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Effect of intensity-modulated radiation therapy on 
sciatic nerve injury caused by echinococcosis

Wan-Long Xu1, *, Dilimulati·Aikeremu2, Jun-Gang Sun2, Yan-Jun Zhang2, Jiang-Bo Xu2, 
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Abstract  
Conventional radiotherapy has a good killing effect on femoral echinococcosis. However, the sciatic nerve around the lesion is irreversibly 
damaged owing to bystander effects. Although intensity-modulated radiation therapy shows great advantages for precise dose distribution 
into lesions, it is unknown whether intensity-modulated radiation therapy can perfectly protect the surrounding sciatic nerve on the basis of 
good killing of femoral echinococcosis foci. Therefore, this study comparatively analyzed differences between intensity-modulated radiation 
therapy and conventional radiotherapy on the basis of safety to peripheral nerves. Pure-breed Meriones meridiani with bilateral femoral 
echinococcosis were selected as the research object. Intensity-modulated radiation therapy was used to treat left femoral echinococcosis 
of Meriones meridianus, while conventional radiotherapy was used to treat right femoral echinococcosis of the same Meriones meridianus. 
The total radiation dose was 40 Gy. To understand whether intensity-modulated radiation therapy and conventional radiotherapy can kill 
femoral echinococcosis, trypan blue staining was used to detect pathological changes of bone Echinococcus granulosus and protoscolex 
death after radiotherapy. Additionally, enzyme histochemical staining was utilized to measure acid phosphatase activity in the protoscolex 
after radiotherapy. One week after radiotherapy, the overall structure of echinococcosis in bilateral femurs of Meriones meridiani treated by 
intensity-modulated radiation therapy disappeared. There was no significant difference in the mortality rate of protoscoleces of Echinococcus 
granulosus between the bilateral femurs of Meriones meridiani. Moreover, there was no significant difference in acid phosphatase activity 
in the protoscolex of Echinococcus granulosus between bilateral femurs. To understand the injury of sciatic nerve surrounding the foci of 
femoral echinococcosis caused by intensity-modulated radiation therapy and conventional radiotherapy, the ultrastructure of sciatic nerves 
after radiotherapy was observed by transmission electron microscopy. Additionally, apoptosis of neurons was examined using a terminal-
deoxynucleotidyl transferase-mediated dUTP nick end labeling assay, and expression of Bcl-2 and Bax in sciatic nerve tissue was detected by 
immunohistochemical staining and western blot assay. Our results showed that most neurons in the left sciatic nerve of Meriones meridiani 
with echinococcosis treated by intensity-modulated radiation therapy had reversible injury, and there was no obvious apoptosis. Compared 
with conventional radiotherapy, the number of apoptotic cells and Bax expression in sciatic nerve treated by intensity-modulated radiation 
therapy were significantly decreased, while Bcl-2 expression was significantly increased. Our findings suggest that intensity-modulated 
radiation therapy has the same therapeutic effect on echinococcosis as conventional radiotherapy, and can reduce apoptosis of the sciatic 
nerve around foci caused by radiotherapy. Experiments were approved by the Animal Ethics Committee of People’s Hospital of Xinjiang Uygur 
Autonomous Region, China (Approval No. 20130301A41) on March 1, 2013. 
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Graphical Abstract Intensity-modulated radiation therapy has the same therapeutic 
effect on echinococcosis as conventional radiotherapy, and can reduce 
apoptosis of the sciatic nerve around foci caused by radiotherapy
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Introduction 
Defects in surgical treatment to treat echinococcosis, such 
as the leakage of cyst fluid and hydatid cysts, can cause 
anaphylactic shock or even death. Recurrence rates of 
secondary infection of echinococcosis caused by leakage 
and residue of the protoscolex after operation, as well 
as various serious complications such as residual cavity 
infection and effusion, are as high as 25% (Chen et al., 
2017a, b). Disadvantages of drug treatment include low 
drug concentration in the lesion site, unstable effect, long 
treatment cycle, problems with adherence, and low clinical 
efficiency and cure rates. Indeed, the cure rates of liver 
hydatid and pulmonary hydatid are only approximately 30%, 
and treatment of bone hydatid is mostly ineffective (Monge 
et al., 2017). Application of conventional radiotherapy for 
the treatment of bone echinococcosis has achieved good 
results in killing echinococcosis, and is expected to be the 
best choice in the clinic. However, irreversible radiation 
damage of important nerves around the lesion is often 
caused during radiotherapy and the disability rate is high, 
which hinders use of radiotherapy for bone echinococcosis 
(Xu et al., 2014). Compared with conventional radiotherapy, 
intensity-modulated radiation therapy (IMRT) is an advanced 
and high-precision radiotherapy that makes dose distribution 
more suitable for the target area of the focus, increases the 
dose of the focus, reduces the radiation dose of surrounding 
normal tissues and organs, improves the local control rate 
of the focus, and reduces the incidence of radiation injury of 
surrounding organs. However, it is unknown whether IMRT can 
both ensure good therapeutic effect and perfectly protect the 
surrounding sciatic nerve. To investigate the neurobiological 
safety of IMRT on echinococcosis of Meriones meridiani, 
this study observed the killing effect of IMRT on secondary 
echinococcosis and injury to sciatic nerve using conventional 
radiotherapy as a control. 
 
