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Lidocaine attenuates TMZ resistance and inhibits cell migration
by modulating the MET pathway in glioblastoma cells
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Abstract. Glioblastoma multiforme (GBM) is the most
aggressive type of malignant brain tumor. Currently, the
predominant clinical treatment is the combination of surgical
resection with concurrent radiotherapy and chemotherapy,
using temozolomide (TMZ) as the primary chemotherapy
drug. Lidocaine, a widely used amide-based local anesthetic,
has been found to have a significant anticancer effect. It
has been reported that aberrant hepatocyte growth factor
(HGF)/mesenchymal-epithelial transition factor (MET)
signaling plays a role in the progression of brain tumors.
However, it remains unclear whether lidocaine can regulate
the MET pathway in GBM. In the present study, the clinical
importance of the HGF/MET pathway was analyzed using
bioinformatics. By establishing TMZ-resistant cell lines, the
impact of combined treatment with lidocaine and TMZ was
investigated. Additionally, the effects of lidocaine on cellular
function were also examined and confirmed using knockdown
techniques. The current findings revealed that the HGF/MET
pathway played a key role in brain cancer, and its activation in
GBM was associated with increased malignancy and poorer
patient outcomes. Elevated HGF levels and activation of its
receptor were found to be associated with TMZ resistance in
GBM cells. Lidocaine effectively suppressed the HGF/MET
pathway, thereby restoring TMZ sensitivity in TMZ-resistant
cells. Furthermore, lidocaine also inhibited cell migration.
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Overall, these results indicated that inhibiting the HGF/MET
pathway using lidocaine can enhance the sensitivity of GBM
cells to TMZ and reduce cell migration, providing a potential
basis for developing novel therapeutic strategies for GBM.

Introduction

Glioblastoma multiforme (GBM) is a highly malignant
and aggressive type of astrocytic tumor. The World Health
Organization (WHO) has classified GBM as a grade IV
astrocytoma. GBM is the most common form of brain tumor,
accounting for 16% of all primary brain tumors and 54% of
all gliomas (1,2). Currently, the primary clinical approach
for managing GBM involves extensive surgical resection
to remove as much of the tumor as possible, followed by
a combination therapy of radiotherapy and temozolomide
(TMZ) chemotherapy (3). Despite receiving the standard treat-
ment regimen, GBM patients have a median survival of only
15 months. This underscores the pressing need for developing
novel treatments to improve the prognosis of GBM patients (4).
Currently, there are several clinical online databases available
for researchers to utilize for the identification of new thera-
peutic targets. Using these databases, it was found that the
hepatocyte growth factor (HGF)/mesenchymal-epithelial tran-
sition factor (MET) pathway has potential therapeutic targets.
The human MET receptor gene is located on chromosome
7g31 and encodes a 50-kD o subunit and a 140-kD 3 subunit.
These subunits combine to form a 190-kD heterodimeric
transmembrane receptor. The only known ligand for MET is
hepatocyte growth factor (HGF), also referred to as scatter
factor (SF), which is encoded by a gene found on chromosome
7921.1 (5). MET signaling is initiated when HGF binds to the
MET receptor, which is essential for embryonic development
and tissue regeneration (6). Abnormal HGF/MET signaling
has been implicated in the progression of brain tumors (7).
Increased expression of HGF and MET in GBM tissue has
been found to be strongly associated with poorer prognoses for
patients, therefore it can be used as an independent predictor of
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patient survival (8-13). Moreover, drugs that target HGF/MET
are expected to become a therapeutic option for GBM patients
in the future (14,15).

Lidocaine, an amide-type local anesthetic, is widely used
to manage several acute or chronic pain disorders, such as
inflammation, nociceptive pain and neuropathic pain (16).
Recently, lidocaine has been found to have a significant
anticancer effect in various types of cancer. It can reduce the
progression and recurrence of cancer and improve the survival
rate of patients (17). Numerous studies indicated that lidocaine
can suppress malignant cell behavior, including growth,
proliferation, migration and invasion, as well as induce cell
apoptosis in a wide range of cancer cells (18-24). It also has a
sensitizing effect on clinical chemotherapeutic drugs (25-27).
Chemotherapy is an important method for treating various
cancers, but some patients develop drug resistance over time,
limiting the efficacy of chemotherapy and ultimately leading
to the patient's death. The latest research revealed that lido-
caine can alleviate chemotherapy resistance (28,29).

There is increasing evidence suggesting that lidocaine can
suppress cell proliferation, migration, invasion and promote
apoptosis in glioma cells (30-33). A recent study also demon-
strated that lidocaine can hinder the survival and self-renewal
abilities of GBM stem cells (34). These findings indicated
that lidocaine could potentially serve as a therapeutic option
for GBM, although its specific mechanism of action remains
largely unknown. Mechanistically, recent research suggests
that lidocaine can significantly reduce MET activation (35).
However, whether lidocaine can inhibit the HGF/MET
signaling in GBM cells has not been reported yet. Therefore,
the present study primarily aimed to investigate whether lido-
caine can regulate HGF/MET-related pathways in GBM cells
and further elucidate the anticancer effect of lidocaine.

Materials and methods

Public database analysis. The mRNA expression levels
of HGF and MET were analyzed in human tissue samples
from normal brain, brain cancer, glioma, and GBM using
the R2 Genomics Analysis and Visualization Platform
(https://hgserverl.amc.nl/cgi-bin/r2/main.cgi). The results
were presented as median and interquartile range. Gene
Expression Profiling Interactive Analysis (GEPIA; http://gepia.
cancer-pku.cn/index.html), an online web server based on The
Cancer Genome Atlas (TCGA) and GTEx data, was also used to
analyze the mRNA expression levels of HGF and MET in GBM
tissues and normal tissues. The GBM dataset was selected for
analysis, with [Log,FCI cutoff set to 1 and the P-value cutoff set
to 0.01. Whisker plots were generated to show the relative RNA
expression levels of HGF and MET in GBM tissues (n=163) and
normal tissues (n=207). In addition, we utilized The Cancer
Proteome Atlas (TCPA) database (http:/tcpaportal.org/tcpa/)
to examine the protein expression levels of MET pY1235 and
MET in GBM samples. To determine the potential relationship
between the expression of HGF/MET and patient survival,
an analysis of the R2 database was conducted to evaluate
the association between their expression levels and clinical
prognosis in brain tumors and gliomas. The Kaplan-Meier
curve was generated using the following datasets: Tumor
Brain-Madhavan-550-MAS5.0-ul133p2 (HGF, 210998_s_at;

MET, 203510_at); Tumor Glioma-French-284-AS5.0-ul33p2
(HGF, 209960_at; MET, 203510_at); Tumor Brain Lower
Grade Glioma (2022-v2)-tcga-532-tpm-gencode36 (HGF,
ENSG00000019991.18; MET, ENSG00000105976.16); and
Tumor Glioblastoma-TCGA-540-MAS5.0-ul33a (HGF,
209960_at; MET, 203510_at). In the Glioma database (French,
n=284), patient survival information is available for only 273
samples. In addition, the Kaplan-Meier survival plots were
generated using the TCGA database to analyze the relation-
ship between the protein/phosphoprotein expressions of MET
and patient survival.

