
Abstract. Background/Aim: Sinusoidal obstruction
syndrome (SOS) after neoadjuvant chemotherapy with
oxaliplatin for colorectal liver metastases (CRLM) has been
reported to lead to early recurrence. This study investigated
the effects of SOS on the development of CRLM in a rat
model. Materials and Methods: RCN-H4 cells were injected
into the spleen or liver of ten monocrotaline-treated (SOS
group) and ten untreated (control group) rats. The number
and size of liver tumors were compared between the groups.
Results: The number of liver tumors in the splenic RCN-H4
injection model was significantly higher in the SOS group
than in the control group (332±213 vs. 16±5, p=0.029);
however, the largest tumor diameter in the hepatic model
was similar between groups (6.2±1.8 vs. 6.4±2.4 mm,
p=0.87). Conclusion: SOS promotes CRLM development by
splenic RCN-H4 cell injection. This might be due to the
higher incidence of cancer cell implantation into the liver. 

Approximately 15% of patients with colorectal cancer have
synchronous liver metastases, and approximately 30% of
them transition to metachronous liver metastases (1). Liver
surgery is the only potentially curative treatment for patients
with colorectal liver metastases (CRLM) and is associated
with long-term survival (2). Recent advances in systemic
chemotherapy and multidisciplinary treatment strategies such

as two-stage hepatectomy and a liver-first approach have
made it possible to transform unresectable CRLM to
resectable CRLM, which is called conversion therapy (3-5). 

Sinusoidal obstruction syndrome (SOS), characterized by
sinusoidal dilatation, central venous endothelial damage, and
coagulative necrosis of hepatocytes, is a common drug-
induced liver injury caused by chemotherapy regimens using
oxaliplatin as treatment for CRLM (6, 7). SOS is often
referred to as “blue liver disease”, and it impairs the
resectability of the liver by decreasing its regenerative
capacity and functional reserve (8).  

Tamandl et al. reported that SOS after neoadjuvant
chemotherapy with oxaliplatin was associated with increased
postoperative morbidity and resulted in early recurrence and
decreased long-term survival in CRLM (9). However, its
underlying mechanism remains unclear, and an optimal
animal model to investigate the mechanism has not been
established to date.

This study aimed to establish an appropriate mimic model
of SOS after human oxaliplatin-induced liver injury and
clarify whether SOS influences CRLM development in an
MCT-induced rat model. 

Materials and Methods

We used the most prevalent and common animal model for SOS
studies, namely a monocrotaline (MCT)-induced rat model, which
has been the basis for diagnostic and treatment studies and has been
modified over the past two decades to optimize its use (10-16). 

Animals. Five- to six-week-old male Fischer 344 rats (SLC,
Shizuoka, Japan) weighing 150-200 g were used. All rat surgical
procedures were performed under general anesthesia with
isoflurane. All experiments were conducted according to the
guidelines for the care and use of laboratory animals of the animal
research committee of Kyoto University (approval code: Med Kyo
19186). The animals received humane care according to the
National Institutes of Health (Bethesda, MD, USA) Guidelines for
the Care and Use of Laboratory Animals. 
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Reagents. MCT was purchased from Sigma Aldrich (St. Louis, MO,
USA). MCT solution was prepared at a concentration of 10 mg/ml,
as previously reported (17). 

Cell line and cell culture. The rat colorectal cancer RCN-H4 cell
line (18, 19), derived from liver metastasis of a Fischer 344 rat, was
maintained at 37˚C under 5% CO2 in Roswell Park Memorial
Institute 1640 medium (RPMI 1640; Invitrogen, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (ICN, Aurora,
OH, USA), 100 U/ml penicillin G, and 100 μg/ml streptomycin
(Meiji Seika, Tokyo, Japan). Cells were passaged every 3-5 days.
Cell suspensions were obtained from confluent culture dishes using
a trypsin solution, and the cell number was determined using a
hemocytometer.

