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In the article titled “IMCA Induces Ferroptosis Mediated by
SLC7A11 through the AMPK/mTOR Pathway in Colorectal
Cancer” [1], the authors have identified that the panels in
Figure 2(h) were incorrectly duplicated due to an error in
manuscript preparation. The corrected image is provided
below.
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Cold atmospheric plasma (CAP) has been recognized as a potential alternative or supplementary cancer treatment tool, which is
attributed by its selective antiproliferation effect on cancer cells over normal cells. Standardization of the CAP treatment in
terms of biological outputs such as cell growth inhibition and gene expression change is essential for its clinical application. This
study aims at identifying genes that show consistent expression profiles at a specific CAP condition, which could be used to
monitor whether CAP is an appropriate treatment to biological targets. To do this, genes showing differential expression by two
different CAP treatment conditions were screened in the MCF-7 breast cancer cells. As a result, ZNRD1 was identified as a
potential marker with being consistently upregulated by 600 s but downregulated by the 10 × 30 s CAP treatment scheme.
Expression of ZNRD1 was increased in breast cancer tissues compared to normal tissues, judged by cancer tissue database
analysis, and supported by the antiproliferation after siRNA-induced downregulation in MCF-7. Interestingly, the antisense long
noncoding RNA (lncRNA) of ZNRD1, ZNRD1-AS1, was regulated to the opposite direction of ZNRD1 by CAP. The siRNA-
based qPCR analysis indicates that ZNRD1 downregulates ZNRD1-AS1, but not vice versa. ZNRD1-AS1 was shown to increase
a few cis-genes such as HLA-A, HCG9, and PPP1R11 that were also regulated by CAP. Altogether, this study identified a pair of
gene and its antisense lncRNA of which expression is precisely controlled by CAP in a dose-dependent manner. These genes
could help elucidate the molecular mechanism how CAP regulates lncRNAs in cancer cells.

1. Introduction

Cold atmospheric plasma (CAP) is a specific type of plasma
produced at low atmospheric temperature. CAP consists of
charged particles, free radicals, neutral atoms, ultraviolet
(UV) photons, and reactive oxygen and nitrogen species [1,
2]. When CAP is applied to biological materials ranging from
cultured cells to xenografted tumor tissues, it successfully
induces cell death [3–5]. Above all, CAP has the advantage
of preferentially damaging cancer cells over normal cells.
This is attributed to the higher ROS level in cancer cells than
in normal cells [6]. CAP increases the ROS level in both cell
types, but the resulting ROS level in cancer cells is past the

threshold of cellular survival, leading to cell death, while still
below the threshold in normal cells [7, 8]. This characteristic
of CAP has been utilized in various cancer cell types for
cancer treatment in vitro cultures cells and in vivo animal
models [9–11].

In the course of using CAP as a medical treatment option,
one of the pivotal considerations is to standardize the whole
process from the plasma-generating apparatus through the
composition of medium to the response of target cells. The
plasma sources are relatively well established for standardiza-
tion [12, 13]. Currently, two types of devices have been devel-
oped: DBD and jet type [14]. In both types, the treatment
conditions can be represented using V and Hz with time set

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2020, Article ID 9490567, 9 pages
https://doi.org/10.1155/2020/9490567

https://orcid.org/0000-0002-8951-6008
https://orcid.org/0000-0002-3822-2341
https://orcid.org/0000-0001-5385-1878
https://orcid.org/0000-0001-6818-3956
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/9490567


for the required duration. Park et al. applied 0.46 kV and
12.89 kHz for 600 s, which caused MCF-7 breast cancer cell
apoptosis of up to 13.5% [3]. In another study, plasma treat-
ment of 20 kV and 500Hz for 120 s induced Jurkat leukemia
cancer cell apoptosis of up to 26.6% [15]. The response of
cells to plasma is also affected by the composition of media
added to the cultured cells [16–18]. The need for standardi-
zation of media is more essential in the case of using CAP
indirectly, via plasma-treated medium (PTM). In this case,
the concentration of specific chemicals dissolved in the
media is determined. Hattori et al. used PTM to treat
Capan-2 pancreatic cancer cells, inducing 47% cancer cells
apoptosis [19].

The top priority of standardization is the outcome of cel-
lular and/or molecular change induced by CAP. The efficacy
of CAP can be expressed with the percentage of cells that are
induced to death. However, standardization is not easy,
because the death rate is vulnerable depending on the origin
of cultured cells and culture conditions [20, 21]. As the
molecular change, including RNA and protein expression,
is the eventual response by CAP, searching for marker genes
that show expression change in proportion to the CAP
energy will contribute to establishing the standardization of
CAP treatment. To date, various genes have been identified
as having expression affected by plasma. Among them,
DNA damage- and apoptotic pathway-related genes such as
γ-H2AX [22] and caspases [10, 23] have been frequently
identified. In spite of the large number of affected genes,
few studies have shown the association between the gene
expression level and the CAP treatment condition, which is
an essential requisite to establish marker genes.

In this study, we identified ZNRD1 and its antisense long
noncoding RNA (lncRNA) ZNRD1-AS1, the expression of
which was increased or decreased in two different CAP treat-
ment conditions. In addition, the regulatory relationship of
the two genes was elucidated through inhibition study of
each gene. These genes, to the best of our knowledge, are
the first pair of a coding gene and antisense lncRNA to show
opposite expression by different CAP energies.

2. Materials and Methods

2.1. Cell Culture and CAP Treatment. Human breast cancer
cell lines MCF-7 and T-47D and a normal cell line, MCF-
10A, were purchased from the American Type Culture Col-
lection (ATCC). Cancer cell lines were cultured in RPMI1640
(Gibco, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum and 2% penicillin and streptomycin.
MCF-10A was cultured in MEGM (Lonza, Basel, Switzer-
land) supplemented with the MEGM SingleQuot Kit and
100ng/mL cholera toxin. All cells were incubated in a
humidified cell incubator with 5% CO2 at 37

°C. The mesh–
dielectric barrier discharge- (DBD-) type CAP device was
developed at the Plasma Bioscience Research Center of
Kwangwoon University (Seoul, Korea) (Figure S1) [24].
The effect of CAP on the production of reactive oxygen or
nitrogen species was examined in our previous study [25].
The voltage, current, and frequency of the CAP were
0.38 kV, 12.6mA, and 12.9 kHz, respectively (Table S1).

CAP was generated with 1 L/min argon gas and exposed 10
times for 30 s every hour or in single treatment for 600 s to
the cells at a 4mm distance from the surface of the medium.

2.2. Cell Transfection. siRNAs for ZNRD1 and ZNRD1-AS1
were synthesized by Bioneer (Daejeon, Korea) and Qiagen
(Redwood City, CA, USA), respectively. A control siRNA
(siNC) was synthesized by Bioneer. Cells were seeded in
60mm plates and transfected at a final concentration of 20
or 40 nM using Lipofectamine RNAi MAX (Invitrogen,
Carlsbad, CA, USA) in serum-free Opti-MEM I Medium
(Gibco) according to the manufacturer’s protocol. RNA
extraction and functional assay were performed 24 h after
transfection. The sequence of siRNAs is shown in Table S2.

2.3. Colony Formation Assay. For colony formation assay, 5
× 103 cells were seeded in 60mm plates with 2mL medium.
CAP treatment was performed 24 h after transfection and the
cells were maintained for 14 days. The colonies were gently
washed with PBS, fixed with methanol/acetic acid (7 : 1),
and then stained with 0.2% crystal violet (Sigma-Aldrich,
St. Louis, MO, USA). The relative colony area was analyzed
using the ImageJ software [26].

2.4. Cell Proliferation Assay. The cells were seeded in a 96-
well plate at a density of 2 × 103 cells/well and transfected
with siRNAs. CAP treatment was performed 24 h after trans-
fection, and the cell growth rate was monitored at 0, 24, 48,
96, and 144h. At each time point, 10μL of CCK-8 solution
(Dojindo, Kumamoto, Japan) was added to each well, and
the absorbance was measured after 1 h using a microplate
reader at 450 nm.

2.5. Quantitative Real-Time RT-PCR (qPCR). Total RNA was
isolated using the AllPrep DNA/RNA/miRNA Universal Kit
(Qiagen) with a 50μL elution volume according to the man-
ufacturer’s protocol. cDNA was synthesized from 2μg of
RNA using the ReverTra Ace qPCR RT Master Mix with
gDNA remover (Toyobo, Osaka, Japan). qPCR was per-
formed using a KAPA SYBR Fast qPCR Kit (Kapa Biosys-
tems, Woburn, MA, USA) on the ABI 7300 instrument
(Applied Biosystems, Foster City, CA, USA). GAPDH was
used for normalization and calculated using the 2-ΔΔCt

method. Primer sequences used for qPCR are listed in
Table S2.

2.6. Methylation-Specific Polymerase Chain Reaction (MSP).
Chromosomal DNA was extracted using the AllPrep
DNA/RNA/miRNA Universal Kit (Qiagen) with a 50μL elu-
tion volume. Bisulfite conversion was conducted using 1μg
of DNA with an EZ DNA methylation Kit (Zymo Research,
Irvine, CA, USA) on the ABI 7300 instrument (Applied
Biosystems). A methylation index (β) was calculated for each
sample using the following formula: methylation index = 1/
½1 + 2−ðCTu−CTmeÞ� × 100%. CTu is the average cycle thresh-
old (CT) obtained from PCR analysis using the unmethylated
primer pair, and CTme is average CT obtained using the
methylated primer pair. Primer sequences used for MSP are
listed in Table S2.

2 Oxidative Medicine and Cellular Longevity



2.7. Statistical Analysis. The methylation data for the CpG
at the ZNRD1 promoter in breast cancer patients was
retrieved from the TCGA Wanderer database (http://www
.maplab.imppc.org/wanderer). The expression data for
ZNRD1 and ZNRD1-AS1 was retrieved from the GEPIA
database (http://gepia.cancer-pku.cn). All experimental
results were independently performed at least three times
and analyzed by the two-sided Student’s t-test. Differences
were considered statistically significant when the P value
was lower than 0.05.

3. Results

3.1. ZNRD1 and ZNRD1-AS1 Are Oppositely Regulated by
CAP. In our previous genome-wide methylation analysis, a
specific CpG site near the ZNRD1 promoter (-760 from the

transcription start site) was identified to be hypermethylated
(Δβ = 0:198, fold change = 2:152) by CAP in the MCF-7
breast cancer cells [3]. This study was performed to elucidate
the mechanism by which CAP regulates the methylation level
of CpG and ZNRD1 expression. At first, the CpG was
mapped on the chromosome, found to be located 760 bases
upstream of the transcription start site of ZNRD1
(Figure 1(a)). Notably, an antisense lncRNA, ZNRD1-AS1,
is encoded from the other strand of ZNRD1 with sharing
the CpG at its transcript-coding region. ZNRD1 is a zinc rib-
bon domain-containing protein and is downregulated in a
few cancers including esophageal cancer [27] and gastric can-
cer [28]. ZNRD1-AS1 is the antisense lncRNA of ZNRD1
and is located in the upstream region of the ZNRD1 [29].
Little is known about the function of the lncRNA in the
development of cancer, and none is available in breast cancer.
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Figure 1: Induction of opposite expression of ZNRD1 and ZNRD1-AS1 under different CAP conditions. (a) Schematic structure of ZNRD1
and ZNRD1-AS1 on chromosome. ZNRD1 is indicated by the blue line, with its promoter in green. ZNRD1-AS1 is indicated by the red line.
The arrowheads are the transcription direction of each gene. The location of the CpG hypermethylated by CAP is indicated with a red vertical
dotted line. (b, c) Expression of ZNRD1 and7 ZNRD1-AS1 was examined by qPCR after treatment of MCF-7- cells with CAP at the indicated
doses. The CAP treatment was performed multiple times, with each time in triple culture dishes. The overall average is indicated on the right
with mean ± SE. ∗P < 0:05, ∗∗P < 0:01.
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The expression of ZNRD1 after CAP treatment was
examined by qPCR. The MCF-7 cells were independently
treated six times by CAP. Results showed that ZNRD1 was
upregulated by CAP of 600 s, being confirmed in five of six
independent experiments (Figure 1(b)). A different CAP
energy of 30 s for 10 times with an hour interval was also
applied to the cell. Surprisingly, expression of ZNRD1 was
rather decreased in the case of the 10 × 30 s treatment, con-
firmed by four independent experiments (Figure 1(b)).
ZNRD1-AS1 also showed an opposite regulation under the
two CAP treatment schemes, but surprisingly showing the
opposite expression pattern to that of ZNRD1 (Figure 1(c)).
The treatment of argon gas only did not induce any signifi-
cant change of gene expression (Figure S2).

To see any association between the methylation of the CpG
and expression of the two genes, the methylation level of the
CpGwas examinedafter treatmentofMCF-7withCAP.Results
showed that both 600s and 10 × 30 s CAP induced hyperme-
thylation, although the increasedmethylation levelswere differ-
ent,with 96.2% increase in600 s and 38.4% increase in 10 × 30 s
(Figure S3). This result indicates that the CpG site does not
affect the expression of ZNRD1 and ZNRD1-AS1, although
its methylation level is influenced by CAP.

3.2. ZNRD1 Induces Downregulation of ZNRD1-AS1 with
Being Upregulated in Breast Cancer. The CpG methylation
and expression of ZNRD1 and ZNRD1-AS1 were analyzed
from the data of normal and cancer tissues, of which infor-
mation was retrieved at the TCGA Wanderer database and
GEPIA database. The methylation level of the CpG did not
show a significant difference between the normal breast
tissues (n = 98) and cancer tissues (n = 741) (Figure 2(a)).
The expression of ZNRD1 was upregulated in the cancer
tissues (n = 1,085) compared to the normal tissues (n = 291)
(P < 0:001) (Figure 2(b)). Meanwhile, expression of ZNRD1-
AS1 was downregulated in the cancer tissues compared to

the normal tissues (Figure 2(c)). These results are in parallel
with those of the CAP-treated MCF-7 cells, i.e., opposite reg-
ulation of the two genes by CAP, but no association with
CpG methylation.

To examine whether the opposite expression of ZNRD1
and ZNRD1-AS1 by CAP is due to the regulation by each
other, expression of each gene was examined after inhibiting
expression of the other using siRNA (Figure S4). A siRNA
targeting ZNRD1 induced upregulation of ZNRD1-AS1;
however, siRNA targeting ZNRD1-AS1 did not affect the
expression of ZNRD1 (Figure 3). This result implies that
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Figure 2: DNA methylation and expression profile of ZNRD1 and ZNRD1-AS1 in breast cancer. (a) The methylation level of the specific
CpG (CpG ID; cg02078039) at ZNRD1 promoter in breast cancer tissues, which was hypermethylated by CAP in MCF-7, was examined
using the data retrieved from the TCGA Wanderer database. No significant difference was found between the normal and cancer tissues.
Expression of ZNRD1 (b) and ZNRD1-AS1 (c) was analyzed for tissues in the database GEPIA. Upregulation of ZNRD1 and
downregulation of ZNRD1-AS1 were observed in breast cancer tissues. n: sample number.
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Figure 3: ZNRD1 downregulates ZNRD1-AS1 in the MCF-7 cells.
Downregulation of ZNRD1 or ZNRD1-AS1 was induced in the
MCF-7 cells using siRNA, and their expression was examined by
qPCR. (a) Expression of ZNRD1-AS1 after transient transfection
of siRNA for ZNRD1 (siZNRD1). (b) Expression of ZNRD1 after
transient transfection of siRNA for ZNRD1-AS1 (siZNRD1-AS1).
All of the experiments were performed in triplicate, and the values
are presented as the mean ± SE. ∗P < 0:05.
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ZNRD1 is upregulated and downregulated by CAP of 600 s
and 10 × 30 s, respectively, and the altered expression
accompanies the down- and upregulation of ZNRD1-AS1.

3.3. ZNRD1 Stimulates Proliferation of MCF-7 Breast
Cancer Cells. Although ZNRD1 and ZNRD1-AS1 were
revealed to contribute the development of cancer in a few
cancer types, their role in breast cancer remains obscure.
To address their contribution to the proliferation of breast
cancer cells, each gene was downregulated in MCF-7 using
siRNA and cell proliferation was monitored by colony for-
mation assay and a dye-based growth rate assay. As a
result, when ZNRD1 was suppressed, less colony formation
was observed with being further inhibited by combined CAP
treatment (Figure 4(a)). The dye-based growth rate assay
also showed the similar inhibition pattern (Figure 4(b)).
However, when ZNRD1-AS1 was suppressed, no significant

change of cell proliferation was found in either the colony
formation assay or dye-based growth rate assay (Figure 4(a)
and 4(c)).

Many lncRNAs have been known to regulate nearby
genes in the so-called cis-mode. To identify any cis-genes
regulated by ZNRD1-AS1, expressions of five cis-genes
were examined by qPCR after suppressing ZNRD1-AS1
using siRNA (Figure 5(a)). As a result, four genes were
upregulated while one gene was slightly downregulated
(Figure 5(b)). Notably, expression of the cis-genes was
reversed when ZNRD1 was suppressed by siRNA, support-
ing our observation that ZNRD1-AS1 is downregulated by
ZNRD1 (Figure 5(c)). Furthermore, CAP treatment for
600 s and 10 × 30 s induced upregulation and downregula-
tion of the four genes, respectively, which showed upregu-
lation when siRNA for ZNRD1-AS1 was treated, although
only HCG9 showed statistical significance (Figure 5(d)).
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Figure 4: ZNRD1 but not ZNRD1-AS1 stimulates proliferation of MCF-7. (a) Either ZNRD1 or ZNRD1-AS1 was downregulated in MCF-7
using siRNA, and cell survival was examined by colony formation assay. Three independent experiments were performed, and representative
images are shown. The effect of the siRNA-driven downregulation of ZNRD1 (b) or ZNRD1-AS1 (c) on cell proliferation was examined by
CCK-8 assays. The experiments were performed independently at least three times, and the values are presented as the mean ± SE. siNC:
control siRNA; siZNRD1: siRNA for ZNRD1; siZNRD1-AS1: siRNA for ZNRD1-AS1. ∗P < 0:05, ∗∗∗P < 0:001.
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4. Discussion

This study was performed to identify genes that show consis-
tent expression change under independent CAP treatments
and thereby to be able to monitor whether CAP is an appro-
priate treatment to biological targets. Two different CAP
treatment conditions induced the opposite expression for
ZNRD1 and ZNRD1-AS1. However, the specific CpG at the
ZNRD1 promoter (Figure 1) was hypermethylated by the
two different CAP treatment conditions in MCF-7 cells.
Furthermore, no significant difference of methylation level

between normal and cancer tissues in breast was found
(Figure 2). These facts imply that the specific CpG is not
responsible for the regulation of ZNRD1 and ZNRD1-AS1.
Other CpG(s) or regulatory mechanism than the epigenetic
way may be responsible for the regulation of the genes.

Considering the fact that ZNRD1 is oncogenic in breast
cancer, the CAP treatment condition of 10 × 30 s is recom-
mended to inhibit the MCF-7 cancer cell growth, because
CAP in that condition, rather than 600 s, suppressed ZNRD1.
In accordance, a few cis-genes of ZNRD1-AS1, HLA-A,
HCG9, TRIM31, and RNF39 were upregulated at 600 s,
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Figure 5: The effect of siRNA for ZNRD1-AS1 and CAP on the regulation of cis-genes. (a) A schematic map of the relative position of
ZNRD1-AS1 and its nearby cis-genes. The numbers on the horizontal line are the nucleotides of a subfragment on chromosome 6. The
arrows indicate the expression direction. The MCF-7 cells were treated with a siRNA for ZNRD1-AS1 (b) or a siRNA for ZNRD1 (c), and
the expression levels of the cis-genes were examined using qPCR. (d) The MCF-7 cells were treated with CAP and the expression of the
cis-genes was examined using qPCR. All of the experiments were performed independently at least three times, and the values are
presented as the mean ± SE. ∗P < 0:05, ∗∗P < 0:01, ∗∗∗P < 0:001.
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but downregulated at the 10 × 30 s CAP treatment. Among
the four genes, HLA-A and TRIM31 are known for their
association with cancer, but their contribution to cancer
development is not the same. Downregulation of HLA-A
expression has been known to contribute to a poor prognosis
in cancer patients, suggesting its tumor-suppressive activity
[30]. TRIM31 is an oncogene promoting proliferation, inva-
sion, and migration of glioma cells through Akt and NF-κB
pathways [31, 32]. More accumulation of data is needed to
comprehensively understand the contribution of the cis-
genes of ZNRD1-AS1 to the tumor development.

A limitation remains for the CAP treatment scheme
because the cell growth inhibition appeared at the both
CAP conditions. Therefore, it is speculated that just alter-
ation of ZNRD1 and ZNRD1-AS1 is not sufficient to induce
cancer cell death. Setting up CAP conditions that include one
inhibiting cancer cell growth and another stimulating cell
growth would be helpful to establish more reliable marker
genes. This seems possible, as low dose of CAP stimulated
cancer cell growth in a few cancers, even though CAP
induced cancer cell death in the majority of previous studies
[33]. Low doses of CAP activated fibroblast proliferation in
wound tissue of mouse model, but over doses suppressed
wound healing by causing cell death [33]. Another limitation
of this work is in the lack of genome-wide expression analysis
for the different CAP treatments. ZNRD1 and ZNRD1-AS1
were just selected from a genome-wide methylation array
dataset. To further screen marker genes, extensive analysis
through a genome-wide approach after treatment of CAP at
diverse CAP conditions is required.

For the standardization of CAP, CAP condition, chemi-
cal composition of cell culture, media, and cellular responses
are key factors, but standardizing these alone is still insuffi-
cient. For example, the distance from the outlet of CAP
device to the surface of culture media should be also consid-
ered. In addition, different cancer cell types represent their
unique molecular response. In our previous study, even
two cell lines originated from breast tissue, MCF-7 and
MDA-MB-231, showed a genome-wide difference of DNA
methylation by the same CAP treatment condition [3]. In
addition, MCF-10A cells showed the similar expression pro-
file for ZNRD1 and ZNRD1-AS1 by CAP, but T-47D
showed the opposite expression at the two CAP conditions
in the current study (Figure S5). Nonetheless, the expression
profile that ZNRD1-AS1 is downregulated when ZNRD1 is
upregulated, and vice versa, has not changed even in T-47D.
The standardization becomes further complicated when
even a single cell line shows various responses depending
with the genetic and physiological status, such as number
of subcultures. Therefore, a comprehensive approach is
essential for the development of reliable marker genes.
Another finding of this study is to have established the
regulatory relationship between ZNRD1 and ZNRD1-
AS1. A few studies dealt with the expression association
between the two genes in cancer, all presenting their
opposite expression profile [29, 34]. However, no regulatory
pathway has been identified. Our current study indicates
that ZNRD1 downregulates ZNRD1-AS1 with no feedback
regulation.

5. Conclusions

ZNRD1 and its antisense lncRNA ZNRD1-AS1 were
revealed to be regulated in opposite ways depending on the
CAP treatment conditions. The specific condition of 10 ×
30 s was found to suppress the ZNRD1 expression, while
the 600 s scheme induced upregulation. A regulatory path-
way that CAP regulates ZNRD1, which in turn downregu-
lates ZNRD1-AS1, is suggested. In addition, a few cis-genes
of ZNRD1-AS1 were found to be regulated by the lncRNA
and CAP. The two genes could contribute to precisely estab-
lishing the relationship between the CAP treatment condi-
tion and target gene expression.
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Supplementary Materials

Table S1: specification and electrical characterization of the
90mm mesh DBD plasma device. Table S2: sequences of
primers for qPCR and siRNAs employed in this study. Figure
S1: CAP source used in this study. Schematic diagram (a) and
voltage-current waveform (b) of the 90mm mesh DBD
plasma device are shown. (c) pH change of culture media
after CAP treatment. Figure S2: treatment of argon gas only
does not affect the expression of ZNRD1 and ZNRD1-AS1.
The MCF-7 cells were treated with only argon gas in the
two CAP conditions (600 s and 10 × 30 s), and the expression
of ZNRD1 (a) and ZNRD1-AS1 (b) was examined by qPCR.
All the experiments were performed in triplicate and the
values are presented as the mean ± SE. Figure S3: hyperme-
thylation of the CpG at ZNRD1 promoter by CAP treatment
to the MCF-7 cells. The effect of CAP on the methylation sta-
tus of the CpG at the promoter of ZNRD1, which was identi-
fied to be hypermethylated from the microarray analysis, was
examined by the methylation-specific PCR. All the experi-
ments were performed in triplicate and the values are pre-
sented as the mean ± SE. ∗P < 0:05. Figure S4: optimization
of siRNA concentration for the transfection into MCF-7
cells. MCF-7 cells are transiently transfected with a siRNA
to induce downregulation of ZNRD1 (a) and ZNRD1-AS1
(b). Downregulation of each gene was judged by qPCR. All
the experiments were performed in triplicate and the values
are presented as the mean ± SE. ∗∗P < 0:01, ∗∗∗P < 0:001.
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Figure S5: effect of CAP on the expression of ZNRD1 and
ZNRD1-AS1 in the T-47D and MCF-10A cells. Expression
of ZNRD1 (a) and ZNRD1-AS1 (b) was examined in T-
47D and MCF-10A cell line by qPCR after CAP treatment
of the cells. All the experiments were performed in triplicate
and the values are presented as the mean ± SE. ∗P < 0:05, ∗∗
P < 0:01, ∗∗∗P < 0:001. (Supplementary Materials)
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Ferroptosis, implicated in several diseases, is a new form of programmed and nonapoptotic cell death triggered by iron-
dependent lipid peroxidation after inactivation of the cystine/glutamate antiporter system xc–, which is composed of solute
carrier family 7 membrane 11 (SLC7A11) and solute carrier family 3 membrane 2 (SLC3A2). Therefore, inducing ferroptosis
through inhibiting the cystine/glutamate antiporter system xc– may be an effective way to treat cancer. In previous screening
tests, we found that the benzopyran derivative 2-imino-6-methoxy-2H-chromene-3-carbothioamide (IMCA) significantly
inhibited the viability of colorectal cancer cells. However, the impact of IMCA on ferroptosis remains unknown. Hence, this
study investigated the effect of IMCA on ferroptosis and elucidated the underlying molecular mechanism. Results showed
that IMCA significantly inhibited the cell viability of colorectal cancer cells in vitro and inhibited tumor growth with
negligible organ toxicity in vivo. Further studies showed that IMCA significantly induced the ferroptosis of colorectal cancer
cells. Mechanistically, IMCA downregulated the expression of SLC7A11 and decreased the contents of cysteine and
glutathione, which resulted in reactive oxygen species accumulation and ferroptosis. Furthermore, overexpression of
SLC7A11 significantly attenuated the ferroptosis caused by IMCA. In addition, IMCA regulated the activity of the
AMPK/mTOR/p70S6k signaling pathway, which is related to the activity of SLC7A11 and ferroptosis. Collectively, our
research provided experimental evidences on the activity and mechanism of ferroptosis induced by IMCA and revealed that
IMCA might be a promising therapeutic drug for colorectal cancer.

1. Introduction

Colorectal cancer (CRC) is a common malignant tumor and
an important health problem worldwide. According to the
cancer statistics worldwide for 36 cancers in 185 countries
in 2018, both sexes combined, colorectal cancer is the third
diagnosed cancer (10.2% of the total cases) globally and the
second leading cause (10.2% of total cancer deaths) of
cancer-related deaths worldwide [1, 2]. Conventional treat-
ment options for cancer include chemotherapy, radiation,
and surgery [3]. In addition, new treatment methods, such
as biotargeted therapy, immunotherapy, and precise treat-
ment, have been gradually applied for CRC treatment [4,

5]. In order to improve the therapeutic effect, chemotherapy,
radiation, and surgery are often used in combination. How-
ever, conventional treatments are often associated with seri-
ous side effects and toxicity, thus significantly affecting
patients’ quality of life. In addition, cancer cells have also
been found to be able to develop resistance toward chemo-
therapy and radiotherapy over time. Therefore, it is still an
important task for researchers to find new drugs with high
efficiency and low side effects for CRC.

The mainly regulated cell deaths are apoptosis, necropto-
sis, autophagy, ferroptosis, and pyroptosis, which are
believed to be critical for development, homeostasis, disease
occurrence, and treatment, such as malignant tumors [6–8].

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2020, Article ID 1675613, 14 pages
https://doi.org/10.1155/2020/1675613

https://orcid.org/0000-0002-7781-3478
https://orcid.org/0000-0002-1795-3604
https://orcid.org/0000-0002-2150-0261
https://orcid.org/0000-0002-7327-0015
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/1675613


Identified as a new mode of programmed cell death in 2012,
ferroptosis is a unique iron-reliant and reactive oxygen spe-
cies- (ROS-) dependent form of nonautophagic and nona-
poptotic programmed cell death [6, 9]. Mitochondrial
morphological change is characterized by decreased or van-
ished mitochondria cristae, a ruptured outer mitochondrial
membrane, and a condensed mitochondrial membrane in
ferroptotic cells [7, 9]. The small molecule erastin induces
ferroptosis through inhibiting the import of cystine, which
is decomposed into two molecules of cysteine (Cys), resulting
in glutathione (GSH) exhaustion and inactivation of the
phospholipid peroxidase glutathione peroxidase 4 (GPX4)
[8, 10]. GPX4 reduces the toxic lipid hydroperoxides (L-
OOH) to the nontoxic lipid alcohols (L-OH) by oxidizing
GSH to glutathione disulfide (GSSG) [8, 11]. Cystine, one
of the rawmaterials for the synthesis of the major antioxidant
GSH, is transported to the intracellular space through trans-
porting glutamate to the extracellular space by a heterodi-
meric cystine/glutamate antiporter system xc-, which is
mainly composed of a twelve-pass transmembrane catalytic
subunit solute carrier family 7 member 11 (SLC7A11) and
a single-pass transmembrane anchoring protein solute car-
rier family 3 member 2 (SLC3A2) [7, 12]. Pharmacological
inhibition of the system xc--reliant antioxidant defense sys-
tem leads to ROS accumulation and ferroptosis, such as era-
stin, sulfasalazine, and sorafenib [7].

2-Imino-6-methoxy-2H-chromene-3-carbothioamide
(IMCA) is a benzopyran derivative, with a wide variety of
biological activities for the treatment of cancer, type 2 diabe-
tes, inflammation, skin diseases, Alzheimer’s disease (AD),
the polycystic kidney disease, and viral and bacterial infec-
tions [13]. We report for the first time that IMCA inhibits
the viability of medullary thyroid cancer through inducing
apoptosis [14]. In the course of studying the anti-CRC effect
of IMCA, we found for the first time that IMCA leads to the
death of CRC cells.

In the current study, two types of CRC cell lines and
xenograft model were utilized to evaluate the anti-CRC
effects and the mechanism of IMCA. The effects of IMCA
on the biological phenotype of CRC cells were examined,
and the underlying molecular mechanisms of IMCA-
induced ferroptosis were elucidated. Mechanistically, we
found that IMCA downregulated the expression of SLC7A11
and decreased the contents of Cys and glutathione, which
resulted in ROS accumulation and ferroptosis. Furthermore,
overexpression of SLC7A11 significantly attenuated ferrop-
tosis caused by IMCA through downregulating the expres-
sion of SLC7A11. In addition, IMCA regulated the activity
of the AMPK/mTOR/p70S6k signaling pathway, which is
related to the activity of SLC7A11 and ferroptosis. For the
first time, we found a novel small-molecule compound
against CRC and demonstrated that IMCA induced ferropto-
sis mediated by SLC7A11 through the AMPK/mTOR path-
way in CRC.

2. Materials and Methods

2.1. Cell Lines and Cell Culture. Human CRC cell lines DLD-
1 and HCT-116 were purchased from a typical cell culture

collection committee of the Chinese Academy of Sciences
Library (Shanghai, China). These cells were grown in Roswell
Park Memorial Institute 1640 (Gibco, 11875119) medium
containing 10% heat-inactivated fetal bovine serum (Gibco,
16000-044), 100U/mL penicillin and 100μg/mL streptomy-
cin (Solarbio, P1400), and 5% CO2 at 37°C. The solvent
dimethyl sulfoxide (DMSO) used in the experiments was less
than 0.1%.

2.2. Chemicals and Reagents. IMCA was purchased from Tao
Su Biochemical Technology Co. Ltd. (AE-848/32005043,
Shanghai, China). GPX4, glutathione synthetase (GSS), and
SLC7A11 antibodies were purchased from Proteintech Co.
Ltd. (Wuhan, China). PCR primers were designed and syn-
thesized by Sangon Biotech Co. Ltd. (Shanghai, China). The
SYBR green PCR Master Mix was purchased from Thermo
Scientific (Waltham, MA, USA). MTT cell proliferation and
cytotoxicity detection kit, ROS detection kit, GSH detection
kit, GSSG detection kit, and Cys detection kit were purchased
from Solarbio Co. Ltd. (Beijing, China).

2.3. Cell Viability Assay. IMCA cytotoxicity was detected
with the MTT cell proliferation and cytotoxicity detection
kit in accordance with the manufacturer’s instructions. In
brief, DLD-1 and HCT-116 cells were seeded into 96-well cell
culture plates with 5 × 103 cells per well and cultured contin-
uously for 12 h. Different intervention reagents were added to
the cultural plates and cultured continuously for 48 h. A
10μL MTT solution (10mg/mL in PBS) was added to the
cultural plates and cultured continuously for 4 h. Then,
100μL of DMSO was added to the cultural plates and the
absorbance of the samples was measured using a multifunc-
tional enzyme marker (Varioskan Flash, Thermo Scientific)
at the wave length of 570 nm.

2.4. ROS Analysis. ROS was detected with the ROS detec-
tion kit in accordance with the manufacturer’s instruc-
tions. Briefly, DLD-1 and HCT-116 cells were seeded
into 6-well cell culture plates with 2 × 105 cells per well
and cultured continuously for 12 h. Different intervention
reagents were added to the cultural plates and cultured
continuously for 48h.

2.4.1. Detection with Multifunctional Enzyme Marker. Cells
were harvested and washed once with PBS. The harvested
cells were suspended in DCFH-DA, diluted 1000 times in
serum-free medium, and incubated for 20min. Subsequently,
the cells were washed three times with serum-free medium
and were then detected with a multifunctional enzyme
marker (Varioskan Flash, Thermo Scientific) at the excitation
wavelength of 488nm and emission wavelength of 525 nm.

2.4.2. Detection by Confocal Microscopy. As previously
described [15], the cells were washed once with PBS, incu-
bated in DCFH-DA, and diluted 1000 times in serum-free
medium for 20min. Then, the cells were washed three times
with serum-free medium and detected via confocal micros-
copy (A1R+Storm, Nikon).
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2.5. Cys Analysis. Cys was detected with the Cys detection kit
according to the manufacturer’s instructions. Briefly, DLD-1
and HCT-116 cells were seeded into 6-well cell culture plates
with 2 × 105 cells per well and cultured continuously for 12 h.
Different intervention reagents were added to the cultural
plates and cultured continuously for 48h. The cells were
crushed by ultrasound and centrifuged at 8000 g for 10min.
Then, 100μL of the supernatant, 500μL of reagent I, and
500μL of reagent II were mixed and detected with a multi-
functional enzyme marker (Varioskan Flash, Thermo Scien-
tific) at the wavelength of 600nm.

2.6. GSH Analysis. GSH was detected with the GSH detection
kit in accordance with the manufacturer’s instructions.
Briefly, DLD-1 and HCT-116 cells were seeded into 6-well
cell culture plates with 2 × 105 cells per well and cultured
continuously for 12h. Different intervention reagents were
added to the cultural plates and cultured continuously for
48 h. Cells were harvested and washed twice with PBS. The
cells were resuspended in reagent I and frozen and thawed
three times with liquid nitrogen. A 20μL supernatant from
the cell suspension centrifuged at 8000 rpm was mixed with
140μL of reagent II and 40μL of reagent III and detected
with a multifunctional enzyme marker (Varioskan Flash,
Thermo Scientific) at the wavelength of 412 nm.

2.7. qRT-PCR Assay. As previously described [16], total RNA
was extracted using Trizol reagent in accordance with the
manufacturer’s instructions. mRNAwas reversed transcribed
into cDNA with the PrimeScript RT reagent kit (Takara,
DRR047A) in a 20μL reaction system. qPCR analysis was
conducted with on an ABI 7500 Fast Real-Time PCR System
(Applied Biosystems, Waltham, MA, USA). The PCR
primers are listed in Table 1.

2.8. Western Blot Analysis. As previously described [17], pro-
tein expression was determined by Western blot in accor-
dance with standard protocols. Briefly, cells were harvested

and lysed in RIPA buffer with a protease inhibitor. Cell
lysates were quantitated with a Bradford reagent, separated
with a denatured sodium dodecyl sulfate 4%-20% polyacryl-
amide gel electrophoresis (SDS-PAGE), and transferred
onto a polyvinylidene fluoride (PVDF) membrane through
wet electroblotting. The PVDF membrane was blocked
with dried skimmed milk and incubated with primary
antibodies specific for GPX4, GSS, and SLC7A11. A
HRP-conjugated secondary antibody was incubated at
room temperature for 2 h, and the blot analysis was visu-
alized with a chemiluminescence analyzer (Amersham Bio-
sciences, Boston, MA, USA).

2.9. Overexpression of SLC7A11. The recombinant overex-
pression plasmid of SLC7A11 was constructed by Hanbio
Technical Co., Ltd. (Shanghai, China). The overexpression
plasmid of SLC7A11 was transfected into DLD-1 and HCT-
116 cells by Lipofectamine 3000 and P3000 to produce
SLC7A11-overexpressing transient cell lines. After 48 h of
transfection, the cells were collected and transfection effi-
ciency was determined using Western blot.

2.10. In Vivo Experiments. As previously described [18], the
animal experiments involved in this project have been
approved by the Medical and Scientific Research Ethics
Committee of Henan University School of Basic Medical Sci-
ences. Five-week-old female BALB/c nude mice were pur-
chased from Beijing Weitong Lihua Experimental Animal
Technical Co., Ltd. (Beijing, China). 106 DLD-1 cells sus-
pended in normal saline were injected subcutaneously into
nude mice. The volume of tumors was calculated using the
following formula: L ðthe long diameterÞ ×W ðthe short
diameterÞ ×W × 1/2. The mice were randomly assigned to
the treatment and control groups until the tumor size
reached approximately 100mm3. The mice in the treatment
group were injected with 0.174mg/mL IMCA (100μL), and
those in the control group were injected with an equal vol-
ume of normal saline. The nude mice were euthanized, and
samples were obtained from their tumor, heart, hepar, kid-
ney, and blood after 33 days of IMCA treatment. The serum
was separated, and alanine aminotransferase and urea nitro-
gen were determined using the animal specific automatic bio-
chemical analyzer (Catalyst Dx, IDEXX, Maine, USA) to
evaluate the effects of IMCA on liver and kidney functions.
Blood was obtained, and the number of blood cells was deter-
mined by an animal hematology analyzer (BC-5000 vet,
Mindray, Shenzhen, China) to evaluate the effect of IMCA
on blood routine. Organ index was calculated by dividing
organ mass by body weight and multiplying by 100% to eval-
uate the effect of IMCA on organs.

2.11. Transmission Electron Microscopy. DLD-1 and HCT-
116 cells were seeded into 6-well cell culture plates with
2 × 105 cells per well and cultured continuously for 12 h.
Different intervention reagents were added to the cultural
plates and cultured continuously for 48 h. Cells were har-
vested and fixed in 2% glutaraldehyde. Samples were
treated and detected in the electron microscopy room of
Xi’an Jiaotong University.

Table 1: The PCR primers.

CHAC1 reverse 5′-CCTGATGTCCACATGAGCACTCC-3′
CHAC1 forward 5′-ACCTTGAATACTTGCTGCGTCTGG-3′
PTGS2 reverse 5′-CCTGCTTGTCTGGAACAACTGCTC-3′
PTGS2 forward 5′-TGGTCTGGTGCCTGGTCTGATG-3′
GPX4 reverse 5′-GCAGCCGTTCTTGTCGATGAGG-3′
GPX4 forward 5′-CCGCTGTGGAAGTGGATGAAGATC-3′
GSS reverse 5′-AGCCTTCGGTCTTGGTCCAGAG-3′
GSS forward 5′-CCAGCGTGCCATAGAGAATGAGC-3′
SLC7A11 forward 5′-GGCTCCATGAACGGTGGTGTG-3′
SLC7A11 reverse 5′-GCTGGTAGAGGAGTGTGCTTGC-3′
β-Actin forward 5′-CATGTACGTTGCTATCCAGGC-3′
β-Actin reverse 5′-CTCCTTAATGTCACGCACGAT-3′
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2.12. Statistical Analysis. All statistical analyses were com-
pleted by SPSS16.0. The statistical difference between the
treatment and control groups of IMCA was analyzed by
Student’s t-test.

3. Results

3.1. IMCA Reduced the Viability of CRC Cell Lines. The cell
viability of human CRC cell lines DLD-1 and HCT116
treated with different concentrations of IMCA for 48 h was
determined using the MTT method to confirm the inhibition
efficiency of IMCA on the proliferation of CRC cell lines. The
viability of the two CRC cell lines significantly reduced in a
dose-dependent manner compared with that of the control
cells (Figures 1(a) and 1(b)). The IC50 values of IMCA for
DLD-1 and HCT116 cells were 50.2μM and 44.5μM, respec-
tively. The cell morphology was photographed with an
inverted microscope (Figure 1(c)). Compared with the con-
trol group cells, the CRC cells treated with IMCA for 48 h
were characterized by shattered, metamorphous, and multi-
directional cell morphology. The above results showed that
IMCA significantly reduced the viability of CRC cell in vitro.

3.2. IMCA Inhibited the Growth of Xenograft In Vivo. Since
we observed a significantly inhibitory effect of IMCA on
CRC cell viability, we next dissected the antitumor effects of

IMCA using the BALB/c nude mouse xenografts bearing
DLD-1 cells in vivo. As shown in Figures 2(a) and 2(b), the
tumor volume and weight in the IMCA-treated group mice
dramatically reduced and the inhibition rate reached 76.4%
compared with those in the saline negative control group.
We monitored the body weight of nude mice every three days
during the treatment period to determine the impact of
IMCA on the health of the mice. The nude mice did not sig-
nificantly lose weight during the entire treatment period
compared with the control group (Figure 2(c)). For health
measurements, we also measured liver and kidney function
index, organ index, and blood routine, including alanine
aminotransferase (ALT), blood urea nitrogen (BUN), heart
index, liver index, kidney index, red blood cells (RBC), white
blood cells (WBC), lymphocytes (Lym), and monocytes
(Mon) (Figures 2(d)–2(g)). The results showed that no signif-
icant health figure changes were observed. To further assess
the toxicity of IMCA on healthy animals, nontumor-
bearing nude mice were injected with equal doses of IMCA
and normal saline through the tail vein, and the body weight
of nude mice was monitored every three days during the
treatment period. Results showed that IMCA did not signifi-
cantly affect the weight gain of nude mice, compared with the
normal saline groups (Figures 2(h) and 2(i)). There were no
significant changes in liver, kidney, heart, and spleen indices,
compared with the normal saline groups (Figure 2(j)).
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Figure 1: IMCA reduced the viability of CRC cell lines. Human CRC cell lines DLD-1 and HCT-116 were treated with different
concentrations of IMCA (12.5-200 μM) for 48 h. The cell viability was determined by the MTT assay kit at 48 h. Results showed that
IMCA significantly reduced the viability of DLD-1 (a) and HCT116 (b) in a dose-dependent manner in vitro. The values of viability were
expressed as mean ± standard deviation. (c) The cell morphology treated with different concentrations of IMCA (12.5-200 μM) for 48 h
was photographed under an inverted microscope. ∗p < 0:05; ∗∗∗p < 0:001.
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Collectively, the above data indicate that IMCA significantly
inhibits tumor growth with negligible organ toxicity in vivo.

3.3. IMCA Induced ROS-Mediated Ferroptosis of CRC Cell
Lines. Ferroptosis is a unique iron-reliant and nonapoptotic
form of programmed cell death, which is characterized by
ROS accumulation induced by lipid peroxidation and inef-
fective GPX4 [19, 20]. In order to determine the cause that
cell viability was inhibited by IMCA, human CRC cell lines
DLD-1 and HCT-116 were treated with different concentra-
tions of IMCA (12.5–200μM) with or without iron chelator
DFO, ferroptosis inhibitor Ferrostatin-1, or apoptosis inhib-
itor z-Vad-FMK for 48 h. Results showed that both DFO and
Ferrostatin-1 rescued the cell viability induced by IMCA,
while z-Vad-FMK failed to rescue the cell viability induced
by IMCA (Figures 3(a)–3(f)). To further establish the impact
of IMCA on ferroptosis, we next sought to determine the
ROS accumulation induced by IMCA using a confocal
microscope and a multifunctional microplate reader. Results
showed that IMCA significantly induced ROS accumulation
at a concentration of 50μM for 48h in DLD-1 and
HCT116 cells (Figures 3(g)–3(i)). The morphological
changes of ferroptosis were mainly characterized by mem-
brane thickening, mites disappearing, and rupture of the
mitochondria [6]. To establish the impact of IMCA on mito-
chondrial morphology, we next examined the mitochondrial
morphology of the cells treated with IMCA under a transmis-
sion electron microscope. Results showed that IMCA signif-
icantly induced the disappearance of mitochondrial crista at
a concentration of 50μM in DLD-1 cells (Figures 3(l)–
3(m)). Gene expression markers associated with cells under-
going ferroptosis include increases in CHAC1 and PTGS2
mRNA expression [21–23]. IMCA significantly induced the
mRNA expression of CHAC1 and PTGS2 at a concentration
of 50μM in DLD-1 and HCT116 cells (Figures 3(j)–3(k)).
Collectively, these data suggest that IMCA induces CRC cell
ferroptosis in vitro.

3.4. IMCA Inhibited the Expression of SLC7A11 In Vitro. Fer-
roptosis is characterized by the accumulation of ROS, which
is scavenged by GPX4 through conversion of reduced GSH
into the oxidized form GSSG [24–26]. Therefore, the expres-
sion of GPX4 and the GSH level were explored and we found
that IMCA significantly reduced GSH levels with negligible
impact on the expression of GPX4 in DLD-1 and HCT116
cells (Figures 4(a) and 4(b); Fig. S1). GSH is synthesized from
glutamate, Cys, and glycine by the ATP-dependent catalysis
of glutathione synthetase (GSS) [27]. The rate of GSH syn-
thesis is primarily limited by the Cys content [28]. The
expression of GSS and the Cys level were determined to elu-
cidate the mechanism of GSH reduction triggered by IMCA.
Results showed that IMCA significantly reduced Cys levels
with negligible impact on the expression of GSS in DLD-1
and HCT116 cells with negligible changes in the expression
of GSS (Figures 4(c)–4(h)). The heterodimeric cystine/gluta-
mate antiporter system xc- transports Cys into the intracellu-
lar space to synthesize GSH, which inhibited ferroptosis.
SLC7A11 is the catalytic subunit of system xc- [29]. The
expression of SLC7A11was determined to dissect the mecha-

nism by which IMCA triggers Cys reduction. Results showed
that IMCA significantly reduced the expression of SLC7A11
in DLD-1 and HCT116 cells (Figures 4(i)–4(m)). Collec-
tively, these data suggest that IMCA induces CRC cell ROS
accumulation and ferroptosis by downregulating SLC7A11
expression, inhibiting Cys transport and reducing GSH syn-
thesis in vitro.

3.5. Overexpression of SLC7A11 Rescues IMCA-Induced
Ferroptosis of CRC Cells In Vitro. SLC7A11 plays an impor-
tant role in regulating ROS-mediated ferroptosis. Knocking
down the expression of SLC7A11 results in elevated levels
of endogenous ROS levels. Overexpression of SLC7A11
results in a cancer stem cell phenotype that contributes to
severe chemoresistance [30, 31]. SLC7A11-overexpressing
DLD-1 and HCT116 CRC cells were generated. Cys, GSH,
ROS, and cell viability were detected, and results showed that
the overexpression of SLC7A11 significantly rescued the
IMCA-induced reduction of Cys, GSH, and cell viability
and increased the ROS levels in SLC7A11-overexpressing
DLD-1 and HCT116 CRC cells (Figures 5(a) and 5(b)). Col-
lectively, these data suggest that SLC7A11 inhibits the ferrop-
tosis induced by IMCA.

3.6. IMCA Inhibits mTOR/P70S6K Activity through
Phosphorylating AMPK. AMPK phosphorylation at Thr172
blocks the activity of SLC7A11, which inhibits the activity
of system xc- to transport cystine into cells and eventually
leads to ferroptosis [12, 32]. As expected, the present studies
showed that IMCA promoted the phosphorylation of AMPK
in DLD-1 and HCT116 cells (Figures 6(a) and 6(b)). AMPK
activation inhibits mTOR activity, which counteracts the ele-
vated expression of SLC7A11 induced by APR246 and the
protective cellular responses, and eventually results in cell
death [33–35]. Furthermore, our results showed that the
phosphorylation of mTOR and the downstream target pro-
tein P70S6K had been significantly decreased by 50μM
IMCA treatment in DLD-1 and HCT116 cells.

4. Discussion

Chemotherapy is increasingly used in CRC as a complemen-
tary treatment strategy for CRC after surgery [36, 37]. In con-
sideration of the high morbidity and mortality of CRC [2],
new therapeutic drugs with high efficiency and low side
effects for CRC must be developed. The present study
showed that IMCA significantly inhibited the viability of
human CRC cell lines DLD-1 and HCT116 (Figure 1). Fur-
ther in vivo experiments showed that IMCA significantly
inhibited the growth of xenograft and did not significantly
affect the main organ index and blood biochemical parame-
ters, such as aspartate transaminase (AST) and urea nitrogen
(BUN). In vitro and in vivo results revealed that IMCA may
be an effective drug candidate for CRC.

IMCA is a benzopyran derivative, provided with a wide
variety of biological activities, including regulating cell
death by ferroptosis execution [38]. For example, benzo-
pyran derivative vitamin E hydroquinone is an endogenous
regulator of ferroptosis [38]. Further transcript profile
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Figure 2: Continued.
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analysis showed that IMCA-regulated CRC cell death was
associated with ferroptosis-related gene expression. Ferrop-
tosis is a new form of nonautophagic and nonapoptotic

programmed cell death characterized by the accumulation
of lethal ROS and decreased or vanished mitochondria cris-
tae [6, 10, 39]. Our results were consistent with the
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Figure 2: IMCA inhibited the growth of xenograft in vivo. (a) Representative photographs of tumor-bearing nude mice and tumor volume
changes of mice in the experimental period. (b) Tumor weight was determined and compared between the IMCA treatment and control
groups. (c) Body weight changes of mice in the experimental period. BUN (d) and ALT (e) were determined and compared between the
IMCA treatment and control groups. (f) Liver, renal, and cardiac indices were determined and compared between IMCA treatment
groups and controls. (g) RBC, WBC, Lym, and Mon contents were determined and compared between IMCA treatment and control
groups. (h) Representative photographs of nontumor-bearing nude mice. (i) Body weight changes of nontumor-bearing nude mice in the
experimental period. (j) Liver, renal, cardiac, and spleen indices were determined and compared between the IMCA treatment and control
groups. ∗∗p < 0:01; ∗∗∗p < 0:001.
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characteristics of ferroptosis, which showed that IMCA at
50μM significantly promoted the ROS accumulation and
induced the disappearance of mitochondria in DLD-1 and

HCT116 cells. Increased mRNA expression of CHAC1
and PTGS2 is considered a marker of ferroptosis cell death
[8, 40]. Consistent with the characteristics of ferroptosis,
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Figure 3: IMCA induced the ROS-mediated ferroptosis of CRC cell lines in vitro. Human CRC cell lines DLD-1 and HCT-116 were treated
with different concentrations of IMCA (12.5–200μM) with or without DFO, Ferrostatin-1, and z-Vad-FMK for 48 h. The cell viability was
determined by the MTT assay kit at 48 h. Results showed that iron chelator DFO (0.2 μM) rescued the cell viability inhibited by IMCA in
DLD-1 (a) and HCT116 (b) cell lines. The cell viability was also rescued by ferroptosis inhibitor Ferrostatin-1 (2 μM) in DLD-1 (c) and
HCT116 (d) cell lines. The results also showed that apoptosis inhibitor z-Vad-FMK (3 μM) did not rescue the cell viability inhibited by
IMCA in DLD-1 (e) and HCT116 (f) cell lines. (g) Confocal laser scanning microscope images of ROS generation were obtained and
compared between the IMCA treatment and control groups in DLD-1 and HCT116 cells. Relative ROS accumulation was determined
with a multifunctional enzyme marker in DLD-1 (h) and HCT116 (i) cells. Relative mRNA expression of ferroptosis markers CHAC1 and
PTGS2 was determined and compared between the IMCA treatment and control groups in DLD-1 (j) and HCT116 (k) cells.
Transmission electron microscopy images of mitochondrial morphology were obtained and compared between the IMCA treatment
groups (m) and control groups (l) in DLD-1 cells. The black tip points to mitochondria. ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001.
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our results showed that IMCA at 50μM significantly pro-
moted the mRNA expression of CHAC1 and PTGS2 in
DLD-1 and HCT116 cells. Overall, our results provided evi-
dence that IMCA causes cell death through ferroptosis.

GSH is a momentous intracellular antioxidant that acts
as a reducing substrate of GPX4 to mitigate the accumula-

tion of ROS and protect cells from oxidative damage [7,
41]. Results showed that IMCA at 50μM significantly
reduced the content of GSH in DLD-1 and HCT116 cells.
One of the committed substrates used to synthesize GSH
catalyzed by GSS is Cys, which has limited intracellular
content owing to neurotoxicity [42–44]. Cys should be
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Figure 4: IMCA inhibited the expression of SLC7A11. The relative GSH contents were determined and compared between the IMCA
treatment and control groups in DLD-1 (a) and HCT116 (b) cells. Relative mRNA expression of GSS was determined and compared
between the IMCA treatment and control groups in DLD-1 (c) and HCT116 (d) cells. Relative protein expression of GSS was determined
and compared between the IMCA treatment and control groups in DLD-1 (e) and HCT116 (f) cells. The relative Cys contents were
determined and compared between the IMCA treatment and control groups in DLD-1 (g) and HCT116 (h) cells. Relative mRNA
expression of SLC7A11 was determined and compared between the IMCA treatment and control groups in DLD-1 (i) and HCT116 (j)
cells. Relative protein expression of SLC7A11 was determined and compared between the IMCA treatment and control groups in DLD-1
(k) and HCT116 (l) cells. ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001.
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supplemented extracellularly to ensure that sufficient GSH
is synthesized to protect cells from oxidative damage. Cys
is derived from the decomposition of cystine, which is
imported into the cells through the cystine/glutamate anti-
porter system xc- [45, 46]. Inhibition of system xc- signif-
icantly depletes the intracellular Cys, retards GSH
synthesis, and eventually results in ferroptosis [47]. Erastin
[6], sulfasalazine [48], sorafenib [6], Artesunate [49], Lan-
perisone [50], and Piperazine erastin [10] are the most
investigated inhibitors targeting system xc- and inducing
ferroptosis. In the present study, IMCA did not signifi-
cantly downregulate GSS expression but depleted the
intracellular Cys. These results revealed that IMCA
depleted the intracellular Cys and GSH and induced fer-
roptosis. We overexpressed SLC7A11 in DLD-1 and
HCT116 cell lines to determine the role of SLC7A11 in
ferroptosis induced by IMCA. We next determined the
effect of SLC7A11 overexpression on cell Cys, GSH, and
ROS amounts and cell viability regulated by IMCA in
DLD-1 and HCT116 cells. As a result, overexpression of
SLC7A11 recovered the Cys and GSH depleted by IMCA
and inhibited the ROS levels enhanced by IMCA. Ulti-
mately, overexpression of SLC7A11 restored the viability
of DLD-1 and HCT116 cells inhibited by IMCA at
50μM. Taken together, our results provide a novel mech-
anism that IMCA induces cell death by ferroptosis
through downregulating the expression of SLC7A11.

As a central energy metabolic switch, AMP-activated
protein kinase (AMPK) exerts a paramount effect in cellu-
lar physiology and the pathological development of chronic
diseases including cancer [51]. The activity of SLC7A11 is
inhibited by AMPK phosphorylation through phosphory-
lating BECN1, which plays distinct roles in regulating cell
ferroptosis [12, 32]. In addition, the activity of SLC7A11
is inhibited by the mTORC pharmacological inhibitor rapa-
mycin, which counteracts the elevated expression of
SLC7A11 induced by APR246 and the protective cellular
responses, leading to cell death [34]. Consistent with these
two mechanisms, DHA induces the lethal ROS accumula-
tion and ferroptosis of leukemia cells through the
AMPK/mTOR pathway [25]. The present study showed
that IMCA at 50μM induced AMPK phosphorylation acti-
vation, mTOR dephosphorylation inhibition, and ultimately
lethal ROS accumulation and ferroptosis in DLD-1 and
HCT116 cells. Therefore, the SLC7A11 downregulation
and ferroptosis induced by IMCA are related to the
AMPK/mTOR pathway.

This study discovered a novel small-molecule com-
pound (IMCA) for CRC treatment in vitro and in vivo,
and elucidated that IMCA induces ferroptosis by down-
regulating SLC7A11 expression through the AMPK/m-
TOR pathway. These results provided a new therapeutic
potential compound for CRC and new insights to induce
ferroptosis.
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Figure 5: The overexpression of SLC7A11 rescues IMCA-induced CRC cell ferroptosis in vitro. Overexpression of SLC7A11 restored the
decrease of Cys and glutathione content, the increase of ROS, and the decrease of cell viability induced by IMCA in DLD-1 (a) and
HCT116 (b) cells.
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Figure 6: IMCA inhibited the mTOR/P70S6K activity through phosphorylating AMPK. DLD-1 (a) and HCT116 (b) cells were treated with
50μM IMCA for 48 h, and the protein expression was assessed by Western blot. The intensities of the p-AMPK, p-mTOR, and p-P70S6K
bands were quantified by densitometry analyses and normalized by the amount of AMPK, mTOR, and P70S6K in DLD-1 (c) and
HCT116 (d) cells, respectively (n = 3). ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001 compared with the control group.
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Background. Hepatocellular carcinoma (HCC) is a life-threatening cancer, and the Kelch-like ECH-associated protein 1
(Keap1)/NF-E2-related factor 2 (Nrf2)/antioxidant response element (ARE) signalling pathway plays a crucial role in apoptosis
resistance in cancer cells. Fasting is reported to mediate tumour growth reduction and apoptosis. SET8 is involved in cancer
proliferation, invasiveness, and migration. However, whether SET8 participates in fasting-mediated apoptosis in HCC remains
unclear. Methods. We used immunohistochemical staining to analyse the expression of SET8, Keap1, and Nrf2 in HCC tissues.
Cell viability, apoptosis, and cellular reactive oxygen species (ROS) were assessed, and Western blot and qPCR analyses were
used to examine the expression of Keap1/Nrf2 in HCC cells under fasting, SET8 overexpression, and PGC1α overexpression
conditions. Mass spectrometry, coimmunoprecipitation, and confocal microscopy were used to determine whether PGC1α
interacts with SET8. In vivo experiments were performed to verify the conclusions from the in vitro experiments. Results. Our
data indicate that SET8 expression is associated with poor survival in HCC patients. Both in vitro and in vivo results
demonstrated that fasting decreased cell viability and downregulated expression of SET8, Nrf2, and downstream effectors of
Nrf2, while it upregulated Keap1 expression, mediated ROS accumulation, and induced HCC cell apoptosis. These results were
similar to what is observed in SET8-deficient cells. Furthermore, SET8 was found to interact with PGC1α, and both PGC1α and
H4K20me1, a downstream target of SET8, were found to be enriched at the Keap1 promoter region. These two factors were
further determined to attenuate Keap1 promoter activity. Conclusions. The results of our study demonstrate that fasting induces
HCC apoptosis by inhibiting SET8 expression and that SET8 interacts with PGC1α to activate the Nrf2/ARE signalling pathway
by inhibiting Keap1 expression.

1. Introduction

The incidence rate of hepatocellular carcinoma ranks sixth
among cancers and third for cancer-related mortality world-
wide [1]. Resisting apoptosis and sustaining cell growth are
recognized as two hallmark features of hepatocellular carci-
noma and other cancers [2]. Apoptosis resistance is a major
factor responsible for the failure of traditional cancer treat-
ment [3]. Therefore, apoptosis in cancer cells has emerged

as a promising target for cancer therapies in hepatocellular
carcinoma patients [4].

Fasting, also named dietary restriction or caloric restric-
tion, is a decrease in ad libitum balanced caloric intake by
30% to 60% without causing malnutrition [5]. Cancer is char-
acterized by metabolic dysregulation with increased glucose
consumption via upregulation of glycolysis (Warburg effect)
and downregulation of oxidative phosphorylation [6]. Fast-
ing is reported to be associated with increased longevity
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and can provide protection against cancer, cardiovascular
disease, diabetes, and cognitive dysfunction [7–10]. More-
over, fasting can reduce tumour growth and induce tumour
cell apoptosis [11, 12].

NF-E2-related factor 2 (Nrf2) is a regulator of many
genes encoding antioxidant and detoxification enzymes that
prevent reactive oxygen species (ROS) accumulation [13].
The stability and accumulation of Nrf2 are modulated by
Kelch-like ECH-associated protein 1 (Keap1) [14]. The
Keap1/Nrf2/antioxidant response element (ARE) signalling
pathway plays a critical role in cellular redox homeostasis.
Nrf2 is activated in various types of tumours [15]. Moreover,
Nrf2 is abundantly expressed in hepatocellular carcinoma
(HCC) cells and is associated with poor HCC prognosis [16].

SET8, also known as SETD8, KMT5A, or PR-Set7, is the
only enzyme that generates histone H4 monomethylation on
lysine 20 (H4K20me1) in multicellular organisms [17]. SET8
is functional in multiple cellular pathways, such as DNA rep-
lication, chromosome compaction, cell cycle progression,
transcriptional modulation, genomic instability, and cellular
metabolism [17–20]. Moreover, SET8 is involved in cancer
proliferation, invasiveness, and migration and is thus associ-
ated with a poor survival rate in cancer patients [21, 22].
Some reports show that high methyltransferase activity of
SET8 is associated with a high recurrence rate and poor
overall survival rate in patients with liver cancer [23].
Consistently, a reduction in SET8 methyltransferase activity
increases cellular ROS accumulation [24] and results in mas-
sive apoptosis in the epithelium [25]. The role of SET8 in
fasting-induced apoptosis in HCC is still not well known.
In this study, we investigated the mechanism by which fast-
ing induces HCC cell apoptosis.

2. Material and Methods

2.1. Clinical Samples. Tumour specimens and paired adjacent
liver specimens were randomly collected during surgical
resections performed in select patients with HCC at Fudan
University Shanghai Cancer Center. The study included a
total of 40 participants, each of whom provided informed
consent. All the procedures performed in this study were
approved by the Ethics Committee of Fudan University.

2.2. Analysis of The Cancer Genome Atlas (TCGA)
RNASeqV2 Data. TCGA assembly program was used to
download hepatocellular carcinoma RNASeqV2 data and
clinical data. Cox regression analyses were used to calculate
the prognosis in 365 liver cancer patients divided into either
the low gene expression group or the high gene expression
group of SET8. The overall survival rates of the high and
low gene expression groups were compared using Kaplan-
Meier analysis and the log-rank test.

2.3. Cell Culture and Reagents. MHCC-97H (RRID: CVCL_
4972) and HCC-LM3 (RRID: CVCL_6832) cells, which are
HCCs, were purchased from the Institute of Biochemistry
and Cell Biology, Chinese Academy of Sciences, Shanghai,
China. All cell lines were cultured in DMEM containing 1%
penicillin-streptomycin and 10% foetal bovine serum at

37°C in a humidified 5% carbon dioxide incubator that was
mycoplasma-free.

For starvation experiments, cells were washed with PBS
to remove the complete medium and further cultured in
DMEM with low glucose (1mM) and 1% foetal bovine
serum, as previously described [26].

2.4. Cell Proliferation Assay. The cell counting kit-8 (CCK8)
assay (CCK8; Dojindo Molecular Technologies, Inc., Japan)
was performed according to the manufacturer’s instructions.
Cells were plated in 96-well plates at a density of 5 × 103
cells/well. After 24 h, some of the cells were transferred to a
fasting concentration (1mM). Then, 10μl of CCK8 solution
was added to each well, and the cells were incubated with
the solution for 2 h. Optical density (OD) values were mea-
sured at 450nm using a microplate reader to indicate the rel-
ative cell viability.

2.5. Intracellular ROS Detection. Intracellular ROS were mea-
sured using a Reactive Oxygen Species Assay Kit (Beyotime
Biotechnology) according to the manufacturer’s instructions.
DCFH-DA (5μM) was added to the cells, and they were
incubated at 37°C for 30min in the dark. Cells were then
washed with serum-free medium three times and analysed
for ROS production by flow cytometry.

2.6. Apoptosis Assay. Apoptosis was measured by
fluorescence-activated cell sorting (FACS) analysis (Cytomics
FC 500 MPL; Beckman Coulter, Fullerton, USA) using dou-
ble staining with Annexin V-FITC and propidium iodide
(PI; BD Biosciences, San Jose, USA). Briefly, after different
treatments, cells were harvested and incubated with PI and
Annexin V-FITC for 30min at 37°C in the dark and then
analysed by flow cytometry.

2.7. Immunohistochemistry. Biological specimens were col-
lected as mentioned above. The wax was removed from
the tissue slices by washes with PBS, and then, the slices
were fixed in 95% alcohol for 30min and incubated with
3% H2O2 for 10min at room temperature to remove endog-
enous peroxidase activity. Goat serum was added for 10min
at room temperature to block nonspecific staining. Primary
SET8 (Abcam, Cambridge, UK), Nrf2 (ProteinTech, 16396-
1-AP), and Keap1 (ProteinTech, 10503-2-AP) antibodies
were diluted 1 : 200 in the blocking solution and incubated
with sections at 37°C for 2 h. Secondary antibody and bio-
tinylated horseradish peroxidase were sequentially added
at room temperature for 10min. Diaminoaniline (DAB)
(ZSGB-BIO, China) was added, and samples were counter-
stained with haematoxylin. Finally, the slides were gradually
dehydrated with a graded ethanol series and sealed with
neutral glue. Images were acquired with a vertical micro-
scope (Olympus BX53).

2.8. Western Blot Analysis.Whole-cell extracts were prepared
using cell lysis buffer (Cell Signaling Technology, Danvers,
MA). Protein samples were boiled for 5min in sample load-
ing buffer and were separated by 8-10% SDS-PAGE and
transferred to PVDF membranes. Membranes were blocked
with 5% skim milk for 1 h and then incubated with primary
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antibodies overnight at 4°C. The primary antibodies used
were as follows: monoclonal antibodies against β-actin (Pro-
teinTech, 66009-1-Ig, 1/5000), SET8 (ProteinTech, 14063-1-
AP, 1/1000), H4K20me1 (Abcam, Cambridge, UK), Keap1
(ProteinTech, 10503-2-AP, 1/1000), Nrf2 (ProteinTech,
16396-1-AP, 1/1000), Heme oxygenase-1 (HO1) (Protein-
Tech, 10701-1-AP, 1/1000), Glutamate cysteine ligase sub-
unit catalysis (GCLC) (ProteinTech, 12601-1-AP, 1/1000),
Glutamate cysteine ligase modifier subunit (GCLM) (Pro-
teinTech, 14241-1-AP, 1/1000), Malic enzyme 1 (ME1)
(ProteinTech, 16619-1-AP, 1/1000), Thioredoxin reductase
1 (TXNRD1) (ProteinTech, 11117-1-AP, 1/1000), and Per-
oxisome proliferator-activated receptor γ coactivator 1α
(PGC1α) (ProteinTech, 66369-1-Ig, 1/1000). After washing
the membranes, an HRP-conjugated secondary antibody
was then added for 1 h at room temperature, and the
membranes were further washed 5 times with TBS-T. Sub-
sequently, the signal was detected by an ECL system. The
density of the protein bands was analysed by Scan-gel-it
software. Protein expression was normalized to β-actin.

2.9. Quantitative Polymerase Chain Reaction (qPCR). Total
RNAwas isolated from cells by Trizol® reagent (Tiangen Bio-
tech, Beijing, China). cDNA was synthesized using a Hifair®
II 1st Strand cDNA Synthesis SuperMix for qPCR (gDNA
digester plus) (Yeasen, Shanghai). Quantitative real-time
PCR (qPCR) was performed with a Hieff UNICON® qPCR
TaqMan Probe Master Mix (Yeasen, Shanghai) to analyse
the gene expression of β-actin, SET8, Keap1, Nrf2, PGC1α,
ME1, TXNRD1, GCLC, HO1, and GCLM with a QuantStu-
dio 7 Flex Real-Time PCR System (Applied Biosystems, Life
Technologies, Waltham, USA). The qPCR primers used in
this study can be found in Table 1.

2.10. Immunofluorescence (IF). Cells were grown on cover-
slips. After treatment, cells were washed with PBS and fixed
in 4% paraformaldehyde for 15min. After washing 3 times
with PBS for 5min, cells were permeabilized with 0.3% Tri-
ton X-100 for 5min and blocked for 1 h with 1% bovine
serum albumin at room temperature. Cells were then incu-
bated with primary anti-SET8 (ProteinTech, 14063-1-AP,
1/200) and anti-PGC1α (ProteinTech, 66369-1-Ig, 1/200)
antibodies overnight at 4°C. The next day, following washing
with PBS, cells were incubated with fluorescent secondary
antibodies. After washing 3 times with PBS, cell nuclei were
stained with 4,6-diaminophenylindole (DAPI). Images were
taken using a confocal fluorescence microscope (Leica).

2.11. Coimmunoprecipitation (Co-IP). Whole cell protein
lysates were extracted with a cell lysis buffer with PMSF
(Beyotime Biotechnology, Shanghai). For endogenous IP,
lysates were incubated with corresponding primary antibod-
ies and 50μl of protein A/G Dynabeads (Thermo Fisher,
USA) at 4°C overnight. Then, 10μl of input, IgG negative
control, and the IP were subjected to Western blotting.

2.12. Mass Spectrometry. Cells were transfected with a SET8
plasmid, and protein lysate was extracted 48h after transfec-
tion. The endogenous IP was performed as described above.
Silver staining was performed using a fast silver staining kit

(Beyotime Biotechnology, Shanghai) according to the manu-
facturer’s instructions. Mass spectrometric analysis of stained
gel strips was performed using high-performance liquid
chromatography (1260 Series, Agilent Technologies) and
mass spectrometry (Agilent 6460, Agilent Technologies).

2.13. Chromatin Immunoprecipitation (ChIP). ChIP assays
were carried out with a Simple ChIP Plus Sonication Chro-
matin IP Kit (Cell Signaling Technology, MA) according to
the manufacturer’s instructions. Briefly, cells (1 × 107) were
fixed with 1% formaldehyde for 10min at room temperature
to cross-link DNA and proteins. Glycine was then added to
stop the cross-linking reaction. Chromatin was sheared using
a Microson Ultrasonic Cell Disruptor XL (Misonix) with 16
cycles of sonication (15 s each, 2min rest, amplitude = 10,
power = 15W). Ten microliters of sonicate was collected
from each sample as input, and the remaining sample was
incubated with anti-PGC1α (Abcam, USA) or anti-
H4K20me1 (Abcam, USA) antibodies or an IgG negative
control at 4°C overnight. Immunoprecipitants were bound
to protein G magnetic beads, and the DNA-protein cross-
linking was reversed by incubating at 65°C for 2 h. Then,
the DNA was purified, and enriched DNA sequences were
analysed by qPCR. Keap1 oligonucleotide sequences for
PCR primers were as follows: forward 5′-TGACAAAACTG
AGCCTCCTAGC-3′ and reverse 5′-GCATCAAAGAGTG
ATGCTGAATG-3′.

2.14. Dual-Luciferase Assay. A Promega Dual-Luciferase
Assay Kit (Madison, WI, United States) was used to assess
the impact of SET8 and PGC1α on Keap1 promoter activity.
The Keap1 promoter was amplified from genomic DNA of
HCC-LM3 cells and ligated into a pGL3-Basic vector to gen-
erate a pGL3-Keap1 construct. pGL3-Keap1 was transfected
with a Renilla luciferase vector into HCC-LM3 cells, and
the impact of SET8 and PGC1α on Keap1 promoter activity
was assessed using a dual-luciferase assay kit.

2.15. siRNA Treatments. MHCC-97H and HCC-LM3 cells
were transfected with siRNA against PGC1α using Lipofecta-
mine 3000 (Invitrogen, USA) according to the manufac-
turer’s instructions. The PGC1α siRNA sequences (Biotend,
Shanghai) were sense, 5′-GCUCCAAGACUCUAGAAdTd
T-3′, and anti-sense, 5′-UUGUCUAGAGUCUUGGAGCd
TdT-3′; for siRNA #2, the sequences were sense, 5′-GGCA
GUAGAUCCUCUUCAAdTdT-3′, and anti-sense, 5′-UUG
AAGAGGAUCUACUGCCdTdT-3′.

2.16. SET8 Lentivirus Containing Short Hairpin RNAs
(shRNAs) and Mutant Treatments. SET8 shRNAs (Gene-
chem, Shanghai) and mutant SET8R295G plasmid were trans-
fected into HCC cells. The shRNA sequences were as follows:
shRNA-1, 5′-CAACAGAATCGCAAACTTA-3′; shRNA-2,
5′-CAACAGAATCGCAAACTTA-3′.

2.17. Fasting in Mice. All animal studies and procedures
adhered to the recommendations of the Medicine and Public
Health Animal Care and Use Committee of Shanghai
Medical College at Fudan University. Wild-type BALB/c
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mice (female, 6 weeks, 20–25 g) were purchased from Shang-
hai Sippr-BK Laboratory Animal Co. Ltd. Mice were divided
into four groups based on the interventions (N = 6 per
group): group 1: mice injected with MHCC-97H control
cells; group 2: mice injected with shSET8 knockdown
MHCC-97H cells; group 3: mice injected with MHCC-97H
cells and fasted; group 4: mice injected with SET8-
overexpressing MHCC-97H cells and fasted. Mice in all
groups were injected subcutaneously in the right flank with
100μl of cells in PBS at a density of 2 × 106 cells/ml. Animals
were divided into 4 groups at 5-7 days after inoculation of
tumour cells. Group 1 and group 2 mice were maintained
under standard conditions throughout the study. Group 3
mice, which were injected with MHCC-97H cells, and group
4 mice, which were injected with SET8-overexpressing
MHCC-97H cells, were subjected to alternating days of fast-
ing and days of ad libitum diet (on nonfasting days). Animals
were given free access to water every day [26]. Mice were
individually housed in clean new cages to avoid cannibalism
or cofeeding. Tumour size, body weight, and general behav-
iour were monitored every 4 days. The tumour size was
calculated using callipers, and the tumour volume was calcu-
lated as follows: tumour volume ðmm3Þ = ðlength × width ×
widthÞ × π/6, where expression length and width are in milli-
metres. Tumours were harvested and weighed for WB and
qPCR analysis.

2.18. Statistical Analysis. The results are presented as the
mean ± SD (standard deviation). Two-tailed unpaired t-tests
or one-way ANOVA with GraphPad Prism Version 6
(GraphPad Software, San Diego, CA) was performed to com-
pare the groups. P < 0:05 was considered significant.

3. Results

3.1. SET8 Is Upregulated and Associated with a Poor
Prognosis in Hepatocellular Carcinoma. First, we analysed
the expression of SET8, Keap1, and Nrf2 by immunohisto-
chemical staining in tumour tissues and adjacent nontumour
tissues from hepatocellular carcinoma patients who under-
went a surgical resection. We found that both Nrf2 and
SET8 were highly expressed in HCC tissues in comparison

to paracarcinoma tissues, and the staining was mainly
restricted to the nucleus. In contrast, Keap1 was more highly
expressed in paracarcinoma tissues than in HCC tissues and
was mainly present in the cytoplasm (Figure 1(a)). Similar
results were found by analysing protein expression by West-
ern blot, which showed that SET8 and Nrf2 expression was
higher in HCC tissues than in adjacent nontumour tissues,
while Keap1 expression was higher in adjacent tissues
(Figure 1(b)). Next, we assessed the overall survival rates of
HCC patients using TCGA dataset of HCC. Patients were
divided into two groups on the basis of SET8 expression.
We found that higher SET8 expression was positively associ-
ated with a poorer overall survival rate in patients with HCC
(Figure 1(c)).

3.2. Effects of Fasting on Cell Viability, Apoptosis, and
Expression of Components of the SET8 and Keap1/Nrf2/ARE
Signalling Pathways. MHCC-97H and HCC-LM3 cells were
cultured in fasting medium or complete DMEM (control).
Compared to the control group, fasting reduced cell viability
(Figure 2(a)) and induced apoptosis (Figure 2(b)) in MHCC-
97H and HCC-LM3 cells. Moreover, compared with the
control group, fasting increased ROS accumulation in HCC
(Figure 2(c)). Previous studies have reported that the
Keap1/Nrf2/ARE signalling pathway plays a critical role in
cellular redox homeostasis. We analysed the expression of
the Keap1/Nrf2/ARE signalling pathway components in
MHCC-97H and HCC-LM3 cells by qPCR or Western
blotting. The results showed that fasting increased the
expression of Keap1 but decreased the expression of Nrf2,
ME1, TXNRD1, HO1, GCLM, and GCLC at the protein
(Figure 2(d)) and mRNA (Figure 2(e)) levels. Furthermore,
the mRNA and protein expression of SET8 and its sub-
strate H4K20me1 was decreased under fasting conditions
(Figures 2(f) and 2(g)).

To determine the role of Keap1 in response to fasting, we
constructed a Keap1 knockdown model by treating HCC
cells with Keap1 siRNA under fasting treatments. Keap1
knockdown improved fasting-mediated loss of cell viability
and increased apoptosis in HCC cells (Supplementary
Figures S1A and B). Furthermore, knockdown of Keap1
counteracted fasting-mediated ROS accumulation in HCC

Table 1: Primer sequences.

Genes
Sequences

Forward (5′-3′) Reverse (5′-3′)
β-Actin ATGCCCTGAGGCTCTTTTCCAGCC CCAGGATGGAGCCACCGATCCACA

SET8 AGCTCCAGGAAGAGCAAAGCCGAG GGCGTCGGTGATCTCGATGAGGT

Keap1 CACCACAACAGTGTGGAGAGGTA TACAGTTGTGCAGGACGCAGACG

Nrf2 CCAATTCAGCCAGCCCAGCACAT GGTGACTGAGCCTGATTAGTAGC

PGC1α CGGAAATCATATCCAACCAG TGAGGACCGCTAGCAAGTTTG

ME1 CCTCACTACTGCTGAGGTTATAGC CGGTTCAGGATAAACTGTGGCTG

TXNRD1 GCAATCCAGGCAGGAAGATTGCT CTCTTGACGGAATCGTCCATTCC

GCLC GTGGTACTGCTCACCAGAGTG AGCTCCGTGCTGTTCTGGGCCTT

HO1 AGCGGGCCAGCAACAAAGTGCAA CAGCATGCCTGCATTCACATGGC

GCLM ATCTTGCCTCCTGCTGTGTGATGC CAATGACCGAATACCGCAGTAGCC
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cells (Supplementary Figure S1C). Moreover, the additional
knockdown of Keap1 led to an increase in the expression
of Nrf2/ARE signalling pathway components in fasting-
treated HCC cells (Supplementary Figures S1D and E).
These data indicated that fasting mediated HCC apoptosis,
ROS accumulation, and inhibition of the Nrf2/ARE signalling
pathway via upregulation of Keap1 expression.

3.3. Role of SET8 in HCC Cell Viability, Apoptosis, ROS
Accumulation, and the Expression of Keap1/Nrf2/ARE
Signalling Pathway Components in response to Fasting. To
understand the role of SET8 in fasting-mediated decreases
in cell viability and increases in apoptosis, SET8 was overex-
pressed or silenced in MHCC-97H and HCC-LM3 cells. We
found that overexpression of SET8 reversed fasting-mediated
loss of cell viability (Figure 3(a)) and increased apoptosis
(Figure 3(b)). Moreover, knockdown of SET8 resulted in
decreased cell viability (Supplementary Figure S2A) and
increased apoptosis (Supplementary Figure S2B) in HCC

cells, which was similar to the effects observed with fasting.
Furthermore, overexpression of SET8 counteracted fasting-
mediated ROS accumulation (Figure 3(c)). Similarly, SET8
knockdown augmented ROS accumulation in HCC cells,
which was similar to the effect observed with fasting
(Supplementary Figure S2C). We then analysed the effect of
SET8 on the expression of the Keap1/Nrf2/ARE signalling
pathway by qPCR or Western blotting. SET8 overexpression
under fasting conditions in HCC cells decreased Keap1
expression, while it increased the expression of Nrf2/ARE
signalling pathway components at the protein (Figure 3(d))
and mRNA (Figure 3(e)) levels. Moreover, SET8 knockdown
increased the expression of Keap1 and decreased the
expression of the Nrf2/ARE signalling pathway in HCC
cells, which was similar to the effect observed with fasting
(Supplementary Figures S2D and E). These data indicated
that fasting induced HCC apoptosis and inhibition of the
Keap1/Nrf2/ARE signalling pathway via a decrease in
SET8 expression.
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Figure 1: SET8 is upregulated in HCC and is positively associated with a poor prognosis. (a) Immunohistochemical analysis of SET8, Keap1,
and Nrf2 expression in HCC tissues and paracarcinoma normal liver tissue specimens from patients with HCC. Nuclei (blue) were stained by
haematoxylin. (b) Western blot analysis of SET8, Keap1, and Nrf2 expression in HCC specimens and adjacent paracarcinoma normal liver
tissue specimens from patients with HCC. (c) Kaplan-Meier OS survival curve for patients with high or low SET8 expression in TCGA dataset
of HCC; ∗P < 0:05.
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Figure 2: Continued.
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Next, to identify whether Keap1 is targeted by SET8, we
examined the genome-wide distribution of H4K20me1, a
downstream target of SET8, in HCC-LM3 cells by ChIP
assay. H4K20me1 was found to enrich at the Keap1 pro-
moter region (Figure 3(f)). Luciferase reporter assays indi-
cated that SET8 knockdown enhanced Keap1 promoter
activity (Figure 3(g)).

Then, we demonstrated the role of Keap1 in SET8
knockdown HCC cells. Keap1 was silenced in MHCC-
97H and HCC-LM3 cells by Keap1 siRNA. Knockdown of
Keap1 by siRNA reversed SET8 knockdown-mediated loss
of cell viability (Supplementary Figure S3A) and increased
apoptosis (Supplementary Figure S3B) in HCC cells.
Moreover, Keap1 knockdown weakened ROS accumulation
in SET8-silenced HCC cells (Supplementary Figure S3C).
Furthermore, the additional knockdown of Keap1 led to an
increase in the expression of Nrf2/ARE signalling pathway
components in SET8-silenced MHCC-97H and HCC-LM3
cells (Supplementary Figures S3D and E). These data
indicated that SET8 positively regulated Nrf2/ARE signalling

pathway expression and HCC malignant potential by
inhibiting Keap1 expression.

3.4. SET8 Interacts with PGC1. Purified SET8 complexes were
resolved by SDS-PAGE followed by silver staining. The dif-
ferential protein bands were isolated and analysed by mass
spectrometry. Among several other proteins, we found that
PGC1α probably interacts with SET8 (Figure 4(a)). Further-
more, we verified that SET8 coprecipitated with PGC1α in
MHCC-97H and HCC-LM3 cells (Figure 4(b)). Finally, we
demonstrated by confocal microscopy that SET8 and PGC1α
colocalized with each other (Figure 4(c)).

3.5. Role of PGC1α in HCC Cell Viability, Apoptosis, ROS
Accumulation, and Expression of Keap1/Nrf2/ARE Signalling
Pathway Components in response to Fasting. PGC1α was
overexpressed or silenced in MHCC-97H and HCC-LM3
cells. We found that overexpression of PGC1α reversed
fasting-mediated decreases in cell viability (Figure 5(a)) and
increases in apoptosis (Figure 5(b)). Moreover, knockdown
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Figure 2: Effects of fasting on cell viability, apoptosis, ROS level, and expression of Keap1/Nrf2/ARE signalling pathway components and
SET8. (a) Proliferation of MHCC-97H and HCC-LM3 cells in normal or fasting conditions for 24 h, as measured by CCK8. (b) Flow
cytometry was used to detect apoptotic MHCC-97H and HCC-LM3 cells cultured in normal or fasting medium for 24 h. (c) The level of
ROS was detected by flow cytometry in MHCC-97H and HCC-LM3 cells cultured in normal or fasting medium for 24 h. (d) Western blot
analysis of the Keap1/Nrf2/ARE signalling pathway in MHCC-97H and HCC-LM3 cells cultured in normal or fasting conditions for 24 h.
(e) The mRNA expression of the Keap1/Nrf2/ARE signalling pathway components in HCC cells grown in normal or fasting medium for
24 h was examined by qPCR. (f) Western blot analysis of SET8 and H4K20me1 in HCC cells cultured in normal or fasting medium for
24 h. (g) The mRNA expression of SET8 was examined by qPCR in cells grown in normal or fasting medium for 24 h. Data are shown as
the mean ± SD of five independent experiments. ∗P < 0:05 vs. the control group.
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Figure 3: Role of SET8 in HCC cell viability and apoptosis in response to fasting. (a) Proliferation of MHCC-97H and HCC-LM3 cells under
fasting conditions for 24 h or fasting in combination with overexpressed SET8. (b) Flow cytometry was used to detect the number of apoptotic
MHCC-97H and HCC-LM3 cells under fasting conditions for 24 h or fasting in combination with overexpressed SET8. (c) The level of
reactive oxygen species in MHCC-97H and HCC-LM3 cells under fasting conditions for 24 h or fasting in combination with
overexpressed SET8. (d) Western blot analysis of SET8 and Keap1/Nrf2/ARE signalling pathway components in MHCC-97H and HCC-
LM3 cells under fasting conditions for 24 h or fasting in combination with overexpressed SET8. (e) qPCR analysis of SET8 and
Keap1/Nrf2/ARE signalling pathway components in MHCC-97H and HCC-LM3 cells under fasting conditions for 24 h or fasting in
combination with overexpressed SET8. (f) ChIP assay of H4K20me1 presence at the promoter region of Keap1. Normal IgG was used as a
control. (g) SET8 knockdown increased Keap1 luciferase activity in HCC-LM3 cells. Data are shown as the mean ± SD of five independent
experiments. ∗P < 0:05 vs. the control group. #P < 0:05 vs. the fasting group.
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of PGC1α resulted in decreased cell viability (Supplementary
Figure S4A) and increased apoptosis (Supplementary
Figure S4B) in MHCC-97H and HCC-LM3 cells, which was
similar to the effect observed in fasting cells. Furthermore,
overexpression of PGC1α counteracted fasting-mediated
ROS accumulation in HCC (Figure 5(c)). Similarly, PGC1α
knockdown augmented ROS accumulation in HCC cells
(Supplementary Figure S4C), which was similar to the effect
observed in fasting cells. We then analysed the effect of

PGC1α on Keap1/Nrf2/ARE signalling pathway expression
by qPCR or Western blotting. PGC1α overexpression led
to a decrease in Keap1 expression and an increase in
Nrf2/ARE signalling pathway expression under fasting
conditions (Figures 5(d) and 5(e)). Moreover, PGC1α
knockdown increased the expression of Keap1 while
decreasing the expression of Nrf2/ARE signalling pathway
components in HCC cells (Supplementary Figures S4D and
E), which was similar to the effects observed in fasting cells.
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3.6. SET8 Interacts with PGC1α to Positively Regulate Keap1
in HCC In Vitro, and Fasting Inhibits HCC Growth via
SET8 Inhibition In Vivo. Luciferase reporter assays indi-
cated that SET8 not only attenuated Keap1 promoter
activity but also strengthened the negative effect of PGC1α
on Keap1 promoter activity (Figure 6(a)). Moreover, mutant
SET8R295G had no effect on Keap1 promoter activity in HCC
cells (Figure 6(a)). Furthermore, Nrf2 expression was upreg-
ulated, while Keap1 expression was decreased in HCC cells
overexpressing SET8 but not in those expressing mutant
SET8R295G (Figure 6(b)).

Then, in vivo experiments were performed to verify the
above conclusion.We found that fastingmice andmice injected
with SET8 knockdownHCC cells had repressed tumour growth
compared to the control group (Figures 6(c) and 6(d)). Addi-
tionally, in these mice, the expression of Nrf2 and its down-
stream effectors was decreased, while the expression of
Keap1 was elevated (Figures 6(e) and 6(f)). We also found
that the antitumour effects of fasting could be counteracted
by overexpressing SET8 (Figures 6(c)–6(f)).

