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Lidocaine induces protective autophagy in rat C6 glioma cell line
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Abstract. Malignant glioma is the most common type of brain
cancer with poor prognosis. Surgical resection, chemotherapy
and radiotherapy are the main therapeutic options; however,
in addition to their insufficient efficacy, they are associated
with the pain experienced by patients. To relieve pain, local
anesthetics, such as lidocaine can be used. In the present study,
the effects of lidocaine on the C6 rat glioma cell line were
investigated. An MTT assay and Annexin V/propidium iodide
analysis indicated the increase in the percentage of apoptotic
and necrotic cells in response to lidocaine. Furthermore, light
microscopy analysis on the ultrastructural level presented
the occurrence of vacuole-like structures associated with
autophagy, which was supported by the analysis of autophagy
markers (microtubule-associated protein 1A/1B-light chain 3,
acridine orange and Beclin-1). Additionally, reorganization
of the cytoskeleton was observed following treatment with
lidocaine, which serves an important role in the course of
autophagy. To determine the nature of autophagy, an inhibitor,
bafilomycin Al was applied. This compound suppressed the
fusion of autophagosomes with lysosomes and increased the
percentage of apoptotic cells. These results demonstrated
that lidocaine may induce cytoprotective autophagy and that
manipulation of this process could be an alternative thera-
peutic strategy in the treatment of cancer.

Introduction

Gliomas pose as a serious issue in the field of neurooncology
as they represent ~30% of all brain tumors and 80% of all
malignant brain tumors (1). Furthermore, gliomas tend to
be incurable and the median survival is dependent on the
tumor type. Patients diagnosed with low-grade tumors exhibit
a median survival of >10 years (2). The outcome is notably
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different in the case of high-grade gliomas, for which the
median survival varies between 3 years for anaplastic glioma
and 15 months for glioblastoma multiforme (3). In addition,
there are few therapeutic solutions for the treatment of gliomas.
One of the most favorable approach is the combination of
chemo- and radiotherapy with surgical intervention (4);
however, none of the currently available methods provide
satisfying results. Additionally, as described by Neeman and
Ben-Eliyahu (5), surgery does not only enhance the passage of
malignant cells into the blood and lymphatic vessels, but also
inhibits the apoptosis of abnormal cells and increases their
invasiveness, which correlates with higher metastatic ability.
Furthermore, alterations in the immune and neuroendocrine
systems in the response to surgery have been associated with
the promotion of cancer progression (6).

For patients, one of the most notable symptom associated
with surgical gliomaexcision is pain. As a preventative measure,
local anesthetics, such as lidocaine can be used. In addition to
analgesia, these agents may possess other beneficial properties.
Lidocaine exhibits its activity by blocking voltage-gated
sodium channels (VGSC) on nociceptors, which leads to the
elimination of pain; however, these receptors are expressed on
the surface of some cancer cells (7-9). In the case of cancer,
increased expression of VGSC has been demonstrated in some
highly metastatic lines compared with low-metastatic lines (10).
In addition, the blockage of these channels by chemical agents
leads to reduced invasiveness (11,12). This indicates the
importance of VGSC in the metastatic process. Therefore,
the effects of lidocaine on cancer cells requires further
investigation. As reported by numerous studies, lidocaine and
other local anesthetic drugs decrease the growth, invasiveness
and migration potential of non-small-cell lung carcinoma,
breast cancer or human hepatocellular carcinoma cells (13-16).
Recently, the anti-proliferative effects of lidocaine on glioma
cells was reported (17); however, in this case lidocaine activity
may be associated with the inhibition of the melastatin-like
transient receptor potential 7 (TRPM?7) action.

Local anesthetics have been proposed to induce the death
of cancer cells via the apoptotic and necrotic pathways (18-20);
however, our current research also indicates the occurrence
of autophagy. In normal cells, autophagy aims to degrade
unnecessary or damaged organelles, and proteins (21). In
cancer cells, this process serves different roles. In the early
stages of cancer, when the tumor is not yet vascularized,
autophagy can serve the cell as a way to obtain nutrition;
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thus, tumorigenesis is induced. Conversely, mutations in the
genes responsible for autophagy are generally associated
with enhanced progression of cancer (22-24). There are two
explanations for this. The first is that autophagy inhibition
leads to increased necrosis rate, which is associated with the
inflammatory response and thus cancer development. The
second may be rapid accumulation of mutations due to the lack
of counteracting the effects of increased oxidative stress by
autophagy (25); however, in all cases, autophagy is be easily
detected by observing characteristic structures, including the
autophagosome and autophagolysosomes (26).

The present study aimed to determine the effects of
lidocaine on rat C6 glioma cells; this local anesthetic induces
protective autophagy. From a clinical point of view, the
findings of the present study suggests that the use of lidocaine
in a patient with glioma should be carefully considered. We
also propose to use other anesthetic agents preferentially.

Materials and methods

Cell culture and treatment. C6, a rat glioma cell line, was
purchased from American Type Culture Collection (CCL-107,
Manassas, VA, USA). The cells were cultured in tissue
culture flasks or 12-well plates (BD Biosciences, Franklin
Lakes, NJ, USA) and grown as a monolayer at 37°C in a
humidified CO, incubator (5% CO,) in Ham's F12 medium
(Lonza Group, Ltd., Basel, Switzerland). The medium was
supplemented with 10% fetal bovine serum, 2 mM glutamine
and 50 pg/ml gentamycin (both from Sigma-Aldrich;
Merck KGaA, Darmastadt, Germany). C6 cells were treated
for 24 h in 37°C (incubator) with 0.25, 0.5, 1, 5, 10, 15 and
30 mM of lidocaine (Sigma-Aldrich; Merck KGaA) for the
MTT assay and 5, 10 and 15 mM for other experiments.
The control cells were grown under the same conditions in
the absence of lidocaine. In order to inhibit autophagy, the
cells were pretreated with 100 nM bafilomycin Al (Baf Al;
Sigma-Aldrich; Merck KGaA) for 4 h in 37°C and then
incubated in the presence or absence of lidocaine for 24 h in
37°C The C6 culture was tested for Mycoplasma based on
the rapid staining with DAPI (Sigma-Aldrich; Merck KGaA).
The staining process was conducted for 10 min at room
temperature. The tests were negative. All in vitro studies were
performed on ells of low passage number (<5). Following 24 h
of incubation with lidocaine (37°C), the cells were observed
using an inverted microscope (magnification, x40; Nikon
Corporation, Tokyo, Japan), at least 5 number of fields per
view, which provided the basis for further analysis.

