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Abstract. Hypoxia is an important factor in radioresistance 
of laryngeal carcinoma. Glucose transporter-1 (GLUT-1) is 
an important hypoxic marker in malignant tumors, including 
laryngeal carcinoma. Apigenin is a natural phytoestrogen 
flavonoid that has potential anticancer effects. Various studies 
have reported that the effects of apigenin on lowering GLUT-1 
expression were involved in downregulation of the PI3K/Akt 
pathway. Thus, apigenin may improve the radiosensitivity of 
laryngeal carcinoma by suppressing the expression of GLUT-1 
via the PI3K/Akt pathway. The effect of GLUT-1 and PI3K/Akt 
pathway-related factor expressions by apigenin or antisense 
oligonucleotides (AS-ODNs) on the radiosensitivity of laryn-
geal carcinoma in vivo was assessed. The xenograft volume, 
xenograft weight and apoptosis detection were performed to 
determine radiosensitivity. The results showed that apigenin or 
apigenin plus GLUT-1 AS-ODNs improved the radiosensitivity 
of xenografts. Apigenin or apigenin plus GLUT-1 reduced the 
expression of GLUT-1, Akt, and PI3K mRNA after X-ray radia-
tion. We found similar results at the protein level. The results 
suggest that the effects of apigenin on inhibiting xenograft 
growth and enhancing xenograft radiosensitivity may be asso-
ciated with suppressing the expression of GLUT-1 via the PI3K/
Akt pathway. In addition, apigenin may enhance the effects of 
GLUT-1 AS-ODNs via the same mechanism.

Introduction

Laryngeal carcinoma, the second most common head and 
neck type of cancer, accounts for 2% of all malignant tumors 
worldwide  (1). Although a variety of surgical procedures, 
radiotherapy, chemotherapy or combination therapies are used 
in its treatment (2), the statistics reported by the American 
Cancer Society in 2014 indicated that the 5-year survival rate 
of patients with laryngeal carcinoma has decreased between 
1975 and 2009 (3). Therefore, novel treatment strategies are 
needed to improve the survival rate of patients with laryngeal 
carcinoma and preserve the function of their larynx. Radiation 
therapy plays an important role in patients with early and 
late stage, and recurrent laryngeal carcinoma, however, 
radioresistance is common, leading to the treatment failure of 
radiation therapy (4-6). Therefore, developing a novel thera-
peutic strategy is necessary to improve the radiosensitivity of 
laryngeal carcinoma.

Resistance to head and neck cancer radiotherapy occurs 
for three main reasons: intrinsic radiation resistance, tumor 
cell proliferation and hypoxia. It has been previously reported 
that hypoxia plays an important role in the resistance 
of tumors to radiotherapy  (7). GLUT-1 is an important 
hypoxic marker in various malignant tumors, including 
laryngeal carcinoma (8-13). Previous findings have shown 
that antisense oligonucleotides (AS-ODNs) against GLUT-1 
inhibited glucose uptake and the proliferation in Hep-2 cells 
by inhibiting the expression of GLUT-1  (14). Additional 
studies found that the radioresistance of laryngeal cancer was 
associated with a high expression of GLUT-1 and that the 
radiosensitivity of laryngeal carcinoma could be increased 
by suppressing the expression of GLUT-1 using GLUT-1 
AS-ODNs (15). The abnormal expression of GLUT-1 activates 
a variety of signal transduction pathways and the PI3K/Akt 
signaling pathway plays an important role in regulating the 
expression of GLUT-1 (16-19). Activation of the PI3K/Akt 
signaling pathway is also associated with the radioresistance 
and chemoradioresistance of tumors (20-26). To the best of our 
knowledge, no studies have assessed the effects of PI3K/Akt 
signaling on GLUT-1 expression and their relationship with 
the radioresistance of laryngeal carcinoma in vivo.
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Apigenin is a natural phytoestrogen flavonoid present in a 
wide range of fruits, vegetables (particularly celery), beans and 
tea. Moreover, in vitro and in vivo studies have demonstrated 
that apigenin exerts potential biological effects, including 
anti‑oxidative, anti-inflammatory and anticancer activities, 
with the antitumor effects being the most prominent  (27). 
Apigenin inhibits PI3K/Akt signaling in human types of 
cancer (16,28-33) and previous findings have shown that the 
effects of apigenin on lowering GLUT-1 expression were 
involved in downregulation of the PI3K/Akt pathway (16,32). 
We demonstrated previously that the overexpression of 
GLUT-1 and p-Akt was associated with the resistance laryn-
geal carcinoma Hep-2 cells to cisplatin. Additionally, apigenin 
was able to suppress GLUT-1 and p-AKT expression to 
enhance the chemosensitivity of laryngeal carcinoma to cispl-
atin (32). However, to the best of our knowledge, no studies 
have assessed the effects of apigenin on the PI3K/Akt pathway, 
GLUT-1 expression and the radiosensitivity of tumors.

