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Abstract. Background/Aim: Although the pathology of
sinusoidal obstruction syndrome (SOS) is characterized by
damage to liver sinusoidal endothelial cells (LSECs), the
processes underlying LSEC repair are incompletely
understood. The angiopoietin (Ang)/Tie system contributes to
angiogenesis. The present study aimed to examine the
processes of LSEC repair and the involvement of the Ang/Tie
pathway in LSEC recovery. Materials and Methods:
Experimentally, SOS was induced by intraperitoneal injection
of monocrotaline (MCT) to C57/BL6 mice. Results: Levels of
LSEC markers were up-regulated during the repair phase of
MCT-induced hepatotoxicity. The damaged LSECs recovered
from the injury by expanding LSECs expressing lymphatic
vessel endothelial hyaluronan receptor-1 (LYVE-1) in the
peri-central area of MCT-injured livers, while LSECs in the
same area of uninjured livers lacked LYVE-1 expression.
Bone marrow (BM)-derived cells did not incorporate into the
restored LSECs. Tie2 expression was related to LSEC
recovery in MCT-injured liver tissue. Conclusion: The
resident LSECs neighboring uninjured tissue replace
damaged LSECs in MCT-injured livers. Tie2 is involved in
LSEC recovery from MCT-induced hepatotoxicity.

Sinusoidal obstruction syndrome (SOS) is a life-threatening
liver injury that is caused by radiotherapy and chemotherapy
for hematopoietic stem cell transplantation and liver
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metastasis of colorectal cancer (1-4). Although the etiology
of SOS remains to be clarified, SOS is thought to be
initially induced by the destruction of the hepatic
microvasculature (5). Administration of monocrotaline
(MCT), a pyrrolizidine alkaloid, induces a type of liver
injury in rodents that mimics the pathology of SOS in
humans. The main underlying pathophysiology of SOS is
damage to liver sinusoidal endothelial cells (LSECs), which
leads to massive sinusoidal hemorrhage and centrilobular
hepatocellular necrosis (6, 7).

Hepatic tissue repair plays a critical role in determining
the final outcome of chemical-induced hepatotoxicity (8).
After the liver is damaged by MCT administration, LSECs
need to regenerate. The proliferation of structural cells and
reconstruction of sinusoids to restore blood supply are
critical events during the repair phase of MCT-induced
hepatotoxicity. The formation of blood vessels is thought to
result from the expansion of endothelial cells comprising
neighboring vessels (9). Furthermore, recent studies have
suggested that certain endothelial cell (EC) populations,
including bone marrow (BM)-derived EC progenitor cells
(10) participate in the recovery of LSECs after MCT-induced
LSEC injury. Although restoration of LSECs is indispensable
for proper liver tissue repair following MCT-induced liver
injury, the processes underlying the recovery of the injured
LSECs from MCT hepatotoxicity are not well defined.

The angiopoietin (Ang)/Tie system is a key regulator of
angiogenesis. Ang-1 is a constitutive activator of the
endothelial vascular receptor tyrosine kinase Tie2. Binding
of Ang-1 to Tie2 promotes phosphorylation of Tie2 to initiate
downstream effects including cell survival, migration, and
permeability through the phosphatidylinositol-3 kinase/Akt
signaling pathway (11). Ang-1/Tie2 axis is involved in
stabilizing newly formed blood vessels via its effects on EC—
EC junctions and on the actin cytoskeleton (11). On the other
hand, endothelial-derived Ang-2 is a context-dependent
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agonist/antagonist of Tie2 (12). Ang-2 regulates EC
functions including permeability, vascular remodeling, and
angiogenesis (13). In the liver, Ang-2 is expressed at low
levels in resting LSECs but at high levels in regenerating
LSECs (14). Ang-2 derived from LSECs promotes LSEC
proliferation during the angiogenic phase of liver
regeneration after partial hepatectomy in mice (14).
Additionally, Ang-2/Tie2 promotes pathological angiogenesis
during the development of steatohepatitis (15). Tie2 is also
related to sinusoidal reconstruction following hepatic
ischemia/reperfusion in mice (16). We, therefore,
hypothesized that the expression of Ang-2/Tie2 is associated
with LSEC repair after acute liver injury.