MTT assay. The cytotoxic effect of lidocaine on cell viability
was assessed using a colorimetric MTT metabolic activity assay.
The cells were cultured in 12-well plates (0.11x10°) for 24 h
and then treated with 0.25, 0.5, 1, 5, 10, 15 and 30 mM of local
anesthetic for another 24 h (37°C). The MTT stock solution was
prepared by dissolving MTT (Sigma-Aldrich; Merck KGaA)
in 5 mg/ml PBS. Following lidocaine treatment, the cells were
washed with PBS and incubated with MTT solution which
was mixed with Dulbecco's modified Eagle's medium without
phenol red (Lonza Group, Ltd. in the ratio 1:9 for 3 h at 37°C.
MTT was reduced by metabolically active cells to insoluble
purple formazan crystals which were dissolved in isopropanol
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(2 ml); cells were centrifuged at 15,717 x g for 2 min at room
temperature. The absorbance was measured at the wavelength of
570 nm using a spectrophotometer (Spectra Academy, K-MAC,
Daejeon, Korea). The viability of glioma cells was expressed as
the percentage relative to the control cells, which was assumed
as 100%. The viability of cells pretreated with Baf Al also was
studied using an MTT assay. The experiment was conducted in
the same manner as for cells without Baf Al pretreatment. After
analyzing the results 5, 10 and 15 mM lidocaine concentrations
were used for subsequent experiments.

Cell death analysis. The apoptosis kssay kit containing
propidium iodide (PT), Annexin V Alexa Fluor® 488 and
Propidium Iodide (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) was used to measure the
percentage of viable, apoptotic and necrotic cells by
detecting phosphatidyl serine expression and membrane
permeability. On this basis the populations of cells
were detected as Annexin V-negative/PIl-negative
(live), Annexin V-positive/PI-negative (early apoptosis),
Annexin V-positive/PI-positive (late apoptosis) or
Annexin V-negative/PI-positive (necrosis). The procedure was
performed according to the manufacturer's protocols. After
24 h incubation (37°C) of C6 cells with lidocaine (5, 10 and
15 mM), the cells were trypsinized (0.25% trypsin solution,
37°C, 5 min), centrifuged (500 x g, 8 min, room temperature)
and suspended in Annexin binding buffer included in the
applied kit (ABB, 100 ul). Subsequently, to each 100 ul of
sample, 5 ul Annexin V Alexa Fluor 488 was added and
incubated in dark for 20 min at room temperature. After
this time, the cells were centrifuged (300 x g, 5 min at room
temperature, resuspended in 100 xl ABB again and 1 ul PI
was added for 3 min to each sample at room temperature. The
data were analyzed using a Guava easyCyte 6HT-2L Benchtop
Flow Cytometer (Merck KGaA) and FlowJo vX0.7 software
(FlowJo LLC, Ashand, OR, USA). The cells pretreated with
Baf Al were also assessed using the Annexin V Alexa Fluor®
488 and Propidium lodide assay and the experiment was
conducted in the same manner as for cells without Baf Al
pretreatment.

Cell cycle analysis. Alterations in the cell cycle of C6 cells
after 24 h treatment with lidocaine (5, 10 and 15 mM) were
investigated using Tali Cell Cycle Kit (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer's
protocols. Briefly, the treated cells (0.11x10°) were trypsinzed
(0.25% trypsin solution, 37°C, 5 min), centrifuged (500 x g,
8 min at room temperature) and fixed in ice-cold 70% ethanol
(-18°C, 24 h). The next day, after washing with PBS and
centrifugation (500 x g, 7 min at room temperature), the cells
were resuspended in the Tali Cell Cycle Solution. After 30 min
of incubation at room temperature, the data were determined
using Guava easyCyte 6HT-2L Benchtop Flow Cytometer.
The percentage of cells in each phase of the cell cycle was
assessed using FlowJo vX0.7 software.

Morphological and ultrastructural analysis

Light microscopy. For the morphological analysis of the C6
cells following treatement with lidocaine the cells were seeded
onto 12-well plate in density of 0.11x10°. After 24 h the cells
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were treated with appropriate doses of lidocaine (5, 10 and
15 mM at 37°C) or left untreated in the case of control group.
After another 24 h, hematoxylin staining was conducted. First,
the cells were fixed with 4% paraformaldehyde (pH 7.4; PA,
SERVA Electrophoresis GmbH, Heidelberg, Germany), rinsed
three times with PBS and washed with dH,O. For nuclear
staining, Mayer's hematoxylin was used (3 min at room temper-
ature). Subsequently, the cells were rinsed under tap water
and washed with PBS. The preparations were mounted using
Aqua PolyMount (Polysciences, Inc., Warrington, PA, USA).
The morphology of cell was observed using an Eclipse ES800
light microscope (Nikon Corporation; x40 magnification with
at least 10-20 fields per view analyzed) and NIS-Elements 4.0
software (Nikon Corproation).

Transmission electron microscopy (TEM). As an indicator of
autophagy, vacuoles were detected by TEM. For this reason
the cells were seeded onto 6-well plate in density of 0.4x106.
After 24 h incubation with lidocaine, the C6 cells were fixed
for 30 min with 3.6% (v/v) glutaraldehyde (6°C; Polysciences,
Inc.) in 0.1 M sodium cacodylate buffer (pH 7.4; Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) and washed with
0.1 M sodium cacodylate buffer. The cells were then entrapped
within fibrin clots at room temperature, which consist of bovine
thrombin (50 U/ml) (Biomed-Lublin, Lublin, Poland) and
fibrinogen (3 mg/ml; Sigma-Aldrich; Merck KGaA). Then, the
cells were post-fixed with 1% (w/v) osmium tetroxide (SERVA
Electrophoresis GmbH) in 0.1 M sodium cacodylate buffer for
1 h at room temperature. The samples were rinsed with sodium
cacodylate buffer and dehydrated via a graded ethanol (30-90%)
and acetone (90-100%) (both from Avantor Performance
Materials Poland S.A., Gliwice, Poland) series. The studied
material was then embedded in epoxy resin (Epon 812; Carl
Roth GmbH + Co. KG), in which polymerization was carried
out at 37°C for 24 h and then at 65°C for 5 days. Following
polymerization, the selected part of material was cut into ultrathin
sections (65 nm) using a Reichert Om-U3 ultramicrotome (Leica
Microsystems, Inc., Buffalo Grove, IL, USA), placed on copper
grids and counterstained with 1% uranyl acetate (7 min at room
temperature; Ted Pella, Inc., Redding, CA, USA). The samples
were examined using a TEM JEM 100 CX (JEOL, Ltd., Tokyo,
Japan); at least 15-20 fields per view were analyzed.

