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Abstract: Background: lodine 125 (**°l) seed irradiation is an effective non-surgical treatment for unresectable
hepatocellular carcinoma (HCC) patients. However, the safety and tolerability of '°| seed sequential irradiation
therapy remain unclear, there is no unified standard of brachytherapy radiation dose, and further study on the ba-
sic radiobiology of continuous rate irradiation is necessary. Methods: Forty Kunming-mice (KM-mice, China) were
injected with suspensions of human hepatocellular carcinoma cells (H22) to create an animal model and mimic
125] seed implantation. The survival rates of mice, curative effect, pathological impairments including apoptosis and
necrosis were investigated. The mice were randomly divided into four groups, A, B, C and D. In group A, 0.78 mCi %9
seeds were implanted into the tumor focus. In groups B and C, 0.58 mCi and 0.38 mCi 1?°| seeds were inserted at
the same location, respectively. Group D was a control group, without any treatment. After 28 days of therapy, the
survival rates and the tumor size were measured, and pathological impairments was measured by light or electron
microscopy. Results: The tumor volume inhibition rate was 68.21% + 3.21%, 51.38% + 4.96%, and 35.71% + 2.79%
after 0.78 mCi, 0.58 mCi, and 0.38 mCi *?°| seeds irradiation, respectively. However, radiation-related side effects
were also observed in the high-dose group. Pathological results showed that radiation effect was closely associ-
ated with radiation dose, as the increase of radiation dose, an increase in apoptosis and necrosis was detected.
Significant cellular impairments were noted by pathological analysis under electron microscopy. Conclusions: Our
results demonstrate that the Kunming-mouse is an ideal animal to study *?°I brachytherapy, and the curative effect
was closely associated with radiation dose. High-dose of brachytherapy may effectively increase apoptosis and ne-
crosis in liver cells in KM-mice. A dose of 0.58 mCi *?°| radioactive particles may be a safe, effective and minimally
invasive therapeutic option for liver cancer.
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Introduction

Hepatocellular carcinoma (HCC), the predomi-
nant form of primary liver cancer, is the third
leading cause of global cancer deaths [1], with
a dismal overall 5-year survival rate of only 5%
is achieved, and the incidence and mortality
continue to increase [2]. The difficulty of early
diagnosis, the aggressive behaviors of HCC,
and the poor effectiveness of conventional
therapy, represent the reasons for the quite
similar deaths per year and incidence number.
Considering the fact that the diagnosis of HCC
typically occurs in the advanced stages of the

disease when the therapeutic options have only
modest efficacy, the development of novel
approaches for unresectable and non-trans-
plantable HCC patients is therefore warranted.
External-beam radiotherapy (EBRT) is one of
the most common non-surgical approaches for
the treatment of localized hepatocellular carci-
noma [3]. Although technology advances in
radiation oncology have rapidly expanded radio-
therapy accuracy and precision to all parts of
the body, however, EBRT requires high doses of
irradiation for efficacy [4], and some complica-
tions occurs, such as radiation damages to the
tissue around the tumor. Besides, the very
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radioresponsive organs surrounding the liver
adversely affect the dose of radiation used to
target the tumor on radiation treatment [5]. As
a result, brachytherapy has been introduced as
a new promising approach for the treatment of
unresectable HCC to maximize local dose and
minimize irradiation of the surrounding normal
tissue [6, 7].

Brachytherapy is a form of radiotherapy in
which sealed sources of radioactive material
are inserted permanently into body cavities or
directly into tumors. Recently, 25| seed implan-
tation, an efficient brachytherapy technique,
has attracted increasing attention because of
its specific advantages: 1) percutaneous
implantation under the guidance of ultrasound
or CT; 2) effective irradiation dose applied in a
single procedure; 3) reduced radiation injury
outside the target tumor; 4) extending the dura-
tion of killing tumor [8, 9]. Because of its ability
to offer high precision, little trauma, strong
lethality, and fewer complications, *?°| radioac-
tive seed implantation has been widely applied
in clinical practice for tumor treatment, such as
prostate carcinoma [10], pancreatic cancer
[14], recurrent colorectal cancer [12], head and
neck carcinoma [13], and others [14-16].
However, the treatment of unresectable HCC
with *25| radioactive seed implantation has not
been widely applied in clinical practice, and the
treatment effect and radiobiological effect of
continuous rate irradiation has not been in-
depth study. Therefore, further study on the
basic radiobiology of continuous different dose
rate irradiation is necessary, particularly to pro-
vide further clinical direction. Establishing a
valuable animal model can help to find a meth-
od to overcome its complications. In the pres-
ent study, A KM-mouse model was used to
simulate HCC interstitial brachytherapy, and
aimed to study the curative effect and cell-
based radiation damage that was caused by
125 The HCC model was exposed to '?°| seeds
at different doses of irradiation, and Kkilling
effect of tumor tissue in vivo were observed to
reveal the radiobiological mechanism of 25|
radioactive seed irradiation.

