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Resistance to neoadjuvant chemoradiation therapy, is a major challenge in the management of rectal cancer. Increasing evidence supports a role for altered energy metabolism in the resistance of tumours to anti-cancer therapy, suggesting that targeting tumour metabolism may have potential as a novel therapeutic strategy to boost treatment response. In this study, the impact of metformin on the radiosensitivity of colorectal cancer cells, and the potential mechanisms of action of metformin-mediated radiosensitisation were investigated. Metformin treatment was demonstrated to significantly radiosensitise both radiosensitive and radioresistant colorectal cancer cells in vitro. Transcriptomic and functional analysis demonstrated metformin-mediated alterations to energy metabolism, mitochondrial function, cell cycle distribution and progression, cell death and antioxidant levels in colorectal cancer cells. Using ex vivo models, metformin treatment significantly inhibited oxidative phosphorylation and glycolysis in treatment naïve rectal cancer biopsies, without affecting the real-time metabolic profile of non-cancer rectal tissue. Importantly, metformin treatment differentially altered the protein secretome of rectal cancer tissue when compared to non-cancer rectal tissue. Together these data highlight the potential utility of metformin as an anti-metabolic radiosensitiser in rectal cancer.
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1 Introduction

Colorectal cancer (CRC) has the 3rd highest incidence rate of cancer worldwide, and accounts for the 2nd highest cancer mortality rate (1). An estimated one in three cases of CRC occur in the lower bowel, or the rectum, the incidence of which are predicted to rise exponentially in the coming years (2). Alarmingly, this predicted rise in the incidence of rectal cancer is thought to be largely driven by an increase in rectal cancer incidence in young adults (<50 years) (3–6), who often present with advanced stage disease, more aggressive histopathologic characteristics and poorer prognoses (7, 8).

The current standard of care for locally-advanced rectal cancer is neoadjuvant chemoradiation therapy (neoCRT), followed by surgical resection. Patients typically receive long-course radiation therapy, combined with 5-fluorouracil (5-FU) based chemotherapy prior to total mesorectal excision (TME) (9). Increasingly, patients are being considered for total neoadjuvant therapy. TME is a major procedure and is associated with increased risk of perioperative mortality and morbidity and has long term impacts on the quality of life for cancer survivors (10). Therefore, there is an increasing interest in the identification of treatment strategies that can facilitate organ preservation (11). The attainment of a pathological complete response (pCR) following neoCRT, which is characterised by no viable tumour cells, is associated with low recurrence rates and improved survival outcomes (12), highlighting the potential for organ preservation in these patients. Unfortunately, only an estimated 20-30% of patients achieve a pCR following neoCRT (13–16). Consequently, there is an unmet need to identify novel treatment strategies to boost the response to neoCRT in rectal cancer patients to facilitate organ preservation and improve outcomes for patients.

Radiosensitising drugs aim to enhance radiation-induced damage in cancer cells, while sparing surrounding healthy tissue. To date, few radiosensitising drugs have been approved for use clinically (17). Increasing evidence supports a role for altered energy metabolism in the radioresistance of cancer (18–20). We have previously demonstrated that metabolic reprogramming is associated with a radioresistant phenotype in both in vitro and ex vivo models of oesophageal adenocarcinoma (21, 22) and rectal adenocarcinoma (23).

Metformin is a clinically approved drug used for the management of type II diabetes (24), and has been demonstrated to act as an inhibitor of oxidative phosphorylation, through inhibition of complex I of the Electron Transport Chain (ETC) (25, 26). Observational studies have demonstrated that diabetics with rectal or oesophageal cancer, treated with metformin during cancer treatment, display enhanced responses to cancer therapy (27–29), indicating the potential utility of metformin as a radiosensitising drug. Previous research has demonstrated the efficacy of metformin as a radiosensitiser in models of colon cancer (30, 31). However, the potential of metformin as a novel anti-metabolic radiosensitiser in rectal cancer is largely unknown.

This study demonstrates, through real-time live cell metabolic profiling and transcriptomic profiling, that metformin significantly alters energy metabolism in both in vitro and ex vivo models of rectal adenocarcinoma and importantly, radiosensitises radioresistant rectal cancer cells to clinically-relevant doses of X-ray radiation. Furthermore, we demonstrate that metformin-induced radiosensitisation may be mediated in part through alterations to cell cycle, cell death and oxidative stress. This study also importantly demonstrates that metformin treatment significantly alters the metabolic profile and inflammatory secretome in rectal cancer biopsies, with minimal impact on non-cancer rectal tissue, supporting its potential as a radiosensitising agent in rectal cancer.




2 Materials and methods



2.1 CRC adenocarcinoma cell lines

SW837 rectal cancer and HCT116 colon cancer cell lines were obtained from the European Collection of Cell Culture (ECACC). SW837 cells were maintained in Leibovitz’s (L-15) culture media (Lonza, Basel, Switzerland), supplemented with penicillin-streptomycin (1%) (v/v) (Lonza), foetal bovine serum (FBS) (10%) (v/v) (Gibco, Waltham, MA, USA), and L-Glutamine (Lonza) (1%) (v/v) (complete medium), in non-vented flasks. HCT116 colon cancer cells were maintained in Roswell Park Memorial Institute (RPMI)-1460 medium (Gibco), supplemented with penicillin-streptomycin (1%) (v/v), and FBS (10%) (v/v) (complete medium) (complete RPMI (cRPMI)), in vented flasks. Cell lines were cultured at 37°C, in 5% CO2/95% humidified air.




2.2 Crystal violet assay

SW837 cells were fixed via the addition of 50 µL 1% glutaraldehyde [(v/v) in phosphate buffered saline (PBS)], per well) for 15 min, at room temperature (RT°). HCT116 cells were fixed with cold 4% paraformaldehyde (PFA) (v/v) for 10 min, at RT°. The fixative was removed and cells were washed with 50 µL PBS. Cells were stained with 0.1% crystal violet (w/v) (in dH2O) for 30 min at RT°. Cells were gently washed with 50 µL water and allowed to air dry overnight at RT°. The crystal violet dye was then eluted via the addition of 50 µL 1% Triton-X100 (in PBS) on an orbital shaker for ~ 1 h, or until the dye fully eluted, at RT°. The absorbance was read at 595 nm on a VersaMax microplate reader (Molecular Devices, Sunnyvale, CA USA).




2.3 Real-time metabolic profiling of cell lines

Cells were seeded at optimised seeding densities (HCT116: 10,000 cells/well, SW837: 30,000 cells/well in a final volume of 100 µL cRPMI) in a 24-well cell culture XFe24 microplate (Agilent Technologies, Santa Clara, CA, USA) and allowed to adhere at 37°C, 5% CO2/95% humidified air. At 5 h post seeding, an additional 150 µL complete media was added to each well. Following 24 h, medium was removed to waste, and cells were treated with metformin (2.5 or 10 mM) (Sigma Aldrich, St. Louis, MO, USA) or vehicle control (H2O) diluted in cRPMI. Following 24 h, treatment was removed and cells were washed with unbuffered Seahorse XF Base DMEM (Agilent) (supplemented with 10 mM glucose (Sigma), 10 mM sodium pyruvate (Sigma) and L-glutamine) and placed in a non-CO2 incubator for 1 h at 37°C. OCR and ECAR were measured using the Seahorse XFe24 Extracellular Flux Analyser (Agilent). Three baseline measurements of OCR and ECAR were taken over 24 min, consisting of 2 repetitions of mix (3 min)/wait (2 min)/measurement (3 min), to establish basal respiration. All OCR/ECAR readings were normalised using the crystal violet assay.




2.4 Mitochondrial function

Three surrogate markers of mitochondrial function, reactive oxygen species (ROS), mitochondrial membrane potential and mitochondrial mass were assessed using a series of fluorescent probes (2,7 DCF), Rhodamine-123 and MitoTracker GreenFM), as previously described (21). Briefly, HCT116 cells (10,000 cells per well) and SW837 cells (30,000 cells per well) were seeded in triplicate in a 96-well plate and placed at 37°C in 5% CO2/95% humidified air. At 24 h post seeding, the medium was removed and cells were treated with metformin (2.5 or 10 mM) or vehicle control (H2O) diluted in cRPMI. At 24 h post treatment, the media was removed and cells were incubated with a fluorescent probe {in PBS with magnesium [PBS (Mg2+)]} for 30 min, in the dark at 37°C. The probe was removed, fresh PBS was added and the fluorescence was immediately read using a FLx800 Fluorescence microplate reader (Mason Technology). Fluorescence values were subsequently normalised to cell number using the crystal violet assay.




2.5 X-ray radiation

All irradiations were performed using an X-Strahl cabinet X-ray irradiator (RS225) (X-Strahl) at a dose rate of 1.74 Gy/min.




2.6 Clonogenic assay

HCT116 and SW837 cells in the exponential growth phase were harvested, seeded in cRPMI into 6-well plates at optimised cell densities (HCT116: 0 Gy 500 cell/well, 1.8 Gy 1000 cells/well. SW837: 0 Gy 3000 cells/well, 1.8 Gy 5000 cells/well) and were allowed to adhere at 37°C in 5% CO2/95% humidified air overnight. Following 24 h incubation, medium was removed to waste, and cells were treated with metformin (1, 2.5 or 10 mM) or vehicle control (H2O) diluted in cRPMI. After 24 h, cells were exposed to X-ray radiation at 1.8 Gy or were mock-irradiated. For 5-FU treatments, cells were treated with 5-FU (15 µM) or DMSO control (0.001%) for 6 h prior to irradiation. At 24 h post-irradiation, treatment medium was removed and replenished with 1.5 mL/well cRPMI. Cells were incubated at 37°C in 5% CO2/95% humidified air for 7-14 days, until colonies formed but did not merge.




2.7 Fixation, staining and counting of clonogenic assay

For SW837 cells, a volume of 500 µL fixing/staining solution (0.05% (w/v) crystal violet (Sigma), 25% (v/v) Methanol (Sigma) in PBS) was added to each well and incubated for 30 min, at RT°. For HCT116 cells, a volume of 500 µL 4% PFA (4°C) (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) was added to the well and incubated for 10 min at RT°. Colonies were stained with crystal violet solution (0.05% (w/v)) for 30 min at RT°. The stain was removed to waste, and the wells gently washed with water. Plates were then left to air-dry overnight. Colonies were counted using a PC-software operated colony counter (Gelcount™, Oxford Optronix Ltd., Abingdon, UK, version 1.2.1). Plating efficiencies (PEs), based on control colony counts, were calculated using the following formula: PE = no. colonies/no. cells seeded. The surviving fraction (SF) was calculated using the following formula: SF = No. colonies formed after treatment/(No. cells seeded x PE) as previously described (32).




2.8 Assessment of cell cycle

Cells were seeded into 12-well plates at optimised densities (HCT116: 150,000 cells/well, SW837: 200,000 cells/well) in cRPMI and allowed to adhere overnight at 37°C in 5% CO2/95% humidified air. At 24 h, medium was removed and cells were treated with metformin (10 mM) or vehicle control (H2O) diluted in cRPMI. Twenty-four hours later, cells were mock-irradiated or exposed to 1.8 Gy X-ray radiation. At, 6 h, 10 h, or 24 h post-irradiation, cells were collected into 5 mL flow tubes, and stained with propidium iodide (PI). Samples were acquired, with a minimum of 10,000 events collected, excluding doublets, using the FACSCanto II flow cytometer (BD Biosciences). PI was measured on the PerCP-Cy5 channel. Data were analysed using FlowJo™ Version 10.6.2.




2.9 Assessment of apoptosis by flow cytometry

Cells were seeded in cRPMI into 12-well plates at optimised seeding densities (HCT116: 400,000 cells/well, SW837: 500,000 cells/well) and allowed to adhere overnight at 37°C in 5% CO2/95% humidified air. At 24 h, medium was removed and cells were treated with metformin (10 mM) or vehicle control (H2O) diluted in cRPMI. After 24 h, cells were irradiated with 1.8 Gy X-ray radiation, while controls were mock-irradiated. At 24 h post radiation, supernatants and cells were collected into 5 mL flow tubes. Cells were stained with Annexin-V-FITC for 15 min at 4°C. Cells were then stained with PI prior to acquisition of 40,000 cells per tube, excluding doublets using the FACSCanto II flow cytometer. Annexin-V-FITC was measured on the FITC channel, while PI was measured on the PerCP-Cy5 channel. Data were analysed using FlowJo™ Version 10.6.2.




2.10 Glutathione GSH/GSSG-Glo™ assay

Cells were seeded in cRPMI in white-walled 96-well plates (Promega, Madison, WI, USA) at a density of 15,000 cells/well. At 24 h post seeding, medium was removed to waste, and cells were treated with 100 µL of metformin (10 mM) or vehicle control (H2O) diluted in cRPMI and incubated at 37°C in 5% CO2/95% humidified air. After 24 h treatment, media was removed to waste and GSH/GSSG levels measured using the GSH/GSSG-Glo™ luminescent assay (Promega), according to the manufacturer’s instructions. Luminescence was measured at 1 s integration time using the Explorer Luminometer (Promega). An identical plate of cells was set up and treated as with the experimental plate and was used for normalisation of assay results by crystal violet assay.




2.11 RNA isolation and quantification

SW837 cells were treated with metformin (10 mM) or vehicle control (H2O) diluted in cRPMI for 24 h. Total RNA was isolated from cells using the miRNeasy® Mini Kit (Qiagen, Hilden, Germany), according to manufacturer instructions. RNA was quantified using a Nanodrop 1000 spectrophotometer version 3.1 (Thermo Fisher Scientific, Dublin, Ireland).




2.12 Transcriptomic profiling

Transcriptomic profiling was conducted utilising mRNA sequencing using the Lexogen QuantSeq 3’ mRNA-Seq. RNA samples were prepared for sequencing using the QuantSeq™ 3’ mRNA-Seq Library prep kit (Lexogen, Vienna, Austria), according to the manufacturer instructions, using a starting volume of 50 ng RNA. An equal molar amount of the purified library was pooled for sequencing, with a loading concentration of 320 pM loaded onto the NovaSeq flowcell. Sequencing was performed using the NovaSeq 6000 (Illumina, San Diego, CA, USA), and an SP v1.5 sequencing kit (Illumina) with 1 x 100bp reads, as per manufacturer instructions.




2.13 Transcriptomic data analysis

Raw files were assessed using the BlueBee™ Bioinformatics platform (Lexogen). Raw reads were trimmed and aligned for automated gene counting. Once gene reads and counts were complete, differential expression analysis was performed using the DESeq2 R script extension within BlueBee software.




2.14 IPA analysis

Significantly differentially expressed genes, and corresponding Log2 Fold Change values were imported to IPA bioinformatics software (Qiagen, Redwood City, CA, USA, Winter Release 2021). Core analysis in IPA was performed, which utilises the Qiagen Knowledge Base, to identify networks and predict specific biological function and pathway involvement in the uploaded experimental transcriptomic dataset. Canonical Pathway Analysis in IPA, utilising the Qiagen Knowledge Base, was utilised to predict involvement and activation or inhibition of specific biological pathways in the experimental dataset. The p-value denotes the significance between the overlap of input experimental data and the Ingenuity Knowledge Base, indicating confidence in pathway involvement. The Z-score refers to software prediction of the activation or inhibition of each affected canonical pathway, with a Z-score ≥ 2, or ≤ -2 indicating significant activation or inhibition of each pathway, respectively.




2.15 Patient recruitment and ethics

Ethical approval for patient sample collection for this study was granted by the Joint St. James’s Hospital/AMNCH ethical review board (Reference 10/11/2011) and the Beacon Hospital Research Ethics Committee (Reference BEA0139). Patients undergoing lower gastrointestinal investigations or endoscopy for rectal cancer diagnosis were recruited between October 2020 and January 2022 from St. James’s Hospital, Dublin and Beacon Hospital, Dublin. Pre-treatment rectal tumour biopsies were obtained from consenting patients at diagnostic endoscopy. Normal (non-cancer) rectal tissue biopsies were obtained during colonoscopy from consenting patients who did not have a cancer diagnosis. Histological confirmation of tumour tissue and non-malignant tissue in biopsies was performed by an experienced pathologist using haematoxylin and eosin staining.




2.16 Protein isolation and quantification from biopsies

Protein was isolated from patient tissue biopsies using an AllPrep DNA/RNA/Protein Mini Kit (Qiagen), according to manufacturers’ instructions. To quantify the protein content of patient biopsies, the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific) was utilised, according to the manufacturer’s instructions.




2.17 Real-time metabolic profiling of rectal tumour and non-cancer rectal tissue biopsies

Two biopsies per patient were collected at colonoscopy, placed into an individual well of an XF24 Islet Capture Microplate (Agilent Technologies) and secured into place by islet capture screens. A volume of 1 mL complete M199 (Gibco) [supplemented with FBS (10%), penicillin-streptomycin (1%), Fungizone™ (1%), gentamycin (0.1%) and insulin (1 µg/mL)] was placed in each well. The plate was placed at 37°C, in 5% CO2/95% humidified air for 30 min to equilibrate. Three basal measurements of OCR and ECAR were measured over 24 min of three repeats of mix (3 min)/wait (2 min)/measurement (3 min) using the Seahorse XFe24 analyser. The biopsies were treated with metformin (10 mM) or H2O control in complete M199 medium (1 mL volume). Biopsies were cultured for 24 h at 37°C in 5% CO2/95% humidified air, and basal measurements of OCR and ECAR measured over 24 min as described. Biopsies and matching tumour conditioned media (TCM) or non-cancer conditioned media (NCM) were collected, snap-frozen in liquid nitrogen, and stored at -80°C until required. The effect of treatment was assessed as the change in OCR/ECAR measurements following vehicle/metformin treatment, when compared to each corresponding baseline measurement. Metabolic rates were normalised to protein content using the Pierce BCA assay as per the manufacturers’ instructions.




2.18 Multiplex enzyme-linked immunosorbent assay profiling of TCM and NCM

To assess angiogenic, vascular injury, pro-inflammatory, cytokine and chemokine secretions a 54-plex ELISA kit separated across 7 plates was used (Meso Scale Discovery, Rockville, MD, USA). The multiplex kit was used to quantify the secretions of CRP, Eotaxin, Eotaxin-3, FGF(basic), Flt-1, GM-CSF, ICAM-1, IFN-γ, IL-10, IL-12/IL-23p40, IL-12p70, IL-13, IL-15, IL-16, IL-17A, IL-17A/F, IL-17B, IL-17C, IL-17D, IL-1RA, IL-1α, IL-1β, IL-2, IL-21, IL-22, IL-23, IL-27, IL-3, IL-31, IL-4, IL-5, IL-6, IL-7, IL-8, IL-8 (HA), IL-9, IP-10, MCP-1, MCP-4, MDC, MIP-1α, MIP-1β, MIP-3α, PlGF, SAA, TARC, Tie-2, TNF-α, TNF-β, TSLP, VCAM-1, VEGF-A, VEGF-C and VEGF-D. All assays were run as per manufacturer’s recommendation, an overnight supernatant incubation protocol was used for all assays except Angiogenesis Panel 1 and Vascular Injury Panel 2, which were run according to the same day protocol. TCM and NCM were run undiluted on all assays except Vascular Injury Panel 2, where a one-in-four dilution was used. Secretion data for all factors was normalised to cell lysate protein content by using a BCA assay.




2.19 Statistical analysis

All statistical analysis and graphing were performed using Graphpad Prism v9 software. Data is presented as mean ± standard error of the mean (SEM) throughout. Statistical comparisons were carried out using analysis of variance (ANOVA) testing, post-hoc Tukey’s multiple comparisons testing or t-testing, depending on the experimental set up, as described in figure legends. For transcriptomic data analysis, BlueBee, DESeq2 R extension and IPA software were utilised for statistical analysis. DESeq2 utilised Wald testing, while IPA utilised Fisher’s Exact Test, as stated in figure/table legends. Analysis on patient samples used Mann-Whitney U or Wilcoxon signed rank test, as appropriate. Results were considered significant where probability (p) ≤ 0.05.