Fluorescent staining

Acridine orange (AO) staining. To detect the typical structures
for autophagy, such as acidic vesicular organelles (AVOs),
AO (Sigma-Aldrich; Merck KGaA) was used. The C6 glioma
cells were seeded on coverslips in 12-well plates (0.11x10° of
cells) and treated with lidocaine for 24 h. Subsequently, the
cells were incubated in medium containing 1 yg/ml AO for
15 min at 37°C. Then, the medium was removed, the cells were
rinsed with PBS at room temperature and immediately exam-
ined with Nikon Eclipse E800 fluorescence microscope and
NIS-Elements 4.0 software (Nikon Corporation). Additionally,
AVOs were studied using a Guava easyCyte 6HT-2L Benchtop
Flow Cytometer. Flow cytometry data were analyzed using
FlowlJo vX0.7 software.

Immunofluorescence staining of LC3-II. To detect
microtubule-associated protein 1A/1B-light chain 3 (LC3)-II
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protein, the cells were seeded on coverslips (0.11x10° cells)
and treated with lidocaine in the concentrations of 5, 10
and 15 mM (37°C). After 24 h incubation with lidocaine the
cells were fixed with 4% paraformaldehyde for 20 min at
room temperature, rinsed with PBS and permeabilized with
0.25% Triton X-100 (SERVA Electrophoresis GmbH). Then,
to block nonspecific binding sites, 1% (w/v) bovine serum
albumin (BSA; Sigma-Aldrich; Merck KGaA) in PBS was
used (20 min at room temperature). Then, the cells were
incubated with rabbit anti-LC3-II antibody (1:2,000; Thermo
Fisher Scientific, Inc., cat. no. PA1-46286) for 1 h at room
temperature, and Alexa Fluor 488-labeled goat anti-rabbit
secondary antibody (1:100; Invitrogen; Thermo Fisher
Scientific, Inc., cat. no. A27034) for 1 h at room temperature.
Following washing with PBS, the cell nuclei were stained with
DAPI (1:20,000; Sigma-Aldrich; Merck KGaA) for 10 min
at room temperature. Finally, the slides were mounted with
Aqua-Poly/Mount and examined using a Nikon Eclipse ES800
fluorescence microscope (magnification, x40 in at least 10-
20 fields per view) and NIS-Elements 4.0 software.

Fluorescence staining of cytoskeletal proteins (tubulin,
vimentin and actin). The C6 cells following treatment with
lidocaine were cultured on glass coverslips (24 h, 37°C). For
[B-tubulin staining, the cells were prefixed with bifunctional
protein crosslinking reagent dithiobis(succinimidyl
propionate) (DTSP; 1 mM 3,30-dithiodipropionic acid)
diluted 1:50 in Hanks' Balanced Salt solution (both from
Sigma-Aldrich; Merck KGaA) for 10 min (RT). Then, the
cells were permeabilized in TSB (0.5% Triton X-100) SERVA
Electrophoresis GmbH] in microtubule stabilizing buffer
(MTSB; 1 mM EGTA, 10 mM PIPES, 4% poly(ethylene glycol);
Sigma-Aldrich; Merck KGaA) with the addition of DTSP (in
dimethyl sulfoxide) for 10 min and rinsed with TSB for 5 min.
The cells were fixed with 4% paraformaldehyde in MTSB for
15 min (room temperature), washed with PBS and incubated
with 1% BSA diluted in Tris-buffered saline for 15 min (room
temperature). Tubulin was labeled using a mouse monoclonal
antibody against B-tubulin (Sigma-Aldrich; Merck KGaA,
cat. no. T5293) and anti-rabbit antibody-Alexa Fluor 488
(Invitrogen; Thermo Fisher Scientific, Inc., cat. no. A27034).

In the case of F-actin and vimentin labeling, the cells were
fixed with 4% paraformaldehyde in PBS, for 15 min, treated
with 0.25% Triton X-100 for 5 min and blocked in 1% (w/v)
BSA/PBS at room temperature. To stain F-actin, phal-
loidin-tetramethylrhodamine (Sigma-Aldrich; Merck KGaA,
cat. no. P1951) was used and vimentin was detected by using
mouse anti-vimentin antibody (Sigma-Aldrich; Merck KGaA,
cat. no. V6630) and anti-mouse antibody-Alexa Fluor 488
(Invitrogen; Thermo Fisher Scientific, Inc., cat. no. A27034).
As aforementioned, cell nuclei were stained with DAPI and
the slides were mounted in Aqua-Poly/Mount. All slides were
examined using a Nikon Eclipse E800 fluorescence micro-
scope (magnification, x40, in at least 10-20 fields per view)
and NIS-Elements 4.0 software.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA from C6 cells was extracted
using the Total RNA Mini Plus kit (A&A Biotechnology,
Gdynia, Poland) according to the manufacturer's protocols,
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Figure 1. Effect of lidocaine on the rat C6 glioma cells. Cell viability was determined by MTT colorimetric assay. Data are presented as a percentage of the
control. (A) Cells treated with various concentrations of lidocaine (0.25, 0.5, 1, 5, 10, 15 and 30 mM) for 24 h. Control cells were cultured under identical
conditions, but without lidocaine. "P<0.05 lidocaine doses vs. CTRL. (B) Viability of cells pretreated with Baf Al (inhibitor of autophagy) and treated with 5,
10 and 15 mM lidocaine. “P<0.05 lidocaine doses + Baf Al vs. CTRL + Baf Al. *P<0.05 cells pretreated with Baf Al and then treated with lidocaine vs. cells

treated just with lidocaine. Baf Al, bafilomycin Al; CTRL, control.

