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Abstract

Aim: Sinusoidal obstructive syndrome (SOS) that develops due to oxaliplatin-based chemotherapy influences morbidity and mortality
following surgical treatment of colorectal liver metastases. The aim of this study was to evaluate the protective effect of sildenafil on
liver damage (sinusoidal obstructive syndrome (SOS)) that develops due to oxaliplatin-based chemotherapy.

Methods: An experimental animal study was conducted and a total of 42 rats were randomly separated into 4 groups as Sham,
intraperitoneal chemotherapy (ipCT), ipCT+low-dose sildenafil treatment, and ipCT +high-dose sildenafil treatment. The ipCT was
applied once a week for 5 weeks. Histochemical analysis was made in the livers removed from rats.

Results: Parenchymal, stromal, and vascular changes were examined, and no statistically significant difference was determined between
the groups with respect to the severity of sinusoidal dilatation (P=0.243). The groups significantly differed with regards to centrilobular,
peliotic changes and hepatocellular changes (P<0.001).

Conclusion: Sildenafil has a protective effect against liver damage that develops due to oxaliplatin-based chemotherapy and prevents the
development of SOS during chemotherapy in colorectal cancer patients. Therefore, it could be considered as a treatment strategy.
Keywords: Oxaliplatin, Sinusoidal obstructive syndrome, Sildenafil, Colorectal cancer, Liver metastasis

Oz

Amag: Oksaliplatin bazli kemoterapinin karaciger metastazli kolon kanserli hastalarda kullanimi karaciger hasarma (siniisoidal
obstruktif sendrom (SOS)) neden olarak; metastaz rezeksiyonu sonrasinda mortalite ve morbiditeyi arttirir. Bu galismamizda;
sildenafilin kolorektal kanserlerin karaciger metastazlari igin oksaliplatin bazli kemoterapi sonucunda gelisen karaciger hasari, (SOS)
tizerindeki koruyucu etkisini degerlendirmeyi amagladik.

Yontemler: Deneysel bir hayvan ¢aligmasi yiiriitiildii ve toplam 42 rat rastgele Sham, intraperitoneal kemoterapi (ipCT), ipCT + diisiik
doz sildenafil tedavisi ve ipCT +yiiksek doz sildenafil tedavi gruplari olarak 4 gruba ayrildi. IpCT, 5 haftalik bir siire boyunca haftada
birkez uygulandi. Ratlardan ¢ikarilan karacigerlerde histopatolojik analiz yapildi.

Bulgular: Parankimal, stromal ve vaskiiler degisiklikler incelendi ve siniizoidal dilatasyonun siddeti agisindan gruplar arasinda
istatistiksel olarak anlamli bir fark bulunmadi (P=0,243). Dort grup arasinda sentrolobiiler degisiklikler acisindan istatistiksel olarak
anlamli fark saptandi (P<0,001). Peliotik ve hepatoselliiler degisikliklerin degerlendirilmesinde gruplar arasindaki fark istatistiksel
olarak anlamli bulundu (P<0,001).

Sonug: Sildenafil, kolorektal kanser hastalarinda kemoterapi sirasinda oksaliplatin bazli kemoterapinin bir sonucu olarak gelisen SOS
gelisimini 6nleyerek karaciger hasarina kars1 koruyucu bir etkiye sahip olmasi nedeniyle, kemoterapi esnasinda tedaviye eklenmelidir.
Anahtar kelimeler: Oxaliplatin, Siniisoidal obstriiktif sendrom, Sildenafil, Kolorektal kanser, Karaciger metastaz
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Introduction

Colorectal cancer remains one of the most frequent
cancers throughout the world and it is related with high mortality
rates. An important prognostic factor is the presence of
metastases. The liver is the most common site of metastasis. It
develops in approximately 50% of colorectal cancer patients and
25% have liver metastases at diagnosis [1]. The best treatment
method in patients with metastasis in the liver only is liver
resection, which aims to remove all metastatic lesions [2].
Unfortunately, surgery is not appropriate for many patients due
to a combination of factors such as size, localization, and the
number of liver metastases. Neoadjuvant chemotherapy is
currently applied to these patients who are initially considered
inoperable to shrink the metastases, so the patient becomes
eligible for surgery [3]. Chemotherapy regimens which are
widely used for this purpose consist of a combination of
thymidylate  synthase inhibitors (5-FU/folinic acid or
capecitabine), oxaliplatin (FOLFOX) or irinotecan (FOLFIRI).
In the recent years, bevacizumab or cetuximab antibody
treatments have been added to these regimens [4]. However, all
these options are associated with chemotherapy-related liver
damage (CTRLD), regarding which 3 forms have been defined:
Steatosis, steatohepatitis, and sinusoidal obstructive syndrome
(SOS) [5,6]. In the development of regimen-specific liver
damage, the use of oxaliplatin was found to associate with SOS
and nodular regenerative hyperplasia, and the use of irinotecan,
with steatohepatitis [7-9].

