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Introduction. Esophagus squamous cell carcinoma (ESCC) has a poor prognosis, a high rate of metastasis, and rapid clinical
progression. One hypothesis is that therapeutic failure is due to the presence of cancer stem cells (CSC). Previous studies
showed the anticancer effect of cerium oxide nanoparticles (CNP) in different cancer cells. In this study, we aim to evaluate the
effect of cerium oxide nanoparticles on cell antioxidants, toxicity, as well as cell oxidant level in esophageal cancer (YM1) and
cancer stem cell-like (CSC-LC) cell lines. Method. YM1 and CSC-LC spheres were treated with CNP at different
concentrations. The cell viability was assessed by using the MTT test. Antioxidant levels (SOD (superoxide dismutase, CAT
(catalase), thiol, and TAC (total antioxidant capacity)), antioxidant genes expression (SOD and CAT), ROS (reactive oxygen
species), and MDA (malondialdehyde) levels were assessed in both cell lines. Results. CSC-LC had significantly elevated SOX4
and OCT4 pluripotent genes. The ROS and MDA levels were significantly reduced in both YM1 and CSC-LC spheres after
treatment with CNP. Also, the antioxidant levels and expressions were elevated significantly in both cell lines after CNP
treatment. Conclusion. These results suggest the potential anticancer effect of CNP by elevating antioxidant levels and
expressions, and reducing oxidant levels.

1. Introduction

Esophageal cancer (EC) is the eighth most common cancer
and the sixth most common cause of cancer-related death
worldwide [1]. Esophagus squamous cell carcinoma (ESCC),
the most frequent type of EC, has a poor prognosis, a high
rate of metastasis, and rapid clinical progression [2]. The
global incidence of ESCC was reported to be 87% of all EC

cases in 2012 [3]. Despite the progression of early detection,
surgery, and chemotherapy in patients with ESCC, its prog-
nosis remains poor and challenging [4]. One hypothesis is
that therapeutic failure is due to the presence of cancer stem
cells which can cause recurrence, distant metastasis, and
therapy resistance [5]. These cells have the ability to main-
tain and induce malignancy proliferation and metastasis in
different types of cancers [6]. Finding a novel treatment to
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eliminate these cancer stem cells can help find new diagnos-
tic and treatment approaches [7]. Nanotechnology has
become a main focus of biomedical research area in recent
years and its applications include drug delivery systems, tis-
sue engineering, and luminescent biomarkers, among
others [8].

The free radicals play a critical role in killing bacteria
and viruses, as well as activation of enzymes and hormones,
and producing energy [9]. They also have an important role
in cell homeostasis and cell signal transductions [10]. The
levels of these free radicals and reactive oxygen species
(ROS) are controlled by antioxidant agents in human cells.
An imbalance between ROS and the antioxidant agent is
defined as oxidative stress, which has been linked to cardio-
vascular disease, neurodegenerative disease, diabetes melli-
tus, and different types of cancers [11, 12]. It was shown
that cancer cells have elevated levels of ROS in comparison
to normal nontransformed cells [13]. In addition to the
impact of ROS on the genome, it can play a role in promot-
ing cancer cell proliferation, angiogenesis, survival, and
metastasis [14]. However, ROS can have a contrary effect
on cancer cells. Excessive levels of ROS can induce cancer
cell death by increasing cell oxidative stress [15]. To prevent
cancer cell death, they increase the level of antioxidant
capacity to scavenge excessive ROS. Therefore, cancer cells
have elevated levels of both ROS and antioxidants and this
feature can make cancer cells more sensitive to ROS levels
alteration [16, 17].

Cerium, as a lanthanide rare earth metal, has two oxide
forms with crystalline fluorite lattice structure. In particular,
cerium oxide nanoparticles (CNP) consist of a cerium core
surrounded by an oxygen lattice [18]. It has been shown that
CNP has several antioxidant roles including catalase
mimetic activity, superoxide dismutase (SOD) activity,
hydroxyl radical scavenging, and nitric oxide radical scav-
enging. However, other studies revealed that CNP has a
cytotoxicity role for cancer cells, an antiinvasive role, sensi-
tizing role to radiation for cancer cells, in addition to pro-
tecting other surrounding normal cells [19].

In this study, we aim to evaluate the effect of cerium
oxide nanoparticles on cell antioxidant (SOD, TAC (total
antioxidant capacity), thiol, and CAT (catalase)), toxicity,
as well as cell oxidant (ROS and MDA (malondialdehyde))
levels in esophageal cancer (YM1) and cancer stem cell-like
(CSC-LC) cell lines.

