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Model establishment and microarray analysis of mice with
oxaliplatin-induced hepatic sinusoidal obstruction syndrome
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Abstract. Hepatic sinusoidal obstruction syndrome (HSOS)
is a serious side effect of oxaliplatin (OXA) treatment. The
present study aimed to establish a reproducible mouse model
of OXA-induced HSOS and to preliminarily explore the
underlying molecular mechanisms using mRNA microarray
analysis. A total of 45 C57BL/6 male mice were randomly
divided into five groups: Control, 5 mg/kg OXA, 10 mg/kg
OXA, 15 mg/kg OXA and 20 mg/kg OXA. The mice were
respectively injected intraperitoneally with 5% glucose solu-
tion, or 5, 10, 15 or 20 mg/kg OXA solution once a week for 6
consecutive weeks. The body weight of the mice was recorded
every day. The serum levels of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were determined.
Hematoxylin and eosin staining, Sirius red staining and scan-
ning electron microscopy were used to identify pathological
changes. mRNA microarray was used to analyze changes
in the gene expression profiles mainly from the functional
aspects of Gene Ontology and the Kyoto Encyclopedia of
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Genes and Genomes. The oxidation mechanism was verified
by measuring oxidative stress-related markers and reactive
oxygen species with dihydroethidium probe technology,
according to the microarray results. Among all of the OXA
groups, 10 mg/kg OXA resulted in an acceptable survival rate
of 78%. The mice showed obvious splenomegaly, increases
in serum levels of ALT and AST, aggravation of liver patho-
logical injuries and hepatic sinusoidal injuries. The microarray
results suggested that mRNA expression changes after OXA
treatment were associated with ‘oxidative stress’, ‘coagula-
tion function’, ‘steroid anabolism’ and ‘pro-inflammatory
responses’. The results confirmed that OXA aggravated
oxidative damage in the livers of the mice. The present study
successfully established a mouse model of OXA-induced
HSOS and preliminarily analyzed the underlying molecular
mechanisms involved, thus laying a foundation for a subse-
quent in-depth study.

Introduction

Colorectal cancer (CRC) is currently one of the most common
types of gastrointestinal cancer. Its incidence rate ranks
third among all types of gastrointestinal cancer (1), seri-
ously affecting human life and health. Oxaliplatin (OXA)
was initially marketed in France in 1996 and can inhibit the
DNA synthesis of tumor cells to prevent their division and
proliferation, thereby causing toxic effects (2). Currently, a
combined chemotherapy regimen of OXA, 5-fluorouracil and
leucovorin is the main treatment for stage III and metastatic
CRC (2-6). However, the wide use of OXA in cancer treat-
ment has resulted in adverse effects involving neurotoxicity,
bone marrow suppression and liver toxicity, seriously affecting
chemotherapy and the quality of life of the patients (7-9).

In 2004, it was reported that 79% of the patients with
metastatic colorectal cancer undergoing OXA-containing
chemotherapy had hepatic sinusoidal injuries (10).
OXA-induced hepatic sinusoidal obstruction syndrome
(HSOS) has become a major concern for patients with CRC
receiving chemotherapy with OXA. OXA can cause edema
and continuous disintegration of liver sinusoidal endothelial
cells (LSECs). The damaged LSECs can secrete cytokines
that induce weakness of the mucosal barrier between the
LSECs, thus resulting in the escape of red blood cells, white
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blood cells and platelets into the space of Disse between the
hepatocytes and sinusoidal ECs and leading to dissection of
Disse. The cascade of actions, and the activation of the healing
mechanism resulting in fibrosis, lead to normal blood flow
obstruction and increased venous resistance, thus resulting in
the development of high portal blood pressure, further liver
dysfunction and ascites (11). Notably, the pathological char-
acteristics of OXA-induced HSOS mainly include sinusoidal
dilatation, sinusoidal obstruction and peripheral lobular vein
fibrosis (12,13). Patients with CRC undergoing OXA-based
chemotherapy who develop sinusoidal injury and do not
receive timely intervention may further develop liver fibrosis
and cirrhosis (14). Previous studies have demonstrated that
in patients with CRC that experience OXA-induced HSOS
following partial hepatectomy, their liver function reserve is
significantly reduced and some patients may even develop
liver failure, which greatly aggravates the course of the disease
after hepatectomy (9,15,16). In addition to liver damage,
OXA-induced HSOS is associated with higher rates of overall
morbidity, bleeding risk, decreased tumor response and longer
hospital stays (15-17).

Although a number of clinical reports have proven the
universality of OXA-induced HSOS (10,13,18,19), little is
known about its pathogenesis and therapeutic drugs to treat
the disease are scarce. An important reason for this is the lack
of recognized animal models, which limits the development
of studies to investigate the mechanisms involved. Therefore,
in the present study, a mouse model of OXA-induced HSOS
was established and the possible pathological mechanisms
were preliminarily analyzed using mRNA microarray analysis
to provide a basis for future research on the intervention of
OXA-induced HSOS.

