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Objectives: The objectives of this study were to explore the mechanisms of metformin sensitiza-

tion to hypoxia-induced gefitinib treatment in resistant head and neck squamous cell carcinoma 

(HNSCC) and evaluate the effects of this combined treatment strategy.

Methods: The effects of gefitinib treatment on HNSCC were measured under normoxic and 

hypoxic conditions. The relationship between hypoxia and cell cycle and epithelial–mesenchy-

mal transition (EMT) in tumor cells were analyzed. Palbociclib and LY294002 were used in 

combination with gefitinib to evaluate the effects on HNSCC cell cytotoxicity during hypoxia. 

Finally, metformin was used to evaluate the sensitizing effects of gefitinib treatment on HNSCC 

in vivo and in vitro.

Results: Cell viability and apoptosis assays demonstrated a significant difference in HNSCC 

cells treated with gefitinib between the normoxia and hypoxia groups. Hypoxia induced the 

expression of cyclin D1, decreased the percentage of cells in G1, and promoted the EMT of 

tumor cells. Both palbociclib and LY294002 enhanced gefitinib-induced cytotoxicity of HNSCC 

cells under hypoxic conditions. Encouragingly, metformin sensitized HNSCC to gefitinib treat-

ment in vivo and in vitro.

Conclusion: Hypoxia promotes G1–S cell cycle progression and EMT in HNSCC, resulting 

in gefitinib treatment resistance. Metformin sensitizes HNSCC to gefitinib treatment, which 

might serve as a novel combined treatment strategy.

Keywords: tumor hypoxia, gefitinib resistance, metformin

Introduction
Head and neck squamous cell carcinoma (HNSCC) ranks as the sixth most common 

cancer worldwide.1 The main treatment strategy for this cancer includes surgery, 

chemotherapy, and radiotherapy; however, the 5-year survival rate still remains low, 

~50%.2,3 Recently, new therapeutic approaches, such as molecular-targeted therapy, 

have raised more clinical concern. Until now, molecular targeting strategies included 

treatments targeting EGFR, vascular endothelial growth factor, and vascular endothelial 

growth factor receptor, as well as intracellular signaling pathway components associ-

ated with the phosphatidylinositol 3-kinase (PI3K)/serine/threonine-specific protein 

kinase (AKT).4–6 Among the abovementioned treatments, EGFR-targeted therapy 

has been proven to have great clinical value among various cancers, especially lung 

cancer.7 Nearly 90% of the HNSCC cases are confirmed to have a high expression 

of EGFR.8 Theoretically, targeting this molecule should result in significant clinical 

outcomes and improve the prognosis of HNSCC. Unfortunately, this type of therapy 

has been shown to have limited benefits.9,10 EGFR tyrosine kinase inhibitors (TKIs), 
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including the first-generation TKI – gefitinib, have not been 

approved by the Food and Drug Administration (FDA) for 

use in HNSCC. Based on the results of reported clinical 

trials, HNSCC cells might apply various mechanisms to 

attain resistance to  gefitinib treatment, which greatly reduces 

treatment efficacy.11

Currently, the molecular mechanisms underlying gefi-

tinib treatment resistance in HNSCC remain unclear. It 

was reported that acquired resistance is mainly due to a 

secondary mutation (threonine-to-methionine substitution 

at amino acid position 790 [T790M]) and amplification of 

other oncogenes.12–14 Recently, more and more studies have 

revealed the importance of the tumor microenvironment in 

promoting tumor progression and treatment resistance.15,16 

Hypoxia is a typical feature in the microenvironment and 

has been demonstrated by several studies to play a pivotal 

role in acquired gefitinib resistance.17,18 Our previous work 

showed that chronic inflammation and hypoxic signaling 

are involved in crosstalk in the HNSCC tumor microen-

vironment, consequently decreasing the effect of cisplatin 

treatment.19 Thus, we hypothesize that hypoxia, a dominant 

tumor microenvironment feature in HNSCC, might have the 

same effect on gefitinib resistance. It is therefore imperative 

to explore the mechanisms and overcome hypoxia-induced 

treatment resistance. There is an urgent need for clinicians 

to develop an easy and practical way to re-sensitize HNSCC 

to the effects of gefitinib.