2. Methods and Materials

2.1. Cell Culture and Cerium Oxide Nanoparticles. The pres-
ent studywas conducted atMashhadUniversity ofMedical Sci-
ence, Mashhad, Iran. The YM1 human esophageal squamous
cell carcinoma cell line was previously established in our lab
at Golestan University of Medical Sciences [20]. A 1 : 1 mixture
of RPMI 1640, and Ham’s F-12 (Betacell, Iran) was supple-
mented with 1% penicillin-streptomycin (Grand Island, NY,
USA) and 5% fetal bovine serum for 5 to 6 days until the expo-
nential growth phase (0:6 – 1 × 106 cells/mL). The synthesized
CNPs were kindly received from Dr. Darroudi and character-
ized by Fourier transform infrared (FT-IR) (Tensor27, Bruker,

Germany), powder X-ray diffraction (PXRD) (The Nether-
lands, PANalyticalX’Pert PRO MPD system, Cu Kα), Raman
(Takram P50C0R10, laser wavelength = 532 nm), and field
emission scanning electron microscopy (FESEM; MIRA3 TES-
CAN, Czech Republic) [21, 22]. The biological experiments
were conducted by using a microplate reader (BioChrom
Anthos 2020 MicroPlate Reader, UK), and an invert micro-
scope (HUND, Germany).

2.2. ESCC Cell Sphere Formation. The polymer of poly
HEMA (2-Hydroxyethyl methacrylate) coated Petri dishes
were used for transferring single cell suspensions derived
from adherent cells with a concentration of 100000 cells/
mL for ESCC cells. The cells were maintained in the follow-
ing solution at 37°C with 5% CO2 to form spheres: serum-
free RPMI/F12 medium supplemented with 20 ng/mL basic
fibroblast growth factor (Grand Island, NY, USA), 2% B-27
supplement (Grand Island, NY, USA), and 20ng/mL epider-
mal growth factor (Sigma-Aldrich Company, USA). Every
two days, the medium was refreshed to replenish nutrients.
Following the separation of the spheres into single cells, after
6 days, they were cultured in the new nonadherent Petri
dishes with the same before condition. The stem-like prop-
erties of sphere cells were ready for the following experi-
ments after three passages.

2.3. Cell Viability Assay. Resazurin assay was used to investi-
gate the cell toxicity of CNPs. Briefly, 25000 cells/well were
seeded in a 96-well plate. After 24 hours of incubation at
37°C, CNPs were inoculated into the grown cells with differ-
ent concentrations (0, 15.6, 31.2, 62.5, 125, and 250μg/mL).
Then, each well received the resazurin solution (phosphate
buffer saline, 0.01mg/mL) every 24 and 48 hours of incuba-
tion. The medium was discarded after finishing the incuba-
tion. Afterward, the resazurin solution (phosphate buffer
saline, 0.01mg/mL) was added to each well. After shaking
the plates for 3 minutes, the optimal absorbance in the sub-
sequent 3 hours was recorded at 600nm excitation and
570 nm emission on a Perkin Elmer fluorimeter, and the
IC50 value was evaluated by using the GraphPad Prism® 6
(GraphPad Software, San Diego, CA, USA) software.

2.4. ROS Level Assay. Intracellular ROS production level was
measured by using a 2′,7′-Dichlorodihydrofluorescein diace-
tate (DCFDA) cellular ROS detection assay based on the
manufacturer’s protocol. Accordingly, 20μM DCFDA was
exposed to cells and then DCFDA was washed after 24 hours
of incubation. Afterward, the CNPs (100μM, 300μM,
500μM, 700μM, and 1000μM) were added to rewashed
cells for 24 hours. Also, the positive control consists of
tert-butyl hydroperoxide (TBHP). Finally, by using the fluo-
rescence plate reader Perkin Elmer, the relative fluorescence
intensity was recorded for these groups.

2.5. MDA Level Assay. The commercial kit r (Teb Pazhou-
han Razi, Tehran, Iran) was used to assess the MDA level
as a marker of oxidative stress level based on the manufac-
turer’s protocol. Briefly, the cells were treated with the CNPs
(100μM, 300μM, 500μM, 700μM, and 1000μM) and after
24 hours of incubation, 1× Butylated hydroxytoluene
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(BHT) was added to lyse the cells. Subsequently, after mix-
ing with 500μL TCA, the prepared sample was incubated
at 95°C for 5min. The mixture was centrifuged (14000 g)
for 5min. After adding thiobarbituric acid (TBA) to the
supernatants, the mixture was incubated at 95°C for
30min. Finally, a spectrophotometer was used to measure
the absorption of mixtures at 532nm. The MDA level was
measured by using a standard curve from GraphPad Prism
software.

2.6. Antioxidant Gene Expression Assay. The SOD and CAT
gene expressions were analyzed in both YM1 and CLC-SC
cells which were treated with CNPs. After culturing the
cells in a 6-well plate in RMPI medium at 65 × 104 cells/
well, CNP was incubated at different concentrations (0,
100, 500, 700, and 1000μg/mL) for 24 hours. The cells
were washed twice with phosphate-buffered saline (PBS,
0.1M, pH7.2). RNA was extracted from the treated cells
with the manufacturer’s instructions (Parstous, Mashhad,
Iran). Afterward, a real-time polymerase chain reaction
(PCR) was done for samples as described in the previous
study [23, 24].

2.7. Antioxidant Activity Assay (SOD, CAT, TAC, and Thiol)

2.7.1. SOD Activity Assay. The SOD assay kit (Teb Pazhou-
han Razi, Tehran, Iran) was utilized for measuring SOD
activity after treating the cells with CNPs based on the
instructor’s protocol. By using a plate reader, the absorbance
of the samples was measured at 450nm.

