEGFR-2
expression was more clearly identified using a confocal microscope
(Figure 3D). High levels of VEGFR-2 expression in the nucleus of
hepatocytes, particularly in the TAA-R group, were very
characteristic. Thus, depending on the different conditions of the liver,
the cells that are rapidly proliferating may differ. VEGFR-2
expression appears to increase in those rapidly proliferating cells. 

Nuclear expression of VEGFR-2 was significantly increased in TAA-
treated AML12 and HepG2 cells. Based on the in vivo results, we
assumed that VEGFR-2 expression in the nuclei promoted cell
proliferation. Thus, we performed a cell culture experiment to
revalidate this finding in vitro (Figure 4A and D). Consistent with
the in vivo experiment, VEGFR-2 was rarely expressed in the
control wells seeded with normal mouse hepatocytes (AML12 cells)
(Figure 4B). However, in the TAA and TAA-R wells in which the
cells were actively proliferating, the expression level of VEGFR-2
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Figure 2. Effect of TAA on fibrogenic or inflammatory mRNA expression. (A) Note the increasing trend of α–SMA expression in the TAA-treated
group compared to the control group. However, there were no significant differences between the control and TAA-R groups. (B-F). Only the TAA
group exhibited significantly increased expression of COL1A1, IL-1β, TIMP-1 and MMP-13, respectively, as compared with the other groups. (D)
The TAA-treated group showed increased IL-6 expression compared to the control group. The TAA-R group displayed the highest value among all
groups, but this difference was not significant. Data are shown as the mean±SD (*p<0.05, **p<0.01).



was increased in the nucleus of hepatocytes. The expression levels
of VEGFR-2 in the nuclei of hepatocytes were much higher than in
the TAA wells, particularly in the TAA-R wells (Figure 4B and C).
Therefore, we confirmed that VEGFR-2 was expressed in the nuclei
of rapidly proliferating AML12 cells, which are mouse liver cells.
To confirm this finding in human cells, HepG2, a human
hepatocellular carcinoma cell line, was used. VEGFR-2 was
expressed in the cytoplasm of HepG2 cells in the control wells
(Figure 4E). Conversely, in the two conditions of HepG2 cells
treated with TAA, VEGFR-2 expression was observed in both the
cytoplasm and the nuclei. In particular, VEGFR-2 showed
significantly higher expression levels in TAA-R wells than in the
other wells (Figure 4E and F). Thus, in the in vitro experiments,

VEGFR-2 expression was significantly increased in the nuclei of
highly proliferative cells (Figure 4B and E). 

Nuclear expression of VEGFR-2 was highly increased in the nuclei
of regenerative hepatocytes. For further confirmation, we isolated
primary hepatocytes from mouse livers by performing liver perfusion
and digestion (Figure 5A). In general, VEGFR-2 was rarely expressed
in the control wells consisting of normal hepatocytes. However,
notable nuclear VEGFR-2 expression in hepatocytes was observed
under TAA treatment conditions in the same manner as in the AML12
and HepG2 cells (Figure 5B, C). These results indicated that the
expression of VEGFR-2 increases significantly in the nuclei of
hepatocytes during the recovery process after damage.
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Figure 3. Immunoblot analysis of the expression level of VEGFR-2 and the location of VEGFR-2 expression in the TAA and TAA-R groups. (A)
Immunoblot analysis for VEGFR-2 and β-actin. The TAA-R group displayed significantly increased VEGFR-2 expression compared to the other
groups. (B) Relative immunoblot expression level of VEGFR-2. The expression of VEGFR-2 was extremely high in the TAA-R group compared to
the other groups. The graph represents the band density relative to β-actin. (C) Representative immunofluorescence micrographs of VEGFR-2 (red).
VEGFR-2 was mainly distributed in the cytoplasm of LSECs in the TAA group and in the nuclei of hepatocytes in the control and TAA-R groups.
(D) Confocal microscopy was used to confirm VEGFR-2 expression. Scale bar=50 μm. Blue=DAPI; Gray=DIC; Red=VEGFR-2. Data are shown
as the mean±SD (*p<0.05, **p<0.01).
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Figure 4. VEGFR-2 expression levels were highly elevated in TAA-treated AML12 and HepG2 cells. (A) Experimental design of the in vitro
experiment using AML12 cells. (B) VEGFR-2 was mainly expressed in the nuclei of AML12 cells in the TAA and TAA-R groups in the rapidly
proliferating cells. (C), (F) VEGFR-2 expression of VEGFR-2 was confirmed by confocal microscopy. (D) At 12 h after TAA treatment, the population
of HepG2 cells was reduced by 50%. (E) VEGFR-2 was expressed only in the cytoplasm of HepG2 cells in the control group. VEGFR-2 was mainly
distributed in the nuclei of HepG2 cells in the TAA and TAA-R groups in the rapidly proliferating cells. Blue=DAPI; Red=VEGFR-2.



Discussion

The present study demonstrated, for the first time, that
nuclear expression of VEGFR-2 in hepatocytes is involved
in liver regeneration. VEGFR-2 expression in the nuclei was
also observed in rapidly proliferating cells and in LSECs. We
found that VEGFR-2 plays an important role in liver
regeneration and cell proliferation. 

Previous studies have shown that VEGFR-2 is mainly
expressed in the cytoplasmic membrane of endothelial cells
(13). When hepatocytes in the liver are damaged, VEGFs are
released and bind to VEGFR of endothelial cells to induce
the ERK signalling pathway (20), resulting in the migration
and proliferation of endothelial cells (21-23). VEGFRs are
generally known to be expressed in endothelial cells, but
recent studies have reported their expression in carcinomas
and lymphomas (19). The presence of VEGFR-2 in cancer
cells has been identified in breast (24, 25), lung (26), and
gastric tumors (27). Although the cytoplasmic expression of
VEGFR-2 in cancer cells has been considered a therapeutic
target, this expression in the nuclei has not yet been
considered (28). Furthermore, the role of VEGFR-2
expression in the nucleus of cells is not yet fully understood.