Metformin is a widely used drug for diabetes, and recent 

reports have confirmed its effects in combating cancer and 

improving patient survival rates.20 Tseng reported that met-

formin use is associated with a significantly lower risk of 

nasopharyngeal cancer21 and Woo et al showed that metfor-

min inhibits the expression of malic enzyme and sensitizes 

HNSCC cells to therapy-induced senescence.22 Our group also 

proved that metformin may synergize the effects of cisplatin 

and hypoxia via the inhibition of hypoxic inducible factor-1α 

(HIF-1α) expression.23 Hence, in this study, we explored the 

mechanisms of hypoxia-induced gefitinib resistance and 

found that this might be explained by the promotion of G1–S 

cell cycle progression and epithelial–mesenchymal transition 

(EMT) in tumor cells. We also provide strong evidence for the 

combined therapy of metformin and gefitinib in overcoming 

hypoxia-induced gefitinib resistance in HNSCC.

Materials and methods
Cell culture
The human HNSCC cell lines CAL27, HSC3, and SCC4 were 

obtained from the Cell Bank of the Chinese Academy of Sci-

ences (Shanghai, China); JHU011 was from Johns Hopkins 

University (Baltimore, MD, USA); Detroit562 and HN4 were 

purchased from American Type Culture Collection (Manas-

sas, VA, USA). All the cell lines were cultured in DMEM 

(with 100 µg/mL streptomycin and 100 U/mL penicillin) 

(KeyGEN Biotech, Nanjing, China) supplemented with 10% 

FBS (BI, Migdal Haemek, Israel), in a humidified incubator 

5% CO
2
/20% O

2
 or 5% CO

2
/1% O

2
 at 37°C, represented as 

normoxic and hypoxic tumor environments, respectively. 

Confluent cells were trypsinized with 0.05% trypsin containing 

0.02% EDTA (Thermo Fisher Scientific, Waltham, MA, USA).

Flow cytometry
HNSCC cell lines were harvested and washed with PBS con-

taining 3% BSA. After washing, the monoclonal anti-human 

PE-conjugated EGFR antibody (BioLegend, San Diego, CA, 

USA) was added to the cells and incubated for 30 minutes at 

4°C in the dark. The cells were washed three times with PBS 

and analyzed using a FACSVerse flow cytometer (BD Biosci-

ences, San Jose, CA, USA) to measure the expression of EGFR. 

The data obtained were analyzed by FlowJo (Tree Star, Inc., 

Ashland, OR, USA). Apoptosis assays and cell cycle analysis 

were detected by flow cytometry as described in detail below.

Quantitative real-time PCR assay
Total RNA was isolated using TRIzol reagent. Reverse tran-

scription was performed using a PrimeScript™ RT Reagent 

Kit with gDNA Eraser (Takara Biotechnology, Dalian, China) 

according to the manufacturer’s instructions. RT-PCR was 

performed on ViiA™ 7 (Thermo Fisher Scientific) using 

the ChamQ Universal SYBR qPCR Master Mix (Vazyme 

Biotech, Nanjing, China) according to the manufacturer’s 

protocol. β-Actin was used as the reference gene, and results 

were expressed as the relative expression ratio of target gene 

to reference gene. Data were analyzed with the 2−ΔΔCt method. 

The sequences for the primers used in this study are listed 

in Table 1.

Western blot assay
Following the appropriate treatments, the cells were lysed 

on ice using the mammalian protein extraction reagent RIPA 

(Beyotime, Shanghai, China) supplemented with a protease 

inhibitor cocktail (Hoffman-La Roche Ltd, Basel, Switzer-

land) and phenylmethylsulfonyl fluoride  (Beyotime). The 

supernatants were collected by centrifugation at 12,000× g at 

4°C for 25 minutes. Total protein concentrations were deter-

mined with a bicinchoninic acid protein assay kit (KeyGEN 

Biotech). Protein samples were mixed with 5× loading buffer 
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(GenScript, Nanjing, China) and heated at 95°C for 10 min-