Materials and Methods 
Animals 
Sixty adult male Meriones meridiani (aged 2–3 months and 
weighing 30.0 ± 6.5 g) were provided by the Institute of 
Experimental Animals of General Hospital of Chinese People’s 
Armed Police Force, China (License No. SYXK (Jing) 2010-
0025). X-ray and computed tomography (CT) examination of 
Meriones meridiani with echinococcosis revealed successful 
inoculation of echinococcosis in the femur. Meriones meridiani 
were housed in individual cages, provided complete feed and 
clean water, and maintained in a hygienic feeding environment 
at 20–23°C and humidity of 40–60%. Experiments were 
approved by the Animal Ethics Committee of People’s Hospital 
of Xinjiang Uygur Autonomous Region, China (Approval No. 
20130301A41) on March 1, 2013. 

Group assignment and radiotherapy intervention
In all Meriones meridiani with bilateral femoral echinococcosis, 
left femoral hydatid lesions were treated with IMRT as 
the IMRT group, and right femoral hydatid lesions were 
treated with conventional radiotherapy as the conventional 
radiotherapy group.

First, the bilateral femoral echinococcosis area of 60 Meriones 
meridiani was determined as the target area of radiotherapy, 
and the surrounding blood vessels, tendons, nerves, and skin 
were deemed areas to be protected. After CT (Cleveland CT 
Factory, Cleveland, OH, USA) and computer-aided precise 
delineation of the radiation target area, and formulation 
of a radiotherapy plan, each Meriones meridianus was 
placed in the fixed mold or body membrane (Shandong 
Bainarui Analytical Instrument Technology Co., Ltd., Jining, 
Shandong Province, China) following inhalation anesthesia. 
According to the radiotherapy plan, IMRT (Xu et al., 2015) was 
performed within 14 days (rest on Saturdays and Sundays). 

Each radiotherapy dose of 4 Gy was administered during ten 
radiotherapy sessions; that is, the total dose was 40 Gy and 
the dose rate was 300 cGy/min.

Specimen collection and processing
One week after radiotherapy, Meriones meridianus with 
echinococcosis treated by IMRT were treated with inhalation 
anesthesia, and then sacrificed by air embolism. Under the 
microscope, cysts of Echinococcus granulosus in bilateral 
femoral bone marrow cavities were taken out. Part of the 
cyst fluid of Echinococcus granulosus was extracted for 
decompression. The remaining protoscoleces of Echinococcus 
granulosus were sucked out together with the cyst fluid, and 
the mixed suspension was divided into sterile polyethylene 
test tubes. Upper and lower edges of the sciatic nerve were 
determined according to the corresponding position of upper 
and lower edges of the focus of bone echinococcosis. After 
removal of the sciatic nerve, upper and lower edges were 
trimmed by 2 mm on each end to ensure that the sciatic nerve 
was located in the radiotherapy segment area. After removal 
from bilateral radiotherapy segments, sciatic nerves were fixed 
with 10% formaldehyde and 2.5% glutaraldehyde and stored 
in liquid nitrogen. After paraffin embedding, 4-μm sections 
were prepared and subjected to hematoxylin-eosin staining. 
Histological changes of the sciatic nerve were observed under 
an optical microscope (Leica, Wetzlar, Germany). 

