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Graphical Abstract

FOLFOX

Sinusoidal obstruction syndrome (SOS) induced by oxaliplatin‐including

chemotherapies (OXCx) is associated with impaired hepatic reserve and higher

morbidity after hepatic resection; however, in the absence of an appropriate

animal experimental model, little is known about its pathophysiology. In this

study, we established a clinically relevant reproducible model of OXCx‐induced

SOS and highlighted the disparities and common features between OXCx‐SOS

and rodent monocrotaline induced SOS. With distinct differences between rodent

monocrotaline‐SOS and human/pig OXCx‐SOS, our pig OXCx‐SOS model serves

as a preclinical platform for future investigations to dissect the pathophysiology

of OXCx‐SOS and seek preventive strategies.

Abbreviations: ALT, alanine aminotransferase; Alb, albumin; AST, aspartate aminotransferase; AT‐III, antithrombin III; CRLM, colorectal liver metastasis; Hb, hemoglobin; HMGB1, high

mobility group box 1; ICG, indocyanine green; l‐LV, folinic acid; ISGLS, International Study Group of Liver Surgery; L‐OHP, Oxaliplatin; LSEC, liver sinusoidal endothelial cell; MCT,

monocrotaline; MMP9, matrix metallopeptidase 9; OS, overall survival; OXCx, Oxaliplatin‐including chemotherapies; PHLF, post‐hepatectomy liver failure; PLT, platelet; PT, prothrombin

time; RECA‐1, rat endothelial cell antigen ‐1; rhTM, recombinant human soluble thrombomodulin; SCT, stem cell transplantation; SEM, scanning electron microscopy; SOS, Sinusoidal

obstruction syndrome; T‐Bil, total bilirubin; TEM, transmission electron microscopy.
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Abstract

Aim: Sinusoidal obstruction syndrome (SOS) induced by oxaliplatin‐including che-

motherapies (OXCx) is associated with impaired hepatic reserve and higher morbidity

after hepatic resection. However, in the absence of an appropriate animal experi-

mental model, little is known about its pathophysiology. This study aimed to establish

a clinically relevant reproducible model of FOLFOX‐induced SOS and to compare the

clinical/histopathological features between the clinical and animal SOS settings.

Methods: We performed clinical/pathological analyses of colorectal liver metastasis

(CRLM) patients who underwent hepatectomy with/without preoperative treat-

ment of FOLFOX (n = 22/18). Male micro‐minipigs were treated with 50% of the

standard human dosage of the FOLFOX regimen.

Results: In contrast to the monocrotaline‐induced SOS model in rats, hepatomegaly,

ascites, congestion, and coagulative necrosis of hepatocytes were absent in patients

with CRLM with OXCx pretreatment and OXCx‐treated micro‐minipigs. In parallel

to CRLM cases with OXCx pretreatment, OXCx‐challenged micro‐minipigs exhibi-

ted deteriorated indocyanine green clearance, morphological alteration of liver si-

nusoidal endothelial cells, and upregulated matrix metalloproteinase‐9. Using our

novel porcine SOS model, we identified the hepatoprotective influence of recom-

binant human soluble thrombomodulin in OXCx‐SOS.

Conclusions:With distinct differences between monocrotaline‐induced rat SOS and

human/pig OXCx‐SOS, our pig OXCx‐SOS model serves as a preclinical platform for

future investigations to dissect the pathophysiology of OXCx‐SOS and seek pre-

ventive strategies.

K E YWORD S

colorectal liver metastasis, liver sinusoidal endothelial cell, matrix metalloproteinase 9, micro‐
minipig, oxaliplatin, sinusoidal obstruction syndrome

INTRODUCTION

In the 1990s, only 25% of patients with colorectal liver metastasis

(CRLM) were candidates for curative hepatic resection.1 Recent ad-

vances in systemic chemotherapy have contributed to converting

initially unresectable CRLM to resectable lesions, which is a process

called conversion therapy.2 In 2004, systemic cytotoxic chemo-

therapy regimens enabled 12.5% of initially unresectable CRLM to

undergo hepatic resection, leading to a 5‐year overall survival (OS)

rate of 33%.3 In our recent prospective clinical study of initially pa-

tients with unresectable CRLM, the combination of cytotoxic

chemotherapy with molecular targeted agents achieved a 70.6%

conversion rate and 50.0% R0 resection rate; ultimately patients with

R0/1 liver resection showed a 5‐year OS of 66.3%.2,4 These results

indicate the effectiveness of the combination of chemotherapy and

surgery to improve the outcome of patients with CRLM.

Oxaliplatin (L‐OHP)‐including chemotherapies (OXCx), such as

FOLFOX, CAPOX, or FOLFOXIRI, are key regimens for the treatment

of CRLM. Patients are treated with intense OXCx before conversion

hepatectomy; however, the extensive use of OXCx causes toxicity to

the non‐tumorous liver parenchyma. Sinusoidal obstruction syn-

drome (SOS), a drug‐induced hepatic injury triggered by the damage

of liver sinusoidal endothelial cells (LSECs), occurs from the admin-

istration of myeloablative, high‐dose chemotherapy in the setting of

stem cell transplantation (SCT‐SOS). Rubbia‐Brandt et al. found that

OXCx causes SOS (OXCx‐SOS),5 which is associated with increased

postoperative morbidity6,7 and shorter long‐term survival.8 Hence,

preventive strategies against OXCx‐SOS and elucidation of the

pathophysiology of OXCx‐SOS development are needed.

The majority of SCT‐SOS cases occur within 21 days from toxic

insult, with clinical manifestations of weight gain, hepatomegaly,

hyperbilirubinemia, and ascites (modified Seattle or Baltimore

criteria).9 The most widely used animal model of SOS is generated by

administration of monocrotaline (MCT) to rats,10,11 which induces a

sharp onset of SOS, mimicking symptomatic SCT‐SOS. In contrast to

SCT‐SOS and MCT‐SOS, OXCx‐SOS develops more gradually and

asymptomatically, implying that OXCx‐SOS may be divergent from

SCT‐SOS and MCT‐SOS. Several previous studies reported that OXCx

treatment induced SOS in mice or rats.12–14 However, the OXCx‐based

rodent SOS models have faced limited reproducibility.15–17 Therefore,
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establishing a clinically applicable experimental model of OXCx‐SOS is

critical to explore its pathophysiology and develop prophylactic

strategies.

