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Background: Revascularisation is crucial to liver regeneration after liver injury,
but the process remains unclear. This study investigated changes in the levels
and distribution of lymphatic vessel endothelial hyaluronan receptor 1 (LYVET)
and prospero homeobox protein 1 (PROXT) in liver tissue sections after partial
hepatectomy in mice.

Materials and methods: Mice were subjected to partial hepatectomy. Control
animals were sham-operated. From days 1 through 8, the remaining liver tissues
were collected from 8 animals each day. Histology showed that after partial
hepatectomy, the remaining liver tissue samples underwent initial degeneration
and then hepatocyte proliferation and regeneration. Using immunohistochemical
analysis, relative to the control a significantly higher number of vascular endothe-
lial growth factor A (VEGFA)-positive hepatocytes was observed on days 4 and 5
after partial hepatectomy.

Results: LYVET was mainly present in the liver sinusoidal endothelial cells and
the number of LYVET-positive cells gradually increased with time. PROX1 was
detected in some of the hepatocytes, but liver sinusoidal endothelial cells, artery,
and vein were negative for PROXT1 staining in the early stage after liver injury.
The presence of PROX1 could be observed in some central veins as well as liver
sinusoidal endothelial cells. Seven days after partial hepatectomy, colocalisation
of PROX1 and LYVET was observed in liver sinusoidal endothelial cells and veins.
Conclusions: This study revealed the dynamic process of revascularisation and
hepatic sinusoid reconstruction during liver regeneration in response to liver injury
in mice. PROX1 and LYVET may participate in this process and serve as biomarkers
for identification of newly formed liver sinusoidal endothelial cells. (Folia Morphol
2017; 76, 2: 239-245)
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INTRODUCTION Liver sinusoidal endothelial cells, characterised by the

Liver regeneration occurs in response to chronic or absence of organised basement membrane and the

acute liver injury, including partial hepatectomy, with presence of open fenestrae [7], have a pivotal role in

hepatocytes and epithelial cells contributing to the mediating liver microcirculation during regeneration

repair [27]. During early regeneration, the recovery [15]. However, the mechanism of hepatic sinusoid

of liver tissue is benefited by hepatocyte prolifera- formation and the factors that regulate this process
tion, promoted by hepatic progenitor cells [12, 28]. during liver regeneration are poorly understood.
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The glycoprotein lymphatic vessel endothelial
hyaluronan receptor 1 (LYVE1) is a widely accepted
marker of lymphatic vessels [21] and has been ob-
served in hepatic sinusoidal endothelial cells during
the development of hepatic sinusoids [22]. Changes
in the levels and distribution of LYVE1 in liver tissues
during regeneration have not been fully elucidated. In
our previous study, we found that after partial hepa-
tectomy and during the reconstruction of the hepatic
sinusoid, LYVE1 in the endothelial cells was induced
by vascular endothelial growth factor C (VEGFC) [16].

The transcription factor prospero homeobox pro-
tein 1 (PROX1) induces the budding of lymphatic
endothelial cells from a cardinal vein, and therefore
is crucial to lymphangiogenesis [5, 10, 31]. In vas-
cular endothelial cells, the presence of PROX1 has
been associated with increased levels of biomarkers
of lymphatic endothelial cells [18, 23], and in mice
without PROX1 lymphatic structures were absent [31].
Nevertheless, many questions remain regarding the
activity of PROX1 in liver tissues during regeneration.

The present study investigated changes in the lev-
els and distribution of LYVE1 and PROX1 in response
to liver injury. A mouse model of liver injury was cre-
ated by partial hepatectomy, and the presence, levels,
and distribution of LYVE1 and PROX1 was determined
on days 1 through 8 after surgery.

MATERIALS AND METHODS

Animals and experimental assignment

The Experimental Animal Ethics Committee of
Shandong College of Traditional Chinese Medicine
approved the animal experiments. Male and female
specific pathogen-free Kunming mice, weighing
18-26 g, were provided by the Experimental Animal
Centre of Shandong University, China. Animals were
housed at 21-23°C with constant humidityanda 12 h
light/12 h dark lighting cycle. Mice had free access
to food and water.