4. Discussion

Mitochondria are the major cellular organelles that generate
intracellular ROS and play a key role in apoptosis [27]. Exces-
sive ROS production results in biomolecule damage and can-
cer cell apoptosis, and ROS have been widely found to play a
crucial role in apoptosis upon cancer treatment [28]. Nrf2 is a
member of the basic leucine zipper transcription factor NF-
E2 family, which coordinates the induction of antioxidant
and phase II detoxifying enzymes [29]. Keap1 is a component
of the Cullin 3-based E3 ubiquitin ligase complex that con-
trols the stability and accumulation of Nrf2 [30]. Normally,
Nrf2 binds to Keap1 in the cytoplasm and is then degraded

by the proteasome pathway. Once activated, Nrf2 is trans-
located to the nucleus and binds to ARE to activate
downstream phase II cell protective enzymes, including
TXNRD1, ME1, GCLC, GCLM, and HO-1. After translation,
the Nrf2 protein is rapidly degraded in the cytoplasm by the
ubiquitin-proteasome system [30]. The Keap1/Nrf2/ARE
signalling pathway is one of the most crucial antioxidant
stress pathways in cells, and it plays an important role in
redox regulation and oncogenic pathways [31]. Many studies
have established that cancer cells survive under stress condi-
tions via Nrf2-mediated oxidation resistance [32]. The mech-
anism by which Nrf2 promotes cancer cell formation and
progression includes inhibition of apoptosis, induction of
detoxification enzymes, and expression of antioxidative
stress genes [33]. The activation of cell protective factors
downstream of Nrf2 is conducive to the survival of cancer
cells and resistance of cancer cells to chemotherapy [34].
It has been reported that Nrf2 is involved in the expression
of antiapoptotic proteins, promotes chemotherapy toler-
ance of liver cancer, and is associated with the expression
of Bcl-xl, an antiapoptotic gene [35]. In addition, it has
been observed that ME1 expression is positively correlated
with larger tumour size, higher grade, poorer survival,
and chemotherapy resistance in breast cancer patients
[36]. In the present study, knockdown of Keap1 under fast-
ing conditions resulted in enhanced cell viability, the inhi-
bition of apoptosis and ROS accumulation, and increased
expression of Nrf2/ARE signalling pathway components
(Supplementary Figures S1A–C). These data indicate that
fasting mediated HCC apoptosis and Nrf2/ARE signalling
pathway inhibition by upregulating Keap1 expression
(Figures 2(a)–2(c)).

SET8 is the only enzyme that generates histone H4
monomethylation on lysine 20 (H4K20me1) in multicellular
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Figure 5: Role of PGC1α in HCC cell viability and apoptosis in response to fasting. (a) Proliferation of MHCC-97H and HCC-LM3 cells
under fasting conditions for 24 h or fasting in combination with overexpressed PGC1α. (b) Flow cytometry was used to detect the number
of apoptotic MHCC-97H and HCC-LM3 cells under fasting conditions for 24 h or fasting in combination with overexpressed PGC1α. (c)
The level of reactive oxygen species in MHCC-97H and HCC-LM3 cells under fasting conditions for 24 h or fasting in combination with
overexpressed PGC1α. (d) Western blot analysis of PGC1α and Keap1/Nrf2/ARE signalling pathway components in MHCC-97H and
HCC-LM3 cells under fasting conditions for 24 h or fasting in combination with overexpressed PGC1α. (e) qPCR analysis of PGC1α and
Keap1/Nrf2/ARE signalling pathway components in MHCC-97H and HCC-LM3 cells under fasting conditions for 24 h or fasting in
combination with overexpressed PGC1α. (f) ChIP assay of PGC1α presence at the promoter region of Keap1. Normal IgG was used as a
control. (g) PGC1α knockdown increased Keap1 luciferase activity in HCC-LM3 cells. Data are shown as the mean ± SD of five
independent experiments. ∗P < 0:05 vs. the control group. #P < 0:05 vs. the fasting group.
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Figure 6: SET8 interacts with PGC1α to regulate Keap1 in HCC cells in vitro, and fasting inhibits HCC growth via SET8 inhibition in vivo.
(a) The effects of SET8, PGC1α, and mutant SET8 on Keap1 luciferase activity in HCC-LM3 cells. (b) Western blotting was used to detect
the SET8, Keap1, and Nrf2 proteins in MHCC-97 and HCC-LM3 cells overexpressing wild-type or mutant SET8. (c, d) Tumour growth
following subcutaneous injection in the right flanks of Balb/c nude mice with 97H control cells, 97H-shSET8 cells, or 97H-SET8
overexpression cells (n = 6). (e) Western blotting was used to detect proteins SET8 and Keap1/Nrf2/ARE signalling pathway components
in mice. (f) The mRNA expression of SET8 and Keap1/Nrf2/ARE signalling pathway components was examined by qPCR in vivo. Data
are shown as the mean ± SD of five independent experiments. ∗P < 0:05 vs. the control group. #P < 0:05 vs. the fasting group.
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organisms [17]. SET8 plays a key role in the epigenetic regu-
lation of genes in many cellular processes [37]. Higher
expression of SET8 in tumours is associated with high recur-
rence and low overall survival [23]. These observations indi-
cate that SET8 may be a potential therapeutic target for
tumour therapy. There is also evidence that SET8 may func-
tion as a barrier to mitochondrial oxidative phosphorylation
activity [38]. SET8 was found to induce NQO1, a reductase
that inhibits inflammation and apoptosis in cells [39]. Our
previous study indicated that SET8 aggravated glycolytic
metabolism and thus induced HCC progression [40]. There-
fore, downregulation of SET8 expression could attenuate the
malignant potential of cancer cells. In the present study, we
found that SET8 was expressed at higher levels in HCC tis-
sues than it was in paracarcinoma tissues (Figures 1(a) and
1(b)). To investigate the possible role of SET8 in the
Keap1/Nrf2/ARE system in HCC, we transfected HCC cells
to cause either knockdown or overexpression of SET8. We
found that knockdown of SET8 downregulated the expres-
sion of Nrf2 and its downstream effectors and upregulated
Keap1 expression (Supplementary Figures S2D and E).
Moreover, the additional knockdown of Keap1 led to an
increase in the expression of Nrf2/ARE signalling pathway
components in SET8-silenced HCC cells (Supplementary
Figures S3D and E). Furthermore, the ChIP assay in this
study revealed that H4K20me1 is enriched in the Keap1
promoter region (Figure 3(f)). Luciferase reporter assays
indicated that SET8 knockdown enhanced Keap1 promoter
activity (Figure 3(g)), while SET8 overexpression attenuated
Keap1 promoter activity (Figure 6(a)). These findings
suggest that SET8 negatively modulates Keap1 expression
and thus participates in fasting-mediated HCC cell apoptosis.

PGC1α is a transcriptional coactivator of several tran-
scription factors and nuclear receptors that regulate mito-
chondrial biogenesis and mitochondrial function [41].
PGC1α is important for rapid cell adaptation to energy-
demanding environments because it regulates oxidative
phosphorylation, Krebs cycle enzymes, fatty acid oxidation,
antioxidant components, and ROS levels [42]. Thus, PGC1α
is expressed especially in metabolically active tissues such as
the liver, kidneys, and brain [43]. The role of PGC1α in car-
cinogenesis has not been clear. Most experts believe early in
carcinogenesis, PGC1α may be downregulated, while in the
later stages of tumour progression, PGC1α is often upregu-
lated [44]. A study in mice showed that PGC1α regulates
mitochondrial function and promotes tumour growth [45].
PGC1α is highly upregulated and facilitates cancer metastasis
in lung cancer [46]. To investigate whether PGC1α affects
the Keap1/Nrf2/ARE system in HCC, we transfected HCC
cells to either knock down or overexpress PGC1α. Our data
demonstrated that knockdown of PGC1α enhanced apo-
ptosis, mediated ROS accumulation, and inhibited the
Nrf2/ARE signalling pathway via upregulation of Keap1
expression. Moreover, PGC1α overexpression attenuated
fasting-mediated apoptosis and increased the tumour anti-
oxidant capacity (Figures 5(b) and 5(c), Figure S4B and
C). Furthermore, ChIP assay results indicated that PGC1α
was enriched at the Keap1 promoter region (Figure 5(f)).
Luciferase reporter assays further indicated that PGC1α

knockdown enhanced Keap1 promoter activity (Figure 5(g)).
These data indicate that PGC1α negatively modulates Keap1
expression, thus participating in fasting-mediated Nrf2/ARE
signalling pathway inhibition and HCC cell apoptosis.
Furthermore, we found that PGC1α interacted with SET8
by mass spectrometry analysis (Figure 4(a)). Co-IP and
immunofluorescence analysis validated the interaction
between and colocalization of PGC1α and SET8 (Figures 4(b)
and 4(c)). In addition, luciferase reporter assays indicated
that SET8 not only attenuated Keap1 promoter activity but
also strengthened the negative effect of PGC1α on Keap1
promoter activity (Figure 6(a)). These results suggest that
SET8 binds to PGC1α to attenuate the activity of the
promoter of Keap1, which leads to high expression of Nrf2
and a high level of oxidation resistance in HCC cells.

In previous studies, fasting was shown to reduce mam-
mary carcinogenesis and decrease cancer cell proliferation
[47, 48]. Another report in 4T1 breast cancer cells showed
that the antitumour effect of fasting was mediated by
increased oxidative stress and apoptosis [49]. Additionally,
caloric restriction is reported to decrease proliferation,
increase apoptosis, and decrease the metastatic burden in
triple-negative breast cancers [50]. Other studies have
observed that a fasting-mimicking diet downregulated the
expression of HO-1 [48, 51]. The ketogenic diet is a type of
fasting diet, and it can exacerbate metabolic oxidative stress
in tumour cells [52]. In this study, we found that fasting
increased apoptosis and ROS accumulation and inhibited
the Nrf2/ARE signalling system via upregulation of Keap1
expression in HCC (Figures 2(a)–2(e)).

It is well known that fasting is the most physiological
means of inducing autophagy [53]. Moreover, a previous
study indicated that the inhibitory effect of fasting on tumour
growth depends on autophagy [48]. Whether fasting-
mediated autophagy was also regulated by SET8 deserves fur-
ther research.

5. Conclusions

In summary, the present study demonstrated that fasting
increased apoptosis and ROS accumulation and downregu-
lated Nrf2/ARE signalling pathway expression via upregula-
tion of Keap1 expression in HCC cells. Moreover, fasting
inhibited SET8 and PGC1α expression in HCC. Further-
more, SET8 interacted with PGC1α to negatively regulate
Keap1 expression, which participated in fasting-induced
HCC apoptosis.
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Supplementary Figure S1: (A) proliferation of MHCC-97H
and HCC-LM3 cells under fasting conditions for 24h or fast-
ing in combination with Keap1 knockdown, (B) flow cytom-
etry was used to detect the number of apoptotic MHCC-97H
and HCC-LM3 cells under fasting conditions for 24h or fast-
ing in combination with Keap1 knockdown, (C) the level of
reactive oxygen species in MHCC-97H and HCC-LM3 cells
under fasting conditions for 24 h or fasting in combination
with Keap1 knockdown, (D) Western blot analysis of SET8
and Keap1/Nrf2/ARE signalling pathway components in
MHCC-97H and HCC-LM3 cells under fasting conditions
for 24h or fasting in combination with Keap1 knockdown,
(E) qPCR analysis of SET8 and Keap1/Nrf2/ARE signalling
pathway components in MHCC97H and HCC-LM3 cells
under fasting conditions for 24 h or fasting in combination
with Keap1 knockdown. Data are shown as the mean ± SD
of five independent experiments. ∗P < 0:05 vs. the control
group. #P < 0:05 vs. the fasting group. Supplementary Figure
S2: (A) proliferation of MHCC-97H and HCC-LM3 cells fol-
lowing SET8 knockdown, (B) flow cytometry was used to
detect the number of apoptotic MHCC-97H and HCC-LM3
cells following SET8 knockdown, (C) the level of reactive
oxygen species in MHCC-97H and HCC-LM3 cells follow-
ing SET8 knockdown, (D) Western blot analysis of SET8
and Keap1/Nrf2/ARE signalling pathway components in
MHCC-97H and HCC-LM3 cells following SET8 knock-
down, (E) qPCR analysis of SET8 and Keap1/Nrf2/ARE
signalling pathway components in MHCC-97H and HCC-
LM3 cells following SET8 knockdown. Data are shown as
the mean ± SD of five independent experiments. ∗P < 0:05
vs. the control group. Supplementary Figure S3: (A) prolif-
eration of MHCC-97H and HCC-LM3 cells following SET8
knockdown alone or in combination with Keap1 knock-
down, (B) flow cytometry was used to detect the number
of apoptotic MHCC-97H and HCC-LM3 cells following
SET8 knockdown alone or in combination with Keap1
knockdown, (C) the level of reactive oxygen species in
MHCC97H and HCC-LM3 cells following SET8 knock-
down alone or in combination with Keap1 knockdown,

(D) Western blot analysis of SET8 and Keap1/Nrf2/ARE
signalling pathway components in MHCC-97H and HCC-
LM3 cells following SET8 knockdown alone or in combina-
tion with Keap1 knockdown, (E) qPCR analysis of SET8
and Keap1/Nrf2/ARE signalling pathway components in
MHCC-97H and HCC-LM3 cells following SET8 knock-
down alone or in combination with Keap1 knockdown.
Data are shown as the mean ± SD of five independent
experiments. ∗P < 0:05 vs. the control group. #P < 0:05 vs.
the SET8 knockdown group. Supplementary Figure S4:
(A) proliferation of MHCC-97H and HCC-LM3 cells fol-
lowing PGC1α knockdown, (B) flow cytometry was used
to detect the number of apoptotic MHCC-97H and HCC-
LM3 cells following PGC1α knockdown, (C) the level of
reactive oxygen species in MHCC-97H and HCC-LM3 cells
following PGC1α knockdown, (D) Western blot analysis of
PGC1α and Keap1/Nrf2/ARE signalling pathway compo-
nents in MHCC-97H and HCC-LM3 cells following PGC1α
knockdown, (E) qPCR analysis of PGC1α and Keap1/Nr-
f2/ARE signalling pathway components in MHCC97H and
HCC-LM3 cells following PGC1α knockdown. Data are
shown as the mean ± SD of three independent experiments.
∗P < 0:05 vs. the control group. (Supplementary Materials)
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Objective. Chidamide has a broad spectrum of antitumor activity but its function on glioma remains unknown. The increase of
reactive oxygen species (ROS) and reactive nitrogen species (RNS) may control glioma risk by promoting its apoptosis and
necrosis. Hedgehog pathway is crucial to glioma cell proliferation and controls ROS production. We aimed to explore the effects
of chidamide on the levels of miR-338-5p (glioma cell inhibitor), which may regulate Hedgehog signaling, resulting in the
changes of RNS. Materials and Methods. Migration and invasion activities of glioma cells were measured by using the Transwell
chamber assay. The expression levels of Sonic Hedgehog (Shh), Indian Hedgehog (Ihh), Desert Hedgehog (Dhh), miR-338-5p,
and related molecules were detected by using real-time PCR (RT-PCR) and or Western Blot in U87 and HS683 glioma cells.
The effects of chidamide on these molecules were measured by using the miR-338-5p inhibitor or mimics in U87 and HS683
glioma cell lines. ROS and RNS were measured by DCF DA and DAF-FM DA fluorescence. Biomarkers of oxidative stress were
measured by using a corresponding kit. Apoptosis and necrosis rates were measured by using flow cytometry. Results.
Chidamide inhibited the growth rate, migration, and invasion of human malignant glioma cells and increased the level of miR-
338-5p. miR-338-5p inhibitor or mimics increased or inhibited the growth rate of U87 and HS683 glioma cells. Chidamide
inhibited the levels of Shh, Ihh, migration protein E-cadherin, and invading protein MMP-2. The increase in the level of Shh
and Ihh led to the reduction in the ROS and RNS levels. miR-338-5p inhibitor or mimics also showed a promoting or inhibitory
function for the levels of Shh and Ihh. Furthermore, miR-338-5p mimics and inhibitor inhibited or promoted the migration and
invasion of the glioma cells (P < 0:05). Evaluated levels of miR-338-5p increased oxidative stress level and apoptosis and
necrosis rate by regulating the levels of biomarkers of oxidative stress (P < 0:05). Conclusion. Chidamide inhibits glioma cells by
increasing oxidative stress via the miRNA-338-5p regulation of Hedgehog signaling. Chidamide may be a potential drug in the
prevention of glioma development.

1. Introduction

Gliomas are glial brain tumors derived from astrocytic, oligo-
dendroglial, and ependymal cells. Malignant glioma accounts
for 14,000 deaths annually and more than 20,000 new cases
are found each year [1]. The specific pathogenesis of glioma
remains unclear. Exploring drugs [2] and therapeutic targets
[3, 4], improving survival [5], and reducing mortality is a
hotspot in glioma research [6].

Histone deacetylase (HDAC) is often found to be upreg-
ulated in human malignancy. HDAC1 [7, 8], HDAC2 [9, 10],
and HDAC3 [9, 11] have been reported to play an important
role in the growth of glioma cells or the tumorigenesis of
glioma. Thus, the inhibitor of HDAC may be beneficial in
the prevention of glioma. Chidamide is a HDAC inhibitor
which can inhibit HDAC1, HDAC2, HDAC3, and HDAC10
[12, 13] and can also inhibit the growth of cancer cells such
as lung cancer [14] and pancreatic cancer cells [15] and
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promote their apoptosis [16]. Thus, chidamide may be a
potential drug for controlling glioma cell proliferation. How-
ever, its effects on glioma growth and related molecular
mechanisms remain unknown.

Numerous growth factors play a regulatory role in glioma
formation, and Hedgehog (Hh) gene-encoded protein or
Hedgehog (Hh) gene function in glioma development has
received much attention [17]. The Hedgehog signaling path-
way is essential for glioma-initiating cell proliferation and
maybe the pathogenesis of glioma [18]. Hedgehog signaling
reduces apoptosis in cancer cells by controlling oxidative
stress [19], and oxidative stress may control glioma develop-
ment via the upregulation of apoptosis. There are at least
three Hh genes in vertebrates, namely, Sonic Hedgehog
(Shh), Indian Hedgehog (Ihh), and Desert Hedgehog (Dhh)
[20]. The N-terminal structure of the Ihh protein is 93%,
identical to Shh, and both have similar activities and receptor
and signal transduction pathways.

Whether chidamide affects Hedgehog signalling is not
well understood. MicroRNAs (miR) are potential molecules
for affecting cancer cell behavior [21]. MicroRNA-34a can
promote apoptosis in glioma cells by enhancing the levels
of reactive oxygen species (ROS) production and NOX2
expression [22]. The coding gene for the miR-338-5p subtype
of miR-338 is located in the 8th intron of the gene encoding
the apoptosis-associated tyrosine kinase. miR-338-5p may be
a potential inhibitor in the prevention of glioma risk [23].
ROS and reactive nitrogen species (RNS) are associated with
the changes of the redox system in a glioma angiogenic
microenvironment [24]. Chidamide may affect miR-338-5p,
which regulates Hedgehog signaling, resulting in the changes
of ROS and RNS. ROS and RNS may promote the apoptosis
of glioma and control its progression.

2. Materials and Methods

2.1. Cell Culture. U87 and HS683 cells are the most represen-
tative glioma cell lines [25, 26] and are very sensitive to chi-
damide; therefore, they have been chosen in the present
work. U87 and HS683 glioma cell lines were purchased from
Cell Bank (Shanghai, China). The cells were cultured in
DMEM medium containing 10% fetal bovine serum in a
5% CO2, 37

°C incubator, and grown to 80% confluency.
The cells were digested by using 1mL of 0.25% trypsin and
0.2% EDTA and passed to a new dish for further culture.
The cell lines used in this experiment were with the best
activity in culture for 4 passages.

2.2. Cell Transfection. Transfection reaction was carried
out when the cells were grown to 80% confluency in a six-
well plate. The miR-338-5p mimic and the miR-338-5p
inhibitor were designed and synthesized by Guangzhou
Ruibo Biotechnology Co., Ltd. (Guangzhou, China). The
sequence for the negative mimic control was 5′-UCACAA
CCUCCUAGAAAGAGUAGA-3′, the sequence for the
has-miR-338-5p mimic was 5′-AACAAUAUCCUGGUGC
UGAGUG-3′, and the sequence for the miR-338-5p inhibi-
tor was 5′-AACAAUAUCCUGGUGCUGAGUG-3′ [27].

Experiments were performed using the RNAiMAX Transfec-
tion Reagent from Thermo Fisher Scientific (MA, USA). The
procedure of the cell transfection experiment was as follows:
100 nM miR-338-5p mimic, miR-338-5p inhibitor, and con-
trol were prepared using 250μL of DMEM medium. 4μL of
RNAiMAX was added to 250μL of DMEM medium, gently
mixed, and allowed to stand at room temperature for 5min.
The mixture was sequentially added to the corresponding
six wells. In each well of the plate, 1.5mL of medium was
added. After 6 hours of transfection, the solution in each well
was replaced with 2mL of medium and continued to culture
for 24 h. All cells were assigned into the following groups:
control group (CG, wild type without chidamide treatment),
chidamide group (CHG, treated with 10μM chidamide for
24 h), miR-338-5p mimic group (MG), miR-338-5p inhibi-
tor group (IG), chidamide-treated miR-338-5p mimic group
(CHMG), and chidamide-treated miR-338-5p inhibitor
group (CHIG). After transfection, luciferase activity was
measured using the Dual Luciferase Reporter Assay System
(Promega Corporation, Madison, MA, USA). Firefly lucifer-
ase activity was normalized against miR-338-5p activity.

2.3. Measurement of HDAC Activity. A HDAC assay kit was
purchased from BioVision, Inc. (Milpitas, CA, USA). HDAC
activity was detected by an optical density method according
to the kit instructions, and 6 wells were used in each group.
HDAC activity was detected by hypoxia and reoxygenation,
and the results were presented as the ratio of a positive con-
trol in the kit. The IC50 value was calculated according to
time- and dose-response curves by using the SPSS probit
model analysis (SPSS v20.0; SPSS, Inc., Chicago, IL, USA).

2.4. DNA Synthesis Assay of Tritiated Thymidine (3H-TdR) in
Glioma Cells. Glioma cell lines U87 and HS683 were inocu-
lated in 96-well plates at a density of 5 × 103. A 3H-TdR kit
was purchased from China Isotope & Radiation Corporation
(Beijing, China). Logarithmic cells were digested into single
cells with 0.25% trypsin+0.02% EDTA-2Na. The DMEM
medium containing 10% FBS was adjusted to a cell concen-
tration of 5 × 103/mL. 100μL of cell suspension was added
to each well and cultured in a 37°C, 5% CO2, and saturated
humidity incubator for 24h until the cells were attached,
and then cultured in DMEM containing 4% FBS. After
24 h, the plates were removed and chidamide was added at
different concentrations (0-14μM chidamide). Each group
was given 5 replicate wells and cultured for 24h. The plate
was taken out and 100μL of 3H-TdR was added to each well
to a final concentration of 3:7 × 107 Bq/mL. The cells were
continually cultured for 24 h, the liquid was discarded, and
the cells were washed 3 times with PBS, and then 2mL of pre-
cooled 10% TCA was added and treated for 10min. 0.5mL of
0.3M NaOH was added to each well, treated at 60°C for
30min, and then allowed to cool to room temperature. The
lysate was collected, transferred to a scintillation vial, and
5mL of scintillation fluid was added, and the radioactivity
count (r/min) of each bottle was measured in a FJ-2107PFJ-
2107P liquid scintillator (Xi’an, China). A long half-life of
chidamide ranging between 16.8-18.3 h and 24 h may be a
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better period for evaluating its function [28]. Thus, 24 h was
chosen in the subsequent experiment.

2.5. Cell Migration Ability Analysis. The malignant glioma
cell lines U87 and HS683 were cultured in a 6-well Transwell
plate. When the cell confluency was close to 100%, a 20μL
tip was used to scratch each well in a 6-well plate in one
direction, and followed by PBS wash. Net floating cells
were treated with a solvent group containing 0.1% DMSO
(control group) and 10μM chidamide for 24 h. Micros-
copy photographed the width of the scratched area at 0
and 24h. Quantitative assessment was performed to mea-
sure the effect of chidamide on glioma cell migration. Rel-
ative migration distance was calculated as follows: the 0 h
and 24h invaded distances were recorded as D0 and D24.
Relativemigration distance rate = ðD0 −D24Þ/D0 × 100%.

2.6. Cell Invasion Ability Analysis. Matrigel was thawed in a
refrigerator at 4°C overnight. Matrigel and serum-free
DMEMwere placed in each cell at a ratio of 1 : 8 in 60μL/cell.
After incubation in a 37°C incubator for 3 h, culture medium
was removed using a pipette, washed twice with PBS solu-
tion, and 1mL of trypsin was used to treat the cells for
3min at 37°C. 3mL of serum-free DMEM medium was
placed into a petri dish, and the cells were prepared as a uni-
form suspension using a pipette. 200μL each of U87 and
HS683 were divided into each sterile cell of a 24-cell Trans-
well plate. U87 and HS683 were incubated for 24 h in the
incubator. A culture solution was poured, and the small
chambers were wiped with a cotton swab. After washing
the cells with a PBS solution for 2 times, crystal violet staining
solution was added to each chamber. After 15min staining,
the solution was poured and washed with PBS solution for
2 times. Five fields were chosen to take photos, and the aver-
age distances of cells in each field of view to pass through the
matrix were calculated.

2.7. Real-Time qPCR. Total RNA was extracted from the cells
using the Trizol Reagent and its concentration and quality
was measured using NanoDrop 2000. The total RNA was
reversely transcripted into cDNA using the SuperScript III
Reverse Transcriptase (Invitrogen). The primers (Shh, Ihh,
Dhh, E-cadherin, MMP-2, and GAPDH) for reverse tran-
scription and qPCR of miR-338-5p and U6 (Table 1) were
synthesized by Guangzhou Ruibo Biotechnology Co., Ltd.
(Guangzhou, China). Invitrogen’s Platinum SYBR Green

qPCR SuperMix-UDG kit was used in this reaction. The
specificity of SYBR Green qPCR was validated using melt
curve analysis. qPCR was performed using the following:
reagent used was 10μL of Platinum® SYBR® Green qPCR
(Invitrogen), 1μL of forward primer, 1μL of reverse primer,
2μL of cDNA template, and 6μL RNase free ddH20. U6 and
GAPDH were used as controls. Real-time PCR reaction con-
ditions were set as follows: Roche LighterCycler 480 denatur-
ation was set to 95°C for 30 seconds and cycle amplification
conditions were set to 95°C for 5 seconds and 60°C for 30 sec-
onds for a total of 40 cycles. The 2−ΔΔCT method was used to
calculate the relative expression level of miR-338-5p, Shh,
Ihh, Dhh, E-cadherin, and MMP-2 in glioma cells.

2.8. Western Blot. Acetyl-histone H3 (Lys14) (D4B9) Rabbit
mAb, anti-HDAC1 (cat. no. 5356), anti-HDAC2 (cat. no.
2540), and anti-HDAC3 (cat. no. 3949) antibodies were
purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA). Anti-Sonic Hedgehog antibody (ab53281), anti-
India Hedgehog antibody (ab52919), anti-Desert Hedgehog
antibody (ab97287), anti-E-Cadherin antibody (ab15148),
anti-MPP-2 antibody (ab97292), anti-GAPDH antibody
(ab37168), and HRP Goat Anti-Rabbit (IgG) secondary anti-
body (ab205718) were purchased from Abcam (Chicago, IL,
USA). Malignant glioma lines U87 and HS683 were adhered
to a 6-well plate and treated with 10μM of chidamide for
24 h. The medium in each well was discarded and washed
with ice-cold PBS. The cells were mixed with 100μL of RIPA
lysate with 100mM PMSF and 5mM DTT for a total of
200μL per well. The lysate in each tube was vortexed on a
vortex shaker for 5min. The protein in the EP tube was cen-
trifuged at 12,000 × g for 15min at 4°C. Proteins were sepa-
rated by using SDS-PAGE and then transferred to a PVDF
membrane. The PVDF membrane was blocked using 5%
skim milk and washed 3 times with TBST solution for
5min/time. The membrane was placed in the matched pri-
mary antibody at 1 : 2000 to 1 : 5000 dilution and incubated
in a horizontal shaker at 4°C. The secondary antibody at
1 : 5000 dilution was incubated with the abovementioned
washed membrane at room temperature for 1 h. ECL chemi-
luminescence reagents A and B were mixed at a ratio of 1 : 1
and were carefully dripped onto the PVDF membrane. The
recorded gel image was taken up by an ECL chemilumin-
ometer. Western Blots were quantified using GAPDH as
internal standard control, and relative expression levels were
calculated via the comparison with the quantitative value.

Table 1: The primers used in the present study.

Gene Forward primer (5′-3′) Reverse primer (5′-3′)
miR-338-5p GGGAACAATATCCTGGTGC GTGCAGGGTCCGAGGT

Shh AGCTGGAGAAGTTTAGGGTG CAAGCCAGGGCAGAGGTAG

Ihh CCGCAATAAGTATGGACTGC TTGGCTGCGGCCGAGTGCT

Dhh AGGAGCGGGTGAACGCTTTG GCGCCAGCAACCCATACTTG

E-cadherin CCTCGACACCCGATTCAAAG CCACTGTATTCAGCGTGAC

MMP-2 TGCACTGATACCGGCCGCAG AACTTGCAGGGCTGTCCTTC

GAPDH GTCTCCTCTGACTTCAA ACCACCCTGTTGCTGTA

Note: Shh—Sonic Hedgehog; Ihh—Indian Hedgehog; Dhh—Desert Hedgehog; MMP-2—matrix metalloproteinase-2.
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2.9. Biomarkers of Oxidative Stress. The levels of reduced
glutathione (GSH), superoxide dismutase (SOD), catalase
(CAT), and malondialdehyde (MDA) were measured by
using a Glutathione Assay Kit (ab156681), a SOD Assay Kit
(ab65354), a Catalase Assay Kit (ab118184), and a Malon-
dialdehyde Assay Kit (ab238537). All assays were performed
on a Beckman Coulter UniCel DxC 800 automatic biochem-
istry analyzer (Brea, CA, USA).

2.10. Oxidative Stress Measurement. The oxidative stress was
evaluated by ROS and RNS, which was measured by DCF DA
and or DAF-FM DA fluorescence. In brief, glioma cells
(1 × 106) were incubated with DCF DA with DAF-FM DA
and incubated for 15min at 37°C avoiding light. The cells
were washed twice with fresh medium and finally resus-
pended in PBS buffer (20mM, pH7.0). The fluorescence
was measured using a Synergy H1 Hybrid Multimode Micro-
plate Reader (BioTek Instruments, Vermont, USA).

2.11. Flow Cytometry Detection of Cell Apoptosis, Necrosis,
and Cycle. Glioma cells were reprecipitated (4°C) in 10mM
PBS and adjusted to 1 × 105/mL, then 100μL of Annexin
V-FITC was added and placed into a flow test tube. Five μL
of Annexin V-FITC and 15μL of propidium iodide were
added and mixed by avoiding light. The samples were mea-
sured by using flow cytometry (Beckman Coulter FC500
Flow Cytometer, IL, USA). The apoptosis and necrosis rates
were calculated by using flow FlowJo 7.5 (TreeStar Inc., Ash-
land, USA). For the assay of cell cycle, the cells were washed
with icy PBS after the treatment with different concentrations
of chidamide for 48 h. Icy 75% ethanol was used to fix cells.
Subsequently, the cells were treated with PI/RNase solution
for a quarter after being washed with PBS and detected by
using flow cytometry instrument.

2.12. Statistical Analysis. Experimental data results were ana-
lyzed using GraphPad Prism 5 software. The results of all
analyses were expressed as mean ± SD, and a one-tailed,
paired sample t-test or one-way ANOVA with post hoc
Tukey’s test was used to compare variables between two
groups. P < 0:05 was considered statistically significant.

3. Results

3.1. Chidamide Inhibited Cell Growth of U87 and HS683
Cells. A long half-life of chidamide ranging between
16.8-18.3 h and 24 h may be a better period for evaluating
its function. [28] Thus, the 24 h culture was chosen in the
experiment. U87 and HS683 cells were treated with different
concentrations of chidamide (0-14μM) for 24 h, and the pro-
liferation inhibition of chidamide on U87 and HS683 cell
lines was detected by a 3H-TdR assay. The results showed
that chidamide inhibited the relative cell activity of U87
(Figure 1(a)) and HS683 (Figure 1(b)) cells in a time-
dependent and dose-dependent way when the concentration
was more than 8μM for a 24-hour culture in all glioma
cells (P < 0:05). The IC50 values at 24 h were different from
each other in U87 and HS683 cells; the IC50 value in U87
cells was 11:09 ± 1:58μM, whereas the IC50 value for
HS683 cells was 12:16 ± 2:51 μM. 10μM of chidamide was

chosen so that inhibition caused by high-concentration tox-
icity may be avoided.

3.2. Chidamide Inhibited the Growth Rate of U87 and HS683
Glioma Cells via miR-338-5p. Chidamide and the miR-338-
5p inhibitor inhibited the growth rate of U87 (Figure 1(c))
and HS683 cells (Figure 1(d)). However, chidamide could
not inhibit the growth rates of two kinds of cells when the
miR-338-5p inhibitor was used and the statistical difference
for the growth was insignificant between the IG and CHIG
groups (P > 0:05). The miR-338-5p mimic promoted the
growth of U87 (Figure 1(c)) and HS683 cells (Figure 1(d)).
Further chidamide treatment still could inhibit the growth
of two kinds of cells, and the statistical difference for the
growth was significant between the MG and CHMG groups
(P < 0:05). The results suggested that chidamide inhibited
the growth rate of U87 and HS683 glioma cells via miR-
338-5p.

3.3. Chidamide Inhibited HDAC Activity of U87 and HS683
Cells. The HDAC activities of U87 (Figure 2(a)) and HS683
(Figure 2(b)) cells were reduced with the increase in the
concentration of chidamide (P < 0:05). Chidamide inhibited
the HDAC activities of U87 and HS683 cells in a time-
dependent and dose-dependent way. Western Blot analysis
showed that chidamide inhibited the expression of HDAC1,
HDAC2, and HDAC3 in a dose-dependent manner in U87
and HS683 cells. Additionally, the acetylation of H3 histones
was significantly increased following exposure to chidamide
U87 and HS683 cells. These results demonstrated that chida-
mide decreased the expression of HDACs and increased the
acetylation levels of histone.

3.4. Chidamide Blocked Glioma Cells at G0/G1 Phase due to
Cell Necrosis and Apoptosis. Figures 3(a)–3(b) showed that
the number of chidamide-blocked U87 glioma cells was
increased at the G0/G1 phase with the increase in the concen-
tration of chidamide. In similar cases, Figures 3(e)–3(f)
showed that the number of chidamide-blocked HS683 gli-
oma cells was increased at the G0/G1 phase with the increase
in the concentration of chidamide. The number of blocked
HS683 glioma cells after being treated with 4 and 8μMchida-
mide was significantly higher than those being treated with
0μM chidamide (Figure 3(g), P < 0:05). The number of
blocked U87 glioma cells after being treated with 8μM chida-
mide was significantly higher than those being treated with 0
and 4μM chidamide (Figure 3(h), P < 0:05). The number of
blocked HS683 glioma cells after being treated with 8μM chi-
damide was significantly higher than those being treated with
0 and 4μM chidamide (Figure 3(i), P < 0:05). Figures 3(j)–3(l)
showed that the proportion of U87 glioma cells with apoptosis
and necrosis was increased with the increase in the concentra-
tion of chidamide. In similar cases, Figures 3(m)–3(o) showed
that the proportion of HS683 glioma cells with apoptosis and
necrosis was increased with the increase in the concentration
of chidamide. The proportion of U87 glioma cells with
apoptosis and necrosis after being treated with 8μM chi-
damide was significantly higher than those being treated
with 0 and 4μM chidamide (Figure 3(p), P < 0:05). The
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Figure 2: The effects of chidamide on the activity of HDAC in U87 and HS683 glioma cells. (a) Relative activity of HDAC in U87 glioma cells.
(b) Relative activity of HDAC in HS683 glioma cells.
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Figure 1: 3H-TdR incorporation analysis of the growth rate of U87 and HS683 glioma cells. (a) The effects of chidamide on the growth rate of
U87 glioma cells. (b) The effects of chidamide on the growth rate of HS683 glioma cells. (c) The growth rate of U87 glioma cells among
different groups. (d) The growth rate of HS683 glioma cells among different groups. CG: control group; CHG: chidamide group; MG:
miR-338-5p mimic group; IG: miR-338-5p inhibitor group; CHMG: chidamide-treated miR-338-5p mimic group; CHIG: chidamide-
treated miR-338-5p inhibitor group. N = 5 for each group and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the CG group.
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Figure 3: Continued.
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total apoptosis and necrosis rates of HS683 glioma cells
after being treated with 8μM chidamide were significantly
higher than those being treated with 0 and 4μM chidamide
(Figure 3(q), P < 0:05). The results suggest that chidamide
blocks glioma cells at the G0/G1 phase probably through cell
necrosis and apoptosis.

3.5. Chidamide Increased Relative Level of miR-338-5p. U87
and HS683 cells were treated with different concentrations
of chidamide (0-14μM) for 24h, and the related levels of
miR-338-5p in U87 and HS683 cell lines were detected by
real-time qPCR. The results showed that chidamide increased
the relative level of miR-338-5p in U87 (Figure 4(a)) and
HS683 (Figure 4(b)) cells in a time-dependent and dose-
dependent way (P < 0:05).

miR-338-5p plays an important role in promoting solid
tumors. Therefore, we investigated whether chidamide inhib-
ited glioma cells via miR-338-5p. We detected the level of
miR-338-5p in human malignant glioma cell lines U87 and
HS683 by real-time PCR. The results showed that the relative
level of miR-338-5p increased in the mimic group and the
chidamide-treated group in U87 (Figure 4(c)) and HS683
(Figure 4(d)) cells and decreased in the inhibitor group
(P < 0:05). Further chidamide treatment still reduced the
growth rate of the cells after the miR-338-5p mimic was used,
and the statistical difference for miR-338-5p was significant
between the MG and CHMG groups (P < 0:05). Chidamide
may inhibit glioma cells via miR-338-5p.

3.6. Chidamide Inhibited the Activity of Glioma Cells via miR-
338-5p. To investigate the effect of chidamide on the migra-
tion of human malignant glioma cell lines U87 and HS683,
the cells were treated with 10μM of chidamide for 24 h.
The scratch test showed the migration of the two cells before
and after treatment. Chidamide inhibited the invasion of
glioma cells U87 (Figure 5(a)) and HS683 (Figure 5(b))
(P < 0:05). Furthermore, the miR-338-5p mimic inhibited
the invasion ability, whereas the inhibitor promoted the inva-
sion ability (P < 0:05). Further chidamide treatment still
reduced the invaded cells after the miR-338-5p mimic was
used, and the statistical difference for the invaded cells was
significant between the MG and CHMG groups (P < 0:05).
The results suggested that chidamide inhibited the migration
ability of malignant glioma cells via miR-338-5p.

To investigate the effect of chidamide on the relative migra-
tion distance of human malignant glioma cell lines U87 and
HS683, the cells were treated with 10μM of chidamide for
24h. Chidamide inhibited the relative migration distance of
human malignant glioma cells U87 (Figure 6(a)) and HS683
(Figure 6(b)) (P < 0:05). Furthermore, the miR-338-5p mimic
inhibited the relative migration distance of glioma cells,
whereas the inhibitor of miR-338-5p increased the relative
migration distance of glioma cells. Further chidamide treatment
still reduced the invading ability of the cells after the miR-338-
5p mimic was used, and the statistical difference for the migra-
tion ability was significant between the MG and CHMG groups
(P < 0:05). The results suggested that chidamide inhibited the
invading ability of malignant glioma cells via miR-338-5p.
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Figure 3: Flow cytometry analysis of the cell cycle, necrosis, and apoptosis. (a) The proportions of the U87 cells blocked at the G0/G1 phase
after being treated with 0 μM chidamide. (b) The proportions of the U87 cells blocked at the G0/G1 phase after being treated with 4μM
chidamide. (c) The proportions of the U87 cells blocked at the G0/G1 phase after being treated with 8 μM chidamide. (d) The proportions
of the HS683 cells blocked at the G0/G1 phase after being treated with 0μM chidamide. (e) The proportions of the HS683 cells blocked at
the G0/G1 phase after being treated with 4μM chidamide. (f) The proportions of the HS683 cells blocked at the G0/G1 phase after being
treated with 8 μM chidamide. (g) Phase fraction in HS683 cells after being treated with different concentrations of chidamide. (h) G1
phase fraction in U87 cells after being treated with different concentrations of chidamide. (i) G1 phase fraction in HS683 cells after being
treated with different concentrations of chidamide. (j) The proportions of the U87 cells with apoptosis and necrosis after being treated
with 0 μM chidamide. (k) The proportions of the U87 cells with apoptosis and necrosis after being treated with 4 μM chidamide. (l) The
proportions of the U87 cells with apoptosis and necrosis after being treated with 8 μM chidamide. (m) The proportions of the HS683 cells
with apoptosis and necrosis after being treated with 0μM chidamide. (n) The proportions of the HS683 cells with apoptosis and necrosis
after being treated with 4μM chidamide. (o) The proportions of the HS683 cells with apoptosis and necrosis after being treated with
8μM chidamide. (p) The total apoptosis and necrosis rates in U87 cells after being treated with different concentrations of chidamide.
(q) The total apoptosis and necrosis rates in HS683 cells after being treated with different concentrations of chidamide. All data are
expressed as mean ± SD (N = 6) and ∗P < 0:05 and ∗∗P < 0:01 vs. the 0μM chidamide group.
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3.7. Chidamide Reduced Relative mRNA Levels of Hedgehog
Signaling, Migration, and Invading Proteins via miR-338-5p.
Real-time qPCR analysis showed that chidamide treat-
ment reduced relative mRNA levels of Shh, Ihh, migration
marker E-cadherin, and invading marker MMP-2 in U87
(Figure 7(a), P < 0:05). Comparatively, chidamide treatment
reduced relative mRNA levels of Shh, Ihh, Dhh, E-cadherin,
and MMP-2 in HS683 glioma cells (Figure 7(b), P < 0:05).
In similar cases, miR-338-5p mimics and inhibitor reduced
or increased the relative mRNA levels of these molecules.
However, chidamide could not inhibit these molecules any-
more when the miR-338-5p inhibitor was used and the statis-
tical difference for these molecules was insignificant between
the IG and CHIG groups (P < 0:05). Further chidamide treat-
ment still reduced the levels of these molecules after miR-
338-5p mimic was used, and the statistical difference for the
levels of these molecules was significant between the MG
and CHMG groups (P < 0:05). The result suggested that chi-
damide reduced the relative mRNA levels of Hedgehog sig-
naling, migration, and invading proteins via miR-338-5p.

3.8. Chidamide Reduced Relative Protein Levels of Hedgehog
Signaling, Migration, and Invading Proteins via miR-338-5p.

Western Blot analysis showed that chidamide treatment
reduced the relative protein levels of Shh, Ihh, migration
marker E-cadherin, and invading marker MMP-2 in U87
(Figure 8(a), P < 0:05). Comparatively, chidamide treatment
reduced relative protein levels of Shh, Ihh, Dhh, E-cad-
herin, and MMP-2 in HS683 (Figure 8(b), P < 0:05). In
similar cases, miR-338-5p mimics and inhibitor reduced or
increased the relative protein levels of these molecules. Fur-
ther chidamide treatment still reduced the levels of these
molecules after miR-338-5p mimic was used, and the statisti-
cal difference for the levels of these molecules was significant
between the MG and CHMG groups (P < 0:05). The result
suggested that chidamide reduced the relative protein levels
of Hedgehog signaling, migration, and invading proteins
via miR-338-5p.

3.9. miR-338-5p Increased Oxidative Stress of Glioma Cells.
The serum levels of MDA were significantly increased, while
the levels of GSH, CAT, and SOD were significantly reduced
in the CHMG and MG groups and the reverse results were
found in the IG group in both cells (Table 2, P < 0:05). Thus,
miR-338-5p mimics or inhibitor increased or reduced the
biomarker levels of oxidative stress in both glioma cells.

Chidamide concentration (𝜇M)
0 108642 12 14

0

5

10

15

20
Re

la
tiv

e l
ev

el
 o

f m
iR

-3
38

-5
p

⁎ ⁎

⁎⁎

⁎⁎⁎

⁎⁎⁎
⁎⁎⁎

(a)

Chidamide concentration (𝜇M)
0 108642 12 14

0

5

10

15

20

Re
la

tiv
e l

ev
el

 o
f m

iR
-3

38
-5

p

⁎
⁎

⁎⁎

⁎⁎⁎ ⁎⁎⁎ ⁎⁎⁎

(b)

0

10

20

30

Re
la

tiv
e l

ev
el

 o
f m

iR
-3

38
-5

p

CG CHG IG CHMGMGCHIG

⁎⁎⁎
⁎⁎⁎

⁎⁎⁎⁎⁎⁎

⁎⁎

(c)

Re
la

tiv
e l

ev
el

 o
f m

iR
-3

38
-5

p

CG CHG IG
0

5

10

15

20

CHMGMGCHIG

⁎⁎

⁎

⁎⁎⁎⁎⁎⁎

⁎

(d)

Figure 4: Relative mRNA levels of miR-338-5p. (a) The effects of chidamide on the level of miR-338-5p in U87 cells. (b) The effects of
chidamide on the level of miR-338-5p in HS683 cells. (c) Relative mRNA levels of miR-338-5p in U87 glioma cells. (d) Relative mRNA
levels of miR-338-5p in HS683 glioma cells. CG: control group; CHG: chidamide group; MG: miR-338-5p mimic group; IG: miR-338-5p
inhibitor group; CHMG: chidamide-treated miR-338-5p mimic group; CHIG: chidamide-treated miR-338-5p inhibitor group. N = 5 for
each group and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the CG group.
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miR-338-5p mimics or inhibitor increased or reduced
the oxidative stress of glioma cells in U87 by increasing
or reducing the levels of ROS and RNS (Figures 9(a) and
9(b), P < 0:05). Comparatively, miR-338-5p mimics or
inhibitor also increased or reduced the oxidative stress of

glioma cells in HS683 by increasing or reducing the levels
of ROS and RNS (Figures 9(c) and 9(d), P < 0:05). Further
chidamide treatment increased the levels of oxidative stress
by increasing the level of miR-338-5p. The result suggested
that chidamide prevents glioma by increasing the level of
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Figure 5: The effects of miR-338-5p on the function of chidamide (10 μM) for controlling cell invasion per field. CG: control group; CHG:
chidamide group; MG: miR-338-5p mimic group; IG: miR-338-5p inhibitor group; CHMG: chidamide-treated miR-338-5p mimic group;
CHIG: chidamide-treated miR-338-5p inhibitor group. (a) The invasion of U78 glioma cells. (b) The invasion of HS683 cells. Values are
mean ± SD (N = 5) and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the CG group.
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miR-338-5p, which inactivates Hedgehog signaling, result-
ing in the increase of oxidative stress and inhibition of gli-
oma growth.

3.10. Oxidative Stress Increased Apoptosis and Necrosis of
Glioma Cells. Flow cytometry analysis showed that the apo-
ptosis and necrosis rates were highest in the CHMG group
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Figure 6: The effects of miR-338-5p on the function of chidamide (10 μM) for controlling cell immigration. CG: control group; CHG:
chidamide group; MG: miR-338-5p mimic group; IG: miR-338-5p inhibitor group; CHMG: chidamide-treated miR-338-5p mimic group;
CHIG: chidamide-treated miR-338-5p inhibitor group. (a) The migration of U87 glioma cells. (b) The migration of HS683 glioma cells.
Values are mean ± SD (N = 5) and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the CG group.
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(Figure 10(a)) with highest level of oxidative stress (Figures 9(a)
and 9(b)) and lowest in the IG group (Figure 10(a)) with the
lowest oxidative stress in U87 cells (Figures 9(a) and 9(b)).
In similar cases, the apoptosis and necrosis rates were highest

in the CHMG group (Figure 10(b)) with highest level of oxida-
tive stress (Figures 9(c) and 9(d)) and lowest in IG group
(Figure 10(b)) with the lowest oxidative stress in HS683 cells
(Figures 9(c) and 9(d)).
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Figure 7: Real-time qPCR analysis of the effects of chidamide (10 μM) on relative mRNA Hedgehog signaling and migration proteins. (a)
U87 glioma cells. (b) HS683 glioma cells. CG: control group; CHG: chidamide group; MG: miR-338-5p mimic group; IG: miR-338-5p
inhibitor group; CHMG: chidamide-treated miR-338-5p mimic group; CHIG: chidamide-treated miR-338-5p inhibitor group; Shh: Sonic
Hedgehog; Ihh: Indian Hedgehog; Dhh: Desert Hedgehog; MMP-2: matrix metalloproteinase-2. N = 5 for each group and ∗P < 0:05,
∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the CG group.
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4. Discussion

As an epigenetic modification regulator, chidamide regulates
gene expression mainly by increasing the acetylation of his-
tone lysine residues. An MTT assay showed that chidamide
inhibited the proliferation of U87 and HS683 cells in a

time-dependent manner and dose-dependent way
(Figure 1). The present results suggest that chidamide blocks
glioma cells at the G0/G1 phase probably through cell
necrosis and apoptosis. The results were consistent with
previous reports that the HDAC inhibitor induced cellular
necrosis [29] and chidamide promoted cellular apoptosis
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Figure 8: Western Blot analysis of the effects of chidamide (10 μM) on the relative protein level of the Hedgehog signaling and migration
protein. (a) U87 glioma cells. (b) HS683 glioma cells. CG: control group; CHG: chidamide group; MG: miR-338-5p mimic group; IG:
miR-338-5p inhibitor group; CHMG: chidamide-treated miR-338-5p mimic group; CHIG: chidamide-treated miR-338-5p inhibitor group;
Shh: Sonic Hedgehog; Ihh: Indian Hedgehog; Dhh: Desert Hedgehog; MMP-2: matrix metalloproteinase-2. N = 5 for each group and ∗P <
0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the CG group.
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[30]. On the other hand, HDAC inhibitors have been
reported to increase the expression of tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) receptors
and result in apoptosis [31, 32].

miRNAs play an important role in gliomagenesis as dom-
inant predictors of outcome and determinants for the resis-
tance to radio- and chemotherapy [33]. miR-338-5p is one

of the members of the miR-338 family whose brain-specific
microRNA precursors are found in humans [34]. Evaluated
levels of miR-338-5p have been reported to prevent cell pro-
liferation, migration, and invasion and promote cell apopto-
sis in glioblastoma cells [23]. Thus, the effects of miR-338-5p
on glioma cells were explored in the present work. Chida-
mide treatment often increased the relative level of miR-

Table 2: The levels of oxidative stress biomarkers.

Parameters CG CHG MG CHMG IG CHIG

U87

GSH (mg/L) 11:9 ± 1:5 10:1 ± 1:7∗ 8:5±0:9∗∗ 7:8±0:9∗∗ 15:6±2:0∗∗∗ 14:3±2:2∗∗

CAT (mg/L) 16:4 ± 3:1 14:8 ± 5:4∗ 7:2±2:7∗∗∗ 6:8±1:4∗∗∗ 17:5 ± 3:2 16:1 ± 3:4

MDA (mmol/L) 4:9 ± 1:3 7:8±2:2∗∗ 8:4±2:4∗∗ 8:5±1:3∗∗ 3:7±1:2∗∗ 3:9 ± 2:0∗

SOD (U/L) 371:4 ± 62:3 221:5±60:7∗∗ 202:3±80:5∗∗∗ 200:8±34:3∗∗∗ 491:2±69:6∗∗ 470:5±60:1∗∗

HS683

GSH (mg/L) 14:1 ± 2:3 11:5±1:9∗∗ 7:5±1:4∗∗∗ 7:9±1:2∗∗∗ 16:3 ± 2:0∗ 16:0 ± 2:5∗

CAT (mg/L) 15:8 ± 3:4 12:0 ± 3:8∗ 7:9±3:7∗∗∗ 6:8±1:0∗∗∗ 18:8 ± 3:6∗ 18:0 ± 3:1∗

MDA (mmol/L) 4:2 ± 1:4 8:6±2:5∗∗ 11:7±2:1∗∗∗ 10:6±2:3∗∗∗ 3:5±1:1∗∗ 3:2±1:3∗∗

SOD (U/L) 345:5 ± 59:1 303:7 ± 63:4∗ 281:3±49:6∗∗ 257:9±36:8∗∗ 396:1 ± 69:3∗ 390:2 ± 60:7∗

Note: CG—control group; CHG—chidamide group; MG—miR-338-5p mimic group; IG—miR-338-5p inhibitor group; CHMG—chidamide-treated miR-338-
5p mimic group; CHIG—chidamide-treated miR-338-5p inhibitor group. N = 5 for each group and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the CG group.
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Figure 9: The oxidative levels among different groups. Glioma cells were labeled with (a) DCF DA and/or DAF-FM DA, and intracellular
fluorescence was measured using a plate reader to estimate ROS and RNS. (a) ROS levels in U87 glioma cells. (b) RNS levels in U87
glioma cells. (c) ROS levels in HS683 glioma cells. (d) RNS levels in HS683 cells. CG: control group; CHG: chidamide group; MG: miR-
338-5p mimic group; IG: miR-338-5p inhibitor group; CHMG: chidamide-treated miR-338-5p mimic group; CHIG: chidamide-treated
miR-338-5p inhibitor group. N = 5 for each group and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the CG group.
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338-5p (Figures 4(a) and 4(b)). Thus, chidamide may inhibit
glioma cells via miR-338-5p since chidamide could not show
the inhibitory function when miR-338-5p was inhibited. Chi-
damide has a direct inhibitory effect on tumor cells. The
Hedgehog signaling pathway is highly activated not only in
solid tumors such as gastrointestinal tumors [35, 36], lung
cancer [37, 38], and breast cancer [39, 40] but also in leuke-
mia [41, 42], lymphoma [43, 44], myeloma [45, 46], and
brain tumor [47, 48]. According to a previous report, the
inhibition of Hedgehog signaling also inhibited the growth
of glioma cells [17]. The development of tumors involves
the involvement of the Hedgehog pathway, and the forma-
tion of resistance to chemotherapeutic drugs is also involved
in the Hedgehog pathway [49, 50]. Studies on the Hedgehog
pathway and hematological malignancies have found that
when the pathway is overexpressed, cells can show strong
resistance to drug therapy [51, 52], so the inhibition of
Hedgehog signaling can be improved to increase drug sensi-
tivity and antitumor effects.

In this study, qPCR and Western Blot were used to deter-
mine the related molecules in the Hedgehog pathway and gli-
oma cell migration and invasion. Chidamide inhibited the
levels of Shh and Ihh and N-Cadherin and MMP-2 in U87
and HS683 glioma cells. Hedgehog signaling pathways play
an important role in the growth of glioma cells [17].Wemainly
studied the effects of chidamide on the proliferation and
growth of glioma cells. The strong migration and invasion of
tumor cells are the main processes associated with glioma
[53, 54].We investigated the effects of chidamide on the migra-
tion and invasion of malignant glioma cells by a scratch test
and cell invasion assay. Chidamide had an inhibitory effect
on the migration and invasion of glioma cells. Subsequently,
we used real-time qPCR andWestern Blot to examine the effect
of chidamide on the expression of related proteins during the
migration and invasion of malignant glioma cells. It was found
that chidamide can significantly reduce E-cadherin and MMP-
2. A study found that the cell adhesion factor E-cadherin and
the invading protein MMP-2 could be reduced by chida-
mide in two kinds of glioma cells (Figures 7–8). The inhibition
of the cell adhesion factor E-cadherin [55, 56] and the invad-
ing protein MMP-2 is a potential way to control tumor cell
migration and invasion [57, 58].

It has been found that the abnormal activation of the
Hedgehog signaling pathway is involved in the occurrence,
invasion, and metastasis of malignant tumors. The signifi-
cance of the Hedgehog signaling pathway was proved in the
invasion and metastasis of malignant tumors by affecting cad-
herin [59]. miR-338-5p has been reported to be a potential
biomarker of cancers [60]. Hedgehog signaling is a well-
known pathway for the pathogenesis of cancers [61]. NCBI
Blast showed that SHH signaling genes had the two target
sequences (P1, 5′-AAGGCCCCCAGCTCTACCCTG-3′ and
P2, 5′-ATACCCGAGGTCCCAGAGCCAGA-3′) of miR-
338-5p. Thus, we considered the relationship between miR-
338-5p andHedgehog signaling. The present work showed that
miR-338-5p promoted Hedgehog signaling, and its function
was contrary with miR-338-3p, which downregulated Hedge-
hog signaling [62]. miR-338-5p upregulated E-cadherin
expression in glioma [63]. MiR-338-5p has been found to pro-
mote glioma cell invasion by affecting MMP-2 [64].

The results suggested that chidamide controlled Hedge-
hog signaling and inhibited glioma cell migration and inva-
sion via miR-338-5p. The increase of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) may control gli-
oma risk by promoting its apoptosis. The Hedgehog path-
way is crucial to glioma cell proliferation and controls
reactive species production. The present findings demon-
strated that chidamide treatment increased the levels of miR-
338-5p (glioma cell inhibitor), which inhibited the activity of
Hedgehog signaling, while Hedgehog signaling can inhibit
oxidative stress by reducing the levels of ROS and RNS and
preventing the apoptosis induced by oxidative stress. Thus,
chidamide prevents glioma risk by increasing oxidative stress
via miR-338-5p regulation of Hedgehog signaling.

There was some limitation in the present work. The pres-
ent work was limited by the absence of in vivo testing. More-
over, primary human glioblastoma can be obtained from
patient tumors and this could have approximated an actual
situation but was not performed in the present paper. The
glioma-associated oncogene homolog 1 (GLI1) of a zinc fin-
ger transcription factor regulates the Hedgehog signaling and
was not analyzed in the present work. Further work is highly
needed to be performed to address these important issues in
the future.
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Figure 10: Flow cytometry detection of apoptosis rate. (a) Apoptosis rate in U87 glioma cells. (b) Apoptosis rate in HS683 glioma cells. N = 5
for each group and ∗P < 0:05, ∗∗P < 0:01, and ∗∗∗P < 0:001 vs. the CG group.
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5. Conclusions

Chidamide has a significant inhibitory effect on the prolif-
eration of U87 and HS683 glioma cells via miR-338-5p.
Proliferation inhibition has a time-dose dual dependence.
Chidamide is involved in cell proliferation inhibition in
U87 and HS683 glioma cells and is involved in the Hedgehog
signaling pathway. Chidamide can inhibit the tumorigenic
ability of malignant glioma cells in vitro and has long-term
inhibitory effects on proliferation and growth. Chidamide
inhibits the migration and invasion of glioma cells by inhibit-
ing the expression of the stromal cell marker E-cadherin
and the matrix metalloproteinase MMP-2, which is closely
related to invasion. More importantly, chidamide treatment
increased the levels of miR-338-5p, which reduced the activ-
ity of Hedgehog signaling, while Hedgehog signaling inhib-
ited oxidative stress by reducing the levels of ROS and RNS
and preventing the apoptosis induced by oxidative stress.
Thus, chidamide prevents glioma risk by increasing oxidative
stress via miR-338-5p regulation of Hedgehog signaling. Fur-
ther work is highly demanded to confirm the relationship
between the Hedgehog pathway and oxidative stress.
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Currently, one of the central problems in cancer management is the relapse of disease following conventional treatments, yet few
therapeutic agents targeting resistance and tolerance exist. Propolis is known as a healing agent since ancient times. Therefore, over
time, its curative properties have kept the interest of scientists, thus leading permanently to investigations of its other possible
undiscovered effects. In this context, current experiments were performed to establish the chemopreventive potential of propolis
extract (PE) (1.05mg/kg BW/day) in N-methyl-N-nitrosourea- (MNU-) induced rat mammary tumors. MNU-inoculated/PE-
treated rats had tumors of different physical attributes compared with control rats MNU-inoculated. The number of developed
tumors (mean 49% versus 100%), incidence (mean 49% versus 100%), multiplicity (1.8 versus 3.7 (p < 0:001)), tumor volume
(mean 10 cm3 versus 16 cm3 (p < 0:001)), and weight of the tumor mass (mean 7.42 g versus 9.00 g (p < 0:05)) were noted. The
numbers of grade I tumors recorded for MNU-inoculated rats were 24 (Group 1) and 7 (Group 2) for MNU-induced/PE-
treated rats. In the serum of rats MNU-inoculated/PE-treated were found higher levels of antioxidative enzymes (SOD, CAT,
and GPx) than in MNU-induced. Taken together, these data indicate that propolis could be a chemopreventive agent against
MNU-induced mammary carcinogenesis.

1. Introduction

The human breast cancer and the canine mammary cancer
are the most frequently detected malignancies in women
and female dogs worldwide, in which, regardless of an inten-
sive cancer control effort, it remains one of the main leading
causes of cancer deaths [1, 2]. Nowadays, a lot of efforts are
made in order to find new complementary and alternative
therapies for different cancer types, because of their highly
resistance or tolerance to the conventional treatment. The
curative properties of the bee glue called propolis have kept
the interest of scientists worldwide, leading permanently to
investigations of its other undiscovered possible effects. Till
now, propolis received the scientific attention due to its
proved antioxidant [3–6], anti-inflammatory [7, 8], and anti-
tumor [3, 9–11] properties. Propolis is generally composed of

50% to 60% resins and vegetable balsam, 30% to 40% bee
wax, 5% to 10% essential and aromatic oils, 5% pollen grains,
and 5% other substances as micronutrients or small amounts
of vitamins B1, B2, B6, C, and E [12]. In these 5% of other
substances, more than 300 bioactive molecules are present,
between them being phenolic acids, flavonoids, diterpenoids,
and triterpenoids [13]. The European propolis contains pre-
dominantly phenolic compounds, including several flavo-
noids [14]. The chemical composition of propolis could be
influenced by the geographical region and bee species which
collect the raw material and produces it. Consequently, bio-
logical properties of propolis from different geographical
regions could exert particular biological properties.

The literature data contain in vitro studies about many
propolis samples resulted from various geographic locations,
which have been investigated for their antitumoral activities
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[7, 10, 15–17]. For instance, propolis originally from Chile
proved to have an antiproliferative capacity on KB
(human mouth epidermoid carcinoma cells), respective
on Caco-2 (colon adenocarcinoma cells) and DU-145
(androgen-insensitive prostate cancer cells) human tumor
cell lines [10]. There are several studies done on mam-
mary tumor cells, inwhich amajor compound found in prop-
olis such as caffeic acid phenethyl ester inhibited MCF-7
(hormone receptor positive, HR+) and MDA-231 (a model
of triple-negative breast cancer) tumor growth, both in vitro
and in vivo without affecting the normal mammary cells [18].
The same compound was able to decrease the malignancy
potential in breast cancer stem cells, by inhibition of self-
renewal, progenitor formation, clonal growth in soft agar,
and concurrent significant decrease in CD44 content [19]. A
recent paper sustains that caffeic acid phenethyl ester is rather
most efficient than caffeic acid, inducing cell cycle arrest in S
phase and triggering apoptosis in the triple-negative human
Caucasian breast adenocarcinoma line cells (MDA-MB-231)
[20]. In a similar report, caffeic acid phenethyl ester inhibited
breast cancer MDA-MB-231 cells proliferation, activating
apoptosis and autophagy, and inhibiting TLR4 signaling
pathway [21]. The antiproliferative and proapoptotic activ-
ity of Lebanese propolis was demonstrated on breast ade-
nocarcinoma MDA-MB-231 cells, Jurkat leukemic T-cells
and glioblastoma U251 cells [16]. Therefore, more papers
sustain that the apoptosis is the mechanism involved in
the death of tumor cells as human lung adenocarcinoma
epithelial (A549), human cervical adenocarcinoma (HeLa),
and human breast adenocarcinoma (MCF-7) treated with
propolis [22–24].

In literature, several in vivo studies assessing the proper-
ties of propolis in carcinogenesis were reported, but particu-
larly the clinical trials are scarce. Usually, in experimental
studies of breast cancer, the main animal species used are rats
or mice, due to the high similarity between human and
rodent’s mammary, thus being possible to foresee the
development process of mammary carcinogenesis in both
species [25]. The common carcinogenic agent used in
rodents to induce breast cancer development is N-methyl-
N-nitrosourea (MNU) [26]. The most malignant lesions
induced were carcinomas of the cribriform and papillary
types [27].

In this context, this study came to prove that propolis
could be a chemopreventive agent against MNU-induced
mammary carcinogenesis. To achieve this goal, one propolis
sample collected from Transylvania region of Romania was
examined for its chemopreventive potential of a long-term
day-to-day administration of propolis in MNU-induced rat
mammary tumors. Consequently, the data resulted contrib-
utes to a better understanding of the geographical region
influence to the composition and biological properties of
propolis related to those reported in other studies from other
parts of the world.

2. Materials and Methods

2.1. Animals. Thirty-days-old juvenile female Sprague–
Dawley rats acquired from the Cantacuzino Institute,

Romania, were utilized. The rats were acclimated to labora-
tory environments in advance of the study, being kept under
standard conditions (22–23°C, humidity 60%, light-dark
cycle 12 h). All experiments were conducted in agreement
with the European Union regulation on animal testing and
performed according to the practices of the Romanian Board
of Animal Research, having permission of Committee of
Animal Ethics of the University of Agricultural Sciences
and Veterinary Medicine of Cluj-Napoca (UASVMCN),
Romania (UASVM Bio-Ethical Committee Agreement Form
no. 9753/22.06.2016).

2.2. Preparation of Propolis Extract (PE). Propolis was
collected from the Corund area, Transylvania, Romania
(46° 28′ 13″ N 25° 11′ 8″ E). Briefly, preparation of propolis
extract (PE) used in this experiment was done accordingly:
1 g propolis was left to macerate overnight in 30mL of 95%
ethanol at room temperature and under continuous agita-
tion. Then, the extract obtained was filtered and the residue
was extracted again under the same conditions. Finally, both
extracts were mixed up to a final volume of 100mL adjusted
with ethanol. PE was analyzed for (a) total flavones and fla-
vonols content by a method based on aluminum chloride
complex formation (equation of calibration curve for meth-
anolic galangin (4–30μg/mL) Y = 2:04832 × X − 0:00233 ;
r2 = 0:99935), (b) total flavanone and dihydroflavonol
content through the colorimetric method with dinitrophe-
nylhydrazine (equation of calibration curve of methanolic
pinocembrin (0.2–2.0mg/mL) Y = 0:11034 × X − 0:00416 ;
r2 = 0:99910), and (c) total phenolics by the Folin-
Ciocalteu method (equation of calibration curve Y =
0:00709 × X − 0:00109 ; r2 = 0:99932 of methanolic mixture
pinocembrin and galangin at a 2:1 ratio (w/w) in the concen-
tration range of 25–300μg/mL) according to methods previ-
ously published [28, 29].

2.3. Experimental Design.MNU was utilized to induce mam-
mary tumors (Sigma-Aldrich Chemical Co., St. Louis, USA).
MNU was dissolved in standard saline solution, being uti-
lized immediately after preparation. The experimental model
of induced carcinogenesis was previously used in our labora-
tory [30]. The female rats were divided in four groups (10 rats
per group) and treated as follows: (a) Group 1, inoculated
with a single dose of 55mg MNU/kg body weight (BW)
intraperitoneally (i.p.) and received regular rat food (pro-
vided by Cantacuzino Institute, Bucharest, Romania); (b)
Group 2, inoculated with a single dose of 55mg MNU/kg
BW i.p. and received regular rat food supplemented with
PE in a dose of 1.05mg/kg BW/day (i.e., 15 droplets of PE/kg
BW/day, which were applied on the pelleted diet to avoid the
daily handling stress of the rat individuals in this group); (c)
Group 3, inoculated with a single dose of saline solution i.p.
and received regular rat food supplemented with PE in a dose
of 1.05mg PE/kg BW/day (i.e., 15 droplets of PE/kg BW/day,
which were applied on the pelleted diet to avoid the daily
handling stress of the rat individuals in this group); (d)
Group 4, inoculated with a single dose of saline solution i.p.
and received regular rat food. In our experimental model,
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the daily dose of PE supplemented in the diet of rats was
1.05mg/kg BW/day.

PE administration was introduced in the diet at the age of
33 days (i.e., 4 days before MNU administration) in order to
ensure a proper body condition before the inoculation of the
carcinogenic agent. Rats from Groups 2 and 3 were housed
alone to ensure the ingestion of the whole daily dose of PE.
Rats from Groups 1 and 4 were kept in groups of 10 individ-
uals. The experiment (including the daily administration of
PE for the Groups 2 and 3) were then continued for 290 days
(9½ months). Food ingestion and the general body condition
were appreciated weekly throughout the experiment. Rats
were examined once a week to evaluate the possible existence
and location of mammary tumors.

Due to welfare grounds and destabilizing body condition
induced by the tumor progression in some individuals, the
experiment was stopped at 290 days from MNU-inoculation
(or after 294 days of daily intake of PE). At the end of the
study, animals from all four groups were humanly exsangui-
nated after deep narcosis with halothane. The following
details were recorded in all groups: the number of developed
tumors, incidence, multiplicity, size of the tumor mass, and
weight of the tumormass. The size of each tumor was assessed
using a micrometer caliper.

2.4. Necropsy and Histopathology. A complete necropsy sur-
vey was performed on the biological material used in the
study. Concerning the gross examination of the tumors
detected throughout the body, the following details were
recorded: the mass location, dimension, weight, consistency,
and the status of regional lymph nodes (e.g., hypertrophy,
mobility). Additionally, for each rat from, the Groups 1 and
2 the subsequent parameters of the detected mammary
tumors were calculated: (a) the percentage of the mammary
tumor mass (MTm) relative to the final body weight (FBW)
of the rat, by using the formula: MTmðgÞ × 100/FBWðgÞ =
MTmð%Þ; (b) the volume of each tumor was calculated using
the formula suggested by Woditschka et al. (2008): 0:5 ×
tumor length × tumorwidth × tumor height [31]; (c) mam-
mary tumors multiplicity (MTM) for the Groups 1 and 2
(i.e., average mammary tumor number/rat in each of the
two groups).

Furthermore, necropsy included a gross and histological
examination of the internal organs. In all animals, several
tissue samples were harvested from a number of organs
(e.g., stomach, intestine, pancreas, liver, lung, spleen, kidney,
lymph nodes, and central nervous system) for further histo-
logical inspection. Harvested samples were fixed in 10%
buffered formalin, embedded later in paraffin blocks, and
eventually, the tissue sections (5μm in thickness) were
stained by hematoxylin and eosin procedure. The mammary
tumors were categorized according to their histological type
and as benign or malignant [32]. In the case of malignant
mammary tumors, a grading system was utilized [33].

2.5. Assays of Serum Components and Enzymes. Serum
analysis of various liver marker enzymes such as total pro-
tein, albumin, globulin, alkaline phosphatase (ALP), alanine
aminotransferase (ALT), amylase (AMY), calcium (Ca),

phosphorus (Pa), sodium (Na), potassium (K), blood urea
nitrogen (BUN), total bilirubin (TBIL), creatinine (CRE),
and glucose (GLU) were estimated by using VetScan®
Comprehensive Diagnostic Profile reagent rotor used with
the VetScan Chemistry Analyzer (Diamond Diagnostics,
Holliston, MA, USA).

2.6. Assays of Antioxidant Profile

2.6.1. Total Protein Extract. Samples of hepatic tissue were
twice washed with saline solution. Then each sample of
hepatic tissue was homogenized using an ultraturax and the
total proteins were extracted with potassium phosphate
buffer (50mM, pH7.35) [34]. Samples were analyzed by
determining the total proteins concentration, the activity of
antioxidant enzymes (SOD, CAT, GPx), the lipid peroxida-
tion level, and the amount of oxidized proteins produced in
the liver of MNU- and/or PE-exposed rats as previously
was assessed in our laboratory [35].

2.6.2. Superoxide Dismutase Assay. Superoxide dismutase
(SOD) assay kit (Cayman Chemical Company, Michigan,
USA) is based on the conversion of a tetrazolium salt to
formazan by superoxide radicals generated in xanthine/-
xanthinoxidase system. The current method measures the
activities of all three SOD types. One unit of enzyme is
defined as the amount of enzyme needed to exhibit 50%
dismutation of the superoxide radical. Absorbances were
monitored at 450 nm by HT BioTek Synergy (BioTek Instru-
ments, USA) microplate plate reader.

2.6.3. Catalase Assay. Catalase (CAT) assay kit (Cayman
Chemical Company, Michigan, USA) is based on the reac-
tion of the enzyme with methanol in the presence of H2O2.
The formaldehyde produced is measured colorimetrically
with 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Pur-
pald) as the chromogen. A standard curve of bovine liver
catalase was used for the determination of enzyme activity.
One unit is defined as the amount of enzyme that will cause
the formation of 1 nmol of formaldehyde per minute at
25°C. Absorbances were recorded at 540 nm wavelength by
using microplate plate reader HT BioTek Synergy (BioTek
Instruments, USA).

2.6.4. Glutathione Peroxidase Assay. Glutathione peroxidase
activity (GPx) Ransel kit (Randox Laboratories Ltd., London,
UK) is based on the oxidation reaction of glutathione (GSH),
using cumene hydroperoxide as a substrate. In the presence
of glutathione reductase (GR) and NADPH+H+, glutathione
disulfide (GSSG) is reduced to sulfhydryl form glutathione
(GSH). This mechanism is possible due to the oxidation pro-
cess of NADPH into NADP+. The decrease in absorbance
was measured at 340nm wavelength by using microplate
plate reader HT BioTek Synergy (BioTek Instruments, USA).

2.6.5. Determination of Lipids Peroxidation Level. The most
common indicator of peroxidation is the chemical com-
pound malondialdehyde (MDA), being the final degradation
product resulted in lipids peroxidation. The assay is based on
the interaction between the resulted MDA and thiobarbituric
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acid (TBA). The MDA-TBA adduct formed by the reac-
tion between the resulted MDA and thiobarbituric acid
(TBA) under high temperature (90–100°C) and acidic condi-
tions was measured colorimetrically at 540nm, by using
microplate plate reader HT BioTek Synergy (BioTek Instru-
ments, USA). The protocol assay TBARS kit was followed
as the producer (Cayman Chemical Company, Michigan,
USA) indicated.

2.6.6. Determination of Protein Degree Oxidation. The most
significant two compounds resulted from the oxidation pro-
cess of proteins are glutamic semialdehyde and aminoadipic
semialdehyde. The method recommended by the assay kit
(Cayman Chemical Company, Michigan, USA) is based on
the reaction between aldehydes and 2,4 dinitrophenylhydra-
zine (DNPH). Products resulted from protein oxidation pro-
cesses reacted with DNPH and formed a colorful compound,
which was quantified spectrophotometrically. The quantity
of DNPH that reacted with the products obtained due to
the oxidation process was expressed as g protein per g tissue.

3. Results

3.1. Characterization of Propolis Extract (PE). The presence
of phenolic compounds in PE was verified by the Folin-
Ciocalteu reaction and total phenolic content was 46:27 ±
1:18. Moreover, the PE was subjected to the spectrophoto-
metric analysis for total flavones and flavonols content
assessment by using the method based on aluminum chloride
complex formation and the value obtained was 7:90 ± 0:32%.
Using the colorimetric method with dinitrophenylhydrazine,
the total flavanone and dihydroflavonol content of PE was
3:85 ± 0:61%.

3.2. Chemopreventive Effects of Propolis on Mammary Tumor
Development. The tumor development occurred only in sub-
jects of Groups 1 and 2, i.e., MNU-exposed rats. In Group 1,
all animals developed tumors (Figures 1(a) and 1(b)), in con-
trast to rats of Group 2 where only 7 out of 10 presented
tumors (Figures 1(c) and 1(d)). It was observed in Group 1
a variation of 1 to 9 tumors/rat; meanwhile in Group 2, 0
up to 5 tumors/rat occurred (Tables 1 and 2).

Microscopically, mammary tumors were classified as
benign or malignant (in situ or invasive) mammary carcino-
mas. In the case of malignant mammary lesions, in Group 1
were identified 64.86% of grade I (Figure 1(e)), 18.91% of
grade II, and 2.7% of grade III mammary carcinomas
(Figures 1(f) and 1(g)), the rest of 13.51% being benign
mammary lesions. In the case of Group 2, the abundance
of identified mammary carcinomas of grade I was 38.88%, of
grade II was 33.33%, and 16.66% of grade III (Figure 1(h)),
while 11.11% were benign mammary lesions (Figure 1(i)).
Histologically, mammary tumor types detected did not pres-
ent structural differences in subjects from Group 1 versus
Group 2.

The total number of tumors recorded in the Group 1 was
41 (i.e., 37 mammary and 4 non-mammary tumors), whereas
subjects of Group 2 developed 20 tumors (i.e., 18 mammary
and 2 non-mammary tumors). Therefore, the mammary

tumors induction ratio was 90.24% in Group 1, respective
to 90% in Group 2. Regarding the mammary tumors multi-
plicity, a significant variation occurred between both groups
as follows: 3:7 ± 2:75 mammary tumors/rat in Group 1 and
1:8 ± 1:39 mammary tumors/rat in Group 2 (p < 0:001)
(Table 3). Moreover, in Table 3 can be seen the difference
in the average of mammary tumors volume (16:68 ± 33:32
in Group 1 vs 10:76 ± 17:17 in Group 2; p > 0:05) and aver-
age MTM (%) relative to FBW (9:00 ± 10:86 in Group 1 vs
7:42 ± 11:43 in Group 2; p > 0:05).

3.3. Blood Biochemical Profile in All Experimental Groups.
Blood biochemical parameters of rats inoculated with normal
saline solution were taken as reference values. In general,
inoculation of MNU (Group 1) caused a slight decrement
of total blood proteins, associated with a significant decrease
of albumins and a very significant increase of globulins. Con-
cerning the activity of sanguine enzymes, ALT was slightly
increased, but ALP and AMY were non-significantly
decreased in MNU-inoculated rats comparing with control
(Group 4) (Table 4). The rats MNU-treated had levels of
TBIL, BUN, and CRE decreased in contrast to rats of con-
trol Group 4. The concentration of GLU in blood of
MNU-inoculated rats assessed was highly significant than
that of rats from the control group. On the other hand,
levels of microminerals were non-statistically changed after
the MNU-inoculation.

The administration of PE into the diet of MNU-
inoculated rats did not change total proteins concentration
but slightly increased albumins and significantly decreased
globulins. The activity of ALT enzyme decreased and
AMY increased, but non-statistically relevant, in MNU-
inoculated/PE-treated rats comparing with MNU-inoculated
ones (Group 1). Hematological values of BUN, GLU (statistic
relevant, p < 0:0001) for MNU-inoculated/PE-treated rats
were lower than of MNU-inoculated rats, but increased levels
of TBIL and CRE were recorded. Microminerals profile was
not statistically significant modified by the PE administration
in the diet ofMNU-inoculated rats. Overall, varying strengths
of PE in the diet of MNU-inoculated rats showed a potentiat-
ing effect on albumins, AMY, TBIL, andCREwhile a lowering
effect on globulins, ALT, BUN, and GLU compared with that
of MNU-treated rats. PE from the diet of MNU-inoculated
rats seems able to restore these values close to the physiologi-
cal normal ones.

3.4. The Effects of MNU and Propolis on the Antioxidative
Status. Inoculation of the MNU carcinogenic agent produced
a significant drop of antioxidant enzymes (SOD, CAT, GPx)
in rats, in contrast to control (Figure 2). The PE administra-
tion in the diet of rats determined substantial increases of all
three antioxidant enzymes levels. Moreover PE induced a sig-
nificant decrease of the oxidized proteins, increased previ-
ously by the MNU-inoculation (Figure 2). The PE presence
in the diet of MNU-inoculated rats did not induce significant
changes in levels of malondialdehyde (MDA) (Figure 2). The
oxidized proteins level in MNU-inoculated rats increased in
contrast to rats of the group considered control. It seems that
after the PE administration in the diet of MNU-inoculated
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Figure 1: Continued.
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rats, the level of oxidized proteins is decreased, but data
obtained are not statistically relevant (Figure 2).

4. Discussion

Breast cancer is the leading cause of cancer-related deaths
among women worldwide. Literature studies sustain that
the breast cancer, a heterogeneous tumor, has a varying
response to treatments. Despite the improved efficacy offered
by modern treatments, their toxicity and often unpleasant
side-effects remain a major source of concern for patients
and clinicians. New approaches to improve tolerance of the
cancer chemotherapy are urgently needed and the present
topic focuses on this issue. Over the time, the biological prop-
erties of propolis collected from different areas of the world
to exert antiproliferative and cytotoxic potential toward
tumor cells were evaluated and observed [10, 13, 16, 20, 36].
A recent study sustains that the biological activity of propolis
is positively influenced by the presence of flavonoids and phe-
nolic acids in it [29]. Therefore for this study, a propolis
sample collected from Transylvania, rich in phenolic acids
46:27 ± 1:18%, containing flavones/flavonols (7:90 ± 0:32%)
and flavanone 3:85 ± 0:61% was selected. The biochemical
characterization reported here for the Transylvanian prop-
olis is in accordance with that reported in literature for a
typical poplar propolis [37].

Our study highlights some data regarding the propolis
usage as a potential chemopreventive agent.

Sprague–Dawley rat model was selected to be the animal
model for the current study, because it bears histological
features of mammary tumors closely to that of human
and canine mammary tumors. As an agent to induce mam-
mary adenocarcinomas in female rats, the N-methyl-N-
nitrosourea (MNU) agent was used to be inoculated intra
peritoneal to healthy rats, because the mammary tumors
induced by it seem to be more aggressive and their occur-

rence higher [38, 39]. Moreover, MNU-induced rat mam-
mary tumors possess some similar features of human breast
cancer, such as the growth addiction on ovarian hormones
[40] and presence of lymphocytic infiltrates in the reactive
stroma [38]. In our study, the mammary tumors induction
ratio by MNU was around 90% in both Groups 1 and 2.
Histological analysis of mammary tumor sections classified
tumors as benign or malignant (in situ or invasive) mam-
mary carcinomas. No histomorphological differences were
related to the chemoprevention using propolis.

Results of our study demonstrate that a diet containing
PE is able to slow down the progression of breast tumors
development with lower multiplicity, weight, and size
compared with control. 30% of rats from Group 2, MNU-
induced/PE-treated, were found to have no tumor at the
end of the study. Moreover, the number of grade I tumors
recorded for MNU-inoculated rats was 24 and decreased to
7 tumors after the PE administration in the diet of rats
MNU-inoculated. Our findings are consistent with another
previous in vivo study investigated by Ahmed and colleagues
that another bee product as honey may modulate tumor
latency, incidence, multiplicity, and progression [41].

It has been demonstrated that tumors can be eliminated
or diminished by chronic administration of low doses of che-
motherapeutic drugs [42]. It is quite possible that propolis
treatment behaves similarly, because doses used in the
current study are about 1mg/body weight/day. As a well-
known natural product, being widely consumed by humans,
propolis seems to be associated with a high rate of allergic
reactions rather than toxicity. It was demonstrated that no
toxicity effect was observed for a propolis dose of
1400mg/body weight/day administered to each mouse in a
study with 90 animals.

Regarding the sanguine biochemical profile, the adminis-
tration of MNU-inoculation in Group 1 of rats triggered a
negligible reduction of total blood proteins, a decrease of

(i)

Figure 1: (a)MNU-inducedmammary tumors visible as subcutaneous masses of different sizes (arrows and selected area); Rat no. 3, Group 1.
(b) Gross features of MNU-induced mammary tumors following skinning (arrows); Rat no. 3, Group 1. (c) and (d) are comparative features
regarding the location and gross features of the MNU-induced mammary tumors (arrows) in Group 2 individuals (Rat no. 7). (e) Invasive
tubular carcinoma, grade 1, represented by tubular and tubulopapillar structures; HE stain (Group 1, Rat 1, 5th left mammary gland).
(f) Ductal in situ cribriform carcinoma, grade 2, made of a solid proliferation with formation of secondary lumina; HE stain (Group 1, Rat 3,
1st right mammary gland). (g) Ductal in situ comedo-carcinoma, grade 2, which appears as distended ductal structures with a multilayered
epithelium surrounding a necrotized area; HE stain (Group 1, 2nd left mammary gland). (h) Invasive tubular carcinoma, grade 3,
composed of tubular structures with increased nuclear size and prominent nucleoli; HE stain (Group 2, Rat 4, 2nd left mammary gland).
(i) Fibroadenoma composed of ductal structures surrounded by fibrous tissue; HE stain (Group 2, Rat 9, 4th right mammary gland).
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Table 1: Mammary tumor occurrence in Group 1: histological features, tumors location, and size; non-mammary tumors detected.

Rat no.
Group 1 (MNU)

Mammary tumor type
Mammary tumor

size (cm)
MTM(%)1 relative

to FBW2 Other tumor types

1

Invasive tubular carcinoma, G-1 (M1 right) 1.3/1.3

17.39 —
Carcinosarcoma, G-1 (M4 right) 3.5/2.6

Invasive tubular carcinoma, G-1 (M2 left) 1.3/2.1

Invasive tubular carcinoma, G-1 (M5 left) 6.8/3.5

2

Invasive cribriform carcinoma,
G-1 (M1 right)

1.4/1

10.78 Interstitial renal tumor (1.3/1 cm)

Ductal in situ cribriform carcinoma,
G-1 (M2 right)

1.7/1.2

Invasive tubular carcinoma, G-2 (M3 right) 6.0/3.5

Invasive tubular carcinoma, G-1 (M5 right) 1.7/1.2

Ductal in situ cribriform carcinoma,
G-2 (M2 left)

2.4/2.2

Invasive tubular carcinoma, G-1 (M3 left) 2.1/2.0

Invasive tubular carcinoma, G-1 (M5 left) 1.3/0.9

3

Ductal in situ cribriform carcinoma,
G-1 (M1 right)

3/2.5

29.27 —

Invasive tubular carcinoma, G-1 (M3 right) 3.5/3

Ductal in situ solid carcinoma, G-1 (M4 right) 2.5/2.2

Invasive tubular carcinoma, G-1 (M5 right) 1.3/1.2

Invasive tubular carcinoma, G-1 (M1 left) 2.5/2

Fibroadenoma (M2 left) 5/4.5

Ductal in situ papillary carcinoma,
G-1 (M3 left)

6.5/5.1

Invasive tubular carcinoma, G-1 (M4 left) 6.2/5.6

Ductal in situ papillary carcinoma,
G-1 (M5 left)

4/3.5

4

Ductal in situ solid carcinoma, G-3 (M2 right) 0.8/0.5

23.87
Malignant lymphoma

(diffuse in both mammary chains)

Ductal in situ cribriform carcinoma,
G-1 (M5 right)

7.9/6.5

Ductal in situ comedo-carcinoma,
G-2 (M2 left)

3/2.7

Ductal in situ papillary carcinoma,
G-1 (M4 left)

5.4/3.2

5 Fibroadenoma (M4 right) 1.7/1.4 0.25 —

6
Ductal in situ cribriform carcinoma,

G-2 (M1 right)
0.8/0.6

4.76 —
Invasive tubular carcinoma, G-2 (M3 left) 4.2/3.7

7

Invasive tubular carcinoma, G-1 (M1 right) 1.2/0.5

0.97 —

Adenoma (M2 right) 1.1/1

Adenoma (M2 left) 1.0/0.7

Invasive papillary carcinoma, G-1 (M3 left) 0.9/0.9

Invasive tubular carcinoma, G-1 (M4 left) 0.9/0.6

8
Invasive tubular carcinoma, G-2 (M2 right) 1.3/1.2

1.82 —
Invasive tubular carcinoma, G-1 (M2 left) 2.8/2.3
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albumins concentration, and an increase of globulins. Hypo-
albuminemia observed in MNU-exposed group can be a con-
sequence of the injurious effects of the MNU carcinogen on
the hepatic polyribosomes and protein-soluble factors, and
the result of alkylation and carboxylation of RNA and pro-
teins [43]. However, the negligible reduction of total blood
proteins can be a consequence of proteolysis. The hydrolytic

degradation of proteins can be done directly, by protein
oxidation, or indirectly by their increased susceptibility to
proteolytic enzymes [44].

In the current study, the MNU-exposed group trig-
gered a major increase in blood glucose, but its effect on
blood minerals was insignificant. The insignificant activity
of sanguine enzymes (i.e., ALP, ALT, andAMY)was observed

Table 1: Continued.

Rat no.
Group 1 (MNU)

Mammary tumor type
Mammary tumor

size (cm)
MTM(%)1 relative

to FBW2 Other tumor types

9 — — —
Liposarcoma in the omentum

(1.7/1.2 cm)

Ovarian fibrosarcoma (1.5/1.2 cm)

10

Invasive tubular carcinoma, G-2 (M3 right) 1.2/1.2

0.95 —
Fibroadenoma (M1 left) 1.4/1.2

Ductal in situ cribriform carcinoma,
G-1 (M5 left)

1.2/1

1MTm: mammary tumor mass; 2FBW: final body weight; MNU: N-methyl-N-nitrosourea; M1-5: mammary gland number and its side (i.e., right, left);
G: histological grade.

Table 2: Chemopreventive effects of propolis on mammary tumor occurrence in Group 2: histological features, tumors location, and size;
non-mammary tumors detected.

