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Procaine induces cell cycle arrest, apoptosis and autophagy
through the inhibition of the PI3K/AKT and ERK
pathways in human tongue squamous cell carcinoma
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Abstract. Procaine (PCA), a local anesthetic commonly used
in stomatology, exhibits antitumor activity in some human
malignancies. However, the precise mechanism underlying
PCA activity remains unknown, and its antitumor effect in
human tongue squamous carcinoma cells has not been reported.
Flow cytometry and western blotting were used to assess the
effects of PCA on mitochondrial membrane potential (A®m),
intracellular reactive oxygen species (ROS) production, cell
cycle and apoptosis. The results suggested that PCA inhibits
CAL27 and SCC-15 cell proliferation, and clone formation in
a dose-dependent manner. CAL27 cells were more sensitive to
PCA than SCC-15 cells. PCA also significantly inhibited cell
migration, induced mitochondrial damage, reduced AYm and
increased intracellular ROS production. PCA causes G2/M
cycle arrest and induces apoptosis. The possible mechanism
for the inhibition of human tongue squamous carcinoma cell
proliferation is through the regulation of ERK phosphoryla-
tion and PI3K/AKT-mediated signaling pathways. The results
further suggested that autophagy occurs during PCA-induced
apoptosis in CAL27 cells, and the addition of the autophagy
inhibitor hydroxychloroquine sulfate further enhanced the
sensitivity of PCA to inhibit cell proliferation, indicating that
autophagy plays an important role in protecting cancer cells
from apoptosis. PCA shows potential as an anticancer drug
and its combination with autophagy inhibitors enhances its
sensitivity.
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Introduction

Oral cancer is one of the most common cancers worldwide,
and accounts for 4% of all cancer cases (1). Oral squamous
cell carcinoma (OSCC) is the most common tumor that
occurs in the oral and maxillofacial regions, causing marked
mortality (2). At present, the main clinical treatments for
OSCC are surgery, radiotherapy and chemotherapy (3). In
2020, 377,713 cases of OSCC were reported worldwide (4).
The Global Cancer Observatory predicts that by 2040, the
incidence of OSCC will increase by ~40%, with a concomi-
tant increase in mortality, the overall 5-year survival rate
of OSCC remains <50% (3,5,6). Considering the special
physiological characteristics of the oral cavity, the treat-
ment of OSCC not only emphasizes the improvement in the
survival rate of patients, but also aims at improving their
quality of life (7). However, the unique structural character-
istics of the oral cavity make it complicated and challenging
to complete postoperative reconstruction, which usually
results in poor quality of life for patients (8). Therefore, it is
evident that novel effective drugs for the treatment of OSCC
are required.

Procaine (PCA) is a common local anesthetic drug mainly
used in oral surgeries. Recent studies have shown that in addi-
tion to anesthesia, PCA has been proven to be an inhibitor of
DNA methylation (9,10). Villar-Garea et al (11) found that
PCA not only inhibited MCF-7breast cancer cell prolifera-
tion, but was also tightly bound to DNA rich in CpG islands,
causing DNA demethylation events. In addition, a study indi-
cated that PCA could inhibit the growth of liver cancer cells
both in vitro and in vivo, and has a demethylation effect (12).
Despite the fact that the antitumor effect of PCA has been
partially studied, these studies have focused on the epigenetic
effects of PCA, and have not explored the mechanism of cell
proliferation inhibition by PCA. In particular, the mechanism
of action of PCA in human oral tongue squamous cell carci-
noma CAL27 cells is still unclear. Therefore, in the present
study, the aim was to elucidate the effect of PCA on tongue
squamous cell carcinoma. The potential mechanism of PCA
as an anticancer drug in CAL27 cells was also studied. The
results could provide novel ideas for the future applications of
PCA as an antitumor drug in clinical treatment.
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Materials and methods

