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Purpose: To study the effect of β-elemene on the radiosensitivity of A549 cell xenograft 
tumor and potential mechanisms by which β-elemene regulates the expression of hypoxia- 
inducible factor-1α (HIF-1α) and glucose transporter protein-1 (GLUT-1).
Methods: Using an A549 cell transplantation tumor model with male nude mice, we studied 
the effect of β-elemene on the radiosensitivity of non-small cell lung cancer (NSCLC). The 
expression of HIF-1α and GLUT-1 was detected by real-time PCR, Western blotting and 
immunohistochemistry. The relationship between the radiosensitivity of β-elemene and the 
expression of HIF-1α and GLUT-1 was analyzed.
Results: β-elemene and radiotherapy intervened in the growth of transplanted tumors in 
varying degrees. The enhancement factor (EF=2.44>1) was calculated; β-elemene at 45 mg/ 
kg had the most significant enhanced effect on radiosensitivity. When β-elemene was used in 
combination with radiation, the expression of HIF-1α and GLUT-1 was significantly 
decreased, and there was a positive correlation between the two genes.
Conclusion: β-elemene exhibits a radiosensitizing effect on A549 cell xenograft tumor. The 
underlying molecular mechanism is probably associated with the down-regulation of HIF-1α 
and GLUT-1 expression, suggesting that β-elemene may directly or indirectly inhibit the 
expression of HIF-1α and GLUT-1. There is a positive significant correlation between 
expression of HIF-1α and GLUT-1. HIF-1α and downstream GLUT-1 could be used as 
a new target for the radiosensitization of NSCLC.
Keywords: β-elemene, radiosensitivity, transplanted tumor, HIF-1α, GLUT-1

Introduction
In the past half-century, the morbidity and mortality of cancer are increasing, and 
cancer has become the leading cause of death in China.1 Radiotherapy is one of the 
major methods of the treatment of malignant tumors, which has been widely used in 
lung cancer treatment. In recent years, the combination of radiation and sensitizers 
has become a hot topic in lung cancer research. Radiotherapy such as ionizing 
radiation target and kill tumor tissue, but normal tissue can also be damaged, 
resulting in toxicity.2 Therefore, to reach a higher therapeutic effect at lower 
radiation doses will be beneficial to the treatment of cancer patients.

Elemene, extracted from Rhizoma Zedoariae, is a terpene compound with an immu-
nomodulatory effect, and the radiosensitization of β-elemene has been confirmed as the 
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main anti-tumor component of elemene.3 Although it has 
multiple effects such as the inhibition of tumor angiogenesis, 
promotion of tumor cell G-M phase arrest, induction of tumor 
cell apoptosis, and repairment of Deoxyribonucleic acid 
(DNA) double-strand damage,4–6 its sensitizing mechanism 
still remains poorly understood.

Hypoxia is one of the basic characteristics of the solid 
tumor microenvironment. Studies have shown that hypoxia 
is the initiating factor of tumor malignant transformation, 
which can promote its growth, infiltration and metastasis, 
and at the same time induce tumor cells to be resistant to 
radiotherapy and chemotherapy.7,8 Hypoxia-inducible factor- 
1 (HIF-1), discovered in 1992,9 is a cytokine that is widely 
present in human and animal cells under hypoxic conditions. 
It is expressed in a large quantity of tumors as an important 
role in information, metastasis, apoptosis and drug 
resistance.10 HIF-1 is composed of α and β subunit. The 
expression level of HIF-1α protein is highly regulated by 
intracellular oxygen concentration, while HIF-1β is not 
affected by oxygen concentration. In the microenvironment 
of tumor hypoxia, tumor cells maintain their oxygen and 
metabolic stability through the high expression of HIF-1α, 
and promote their own growth and metastasis. HIF-1α may 
be an important sign of rapid tumor proliferation, invasion 
and deterioration.11 Therefore, reducing the expression of 
HIF-1α has become a major focus of current non-small cell 
lung cancer (NSCLC) treatment research.

As the most important member of glucose transporter, 
glucose transporter protein-1 (GLUT-1) contains 492 amino 
acids and which consists of 12 hydrophobic transmembrane α- 
helical domains, two charged inner and outer regions.12 The 
expression of GLUT-1 in malignant tumors is significantly 
higher than that in benign tissues,13 Moreover, the expression 
of GLUT-1 is increased from the early stage of cell carcino-
genesis, which is closely related to the occurrence and devel-
opment of many malignant tumors, and can be used as an early 
diagnostic marker.14,15 A meta-analysis of 1,665 patients with 
NSCLC showed that the expression of GLUT-1 was nega-
tively correlated with survival rate, and its overexpression 
could be used as a malignant biomarker with worse prognosis 
in NSCLC.16 GLUT-1 is one of the main downstream target 
genes of HIF-1α.17 HIF-1α can not only increase the produc-
tion of non-mitochondrial pathway adenosine triphosphate 
(ATP) by regulating GLUT-1 but also bind to the promoter 
of Pyruvate Dehydrogenase Kinase 3 (PDK3) and induce its 
expression, weaken the mitochondrial respiratory chain and 
increase glycolysis, indicating that HIF-1α/GLUT-1 pathway 
is important in glycolysis of tumor cells.18

In a hypoxic microenvironment, the GLUT-1 gene binds 
to the DNA binding site on HIF-1α, and GLUT-1 transcrip-
tion and expression are significantly increased.19,20 

Moreover, the high expression of GLUT-1 can increase the 
radiation resistance of tumor by cooperating with HIF-1α.21 

These observations suggest that inhibiting the expression of 
HIF-1α and downstream GLUT-1 may be a new target for 
radiosensitization of β-elemene. In this study, we investi-
gated the effects of β-elemene on the growth of transplanted 
tumor of human lung adenocarcinoma A549 cell in nude 
mice under different intervention conditions, and studied the 
anti-tumor mechanism of radiosensitization of β-elemene.

Materials and Methods
Cell Line and Culture
The human lung cancer A549 cell line was purchased from 
Procell Life Science& Technology Co., Ltd, Wuhan, China. 
A549 cells were cultured as a monolayer in dulbecco’s mod-
ified eagle medium (DMEM) (HyClone, AE29427345) with 
10% fetal bovine serum (FBS) (Every Green, 11011–8611) at 
37°C in a humidified atmosphere with 5% CO2 in the CO2 

incubator (Panasonic, MCO-18AC). The medium was 
removed when the cells covered 80–90% of the bottom of 
the glass culture flacks (CORNING, 430639). Cells were 
rinsed twice by phosphate buffer saline (PBS) and digested 
by lysis buffer containing 0.25% trypsin (Solarbio, T8150). 
The digestion was finished by adding the medium with FBS 
when cells shrank and turned round observed with an invert 
microscope (OLYMPUS, IX71). After centrifugation with 
Centrifuge (Eppendorf, 5415D) and resuspension with 
DMEM containing 10% FBS, the cells were subcultured in 
2–4 flasks. Cells in the exponential growth phase were rinsed 
by DMEM and resuspended by PBS after digestion with 
0.25% trypsin and centrifugation. Concentration of cells was 
adjusted to 5×106/mL.

Animals and Tumor Model
Male BALB/c-nude mice aged 4–6 weeks with a body weight 
of 16–20 g were purchased from the Beijing Vital River 
Laboratory Animal Technology Co. Ltd, Beijing, China. The 
animals were housed under controlled conditions with a room 
temperature of 21–23°C and humidity of 40–60%. All the 
animals were allowed to freely access food and water in 
specific pathogen-free conditions. All animals (n=20) were 
injected with human lung cancer cell A549 (200μL, 5×106/ 
mL) on the lateral side of the right hind limb. The facilities and 
the protocol for the experiments were consistent with the 
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regulations of animal use for biomedical experiments issued 
by the Ministry of Science and Technology of China and 
approved by the Ethics Review Committee for Animal 
Experimentation of Hebei Medical University.

Xenograft Treatment
On the 10th day after inoculation, tumor volumes reached the 
required size (around 75 mm3). Twenty nude mice were ran-
domly divided into four groups: normal saline group (control 
group), β-elemene group (elemene group), β-elemene com-
bined with radiotherapy group (combination group) and nor-
mal saline combined with radiotherapy group (radiotherapy 
group), with five mice in each group. β-elemene dose was 
45 mg/kg. For radiotherapy, nude mice were anesthetized 
with chloral hydrate and fixed on a foam plate. The tumors of 
hind limbs were exposed in the target area of radiotherapy. 
Radiation was delivered by 6 MeV electron beams from 
a linear accelerator (ELEKTA) at a single dose of 5 Gry. The 
tumor measurement started on the 4th day after radiotherapy. 
The longest diameter (a) and the shortest diameter (b) were 
measured every two days by vernier caliper purchased from 
Guilin Measuring & Cutting Tool Works, Guilin, China. The 
volume of the transplanted tumor was calculated by the 
approximate volume formula V=ab2/2.22

Sensitization Coefficient Calculation and 
Curative Effect Judgment
The volume doubling time of tumor was observed in each 
group. The absolute tumor growth retardation time (AGD) and 
standardized tumor growth delay time (NGD) were calculated: 
AGD = volume doubling days in radiotherapy group (TR) - 
volume doubling days in control group (TC); NGD= volume 
doubling days in combination group (TL) - volume doubling 
days in elemene group (TG). The enhancement factor (EF) >1 
revealed the curative effect of the tumors.23

Real-Time PCR Analysis of HIF-1α and 
GLUT-1 mRNA
Total RNA from tumor tissues (five from each group) were 
isolated using Trizol reagent (Invitrogen, Cat#15596-026) 
according to the manufacturer’s instructions. Two μL of 
RNA was used, and the quality and concentration of RNA 
were measured with BioPhotometer (Eppendorf) (A260/ 
A280 is between 1.72 and 2.01, A260/A230 is between 1.97 
and 2.31). The TIANScript RT KIT (Cat#KR104-02) was 
obtained from TIANGEN BIOTECH Co., LTD, Beijing, 
China. The RT-PCR was carried out using SYBR Green 

SuperRealPreMix Plus (TIANGEN) and CFX connectTM 
(BIO RAD) as previously described.24–26 RT-PCR was per-
formed for 40 cycles of 95°C for 15 s and 60°C for 1 min 
followed by thermal denaturation. The messenger RNA 
(mRNA) levels of HIF-1α and GLUT-1 were normalized by β- 
actin. The amplification results for RT-PCR were calculated by 
using the 2(-Delta Delta C(T)) Method.27 The primers used for 
HIF-1α were 5ʹ-AGTGTACCCTAACTAGCCG-3ʹ and 5ʹ- 
CACAAATCAGCACCAAGC-3ʹ, and the primers used for 
GLUT-1 were 5ʹ-CACTGTGCTCCTGGTTCTGTTCT-3ʹ 
and 5ʹ-TCGGGTGTCTTGTCACTTTGG-3ʹ.

Western Blot Analysis of HIF-1α and 
GLUT-1
The primary 100 mg of tumor tissue was rinsed with PBS and 
normal saline for 2–3 times, an appropriate amount of RIPA 
lysis buffer was purchased from Beijing Solarbio Science & 
Technology Co., Ltd. Beijing, China was added. The tissue 
was lysed on ice for 1 h after blown several times with 
a pipette to make the lysate fully contact with the cells. The 
lysates were centrifuged at 4°C for 10 min at 12000 rpm. The 
supernatant was removed and the protein concentration was 
measured. The sample loaded in equal amount was separated 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was performed by the DYCZ-24DN electro-
phoresis apparatus (LIUYI Science & Technology Co., Ltd. 
Beijing, China), followed by transfer to poly-vinylidene fluor-
ide (PVDF) membrane (Millipore, IPVH00010) (45 min for 
GLUT-1 and 80 min for HIF-1α). The membranes were care-
fully removed and blocked at room temperature for 2 h. The 
membranes were incubated with primary antibodies against 
GLUT-1 (1:1000) and HIF-1α (1:600) at 4°C overnight, then 
washed three times in PBST for 10 min each. After incubation 
with secondary antibodies which was diluted 3000 times with 
1 × PBST, the membrane was washed with PBST for 10 min 3 
times. After chemiluminescence (ECL) color development, 
the results were observed on Gis software. Anti-β-actin anti-
body and ECL kit were purchased from Zhongshan 
Goldenbridge Bio\Technology Co., Ltd., Beijing, China.

Immunohistochemistry Analysis of HIF-1α 
and GLUT-1
The tumor specimens were fixed in 4% formaldehyde, 
embedded in paraffin, and cut into 4μm sections for immu-
nohistochemical analysis. The morphological characteristics 
of the transplanted tumor of human lung adenocarcinoma 
A549 cells were observed with H&E staining. 
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Immunohistochemical staining of HIF-1αand GLUT-1 was 
performed by PV method as previously described.28 PV- 
6001 was purchased from Zhongshan Goldenbridge Bio 
\Technology Co., Ltd., Beijing, China. Primary antibodies 
against glut-1 and HIF-1α (BIO-HIGH Technology, 
Shijiazhuang, China). The staining procedure was carried 
out in strict accordance with the manufacturer’s instructions 
of the DAB kit (Maixin Biotech Co, Ltd. Fuzhou, China). 
The positive protein expression of HIF-1α and GLUT-1 
staining in a yellow-brown color was observed under the 
microscope. The staining results were analyzed by Image- 
Pro Plus 6.0 software. The measurement area was selected, 
and the cumulative optical density and average light density 
were calculated for statistical analysis.

Statistical Analysis
Software SPSS21.0 and GraphPad Prism8.0 were used for 
statistical analysis of data. Normally distributed measurement 
data were expressed as the mean ± standard (x ± s), and the 
single-factor analysis of variance method was used for com-
parison among multiple groups. Pearson was used for correla-
tion analysis of the mRNA and protein in the experiment. 
P<0.05 indicates that the difference is statistically significant.

Results
β-Elemene Has a Sensitizing Effect of 
Radiotherapy
To determine whether β-elemene enhances the sensitivity, the 
corresponding intervention was carried out on 75 mm3 tumors 
as described in materials and methods. The tumor volume of 
each group was measured on the 4th day after radiotherapy as 
the initial volume, and the changes of transplanted tumor 
volume were monitored and recorded every other day, the 

growth curve of transplanted tumor in each group was drawn 
(Figure 1A), and the doubling time of transplanted tumor in 
each group was obtained (Figure 1B). As shown in Figure 1, β- 
elemene has a sensitizing effect (EF is 2.44>1).

β-Elemene and Radiotherapy Decrease 
the Expression of HIF-1α and GLUT-1 
mRNA in Transplanted Tumor
The mRNA expression of HIF-1α and GLUT-1 in tumor 
samples of the control group and experimental group was 
measured by RT-PCR, melting curve and amplification curve 
of HIF-1α and GLUT-1 are shown in Figure 2A and B. 
Compared with the basal level of the control group, the 
expression of HIF-1α and GLUT-1 mRNA was significantly 
reduced in the experimental group (P<0.01) (Figure 2C and 
D). As shown in Figure 2, in comparison with the control 
group, the expression of HIF-1α and GLUT-1 mRNA in the 
elemene group were decreased by 1.98-fold and 1.69-fold, 
respectively, and the expression levels of HIF-1α and GLUT- 
1 mRNA in the radiotherapy group were decreased by 2.13- 
fold and 1.86-fold, respectively (P<0.01). It is worth noting 
that compared with the control group, HIF-1α mRNA and 
GLUT-1 mRNA were significantly inhibited in the combined 
group (5.48-fold and 5.40-fold lower, respectively, P<0.01).

β-Elemene and Radiotherapy Decrease 
the Expression of HIF-1α and GLUT-1 
Protein in Transplanted Tumor
The HIF-1α and GLUT-1 protein of transplanted tumors in 
each group were also studied by Western blot (Figure 3A 
and C). Compared with the basic protein expression level 
of the control group, the expression of HIF-1α and GLUT- 
1 protein in each experimental group was also inhibited 

Figure 1 Growth curve and volume doubling time of transplanted tumors in each group. From the growth curve and the changes of transplanted tumor volume, which can 
be seen that both β-elemene and radiotherapy can effectively inhibit the growth of the transplanted tumor, and the combined effect of β-elemene and radiotherapy can 
significantly inhibit the growth of transplanted tumor (A). Display the volume doubling time of transplanted tumors in each group. The average volume of tumors in each 
group are the initial volume. The combined group showed the longest doubling time (B).
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(P<0.01), consistent with their mRNA expression level 
(Figure 2). Compared with the control group, the elemene 
group had lower expression of HIF-1α protein (1.25-fold) 
and GLUT-1 protein (1.39-fold), while the radiotherapy 
group had a reduction of both protein expression by 1.35- 
fold and 1.49-fold, respectively (Figure 3B and D). 
Moreover, the protein levels of HIF-1α and GLUT-1 
were significantly decreased when β-elemene was com-
bined with radiotherapy by 2.08-fold and 2.31-fold, 
respectively (P<0.01, Figure 3B and D).

HIF-1α/GLUT-1 Staining by 
Immunohistochemistry
We further studied the expression of HIF-1α and GLUT-1 
in each group of transplanted tumors by immunohisto-
chemistry (Figure 4A and B). The staining results were 
analyzed by IPP software in which the data of integrated 
optical density (IOD) and average optical density (AOD) 
(Figure 4C–F) were consistent with those detected by the 

Western blot method. The expression of HIF-1α and 
GLUT-1 in each experimental group decreased in varying 
degrees compared to control groups (P<0.05). Compared 
with the elemene group and radiotherapy group, the 
expression of HIF-1α and GLUT-1 was also significantly 
lower in the combined group (P<0.05).

Correlation Analysis of mRNA/Protein 
Expression Between HIF-1α and GLUT-1
The results of RT-PCR and Western blot were analyzed by 
Pearson correlation analysis, showing that HIF-1α and 
GLUT-1 mRNA/protein expression were of positive sig-
nificant correlation (r=0.940, P=0.000<0.01; r=0.946, 
P=0.000<0.01).

Discussion
β-elemene is the main anti-tumor component of elemene. 
Because of its broad-spectrum, low toxicity and high effi-
ciency, β-elemene has been widely used in the treatment of 

Figure 2 The melting curves of HIF-1α and GLUT-1 showed a single peak (A), which suggested that the amplification of PCR products was specific, and (B) shows its 
amplification curve.HIF-1α and GLUT-1 mRNA levels from the RT-PCR after diverse treatments were quantified by measuring the relative expression (C and D). The results 
represented the mean ± standard deviation (SD) of five nude mice in each group.
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many kinds of malignant tumors.29 At present, the 
accepted dose of radiotherapy for the transplanted tumor 
in nude mice is 45mg/kg, at which the radiosensitization 
effect of radiotherapy is moderate.30 In this study, the 
transplanted tumor model of lung adenocarcinoma A549 
cells in mice was successfully established. The sensitiza-
tion coefficient EF calculated demonstrates that β-elemene 
has played a sensitizing effect. Moreover, through the 
growth curve and the changes of transplanted tumor 
volume, both β-elemene and radiotherapy could effec-
tively inhibit the growth of the transplanted tumors, and 
the combination of β-elemene and radiation could signifi-
cantly inhibit the tumor growth. The observations indicate 
that β-elemene enhances the radiosensitivity of the trans-
planted tumor.

Previous studies have reported that GLUT-1 is highly 
expressed in most malignant tumors, but generally low 
in normal tissues. GLUT-1, as an internal sign of 
hypoxia,31 promotes the malignant proliferation, inva-
sion, and migration of lung cancer and inhibits 
apoptosis.32 Moreover, GLUT-1 is regulated by HIF-1. 
The expression of HIF-1α protein increases in hypoxia 
and upregulates the expression of downstream gene 
GLUT-1 protein. Both of the genes are involved in 
biochemical reactions regulated by hypoxia to adapt to 

the microenvironment.33,34 Under hypoxia conditions, 
glycolysis metabolic factors such as GLUT-1 would 
cooperate with HIF-1α to increase tumor radiation resis-
tance. In extrapulmonary tumors (cervical cancer,35 lar-
yngeal cancer36 and breast cancer37), the expression of 
GLUT-1 is related to the tumor radiosensitivity, and 
inhibition of expression could enhance radiosensitivity. 
Moreover, there is a positive correlation between the 
expression of HIF-1α and GLUT-1 in rectal cancer,38 

breast cancer,39 gastric cancer,40 laryngeal carcinoma,41 

tongue cancers,42 and metastatic colorectal cancer.43 

HIF-1α is the oxygen-sensitive HIF-1 subunit. In 
hypoxia microenvironment of the tumors, activated 
HIF-1α can not only directly bind to the downstream 
survivin promoter to positively regulate survivin tran-
scription but also bind to the DNA binding site of the 
downstream GLUT-1 5ʹ enhancer of HIF-1, resulting in 
a large number of GLUT-1 mRNA transcriptions and 
expression.19,20,44 Previous studies have shown that β- 
elemene can down-regulate the expression of HIF-1α to 
inhibit the transcription and expression of downstream 
survivin and play an important role in radiosensitization. 
The above observations suggest that activating HIF-1a 
may exert a radioprotective effect in tumors. However, 
to the best of our knowledge, there has been no study 

Figure 3 Transplanted tumors were assessed for the expression of HIF-1α and GLUT-1 by Western blot (A and C). HIF-1α and GLUT-1 protein levels of every group were 
quantified by measuring the relative optical density (OD). The OD in the treatment group was compared with the control group (P<0.01) (B and D). The results 
represented the mean ± SD of five nude mice in each group.
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reporting the radiosensitization of β-elemene on the 
transcription and expression of GLUT-1.

In this study, using RT-PCR, Western blot and immuno-
histochemical analysis, we found that the treatment with β- 
elemene or radiotherapy reduced the expression of HIF-1α 
and GLUT-1, which was further decreased when they are 
combined. This suggests that β-elemene directly or indirectly 
inhibits the expression of HIF-1α and GLUT-1, thus enhan-
cing the radiosensitivity of the A549 transplantation tumor. 
We further studied the correlation between the expression of 
HIF-1α and GLUT-1, demonstrating a significant positive 
correlation between them (r>0.9, P<0.01). These results 
suggest the mechanism of radiosensitization of β-elemene 
is through the inhibition of the expression of downstream 
gene GLUT-1 by down-regulating the expression of HIF-1α, 
to exert its anti-tumor effect.

Limitations
The present study has several limitations that require consid-
eration. The number of samples was small because of the 
current coronavirus epidemic which has brought great incon-
venience to our experiment. Therefore, we will increase the 
sample size in the follow-up studies and focus on the correla-
tion between HIF-lα and GLUT-1 in further in-depth research.

Conclusion
β-elemene decreases radiation-induced expression of HIF- 
1α and GLUT-1 mRNA/protein, which may enhance radio-
sensitization. The mechanism involves the down- 
regulation of HIF-1α and its downstream GLUT-1 gene, 
which is probably a new target for radiosensitization for 
the therapy of NSCLC.

Figure 4 The immunohistochemical staining of HIF-1 α and GLUT-1 (A and B), and which the expression in every transplanted tumor (C–F). (A) HIF-1α; (B) GLUT-1. The 
results of Log10 IOD and AOD in each experimental group were compared with those in the control group (P<0.01). The results represented the mean ± SD of five nude 
mice in each group. 
Abbreviations: IOD, integrated optical density; AOD, average optical density.
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