followed by the spectrophotometric determination of the
concentration and purity of the obtained RNA (BioSpectrometer
basic; Eppendorf, Hamburg, Germany). A one-step RT-qPCR
was performed with LightCycler RNA Master SYBR Green I
kit (Roche Applied Science, Mannheim, Germany) on a
LightCycler 2.0 Instrument (Roche Applied Science). The total
reaction mixture (20 ul per single LightCycler capillary)
contained 100 ng of RNA and 0.2 uM of each primer in addition
to the LightCycler RNA Master SYBR-Green I kit components.
The sequences of primers were as follows: Beclin-1 (Becnl,
forward, 5'-AGCTGCCGTTATACTGTT CTG-3' and reverse,
5-ACTGCCTCCTGTGTCTTCAAT CTT-3"; LC3B, forward,
5-GCCTTCTTCCTCCTGGTGAAT-3' and reverse,
5" TTTTTGCCTTGGTAGGGGCTT-3";and GAPDH, forward,
5'-CACTGAGCATCTCCCTCACAA-3'" and reverse,
5"TGGTATTCGAGAGAAGGGAGG-3'" The thermocycling
conditions were as follows: RT for 20 min at 61°C (one cycle);
gPCR was conducted with denaturation for 1 min at 95°C (one
cycle) and 45 cycles of denaturation for 5 sec at 95°C, followed
by annealing and extension for 20 sec at 57-61°C (depending on
the melting temperature of the primers) and 5 sec at 72°C,
respectively. The data obtained from at least three independent
experiments were analyzed with LightCycler Software
Version 4.0 (Roche Applied Science). The relative gene
expression was normalized to that of GAPDH internal control
and assessed using the 2244 method (27).

Statistical analysis. The data were presented as the mean +
standard deviation. GraphPad Prism 6.0 software (GraphPad
Software, Inc., La Jolla, CA, USA) was used for statistical
analyses. A one sample t-test was performed to analyze MTT
and RT-qPCR data as it compares the mean with a hypothetical
value (100 or 1). A nonparametric Kruskal-Wallis test with
Dunn's post hoc test or the one-way analysis of variance with
Tukey's post hoc test (ANOVA, normal distributions) were
used to evaluate the differences in mean values between cells
treated with lidocaine compared with the control (cells with
and without Baf Al pretreatment), independently (cell death
and RT-qPCR). In the case of multiple comparison the two-way
ANOVA was performed with Dunnett's multiple comparisons
test (cell cycle, fluorescence intensity of AO). P<0.05 was
considered to indicate a statistically significant difference.

Results

Lidocaine decreases the viability of glioma C6 cells. To deter-
mine the cytotoxic effect of lidocaine on the rat glioma cells,
an MTT assay was conducted. During surgical interventions,
5-20 mM lidocaine is applied (28); thus for the first step of the
investigation 0.25, 0.5, 1, 5, 10, 15 and 30 mM were selected
in the present study. The lowest four concentrations exhibited
limited impact on the C6 cells. The cell viability following
treatment with these low doses slightly increased by 1.72, 1.43,
2.97 and 3.95%, respectively, compared with the control, which
was assumed as 100%. Conversely, treatment with higher doses
(10, 15 and 30 mM) resulted in 83.48, 62.63 and 38.59% cell
viability, respectively, which was significantly lower compared
with the control (Fig. 1A). The MTT assay was also applied
to assess the viability of cells pretreated with Baf Al, which
inhibits autophagy by preventing the fusion of autophagosomes
and lysosomes (29). In cells incubated with Baf Al for 4 h, the
viability significantly decreased to 86.54% compared with the
untreated cells. Following treatment with the lowest dose of
lidocaine (5 mM), significant differences between untreated
cells and those pretreated with Baf Al were not observed;
however, pretreatment with the inhibitor of autophagy followed
by incubation with 10 and 15 mM lidocaine induced significant
decreases in cell viability compared with cells treated with
lidocaine alone; the percentage of live cells amounted to 55.91
and 35.18%, respectively (Fig. 1B). Additionally, we observed
statistically significant differences between cells treated with
lidocaine and Baf A1, and the control (Fig. 1B).

Lidocaine induces cell death mainly by necrosis. To assess
the mechanism underlying the cytotoxic effect of lidocaine on
the glioma cell line, Annexin V and PI staining was applied.
The percentage of live, apoptotic and necrotic cells was
analyzed in the populations treated only with lidocaine and
pretreated with Baf Al. Following treatment with lidocaine
alone, a dose-dependent decrease in the live cell population
was observed. In the control, the percentage of live cells
amounted to 93.26%, which significantly decreased to 81.16,
78.57 and 59.98% after treatment with 5, 10 and 15 mM
lidocaine, respectively (Fig. 2A). The number of live cells
were significantly lower when Baf Al was applied. Following
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Figure 2. Effect of lidocaine on the induction of cell death. Annexin V/PI assay was carried out by flow cytometry. Cells were treated with various con-
centrations of lidocaine (5, 10 and 15 mM) for 24 h, and with or without Baf Al pretreatment. (A) Percentage of live cells (Annexin V and Pl-negative);
(B) percentage of apoptotic cells. The sum of the early and late apoptotic cells represented the total apoptosis [Annexin V-positive/PI-negative (early apoptosis
or Annexin V/PI-positive (late apoptosis)]; (C) percentage of necrotic cells (Annexin V-negative/PI-positive). (D) Representative plots for the cell death
analysis. "P<0.05, lidocaine doses vs. CTRL. P<0.05 lidocaine doses + Baf A1 vs. CTRL + Baf Al.*P<0.05 cells pretreated with Baf Al and then treated with
lidocaine vs. cells treated with lidocaine. Baf A1, bafilomycin Al; CTRL, control; PI, propidium iodide.

pretreatment with the inhibitor of autophagy, 83.27% of live
cells was noted; however, when 5, 10 and 15 mM lidocaine
were added, the percentage of live cells was significantly lower
compared with lidocaine treatment alone and reached 67.24,
46.94 and 39.47%, respectively (Fig. 2A). In C6 cells treated
with 5, 10 and 15 mM lidocaine, the percentage of apoptotic
cells increased from 1.58% in the control to 2.88, 4.93 and
13.06%, respectively; however, only in the case of 10 and
15 mM lidocaine, the differences were statistically significant.
Furthermore, the percentage of apoptotic cells was increased
in response to pretreatment with Baf A1. In control cells treated
only with inhibitor of autophagy, the percentage of apoptotic
cells amounted to 4.19%; following incubation with 5, 10 and
15 mM lidocaine the number of apoptotic cells significantly
increased to 7.78, 10.93 and 29.38%, respectively (Fig. 2B).
As presented in Fig. 2C, the population of necrotic cells
increased in a dose-dependent manner from 5.11% to 15.95,
1777 and 27.62% after treatment with 5, 10 and 15 mM
lidocaine, respectively. In the case of cells pretreated with
Baf Al alone, the number of necrotic cells was significantly
higher compared with the untreated control and amounted to
10.66%; the number of necrotic cells significantly increased

to 21.74, 39.62 and 29.69% following Baf Al pretreatment
and incubation with increasing lidocaine concentrations.
However, significant differences were not observed following
treatment with 15 mM lidocaine in the presence or absence of
Baf Al (Fig. 2C). Representative plots are presented in Fig. 2D.

Lidocaine treatment induces alters the cell cycle distribution.
The cell cycle was analyzed using flow cytometry. A significant
increase from 58.15% in the control to 65.87 and 66.72% in
the percentage of cells with DNA content corresponding to
GO/G1 phase was observed following treatment with 5 and
10 mM lidocaine, respectively (Fig. 3). The results obtained
for the control cells were similar to that after treatment with
lidocaine (15 mM). The population of cells in S-phase reached
8.35, 8.02, 7.44 and 8.71% in the control and cells treated with
5, 10 and 15 mM lidocaine, respectively; however, the results
were not statistically significant (Fig. 3). Following incubation
with 5 and 10 mM lidocaine, a significant decrease in the
number of cells in G2/M phase compared with the control was
noted (Fig. 3). In the control, the mean percentage of cells with
DNA content corresponding to G2/M phase amounted to 29.75%,
and following treatment with 5 and 10 mM lidocaine decreased
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to 22.20 and 22.40%, respectively. In turn, after incubation
with the highest dose of lidocaine, the population of cells in
G2/M phase of cell cycle was similar to the control cells. In
addition, a slight difference in the percentage of polyploid cells
(2.78% in the control cells, and 3.66, 2.37 and 2.92% following
treatment with 5, 10 and 15 mM lidocaine, respectively) (Fig. 3).

Lidocaine induces the formation of autophagic vacuoles. Small
vacuole-like structures were observed under an inverted micro-
scope following treatment with lidocaine. A spindle-shaped
morphology, which is typical for C6 cells, was visible in the
control and treatment with the lowest dose of lidocaine, whereas
following incubation with 10 and 15 mM of lidocaine, numerous
vacuoles in the cytoplasm of C6 cells had formed (Fig. 4). The
same results were observed after hematoxylin staining. TEM
was used to assess cell morphology on the ultrastructural level.
As presented in Fig. 4, cells incubated with lidocaine in 10
and 15 mM exhibited numerous vacuole-like structures in the
cytoplasm area compared with the control cells. Furthermore,
following treatment with the lowest dose of lidocaine, fewer,
small vacuoles, which were not visible via light microscopy,
were also observed by TEM. Some of these structures contained
amorphous materials and organelles in the various stages of
degeneration. Higher doses of lidocaine revealed larger vacu-
oles. Additionally, the majority of them were enclosed by a
single membrane, which suggests autolysosome formation. The
ultrastructural feature of autophagy, swollen mitochondria with
disorganized cristae was also observed (Fig. 4).

Lidocaine induces autophagy. LC3 is a specific marker of
autophagy and exists in varied forms. LC3-I (18 kDa) is present
in the cytosol, and undergoes proteolysis and lipid modification
for conversion into LC3-II (16 kDa) (30). The shorter form
is located in the membrane of autophagosomes whereby the
expression levels of LC3-II correspond to the amount of these
structures (31). In control cells and after treatment with the
lowest dose of lidocaine, the fluorescence staining of LC3-II
was poor and diffuse , but following treatment with higher doses
of lidocaine the punctate pattern of LC3-II expression was
observed. Based on the images from fluorescence microscopy,
increased LC3-II staining occurred in response to 10 mM
lidocaine than with the highest dose (Fig. 5A). The punctate
accumulation of LC3-II following pretreatment of cells with
Baf A1 and incubation with 10 mM lidocaine was also noted,
which is consistent with the inhibition of autophagy (Fig. 5B).

In addition, lidocaine treatment led to a significant
dose-dependent increase in the transcript expression level of
LC3B compared with the control (Fig. 6A). To further investi-
gate the occurrence of autophagy, the mRNA expression levels
of another autophagy marker, Becnl, were examined following
treatment with lidocaine. As presented in Fig. 6B, this agent
significantly upregulated the mRNA expression of Becnl; the
expression levels were notably lower in response to 10 mM
lidocaine compared with the other treatment groups.

The second fluorescence method was staining with AO.
AO labels AVOs, such as autolysosomes and is also used in
autophagy assays. In AO-stained cells, the cytoplasm and
nucleus fluoresced bright green, whereas AVOs fluoresced
bright red. The intensity of red fluorescence is proportional to
the degree of acidity and the acidic compartment volume (32).In
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Figure 3. Alterations in the cell cycle distribution following treatment with
lidocaine as determined by flow cytometry. Cells were treated with various
concentrations of lidocaine (5, 10 and 15 mM) for 24 h. The percentage of
cells in GO/G1 phase, S phase and G2/M, phase and with >4N DNA content.
"P<0.05 lidocaine doses vs. CTRL. CTRL, control.

control C6 glioma cells and cells treated with 5 mM lidocaine,
few AVOs (punctate fluorescence) were observed. Lidocaine
(10 and 15 mM) promoted the formation of AVOs; however,
more were detected following treatment with 10 mM lidocaine
compared with the highest dose (Fig. 7A). Additionally, in the
cells pretreated with Baf Al and incubated with 10 mM lido-
caine, the signal of red fluorescence was almost completely
blocked (Fig. 7B). The results were confirmed by using flow
cytometry. In addition, the mean fluorescence intensity of AO
was the highest in C6 cells treated with 10 mM lidocaine; a
significant increase in the mean fluorescence intensity was also
observed following treatment with 15 mM lidocaine compared
with the control. Pretreatment with Baf Al revealed significant
decreases in the mean fluorescence intensity compared with
the untreated control (Fig. 7C).

