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A B S T R A C T

Objective: This study aimed to analyze the effects of transcatheter arterial embolization (TAE) combined with
portal venous embolization (PVE) on the expression of MMP-2 in residual VX2 liver tumor tissues, liver function
and non-embolic lobe regeneration.
Methods: A total of 72 rabbits were randomly divided into Sham, TAE, PVE and TAE þ PVE groups (n ¼ 18/
group). The tissue samples from each group were taken at 6 h, 3 days and 7 days after interventional operation,
respectively. MMP-2 expression was detected by immunohistochemistry, Real-time PCR, and Western-blotting.
The main indicators (such as AST, ATL, and TBIL) of liver function and the volume of non-embolized hepatic
lobes were measured in each group after operation. One-way ANOVA and Kruskal-wallis method were used for
statistical analysis.
Results: The expression of MMP-2 mRNA and protein remained the highest in the Sham group, and the expression
of MMP-2 mRNA and protein in TAE, PVE and TAE þ PVE groups were successively increased, and the expression
of MMP-2 in TAE þ PVE group was always significantly higher than TAE group. The AST and ALT levels in each
group on day 7 after operation showed a significant declination, and all groups have recovered to the preoperative
baseline level and TBIL has a slight fluctuation in each group after operation with no statistical difference. On day
7 after operation, the increasing volume of non-embolized liver lobes in TAE þ PVE group showed a more sig-
nificant effect than those in PVE group, but there was no statistical significance (37.62 � 1.54 ml VS 36.18 � 1.15
ml, P ¼ 0.881), and its volume was significantly higher than those in the sham group (27.03 � 1.11 ml).
Conclusion: TAE þ PVE is considered to be an efficient and safe approach for treating rabbit VX2 liver trans-
plantation tumor, but the expression of MMP-2 increased fastest after TAE þ PVE, which might promote tumor
cell invasion and metastasis.
Introduction

In recent years, the incidence of both metastatic hepatic cancer
(MHC) and primary hepatic cancer (PHC) has been similar in China.1

Tumor resection and liver transplantation are still recommended as pri-
mary methods for treating hepatic tumors potentially.2–4 However, the
resection rate of liver cancer remains less than 20%.5 Transcatheter
arterial embolization/chemoembolization (TAE/TACE) and portal
venous embolization (PVE) are complementary methods for treating
advanced liver cancer.6,7 Theoretically, there are anastomotic branches
between hepatic artery and portal venous, and the TAE combines with
PVE to completely block the blood supply of the tumor area, producing a
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more hypoxic environment than TAE alone.8 Therefore, the effect of
ischemic and hypoxic environment produced by TAE when combined
with PVE on tumor cell invasion needs further elucidation. In clinical
practice, the serum level of Matrix metalloproteinase (MMP)-2 has long
been an important reference for judging the prognosis of liver cancer.9

Rabbit VX2 liver cancer can also express a variety of MMPs. So, it is
considered as a suitable animal model for studying the expression of
MMPs.10

Based on the above background, in order to further understand the
invasiveness of tumor cells after TAEþ PVE, this study established a VX2
liver tumor model to explore the effect of local hypoxic environment
caused due to TAE þ PVE on the expression of MMP-2 in residual cancer
Lv).
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tissues. Future liver remnant (FLR) and liver function were also observed.

Materials and methods

Animals models

New Zealand white rabbits weighing 2.5–3.0 kg (regardless of sex)
were purchased from the Experimental Animal Center of Anhui Provin-
cial Hospital. After induction of general anesthesia with an intravenous
injection of 2.0 ml/kg of chloral hydrate, a longitudinal incision under
the xiphoid process was made to expose the left inner lobe of the liver.
Firstly, an 18-gauge puncture needle (Hakko, Nagano, Japan) was used to
puncture the liver lobe with a depth of 10 mm. The needle core was then
used to push into the three VX2 tumor fragments (Hongshun Biotech-
nology Co., Ltd. Shanghai, China) with a volume of 0.5 mm3. Next, a
gelatin sponge strip (Alicon, Hang zhoiu, China) with a size of 2 mm*2
mm*5 mm was used to block the puncture passage. Finally, the incision
was sutured. On day 14 after implantation, intrahepatic tumors were
identified by 3.0T magnetic resonance imaging (Magnetom Avanto,
Siemens Medical Solution, Erlangen, Germany). Animal models with a
tumor diameter of 1–2 cm, single lesion, with rich blood supply and no
extrahepatic metastases were selected for the study.