The aim of this study was to evaluate the protective
effect of sildenafil citrate against chemotherapy-related liver
damage and determine the inflammatory response in tissue
healing and micro-circulatory hemodynamics.

Materials and methods

Study design

A total of 42 male Wistar Albino rats, each weighing
200-250 gr were used in the study. The animals were obtained
from the Experimental Animal Breeding and Research
Laboratory of Ankara University. Guidelines for the Care and
Use of Laboratory Animals’ published by the National Institute
for Health (NIH publication no.85-23, 1996 revised) were
followed. The procedures used and the care of animals were
approved by the Ankara University Animal Experiments Local
Ethics Committee (Approval no: 201-2-11, dated 11/22/2014).

In vivo chemotherapy model

Four groups were created: Sham group, Folfox group,
Folfox+ low dose sildenafil group, and Folfox+ high dose
sildenafil group. To create direct toxicity on the liver, oxaliplatin
6mg/kg, followed by 5FU (50mg/kg) and folinic acid (90mg /kg)
were administered intraperitoneally to all rats in the study groups
once a week for 5 weeks (FOLFOX regime). To determine the
effects of sildenafil on oxaliplatin-related liver damage, rats in
the low and high-dose groups were administered 1mg/kg/day and
20mg/kg/day sildenafil, respectively, with oral gavage. The
doses applied were determined according to previous studies
[6,7]. The Sham group was used as a comparison group only and
comprised 6 rats. Each of the study groups comprised 12 rats.
During the study period, 1 rat in the oxaliplatin group, 4 in the
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oxaliplatin+low-dose  sildenafil group and 3 in the
oxaliplatin+high-dose sildenafil group died. All rats were kept in
standard laboratory conditions and fed standard laboratory rat
food for the duration of the experiment. At 5 days after the final
dose of oxaliplatin, all the rats were administered ketamine HCL
(80mg/kg) and xylazine hydrochloride (12mg/kg) for anesthesia
and muscle relaxant. A laparotomy was made to each animal
with a 2.5cm-long midline incision. After laparotomy,
hepatectomy was performed, after which the animals were
sacrificed. The livers removed from the rats were placed in
formalin for pathological examination.

Histological examination

The tissue samples were fixed in formalin and
embedded in paraffin blocks. Sections, Sum in thickness, were
cut and stained with hematoxylin and eosin (H&E). Category
classification of sinusoidal dilatation, nodular regeneration,
centrilobular or portal vein lesions, centrilobular vein and
perisinusoidal fibrosis and steatosis was made as follows: For
sinusoidal dilatation, 0= None, 1= Mild (involvement limited to
one-third of the centrilobular area), 2= Moderate (two-thirds of
the centrilobular area), 3= Severe (full involvement of the
lobular area or centrilobular involvement extending with
congestion to adjacent lobules), for nodular regeneration, 0=
None, 1= Mild (focal nodular hyperplasia, not evident with H&E
staining but evident with reticular staining) 2= Moderate (focal
nodular hyperplasia, evident with both H&E and reticular
staining), 3= Severe ( widespread nodular hyperplasia on both
reticular and H&E staining), for centrilobular or portal vein
lesions, and centrilobular perisinusoidal and vein fibrosis, 0=
None, 1= Mild (<50% of veins and sinusoids in 20 areas at x 200
magnification), 2= Moderate (>50% of veins and sinusoids in 20
areas at x 200 magnification), for steatosis, 0= None, 1= Mild
(10%-30% of hepatocytes), 2= Moderate (in 30%-60% of
hepatocytes), 3= Severe (>60% of hepatocytes). Peliosis,
perisinusoidal hemorrhage and hepatocellular changes were
evaluated as absent or present.

Statistical analysis

Data were analyzed using SPSS-16 software (SPSS Inc.
Released 2007. SPSS for Windows, Version 16.0. Chicago,
SPSS Inc.). Differences between the groups with respect to the
severity of the lesions formed after different regimens were
assessed with the Pearson Chi-square test. A value of P<0.05
was considered statistically significant.

Results

The type of histopathological lesions according to the
groups were summarized in Tables 1 and 2. The analysis of
distribution of pathological lesions in the groups were presented
in Table 3.

