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Metformin inhibits the growth of
SCLC cells by inducing autophagy
and apoptosis via the suppression
of EGFR and AKT signalling

Hong Xial®, Xue-jiao Tai'*>, Wang Cheng', Yi Wu?, Dan He?, Li-feng Wang?, Hao Liu?,
Shen-yi Zhang?, Yu-ting Sun?, Hang-zhi Liu}, Dan-dan Liu*, Hu-zi Zhao?, Fu-yun Jit"** &
Xi-hua Lit*

Small cell lung cancer (SCLC) is a therapeutically challenging disease. Metformin, an effective agent
for the treatment of type 2 diabetes, has been shown to have antitumour effects on many cancers,
including non-small cell lung cancer (NSCLC) and breast cancer. Currently, the antitumour effects of
metformin on SCLC and the underlying molecular mechanisms remain unclear. CCK-8, EdU, colony
formation, flow cytometry, immunofluorescence, molecular docking, western blotting, nude mouse
transplanted tumour model, and immunohistochemistry experiments were conducted to analyse gene
functions and the underlying mechanism involved. In vitro experiments demonstrated that metformin
inhibited the growth of SCLC cells (H446, H526, H446/DDP and H526/DDP), which was confirmed

in xenograft mouse models in vivo. Additionally, metformin induced cell cycle arrest, apoptosis,

and autophagy in these SCLC cells. The molecular docking results indicated that metformin has a
certain binding affinity for EGFR. The western blotting results revealed that metformin decreased the
expression of EGFR, p-EGFR, AKT, and p-AKT, which could be reversed by EGF and SC79. Moreover,
metformin activated AMPK and inactivated mTOR, and compound C and SC79 increased the levels of
p-mTOR. Metformin can not only enhance the antitumour effect of cisplatin but also alleviate the toxic
effects of cisplatin on the organs of xenograft model animals. In summary, the current study revealed
that metformin inhibits the growth of SCLC by inducing autophagy and apoptosis via suppression

of the EGFR/AKT/AMPK/mTOR pathway. Metformin might be a promising candidate drug for
combination therapy of SCLC.
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Lung cancer was the leading cause of cancer-related death in both China and the United States of America (USA)
in 2022". Small cell lung cancer (SCLC), an aggressive neuroendocrine tumour derived from bronchial epithelial
cells, accounts for approximately 13-15% of newly diagnosed lung cancer cases?. Owing to the short doubling
time, strong proliferative ability, and early widespread metastasis of tumour cells, 70% of patients with SCLC
are in the extensive stage at the time of initial diagnosis®. The standard of care for SCLC is platinum-etoposide
chemotherapy. Regrettably, acquired multidrug resistance (MDR) induced by platinum has resulted in a 5-year
survival rate of only 5-6% for SCLC patients in the past 30 years*. Additionally, although immunotherapy
targeting PD-1 or PD-L1 combined with chemotherapy has improved the median overall survival (OS) of
extensive-stage SCLC patients to 15.4 months, with a median OS increase of up to 4.5 months>, the vast majority
of inhibitors of potential therapeutic targets for SCLC have had minimal or no impact on progression-free
survival (PFS) or OS%7.
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To address bottlenecks related to the development of anticancer drugs and improve survival in cancer patients,
drug repositioning has become a new and effective method for exploring and developing therapeutic drugs in
depth. One repurposed drug is metformin (N, N-dimethylbiguanide). Metformin, derived from galegine, was
initially used as a first-line oral therapy for type 2 diabetes (T2D), mainly because of its ability to suppress hepatic
gluconeogenesis®. Metformin has been reported to delay ageing and play critical roles in ageing-related diseases
(such as Alzheimer’s disease, cardiovascular diseases, and osteoarthritis)>!°, chronic immune-inflammatory
diseases'!, and even COVID-19'2 Since it was reported in 2010 that T2D patients had a lower cancer incidence
after treatment with metformin'?, which indicates the anticancer potential of this drug, an increasing number of
clinical trials of metformin have been conducted in nondiabetic patients with cancers, including breast cancer
and non-small cell lung cancer (NSCLC), and have produced encouraging results'*!®. Notably, metformin and
EGFR-tyrosine kinase inhibitors (TKIs) have been shown to have synergistic effects in the treatment of diabetic
and nondiabetic patients with NSCLC with EGFR mutations!®.

Molecularly, metformin targets adenosine monophosphate-activated protein kinase (AMPK)-dependent/
AMPK-independent metabolic pathways, oncogenes/tumour suppressors, and immune pathways that
contribute to its anticancer activity!”. For example, metformin reverses the acquired resistance of HCC827 cells
with an EGFR mutation (NSCLC) to EGFR-TKIs via the AMPK/ERK/NF-kB signalling pathway. In colorectal
cancer, metformin suppresses the growth of tumour cells by inhibiting the TGF-B/PI3K/AKT signalling pathway
through an AMPK-independent pathway'. Interestingly, metformin-induced activation of AMPK can induce
the phosphorylation and translocation of p53 to the mitochondria to promote the cisplatin-induced death of
A549 cells harbouring wild-type EGFR (NSCLC)%.

The anticancer function of metformin has also been tested in SCLC patients with diabetes; the results
revealed that metformin could significantly improve the PFS of this specific subgroup of SCLC patients?!.
Similarly, a patient with SCLC was reported to exhibit an overall partial response after treatment with metformin
combined with nivolumab?2. Additionally, metformin was shown to enhance the efficacy of figitumumab (an
anti-IGF-1R monoclonal antibody) in SCLC cells with high expression of IGF-1R by promoting further IGF-1R
downregulation?®. Currently, whether metformin has broad-spectrum anticancer effects on SCLC cells is still
unknown, and the anticancer mechanism needs to be further investigated. Therefore, we carried out this study
and report that metformin inhibited the growth of both parental SCLC cells (H446 and H526) and cisplatin-
resistant SCLC cells (H446/DDP and H526/DDP) by inducing apoptosis and autophagy via inhibition of the
EGFR/AKT pathway.

Materials and methods

Chemical reagents

Metformin (M107827, Aladdin, Shanghai, China) with a purity of up to 97% was dissolved in phosphate-buffered
saline (PBS) to prepare a 1 M stock solution. The autophagy inhibitor 3-methyladenine (3-MA, HY-19312), the
EGFR activator EGF (HY-P70590), the AMPK inhibitor compound C (HY-13418 A), and the AKT activator
SC79 (HY-18749) were purchased from MedChemExpress (Shanghai, China).

Generation of cisplatin-resistant cell lines

The human SCLC cell lines H446 and H526 were purchased from the Cell Center of the Chinese Academy
of Sciences (Shanghai, China). The cells were cultured in RPMI 1640 medium (SH30809.01, HyClone, New
Zealand) supplemented with 10% foetal bovine serum (FBS, SH30406.05, HyClone, New Zealand), 100 U/ml
penicillin, and 0.1 mg/mL streptomycin (C0222, Beyotime, Shanghai, China) under standard conditions (37 °C,
5% CO,). The H446/DDP and H526/DDP cisplatin-resistant cell lines were established and verified as described
in our previous studies?.

Cell proliferation assay

For the CCK-8 analysis, cells were seeded in 96-well plates (3 x 10° cells per well) and treated with metformin at
different concentrations (0, 2.5, 5, 10, 20, and 40 mM) for 24, 48, or 72 h. The cells were subsequently incubated with
10 ul of CCK-8 for 1 h. The absorbance values were determined at 450 nm via spectrophotometric measurements
with a Spectra Max190 spectrophotometer (Molecular Devices Corp., CA, USA). For the EAU assay, cells were
seeded in 24-well plates (3 x 10* cells per well) and incubated with different metformin concentrations (0, 5, and
10 mM) for 48 h. After incubation, the cells were treated with the EdU working solution for 2 h. The cells were
subsequently fixed with 4% paraformaldehyde for 15 min at room temperature, followed by permeabilization
with 0.5% Triton X-100 for 15 min. The cells were then stained with Click reaction solution in the dark for
30 min and counterstained with Hoechst 33342 for 10 min. The cells were observed and photographed with
an IX53 fluorescence microscope (Olympus, Japan). The cells were seeded in 6-well plates (1x 10° cells per
cell) for the colony formation assay. After treatment with metformin for 48 h, the cells were incubated with
complete RPMI 1640 medium for 2 weeks. The cells were stained with 0.2% gentian violet, and the colonies were
counted under a light microscope. For the above assays, cells were seeded in plates and cultured under standard
conditions (37 °C, 5% CO,) for 24 h before metformin treatment.

Cell cycle assay

The cell cycle distribution was analysed via a Cell Cycle and Apoptosis Analysis Kit (C1052, Beyotime, Shanghai,
China). Specifically, 2 x 10° cells per well were seeded in 6-well plates, cultured for 24 h, and then incubated
with metformin (0, 5, or 10 mM) for 48 h. The cells, including adherent and suspended dead cells in the culture
medium, were harvested and fixed with pre-cooled 75% ethanol overnight at 4 °C. The cells were then stained
with propidium iodide (PI) for 30 min in the dark and analyzed by flow cytometry (Cytoflex, Beckman Coulter,
USA). Cell cycle distribution was analyzed using ModFit LT4.1 software.

Scientific Reports |

(2025) 15:6081 | https://doi.org/10.1038/s41598-025-87537-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Cell apoptosis analysis

Cell apoptosis was measured via an Annexin V-FITC Apoptosis Detection Kit (C1062; Beyotime, Shanghai,
China) according to the manufacturer’s instructions. After treatment with different concentrations of metformin
(0, 5, or 10 mM) for 48 h, or treatment with 10 mM metformin for 0, 24, 48, or 72 h, the cells were harvested and
suspended in 195 yl of binding buffer and/or Annexin V-FITC (5 pl) and/or PI (10 pl). The cell suspension was
incubated in the dark for 20 min. The fluorescence intensity was measured via flow cytometry. For each sample,
1 x 10* events were collected. Data from the first and fourth quadrants were used for the column chart shown.