Materials and methods

Animals and treatments. A total of 45 male C57BL/6 mice
(weight, 20+2 g; age, 8-10 weeks) were obtained from Sipeifu
(Beijing) Biotechnology Co.,Ltd. All animals were maintained
at 23+2°C and 65+5% humidity, under a 12-h light/dark cycle,
and were provided with free access to standard laboratory
food and water. The present study was approved by the Animal
Experiment Ethics Committee of Tongji Medical College,
Huazhong University of Science and Technology (Wuhan,
China; approval no. 2646). The experimental animals were
provided with humane care in accordance with the institu-
tional animal care guidelines (20). Humane endpoints were in
place where animals would be sacrificed if they had lost 20%
weight or exhibited 10% weight loss alongside hypotrichosis,
anorexia or decreased vitality decreases.

The 45 C57BL/6 male mice were randomly divided
into the following five groups: i) Control, ii) 5 mg/kg OXA,
iii) 10 mg/kg OXA, iv) 15 mg/kg OXA and v) 20 mg/kg OXA
(n=9/group). Mice in the different OXA groups were injected
intraperitoneally with 5, 10, 15 or 20 mg/kg OXA solution
once a week for 6 consecutive weeks. Mice in the control
group were given a corresponding volume of 5% glucose solu-
tion (0.02 ml/g) each time. Each day, the behaviors and health
of mice were monitored and the body weight was recorded.
After the last administration, the mice were fasted but had
access to water overnight before sacrifice. All of the mice

were sacrificed via cervical dislocation under anesthesia with
an initial intraperitoneal injection of sodium pentobarbital
(30 mg/kg body weight) to minimize animal suffering. Mice
whose breathing and heartbeat had stopped were considered
to have succumbed. Blood samples was collected from orbital
venous plexus before anesthesia. Liver tissues and spleen
tissues were collected and weighed for subsequent analyses.

Serum biochemistry analysis. The blood samples was placed
in EP tubes at room temperature for 1 h and then centrifuged
at 855 x g for 10 min, and the supernatant was taken to obtain
the serum. Commercial kits (Nanjing Jiancheng Institute of
Biological Engineering) were used to determine the serum
levels of aspartate aminotransferase (AST, cat. no. C009-3-1)
and alanine aminotransferase (ALT, cat. no. C010-3-1) in the
mice from each experimental group in strict accordance with
the manufacturer's instructions.

Liver histological analyses. The mice livers were removed,
washed with sterile saline and fixed in 10% neutral formal-
dehyde at room temperature for 48 h. The tissue samples
were then dehydrated and embedded in paraffin. The paraffin
blocks were sectioned at a thickness of 4 ym and each section
was stained with hematoxylin and eosin (H&E) at room
temperature for 5 mins. Pathological changes in the livers
were observed under an optical microscope (Thermo Fisher
Scientific, Inc.).

For Sirius red staining, at room temperature, sections were
first stained with celestine blue solution for 5-10 min, then with
Sirius red-saturated picric acid for 15-30 min. After sealing
with neutral glue, the sections were observed under an optical
microscope (Thermo Fisher Scientific, Inc.).

For scanning electron microscopy (SEM), liver tissue was
harvested within 1-3 min after the mice were sacrificed. Liver
tissue was fixed in 2.5% glutaraldehyde (Structure Probe, Inc.)
at room temperature for 2 h and then transferred to 4°C for
storage. After repeated washing with 0.1 M phosphate buffer,
fixed samples were prepared with 1% osmic acid at room
temperature and protected from light for 1-2 h. Subsequently,
the samples were sequentially dehydrated in alcohol and
isoamyl acetate of different concentrations. After drying, each
sample was coated by ion sputtering and observed by SEM
(Hitachi, Ltd.).

