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ABSTRACT: Peritoneal carcinomatosis (PC) has an extremely poor prognosis, which leads to a significantly decreased overall
survival in patients with peritoneal implantation of cancer cells. Administration of sodium selenite by intraperitoneal injection is
highly effective in inhibiting PC. Our previous study found that selenium nanoparticles (SeNPs) have higher redox activity and safety
than sodium selenite. In the present study, we examined the therapeutic effect of SeNPs on PC and elucidated the potential
mechanism. Our results revealed that intraperitoneal delivery of SeNPs to cancer cells in the peritoneal cavity of mice at a tolerable
dose was beneficial for prolonging the survival time of mice, even better than the optimal dose of cisplatin. The underlying
mechanism involved in SeNP-induced reactive oxygen species (ROS) production caused protein degradation and apoptotic response
in cancer cells. Interestingly, N-acetyl-L-cysteine (NAC), recognized as a ROS scavenger, without reducing the efficacy of SeNPs,
enhanced ROS production and cytotoxicity. The effect of NAC was associated with the following mechanisms: (1) the thiol groups
in NAC can increase the biosynthesis of endogenous glutathione (GSH), thus increasing the production of SeNP-induced ROS and
cytotoxicity and (2) redox cycling of SeNPs was directly driven by thiol groups in NAC to produce ROS. Moreover, NAC, without
increasing the systematic toxicity of SeNPs, decreased SeNP-induced lethality in healthy mice. Overall, we demonstrated that SeNPs
exert a potential cytotoxicity effect by inducing ROS production in cancer cells; NAC effectively heightens the property of SeNPs in
vitro and in vivo.

■ INTRODUCTION

Peritoneal carcinomatosis (PC) is primarily induced through
primary tumors occurring in organs confined to the peritoneal
cavity, including ovarian, liver, stomach, pancreas, and colon.1

The treatment and prognosis of PC vary based on primary
cancer. Although therapy with the intention to cure is offered
to selected patients using cytoreductive surgery with chemo-
therapy, the prognosis remains poor for most of the patients.2,3

PC has the potential to disseminate and grow in the peritoneal
cavity. It can also lead to tumor recurrence and the formation
of malignant ascites or numerous small tumor nodules and
various sizes of tumor masses, which are refractory to
treatment and have been shown to significantly decrease
overall survival in patients with peritoneal implantation of
cancer cells.4 Intraperitoneal (ip) chemotherapy, which
provides relatively higher and longer drug half-life of
antineoplastic agents in the peritoneal cavity,5,6 is a promising

approach for treating malignancies in the peritoneal cavity
approved by the U.S. Food and Drug Administration.6

Selenium (Se) is an essential trace element with a series of
health benefits for human health including anticancer proper-
ties. Certain Se compounds, such as selenite and methyl
selenium, have a strong capacity of oxidizing thiols, thus
leading to the formation of highly reactive and unstable
metabolites, which undergo redox cycling with oxygen to form
reactive oxygen species (ROS).7 Sodium selenite is known as
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one of the most redox-active Se compounds in inducing ROS
production and a potent Se compound for inhibiting cancer
cell proliferation for a long time.8,9 Administration of sodium
selenite via ip injection is highly effective in inhibiting PC in
mice bearing murine hepatocarcinoma 22 cells (H22 cells).
The potential mechanisms involve the selective accumulation
of Se in cancer cells in the form of selenium nanoparticles
(SeNPs) and the abundant production of ROS.10 A previous
study found that intraperitoneal administration of SeNPs is an
effective and safe approach for preventing the proliferation of
cancer cells in the peritoneal cavity.11 Our latest study found
that SeNPs have higher redox activity than sodium selenite,
especially under the circumstances of limited glutathione
(GSH) and/or nicotinamide adenine dinucleotide phosphate
(NADPH) levels, known as reducing equivalents in facilitating
Se redox and biotransformation in vitro and in vivo.12 The
anticancer activity and potential mechanisms of SeNPs have
been intensively studied in certain cancer cell lines; never-
theless, the in vivo antitumor mechanisms need further
investigation. Thus, this study revisited the therapeutic effect
of SeNPs on PC in mice bearing H22 cells in the peritoneal
cavity.
N-Acetyl-L-cysteine (NAC), recognized as a ROS scavenger,

is commonly used as a tool for studying the mechanisms or
explaining the consequences of oxidative stress in vitro and in
vivo and as a therapeutic drug for antioxidant treatment in
clinics.13,14 The redox chemistries of the group XVI elements,
oxygen and sulfur (Figure 1), are due to the central role of