Herein, we investigated the alterations in LSECs during
MCT-induced liver injury. BM-derived cells did not
incorporate into the recovering hepatic microvasculature
during the repair phase of MCT-induced liver injury. Rather,
LSECs expressing lymphatic vessel endothelial hyaluronan
receptor-1 (LYVE-1) were expanded and distributed
throughout the peri-central area of MCT-injured livers, while
LSECs in the same area of uninjured livers lacked LYVE-1
expression. These results indicate that, during the tissue
repair process following MCT injury, the injured LSECs
were replaced by resident LSECs in the region of the liver
adjacent to the damaged tissue. In addition, Tie2 expression
by the hepatic microvasculature was related to LSEC
recovery in MCT-injured liver tissue.

Materials and Methods

Animals. Male C57BL/6 mice (8-10 weeks old) were purchased
from CLEA Japan (Tokyo, Japan). Mice ubiquitously expressing
green fluorescent protein (GFP) were kindly provided by Dr. Okabe
(Genome Information Research Center, Osaka University, Osaka,
Japan) and housed at the Kitasato University under specific
pathogen-free conditions. Mice were maintained in a facility with
constant humidity (50%+5%) and temperature (25°C+1°C) on a 12
h light/dark cycle, and were provided food and water ad libitum. All
experimental procedures were approved by the Animal
Experimentation and Ethics Committee of the Kitasato University
School of Medicine (2019-036, 2020-103) and were performed in
accordance with institutional guidelines for animal experimentation,
which are based on the Guidelines for Proper Conduct of Animal
Experiments published by the Science Council of Japan.

Animal procedures. Animals were fasted overnight and then injected
intraperitoneally (i.p.) with 600 mg/kg MCT (Focus Biomolecules,
Plymouth Meeting, PA, USA) dissolved in warm pyrogen-free
saline (final concentration, 2.0 mg/ml) to induce liver injury (7).
Mice were anesthetized with pentobarbital sodium (60 mg/kg, i.p.)
at 0,24,48,72, 96, and 120 h after MCT administration, and blood
was drawn. Levels of alanine transaminase (ALT) were measured
using a Dri-Chem 7000 Chemistry Analyzer System (Fujifilm,
Tokyo, Japan). Immediately after blood collection, livers were
excised and rinsed with saline. A small section of each liver was
fixed in 10% formaldehyde.
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In separate experiments, MCT-treated mice received a daily
subcutaneous injection of a Tie2 inhibitor (BAY-826, 50 mg/kg;
Millipore Sigma, Burlington, MA, USA) in 200 pl of phosphate-
buffered saline (PBS) (17) or vehicle (10% ethanol). At 72 h, mice
were euthanized with pentobarbital sodium, and blood and liver
samples were collected.

BM transplantation. BM transplantation was performed as
previously described (18). Briefly, recipient mice were treated with
clodronate-loaded liposomes (200 pl/mouse; FormuMax Scientific,
Inc., Palo Alto, CA, USA) to deplete tissue macrophages 48 h
before irradiation. Donor BM cells were harvested from GFP+ WT
mice (8 weeks old). Mice were irradiated (9.8 Gy) using an MBR-
1505R X-ray irradiator (Hitachi Medical Co., Tokyo, Japan) fitted
with a filter (copper, 0.5 mm; aluminum, 2 mm); the cumulative
radiation dose was monitored throughout. Donor BM-derived
mononuclear cells (I1x107 cells/200 ul PBS) were injected into the
tail veins of irradiated mice.

