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Abstract
Introduction  Phloretin (Ph), an apple polyphenol, has been shown to possess anti-tumor effects. This study aimed to 
investigate the anti-tumor effects of the combination of Ph and radiotherapy on lung cancer.  
Methods  The proliferative rate of Lewis lung carcinoma (LLC) cells treated with Ph was evaluated using the MTT assay. 
The radiosensitization effect of Ph was assessed using the clone formation assay. Additionally, the anti-tumor and 
radiosensitization effects of Ph were explored in LLC xenografts in mice.
Results  Ph inhibited the proliferation of LLC cells in a time- and dose-dependent manner (p < 0.05). Moreover, 
the combination of Ph with radiotherapy significantly inhibited LLC cell colony formation (p < 0.05). In vivo studies 
demonstrated that the combination of Ph with radiotherapy significantly inhibited tumor growth, achieving a tumor 
inhibition rate of 74.44% compared to the control group (p < 0.01). This combination also prolonged the median survival 
times of mice by 31 days compared to the control group (p < 0.01), reduced tumor glucose uptake, promoted tumor cell 
apoptosis, and suppressed tumor cell proliferation.
Conclusion  This study suggests that the combination of Ph with radiotherapy exhibits promising activity against lung 
cancer, potentially through mechanisms including inhibition of glucose transport and promotion of apoptosis. These 
findings may provide a new therapeutic strategy for improving lung cancer treatment.
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1  Introduction

Lung cancer is the main cause of cancer-related mortality worldwide, with an estimated 1.8 million deaths (18%), followed 
by colorectal cancer (9.4%) and liver cancer (8.3%) [1, 2]. GLOBOCAN estimated that there were 2,480,301 new lung 
cancer cases (12.4% of all cancers) and 1,817,172 death cases (18.7% of all cancers) in 2022, with the highest incidence 
and mortality rate in the world [3]. Smoking is the most important risk factor, and about 10% of smokers will eventually 
develop lung cancer [1]. Despite significant advances in lung cancer biology, screening techniques, and treatment, the 
prognosis of lung cancer remains poor, with an overall 5-year survival rate varying from 4 to 17% depending on stage 
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and regional differences [4, 5]. Radiotherapy is the principal therapy for lung cancer; however, radiotherapy resistance 
often limits its efficacy [6]. Therefore, the combination of drugs with radiotherapy to enhance the therapeutic effect of 
radiotherapy is gaining more attention.

Phloretin (Ph), whose chemical structure is 3-(4′-hydroxyphenyl)-1-(2,4,6-trihydroxyphenyl) propan-1-one, belongs to 
the dihydrochalcones family of flavonoids and is present in the peel of the apple (80–420 mg/kg) and pulp (16–20 mg/
kg) [7]. Ph has been shown to exhibit anti-tumor effects on various types of tumors [8, 9]. Kapoor et al. reported that 
Ph inhibited proliferation and induced apoptosis in colorectal carcinoma cells by halting the cell cycle at G2/M stages 
and regulating the expression of Bax and Bcl-2 [10]. Ph combined with atorvastatin exerts a strong synergistic effect in 
suppressing colon cancer cell growth via TRAIL-induced apoptosis and cell cycle arrest at the G2/M checkpoint [11, 12]. 
In breast cancer cells, Ph exhibited the anti-proliferation effect through inhibition of type 2 glucose transporter (GLUT2) 
[13]. Although previous studies have demonstrated Ph’s anti-tumor effects in colon and breast cancers through GLUT-
mediated metabolic modulation, its role in lung cancer remains unexplored. To our knowledge, no prior research has 
investigated the combined effects of Ph with radiotherapy in lung cancer models. However, several studies have shown 
that other flavonoids can enhance the radiosensitivity of cancer cells. For example, rhamnetin, a derivative of quercetin, 
has been suggested to influence the Notch-1 signaling pathway in NCI-H460 and NCI-H1299 cells, thereby improving their 
radiosensitivity [14]. Rhamnetin has been shown to inhibit epithelial-mesenchymal transition (EMT) and decrease Notch-1 
expression, which subsequently induced apoptosis by dampening the NF-κB pathway [14, 15]. Similarly, isorhamnetin, 
another metabolite of quercetin, has also been reported to enhance the radiosensitivity of lung cancer cells [16]. These 
findings underscore the potential of combining flavonoids with radiotherapy to improve treatment outcomes.