In this study, we established a clinically relevant model of OXCx‐
SOS using micro‐minipigs. We highlight the differences and similar-

ities between SCT‐SOS (human), MCT‐SOS (rat), and OXCx‐induced

human/pig SOS. Using the novel pig OXCx‐SOS model, we identi-

fied the hepatoprotective role of recombinant human soluble

thrombomodulin (rhTM), which is reported to alleviate rodent MCT‐
SOS.18,19 In the context of a first‐in‐class drug being applied for se-

vere human SCT‐SOS,20–22 our pig OXCx‐SOS model serves as a

preclinical platform to dissect the pathophysiology of OXCx‐SOS.

METHODS

Patient selection and non‐tumorous liver tissue
evaluation

We performed clinical and pathological analyses of CRLM cases

treated with hepatectomy at Kyoto University Hospital (April 2007–

February 2020). Patients treated with preoperative chemotherapy

regimen without FOLFOX and patients whose non‐tumorous lesion

was insufficient for histological evaluations were excluded. The

identified 40 patients were divided into the group that received

preoperative treatment of FOLFOX (OXCx group, n = 22) and the

group without any chemotherapy (control group, n = 18) before liver

resection. Serum aspartate aminotransferase (AST), alanine amino-

transferase (ALT), total bilirubin (T‐Bil), albumin levels, and pro-

thrombin time were measured as a routine preoperative assessment.

The indocyanine green (ICG) clearance test was performed to eval-

uate liver function just before hepatic resection. Postoperative

morbidity was evaluated based on the Clavien–Dindo classification.23

The International Study Group of Liver Surgery criteria were used to

identify post‐hepatectomy liver failure.24 Non‐tumorous liver tissue

was evaluated by hematoxylin and eosin staining, Masson trichrome

staining, electron microscopy, and immunohistochemistry. Based on

preoperative computed tomography examinations, splenic co-

efficients were calculated by multiplying maximal length (cm) by

vertical height (cm), and then patients with the values over the cut‐
off of 115 cm2 were diagnosed as splenomegaly.25 The study was

approved by the Ethics Committee of Kyoto University Graduate

School and Faculty of Medicine (approval code: R3004).

Animals

Male Sprague–Dawley rats (8–9 weeks old, 300 � 50 g) and male

C57BL/6 mice (8–10 weeks, 25 � 5 g) were obtained from SLC.

Male‐specific pathogen‐free micro‐minipigs (1–1.5 years old, 25 kg)

were obtained from Fuji Micra. All experiments were approved by

the Animal Research Committee of Kyoto University (Med Kyo

18187). The animals received humane care and the protocols

complied with institutional guidelines for the care and use of

laboratory animals.

Reagents

MCT was purchased from Sigma‐Aldrich and used as a 10 mg/ml

solution.11,26 L‐OHP was provided by Yakult Honsha and rhTM was a

gift from Asahi Kasei Pharma. Folinic acid (l‐LV), fluorouracil (5‐FU),

and ICG were obtained from Daiichi Sankyo.

Monocrotaline‐induced sinusoidal obstruction
syndrome rat model

Rats were fasted for 12 h before oral administration of MCT (90 mg/

kg) with free access to water; subsequently animals were allowed

food and water ad libitum.18,27,28 Blood and liver samples were

collected at various time points after MCT administration. To

investigate the impact of MCT‐SOS on the mortality of animals un-

dergoing minimal liver resection, a 30% partial hepatectomy was

performed in the other rats. The animals were monitored for 10 days

and those who were alive at this time point were considered

survivors.

FOLFOX administration model in mice

Based on the previous studies,12,13 C57Bl/6 mice were treated with

an intraperitoneal injection of L‐OHP 6 mg/kg, followed by 5‐FU

50 mg/kg and l‐LV 90 mg/kg 2 h later on a weekly basis for

5 weeks. Control animals received vehicle alone. Mice were fed on a

standard purified diet (D01060501; Research Diets Inc.) instead of a

standard chow diet.12,13 All animals received standard animal house

care, including ad libitum access to water and the purified diet. Mice

were killed 1 week after the final dose of chemotherapy, and blood

and liver samples were obtained. Serum AST and ALT levels were

evaluated in serum samples. Liver samples were evaluated by light

microscopy and electron microscopy.

OXCx‐induced sinusoidal obstruction syndrome
model in micro‐minipigs

To mimic the clinical mFOLFOX6 protocol and accurately inject

chemotherapeutic agents in micro‐minipigs, we first placed a central

venous access port (BD, San Jose, CA, USA) in a femoral vein under

inhalational anesthesia (isoflurane, 0.5%–3%). Before the procedure,

pigs were sedated with midazolam (0.4 mg/kg), medetomidine

(0.08 mg/kg), and atropine sulfate (0.02 mg/kg) intramuscularly and

with buprenorphine hydrochloride (0.08 mg/kg) for analgesia. Based

on preliminary experiments, we selected the optimal dosage of

FOLFOX regimen as L‐OHP 42.5 mg/m2, l‐LV 100 mg/m2, bolus 5‐FU

HEPATOLOGY RESEARCH TODA ET AL. - 3
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200 mg/m2, and continuous 5‐FU 1200 mg/m2, which was 50% of the

standard human dosage (L‐OHP, 85 mg/m2; l‐LV, 200 mg/m2; bolus

5‐FU, 400 mg/m2; and continuous 5‐FU, 2400 mg/m2). Pigs in the

OXCx group (n = 5) were treated with this regimen every other week,

while pigs in the control group (n = 5) were administered with vehicle

every other week. Pigs were treated with OXCx or vehicle for up to

12 cycles. Liver/blood samples were obtained at 2 weeks after the

beginning of the 12th cycle or earlier time points (2 weeks after the

beginning of a cycle, before the start of the next regimen if sched-

uled). Animals were given supportive care such as antiemetics (pal-

onosetron hydrochloride, 0.75 mg) for nausea/vomiting or

transfusion of lactated Ringer's solution for symptoms of dehydration

whenever necessary. Hepatic histopathological assessments were

performed in a blinded fashion by pathologists (Tatsuaki Tsuruyama

and Toshiaki Manabe). Livers in the OXCx group exhibited histo-

pathological SOS features after 9–12 cycles of regimen. Serum AST,

ALT, T‐Bil, blood hemoglobin levels, platelet count, and antithrombin

III activity were measured. The ICG test was also performed to assess

liver function. ICG (0.5 mg/kg) was administered intravenously, and

the ICG‐K value was measured to determine its rate of clearance

from the serum.29 To evaluate the hepatoprotective influence of

rhTM (500 μg/kg) in the porcine OXCx‐SOS model, rhTM was

injected intravenously at 30 min before the beginning of each cycle.

Serum platinum concentration evaluation

We measured serum platinum concentrations at the end of each L‐
OHP infusion using an Agilent 7700 inductively coupled plasma‐
mass spectrometer (Agilent Technologies).

Statistical analysis

For animal experiments, comparisons between two groups were

assessed using a two‐tailed Student's t‐test. For human data, contin-

uous values were analyzed by Mann–Whitney U‐test and categorical

variables by Fisher's exact test. Survival curves were generated using

the Kaplan–Meier method and were compared using a log‐rank test. p

< 0.05 was considered statistically significant. JMP for Windows 14.0

(SAS Institute, Cary, NC, USA) was used for all the statistical analyses.

Please see Supporting Information S1 for additional methods.

RESULTS

OXCx leads to deterioration in liver function without
hepatomegaly, ascites, hyperbilirubinemia, or
elevation of hepatic transaminases in patients with
colorectal liver metastasis

To assess the influence of preoperative OXCx on clinical features,

liver function, and histological changes in patients with CRLM, we

compared patients who underwent primary hepatectomy at Kyoto

University Hospital with preoperative treatment of FOLFOX (OXCx

group, n = 22) and those who did not receive chemotherapy (control

group, n = 18) before liver resection. Perioperative variables of the

patients are listed in Table 1. Age, sex, colorectal cancer status, co-

morbidity, and preoperative hepatic tests were comparable between

the two groups. In the OXCx group, synchronous (72.7% vs. 27.8%)

and multiple (100% vs. 44.4%) CRLM were more frequent. Of the 22

patients, 18 (81.8%) were treated with six or more OXCx cycles

before hepatectomy. In the OXCx group, eight patients were treated

with bevacizumab (median cycles of seven), six with cetuximab

(median cycles of six), and four with panitumumab (median cycles of

eight). The median interval between the last chemotherapy and he-

patic resection was 57.5 days (range, 20–392 days). Major hepatec-

tomy was performed in 40.9% and 50.0% of patients in the OXCx and

control group, respectively, while laparoscopic surgery was con-

ducted in 13.6% and 27.8%, respectively. Morbidity (≥Clavien–Dindo

classification I)23 and post‐hepatectomy liver failure24 tended to be

more frequent in the OXCx group; however, the differences were not

statistically significant.

None of the patients in the OXCx group were diagnosed as

splenomegaly preoperatively, with the median of splenic coefficient

of 66.3 (range, 26.9–105.1). Notably, OXCx did not induce hepato-

megaly, peritoneal fluid collection, or elevated serum bilirubin levels

(Table 1), which are typical clinical characteristics of SCT‐SOS.9

Preoperative OXCx was associated with decreased ICG‐K values

(p < 0.05) compared with the value in the control group (Figure 1a),

indicating OXCx was associated with a deterioration in liver function.

Comparison of AST/ALT levels before OXCx and after chemotherapy

(just before surgery) revealed that OXCx had no effect on serum

transaminase levels (Table 1). Macroscopically, the liver surface in

the OXCx group showed a patchy pattern (Figure 1b). In the OXCx

group, hematoxylin and eosin and Masson trichrome staining of the

non‐tumorous area showed sinusoidal dilatation, and collagen

deposition to the perisinusoidal space and around the central vein;

however, sinusoidal congestion, occlusion of the central vein, and

coagulative necrosis of hepatocytes, which are typical histological

appearances in human SCT‐SOS and rat MCT‐SOS, were not

observed (Figure 1c,d).

Preoperative OXCx is associated with morphological
alteration of liver sinusoidal endothelial cells,
disruption of liver sinusoidal endothelial cell integrity
and matrix metallopeptidase‐9 increase in non‐
tumorous livers in patients undergoing hepatectomy

Initial morphological changes of LSECs (a dish‐like transformation),

following matrix metallopeptidase (MMP)‐9 upregulation, enlarge-

ment of the space of Disse, and discontinuity of sinusoidal

endothelium are key pathophysiology phenomena reported in the

rat MCT‐SOS model.26,27 Whether these events occur during the

pathogenesis of human OXCx‐SOS remains unknown. We next

4 - TODA ET AL. HEPATOLOGY RESEARCH
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TAB L E 1 Clinical variables of patients who underwent primary hepatectomy with preoperative treatment of FOLFOX (OXCx group) or
without chemotherapy (control group) before surgery and immunohistochemical evaluation of LSECtin

Control (n = 18) OXCx (n = 22) p value

Age (years) 68 (52–81) 60 (35–80) 0.053

Sex (male) 11 (61.1%) 15 (68.2%) 0.64

Colorectal tumor

Rectum/colon 4/13 5/16 0.97

Sidedness (right) 5 (27.8%) 5 (22.7%) 0.73

T factor (T1/T2/T3/T4) 0/2/12/6 2/0/10/5 0.26

Positive lymph metastases 11 (61.1%) 10/16 (62.5%) 0.93

Extrahepatic metastases 2 (11.1%) 4 (18.2%) 0.53

Liver lesion

Synchronous 5 (27.8%) 16 (72.7%) <0.01

Maximum diameter (cm) 8.2 (0.3–90) 3.0 (0.3–90.0) 0.24

Multiple 8 (44.4%) 22 (100%) <0.01

Hepatic vein invasion 1 (5.6%) 1 (4.6%) 0.88

Portal vein invasion 1 (5.6%) 0 (0%) 0.26

Surgical margin (positive) 1 (5.6%) 1 (4.6%) 0.88

Comorbidity

Diabetes 2 (11.1%) 2 (9.1%) 0.66

Hepatitis virus (HBV/HCV) 0/0 1/0 0.99

Preoperative chemotherapy

Yes 0 (0%) 22 (100%) ‐

≥6 FOLFOX ‐ 18 (81.8%) ‐

With bevacizumab ‐ 8 (36%) ‐

With cetuximab ‐ 11 (50%) ‐

With panitumumab ‐ 4 (18%) ‐

Preoperative hepatic test

AST (IU/L) 25 � 7 34 � 18 0.08a 0.15b

ALT (IU/L) 23 � 10 28 � 25 0.98a 0.81b

T‐Bil (mg/dl) 0.7 � 0.2 0.8 � 0.4 0.27a 0.37b

Alb (g/dl) 4.0 � 0.4 3.8 � 0.5 0.42a 0.94b

PT (%) 100 � 13 100 � 26 0.43a 0.44b

Hepatic test before FOLFOX

AST (IU/L) ‐ 28 � 15 ‐

ALT (IU/L) ‐ 26 � 20 ‐

T‐Bil (mg/dl) ‐ 0.7 � 0.3 ‐

Alb (g/dl) ‐ 3.8 � 0.6 ‐

PT (%) ‐ 97 � 18 ‐

Liver surgery

Major hepatectomy 9 (50.0%) 9 (40.9%) 0.57

Laparoscopic hepatectomy 5 (27.8%) 3 (13.6%) 0.27

Morbidity (>CD‐I) 3 (16.7%) 7 (31.8%) 0.72

PHLF 0 (0%) 1 (4.6%) 0.99

(Continues)
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T A B L E 1 (Continued)

Control (n = 18) OXCx (n = 22) p value

Operative finding

Hepatomegaly 0 (0%) 0 (0%) ‐

Ascites 0 (0%) 0 (0%) ‐

Histological finding

LSECtin positive area (%) 2.9 � 0.5 1.0 � 0.8 <0.01

Note: Bold values signifies p values less than 0.05.

Abbreviations: Alb, albumin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CD‐I, Clavien–Dindo classification grade I; HBV, hepatitis

B virus; HCV, hepatitis C virus; LSECtin, liver sinusoidal endothelial cell lectin; OXCx, oxaliplatin including chemotherapy; PHLF, post‐hepatectomy liver

failure. PT, platelets; T‐Bil, total bilirubin.
aComparison of preoperative hepatic test results of control versus OXCx groups.
bComparison of hepatic test results in OXCx group before versus after OXCx administration.

F I GUR E 1 Oxaliplatin‐including chemotherapy (OXCx) before hepatectomy for patients with colorectal liver metastasis (CRLM) is
associated with sinusoidal dilatation, collagen deposition, damage on liver sinusoidal endothelial cells (LSECs), increased matrix
metalloproteinase‐9 (MMP‐9) expression, and deterioration in liver function. Forty patients who underwent primary hepatectomy with

preoperative treatment of OXCx (OXCx group, n = 22) or without chemotherapy (control group, n = 18) before surgery were compared.
(a) Indocyanine green elimination rate (ICG‐K) in the control and OXCx groups (#p < 0.05). Data are shown as mean � standard error of the
mean. (b) Representative macroscopic view of resected liver specimens (left hemi‐hepatectomy) in the OXCx group. (c) Representative

hematoxylin and eosin stains (�200). (d) Representative Masson trichrome stains (�200). (e) Representative scanning electron microscopy
(SEM) images (original magnification, top; �4000/�4000, bottom; �4000/�4000). (f) Representative transmission electron microscopy (TEM)
images (original magnification, �1000/�1000). *LSEC; SD, space of Disse. (g) Representative images of immunohistochemical staining for LSEC
lectin (LSECtin; �200). (h) Representative images of immunohistochemical staining for MMP‐9 (�200)

6 - TODA ET AL. HEPATOLOGY RESEARCH
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evaluated whether OXCx induces these phenomena in human

liver. Scanning electron microscopic evaluation revealed dish‐like

morphological changes of LSECs and disruption of LSEC integ-

rity in the OXCx group in contrast to the control liver

(Figure 1e). Transmission electron microscopic examination

showed disruption of LSEC lining, uplift of LSEC, and enlargement

of the space of Disse (Figure 1f). To examine the retention of

LSECs, we conducted immunohistochemical staining for LSEC

lectin. In the OXCx group, LSEC lectin‐expressing areas were

significantly decreased compared with expression in the control

group (Figure 1g and Table 1, p < 0.01). Liver sections in the

OXCx group showed enhanced MMP‐9 expression compared with

expression in control livers. These findings indicate that OXCx‐
induced hepatic injury was accompanied by LSEC damage and

MMP‐9 upregulation.

Monocrotaline causes acute sinusoidal obstruction
syndrome in rat with hepatomegaly, bloody ascites,
coagulative hepatocellular necrosis, abundantly
elevated serum transaminase levels and lethality
when undergoing 30% of liver resection

Having identified the characteristics of human OXCx‐SOS (Table 1,

Figure 1), we compared the observations in the commonly used rat

MCT‐SOS model11,26 with human OXCx‐SOS. In contrast to the

observations in human OXCx‐SOS, MCT treatment in rats led to

hepatomegaly, bloody peritoneal fluid (Figure 2a), congestion, and

coagulative necrosis of hepatocytes (Figure 2b), all of which

represent SCT‐SOS. Hepatic injury developed as early as 48 h

after MCT gavage (Figure 2a,b), with highly elevated transaminase

levels (Figure 2c). MCT‐treated mice exhibited deteriorated

F I GUR E 2 Monocrotaline (MCT) causes acute progressing sinusoidal obstruction syndrome (SOS) in rats with liver sinusoidal endothelial

cell (LSEC) injury and augmented matrix metallopeptidase (MMP)‐9 enzymatic activity, leading to decreased survival after hepatectomy.
(a) Representative macroscopic view of rat liver at 48 h after MCT administration. Blank arrow indicates bloody ascites. (b) Representative
hematoxylin and eosin images of rat livers at 48 h after MCT administration (�100). Arrows: sinusoidal dilatation. N, necrotic area. (c) Serum

aspartate aminotransferase (AST; left panel) and alanine aminotransferase (ALT; right panel) levels at 0, 3, 6, 12, 24, and 48 h after MCT
administration (n = 5–9/each). Data are shown as mean � standard error of the mean. (d) Kaplan–Meier curves for 10‐day survival after 30%
partial hepatectomy in naive rats and rats gavaged with MCT at 48 h before surgery. (e) Enzymatic activity of MMP‐9 in naive and MCT‐
injured liver was evaluated by gelatin zymography. (f) Representative immunohistochemical images of rat endothelial cell antigen‐1 (RECA‐1)

(�200). DAP, 4’,6‐diamidino‐2‐phenylindole. (g) Representative scanning electron microscopic images (original magnification, left panel,
�8000; right panel, �3000). (h) Representative transmission electron microscopic images (original magnification, left panel, �2000; right
panel, �1500). *LSEC; SD, space of Disse
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postoperative survival when undergoing 30% partial hepatic

resection, which was safely performed in naïve mice (Figure 2d).

These data indicate that the rat MCT‐SOS model mimics human

SCT‐SOS, while human OXCx‐SOS is distinct from rat MCT‐SOS in

some respects (Table 2).

Monocrotaline upregulates hepatic matrix
metallopeptidase‐9 in rats, simultaneously influencing
the morphology and continuity of liver sinusoidal
endothelial cells

Similar to observations in human OXCx‐SOS, MCT‐SOS livers had

augmented MMP‐9 enzymatic activity as evidenced by gelatin

zymography (Figure 2e). In addition, MCT‐SOS livers showed sinu-

soidal dilation (Figure 2b), with immunohistochemical staining for rat

endothelial cell antigen‐1 showing decreased LSECs in MCT‐treated

rats (Figure 2f). Scanning electron microscopy images exhibited dish‐
like rounding up of LSECs and damaged LSECs (Figure 2g). Trans-

mission electron microscopy images showed deteriorated LSEC lining

and uplift of LSEC, with the spaces of Disse enlarged and filled with

red blood cells (Figure 2h). These results indicate that MCT‐SOS

shares several common pathophysiology phenomena with human

OXCx‐SOS including MMP‐9 upregulation and LSEC injury, despite

several differences (Table 2).

FOLFOX administration fails to induce sinusoidal
obstruction syndrome in mice

We next attempted to generate FOLFOX‐induced SOS in mice.

Following the reported experimental protocol, mice fed on a specific

purified diet (D01060501) were treated with or without the FOLFOX

regimen12,13 (Supporting Information S1: Figure S1a). Of 12 mice in

the FOLFOX group, seven mice died before the end of the experi-

mental period, while all mice in the control group survived. FOLFOX

administration did not increase serum AST or ALT levels (Supporting

Information S1: Figure S1b), and FOLFOX‐treated mouse livers did

not show sinusoidal dilatation, congestion, and coagulative necrosis

(Supporting Information S1: Figure S1c). Immunohistochemistry for

CD31 showed preserved LSECs in FOLFOX‐injected murine livers

(Supporting Information S1: Figure S1d). Electron microscopic ex-

aminations revealed a well‐preserved LSEC lining on the sinusoidal

lumen, without LSEC changes or enlargement of the spaces of Disse.

These results indicate that FOLFOX treatment in mice did not cause

LSEC injury or hepatocellular death.

TAB L E 2 Clinicopathological features of clinical SOS and SOS animal models

Time course

Human SCT‐SOS Rat MCT‐SOS Human OXCx‐SOS Pig OXCx‐SOS
Acute Acute Chronic Chronic

Clinical findings

Hepatomegaly + + − −

Ascites + + − −

Hyperbilirubinemia + + − −

Elevation of liver transaminases + + − −

Deteriorated ICG clearance Unknown Unknown + +

Histological findings

Coagulative necrosis + + Minimal Minimal

Sinusoidal congestion + + Minimal Minimal

Occlusion of central vein + + Minimal Minimal

Sinusoidal dilatation + + + +

Enlargement of the space of Disse + + + +

Perisinusoidal fibrosis + + + +

Fibrosis around the central vein + + + +

Pathophysiology

Rounding‐up of LSEC + + + +

Loss of endothelial integrity + + + +

MMP‐9 upregulation + + + +

Abbreviations: ICG, indocyanine green; LSEC, liver sinusoidal endothelial cell; MCT, monocrotaline; MMP‐9, matrix metalloproteinase‐9; OXCx,

oxaliplatin‐including chemotherapy; SCT, stem cell transplantation; SOS, sinusoidal obstruction syndrome.
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FOLFOX‐induced sinusoidal obstruction syndrome
model in the micro‐minipig