Western blotting

After incubation with different concentrations of metformin, the cells were lysed with RIPA buffer (P0013B,
Beyotime, Shanghai, China) containing 1% PMSF (ST506, Beyotime, Shanghai, China). The BCA method was
used to determine the protein concentration. Total proteins were separated by 8-15% SDS-PAGE and then
transferred to 0.22- or 0.45-um PVDF blotting membranes (#10600021 or #10600023, GE Amersham, USA)
depending on the molecular weight of the target proteins. The membranes were blocked with 5% nonfat milk for
1 h, cut horizontally at room temperature, and incubated with different primary antibodies separately overnight
at 4 °C. The membranes were subsequently incubated with a horseradish peroxidase (HRP)-conjugated
secondary antibody (#SA00001-1 or #SA00001-2, Proteintech, Wuhan, China) for 1 h at room temperature.
Finally, the bands were detected via a detection system ChemiDoc Touch western blotting detection system (Bio-
Rad, USA) with an enhanced chemiluminescence (ECL) test kit (E411, Vazyme, Nanjing, China). The following
primary antibodies against the following targets were purchased from Proteintech Group, Inc. (Wuhan, China):
B-actin (#66009-1-1g), Bax (#60267-1-Ig), Bcl-2 (#12789-1-AP), Mcl-1 (#16225-1-AP), caspase 9 (#66169-1-1g),
LC3 (#14600-1-AP), P62 (#18420-1-AP), Beclinl (#66665-1-Ig), AMPK (#10929-2-AP), AKT (#60203-2-Ig),
p-AKT (Ser473) (#66444-1-Ig), mTOR (#66888-1-Ig), and EGFR (#66455-1-Ig). Primary antibodies against the
following targets were obtained from Beyotime Biotech. Inc. (Shanghai, China): Cyclin A2 (AF6624), Cyclin D1
(AF1183), Cyclin Bl (AF1606), CDK1 (AF0111), CDK2 (AF1063), and CDK6 (AF0114). Primary antibodies
against p-AMPKa (Thr172) (#2535S), p-mTOR (Ser2448) (#5536S), and p-EGFR (Tyr1068) (#3777S) were
obtained from Cell Signaling Technology (CST) (Shanghai, China).

Immunofluorescence analysis

A total of 2 x 10* cells per well were seeded in confocal Petri dishes and cultured for 24 h prior to incubation with
or without metformin (0 and 10 mM, respectively) for 48 h. Then, the cells were fixed with 4% paraformaldehyde
for 30 min, permeabilized with 0.5% Triton X-100 for 10 min, and blocked with 5% BSA for 1 h at room
temperature. After incubation with the primary antibody against LC3 overnight at 4°C, the cells were treated
with an Alexa Fluor 488-labelled goat anti-rabbit IgG (H +L) secondary antibody (A0423, Beyotime, Shanghai,
China) for 1 h, followed by staining with DAPI for 5 min. The images were captured by an FV3000RS laser
scanning confocal microscope (OLYMPUS, Japan).

ATP content assay

ATP content was evaluated with an ATP assay kit (50026, Beyotime, Shanghai, China). After treatment with
metformin for 48 h, the cells were harvested and fully lysed on ice. The supernatant was subsequently collected
for subsequent analysis according to the manufacturer’s instructions. The relative light units (RLUs) were
measured using a SpectraMax i3x (Molecular Devices, USA). The concentration of ATP in each sample was
calculated according to the standard curve.

Molecular docking

The tyrosine kinase domain structure of EGFR (PDB code: 1M14) was obtained from the RCSB PDB database
(https://www.rcsb.org/structure/1M14). The chemical structure of metformin was obtained from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/#query=metformin). AutoDock 4.2 was used to convert the
compound and core protein pdb files into pdbqt files to search for the active pocket. Finally, AutoDockTools was
used to perform the molecular docking.

Animal experiments

Four-week-old female BALB/c-nu mice (Beijing Vital River Laboratory Animal Technology Co., Ltd., China)
were used to evaluate the antitumour effects of metformin in vivo. The study was reported in accordance with
the ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines. All operations and treatments
were designed to minimize animal suffering. All the experimental procedures and protocols were reviewed and
approved by the Experimental Animal Ethics Committee of the Hubei University of Medicine [Grant No. 2022-
No.035] prior to the initiation of the experiment. All methods were performed in accordance with the relevant
guidelines and regulations. Humane endpoint criteria were defined as follows: (i) body weight loss persisted above
20% of the per-dose weight; and (ii) tumour size exceeded 2,000 mm?®. The cells were injected subcutaneously
into the right anterior armpit of the mice (1 x 10° cells/mouse). When the tumour volume reached 100 mm?, the
mice were randomly assigned to four groups (the saline, metformin, cisplatin, and metformin + cisplatin groups,
n=5 in each group). The control and metformin groups were orally administered saline or metformin (250 mg/
kg), respectively, every day. The cisplatin group was treated with cisplatin (4 mg/kg) through intraperitoneal
injection every three days, and the metformin + cisplatin group received oral administration of metformin every
day and intraperitoneal administration of cisplatin every three days. The mice were monitored for tumour volume
(mm?, length x width?x0.5) and body weight every three days. After treatment for 21 days, all the animals
were euthanized by excessive isoflurane anaesthesia at the Experimental Animal Center of Hubei University of
Medicine. Xenograft tumours and organs (including the heart, liver, lung, spleen, and kidney) were collected
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surgically and fixed in formalin for haematoxylin and eosin (H& E) staining and immunohistochemistry (IHC)
analyses. Tumour weights were recorded after the tumours were removed from the mice.