Based on the above context, we hypothesized that Ph might participate in the alleviation of lung cancer and enhance 
the radiosensitivity of lung cancer in vivo. In this study, the anti-tumor effects of Ph combined with radiotherapy were 
evaluated using Lewis lung carcinoma (LLC) xenografts in mice. Our study may provide a potential new treatment 
approach for lung cancer, especially through the combination of flavonoid functional ingredients and radiotherapy.

2 � Materials and methods

2.1 � Cell culture and animals

The LLC cells were provided by the Cancer Center and State Key Laboratory of Biotherapy, West China Hospital of Sichuan 
Province, and cultured in Dulbecco’s Modified Eagle Medium (DMEM, MeiLun Co. Ltd., Dalian, China) supplemented with 
10% fetal bovine serum (FBS, MeiLun Co. Ltd., Dalian, China) at 37 °C in a 5% CO2 incubator.

Forty-eight female C57BL/6 J mice, 5 weeks old, were purchased from Chengdu Dashuo Biotechnology Co. Ltd. 
and maintained under specific pathogen-free (SPF) conditions. All animal experiments were carried out following the 
guidelines of the Institutional Animal Care and Use Committee of the West China Hospital of Sichuan.

2.2 � Cell toxicity assay

The MTT assay (Sigma-Aldrich Inc., Missouri, USA) was utilized to examine the anti-proliferative effect of Ph on the LLC 
cells. The vehicle of Ph used in LLC cells was normal saline. 200 μl cell suspension (1 × 107cells/ml) was seeded into the 
96-well plate and treated with different concentrations of Ph (50, 100, 150, 200 μg/ml) at 37 °C with 5% CO2 for 12, 24, 
and 36 h. Then, 200 μl MTT solution (5 mg/ml) was added to the treated cells and incubated for 4 h. Subsequently, 200 μl 
of dimethyl sulfoxide (DMSO, Sigma-Aldrich Inc., Missouri, USA) was added to dissolve the purple formazan. Absorbance 
at 480 nm was measured using the microplate reader, and the cell survival rate was calculated based on the absorbance 
values. Each experimental group was repeated six times.

2.3 � Colony forming assay

The colony forming assay was performed to evaluate the sensitivity of LLC cells to Ph or radiotherapy. Ph (50 μg/ml) 
was added to LLC cells for 1 h, and the cells were irradiated with 2, 4, 6, 8, and 10 Gy using a linear accelerator (Varian, 
California, USA) at the dose rate of 60 cGy/min for 1 h. Then, the treated cells were seeded into six-well plates and cultured 
in fresh drugs-free medium for 10–14 days. Next, the cells were washed twice with PBS, fixed with methanol, and stained 
with 0.5% crystal violet for 20 min (Sigma-Aldrich Inc., Missouri, USA). The number of colonies was counted using a 
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Leica TE2000-S microscope (Leica Microsystems, Wetzlar, Germany). Plating efficiency (PE), surviving fraction (SF), and 
sensitivity enhancement ratio (SER) were calculated using nonlinear regression to fit the data with a multi-target model.

2.4 � Establishment of lung cancer mice model and treatments

To establish the lung cancer model, 100 μl of cell suspension (2 × 107 cells/ml) was injected into the right outer thigh 
of mice. The thigh region’s abundant blood supply and tumorigenic potential favored tumor formation and growth. 
Additionally, a cell concentration of 2 × 107 cells/ml has consistently resulted in good tumor models in previous 
experiments [17]. When the tumors reached approximately 100–200 mm3, mice were randomly divided into 4 groups 
(n = 12 per group): (i) control group (0.9% normal saline), (ii) Ph treatment alone group, (iii) radiotherapy alone group, 
and (iv) Ph combined with radiotherapy group. Based on the studies of Hsiao et al. and Min et al., 0.9% normal saline and 
Ph (20 mg/kg) solutions were injected intraperitoneally every two days for 12 days [18, 19]. Before the third injection, 
the tumor-bearing mice were irradiated with a total dose of 10 Gy at a rate of 60 cGy/min, with a source-to-subject 
distance of 70 cm. Tumor volume was measured using vernier calipers for up to 20 days. After 20 days of treatment, half 
of the mice in each group were anesthetized with 1% pentobarbital at a dose of 5 ml/kg and subsequently euthanized 
via cervical dislocation. Following this, tumor sizes were measured. The remaining six mice in each group were used to 
record survival time.