Histology. Excised liver tissues were fixed immediately with 10%
formaldehyde prepared in 0.1 M sodium phosphate buffer (pH 7.4).
Sections (4 um thick) were prepared from paraffin-embedded
tissues and stained with hematoxylin and eosin (H&E). Images of
H&E-stained sections were captured under a microscope (Biozero
BZ-9000 Series; KEYENCE, Osaka, Japan).

Immunofluorescence analysis. Fixed liver samples were embedded in
Tissue-Tek O.C.T. compound (Sakura Finetek USA, Torrance, CA,
USA), frozen at —80°C, and cut into 8 um sections using a cryostat.
The sections were incubated overnight at 4°C with a rabbit anti-1
LYVE-1 polyclonal antibody (Abcam, Cambridge, UK), a goat anti-
LYVE-1 polyclonal antibody (R&D Systems, Minneapolis, MN,
USA), a rat anti-mouse CD31 monoclonal antibody (BD Biosciences,
San Diego, CA, USA), a rat anti-mouse CD68 monoclonal antibody
(Bio-Rad Laboratories, Hercules, CA, USA), and/or a goat anti-
mouse Tie2 polyclonal antibody (R&D Systems). After washing three
times in PBS, the sections were incubated for 1 h at room temperature
with the following secondary antibodies: Alexa Fluor 488-conjugated
donkey anti-rat IgG, Alexa Fluor 594-conjugated donkey anti-rabbit
IgG, Alexa Fluor 488-conjugated donkey anti-goat IgG, and/or Alexa
Fluor 647-conjugated donkey anti-rabbit IgG (all from Molecular
Probes, Eugene, OR, USA). Images of stained sections were captured
at x400 magnification using a fluorescence microscope (Biozero BZ-
9000; Keyence). The area of LYVE-1-positive or CD31-positive
vessel-like structures in the centrilobular regions was measured in five
fields (400x) per animal using Image] software, version 1.50i
(National Institutes of Health, Bethesda, MD, USA).

Quantitative real-time RT-PCR. Total RNA was extracted from
mouse tissues and homogenized in TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA, USA). Single-stranded cDNA was
generated from 1 pg of total RNA by reverse transcription using the
ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan), according to the
manufacturer’s instructions. Quantitative PCR was performed using
TB Green Premix Ex Taq II (Tli RNaseH Plus; Takara Bio, Shiga,
Japan). The gene-specific primers used for real-time RT-PCR were
designed using Primer 3 software (http://primer3.sourceforge.net/)
based on data from GenBank. The primer sequences are listed in
Table 1. Data were normalized to the expression of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) in each sample.
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Table 1. The primers used for reverse transcription and quantitative PCR reactions.

Reverse primer sequence (5-3’)

Gene Forward primer sequence (5°-3’)
MMP9 CCCATGTCACTTTCCCTTCAC
MMP13 GTCTTCTGGCACACGCTTTTC
CD31 ACTTCTGAACTCCAACAGCGA
LYVE-1 GCTCTCCTCTTCTTTGGTGCT
VEGFR2 GGCTGAAAAGATTGGATCAGG
VEGFR3 CTCTCCAACTTCTTGCGTGTC
Ang-1 TGGAGGGAAAACACAAAGAAG
Ang-2 TACACACTGACCTTCCCCAAG
Tie2 CCTCCTCAACCAGAAAACATC
Gapdh ACATCAAGAAGGTGGTGAAGC

GCCGTCCTTATCGTAGTCAGC
TCATGGGCAGCAACAATAAAC
CCATGTTCTGGGGGTCTTTAT
TGACGTCATCAGCCTTCTCTT
CCAGGAACAATGACACCAAGA
GCTTCCAGGTCTCCTCCTATC
TGAATGTCTGACGAGAAACCA
AGTCCACACTGCCATCTTCTC
AGAAATCGAATAGCCATCCAC
AAGGTGGAAGAGTGGGAGTTG

PCR, Polymerase chain reaction; MMP, matrix metalloproteinase; LYVE, lymphatic vessel endothelial hyaluronan receptor; VEGFR, vascular
endothelial growth factor receptor; Ang, angiopoietin; Gapdh, glyceraldehyde-3-phosphate dehydrogenase.