Table 1: Distribution of lesions according to groups

Pathology Sham group  Folfox group ~ Folfox+low-dose Folfox+high-dose ~ P-value
lesions (n=6) (n=11) sildenafil group sildenafil group
(n=8) (n=9)

NMMod SN MMod SN M Mod S N M Mod S
Sinusoidal 330 00 5 4 22 2 3 11 5 3 0 X2=11.6.
dilatation P=0.243
Nodular 60 0 0110 0 08 0 0 09 0 O 0
regeneration
Centrilobular |6 0 0 00 6 5 05 3 0 00 9 0 0 X2=49.9
changes P<0.001
Steatosis 600 0110 0 08 0 0 011 0 0 0

N: None, M: Mild, Mod: Moderate, S: Severe
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Table 2: Analysis of the distribution of the pathology lesions in groups DiSCUSSion
Groups Sinusoidal ~ Centrilobular  Hepatocellular  Peliosis Nodular Steatosis
dilatation  changes changes (Perisinusoidal regeneration R
hemorrhage) Until the development of modern chemotherapy
Sham(n=6) 3(50%) : 1(16.6%) .
Follox(n=11)  |11(100%) 11(100%)  10(90.9%)  5(454%) regimens, the only known reason for SOS was the use of

Folfox+low-dose |6(75%)
sildenafil (n=8)
Folfox+ high-
dose
sildenafil(n=9)
P-value 0.243

3(37.5%) 1(12.5%)

8(88.8%)  9(100%)

<0.001 <0.001 <0.001

Table 3: Hepatocellular and peliotic changes according to the groups

Pathology lesions |Sham  Folfox Folfox+low-dose  Folfox+high-dose  P-value
group  group sildenafil group sildenafil
(n=6)  (n=11) (n=8) group(n=9)
Hepatocellular + -+ -+ - + - x2=63.7
changes 0 6 10 1 1 7 0 9 P<0.001
Peliosis 1 5 5 6 0 8 0 9 X2=46.7
(Perisinusoidal P<0.001
hemorrhage)

+ : present - : absent

Sinusoidal dilatation (Figure 1) was determined in all
groups at different degrees of severity (Table 1). Centrilobular
changes were lowest (37.5%) in the Folfox+ low dose sildenafil
group. Nodular regeneration and steatosis were not observed in
any of the groups (Table 1). Hepatocellular changes (Figure 2),
and perisinusoidal hemorrhage were observed highest in the
Folfox group (P<0.001).

Peliosis (Figure 3) was observed in both sildenafil
groups. Although sinusoidal dilatation and centrilobular changes
were observed in all 3 groups, it was seen less in the sildenafil
groups and primarily at a lower rate in the FOLFOX+low-dose
sildenafil group (P<0.001).

Figure 1: Widespread dilatation in the sinusoids

Figure 3: Foci of perisinusoidal hemorrhage
&

pyrrolizidine alkaloids. SOS has been noted in patients who
received myeloablative chemotherapy before bone marrow
transplantation and recently in colorectal cancer patients with
liver metastasis, following the application of platinum-based
chemotherapy [8]. In addition, some studies have reported that
there is a relationship with SOS in the tumor-free area of the
liver in approximately 45% of patients with who received
oxaliplatin-based chemotherapy before resection of colorectal
liver metastasis [9]. In patients receiving oxaliplatin-based
chemotherapy, an association was found between the
development of SOS and increased need for perioperative
transfusion  (especially in major hepatectomies), high
perioperative morbidity, a longer postoperative stay in hospital
and increase in complications, such as post-hepatectomy liver
failure characterized by cholestasis, ascites and prolonged
prothrombin time [10, 11]. Using a model of liver damage which
developed after oxaliplatin -based chemotherapy, Tamandl et al.
demonstrated a relationship between SOS and a short survival
period after liver resection performed due to early recurrence of
the disease and colorectal liver metastasis [9]. Vreuls et al.
determined a correlation between SOS and significantly low
tumor response in oxaliplatin treatment [12]. Therefore, when
surgeons are planning liver resections after systemic
chemotherapy, they must ensure that there is sufficient
preoperative liver functional reserve to avoid postoperative
complications.

Various risk factors have been related to the
development of SOS: Patients with an abnormal preoperative g-
glutamyl transferase level, advanced age, female gender, tumor
size>5cm, the 15-minute retention rate of indocyanine green,
increased number of chemotherapy cycles and a short period
between the end of chemotherapy and liver resection [9].
Previous studies have reported that some non-invasive blood
tests can be used such as preoperative platelet count (<167,000),
aspartate aminotransferase platelet ratio index (APRI) or FIB-4
scoring system (calculated with a formula based on AST, platelet
count and age) to predict high-grade lesions of SOS [10].
Although results have been promising, further evaluation is
required for the routine use of these tests, because SOS lesions
are heterogenous, the reliability of liver biopsy is reduced, and
false negative results may occur.