Materials and methods
Radiation source and reagents

Brachytherapy seeds iodine-125 (*?°l) and the
125 seed implantation instrument were pur-
chased from Ningbo Junan Pharmaceutical
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Technology Company (Ningbo, China). A single
seed is 0.84 mm in diameter, 4.5 mm long;
three different apparent radioactivities were
included: 0.38 mCi/seed, 0.58 mCi/seed and
0.78 mCi/seed, and the half life were 59.43
days. The *?°| seeds were selected randomly for
activity testing to confirm the seed container
integrity and apparent activity of the seeds.

Establishment of the animal models

All the animal experiments were approved by
the Ethics Committee of Laboratory Animals of
Tumor Hospital of Guangxi Medical University.
Fifty female KM-mice (age, 4-6 weeks; weight,
18.0-20.0 g) were used for the experiment. The
animals were provided and raised by the
Medical Animal Test Center of Guangxi Medical
University (China). The animals were acclima-
tized for at least 48 h before experimentation,
and fed with a standard diet. This study was
carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes
of Health of China (document number 55,
2001) and the Animal Experiment Ethics
Review of Guangxi Medical University.

In this study, for preparation of H22 tumor cell
suspension, the H22 tumor cells were injected
into the KM-mice abdominal cavity to culture.
Human H22 hepatocellular carcinoma cell lines
were obtained from the American Type Culture
Collection (Manassas, VA). Following implanta-
tion, the carcinomatous ascites developed rap-
idly. In order to reduce the potential difference
of tumor growth, H22 tumor cell suspension
was obtained from the same tumor donor
mouse. The suspension was mechanically
homogenized, and finally, the viable cells were
adjusted to a concentration of 7 x 10° cells/ml.

To establish an animal model, 0.2 ml H22
tumor cell suspension was subcutaneously
injection at the right axillary space using an
18G needle. With B-ultrasound monitoring the
inoculated position of each mouse, we chose
the mice with only one tumor implanted in the
armpit of right forelimb. Treatments were start-
ed after 14-16 days of the implantation. The
mice with tumor diameter of ~1.0 cm were
selected and this day was designated as “Day
0.

Grouping and *2°| seeds irradiation

Of the 50 mice, 40 (in which the tumor diame-
ter reached 1.0 cm) were randomly divided into
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Figure 1. Antitumor effects of different activities of 12°| seed brachytherapy on H22 tumor-bearing mice after in-
serted administration; A. Tumor specimens; B. Tumor volume; C. Tumor weight; D. Body weight. *P < 0.05, tumor
volume was statistically significant difference between four groups; **P < 0.01, tumor weight was statistically
significant difference between four groups; #P = 0.42, the body weight of mice in different groups did not show
significant difference.