Statistical analysis. All results are represented as the mean+standard
deviation (SD). All statistical analyses were performed using
GraphPad Prism software, version 8 (GraphPad Software, La Jolla,
CA, USA). Data were compared between two groups using unpaired
two-tailed Student’s r-tests and between multiple groups using one-
way analysis of variance followed by Tukey’s post-hoc tests. A p-
value <0.05 was considered statistically significant.

Results

Liver repair following MCT-induced liver injury. We sought
to determine whether liver injury induced by a single
injection of MCT is followed by liver tissue repair. As shown
in Figure 1A, ALT levels peaked at 48 h post-MCT
treatment, then returned to normal by 120 h post-treatment.
To further confirm the processes of liver repair, H&E-stained
liver sections were evaluated histologically (Figure 1B). At
24 h post-MCT treatment, minimal alterations were noted in
the liver, but substantial coagulative necrosis was observed
in the centrilobular regions of the liver at 48 h post-MCT
treatment. At 72 h, demarcated necrotic lesions infiltrated by
inflammatory cells were observed. In addition, several
hepatic sinusoids adjacent to the injured regions were
dilated. At 96 h, the necrotic area had decreased, and the
sinusoids in the centrilobular regions had widened. At 120
h, the hepatic architecture appeared to return to normal, and
the localized area of hepatic necrosis was less obvious. These
results suggest that MCT-induced liver injury peaks at 48 h,
followed by liver repair from 72 h and resolution by 120 h
post-MCT treatment.

Changes in the expression of genes related to LSEC injury
following MCT treatment. Next, we evaluated the expression
of markers of EC injury (7, 19) (Figure 1C). The mRNA
expression of matrix metalloproteinase (MMP)9 and MMP13
peaked at 48 h post-MCT treatment, then decreased. We also
examined the expression of LSEC markers, including CD31,

LYVE-1, vascular endothelial growth factor receptor
(VEGFR)2, and VEGFR3 (19, 20). The expression of CD31
was increased in MCT-treated mice at 48 h, 72 h, and 96 h
post-MCT treatment. Expression of LYVE-1 was increased
at 72 h and 96 h, during the repair phase of MCT-induced
liver injury. The expression of VEGFR2 was decreased at 48
h compared to pre-treatment (0 h) values, but this did not
reach statistical significance. However, the expression of
VEGFR2 was increased at 96 h and 120 h post-treatment.
Furthermore, VEGFR3 was increased from 72 h to 120 h
post-MCT treatment. These results suggest that LSECs were
injured at 48 h post-MCT treatment, and LSECs recovery
occurred from 72 h to 120 h post-treatment.

