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This study aimed to investigate the inhibitory effects of cold atmospheric plasma (CAP) on anaplastic thyroid cancer cells (CAL-62
cells) and to reveal the molecular mechanism. The effects of CAP on CAL-62 cells were evaluated by cell viability, superoxide
dismutase activity, apoptosis, cell cycle, and protein expression level, and the role of reactive oxygen species (ROS) produced by
plasma was also investigated. The results showed that CAP dose-dependently inhibited cell viability and promotes cell apoptosis
and G2/M arrest by increasing cell ROS levels. The activity of superoxide dismutase (SOD) was enhanced by CAP which indicated
that the antioxidant system of the cell was activated. Additionally, the ROS produced by CAP can inhibit CAL-62 cell proliferation
by inhibiting the PI3K/Akt/mTOR signaling pathway. Therefore, these findings will provide useful support for the application of

CAP for treating anaplastic thyroid cancer.

1. Introduction

According to the most recent statistics from the American
Cancer Society, the incidence and death rates of thyroid
cancer in 2020 were 3.0% and 0.4%, respectively [1, 2].
Although anaplastic thyroid cancer (ATC) is one of the
rarest types of thyroid cancer, it has a high mortality rate due
to its easy metastasis and rapid development [3]. Traditional
treatment methods including surgery, chemotherapy, and
radiotherapy are the first choice for patients with ATC, but
they cannot play an effective role in patients with advanced
stages of ATC. When the cancer is confined to the gland and
does not invade the capsule, radical thyroidectomy should be
performed. However, only 10% of ATC patients can be
radically resected, and most patients still cannot be com-
pletely resected. In addition, ATC is less sensitive to che-
motherapy alone, and mostly elderly ATC patients with
other underlying diseases often cannot tolerate the adverse

reactions of chemotherapy drugs [4, 5]. Therefore, a new and
effective treatment for ATC is urgently needed.

CAP is produced at a temperature close to room tem-
perature, including UV, reactive species, electrons, and ions,
which make it have a wider application prospect [6-8].
Studies have shown that CAP has a good effect on sterili-
zation, wound healing, and oral therapy [9-11]. Since Frid-
man first reported that CAP promoted the apoptosis of
melanoma cells in 2007, the antitumor effects of CAP have
become a research hotspot in the field of plasma medicine
[12]. Subsequently, the inhibitory effect of atmospheric
plasma on lung cancer, cervical cancer, oral cancer, liver
cancer, and melanoma cells has been gradually reported
[13-17]. Extensive studies have shown that the concentration
of active substances produced by CAP is closely related to its
anticancer effects, especially H,0,, NO, and OH"™ [18, 19].
Interestingly, studies have shown that the selectivity of an-
ticancer effects of CAP is associated with increased


mailto:wencsong@cmpt.ac.cn
mailto:wanghz@hfcas.ac.cn
https://orcid.org/0000-0002-0943-6455
https://orcid.org/0000-0003-3834-6050
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/3884695

intracellular ROS levels induced by CAP [20]. CAP also plays
an anticancer role by inducing DNA damage and promoting
cell apoptosis, pyroptosis, and cell cycle arrest [21-25]. It has
been reported that CAP treatment mainly induces oxidative
stress to activate intracellular apoptosis pathways, such as
P38/MAPK signaling pathway, ATM/P53 signaling pathway,
and caspase cascade mitochondrial apoptotic pathway, which
turther leads to cell death [17, 26, 27]. The ROS produced by
CAP plays an important role in inducing apoptosis. Current
studies on the effect of CAP on thyroid cancer are limited; for
example, Kim et al. reported that the intracellular ROS in-
crease produced by plasma with He and O, as gas sources
could not only induce the apoptosis of SW1763 cells by
promoting the phosphorylation of JNK, P38, and caspase-3
but also inhibit the migration and invasion of thyroid pap-
illary cancer cells [28, 29]. Apart from these two reports, CAP
inhibition of thyroid cancer has rarely been reported. Recent
studies have shown that CAP can inhibit the growth of 3D
microtumor models and cancer cells in intestinal organoid
models in vitro [30-32] and inhibit the growth of xenograft
tumours in mice in vivo [33]. However, the mechanism of
cancer cell death induced by CAP is still unclear.

