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Apoptosis of Lewis Lung Carcinoma Cells Induced by 
Microwave via p53 and Proapoptotic Proteins In vivo
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Background: Microwave therapy is a minimal invasive procedure and has been employed in clinical practice for the treatment of 
various types of cancers. However, its therapeutic application in non‑small‑cell lung cancer and the underlying mechanism remains to be 
investigated. This study aimed to investigate its effect on Lewis lung carcinoma (LLC) tumor in vivo.
Methods: Fifty LLC tumor‑bearing C57BL/6 mice were adopted to assess the effect of microwave radiation on the growth and apoptosis 
of LLC tumor in vivo. These mice were randomly assigned to 10 groups with 5 mice in each group. Five groups were treated by single 
pulse microwave at different doses for different time, and the other five groups were radiated by multiple‑pulse treatment of a single dose.  
Apoptosis of cancer cells was determined by terminal deoxynucleotidyl transferase dUTP nick‑end labeling assay. Western blotting was 
applied to detect the expression of proteins.
Results: Single pulse of microwave radiation for 5 min had little effect on the mice. Only 15‑min microwave radiation at 30 mW/cm2 
significantly increased the mice body temperature (2.20 ± 0.82)°C as compared with the other groups (0.78 ± 0.29 °C, 1.24 ± 0.52 °C, 
0.78 ± 0.42 °C, respectively), but it did not affect the apoptosis of LLC tumor cells significantly. Continous microwave radiation 
exposure, single dose microwave radiation once per day for up to seven days, inhibited cell division and induced apoptosis of LLC 
tumor cells in a dose‑ and duration‑dependent manner. It upregulated the protein levels of p53, Caspase 3, Bax and downregulated 
Bcl‑2 protein.
Conclusions: Multiple exposures of LLC‑bearing mice to microwave radiation effectively induced tumor cell apoptosis at least partly 
by upregulating proapoptotic proteins and downregulating antiapoptotic proteins. Continuous radiation at low microwave intensity for a 
short time per day is promising in treating non‑small‑cell lung cancer.
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Abstract

introDuCtion

Lung cancer is the most common cancer and the first 
leading cause of cancer‑related death with 1.82 million new 
cases and 1.56 million deaths per year worldwide.[1,2] It is 
clinically divided into non‑small‑cell lung cancer (NSCLC) 
and small‑cell lung cancer based on the origin of cancer 
cells.[3‑5] NSCLC accounts for 85% of lung cancer and most 
cases are diagnosed at the late stages. The current common 
treatment strategies for lung cancer include palliative care, 
surgery, chemotherapy, and radiation therapy.[6‑9] However, 
the facts that lots of primary NSCLCs have local invasion 
and distant metastasis to other tissues such as brain, 

bones, and liver and many lung tumors also develop drug 
resistance limit the effects of the current therapies.[10‑12] The 
prognosis of lung cancer is poor with a 5‑year survival rate 
below 15% after diagnosis.[4,13,14] It is urgent to develop 
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novel and effective strategies for the management of lung 
cancer.

Microwave radiation has been successfully applied in clinical 
practice to treat various types of cancer. Clinical data indicated 
that microwave therapy prior to surgery is associated with 
a better prognosis.[15,16] The effect of microwave irradiation 
might be a combination of thermal effects, arising from the 
heating rate and nonthermal effects. Microwave ablation, a 
form of thermal ablation through interventional radiology, 
uses electromagnetic waves in the microwave energy 
spectrum (300 MHz to 300 GHz) to treat cancer by typical 
thermal effects of microwave irradiation.[17‑20]

The oscillation of polar molecules produces frictional 
heating, ultimately resulting in tissue necrosis within solid 
tumors.[21,22] It is a minimally invasive procedure that delivers 
energy into the tumor through percutaneous needles.[17,23] 
Microwave ablation has been successfully used for the 
treatment of many cancers,[24,25] including primary lung 
malignancies.[26‑28]

Clinical trials have indicated that microwave ablation alone 
or in combination with other treatments are efficient for 
treating early‑stage primary lung cancer.[29] However, the 
therapeutic efficacy of microwave radiation for late‑stage 
lung cancer, remains largely unknown. Meanwhile, little 
was known about the role of nonthermal effect, also known 
as the “specific microwave effect,” in lung tumors treated 
by microwave radiation in vivo.