Histopathology scoring

The fixed organs were embedded in paraffin and sectioned at a thickness of 5 um for H&E staining. The panoramic
images of these sections were scanned using the Motic Digital Slide Assistant System Lite 1.0 and 5 fields were
randomly selected at 200x magnification for histopathology scoring, conducted in a blinded manner to insure
objectivity. Lung injury scores were assessed according to the following categories: neutrophil infiltration,
interstitial edema, haemorrhage, and hyaline membrane formation, necrosis, congestion. Each category was
rated on a scale of 0-4, with criteria as follows: 0 (Normal); 1 (Minimal, <25% of tissue affected); 2 (Mild,
25-50%); 3 (Moderate, 50-75%); and 4 (Severe, >75%). Scores for each category were summed to produce an
overall lung injury score for each section as described in prior studies®>?°. Liver pathology was evaluated based
on the average number of inflammatory foci observed in non-overlapping fields at 200x magnification, with
scores assigned as follows: 0 (Normal); 1 (1-3 foci); 2 (4-7 foci); and 3 (>7 foci)?.

IHC staining

THC was performed on paraffin-embedded sections (thickness, 5 um) of the xenograft tumours. After antigen
retrieval, a polymer detection system (PV-9000, ZSGB-BIO, Beijing, China) was used for staining. The slides
were blocked with goat serum (ZLI-9022, ZSGB-BIO, Beijing, China) and incubated with primary antibodies
against p-AMPK (1:100) or Ki-67 (1:500) (ZM-0167, ZSGB-BIO, Beijing, China) overnight at 4 °C. After
incubation with an enzyme-conjugated secondary antibody and DAB chromogenic fluid, the slides were stained
with haematoxylin staining solution. The images were scanned by a Motic Digital Slide Assistant System Lite 1.0.
The THC score was evaluated via the semiquantitative Remmele scoring system.

Statistical analysis

The data were analysed via GraphPad Prism software (San Diego, CA, USA). The density of the western blot
bands was quantified via Image]. In vitro experiments were performed three times independently, and the results
are presented as the means + standard deviations (SDs). Statistically significant differences between groups were
examined by one-way analysis of variance (ANOVA) or Student’s t test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Metformin inhibits the growth of SCLC cells in vitro

As shown in Fig. 1A, metformin inhibited the growth of both parental and cisplatin-resistant cells in a time-
and dose-dependent manner. The 50% growth-inhibitory concentration (IC, ) of metformin in H446 cells was
greater than that in H446/DDP cells (10.81+0.74 mM vs. 7.19£0.16 mM, p=0.014). In contrast, the IC,, of
metformin in H526 cells was lower than that in H526/DDP cells (7.71 £ 0.40 mM vs. 10.86 +0.13 mM, p=0.003).
Colony formation assays revealed that metformin inhibited the colony formation ability of SCLC cells (Fig. 1B).
Additionally, exposure to metformin for 48 h inhibited the proliferation of SCLC cells in a dose-dependent
manner (Fig. 1C). These results suggest that metformin could suppress the viability, colony formation, and
proliferation of SCLC cells in vitro.

Metformin induces cell cycle arrest in SCLC cells

The cell cycle distribution was assessed via flow cytometry. As shown in Fig. 2A, the cell cycle of H446 cells was
arrested in the G1 phase, whereas that of H446/DDP cells was arrested in the S phase after metformin treatment.
The cell cycle of H526 and H526/DDP cells arrested in the G2/M phase after treatment with metformin. The
western blotting results revealed that cyclin D1 and CDK6 were downregulated, whereas cyclin A2 and CDK2
levels did not change significantly in H446 cells after treatment with metformin, confirming that metformin could
induce cell cycle blockade in H446 cells at the G1 stage (Fig. 2B). In H446/DDP cells treated with metformin,
cyclin A2 and CDK2 were downregulated, confirming that metformin could induce S-phase cell cycle arrest
in H446/DDP cells (Fig. 2B). Cyclin A2 and CDK2 expression was increased, whereas CDK1 expression was
decreased in H526 and H526/DDP cells after metformin treatment, confirming that metformin could arrest the
cell cycle of H526 and H526/DDP cells in the G2/M phase (Fig. 2C). These results demonstrate that metformin
could cause cell cycle arrest at different phases in different SCLC cell lines.