In this study, CAP was applied to kill anaplastic thyroid
cancer CAL-62 cells to explore its mechanism. The inhibi-
tory effect of CAP on CAL-62 cells was studied by detecting
cell viability, apoptosis, and cell cycle arrest, and changes in
the levels of extracellular RONS and intracellular ROS were
detected to study the effect of CAP treatment on intracellular
and intracellular active substances. The effect of CAP on the
antioxidant system of CAL-62 cells was also studied by SOD
activity detection. In addition, the mechanism of CAP in-
hibition of CAL-62 cells was further studied through the
PI3K/Akt/mTOR signaling pathway. This study will lay a
theoretical basis for the clinical application of CAP for ATC.

2. Materials and Methods

2.1. Plasma Device and Cell Treatment. A schematic diagram
of the CAP device is shown in Figure 1(a), and the CAP
configuration that has been generated is shown in
Figure 1(b). The dielectric barrier discharge (DBD) plasma
device was used in this experiment. Four pairs of electrodes
were evenly distributed in the reaction chamber, and a gas
outlet was located on one side of the reaction chamber. The
high-voltage electrode and ground electrodes were com-
posed of round copper plates with diameters of 58 mm and
62 mm, respectively. The quartz medium (a thickness of
1 mm) was covered on the electrodes as a blocking medium.
Helium (a purity of 99.999%) alone or helium plus oxygen,
as the working gas in this experiment, entered the reaction
chamber at a flow rate of 2.6 L/min. The cell culture dish
(60 mm) with samples was placed on the grounding elec-
trode, and the distance between the samples and quartz was
controlled at 5 mm. Before each discharge, the working gas
was delivered to the device for 90 seconds to remove the
residual air in the device. The device operated at a power of
24.40 W and a frequency of 8.90kHz which was measured
using an oscilloscope (DSOX2024A, Sisha Rosa, USA)
through the Lissajous method (Figure 1(c)).
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2.2. Cell Culture. The human anaplastic thyroid cancer cell
line CAL-62, human cervical cancer cell line HeLa, human
brain glioma cell line (U118), human liver carcinoma cell
line (HepG2), lung carcinoma cell line (A549), and human
breast cancer cell line (MDA-MB-231) were purchased from
Guangzhou Cellcook Biotech Co. All the cell lines were
cultured in a DMEM medium (GIBCO, Carlsbad, CA, USA)
containing 10% fetal bovine serum (LONSERA, Shanghai,
China) and 1% penicillin-streptomycin (NCM Biotech,
Suzhou, China) incubated at 37°C in an incubator con-
taining 5% CO.,.

2.3. Cell Viability Assay. The MTT assay was used to de-
termine the effects of CAP on cell viability. The cells were
cultured in a 60 mm culture dish for 24 h after CAP treat-
ment, the medium was discarded, and then, a 1 ml cell
medium containing 10% MTT (Sigma-Aldrich, USA) so-
lution was added and incubated at 37°C for 4h. The su-
pernatant was discarded, 2 ml dimethyl sulfoxide (DMSO,
Sangon Biotech, Shanghai, China) was added to the culture
dish, and then, the suspension was fully dissolved and mixed.
Finally, the absorbance at 492 nm was determined using an
enzyme plate analyzer (Hiwell-Diatek, Wuxi, China).

2.4. ROS Detection. High electron density was generated
during discharge in a DBD plasma device, and the cell
culture medium provided a sufficient liquid environment.
Under these conditions, water vapour gains electrons to
produce H,0O,. When the plasma interacted with the liquid
surface, the water molecules can capture the excited state of
the material, further producing active substances (such as
H,0,, and NO) in the liquid phase [34]. Therefore, the H,0,
content was present in the cell culture medium after CAP
treatment. The H,O, level in the CAP-treated cell culture
medium was determined using a hydrogen peroxide assay
kit (Beyotime Biotechnology, Shanghai, China). After CAP
treatment (0s, 5s, 10s, 155, 20s, and 305s), 50 yl medium
was immediately added to the 96-well plate, and then a 100 ul
hydrogen peroxide detection reagent was added according to
kit instructions. The absorbance at 560 nm was determined
using an enzyme plate analyzer.