Chemicals and reagents. Lidocaine hydrochloride, obtained
from Aspen Pharma Trading Ltd., was stored at 4°C until
use. Additional chemicals, including TMZ, DMSO, MTT,
and other reagents, were purchased from MilliporeSigma.
The primary antibodies employed in the present study
included HGF (cat. no. ab83760), MET (cat. no. ab216574),
phosphorylated (p)-MET (cat. no. ab5662), and cleaved
PARP (cat. no. ab32064), all of which were purchased from
Abcam. The antibody for a-tubulin (cat. no. 05-829) was
acquired from EMD Millipore. The secondary antibody
HRP-conjugated goat anti-rabbit IgG was obtained from
Leadgene Biomedical, Inc. (cat. no. 20202), while the
secondary antibody HRP-conjugated goat anti-mouse IgG
was procured from Jackson ImmunoResearch Laboratories,
Inc. (cat. no. 115-035-003).

Cell culture. The USTMG (glioblastoma of unknown origin)
and DBTRG-05MG cell lines were obtained from the
American Type Culture Collection (ATCC) and cultured in
Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 100 U/ml peni-
cillin/streptomycin at 37°C in a humidified 5% CO, atmosphere.
All cell culture reagents were purchased from Gibco; Thermo
Fisher Scientific, Inc. RNA sequencing was conducted to vali-
date the US7MG cell line, as evidenced by the data provided
in the supplementary material. To investigate the mechanism
of TMZ resistance in GBM, the cells were gradually exposed
to increasing doses of TMZ (ranging from 15.625 to 250 uM)
over a period of 6 months. Once the cells were able to survive in
the drug, they were considered TMZ-resistant and designated
as US7MGR cells. To analyze secreted proteins, 2x10° cells
were seeded into a 10-cm dish and cultured until they reached
~80% confluency. The cells were then washed twice with 1X
PBS to completely remove FBS. Subsequently, the cells were
cultured in serum-free DMEM for 48 h, and the supernatant
was collected for further analysis. To further determine the
relationship between HGF and drug resistance, U§7MG cells
were pre-treated with conditioned media (CM) from both
US87MG and U87MGR cells. Additionally, a portion of CM
from US7MGR cells was pre-treated with HGF-neutralizing
antibody (1:500) for 1 h before administering to U§7MG cells.
Then, the cells were treated with TMZ and lidocaine together
for 48 h. All cell observation and imaging in the study were
conducted using the Hamlet microscope.

Detection of apoptotic rate using flow cytometry. Cells were
seeded at a density of 1.5x10° cells/well in 6-well plates and
cultured overnight to allow adherence. After treatment with
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TMZ (0-1,000 xM) for 48 h, the cells were harvested, washed
with cold PBS, and stained using the Annexin V FITC/PI
Apoptosis Detection Kit (cat. no. 556547; BD Biosciences)
in the dark at 25°C for 15 min. The apoptotic rate was then
analyzed using flow cytometry. Flow cytometric analysis
was conducted on a BD FACSCanto™ 1II flow cytometer
(BD Biosciences), and data acquisition was carried out using
FACSDiva software version 6.1 (BD Biosciences).

Western blotting. Cell lysates were prepared using RIPA
buffer (25 mM Tris-HCI pH 7.6, 150 mM NaCl, 1% NP-40,
1% sodium deoxycholate and 0.1% SDS) with a protease
inhibitor cocktail. The concentration of total protein
was determined using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, Inc.). Equal amounts (40 ug) of
protein were separated on SDS-PAGE gels and transferred
onto PVDF membranes (MilliporeSigma). The percentage of
polyacrylamide used for the separation varied for different
protein targets: HGF in conditioned medium: 12%, HGF
in cytosol: 8%, pMET/MET: 8%, and cleaved PARP: 12%.
The membranes were blocked with 5% skim milk dissolved
in Tris-buffered saline (TBS) for 1 h at room temperature.
Subsequently, the membranes were hybridized with specific
primary antibodies overnight at 4°C. The primary antibodies
used in western blotting were diluted as follows: a-tubulin
at a ratio of 1:10,000, and HGF, p-MET, MET and cleaved
PARP at a ratio of 1:1,000. Following several washes in TBS
supplemented with 0.05% Tween-20 (TBST), the membranes
were incubated with suitable HRP-conjugated secondary
antibodies at room temperature for 1 h. The secondary anti-
bodies used in western blotting were all diluted at a ratio of
1:5,000. After washing the membranes with TBST, the protein
bands were visualized using ECL reagents (cat. no. 34580;
Thermo Fisher Scientific, Inc.). a-tubulin was used as the
loading control for normalization in western blotting. To
analyze secreted proteins, cells were cultured in serum-free
DMEM for 48 h, and the culture supernatants were then
concentrated using a 3-kDa cut-off Amicon Ultra filter
(Merck KGaA). Subsequently, the concentrated supernatants
were subjected to protein quantification, and equal amounts
of total protein were analyzed using western blotting. Due to
the absence of specific markers for secretory proteins, equal
amounts of total protein were loaded and confirmed using
Ponceau staining for uniformity after protein quantification.
The protein loading quantity was confirmed to be consistent
through Ponceau S staining.