Having failed to develop SOS using FOLFOX in mice, which was

consistent with studies unsuccessful in generating FOLFOX‐induced

SOS in mice or rats,15,16 we next aimed to create an OXCx‐SOS

model using the micro‐minipig. Mimicking the clinical mFOLFOX6

method, a central venous access port was placed for each pig in a

femoral vein under general anesthesia to robustly infuse anticancer

agents (Figure 3a). Infusion pump filled with vehicle (control group) or

chemotherapeutic agents (OXCx group) was located at the backside of

pigs during the 48 h of infusion (Figure 3b). In preliminary experiments

using 100% (L‐OHP, 85 mg/m2; l‐LV, 200 mg/m2; bolus 5‐FU, 400 mg/

m2; and continuous 5‐FU, 2400 mg/m2) or 75% (L‐OHP, 63.75 mg/m2;

l‐LV, 150 mg/m2; bolus 5‐FU, 300 mg/m2; and continuous 5‐FU,

1800 mg/m2) of human mFOLFOX6 regimen, all the pigs died at the

early time period of the experimental protocol (Supporting Informa-

tion S1: Table S1). After adjusting to 50% of the human mFOLFOX6

dosage (L‐OHP, 42.5 mg/m2; l‐LV, 100 mg/m2; bolus 5‐FU, 200 mg/m2;

and continuous 5‐FU, 1200 mg/m2) in a cycle (Figure 3c) and repeating

this regimen every other week, all animals survived (Supporting In-

formation S1: Table S1). Representative pathological SOS character-

istics appeared after 9–12 cycles of FOLFOX administration, which is

equivalent to 4.5–6 cycles of human mFOLFOX6 (Figure 3d). To es-

timate the chemotherapeutic intensity in the pig OXCx‐SOS model,

the peak platinum concentrations were measured (Fig. 3c,e). Consis-

tent with L‐OHP administration at 50% of the human dose, the peak

blood concentration of platinum after each administration was

approximately 50% of the optimal blood concentration in humans.30,31

OXCx induces sinusoidal dilatation, fibrosis, matrix
metalloproteinase‐9 upregulation, liver sinusoidal
endothelial cell injury, enlarged space of Disse, and
deterioration in liver function in pigs

Consistent with observations in human OXCx‐SOS, pigs treated with

FOLFOX showed no hepatomegaly or ascites (Table 2). The liver

surface turned slightly patchy and pale after 12 cycles of FOLFOX

(Figure 4a), whereas no apparent splenomegaly was observed in

F I GUR E 3 Experimental protocol of OXCx‐induced sinusoidal obstruction syndrome (SOS) model in pigs. (a) Intraoperative images of
placement of a central venous access port. Open arrow indicates a femoral vein. Filled arrow indicates a catheter sheath inserted into a
femoral vein. (b) A central venous access port was located at hypodermic space on the backside of animals. Blank arrow indicates an infusion
pump filled with normal saline (control group) or anticancer agent (OXCx group). Filled arrow indicates a Huber‐point needle. (c) Experimental

chemotherapy regimen in a cycle. I‐LV, leucovorin; L‐OHP, oxaliplatin; 5‐FU, fluorouracil. (d) Established OXCx‐induced SOS model. (e) Serum
samples were collected just after the termination of L‐OHP (oxaliplatin) infusion in each cycle, and serum platinum concentration was
measured. Data are shown as mean � standard error of the mean
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FOLFOX‐challenged pigs. In contrast to rat MCT‐SOS, FOLFOX

administration in pigs did not influence serum AST/ALT levels

(Figure 4b); hemoglobin level, platelet count, T‐Bil level, and

antithrombin‐III activity were unchanged throughout the experi-

mental period (Supporting Information S1: Figure S2). In parallel to

suppressed ICG clearance in the clinical OXCx group (Figure 1a), the

ICG‐K values in the porcine OXCx group decreased after 12 cycles of

the FOLFOX regimen compared with the control pigs (Figure 4c,

p < 0.05). In accordance with human OXCx‐SOS, porcine livers in the

OXCx group showed dilatation of sinusoid, whereas sinusoidal

congestion, occlusion of central vein and coagulative necrosis of

hepatocytes was quite limited (Figure 4d). Elastica–Masson staining

showed collagen deposition at perisinusoidal space and around the

central vein in the OXCx group (Figure 4e). MMP‐9 activity in pigs

was augmented after 12 cycles of FOLFOX (Figure 4f, p < 0.05).

Immunohistochemical detection of endothelial cells (CD31) showed

decreased LSECs in the OXCx‐treated livers (Figure 4g, p < 0.05).

Compared with results in the control liver (Figure 5a), scanning

electron microscopy evaluation of FOLFOX‐treated pig livers showed

dish‐like transformation of LSECs (Figure 5b,c), enlarged fenestra of

LSECs and damaged LSECs with discontinuous sinusoidal lining

(Figure 5d–f). In contrast to results in the control group (Figure 5g),

transmission electron microscopic examination revealed lack of LSEC

lining (Figure 5h), enlargement of the space of Disse (Figure 5h–j) and

collagen fiber in the space of Disse (Figure 5j). Hence, we established

a porcine OXCx‐SOS model that mimics human OXCx‐SOS (Table 2).

Recombinant human soluble thrombomodulin
attenuates porcine OXCx‐sinusoidal obstruction
syndrome

Using the established pig OXCx‐SOS model, we next examined

whether rhTM decreased SOS severity in OXCx‐SOS. In the

F I GUR E 4 OXCx causes deterioration of indocyanine green (ICG) clearance, sinusoidal dilatation, collagen deposition, augmentation of

matrix metallopeptidase (MMP)‐9, and loss of liver sinusoidal endothelial cell (LSEC) in pigs. (a) Representative macroscopic views of OXCx‐
treated pig liver. (b) Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels in the control or OXCx‐treated
animals. (c) ICG elimination rate (ICG‐K) in the control and OXCx‐administered livers. (d) Representative hematoxylin and eosin (HE) stains

(left/middle panel, �40; right panel, �100). (e) Representative Elastica–Masson stains (left/middle panel, �40; right panel, �100). (f) A
representative zymographic image of MMP‐9 activity in control or OXCx‐treated livers (left panel) and quantification of relative MMP‐9
enzymatic activity by measuring the diminished absorbance of Coomassie blue‐stained gelatin gels (right panel). (g) Representative images of
immunohistochemical staining for CD31 (�200) (upper panels) and quantification of CD31‐positive area (lower panel). Data are shown as

mean � standard error of the mean. #p < 0.05
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OXCx + rhTM group, rhTM (500 μg/kg) was injected 30 min before

the beginning of each cycle. The rhTM pre‐injection was associated

with suppressed sinusoidal dilatation (Figure 6a), preserved LSEC

architecture (Figure 6b), continuous LSEC lining (Figure 6c), and

improved ICG clearance (Figure 6d) compared with the OXCx group.