utes. Equal amounts of protein were separated by SDS-PAGE, 

transferred to a 0.22 mm  itrocellulose membrane (EMD 

Millipore, Billerica, MA, USA) and blocked by incubation 

with 5% fat-free milk in TBST buffer (150 mM NaCl, 50 mM 

Tris-HCl, 0.5% Tween 20, pH 7.6) at room temperature for 

2 hours. The membranes were incubated with primary anti-

bodies at 4°C overnight and then with horseradish peroxidase 

(HRP)-conjugated secondary antibodies at room tempera-

ture for 2 hours, prior to being exposed with ECL reagent 

(EMD Millipore). The pictures were captured by a Tanon 

6200 Luminescent Imaging Workstation (Tanon, Shanghai, 

China). The following primary antibodies were used to detect 

proteins: rabbit anti-cyclin D1 (1:10,000; Abcam, Cam-

bridge, UK), E-cadherin (1:500; Abcam), vimentin (1:2,000; 

Abcam), slug (1:1,000; Abcam), α-smooth muscle actin 

(α-SMA; 1:2,000; Abcam), phospho-AKT (1:1,000; Cell 

Signaling Technology, Danvers, MA, USA), AKT (1:1,000; 

Cell Signaling Technology), phospho-ERK (1:1,000; Cell 

Signaling Technology), ERK (1:1,000; Cell Signaling Tech-

nology), mouse anti-twist (1:500; Abcam), and anti-β-actin 

(1:2,000; Proteintech, Rosemont, IL, USA).

Patient cohort
A total of 30 patients diagnosed with HNSCC at the Depart-

ment of Oral and Maxillofacial Surgery, Nanjing Stoma-

tological Hospital, Medical School of Nanjing University 

between 2007 and 2011 were included in this study. All 

patients provided their written informed consent. The mean 

and median age at diagnosis was 61.17 and 61 years old, 

respectively (range, 46–81 years). The detailed clinicopatho-

logical parameters are provided in Table 2.

histopathological analysis and 
immunohistochemistry
Samples from clinical patients and animal models were col-

lected. Tissue sections (4 µm thick) were obtained, deparaf-

finized, and subjected to antigen recovery treatment with 100 

mM citrate buffer target retrieval solution, pH 6.0 at 95°C, in 

a water bath for 20 minutes. Endogenous peroxidase activity 

was blocked by incubating with PBS and 3% hydrogen per-

oxidase for 30 minutes. After washing with PBS, the sections 

were incubated with rabbit anti-cyclin D1 (1:500; Abcam), 

E-cadherin (1:1,600; Abcam), HIF-1α (1:400; Abcam), and 

Ki67 (Typing, Nanjing, China) overnight at 4°C, followed 

by the Envision Dual Link System HRP method (Dako 

Denmark A/S, Glostrup, Denmark). All the antibodies were 

diluted in Dako antibody diluent. Reactions were revealed 

by incubating the sections with 3,3´-diaminobenzidine tet-

rahydrochloride (Dako Denmark A/S). Three pathologists 

independently scored the immunohistochemically stained 

slides. The scoring was based on the extent (E) of staining 

(percentage of positive tumor cells graded on a scale from 

0 to 3: 0, none; 1, 1%–25%; 2, 26%–50%; 3, 51%–75%; 4, 

75%–100%) and the intensity (I) of staining (graded on a 

Table 1 sequences of primers used in this study

Primers Sequences

Cyclin D1 forward 5´-gCaTgTTCgTggCCTCTaag-3´
Cyclin D1 reverse 5´-TTCaaTgaaaTCgTgCgggg-3´
e-cadherin forward 5´-gCCgCTggCgTCTgTaggaa-3´
e-cadherin reverse 5´-TgaCCaCCgCTCTCCTCCga-3´
Vimentin forward 5´-aaaaCaCCCTgCaaTCTTTCaga-3´
Vimentin reverse 5´-CaCTTTgCgTTCaaggTCaagaC-3´
slug forward 5´-aTgCaTaTTCggaCCCaCaCaTTa-3´
slug reverse 5´-agaaTTTgaCCTgTCTgCaaaTgCT-3´
Twist forward 5´-CaagTCTgCagCTCTCgCCa-3´
Twist reverse 5´-CCaaCggCTggCgCaCaC-3´
α-sMa forward 5´-gaCagCTaCgTgggTgaCgaa-3´

α-sMa reverse 5´-CgggTaCTTCagggTCaggaT-3´

β-actin forward 5´-gCaCCgTCaaggCTgagaaC-3´

β-actin reverse 5´-agCaCTgTgTTggCgTaCag-3´

Abbreviation: α-sMa, α-smooth muscle actin.