Before the experiments, the mice were randomly
apportioned to either a sham-operated control group,
or a group subjected to partial hepatectomy (HPX
group).

Mouse partial hepatectomy model

To generate a mouse model of liver injury by partial
hepatectomy, mice were anesthetised with 50 mg/kg
ketamine and 40 mg/kg xylazine (free base) by intraperi-
toneal injection. A 3-cm midline incision was made in
the upper abdomen. The left lateral lobe of the liver was
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exposed, and approximately 0.2 g of liver tissue was re-
sected. The incision was then closed with 4-0 suture, and
the area sterilised with ethanol. In the sham-operated
(control) group the procedure was identical, except that
the hepatectomy was not performed. After surgery,
the mice were returned to a 37°C incubator to recover.

Haematoxylin and eosin staining

On days 1 to 8 after the surgery, 8 mice from
each group were killed. The left lateral lobe of the
liver was removed and fixed in 40 g/L formaldehyde.
After the tissues were embedded in paraffin, they
were sectioned into 4-um thick slices. For histological
analysis, samples were stained with haematoxylin and
eosin. Images were captured under a DP-72 Olympus
microscope (Japan) at a magnification of 400x.

Immunohistochemical analysis and
imaging analysis

The presence of PROX1, LYVE1, and vascular en-
dothelial growth factor A (VEGFA) were examined
using immunohistochemistry. In brief, paraffin-em-
bedded tissue samples were deparaffinised. Antigen
retrieval was performed by incubating samplesin 0.01 M
citrate buffer for 15 min at 121°C. Endogenous per-
oxidase was inactivated by incubating samples in
3 mL/L hydrogen peroxide. After blocking, samples
were stained serially with rabbit anti-mouse anti-
PROX1 antibody (1:200 dilution, Boster Biological
Technology, Wuhan, China), goat anti-mouse anti-
LYVE1 antibody (1:100 dilution, R&D Systems), or
rabbit anti-mouse anti-VEGFA antibody (1:100 dilu-
tion, Boster Biological Technology, Wuhan, China) at
4°C overnight. After washing, samples were probed
with horseradish peroxidase (HRP)-conjugated goat
anti-rabbit or rabbit anti-goat I9gG secondary antibody
(Boster Biological Technology, Wuhan, China).

Immunoreactivities were visualised using a 3, 3'-di-
aminobenzidine tetrahydrochloride (DAB) kit
in accordance with the manufacturer’s instructions
(Boster Biological Technology, Wuhan, China). Images
were captured under a DP-72 Olympus microscope
(Japan) at a magnification of 400x. The mean optical
density of 50 pixels was measured by Image-Pro Plus
6.0 software (Media Cybernetics, USA).

For the immunofluorescence study, samples were
incubated with rabbit anti-mouse anti-PROX1 antibody
(1:100 dilution) and goat anti-mouse anti-LYVE1 anti-
body (1:50 dilution) at 4°C overnight. After washing,
samples were incubated with Cy3-labeled donkey anti-
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Figure 1. Haematoxylin and eosin staining of remaining liver tissue
sections after partial hepatectomy; a. Control sample on day 1 after
the sham operation. Hepatectomy tissue sample on day 1 (b),

day 4 (c), and day 7 (d) after partial hepatectomy. Arrows in panel b
indicate hepatocytes with swelling and vacuolation. Arrows in pan-
els ¢ and d indicate enlarged and proliferating hepatocytes; n = 8
for each group. Original magnification: 400X . Scale bar: 20 um.

goat IgG or fluorescein isothiocyanate (FITC)-labelled
donkey anti-rabbit IgG antibodies (Antgene). Immuno-
fluorescence was examined under a DP-72 fluorescence
microscope (Olympus, Japan) at a magnification of
200x. The number of PROX1- and LYVE1-positive veins
within 50 pixels of each slice was counted.

Statistical analysis

Data were analysed using Microsoft Excel soft-
ware. Comparisons between groups were performed
using Student’s t-test. P < 0.05 was considered
a significant difference.

RESULTS
Histological changes

The daily food and water consumption of the
control (sham operated) group was 3.47 = 0.47 g/d
and 4.13 +£ 0.71 ml/d, respectively, and in the HPX
group was 6.05 + 0.84 g/d and 6.15 = 0.73 mL/d. On
postoperative day 8, the average body weight gain
in the control and HPX groups was 0.20 + 0.00 g/kg
and 0.17 = 0.05 g/kg. The mortality rate was 1% in
the control and 30% in the HPX group.

In the control group, 1 day after the surgery, the
structure of the remaining liver tissue section was
intact (Fig. 1). No histological differences were ob-
served in the liver tissue sections of the control group
between days 1 and 8 post-surgery (data not shown).
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In the HPX group, 1 day after the partial hepa-
tectomy, the following obvious histological changes
in the remaining liver tissue section were detected
(Fig. 1b): disordered structure of the hepatic lobule;
swelling, and vacuolation in hepatocytes; red blood
cell accumulation in the obscure hepatic sinusoid;
and loss of typical hepatic cord organisation. Four
days after the surgery enlarged hepatocytes and cells
containing dual nuclei could be observed (Fig. 1c),
suggesting that these cells were under proliferation.
Red blood cell accumulation, disorganised hepatic si-
nusoids and hepatic cords were still visible. Seven days
after the surgery, an improvement in the structure
of the hepatic lobule was found. However, enlarged
hepatocytes, surrounded by red blood cells, could
still be detected (Fig. 1d). Therefore, it appears that
after the partial hepatectomy, the remaining liver
tissue samples underwent initial degeneration, and
then regeneration.

Presence of VEGFA in liver tissue sections

VEGFA was mainly observed in the cytoplasm of
the cells. In the control group, the amount of VEGFA
was low relative to that of the HPX group, and only
a small number of VEGFA-positive cells could be de-
tected surrounding the central vein (Fig. 2A), and
VEGFA staining on postoperative days 1 and 7 was
similar (p > 0.05; Fig. 2A, B).

In the HPX group, there was a significant increase
in the number of VEGFA-positive hepatocytes on
postoperative days 4 and 5.

Presence of LYVE1 in liver tissue section

To understand the involvement of LYVE1 in hepatic
pathogenesis and liver regeneration after partial hepa-
tectomy, the presence of LYVE1was investigated using
immunohistochemistry (Fig. 3A). In the control group,
LYVE1 was present mainly on the membranes of some
sinusoids of the hepatic lobule, and absent from the
arteries and veins, including the central veins.

In the HPX group, one day after the surgery there
was deformation of the LYVE1-positive hepatic sinusoid,
caused by enlarged hepatocytes. Although the structure
of the hepatic sinusoid was recovered at 4 days after
the surgery, no LYVE1-positive central vein was found.
On postoperative day 7, the number of LYVE1-positive
hepatic sinusoids was significantly increased. The semi-
quantitative analysis revealed that the LYVE1 staining
intensity was significantly elevated since day 3 after
surgery compared with other time-points (Fig. 3B).
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Figure 2. Immunohistochemical analysis of VEGFA in remaining
liver tissue sections after partial hepatectomy; A. Samples derived
from liver tissues of (a) control mice on day 1 after the sham
operation, and in hepatectomy mice on day 1 (b), day 4 (¢), and
day 7 (d) after partial hepatectomy. Arrows indicate VEGFA-positive
hepatocytes; CV — central vein; n = 8 for each group. Original
magnification: 400. Scale bar: 20 um; B. Mean optical density
(OD) of VEGFA staining; *p < 0.05 compared with control.

Presence of PROX1 in liver tissue sections

In the control group, the amount of PROX1 in the
hepatic lobule of control mice was low but uniformly
distributed in the cytoplasm of hepatocytes (Fig. 4),
and the liver sinusoidal endothelial cells were negative
for PROX1 staining.

In the HPX group, 1 day after surgery the
number of PROX1-positive hepatocytes was sig-
nificantly less than that of the control. On day 4,
the cytoplasmic staining of PROX1 was detected
in hepatocytes, and no PROX1-positive hepatic
sinusoid could be observed. On day 7, the num-
ber of PROX1-positive hepatocytes was greatly
increased. In addition, the presence of PROX1
could be observed in some central veins as well
as liver sinusoidal endothelial cells.
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Figure 3. Immunohistochemical analysis of LYVE1 in remaining
liver tissue sections after partial hepatectomy; A. Samples derived
from liver tissues of (a) control mice on day 1 after the sham
operation, and in hepatectomy mice on day 1 (b), day 4 (c), and

day 7 (d) after partial hepatectomy. Arrows indicate the LYVE1-positive
vascular endothelial cells; CV — central vein; n = 8 for each
group. Original magnification: 400. Scale bar: 20 um; B. Mean
optical density (OD) of LYVE1 staining; *p < 0.05 compared with control.

Colocalisation of LYVE1 and PROX1 in vein and
liver sinusoidal endothelial cells

To understand the association between LYVE1 and
PROX1 in liver regeneration, immunostaining with
both anti-LYVE1 and anti-PROX1 antibodies was per-
formed (Fig. 5). In the HPX group, on day 7 after the
surgery there was a significant colocalisation of LYVE1
and PROX1 in veins and in liver sinusoidal endothelial
cells. The semi-quantitative analysis showed that the
number of LYVE1- and PROX1-positive veins was sig-
nificantly elevated from day 5 to day 7 after partial
hepatectomy compared with other time points.

DISCUSSION

Liver regeneration is a complex process with a variety
of cells, factors, and signalling pathways involved [17].
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Figure 4. Immunohistochemical analysis of PROX1 in remaining
liver tissue sections after partial hepatectomy; A. Samples derived
from liver tissues of (a) control mice on day 1 after the sham
operation, and in hepatectomy mice on day 1 (b), day 4 (¢), and
day 7 (d) after partial hepatectomy. Arrows indicate the PROX1-positive
vascular endothelial cells; CV — central vein; n = 8 for each
group. Original magnification: 400x. Scale bar: 20 um; B. The
mean optical density (OD) of PROX1 staining was measured;

*p < 0.05 compared with control.

Liver sinusoidal endothelial cells have an essential
role during liver regeneration, as these cells, originat-
ing from bone marrow, have been found to promote
hepatocyte proliferation and accelerate liver mass re-
pair in response to injury [30]. However, the molecular
mechanisms involved in these processes remain largely
unknown. In this present study, we report the involve-
ment of LYVE1 and PROX1 in the reconstruction of
hepatic sinusoid after partial hepatectomy.

Partial hepatectomy, a surgical resection in the liver,
has been widely adopted to induce liver injury in rodents
with advantages such as moderate injury, low death rate,
and rapid recovery [20]. This animal model mimics early
acute liver degeneration, and then hepatocyte prolifera-
tion and hepatic vascular reconstruction during a re-
generation phase in patients after hepatic resection [1].
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Figure 5. Immunostaining analysis of the colocalisation of LYVE1
and PROX1 in vein and liver sinusoidal endothelial cells; A. Liver
tissue samples derived from animals 7 days after partial hepatec-
tomy were stained with anti-LYVE1 (green, a) and anti-PROX1 (red, b)
antibodies, and the immunoreactivities were examined under

a fluorescence microscope; a merged micrograph (yellow, ¢); n = 8
for each group. Original magnification: 200x. Scale bar: 50 um;

B. Average number of LYVE1- and PROX1-positive veins;

*p < 0.05 compared with control.

Upon early liver regeneration, VEGF has a key role in
mediating angiogenetic gene expression and modulat-
ing microvasculature [6]. In addition, VEGF regulates the
recruitment of rat liver progenitor sinusoidal endothelial
cells to the liver, which is a crucial step for regeneration
[29]. VEGF is a large family of 5 members in mammals,
namely VEGFA, VEGFB, VEGFC, VEGFD, and placental
growth factor. The regulatory effect of VEGFA regard-
ing vasculogenesis has led to its extensive study. Thus,
VEGFA is generally abbreviated as VEGF [14]. In the
present study, an evident increase in VEGFA levels was
detected on postoperative days 4 and 5, providing
a clue to the initiation of liver regeneration. In accord
with our finding, Kraizer et al. [13] reported a dynamic
fluctuation of VEGF after partial hepatectomy, as the
mMRNA expression of VEGF increased; subsequently these
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levels gradually declined to baseline after the operation.
Similar results were obtained in a rat model of partial
hepatectomy [25]. The intra-platelet VEGFA level was
elevated during liver regeneration in hepatocellular car-
cinoma patients who underwent partial hepatectomy [2].
In a rat study, the exogenous administration of VEGF
at the early stage after partial hepatectomy improved
liver regeneration [3]. These data suggest that VEGFA
may have an essential role in mediating vasculogenesis
during the early stage of liver regeneration.

LYVE1 is a lymphatic vessel marker that is mainly pre-
sent in the lymphatic endothelial cells surrounding great
vessels in the liver tissues [4, 21]. LYVE1 has also been
detected in normal hepatic blood sinusoidal endothelial
cells [19]. However, an immunohistochemical analysis
showed that LYVE1 is absent from the arterial and venular
endothelium, both in mouse and human adult liver [19].
In accordance with these observations, in the present
study we detected LYVE1 in some of the hepatic sinu-
soids in mice of the control (sham-operated) group. The
LYVE1 staining intensity was significantly elevated since
day 3 after surgery when compared to other time points
and the number of LYVE1-positive hepatic sinusoids was
increased in accompanied with the time after partial he-
patectomy. Seven days after surgery, LYVE1 was presentin
the central vein. During the development of the hepatic
vascular system, LYVE1 was prominent in most of the
vascular endothelial cells in liver tissues of mice at 1 day
after birth; LYVE1 was found only in some of the hepatic
sinusoids, but was absent from vascular endothelial cells
[9, 22]. Together with our findings, these data suggest
that LYVE1 levels in the liver and its distribution changes
during development and in response to injury.

PROX1, mainly present in hepatic progenitors [24],
has an important role in the regulation of hepato-
cyte proliferation and migration [11, 26]. However,
PROX1 is absent from hepatic sinusoids or venous
endothelia due to the specification of progenitor
cells [8]. In our present study, nuclear accumulation
of PROX1 was detected in hepatocytes after partial
hepatectomy. This suggests that PROX1-mediated
hepatocyte regeneration occurs in response to liver
injury. In addition, the presence of PROX1 was also
detected in some central veins, as well as in the sur-
rounding liver sinusoidal endothelial cells, indicating
the involvement of PROX1 in hepatic sinusoid recon-
struction after liver injury. Collectively, these data
suggest that PROX1 may participate in hepatocyte
proliferation and hepatic sinusoid reconstruction dur-
ing liver regeneration.
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Although there are several biomarkers specific
to liver sinusoidal endothelial cells, they share simi-
larities with lymphatic endothelial cells in function
and phenotype [22]. PROX1 has been found to drive
the budding of lymphatic endothelial cells from the
cardinal vein and induce differentiation from venous
vascular endothelial cells into LYVE1-positive lym-
phatic endothelial cells [5, 10, 31]. In the present
study, the number of LYVE1- and PROX1-positive
vessels gradually increased over time after liver injury.
However, the blood vessels that were positive for both
LYVE1 and PROX1 were absent on day 8. Therefore,
it is possible that newly formed hepatic sinusoids
and venous endothelial cells contain both LYVE1 and
PROX1, and PROX1 may induce the differentiation of
LYVE1-positive liver sinusoidal endothelial cells. These
results suggest that LYVE1 and PROX1 are involved in
revascularisation after liver injury.

CONCLUSIONS

In summary, our current findings show that the
levels and distribution of LYVE1 and PROX1 are dy-
namic during the reconstruction of hepatic sinusoids
after partial hepatectomy in mice. However, this study
also has some limitations, as the sequential produc-
tion of these proteins during hepatic regeneration
has not been fully determined, and the protein levels
need to be quantified. Our results provide valuable
evidence for understanding revascularisation and
hepatic sinusoid reconstruction during liver regen-
eration in response to liver injury, and suggest that
LYVE1 and PROX1 may serve as biomarkers for newly
formed liver sinusoidal endothelial cells.
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