Sinusoidal endothelial cells (SECs) play a significant
role in maintenance of normal sinusoid structure. SECs express
metalloproteinases (MMP), enzymes responsible for extracellular
remodeling. SECs maintain hepatic stellate cells (HSCs) in a
quiescent state through VEGF stimulated NO production, and
promote reversion of activated collagen—producing HSCs to a
quiescent state [13]. SECs are a major cellular target for several
toxins. One explanation for this is their location, which results in
their direct exposure to drugs absorbed by the intestinal tract and
transported to the liver by portal circulation [14]. Over activation
or injury of SEC exerts proinflammatory, proadhesive, and
procoagulant properties.

SOS develops because of a spectrum of lesions
including sinusoidal dilatation following toxic liver damage
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primarily targeting sinusoidal endothelial cells (SEC), groups and primarily at a lower rate in the FOLFOX+low-dose

perisinusoidal fibrosis, nodular regenerative hyperplasia (NRH)
and peliosis [3, 12]. Previous experimental studies have shown
that more toxic damage is formed earlier in the SECs than in the
hepatocytes. In the pathogenesis of SOS development, there is a
reduction in SEC glutathione level and NO levels, an increase in
the expression of matrix metalloproteinases (MMP), and vascular
endothelial growth factor (VEGF) as well as activation of
clotting factor [15]. DeLeve et al. showed that NO level reduced
in the hepatic veins of rats during SOS induction [16]. In another
study of SOS induction by DelLeve et al, the severity was seen to
increase with the application of N(G)-nitro-L-arginine methyl
ester (L-NAME), which is a non-selective inhibitor of NO
synthase and ameliorate with an infusion of V-YRRO/NO, which
is a liver selective NO donor pre-medication [17].

It has been difficult to identify patients at risk of
developing parenchymal damage following preoperative
chemotherapy. It has been shown in rats that the administration
of MMP -2/-9 inhibitors or a glutathione infusion has prevented
the development of SOS by reducing SEC damage [18]. In
hematopoietic stem cell transplantation, when treatment is given
with glutamine, which is a probable glutathione synthesis
stimulant, hepatic functions of patients were protected [19, 20].
On the other hand, it has been researched as to whether
anticoagulants such as heparin and defibrotide, prostaglandin E1,
plasminogen activator, ursodeoxycolic acid and pentoxifylline
are sufficient to prevent the development of SOS related to
hematopoietic stem cell transplant [21].

Oxaliplatin is a third-generation platinum compound
consisting of a platinum atom conjugated to diamino
cyclohexane and oxalate groups [22]. Some platinum
compounds, such as OX, lead to generation of reactive oxygen
species (ROS) and glutathione depletion in SEC, resulting
increased oxidative stress in SECs [23,24]. Thrombocytopenia
and alteration in platelet function have recently been observed
with severe OX-related SOS [25].

Sildenafil was developed in 1985 for the treatment of
hypertension and is a phosphodiesterase-5 inhibitor (PDES5i)
drug. The PDES5i effect is usually to provide relaxation of the
blood vessels by increasing the NO level while inducing guanyl
monophosphate (cGMP) degradation [26]. Previous animal and
clinical studies have shown that by inhibiting vasodilation,
thrombocyte aggression and adhesion, sildenafil had positive
effects on anastomosis, bone and skin healing and systemic
inflammation, such as an increase in microcirculatory
hemodynamics and an amelioration of the inflammatory process
[27].

Liver damage was created using an oxaliplatin-based
chemotherapy regimen in the current study. Centrilobular,
peliotic and hepatocellular changes significantly differed
between the groups. No steatotic or nodular regenerative changes
were observed in any of the groups, which was most likely
because the sinusoidal changes seen in liver damage were not
severe, and chemotherapy dosage and duration may have
affected the process. When the treatment groups were compared
with the control group, peliosis was observed in both sildenafil
groups. Although sinusoidal dilatation and centrilobular changes
were observed in all 3 groups, it was seen less in the sildenafil

sildenafil group. Hepatocellular changes were not observed at all
in the FOLFOX+ high-dose sildenafil group and seen at a lower
rate in the sildenafil groups, compared to the control group.

The results obtained in this study are encouraging on the
topic of prevention against liver damage that develops as a result
of oxaliplatin-based chemotherapy. Further supportive clinical
studies of drugs to be used against the active mechanisms in SOS
pathophysiology may yield more successful results. Confirming
the results with biochemical analyses may strengthen the results.
We studied only one (sildenafil) drug to prevent SOS, which
could be a potential bias.

Conclusion

The ideal strategy for patients with colorectal cancer
liver metastasis receiving preoperative FOLFOX-based
chemotherapy is the administration of drugs to prevent SOS
development throughout chemotherapy. This approach could be
of value to those with a large tumor burdens requiring prolonged
preoperative chemotherapy.
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