NAC in biology.14 Nevertheless, a dual effect of NAC on
selenite cytotoxicity has been revealed in HepG2 cells because
NAC is a direct ROS scavenger and a precursor for the
biosynthesis of GSH,13,15 which acts as either a well-recognized
antioxidant to protect cell viability or a unique pro-oxidant for
enhancing selenium-based ROS production and cytotoxicity.15

However, the interactions between NAC and SeNP-induced
oxidative stress and apoptosis of cancer cells have not yet been
reported. In the present study, we revealed the influences of
NAC on the antineoplastic effects of SeNPs and elucidated the
potential mechanism of action. Understanding the unique
association between NAC and SeNP-induced oxidative stress
and apoptosis of cancer cells may help to explain the
controversy in the literature over the complex relationship
between selenium and NAC and ultimately the anticancer
properties of selenium.

■ RESULTS AND DISCUSSION
Therapeutic Effect of SeNPs in Mice Bearing H22

Cells in the Peritoneal Cavity. Transmission electron
microscopy (TEM) observation and dynamic light scattering
(DLS) analysis showed that the mean size of SeNPs used in
this study was 40 nm (Figure 2A,B). Since a previous study
suggested that intraperitoneal administration of SeNPs is an
effective and safe approach for preventing and inhibiting the
proliferation of cancer cells in the peritoneal cavity,11 herein,
we investigated the therapeutic effect of SeNPs in mice bearing

H22 cells. First, we evaluated the effect of SeNPs on
prolonging survival in mice bearing H22 cells. H22 model
mice were ip injected with saline as control or SeNPs (3 mg
Se/kg) once. Without therapy, cancer cells in the peritoneal
cavity proliferated quickly as indicated by the abnormal body
weight gain (Figures S1 and 2C) and the median survival time
was only 8 days following inoculation with H22 cells (Figure
2D). On the contrary, SeNPs significantly suppressed the
proliferation of cancer cells that was manifested by the
decreased body weight in the first 3 days post SeNP treatment
and the slower body weight gain in the next few days compared
with the control (Figure 2C). Consequently, the median
survival time increased to 24 days (Figure 2D) without obvious
side effects. Thus, a higher dose of SeNPs (4 mg Se/kg) was
used to explore its therapeutic potential; 9 mg/kg cisplatin was
used in parallel for comparison.
Cisplatin at the dose of 9 mg/kg appeared as an optimal

dose in this model. Evidence showed that a dose of 10 mg/kg
triggered severe systemic toxicity, while a dose of 5 mg/kg was
insufficient to effectively kill cancer cells,16 and a weekly ip
injection of cisplatin at a dose of 8 mg/kg once, twice, or thrice
presented a similar effect in the model.12 Thereby, to enhance
the performance of cisplatin in prolonging survival without
toxicological sequelae, 9 mg/kg cisplatin was chosen. Cisplatin
was more efficient in suppressing body weight gain of mice
than SeNPs (Figure 2E), but the medium survival time was
only 12 days (Figure 2F), thus highlighting that the excessive
body weight suppression was attributed to systemic toxicity
rather than anticancer effect. Again, SeNPs significantly
increased the median survival time of the highly malignant
tumor model mice to 22 days (Figure 2F) at a highly tolerable
dose of 4 mg Se/kg. Next, we studied the bioeffects in the
early-stage post ip injection of SeNPs in mice bearing H22 cells
for expounding the anticancer mechanism of SeNPs.