The intracellular ROS levels were detected by a fluo-
rescent probe DCFH-DA (Beyotime Biotechnology,
Shanghai, China). After CAP treatment (0s, 15s, 30s) or
5mM ROS scavengers (N-acetyl-I-cysteine, NAC) treatment
for 2 h, the culture was incubated at 37°C for 6 h, the original
medium was discarded, washed with PBS, and then, DCFH-
DA (2uM) at 37°C was added and incubated for 30 min in
the dark. The supernatant was discarded and cleaned with
phosphate-buffered saline (PBS) 3 times. Finally, the fluo-
rescence intensity was observed using a fluorescence mi-
croscope (Olympus, Tokyo, Japan).

2.5. Detection of SOD Activity. The activity of SOD was
detected using a superoxide dismutase activity detection kit
(Sangon Biotech, Shanghai, China). After CAP treatment
(0s, 155, 30s, and 30s+NAC) for 24 h culture, cells were
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FIGURE 1: (a) Schematic diagram of the atmospheric pressure DBD plasma device. (b) Image of CAP that has been generated. (c) The V-Q

Lissajous pattern of DBD.

collected in a centrifuge tube. Following the manufacturer’s
instructions, the absorbance at 560 nm was determined
using an enzyme plate analyzer (Hiwell-Diatek, WuXij,
China).

2.6. NO Detection. The NO level in the plasma-treated cell
culture medium was determined using a nitric oxide assay
kit (Beyotime Biotechnology, Shanghai, China). After CAP
treatment (0s, 5s, 10s, 15s, 20s, and 30s), 50 ul of the
medium was immediately added to the 96-well plate, then
50 ul Griess Reagent I and 50 ul Griess Reagent II were added
in turn according to kit instructions. The absorbance at
560 nm was determined using an enzyme plate analyzer
(Hiwell-Diatek, WuXi, China).

2.7. Apoptosis Detection. Cell apoptosis was detected using
an annexin V-FITC apoptosis detection kit (Beyotime
Biotechnology, Shanghai, China). After CAP treatment (0,
155, 30s, and 30 s+ NAC) for 24 h culture, the medium was
discarded, and the cells were washed with PBS three times.
Subsequently, the cells were digested with trypsin without
EDTA, collected by centrifugation, and washed 3 times with
PBS. The binding buffer, annexin V-FITC, and propidium

iodide were added in turn. Finally, the samples were ex-
amined by flow cytometry.

2.8. Cell Cycle Analysis. The cell cycle was detected using the
cell cycle analysis kit (Beyotime Biotechnology, Shanghai,
China). After CAP treatment (0s, 5s, 10s, 15s, and
30 s+ NAC) for 24 h culture, the medium was discarded, and
the cells were washed three times with PBS. Subsequently,
the cells were digested with trypsin, collected by centrifu-
gation, and fixed in 70% ice-cold ethanol for 12h. The
binding buffer, RNase A, and Propidium Iodide were added
in turn. Finally, the samples were examined by flow
cytometry.

2.9. Western Blot. CAL-62 cells were exposed to CAP for 0ss,
155, and 30 s with or without NAC. Ice-cold PBS was used to
clean cells, and RIPA was used to lysate cells. Samples were
placed on ice and lysed for 30 min. Subsequently, samples
were collected in a 1.5ml centrifuge tube, ice lysed for
20min, and oscillated every five minutes. The obtained
samples were further centrifuged at 10000g for 30 min, and
then, the centrifuged supernatants were collected and heated
at 100°C for 10 min. SDS-PAGE (sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) was performed using



10% PAGE gels. Proteins were transferred to the NC
membrane and then incubated with 5% skim milk for 1h
and washed with TBST. The membrane was incubated
overnight with a specific antibody diluent at 4°C and washed
with TBST 3 times for 10 min. Subsequently, the membrane
was incubated with horseradish peroxidase-coupled sec-
ondary antibodies for 1h at room temperature. In the end,
the membrane was washed with TBST 3 times for 10 min
and visualized by chemiluminescence.

2.10. Statistical Analysis. Statistical analysis was performed
on data obtained from at least three independent experi-
ments, and the data were expressed as standard deviation.
The significance level was assessed by one-way analysis of
variance (ANOVA). p value <0.05 between two independent
groups was considered a statistically significant difference.