2.5 � Micro 18F‑FDG positron emission tomography/computed tomography (PET/CT) imaging

After treatment, the metabolic status in tumors was evaluated by measuring 18F-FDG uptake through the Inveon micro-
PET/CT (Siemens, Munich, Germany). After fasting for 12 h, mice were anesthetized with 1% pentobarbital at a dose of 
5 ml/kg and then injected with 100–200 mCi FDG in the tail vein. The regions of interest (ROI) were drawn on the right 
foot. Then, the standard uptake value (SUV) was calculated in the ROI to quantify tumor uptake of glucose.

2.6 � Apoptosis assay

The cell apoptosis was assessed using the Annexin V-FIFC Apoptosis Detection kit (BD Biosciences, New Jersey, USA). The 
soya-sized tumors were digested into single-cell suspensions and immediately resuspended in 200 µl of 0.25% trypsin/
EDTA (1:1, v/v) at room temperature for 1 min. Cell clusters and debris were filtered using the 70 mm nylon mesh filter. 
Then, the supernatant was removed by centrifuging at 1,500 rpm for 3 min at room temperature, and cells were washed 
three times with saline. The cells were resuspended in 500 µl binding buffer (1 × 106 cells/ml). 5 µl propidium iodide and 
5 µl Annexin V-FITC were added and incubated in the dark at room temperature for 15 min. Finally, the apoptotic cells 
were detected by the flow cytometry (BD Biosciences, New Jersey, USA).

2.7 � Immunohistochemistry (IHC)

The tumor tissues were fixed in 10% neutral buffered formalin at 4 °C for 6 h and embedded in paraffin. The tumor tissues 
were sectioned into 4-μm-thick sections and stained with anti-Ki-67 antibody (Bioworld Technology Co. Ltd., Nanjing, 
China, 1:100) according to the manufacturer’s instructions. The samples were observed under a 400 × magnification 
on Leica TE2000-S microscope (Leica Microsystems, Wetzlar, Germany). Ki-67-positive cells and total cell numbers were 
counted in five randomly selected fields of view, and the percentage of positive cells was calculated.

2.8 � Statistical analysis

Statistical analysis was performed using SPSS Statistics version 17.0 software (SPSS Inc., Illinois, USA). All data are 
presented as the mean ± standard deviation (SD). Normality was assessed using the D’Agostino-Pearson test, and 
homogeneity of variance was evaluated using Bartlett’s test. For comparing different groups, one-way analysis of variance 
(ANOVA) was conducted, followed by post-hoc tests. Specifically, Tukey’s HSD test was used for pairwise comparisons 
when the data met the assumptions of normality and homogeneity of variances. For survival analysis, Kaplan–Meier 
curves were generated, and differences in survival distributions were compared using the log-rank test. Additionally, 
Cox proportional hazards regression analysis was performed to estimate the hazard ratios (HR) and 95% confidence 
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intervals (CI) for each treatment group compared to the control group. A p-value less than 0.05 was considered statistically 
significant.

3 � Results

3.1 � Ph significantly inhibited LLC cell proliferation

The anti-proliferative efficacy of Ph on LLC cells was evaluated. As shown in Fig. 1A, the LLC cell viability decreased with 
increasing concentrations of Ph. Furthermore, at the same concentration of Ph, the lowest cell viability was observed 
in those treated for 36 h (Fig. 1B). These results indicated that Ph significantly inhibited the proliferation of LLC cells in 
a dose- and time-dependent manner. Additionally, Ph concentrations below 50 μg/ml did not significantly inhibit the 
proliferation of LLC cells. Therefore, we selected a concentration of 50 μg/ml for Ph based on the dose–response curves, 
as it showed moderate anti-proliferative effects on LLC cells. This concentration was chosen for subsequent analyses to 
further investigate its biological effects.