Rapid Apoptotic Response of H22 Cells Post SeNP
Administration In Vivo. H22 model mice were ip injected
with saline as control or SeNPs (4 mg Se/kg). Cancer cells in
the peritoneal cavity quickly proliferated to approximately 100
million (Figure 3A) after 2 days of inoculation. SeNPs
markedly suppressed cancer cell proliferation in a time-
dependent manner (Figures 3A and S2). The morphological
or apoptotic volume decrease of cancer cells was observed at 3
h after the injection (Figure 3B). At 24 h post treatment,
SeNPs caused pronounced protein degradation (Figure 3C),
indicating that cells suffered serious damage. Thus, we tested
apoptotic response factors at 3 h post the injection. Apoptosis-
associated proteins including caspase 9 and poly(ADP-ribose)
polymerase (PARP) were downregulated, and cleaved PARP
was upregulated (Figure 3D); prosurvival-associated proteins
including AKT and NF-κBp65 were suppressed (Figure 3E);
tissue injury and DNA repair-associated protein γ-H2AX was
induced (Figure 3F); DNA repair-associated mRNA XPC was
decreased (Figure 3G); and growth arrest and DNA damage-
associated mRNAs including gadd45β and γ were increased
(Figure 3G). These results suggested that cancer cells in the
peritoneal cavity of mice suffered serious DNA damage and the
apoptosis was already initiated at 3 h after SeNP treatment.
The anticancer activities of SeNPs have been studied in several
cancer cell lines; however, the mechanisms remain unclear and
need further study. Therefore, next, we explored the potential
mechanism of SeNP-induced H22 cell death.

SeNP-Induced ROS Productions in H22 Cell Suspen-
sion and H22 Cell Lysate. SeNPs dose-dependently induced

Figure 1. Chemical structures of NAC, Cys, and GSH.
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ROS production in the suspension of H22 cells (Figure 4A).
But the increased ROS that was induced by SeNPs were
effectively suppressed when CDNB (antagonist of GSH)17 was
added to the suspension of H22 cells (Figure 4B). This is
consistent with our previous study that GSH can dose-
dependently stimulate redox and biotransformation of SeNPs
to produce ROS in a pure enzyme system.11,18 NAC,
recognized as a ROS scavenger,19,20 increased SeNP-induced
ROS production in a dose-dependent manner (Figure 4C) but
without suppressing the ROS levels as expected. To verify the
results above obtained, we evaluated SeNP-related ROS
production in the lysate of H22 cells. As expected, SeNPs
dose-dependently increased ROS production (Figure 4D), the
addition of CDNB dampened ROS levels (Figure 4E), and
again, the addition of NAC enhanced ROS production (Figure
4F). These results reinforce the notion that intracellular GSH
has an essential role in promoting SeNP biotransformation and
ROS production, especially when GSH is the most abundant
thiol-containing small molecule in cells.21 However, the cross

talk between selenium and NAC in inducing ROS production
has not been well elaborated. In the present study, we found
that NAC participates in the redox and biotransformation of
SeNP, which has not been reported hitherto. Thereby, we
tested the influence of NAC on SeNP-induced cytotoxicity in
vitro and in vivo.

Effects of NAC on SeNP-Induced Cytotoxicity In Vitro
and In Vivo. HepG2 cells were seeded in 96-well plates at a
density of 50 000 cells per well for 24 h before experiment and
were treated with SeNPs for another 24 h. SeNPs dose-
dependently decreased viable cells at 24 h after treatment
(Figure 5A), and the addition of NAC enhanced the cell-killing
effect of SeNPs in a dose-dependent manner (Figure 5B).
Similar results were also observed in the Tca8113 cell line
(Figure 5C). Subsequently, we investigated the effects of NAC
on SeNP-induced cytotoxicity in mice bearing H22 cells.
Mice were randomly divided into a SeNP-treated group and

a SeNP-plus-NAC-treated group (n = 6/each). Mice in the
SeNPs plus NAC group were ip injected with NAC (150 mg/

Figure 2. Therapeutic effects of SeNPs in mice bearing H22 cells in the peritoneal cavity. (A) TEM analysis of SeNPs. (B) Size distribution of
SeNPs detected by DLS. Experiment 1. Survival of mice after treatment with SeNPs. Mice (n = 6/group) were ip injected with saline as control or
SeNPs (3 mg Se/kg). (C) Body weight. (D) Survival time. Experiment 2. Survival of mice after treatment with SeNPs or cisplatin. Mice (n = 10)
were ip injected with saline as control, SeNPs (4 mg Se/kg), or cisplatin (9 mg/kg). (E) Body weight. (F) Survival time. Data are presented as the
mean ± standard error of the mean (SEM). **P < 0.01 and ***P < 0.001 compared to the control group; #P < 0.05, ##P < 0.01, and ###P < 0.001
compared to the cisplatin group.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c01034
ACS Omega 2020, 5, 11710−11720