LSEC injury and repair during MCT-induced liver injury. We
further assessed LSEC injury and repair during MCT-
induced hepatotoxicity using dual immunofluorescence
(Figure 2A). In untreated livers (0 h post-MCT treatment),
immunoreactivity for the LSECs markers LYVE-1 and CD31
was clearly visualized in the hepatic sinusoids. However,
LSECs in the centrilobular regions lacked LYVE-1
immunostaining (7, 20), while CD31 immunostaining was
observed along hepatic sinusoids and the central vein (CV).
At 24 h post-MCT treatment, CD31 expression along the
hepatic sinusoids had decreased. At 48 h, LYVE-1
expression was decreased in the injured regions of the liver.
CD31 expression was fragmented and interspersed,
suggesting destruction of the LSECs. At 72 h, LYVE-1*
LSECs were distributed in the injured centrilobular regions,
but the hepatic sinusoids comprising LSECs expressing
LYVE-1 were dilated and discontinuous. The same was true
for CD31 staining, which co-localized with LYVE-1.
Additionally, inflammatory-like cells expressing CD31
accumulated in the injured regions around the CV. At 96 h,
LSECs expressing LYVE-1/CD31 extended to the injured
regions around the CV. At 120 h, the hepatic sinusoids
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Figure 1. Liver injury after monocrotaline (MCT) treatment. (A) Time-dependent changes in ALT levels during MCT hepatotoxicity. Data are
expressed as the mean+SD (n=6-7 mice per group). *p<0.05 vs. Untreated mice (time=0 h). (B) Typical histological appearance of H&E-stained
liver sections at 0, 24, 48, 72, 96, and 120 h post-MCT treatment. Scale bars, 100 um. CV, Central vein. PV, Portal vein. (C) Expression of MMP9,
MMP13, CD31, LYVE-1, VEGFR2, and VEGFR3 in the livers of mice treated with MCT. Data are expressed as the mean+SD (n=4-6 mice per
group). *p<0.05 vs. Untreated mice (time=0 h).
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Figure 2. LSEC injury and repair during monocrotaline (MCT)-induced hepatotoxicity. (A) Immunofluorescence analysis of the LSEC marker LYVE-
1 (green) and CD31 (red) in the livers of mice at 0, 24, 48, 72, 96, and 120 h post-MCT treatment. Nuclei were stained with DAPI (blue). Arrowheads
indicate dilated sinusoids at the peri-central area. CV, Central vein. Scale bars, 100 um. (B, C) The area of LYVE-1* (B) and CD31+* (C) vessel-
like structures in the centrilobular regions during MCT-induced hepatotoxicity. Data are expressed as the mean+SD (n=4-6 mice per group). *p<0.05

vs. Untreated mice (time=0 h).

displayed no dilation, ran in parallel, and connected to the
CV. LSECs in the centrilobular regions expressed CD31 as
well as LYVE-1. We also determined the area of LYVE-1*
or CD317 vessel-like structures in the centrilobular regions.
The area of LYVE-1" vessels at 96 h and 120 h post-MCT
treatment was increased as compared with that at O h (Figure

2B) . In addition, the area of CD31" vessels was reduced at
48 h in comparison with that at O h, and then returned to the
pre-treatment values (Figure 2C).

LSECs did not originate from the BM. We examined the
origin of the LSECs repopulating the injured tissue. Because
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BM-derived circulating EC progenitors have been reported
to contribute to vascular remodeling, we performed bone
marrow transplantation using donor mice with GFP* BM
cells. At 72 h and 96 h post-MCT treatment, GFP* cells were
distributed in the centrilobular regions (Figure 3A).
However, LSECs in the sinusoidal lining expressing LY VE-
1 or CD31 were not GFP*, indicating that the LSECs
expressing LYVE-1 or CD31 around the CV were not
derived from the BM (Figure 3A and B). Although a few
CD31% cells in the injured regions were positive for GFP
(Figure 3B), GFP*/CD31" cells appeared to be inflammatory
cells rather than LSECs, as these GFP*/CD31" cells were
also positive for CD68 (Figure 3C), indicating that recruited
BM-derived cells were macrophages, not ECs.
Immunofluorescence analyses suggested that the LSECs
repopulating the damaged liver after MCT-induced acute
liver injury were not derived from the BM, but likely derived
from neighboring cells at the injury sites.

Tie2 expression during the repair phase of MCT-induced
liver injury. Because the Ang-2/Tie2 pathway is reported to
be involved in LSEC regeneration (14), we measured the
mRNA levels of Ang-1, Ang-2, and Tie-2 (Figure 4A). The
expression of Ang-1 was transiently increased at 48 h post-
MCT treatment, while the expression of Ang-2 was
significantly increased at 48 h and 72 h. In addition, the
expression of Tie2 was increased from 72 h through 120 h
post-MCT treatment. These results indicate that the up-
regulation of Tie2 expression is associated with LSEC
recovery after acute liver injury. We also investigated the
localization of Tie2 expression in the liver at 96 h post-MCT
treatment (Figure 4B). Tie-2 expression co-localized with
LYVE-1*" LSECs in the centrilobular regions, and several
dilated hepatic sinusoids with LYVE-1* LSECs were
positive for Tie-2. In addition, a smaller population of Tie-
2% cells that had accumulated in the centrilobular regions did
not express LYVE-1. Of interest, dual immunofluorescence
for Tie-2 and CD31 revealed that Tie-2 expression co-
localized with the expression of CD31. Tie2 expression also
co-localized with the expression of CD68 in the centrilobular
regions. These results indicate that Tie-2 was mainly
expressed by LSECs and partly by macrophages.

Tie2 inhibition aggravated MCT-induced liver injury. To
examine the role of Tie2 in LSEC recovery, mice were
treated with the Tie2 inhibitor BAY-826 (Figure 5). At 72 h
post-MCT treatment, the levels of ALT in BAY-826-treated
mice were higher than in vehicle-treated mice (Figure 5A).
Immunofluorescence analyses revealed that LSECs
expressing CD31/LYVE-1 in the centrilobular regions were
severely depleted in BAY-826-treated mice as compared with
vehicle-treated mice (Figure 5B). The LYVE-1* vessels and
CD31*% vessels in the centrilobular regions were lower in
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BAY-829-treated mice than in vehicle-treated mice (Figure
5B). MMP9 expression, but not MMP13 expression, was
higher in BAY-829-treated mice than in vehicle-treated mice
(Figure 5C). The mRNA levels of LYVE-1, VEGFR2, and
VEGFR3 were lower in BAY-829-treated mice than in
vehicle-treated mice. Furthermore, there were no statistical
differences in the mRNA levels of Ang-1 and Tie2 between
the two groups, although mRNA levels of Ang-2 were lower
in BAY-829-treated mice.

Discussion

In the present study, we examined the process of LSEC repair
after MCT treatment in mice. LSEC repair was indicated by
recovery of the architecture of the hepatic sinusoids after MCT-
induced destruction. The repair process was characterized by
increased expression of LSEC markers during the repair phase
of MCT-induced hepatotoxicity. In intact livers, LSECs in the
centrilobular regions lacked the expression of LYVE-1, while
LSECs in the livers of MCT-treated mice expressed LY VE-1
during the repair phase. Further, LSECs repopulating the
repaired livers were not derived from the BM, but probably
from expansion of resident LSECs in tissue spared from the
injury. This repair process was also associated with activation
of Tie2 in LSECs.

In the MCT-induced SOS model, LSEC damage is
recognized as a critical event in tissue injury (1, 2, 7).
Treatment of mice with MCT induced LSEC damage, as
evidence by a reduction of LYVE-1*/CD31% expression in
LSECs in the peri-central area (7) and by up-regulation of
MMP9 and MMP13 (7, 19). Although LSEC depletion is a
feature of MCT-induced acute liver injury, the processes
underlying LSEC recovery are unclear. The present study
demonstrated that LSECs repopulated the injured tissue, as
indicated by the appearance of LYVE-1*/CD31* LSECs in the
centrilobular regions. This was associated with increased
expression of genes encoding CD31 and LYVE-1, as well as
VEGFR?2 and VEGFR3. With respect to LYVE-1 expression,
as shown in Figure 2, LSECs display heterogeneous
morphological features and molecular properties depending on
their localization within the hepatic lobule. In intact livers,
LSECs express high levels of LYVE-1 in hepatic lobules,
except for in the centrilobular regions (7, 21). Of interest,
LYVEI expression was observed on LSECs in the centrilobular
regions during the repair phase of MCT-induced liver injury.
These changes suggest that LSECs are regenerating from pre-
existing LSECs located at the border of the injury.