3.2 � Ph combined with radiotherapy inhibited colony formation of LLC cells

The radiosensitization effect of Ph at different irradiations (2, 4, 6, 8, and 10 Gy) was evaluated through Colony forming 
assay. The results revealed that colony formation rates of LLC cells gradually decreased as the irradiation dose increased 
(Fig. 2). At the same irradiation dose, the colony formation rates of LLC cells in the combination of Ph and radiotherapy 
group were significantly decreased compared to the radiotherapy group (Fig. 2A). The survival curves of LLC cells were 
calculated by a multi-target model, and we found that the survival curve in the combination of Ph and radiotherapy 
group was down-shifted compared to the radiotherapy group (Fig. 2B).

3.3 � Ph combined with radiotherapy delayed the tumor growth and improved survival

To assess the therapeutic efficacy of Ph combined with radiotherapy in vivo, subcutaneous xenograft LLC tumors were 
established in C57BL/6 mice. The mice were randomly assigned to four groups of 12 mice each. Compared with the control 
group, tumor volumes were significantly reduced in the groups treated with Ph, radiotherapy, and the combination of 
Ph and radiotherapy (Fig. 3A). Specifically, the tumor inhibition rates compared to the control group were 38.99% for 
the Ph group (p < 0.05), 59.33% for the radiotherapy group (p < 0.01), and 74.44% for the combination group (p < 0.01). 

Fig. 1   Cell viability of LLC cells treated with different concentrations of Ph. A Phloretin inhibits the proliferation of LLC. The square 
represents 12 h, the circle represents 24 h, and the triangle represents 36 h. B Cell viability of LLC treated with different concentrations of Ph 
for 12, 24, and 36 h. Data are expressed as mean ± SD. *p < 0.01, comparing 12 h to 36 h; #p < 0.01, comparing 24 h to 36 h
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Fig. 2   Ph enhanced the radiation sensitivity of LLC cells. A Colony formation assay of LLC cells. B Survival fraction curves were generated. 
The square represents the radiotherapy group, and the circle represents the combination of Ph and radiotherapy group. *p < 0.05

Fig. 3   Ph combined with radiotherapy inhibited LLC tumor growth in  vivo. A Tumor growth curve of LLC xenograft mice in four groups. 
B Survival curve of LLC xenograft mice in four groups. The median survival times were 25 days for the control group, 29 days for the Ph 
group, 36 days for the radiotherapy group, and 56 days for the combination of Ph and radiotherapy group. C Tumor sizes in four groups after 
treatment completion. *p < 0.01, the combination of Ph and radiotherapy group compared to the control group; #p < 0.01, the combination 
of Ph and radiotherapy group compared to the radiotherapy group
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Notably, the combination of Ph and radiotherapy group exhibited the most pronounced therapeutic effect, significantly 
inhibiting tumor growth (Fig. 3A). Consistently, the combination group had the smallest tumor volume among the four 
groups after treatment completion (Fig. 3C).

In addition to tumor volume reduction, a survival benefit was observed in the groups treated with Ph, radiotherapy, 
and the combination of Ph and radiotherapy. Compared with the control group, the median survival times were extended 
by 4 days in the Ph group, 11 days in the radiotherapy group, and 31 days in the combination of Ph and radiotherapy 
group (Fig. 3B). The survival benefit was further supported by the HR obtained from Cox proportional hazards regression 
analysis. The Ph group exhibited an HR of 0.052 (95% CI 0.006–0.468, p = 0.008), and the radiotherapy group showed 
an HR of 0.011 (95% CI 0.001–0.129, p < 0.001). Notably, the combination group achieved the most significant survival 
benefit, with an HR of 0.001 (95% CI 0.000–0.023, p < 0.001).

These findings suggested that combining Ph with radiotherapy significantly inhibited tumor growth and prolonged 
survival in the tumor-bearing mice.

3.4 � Ph combined with radiotherapy reduced 18F‑FDG uptake

The 18F-FDG PET/CT imaging results from four groups of tumor-bearing mice are shown in Fig. 4A. Compared to the 
control group, the SUVmax value of the Ph, radiotherapy, and the combination of Ph and radiotherapy groups was 
significantly down-regulated (Fig. 4B). Additionally, the combination of Ph and radiotherapy group exhibited the lowest 
mean SUVmax value of 2.05 ± 0.21, which was significantly lower than the 5.51 ± 0.26 in the Ph group and the 3.15 ± 0.17 
in the radiotherapy group. These results indicated that the combination of Ph and radiotherapy had a stronger inhibitory 
effect on lung cancer tumor metabolism than either treatment alone.

3.5 � Ph combined with radiotherapy increased apoptosis

The mechanism that Ph enhances radiosensitization in lung cancer was explored through flow cytometry. Representative 
flow cytometry images of apoptotic cells in four groups are shown in Fig. 5A. The highest rate of apoptotic cells 
was observed in the combination of Ph and radiotherapy group (39.36 ± 1.52%), followed by radiotherapy alone 
(23.78 ± 1.08%), Ph alone (14.63 ± 0.24%), and control groups (6.94 ± 1.68%) (Fig. 5B). The apoptosis rate of tumor cells in 
the combination of Ph and radiotherapy group was significantly higher than that of either monotherapy (Fig. 5B). The 
results suggested that Ph could promote irradiation-induced cell apoptosis in tumor-bearing mice.

Fig. 4   18F-FDG PET/CT imaging. A Representative images of the mice after the last treatment. B The SUVmax values of ROI in four groups. 
**p < 0.01
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3.6 � Ph combined with radiotherapy suppressed tumor cell proliferation

To evaluate the anti-proliferation effect, Ki-67 expression in the tumor cells was analyzed. The results showed that the 
percentage of Ki-67-positive cells in the combination of Ph and radiotherapy group was significantly decreased (Fig. 6A). 
Compared to the control group (45.29%), the percentage of Ki-67-positive cells were 23.10%, 14.72%, and 8.35% in the 
Ph alone, radiotherapy alone, and the combination of Ph and radiotherapy groups, respectively (Fig. 6B). These results 
indicated that Ph combined with radiotherapy significantly suppressed tumor cell proliferation.

4 � Discussion

The management of lung cancer is complex, and radiotherapy serves as a therapeutic option in all stages of the disease and 
for patients in various clinical conditions [20]. However, the radiotoxicity results in treatment tolerability issues and affects 
the quality of life [21]. Therefore, combining anti-cancer drugs with radiotherapy to improve the efficacy of radiotherapy is 
an area of active study [22]. Ph, a dihydrochalcone, has exhibited anti-cancer properties in various cancers [8, 12, 13, 19]. This 
study aimed to investigate whether Ph could sensitize lung cancer to radiotherapy.

The results of this study demonstrated that Ph had anti-tumor effects, consistent with previous research findings [8]. 
We found that Ph inhibited the proliferation of LLC cells in a time- and dose-dependent manner. Furthermore, our results 
showed that the combination of Ph and radiotherapy inhibited colony formation of LLC cells. Concurrently, we discovered 
that the combination of Ph and radiotherapy, compared with Ph or radiotherapy alone, significantly inhibited tumor growth, 
prolonged the survival of mice, reduced tumor cell glucose transport, and increased tumor cell apoptosis. These findings 
suggested that Ph may enhance the sensitivity of tumor cells to radiotherapy.