Establishment of liver metastases. Before laparotomy, the entire
abdomen was sterilized with a 70% ethanol solution. To establish
liver metastases through the portal vein, a 5 mm subcostal incision
was made on the left flank through the skin and peritoneum. Rat
cancer cells (1.0×106 RCN-H4) were suspended in 0.5 ml of
phosphate-buffered saline (PBS) into the spleen. Then, the spleen
was carefully returned to its anatomical position in the peritoneal
cavity, and the abdominal wall and skin were closed. 

To establish locally formed liver metastases, a 10 mm incision
was made vertically in the midline of the upper abdomen through
the skin and peritoneum. Rat cancer cells (1.0×106 RCN-H4) were
suspended in 0.5 ml of PBS in the left lateral liver lobe. The liver
was then carefully returned to its anatomical position in the
peritoneal cavity and the abdominal wall and skin were closed.

In both cell line injection routes, the injection procedure itself
was confined to a single location within the substance of the organ
for more 15 s using a 30-gauge needle. Hemostasis over the
puncture site was achieved with slight pressure on the organ with a
cotton swab for 5 min (20).  

Comparison of SOS severity among high-dose MCT, low-dose MCT,
and control groups. Rats were fasted for 12 h before oral MCT
administration with free access to water. MCT was administered by
gavage, after which the rats could consume food and water ad
libitum. To evaluate the degree of SOS, the rats were divided into
three groups (n=4 in each group) treated with high-dose MCT group
(90 mg/kg), low-dose MCT group (70 mg/kg), or control group (7
ml/kg PBS as vehicle). The rats were sacrificed 48 h after MCT or
vehicle administration, and blood and liver tissue samples were
collected.

Comparison of tumor progression between the MCT-induced mild
SOS group and control group in the splenic injection model. To
evaluate the effect of SOS on liver metastatic seeding of colorectal
cancer cells, the rats were divided into two groups according to the
treatment with 70 mg/kg MCT (mild SOS group) or vehicle (control
group; n=5 in each group). In both groups, 48 h after MCT or
vehicle administration, RCN-H4 cells were implanted to five rats
by splenic injection. All rats were sacrificed after 21 days of
monitoring, and the tumors were counted (Figure 1A).

Comparison of tumor progression between the MCT-induced mild
SOS group and control group in the liver injection model. To
evaluate the effect of SOS on hematogenous metastasis, the rats
were divided into a mild SOS group or control group (n=5 in each
group). In both groups, 48 h after MCT or vehicle administration,
RCN-H4 cells were implanted to five rats by hepatic injection. All
rats were sacrificed after 14 days of monitoring, and tumor size of
the tumor was measured (Figure 1B). 

Comparison of hepatic mRNA expression of genes 48 h after MCT
or vehicle administration between the mild SOS and control groups.
To evaluate background live damage, hepatic mRNA expression of
genes between the mild SOS and control groups (n=4 in each group)
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Figure 1. Experimental protocol for the evaluation of monocrotaline (MCT)-induced mild sinusoidal obstruction syndrome for tumor progression.
(A) splenic RCN-H4 injection model, (B) hepatic RCN-H4 injection model. MCT, Monocrotaline; SOS, sinusoidal obstruction syndrome; PBS,
phosphate-buffered saline.



was measured using liver tissues excised 48 h after MCT or vehicle
administration.

Serum biochemistry. Serum aspartate aminotransferase (AST),
alanine aminotransferase (ALT), and albumin levels were measured
48 h after treatment.

Histopathology. Liver tissue samples were fixed with 4%
paraformaldehyde (PFA), embedded in paraffin wax, and cut into 4
mm sections. Histological assessment of SOS was performed using
hematoxylin and eosin (H&E) staining.

Immunohistochemistry. Endothelial cells were stained using rat
endothelial cell antigen-1 (RECA-1: MCA-970R; AbD Serotec,
Oxford, United Kingdom), as previously described (12-16). Tissues
were directly embedded in the optimal cutting temperature
compound (Sakura, Tokyo, Japan). Sections were cut at 6-mm
thickness and fixed with 4% PFA for 10 min at room temperature.
Sections were blocked and then incubated with RECA-1 at a 1:500
dilution for 1 h at 4˚C. Subsequently, the sections were incubated
with labeled polymer using an EnVision and System HRP kit (Dako,
Tokyo, Japan), at room temperature for 1 h. The sections were
examined after incubation using the Liquid 3, 3’-diaminobenzidine
Substrate-Chromogen System (Dako).