Table 2 Clinical and pathological characteristics of hnsCC

Characteristics No 
(%) of 
patients

age ≤61 17 (56.57)

>61 13 (43.33)
sex Male 14 (46.67)

Female 16 (53.33)
Tumor location lip 4 (13.33)

Mouth floor 2 (6.67)
Buccalis 4 (13.33)
Tough 9 (30)
gingiva 3 (10)
Palate 5 (16.67)
neck 3 (10)

Tumor stage T1 9 (30)
T2 13 (43.33)
T3 2 (6.67)
T4 6 (20)

nodal stage n0 19 (63.33)
n1/n2 11 (36.67)

Metastatic stage M0 30 (100)
M1 0 (0)

histological grade low grade 18 (60)
intermediate grade 11 (36.67)
high grade 1 (3.33)

Abbreviation: hnsCC, head and neck squamous cell carcinoma.
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scale of 0–3: 0, none; 1, weak staining; 2, moderate staining; 

3, strong staining). Finally, the scores were calculated using 

the formula: scores = ∑(E×I). In vivo, hypoxia was detected 

by Hypoxyprobe™-1 Plus Kits (EMD Millipore) according to 

the manufacturer’s instructions. In brief, 15 minutes before 

being sacrificed, mice were intraperitoneally injected with 

a Hypoxyprobe™-1 (pimonidazole HCl) solution at a dos-

age of 100 mg/kg body weight. The xenograft tumors were 

removed for formalin fixation, paraffin-embedded, followed 

by immunostaining analysis with FITC-MAb1 (primary 

antibody, 1:100) and peroxidase-conjugated anti-FITC sec-

ondary reagent (1:100). The remaining steps were carried 

out as mentioned earlier.

Cell viability assay
The cell viability of HNSCC cells following treatment of 

gefitinib (Selleck Chemicals, Houston, TX, USA), palbociclib 

(Selleck Chemicals), LY294002 (Selleck Chemicals), and 

metformin (Sigma Aldrich Co, St Louis, MO, USA) was tested 

by using cell counting kit-8 (CCK-8) (Bimake, Houston, TX, 

USA) following the manufacturer’s instructions. Cells were 

plated in 96-well plates at a density of 3,000 cells in 100 µL 

complete culture medium. Blank control wells containing the 

same volume of complete culture medium were included in 

each assay. The microplate was incubated overnight at 37°C 

until cells adhered to the plates. The cells were then washed 

with PBS and incubated with gefitinib or metformin, which 

were serially diluted in complete culture medium before use. 

The plate was further incubated for 48 hours. CCK-8 (10 µL) 

was added to each well. The OD of formazan at 450 nm was 

recorded every 0.5 hour until the OD reached 1.0–2.0. Six 

wells corresponded to each concentration of the abovemen-

tioned drugs. Cell viability was calculated as follows: cell 

viability = ([OD] test − [OD] control)/([OD] control − [OD] 

blank) ×100%. The IC
50

 value was calculated using GraphPad 

Prism 7 (GraphPad Software Inc, La Jolla, CA, USA).

apoptosis detection
HNSCC cells were seeded into 6-well plates. The cells were 

incubated overnight and then treated with different agents 

under normoxic or hypoxic conditions. After 48 hours, the 

apoptotic cells were quantified by Annexin V-FITC/Prop-

idium Iodide (PI) Cell Apoptosis Detection Kits (KeyGEN 

Biotech) according to the manufacturer’s protocol. Samples 

were detected with a FACSVerse flow cytometer (BD Bio-

sciences), and the data obtained were analyzed by FlowJo. 

The apoptosis rate in every group was described by Annexin 

V+ PI+ (late apoptosis) + Annexin V+ PI− (early apoptosis).

Cell cycle analysis
HNSCC cells were seeded into 6-well plates. The cells were 

incubated overnight and then treated with different agents 

under normoxic or hypoxic conditions. After 48 hours, flow 

cytometry was used to detect the cell cycle using Cell Cycle 

Detection Kits (KeyGEN Biotech). Samples were detected 

with a FACSVerse flow cytometer (BD Biosciences), and the 

data obtained were analyzed by FlowJo.

in vivo assay
All the animals used in this study were from the Nanjing 

Biomedical Research Institute of Nanjing University 

(Nanjing, China). Mice were maintained under specific 

pathogen-free conditions (N=24, six mice/group). The 

Immunocompetent nude mice (BALB/cJNju-Foxn1nu/

Nju) were treated with 30 µL HSC3 (2×107/mL; six mice/

group) injected into the tongue. Tumor volume was mea-

sured every 3 days with calipers and calculated using the 

formula (volume = long diameter × short diameter2/2). 

After 10 days, the mice were orally gavaged every day 

with PBS, gefitinib (60 mg/kg), metformin (200 mg/kg), 

or gefitinib plus metformin. After 3 weeks of treatment, the 

mice were killed and the xenograft tumors were removed 

and fixed in formalin, paraffin-embedded, and H&E stain-

ing was performed. Immunostaining analysis for HIF-1α, 

cyclin D1, E-cadherin, and Ki67 protein expression was 

also carried out, and apoptosis was observed by TUNEL 

Apoptosis Detection Kits (Sigma-Aldrich Co) according 

to the manufacturer’s instructions. Hypoxic areas in the 

tumors were detected by Hypoxyprobe™-1 Plus Kits (EMD 

Millipore) as previously described.

statistical analyses
All data are expressed as mean ± SD. Statistical differences 

were measured using an unpaired two-sided Student’s t-test 

or one-way ANOVA for multiple comparisons when appro-

priate. All statistical analyses were performed using SPSS 

17.0 statistical software package (SPSS Inc, Chicago, IL, 

USA). Statistical significance was set at an alpha value of 

P<0.05. All the graphs were drawn using GraphPad Prism 7 

(GraphPad Software Inc).

Results
Hypoxia induced HNSCC gefitinib 
treatment resistance in vitro
We first evaluated the expression level of EGFR in HNSCC. A 

total of six HNSCC cell lines (CAL27, Detroit562, JHU011, 

HN4, HSC3, and SCC4) were included in this experiment. 
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Flow cytometry results showed that all six of the HNSCC 

cell lines exhibited high expression levels of EGFR (>90%) 

(Figure 1A), which is in accordance with previous reports.8 

Then, we examined the ability of gefitinib to inhibit the pro-

liferation of HNSCC cell lines. Cell viability assay results 

showed that gefitinib alone could inhibit the proliferation 

of HNSCC cell lines to a certain degree under normoxic 

conditions, illustrating the drug’s efficacy and effectiveness 

in tumor control (Figure 1B). The IC
50

 values of gefitinib in 

the HNSCC cell lines, as calculated by GraphPad Prism 7, 

are listed in Table 3. To further explore the effect of tumor 

hypoxia on the regulation of gefitinib sensitivity, HNSCC 

cell lines were cultured with gefitinib under normoxic and 

hypoxic conditions. The results of the cell viability assay 

demonstrated a significant increase in cell survival during 

hypoxia (P<0.05), suggesting the role of hypoxia in desen-

sitizing cells to treatment with  gefitinib (Figure 1C). The 

results of the cell apoptosis assay also showed a significant 

difference between the normoxic and hypoxic groups (Figure 

1D, P<0.05), confirming that hypoxia can induce gefitinib 

treatment resistance in vitro.