Grouping design

A total of 72 rabbits with VX2 liver tumor were divided into 4 groups
of Sham, TAE, PVE and TAEþ PVE groups, with 18 in each group. On day
15 after implantation, TAE and PVE were performed. In the Sham and
TAE groups, normal saline solution was used as embolic material in PVE
operation, and these are regarded as placebo. In the Sham and PVE
groups, normal saline solution was also used during operation by TAE. In
the TAE þ PVE group, the specific operation conducted was described in
the following paragraph. Animals in each group were euthanized at 6 h, 3
days and 7 days after interventional operation. The regions of residual
tumor tissues sampling were located in the adjacent area of VX2 tumor
margin and normal liver tissues, which were harvested for further
analysis.

Magnetic resonance Imaging

The self-made plastic device was used for supine fixation after general
anesthesia. The scanning mode included T1WI and T2WI sequences, spin
echo (SE) sequence was used in T1WI, and the parameters were as fol-
lows: repetition time/echo time (TR/TE) ¼ 540 MS/7.1 MS, layer
thickness was 4.0 mm, spacing was 1.0 mm, visual field was 14 cm � 14
cm, matrix was 352 � 192, NEX was 4, imaging time was 90 s. Fast spin
echo (FSE) sequence was used in T2WI, and the parameters were as
follows: TR/TE ¼ 3180 MS/86.7 MS, layer thickness was 4.0 mm,
spacing was 1.0 mm, visual field was 14� 14 cm, matrix was 320 � 256,
NEX was 4, imaging time was 90s. After adjusting the parameters, a DWI
scan was performed. The echo-planar imaging (EPI) sequence was used in
diffusion-weighted imaging (DWI). The B value was 0 and 300 s/mm2,
TR/TE ¼ 3000 ms/76.6 MS, field of view (FOV) was 20 � 15, excitation
times was 8, and scan time was 45 s. gadolinium-diethylenetriamine
penta-acetic acid (Gd-DTPA, 1 ml/kg) was used as a contrast agent for
enhanced scanning. The scanning was initiated 15 s after intravenous
injection of Gd-DTPA. T1WI, T2WI and DWI images were obtained
directly after the inspection, and ADC images were obtained after post-
processing by workstation software.

TAE and PVE procedures

TAE and PVE were performed under the guidance of digital subtrac-
tion angiography (DSA). For TAE, the rabbits were fixed on the operating
table in supine position after inducing general anesthesia, and the skin at
the right femoral artery was cut open to bluntly separate the right
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femoral artery, followed by introduction of a 4F-Cobra catheter (Boston
Scientific, USA). After celiac arteriography with 4F-Cobra catheter, a
2.6F coaxial catheter system (Terumo, Tokyo, Japan) was advanced into
the left hepatic artery. Next, for defining the position of the catheter,
superliquid iodine-oil (Laboratoire Andre Guerbet, France) was slowly
injected at a dose of tumor’s maximum diameter (cm) multiplied by 0.2
ml. The end point of embolization was the left hepatic artery contrast
agent stagnation without iodized oil reflux. For PVE, the preoperative
preparation was similar as described above, and the hilum of the liver
was exposed through a subxiphoid incision. A self-made puncture needle
was used to directly puncture the external segment of portal vein and
introduced a 2.6 F coaxial catheter system (Terumo, Tokyo, Japan) into
the left branch of portal vein. After portal portography with a micro-
catheter, the portal vein branches of the hepatic lobe in which the tumor
was located were embolized with 150–350μm PVA particles (Hang Zhou,
Alicon, Pharm SCI&TEC, Co., Ltd., Hang zhoiu, China). The end point of
embolization was the disappearance of portal vein branches during
repeat angiography. The contrast agent used in the operation was
iodoxanol injection (Heng Rui, Pharmaceutical, Co., Ltd., Lian yungang,
China).

Immunohistochemistry

After the rabbits were euthanized by anesthetic overdose, both the
residual tumor tissues and the adjacent normal liver tissues were har-
vested, immobilized in neutral formalin and then embedded in paraffin.
The paraffin wax blocks were cut into 4 μm thick pieces, and then antigen
repair was performed. After 0.01 mol/L sodium citrate buffer (pH6.0)
was heated in a microwave oven and brought to boil, the tissue chip was
placed in it. Next, immunohistochemical staining of paraffin sections was
performed. Fresh 3% H2O2 was prepared with distilled water or PBS. It
was sealed at room temperature for 5–10 min and washed thrice with
distilled water to eliminate the activity of endogenous peroxidase. A
suitable proportion of diluted anti-MMP-2 (Bioss) was added to the tissue
sections and incubated at 4 �C overnight. The sections were then incu-
bated with secondary antibody at 37 �C for 10–30 min. Finally, Strep-
tomyces ovalbumin labeled with horseradish enzyme was dripped and
incubated at 37 �C for 10–30 min. After washing with PBS, DAB (Regal)
substrate was used to observe the binding reactions.

MMP-2 immunohistochemical staining was evaluated by two pa-
thologists in a blinded manner under a light microscope (EVOS). Five
high-power fields ( � 400) were randomly selected to count the positive
cells, in which 0 indicates no positive cells or only a few cells; 1 indicates
number of positive cells was less than 25%; 2 indicates number of posi-
tive cells was less than 50%; 3 indicates number of positive cells was less
than 75% and 4 indicates number of positive cells was more than 75%;
and 0 point for no coloring, 1 point for light yellow, 2 points for tan, and 3
points for dark brown. The final point was obtained by multiplying the
result of the first point with the second point, and the results were
classified into 4 grades: negative (points�2); weakly positive (2< points
�4); positive (4 <point�6); and strongly positive (point > 6).

Real-time PCR

Real-time PCR (Thermo, PIKOREAL 96) was performed to measure
the expression of MMP-2 mRNA. The total RNA was isolated from the
tissues using TRIzol (Invitrogen) reagent, and then cDNA was used for
reverse transcription. Fluorescence quantitative PCR reaction was per-
formed in accordance with the conventional amplification process by
referring to the kit (QuantiFast SyBr Green PCR kit, Qiagen). The forward
primer of MMP-2 was 5 0-ATG ACA TCA AGG GCA TTC AA-30, and the
reverse primer was 50-ACG ATG TCC TGT GTG CAG AT-3’. The forward
primer of GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was 5
0-CAC CCA CTC CTC TAC CTT CG -30, and the reverse primer was 50- TGC
TGT AGC CAA ATT CGT TG -3’. The experimental procedures were
carried out according to the instructions of the kit. The Ct values of the
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target gene and the caregiver gene were obtained through real-time
fluorescence curve. The expression of the MMP-2 mRNA was quanti-
fied using 2-△△Ct method relatively.

Western-blotting

Western blot analysis was performed to measure the relative
expression of MMP-2 at the protein level. A total of 100 mg of tumor
tissue from each group was grinded and 1 ml of RIPA cell lysate was
added and centrifuged at 12,000 RPM for 10min. After that, equal
amounts of protein were separated by SDS-PAGE, transferred, and then
blocked using 5% BCA. Next, the membrane was incubated with anti-
MMP-2 antibody (Bioss, dilution:1/300) for overnight at 4 �C. Next,
the membranes were incubated with Horseradish peroxidase (HPR) and
conjugated with secondary antibodies for 2 h at room temperature. The
ECL western blotting substrate (Promega, Madison, WI, USA) was used to
visualize the protein band signals and Image J software (Beijing
Kechuang Ruixin bio-gel imaging system) was used to quantify the
relative gray-scale value.

Blood tests

The blood samples were collected from the ear veins and stored in
anticoagulant tubes. The plasma levels of alanine aminotransferase
Fig. 1. (a) The general features of rabbit VX2 liver tumor and tumor specimen secti
tumor after TAE (c) and PVE (d).
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(ALT), aspartate aminotransferase (AST) and total bilirubin (TBIL) were
measured for 1 h before operation, 6 h, 3d and 7d after operation by the
laboratory department of Anhui Provincial Hospital.
Volume of nonembolized liver lobes

For determining the levels of liver hypertrophy, the volume of non-
embolized liver lobes (liver right lobes and caudate lobe) were measured
after euthanasia by water displacement method.11 The liver samples
were placed in a beaker containing normal saline at 37 �C, and the vol-
ume of the liver was calculated by the height difference of water surface.
Statistical analysis