Reagents. DMEM, fetal bovine serum (FBS) and peni-
cillin/streptomycin were purchased from Gibco; Thermo
Fisher Scientific, Inc. PCA (cat. no. 51-05-8) was purchased
from Thermo Fisher Scientific, Inc. The anti-GAPDH
(cat. no. 5174), anti-p21 (cat. no. 2947), anti-Bcl-2
(cat. no. 2870), anti-Bax (cat. no. 5023), anti-survivin
(cat. no. 2808), anti-LC3B (cat. no. 3868), anti-p62
(cat. no. 8025), anti-ERK (cat. no. 9102), anti-phosphorylated
(p)-ERK (cat. no.4370), anti-AKT (cat.no.9272), anti-p-AKT
(cat. no. 4060) and anti-PI3K (cat. no. 4249) polyclonal
antibodies were purchased from Cell Signaling Technology,
Inc. IRDye 800CW goat anti-rabbit IgG (cat. no. 925-32211)
was purchased from LI-COR Biosciences. Cell Counting
Kit (CCK-8) was purchased from Dojindo Laboratories,
Inc. Rhodamine 123, crystal violet dye and RIPA cell lysate
were purchased from Beyotime Institute of Biotechnology.
Western blotting protein prestaining marker, primers,
B-actin, CDK2 and cyclin E were obtained from Shanghai
Sangong Pharmaceutical Co., Ltd. Hydroxychloroquine
sulfate (CQ) was purchased from Selleck Chemicals. The
cell apoptosis detective kit [Annexin V-propidium iodide
(PI)] was purchased from Jiangsu Kaiji Biotechnology
Co., Ltd.

Cell culture. The human oral tongue squamous cell carci-
noma CAL27 and SCC-15 cell lines were obtained from the
American Type Culture Collection. Cells were cultured in
DMEM with 10% FBS and 1% penicillin/streptomycin, and
maintained in a humidified chamber of 95% air, 5% CO, and
at 37°C.

Cell viability assay. The cells were seeded into 96-well plates
with 8x10° cells/well and cultured overnight. After treated with
different doses of PCA (0.5, 1.0 and 2.0 mg/ml) for 24 h, the
cells were incubated with 10 yl CCK-8. After 2 h, a microplate
reader was used to measure absorbance at 450 nm.

Colony formation assay. Aggregations of cells comprising
a minimum of 50 cells were recognized as colonies. The
cells were seeded into 6-well plates (2x10° cells/well) and
treated with different concentrations (0, 0.0675, 0.125, 0.25,
0.5 and 1.0 mg/ml) of PCA at 37°C for 2 weeks. Cell colo-
nies were fixed with cold 100% methanol for 15 min at room
temperature and stained with 0.1% crystal violet for 20 min
at room temperature. Formed colonies were observed and
captured by light microscope (IX51; Olympus Corporation).
Colonies were quantified using Image J v1.8.0 (National
Institutes of Health).

Intracellular reactive oxygen species (ROS) assay. In order
to clarify whether the up-regulation of ROS levels in cells
is the main reason for the inhibition of cell proliferation by
PCA, ROS levels were measured in CAL27 cells and SCC-15
cells after co-administration of the ROS scavenger NAC and
different concentrations of PCA in each group. The cells were
washed with PBS and re-suspended in 10 M fluorescent dye
2'-7'dichlorofluorescin diacetate (DCFH-DA). Next, cells were
incubated in the dark for 30 min at 37°C. The experimental

procedure was completed according to the experimental
step-by-step instructions of the ROS detection kit (Beyotime
Institute of Biotechnology; cat. no. S0033S). After washing
twice, the cells were observed and photographed under
a fluorescence microscope, and intracellular ROS levels
were semi-quantitatively detected in a flow cytometer (BD
Biosciences). The results of cell flow analysis were statistically
analyzed to obtain peak plots using FlowJo software v10.6.2
(BD Biosciences).

Wound healing assay. The cells were scratched using
micro-pipette tips, and imaged using a microscope. The width
of the scratch was measured and referred to as Wbefore.
Then, the cells were treated with different concentrations (0,
0.5, 1.0 and 2.0 mg/ml) of PCA and starved with 2% serum
DMEM. Cell migration was monitored and images were
captures using a light microscope at 0, 6, 12, 24 and 48 h.
In the present experiment, the distance of statistical cell
migration was used as a quantitative method. By measuring
the width of the same scratch, which is called Wafter, the
migration distance is calculated by subtracting Wafter from
Whbefore. The migration of the control was set as 100. The
resultant scale on the image is 100 ym.

Reverse transcription-quantitative (RT-q)PCR. Total RNA
was extracted using TRIzol (Invitrogen; Thermo Fisher
Scientific, Inc.) reagent. PrimeScript™ RT Master Mix
(Takara Bio, Inc.; cat. no. RR0O37A) according to the manu-
facturer's instructions. Relative mRNA levels were quantified
with SYBR Green PCR Kit (Roche Diagnostics) and normal-
ized to GAPDH using the following primers: GAPDH-F,
5'-AGAAGGCTGGGGCTCATTTG-3', and GAPDH-R,
5'-AGGGGCCATCCACAGTCTTC-3"; P21-F, 5-GGAGAC
TCTCAGGGTCGAAA-3', P21-R, 5-GGATTAGGGCTT
CCTCTTGG-3". The thermocycling parameters included:
40 cycles at 95°C for 15 sec, 60°C for 15 sec and 72°C for
30 sec. Then another 10 min at 95°C, 15 sec at 95°C and 30 sec
at 60°C for 40 cycles. The mRNA levels of target genes were
normalized to GAPDH and data of relative expression was
quantified using the 2244 method (13). Data were obtained
from triplicate experiments.

Mitochondrial membrane potential (A¥Ym) assay. A¥'m was
assessed using Rhodamine 123. Cells were incubated with
2 uM Rhodamine 123 in the dark for 30 min, and AWYm
levels were detected in a flow cytometer (BD Biosciences).
Mitochondrial fluorescence intensity-determined AWm was
assessed using High Content Screening (HCS) (14).

Cell cycle analysis. The cells were seeded into 6-well plates
with 2x10* cells/well and cultured overnight. The cells were
harvested and fixed with 70% ethanol at -20°C for 30 min.
After washing with PBS, cells were stained (20 yg/ml PI,
200 ug/ml RNase). The cell cycle profiling was analyzed
using a FACScan™ flow cytometer (BD Biosciences) using
488 nm excitation. The results of cell cycle analysis were
statistically analyzed to obtain peak plots using FlowJo
software v10.6.2 (BD Biosciences). Doublets were excluded
from analysis, and 10,000 events were collected in the
single-cell gate per sample.
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Apoptosis analysis. The cells were seeded into 6-well plates
with 2x10* cells/well and cultured overnight. The cells were
washed twice with cold PBS and added trypsin at 37°C for
2 min for digestion. After exposure, the cells were harvested
and stained with Annexin V-FITC and PI as recommended by
the manufacturer. Samples were analyzed by FACScan™ flow
cytometer (BD Biosciences). The results of apoptosis analysis
were statistically analyzed by using FlowJo software v10.6.2
(BD Biosciences). The signals of early and late apoptotic cells
were located in the lower and upper right quadrant of the
resulting dot plot, respectively.

Western blotting. Total protein was extracted using RIPA
buffer and a protease inhibitor cocktail (Beyotime Institute
of Biotechnology) to prevent protein degradation. Cells were
disrupted through sonication, ensuring complete lysis. A
BCA protein assay kit (cat. no. P0012) was obtained from
Beyotime Institute of Biotechnology and used following
manufacturer's instructions for protein quantification. Cell
lysates (30-50 ug) were separated by 12.5% SDS-PAGE and
transferred onto PVDF membranes (Thermo Fisher Scientific,
Inc.). After blocking with 5% non-fat milk in PBST buffer
with 0.1% Tween for 1 h at room temperature, the blots were
incubated with primary antibodies [anti-GAPDH (1:1,000),
anti-p21 (1:1,000), anti-Bcl-2 (1:1,000), anti-Bax (1:1,000),
anti-survivin (1:1,000), anti-LC3B (1:1,000), anti-p62 (1:1,000),
anti-ERK (1:1,000), anti-p-ERK (1:1,000), anti-AKT (1:1,000.),
anti-pAKT (1:1,000) and anti-PI3K (1:1,000) polyclonal anti-
bodies] at 4°C overnight. Membranes were then incubated with
secondary antibodies (IRDye 800CW goat anti-rabbit I1gG;
1:20,000] at room temperature for 1 h, and then detected using
Odyssey infrared imaging system (LI-COR Biosciences).
Densitometry were semi-quantified using Image J v1.8.0
(National Institutes of Health).

Immunofluorescence. The cells were seeded into 96-well
plates with 8x10° cells/well and cultured overnight. The
cells were treated with different concentrations of PCA (0,
0.5, 1.0 and 2.0 mg/ml) for 24 h. Then, the cells were fixed
with 4% paraformaldehyde for 15 min at room temperature,
washed with PBS before permeabilization using 0.1% Triton
X-100 for 10 min at room temperature. After washing with
PBS, cells were blocked for 30 min in 5% BSA contain-
ment solution at 37°C and then, incubated with primary
antibody LC3B (1:400; Cell Signaling Technology, Inc.;
cat. no. 3868) for 1 h at 37°C, washed with PBS and incu-
bated with fluorescently-labelled secondary antibody
[FITC-conjugated Affinipure Goat Anti-Mouse IgG(H+L);
1:200; cat. no. A00003-1; Proteintech Group, Inc.] for 1 h
at 37°C. Finally, the nuclei were visualized by Hoechst33342
counterstaining for 5 min at room temperature. After washing
with PBS, immunofluorescent cells were visualized using
HSC and analyzed with the integrated Columbus (version 6.0)
image data storage and analysis system (PerkinElmer, Inc.).
The resultant scale on the image is 100 gm.

Statistical analysis. All data from three times experiments
are presented as mean + standard deviation. Statistical
analyses were carried out using SPSS (version 16.0; IBM
Corp.). Differences between two groups were assessed using
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a paired Student's t-test, and differences between =3 groups
were assessed using one-way or two-way ANOVA followed by
Bonferroni's post hoc test. P<0.05 and P<0.01 were considered
to indicate statistically significant differences.

Results

Effects of PCA on cell viability and colony formation activity.
To determine the effect of PCA on cell viability, CAL27 and
SCC-15 cells were treated with different concentrations of
PCA, and then a CCK-8 assay was carried out. PCA exhib-
ited significant concentration-dependent anti-proliferative
effects in CAL27 cells (Fig. 1A). The results showed that cell
viability was significantly reduced at PCA concentration of
0.5 and 1.0 mg/ml (P<0.05). Cell activity was only 40% at
the highest PCA concentration tested (2.0 mg/ml), compared
with that in the control group (P<0.01). Similar results were
observed in SCC-15 cells (Fig. 1B). PCA exhibited a significant
inhibitory effect at 2 mg/ml on SCC-15 cells. These results
indicate that CAL27 cells are more sensitive to PCA than
SCC-15 cells.

Consequently, a colony formation assay was conducted
to detect changes in the self-renewal ability of the two cell
lines. Cell viability significantly decreased in a dose-depen-
dent manner (Fig. 1C). Even at the lowest concentration
(0.0675 mg/ml), PCA significantly inhibited CAL27 cell colony
formation compared with the control. PCA had a similar inhib-
itory effect in SCC-15 cells (Fig. 1D). The anti-proliferative
effects of PCA in SCC-15 cells were observed at the lowest
dose (0.0675 mg/ml). These results are consistent those of the
cell proliferation assays for both CAL27 and SCC-15 cells.

Effects of PCA on A¥m and intracellular ROS generation.
Mitochondria are the center of the cellular oxidative respi-
ratory chain as well as the center of apoptosis regulation.
Decreased AWm is known to be closely related to mito-
chondrial dysfunction (15). Therefore, the effects of PCA on
mitochondrial function in human tongue squamous carcinoma
cells was examined by HCS. CAL27 cells (Fig. 2A; left
panels) and SCC-15 cells (Fig. 2B; left panels) treated with
PCA were imaged under a light microscope; the mitochon-
drial membranes were stained with Rhodamine 123 (middle
panels). Compared with the control group, the cells treated
with PCA induced a reduction in the A¥m, suggesting that
PCA induced a loss of AYm in both CAL27 cells and SCC-15
cells. Moreover, it was observed that as the PCA concentration
increased, the green fluorescence and number of cells gradu-
ally decreased. The results are consistent with those of the
CCK-8 assay results.

DCFH-DA was used to assess ROS production to inves-
tigate whether ROS would be generated in CAL27 cells after
PCA treatment. The intracellular ROS levels in CAL27 cells
increased significantly after PCA treatment (Fig. 2C and E).
These effects were dose dependent. However, this increase in
DCFH-DA-based fluorescence was not inhibited by pretreat-
ment with the ROS scavenger N-acetyl-L-cysteine (NAC),
which did not reduce the PCA-induced increase in fluores-
cence. These results indicate that ROS production was not
the main cause of the inhibited proliferation of CAL27 cells
exposed to PCA.
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Figure 1. Effects of PCA on cell viability and colony formation activity. Cell viability was analyzed using the Cell Counting Kit-8 assay. (A) CAL27 and
(B) SCC-15 cells were incubated with different concentrations of PCA (0, 0.5, 1.0 and 2.0 mg/ml). The data are shown as mean + SD. "P<0.05, “P<0.01 vs.
control. Colony formation assays were performed to investigate the effects of PCA on proliferation. (C) CAL27 and (D) SCC-15 cells incubated with PCA for
2 weeks. The colonies were stained and counted. PCA, procaine. All experiments were assessed using a paired Student's t-test for analysis.

Similar results were found in SCC-15 cells (Fig. 2D and F).
A significant dose-dependent loss of A¥m was observed in
SCC-15 cells after PCA treatment (Fig. 2B). Furthermore,
NAC partially reversed PCA-induced ROS production, which
is consistent with the results obtained in CAL27 cells (NAC +
1 mg/ml PCA; "P<0.05; Fig. 2E).

Effects of PCA on cell cycle. To elucidate the mechanism by
which PCA inhibits cell proliferation, the cell cycle distribu-
tion was examined using flow cytometry. The GO/G1 phase
population was reduced in CAL27 cells after PCA treatment,
whereas the G2/M phase cell population was significantly
increased, suggesting that PCA caused G2/M phase arrest in
CAL27 cells (Fig. 3A and C). Notably, no remarkable G2/M
arrest was observed at the highest concentration of PCA
(2 mg/ml), although an increase in the S phase cell population
was observed. This indicated that the cells were inhibited in
the S phase at a high PCA dose.

Similar results were observed in SCC-15 cells
(Fig. 3B and D) as PCA induced G2/M phase arrest. The
potential mechanisms by which PCA induced G2/M phase
arrest in CAL27 cells were further explored.

RT-qPCR was performed to analyze the expression of
the cyclin-dependent kinase inhibitor p21, which is related
to S phase arrest. p21 mRNA expression levels significantly
increased with increasing PCA concentrations ("P<0.05,

“P<0.01; Fig. 3E). Moreover, p21 protein expression increased
in a PCA dose-dependent manner, which is consistent with the
RT-qPCR results (Fig. 3F and G).

Effects of PCA on cell migration. The effects of PCA on SCC-15
and CAL27 cells were compared using CCKS, immunofluores-
cence and cell proliferation assays. The results were found to be
similar for both cell lines. In addition, the results of the CCKS8
assay, colony formation assay, intracellular ROS assay, AWm
assay, cell cycle analysis and immunofluorescence analysis
all revealed that CAL27 cells are more sensitive to PCA than
SCC-15 cells. Therefore, for subsequent in-depth mechanistic
studies, CAL27 cells were focused on. In the present experiment,
the effect of PCA on CAL27 cell migration was investigated in
greater depth. A number of drugs affect both cell morphology
and migration. To determine the inhibitory effects of PCA
on cell migration, a wound healing assay using CAL27 cells
was performed (Fig. 4A and B). PCA inhibited cell migration
in a concentration- and time-dependent manner. The scratch
area increased with increasing PCA concentration, especially
at 24 and 48 h. Compared with the control group, the scratching
area healed with 2.0 mg/ml PCA ("P<0.05, “"P<0.01), which
showed that PCA significantly inhibited the cell healing rate.

Effects of PCA on apoptosis. PCA blocked cell proliferation
and induced growth arrest in CAL27 cells. To further clarify
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Figure 2. Effects of PCA on mitochondrial damage. (A) CAL27 and (B) SCC-15 cells were treated with different concentrations of PCA and stained by
Rhodamine 123. Mitochondrial membrane potential was determined by High Content Screening. (C) CAL27 and (D) SCC-15 cells were preincubated with
or without NAC before exposure to PCA for 24 h. Percentage changes in intracellular reactive oxygen species generation were measured by flow cytometry.
Quantitative analysis data of (E) CAL27 and (F) SCC-15 ("P<0.05, “P<0.01 vs. control). PCA, procaine; NAC, N-acetyl-L-cysteine. All experiments were

assessed using one-way ANOVA for analysis.

the underlying mechanisms, CAL27 cells were treated
with different concentrations of PCA, dual-stained with
Annexin-V-FITC and PI and analyzed using flow cytometry.
The early and late apoptotic rates of PCA-treated cells were
observed in a dose-dependent manner (Fig. 5A). At the highest
concentration tested (2 mg/ml), ~11.0% of the cells underwent
late apoptosis compared with 1.6% of the control cells. These
results suggest that PCA treatment increased apoptosis in a
dose -and time-dependent manner in CAL27 cells.

The effect of PCA on anti-apoptotic (Bcl-2) and apop-
totic (Bax) protein expression was then analyzed. As it was
anticipated, Bcl-2 expression was significantly suppressed

("P<0.01), whereas Bax expression was slightly increased
("P<0.05), suggesting that PCA-mediated inhibition of prolif-
eration occurred through apoptosis induction (Fig. 5B and C).

The effects of PCA on the ERK and PI3K/AKT signaling
pathways were examined to determine which signaling path-
ways play important roles in PCA-induced apoptosis. Both
ERK and p-ERK protein expression levels were significantly
reduced in a dose-dependent manner in PCA-treated CAL27
cells compared with the control group (Fig. 5C and D).
These results suggest that PCA inhibits the ERK signaling
pathway. Moreover, with increasing concentrations of PCA,
both p-AKT and PI3K expression levels were decreased,
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Figure 3. Effects of PCA on cell cycle. Cells were treated with different concentrations of PCA for 24 h. (A) CAL27 and (B) SCC-15 cells cycle distribution
determined by flow cytometry. Statistical analysis of (C) CAL27 and (D) SCC-15 cells cycle phases. (E) The relative mRNA expression of p21 was detected
by reverse transcription-quantitative PCR on CAL27 cells. (F) The p21 protein expression in CAL27 cells was detected by western blotting. GAPDH was used
to normalize protein levels. (G) Quantification of p21 protein expression compared with that of the control group (mean + SD; n=3). “P<0.01. PCA, procaine.

All experiments were assessed using one-way ANOVA for analysis.

indicating that PCA also inhibits the PI3K/AKT signaling
pathway.

Effects of PCA on cell autophagy. The LC3 protein expression
level, a marker of autophagy, was determined to investigate
whether autophagy participates in the effect of PCA on
CAL27 cell proliferation. The cell nucleus was stained with
Hoechst33342, whereas autophagosomes were visualized
as FITC-labeled LC3B (Fig. 6A). With an increase in PCA
concentration, the number of live cells gradually decreased,
and the intensity of green fluorescence gradually increased.
Moreover, green fluorescence was mainly distributed in the
cytoplasm and was not co-localized with the nucleus. These

results indicated that PCA induced autophagy. Western
blotting showed similar results. The LC3II/I expression
levels increased in a concentration-dependent manner in
PCA-pretreated CAL27 cells compared with the control
group, suggesting that PCA induces autophagy in CAL27 cells
(Fig. 6B and C). To determine whether PCA could induce
complete autophagy, the levels of the autophagy substrate p62
were examined. The p62 protein expression levels also showed
a significant concentration-dependent increase, suggesting that
autophagy flux might be inhibited by PCA.

Effects of autophagy on apoptosis induced by PCA.
Autophagy is regarded as a double-edged sword in tumor
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Figure 4. Effects of PCA on cell migration. Cells were scratched by tips and exposed at PCA for different time periods. (A) Scratching areas were calculated
using Image J ('P<0.05, “"P<0.01). Scale bar, 100 ym. (B) Cells scratching wounds were observed by microscope. Original magnification, x200. PCA, procaine.

All experiments were assessed using two-way ANOVA for analysis.

development and treatment because it kills tumor cells and
protects them from injury (16,17). To clarify the role of
autophagy in PCA-induced apoptosis, changes in autophagic
flux were examined by treating cells with the lysosomal
inhibitor CQ alone or in combination with PCA and measuring
LC3II/I and p62 expression levels using western blotting. PCA
combined with CQ significantly enhanced the transformation
of LC3I to LC3II in CAL27 cells (Fig. 6D and E). It was also
observed that the addition of CQ had no significant effect on
the change in p62 expression.

Next, it was observed that compared with PCA-treated
cells, PCA combined with CQ significantly reduced cell
activity for 24 h (Fig. 6F). The apoptotic effects of PCA
combined with CQ were then investigated. A total of ~34.3%
of CAL27 cells demonstrated late apoptosis at the highest dose
(2 mg/ml) of PCA combined with CQ compared with 10.7% of

the cells treated with PCA alone, indicating that the apoptosis
rate in cells treated with PCA combined with CQ was higher
than that in cells treated with PCA alone (Fig. 6I).

Similarly, protein expression levels were detected in
the surviving cells. Compared with the PCA-treated group,
survivin protein expression was significantly reduced in the
PCA + CQ group (Fig. 6H). These results suggest that the
inhibition of autophagy could enhance the sensitivity of PCA.

Discussion

Novel drugs often take decades to transition from laborato-
ries to clinical application. Therefore, an increasing number
of researchers are turning their attention to the ‘new use of
old drugs’. ‘Old drugs’ are drugs that have been marketed
or are undergoing clinical trials, and ‘new use’ refers to
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the discovery of new indications and their use in disease
treatment (18). For instance, aspirin has been used as an anti-
pyretic and analgesic for >100 years. Owing to more in-depth
clinical research, researchers have discovered that aspirin
plays a role in the prevention and treatment of cardiovascular
diseases and also in cancer prevention and treatment (19,20).
Another example is the metformin, which reduces blood

sugar, promotes antitumor activity and also treats abnormal
metabolic diseases (21,22). A previous study demonstrated
that metformin can also regulate the metabolic flux of stem
cells in the stomach and promote their differentiation into
gastric parietal cells that produce gastric acid, protecting
the stomach (23). Several recent studies have reported that
anesthetics may have antitumor effects, which has aroused
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great interest. For example, Chen et al (24) found that
propofol exerts an antitumor effect by inhibiting autophagic
flux in HeLa cells (24). Another study showed that 400 mM
lidocaine inhibited the proliferation of CAL27 cells with
high EGFR expression without cytotoxicity (25). As a repre-
sentative anesthetic, PCA has also shown antitumor effects
in different types of cancer, including lung (26), colon (13)
and breast (27) cancer. In the aforementioned studies, the
range of antitumor PCA doses was micromolar to milli-
molar; 2 yuM (26), 2 mM (12) and 10 mM (26). In the present
study, the PCA dose associated with significant antitumor
properties was 1-2 mg/ml in vitro, which is equivalent to 8.5
mM and is roughly similar to the dose used to induce PCA
antitumor activity in the aforementioned published studies.
Meanwhile, it was also observed that the FDA-approved dose
of PCA for injection is 1 or 2%, which is ~10 mg/ml. This
dose differs from the doses used in the present study. Some
‘old drugs’, which have been approved for clinical use, are
used as ‘new efficacy drugs’ by altering the dose, such as
with aspirin and metformin. If PCA is to be used clinically as
an antitumor agent in the future, further animal and clinical
trials are required.

In the current study, it was shown that PCA had different
antiproliferative effects by investigating two OSCC cell lines.
CAL27 cells were more sensitive to PCA treatment than

SCC-15 cells, indicating that the in vitro inhibitory effects of
PCA depend on the cancer cell line.

Tumorigenesis is a phenomenon of uncontrolled cell prolif-
eration caused by abnormal cell cycle regulation; therefore,
blocking the cell cycle is usually an important means of tumor
treatment (28). The results of the present study showed that
PCA induced G2/M arrest and upregulated the expression of
the cyclin 1 kinase inhibitor p21, which is known to inhibit
mammalian cell proliferation, induce cell cycle arrest and
inhibit the cyclin-cdk complex (29). These results indicate that
p21 may play a key regulatory role during PCA-induced G2/M
arrest in CAL27 cells.

The mitochondrial pathway is a main signaling pathway
that induces apoptosis (30). Numerous anticancer drugs
exert antitumor effects by activating the mitochondrial
apoptosis pathway. The anti-apoptotic protein Bcl-2 and the
pro-apoptotic protein Bax control cell apoptosis by regulating
mitochondrial membrane permeability (31). The present study
found that PCA downregulated Bcl-2 and upregulated Bax
expression, caused ROS explosion in cells and decreased the
AW¥m, suggesting that PCA may induce CAL27 cell apoptosis
by activating the mitochondrial pathway.

In addition to the classic antitumor mechanisms, such as
apoptosis induction and cell cycle arrest, it was observed that
PCA caninduce autophagy. Autophagy is a double-edged sword
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that promotes and inhibits tumorigenesis (31-34). Therefore,
the regulation of autophagy is expected to become a novel
method for tumor prevention and treatment. LC3 and p62 are
markers of autophagosome formation and degradation, respec-
tively, and are used to detect autophagic flux (35). The increase
in LC3II levels represents an increase in autophagosomes or
the blockade of autophagosomal maturation and completion
of the autophagy pathway. For example, cetuximab induces
p27 accumulation and type II LC3B induction in retinoblas-
toma cells (36). Recent studies have shown that autophagy
preferentially degrades p62 as a particular substrate (37,38).
The total p62 expression level was negatively associated
with autophagic activity. Autophagosomes are intermediate
structures involved in dynamic cellular autophagy. At any
point in time, the autophagosome production rate and the rate
at which autolysosomes are converted into autolysosomes are
balanced (39). It was shown that PCA induced LC3II protein
accumulation and increased p62 levels. To demonstrate this,
the well-known autophagy inhibitor CQ was used to detect
autophagy flux. CQ can inhibit late autophagy by increasing
lysosomal pH and inhibiting lysosomal enzyme chelation,
thereby preventing autophagic degradation (11). The results
showed that LC3II levels, after CQ combined with PCA
were significantly higher than LC3II levels induced by PCA
or CQ alone. These data indicate that PCA can cause the
accumulation of autophagosomes, which cannot be ignored.
The accumulation of autophagosomes induced by PCA may
be due to an increase in autophagosome generation caused by
early autophagy activation, or the blocking of autophagosomal
clearance caused by late autophagy inhibition. This question
needs to be answered in the future (40).

Recently, the ERK pathway has become an attractive
therapeutic target, and several drugs targeting this pathway
have shown promise in clinical trials. PCA reportedly affects
HCT 116 cell proliferation, migration and apoptosis and inac-
tivates the ERK pathway by regulating RhoA (13). Moreover,
Li et al (13) revealed that PCA inhibited MG63 cells viability
by upregulating microRNA-133b, thereby inactivating the
AKT/ERK pathway. The current study also confirmed that
PCA produces antitumor effects by reducing p-ERK in
CAL27 cells, suggesting that PCA may play an inhibitory role
in various malignant tumors by inhibiting the ERK signaling
pathway.

In apoptosis-related pathways, specific signals and growth
factors activate the PI3K/AKT pathway, which regulates cell
proliferation, differentiation, metabolism, migration and
other biological processes. For example, Yang et al (41) found
that oridonin induced G2/M phase arrest and apoptosis and
inhibited OSCC cell proliferation by inhibiting the PI3K/AKT
signaling pathway. The results of the current study further
confirmed that PCA inhibited proliferation, and induced
cell cycle arrest and apoptosis in CAL27 cells by inhibiting
PI3K/AKT phosphorylation.

The current study has some limitations. In vivo experi-
ments are required to elucidate the antitumor activity and
mechanism of PCA. Therefore, besides OSCC cell lines, nude
mice xenografts or clinical samples are worthy for valida-
tion. In addition, although no study has yet demonstrated the
role of PCA in the tumor microenvironment, considering
the network effects in the organism, hypothesizing that PCA
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may be involved in the progression of OSCC by modulating
immune infiltration through interactions with immune cells,
vasculature and nerves is reasonable. These findings warrant
further study in the future.

A schematic model of PCA-induced cell death is shown
in Fig. 7. The findings of the present study demonstrate that
PCA inhibits cell proliferation and migration by impairing
mitochondrial function and inducing G2/M cycle arrest and
apoptosis. The inhibitory effects of PCA on CAL27 cell growth
may be dependent on PI3K/AKT and ERK pathway inhibi-
tion. Meanwhile, it was shown that PCA elicited autophagy
and blocked autophagic flux. The combination of PCA and the
autophagy inhibitor CQ enhanced CAL27 cell sensitivity to
PCA. The results of the current study indicate the potential
PCA as a novel drug against tongue squamous cell carcinoma.
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