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Abstract

Objectives: This study aimed to observe the changes in tumor angiogenesis after heated lipiodol (60uC) infusion via the
hepatic artery in a rabbit model of VX2 liver cancer.

Materials and Methods: Twenty rabbits with VX2 hepatic tumors were randomly divided into 2 groups (10 rabbits in each
group). Under anesthesia, a trans-catheter hepatic arterial infusion was performed, and lipiodol (37uC; control group) or
heated lipiodol (60uC; treated group) was injected into the hepatic arteries of the animals. Then, changes in tumor
angiogenesis were assessed using the following markers and methods. 1. Vascular endothelial growth factor receptor
(VEGFR) and vascular endothelial growth factor (VEGF) expression levels in the tumor were assessed using western blotting
and real-time quantitative polymerase chain reaction (PCR). 2. Proliferating cell nuclear antigen (PCNA) expression in the
tumor was assessed through immunohistochemical staining. 3. The morphological changes in tumor vascular endothelial
cells were observed using transmission electron microscopy (TEM).

Results: VEGFR and VEGF mRNA and protein expression levels were reduced in the treated group compared to the control
group. PCNA protein showed reduced expression levels in the treated group compared to the control group. TEM indicated
that the endothelial cell endoplasmic reticulum expanded, the chondriosome was swollen, and the endothelial cell microvilli
were decreased after heated lipiodol infusion.

Conclusions: The tumor angiogenesis of rabbits with VX2 cancer was inhibited after arterial heated lipiodol infusion
compared to lipiodol infusion.
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Introduction

Transcatheter chemoembolization (TACE) has been accepted

as one of the most effective forms of palliative treatment for

patients in the middle and late stages of hepatocellular carcinoma

(HCC) as well as for those who are not good candidates for surgery

in Asian countries, including China [1,2,3]. However, long-term

survival after a TACE procedure is not satisfactory; the five-year

survival rate currently ranges from 9% to 32% [4,5]. TACE can

reduce tumor size [6,7]. However, other studies have found TACE

to be unsatisfactory because tumor angiogenesis may increase after

TACE, and only a small proportion of HCCs underwent complete

necrosis [8]. Therefore, inhibiting tumor angiogenesis after TACE

therapy may be a promising strategy to improve treatment

efficacy.

Recently, some studies have used thermotherapy to suppress

tumor growth in the liver [9] and have verified that treatment with

lipiodol at 60uC prolongs the survival of rabbits with VX2 cancer

by inhibiting tumor growth. In addition, this treatment affects

serum AST levels similar to lipiodol at 37uC [10]. In vivo studies

have also demonstrated that heated saline infusion via the hepatic

artery can alter the tumor vascular permeability by affecting the

expression levels of VEGF or VEGFR [11,12] because these two

proteins are two important factors related to tumor angiogenesis

[13,14]. Therefore, the aim of this study was to observe the

changes in tumor angiogenesis and analyze the underlying causes

after trans-hepatic, arterial, heated (60uC) lipiodol embolization

via the hepatic artery in a rabbit model of VX2 liver cancer.

Materials and Methods

Ethics Statement
All animal experiments were performed in accordance with the

protocol approved by our institutional animal care and use

committee (2010038) and in compliance with institutional

guidelines.
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Animal Models
Twenty male New Zealand white rabbits (weighing 3.0–3.5 kg,

average 3.260.2 kg) were selected randomly from the experimen-

tal animal center of our university. VX2 carcinoma cells were

maintained as a tumor line in our laboratory.

The rabbits were anesthetized with intravenous sodium

pentobarbital (25 mg/kg). Next, the hairs over the abdominal

region of the rabbits were removed with 8% sodium sulfide, and

the region was cleaned with saline. A suspension of VX2 tumor

tissue (approximately 1.5–26106 cells) was injected via an 18-

gauge needle into the left lobe of the liver percutaneously with

ultrasound guidance. The wound was kept sterile, and the

rabbit vital signs (especially the rate of respiration) were closely

monitored during the implantation. Next, antibiotics (gentamicin

2.5 mg/kg) were injected intramuscularly after the implantation.

The animals were observed by sonography (Acuson Corp, USA)

until the tumors reached 2 cm in diameter and were then used

for experimentation. Ultrasonography was performed by the

same operator with a 7v3c probe at a frequency of 7.0 MHz.

Experimental Grouping
Twenty tumor-bearing rabbits were randomly divided into 2

groups (n = 10 per group); each group was given one of two

preparations.

The control group received a preparation of lipiodol (Aulnay

Sous-Bios, France) at physiologic temperature (37uC).

The treatment group received a preparation obtained by

heating lipiodol to 60uC with a constant temperature incubator.