Statistical analysis was performed using SPSS version 20.0 (SPSS Inc.
Chicago, IL, USA), and GraphPad Prism 6 (GraphPad software, Inc., La
Jolla, CA, USA). Continuous variables were presented as mean � stan-
dard deviation (SD). Qualitative data were expressed as the frequencies
and percentages. One-way ANOVA method was used for comparison of
continuous variables, and Kruskal-wallis method was used for qualitative
data. P values of less than 0.05 were considered to be statistically
significant.
on. (b) The T2WI axial fat suppressed imaging. DSA features of rabbit VX2 liver
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Results

Establishment of animal model and interventional operation

A total of 72 rabbits were randomly selected by successfully estab-
lishing the animal models from the experiment. After day 14 of tumor
implantation, all the tumors were located in the left inner lobe of the
liver, and are spherical in shape (Fig. 1a). The part that protrudes from
the liver surface appeared gray-white with transparent capsule and hard
texture. The yellow-white necrotic tissue was seen in the center of the
section, which was surrounded with a vigorous and uneven thickness of
fish-like tissue (Fig. 1a). MRI confirmed the tumor characteristics before
operation, and the results showed that the liver signal was decreased and
the tumor was still in the middle, whereas high signal in T2WI fat sup-
pressed imaging (Fig. 1b, white arrow). DSA showed that the left hepatic
artery was thicker than that of the right hepatic artery, the tumor nour-
ishing vessels were irregular and distorted, and the parenchymal tumor
was stained obviously with uneven internal staining. Some models
showed “blood pool” signs. Obvious tumor staining was observed after
slow injection of super liquid iodine oil into the target vessels (Fig. 1c).
The portal vein angiography showed clear and complete secondary to
tertiary branches, and were in the shape of inverted roots. The signs of
portal vein compression deformation were visible in the liver lobe at the
tumor location, which was more obscure than the opposite branches.
After PVE, the branch ends of the portal vein were truncated, and the
blood flow of the non-embolized branch remained normal (Fig. 1d).
Table 1
The positive and strong positive number of MMP-2 immunohistochemistry in
each group.

Time Sham (18) TAE (18) PVE (18) TAE þ PVE (18)

6 h 6 (100%) 1 (16.7%) 4 (66.7%) 4 (66.7%)
3d 6 (100%) 3 (50.0%) 5 (83.3%) 5 (83.3%)
7d 6 (100%) 4 (66.7%) 5 (83.3%) 6 (100%)
Immunohistochemical analysis of MMP-2 in postoperative residual tumor
area

Immunohistochemical staining showed that MMP-2 was widely
expressed in the cytoplasm of residual tumor, in the extracellular space of
the tumor and in the adjacent extracellular space of normal liver, while
the expression of MMP-2 was rare in the distant normal liver tissues and
in the center of tumor necrosis (Fig. 2a). Compared with sham group, the
positive expression rates of TAE, PVE, TAE þ PVE in different groups at
the same time windowwere not completely equal (Table 1). The P values
of statistical analysis were less than 0.05 (p ¼ 0.032 in 6 h group, p ¼
0.045 in 3d group and p ¼ 0.030 in 7d group). The positive expression
Fig. 2a. MMP-2 immunohistochemical patho
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rates of PVE and TAE þ PVE groups were significantly higher than those
of TAE group.

Detection of the relative expression of MMP-2 mRNA in each group by RT-
PCR

The MMP-2 mRNA expression level of the sham group remained the
highest at all time points, and that of TAE, PVE and TAE þ PVE groups
was increased successively in a time-dependent manner. The relative
expression of MMP-2mRNA in TAEþ PVE group was significantly higher
than that of TAE group at different postoperative time points with sta-
tistical significance (Fig. 2b).

Detection of relative expression of MMP-2 protein in each group by
Western-blotting

At any time point, the MMP-2 protein expression level of the sham
group demonstrated to be the highest, and that of TAE, PVE and TAE þ
PVE groups was successively increased in a time-dependent manner.
Electrophoretic bands for some groups were shown in Fig. 2c. The rela-
tive expression of MMP-2 protein in TAE þ PVE group was significantly
higher than that of TAE group at all time points (Fig. 2d). After operation,
the relative expression of MMP-2 protein in TAE group was significantly
decreased, but the difference between TAE group and TAE þ PVE group
was gradually narrowed with prolonged time period, and there was a
tendency to return to the level of the sham group.

The effect of operation on the physiological state of the liver

There was no statistical difference in the main indexes of liver func-
tion (AST, ALT, and TBIL) in each group before operation. In the sham
logical picture after operation ( � 200).



Fig. 2b. The relative expression of MMP-2 mRNA at three time points (##-P<0.01; N.S-not significant).

Fig. 2c. MMP-2 protein electrophoresis bands.

Fig. 2d. The relative expression of MMP-2 protein at three time points
(#-P<0.05; ##-P<0.01; N.S-not significant).
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group, there was no significant fluctuation in the indexes of liver function
at each time point. Six hours after operation, the AST and ALT levels were
significantly increased in each group (Fig. 3a and Fig. 3b), and the in-
dexes of transaminase in TAE þ PVE group and PVE group were signif-
icantly higher than those in TAE and sham groups (P < 0.05). With
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prolongation of time, the transaminase index in each group was
decreased gradually, and the transaminase level was significantly drop-
ped on the day 7 after operation. There was no significant fluctuation in
the serum bilirubin level in each group after operation (Fig. 3c). After
selective hepatic artery and selective portal vein embolization, the left
lobe of the liver was completely embolized, while the right lobe and
caudate lobe of the liver were non-embolized. The volume of non-
embolized liver lobe was increased rapidly in TAE þ PVE group and
PVE group, while no significant change was observed in TAE group and
sham group (Fig. 3d). On day 3 after operation, TAE þ PVE group and
PVE group had statistical significance when compared with TAE group,
while TAE þ PVE group demonstrated no statistical significance when
compared with PVE group. On day 7 after operation, TAE þ PVE group
and PVE group still maintained a high growth rate of non-embolized liver
lobe, and the TAEþ PVE group was slightly higher than the PVE group (P
< 0.05).

Discussion

TAE/TACE can selectively block the tumor nourishing artery to
killing the tumor cells.12,13 PVE can compensate hyperplasia of
non-embolized liver lobes and provide sufficient liver function reserve
for surgical resection.14 Previous studies have suggested that liver cancer
receive dual blood supply, in which the hepatic arterial blood supply acts
as the main source of tumors, while portal vein mainly supplies the
surrounding tissues of the tumors.15,16 Early animal studies also showed
that with the growth of liver tumors, blood supply from the hepatic artery
increases and that from the portal vein decreases, but the portal vein still
exists around the tumor.17 Based on the complex hemodynamic charac-
teristics of liver tumors, both TAE and PVE are regarded as inadequate
when used alone. Because of the balance between hepatic artery blood
flow and portal vein blood flow, the portal vein blood flow can be
increased by feedback after TAE alone, and this might be the main source
of nutrition for growth of residual cancer cells.18 Compared with hepatic
artery, portal vein contains more pro-cell growth substances, such as
hepatocyte growth factor (HGF), epidermal growth factor (EGF), insulin,
etc., which in turn can guide normal hepatocyte proliferation and also
increase the risk of progression of potential tumor cells in the
non-embolized liver lobes.19–21 Overall, TAE þ PVE can maximize the
cutting off of tumor blood supply and reduce the possibility of tumor
spread via the portal vein theoretically.