hypoxia regulated hnsCC cell cycle 
progression and eMT in vitro and in vivo
Since hypoxia improved cell viability in cells co-cultured 

with gefitinib, we hypothesized that it might function 

via regulation of the cell cycle. Our in vitro experiment 

showed that the percentage of HNSCC cells in the G1 

phase decreased to varying degrees in response to hypoxic 

stimulation and 1 µM gefitinib treatment (Figure 2A). It 

is well known that cyclin D1 is a key factor in cell cycle 

regulation; therefore, we chose two cell lines among the 

six available HNSCC cell lines, HN4 and HSC3, to detect 

the expression of cyclin D1 at the mRNA and protein level 

when the cells were cultured with gefitinib under hypoxic 

conditions. The results showed that hypoxia significantly 

promoted the expression of cyclin D1, which may lead to 

regulation of the cell cycle (Figure 2B). To further explore 

the relationship between hypoxia and cyclin D1 expression, 

30 HNSCC clinical samples were included in this study. 

Immunohistochemical staining analysis demonstrated that 

the expression of HIF-1α was positively correlated with 

cyclin D1 (R=0.44, P=0.015) (Figure 2C). The representa-

tive pictures are shown in  Figure 2D. Shien K et al reported 

that EMT is strongly related to gefitinib resistance;24 

Kohnoh et al claimed that hypoxia can induce lung cancer 

cell EMT.25 Therefore, it was reasonable for us to further 

analyze the status of EMT treated with gefitinib in cells 

treated with gefitinib under hypoxic conditions. Encour-

agingly, compared with normoxic cells, hypoxic HNSCC 

cells demonstrated significantly higher levels of EMT 

markers (E-cadherin, vimentin, slug, twist, and α-SMA) 

at the mRNA and protein level in HN4 and HSC3 cell lines 

(Figure 2E and F). Further study showed that in clinical 

samples, the expression of E-cadherin was negatively cor-

related with the expression of HIF-1α (R=−0.587, P=0.001) 

(Figure 2G). These data indicated that hypoxia regulates 

the cell cycle and EMT in vitro and in vivo, which might 

partially explain the mechanisms behind hypoxia-induced 

gefitinib resistance.

Inhibition of cyclin D1 and EMT re-
sensitized HNSCC to gefitinib treatment
Since we concluded that HNSCC tumor hypoxia might 

desensitize cells to gefitinib treatment via regulation of the 

cell cycle and induction of EMT, it was necessary to explore 

whether inhibition of such signaling might re-establish the 

efficacy and effectiveness of gefitinib under hypoxic condi-

tions. Palbociclib, a well-known cyclin D1 inhibitor, was used 

in this study.26 First, we devaluated the effects of palbociclib 

on the inhibition of cell proliferation. The results demon-

strated that palbociclib alone (0.1 µM) did not induce obvious 

cell cytotoxicity (Figure 3A). Thus, we chose this concentra-

tion for the subsequent experiments. For the same reason, 

we tested the effect of the EMT inhibitor – LY294002,27 

and confirmed that a concentration of 1 µM was appropri-

ate (Figure 3B). Our in vitro experiment confirmed that 0.1 

µM palbociclib could significantly change the percentage 

of cells in the G1 phase during hypoxia in HN4 and HSC3 

cells (P<0.05) (Figure 3C), and 1 µM LY294002 reversed 

tumor cell EMT during hypoxia (Figure 3D). To clearly 

demonstrate the final treatment effect, combined therapy 

(gefitinib plus palbociclib or gefitinib plus LY294002) was 

applied to compare the results to the single agent gefitinib 

results under normoxic and hypoxic conditions. The results 

proved that the combined treatment significantly enhanced 

the percentage of apoptotic cells (Figure 3F), while treatment 

with palbociclib (0.1 µM) or LY294002 (1 µM) alone did not 

induce significant cell apoptosis (Figure 3E). These results 

illustrate the synergistic effect of such agents and emphasize 

the importance of inhibiting the function of cyclin D1 and 

EMT reversal.
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Figure 1 Hypoxia induced HNSCC gefitinib treatment resistance.
Notes: (A) The expression levels of EGFR in HNSCC cell lines were detected by flow cytometry analysis. (B) Cell viability of HNSCC cell lines treated with the indicated 
doses of gefitinib in normoxia for 48 hours was assessed with the CCK-8 assay. (C) After being treated with the indicated doses of gefitinib in normoxia or hypoxia for 48 
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Metformin re-sensitized cells to hypoxia-
induced gefitinib resistance in vitro and in 
vivo
There have been many reports of the versatile nature of 