Lidocaine induces alterations in the organization of the main
cytoskeletal components. The cytoskeleton is a very important
organelle in the cell which undergoes reorganization during
numerous cellular processes (33,34). The results of the present
study revealed that lidocaine induced notable alterations in
the organization of cytoskeleton of glioma cells, which was
associated with autophagic structure formation. Control cells
were characterized by highly-developed F-actin with long
stress fibers in the cytoplasm, cytoplasmic protrusions and
regions of cell-cell junctions (Fig. 8). Following treatment with
the lowest dose of lidocaine, marked changes in microfilament
structure were not observed (Fig. 8). Treatment with 10 and
15 mM lidocaine demonstrated the reorganization of actin
filaments (Fig. 8). These cells exhibited a diffuse network of
F-actin with short actin fibers and/or small, punctate accu-
mulation within the cytoplasm. The accumulation of actin in
the cortical region of cells following incubation with 10 mM
lidocaine was also observed (Fig. 8). In small, shrunken cells
the intensity of actin fluorescence increased.

The fluorescence staining of B-tubulin also presented
marked lidocaine-induced alterations in the organization
of microtubules and mitotic spindle morphology (Fig. 8). In
the control cells and cells incubated with the lowest dose of
lidocaine, B-tubulin was organized in a regular and dense
network of long microtubules, which radiated from the
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Figure 4. Lidocaine induces autophagic vacuole formation in rat glioma cell line. The effects of lidocaine were evaluated by IM in C6 cells following treatment
with various concentrations of lidocaine (5, 10 and 15 mM) for 24 h. Scale bar, 50 gm. Hematoxylin staining (LM) of CTRL cells, and cells treated with 5, 10
and 15 mM lidocaine. Scale bar, 50 ym. The detection of autophagic-like vacuoles using TEM in control cells and incubated with 5, 10 and 15 mM lidocaine.
Scale bar, 10 ym. CTRL, control; IM, inverted microscopy; LM, light microscopy; TEM, transmission electron microscopy.
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B 10 mM lidocaine + Bafilomycin A1

Figure 5. Detection of autophagy by LC3 accumulation. (A) Fluorescence staining of LC3-II (green) in CTRL cells, and cells treated with 5, 10 and 15 mM
lidocaine; the cell nuclei were counterstained with DAPI (blue). Scale bar, 50 ym. (B) Negative control pretreated with Baf A1 (100 nM) and incubated with

10 mM lidocaine. Scale bar, 50 ym. Baf A1, bafilomycin Al; CTRL, control.

microtubule-organizing centers (MTOCsS) (Fig. 8). Following
treatment with higher doses lidocaine, a less dense network of
microtubules formed compared with the control; however, the
MTOCs were still visible (Fig. 8). Additionally, in shrunken
cells a significantly higher fluorescence of tubulin was
noticed (Fig. 8).

The last analyzed element of the cytoskeleton was
vimentin. Analysis of actin and tubulin reorganization

did not reveal vacuole-like structures, but after vimentin
staining, autophagic vacuoles were detected. In control
cells and cells treated with 5 mM lidocaine, extended
intermediate filament networks in the cytoplasmic area and
the accumulation of vimentin near the nucleolemma were
observed. Following treatment with 10 and 15 mM lido-
caine, vacuole-like structures surrounded by vimentin fibers
were observed (Fig. 8).
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Figure 6. Reverse transcription-quantitative polymerase chain reaction. (A) LC3B and (B) Becnl mRNA expression in CTRL cells, and cells treated with 5, 10
and 15 mM lidocaine. "P<0.05 vs. CTRL. Becnl, Beclin-1; CTRL, control; L3CB, microtubule-associated protein 1A/1B-light chain 3.
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Figure 7. Detection of autophagy by acridine orange staining. (A) Fluorescence staining of AVOs (red fluorescence), as well as the cytoplasm and nucleus
(green fluorescence) in control cells, and cells treated with 5, 10 and 15 mM lidocaine. Scale bar, 50 ym. (B) Negative control pretreated with Baf A1 (100 nM)
and incubated with 10 mM lidocaine. Scale bar, 50 ym. (C) MFI of AO was determined using flow cytometer. ‘P<0.05 lidocaine doses vs. CTRL; “P<0.05 lido-

caine doses + Baf Al vs. CTRL + Baf A1.%P<0.05 cells pretreated with Baf Al and then treated with lidocaine vs. cells treated just with lidocaine. AO, acridine
orange, AVOs, acidic vesicular organelles; Baf Al, bafilomycin Al; CTRL, control; cytol, cytoplasm; MFI, mean fluorescence intensity; nucl, nucleus.
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Figure 8. Fluorescence staining of the main cytoskeletal proteins. Fluorescence analysis of F-actin organization (red); tubulin (green) and vimentin (green) in
the CTRL, and cells treated with 5, 10 and 15 mM lidocaine. Cell nuclei were counterstained with DAPI (blue). Scale bar, 50 gm.
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Discussion

In the present study, the effects of lidocaine on the rat glioma
C6 cell line were investigated. Malignant gliomas are primary
brain tumors characterized by rapid and invasive growth (35).
The standard treatment is based on radical brain tumor surgery,
maximally safe radiation and concomitant chemotherapy (36-38).
Despite the efforts of scientists and physicians to improve the
effectiveness of treatment, further developments are required.
Local anesthetics were reported as agents with the potential to
notably inhibit tumor growth (17). One of them is lidocaine,
which can be administered to local or regional tissue, and inhibits
nerve conduction. Several studies have demonstrated lidocaine to
suppress cell proliferation (28,39,40). Jurj et al (28) reported the
antiproliferative effect of a clinical concentration of lidocaine on
human hepatocarcinoma cells (HepG2). Other scientists revealed
the antiproliferative, apoptotic and cytotoxic effect of this agent
on various types of cancer cells. Sakaguchi ez al (39) suggested
that the inhibition of epidermal growth factor receptor activity
by lidocaine is one way to decrease the proliferation of human
tongue cancer cells (39). In addition, lidocaine enhances the
therapeutic effect of drugs, including mitomycin C, pirarubicin
and Su Fu'ning lotion in BIU-87 bladder cancer cells (40).
Additionally, the combination of lidocaine with mitomycin C
in mice with orthotopic bladder cancer resulted in prolonged
survival and reduced tumor size (40). The antitumor effect of
lidocaine on human breast cancer, hepatocellular carcinoma
cells, non-small cell lung cancer cells and thyroid cancer cells
was also observed (41-44). Furthermore, lidocaine was reported
to suppress glioma cell proliferation (16,17). In the present study,
a significant decrease in cell viability after incubation with
10, 15 and 30 mM lidocaine was observed compared with the
control. Similar results of Leng et al (17) revealed the inhibition
of proliferation of glioma cells (C6 rat glioma cell line and
A172 human glioblastoma cell line) and indicated that lidocaine
mediated this effect by decreasing the expression of TRPM7
channels.

Decreases in cell proliferation following treatment with
cytostatic drugs or other agents are usually associated with the
induction of cell death. Apoptosis is the most desirable type
of cell death during cancer therapy. Lu ef al (45) proposed
that lidocaine induces alterations in intracellular calcium
ion concentration and mitochondrial membrane potential in
dose-dependent manners in U87-MG glioma cells by activating
the overexpression of TRPVI to induce intrinsic apoptosis via
the mitochondrial pathway (46). Cell death via the mitochondrial
pathway induced by lidocaine is not restricted to glioma cells
only, but is also activated in human hepatocellular carcinoma
(HepG2), Jurkat T-lymphoma and human thyroid carcinoma
(8505C) cells (16,44,47). Additionally, local anesthetic agents
induce apoptosis via mitogen-activated protein kinase (13,44).
Furthermore, numerous studies have reported that low doses
of lidocaine induce the mitochondrial pathway of apop-
tosis (47-49). Li and Han (48) proposed that lidocaine in human
neuroblastoma SH-SY5Y cells promoted endoplasmic reticulum
stress-mediated apoptosis. In the present study, the apoptosis of
C6 cells was noted, but the predominant type of cell death was
necrosis. A similar effect was observed by Kamiya ez al (50),
in which lidocaine induced apoptosis at low concentrations and
necrosis at much higher concentrations (>15 mM) in human
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histiocytic lymphoma cells. In human SHEP neuroblastoma
cells, a high concentration of lidocaine (10 mM) promoted the
transition from apoptosis to caspase-independent necrosis (47).
Despite the induction of apoptosis and necrosis, the small vacu-
oles that were visible under the inverted microscope attracted our
attention in the present study. Following hematoxylin staining
of cells treated with 10 and 15 mM lidocaine, small enclosed
compartments were observed. The present study proposed that
these may have been autophagic vacuoles, and so were analyzed
at the ultrastructural level. Using TEM, few of these structures
contained amorphous materials and possibly the organelles at
the various stages of degeneration. In cells of the other treatment
groups, the vacuoles were empty and large. Additionally, what
was not visible under the light microscope following treatment
with the lowest dose of lidocaine, few, small vacuoles were
observed. Similar findings at the ultrastructural were presented
by Martinet et al (51), who described the protocol for studying
autophagic vacuoles by TEM. On the basis of this data, it was
assumed that lidocaine induced autophagy. Although the poten-
tial disadvantages of TEM methods make it impossible to limit
research to only one method; the application of immunocyto-
chemistry or immunohistochemistry, and molecular approaches
for the unambiguous detection of autophagy are recommended.

Autophagy is a highly dynamic and regulated process,
which is often accompanied by GO/GI arrest; however, this is
not required for the induction of autophagy (52). In the present
study, significant alterations in the cell cycle distribution were
reported in response to 5 and 10 mM lidocaine. The results are
consistent with those of Xing et al (16), in which 5 mM lido-
caine induced cell cycle arrest in GO/G1 in HepG2 cells, even
if the main process of cell death was apoptosis. Additionally,
autophagy is a very specific process, and can protect cancer
cells to sustain their growth and survival in unfavorable
conditions, such as the presence of cytostatic drugs; however,
autophagy may be an alternative form of cell death (53).
Therefore, autophagy may be exploited for cell survival
under nutrient-restricted conditions, hypoxia or the cytotoxic
effect of drugs; however, autophagic type II cell death may
be therapeutically valuable and mediates the cytotoxic effects
of anticancer drugs leading to tumor cell death (53,54). The
autophagic process is associated with the formation and
clearance of autophagosomes (55,56). The formation of these
structures is directly associated with the cytosolic form of
LC3 (LC3-I), which is conjugated to phosphatidylethanol-
amine and converted into LC3-phosphatidylethanolamine
conjugate (LC3-II) (30,57). LC3-II is located in autophago-
somal membranes; following the fusion of autophagosomes
and lysosomes, the autophagosomal elements, such as LC3-I1
are hydrolyzed (30). Thus, LC3 protein and the formation of
LC3-II are the main indicators of autophagy (30,51). In the
present study, lidocaine treatment led to increased transcript
levels of LC3B, which were the highest in glioma cells following
treatment with 15 mM lidocaine. Similar results were obtained
using fluorescence methods, which confirmed the findings of
RT-qPCR analysis. The formation of autophagic vacuoles in
the present study was increased by lidocaine, and the highest
degree of LC3-II punctate staining was observed following
treatment with 10 and 15 mM lidocaine. Xiong et al (58),
described the effects of local anesthetic i.a. lidocaine on human
neuroblastoma SH-SYS5Y cells, and indicated increases in the
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levels of LC3-II and the formation of autolysosomes using a
dual fluorescence-based LC3 punctuation assay following
the incubation of neuronal cells with lidocaine. Apart from
LC3, autophagy is regulated by a series of regulators, such as
Beclin-1, an essential initiator of autophagy (59,60). Beclin-1
serves a key role in the recruitment of autophagic proteins to
the pre-autophagosomal structure, but also in the formation
of the core complex, comprising Beclin-1, vacuolar protein
sorting (Vps)34 and Vpsl5 (59). Of note, Beclin-1 is a factor
which determines whether the cells undergo autophagy or
apoptosis. This function is associated with interactions with
anti-apoptotic proteins B-cell lymphoma-2 (Bcl-2) or Bel-xL
via its BH3 domain (59,61). This complex inhibits the assembly
of the pre-autophagosomal structure, thereby suppressing
autophagy (62). In autophagic cells, the levels of Beclin-1 are
increased and those of Bcl-2 are decreased. In the present
study, it was observed that lidocaine upregulated the mRNA
expression of Becnl. The importance of increased Beclin-1
levels during autophagy was confirmed by Xiong et al (58).
Autophagy inhibition was achieved by the transfection of
cells with Becnl small interfering (si)RNA; knockdown in
SH-SYS5Y cells decreased LC3-II content, thereby suppressing
cell viability (58). Reduction of Beclin-1 by siRNA resulted
in defective autophagy and decreased the number of AVOs
in human glioblastoma U87 and esophageal squamous cell
carcinoma EC9706 cells (63,64).