Indeed, clinical studies have shown that TAE/TACE combined with



Fig. 3. The trend of AST(a), ALT (b) and TBIL(c) in each group after operation. (d)The trend of nonembolized liver lobes volume increase in each group
after operation.
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PVE demonstrated a high survival rate than TAE/TACE alone or PVE
combined with surgical resection for HCC.22,23 However, some clinical
reports have confirmed that liver tumor recurrence and metastasis can
still be observed after TAE/TACEþ PVE.5,24,25 To investigate the changes
of invasion of residual cancer cells after TAE combined with PVE, MMP-2
was used as a measurement index and a preliminary experimental study
was conducted by establishing a rabbit VX2 liver transplantation tumor
model. MMP-2 is secreted in zymogen form, and is activated to type IV
collagenase form. This in turn degrades the extracellular matrix and
basement membrane, providing the tumor cells to infiltrate the sur-
rounding tissues through basement membrane penetration, ultimately
leading to cells invasion and migration.26 Ottino P believes that hypoxic
microenvironment caused by rapid growth of malignant tumors might
induce the expression of MMP-2.27 Recent study also found that MMP-2
is believed to activate ERK and JNK signaling pathways and promote
tumor cell migration and invasion.28 This study found that the expression
of MMP-2 was significantly lower in each group after TAE at different
time points than in the sham group. This concluded that most of the
proliferating cells were killed after TAE, and the number of relatively
active tumor cells was reduced, resulting in decreased macro-MMP-2
expression. The expression of MMP-2 in PVE group was also lower
than those of the control group, but the effect remained weaker than that
of TAE group. The reason for this might be that most of the parenchymal
areas of the tumors were supplied by hepatic artery, and PVE alone could
not kill the tumor cells completely. Compared with TAEþ PVE group, the
expression of MMP-2 in TAE þ PVE group was lower than that in sham
group, but was significantly higher than that in TAE group. RT-PCR
showed that the relative expression of TAE þ PVE group was always
higher than that in TAE group. Although the difference between the two
groups was decreased with time, there still remained a significant dif-
ference between the two groups until 7 days after operation (1.077 �
0.065VS 0.238 � 0.052, P < 0.01). Western-blotting results showed that
the protein synthesis of MMP-2 was similar to that of mRNA. On day 7
after operation, the protein synthesis of TAE þ PVE group was close to
that of sham group (0.598� 0.031 VS 0.650� 0.039, P< 0.05). It can be
seen that the harsh hypoxic environment after combined embolization
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promotes significant expression of MMP-2 in VX2 residual cancer cells.
In addition, PVE group and TAE þ PVE group showed obvious ad-

vantages of promoting compensatory proliferation of non-embolized
liver lobes. The results showed that FLR increased rapidly in PVE
group and TAE þ PVE group after operation. There was no significant
difference in volume change between the two groups on day 3 after
operation, but it was significantly higher than that of TAE group and
sham group. On day 7 after operation, combined embolization showed a
more significant effect than simple portal vein embolization, but no
statistical significance was observed (37.62 � 1.54 ml VS 36.18 � 1.15
ml, P ¼ 0.881), and its volume was significantly higher than that
observed in the sham group (27.03 � 1.11 ml). Previous studies have
reported29,30 that TACE combined with PVE better regulates the
expression of liver cytokines than PVE alone, promoting the regeneration
of liver cells. The results of this study might be related to this mechanism.

In terms of safety, except the sham group, the transaminases in other
groups were significantly increased after operation, especially in TAE þ
PVE group and PVE group. The possible reason for this was that the
normal liver tissues were supplied by portal vein. The liver function
damage after portal vein embolization was more serious than that after
simple hepatic artery embolization, and the extreme phenomenon of
complete necrosis of liver tissues was observed in combined emboliza-
tion. Therefore, the AST and ALT levels were increased more than ten
times at 6 h after operation. However, the transaminase levels in each
group on day 7 after surgery showed a significant declination, and the
levels were recovered to the preoperative baseline levels. In terms of
TBIL, there was a slight fluctuation in each group after surgery, but no
statistical difference was found, and generally remained stable. This
experiment ensured a high survival rate of rabbits after operation
without using hepatic protective agents, indicating that the combined
embolization is reliable and safe.

This study did not use chemotherapy drugs, and the main purpose of
this study is to exclude the interference of tumor cells caused by
chemotherapy drugs, and only observe the interference of ischemia and
hypoxia on tumor cell physiology. In further research, the use of
chemotherapeutic drugs and even targeted anti-angiogenesis drugs
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should be planned in the treatment, as closer clinical treatment methods
of combined embolization controls the progression of tumors, promotes
the balance between hepatic lobe proliferation and provides inspiration
for the choice of interventional therapy to a certain extent.

Conclusions

TAE þ PVE is an efficient and safe choice for treating VX2 liver
transplantation tumor in rabbits, but the expression of MMP-2 increased
fastest after TAE þ PVE, and it quickly recovered and even exceeded the
expression level before operation, which might promote tumor cell in-
vasion and metastasis. In addition, TAE þ PVE is not worse than PVE
alone in increasing the FLR.
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