mRNA microarray sample processing. Atotal of four liver tissue
samples/group was randomly selected from mice in the control
group and the 10 mg/kg OXA group. Total RNA was extracted
from the tissues using Takara RNAiso Plus (cat. no. 9109;
Takara Bio, Inc.). After passing an electrophoretic quality
inspection (Agilent Technologies, Inc.), the extracted total
RNA was purified using RNeasy Mini kit and an RNase-free
DNase kit (Qiagen GmbH). The total RNA of the samples was
amplified and labeled using the Agilent Expression Profile Chip
kit (Agilent Technologies, Inc.) and then the labeled cRNA
was purified by RNeasy Mini kit (Qiagen GmbH). Each slide
was hybridized with 1.65 ug Cy3-labeled cRNA using Gene
Expression Hybridization Kit (Agilent Technologies, Inc.) in
Hybridization Oven (Agilent Technologies, Inc.), according to
the manufacturer's instructions After 17 h hybridization, slides
were washed in staining dishes (Thermo Shandon, Waltham)
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with Gene Expression Wash Buffer Kit (Agilent technologies,
Inc.), followed the manufacturer's instructions. The slides that
completed hybridization were scanned by an Agilent micro-
array scanner (Agilent Technologies, Inc.). The data were
extracted using Feature Extraction software 10.7 (Agilent
Technologies, Inc.). The ‘limma’ package in R (https:/www.
rdocumentation.org/packages/limma/versions/3.28.14) was
used to normalize the raw data by the quantile algorithm.
Normalized data were screened by a fold-change statistical
method using the following selection conditions: Fold-change
(linear) <0.5 or fold-change (linear) =2. In addition, the
normalized data were processed by a boxplot, sample cluster
map, sample correlation analysis, principal component
analysis (PCA), scatter plot, volcano plot and cluster heatmap
using ‘ggplot2’ package in R (https:/www.rdocumentation.
org/packages/ggplot2/versions/3.3.6). Technical support was
provided by Shanghai Bohao Biotechnology Co., Ltd.

Functional enrichment analysis of differentially expressed
mRNA. Through Gene Ontology (GO; geneontology.org) and
Kyoto Encyclopedia of Genes and Genomes (KEGG; genome.
jp/kegg) enrichment analyses, differentially expressed genes
(DEGs) were classified based on different functions. The
adopted method is fisher exact test, and the data packet is cluster
Profiler from R/bioconductor (https://bioconductor.org/pack-
ages/release/bioc/html/clusterProfiler.html); The selection
criterion is that the number of DEGs on a certain GO term or
KEGG pathway is =2 and the P-value is <0.05. The GO terms
and KEGG pathways were obtained, presented in descending
order according to the enrichment factor values, and the top 30
results were assessed in the present study. Enrichment factor
was calculated as follows: Enrichment factor=(the number of
DEGs in a term/the total number of DEGs)/(the total number
of genes in the database term/the total number of genes in the
database).

Reverse transcription quantitative polymerase chain reaction
(RT-gPCR). Total RNA was isolated from liver samples
obtained from the mice in 10 mg/kg OXA group and control
group using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). RNA samples were quantified and the purity
was assessed using a NanoDrop BioChrom apparatus (Harvard
Bioscience). A total of 1 ug RNA was isolated and reverse
transcribed to cDNA using PrimeScript™ RT Master Mix
(Takara Biotechnology Co., Ltd.) at 37°C for 15 mins and 95°C
for 5 sec. qPCR was performed using SYBR Green (Takara,
Dalian, China) on an Applied Biosystems StepOnePlus
Real-time PCR system (Applied Biosystems). qPCR cycle
parameters were as follows: 95°C for 5 min, followed by
40 cycles at 95°C for 10 sec and 60°C for 30 sec, and extension
at 72°C for 20 sec. A final extension step at 72°C for 10 min
was conducted. Results were obtained with Bio-Rad CFX
Manager (Bio-Rad Laboratories, Inc.) and were analyzed
using the 2244 method (21) with the B-actin gene used as the
endogenous control. The PCR primers are listed in Table 1.

Analysis of oxidative stress indexes. At 4°C, mouse liver
tissue homogenates (10%) were prepared by adding nine
volumes (ml) of normal saline to the liver mass (g)=1/9 and
centrifuging for 10 min at 627-1,164 x g; the supernatant

Table I. Sequence of primers used for quantitative polymerase
chain reaction.

Gene name Sequence (5'-3")
Fmo3 F: GGCCTGTGGAAATTCTCAGAC
R: AAGTCATCGGGATAGGGGAAG
Sultlel F: ATGGAGACTTCTATGCCTGAGT
R: ACACAACTTCACTAATCCAGGTG
9530077C05Rik  F: TCTATTCGCGTAACGGAAAAGC
R: TGAGAATCCCAGAGGACAAACTC
Cyp2b9 F: GCTCATTCTCTGGTCAGATGTTT
R: CGCTTGTGGTCTCAGTTCCA
Sult3a2 F: GACCCACGAGCAAACAATGAA
R: TCCAGTCTCCAACGATACCTT
Hsd3b5 F: GCTCTTGGAAACAAAAGGAAC
ACT
R: TTCGACCGAAGGTCCTGAAC
Hsd3b4 F: GAGGTTTCTCATAAGCACAGG
AGT
R: TCCTCCTGCACCAACATTCG
Elovl3 F: TTCTCACGCGGGTTAAAAATGG
R: GAGCAACAGATAGACGACCAC
Slcolal F: GTGCATACCTAGCCAAATCACT
R: CCAGGCCCATAACCACACA
Ugt2b38 F: TGCGCCACAAAAGGGCTAA
R: ACACAAGAGAGTAGGAAGCCG
B-actin F: GGCTGTATTCCCCTCCATCG

R: CCAGTTGGTAACAATGCCATGT

F, forward; R, reverse.

was used for subsequent analyses. The malondialdehyde
(MDA, cat. no. A003-1-2), superoxide dismutase (SOD, cat.
no. A001-3-2), reduced glutathione (GSH, cat. no. A006-2-1)
and catalase (CAT, cat. no. AO07-1-1) levels in the mice livers
of each experimental group were measured according to the
kit instructions (Nanjing Jiancheng Bioengineering Institute),
in order to evaluate the oxidative stress-related damage in the
mice livers.