Metformin induces SCLC cell apoptosis and autophagy

As shown in Fig. 3A and Supplementary Figure S1, metformin induced cell death in SCLC cells in a dose-
and time-dependent manner. To explore the cell death programs induced by metformin in SCLC cells, several
canonical markers of cell death programs, including apoptosis, autophagy, and pyroptosis, were detected via
western blotting. As shown in Fig. 3B and C, the antiapoptotic proteins Bcl-2 and Mcl-1 were downregulated,
while the proapoptotic protein Bax and the apoptotic executor protein cleaved caspase 9 were upregulated in
SCLC cells after treatment with metformin, indicating that metformin could induce apoptosis in SCLC cells.
Moreover, LC3-II and Beclin-1 were upregulated, while p62 was downregulated in SCLC cells after treatment
with metformin in a dose- and time-dependent manner (Fig. 4A and B), suggesting that metformin could
also induce autophagy in SCLC cells, as verified by the immunofluorescence staining of LC3 in SCLC cells
(Fig. 4C). The autophagy inhibitor 3-MA reduced the level of LC3-II while increasing the level of p62 (Fig. 4D),
confirming that autophagy was activated by metformin in SCLC cells. The expression levels of the pyroptosis-
related proteins GSDMD and GSDME were not significantly different between cells treated with metformin and
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Fig. 1. Metformin inhibits the viability, colony formation, and proliferation of SCLC cells in vitro. (A)

The viability of H446, H446/DDP, H526 and H526/DDP cells was assessed after treatment with various
concentrations of metformin (0, 2.5, 5, 10, 20, and 40 mM) via a CCK-8 assay. The IC,, of metformin (in mM)
after 48 h of treatment was determined. (B,C) The colony formation (B) and proliferation (C) of H446, H446/
DDP, H526 and H526/DDP cells were evaluated after treatment with various concentrations of metformin

(0, 5, and 10 mM, respectively). The error bars indicate the standard deviation (SD). Significant difference
compared with the untreated control: *p <0.05; **p <0.01; ***p <0.001.
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Fig. 2. Metformin blocks the cell cycle of SCLC cells. (A) The cell cycle distribution of SCLC cells was
detected by flow cytometry. The cells were treated with different concentrations of metformin (0, 5, and 10
mM) for 48 h. The data are presented as the means + SDs of values from three independent experiments.
*p<0.05; **p <0.01; ***p <0.001 compared with the control group. (B,C) The expression levels of cell cycle-
related proteins were determined by western blotting in H446, H446/DDP (B), H526, and H526/DDP cells
(C) after treatment with metformin (MTF). Pixel density analysis of protein expression compared with that in
the untreated control groups (set to 1). Significant difference compared with the untreated control: *p <0.05;

**p<0.01; **p<0.001. n=3.
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Fig. 3. Metformin promotes SCLC cell apoptosis in a dose-dependent manner. (A) Apoptosis rates were
measured via flow cytometry via an Annexin V-FITC Apoptosis Detection Kit. The cells were treated with
different concentrations of metformin (0, 5, and 10 mM) for 48 h. The data are shown as the means + SDs of
values from triplicate experiments. *p <0.05; **p <0.01; ***p <0.001 versus the control group. (B,C) Western
blotting analysis was conducted to detect the expression levels of apoptosis-related proteins, including Bax,
Bcl-2, Mcl-1, and total and cleaved caspase 9, in H446, H446/DDP (B), H526, and H526/DDP (C) cells treated
with different concentrations of metformin (0, 5, 10, and 20 mM) for 48 h. Pixel density analysis of protein
expression compared with that in the untreated control groups (set to 1). Significant difference compared with
the untreated control: *p <0.05; **p <0.01; **p <0.001. n=3.
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Fig. 4. Metformin activates autophagy in SCLC cells. (A) Autophagy-related proteins, including LC3, P62, and
Beclinl, were detected by western blotting after H446, H446/DDP, H526, and H526/DDP cells were treated
with different concentrations of metformin (0, 5, 10, and 20 mM) for 48 h. (B) The protein levels of p62 were
detected by western blotting after the cells were treated with 10 mM metformin for 12, 24, 36, or 48 h. (C)
Immunofluorescence analysis of LC3 in H446 and H446/DDP cells treated with or without metformin for 48 h.
The LC3 protein was labelled green (Alexa 488), and the nuclei were labelled blue (DAPI). (D) The expression
of LC3 and p62 was examined in H446 and H446/DDP cells after treatment with 3-MA (5 mM) combined with
metformin (10 mM) for 48 h. Significant difference compared with the untreated control: *p <0.05; **p <0.01;

P <0.001. n=
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control cells (see Supplementary Fig. S2). These results indicate that metformin induces SCLC cell death via
apoptosis and autophagy.

Metformin suppresses the EGFR/AKT/AMPK/mTOR axis in SCLC cells

Because metformin reportedly sensitizes NSCLC cancer cells to EGFR-TKIs!® and prostate cancer cells to
radiation through the EGFR signalling pathway®®, we detected the levels of EGFR and p-EGFR (Tyr1068) in
SCLC cells after treatment with metformin. As shown in Fig. 5A and Supplementary Figure S3, the expression
of EGFR and p-EGFR (Tyr1068) decreased in SCLC cells after metformin treatment. To explore the underlying
mechanism, AutoDock 4.2 was used to conduct molecular docking analysis of metformin and EGFR. As shown
in Fig. 5B, metformin could bind to EGFR via GLU-738 (hydrogen bonds), THR-830 (hydrogen bonds), and
ASP-831 (hydrogen bonds and salt bridges). These sites are located in the tyrosine kinase region (amino acids
682-958) of EGFR, which has ATP binding sites that are involved in the activation of downstream signalling
pathways®. The binding energy between metformin and EGFR was —4.40 kcal/mol. These results indicate that
metformin has a certain binding affinity for EGFR and might be a potential inhibitor of EGFR.

