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Abstract

Lung cancer remains the leading cause of cancer-related mortality world-
wide, with metastasis and resistance to therapy posing significant treatment
challenges. HMGB1/RAGE signalling axis plays a central role in the process
of metastasis. In this study, we investigated the potential of metformin, a
well-known antidiabetic agent, to inhibit HMGB1/RAGE-mediated EMT and
migration in A549 lung adenocarcinoma cells.

Our findings demonstrate that recombinant HMGB1 increases RAGE ex-
pression and its localization to the cell membrane. Treatment with HMGB1
also elevates the levels of mesenchymal marker vimentin, enhancing the mi-
gratory capacity of A549 cells. All these effects were notably suppressed by
co-treatment with metformin. These results suggest that metformin disrupts
HMGB1/RAGE interaction and signalling, thereby inhibiting EMT and migra-
tion.

Collectively, our data support the hypothesis that metformin binds
HMGB1 and prevents its interaction with RAGE, contributing to its antitu-
mour effects. This highlights a novel anti-metastatic mechanism of metformin
and underscores its potential as a complementary therapeutic strategy for tar-
geting tumour progression in lung cancer.
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Introduction. Lung cancer is a major global health problem with serious so-
cial, economic, and medical implications and is the leading cause of cancer-related
deaths worldwide. It often goes undetected until it is in an advanced stage, mak-
ing it harder to treat. Millions are diagnosed every year, and many cases are pre-
ventable. Metastasis, drug resistance, and side effects of therapies make managing
lung cancer complex. Chronic inflammation can contribute to the development
and progression of many types of cancer including in the development of lung
cancer [1]. High Mobility Group Box 1 (HMGB1) is a non-histone nuclear protein
that plays a crucial role in chronic inflammation, acting as a damage-associated
molecular pattern (DAMP) molecule which can influencе various biological pro-
cesses, including immune responses and cancer progression [2].

In the context of lung cancer, HMGB1 has been implicated in promoting tu-
mour progression and metastasis, including by facilitating epithelial-mesenchymal
transition (EMT) [3]. EMT is a biological process in which epithelial cells lose
their characteristic features and acquire mesenchymal traits. This transformation
is critical in cancer metastasis, as it enables cancer cells to invade surrounding tis-
sues and migrate to distant organs. HMGB1 can interact with some receptors on
cancer cells, initiating a cascade of signalling pathways that lead to the activation
of some transcription factors that promote the activation of genes associated with
inflammation and metastasis, including those that promote EMT [4].

HMGB1 interacts with the receptor for advanced glycation end-products
RAGE and activates downstream signalling pathways such as NF-κB, ERK, and
PI3K/AKT [5]. This signalling cascade promotes the transcription of EMT-
associated genes and increased expression of mesenchymal markers N-cadherin,
vimentin, beta-catenin and decreased expression of epithelial markers such a E-
cadherin. HMGB1-mediated EMT enhances the migration and invasion ability
of cancer cells, facilitating metastasis [6]. In our study, we were focused on the
effects of disruption of the HMGB1/RAGE interaction on the cell movement and
invasion because this aspect is poorly understood.

Metformin is a well-established anti-diabetic medication, which has recently
been used in various clinical applications, including its potential as an anti-cancer
agent. Metformin specifically binds to the C-terminal acidic tail of HMGB1 and
has been shown to inhibit HMGB1-induced inflammatory responses both in vitro
and in vivo [7]. Based on these findings, we hypothesized that metformin’s inter-
action with HMGB1 would interfere with its binding to the receptor for advanced
glycation end products (RAGE), thereby influencing cancer metastasis.

We hypothesize that metformin inhibits HMGB1/RAGE signalling by bind-
ing to HMGB1 in competition with its receptor and reducing its extracellular
availability for RAGE interaction. Targeting HMGB1 or its related pathways
may serve as a therapeutic strategy to prevent EMT-driven metastasis in lung
cancer.
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Materials and methods. Cell culture. The human A549 lung cancer cell
line was obtained from the American Type Culture Collection (ATCC, USA) and
cultured in DMEM supplemented with 10% fetal bovine serum (Gibco, USA) and
1% antibiotic-antimycotic solution (Sigma). Cells were maintained at 37 ◦C in a
humidified atmosphere with 5% CO2 and used between passages 2 and 8. DAPI
staining confirmed the absence of Mycoplasma contamination.

MTT colourimetric assay . To assess cell viability, 3000 A549 cells were
seeded per well in 96-well plates. After 24 h, cells were treated with various
concentrations of metformin. Following 72 h of treatment, MTT reagent (0.5
mg/mL) was added and incubated for 3 h to allow formazan crystal formation.
Crystals were solubilized with DMSO and absorbance was measured at 550 nm.
Viability was normalized to untreated controls [8].

Preparation of plasmid constructs and purification of recombinant
HMGB1 proteins. Recombinant HMGB1 protein was expressed in E. coli BL21
Poly Lys S using a pET28a+ plasmid and purified via His-tag affinity chromatog-
raphy, as previously described [9].

Western blot analysis. Cells were lysed in SDS sample buffer and son-
icated. Lysates were boiled, separated by 12% SDS-PAGE, and transferred to
nitrocellulose membranes. After blocking in 5% BSA, membranes were incubated
overnight at 4 ˚C with primary antibodies against RAGE (Abcam), HMGB1 (Ab-
cam), vimentin (Cell Signalling) and β-actin (Sigma). After washing, membranes
were incubated with HRP-conjugated secondary antibodies. Protein bands were
visualized with chemiluminescence (Thermo Fisher) and quantified using ImageJ,
with β-actin as a loading control [10].

Wound-healing assay . A549 cells were grown to confluence in 12-well
plates and scratched with a pipette tip to create a wound. Cells were treated with
800 ng/mL HMGB1, 5 mM metformin, or both, in medium containing 0.1% FBS.
Wound closure was imaged at 0 and 24 h using phase-contrast microscopy (Zeiss
AxioVert 200M), and migration was quantified using ImageJ [11].

Immunofluorescence. Cells were seeded on glass coverslips and treated
with HMGB1 (800 ng/mL) or metformin (5 mM) for 24 h. After fixation with
4% paraformaldehyde and permeabilization with Triton X-100, cells were blocked
and incubated with primary antibodies against RAGE (Abcam) and vimentin
(Cell Signalling) overnight at 4 ◦C. Alexa488-conjugated secondary antibodies and
DAPI were used for visualization. Coverslips were mounted and imaged using a
Zeiss AxioVert 200M epifluorescence microscope at 63× magnification.

Statistical analysis. Data are expressed as mean ± SEM from three inde-
pendent experiments. Statistical comparisons were made using one-way ANOVA
(GraphPad Prism), with p < 0.05 considered significant.

Results. Metformin reduces A549 cell viability in a dose-dependent
manner. To evaluate the cytotoxic effect of metformin on A549 cells, an MTT
assay was conducted. Treatment with increasing concentrations of metformin re-
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sulted in a dose-dependent reduction in cell viability. The half-maximal inhibitory
concentration (IC) of metformin was established at 10.33 mM, indicating a signif-
icant inhibitory effect on A549 cell proliferation at that concentration (Fig. 1).

Fig. 1. MTT analysis of metformin on A549 cells. MTT
assay was performed on A549 lung cancer cells treated
with increasing concentrations of metformin for 72 h.
Cell viability was assessed via absorbance at 550 nm and
normalized to untreated control (100%). The calculated

IC50 for metformin was 10.33 mM

Metformin inhibits HMGB1-induced cell migration in A549 cells.
To assess the effects of metformin and HMGB1 on A549 cell migration, a wound
healing assay was performed under the following treatment conditions: 800 ng/mL
HMGB1, 5 mM metformin, and their combination. The chosen concentration of
metformin (5 mM) is non-toxic and enables a reliable evaluation of its impact on
the investigated processes. Cells treated with HMGB1 alone showed increased
wound closure, suggesting an enhanced migratory capacity. In contrast, met-
formin alone or in combination with HMGB1 significantly inhibited wound clo-
sure, indicating an anti-migratory effect. These findings suggest that metformin
counteracts the pro-migratory effect of HMGB1 in A549 cells (Fig. 2).

HMGB1 enhances cytoplasmic expression of RAGE and vimentin,
but metformin reduces this effect. Immunofluorescence analysis was per-
formed to evaluate the expression patterns of RAGE and vimentin in A549 cells
following treatment. HMGB1 treatment resulted in a visibly increased cytoplas-
mic signal for both RAGE and vimentin, indicating upregulation (Fig. 3). The
signal of RAGE protein also started to localize on the cellular membrane (Fig. 3
inset) in comparison with the control treatment, indicating the activation of the
RAGE signalling.