Cell cytotoxicity. To determine the effect of lidocaine and
gene knockdown on TMZ sensitivity in GBM cells, the MTT
assay was employed. In brief, 5x10° cells were seeded in 100 pl
of culture medium per well on a 96-well plate and incubated
overnight. The cells were then treated with lidocaine either
alone or in combination with TMZ for indicated time periods.
A total of 4 h prior to the completion of the experimental
reaction, MTT reagent (5 mg/ml in PBS) was added to each
well, and the cells were incubated for 4 h. The supernatant
was subsequently removed, and 100 pl of DMSO was added to
each well. The viability of cells was determined by measuring
absorbance at 550 nm using a SpectraMax ABS Plus plate
reader (Molecular Devices, LLC), and the background reading

at 750 nm was subtracted. The results were expressed as a
percentage, relative to untreated cells.

Colony formation assay. A total of 2x10° cells were seeded in
2 ml of culture medium per well on a 6-well plate and incu-
bated overnight. Following treatment with lidocaine, TMZ, or
a combination of both for 24 h, the cells were harvested and
suspended in culture medium. Subsequently, the cells were
seeded on a 6-well plate at a density of 5x10° cells per well and
incubated in an incubator at 37°C with 5% CO, for ~2 weeks
until colonies formed (consisting of at least 50 cells). After
washing with PBS, the cells were fixed with 4% paraformalde-
hyde for 20 min at room temperature. Subsequently, they were
stained with 0.1% crystal violet for 30 min, and the number of
colonies was assessed using a light microscope and Imagel
software (version 2.1.0/1.5.3v; National Institutes of Health).

Cell proliferation assay. The cell proliferation was evaluated
using the MTT assay. Briefly, 5,000 cells were seeded per
well on 96-well plates and incubated for 0, 24, 48 and 72 h.
MTT reagent (5 mg/ml in PBS) was added to each well, and
the cells were incubated for 4 h. After incubation, the plates
were centrifuged at 300 x g for 5 min. The supernatant was
removed, and 100 ul of DMSO was added to each well. The
absorbance was measured at 550 and 750 nm to subtract the
background signal (750 nm). Cell proliferation was quantified
by measuring the optical density.

Wound-healing assay. GBM cells were seeded on a 6-well
plate until they reached 100% confluence. The cell monolayer
was manually scratched using a 200 ul-sterile pipette tip to
create a straight line. The wells were gently washed once with
PBS to clean the field of view and images were captured as
the controls. The cells were treated with serum-free medium
containing lidocaine at 37°C for 24 h. At least five continuous
fields per well were recorded before and 24 h after migration
using a light microscope (magnification, x200). The migra-
tion rate was calculated as follows: % of wound closure=100x
(Scratching area at 0 h-Wound area at 24 h)/Scratching area
at O h.

Transwell assay. A total of 1x10° cells were resuspended in
200 ul of serum-free culture medium and seeded onto the
Transwell insert (8-um pore size; Costar; Corning, Inc.). The
lower chamber was filled with 300 gl of culture medium
containing 10% FBS. The Transwell inserts were then placed
in a 37°C incubator with 5% CO, for 24 h. Afterwards, the
Transwell inserts were fixed with 3.7% formaldehyde for
15 min and stained with 0.05% crystal violet for 30 min. The
cells were washed with PBS, and any remaining stain on the
upper side of the Transwell insert was removed with a cotton
swab. The number of migratory cells on the lower side of the
Transwell was observed under a light microscope at randomly
selected different fields of view, images were captured, and
cells were counted.

Gene knockdown. The third-generation lentiviral vectors
utilized in the present study were sourced from the RNAi Core
Facility at Academia Sinica located in Taipei, Taiwan. Using
a transfection reagent (PolylJet; cat. no. SL100688; SignaGen
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Laboratories), a combination of 2 pg of specific short hairpin
(sh)RNA, 2 ug of pCMVARS8.91, and 0.2 ug of pMD plasmids
was introduced into 293T cells (cat. no. CRL-3216; ATCC)
to generate the recombinant lentiviruses. Transfection was
carried out at 37°C overnight. Following this, a fresh medium
replacement was performed, and the cells were further
cultured for 24 to 72 h to collect lentiviral particles. GBM cells
were infected with the lentiviral supernatant in the presence
of polybrene (8 pg/ml). The lentiviral particles were then used
to infect cells overnight at a multiplicity of infection (MOI)
of 5. After transduction, puromycin (5 pg/ml) was added to
the cells for 48 h to select stable cell lines. The lentiviral
plasmids targeting HGF were TRCN0000047135 (shHGF#1,
5'-CCG-GCA-GAC-CAA-TGT-GCT-AAT-AGA-TCT-CGA-
GAT-CTA-TTA-GCA-CAT-TGG-TC-TGT-TTT-T-3') and
TRCNO0000047137 (shHGF#2, 5-CCG-GGC-AAA-GAC-TA
C-CCT-AAT-CAA-ACT-CGA-GTT-TGA-TTA-GGG-TAG-
TCT-TTG-CTT-TTT-3"). The lentiviral plasmids targeting
MET were TRCN0000040047 (shMET#1, 5-CCG-GGC-CA
G-CCT-GAA-TGA-TGA-CAT-TCT-CGA-GAA-TGT-CAT-C
AT-TCA-GGC-TGG-CTT-TTT-G-3") and TRCN0000009850
(ShAMET#2, 5'-CCG-GCA-GAA-TGT-CAT-TCT-ACA-TGA-
GCT-CGA-GCT-CAT-GTA-GAA-TGA-CAT-TCT-GTT-
TTT-G-3"). The control shRNA sequence used was TRCI.
Scramble: 5'-CCG-GCC-TAA-GGT-TAA-GTC-GCC-CTC-
GCT-CGA-GCG-AGG-GCG-ACT-TAA-CCT-TAG-GTT
-TTT-3". The sequence design was informed by the reference
website (https:/rnai.genmed.sinica.edu.tw/searchDatabase).

Reverse transcription-quantitative PCR (RT-qPCR).
After isolating total RNAs using REzol reagent (Protech
Technology Enterprise CO., Ltd.) and reverse transcribing
the mRNA to cDNA using a PrimeScript RT Reagent kit
(Takara Bio, Inc.), the levels of HGF mRNA were detected
using KAPA SYBR FAST qPCR Master Mix, according to
the manufacturer's instructions. The MyGo PCR Detection
System (IT-IS Life Science Ltd.) was used for detection.
The following primers were used in the experiment: HGF
forward, 5-GAA-TGC-ATG-ACC-TGC-AAC-GG-3' and
reverse, 5'-TGT-CGG-GAT-ATC-TTT-CCG-GC-3"; and
GAPDH forward, 5'-CAC-CCA-TGG-CAA-ATT-CCA-T
GG-CA-3' and reverse, 5'-TCT-AGA-CGG-CAG-GTC-AG
G-TCC-ACC-3'. The RT-qPCR thermocycling conditions
included an initial denaturation at 95°C for 180 sec, followed
by 40 cycles with denaturation at 95°C for 10 sec, annealing
at 60°C for 20 sec, and extension at 72°C for 30 sec. The
relative level of gene expression was determined using the
comparative C, (2*9) method (36), with GAPDH used as
the normalization reference.