Rat no.
Group 2 (MNU+PE)

Mammary tumor type Mammary tumor size (cm) MTM(%)1 relative to FBW2 Other tumor types

1

Invasive cribriform carcinoma, G-1 (M1 left) 1.5/1.5

22 —Invasive cribriform carcinoma, G-3 (M2 left) 4.5/3

Invasive cribriform carcinoma, G-2 (M5 left) 7.5/4.4

2

Invasive tubular carcinoma, G-2 (M4 left) 3.5/2.4

32.8
Rhabdomyosarcoma

(diaphragm)
Invasive tubular carcinoma, G-2 (M5 left) 4.5/2.2

Invasive tubular carcinoma, G-1 (M1 right) 1.5/0.8

3
Invasive tubular carcinoma, G-2 (M1 right) 2.5/2.8

1.33
Invasive papillary carcinoma, G-2 (M1 left) 1.1/0.6

4
Invasive tubular carcinoma, G-3 (M1 left) 1/0.7

5.78 —
Invasive tubular carcinoma, G-3 (M2 left) 5.5/3.2

5 — — — —

6 — — — —

7

Invasive tubular carcinoma, G-1 (M2 right) 3.5/3.2

11.56
Squamous carcinoma

(facial skin)
Invasive tubular carcinoma, G-2 (M4 right) 5/3.5

Invasive tubular carcinoma, G-1 (M2 left) 3.5/1.5

Invasive tubular carcinoma, G-1 (M4 left) 5.2/2.5

8
Ductal in situ cribriform carcinoma,

G-1 (M4 right)
1.1/0.6

0.55
Invasive tubular carcinoma, G-1 (M2 left) 1.8/1.3

9
Fibroadenoma (M4 right) 1.2/1.1

0.22 —
Fibroadenoma (M1 left) 1.1/1

10 — — — —
1MTm: mammary tumor mass; 2FBW: final body weight; MNU: N-methyl-N-nitrosourea; PE: propolis; M1-5: mammary gland number and its side (i.e., right,
left); G: histological grade.
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in rats MNU-inoculated comparing with those recorded for
control group.

PE included in the diet of MNU-inoculated rats seems
able to restore these values close to the physiological normal
ones. Overall, varying strengths of PE in the diet of
MNU-inoculated rats showed a tendency to restore the
concentration of albumins and globulins, and to normalize
the biochemical blood parameters TBIL, CRE, and GLU
values and the activity of ALT enzyme. There is evidence that
propolis is able to normalize ALT activity by different doses
of propolis in female albino rats of Sprague–Dawley strain
[45]. Propolis administered to rats, previously aluminum
chloride–treated, normalized the increased transaminases
and lactate dehydrogenase (LDH) activity [46].

The enzymatic antioxidant system is composed of super-
oxide dismutase (SOD), catalase (CAT), and glutathione

peroxidase (GPx), which scavenges the reactive oxygen spe-
cies and lipid peroxidation. It is known that tumor cells
exhibit heterogeneity in the levels of oxidative stress and for
this reason could have various levels of antioxidant enzymes.
Several reports have cited decreased activities of SOD and
catalase in various carcinogenic conditions [47–49]. SOD is
able to disrupt the potent oxidizing radicals such as superox-
ide radicals, which are highly diffusible and thus being able
to pass through cell membranes causing injuries far apart
the tumor site [50]. The superoxide radicals are converted
by SOD to hydrogen peroxide and oxygen. CAT is able to
catalyse the breakdown of hydrogen peroxide produced by
tumor cells. Another equally important antioxidant enzyme
involved in the preventing intracellular damage caused by
hydrogen peroxide is GPx. In tumor cells, low activities of
GPx were reported, maybe due to the altered antioxidant

Table 3: Comparative data concerning mammary and non-mammary tumors developed in rats of Groups 1 and 2.

Experimental
group

Multiplicity1
Average MTM(%)2

relative to FBW3
Average mammary
tumors volume4

Total number of mammary
tumors/group

Non-mammary
tumors/group

Group 1 3:7 ± 2:75 9:00 ± 10:86 16:68 ± 33:32 37 4

Group 2 1:8 ± 1:39ns 7:42 ± 11:43ns 10:76 ± 17:17ns 18 2
1Multiplicity (i.e., average mammary tumor number/rat); 2MTM: mammary tumor mass; 3FBW: final body weight; 4Mammary tumor volume calculated using
the formula suggested byWoditschka et al., 2008. In order to determine significant differences between mean values, Student’s t test was used (GraphPad Prism
version 6.07).

Table 4: Modulatory influences of MNU and propolis on blood biochemical parameters.

Blood parameter
Experimental group

Group 1
MNU

Group 2
MNU/PE

Group 3
PE

Group 4
Control

Blood proteins

Total proteins (g/dL) 7:08 ± 0:77ns 7:05 ± 1:34ns 7:37 ± 0:17ns 7:66 ± 0:44

Albumins (g/dL) 4:98 ± 1:07∗ 5:45 ± 1:31ns 5:35 ± 0:29ns 6:06 ± 0:24

Globulins (g/dL) 2:08±0:43∗∗ 1:70 ± 0:22# 2:15±0:26∗∗∗ 1:60 ± 0:21
The activity of blood enzymes

ALP (U/L) 147:71 ± 72:24ns 147:71 ± 72:24ns 130:00 ± 3:16ns 151:66 ± 53:09

ALT (U/L) 117:14 ± 85:40ns 80:66 ± 35:53ns 70:50 ± 1:50ns 98:33 ± 31:04

AMY (U/L) 527:28 ± 96:89ns 628:16 ± 112:82ns 615:75 ± 166:09ns 592:66 ± 29:10
Blood biochemical parameters

TBIL (mg/dL) 0:21 ± 0:09∗ 0:22 ± 0:04ns 0:33 ± 0:04ns 0:30 ± 0:08

BUN (mg/dL) 16:00 ± 2:00ns 14:83 ± 2:60ns 12:75±1:08∗∗∗ 17:66 ± 1:24

CRE (mg/dL) 0:18±0:09∗∗ 0:20 ± 0:05ns 0:22 ± 0:08∗ 0:30 ± 0:06

GLU (mg/dL) 158:25±5:26∗∗∗ 97:33 ± 26:78### 48:83 ± 16:72ns 61:00 ± 13:20
Blood microminerals

Ca (mg/dL) 11:77 ± 1:09ns 11:11 ± 2:26ns 11:37 ± 0:28ns 11:53 ± 0:23

Pa (mg/dL) 6:48 ± 1:86ns 5:71 ± 1:54ns 5:10 ± 0:15ns 5:30 ± 0:28

Na (mmol/L) 144:14±1:24∗∗ 142:60 ± 1:85ns 142:25 ± 1:47ns 142:00 ± 1:41
K (mmol/L) 8:50 ± 0:49ns 8:00 ± 1:4ns 7:70 ± 0:78ns 7:60 ± 0:21ns

Values aremean ± SD. Each group contains ten animals. Comparisons were made on the basis of the one-way ANOVA followed by Dunnett’s test (GraphPad
Prism version 6.07). Group 1 (MNU-inoculated rats) and Group 3 (PE-treated rats) were compared with the normal control group (Group 4)
(ns: nonsignificant, ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:0001), respective Group 1 MNU-inoculated with Group 2 (MNU-inoculated/PE-treated) (MNU)
(ns: nonsignificant, #p < 0:05, ##p < 0:01, ###p < 0:0001).
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defense system caused by enormous production of free
radicals in DMBA-induced carcinogenesis [47].

In the present study, the activity of antioxidant enzymes
determined from the liver of exposed rats to MNU carcino-
gen agent was decreased significantly from a statistical point
of view if comparing with control rats, exposed only to nor-
mal saline solution. The PE administration in the diet of rats
previously MNU-inoculated determined an increment of the
antioxidative enzymes (SOD, CAT, GPx) analyzed. A similar
effect was reported for propolis and paclitaxel treatment,
which increased the activities of enzymatic antioxidants
SOD, CAT, and GPx in rats-treated compared with breast
cancer-bearing animals treated with either paclitaxel or prop-
olis alone [51].

Malondialdehyde (MDA) is an indicator of lipid peroxi-
dation, which was found to be increased in various cancers,
including breast cancer. In the lipid peroxidation process,
the polyunsaturated fatty acids (PUFA) in cell membranes
are oxidized by reactive oxygen species, resulting metabolites
such as MDA, 4-hydroxynoneal (4-HNF) and acrolein.
These metabolites bind to proteins and induce functional

changes, then cause enzyme inhibition and receptor changes
and consequently cell injury [52]. In our study, no significant
modification in MDA level was recorded for MNU-
inoculated rats or MNU-inoculated/PE-treated rats as com-
pared with control group. In a recent study, da Silvera et al.
(2016) observed that the ethanolic extract of yellow propolis
induced a decrease in the production of malondialdehyde
and nitric oxide in 3-months-old Wistar rats, without affect-
ing levels of superoxide dismutase and catalase antioxidative
enzymes [53].

Protein carbonyl levels are the most frequently used bio-
marker of protein oxidation, because increased levels may be
associated with breast cancer risk [54]. Carbonyl groups are
formed during the oxidation of protein side chains, mainly
on proline, arginine, lysine, and threonine residues [55].

In our study, the oxidized proteins level in MNU-
inoculated rats increased. It seems that the PE administration
in the diet of MNU-inoculated rats could decrease the level of
oxidized proteins, but our data are not statistically relevant.
Literature data come to support our evidence and attest that
propolis supplementation leads to a reduction in protein
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Figure 2: Effect of MNU-inoculation and propolis diet administration on hepatic antioxidative markers in rats. Statistically, all groups were
compared with Group 1 (MNU-inoculated), respective to Group 4 control (normal saline inoculation and normal rat food) (∗p < 0:05,
∗∗p < 0:01, ∗∗∗p < 0:0001). Comparisons for the antioxidant profile were made on the basis of the one-way ANOVA followed by Bonferroni’s
test (GraphPad Prism version 6.07).
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oxidation, together with a lowering effect on the level of
glucose and cholesterol [56].

The biological effects exhibited by Transylvanian propo-
lis could be related to an overall effect of the phenolic com-
pounds present in the extract. For instance, CAPE (caffeic
acid phenethyl ester) is known to be one of the major biolog-
ically active principles in propolis with chemoprevention and
antitumor properties [18]. CAPE is able to inhibit the nuclear
factor kappa B (NF-κB) and to induce apoptosis in breast
cancer cells [57]. In tumor cells, transformation via NF-κB
results also elevated ROS levels, accompanied with downreg-
ulation of cellular antioxidant enzyme systems [58]. Inhibi-
tion of antioxidant enzymes is considered a therapeutic
approach in the induction of ROS production in tumor cells.
Recently, it was proved that propolis can upregulate the intra-
cellular ROS, decrease mitochondrial membrane potential,
and induce apoptosis inMCF-7 andMDA-MB-231 cells [11].

5. Conclusions

Taken together, these data indicate that propolis could be a
chemopreventive agent against MNU-induced mammary
carcinogenesis. However, before declaring propolis a che-
mopreventive agent against human breast cancer, further
investigations are needed for a complete identification and
characterization of specific bioactive molecules with biologi-
cal properties and for finding its proper mechanism of action
at mammary gland level.
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Reactive nitrogen species (RNS), including nitric oxide (NO⋅) has been known as one of the key regulatory molecules in the immune
system. In this study, we generated RNS-containing water treated with microwave plasma-generated gas in which the major
component was nitric oxide (PGNO), and the effect on the macrophage polarization was investigated. The RNS-containing
water was diluted in complete cell culture media (PGNO-solution) into the concentration that did not induce cell death in RAW
264.7 murine macrophages. PGNO-solution upregulates M1-type macrophage activation and downregulates the characteristics
of M2-type macrophage at the transcriptional level. In addition, the PGNO-solution-treated M2-like macrophages had higher
potential in killing melanoma cells. The anticancer potential was also investigated in a syngeneic mouse model. Our results show
that PGNO-solution has the potential to convert the fate of macrophages, suggesting PGNO-solution treatment as a supportive
method for controlling the function of macrophages under the tumor microenvironment.

1. Introduction

Recently, plasma-activated water (PAW) or media (PAM)
has been introduced as an effective solution in killing various
kinds of cancer cells, including ovarian cancer, cervical can-
cer, pancreatic cancer and glioblastoma [1–6]. PAW or
PAM has several merits comparing to the direct plasma
treatment. PAM does not have any possibility of electrical
hazards, it can be stored at low temperature for a certain
period, and it can be injected into any part of the body.
Many researchers have tried to understand the working
mechanisms of PAM in its tumoricidal activity. Since
PAM contains relatively long-lived reactive species com-
pared to direct plasma treatment, hydrogen peroxide and
nitric oxide ions were identified as the main players in
PAM reactivity [7–16]. The actions of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) are distinguished

in biological systems [17]. In general, ROS induces oxidative
stress which can generally activate redox responses in cells;
meanwhile, RNS induces nitrosylation or nitrosation which
initiates different cellular signaling pathways that are known
to be related to cell differentiation or the wound-healing pro-
cess [18–20]. In this study, we generated PAW that mainly
contained RNS and applied them to innate immune cell mac-
rophages, to study their polarized differentiation especially
when they interact with cancer cells.

One of the important factors in anticancer treatment is
the microenvironment of cancer tissues. It is well known that
cancer cells create microenvironments that support their
growth and suppress antitumor immune activities. It is typi-
cally characterized by low oxygen, low pH, high lactate, high
RNS, etc., which results in differentiated responses of cellular
components [21]. Monocytes, one of the most prominent
components, are recruited in tumor tissues and are polarized
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to tumor-supporting macrophages, instead of the well-
known inflammatory M1 polarized one [22–24]. They are
called tumor-associated macrophages (TAMs), which are
classified to alternative polarization that is simply called M2
polarization. Since TAMs are known to promote all aspects
of tumor initiation, growth, and development and affect the
antitumor efficacy of chemotherapy and radiotherapy, con-
verting TAMs to M1 macrophages is a very important issue
in cancer therapy.

Though the complex process of programming TAMs has
not yet been elucidated, it has been known that immune
responses in tumor tissues are tailored by RNS as well as by
cytokines, chemokines, or metabolites [25–27]. RNS have
shown both immune-suppressive and immune-activate
effects in the tumor region in various conditions [27–29].
RNS are mainly synthesized by inducible nitric oxide
synthase (iNOS) in response to external stimuli. M1 macro-
phages express high amounts of iNOS to induce cancer
apoptosis; however, the expression of iNOS in TAM was
suppressed in tumor microenvironment to maintain low
concentration of NO⋅ that is related to angiogenesis or metas-
tasis [25–29]. The expression of iNOS is closely related to the
polarization of macrophages, and therefore, the expression of
iNOS in macrophage is used as a marker for their anticancer
activity [24, 30].

In this study, we generated RNS-containing water treated
with microwave plasma-generated gas in which the major
component was nitric oxide (PGNO) and investigated its
effects on the anticancer effect of macrophages in vitro and
in vivo [31–33]. Pure water was treated with PGNO and the
water was diluted in complete media (PGNO-media) for cell
study. The proliferation, polarization, and anticancer func-
tion of macrophages were examined. Among various kinds
of cancer, we chose melanoma, a type of skin cancer, due to
the ease of approach as well as its malignancy [34]. It was
reported that melanoma also regulates the microenviron-
ment, to let macrophages promote angiogenesis and tumor
growth [35]. Murine cell lines Raw 264.7 macrophage and
B16F10 melanoma were used for in vitro study, and
C57BL/6 normal mice were used for in vivo study. C57BL/6
has normal immune functions, and the syngeneic
models were made by subcutaneously injecting B16F10

cells. To mimic TAM, Raw 264.7 macrophage cells were
pretreated with interleukin-4 (IL-4) [36, 37]. The effects of
RNS-containing PAW on tumor immunity were discussed.

2. Materials and Methods

2.1. PGNO-Generating Microwave Plasma. Figure 1(a) shows
a schematic of PGNO-generating microwave plasma. The
microwave plasma device consists of power supply, magne-
tron, waveguide components (WR-340 for 2.45GHz), and a
microwave plasma torch. The microwave radiation from
the magnetron passes through the circulator, through the
power meter, through the tuner, which tunes the impedance
of the plasma, and through the torch. Nitrogen gas enters the
discharge tube in the form of a swirling gas through a feeder,
which leads to a vortex flow in the discharge tube. The gas
flow rate was controlled by mass flow controller, which keeps
the flow rate of N2 gas 10.0 L per min and O2 gas 0.4 L per
min. The detailed design and function of the microwave
plasma torch system are reported in previous reports
[31, 32]. The torch is initiated by an igniter, and 400W elec-
tric power is applied. The heated gas from the torch flame is
cooled to room temperature with passing through a water
cooling tube, and then, the cooled gas is injected into 1 L
deionized (DI) water for 50min. To reduce the reactions of
the cooled gas with dissolved O2 in water, DI water is purged
with pure N2 gas for 1 h, before the plasma ignition. NO rad-
icals generated from the microwave plasma device are dis-
solved in DI water, and it is diluted with cell culture media
(PGNO-media), as shown in Figure 1(b).

2.2. Measurement of pH, NOx, and H2O2 in PGNO-Media.
The concentration of H2O2 was determined with Amplex
red reagents (A22188, Thermo Fisher Scientific), and the
concentrations of NO−

2 and NO−
3 were measured with a nitric

oxide colorimetric assay kit (K262-200, BioVision), following
the manufacturer’s protocols. All the measurements were
made within 5min from PGNO-media generation and were
repeated at least three times. The fluorescence intensity and
color changes were measured by a plate reader (Synergy
HT, BioTek). The pH was measured by a pH meter (Eutech
Instruments, Singapore).

Water cooling

Torch

PGNO
-water

Bubbling

N2: 10 l/m
O2: 0.4 l/m

MFC

Plasma

Microwave
plasma

generator 

(a)

1/10 PGNO-media
2xDMEM 500 𝜇l
FBS 100 𝜇l
PS 10 𝜇l
PGNO-water 100 𝜇l
DI water 290 𝜇l
Total 1000 𝜇l

ROS/RNS/pH
H2O2 0.01 𝜇M
NO2- 316.7 𝜇M
NO3- 24.2 𝜇M 
pH 7.4

(b)

Figure 1: (a) Schematics of the microwave plasma generator and reactor to generate PGNO-water. (b) Composition of 1/10 PGNO-media
and its characteristics; concentrations of NOx and H2O2, and pH.
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2.3. Cell Culture and Viability Assays. Raw 264.7 and B16F10
mouse cell lines were purchased from the Korean cell line
bank. Cells were cultured in complete DMEM (LM001-05,
Welgene) containing 10% fetal bovine serum (FBS; Biowest)
and 1% of antibiotics (LS203-01, Welgene). Cells were
maintained in 5% CO2 and humidified air at 37°C. To
measure the influence of the PGNO-media on cell viability,
cells were plated in 96-well plates (SPL30096, SPL or 3610,
Corning Inc.), with a density of 5 × 103 per well. Cell viability
was measured using the CellTiter 96 Aqueous one solution
cell proliferation assay solution (G3582, Promega) and
CellTiter-Glo luminescent cell viability assay solution
(G7572, Promega) at 1, 2, and 3 days elapsed from PGNO-
media treatment. The absorbance at 490nm and lumines-
cence were measured by a plate reader (Synergy HT, BioTek).
Cell morphology was observed by inverted microscopy
(Eclipse Ti-U, Nikon).

2.4. Flow Cytometry. For intracellular NO⋅ measurement,
DAF-FM DA (D23844, Thermo Fisher Scientific) was used.
Raw 264.7 cells were seeded in a 6-well plate with a density
of 4 × 105 per well. Cells were incubated with 20 ng/mL
IL-4 (recombinant mouse IL-4, R&D Systems) for 24h,
and the media was replaced with PGNO-media. After 24 h
incubation with PGNO-media, cells were stained with
10μM DAF-FM DA in DPBS (LB001-02, Welgene) for
20min at 37°C. After washing 2 times with DPBS, cells were
incubated in media for an extra 20min. Then, cells were
detached, and the fluorescent signal per cell was analyzed by
a flow cytometer (BD Verse, BD Biosciences). LPS (L4391,
Sigma) was used with a concentration of 10ng/mL, SNAP
(S-Nitroso-N-Acetyl-D,L-Penicillamine; Sigmal) was used
with a concentration of 50μM, and cPTIO (2-(4-carboxyphe-
nyl)-4,5-dihydro-4,4,5,5-tetramethyl-1H-imidazolyl-1-oxy-3-
oxide, monopotassium salt; Cayman) was used with a
concentration of 50μM.

For staining with antibodies, anti-iNOS-PE (12-5920-80,
eBioscience), anti-CD163-PE (bs-2527R-PE, Bioss), and
anti-CD86-FITC (bs-1035R-FITC, Bioss) were used. Cells
were fixed in 4% paraformaldehyde at 4°C for 10min. After
washing two times with DPBS, cells were permeabilized in
0.05% triton X-100 at RT for 15 minutes. After washing
two times with DPBS, cells were blocked with 1% BSA 4°C
for 1 hr. Then, they were stained with antibodies (1 : 200) at
4°C for 1 hr. After washing three times with DBPS, fluores-
cence was analyzed by flow cytometry (BD Verse, BD
Biosciences).

For apoptosis analysis, Annexin V-FITC apoptosis detec-
tion kit (BD 556547, BD Biosciences) was used. After 24 h
incubation with PGNO-media, cells were washed with cold
DPBS, resuspended in 1x binding buffer, and then stained
with Annexin V-FITC and propidium iodide (PI). After
washing with 1x binding buffer, cells were analyzed by flow
cytometry (BD Verse, BD Biosciences).

For staining of peritoneal macrophages, Alexa Fluor 594
anti-mouse/human CD11b antibody (101254, BioLegend)
and anti-mouse iNOS-PE (12-5920-80, eBioscience) were
used. Peritoneal macrophages were harvested from mouse
peritoneal and treated with 1mL RBC lysis buffer at 4°C for

5min for two times. Cells were fixed in 4% paraformaldehyde
at 4°C for 10min. After washing two times with DPBS, cells
were permeabilized in 0.05% triton X-100 at RT for 15
minutes. After washing two times with DPBS, cells were
blocked with 1% BSA 4°C for 1 hr. Then, they were stained
with CD11b antibody (1 : 200) at 4°C for 1 hr. After washing
three times, they were stained with iNOS antibody (1 : 200)
at 4°C for 1 hr. After washing three times with DBPS, fluores-
cence was analyzed by flow cytometry (BD Verse, BD
Biosciences).

2.5. Measurement of a Transcription Level (qPCR). Raw 264.7
cells were seeded in a 6-well plate with a density of 4 × 105 per
well. Cells were incubated with 20ng/mL mouse IL-4 from
24h before PGNO-media stimulus. After 24h incubation in
PGNO-media, cells were harvested and total RNAs were
extracted using the RNeasy Mini Kit (Qiagen). The total
RNAs were converted to cDNAs using reverse transcriptase
and random primers (ReverTra Ace qPCR Master Mix,
Toyobo), according to the manufacturer’s protocol. The
same amount of extracted total RNA taken from each sample
was used in cDNA synthesis. The synthesized cDNAs were
used in real-time PCR (CFX96TM Real-Time System, Bio-
Rad). SYBR was used to quantify the amount of dsDNA.
The relative amount of mRNA expression was normalized
by that of GAPDH and expressed as a fold change to con-
trol. The relative gene expression was evaluated by the
comparative cycle-threshold method. The experiments
were repeated at least three times. The primer sequences
are as follows: NOS2 (F: 5′-GTGGTGACAAGCACAT
TTGG, R: 5′-AAGGCCAAACACAGCATACC), ARG-1
(F: 5′CGCCTTTCTCAAAAGGACAG, R: 5′GACATC
AACAAAGGCCAGGT), IL-6 (F: 5′AGTTGCCTTCT
TGGGACTGA, R: 5′TCCACGATTTCCCAGAGAAC),
TNF-α (F: 5′TGTTGCCTCCTCTTTTGCTT, R: 5′TGGT
CACCAAATCAGCGTTA), IL-10 (F: 5′CATGGGTCTTG
GGAAGAGAA, R: 5′AACTGGCCACAGTTTTCAGG),
CCL17 (F: 5′ACATAAAACGGCCTGTGACC, R: 5′TTTG
TGTTCGCCTGTAGTGC), MMP9 (F: 5′AGGTGGACC
ATGAGGTGAAC, R: 5′CGGTTGAAGCAAAGAAGGA
G), EGF (F: GAACAAGAGGACTGGCCAAA, R: 5′ATGG
ATGGACCACAACCAGT), VEGFA (F: 5′CCAGGAGGA
CCTTGTGTGAT, R: 5′GGGAAGGGAAGATGAGGAAG),
and GAPDH (F: 5′AGAACATCATCCCTGCATCC, R: 5′
ACACATTGGGGGTAGGAACA).

2.6. Western Blot Analysis. Cells were washed with DPBS,
lysed with RIPA lysis buffer (GenDepot, Barker, TX) con-
taining 1% of 100x protease inhibitor cocktail (GenDepot,
Barker, TX), and incubated for 30min on ice. Lysates were
centrifuged at 19,000 g for 30min at 4°C, and the supernatant
was mixed with 25% of 4x denaturating buffer (100mM Tris-
HCl, pH6.8, 4% SDS, and 20% glycerol with bromophenol
blue) and heated for 5min. The proteins were separated
through 10% SDS-PAGE gels and were transferred to a nitro-
cellulose membrane by Mini Trans-Blot Cell (Bio-Rad, CA).
The membrane was blocked in 5% BSA in TBS containing
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0.1% Tween 20 (TBS-T) for 1 h and incubated overnight with
the intended antibodies in and 3% BSA. Excess primary anti-
bodies were then removed by washing with TBS-T for 3
times. The membrane was then incubated with HRP-
conjugated secondary antibodies (0.1μg/mL, anti-rabbit)
for 1 h. After three washes with TBS-T, bands were visualized
by western blot and exposed to X-ray film, or by ChemiDoc
Imaging Systems (Bio-Rad). The original film images were
supported in Figs. S1 and S2 (the supporting information).

2.7. Coculture of B16F10 and Raw 264.7 Cells. For in-direct
coculture of Raw 264.7 with cancer cells, an insert made of
polycarbonate with pores of 0.4μm in diameter was used in
a 24-well plate (37024, SPL). Raw 264.7 cells were cultured
on insert membrane with a density of 1 × 104 per well, and
B16F10 were cultured in the lower 24-well plate with a den-
sity of 2:5 × 104 per well, separately. When cells were fully
adhered, cells faced each other with 500μL and 700μL media
for insert and well plate, respectively. Some of Raw 264.7 cells
were pretreated with 20 ng/mL IL-4 from 24h before 1/10
PGNO-media stimuli, where PGNO-water was diluted 1/10
with complete media.

2.8. Subcutaneous Administration of PAW in the Mice.
Twelve C57BL/6 mice were purchased from OrientBio in
Korea. The animals were fed with sterile and commercial
mouse diet and were provided with water ad libitum. Animal
experiments were approved by the Institutional Research and
Ethics Committee at Kwangwoon University (permission
number: KWU-PBRC1701004). All the animal experiments
were performed in accordance with relevant guidelines and
regulations. B16F10 in the concentration of 1 × 105 cells/mL
was injected subcutaneously at the right side of the back of
mice [38]. Seven days later, mouse hair was shaved for obser-
vation. Then, 1mL of 1/10 PGNO-media or 1x DPBS was
administered subcutaneously near the position where the
cancer cells were injected every day for the following 12 days.
The body weights were measured every day (Fig. S3, the sup-
porting information). After 12 days’ treatment, mice were
euthanized by CO2 gas, and the tumor tissues were harvested.
The width, length, and height of tumor tissues were mea-
sured, and the tissue volumes were calculated with multipli-
cation of those values. Lastly, peritoneal macrophages were
harvested with DPBS lush three times. Total 6mL ice-cold
DPBS was poured in the peritoneal cavity and retracted by
a syringe. The harvested solution was centrifuged, and the
precipitated cells were analyzed for further analysis.

2.9. Statistical Analysis. Statistical significance was deter-
mined using unpaired Student’s t-test (two-tail, equal SD).
It is considered statistically significant when p < 0:01 and
p < 0:05 (∗, p < 0:05; †, p < 0:01). Means and standard
errors were calculated and plotted in the graphs. Analysis
was completed using Microsoft Excel.

3. Results

3.1. Properties of PGNO-Media. Figure 1(a) shows a sche-
matic of the microwave plasma torch that was designed to
generate NO⋅ radicals when N2 and O2 mixture gas was fed

into the discharge area. According to the previous reports,
we flowed 10 L/min N2 gas and 0.4 L/min O2 gas through
the discharge area, and the plasma was cooled during passing
through water-cooling tubes [32]. Finally, NO⋅ containing
gas from the microwave plasma passed through 1L of deion-
ized (DI) water for 50min, which was previously purged with
N2 gas for 1 h to expel the dissolved oxygen molecules. The
concentration of NO⋅ in this water was measured as 117μM
by an electrochemical method, and it was called PGNO-
water [33]. In order to estimate the biological effects of
PAW, we diluted PAW in cell culture media as shown in
Figure 1(b) and measured the long-lived reactive species,
H2O2 and NO−

x within 30min from generation. The concen-
tration of total NOx was measured to be about 340μM in
1/10 diluted solution. Most of them were in the form of
NO−

2 , while about 5% were NO−
3 . The concentration of

H2O2 was very low and was almost nondetectable. The pH
of PGNO-water was initially 2.8, but the value became 7.4
in buffered PGNO-media. Figure 1(b) summarizes in table
form the characteristics of 1/10 PGNO-media made for
cell studies.

3.2. Macrophage Cell Viability after Stimulation with PGNO-
Media. The cytotoxic effects of PGNO-media on Raw 264.7
macrophages were evaluated bymeasuring themitochondrial
activity and the intracellular ATP amount. Figures 2(a)
and 2(b) show each measurement for 3 days that was
expressed relative to the control of each day. Both values
were enhanced in highly diluted PGNO-media, while both
were reduced in slightly diluted PGNO-media. These data
support that the dilution more than 20 times was not toxic
at all and even enhanced cellular viability. The cytotoxicity
of PGNO-media was again confirmed with Annexin V and
PI (propidium iodide) staining after 24 hours of incuba-
tion in PGNO-media. Figure 2(c) shows the flow cytome-
try data whose x-axis is the fluorescence intensity of
Annexin-V and y-axis is the fluorescence intensity of PI.
Most cells were plotted in the lower left region, which
supports that PGNO-media diluted more than 10 times did
not induce apoptosis in macrophages. Interestingly, the
ratio of necrotic and apoptotic cells rather decreased in
PGNO-media as shown in the averaged bar graphs of four
repetitive experiments. It seems that the PGNO-media
diluted more than 10 times did not induce apoptosis, though
it reduced metabolic activity slightly. In the following studies,
we used the same dilution factors to examine the effects of
PGNO-media on the physiology of macrophages.

3.3. Morphological Changes of Macrophages in PGNO-Media.
PGNO-media induced morphological changes and size
variations in macrophages. Figure 3(a) shows the phase-
contrasted bright field images of Raw 264.7 cells that were
incubated in PGNO-media for 24 h. Some round macro-
phages became somewhat fibroblastic when stimulated with
PGNO-media. The morphological changes were confirmed
statistically using flow cytometry. Figure 3(b) shows the plots
of forward scattering (FSC) and side scattering (SSC) light
intensity of cells in each group. It is clear that the ratio of
red spots increased, where the mean values of FSC and SSC
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Figure 2: Viability assays of Raw 264.7 macrophages after PGNO-media treatment in various dilution ratios: (a, b) Measurements of MTS
and intracellular ATP amount, respectively, at days 1, 2, and 3 elapsed from PGNO-media treatment (n = 3). (c) Flow cytometric
measurement of Annexin V and PI staining at day 1 elapsed from PGNO-media treatment, and bar graphs of the averaged values for four
repetitive experiments. ∗p < 0:05.
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Figure 3: Activation of Raw 264.7 at 24 h elapsed from PGNO-media treatment in various dilution ratios: (a) phase contrast bright field
images showing morphological changes. Scale bars are 20μm. (b) Flow cytometry plot of forward scattering (FSC) and side scattering
(SSC) showing morphological changes (n = 6). (c, d) Mean values of FSC and SSC ratios, respectively. (e) Phase contrast bright field
images of IL-4-pretreated cells for 24 h. Cells were then incubated in LPS and PGNO-media dilutions for 24 h. (f) MFI of DAFFMDA-
stained cells that were treated the same as (e) (n = 3). IL-4-pretreated macrophages were incubated in PGNO-media or 50 μM SNAP with
or without cPTIO for 24 h. ∗p < 0:05; †p < 0:01.
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were higher. The increase of FSC value implies the increase of
cell size, and the increase of SSC implies the increase of sur-
face roughness or internal granularity. The data are plotted as
bar graphs in Figures 3(c) and 3(d), which show that the
mean values of FSC and SSC of macrophages increased
together with the dilution factor. These data imply that
PGNO-media induced morphological changes and size vari-
ation of macrophages. In order to mimic TAM, cells were
pretreated with IL-4 for 24h, and the medium was changed
to PGNO-media, LPS (lipopolysaccharides), or cell culture
media. Figure 3(e) shows the phase contrast bright field
images of IL-4-pretreated cells. Compared to small and
round control cells, IL-4-treated cells became more flattened
and elongated. PGNO-media-treated cells did not induce
more morphological changes as LPS that made cells be
severely deformed.

3.4. Increase of the Intracellular NO⋅ inside the Macrophage in
PGNO-Media. The intracellular NO⋅ has been intensively
studied as a main indicator and as an important factor for
macrophage activation [20]. Intracellular NO⋅ was stained
with DAFFMDA, and the fluorescence intensity per cell
was measured by flow cytometry after 24 h of incubation with
PGNO-media. In order to check an intracellular NO⋅ increase
in polarized macrophages like TAM, Raw 264.7 cells were
preincubated with IL-4 for 24h. Figure 3(f) shows the mean
fluorescence intensities (MFI) per cell, which were expressed
as relative values to control. The first bar value is significantly
lower than control, which represents the significant reduc-
tion of the intracellular NO when macrophages were incu-
bated with IL-4. However, it is clear that PGNO-media
enhanced the amount of intracellular NO⋅ in IL-4-treated
M2-like macrophages. The change of intracellular NO⋅ could
be related to the iNOS expression, which is a regulatory
molecule in macrophage polarization. These changes in
intracellular NO⋅, as well as cell morphology, suggest
possible regulatory effects of our PGNO-media on macro-
phage activations. In order to confirm whether the
enhanced values were intracellular NO⋅, we used well-
known NO⋅ scavenger (cPTIO) and the well-known NO⋅

donor (SNAP). The intracellular NO⋅ level increased with
the addition of SNAP as with PGNO-media, and the
levels decreased with the addition of cPTIO into similar
levels to control.

3.5. Action of PGNO-Media on Repolarization of M2-Like
Macrophage. In order to examine the effect of PGNO-
media on the polarization of M2-like macrophages, we ana-
lyzed the expression levels of M1- or M2-related proteins in
mRNA levels in IL-4-pretreated macrophages after 24 h
of incubation in PGNO-media. The mRNA expression of
M1-polarization-related proteins, such as iNOS and IL-6,
increased according to PGNO-media dilution factor, but the
increase of TNF-α was not significant (Figure 4(a)). On the
other hand, the mRNA expression of M2-polarization-
related proteins, such as ARG1, IL-10, TGF-β, CCL17, EGF,
and MMP9, was mostly reduced significantly (Figure 4(b)).
The expression of iNOS was further examined at a pro-
tein level. Figure 4(c) shows the upregulation of iNOS

in IL-4-pretreated macrophages at a translational level.
The expression of M1 or M2 marker proteins was analyzed
by using flow cytometry (Figure 4(d)). Graphs show the
upregulation of iNOS and Cd86 (markers for M1 polariza-
tion) and slight downregulation of Cd163 (a marker for M2
polarization). These results imply that PGNO-media may
be able to limit M2-related gene transcription and elicit M1
macrophage polarization [22].

3.6. The Anticancer Effects of PGNO-Media Stimulated
Macrophages In Vitro. In order to test the anticancer effects
of PGNO-media-activated macrophages, macrophages were
cocultured in an indirect contact with B16F10 mouse mela-
noma cells as shown in Figure 5(a). B16F10 cells were cocul-
tured with IL-4-pretreated or nontreated macrophages in a
0.4μm pore-sized transwell system. The cytotoxic immune
actions of macrophages were analyzed by measuring intracel-
lular ATP of melanoma cells after 24 h of cocultures
(Figure 5(b)). The values were expressed relatively to mono-
cultured control cells. The coculture of cancer with macro-
phage reduced the ATP values of cancer cells significantly
in all cases. When PGNO-media was added, the reduction
became more significant, especially when macrophages were
pretreated with IL-4. It was confirmed by PI dye penetration
assay that shows dead cell ratios as shown in Figure 5(c). The
ratios of dead cells increased with addition of PGNO-media,
especially when macrophages were pretreated with IL-4. This
coculture study suggests that PGNO-media enhance the
cytotoxicity of macrophages through activating secretion
of cytokines.

3.7. The Anticancer Effects of PGNO-Media Stimulated
Macrophages In Vivo. The anticancer effects of PGNO-
media were examined with a melanoma syngeneic model in
mice. Figure 6(a) shows a simple scheme of the animal exper-
iment. Mice administered with DPBS were used as sham con-
trols, and there were no dead mice during experiments for 19
days. Figure 6(b) shows the 6 mice of the sham group and the
6 mice of the experimental group after daily administration
of DPBS or PGNO-media near the melanoma for 12 days,
respectively. Arrows in each picture indicate the positions
of tumor. It is clearly evident that the sizes of tumors were
significantly smaller with PGNO-media, in comparison with
DPBS treatment. Figure 6(c) shows the tumor tissues
extracted from mice in the order shown in Figure 6(b). The
width, length, and height of tumor tissues were measured,
and Figure 6(d) summarizes the volumes in the table. The
average value was smaller more than two times. When the
biggest one in the DPBS group was removed, the difference
was still more than two times. This shows the tendency
of retarded growth of tumor by PGNO-media. Though
we could not measure the exact growth rate of tumor
from the beginning, photos taken at days 7, 10, and 11
that showed the growth rates of tumors as well as their
sizes were quite different in two groups (Fig. S3 supporting
information).

In order to evaluate the effect of PGNO-media on
macrophage activation during tumor growth in vivo, we
harvested tumor tissues and analyzed their expression of
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iNOS and Arg1. Due to the small sizes of some tissues, we
used 6 samples from the PBS-treated group and 4 samples
from the PGNO-media-treated group. Figure 7(a) shows
the western blot images, while Figure 7(b) shows the

quantitative intensity values relative to actin protein. The
protein expression levels were not significantly different
from each other. Additionally, the peritoneal macrophages
were harvested after sacrifice and stained with CD11b and
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Figure 4: Depolarization of IL-4-pretreated Raw 264.7 macrophages at 24 h elapsed from PGNO-media treatment in various dilution ratios:
(a, b) transcriptional level changes of macrophage M1 polarization-related genes, (a) including iNOS, IL6, and TNF-α, and (b) M2
polarization-related genes, including ARG, IL10, TGF-β, CCL17, EGF, and MMP9. (c) Protein level changes of iNOS. All tests were
repeated three times. (∗p < 0:05; †p < 0:01). (d) Flow cytometry analysis of iNOS, CD86, and CD163 proteins.
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iNOS antibodies. Figure 7(c) shows the 2D plot of CD11b and
iNOS stained peritoneal macrophages, where the CD11b-
positive cells were gated with red squares. Figure 7(d)
shows the increased fluorescence of iNOS of CD11b+ cells
from PGNO-media-administered mice. This data implies
that when PGNO-media was injected during tumor
growth, the peritoneal macrophages expressed more iNOS
proteins.

4. Discussions

First of all, we successfully generated PGNO-media that con-
tained RNS exclusively. Colorimetric analysis showed that
our PGNO-media mainly contained RNS and did not
contain ROS such as H2O2. Since our whole PGNO-
generating system was isolated from atmospheric environ-
ment, PGNO-media components were solely controlled by
inlet gases, N2 and O2 in this study. Hot reactive species were
generated by focused microwave, but the primary species
were cooled down through a cooling system to make more
stable chemical species such as NO and NO2. Therefore, the
chemical species that purged into DI water did not contain
free electrons to generate OH⋅ or O/H atoms which possibly
resulted in the generation of ROS. The expected chemical
reactions were suggested in a previous report [31]. In addi-
tion, we guess those RNS have long lifetime, because
PGNO-water was generated after purging water of dissolved
oxygen elimination. The lifetime of NO⋅ in aqueous solution
is about several min and decreases with an increase of the
environmental O2 concentration [39–41]. The half-life time
of NO in our PGNO-water was electrochemically measured
for about 6 h, and NO was not completely perished after
16 h from PGNO generation [33]. To confirm the species
measured by an electrochemical method in our PGNO-
water, we tried other modalities such as EPR with MGC
(N-(dithiocarbamoyl)-N-methyl-D-glucamine, sodium salt,
Dojindo Molecular Technologies, Inc.) and spectroscopic

analysis with hemoglobin molecules following a previous
report [42]. We found radical forms in EPR measurement
and hemoglobin oxidations in spectroscopy (data are not
included here). However, the signals were different from a
control experiment with well-known NO donor SNAP.
Though the molecular form is not exactly understood yet,
we can assume those reactive nitrogen radicals as well as
NOx

- may react with biomolecules in the media to induce
cascade processes in biological systems.

The effects of RNS on biological systems are known to
depend on their concentrations [43, 44]. NO in low concen-
tration can activate cell function initiating cGMP signaling
pathways, but in high concentration, it can induce cell death,
releasing cytochrome C frommitochondria [43, 44]. In a pre-
vious report, it was shown that NO radicals in PAW also
increased cell growth in low concentration and became fun-
gicidal in high concentration [45]. In the case of PGNO-
media, we found that dilution in the range of 1/1280 to
1/20 is nontoxic and activates metabolic activity of macro-
phages. Even dilution of 1/10 did not induce apoptosis,
though it reduced metabolic activity slightly. Figures 2 and
3 show that the potential of PGNO-media for macrophage
activation can be enhanced when it was less diluted. Based
on the in vitro data, we used 1/10 PGNO-media in coculture
or animal studies, in order to add the metabolic toxicity on
cancer cells, as well as to induce proinflammatory responses
from M2-polarized macrophages. However, in a coculture
study, we found that 1/10 PGNO-media did not reduce the
metabolic activity of B16F10 cells at all. This implies that
the sensitivity to PGNO-media is different according to cell
type. Based on this cell study, we can hypothesize that the
reduction of tumor size in mouse experiments was attributed
to the modulation of immune systems rather than to the
direct cytotoxicity of PGNO-media on melanoma cells. The
results of western blot of tumor tissues and the flow cytome-
try analysis of peritoneal macrophages support that 1/10
PGNO-media can modulate whole body immune activities
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Figure 5: The anticancer effects of PGNO-media stimulated macrophages in vitro. (a) Illustrations showing indirect coculture of Raw 264.7
macrophages with B16F10melanoma cancer cells. (b) Measurement of intracellular ATP of B16F10 cells with and without PGNO-media with
coculture. 20 ng/mL IL-4 was pretreated to macrophage before 24 h of PGNO-media. (c) Flow cytometric measurement of PI-stained B16F10
cells at day 1 elapsed from coculture (∗p < 0:05). All the experiments were repeated three times. ∗p < 0:05; †p < 0:01.
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[46]. We speculate that RNS inside PGNO-media played
roles in modulating the macrophage polarization.

Over decades, there have been many trials to inhibit the
function of TAM and to convert them into M1-polarized
cells [25]. Injecting NO⋅ donor NOC-18 or M1 activated
macrophage to form a high concentration of NO/RNS in
tumor tissues of a mouse renal cell carcinoma model, which
could weaken tumor growth, but could not degenerate tumor
[47, 48]. Macrophages separated from a malignant mesothe-
lioma patient were M1 activated in vitro and transferred back

to the host. Though a high level of TNF-α was produced in
tumors and the tumor size was reduced, the injected macro-
phages were returned back to the M2-like mode in tumors by
secreting anti-inflammatory cytokines and lipid mediators in
the tumoral microenvironment [49–51]. Thus, maintaining
the M1 activation of macrophages in tumor tissues was indi-
cated as a solution.

Our experimental data support that PGNO-media stimu-
lation can restrain the function of TAM-like macrophages
and convert their function to M1-like macrophages. IL-4 is
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Figure 6: The anticancer effects of PGNO-media in vivo. (a) Simple scheme of animal experiment. (b) Pictures of 12 mice with melanoma
syngeneic mice after 11 days of daily administration of DPBS or PGNO-media. Arrows mark the positions of tumor. (c) Pictures of tumor
tissue from each mice at day 12. (d) A table showing the volume of tumor tissue from each mice and the average and standard deviation
for the two groups.
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known to induce polarization of M2 by inducing down-
stream pathways such as a phosphorylation of STAT6 and
an expression of IRF4 [35, 36]. Treatment of PGNO-media
to IL-4-induced M2-like macrophages resulted in upregula-
tion and downregulation of M1-and M2-related genes,
respectably. In vivo treatment of PGNO-media also resulted
in an inhibition of tumor growth and an upregulation of
iNOS expression in peritoneal macrophages. Our study
indicates that PGNO-media negatively regulates tumor-
mediated manipulation of macrophages. In addition, it
should be pointed that the action of PGNO-media on the
macrophage activation and anticancer activity was not line-
arly dose dependent as metabolic activity and intracellular
NO level were (Figures 2 and 3). The curves of the
Cd86 transcription level (Figure 4(d)) as well as the tumor
cytotoxicity level (Figure 5(c)) showed some optimal dose
ranges for M2-like macrophage activation. This would give
further information on these processes, as it points to a
dual mode of action.

Our data proposes a new RNS donor that can maintain
the M1-like activation of TAM. Since the PGNO-media is
purely composed of RNS, there are no remaining chemicals
or unexpected byproducts. Furthermore, there is a possibility
that PGNO-media can enhance a whole body immune activ-
ity as shown in Figure 7. This can be helpful for the patients
who suffer from the low immune activity due to anticancer
drug administration. We believe that our experiments pro-
vide the possibility of PGNO-media application in anticancer
therapy to retard tumor growth as well as activate innate
immune activities. However, further studies using primary

macrophages instead of Raw 264.7 cell line derived from leu-
kaemic mice should be performed to confirm the action of
PGNO-media in innate immune cells. And also, the tumor-
associated macrophages instead of peritoneal macrophages
should be investigated to understand the direct effects of
PGNO-media on the microenvironment of tumors.
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Figure 7: (a) The expression of iNOS and Arg1 protein in each tumor tissue. (b) The relative quantification of proteins to actin protein.
(c) Flow cytometry data of cells harvested frommice peritoneal and immunostained with antibodies to iNOS and CD11b. Red boxed mark the
CD11b+ cells. (d) The MFI of iNOS of the CD11b+ cells. ∗p < 0:05.
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Supplementary Materials

Figure S1: the original film image of Figure 4(c). In order to
reduce the amount of antibodies, we cut the protein-
transferred membrane at the position for the target protein
size. Each cut membrane was reacted with specific antibodies
and then incubated with chemiluminescence solution. They
were arranged and fixed on a cassette. The X-ray film was
reacted with them for four different times and then devel-
oped in a dark condition. (a) The original film image. The
red colored rectangles were selected for the data. (b) The
cut film image. (c) The band at 130 kDa was used for iNOS,
and the band at 42 kDa was used for β-actin. Figure S2: the
original film images of Figure 7(a). After staining with anti-
bodies, the film images were acquired using a ChemiDoc
machine (Bio-Rad). (a) The images acquired by the Chemi-
Doc. From left to right, the image is HRP chemilumines-
cence, colorimetric, and composition, respectably. (b) The
red colored rectangles were selected for the data. Figure S3:
daily measured weight and photos taken at day 7 and day
10 of experimental mice (a). The photos of mice taken at days
7, 10, and 11. Since we used normal mice with hair, it was dif-
ficult to measure tumor without sacrifice. To estimate roughly
the tumor size, photos were taken with anesthesia. The sizes of
tumor tissues were measured at the end of the experiment
after sacrifice, and the data was put in the text. (b) The weight
of mice wasmeasured daily. Though we could not measure the
size of tumor daily, we measured animal weight. Since it was
performed without anesthesia, it had quite big errors. The
units are gram (bar graph). (Supplementary Materials)
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Solanum paniculatum L. or popularly known as “jurubeba” is an herbal medicinal plant. A few studies have investigated its
biological effects; however, research aimed at elucidating the redox balance effects from its fruits has not been reported so far.
ROS interplays in various fields of medicine such as chemotherapy. Here, we evaluated antioxidant and inflammatory activities
of the hydroethanolic extract of Solanum Paniculatum L. (HESPL) fruits in breast cancer cells, as well as its phytochemical
profile. The antioxidant profile (carotenoids and phenolic compounds) was obtained by HPLC-DAD-UV and HPLC-APCI-MS.
Cancer cell lines and human vein endothelial cells (HUVECs) were cultivated and treated with 1.87-30μg/mL of HESPL for
24 hrs. Cytotoxicity, oxidative, and inflammation biomarkers were evaluated. The dose of 30μg/mL of the HESPL extract
presented cytotoxicity in the MCF-7 cell line. However, for MDA-MB-231, the cytotoxicity was observed in the dose of
1.87 g/mL. The 1.87μg/mL and 3.75μg/mL doses decreased the concentration of IL-6 in MCF-7 cells. In the MDA-MB-231
cells, the HESPL did not decrease the IL-6 concentration; however, in the doses of 15 and 30μg/mL, an increase in this
parameter was observed. The HESPL increased IL-1β concentration in HUVECs. The ROS level in MCF-7 was elevated only at
the 30μg/ml dose. Regarding MDA-MB-231, HESPL promoted increased ROS levels at all doses tested. HUVEC showed no
increase in ROS under any dose. HESPL treatment may modulate cytotoxicity, ROS, and cytokine levels due to its
phytochemical profile, and it has shown an antioxidant or anti-inflammatory effect.

1. Introduction

Cancer is a multidimensional and complex onset of diseases
with deregulated mechanisms and biochemical signaling,
leading to pathology progress in a biological system [1].
Among all cancers, breast cancer is the main cause of world-
wide women’s death; therefore, it is a target for research stud-
ies involving early diagnosis detection and therapies [2].

ROS, a type of unstable molecules that contain oxygen,
which are rapidly transformed into other species can induce

oxidation of free amino acids, residues, and proteins. On
the other hand, they can be a target of multiresistant drugs,
enhancing cell death [3]. These species play a role in various
fields of biology and medicine of cancer on protumorigenic
signaling, cell proliferation, and tumorigenesis and transcrip-
tion factor activation, which in turn can promote cytokines
and chemokines such as IL-6 production in inflammation
pathways as well as regulating and inducing apoptosis [4].
These reactive species were counteracted or stimulated by
substances known as antioxidants, acting on the endogenous
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cellular and exogenous environments, or by interactions of
low molecular mass antioxidants such as carotenoids and
phenolic compounds [5].

Natural products from medicinal and nonconventional
plants and functional food intake have also been reported
by data, which prevent the onset of several diseases or are
used as a treatment for several diseases, providing ethno-
pharmacological knowledge on nutrition therapeutic for-
mulations containing antioxidants on their phytochemical
profile [6]. Several studies show their effectiveness in mod-
ulating ROS, inflammation, and chemotherapeutic resis-
tance [7, 8].

Solanum paniculatum L. (Roem. and Schult.), Solanaceae
family, popularly known as “jurubeba,” “jurupeba,” “jubeba,”
or “juna” is an unconventional fruit-vegetable native to
Tropical America. Its leaves and roots are widely used in tra-
ditional Brazilian medicine as tonic eupeptic agents to treat
gastric and liver dysfunctions [9]. Its fruits are consumed
by decoctions in culinary preparations and with oil or vinegar
on pickled jurubeba [10]. Evidence has reported the presence
of many steroidal compounds such as glycoalkaloids and
saponins [11] and β-sitosterol [12] used in folk medicine.
Endringer and colleagues showed chemoprevention in liver
cells via NF-κB inhibitory activity after Solanum paniculatum
L. treatment [13]. On the other hand, the study of Rios et al.
(2017) showed its potential treatment of inflammatory con-
ditions, reducing cell proliferation, IL-4, NO production,
and other inflammatory markers; however, no chemical
investigation of the antioxidant profile of Solanum panicula-
tum L. fruits as an hydroethanolic formulation and its biolog-
ical mechanisms in breast cancer has been reported so far.
These evaluations provided by HESPL response could be
important on ROS and cytokine pathway knowledge. The
present study was undertaken to investigate the phytochem-
ical profile of HESPL fruit formulation and its effects on ROS
and cytokine production in human breast cancer and endo-
thelial cells.

2. Materials and Methods

2.1. Plant Material. Solanum paniculatum L. (in natura)
fruits were collected on December 31, 2017, in the south of
Mato Grosso State (Campo Grande region), with the coordi-
nates 20°47′27″S latitude and 54°56′86″S longitude, by Ana
Paula Costa Rodrigues Ferraz; these were deposited to the
herbarium at the Institute of Biosciences, São Paulo State
University (UNESP), Botucatu, SP, Brazil, under the voucher
number 33072. Fruiting ratios for jurubeba were established
according to Nurit et al. [14] and Forni-Martins et al. [15]
through its globulous greenish to yellow appearance releasing
from a peduncle; after this, 392 g of fruits was separated
according to their appearance, washed in water, and stored
at -80°C until the extraction process.

2.2. Preparation of the HESPL Extract. Jurubeba fruits were
macerated in a cryogenic mill (6775 Freezer/Mill® Cryogenic
Grinder), and lyophilized in a lyophilizer (Liotop L108®),
obtaining a dry weight of 129 g of the powdered extract.
The powdered extract (109 g) was percolated by exhaustion

according to the Brazilian Homeopathic Pharmacopoeia
(2011) with a slow rate of 3mL/min/kg using 70% ethanol.
After twenty-four days of percolation, solvents were evapo-
rated in a vacuum rotating evaporator with a horizontal con-
denser (Marconi MA-122) under low pressure (45°) and the
remaining liquid was lyophilized to obtain the HESPL crude
extract (24.12 g). The yield of the extract was calculated by

x = final weight gð Þ
dry weight gð Þ

� �
× 100: ð1Þ

2.3. Extraction of Carotenoids and Vitamin E via HPLC-
DAD-UV and HPLC-APCI-MS. The hydroethanolic extract
(100mg) was subjected to basic hydrolysis to separate the
liposoluble components using 30% KOH in ethanol and sol-
ubilized with ether/hexane (2 : 1), using the saponification
method adapted for plant samples from Qin et al. (1997).
For HPLC-DAD-UV analysis, aliquots of 20μL were injected
into the Waters Alliance 2695e Separation Module (Waters
Corporation, Milford, MA, USA) coupled with the Waters
PDA 2998 detector and analytical C30 column (Thermo
Scientific—3μm (4:6 × 150mm)). The mobile phases were
composed of methanol/methyl tert-butyl ether/water: (A)
85/12/3 (v/v/v) and (B) 8/90/2 (v/v/v), with 6mmol/L of
ammonium acetate. The gradient was 2min at 5% B, 3min
at 10% B, 6min at 15% B, 10min at 25% B, 12min at 40%
B, 16min at 83%B, 20min at 95% B, 24min at 95% B,
26min at 40% B, 30min at 5% B, and 32min at 5% B with
a flow rate of 1.0mL/min. Complementary to these data
and with the same method for sample extraction (2.5mg),
HPLC-APCI-MS analysis of carotenoids was determined.
Aliquots of 10μL were injected into an Agilent 1290 Infinity
High-Performance Liquid Chromatography system (Agilent
Technologies, United States) adapted by Etzbach et al. for
total carotenoids, performed on 40-minute run and at
0.5mL/min flow rate. The eluent B proportion was modified
for 30/60/10 (v/v/v) using the same HPLC-DAD-UV column
previously described [16].

2.3.1. HPLC-APCI-Mass Spectrometry (MS) Instrumentation
and Carotenoid Identification. Mass spectrometry was per-
formed in an AB Sciex Triple Quad™ QTRAP® 5500 Mass
Spectrometer equipped with an Atmospheric-Pressure
Chemical Ionization (APCI) source on a positive mode for
carotenoid analysis. Also, 5mmol/L of ammonium acetate
was added to the mobile phases for improving compound
ionization, as well as the column temperature (25°C). The
conditions for mass spectrometry were adapted from Etz-
bach et al. (2018) with the following modifications: entrance
potential (EP), 10V; collision energy (CE), 30V; collision cell
exit potential (CXP), 8V; time, 50ms; curtain gas, 10 (API);
medium collision gas (CAD); ion spray voltage, 5500V; tem-
perature, 450°C; and arbitrary units for ion source gas 1
(GS1), 30.0.

A selective reaction monitoring (SRM) experiment was
performed to identify the analytes, the first mass transition
following two or three mass transitions was used to confirm
the compound profile, and these transitions were determined
by the literature [16] (see Table 1).
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The major carotenoids (see Figure S1 in Supplementary
Materials) constituent from HPLC-DAD-UV were focused
on these evaluations, and the SRM identification transition
selected was 569.00/551.00. The Analyst® 1.5.1 software
(AB Sciex®) and MultiQuant™ 3.0.3 software (AB Sciex®)
were used for data analysis.

See Figure S1 in Supplementary Materials for
comprehensive carotenoid image analysis.

2.4. Extraction and Identification of Phenolic Compounds via
HPLC-DAD-UV. The HESPL extraction (100mg) was deter-
mined by modifications of the method described by Palafox-
Carlos et al. [17]. The extract was dried in N2, resuspended in
HPLC-grade methanol, and filtered on a 0.22μmAnalytical®
nylon membrane. Aliquots (20μL) were injected into a
UHPLC Thermo Scientific Dionex UltiMate 3000 system
(Thermo Fisher Scientific Inc., MA, USA), coupled with a
quaternary pump, an Ultimate 3000RS autosampler, and a
diode array detector (DAD-3000RS) using a C18 column,
and the flow rate was 0.8mL/min. The mobile phase was
composed of phosphoric acid/water (A) (0.85/99.15, v/v)
and acetonitrile (C) (100, v). The gradient was 2min at 7%
B, 3min at 9% B, 5min at 10% B, 7min at 12% B, 8.5min
at 13% B, 11min at 15% B, 12.5min at 20% B, 13min at
21% B, 14min at 23% B, 15min at 25% B, 17min at 30% B,
19min at 45% B, 22min at 65% B, 23min at 75% B, and
24min at 30% B. See Figure S2 in Supplementary Materials
for comprehensive phenolic compound image analysis.

2.5. Antioxidant Capacity

2.5.1. Radical Sequestration Method (DPPH⋅) and FRAP
Assay. Amethanolic solution was prepared for the extraction
with 0.100 g of jurubeba for both methods. The DPPH
method was performed according to Brand-Williams et al.
[18], and the FRAP assay was adapted according to the meth-
odology proposed by Benzie and Strain [19], which is effi-
cient in the determination of antioxidant activity by iron
reduction.

2.6. Cell Culture Experimental Design. Breast cancer cell lines
wereMCF-7 (ATCC®HTB22™), luminal, HER2+, and estro-
gen- and progesterone-positive receptors and MDA-MB-231
(ATCC® HTB26™), basal and with invasive potential.
MCF-7 were cultivated in RPMI Medium 1640 supple-
mented with 10% FBS, 1% NEAA, 1% sodium pyruvate,
and 1% antibiotic and MDA-MB-231 were cultivated with
10% FBS and 1% antibiotic (anti-anti). HUVECs (ATCC®
CRL-1730) were cultivated in F-12K Medium (Thermo
Fisher Scientific® Gibco DMEM/F12 DULBEC) with 10%
FBS and 1% antibiotic. All cell lines were maintained in a
humidified incubator (5% CO2 at 37°C). Cells were plated
onto 175 cm2 tissue culture flasks, and treatments proceeded
when the cells reached 80% of confluence between passages 6
and 8. A stock solution for HESPL induction (10mg/mL) was
made in DMSO as a vehicle according to recommendations
by Jamalzadeh et al. (2016) for an experimental application.
Different doses (30, 15, 7.5, 3.75, and 1.87μg/mL) were estab-
lished by Rios et al. (2017) and were diluted in medium with-
out FBS for further in vitro experimental research.

The cell viability was performed by the Trypan Blue
assay. After 24 hours of treatment, cells were harvested and
submitted to trypsinization, the pellet was resuspended in
appropriate concentration of medium, and 10μl was col-
lected and diluited in 10μl of Trypan Blue. The cells were
counted on an improved Neubauer Haemocytometer (Weber
Scientific International Ltd., UK). Viable and nonviable cells
were counted under light microscopy, and the viable cells are
considered above 80%.

2.7. Cytotoxic Activity. Approximately 1 × 106 cells were
incubated on six-well plates for 12 hours on RPMI 1640 cul-
ture medium with 10% FBS and 24 hrs with 0.1% FBS and
maintained at 37°C and an atmosphere of 5% CO2. Different
doses were applied for 24hrs aimed at providing a nonlethal
dose for further research. Subsequently, cytotoxicity was
determined using the rapid colorimetric assay based on the
tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) (0.5mg/mL in HBSS) which
can measure metabolic living cells and proliferation [20].
The cells were solubilized in DMSO and read at 570nm using
a scanning multiwell spectrophotometer (SpectraMax 190,
Molecular Devices).

2.8. Analysis of ROS Production. The cells were cultivated
onto 75 cm2

flasks for each dose, and following the treat-
ments, these were collected using trypsin and resuspended
on Muse™ Oxidative Stress Assay Buffer (4700-1330, Merck
Millipore) with a minimum of 1 × 106 cells for each replicate;

Table 1: SRM transitions for total carotenoids.

Compound name [M+H]+ (m/z) Fragment ion
Declustering
potential (V)

Lutein 569.0

476.0

80
175.0

551.0

533.0

Zeaxanthin 569.0

551.1

50

533.1

395.0

93.0

135.1

β-Cryptoxanthin 553.5 119.0 50

β-Cryptoxanthin 553.0

135.0

50495.0

461.0

α-Carotene

123.0

537.0 481.0 50

444.1

177.2

445.4

β-Carotene
537.0 413.3 50

269.2
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these were performed through flow cytometry using Muse®
Cell Analyzer (Merck, Darmstadt, Germany) with Muse™
Oxidative Stress Kit (MCH100111, Merck Millipore). The
results were shown positively ROS (ROS (+)) which has the
cell exhibiting ROS significance.

2.9. Inflammation Measurement. IL-6 and IL-1β evaluations
were performed in a commercial immunoassay ELISA kit
using 100μL of cell supernatant according to the manufac-
turers’ instructions (Linco Research Inc., R&D Systems®,
Millipore, and B-Bridge International Inc.) and were deter-
mined by absorbance using a microplate reader (SpectraMax
190, Molecular Devices).

3. Statistics

Results are expressed as mean ± SD. One-way ANOVA
followed by the Tukey test was performed by normal distri-
bution in SigmaPlot using Windows 10. Statistical signifi-
cance was considered when p < 0:05.

4. Results

4.1. HESPL Extract and Bioactive Compounds. The results for
a phytochemical profile of HESPL in HPLC-DAD-UV
presented with four carotenoids (lutein, zeaxanthin, β-cryp-
toxanthin, β-carotene), one vitamin E (γ-tocopherol), two
phenolic compounds (chlorogenic and caffeic acids), and
one flavonoid (quercetin) (see Table 2).

The major active compound in HESPL is lutein, iden-
tified for the retention time of 17.52min based on similar
[M+H]+ (m/z) (569.0) and fragments (175/135/551) on a
sample (Figure 1(a)) compared with the lutein standard
(Figure 1(b)).

HESPL has a yield of 22.19%. The FRAP procedure mea-
sures the antioxidant capacity through the interaction
between the reductants (antioxidants) and FeII-TPTZ creat-
ing a blue color showing 423:32 ± 1:70 μmol of quercetin
100 g-1 DW (CV = 0:40). Additionally, the DPPH method
has an affinity of reducing a free radical by a hydrophilic
affinity, and HESPL shows 89:13 ± 1:20 (mg of quercetin
100 g-1) (CV = 1:34) of % DPPH reduction.

4.2. Cell Viability of the Cell Lines Submitted to Different
Doses. The dose of 30μg/mL (82:29 ± 19:11, CV = 23:22)
shows a significant toxicity (p < 0:05) when compared with
control in MCF-7 cells (see Figure 2). However, for MDA-
MB-231, the cytotoxicity was observed in the dose of
1.87μg/mL (97:22 ± 2:04, CV = 2:10). Regarding the
HUVEC, the extract did not show cytotoxicity.

4.3. Concentration of Interleukin in the Cell Lines in Different
Doses of HESPL. In this study, the 1.87μg/mL (0:04 ± 0:02,
p < 0:005) and 3.75μg/mL (0:03 ± 0:00, p < 0:005) concentra-
tions decreased with significance inMCF-7 cells (Figure 3(a)).
In the MDA-MB-231 cells, the HESPL did not decrease the
IL-6 concentration; however, in the doses of 15 and 30μg/mL,
an increase in this parameter was observed (130:88 ± 1:52
/125:46 ± 4:88, p < 0:005) (Figure 3(b)). The HESPL
increased IL-1β concentration in HUVECs (dose of

3.75μg/mL (4:513 ± 0:280, p < 0:05) vs. control (2:965 ±
1:108); Figure 3(c)).

4.4. The Levels of ROS Were Increased by the Dose of
7.5μg/mL of HESPL vs. Control. The higher dose of
7.5μg/mL of HESPL improves ROS levels (see Figure 4(a))
in MDA-MB-231 (15:47 ± 4:88, p < :0001) vs. control
(2:87 ± 0:57) and also improved increased levels in all
tested doses. HUVECs did not present higher levels of
ROS. See Figure 5 for a comprehensive example of cell
flux analysis.

5. Discussion

Dietary phytochemicals can act as an antioxidant or prooxi-
dant and may participate in the development of new antican-
cer drugs [21]. Elevated levels of ROS and deregulated redox
signaling are common hallmarks of cancer progression and
resistance to treatment [22]. ROS production is involved in
two faces of the cancer environment: in basal levels, these
species are involved in PI3K/Akt-mediated cell survival and
proliferation, or when excessive intracellular ROS accumula-
tion occurs, these are involved in the cleavage of caspase-3
and caspase-7 also damaging nucleic acid bases and other
compounds [4].

It is known that MDA-MB-231 are malignant cells, and
in this study, they could be a great model to investigate the
effects of natural products on ROS modulation since this
kind of cell is classified with invasive potential [23]. Our
dose-response study demonstrated that the dose ranging
from 1.87 to 7.5μg/mL of HESPL enhanced ROS production
(Figure 4). These results suggest that the phytochemical
profile of plant- and food-based diets may act on the redox
balance. Phytochemicals present in plants can act as a proox-
idant via the Fenton reaction whose mechanism occurs via
iron-dependent ROS production [24]. It can also inhibit
NADPH expression and the blockade of the Nrf-2 signaling
pathway [25]. This transcription factor was commonly ele-
vated in various types of cancer and consequently as a result
of the activation of oncogenes such as K-Ras, B-Raf, and c-
Myc which in turn are involved in survival and cell prolifer-
ation [21].

The mechanism of action of plant-based diets may pos-
sess intervention capacity acting at specific pathways such
as reduction of NF-κB DNA-binding activity, TNF-α inhibi-
tion, increased caspase-3 and caspase-7, bax/bcl-2 ratio, and
fraction with sub-G0/G1 DNA content in apoptosis [26].
Additionally, Sinha et al. demonstrated that phytoconstitu-
ents of tea (Camellia sinensis) modulate epidermal growth
factor receptor, B-cell lymphoma 2 (Bcl-2), and Bcl-2-
associated X protein in the breast carcinoma [27].

The phytochemical profile of the jurubeba fruit extract
consists of phenolic compounds, vitamin E, and carotenoids.
Polyphenols can act via noncovalent interaction with cellular
proteins promoting the inhibition of prooxidant enzymes
and diminishing DNA damage and lipid peroxidation as well
as inhibition of ROS-dependent signal transduction [28]. In
our phytochemical profile, caffeic acid is the major phenolic
compound, but we also identified chlorogenic acid and
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Table 2: Phytochemical profile of HESPL determined by HPLC-DAD-UV.

Analyte RT Linearity range (ng/μL) LOD/LOQ (ng/μL) r2
Solanum paniculatum L.

(pg/mL) in 100mg of extract
SD (%) CV (%)

Carotenoids

Lutein 3.449 5-100 1.45/5 0.9988 103.70 2.3049 2.222719

Zeaxanthin 4.133 2.28-36.5 0.80/2.28 0.9972 8.9 0.48608 5.461573

β-Cryptoxanthin 9.017 5.30-84.9 0.97/5.30 0.9963 8.8 0.5913 6.719318

β-Carotene 15.666 15.6-250 0.89/15.6 0.9821 8.7 1.1533 0.131655

Vitamin E

γ-Tocopherol 5.333 0.075-2.42 1.09/0.075 0.9999 1.6 0.00206 0.12875

Phenols

Chlorogenic acid 3.517 10-500 1.40/10 0.9956 17.5 0.7415 4.237143

Flavonoids

Caffeic acid 6.617 10-500 1.30/10 0.9991 23.9 0.9641 4.033891

Quercetin 19.12 10-500 1.33/10 0.9999 2.9 0.1306 4.503448
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Figure 1: Carotenoid profile of Solanum paniculatum L. by HPLC-APCI-MS: (a) lutein compound in the sample; (b) lutein standard.
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quercetin. Yu et al. demonstrated that caffeic acid can lead to
apoptosis in YD-15 (human mucoepidermoid carcinoma),
HSC-4, and HN22 (human oral squamous cell carcinoma).
Moreover, the authors have shown the apoptotic effect by
cleavages of caspase-3 and poly (ADP-ribose) polymerase
and activation of Bax protein [29]. In parallel, Abou-
Hashem et al. showed the apoptotic effect of chlorogenic acid
via cell cycle arrest at the sub-G0 phase and DNA fragmenta-
tion [30], whereas quercetin can induce apoptosis through
proteasome inhibition such as the 20S and 26S proteasome
in Jurkat T cells and accumulation of polyubiquitinated pro-
teins [28].

Evidence suggests that dietary carotenoids may help in
reducing the risk of breast cancer [31]. Lutein is the major
carotenoid identified in our extract. Lutein acts by suppress-
ing inflammation, and it was involved in the inhibition of
NF-κB signaling [32]. In summary, benefits of lutein intake
consist in eye health and antioxidant and anti-inflammatory
activities. It is suggested that lutein mechanisms of action in
cancer might be involved in cell growth inhibition by induc-
ing cell cycle arrest and caspase-independent cell death also,
activating p53 signaling [33]. Juin et al. showed the apopto-
tic effect of zeaxanthin through the expression of the BRAF
V600E oncogene [34]. Additionally, Gao et al. demon-
strated the antiproliferation effect of β-cryptoxanthin by
G0/G1 cell cycle arrest and AMPK signal inactivation [35].
The effects of β-carotene on metastasis was evidenced by
Kim et al. where it downregulated the expression of CSC
markers, MMPs, and HIF-1α in cancer tissues [36]. Inhibi-
tion of the HMG-CoA reductase enzyme and inhibition of
the NF-κB pathway are the main antiangiogenic mecha-
nisms found for tocotrienols such as γ-tocopherol [37].

Cytokine levels are naturally enhanced in conditions such
obesity and cancer [38]. A few reports related the reduction
of IL-6 to a targeted therapy for cancer [39, 40]. In our study,
the HESPL treatment diminished the levels of IL-6 in MCF-7

cells (Figures 3(a) and 3(b)), enhancing the importance of
this cytokine acting as having multifaceted cellular displayed
and physiological functions on biological systems [41]. Pri-
mary tumors such as MCF-7 cells may be an important tool
on research focusing on chemopreventive actions [42]. The
chemopreventive actions can attenuate cell cycle arrest [43]
and other various tumor-promoting pathways in cancer
[44]. IL-6 seems to be an important cytokine in breast cancer
studies [39, 44, 45] acting in several pathways involved in
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Figure 2: % cell viability from MCF-7, MDA-MB-231, and
HUVECs. ∗Versus control when p < 0:05. The viability was
determined by the MTT assay. The dose of 30μg/mL presented
cytotoxicity.
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Figure 3: Different doses of HESPL effect in interleukin-6: (a)
MCF-7 cells, (b) MDA-MB-231 cells, and (c) different doses of
HESPL effect in IL-1β in the cell lines. ∗Versus control when p <
0:05. The dose of 3.75μg/mL diminished significantly compared
with other doses. On the other hand, the doses of 15 and
30 μg/mL were increased in MDA-MB-231, and for IL-1β, the
dose 3.75μg/mL was enhanced.
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cancer progression [46]. Moreover, IL-1β, another impor-
tant cytokine in the chronic inflammation process, was
enhanced in HUVECs after treatment with 3.75μg/mL
HESPL (Figure 3(c)).

The synergic effects of different compounds presented in
the HESPL might provide an adjuvant strategy on cancer
therapies since multiple phytochemicals may act on various

biological microenvironments. We have shown in this study
that phytochemicals presented in the crude extract of juru-
beba fruits can act on the oxidative and inflammation
balance. A positive control study may be a scientific con-
tribution for our current findings since the isolated phyto-
chemicals contribute to antitumoral mechanisms such as
apoptosis. However, its known that individual compounds
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Figure 5: Cell flux analysis in MCF-7 cells: (a) 30 μg/mL treatment; (b) control.
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have not shown benefits in some clinical trials since bioactiv-
ity might be affected or do not react in the same effective way
when compared to crude extracts of plant-based foods [26].
Our data suggests a redox/inflammation modulation net-
work of the Solanum paniculatum L. fruits, and its potential
as a nutraceutical was shown to be enhanced as it successfully
modulates ROS and cytokine production as well as inhibiting
the growth of cancerous cells.

6. Conclusions

The molecular mechanisms of ROS and cytokine play an
important role in various cancer models evidenced in both
in vitro and in vivo studies. ROS and cytokine modulation
seems to be a promising chemotherapeutic target for treat-
ments. Here, we demonstrated that HEPSL can act by dimin-
ishing ROS production and modulate levels of IL-6 and
IL-1β. Most importantly, our dose-response studies demon-
strated that different concentrations of phytochemicals, act-
ing synergically, might affect the outcomes either positively
or negatively, raising the importance of ingestion-response
ratio effects of diets. Our findings, even as a basic research
model, provide information that can guide future studies
aimed at elucidating new therapeutic alternatives for cancer.
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Lung cancer is a leading cause of cancer death worldwide, and non-small-cell lung cancer (NSCLC) accounts for 85% of lung
cancer, which is highly metastatic, leading to the poor survival rate of patients. We recently reported that 4-[4-(4-
hydroxyphenoxy)phenoxy]phenol (4-HPPP), a phenoxyphenol, exerts antihepatoma effects by inducing apoptosis and
autophagy. In this study, we further examined the effect of 4-HPPP and its analogs on NSCLC cells. Colony formation assays
showed that 4-HPPP exerts selective cytotoxicity against NSCLC H1299 cells; furthermore, the inhibitory effect of 4-HPPP on
the proliferation and migration of NSCLC cells was validated using an in vivo zebrafish-based tumor xenograft assay. The
flow cytometry-based dichlorofluorescein diacetate (DCF-DA) assays indicated that 4-HPPP caused an increase in reactive
oxygen species (ROS) in NSCLC cells, and Western blot assays showed that the major ROS scavenging enzymes superoxide
dismutases- (SODs-) 1/2 were upregulated, whereas peroxidase (PRX) was downregulated. Furthermore, 4-HPPP caused both
aneuploidization and the accumulation of γH2AX, a sensor of DNA damage, as well as the activation of double-strand break
(DSB) markers, especially Ataxia-telangiectasia-mutated and Rad3-related (ATR) in NSCLC cells. Our present work suggests
that the antiproliferative effects of 4-HPPP on lung cancer cells could be due to its phenoxyphenol structure, and 4-HPPP
could be a candidate molecule for treating NSCLC by modulating ROS levels and lowering the threshold of polyploidy-
specific cell death in the future.
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1. Introduction

Lung cancer has a high incidence and is the leading cause of
cancer-associated deaths in both males and females [1–3].
Non-small-cell lung carcinoma (NSCLC) is the most com-
mon type of lung cancer, accounting for 80% to 85% of
lung cancer, and it shows a low proliferation rate and met-
astatic ability. Large-cell lung carcinoma accounts for 10%
to 15% of NSCLC and is poorly differentiated [4, 5]. These
tumors are large peripheral masses associated with early
metastases. Surgery, radiotherapy, and chemotherapy are
the main treatments for lung cancer. Although chemother-
apy is the most common treatment for NSCLC [2–4, 6],
NSCLC usually develops acquired resistance to chemother-
apy and is associated with poor prognosis and low survival
rates; therefore, continued efforts are still needed to over-
come these difficulties [7, 8].

Aneuploidy is frequently observed in advanced cancer
cells, and previous studies reported that at least 70% of
common solid cancers are aneuploidy [9–11]. Cancer cells
with aneuploidy may have enhanced proliferation and the
ability to adapt to external stress or may be more chemore-
sistant [12]. A high rate of chromosomal missegregation
has been reported to cause instability of chromosomes
and poor prognosis in patients with diffuse large B cell lym-
phoma [13]. However, hyperaneuploidy beyond a certain
level can be lethal or harmful to cancer cells [14, 15]. There-
fore, elevating the rates of chromosome instability, such as
aneuploidization or polyploidization, thereby inducing vul-
nerability of cancer cells to mitotic catastrophe [16] or
apoptosis [14, 17], may be a promising strategy for treat-
ing cancer.

Phenoxyphenol derivatives have been reported to pos-
sess the capacity to prevent and treat colon and prostate
cancers [18, 19]. Specifically, Parsai et al. reported that
4 phenoxyphenol derivatives exerted antimetastasis and
anti-inflammatory activity by possibly binding to the
active site of matrix metalloproteinase- (MMP-) 9 and
cyclooxygenase (COX) 2 [20]. Additionally, we previously
demonstrated that synthetic phenoxyphenol 4-[2356-tetra-
fluoro-4-(4-hydroxyphenoxy)phenoxy]phenol (TFPP) pre-
conditioned NSCLC to respond to the anticancer agent
camptothecin possibly by lowering the threshold for initi-
ating apoptosis [21].

More recently, we identified that the synthetic phe-
noxyphenol 4-[4-(4-hydroxyphenoxy)phenoxy]phenol (4-
HPPP) selectively killed hepatocellular carcinoma (HCC)
cells and induced significant accumulation of γH2AX, a
DNA damage sensor [22], through modulating autophagy
and inducing apoptosis. However, the effect of 4-HPPP
on other cancer cells and its underlying mechanism remain
unclear.

Given the potential anti-HCC activity of 4-HPPP, we fur-
ther tested whether 4-HPPP exerts inhibitory effects on
NSCLC using in vitro and in vivo zebrafish-based xenograft
assays. Furthermore, the possible mechanisms by which 4-
HPPP induced increased reactive oxygen species (ROS) and
modulated the threshold of polyploidy-specific cell death of
NSCLC are discussed.

2. Materials and Methods

2.1. Source of Diphenoxy Benzene Compounds. Four diphe-
noxy benzene compounds, including 4-HPPP, were pur-
chased from the Enamine Ltd. (http://www.enamine.net,
Kyivska region, Ukraine) chemical database (REAL Data-
base). Four diphenoxy benzene compounds were freshly dis-
solved in DMSO at a concentration of 10mM and stored at
-20°C, and concentrations of 0.5, 1, 5, and 10μM were used
to treat cells and zebrafish.

2.2. Cell Lines. The human NSCLC cell line H1299 was
obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA), and the human bronchial epi-
thelium cell line BEAS-2B was kindly provided by Dr.
Poling-Kuo (Kaohsiung Medical University, Taiwan). All
the tested cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM)/F-12 (3 : 2 ratio) and supple-
mented with 10% fetal bovine serum (FBS), 2mM glutamine,
and antibiotics (100 units/ml penicillin and 100μg/ml strep-
tomycin) at 37°C with a humidified atmosphere of 5% CO2.

2.3. Reagents. The following compounds were obtained from
Gibco BRL (Gaithersburg, MD, USA): DMEM, FBS, trypan
blue, penicillin G, and streptomycin. Dimethyl sulfoxide
(DMSO), paraformaldehyde (#P6148), ribonuclease A
(RNase A, #R-4642), and propidium iodide (PI) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). An
annexin V-fluorescein isothiocyanate (FITC) staining kit
was purchased from Strong Biotech (#AVK050, Taipei, Tai-
wan). 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazo-
lio]-1,3-benzenedisulphonate (WST-1) was purchased from
Takara Biomedicals (#MK400, Otsu, Japan). Antibodies
against γH2AX (#sc-101696), phosphorylated Akt (Ser473,
#sc-7985-R), phosphor-ATR (#sc-109912), and phosphor-
ATM (#sc-47739) proteins were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Phosphor-Akt
(Thr450, #3188-1) was purchased from Epitomics (Burlin-
game, CA, USA). Akt1 (#ab32505) was purchased from
Abcam (Cambridge, UK). Bcl-2 (#GTX100064), peroxidase
(PRX1) (#GTX101705), superoxide dismutase 1 (SOD1)
(#GTX100659), SOD2 (#GTX116093), and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (#GTX627408) were
purchased from GeneTex (Irvine, CA, USA). DNA-
dependent protein kinase (DNA-PK) (#556456) was
purchased from BD Pharmingen™ (San Jose, CA, USA).
Horseradish peroxidase- (HRP-) conjugated secondary anti-
bodies (#20102 for goat anti-mouse IgG and #20202 for goat
anti-rabbit IgG) were purchased from Leadgene Biomedical
Inc., Tainan, Taiwan. Fluorescein isothiocyanate- (FITC-)
conjugated secondary antibodies (#GTX26816 for goat
anti-mouse IgG and #GTX26798 for goat anti-rabbit IgG)
were purchased from GeneTex.

2.4. Colony Formation Assay. A total of 1 × 102 H1299 cells
were seeded onto a 6-well plate and then incubated for
24 h. The cells were treated with four diphenoxy benzene
compounds at different concentrations (0, 0.5, 1, 5, and
10μM). After 14 days of incubation, the cell colonies were
fixed in glutaraldehyde and stained with crystal violet (1%
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w/v; Merck, #1408, Darmstadt, Germany) for 1 h. The
diameter of the colonies was determined by Image-Pro Plus
software (Media Cybernetics, Maryland, USA).

2.5. Cell Viability Assay.Cell viability was assessed by aWST-
1 assay as described previously. Briefly, 1 × 103 cells/well
were seeded on a 96-well plate (tissue culture grade, flat
bottom) in a final volume of 100μl/well culture medium
in a humidified atmosphere (37°C, 5% CO2); after 24 h,
the cells were treated with different concentrations of Akt-
target compounds (0, 0.5, 1, 5, and 10μM) and cultured
for 48 h. Next, 10μl/well WST-1 reagent was added to each
well, and cells were incubated for 30 minutes in a humidi-
fied atmosphere (37°C, 5% CO2). The absorbance of the
samples was measured at 450 nm against the background
of a blank control using a microplate (ELISA) reader (Multis-
kan Ascent 354 microplate reader, Thermo Fisher Scientific,
Rockford, IL, USA).

2.6. Cell Cycle Distribution Assay. A total of 2 × 105 cells were
seeded on a 12-well plate. After 24h, different concentrations
of Akt-targeting compounds (0, 0.5, 1, 5, and 10μM) were
treated for 48, 72, and 96 h. The supernatant and cells were
collected in a 1.5ml tube, washed with PBS, fixed with 70%
ethanol, and stored at -20°C for at least two hours. The etha-
nol was then removed, and the samples were washed with
PBS and treated with Ribonuclease (RNase) A in 100μl PBS
(40μg/ml) for 30 minutes. The RNase A was removed and
washed with PBS, and the samples were treated with
20μg/ml PI in PBS. The cells were analyzed by flow cytome-
try (FACSCalibur, BD Biosciences, San Jose, CA, USA) using
FlowJo 7.5.5 software (Tree Star, Inc., San Carlos, CA).

2.7. Assessment of Apoptosis. To examine the apoptosis-
inducing potential of 4-HPPP in H1299 cells, annexin V/PI
double staining was performed to detect the externalization
of phosphatidylserine (PS). In brief, 2 × 105 cells were seeded
onto 12-well plates and treated with or without 4-HPPP for
48 h and 72h. Subsequently, the cells were harvested and
stained with the annexin V/PI kit (Strong Biotech) according
to the manufacturer’s instructions. Cells were analyzed by
flow cytometry (FACSCalibur) using FlowJo v7.5.5 software
(Tree Star, Inc.).

2.8. Intracellular ROS Detection Assay. The amount of endog-
enous H2O2 was detected through an oxidation-sensitive
fluorescence dye 2′,7′-dichlorofluorescein diacetate (DCF-
DA). DCF-DA is able to penetrate the cell membrane. While
entering the cell, it is cleaved and oxidized by H2O2 in cells,
forming a DCF product with green fluorescence at wave-
lengths between 488 and 530nm [23–26]. Briefly, 2 × 105
cells were seeded on a 12-well plate and treated with or with-
out 4-HPPP for 24 h and 48 h. Afterward, cells were treated
with different concentrations of 4-HPPP and its analogs
(from 0.5 to 10μM) for 24h and 48 h. The supernatants
were removed and washed with PBS, followed by the addi-
tion of 0.1μMDCF-DA (2′,7′-dichlorofluorescein diacetate)
(Sigma-Aldrich, St. Louis, Missouri, USA) to the 12-well
plates for 30 minutes at 37°C. Then, the DCF-DA was

removed, and the cells were washed with PBS. Cells were
collected in 1.5ml tubes and analyzed by flow cytometry
(FACSCalibur) using FlowJo v7.5.5.

2.9. Cytometric Assessment of Protein Phosphorylation. DNA
damage was analyzed in H1299 cells after 4-HPPP treatment
by a flow cytometry-based assay to detect the activation of
γH2AX, phosphor-ATM, phosphor-ATR, and DNA-PK in
cells [27]. A total of 2 × 105 cells were seeded on a 12-well
plate and treated with or without 4-HPPP. After 24h, cells
were treated with the indicated concentrations (0, 0.5, 1, 5,
and 10μM) of 4-HPPP. Cells were harvested and washed
with PBS and fixed with 70% ethanol at -20°C. The alcohol
was removed, and cells were washed with BSA-T-PBS (1%
BSA, 0.5% Triton in PBS), followed by the addition of
γH2AX, phosphor-ATM, phosphor-ATR, or DNA-PK pri-
mary antibodies. The samples were then washed with BSA-
T-PBS, and the fluorescent secondary antibody was added.
Finally, the samples were washed with BSA-T-PBS and
treated with 20μg/ml PI in BSA-T-PBS. The cells were ana-
lyzed by flow cytometry (FACSCalibur, BD Biosciences, San
Jose, CA, USA) using FlowJo 7.5.5 software (Tree Star, Inc.).

2.10. Western Blot Analysis. Western blotting assays were
conducted as described previously [28]. Briefly, the cells were
harvested and lysed. Lysates were centrifuged, and the pro-
tein lysate concentrations were determined using a Pierce™
bicinchoninic acid (BCA) protein assay kit (#23225, Thermo
Scientific Pierce Protein Research, Rockford, IL, USA). Equal
amounts of protein (20μg) were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and then
electrotransferred to a 0.2μm polyvinylidene difluoride
(PVDF) membrane (Pall, FL, USA). The PVDF membrane
was blocked with 5% nonfat milk and sequentially incu-
bated with primary and secondary antibodies against spe-
cific proteins. The signal intensities were detected using an
enhanced chemiluminescence (ECL) detection kit (Amersham,
Piscataway, NJ, USA).

2.11. Cellular Motility Assessment. The cellular motility was
determined using Boyden’s transwell assay. Briefly, H1299
cells were seeded on a transwell insert with 8μmpore polycar-
bonate filters (Greiner Bio-One, Frickenhausen, Germany),
and the lower well contained medium with 10% FBS with-
out or with the indicated concentrations of 4-HPPP for
18 h. Cells on the bottom surface of the filters were
paraformaldehyde-fixed and Giemsa-stained; then, all cells
were counted under a microscope (Nikon Eclipse TE2000-
U, Tokyo, Japan). The experiment was performed in tripli-
cate, and the results of three independent experiments are
presented as the mean ± SD.

2.12. Zebrafish Husbandry. Adult Tg(Fli1:GFP)y1 zebrafish
were provided by the Zebrafish International Resource Cen-
ter (ZIRC), Taiwan Zebrafish Core at National Health Insti-
tutes and Tsing Hua University (TZeTH), Hsinchu, Taiwan
(http://icob.sinica.edu.tw/tzcas/fishlineszeth.html). Zebrafish
were maintained in a 14 h light/10 h dark cycle at 28°C.
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2.13. Toxicity in Zebrafish. Before the xenograft assay, the
toxicity of 4-HPPP in zebrafish was tested by exposing
zebrafish larvae at 2 days postfertilization (dpf) to 4-
HPPP for 48 h. As toxicological endpoints, the images of
abnormal larvae were recorded and calculated after 24
and 48h of exposure.

2.14. Zebrafish Xenograft. To further validate the antilung
cancer effect of 4-HPPP, we transfected the plasmid
pDsRed-Express-C1 (Clontech, Mountain View, CA, USA)
into human tumor cells for tracking the xenografted cells
by fluorescence microscopy. The zebrafish-based xenograft
assay was performed according to our previous study with
minor modifications [29]. Briefly, 48 h postfertilization (hpf
) zebrafish larvae were anesthetized with 0.01% tricaine and
transplanted with approximately 50 lung cancer cells per
larva by microinjection. The larvae were incubated in water
with 4-HPPP for 24 h and 48h postinjection. Afterward,
images were captured with an inverted fluorescence micro-
scope (Nikon Eclipse TE2000-U, Tokyo, Japan).