3 Results



3.1 Metformin treatment significantly alters energy metabolism and mitochondrial function in HCT116 and SW837 CRC cells

To investigate the metabolic modulating effects of metformin treatment on CRC cells in vitro, the metabolic phenotypes of HCT116 colon cancer and SW837 rectal cancer cells treated with metformin were assessed by Seahorse profiling. This permits the measurement of the two major metabolic pathways, oxidative phosphorylation, represented by oxygen consumption rate (OCR), and glycolysis, represented by extracellular acidification rate (ECAR) in live cells in real-time.

Metformin treatment (2.5 mM and 10 mM) significantly reduced OCR in HCT116 cells, when compared to vehicle control (Figure 1A). In SW837 rectal cancer cells, metformin (2.5 mM and 10 mM) significantly inhibited OCR and upregulated ECAR, relative to vehicle control (Figures 1A, B). To further investigate the impact of metformin treatment on mitochondrial metabolism in HCT116 and SW837 cells, mitochondrial dysfunction was assessed using three surrogate markers of mitochondrial function; mitochondrial mass, reactive oxygen species (ROS) and mitochondrial membrane potential. No significant alterations to mitochondrial mass were demonstrated following metformin treatment in HCT116 cells, however, in SW837 cells, mitochondrial mass was significantly increased following 24 h treatment with metformin (10 mM), when compared to control (Figure 1C). ROS production was significantly increased in HCT116 and SW837 cells following treatment with 10 mM metformin for 24 h, when compared to control (Figure 1D). Furthermore, mitochondrial membrane potential was significantly increased in both cell lines following 24 h treatment with 10 mM metformin, when compared to control (Figure 1E). These data demonstrate that metformin alters metabolism, specifically inhibiting oxidative phosphorylation, and induces significant mitochondrial dysfunction in both HCT116 and SW837 cells, supporting its metabolic modulatory effects in CRC in vitro.




Figure 1 | Metformin alters energy metabolism, mitochondrial function and radiosensitivity in CRC cells. HCT116 and SW837 cells were treated with metformin (2.5 mM or 10 mM) or vehicle control (H2O) for 24 h, and energy metabolism and mitochondrial function was assessed using Seahorse technology and fluorescent probes, respectively. (A) OCR (B) ECAR (C) Mitochondrial mass (D) ROS production (E) Mitochondrial membrane potential. HCT116 cells and SW837 cells were treated with metformin (1 mM, 2.5 mM, 10 mM) or H2O vehicle control for 24 h, or 5-FU (15 µM) or DMSO control (0.001%) for 6 h, prior to irradiation with 1.8 Gy X-ray radiation and radiosensitivity was assessed by clonogenic assay. (F) Surviving fraction of HCT116 cells irradiated with 1.8 Gy following pre-treatment with metformin, 5-FU or vehicle controls. (G) Surviving fraction of SW837 cells irradiated with 1.8 Gy following pre-treatment with metformin, 5-FU or vehicle controls. Data is presented as mean ± SEM for at least 3 independent experiments. Statistical analysis was performed using t-testing or ANOVA as appropriate. *p < 0.05, **p < 0.01, ****p < 0.0001.






3.2 Metformin treatment significantly radiosensitises HCT116 and SW837 CRC cells

Having demonstrated metformin-mediated inhibition of oxidative phosphorylation in both HCT116 and SW837 cells, the potential of metformin as a radiosensitiser in vitro was investigated. We and others have previously identified SW837 rectal cancer and HCT116 colon cancer cells as an in vitro model of inherently radioresistant, and radiosensitive CRC, respectively (23, 33). The potential radiosensitising effects of metformin (1 mM, 2.5 mM, 10 mM) following a clinically-relevant dose of 1.8 Gy X-ray radiation was assessed in HCT116 and SW837 cells using the gold standard clonogenic assay.

Metformin treatment (2.5 mM and 10 mM) significantly sensitised radiosensitive HCT116 cells to 1.8 Gy radiation, when compared to vehicle control (Figure 1F) (relative mean surviving fraction (SF) ± standard error of mean (SEM); 2.5 mM metformin 0.67 ± 0.03, 10 mM 0.53 ± 0.08). Interestingly, this metformin-mediated radiosensitisation was superior to the radiosensitising effects of 5-FU (15 µM) (Figure 1F) (relative mean SF ± SEM; 15 µM 5-FU 0.78 ± 0.08). Metformin treatment (2.5 mM and 10 mM) also significantly sensitised radioresistant SW837 cells to 1.8 Gy X-ray radiation, when compared to vehicle control (Figure 1G) (relative mean SF ± SEM; 2.5 mM metformin 0.86 ± 0.3, 10 mM metformin 0.88 ± 0.04). Importantly, this metformin-mediated radiosensitisation of SW837 cells was significantly superior (p < 0.05) to the radiosensitising effects of 5-FU (relative mean SF ± SEM; 15 µM 5-FU 0.98 ± 0.045), the current standard of care.

These data demonstrate that metformin, significantly radiosensitises radiosensitive HCT116 cells and radioresistant SW837 cancer cells at a clinically-relevant dose of 1.8 Gy. Importantly, the radiosensitising effects of metformin on both cell lines at 1.8 Gy were superior to the radiosensitising effects demonstrated by 5-FU, the current standard of care chemotherapeutic.




3.3 Metformin alters cell cycle distribution and radiation-induced progression in CRC cells

Having demonstrated that metformin significantly radiosensitises HCT116 and SW837 cells, the potential mechanism(s) underlying this metformin-mediated radiosensitisation were investigated. Basal cell cycle distribution has been implicated in the radio response, with cells in the S phase and G0/G1 phases being more radioresistant, and cells in the G2/M phase being the most sensitive to radiation exposure (34).

Metformin treatment significantly reduced the proportion of radiosensitive HCT116 cells in the G0/G1 phase at 48 h post treatment, when compared to vehicle control (Figure 2A). By 48 h post treatment, metformin treatment resulted in a significant increase to the proportion of HCT116 cells in S phase (Figure 2A). In contrast, in radioresistant SW837 cells, no significant alterations in cell cycle distribution were observed at 48 h post treatment in SW837 cells (Figure 2B). These data demonstrate differential effects of metformin treatment on basal cell cycle distribution in HCT116 and SW837 cells.




Figure 2 | Metformin significantly alters basal cell cycle distribution and radiation-induced cell cycle progression in CRC cells. HCT116 and SW837 cells were treated with metformin (10 mM) or H2O vehicle control for 24 h before irradiation with 1.8 Gy X-ray radiation. Controls were mock irradiated. Cell cycle distribution was assessed basally and at 6 h, 10 h and 24 h post irradiation by PI staining and flow cytometry. (A) Basal cell cycle in HCT116 cells following treatment (48 h) with metformin or vehicle control. (B) Basal cell cycle in SW837 cells following treatment (48 h) with metformin or vehicle control. Proportion of G0/G1 phase cells following metformin and radiation treatment in (C) HCT116 and (D) SW837 cells. Proportion of S phase cells following metformin and radiation treatment in (E) HCT116 and (F) SW837 cells. Proportion of G/M phase cells following metformin and radiation treatment in (G) HCT116 and (H) SW837 cells. Data is presented as mean ± SEM for at least 4 independent experiments. Statistical analysis was performed using paired t-testing. *p < 0.05, **p < 0.01.



Given the demonstrated metformin-mediated alteration in basal cell cycle distribution in HCT116 cells, the effect of metformin on cell cycle progression following irradiation with X-ray radiation was investigated in HCT116 and SW837 cells. HCT116 and SW837 cells were pre-treated with metformin (10 mM) or H2O vehicle control for 24 h, exposed to 1.8 Gy radiation, and the cell cycle distribution assessed at 6 h, 10 h and 24 h post irradiation.

In radiosensitive HCT116 cells, the addition of metformin to 1.8 Gy X-ray radiation significantly increased the proportion of G0/G1 cells at 6 h post irradiation, but by 24 h post irradiation, the proportion of G0/G1 cells were significantly reduced in cells treated with metformin and 1.8 Gy, when compared to irradiated vehicle control (Figure 2C). The addition of metformin to 1.8 Gy significantly increased the proportion of S phase HCT116 cells at 10 h and 24 h post irradiation, when compared to irradiated vehicle controls (Figure 2E). The addition of metformin to 1.8 Gy significantly reduced the proportion of HCT116 G2/M phase cells at 6h, 10 h and 24 h post radiation, when compared to irradiated vehicle controls (Figure 2G).

In radioresistant SW837 cells, the addition of metformin to 1.8 Gy induced a significant G0/G1 arrest at 6 h and 10 h post irradiation, when compared to irradiated vehicle control (Figure 2D). At all timepoints post radiation, no significant differences were demonstrated in the proportion of S phase SW837 cells (Figure 2F). Metformin significantly reduced the proportion of SW837 cells in G2/M phase at both 6 h and 10 h post irradiation with 1.8 Gy, when compared to irradiated vehicle control (Figure 2H).

Together, these data demonstrate that metformin treatment in combination with radiation induces significant alterations to cell cycle progression, with differing effects on the radiosensitive HCT116 and radioresistant SW837 cell lines.




3.4 Metformin significantly induces cell death basally and following treatment with X-ray radiation in CRC cells

As metformin has been demonstrated to exert anti-cancer effects, we investigated if metformin-induced apoptosis may be a mechanism underlying the metformin-mediated radiosensitisation of HCT116 and SW837 cells.

In unirradiated cells, metformin treatment (72 h) significantly reduced the number of live HCT116 and SW837 cells, when compared to vehicle control (Figure 3A). Metformin treatment (72 h) induced a significant increase in early and late apoptotic HCT116 cells, when compared to vehicle control (Figures 3B, D). In addition, metformin significantly induced significant late apoptosis in SW837 cells, when compared to vehicle control (Figure 3D). Furthermore, metformin significantly induced necrosis in HCT116 cells, when compared to vehicle control (Figure 3C). Together, these data demonstrate that metformin treatment (10 mM) induces significant cell death in HCT116 and SW837 CRC cell lines.




Figure 3 | Metformin induces cell death in HCT116 and SW837 cells basally and following X-ray radiation. HCT116 and SW837 cells were treated with metformin (10 mM) or H2O vehicle control for 24 h, either mock-irradiated or exposed to 1.8 Gy X-ray radiation, and cell death was assessed by Annexin V/PI staining and flow cytometry at 48 h post irradiation/72 h post metformin treatment. (A) Live cells. (B) Early apoptotic cells. (C) Necrotic cells. (D) Late Apoptotic cells. Data is presented as mean ± SEM for 5 independent experiments. Statistical analysis was performed by paired t-testing. *p<0.05, **p< 0.01.



Having demonstrated that metformin treatment alone induces cell death in both HCT116 and SW837 cells, the impact of metformin combined with a clinically-relevant dose of 1.8 Gy radiation was assessed at 48 h post radiation exposure. Metformin treatment significantly reduced the percentage of live HCT116 and SW837 cells following irradiation with 1.8 Gy, when compared to irradiated vehicle controls (Figure 3A). Furthermore, combination metformin and 1.8 Gy radiation treatment significantly increased the percentage of early apoptotic HCT116 cells, when compared to irradiated vehicle control (Figure 3B). Necrotic cells were also significantly increased at 48 h post radiation in HCT116 cells treated with combination metformin and 1.8 Gy radiation, when compared to the irradiated vehicle control (Figure 3C). Combining metformin treatment with 1.8 Gy radiation also significantly increased the percentage of late apoptotic cells, when compared to irradiated vehicle controls in both HCT116 and SW837 cells (Figure 3D). Furthermore, metformin combined with 1.8 Gy radiation significantly increased the proportion of SW837 cells in late apoptosis, when compared to unirradiated metformin treated cells (Figure 3D). Together, these data demonstrate that metformin induces cell death in HCT116 and SW837 alone and in combination with radiation treatment, and that may be a contributing mechanism underlying the metformin-mediated radiosensitisation of HCT116 and SW837 cells.




3.5 Metformin significantly increases total glutathione production in CRC cells in vitro

As the majority of DNA damage induced by radiation is via indirect action, in particular oxidative damage, and given the demonstrated metformin-induced ROS production in HCT116 and SW837 cells (Figure 1D), the impact of metformin treatment on anti-oxidant capacity was assessed. Total glutathione, measuring both reduced glutathione (GSH) and oxidised glutathione (GSSG) was assessed in metformin treated HCT116 and SW837 cells by luminescent assay.

Metformin treatment significantly increased total glutathione production in both HCT116 and SW837 cells, when compared to vehicle control (Figure 4A). Interestingly, when measuring the levels of GSSG alone, no significant alterations were demonstrated in either HCT116 or SW837 cells following metformin treatment (Figure 4B). Together, this data demonstrates that metformin significantly affects total glutathione production, suggesting metformin-mediated alteration of the redox balance in CRC cells.




Figure 4 | Metformin significantly increases GSH levels in HCT116 and SW837 cells. GSH and GSSG levels were assessed by GSSG/GSH-Glo™ luminescent assay in HCT116 and SW837 cells at 24 h post treatment with either metformin (10mM) or H2O vehicle control. (A) Total GSH levels in HCT116 and SW837 cells. (B) GSSG levels in HCT116 and SW837 cells. Data is presented as mean ± SEM for n=5 (HCT116) or n=6 (SW837) independent experiments. Statistical analysis was performed by paired t-testing *p < 0.05.






3.6 Metformin treatment significantly alters the transcriptome of SW837 cells

To further investigate potential mechanisms underlying metformin-mediated radiosensitisation, transcriptomic profiling was performed on radioresistant SW837 cells following 24 h treatment with metformin (10 mM).

In total, 24,391 genes were expressed across metformin and vehicle control treated SW837 cells. Differential expression analysis identified 417 genes significantly altered between SW837 cells treated with metformin and vehicle control, based on adjusted p-value (p-adj) < 0.05 (Figure 5A), with 200 genes significantly downregulated, and 217 genes significantly upregulated in metformin treated SW837 cells, when compared to vehicle control (Figure 5A). Of the significantly altered genes, the top 25 downregulated and upregulated genes in metformin treated SW837 cells are demonstrated in Figures 5B, C.




Figure 5 | Metformin significantly alters the transcriptome of radioresistant SW837 cells. SW837 cells were treated with Metformin (10 mM) or H2O vehicle control for 24 h and transcriptomics was performed using the Lexogen QuantSeq 3’ mRNA-Seq sequencing platform. (A) Volcano plot demonstrating 407 genes significantly altered in SW837 cells treated with metformin, when compared to H2O vehicle control. The y-axis corresponds to the -log10(p-adj), and the x-axis represents the Log2 (Fold Change). Dots in blue and red represent the significantly downregulated/upregulated genes in metformin treated SW837 cells. Dots in black represent the genes that did not reach statistical significance (p-adj > 0.05). (B) The top 25 downregulated genes (by fold change) in SW837 cells treated with metformin, when compared to H2O vehicle control. (C) The top 25 upregulated genes (by fold change) in metformin treated SW837 cells, when compared to H2O vehicle control. Data is presented for 4 independent experiments. Statistical analysis was performed using the Wald test, with corrections for multiple comparisons performed by the Benjamini-Hochberg correction (FDR).



Having demonstrated significant alterations in the transcriptome of metformin treated SW837 cells, the specific biological pathways in which these altered genes are involved, were assessed using IPA. These data demonstrate significant alterations to molecular and cellular functions in SW837 cells treated with metformin, including ‘cell cycle’ and ‘Cell Death and Survival’ (Table 1).


Table 1 | Significantly altered biological functions in metformin treated SW837 cells.



To further interrogate the specific pathways involved in the altered biological functions in metformin treated SW837 cells, Canonical Pathway Analysis was also performed on differentially expressed genes using IPA software. The top 10 most significantly altered canonical pathways are demonstrated in Table 2 (with all significantly altered pathways displayed in Supplementary Table S1). Interestingly, IPA software predicted an inhibition of oxidative phosphorylation in metformin treated SW837 cells, supporting the demonstrated metformin-induced inhibition of OCR using Seahorse live-cell metabolic profiling (Figure 1). Of the ten significantly altered oxidative phosphorylation genes in metformin treated SW837 cells, six were Complex I genes, supporting metformin as a complex I inhibitor in rectal cancer. In addition, ‘mitochondrial dysfunction’ was also demonstrated as a significantly altered canonical pathway following metformin treatment, further supporting our functional analyses. Together these data support metformin as a metabolic modulator in rectal cancer. In addition, many of the significantly altered canonical pathways in metformin treated SW837 cells are associated with the cellular radioresponse, including cell cycle, cell death and hypoxic signalling.


Table 2 | Top 10 most significantly altered canonical pathways in metformin treated SW837 cells.






3.7 Metformin significantly inhibits oxidative phosphorylation and glycolysis in rectal adenocarcinoma biopsies

Having demonstrated metabolic modulatory effects of metformin in an in vitro model of rectal cancer, the effect of metformin treatment on the metabolic rate of treatment naïve ex vivo rectal adenocarcinoma biopsies was assessed in real-time using the Seahorse XFe analyser. Rectal tumour biopsies (n=10) were collected from consenting patients undergoing diagnostic endoscopy, a baseline measurement of metabolic rate was recorded, biopsies were treated for 24 h with metformin (10 mM) or H2O vehicle control and metabolism was assessed at 24 h post treatment. The patient cohort characteristics are outlined in Table 3.


Table 3 | Patient characteristics of patient cohort used in ex vivo real time metabolic profiling.



Metformin significantly inhibited OCR by 47% (Figure 6A) and ECAR by 36% (Figure 6B) in rectal adenocarcinoma biopsies, when compared to baseline, demonstrating metformin-induced modulation of energy metabolism in rectal tumours from patients.




Figure 6 | Metformin alters metabolism in rectal cancer tissue biopsies. OCR and ECAR were measured in treatment naïve rectal cancer biopsies or normal, non-cancer rectal tissue prior to and 24 h post treatment with metformin (10 mM) or H2O vehicle control using the Seahorse XFe24 analyser. (A) OCR percentage change from baseline following treatment with metformin or H2O vehicle control in rectal cancer biopsies. (B) ECAR percentage change from baseline following treatment with metformin or H2O vehicle control in rectal cancer biopsies. (C) OCR percentage change from baseline following treatment with metformin or H2O vehicle control in normal, non-cancer rectal tissue. (D) ECAR percentage change from baseline following treatment with metformin or H2O vehicle control in normal, non-cancer rectal tissue. Data is normalised to protein content and presented as mean ± SEM. n =10 (cancer) or n = 12 (non-cancer). Statistical analysis was performed using Wilcoxon matched pairs signed rank test. *p < 0.05, **p< 0.01.



Having demonstrated that metformin treatment significantly inhibits oxidative phosphorylation in both in vitro and ex vivo models of rectal cancer, the effect of metformin on histologically-confirmed normal rectal tissue biopsies (n=12, median age of 41.5 y) taken from non-cancer patients was assessed in real-time using the Seahorse XFe analyser. Whilst significant alterations in OCR and ECAR were demonstrated in normal rectal tissue biopsies treated with H2O vehicle control versus baseline, interestingly, no significant alterations in OCR or ECAR was demonstrated following metformin treatment, when compared to baseline (Figures 6C, D).

This suggests that metformin treatment alters energy metabolism in rectal adenocarcinoma tissue, but not in non-cancer rectal tissue biopsies, supporting its potential utility as a radiosensitiser in rectal cancer.




3.8 Metformin significantly alters the inflammatory secretome of rectal cancer and normal rectal tissue

A key process influencing metabolism in the tumour microenvironment is inflammation. Therefore, to further assess the effect of metformin on both rectal cancer and normal, non-cancer rectal tissue, the protein secretome of treatment naïve rectal tumour biopsies and non-cancer biopsies was assessed following metformin treatment. Tumour conditioned media (TCM) and normal, non-cancer conditioned media (NCM) samples from biopsies treated with either metformin or H2O vehicle control were profiled for inflammatory, angiogenic, chemokine and cytokine secretions using the MSD 54 multiplex ELISA (Supplementary Table S2). Patient cohort characteristics are outlined in Table 4.


Table 4 | Patient characteristics of the rectal cancer patient cohort utilised in multiplex ELISA secretome profiling.



In TCM samples, 7 proteins were demonstrated to be significantly altered in metformin treated samples, when compared to vehicle control (Figures 7A–G). Of these, five proteins were cytokines (Interleukin (IL)-1α, IL-5, IL-15, IL-16 IL-17B) the secretion of which were significantly increased following metformin treatment, when compared to vehicle control (Figures 7A–E). Secreted levels of C-reactive protein (CRP) were significantly increased in the secretome of metformin treated TCM, when compared to vehicle control (Figure 7F). Macrophage inflammatory protein 1α (MIP-1α), a chemokine, was significantly decreased in metformin treated TCM, when compared to vehicle control (Figure 7G).




Figure 7 | Metformin alters the inflammatory secretome of rectal cancer tissue biopsies. Treatment naïve rectal cancer tissue biopsies were treated with metformin (10 mM) or H2O vehicle control for 24h, TCM was collected and profiled using multiplex ELISA. (A) IL-1α (B) IL-5 from (C) IL-15 (D) IL-16, (E) IL-17B (F) CRP and (G) MIP-1α were significantly altered in TCM following metformin treatment. Data is normalised to protein content and presented from n=12 patient samples. Statistical analysis was performed by Wilcoxon signed rank t-test. *p < 0.05.



In NCM samples, the secretion of only three inflammatory factors were significantly increased from non-cancer rectal tissue treated with metformin, when compared to vehicle control (Figures 8A–C). All three significantly altered factors were cytokines in the IL-17 family (IL-17A, IL-17B, IL-17D) (Figures 8A–C). These data demonstrate that metformin treatment differentially alters the inflammatory secretome of rectal cancer tissue and non-cancer rectal tissue.




Figure 8 | Metformin significantly alters the secretion of IL-17 related cytokines from non-cancer rectal tissue. Normal, non-cancer rectal tissue biopsies were treated with metformin (10 mM) or H2O vehicle control for 24h, NCM was collected and profiled using multiplex ELISA. (A) IL-17A, (B) IL-17B and (C) IL-17D were significantly altered in NCM treated with metformin. Data is normalised to protein content and presented from n=12 patient samples. Statistical analysis was performed by Wilcoxon signed rank t-test. *p < 0.05.







4 Discussion

Resistance to the standard of care, neoCRT, is a major clinical challenge in the management of rectal cancer. There is an urgent unmet need to develop novel therapeutic approaches to enhance the tumour response to neoCRT to offer improved treatment and survival rates for rectal cancer patients.

Increasing evidence supports a role for altered metabolism in the tumour response to treatment (18, 21, 22, 35–41). We have previously demonstrated that enhanced oxidative phosphorylation and reduced dependence on glycolysis is associated with a radioresistant phenotype in oesophageal adenocarcinoma (21, 22) and rectal adenocarcinoma (23), respectively, suggesting that targeting energy metabolism, specifically oxidative phosphorylation, may be an effective strategy to enhance therapeutic response to neoCRT (42).

Metformin, which is approved clinically for the management of type II diabetes, has an elusive precise mechanism of action, however, it has been demonstrated to inhibit complex I of the ETC (24, 25). Recently, data has emerged supporting the potential utility of metformin as a radiosensitiser in multiple cancers (43–46). In observational studies, rectal cancer patients with diabetes treated with metformin during their cancer treatment, either neoCRT or peri-operative chemotherapy, have demonstrated higher rates of pCR, when compared to those patients not receiving metformin (27). Furthermore, metformin treatment is demonstrated to enhance radiosensitivity in vitro and in xenograft models of colon cancer (30, 31) and pancreatic cancer (47). However, the precise role of metformin as an anti-metabolic radiosensitiser in rectal cancer is largely unknown.

In this study, SW837 rectal cancer cells, and HCT116 colon cancer cells were utilised as an in vitro model of inherently radioresistant, and radiosensitive CRC, respectively. We and others have previously characterised these in vitro models of CRC, demonstrating SW837 rectal cells as a robust model of radioresistant rectal cancer (23, 48, 49). We have previously demonstrated that SW837 cells have a reduced reliance on glycolysis, supporting a role for enhanced mitochondrial metabolism in the radioresistance of these cells (23). In this study, metformin was demonstrated to significantly inhibit oxidative phosphorylation and enhance glycolytic rates in both HCT116 and SW837 cells, supporting it as an ETC inhibitor in CRC. Metformin was also demonstrated to alter mitochondrial function in CRC, specifically increasing mitochondrial mass in SW837 cells and altering ROS production and mitochondrial membrane potential in SW837 and HCT116 cells, supporting previous studies in models of prostate, endometrial, pancreatic, lung, breast and CRC (50–54). Furthermore, these functional analyses were supported by significant alterations to oxidative phosphorylation and mitochondrial function demonstrated through transcriptomic profiling of metformin-treated SW837 rectal cancer cells. In particular, 6 of the 10 oxidative phosphorylation genes demonstrated to be altered in SW837 cells were genes of Complex I, supporting the role of metformin as a Complex I inhibitor in rectal cancer. Together, this data supports metformin as a ETC complex I inhibitor in radioresistant rectal cancer.

In addition to modulation of energy metabolism and mitochondrial function in CRC, we demonstrate for the first time, that metformin significantly radiosensitises both radiosensitive HCT116 colon cancer and radioresistant SW837 rectal cancer cells to a clinically-relevant dose of 1.8 Gy X-ray radiation. Importantly, this metformin-mediated radiosensitisation was superior to that of 5-FU, which is the current standard of care. This supports previous studies demonstrating metformin-mediated radiosensitisation of HCT116 colon cancer cells (30, 55, 56) and importantly highlights the potential utility of metformin as a novel radiosensitiser in rectal cancer.

The precise mechanisms underpinning the observed radiosensitising effects of metformin treatment in cancer are poorly understood. This study demonstrates that metformin inhibits oxidative phosphorylation in CRC cells, supporting metformin-mediated inhibition of complex I as a potential mechanism underlying its radiosensitising effects. Interestingly, novel metformin analogues (e.g. Mito-Met10), with enhanced mitochondrial targeting capacity, have been demonstrated to enhance metformin-mediated inhibition of mitochondrial respiration and radiosensitisation in prostate cancer (57), suggesting that metformin-mediated modulation of mitochondrial metabolism is a key mechanism underlying its radiosensitising effects. Other inhibitors of oxidative phosphorylation have been demonstrated to induce radiosensitisation in various cancer types. Our department recently demonstrated that Pyrazinib, a small molecule drug, inhibits oxidative phosphorylation in both in vitro and ex vivo models of oesophageal adenocarcinoma (21, 58). Furthermore, treatment with this oxidative phosphorylation inhibitor drug was demonstrated to significantly radiosensitise radioresistant oesophageal adenocarcinoma cells to clinically-relevant doses of X-ray radiation (21). In a recent study conducted by Lan et al., significant radiosensitisation was demonstrated to be induced by a series of oxidative phosphorylation inhibitor drugs in 3D models of colon, breast and cervical cancer cell lines (59). Together, these data support the data presented here suggesting that inhibition of oxidative phosphorylation is a potential mechanism underlying metformin-mediated radiosensitisation in CRC.

We also demonstrate metformin-mediated alterations to cell cycle distribution and progression following radiation in HCT116 and SW837 cells, with metformin demonstrated to reduce the proportion of G2/M phase cells and prevent radiation-induced G2/M blockade in these cells. In cancer cells, G2/M arrest is a common response following exposure to ionising radiation, to permit the repair of double-strand breaks. Importantly, elimination of this radiation-induced G2/M blockade is a promising radiosensitising approach as cancer cells frequently have a deficient G1 checkpoint (60, 61). This reduction in G2/M phase cells following metformin treatment has been previously demonstrated in HCT116 cells (62), however, this is the first time this has been demonstrated in radioresistant SW837 rectal cancer cells. Furthermore, metformin treatment alone was demonstrated to significantly induce cell death in both HCT116 and SW837 cells, although this effect was more pronounced in HCT116 cells, supporting previous studies (33, 63). Metformin treatment has previously been demonstrated to induce apoptosis in multiple cancer types (33, 64–67), supporting these findings. Importantly, combination of metformin and radiation significantly increased cell death, when compared to irradiated vehicle controls, highlighting the potential role for altered cell death in the metformin-mediated radiosensitisation of these cell lines. Together, this functional data indicates that inhibition of oxidative phosphorylation, cell cycle alterations, and mitigation of radiation-induced G2/M arrest may contribute to metformin-mediated radiosensitisation in CRC. Importantly, this was supported by transcriptomic profiling, which demonstrated significant metformin-induced alterations to a number of mechanisms implicated in the cellular radioresponse, including cell cycle, cell death and survival. Metformin was also demonstrated to alter expression of genes involved in metabolism, specifically inhibition of oxidative phosphorylation genes, supporting functional analyses and highlighting metformin as a metabolic modulator in rectal cancer. Importantly, this transcriptomic analysis demonstrated that 6 genes significantly altered in metformin-treated SW837 cells are complex I genes, a known target of metformin treatment, further supporting oxidative phosphorylation as a metabolic target of metformin treatment in rectal cancer. To our knowledge, this is the first study to perform transcriptomic profiling on metformin treated SW837 rectal cancer cells, and supports a previous study in colon cancer cells, demonstrating metformin-induced alteration of genes involved in reactive oxygen species production, cell cycle, programmed cell death and energy metabolism pathways (68).

Interestingly, many of the pathways identified in this study to be altered by metformin in both functional and transcriptomic analysis have been previously implicated in the cellular radioresponse. Cell cycle distribution significantly affects cellular radiosensitivity, with cells in each phase demonstrating different inherent radiosensitivities (34). Furthermore, progression through the cell cycle following radiation exposure is a demonstrated indicatory of cellular radiosensitivity, with G2/M arrest associated with inherent radiosensitivity (69, 70). Importantly, many of the pathways demonstrated to be altered by metformin treatment in this study, including cell cycle and cell death are dependent on cellular metabolism, indicating a potential role for altered energy metabolism as a master regulator of radioresistance in rectal cancer.

Whilst this study primarily focused on metformin-mediated effects in tumour cells, increasing evidence implicates a role for metformin in the modulation of immune cells, with metformin demonstrated to modulate macrophage polarisation (71) and the infiltration and function of T-cells (72, 73). The importance of the tumour microenvironment in the progression and treatment response of CRC is well documented, with high infiltration of T-cells associated with improved prognosis (74), suggesting that in addition to tumour cell-specific effects, metformin-mediated modulation of host immunity may also underlie its radiosensitising effects.

Importantly, the metformin-mediated metabolic alterations demonstrated in rectal cancer in vitro, were also supported in vivo, with metformin demonstrated to significantly inhibit oxidative phosphorylation and glycolysis in treatment naïve rectal cancer tissue biopsies. Ex vivo rectal tumour samples more accurately reflect the dynamic tumour microenvironment, the complex architecture of the tumour, and the inherent genetic diversity between patients and therefore, this data supports metformin as a metabolic modulator in rectal tumours. A key consideration for the clinical utility of radiosensitising agents is the concept of increasing the radiosensitivity of tumours whilst minimising the effects on surrounding normal tissues to achieve a high therapeutic index. In this study, metformin did not alter oxidative phosphorylation or glycolysis in normal non-cancer rectal tissue biopsies, importantly suggesting that the anti-metabolic effects of metformin may be tumour tissue-specific, which supports its potential utility as a radiosensitiser in rectal cancer.

Metabolism and inflammation are intrinsically linked and interdependent within the tumour microenvironment (75). Metformin was demonstrated to significantly alter the secretion of seven proteins from rectal cancer tissue. IL-15, which is involved in the activation and maturation of anti-tumour T cells, including natural killer (NK) cells and CD8+ T cells (76), was demonstrated to be significantly increased following metformin treatment. Interestingly, in breast cancer, the combination of IL-15 and radiation has been recently demonstrated to enhance response to radiation, improve survival and enhance CD8+ T cell infiltration (77), suggesting that this metformin-mediated increase in IL-15 secretion may in part mediate the radiosensitising effect of metformin. Furthermore, a recent study conducted by Tojo et al. demonstrated that metformin can induce the abscopal effect following radiation treatment in a murine model of lung cancer, supporting the potential importance of immune effects in combined metformin and radiation treatment (78). In contrast, in normal non-cancer rectal tissue, metformin significantly altered the secretion of only three IL-17 related cytokines, suggesting that metformin differentially alters the inflammatory secretome of normal rectal tissue, when compared to rectal cancer tissue, which may support its potential utility as a radiosensitiser.

Energy metabolism and metabolic flux are key requirement for all pathways implicated in the cellular radioresponse and suggests that metabolic reprogramming may play a central role in modulating the tumour response to anti-cancer therapy. Consequently, targeting metabolism may provide an effective strategy to boost response to anti-cancer therapy. The well-defined safety profile and demonstrated radiosensitising effects of metformin highlights its potential repurposing as a strategy to boost response to radiation therapy in cancer. Further pre-clinical and clinical studies are required to identify the optimum scheduling and determine the precise molecular mechanisms underlying metformin mediated radiosensitisation.

This study demonstrates for the first time, that metformin alters energy metabolism both in vitro and in ex vivo rectal tumour models. We demonstrate that metformin radiosensitises radioresistant rectal cancer cells to a clinically relevant dose of X-ray radiation potentially via alteration of energy metabolism, mitochondrial function, cell cycle distribution and cell death, supporting its potential as a radiosensitising agent. Importantly, this study also demonstrates limited impacts of metformin treatment on the metabolic profile of non-cancer rectal tissue, supporting its potential utility as a radiosensitising agent in the management of rectal cancer. This study highlights the need for further investigation into metformin as a novel radiosensitising agent in the treatment of rectal cancer.
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Biostatistical analysis was performed on significantly altered genes in metformin treated
SW837 cells, when compared to H,O vehicle control by IPA analysis to identify predicted
altered biological functions. Statistical analysis was performed by right-tailed Fisher’s exact
test using IPA analysis.