Quantitative real-time polymerase chain reaction. Total RNA was
extracted from the liver tissue using TRIzol reagent (Life
Technologies, Carlsbad, CA, USA) and the RNeasy Mini Kit with
on-column DNA digestion (Qiagen, Valencia, CA, USA). The
extracted RNA was reverse transcribed to complementary DNA
using the Omniscript RT kit (Qiagen). Quantitative real-time
polymerase chain reaction was performed with a KAPA SYBR
FAST qPCR Kit (NIPPON Genetics, Tokyo, Japan) using a
StepOnePlus system (Applied Biosystems, Foster City, CA, USA).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as
internal control. The primer sequences are summarized in Table I.

Statistical analysis. Continuous variables are expressed as
mean±standard deviation. Differences among the three groups were
analyzed using one-way analysis of variance, and the differences
between the two groups were compared using Student’s t-test. p-
Values <0.05 were considered statistically significant. All statistical
analyses were performed using SAS software (JMP 14.2.0; SAS
Institute Inc., Cary, NC, USA).

Results
Comparison of SOS severity among high-dose MCT, low-dose
MCT, and control groups. In the high-dose MCT group,

macroscopic examination at 48 h after MCT administration
showed that the color of the liver’s surface had turned dark red.
These findings were less pronounced in the low-dose MCT
group and control groups (Figure 2A-C). Microscopically, the
liver tissue of the rats in the high-dose MCT group displayed
severe sinusoidal hemorrhage, sinusoidal dilatation, coagulative
necrosis of hepatocytes, and endothelial damage in the central
vein. Liver sections from the low-dose MCT group showed
less sinusoidal hemorrhage and dilatation compared to those
from high-dose MCT group (Figure 2D-I).

To assess the effect of MCT on inusoidal endothelial cells,
RECA-1 immunohistochemistry was performed. Areas
positive with RECA-1 were larger in the low-dose MCT
group than in the high-dose MCT group but smaller than
those in the control group (Figure 2J-L).

Regarding serum biochemistry evaluations at 48 h after
MCT administration, AST and ALT levels in the low-dose
MCT group were significantly lower than those in the high-
dose MCT group but were significantly higher than those in
the control group. Furthermore, the albumin level in the low-
dose MCT group was markedly reduced compared to that in
the control group but was higher than that in the high-dose
MCT group (Table II).

Accordingly, the high-dose MCT group did not mimic the
human SOS induced by oxaliplatin owing to severe
hepatotoxicity. Therefore, we defined the low-dose MCT
group (70 mg/kg) as the mild SOS group for comparison
with the control group in the following experiments.

Comparison of tumor progression between the MCT-induced
mild SOS model and control model in the splenic RCN-H4
injection liver metastases model. Twenty-one days after
splenic RCN-H4 injection, macroscopic findings showed
multiple tumors over the whole liver lobe (Figure 3B), and
microscopic findings showed multiple round tumors with
internal necrosis in the mild SOS group (Figure 3D and F),
compared to the few small tumors scattered in the control
group (Figure 3A, C and E). The number of tumors in the
mild SOS group (332±213) was significantly higher than that
in the control group (16±5) (p=0.029) (Figure 3G). 

Comparison of tumor progression between the MCT-induced
mild SOS model and control model in the hepatic RCN-H4
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Table I. The sequence of primers used for reverse transcription and quantitative PCR reactions.

Gene                                                     Forward primer sequence (5’-3’)                                               Reverse primer sequence (5’-3’)

VEGF-A                                               ATTGAGACCCTGGTGGAC                                                    CCTATGTGCTGGCTTTGG
MMP-9                                                 ACTCGAGCCGACGTCACTGT                                              GGCCCTCGCCGGTACAGGTA
ICAM-1                                                CTTTGCCCTGGTCCTCCAAT                                                TGTCTTCCCCAATGTCGCTC
GAPDH                                                TCCCTCAAGATTGTCAGCAA                                               AGATCCACAACGGATACATT
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Figure 2. Effect of monocrotaline (MCT) on liver among high-dose MCT, low-dose MCT, and control groups. Representative macroscopic views of
the liver in the control (A), low-dose MCT (B), and high-dose MCT groups (C). H&E staining (×20, ×200) in the control (D and G), low-dose MCT
(E and H), and high-dose MCT SOS groups (F and I). Immunohistochemistry of RECA-1 (×200) in the control (J), low-dose MCT (K), and high-
dose MCT groups (L).

Figure 3. Assessment of tumor progression in the splenic RCN-H4 injection model. Representative macroscopic views of the liver in the control (A)
and mild sinusoidal obstruction syndrome (SOS) groups (B) 21 days after splenic RCN-H4 injection. H&E staining (×20, ×200) in the control (C
and E) and mild SOS groups (D and F). The number of tumors in the control and mild SOS groups (G). 



injection liver metastases model. Fourteen days after hepatic
RCN-H4 injection, macroscopic findings showed a solitary
tumor in the left lateral lobe of the liver in both groups

(Figure 4A and B). The largest diameter of the solitary tumor
in the mild SOS group (6.2±1.8 mm) was similar to that in
the control group (6.4±2.4 mm) (p=0.87) (Figure 4C).
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Table II. Serum biochemistry at 48 h after MCT or vehicle administration.

Variables                     Normal range                  Control group                Low-dose MCT group                High-dose MCT group                  p-Value

AST (IU/l)                        87-114                           77.5±12.7                             122.3±8.5                               3,861.8±2,625.4                       0.0093*#
ALT (IU/l)                         28-40                            56.8±18.6                            100.0±17.8                              3,210.0±1,832.3                       0.0032*#
Alb (g/dl)                          3.3-4.6                           3.93±0.13                             3.70±0.14                                    3.45±0.10                            0.0014*#

MCT, Monocrotaline; AST, aspartate aminotransferase; ALT, alanine aminotransferase; Alb, albumin. Data are expressed as mean±SD. n=4 in each
group. *Significant difference between the control and low-dose MCT groups. #Significant difference between the low- and high-dose MCT groups.

Figure 4. Assessment of tumor progression in the hepatic RCN-H4 injection model. Representative macroscopic views of the liver in the control (A)
and mild sinusoidal obstruction syndrome (SOS) groups (B) 14 days after hepatic RCN-H4 injection. The largest diameter of the locally formed
tumor in the control and mild SOS groups (C). 

Figure 5. mRNA expression of genes (VEGF-A, MMP-9 and ICAM-1) 48 h after monocrotaline or vehicle administration between the control group
and mild sinusoidal obstruction syndrome (SOS) group.



Comparison of hepatic mRNA expression of genes 48 h after
MCT or vehicle administration between the MCT-induced
mild SOS and control groups. The hepatic expression levels
of VEGF-A, MMP-9, and ICAM-1 are shown in Figure 5.
There were no significant between-group differences.

Discussion

Our study demonstrated that the low-dose MCT group (70
mg/kg) showed better characteristics as a mimic rat model
of human oxaliplatin-induced SOS than the high-dose MCT
(90 mg/kg) group and defined a low-dose MCT group as the
mild SOS group. Mild SOS promoted CRLM development
only in the splenic injection liver metastases model. 

The promotion of CRLM has been evaluated by hepatic
ischemia and reperfusion injury (21), nonalcoholic steatosis
(22) and chronic alcohol consumption (23) rodent models,
and these liver injuries affect CRLM tumor growth. The
promotion of lung metastases in a pulmonary hypertension
model by subcutaneous administration of 60 mg/kg MCT
was assessed, and lung injury induced by MCT resulted in
lung tumor growth (24). In humans, SOS after neoadjuvant
chemotherapy with oxaliplatin was associated with decreased
long-term survival in CRLM, but its mechanism remains
unclear (9). Our present study provided similar results in a
rat SOS model as a clinical outcome.