4 groups, with 10 mice in each group. The mice ume, A is the tumor measurement at the lon-
were treated with B-ultrasound-guided %%l seed gest point and B is the tumor dimension at the
brachytherapy at different doses. The mice in widest diameter. The tumor inhibit rate was cal-
group A were treated with 0.78 mCi, the mice in culated by the formula: R = (V1-V2)/V1 x 100%.
group B and group C were treated with 0.58 Where V1 is the average tumor volume of con-
mCi and 0.38 mCi, respectively. The mice in the trol group, V2 is the average tumor volume of
group D (control group) were not treated. All treatment group. Each animal was weighed at
brachytherapy seeds were inserted into the the time of administration. At 28 days after
same location. implantation, the mice were sacrificed after
anesthetized and the tumor mass was harvest
Physical condition assessment of model ani- and weighed, and made for pathological
mals assessment.
All mice were labeled and continuous observed Pathological assessment
in 28 days, the numbers of live mice in each
group were record, and reactions of tumors and After 28 days of treatment, the mice were sac-
its surrounding skin were noted. The tumors rificed after anesthetized by cervical disloca-
were measured every 4 days with calipers dur- tion method and varied indexes were observed.
ing the period of study, and the tumor volume Two experienced researchers (Qing-Hong Qin
and tumor inhibit rate were calculated. The and Bai-Sha Huang) conducted an assessment
tumor volume was calculated by the following with the naked eye on the extent of the tumor
formula: V = (A x B?)/2, where V is tumor vol- and adjacent tissue, and changes in the skin
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Figure 2. Histopathology of 1%5| implanted HCC cancer (x 100). Representative HE stained sections from the 0.78
mCi (A), 0.58 mCi (B), 0.38 mCi (C) and O mCi (D) groups 28 days after *?°| seed implantation were prepared as
described in the materials and methods section.

tissue. Histopathological examination included
cross-sectional assessed by transmission-type
electron microscope and light microscope. For
each sample, tumor tissues were divided into
two portions, one was fixed in 2.5% glutaralde-
hyde, and then a histological slice (thickness of
< 0.1 ym) was made to observe under a trans-
mission-type electron microscope (JEM-1200
EX, JEOL Company, Japan). The other tumor tis-
sue was stained with hematoxylin and eosin
(H&E), with a slice thickness of 5 um, where the
researchers used a light microscope to assess
the pathological impairments of tumor tissue.

Data analysis

Standard statistical software (SPSS version
16.0; SPSS, Inc., Chicago, IL, USA) was used for
data analysis. The data were reported as
means * standard deviation (SD). Statistical
significance was analyzed using the analysis of
variance (ANOVA). Differences between experi-
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mental groups were considered significant
when the P-value was less than 0.05 (P < 0.05).

Results

Survival rate of tumor-bearing mice after dif-
ferent dose rate irradiation

Data showed that tumor-killing effects were
related to dose rate. In the 0.78 mCi group
(group A), only 70% of mice (7 cases) survived
after 28 days, while those of 1%l seed 0.58 mCi
and 0.38 mCi dose rate irradiation were both
90% (9 cases). In the control group that did not
receive any treatment, only 50% of mice (5
cases) survived. The tumor-bearing mice of
control group were mainly died of Chest wall,
lung metastasis and cachexia caused by malig-
nant ascites, while mice in treatment group
were did not found any signs of metastasis.
Some mice in group A exhibited signs of pain
and sickness. Hair loss in the right front leg and
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clumsy tail movement were observed in two
mice from group A, while the other groups of
animals did not appear significant side effects.

In vivo anti-tumor effect of %%/

Tumor volume and weight are important indica-
tors for evaluating antitumor efficacy of the dif-
ferent therapy regimens. As shown in Figure 1,
the variation on tumor volume and body weight
with different administration were monitored
and recorded respectively. Figure 1A shows the
tumor size of different groups. Figure 1B shows
the tumor volume has no obvious differences
between the treatment group and control group
after 4 days of treatment. However, after 12
days of treatment, tumor growth in control
group was significantly faster than the treat-
ment groups. Moreover, the antitumor efficacy
of 0.78 mCi dose group was significantly higher
than that of 0.58 mCi dose and 0.38 mCi dose
group (P < 0.05). Moreover, the results show
that the tumor volume inhibition rate was
68.21% + 3.21%, 51.38% + 4.96% and 35.71%
+ 2.79% after 0.78 mCi, 0.58 mCi and 0.38 mCi
125] seeds irradiation, respectively, indicating
the dose-dependent antitumor efficacy in vivo
(P < 0.05). To quantitatively evaluate the tumor
regression effect of 2% brachytherapy, the
excised tumor of sacrificed mice were weighed.
In accordance with the results of tumor volume,
the tumor weight of mice after treatment with
high-dose rate irradiation was 1.49 + 0.13 g,
which was significantly smaller than that of
moderate-dose (2.18 + 0.32 g) and low-dose
(2.94 + 0.29 g), as show in Figure 1C (P < 0.01),
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respectively. The body weights of mice were
monitored as an index of systemic toxicity, and
the body weight variations of mice was shown
in Figure 1D. During the experiment period, the
body weight of mice treated with different dose
rate irradiation did not show significant differ-
ence (P = 0.42), displaying a significantly lower
systematic toxicity. Overall, these results indi-
cated that 25| brachytherapy could generate a
synergistic antitumor efficacy in vivo and
reduce the systematic toxicity in murine HCC
model.