metformin in the inhibition of cancer.28–30 Our previous study 

confirmed the effects of metformin in the suppression of 

HIF-1α expression and the subsequent enhancement of the 

therapeutic effects of cisplatin.23 In addition, metformin is a 

clinically approved drug which may have great potential for 

future clinical trials if the capacity to re-sensitize tumors to 

gefitinib is shown. Our in vitro experiment demonstrated that 

metformin (100 µM) could significantly decrease the expres-

sion of cyclin D1 under hypoxic conditions (Figure 4A) and 

change the percentage of G1 cells (Figure 4B) when cells 

were cultured with gefitinib. Meanwhile, metformin also 

decreased the expression of EMT markers during hypoxia 

along with the treatment of gefitinib (Figure 4C). More 

importantly, the combined use of metformin and gefitinib 

significantly inhibited cell growth and induced apoptosis 

in all six HNSCC cell lines, compared with metformin 

and gefitinib alone (Figure 4D and E, P<0.05). It has been 

reported that gefitinib alone might activate parallel signaling 

pathways such as PI3K/AKT, which may partially explain 

the resistance of EGFR TKIs.31 Hence, we explored the 

activation status of the aforementioned signaling pathway. 

Western blot clearly demonstrated that gefitinib could par-

tially increase the expression of p-AKT, while no significant 

change in p-ERK was observed. Encouragingly, the addition 

of metformin might suppress HIF-1α expression along with 

p-AKT in both HSC3 and HN4 cells (Figure 4F). These 

results provide strong evidence that metformin can regulate 

oncogenic signaling to induce cell cycle arrest and EMT, as 

well as that gefitinib itself can activate cell signaling path-

ways such as PI3K/AKT. The combined treatment strategy 

may increase apoptosis and achieve far better therapeutic 

effects in vitro.

To further examine the in vivo therapeutic effects of our 

combined treatment strategy, orthotopic HNSCC animal 

models were established. Ten days after injection of 30 µL 

HSC3 (2×107/mL), 24 mice were evenly distributed into four 

groups to receive PBS, metformin, gefitinib, or metformin 

plus gefitinib. The dose of gefitinib (60 mg/kg/day) and 

metformin (200 mg/kg/day) used in this study was selected 

based on studies of Li et al and Al-Wahab et al.32,33 Following 

treatment, tumor volume and body weight were measured 

every 3 days. The mice were killed 3 weeks after the treat-

ment (Figure 5A). Our in vivo study revealed a significant 

increase in body weight in the combined treatment group 

compared with the single agent and control groups (Figure 

5B), which might explain why the combined treatment 

could exert better tumor inhibition effect in the tongue, and 

it allowed the mice to have more food intake. Tumor vol-

ume was significantly decreased in the combined treatment 

group. Interestingly, we also found that metformin alone 

exerted antitumor effects to some degree when compared 

with the control group (P<0.05). This may be explained by 

the effect of metformin on the inhibition of hypoxic signal-

ing (Figure 5C). The IHC results supported our hypothesis 

that the combined treatment may inhibit the expression 

of HIF-1α and decrease the expression of cyclin D1 and 

Ki-67. Reversal of EMT, reflected by increased expression 

of E-cadherin and significant positive TUNEL staining, was 

also observed (Figure 5D). All these data strongly indicated 

that metformin might have a synergistic effect with gefitinib 

in the treatment of HNSCC.

Discussion
Currently, gefitinib is widely regarded as one of the most 

effective molecular target therapeutic drugs used in lung 

cancers, especially non-small-cell lung cancer (NSCLC).34 

Gefitinib targets EGFR by competitively combining with 

ATP in the receptor tyrosine kinase of the catalytic center 

of the Mg-ATP binding site. Consequently, gefitinib inhibits 

tyrosine kinase activity, blocks intracellular tyrosine kinase 

phosphorylation, and suspends EGFR signal conduction, thus 

blocking the growth of tumor cells.35 Despite the effectiveness 

and efficacy reported in lung cancer, gefitinib has not been 

suggested as a possible alternative approach in HNSCC treat-

ment guidelines, especially as a first-line drug. Gefitinib is 

also not yet approved by the FDA, which might be explained 

by the observed treatment resistance and the limited benefits 

gained by patients in reported clinical trials.11 Thus, a deeper 

understanding of the mechanisms behind gefitinib  treatment 

Table 3 iC50 values for HNSCC cell lines treated with gefitinib 
under normoxic conditions