Statistical analysis. The log-rank test was employed for
Kaplan-Meier survival data analysis. The results are presented
as the mean + SEM, obtained from at a minimum of three
separate experiments. The statistical analyses performed
out using the Graph Pad Prism 6.0 software (Dotmatics).
A comparison between two groups was performed using
unpaired Student's t-test. When examining multiple variables,
one-way analysis of variance with Bonferroni's post-hoc test
was used. P<0.05 was considered to indicate a statistically
significant difference.

Results

Using bioinformatics tools to analyze the association between
the expression/activation of HGF/MET and its clinical signifi-
cance in brain cancer patients. To understand the clinical
significance of HGF and its receptor MET, publicly avail-
able online databases (R2 database) were used to compare
the expression levels of these biomolecules in healthy brain
tissues and tumor brain tissues. The results indicated that HGF
expression in brain tumors (Madhavan), gliomas (French),
and GBM (Pfister) was upregulated compared with normal
brain tissues (Berchtold) (Fig. 1A). However, there was no
significant difference in the expression levels of MET among
the groups. In addition, GEPIA database was used to analyze
the expression levels of HGF and MET in GBM. The mRNA
expression levels of HGF in GBM were elevated compared
with normal tissues, but there was not a significant difference
in MET expression (Fig. 1B). As the mRNA levels of MET did
not appear to be clinically related to the level of deterioration,
TCPA database was utilized to analyze the protein expression
levels of p-MET and MET in GBM and low-grade gliomas
(LGG). Protein levels of p-MET were significantly higher in
GBM compared with LGG (Fig. 1C). Next, the R2 database
was utilized to obtain gene expression data in brain tumors
and gliomas, allowing to examine the potential impact of HGF
and MET expression on the overall survival of patients. The
present analysis revealed that patients with tumors exhibiting
elevated expression levels of HGF and MET experienced poorer
survival outcomes (Fig. 1D). Information on the data obtained
from the R2 database, including tumor type, patient age, sex
distribution and sample size, are presented in Tables I and II.
The results suggested that increased HGF and MET expres-
sion in brain tumors and gliomas may worsen malignancy,
impacting patient survival. This emphasizes the imperative
for an in-depth investigation into the roles of HGF and MET
in GBM. Finally, the TCPA database was used to analyze the
relationship between the levels of p-MET (Y1235)/MET and
the survival probability of GBM patients. The results revealed
that a higher phosphorylation level of MET was significantly
associated with a poorer survival rate in GBM patients, while
MET expression itself was not significantly associated to
survival rate (Fig. 1E). Fig. 1A-C and 1E are all derived from
the GBM database. However, it is important to clarify that
the analysis in Fig. 1D actually comes from the brain tumor
and glioma databases, not the GBM database. Interestingly,
the results in Fig. 1D suggested that high expression of HGF
and MET in brain tumors and gliomas may exacerbate their
malignancy, thereby influencing patient survival rates. These
findings indicated a crucial role for HGF/MET in brain cancer,
yet in GBM, the actual activation of MET appears to be more
significant than its expression level in influencing patient
prognosis. Therefore, inhibiting abnormal HGF/MET axis
activation may be a potential treatment strategy for GBM.

Activation of the HGF/MET pathway may be associated with
TMZ resistance in GBM cells. To investigate the relationship
between the HGF/MET pathway and TMZ sensitivity in GBM
cells, TMZ-resistant cells were established from US7MG cells,
which are referred to as US7MGR. Flow cytometric analysis
revealed that ~80% of parental cells underwent apoptosis when
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Figure 1. Relationship between the expression and activation of HGF/MET and clinicopathological characteristics. (A) The R2 database was used to analyze
the mRNA expression levels of HGF/MET in GBM and normal brain tissues. (B) Box plots generated based on the Gene Expression Profiling Interactive
Analysis database depict the mRNA levels of HGF and MET in GBM tissues (red) and normal tissues (grey). (C) The box plot obtained using the TCPA
database demonstrated the MET pY1235/MET levels in GBM and LGG as assessed through the pan-cancer analyses. (D) Kaplan-Meier analysis of data from
the R2 database was performed to determine the clinical association between HGF/MET expression levels and survival in patients with brain tumors, gliomas
and GBMs. (E) Kaplan-Meier curves obtained using the data from TCPA database revealed the relationship between the levels of MET pY1235/MET and
survival probability in GBM patients. ‘P<0.05. HGF, hepatocyte growth factor; MET, mesenchymal-epithelial transition factor; TCPA, The Cancer Proteome

Atlas; GBM, glioblastoma multiforme; LGG, low-grade glioma.

treated with 500 uM TMZ, whereas resistant cell lines exhib-
ited an apoptotic rate of ~50% even after TMZ treatment at
concentrations up to 1,000 M, indicating that U§7MGR cells
were highly resistant to TMZ (Fig. 2A). Next, HGF expression
was compared between the two cell lines and it was identi-
fied that the expression of HGF in US7MGR cells was higher
than that in US7MG cells (Fig. 2B). Furthermore, cell culture
supernatants were collected and concentrated for subsequent
analysis using electrophoresis. Ponceau S staining showed
that the total amount of loaded protein was consistent across
the samples (Fig. 2C, left panel), and the results of western
blotting revealed that HGF secretion by US7TMGR cells was
higher than that by U87MG cells (Fig. 2C, right panel). As
high levels of secreted HGF can activate the MET pathway, the
activation levels of MET in these cells was further analyzed.
MET was highly activated in U§7MGR cells compared with
US87MG cells (Fig. 2D). During stressful conditions such

as starvation or chemotherapy, cancer cells may activate
certain signaling pathways that give them an advantage in
survival (37). Therefore, US87MG and U87MGR cells were
cultured in serum-free medium for 24 and 48 h and the changes
in HGF expression and MET activation upon starvation were
assessed. With increasing starvation time, TMZ-resistant cells
exhibited elevated HGF levels, and this effect was particularly
evident after 48 h of starvation (Fig. 2E and F). Notably, the
levels of activation of the MET pathway induced by starvation
in US7MGR cells were markedly higher compared with their
parental cells (Fig. 2G). Next, US7MG and U87MGR cells
were treated with increasing doses of TMZ and the expres-
sion of HGF and the activation of MET were assessed through
RT-qPCR or western blot analyses. The mRNA levels of HGF
in both U87MG and U87MGR cells were increased upon
TMZ treatment (Fig. 2H and I). However, western blot results
were inconsistent, possibly due to protein secretion into the
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Table I. Summarized sample information from the R2 database: Brain tumor (Madhavan, n=550).

Disease type WHO Grade Age range Sex
Astrocytoma (n=147) 11 <50 (n=42),>50 (n=18), unknown Male (n=34), Female (n=12), unknown
(n=4) (n=18)
111 <50 (n=32),>50 (n=20), unknown Male (n=27), Female (n=17), unknown
(n=6) (n=14)
Unknown <50 (n=19),>50 (n=6) Male (n=17), Female (n=8)
GBM (n=221) v <50 (n=60),>50 (n=131), unknown Male (n=107), Female (n=59),
(n=30) unknown (n=55)
Oligodendroglioma (n=67) 11 <50 (n=15),>50 (n=12), unknown Male (n=9), Female (n=12), unknown
(n=3) (n=9)
111 <50 (n=14),>50 (n=8), unknown Male (n=9), Female (n=8), unknown
(n=1) (n=6)
Unknown <50 (n=5),>50 (n=5), unknown Male (n=6), Female (n=4), unknown
(n=4) (n=4)
Mixed (n=11) 11 <50 (n=2), >50 (n=2) Male (n=1), Female (n=3)
I <50 (n=3) Male (n=3)
Unknown <50 (n=4) Male (n=2), Female (n=2)
Non-tumor (28) <50 (n=19),>50 (n=1), unknown (n=8) Unknown
Unknown (67) <50 (n=27),>50 (n=39), unknown Male (n=46), Female (n=20), unknown
(n=1) (n=1)

Out of the total sample size of 550, 9 samples are duplicates. Therefore, the actual sample size is 541.

extracellular space. The expression levels of MET in U87MG
cells were reduced markedly in a dose-dependent manner.
However, in US7TMGR cells, MET expression was maintained,
and its phosphorylation level was elevated with increasing
doses of TMZ (Fig. 2J). These results revealed increased
HGF expression and secretion in TMZ-resistant GBM cells,
accompanied by enhanced MET receptor activation. Even
under adverse conditions such as starvation or drug treatment,
resistant cell lines maintained elevated HGF and MET expres-
sion. This strongly implies an association between HGF/MET
pathway activation and TMZ resistance.

Lidocaine enhances TMZ cytotoxicity and reduces cell
mobility, potentially by decreasing MET pathway activity in
US7MG cells. A recent study demonstrated that lidocaine can
reduce the mobility of cancer cells and enhance their sensi-
tivity to drug treatment by inhibiting the MET pathway (35).
Given the increased activation of the MET pathway observed
in TMZ-resistant GBM cells, it was reasoned that if lidocaine
can inhibit the MET pathway, it may potentially suppress the
malignant behavior of GBM cells and enhance the therapeutic
effect of TMZ. To evaluate the cytotoxic effect of lidocaine,
U87MGR cells were treated with lidocaine (0-3 mM) for
24 and 48 h, and cell viability was assessed using the MTT
assay. Lidocaine significantly reduced cell viability only at
concentrations higher than 1.5 mM (Fig. 3A). Subsequently, it
was investigated whether lidocaine would impact the expres-
sion levels of HGF. Lidocaine did not have a substantial impact
on HGF expression in both U87MG and US7MGR cells
(Fig. 3B and C). The effect of lidocaine on the MET pathway
was further analyzed using western blotting. Lidocaine

effectively reduced the expression and activation of MET in
a dose-dependent manner, even at a non-toxic concentration
of 0.75 mM (Fig. 3D). Next, US7TMGR cells were treated with
a non-toxic dose of lidocaine, and then stimulated with TMZ
for combined treatment to observe whether TMZ sensitivity
could be restored in TMZ-resistant cells. Both the MTT assay
(Fig. 3E) and colony formation assay (Fig. 3F) indicated that
TMZ combined with 0.75 mM lidocaine could effectively
enhance TMZ sensitivity in U§7MGR cells. The trend observed
in the cleaved PARP (Fig. 3G) was consistent with the results
from the cell function assays. Based on the aforementioned
experimental findings, lidocaine was found to primarily inhibit
the expression of MET in US7MGR cells. The effect of lido-
caine on the expression of MET was also compared between
U87MG and U87MGR cells. US7TMGR cells exhibited higher
levels of MET expression compared with U87MG cells
(Fig. 3H). However, both cell types showed a dose-dependent
decrease in MET expression in response to lidocaine treatment.
Thus, lidocaine primarily attenuates the activation intensity of
the MET pathway by downregulating MET expression levels,
rather than impacting the expression of HGF. Taken together,
lidocaine cannot directly reverse the high expression of HGF
and dephosphorylate MET in US7MGR cells. However, by
reducing the expression of MET, it effectively diminishes the
overall phosphorylation levels of MET in US7MGR cells. In
addition, the effects of lidocaine on cell growth and migration
in U87MG cells were further investigated. Lidocaine did not
significantly inhibit the growth of US7TMG cells, with only a
slight inhibition observed after 72 h of treatment (Fig. 31). To
determine whether lidocaine affects cell motility in U§7MG
and US7MGR cells, the cells were treated with non-toxic



Table II. Summarized sample information from the R2 database: Glioma (French, n=284).

Normal

Mixed
oligoastrocytomas

Pilocytic Astrocytomas  Astrocytomas

astrocytomas
(PAs)-grade 1

adult

Oligodendrogliomas

grade 4
(GBM)

grade 3

(ATID)

Astrocytomas
grade 2 (AIl)

brain

(ODs)

(MOAs)

Sex

Age range

n=8

n=52

n=28

n=159

n=16

n=13

n=

Male-to-female

Median age at diagnosis was

ratio was 2.1:1

50.2 years (range, 11.7-81.2)

284), only 273 samples have patient survival information.

In the Glioma database (French, n:
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concentrations of lidocaine (0.375-0.75 mM) and cell migra-
tion was measured through wound healing (Fig. 3J and L) and
Transwell assays (Fig. 3K and M). The results revealed that
lidocaine significantly inhibited cell migration in both cell
types. These results indicated that the effects of lidocaine on
TMZ sensitivity and migration are likely due to a decrease in
the activity of the MET pathway in the US7MG cell line.

Inhibition of the HGF/MET pathway improves the effective-
ness of TMZ and hinders cell migration in US7TMGR cells.
Since lidocaine can reduce the expression and activation of
MET, which affects cellular functions, a gene knockdown
experiment was conducted for verification. First, the expres-
sion of HGF in U§7MGR cells was knocked down using
a lentiviral system, and its inhibitory effect was examined
through RT-qPCR and western blotting. The expression of
HGF in the cells was significantly suppressed (Fig. 4A and B).
Western blot analysis of cleaved PARP levels revealed that
reducing HGF expression in U§7MGR cells substantially
elevated TMZ sensitivity (Fig. 4C). Due to the higher expres-
sion and secretion of HGF in U§7MGR cells compared with
US7MG cells, their respective CM were collected. Then,
U87MG cells were pre-treated with the two types of concen-
trated CM and their effect on the combined treatment efficacy
of lidocaine and TMZ was analyzed. The CM from US§7TMGR
cells significantly increased the resistance of U87MG cells to
TMZ. However, when HGF antibodies were used to react with
HGF in the CM from US87MGR cells first, the sensitivity of
UB7MG cells to TMZ was effectively restored (Fig. 4D). These
results indicated that activation of the HGF/MET pathway
may induce TMZ resistance, and lidocaine can improve TMZ
sensitivity by inhibiting this pathway. Subsequently, it was
investigated whether the migration capability of U§7MGR
cells was affected by the downregulation of HGF gene expres-
sion. Suppressed HGF expression significantly inhibited cell
migration, as assessed by the wound healing assay (Fig. 4E)
and Transwell assay (Fig. 4F). MET expression was also
knocked down, which resulted in a strong inhibition of MET
expression (Fig. 4G). MTT and western blot analysis demon-
strated that downregulation of MET expression significantly
enhanced TMZ sensitivity in U§7MGR cells (Fig. 4H and I).
Next, the impact of MET knockdown on cell mobility was
evaluated through wound healing and Transwell assays.
Reduced MET expression significantly impaired cell migra-
tion (Fig. 4] and K). These results suggested that inhibiting the
HGF/MET pathway can effectively enhance TMZ sensitivity
and reduce mobility in U§7MGR cells.

In DBTRG-05MG cells, lidocaine can enhance TMZ
sensitivity and reduce cell migration by inhibiting HGF/MET
pathway activity. To verify the present findings, another GBM
cell line, DBTRG-05MG cells, were selected to investigate the
effect of lidocaine on the MET pathway and further analyze
its relationship with TMZ sensitivity and cell migration. This
choice was based on a previous study by the authors, which
revealed that DBTRG-05MG cells exhibit a high level of resis-
tance to TMZ (37). The DBTRG-05MG cells were cultured
in a serum-free medium for 24 and 48 h, and the impact of
starvation on MET activation was evaluated using western
blotting. The MET pathway was significantly activated in cells
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Figure 2. High activation of the HGF/MET pathway is associated with TMZ resistance in U§7MG cells. (A) U87MG and U87MGR cells were treated with
increasing doses of TMZ (0-1,000 M) for 48 h, stained with Annexin V-FITC/PI, and analyzed using flow cytometry to evaluate the proportion of cells
undergoing apoptosis. A representative flow cytometry image is shown on the left, and the quantitative results are provided on the right. The cell apoptotic rate
(%) was calculated by summing the signals of Annexin-V-FITC+/PI- in quadrant 4 (early apoptosis) and Annexin-V-FITC+/PI+ in quadrant 2 (late apoptosis).
(B) Western blot analysis was conducted to examine the protein levels of HGF in total cell lysates. (C) Western blot analysis was performed to assess the
secretion of HGF in conditioned media derived from U87MG and U87MGR cells. The amount of loaded protein was determined using Ponceau S staining.
(D) Western blot analysis was employed to investigate the protein expression of p-MET and MET in U87MG and U887MGR cells. The level of a-tubulin in
the total lysate was utilized as a loading control. (E-G) Cells were cultured in serum-free medium for 24 and 48 h. The effect of starvation on HGF expression
and MET activation in U87MG and U87MGR cells was analyzed using RT-qPCR or western blotting. (H-J) Cells were treated with increasing doses of TMZ
for 48 h. The expression levels of HGF and p-MET/MET were analyzed using RT-qPCR or western blotting. The protein a-tubulin was used as a loading
control. "P<0.05. HGF, hepatocyte growth factor; MET, mesenchymal-epithelial transition factor; TMZ, temozolomide; p-, phosphorylated; RT-qPCR, reverse
transcription-quantitative PCR.

after 48 h of starvation (Fig. 5A). Furthermore, TMZ was able  cells with lidocaine for 72 h (Fig. 5SH). In addition, lidocaine
to significantly inhibit MET activation in a dose-dependent  was found to have a significant ability to reduce cell migration
manner (Fig. 5B). The cytotoxicity of lidocaine was evaluated  (Fig. 5I). These results suggested that lidocaine can enhance
by exposing DBTRG-05MG cells to various concentrations TMZ sensitivity and inhibit cell migration by suppressing
of lidocaine (0-3 mM) for 24 and 48 h, and cell viability the activation of the HGF/MET signaling pathway also in
was assessed using the MTT assay. Lidocaine significantly = DBTRG-05MG cells.