Staining of dihydroethidium (DHE)-reactive oxygen species
(ROS). Frozen liver sections (-26°C; 6 ym thickness) were
warmed at room temperature and mounted with an anti-fluo-
rescence quenching solution for 5 min. ROS dye solution
(cat. no. D7008; MilliporeSigma) was added dropwise and
sections were incubated for 30 min at 37°C in the dark.
Subsequently, the sections were washed three times with
phosphate-buffered saline (PBS, pH 7.4) and DAPI staining
solution (Beijing Solarbio Science & Technology Co., Ltd.)
was added dropwise and incubated for 10 min at room
temperature in the dark. After washing three times with PBS
and drying, the sections were mounted with an anti-fluores-
cence quenching solution. The sections were observed under
a fluorescence microscope (Nikon Corporation) and images
were captured.
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Statistical analysis. GraphPad Prism 8.0 software (GraphPad
Software, Inc.) was used for the statistical analyses. The data
are presented as the mean + standard deviation. Data between
groups were analyzed by one-way ANOVA followed by
Dunnett's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

OXA-induces HSOS in mice. To explore the optimal dose of
OXA in the mouse model, the present study selected 5, 10, 15
and 20 mg/kg OXA based on previous reports and the clinical
dose (22-26). It was found that 3 weeks after the start of the
experiment, all mice in the 20 mg/kg OXA group and seven
mice in the 15 mg/kg OXA group met the humane endpoints
before the end of the experiment. No mice succumbed in the
control group or the 5 mg/kg OXA group and only two mice
met the humane endpoints and were sacrificed in the 10 mg/kg
OXA group at the fifth week (Fig. 1A). Therefore, subsequent
experiments were mainly performed in these three groups.
Compared with in the control group, the body weight of the
mice in the 5 and 10 mg/kg OXA groups were decreased
following the administration of OXA (Fig. 1B) (P<0.01) and
body weight in the 10 mg/kg OXA group decreased more than
that in 5 mg/kg OXA group, but the difference was not statisti-
cally significant.

Liver changes and basic biochemical indexes showed
that the liver weight ratio, and serum levels of ALT and
AST, which are common indicators of liver injury (Fig. 1C,
E, G and H), were increased after OXA treatment and the
changes were more significant in the 10 mg/kg OXA group
(P<0.01). Splenomegaly is closely related to OXA-induced
HSOS (17,27) and can be used as a reliable predictor of the
occurrence and severity of OXA-induced HSOS (28). In the
present study, the ratio of spleen weight to body weight in
the different OXA groups showed a dose-dependent increase
compared with that in the control group (Fig. 1D and F).

Next, the pathological changes in the livers were analyzed.
H&E staining of the liver tissue of mice in the control group
did not show evident abnormalities. The livers of the mice in
the 5 mg/kg OXA group showed mild dilatation of hepatic
sinusoids. Furthermore, the mice livers in the 10 mg/kg OXA
group showed more serious injuries and there was marked
dilatation of hepatic sinusoids around the central vein and
increased hepatocyte spaces (Fig. 2). Next, liver fibrosis was
determined using Sirius red staining, which showed that liver
fibrosis was very mild in mice administered 5 mg/kg OXA. In
addition, the staining of the mice livers was more intense and
the collagen deposition increased after the administration of
10 mg/kg OXA, thereby indicating that 10 mg/kg OXA exac-
erbated fibrotic changes in the mice livers (Fig. 2). Moreover,
SEM showed that OXA resulted in obvious damage to the
mice liver sinusoids in a dose-dependent manner, resulting in
the enlargement of hepatic sinusoidal endothelial spaces and
expansion of the fenestra (Fig. 2).

Taken together, these results indicated that 10 mg/kg
OXA could cause obvious liver damage, fibrosis and hepatic
sinusoidal dilation without excessive death. Therefore, it was
decided that 10 mg/kg OXA could be used for the modeling of
OXA-induced HSOS.