The VEGF/VEGFR-2 pathway is essential for effective
liver regeneration. When hepatic VEGF levels increase from

chronic injury or partial hepatectomy, bone marrow-derived
sinusoidal endothelial progenitor cells are recruited into the
liver (29). Additionally, LSECs promote hepatocellular growth
factor expression through interaction of VEGF and VEGFR-
2 (30). In the present study, in vivo experiments showed that
VEGFR-2 was rarely expressed in the control group, which
was dominated by normal hepatocytes (15, 31). Conversely,
VEGFR-2 showed a distinctive characteristic pattern in the
livers of the TAA-treated groups (TAA and TAA-R). VEGFR-
2 expression was significantly increased in the TAA-R group
(Figure 3). These expression levels showed different
characteristics depending on the cell types and intracellular
location for VEGFR-2 expression. VEGFR-2 was expressed
mostly in LSECs in the TAA group; however, it was expressed
in the nuclei of hepatocytes in the TAA-R group.

TAA is metabolized to thioacetamide sulfoxide (TASO) by
CYP2E1, which is involved in the hypertrophy of nucleoli,
increased intracellular Ca+2 concentrations, and cellular
permeability (32, 33). It is then metabolized to thioacetamide
sulfodioxide (TASO2). This causes nitric oxide synthesis,
centrilobular necrosis, and protein denaturation (33, 34). Free
radicals are also formed during the metabolism of TAA (35),
inducing oxidative stress and cell necrosis (36). In the
present study, the TAA group was characterized by fibrosis
with centrilobular necrosis and inflammatory cell infiltration
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Figure 5. Nuclear expression of VEGFR-2 was dramatically increased in the TAA-treated primary hepatocytes. (A) VEGFR-2 expression was verified
by primary hepatocytes. (B) VEGFR-2 was mainly distributed in the nuclei of primary hepatocytes in the TAA and TAA-R groups. (C) Confocal
microscopy merged images showed that VEGFR-2 was expressed in the nuclei of primary hepatocytes in TAA and TAA-R groups. Blue=DAPI;
Red=VEGFR-2; right panel=confocal.



(Figure 1A). Moreover, fibrotic liver is accompanied by
hypoxia due to ROS damage to hepatocytes and LSECs (37).
In this condition, many new blood vessels are formed to
supply more oxygen and nutrients to the liver cells (38),
which indicates that hypoxia is the main inducer of
neovascularization (39). Angiogenesis has a decisive effect
on tissue growth and regeneration (40). Therefore, in the
TAA group, hepatic endothelial cells seemed to proliferate
to generate neovascularization to repair liver damage induced
by TAA. In the TAA group, VEGFR-2 was observed in the
most actively proliferating LSEC for angiogenesis.
Conversely, as the liver recovered in the TAA-R group,
hepatocytes and liver parenchymal cells, actively proliferated
(Figures 4 and 5). Under microscopic observation, TAA-R
group had more hepatocytes than the TAA group. The liver
has a notable ability to regenerate after injury and resize to
match its host. Cellular proliferation begins in the periportal
region and proceeds to the center of the lobules (41). In the
TAA-R group, proliferation of hepatocytes actively occurs in
order to recover after liver injury. The TAA-R group showed
VEGFR-2 expression in the nuclei of hepatocytes. Therefore,
VEGFR-2 was highly expressed in cells, and its expression
locations varied depending on the liver conditions.

VEGFR-2 is not generally expressed in normal
hepatocytes (15). When tested in AML12 mouse hepatocytes,
the normal AML12 mouse hepatocytes did not express
VEGFR-2. However, in the TAA-treated wells, VEGFR-2
expression was significantly increased (Figure 4A). In both
the TAA and TAA-R wells, VEGFR-2 was expressed in the
nuclei of hepatocytes. Surprisingly, VEGFR-2 expression
was higher in the TAA-R group, which had more active cell
proliferation. Therefore, VEGFR-2 expression in the nucleus
resulted in the active cell proliferation necessary for the
recovery of liver damage induced by TAA rather than being
an effect of TAA alone. The same pattern appeared when the
experiments were conducted with HepG2 cells (Figure 4B).

Recent studies have reported that VEGFR-2 is expressed
in carcinoma cells (19). VEGFR-2 expression in HCC has
been identified in the cytoplasm of hepatocytes (42). We
demonstrated that the nuclear internalization of VEGFR-2 in
the liver is necessary for post-damage regeneration.
Furthermore, the nuclear positioning of VEGFR-2 in
proliferative tumor cells may be involved in nuclear
molecular mechanisms in which proteins contribute to tumor
progression (43, 44). These studies suggest that VEGFR-2 is
associated with signaling activity that contributes to
amplification of cell proliferation and angiogenesis in liver
injury and regeneration processes. This observation in liver
regeneration is very important because it is likely to be
helpful in treatment of a variety of serious liver diseases. The
underlying mechanism by which VEGFR2 is transferred to
the nucleus is not yet fully understood. However, recent
studies have suggested that VEGFR2 can be internalized

preferentially through the caveolar pathway and transported
to caveosomes (45, 46) around the nucleus. 

In summary, VEGFR-2 expression in the nucleus is
associated with cell proliferation, which may promote the
regeneration of damaged tissue during chronic liver disease.
These results provide a strong possibility for the use of
VEGFR-2 as a novel therapeutic target for the treatment of
chronic liver disease. Further studies are necessary to
investigate the underlying mechanism of nuclear VEGFR-2
expression in hepatocytes.
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