decreased cell viability only at concentrations higher than

1.5 mM (Fig. 5C). Furthermore, lidocaine effectively reduced  Discussion

the expression and activation of MET in a dose-dependent

manner (Fig. 5D). After co-treatment with 0.75 mM lido-  In the present study, bioinformatics tools were used to analyze
caine and TMZ (125-250 uM) for 48 h, DBTRG-05MG cells  the expression of HGF and MET, as well as the phosphoryla-
exhibited an increase in TMZ sensitivity compared with  tion level of MET, in clinical tissue samples to investigate the
treatment with TMZ alone, as determined using the MTT  association between these factors and clinical deterioration
assay (Fig. 5SE), colony formation (Fig. 5F), and analysis of and patient prognosis. TMZ-resistant cell lines were also
cleaved PARP levels (Fig. 5G). The effect of lidocaine on  established and it was found that the HGF/MET pathway
the growth and migration of DBTRG-05MG cells was also  was highly activated in these cells. However, lidocaine treat-
analyzed. A slight inhibition was observed only after treating  ment effectively reduced this activation. The present findings
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Figure 3. Lidocaine sensitizes US37MGR cells to TMZ and reduces cell migration by downregulating MET expression and activation. (A) Cells were treated
with increasing doses of lidocaine for 24 and 48 h, and cell viability was measured using the MTT assay. Data are presented as the mean + SEM. "P<0.05
compared with untreated cells. (B and C) Cells were treated with increasing doses (0-0.75 mM) of lidocaine for 48 h, and the levels of HGF were analyzed
using reverse transcription-quantitative PCR and western blot analysis. The protein a-tubulin was used as a loading control. (D) Cells were treated with
increasing doses (0-3 mM) of lidocaine for 48 h, and the levels of p-MET and MET were analyzed using western blotting. The protein o-tubulin was used as a
loading control. (E) After treatment with lidocaine alone, TMZ alone, or their combination, cell viability was assessed using the MTT assay. ‘P<0.05 compared
the 125-uM TMZ treatment group; “P<0.05 compared with the 250-yM TMZ treatment group. (F) To evaluate the effect of lidocaine and TMZ on cell colony
formation, cells were treated with either lidocaine, TMZ, or their combination, and then stained with 0.5% crystal violet. The number of cells forming colonies
after 2 weeks was quantified. (G) Western blot analysis was employed to assess the effect of combined treatment with TMZ and lidocaine on PARP expres-
sion. (H) U87MG and U87MGR cells were treated with increasing doses (0-3 mM) of lidocaine for 48 h, and the levels of MET were analyzed using western
blotting. The protein o-tubulin was used as a loading control. (I) The impact of lidocaine on cell proliferation was examined using the MTT assay. (J-L) The
effect of lidocaine on the migration of U87MG and U87MGR cells was analyzed using (J and L) wound healing assays and (K and M) Transwell assays. TMZ,
temozolomide; MET, mesenchymal-epithelial transition factor; p-, phosphorylated.
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Figure 4. Suppression of the HGF/MET pathway enhances TMZ sensitivity and impedes cell migration in US7MGR cells. (A) Knockdown efficiency of
lentivirus-mediated targeting of HGF using shRNA was confirmed using reverse transcription-quantitative PCR. "P<0.05 compared with shControl group.
(B) Western blot analysis was conducted to assess the protein levels of HGF in U87MGR/shControl, U37MGR/shHGF#1, and U§7MGR/shHGF#2 cells.
(C) Western blot analysis was performed to examine the levels of cleaved PARP in cells treated with increasing concentrations of TMZ (0-500 M) for 48 h.
(D) USTMG cells were first exposed to U§7MG-CM, US7TMGR-CM, or US7MGR-CM pretreated with HGF-neutralizing antibody for 1 h, and then treated
with lidocaine and TMZ for 48 h. Cell viability was assessed using the MTT assay, and the data are reported as the mean + SEM. "P<0.05 compared with lido-
caine + TMZ; "P<0.05 compared with lidocaine + TMZ + U§7MGR-CM. (E and F) The effects of HGF knockdown on the migration ability of U§7MGR cells
were evaluated through (E) wound healing assay and (F) Transwell assay. "P<0.05 compared with shControl group. (G) The protein levels of MET in shControl,
shMET#1, and shMET#2 cells were evaluated using western blot analysis. The protein a-tubulin was used as a loading control. (H) Cells were treated with
increasing concentrations of TMZ (0-500 M) for 48 h, and cytotoxicity was assessed using the MTT assay. "P<0.05 compared with shControl group. (I) The
effect of MET knockdown on TMZ sensitivity was evaluated by measuring the levels of cleaved PARP. (J) A wound healing assay was performed to determine
the migration ability of U§7MGR cells with MET knockdown compared with the shControl group. (K) A Transwell assay was conducted to evaluate the effect
of MET knockdown on migration ability. HGF, hepatocyte growth factor; MET, mesenchymal-epithelial transition factor; TMZ, temozolomide; sh-, short
hairpin; CM, conditioned media.

indicated that lidocaine not only restores the sensitivity of
TMZ-resistant GBM cells to TMZ, but also significantly
suppresses cell migration. Furthermore, knockdown of HGF
and MET resulted in a significant enhancement of TMZ
sensitivity and reduction in cell migration. Overall, these
data suggested that lidocaine may enhance TMZ sensitivity
and reduce cell migration by inhibiting the activation of the
HGF/MET pathway.

In a previous study, lidocaine was revealed to reduce
the malignant behavior of gastric cancer cells by inhibiting
the c-Met pathway (35). However, the effect of lidocaine
on the HGF/MET pathway in GBM cells remains unclear.
Through bioinformatics analysis of clinical samples from
brain cancer, an association was identified between the
activation of the HGF/MET pathway and the malignancy of
GBM. Subsequent experiments demonstrated that lidocaine
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Figure 5. Effects of lidocaine on the MET pathway and cellular functions in DBTRG-05MG cells. (A) Cells were cultured under serum-free conditions for
24 and 48 h, and the activation of the MET pathway was analyzed. (B) Cells were treated with increasing concentrations of TMZ (0-500 xM) for 48 h. The
expression levels of p-MET and MET were analyzed using western blotting. The protein a-tubulin was used as a loading control. (C) Cells were treated with
increasing doses of lidocaine (0-3 mM) for 24 and 48 h, and the cytotoxicity of lidocaine was measured using the MTT assay. Data are presented as the
mean + SEM. (D) Cells were treated with increasing doses of lidocaine (0-3 mM) for 48 h, and the levels of p-MET and MET were analyzed using western
blot. The protein a-tubulin was used as a loading control. (E) Cells were treated with lidocaine alone, TMZ alone, or a combination of both, and cell viability
was analyzed using the MTT assay. "P<0.05 compared with the 125-yM TMZ treatment group; "P<0.05 compared with the 250-yuM TMZ treatment group.
(F) The effect of the combination treatment was assessed using colony formation assay. (G) To further investigate the effect of the combination treatment on
cells, the levels of cleaved PARP were determined using western blot analysis. (H) The effect of lidocaine on cell proliferation was evaluated using the MTT
assay. (I) The effect of lidocaine on cell migration was determined through a wound healing assay. MET, mesenchymal-epithelial transition factor; TMZ,

temozolomide; p-, phosphorylated.

enhances TMZ sensitivity in U§7MGR cells by reducing the
activity of the HGF/MET pathway, concurrently decreasing
cell migration. The current observations indicated that
lidocaine primarily acts by decreasing the expression of
MET rather than HGF, effectively inhibiting the activation
of the HGF/MET pathway. In GBM, the actual activation of
MET appears to have a more significant impact on patient
prognosis than its expression level. The authors' research has
unveiled that the primary effect of lidocaine is to inhibit the
expression of MET, contributing to the suppression of aber-
rant HGF/MET axis activation. The present study provides
preliminary insights into the regulatory role of lidocaine
on the HGF/MET pathway in GBM, offering potential new

directions for further research and clinical treatment. These
findings have not been reported previously in the existing
literature (35).

Lidocaine, a widely used local anesthetic agent, not only
possesses anesthetic properties but also exhibits potential
off-target cytotoxic effects that could potentially be utilized
as an anticancer treatment. An increasing number of studies
suggests that lidocaine can enhance the efficacy of chemo-
therapy drugs in cancer treatment. Studies have reported that
lidocaine has the potential to serve as a valuable adjuvant in
cancer treatment. For instance, it has been found to sensitize
the cytotoxicity of 5-fluorouracil in melanoma cells (25),
enhance the effects of chemotherapeutic drugs against bladder
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cancer (26), and increase the effectiveness of palbociclib in
triple-negative breast cancer (38).

Additionally, several studies have confirmed that lidocaine
has the ability to alleviate drug resistance in cancer cells. It has
been found to suppress cisplatin resistance in cutaneous squa-
mous cell carcinoma (39), alleviate resistance of gastric cancer
cells to cisplatin (29), and reduce resistance of lung cancer
cells to cisplatin (28). These findings highlight the potential
of lidocaine as a potent agent in reversing drug resistance in
various types of cancer. However, as of now, there have been
no studies on whether lidocaine enhances the sensitivity of
GBM cells to TMZ.

Inthe past few years, multiple in vivo studies have confirmed
the excellent anticancer activity of lidocaine. A study using an
in vivo xenograft mouse model has shown that lidocaine not
only has the ability to inhibit tumor growth but also signifi-
cantly enhances the effect of cisplatin chemotherapy (23).
Previous literature has also demonstrated that lidocaine
effectively reduces tumor growth in a mouse model of mela-
noma where the tumors were subcutaneously implanted (40).
Likewise, numerous studies have reported that exposure
to lidocaine reduces tumor growth in mice with subcutane-
ously implanted human ovarian cancer cells, demonstrating
its effectiveness in inhibiting tumor growth (22,41). In recent
years, the potential application of lidocaine in clinical cancer
treatment has also been discussed, but more clinical data are
needed to confirm its efficacy.

The administration of lidocaine may result in adverse
effects on the heart, such as arrhythmia, hypotension, or heart
failure, particularly in patients with cardiac diseases (42). The
recommended dose of lidocaine for managing postoperative
pain is 1-2 mg/kg (43). A previous study has found that in
colorectal surgery, intravenous administration of lidocaine at
a dose of 1.5 mg/kg resulted in an average plasma concen-
tration of 4.0 ug/ml (range, 0.6-12.3 pg/ml, equivalent to
2.56-52.49 uM) (44). At these concentrations, no adverse
events or symptoms of local anesthetic toxicity were observed.
The lidocaine concentration used in the present study was
0.75 mM, which is higher than the commonly used concen-
tration in clinical practice. Therefore, further preclinical
and clinical studies are needed to support its use in cancer
treatment. However, by administering through local injection
rather than intravenous infusion, it may be possible to increase
the local concentration and enhance the potential for combi-
nation therapy. On the other hand, lidocaine can cross the
blood-brain barrier (45) and reach the brain, making it highly
suitable for treating GBM. The current maximum safe dose
of lidocaine for in vitro anticancer treatment is 1 mM (46).
To enhance its antitumor activity and reduce potential side
effects, researchers have explored the use of encapsulation for
drug delivery, which could increase the possibility of clinical
application (4748).

Beyond its ability to alleviate surgical pain and eradi-
cate cancer cells, lidocaine also has the potential to inhibit
immune-inflammatory responses. Retrospective studies
have shown that lidocaine improves survival in patients with
pancreatic (49) and ovarian cancer (50). Recent research
has revealed that lidocaine can improve the early quality of
recovery after brain tumor resection under general anesthesia
due to its anti-inflammatory and analgesic properties (51),

suggesting that lidocaine may have the potential to enhance
the postoperative outcome of GBM surgery.

There is accumulating evidence suggesting that the
HGF/MET axis plays a critical role in various aspects of
glioblastoma cell behavior, including proliferation (52),
growth (53), angiogenesis (54), migration (55), invasion (56),
therapeutic resistance (57) and stem cell characteristics (58).
The HGF/MET pathway, which plays a critical role in the
malignancy of glioblastoma cells, holds great promise as a
target for therapeutic intervention. However, there has been a
lack of research on the impact of lidocaine on its regulation in
GBM cells. The present study, on the other hand, represents a
pioneering investigation in this field, as it conclusively demon-
strates that lidocaine effectively suppresses the activation of
the HGF/MET pathway in GBM cells.

In conclusion, the present study suggests that the
HGF/MET pathway plays a critical role in the progression
of brain cancer, particularly in GBM. Activation of this
pathway in GBM was found to be associated with increased
malignancy and poorer patient outcomes. Additionally, it
was observed that elevated levels of HGF and activation of
its receptor were associated with TMZ resistance. Lidocaine
can effectively inhibit the HGF/MET pathway and restore
TMZ sensitivity in TMZ-resistant cells. Not only did
lidocaine boost the effectiveness of TMZ, but it also demon-
strated the capability to impede cell migration. The findings
of the present study suggested that the inhibition of the
HGF/MET pathway by lidocaine may offer a promising
new approach for addressing GBM and enhancing patient
outcomes.
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