2.7.2. CAT Activity Assay. The CAT assay commercial kit
(Teb Pazhouhan Razi, Tehran, Iran) was used to assess the
CAT enzyme activity following the manufacturer’s protocol.
Teb Pazhouhan Razi kit works based on hydrogen peroxide
(H2O2) decomposition. The samples’ absorbance was
assessed at 450nm.

2.7.3. TAC Activity Assay. By using TAC commercial kit
assay (Teb Pazhouhan Razi, Tehran, Iran), the level of
TAC was measured. Briefly, after the treatment of cell lines
with CNPs, cells were lysed by freezing and thawing. The
samples were centrifuged (12000 g) for 15min. Afterwards,
according to the manufacturer’s instructions, the required
reagents were added to supernatants. Finally, the absorbance
of samples was measured and the level of TAC was esti-
mated by a standard curve.

2.7.4. Thiol Activity Assay. Thiol groups’ total level was esti-
mated by the DTNB (2,2′-dinitro-5,5′-dithiol-benzoic acid)
(Teb Pazhouhan Razi, Tehran, Iran) reduction method.
The reaction of DTNB with SH groups results in yellow
color. Initially, 0.1mL of Tris–EDTA buffer (pH8.6) and
0.05mL prepared cell lysate were mixed and the samples’
absorbance was measured against Tris–EDTA buffer (A1)
at 412nm. Afterward, 20μL DTNB was added to the mix-
ture and the mixture was incubated for 15 minutes at
room temperature. Remeasurement was done for all the
samples. Of note, blank group (B) consisted of the absor-
bance of the DTNB reagent. The following formula was

used to assess total SH levels(μM):

Total thiol concentration μMð Þ = A2‐A1‐Bð Þ × 1:07/0:05 × 13:6:

ð1Þ

2.8. Statistical Analysis. The experimental data are shown
as mean ± standard error of the mean. The data were ana-
lyzed by ANOVA test followed by Bonferroni’s t-test and
the GraphPad Prism® 6.0 software (San Diego, CA,
USA) for Windows. All the results were analyzed triplicate
in comparison to the untreated control group. A p value
lower than 0.05 was used for a statistically significant level.

3. Results

3.1. Tumor Spheres Showed CSC-LC Features. Firstly, the
corresponding adherent cells were compared with the YM1
derived sphere in passage three in order to confirm the CSCs
enrichment. As indicated in Figure 1, prominent well-
shaped spheres can be seen after three passages. The level
of SOX2 and OCT4 have assessed in both passage 3 spheres
and the corresponding adherent cells to characterize the
stemness of spheres and the qRT-PCR demonstrated that
both SOX2 and OCT4 were significantly overexpressed in
sphere cells. The upregulation of pluripotency genes charac-
terized the sphere cells and CSC-LC was confirmed by
anchorage independent growth characteristics in consequent
experiments.

3.2. CSC-LC and YM1 Cell Lines Viability Assay. Figure 2
summarized the results of resazurin assays for CSC-LC and
YM1 cell lines with different concentrations of CNP (0,
200, 400, 600, 800, and 1000μM) after 24 and 48 hours of
cell inoculation. The results showed that CNP at concentra-
tions of 800 and 1000μM could decrease the viable CSC-LCs
significantly. Also, the viable YM1 cells decreased signifi-
cantly with 600, 800, and 1000μM of CNP. IC50s for CSC-
LC were 968 and 840μM after 24 and 48 hours, respectively
(Figure 2(a)). Also, for the YM1 cell line, the IC50s were 758
and 630μM after 24 and 48 hours, respectively (Figure 2(b)).

3.3. The ROS Levels in CSC-LC and YM1 Cell Lines. The ROS
level was assessed in both CSC-LC and YM1 cell lines to elu-
cidate the effect of CNP on cell oxidative products with
H2DCFDA staining. Our results showed that CNP at con-
centrations equal to or above 100μM was significantly asso-
ciated with decreased ROS levels in YM1 cell lines, as shown
in Figure 3(a). Whereas, in CSC-LC spheres, significantly
decreased ROS levels were observed at concentrations higher
than 500μM of CNP (Figure 3(b)).

3.4. CAT Expression and Activity in CSC-LC and YM1 Cell
Lines. Figures 4 and 5 summarized the results of CAT
expression and activity in CSC-LC and YM1 cell lines, respec-
tively. The qRT-PCR showed that CAT expression was signif-
icantly higher at concentrations of 700 and 1000μM of CNP
in YM1 cell lines (Figure 4(a)). Also, in CSC-LC treated with
CNP with 1000 concentration was followed by significantly
higher CAT expression (Figure 4(b)). Also, identical results
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were seen in assessing the CAT activity in CSC-LC and YM1
cell lines (Figures 5(a) and 5(b)).

