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Zoledronic acid inhibits infiltration of tumor-associated
macrophages and angiogenesis following transcatheter arterial
chemoembolization in rat hepatocellular carcinoma models
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Abstract. Hepatic transcatheter arterial chemoembolization
(TACE), a minimally invasive procedure to block the blood
supply of tumors and release of cytotoxic agents, is preferen-
tially applied to patients with hepatocellular carcinoma (HCC)
who are not able to receive radical treatments. However, the
long-term effects of TACE are unsatisfactory, as the microen-
vironment following procedure stimulates tumor angiogenesis,
which promotes recurrence and metastasis of residual tumors.
Tumor associated macrophages (TAMs) have been revealed
to stimulate tumor growth and angiogenesis associated with
poor prognosis in HCC. The present study focused on the
changes in TAMs following TACE, and explored the effects
of TACE in combination with the TAM inhibitor zoledronic
acid (ZA) in rat HCC models. Orthotropic HCC rats were
divided into three groups: Sham TACE, TACE alone and
TACE combined with ZA treatment. At 7 or 14 days following
TACE, tumor growth was evaluated by magnetic resonance
imaging (MRI). Infiltration of TAMs was assessed by histo-
logical analysis and flow cytometry. Tumor angiogenesis was
measured as the mean vessel density, and initial slope was
calculated from dynamic contrast enhancement MRI. Local
and systemic levels of vascular endothelial growth factor
(VEGF) were determined by western blotting or an ELISA,
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respectively. The results revealed that TACE inhibited tumor
growth at 7 days following the procedure, but this inhibition
was attenuated at 14 days following the procedure compared
with the sham TACE control. If combined with ZA treatment,
TACE exhibited a stable inhibition effect on tumor growth
until the end of observation. Investigation of the underlying
mechanisms demonstrated that TACE combined with ZA
treatment inhibited infiltration of F4/80 positive TAMs and
tumor angiogenesis compared with the TACE alone group at
14 days following the procedure. Additionally, the combina-
tion treatment significantly inhibited secretion of VEGF in
the present models. In conclusion, ZA treatment enhanced
the effects of TACE through inhibiting TAM infiltration and
tumor angiogenesis in rat HCC models.

Introduction

Prognosis of hepatocellular carcinoma (HCC), a hypervascular
cancer, remains poor due to early recurrence and metastasis
following treatment (1). It has become the second leading cause
of cancer-associated mortality worldwide (2,3). Asia accounts
for ~80% of newly developing HCC cases globally (4). The
majority of patients with HCC are at the intermediate or
advanced stage when diagnosed, and are therefore not amenable
to curative resection or transplantation (4). Consequently,
hepatic transcatheter arterial chemoembolization (TACE),
a minimally invasive procedure to block the blood supply
of tumors and release of cytotoxic agents, is recommended
to patients who cannot undergo surgical resection or local
ablation (5-7). Although TACE prior to curative treatment
may induce tumor necrosis in certain patients, the long-term
effects of TACE are unsatisfactory and survival benefits from
this procedure remain controversial (8,9). TACE induces
significant tumor necrosis and severe hypoxia (10-12). Local
tissue and plasma exhibit an increased number of angiogenic
factors following TACE (13,14). Such a microenvironment tilts
the balance toward stimulatory angiogenesis, which acceler-
ates recurrence and metastasis of residual tumors following
TACE (13,14). Therefore, therapeutic strategies for inhibiting
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local angiogenesis may improve the outcome of patients with
HCC treated with TACE.