In the current study, we observed sinusoidal dilation in the
centrilobular regions of the liver during the repair phase.
Administration of MCT destroys the architecture of the
hepatic sinusoids by ablating LSECs as well as hepatic stellate
cells (6, 22). The formation of gaps between LSECs allows
erythrocytes to enter into the space of Disse, which widens
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Figure 3. Accumulation of bone marrow-derived inflammatory cells in the injured liver during the repair phase of monocrotaline (MCT)-induced
hepatotoxicity. (A) Representative double immunofluorescence images of GFP (green) and LYVE-1 (red) in the livers of mice at 72 h and 96 h post-
MCT treatment. CV, Central vein. Scale bars, 100 um. (B) Representative double immunofluorescence images of GFP (green) and CD31 (red) in
the livers of mice at 72 h and 96 h post-MCT treatment. Arrowheads indicate merged cells. CV, Central vein. Scale bars, 100 um. (C) Representative
triple immunofluorescence images of GFP (green), CD31 (red), and CD68 (cyan) in the livers of mice at 72 h and 96 h post-MCT treatment.
Arrowheads indicate merged cells. CV, Central vein. Scale bars, 100 um.
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Figure 4. Expression of Ang/Tie2 in the liver during MCT-induced hepatotoxicity. (A) Expression of Ang-1, Ang-2, and Tie2 in the livers of mice
treated with MCT. Data are expressed as the mean+SD (n=4-6 mice per group). *p<0.05 vs. Untreated mice (time=0 h). (B) Representative
immunofluorescence images of Tie2 (red) and LYVE-1 (green), Tie2 (green) and CD31 (red), or Tie2 (green) and CDG68 (red) in the livers of mice

at 96 h post-MCT treatment. CV, Central vein. Scale bars, 100 um.