Using our novel pig OXCx‐SOS model, here we identified the hep-

atoprotective influence of rhTM in OXCx‐SOS.

DISCUSSION

With the recent advances in systemic chemotherapy and multidisci-

plinary treatment strategies, a growing number of patients with

CRLM are included as candidates for radical hepatic resection after

intensive preoperative chemotherapies.4,32 OXCx is a widely used

regimen for patients with CRLM. The incidence of OXCx‐SOS is re-

ported to be as frequent as 51%–77%.7,8,33 OXCx‐SOS is associated

with impaired hepatic reserve, suppressed chemotherapy response,

compromised liver regeneration after hepatectomy and higher

morbidity after hepatic resection.5–7,34,35 However, without an

appropriate animal experimental model, little is known about its

pathophysiology and preventive strategies remain to be determined.

In this study, we established a reproducible animal model of OXCx‐
SOS using the micro‐minipig, an animal that closely resembles hu-

man in terms of anatomy, physiology, and genetics.36 In addition, we

compared human OXCx‐SOS, rat MCT‐SOS, and pig OXCx‐SOS and

highlighted the dissimilarities and shared physiologies in the disease

progressions (Table 2).

Rat MCT‐SOS is the most widely used and intensively studied

SOS model. This model develops hepatomegaly, ascites, hyper-

bilirubinemia, and marked elevation of serum AST/ALT levels,

therefore mimicking human SCT‐SOS. In the pathogenesis of MCT‐
SOS, MCT pyrrole, an active metabolite of MCT, acts on LSECs to

cause deformation and cell detachment from the sinusoidal wall.

MCT pyrrole also upregulates the enzymatic activity of MMP‐9,

which breaks down the extracellular matrix in the space of Disse to

facilitate the uplift of LSECs.10,26 Peel‐off of LSEC along with red

blood cells penetrating under the LSEC barrier narrows the

F I GUR E 5 OXCx leads to morphological change of liver sinusoidal endothelial cells (LSECs), deterioration of LSEC lining, and enlargement
of the space of Disse. (a–f) Representative scanning electron microscopic images of control (a) or OXCx‐administrated (b–f) porcine livers

(original magnification: a, �3000; b, �2000; c, 2000; d, �5000; e, �5000; f, �3000). (g–j) Representative transmission electron microscopic
images of porcine livers in control (g) or OXCx‐treated (h–j) groups (original magnification: g, �1500; h, �1000; i, 1500; j, �1500). *LSEC; SC,
stellate cell; SD, space of Disse. Blank arrowhead indicates enlarged fenestra of LSEC or discontinuous LSEC lining. Filled arrowhead indicates
collagen fiber
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sinusoidal lumen, leading to extensive congestion, disturbance of

blood supply, hepatocellular necrosis, and elevated hepatic trans-

aminase levels (Figure 2). We examined clinical OXCx‐treated non‐
tumorous liver tissue and swine OXCx‐SOS and found that sinu-

soidal dilatation, enlargement of the space of Disse, and fibrosis are

shared in both MCT‐SOS and OXCx‐SOS. In addition, rounding‐up

of LSECs, MMP‐9 upregulation, and loss of LSEC integrity appear

to be the common mechanisms of pathogenesis in SOS (Table 2). In

contrast to MCT‐SOS, human/pig OXCx‐SOS develops slowly

without hepatomegaly, ascites, and hyperbilirubinemia, even though

OXCx induces morphological alteration and injury of LSECs (Fig-

ures 1e,g, 4g and 5). In the human OXCx group, serum AST/ALT

levels tended to be slightly higher compared with levels in the

control group or the OXCx group before FOLFOX treatment;

however, the increased levels were almost within the normal range

and the differences did not reach statistical significance (Table 1).

OXCx failed to increase serum AST/ALT levels in pigs (Figure 4e),

whereas histological evaluation showed that congestion and hepa-

tocellular necrosis were minimal in human and pig OXCx‐SOS

(Figures 1c and 4b). Those findings indicate that narrowing of

sinusoidal lumen and inhibited blood supply may be limited or

compensated as damage and loss of LSECs develops slowly over

time in pig and human OXCx‐SOS. Regardless of the rapidity of

hepatic damage, it should be emphasized that LSEC injury is highly

likely to be the key trigger of SOS development not only in SCT/

MCT‐SOS but also in human/pig OXCx‐SOS, as the morphological

alteration and the loss of LSEC appear to be the common patho-

logical changes in overall SOS (Table 2). Despite no splenomegaly

was found in our limited clinical cases with OXCx (n = 22) as well

as in the OXCx‐challenged micro‐minipigs, others reported that

splenomegaly or hypersplenism might be one of the putative sur-

rogate markers to predict clinical OXCx‐SOS.37–39 Those studies

also support the notion that LSEC injury and subsequent peri-

sinusoidal fibrosis appear to be the key pathophysiology, which

leads portal hypertension and splenomegaly.