11712

https://pubs.acs.org/doi/10.1021/acsomega.0c01034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01034?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01034?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01034?ref=pdf


kg) at 24 h after H22 cells were inoculated; all mice were ip
injected with SeNPs (2 mg Se/kg) at 48 h postinoculation, and
all mice were sacrificed after 1 h post-SeNP administration.
Results showed that SeNPs plus NAC presented a higher

inhibiting effect than SeNPs alone on H22 cells in the
peritoneal cavity of mice (Figure 6A). Research has shown that
GSH has a crucial role in cell defense mechanisms by acting as
an antioxidant or conjugating with toxic electrophiles.22,23 The

Figure 3. SeNP-triggered apoptotic responses of H22 cells in mice. Experiment 3. H22 model mice (n = 6/group) were ip injected with saline as a
control, or SeNPs (4 mg Se/kg); mice in control and SeNP (3 h) groups were sacrificed at 3 h post the injection; mice in the SeNP (24 h) group
were sacrificed at 24 h. (A) Viable cells. (B) Cellular morphology at 3 h post treatment. (C) Illustration of protein degradation at 24 h post
treatment (n = 2/group). (D) Apoptosis-associated proteins. (E) Prosurvival-associated proteins. (F) γ-H2AX protein. (G) Tissue injury and DNA
repair-associated mRNA levels. Data are presented as the mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 compared to control.
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sensitivity of cancer cell lines to chemotherapeutic agents is
inversely correlated with intracellular GSH levels.24−27 A
positive correlation between the elevation of intracellular GSH
levels and resistance to several chemotherapeutic agents (such
as platinum or alkylating agents) has been established.25,28,29

Nevertheless, our previous study revealed that the key
components in promoting Se biotransformation, including
Grx-coupled GSH and Trx systems, were not compromised by
treatment with sodium selenite or SeNPs when intracellular-
pronounced apoptotic responses were initiated.10,12 SeNPs
plus NAC treatment increased the most abundant thiol-
containing small molecule GSH levels in cells (Figure 6B),
showing that SeNPs can efficiently utilize GSH to generate
excessive ROS and inhibit cancer cells when SeNPs were
selectively accumulated in cancer cells post treatment.11,12

Selenium compounds, involving selenomethionine and selen-
ite, can effectively reduce the multidrug resistance that is
caused by cisplatin and the carboplatin-induced increase in

intracellular GSH levels,30−32 thus prolonging the effectiveness
of a repetitive platinum complex in human ovarian tumor
xenograft treatment.31,33 Apoptotic shrinkage (Figures 3B
and6C) and higher proliferation inhibition (Figure 6B,C,A)
suggested that the increased GSH levels in H22 cells (Figure
6B), without inducing cell resistance to SeNPs, enhanced
cytotoxicity (Figure 6A).
Another experiment was performed to investigate the dose

effect of NAC on intracellular GSH levels. Mice were randomly
divided into four groups (n = 6/each) and were ip injected
with saline as control, or NAC (50, 150, or 300 mg/kg) at 24 h
post H22 cell inoculation. Mice were sacrificed after 24 h post
NAC administration. NAC (150 mg/kg) increased intracellular
GSH levels by 37% without a significant statistical difference
because of the large individual differences; 300 mg/kg NAC
significantly increased intracellular GSH levels by 47% (Figure
6D), which is the key element to enhance SeNP-induced ROS
production and cytotoxicity with the co-administration of