Changes in the mRNA expression profile in the livers of a
mouse model of OXA-induced HSOS. To observe genetic
changes in the pathological process of OXA-induced HSOS,
microarray technology was used to determine the mRNA
expression profiles in the mice livers in the OXA (10 mg/kg)
group and the control group. First, the differences in the char-
acteristics of the two groups were analyzed and presented in a
PCA diagram (Fig. 3A), cluster diagram (Fig. 3B) and pearson
correlation analysis diagram (Fig. 3C). In the comparison of
data between the control group and the 10 mg/kg OXA group,
the genes in the livers of the mice in the two groups were not
well correlated, whereas those within the same group were
correlated. Thus, the mRNA expression in the liver samples
from OXA-induced HSOS mice was significantly different
from that in the livers of mice in the control group.

Next, the distribution of DEGs between the samples of
the two groups was analyzed and presented in a scatter plot,
volcano plot and heat map. As shown in Fig. 4, the distribution
concentration trend of data in the two groups was significantly
different. Genes with a similar expression clustered together
with the samples and DEGs between the two groups showed
different expression levels, thereby further indicating that the
changes in gene expression in the mice liver samples after OXA
administration were significantly different from those in the
livers of mice in the control group (Fig. 4A-C). A total of 1,109
DEGs were identified, including 512 downregulated genes and
597 upregulated genes. The top five downregulated and top
five upregulated DEGs are listed in Table II. To confirm the
reliability of the microarray data, the mRNA expression levels
of these candidate genes were investigated by RT-qPCR. The
2-44C4 Jevels and log,, fold change of each of the 10 genes were
listed in Table III. The results were consistent with those from
the microarray data (Fig. 4D and E).

GO and KEGG pathway analysis. By performing GO enrich-
ment analysis of DEGs, genes can be classified based on
different functions to achieve the purpose of annotation and
classification of the genes (29). As shown in Fig. 5, DEGs
between the control group and 10 mg/kg OXA group were
mostly enriched in biological processes (Fig. 5A). In addition,
the GO analysis of the top 30 enrichment factors showed that
DEGs were mainly enriched in ‘steroid hydroxylase activity’,
‘oxidoreductase activity, acting on paired donors’, ‘integrin
complex’, ‘arachidonic acid monooxygenase activity’ and
‘arachidonic acid epoxygenase activity’ (Fig. 5B).

KEGG enrichment analysis of the DEGs showed the
enrichment levels of the these genes in different pathways (29),
which may identify the biological regulatory pathways that
were significantly different under the experimental conditions.
The results provided directions for subsequent research on
identifying the underlying mechanisms involved. According
to the KEGG enrichment results, most of the enriched path-
ways were related to human diseases (Fig. 6A). Compared
with the control group, the enriched pathways of DEGs in
the 10 mg/kg OXA group were mainly involved in ‘steroid
hormone biosynthesis’, ‘retinol metabolism’, ‘PPAR signaling
pathway’, ‘inflammatory mediator regulation of TRP channels’,
‘glutathione metabolism’, ‘drug metabolism-other enzymes’,
‘drug metabolism-cytochrome P450’ and ‘arachidonic acid
metabolism’ (Fig. 6B).
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Figure 1. OXA-induced HSOS in mice. (A) Survival rate of mice after i.p. treatment with OXA. (B) Body weight after i.p. treatment with OXA. (C) Changes
in the liver. (D) Changes in the spleen. (E) Liver weight-to-body weight ratio. (F) Spleen weight-to-body weight ratio. Serum levels of (G) ALT and (H) AST.
The results are shown as the mean + standard deviation for each group and were analyzed with a one-way ANOVA followed by Dunnett's post hoc test.
“P<0.05, "P<0.01 and “"P<0.001 vs. control group. OXA, oxaliplatin; HSOS, hepatic sinusoidal obstruction syndrome; i.p., intraperitoneal; ALT, alanine

aminotransferase; AST, aspartate aminotransferase.

Oxidative stress-related indicators in OXA-induced HSOS
in mice. The microarray results suggested that oxidative
stress may serve an important role in OXA-induced HSOS.
Therefore, the levels of common oxidative stress markers
were determined and changes in ROS were observed by DHE
staining. MDA is a lipid peroxidation product in vivo, which
can cause cytotoxicity (30). The MDA levels in the mice livers
were significantly increased following the administration
of 10 mg/kg OXA (P<0.05; Fig. 7A). SOD is an antioxidant
metal enzyme that can catalyze the superoxide anion radical
and provide cellular defenses against ROS (22). CAT is also
an antioxidant enzyme that protects cells from the toxicity of
H,0, (22). GSH has antioxidant and integrative detoxification
effects (22). OXA markedly reduced the levels of SOD, CAT
and GSH in the mice livers (P<0.05; Fig. 7B-D). Furthermore,
DHE probe technology was used to analyze changes in ROS
levels. The results showed that the ROS levels in the livers of
the mice in the OXA group were increased in a dose-dependent
manner (Fig. 7E). Taken together, these data confirmed that

oxidative stress may have an important role in the liver damage
of mice with OXA-induced HSOS.