3. Results and Discussion

3.1. CAP Inhibited the Cell Viability of Cancer Cells. The effect
of CAP on the cell viability was evaluated after the cells were
treated with CAP for 10s, 20s, 30s, and 40s. The cell vi-
ability of all types of cancer cells in this study (CAL-62,
MDA-MB-321, HeLa, U118, HepG2, and A549 cell lines)
decreased in a time-dependent manner (Figure 2(a)). The
sensitivity of different cell lines can be compared under the
same conditions, and CAL-62 cells were the most sensitive
cell lines. After plasma treatment for 10 s, the cell viability of
CAL-62 cells decreased significantly and dropped to less
than 50% after 20 s treatment. Then, the viability of CAL-62
cells was detected by further refining the treatment time
(Figure 2(b)). Interestingly, when the CAP treatment time
exceeded 15, the cell viability reduced significantly. The cell
viability decreased to 99.86 + 3.33, 92.30 + 3.32, 57.60 + 2.33,
46.17 +3.20, and 39.16 +2.94% of the control after plasma
treatment for 5s, 10s, 155, 20 s, and 30 s, respectively. To test
the effects of different gas treatments on CAL-62 cells, we
treated the cells with helium, argon, and air for 15s, and
then, the changes in cell viability were measured. The results
showed that the effect of helium discharge was better than
that of argon and air discharge (Figure 2(c)). Subsequently,
CAL-62 cell viability under different helium and oxygen
ratios was measured (Figure 2(d)). When helium is filled
with 5% oxygen, the cell viability decreased to 97.57 + 3.95,
96.29 +£2.93, 81.50 + 1.09, 65.11 +0.47, and 36.64 + 0.84% of
the control after plasma treatment for 5s, 10s, 155, 20 s, and
305, respectively. When helium is filled with 10% oxygen,
the cell viability decreased to 98.57 £3.01, 98.20 +4.49,
75.56 £0.09, 68.95+0.61, and 29.65+0.27% of the control
after plasma treatment for 5s, 10, 155, 20s, and 30, re-
spectively. The experimental results showed that among the
three gas modes, CAP with pure helium as the working gas
had a better inhibitory effect on cell viability.

The sensitivity of cancer cells to CAP varied by different
cell lines [35], and CAL-62 showed the best sensitivity
among several cancer cells used in this study. Some scholars
believed that the different cell culture medium types of cells
were mainly related to the sensitivity of different cell lines to
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plasma, and different components in the cell culture me-
dium interacted with CAP to produce the killing effects
[36, 37]. A lack of pyruvate in a plasma-activated medium
increases the damage to cancer or normal cells and reduces
the selectivity of plasma [38]. However, the effect of this
condition can be eliminated using the DMEM medium for
all cell lines used in this experiment. The different sensi-
tivities were probably determined by cell type and were
related to the properties of the cells themselves.

There are three hypotheses to explain the sensitivity of
plasma-treated cancer cells, all of which focus on cell
membranes. The first view is that the content of aquaporin on
the cell surface is the key to the sensitivity of the cell to plasma
[25]. Aquaporin allows ROS to enter the cell and cause cell
damage. The second view is that redox-related enzymes (such
as catalase, NADPH oxidases, myeloperoxidase, and nitric
oxide synthases) on the cell membrane can amplify the ROS
produced by plasma; therefore, the content of redox-related
enzymes on the cell membrane is an important reason for the
sensitivity of cells to plasma [39]. The last idea is that lower
cholesterol levels increase membrane oxidation and void
formation, and cells show higher sensitivity to plasma [40].
Sander et al. further analyzed three hypotheses on the causes
of plasma sensitivity of 38 human cell lines by studying 33
surface molecules [41]. The results showed that the expression
levels of aquaporin and redox-related enzymes failed to ex-
plain the plasma-induced sensitivity. However, the cholesterol
content of the cell membrane was positively correlated with
the plasma treatment resistance. On this basis, they also found
a high correlation between cell metabolism and plasma-in-
duced cytotoxicity. In summary, the difference in the per-
formance of different cells with plasma treatment is due to the
difference in the amount of ROS entering the cell and the
different responses of the cell to the ROS signal. The cells used
in our experiments, such as A549, HeLa, HepG2, and U118,
belong to the 38 cell lines studied by Sander et al. In addition
to the aforementioned factors, the influence of aquaporin
activity and redox-enzyme activity should be considered.

3.2. CAP Increased Extracellular ROS and RNS Levels.
The contents of H,O, and NO in the culture medium were
determined immediately after CAP treatment. As shown in
Figure 3, the reactive oxygen and nitrogen species (RONS)
increased as the CAP processing time increased. After CAP
treatmentfor0s,5s,10s, 155,20 s, and 30 s with pure helium
as the working gas, the concentration of H,0, was 0.29 + 0.04,
2.88+0.24, 13.96+0.24, 43.81 +£0.46, 43.61+0.46, and
43.16 +0.82 uMol/L (Figure 3(a)), respectively. When helium
was filled with 5% oxygen, the concentration of H,O, was
0.23+0.48,1.67+0.32,8.86 £1.37,29.09 £ 2.35,44.29 + 0.32,
and 44.91 + 0.91 yuMol/L, respectively. When helium was filled
with 10% oxygen, the concentration of H,O, was 0.73 + 0.58,
1.061 +0.31, 19.99+3.51, 39.46+1.58, 42.05+3.26, and
44.38 £0.98 uMol/L, respectively. Adding oxygen to the
working gas did not produce more H,0, in the cell culture
medium. Besides, the concentration of NO was 10.58 + 7.64,
24.75+2.50, 28.08 +2.89, 42.25+10.00, 48.08 + 16.65, and
75.58 + 3.82 uMol/L, respectively (Figure 3(b)).
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F1GuRre 2: Cell viability assay on cancer cells. (a) CAL-62, MDA-MB-231, HeLa, U118, HepG2, and A549 cells treated with CAP for 105, 20 s,
305, and 40's, or without CAP treatment. (b) The effect of NAC on the viability of CAL-62 cells. (c) CAL-62 cells treated with the gas of
helium, argon, and air for 15s. (d) CAL-62 cells treated with CAP for 0s, 55,105,155, 20's, and 30 s, and CAP treated in the different oxygen
ratios of working gases. At 24 hours after plasma treatment, cell viability was measured by the MTT assay. Data represent the mean + SD of
three independent experiments. *p <0.05, ** p <0.01, and *** p <0.001 with ANOVA compared with the control.

There are many kinds of CAP generating devices, but they
can be divided into two categories according to the dis-
charging principle: plasma jet and DBD [42, 43]. The con-
tinuous improvement and development of CAP devices
provide the basis for developing CAP in the biomedical field
[44-46], a DBD device was used in our experiment. As a part
of the cathode, the sample to be treated could generate a stable
large area of plasma beam, and the CAP first touched the
medium [47-49]. The active substance produced by the CAP
plays a critical role in anticancer [50]. Studies have shown that
H,0,, NO;, ONOO~, and other active substances can be
widely detected in the plasma-activated medium [51].

3.3. Intracellular Reactive ROS and SOD Activity Increased
after CAP Treatment. As shown in Figure 4, fluorescence
intensity represented intracellular ROS intensity, and the

intracellular ROS increased in a time-dependent manner.
The fluorescence was the brightest after 30 s of CAP treat-
ment, representing the highest intracellular ROS. Addi-
tionally, NAC pretreated cells showed no significant increase
in ROS even after 30 s of plasma treatment (Figure 4(a)). The
results of this experiment showed a trend consistent with the
results of the cell viability experiment with no significant
change from 0's to 15 s. The decrease of cell viability after 30 s
of treatment was correlated with the increase of intracellular
ROS. It was reported that ROS plays a critical role in cell
response to the plasma treatment [22, 52]. It was found that
plasma can selectively promote the ROS levels in cancer
cells, and A549 cells can produce more ROS than BEAS-
2B cells under the same dose of plasma treatment [53]. SOD
is the main producing enzyme of hydrogen peroxide and
plays an important role in biological antioxidant systems
[54]. Changes in SOD activity in cells were detected after



CAP treatment, and the results are shown in Figure 4(c).
CAP treatment can increase the activity of SOD in cells,
indicating that CAP treatment can activate the antioxidant
system in cells to a certain extent.

3.4. CAP Induced Apoptosis and Cell Cycle Arrest in CAL-62
Cells. To further explore the effect of CAP on apoptosis, a
FITC-annexin V/PI double staining experiment was con-
ducted. All cells were divided into the following groups;
Annexin V—/PI- (the lower left quadrant), Annexin V—/PI+
(the upper left quadrant), Annexin V+/PI+ (the upper right
quadrant), and Annexin V+/PI- (the lower right quadrant).
Cells in the parts of Annexin V—/PI- and Annexin V—/PI+
represented liver and necrosis cells, respectively. The apo-
ptotic cells were composed of Annexin V+/PI- and Annexin
V+/PI+ parts, which represented early apoptosis and late
apoptosis cells, respectively. The results showed that CAP
treatment for a certain period could increase the apoptosis of
CAL-62 cells (Figure 5). Although the MTT results showed
that 15 s of treatment could significantly inhibit cell viability
(Figure 2(b)), the promotion of cell apoptosis was not
significant with 8.98% apoptosis (Figure 5(B)). However, the
apoptosis rate of cells with 30s of plasma treatment can
reach 84.38% (Figure 5(C)). Additionally, the addition of
NAC resisted the damage effects of CAP on cells and re-
duced cell apoptosis (Figure 5(D)). Apoptosis is an im-
portant pathway in CAP-induced cell death. Studies have
shown that CAP treatment can induce tumor cell apoptosis
to varying degrees, thus exerting its anticancer effect
[22, 26, 53]. In addition, compared with traditional che-
motherapy and radiotherapy, CAP showed a better apo-
ptotic effect on ATC cells. A report of ATC cells treated with
apatinib showed that the apoptosis rate of cells was only
23.74% even under apatinib treatment of 40 uM [55]. When
the intensity of X-ray treatment was 6 Gy, the apoptosis of
ATC cells was still feeble, only about 10%, even after in-
cubation for 50h [56].

Moreover, CAP dose-dependently induced apoptosis
[57, 58], which was consistent with our research results.
Interestingly, cell viability was significantly decreased in the
15s CAP-treatment group compared with the control group,
while apoptosis was not evident. We speculated that this
might be due to the small dose of CAP during the 15s
treatment, which inhibited cell proliferation but was not
enough to induce cell apoptosis. To assess the effect of CAP on
the cell cycle, flow cytometry was used to detect different cell
cycle contents. The G2/M phase of CAL-62 cells increased
after CAP treatment (Figure 6), and the G2/M phase arrest of
cells might be due to DNA damage, initiating cell cycle
checkpoints to block mitotic processes [19]. CAP produces
RONS that induce DNA damage leading to cell cycle arrest
and apoptosis [59]. In our experiment, the addition of NAC
can significantly offset the G2/M arrest caused by CAP, in-
dicating that ROS plays an important role (Figure 6(f)).

3.5. Protein Expression Level Changed after CAP Treatment.
In the aforementioned studies, the inhibitory effect of CAP
treatment on CAL-62 cell proliferation had been studied.
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Subsequently, the specific mechanism of CAP’s inhibitory
effect on cancer was further explored, and the expression of
PI3K, Akt, and mTOR was detected. The western blotting
results showed that the expression levels of PI3K, Akt, and
mTOR dose-dependently decreased with the CAP treatment
time increase (Figure 7). Additionally, the expression of
VEGF, Ras, and ERK1/2 also dose-dependently decreased
with the CAP treatment time increase.

There have been many studies on the anticancer effects of
CAP. However, the specific molecular mechanism of anti-
cancer effects of CAP is not very clear. We found that CAP
could inhibit the proliferation of CAL-62 cells by inhibiting
the PI3K/Akt/mTOR signaling pathway (Figure 8). As a key
pathway of cell proliferation, the PI3K/Akt/mTOR signaling
pathway is often overexpressed in tumour cells, and the
inhibition of this pathway can achieve the effect of inhibiting
tumour growth [60]. Studies have shown that PI3K/Akt
inactivation can inactivate mTOR, thereby inhibiting cell
proliferation and promoting cell apoptosis [61-63]. Studies
have also shown that ROS plays an important role in the
inactivation of this pathway. Silica nanoparticles can me-
diate the inactivation of the PI3K/Akt/mTOR signaling
pathway through ROS, and then trigger the apoptosis and
autophagy of vascular endothelial cells [64]. In this study, the
intracellular ROS level time-dependently increased with
CAP treatment while the protein expression of PI3K, Akt,
and mTOR time-dependently decreased. Besides, the ad-
dition of NAC could significantly increase the protein ex-
pressions of PI3K, Akt, and mTOR, which also indicated that
ROS can mediate this pathway.