Tumor infiltrating cells, including the majority of
macrophages, are considered to perform a pivotal role in
remodulation of tumor microenvironments (15-17). Clinical
and epidemiological evidence has indicated that the occurrence
and promotion of HCC are accompanied by these inflamma-
tory cells (15-17). Tumor associated macrophages (TAMs),
a primary subset of tumor infiltrating cells, may stimulate
tumor growth and angiogenesis as M2 polarization through
the expression of cytokines, chemokines, growth factors, and
matrix metalloproteases (18,19). A high density of TAMs was
associated with more microvessels and poor prognosis in the
majority of types of tumors, including HCC (20-24). However,
few studies have investigated the behavior of TAMs in HCC
following TACE. The present study focused on the changes in
TAMs following TACE, and explored the effects of combina-
tion with the TAM inhibitor zoledronic acid (ZA) in rat HCC
models.

Materials and methods

Rat HCC models. All Sprague-Dawley rats (male; age,
10-14 weeks; body weight, 230+15 g) were obtained from the
Animal Experimental Center of Nanjing Medical University
(Nanjing, China). The rats were maintained under specific
pathogen-free conditions and were fed with sterilized rodent
diet and water ad libitum. A total of 1x10° Walker-256 cells
(Shanghai Institute of Cell Biology, Chinese Academy of
Sciences, Shanghai, China) per rat were injected into rat
flanks. Rats were sacrificed when tumors grew to 10 mm in
diameter. Tumors were then harvested for implantation into
rat livers. At 12 days following implantation, tumor xenografts
grew to ~7 mm in diameter, and these orthotopic HCC models
were used for subsequent studies (25).

A total of 18 rats were randomly divided into 3 groups
(n=6): A Sham TACE group [sham TACE at day O with a subse-
quent daily intraperitoneal injection (i.p.) of PBS]; a TACE
alone group (TACE at day 0 with a subsequent daily i.p. of
PBS); and a TACE combined with ZA (Norvartis International
AG, Basel, Switzerland) treatment group [TACE at day 0
with a subsequent daily i.p. of ZA solution (100 pg/kg body
weight)]. Rats were sacrificed with carbon dioxide asphyxia-
tion (1 liters/min flow rate of CO, in a 10-liter cage, ~20%
of cage volume of CO, and finally, mortality was ensured by
lack of cardiac pulse) at 7-14 days following TACE. Animal
studies were approved by the Institutional Animal Care and
Use Committee of Nanjing Medical University.

TACE procedure. Through a subxiphoid median incision,
gastroduodenal arteries were inserted retrogradely with 2-F
silicone tubing with a tip located at hepatic artery. Lipidol (0.3
ml; Laboratories Gilbert, Hérouville Saint Clair, France) was
then injected into the rat liver while securing the branches of
the right lobe arteries. Following ligation of gastroduodenal
artery and suture of abdomen, rats were allowed to recover (25).

Immunohistochemical staining. Under light microscope
(Olympus Corporation, Tokyo, Japan; magnification, x40),
implanted HCC tumors obtained from livers following animal
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euthanasia were examined. Tumor samples (~5x5x5 mm?)
were washed (5 min each time for 3 washes) with pre-cooled
PBS and fixed with 4% paraformaldehyde at 4°C for 24 h.
Subsequently, samples were embedded into Tissue-Tek
O.C.T compound (Sakura Finetek USA, Inc., Torrance,
CA, USA) and cut into tissue sections (10-um thick) for
histological analysis. Vessel density of tumor tissues was
assessed by immunohistochemical staining with anti-cluster
of differentiation (CD) 31 antibody (1:200 dilution; Abcam,
Cambridge, UK; cat. no., ab119339). Following overnight
incubation with CD31 antibody at 4°C, sections were incu-
bated with horseradish peroxidase conjugated secondary
antibody (1:1,000 dilution; Abcam; cat no., ab6789) for an
hour at room temperature. Mean vessel density (MVD) was
calculated as previously described (26). Briefly, sections were
scanned using a light microscope (Olympus corporation,
Tokyo, Japan) at a magnification, x40 and the region with
the highest microvascular density (neovascular hotspot) was
identified. This region was counted at a magnification of x200
for microvasculature, highlighted by CD31-positive staining.
Using the same method, TAMs in tumor tissues were detected
by immunohistochemical staining with anti-F4/80 antibody
(1:100 dilution; Abcam; cat. no., abl00790) followed by
Cy3-conjugated secondary antibody (1:500 dilution; Abcam;
cat no. ab6939).

Flow cytometry analysis. Tumor tissues were harvested under
a light microscope (Olympus corporation, Tokyo, Japan;
magnification, x40) and digested with collagenase IV solu-
tion (I mg/ml; Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) at 37°C for 30 min. Isolated cells were filtered
through a nylon mesh and washed with media supplemented
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA). Subsequently, lymphocytes in
tumor tissues were purified using Percoll (Sigma-Aldrich;
Merck KGaA) gradient centrifugation (48,000 x g, 10 min; at
4°C). These tumor infiltrating lymphocytes were stained with
fluorescence-conjugated anti-F4/80 antibody (1:200 dilution;
eBioscience, Inc., San Diego, CA, USA; cat. no., 11-4801)
in the dark for 15 min at room temperatureFlow cytometric
analysis was performed on a FACSCalibur flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA). Data was expressed as
the percentage of F4/80-positive cells in the tumor infiltrating
lymphocyte population.

Measurement by dynamic contrast enhancement-magnetic
resonance imaging (DCE-MRI). MRI (Magnetom avanto;
Siemens AG, Munich, Germany) and image processing (Syngo
MR 2004 Version; Siemens) was used to measure tumor
volume and assess intensity-time curves with dynamic contrast
enhancement. Gadolinium-pentetic acid (Magnevist, Bayer,
Newbury, UK) was applied for enhancement with 0.1 mmol/kg
body weight. T2 weighted images (WIs) were first obtained,
and then a series of dynamic enhancements (25 series in total)
were collected using multi-section T1-weighted fast spoiled
gradient-recalled acquisition. The following parameters were
applied: Repetition time/echo time, 9.58 msec/3.76 msec; flip
angle, 25°; matrix, 192x192; section thickness, 3 mm; number
of signals acquired, 2; and field of view, 75x75 mm. Tumor
volume (V) was calculated based on T2WI:V=(a x b%/3
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(a, long diameter; b, short diameter). Contrast enhance-
ment-time curves were constructed from perfusion image
series. Initial slope (IS; slope of the curve at the time point of
the maximal contrast agent inflow) was calculated according to
the formula IS=max[d(CTC))/dt]. CTC, (curve at the time point
i) was calculated according to the formula CTC,=(1,-1,)/L,. I,
is the signal intensity at perfusion imaging at time point i,
and I, is the signal intensity at the baseline time point. The
time following contrast agent administration is indicated by
t (27,28).

Western blot analysis. Following washing (5 min each time
for 3 washes) with cold PBS, tumor tissues were suspended
with radioimmunoprecipitation assay lysis buffer (Beyotime
Institute of Biotechnology, Shanghai, China; cat. no., P0013)
containing proteinase inhibitors. Tissues were lysed
completely for 30 min on ice, and whole-cell protein extracts
from them were prepared by centrifugation at 12,000 x g
for 20 min at 4°C. Protein concentrations were determined
using enhanced BCA Protein Assay Kit (Beyotime Institute
of Biotechnology; cat. no. PO010) according to the manufac-
turer's protocol. Protein extracts (20 ug protein per lane) were
separated by 10% SDS-PAGE and then transferred to poly-
vinylidene fluoride membranes (EMD Millipore; Billerica,
MA, USA). Membranes were incubated with anti-VEGF
primary antibody (1:400 dilution; Abcam; cat. no., ab53465)
overnight at 4°C. Following washing (5 min each time for
3 washes) with PBS membranes were incubated with horse-
radish peroxidase conjugated secondary antibody (1:5,000
dilution; cat. no., ab6721) for 1 h at room temperature. Bands
were detected by an enhanced chemiluminescence system
(Pierce ECL Western Blotting kit, Thermo Fisher Scientific,
Inc.) The expression level of the proteins were normalized to
B-actin.