2.15. Statistical Analysis. Differences between 4-HPPP- and
DMSO- (as vehicle control) treated cells were analyzed in at
least triplicate experiments. The differences were analyzed
by one-way analysis of variance (ANOVA) with p < 0:05
considered significant. For the in vivo zebrafish xenograft
assay, the metastasis potential was assessed by Fisher’s exact
test according to the previous study of Tang et al. [30].

3. Results

3.1. 4-HPPP Reduces Colony Formation Capacity in NSCLC.
Because 4-HPPP also belongs to the diphenoxy benzene fam-
ily, we were interested whether other diphenoxy benzene
compounds with different modifications could have cytotox-
icity effects similar to those of 4-HPPP against cancer cells;
the diphenoxy benzene compounds were obtained from the
chemical company Enamine Ltd. (https://enamine.net/)
and predicted to have Akt-targeting effects according to the
bioinformatics approaches of Enamine Ltd. (Figure 1(a)).
The results of the WST-1 assay showed that 4-HPPP moder-
ately inhibited cell viability, but not in a dose-dependent
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Figure 1: The inhibitory effect of compounds on the long-term proliferation of NSCLC cells. NSCLC H1299 cells and BEAS-2B human
bronchial epithelial cells were treated with the indicated concentrations (from 0.5 to 10μM) of tested compounds for 14 days. Afterward,
the cells were paraformaldehyde-fixed and stained with crystal violet. (a) Chemical structures of 4-HPPP and its structural analogs. (b)
Representative results of the colony formation of H1299 and BEAS-2B cells following compound treatment. (c) The quantitative results of
(b) were statistically analyzed with one-way ANOVA. ∗p < 0:05; ∗∗p < 0:001. Vehicle control vs. 4-HPPP treatments. #1: 4-HPPP; #2: 4-
[2356-tetrafluoro-4-(4-hydroxyphenoxy)phenoxy]phenol; #3: 4-[4-(4-aminophenoxy)-2356-tetrafluorophenoxy]aniline; #4: 4-[4-(4-
amino-3-nitrophenoxy)phenoxy]-2-nitroaniline.
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manner (Figure S1). We then examined whether 4-HPPP
reduced the clonogenicity of NSCLC cells, and a colony
formation assay was conducted (Figure 1(b)). Interestingly,
the results showed that 4-HPPP dramatically reduced the
clonogenicity capacity of H1299 cells in a dose-dependent
manner, suggesting a long-term inhibitory effect of 4-HPPP
on the clonogenic capacity of NSCLC cells compared to
that of other diphenoxy benzene compounds. Importantly,
only a slight reduction in colony formation of 4-HPPP-
treated normal lung bronchia BEAS-2B cells was observed
(Figures 1(b) and 1(c)) compared with NSCLC cells,
showing that the inhibitory effects of 4-HPPP were selective
to NSCLC cells rather than normal lung cells.

3.2. 4-HPPP Induces Apoptosis in NSCLC Cells. As shown in
Figures 2(a) and 2(b), the apoptosis of H1299 cells signifi-

cantly increased at treatment concentrations of 5 and
10μM. In addition, the Western blot results revealed that
after 4-HPPP treatment, both the phosphorylation of pro-
survival p-Akt (Ser473 and Thr450) and its downstream pro-
tein Bcl-2 were downregulated, whereas there were no
significant changes in total Akt protein (Figure 3), suggest-
ing that 4-HPPP regulates the activity of Akt rather than
its protein level.

3.3. 4-HPPP Induces Polyploidy in NSCLC Cell Lines. To
examine whether 4-HPPP induced NSCLC cell cycle distur-
bances, H1299 cells were treated with different concentra-
tions of 4-HPPP (from 0.5 to 10μM) for 48 and 72 h. The
cells were then stained with PI to assess cell cycle distribu-
tion. The results showed that treatment with higher concen-
trations (5 and 10μM) of 4-HPPP for 48h significantly

(a)

(b)

Figure 2: 4-HPPP induces apoptosis of NSCLC H1299 cells. The apoptosis induced by 4-HPPP was assessed using flow cytometry-based
annexin V-PI staining. (a) H1299 cells were treated with 4-HPPP for the indicated time course. (b) The quantitative results of (a). p < 0:05
(vehicle vs. 4-HPPP treatment) was considered statistically significant. ∗p < 0:05; ∗∗p < 0:001.
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increased polyploidy or aneuploidy. After treatment for 72 h,
the population of sub-G1, a hallmark of apoptosis,
dramatically accumulated, suggesting that the induction of
apoptosis by 4-HPPP is both dose- and time-dependent
(Figures 4(a) and 4(b)).

3.4. 4-HPPP Induces DNADamage of H1299.DNA damage is
the major cause of aneuploidy or polyploidy in cancer cells
[31, 32]. To determine whether 4-HPPP caused aneuploidy
or polyploidy or triggered apoptosis in NSCLC cells, we con-
ducted flow cytometry-based immunostaining and Western
blotting to detect changes in the DNA damage sensor
γH2AX (the phosphorylated form of the histone protein
H2AX) [33]. The results showed that the fold of γH2AX-acti-
vated cells was increased by increasing the 4-HPPP concen-
tration (Figures 5(a) and 5(b)). Consistently, the level of
γH2AX was increased in a dose-dependent manner at 48 h
post-4-HPPP treatment (Figure 5(c)). We also evaluated
the distributions of foci of γH2AX in 4-HPPP-treated
H1299 cells using immunofluorescence staining. Significant
accumulation of γH2AX foci was detected in cells treated
with 5 and 10μM 4-HPPP (Figure 5(d)), indicating that 4-
HPPP induced DNA damage, especially DNA double-
strand breaks (DSBs), in H1299 cells.

To study whether markers of DNA damage were acti-
vated in 4-HPPP-treated cells, phosphor-ATM, phosphor-
ATR, and DNA-PK were detected by flow cytometry. As
shown in Figures 6(a) and 6(b), significantly more
phosphor-ATR-positive cells were found than both ATM-
and DNA-PK-positive cells, which revealed that 4-HPPP
causes DNA damage, leading to ATR activation.

3.5. 4-HPPP Increased Hydrogen Peroxide Production. To
determine whether 4-HPPP induces apoptosis through
ROS, we detected intracellular hydrogen peroxide (H2O2),
one of the major types of intracellular ROS, using flow

cytometer-based DCF-DA staining. The results showed
that 4-HPPP caused a dose-dependent increase in H2O2
(Figures 7(a) and 7(b)). Furthermore, Western blotting
showed that the protein level of SOD2 was increased; in
contrast, the peroxidase PRX1 was significantly decreased
in a dose-dependent manner following 4-HPPP treatment
(Figures 7(c) and 7(d)).

3.6. 4-HPPP Attenuates the Motility of NSCLC Cells.
Figures 8(a) and 8(b) reveal that the motility of H1299 cells
treated with the indicated concentrations of 4-HPPP at 0,
0.5, 1, 5, and 10μM was 100 ± 2:00, 75:85 ± 5:99, 69:48 ±
4:58, 43:22 ± 3:07%, and 31:48 ± 6:54% (n = 3), respectively,
indicating that 4-HPPP attenuates motility, an index of
metastasis of cancer in H1299 cells.

3.7. 4-HPPP Inhibits H1299 Cell Proliferation and Migration
in Zebrafish Xenografts. Before evaluating the anticancer
activity of 4-HPPP, we examined whether 4-HPPP causes
side effects in zebrafish. The results showed that the survival
rates of zebrafish larvae did not change below 1μM 4-HPPP.
However, the survival rate was only 42.2% after treatment
with 5μM4-HPPP for 48h (Figure 9(a)). The higher concen-
trations of 5μM and 10μM 4-HPPP caused slight bending of
the body axes and edema in the zebrafish larvae (Figure 9(b)),
indicating that a high concentration of 4-HPPP induced
moderate side effects in zebrafish.

To further examine the anticancer effect of 4-HPPP
in vivo, we generated a lung cancer xenograft zebrafish model
by microinjection of fluorescent H1299 cells. Red fluorescent
reporter H1299 cells were obtained by transfection with the
pDsRed-Express-C1 vector (Figure 9(c)). Fluorescent images
at 48 h posttreatment revealed a reduction in tumor volume
and migration in 4-HPPP-treated xenografted H1299 cells
(Figures 9(d) and 9(e)).

4. Discussion

It has been reported that most NSCLC cells with mutations
and deletions of the tumor suppressor p53 are insensitive to
anticancer drugs such as cisplatin [34]. In contrast, Akt sig-
naling has been reported to be frequently overexpressed or
dysregulated in NSCLC, resulting in the activation of the
PI3K/Akt pathway, which inhibits apoptosis and is corre-
lated with radioresistance [35]. Furthermore, Akt activity
increases as cells progress through the G2/M phase [36].
Given that both p53 mutation and Akt overexpression are
closely correlated with the chemoresistance and prognosis
of NSCLC patients, Akt may play a pivotal role in NSCLC
pathogenesis and, thus, represents an ideal target for thera-
peutic intervention.

We previously demonstrated that the synthetic phenoxy-
phenol 4-[4-(4-hydroxyphenoxy)phenoxy]phenol (4-HPPP)
inhibits cellular proliferation and induces apoptosis in hepa-
tocellular carcinoma cells [22]. In this study, we used H1299
cells, which carry null-p53 and constitutively active Akt, as a
cell model to further examine the effect of 4-HPPP on
NSCLC cells. First, we examined the effects of 4-HPPP and
three structurally similar compounds (diphenoxy benzenes)

Figure 3: The effect of 4-HPPP on Akt phosphorylation changes in
NSCLC cells. The phosphorylation changes at serine473 and
threonine450 of Akt along with the prosurvival factor Bcl-2 were
assessed using the Western blotting assay. β-Actin was used as an
internal control to ensure equal loading.
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on the viability and clonogenicity of H1299 cells. The results
showed that among the tested compounds, 4-HPPP moder-
ately inhibited the viability of NSCLC H1299 cells at 24 h
and 48h (Figure S1(a) and (b)). However, 4-HPPP had the
most potential for inhibiting the colony formation of
NSCLC cells (Figure 1), suggesting the long-term inhibitory
effect of 4-HPPP on NSCLC cell clonogenicity. Importantly,
4-HPPP also preferentially inhibited colony formation in
H1299 cells but not in BEAS-2B normal lung cells. The
results suggested that the selective inhibitory effect of 4-
HPPP may be a promising treatment in the future.

Our previous study showed that 4-HPPP potentially
inhibits the phosphorylation of Akt at Ser473 and Thr450 in
HCC Huh7 cells. Consistently, our results showed that 4-

HPPP inhibited the activation of Akt in NSCLC H1299 cells
(Figure 3). These observations confirmed that 4-HPPP could
be a specific inhibitor of Akt, which may benefit the develop-
ment of Akt-targeting drugs for treating cancer in the future.

We further assessed the cell cycle distribution after 4-
HPPP treatment. The results revealed that 4-HPPP induced
hyperaneuploidization of NSCLC cells in a dose-dependent
manner (Figure 4). A recent study proposed that the induc-
tion of hyperaneuploidization or hyperpolyploidization can
be considered beneficial for inducing the apoptosis of cancer
cells that carry aneuploidy or polyploidy. For example, colo-
rectal cancer cells with high polyploidy exhibited a positive
response to cotreatment with irinotecan combined with
5-fluorouracil in a clinical trial [37].

(a)

% phase Vehicle 0.5 1 5 10

G0/G1 57.31 ± 0.09 46.21 ±  1.3 11.41 ± 1.35 ⁎⁎ 9.49 ± 0.34 ⁎⁎ 2.34 ± 0.12 ⁎⁎ 

S 12.76 ± 0.09  22.84 ± 0.37 ⁎⁎ 47.57 ± 1.03 ⁎⁎ 12.44 ± 0.62 3.62 ± 0.21 ⁎⁎ 

G2/M 17.33 ± 0.04  18.22 ± 0.24 ⁎ 19.61 ± 0.06 ⁎⁎ 14.39 ± 0.28 ⁎⁎ 5.09 ± 0.33  ⁎⁎ 

Sub-G1 0.50 ± 0.05 6.45 ± 0.3 ⁎⁎ 3.82 ± 0.06 ⁎⁎ 11.83 ± 0.25 ⁎⁎ 19.49 ± 0.33 ⁎⁎ 

>4N 12.11 ± 0.04  6.28 ± 0.87 ⁎⁎ 17.59 ± 0.53 ⁎⁎ 51.84 ± 0.65 ⁎⁎ 69.45 ± 0.71 ⁎⁎ 

G0/G1 56.51 ± 0.37 51.8 ± 0.97 ⁎ 54.62 ± 0.13 16.91 ± 0.77 ⁎⁎ 17.35 ± 0.54 ⁎⁎

S 7.86 ± 0.19 9.46 ± 0.2 ⁎ 10.06 ± 0.44 ⁎ 13.61 ± 0.11 ⁎⁎ 9.75 ± 0.59 ⁎

G2/M 21.26 ± 0.87 24.62 ± 0.81 ⁎ 23.6 ± 0.53 31.73 ± 0.68 ⁎⁎ 23.17 ± 0.6 

Sub-G1 5.58 ± 0.2 4.05 ± 0.16 ⁎ 5.92 ± 0.34 15.11 ± 0.07 ⁎⁎ 21.29 ± 0.33 ⁎⁎

>4N 8.78 ± 0.28 10.08 ± 0.39 5.81 ± 0.06 ⁎ 22.64 ± 0.17 ⁎⁎ 28.45 ± 0.97 ⁎⁎
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Figure 4: The effect of 4-HPPP on cell cycle progression. (a) The accumulation of sub-G1 and aneuploidy (N>4N) in NSCLC cells. H1299
cells were seeded and treated with different concentrations of 4-HPPP for 48 and 72 h. The treated cells were 70% ethanol-fixed and PI-
stained and then subjected to a cell cycle distribution analysis by flow cytometry. Changes in cell cycle progression, the sub-G1 population,
and aneuploidy following 4-HPPP treatment. (b) Quantitative analysis of cell cycle progression. ∗p < 0:05; ∗∗p < 0:001.
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We noted that 4-HPPP treatment caused S-phase cell
accumulation at the 1μM concentration, but this accumula-
tion was decreased at 5 and 10μM; moreover, the level of
aneuploidy increased in a dose-dependent manner, suggest-
ing the correlation of S-phase arrest and high-grade aneu-
ploidization/polyploidization. Liu et al.’s work reported that
a topoisomerase I inhibitor, a synthetic analog of camptothe-
cin TCH-1030, caused S-phase arrest and finally resulted in
polyploidization and sequentially apoptosis in a panel of
breast cancer cell lines [38]. Their results suggested that
TCH-1030 induces DNA damage and S-phase cell cycle
arrest by impairing mitosis and cytokinesis, eventually lead-
ing to polyploidization (>4N) and apoptosis.

Another study also reported the correlation of sub-G1
cell cycle arrest and hyperpolyploidization. For example,
Karna et al.’s work suggested that the novel microtubule-
modulating noscapinoid EM011 dysregulates cell division
and the asymmetric distribution of DNA, resulting in both
high-grade polyploidy and sub-G1 cell accumulation, eventu-
ally causing tumor suppression and promoting death in
breast cancer MCF-7 cells [39]. Similarly, our previous work
revealed the antimicrotubule effect of 4-HPPP in HCC cells
[22]; we noted that at 48 h, the 5μM and 10μM doses sud-
denly increased the number of cells in the sub-G1 phase,
and aneuploidy increased simultaneously, suggesting that
the accumulation of sub-G1 cells, a marker of apoptosis,
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Figure 5: Assessment of DNA damage induced by 4-HPPP. (a) H1299 cells were administered the indicated concentrations of 4-HPPP for
48 h. Afterward, 4-HPPP-induced DNA damage was detected using a flow cytometry-based γH2AX detection assay. The green fluorescence
of FITC (FL1) indicates the γH2AX-positive population (R1 region). The data showed that 4-HPPP increased the phosphorylation of γH2AX,
a marker of DNA damage, in a dose-responsive manner. (b) Quantification analysis of (a). γH2AX was observed in H1299 cells following 4-
HPPP treatment at concentrations from 0.5 to 10 μM by the Western blotting assay (c) and immunofluorescence assay (d). The data are
presented as the mean ± SD. ∗p < 0:05; ∗∗p < 0:005; ∗∗∗p < 0:001. Scale bar: 100μm.
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might be caused by 4-HPPP-induced excess aneuploidization
in H1299 cells. We further confirmed that 4-HPPP induces
apoptosis in H1299 cells using annexin V staining (Figure 2).
Thus, the above observations provide information about the
mechanism underlying the S-phase cell arrest and sub-G1 cell
increase induced by 4-HPPP treatment.

Earlier studies have indicated that polyploidy might be
induced in cancer cells by severe DNA damage, especially
DSBs [5, 6, 31, 40]. When cells are exposed to radiation or
chemicals that cause DNA damage, DSBs are induced, and
a subunit of histone, H2AX, is quickly phosphorylated at
Ser139 to form γH2AX. Therefore, γH2AX is considered a
marker of DNA damage [8, 33]. Our previous work demon-
strated that 4-HPPP induces H2AX accumulation in HCC
Huh7 and Ha22T cells [22]. In this study, to determine
whether 4-HPPP causes polyploidization by inducing DNA

damage in NSCLC cells, we analyzed γH2AX activation fol-
lowing 4-HPPP treatment (Figures 5(a) and 5(b)). The level
of polyploidy induced by 4-HPPP was positively correlated
with the activation of γH2AX in H1299 cells (Figures 5(c)
and 5(d)). We also checked the activation of major DNA
repair factors, including phosphor-ATM, phosphor-ATR,
and DNA-PK, and the level of ATR activation was much
higher than that of the other two factors following 4-HPPP
treatment, suggesting that ATR may play a major role in
the signaling of DNA damage (Figure 6).

Moderate levels of intracellular ROS, including hydroxyl
radicals (⋅OH), superoxide (O2

-), and H2O2, are essential for
the proliferation and survival of cells [41, 42]. ROS play an
important role in signal transduction related to survival,
proliferation, angiogenesis, and metastasis in cancer cells
[43–46]. However, excess ROS usually cause severe damage
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Figure 6: 4-HPPP-induced activation of DNA damage markers in NSCLC cells. (a) H1299 cells were seeded and treated with 4-HPPP for
48 h. Afterward, the DNA damage induced by 4-HPPP was assessed by flow cytometry. The markers of DNA damage, including
phosphor-ATR, phosphor-ATM, and DNA-PK, were determined. The results showed that 4-HPPP increased the phosphorylation of ATR
and ATM and the protein level of DNA-PK in a dose-responsive manner. (b) The quantitative results of (a). ∗p < 0:05; ∗∗p < 0:001.
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Figure 8: The effect of 4-HPPP on the motility of NSCLC cells. (a) H1299 cells were treated with the indicated concentrations of 4-HPPP for
18 h. Afterward, the cells were stained with 0.1%w/v Giemsa. (b) Quantitative analysis of (a). ∗p < 0:05 and ∗∗p < 0:01 for 4-HPPP treatments
against vehicle control, respectively.
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Figure 7: 4-HPPP-induced changes in endogenous ROS and antioxidants in NSCLC cells. (a) H1299 cells were treated with the indicated
concentrations of 4-HPPP for 24 h and 48 h. Afterward, intracellular levels of ROS were measured by the flow cytometry-based DCF-DA
assay described in Materials and Methods. (b) Quantitative analysis of (a). (c) Changes in endogenous antioxidants SOD1, SOD2, and
PRX1 in H1299 cells following 4-HPPP treatment by Western blotting. (d) Quantitative analysis of (c). ∗p < 0:05; ∗∗p < 0:01; ∗∗∗p < 0:001.
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or apoptosis of cells, and upregulating endogenous ROS has
been considered to be a promising strategy for eliminating
cancer cells [47–49]. Therefore, our results also demon-
strated that 4-HPPP significantly increased endogenous
ROS through modulating the expression of antioxidant
enzymes such as SOD2 and peroxidase (Figures 7(a) and
7(b)).

Zebrafish (Danio rerio) is an excellent model for cancer
research and drug discovery because of its rapid development
and larval transparency [50–52]. Zebrafish xenografts pro-
vide a unique opportunity to monitor the tumor-induced

angiogenesis, growth, and invasiveness of xenografted tumor
cells. In addition, zebrafish are also a useful tool for evaluat-
ing the effects of drugs and their side effect [22, 28, 53]. First,
we evaluated the toxicity of 4-HPPP to the larvae of zebrafish;
the survival rates of zebrafish larvae did not change at low
concentrations of 4-HPPP (Figure 9). However, the results
showed that a high concentration of 4-HPPP caused the zeb-
rafish larval body axes to bend and develop edema, indicating
that a high concentration of 4-HPPP could cause unfavorable
side effects in zebrafish (Figure 9(a)); all the zebrafish larvae
died at the highest concentration of 4-HPPP treatment.

La
rv

al
 su

rv
iv

al
 (%

 o
f v

eh
ic

le
)

Vehicle 0.1 0.5 1 5 10
0

20

40

60

80

100

120

24 h
48 h 

4-HPPP (�휇M)

⁎⁎

⁎⁎⁎

(a)

10
5

V
eh

ic
le

4-
H

PP
P 

(�휇
M

)

(b)

Vehicle 4-HPPP

(c)

0

20

40

60

80

100

120

140

Vehicle 4-HPPP

⁎⁎

Re
la

tiv
e o

f t
um

or
 v

ol
um

e (
%

)

(d)

N Migration ratio
(%) p-value

Vehicle 61 78.69
4-HPPP 65 13.85 <0.001

(e)

Figure 9: Effect of 4-HPPP on zebrafish-based xenografted NSCLC cells. (a) Survival rate of zebrafish larvae following 4-HPPP exposure. (b)
The results showed that 5μM and 10 μM 4-HPPP caused body axis bending and edema in zebrafish larvae, indicating that a high
concentration of 4-HPPP could cause deformation and toxicity toward zebrafish larvae. (c) The motility of xenografted H1299 cells in the
yolk sac of zebrafish larvae. The intensity of red fluorescence is proportional to the xenograft tumor size. For each group, the sample size
of larvae ðNÞ > 60. (d, e) Quantitative analysis of (c). The data are presented as the mean ± S:D. ∗∗p < 0:05 and ∗∗∗p < 0:001 against vehicle
control. (e) The statistical analysis of the migration ability of xenografted H1299 cells using Fisher’s exact test.
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The results of the in vivo zebrafish-based xenograft assay
showed that both the tumor mass and cellular migration of
xenografted H1299 cells were significantly attenuated follow-
ing 4-HPPP treatment (Figures 9(c)–9(e)), which is consis-
tent with the in vitro results.

Accordingly, we thus suggest that 4-HPPP, a
phenoxyphenol-based compound, could lead to DNA
damage accumulation and increased ROS levels, resulting
in γH2AX and ATR activation to induce excess aneuploi-
dization/polyploidization, ultimately causing cell apoptosis.
4-HPPP, which also exhibits Akt-targeting properties, inhib-
ited the activity of the phosphorylated sites of Akt, Ser473and
Thr450, which are involved in both NSCLC cell proliferation
and metastasis.

5. Conclusions

Our study demonstrated that 4-HPPP selectively inhibits the
growth of NSCLC H1299 cells. We also confirmed that 4-
HPPP significantly inhibits the activation of Akt but increases
the levels of ROS, DNA damage, and hyperpolyploidy, finally
inducing apoptosis in H1299 cells (Figure 10). In addition to
its antiproliferative effects, 4-HPPP inhibits migration, a
marker of metastasis in NSCLC cells; therefore, for the first
time, we demonstrated the antimigration effect of 4-HPPP,
which may benefit the development of antilung metastasis
therapies. The potent inhibitory effect of 4-HPPP on the
proliferation and metastasis of H1299 cells was validated

by an in vivo zebrafish-based xenograft assay. However, we
also noted that a higher concentration of 4-HPPP caused
body axis deformation and edema in zebrafish larvae. The
structure of 4-HPPP could be further modified and opti-
mized to reduce its side effects for further application.
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Combined treatment of several natural polyphenols and chemotherapeutic agents is more effective comparing to the drug alone in
inhibiting cancer cell growth. Polyphenolic artichoke extracts (AEs) have been shown to have anticancer properties by triggering
apoptosis or reactive oxygen species- (ROS-) mediated senescence when used at high or low doses, respectively. Our aim was to
explore the chemosensitizing potential of AEs in order to enhance the efficacy of conventional chemotherapy in breast cancer
cells. We employed breast cancer cell lines to assess the potential synergistic effect of a combined treatment of AEs/paclitaxel
(PTX) or AEs/adriamycin (ADR) and to determine the underlying mechanisms correlated to this potential therapeutic
approach. Our data shows that AEs/PTX reduced cell proliferation by increasing DNA damage response (DDR) mediated by
Flap endonuclease 1 (FEN1) downregulation that results into enhanced breast cancer cell sensitivity to chemotherapeutic drugs.
We demonstrated that ROS/Nrf2 and p-ERK pathways are two molecular mechanisms involved in the synergistic effect of AEs
plus PTX treatment. To highlight the role of ROS herein, we report that the addition of antioxidant N-acetylcysteine (NAC)
significantly decreased the antiproliferative effect of the combined treatment. A combined therapy could be able to reduce the
dose of chemotherapeutic drugs, minimizing toxicity and side effects. Our results suggest the use of artichoke polyphenols as
ROS-mediated sensitizers of chemotherapy paving the way for innovative and promising natural compound-based therapeutic
strategies in oncology.

1. Introduction

Breast cancer is the most common malignancy in women
around the world [1] and is a heterogeneous disease with
high degree of diversity between and within tumors and
among individual patients [2–4]. Of the various factors
involved in breast carcinogenesis, oestrogen receptors (ER)
play a major role and are considered an important therapeu-
tic target. ER-positive tumors are further subtyped into low
proliferation rate luminal A and higher proliferation rate
luminal B tumors. Patients with the triple negative breast
cancer (TNBC) subtype, characterized by the absence of
ER, progesterone receptor (PR), and human epidermal

growth factor receptor-2/neu receptors (HER2/neu) have a
poor prognosis [5, 6] also due to the few clinical treatments
available. Considerable effort has gone into identifying new
therapeutic agents, with multiple targeting abilities, able to
circumvent the limitation of current conventional therapy.

Combined cancer therapy utilizes two or more agents
and may improve the therapeutic efficacy of the single drug
through a synergistic effect, leading to a potentially reduced
drug resistance [7].

Many epidemiological studies suggest that phytochemi-
cals, present at high levels in vegetables and fruits, have anti-
carcinogenic properties [8–11] and, triggering apoptosis,
may be an effective treatment in cancer.
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There is considerable interest in identifying bioactive
compounds which, by increasing the sensitivity to conven-
tional chemotherapeutic agents, could improve the patient’s
quality of life by reducing the side effects of therapy [12–
17]. It has been recently demonstrated that combined treat-
ment of natural polyphenols and chemotherapeutic agents
are more effective than the drug alone in hindering the
growth of cancer cells [18, 19] and in promoting chemosen-
sitivity in multidrug resistance (MDR) cancer cell lines [20].

Growing interest in dietary phytochemicals has led to
renewed attention being paid to the artichoke, because of
its high content in polyphenols. Artichoke polyphenols are
mainly glycoside forms of flavonoid, such as apigenin and
luteolin in the leaves and hydroxycinnamic acid derivatives
in the edible part, mainly represented by mono- and dicaf-
feoylquinic acids. Many in vitro and in vivo experiments
have shown that artichoke has diuretic, hepatoprotective,
hypocholesterolemic, and antioxidant properties [21–24]
and, more recently, antitumoral activities [24–26]. Our pre-
vious findings indicate that AEs protect hepatocytes from
oxidative stress and show cancer chemopreventive proper-
ties by triggering apoptosis in human hepatoma cells [24]
and in human breast cancer cell lines without any toxicity
in the nontumorigenic MCF10A cells [25]. We have also
provided evidence that low doses and chronic AE treatments
exert anticancer activity through induction of premature
senescence in MDA-MB231, a triple negative and highly
aggressive breast cancer cell line [27]. Furthermore, the bio-
availability of metabolites of hydroxycinnamic acids, after
ingestion of cooked artichoke, has also been demonstrated
in human subjects [28].

Taxanes are a family of chemotherapeutic drugs
employed for the treatment of many tumors including breast
cancer in both early and metastatic stages [29]. One of these,
PTX, is a microtubule-stabilizing drug [30] which, because of
its effect on mitotic spindle dynamics, may lead to cell cycle
arrest and apoptosis [31]. More recently, it has been sug-
gested that many anticancer drugs, including taxanes, have
the ability to induce oxidative stress [32], which indicates
an additional antitumoral mechanism.

FEN1 is a key member of the endonuclease family
involved in cellular DNA replication and repair [33]. As a
structure-specific nuclease, FEN1 stimulates Okazaki frag-
ment maturation during DNA repair and efficient removal
of 5′-flaps during long-patch base excision repair [34].
FEN1 is also reported to be linked to apoptosis-induced DNA
fragmentation in response to apoptotic stimuli [34, 35],
and its expression is closely associated with cell prolifera-
tion and correlated with increased tumor grade and aggres-
siveness [36].

Oxidative stress is a result of a cellular imbalance in the
production of ROS and the activity of the endogenous anti-
oxidant protective system [37]. Notably, ROS-induced oxida-
tive stress plays an important role in cancer development and
progression. Among ROS-inducing agents, many phyto-
chemicals, including curcumin [38, 39], resveratrol [40, 41],
and epigallocatechin-3-gallate [42], have been shown to
enhance the anticancer properties of chemotherapeutic
agents. We have previously demonstrated a dual role of

AEs, as prooxidant in breast cancer cells [25] and as antioxi-
dant in normal hepatocyte [24] showing an inhibitory effect
on growth of tumor cells with little or no toxicity on normal
cells based on their differential redox status.

It is well known that induction of phase II enzymes,
counteracting reactive electrophiles including ROS, plays an
important role in response to many anticancer agents includ-
ing dietary compounds. Upon cellular stimulation by oxida-
tive stressor molecules Nrf2, the main transcription factor
involved in the regulation of phase II and antioxidant gene
expression moves to the nucleus where it interacts with anti-
oxidant response elements (AREs) present in the promoter
region of many phase 2 genes [43–45].

The roles of growth factors and mitogens in regulating
gene expression, apoptosis, and differentiation have been
reported to be mediated by the Ras/MEK/ERK signaling
cascade [46]. This pathway has been shown to be frequently
activated in breast cancer, and the MAPK pathway is a
well-explored target of therapeutic intervention. Therefore,
specific inhibitors targeting Ras, Raf, MEK, and other down-
stream proteins have been tested in clinical trials [47]. Since
p-ERK expression sensitizes activation of DNA damage-
induced checkpoints, inhibition of p-ERK may enhance the
genotoxic effect of chemotherapy, probably as a consequence
of the accumulation of DNA lesions due to compromised
checkpoint activation [48].

To improve our knowledge for designing new therapeutic
interventions, we have characterized the biological role of the
combined treatment involved in the synergistic antitumor
effect of AE/PTX approach.

2. Materials and Methods

2.1. Artichoke Extract Preparation. The edible part (head) of
fresh artichoke is used for extract preparation, and the anal-
ysis of polyphenols contained in the extracts was performed
by HPLC as previously described [25].

2.2. Cell Lines and Cultured Conditions. The human breast
cell lines were maintained in a humidified incubator with
5% CO2 and 95% air at 37°C. MCF7 and MDA-MB231 cells,
respectively, luminal A oestrogen receptor positive and basal
B triple negative receptor subtypes were grown in RPMI and
DMEM, respectively (Invitrogen, Life Technologies, Monza,
Italy) and supplemented with10% FBS, 10 IU/ml of penicillin
and 10μg/ml of streptomycin.

2.3. Reagents. Artichoke extracts were dissolved in phosphate
buffer solution (PBS) and 0.1% Me2SO (Sigma-Aldrich,
Milan, Italy). Chemotherapeutic drugs PTX (Sigma-Aldrich),
ADR (Sigma-Aldrich), and cisplatin (CDDP; Sigma-Aldrich)
were dissolved in PBS. Glucose oxidase (GOx, Sigma-
Aldrich) was dissolved in PBS. ERK1-2 inhibitor 1,4-dia-
mino-2,3-dicyano-1,4-bis(2-aminophenylthio) butadiene
(U0126, Promega, Milan, Italy) was dissolved in Me2SO.
NAC (Sigma-Aldrich) was dissolved in PBS. Dihydroethi-
dium (DHE) and dichlorofluorescein-diacetate (DCF-DA,
Molecular Probes-Thermo Fisher Scientific, Waltham, MA,
USA) were dissolved in Me2SO.
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2.4. Cell Viability Assay. Cells were seeded in 96-well plates
at a concentration of 3 × 103 cells/well and after 24 h treated
with drugs at the given concentrations. CellTiter-Glo Lumi-
nescent Cell Viability Assay (Promega) was used to deter-
mine the relative number of viable cells after treatment,
by means of a GLOMAX 96 Microplate Luminometer (Pro-
mega). Cells treated with the same final concentration of
drug solvent were used as control.

2.5. Colony-Forming Assay.MCF7 cells were plated at a con-
centration of 3:5 × 103 cells/well in 6-well plates. After 24h,
vehicle, PTX, AEs, or a combination of both (as indicated)
were added for 24 h. After 14 days, cells were washed and
subsequently stained using a 5% crystal violet solution in
order to assess the colony number.

2.6. Immunoblot Analysis. To obtain the whole-cell extract,
cells were washed with PBS and suspended in RIPA lysis
buffer in the presence of protease and phosphatase inhibitors.
After 30 minutes in ice, samples were sonicated and centri-
fuged (10,000xg) for 10min at 4°C. Supernatants were col-
lected as whole-cell extracts. To obtain nuclear proteins, cell
pellets were swelled in hypotonic buffer (Tris-HCl pH7.5
50mM, NaCl 10mM, EDTA 5mM, NP40 0.05%) for 30
minutes in ice. The cell lysate was centrifuged at 14,000
rpm × 30 minutes at 4°C. The supernatant was collected as
the cytoplasmic fraction. The pellet was resuspended in
buffer C (Hepes pH7.9 20mM, NaCl 420mM, MgCl2
1.5mM, EDTA 0.2mM, glycerol 25%, and protease inhibi-
tors) and sonicated. Cellular debris was removed by centrifu-
gation at 13,000 rpm at 4°C for 30 minutes. The protein
content was determined with a protein assay reagent (Bio-
Rad, Milan, Italy), using bovine serum albumin as a standard.
An equal protein content of total cell lysates was resolved on
polyacrylamide gel (Bolt 4-12% Bis-Tris Plus, Invitrogen)
with molecular weight markers (BenchMark Pre-Stained
Protein Standard, Life Technologies, Monza, Italy). Proteins
were then electrotransferred to PVDF membrane (iBlot Invi-
trogen) and incubated with specific primary antibodies. Anti-
bodies used for western blots were anticleaved PARP (Cell
Signaling Technology, Danvers, MA, USA, # 9541 dil.
1 : 1000), anti-LC3 (MBL International, Woburn, MA, USA,
PD014 dil.1 : 400), anti-ERK1-2 (Cell Signaling Technology
#9102 dil.1 : 1000), anti-pERK1-2 (Cell Signaling Technology
# 9101S dil.1 : 1000), anti-FEN1 (Santa Cruz Biotechnology
Inc. Dallas, TX, USA, sc-28355 dil.1 : 1000), anti-β-actin
(MP # 69100 dil.1 : 10000), anti-GAPDH (Sigma Aldrich
G8795 dil. 1 : 24000); anti-Nrf2 (Cell Signaling Technology
#8882 dil.1 : 1000), anti-gamma-H2AX (phospho S139)
(Millipore # 05363 dil. 1 : 500), anti-histone H3 (Abcam,
Milan, Italy, ab1791 dil.1 : 1000). PVDF membranes were
developed using ECL detection reagents (GE Healthcare,
Marlborough, MA, USA) on a UVITEC imaging system
(UVITEC Cambridge, UK). Western blot signals were quan-
tified by densitometry analysis using ImageJ software.

2.7. [5′-3H] Thymidine Incorporation Assay. Cells were
seeded in 6-well plates at a concentration of 1:5 × 105. After
24 h, vehicle, PTX, AEs, or a combination of both (as indi-

cated) was added and the culture was incubated for 24 h.
37 kBq of [5′-3H] thymidine (DuPont, New England Nuclear
Research Products, Boston, MA, USA) was added to each
well. Four hours later, cells were washed twice with ice-cold
PBS and 10% trichloroacetic acid (TCA). Cells were lysed
in the presence of 1N NaOH-0.1% SDS and neutralized
in 1N HCl. The cell-associated radioactivity was deter-
mined by liquid scintillation counting (Tri-Carb 2800
TR, PerkinElmer, USA).

2.8. RNA Extraction, Reverse Transcription, and Quantitative
RT-PCR. Total RNA was extracted from MDA-MB231 cells
using the MasterPure RNA Purification Kit (Epicentre Bio-
technologies, Madison, WI, USA). RNA was reverse-
transcribed into cDNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems Inc., Foster
City, CA, USA) and subject to StepOne Real-Time PCR
(Applied Biosystems Inc.) with PowerUp SYBR Green Mas-
ter Mix (Applied Biosystems Inc.). Primers for FEN1, Nrf2,
and GAPDH were designed as specified below:

FEN1 forward 5′-GCCAAAAAGCTGCCAATCCA-3′,
FEN1 reverse 5′-GCCAATTTTCTGGCACAGGG-3′; Nrf2
forward 5′-CATCGAGAGCCCAGTCTTC-3′, Nrf2 reverse
5′-CTTCTGGACTTGGAACCATG-3′; and GAPDH for-
ward 5′-TCCCTGAGCTGAACGGGAAG-3′, GAPDH
reverse 5′-GGAGGAGTGGGTGTCGCTGT-3′.

PCR conditions were 50°C for 2min, 95°C for 2min,
followed by 40 cycles of 95°C/15 s, annealing at 56°C/30 s
and 72°C/30 s. All reactions were performed in triplicate.
Data was normalized to GAPDH and the fold change in gene
expression relative to normal was calculated using the com-
parative Ct method [49].

2.9. ROS Detection

2.9.1. Fluorescence Microscopy. MDA-MB231 cells were
treated with vehicle or PTX plus and minus AEs and GOx
as positive control (as indicated). After 4 h, the oxidation-
sensitive fluorescent probe DHE was used to assess the pro-
duction of cytosolic superoxide anions. Briefly, after expo-
sure, cells were incubated with 5μM DHE for 40 minutes at
37°C in the dark and then rinsed twice with PBS. The cell-
permeant DHE entered the cells, was oxidized by superoxide
anions to form ethidium (ETH) which binds to DNA, and
produced fluorescent ETH-DNA. The fluorescent signals
were obtained by the cultured cells at λex 300nm and λem
610 nm. Cells were visualized and images were captured
using a fluorescence microscope apparatus (Olympus IX71-
Olympus Tokyo, Japan) equipped with a digital camera
(Tucsen Photonics Co., Ltd., Fuzhou, Fujian, China).

2.9.2. Flow Cytometry Assay. ROS formation in MDA-
MB231 cells with PTX and AEs was assayed by flow cytome-
try with the dye DCF-DA and following standard methods
[50]. Briefly, DCF-DA (final concentration 40μM) was
added to cell cultures on 6-well plates for 15min at 37°C.
After incubation, cells were scraped, washed in PBS, and ana-
lyzed by a flow cytometer (Epics XL-MCL Coulter, CA, USA)
with an argon laser at 488nm. Cells were gated using forward
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angle light scatter (FS) and 90° light scatter parameters (SS).
For every histogram, a minimum of 20,000 events were
counted. The mean fluorescence intensity was detected
and expressed as a percentage of relative ROS level versus
control cells.

2.10. Statistical Analysis. Data is presented as mean ±
standard deviation (SD). Statistical analysis of the results
was performed using Student’s t-test, with GraphPad Prism
v5.01 for Windows (GraphPad Software, San Diego, CA,
USA). For all statistical tests, a two-tailed p value < 0.05
was considered significant. All data reported were verified
in at least three independent experiments and expressed as
mean ± SD.

3. Results

3.1. Synergy between AEs and Chemotherapeutic Drugs
Induces Loss of Cancer Cell Viability. In order to highlight a

potential effect of compound combination between AEs
and the most active and widely used cancer drugs in clinical
management (taxanes, anthracyclines, and platinum com-
plexes), we used two breast cancer cell lines, MCF7 and
MDA-MB231, as experimental models. In both cell lines,
PTX, ADR, or CDDP was employed at fixed concentra-
tions (20 nM, 2.0μM, and 20μM, respectively). These
treatments for 24 h lead to a reduction of cell viability of
30% (IC 30). By using the algorithm described by Fransson
et al. [51] to calculate the combination index (CI), we ana-
lyzed the effect of AEs plus PTX, ADR, and CDDP compared
with that of the single agents. The addition of AEs, from
12.5μM up to 50μM, to PTX or ADR in MDA-MB231
(Figures 1(a) and 1(b)) and in MCF7 (Figured 1(c) and
1(d)) cells yielded a decrease in cell viability which could be
ascribed to a chemosensitizing effect of AEs to these drugs.
The analysis of this data showed that the combined treat-
ment, as demonstrated by the CI values in Figure 1, enhances
cytotoxicity in a synergistic manner. Conversely, the
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Figure 1: Effect of AEs on PTX or ADR-treated breast cancer cells. Cell viability assay: breast cancer cell lines (MDA-MB231 (a, b) and
MCF7(c, d)) were treated with PTX (20 nM) or ADR (2.5 μM) with or without AEs (from 12.5 to 50μM) for 24 h. Histograms show cell
viability to highlight the effect of the association of chemotherapeutic agent and AEs. Synergy is characterized by a combination index < 0
.8, and when present, its value is reported in red. Data is expressed as the mean ± SD of, at least, three independent experiments compared
with a medium alone. The statistical significance between groups was calculated using Student’s t-test. Significant differences are indicated
by asterisks. MDA-MB231+PTX: PTX vs. 12.5 μM AEs+PTX ∗p = 0:0127; PTX vs. 25μM AEs+PTX ∗∗p = 0:0037; PTX vs. 50μM AEs
+PTX ∗∗∗p < 0:0001. MDA-MB231+ADR: ADR vs. 12.5 μM AEs+ADR ∗∗p = 0:0070; ADR vs. 25 μM AEs+ADR ∗∗p = 0:0049; ADR vs.
50μM AEs+ADR ∗∗p = 0:0019. MCF7+PTX: PTX vs. 12.5μM AEs+PTX ∗∗p = 0:0019; PTX vs. 25μM AEs+PTX ∗∗∗p < 0:0001; PTX vs.
50μM AEs+PTX ∗∗p = 0:0017. MCF7+ADR: ADR vs. 12.5μM AEs+ADR ∗∗∗p < 0:0001; ADR vs. 25 μM AEs+ADR ∗∗∗p = 0:0001; ADR
vs. 50 μM AEs+ADR ∗∗∗p < 0:0001.
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presence of AEs did not increase the number of dead cells
caused by CDDP in a significant manner in both MCF7
and MDA-MB231 cells (Fig. 1s).

Since triple negative breast cancers have a more aggres-
sive phenotype and a poorer prognosis due to the high pro-
pensity for metastatic progression and absence of specific
hormonal-based targeted treatment, novel therapeutic strate-
gies are required. To this end, we focused onMDA-MB231 as
a TNBC cellular model to best describe a synergistic effect of
AEs in combination with low doses of PTX, a first-line che-
motherapeutic agent in breast cancer.

3.2. The Combination of AEs and PTX Inhibits Human Breast
Cancer Cell Proliferation. In view of the aforementioned
effects on cell viability, we thoroughly explored the mecha-
nisms involved in the synergistic effect of the combined treat-
ment on breast cancer cells.

To further characterize the decreased cell viability induced
by cotreatment, we evaluated the expression of cleaved PARP
(c-PARP) and LC3 as potential molecular signs of regulated
cell death. No significant modulation of these proteins was
detected compared to PTX treatment alone, which is well
known to cause marked cell death [52, 53]. These slight effects
that were detected demonstrate that both apoptotic and
autophagic cell deaths are not relevant for the synergistic
response of the combined treatment (Fig. 2s).

These findings prompted us to detect DNA synthesis
ratio in treated cells. As shown in Figure 2, AEs strongly
decrease 3H-thymidine incorporation in a dose-dependent
manner in MDA-MB231 cells treated with 20 nM PTX. The
highest concentration tested (25μM AEs) inhibited cell pro-
liferation by 70% compared to PTX alone.

In order to investigate additional features of cellular
response to cotreatment, we evaluated the clonogenic ability
of breast cancer cells. Since MDA-MB231 cells do not aggre-
gate well and form very dispersed colonies [54], we switched
to MCF7 cell model with a similar sensitivity to AEs/PTX
(Figure 1) to test the effect of cotreatment on the colony for-

mation ability. Our results demonstrate that this property
was poorly affected (Fig. 3s).

3.3. Role of ROS in Synergistic Cytotoxicity in AE/PTX-
Treated Cells. Based on the prooxidant activity of natural
polyphenols in inducing cell growth inhibition [27, 55–57]
and on the ability of PXT to promote intracellular ROS
formation [32], we evaluated the oxidative pathway as a
potential mechanism involved in AE/PTX-induced cell
proliferation inhibition. In agreement with Chikara et al.
data [58], which shows that several polyphenols strengthen
the anticancer properties of chemotherapeutic drugs by
elevating ROS levels, we report (Figure 3(a)) increased num-
bers of bright red fluorescent cells indicating enhanced levels
of superoxide anions.

To further investigate the involvement of oxidative path-
way in AE/PTX synergistic activity, the amount of ROS in
particular peroxides was evaluated by flow cytometry. ROS
production induced by the combined treatment takes place
early, since it increases in relation to single agents after 2 h
of exposure (Figures 3(b) and 3(b1)). This trend is less evi-
dent after 24 h treatment, probably as a result of ROS accu-
mulation (Fig. 4s).

To further determine the role of ROS in AE/PTX-
induced cell growth arrest, we sought to examine whether
inhibition of ROS production by the well-known antioxidant
NAC has any impact on synergy in breast cancer cell viabil-
ity. As shown in Figure 3(c), the cell pretreatment of NAC
significantly reduced the synergistic effect of 25μMAEs/PTX
by about 20%.

3.4. Role of Nrf2/FEN1 and p-ERK/FEN1 Axis in DNA
Damage Induced by AEs/PTX. After oxidative stress, Nrf2 is
activated and moves to the nucleus where it regulates ARE
transcriptional activity. Based on literature data [58–60], we
hypothesize that combined treatment could affect Nrf2 activ-
ity. As shown in Figures 4(a) and 4(b), AEs increase the
RNA/protein expression of Nrf2 in cells treated with PTX
and induce a nuclear translocation of Nrf2 in this oxidative
stress scenario. Since Nrf2 has been shown to be a repressor
of the Fen1 gene [61], we assessed the RNA expression of
FEN1 in AE/PTX-treated cells. As reported in Figures 5(a)
and 5(b), 25μM AEs induced a significant decrease in
FEN1 RNA expression as well as in protein levels.

Since we detected a partial cytotoxicity rescue by NAC
exposure, in order to explore the AE/PTX effect further, we
hypothesized that a different molecular mechanism might
be involved in the cellular synergistic response.

Several studies have reported that the MAPK family
members play crucial roles in cell proliferation, survival,
and differentiation [62, 63]. In particular, ERK kinases have
been shown to play a part in DNA damage response (DDR)
and that inhibition of p-ERK enhances the genotoxic effect
of chemotherapeutic drugs [48]. Zou et al. reported that
curcumin-treated breast cancer cells are more sensitive to cis-
platin by downregulation of FEN1 achieved by reduction of
p-ERK expression [19]. In agreement with published results,
in our experimental settings, FEN1 and p-ERK expression
levels decreased in combination treatment compared with
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Figure 2: MDA-MB231 proliferation in response to AEs/PTX
cotreatment. Proliferation assay: cells were exposed to AEs (12.5-
25μM) plus and minus PTX (20 nM) for 24 h and the
proliferation rate was measured by 3H-thymidine incorporation
assay. PTX vs. 25 μM AEs+PTX ∗∗∗p = 0:0009. 25 μM AEs vs.
25μM AEs+PTX ∗∗p = 0:064.
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PTX alone. Decrease in p-ERK was related to the chemosen-
sitizing effect of 25μM AEs to PTX by targeting FEN1 in
MDA-MB231 cells (Figure 5(b)). In order to show a direct
correlation between p-ERK and FEN1 expression, untreated
MDA-MB231 cells were exposed to ERK inhibitor U0126
(20μM). After 60 minutes of U0126 exposure, both ERK
phosphorylation and FEN1 expression were clearly downreg-
ulated (Figure 5(c)).

To test DNA damage level related to FEN1 downregula-
tion, we looked at the extent of H2AX phosphorylation (γ-
H2AX), a sensitive indicator of DNA double strand breaks
(Figure 5(d)). We detected a marked phosphorylation level
of histone H2AX in the experimental cellular setting treated
with 25μM AEs plus PTX, compared to PTX alone.

This data is evidence that AEs strengthen the antitumor
activity of PTX both through the ROS/Nrf2 pathway and
via the downregulation of p-ERK, which result in the
decrease in FEN1 expression.

These findings indicate that the synergistic response is a
result of balance between the ROS/Nrf2 pathway and the
impaired DNA damage response (DDR) triggered by FEN1
downregulation, suggesting the presence of at least two

molecular mechanisms involved in the synergistic cytotoxic-
ity elicited by our combined treatment.

4. Discussion

To explore the role of natural compounds as chemosensitizer
agents in breast cancer, we have investigated the effect of
combined treatment of artichoke polyphenolic extracts with
paclitaxel, adriamycin, or cisplatin on breast cancer cell lines.
We demonstrate that AEs synergized with PTX or ADR in
hindering the growth of MDA-MB231 or MCF7 cells com-
pared with drug alone. AEs enhanced breast cancer sensitiv-
ity to PTX by decreasing cell proliferation both through the
ROS/Nrf2 pathway and via the downregulation of p-ERK,
and these mechanisms resulted in the decrease in FEN1
expression leading to DNA damage accumulation and
DNA replication reduction. These findings suggest the pres-
ence of at least two molecular mechanisms involved in the
synergistic AE/PTX cytotoxicity in breast cancer cells.

Tumor cells exhibit excessive ROS production which is
related to aberrant metabolism and continuous cell division;
therefore, cancer cells appear to be more vulnerable to
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Figure 3: ROS production in MDA-MB231 cells treated with AEs/PTX. (a) Fluorescence microscopy: MDA-MB231 cells treated with PTX
(20 nM) alone or AEs/PTX 25μM and 20 nM, respectively, or GOx (0.2UI/ml) as a positive control for 24 h. The presence of ROS was
detected by DHE fluorescent staining and red fluorescent-stained cells versus total cells were counted using an inverted fluorescence
microscope (magnification 20x). (b, b1) Flow cytometry: the mean fluorescence intensity was expressed as stimulation index obtained by
ratio between ROS levels released by cells after 2 h of treatment and ROS detection in control cells. Data is the mean ± SD of 3
independent experiments. Indicative fluorescence peaks of ROS production in cells after 2 h of treatment with 25 μM AEs (blue graph),
20 nM PTX (orange graph), and AEs/PTX, respectively, 25μM and 20 nM (yellow graph) are reported in (b1). (c) Antioxidant effect
on cell viability: NAC reduced the synergistic effect of AEs (12.5-25μM) in PTX (20 nM) treated cells. The cell viability results are
the mean ± SD of at least three independent experiments. Significant statistical differences present in NAC plus and minus AE/PTX-
treated cells are indicated by asterisks: 12.5 μM AEs+PTX vs. 12.5 μM AEs+PTX+NAC ∗p = 0:0191. 25μM AEs+PTX vs. 25μM AEs
+PTX+NAC ∗∗p = 0:0094.
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Figure 4: Nrf2 expression in MDA-MB231 treated with AEs/PTX. (a) Real-time assay. Nrf2 RNA expression is detected in cells treated with
indicated concentrations of AEs plus and minus PTX (20 nM). 12.5μM AEs vs. 12.5μM AEs+PTX ∗∗p = 0:0023. 25 μM AEs vs. 25μM AEs
+PTX ∗p = 0:0176. (b) Nrf2 protein expression: total protein expression and nuclear translocation of Nrf2 were detected in treated cells.
Quantification of band intensities was performed using ImageJ software, normalized by β-actin (total Nrf2) and histone H3 (nuclear Nrf2)
expression levels. Relative values are calculated by comparing sample band intensities to control.
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Figure 5: FEN1 modulation and DNA damage in combined treated MDA-MB231 cells. (a) Real-time assay: FEN1 RNA expression is
detected in cells treated with indicated concentrations of AEs plus and minus PTX (20 nM). 25 μM AEs vs. 25μM AEs+PTX ∗∗p = 0:0052.
(b) FEN1/p-ERK1-2 protein expression: FEN1 protein expression and phosphorylation level of ERK1-2 were detected in total lysate of
treated MDA-MB231 cells. Quantification of band intensities was performed using ImageJ software, normalized by β-actin expression
level. Relative values are calculated by comparing sample band intensities to control in each setting (±PTX). (c) Effect of p-ERK1-2
inhibitor on FEN1 expression: FEN1 and p-ERK1-2 level were detected in MDA-MB231 treated for 60 minutes with U0126 (20 μM), a
MAPK/ERK inhibitor. Quantification of band intensities was performed using ImageJ software, normalized by GAPDH expression level.
Relative values are calculated by comparing sample band intensities to control. (d) DNA damage level: DNA damage marker γ-H2AX was
detected in cells treated with AEs plus and minus PTX. Quantification of band intensities was performed using ImageJ software,
normalized by β-actin expression level. Relative values are calculated by comparing sample band intensities to control in each setting (±PTX).
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further oxidative insult compared to normal ones [64]. ROS
cellular levels are thus crucial for designing advanced thera-
pies and a future challenge in anticancer treatment [58].
There are many reports describing the prooxidant effect of
polyphenols in sensitizing cancer cells to chemotherapeutic
drugs through different pathways [38–41, 65–67].

In light of our previous findings regarding the role of AEs
as prooxidant players on breast cancer cells [27], this study
has explored the ability of AEs to sensitize breast cancer cell
to conventional chemotherapy through oxidative process.
Based on literature data [38–42], our results strongly support
the prooxidant role of AEs/PTX in hindering breast cancer
cellular growth associated with ROS production. To further
confirm the important role of ROS in enhancing the antitu-
mor effect of the combined treatment, we demonstrate that
the well-known antioxidant NAC attenuates the synergistic
and antitumor effect on MDA-MB231 cells. Since we
detected a partial cytotoxicity rescue by NAC exposure, we
hypothesized that a further molecular mechanism was
involved in the cellular synergistic response.

In agreement with published results, our data has shown
that many anticancer drugs including ADR and PTX but not
CDDP have the ability to induce oxidative stress [32]. We
have shown that both ADR and PTX plus and minus AEs
induce a synergistic effect on reducing cell viability, while
AE/CDDP combined treatment did not modify cell death
ratio. This finding suggests that AEs are able to produce
ROS and synergize with the prooxidant activity of some che-
motherapeutic drugs, which suggests that at least one of the
mechanism involved in synergistic interaction is ROS pro-
duction dependent.

Nrf2 is a main transcription factor in the regulation of
many phase II and antioxidant genes [43, 44]. It is well
known that induction of phase II enzymes, counteracting
reactive electrophiles including ROS, plays an important role
in response to many chemotherapeutic agents. Nrf2 is
located in the cytoplasm in a complex with the actin-
binding protein Keap1. Upon oxidative stimulation, Nrf2
moves to the nucleus where it interacts with AREs present
in the promoter region of many genes [45]. In our experi-
mental model, after AE/PTX exposure for 24h, the Nrf2
mRNA level, together with the nuclear protein level, signifi-
cantly increased compared with PTX alone treatment.
According to Kwak et al. [68], who demonstrated that Nrf2
has a short half-life, we hypothesized that the nuclear accu-
mulation is due to de novo synthesis of the transcription fac-
tor. In agreement with Chen et al. [61], who showed that
Nrf2 bounds to ARE-like sequence located in the FEN1 pro-
moter region, we observed that Nrf2 downregulated the
expression of FEN1, which suggests that Nrf2 may function
as a repressor of this endonuclease gene.

Our data has shown that cotreatment significantly
reduced the FEN1 RNA level together with a downregulation
of the protein expression compared with PTX alone and
suggests that such a mechanism is involved in the antipro-
liferative effect of AEs/PTX. The combined treatment
results in DNA damage accumulation, confirmed by the
phosphorylation of H2AX which leads to DNA replication
reduction. This data suggests that downregulating the

expression of FEN1, a potential biomarker and therapeutic
target [36, 69], may be a new mechanism by which AEs
sensitize breast cancer cells to PTX.

It has been shown that polyphenols can modulate multiple
signaling pathways including MAPK/ERK [19, 38, 70, 71].
By inhibiting ERK phosphorylation, curcumin helps to sen-
sitize the cells to cisplatin by targeting FEN1 [19]. In agree-
ment with this data, our results showed that FEN1 and p-
ERK expression levels decreased in combination treatment
compared with PTX alone. Since the inhibition of ERK acti-
vation by the common MEK inhibitor U0126 induced a
downregulation of FEN1, we envisage a marked correlation
between this nuclease and the aforementioned kinase expres-
sion level in our experiments. As previously reported, aber-
rant activation of the ERK pathway is one of the most
relevant events in human cancer as it stimulates cell prolifer-
ation [72]. However, the activation of the ERK pathway has
an important role in DDR and has been associated with che-
motherapeutic drugs commonly considered to be DNA
damage inducers. For several tumors, inhibition of MAP-
K/ERK cascade could enhance the genotoxic effect of che-
motherapeutic agents. This is probably because of the
accumulation of DNA lesions due to the impaired check-
point activation ERK related [48]. Therefore, if a combina-
tory therapy is to be used, it is important to determine if
the combination will lead to inefficient repair of DNA
lesions due to downregulation of FEN1.

Our results summarized in supplementary materials (Fig.
5s) suggest that artichoke polyphenols can be used as sensi-
tizers of chemotherapy paving the way for new combined
treatment in oncology. Since polyphenols are widely used
as dietary components and have shown no toxicity in
humans, their use as adjuvant agents may be an innovative
and promising natural compound-based therapeutic strat-
egy. Our study adds a novel aspect of the underlying mecha-
nisms of the anticancer properties of AEs to our previous
findings. However, wide-ranging pharmacokinetic and meta-
bolic studies of combined treatment on animal models are
required to evaluate its efficacy in human clinical trials.

5. Conclusions

We envisage a combined AE/chemotherapeutic agent
treatment that is able to reduce the dose of antitumor
drugs minimizing toxicity and side effects of conventional
cancer therapy.

Data Availability

The data used to support the findings of this study is included
within the article.

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

8 Oxidative Medicine and Cellular Longevity



Acknowledgments

The authors would like to acknowledge Paola Nisticò (IRCCS
Regina Elena National Cancer Institute, Rome, Italy) for the
critical reading of the manuscript and helpful comments,
Hugo Bowles (University of Foggia, Foggia, Italy) for proof-
reading, and Lucia Monaco (Sapienza University of Rome,
Italy) for helpful advices. This study was supported by
Ricerca Corrente IRE 2017 to SM and AMM.

Supplementary Materials

Supplementary materials integrate data described in the
main document. Fig. 1s: effect of AEs on CDDP treated
breast cancer cells. Cell viability assay: MDA-MB231 (a)
and MCF7 (b) were treated with CDDP (20μM) with or
without AEs (from 12.5 to 50μM) for 24 h. Histograms show
cell viability. No significant differences are detected between
combined treatment vs. CDDP alone. Fig. 2s: effect of
AEs/PTX on regulated cell death. Apoptosis and autophagy
marker analysis: cells were incubated with AEs or AEs/PTX
and then assayed via western blot for c-PARP (a) and LC3
(b). Fig. 3s: cloning efficiency. Colony-forming analysis:
MCF7 cells were exposed to AEs or AEs/PTX for 24 h and
then allowed to grow and form colonies for subsequent
14 d. Cell colonies, after staining with crystal violet (a), were
counted and the values reported as percent colony number
in the histogram (b). C vs. PTX ∗∗p = 0:0049, 12.5μM AEs
vs. 12.5μM AEs/PTX ∗∗∗p < 0:0001, and 25μM AEs vs.
25μMAEs/PTX ∗∗∗p = 0:0005. There is no significant differ-
ence between colony numbers of cells treated with AEs/PTX
or PTX alone. Fig. 4s: ROS production in MDA-MB231 cells
after 24 h of treatment. (a, a1) Flow cytometry: the mean
fluorescence intensity was expressed as stimulation index
obtained by ratio between ROS levels released by cells after
24 h of treatment and ROS detection in control cells. Data
is the mean ± SD of 3 independent experiments. Indicative
fluorescence peaks of ROS production in cells after 24 h of
treatment with 25μM AEs (red graph), 20 nM PTX (purple
graph), and AEs/PTX, respectively, 25μMand 20nM (brown
graph) are reported in (a1). There is no significant difference
between groups. Fig. 5s: graphical abstract. Schematic repre-
sentation of two convergent signaling pathways involved in
synergistic effect of AE/PTX combined treatment. The figure
suggests the potential role of artichoke polyphenols as sensi-
tizers of chemotherapy in breast cancer cells. (Supplementary
Materials)
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The prodrug potential of Mahonia aquifolium, a plant used for centuries in traditional medicine, recently gained visibility in the
literature, and the activity of several active compounds isolated from its extracts was studied on biologic systems in vitro and
in vivo. Whereas the antioxidative and antitumor activities of M. aquifolium-derived compounds were studied at some extent,
there are very few data about their outcome on the immune system and tumor cells. To elucidate the M. aquifolium potential
immunomodulatory and antiproliferative effects, the bark, leaf, flower, green fruit, and ripe fruit extracts from the plant were
tested on peripheral blood mononuclear cells and tumor cells. The extracts exert fine-tuned control on the immune response, by
modulating the CD25 lymphocyte activation pathway, the interleukin-10 signaling, and the tumor necrosis-alpha secretion in
four distinct human peripheral blood mononuclear cell (PBMC) subpopulations. M. aquifolium extracts exhibit a moderate
cytotoxicity and changes in the signaling pathways linked to cell adhesion, proliferation, migration, and apoptosis of the tumor
cells. These results open perspectives to further investigation of the M. aquifolium extract prodrug potential.

1. Introduction

In the tumor microenvironment (TME), tumor intrinsic
factors and tumor extrinsic factors work together to induce
immunosuppression. The composition of TME depends on
the cancer types and disease stages. The tumor cells chroni-
cally secrete tumor intrinsic factors. Some of them induce
reduction of the immune effector cell activity and promote
immune evasion by decreasing the expression of antigen-
presenting molecules and by expressing neoantigens. In the
same time, the tumor cells use autocrine or paracrine signals
in order to stimulate the expression of immune checkpoints

(ICs) [1, 2] on immune cells and to upregulate immunosup-
pressive cell recruitment and activation [3]. The tumor cells
also secrete cytokines and growth factors that promote tumor
growth, angiogenesis, and metastasis [4].

The tumor extrinsic factors are provided by immune and
nonimmune cells [4]. The immune cells of the TME are T
cells, B cells, macrophages, monocytes [5], dendritic cells,
and NK cells [6], and an efficient antitumor immune
response implies both helper CD4+ and effector CD8+ T cells
activated in proximity to each other [7]. T regulatory cells
(Tregs) are a subset of CD4+ T cells, with immunosuppres-
sive activity by inhibiting cytotoxic CD8+ T cells and effector
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CD4+ T cell activation, via consumption of IL-2, release of
TGF-β and IL-10, and IC expression upregulation [4, 8]. B
regulatory cells (Bregs), a subset of B cells, and tumor-
associated macrophages (TAMs) reduce the activity of
cytotoxic CD8+ and CD4+ T effector cells by releasing anti-
inflammatory cytokines like IL-10 and by expressing coinhi-
bitory molecules [9–11]. TAMs also stimulate tumor growth
and metastasis by secreting matrix metalloproteinases
(MMPs) and proangiogenic factors, like VEGF [10]. Other
tumor-associated immune cells are myeloid-derived sup-
pressor cells (MDSCs) [12], a heterogeneous population of
myeloid cell precursors that can suppress cytotoxic CD8+
T cell; tumor-associated mast cells (TAMCs), with a con-
troversial immunosuppressive role; and tumor-associated
dendritic cells (TADCs), which can inhibit cytotoxic CD8
+ T cells by expressing inhibitory molecules and releasing
IL-10 and TGF-β [13].

From the TME nonimmune cells, the most important
are cancer-associated fibroblasts (CAFs) and tumor endo-
thelial cells (TECs) [4]. As a response to TME hypoxia and
tumor cell intrinsic factor release, normal resident fibro-
blasts are converted to CAFs [14, 15]. They stimulate tumor
growth, invasion and metastasis, MMPs, angiogenesis, and
CD8+ T cell apoptosis [4]. TECs are different from the
normal epithelial cells due to the morphological abnormali-
ties and induce angiogenesis with new vessel formation that
allows tumor cell metastasis. Moreover, active TECs release
their own growth and angiogenic factors, further stimulating
neighboring tumor cell growth [16, 17].

The cells of the immune system should stop the tumor
growth and the progression by recognition and removal of
the malignant cells [18]. Instead, it was found that the result
of the interaction between immune and nonimmune cells in
the TME is tumor-mediated immunosuppression [4, 19].
Furthermore, the tumor-mediated immunosuppression
may also reduce cancer therapy efficiency and may induce
resistance to therapy.

The genus Mahonia Nuttall has about 70 species, and
it is the second largest genus in the Berberidaceae family.
Mahonia plants are native to Eastern Asia, North America,
and Central America [20] and have been widely used in
traditional medicine for centuries. It was shown that
Mahonia species have antioxidant, anti-inflammatory [21,
22], antifungal, antimicrobial [23], antiproliferative, hepato-
protective, and analgesic effects [24]. Phytochemical analysis
proved that alkaloids represent the major constituents of the
genus, and some studies reported that they have anticancer
effects. For Mahonia bealei and Mahonia oiwakensis, cyto-
toxic activity against human cancer cells was demonstrated
[24, 25]. Previous studies also found inM. aquifolium extracts
important quantities of alkaloids with cytotoxic effects on
cancer cells [26]. One study demonstrated cytotoxic and anti-
metastatic effects of M. aquifolium stem-bark extract [27].

The phytochemical profile of plant extracts differs
depending on the plant and the particular organ of a given
plant [28]and of the extraction method [29]; the aim of the
study was to test if M. aquifolium bark, leaf, flower, green
fruit, and ripe fruit extracts can influence the TME in order
to increase the antitumor responses. First, M. aquifolium

extract immunomodulatory effects were tested on four
human peripheral blood mononuclear cell (PBMC) subsets
which have a key role in the adaptive immunity: CD4+ helper
T cells, CD8+ effector T cells, CD19+ B cells, and CD14+
monocytes. Secondly, M. aquifolium extract antitumoral
effects were tested on three cancer cell lines, DLD-1 colon
carcinoma cells, A2780 ovary adenocarcinoma cells, and
A375 malignant melanoma cell, and a nonimmune cell, BJ
healthy skin fibroblast.

2. Materials and Methods

2.1. Plant Material. Fresh Mahonia aquifolium (Pursh)
Nutt. bark, leaves, flowers, and fruits were purchased from
the A. Borza Botanical Garden “Babes-Bolyai” University
of Cluj-Napoca, Romania, between April and June 2018 and
extracted in the Mycology Laboratory of “Babes-Bolyai”
University, Cluj-Napoca, Romania, as previously described
by a modified Squibb repercolationmethod with 70% ethanol
(Merck, Bucuresti, Romania), producing the following
extracts ofM. aquifolium: bark extract 1 : 1.5 (g :mL) (1), leaf
extract 1 : 1.2 (g :mL) (2), flower extract 1 : 1 (g :mL) (3), green
fruit extract 1 : 1 (g :mL) (4), and ripe fruit extract 1 : 1 (g :mL)
(5). The phytochemical analysis of the extracts has been
performed and previously published [26, 30]. The plants were
taxonomically identified and authenticated, and voucher
specimens (number 665978) were deposited in “Alexandru
Borza” Botanical Garden Herbarium, “Babes-Bolyai”Univer-
sity of Cluj-Napoca, Romania. The stock solutions were
diluted with Phosphate-Buffered Saline Solution (PBS, from
Sigma-Aldrich Company, St. Louis, USA), to obtain for each
extract a series of stock concentrations from 500 to 10μg
plant/mL.

2.2. Immunomodulatory Effects

2.2.1. Isolation of PBMC Subsets. The biologic system used
for testing was the suspensions of human PBMC, obtained
by venipuncture from a 25-year-old healthy male volun-
teer, who gave his informed written consent before the
blood collection, according to the approvals from the Ethical
Committee of the Institute of Oncology “Prof. Dr. Ion Chiri-
cuta” fromCluj-Napoca (IOCN), Romania,member ofOECI.
CD4+helper T cells, CD8+ effector T cells, CD19+B cells, and
CD14+ monocytes were separated as previously described
[31] (see supplemental data (available here)).

2.2.2. PBMC Cytotoxicity Test. To assess cytotoxicity serial
dilutions from M. aquifolium extracts, stock solutions were
prepared, in order to obtain 5 successive concentrations,
from 20μg/mL to 1μg/mL. The cytotoxicity of the extracts
was assessed using the MTS viability dye (CellTiter 96
Proliferation Assay, manufactured by Promega Corpora-
tion, Madison, WI, USA), as previously described [31]
(see supplemental data).

2.2.3. Detection of IL-10-Positive and CD25-Positive Cells.
After a prolonged exposure to the extracts 1-5 at a subcyto-
toxic concentration, CD4+, CD8+, CD19+, and CD14+ cell
activation pathways through CD25 and interleukin-10 (IL-
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10), an immune-activating cytokine implicated in cancer
immunotherapy [32], were evaluated by flow cytometry
(see supplemental data).

2.2.4. Tumor Necrosis Factor Alpha (TNF-α) Production. The
soluble form of tumor necrosis factor alpha (TNF-α) produc-
tion was measured, knowing that this inflammatory cytokine
has an important role in tumor proliferation, metastasis, and
neoangiogenesis [33]. The evaluation of the secreted TNF-α
level through ELISA testing (kit acquired from Hycult Bio-
tech, Uden, The Netherlands) was performed according to
the manufacturer indication (see supplemental data).

2.3. Antitumoral Effect Evaluation

2.3.1. Cell Cultures. The human cell lines used in the present
study were DLD-1 colon carcinoma and the A2780 ovary
adenocarcinoma cell lines acquired from the European
Collection of Authenticated Cell Cultures (ECACC) through
Sigma-Aldrich, St. Louis, USA; the A375 malignant
melanoma and the BJ healthy skin fibroblast cell lines were
from the American Type Culture Collection (ATCC)
acquired through LGC Standards GmbH, Wesel, Germany
(see supplemental data).

2.3.2. Cytotoxicity Test. For the cytotoxicity testing, the
colorimetric assay based on the tetrazolium dye 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduc-
tion to its purple colored formazan product was used. Because
this process occurs only in the mitochondria of the living
cells, the amount of living cells can be tracked by the color
intensity of the samples. All experiments were performed in
triplicates. The samples were analyzed as previously
described [34] (see supplemental data).

2.3.3. Protein Content of the Samples. For proteomic
methods, the tumor and normal cells were seeded on 6-well
plates at a concentration of 105 cells/mL, and after 24 hours,
they were treated with a 10μg/mL solution of each extract.
The supernates and cell lysates were kept at -20°C until
analysis. To evaluate the supernatants and cell homogenate
total protein content, the Bradford assay was used. The
calibration curve was prepared using seven serial dilutions
starting from 100μg/mL proteins to 1.56μg/mL proteins
(see supplemental data).

2.3.4. Intracellular Caspase-3 and Caspase-8.The intracellular
caspase-3 and caspase-8 were measured with an ELISA
method, and the caspase concentration provided by the quan-
titative measurement (ng/mL) was normalized according to
the total protein content of each lysate sample, and in this
way, the caspase level was expressed as ng/mg protein, to
ensure an accuracy of the assessment (see supplemental data).

2.3.5. Soluble Intracellular Adhesion Molecule-1 (ICAM-1)
and Vascular Cell Adhesion Molecule-1 (VCAM-1/CD106).
ICAM-1 was determined by using a human ELISA kit
(E-EL-H2585 from Elabscience Biotechnology Co. Ltd.,
Houston, TX, USA), and VCAM-1/CD106 was measured
with a human ELISA kit (E-EL-H5587, from Elabscience
Biotechnology Co. Ltd., Houston, Texas) according to the

manufacturer indications. ICAM-1 and VCAM-1/CD106
were expressed as ng/mg protein (see supplemental data).

2.3.6. Matrix Metalloproteinase-9 (MMP-9). MMP-9 was
assessed with a human MMP-9 Platinum ELISA kit
(MBS2016/2, from Affymetrix, through eBioscience, Vienna,
Austria), according to the manufacturer’s indications. MMP-
9 was expressed as ng/mg protein (see supplemental data).

2.4. Statistical Analysis. GraphPad Prism 5 software (from
GraphPad Software Inc., La Jolla, CA, USA) was used to
compute IC50 values (nonlinear regression of the concentra-
tion versus normalized response) and Spearman nonpara-
metric correlations, to compare values with the one-way
analysis of variances, followed by Bonferroni or Dunnett
multiple comparison posttest, and to compute the mean
values and the standard error of the mean (SEM).

To examine the strengths of associations between the
results, specifically Pearson correlations, we have used Statis-
tica 12.0 for Windows (Stat-soft, Inc., USA). Multivariate
data analysis was performed on the entire antioxidant and
hematological parameters determined in this study using
PCA (principal component analysis) incorporated in Statis-
tica 12.0 software.

3. Results and Discussion

3.1. Immunomodulatory Effect

3.1.1. PBMC Cytotoxicity Test. From each Mahonia aquifo-
lium extract, five concentrations were tested, between 1 and
20μg/mL in the cell culture media. All concentrations exhib-
ited low cytotoxicity against PBMC, including the 20μg/mL
concentration. The survival rates of the cells treated with
the highest concentration were shown in Figure 1(a) (see
supplemental data Table 5).

In all PBMC subpopulations, M. aquifolium extracts 1-5
treatment induced a similar growth inhibition pattern.
Extract 1 exerted the highest inhibitory effect, followed by 2
(Figure 1(b)), while 3, 4, and 5 caused less than 10% cell loss
after 24-hour exposure. Consequently, for further testing, we
used all extracts at the concentration of 20μg/mL. The
principal component analysis (PCA) clearly indicated
(Figure 1(b)) the similarities between 1 and 2 effects, these
extracts being in the same quadrant of the loading plot, at
distance to the group of extracts 3, 4, and 5, placed in another
quadrant; further, 1 and 2 are distanced to more than 90
degrees to the least active 3 and 5 M. aquifolium extracts.

3.1.2. IL-10-Positive and CD25-Positive Cells. The immuno-
modulatory effect of M. aquifolium extracts was evaluated
by monitoring the number of CD25+ and IL10+ cells within
a population of 10000 PBMC. CD25 and IL10 membrane
marker expression was assessed by flow cytometry, and each
data represents the median value of 10000 measurements,
provided by the BD FACSDiva version 6.1 software. For each
sample, two independent evaluations were made; their mean
value was calculated with the column statistics, and the com-
parison between values was provided by the one-way analysis

3Oxidative Medicine and Cellular Longevity



of variance in the 95% interval (Table 1) (see supplemental
data Figures 10–13).

Following the 24-hour exposure of the PBMC subsets to 1-5
M. aquifolium extracts, both the CD25 membrane marker and

the IL-10 intracytoplasmic marker were modulated distinctly
in each cell subpopulation. In untreated T cells, the basal level
of the two molecules was modest, while in B lymphocytes and
monocytes the basal values were higher (Table 1).
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Figure 1: (a) Survival rate of PBMC subsets CD4+, CD8+, CD19+, and CD14+ treated for 24 hours with theM. aquifolium extracts 1-5, at a
concentration of 10 μg/mL in the cell culture media. (b) Correlation circle (loading plot) depicting the relationship between the extract
outcomes on different PBMC subpopulations—a model obtained after applying principal component analysis.
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The effect of 1, the bark extract, was the prominent regu-
lator of the lymphocyte activation through the CD25 path-
way. Extract 1 distinguishes itself from other extracts
through its lower chlorogenic acid content (see Supplemental
data Table 7) and through the presence of berbamine,
jatrorrhizine, palmatine, and berberine, four compounds
that are not present in the extracts 2 to 5 [26, 30].

Extract 1 upregulated the CD4+CD25+, CD8+CD25+,
and CD14+CD25+ phenotype expression, and in this man-
ner, 1 triggered the activation of both tumor suppressor
and effector lymphocyte subsets and also the CD14+CD25+

monocytes, the main population of blood monocytes impli-
cated in antitumor response [35]. CD14+ cells were proven
to act against the tumor cells and the metastatic processes,
directly by an antibody-mediated mechanism [36] and indi-
rectly by activating the natural killer cells [37].

T cells which expressed CD4+ and CD25+ are essential in
self-recognition and are known as T regulatory cells [38] and
maintain the self-tolerance control in the immune response
against infections, transplantation antigens, and tumor-
associated antigens [39]. CD4+ T cells play antitumor roles
through various mechanisms, and some studies claim that
they could be efficient even in antitumoral immunotherapy
like CD8+, previously known as the gold standard [40].
Although tumor-infiltrating CD4+CD25+ lymphocytes can
contribute to the progression of the disease [41], they may
act against tumors indirectly, helped by NK cells, or by inac-
tivating the IL-10 pathway [42].

The fact that 1 exerts a significant enhancement of CD8
+CD25+ activated phenotype converges to the antitumor
potential of the bark extract, since CD8+ are important effec-
tors of the antitumor cellular immunity in several cancers
[43], counteracting the metastatic potential of tumor cells
[44], and it was proven that their presence is related to the
patient survival [45]. The increase of CD25+IL-10+ pheno-
type occurred following the treatments with 1, the only
extract able to increase CD25, or concomitant with the
increase of IL-10 induced by 2-5 in CD4+ and CD19+
(Table 1). IL-10 sustain the toxicity in CD8+ cells, [42] and
in high concentrations, IL-10 is able to inhibit tumor growth
by inhibiting the angiogenesis and the production of reactive
oxygen species [46].

Extracts 2, 3, 4, and 5 could not influence significantly
CD4+ or CD8+ cells. Instead, they influenced the double-
positive populations and the IL-10 expression in these two
subsets. Extract 2 increased the CD25+IL-10+ expression
only on cytotoxic CD8+ T lymphocytes, without augmenting
the helper CD4+ activation. Extracts 3 and 5 enhanced the
CD25+IL-10+ activation in cytotoxic CD8+ cells but parallel
in the regulatory CD4+ T cells. Overall, the PCA indicated
that the outcome of the extracts on CD4+ subpopulation
was opposed to CD8+, and the effect of 1-5 on CD14+ is
opposed to CD19+ cells (Supplemental data Figure 14).

In CD19+ B cells, all extracts 1-5 performed likewise:
they exerted a strong downregulatory effect on CD25+ cells,
but the CD25+IL-10+ phenotype was upregulated
(Table 1). The CD19+ expression is essential in the B cell-
mediated immune response [47]. The increase of CD19+
cells and the regulatory CD19+CD25+IL-10+ B cell overex-
pression enhance the immunoglobulin production, but in
tumors, it is responsible for metastatic growth support [48]
as well, by costimulating the Treg cells. The CD19+CD25
+IL-10+ phenotype was confirmed to be protector against
inflammation [49] and promotes allograft survival in trans-
plantation [50].

In CD14+, monocytes 2-5 had a strong downregulatory
effect through CD25 and IL-10 decrease (Table 1), acting
contrary to extract 1.

The IL-10 expression decreased following the treatment
with extract 1 in CD4+, CD8+ T cells, and monocytes and

Table 1: The in vitro effect of M. aquifolium extracts 1-5 on CD25
membrane marker and intracellular IL-10 expression in CD4+,
CD8+, CD14+, and CD19+ cells.

Cell types
Q1—CD25 FITC

Q2—CD25
FITC/IL-10 PE

Q4—IL10 PE

Median
values

SD
Median
values

SD
Median
values

SD

CD4+

Untreated 23.5 0.71 62.5 2.12 86.5 2.12

Extract 1 301.0∗∗∗ 12.73 1108.5∗∗∗ 4.95 53.0∗∗∗ 1.41

Extract 2 12.0 1.41 57.5 3.54 113.5∗ 7.78

Extract 3 12.0 2.83 180.5∗∗∗ 0.71 333.0∗∗∗ 2.83

Extract 4 17.5 3.54 154.5∗∗∗ 6.36 243.0∗∗∗ 12.73

Extract 5 7.5 0.71 136.5∗∗∗ 2.12 158.5∗∗∗ 2.12

CD8+

Untreated 3.0 0.00 58.0 2.89 162.5 9.19

Extract 1 119.5∗∗∗ 0.71 396.0∗∗∗ 1.41 113.0∗∗∗ 0.00

Extract 2 2.0 0.00 114.5∗∗∗ 6.36 122.0∗∗∗ 0.00

Extract 3 1.5 0.71 61.5 0.71 148.0 4.24

Extract 4 1.0 0.00 55.5 6.36 95.5∗∗∗ 0.71

Extract 5 2.5 0.71 97.0∗∗∗ 0.00 91.5∗∗∗ 0.71

CD14+

Untreated 51.0 1.41 268.0 2.83 349.0 1.41

Extract 1 310.5∗∗∗ 0.71 1131.0∗∗∗ 1.41 71.5∗∗∗ 2.12

Extract 2 9.5∗∗∗ 0.61 129.5∗∗∗ 0.71 248.0∗∗∗ 2.83

Extract 3 12.5∗∗∗ 2.12 188.0∗∗∗ 2.83 320.0∗∗ 12.73

Extract 4 22.5∗∗∗ 3.55 167.5∗∗∗ 3.54 179.5∗∗∗ 2.12

Extract 5 8.5∗∗∗ 2.12 189.5∗∗∗ 2.12 188.0∗∗∗ 2.83

CD19+

Untreated 90.0 0.00 209.0 1.41 118.5∗∗∗ 9.19

Extract 1 81.0 1.41 582.5∗∗∗ 3.54 241.5∗∗∗ 7.78

Extract 2 11.5∗∗∗ 2.12 322.0∗∗∗ 2.83 290.5∗∗∗ 0.71

Extract 3 33.0∗∗∗ 2.83 358.0∗∗∗ 5.66 230.0∗∗∗ 0.00

Extract 4 29.0∗∗∗ 1.41 481.5∗∗∗ 9.19 338.5∗∗∗ 4.95

Extract 5 21.0∗∗∗ 1.41 359.5∗∗∗ 0.71 232.5∗∗∗ 3.54
∗∗∗Extremely significant differences between treated cells vs. untreated
control, p < 0:001. ∗∗Very significant differences between treated cells vs.
untreated control, 0:001 < p < 0:01. ∗Significant differences between treated
cells vs. untreated control, 0:01 < p < 0:05.
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strongly upregulated in CD19+B cells (Figure 2). In IL-10
modulation as well, extracts 2, 3, 4, and 5 act convergently:
they caused a significant increase of IL-10 phenotype in
helper CD4+ T cells and CB19+ B cells and decline in effector
CD8+ T cells and CD14+ monocytes.

It was a strong correlation between the CD25+ and
CD25+IL-10+ phenotype in all subsets (Spearman non-
parametric correlation, p < 0:0001) which means that the
two subpopulations tend to increase or to decrease in the
same time. In all PBMC subsets, the treatment with 1-5
induced no significant correlation between CD25+ and
IL-10+ expression (nonparametric two-tailed correlation,
Spearman p > 0:05).

3.1.3. Tumor Necrosis Factor Alpha (TNF-α) Production.
TNF is a multifunctional cytokine that has important roles
in cell survival, proliferation, differentiation, and death. As
a proinflammatory cytokine, TNF may be implicated in
inflammation-induced carcinogenesis. TNF exerts its func-
tions by activating distinct nuclear factor-κB (NF-κB), an
antiapoptotic signal, and c-Jun N-terminal kinase (JNK), a
cell death signal. So, TNF is a double-edged sword with
pro- or antitumorigenic effects [51], which in the early stages
can contribute to antitumor response enhancement, while in
late stages, it could maintain the tumor growth [52]. All
PBMC subsets have had a certain basal TNF-α level
(Figure 3), since CD4+ and CD8+ T lymphocyte subsets, B
cells, and CD14+ monocytes are TNF-α secretory cells [53].
Following the treatment, TNF-α was modulated distinctively
in each PBMC population. Extracts 1 and 2 had no effect on
T or B cells, but they upregulate the TNF-α in CD14+ cells. In
CD14+ monocytes, the main population of blood monocytes
implicated in antitumor response, the direct cytotoxicity
against the target cells is mediated by TNF-α, IL-12, reactive
oxygen species, and reactive nitrogen species [35]. Since 1

and 2 modulated significantly the cytokine production only
in CD14+ monocytes, it is expected that these two extracts
will enhance the CD14+ cell antitumor capacity. Extract 3
was completely inert in the PBMC biologic system. Surpris-
ingly, extract 4 obtained from green fruits significantly
decreases the TNF-α production of monocytes, while in all
the other studied subpopulations causes a very significant
increase of TNF-α. Novel studies suggested that the increase
of TNF-α secreted by the tumor-infiltrating T cells and
monocytes may enhance the tumor cell death without associ-
ated systemic toxicities [52]. The TNF-α secreted by T lym-
phocytes can synergize with chemotherapy to strengthen
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Figure 2: Principal component analysis on the extract half inhibitory concentrations: (a) correlation circle (loading plot) using the first two
principal components of the PCA model obtained after applying tumoral cells (IC50) and (b) score plot using the first three principal
components of 1-5 (tumoral cells) based on IC50.
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tumor cell death mechanisms and the induced oxidative
stress [54], and by enhancing the TNF-α production in
CD4+ and CD8+ lymphocytes, extract 4 could balance the
regulatory mechanisms induced through CD25. Extract 5
inhibited the TNF-α secretion in CD4+ T cells, and in B cells,
a stimulation was observed.

Previous studies reported that in CD4+ and CD8+ T
cells the IL-10+ phenotype is suppressed by exogenous
TNF-α [55]. This was confirmed by the decrease of IL-
10 positivity in CD8+ cells treated with 4, concomitant
with the highest TNF-α secretion. It is known that TNF-
α downregulates the function of tumor suppressor CD4
+CD25+ lymphocytes [56], but overall, no correlation
was found between TNF-α secretion and the IL-10+ or
CD25+IL10+ expression.

As a conclusion, M. aquifolium extracts 1-5 exhibit
moderate toxicity against PBMC subpopulations without
selectivity towards any of the four studied subsets, and their
modulator effect through CD25, IL-10, and TNF-α was
well-balanced. The bark extract (1) effect was distinct, as
regards the cytotoxicity, and its capacity to prime the helper
CD4+ cells via CD25 activation, but this was compensated
by the enhancement of CD8+ cytotoxic T lymphocyte activ-
ity. Also, 1 stimulated the immunoglobulin (the B cell secre-
tor) through CD25 and IL-10 and triggered and amplified the
TNF-α production in CD14+ monocytes only. The leaf
extract (2), the richest in chlorogenic acid, rutin and isoquer-
citrin, has the capacity to activate the effector CD8+ lympho-
cytes and the B cells, deactivate the CD14+monocytes, and in
the same time increase a fold higher their TNF-α production.

TNF-α secretion was correlated with the CD25+ and
CD25+IL-10+ phenotype but not with the CD25-IL-10+ cells
(Supplemental data Figure 15). The PCA statistic confirms
once again that CD25+ and CD25+IL-10+ populations
were strongly correlated. In the tridimensional PCA
(Figure 4), TNF-α variations were considered as a principal
component; the concentrations of TNF-α were plotted with
different colors, against the CD25 and IL-10 parameters.
We can conclude that above the 100% increase of TNF-α,
both IL-10 and CD25/IL-10 phenotype are overexpressed.
Where the TNF-α is stationary towards the control values,
then IL-10 is negatively correlated with CD25+ expression.

The flower extract (3) has the most moderate effect, it
does not influence the T cells or monocyte activation or the
TNF-α production; the only enhancement of activation was
in B cells through the IL-10; therefore, the application of
these extracts as part of a potential cancer treatment should
not exhibit any unwanted effect on antitumor immunity.

There was a significant difference between green fruit
extract 4 and ripe fruit extract 5, even if their composition
is quite similar [26], the only notable difference being the
higher chlorogenic acid level in 5. Extract 4 activates via
IL-10 and not via CD25 the helper lymphocytes, deactivat-
ing the effector lymphocytes and monocytes. The only cell
population which could be activated through 4 was the B
subset, where the TNF-α production was also very high,
costimulating the B cell responsiveness. Following the
treatment with extract 5, the same outcome occurred at
a smaller scale.

3.2. Antitumoral Effect

3.2.1. Cytotoxicity Test. The toxicity of the M. aquifolium
bark (1), leaf (2), flower (3), green fruit (4), and ripe fruit
(5) extracts was assessed and quantified using the mathe-
matic parameter half inhibitory concentration IC50, which
represents the amount of compound necessary to eliminate
50% from the cells subjected to the treatment. Therefore, a
small IC50 value is a characteristic for the toxic compounds
(Table 2).

In vitro, extract 1 exhibited the best cytotoxicity, corre-
sponding to the smallest IC50 value in the whole series
(Table 2). This tendency was convergent in all cell lines, the
IC50 values being around 10μg/mL, which is a moderate
cytotoxicity according to the pharmacologic standards. Only
extract 1 displays a dose-response relationship which can be
described by the sigmoidal curve; in all the rest of extracts,
the sigmoidal curves are distorted, because none of the tested
concentrations was able to inhibit 100% of the cells (see sup-
plemental data Figure 16). This effect can be correlated to the
higher alkaloid content in the M. aquifolium bark extract
[26]. Even the highest concentration of the extract was not
able to inhibit 50% of the cells when the treatment was
made with extracts 3 (in all cell lines), 4, and 5 (each in two
cell lines); therefore, the IC50 values above 50μg/mL
provided by the biostatistics software are hypothetical
values, obtained by extrapolation.

The PCA statistics indicated few convergences in the
extract IC50 values, when all the cell lines were analyzed
(Figure 2(a)); A2780 and A375 outcome was well correlated,
since the two values are in the same quadrant. The best
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principal component analysis (PCA).

7Oxidative Medicine and Cellular Longevity



selectivity of the extracts was observed in the DLD-1 and BJ
contrast (Figure 2(b)).

Extract 2 has had the second-best cytotoxicity, but the
IC50 values were twice as big as in 1. Extract 3 presented
the lowest toxicity, while the IC50 values of 4 and 5 were
in-between. The extract 2, but especially 4, showed a good
selectivity towards the tumor cell lines, since in the normal
BJ skin cell line, its IC50 value was higher than in tumor cells,
which anticipate a lower toxicity towards normal skin fibro-
blasts following the administration versus the tumor cells
with lower IC50. The cytotoxicity was dependent on the
extracts and not on the cell type.

Based on the IC50 values (Table 2), for further testing, the
10μg/mL concentrations were used for each extract, ensuring
in this way a good proportion of living cells for the mechanis-
tic studies, even in the extract 1-treated cells.

3.2.2. The Protein Content of the Samples. In order to identity
the expression or production of certain molecules implicated
in apoptosis, intercellular communication, and tumor dis-
semination, two types of samples were collected: the superna-
tants to identify soluble proteins secreted by the treated cells
and cell homogenates, respectively, to identify the molecules
implicated in the intracellular signaling. The protein content
of the samples derived from supernatants and cell lysates was
measured (Table 3) as described in Materials and Methods.
The total protein concentration (μg/mL) itself is not an indi-
cator of cytotoxicity; instead, it was used to normalize the
quantity of the target proteins after they were measured by
immune-enzymatic methods (see supplemental data
Table 7 and Figure 17).

3.2.3. The Extrinsic Apoptosis Induction. The caspase cascade
is the basic apoptotic signaling pathway, involved in both
intrinsic and extrinsic apoptosis. Caspases are essential com-
ponents of the apoptotic process. Caspase-8 is an initiator
caspase of the extrinsic apoptotic pathway, while caspase-3
has an effector role, being activated by caspase-8 or other cas-
pases or chemokines.

Some of the studied M. aquifolium extracts were capable
to enhance the TNF-α expression in PBMC. On the extrinsic
apoptotic pathway, the TNF-α increase implicates the prote-
olysis or cleavage of caspase-8, which further can activate
caspase-3. Therefore, the intracellular level of these two cas-
pases was evaluated following the 24-hour in vitro treatment

of tumor (A2780, DLD-1, and A375) and normal (BJ) cell
lines with extracts 1-5. The active or cleaved form of the
two proteins is of interest in the apoptotic process, and the
increase of the cleaved caspase expression is known to be
an indicator of the apoptotic process (data provided byMeta-
core of Clarivate Analytics: Apoptosis Pathway Map, http://
pathwaymaps.com/maps/373).

The apoptotic process initiation through caspase-8 occurred
in all tumor cell lines for all extracts 1-5 (Figure 5), with statis-
tical significance in the 95% confidence interval (one-way anal-
ysis of variance, Dunnett posttest). In normal BJ cells, only
extract 1 effect was significant, but in the opposite direction,
meaning caspase-8 decrease. This indicates a selectivity of the
extracts regarding the cell death mechanism induction.

The caspase cascade was evolving through caspase-8
towards the programmed cell death, but not in all treatments,
or in all cell lines, the proapoptotic signal was propagated.
The active caspase-3 increased following the exposure to 1
in all tumor cell lines, and 2 induced and increased in
DLD-1 and A375 cells, and this denotes that the caspase cas-
cade was influenced by 1 and 2 to evolve towards the extrinsic
apoptotic pathway. In DLD-1 colon carcinoma, even 3, 4,
and 5 caused caspase-3 cleavage; therefore, it is very likely
the extrinsic apoptosis triggered by any of extracts 1-5 in K-
ras mutant aggressive DLD-1 cells. In BJ cells, only extract
2 augmented the caspase-3 expression.

It was found that berberine, the main alkaloid from M.
aquifolium extracts, mostly the bark extract, enhanced the
expression and activation of caspase-3 and caspase-8 in ovar-
ian cancer cells [57]. This finding may be an explanation for
the highest caspase activation by extract 1 with the most
important berberine content [30]. Once again, extract 1 was
constantly active against all cell lines and selective towards
normal BJ cells.

3.2.4. Modulation of Adhesion Molecules. The intracellular
adhesion molecule-1 (ICAM-1) and the vascular adhesion
molecule-1 (VCAM-1) are implicated in tumor growth,
extravasation, and dissemination. ICAM-1 is expressed on
fibroblasts, keratinocytes, endothelial cells, and leukocytes,
but also in many types of tumors [58]. ICAM-1 enhances
tumor cell adherence to endothelial cells favoring tumorigen-
esis [59]. Moreover, it was reported an association between
tumor relapse or drug resistance and ICAM-1 overexpression

Table 2: Half inhibitory concentrations (IC50) ofM. aquifolium extracts 1-5 on tumor and normal cell lines after 24-hour in vitro treatment,
expressed as median value ðμg/mLÞ ± standard error ðSDÞ of logIC50. The median values were extracted from the dose-response sigmoid
curve (logarithm of concentration versus growth inhibition percent, analysis performed with the GraphPad Prism 5 software) (see
supplemental data Figure 16).

Extract 1 Extract 2 Extract 3 Extract 4 Extract 5
Median values SD Median values SD Median values SD Median values SD Median values SD

DLD-1 9.67 0.05 14.26 0.07 56.05∗ 0.11 67.01∗ 0.08 32.63 0.10

A2780 12.72 0.06 22.59 0.08 72.23∗ 0.11 57.16∗ 0.09 52.59∗ 0.12

A375 15.76 0.05 19.85 0.06 70.89∗ 0.05 26.86 0.08 36.42 0.06

BJ 11.03 0.04 25.06 0.05 53.55∗ 0.15 102.81∗ 0.22 73.01∗ 0.11

The values above 50 μg/mL are hypothetical; they were obtained by extrapolation, given that the highest concentration used in the experiment was 50 μg/mL.
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[60]. In inflammation, VCAM-1 is predominantly expressed
on endothelial cells, but in cancer, it plays a dual role:
increases the ability to metastasize and rises tumor-
associated monocytes and macrophage recruitment. In
tumors like breast, renal, and gastric carcinoma, aberrant
VCAM-1 expression was found on tumor-associated vascu-
lature and on tumor cells. In other tumor-associated vessels

of some human malignancies has been reported downregula-
tion of ICAM-1 and VCAM-1 [58]. The soluble form of the
two proteins can act as biomarker in clinical diagnosis and
treatment follow-up, and generally, the elevated values indi-
cate a poor prognosis.

The extracts did not act identically against the ICAM-1
secreted by tumor cells (Figure 6). Extract 1 acts only on

Table 3: The protein content (μg/mL) of the supernatants and cell lysates harvested from the cell cultures after the 24-hour treatment
with 1-5.

Supernatant Cell lysate
Avg. SD Avg. SD

DLD-1 untreated 178.17 10.17 276.84 18.41

DLD-1 treated with extract 1 209.33 15.61 291.17 20.22

DLD-1 treated with extract 2 173.11 11.81 302.94 22.17

DLD-1 treated with extract 3 182.00 12.50 285.00 27.75

DLD-1 treated with extract 4 196.94 9.35 279.06 7.10

DLD-1 treated with extract 5 230.50 9.09 279.83 3.44

A2780 untreated 157.00 25.07 299.06 7.70

A2780 treated with extract 1 169.89 15.79 313.06 29.48

A2780 treated with extract 2 188.03 37.70 301.17 26.07

A2780 treated with extract 4 210.61 10.30 260.09 25.58

A2780 treated with extract 5 215.56 12.86 292.17 26.10

A375 untreated 261.61 36.76 269.75 41.13

A375 treated with extract 1 198.06 16.39 275.67 44.74

A375 treated with extract 2 203.94 17.70 278.67 36.06

A375 treated with extract 3 236.67 4.82 300.17 52.50

A375 treated with extract 4 212.11 15.89 275.34 20.98

A375 treated with extract 5 192.44 38.60 279.89 32.49

BJ untreated 199.50 21.36 274.39 26.58

BJ treated with extract 1 207.45 1.11 281.09 0.83

BJ treated with extract 2 197.78 31.59 283.34 12.96

BJ treated with extract 3 174.67 14.78 296.44 15.59

BJ treated with extract 4 214.17 5.20 268.06 32.07

BJ treated with extract 5 212.61 17.74 191.61 14.43
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Figure 5: The intracellular level of the active initiator caspase-8 and the effector caspase-3 following the in vitro treatment with extracts 1-5.
↑Significant increase of caspase-8 or caspase-3 level; ↓significant decrease of caspase-8 or caspase-3 level compared with the untreated control.
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DLD-1 cells, generating a significant drop of ICAM-1; 3
influenced only the A375 cell line, while 4 and 5 were efficient
in DLD-1 cells.

The extracts 1-5 were more active against VCAM-1, and
in this case, extract 1 was capable to reduce the VCAM-1
secretion in all tumor cell lines (A2780, DLD-1, and A375).
Extract 2 and even the less active extract 3 reduced VCAM-
1 in DLD-1 and A375 cells.

Interestingly, all extracts have had an inhibitory effect
against the ICAM-1 and VCAM-1 secreted by BJ normal fibro-
blasts in vitro. This property could be used to initiate further
studies, since the elevated ICAM-1 or VCAM-1 levels are a
characteristic of benign skin disorders; therefore, theM. aquifo-
lium extracts gain a new perspective for future applications.

The PCA model is a useful tool to examine the multifac-
eted biologic effect of many natural extracts [61]. This
method highlighted the relationship between the 1-5 extract
capacity to trigger apoptosis and to influence the adhesion
molecules which give the tumor cells the capacity to migrate
(Figure 7): for strong VCAM-1 increase, up to 380 units, the
expression of caspase-3 and ICAM-1 was directly propor-
tional, while to a moderate increase of VCAM-1, the two
parameters were divergent. VCAM-1 could increase up to
400 units, or it could be diminished up to 800-unit weight
against the untreated controls in different tumor cell types,
at the same time as the correlation remains indirect between
ICAM-1 and caspase-3 (Supplemental data Figure 18).

3.2.5. The Effect on Matrix Metalloprotease-9 (MMP-9).
MMPs, synthesized by neoplastic and stromal cells, are
zinc-dependent proteases, which play a role in extracellular
matrix remodeling and cancer progression, invasion, and
metastasis. Because MMP-9 has been found overexpressed
in tumor tissues compared with the adjacent nontumor
tissues, it can be a prognostic molecular biomarker [62].
Against MMP-9 overexpression, the best cytotoxic extracts
1 and 2 do not act in a significant manner, and 3 as well
has no effect (Figure 8). The only exception is 1, which was
able to inhibit MMP-9 in melanoma cell A375. Instead,

extracts 4 and 5 were more active against the MMP-9 over-
growth. Extract 5 inhibited MMP-9 in all tumor cell lines,
while 4 was active only in A2780. In normal BJ cells, none
of the treatments caused significant drop in MMP-9 levels.

Following to the treatment with 1-5 if MMP-9 values
were amplified (above 12 units), then ICAM-1 and VCAM-
1 were both elevated (Figure 9). Instead, if MMP-9 secretion
was moderate, below 10 units, one of variables ICAM-1 and
VCAM-1 has increased, simultaneously with the decline of
the other parameters.
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Figure 6: The modulation of adhesion molecules ICAM-1 and VCAM-1 implicated in the cancer cell extravasation and metastasis. ∗

Significant decrease of ICAM-1 or VCAM-1 following the 24-hour treatment with 1-5, compared with the untreated control.
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4. Conclusion

In conclusion, the extracts 1-5 have good potential to
become TME modulatory agents, similar with other
Mahonia extracts [27] described before, due to the immu-
nomodulatory and antitumoral effects. Extract 1 should be
employed carefully, and further tested, to estimate whether
the increase of the regulatory helperCD4+cell level is counter-
balanced with the tumor-suppressing mechanisms in vivo.

The extracts 2, 4, and 5 are more suitable to activate the effec-
tor CD8+ cells, the monocytes, and B cells, and the utilization
of 3 more likely will substantially benefit together with other
active compounds, since it will give no secondary effects in
the case of systemic administration, together with the
standard antitumor drugs or alone. The M. aquifolium
extracts also exhibited amoderate cytotoxicity on tumor cells.
Among them, extract 1 was prominent as regards the antipro-
liferative capacity. We demonstrated for the first time that at
subcytotoxic concentrations, the tumor cell lines subjected
to 1-5 undergo changes in the signaling pathways linked to cell
adhesion, proliferation, migration, and apoptosis (Table 4,
Figure 9). These results open perspectives to further investiga-
tion of theM. aquifolium extract prodrug potential.
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The role of ROS and RNS is a long-standing debate in cancer. Increasing the concentration of ROS reaching the toxic threshold can
be an effective strategy for the reduction of tumor cell viability. On the other hand, cancer cells, by maintaining intracellular ROS
concentration at an intermediate level called “mild oxidative stress,” promote the activation of signaling that favors tumor
progression by increasing cell viability and dangerous tumor phenotype. Many chemotherapeutic treatments induce cell death
by rising intracellular ROS concentration. The persistent drug stimulation leads tumor cells to simulate a process called
hormesis by which cancer cells exhibit a biphasic response to exposure to drugs used. After a first strong response to a low dose
of chemotherapeutic agent, cancer cells start to decrease the response even if high doses of drugs were used. In this framework,
β3-adrenoreceptors (β3-ARs) fit with an emerging antioxidant role in cancer. β3-ARs are involved in tumor proliferation,
angiogenesis, metastasis, and immune tolerance. Its inhibition, by the selective β3-ARs antagonist (SR59230A), leads cancer cells
to increase ROS concentration thus inducing cell death and to decrease NO levels thus inhibiting angiogenesis. In this review,
we report an overview on reactive oxygen biology in cancer cells focusing on β3-ARs as new players in the antioxidant pathway.

1. Reactive Oxygen Nitrogen Species

Reactive species or free radicals include reactive oxygen and
nitrogen species collectively and are termed reactive oxygen
nitrogen species (RONS).

Oxygen metabolism generates highly reactive molecules
called reactive oxygen species (ROS). ROS production results
in normal cellular metabolism. Free radical is defined as a
molecule with unpaired electron in the outer shell such as
superoxide anion (·O2

−) or hydroxyl radicals (·OH) and
nonradicals such as hydrogen peroxide (H2O2) [1]. Reac-
tive nitrogen species (RNS) is the subclass of RONS that
contain nitrogen compounds such as nitric oxide (·NO),
peroxynitrite (·ONOO), and nitrogen dioxide (NO2) [2].

1.1. Reactive Oxygen Species. Intracellular ROS are mainly
generated in the mitochondria through activation of redox
reactions catalyzed by specialized enzymes of electron
transporter chain (ETC) where small amounts of oxygen

are univalent and reduced into free radicals [3, 4], to pro-
duce cellular energy (adenosine triphosphate or ATP) [5]
(Figure 1). Reduction of nicotinamide adenine dinucleo-
tide (NADH) and flavin adenine dinucleotide (FADH2),
which work as electron carriers, transfers the electron
through the ETC. Subsequently, during oxidative phos-
phorylation, cytochrome c oxidase (COX or Complex
IV) acts as the final acceptor of these electrons and cata-
lyzed the tetravalent reduction of molecular oxygen (O2)
into water (H2O) [6]. During this process, there is a nonfully
efficient coupling between respiration and phosphorylation
leading to proton and electron leaks. Ubisemiquinone, a
component of Complex I in the mitochondria, represents
the main site of electron leak leading to the generation of
superoxide anions.

ROS could also be generated in response to growth fac-
tors, cytokines, or G protein-coupled receptor (GPCR) ago-
nists through the activation of transmembrane enzymes
called NADPH oxidase (nicotinamide adenine dinucleotide
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phosphate oxidase or NOX) family existing in different
isoforms, widely distributed in different cell types [7]. Five
NOX proteins have been evidenced and two further
enzymes called Dual Oxidase (DUOX), containing a
peroxidase-like domain [8, 9]. NOX are composed of six
different subunits that interact to form an active enzyme
complex. NOX catalyzes the production of a superoxide
free radical by transferring one electron to oxygen from
nicotinamide adenine dinucleotide phospate oxidase
(NADPH). During this process, O2 is transported from
the extracellular space to the cell interior and H+ is
exported [10]. O2 has a short life, and it is dismutated fast
in H2O2 spontaneously or enzymatically by the superoxide
dismutase enzyme (SOD). Once generated, H2O2 preferen-
tially enters the cell through specific plasma membrane
aquaporin channels [11], activating different signaling.

At physiological condition, ROS have important roles
in normal cellular functions, regulating different intercellu-
lar signaling pathways such as fighting against infection,
facilitating normal maturation and fertilization in repro-
ductive systems [1, 4, 12–15]. Depending on their concen-
tration, ROS could trigger different intracellular pathways,
thus leading to the activation of survival mechanisms or to
the priming of the cell death program. ROS can reversibly
oxidize target molecules such as cysteine (Cys) residues of
phosphatases, increasing the level of protein phosphoryla-
tion. The oxidation of critical thiols is centrally involved
in the transmission of a redox signal initiated by a protein
modification of some amino acid side chains, such as Cys,
methionine (Met), proline (Pro), histidine (His), and tryp-
tophan (Trp) [16].

Redox homeostasis is maintained by the induction of a
cell signaling cascade that controls ROS production and
scavenging ability that efficiently maintain a stable concen-
tration [17]. ROS production higher than physiological
conditions induces temporary expression of many antioxi-
dant molecules [5]. If the ROS increase is quite small, the
antioxidant response can be able to balance the augmenta-
tion of ROS levels and restore the equilibrium between ROS
production and scavenging ability. On the other hand, per-

sistent cellular high ROS levels can lead to pathological
conditions such as diabetes, neurodegenerative disorder,
and cancer onset [18]. The first defense of endogenous neu-
tralization of ROS is represented by enzymes such as SOD,
catalase (CAT), and glutathione peroxidase (GPx). The
nonenzymatic protection consists of different compounds
such as glutathione (GSH), vitamin A, vitamin C, vitamin
E, zinc, and selenium [19]. Among the enzymatic antioxi-
dants, SODs convert ·O2

− to less reactive H2O2, CAT
reduces H2O2 to H2O and O2, and GPx eliminates H2O2
using reducing power derived from GSH. Other important
defensive mechanisms and mediators of redox signaling
are represented by the peroxiredoxin (Prx), the thioredoxin
(Trx), and the glutathione/glutaredoxin systems (GSH/Grx)
[20–27]. Many cytoprotective enzymes, in response to reac-
tive chemical stress, are regulated primarily at the tran-
scriptional level. This transcriptional response is mediated
by elements termed ARE (antioxidant response elements),
initially found in the promoters of genes encoding the two
major detoxification enzymes, glutathione S-transferase A2
(GSTA2) and NADPH quinone oxidoreductase-1 (NQO1).
ARE binding increases the synthesis of many ARE-
dependent antioxidant enzymes in different cells, such as glu-
tathione reductase (GR), GPx, glutaredoxin (Grx), thiore-
doxin reductase (TrxR), heme oxygenase-1 (HO-1), and
peroxiredoxin 1 (Prx-1).

The intracellular antioxidant defense in response to
elevation of ROS content is regulated also by the nuclear
factor erythroid 2-related factor 2 (Nrf2)/Kelch-like ECH-
associated protein 1 (Keap1) pathway [28]. Keap1 is a
cytosolic protein rich in cysteine residues that inhibits
Nrf2 function through its binding, if cysteine residues are
oxidized as a consequence of a change in the electrophilic
balance Nrf2 is released and activated. In this active form,
Nrf2 translocates into the nucleus and binds ARE located
within the gene regulatory regions thereby regulating the
expression of many target genes [29]. The GSH system
and Prx-1 are two mechanisms whose expression is acti-
vated by Nrf2. Prxs are a highly conserved family of per-
oxidases that reduce peroxides, with a conserved cysteine
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Figure 1: Schematic representation of ROS species within a cell.
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residue, serving as the site of oxidation by peroxides. The
peroxidase activity of Prx towards hydroperoxides and
peroxynitrite, produced as a result of normal cellular metab-
olism in the cytosol, is critical to protect cellular components
from oxidative damage [30].

HO are enzymes involved in heme catabolism; in
humans, three isoforms of heme oxygenase are known.
HO-1 is a stress-induced isoform present throughout the
body with the highest concentrations in the spleen, liver,
and kidneys and catalyzes the reduction of heme to biliver-
din (BV), carbon monoxide, and ferrous ions in the presence
of NADPH and oxygen. Biliverdin is subsequently converted
to bilirubin (BR) by biliverdin reductase (BVR). Both BV
and BR function as ROS scavengers. HO-1 expression is
induced by oxidative stress and plays several roles in oxida-
tive balance; in particular related to vasculature and diabetes
[31], indeed, HO-1 knockout mice exhibit high susceptibility
to hypertension [32].

1.2. Nitric Oxide. NO is a labile molecule involved in various
physiological functions including vasodilatation and control
of blood pressure [33], neurotransmission [34], immune
response [35], and smooth muscle relaxation [36]. NO is pro-
duced from the metabolism of the amino acid L-arginine by
nitric oxide synthases (NOS). There are three different NOS
isoforms that differ in localization, regulation, and catalytic
properties. Neuronal NOS (nNOS or type I NOS) and endo-
thelial NOS (eNOS or type III NOS) are constitutively
expressed (cNOS), while the other isoform is inducible and
thus termed inducible NOS (iNOS) [33]. All NOS enzymes
are homodimers. Each monomer contains a C-terminal
reductase domain (NOSred) that binds NADPH, flavin ade-
nine dinucleotide (FAD), and flavin mononucleotide
(FMN) and a N-terminal oxygenase domain (NOSoxy) that
contains the binding site for the cofactors cytochrome P-
450-type heme and (6R-)5,6,7,8-tetrahydrobiopterin (BH4)
and for the substrate L-arginine. NOS contain a zinc tetra-
thiolate cluster which consists in a zinc ion coordinated to
two Cys residues in a CysXXXXCys motif, involved in BH4
and L-arginine binding to facilitate NOS dimerization. Bind-
ing of NADPH to the NOSred domain induces the electron
transfer from NADPH to the heme-containing oxygenase
domain, via reduction of FAD and FMN, with lower capacity
to reduce O2 to O2

-. The binding between Ca2+ and calmod-
ulin (CaM) induces a conformational change of the FMN
subdomain in proximity of the heme-containing oxygenase
domain, and the electron transfers from FMN to the heme
of the opposite monomer, thus explaining why monomeric
NOS enzymes are inactive. The oxygenase domain can also
bind to BH4 and L-arginine which stabilize the dimeric form
of NOS though the heme domain coupling and promote the
efficient O2 reduction and NO production. NOS synthesize
NO by two different oxidation steps. In the first step, NOS
oxidize L-arginine to Nω-hydroxy-L-arginine (L-NOHA),
and in the second step, the enzyme oxidizes L-NOHA to L-
citrulline and NO. BH4 provides the stabilization of the
charge by the recruitment of an electron from the heme iron
with subsequent release of NO out of the active site. nNOS
and eNOS can be activated by Ca2+ and CaM to generate

and release a small amount of NO. iNOS, by contrast, is pri-
marily regulated at the transcriptional level, and it is only
induced when the cell is stimulated by immunological signals
such as proinflammatory cytokines (i.e., tumor necrosis fac-
tor-α, interleukin-1β, and interferon-γ), bacterial lipopoly-
saccharide (LPS), or infection, generating a larger amount
of NO to contrast pathogen invasion. nNOS is mostly local-
ized in specific neurons of the central nervous system and
has been implicated in synaptic plasticity, learning, memory,
and neurogenesis. Besides brain tissues, nNOS has been
found in the spinal cord, skeletal and cardiac myocytes, pan-
creatic islet cells, sympathetic ganglia and adrenal glands,
parasympathetic ganglia, kidney macula densa cells, periph-
eral nitrergic nerves, and epithelial cells [37]. In the periph-
eral nervous system (PNS), NO acts as a neurotransmitter
decreasing the tone of various types of smooth muscle
including corpus cavernosum [38] and blood vessels [39].
Nevertheless, abnormal NO production, due to an overex-
pression or dysregulation of nNOS, leads to toxic effects that
are associated with some human diseases such as septic
shock, cardiac dysfunction, diabetes, and cancer [40]. eNOS
is primarily expressed not only in endothelial cells [41] but
also in platelets, cardiac myocytes, and neurons [39]. NO
generated by eNOS is responsible to regulate cellular pro-
cesses including vasodilation [42, 43] and inhibition of plate-
let aggregation and adhesion [44–46], control of vascular
smooth muscle proliferation [47], angiogenesis [48, 49], acti-
vation of endothelial progenitor cells [50, 51], and inhibition
of leucocyte adhesion and vascular inflammation [52, 53].
Besides Ca2+-CaM-mediated activation, eNOS can interact
with several other proteins like heat shock protein 90
(Hsp90) and caveolar coat protein caveolin-1 (Cav-1) which
activate and repress the enzyme activity respectively [54–56].
Moreover, eNOS can be activated and regulated by phos-
phorylation on serine (Ser) residues and, to a lesser degree,
on tyrosine (Tyr) and threonine (Thr) residues. Phosphor-
ylation of Ser1177 and dephosphorylation of Thr495 stim-
ulate the increase of the intracellular concentration of
Ca2+, resulting in eNOS activation [41, 57, 58], while Tyr
phosphorylation is associated with a decrease in catalytic
activity [55]. In particular, the involvement of Thr495-
dephosphorylation in the uncoupling of eNOS has been
reported and is due to an increase in ROS production
and oxidative stress that lead to several human pathology
such as atherosclerosis, ischemia, diabetes, and hypertension
[57, 59]. ROS production in oxidative stress leads to the pro-
duction of O2

− instead of NO with oxidation of BH4 [60, 61],
depletion of L-arginine [62, 63], and S-glutathionylation of
eNOS [64], resulting in NO reduction and increase of oxida-
tive stress. iNOS is mostly expressed in macrophages to pro-
tect against pathogens; thus, it is critical for the inflammatory
response and the innate immune system, but iNOS is also
expressed potentially in any cells or tissues following stimula-
tion [65]. The binding of NO to the iron in the catalytic sites
of the enzymes and the interference with the DNA of target
cells lead to the inhibition of enzymes involved in the princi-
pal physiological functions (i.e., citric acid cycle, DNA repli-
cation, and ETC) [66] and DNA fragmentation respectively
[67, 68]. In addition to eNOS, iNOS activity can be
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modulated by mutations in amino acid residues. Arg375
mutation of BH4 in the NOSoxy domain and Phe831 and
Leu832 in the NOSred domain result in the decrease of iNOS
activity [69, 70]. Higher levels of NO produced by iNOS of
macrophages can lead to cellular and tissue damage and sep-
tic shock which is characterized by vasodilatation, microvas-
cular damage, and hypertension [71]. Recently, the presence
of a mitochondrial NOS (mtNOS) has been evidenced, and it
seems to be involved in the regulation of mitochondria and
cellular functions in various type of tissues [72]. Mitochon-
dria can produce and consume NO which stimulates
mitochondrial biogenesis, through cGMP upregulation of
transcriptional factors. In particular, NO inhibits mitochon-
drial respiration by binding the binuclear center of cyto-
chrome c oxidoreductase (Complex III), leading to the
inhibition of the enzyme activity with consequent inhibition
of electron transfer and increase in O2

− production [73, 74].

2. ROS and Cancer

Increased levels of ROS have long been associated with dif-
ferent types of cancer, where they play a central role in can-
cer onset and progression [75]. Cancer cells maintain ROS
level lightly higher than physiologic control, activating
pathways that lead to cancer progression and metastases,
and this state is called “mild oxidative” stress. The damages
derived from oxidative stress include genome instability
and consequently the increase of oncogenic mutations, loss
of tumor suppressors, and changes in cancer cell metabo-
lism [76]. At an advanced stage, cancer cell ROS-derived
mutations lead to additional ROS generation by further
supporting cancer progression. A hypoxic microenviron-
ment has been described to play a central role in the
increase of ROS in tumor, through the activation of the
hypoxia-inducible factor 1 alpha (HIF-1α) and its target
genes. In cancer cells, hypoxia leads to the activation of dif-
ferent genes that control cellular growth, survival, and pro-
liferation. The increased rate of ROS production during
cancer is mainly caused by a high metabolic rate in
mitochondria, endoplasmic reticulum, and cell membrane.
Hypoxia and metabolic changes lead to respiratory and
mitochondria dysfunctions by impairing ETC, lowering
coupling efficiency, and increasing electron leakage [18].
To maintain high energy levels, cancer cells switch their
metabolism, enhancing glycolytic rate and lactic acid fer-
mentation even in the presence of oxygen, thus increasing
mitochondrial ROS production. During hypoxic exposure,
many growth factors and cytokines are produced and the
activation of the relative pathways leads to the upregulation
of NOX and consequent increase of ROS, thus affecting
survival pathways such as the PI3K/Akt, RAF/ME-
K/ERK1/2, and JAK/STAT pathways downstream of both
growth factor stimulation and oncogene activity [77]. Vas-
cular endothelial growth factor (VEGF), under hypoxia,
activates NOX and mediates ROS production leading to
amplification of pathways involved in endothelial cell pro-
liferation and angiogenesis [78]. An upregulated expression
of NOX proteins has been evidenced in many cancer cell
types. [79]. ROS produced in transformed cells allow cancer

cells to activate c-Myc oncogene [80], leading to cancer pro-
gression and metastasis. To prevent the increase of ROS
and maintain redox balance, cancer cells increase their anti-
oxidant ability; in this way, cancer cells maintain ROS at a
mild level thus enhancing protumorigenic signaling path-
ways without inducing cancer cell death. Compared with
normal cells, cancer cells have an altered redox environ-
ment, with a high rate of ROS production counter balanced
by a high rate of ROS scavenging [81]. A recent evidence
suggests that modifying the levels of ROS by the action of
antioxidants or prooxidants could modulate tumor growth.
A mild concentration of ROS yields cancer cells vulnerable
to further ROS increase strongly dependent on their antiox-
idant defenses. On the other hand, exacerbate oxidative
stress leads to cell apoptosis by direct or indirect ROS-
mediated damage of proteins, lipids, and nucleic acids.
Antioxidants are the first response of cells to neutralize
ROS and survive. Many enzymes including CAT, SOD,
GPx, and ETC enzymes are responsible for the transforma-
tion of free radicals into more stable and less damaging
molecules. Many nonenzymatic antioxidants work as a
ROS scavenger in cancer cells such as β-carotene and vita-
mins A, E, and C [82]. In addition, redox-sensitive tran-
scription factors, including Nrf2 and HIF-1α, could also
be activated to improve the action of antioxidants as well
as to trigger the elevation of cell survival molecules such
as the antiapoptotic protein Bcl-2 (B-cell lymphoma 2)
and AKT (protein kinase B or PKB) [25]; the adaptive
mechanism established by cancer cells in ROS response
activates resistance to different cancer treatments. It has
been reported that the increased antioxidant pathways
driven by Nrf2 are involved in cancer progression [83–
85]. However, the role of ROS in cancer is not one-sided.
Notably, antioxidant enzyme-deficient cancer cells have less
ability to form tumors in experimental mouse models. It
has been reported that continuous antioxidant enzyme
activity maintains metabolic activity and anchorage-
independent growth in breast cancer cells. Thus, inhibiting
antioxidant enzyme activity may be an effective strategy to
enhance susceptibility to cell death in cancer cells [86].
CAT expression is modified in cancer cell lines that become
resistant to chronic exposures to H2O2 [87, 88] or to certain
chemotherapeutic agents such as doxorubicin [89–92].
Although mechanisms controlling CAT expression have
been partially elucidated, the decreased CAT expression in
cancer cells still remains an unanswered question. Chemo-
therapeutic agents lead to an exuberant increase of ROS
content leading to induction of cellular damage and apo-
ptosis of cancer cells by evoking toxicity. Depending on
the tumor type, this goal can be reached by chemotherapy
or radiation therapy [93]. Alkylating agent (alkyl sulfonates,
ethyleneamines, and hydrazines), anthracyclines (doxorubi-
cin and doxorubicin), platinum coordination complexes
(cisplatin, carboplatin), podophyllin derivatives (etopo-
sides), and camptothecins (irinotecan, topotecan) increase
free radical production [94–97]. Many cytoprotective
enzymes, in response to reactive chemical stress, are regu-
lated primarily at the transcriptional level. This transcrip-
tional response is mediated by ARE that control the
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expression of two major detoxification enzyme genes,
GSTA2 and NQO1. Many cancer cells become resistant to
chemotherapeutic agents by activating antioxidant
response. This phenomenon is similar to hormesis, a pro-
cess in which exposure to a low dose of a chemical agent
is damaging at higher doses, induces an adaptive beneficial
effect on the cell following an initial disruption in homeo-
stasis [98].

3. NO and Cancer

Besides the signaling role in the neuronal, cardiovascular,
and immune systems, NO is also involved in the pathogene-
sis and progression of different cancer types. A dual role of
NO in cancer, depending on its localization and concentra-
tion, has been reported. At low concentration, NOmodulates
angiogenesis, cell cycle progression, apoptosis, invasion, and
metastasis, while at higher levels, it acts as an antioncogenic
agent promoting DNA damage, cytotoxic effects, oxidative
stress, and apoptosis [99, 100]. The continuous production
of NO by iNOS, is regulated by the tumor suppressor gene
p53, which inhibits the enzyme through a negative feedback
mechanism that is involved in cancer progression [99]. Sev-
eral studies report the implication of iNOS in cancer. iNOS
overexpression in prostate cancer cells and thyroid cancer
demonstrates an anticancer effect due to cell death induction
[101] and the inhibition of tumorigenesis [102], while in gas-
tric cancers, hepatocellular carcinoma, melanoma, leukemia,
and osteosarcoma, iNOS expression correlates with tumor
progression and with the degree of malignancy [103]. Never-
theless, lower iNOS expression has been reported to promote
pancreas cancerogenesis and liver metastasis [104]. NO can
cause DNA damage by three different mechanisms: (i) inhi-
bition of the DNA repair enzyme; (ii) direct DNA modifica-
tions, causing base deamination, nitration, and oxidation
[105]; and (iii) formation of mutagenic species [106]. In par-
ticular, the inhibitory effect of NO on DNA repair represents
the principal mechanism of inflammation in cancer [107].
The role of NO in angiogenesis is well-established, a critical
event that promotes neovascularization and subsequently cell
proliferation and tumor progression. NO stimulates the
mediators of angiogenesis such as epidermal growth factor
receptor (EGFR) [108], VEGF [109], and cyclooxygenase-2
(COX-2) signaling pathways that stimulate the synthesis of
proangiogenic factors [110]. However, VEGF can stimulate
eNOS itself by the activation of tyrosine kinase and protein
kinase C (PKC) signaling [111], promoting angiogenesis in
various cancer types [112, 113]. Moreover, ROS and RNS
production during inflammation can cause DNA damage
ad mutations that lead to cancerogenesis [114]. NO has been
shown to play important role in modulating apoptosis
through posttranslational modification, with proapoptotic
or antiapoptotic effects, depending on NO concentration
and the types of cells that are involved [115]. In general,
lower concentration of NO can protect from apoptosis,
while high concentration induces apoptosis [116]. The
principal antiapoptotic effects exerted by NO in the mito-
chondrion are the inhibition of caspase-3 expression [117].
S-Nitrosylation of the Cys in the catalytic site of caspase-3

prevents the cleavage of the procaspase-3 to activated cas-
pase-3, occluding the release of cytochrome c, resulting in
apoptosis inhibition [118]. Conversely, S-nitrosylation on
the heme iron of cytochrome c released in the cytosol induces
caspase-3 activation and apoptosis [119]. NO secreted by
iNOS activation induces Fas/CD95-tyrosine nitration (death
receptor), preventing CD95-tyrosine phosphorylation lead-
ing to an antiapoptotic effect [120]. It has been reported that
NO participates in cancer progression and invasion by
inducing epithelial-to-mesenchymal transition (EMT). NO
mediates the upregulation of E-cadherin expression, a cell
adhesion molecule expressed in the early stage of EMT
[121], and impairs the expression of matrix metalloprotein-
ase 2 and matrix metalloproteinase 9 (MMP-2 and MMP-
9) which have a central role in the remodeling of extracellular
matrix and invasion [122]. Recently, NO has been reported
to have a pivotal role in the immune system acting like an
immunosuppressive messenger in the tumor microenviron-
ment. NO may induce immunosuppression by decreasing T
cell-mediated antitumoral responses [123, 124], promoting
the recruitment and activation of myeloid-derived suppres-
sor cells (MDSCs) [125] and inducing the acquisition of stem
features by cancer cells as a mechanism to escape from the
immune system [126].

4. β-Adrenergic Receptors

β-Adrenergic receptors (β-ARs) play an important role in a
wide range of physiological responses mediated by catechol-
amines: adrenaline (A) and noradrenaline (NA). β-ARs
belong to the GPCR family which consists of 7-membrane-
spanning α-helical segments and an intracellular heterotri-
meric G-protein complex (Gαβγ). The receptor molecule also
includes an extracellular N-terminal domain and a cytosolic
C-terminal tail, which contains phosphorylation sites for
GPCR kinases. Ligand binding induces a conformational
change in the receptor that allows the intracellular part of
the receptor to couple with a G-protein leading to the
exchange of guanosine diphosphate (GDP) with guanosine
triphosphate (GTP) and dissociation of the G-proteins into
active Gβγ and Gα subunits. The downstream effects of
GPCR activation are determined by the type of Gα subunit
(Gα.S, Gα.I, Gα.q, and Gα.12) that is coupled to the receptor.
There are three subtypes of β-ARs: β1-ARs, β2-ARs, and
β3-ARs. β1-ARs are found primarily in the striatum car-
diac muscle, juxtaglomerular apparatus, and adipocytes.
β1-ARs activation lead to positive cardiac ionotropic and
chronotropic effect antagonist, increasing heart rate and con-
tractility, while in the kidneys, juxtaglomerular cells and adi-
pocytes stimulate renin secretion and lipolysis respectively
[127]. β2-ARs show a greater binding affinity to noradrena-
line instead of adrenaline. β2-ARs are present on the gastro-
intestinal and bronchial smooth muscle cells, skeletal muscle
cells, and liver. Activation of β2-ARs causes bronchodilation
and general muscle relaxation, redirecting blood flow and
mobilizing energy stores [128]. In addition, β2-ARs are
expressed in multiple immune and nonimmune cells with a
role in immunoregulation and immune response [129, 130].
β2-ARs activation is also associated with cancerogenesis
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[131–134] and EMT in melanoma, breast cancer, gastric
cancer, prostate cancer, and colorectal adenocarcinoma
[135–137]. β3-ARs are located primarily in the small
intestine, adipose tissue (both brown and white), and vas-
cular endothelium [138].

4.1. β3-Adrenergic Receptors. Since their discovery in 1989
[139], it seemed clear that β3-ARs have important physiolog-
ical implication, including modulation of metabolism
through the regulation of the adrenergic β-oxidation of fatty
acids in adipocytes [140], vasodilation and relaxation to car-
diac contractility [141], and relaxation of the smooth muscle
cells of the detrusor muscle in the urinary bladder [142]. β3-
ARs differ from β1- and β2-ARs for molecular structure and
pharmacological profile, and this leads to support differential
intracellular signaling. In fact, the serine (Ser) and threonine
(Thr) residues at the C-terminus region in β1- and β2-ARs
that are subjected to GPCR kinase- (GRK-) mediated regula-
tion through phosphorylation and the consensus sequence
for protein kinase A (PKA) are absent in β3-ARs [143].
Recently, several studies have reported that β3-ARs effects
are either similar or opposite to β1- and β2-ARs stimulation
due to the type of Gα subunits they are coupled to. In the
brown adipose tissue (BAT), β3-ARs can activate Gαs (activa-
tor subunit) signaling [144] promoting lipolysis and thermo-
genesis by activation of the mitochondrial uncoupling
protein 1 (UCP1) which uncoupled mitochondrial oxidative
phosphorylation leading to a proton conductance pathway
across the inner membrane and increasing the energy utiliza-
tion [145]. Otherwise, in the ventricular myocardium, β3-
ARs are coupled with Gαi (inhibitory subunit) proteins
[146] which increases NO production through activation of
eNOS leading to inhibition of cardiac contraction unlike
β1- and β2-ARs [147]. High β3-ARs expression was also
found in retinal diseases like retinopathy of prematurity
(ROP) [148]. Hypoxia induces an increased release of NA
and upregulation and activation of β3-ARs which promotes
migration, invasion, and proliferation of human retinal cells
[149], suggesting that the β3-ARs agonism induces prolifera-
tion of vessels in retinopathies through NO production and
the accumulation of cyclic GMP (cGMP), which increases
the release of VEGF [150]. Ischemic and hypoxic condition
is also present in the tumor microenvironment and deter-
mines the release of NA from the sympathetic nervous sys-
tem (SNS). As a result, the β3-ARs expressed by tumor cells
and endothelial cells are activated, increasing the production
of NO, which in turn modulates the release of VEGF, leading
to final effects such as vasodilation, angiogenesis, inflamma-
tion, and metastasis [151].

Moreover, β3-ARs activation mediates relaxation of the
smooth muscle of urinary bladder [142] and affects the
function of the urothelium [152]. There are several reports
that show two different mechanisms of β3-ARs activation.
The first consists in the activation of adenylyl cyclase
(AC) with the subsequent formation of cyclic adenosine
monophosphate (cAMP) with a small involvement of this
pathway in bladder relaxation. Supporting evidences
showed that β3-ARs can also stimulate large conductance
Ca2+-activated K+ (BKCa) channels in bladders, and this

second mechanism is well established and can mediate
relaxation of detrusor smooth muscle [153]. In the last
few years, Mirabegron, the first β3-ARs agonist, has been
developed. Mirabegron has been approved for its pro-
nounced effect on reducing the bladder tone and the detru-
sor muscle in vitro in the OAB syndrome [154].

4.2. β3-Adrenergic Receptors and Cancer. The relationship
between β-ARs and cancer initiation and progression,
including inflammation, angiogenesis, cell motility and traf-
ficking, apoptosis/anoikis, cellular immune response, and
EMT, has been well established. Over the years, several stud-
ies showed the overexpression of β-ARs across multiple can-
cer types and the clinical efficacy of pharmacological
inhibition of the β-ARs with beta blockers as anticancer
agents, supporting the evidence that β-blockers contribute
to improve survival and decrease tumor proliferation and
progression in multiple cancer types [155–158]. β1- and
β2-ARs are expressed higher in non-small-cell lung cancer
[159, 160], pancreatic cancer [161, 162], breast cancer [163,
164], ovarian carcinoma [165, 166], colorectal carcinoma
[167], prostate cancer [168], and melanoma [169], while
β3-ARs are detected in colon and breast cancer [155, 170],
vascular tumors [171], human leukemia cells [172] and at
very highly levels in melanoma [173]. In the last few years,
numerous reports elucidated the involvement of β3-ARs in
melanoma initiation and progression and the potential role
of β3-ARs blocking to contrast tumor cells proliferation. In
particular, it has been reported that the treatment with the
specific β3-ARs antagonist SR59230A is effective in reducing
melanoma angiogenesis and growth and in inducing apopto-
sis [174]. Besides the key role of β3-ARs in melanoma cancer
cells, these receptors are also expressed in the melanoma
microenviroment, such as cancer-associated fibroblast
(CAF), endothelial cells, and macrophages, promoting secre-
tion of proinflammatoy cytokines and de novo angiogenesis
[173]. Calvani et al. also showed that β3-ARs are able to pro-
mote metabolic switch towards aerobic glycolysis by the
induction of mitochondrial uncoupling protein 2 (UCP2),
leading to proliferation of melanoma cells [175]. Recently,
there has been a new role of β3-ARs reported in the regula-
tion of melanoma immune-tolerance by increasing the num-
ber of cytotoxic immune cells, such as natural killer (NK) and
CD8 T (CD8) cells, and by decreasing MDSC and regulatory
T cells (T-reg) subpopulations [176]. Moreover, the protu-
moral role exerted by the β3-ARs has been recently con-
firmed in neuroblastoma (NB). In particular, β3-ARs
blockade is able to switch from stemness features to a neuro-
nal differentiation phenotype in NB cells, leading to a strong
tumor growth reduction [177] (Figure 2).

5. Antioxidant Effects of the β3-ARs

The role of β3-ARs as antioxidants (Figure 2) has recently
been evidenced in different studies. In the work of Yoshioka
et al. [178], researchers showed that treatment of human
astrocytoma U-251 MG cells with NA leads to an increase
in the intracellular GSH concentration by inducing GCLc
(Glutamate-Cysteine Ligase Catalytic Subunit) protein. In
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astrocytes, GSH synthesis is essential for the protection of
neurons from oxidative damage induced by ROS. GSH acts
either as an antioxidant by scavenging ROS species or as a
cofactor for GPx that detoxifies a wide range of hydroperox-
ides. Results of the study suggested also that the NA-induced
increase in GSH occurs through the stimulation of β3-ARs
coupled to Gi/o-protein but not to Gs-protein. In another
study, Hadi et al. [179] demonstrated the dual antioxidant
capacity of β3-ARs: on the one hand, they reduce ROS pro-
duction by direct inhibition of NOX; on the other hand, they
specifically induce the expression of CAT, a major H2O2
scavenger. Therefore, they observed that β3-ARs stimulation
has no effect on the expression of SOD-1 that would lead to
H2O2 formation and its signaling, but rather it induces
CAT expression. All the antioxidant effects mediated by
β3-ARs depended on the activation of the transcription fac-
tor PPARγ (Peroxisome Proliferator-Activated Receptor
Gamma). Finally, they also confirmed a previously estab-
lished link between ROS production and inflammatory
induction: the authors observed that β3-ARs stimulation
blocks the ROS-dependent NFκB (nuclear factor kappa-
light-chain-enhancer of activated B cell) pathway.

In a recent work, Calvani et al. [175] showed that β3-ARs
are also expressed on the mitochondria of embryonic stem
cells (ESC) and cancer stem cells (CSC), where their stim-
ulation with the β3-ARs agonist BRL37344 induces an
accelerated aerobic glycolysis (Warburg effect). This β3-
AR-induced Warburg effect involves also UCP2, whose
expression is inhibited by SR59230A that is implicated in
mitochondrial ROS (mtROS) content modulation. The
authors showed that SR59230A and Genipin (GN), a specific
UCP2 inhibitor, increased mtROS content in both CSC and
ESC treated with BRL37344, with a major increase in CSC.
The relationship between ROS production and UCPs activity
was revealed in 1997 from experiments where guanosine

diphosphate (GDP), an UCP1 inhibitor, caused an increase
of Δψ and ROS production [180], and later, it was demon-
strated that superoxide directly activates UCPs resulting in
a negative feedback controlling both ROS production and
their levels [181]. Calvani et al. also showed, through func-
tional analysis, that β3-ARs blockade in isolated mitochon-
dria is able to decrease ATP production and to increase
mtROS levels. These results confirm data already present in
literature, where β3-ARs and UCP2 are indicated to have a
strong antioxidant role [179, 182]. Moreover, these results
clearly suggest that the β3-ARs/UCP2 axis promotes mito-
chondrial dormancy by inhibiting ATP production and
mtROS content and leading both cell lines to increase aerobic
glycolysis. In addition, β3-ARs antagonism promotes mito-
chondrial reactivation by inhibiting UCP2 activity and by
increasing mtROS content. Thus, there is accumulating evi-
dence supporting a direct link between mitochondria, oxida-
tive stress, and cell death.

In another study, Pasha et al. [183] evaluated the effects
of the treatment with Apigenin (a nutraceutical antioxidant)
on cell lines derived from Ewing Sarcoma (ES). The authors
observed that Apigenin induces partial ES cell death by
inducing the activation of the apoptotic pathway without
increasing mitochondrial ROS production that on the other
hand is evidenced by administration of SR59230A. Apigenin
inhibits the expression of antioxidant proteins such as super-
oxide dismutase 2 (SOD-2), CAT, Trx, sirtuin-1 (SIRT1),
thioredoxin interacting protein (TXNIP), glutathione S-
transferase Mu4 (GSTM4), and Nrf2 but increases the level
of UCP2 and GSH which on the contrary are strongly inhib-
ited by β3-ARs antagonism. The β3-ARs activity as antioxi-
dants could be mediated by UCP2 protein expression that
could control the redox homeostasis in ES cells. The redox
homeostasis of cells is balanced by ROS generation and
ROS quenching capacity. The disruption of UCP2 signaling
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Figure 2: Schematic representation of β3-AR stimulation pathway and antioxidant function.

7Oxidative Medicine and Cellular Longevity



together with the inhibition of β3-ARs activity causes an
imbalanced elevation of ROS production within the cellular
microenvironment that can lead to excessive oxidative stress
resulting in massive cell death. Even if Apigenin inhibits anti-
oxidant proteins, it works as the β3-ARs agonist, by avoiding
the increase of mitochondrial ROS useful to achieve a mas-
sive cell death in ES cells; in this regard, administration of
SR59230A improves the Apigenin effect on cell death.

β-Adrenergic signaling seems also to have a prominent
role among the factors that may modulate the NO pathway
and therefore affect tumor growth. NO contributes to tumor
growth and metastasis by promoting migratory, invasive,
and angiogenic properties of cancer cells in the majority of
human tumors [184]. Different works have associated
reduced NO levels with decreased growth of melanoma cells,
while increased NO levels promote melanoma growth [185,
186]. Studies on melanoma cells suggest that NO derived
from iNOS may stimulate proliferation as well as promote
resistance to apoptosis [187] and reported a remarkable anti-
tumor activity of iNOS inhibition that reduced melanoma
growth and sensitize melanoma cells to chemotherapeutic
agents [188]. In 2013, Dal Monte et al. hypothesized the
involvement of iNOS in the antitumoral effects exerted by
β3-ARs blockade in melanoma cells [174], and in a subse-
quent study, they confirm that the inhibitory effects of β3-
ARs blockade on melanoma growth are mainly mediated
by reduction of iNOS expression, resulting in a decreased
activity in the NO pathway. β3-ARs blockade inhibits iNOS
expression by reducing the basal nitrite production, while
β3-ARs stimulation increases this production by activating
iNOS expression. In addition, β3-ARs blockade effects are
prevented by an NOS activator, and β3-ARs activation
effects are prevented by an NOS inhibitor. These results
show that NO exerts a protumorigenic function and iNOS-

induced NO production is a key event in melanoma growth
and that β3-ARs may regulate melanoma cell proliferation
and survival through the NO pathway [189].

In a recent study evaluating the effect of nutraceutical anti-
oxidant treatment of ES tumor cells A673, Calvani et al.
observed that cells treated with curcumin, retinoic acid, 8-gin-
gerol, and genistein exhibited reduced viability if compared
with cells treated with capsaicin, ascorbic acid, formononetin,
and flavon where the treatment did not affect cell viability.
Moreover, cells treated with prosurvival antioxidants showed
low levels of intracellular mitochondrial ROS, while the cells
treated with antioxidants that are able to reduce cell viability
are shown to be increased in mtROS levels. Interestingly, the
treatments not affecting cell viability upregulated β3-ARs
expression and the treatment that reduced cell viability
strongly downregulated β3-ARs levels. These results identified
the β3-ARs as the main regulators of the cellular response to
oxidative stress under different micronutrient treatments.
They function as ROS sensors in Ewing sarcoma cancer cells
by driving or not antioxidant response and cell death. Since
β3-ARs antagonism leads to massive cell death, inhibiting
β3-ARs in these cells could dramatically increase the ROS
levels by toxic threshold leading to cell death by inhibiting
the antioxidant response of the cells [190].

6. Conclusion

In vitro and in vivo data suggest that β3-ARs act as antioxi-
dants in different cells by activating prosurvival factors and
that their inhibition by a selective antagonist could be a
new strategy to counteract tumor progression by elevating
intracellular ROS concentration and activating apoptotic
pathway (Figure 3). Moreover, β3-ARs antagonism
inhibits NO production thus decreasing angiogenic switch
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in melanoma cells. In this review, it fully highlighted the
new concept of β3-ARs as antioxidants and their ability
to decrease ROS production and increase NO with multi-
ple mechanisms (mitochondrial and NOX). Moreover, the
concept that SR59230A strongly reduces cancer cell viabil-
ity is highlighted, supporting the evidences that blocking
β3-ARs function could represent a novel therapeutic strat-
egy for the treatment of cancer by its ability to reduce
antioxidant activity.
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In this investigation, we examined the effect of anthracycline antibiotics on oxygen radical metabolism in Ehrlich tumor cells. In
tumor microsomes and nuclei, doxorubicin increased superoxide anion production in a dose-dependent fashion that appeared
to follow saturation kinetics; the apparent Km and Vmax for superoxide formation by these organelles was 124.9 μM and
22.6 nmol/min/mg, and 103.4μM and 4.8 nmol/min/mg, respectively. In both tumor microsomes and nuclei, superoxide
formation required NADPH as a cofactor, was accompanied by the formation of hydrogen peroxide, and resulted from the
transfer of electrons from NADPH to the doxorubicin quinone by NADPH:cytochrome P-450 reductase
(NADPH:ferricytochrome oxidoreductase, EC 1.6.2.4). Anthracycline antibiotics also significantly enhanced superoxide anion
production by tumor mitochondria with an apparent Km and Vmax for doxorubicin of 123.2μM and 14.7 nmol/min/mg.
However, drug-stimulated superoxide production by mitochondria required NADH and was increased by rotenone, suggesting
that the proximal portion of the electron transport chain in tumor cells was responsible for reduction of the doxorubicin
quinone at this site. The net rate of drug-related oxygen radical production was also determined for intact Ehrlich tumor cells;
in this system, treatment with doxorubicin produced a dose-related increase in cyanide-resistant respiration that was enhanced
by changes in intracellular reducing equivalents. Finally, we found that in the presence of iron, treatment with doxorubicin
significantly increased the production of formaldehyde from dimethyl sulfoxide, an indication that the hydroxyl radical could be
produced by intact tumor cells following anthracycline exposure. These experiments suggest that the anthracycline antibiotics
are capable of significantly enhancing oxygen radical metabolism in Ehrlich tumor cells at multiple intracellular sites by
reactions that could contribute to the cytotoxicity of this class of drugs.

1. Introduction

The anthracycline antibiotics, including doxorubicin and
daunorubicin, play an important role in the treatment of
human leukemias and lymphomas as well as carcinomas of
the breast [1]. The major long-term toxicity of anthracycline
therapy is a form of cumulative cardiac toxicity that may pro-
duce long-lived morbidity, especially in pediatric cancer
patients receiving this class of drugs [2]. A substantial body
of experimental evidence has been developed suggesting that
the cardiac toxicity of the anthracycline antitumor agents

may, in part, be related to the generation of strong oxidant
species in the heart [3] catalyzed by flavin dehydrogenases
present in multiple subcellular compartments [4]. Redox
cycling of the anthracycline quinone moiety by complex I
of the cardiac electron transport chain [5] can damage intra-
cellular lipid membranes in mitochondria as well as sodium
and calcium transporters in the heart [6]. In addition to
redox cycling of the quinone functionality of the anthracy-
clines, doxorubicin may form a potent drug-iron complex
that enhances the formation of powerful oxidants with the
chemical characteristics of the hydroxyl radical [7, 8]. In this
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fashion, as well as through interactions with various iron
binding proteins, the anthracycline antibiotics may contrib-
ute to myocyte toxicity [9, 10].

A role for reactive oxygen species (ROS) produced by
redox cycling of the anthracycline quinone in tumor cell kill-
ing is also supported by several lines of evidence [11, 12].
These studies include the demonstration by our laboratory
that anthracycline-related tumor cell cytotoxicity can be
significantly diminished by the administration of reactive
oxygen scavengers [13] or by the modification of intracellular
antioxidant defenses in vitro and that resistance to tumor cell
killing by doxorubicin can be decreased by inhibition of
peroxide detoxification [14]. The oxidative metabolism of
the anthracyclines has also been demonstrated to occur
in vivo; peripheral blood mononuclear cells taken from
breast cancer patients treated with doxorubicin reveal the
hallmarks of hydroxyl radical damage to DNA in a fashion
that is directly related to the length of time during which
patients receive the anthracycline [15]. However, unlike stud-
ies in the mammalian heart, no comprehensive evaluation of
the sites and mechanisms of anthracycline-induced ROS pro-
duction for mammalian tumor cells has been developed.

Hence, in the current study, we investigated the mecha-
nisms by which anthracycline antibiotics are metabolized to
generate ROS in multiple tumor cell compartments, as well
as in intact tumor cells. Our results indicate that, in analogy
to findings in cardiac subcellular compartments, drugs of
the anthracycline class stimulate superoxide anion and
hydrogen peroxide production in tumor cell mitochondria,
in microsomes, and in the nucleus. Furthermore, in the pres-
ence of doxorubicin, extracellular hydrogen peroxide can be
quantitated using intact tumor cells. Finally, under appropri-
ate experimental conditions, doxorubicin-induced ROS for-
mation was found to culminate in the production of the
hydroxyl radical, or a similar chemical reactant with equiva-
lent oxidizing potency. Thus, drug-related oxygen radical
metabolism could pose an important threat to tumor cell
integrity by the production of a strong oxidant stress at mul-
tiple cellular sites, contributing to cytotoxic membrane injury
and DNA damage.

2. Materials and Methods

2.1. Materials. Daunorubicin, rubidazone, aclacinomycin A,
and 5-iminodaunorubicin were supplied by the Drug
Synthesis and Chemistry Branch, Division of Cancer Treat-
ment and Diagnosis, National Cancer Institute, Bethesda,
MD. All drugs were reconstituted in sterile water on the
day of preparation and were protected from light until used.
Doxorubicin hydrochloride, glutathione (reduced form), glu-
tathione reductase type III, sodium azide, bovine albumin
(fraction V), xanthine, xanthine oxidase (Grade 1), cyto-
chrome c (type VI from horse heart), EDTA, NADPH type
III, NADH Grade III, NADP+ Grade V, flavin adenine dinu-
cleotide Grade III, flavin mononucleotide, sodium succinate,
sucrose, dicumarol, D-mannitol, dimethyl sulfoxide Grade I,
EGTA, sodium HEPES, DTNB, rotenone, antimycin A, Tri-
ton X-100, urea, sodium benzoate, Tris, and bovine erythro-
cyte superoxide dismutase (SOD) (2750 units/mg as assayed

by the method of McCord and Fridovich [16]) were pur-
chased from Sigma. Methanol (spectral grade), ethyl alco-
hol (99% pure), potassium cyanide, sodium acetate, acetic
anhydride, ferrous sulfate, ferric chloride, formaldehyde
(37% w/v), ammonium acetate, acetic acid, and acetylace-
tone were obtained from Fisher Chemical Co., Fair Lawn,
NJ. Chelex 100 resin (100 to 200 mesh, sodium salt) was
purchased from Bio-Rad Laboratories, Richmond, Calif.
Catalase of analytical grade (65,000 units/mg protein)
was purchased from Boehringer Mannheim Biochemicals,
Indianapolis, Ind., and was devoid of SOD activity when
assayed by the method of McCord and Fridovich [16].
Diethylurea and dimethylthiourea were purchased from
Aldrich. Dulbecco’s phosphate buffered saline was obtained
from Grand Island Biological Co., Grand Island, NY. BCNU
was purchased from Bristol-Myers Squibb. All chemicals
were obtained at the highest grade available and were used
without further purification. Only glass-distilled, deionized
water was used in these studies.

2.2. Cell Lines. Ehrlich-Lettré tumor cells (ascitic variant) and
P388 leukemia cells were initially obtained from Dr. T.
Khwaja of the University of Southern California/Norris
Comprehensive Cancer Center and were maintained by
weekly passage of one million cells i.p. in 20 g female
Swiss-Webster mice. For experiments examining the effect
of anthracyclines on cellular oxygen radical production,
tumor cells were harvested 5-6 days after implantation,
washed twice in 0.9% NaC1, exposed to hypotonic shock
lysis to remove contaminating erythrocytes [17], and
resuspended in PBS that had been treated with Chelex
100 resin to remove trace quantities of iron from the
reagent grade buffer. Cell viability (routinely >95%) was
confirmed by exclusion of 0.1% trypan blue dye.

2.3. Preparation of Tumor Cell Organelles. To prepare the
microsomal fraction, Ehrlich tumor cells were resuspended
in 4 volumes of an iced solution of 230mM Tris-HC1
pH7.4, containing 1mM EDTA. Tumor cells were sonically
disrupted on ice for 90 sec with six 15 sec bursts, each sepa-
rated by a 10 sec cooling period, using a VWR Biosonik IV
ultrasonicator at a power output of 90 watts. Tumor cells
were homogenized further on ice with a Dounce homoge-
nizer using 15 strokes of the tight-fitting pestle, and the
microsomal fraction was then prepared by differential ultra-
centrifugation using the method of Hinnen et al. [18]. The
pellet from the final 65,000 x g centrifugation step was
washed twice and resuspended before use in 150mM potas-
sium phosphate buffer, pH7.4, containing 100μM EDTA.

The tumor cell mitochondrial fraction was prepared in 3
volumes of 0.23M mannitol, 0.07M sucrose, 5mM Tris-
HC1, and 1mM EDTA, pH7.4 by sonic disruption of cells
in mannitol:sucrose:tris:EDTA for 45 sec on ice with subse-
quent Dounce homogenization as described above. The
mitochondrial fraction was then obtained as previously
described [19] with resuspension before use in 250mM
sucrose containing 20mM HEPES, pH7.

The nuclear fraction was prepared by modification of the
method of Mamaril et al. [20]. Cells were washed twice at 4°C
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in 50mM KC1 and 50mM Tris-HC1, pH7.5, containing
5mM MgC12 and then resuspended in 6 volumes of iced
10mM NaC1, 10mM Tris-HC1, pH7.4, and 1.5mM
MgC12. Ehrlich cells were then centrifuged at 10,000 x g
for 10min at 4°C, resuspended in 8 volumes of the NaC1:-
tris:MgC12 buffer, and disrupted with 15 strokes of the
Dounce homogenizer. Cells were homogenized further on
ice with several 15 sec bursts of the ultrasonicator. The
degree of cell disruption was checked after each sonic
burst by phase contrast microscopy; sonication was con-
tinued until at least 95% of the tumor outer membranes
had been broken. The cell suspension was then centrifuged
at 600 x g and 4°C for 10min; the supernatant was dis-
carded and the pellet was resuspended in 2 volumes of
220mM sucrose, 9.4mM KH2PO4, 12.5mM KH2PO4,
10mM MgC12, 2mM EDTA, and 300μM NaHCO3,
pH7.0. The nuclear suspension was freed of excess cyto-
plasm with 10-20 strokes of the Dounce homogenizer
and then added on ice to 7 volumes of 2.3M sucrose with
stirring. The purified nuclear fraction was prepared using
a discontinuous sucrose gradient when 1ml of 2.3M
sucrose solution containing nuclei was underlaid with
2ml of 2.1M sucrose and then centrifuged at 4°C and
105,000 x g for 20min. The nuclear layer was resuspended
in 250mM sucrose and 20mM HEPES, pH7.4, before use.
The nuclear fraction prepared in this manner was exam-
ined for contamination by extranuclear membranes by
measurement of marker enzymes and by phase contrast
microscopy [20]. The Ehrlich tumor nuclei used in this
study contained <10% of the specific glutamate dehydro-
genase and cytochrome oxidase activities of the initial cell
homogenate and were essentially free of extranuclear
membranes by microscopic methods. The experimental
microsomal, mitochondrial, and nuclear fractions were
studied on the day of preparation.

2.4. Measurement of Superoxide Anion Production and
NAD(P)H Consumption. Superoxide anion production in
experimental samples was determined by the rate of SOD-
inhibitable acetylated cytochrome c reduction as previously
described [4]. The initial, linear rate of acetylated cytochrome
c reduction was determined spectrophotometrically at
550nm and 37°C in a Gilford spectrophotometer equipped
with a circulating water bath. For experiments assessing the
effect of DTNB on superoxide production, the sulfhydryl
reagent was added to the paired reaction mixtures which
were then preincubated for 2min at 37°C before the addition
of NADPH. Preincubation was not performed in experi-
ments examining the effect of other agents on the rate of
superoxide formation. Specific conditions for measurement
of superoxide production by drug-treated microsomal, mito-
chondrial, and nuclear fractions have been described in the
legends for the appropriate tables.

The effect of anthracycline antibiotics on the oxidation of
NAD(P)H by subcellular fractions from Ehrlich cells was
determined in triplicate at 37°C by the linear decrease in
absorbance at 340nm. NAD(P)H consumption was initiated
by the addition of the membrane protein and was calculated
using an extinction coefficient of 6.22 nM-1 cm-1 [21].

2.5. Measurement of Oxygen Consumption and Hydrogen
Peroxide Formation. The rate of oxygen consumption by
Ehrlich tumor cells was determined at 37°C with a Model
53 oxygen monitoring system (Yellow Springs Instrument
Co., Yellow Springs, Ohio). The 3ml reaction system usually
contained 15 × 106 cells and PBS that had been bubbled with
air for 30min at 37° before use. When KCN, rotenone, anti-
mycin A, glucose, or BCNU were added to this system, they
were preincubated with the cells for 5min at 37°. Oxygen
consumption by subcellular fractions was determined in a
similar fashion after equilibration of the membrane prepara-
tion and drugs with the particular buffer used for 4min in the
reaction vessel; these reactions were initiated by addition
of appropriate cofactors, usually NAD(P)H. Free radical
scavengers, when used, were added to the reaction vessel
and equilibrated for 5min prior to the addition of the
anthracycline antibiotic. The linear rate of oxygen con-
sumption was determined from 10 to 30min after drug
treatment. Hydrogen peroxide production was quantitated
by the release of oxygen into the system as previously
described [22] after the addition of 10μl of catalase
(4500-9000 units) through the access slot of the oxygen
electrode plunger. The rate of oxygen consumption was
calculated from a value of 597 nmol for the total dissolved
oxygen of the reaction mixture [23].

2.6. Measurement of Hydroxyl Radical Formation. The for-
mation of ⋅OH, or an oxidizing species with the chemical
reactivity of ⋅OH, by permeabilized Ehrlich cells treated with
doxorubicin was assessed by measurement of formaldehyde
production from dimethyl sulfoxide (DMSO) as described
by Klein et al. [24]. The standard reaction mixture contained
100mM DMSO, 100μM Na4EDTA, 1mM NADPH, 0.1%
(v/v) Triton X-100, 1 × 107 cells/ml, and the indicated
amount of doxorubicin in a final volume of 7ml of PBS at
pH7.2. Iron-EDTA was added to the reaction systems as a
1 : 2 mixture of freshly prepared ferrous sulfate in aqueous
Na4EDTA. Quantitation of ⋅OH production in this system
was undertaken because of our interest in determining
whether or not enrichment of flavin dehydrogenase-specific
activities by preparation of subcellular fractions was neces-
sary to demonstrate oxy-radical production (other than O2
consumption and H2O2 formation) by drug-treated tumor
cells.

The reaction systems were initiated by the addition of
NADPH; they were then mixed vigorously and incubated,
usually for 2 hr at 37°C, in 25ml polycarbonate flasks in a
shaking water bath. The reactions were terminated by the
addition of 0.5ml of ice-cold 17.5% (w/v) trichloroacetic acid
to 1ml aliquots taken from the standard reaction mixture.
Samples were centrifuged at 1000 x g for 10min in the cold;
a 1ml portion of the supernatant was then assayed for form-
aldehyde [24, 25]. In brief, 1ml of a solution containing 2M
ammonium acetate, 50mM acetic acid, and 20mM
acetylacetone was added to the 1ml experimental sample;
the sample was then mixed, incubated at 37°C for 40min in
a shaking water bath, and assayed for relative formaldehyde
concentration at 25°C in a 1ml volume by spectrophotomet-
ric measurement at 410 nm. Zero-time samples, as well as
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samples lacking the reduced pyridine nucleotide cofactor,
DMSO, or Ehrlich cells were routinely used as the blanks.

Preliminary experiments revealed that in our assay sys-
tem, doxorubicin itself at a concentration of 300μM did
not significantly affect the quantitation of defined amounts
of authentic formaldehyde. We also examined the effect of
Ehrlich cells on the recovery of formaldehyde added to the
experimental reaction mixture. Compared to a cell-free sys-
tem, we found that over the concentration range from 10 to
70μM, the recovery of genuine formaldehyde varied from
100 to 89% in the presence of 107 Ehrlich cells/ml.

Formaldehyde levels were determined from a calibration
curve that was linear at concentrations from 10 to 250μM;
the calibration curve was routinely prepared in the standard
reaction mixture of each experimental condition without
cells or doxorubicin and was processed as described above
for each set of experimental samples. The lower limit of sen-
sitivity for the detection of formaldehyde in this assay was
approximately 10μM.

2.7. Enzyme Assays. The NADPH:cytochrome P-450 reduc-
tase activity of the tumor microsomal and nuclear fractions
was measured by a technique described previously [4] using
nonacetylated cytochrome c as the electron acceptor. To
assess the effect of DTNB (100μM) and NADP+ (1mM) on
NADPH:cytochrome P-450 reductase activity, these reagents
were preincubated with the fraction for 2min before the
addition of NADPH. Glutathione peroxidase activity was
determined in tumor cell subcellular fractions as described
previously [26] except that enzyme assays were initiated with
440 rather than 220 nmol hydrogen peroxide in these exper-
iments. The data have been expressed as nmol NADPH oxi-
dized to NAPD+ per min mg protein. SOD levels were
determined in the microsomal, mitochondrial, and nuclear
fractions using the xanthine:xanthine oxidase:cytochrome c
assay as reported previously [26]. In these experiments, acet-
ylated cytochrome c (11.2μM) was utilized in addition to
KCN (10μM) to eliminate interference from cytochrome
oxidases in the experimental samples.

2.8. Protein Determination. Protein concentrations in subcel-
lular fractions were determined by the method of Lowry et al.
[27] using crystalline bovine albumin as the standard.

2.9. Statistical Methods. Data were analyzed with the 2-tailed
t test for independent means (not significant, P > 0:05 [28]).

3. Results

3.1. Tumor Microsomes. As shown in Table 1, treatment with
doxorubicin increased microsomal superoxide production in
a dose-dependent fashion that appeared to conform to satu-
ration kinetics. Furthermore, a doxorubicin concentration as
low as 5μM significantly increased oxy-radical formation
over control levels (data not shown). In these experiments,
superoxide production varied with the amount of micro-
somal protein used. In the absence of doxorubicin, superox-
ide formation was (mean ± S:E:; n = 3) 0:42 ± 0:10 and
0:96 ± 0:20 nmol/min with 100 and 400μg protein/ml,
respectively; in the presence of doxorubicin (135μM), super-

oxide production was 1:73 ± 0:07 and 3:14 ± 0:08 nmol/min,
P < 0:01 for each compared to control. As shown in Table 2,
all components of the reaction system, including NADPH,
intact microsomes, and acetylated cytochrome c were neces-
sary to demonstrate a significant increase in superoxide for-
mation by doxorubicin. Furthermore, only NADPH, of a
variety of cofactors, could support drug-related superoxide
production in these studies (Table 2).

The specificity of our assay for drug-stimulated superox-
ide production was also addressed (Table 2). We found that
SOD-inhibitable cytochrome c reduction was not affected
by catalase or DMSO in concentrations capable of eliminat-
ing either H2O2 or the hydroxyl radical from the reaction sys-
tem (Table 2). The addition of heat-denatured SOD to the
experimental system also produced no significant change in
the rate of drug-stimulated superoxide production. These
experiments suggest that superoxide was, in fact, measured
in our studies.

As shown in Table 3, three of the four anthracycline anti-
biotics tested in addition to doxorubicin significantly
increased microsomal superoxide production over control
levels. However, 5-iminodaunorubicin, an anthracycline ana-
log that has been previously demonstrated under other con-
ditions to be incapable of redox cycling because of its
substituted quinone ring [4], did not stimulate superoxide
production by the tumor microsomal fraction.

To define the mechanism of oxygen radical production
by anthracycline-treated microsomes, we measured the rate
of NADPH consumption in tumor microsomes after
treatment with doxorubicin. In the presence of 100μM
NADPH and 100μg/ml of microsomal protein from
tumor, the control rate of NADPH oxidation was 7:00 ±
0:81 nmol/min/mg, n = 4; the addition of doxorubicin
(135μM) increased the rate of NADPH oxidation to
19:90 ± 2:30 nmol/min/mg, n = 4, P < 0:01. Furthermore,
we found that the tumor microsomal fraction contained
a substantial level of NADPH:cytochrome P-450 reductase
activity (Table 4). After treatment of microsomes with the
enzyme inhibitors DTNB or excess NADP+, enzyme activity
decreased to 27.7 or 23.2% of control levels, P < 0:01 for both
agents (Table 4). In parallel experiments, DTNB or excess
NADP+ decreased drug-related superoxide production to
41.3 or 26.6% of baseline levels, P < 0:01 for each inhibitor
(Table 4). Finally, we found that the inhibitor of

Table 1: Kinetic constants for superoxide production by Ehrlich
tumor subcellular fractions after treatment with doxorubicin.
Superoxide production by tumor microsomes, mitochondria, and
nuclei was assayed as described in Tables 2, 6, and 7. Kinetic
constants were determined in triplicate to form the direct equation
relating reaction velocity to substrate concentration as described in
[48] using 8 different drug concentrations over a 10-fold
concentration range.

Subcellular fraction
Superoxide formation

Km (μM) Vmax (nmol/min/mg)

Microsomes 124.9 22.6

Mitochondria 123.2 14.7

Nuclei 103.4 4.8
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NADPH:quinone oxidoreductase 1, dicumarol, produced
no significant effect on doxorubicin-stimulated superoxide
production (Table 2), suggesting that this quinone reduc-
tase is not involved in the metabolism of anthracyclines
by tumor microsomes. Taken together, these experiments
strongly suggest that the NADPH:cytochrome P-450
reductase activity of the Ehrlich tumor microsomal
fraction is responsible for the one-electron reduction of
anthracycline antibiotics at this site.

To confirm that anthracycline antibiotics increased
reactive oxygen production in tumor microsomes, we

examined the effect of doxorubicin on microsomal oxygen
consumption. As demonstrated in Supplementary Table 1,
oxygen consumption increased more than 6-fold in the
presence of doxorubicin, P < 0:001. Drug-stimulated oxygen
consumption was significantly inhibited by cytochrome c
which reacts directly with superoxide to return oxygen to
this closed system and was significantly increased by
KCN, probably because of the inhibition of microsomal
SOD (Table 5). As shown in Figure 1(a), we found that
oxygen was released routinely by addition of excess
catalase to microsomes treated with doxorubicin,
indicating that H2O2 as well as superoxide anion had
been produced in these investigations. We found that
H2O2 production increased from undetectable control
levels (n = 3) to 3:42 ± 0:48 nmol/min/mg (n = 4; P < 0:01)
after treatment of the microsomal fraction with
doxorubicin (135μM). Thus, NADPH-dependent
microsomal metabolism of doxorubicin results in both
superoxide anion and H2O2 formation.

3.2. Tumor Mitochondria. Because previous studies in
cardiac tissue had indicated that the electron transport chain
could reduce doxorubicin to its semiquinone [4], we exam-
ined the effect of doxorubicin on reactive oxygen formation
by the Ehrlich tumor mitochondrial fraction. We found that
for tumor mitochondria, as well as microsomes, treatment
with doxorubicin increased superoxide formation in a dose-
dependent fashion that also appeared to follow saturation
kinetics (Table 1). However, in mitochondria, superoxide
production was NADH- rather than NADPH-dependent
and was significantly increased by addition of rotenone to
block electron flow beyond complex I of the electron trans-
port chain (Table 6). Furthermore, substituting NAD+

(100μM), NADP+ (100μM), or succinate (1mM) for NADH
yielded no detectable drug-enhanced superoxide production
by tumor mitochondria (data not shown).

Superoxide production in the mitochondrial fraction
after treatment with doxorubicin (135μM) increased from
(n = 3) 0:37 ± 0:03 to 0:76 ± 0:02 and 1:05 ± 0:07 nmol/min
when 50, 150, or 200μg/ml of mitochondrial protein was
employed. In contrast, superoxide production by tumor
mitochondria in the absence of doxorubicin was 0:10 ± 0:04,
0:18 ± 0:05, and 0:21 ± 0:03 nmol/min for the identical levels
of mitochondrial protein, P < 0:01 for each drug-treated

Table 3: Effect of anthracycline antibiotics on superoxide
production by the tumor microsomal fraction. Superoxide
production in tumor microsomes was determined as described in
Table 2. For these studies, all drugs were present at a
concentration of 135μM.

Drug Superoxide formation (nmol/min/mg)

Daunorubicin 10:00 ± 1:02 (5)a,b

Rubidazone 6:66 ± 0:84 (6)b

Aclacinomycin A 16:14 ± 0:85 (3)b

5-Iminodaunorubicin 0:45 ± 0:15 (3)
aMean ± S:E.; number in parentheses is number of experiments performed;
bsignificantly higher than the control rate of superoxide formation in
tumor microsomes (P < 0:01; Table 2).

Table 2: Requirements for doxorubicin-stimulated superoxide
formation in the tumor microsomal fraction. Superoxide
production in tumor microsomes was determined in paired, 1ml
reaction mixtures which contained 150mM potassium phosphate
buffer, pH 7.4, 100μM EDTA, 56μM acetylated cytochrome c,
200μg of microsomal protein, and either 0 or 10μg of SOD. The
chemotherapeutic agent was added to the paired reaction
mixtures, where specified, before the initiation of the reaction by
addition of NADPH (1mM).

Experimental system
Superoxide production
nmol cytochrome c
reduced/min/mg

Control 0:51 ± 0:26 (3)a

-Microsomes N.D. (3)b

-NADPH N.D. (3)

-Cytochrome c N.D. (3)

Using NADPH (100 μM) N.D. (3)

Using NADH (1mM)
rather than NADPH

0:97 ± 0:28 (3)

Doxorubicin (135 μM) 14:71 ± 1:43 (6)c

-Microsomes N.D. (3)d

-NADPH N.D. (3)d

-Cytochrome c N.D. (3)d

Using heat-denatured microsomese N.D. (3)d

Using heat-denatured SODe 13:77 ± 0:37 (3)
Using NADPH (100 μM) 10:07 ± 0:82 (6)
Using NADH (1mM) rather than
NADPH

2:81 ± 0:56 (3)d

Using NADP+ (1mM) rather than
NADPH

1:35 ± 0:26 (3)d

Using NAD+ (1mM) rather than
NADPH

0:36 ± 0:26 (3)d

Using FAD (1mM)f rather than
NADPH

0:49 ± 0:49 (3)d

Using FMN (1mM)f N.D. (3)d

+DMSO (13mM) 16:32 ± 0:51 (3)
+Catalase (1500 units) 14:36 ± 0:08 (3)
+Dicumarol (10 μM) 14:41 ± 1:91 (3)
aMean ± S:E.; number in parentheses is number of experiments performed;
bN.D. is not detectable; csignificantly different from control (P < 0:001);
dsignificantly different from complete system containing NADPH and
doxorubicin (P < 0:01); emicrosomes or SOD heated for 60min in a boiling
water bath; samples containing heat-denatured SOD were paired against
identical mixtures with native dismutase; fFAD: flavin adenine
dinucleotide; FMN: flavin mononucleotide.
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sample compared to control.We also found that the anthracy-
cline antibiotics which had significantly enhanced micro-
somal superoxide production also increased mitochondrial
oxy-radical formation (Table 6). Finally, we found that doxo-
rubicin (135μM) stimulated the rate of NADH oxidation by
tumor mitochondria (100μg/ml) in the presence of rotenone
from 4:70 ± 0:42 (n = 3) to 9:74 ± 0:63 (n = 3) nmol/min/mg,
P < 0:01. Thus, it is likely that an early portion of the NADH

dehydrogenase complex is responsible for the reduction of
anthracycline antibiotics to free radicals in tumor
mitochondria.

To investigate the effect of doxorubicin on mitochondrial
reactive oxygen metabolism further, the rate of oxygen
consumption by drug-treated mitochondria was examined.
As shown in Supplementary Table 2, doxorubicin
significantly increased the rate of mitochondrial oxygen
consumption; furthermore, the rate of drug-stimulated
oxygen consumption was not affected by KCN or
dicumarol, suggesting that (1) mitochondrial SOD in
Ehrlich tumor cells is not inhibited by cyanide and that (2)
NADPH:quinone oxidoreductase 1 does not appear to be
involved in the free radical metabolism of doxorubicin in
tumor mitochondria. On the other hand, drug-stimulated
oxygen consumption was decreased to control levels in
the presence of acetylated cytochrome c suggesting that
most, if not all, of the oxygen consumed had at least
initially been converted to superoxide anion
(Supplementary Table 2). We also found (Figure 1(b)) that
treatment with doxorubicin increased mitochondrial H2O2
production from undetectable control levels (n = 3) to 2:6 ±
0:6 nmol/min/mg, n = 3, P < 0:01. Thus, exposure of tumor
mitochondria, as well as microsomes, to doxorubicin
increases both superoxide anion and hydrogen peroxide
production.

3.3. Tumor Nuclei. Treatment of Ehrlich tumor nuclei with
doxorubicin significantly increased superoxide production
(Table 7). In this organelle, oxy-radical formation required
intact nuclear protein and NADPH; neither NADH, FAD,
nor FMN could support drug-stimulated nuclear superoxide
formation. Furthermore, daunorubicin, rubidazone, and
aclacinomycin A all significantly increased reactive oxygen
metabolism compared to control (Table 7). As shown in
Table 1, superoxide production in the nuclear fraction also
appeared to follow saturation kinetics. We found that
doxorubicin (135μM) increased the rate of NADPH
(100μM) oxidation by the nuclear fraction (200μg pro-
tein/ml) from a control rate of 2:20 ± 0:31 (n = 3) to
11:11 ± 0:73 nmol/min/mg, n = 3, P < 0:01.

As shown in Supplementary Table 3, Ehrlich tumor nuclei
possessed approximately 2% of the NADPH:cytochrome P-
450 reductase activity of the microsomal fraction. This
enzymatic activity could be inhibited by excess NADP+ and
could be removed completely by treatment of the nuclear
fraction with a nonionic detergent capable of stripping
the outer nuclear envelope from underlying DNA and
chromatin. In related experiments, we found that
doxorubicin-stimulated nuclear superoxide formation could
also be significantly inhibited or abolished by treatment of
the nuclei with the detergent (Supplementary Table 3). These
experiments strongly suggest that NADPH:cytochrome P-450
reductase activity normally associated with the outer nuclear
envelope is responsible for activating doxorubicin to its free
radical at that locale.

In analogy to our microsomal and mitochondrial experi-
ments, we investigated nuclear oxygen consumption in the
presence of doxorubicin. In this setting, control nuclei

Table 4: Effect of inhibitors of NADPH:cytochrome p-450
reductase on superoxide formation in tumor microsomes.
NADPH:cytochrome P-450 reductase was assayed at 30°C as
described in Materials and Methods using nonacetylated
cytochrome c and 200μg of microsomal protein per ml. Reactions
were initiated with 100 nmol of NADPH. Where indicated, the
reaction mixtures were preincubated with DTNB or NADP+ for
2min prior to the initiation of cytochrome c reduction. In these
experiments, superoxide production was assessed as described in
Table 2 except that the NADPH concentration was 100 μM rather
than 1mM.

Experimental system
NADPH:cytochrome

P-450 reductase activity
(nmol/min/mg)

Superoxide
production

(nmol/min/mg)

Control 233:5 ± 12:5 (3)a

+DTNB (100 μM) 54:1 ± 1:6 (3)b

+NADP+ (1mM) 64:6 ± 1:5 (3)b

Doxorubicin (135 μM) 10:1 ± 1:0 (3)
+DTNB (100 μM) 4:2 ± 0:4 (3)b

+NADP+ (1mM) 2:7 ± 0:2 (3)b
aMean ± S:E:; numbers in parentheses are numbers of experiments;
bsignificantly different from samples without inhibitor present (P < 0:01).

Table 5: Antioxidant enzyme levels in tumor subcellular fractions.
Ehrlich tumor microsomes, mitochondria, and nuclei were
prepared and assayed for glutathione peroxidase and SOD activity
as described in Materials and Methods. The “cytosol” fraction was
the supernatant from the final 65,000 x g centrifugation step used
in the preparation of the microsomal fraction. Before
determination of enzyme activity, the mitochondrial fraction was
exposed to ultrasonic disruption on ice with 4 bursts of 15 sec
each at 90 watts output to eliminate permeability barriers to
appropriate substrates in these assays. The supernatant and pellet
resulting from centrifugation of the sonicated mitochondria at
105,000 x g and 4°C for 60min were also assayed from enzyme
activities.

Tumor cell fraction
Glutathione

peroxidase (nmol/min/mg)
SOD

(μg SOD/mg)

Cytosol 211:6 ± 11:0 (4)a 8:1 ± 0:8 (3)
Microsomes 22:5 ± 1:6 (4) 1:4 ± 0:3 (3)
Nuclei 10:1 ± 2:2 (3) 0:5 ± 0:1 (3)
Mitochondria 55:5 ± 8:0 (3) 5:6 ± 0:3 (3)

105,000 x g
supernatant

197:9 ± 20:9 (3) 3:2 ± 0:4 (3)

105,000 x g pellet N.D. (3)b 1:6 ± 0:2 (3)
aMean ± S:E:; numbers in parentheses are numbers of experiments; bN.D. is
not detectable.
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consumed 0:93 ± 0:12 nmol O2/min/mg, n = 3. Oxygen con-
sumption increased 10-fold in the presence of doxorubicin
(135μM) to 9:45 ± 0:89 nmol/min/mg, n = 6, P < 0:01.
Treatment with KCN (1mM) did not increase drug-
stimulated oxygen consumption significantly (11:04 ± 0:80
nmol/min/mg, n = 4), probably because of the small amount
of SOD associated with the nuclear fraction (Table 5).
However, the addition of acetylated cytochrome c (56μM)
decreased oxygen consumption to 2:09 ± 0:26 nmol/-
min/mg, n = 3, P < 0:01 compared to samples containing
doxorubicin alone. Thus, most of the oxygen consumed had
probably been reduced, at least initially, to superoxide anion.
As shown in Figure 1(c), drug-enhanced oxygen consump-
tion required NADPH and was associated with the produc-
tion of H2O2. In these studies, drug treatment (135μM)
increased H2O2 formation from undetectable control levels
(n = 3) to 5:2 ± 1:3 nmol/min/mg, n = 3, P < 0:01.

3.4. Whole Tumor Cells. To examine the net effect of anthra-
cycline antibiotics on oxy-radical production by Ehrlich
tumor, we investigated whether doxorubicin altered the
respiratory rate of intact tumor cells. Treatment with doxoru-

bicin significantly increased the rate of oxygen consumption
by tumor cells in which the electron transport chain had been
blocked by either cyanide or antimycin A (Table 8) [29, 30].
It is likely that the magnitude of the overall rate of mito-
chondrial O2 consumption in tumor cells makes the
smaller, drug-related effects impossible to detect in the
absence of respiratory chain blockade. We found that the
increase in respiratory rate was drug-dose dependent and
was found for daunorubicin as well as doxorubicin; how-
ever, the daunorubicin analog 5-iminodaunorubicin which
has a blocked quinone group that does not permit redox
cycling did not enhance cyanide-resistant respiration by
Ehrlich cells [31, 32]. In control experiments, we found
that tumor cell viability in the presence of KCN as mea-
sured by exclusion of trypan blue dye did not decline sig-
nificantly over the reaction period of these studies.
Furthermore, the addition of glucose to the cells, which pro-
duces an increase in intracellular NADPH concentration
[22], significantly increased the rate of O2 consumption after
doxorubicin administration (Table 8). We found that alter-
ations in osmolality by glucose did not explain these observa-
tions, since when buffers of identical osmolality were used
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Figure 1: Effect of doxorubicin on oxygen consumption by Ehrlich tumor organelles. Oxygen consumption in tumor microsomes was
examined as described in Supplementary Table 1. (a, i) is without drug; (ii) shows the results with doxorubicin. The addition of NADPH
(1mM), catalase (4500 units), or doxorubicin (135 μM) to the 3ml vessel was performed through the access slot of the oxygen electrode
and has been indicated (arrow). The numbers above each tracing indicate the rate of oxygen consumption (nmol/min/mg). (b) Effect of
doxorubicin on oxygen consumption by Ehrlich tumor mitochondria. Oxygen consumption in these representative experiments was
performed as described in Supplementary Table 2. (i) is the control reaction; (ii) represents the identical experiment in the presence of
doxorubicin (135 μM). The addition of catalase (4500 units) to the 3ml vessel was performed through the access slot of the oxygen
electrode and has been indicated by the arrow. The numbers above each tracing indicate the rate of oxygen consumption (nmol/min/mg).
(c) Effect of doxorubicin on oxygen consumption by Ehrlich tumor nuclei. Experimental conditions consisted of a 3ml system containing
250mM sucrose, 20mM HEPES, pH 7.4, 100 μM EDTA, 1mM NADPH, and 200 μg/ml of nuclear protein at 37°C. The addition of
NADPH (1mM), doxorubicin (135 μM), or catalase (4500 units) to the 3ml reaction vessel was performed through the access slot of the
oxygen electrode and has been indicated by an arrow. The number above the tracing is the rate of oxygen consumption (nmol/min/mg).
(d) Doxorubicin-stimulated oxygen consumption by Ehrlich tumor cells. The effect of doxorubicin (400 μM) on oxygen consumption by
Ehrlich cells (5 × 106 cells/ml) is shown in representative examples from multiple experiments. The addition of acetylated cytochrome c
(168 nmol) in (i) or catalase (9000 units) in (ii) to the 3ml vessel has been indicated by an arrow. The numbers above each tracing
indicate the rate of oxygen consumption (nmol/min/ml).
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(with or without glucose), the rate of O2 consumption was
significantly higher only in the presence of glucose (data
not shown). As shown in Figure 2, cyanide-resistant respira-
tion in the presence or absence of doxorubicin varied with
the number of cells used in the experiment; however, the rate
of oxygen consumption was always significantly higher
(P < 0:01) when the drug was present. Finally, when experi-
ments identical to those in Table 8 were performed with
P388 murine leukemia cells treated with KCN, we found that
doxorubicin (400μM) increased O2 consumption from
(mean ± S:E:; n = 3) the 0:31 ± 0:05 control rate to 1:15 ±
0:08 nmol/min/5 × 106 cells, P < 0:01. Taken together, these
experiments suggest that anthracycline antibiotics enhance
oxy-radical production by tumor cells in a process that
requires an intact quinone ring and may be modulated by
the supply of cellular reducing equivalents. These features
are similar to those previously described for the tumor cell
organelles examined in this study; they reveal, further, that

anthracycline redox cycling may overcome the ability of
intact tumor cells to detoxify ROS.

As shown in Figure 1(d), the addition of cytochrome c
or catalase to Ehrlich cells treated with doxorubicin
(400μM) led to the release of oxygen in this closed sys-
tem, indicating that H2O2 had been formed. We found
that in the presence of doxorubicin (400μM), Ehrlich cells
produced 0:64 ± 0:04 nmol H2O2/min/107 cells compared
to undetectable levels of hydrogen peroxide in the absence
of the drug, P < 0:01, n = 3. Because the tumor cell outer
membrane is impermeable to high molecular weight pro-
teins such as catalase, this estimate of H2O2 formation
probably reflects only the proportion of the total H2O2
pool present extracellularly; thus, it is not possible to make
a direct stoichiometric comparison between total cyanide-
resistant O2 consumption and H2O2 formation, even
under identical experimental conditions.

Oxy-radical cascades, which include the production of
H2O2, may also be capable of supporting the formation of
the potent oxidizing radical ⋅OH, or a related molecule with
similar chemical reactivity [33]. We investigated the mecha-
nism of hydroxyl radical formation by Ehrlich tumor cells
after treatment with doxorubicin by quantitation of the

Table 6: Requirements for anthracycline-enhanced superoxide
anion production by the tumor mitochondrial fraction.
Superoxide formation in the tumor mitochondrial fraction was
examined using paired, 1ml reaction mixtures containing 250mM
sucrose, 20mM HEPES, pH 8.2, 100μM EDTA, 56μM acetylated
cytochrome c 100μg of mitochondrial protein, and either 0 or
10μg of SOD. The reaction mixture was preincubated for 5min at
37° with 4μM rotenone before initiation of the reaction with
100μM NADH.

Reaction mixture
Superoxide production

(nmol/min/mg)

Control 1:12 ± 0:15 (7)a

-NADH N.D. (3)b

-Mitochondrial fraction N.D. (3)

-Rotenone 1:02 ± 0:01 (3)
Using NADPH (100 μM)
rather than NADH

0:77 ± 0:26 3ð Þ
Doxorubicin (135 μM) 7:29 ± 0:61 (10)c

-NADH 0:97 ± 0:05 (3)d

-Mitochondrial fraction 0:61 ± 0:20 (3)d

Using heat-denatured
mitochondria

1:28 ± 0:56 (3)d

-Rotenone 5:00 ± 0:36 (3)d

Using NADPH (100 μM)
rather than NADH

2:76 ± 0:44 (3)d

-Acetylated cytochrome c N.D. (3)d

-EDTA 5:51 ± 1:22 (3)
Using heat-denatured SOD 5:10 ± 0:61 (3)
Daunorubicin (135 μM) 6:38 ± 1:63 (3)c

Rubidazone (135 μM) 5:71 ± 1:02 (3)c

Aclacinomycin A (135 μM) 3:32 ± 0:31 (3)c

5-Iminodaunorubicin
(135 μM)

0:51 ± 0:15 (3)
aMean ± S:E:; numbers in parentheses are numbers of experiments; bN.D. is
not detectable; csignificantly different from control (P < 0:01); dsignificantly
different from complete system containing doxorubicin alone (P < 0:01).

Table 7: Requirements for anthracycline-stimulated superoxide
formation by the nuclear fraction. Superoxide formation by tumor
nuclei was examined using paired 1ml reaction mixtures
containing 250mM sucrose, 20mM HEPES, pH 7.4, 100μM
EDTA, 56μM acetylated cytochrome c, 200μg of nuclear protein,
and either 0 or 10μg of SOD. The reaction was carried out at 37°C
and was initiated by the addition of 1mM NADPH after the
chemotherapeutic agent was added.

Reaction mixture
Superoxide formation

(nmol/min/mg)

Control 0:36 ± 0:05 (7)a

Using NADH (1mM)
rather than NADPH

0:28 ± 0:08 (3)

Doxorubicin (135 μM) 3:29 ± 0:33 (12)b

-NADPH N.D. (3)c,d

-Acetylated cytochrome c N.D. (3)d

Using heat-denatured nuclei N.D. (3)d

Using NADH (1mM)
rather than NADPH

0:31 ± 0:15 (3)d

+Heat-denatured SOD 2:73 ± 0:31 (3)
+DMSO (13mM) 4:21 ± 0:13 (3)
+Catalase (1500 units/ml) 3:70 ± 0:13 (3)

Using FAD (1mM) rather than
NADPH

N.D. (3)d

Using FMN (1mM) rather than
NADPH

N.D. (3)d

Daunorubicin (135 μM) 6:63 ± 0:64 (3)b

Rubidazone (135 μM) 3:01 ± 0:31 (3)b

Aclacinomycin A (135 μM) 5:53 ± 0:38 (3)b
aMean ± S:E.; numbers in parentheses are numbers of experiments;
bsignificantly different from control (P < 0:01); cN.D. is not detectable;
dsignificantly different from complete system containing doxorubicin alone
(P < 0:01).
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formaldehyde produced in the reaction of DMSO with ⋅OH.
As previously demonstrated, on a molar basis, formaldehyde
is the major by-product of this reaction between the reactive
oxygen metabolite and DMSO [24]. We maximized the pos-
sibility of measuring drug-enhanced ⋅OH production in these
experiments by utilizing a nonionic detergent to increase the
access of both doxorubicin and pyridine nucleotide cofactors

to intracellular or membrane-bound dehydrogenases. The
requirements for formaldehyde production by Ehrlich carci-
noma cells are shown in Table 9; the hydroxyl radical was
detected in this system only in the presence of the anthracy-
cline antibiotic. Furthermore, drug-stimulated formaldehyde
production was measured only when the tumor cells, DMSO,
iron-EDTA, and Triton X-100 were all present in these
experiments. Increasing the FeSO4 concentration above
50μM did not enhance formaldehyde production further
(data not shown); whereas, FeSO4 levels as low as 1μM still
supported substantial formaldehyde formation (Table 9).
Furthermore, FeC13 at a concentration of 50μM was also
capable of supporting doxorubicin-enhanced formaldehyde
production by Ehrlich cells; thus, both ferric and ferrous iron
may serve as catalysts for this process (Table 9). In these
studies, both NADPH and NADH, but not succinate, could
provide the reducing equivalents necessary for oxygen radical
metabolism in Ehrlich cells treated with doxorubicin. These
cofactor requirements are consistent with the previously pre-
sented experiments demonstrating that the microsomal,
mitochondrial, and nuclear fractions from Ehrlich cells con-
tain different NADPH- and NADH-dependent dehydroge-
nases capable of catalyzing the reduction of doxorubicin to
its semiquinone free radical intermediate [34–37].

Following the determination that doxorubicin could
stimulate formaldehyde production from DMSO by Ehrlich
cells, we examined several characteristics of ⋅OH formation
in this system. As shown in Figure 3(a), formaldehyde pro-
duction by the carcinoma cells varied with the concentration
of tumor cells used in the assay; at a doxorubicin level of

Table 8: Effect of anthracycline antibiotics on oxygen consumption by Ehrlich tumor cells. Oxygen consumption by Ehrlich cells was
examined at 37°C as described in Materials and Methods; the total 3ml volume contained 1:5 × 107 tumor cells and the final KCN
concentration, where used, was 2mM.

Reaction system
Oxygen consumption (nmol O2/min/5 × 106 cells)

+KCN -KCN

Control 0:54 ± 0:04a 9:37 ± 0:52
+BCNU (100 μg/ml) 0:58 ± 0:08 9:56 ± 0:80
+Glucose (10mM) 0:58 ± 0:10 9:67 ± 0:90
+Antimycin A (10 μg/ml) replacing KCN 0:50 ± 0:10
-Cells N.D.b

Doxorubicin (90 μM) 0:86 ± 0:02c 10:00 ± 1:20
Doxorubicin (200 μM) 1:04 ± 0:12c 11:46 ± 1:18
Doxorubicin (400 μM) 1:13 ± 0:04c 8:82 ± 0:22

+BCNU (100 μg/ml) 1:39 ± 0:08d —

+Adenosine (1mM) 1:06 ± 0:04 —

+Glucose (10mM) 1:61 ± 0:08d 9:47 ± 0:16
+Antimycin A (10 μg/ml) replacing KCN 1:19 ± 0:04c —

-Cells N.D. —

Doxorubicin (1mM) 4:54 ± 0:40c —

Daunorubicin (400 μM) 1:39 ± 0:06c —

5-Iminodaunorubicin (400 μM) 0:64 ± 0:06 —
aMean ± S:E: of 3 to 15 experiments; bN.D. is not detectable; csignificantly different from control, at P < 0:01; dsignificantly different from samples containing
doxorubicin alone, at P < 0:01.
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Figure 2: Effect of tumor cell number on the rate of cyanide-
resistant oxygen consumption in the presence and absence of
doxorubicin. The doxorubicin concentration used for these
experiments was 400μM. These studies were performed as
described in Table 8; the data represent the mean ± S:E: of 3
determinations at each tumor cell concentration.
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250μM, using a 60min incubation time, peak formaldehyde
production (mean ± S:E:; n = 3; 69:5 ± 6 nmol) occurred with
107 tumor cells/ml in the reaction mixture. We found that
under similar experimental conditions, the amount of
formaldehyde produced was also related to the concentra-
tion of DMSO used for the study; formaldehyde formation
(mean ± S:E:, n = 3) increased from 33:2 ± 6:1 nmol/60 -
min/107 cells to 37:1 ± 7:2, 56:9 ± 3:4, 59:7 ± 26:1, and
47:1 ± 6:3 when the DMSO concentration varied from 5
to 50, 100, 200, or 1000mM. Thus, a DMSO concentration
of 100mM was chosen for all subsequent experiments.
When the reaction interval was altered at a fixed dose of
doxorubicin (Figure 3(b)), formaldehyde formation
increased from undetectable levels at the zero-time point
to 90:2 ± 16:4 nmol/107 cells, n = 3, at 2 hr; no further, sig-
nificant increase in hydroxyl radical production could be
demonstrated when the incubation time was extended for
up to 4 hr after the initiation of the reaction (Figure 3(b)).

Doxorubicin increased hydroxyl radical production by
Ehrlich carcinoma cells in a dose-related fashion over a wide
range of drug concentrations (Figure 3(c)). Drug-stimulated
formaldehyde production under our experimental condi-

tions could be reproducibly measured after treatment of the
cells with a doxorubicin concentration as low as 5μM
(24:3 ± 11:8 nmol/120min/107 cells, n = 3).

To examine the mechanism of formaldehyde production
and to verify that the evolution of formaldehyde from DMSO
was a measurement of ⋅OH formation, we investigated the
effect of various oxygen radical scavengers on the level of
formaldehyde produced by treatment of Ehrlich cells with
doxorubicin. The addition of SOD or catalase, but not the
heat-inactivated enzymes, significantly decreased or abol-
ished drug-related formaldehyde production (Table 10).
These results suggested that both the superoxide anion and
hydrogen peroxide were necessary for the generation of
⋅OH by Ehrlich carcinoma cells. We also found that sodium
benzoate, mannitol, diethylurea, and dimethylthiourea,
which are all potent scavengers of the hydroxyl radical [38],
were between 31 and 100% effective in competing with
DMSO for reaction with ⋅OH. However, urea, a structurally
similar but ineffective ⋅OH scavenger, had no significant
effect on formaldehyde production from DMSO (Table 10).
Furthermore, we found that treatment of the permeabilized
Ehrlich cells with the ⋅OH scavengers outlined in Table 10
decreased the production of methane, an alternate by-
product of the reaction between ⋅OH and DMSO, to the same
extent as that found when formaldehyde was assayed (data
not shown). This suggests that the hydroxyl radical scaven-
gers actually combined with the oxidant species formed in
our experimental system rather than altering the stoichiome-
try of the reaction pathways involved in the degradation of
DMSO by the hydroxyl radical. These results, which indi-
cated that formaldehyde production after treatment of Ehr-
lich carcinoma cells with doxorubicin was dependent upon
the presence of the superoxide anion, hydrogen peroxide,
and an iron-EDTA complex, strongly suggest that the
hydroxyl radical or a related species with similar reactivity
was formed in our experiments.

3.5. Antioxidant Levels. To understand the significance of
drug-stimulated oxygen radical formation in each subcellular
fraction, we determined the glutathione peroxidase and
SOD-specific activities associated with these fractions
(Table 5). As seen in Table 5, the glutathione peroxidase
activity in tumor microsomes and nuclei is approximately
10% or 5% of that in the cytosol. Since Ehrlich cells contain
minimal catalase activity [39], glutathione peroxidase is the
major cellular defense against hydrogen peroxide. Further-
more, the glutathione peroxidase level of tumor cytosol,
while more than 20-fold greater than tumor nuclei, is only
30% as high as the enzyme level in rat heart cytosol [4].
Although the specific activity of glutathione peroxidase in
tumor mitochondria exposed to ultrasonic disruption was
26.2% of that in the cytosol, ultracentrifugation of the soni-
cated mitochondria produced a supernatant with essentially
the same specific activity as the tumor cytosol. Thus, it seems
very likely that most, if not all, of the mitochondrial glutathi-
one peroxidase is located in the mitochondrial matrix.

As shown in Table 5, the majority of tumor cell SOD is
located in the cytosol, with much smaller specific activities
associated with the microsomal or nuclear fractions.

Table 9: Requirements for doxorubicin-stimulated hydroxyl radical
formation by detergent-treated Ehrlich carcinoma cells. Hydroxyl
radical production by Ehrlich carcinoma cells was determined by
measurements of formaldehyde production from DMSO; the
standard reaction mixture contained 100mM DMSO, 100 μM
EDTA, 50μM FeS04, 1mM NADPH, 0.1% Triton X-100, 107

tumor cells/ml, and the indicated concentration of doxorubicin in
a final volume of 7ml of PBS at pH7.2. Data are expressed as the
mean ± S:E: of formaldehyde production for the 2 hr reaction
interval in each experimental group; the total number of
experiments for each group (n) is given in parentheses.

Experimental system
Hydroxyl radical production (nmol

formaldehyde/107 cells)

Control 0:0 ± 0:0 (n = 5)a

Doxorubicin (250 μM) 71:4 ± 10:4 (n = 15)b

Minus cells 0:0 ± 0:0 (n = 3)c

Heat denatured cellsd 0:0 ± 0:0 (n = 3)c

Minus DMSO 0:0 ± 0:0 (n = 3)c

Minus EDTA 0:0 ± 0:0 (n = 3)c

Minus FeS04 0:0 ± 0:0 (n = 3)c

Using 1 μM rather than
50μM FeS04

13:2 ± 4:6 (n = 3)c

Using FeC13 (50 μM)
rather than FeS04

30:9 ± 10:0 (n = 3)b

Minus NADPH 0:0 ± 0:0 (n = 3)c

Minus NADPH plus
NADH (1mM)

30:6 ± 8:3 (n = 5)e

Minus NADPH plus
succinate (5mM)

0:0 ± 0:0 (n = 3)c

Minus Triton X-100 0:0 ± 0:0 (n = 3)c
aMean ± S:E:; bsignificantly different from the control group (P < 0:001);
csignificantly different from complete reaction mixture containing
doxorubicin and 50 μM FeS04 (P < 0:001); dtumor cells autoclaved for
60min; esignificantly different from control and from complete reaction
mixture containing NADPH (P < 0:01).
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Mitochondrial SOD was intermediate in specific activity
between cytosol and nuclei and appeared to be present in at
least two mitochondrial sites. Overall, these experiments sug-
gest that tumor nuclei and microsomes are the least well-
protected subcellular fractions with respect to the available
antioxidant defenses capable of detoxifying a drug-induced,
oxy-radical cascade.

4. Discussion

In these experiments, we have provided a comprehensive
examination of the sites and mechanisms of anthracycline-
stimulated oxy-radical production by Ehrlich carcinoma
cells. We found that the microsomal, mitochondrial, and
nuclear tumor fractions were each capable of supporting
drug-induced superoxide anion and hydrogen peroxide pro-
duction under appropriate experimental conditions. For
tumor microsomes and nuclei, this appeared to be an
NADPH-dependent process that resulted from reduction of
the anthracycline quinone by the NADPH:cytochrome P-
450 reductase activity associated with either the microsomal

membrane or the outer nuclear envelope. Mitochondrial
anthracycline metabolism, on the other hand, was NADH-
dependent and was stimulated by rotenone, suggesting that
an early portion of the mitochondrial NADH dehydrogenase
complex was responsible for reduction of the anthracycline
quinone at this intracellular location in tumor cells. Genera-
tion of ROS by anthracycline antibiotics occurred at drug
concentrations that are found intracellularly following expo-
sure of intact cells to this class of anticancer agents [40].
These experiments are among the first to demonstrate that
anthracycline-related ROS production can occur at essen-
tially every intracellular site in tumor cells leading to the for-
mation of an extracellular, and potentially damaging,
peroxide flux.

We also determined that each anthracycline tested,
except for the quinone-substituted drug 5-iminodaunorubi-
cin, was capable of enhancing oxy-radical metabolism by
every subcellular fraction. Furthermore, we found that reac-
tive oxygen metabolism occurred despite the presence of
both SOD and glutathione peroxidase in the tumor organ-
elles. Thus, if these subcellular fractions possess a similar
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Figure 3: Effect of Ehrlich tumor cell number on doxorubicin-stimulated formaldehyde production. (a) Formaldehyde production from
DMSO was assessed spectrophotometrically in the presence of a fixed concentration of doxorubicin (250 μM) over a 60min period of
incubation; the data represent the mean ± S:E: of three experiments for each concentration of tumor cells. (b) Effect of the duration of
incubation on doxorubicin-induced formaldehyde formation by Ehrlich tumor cells. The extent of formaldehyde production by Ehrlich
cells (107/ml) in the presence of doxorubicin (250 μM) was determined as a function of the time after initiation of the reaction. Each time
point represents the mean ± S:E: of three experiments. (c) Effect of doxorubicin concentration on formaldehyde production by Ehrlich
tumor cells. In these studies, the production of formaldehyde from DMSO was examined at a tumor cell concentration of 107/ml; the data
represent the mean ± S:E: of three experiments at each doxorubicin level tested.
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distribution of antioxidant enzymatic defenses in vivo, oxy-
gen radical production by the anthracycline antibiotics might
exceed the detoxifying capacity of various tumor cell
compartments.

Using intact Ehrlich cells, the anthracycline antibiotics
were shown to increase the rate of either cyanide- or anti-
mycin A-resistant respiration. This strongly suggests that
doxorubicin and other anthracycline quinones actually
undergo the previously described oxidation-reduction reac-
tions in vivo. These experiments are also important
because they suggest that manipulation of the intracellular
reducing environment, by glucose or by the glutathione
reductase inhibitor BCNU (which decreases peroxide
detoxification by the GSH-GSH peroxidase cycle), may
affect the redox metabolism of doxorubicin in whole
tumor cells.

We also determined that treatment of intact cells with
doxorubicin was associated with H2O2 production; further-
more, our experiments suggest that following drug treatment
H2O2 accumulates extracellularly. Thus, the plasma mem-
brane, as well as tumor nuclei, mitochondria, and micro-
somes, may be at risk from a free radical attack which, in
this case, could come from both inside and outside the cell.
It is likely that the presence of extracellular H2O2 is due to
either passive transport of H2O2, produced at several intra-
cellular sites, across the plasma membrane or transport
through an aquaporin channel [41].

As shown by our experiments with permeabilized tumor
cells, under certain conditions, NA(D)PH-dependent tumor
cell dehydrogenases can support a free radical cascade initi-
ated by the anthracyclines that culminates in the formation
of the hydroxyl radical. We have previously shown that
hydroxyl radical-induced DNA damage occurs after doxoru-
bicin treatment in the clinic [15]. Further, we have also
reported that a wide variety of hydroxyl radical trapping
agents effectively protect intact Ehrlich tumor cells against
the cytotoxicity of doxorubicin as assessed by soft agar clon-
ing techniques [13]. Because the formation of formaldehyde
fromDMSO in these experiments required superoxide anion,
hydrogen peroxide, and iron-EDTA, it is likely that the
metal-catalyzed Haber-Weiss reaction was operating under
our experimental conditions [42]. This is consistent with
studies indicating that iron-EDTA chelate is an especially
potent redox catalyst capable of stimulating a significant
degree of ⋅OH production in the presence of hydrogen perox-
ide and a reducing agent [43, 44]. Under hypoxic conditions,
the doxorubicin semiquinone may react directly with hydro-
gen peroxide to produce ⋅OH [45]; however, because our
experiments were performed under highly aerobic conditions
(agitation of vessels open to air in a shaking water bath), this
is an unlikely explanation for the mechanism of ⋅OH forma-
tion in the studies presented here.

The importance of the oxidation-reduction cycle initi-
ated by treatment of Ehrlich tumor cells with doxorubicin
is related to the potent oxidizing power of various oxygen
radical metabolites [46]. Thus, drug-induced oxygen radi-
cal formation could lead to the peroxidation of cellular
phospholipids or the oxidation of critical sulfhydryl-
containing enzymes and structural proteins with a subse-
quent loss of control of divalent cation transport or mem-
brane integrity. Furthermore, since a potential role for
oxygen radicals in certain forms of DNA damage is well-
established, it is conceivable that free radical production
by Ehrlich tumor cells after treatment with doxorubicin
could also contribute to previously described effects of
doxorubicin on nucleic acids [47]. One or more of these
consequences of drug-related oxygen radical production
could contribute to the tumoricidal effect of the anthracy-
cline antibiotics.

In summary, we propose that drug-stimulated oxygen
radical metabolism by the anthracycline antibiotics in multi-
ple tumor cell compartments may contribute significantly to
the antineoplastic activity of this class of drugs.

Abbreviations

EGTA: Ethylene-glycol-bis(β-amino-ethylether)-N, N1-
tetraacetic acid

HEPES: N-2-Hydroxyethylpiperazine-N1-2-ethanesulfonic
acid

DTNB: 5-5′-Dithiobis(2-nitrobenzoic acid)
SOD: Superoxide dismutase
PBS: Dulbecco’s phosphate buffered saline
BCNU: 1,3-Bis-chloro(2-chloroethyl)-1-nitrosourea
⋅OH: Hydroxyl radical
ROS: Reactive oxygen species.

Table 10: Effect of oxygen radical scavengers on doxorubicin-
enhanced formaldehyde production by detergent-treated Ehrlich
tumor cells. Hydroxyl radical production by Ehrlich carcinoma
cells was determined exactly as described in Table 9; data have
been expressed as the mean ± S:E: of formaldehyde production for
the 2 hr reaction interval in each experimental group, and the total
number of experiments (n) has been given in parentheses.

Experimental conditions
Formaldehyde production

(nmol/107 cells)

Doxorubicin (250 μM) 60:4 ± 5:6 (6)a

Plus SOD (20 μg/ml) 17:0 ± 9:6 (6)b

Plus heat-denatured SOD
(20 μg/ml)c

49:1 ± 5:0 (3)

Plus catalase (3000 units/ml) 0:0 ± 0:0 (3)d

Plus heat-denatured catalase
(3000 units/ml)

44:3 ± 7:5 (3)

Plus sodium benzoate
(100mM)

34:3 ± 3:4 (3)b

Plus mannitol

100mM 41:7 ± 3:5 (3)b

200mM 23:6 ± 3:5 (3)d

Plus diethylurea (100mM) 25:8 ± 6:0 (3)b

Plus dimethylthiourea
(100mM)

0:0 ± 0:0 (3)d

Plus urea (100mM) 50:9 ± 9:6 (3)
aMean ± S:E:; bsignificantly different from samples treated with doxorubicin
alone (P < 0:01); cSOD and catalase were autoclaved for 60min;
dsignificantly different from samples treated with doxorubicin alone
(P < 0:001).
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Cancer has been recognized as one of the life-threating diseases. Breast cancer is a leading cause of mortality among women. In spite
of current developments in the therapy and diagnosis of cancer, the survival rate is still less. Recently, plant-derived natural
products gain attention as anticancer agents due to the nontoxic nature. Therefore, the aim of present study was to investigate
the anticancer capacity of corn silk extract (CSE) on human breast cancer (MCF-7) and normal human mesenchymal (hMSC-
TERT4) cells. Following 24 h treatment to corn silk extract, the cytotoxicity was assessed by MTT, NRU, and morphological
assays. The oxidative stress markers (GSH and LPO), ROS production, MMP change, and expression of apoptotic marker genes
(p53, Bax, Bcl-2, caspase-3, and caspase-9) were also studied in MCF-7 cells treated at 250 to 1000μg/ml of CSE for 24 h. Our
results showed that CSE decreased the cell viability and increased the apoptosis in a dose-dependent manner. The level of LPO
and ROS production was found significantly higher; however, GSH and MMP level was observed lower in CSE-treated MCF-7
cells. The real-time PCR data showed a significant upregulation in p53, Bax, caspase-3, and caspase-9 and downregulation in the
mRNA expression of Bcl-2 genes in MCF-7 cells exposed to CSE. Collectively, the data from this study stated that corn silk
extract induced apoptosis via the ROS-mediated mitochondrial pathway in MCF-7 cells.

1. Introduction

Breast cancer (BC) is the most frequently occurring cancer in
females. Overall, BC is the second most common cancer with
two million new cases in 2018 [1]. As per the data collected
by the National Centre for Health statistics, 600920 demises
and 1688780 fresh cancer cases were anticipated to arise in
the women of United States in 2017 [2]. According to the
report published by Jemal et al. [3], the worldwide incidence
of breast cancer will keep increasing annually by 0.4%. Thus,
the prevention of BC is a challenge between the scientists

and searchers working in the area around the world. The
increasing rate of BC generating economic burden to the
society demands for the search of a novel, effective, and
beneficial procedure. The available chemotherapeutic drugs,
paclitaxel and anthracyclines, are known to constrain can-
cer growth and induce cancer cell apoptosis [4]. Neverthe-
less, these drugs are not sensitive to some of the patients
and leads to the unwanted side effects to the healthy cells
as well [5]. Hence, it is required to find a powerful,
targeted, and nontoxic therapeutic agent to treat BC using
natural products.
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Plants as a natural product have received great attention
as an anticancer agent with less side effects [6–8]. Corn silk
(Stigma maydis), a byproduct of yellow or green maize (Zea
mays L.), is well known for the effective treatment of nephri-
tis, hypertension, prostatitis, and urinary tract infections [9].
In a traditional system of medicine, the corn silk has been
used in several areas of the world including the United States,
China, France, and Turkey [10]. The extracts of corn silk con-
tain good quantity of a type of flavonoid, maysin, which is
specific to corn [11, 12]. Maysin is a flavone glycoside encom-
passing luteolin, a biologically active agent known for its anti-
oxidant and anticancer potential [13]. The high maysin corn
silk extracts have been proven to be beneficial in reducing the
body weight and fat deposition in C57BL/6J mice [14]. Bai
et al. [15] have also shown the protective effects of ethanolic
maize silk extract on radiation-induced oxidative stress. The
administration of aqueous extract of corn silk at 100–
400mg/kg b.w. on hematological and lipid parameters in rats
[16] and male ICRmice treated for 4 weeks at 500mg/kg b.w.
of corn silk extracts has been found nontoxic [10].

Our literature survey revealed that corn silk has exten-
sively been reported to have substantial bioactivities such as
antioxidant [17], antidiabetic [18], antibacterial [19], antifa-
tigue [20], antidepressant [21], and antitumor [22] activities.
The antiproliferative activity of corn silk extract against the
LoVo (human colon cancer) cell line [23] and apoptosis in
C6 rat glioma cells through mitochondrial ROS [24] have
been reported. To the best of our knowledge, the mechanisms
of anticancer effects of corn silk extract (CSE) against MCF-7
(human breast cancer) cells have not been studied yet. Hence,
we aimed to present investigation firstly to assess the cyto-
toxic potential of CSE against MCF-7 and TERT4 cell lines
and secondly to study the mechanism(s) of CSE inducing
oxidative stress, ROS production, and apoptosis in the
MCF-7 cell line.

2. Materials and Methods

2.1. Preparation of CSE. The fresh corn silk was obtained
from the local market of Riyadh, Saudi Arabia. The corn silk
was washed, air-dried, and powdered for further use. The
methanolic extract was obtained by maceration. Briefly, 25 g
of powdered corn silk was extracted with 100ml methanol/-
water (80%, v/v). The filtrate was collected and dried in a
rotary evaporator at 40°C till dryness. The dried extract was
stored at 4°C for further use. The extract was diluted in
DMSO, and the final concentration of DMSO for cytotoxicity
assessment and other assays was 0.004%.

2.2. Cell Culture. Human breast cancer MCF-7 and normal
cell line hMSC-TERT4 were obtained from ATCC. MCF-7
and hMSC-TERT4 cells were grown in DMEM and MEM,
respectively, complemented with fetal bovine serum (10%)
in a CO2 incubator (5% CO2, 95% air) at 37°C.

2.3. Cytotoxicity of Corn Silk Extract (CSE). Cytotoxic effects
of CSE were performed using MTT assay, NRU assay, and
morphological assessment using the method established by
us [25]. To assess the cytotoxic effects of CSE, the MCF-7

and TERT4 cells were seeded in a 96-well culture plate at a
density of 10,000 cells per well. After overnight incubation,
the cells were exposed to different concentrations (10-
1000μg/ml) of CSE for 24 h using culture medium in
untreated control. The percent cell viability was calculated
using the formula below:

%cell viability = mean absorbance of treatmentð Þ
mean absorbance of controlð Þ × 100:

ð1Þ

For, morphological assessments, the MCF-7 and TERT4
cells were seeded in a 96-well culture plate at a density of
1 × 104 cells/well. The cells exposed to different concentra-
tions of CSE were analyzed under the phase contrast
inverted microscope at 20x magnification power.

2.4. Effects of CSE on Oxidative Stress Markers and ROS
Generation. The CSE inducing oxidative stress was evaluated
by measuring the glutathione level, LPO, and ROS generation
in the MCF-7 cell line.

2.4.1. GSH Measurement. The total glutathione was measured
according to Chandra et al.’s study [26]. Following the proto-
col, MCF-7 cells seeded in 6-well culture plates (1 × 105) were
left overnight in a CO2 incubator. Then, cells were exposed to
0, 250, 500, and 1000μg/ml of CSE for 24h. After exposure,
cells were harvested and protein was precipitated in 1ml of
10% TCA by sonication. Then, the supernatant was collected
by centrifugation and 2ml (0.4M Tris buffer, 0.02M EDTA)
was added to the supernatant. Subsequently, 0.01M DTNB
(5,5′-dithionitrobenzoic acid) was added and incubated for
10 minutes at 37°C. The absorbance of developed color was
read at 550nm wavelength.

2.4.2. Lipid Peroxidation (LPO). To measure the lipid peroxi-
dation induced by CSE, MCF-7 cells (1 × 105) were seeded in
6-well plates and exposed at 0, 250, 500, and 1000μg/ml of
CSE for 24 h. The LPO in MCF-7 cells was measured by the
TBARS (thiobarbituric acid reactive substances) method
[27].After 24 h treatment,MCF-7 cellswere collected and son-
icated in 1.15%KCl. Following centrifugation, 2ml of theTBA
reagent (15% TCA, 0.7% TBA, and 0.25N HCl) was added to
the supernatant. Then, the solution was boiled at 100°C for
15 minutes, and the absorbance of the supernatant was
measured after centrifugation at 1000 rpm for 10 minutes.

2.4.3. Measurement of ROS Production. Intercellular ROS
production in MCF-7 cells was examined using the DCF-
DA (2,7-dichloroflourescin diacetate) probe. DCF-DA is
commonly used for the detection of ROS generation in cells,
since this probe is cell permeable and can enter into the cells
and react with ROS to form DCF (dichlorofluorescein), a
fluorescent complex. The ROS generation was done using
the protocol of Siddiqui et al. [28]. Following the protocol,
MCF-7 cells were seeded in 24-well culture plates (2 × 104
cells) and incubated in a CO2 incubator for overnight. The
cells were exposed at 0, 250, 500, and 1000μg/ml of CSE
for 24 h. After respective exposures, 20μM of dye was added
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to each well and further incubated for 1 hour in the dark.
The fluorescence intensity of the DCF was analyzed under
the fluorescence microscope. To measure the quantitative
ROS generation, the fluorescence of the cells was measured
at 485 nm excitation and 530nm emission using a fluores-
cent reader.

2.5. Determination of MMP (ΔΨm). The MMP level in MCF-
7 cells was analyzed using Rhodamine-123 fluorescence dye
(Rh-123) [28]. As per protocol, MCF-7 cells seeded in 24-
well culture plates (2 × 104) were left overnight in a CO2
incubator. Following the exposure of CSE for 24h at 250,
500, and 1000μg/ml, cells were washed with PBS. Then, cells
were exposed to Rh-123 dye for 60 minutes in the dark at
37°C. The fluorescence intensity of the Rh-123 dye was
observed under the fluorescence microscope, and the fluores-
cence intensity of Rh-123 in MCF-7 cells was also measured
at 485nm excitation and 530 nm emission wavelengths using
a spectrofluorometer for quantitative analysis.

2.6. Analysis of Apoptotic Markers Genes. The real-time PCR
(RT-PCRq) analysis was conducted to measure the mRNA
expression of proapoptotic genes (p53, Bax, caspase-3, and
caspase-9) and antiapoptotic gene (Bcl-2) in MCF-7 cells
treated with CSE according to the method of Al-Oqail et al.
[29]. Following the protocol, MCF-7 cells were harvested
and seeded in 6-well culture plates (1 × 106 cells) and allowed
to adhere overnight. Cells were exposed to 0, 250, 500, and
1000μg/ml of corn seed extract for 24 h. Then, the total
RNA was isolated from treated and untreated sets using an
RNeasy mini kit (Qiagen). The integrity of RNA was checked
using a gel documentation system on 1% gel. Further, cDNA
was synthesized by reverse transcriptase using M-MLV and
oligo (dT) primers (Promega). The RT-PCRq was performed
by a LightCycler® 480 instrument. The expression of
apoptosis-related genes was normalized to a housekeeping
gene, β-actin. The details of the primer sequences for p53,

Bax, caspase-3, caspase-9, Bcl-2, and β-actin are reported in
our earlier publication [29].

2.7. Statistical Analysis. The statistical analysis was done
using one-way ANOVA and post hoc Dunnett’s test to ana-
lyze the significant differences between the control and
treated groups. The values showing p < 0:05 were considered
statistically significant.

3. Results and Discussion

3.1. Cytotoxic Effects of CSE on MCF-7 and TERT4. To assess
the cytotoxic potential of CSE, MCF-7 and TERT4 cells were
exposed to increasing concentrations (10, 25, 50, 100, 250,
500, and 1000μg/ml) of CSE for 24 h. The highlights of the
cytotoxic results obtained by MTT assay, NRU assay, and
morphological alterations are summarized in Figures 1–3,
respectively. As shown in Figure 1, MTT assay revealed a
concentration-dependent cytotoxicity in MCF-7 cell lines.
A significant dose-dependent decrease in the cell viability of
MCF-7 (Figure 1(a)) was found at 100μg/ml or higher con-
centrations of CSE exposed for 24h whereas at the same con-
centration of CSE, TERT4 cell viability was not reduced
(Figure 1(b)). Similar to MTT assay, the NRU assay also
revealed a concentration-dependent cytotoxicity in MCF-7.
100μg/ml or higher concentrations of CSE were also found
to decrease the viability of MCF-7 cells (Figure 2(a)) by
NRU assay exposed for 24 h whereas the viability of TERT4
cells was not reduced at similar concentrations of CSE
(Figure 2(b)). The viability of MCF-7 cells at 250, 500, and
1000μg/ml of CSE was found as 75%, 65%, and 38% by
MTT and 76%, 68%, and 42% by NRU assays, respectively.
The morphological alterations observed under the micro-
scope in MCF-7 and TERT4 cells are presented in Figure 3.
The CSE at 500 and 1000μg/ml reduced the number of
MCF-7 cells, which become rounded and smaller in size.
However, there was no significant effect in the morphology
of TERT4 cells observed at tested concentrations. The
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Figure 1: Cytotoxic effects of corn silk extract (CSE) by MTT assay on MCF-7 (a) and TERT4 cells (b). The cells were exposed to various
concentrations of CSE for 24 h. Data are presented as the mean ± SD of three different experiments. ∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001
compared to control.
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MCF-7 cells were found cytotoxic to CSE; therefore, we fur-
ther discovered the possible mechanism(s) of CSE inducing
apoptosis in MCF-7 cells. In the present investigation, we
used MTT and neutral red uptake assays to assess the cyto-
toxic potential of CSE because of their different mode of
action. The MTT assay is mainly based on the conversion
of MTT in the mitochondria [30]. The neutral red uptake
assay is colorimetric assay measuring the uptake of the dye
by functional lysosomes [31]. Both the assays (MTT and
NRU) revealed a significant-dose dependent decrease in the
viability of MCF-7 cells. However, NRU assay showed little
less cytotoxicity as compared to MTT assay. It has been
reported previously that different cytotoxicity assays can give
different results depending upon the test material used and
the cytotoxicity assay employed [32].

3.2. CSE Induced Oxidative Stress and ROS Generation in
MCF-7 Cells. As presented in Figure 4(a), a depletion in the
GSH level was observed after 24 h exposure of CSE and this
consequence was found in a concentration-dependent man-
ner. We observed that MCF-7 cells in comparison to control

with treatment of CSE at 250, 500, and 1000μg/ml resulted in
a significant decrease of 10%, 23%, and 41%, respectively, in
the GSH level. As shown in Figure 4(b), the CSE induced a
significant increase in the LPO level. An increase of 15%,
39%, and 97% at 250, 500, and 1000μg/ml of CSE was found
in MCF-7 as compared to control (Figure 4(b)). Further, we
measured intercellular ROS production in MCF-7 cells
exposed to 0, 250, 500, and 1000μg/ml of CSE for 24h. The
ROS production was analyzed by two methods (Figure 5):
first, the cellular oxidation of DCF-DA, which oxidized to
green fluorescent by intracellular ROS under a fluorescence
microscope (Figure 5(a)), and quantitative ROS generation
measuring the fluorescence of the cell-induced corn silk
extract in MCF-7 cells (Figure 5(b)). As shown in
Figure 5(a), the green fluorescence intensity clearly indicates
the ROS generation induced by corn silk extract. The graph
of Figure 5(b) also exhibited a significant increase of 22%,
74%, and 124% at 250, 500, and 1000μg/ml of CSE, respec-
tively, as compared to control. The previous reports suggest
that the natural product endorsed oxidative stress by decreas-
ing the intracellular glutathione level and increasing the lipid
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Figure 2: Cytotoxic effects of corn silk extract (CSE) by neutral red uptake assay on MCF-7 (a) and TERT4 cells (b). The cells were
exposed to various concentrations of CSE for 24 h. Data are presented as the mean ± SD of three different experiments. ∗p < 0:05,
∗∗p < 0:01, and ∗∗∗p < 0:001 compared to control.
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Figure 3: Representative images of morphological changes in MCF-7 and TERT4 cell lines. MCF-7 and TERT4 cells were exposed to
different concentrations of corn silk extract (CSE) for 24 h. Images were grabbed using a phase contrast inverted microscope at 20x
magnification power.
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peroxidation in the cells [33, 34]. A concentration-dependent
decrease in GSH and an increase in LPO levels as found in
this study induced by CSE in MCF-7 indicate that oxidative
stress plays an important role in the cytotoxicity/cell death.
The data obtained in the present study is also supported by
previous studies that showed the involvement of oxidative
stress in Nigella sativa seed oil-induced cell death in human
hepatocellular carcinoma cell line [29]. Reactive oxygen spe-
cies (ROS) produced as a byproduct of cellular metabolism
mainly in the mitochondria play a significant role in the cell
proliferation, survival, and differentiation [35]. In a normal
condition, production and exclusion of ROS are balanced in
the cells; however, the stimulation by xenobiotics can cause
excessive production of ROS. The excessive production of
ROS can lead to oxidative damage, cell cycle arrest, and
cellular apoptosis [36, 37]. In this study, we found that CSE
increases the production of ROS in a concentration-
dependent manner. Therefore, it can be assumed that ROS
is involved in the cell death of MCF-7 induced by CSE. These

results are also supported by previous studies showing the
excessive ROS generation induced by natural products
[38–40]. The increased amounts of ROS are known to result
in the physiological dysfunction and cell damage [41].

3.3. CSE Induced Change in MMP (ΔΨm). It is known that
change in mitochondrial permeability is a vital sign of the
cellular apoptosis [42]. Thus, to explore whether CSE can
interrupt the ΔΨm, the MCF-7 cells were treated with differ-
ent concentrations (250, 500, and 1000μg/ml) of CSE for
24 h. The MMP was observed by staining with cationic fluo-
rescence dye (Rh123). The results found from fluorescence
measurements clearly showed a concentration-dependent
decrease in the ΔΨm in MCF-7 cells treated with CSE
(Figure 6(a)). As shown in Figure 6(b), compared to control,
a significant decrease of 10%, 35%, and 60% was found at
250, 500, and 1000μg/ml of CSE, respectively. As observed
in the present investigation, the decrease in ΔΨm is as early
incidence of apoptotic cell death in MCF-7 cells. This also
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Figure 4: Effects of corn silk extract (CSE) on oxidative stress markers in MCF-7 cells. (a) Depletion in glutathione (GSH) level and (b)
induction in lipid peroxidation (LPO). Data are presented as the mean ± SD of three different experiments. ∗p < 0:05 and ∗∗p < 0:01 and
compared to control.
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Figure 5: ROS generation induced by corn silk extract (CSE) in MCF-7 cells. (a) Fluorescence images showing intensity of DCF-DA dye after
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indicates the role of the mitochondrial-mediated pathway in
apoptosis induced by CSE. Our results are also supported by
Lee et al. [43], who have described that corn silk could loss
the ΔΨm in prostate cancer (PC-3) cells. Gou et al. [23] have
also reported that CSE decreased the ΔΨm in a
concentration-dependent manner in LoVo (human colon
cancer cell line).

3.4. CSE Induced Changes in Apoptotic Marker Genes. As
shown in Figure 7, CSE upregulated the mRNA expression
of p53, caspase-3, caspase-9, and Bax and downregulated
the Bcl-2, which lead to the apoptosis. A concentration-
dependent significant increase of 1.8-, 2.5-, and 3.8-fold in
the mRNA expression of p53; 2.1-, 2.8-, and 3.75-fold in
the mRNA expression of caspase-3; 2.4-, 3-, and 4.1-fold in
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Figure 6: Corn silk extract (CSE) induced loss in MMP. The loss in the MMP level was observed in MCF-7 after the exposure of CSE at
250-1000 μg/ml for 24 h. (a) The fluorescence intensity of Rh123 dye was analyzed under a fluorescence microscope. (b) The graph shows
percent loss in the MMP level in MCF-7 induced by corn silk extract. Data are presented as the mean ± SD of three different experiments.
∗p < 0:05 and ∗∗p < 0:01 compared to control.
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the mRNA expression of caspase-9; and 1.6-, 2.3-, and 3.6-
fold in the mRNA expression of Bax at 250, 500, and
1000μg/ml of CSE, respectively, was observed. However, a
0.3-, 0.55-, and 0.7-fold decrease in mRNA expression of
Bcl-2 at 250, 500, and 1000μg/ml of CSE, respectively, was
observed in MCF-7 cells treated with CSE. The real-time
PCR (RT-PCRq) data are presented as the expression of apo-
ptotic marker genes (Figure 7). By real-time PCR analysis, we
have exhibited that the initiation of the apoptosis pathway
induced by CSE exposure to MCF-7 cells was facilitated by
disturbing the Bax and Bcl-2 levels. Bax, the proapoptotic
gene, has been reported to be upregulated in p53-mediated
apoptosis in many systems [44]. Consequently, the increased
level of p53 in MCF-7 cells induced by CSE in this study
showed that p53 activates the mitochondrial apoptosis.
The disturbance in the Bax and Bcl-2 level instigates the
dysfunction of the mitochondria, which is encouraging
the activation of caspase-3 and caspase-9 [45, 46]. Caspase,
a family of proteases, plays a central role in the develop-
ment of apoptosis. Caspase-9 is involved in the signal
transduction cascade, activating caspase-3 that facilitates
successive apoptotic signaling. Casapse-3 in the apoptotic
pathway plays a critical role during DNA fragmentation,
chromatin condensation, and other apoptotic methods
[47]. In this study, upregulation in the mRNA expression
of caspase-3 and caspase-9 clearly showed that CSE signif-
icantly induced apoptosis in MCF-7 cells. A concentration-
dependent decrease in the Bcl-2 level observed might have
been directed to decrease in MMP (ΔΨm) as shown in
this study, following the activation of caspase-3 through
the caspase-9 pathway. Our results are also in accordance
with the previous report showing that the overexpression
of ROS induced by CSE decreases ΔΨm which activates
caspase signaling pathways and apoptosis in rat C6 glioma
and human colon cancer cell lines [23, 24].

4. Conclusions

The present investigation demonstrated that the methanolic
extract of corn silk (CSE) induced cytotoxicity in the human
breast cancer cell line (MCF-7). There was no cytotoxic
effect of CSE observed on normal human mesenchymal
(hMSC-TERT4) cells at tested concentrations. The CSE
was also found to increase the LPO and ROS production
and decrease the GSH level in a dose-dependent manner in
MCF-7 cells. The loss in mitochondrial membrane potential
indicates the efficacy of CSE against cancer cells. The CSE
induced upregulation in proapoptotic marker genes (p53,
Bax, caspase-3, and caspase-9) and downregulation in anti-
apoptotic gene, Bcl-2, which exhibited apoptotic cell death
in human breast cancer cells through the ROS-mediated
mitochondrial pathway.
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Phosphorylated histone 2AX (γH2AX) is a long-standing marker for DNA double-strand breaks (DSBs) from ionizing radiation in
the field of radiobiology. This led to the perception of γH2AX being a general marker of direct DNA damage with the treatment of
other agents such as low-dose exogenous ROS that unlikely act on cellular DNA directly. Cold physical plasma confers biomedical
effects majorly via release of reactive oxygen and nitrogen species (ROS). In vitro, increase of γH2AX has often been observed with
plasma treatment, leading to the conclusion that DNA damage is a direct consequence of plasma exposure. However, increase in
γH2AX also occurs during apoptosis, which is often observed with plasma treatment as well. Moreover, it must be questioned if
plasma-derived ROS can reach into the nucleus and still be reactive enough to damage DNA directly. We investigated γH2AX
induction in a lymphocyte cell line upon ROS exposure (plasma, hydrogen peroxide, or hypochlorous acid) or UV-B light.
Cytotoxicity and γH2AX induction was abrogated by the use of antioxidants with all types of ROS treatment but not UV
radiation. H2AX phosphorylation levels were overall independent of analyzing either all nucleated cells or segmenting γH2AX
phosphorylation for each cell cycle phase. SB202190 (p38-MAPK inhibitor) and Z-VAD-FMK (pan-caspase inhibitor)
significantly inhibited γH2AX induction upon ROS but not UV treatment. Finally, and despite γH2AX induction, UV but not
plasma treatment led to significantly increased micronucleus formation, which is a functional read-out of genotoxic DNA DSBs.
We conclude that plasma-mediated and low-ROS γH2AX induction depends on caspase activation and hence is not the cause
but consequence of apoptosis induction. Moreover, we could not identify lasting mutagenic effects with plasma treatment
despite phosphorylation of H2AX.

1. Introduction

γH2AX is a recognized marker for DNA double-strand
breaks (DSBs) in radiation biology [1]. Phosphorylation at
serine139 of the histone 2AX occurs rapidly, and approxi-
mately 1% of all H2AX proteins are phosphorylated per gray
irradiation via a molecular machinery [2]. Based on these
findings in radiobiology, γH2AX has been used as direct sur-
rogate and correlate of DNA DSBs in a variety of studies test-

ing chemical and physical treatments, for example, in the
field of oncology [3]. One novel physical treatment modality
for the treatment of cancer is cold physical plasma [4]. Its
antitumor effects on several types of tumor cells such as skin
cancer have been shown in vitro and in vivo [5–7], and to a
limited extent also in small patient cohorts [8]. Medical
plasmas are multicomponent systems consisting of, e.g.,
electrons and ions, electric fields, and a multiplicity of differ-
ent reactive oxygen and nitrogen species (ROS) [9].
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ROS are the major component mediating biomedical
effects of plasma treatment, at least in vitro [10–12]. Con-
comitant with plasma-induced cell death, many studies
reported a phosphorylation of H2AX with different kinds of
plasma sources and (tumor) cell types [13–19]. This lead to
the conclusion that plasma-derived ROS directly induce
DNA damage. Yet, there are several pitfalls of this assump-
tion. Firstly, plasma-derived ROS are not generated within
the cells but reach them from the outside. Due to the charge
as well as short lifetime of some of these species detected and
quantified in plasma-treated liquids, and hence possibly in
the vicinity of cells [20–22], only a fraction of the ROS is able
to diffuse or being transported through the cell membrane
directly. Secondly, once in the cytosol, there are abundant
reaction partners including, for instance, peroxiredoxins
(PRDX) to scavenge the ROS [23]. Thirdly, the remaining
ROS would have to cross several membranes of the endoplas-
mic reticulum (ER) and ultimately the nucleus membrane to
directly act on cellular DNA after—again—passing by several
antioxidant proteins such as PRDX2 [24]. In the light of large
distances (2-10 μm) that ROS would have to travel from
the membrane to the nucleus, the direct action of
plasma-derived ROS on cellular DNA denies the nature
of ROS being reactive and short-lived. This also questions
the conclusion that γH2AX is an indicator of DNA DSBs
arising from primary ROS derived from plasma treatment.
Rather, a role of γH2AX might be in marking DNA DSBs
secondary to plasma treatment (e.g., due to apoptosis).
γH2AX was originally identified as an early event after
the direct formation of DSBs. Now, γ-H2AX is considered
to occur after the indirect formation of DSBs caused by
cellular process such as DNA repair, replication, and/or
transcription at sites of initial DNA damage such as oxidative
bases, DNA adducts, single-strand breaks, cross-linking, and
DNA photoproducts [25, 26].

In general, γH2AX seems to fulfill pleiotropic roles in cell
biology. For instance, low levels of γH2AX are not associated
with DNADSBs [27]. Untreated cells are found to be positive
for γH2AX in the M phase of the cell cycle without being
exposed to a DNA-damaging agent [28]. Decreased expres-
sion of the H2AX primarily leads to damage in the mitochon-
dria [29]. The amount of γH2AX in apoptotic cells also
exceeds that of nonapoptotic cells by a factor of ten [30].
γH2AX also seems dispensable for the initial recognition of
DNA breaks [31]. Finally, there is evidence that not only
DNA DSBs but also ROS may be responsible for γH2AX
induction [32]. Mechanistically, it is known that while the
serine/threonine kinase ataxia telangiectasia mutated
(ATM) forms γH2AX at DNA DSBs [33], the serine/threo-
nine kinase ataxia telangiectasia and Rad3-related protein
(ATR) have been also implicated in this process [34].
Interestingly, ATM does so by redox-sensitive thiols, so
ATM activation is a marker of both oxidative stress and
DNA DSBs [35].

In the light of these studies, we sought to study the role of
plasma-derived ROS in γH2AX induction. The lymphocyte
cell line TK6 was treated with an atmospheric pressure argon
plasma jet (kINPen) as ROS-source. The γH2AX expression
along with the amount of ROS, ROS scavengers, cell viability,

and an OECD- (Organization for Economic Co-operation
and Development-) accredited genotoxicity (micronucleus)
assay were investigated. We found that plasma but not UV-
induced γH2AX induction was dependent on apoptosis and
caspase activation, making DNA damage marked via γH2AX
rather a consequence than the cause for plasma-induced
cell death.

2. Materials and Methods

2.1. Cell Culture. Lymphocytes are the cell type most often
used when investigating DNA damage [36]. Especially the
human TK6 lymphocyte cell line has been widely utilized in
genotoxicity studies [37, 38]. For this reason, we used TK6
(ATCC CRL-8015) cells, a p53-competent, human lympho-
blast cell line. Cells were cultured in Roswell Park Memorial
Medium without phenol red (RPMI1640; PanBioTech)
supplemented with 10% fetal bovine serum, 2% glutamine,
and 1% penicillin/streptomycin (all Sigma). All incubations
were performed in cell culture conditions (CB210; Binder)
at 37°C, 95% humidity, and 5% carbon dioxide. As ROS scav-
engers, catalase (cat; 20 μg/ml), glutathione (GSH; 1mM), or
superoxide dismutase (SOD; 100U/ml) was used (all Sigma).
As enzyme or signaling inhibitors, Z-VAD-FMK (R&D
Biosciences), SB202190 (Sigma), KU55933 (SelleckChem),
Ly294002 (Cell Signaling Technologies), wortmannin (Invi-
voGen), or SP600125 (Santa Cruz Biotechnology) was used
at different concentrations and incubated with cells for 1 h
prior ROS or UV treatment. Final concentrations for a
selected choice of inhibitors were 1 μM for KU55933, 1μM
for SB202190, and 25 μM for Z-VAD-FMK.

2.2. Exposure of Cells to ROS, Cold Physical Plasma, or UV.
For all procedures, 2 5 × 105 TK6 cells in 500μl of fully
supplemented cell culture medium were added to wells of a
24-well plate (Sarstedt). For hydrogen peroxide (H2O2;
Sigma) treatment, the stock was diluted in double-distilled
water, and a range of concentrations was tested initially. Final
concentration for subsequent assays was 10 μM. For hypo-
chlorous acid (HOCl; Roth), the stock was diluted in
double-distilled water, and a range of concentrations was
tested initially. Final concentration for subsequent assays
was 500 μM. Plasma treatment was done using the atmo-
spheric pressure argon plasma jet kINPen (neoplas tools)
that expels various reactive agents (Figure 1(a)) as reported
before [9]. Its biomedical effects were summarized recently
[39]. The plasma source was operated at two standard liters
per minute of argon gas (Air Liquide, purity 99.999%).
Plasma treatment was performed in a highly standardized
manner as shown previously [40]. Briefly, the plasma jet
was attached to a computer-controlled xyz-table (CNC step),
which hovered the plasma exactly over the center of each well
for a predefined time and height. A range of treatment times
was initially tested. Immediately after treatment, a predeter-
mined amount of double-distilled water was added to the
wells after plasma treatment to compensate for evaporation
effects and to maintain isoosmolality. A treatment time of
10 s was used for subsequent experiments if not indicated
otherwise. For exposure to UV light, a range of exposure

2 Oxidative Medicine and Cellular Longevity
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Figure 1: Continued.

3Oxidative Medicine and Cellular Longevity



times was tested, and 120 s was used for experiments if not
indicated otherwise. The wells of the plate that were not
intended to be exposed to UV light were covered with alu-
minum foil. A broadband UVB (20-160 Jeff m−2) light
source (Philips TL12 fluorescent lamp) emitting radiation
between 290 and 315nm was used. UVB exposure modifies
DNA directly by forming cyclobutane pyrimidine dimers
(CPD) and 6-4 photoproducts. Indirect effects of UVB on
DNA occur due to photolysis and generation of hydroxyl
radicals, leading to formation of 8-hydroxy-2′-deoxygua-
nosine (8-OhdG) [41].

2.3. Intracellular Oxidation. To assess intracellular oxidation,
TK6 cells were stained with chloromethyl 2′,7′-dichlorodi-
hydrofluorescein diacetate (CM-H2DCF-DA; final concen-
tration 2.5 μM; Thermo Fisher) in phosphate-buffered
saline (PBS), washed, and resuspended in fully supplemented
cell culture medium (in the presence or absence of antioxi-

dants). Cells were seeded into plates and treated as described
above. Immediately after, cells were added to 12 × 75mm
tubes (Sarstedt) containing 4′,6-diamidin-2-phenylindol
(DAPI; final concentration 1 μM; Sigma), and samples were
acquired by multicolor flow cytometry (Gallios, equipped
with 405nm, 488nm, and 638nm laser; Beckman Coulter).
Sample analysis was performed using Kaluza 2.1.1 software
(Beckman Coulter) and analyzing the mean fluorescent
intensity (MFI) of DCF within the viable (DAPI-) cell
fraction.

2.4. Metabolic Activity, Mitochondrial Mass, and Viability.
Metabolic activity was investigated by incubating the cells
for 4 h with resazurin (final concentration 100 μM; Alfa
Aesar) after two hours of incubation posttreatment. Metabol-
ically active cells transform nonfluorescent resazurin into
fluorescent resorufin, which can be quantified using a multi-
plate reader (F200; Tecan) at λex 560 nm and λem 590nm.
Absolute sample values were normalized to that of untreated
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Figure 1: Metabolic activity and oxidation of TK6 cells after exposure to plasma, H2O2, HOCl, and UV. (a) Image (top) and scheme (bottom)
with some of the products generated by the kINPen argon plasma jet. (b–e) Metabolic activity 6 h after exposure to different concentrations of
ROS, or plasma or UV treatment times. (f) Effects of antioxidants or ROS scavenging enzymes on themetabolic activity of cells in responses to
treatments after 6 h. (g) Overlay histogram of DCF fluorescence of control and plasma-treated cells. (h) Quantification of DCF fluorescence in
cells immediately after treatment in the presence or absence of antioxidants. (i) Overlay histogram of mitotracker orange (MTO) in cells 6 h
after plasma treatment. (j) Quantification of mitochondrial mass in cells exposed to various agents in the presence or absence of antioxidants.
Data are mean + S E. of 2–4 independent experiments with several replicates each. Statistical analysis (h, j) within each treatment group was
done with one-way ANOVA and Dunnett’s post hoc test to vehicle control.
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cells = 100% To quantify mitochondrial mass, cells were
incubated for 15min with chloromethyltetramethylrosa-
mine, also called MitoTracker Orange (MTO; final concen-
tration 1 μM; Thermo Fisher), at 6 h after plasma
treatment. The cationic rosamine probe only binds to
mitochondrial membranes with intact potential. Sample
acquisition was performed using flow cytometry. To quantify
nonterminally dead (alive) and terminally dead cells, DAPI
was used to discriminate the percentage of either population
using flow cytometry. For some experiments, the amount of
cells active for caspase 3 and 7 was investigated to quantify
the amount of apoptotic cells. For this, cells were incubated
for 30min with CellEvent dye (final concentration 2.5 μM;
Thermo Fisher). Samples were analyzed by flow cytometry.

2.5. Analysis of Cell Cycle and γH2AX. Flow cytometry is the
most sensitive, quantitative, and informative method of ana-
lyzing and quantifying γH2AX in cells, as it can be related to
cell cycle and other cellular populations stained with
additional markers [36]. To prepare the cells for DNA and
γH2AX staining, cells were harvested 2 h after exposure to
agents into 12 × 75mm tubes. In an initial kinetic experi-
ment, 2 h was shown to be optimal. Cells were washed with
PBS and fixed with -20°C methanol for 30min at 4°C. Cells
were washed and incubated with murine phosphor-specific
anti-γH2AX antibodies (BioLegend) for 20min. The optimal
antibody dilution was determined experimentally. Cells were
washed and incubated with DAPI (10 μM) and an anti-
mouse IgG1 antibody conjugated to Alexa Fluor 647
(Thermo Fisher) for 20min in permeabilization wash buffer
(BioLegend) in the dark. Cells were washed and resuspended
in PBS and acquired by flow cytometry. Gating of cells was
performed as shown. Appropriate gating of the DAPI-area
vs. DAPI-width parameters for cell cycle analysis was con-
firmed with Michael H. Fox algorithm integrated into Kaluza
analysis software. If the algorithm could not calculate G1, S,
and G2 phase properly, the gating was adjusted accordingly.
This way, γH2AX induction could be accurately calculated in
relation to mathematical modeling for each cell cycle phase.
A total of more than 1.800 single FACS measurements was
prepared, stained, and individually acquired in this study.
Each measurement contained at least 20,000 single cells,
yielding quantitative single cell data. To analyze γH2AX foci
via laser scanning confocal microscopy (TP5; Leica), cells
were stained as described above and added to 8-well glass
slides (Ibidi). Fluorescence was acquired using excitation at
405nm for DAPI and 640nm for Alexa Fluor 647.

2.6. Quantification of Micronuclei. The cytokinesis-block
micronucleus (MN) assay requires quantification of micro-
nuclei in binucleated cells (BNCs) only [42]. Cells were
treated as described above with minor changes and incubated
for 24 h. As additional genotoxic positive control, the DNA-
damaging agent methyl methanesulfonate (MMS; final
concentration 20ng/ml; Sigma) was added. The plasma treat-
ment time was reduced from 10 s to 2.5 s as the plasma treat-
ment acted synergistically toxic together with cytochalasin B,
leading to insufficient cell counts. Similar observations were
made for UV treatment, which was reduced from 120 s to

24 s. Ten wells were pooled into T75 flasks (Sarstedt) per con-
dition, and cytochalasin B (final concentration 5 μg/ml;
Sigma) was added. Flasks were incubated for another 24 h.
Cells were collected into 15ml tubes (Sarstedt), washed, fixed
with 4% fixation buffer (BioLegend) for 20min, and washed
and stored at 4°C in PBS until staining. For staining, cells
were washed and stained in permeabilization wash buffer
(BioLegend) containing draq5 (final concentration 50 μM;
BioLegend) for 20min at room temperature in the dark.
Other DNA staining dyes were also compared (SYTOX
green, final concentration 1 μM, Thermo Fisher; DAPI, final
concentration 10μM, Sigma; Hoechst 33342, final concentra-
tion 10μg/ml, Sigma) but found to be less suitable. Cells were
washed in permeabilization wash buffer and resuspended in
PBS in siliconized 1.5ml tubes. Speed beats (Merck Milli-
pore) were used to operate the imaging fluids of an Image-
Stream ISX Mark II (Merck Millipore), which was used for
sample acquisition. Up to 2× 105 cells (images) were
acquired per sample. The digital MN analysis was in main
parts similar as reported before [43], with some minor mod-
ifications in mask design and gating steps. A total of more
than 40 Mio single cells—each represented by at least two
individual images of about 200 × 200 pixels in size—were
acquired and partly analyzed in this study.

2.7. Statistical Analysis. Data were analyzed and graphed
using Prism 8.1 (GraphPad software). Mean and standard
error (S.E.) were given if not indicated otherwise. Statistical
analysis was performed either using one-way analysis of var-
iances or t-test.

3. Results

3.1. Viability and Oxidation upon Exposure to Plasma, H2O2,
HOCl, and UV Light. In order to obtain ROS concentrations
and UV exposure times as well as plasma treatment times
that were neither too toxic nor failed to show effects on cells,
dilution and treatment time series were performed, respec-
tively. From these, we concluded to use 10 s of plasma
treatment (Figure 1(b)), 10 μM of H2O2 (Figure 1(c)),
500μM of HOCl (Figure 1(d)), and 120 s of UV treatment
(Figure 1(e)) in viability experiments assayed 6h after
exposure for subsequent experiments. Data for metabolic
activity were in principal similar for longer incubation
times (Supplementary Figure S1a). Terminally dead cells
at 6 h posttreatment were also quantified (Supplementary
Figure S1b). Next, it was tested whether antioxidant
agents and enzymes protected cells 6 h postagent-induced
toxicity (Figure 1(f)). While catalase (cat) and glutathione
(GSH) conferred protection, superoxide dismutase (SOD)
did not. To confirm that this finding was related to
protection from ROS, cells were stained with CM-H2DCF-
DA, which after intracellular modifications fluoresces upon
oxidation with, e.g., plasma treatment (Figure 1(g)). Indeed,
GSH and cat significantly protected cells from oxidation
with plasma, H2O2, and HOCl treatment (Figure 1(h)). For
UV exposure, only cat but not GSH conferred protection.
This might be due to UV radiation directly oxidizing
DCFH-DA. In lymphocytes, ROS-induced toxicity leads
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to depolarization of the mitochondrial membrane potential
ΔΨm [44], which allows the quantification of mitochondria
with intact ΔΨm using appropriate dyes (Figure 1(i)).
The agents decreased the total amount of mitochondria
with intact ΔΨm, while cat and GSH but not SOD
protected from insult (Figure 1(j)). Presence of cat even
led to higher values, suggesting the growth-supporting
activity of antioxidant enzymes. In summary, the ROS
agents and UV radiation oxidized the cells leading to
mitochondrial damage and reduction of metabolic activity
and viability.

3.2. Induction of γH2AX Depended on ROS but Not of Cell
Cycle Phase. To quantify γH2AX in cells, a rigid flow cyto-
metric gating strategy was set up. Cells were gated based on
time (Figure 2(a)) and forward and side scatter properties
(Figure 2(b)) followed by exclusion of doublets, aggregates,
and subG1 cells (Figure 2(c)). γH2AX was quantified in sin-
glets (Figure 2(d)). Alternatively, γH2AXwas determined per
cell cycle phase, which was validated using Michael H. Fox
algorithms (Figure 2(e)). For each phase, a separate gating
was applied (Figure 2(f)), from which the number (% gated)
and intensity (mean fluorescence intensity of % gated) was
calculated (Figure 2(g)). Staining was performed using
appropriate antibody dilutions (Supplementary Figure S1c)
at 2 h posttreatment (Supplementary Figure S1d) and was
confirmed using confocal laser scanning microscopy
(Figure 2(h)). γH2AX foci are formed within seconds, but
since they are initially quite small, reliably quantification is
recommend earliest at 30min after initial insult [45]. A
prominent γH2AX induction was observed with plasma
and UV treatment and to a lesser extent with H2O2 and
HOCl exposure (Figure 2(i)). This difference may be
explained by slight (H2O2) and larger (HOCl) differences of
the oxidants to induce cytotoxic effects as compared to
those seen with plasma (Figures 1(f) and 1(j)). The reason
might have been a change of TK6 sensitivity between the
initial titration (Figures 1(b) and 1(c)) and subsequent
experiment due to passage number. Strikingly, antioxidants
(GSH and cat) significantly reduced γH2AX induction for
plasma and H2O2 treatment. For UV treatment, it was
significantly enhanced. Similar observations were made
when analyzing γH2AX induction for each phase of the cell
cycle (Figure 2(j)). In general, G1 cells gave lower signals
compared to S and G2 phase cells, and the increase
observed with antioxidants in UV conditions was evenly
proportional for each cell cycle phase. Notably, cat and
GSH had no effect on γH2AX induction in resting
(untreated) cells for each cell cycle phase (Supplementary
Figure S1e). By contrast, the antioxidant N-acetylcysteine
(NAC) increased γH2AX induction in untreated as well as
treated cells (Supplementary Figure S1f). With reference to
cell cycle phase-dependent γH2AX intensity (Figure 2(j)),
another question was whether there was a relatively higher
increase in proliferating (S and G2 phase) cells. These cells
have intrinsically more DSBs and unwinded DNA, which
could make them more prone to ROS-induced DNA
damage. It was observed that the opposite was the case,
as γH2AX intensity in S over G1 and G2 over G1 was

overall significantly lower compared to those of untreated
control cells (Supplementary Figure 1g). Altogether,
γH2AX showed a major increase in plasma-treated cells,
which was almost fully abrogated in presence of cat or
GSH during the treatment.

3.3. Intracellular Signaling and Apoptosis Govern Plasma-
Induced γH2AX. The next question was to investigate
intracellular signaling events upon plasma-induced H2AX
phosphorylation. Many pathways leading to γH2AX have
been unraveled [36], and we used several inhibitors in
preliminary tests (Supplementary Figure S2a–f). One
promising candidate was SB202190, a p38-MAPK inhibitor,
which gave a significant decrease in γH2AX induction for
all ROS but not for UV treatment (Figure 3(a)). Similar
results were achieved with Z-VAD-FMK, a pan-caspase
inhibitor (Figure 3(b)), but only a no-significant reduction
was observed with KU59933 for plasma conditions
(Supplementary Figure 2g), an ataxia telangiectasia mutated
(ATM) inhibitor. This suggests that plasma-induced
γH2AX induction is a result of apoptosis induction rather
than of plasma-derived ROS directly traveling through
the cells and eventually to the nucleus to confer DNA
damage. To confirm functionality of Z-VAD-FMK on
inhibiting apoptosis, we measured caspase 3 and 7
activity (Figure 2(c)). Quantification at 4 h (Figure 2(d))
and 24 h (Figure 2(e)) revealed a significant increase in
nonapoptotic cells with all treatment modalities. The fact
that UV-induced apoptosis but not H2AX phosphorylation
was abrogated with Z-VAD-FMK suggests that γH2AX
induction was regulated by pathways not related to
apoptosis, which was not the case for ROS conditions.
Finally, using confocal laser scanning microscopy, we
confirmed that γH2AX foci were majorly present in
apoptotic cells showing fragmented nuclei (Figure 3(f)).
Taken together, plasma and ROS but not UV-induced
γH2AX was largely dependent on stress (p38-MAPK) and
apoptosis (caspase) signaling pathways.

3.4. Plasma-Mediated γH2AX Induction Does Not Correlate
to DNA DSB-Related Micronuclei. To confirm that plasma
and ROS-induced γH2AX foci were a consequence of ROS-
induced stress signaling and apoptosis-induced DNA DSBs
rather than markers of direct ROS-induced DNA DSBs,
we performed a functional assay on DNA DSBs, the
cytokinesis-block micronucleus (MN) assay. Sufficient
numbers of DNA DSBs lead to replication errors during
DNA synthesis in G2 phase cells, which converts into
micronuclei formation as genotoxic endpoint measurement
[46]. The addition of cytochalasin B blocks cytoplasmic
division due to inhibition of network formation of actin
filaments. The result is an enrichment of binucleated (G2
phase) cells (BNCs) that can be quantitatively assessed with
different DNA stains (Supplementary Figure 3a). Imaging
(Supplementary Figure 3b) and quantification of BNCs
(Supplementary Figure 3c) confirmed this principle, and we
decided to use draq5 for subsequent experiments. Another
observation was that the plasma and UV treatment time
utilized in experiments were too toxic in combination with
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Figure 2: Analysis of γH2AX in TK6 cells and its relation to ROS. (a–c) Gating strategy of TK6 cells at 2 h after treatment with agents was
done by first including cells in time (a) and forward (FS) and side scatter (SS) cell gate (b), before excluding doublets and subG1 cells for the
singles gate (c). (d–e) Singles were then analyzed for total γH2AX as exemplified with representative fluorescence histogram overlay (d),
subjected to algorithm-driven cell cycle analysis (e), or manually gated for each cell cycle phase (f) and subsequent determination of
γH2AXhi cells in histograms (g). (h) Confirmation of γH2AX foci (green) in DAPI-stained nuclei (blue) by confocal laser scanning
microscopy. (i) Quantification of total (independent of cell cycle phase) γH2AX with treatments and presence or absence of antioxidants.
(j) Quantification of total γH2AX within each cell cycle phase at 2 h after treatment with agents in the presence or absence of antioxidants.
Quantification (i, j) was done by multiplying the percent of cells positive for γH2AX (% gated) with the mean fluorescent intensity (MFI)
of γH2AX+ cells. Data show violin plots (i) or single values and mean ± S E (j) of three independent experiments with duplicates each.
Statistical analysis (i) within each treatment group was done with one-way ANOVA and Dunnett post hoc test to vehicle control. Scale
bar (h) is 10 μm; ns = not significant.
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Figure 3: Dependence of ROS and UV-induced γH2AX expression on intracellular signaling and apoptosis. (a, b) γH2AX expression in cells
preincubated with (a) SB202190 (p38 MAPK-inhibitor) or (b) Z-VAD-FMK (pan-caspase inhibitor) 2 h after exposure to various agents. (c)
Representative overlay histograms of active caspase 3/7-stain (left) and terminally dead DAPI+ (right) in presence of absence of Z-VAD-FMK
at 24 h after plasma treatment. (d–e) Quantification of apoptosis in presence or absence of Z-VAD-FMK at (d) 4 h and (e) 24 h after plasma
treatment with γH2AX-inducing agents. (f) Confocal laser scanning microscopy (DNA = DAPI, blue; γH2AX = green) of TK6 cells with
arrows pointing at apoptotic (cells with fragmented nuclei) cells being positive for γH2AX. Data show box plots (a, b) and single data and
mean (d, e) of two to four independent experiments with several replicates each. Statistical analysis was done using t-test. Scale bar (f) is
10μm; n.s. = not significant.
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cytochalasin B, leaving only few cells to analyze at 48 h
posttreatment. Therefore, plasma and UV treatment time
was reduced to 2.5 s and 24 s, respectively, which still
generated significantly more γH2AX signal compared to
untreated control (Figures 4(a) and 4(b)). By applying
customized mathematical operands, several masks were
develop to clearly identify and quantify BNCs as well as
MN within the population of BNCs in an algorithm-based,
unbiased fashion (Figure 4(c)) across millions of cells. Final
analysis showed a significant increase in MN formation
with UV but not plasma treatment. A chemical genotoxic
agent (MMS) was installed as additional control in this
experiment, which differed significantly from untreated
cells (Figure 4(d)). As additional quality control, the
average number of cells analyzed in these experiments was
quantified and was similar among all conditions
(Supplementary Figure 3d). In sum, MN formation
correlated with γH2AX induction for UV treatment, which
directly acts on cellular DNA, but not for plasma treatment,
which acts on cells by generating exogenous ROS that
subsequently diffuse to cells to exert their stress and
apoptosis-inducing but not directly DNA-damaging
function.

4. Discussion

DNA damage and the DNA damage response are important
elements in medical treatment modalities, such as radiation
therapy and chemotherapeutic drugs in several medical fields
including in oncology [3]. For example, the anticancer drug
doxorubicin can both induce DNA DSBs and generate
ROS, leading to γH2AX induction [47–49]. Cell metabolism,
oxidative stress, and DNA damage are often intertwined and
difficult to study independently, leading to the general
assumption of γH2AX foci being a hallmark of DNA DSBs
and damage. We here provide evidence that exogenous
ROS added experimentally or generated with cold physical
plasmas led to γH2AX induction only in case of apoptosis,
and without long-term genotoxic effects. In such setting,
the presence of γH2AX may be a consequence of low oxi-
dative stress rather than an indicator of DNA damage.
Recent data suggest γH2AX to even play in pivotal role
in antioxidant defense signaling [50]. H2AX-knockout
cells showed increase endogenous ROS levels and failed
to activate the antioxidant response elements through
nuclear factor E2-related factor 2, Nrf2 [51], along with
mitochondrial damage [29].

In our study, we used UV-B radiation as positive control
for γH2AX and micronuclei induction. In contrast to exoge-
nous ROS (plasma, H2O2, or HOCl), occurrence of γH2AX
was independent of the use of antioxidants and maximum
in S-phase cells. The latter corroborates previous findings,
where also a repression of γH2AX induction with PI3K inhi-
bition using 5mM of caffeine was found [52]. We did not
find such decrease with PI3K inhibitors wortmannin and
Ly294002, which may be due to different cell types and con-
centrations tested. Another study found ATR kinase to be the
crucial determinant for UV-induced H2AX phosphorylation
and confirmed our findings of maximum γH2AX induction

at 2 h after treatment prior to onset of intermediate stages
of apoptosis where γH2AX dramatically increases [53]. The
ability of UV-B enhancing the frequency of MN in cells has
been reported before [54, 55]. Interestingly, catalase
decreased oxidation in UV-treated cells but not H2AX phos-
phorylation. UV generates ROS in the intracellular as well as
extracellular compartment [56]. As the experimentally added
catalase only acts in the extracellular compartment, a partial
protection from oxidation was observed without protecting
the DNA (intracellular compartment) from UV-mediated
ROS and damage.

With exogenous ROS (plasma, H2O2, HOCl), we
observed a strong dependence on p38-MAPK signaling and
caspase activation in TK6 cells. This is in line with previous
findings using oxaliplatin, an antitumor tumor drug leading
to DNA DSBs, where pretreatment of cells with SB202190
(p38-MAPK inhibitor) and Z-VAD-FMK (caspase inhibitor)
abrogated oxaliplatin-induced γH2AX induction and apo-
ptosis in HCT116 cells [57]. In leukemia cells, it was reported
that γH2AX (or blockage of H2AX phosphorylation by
SB202190) expression sensitizes cells to apoptosis, suggesting
a pivotal role of γH2AX in cell death signaling [58]. This is
supported by findings with H2AX-knockout fibroblasts,
which upon UV treatment activates caspase 3 but cannot
activate caspase-activated DNAse (CAD), a crucial step in
DNA fragmentation required for apoptosis [59]. Another
form of regulated cell death (RCD) leading to widespread
DNA fragmentation is parthanatos, but this mode of RCD
is independent of apoptotic caspases [60]. Hence, parthana-
tos is not a main mechanism in our study because we
observed apoptosis-induced and caspase-dependent DNA
fragmentation. Hence, γH2AX is heavily intertwined in cell
death signaling and our study supports this notion as caspase
inhibition abrogated both H2AX phosphorylation and
apoptosis.

Heavy H2AX phosphorylation indicates toxic numbers
of DNA DSBs in, e.g., ionizing radiation, UV treatment,
replication, and apoptosis. Contrasting radiation-induced
DNA DSBs, we found γH2AX to be a consequence of
ROS-induced apoptosis rather than its cause. T lympho-
cytes are very sensitive towards (plasma-induced) oxidative
stress [61–64]. This is due to (low-dose) ROS acting as
proapoptotic and redox-signaling agents and not as toxic
molecules per se [65]. In our study, e.g., few micromolar
H2O2 on 250,000 cells were sufficient to induce cell death.
The concentrations of, e.g., H2O2 used in many genotoxi-
city studies are 10-50-fold higher at lower absolute cell
numbers [66–68]. So far, only few studies in plasma med-
icine investigated genotoxicity in cells and tissues using
non-γH2AX assays, and the once that have did not report
mutagenic effects of plasma treatment. Using the
hypoxanthine-guanine phosphoribosyl-transferase (HPRT)
assay and the MN assay in V79 cells, plasma treatment
failed to induce mutagenic effects when exposing cells to
the plasma of the kINPen or its products [69], or when
using another plasma source designed for medical applica-
tion at microbicidal concentrations [70, 71]. Modulation of
the feed gas composition of the kINPen yielded similar
results [43]. Micronuclei have also been quantified in vivo
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Figure 4: Correlation of γH2AX expression and micronuclei formation. (a, b) Representative histogram overlay γH2AX fluorescence (a) and
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analysis was done with one-way ANOVA.
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in the hen’s egg model after treatment with cyclophospha-
mide or methotrexate (as positive control), or cold physical
plasma generated with the kINPen. Results showed the
absence of genotoxicity-indicating MN with plasma treat-
ment compared to positive controls [72]. In human tissue
exposed to cold physical plasma at short, intermediate, and
long treatment times, an increase of γH2AX was not
observed when compared to untreated control tissue [73].
Moreover, in a one-year follow-up of mice (human equiva-
lent of 65 years) treated six times with plasma within 2 weeks,
no occurrence of malignant lesions was observed anywhere
in the body as shown by immunohistochemistry and PET-
CT and MRI scan [74].

ROS can also induce lipid peroxidation [75], which can
contribute to DNA damage. However, for H2O2—which
gave large γH2AX signals—concentration reported for lipid
peroxidation exceeds the one used in our study by 50-fold
[76]. For lipid vesicles, H2O2 is ineffective in the absence
of the Fenton reaction [77], even at concentration 5000
times of that used in our work [78]. For H2O2 treatment
in our study, caspase inhibition decreased H2O2-incuded
γH2AX to background levels, which argues against H2O2-
induced lipid peroxidation as major mechanism for DNA
DSBs. Moreover, if lipid peroxidation would have contrib-
uted to plasma-induced DNA damage, e.g., via UV-
mediated photolysis and hydroxyl radical generation, addi-
tion of catalase would not have abrogated the increase
observed in γH2AX.

Our results are of relevance for medical plasmas, while
findings may be different for industrial plasma applications.
Atmospheric and room temperature plasma (ARTP) has
been recently described as tool for mutation breeding in
microorganisms [79–81]. Its efficacy seemed greater than
that of several conventional methods, e.g., chemicals and
UV radiation [82], and ARTP can also be combined with
such methods [83]. As result, ARTP was found to increase
production of, for instance, α-ketoglutaric acid [84], biofuel
[85], polysaccharides [86, 87], arachidonic acid [88], erythri-
tol [89], l-arginine [90], alkaline α-amylase [91, 92], d-lactic
acid [93], lycopene [94], and carotenoids and lipids [95] in
different types of microorganisms. However, it is important
to mention that these plasma sources are not intended for
medical applications. Hence, they may differ substantially
in their geometry and power consumption, leading to
enhanced UV radiation, ROS generation, and electrical dis-
charges. In our study, we used a low-energy [96] and clini-
cally effective [8, 97, 98] plasma jet complying to European
regulations (e.g., generation of ozone, UV, and leak currents),
which is not true for the majority of other plasma devices
reported in experimental studies.

A limitation of our study is the lack of short-term
kinetic measurements of γH2AX and (onset of) apoptosis.
Moreover, γH2AX foci expand over time [99], making it
difficult to distinguish between many foci with low inten-
sity vs. few foci with high intensity (and anything in
between) in our flow cytometry data. Additionally, other
proteins including Nbs1, 53BP1, and Brca1 are recruited
to and hence mark DNA DSBs [31], which may be inves-
tigated in future studies.

5. Conclusion

Cold physical plasma-induced γH2AX marks DNA DSBs as
a consequence of oxidative stress and apoptosis in vitro.
Upon blocking apoptosis and p38 MAPK signaling,
increased γH2AX with plasma treatment was abolished,
arguing that H2AX phosphorylation is a secondary event in
redox or apoptotic signaling rather than a primary conse-
quence of direct ROS-mediated DNA damage. In contrast
to UV treatment, exposure to plasma did not correlate with
long-lasting genotoxic effects as indicated using the micronu-
cleus assay. Hence, γH2AXmeasurements in plasma medical
research should be interpreted with care, keeping in mind the
pleiotropic roles of this molecule in redox sensing and
apoptotic pathways.
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Supplementary Materials

Supplementary Figure S1: (a) metabolic activity in TK6 cells
at 24 h, 48 h, and 72 h after exposure to γH2AX-inducing
agents; (b) quantification of nonterminally dead (DAPI-)
TK6 cells at 6 h after exposure to different concentrations
or treatment times of γH2AX-inducing agents; (c) dilution
series of anti-γH2AX antibody in control and UV-treated
TK6 cells to obtain optimal antibody concentration; (d)
kinetic experiment of γH2AX intensity in control or plasma
and UV-treated TK6 cells; (e) γH2AX intensity in each cell
cycle phase of untreated cells incubated with vehicle, catalase,
and GSH; (f) incubation with antioxidant NAC increased
γH2AX intensity with all treatments as well as in untreated
cells and therefore was not used in this study. Supplementary
Figure S2: serial dilutions of inhibitors. (a) SB202190 (p38-
MAPK inhibitor) was used in the study (Figure 3(a)); (b)
SP600125 (JNK inhibitor) disqualified due to the increase
of γH2AX in untreated cells upon incubation with the drug;
(c) Ly294002 (PI3K inhibitor) did not decrease γH2AX in
plasma-treated cells; (d) wortmannin (PI3K inhibitor) dis-
qualified due to the increase of γH2AX in untreated cells
upon incubation with the drug; (e) Z-VAD-FMK (pan-cas-
pase inhibitor) was used in the study (Figure 3(b)); (f)
KU55933 (ATM-kinase inhibitor) showed a small decrease
in γH2AX, which (g) was not significant with any treatment
in three independent repeats. Supplementary Figure S3:
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optimization of the micronucleus assay. (a) cell cycle analysis
of untreated and treated (cytochalasin B for 24h) TK6 cells
with different DNA-binding dyes; (b) representative images
of cells in brightfield (Ch05 or Ch01) and DNA-binding
dye (Ch1 or Ch5) showing binucleated cells (BNCs); (c)
quantification of binucleated cells stained with four different
DNA-binding dyes via a complex software algorithm
designed to create a specific set of masks to BNCs as
described before [1], we aimed at a low amount of BNCs to
obtain a high specificity for micronuclei leading to the choice
of draq5 for main experiments; (d) mean total count of cells
in samples from each condition. (Supplementary Materials)
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Recently, reactive oxygen species (ROS), a class of highly bioactive molecules, have been extensively studied in cancers. Cancer cells
typically exhibit higher levels of basal ROS than normal cells, primarily due to their increased metabolism, oncogene activation, and
mitochondrial dysfunction. This moderate increase in ROS levels facilitates cancer initiation, development, and progression;
however, excessive ROS concentrations can lead to various types of cell death. Therefore, therapeutic strategies that either
increase intracellular ROS to toxic levels or, conversely, decrease the levels of ROS may be effective in treating cancers via ROS
regulation. Chinese herbal medicine (CHM) is a major type of natural medicine and has greatly contributed to human health.
CHMs have been increasingly used for adjuvant clinical treatment of tumors. Although their mechanism of action is unclear,
CHMs can execute a variety of anticancer effects by regulating intracellular ROS. In this review, we summarize the dual roles of
ROS in cancers, present a comprehensive analysis of and update the role of CHM—especially its active compounds and
ingredients—in the prevention and treatment of cancers via ROS regulation and emphasize precautions and strategies for the
use of CHM in future research and clinical trials.

1. Introduction

Reactive oxygen species (ROS) and the oxidative stress that
they produce have historically been considered mutagenic
and carcinogenic because they can damage macromolecules
such as DNA, lipids, and proteins, leading to genomic insta-
bility and changes in cell growth [1, 2]. Thus, ROS can
contribute to malignant transformation and drive tumor ini-
tiation, development, and progression. Therefore, antioxi-
dants are usually thought to be beneficial for both the
prevention and treatment of cancer because they can quench
ROS and reduce oxidative stress [1]. However, many clinical
studies have shown that antioxidant supplements do not
reduce the risk of cancer or prevent tumor growth, sometimes
even exerting the opposite effects [3, 4]. Then, the protumori-
genic effect of antioxidants, as well as their promotion of

tumor distant metastasis, was confirmed in mouse models of
cancer [5, 6]. This finding emphasized the positive role of
ROS in tumor inhibition from the opposite perspective. In this
context, the biological functions of ROS in cancer are rather
contradictory and ambiguous [7]. As two-faced molecules,
ROS not only are associated with deleterious effects but
are also signaling molecules involved in multiple cellular
signaling pathways important for the fate of both normal
and tumor cells [8]. Thus, developing approaches for the
rational use of ROS in antitumor applications is very chal-
lenging but worthwhile.

Chinese herbal medicine (CHM) has been used in China
for approximately three thousand years and has contributed
greatly to human health. In addition, as the main compo-
nents of natural products, CHM has been regarded as an
important source for novel lead compounds for the discovery
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of modern drugs, including anticancer drugs [9]. Currently,
an increasing number of cancer patients are using CHM
and its derivatives as complementary and alternative drugs;
indeed, these medicines display synergistic effects when com-
bined with conventional chemotherapy, radiation therapy,
and even molecular targeted agents. Moreover, some have
been suggested to have distinctive advantages in treating cer-
tain tumors [10]. A few clinical studies have reported that
CHMs can alleviate the symptoms of diseases, improve the
quality of life, and prolong the survival of cancer patients
[11, 12]. However, the underlyingmechanisms remain largely
unknown. Many active compounds and ingredients in CHM
can exert multiple antitumor effects accompanied by changes
in cellular ROS. In this article, we comprehensively reviewed
the dual roles of ROS in cancers and the ROS-mediated roles
of CHM in cancer progression and treatment.