hepatic sinusoids. Thus, the loss of the sinusoidal lining
around injured hepatic sinusoids contributes to sinusoidal
dilation. Sinusoidal dilation with congestion has been reported
in human SOS induced by oxaliplatin-based chemotherapy
used prior to the resection of colorectal liver metastases (23-
25). The grade of sinusoidal dilation is associated with the
extent of peri-sinusoidal fibrosis. However, in the MCT-
induced mouse SOS model, liver fibrosis around the CV was
not observed. Taken together, these data indicate that
sinusoidal dilation is a feature of repair from MCT-induced
acute liver injury in mice; however, the underlying
mechanisms of sinusoidal dilation remain to be clarified.
MCT-damaged LSECs are replaced in the recovering liver
by newly formed LSECs. In a rat MCT model, BM-derived
CD133%/CD45" progenitor cells replace the injured LSECs
(10). Consistent with this, irradiation results in the
recruitment and incorporation of BM-derived mononuclear
cells to repair the injured vasculature (26). By contrast, the
present immunofluorescence analyses revealed that BM-
derived cells were not incorporated into the regenerating
liver vasculature, indicating that BM-derived cells are not
recruited to the sites of the injured LSECs and do not
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differentiate into mature LSECs. Rather, BM-derived cells
expressing CD31 expressed the macrophage marker CD68.
These discrepant results may be due to differences in the
experimental protocols used, including the animal strain, the
MCT dose, and the endothelial surface markers analyzed.
However, the possibility that BM-derived cells expressing
CD68 might contribute to LSEC repair after damage cannot
be excluded. In addition, a recent report suggests that LSEC
repopulation after MCT-induced liver injury and subsequent
radiation does not require BM-derived endothelial progenitor
cells, but is induced by small subsets of endogenous
CD157/CD200 double-positive endothelial cells residing in
the vascular walls of the portal veins (27). CD157/CD200
double-positive endothelial cells originating from the portal
vein migrated into the hepatic sinusoids to replace the
damaged LSECs. Although endothelial vascular stem cells
are primarily involved in LSEC recovery in response to
MCT and radiation, it requires about 3 weeks for repair and
recovery of the damaged LSECs to occur. Further studies are
needed to examine whether the local vascular endothelial
stem cells resided in the portal veins contribute to LSEC
recovery in this model.
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Figure 5. Effect of the Tie2 inhibitor BAY-826 on monocrotaline (MCT)-induced LSEC injury. (A) ALT levels in mice treated with BAY-826 and
vehicle at 72 h post-MCT treatment. Data are expressed as the mean+SD (n=5 mice per group). *p<0.05 vs. vehicle. (B) Immunofluorescence photos
of LYVE-1 (green) and CD31 (red) in the livers of mice treated with BAY-826 or vehicle at 72 h post-MCT treatment. The area of LYVE-1* and
CD31% vessel-like structures in the centrilobular regions at 72 h post-MCT treatment. Data are expressed as the mean+SD (n=3-5 mice per group).
*p<0.05 vs. vehicle. (C) Expression of MMP9, MMP13, CD31, LYVE-1, VEGFR2, VEGFR3, Ang-1, Ang-2, and Tie2 in the livers of mice treated
with BAY-826 or vehicle at 72 h post-MCT treatment. Data are expressed as the mean+SD (n=5-6 mice per group). *p<0.05 vs. vehicle.
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Ang-1 is a constitutive activator of the endothelial Tie2
receptor and is involved in stabilizing newly formed
vasculature. In the present study, Ang-1 was transiently up-
regulated at 48 h post-MCT treatment but was not up-
regulated during the repair phase. These results suggest that
Ang-1 plays a minor role in LSEC repair from MCT
damage. The angiogenic biomarker Ang-2 was up-regulated
after MCT-induced liver injury and was associated with up-
regulation of Tie2 in the repair phase of MCT hepatotoxicity.
Tie2 are mainly expressed by ECs (14). Consistent with this,
Tie2 was expressed by LSECs in the injured liver. Inhibition
of Tie2 with BAY-826 aggravated liver injury at 72 h post-
MCT treatment, which was associated with reduction in
LYVE-1*- and CD31%-vessels. This response was associated
with LSEC injury, as indicated by reduced mRNA levels of
LYVE-1, VEGFR2, and VEGFR3. These results suggest that
Tie2 activation in LSECs promotes LSEC recovery after
MCT-induced hepatotoxicity. Further studies are needed to
validate the critical role of the Ang-2/Tie2 axis in the
recovery of LSECs from MCT-induced damage.

The present study has several limitations. First, we used
an animal model to investigate the liver repair process.
Second, we established a mouse model of SOS by
administration of MCT. In humans, the main causes of SOS
are chemotherapy and radiotherapy (1, 2, 28). Third, MCT-
induced liver injury progressed acutely within 24-48 h of
MCT administration, and the injury resolved quickly, with
near-complete recovery by 120 h after MCT treatment.
Accordingly, liver function is efficiently restored in this
model. By contrast, human SOS is caused by chronic
exposure to chemotherapy for colorectal liver metastasis or
myeloablative chemoirradiation for hematopoietic cell
transplantation. Liver injuries persist for a long time in
human SOS patients, as sinusoidal dilatation only regresses
9 months after the cessation of chemotherapy (29).

Conclusion

We evaluated the process of MCT-induced LSEC injury and
repair. The present study suggests that pre-existing LSECs
in close proximity to the site of injury replace damaged
LSECs in the inner sinusoidal lining. Tie2 signaling appears
to be involved in LSEC recovery after MCT-induced liver
injury. However, the mechanisms through which Tie2
enhances the proliferative capacity of LSECs during the
repair phase of MCT-induced hepatotoxicity remain to be
clarified. Insights into the restoration of LSECs after MCT
administration have important implications for understanding
injury-induced inflammation and tissue repair during SOS.
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