3.5. SOD Expression and Activity in CSC-LC and YM1 Cell
Lines. As demonstrated in Figure 6(a), SOD activity was
significantly higher in YM1 cell lines treated with CNP at
concentrations of 500 and 700μM. Moreover, the CSC-LC
spheres which were treated with CNP at concentrations of
700 and 1000μM, have significantly higher SOD activity
(Figure 6(b)). Also, SOD expression was measured in
CSC-LC and YM1 cell lines with qRT-PCR which showed
SOD was significantly overexpressed in YM1 cell lines
treated with 500, 700, and 1000μM of CNP (Figure 7(a)).
However, in CSC-LC spheres, SOD expression differences
were insignificant between different concentrations of
CNP (Figure 7(b)).

3.6. MDA Activity in CSC-LC and YM1 Cell Lines. As shown
in Figure 8(a), the YM1 cells which were treated with CNP at
concentrations of 300, 500, and 700μM had significantly
lower MDA activity. Also, MDA activity was significantly
reduced in CSC-LCs treated with CNP at concentrations of
700 and 1000μM of CNP (Figure 8(b)).

3.7. TAC and Thiol in CSC-LC and YM1 Cell Lines. As
shown in Figure 9(a), the TAC capacity level was significantly
elevated in YM1 cells treated with 500, 700, and 1000μM of
CNP. Moreover, CSC-LCs treated with CNP at concentrations
of 700 and 1000μM had significantly higher levels of TAC
capacity (Figure 9(b)). Furthermore, measuring thiol levels
revealed that YM1 cells that were treated with 700 and
1000μM of CNP, have significantly elevated levels of thiol,
as shown in Figure 10(a). Also, in CSC-LC spheres, thiol
increased significantly at 1000μM of CNP (Figure 10(b)).

4. Discussion

As previously noted EC is the sixth leading cause of cancer
death worldwide and cancer stem cells are a subpopulation
of cancer cells that are responsible for metastasis and treat-
ment resistance [1, 5]. Surgery, chemotherapy, and radio-
therapy are usually used for cancer treatment but they
have limited efficacy and side effects and may damage nor-
mal tissues [25]. Recent studies showed the significant anti-
tumoral effect of CNP nanoparticles in several cancer cell
lines [26–29]. Contrary to conventional cancer treatments,
CNPs did not have a toxic effect on healthy cells [30]. To
the best of our knowledge, this is the first study that is aimed
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Figure 1: CSC characterization of YM1 cells. Section (a): the enrichment process of CSCs is shown. The sphere was developed from passages
1 to 3. Section (b): the pluripotency regulators (SOX2 and OCT4) were significantly overexpressed in sphere cells in comparison to the
attached cells. (∗p value < 0.05, ∗∗p value < 0.01, ∗∗∗p value< 0.001, ∗∗∗∗p value < 0.0001) (CSC: cancer stem cell).
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at evaluating the antitumoral effect of CNPs in YM1 (ESCC)
and ESCC cell spheres (CSC-LC).

In this study, the resazurin cytotoxicity assay showed
CNP could cause ESCC cell death in both YM1 (ESCC)
and CSC-LC cell lines in a dose- and time-dependent man-
ner. The ROS and MDA levels significantly decreased in
both YM1 cell line and CSC-LC spheres after incubation
with CNP. Also, the level of SOD, CAT, thiol, and TAC sig-

nificantly increased in both YM1 and CSC-LC spheres after
treatment with CNP. Further examinations revealed the
gene expressions of SOD and CAT were significantly ele-
vated in cancer cells treated with CNP. However, in CSC-
LC spheres, SOD expression did not change significantly
after CNP incubation. An explanation for this result is that
posttranscriptional modifications such as glycation, sulfa-
tion, and phosphorylation can alter the protein behavior.
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Figure 2: The resazurin assay result shows the effect of CNPs on cell viability of YM1 and CSC-LC cell lines. CNPs can cause ESCC cell
death in both YM1 (ESCC) and CSC-LC cell lines in a dose- and time-dependent manner. Section (a): IC50s in CSC-LC treated with
CNPs are 968 μM and 840μM after 24 and 48 hours, respectively. Section (b): IC50s in YM1 cell line treated with CNPs are 758 μM and
630μM after 24 and 48 hours, respectively. (∗ shows a significant difference between each concentration and the control group) (∗p
value < 0.05, ∗∗p value < 0.01, ∗∗∗p value < 0.001, ∗∗∗∗p value < 0.0001) (CNP: cerium oxide nanoparticle).
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Therefore, as a result of posttranscriptional modifications,
some gene expression changes cannot be detected by RNA
analysis [23, 31].