Discussion

The main side effects of OXA are neurotoxicity, bone marrow
suppression and gastrointestinal reaction. Recently, hepatic sinu-
soidal injury has garnered attention as a hepatotoxic reaction
that occurs in patients with CRC liver metastases after receiving
OXA-based neoadjuvant chemotherapy, with a worldwide
incidence rate of 48-79% (10,31,32). The typical pathological
features of OXA-induced HSOS include hepatic sinusoidal
dilatation, platelet aggregation in the hepatic sinusoids and
some typical clinical features, such as blue liver, splenomegaly
and thrombocytopenia (33). A number of clinical reports have
proven the universality of OXA-induced HSOS, which usually
only focused on clinical features and diagnosis (10,13,18,19).
Reports on the mechanism of its pathogenesis are limited. There
is currently no recognized OXA-induced hepatotoxicity model.
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Figure 2. Pathological changes in the liver of mice with OXA-induced hepatic sinusoidal obstruction syndrome. (A) Hematoxylin and eosin staining (magnifi-
cation, x100; scale bar=100 pm). (B) Sirius red staining (magnification, x100; scale bar=100 ym). (C) Scanning electron microscopy (magnification, x15,000;
scale bar=3 pm). Black arrow, hepatic sinusoidal dilatation; blue arrow, collagen deposition; red arrow, enlargement of hepatic sinusoidal endothelial fenestra.

OXA, oxaliplatin.

In previous studies on OXA-induced hepatotoxicity, the
doses of OXA ranged between 5 and 30 mg/kg (26,34-36).
In the present study, a gradient of OXA doses for modeling
was screened and it was revealed that the mortality rate
of mice in the 15 and 20 mg/kg OXA groups reached
78-100%, which indicated a strong toxic reaction from
high-dose OXA. Furthermore, the present study showed
that a suitable HSOS model with an acceptable survival
rate could be established after 6 weeks of 10 mg/kg OXA
administration. The OXA dose the present study recom-
mended for HSOS modeling was much lower than the dose
presented in other studies (34,35). It was hypothesized that
this difference may be due to the dosing frequency and
modeling time. According to the National Comprehensive
Cancer Network guidelines, the optimal duration of OXA
plus 5-fluorouracil and leucovorin or oral fluoropyrimidine
(capecitabine) in patients with CRC is 3 or 6 months, with
a cycle of 2 weeks (37). Instead of the continuous daily
administration used in other studies (23,38), the present
study decided to administer OXA by intraperitoneal injec-
tion once a week for 6 consecutive weeks to simulate the
clinical protocol (22). Which also took into consideration
the growth cycle of the mice.

Nam et al (12) demonstrated that patients with CRC
who received OXA chemotherapy were more likely to have
abnormal liver functions, and increased serum levels of AST,
ALT and total bilirubin. The results of the present study
showed that after the long-term administration of 10 mg/kg
OXA, the body weight of the mice decreased significantly,
whereas the liver weight-to-body weight ratio, and the serum
levels of ALT and AST were increased. Overman et al (17)
revealed that liver sinusoidal injury caused by OXA-based
chemotherapy may cause a dose-dependent increase in spleen
volume. El Chediak et al (28) reported that an increase in
spleen volume was an independent predictor of HSOS in
79 patients treated with OXA. The current study revealed that
the spleens were enlarged in mice in the 10 mg/kg OXA group
compared with in the control group, which was consistent
with the clinical characteristics of patients with cancer and
OXA-induced HSOS.

HSOS is a clinical syndrome in which hepatic sinusoidal
endothelial cells are shed by drugs or toxins, resulting in
the obstruction of the hepatic outflow tract and downstream
hepatic small veins, thus leading to intrahepatic pre-sinusoidal
or post-sinusoidal portal hypertension in patients who undergo
chemotherapy (39). Rubbia-Brandt er al (13) showed that
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Figure 3. Differences in characteristics of the mRNA expression profiles in the livers of mice with OXA-induced hepatic sinusoidal obstruction syndrome.
(A) PCA diagram. (B) Cluster diagram. (C) Correlation analysis diagram. Data are shown for mice in the control and 10 mg/kg OXA groups. OXA, oxaliplatin;

PCA, principal component analysis.