The aim of the present study was to examine the expression 
of GLUT-1 and PI3K/Akt pathway-related factors in tumors 
in nude mice. Specifically, we investigated whether GLUT-1 
expression was decreased by inhibiting the PI3K/Akt pathway 
and whether apigenin enhanced the radiosensitivity of laryn-
geal carcinoma. In addition, we assessed whether apigenin 
plays a role in the effects of GLUT-1 AS-ODNs on enhancing 
the radiosensitivity of laryngeal carcinoma.

Materials and methods

Reagents. Apigenin was purchased from Selleckchem (Houston, 
TX, USA). AS-ODNs GLUT-1 was prepared as reported previ-
ously (14,15). TRIzol was obtained from Invitrogen (Carlsbad, 
CA, USA; cat. no. 15596‑026). The cDNA First‑Strand 
Synthesis kit and Taq DNA polymerase were obtained from 
Thermo Fisher Scientific (Waltham, MA, USA; cat. nos 
k1622 and ep0405, respectively). Real‑Time PCR Master Mix 
(SYBR®-Green) was purchased from Toyobo (Tokyo, Japan). 
Agarose was obtained from Biowest (Madrid, Spain; cat. 
no 111860). The 50X TAE electrophoresis buffer, chloroform 
and isopropanol were purchased from the Nanjing Chemical 
Reagent Co. Ltd. (Nanjing, China). The terminal deoxynucleo-
tidyl transferase-mediated dUTP digoxigenin nick end‑labeling 
(TUNEL) staining of tumor sections was performed using an 
in situ apoptosis detection kit purchased from Roche (Shanghai, 
China). The following reagents were obtained from Hangzhou 
Biotech Co., Ltd. (Hangzhou, China): 70% ethanol [treated with 
diethylpyrocarbonate, (DEPC)], water containing 0.1% DEPC, 
a total protein extraction kit, a Bradford protein detection kit, 
5X sodium dodecyl sulfate‑polyacrylamide gel electrophoresis 
(SDS-PAGE) protein loading buffer, pre-stained protein molec-
ular weight markers, 10X Tris-glycine protein electrophoresis 
buffer, a Coomassie Blue staining kit, 10X transfer buffer, 
Ponceau S staining solution, 10X western blot analysis (WB) 
washing buffer, WB blocking solution, primary antibody dilu-
tion buffer, secondary antibody dilution buffer, WB stripping 
buffer and an ECL WB detection kit.

Cell culture. The laryngeal Hep-2 carcinoma cell line was 
purchased from the Cell Research Institute of the Chinese 
Academy of Sciences (Shanghai, China). The cells were 

cultured at the Roswell Park Memorial Institute-1640 
(RPMI‑1640; Gibco-BRL, Gaithersburg, MD, USA) 
supplemented with 10% heat-inactivated fetal bovine serum 
(FBS; Hyclone, Logan, UT, USA), 100 U/ml penicillin and 
100 g/ml streptomycin at 37˚C in an atmosphere containing 
5% CO2. Cells in the logarithmic growth phase were used in 
the experiments.

Nude mouse model of laryngeal carcinoma. This experiment 
was conducted in accordance with the institutional guidelines 
of the First Affiliated Hospital, College of Medicine, Zhejiang 
University and with appropriate institutional certification. 
Four-week-old male athymic nude mouse with a BALB/c 
background weighing 18±2 g (n=30) were raised under specific 
pathogen‑free (SPF) conditions at the Surgical Laboratory 
Animal Center of the First Affiliated Hospital, College of 
Medicine, Zhejiang University. Under sterile conditions, a 
2x106/ml Hep-2 cell suspension was injected subcutaneously 
into the right forelimb of each nude mouse at a volume of 
0.2 ml. The inoculation site of each nude mouse was observed 
daily after inoculation. After 1 week, a grain-sized induration 
may develop at the visible inoculation site, which confirmed 
that the xenograft model was established successfully.