ROS can initiate and progress cancer cell growth, as well
as downregulate the antioxidant enzymes [32]. The healthy
cells intensely control the level of ROS by using antioxidants
including SOD, CAT, thiols, glutathione, and peroxidase
[10]. It has been indicated that cancer cells including ESCC
have elevated levels of ROS in comparison to healthy cells

which may be the result of mitochondria dysfunction,
increased metabolic activities, elevated peroxisome activity,
increased cell signaling, and oncogenes activity [33]. Fur-
thermore, ROS can induce genetic instability, proliferation,
angiogenesis, and metastasis in cancer cells [34]. With
regard to the double-edged sword character of ROS in the
treatment of cancer cells, which will be explained later,
lowering and elevating strategies have been suggested for
cancer treatment.
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Figure 4: The effect of CNPs on CAT expression in YM1 and CSC-LC cell lines. The results show the upregulation of CAT expression after
treatment with CNPs in both YM1 and CSC-LC cell lines in comparison to the control (untreated cells). Section (a): the CAT expression in
YM1 cell line. Section (b): the CAT expression in CSC-LC. (∗ shows a significant difference between each concentration and the control
group and # shows a significant difference between different concentrations) (∗ or #p value < 0.05, ∗∗ or ##p value < 0.01, ∗∗∗ or ###p
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Previous studies showed the antiapoptotic effect of high
levels of ROS which is the result of redox-sensitive transcrip-
tion activation including nuclear factor κ-light-chain-
enhancer of activated B cells (NF-κB) [35]. NF-κB as an
important transcription factor can inhibit apoptosis by regu-
lating antiapoptotic genes such as Bcl-2 and survivin [36, 37].
The location of NF-κB is within the cytosol in healthy cells

as inactive forms that is bond to IκBα. However, cancer cells
have active forms of NF-κB due to IκBα phosphorylation.
The active form of NF-κB can induce prosurvival gene
expression including inhibitors of apoptosis and result in
uncontrol cell growth [38]. Previous studies have shown
the inhibition effect of CNP on NF-κB in different cell lines
[39, 40]. Thus, inhibiting the NF-κB by the downregulation
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Figure 7: The effect of CNPs on SOD expression in YM1 and CSC-LC cell lines. Contrary to CSC-LC, SOD expression increased
significantly after treatment with CNPs in YM1 cell line in comparison to the control (untreated cells). Section (a): SOD expression in
YM1 cell line. Section (b): SOD expression in CSC-LC. (∗ shows a significant difference between each concentration and the control
group and # shows a significant difference between different concentrations) (∗ or #p value < 0.05, ∗∗ or ##p value < 0.01, ∗∗∗ or ###p
value < 0.001, ∗∗∗∗ or ####p value < 0.0001) (CNP: cerium oxide nanoparticle, SOD: superoxide dismutase).
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effect of CNP on ROS levels can be a promising approach for
cancer treatment.

Recent studies showed both antioxidant and oxidant roles
of CNP in different cells. In agreement with our findings, Patel
et al. showed the inhibitory effect of CNP on ROS levels and
suggested that CNP has a potential therapeutic effect on
human monocytic leukemia cells [26]. However, some previ-
ous studies demonstrated the antitumoral effect of CNP with
increasing or even unchanged ROS levels. Contrary to our

results Lin et al. demonstrated the dose-dependent and time-
dependent effect of CNP on human lung cancer cell lines by
increasing the ROS level [27]. Also, Park et al., showed the
cytotoxic effect of CNP on cultured human epithelial cells by
increasing ROS levels and decreasing antioxidant levels which
induce cell apoptosis [28]. However, in Xiao et al.’s study,
although the CNP induces a cytotoxic effect on gastric cancer
cells, the ROS level was unchanged after CNP treatment [29].
These discrepancies can be due to different doses of CNP and
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Figure 8: The effect of CNPs on MDA activity in YM1 and CSC-LC cell lines. The result shows MDA activity decreased significantly after
treatment with CNPs in both cell lines in comparison to the control (untreated cells). Section (a): MDA activity in YM1 cell line. Section (b):
MDA activity in CSC-LC. (∗ shows a significant difference between each concentration and the control group and # shows a significant
difference between different concentrations) (∗ or #p value < 0.05, ∗∗ or ##p value < 0.01, ∗∗∗ or ###p value < 0.001, ∗∗∗∗ or ####p value <
0.0001) (CNP: cerium oxide nanoparticle, MDA:malondialdehyde).
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Figure 9: The effect of CNPs on TAC capacity in YM1 and CSC-LC cell lines. The result shows TAC capacity increased significantly after
treatment with CNPs in both cell lines in comparison to the control (untreated cells). Section (a): TAC capacity in YM1 cell line. Section (b):
TAC capacity in CSC-LC. (∗ shows a significant difference between each concentration and the control group and # shows a significant
difference between different concentrations) (∗ or #p value < 0.05, ∗∗ or ##p value < 0.01, ∗∗∗ or ###p value < 0.001, ∗∗∗∗ or ####p value <
0.0001) (CNP: cerium oxide nanoparticle, TAC: total antioxidant capacity).
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also different cell lines. Also, it has been indicated that cell pH
is an important key factor for the oxidant or antioxidant role
of CNPs [41].

Interestingly, as previously noted, ROS has a double-
edged sword function. Both elevating and lowering oxidant
level has been suggested as a treatment strategy for cancer
cells [42, 43]. In cancer cells, increasing levels of ROS as a
result of signaling cascades and metabolic reactions may
induce cellular antioxidant upregulation to maintain redox
homeostasis. Therefore, exogenous ROS-producing agents
can induce cancer cell deaths by triggering the ROS level
[33]. On the other hand, as elevated levels of ROS play an
important role in carcinogenesis, upregulation of cell antiox-
idants can deplete the ROS level and consequently cause
growth inhabitation and cancer cell death [33].