the pathology of liver tissue resected from 274 patients with
CRC liver metastases treated with OXA-based chemotherapy
exhibited hepatic sinusoidal dilation and obstruction, nodular
changes in the liver, hepatic lobular central fibrosis, hepatocyte
steatosis and hemorrhage. To further confirm liver changes in
mice with OXA-induced HSOS, in addition to basic histological
staining analysis, the present study performed SEM to observe
the changes in hepatic sinusoids in mice, which is an important

indicator of whether OXA-induced HSOS has been produced.
The results showed hepatic sinusoidal dilatation and increased
hepatocyte space following treatment with OXA and the severity
of the liver injury was proportional to the dose of OXA received.
SEM analysis showed that OX A treatment resulted in the enlarge-
ment of hepatic sinusoidal endothelial spaces and expansion of
the fenestra. The results confirmed that an OXA-induced HSOS
model was successfully established with typical pathological
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Figure 4. mRNA expression profiles in the livers of mice with OXA-induced hepatic sinusoidal obstruction syndrome. (A) Scatter plot. Red dots, 2-fold
upregulated genes; blue dots, 2-fold downregulated genes. (B) Heat map. (C) Volcano plot. Red dots, genes with P-value <0.05 and FC =2; blue dots, genes with
P-value <0.05 and FC <0.5. Data are shown for mice in the control and 10 mg/kg OXA groups. (D) Microarray data of the top five downregulated and top five

upregulated differentially expressed genes. (E) Reverse transcription-quantitative PCR confirmation for the top five downregulated and top five upregulated
differentially expressed genes. OXA, oxaliplatin; FC, fold change; PCR, polymerase chain reaction.
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Table II. Microarray analysis of top five downregulated and
upregulated DEGs.

A, Upregulated genes

Gene symbol Log,, FC P-value
Fmo3 24939 0.0018
Sultlel 2.1863 0.0057
9530077CO5Rik 1.7790 0.0411

Cyp2b9 1.7591 0.0033
Sult3a2 1.7457 0.0031

B, Downregulated genes

Gene symbol Log,, FC P-value
Hsd3b5 -2.6038 0.0001

Hsd3b4 -2.0468 0.0031

Elovi3 -1.8459 0.0009
Slcolal -1.4250 0.0159
Ugt2b38 -1.2663 0.0043

DEGs, differentially expressed genes; FC, fold change.

Table III. Polymerase chain reaction variation of top five
downregulated and upregulated DEGs.

A, Upregulated DEGs

Gene symbol 2-48Cq Log,, FC P-value
Fmo3 17.354 1.239 0.0026
Cyp2b9 410.518 2.613 0.0003
Sult3a2 19.962 1.300 0.0014
Sultlel 15.666 1.195 0.0088
9530077C05Rik 4.396 0.643 0.0192
B, Downregulated DEGs

Gene symbol 2-4ACq Log,, FC P-value
Hsd3b5 0.003 -2.492 0.0001
Hsd3b4 0.026 -1.585 0.0015
Elovl3 0.072 -1.145 0.0079
Slcolal 0.166 -0.780 0.0312
Ugt2b38 0.117 -0.931 0.0217

DEGs, differentially expressed genes; FC, fold change.

characteristics. In addition, liver fibrosis was also found in mice
in the 10 mg/kg group, which may aggravate the course of liver
injury and prolong its recovery time (16). Based on these results,
a typical HSOS model could be established after 6 weeks of
OXA administration at a dose of 10 mg/kg.

In a previous study, a preliminary analysis was
performed based on the comparison of gene expression
profiles of 11 human livers with OXA-induced HSOS and
12 histologically normal livers (25). The main genes in the
following pathways were upregulated in patients with HSOS:
Acute-phase reaction, coagulation system disorder, liver
fibrosis and oxidative stress (25). However, in this previous
study, only a simple microarray analysis of a few genes was
made and the study lacked an analysis of the mechanism of
the pathways involved. In addition, to the best of our knowl-
edge, no mRNA microarray study on an animal model
of OXA-induced HSOS has been performed. Therefore,
the present study used mRNA microarray technology to
explore changes in the gene expression profiles of livers with
OXA-induced HSOS, hoping to provide possible directions
for subsequent studies of the disease mechanism. The GO
database classifies gene function into three broad categories:
Cellular components, molecular functions and biological
processes. The present study proved that DEGs between the
control group and the 10 mg/kg OXA group were expressed
in all three categories but were mainly concentrated in the
biological processes category. Among the top 30 enriched
GO terms, the DEGs were mainly enriched in ‘steroid
hydroxylase activity’, ‘oxidoreductase activity, acting on
paired donors’, ‘integrin complex’, ‘arachidonic acid mono-
oxygenase activity’ and ‘arachidonic acid epoxygenase
activity’. The integrin complex connects the extracellular
matrix and the cytoskeleton, controls intracellular signal
events related to proliferation, differentiation, migration
and other cellular processes (40), and may be involved
in the regulation of fibrosis (41). OXA has been reported
to accelerate the activation of hepatic stellate cells and
collagen synthesis by upregulating the expression of type I
collagen and transforming growth factor, thereby aggra-
vating the deposition of extracellular matrix components
and promoting the development of hepatic fibrosis (16,35).
At present, no studies, to the best of our knowledge, have
described whether the integrin complex could participate
in the regulation of fibrosis in OXA-induced HSOS. OXA
can promote platelet aggregation and adhesion through
the release of matrix metalloproteinases and a variety of
growth factors, thus leading to the aggravation of hepatic
sinusoidal obstruction (16). The arachidonic acid oxidation
pathway can be used as a target for the regulation of blood
coagulation and platelet activation (42) and also participates
in inflammatory reaction (43), which may affect the state of
platelet activation in OXA-induced HSOS. Steroid hydroxy-
lase, mainly cytochrome P-450, plays a role in maintaining
homeostasis in the synthesis and metabolism of cholesterol
and bile acids (44,45). However, no studies related to bile
acid and lipid balance in OXA-induced HSOS are available,
to the best of our knowledge.