Figure 4. SeNP-induced ROS productions in H22 cell suspension and lysate. Experiments were carried out at 37 °C in H22 cell suspension. (A)
Dose effect of SeNPs. (B) Effect of CDNB. (C) Effect of NAC. Experiments were carried out at 25 °C in the lysate of H22 cells. (D) Dose effect of
SeNPs. (E) Effect of CDNB. (F) Influence of NAC. Experiments were carried out in cell suspension or cell lysate in the presence of 50 μM DCFH-
DA. The cell suspension and cell lysate were preincubated with CDNB for 10 min at the indicated concentration and temperature, respectively.
Data are presented as the mean of two replicates; the error bar represents the range. In some data points, the range was smaller than the symbol.
The vehicle control has been subtracted from the treatments.
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SeNPs and NAC. Nevertheless, these results raised a concern
whether NAC could increase the systemic toxicity of SeNPs,
which was further explored through safety evaluation. Healthy
mice were randomly divided into the following five groups (n =
8/each): NAC (250 mg/kg), SeNPs (5 or 6 mg Se/kg), and
SeNPs (5 or 6 mg Se/kg) plus NAC (250 mg/kg). Mice in
NAC and SeNPs plus NAC groups were ip injected with NAC
(250 mg/kg); 24 h later, mice in SeNPs and SeNPs plus NAC
groups were ip injected with SeNPs (5 or 6 mg Se/kg). Results
showed that the administration of SeNPs (5 or 6 mg/kg) led
to 25 or 50% survival in healthy animals (Figure 6E), while the
co-administration of NAC (250 mg/kg) increased the survival
to 87.5 or 100% (Figure 6E), indicating that NAC decreases
systemic toxicity of SeNPs.
Redox Cycling of SeNPs Driven by GSH and/or NAC

in Chemical Systems. Research showed that the basal GSH
level in H22 cells was approximately 3.5 nmol per million cells,
and the basal selenium level in H22 cells was approximately 8
pmol per million cells.11,34,35 Since intracellular selenium levels
increased more than one hundred times in H22 cells of
peritoneal cavity post therapeutic doses of selenium were
delivered by ip injection,11,12 the molar ratio of GSH/Se in
H22 cells from mice ranged from 1 to 4. SeNPs could be used
as a superior Se species in such a low ratio of GSH/Se because
SeNPs that present higher redox activity than selenite when
reducing equivalents are limited.8,12 Yet, sufficient reducing
equivalents could enhance ROS production especially when
the molar ratio of GSH/Se is at the range of 25.7−257.8
Indeed, we found that both GSH and NAC dose-dependently
induced ROS production in chemical systems at the ratio of 20
and 100 (Figure 7A,B). When the ratio of GSH/Se was set at
1, which is known as an inadequate reducing equivalent

circumstance, NAC dose-dependently enhanced ROS produc-
tion (Figure 7C); when the ratio of NAC/Se was set at 1, GSH
also enhanced ROS production in a dose-dependent manner
(Figure 7D). NAC as a precursor of GSH can facilitate
intracellular GSH biosynthesis by increasing the supply of
cysteine (Cys) sulfhydryl group,14,15 which is the core
constituent of GSH and NAC (Figure 1). The thiol (−SH)
in Cys, NAC, and GSH (Figure 1) can promote the
biotransformation of selenium compounds with redox activity,7

but GSH was more efficient in promoting SeNP metabolism
compared with NAC or Cys as indicated by the ROS
production (Figures 7E and S3A) and ROS formation kinetics
(Figures 7F and S3B).
In summary, the present study found that intraperitoneal

delivery of SeNPs to cancer cells in the peritoneal cavity of
mice at a tolerable dose was beneficial for prolonging survival
time of mice, even better than the optimal dose of cisplatin.
The underlying mechanism involved SeNP-induced abundant
ROS production and pronounced apoptotic responses. The
thiol groups in NAC increased the biosynthesis of endogenous
GSH, thus promoting the biotransformation of SeNPs;
moreover, the thiol groups in NAC directly participated in
the redox cycling of SeNPs. Both aspects contributed to the
increased ROS production and the enhanced cytotoxicity when
intracellular reducing equivalents were limited by therapeutic
doses of SeNPs that were delivered by ip injection. However,
NAC, without increasing the systematic toxicity of SeNPs,
decreased SeNP-induced lethality in healthy mice. Overall, the
present study demonstrated that SeNPs have a potent
cytotoxic effect by inducing ROS production and NAC can
effectively heighten the property of SeNPs in vitro and in vivo.