It is worth mentioning that the least concentration of CNP
that was needed to change the oxidant and antioxidant level
was totally higher in the CSC-LC spheres in comparison to
the YM1 cell line. Also, the IC50 for CNP was higher in the
CSC-LC spheres in comparison to the YM1 cell line (968
and 758μM, respectively). These results can be explained by
the potential treatment resistance features of CSC cells.

In summary, our study suggests the potential role of CNP as
an effective anticancer treatment for EC and cancer stem cells.
However, our study had some limitations. First, the signaling
pathways of NF-κB were not investigated. Second, the study
was an in vitro examination, and further in vivo studies are
missing. Further in vivo and clinical studies are recommended
to highlight the effect of CNP on EC and cancer stem cells.

5. Conclusion

In conclusion, the present study showed that cerium oxide
nanoparticles have potential anticancer effects on esophageal

and cancer stem cells by increasing the cell antioxidant levels
(including SOD, CAT, thiol, and TAC) and decreasing the
oxidant levels (including ROS and MDA) in YM1 and
CSC-LC spheres.
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Figure 10: The effect of CNPs on thiol in YM1 and CSC-LC cell lines. The result shows thiol increased significantly after treatment with CNPs in
both cell lines in comparison to the control (untreated cells). Section (a): thiol in YM1 cell line. Section (b): thiol in CSC-LC. (∗ shows a significant
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< 0.05, ∗∗ or ##p value < 0.01, ∗∗∗ or ###p value < 0.001, ∗∗∗∗ or ####p value < 0.0001) (CNP: cerium oxide nanoparticle).

9BioMed Research International



Acknowledgments

The authors express their gratitude to Mashhad University
of Medical Sciences (Mashhad, Iran) for supporting this
study. This work is a part of Hossein Javid’s thesis, which
was financially granted by the Research Council at AJA Uni-
versity of Medical Sciences (Grant number: 97001647).

References

[1] J. Ferlay, “GLOBOCAN 2008 v1. 2, Cancer incidence andmor-
tality world-wide: IARC Cancer Base No. 10,” 2010, http://
globocan.iarc.

[2] H. Kuwano, M. Nakajima, T. Miyazaki, and H. Kato, “Distinc-
tive clinicopathological characteristics in esophageal squa-
mous cell carcinoma,” Annals of Thoracic and
Cardiovascular Surgery, vol. 9, no. 1, pp. 6–13, 2003.

[3] M. Arnold, I. Soerjomataram, J. Ferlay, and D. Forman,
“Global incidence of oesophageal cancer by histological sub-
type in 2012,” Gut, vol. 64, no. 3, pp. 381–387, 2015.

[4] J. Ferlay, H. R. Shin, F. Bray, D. Forman, C. Mathers, and D.M.
Parkin, “Estimates of worldwide burden of cancer in 2008:
GLOBOCAN 2008,” International Journal Of Cancer,
vol. 127, no. 12, pp. 2893–2917, 2010.

[5] M. Maugeri-Saccà, P. Vigneri, and R. De Maria, “Cancer stem
cells and chemosensitivity,” Clinical Cancer Research, vol. 17,
no. 15, pp. 4942–4947, 2011.

[6] S. K. Singh, C. Hawkins, I. D. Clarke et al., “Identification of
human brain tumour initiating cells,” Nature, vol. 432,
no. 7015, pp. 396–401, 2004.

[7] X. Sun, J. Liu, C. Xu, S. C. Tang, and H. Ren, “The insights of
let-7 miRNAs in oncogenesis and stem cell potency,” Journal
Of Cellular And Molecular Medicine, vol. 20, no. 9, pp. 1779–
1788, 2016.

[8] O. V. Salata, “Applications of nanoparticles in biology and
medicine,” Journal of Nanobiotechnology, vol. 2, no. 1, pp. 3–
6, 2004.

[9] B. Halliwell and J. M. Gutteridge, Free Radicals in Biology and
Medicine, Oxford University Press, USA, 2015.

[10] B. S. Inbaraj and B.-H. Chen, “An overview on recent in vivo
biological application of cerium oxide nanoparticles,” Asian
Journal Of Pharmaceutical Sciences, vol. 15, no. 5, pp. 558–
575, 2020.

[11] H. Sies, “Oxidative stress: a concept in redox biology and med-
icine,” Redox Biology, vol. 4, pp. 180–183, 2015.

[12] S. Reuter, S. C. Gupta, M. M. Chaturvedi, and B. B. Aggarwal,
“Oxidative stress, inflammation, and cancer: how are they
linked?,” Free Radical Biology And Medicine, vol. 49, no. 11,
pp. 1603–1616, 2010.

[13] T. P. Szatrowski and C. F. Nathan, “Production of large
amounts of hydrogen peroxide by human tumor cells,” Cancer
Research, vol. 51, no. 3, pp. 794–798, 1991.

[14] S. S. Sabharwal and P. T. Schumacker, “Mitochondrial ROS in
cancer: initiators, amplifiers or an Achilles' heel?,” Nature
Reviews Cancer, vol. 14, no. 11, pp. 709–721, 2014.