As metformin can regulate autophagy by activating AMPK and inhibiting mTOR by decreasing ATP content
and subsequently increasing the AMP/ATP ratio®*!, the ATP content and levels of AMPK/mTOR pathway-
related proteins were measured in SCLC cells after treatment with metformin. As shown in Fig. 5C, the ATP
content decreased dramatically in SCLC cells treated with metformin. As presented in Fig. 5A and Supplementary
Figure S3 online, after the cells were treated with metformin, the levels of p-AMPK (Thr172) increased, whereas
the levels of AMPK, mTOR, p-mTOR (Ser2448), AKT, and p-AKT (Ser473) decreased, indicating that metformin
could activate the AMPK pathway by promoting the phosphorylation of AMPK at Thr172.

To confirm the role of EGFR in the growth-inhibitory effects of metformin on SCLC cells, EGF was used to
activate EGFR. As shown in Fig. 5D and Supplementary Figure S4, EGFR and p-EGFR levels were decreased in
cells treated with metformin but increased in cells treated with EGF or EGF combined with metformin, with
upregulation of AKT and downregulation of AMPK. Because AKT and p-AKT levels decreased with metformin
treatment, SC79 (an AKT activator) was utilized to conduct rescue experiments. As shown in Fig. 5E and
Supplementary Figure S5, the AKT, p-AKT, mTOR, and p-mTOR levels were increased, whereas the p-AMPK
level was decreased in SCLC cells treated with the combination of metformin and SC79 compared with those
treated with metformin only, confirming that AKT is the upstream regulator of mTOR and AMPK. Additionally,
the specific AMPK inhibitor compound C was used to attenuate AMPK activation by metformin in SCLC cells.
As shown in Fig. 5F and Supplementary Figure S6, the level of p-AMPK was decreased, whereas that of p-mTOR
was increased in SCLC cells treated with a combination of metformin and compound C compared with cells
treated with metformin alone. These data indicate that metformin exerts anticancer effects on SCLC via the
EGFR/AKT/AMPK/mTOR axis.

Metformin suppressed the growth of SCLC in xenograft models

Subcutaneous xenograft models were generated to explore the growth inhibitory effect of metformin on SCLC
tumour cells in vivo. After treatment with saline, metformin, cisplatin, or metformin combined with cisplatin
for 3 weeks, the tumours were resected from the mice. As shown in Fig. 6A-C,E-G, the tumour volumes and
weights of the groups treated with metformin, cisplatin, or metformin combined with cisplatin were significantly
smaller than those of the group treated with saline (control). There was no significant difference in body weight
between the saline group and the metformin group, while the body weight in the groups treated with cisplatin or
treated with metformin combined with cisplatin was lower than that in the control group and the groups treated
with metformin during the entire experimental process (Fig. 6D,H).

HE staining revealed that the main characteristics of the tumour cells in the xenograft models included the
presence of diffuse sheets of small round to fusiform cells with scant cytoplasm and inconspicuous or absent
nucleoli with finely granular nuclear chromatin, nuclear chromatin smearing (also called crushed artefacts),
and other growth features, such as peripheral palisading, streams, ribbons, organoid nesting, and rosettes. IHC
staining with commonly used neuroendocrine staining agents, such as chromogranin A (CGA), synaptophysin
(SYN), CD56, and neuron-specific enolase (NSE), revealed that the percentages of cells with positive staining
were greater than 90% for all four indicators. HE and IHC staining confirmed that H446 and H526 are SCLC
cell lines (see Supplementary Fig. S7). IHC staining for Ki-67 in xenograft tumour tissues demonstrated that
the proliferation of tumour cells was inhibited by metformin and promoted by cisplatin. Consistent with the in
vitro findings, the expression of p-AMPK was increased in the tumour tissues of xenograft models treated with
metformin alone or the combination of metformin and cisplatin compared with those of the control groups of
SCLC cells (Fig. 61).

We observed morphological changes in the organs of the experimental mice compared with the normal
morphology of the vital organs (such as the heart, liver, spleen, lung, or kidney) in the control saline-treated mice.
As shown in Supplementary Fig. S8, metformin did not cause obvious damage to vital organs in the xenograft
models. However, the lungs exhibited blood stasis, haemorrhage and inflammation in the group treated with
cisplatin and slight haemorrhage in the group treated with metformin combined with cisplatin. Additionally,
female BALB/c-nu mice treated with cisplatin exhibited more obvious inflammation than those treated with
metformin combined with cisplatin in the liver (Supplementary Fig. S8). These results show that metformin
could not only inhibit tumour growth but also alleviate the toxic effects of cisplatin on the organs of xenograft
model animals.