2. Generation and Biological Functions of ROS

2.1. Generation of ROS. ROS are broadly defined as oxygen-
containing chemical molecules with highly reactive proper-
ties and mainly include superoxide anions (O2

⋅-), hydrogen
peroxide (H2O2), and hydroxyl radicals (OH⋅) [8, 13]. These
molecules are by-products of aerobic metabolism and are
mainly derived from mitochondria, peroxisomes, and the
endoplasmic reticulum (ER), among which mitochondria
are the major source—approximately 2% of the oxygen con-
sumed by mitochondria is used to form the superoxide anion
[14, 15]. In the process of mitochondrial oxidative phosphor-
ylation, electrons leaking from the electron transport chain
(ETC) may react with molecular oxygen to produce O2

⋅-, a
reaction that is primarily mediated by coenzyme Q, ubiqui-
none, and respiratory complexes I, II, and III [16]. O2

⋅- is
the precursor form of most other ROS species which can be
rapidly converted to H2O2 by the corresponding superoxide
dismutase (SOD). Further, H2O2 can be converted to OH⋅

by Fenton chemical reactions in the presence of a metal (iron
or copper) (Figure 1). In addition to mitochondria, NADPH
oxidases (NOXs) are another prominent source of superox-
ide that can catalyze the formation of O2

⋅- from O2 and
NADPH (Figure 1). Besides, ROS are formed in the cyto-
plasm by enzymatic reactions involving peroxisomes,
xanthine oxidase, cytochrome P450, lipoxygenases (LOXs),
and cyclooxygenases.

Intracellular ROS levels are tightly controlled via diverse,
complex synthesis and degradation pathways; this tight
control is crucial for cellular homeostasis (Figure 1). The
ROS-detoxifying system mainly comprises both enzymatic
and nonenzymatic antioxidants [7, 17]. Enzymatic antioxi-
dants include SOD, catalase (CAT), glutathione peroxidase
(GPX), peroxiredoxin (PRX), and thioredoxin (TRX); non-
enzymatic antioxidants include glutathione (GSH), flavo-
noids, and vitamins A, C, and E [18]. As described above,
SOD can rapidly catalyze the conversion of O2⋅- to H2O2,
which can be further converted to water by the PRX system,
the GPX system, and CAT. SOD has three isoforms in
mammals: cytoplasmic Cu/ZnSOD (SOD1), mitochondrial
MnSOD (SOD2), and extracellular Cu/ZnSOD (SOD3), all
of which require specific catalytic metals (Cu or Mn) for

activation [19]. PRXs are considered ideal H2O2 scavengers
due to their abundant expression and broad distribution in
cellular compartments such as the cytosol, the ER, mitochon-
dria, and peroxisomes. During the metabolism of H2O2, PRX
is oxidized and subsequently reduced by TRX, which is then
reduced by thioredoxin reductase (TrxR) via the transfer of
electrons from NADPH [20]. In addition to PRXs, GPXs
are important scavengers. GPX catalyzes the reduction of
H2O2, leading to the oxidation of GSH to glutathione disul-
fide (GSSG) that can be reduced back to GSH by glutathione
reductase (GR) with NADPH as an electron donor [21].

In addition to antioxidant enzymes, the transcription factor
nuclear factor erythrocyte 2-related factor 2 (Nrf2) plays a vital
role in regulating the intracellular redox status [17]. Under
physiological conditions, Nrf2 is located in the cytoplasm and
remains at a low level under the control of Kelch-like ECH-
associated protein 1 (KEAP-1). KEAP binds and specifically
degrades Nrf2 via the ubiquitin-proteasome pathway. Under
oxidative stress, Nrf2 dissociates fromKEAP and is translocated
to the nucleus. Then, activated antioxidant response elements
(AREs), such as GSH, TRX, and PRX, decrease the intracellular
ROS levels and protect against cell death [22] (Figure 1).

2.2. Biological Functions of ROS. A canonical mechanism by
which ROS participate in the regulation of redox signaling
is through the oxidative modification of cysteine residues in
proteins [16]. During the redox process, reactive cysteine
thiol (Cys-SH) can be oxidized by H2O2 to reversible sulfenic
acids (Cys-SOH), resulting in allosteric and functional
changes within the protein [8]. This process is reversible;
Cys-SOH can be reduced to its original state and restored
its function by the TRX and GRX [8, 18]. Meanwhile,
Cys-SOH can be further oxidized by continuously elevated
ROS to form irreversible oxidation products, such as sulfinic
or sulfonic species, causing permanent oxidative damage to
proteins. This accounts for the double-sided nature of ROS
and to a large extent, depending on its intracellular concen-
tration and duration of exposure.

ROS involve a series of biological effects that are
concentration-dependent. At low to moderate levels, ROS func-
tion as a second messenger and are involved in mediating cell
proliferation and differentiation and the activation of stress-
responsive survival pathways by regulating various cytokine
receptors, serine/threonine kinase receptors, and G protein-
coupled receptors [23, 24]. In contrast, due to their strong oxi-
dizing capacity, ROS at a high level can react with intracellular
macromolecules such as phospholipids, nucleic acids, and pro-
teins to produce cytotoxicity. ROS have been linked to many
diseases, such as cancers and diabetes [25]. The tight modula-
tion of both ROS-producing pathways and ROS-detoxifying
pathways may be required for the control of these diseases [26].

3. ROS and Cancer

The dual properties of ROS described above are simulta-
neously utilized by normal cells and cancer cells to support
cell growth and survival. However, most cancer cells have
higher levels of ROS than normal cells due to their enhanced
glucose metabolism (the Warburg effect), mitochondrial
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dysfunction, and oncogenic activity [18, 27]. On one hand,
this property enables the activation of central protumori-
genic signaling pathways. On the other hand, the resulting
oxidative stress may also exert potential antitumor effects
[8]. In the next sections, we discuss how ROS can either pro-
mote or inhibit cancer progression, providing the clues for
anticancer therapies based on redox regulation.

3.1. Pros of ROS in Cancer. Moderately increased levels of
ROS are a pivotal driving factor of tumor initiation,

development, and progression [24, 26] (Figure 1). In the initial
stage of tumor formation, ROS may function as a direct DNA
mutagen, induce genomic instability, damage mitochondrial
DNA, and activate various signaling cascades to triggermalig-
nant transformation [28–31]. In addition to causing signifi-
cant genetic changes, ROS may alter the expression of
oncogenes or tumor suppressor genes bymediating epigenetic
modifications such as methylation or acetylation, thereby
promoting carcinogenesis [32]. Conversely, these events
may, in turn, promote ROS production and accumulation,
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Figure 1: Production, regulation, and biological effects of ROS. Mitochondria and NOXs are the main sources of O2
⋅-. O2

⋅- is formed by
molecular oxygen that receives one single electron leaking from mitochondrial ETC or from NOXs. O2

⋅- is then rapidly converted into
H2O2 by the corresponding SODs. H2O2 can be converted into H2O through intracellular antioxidants such as PRX, GPX, and CAT.
When the H2O2 level is uncontrollably increased, OH⋅ is further formed via the Fenton reaction with metal ions, thereby damaging
biological macromolecules such as DNA, lipids, and proteins. In addition, H2O2 is a major signaling molecule participating in cellular
physiological and pathological processes. The effects of ROS depend on their intracellular concentration. Normal cells typically have lower
concentrations of ROS due to their normal metabolism; in normal cells, ROS act as signaling molecules to maintain homeostasis, such as
by limiting cellular proliferation, differentiation, and survival. The increased metabolic activity of cancer cells produces high
concentrations of ROS, leading to a series of tumor-promoting events, such as DNA damage, genomic instability, oncogene activation,
sustained proliferation, and survival. Elevated ROS concentrations also result in the protective growth of cancer cells with enhanced
antioxidant capacity to maintain tumor-promoting signaling. Increasing ROS levels to the toxicity threshold, such as by treatment with
exogenous ROS inducers or antioxidant inhibitors, causes oxidative damage to cells and, inevitably, cell death.
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leading to further oxidative DNA damage and the malignant
deterioration of cells to aid tumor formation [28, 32].

Existing tumors exhibit several noticeable characteristics,
including sustained proliferation, apoptosis resistance, angio-
genesis, invasion and metastasis, and tumor-promoting
inflammation [33]. ROS are involved in all of these processes,
which are conducive to tumor survival and development.
ROS regulate the activities of many proteins and signaling
pathways, thereby facilitating tumor cell proliferation and
death evasion. For example, ROS can transiently inactivate
tumor suppressors such as phosphatase and tensin homo-
logue (PTEN) [34], protein tyrosine phosphatases (PTPs)
[35], and MAPK phosphatases [36] by oxidative modula-
tion, thereby stimulating the prosurvival PI3K/AKT and
MAPK/ERK signaling pathways. Importantly, multiple tran-
scription factors, such as activator protein 1 (AP-1), nuclear
factor-κB (NF-κB), Nrf2, and hypoxia-inducible factor-1α
(HIF-1α), which are involved in the control of genes in
cell proliferation, are also regulated by increased levels of
ROS [37].

Tumor-associated neovasculature formation, or angio-
genesis, provides oxygen and nutrients for the continued
growth of cancer cells and is a key step in tumor growth
and metastasis [38]. A wealth of evidence has shown that
ROS play an essential role in tumor angiogenesis through
mediating the following events. ROS, especially H2O2 derived
from NOXs, selectively promote endothelial cell (EC) prolif-
eration and survival [39] and prevent apoptosis. Further-
more, ROS-mediated cadherin/catenin phosphorylation
leads to the disassembly of EC junctions and promotes cell
migration [40, 41]. Additionally, ROS activate VEGF signal-
ing via multiple pathways, including through the induction
of the principal regulator HIF-1α, which increases VEGF
and VEGFR expression [42], and, as mentioned before,
through the induction of the PI3K/Akt andMAPK pathways,
which activates angiogenic signaling cascades for the upreg-
ulation of VEGFR expression. Consistent with this pattern,
an increase in the level of extracellular SOD may also sup-
press the hypoxic accumulation of HIF-1α and its down-
stream target gene VEGF in several different types of cancer
cells [43, 44].

Metastasis is a ubiquitous event in cancer development
and encompasses a wide array of cellular changes, including
the loss of cell-to-cell adhesion, the survival of cells upon
matrix detachment, and the ability of cells to migrate and
penetrate the basement membrane; ROS are involved in
all of these processes [16, 45]. Indeed, ROS generated from
NOXs are necessary for invadopodium formation and func-
tion in Src-transformed cell lines [46]. Similarly, ROS enable
the direct oxidation of the protein tyrosine kinase Src, thereby
enhancing the invasive potential, anchorage-independent
growth, and survival of Src-transformed cells [47]. Further-
more, H2O2 has been demonstrated to activate FAK in a PI3
kinase-dependent manner to accelerate cell migration [48].
ROS also participate in the abnormal activation of many
proteolytic enzymes, such as MMP, uPA, and cathepsins,
facilitating cell migration [49, 50]. Several tumor invasion sig-
naling pathways upstream of MMPs and uPAs, such as the
MAPK, PI3K/Akt, and PKC pathways and those modulated

by defined transcription factors (AP-1 and NF-κB), are mod-
ulated by ROS [50, 51]. Besides, ROS may induce the expres-
sion of transcription factors such as Snail and HIF-1α [52],
leading to epithelial to mesenchymal transition (EMT), an
aggressive behavior favoring cancer metastasis and involved
in drug resistance[53, 54].

3.2. Cons of ROS in Cancer. As stated earlier, cancer cells
exhibit higher levels of ROS than normal cells, which contrib-
utes to tumor formation and development. However, exces-
sive high levels of ROS can block cell cycle and induce
different types of cell death, including apoptosis, autophagic
cell death, ferroptosis and necroptosis. Due to space limita-
tions, we focus on the first three types of cell death.

Apoptosis is the most common form of programmed
cell death (PCD) in multicellular organisms with typical
morphological and biochemical features. Also, apoptosis is
a highly regulated process in which cells undergo self-
destruction. The two well-known signaling mechanisms
are the extrinsic death receptor pathway and the intrinsic
mitochondrial pathway. ROS have been demonstrated to
be implicated in the activation of both [55, 56]. ROS can
activate the transmembrane death receptors such as Fas,
TRAIL-R1/2, and TNF-R1 and then recruit the adaptor pro-
teins FADD and procaspase-8/-10 to form death-inducing
signaling complexes (DISCs), subsequently triggering the cas-
pase activation and apoptosis [55]. Besides, ROS have been
shown to posttranscriptionally inhibit c-FLIP, which sup-
presses DISC formation, thus causing the activation of the
extrinsic apoptosis pathway [57]. Alternatively, ROS may
activate ASK1 by oxidizing Trx, resulting in the subsequent
induction of apoptosis throughMAPKs such as JNK/p38 [58].

In the intrinsic apoptosis pathway, ROS at an elevated
level destroy mitochondrial membranes, causing the release
of cytochrome c from mitochondria and the induction apo-
ptosis [18, 59]. Cytochrome c forms an apoptotic complex
with apoptotic protein activating factor 1 (Apaf-1) and pre-
caspase 9, resulting in the activation of caspase-9, followed
by the induction of effector molecules such as caspase-3/7
[60]. The substantial loss of cytochrome c frommitochondria
further increases ROS generation due to the disruption of the
mitochondrial ETC [55]. Furthermore, ROS have been
shown to regulate the activities of both antiapoptotic (Bcl-2,
Bcl-X, and Bcl-wl) and proapoptotic (Bad, Bak, Bax, Bid,
and Bim) Bcl-2 family proteins, which play an essential role
in regulating the intrinsic pathway of apoptosis [61, 62].

In addition, ROS may act as upstream signaling mole-
cules through the ER pathway, another important intrinsic
apoptosis pathway. ROS at an excessive level trigger protein
misfolding, leading to the unfolded protein response (UPR)
and the induction of CHOP, thereby initiating apoptosis by
regulating the expression of Bcl-2 family genes [63]. More-
over, ROS can stimulate the release of Ca2+ in the ER lumen
[64]. Due to the proximity of mitochondria to the ER, when a
large amount of Ca2+ is released from the ER, a substantial
amount of Ca2+ is absorbed by mitochondria, causing Ca2+

overload in mitochondria. This leads to stimulating the
opening of mitochondrial permeability transition pores
(MPTPs) leading to the release of ATP and cytochrome c,
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which further enhance apoptosis and increase ROS genera-
tion [65, 66]. Besides, ER stress-mediated apoptosis is partly
controlled by the ASK-1/JNK cascade, which is directly regu-
lated by ROS, as mentioned above.

Autophagy (macroautophagy), which is considered a
cell survival mechanism to maintain cellular homeostasis,
is multistep characterized by the formation of double-
membrane autophagosomes by which cells utilize lysosomes
to degrade and recycle their damaged organelles and macro-
molecules [67]. However, depending on the context, autoph-
agy can function as a cell death mechanism and a tumor
suppressor mechanism [68]. Many anticancer agents can
induce autophagy in cancer cells. Some of them can induce
ROS-dependent autophagy leading to cell death (autophagic
cell death) [20, 69, 70].

ROS appear to be a key regulator of autophagy under dif-
ferent conditions and are involved in both the protective and
toxic effects of autophagy [71]. Currently, several significant
mechanisms by which ROS affect autophagy have been
revealed. Under starvation conditions, H2O2 can oxidize
and inactivate ATG4, thereby contributing to the increased
formation of LC3-associated autophagosomes [72]. ROS
may directly trigger the oxidation of ATM to induce AMPK
phosphorylation, which inhibits mTORC1 activation and
phosphorylates the ULK1 complex to induce autophagy
[73–75]. Also, AMPK can be phosphorylated by its upstream
kinase AMPK kinase (AMPKK), leading to the induction of
autophagy. In an alternative mechanism, H2O2 activates
Bcl-2/E1B interacting protein 3 (BNIP3) to suppress the
activity of mTOR and abolish the interaction between
Beclin-1 and Bcl-2, causing Beclin-1 release and autophagy
induction [76, 77]. Besides, ROS can modulate autophagy
by affecting the activity of various transcription factors such
as NF-κB, resulting in the expression of autophagy-
associated genes (BECN1/ATG6 or SQSTM1/p62) in cancer
cells [78, 79].

In contrast, autophagy can reduce ROS levels through the
NRF/KEAP1 and P62 pathways [80]. In response to ROS,
P62 is activated and thus interacts with KEAP1 to contribute
to the suppression of NRF2 degradation and the promotion
of its activation, which, in turn, can activate antioxidant
defense genes such as GPX, SOD, and TRX [79, 81]. This
process contributes to the regulation of autophagy.

Ferroptosis, first named by Dixon et al. in 2012, is emerg-
ing as a new form of PCD characterized by the accumulation
of cellular ROS in an iron-dependent manner [82, 83].
Ferroptosis is primarily caused by an imbalance in the pro-
duction and degradation of intracellular lipid ROS and can
cause iron-dependent oxidative cell death through a reduc-
tion in antioxidant capacity and an accumulation of lipid
ROS. Many compounds can induce ferroptosis to kill cancer
cells in a manner mainly related to the metabolism of amino
acids/GSH, lipids, and iron and the regulation of P53 [84].

Erastin can inhibit the activity of the cysteine-glutamate
antiporter (system XC

-), reduce cystine uptake, and lead to
the associated depletion of intracellular GSH, in turn causing
toxic lipid ROS accumulation and ferroptosis [82, 85].
Inhibition of glutathione peroxidase 4 (GPX4), a GSH-
dependent enzyme required for the elimination of lipid

ROS, can trigger ferroptosis even at regular cellular cysteine
and GSH levels [86]. Other lipophilic antioxidants, such as
Trolox, ferrostatin-1, and liproxstatin-1, can inhibit ferropto-
sis [82, 87]. Intracellular iron is another essential regulator of
lipid ROS production and ferroptosis induction. In the pres-
ence of iron, lipid hydroperoxides are converted into toxic
lipid free radicals, leading to lipid oxidative damage and cell
death [88, 89]. Indeed, various iron chelators such as deferox-
amine and ciclopirox can abolish ferroptotic cell death caused
by systemXC

- inhibitors, GPx4 inhibitors, and GSH depletion
[83]. Consistent with this observation, silencing TFRC, thus
inhibiting the transport of iron into the cytoplasm, can
antagonize erastin-induced ferroptosis [90]. Additionally,
PKC-mediated HSPB1 phosphorylation inhibits ferroptosis
by reducing the production of iron-dependent lipid ROS,
but inhibition of HSF1-HSPB1 pathway activity and HSPB1
phosphorylation increases the anticancer activity of erastin
[91]. Together, these results demonstrate the importance of
lipid ROS and iron in promoting ferroptosis.

Recent studies have revealed a new mechanism by which
P53 acts as a tumor suppressor gene to inhibit tumors by
inducing ferroptotic cell death. Jiang et al. demonstrated that
P53 could downregulate the expression of SLC7A11, thereby
preventing system XC

- from absorbing cystine, resulting in
decreased cystine-dependent GPX activity and cellular anti-
oxidant capacity, in turn leading to ROS-induced ferroptosis
and tumor suppression [92]. Indeed, this finding is contrary
to those of many other reports showing that P53 can reduce
cellular levels of ROS. When ROS levels are low, P53 may
prevent the accumulation of ROS from promoting cell sur-
vival, whereas when ROS levels are excessive, P53 may evoke
cell death via ferroptosis. Currently, P53 is reported to exert a
complex and dynamic regulatory effect on ROS, but the role
of this regulation in tumors needs further study [93].

4. Anticancer Effects of CHM via ROS

As described above, ROS have dual roles in tumor suppression
and tumor promotion depending on their concentrations.
Moreover, most cancer cells have higher basal levels of ROS
than normal cells, which is beneficial for their survival and
development. In response to their high basal levels of ROS,
the antioxidant capacity of cancer cells is upregulated to main-
tain redox balance and prevent ROS levels from excessively
increasing to induce cell death [8, 26]. However, this effect is
very limited in tumor cells. Therefore, either increasing or
reducing ROS can be an effective strategy in cancer therapy
by disrupting redox balance in tumor cells [17, 20]. CHM has
a long history of treating various diseases and is becoming an
integral part of comprehensive cancer treatment in China.
According to the literature, CHM plays a significant role
in cancer therapy through several aspects: reducing inflam-
matory and infectious complications surrounding the
tumors, protecting normal tissues from the possible damage
caused by chemo/radiotherapy, enhancing the potency of
chemo/radiotherapy and molecular targeted therapies,
improving immunity and body resistance to disease, improv-
ing general condition and quality of life, and prolonging the
survival of advanced cancer patients [94]. However, in most
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cases, the chemical and pharmacological mechanisms of CHM
are ambiguous. The majority of researches on the molecular
mechanism of CHM were carried out with an active monomer
or crude extract of a single herb, and results indicate that the
anticancer activities of diverse CHMs are associated with
ROS regulation. Therefore, we summarize current data regard-
ing the ROS-related anticancer effects of CHM on the preven-
tion and therapy of cancers. Some typical Chinese herbal
compounds and ingredients are discussed. For additional
examples, please see the Tables 1 and 2.

4.1. Antioxidant Effects of CHM in Cancer Progression.
Carcinogenesis is a multistep process in which various genetic
and epigenetic events occur through the stimulation of
numerous inflammatory mediators and ROS production,
resulting in the conversion of normal cells into cancer cells
[1]. Many carcinogens, such as irradiation, UV light, and
toxins, are also exogenous ROS inducers that accelerate the
malignant transformation and promote tumor progression
by increasing intracellular oxidative damage and activating
cancer-promoting signals. Thus, approaches to enhance the
antioxidant enzyme system or reduce ROS generation can be
used to prevent tumorigenesis and slow tumor progression
(Figure 2). There is a beneficial inverse relationship between
the consumption of fruits and vegetables and the risk of lung
cancer, due to the high antioxidant content of these foods [95,
96]. Increasing types of CHM-derived bioactive ingredients
or crude extracts have been shown to suppress chronic inflam-
mation of tissues and prevent carcinogenesis. This effect, to a
certain extent, is attributed to the fact that such CHMs are
homologous to food and are rich in antioxidants such as sapo-
nins, flavonoids, and polysaccharides, which can reduce the
oxidative damage caused by excess ROS in normal cells [97].

Studies have shown that the overproduction of ROS
induced Cr(VI)-mediated carcinogenesis. Quercetin, one of
the most abundant dietary flavonoids in fruits, vegetables,
and many CHMs such asHippophae fructus (Sha Ji) and Lycii
fructus (Gou Qi Zi), has potent antioxidant and chemopre-
ventive properties [98]. Quercetin can protect human normal
lung epithelial cells (BEAS-2B) from Cr(VI)-mediated carci-
nogenesis by targeting miR-21 and PDCD4 signaling, reduc-
ing ROS production [98]. Purslane polysaccharides (PPs), a
principal bioactive constituent of the Portulaca oleracea L.
(Ma Chi Xian), possess a wide range of antioxidant, immu-
nomodulatory, and antitumor activities. Methylnitronitroso-
guanidine (MNNG) is a carcinogen and mutagen commonly
used in experiments. A recent study showed that PPs provide
dose-dependent protection against MNNG-mediated oxida-
tive damage by increasing the activity of SOD, CAT, and
GSH-Px in gastric cancer rats [99].

During tumor growth, ROS are continuously accumu-
lated by the stimulation of various growth factors and
hypoxia-inducing factors in the microenvironment, which
in turn accelerates the progression of the tumor andmaintain
typical hallmarks of cancer. Some CHMs can inhibit tumor
growth and progress by reducing ROS production in vitro
and in vivo using a mouse model. Forsythia suspensa
(Lian Qiao), one of the most fundamental medicinal herbs
in China, has extensive pharmacological activities and is

generally used to treat infectious diseases of the respiratory
system. In the past decades, its antineoplastic activity has
attracted more attention. Forsythia fructus aqueous extract
(FAE), as the primary bioactive ingredient of Forsythia
suspensa, has shown distinct anticancer properties both
in vitro and in vivo. FAE can inhibit proliferation and
angiogenesis of melanoma cells by antioxidant and anti-
inflammatory mechanisms such as in reducing ROS, malon-
dialdehyde (MDA), and IL-6 levels and in increasing GSH,
Nrf2, and HO-1 expression [100]. Similarly, andrographolide
(AP), a bioactive compound present in the medicinal plant
Andrographis paniculata (Chuan Xin Lian), possesses several
beneficial properties, including anti-inflammation, antioxi-
dation, and antitumor activities. AP can antagonize TNF-α-
induced IL-8 release by inhibiting the NOX/ROS/NF-κB
and Src/MAPKs/AP-1 signaling pathways, subsequently
suppressing angiogenesis in colorectal cancer cells [101].
Isoliquiritin (ISL) is a natural chalcone flavonoid derived
from licorice compounds and has antioxidant and antitumor
properties. Previous studies have demonstrated that ISL
may selectively inhibit prostate cancer cell proliferation by
decreasing ROS levels, thus blocking AMPK and ERK signal-
ing [102]; furthermore, this compound can suppress the
invasion and metastasis of prostate cancer cells possibly via
decreased JNK/AP-1 signaling [103]. Abnormal cell energy
metabolism is one of the core hallmarks of cancer [33]. Res-
veratrol (RSV) is a polyphenolic compound present in many
types of fruits, vegetables, and Chinese medical herbs.
Numerous studies have shown that it has a variety of biolog-
ical and pharmacological activities, such as antioxidant, anti-
inflammatory, antiaging, and antitumor. RSV can inhibit
invasion and migration by suppressing ROS/miR-21-medi-
ated activation and glycolysis in pancreatic stellate cells
(PSCs) [104].

In addition, ROS are involved in the antitumor activity of
many chemotherapeutic agents, small molecular targeted
drugs, and radiation therapy, as well as their side effects
[105, 106]. The rational use of the antioxidant effects of
CHMs can relieve the toxic side effects of chemo- and radio-
therapy on normal cells by eliminating excessive ROS. Sulfo-
raphane is a component of cruciferous vegetables and some
Chinese medicinal plants [107]. Studies have shown that sul-
foraphane is a powerful natural antioxidant to prevent, delay,
and improve some side effects of chemotherapy. Sulforaph-
ane can result in the high expression of HO-1 by activating
the KEAP1/NRF2/ARE signaling pathway, which protects
myocardial cells from doxorubicin-induced oxidative injury
and protects the gastric mucosa against H. pylori-induced
oxidative damage [107, 108]. Ginseng is often used alone or
in combination with other herbs for the adjuvant treatment
of tumors [109]. Ginsenoside is the main pharmacologically
active ingredient of ginseng in exerting anticancer activity.
As the primary active component, ginsenoside Rg3 can
mitigate doxorubicin-induced cardiotoxicity by ameliorating
mitochondrial function, improving calcium handling, and
decreasing ROS production [109]. Furthermore, Rg3 inhibits
gemcitabine-induced resistance by eliminating ROS, down-
regulating NF-κB and HIF-1α-mediated PTX3 activity
[110]. Ginsenoside Rg1 is another ingredient of ginseng and
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was found to alleviate cisplatin-induced hepatotoxicity via
restraining the binding of Keap1 to Nrf2, partly via p62 accu-
mulation, and enhancing Nrf2-related antioxidant activity
[111]. Schisandra sphenanthera extract has a protective effect
against cisplatin-induced nephrotoxicity by activating the
Nrf2-mediated defense response, thus increasing GSH levels
and reducing ROS levels [112]. Astragalus has a long history
of treating immunodeficiency diseases in China and beyond
and is often used to reduce side effects caused by chemother-
apy [113]. Astragaloside IV (As-IV) is a natural saponin
extracted from Astragalus membranaceus, which has antiox-
idant, anti-inflammatory, and antiapoptotic effects. Studies
showed that As-IV markedly ameliorates BLM-induced
pulmonary fibrosis in mice, an effect associated with its
antagonism of bleomycin-induced oxidative stress and
inflammatory responses, increasing SOD activity and total
antioxidant capacity in lung tissue and reducing ROS,
MDA, and IL-1β levels [113].

Notably, some compounds or ingredients of CHM are
generally considered to be antioxidants but can induce pro-
oxidant effects similar to those of antioxidant supplements
such as vitamin C [114]. These substances exhibit antioxi-
dant activity at low concentrations but induce ROS produc-
tion and cytotoxicity at high concentrations [115]. For
example, the previously mentioned antioxidant ISL initially
decreased the levels of ROS in HepG2 cells in a time-
dependent manner; along with this effect, the activity of the
Nrf2-mediated antioxidant enzyme system also declined to
maintain the new redox balance. However, the intracellular
ROS level was significantly higher after 6 h of ISL treatment,
an effect attributed to reduced antioxidant capacity, and the
sensitivity of cancer cells to X-ray irradiation was thus
increased [115]. Epigallocatechin gallate (EGCG) is a pheno-
lic compound in green tea extract and has anticancer activi-

ties in vivo and in vitro [116]. EGCG can decrease lipid
peroxidation in hepatocytes and enhance antioxidant capac-
ity. However, high concentrations of EGCG destroy the
mitochondrial membrane and generate intracellular oxida-
tive stress [117]. Thus, whether EGCG exhibits antioxidant
or prooxidant activity depends on the cellular stress condi-
tions, cell type, and EGCG concentration [116, 118].
CHM-derived compounds such as quercetin, curcumin, and
resveratrol were found to exhibit similar features [3, 119].

To sum up, the antioxidant effects of CHMs described
above and the examples listed in Table 1 exhibit diverse anti-
cancer effects, including reducing inflammatory mediators,
inhibiting tumor proliferation, inducing antiangiogenesis,
suppressing metastasis, inhibiting glycolysis, overcoming
drug resistance, and countering the side effects of chemo-
and radiotherapy. These effects were mainly achieved by
the regulation of several ROS-related transcription factors
such as NRF2, NF-κB, COX-2, STAT3, and HIF-1a and by
enhancing the capacity of antioxidant enzymes such as
GSH, SOD, and HO-1.

4.2. Prooxidant Effects of CHM in Cancer Progression. Since
the levels of ROS in tumor cells are higher than those in nor-
mal cells, tumor cells are potentially more vulnerable to the
accumulation of ROS. The strategy of increasing intracellular
ROS levels by increasing ROS production and/or inhibiting
the antioxidant capacity enables the ROS level to reach the
toxic threshold in cancer cells before it does in normal cells,
thereby selectively killing tumor cells without causing visible
damage to normal cells (Figure 2).

Many CHM compounds can promote the production of
intracellular ROS to induce various types of programmed cell
death and enhance the efficacy of chemo- and radiotherapy.
Scutellaria (Huang Qin) is one of the most commonly used
CHMs in China and its surrounding areas and has a practical
effect on infectious diseases caused by bacteria and viruses
[120]. As a principal bioactive constituent of Scutellaria,
wogonin has apparent anticancer effects against different
types of cancer cells. It can induce mitochondrial apopto-
sis by activating PLCγ1 via H2O2 signaling in malignant
T cells, resulting in Ca2+ overload in mitochondria [120].
Furthermore, wogonin enhanced TRAIL-induced apoptosis
through ROS-mediated downregulation of the cFLIPL and
IAP proteins [121]. In addition, levistolide A (LA), a natural
compound isolated from the Chinese herb Ligusticum chuan-
xiong Hort., can trigger ER stress-induced apoptosis by acti-
vating the ROS-mediated PERK/eIF2α/CHOP axis [122].
Besides, LA synergizes with vinorelbine against tumors and
induces cell cycle G2/M arrest and apoptosis; interestingly,
it can reverse P-glycoprotein-mediated multidrug resistance
in breast cancer cells [123]. Other classical compounds of
CHM that target the apoptotic signaling pathway have been
reviewed [9]. Sanguinarine (SNG) is a benzophenanthridine
alkaloid that is predominantly extracted from Chelidonium
majus (Bai Qu Cai), a well-known CHM mainly used for
digestive and respiratory inflammatory diseases and malig-
nant tumors. SNG has diverse biological activities, such as
antimicrobial, anti-inflammatory, and antitumor properties.
Our previous study has shown that SNG successfully

Cell death

Toxic threshold

Slow proliferation

RO
S 

le
ve

ls

Cancer cellNormal cell

Drug induced
Basal ROS

Figure 2: Treatment strategy based on redox regulation. Compared
to normal cells, cancer cells have increased levels of basal ROS,
resulting in the maintenance of tumor-promoting signaling in
these cells. Therefore, strategies for reducing ROS by using
antioxidants to prevent carcinogenesis or delay tumor growth are
theoretically feasible (however, most current clinical results are
not supported). However, strategies for increasing ROS to toxic
levels by using ROS inducers and/or inhibiting ROS scavengers
can result in the specific killing of cancer cells (such approaches
seem more promising than ROS reduction strategies).
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inhibited the proliferation of specific lung cancer cells
expressing stem cell characteristics, possibly by downregulat-
ing WNT/β-catenin signaling [124]. SNG can not only
induce apoptotic cell death but also trigger autophagic cell
death by the ROS-dependent activation of ERK1/2 in malig-
nant glioma cells [125]. Besides, this compound can upregu-
late NOX3 and then elevate ROS levels, resulting in
EGFRT790M degradation to overcome tyrosine kinase inhibi-
tor (TKI) resistance [126]. Artesunate is a derivative of the
natural compound artemisinin, which is known for its anti-
malarial agents, with well-understood pharmacokinetics.
ART specifically induces PCD in different cancer types in a
manner initiated by ROS generation [127]. Recent studies
have found that ART specifically induces ferroptotic cell
death in pancreatic cancer cells in a ROS- and iron-
dependent manner and that this induction can be blocked
by the ferroptosis inhibitor ferrostatin-1 [128]. Interestingly,
dihydroartemisinin (DAT), another artemisinin derivative
with high bioavailability, enhances the sensitivity of cancer
cells to ferroptosis inducers in a lysosome-dependent, but
autophagy-independent manner. Importantly, DAT can fur-
ther improve the ferroptosis-resistant cancer cell lines more
sensitive to ferroptotic death, which suggests that the combi-
nation of DAT and ferroptosis inducers is an effective anti-
cancer method [129].

In addition to directly inducing ROS production, inhibit-
ing the activity of antioxidant enzymes to increase ROS levels
is another potentially more effective approach to kill cancer
cells. Cancer cells tend to have higher antioxidant capacity
than normal cells to adapt to elevated levels of ROS, which
promotes cancer cell resistance to exogenous ROS-inducing
agents [119]. Many antioxidants, such as GSH, TRX, and
SOD, and Nrf2 activity aid tumorigenesis and confer che-
moresistance and are present at high levels in various tumor
types [130–133].

Piperlongumine (PL) is a natural constituent of the long
pepper fruit (Piper longum), which is extensively used in
digestive diseases such as gastrointestinal cancer. PL can
selectively kill a variety of tumor cells and enhance
cisplatin-mediated anticancer activity [134, 135]. Its antican-
cer effects are mainly attributed to the silencing of the GSTP1
gene, thus reducing GSH content [136]. Isoforretin A (IsoA)
is a novel ent-kaurane constituent isolated from a traditional
Chinese medicinal herb of the Isodon genus and has multiple
anticancer effects both in vitro and in vivo. IsoA inhibits Trx1
activity by covalently binding to the Cys32/Cys35 residues in
the Trx1 activation site, resulting in ROS accumulation and
causing DNA damage and apoptosis in tumor cells. It can
be a potential novel agent for cancer therapy [137]. Consis-
tent with this effect, both shikonin [138, 139] and partheno-
lide [140] can inhibit TrxR, interfere with redox balance, and
eventually lead to ROS-mediated tumor cell death. Brusatol
(BR), the main active ingredient of the Brucea javanica plant,
has many anticancer properties [141]. BR is a potent inhibi-
tor of Nrf2 and can degrade Nrf2 by ubiquitination to sup-
press the Nrf2-dependent protective response and thus
sensitize lung cancer cells to cisplatin [142]. Moreover, the
combination of BR and UVA irradiation increases ROS-
induced cell cycle arrest and cellular apoptosis and inhibits

melanoma growth by regulating the AKT-Nrf2 pathway in
cancer cells [143].

Summarizing the above examples of prooxidant CHM
and those listed in Table 2, contrary to the antioxidant effects
of CHM, it can be concluded that the prooxidant effects of
CHM in cancer cells are achieved by enhancing ROS produc-
tion and/or inhibiting antioxidant capacity, thereby activat-
ing ROS-dependent killing patterns on cancer cells. So far,
the killing model of prooxidant CHM is mainly induced by
apoptosis, which is primarily achieved by the regulation of
ROS-related apoptotic upstream signaling pathway, such as
MAPK/JNK/p38, JAK/STAT, PI3K/AKT, and ER stress
pathways, followed by activation of apoptotic executive mol-
ecules, such as BAX/BCL-2, caspase family, and PARP-1.
Other than this, CHMs also induce autophagic cell death,
necroptosis, and ferroptosis in uncommon ways, but under-
lying molecular mechanisms remain unclear. Of note, ferrop-
tosis, as a newly discovered type of cell death, possibly
provides a promising choice for the application of CHM in
cancer therapy, especially in the case of many conventional
agents with apoptosis resistance.

5. Discussion

Cancer cells exhibit higher levels of ROS than normal cells
[18, 27, 144]. ROS promote tumorigenesis via malignant
transformation, sustained proliferation, angiogenesis, inva-
sion, and metastasis. On the other hand, ROS at elevated
levels can increase the vulnerability of cancer cells to various
inducers. Considering the dual nature of ROS and the
complexity of tumors themselves, exploring approaches to
rationally utilize CHM to regulate ROS may maximize the
anticancer functions of CHM.

The first strategy is to exploit the antioxidant properties
of CHMs to reduce excessive intracellular ROS and to antag-
onize ROS-induced protumorigenic effects on normal cells.
However, many clinical trials have inconsistently concluded
that antioxidant supplements are beneficial for preventing
tumors; furthermore, the long-term use of certain antioxi-
dant supplements may even increase the incidence of some
tumors and overall mortality [3, 145]. Moreover, recent stud-
ies have shown that antioxidants can promote carcinoma
proliferation and distant metastasis in vivo [6, 146]. In terms
of cancer treatment, antioxidant supplements may reduce the
side effects of chemo- and radiotherapy in some cases but
may also antagonize the positive effects of these treatments
[17, 147, 148]. Therefore, although the abovementioned anti-
oxidant CHM compounds or their active ingredients have
shown an initial positive effect in tumor prevention and have
been shown as an adjuvant treatment in preclinical studies,
cautionmust be taken in their long-term application. Antiox-
idant CHMs are different from antioxidant supplements due
to the fact that they are natural products with a complex
combination of active ingredients. The properties of antioxi-
dant CHMs are closer to those of fruits and vegetables rich in
antioxidants. Thus, the use of CHMs rich in antioxidants
rather than a single antioxidant compound might have better
effects in tumor prevention. However, further systematic
studies are needed.
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Compared to ROS reduction strategies, which have a
controversial role in application to tumors, ROS promotion
strategies have shown better anticancer effects and clinical
prospects. Such strategies can be implemented by using an
agent that either increases ROS production or reduces anti-
oxidant capacity or results in a combination of both effects.
Various chemotherapeutic drugs, molecular targeted drugs,
radiotherapy, and photodynamic therapy have been shown
to kill tumor cells by increasing intracellular ROS levels
[56, 104, 149, 150]. To date, some novel ROS inducers
(such as ARQ501 and elesclomol), as well as antioxidase sys-
tem drugs (such as the SOD1 inhibitor ATN-224 and the
GSH inhibitors buthionine sulfoximine (BSO) and phenethyl
isothiocyanate (PEITC)), have also been under clinical tri-
als (see http://clinicaltrials.gov/). Many CHM-derived active
constituents act as ROS generators to exert anticancer effects.
Importantly, the intracellular level of ROS should be carefully
controlled when using ROS-generating CHMs. If the levels of
ROS are not sufficiently increased to the toxicity threshold,
downstream oncogenes, such as PI3K, HIFs, NF-κB, and
MAPK, may be activated to promote cancer development.
Conversely, increasing the ROS levels too far over the cyto-
toxic level will lead to nonspecific damage to normal cells,
thereby injuring sensitive vital organs such as the heart, liver,
and kidneys [8]. Indeed, tumor cells maintain elevated anti-
oxidant system activity to prevent oxidative damage from
cytotoxic ROS; thus, ROS generators are not always useful.
However, the use of antioxidant inhibitors in combination
with ROS inducers may be a promising method in anticancer
therapy because this approach can decrease the adaptability
of tumor cells to both agents [20, 26]. Compounds such as
curcumin [151] and triptolide [152] can simultaneously
induce ROS generation and inhibit antioxidant defense,
causing cancer cell death and enhancing the efficacy of
chemotherapy. This pleiotropic effect may be beneficial in
overcoming the resistance of cancer cells to conventional
single-target drugs [149]. However, due to the bimodal
nature of ROS and CHM, identifying the specific types of
ROS and antioxidant molecules that are uniquely required
for tumor growth and survival and determining the mecha-
nisms targeted by the specific CHM in different types of
tumors are important. Currently, the advent of newmolecular
tools for the localization, quantification, and real-time detec-
tion of ROS is expected to further deepen our understanding
of redox, to advance ROS-based treatment strategies, and to
generate great opportunities for the development of antican-
cer drugs from CHMs.

6. Conclusions

In summary, we describe how ROS are generated and elimi-
nated within cells and the complicated dual roles of ROS in
cancers. ROS not only are indiscriminate damaging mole-
cules but also function as specific secondary messengers,
involved in various physiological and pathological responses.
This is the current focus on the debate in the field of redox
biology and accounts for inconsistency with clinical and
experimental studies on ROS. Traditional Chinese medicine
is an ancient practice medicine with potential advantages in

cancer treatment. We selected and summarized the original
researches of CHM based on ROS regulation with relatively
precise molecular mechanisms. CHMs exert antitumor
effects through antioxidant activities, including inhibition
of inflammation; prevention of carcinogenesis; inhibition of
tumor proliferation, growth, and metastasis; and reduction
of side effects of chemo- and radiotherapy; on the other hand,
CHMs primarily induce multiple cell death to kill cancer cells
selectively by promoting oxidation, cause DNA damage and
enhance the efficacy of chemo/radiotherapy and molecular
targeted agents, and reverse drug resistance of cancer cells.
Taken together, CHM plays a vital role in the prevention
and treatment of tumor initiation, development, and progres-
sion.Moreover, it is a promising strategy to develop low-toxic
and effective antitumor agents from CHMs based on the reg-
ulation ROS. Notably, the majority of current mechanistic
researches are based on the reductionist approach, which
may not adequately clarify the efficacy of herbal medicines,
especially for the traditional Chinese compound formulas,
themost common way used in the clinic. Therefore, a system-
atic biological method may be more appropriate and efficient
for the development of effective therapies; additionally, more
well-designed clinical trials and transformational experimen-
tal studies are also vitally needed to confirm the efficacy of
CHMs in humans.
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The ability to produce cold plasma at atmospheric pressure conditions was the basis for the rapid growth of plasma-related
application areas in biomedicine. Plasma comprises a multitude of active components such as charged particles, electric current,
UV radiation, and reactive gas species which can act synergistically. Anti-itch, antimicrobial, anti-inflammatory, tissue-
stimulating, blood flow-enhancing, and proapoptotic effects were demonstrated in in vivo and in vitro experiments, and until
now, no resistance of pathogens against plasma treatment was observed. The combination of the different active agents and
their broad range of positive effects on various diseases, especially easily accessible skin diseases, renders plasma quite attractive
for applications in medicine. For medical applications, two different types of cold plasma appear suitable: indirect (plasma jet)
and direct (dielectric barrier discharge—DBD) plasma sources. The DBD device PlasmaDerm® VU-2010 (CINOGY
Technologies GmbH), the atmospheric pressure plasma jet (APPJ) kINPen® MED (INP Greifswald/neoplas tools GmbH), and
the SteriPlas (Adtec Ltd., London, United Kingdom) are CE-certified as a medical product to treat chronic wounds in humans
and showed efficacy and a good tolerability. Recently, the use of plasma in cancer research and oncology is of particular interest.
Plasma has been shown to induce proapoptotic effects more efficiently in tumor cells compared with the benign counterparts,
leads to cellular senescence, and—as shown in vivo—reduces skin tumors. To this end, a world-wide first Leibniz professorship
for plasmabiotechnology in dermatology has been introduced to establish a scientific network for the investigation of the efficacy
and safety of cold atmospheric plasma in dermatooncology. Hence, plasmamedicine especially in dermatology holds great promise.

1. Plasma Medicine

Plasma medicine emerged in the last decade as an exciting
new field of research at the interface between physics and
the life sciences. Physical plasma can be generated by adding
energy (heat or electromagnetic fields) to a neutral gas until
the ionized gaseous substance becomes increasingly electri-
cally conductive. Plasmas emit electromagnetic radiation,
predominately UV radiation and visible light, and contain
excited gas molecules, positively and negatively charged ions,
free electrons, neutral reactive oxygen/nitrogen species
(ROS/RNS), free radicals, and molecule fragments [1]. Due
to its distinct characteristics compared to ordinary neutral
gases, plasma is considered as a fourth state of matter

(besides solid, fluid, and gaseous). In modern medicine,
high-temperature plasmas are used, e.g., for sterilization of
medical devices and implants [2–9]. Cold atmospheric
pressure plasmas (CAP), however, can also be used for the
treatment of viable tissues and thus have become a focus of
medical research over the past years. Besides therapeutic
applications, CAP is also used for surface modification and
biological decontamination [7, 10–13].

A variety of different CAP devices have been developed
and tested for research purposes. In general, these can be
divided into direct discharge (e.g., DBD: dielectric barrier
discharge) and indirect discharge (e.g., APPJ: atmospheric
pressure plasma jet) devices. To date, three plasma devices
have been certified for medical purposes. In 2013, the
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medical device kINPen®MED (INP Greifswald/neoplas tools
GmbH, Greifswald, Germany), an APPJ, and PlasmaDerm®
VU-2010 (CINOGY Technologies GmbH, Duderstadt,
Germany), a DBD source, have been CE-certified in Germany
by MEDCERT under the norm ISO 13485 (Table 1, Figure 1).
Subsequently, the medical device SteriPlas (Adtec Ltd.,
London, United Kingdom) has been certified to be used
for treatment of chronic and acute wounds, as well as for
reduction of microbial load.

The use of many different devices or modifications by
different research groups pose a challenge with respect to
comparability of the results obtained with these devices, lead-
ing to difficulties defining long-term safety and efficacy of
plasma devices in a comparable and standardized manner.
Numerous organizations on a national and international
level have been established to certify technical standardiza-
tion. Some of these organizations are specific for certain fields
such as electrical engineering or telecommunications, and
others are more general. An organization for general
standardization in Germany is the German Institute for
Standardization (DIN). The European Committee for
Standardization (CEN) and the International Organization
for Standardization (ISO) provide standardization on a
European and international level, respectively.

In order to establish general requirements for plasma
sources in medicine, a DIN SPEC 91315 has been published
by Mann and colleagues in 2014 [14]. The goal is to provide
basic criteria for plasma sources to be used as medical appli-
cations. Furthermore, the efficacy of medical plasma sources
as well as the safety for users (experimenters, patients, thera-
pists, etc.) is of great importance. Although Mann et al. did
not define new threshold or standard values, concerning,
e.g., leakage current, UV irradiance, and formation of toxic
gases, they refer to already existing standards and guidelines
(DIN EN ISO 12100, DIN EN 60601-1, DIN EN 60601-1-6,
and DIN EN 60601-2-57). This procedure allows a faster
implementation of certified standards.

The tests described in the DIN SPEC 91315 are easy to
adapt if common laboratory equipment is available, but they
have to be adjusted to every plasma source with regard to
individual treatment conditions. In order to obtain informa-
tion on performance, effectiveness, and safety of medical
plasma devices, certain physical and biological characteristics
should be assessed. Physical performances include tempera-
ture, optical emission spectrometry (OES), UV irradiance,
gas emission, and leakage current, and biological perfor-
mances include antimicrobial activity, cytotoxicity, and
chemical composition of liquid. These performances have
been tested with a μs-pulsed DBD source on human skin
fibroblasts [15] and according to the requirements of the
DIN SPEC 91315 with the plasma jet kINPen® MED [16].
Both devices meet the requirements of the DIN SPEC
91315, indicating safety and effectiveness of these devices.

Besides standardization to allow comparability of differ-
ent plasma sources, a thorough risk assessment for adverse
effects such as genotoxicity and mutagenicity is of tremen-
dous importance. A couple of studies using different testing
systems have shown that moderate CAP treatment does
not increase genotoxicity nor mutagenicity in cultured

cells [17, 18]. Although these results are promising, further
studies are needed to assess the potential risk of CAP
under different conditions and intensities.

As mentioned above, plasma is composed of a number of
different components which all may contribute more or less
to its efficacy. While the mechanisms for the efficacy of
CAP are not fully understood, it is conceivable that physical
components such as UV radiation or electrical current as well
as chemical components such as reactive oxygen species or
reactive nitrogen species play a role in the mode of action.
Numerous effects of CAP such as disinfection (bacteria,
fungi, and viruses), tissue regeneration (pH modulation,
angiogenesis), anti-inflammation (anti-itch), and anticancer-
ous effects (proapoptotic) have been described [19–23].

These effects provide an opportunity for CAP to be used
in different applications. Applications of CAP in medicine
are quite versatile and include decontamination/sterilization,
use in dental medicine, enhancement of coagulation, surface
coating of implants, cosmetics and plastic surgery, and treat-
ment of skin diseases, and even the use in cancer treatment is
being investigated [10, 19, 24–33]. With respect to applica-
tions in medicine, this review focuses particularly on
dermatological applications of CAP (Table 2) which include
treatment of atopic eczema, itch, and pain, disinfection
(bacteria, parasites, and fungus), treatment of ichthyosis/
epidermal barrier defect, wound healing, scar treatment,
and possibly treatment of skin tumors (melanoma, squamous
cell carcinoma, and basal cell carcinoma) [19–22, 25, 33].

2. Atopic Eczema, Itch, and Pain

A case study presented at the 20th International Conference
of the Society for Medical Innovation and Technology
(SMIT) 2008 showed a reduction of itch for four hours and
an overall reduction of itch from 8 to 3 (on a scale from 0
to 10) after daily CAP treatment for one minute of the left
arm vs. basic treatment of the right arm over a period of
30 days [34]. No side effects have been observed, and
overall, the eczema of this patient was reduced by two
points on a scale from -5 to +5. However, a randomized
two-sided placebo-controlled study on the efficacy and
safety of atmospheric nonthermal argon plasma for pruritus
with a total of 46 patients showed a similar improvement
between plasma-treated and placebo-treated group with
respect to itch [35]. In this study, patients have been treated
daily for two minutes with plasma or argon only (placebo).
At the end of the study, a reduction of pruritus has been
observed, which was likely due to standard therapy. Another
case study of a patient with chronic postoperative ear

Table 1: CE-certified plasma sources developed by systematic
research and used in clinical studies.

Atmospheric pressure plasma jet kINPen® MED
(INP Greifswald/neoplas tools GmbH, Greifswald, Germany)

Dielectric barrier discharge source PlasmaDerm® VU-2010
(CINOGY GmbH plasma technology for health,
Duderstadt, Germany)

SteriPlas (Adtec Ltd., London, United Kingdom)
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infection showed a highly significant reduction of pain after
CAP application for local infection control [36]. Considering
these studies, cold atmospheric plasma seems to have positive
effects on atopic eczema, itch, and pain, but still, more
research is necessary to confirm these effects.

3. Disinfection (Bacteria/Fungi/Viruses)

Several studies have elucidated the lethality of CAP on
bacteria and fungi and have shown its potential as an effective
tool for disinfection. A two-minute CAP treatment, for
example, has been shown to be effective against a variety of
bacteria including important skin and wound pathogens
such as Escherichia coli, group A Streptococcus, Methicillin-
resistant Staphylococcus aureus (MRSA), and Pseudomonas
aeruginosa, suggesting positive effects of CAP on wound
healing [12]. Furthermore, the killing of clinically relevant
fungal strains by CAP has been shown in vitro [37]. A signif-
icant reduction of bacterial and fungal targets after plasma
treatment has also been shown on model nails with onycho-
mycosis (a fungal infection of the nail) [38]. The authors of
this study conclude that the “CAP technology appears to be
a safe, effective, and inexpensive therapy for fungal nail
infection treatment.” Following this in vitro study, an
in vivo pilot study evaluated the plasma treatment on 19
study participants with toenail onychomycosis [39]. No
long-term sequelae have been observed after plasma treat-
ment, and overall clinical cure was observed in 53.8% of
participants, whereas mycological cure was observed in
15.4% of participants. A prospective randomized controlled

study including 37 patients with herpes zosters (a painful
skin infection caused by the varicella zoster virus) revealed
that a weekday five-minute CAP treatment is safe, painless,
and effective, improving initial healing of the herpes zoster
lesions [40]. Taken together, promising effects of CAP have
been shown in regard to disinfection with no evidence for
resistance of microorganisms against the treatment. Hence,
CAP provides an effective method for skin disinfection.

4. Ichthyosis/Epidermal Barrier Defect

An acidic protective hydrolipid film produced by perspira-
tory glands and sebaceous glands covers the outer layer of
the skin. This hydrolipid film provides an epidermal barrier
that protects the skin from drying and contains a complex
microbial ecosystem, consisting of numerous bacteria [41].
The pH of the hydrolipid film is balanced between 5.4 and
5.9 in healthy skin [42]. Altered conditions in the hydrolipid
film compared to healthy skin can lead to a shift in the micro-
bial load and thus may promote disease [43, 44]. Pathogenic
bacteria usually prefer pH values above 6; consequently, areas
with increased pH values possess a higher susceptibility to
pathogenic growth [45]. The pH values in hydrolipid films
of patients with diseases such as ichthyosis or atopic derma-
titis have been shown to be higher compared to pH values of
healthy skin [46–48]. One reason for an increased pH in
patients with atopic dermatitis may be due to a mutation in
filaggrin, a protein involved in the regulation of epidermal
homeostasis [49]. When human skin is treated with CAP,
the hydrolipid film interacts directly with the chemical com-
pounds of the plasma. This prompted Helmke and colleagues
to investigate the effect of CAP on pH of the hydrolipid film
of diseased skin [50]. Using a DBD plasma source, they
treated lipid films of wool wax, pork sebum, and human lipid
films with CAP and observed significant decreases in pH
values. A treatment for only five seconds was sufficient to
result in a decrease of pH, and treatment for 60 seconds led
to a decrease of the pH down to 3.7 (from initial 4.6-6.2).
The pH values of wool wax after plasma treatment remained
decreased for more than two hours [50]. These studies

(a) (b)

Figure 1: Examples of CE-certified plasma sources: (a) kINPen MED and (b) PlasmaDerm VU-2010.

Table 2: Dermatological applications of cold atmospheric pressure
plasma (CAP) tested in clinical pilot or case-control studies.

Atopic eczema, itch, and pain relief

Disinfection (bacteria/fungi/viruses)

Treatment of epidermal barrier defects such as ichthyosis

Wound healing

Scar treatment

Treatment of skin tumors
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provide first evidence for the potential treatment of epider-
mal barrier defects such as ichthyosis with CAP, where a
decrease of the pH value would result in an inhibition of
wound pathogens and, therefore, promote wound healing.

5. Wound Healing

In several clinical studies and case reports, the effect of CAP
on wound healing has been assessed (Table 3). Different
plasma sources have been used in these studies (e.g., kINPen
MED or PlasmaDerm VU-2010, Figure 2). The use of a
hand-held dielectric barrier discharge plasma generator
(PlasmaDerm® VU-2010) to alleviate chronic venous leg
ulcers has been assessed in a monocentric, two-armed, open,
prospective, randomized, and controlled trial [51]. This pilot
study included 14 patients with at least one chronic venous
ulcer, which had been divided into two comparable groups
each consisting of seven patients. One group received stan-
dard care, while the other group in addition to standard care
also received plasma therapy. Both groups were treated three
times a week for a total of eight weeks with subsequent
follow-up of four weeks. While in both groups an ulcer size
reduction of 50% has been observed, a greater size reduction
(5.30 cm2 vs. 3.40 cm2) as well as a quicker size reduction
after three weeks compared to the group without plasma
treatment was found. Furthermore, there was one patient in
the plasma-treated group who experienced complete healing
of the ulcer. An example for successful wound healing after
CAP treatment using the PlasmaDerm® VU-175 2010 is
shown in Figure 3. Further prospective randomized con-
trolled studies using a different plasma device (MicroPlaSter
predecessor of SteriPlas, Adtec Healthcare) primarily aimed
at decreasing the bacterial load in chronic wounds. These
studies including 36 and 24 patients, respectively, showed
significant reductions of bacterial load in CAP-treated
chronic wounds [52, 53]. A subsequent open retrospective
study with 70 patients suggests that wound healing may be
accelerated by CAP treatment [36]. Improved healing of
pressure ulcers was also found in a prospective randomized
controlled trial including 50 patients of which 25 received
CAP treatment using a Bioplasma jet device [54]. In another
clinical case-control study, the efficacy of the plasma source
kINPen MED was compared to octenidine treatment. This
study including 16 patients with chronic leg ulcers revealed
a similar reduction of bacteria using CAP treatment com-
pared to octenidine [55]. A similar study with 34 patients
showed a benefit of sequential treatment with CAP and
octenidine dihydrochloride over treatment with just one of
the two with respect to the antiseptic treatment [56]. In addi-
tion to studies investigating the effect of CAP on chronic
wounds, a few pilot studies also looked at the efficacy of
CAP on acute wounds [57–59]. Heinlin and colleagues
enrolled 40 patients with skin graft donor sites on the upper
leg. Equally sized areas of the wounds were assigned
randomly to receive either CAP or placebo treatment [59].
From the second posttreatment day onwards, the CAP-
treated sites showed significant improved healing compared
to placebo treatment. In a case report study, four sterile
ablative laser lesions (acute wounds) were induced in each

of five volunteers [60]. The wounds received either 10 sec-
onds, three times 10 seconds, and 30 seconds CAP or no
treatment for three consecutive days. Treatment for three
times 10 seconds and single treatment for 30 seconds
showed best results in early stages of wound healing, and
even at later stages (after six months and after one year),
plasma treatment resulted in improved outcomes with
respect to avoiding posttraumatic skin disorders [58].
Another study including six individuals with vacuum-
generated wounds on the forearm analyzed wound healing
parameters such as area decline and histomorphological
characteristics [57]. Wounds were treated with either no
treatment, CAP, octenidine, or sequential treatment with
CAP and octenidine. A statistically significant accelerated
decline was observed after CAP treatment in comparison
to the other treatment groups.

Accelerated wound healing has also been observed in a
mouse model treated with a cold plasma jet [61]. In cell
culture experiments with HaCaT keratinocytes and MRC5
fibroblasts, an increased motility of the cells has been
observed after plasma treatment, and at least in HaCaT cells,
this was associated with a decreased mRNA and protein
expression of Cx43. Cx43 is a gap junctional protein of
keratinocytes and was shown to inhibit cell migration
and wound healing [61]. These findings suggest that cold
plasma enhances wound healing in chronic and slowly
healing wounds.

There are several aspects of CAP that may contribute to
an improved wound healing: UV radiation and reactive gas
species (i.e., ozone) disinfect the wound, generation of nitric
oxide (NO) or nitrogen species (NOx) stimulates the regener-
ation of tissue, and electric current stimulates angiogenesis.
Furthermore, CAP leads to an acidification of the wound
(decrease of pH) [12, 20, 50, 62–65].

6. Scar Treatment

The effect of CAP on tissue regeneration has also been
elucidated for its potential in scar treatment. In one study,
ten patients with acne scars received a single CAP treatment
using a Plasma Skin Regeneration (PSR) system. According
to patient and doctoral assessment, acne scars improved in
30% of the patients. Thermal damage to the epidermis and
upper dermis had been observed for four-six days, and
besides that, collagen remodeling effects without permanent
pigmentary or textural irregularities as well as regenerative
epidermal effects have been described [66]. Similarly, antimi-
crobiocidal effects of CAP and improved acne symptoms
have been demonstrated using a direct DBD device. A
reduction of P. acnes by 75% has been observed in a study
with 31 volunteers [66].

Another cohort of 30 patients received weekly applica-
tion of CAP for four weeks. This treatment led to a reduction
of sebum production of 80%, which lasted four weeks fol-
lowing the treatment [66]. Although the authors concluded
that their plasma source can offer a new therapeutic option
for acne treatment, more studies are needed to validate
these findings.

4 Oxidative Medicine and Cellular Longevity
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7. Skin Tumors

Potential applications of CAP in cancer therapy are currently
explored by several research groups. The possibility of a
paradigm shift in cancer therapy and the selectivity to ablate
cancer cells (e.g., melanoma) while the corresponding nor-
mal cells remain unaffected have already been described in
2011 by Keidar and colleagues [19]. Detachment of SW900
cancer cells from the culture vessel after plasma treatment
has been observed, whereas no detachment was observed
when normal human bronchial epithelial (NHBE) cells were
treated. Furthermore, one single in vivo treatment with CAP
for two minutes of ten mice with subcutaneous bladder
cancer tumors (SCaBER) showed an ablation of small tumors
(about five millimeters in diameter) and a size reduction of
larger tumors. While fully ablated tumors did not recur,
larger tumors started to regrow but did not reach their
original size even after three weeks.

Next, the in vivo efficacy of CAP in a murine melanoma
model has been investigated. A single plasma treatment
induced ablation of the tumor and decreased the growth rate
markedly. This also resulted in an increased survival rate in
the treatment group, with a median survival of 33.5 days
compared to 24.5 days in the control group [19]. Following
this study, a number of other studies assessed the efficacy of
CAP as a potential therapy for cancer treatment. Daeschlein
and colleagues compared the antitumor efficacy of CAP with
electrochemotherapy (ECT) in a melanoma mouse model
[30]. A single CAP treatment led to a significant delay of

tumor growth acceleration. However, this was less effective
compared to ECT, whereas the combination of CAP and
ECT had the strongest effect. In light of these findings, the
authors concluded that cold plasma provides a potential
alternative to ECT and may serve as a new option for pallia-
tive skin melanoma therapy, either alone or in combination
with ECT [30].

A murine melanoma B16/F10 cell line has been
used to elucidate the effect of CAP against melanoma
cells in vitro, showing a loss of viability of almost 100%
48 hours after CAP treatment for three minutes [29]. In
addition, in vivo treatment with CAP of F10 cells in mice
showed a decrease in growth of the tumors which was
even comparable to the decrease of tumor growth achieved
with chemotherapy [29].

In a clinical study with six patients suffering from locally
advanced head and neck cancers, the efficacy and side effects
of cold plasma treatment have been explored [67]. Two
patients experienced a strong response to the treatment,
resulting in a clear tumor reduction. While the tumor in
one of these patients started to regrow ending with exitus
letalis, the other patient was still receiving treatment, aiming
for total remission. No side effects have been observed in two
patients, while four patients experienced fatigue and a dry
mouth. At least five of the patients had a reduction of odor,
most likely due to decontamination, and four had a reduced
demand of pain medication. Out of the six patients, five
passed away after one to twelve months, which was not due
to CAP application.

(a) (b)

Figure 3: Example of successful wound healing after treatment with cold atmospheric pressure plasma (CAP): (a) chronic ulceration before
CAP treatment and (b) complete healing for the first time since 14 years after CAP treatment for about 5 months.

(a) (b)

Figure 2: Treatment of chronic ulceration with cold atmospheric pressure plasma (CAP): (a) kINPen MED and (b) PlasmaDerm VU-2010.
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Besides ROS/RNS, the authors discussed the role of mye-
loid cells and the immunogenic cell death model of cancer
treatment as potential mechanisms of action of CAP [67].

The potential use of CAP for cancer treatment has also
been assessed in vitro and in vivo in several other nonskin
cancer entities including breast cancer, pancreatic carcino-
mas, glioblastoma, colorectal carcinoma, and neuroblasto-
mas [24–28]. In these studies, growth inhibition of different
cell lines in culture as well as decreased tumor growth or a
reduction of tumor volume has been observed in different
mouse models after CAP treatment.

Although the molecular mechanisms for the efficacy of
CAP on cancer cells are not fully understood, reactive oxygen
species (ROS) and charged particles have been determined to
be major contributors to plasma-induced cell death [68].

Taken together, these findings indicate a general efficacy
of CAP against various cancer entities, suggesting plasma to
be a potential new therapy against diverse cancerous diseases.
However, to integrate plasma treatment into modern cancer
therapy, further studies have to be conducted.

8. Actinic Keratosis

The precancerous actinic keratosis is a patch of thick, scaly,
or crusty skin [69–71]. There are several options to treat
actinic keratosis in order to prevent the development of
squamous cell carcinomas. One option is the use of ingenol
mebutate, which works in two ways: first, it leads to rapid
lesion necrosis beginning one to two hours after application
of ingenol mebutate, resulting from mitochondrial swelling
and membrane disruption as well as membrane depolariza-
tion [72]. This process causes an inflammatory response,
which, subsequently, leads to specific neutrophil-mediated
antibody-dependent cellular cytotoxicity (ADCC) within
days. These specific antibodies bind to specific antigens on
dysplastic epidermal cells, as well as to receptors of infiltrat-
ing neutrophils, thereby causing the release of cytotoxic
agents (e.g., ROS), which then destroy dysplastic epidermal
cells [72]. The importance of the immune cell reaction
against LK2 tumors (squamous cell carcinoma) has been
shown in mice by Challacombe and colleagues. Following
the treatment with PEP005 (ingenol-3-angelate), neutrophil-
depleted mice showed a significant higher tumor volume in
comparison to the control mice [73].

Similar to that, CAP seems to positively influence the
healing of actinic keratosis as well. This has been shown in
a pilot study with seven patients, who were treated twice a
week, with CAP for two minutes, for a total of seven treat-
ments [74]. All patients have shown promising responses
with no adverse events so that further investment does not
only seem necessary but also very promising. In a retrospec-
tive study of 12 patients with advanced head and neck squa-
mous cell carcinomas, CAP was used to decontaminate
infected cancer ulcerations and evaluated for its anticancer
effects [75]. Analysis of data from this study showed a
decreased request for pain medication, a reduction of typical
fetid odor related to a reduction of microbial load, and in
some cases even a superficial partial remission of tumor
and wound healing of infected ulcerations.

A case report from Daeschlein and colleagues showed
promising results of CAP in a patient with recalcitrant actinic
keratosis of the scalp [76]. No actinic lesion relapse has been
observed until at least 26 months after a single treatment with
CAP, and furthermore, scar formation had been proven.

Taken together, these studies indicate a promising
application of CAP as an innovative therapy for skin cancers
or precancerous conditions, but the evidence is still sparse,
and more basic research as well as more clinical studies are
needed. To foster the investigation of the efficacy and safety
of CAP in dermatooncology, a world-wide first Leibniz
professorship for plasmabiotechnology in dermatology has
been introduced, offering an opportunity to bring clinical
needs and scientific findings together, while integrating
CAP treatment in dermatology [77].

9. Conclusions

CAP has been shown to be a promising and inexpensive
treatment for a variety of different diseases. While CAP
already reached standard medical care status for wound
treatment, only preliminary data for its effects in oncology
are available. Continuing efforts in this emerging and highly
dynamic field of plasma medicine will be necessary to further
explore the full therapeutic potential of CAP and to fully
understand its mechanisms of action. Whereas the develop-
ment of novel plasma sources and modifications of existing
devices will open up more opportunities, it will be crucial
to adhere to certain standards in order to enable comparabil-
ity of results obtained in different studies. Overall, the
exciting field of plasma medicine is expanding and thus is
providing increasing evidence for the use of CAP as a treat-
ment option for a variety of dermatological diseases.
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During the last 3 decades, there has been a slow advance to obtain new treatments for malignant melanoma that improve patient
survival. In this work, we present a systematic study focused on the antiproliferative and antitumour effect of AgNPs. These
nanoparticles are fully characterized, are coated with polyvinylpyrrolidone (PVP), and have an average size of 35 ± 15 nm and a
metallic silver content of 1.2% wt. Main changes on cell viability, induction of apoptosis and necrosis, and ROS generation were
found on B16-F10 cells after six hours of exposure to AgNPs (IC50 = 4 2 μg/mL) or Cisplatin (IC50 = 2 0μg/mL). Despite the
similar response for both AgNPs and Cisplatin on antiproliferative potency (cellular viability of 53 95 ± 1 88 and 53 62 ± 1 04)
and ROS production (20 27 ± 1 09% and 19 50 ± 0 35%), significantly different cell death pathways were triggered. While
AgNPs induce only apoptosis (45 98 ± 1 88%), Cisplatin induces apoptosis and necrosis at the same rate (22 31 ± 1 72% and
24 07 ± 1 10%, respectively). In addition to their antiproliferative activity, in vivo experiments showed that treatments of 3, 6,
and 12mg/kg of AgNPs elicit a survival rate almost 4 times higher (P < 0 05) compared with the survival rate obtained with
Cisplatin (2mg/kg). Furthermore, the survivor mice treated with AgNPs do not show genotoxic damage determined by
micronuclei frequency quantification on peripheral blood cells. These results exhibit the remarkable antitumour activity of a
nongenotoxic AgNP formulation and constitute the first advance toward the application of these AgNPs for melanoma
treatment, which could considerably reduce adverse effects provoked by currently applied chemotherapeutics.

1. Introduction

Melanoma is the most aggressive form of skin cancer and one
of the deadliest. The morbidity and mortality of melanoma
have increased in recent decades around the world with more
than 100,000 new cases reported every year, and the inci-
dence increase continues [1]. The incidence in fair-skinned

populations always has the highest growth rates [2], but
recently a 500% increase in new cases in Mexico has been
reported [3].

In the last 3 decades, there have not been new treatments
that efficiently improve patient survival [4]. Melanoma treat-
ment faces two important problems: the adverse effects of
chemotherapy due to the lack of selectivity and the low
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efficiency of the used methods [5]. Even with the resistance
and severe adverse effects observed, Cisplatin (CisPt) con-
tinues to be the most used drug [6].

In the last decade, inorganic nanoparticles have attracted
the interest of several research groups due to their applica-
tions in cancer therapy, either as drug nanocarriers or as
therapeutic agents [7, 8]. Particularly for the second purpose,
silver nanoparticles (AgNPs) have been widely studied. How-
ever, their physicochemical properties play a key role in both
facets, to fight cancer and to cause adverse effects [9].

In this sense, the employment of polyvinylpyrrolidone
(PVP) as a coating agent of AgNPs produces an important
decrease in cytotoxic and genotoxic effects compared with
noncoated or citrate-AgNPs [10–12]. The PVP-AgNPs
could also provide several advantages through selectivity in
their antiproliferative action. The commercial formulation
of PVP-AgNPs from Skyspring Nanomaterials showed a dif-
ferential antiproliferative activity between breast triple-
negative tumour cells and breast nontumourigenic cells.
Besides, the same PVP-AgNP formulation significantly
reduces the tumour volume of these aggressive tumours that
are difficult to treat [13].

Our research group has studied a commercially available
PVP-AgNP formulation known as Argovit™ that has been
very effective as an antimicrobial [14, 15], antifungal [15],
and antiviral agent [16–18]. This formulation also has been
a determining factor in the rapid healing of diabetic foot
ulcers [19]. Moreover, these nanoparticles inhibit the
growth of human tumour cell cultures of the breast, lung,
prostate, cervix, and colon. The main death pathway acti-
vated was apoptosis, probably triggered by the overproduc-
tion of reactive oxygen species (ROS). There was no
necrosis, and neither was there evidence of DNA-damage at
the effective inhibitory concentrations determined for each
tumour cell line [20].

Considering the growth inhibition activity of these
PVP-AgNPs on human tumour cell lines, in this work,
we show a systematic study of the in vitro and in vivo
effect of well-characterized AgNPs on murine melanoma
models. Cytotoxicity, cell death pathway induction, and
ROS generation were analysed in vitro. In addition, a subcu-
taneous melanoma model in C57BL/6J mice was performed
following the protocol recommended by the National Insti-
tute of Health (NIH) [21], where tumour volume, survival
rate, haematological parameters, and genotoxicity of the
treatments were evaluated.

2. Materials and Methods

2.1. Silver Nanoparticles (AgNPs). Silver nanoparticles used
in this work were donated by Dr. Vasily Burmistrov from
the Scientific and Production Center Vector-Vita (Russia).
Argovit™ is a formulation of PVP-coated AgNPs highly dis-
persed in water with an overall concentration of 200mg/mL
(20%). The content of metallic silver is 12mg/mL stabi-
lized with 188mg/mL of PVP. Dilutions of AgNPs were
prepared with distilled and sterile water and were kept at
4°C in darkness.

2.2. Silver Nanoparticle Characterization.Dynamic light scat-
tering (DLS) (Malvern Instruments Zetasizer Nano NS
model DTS1060; λ = 532 nm) was used to determine the
hydrodynamic diameter and the zeta potential. Characteriza-
tion of optical properties was done with the Cary 60 UV-vis
spectrophotometer (Agilent Technologies) in the range of
200 to 900 nm. Morphology and size distribution were deter-
mined by HR-TEM using a JEOL JEM-2010 microscope.
Also, lyophilized AgNPs were characterized by FTIR-ATR
in a range of 400 to 4000 cm-1 with a resolution of 2 cm-1

on a universal diamond ATR Top Plate accessory (PerkinEl-
mer). The sample spectrum was compared with that of stan-
dard solid PVP (MW 100kDa). The silver content of
Argovit® was determined by ICP-OES (Varian Vista-MPX
CCD Simultaneous ICP-OES).

2.3. Cell Culture. B16-F10, murine skin melanoma cells from
C57BL/6J mice, were purchased from ATCC® (ATCC® CRL-
6475™) and maintained in DMEM high-glucose media
(Sigma-Aldrich, 51435C) supplemented with 10% (v/v) of
heat-inactivated Foetal Bovine Serum (FBS, Biowest, S1650)
and 2mM of L-glutamine (Sigma-Aldrich, G5792) at 37°C
in a humidified atmosphere with 5% CO2. Subculturing was
performed every 2 days.

2.4. Antiproliferative Activity. B16-F10 cells (1 × 105) were
seeded in 96-well plates with 195 μL of DMEM high-
glucose supplemented media (Sigma-Aldrich, 51435C). Pri-
mary screening was done to determine IC50 values using
the MTT assay kit (Bio-Vision MTT Cell Proliferation
Assay Kit #K299-1000) and ProBit analysis after 24 h of
exposure. After that, the IC50 of AgNPs (4.2μg/mL) and
Cisplatin (2μg/mL, CisPt) were employed to determine
the cell growth behaviour at 6, 12, 18, and 24 h. The prolif-
eration kinetics was determined by flow cytometry in
Attune NxT equipment. Cell viability was determined using
the Vybrant™ CFDA SE Cell Tracer Kit and propidium
iodide (PI) (Thermo Fisher Scientific, V12883) following
the provider’s protocol.

Determination of apoptosis and necrosis cell death
pathway was determined with the Alexa Fluor® 488 Annexin
V/Dead Cell Apoptosis Kit (Thermo Fisher Scientific,
V13241). ROS generation was analysed by the DCFDA
Cellular ROS Detection Assay Kit (Abcam, 139476) and with
the MitoSOX™ Red Mitochondrial Superoxide Indicator for
live-cell imaging (Invitrogen, M36008).

2.5. Experimental Animals. We purchased seventy 8–10-
week-old C57BL/6JNHsd male mice from Envigo, Mexico.
Mice were divided and assigned randomly to polycarbonate
cages into 6 groups of 10 mice each and two more groups
of 5 mice each. The latter groups were used as untreated
controls for haematological and genotoxicity trials. Mice
were maintained at 25°C temperature, 60% humidity, and
12/12-hour light-dark cycle and fed at libitum. The experi-
mental protocol was approved on June 19, 2018, by the
Ethical Committee of the Health Sciences School from the
Autonomous University of Baja California, Mexico with file
number 001/2018.
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Melanoma induction in C57BL/6JNHsd mice was per-
formed as recommended by the USA NIH [21]. First,
B16-F10 cells in the logarithmic growth phase were har-
vested for injection; after guaranteeing viability with try-
pan blue (>90%), cell concentration was adjusted to
1 × 106 cell/mL in ice-cold Hank’s Balanced Salt Solution
(HBSS, Biowest, L0606).

Mice of 20 g weight were inoculated by subcutaneous
administration of 100 μL cell suspension (1 × 105 cells/
mouse). The appearance of a “bleb” indicates the correct
subcutaneous administration. After cell administration, mice
were placed in the corresponding cage. Tumours became
palpable in 12 days, and at this point the antitumour trials
were initiated.

2.6. Antitumour Activity. The mice with palpable tumours
(10 per group) were administered subcutaneously each 3rd
day for 21 days with the corresponding dose of each treat-
ment as follows: Group 1—negative control (injectable
water); Group 2—positive control (CisPt, 2mg/kg); Group
3—vehicle control (PVP, 12mg/kg); Group 4—AgNPs,
3mg/kg; Group 5—AgNPs, 6mg/kg, and Group 6—AgNPs,
12mg/kg. Group 7 and Group 8 are healthy mice injected
with water or PVP, respectively (n = 5 for each group), and
used as negative control for the haematological parameters
and genotoxicity.

All the AgNP doses were calculated according to
the metallic silver content. Dilutions were prepared with
injectable water from a stock solution of Argovit® with
12mg/mL of metallic silver to obtain the work solutions
at the final concentrations of 24, 12, and 6 μg/mL. Then,
100μL was administered to each mouse according to the
administration scheme previously described. Doses were
chosen due to previous experiences with murine models
[17]. The mice were examined daily, and tumours were
measured every day of administration with a slide calliper.
Tumour volume was determined with the Attia-Weiss
formula. Furthermore, general characteristics (activity,
hair appearance, and any apparent change) were also
recorded.

After 21 days of the administration, the treatment was
stopped and the animals observed for 7 more days. After that,
the mice were anaesthetized with ketamine and euthanized
by cardiac puncture to collect blood samples.

2.7. Genotoxicity Determinations. Drop blood samples were
taken from the animals before they died (experimental
Groups 1, 2, 3, and 5) or euthanized (Groups 4, 6, and 7).
Two smears were made on cleaned microscope slides. The
smears were air-dried, fixed in absolute ethanol for 10
minutes, and stained with acridine orange (CAS No.
10127023, Sigma-Aldrich).

The micronuclei in each sample were scored manually
using a binocular microscope (Carl Zeiss, Axiostar Plus) with
a fluorescent filter (IVFL, 450–490 nm). The number of
micronucleated erythrocytes (MNE) in 10,000 total erythro-
cytes and the polychromatic erythrocytes (PCE) in 1000 total
erythrocytes were evaluated.

2.8. Statistical Analysis. Viability, apoptosis, necrosis, ROS
generation, and tumour volume data, were analysed with a
two-way ANOVA (P < 0 05) followed by the Tukey post
hoc test (P < 0 05) (GraphPad Prism). For relative survival
% data, the Mantel-Haenszel chi-square statistic was used
(P < 0 05) (GraphPad Prism).

3. Results

3.1. Silver Nanoparticle Characterization. A complete charac-
terization of the sample provided by Prof. Burmistrov was
performed. AgNPs are mainly spherical with an average size
of 35 ± 15 nm as determined by HR-TEM. The hydrody-
namic diameter (summarized diameter of a metallic silver
nanoparticle and PVP coating) determined by DLS was
70 nm, and the ζ potential was -15mV. UV-vis analysis
showed an absorption peak at 420 nm that corresponds to
the plasmon surface resonance. The silver content of the con-
centrate solution was 12mg/mL, determined by ICP-OES.

The FTIR-ATR spectrum shows peaks corresponding
to the hydroxyl vibration of unbound water (νOH) at
3406 cm-1, carbonyl stretching at 1650 cm-1 (νC=O), sym-
metrical stretching of nitrogen in the ring at 1269 cm-1

(νsC-H), and asymmetric (νasC-H) stretching at 2948
and 2915 cm-1, respectively. Metallic silver determined by
ICP-OES is 12mg/ml (% wt).

3.2. Cell Viability, Apoptosis, Necrosis, and Reactive Oxygen
Species Quantification In Vitro. In this work, cellular viabil-
ity, induction of apoptosis or necrosis, and ROS generation
changes on murine melanoma cells B16-F10 after exposure
to IC50 of AgNPs (4.2 μg/mL) or CisPt (2.0μg/mL) were
evaluated at 6, 12, 18, and 24 h. The main changes in cellular
viability were observed in the first 6 h following the adminis-
tration of the agents, CisPt or AgNPs. After that, the effect
was maintained until the last record at 24h (Figure 1).

From the record of cellular viability, both agents
AgNPs and CisPt present the same antiproliferative effect
(53 95 ± 1 88 and 53 62 ± 1 04, respectively), but the cell
death pathways induced are quite different. After 6 h of expo-
sure, 45 97 ± 1 88% of apoptosis was observed on cells
treated with AgNPs, twofold higher than the apoptotic cells
found when exposed to CisPt (22 31 ± 1 72%, Figure 1). On
the other hand, treatment with AgNPs produces less than
0.1% of necrosis, while for CisPt it was 24 06 ± 1 09%. For
CisPt, both cell death pathways were induced practically at
the same rate (Figure 1). Behaviour found after 6 h of expo-
sure was maintained until the final determination was made
at 24 h of exposure. Complete data of cellular viability, apo-
ptosis, and necrosis can be consulted in the supplementary
material Table S1.

The most significant reactive oxygen species (ROS) gen-
eration was found after exposure of 6 h to CisPt or AgNPs
(Figure 2) and shows an inverse relationship with cellular
viability. Cells treated with CisPt reached the maximal ROS
production after 6 h of exposure (20 27 ± 1 09%); meanwhile,
the highest ROS production induced by AgNPs was observed
at 12h (19 50 ± 0 35%).
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The mitochondrial superoxide production has the same
behaviour through time with that described for total ROS
and corresponds to two-thirds of the total amount of ROS
observed with 31 02 ± 0 45% for AgNPs and 28 38 ± 2 52%
for CisPt. The most important difference between the treat-
ments is that CisPt induces a sustained ROS generation after

6 h and until 24 h, while a decrease in ROS generation was
observed after 12 h of exposure when melanoma cells were
treated with AgNPs (Figure 2). All data of ROS production
through time can be consulted in supplementary material
Table S2.

3.3. Antitumour Activity. Tumour volume, as well as signs of
illness, were observed throughout the experiment after the
treatment administration described in Materials and
Methods. Tumour volume increased in all mice with or with-
out treatment. Mice with tumours treated with AgNPs did
not stop eating or drinking through the whole experiment.
Mice with the tumour but untreated, as well as those treated
with CisPt or PVP, presented lethargy and loss of appetite.

Mice injected with water developed tumours of around
1500mm3 and died 7 days after the tumour become palpable.
The tumour volume in animals treated with PVP or CisPt
presented a similar tumour volume (around 1500mm3) after
9 days of the start of treatment (21st day in Figure 3). On the
other hand, mice treated with AgNP doses of 3, 6, and
12mg/kg exhibited a tumour volume within the range of
722-837mm3. This represents a 50-60% tumour growth inhi-
bition elicited by the AgNP treatments compared with PVP
(1,890mm3), CisPt (1,704mm3), or water (1,500mm3). It is
important to recall that all mice injected with water died on
the 7th day of treatment (Figure 3).

For the 11th day of treatment (day 23 in Figure 3), while
the tumour growth rate in animals treated with any of the
three doses of AgNPs increases in a quite similar way
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Figure 1: Viability, apoptosis, and necrosis determined in B16-F10 cell cultures treated with AgNPs or CisPt. Determinations were done at 6,
12, 18, and 24 h in melanoma cell cultures treated with the concentrations of AgNPs or CisPt indicated in the graph. Viability, blue lines;
apoptosis, black lines; necrosis, red lines. ∗ indicates a statistically significant difference of P < 0 05 for apoptosis data. Φ indicates a
statistically significant difference of P < 0 05 for necrosis data.
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Figure 2: Reactive oxygen species production in melanoma cells
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Figure 3: (a) Mean melanoma tumour volume as a function of time (days). Mice treated with injectable water were used as negative controls
(water); mice treated with 2mg/kg of Cisplatin (CisPt), 12mg/kg of PVP (PVP), and 3, 6, or 12mg/kg of AgNPs are indicated in the figure.
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100mm3 (blue arrow). Treatments ended after 21 days (red arrow). Tumour volume determination was stopped when all mice in the
group died (green arrows). 7 days after the end of the treatments (yellow arrow), surviving mice were euthanized. ∗ indicates a statistically
significant difference of P < 0 05 comparing groups with the group treated with water. Φ indicates a statistically significant difference of
P < 0 05comparing groups with the group treated with CisPt. δ indicates a statistically significant difference of P < 0 05 comparing between
AgNP doses. (b) Pictures showing mouse without melanoma (A), when tumour reached 100mm3, and when this tumour volume was
reached in mice with the following corresponding treatments (C-H): (C) water, (D) CisPt, (E) PVP, and (G) 6mg/kg. The surviving mice
were euthanized on the 38th day: (F) AgNP 3mg/kg and (H) AgNP 12mg/kg. The last mice that died are marked with green arrows in (a).
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(tumour volume in the range of 837-1,142mm3), animals
treated with CisPt or PVP showed tumours with a volume
of 3,500 and 9,500mm3, respectively. These values represent
a 72% reduction in tumour growth caused by the administra-
tion of AgNPs compared with CisPt and a 90% reduction
compared with PVP.

The evaluated doses of AgNPs did not show differences
between them regarding tumour growth until the 19th day
of treatment, which also was the last day of treatment. How-
ever, in the last seven days of the experiment (the 32nd-38th
day in Figure 3), sharp differences were observed. The last
surviving mouse of the group treated with 6mg/kg died 2
days after the end of the treatment (day 33 in Figure 3),
while on the group of mice treated with 3 and 12mg/kg of
AgNP, a mouse of each group survived the 7 days of the
observation period.

Surviving mice of the experimental groups treated with 3
and 12mg/kg of AgNPs show tumour volumes at the end of
the observational period of 18,000 and 11,000mm3, respec-
tively (on the 38th day of Figure 3). Thus, it seems that a dose
of 12mg/kg of AgNPs inhibited the tumour growth by almost
50% compared with the treatment of 3mg/kg (Figure 3),
which strongly suggest a dose-dependent behaviour.

Figure 4 schematically shows the relative survival rate of
mice treated with the different agents. On the 11th day of
treatment (day 23 in Figure 4), the death of the last mouse
of the group treated with CisPt was registered, while 50% of
the mice treated with 12mg/kg of AgNPs were still alive. At
the end of the treatment scheme (day 33 in Figure 4), the life
expectancy of the surviving individuals treated with AgNPs
increased by 12, 8, and 6 days compared with those injected
with water, CisPt, or PVP, respectively (Figure 4). At the
end of the experiment, mice treated with 3 or 12mg/kg of
AgNPs survived 19, 15, and 13 days more than those treated

with water, CisPt, or PVP, respectively. This represents a life
expectancy of mice treated with AgNPs almost 4-times
higher compared with those injected with water, and more
than double compared with those mice treated with 2mg/kg
of CisPt (Figure 4). In our knowledge, this is the first time
that those effects are observed with an AgNP treatment on
an in vivo melanoma model.

3.4. Haematological Parameters. To complete the profile of
the survivor animals to the treatment scheme (mice of groups
treated with 3 and 12mg/kg), their haematological parame-
ters were compared with those observed in healthy mice
injected with water or PVP (negative control groups, n = 5
for each group).

In general terms, the parameters of individuals treated
with AgNPs were within the ranges considered as normal
for these mice [22], with the exception of haematocrit
(HCT) and haemoglobin (HGT), where an important
decrease was observed for both groups treated with 3 and
12mg/kg of AgNPs. Besides, an increase on white blood cells
and lymphocytes was observed, but only in the mouse treated
with the AgNP dose of 3mg/kg (Figure 5).

3.5. Genotoxicity. Finally, the quantification of micronuclei
on erythrocytes (MNE) in 10,000 of the total erythrocytes
that indicate genotoxic damage and the counting of poly-
chromatic erythrocytes (PCE) in 1000 total erythrocytes that
indicate myelosuppression (cytotoxic effect) were performed.

Tail blood samples from healthy mice, surviving mice of
the AgNP treatments of 3 and 12mg/kg, and from the last
survivor of the other treatment groups (untreated controls
with melanoma and mice with melanoma injected with
PVP, CisPt, and AgNP 6mg/kg, respectively) were used to
identify genotoxic and cytotoxic effects of the treatments.

Results show that mice with melanoma present practi-
cally the same MNE count as that of healthy mice, both
within the range of 6-14 MNE reported for this strain
[23] (marked with red lines in Figure 6). CisPt produces a
higher number of MNE with an MNE count of 23. Interest-
ingly, the dose of 6mg/kg of AgNP generates a higher
count of MNE than the upper limit reported. PVP produces
14 MNE, while AgNP doses of 3 and 12mg/kg produce 4
and 8 MNE, respectively.

On the other hand, it is clear from Figure 6 that the
counting of PCE in the mouse with melanoma is substan-
tially lower than that found in the healthy one. For CisPt, a
small increase compared with the positive control was found,
while a dose-dependent behaviour was observed for AgNP
doses; however, none of them are comparable with the effect
observed for PVP, which practically overturned the myelo-
suppression promoted by melanoma and reached PCE levels
like those found in the healthy mice.