[15] V. Nogueira, Y. Park, C.-C. Chen et al., “Akt determines repli-
cative senescence and oxidative or oncogenic premature senes-
cence and sensitizes cells to oxidative apoptosis,” Cancer Cell,
vol. 14, no. 6, pp. 458–470, 2008.

[16] C. R. Reczek and N. S. Chandel, “The two faces of reactive oxy-
gen species in cancer,” Annual Review of Cancer Biology, vol. 1,
no. 1, pp. 79–98, 2017.

[17] C. Gorrini, I. S. Harris, and T. W. Mak, “Modulation of oxida-
tive stress as an anticancer strategy,” Nature reviews Drug dis-
covery, vol. 12, no. 12, pp. 931–947, 2013.

[18] A. Dhall and W. Self, “Cerium oxide nanoparticles: a brief
review of their synthesis methods and biomedical applica-
tions,” Antioxidants, vol. 7, no. 8, p. 97, 2018.

[19] M. S. Wason and J. Zhao, “Cerium oxide nanoparticles:
potential applications for cancer and other diseases,” Amer-
ican Journal Of Translational Research, vol. 5, no. 2,
pp. 126–131, 2013.

[20] K. Ayyoob, K. Masoud, K. Vahideh, and A. Jahanbakhsh,
“Authentication of newly established human esophageal squa-
mous cell carcinoma cell line (YM-1) using short tandem
repeat (STR) profiling method,” Tumor Biology, vol. 37,
no. 3, pp. 3197–3204, 2016.

[21] B. Elahi, M. Mirzaee, M. Darroudi, R. K. Oskuee, K. Sadri, and
M. S. Amiri, “Preparation of cerium oxide nanoparticles in
_Salvia macrosiphon Boiss_ seeds extract and investigation
of their photo-catalytic activities,” Ceramics International,
vol. 45, no. 4, pp. 4790–4797, 2019.

[22] B. Elahi, M. Mirzaee, M. Darroudi, K. Sadri, and R. K. Oskuee,
“Bio-based synthesis of nano-ceria and evaluation of its bio-
distribution and biological properties,” Colloids and Surfaces
B: Biointerfaces, vol. 181, pp. 830–836, 2019.

[23] H. Javid, A. R. Afshari, F. Zahedi Avval, J. Asadi, and S. I.
Hashemy, “Aprepitant promotes caspase-dependent apoptotic
cell death and G2/M arrest through PI3K/Akt/NF- _κ_ B axis
in cancer stem-like esophageal squamous cell carcinoma
spheres,” BioMed Research International, vol. 2021, Article
ID 8808214, 12 pages, 2021.

[24] M. M. Razmgah, A. Ghahremanloo, H. Javid, A. AlAlikhan,
A.-R. Afshari, and S. I. Hashemy, “The effect of substance P
and its specific antagonist (a prepitant) on the expression of
MMP-2, MMP-9, VEGF, and VEGFR in ovarian cancer cells,”
Molecular Biology Reports, vol. 49, pp. 9307–9314, 2022.

[25] D. Yang, F. Deng, D. Liu et al., “The appliances and prospects
of aurum nanomaterials in biodiagnostics, imaging, drug
delivery and combination therapy,” Asian Journal of Pharma-
ceutical Sciences, vol. 14, no. 4, pp. 349–364, 2019.

[26] P. Patel, K. Kansara, R. Singh et al., “Cellular internalization
and antioxidant activity of cerium oxide nanoparticles in
human monocytic leukemia cells,” International Journal of
Nanomedicine, vol. 13, p. 39, 2018, (T-NANO 2014 Abstracts).

[27] W. Lin, Y.-w. Huang, X.-D. Zhou, and Y. Ma, “Toxicity of
cerium oxide nanoparticles in human lung cancer cells,” Inter-
national Journal Of Toxicology, vol. 25, no. 6, pp. 451–457,
2006.

[28] E.-J. Park, J. Choi, Y.-K. Park, and K. Park, “Oxidative stress
induced by cerium oxide nanoparticles in cultured BEAS-2B
cells,” Toxicology, vol. 245, no. 1-2, pp. 90–100, 2008.

[29] Y.-F. Xiao, J.-M. Li, S.-M.Wang et al., “Cerium oxide nanopar-
ticles inhibit the migration and proliferation of gastric cancer
by increasing DHX15 expression,” International Journal of
Nanomedicine, vol. 11, pp. 3023–3034, 2016.

[30] L. Alili, M. Sack, A. S. Karakoti et al., “Combined cytotoxic and
anti-invasive properties of redox-active nanoparticles in
tumor-stroma interactions,” Biomaterials, vol. 32, no. 11,
pp. 2918–2929, 2011.

10 BioMed Research International

http://globocan.iarc
http://globocan.iarc


[31] A. Velázquez-Cruz, B. Baños-Jaime, A. Díaz-Quintana, M. A.
De la Rosa, and I. Díaz-Moreno, “Post-translational control
of RNA-binding proteins and disease-related dysregulation,”
Frontiers In Molecular Biosciences, vol. 8, p. 234, 2021.