Discussion
Metformin, a commonly used antidiabetic drug, has promising effects on inhibiting tumorigenesis and cancer
development. However, the mechanism underlying the anticancer effects of metformin in SCLC remains
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Fig. 5. Metformin inhibits the EGFR/AKT/AMPK/mTOR axis in SCLC cells. (A) The protein levels of
AMPK, p-AMPK, mTOR, p-mTOR, AKT, p-AKT, EGFR, and p-EGFR were measured in H446, H446/DDP,
H526, and H526/DDP cells treated with different concentrations of metformin for 48 h via western blotting.
(B) The binding mode of metformin docked to EGFR. (C) ATP content of SCLC cells after treatment with
metformin (0, 5, or 10 mM) for 48 h. Significant difference compared with the untreated control: *p <0.05;
**p<0.01; **p<0.001. n=3. (D) The protein levels of EGFR, p-EGFR, AKT, p-AKT, AMPK, and p-AMPK
were measured via western blotting in H446 and H446/DDP cells treated with metformin (10 mM), EGF

(50 pg/ml), or metformin + EGF for 48 h. (E) The protein levels of AKT, p-AKT, mTOR, p-mTOR, AMPK, and
p-AMPK were measured via western blotting in H446 and H446/DDP cells treated with metformin (10 mM),
SC79 (4 pg/ml), or metformin + SC79 for 48 h. (F) The protein levels of AMPK, p-AMPK, mTOR, p-mTOR,
AKT, and p-AKT were measured in H446 and H446/DDP cells treated with metformin (10 mM), compound C
(2 pM), or metformin + Compound C for 48 h via western blotting.
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Fig. 6. Metformin inhibits the growth of H446 and H526 cells in vivo. (A,E) Images of isolated tumours from
each group after treatment with saline, metformin, cisplatin, or metformin + cisplatin (n=5). (B,F) Growth of
the subcutaneous tumours in each group. The tumour volume was calculated on the basis of measurements
with a calliper every 3 days. (C,G) The tumour weight in each group was measured after isolation from the
female mice. (D,H) The body weights of the female mice after treatment with saline, metformin, cisplatin,

or metformin combined with cisplatin for 21 days. Statistical analyses were performed via ANOVA, which
revealed significant differences compared with the untreated control: *p <0.05; **p <0.01; ***p <0.001. n=5.

(I) Images of HE staining and IHC staining (Ki-67 and p-AMPK) of tumour tissues from subcutaneous
xenograft models (magnification: x200). (J) Schematic description of the main molecular mechanism by which
metformin suppresses SCLC growth.

unclear. In our study, we found that metformin induced cell death to inhibit the growth of both parental SCLC
cells (H446 and H526) and cisplatin-resistant SCLC cells (H446/DDP and H526/DDP).

EGFR can activate prosurvival and antiapoptotic cellular responses by initiating downstream intracellular
signalling pathways, including the PI3K/AKT, MAPK, Ras/Raf/MEK/ERK, JAK/STAT3, and PLCy1/PKC
pathways®233, Clinical studies have shown that the combination of metformin and EGFR-TKIs delays the onset
of resistance, resulting in longer PFS (19.0 vs. 8.0 months, p=0.005) and OS (32.0 vs. 23.0 months, p=0.002) in
patients with both type 2 diabetes and NSCLC with EGFR mutations®*. Molecularly, metformin can sensitize
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NSCLC cells to EGFR-TKI therapy by inhibiting the EGFR signalling pathway™. Additionally, metformin and
gefitinib cooperate to inhibit the growth of bladder cancer cells via both the AMPK and EGFR pathways, which
interact with AKT and ERK?®. Our results showed that metformin can clearly bind to EGFR and decrease the
total and phosphorylated levels of EGFR. Consistent with these findings, we also found that metformin exerted
antitumour effects in vitro and in vivo and promoted the growth-inhibitory effect of cisplatin on SCLC cells. We
found that metformin inhibited the growth of SCLC cells by inhibiting the EGFR signalling pathway.

Metformin can combat cancer by affecting metabolism, epigenetics, the cell cycle, migration, metastasis,
cell death, cell senescence, cancer stem cells, immunity, and gut microbes®”. It regulates various types of cell
death, such as apoptosis, autophagy, pyroptosis, necrosis, and ferroptosis. In our study, to explore the cell death
programs induced by metformin in SCLC cells, we detected the expression of autophagy-, apoptosis-, and
pyroptosis-related proteins in SCLC cells. Metformin plays a vital role in autophagy through its pharmacological
effects, although it has been shown to exert distinctive effects on autophagy in different cancer models*. Previous
studies have demonstrated that metformin alone or in combination with other drugs can induce autophagy via
different signalling pathways, including the AMPK/mTOR, PI3K/AKT/mTOR, and MAPK/ERK pathways*®-.
EGFR is a crucial regulator of autophagy. EGFR can suppress autophagy by binding to beclin-1 to directly inhibit
the formation of the vps34/autophagy initiation complex or by indirectly activating the AKT/mTOR pathway*!42,
In our work, we found that metformin could activate autophagy by activating AMPK and inhibiting mTOR and
AKT, which was reversed by compound C (an AMPK inhibitor) or SC79 (an AKT activator). AKT negatively
regulates AMPK by inhibiting the phosphorylation of AMPK at Thr172%3. Thus, the finding that SC79 increased
the level of p-AKT and decreased the level of p-AMPK suggests that metformin could induce autophagy to
inhibit the growth of SCLC via the EGFR/AKT/AMPK/mTOR signalling pathway.