Trypan blue staining of pathological changes of bone 
Echinococcus granulosus and protoscolex death 
One week after radiotherapy, suspensions of Echinococcus 
granulosus in sterile polyethylene tubes were stained with 
1% trypan blue staining solution (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) for approximately 2 minutes and then 
smeared. The necrosis rate of protoscolex was observed and 
calculated under an inverted microscope (Leica). To judge the 
necrosis rate, trypan blue was used to stain structures of the 
dead protoscolex, as living protoscolex (with intact structure) 
cannot be stained with trypan blue. The necrosis rate (%) was 
equal to: (number of trypan blue stained protoscolex/number 
of all protoscoleces) × 100. 

Enzyme histochemical staining of acid phosphatase activity 
in the protoscolex
Suspensions of the protoscolex of Echinococcus granulosus in 
sterile polyethylene test tubes were dried with a drying device 
and stained using the Gomori method. Glass slides with 
protoscoleces attached were dried with an electric blower. 
The incubation solution was added at room temperature 
(approximately 25°C) for 100 minutes until the color of slices 
was no longer deepened. Next, samples were washed with 
distilled water, followed by 1% glacial acetic acid for 1 minute, 
running water for 1 minute, 1% ammonium sulfide for 1 
minute, and running water for 1 minute. Following staining 
with Nuclear Fast Red for 5 minutes, samples were observed 
under a microscope (Leica). Using a BT-2000 color pathological 
image analysis system (Hubei Botai Electronic Technology 
Co., Ltd., Wuhan, Hubei Province, China), ten visual fields 
were randomly selected from each image to measure average 
optical density. 

Ultrastructure of the sciatic nerve observed by transmission 
electron microscope
One week after radiotherapy, specimens were washed with 
buffer solution and fixed with 2.5% glutaraldehyde for 2 hours, 
followed by 1% osmic acid for 2 hours, and then washed with 
phosphate-buffered saline (PBS). Specimens were dehydrated 
with increasing concentrations of ethanol and acetone, and 
then embedded, dried, incubated at 37°C overnight, and 
sliced into 50 nm-thick sections. Sections were observed 
and photographed with a transmission electron microscope 
(Hitachi, Hokkaido, Japan). 
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TUNEL assay of cell apoptosis of the sciatic nerve after 
radiotherapy 
One week after radiotherapy, paraffin sections of the sciatic 
nerve were immersed in medical xylene solution for 4–5 
minutes and then washed twice with a 1-minute interval. 
Sections were rehydrated in a gradient ethanol solution and 
then incubated with protease solution at 37°C for 20–30 
minutes, followed by cell permeant solution for 6 minutes, 
and washed twice with PBS. After the slides were fully dried, 
50 μL of TUNEL reaction mixture (Boehringer Mannheim, 
Berlin, Germany) were added and incubated at 37°C for 1 
hour, followed by three washes with PBS. After the slides 
were fully dried, peroxidase (Boehringer Mannheim) was 
added and incubated at 37°C for 30 minutes, followed by 
three washes with PBS. Samples were incubated with 100 
μL of diaminobenzidine solution at 15–25°C for 10 minutes, 
rinsed three times with PBS, and stained with hematoxylin. 
Afterwards, samples were visualized with diaminobenzidine 
(Boehringer Mannheim), dehydrated through a graded alcohol 
series, permeabilized with xylene, and mounted with neutral 
resin. Using a BT-2000 color pathological image analysis 
system, ten 20-fold visual fields with the densest apoptotic 
cells were selected in each slice to calculate the cell apoptotic 
index. The apoptotic index (%) was calculated as: average 
absorbance of positive cells × percentage of positive cells (in 
all cells in the visual field).

Immunohistochemical staining of Bcl-2 and Bax expression 
in the sciatic nerve
Using a streptavidin-biotin complex method, paraffin 
sections were dewaxed and hydrated. In accordance with kit 
instructions, sections were incubated with a primary antibody 
rabbit anti-canine Bcl-2 or Bax monoclonal antibody (1:100; 
Santa Cruz Biotechnology) at 4°C for 2 hours, followed by a 
secondary antibody rabbit anti-canine monoclonal antibody 
(1:100; Santa Cruz Biotechnology) at 37°C for 1 hour. Using 
BT-2000 color pathological image analysis system, ten visual 
fields were randomly selected from two areas in each section. 
The positively stained area was measured automatically, and 
the percentage of positively stained area in the visual field 
was calculated.