Conversely, cells treated with metformin alone or in combination with HMGB1
displayed markedly reduced cytoplasmic expression of both proteins as well as
non-membrane localization of RAGE (Fig. 3). These observations were further
validated by Western blot analysis. Protein levels of RAGE and vimentin were
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Fig. 2. Metformin inhibits HMGB1-induced A549 cell migration. (A) Representative images
from wound healing assay at 0 and 24 h under the following conditions: control, 5 mMmetformin,
800 ng/mL HMGB1 and HMGB1 with metformin (with 0.1% FBS in media). (B) Quantification
of wound closure percentage after 24 h. Data are shown as mean ± SEM (p < 0.05). Scale bar:

200 µm

Fig. 3. HMGB1 enhances cytoplasmic expression of RAGE and vimentin, which is suppressed
by metformin. Immunofluorescence staining of RAGE and vimentin in A549 cells treated with
HMGB1, metformin, or both for 48 h. HMGB1 treatment increased cytoplasmic expression of
both proteins, while metformin reduced expression levels, both alone and in combination with

HMGB1. DAPI (blue) was used for nuclear staining. Scale bar: 20 µm

significantly elevated in cells treated with HMGB1, while metformin alone and
the combined treatment with HMGB1 resulted in reduced expression levels of
both proteins, confirming the inhibitory effect of metformin on HMGB1-induced
expression of mesenchymal and receptor markers (Fig. 4).

Discussion. In our previous research on triple-negative breast cancer, we
demonstrated that metformin inhibits RAGE/HMGB1 pathway, thereby prevent-
ing epithelial-to-mesenchymal transition (EMT) and limiting cell migration [12].
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Fig. 4. Western blot analysis confirms modulation of RAGE and vi-
mentin expression by HMGB1 and metformin. (A) Densitometric anal-
ysis of RAGE and vimentin expression normalized to β-actin. HMGB1
significantly increased expression, whereas metformin reduced its lev-
els, even in the presence of HMGB1. Data are expressed as mean ±
SEM from three independent experiments (∗ indicates p < 0.05) (B)
Representative Western blot showing protein levels of RAGE, vimentin,
and β-actin (loading control) in A549 cells treated with HMGB1, met-

formin, or both

These earlier results prompted us to explore whether a similar mechanism might
be at play in lung cancer cells. In the present study, we observed that recom-
binant HMGB1 upregulates RAGE expression and promotes its localization to
the plasma membrane. This translocation appears to be a critical step in the
activation of downstream signalling pathways associated with enhanced tumour
proliferation and metastatic potential. Notably, co-treatment with metformin
significantly reduced both RAGE protein levels and its membrane localization.
This suggests that metformin may interfere with the HMGB1/RAGE interaction,
thereby disrupting subsequent pro-tumourigenic signalling.

A particularly compelling aspect of our findings is that metformin effectively
suppresses HMGB1-induced EMT, as evidenced by decreased vimentin expression
– a hallmark of mesenchymal transition. This reduction in mesenchymal charac-
teristics explains why HMGB1-induced cell migration is inhibited in metformin-
treated cells. Interestingly, similar EMT-inhibiting effects of metformin have been
documented in other tumour types, including oral squamous cell carcinoma [13]
and melanoma [14].

These data align well with a growing body of literature indicating that met-
formin use is associated with decreased lung cancer incidence and improved sur-
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vival outcomes [15, 16]. This raises an important question: whether the suppres-
sion of the HMGB1/RAGE signalling pathway is one of the mechanisms underly-
ing these clinical observations. Given that metformin has been reported to bind
directly to HMGB1 [7], we hypothesize that it may prevent receptor activation
by blocking ligand binding, thus attenuating the signalling. Taken together, our
results suggest that the inhibitory effect of metformin on the HMGB1/RAGE axis
may represent an important component of its broader anticancer activity in lung
adenocarcinoma. These insights not only deepen our understanding of how met-
formin might function as an antineoplastic agent but also support its potential as
an adjunctive therapeutic strategy targeting cancer progression and metastasis.
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