Cell lines IC50 (μM)

Cal27 0.370±0.064
Detroit562 1.027±0.230
JhU011 0.929±0.154
hn4 0.576±0.075
hsC3 1.059±0.238
sCC4 0.926±0.099

Abbreviation: hnsCC, head and neck squamous cell carcinoma.
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Figure 3 The inhibitor of cyclin D1 and EMT could re-sensitize HNSCC cells to gefitinib in hypoxia.
Notes: (A and B) HN4 and HSC3 cells were treated with the indicated doses of palbociclib or LY294002 for 48 hours. Cell viability was assessed by CCK-8 assay. (C) The 
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Figure 4 Metformin sensitized HNSCC cells to gefitinib in hypoxic condition in vitro.
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resistance is crucially important. In the present study, HNSCC 

tumor hypoxia was proven to be one of the major causes of 

treatment resistance, which is in accordance with previous 

reports.36–38 An et al reported that hypoxia played an important 

role in gefitinib adaptive resistance in NSCLC due to the 

inductive expression of IL-6.39 Murakami et al reported that 

hypoxia could increase the proportion of cancer stem cells in 

lung cancer, which in return would generate more gefitinib-

resistant cells.17 Our work demonstrated that hypoxia induced 

HNSCC gefitinib resistance by regulating the cell cycle and 

inducing EMT.

Due to our earlier findings, overcoming hypoxia-induced 

gefitinib treatment resistance in HNSCC has been our pri-

mary goal. Basic principles to re-sensitize tumor cells to 

gefitinib treatment include simplicity and practicability in the 

clinic. Recently, many studies have confirmed the anticancer 

effects of metformin.40–42 In addition, our previous work 

has also revealed that metformin inhibited the expression 

of HIF-1α through interference with the nuclear factor-κB 

pathway under hypoxic conditions and then sensitized oral 

squamous cell carcinoma to cisplatin.23 Therefore, we hypoth-

esized that the combination of metformin with gefitinib may 

lead to a better curative effect during hypoxia in HNSCC. 

In line with our research, there are clinical trials currently 

in progress utilizing treatment with metformin and gefitinib 

(NCT01864681, NCT03071705, and NCT01997775; www.

ClinicalTrials.gov) in lung cancer patients. To our knowledge, 

there have been no similar clinical trials yet in HNSCC. In 

the present study, we showed that metformin could overcome 

hypoxia-induced gefitinib resistance, which is favorable evi-

dence for possible future application in HNSCC.

Although metformin is a commonly used hypoglyce-

mic drug, the safety and possible systemic toxicity are 

still of major concern. In our study, the dose of metformin 

(100 µmol/L) is higher than that used in diabetic patients. 

Moreover, Iliopoulos et al proved that metformin tends to 

accumulate in tissues rather than blood; thus, a range of 

drug concentrations from 1 to 10 mmol/L would not affect 

normal blood sugar metabolism.43 In addition, Morgillo et 

al validated the safety of 1,500 mg metformin per day in 

nondiabetic patients. This dose corresponds to ~308 mg/

kg in the mouse, which is higher than what we used in our 

study.44,45 Thus, we have provided strong evidence for the 

effectiveness and safety of metformin in our study.

Despite the encouraging outcomes obtained, challenges 

remain. Drug resistance is a consequence of multiple driv-

ing factors. It is difficult to determine the contribution of the 

microenvironment in this process, especially tumor hypoxia. 

Therefore, the strategy of inhibiting hypoxia signaling to 

overcome barriers is unrealistic, and more trials of combined 

therapy are desperately needed. In addition, although metfor-

min is reported to have anticancer effects, it cannot be included 

as a first-line therapeutic drug. Hence, it is necessary to further 

explore the mechanisms of metformin and more novel treat-

ment strategies in the field of HNSCC molecular target therapy.

Conclusion
This study demonstrates that metformin has the potential to 

synergize with gefitinib to overcome hypoxia-induced  treatment 

resistance in HNSCC via cell cycle regulation and EMT 

reversal. Thus, a combination of metformin with EGFR TKIs 

is implicated as a promising therapeutic strategy for HNSCC.
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