Arterial Catheterization
An incision was made into the anesthetized rabbits to expose

their right femoral artery. Then, a micro-catheter (2.7/2.9 Fr

Reshapable Type, Terumo, Japan) was inserted into the femoral

artery and positioned into the hepatic artery under fluoroscopy.

Next, under fluoroscopy, the perfusion preparation (1 mL/

body) for each group was gradually hand-injected into the

hepatic artery, with great care to keep the catheter tip in the

hepatic artery and avoid efflux of the preparation. After intra-

arterial injection, the catheter was removed, the femoral artery

was ligated, and the operative wound was closed. The rabbit’s

vital signs, especially its respiration rate, were closely monitored

during the angio-procedure. DSA images of the VX2 liver

tumor staining were acquired before and after the infusion.

Animal Sacrifice
At 24 hours after preparation infusion, the animals were

sacrificed with an overdose of chloral hydrate.

Immunohistochemistry
Tumor tissue samples from each rabbit were fixed in 10%

neutral buffered formalin and embedded in paraffin. Then, 3- to

5-mm-thick slices were cut and processed for immunohistochemical

staining.

To detect the expression and location of PCNA protein in

tumor tissues, the sample sections were incubated overnight at 4uC
with a mouse anti-PCNA (Abcam, Cambridge, UK) monoclonal

antibody and then with an anti-mouse secondary antibody (Dako)

for 30 min at room temperature, after which the binding reactions

were visualized with 3-30-diaminobenzidine tetrahydrochloride

(DAB) substrate. The nuclei were lightly counterstained with

hematoxylin. The immunohistochemical staining was evaluated by

2 pathologists in a blinded manner. The entire section of each slide

was examined under light microscopy. The PCNA protein levels

were graded into four groups: 0, no staining; 1+, cytoplasmic

staining in less than 10% of cells; 2+, cytoplasmic staining in 10–

50% of cells; and 3+, cytoplasmic staining in more than 50% of

cells.

Real Time Quantitative Polymerase Chain Reaction
The tumor samples were collected and stored in RNAwait

(Applygen, Beijin, China) at 270uC after the rabbits were

sacrificed. Total RNA was isolated from the samples with

TRIzol reagent (Invitrogen, Carlsbad, CA), and cDNA was

synthesized from 1 mg of total RNA with the First-Strand cDNA

Synthesis Kit (Toyobo, Osaka, Japan). The oligonucleotide

primers for polymerase chain reaction (PCR) were designed as

follows: VEGF, 59-GCAGAAGAAGGAGACAATAAACC-39

and 59-GCACGCAGGAAGGCTTGAATA-39; VEGFR 59-

CCAGGGAGAAGCAGAGCCAC-39 and 59-TGCCAATAC-

CAGCGGATGTG-39; and b-actin, 59-CGAGATCGTGCGG-

GACAT-39 and 59-CAGGAAGGAGGGCTGGAAC-39. The

PCR reactions were performed in triplicate using SYBR Green

Real-time PCR master mix (Toyobo). The relative expression

levels of VEGF mRNA were quantified using the 22DDCt

method [15].

Western Blotting
The samples were lysed in ice-cold lysis buffer (2 mM EDTA,

10 mM EGTA, 0.4% NaF, 20 mM Tris-HCl, 1% NP-40, 1%

Triton X-100, protease inhibitors, pH 7.5) using a glass homog-

enizer. The protein concentrations were measured using the

bicinchoninic acid (BCA) protein assay (Pierce, Rockford, IL). The

proteins were separated by sodium dodecyl sulfate polyacrylamide

gel electrophoresis (SDS-PAGE) and transferred to Hybond ECL

nitrocellulose membranes (Amersham Biosciences, Piscataway,

NJ). Western blot analyses were performed using an anti-VEGFR

antibody (Abcam, Cambridge, UK) and an anti-VEGF antibody

(Santa Cruz, CA, USA), and an anti-b-actin antibody was used as

internal control. Then, the samples were incubated with a species-

matched horseradish peroxidase (HRP)-conjugated secondary

antibody. The blots were developed with a chemiluminescence

substrate solution (Pierce, Rockford, IL) and exposed to X-ray

film. The IDVs were calculated using a computerized image-

analysis system (Fluor Chen 2.0) and normalized to the expression

of b-actin.

Transmission Electron Microscopy (TEM)
After the tumor tissues were obtained, crude microvessel

fractions isolated from the tumor tissue were selected and

divided into 1 mm3 pieces and fixed with 2.5% glutaraldehyde–

4% paraformaldehyde for several days at 4uC. Then, using

standard procedures, semi-thin and ultra-thin sections were

prepared and stained with uranyl acetate and lead citrate, and

changes in the tumor vascular endothelial cells were observed

using TEM (JEM-1200EX, Jeol, Tokyo, Japan).

Statistical Analyses
All results are denoted as the mean 6 SD for each group. The

Student’s t-test was performed to compare the two groups, and the

Mann-Whitney’s U-test was used to compare PCNA protein levels

between groups. A P value of less than 0.05 was considered

significant. Statistical analyses were performed using SPSS 16.0 for

Windows (SPSS Inc., Chicago, IL, USA).

Tumor Angiogenesis after Heated Lipiodol Perfusion
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Results

DSA Image
After embolization, the liver DSA images of the rabbits in the

lipiodol (60uC) group showed contoured opacity in the tumor

region, a sign of complete occlusion of the tumor vasculature, and

the proximal normal vessels of rabbits still remain patent (Fig. 1).

Immunohistochemical Findings
Immunohistochemical analyses revealed that PCNA protein

expression was detected mainly in viable VX2 tumor cells (Fig. 2).

We found that PCNA expression levels in the treated group were

lower than in the control group (Table 1).

Real-time Quantitative PCR and Western Blot Findings
As detected by real-time quantitative PCR (Fig. 3), VEGF and

VEGFR mRNA levels in the treated group were significantly

lower than in the control group. Western blot analyses showed that

the expression levels of the VEGFR and VEGF protein in the

treated group were also significantly lower than in the control

group (Fig. 3).

TEM Findings
TEM results revealed that the heated lipiodol perfusion induced

the vascular endothelial cell endoplasmic reticulum to expand and

the chondriosome to swell, and the endothelial cell microvilli were

decreased (Fig. 4).

Discussion

TACE for tumor de-vascularization was developed in the 1970s

[16]. Currently, TACE is the most widely used primary treatment

for unresectable HCCs and is also the most extensively used

therapy for patients on the waiting list for liver transplantation.

TACE significantly delays tumor progression [17], but a few

studies have reported an increase in serum VEGF levels after

TACE [18]. The high VEGF levels 1–2 days after TACE in HCC

patients are associated with distant metastasis and unfavorable

outcomes [19].

Lipiodol has been used as a carrier of anti-tumor agents in

targeted chemotherapy for hepatocellular carcinoma, and lipiodol

is not only used to emulsify drugs for TACE, but also used as an

embolization agent for trans-hepatic arterial embolization and for

tumor de-vascularization [17]. Because the VEGF protein

expression in tumors may respond to heat [11] and the viable

tumor vascular endothelial cells are sensitive to heat injury [20],

and mass spectrometric analysis of drug showed that cisplatin is

not affected by heat [21], and doxorubicin and mitomycin-C are

also not degraded at temperatures of 60 degrees C [21], heated

lipiodol as a new embolic agent via hepatic artery administration

can distribute heat and emulsify conventional TACE drugs

(doxorubicin, mitomycin-C, cisplatin) to the entire tumor and

may affect VEGF protein expression levels in the tumor or the

tumor vasculature.

Preventing Tumor Angiogenesis After Heated Lipiodol
Injection

After heated lipiodol injection, TEM revealed that the tumor

endothelial cell endoplasmic reticulum expanded, the chondrio-

some was swollen, and the endothelial cell microvilli were

decreased, which are signs of endothelial cell damage. These

signs, although indirect, support the heat effect on endothelial cells

in VX2 tumors; the intra-arterial lipiodol (60uC) injections

appeared to result in tumor capillary bed destruction.

In fact, although heat is toxic to tumor vascular endothelial cells,

the precise effect of heat on the cells varies with the heat extent

and duration. Severe or prolonged heat can alter intracellular

proteins (such as collagen denaturation and lipid bilayer thawing)

Figure 1. DSA imaging of treated tumors. The tumors showed hypervascularity in the liver as determined with DSA imaging (A, black arrow).
After lipiodol (60uC) injection, the tumors are completely or largely de-vascularized and show on DSA as a lipiodol-filling defect (B, black arrow).
doi:10.1371/journal.pone.0061583.g001
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and induce cell death; if the heat is mild or short in duration, it can

cause a series of adaptive genetic changes in the cells [22].

Heated lipiodol perfusion may not be sufficient to induce tumor

vascular endothelial cell death but may cause a series of adaptive

genetic or intracellular proteins changes such as the change of

VEGFR expression in tumor vascular endothelial cells. Because

the change of VEGFR expression is closely related to changes of

endothelial cell morphology [23], we observed the morphological

changes in tumor vascular endothelial cells by TEM after heated

lipiodol infusion. We observed the decrease in VEGF and VEGFR

mRNA and protein expression levels resulted from the tumor and

endothelial cell responses to the heated lipiodol perfusion

procedure, respectively. The decreased VEGF and VEGFR

protein levels may be attributable to tumor angiogenesis inhibi-

tion.