We identified distinct disparities in the pathophysiology between

SCT‐SOS and OXCx‐SOS (Table 2). Therefore, the findings obtained

from rat MCT‐SOS are not necessarily applicable to OXCx‐SOS. We,

along with other groups, reported the efficacy of rhTM, a drug

comprising the extracellular domain of TM, to reduce SOS severity in

F I GUR E 6 Recombinant human soluble thrombomodulin (rhTM) alleviates endothelial injury and hepatic dysfunction in OXCx‐treated
pigs. Twelve cycles of OXCx were infused to micro mini‐pigs with or without rhTM pretreatment (500 μg/kg, intravenous) 30 min before the
beginning of folinic acid/oxaliplatin infusion in each cycle. (a) Representative hematoxylin and eosin images of livers from OXCx and

OXCx + rhTM groups (upper panels, �40; lower panels, �100). (b) Representative scanning electron microscopic images of OXCx and
OXCx + rhTM groups (original magnification, OXCx, �5000; OXCx + rhTM, �5000). (c) Representative transmission electron microscopic
images (original magnification, OXCx, �1500; OXCx + rhTM, �1000). *LSEC. (d) Indocyanine green elimination rate (ICG‐K) values in OXCx

and OXCx + rhTM groups. LSEC, liver sinusoidal endothelial cell
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rat MCT‐SOS.18,19 The lectin‐like domain of rhTM exerts an anti‐
inflammatory influence by binding to and inactivating high mobility

group box 1 (HMGB1). A suppressed HMGB1‐neutrophil interaction

was reported to be a key underlying mechanism protecting LSECs in

MCT‐SOS. In the present study, pre‐injection of rhTM in the porcine

OXCx‐SOS model protected LSECs and preserved liver function

(Figure 6). Our findings support rhTM and strategies to inhibit

HMGB1 as prophylactic strategies of OXCx‐SOS. MMP‐9 serves as a

key molecule for inducing SCT‐SOS.27 Our results demonstrated the

upregulation of MMP‐9 in OXCx‐SOS in pig and human. As MMP

inhibition successfully attenuated SOS in MCT‐SOS,27 validations of

MMP inhibitor in the porcine OXCx‐SOS model are warranted.

Unlike previous studies, we were unable to induce hepatic histo-

pathological changes such as LSEC injury or hepatocellular death by

administrating FOLFOX to mice in the same manner as reported.12,13

Our results are consistent with other reports.15,16 The dosage of

FOLFOXused in thismurinemodel is sufficient comparedwith thedose

in human and is close to lethal, as 58% of mice in our study (Supporting

Information S1: Figure S1) and 10% of mice in the previous report12

died during the experimental course. The lack of success to generate

SOS might be from species‐specific differences in genetics or meta-

bolism. Following the human mFOLFOX6 method, by placing and using

a central venous access port, we established the clinically relevant

porcine OXCx‐SOS model. We used a 50% dosage of the human

mFOLFOX6 regimen, and human OXCx‐SOS features appeared after

9–12 cycles (equivalent to 4.5–6 cycles of human mFOLFOX6), with

significantly decreased ICG‐K values after 12 cycles (Figure 4c). The

chemotherapeutic doses of our porcine OXCx‐SOS model are consis-

tent with clinical studies showing the increased incidence of SOS after

five to six cycles ofFOLFOX.40,41 As is the case withhumanmFOLFOX6

therapy, OXCx‐treated pigs require careful monitoring and appro-

priate supportive care to alleviate symptoms from adverse effects,

whenever necessary, as part of routine experimental animal care. We

have experienced frequent animal death during experiments when

using 100%/75% dosage of the human mFOLFOX6 regimen (Sup-

porting Information S1: Table S1), probably because it had been diffi-

cult to provide them with really required supportive care in a timely

fashion. Considering the lack of self‐complaint of chemotherapeutic

sideeffects and thedifficulty in continuous intensivemonitoring inpigs,

more simple and efficacious means of supportive care are desired for

modifying the pig OXCx model to use the higher dose of FOLFOX.

In the current clinical experiment, 12 of 22 (55%) cases were

diagnosed as SOS by pathological examination of resected non‐
tumorous tissue, with sinusoidal dilatation being the predominant

histological abnormality, while coagulative necrosis and central

venous injury appeared to be minimal (Table 2). After the histological

evaluations of clinical liver tissue, we confirmed that livers from

OXCx‐treated pigs in our study exhibited consistent histological

changes with human OXCx‐SOS, based on the light‐ and electron

microscopy examinations (Figures 4 and 5). Although sinusoidal

dilatation, coagulative necrosis and central venous injury are well‐
established factors to evaluate then SCT/MCT‐SOS histologically,10

with our study highlighting the definite histological differences

between SCT/MCT‐SOS and OXCx‐SOS, it is desired to establish the

indicators of pathological evaluation specifically for OXCx‐SOS. In

this study, none of the OXCx‐treated patients showed hepatomegaly,

ascites, and hyperbilirubinemia, factors included in the modified

Seattle criteria, which is used to diagnose SOS. In addition, none of

them had jaundice, elevation of liver enzyme levels, weight gain, and

increase in creatinine levels, as described in the severity criteria for

SOS.42 Thus, establishment of the clinical diagnosis and severity

grading specifically for OXCx‐SOS is warranted.

In our clinical cohort, patients with CRLM with synchronous and

multiple liver lesions were more frequent in the OXCx group

compared with the control group. As shown in Supporting Informa-

tion S1: Figure S3, patients in the OXCx group tended to have worse

recurrence‐free survival (p = 0.3327) and OS (p = 0.4454), although

without significance. Impaired post‐hepatectomy outcomes likely

reflect the high acuity of liver lesions in our cohort. Meanwhile, pa-

tients with CRLM with sinusoidal dilatation have a significantly

shorter recurrence free survival and OS8 compared with the control

group and our recent study demonstrated that induction of MCT‐
SOS increased the number of liver tumors in the splenic RCN‐H4

injection model compared with control rats.42 Therefore, prophy-

laxis of OXCx‐SOS is important not only to reduce surgical morbidity

but also to improve oncological outcome.

In conclusion, we have established a reproducible model of

FOLFOX‐induced SOS in micro‐minipigs and highlighted the dispar-

ities and common features between MCT‐SOS and OXCx‐SOS. Our

pig OXCx‐SOS model serves as a preclinical platform to dissect the

pathophysiology of OXCx‐SOS, identify biomarkers, validate findings

acquired from the rat MCT‐SOS model, and seek preventive strate-

gies against OXCx‐SOS.
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by the Animal Research Committee of Kyoto University (Med Kyo

18187). All animal experiments were performed according to the

approved protocols and in compliance with the ARRIVE guidelines.

All methods were carried out in accordance with relevant guidelines

and regulations.
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