Grouping and intervention. Two separate experiments were 
performed: one using 15 and a second using 18 tumor-bearing 
mice.
Experiment 1 (n=15). When the tumors reached a volume of 
~100 mm3, 15 tumor-bearing mice were divided randomly into 
five groups of three mice. The tumors were then treated as 
follows: 50 µg apigenin combined with 10 Gy X-ray irradia-
tion, 100 µg apigenin combined with 10 Gy X-ray irradiation, 
50 µg apigenin alone, 100 µg apigenin alone and 10 Gy X-ray 
irradiation alone. The apigenin was dissolved in dimethyl 
sulfoxide (DMSO) and then diluted in serum-free RPMI-1640 
medium to achieve a final DMSO concentration of 0.1%. In the 
animals treated with 50 or 100 µg apigenin and 10 Gy X-ray 
irradiation, the mice were injected intraperitoneally with 50  
or 100 µg apigenin once daily for 10 days (the interval time 
was 1 day). The local tumor was then irradiated with 10 Gy 
X-ray irradiation on day 20 and the tumors were observed for 
1 week. In the animals treated with 50 or 100 µg apigenin, 
the mice were injected intraperitoneally with 50 or 100 µg 
apigenin once daily for 10 days (the interval time was 1 day) 
and the tumors were observed for 1 week. In animals that 
received 10 Gy X-ray irradiation alone, the local tumor was 
irradiated with 10 Gy X-ray irradiation on day 20 and the 
tumors were observed for 1 week. All the mice were sacrificed 
on day 27 and the tumors were resected and stored at -80˚C 
until analysis.
Experiment 2 (n=18). When the tumors reached a volume of 
~100 mm3, 18  tumor-bearing mice were divided randomly 
into six groups of three mice: A negative control, apigenin 
alone, GLUT-1 AS-ODNs alone, 10  Gy X-ray irradiation 
alone, apigenin and GLUT-1 AS-ODNs and the combination 
of apigenin, GLUT-1 AS-ODNs and 10 Gy X-ray irradiation. 
In the apigenin-only group, the mice were injected 
intraperitoneally with 100 µg apigenin daily for 10 consecutive 
days. In the GLUT-1 AS-ODNs-only group, the mice were 
injected peritumorally with 100 µg GLUT-1 AS-ODNs three 
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times at 2-day intervals. The mice treated with apigenin 
and GLUT-1 AS-ODNs were injected intraperitoneally with 
100 µg apigenin daily for 10 consecutive days and also injected 
peritumorally with 100 µg GLUT-1 AS-ODNs three times at 
2-day intervals. Mice in the apigenin, GLUT-1 AS-ODNs and 
10 Gy X-ray irradiation combination group were treated as 
described for the apigenin and GLUT-1 AS-ODNs group and 
10 Gy X-ray irradiation was administered locally at the tumor 
site on day 10. Mice in the 10 Gy X-ray irradiation-only group 
received 10 Gy irradiation at the tumor site on day 10. The 
mice were sacrificed on day 24 and the tumors were resected 
and stored at -80˚C until analysis.
Observation. The mental state, food intake and activity of all 
the mice were monitored daily. The tumor growth conditions 
(tumor formation rate, size, weight and inhibition ratio) were 
assessed after vaccination, drug and radiological intervention. 
The tumor volume (V) was calculated by measuring the 
i) long and ii) short tumor diameter after tumor formation 
using the equation V=1/2(ab²). The tumor formation rate was 
calculated as the number of mice whose tumor volume was 
>5 mm diameter/the number of the mice in the experimental 
group x 100%. Animal surgery was performed under general 
anesthesia, using 50  mg/kg ip injection of pentobarbital 
sodium. The inhibition ratio (IR) was defined as 1-(tumor 
weight of test group/control group).

Measuring GLUT-1, p-Akt and PI3K mRNA using reverse 
transcription-quantitative polymerase chain reaction 
(RT-qPCR). Total RNA was extracted from cells using TRIzol 
according to the manufacturer's instructions. The concentration 
of total RNA was measured using ultraviolet spectrophotometry, 
with an optical density (OD) 260/280 ratio of 1.8-2.1 being 
considered acceptable. First-strand cDNA was synthesized in 
a 20-µl reaction in 0.2-ml sterile and nuclease-free PCR tubes 
comprising: nµl (?) of RNA (total 2 µg), 2 µl reaction volume 
consisting of 50 µM of oligo d(18) primer, and DEPC•H2O at a 
total volume of 12.5 µl. Reactions were incubated at 65˚C for 
5 min, placed on ice for 5 min and the following components 
were then added: 0.5 µl of RNase inhibitor (40 U/µl), 4.0 µl 5X 
reaction buffer, 2.0 µl dNTPs (10 mM) and 1.0 µl M-MuLV. 
After gentle mixing, the tubes were centrifuged at 2,000 rpm 
for 20 sec and then incubated at 42˚C for 1 h, 70˚C for 10 min 
and placed on ice for 5 min. The resulting product was then 
used immediately in the next step PCR reaction or stored at 
-20˚C. According to a certain order, a sample of the gene was 
repeated for three wells. The following components were 
added to the 0.2-ml PCR tubes: 10 µl 2X real-time PCR master 
mix (SYBR®‑Green), 1 µl cDNA template (diluted 10‑fold), 
2 µl primer mix (10 µM of each forward and reverse primer) 
and 7 µl 0.1% DEPC H2O, in a total volume of 20 µl. The 
primer sequences and the length of the resulting PCR products 
were as follows: GAPDH (202 bp) forward, 5'-TGTTGCCAT 
CAATGACCCCTT-3' and reverse, 5'-CTCCACGACGTA 
CTCAGCG-3'; GLUT1 (111 bp) forward, 5'-GTCAACACG 
GCCTTCACTG-3' and reverse, 5'-GGTCATGAGTAT 
GGCACAACC-3'; Akt (67 bp) forward, 5'-GCAGCACGGTAC 
GAGAAGA-3' and reverse, 5'-GGTGTCAGTCTCCGAC 
GTG-3'; and PI3K (144  bp) forward, 5'-GGGGATGAT 
TTACGGCAAGATA-3' and reverse, 5'-CACCACCTC 
AATAAGTCCCACA-3'. To distinguish between specific and 

non-specific products and primer dimers, a dissociation curve 
analysis was conducted immediately after amplification by 
continuous monitoring of the SYBR®‑Green I fluorescence 
signal at temperatures between 60 and 95˚C. For calculation of 
the differential gene expression, the 2-ΔΔCt formula was used.