KEGG enrichment analysis of DEGs identified the
significantly enriched pathways, which is helpful for iden-
tifying biological regulatory pathways with significant
differences under experimental conditions. The present study
revealed that the DEGs between the control group and the
10 mg/kg OXA group were mostly enriched in pathways
related to human diseases. Among the top 30 enriched KEGG
pathways, the regulation of ‘steroid hormone biosynthesis’,
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Figure 5. GO function analysis of the livers of mice with OXA-induced hepatic sinusoidal obstruction syndrome. (A) GO enrichment of DEGs in 3 functional
groups: Biological Process (red), Cellular Component (green) and Molecular Function(blue).The x-axis represents the significantly enriched GO terms and
the y-axis represents the number of DEGs involved in GO terms. (B) Top 30 enriched GO terms. The x-axis represents the enrichment factor of each term and
y-axis represents the GO terms. Data are shown for the control and 10 mg/kg OXA groups. GO, Gene Ontology; OXA, oxaliplatin.
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‘retinol metabolism’, ‘drug metabolism cytochrome P450° and
‘arachidonic acid metabolism’ were consistent with the main
functional categories enriched in GO function analysis, which
further confirmed their regulatory role in steroid anabolism,
changes in coagulation function and ligand activation. Liver
inflammation has been considered a possible driving factor for
liver damage caused by OXA (16). A previous study demon-
strated that in OX A-induced animal models, the inflammatory
factors interleukin 16 and C-C motif chemokine ligand 2 were
upregulated (46). The microarray results of the present study
demonstrated that the inflammatory mediator regulation of
TRP channels may serve a role in OXA-induced HSOS, which
needs to be further explored.

Notably, ‘oxidoreductase activity’ in GO analysis and the
‘glutathione metabolism’ pathway in KEGG analysis indicated

that oxidative stress may be involved in OXA-induced HSOS.
The activity of oxidoreductase affects the regulation of redox
homeostasis in the body. A previous study (35) preliminarily
found that after the injection of OXA, the levels of antioxidant
enzymes SOD and glutathione peroxidase were decreased in
the liver tissue of mice with nonalcoholic fatty liver disease.
Glutathione metabolism affects the changes in ROS levels in a
variety of liver diseases and can aggravate the state of oxida-
tive stress (47). Moreover, it has been reported that oxidative
stress caused by GSH depletion may be one of the reasons for
OXA-induced hepatic sinusoid injury (16). Tabassum et al (48)
evaluated the GSH content in liver mitochondria after OXA
treatment and demonstrated that a decrease in GSH content
may be related to the binding of OXA to free or protein-bound
sulthydryl groups. The current study also revealed that after
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the long-term administration of OXA, the MDA liver oxida-
tion index in mice increased, whereas the levels of antioxidants
SOD, CAT and GSH were significantly decreased. In addi-
tion, ROS levels in the liver of mice in the OXA group were
increased in a dose-dependent manner, indicating that OXA
could lead to an imbalance in the redox system.

Notably, in the present study, GO and KEGG analyses
suggested that other pathways may be involved in OX A-induced
HSOS, such as mesenchymal cell apoptotic process and bile
secretion. Therefore, the data provided novel directions for the
study of the pathogenetic mechanisms of OXA-induced HSOS.

There were some limitations to the present study. First, the
aim of the present study was to establish an animal model of
OXA-induced HSOS, so in vivo experiments were preferen-
tially conducted. Corresponding in vitro experiments using
hepatic sinusoidal endothelial cells to explore the pathogenetic
mechanisms of OXA-induced HSOS will be conducted in
the future. Second, the symptoms caused by OXA may be
associated with its systemic effects, such as pro-inflammatory
effects, and effects on the nervous system and circulatory
system, which may also aggravate liver injuries and is worth
exploring in the future. Third, more advanced detection equip-
ment and indicators, such as ultrasound, angiography and the
assessment of portal hypertension, will be employed in the
confirmation of HSOS.

In conclusion, the present study established a mouse model
of OXA-induced HSOS. Through microarray analysis, it veri-
fied the role of the oxidative stress pathway in this disease
and identified some potential mechanistic pathways, which
could lay the foundation for identifying the mechanisms of
OXA-induced HSOS.
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