Histopathology of HCC after 1% seed implanta-
tion

Representative HE sections were obtained
from the 0.78 mCi (Figure 2A), 0.58 mCi (Figure
2B), 0.38 mCi (Figure 2C) and O mCi (Figure
2D) groups 28 d after ?° seed implantation. In
the 0.78 mCi and 0.58 mCi groups, a large area
of coagulative necrosis was observed around
the 19| seed. Significant necrosis was noted in
the area that I~2 mm away from the particle
source, and cell structures were obviously dam-
aged. Small-area of necrosis was also found in
3~5 mm distance, and it was characterized by
chronic inflammatory-cell infiltration and incre-
ased histologic reaction. However, the necrosis
and growth inhibition in cancer cells were more
obvious in 0.78 mCi group than in 0.58 mCi
group. In the 0.38 mCi group, significant necro-
sis was not noted under the microscope, and
the morphological structure remained in nor-
mal condition as well. In the control group,
there were no significant necrotic or damaged
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regions, full view of tumor cells were observed
in the tumor tissue, the tumor cells were dense-
ly arranged in a disorderly fashion, with large,
darkly stained nuclei with obvious fission.
These suggested that 12°] seed implantation
caused the necrosis and growth inhibition of
cancer cells and enlargement of irradiation
dose could enhance the beneficial effect.

Electron microscopic observations

Electron microscopy (EM) was performed for
subcellular identification. Under the electrical
microscope, cytopathological changed obvi-
ously, cellular organelles were unclear, obvious
impairment was found for most organelles.
There were many apoptotic cells in tumors that
treated with 0.78 mCi irradiation, some of
apoptotic cells appear as different changes of
cell apoptosis such as cell shrinking, nucleus
concentrating and fragmentation, chromatin
concentrated and multiple cytoplasm swelled,
as show in Figure 3A. Some apoptotic cells also
appear as nuclear chromatin dissolved disap-
pear, and only a small amount of heterochro-
matin scattered in the edge of the nuclear
membrane, and there are a large number of
dark cells and multiple apoptotic body being
swallowed (Figure 3B). In the tumor cells of
group B and C, the nucleus was irregular, some
tumor cells broke apart and disappeared, seed-
less circular corpuscles were observed, organ-
elles’ structure was unclear, the mitochondria
intumesced a little and the lysosome increased
(Figure 3C and 3D). Under low maghnification,
there were many apoptotic cells scattered dis-
tribution between integral tumor cells. The cells
of control group are very tumor cells in appear-
ance, with integral nuclear membrane, and
chromatin evenly distributed, and there were a
little of apoptosis cell (Figure 3E).

Discussion

125] prachytherapy was introduced into radia-
tion therapy since 1970s [17], this method
takes advantage of the simplest physical prop-
erties of radiation, it has resulted in positive
clinical treatment of many tumors, and has
been proven to be effective for the inhibition of
cancer progression [18]. Particularly, 2%l
brachytherapy has become the first choice for
patients with prostate cancer treatment,
because of its less side effects and significant
curative effect, and recently the American
Society for Radiation Oncology (ASTRO) further
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standardizes the %%l particles for the treatment
of prostate cancer [19]. Nevertheless, com-
pared with springing up of *?°| radioactive seeds
interstitial implantation, the application in the
treatment of hepatocellular carcinoma notably
absent, and the radiobiological effect of 2%
seed low dose rate irradiation remains unclear.
In the present study, we successfully estab-
lished a Kunming-mouse model to study the
radiobiological effect and pathological impair-
ments induced by interstitial implantation of
125] seeds in HCC. In this study, all the geomet-
ric data related with radiation dosimetry were
measured and calculated carefully, which guar-
anteed the radiation accuracy for this whole
research. After 28 days of follow-up, the sur-
vival rate of mice in treatment group is signifi-
cantly higher than the control group. The tumor-
bearing mice of control group were mainly died
of chest wall, lung metastasis and cachexia
caused by malignant ascites, while mice in
treatment group were did not found any signs
of metastasis, suggesting that 2% brachythera-
py is a useful and safe treatment. Different
doses of 25| seed implantation could effective-
ly decreased tumor volume, while the treating
effect in the 0.78 mCi group was more obvious
than the other groups.