Western blot assay of Bcl-2 and Bax expression in the sciatic 
nerve 
Cells were lysed with RIPA buffer (Santa Cruz Biotechnology) 
to extract total protein, which was quantified by bicinchoninic 
acid assay. Samples were then transferred onto polyvinylidene 
fluoride membranes, which were blocked with skimmed milk 
[Bright Food (Group) Co., Ltd., Shanghai, China], incubated 
with a primary rabbit anti-mouse monoclonal Bcl-2 or 
Bax antibody (β-actin, 1:2000; Bcl-2 and Bax, 1:200; Santa 
Cruz Biotechnology) at room temperature overnight. After 
washing, membranes were incubated with a secondary 
antibody rat anti-rabbit IgG (1:200; Santa Cruz Biotechnology) 
at room temperature. After washing, bands were visualized 
using an Odyssey Infrared Fluorescent Scan Imaging System 
(Li-Cor, Lincoln, NE, USA). Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as an internal control. 
Membranes were incubated with a chemiluminescence 
substrate and then exposed and developed by X-ray film. 
Images were scanned and saved as computer files. ImageJ 1.63 
software (National Institutes of Health, Bethesda, MD, USA) 
was used to digitize the gray value of each specific band on 
the image. Gray values of Bcl-2 and Bax proteins were divided 
by the gray value of internal control GAPDH to correct for 
differences in total protein. The obtained results represent the 
relative content of Bcl-2 and Bax proteins, which are involved 
in apoptosis of bone Echinococcus granulosus. 

Statistical analysis 
Data were statistically processed by SPSS 19.0 software (IBM, 

Armonk, NY, USA) and expressed as the mean ± SD. Paired t 
test was used to compare means between the two groups, 
and paired χ2 test was used for to compare mortality rates 
between the two groups. A value of P < 0.05 was considered 
statistically significant. 

Results
Quantitative analysis of experimental animals
A total of 60 Meriones meridiani were included in the 
experiment. Left femoral echinococcosis of Meriones 
meridianus was treated with 40 Gy of IMRT, while right 
femoral echinococcosis of the same Meriones meridianus was 
treated with 40 Gy of conventional radiotherapy. Using this 
self-control model, 60 Meriones meridiani were involved in 
the result analysis.

Morphology of radiation area in Meriones meridianus after 
radiotherapy
None of the 60 Meriones meridiani died, but four animals 
exhibited decreased food intake after radiotherapy. There was 
no hair loss, skin necrosis, or ulceration on the IMRT side of 
any animal. Sciatic nerve paralysis occurred in all 60 Meriones 
meridiani on the conventional radiotherapy side with different 
degrees of hair loss, and skin ulcers appeared in three animals; 
neurological symptoms and skin ulcers did not recover before 
animals were sacrificed.

Pathological changes of bone Echinococcus granulosus and 
dead protoscolex after radiotherapy
Damaged protoscolex had a reduced ability to reject trypan 
blue staining, and the protoscoleces were stained blue. Trypan 
blue staining showed that the overall protoscolex structure 
in the bilateral femoral bone disease area disappeared: 
the outline lost its full state and collapsed, the color of the 
protoscolex was turbid, and dark blue was present (Figure 1). 
Mortality rates of protoscoleces on left femoral foci were not 
significantly different between IMRT group (57.71% ± 17.98%) 
and conventional radiotherapy groups (56.85% ± 16.60%) (P > 
0.05). 

Acid phosphatase activity in protoscoleces of Echinococcus 
granulosus in femurs following radiotherapy 
Acid phosphatase is  involved in the absorption and 
transportation of sugar and other substances, as well as the 
metabolism of carbohydrates. Decreased acid phosphatase 
activity affects the uptake of glucose and other nutrients by 
parasites. In addition, acid phosphatase is a marker enzyme 
of lysosomes that reflects their functional state. When cells 
are damaged by radiation, they undergo degeneration and 
necrosis, and the number and activity of lysosomes increase. 
Under these conditions, acid phosphatase activity increases, 
which may lead to increased cell membrane permeability and 
the promotion of organelle decomposition.

When the lysosomal membrane is stable and complete, 
substrates cannot easily penetrate the membrane and acid 
phosphatase activity is weak or inactive. After fixation (and 
under appropriate pH conditions), the membrane itself 
becomes unstable and gradually changes its permeability. At 
this point, the substrate can penetrate and enzyme activity is 
revealed. Acid phosphatase was strongly expressed in bone 
Echinococcus granulosus in left femurs treated with IMRT, 
as indicated by brown and evenly distributed staining, and 
locally agglomerated in the intensively stained area. Succinate 
dehydrogenase was also highly expressed in protoscoleces 
of Echinococcus granulosus in right femurs that received 
conventional radiotherapy. Average optical density of acid 
phosphatase products was 0.8901 ± 0.0977 for left femoral 
foci receiving IMRT, and 0.8992 ± 0.0960 for right femoral foci 
receiving conventional radiotherapy; there was no significant 
difference between the two groups (P > 0.05; Figure 2). 