In our previous study, we observed that microwave radiation 
inhibited the growth of lung cancer A549 cells and induced 
cell apoptosis in vitro.[30] In the present study, we adopted 
the Lewis lung carcinoma (LLC) tumor‑bearing C57BL/6J 
mice to assess the efficacy of microwave radiation in treating 
lung cancer in vivo by a noncontact mode and to explore 
the thermal and nonthermal role of microwave radiation 
in this process so as to provide information to guide the 
clinical application of microwave therapy for the treatment 
of late‑stage as well as metastatic lung cancers.

MEthoDs

Cell lines, mice, and antibodies
The LLC cells were purchased from American Type Culture 
Collection (USA). Six‑week‑old male C57BL/6J mice 
were purchased from the local Vital River Laboratory 
Animal Technology. Immunohistochemistry reagents were 
purchased from Zhongshan Jinqiao Biotechnology (Beijing, 
China). Transferase dUTP nick‑end labeling (TUNEL) 
staining kit was bought from Roche Applied Science (USA). 
The anti‑vascular endothelial growth factor antibody was 
obtained from Boster Biological Technology (Wuhan, China). 
The antibodies for p53, Bcl‑2, Bax, and cleaved‑Caspase‑3 
were purchased from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA). The source of microwave was obtained from the 
high‑energy microwave dummy source with pulse width 
at 0.5 µs, frequency at 1.6 kHz, and peak power density at 

65 kW. All animal experiments were carried out in a humane 
manner by trained personnel, following the Animal Care 
Instructions, and the experimental procedures were approved 
by Ethical Committee on Animal Care and Use of the Local 
University.

Establishment of Lewis lung carcinoma tumor‑bearing 
mouse model
The hair on the back of experimental mice was shaved, and 
1 × 107 LLC cells in 0.1 ml phosphate‑buffered saline (PBS) 
were injected subcutaneously into each mouse. Ten days 
after injection, mice with a tumor diameter of 5–10 mm 
were chosen for subsequent experiments.

Microwave treatment of Lewis lung carcinoma 
tumor‑bearing mice
The tumor‑bearing mice were randomly assigned to 10 
different groups with 5 mice for each group. For the 
single‑pulse microwave treatment, the groups included 
untreated control group (S1), mice treated with microwave 
at 10 mW/cm2 × 5 min (S2), mice treated with microwave at 
10 mW/cm2 × 15 min (S3), mice treated with microwave at 
30 mW/cm2 × 5 min (S4), and mice treated with microwave 
at 30 mW/cm2 × 15 min (S5). For multiple‑pulse treatment 
of single dose, LLC tumor‑bearing mice in each group 
were treated by microwave at the same dose as the single 
pulse above once per day for up to 7 days. The untreated 
tumor‑bearing mice were defined as control group (C1), and 
the other four groups of tumor‑bearing mice were defined as 
C2 (10 mW/cm2 × 5 min each time for continuous 7 days), 
C3 (10 mW/cm2 × 15 min each time for continuous 7 days), 
C4 (30 mW/cm2 × 5 min each time for continuous 7 days), 
and C5 (30 mW/cm2 × 15 min each time for continuous 
7 days).

All mice were housed under specific pathogen‑free 
conditions with a 12 h light/dark cycle and allowed food 
and water ad libitum. The mice were anesthetized with an 
overdose of chloral hydrate i.p. followed by exsanguination 
after the last treatment.

Histopathology and in situ apoptosis assay
The subcutaneous LLC tumor tissue in each mouse was 
dissected, fixed in 10% formaldehyde for 24 h, embedded in 
paraffin wax, and cut into 4 mm thick sections which were 
stained with hematoxylin and eosin (HE) to evaluate general 
morphology and other specific staining.

The paraffin‑embedded sections were stained by terminal 
deoxynucleotidyl TUNEL using the in situ cell death 
detection kit (Roche) according to the manufacturer’s 
instructions to detect the apoptotic cells. Apoptotic cells were 
manifested by brownish staining in the nuclei and visualized 
by light microscopy. Five microscopic fields (×400) of 
each section were randomly examined, and the cells were 
counted by a single‑blinded observer in a coded randomized 
order. The apoptosis rate was presented as the percentage 
of TUNEL‑positive cells to the total LLC cells in each 
microscopic field.
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Immunohistochemistry
The sections were dewaxed in xylene and rehydrated 
through different concentrations of alcohol. To better 
reserve and recover the antigens, tumor sections were 
heated in a citrate buffer in a microwave oven for 30 min 
at 93°C, followed by three washes in PBS and incubation 
with 3% bovine serum albumin at 37°C for 30 min. 
The tumor sections were then immunostained with the 
primary antibodies including p53, Bax, and Bcl‑2 at 
4° overnight. On the following day, the sections were 
washed by PBS briefly three times and incubated with an 
appropriate second antibody at 37°C for 1 h. The sections 
were developed by diaminobenzidine solution according 
to the manufacturer’s instructions. The expression level 
of specific proteins detected in tumor cells was assessed 
by determination of the integrated optical density of the 
positively stained cells. The assessment was performed by 
two independent experienced pathologists.

Statistical analysis
All statistical analyses were performed using the SPSS 
software version 16.0 statistical software package (SPSS Inc., 
Chicago, IL, USA). Data were presented as mean ± standard 
deviation (SD). One‑way analysis of variance (ANOVA) 
followed by Scheffe post hoc test was performed to evaluate 
statistical significance between groups. P < 0.05 was 
considered statistically significant.

rEsults

Effect of single‑microwave pulse on the body temperature 
of Lewis lung carcinoma tumor‑bearing mice
The tumors were measured 10 days after the LLC cells 
were implanted subcutaneously into the back of mice. Mice 
bearing a tumor with 5–10 mm of diameter were chosen for 
the subsequent study, and there was no significant difference 
in the tumor volume between different groups.

To assess the thermal effect of microwave treatment 
on the LLC‑bearing mice, a single pulse of microwave 
radiation was adopted, and the Veterinary Thermal 
Imaging Camera (Olympus, Japan) was applied to 
generate thermal images and detect core body temperature 
of the mice [Figure 1a]. The results demonstrated that 
5 min microwave radiation of different doses did not 
significantly improve the body temperature of mice (0.78 
± 0.29°C increased in S2 and 0.78 ± 0.42°C in S4 group) 
as compared with that before the microwave treatment 
respectively, whereas 15 min microwave radiation of 
either dose increased the body temperature by over 1°C 
(1.24 ± 0.52°C increased in S3 and 2.20 ± 0.82°C in S5) 
[Figure 1b]. Single‑microwave pulse at 30 mW/cm2 for 
15 min significantly increased the mice body temperature as 
compared with the other treatments. These results indicated 
that the thermal effect of single‑microwave pulse on the body 
temperature of LLC‑bearing mice was associated with the 
power density and irradiation duration. Microwave radiation 
in Group S5 was more apt to affect the LLC tumor by thermal 

Figure 1: Effect of single‑microwave pulse on the body temperature 
of Lewis lung carcinoma tumor‑bearing mice. (a) Thermal images 
of mice captured by the Veterinary Thermal Imaging Camera; 
(b) changes of mice body temperature affected by microwave 
radiation. S2: 10 mW/cm2 × 5 min, S3: 10 mW/cm2 × 15 min, 
S4: 30 mW/cm2 × 5 min, and S5: 30 mW/cm2 × 15 min; *P < 0.01 
versus S2 group, P < 0.05 versus S3 group, and P < 0.01 versus 
S4 group.

b

a

effect than that in the others, while nonthermal effects of 
microwave radiation in the other three groups might play a 
major role in affecting LLC tumor in vivo.

Effect of single‑microwave pulse on the Lewis lung 
carcinoma tumor cells in vivo
HE staining was applied to observe the histopathological 
changes and mitotic cells. The results demonstrated that the 
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LLC tumor cells in each group distributed diffusely with 
irregular size and morphology and abnormally large nuclei. 
Single‑microwave radiation neither resulted in apparent 
nuclear condensation or necrotic foci nor did it affect the 
number of mitotic cells under light microscope. Moreover, 
no significant effect of single‑microwave radiation on cell 
apoptosis or on the expression of proapoptotic proteins 
including cleaved‑Caspase‑3, p53, Bcl‑2, and Bax was 
observed as compared with the untreated control, whatever 
the dose or radiation time was applied (data not shown). 
These results indicated that a single pulse of microwave at 
both power densities did not affect the growth or apoptosis 
of LLC tumors in vivo even when the radiation lasted for 
15 min.

Effect of multiple pulses of microwave radiation on the 
growth of Lewis lung carcinoma tumor
To determine the cumulative effect of microwave on the 
growth and apoptosis of LLC tumors in vivo, tumor‑bearing 
mice were microwave radiated by the same dose as the above 
single pulse once per day for up to 7 days. There was no 
significance in the tumor volume between the groups before 
the radiation. The tumor volumes in all mice were measured 
by vernier caliper on days 1, 3, 5, and 7. The results showed 
that the volumes of the LLC tumors in all groups increased 
with time prolonging. The microwave‑radiated tumors on 
day 7, especially in the 30 mW/cm2 × 15 min group (C5), 
were evidently smaller than those in the untreated control 
group (C1) [Figure 2]. However, multiple microwave 
radiations did not significantly decrease the tumor volume 
as compared with that in the untreated control group. The 

Figure 2: Effect of multiple pulses of microwave radiation on the volume 
of Lewis lung carcinoma tumors. C1: the untreated control group in 
the multiple‑pulse treatment of single dose, C2: 10 mW/cm2 × 5 min 
each day , C3: 10 mW/cm2 × 15 min each day, C4: 30 mW/cm2 × 5 
min each day, C5: 30 mW/cm2 × 15 min each day. All groups were 
treated for continuous 7 days.

weight of the tumor in each mouse was also weighed 
after the mice were sacrificed. The data demonstrated that 
15 min radiation at both doses of microwave for continuous 
7 days decreased the weight of the tumors as compared 
with the untreated control, but there was no statistical 
significance (data not shown).

C o n t i n u o u s  m i c r o w a v e  r a d i a t i o n ‑ i n d u c e d 
histopathological damages of Lewis lung carcinoma 
tumors
After continuous 7 days of repeated radiation by different 
microwave intensities and duration, there were lots of 
dispersal and multiple necrotic foci at the periphery of the 
tumor tissues, while little necrosis could be observed in the 
untreated LLC tumor. The percentage of mitotic cells in C2 
group (6.00 ± 2.03) was significantly lower than that in the 
control C1 group (9.32 ± 1.78) (P = 0.47). As the microwave 
exposure dose increased and the time was prolonged (C5), 
the percentage of mitotic cells significantly decreased as 
compared with the untreated control (P = 0.004) [Figure 3].

Multiple pulses of microwave radiation promoted Lewis 
lung carcinoma tumor cell apoptosis
Multiple pulses of microwave radiation induced LLC tumor cell 
apoptosis as shown by TUNEL staining. Microwave radiation 
at 10 mW/cm2 for 15 min resulted in a cell apoptosis rate of 
13.20 ± 4.29 in the LLC tumors (C3), which was significantly 

Figure 3: Effect of multiple pulses of microwave radiation on the 
histopathology of Lewis lung carcinoma tumors. C1–C5: Representative 
HE staining of Lewis lung carcinoma tumor sections (scale bars = 50 
µm). A: the percentage of mitotic cells were counted. Continuous 
microwave radiation significantly decreased the percentage of 
mitotic cells as compared with the untreated control group. Data 
were presented as mean ± standard deviation (n = 5). *P < 0.05, 
**P < 0.01 versus the untreated control.
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higher than that in the control C1 group (P = 0.029). When the 
dose of microwave reached 30 mW/cm2, the apoptosis rate of 
LLC tumor cells increased significantly even when the tumor 
was radiated for only 5 min each time (C4) as compared with 
the untreated control [P = 0.044, Figure 4]. These results clearly 
demonstrated that multiple pulses of microwave radiation could 
efficiently induce cell apoptosis of LLC tumors.

Multiple pulses of microwave treatment increased the 
protein levels of p53 and apoptotic‑associated proteins
To further explore the molecular mechanism by which 
multiple pulses of microwave radiation induced LLC tumor 
cell apoptosis, we detected the expression of proapoptotic 
proteins including p53, cleaved‑Caspase‑3, and Bax by 
immunochemistry [Figure 5a‑5c]. The results demonstrated 
that microwave radiation significantly increased the protein 
levels of p53, cleaved‑Caspase‑3, and Bax proteins as 
compared with the control group (P < 0.05). The strongest 
positive brown staining of these proteins was observed 
in the tumor tissues from C5 group which was radiated 
by a stronger microwave for a longer time as compared 
with other groups radiated by microwave. Meanwhile, we 
detected the expression of antiapoptotic regulator Bcl‑2 
protein in the LLC tumor tissues from different groups and 
found that microwave radiation at 30 mW/cm2 (C5 group) 

for 15 min significantly decreased Bcl‑2 expression as 
compared with the control group (P = 0.002). While there 
was no significance between the 5 min groups and the 
control group, no matter the microwave dose was 10 mW/
cm2 (C2 group) or 30 mW/cm2 (C4 group) [Figure 5d]. The 
results above demonstrated that 30 mW/cm2 microwave 
radiation had a stronger influence on the gene expression 
in LLC tumor cells than the 10 mW/cm2 did for the same 
radiation time. The expressions of p53, Caspase‑3, and Bax 
were positively correlated with the intensity of microwave 
radiation whereas the expression of Bcl‑2 was negatively 
correlated with the intensity of microwave treatment. These 
results revealed that multiple pulses of microwave radiation 
could induce LLC tumor cell apoptosis by upregulating the 
expressions of proapoptotic proteins.

DisCussion

Chemotherapy and radiotherapy are two major treatment 
strategies for NSCLC, especially for patients with late‑stage 
cancers.[31‑33] However, both treatment methods are associated 
with a high toxicity. Microwave is a nonionizing radiation 
and shows less toxicity than chemotherapy and radiotherapy 
in cancer patients. It has both thermal and nonthermal effects. 
The thermal effects of microwave on local tumors have 
been widely recognized, whereas the nonthermal effects 
of noncontact microwave radiation on lung tumor still 
remain to be elucidated. In the present study, the result that 
single‑microwave radiation (10 mW/cm2 or 30 mW/cm2) for 
5 min had little effect on the body temperature revealed that 
5 min microwave radiation played a role in this study mainly 
in a nonthermal effect manner. Single‑microwave radiation for 
15 min elevated mice body temperature by over 1°C, and the 
body temperature in 30 mW/cm2 group was significantly higher 
than that in 10 mW/cm2 group. These results revealed that 
the thermal effect of microwave was related to the irradiation 
intensity and duration, and 15 min microwave exposure 
affected the LLC‑tumor‑bearing mice by both nonthermal 
and thermal effects even at a lower intensity of 10 mW/cm2.

Our previous study in vitro demonstrated that low‑intensity 
or short‑term microwave radiation induced tumor cell 
apoptosis 3–6 h after a single radiation, while increasing 
radiation intensity or time led to immediate tumor cell death, 
as is called coagulation necrosis.[30] In this study, we did not 
observe apparent LLC tumor cell apoptosis 6 h or 24 h after 
the LLC‑tumor‑bearing mice received a single 30 mW/cm2 
microwave radiation for 15 min. This revealed that the thermal 
effect caused by the irradiation dose adopted in this study 
was not strong enough to directly induce LLC cell apoptosis 
or coagulation necrosis. However, continuous microwave 
radiation once a day for up to 7 days efficiently induced LLC 
tumor cell apoptosis even at the low intensity of 10 mW/cm2 
for 5 min each time. These results revealed that nonthermal 
effect played a critical role in the induction of tumor cell 
apoptosis in a cumulative manner in the LLC‑bearing mice 
exposed to noncontact microwave. Although the study 
of nonthermal effect on microwave‑induced apoptosis or 

Figure 4: Multiple pulses of microwave radiation‑induced cell apoptosis 
of Lewis lung carcinoma tumors assessed by transferase dUTP 
nick‑end labeling staining. The percentage of apoptotic cells in each 
group on day 7 (mean ± standard deviation). *P < 0.05, **P < 0.01 
versus the untreated control group (C1). C2: 10 mW/cm2 × 5 min each 
day, C3: 10 mW/cm2 × 15 min each day, C4: 30 mW/cm2 × 5 min each 
day, C5: 30 mW/cm2 × 15 min each day. All the groups were treated 
for 7 continuous days; A: The bar graph showed the cell apoptosis rate 
in the lung of each group. Data were presented as mean±SD of the 
apoptosis rate from all the mice in each group as indicated.
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inhibition of cancer growth is in its infancy, further studies on 
the underlying mechanism are potentially important to facilitate 
the application of microwave radiation in clinical practice.

p53 is a major tumor suppressor and has been described 
as “the guardian of the genome” because of its pivotal 
role in maintaining genome stability.[34] Normally, p53 is 

Figure 5: Immunohistochemistry analysis of the protein expressions (p53, cleaved‑Caspase‑3, Bax, and Bcl‑2) affected by multiple pulses of 
microwave treatment. (a) p53, (b) cleaved‑Caspase‑3, (c) Bax, and (d) Bcl‑2. Data were presented as mean ± standard deviation (n = 5). 
*P < 0.05, **P < 0.01 versus the untreated control. Positive immunoreactivity was characterized by brown staining. C1: the untreated control, 
C2: 10 mW/cm2 × 5 min each day, C3: 10 mW/cm2 × 15 min each day, C4: 30 mW/cm2 × 5 min each day, C5: 30 mW/cm2 × 15 min each 
day. All the groups were microwave‑treated for continuous 7 days; A: The bar graph showed the  IOD values for the positive‑staining in the mice 
lungs of each group as indicated.
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expressed at a very low level, and high expression of p53 can 
promote cell apoptosis.[35] In the present study, microwave 
radiation significantly upregulated the expression of p53 in 
a dose‑ and duration‑dependent manner which revealed that 
p53 was implicated in microwave radiation‑induced LLC 
cell apoptosis.

It is well documented that a change in the ratio between 
proapoptotic and antiapoptotic proteins affected cell 
apoptosis.[36] In the present study, continuous microwave 
radiation upregulated the protein levels of proapoptotic 
proteins such as cleaved‑Caspase‑3 and Bax and 
downregulated the expression of antiapoptotic protein 
Bcl‑2. This revealed that these apoptosis‑associated proteins 
were implicated in microwave radiation‑induced LLC cell 
apoptosis in vivo. However, it still remains to be elucidated 
whether the upregulation of proapoptotic and downregulation 
of antiapoptotic proteins were attributed to the upregulation 
of p53 induced by microwave radiation in tumor cells.

In this study, although multiple pulses of single dose 
microwave radiation once per day for up to seven days did 
not significantly decreased the tumor volume or weight 
as compared with that in the untreated control group, low 
dose at 10 mW/cm2 for 5 minutes each time upregulated the 
expression of cleaved‑caspase‑3, which played a key role in 
the apoptosis of LLC tumor cells. The results in the present 
study provided important clues that low dose microwave 
radiation had the potential to sensitize cancer cells in vivo. 
Further studies on the role of microwave radiation in the 
sensibilization of cancer cells to conventional chemotherapy 
and/or radiotherapy might be helpful to develop new 
therapeutic strategies for lung cancer.

In summary, continuous exposure of LLC‑bearing mice to 
microwave radiation induced lung cancer cell apoptosis 
at least partly by upregulating the proapoptotic proteins 
p53, cleaved‑Caspase‑3, and Bax and downregulating the 
antiapoptotic protein Bcl‑2. Our findings suggested that 
multiple‑pulse microwave radiation at low intensity for a 
short time per day is promising in treating NSCLC.
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