Western blot analysis. GLUT-1, p-Akt and PI3K protein levels 
were analyzed using a BAC protein quantification kit. Briefly, 
80 µg of protein was separated using 10% SDS-PAGE and 
transferred to nitrocellulose membranes. The membranes were 
blocked in PBST solution (phosphate-buffered saline with 
Tween-20) containing 5% skim milk at room temperature for 
1 h and incubated with primary antibodies (anti-actin, 1:4,000 
dilution; GLUT-1, 1:800; p-Akt, 1:1,000; PI3K, 1:800) at 4˚C 
overnight. The membranes were then incubated with secondary 
antibodies (donkey anti-rabbit, 1:5,000; donkey anti-mouse, 
1:2,000) at room temperature for 1 h. The proteins were visual-
ized using enhanced chemiluminescence and exposed to X-ray 
film. Protein expression was analyzed semiquantitatively using 
a Gel Logic analysis system (Kodak, Rochester, NY, USA).

TUNEL assays. Paraffin-embedded sections of xenograft 
tumor tissues were dewaxed and hydrated. TUNEL staining 
of tumor sections was then performed according to the manu-
facturer's instructions (Roche). Staining was visualized under 
an optical microscope, and cells with brown or brown-yellow 
nuclei were interpreted as positive and observations were 
confirmed using the morphological features of apoptotic cells. 
Specifically, unstained cells became smaller, the membrane 
appeared to be foaming, apoptotic bodies formed in the later 
stages and adherent cells became shrunken, round and shed. 
In addition, stained cells exhibited chromatin condensation, 
marginalization, nuclear membrane cracking and the chro-
matin was divided into block/apoptotic bodies. The sections 
were observed at a magnification of x400 and the percentage 
of apoptotic cells in 100 cells/field was counted and used to 
calculate the mean apoptosis index (AI).

Results

General observations. Subcutaneous xenograft tumors were 
visible ~1 week after inoculation with Hep-2 cells (Fig. 1A) 
and appeared as round or oval nodules. Mice in each group 
exhibited no obvious abnormalities in mental behavior, eating 
habits, defecation or mortality during the experimental period. 
Of the 33 mice inoculated in the present study, the tumor 
formation rate was 100% and the tumor volume reached 
~100 mm³ after 2 weeks (Fig. 1B).

Xenografts
Xenograft volume. In the first experiment, tumor size in the 
100 µg apigenin group decreased significantly compared to 
the 10 Gy group after 12 days of treatment (P<0.05; Fig. 2A). 
However, no significant differences in tumor volume were 
observed among the remaining groups (P>0.05). By contrast, 
tumor size decreased in the 50, 100, 50  µg apigenin plus 
10 Gy and 100 µg apigenin plus 10 Gy groups compared to 
the 10 GY group after 19 days of treatment (P<0.05; Fig. 2A). 
After X-ray radiation, tumors were significantly smaller 
in the 100 µg apigenin plus 10 Gy group compared to the 
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10  Gy  group 27  days after treatment (P<0.05;  Fig.  2A). 
However, no significant differences were detected between 
tumors in the 50 µg apigenin plus 10 Gy and 10 Gy alone 
groups, 50 and 100 µg apigenin groups, 50 µg apigenin plus 
10 Gy and 50 µg apigenin alone groups and the 50 µg apigenin 
plus 10 Gy and 100 µg apigenin plus 10 Gy groups (all P>0.05).

In the second experiment, tumors were significantly 
smaller in the GLUT-1 AS-ODNs group compared to the 
control group 17 days after treatment (P<0.05; Fig. 2B). No 

significant differences in tumor volume were observed among 
the remaining groups (P>0.05). By contrast, tumors were 
significantly smaller in the GLUT-1 AS-ODNs, apigenin plus 
GLUT-1 AS-ODNs, apigenin plus GLUT-1 AS-ODNs plus 
10 Gy groups compared to the control 24 days after treatment 
(P<0.05; Fig. 2B).

Xenograft weight. In the first experiment, the weight 
of the tumors harvested from the mice in each group is 

Figure 1. Establishment of the nude mouse model of laryngeal carcinoma. (A) Subcutaneous xenograft tumors were visible 1 week after inoculation with Hep-2 
cells. (B) Tumor volume reached ~100 mm³ after 2 weeks.

Figure 2. The effects of apigenin, GLUT-1 AS-ODNs or the combined treatment plus radiation on xenograft tumor growth in vivo. (A) In the first experiment, 
the tumor volume of each treatment group on the 5th, 12th, 19th and 27th day. *P<0.05, indicated that there were significant differences in the tumor volume 
compared to the 10 Gy group. +P<0.05, indicated that there were significant differences in tumor volume between the apigenin 100 µg+10 Gy group and 
apigenin 100 µg group. (B) In the second experiment, the tumor volume of each treatment group on the 5th, 10th, 17th and 24th day. *P<0.05, indicated that 
there were significant differences in the tumor volume compared to the control group.
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shown in Fig. 3A. Tumors weighed significantly less in the 
100 µg apigenin group compared to the 50 µg apigenin and 
10 Gy group (P<0.05; Table  I). No significant differences 
were identified in the weight of tumors in the 50 µg apigenin 
plus 10 Gy and 50 µg apigenin groups, the 50 µg apigenin 
plus 10 Gy and 10 Gy groups, 100 µg apigenin plus 10 Gy 
and 100 µg apigenin groups, 100 µg apigenin plus 10 Gy and 
10 Gy groups, 50 µg apigenin plus 10 Gy and 10 Gy groups, 
apigenin 50 µg plus 10 Gy and apigenin 100 µg plus 10 Gy 
groups (P>0.05).

The weight of the tumors harvested from the mice in each 
group from the second experiment is shown in Fig. 3B. GLUT-1 
AS-ODNs reduced tumor weight significantly compared to the 

control (P<0.05; Table II), but no significant differences were 
observed among the remaining groups (P>0.05).

Xenograft growth inhibition. In the second experiment, the 
rates of tumor growth inhibition in the apigenin, GLUT-1 
AS-ODNs, 10  Gy, apigenin plus GLUT-1 AS-ODNs and 
apigenin plus GLUT-1 AS-ODNs plus 10 Gy groups were 
-2.05, 37.33, 7.02, 4.79 and 27.16%, respectively.

Effects of apigenin and GLUT-1 AS-ODNs on xenograft 
apoptosis. The apoptotic indices were significantly higher in 
the apigenin, GLUT-1 AS-ODNs, 10 Gy, apigenin plus GLUT-1 
AS-ODNs and apigenin plus GLUT-1 AS-ODNs plus 10 Gy 
groups compared to the control (P<0.05; Fig. 4, Table II). The 
combination of apigenin and GLUT-1 AS-ODNs significantly 
enhanced the effects of apigenin or GLUT-1 AS-ODNs alone 
on tumor cell apoptosis (P<0.05; Fig. 4, Table II). In addition, 
the combination of apigenin and GLUT-1 AS-ODNs 
significantly enhanced the effects of X-ray irradiation on 
tumor cell apoptosis (P<0.05; Fig. 4, Table II).

Effects of apigenin and GLUT-1 AS-ODNs on GLUT-1, Akt, 
and PI3K mRNA. In the first experiment, GLUT-1, Akt and 
PI3K mRNA expression was significantly decreased in the 
100 µg compared to the 50 µg apigenin group (P<0.05; Fig. 5A). 
In addition, GLUT-1, Akt, and PI3K mRNA expression was 
significantly lower in the 100 compared to the 50 µg apigenin 
plus 10 Gy group (P<0.05; Fig. 5A). The expression of GLUT-1 
mRNA was significantly reduced in the 100 µg apigenin plus 
10 Gy group compared to the 10 Gy group (P<0.05; Fig. 5A). 
Finally, the expression of GLUT-1, Akt and PI3K mRNA was 

Figure 3. Tumors harvested from the mice in each group. Tumors were resected from the mice in each group of the (A) first experiment and (B) second 
experiment.

Table I. Tumor weight of each group in the first experiment.

Group	 Tumor weight (g)

Apigenin 50 µg	 0.6070±0.0195
Apigenin 100 µg	 0.5260±0.0285a,b

10 Gy	 0.6770±0.0609
Apigenin 50 µg+10 Gy	 0.4937±0.2430
Apigenin 100 µg+10 Gy	 0.4820±0.1421

Data are presented as a mean value ± standard deviation. aP<0.05, 
indicated that there were significant differences in tumor weight 
between the apigenin 100 and 50  µg groups. bP<0.05, indicated 
that there were significant differences in tumor weight between the 
apigenin 100 µg and 10 Gy groups.
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significantly higher in the 50 µg apigenin plus 10 Gy group 
compared to the 10 Gy X-ray group (P<0.05; Fig. 5A).

In the second experiment, GLUT-1, Akt and PI3K mRNA 
expression was significantly decreased in the apigenin group, 
GLUT-1 AS-ODNs group, apigenin plus GLUT-1 AS-ODNs 
group and apigenin plus GLUT-1 AS-ODNs plus 10 Gy group 
compared to the control group (P<0.05; Fig. 5B). In addition, 
GLUT-1 expression was significantly higher in the 10 Gy 
X-ray radiation group than in the control group  (P<0.05; 
Fig. 5B). The expression of Akt and PI3K was also higher 
in the 10 Gy X-ray radiation group compared to the control 
group, although it was not significant (P>0.05). Apigenin plus 
GLUT-1 AS-ODNs significantly enhanced the effect of inhibi-
tion on the expression of GLUT-1 mRNA and PI3K mRNA of 
apigenin or GLUT-1 AS-ODNs, respectively (P<0.05; Fig. 5B). 
The expression of GLUT-1, Akt and PI3K was significantly 
reduced in the apigenin plus GLUT-1 AS-ODNs plus 10 Gy 
group compared to the 10 Gy group (P<0.05; Fig. 5B).

Effects of apigenin and GLUT-1 AS-ODNs on GLUT-1, 
p-Akt and PI3K expression. In the first experiment, GLUT-1 
expression was significantly reduced in the 100 µg apigenin 
plus 10 Gy group than in the 10 Gy group (P<0.05; Fig. 6). 
The expression of PI3K was significantly higher in the 50 
and 100  µg apigenin plus 10  Gy groups compared to the 
10 Gy X-ray group (P<0.05; Fig. 6). Conversely, the expres-
sion of p-Akt was lower in the 50 and 100 µg apigenin plus 
10 Gy groups, but not significantly (P>0.05). The expression 
of GLUT-1, p-Akt and PI3K was lower in the 100 µg apigenin 
plus 10 Gy group than in the 50 µg apigenin group as well as 
in the 100 µg compared to the 50 µg apigenin group, although 
not significantly (P>0.05).

In the second experiment, the expression of GLUT-1, p-Akt, 
and PI3K was significantly decreased in the apigenin group, 
GLUT-1 AS-ODNs group and apigenin plus GLUT-1 AS-ODNs 
group compared to the control group (P<0.05; Fig. 7). The 
expression of GLUT-1 and p-Akt was significantly lower in the 

Figure 4. The effects of apigenin and GLUT-1 AS-ODNs on xenograft apoptosis (the second experiment), observed an under optical microscope (magnifica-
tion, x400), and the percentage of apoptotic cells in 100 cells per field was counted and used to calculate the mean apoptosis index (AI). AI, apoptotic index.

Table II. Tumor weight, inhibitory rate and apoptotic index of each group in the second experiment.

Group	 Tumor weight (g)	 Inhibitory rate (%)	 AI (%)

Control	 0.9733±0.1358		  1.50±1.77
Apigenin	 0.9933±0.2108	 -2.05	 23.65±6.41b

Anti-GLUT-1	 0.6100±0.0346a	 37.33	 6.63±3.13b

Apigenin+anti-GLUT-1	 0.9267±0.6888	 4.79	 34.71±7.48b,c

10 Gy	 0.9050±0.1598	 7.02	 15.26±3.43b

Apigenin+anti-GLUT-1+10 Gy	 0.7090±0.2383	 27.16	 53.28±5.81b,d

Data are presented as a mean value ± standard deviation. aP<0.05, indicated that there were significant differences in the tumor weight com-
pared to the control group. bP<0.05, indicated that there were significant differences in the tumor apoptotic index compared to the control 
group. cP<0.05, indicated that the combination of apigenin and GLUT-1 AS-ODNs significantly enhanced the effects of apigenin or GLUT-1 
AS-ODNs alone on tumor cell apoptosis. dP<0.05, indicated that the combination of apigenin and GLUT-1 AS-ODNs significantly enhanced 
the effects of X-ray irradiation on tumor cell apoptosis. AI, apoptotic index.
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apigenin plus GLUT-1 AS-ODNs plus 10 Gy group compared 
to the control group (P<0.05; Fig. 7). The expression of PI3K 
was also lower, but not significant (P>0.05). The expression 

of GLUT-1 was significantly higher in the 10 Gy X-ray group 
compared to the control group (P<0.05; Fig. 7). The expression 
of p-Akt and PI3K was higher, but not significant (P>0.05). 

Figure 5. Effects of apigenin and GLUT-1 AS-ODNs on GLUT-1, Akt and PI3K mRNA. (A) First experiment: *P<0.05, indicated that there were significant 
differences in the tumor mRNA compared to the 10 Gy group. +P<0.05, indicated that there were significant differences in the tumor mRNA between 
apigenin 100 µg + 10 Gy group and apigenin 50 µg + 10 Gy group. (B) Second experiment: *P<0.05, indicated that there were significant differences in the tumor 
mRNA compared to the control group. +P<0.05, indicated that there were significant differences in the tumor mRNA between the apigenin+anti‑GLUT‑1 + 10 Gy 
group and 10 Gy group. #P<0.05, indicated that there were significant differences in the tumor mRNA between the apigenin+anti‑GLUT-1 group and apigenin 
group or anti-GLUT-1 group.

Figure 6. Frst experiment. (A) Western blot analysis shows the expression of GLUT-1, p-Akt and PI3K protein in xenograft tumors. (B) *P<0.05, indicated that 
there were significant differences in the tumor protein compared to the 10 Gy group.
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The expression of p-Akt was significantly lower in the apigenin 
plus GLUT-1 AS-ODNs group compared to the apigenin group 
(P<0.05; Fig. 7). The expression of GLUT-1 and PI3K was also 
lower, although not significant (P>0.05).

Discussion

Radioresistance is one of the major obstacles in the treatment 
of laryngeal carcinoma, however, the mechanism behind 
the radioresistance of laryngeal carcinoma remains unclear. 
We demonstrated previously that GLUT-1 AS-ODNs inhibit 
glucose uptake and proliferation in Hep-2 cells by inhibiting the 
expression of GLUT-1 (14). Additional studies revealed that the 
overexpression of GLUT-1 mRNA and protein may play a role 
in the radioresistance of Hep-2 cells and that GLUT-1 AS-ODNs 
enhanced the radioresistance of laryngeal carcinoma Hep-2 cells 
by suppressing the expression of GLUT-1 protein and inducing 
tumor cell apoptosis (15). In vivo, the peritumoral injection of 
GLUT-1 AS-ODNs may enhance the radiosensitivity of xenografts 
by inhibiting GLUT-1 mRNA and protein expression  (15). 
Previous findings have shown that the overexpression of GLUT-1 
was associated with tumor radioresistance (34-36). Therefore, 
we hypothesized that inhibiting the expression of GLUT-1 may 
sensitize laryngeal carcinoma to radiotherapy and that GLUT-1 
is a therapeutic target in laryngeal carcinoma.

In the second experiment in the present study, the results 
revealed that tumor size and weight did not decrease signifi-
cantly in the 10 Gy group compared to the control group. 
However, GLUT-1 mRNA and protein were significantly 
higher in the 10 Gy group compared to the control group, 
which was consistent with previous studies.

As determined above, the mechanism behind the radio
resistance of laryngeal carcinoma is unclear and likely caused 

by an interplay of multiple factors. With the development of 
molecular biology-based techniques, the factors that regulate 
GLUT-1 have been gradually clarified. Specifically, several 
signaling pathways regulate GLUT-1, including the PI3K/Akt 
pathway. Melstrom et al (16), Jacobs et al (37) and Wieman 
et al (38) demonstrated that PI3K/Akt signaling may play a 
role in the translocation of GLUT-1 from the cytosol to serous 
membrane, and that activation of the PI3K/Akt pathway is 
associated with to GLUT-1 overexpression. Extensive study has 
been performed to assess the role of the PI3K/Akt signaling 
pathway in radioresistance, which has revealed that it is 
associated with three mechanisms of radioresistance: intrinsic 
radiation resistance, tumor cell proliferation and hypoxia (39). Ni 
et al found that prostate cancer radioresistance was associated 
with activation of the PI3K/Akt/mTOR signaling pathway (22). 
Consistent with this finding, Chang et al reported that inhibition 
of the PI3K/Akt pathway could increase the radiosensitivity of 
prostate cancer and induce apoptosis (24). In addition, Zhuang 
et  al stated that inhibiting the PI3K/Akt/mTOR pathway 
increased the radiosensitivity of malignant gliomas  (23), 
whereas Kao et al found that inhibiting PI3K/Akt improved 
the radiosensitivity of malignant glioma and decreased the 
efficiency by which cells repair DNA damage (26). However, 
previous reports have assessed the effect of the PI3K/Akt 
signaling pathway on GLUT-1 expression and the mechanism 
of radioresistance of laryngeal carcinoma in vivo.

The second experiment in the present study revealed that 
GLUT-1 protein expression was higher in the 10 Gy group 
compared to the control group (P<0.05; Fig. 7), and p-Akt 
and PI3K were also higher in the 10 Gy group, although the 
increase was not significant (P>0.05). This suggests that 
activation of the PI3K/Akt signaling pathway may play a role 
in GLUT-1‑induced radioresistance in laryngeal carcinoma.

Figure 7. Second experiment. Western blot analysis shows the expression of GLUT-1, p-Akt and PI3K protein in xenograft tumors. (A) *P<0.05, indicated that 
there were significant differences in the tumor protein compared to the control group. (B) *P<0.05, indicated that there were significant differences in the tumor 
protein compared to the control group. #P<0.05, indicated that there were significant differences in the tumor protein between the apigenin+anti‑GLUT-1 group 
and the apigenin group.
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Apigenin is a natural phytoestrogen flavonoid that exerts 
biological effects including anti-oxidative, anti-inflammatory, 
antiviral, immune-adjusting, anti-mutation and anticancer 
activities (27). Shukla et al found that apigenin may inhibit the 
development of prostate cancer by downregulating the PI3K/Akt/
FoxO signaling pathway (28). In addition, Lee et al found that 
apigenin may inhibit the PI3K/Akt pathway and the function 
of the integrin-β4 protein to inhibit hepatocyte growth factor 
(HGF)-induced invasion and metastasis (29). Zhu et al reported 
that apigenin may induce bladder cancer T24 cell apoptosis and 
G2/M cell cycle arrest by upregulating Bax and Bad, activating 
caspase-3 and PARP, inhibiting the PI3K/Akt pathway and 
downregulating the anti-apoptotic proteins Bcl-2 and Bcl-x (30). 
Gao et al reported that apigenin improved the chemosensitivity 
of BEL-7402/ADM liver cancer cells to Adriamycin by 
suppressing the PI3K/Akt/Nrf2 pathway  (31). Melstrom 
et  al  (16) demonstrated that GLUT-1 mRNA and protein 
expression decreased in a time- and dose-dependent manner in 
apigenin-treated CD-18 and S2-013 human pancreatic cancer 
cells, suggesting that apigenin inhibited GLUT-1 expression 
at the transcriptional and translational levels. Apigenin also 
downregulated the expression of p-Akt. The authors also 
reported that GLUT-1 mRNA and protein levels decreased 
in CD-18 and S2-013 cells treated with the PI3K inhibitors 
Wortmannin and LY294002. Therefore, apigenin may decrease 
GLUT-1 expression by suppressing the PI3K/Akt pathway, 
thereby inhibiting glucose uptake and inducing apoptosis in 
pancreatic cancer cells (16). We demonstrated previously that 
the chemoresistance of Hep-2 laryngeal carcinoma cells to 
cisplatin is associated with the expression of GLUT-1 and PI3K/
Akt signaling and that apigenin may increase the sensitivity 
of laryngeal carcinoma to cisplatin by inhibiting GLUT-1 and 
p-Akt expression (32). Therefore, we hypothesized that apigenin 
may improve the radiosensitivity of laryngeal carcinoma 
xenografts by inhibiting GLUT-1 expression and suppressing 
PI3K/Akt signaling and that apigenin could improve the effects 
of GLUT-1 AS-ODNs in xenografts.

In the first experiment of the present study before X-ray 
radiation (the 10 Gy group was equivalent to the control group), 
100 µg apigenin reduced tumor size significantly compared to 
the 10 Gy group 12 days after treatment (P<0.05). In addition, 
50 µg and 100 µg apigenin reduced tumor size significantly 
compared to the 10 Gy group 19 days after treatment (P<0.05), 
suggesting that apigenin inhibited xenograft tumor growth. 
After X-ray radiation, 100 µg apigenin plus 10 Gy reduced 
tumor size significantly compared to the 10 Gy group 27 days 
after treatment (P<0.05), suggesting that apigenin sensitized 
the xenografts to radiotherapy.

However, in the second experiment, apigenin reduced 
tumor size compared to the control group, although not signifi-
cantly (P>0.05), which may have been due to the different 
apigenin dosing intervals used in the two experiments. GLUT-1 
AS-ODNs reduced tumor size significantly compared to the 
control group 17 days after treatment (P<0.05). In addition, 
GLUT-1 AS-ODNs, apigenin plus GLUT-1 AS-ODNs and 
apigenin plus GLUT-1 AS-ODNs plus 10 Gy reduced tumor size 
significantly compared to the control 24 days after treatment 
(P<0.05), suggesting that these treatments inhibited xenograft 
tumor growth. In addition, apigenin, GLUT-1 AS-ODNs, 
10 Gy X-ray radiation, apigenin plus GLUT-1 AS-ODNs and 

apigenin plus GLUT-1 AS-ODNs plus 10 Gy X-ray radiation 
all increased tumor cell apoptosis, as detected using TUNEL 
staining. Apigenin plus GLUT-1 AS-ODNs also enhanced 
the effect of apigenin or GLUT-1 AS-ODNs alone on tumor 
cell apoptosis significantly. Apigenin plus GLUT-1 AS-ODNs 
significantly enhanced the effects of X-ray radiation on tumor 
cell apoptosis. Collectively, these results suggest that apigenin 
and GLUT-1 AS-ODNs inhibited laryngeal carcinoma 
growth. The combination of apigenin and GLUT-1 AS-ODNs 
enhanced the effects of apigenin or GLUT-1 AS-ODNs alone. 
In addition, apigenin and apigenin plus GLUT-1 AS-ODNs 
improved the radiosensitivity of laryngeal carcinoma.

We investigated the molecular mechanisms by which 
apigenin and GLUT-1 AS-ODNs enhanced the radiosensi-
tivity and suppressed xenograft tumor growth. The expression 
of GLUT-1, Akt and PI3K mRNA was significantly lower in 
the 100 µg apigenin and GLUT-1 AS-ODNs groups compared 
to the control group. In addition, the combination of apigenin 
plus GLUT-1 AS-ODNs significantly enhanced the effects of 
apigenin or GLUT-1 AS-ODNs alone on inhibiting the expres-
sion of GLUT-1 or PI3K mRNA. The expression of GLUT-1, 
Akt and PI3K mRNA was significantly lower in the apigenin 
plus GLUT-1 AS-ODNs plus 10 Gy group compared to the 
10 Gy group. In addition, although the GLUT-1 expression was 
lower in the 100 µg apigenin plus 10 Gy group compared to 
the 10 Gy group, the levels of GLUT-1, Akt and PI3K mRNA 
were higher in the 50 µg apigenin plus 10 Gy group compared 
to the 10 Gy group. It is possible that apigenin is not a specific 
inhibitor of the PI3K/Akt signaling pathway or that these 
effects were caused by the injection dose or dosing methods 
used. We found similar results at the protein level.

In conclusion, the overexpression of GLUT-1 and 
increased activation of the PI3K/Akt signaling pathway may 
be involved in the radioresistance of laryngeal carcinoma 
in vivo. The effects of apigenin on inhibiting xenograft growth 
and enhancing xenograft radiosensitivity may be associated 
with suppressing the expression of GLUT-1 via the PI3K/Akt 
pathway. In addition, apigenin may enhance the effects of 
GLUT-1 AS-ODNs via the same mechanism.
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