ELISA. Following euthanasia, rats underwent laparotomy and
blood samples were drawn from the inferior vena cave prior
to harvest of tumor tissues. Plasma were collected following
centrifugation (1,000 x g for 10 min at 4°C), and levels of
VEGF in them were determined with use of a quantitative rat
VEGF ELISA kit (Abcam; cat. no., abl00786) according to
the manufacturer's protocol. All analyses were performed in
duplicate.

Statistical analysis. Data was presented as the mean + stan-
dard deviation. Significance between groups was evaluated
using two-tailed Student's t-tests, one-way analysis of variance
with the post-hoc test of Student Newman Keuls or Tamhane's
T2, or y* tests as appropriate, with the use of SPSS 11.0 (SPSS,
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Combination of TACE with ZA treatment enhances inhibition
of TACE on tumor growth in rat HCC models. To reveal the
effects of TACE combined with or without ZA treatment in rat
HCC models, MRI was used to evaluate tumor growth until
14 days following TACE. As presented in Fig. 1, the TACE
alone group had reduced tumor volume compared with the
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Figure 1. Tumor volume following TACE in rat HCC models. At 0, 7 and
14 days following the procedure, orthotopic tumor volumes of HCC rats from
the sham TACE, TACE alone and TACE combined with ZA treatment groups
were measured with magnet resonance imaging. The data were expressed
as the mean + standard deviation of three separate experiments. ‘P<0.05 vs.
sham TACE group. TACE, transcatheter arterial chemoembolization; HCC,
hepotocellular carcinoma; ZA, zoledronic acid.

sham TACE group at 7 days subsequent to the procedure
(P<0.05). After 14 days following the procedure, inhibition
of tumor growth of TACE alone group was attenuated, yet no
significant difference in tumor volume was observed between
these two groups (TACE alone vs. sham TACE, P>0.05) If
combined with ZA treatment subsequent to the procedure,
TACE displayed a stable inhibitory effect on tumor growth
until the end of observation (14 days following TACE; P<0.05).
These data indicated that combination with ZA treatment
enhanced TACE-mediated inhibition of tumor growth in rat
HCC models.

ZA inhibits TAM infiltration following TACE. ZA has been
demonstrated to be an inhibitor of TAMs in various tumors.
Therefore, in the present study, TAM infiltration was firstly
examined in the HCC models by immunohistochemical
staining. Histological analysis revealed that compared with
the sham control group, the TACE alone group had more
F4/80-positive TAMs infiltrating orthotopic tumors at 14 days
following the procedure. However, TAM infiltration was
markedly inhibited in the TACE combined with ZA treat-
ment group (Fig. 2A). In addition, quantitative analysis of
isolated tumor infiltrating cells by flow cytometry validated
these findings. The TACE alone group had more TAMs with
positive F4/80 staining compared with the sham TACE group
(percentage of TAMs in tumor infiltrating lymphocytes,
42.2+3.7% vs. 18.5+3.2%; P<0.01). Combination with ZA
treatment significantly inhibited TAM infiltration following
TACE in rat HCC models. The percentage of F4/80-positive
TAMs in tumor infiltrating lymphocytes was reduced by
~60% compared with the TACE alone group (15.7+2.0%;
P<0.01; Fig. 2B and C).

ZA inhibits tumor angiogenesis following TACE. In the subse-
quent studies, MVD and enhanced DCE-MRI were used to
evaluate tumor angiogenesis following TACE in HCC models.
The data revealed that at 14 days following the procedure, the
TACE alone group had significantly increased MVD in tumors
compared with sham TACE group (46.8+5.2% vs. 34.8+3.6%;
P<0.01). However, the TACE combined with ZA treatment
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Figure 2. TAM infiltration in hepatocellular carcinoma tumors following TACE. (A) At 14 days following the procedure, TAMs in tumor tissues from sham
TACE, TACE alone and TACE combined with ZA treatment groups were detected by immunohistochemical staining with anti-F4/80 antibody (magnification,
x40). The figures are representative of three separate experiments. (B) Tumor infiltrating lymphocytes were isolated and stained with fluorescence conjugated
anti-F4/80 antibody. Quantitative analyses were then performed using flow cytometry. The data are expressed as the percentage of F4/80-positive cells in
the tumor infiltrating lymphocyte population. The figures are representative of three separate experiments. (C) Histogram of TAM percentages in tumor
infiltrating lymphocytes by flow cytometry analysis. The data are expressed as the mean =+ standard deviation. "P<0.01. TAMs, tumor associated macrophages.

TACE, transcatheter arterial chemoembolization; ZA, zoledronic acid.

group had inhibited tumor MVD compared with TACE alone
group (24.6+1.8% vs. 46.8+5.2; P<0.01; Fig. 3A and B).

IS is a proportional index of tumor angiogenesis calcu-
lated from DCE-MRI images (21). No significant differences
were observed between the rat models prior to treatment.
At 7 days following procedure, the TACE alone group
showed decreased IS compared with the sham TACE group
(0.57+0.17 vs. 1.53+0.32; P<0.01). The TACE combined with
ZA treatment group showed a more decreased IS (~40%
decrease) compared with the TACE alone group (0.32+0.11
vs. 0.57+0.17; P<0.05). At 14 days following the procedure,
the TACE alone group exhibited restored IS, which was not
significantly different to the sham TACE group (1.42+0.30 vs.
1.46+0.34; P=0.805). However, the group combined with ZA
treatment had decreased IS compared with the TACE alone
group (0.35+0.09 vs. 1.42+0.30; P<0.01), which stabilized at a
comparative level similar to early stage (7 days) following the
procedure (Fig. 3C). These data suggested that combination
with ZA treatment allowed TACE to achieve sustained inhibi-
tion of tumor angiogenesis in rat HCC models.

ZA inhibits secretion of VEGF following TACE. VEGF
is generally considered to be one of the most important
angiogenic factors released by macrophages. In order to
establish whether secretion of VEGF may be affected by

TACE combined with ZA treatment, local and systemic
VEGEF levels were examined in the HCC models at 14 days
following the procedure. Western blot analysis of tumor
tissues revealed that the TACE alone group had notably
increased VEGF expression compared with the sham TACE
group, but expression may be inhibited if combined with ZA
treatment following procedure (Fig. 4A). In addition, ELISA
analysis revealed that the TACE alone group had significantly
increased concentration of VEGF in plasma compared with
the sham TACE group (158.2+16.2 pg/ml vs. 8§7.3+7.0 pg/ml;
P<0.01). TACE combined with ZA treatment group revealed
inhibited VEGF expression in plasma compared with the
TACE alone group (73.8+7.5 pg/ml vs. 158.2+16.2 pg/ml;
P<0.01; Fig. 4B). These data indicated that combination with
ZA treatment inhibited secretion of VEGF following TACE
in rat HCC models.

Discussion

In the clinic, TACE is recommended to patients with
advanced HCC, as it is able to deprive tumor blood supply
that induce severe hypoxia and tumor necrosis (5-7). However,
numerous previous studies have proposed that complete
tumor necrosis is seldom achieved in patients with HCC
following TACE (10,11,29,30). In addition, a few studies
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Figure 3. Tumor angiogenesis following TACE in hepatocellular carcinoma. (A) At 14 days subsequent to the procedure, vessel density of tumor tissues from
various groups, including sham TACE, TACE alone and TACE combined with ZA treatment groups, was assessed by immunohistochemical staining with
anti-CD31 antibody (magnification, x40). The figures are representative of three separate experiments. (B) MVD of tumor tissues was calculated by the method
described in materials and methods. The data were expressed as the mean + standard deviation. "P<0.01. (C) At 7 and 14 days following TACE, MRI was used
to measure intensity-time curves of tumors with dynamic contrast enhancement. IS, a proportional index of tumor angiogenesis, was calculated from MRI
images. The data are expressed as the mean + standard deviation. "P<0.05, “P<0.01. MRI, magnet resonance imaging; IS, initial slope; MVD, mean vessel

density; TACE, transcatheter arterial chemoembolization; ZA, zoledronic acid.