High cellular glucose metabolism is recognized as one hallmark of cancer [23]. In an aerobic state, cancer cells increase 
glucose uptake for glycolysis and produce lactate to adapt to the microenvironment and maintain their proliferation, 
a phenomenon called the Warburg effect [24, 25]. Transmembrane transport mediated by GLUT proteins in tumor cells 
is the first rate-limiting step in glucose metabolism [26]. Targeting glucose metabolism and transportation has become 
a research focus for cancer therapeutic intervention [27–29]. Previous reports have identified Ph as a new type of small 
compound that suppresses the growth of cancer cells by inhibiting glucose transport and inducing glucose deprivation 
in hepatoma, colorectal, and triple-negative breast cancer [13, 30, 31]. In human liver cancer, a high level of GLUT2 was 

Fig. 5   The proportion of apoptotic cells in four groups. A Representative flow cytometry images of apoptotic cells in four groups. B Cell 
apoptosis rates in four groups. *p < 0.05, **p < 0.01
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observed in cell membranes [32]. In HepG2 tumor-bearing mice, 18F-FDG uptake was significantly decreased in the 
Ph-treated group compared with controls, which may be due to the inhibition of GLUT2 glucose transport [32]. 18F-FDG 
is used to measure glucose metabolism in vivo, and its accumulation reflects increased glucose consumption, which 
is usually associated with poor prognosis [33, 34]. In this study, Ph combined with radiotherapy significantly inhibited 
tumor growth and 18F-FDG uptake. Our results suggested that Ph may have enhanced the killing effect of radiotherapy 
by inhibiting glucose transport. The inhibition of GLUT activity by Ph may also contribute to the enhanced radiosensitivity 
observed in this study. We speculate that when Ph inhibits GLUT proteins, such as GLUT2, the glucose uptake of cancer 
cells is reduced [35]. This could lead to a decrease in the energy supply of cancer cells, making them more vulnerable 
to the damaging effects of radiotherapy. Cancer cells require a large amount of energy to repair DNA damage caused 
by radiation [36]. With the inhibition of glucose transport or activity, the energy supply of cancer cells may become 
insufficient, which could impair their ability to repair radiation-induced damage and thus enhance their radiosensitivity.

Additionally, the inhibition of glucose transport can induce oxidative stress in cancer cells [37]. Under normal circumstances, 
cancer cells maintain a balance of reactive oxygen species (ROS) through glucose metabolism [38]. When glucose transport is 
inhibited, this balance is disrupted, leading to an increase in ROS levels [39]. The elevated ROS levels can further damage the 
DNA and other cellular components of cancer cells, thereby enhancing the therapeutic effect of radiotherapy [40].

Furthermore, decreased glucose transport and metabolism are associated with early apoptosis, including the mitochondrial 
death pathway induced by ATP depletion, oxidative stress-triggering cell death events, and hypoxia-inducible factor-1a 
(HIF-1a), which is related to p53-associated apoptosis [41]. Ph induced apoptosis in hepatoma cells through suppressing 
glucose transport and ATP production, leading to mitochondrial dysfunction and activation of downstream apoptotic 
pathways [32]. Ki-67 is a nuclear antigen associated with proliferation [42]. In this study, Ph combined with radiotherapy 
significantly reduced the percentage of Ki-67-positive cells in the tumor xenografts of mice, which was consistent with the 
MTT results. Moreover, the group treated with the combination of Ph and radiotherapy significantly enhanced cell apoptosis 
compared to either radiotherapy or Ph treatment alone. These findings indicated that Ph exerts radiosensitizing effects on 
lung cancer through the promotion of cell apoptosis and inhibition of tumor cell proliferation.

Our study has certain limitations. Firstly, only one lung cancer cell line, namely LLC, was used. Using additional cell lines 
could provide more comprehensive results. Secondly, we did not conduct in-depth mechanistic validation for GLUT inhibition 
by Ph. Future studies should include more cell lines and detailed exploration of the mechanisms involved.

Fig. 6   Ki-67 expression in transplanted tumors from different groups. A Representative IHC images in four groups (400 ×). B The percentage 
of Ki-67 positive cells in four groups. *p < 0.05, **p < 0.01
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5 � Conclusion

In summary, our research results showed that the combination of Ph and radiotherapy significantly inhibited tumor 
growth and extended the survival time of tumor-bearing mice, demonstrating that Ph enhances the anti-tumor effect 
of radiotherapy on lung cancer. The potential mechanisms may be related to the inhibition of glucose transport, 
promotion of cell apoptosis, and inhibition of cell proliferation.
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