Preventing Tumor Growth After Heated Lipiodol
Perfusion

Temperatures above 42.5uC are effective at suppressing tumor

cell growth [24], but if the temperature is raised higher than 45uC,

damage to normal liver cells becomes irreversible [24]. By

understanding the non-homogeneous distribution of blood vessels,

the cooling of tumor blood flow and tumor size differences, we

conclude that the temperature of the heated lipiodol inside the

tumors must be at least 43uC. In this study, firstly we gradually

hand-injected under fluoroscopy to avoid the reflux during

perfusion, secondly we used the percutaneous mathematical

temperature recorder for monitoring the perfusion temperature,

so the temperature of the heated lipiodol inside the liver tissues

were not more than 45uC during the heated perfusion, and in our

study the proximal normal vessels of rabbits still remain patent

observed by DSA after heated perfusion.

Using immunohistochemistry, we observed low PCNA protein

expression in tumor cells after heated lipiodol perfusion. Accord-

ing to our PCNA data, treatment with 60uC lipiodol markedly

inhibited tumor growth in the rabbits with VX2 carcinomas

compared to those treated with 37uC lipiodol.

It has been reported that tumor angiogenesis inhibition

enhances anti-tumor efficacy [25]. Because anoxemic tumor cells

have been shown to be more sensitive to heat than normal cells

[26,27] and the heated lipiodol can destroy the tumor capillary

bed, the heated lipiodol can be detained in the tumor, and heat

can be distributed to the neogenetic capillaries of the entire tumor.

Theoretically, more heat can penetrate into the extracellular space

of tumor cells to achieve an increased therapeutic effect. The

longer tumor capillaries remained in the range of 43uC to 45uC,

the more curative effect the heat had on tumor tissues, and then

result in the inhibition of tumor angiogenesis and tumor cells’

growth.

Limitations
Although we attempted to apply a percutaneous mathematical

temperature recorder for monitoring, we were unable to

accurately measure the temperature of the heated lipiodol in the

entire tumor. The viscosity change of lipiodol with increased

temperature and the impact of viscosity change on tumor such as

biodistribution altering were not evaluated in our study, but will be

addressed in future studies.

Figure 2. Expression of PCNA protein. As detected through immunohistochemistry, PCNA protein expression was detected mainly in viable VX2
tumor cells (brown; A, control 4006; B, treated 4006).
doi:10.1371/journal.pone.0061583.g002

Table 1. Comparisons of PCNA protein levels between
groups after perfusion.

Group PCNA protein levels

0 1+ 2+ 3+

Control (37uC; n = 10)
Treated (60uC; n = 10)

0
0

4
8

3
2

3
0

PCNA: control vs. treated group, P = 0.047.
doi:10.1371/journal.pone.0061583.t001
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VX2 tumor is well known to develop necrosis which may alter

the neovascularization rate, so in this study we selected VX2

tumors (14 days after implantation) for experimental treatment,

because the VX2 tumors in this phase have a comparatively large

tumor volume but small tumor necrosis and therefore have less

effect on the neovascularization rate [10,28].

Conclusions

Effectively inhibiting tumor angiogenesis after TACE has

been a research topic for some time. In this study, we found

that decreased VEGF and VEGFR protein levels may be

attributable to tumor angiogenesis inhibition in rabbits with

VX2 cancer after arterial heated lipiodol infusion, but the

clinical benefits of this approach need further evaluation, such

as lipiodol viscosity change and biodistribution altering with

Figure 3. Expression of VEGFR and VEGF protein and mRNA levels. The relative changes in VEGFR or VEGF protein and mRNA levels in tumor
tissue were detected after treatment in each group (n = 10). A and B. VEGFR and VEGF mRNA expression levels were evaluated using real-time
quantitative PCR as described in the Materials and Methods section. C and D. VEGFR and VEGF protein levels were detected using Western blot
analysis (upper panel). b-actin was detected as a loading control. VEGFR and VEGF expression levels were quantified through densitometry and
plotted as the fold change (lower panel). The values are presented as the mean6SD of 3 independent experiments (* P,0.05 vs. control group).
doi:10.1371/journal.pone.0061583.g003
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increased temperature and so on, should be considered. Thus,

this study could ultimately facilitate preclinical research, and we

believe that heated lipiodol injection may effectively treat

advanced or recurrent HCCs.
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