125| prachytherapy irradiation creates a radiat-
ed area around the seeds in a columnar or
round shape, depending on the type of seed
used and the generating power [20]. This novel
technique ensures protracted cell killing over a
period of several months via targeted delivery
of high-dose radiation. However, similar to
other thermal methods, such as external-beam
radiotherapy for local tumor treatment, tumor
size and the different shapes and characteris-
tics of the tumors significantly affects the out-
come of the procedure [21, 22]. In the present
study, our results revealed that the therapeutic
effect of 1?°] seed implantation in tumors with
different shapes was discrepant, regardless of
the similar tumor size. Those approximately
spherical tumors was significantly inhibited,
while tumors with irregular shape, such as long
and narrow and flat type, the tissue close
around the radioactive particles were obvious
necrosis, but residual tumor tissue is often
observed at the tumor margin, since the shape
of the brachytherapy region is not round.
Studies have shown that around a single |
particles, cell apoptosis rate could fell sharply
from 100% to 0% only a few millimeters dis-
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tance [23]. Thus, when 2°| radioactive particles
was applied to tumor treatment, the spatial
location of radioactive particle should be
designed reasonable, in order to ensure uni-
form distribution of dose rate and avoid dose
“cold spots” as much as possible.

Our results indicated that apoptosis may play a
central role regarding the observed Killing
effects when cells were exposed to '?°| seed
irradiation. We analyzed the ratios of apoptosis
and necrosis with H&E staining under a light
microscope. The results showed that the tumor
necrosis rate of 0.78 mCi group was significant-
ly higher than those of 0.58 mCi group and
0.38 mCi group, which indicates that high-dose
irradiation therapy increases the tumor necro-
sis rate, which is in agreement with the fact
that cancer treatment is more effective at 0.78
mCi group. However, the mice exhibited behav-
ioral signs of radiation damages, as the dose
enhanced gradually. Some mice in 0.78 mCi
group exhibited signs of pain and sickness. Hair
loss in the right front leg and clumsy tail move-
ment were observed in two mice from group A.
That may be explaining that why the survival
rate in group A lower than that in group B and
group C.

Electron-microscopic observation gave us fur-
ther and deep understanding about the extent
of pathological impairments. Our results dem-
onstrated that the ratios of apoptosis and
necrosis in H22 cells increased significantly as
the dose of radiation increased. Similar irradia-
tion-induced apoptosis patterns were also
observed in the other cancer cell lines [24].
Radiation works by directly damaging the DNA
content of tumor cells and producing free radi-
cals, which further damage the tumor cell DNA
[25]. This can lead to immediate cell death or
cause mutations. Therefore, the *23| irradiation-
induced apoptosis is a key mechanism underly-
ing the therapeutic effect of 2% seed implanta-
tion in HCC. It was reported that vascular fibro-
sis and closure is a second mechanism of radi-
ation injury [26]. Obvious cellular organelles
impairment was found in the area closely
around particle sources, and the morphological
structure of cells remained in normal condition
as well in the distance of 3 ~ 5 mm away from
the particle sources. Our results indicated that
suitable dosage of 1?°| seed brachytherapy is a
safe, minimally invasive and promising thera-
peutic option for liver cancer due to the eradi-
cation of local tumor cells.
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In summary, our study successfully establishes
the Kunming-mouse HCC model and provides a
beneficial exploration of radiobiology of contin-
uous different dose %l seed irradiation in the
treatment of HCC. 2% seed implantation effec-
tively inhibited tumor growth and reduced
tumor volume, and the dose and duration of
brachytherapy requires careful calculation. 12
irradiation-induced apoptosis is the key mecha-
nisms underlying the therapeutic effect of 12°|
seed implantation. Although many issues
remain to be addressed, we believe that, with
further development of fundamental research,
the application of *?°| seed implantation in clini-
cal practice will continue to be improved.
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