In previous studies, severe and acute liver injury with AST
and ALT levels greater than 1,000 IU/l have been commonly
used in MCT-induced (90 mg/kg or more) SOS rat models
(12, 25). However, the presence of SOS was not associated
with elevated liver transaminases in a human clinical study
(9). To further mimic the preoperative chemotherapy
treatment of CRLM in humans, we created a mild SOS
model with AST and ALT around 100 IU/l and used it in
experiments. 

According to the experimental results, there was a
significant difference between the control and mild SOS
groups when cancer cells were administered in the spleen,
but no difference was observed between the two groups
when cancer cells were administered in the liver. Thus,
clinical data reported by Tamandl et al. (9) were
corroborated only in the splenic injection model. Regarding
the involvement of endothelial damage, which they also
speculated as a mechanism by which SOS affects long-term
prognosis (9), our results suggest that the process of cancer
cell entry into the liver via circulation rather than the
background liver damage associated with SOS may be the
cause of tumor growth. 

There are several possible mechanisms for the effects of
background liver damage on liver metastases. First, it has
been reported that bevacizumab, a monoclonal antibody that
inhibits VEGF-A, suppresses human SOS (26), suggesting
that the expression of VEGF-A may be involved in tumor

progression. Secondly, MMP-9 inhibition has been reported
to inhibit MCT-induced SOS in rats (25), which indicates
that MMP-9 may also be involved in tumor growth. Third,
the process by which cancer cells bind to ICAM-1 in
sinusoidal endothelial cells (SECs) (27) may lead to
accelerated liver metastases by SOS-induced hepatic
damage. However, these mechanisms were considered
unlikely since the analysis of background liver mRNA
showed no significant differences between the mild SOS and
control groups with respect to VEGF-A, MMP-9, and
ICAM-1. If the entry of cancer cells into the liver is
accelerated by SOS, it is possible that endothelial cell
damage, a hallmark of SOS, may be a factor. It is reported
that the liver exhibited high expression of lectin molecules
and liver sinusoidal endothelial cell lectin, which is a liver-
specific adhesion molecule, plays an important role in
CRLM (28, 29). Analysis from that perspective may be
useful for future study.

This study had several limitations. First, the precise
mechanism by which SOS affects CRLM development has
not yet been clarified. The mechanism of SOS in the MCT-
induced rat model was described as follows (10, 25, 30). The
gap created by detached SECs from the sinusoidal walls,
which are typical features of SOS, may make it easier for
cancer cells to invade hepatic parenchymal cells. It is also
possible that the damaged sinusoidal wall endothelial cells
are more likely to adhere to cancer cells. In elucidating these
processes, visualization of a single cancer cell tagged with a
fluorescent dye may be useful to track the distribution and
movement of cancer cells during the pre-tumor stage in
future studies. For this purpose, it is necessary to first
evaluate the appropriate timing of cancer cell attachment to
the sinusoidal endothelium after splenic cancer cell injection.
Second, the solution to this phenomenon has not been
explored. It is worth examining whether the prevention of
SOS, which we have already reported (12-16), can reduce
the progression of these tumors. If they affect not only
postoperative morbidity but also long-term outcomes, the
significance of their clinical application could be further
strengthened. Third, this MCT-induced mild SOS rat model
may be still somewhat different from oxaliplatin-induced
SOS in humans. In clinical practice, oxaliplatin is commonly
used in combination with fluoropyrimidines including oral
S-1 and capecitabine, which are converted to 5-fluorouracil
in the liver. Recently, it has been reported that concomitant
use of S-1 increases the frequency and severity of SOS (31),
and the mechanism regarding the effect of concomitant
fluoropyrimidines may need to be clarified.

In conclusion, mild SOS induced by MCT promotes CRLM
development in splenic RCN-H4 injection liver metastases rat
model. In contrast, mild SOS does not promote CRLM
development in hepatic RCN-H4 injection liver metastases rat
model. The process of cancer cell entry into the liver via portal
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circulation may be associated with tumor growth. Further
studies are needed to clarify these mechanisms.
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