Figure 5. Effects of NAC on SeNP-induced cancer cell proliferation inhibition in vitro. (A) Dose effect of SeNPs. (B) Influence of NAC on SeNP-
induced cytotoxicity in HepG2 cells. (C) Influence of NAC on SeNP-induced cytotoxicity in Tca8113 cells. Data are presented as mean ± SEM (n
= 6). **P < 0.01, ***P < 0.001 compared to control; #P < 0.05, ##P < 0.01, and ###P < 0.001 compared to SeNPs.
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There are several limitations in the present work: (1)
compound containing free sulfhydryl groups, like cysteine,
could be considered the precursor of GSH. Figure S3 shows
that SeNPs can be driven by cysteine to produce ROS in a
dose-dependent manner in a chemical system, indicating that
cysteine may possess an effect similar to that of NAC.
However, whether cysteine enhances the cytotoxicity by
increasing selenium-induced ROS levels in mice bearing H22
cells remains unclear. (2) Zhong et al. indicated that
superoxide dismutase (SOD) can protect against cytotoxicity
of selenite by decreasing superoxide radicals induced by
selenite in human prostate cancer cells;36 we also validated this
conclusion with gallic acid (GA) as an antioxidant dose-
dependently scavenged ROS induced by selenite, thus reducing
ROS levels and cytotoxicity in TCA8113 oral cancer cells.10

However, the role of ROS in the enhanced cytotoxicity by
SeNPs using antioxidants or overexpression of antioxidant
enzymes has not been well illustrated in the present study,
though SeNPs dose-dependently induce ROS production, thus

killing cancer cells in a dose-dependent manner in mice
bearing H22 cells.12

■ MATERIALS AND METHODS

Chemicals and Drugs. Reduced glutathione (GSH),
bovine serum albumin (BSA), 5,5′-dithiobis (2-nitrobenzoic
acid) (DTNB), cisplatin, sodium selenite, 1-chloro-2,4-
dinitrobenzene (CDNB), and N-Acetyl-L-cysteine (NAC)
were all obtained from Sigma (St. Louis, MO). Radio-
immunoprecipitation assay (RIPA) reagent and bicinchoninic
acid (BCA) protein assay kit were purchased from Beyotime
Biotechnology (Shanghai, China). The primary antibodies
against β-actin, protein kinase B (AKT), and nuclear
transcription factor kappa-Bp65 (NF-κBp65) were acquired
from Santa Cruz Biotechnology (Dallas, TX). The primary
antibodies against phosphorylated histone 2AX (γ-H2AX),
caspase 9, PARP, and antirabbit IgG, as well as antimouse IgG
secondary antibodies, were all obtained from Cell Signaling
Technology, Inc. (Boston, MA). ECL Plus reagent and

Figure 6. Influence of NAC on the effects of SeNPs in vivo. Experiment 4. Mice in the SeNPs plus NAC group were ip injected with NAC (150
mg/kg) at 24 h post H22 cell inoculation, and then, all mice (n = 6) were ip injected with SeNPs (2 mg Se/kg) at 48 h post the inoculation. Mice
were sacrificed at 1 h post SeNP administration. (A) Viable cells. (B) Intracellular GSH levels. (C) Cellular morphology. Experiment 5. Mice (n =
6/group) were ip injected with NAC at indicated doses at 24 h post H22 cell inoculation and were sacrificed at 24 h post NAC administration. (D)
Intracellular GSH levels. Experiment 6. Mice in NAC and SeNPs plus NAC groups were ip injected with NAC; 24 h later, mice in SeNPs and
SeNPs plus NAC groups were ip injected with SeNPs. (E) Survival time. #P < 0.05, ###P < 0.001 compared to SeNPs.
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poly(vinylidene difluoride) (PVDF) membrane were pur-
chased from Bio-Rad Laboratories, Inc. (Hercules, California).
Other chemicals were of the highest grade available.
Preparation of Elemental Se Nanoparticles and

Characterization. SeNPs were prepared in a redox system
of sodium selenite and GSH with BSA as a stabilizer.37−39

Transmission electron microscopy (TEM, HT7700, Hitachi,
Tokyo, Japan) and dynamic light scattering (DLS, DelsaMax
PRO, Beckman, Krefeld, Germany) were used to observe and
analyze the average diameter of SeNPs.
Evaluation of Redox Cycling of SeNPs In Vitro. ROS

levels were measured in the presence of 50 μM 2′,7′-
dichlorofluorescin diacetate (DCFH-DA); fluorescence inten-
sity of the DCFH-DA oxidation product was detected at an
excitation wavelength of 488 nm and an emission wavelength
of 525 nm in a microplate reader (Molecular Devices,
Sunnyvale, CA). The reaction volume in all experiments was
adjusted to 200 μL with 50 mM PBS (1 mM EDTA-Na2, pH
7.5) or cell lysates. Experiments using GSH or NAC and
experiments using cell lysate were carried out at 37 and 25 °C,
respectively.
Animals and H22 Model Mice. Male Kunming mice

(20−22 g) and animal diet were all purchased from Shanghai
SLAC Laboratory Animal Co. Ltd. (Shanghai, China). Mice
were housed at a controlled temperature of 22 ± 2 °C, relative
humidity of 45 ± 10%, and 12 h light−dark cycles; they were
provided with standard laboratory chow and tap water ad
libitum. All animal studies (including the mice euthanasia

procedure) were done in compliance with the regulations and
guidelines of Jinan University (Guangzhou, China) institu-
tional animal care and conducted according to the AAALAC
and the IACUC guidelines.
H22 cells were obtained from Shanghai SLAC Laboratory

Animal Co. Ltd., China, and propagated in the peritoneal
cavity of mice. H22 cells were maintained in our laboratory. In
brief, an ascitic fluid of 0.2 mL that contained 20 million viable
cells was injected into the peritoneal cavity of mice, and the
transplantation procedure was performed once a week. Forty-
eight hours post H22 cells were inoculated, highly malignant
H22 model mice were used for different experiments. The key
parameters of animal experiments included the route of
administration, experimental period, drug dose, and animal
number, which are presented in the corresponding figure
legends.

Cell Culture. Human hepatocellular carcinoma (HCC) cell
line HepG2 was obtained from the Stem Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). Human
squamous cell carcinoma Tca8113 was obtained from the Key
Laboratory of Oral Biomedicine of Shanghai Jiao Tong
University, China. Both cell lines were maintained in Roswell
Park Memorial Institute (RPMI)-1640 medium supplemented
with 10% (v/v) fetal calf serum, 100 U/mL penicillin, and 100
μg/mL streptomycin at 37 °C under 95% air and 5.0% CO2.
The medium for HepG2 cells additionally contained 2 mM L-
glutamine.

Figure 7. SeNP-induced ROS production in GSH and/or NAC systems. (A) Dose effect of GSH on SeNP-induced ROS production. (B) Dose
effect of NAC on SeNP-induced ROS production. (C) Dose effects of NAC on SeNP-induced ROS production in the presence of GSH. (D) Dose
effects of GSH on SeNP-induced ROS production in the presence of NAC. (E) Comparison between GSH and NAC in driving SeNP-induced
ROS production. (F) ROS formation kinetics at the molar ratios (GSH/Se or NAC/Se) of 20 and 100. Experiments were carried out in 50 mM
PBS (1 mM ethylenediamine tetraacetic acid disodium (EDTA-Na2), pH 7.5) at 37 °C in the presence or absence of 50 μM DCFH-DA. Data are
presented as the mean of two replicates; the error bar represents the range. In some data points, the range was smaller than the symbol. The vehicle
control has been subtracted from the treatments. *P < 0.05, **P < 0.01 compared to the GSH/SeNPs group.
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3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
Bromide (MTT) Assay. Cells were transferred to 96-well
culture plates at a density of 50 000 cells per well for 24 h for
full attachment before experiment. The attached cells were
treated with SeNPs diluted in the full medium for 24 h, after
which the medium was removed and 200 μL of fresh RPMI-
1640 medium containing 100 mg of MTT was added to each
well. After incubating for 4 h, the medium was replaced with
150 μL of dimethyl sulfoxide (DMSO), after which the
absorbance at 490 nm was measured.
H22 Cell Collection. At the end of the animal experiment,