3.6. Effect of NAC on CAP Treatment. To further observe the
role of ROS in CAP-treated CAL-62 cells, NAC was used to
remove ROS from the treated samples. After NAC pre-
treatment, the cell viability did not decrease significantly
even after 30 s of CAP treatment (Figure 2(b)). To verify the
scavenging effect of NAC on intracellular ROS, intracellular
ROS after combined treatment with NAC and CAP was
detected, and the results showed that there was no significant
difference in ROS levels between the control group and the
NAC group (Figure 4). In addition, the combined treatment
of NAC and CAP can effectively reduce the rate of apoptotic
cells and resist the inhibitory effect of CAP on the PI3K/Akt/
mTOR signaling pathway (Figure 7). These results indicated
that the addition of NAC effectively removed ROS in the
treated cells, and ROS played an important role in the effect
of CAP on CAL-62 cells.

As for the killing mechanism of CAP on cancer cells, a
view is that active substances such as RONS produced by
CAP play a decisive role, which can cause DNA damage and
induce oxidation. RONS are classified into short-lived and
long-lived substances, and long-lived substances, such as
hydrogen peroxide, nitrite, and nitrate, play a critical role in
the anticancer effects of CAP [65]. In this study, NAC was
used to explore the role of ROS in CAP-killing CAL-62 cells.
Interestingly, NAC can largely offset the cell damage caused
by CAP. Ma et al. elaborated on the contribution of hy-
drogen peroxide to CAP damage cells, which was consistent
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FiGure 4: Intracellular ROS levels. (a) Fluorescence images of intracellular ROS generation in CAL-62 cells. (b) The quantification by
measuring fluorescence pixel intensity using Image] software. (c) The activity of SOD in CAL-62 cells. The data represent the mean + SD of
three independent experiments. *p <0.05, ** p <0.01, and *** p <0.001 with ANOVA compared with the control.

with our experimental results [18]. A molecular dynamic
simulation showed that ROS in CAP can damage DNA at the
atomic level, breaking important chemical bonds in DNA
and the genes of cancer cells [66]. However, the role of RNS
in CAP-killing cancer cells should not be ignored, and the
important role of NO was demonstrated. Increasing the

supply of nitrite and nitrate can improve the yield of ONOO-
after CAP treatment and play an anticancer effect [67]. NO
free radical produced by CAP can cause EGFR degradation
and dysfunction in oral squamous cell carcinomas overex-
pressed with an epidermal growth factor, further resulting in
cell damage [68]. A recent study showed that hydrogen
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peroxide and nitrite directly work together to activate the
mitochondrial apoptotic pathway of cells and induce cell
death [69]. Of course, this study is just preliminary research
on the inhibitory effect of CAP on CAL-62 cells. The se-
lective effect of CAP on different types of cancer cells is also
reflected in our experimental results. Exploring why CAP
selectively kills cancer cells is an important part of future
work. In addition, animal and clinical trials are needed in the
future. However, the regulation of intracellular signaling
pathways by CAP is a very complex process involving
multiple pathways, and it is still a challenge to elucidate the
mechanism of CAP against cancer cells.

4. Conclusion

In this study, the anticancer effect of undifferentiated thyroid
carcinoma CAL-62 cells by CAP was reported for the first
time. CAP treatment dose-dependently increased the level of
ROS, and the expression of PI3K, Akt, mTOR, Ras, and
Erk1/2 decreased with the increase of the CAP treatment
dose. CAP could significantly inhibit the cell viability of
CAL-62 cells and induce apoptosis and G2/M arrest.
However, the addition of NAC largely decreased the effect of
CAP on CAL-62 cells. These results suggest that ROS
produced by CAP can inhibit CAL-62 cell proliferation by
inhibiting the signaling pathway. Therefore, these findings
will provide useful support for the application of CAP for
treating undifferentiated thyroid cancer.
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