The overexpression or activation of EGFR leads to a poor prognosis for solid tumours due to increased
cell proliferation, apoptosis, and autophagy inhibition*, indicating the dual role of EGFR in autophagy and
apoptosis in cancers. In oesophageal cancer cells, dithiocarbamate induces apoptosis by inhibiting the EGFR/
AKT signalling pathway*®. Combined treatment with triptolide and tyrosine kinase inhibitors enhances H1975
cell (NSCLC) apoptosis through the EGFR/AKT pathway*®. In this study, metformin increased the expression
of Bax and cleaved caspase 9 but decreased the expression of Bcl-2 and Mcl-1 and downregulated the expression
of EGFR and AKT in SCLC cells, suggesting that metformin could induce the apoptosis of SCLC cells via the
EGFR/AKT/caspase9 pathway.

Autophagy (self-eating) and apoptosis (self-killing) are two self-destructive processes. Crosstalk between
autophagy and apoptosis is still an emerging field, and many signalling pathways and molecules, such as RTKs/
PI3K/AKT/mTOR and p53, are involved*+*3. In this study, we found that metformin could induce autophagy
and apoptosis. Excessive autophagy directly leads to autophagic death and autophagy-dependent apoptosis. For
example, sodium butyrate induced autophagic apoptosis by blocking AKT/mTOR signalling in nasopharyngeal
carcinoma cells*’. w09, a novel autophagy enhancer, triggers the autophagy-dependent apoptosis of gastric
cancer cells via the EGFR/RAS/RAF1/MAP2K/MAPK1/3 pathwaySO. Therefore, we deduced that metformin
can trigger autophagy-dependent apoptosis in SCLC.

Metformin has been found to block the cell cycle of tumour cells at different stages by targeting the AMPK
pathway®*2. In myeloma cell lines (RPMI8226 and U266), metformin arrested the cell cycle of tumour cells
in the G1 phase®. In breast cancer (MCF-7), NSCLC (A549), and osteosarcoma (U20S and 143B) cell lines,
metformin arrested the cell cycle of tumour cells in the G2/M phase®*>3. Similarly, we also found that metformin
could induce cell cycle arrest in different phases in SCLC cells by increasing p-AMPK levels. Thus, metformin
can block the cell cycle of SCLC tumour cells by upregulating AMPK.

Numerous randomized clinical trials have been conducted to investigate the oncological potential of
metformin. However, most results have been disappointing54. Many limitations, such as a lack of accurate
molecular stratification of patients, insufficient compliance, and a limited study population, may have contributed
to these results?’. Despite these challenges, some clinical trials have yielded encouraging outcomes. For example,
a phase 2 randomized clinical trial that included 139 patients reported that the addition of metformin to
standard EGFR-tyrosine kinase inhibitors significantly improved both PFS and OS*°. Additionally, metformin
significantly decreased the number of metastatic cases after 6 months of hormonal therapy®®. Most importantly, a
meta-analysis revealed that metformin improved survival among patients with concurrent SCLC and diabetes™’.
However, the function of metformin in nondiabetic SCLC patients remains unclear. There is also a need to
investigate the effects of metformin in patients with both primary and recurrent SCLC. These areas warrant well-
designed clinical investigations to determine the broader potential of metformin in SCLC treatment.

For three decades, platinum-based chemotherapy has been the standard therapy for both early-stage SCLC
and extensive-stage SCLC, but therapeutic resistance is typically observed. Our findings that metformin
inhibits the growth of both parental and cisplatin-resistant SCLC cells in vitro and in vivo strongly suggest
the promising clinical application prospects of metformin in SCLC. Additionally, metformin administered at a
dosage of 250 mg/kg/day in vivo is equivalent to a dosage of 20.25 mg/kg/day in humans®®, which is less than the
maximum dosage of 2 g/day recommended by the FDA for average adults. Consistent with previous findings,
HE staining of heart, liver, spleen, lung, and kidney tissues revealed that metformin, administered at a dosage of
250 mg/kg/day, is safe and effective for the treatment of xenograft models. This aligns with a study on the effects
of metformin in human osteosarcoma®. Furthermore, the toxicity of cisplatin in mice may be mitigated by the
combination of ailanthone and cisplatin®. In our study, we found that metformin may also attenuate the toxic
effects of cisplatin on the organs of xenograft model animals.

As EGFR mutations are rarely observed in SCLC, EGFR-targeted therapies are not commonly used for
the treatment of SCLC. Additionally, although PD-1 inhibitors improve the overall survival of patients with
extensive-stage SCLC when combined with platinum-based chemotherapy, the benefit is still limited to a
minority of patients. Furthermore, resistance emerges relatively rapidly in virtually all patients®!. Thus, our
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findings that EGFR is the target of metformin in SCLC provide strong evidence that metformin might be a novel
treatment for SCLC through the inhibition of EGFR.

In conclusion, our findings reveal that metformin inhibits the growth of parental and cisplatin-resistant
SCLC cells by inducing autophagy and apoptosis through the suppression of the EGFR/AKT/AMPK/mTOR
pathway (Fig. 6]). Metformin might be a promising candidate option for SCLC therapy.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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