H22 model mice were sacrificed by cervical dislocation; H22
cells suspended in the ascitic fluid were harvested and
centrifuged at 400 g for 5 min. The cells were then washed
twice with ice-cold saline and viable cells were counted in a
hemocytometer using the trypan blue dye exclusion method.
GSH Detection. For the predominant intracellular non-

protein free thiol GSH assay, immediately after H22 cells (50
million/mL saline) were sonicated on ice for 2 min with a 3 s
interval, a volume of cell lysis was removed and mixed with
trichloroacetic acid (20%, w/v) to precipitate protein at a ratio
of 10:1 in volume and then centrifuged at 12 000g and 4 °C for
5 min. Within 2 h after the centrifugation, the resulting
supernatant was mixed with DTNB and read at 412 nm. GSH
was presented as nmol/mg protein.40,41

Preparation of H22 Cell Lysate. H22 cells were mixed
with lysis solution containing 0.1 M Tris−HCl (pH 8.0), 10
mM EDTA-Na2, and 0.05% (v/v) Triton X-100 at a ratio of
10 million cells/mL. The mixture was sonicated on ice for 2
min with a 3 s interval and then was centrifuged at 5000 rpm
for 10 min at 4 °C. The supernatant was collected for the
measurement of SeNP-induced ROS.
Intracellular ROS Measurement. H22 model mice were

sacrificed by cervical dislocation, and H22 cells were collected
by centrifugation (500g for 5 min at 4 °C) and washed with
saline; the same procedure was performed twice. Finally, the
cells were resuspended in 1640 serum-free medium for ROS
detection by the aforementioned microplate reader using a 488
nm excitation wavelength and a 525 nm emission wavelength.
Each sample was adjusted to 200 μL with 1640 serum-free
medium, which contained 20 million/mL viable H22 cells, 50
μM DCFH-DA, and indicated concentrations of SeNPs,
CDNB, or NAC. Experiments were carried out at 37 °C.
RNA Isolation and Analysis of mRNA Transcription

Level by Real-Time Polymerase Chain Reaction (PCR).
Total RNA was extracted using TRIzol reagent (Takara
Biotechnology) according to the manufacturer’s protocol.
RNA samples with A260nm/A280nm between 1.8 and 2.2 were
used for RT-PCR. The cDNA was prepared using 50 ng of
total RNA, oligo dT primer, and PrimeScript RT Enzyme Mix
(RT-for-PCR kit, Takara Biotechnology) according to the
manufacturer’s instructions in a total volume of 20 μL. Real-
time PCR was performed on a CFX System (Bio-Rad). ΔCT
values were determined by normalization to RPs6. Fold change
values were calculated using the 2−(ΔΔCT) method. The gene-
specific primers are shown in Table 1.
Western Blot Analysis. Total protein concentrations of

H22 cells extracted with the RIPA reagent were determined by
the BCA protein assay kit. Briefly, protein extracts were boiled
with loading buffer at 95 °C for 10 min, then separated by 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred onto a PVDF membrane. After
blocking with 5% nonfat dried milk in Tris-buffered saline with

0.05% Tween 20 (TBS-T) for 120 min at room temperature,
the membrane was incubated with primary antibody diluted in
TBS-T overnight at 4 °C according to the dilution ratio
provided by the manufacturer. Then, the membrane was
washed and incubated with a secondary antibody (2500−5000
dilution) for 60 min at room temperature and then washed
three times with TBS-T for 30 min and one time with TBS for
10 min. Antibody bindings were detected using the ChemiDoc
XRS + detection system (ECL, Bio-Rad). The Quantity One
Image Analyzer software program (Bio-Rad) was used for
densitometric analysis.

Statistical Analysis. Data are presented as means ± SEM.
The significant differences between groups were examined by
Student′s t-test or one-way analysis of variance (ANOVA) post
hoc Tukey or Dunnett test, as appropriate. The log-rank test
was used for survival comparison. Differences in body weight
were examined by two-way ANOVA. All statistical analyses
were performed using Prism (GraphPad Software, Inc., La
Jolla, CA). A P-value of <0.05 was considered statistically
significant.
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