The cytoskeleton is a very dynamic structure comprising
microtubules, microfilaments and intermediate filaments. It
is known that their organization and alterations are closely
associated with the cell state (65,66). This organelle is
involved in numerous cellular processes, including mitosis,
proliferation, migration and cell death (67,68). In addition, the
cytoskeleton is also involved in the autophagic process (69).
The formation of actin branches by its reorganization is key
for the biogenesis of autophagosomes. Actomyosin-based
transport is used to feed the growing phagophore; finally,
mature autophagosomes undergo intracellular transport and
fusion with lysosomes and endosomes, with the involvement
of actin, tubulin and signaling proteins (70).

Previously, the involvement of actin in autophagy was
first observed by Aplin ef al (71); F-actin depolymerizing
drugs (cytochalasin D and latrunculin B) were reported to
inhibit autophagosome formation and autophagy (71). At
present, numerous studies have demonstrated that actin is
involved in the autophagic process; however, as well as actin
assembly and reorganization, actin may serve as a marker of
autophagy (72,73). Numerous scientific reports proposed the
association between the Arp 2/3 complex and actin polym-
erization during autophagy (74-77). It has been reported that
the Arp 2/3 complex is capable of forming branched actin
networks, which are important for all types of membrane
remodeling activities in cells, as wells as autophagy (76,77).
The present study proposed that actin filaments are important
in the first steps of autophagy due to its colocalization with
early omegasomes This suggests a role of actin in the initial
steps of autophagosome formation. Following the induction
of autophagy, actin networks bind the Arp 2/3 complex and
polymerize inside the phagophore. This process is respon-
sible for generating the shape (membrane curvature) of the
autophagosomes and the fusion with lysosomes to form the
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autolysosomes. In mature autophagosomes, actin comet
tails are formed (74,78). Additionally, the fusion of autopha-
gosomes with lysosomes depends on the stability of actin
filament branches, which is regulated by the well-known
stabilizer of actin comprising the Arp 2/3 complex (71,78).
The binding of the Arp 2/3 complex with cortactin and the
depletion of cortactin results in the loss of the F-actin network,
which inhibits autophagosome-lysosome fusion (79-81). In the
present study, the reorganization of actin filaments was also
observed.

Cells incubated with 10 mM lidocaine exhibited diffuse
networks of F-actin with short actin fibers and/or small, punc-
tate accumulations within the cytoplasm, and fibers of actin
in the cortical region in the present study. This unstable form
of actin may be associated with the continuous changes and
dynamics of the autophagy process. The short fibers that are
formed in autophagic cells are the components of the branched
actin network.

Microtubules also undergo reorganization. Our study
presents the importance of microtubule organization and micro-
tubule-based motors in the autophagic process. Following the
treatment of glioma cells with lidocaine, microtubules formed
less dense networks compared with the control; MTOCs were
still visible. This reorganization of the microtubule network
may be associated with the stimulation of autophagosome
formation. Additionally, the network of microtubules creates
the pathway along which pre-autophagosomal structures and
autophagosomes are transported (71). Destabilization of this
cytoskeleton element delays the arrival of autophagosomes
near lysosomes and thus, inhibits their fusion (69,82,83).
Clearly visible MTOCs following treatment with lidocaine
were noted in the present study. Jahreiss ez al (83) reported that
in rat kidney cells, lysosomes are localized at the perinuclear
region about MTOCs, whereas autophagosomes form at the
cortical region of the cells; thus autophagosomes translocate
to the lysosomes in a microtubule-dependent manner (83).
Similar results were obtained in cervical cancer cells, in which
the MTOC-directed movement of these structures was associ-
ated with the microtubule network (84).

Intermediate filaments are also involved in the autophagic
process. In the study presented by Ruangjaroon ef al (85),
in SH-SY5Y cells following treatment with 50 xM fipronil,
vimentin formed a ring-like structure surrounding vacuoles.
Identical localization of this protein was observed in the
present study, which suggests that intermediate filaments serve
an important role in the formation of autophagic vacuoles. In
addition, vimentin can inhibit autophagy via a protein kinase
B-dependent mechanism forming a complex with 14-3-3
protein and Beclin-1 (86).

However, confirmation regarding the nature of the
autophagy observed is required as the activation of this process
may be beneficial or harmful to cells (58). The pro-survival or
pro-death mechanism of this process requires further investi-
gation as to whether the increased rate of autophagy is due to
the cellular response or resistance to treatment (87). To inhibit
autophagy and obtain a negative control, the glioma cells
were pretreated with Baf Al. Fluorescence analysis (AO and
LC3II staining) revealed that lidocaine induced the autophagic
process. Additionally, an MTT assay indicated that the incuba-
tion of cells with Baf Al prior to lidocaine treatment (10 and
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15 mM) significantly decreased the cell viability compared
with in cells treated only with lidocaine. Furthermore, the
addition of Baf Al increased the number of apoptotic cells
in response to higher doses of lidocaine. This suggests that
lidocaine-induced autophagy may serve a protective role.
Similar results have been reported by Xiong et al in which
the protective mechanism of autophagy was suggested to be
directed against neurotoxity of local anesthetics in human
neuroblastoma cell line (58). Autophagy was inhibited via
downregulation of Beclin-1; however, the same results were
obtained via altering the expression of other proteins, which
may be directly or indirectly involved in the process of
autophagy (58,88,89). In addition, critical autophagy regula-
tors are also cytoskeletal proteins involved in all stages of the
process, and their stabilization or destabilization may affect
the course of autophagy (71). There are numerous examples
in which prosurvival autophagy occurs in response to chemo-
therapy. For instance, this process protects human breast cancer
MCEF-7 cells from epirubicin-induced apoptosis, and esopha-
geal squamous carcinoma cells and colorectal cancer against
the effects of 5-FU (90-92). In addition, several drugs indi-
rectly associated with i.a. anesthetics may induce autophagy.
The results of the present study may improve understanding of
the effects of this process in different cancer cells, which may
contribute to developments of novel therapeutic strategies for
treatment of patients with glioma.
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