[32] G. Waris and H. Ahsan, “Reactive oxygen species: role in the
development of cancer and various chronic conditions,” jour-
nal of carcinogenesis, vol. 5, no. 1, p. 14, 2006.

[33] M. H. Raza, S. Siraj, A. Arshad et al., “ROS-modulated thera-
peutic approaches in cancer treatment,” Journal Of Cancer
Research And Clinical Oncology, vol. 143, no. 9, pp. 1789–
1809, 2017.

[34] M. Sack, L. Alili, E. Karaman et al., “Combination of conven-
tional chemotherapeutics with redox-active cerium oxide
nanoparticles—a novel aspect in cancer therapy,” Molecular
Cancer Therapeutics, vol. 13, no. 7, pp. 1740–1749, 2014.

[35] S. I. Grivennikov and M. Karin, “Dangerous liaisons: STAT3
and NF-κB collaboration and crosstalk in cancer,” Cytokine
& Growth Factor Reviews, vol. 21, no. 1, pp. 11–19, 2010.

[36] I. A. Arbab, C. Y. Looi, A. B. Abdul et al., “Dentatin induces
apoptosis in prostate cancer cells via Bcl-2, Bcl-xL, survivin
downregulation, caspase-9, -3/7 activation, and NF- κ B inhi-
bition,” Evidence-Based Complementary and Alternative Med-
icine, vol. 2012, Article ID 856029, 15 pages, 2012.

[37] H. Javid, J. Asadi, F. Zahedi Avval, A. R. Afshari, and S. I.
Hashemy, “The role of substance P/neurokinin 1 receptor in
the pathogenesis of esophageal squamous cell carcinoma
through constitutively active PI3K/Akt/NF-κB signal trans-
duction pathways,” Molecular Biology Reports, vol. 47, no. 3,
pp. 2253–2263, 2020.

[38] C.-Y. Wang, M. W. Mayo, R. G. Korneluk, D. V. Goeddel, and
A. S. Baldwin Jr., “NF-κB antiapoptosis: induction of TRAF1
and TRAF2 and c-IAP1 and c-IAP2 to suppress caspase-8 acti-
vation,” Science, vol. 281, no. 5383, pp. 1680–1683, 1998.

[39] J. Niu, K. Wang, and P. E. Kolattukudy, “Cerium oxide nano-
particles inhibits oxidative stress and nuclear factor-κB activa-
tion in H9c2 cardiomyocytes exposed to cigarette smoke
extract,” Journal Of Pharmacology And Experimental Thera-
peutics, vol. 338, no. 1, pp. 53–61, 2011.

[40] M. Sulak, G. C. Turgut, and A. Sen, “Cerium oxide nanoparti-
cles biosynthesized using fresh green walnut shell in micro-
wave environment and their anticancer effect on breast
cancer cells,” Chemistry & Biodiversity, vol. 19, no. 8,
p. e202200131, 2022.

[41] A. Asati, S. Santra, C. Kaittanis, and J. M. Perez, “Surface-
charge-dependent cell localization and cytotoxicity of cerium
oxide nanoparticles,” ACS Nano, vol. 4, no. 9, pp. 5321–5331,
2010.

[42] K. Hyoudou, M. Nishikawa, Y. Kobayashi, M. Ikemura,
F. Yamashita, and M. Hashida, “SOD derivatives prevent
metastatic tumor growth aggravated by tumor removal,” Clin-
ical & Experimental Metastasis, vol. 25, no. 5, pp. 531–536,
2008.

[43] T. Ozben, “Oxidative stress and apoptosis: impact on cancer
therapy,” Journal of Pharmaceutical Sciences, vol. 96, no. 9,
pp. 2181–2196, 2007.

11BioMed Research International


	The Anticancer Role of Cerium Oxide Nanoparticles by Inducing Antioxidant Activity in Esophageal Cancer and Cancer Stem-Like ESCC Spheres
	1. Introduction
	2. Methods and Materials
	2.1. Cell Culture and Cerium Oxide Nanoparticles
	2.2. ESCC Cell Sphere Formation
	2.3. Cell Viability Assay
	2.4. ROS Level Assay
	2.5. MDA Level Assay
	2.6. Antioxidant Gene Expression Assay
	2.7. Antioxidant Activity Assay (SOD, CAT, TAC, and Thiol)
	2.7.1. SOD Activity Assay
	2.7.2. CAT Activity Assay
	2.7.3. TAC Activity Assay
	2.7.4. Thiol Activity Assay

	2.8. Statistical Analysis

	3. Results
	3.1. Tumor Spheres Showed CSC-LC Features
	3.2. CSC-LC and YM1 Cell Lines Viability Assay
	3.3. The ROS Levels in CSC-LC and YM1 Cell Lines
	3.4. CAT Expression and Activity in CSC-LC and YM1 Cell Lines
	3.5. SOD Expression and Activity in CSC-LC and YM1 Cell Lines
	3.6. MDA Activity in CSC-LC and YM1 Cell Lines
	3.7. TAC and Thiol in CSC-LC and YM1 Cell Lines

	4. Discussion
	5. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments



