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Abstract. Hepatocellular carcinoma (HCC) is one of the 
most critical global health issues. Potential curative therapies, 
including surgical resection, are offered to only a limited 
number of patients. Therefore, new and effective treatment 
strategies are required. Recently, radiotherapy with hypoxic 
radiosensitizers has shown promise in cancer therapy. Our 
previous study demonstrated that radiosensitization produced 
by etanidazole and paclitaxel was additive in vitro. This study 
was carried out to determine the synergistic effect of the two 
drugs in murine HCC H22 cell xenograft-bearing BALB/c 
mice in vivo. The morphology of the transplanted tumors was 
observed. The drug content in the blood and tumors of mice 
was measured by high-performance liquid chromatography. 
The radiosensitizing effect on H22 cell xenograft‑bearing 
mice was evaluated in terms of tumor growth inhibition and 
survival. Expression of hypoxia inducible factor-1α (HIF-1α) 
was studied using immunohistochemistry. The morphological 
consequences on the H22 xenografts were consistent with the 
pathological characteristics of HCC. There was no significant 
difference in drug content in the blood and tumors between 
single drug and combination administration. The combina-
tion of the two drugs improved the radiosensitizing effect 
in vivo compared to single drug administration in an animal 
model. The changes in HIF-1α expression indirectly verified 
the above-mentioned results. This study may provide a new 
combination of radiosensitizers for HCC radiotherapy.

Introduction

Hepatocellular carcinoma (HCC) is one of the critical global 
health issues. As indicated in cancer statistics, HCC is the 
sixth most common type of tumor worldwide, but due to its 
poor prognosis it ranks as the third most common cause of 
mortality from cancer (1,2). Despite therapeutic advances, 
the overall survival of patients with HCC has not signifi-
cantly improved in the last two decades. Surgical resection, 
radiofrequency ablation (RFA) and percutaneous ethanol 
injection (PEI) are curative treatments; however, they are 
accompanied by high recurrence rates (3-5). Transarterial 
chemoembolization (TACE), the most popular non-surgical 
alternative, is often used as a palliative treatment (6). General 
chemotherapy and radiotherapy offer somewhat unsatisfac-
tory responsiveness. Thus, new therapeutic strategies are 
necessary to combat HCC.

Based on observations from the beginning of the last 
century, it has become well established that solid tumors 
may contain oxygen-deficient hypoxic areas, and that cells in 
such areas may cause tumors to become radioresistant (7,8). 
A substantial amount of data have indicated the presence 
of hypoxia in numerous types of human tumors, including 
HCC. Treating hypoxic tumor cells could involve the specific 
modification of tumor radiosensitivity by the use of chemical 
radiosensitizers. Targeting various physiological character-
istics of the tumor, radiosensitizers are intended to enhance 
tumor cell killing by radiation, while having much less of an 
effect on normal tissues (9,10). Etanidazole, a nitroimidazole 
hypoxic radiosensitizer, has the advantage of lower toxicity at 
gram-level doses administered to patients in order to attain 
tumor concentrations reasonable for radiosensitization (11). 
Paclitaxel is one of the best anti-neoplastic drugs discovered 
in previous decades. A number of studies have confirmed 
the radiosensitizing effect of paclitaxel  (12). Owing to the 
side-effects of radiosensitizers, clinical protocols frequently 
combine these drugs, which exhibit their cytotoxic action at 
various mechanisms. This approach minimizes the overall 
toxicity while enhancing maximal radiosensitization (13). This 
strategy has been used to study the radiosensitizing effect of 
the combination of etanidazole and paclitaxel in our previous 
study. The results indicated that the radiosensitization produced 
by etanidazole and paclitaxel was additive in vitro (14,15).
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This study was carried out to evaluate the radiosensitizing 
effect of the combination of etanidazole and paclitaxel for 
HCC in vivo, using a murine H22-bearing BALB/c model.

Materials and methods

Drugs. Etanidazole was purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Paclitaxel (H20063662, 30 mg/5 ml) 
was from Beijing Sihuan Pharmaceutical Co. Ltd (Beijing, 
China). Etanidazole was dissolved in phosphate-buffered 
saline (PBS; pH 7.4) at a concentration of 10 mg/ml for the 
actual test. A paclitaxel stock solution of 10 µg/ml prepared 
in PBS medium was maintained at -20˚C and thawed for use.

Cell culture. The murine HCC H22 cells were purchased 
from the Experimental Animal Center of the Fourth Military 
Medical University (Xi'an, China). The cells were frozen and 
stored in liquid nitrogen for further use. For experiments, the 
cells were thawed and subcultured in ascites of BALB/c mice. 

Animals. Male BALB/c mice (20±2 g) were supplied by the 
Experimental Animal Center of the Fourth Military Medical 
University. The animals were acclimatized at a temperature of 
25±2˚C and a relative humidity of 70±5% under natural light/dark 
conditions for 1 week prior to dosing. All animal experiments 
were performed under the guidelines of an approved protocol 
from the Committee on the Use of Live Animals in Teaching 
and Research of the Fourth Military Medical University.

Radiation. Radiation was delivered at room temperature 
utilizing a 60Co source (Department of Radiation Medicine, 
Fourth Military Medical University). The dose rate depended 
on the distance from the source. Radiation was delivered at 
266.82 cGy/min for a duration of 1 min 52 sec to produce a 
dose of 5 Gy. Following radiation, animals were maintained 
under standard breeding conditions for 6 months.

Tumor morphology. H22-bearing BALB/c mice were studied. In 
order to establish the murine HCC xenografts, a cell suspension 
(0.2 ml) containing 2x106 H22 cells was inoculated subcuta-
neously into the back of the mice for 12 days. The mice were 
sacrificed by cervical dislocation and tumors were then removed. 
Sections of tumor tissue were fixed in neutral buffered formalin 
and the paraffin sections were prepared for hematoxylin and 
eosin (H&E) histological staining. The photomicrography was 
performed using a Nikon TE2000-S microscope (Japan). 

Drug content in blood and tumors. Drug content in the 
blood and tumors of H22-bearing mice (n=5) was evalu-
ated by high‑performance liquid chromatography (HPLC). 
Etanidazole at 200 mg/kg and/or paclitaxel at 1 mg/kg were 
injected through the tail vein 12 days following inoculation. 
The mice were treated with PBS as the control. Two hours 
following administration, the mice were sacrificed by cervical 
dislocation. Blood was then collected via decapitation and 
tumors were removed. Blood was placed at room temperature 
for 30 min and then centrifuged at 1,000 rpm for 5 min. Blood 
serum was collected.

A total of 200 mg of tumors were homogenized in 3 ml of a 
mixture of acetonitrile: water [50:50, (v/v)] or acetonitrile:water 

[5:95, (v/v)] and centrifuged at 3,000 rpm for 5 min. The super-
natant was taken for analysis of drug content by HPLC.

A total of 200 µl of blood serum were mixed with 1 ml of a 
mixture of acetonitrile:water [50:50, (v/v)] or acetonitrile:water 
[5:95, (v/v)]. The solution containing the drugs was determined 
using HPLC.

The HPLC assay (Agilent 1100 series) for etanidazole and 
paclitaxel was performed on a reverse phase Zorbax® C18 
column. The mobile phases for etanidazole and paclitaxel 
were the mixtures of acetonitrile: water 5:95 and 50:50 (v/v), 
respectively. The mobile phase was delivered at a flow rate of 
1.0 ml/min. Etanidazole and paclitaxel were detected at 324 
and 227 nm, respectively, with a variable wavelength detector. 
The calibration curves for the quantification for etanidazole 
and paclitaxel were linear over the range of a standard concen-
tration between 50 and 100,000  ng/ml with a correlation 
coefficient of R2=0.99 and 1.00.

Radiosensitizing effect in vivo. Animals were randomized 
12 days following inoculation and divided into 8 mice/‌group 
(control, radiation only, etanidazole, paclitaxel, and combination 
of etanidazole and paclitaxel). The administration of drugs and 
radiation were conducted as described above. Radiation was 
performed 2 hours following administration. The mice received 
a single dose of whole-body γ-ray radiation using a 60Co 
source. Mice were monitored daily and all surviving mice were 
sacrificed on day 180. Tumor volumes [(major axis) x (minor 
axis)2x1/2] were measured with a caliper at defined time periods 
for 40 days post-radiation. The tumor inhibition rate (%) was 
calculated using the following formula: (tumor volume of control 
- tumor volume of experiment)/tumor volume of control x100%.

Immunohistochemistry. The expression of hypoxia inducible 
factor-1α (HIF-1α) was determined by immunohistochemistry 
staining. Two days following radiation, H22-bearing mice were 
sacrificed and the tumors were removed. Paraffin‑embedded 
tissue sections at 4 µm were prepared. Tissue sections were 
deparaffinized in xylene and rehydrated in graded alcohols and 
distilled water. Slides were processed for antigen retrieval by a 
standard microwave heating technique in citrate buffer (pH 6.0). 
Endogenous peroxidases were inactivated by immersing the 
sections in 0.3% hydrogen peroxide for 10 min twice. The 
primary polyclonal rabbit antibody reacts specifically with 
mouse HIF-1α (dilution 1:100; Wuhan Boster Biological 
Technology Co. Ltd, China). The sections were incubated 
with the antibody overnight at 4˚C in a humidified chamber. 
Immunodetection was performed using a standard avidin-biotin 
peroxidase technique. The reaction was then developed using 
the Liquid DAB Substrate-Chromogen System. Sections were 
counterstained with Mayer's hematoxylin. Positive staining 
(brown) for HIF-1α proteins was observed predominantly in 
the cytoplasm of cells. More than 1,000 cells in 5-6 various 
high-power fields (x400) were analyzed for each section.

Statistical analysis. Comparisons of the drug content and 
tumor volume were performed using one-way ANOVA. 
Survival studies were analyzed using Kaplan-Meier plots. 
The Chi‑square test was used to compare the positive rate 
of HIF-1α. All analyses were performed using the statistical 
software SPSS10.0.
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Results 

Tumor morphology. The morphological changes of H22 xeno-
grafts are shown in Fig. 1. When treatments were commenced 
on day 12 post-incubation, tumor size was approximately 
0.2 cm3. Macroscopic forms of the tumors were grayish-white 
and soft. In microscopic appearance, the neoplastic cells 
still resembled normal hepatocytes, but the nuclei were large 
and more hyperchromatic. Moreover, the nuclei were more 
prominent than the cytoplasm. This was consistent with the 
pathological characteristics of HCC.

Drug content in blood and tumors. Drug content in the blood 
and tumors of H22-bearing mice 2 h after intravenous admin-
istration is shown in Fig. 2. For etanidazole and paclitaxel, 
there was no significant difference in drug content in the 
blood or tumors between treatment with either drug alone or 
combination treatment. Etanidazole content in the blood was 
56.7±4.1 and 60.5±3.8 µg/ml for treatment with etanidazole 
alone and combination treatment, respectively. Etanidazole 
content in the tumors was 30.2±3.3 µg/m and 35.6±5.1 µg/g for 
treatment with etanidazole alone and combination treatment, 
respectively. Paclitaxel content in the blood was 336.9±7.8 and 
229.5±8.4  ng/ml for treatment with paclitaxel alone and 
combination treatment, respectively. Paclitaxel content in the 
tumors was 168.7±6.9 ng/m and 201.3±10.4 ng/g for treatment 
with paclitaxel alone and combination treatment, respectively.

Radiosensitizing effect in vivo. To assess the radiosensitizing 
effect in vivo, etanidazole and/or paclitaxel were injected through 
the tail vein of H22-bearing mice at clinically relevant doses. 
Following administration, the mice were exposed to radiation at 
5 Gy. Tumor regression was observed in treated mice (Fig. 3). 

It clearly shows that the combination of the two drugs had the 
greatest regressional effect on the tumor burden in all groups. 
Forty days following radiation, the tumor inhibition rates (%) 
were 19.2, 33.9, 54.8 and 61.6% for radiation only, etanidazole, 
paclitaxel, and combination therapy, respectively. In addition, 
there was a significant difference in the survival rate for these 
treatments. Observable even up to 180 days, the animals displayed 
0, 0, 0, 12.5 and 25.0% survival rates for control, radiation only, 
etanidazole, paclitaxel, and combination therapy, respectively. 
The median survival times were 31.0±8.5, 55.0±3.5, 56.0±7.1, 
89.0±7.1 and 108.0±31.1 days for the control, radiation only, etan-
idazole, paclitaxel, and combination therapy, respectively (Fig. 4).

Immunohistochemistry. The expression of HIF-1α in H22 xeno-
grafts was demonstrated immunohistochemically by positive 
cytoplasmic staining (Fig. 5). Its expression was observed in 
all samples and the percentages of positively stained cells were 
63.7, 49.2, 43.6, 24.3 and 13.6% for the control, radiation only, 
etanidazole, paclitaxel, and combination therapy, respectively. 
HIF-1α expression in the treated groups was significantly 
lower than in the control group. Moreover, HIF-1α expression 
in the paclitaxel and combination groups was lower than in the 
radiation only and etanidazole-treated groups.

Discussion

Although the development of imaging modalities has made the 
early diagnosis of HCC possible, surgically resectable cases are 
relatively rare owing to a hepatic function reserve and/or an 
advanced stage at presentation. Several modalities, including 
RFA, PEI, TACE and microwave coagulation therapy (MCT) 
reportedly aid the treatment of patients with unresectable disease. 
However, unfortunately, it is effective only on limited occasions. 

Figure 1. (A) A mouse bearing an H22 xenograft. The tumor nodule is indicated by the red arrow. (B) The tumor was retrieved. (C) Tumor tissue H&E stain, x400. 

  A   B   C

Figure 2. Drug content in the blood and tumors 2 h following intravenous administration. (A) Etanidazole. (B) Paclitaxel. 

  A   B
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Therefore, intensive research efforts have been directed toward 
the identification of novel treatment strategies for HCC.

Radiotherapy technology has evolved markedly over 
the past decade, and radiation is capable of being precisely 
delivered, thereby permitting higher doses to the tumor and 
reduced doses to surrounding normal tissues. There has been 
increasing interest in the merits of radiotherapy in HCC over 
the past few years. Radiotherapy has been used as the definitive 
therapy with curative intent in early stage tumors. It has also 
been used in combination with TACE for intermediate stage 
tumors. In locally advanced tumors, radiotherapy has been 
combined with systemic agents, including chemotherapeutic 
drugs and hypoxic radiosensitizers (16-18). Certain studies 
have shown promising survival outcomes. Our previous study 
indicated that the combination of etanidazole and paclitaxel 
had a synergetic radiosensitizing effect on MCF-7 and HeLa 
cells in vitro (14,15). Based on these findings, we therefore 
investigated the efficacy of the combination of the two drugs 
in vivo for overcoming HCC.

In the present study, the morphology of H22 xenografts in 
macroscopic and microscopic forms displayed HCC charac-
teristics. This demonstrates that the transplantation of tumors 

was successfully carried out, and lays the foundation for 
further study.

The HPLC assay was used to determine drug content in 
blood and tumors of mice bearing H22 xenografts. Our results 
indicated that there was no significant difference in content of 
the two drugs between treatment with either drug alone or in 
combination. This eliminated the effect of the difference in 
drug content on therapeutic efficacy.

To understand the synergistic radiosensitizing effect of the 
two drugs in vivo, a survival assay was performed. Overall, 
the combination of the two drugs exhibited an improved thera-
peutic profile in terms of tumor growth inhibition and survival, 
compared to single drug administration in animal models. 

Figure 3. Anti-tumor effects (in terms of tumor growth) of PBS (control), 
radiation only, etanidazole, paclitaxel, and combination of paclitaxel and 
etanidazole. PBS, phosphate-buffered saline.

Figure 4. Survival studies of mice bearing H22 xenografts. Survival curves 
were derived from groups of eight animals each. Open circle, control; open 
triangle, radiation only; open diamond, etanidazole; open square, paclitaxel; 
closed circle, combination of paclitaxel and etanidazole. 

Figure 5. Expression of HIF-1α proteins in H22 cell-derived tumor nodules 
following treatment. (A) Immunohistochemical staining, x400. (B) Positive 
rate of HIF-1α in various groups. (*P<0.05 vs. control, **P<0.05 vs. radiation 
only and etanidazole).

A

  B
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Clearly, the treatment with etanidazole and/or paclitaxel resulted 
in more significant tumor regression than radiation therapy 
alone. The effect of paclitaxel was more significant than that of 
etanidazole at these administered doses. These data demonstrate 
that the combination of the two drugs has a synergistic effect. 
These results are consistent with our previous study in vitro. The 
lifespan of H22-bearing mice treated with radiosensitizers was 
significantly longer than the control and mice treated with radia-
tion only. Animals treated with a combination of the two drugs 
exhibited the longest lifespan in all the groups and had a mark-
edly improved survival rate. Therefore, the co-administration 
of the two drugs may result in a beneficial gain in HCC radio-
therapy. However, complete tumor regression was not observed. 
This suggests that the administration dose may be modified to 
produce an improved radiosensitizing effect in future studies.

HIF-1 is as a key transcriptional mediator of the hypoxic 
response in tumor cells, regulating the expression of a myriad 
of genes involved in oxygen transport, glucose uptake, and 
glycolysis and angiogenesis. The overexpression of HIF-1 
is observed in the zones of avascularity and hypoxia of most 
tumors. As a significant marker, HIF-1 expression increases 
with hypoxic level in tumor location (19,20). Therefore, it may 
indirectly represent the number of hypoxic cells. This study 
indicated that treatment with etanidazole and/or paclitaxel 
resulted in a decrease in the number of hypoxic cells and that a 
combined treatment was most significant. It further verified the 
results of the survival assay.

In brief, this study demonstrates the efficacy of radiosen-
sitization by the combination of etanidazole and paclitaxel 
in vivo for HCC. The data suggest the possibility of its clinical 
application. However, to date, there is no report that the radio-
sensitizing effect of the combination is additive clinically. 
Therefore, well-designed prospective studies are strongly 
recommended to provide evidence of the true efficacy.

In conclusion, etanidazole and paclitaxel demonstrated the 
ability to radiosensitize the HCC cells in vivo. The radiosensi-
tizing effect produced by the two drugs was additive when they 
were administered together at clinically relevant concentrations. 
This study may provide a new combination of drugs for HCC 
radiotherapy, although further clinical studies are required 
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