reported biological changes in residual HCC following
TACE (13,14,31). Significantly increased VEGF expression
and more angiogenesis were observed in plasma and residual
tumors (13,14,31). Local hypoxia occurs following establish-
ment of a TACE-induced pro-angiogenic microenvironment,
which weakens the treatment effect of the procedure and
fertilizes residual tumors (13,14,31). This may be one reason
why complete tumor necrosis following TACE is challenging
to achieve. Such a microenvironment may accelerate recur-
rence and metastasis of residual tumors, which leads to failure
of TACE treatment. Therefore, therapeutic strategies for inhib-
iting tumor angiogenesis may improve outcomes of patients
with HCC receiving with TACE treatment.

Hypoxia tumor infiltrating cells were also considered
to serve an important role in modulation of microenviron-
ment (15-17). As a primary subset of tumor infiltrating cells,
TAMs have been implicated in tumor growth and prognosis
in patients with HCC (22,23). In the present study, compared
with the sham control, the TACE alone group exhibited
more F4/80-positive TAMs infiltrating orthotopic tumors at
14 days following the procedure. Characteristics of the micro-
environment following TACE, including local hypoxia and
inflammation, evidently induced TAM infiltration.

ZA is established in the clinic to inhibit bone resorp-
tion, primarily in metastatic tumors (32,33). It may exert
an indirect effect on TAMs in certain types of tumors (34).
Coscia et al (35) applied ZA with a clinically compatible dose
to treat mouse mammary tumors. The results demonstrated
that administration of ZA significantly reduced the number of
TAMs in tumors. Using ZA in liver tumors, Zhang et al (36)
found that it ZA improved the antitumor effects of sorafinib as
a TAM inhibitor. The present data indicated that combination
with ZA treatment enhanced the TACE-induced inhibition of
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Figure 4. Secretion of VEGF following TACE in hepatocellular carcinoma.
(A) At 14 days subsequent to the procedure, VEGF expression of tumor
tissues from sham TACE, TACE alone and TACE combined with ZA treat-
ment groups was analyzed by western blotting. The data are representative
of three separate experiments. (B) At 14 days following the procedure, the
concentration of VEGF in plasma was determined by ELISA analysis. The
data are expressed as the mean + standard deviation. ‘P<0.01. VEGF, vascular
endothelial growth factor; TACE, transcatheter arterial chemoembolization;
ZA, zoledronic acid.
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tumor growth in rat HCC models. Mechanism investigation
demonstrated that ZA significantly inhibited TAM infiltration
following TACE.

TAMs have been reported to facilitate angiogenesis in
non-liver tumors (21,37). In accordance with these findings,
the present data identified that the combination with ZA
treatment enabled sustained inhibition of tumor angiogenesis
following TACE in rat HCC models. In addition, the present
study revealed that ZA treatment inhibits secretion of VEGF
following TACE. VEGF is an important pro-angiogenic factor
released by TAMs, which is involved in the initiation and
remodeling of tumor angiogenesis (34). ZA treatment inhib-
ited tumor angiogenesis following TACE, which was mediated
by VEGEF secreted from TAMs.

In conclusion, combination with ZA treatment enhanced
the effects of TACE through inhibiting TAM infiltration and
tumor angiogenesis following TACE in rat HCC models. It
may serve as a novel therapeutic strategy for improving the
outcomes of TACE treatment in patients with advanced HCC.
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