Research Article
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Figure 1 ｜ Pathological changes of the protoscolex of bone Echinococcus 
granulosus 1 week after radiotherapy (trypan blue staining).  
(A) Pathological changes of the protoscolex of bone Echinococcus granulosus 
after IMRT: The protoscolex of Echinococcus granulosus showed dark 
blue deposition and cell necrosis (arrow). (B) Pathological changes of the 
protoscolex of bone Echinococcus granulosus after conventional radiotherapy: 
The protoscolex of Echinococcus granulosus exhibited dark blue depositions 
and cell necrosis (arrow). Original magnification, 10× (optical microscope). 
IMRT: Intensity-modulated radiation therapy. 

A B A B

Figure 2 ｜ Activity of acid phosphatase in protoscolex 1 week after 
radiotherapy (enzyme histochemical staining). 
(A) Morphology of protoscolex after IMRT: Highly expressed acid phosphatase 
in protoscolex on the left femoral foci (arrow); (B) morphology of protoscolex 
after conventional radiotherapy: Highly expressed acid phosphatase in 
protoscolex on the right femoral foci (arrow). Original magnification, 40× 
(optical microscope). IMRT: Intensity-modulated radiation therapy.

Morphology of sciatic nerve neurons following radiotherapy
Hematoxylin-eosin staining showed that for Meriones 
meridiani with echinococcosis treated by IMRT, most neurons 
in the left sciatic nerve exhibited normal morphology and 
had reversible injury, and apoptotic cells were rare. A small 
number of neurons lost polarity and became triangular, 
and there were lightly stained Nissl bodies, nuclear edema, 
and deviation. In contrast, Meriones meridiani treated with 
conventional radiotherapy commonly exhibited apoptotic cells 
in the right sciatic nerve. Moreover, a large number of neurons 
lost their polar appearance, and Nissl bodies disintegrated 
and disappeared. In addition, pyknosis, karyorrhexis, and 
karyolysis were observed. Some cells exhibited a fuzzy 
structure, dissolved nuclei, and disintegrated nuclear and cell 
membranes (Figure 3). 

Morphology of neurons in the sciatic nerve  
Under the transmission electron microscope, most neurons 
in the left sciatic nerves of Meriones meridiani  with 
echinococcosis (IMRT group) presented normal morphology, 
with intact cell membranes, normal organelles, and basically 
normal nuclei. A few neurons exhibited slightly swollen 
mitochondria. In contrast, neurons of the right sciatic nerves 
of Meriones meridiani with echinococcosis (conventional 
radiotherapy group) exhibited loose cytoplasm, swollen 
mitochondria, broken cristae, and even cavitation. Moreover, 
the rough endoplasmic reticulum of these neurons was 
expanded and degranulated, the space between nuclear 
membranes was widened, and pyknosis and nuclear 
disintegration were visible. Chromatin was condensed 
and agglomerated in the nuclear membrane, which was 
surrounded by crescent-shaped or ring-shaped bodies; in 
addition, apoptotic bodies could be seen (Figure 4).

Cell apoptosis in the sciatic nerve
In the IMRT group, no apoptotic neurons were found in the 
left sciatic nerves of Meriones meridiani with echinococcosis. 
In the conventional radiotherapy group, obvious cell apoptosis 
was observed in the right sciatic nerves of Meriones meridiani 
with echinococcosis (Figure 5). Moreover, the apoptotic 
index was significantly lower in the left sciatic nerve (IMRT 
group, 2.36 ± 0.42%) than the right sciatic nerve (conventional 
radiotherapy group, 86.77 ± 23.12%; P < 0.05).  

Immunoreactivity of Bcl-2 and Bax in the sciatic nerve 
Immunohistochemical staining showed that Bcl-2 protein-
immunoreactive cells (brown, fine, and granular appearance) 
were mainly distributed in the cytoplasm, processes, and 
nuclear membrane of neurons in both groups; nuclei were 
not stained. Bax protein-immunoreactive cells were mainly 
distributed in the cell bodies and processes of neurons, and 
nuclei were lightly stained (Figure 6). Immunohistochemical 
staining results showed that the percentage of Bcl-2-
immunoreactive area in the sciatic nerve was higher in the 

IMRT group compared with the conventional radiotherapy 
group (P < 0.05). Moreover, the percentage of immunoreactive 
area of the pro-apoptotic protein Bax was lower in the IMRT 
group compared with the conventional radiotherapy group (P 
< 0.05; Table 1). 

Expression of apoptosis-related proteins Bcl-2 and Bax in 
the sciatic nerve 
Western blot assay results showed that Bcl-2 protein 
expression was greatly increased and Bax protein expression 
was greatly inhibited in the IMRT group compared with the 
conventional radiotherapy group (Table 1). 

Discussion
The results from this study showed no differences between 
IMRT and conventional radiotherapy with regard to the 
treatment of bone echinococcosis in Meriones meridiani. 
In this study, pure-breed Meriones meridiani with bilateral 
femoral echinococcosis were selected as the research object. 
IMRT was used to treat left femoral echinococcosis of Meriones 
meridianus, while conventional radiotherapy was used to 
treat right femoral echinococcosis of the same Meriones 
meridianus. The total radiation dose was 40 Gy. One week 
after radiotherapy, the overall structure of echinococcosis 
in bilateral femurs of Meriones meridiani treated with IMRT 
disappeared, as indicated by the presence of dark blue 
nuclei and cytoplasm stained with trypan. There was no 
significant difference in mortality rates of the protoscolex 
of Echinococcus granulosus between bilateral femurs of 
Meriones meridiani. Moreover, there was no significant 
difference in acid phosphatase activity in the protoscolex of 
Echinococcus granulosus between bilateral femurs. These 
findings indicate that IMRT and conventional radiotherapy 
could effectively kill femoral Echinococcus granulosus, 
consistent with numerous previous studies. Zhao et al. (2019) 
confirmed that radiotherapy is effective on echinococcosis in 
mice and proved that radiation can damage cell morphological 
structures and elicit cell death and apoptosis at a molecular 
level in hydatid cysts. Xu et al. (2014) used 40-Gy IMRT to treat 
echinococcosis in Meriones meridiani with radiotherapy for 2 
weeks and found that IMRT can destroy the overall structure 
of the protoscolex of Echinococcus granulosus. The succinate 
dehydrogenase activity pathway was implicated in observed 
effects on the protoscolex of Echinococcus granulosus leading 
to death, suggesting that IMRT has a good therapeutic effect 
on secondary echinococcosis in Meriones meridiani. Mao 
et al. (2017) found that radiotherapy is a safe and effective 
method for the treatment of echinococcosis; the results of 
low-dose (30 Gy), moderate-dose (45 Gy), and high-dose (60 
Gy) groups indicated a dose-effect relationship between the 
killing effect of echinococcosis foci and radiation dose. Yuan 
et al. (2016) demonstrated that Echinococcus granulosus cells 
were sensitive to radiotherapy, and irradiation at different 
doses of 10, 20, 40, and 80 Gy indicated that the recurrence 
rate of echinococcosis decreased with increasing radiation 
dose. A clinical study by Ulger et al. (2013) reported that a 
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25-Gy dose of radiation therapy cured patients with sternal 
echinococcosis; notably, pain disappeared 1 year later in 
these patients, and no recurrence was found in multiple CT 
examinations. In contrast to previous studies (Xu et al., 2015, 
2018; Van et al., 2016; Mihmanli et al., 2016.), this study 
compared the left and right sides of Meriones meridiani, which 
significantly improves experimental reliability and makes the 
results more convincing. 

Our experimental results suggest that radiation can activate 
the metabolism of acid phosphatase in protoscoleces of 
Echinococcus granulosus, which alters its participation in the 
absorption and transport of sugars and other substances, as 
well as carbohydrate metabolism, thereby affecting intake 
of glucose and other nutrients by the parasite. Moreover, 
our experimental results showed that the overall structure 
of the protoscolex of bone echinococcosis disappeared. All 
these results occurred because of increased production of 
acid phosphatase (the marker enzyme of lysosomes) after 
radiotherapy, which reflected that the number and function 
of lysosomes increased in echinococcosis cells. Moreover, 
the functional state of lysosomes was significantly improved, 
leading to increased cell membrane permeability, promotion 
of organelle decomposition, and ultimately cell damage, 
degeneration, and necrosis. The results described above 

indicate that IMRT could inhibit the growth of surviving 
protoscoleces in vivo and in vitro, eventually leading to 
parasite death possibly through the acid phosphatase 
pathway; this finding differs from the theory that radiation 
directly kills cells proposed by many scholars (Zhang et al., 
2011; McManus et al., 2012; Xu et al., 2012; Neumayr, 2015; 
Chen et al., 2017a, b). 

Experimental results regarding the biological safety of sciatic 
nerve indicated that 60 Meriones meridiani had symptoms of 
sciatic nerve paralysis on the that side received conventional 
radiotherapy but did not show any symptoms of sciatic 
nerve injury on the side that received IMRT. To clarify these 
results, the ultrastructure of sciatic nerves was observed 
after radiotherapy by transmission electron microscopy, 
apoptosis of neurons was examined using TUNEL assay, and 
Bcl-2 and Bax expression in sciatic nerve tissue was detected 
by immunohistochemical staining and western blot assay. 
Our results showed that most neurons in the left sciatic 
nerves of Meriones meridiani with echinococcosis treated 
by IMRT mainly had reversible injury, and there was no 
obvious apoptosis. Compared with conventional radiotherapy, 
numbers of apoptotic cells and expression of Bax in sciatic 
nerve treated with IMRT were significantly decreased, 
whereas Bcl-2 expression was significantly increased. 
These results suggest that compared with conventional 
radiotherapy, the number of apoptotic neurons in the sciatic 
nerve induced by IMRT was significantly reduced, and no 
obvious apoptosis was observed. In conclusion, these results 
indicate that radiation-induced neuropathy of the sciatic 
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Figure 3 ｜ Morphology of neurons in the sciatic nerve 1 week after 
radiotherapy (hematoxylin-eosin staining, optical microscope, 200×). 
(A) Morphology of neurons in the left sciatic nerve of Meriones meridianus 
with echinococcosis was normal, with clearly visible axons on the left femoral 
foci in the IMRT group (arrow); (B) morphology of neurons in the right sciatic 
nerve of Meriones meridianus without echinococcosis; pyknosis and apoptosis 
appeared in the conventional radiotherapy group (arrow). IMRT: Intensity-
modulated radiation therapy.

Figure 4 ｜ Normal morphology of neurons in the sciatic nerve and slightly 
swollen mitochondria observed by electron microscopy. 
(A, B) Neurons (arrows) of the left sciatic nerves of Meriones meridiani with 
echinococcosis in the IMRT group (A) and conventional radiotherapy group 
(B): Apoptotic bodies were visible. Original magnification, 8000× (transmission 
electron microscope). IMRT: Intensity-modulated radiation therapy. 
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Figure 5 ｜ TUNEL staining of apoptosis of cells in the sciatic nerve.  
(A) No apoptotic cells in the left sciatic nerves of Meriones meridiani with 
echinococcosis in the IMRT group; (B) a large number of apoptotic cells 
(arrow) in the right sciatic nerves of Meriones meridiani with echinococcosis 
in the conventional radiotherapy group. Original magnification, 200× (optical 
microscope). TUNEL staining showed that the nuclei of normal cells in the 
sciatic nerve presented as light blue, whereas the nuclei of apoptotic cells 
were brown. IMRT: Intensity-modulated radiation therapy; TUNEL: terminal-
deoxynucleotidyl transferase-mediated dUTP nick end labeling.

Figure 6 ｜ Immunoreactivity of Bcl-2 and Bax in the sciatic nerve of both 
groups (immunohistochemical staining). 
(A) A high number of Bcl-2-immunoreactive cells (arrow) in the IMRT group; 
(B) a low number of Bcl-2-immunoreactive cells (arrow) in the conventional 
radiotherapy group; (C) a low number of Bax-immunoreactive cells (arrow) 
in the IMRT group; (D) a high number of Bax-immunoreactive cells (arrow) 
in the conventional radiotherapy group. Original magnification, 400× (optical 
microscope). IMRT: Intensity-modulated radiation therapy.

Table 1 ｜ Expression of Bcl-2 and Bax in the sciatic nerve after 
radiotherapy

Group Bcl-2 Bax

Immunoreactivity 
(percentage of 
positive area)

IMRT 27.96±7.54* 1.45±0.12*

Conventional 
radiotherapy

2.11±0.25 37.44±11.27

Protein expression 
(gray value/GAPDH)

IMRT 11.22±2.77* 2.15±0.64*

Conventional 
radiotherapy

3.71±0.65 17.19±3.32

*P < 0.05, vs. conventional radiotherapy group. Data are expressed as 
mean ± SD (n = 60; paired t-test). GAPDH: Glyceraldehyde-3-phosphate 
dehydrogenase; IMRT: intensity-modulated radiation therapy.
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nerve was produced by conventional radiotherapy, but IMRT 
can protect the sciatic nerve under a condition that normally 
kills Echinococcus granulosus. Thus, the biological safety of 
IMRT was better than that of conventional radiotherapy. With 
the rapid development of imaging and computer technology 
in recent years, radiotherapy has entered the era of precision 
radiotherapy, among which IMRT has become the most 
representative method (Kobayashi et al., 2013; Frenzel and 
Krüll et al., 2015; Akino et al., 2018; Li et al., 2018, 2020; Abu-
Gheida et al., 2019; Tanaka et al., 2019; Morgan, 2020; Isono 
et al., 2020). 

IMRT, a new radiotherapy technology developed in recent 
years, is characterized by the use of a three-dimensional 
treatment planning system to design coplanar or non-
coplanar irregular fields for fractional irradiation. By adjusting 
the output dose rate of each point in the radiation field, 
the high-dose isodose line and plane are consistent with 
the target area in three-dimensional space. IMRT has the 
advantages of accurate and uniform dose irradiation on the 
target area, which significantly reduces the radiation dose of 
surrounding normal tissues. Under the premise of ensuring 
the local radiation dose and local control rate, the normal 
tissue complication probability is not increased (Lin et al., 
2018; Chen et al., 2019; Cho et al., 2019; Lee et al., 2019; 
King et al., 2019; Mix et al., 2019; Ozkan, 2019; Zhang et al., 
2019a, b; Dewan et al., 2020; Fabiano al., 2020; Murthy et 
al., 2020; Simões et al., 2020). However, experimental results 
vary from those published by Mohamed et al. (2019); namely, 
the tolerance dose of normal nerve tissue is 40–50 Gy/4–5 
weeks, and radiation-induced neuropathy may be caused 
if this limit is exceeded (Doroslovački et al., 2018). Animal 
experiments conducted by Chargari et al. (2017) and Saager 
et al. (2018) showed that the occurrence of radiation-induced 
neuropathy is associated with many factors, such as the way 
and amount of radiation dose received, state of immune 
function, and duration of disease. Glicksman et al. (2020) 
proposed an important cause of disease when they showed 
that radiation-induced neuritis can occur when spinal cord 
neurons are irradiated more than 40–50 Gy1.8–2.0 Gy/time.  
Moreover, studies have verified that with increases of the 
total dose and amount of each division, or decreases of 
age, the risk of disease increases remarkably (Saager et al., 
2020; Zeman et al., 2020). Akbas et al. (2019) reported that 
10 years after radiotherapy for nasopharyngeal carcinoma, 
the incidence of nerve injury in the brain and spinal cord 
reached 18.6%. Bišof et al. (2018) reported that IMRT played 
a crucial role in reducing spinal nerve injury after radiotherapy 
for nasopharyngeal carcinoma. Our experimental results 
showed that sciatic nerves of the 40-Gy IMRT group did not 
show obvious radiation-induced neuritis. We believe these 
experimental results occurred because of the following 
reasons: (1) Because of its remarkable physical advantages, 
IMRT can control the direction of radiation by computer to 
concentrate accurate and high-dose rays on the lesion tissue, 
while rarely damaging the surrounding tissue; thus, sciatic 
nerve tissue adjacent to the femoral foci of echinococcosis 
was protected to the maximum extent. (2) The sensitivities of 
murine and human nerve tissue to radiation are different. (3) 
To ensure the safety of clinical treatments, the formulation of 
tolerated doses for human nerve tissue is conservative and 
relatively safe.

In conclusion, our comparison of neuronal morphology, 
apoptotic index, and pro-apoptotic and anti-apoptotic protein 
contents in sciatic nerve between two radiotherapy methods 
indicated that the biological safety of IMRT was significantly 
better than that of conventional radiotherapy. Indeed, IMRT 
had both a good therapeutic effect on echinococcosis and 

high neurobiological safety, thus providing an experimental 
basis for future studies. However, because this was only 
a preliminary animal study using a small  number of 
experimental animals, and thus has a certain experimental 
bias, the results need verification through a large number of 
clinical studies to popularize and apply this result clinically.
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