4. Discussion

During the past decades, metal nanoparticles [24–26] and
particularly AgNPs ([27]) have shown a real potential to
inhibit tumour cell proliferation. It has been published that
AgNP toxicity could be related with the release of Ag+ ions
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Figure 4: Kaplan-Meier plot showing the relative survival rates of
mice treated with AgNPs or CisPt. Mice without melanoma and
without treatment were used as negative controls (healthy mice,
100% survival rate). Mice with melanoma and injected with water
(water), 2mg/kg of Cisplatin (CisPt), 12mg/kg of PVP (PVP), and
3, 6, or 12mg/kg of AgNPs are identified at the bottom of
the figure. ∗ and Φ indicate a statistically significant difference of
P < 0 05 comparing groups treated with AgNPs with groups
treated with water and CisPt, respectively.
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[28–30] or to the whole nanoparticles [28, 29] which induce
ROS generation, modifying the transmembrane potential of
mitochondria and, in turn, trigger the activation of several
cell death pathways.

The physicochemical properties of AgNPs such as size,
coating, and metal content have been related with their cyto-
toxic effect in mammalian cells [31–33]. In human cell lines,
the size of AgNPs plays a key role in the effects on viability,
membrane integrity, and ROS generation [32, 34–36]. Specif-
ically, a smaller size of AgNPs induce a higher cytotoxicity
[37–40]. On the other hand, coating agents provide different
stability degrees that directly influence the cytotoxic and gen-
otoxic effects [11, 41, 42].

The effect of the AgNP formulation studied on this work
on the B16-F10 murine melanoma cells with an IC50 of
4.2 μg/mL after 24h of exposure is quite similar to that found
for human tumour cell lines of the cervix (HeLa), breast
(MDA-MB-231 and MCF-7), prostate (DU-145), colon
(DLD-1 and HT-29), and lung (H-1299 and H-1437). For
all of them, the IC50 values found were within the concentra-
tion range of 1.82 to 3.43μg/mL after the same exposure
time. As found for B16-F10 in this work, in all types of the
tumour cells evaluated, the main cell death pathway induced
is apoptosis and the cellular viability showed an inverse rela-
tionship with ROS overproduction. At the IC50 value deter-
mined for each tumour cell, no DNA damage was found
according to the comet assays performed [20].

Interestingly, according to the proliferation kinetics, the
main changes elicited by AgNPs on B16-F10 cells were not
produced at 24h but only after 6 h of exposure (Figure 1).
After this time of exposure, cell viability and ROS overpro-
duction have shown an inverse relationship (Figure 2).
Besides, apoptosis reached its highest levels without necrosis

evidence (Figure 1). Consequently, AgNPs need only 6 h to
provoke the cellular damage that leads melanoma cells to
die by apoptosis (Figures 1 and 2).

Despite that both the agents AgNPs and CisPt produce
similar effects on melanoma cells regarding cell viability
and ROS overproduction, the final consequence is quite dif-
ferent. While the former induces only apoptosis as the main
cell death pathway, the latter induces practically the same
amount of apoptosis and necrosis.

On in vitro conditions, the CisPt-DNA adduct can be
formed after 1-3 h in the blood cells and tumour tissue of
cancer patients [43]. Thus, the quick obtainment of the
CisPt-DNA adduct, the decrease of glutathione (GSH) [44],
and the production of ROS in the mitochondria that, in turn,
collapses energy production [45] could be independent of
concomitant factors that contribute to the presence of 40
times more necrosis after CisPt administration compared
with exposure to AgNPs.

Although the molecular mechanism of cytotoxicity elic-
ited by this AgNP formulation is still not fully elucidated,
these results represent an important advantage for AgNPs
compared with CisPt because necrotic cellular debris pro-
motes a proinflammatory response that is associated with tis-
sue damage, processes not observed with the induction of
programmed cell death ([46]).

Furthermore, the antitumour activity observed in mice
treated with CisPt is completely different from that observed
with AgNP treatments. The animals treated with CisPt died
on the 11th day after the start of the treatment. During this
time, they show lethargy and loss of appetite. This symptom-
atology could be related to the rapid and uncontrollable dam-
age produced at the cellular level, which could be promoted
by ROS overproduction in mitochondria and the alteration
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Figure 5: Haematological parameters in the surviving animals at the end of the study. Haematocrit (HCT), haemoglobin (HGB), eosinophils
(EOS), mean corpuscular volume (MCV), mean corpuscular haemoglobin concentration (MCHC), white blood cells (WBC), lymphocytes
(LYMPH), and monocytes (MONO) were determined in surviving mice treated with AgNPs and in mice without melanoma injected with
water or PVP. HCT, HGB, WBC, and LYMPH were out of the range reported as normal (blue boxes) and those outside the normal ranges
in mice treated with AgNPs (red circles).
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of the DNA structure that, finally, triggers necrosis as the
main cell death pathway.

Unlike the treatment with CisPt, the AgNP treatments
achieved a remarkable survival time with the three concen-
trations assayed. At least one mouse of the groups treated

with 3, 6, or 12mg/kg of AgNPs reached the 21st day of the
treatment alive; this represents almost a quadruplication of
the lifespan compared with that of mice injected with water
and doubling the lifespan compared with that of mice treated
with CisPt.
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Figure 6: Cytotoxic and genotoxic effects quantified on erythrocytes from circulating blood samples. (a) Average of micronucleated
erythrocytes (MNE) scored in 10,000 of total erythrocytes, (b) polychromatic erythrocytes (PCE) in 1000 erythrocytes, and (c) representative
images of scored polychromatic erythrocytes (polychromatic erythrocytes, red; normochromatic erythrocytes, green; micronuclei,
yellow). Healthy mice (negative control), untreated mice (melanoma control), and mice with melanoma treated with CisPt, PVP, and
the indicated doses of AgNPs. Red lines indicate the normal micronuclei range reported for C57BL/6J mice, polychromatic erythrocytes
(red), normochromatic erythrocytes (green), micronuclei (yellow).

Table 1: Physicochemical properties of AgNPs employed on in vivo murine melanoma models.

Property Lin et al. [47] Kang et al. [48] This work

AgNP size (nm) 58 8 ± 1 7 2.3 35 ± 15
Protective agent PVP PVP PVP

Z potential (mV) −12 9 ± 1 1 -0.28 -15

Metallic silver content (% wt) ND∗ ND∗ 1.2

Initial tumour diameter (mm) 4-6 NA† 10

Used dose: metallic silver (mg/kg) 1.5 1, 5, and 10 3, 6, and 12

Days of administration in treatment 5 NA† 21

Dosage frequency 24 h NA† 48 h

Days without treatment before sacrifice 8 NA† 7
∗ ND: not determined. †NA: not applicable.
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As far as we know, there are only two papers that analyse
the effect of AgNPs in an in vivomelanoma murine model. In
the first work [47], a study of 17 days was performed using
wortmannin, AgNPs, or a combination of both. Daily admin-
istration for 5 days starting with a tumour volume range of
50-100mm3 was used. Animals were euthanized eight days
after the end of the treatment (13 days of observation).

This treatment scheme is quite different from that rec-
ommended for the NIH, but it is important to note that
the authors of the work were focused in the modulation
of autophagy to enhance the antiproliferative effect of
AgNPs against cancer cells [47]. In general, Lin et al.
found a much lower tumour growth inhibition than what
we found in the same time window (thirteen days after
starting treatment).

The largest tumour volume they found in their controls
on day 13 after the treatment began is about 1200mm3; those
treated with their AgNPs had a tumour volume close to
500mm3 and those treated with the combination of AgNPs
and wortmannin had a tumour volume of around 300mm3.
In this work, we found that on the 13th day after treatment
began mice injected with water and CisPt already died;
meanwhile, the surviving mouse of the group injected with
PVP had a tumour volume of 9500mm3 and all mice treated
with AgNPs presented tumour volumes between 800 and
1150mm3 (Figure 3). Unfortunately, these are not conclusive
data due to the differences on the initial tumour volume, dos-
age frequency, days of treatment, follow-up days, and an
unknown silver content of the AgNPs used by them which
do not allow us to make a direct comparison with the results
found in this work.

The second article [48] is quite different because it is
focused on the angiogenic capacity of AgNPs. The authors
report that B16-F10 melanoma cells exposed to AgNPs
and then injected intradermally in C57BL/6J mice induced
angiogenesis in the area near to the tumour and increased
the haemoglobin concentration within the tumour. Smaller
nanoparticles (2 nm, Table 1) elicited the vascularization
around the tumour in the melanoma model, and the
angiogenic effect is enhanced if the cells were previously
exposed to AgNPs. The angiogenic effect elicited by low
doses of AgNPs could promote the tumour growth, but
this is reversed when the dose or the size of the nanopar-
ticle increase [48].

On the other hand, AgNPs with a higher size (53 nm,
Table 1) induce autophagy in melanoma cells with high con-
centrations or induce cell survival with lower concentrations.
These works, including ours, are examples of the great
impact that the size of nanoparticles with the same stabilizing
agent has on murine melanoma. Unfortunately, the same
cannot be said for the concentration of silver present in each
study due to the lack of information (Table 1). The main sim-
ilarities and differences between the characterization of
AgNPs previously published and the AgNPs used in this
work in an in vivo melanoma model are shown in Table 1.

A very important result from this work is that at the
higher dose of AgNPs tested (12mg/kg) the tumour growth
seems to be inhibited, since the tumour volume remains con-
stant during the whole observational period (seven days);

that is, from the 31st to the 38th day of the experiment
(Figure 3).

This response must necessarily be related to the dose-
dependent behaviour observed on the EPC counting that
could be interpreted as a lower myelosuppression effect as
the AgNP doses increase. Also, this is consistent with the
general behaviour of mice treated with AgNPs that continued
to be active and kept on feeding, in spite of the size of the
tumour. This is contrary to the behaviour observed on mice
treated with CisPt and those from the negative control group
(Figure 6). These results suggest a protective dose-dependent
effect elicited by AgNP treatments (Figure 6).

From Figure 6, it is clear that the higher protection
against the myelosuppressive effect is provided by the PVP.
However, only the combination of PVP and metallic silver
to obtain the AgNP formulation possesses both the protective
effect against myelosuppression and the antitumour activity.

Moreover, no genotoxic effect was observed on AgNP
treatments of 3 and 12mg/kg, both with an MNE counting
below the upper limit of the range reported for this mouse
[23] (marked in Figure 6 with red lines). Mice from the pos-
itive control group (with melanoma and without treatment)
showed an MNE count within the marked range as well as
the mice treated with PVP. In this sense, given that it has
been reported that rodents are more sensitive to the geno-
toxic damage induced by AgNP than humans [49], one
would expect very low damage caused by the administration
of the AgNP formulation studied here in humans.

Conversely, samples from the last mouse of the group
treated with CisPt showed almost double the MNE. This
could be associated with the necrosis induction and the lim-
ited survival time observed on mice treated with this com-
pound. It is known that platinum-based drugs, among them
CisPt, are genotoxic. This fact is related with the appearance
of new tumours and drug resistance, which means that, even
when the CisPt treatment is effective against a tumour, there
is an oncogenic risk due to its genotoxic effect [50].

Regarding the behaviour observed for mice treated with
6mg/kg of AgNPs, these experiments do not provide enough
arguments to explain the death of the last mouse five days
earlier than the other surviving animals treated with 3 and
12mg/kg of AgNPs, respectively (Figure 6). But, as in the case
of CisPt, the higher amount of MNE compared with basal
values could be associated with the death of that mouse. Fur-
ther experiments must be done to clarify this point.

Surviving mice present haematological parameters
quite similar to that found in healthy mice [22], but the
increases observed in WBC and LYMPH with the lowest
dose of AgNPs (3mg/kg) are consistent with the activation
of immunological system cells by the low concentration of
AgNPs [51]. On the other hand, the lower levels of hae-
moglobin (HGB) and haematocrit (HCT) on surviving
mice treated with both 3 and 12mg/kg of AgNPs can be
interpreted as anaemia.

It has been reported that nanosized colloidal silver stabi-
lized with PVPmay induce HCT and HGB decrease [52], and
other AgNPs promoted venous thrombus formation by
platelet aggregation [53]. However, in this case, the observed
decrease in HCT and HGC could be attributable to the
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development of melanoma itself. As shown in the Results,
mice with melanoma but without treatment showed an
important decrease on PCE counting. Therefore, the low
levels of HCT and HGB could be the result of cumulative
damage due to the progress of the disease and not because
of a toxic effect of the administered AgNP.

For the purposes of avoiding as much as possible the
anaemia in further studies, a systemic iron supplementation
is proposed. It has been reported that this could be more
effective than a twofold iron diet [54]. Also, it is known that
a deficiency of other elements such as copper or selenium
could be involved in the anaemia process [55, 56], but this
is out of the scope of this work, and further analysis needs
to be done to identify the cause and to prevent the anaemia.

Therefore, this work presents a systematic study for eval-
uating the antitumour effect of AgNPs in melanoma under
standardized conditions, following NIH recommendations,
and for providing the complete characterization of AgNPs,
specifically the concentrations and doses of the active com-
ponent, metallic silver. As a consequence, apoptosis induc-
tion, antitumour activity, lifespan increase, the absence of
genotoxicity in blood samples, and the observed protective
effect against myelosuppression elicited by melanoma on
mice that have been exposed during 21 days to AgNPs is an
irrefutable probe of the highest biocompatibility of these
AgNPs compared with CisPt. All these results suggest that
the possible adverse effects elicited by these AgNPs in
humans might be less than the already known effects pro-
moted by CisPt. This emphasizes the potential of AgNPs as
an alternative for cancer treatment and urges the complete-
ness of their preclinical studies.

5. Conclusions

This work is a systematic approach to evaluate the anti-
proliferative and antitumour effect of AgNPs in melanoma
under standardized conditions following the recommended
protocol by NIH. The AgNP formulation studied in this
work, Argovit®™, possesses a higher antitumour activity
and biocompatibility on C57BL/6JNHsd mice inoculated
with murine melanoma B16-F10 cells than that found in
one of the most employed chemotherapeutic agents in
melanoma treatment, CisPt.

The higher biocompatibility of these AgNPs compared
with CisPt is manifested in vitro as apoptosis induction,
which is the main cell death pathway after 6 h of exposure
triggered by ROS overproduction, mainly on mitochondria.
Meanwhile, their high capacity to reduce tumour growth,
remarkable lifespan increase (quadruple compared with non-
treated and double compared with those treated with CisPt),
lack of genotoxic damage, and the possible protective effect
against myelosuppression, elicited by the natural progression
of melanoma, were observed in in vivo assays.

These findings show the importance of adequate physico-
chemical characteristics, such as size (35 nm), the optimal
content of metallic Ag, and the effective metallic Ag/PVP
ratio which provides AgNPs a high stability, to elicit the
tumour growth rate decrease and to increase the life expec-
tancy in individuals with one of the most aggressive skin

cancers known. All these can be gained without evident
genotoxic effects and even decreasing the myelosuppression
provoked by the natural progression of the disease, urging
the completeness of its preclinical studies.
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Esophageal cancer (ESC) is one of the most deadly diseases for human. p53 in most cancers, including ESC cell, is mutated, and the
mutated p53 losses its original function and acquires “gain of function” that allows for promoting the hallmarks of cancer, such as
antiapoptosis, metastasis, invasion, angiogenesis, and resistance to chemotherapy. Targeting p53 through either introducing wild-
type or degrading mutated p53 is an important strategy in cancer therapy. Di-2,2′-pyridine ketone dithiocarbamate s-butyric acid
(DpdtbA) has significant growth inhibition against gastric cancer lines in previous study. Similar action in ESC cell lines but a novel
molecular mechanism was observed in the present study. The results showed that DpdtbA exhibited an excellent antiproliferative
effect for ESC cell lines (IC50 ≤ 4 5 ± 0 4 μM for Kyse 450, 3 2 ± 0 6μM for Kyse 510 cell, and 10 0 ± 0 6 μM for Kyse 150) and led to
cell cycle arrest at the S phase which correlated to CDK2 downregulation. The mechanistic study suggested that growth inhibition
was related to ROS-mediated apoptosis, and ROS production was due to SOD inhibition initiated by DpdtbA rather than
occurrence of ferritinophagy. In addition, DpdtbA also induced a downregulation of EGFR, p53, and AKT, which hinted that
mutant p53 still played a role in the regulation of its downstream targets. Further study revealed that the downregulation of p53
was through stub1- (chip-) mediated autophagic degradation rather than MDM2-mediated ubiquitination. Taken together, the
DpdtbA-induced growth inhibition in a mechanism was through inactivating the p53/EGFR/AKT signal pathway.

1. Introduction

Cancer is one of most deadly diseases, while esophageal can-
cer (ESC) lies in the eighth position in cancer-caused deaths,
and about half of all cases occur in China [1]. Despite
advancements in diagnostic and treatment methods in recent
years, the prognosis of patients with ESC remains not ideal
[2]. Although many factors may induce the formation of
esophageal cancer, the underlying mechanism of it is largely
unknown. p53 is one of most important transcription factor,
regulating proliferation, apoptosis, autophagy, and cell cycle,
and normally is considered as a tumor suppressor gene.
However, p53 in human cancer is most frequently mutated

and in dominant phenotypes, in human ESC, 75% of p53
gene mutations were detected [3]. And mutant p53 (mutp53)
cancers are dependent on their hyper stable mutp53 protein
for survival [4]. In addition, evidences revealed that mutp53
seemed to gain characteristics that allow for promoting
the hallmarks of cancer, such as antiapoptosis, metastasis,
invasion, angiogenesis, and resistance to chemotherapy [5],
which actively contribute to cancer development and pro-
gression [5, 6]. p53 mutants are categorized into structural
(R175, G245, R249, and R282) and contact (R248 and
R273) mutations with effects of gross conformational alter-
ations and loss of anchorage to DNA, respectively [7]. Gener-
ally, wild-type p53 is regulated by its gene expression and
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degradation and is maintained at a low level by continuous
degradation via proteasome through E3 ubiquitin ligase
[8, 9], others, such as chaperone-mediated autophagic deg-
radation [10–14]. As mentioned above, since different
mutant p53 alleles may exhibit certain unique characteristics
in cancer development and progression, therefore, targeting
mutant p53 for protein degradation, rather than its reactiva-
tion, might be another strategy for drug development [15].
Garufi et al. reported that a Zn(II)-curcumin complex dis-
played growth inhibition involved in the induction of mutant
p53 degradation [16], implying that mutant p53 degradation
was one of the options in cancer treatment. However, the
exploration of effective small molecule therapies targeting
mutp53 is still on the way.

The epidermal growth factor receptor (EGFR), an ErbB
family of receptor tyrosine kinases, plays an important role
in cell proliferation and survival [17]. Upon ligand binding,
the EGFR dimerizes which lead to subsequent activation of
EGFR tyrosine kinase, resulting in the generation of a num-
ber of intracellular signals, including PI3K/AKT/mTOR,
RAS/MAPK1/3, and STAT3 signaling pathways [18]. Over-
expression of EGFR is seen in many solid tumors, including
esophageal cancer, and is associated with poor prognosis
[19]. In addition, the frequent gene amplification of EGFR,
HER2, and FGFR2 and the presence of active EGFR muta-
tions were observed in ESC specimens [20]. Downregulation
of EGFR or inhibition of EGFR kinase may halt the prolifer-
ation of cancer cells; thus, many tyrosine kinase inhibitors
such as gefitinib, lapatinib, and erlotinib have been devel-
oped; however, only limited effectiveness were achieved
[21]. It was reported that some small molecules could down-
regulate EGFR and enhance the effectivity of chemothera-
peutic agent [22]. Thus, the development of small-molecule
inhibitors for the treatment of esophageal cancer is required.

As mentioned above, different mutant p53 alleles play an
important role in cancer development and progression;
therefore, targeting mutant p53 through protein degradation,
rather than its reactivation, might be another strategy for
drug development. Dithiocarbamates as metal chelators
own important biological activities in the treatment of bacte-
rial and fungal infections, AIDS, and cancer [23]. DpdtbA
(di-2,2′-pyridine ketone dithiocarbamate s-butyric acid), a
dithiocarbamate derivative, also displayed significant growth
inhibition against gastric cancer cell lines in our previous
study [24]. To extend our knowledge for the dithiocarbamate
derivative, the effect of DpdtbA on the proliferation of esoph-
ageal cancer cell lines was further investigated. Interestingly,
the DpdtbA-induced growth inhibition involved p53 deple-
tion, which was not consistent with that reported previously
in gastric cancer cell lines [24]. Additional investigations
revealed that the p53 degradation was through chaperon-
mediated autophagy rather thanMDM2-mediated ubiquitina-
tion. Furthermore, concomitant to the degradation of mutated
p53, a downregulation of EGFR and AKT was observed, indi-
cating that inactivation of the p53/EGFR/AKT axis could
achieve the growth inhibition in p53 mutation-overexpressed
ESC cell lines. Those results definitely enriched our knowledge
that targeting mutant p53 may be one of the options in suc-
cessful anticancer therapy.

2. Results

2.1. DpdtbA Induced Proliferation and Colony Formation
Inhibition in Esophageal Cancer (ESC) Cells. Previous study
demonstrated that di-2,2′-pyridine ketone dithiocarbamate
s-butyric acid (DpdtbA) owned significant growth inhibition
in gastric cell lines [24]; DpdtbA might have similar action
in ESC cell lines. With this purpose, we first assessed the
effect of DpdtbA on the cell viability of Kyse 450, 150,
and 510 cells. The dose-response curves are depicted in
Figure 1, and significant growth inhibition for the ESC cell
lines (IC50 ≤ 4 5 ± 0 4 μM for Kyse 450, 3 2 ± 0 6 μM for Kyse
510, and 10 0 ± 0 7 μM for Kyse 150) was observed compared
to control (p < 0 05), but the cell line dependence was not evi-
dent. Next, the effect of DpdtbA on cell colony formation
was further investigated. As shown in Figure 1(c), DpdtbA
induced a significant reduction in colony numbers and pop-
ulations for Kyse 450 (p < 0 05); the quantitative analysis is
shown in Figure 1(d). Similar assay for Kyse 150 was also per-
formed, and the results are presented in Figure S1.

2.2. DpdtbA Induced Cell Cycle Arrest at the S Phase. To test
whether an induction of cell cycle arrest contributed to the
antiproliferative capability of DpdtbA in ESC cells, cell cycle
analysis was performed via flow cytometry. As shown in
Figure 2, DpdtbA caused an accumulation of the ESC cells
in the S phase for both cell lines, and the percentages at the
S phase significantly increased by 10 to 17% during 24h
insult of the agent, thereby decreasing the proportion of cells
in the G1 phase. Those indicated that DpdtbA could disturb
cell cycle and arrest the cells at the S phase, which was not
consistent with that in gastric cell lines [24], indicating that
DpdtbA-induced cell cycle delay was cell line dependent.
Furthermore, it was well documented that the progression
of cells is regulated by cyclins and CDK (cyclin-dependent
kinase) proteins, and cyclin A and CDK2 are known to play
an important role in the regulation of DNA synthesis during
cell-cycle progression at the S phase; thus, the expression of
CDK2 in different conditions was determined. As shown in
Figure S2, DpdtbA led to a downregulation of CDK2, which
contributed to S phase arrest, in accordance with that
reported previously [25, 26].

2.3. The DpdtbA Induced Significant Apoptosis in ESC Cells.
Previous study revealed that DpdtbA-induced apoptosis con-
tributed to the growth inhibition in gastric cancer lines [24];
similar action may occur in ESC cells. To this end, the ESC
cells were pretreated by DpdtbA; then, the annexin V/propi-
dium iodide (PI) staining was performed to measure the apo-
ptotic populations at early and late stages, which were
achieved by monitoring the externalization of phosphatidyl-
serine on the cell surface of apoptotic cells. The results from
flow cytometric analyses showed that the DpdtbA induced
early apoptosis and late apoptosis in a concentration-
dependent manner (Figure 3(a), from 4.2 to 16.4% for Kyse
450 and 5.1 to 8.1% for Kyse 150). Statistical analysis revealed
that the apoptotic induction of DpdtbA at a concentration of
5 and 10 μM had a statistical significance for Kyse 450
(p < 0 05), but for Kyse 150 cells, 10μM was required
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(p < 0 05). Moreover, the apoptotic portions in both cell lines
were obviously different, which may be relative to IC50 value;
as a whole, DpdtbA induced a limited apoptosis.

To seek additional evidence for the occurrence of apopto-
sis, the variations in nuclear morphology and fragmentation
of chromosomal DNAwere further investigated. As shown in
Figure S3, the condensed nuclear and fragmentation of
chromosomal DNA were observed upon DpdtbA treatment.
In addition, using AO/EB stains to detect apoptosis was also
performed under fluorescence microscope [27, 28]. As shown
in Figure S4, live cells appeared uniformly green and had
intact membrane and uniform chromatin, whereas early
apoptotic cells and late apoptotic cells appeared as bright
green and orange, respectively; necrotic cells appeared as red
with no condensed chromatin. The portions of apoptosis cells
in Kyse 450 were higher than that of Kyse 150, consistent
with the results from annexin V/PI stains (Figure 3).

Bcl-2 family members play key roles in the regulation of
apoptotic progress. To understand how DpdtbA induced
apoptosis, we further examined the alteration in the expres-
sion of apoptosis-related genes in ESC cells. As shown in
Figure 4, the DpdtbA treatment led to slight downregulation
of the bcl-2 level, but the expression of bax was not increased,
and similar situation occurred for cytochrome c. It was well

documented that translocation of bax on mitochondria
could lead to alteration in mitochondrial membrane per-
meability (MMP). Since there was no obvious change in
the bax expression, the MMP could be in an intact state. To
confirm above speculation, a mitochondrial dye, rhodamine
123, was employed to evaluate the permeability of mitochon-
drial membrane. As expected, the MMP has almost no change
(Figure S5), supporting that a limited apoptosis occurred.

2.4. The ROS Production Stemmed from DpdtbA Induced
SOD Inhibition Rather Than Ferritinophagy. In general
apoptosis associated with ROS production, to determine
the origin of ROS, the ESC cells treated by DpdtbA were
stained by ROS dye, DCF, following flow cytometry analysis.
The ROS production at different condition is shown in
Figure 5. Compared to control (Figure 5(a)), the ROS pro-
duction induced by DpdtbA (Figures 5(b) and 5(c)) was sig-
nificantly increased (p < 0 05, Figure 5(d)) in Kyse 450,
indicating that ROS indeed involved the action of DpdtbA.
Similar result was obtained in Kyse 150 cells (Figure S6).
Due to the diversity in ROS production, the possible site was
further explored. Ferritinophagy is an important contributor
in Fenton reaction-related ROS generation; thus, the level
of ferritin and its specific cargo, NCOA 4, was assayed.
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Figure 1: DpdtbA induced growth and colony formation inhibition. (a) Structure of DpdtbA; (b) the effect of DpdtbA on the proliferation of
ESC cell lines; (c) DpdtbA displayed colony formation inhibition; (d) quantitative analysis of alteration in colony numbers (from trice
measurements). ∗∗∗p < 0 05.
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Unexpectedly, DpdtbA did not induce ferritinophagy that led
to ferritin degradation; contrarily, an upregulated ferritin
was observed with downregulated NCOA4 (Figure 5(e)).
Furthermore, addition of autophagy inhibitor (3-MA) did
not alter the status of ferritin and NCOA4, those excluded
that ROS production was through ferritinophagy, which was
different from other iron chelator [29]. Moreover, the status
of ROS in a cell was dependent on the balance between
ROS production and antioxidant system. The alterations of
antioxidants, such as GST and superoxide dismutase (SOD),
significantly affect the status of oxidative stress. The risen
ROS might be from downregulated SOD or SOD inhibition.
To this end, the level of SOD was investigated, as shown
in Figure 5(g); DpdtbA led to downregulation of SOD with
a significant difference compared to control (p < 0 01 at
10 μM, Figure 5(h)). Meanwhile, DpdtbA was also able
to inactivate SOD in a concentration-dependent manner
(p < 0 01, Figure 5(f)). Taken together, the ROS production
during DpdtbA insult mainly stemmed from inactivation
and downregulation of SOD.

2.5. The DpdtbA Induced Growth Inhibition Correlated to
EGFR Downregulation. It has shown that EGFR mediates
cell proliferation [30], and generally, EGFR (wild-type or
mutated) is overexpressed in ESC cells [18]. Whether the
growth inhibition induced by DpdtbA was associated with

alteration of EGFR, with this purpose, we determined the
expression of EGFR in the presence or absence of DpdtbA.
As shown in Figure 6, the expression of EGFR in Kyse 450
and Kyse 150 cell lines was decreased, but less abundance of
EGFR in Kyse 510 cells was observed. The quantitative anal-
ysis of EGFR revealed that DpdtbA induced downregulation
of EGFR had a statistical significance (p < 0 01), hinting that
depletion of EGFR might involve in the growth inhibition.
Due to lower abundance of EGFR in Kyse 510, the cell line
was further not included in the following investigation.

2.6. The Effect of DpdtbA on the Upstream and Downstream
of EGFR Signal. It has known that EGFR activation can trig-
ger the alteration of others, including JAK/STAT and the
PI3K/AKT signal pathway, thus promoting cell growth
[30]. The fact that DpdtbA induced a downregulation of
EGFR prompted us to explore the underlying mechanism.
Thus, the regulation of EGFR on other genes was further
investigated. Generally, AKT was regulated by EGFR (or
phosphorylated EGFR); the alteration of EGFR might also
affect its downstream target, AKT; thus, the level of AKT in
the presence or absence of DpdtbA was determined. As
expected, accompanied by a decrease of EGFR (or p-EGFR),
the AKT was also downregulated (Figure 7(a)). The quantita-
tive analysis indicated that DpdtbA induced the decrease of
AKT which had a statistical significance (p < 0 01) in both
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cell lines, indicating that EGFR was involved in the regulation
of AKT. In addition, it is well documented that p53 can reg-
ulate EGFR [31]; the p53 expression, therefore, was further
assayed. Interestingly, DpdtbA also led to p53 downregula-

tion (Figure 7(a)). Statistical analysis revealed that the levels
of p53, EGFR, and p-EGFR were significantly decreased after
DpdtbA treatment (p < 0 05, Figure 7(b)), which hinted that
downregulation of EGFR and AKT might stem from the
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Figure 4: The alteration in apoptosis-related genes after DpdtbA treatment in the ESC cells. (a)Western blotting analyses of apoptosis-related
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Figure 3: Apoptosis analysis of ESC cell lines via flow cytometer. DpdtbA was incubated with the cells for 24 h. All attached cells were
collected and double stained with annexin V and propidium iodide (PI) using a kit from Dojindo Laboratories following the
manufacturer’s instructions. (a) Kyse 450 cells and (b) Kyse 150 cells. The condition was as indicated in the figure.
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downregulation of p53 (or mutant p53 might still play a role
in the modulation of its downstream targets).

2.7. The Regulative Action of Mutant p53 on Its Downstream
Target Genes and Growth Inhibition. As mentioned above,
DpdtbA treatment led to downregulation of p53 at the
protein level in both Kyse 450 and Kyse 150 cell lines,
which could be achieved through modulation in transcrip-
tion and in translation. To corroborate that p53 downreg-
ulation might be through a posttranslational modification
instead of transcriptional modulation, the alteration of p53
at the mRNA level was determined via RT-PCR. As shown
in Figure S7, DpdtbA could upregulate p53 in transcription,
which was not consistent with p53 downregulation at the
protein level, hinting that p53 downregulation was not

through transcriptional regulation. This was not surprising
for p53 was a stress protein in response to different
insulting. Next, the regulation of p53 required to be further
determined. There is convincing evidence from reporter
assays that mutant p53 has the ability to transactivate specific
target genes, such as c-Myc and EGFR promoter in a manner
distinct from wild-type [32, 33]. To determine whether the
mutant p53 (H179R in Kyse 450, R248Q and R155Q in Kyse
150) could regulate its downstream target genes, the p53
inhibitor, PFT-α was used to confirm the action of p53. As
shown in Figure 8, DpdtbA induced downregulation of p53
in a concentration-dependent manner, but addition of PFT-
α impaired the DpdtbA-induced p53 degradation; PFT-α
alone did not significantly modify p53 levels (Figure 8),
in accordance with the result reported previously [16]. And
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Figure 5: DpdtbA induced ROS generation. Flow cytometry analysis from Kyse 450 cells stained by DCF: (a) DMSO; (b) 5 μM DpdtbA; (c)
10 μM DpdtbA; (d) quantitative analysis of ROS production (from twice measurements); (e) western blotting analyses of ferritinophagy-
related proteins, the condition was as indicated; (f) the effect of DpdtbA on SOD activity (from trice measurements); (g) alteration of the
SOD expression in the absence or presence of DpdtbA; (h) quantitative analysis of alteration in the level of SOD (from twice
measurements). ∗∗∗p < 0 01.
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interestingly, similar situation occurred for both EGFR and
AKT, supporting that the mutated p53 played a role in
downstream gene regulation in the ESC cell lines.
Furthermore, quantitative analysis was given in Figure 8(b);
clearly, the alteration in the p53/EGFR/AKT axis had a
significant difference before and after DpdtbA treatment
(p < 0 05), but the additional effect was not observed in the
combination treatment, which might be due to the difference
in interaction between PFT-α and mutant and wild-type p53
[34, 35]. To corroborate that the depletion of p53 may
contribute to the growth inhibition in ESC cells, the effect
of PFT-α combination with DpdtbA on proliferation was
further investigated; Figure 8(c) clearly showed that PFT-α
attenuated DpdtbA-induced growth inhibition (PFT-α has
a very weak effect on ESC cell growth, data not shown),
in accordance with the result from western blotting.
However, the addition of (NH4)2Fe(SO4)2 blocked the action
of DpdtbA on both growth inhibition and downregulation

of p53 (Figure S7), hinting that the induction was
dependent on the chelating status of DpdtbA.

2.8. The p53 Depletion Involved stub1 Chaperone-Mediated
Autophagy Rather Than MDM2-Mediated Ubiquitination.
As mentioned above, DpdtbA induced p53 degradation;
accordingly, its downstream target, EGFR and AKT, was also
downregulated; it was suggested that the degradation of
p53 was mainly a molecular event. Hence, the detail in
p53 degradation required to be further determined. We
then tested whether MDM2 played a role in such p53 deg-
radation. To this end, the levels of p53 and MDM2 were
assayed. As shown in Figure 9(a), both p53 and MDM2
were downregulated during DpdtbA treatment, and alter-
ations in the gene expressions had a statistical significance
(p < 0 05, Figure 9(b)). Moreover, such effect in downregula-
tion of p53 could also be achieved by MDM2 knockdown via
siRNA (Figure S8), indicating that the function of MDM2s

(a) (b)

Figure 6: DpdtbA led to EGFR downregulation in the indicated ESC cell lines: (a) western blotting analysis and (b) quantitative analysis of
alteration of EGFR in the presence or absence of DpdtbA (from twice measurements). ∗∗∗p < 0 01.
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Figure 7: Alteration of EGFR was associated with the change of upstream and downstream targets. (a) Western blotting analysis; (b)
quantitative analyses of alteration in the p53/EGFR/AKT signal pathway before and after DpdtbA treatment (from twice measurements).
∗∗p < 0 05, ∗∗∗p < 0 01.
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(a) (b) (c)

Figure 8: p53 downregulation was associated with EGFR and AKT downregulation. (a) Western blotting analysis in the given condition; (b)
quantitative analyses of alteration of EGFR, p53, and AKT in the presence or absence of PFT-α (from twice measurements). (c) DpdtbA-
induced growth inhibition correlated with p53 downregulation. And the quantitative analysis was based on quartic measurements.
##p < 0 05, ∗∗∗ ,###,$$$p < 0 01.
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E3 ligase was not involved in the ubiquitination of p53, which
was further supported by the fact that addition of proteasome
inhibitor, MG-132, did not attenuate the p53 degradation
(Figure S9). This was in accordance with that reported
previously [33]. Since MDM2 was not responsible for the
degradation of mutant p53 in our setting, we then
further explored the role of autophagy, a cellular
mechanism of protein degradation within lysosomes. It was
reported that chip (stub1) promoted autophagy-mediated
degradation of aggregating mutant p53 [36]; DpdtbA-
induced p53 degradation might involve this pathway. To
test the hypothesis, the level of stub1 (chip) was evaluated.
As shown in Figure 9(c), the alteration of stub1 was similar
to that of p53 upon DpdtbA treatment, and an important
observation was that p53 and stub1 were restored when
addition of 3-methyladenine (3-MA), hinting that p53
degradation might be through stub1 chaperon-mediated
autophagic degradation. The quantitative analysis was given

in Figure 9(d); clearly, the alterations in the level of p-p53,
p53, and stub1 had a statistical significance (Figure 9(d),
p < 0 05).

2.9. p53 Autophagic Degradation Dominated the Alteration
of Its Downstream Targets. Since stub1 chaperon-mediated
autophagy involved the p53 degradation, accordingly, it may
affect the downstream target of p53. To this end, autophagy-
related genes, LC3, stub1, and along with the p53/EGFR/AKT
axis were assessed. As shown in Figure 10(a), concomitant to
the autophagy activation (increase in LC3-II and stub1), a
downregulated p53, EGFR, and AKT were observed, and
the alterations of those proteins are shown in Figure 10(b).
As shown in Figure 10(a), the stub1 chaperon-mediated
autophagy was clearly responsible for the p53 degradation,
which further led to downregulation of its downstream
targets. This conclusion was further supported by the exper-
iment of RNA interference, because the knockdown of stub1
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Figure 10: p53 autophagic degradation regulated its downstream targets, (a, b) Kyse 450 cells and (c, d) Kyse 150 cells. (a, c) Western blotting
analyses of alteration in the p53/EGFR/AKT axis and stub1-mediated autophagy relative proteins, the condition was as indicated. (b, d)
Quantitative analyses of alteration of the expression of the p53/EGFR/AKT axis and LC3-II as well as stub1. CQ= chloroquine.
Quantitative analyses of those proteins from Kyse 450 and Kyse 150 cells were performed from twice measurements. ∗∗ ,##,$$,&&,%%p < 0 05,
∗∗∗ ,###,$$$,&&&,%%%p < 0 01.
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by siRNA could attenuate p53 depletion induced by DpdtbA
(Figure S10). Furthermore, addition of autophagy inhibitor
(3-MA or chloroquine) could increase protein expressions in
the p53/EGFR/AKT axis, which indicated that autophagic
degradation of p53 modulated the EGFR/AKT pathway.
Similar result was observed in Kyse 150 cells (Figures 10(c)
and 10(d)), supporting that stub1 chaperon-mediated
autophagy involved the p53 degradation, and the mutant
p53 still played a role in the gene regulation.

As mentioned above, DpdtbA induced growth inhibition,
cell cycle arrest, and apoptosis, which involved ROS produc-
tion due to SOD inhibition. Further mechanistic study
revealed that DpdtbA led to stub1-mediated autophagic deg-
radation of p53 that dominated the level of its downstream
targets EGFR and AKT; thus, DpdtbA-induced growth inhi-
bition could be through inactivating the p53/EGFR/AKT sig-
nal pathway.

3. Discussion

Esophageal cancer (ESC) is one of the most deadly diseases,
and the long-term survival of the patients is poor [15]; there-
fore, new therapeutic strategy is required. It is well docu-
mented that iron is an essential element and plays a crucial
role in cellular proliferation and DNA synthesis. Compared
to normal cells, neoplastic cells have a high requirement for
iron for their growth. In vivo neoplastic cells can obtain iron
from local environment, i.e., tumor microenvironment
which is comprised of various cells, cytokines, and extracellu-
lar matrix; among those, tumor-associated macrophages
(type II phenotype) are the main source of iron supply [37].
Obviously, iron isolation or chelation from tumor environ-
ment may help to inhibit the growth of tumor cells. Dithio-
carbamates had showed a significant antiproliferative action
against gastric cancer cell lines in our previous study [24],
which prompted us to extend additional investigation to dif-
ferent cancer cell lines, such as ESC cell lines, in order to gain
more knowledge for the agent (Figure 1). Disturbing cell
cycle is often found in the mechanism for many chemother-
apeutic agents. Iron chelator induced growth inhibition
through inhibiting ribonucleotide reductase, accordingly
depleting dNTPs and resulting in S phase arrest [38]. In addi-
tion, iron depletion also led to alteration of CDKs, resulting
in a decrease of CDK2 in human T lymphocytes [39]. Simi-
larly, the DpdtbA also induced ESC cell accumulation at
the S phase (Figure 2) and a decrease of CDK2 (Figure S1).
In addition, ROS production normally is involved in the
action of mechanism for most chemotherapeutic drugs,
and the ROS can be generated through Fenton reaction,
dysfunction of mitochondria, or imbalance of the redox
system, which result in apoptosis and autophagy. Therefore,
we further evaluated ROS and identified the source of ROS
production. As shown in Figure 5(a), DpdtbA-induced
growth inhibition was involved in ROS production;
however, ROS production is not due to mitochondrial and
lysosomal dysfunction but to SOD inhibition. It has been
reported that some iron chelators can induce ferritin
degradation in lysosome, which lead to an increase of iron
in LIP [29, 40], but in our study, DpdtbA did not induce

ferritin degradation (Figure 5(d)). The analysis of integrity
of the mitochondrial membrane eliminated the alteration
of mitochondrial membrane permeability for the bax and
cytochrome c were not upregulated. So we deduced that the
excess ROS might be due to imbalance in the antioxidant-
oxidant system. It is well known that superoxide dismutase
(SOD) as an antioxidant is responsible for the decomposition
of superoxide, and copper and zinc ion as cofactors are
located in its catalytic center. DpdtbA as metal chelator may
influence SOD activity. Our data revealed that DpdtbA both
inactivated SOD activity and also led to downregulation
of SOD (Figures 5(f) and 5(g)), resulting in the imbalance of
the redox system. Furthermore, excessive ROS production
led to occurrence of apoptosis; the results both from flow
cytometric analysis and from AO/EB staining (Figure 3 and
Figure S4) demonstrated that DpdtbA could induce the
occurrence of apoptosis, but the susceptibility of apoptosis
induction for the investigated cell lines was a slight
difference; Kyse 450 cells seem to be more prone to induce
apoptosis than Kyse 150 cells. We speculated that the
difference in apoptosis induction may relate to the status and
abundance of mutation of p53 [41], while the prosurvival
effect of bcl-2 might retreat to the back of the p53, playing
a secondary role in response to chemotherapeutic agent
because mutant p53 (mutp53) cancers are dependent on
their hyper stable mutp53 protein for survival (Figures 4
and 7) [4]; this might endow Kyse 150 cell less sensitive
than Kyse 450 cell. However, the other signal pathway
may also play a critical role in growth inhibition and
apoptosis induction.

Overexpression of epidermal growth factor receptor
(EGFR) occurs in approximately 80% of patients with adeno-
carcinoma and squamous cell carcinoma [42], and many
studies have demonstrated that overexpression of EGFR is
associated with a lower survival rate [43, 44]. Thus, the epi-
dermal growth factor receptor (EGFR) family is receiving
considerable attention. Small molecule tyrosine kinase inhib-
itors and monoclonal antibodies have been explored in
patients with esophageal cancers; however, only a modest
clinical activity is achieved. The depletion of EGFR might
be other option in esophageal cancer treatments. In the pres-
ent study, we illustrated that DpdtbA could downregulate
EGFR in ESC cell lines (Figure 6), which forced us to
consider whether the alteration of EGFR stemmed from
the alteration of its upstream molecule, p53. As expected,
DpdtbA treatment led to downregulation of p53, which
confirmed that the p53/EGFR pathway still activated in
ESC cancer cells. Furthermore, DpdtbA also caused down-
regulation of AKT, a downstreammolecule of EGFR, indicat-
ing that DpdtbA could inactivate the p53/EGFR/AKT
pathway, in accordance with the observation from literature
[45]. It is well documented that p53 is often mutated and
overexpressed in cancer cells, restoring p53 function; reintro-
ducing or rescuing wild-type p53 into cancer cells could
achieve inhibition of cancer [46, 47]. On the other hand,
the accumulating evidences reveal that stabilization of
mutant p53 in tumors is important for its oncogenic activi-
ties; thus, depletion of mutant p53 may attenuate the malig-
nant properties of cancer cells [48]. Generally, wild-type
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p53 is modulated by proteasomes, and MDM2, a p53 specific
E3-ubiquitin-protein ligase, plays an important role in p53
homeostasis. However, the mutant p53 degradation was not
through the MDM2 pathway; similar result was obtained in
the present study for downregulation of MDM2 by siRNA
which did not restore the p53 level. Autophagy is an impor-
tant proteolytic system to devote to clearing cellular mis-
folded proteins or protein aggregates [49], and moreover, it
was also reported that chip promotes autophagy-mediated
degradation of aggregating mutant p53 [33]; we speculated
that the mutant p53 degradation might involve autoph-
agy. stub1 (chip) has been shown to be important for
mutant p53 degradation both in normoxia and in hypoxia
[15, 50–52]; the stub1 (chip) might also involve the p53
degradation induced by DpdtbA. As expected, the stub1
was downregulated with the decrease of p53 when DpdtbA
was exposed to the cells (Figure 9), and knocking down
of stub1 by siRNA intervention led to downregulation of
p53, which supported that stub1 mediated the degradation
of p53 (Figure S10). In addition, with the decrease of p53,
the level of microtubule-associated protein light chain 3
(LC3-II) increased, indicating that the degradation of p53
involved autophagy (Figure 10); therefore, autophagic
degradation of p53 determined the level of EGFR/AKT.
Those indicated that mutant p53 (H179R) (or R248Q
and R155Q in kyse150) in Kyse 450 cells still played a
role in gene regulation, in accordance with the findings
from other laboratories [53], such as Dong et al., who
demonstrated that the expression of p53 gain-of-function
mutation R175H in endometrial cancer cells increased
the invasive phenotypes by activation of the EGFR/PI3K/
AKT pathway [33]. In addition, some mutants of p53
(G245C and R273H) in esophageal squamous cells confer a
stronger proliferative capacity [54]. Those demonstrated that
depletion of mutant p53 is one of the important strategies
in cancer therapy. DpdtbA-induced growth inhibition in
the ESC cells was through inactivation (or degradation) of
the p53/EGFR/AKT signal pathway, providing additional
example to strengthen this concept in cancer therapy as
like other chemotherapeutic agents [55].

In conclusion, DpdtbA-induced growth inhibition
involved apoptosis and cell cycle arrest. Further study
revealed that ROS production involved the apoptosis induc-
tion, and the rising ROS was stemmed from SOD inhibition
initiated by DpdtbA rather than occurrence of ferritino-
phagy. Furthermore, DpdtbA could induce downregulation
of EGFR, p53, and AKT, hinting that the mutant p53 still
played a role in the proliferation of ESC cells. Additional
study revealed that stub1- (chip-) mediated autophagy was
responsible for the p53 degradation rather than MDM2-
mediated ubiquitination, which inactivated the EGFR/AKT
signal pathway. Taken together, DpdtbA-induced growth
inhibition was through inactivating the p53/EGFR/AKT
signal pathway.

4. Materials and Methods

4.1. Materials. MTT, 3-methyladenin (3-MA), pifithrin-α
(PFT-α), RPMI-1640, and other chemicals were purchased

from Sigma-Aldrich. Gapdh, NCOA4, Bcl-2, and AKT anti-
body were obtained from EnoGene (Nanjing, China); antibod-
ies EGFR, stub-1, SOD, MDM2, Cyt-C, LC3, Bax, and p-AKT
were purchased from Proteintech Group Inc. (Wuhan,
China). Antibodies p53, p-p53, and ferritin were purchased
from Cell Signaling Technology (Massachusetts, USA);
siRNA for MDM2 (stB0001232) and stub1 (stB0001238)
were obtained from RiboBio (Guangzhou, China).

4.2. Cytotoxicity Assay (MTT Assay). A 10mM DpdtbA
(di-2,2′-pyridine ketone dithiocarbamate s-butyric acid) in
70% DMSO was diluted to the required concentration
with DMSO. The MTT assay was conducted as previously
described [24]. The Kyse 450, Kyse 150, and Kyse510 cell
lines (Cell Resource Center, Institute of Basic Medicine, Chi-
nese Academy of Medical Sciences, China) were used in the
current investigation. According to the Catalogue of Somatic
Mutations in Cancer (COSMIC) database (http://cancer
.sanger.ac.uk/cancergenome/projects/cosmic/), the status of
TP53 is H179R in Kyse 450, R248Q and R155Q in Kyse
150, and nonmutation in Kyse 510. Briefly, the Kyse 450 cells
(5 × 103/ml) were seeded equivalently into a 96-well plate,
and the various concentrations of DpdtbA were added after
the cells adhered. Following 48 h incubation at 37°C in a
humidified atmosphere of 5% CO2, 10 μl MTT solution
(5mg/ml) was added to each well and additional incubation
applied. Finally, 100μl DMSO was added in each well to dis-
solve the formed formazan after removing the cell culture.
The absorption of the solution that was related to the number
of live cells was measured on a microplate reader (MK3,
Thermo Scientific) at 490 nm. Percent growth inhibition
was defined as percent absorbance inhibition within appro-
priate absorbance in each cell line. The same assay was per-
formed in triplet.

4.3. Plate Clone Formation Assay. The cells in the exponen-
tial phase were trypsinized and seeded in 6-well plates at the
density of 500 cells/well. The cells were kept in sustaining
insulting of DpdtbA at a dose of 1/20 IC50 or 1/10 IC50.
Fourteen days later, colonies were fixed in 3.7% paraformal-
dehyde and stained with 0.1% crystal violet. Colonies
containing 50 cells at least were counted under inverse
microscope (Nikon, Tokyo, Japan), and the clone numbers
were analyzed subsequently.

4.4. Flow Cytometry Analysis of Apoptosis and Cellular ROS.
Cellular ROS determination was performed based on previ-
ously described [29]. Apoptosis was measured using the Apo-
ptosis Detection Kit (Dojindo Laboratories) as the company
recommended. Briefly, Kyse 450 (150) cells were treated with
DpdtbA for 24 h. Following this, cells were collected, washed,
and stained with annexin V-FITC and propidium iodide (PI)
following the manufacturer’s instruction (Dojindo Laborato-
ries, Japan). The intracellular ROS assay was similar to the
abovementioned protocol, except that H2DCF-DA was used
to stain the cells.

4.5. Cell Cycle Analysis. The Kyse 450 cells (or Kyse 150 cells)
(1 × 105) were seeded in a 6-well plate and incubated for
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24 h at 37°C (5% CO2). The medium was replaced with
fresh medium supplemented or not (control) with DpdtbA
(5 and 10 μM). Following 24 h of incubation, the cells were
collected with centrifugation, washed with PBS, finally fixed
in 70% ethanol, and stored at -20°C. After removing the
70% ethanol and washing with PBS, the cellular nuclear
DNA was stained based on the company recommended
protocol; the cells in staining buffer were directly subjected
to flow cytometer analysis. For each sample, 10,000 events
were collected, and fluorescent signal intensity was
recorded and analyzed by CellQuest and ModiFit (Becton
Dickinson, USA).

4.6. SOD Activity Assay. The SOD activity was determined as
the company recommended. Briefly, the Kyse 450 cells were
treated with DpdtbA for 24 h, then collected and lysed. The
supernatant was separated by centrifugation at 4°C, the pro-
tein concentration was determined by a colorimetric Bio-Rad
DC protein assay on a microplate reader MK3 at 570nm.
Next, the same amount of protein mixture was mixed with
WST-8/enzyme solution and initiator solution, following
incubation for 30min. at 37°C; the absorbance at 450nm
was measured on the abovementioned microplate reader.
The assay of SOD activity followed similar protocol; the
DpdtbA was directly added to solution with the same amount
of protein, compared to the absorbance value in the pres-
ence or absence of DpdtbA, calculating the activity unit
based on the formula provided by the company (Beyotime
Biotechnology, China).

4.7. Western Blotting Analysis. Briefly, 1 × 107 Kyse 450 (150
or 510) cells treated with or without the DpdtbA was scraped
off in lysis buffer (50mM Tris-HCl, pH8.0, 150mM NaCl,
1.0% NP-40, 10% glycerol and protease inhibitors), and the
suspension was incubated on ice for 30min. and then col-
lected the clear supernatant by centrifugation at 14,000 ×g.
A colorimetric Bio-Rad DC protein assay was employed
to determine the protein concentration on a microplate
reader MK3 at 570 nm. Proteins (20-30μg) were separated
on a 13% sodium dodecyl sulfate-polyacrylamide gel at
200V for 1 h. Then, the separated proteins were subsequently
transferred onto a PVDF membrane at 60V for 1 h. The
membrane was washed three times with Tris-buffered
saline (TBS) and was then blocked for 2 h in TBS contain-
ing 0.1% Tween-20 and 5% nonfat skimmed milk. The
membrane was incubated at 4°C overnight with the pri-
mary monoantibody used at a dilution of 1 : 300 in TBS
plus 0.1% Tween-20 (TBST). The membrane was washed
several times with TBST and was subsequently incubated
with HRP-conjugated secondary antibody (1 : 2,000 in TBST)
for 2 h at room temperature. After another wash of the mem-
brane with TBST, the protein bands were detected using a
super sensitive ECL solution (Boster Biological Technology
Co. Ltd.) and visualized on an SYNGENE G:BOX Chemi
XX9 (SYNGENE, UK).

4.8. Statistical Analysis. Results are presented as the mean ±
SEM. Comparisons between two groups were carried out
using the two-tailed Student’s t-test. Comparisons between

multiple groups were performed by one way ANOVA with
Dunnett’s post hoc correction. A p value < 0.05 was consid-
ered statistically significant.
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Epithelial-mesenchymal transition (EMT) involves metastasis and drug resistance; thus, a new EMT reversing agent is required. It
has shown that wild-type p53 can reverse EMT back to epithelial characteristics, and iron chelator acting as a p53 inducer has been
demonstrated. Moreover, recent study revealed that etoposide could also inhibit EMT. Therefore, combination of etoposide with
iron chelator might achieve better inhibition of EMT. To this end, we prepared di-2-pyridineketone hydrazone dithiocarbamate
S-propionate podophyllotoxin ester (PtoxDpt) that combined the podophyllotoxin (Ptox) structural unit (etoposide) with the
dithiocarbamate unit (iron chelator) through the hybridization strategy. The resulting PtoxDpt inherited characteristics from
parent structural units, acting as both the p53 inducer and topoisomerase II inhibitor. In addition, the PtoxDpt exhibited
significant inhibition in migration and invasion, which correlated with downregulation of matrix metalloproteinase (MMP).
More importantly, PtoxDpt could inhibit EMT in the absence or presence of TGF-β1, concomitant to the ROS production, and
the additional evidence revealed that PtoxDpt downregulated AKT/mTOR through upregulation of p53, indicating that PtoxDpt

induced EMT inhibition through the p53/PI3K/AKT/mTOR pathway.

1. Introduction

Metastasis is a hallmark of cancer and one of the urgent tasks
to be solved in a clinical practice. During metastasis, the
malignant cells spread from the primary tumor to distant
sites, which cause failure of vital organs, consequently leading
to the death of patients. In addition, concomitant to the
metastasis, the cells acquire an ability to resist conventional
treatments [1]. Therefore, insight into the molecular, cellular,
and clinical mechanisms underlying metastatic progression
is required in order to develop new diagnostic and thera-
peutic strategies to prevent and treat metastases. It has
been shown that epithelial-mesenchymal transition (EMT)
and its reverse process, mesenchymal-epithelial transition

(MET), involve a metastatic process, and EMT is a key
metastasis-promoting step in many cancers [2], but MET
may favor to metastatic inhibition or attenuating drug resis-
tance [3–5]. During EMT, epithelial cells lose their junctions
and apical-basal polarity and undergo a change in the signal-
ing programmers, developing an invasive phenotype [6]. The
investigations reveal that EMT progression is characterized
by loss of the epithelial marker E-cadherin; accordingly, the
mesenchymal markers, such as N-cadherin and vimentin,
are increased. When tumor cells acquire invasive mesenchy-
mal phenotypes, the motility and invasiveness of them are
increased, favoring dissemination from the local site and
infiltration into the vascular tumor [7]. Since EMT plays an
essential role in cancer metastasis, restoration of MET may
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efficiently slow dissemination of tumor cells [8]. Therefore,
targeting EMT is one of the options in cancer therapy [9–11].

p53 is well characterized as a tumor suppressor gene [12];
the wild-type p53 predominantly functions as a transcription
factor, playing important roles in cell growth. However, in
most of the tumors, p53 is the most frequently mutated gene,
resulting in either loss of function or gain of new function
[13, 14]. To restore the function of the p53 pathway, small-
molecule inhibitors of MDM2 have been used in cancer treat-
ment strategy. In addition, p53 also plays critical roles in
EMT and metastasis [15, 16]; overexpression of p53 in p53-
proficient human mammary epithelial cells that have under-
gone EMT results in their reversion back to an epithelial
phenotype. p53 regulating EMT is considered through mod-
ulating miRNAs in the mechanism [17, 18]. Furthermore,
iron chelator was shown to exert its action of regulation both
on p53 and EMT, hinting cellular iron status influenced EMT
progress [19]; the details remain elusive.

Since EMT is associated with metastasis and drug resis-
tance [20], EMT inhibition may efficiently slow dissemina-
tion of tumor cells [8, 21]. It has been shown that some
compounds are capable of inhibiting EMT [22, 23]. Recently,
researchers from different laboratories reported that etopo-
side and other topoisomerase II (Topo II) inhibitors widely
used in the clinical practice could reverse EMT [24, 25],
revealing another side of those DNA poisoners except their
cytotoxicity. In addition, wild-type p53 can also reverse
EMT, while the level of p53 was partly dependent on iron sta-
tus in a cell [26], hinting that an alternative route could be
used to alter EMT status through regulating iron homeosta-
sis. Studies have shown that some iron chelators displayed
antiproliferative action in the investigated cell lines involved
upregulation of p53 [27, 28]. Based on the facts, to achieve an
enhanced efficiency of EMT inhibition, synchronously tar-
geting Topo II and p53 might be one of the alternative
options in favor of dissemination inhibition of the tumor cell.
To achieve the goal, in the present study, a dual functional
agent was prepared by combination of the podophyllotoxin
(Ptox) structural unit with the dithiocarbamate unit based
on a hybridization strategy. The novel compound, di-2-
pyridineketone hydrazone dithiocarbamate S-propionate
podophyllotoxin ester (PtoxDpt), exhibited significant Topo
II inhibition and acted as a p53 inducer. A growth inhibition
assay against hepatocellular carcinoma cells in vitro revealed
that PtoxDpt displayed a better antiproliferative effect than
the parent compounds, 4′-demethylepipodophyllotoxin and
etoposide. Moreover, PtoxDpt exhibited a significant antime-
tastatic effect, which likely correlated withmatrix metallopro-
teinase (MMP) inhibition and concomitant to the mTOR
downregulation. As expected, PtoxDpt could also reverse
TGF-β1-induced EMT in hepatocellular carcinoma cells. In
addition, ROS are involved in the EMT process [29], but
the role of ROS in EMT reversal is not fully determined.
We hypothesized that ROS might also play a role in EMT
reversion. To address this issue, we measured cellular ROS
after stimulation with either TGF-β1 or combination with
PtoxDpt, revealing that both EMT and EMT reversion
involved ROS production. Further study demonstrated that
PtoxDpt-induced EMT reversal was through p53-mediated

PI3K/AKT/mTOR pathways; this feature is first reported
for an etoposide derivative.

2. Results

2.1. Preparation of Di-2-pyridineketone Hydrazone
Dithiocarbamate S-Propionate Podophyllotoxin Ester
(PtoxDpt). PtoxDpt was prepared through a four-step reaction
(Fig. S1); the detail is described in Materials and Methods.
The first three-step reaction for the preparation of di-2-
pyridineketone hydrazone dithiocarbamate S-propionate
was based on a protocol described previously [30]. The final
product, PtoxDpt, was synthesized by mixing 4′-demethylepi-
podophyllotoxin with di-2-pyridineketone hydrazone dithio-
carbamate S-propionate under catalysis of DMAP/DCC in
dichloromethane at room temperature. Upon completion of
the reaction, the crude product was subjected to flash chro-
matography. Following the NMR and HRMS characteriza-
tion, the PtoxDpt was identified as expected (Fig. S1).

2.2. Topo II Inhibition of PtoxDpt and Simulation of Binding.
Etoposide is a well-known Topo II inhibitor. To understand
whether the conjugate, PtoxDpt, retained the same activity
as etoposide, we first assessed its inhibitory effect on DNA
relaxation. Following a protocol reported previously [31],
pUC18 plasmid DNA was incubated with a nuclear extract
in the absence or presence of varied concentrations of
PtoxDpt, and the reaction products were subjected to agarose
gel electrophoresis. As shown in Figure 1(a), PtoxDpt dis-
played a certain degree of Topo II inhibition based on EtB
prestained agarose gel electrophoresis (Figure 1(a)) as the
amount of relaxed DNA decreased compared to that of the
control. In addition, PtoxDpt appeared to be a more potent
Topo II inhibitor than etoposide since higher concentration
of etoposide was required to achieve the same degree of inhi-
bition. We next determined whether the binding of PtoxDpt

to Topo II was similar to that of etoposide. To do this, a
theoretical simulation was performed by using a molecular
docking approach. The crystal structure of Topo II of a
human (PDB ID: 3QX3) was obtained from the RCSB
Protein Data Bank. To ensure the accuracy of our docking
protocol, etoposide was redocked into the Topo-DNA com-
plex based on the recommended procedure. The conforma-
tion of etoposide in the Topo-DNA complex derived from
molecular docking could be almost fully superimposed on
the native cocrystallized structure, indicating that the proto-
col was appropriate. As shown in Fig. S2A, the conforma-
tion of etoposide in the Topo-DNA complex generated
from molecular docking was almost fully superimposed on
the native cocrystallized one, indicating that the protocol
was practical (Fig. S2A). Thus, the synthesized PtoxDpt was
docked into the Topo II complex following similar protocol
(Figure 1(b)), and accordingly, the simulating affinity energy
(-13.6 kcal/mol) was obtained. Comparing the simulating
affinity energy to that of docked etoposide (-14.8 kcal/mol),
a slightly weaker interaction was thus observed. The super-
imposition of PtoxDpt on the cocrystallized etoposide is pre-
sented in Fig. S2B, revealing that the replacement of sugar at
4-position with the dithiocarbamate derivative did not lead
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to significant change in affinity and nearby environment.
The interaction of PtoxDpt with its nearby residues is
shown in Figure 1(c), clearly showing that the nature of
the interactions was mainly hydrophobic interaction and
hydrogen bonds.

2.3. PtoxDpt Inhibits Hepatocellular Carcinoma Cell
Proliferation. To determine whether cytotoxicity was affected
by the structural modification, the effect of PtoxDpt on the
proliferation of three hepatocellular carcinoma cell lines was
determined. The dose-response curves for all three cell lines
are shown in Figure 2(b). PtoxDpt displayed significant growth
inhibition in all three examined cell lines and was concentra-
tion dependent (p = 0 012 < 0 05 for HepG2, p = 0 008 < 0 01
for Bel-7402, and p = 0 0138 < 0 05 for HCCLM3, respec-
tively). However, a slight differential effect on the cell lines
was observed; similar growth inhibition was achieved at a
lower concentration (IC50 ≤ 3 μM) for Bel-7402 and HepG2
cells (Figure 2(b)), whereas a higher concentration was
required for HCCLM3 cells (Figure 2(b)), indicating that
Bel-7402 and HepG2 cells were more sensitive to PtoxDpt.
Interestingly, PtoxDpt exhibited better activity than etoposide
in growth inhibition (Fig. S3). Next, the effect of PtoxDpt on
colony formation of HepG2 cells was further examined. As
shown in Figure 2, PtoxDpt significantly reduced the number
of clones formed by HepG2 cells (Figures 2(c)–2(e)); about
65% inhibition at 0.75 μM (p < 0 01) and ~84% inhibition
at 1.50 μM PtoxDpt treatment were observed based on quan-
titative analysis (Figure 2(f)). Taken together, these results
demonstrated that PtoxDpt inhibited the growth of hepatocel-
lular carcinoma cells in vitro.

2.4. PtoxDpt Inhibits Cell Migration and Invasion. Both cell
invasion and migration are of fundamental importance in
tumor metastasis and angiogenesis [32]. The HCCLM3 cell
line is widely used in the invasion assay due to a higher
potent metastasis than the HepG2 cell; thus, a transwell assay

was performed to determine the effect of PtoxDpt on invasion
of HCCLM3 cells. As shown in Figure 3(a), HCCLM3 cells
displayed a high invasion capability. In contrast, PtoxDpt

significantly attenuated invasion capacity of the cells in a
dose-dependent manner (p < 0 05); a quantitative analysis
is presented in Figure 3(b). In addition, a wound-healing
model is widely used to estimate the migration potential of
endothelial cells. Next, the effect of PtoxDpt on the migration
of HCCLM3 cells was determined. As shown in Figures 3(c)
and 3(d), the migration of HCCLM3 across the wound space
was inhibited by PtoxDpt in a dose-dependent manner. Fur-
thermore, matrix metalloproteinases (MMPs) as key players
are involved in tumor invasion and metastasis [33]; the
PtoxDpt-induced migration and invasion inhibition might
correlate with MMP inhibition; thus, the Western blotting
and gelatin zymography analyses were further conducted.
As shown in Figure 3(e), PtoxDpt treatment significantly
reduced both MMP-2 and MMP-9 expression (Figure 3(e),
B) and activity (Figure 3(e), A), consistent with a previous
report [34].

2.5. PtoxDpt Regulated EMT-Related Proteins. Since PtoxDpt

could inhibit invasion and immigration of HCCLM3 cells,
it might affect EMT. Considering that the HepG2 cell was
more sensitive than HCCLM3, in the following experiments,
the HepG2 cell line was chosen. To determine the potential
effect of PtoxDpt on EMT, the alterations in markers of the
epithelium (E-cadherin) and mesenchymal cells (vimentin)
were investigated. The immunofluorescence technique is
widely used to visualize the alteration in membrane proteins;
thus, the vimentin (in red) and E-cadherin (in green) were
labeled individually (Figure 4); the merged photos could be
used to distinguish the difference between the control group
and the drug-treated group. Interestingly, PtoxDpt could
decrease the intensity of red fluorescence, i.e., expression of
the mesenchymal marker, vimentin (Figures 4(c) and 4(g));
contrarily, it significantly increased the intensity of green

SC
R

L

Cl

1 2 3 4 5 6

(a)

PtoxDpt

(b) (c)

Figure 1: The Topo II inhibition and interaction of PtoxDpt. (a) Topo II inhibition of PtoxDpt. 1: pUC18; 2: nucleic extract plus pUC18; 3:
pUC18 and nucleic extract plus 75 μM PtoxDpt; 4: pUC18 and nucleic extract plus 50 μM PtoxDpt; 5: pUC18 and nucleic extract plus 500
μM etoposide; 6: pUC18 and nucleic extract plus DMSO. CL = cleaved; L = linear; S = supercoiled; R = relaxed DNA. (b) PtoxDpt docked
into the Topo II DNA complex. (c) The interactions between PtoxDpt and nearby residues. The dark green dash lines indicated hydrogen
bonds. The eye-like curved dark red lines represented the hydrophobic residues in contact.
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fluorescence (or upregulation of expression of the epithelium
marker, E-cadherin) compared to the control (Figures 4(b)
and 4(f)), indicating that PtoxDpt could affect EMT transfor-
mation of the HepG2 cell (Figures 4(d) and 4(h)). To further

support the above conclusion, additional Western blotting
analysis was conducted. As shown in Figure 5, a downregula-
tion of vimentin, snail, and slug and upregulation of E-
cadherin were observed upon PtoxDpt treatment, and the
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Figure 2: PtoxDpt induced inhibition in proliferation and colony formation against hepatoma carcinoma cell lines: (a) structure of PtoxDpt;
(b) growth inhibition of PtoxDpt against investigated cell lines with IC50 values 4 2 ± 0 2 μM for HCCLM3, 1 0 ± 0 1 μM for Bel-7402, and
3 0 ± 0 14 μM for HepG2 cell, respectively. (c–e) The effect of PtoxDpt on colony formation of HepG2 cells: (c) 0.75% DMSO; (d) 0.075 μM
PtoxDpt; (e) 0.15 μM PtoxDpt. (f) Quantitative analyses were from five visual fields randomly chosen from each well; ∗∗∗p < 0 01.
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significant alterations in epithelium-mesenchymal markers
are clearly shown based on the quantitative analysis
(p < 0 005 or 0.001, Figure 5(b)), corroborating that PtoxDpt

owned the capacity in EMT inhibition. In addition, in view
of the critical role of p53 in EMT [17], the EMT inhibition
induced by PtoxDpt might involve p53; thus, the level of p53
was further determined. As expected, PtoxDpt indeed trig-
gered upregulation of p53 (Figure 5(a)), indicating that p53
may also have a role in the EMT inhibition, consistent with
previous reports [17, 18].

2.6. The EMT Inhibition Induced by PtoxDpt Involved ROS
Production. The ROS production in EMT transformation
has been well documented; however, whether EMT inhibition
also involvesROSproduction remains tobe investigated. Since
PtoxDpt could suppress EMT, and lead to p53 upregulation, it
might be associated with ROS production for p53 is a redox-
active transcription factor, which responds to variety of
stresses [35]. To confirm that the upregulated p53 was due to
massiveROSproduction, theabundanceof cellularROSunder
different conditionswas determined.As shown inFigure 6, the
treatment of PtoxDpt caused ~6% increase in higher DCF fluo-
rescence population compared to the control (Figure 6(a), A2)

with a short time period of insulting (20 h), but the alteration
could be attenuated by the addition of NAC, a ROS scavenger
(Figure 6(a), A3). Similar trends were observed from analysis
of the fluorescence median (Figure 6(a), A4). Those results
might indicate that ROS were indeed involved in PtoxDpt-
induced EMT reversal. To corroborate the ROS role in EMT
reversal, the HepG2 cells were pretreated with TGF-β1 to
induce an EMT model and further treated by PtoxDpt for 2
h; the cells that were treated either by PtoxDpt or by combina-
tion with NAC were subjected to flow cytometry analysis. As
shown in Figure 6(b), a 7% increase in higher fluorescence
population was observed when the cells were treated by 1.56
μMPtoxDpt, but the addition of NAC eliminated the increase
and moved back to the normal state (Figure 6(b), B1–B3),
indicating that PtoxDpt-induced EMT inhibition involved
ROS production. The additional evidence fromWestern blot-
ting analysis further supported the above conclusion because
the addition of NAC could attenuate the increase of E-
cadherin (Figure 6(b), B4). Both conditions hinted that
PtoxDpt could induce ROS production, no matter if TGF-β1
existed or not. Furthermore, the ROS were almost not altered
after 24 h insulting of PtoxDpt (Fig. S4), indicating that a fluc-
tuating ROSmodel occurred during the EMT transformation.
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Figure 3: The immigration and invasion inhibition of PtoxDpt against hepatocellular carcinoma cells. (a) The migratory inhibition of PtoxDpt

against HCCLM3 cells. (b) Quantitative analysis from (a): the invasive cells were stained with crystal violet. The results were expressed as
invasive cell numbers per field of view (mean ± 5 SD, n = 6). (c) The wounded HCCLM3 cells were treated with 0.0, 0.78, and 1.56 μM
PtoxDpt for 24 h. (d) Quantitative analysis of the width of gaps. (e) Gelatin zymography (A) and Western blotting (B) analyses of matrix
metalloprotease inhibition; the condition was as indicated in the experimental section. ∗∗∗p < 0 001 compared with the DMSO-treated group.
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2.7. PtoxDpt-Induced EMT Reversal Was p53 Dependent.
PtoxDpt led to upregulation of p53 (Figure 5(a)), hinting that
p53 might be involved in the EMT reversal. To corroborate
the role of p53 in EMT inhibition induced by PtoxDpt, a
p53 inhibitor, PFT-α, was used to downregulate p53; then,
the expressions of E-cadherin, vimentin, slug, and snail were
determined. As shown in Figure 7, PFT-α indeed upregulated
vim, slug, and snail and downregulated E-cadherin, and com-
bination treatment of PtoxDpt with PFT-α significantly atten-
uated the expression of mesenchymal proteins and enhanced
epithelium protein, E-cadherin (Figure 7(a)), indicating that
p53 played a crucial role in EMT transition. Figure 7(b)
showed quantitative analyses for the relative proteins under
different treatments.

2.8. PtoxDpt Attenuated TGF-β1-Induced EMT. TGF-β1 as
the most used EMT inducer can induce a mesenchymal
phenotype in many cell lines, including the HepG2 cell line
[36]. To verify the effectiveness of PtoxDpt in EMT inhibition,
the HepG2 cells were pretreated by TGF-β1; as shown in
Figure 8(b), spindle-shaped, fibroblast-like HepG2 cells were
observed after TGF-β1 treatment, indicating that HepG2
cells were undergoing EMT, and the EMT model was suc-
cessfully established [37]. Next, the cells were subjected to
combination treatment of PtoxDpt and TGF-β1; interestingly,
PtoxDpt could restore the cells back to the original state
(Figure 8(c)), supporting the role of PtoxDpt in EMT. To gain
more insight into EMT, immunofluorescence analysis was
further conducted. Figure 8 clearly showed that PtoxDpt

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 4: PtoxDpt inhibited EMT. (a–h) Immunofluorescence analysis of epithelial and mesenchymal markers. (a–d) Control: (a) nuclei in
blue; (b) E-cadherin in green; (c) vimentin in red; (d) merge of nuclei, E-cadherin, and vimentin. (e–h) PtoxDpt-treated group: (e) nuclei in
blue; (f) E-cadherin in green; (g) vimentin in red; (h) merge of nuclei, E-cadherin, and vimentin. Subject size: 40 × 10 (fluorescence), scale
bar: 100 μm.

E-cad
p53
vim
Slug
Snail
Gapdh

1 2 3

(a)

DMSO
0.75 �휇M
1.50 �휇M

E-cad p53 vim Slug Snail

1.0
0.8
0.6
0.4
0.2
0.0Ra

tio
 (r

el
at

ed
 G

ap
dh

)

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎⁎

⁎⁎

⁎⁎

(b)

Figure 5: PtoxDpt regulated EMT-related protein expression. (a) Western blotting analysis of epithelium and mesenchymal markers; (b)
quantification analysis of EMT-related proteins was conducted through ImageJ; ∗∗∗p < 0 001, ∗∗p < 0 005.
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could decrease the intensity of red fluorescence of vimentin
in the presence of TGF-β1 (Figures 8(f) and 8(j)) and
accordingly increase the intensity of green fluorescence of
E-cadherin (Figures 8(e) and 8(i)) compared to the control,
further supporting that PtoxDpt could inhibit EMT. The addi-
tional evidence from Western blotting also supported the
above conclusion for the expression of the epithelial marker,

E-cadherin, and the mesenchymal markers, vimentin, slug,
and snail were all altered when the HepG2 cells were treated
by either TGF-β1 (PtoxDpt) or combination of TGF-β1 and
PtoxDpt (Figure 9). There was a significant increase in the
ratio of E-cad/vim (3 folds) comparing PtoxDpt to TGF-β1
treatment, a similar trend in the ratio of E-cad/slug (6 folds,
Figure 9(b)); those indicated that an epithelial characteristic
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Figure 6: PtoxDpt treatment induced ROS production at different conditions and alteration in EMT markers. (a) 20 h treatment: A1: 0.75%
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Figure 8: PtoxDpt inhibited EMT. (a–k) Immunofluorescence analysis of epithelial and mesenchymal markers. (a–d) Control: (a) nuclei in
blue; (b) E-cadherin in green; (c) vimentin in red; (d) merge of nuclei, E-cadherin, and vimentin. (e–h) PtoxDpt-treated group: (e) nuclei in
blue; (f) E-cadherin in green; (g) vimentin in red; (h) merge of nuclei, E-cadherin, and vimentin. Blue arrow: undergoing EMT; white
arrow: original or back to the original state. Subject size: 40 × 10 (fluorescence), scale bar: 100 μm.
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was significantly enhanced after PtoxDpt treatment, demon-
strating that PtoxDpt was indeed able to counteract TGF-β1
action in EMT induction. The p53 inhibitor, PFT-α, like
TGF-β1 led to p53 downregulation (Figure 9(a)), which
accordingly caused mesenchymal characteristic enhance-
ment, but ratios of E-cad/vim (slug) were not significantly
altered except p53 downregulated in the combination treat-
ment of PFT-α (or TGF-β1) with PtoxDpt, implying that
PtoxDpt owned a powerful ability in EMT inhibition.

2.9. PtoxDpt Induced Invasion Inhibition and EMT Reversal
Involved in AKT/mTOR Pathways. Inhibition of mTORC1
and mTORC2 could attenuate migration and invasion [38];
PtoxDpt-induced migration and invasion inhibition might
involve mTOR inhibition or stem from the alteration of the
PI3K/AKT/mTOR pathway [34]. Thus, the levels of AKT,
phospho-AKT (as a measure of AKT activation), and mTOR
were firstly determined by Western blotting. As shown in
Figure 10(a), both AKT and phosphorylated AKT (p-AKT)

(a)

(b)

Figure 9: PtoxDpt counteracted EMT induced by TGF-β1 in HepG2 cells. (a) Western blotting analysis; (b) quantitative comparison of the
ratio of E-cad/vim (slug) in different conditions. The average ratio was from three independent experiments.
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were decreased after PtoxDpt treatment, hinting that down-
regulation of p-AKT may stem from the downregulated
AKT. A similar trend for mTOR, a downstream target of
AKT, was also observed, indicating that the metastasis and
invasion inhibition correlated with downregulation of mTOR
that led to lower abundances of mTORC1 and mTORC2
complexes. The quantitative analysis of the proteins is shown
in Figure 10(b); clearly, PtoxDpt-induced downregulation of
both AKT and mTOR had significant statistical significance
(p < 0 05 or 0.01). On the other hand, in addition to migra-
tion and invasion inhibition, PtoxDpt also inhibited EMT,
whether the PI3K/AKT/mTOR pathway was similarly
involved in the EMT inhibition. To this end, the level of
markers of the epithelium and mesenchymal cells, as well as
AKT/mTOR, in the absence or presence of AKT inhibitor,
LY294002, was further determined by Western blotting. As
shown in Figure 10(c), both PtoxDpt and LY294002 downreg-
ulated vimentin (snail and slug) and contrarily upregulated
E-cadherin, indicating that they acted in a similar way in
EMT inhibition. Moreover, PtoxDpt also downregulated
AKT and mTOR as LY294002 did (Figure 10(a) and 10(c)),
indicating that PtoxDpt-induced EMT inhibition involved
the PI3K/AKT/mTOR pathway.

3. Discussion

Epithelial-mesenchymal transition (EMT) involves the meta-
static process of cancer; targeting EMT is one of the options
in cancer therapy; thus, the novel EMT reversal agents are
required. It has been demonstrated that the alterations in
abundance of epithelial-mesenchymal proteins, such as E-
cadherin, N-cadherin, and vimentin determine EMT status.
On the other hand, to keep cancer cells thriving, higher abun-
dances of DNA topoisomerases (Topo) and iron are needed;
thus, either downregulation (or inhibition) of topoisomerase
or depletion of iron can slow down the proliferation of cancer

cells. Recent studies demonstrated that some Topo II inhibi-
tors, including etoposide, could inhibit EMT and attenuate
metastasis [24, 25], which hinted that etoposide derivatives
can be used as a library of the EMT inhibitor. However,
etoposide is derived from 4′-demethylepipodophyllotoxin
(DMEP); thus, DMEP can be used as a basic structural unit
to synthesize potent EMT inhibitors. Although a number of
modifications at position 4 in DMEP have been conducted,
including esterification and amination [39–42], the effect of
DMEP derivatives on EMT transformation was not fully
determined. In addition, the EMT inhibition could be
achieved by introduction of wild-type p53 [15, 16]. Further-
more, some iron chelators could also modulate both p53
and EMT [27, 28]; this implied that iron chelator can func-
tion as partial p53 inducer to counteract EMT. For this rea-
son, in the present study, we constructed a novel EMT
reversal agent that hybridized the DMEP unit with iron che-
lator, dithiocarbamate unit, to achieve efficient EMT inhibi-
tion (Fig. S1). As expected, PtoxDpt inherits the feature of
DMEP and exhibits enhanced activity in Topo II inhibition
compared to etoposide (Figure 1). A theoretical simulation
revealed that PtoxDpt like etoposide was located in the cata-
lytic center of the DNA Topo complex (Fig. S3), supporting
that PtoxDpt was a good Topo II inhibitor except EMT inhi-
bition. In addition, PtoxDpt exhibited significant growth inhi-
bition (Figure 2) and migration and invasion inhibition
partly correlated with downregulation (or inactivation) of
MMPs (Figure 3), in accordance with a previous report [43].

It has been shown that epithelial-mesenchymal transition
(EMT) is associated with increase of matrix metalloproteases
(MMPs) [38]; downregulation of MMP may inhibit EMT.
Since PtoxDpt induced a downregulation of MMPs, it might
inhibit EMT. To test the hypothesis, the alterations in
epithelial-mesenchymal markers both in immunofluores-
cence and in the protein level were investigated. Immunoflu-
orescence analyses in Figure 4 revealed that PtoxDpt inhibited
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EMT through upregulation of E-cadherin and downregula-
tion of vimentin; additional evidence from Western blotting
(Figure 5) supported the above deduction, similar to that
reported previously [44]. As expected, the introduction of
dithiocarbamate in PtoxDpt led to an upregulation of p53,
which might partly stem from depletion of cellular iron.
However, other factors cannot be ruled out for p53 are
responsible for different stresses. It was reported that Topo
II inhibition mediated oxidative stress-involved ROS produc-
tion [45]; a similar situation may occur in PtoxDpt-treated
cells. In addition, it was well documented that TGF-β1-
induced EMT involved ROS production [46, 47]; however,
whether the EMT inhibition also involved ROS production
remained to be determined. To test the hypothesis, PtoxDpt-
induced ROS production was assayed either in the absence
or in the presence of TGF-β1 (Figures 6(a) and 6(b)); the
results clearly showed that EMT inhibition indeed involved
ROS production, which also correlated with upregulation of
E-cadherin (or downregulation of vimentin, Figure 6(b),
B4). To further support the above conclusion, the addition
of NAC could attenuate EMT inhibition induced by PtoxDpt

(Figure 6(b), B4), indicating that ROS played a role in the
EMT inhibition. Furthermore, this also hinted that the
upregulated p53 might be due to ROS production.

It should be noted that the excess ROS generation only
occurred in the initial stage in the presence of TGF-β1,
almost no change for ROS after 24 h (Fig. S4); this situa-
tion in ROS production was consistent with that described
previously [45, 48]. To respond to the ROS production,
p53 was upregulated; contrarily, addition of the p53 inhib-
itor, PFT-α, significantly attenuated the effect of PtoxDpt

on epithelium-mesenchymal markers, indicating that p53
played a role in PtoxDpt-induced EMT inhibition (Figure 7).
In addition, the additional evidence also showed that PtoxDpt

could suppress TGF-β1-induced EMT both from immuno-
fluorescence and Western blotting (Figures 8 and 9), further
supporting that PtoxDpt-induced p53 upregulation played an
important role in EMT inhibition.

The PI3K/AKT/mTOR pathway plays a critical role in
the proliferation, apoptosis, angiogenesis, and metastasis
of tumor development [49, 50]. PtoxDpt exhibited signifi-
cant invasion and EMT inhibition; we thus questioned
whether PtoxDpt-induced EMT inhibition was through the
PI3K/AKT/mTOR pathway. To this end, the level of the
PI3K/AKT/mTOR pathway was determined; as expected,
PtoxDpt could downregulate both AKT and mTOR expres-
sion (Figures 10(a) and 10(b)), suggesting that the action of
PtoxDpt on the HepG2 cell might involve the PI3K/AKT/m-
TOR pathway. To corroborate the involvement of the
PI3K/AKT/mTOR pathway in PtoxDpt-induced EMT inhibi-
tion, an AKT inhibitor, LY294002, was used as the positive
control; the data clearly showed that both PtoxDpt and
LY294002 achieved EMT inhibition (Figure 10(c)), indicat-
ing that PtoxDpt-induced EMT inhibition involved the
PI3K/AKT/mTOR pathway.

In conclusion, the PtoxDpt exhibited diverse functions
in both Topo II and MMP inhibition. In addition, PtoxDpt

also inhibit EMT, which may be achieved through the
p53/PI3K/AKT/mTOR axis. Importantly, ROS played a

role both in EMT and EMT reversal. PtoxDpt acted as
“fighting fire with fire” in the EMT reversal process. Taken
together, our findings indicate that PtoxDpt is a promising
antitumor drug for possible use in chemotherapy. How-
ever, extensive investigations, both in vitro and in vivo,
are required in future studies.

4. Materials and Methods

4.1. Materials. MTT, PFT-α, TGF-β1, di-2-pyridylketone,
RPMI-1640, LY294002, and other chemicals were purchased
from Sigma-Aldrich (Shanghai, China). Fetal bovine serum
waspurchased fromEveryGreenZhejiangTianhangTechnol-
ogyCo. Ltd. (Hangzhou, China). Antibodies of vimentin, slug,
snail, and p53 were purchased from Boster (Wuhan, China).
Antibodies of AKT, p-AKT, mTOR, p-mTOR, E-cadherin,
and Gapdh were purchased from EnoGene (Nanjing, China).
4′-Demethylpodophyllotoxin was purchased from Shanghai
PureOne Biotechnology (Shanghai, China).

4.1.1. Preparation of 2,2′-Dipyridineketone Hydrazone
Dithiocarbamate S-Propionic Acid Podophyllotoxin Ester
(PtoxDpt). The PtoxDpt was prepared by using a four-step
reaction: preparation of 2,2′-dipyridineketone hydrazone
dithiocarbamate S-propionic acid (compound III, Fig. S1)
engaged a three-step reaction that was reported previously
[30]. The PtoxDpt (compound IV, Fig. S1) was prepared by
reacting compound III with 4′-demethylpodophyllotoxin
with DCC/DMAP catalysis in absolute CH2Cl2. TLC was
traced during the period of reaction. 1HNMR (Bruker,
DMSO-d6, ppm): 14.98(s,1H), 8.87(d, 1H, J = 4 Hz),
8.63(m, 1H, J = 4 Hz), 8.01(m, 3H, J = 4, 8 Hz), 7.54 (m,
3H, J = 4,8 Hz), 7.00(s, 1H), 6.95(s, 1H), 6.76(s, 2H), 6.56(s,
2H), 6.33(s,1H), 6.01(s,3H), 5.64(d, 1H, J = 8 Hz),4.75(dd,
1H, J = 4 Hz), 4.52(dd, 1H, J = 4 Hz), 4.36(d,1H,J = 8 Hz),
4.16(dd, 1H, J = 8 Hz), 3.69(s, 6H), 2.93(d, 2H, J = 4 Hz).
13CNMR(Bruker, 100 MHz, DMSO-d6):199.77, 179.25,
175.24, 169.82, 155.02, 151.93, 149.24, 148.94, 147.66,
146.79, 146.73, 145.23,140.66, 138.35, 137.91, 133.26,
130.81, 128.12, 126.94, 125.85, 124.97, 124.02, 109.49,
106.48, 104.92, 101.32, 68.00, 65.95, 65.39, 60.23, 56.47,
56.26, 45.46, 43.15, 33.20, 28.97. ESI-MS (C36H32N4O9S2K):
m/z: 767.1268 (M+K, Calcd: 767.1248).

4.1.2. DNA Topo II Activity Assay. The assay of inhibition of
PtoxDpt on DNA Topo II activity was conducted based on the
protocol described previously [31]. To initiate the enzymatic
reaction, nuclear extract (0.4 μg) was added to the Topo reac-
tion buffer (10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM
ATP, 150 mM NaCl, 0.1% BSA, and 5% glycerol) that con-
tained 0.4 μg supercoiled pUC18 plasmid DNA and 1-3 μL
of PtoxDpt (1 mM in 8% DMSO) in a final volume of 20 μL.
Following an additional incubation at 37°C for 30 min., 5
μL of stopping buffer (10% SDS, 0.025% bromophenol blue,
and 10% glycerol) was added to terminate the reaction. The
resulting products were separated by electrophoresis using a
1% agarose gel in a TBE buffer (89 mM Tris-HCl, 89 mM
boric acid, and 62 mM EDTA) containing 0.1% SDS and
ethidium bromide (0.5 μg/mL) at 45 V for 3 h. The bands
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were visualized on a Tocan 360 gel scanner (excited at ~340
nm) (Shanghai Tiancheng Technology Inc., China). The
assay was performed in duplicate.

4.1.3. Molecular Docking. To simulate the potent interaction
between PtoxDpt and Topo II, the PDB file of the structure
of human type II Topo (3QX3) was downloaded from the
RCSB Protein Data Bank. The structure of PtoxDpt was gen-
erated by ChemDraw. Then, the 3QX3 and PtoxDpt in PDB
were transformed in PDBQT format by the AutoDock Tool
using the default parameters. PyMOL and LigPlot were used
to display the conformation and interactions [51, 52].

Molecular docking studies were performed by using
AutoDock Vina [53]. To optimize the docking parameters,
the cocrystallized etoposide was extracted and redocked into
the active sites of 3QX3 with various parameters. The grid
box size for PtoxDpt was set to 22, 24, and 28 for the x-, y-,
and z-axes, respectively.

4.1.4. Cytotoxicity Assay (MTT Assay). The proliferative inhi-
bition of the agent was determined by the MTT method as
described previously [30]. Briefly, the equivalent cells of
Bel-7402 (or HepG2, HCCLM3, 5 × 103/mL) were seeded
into a 96-well plate, and the varied concentrations of PtoxDpt

were added to the wells after the cells were adhered. Follow-
ing 48 h incubation at 37°C in a humidified atmosphere of 5%
CO2, 10 μL of MTT solution (5 mg/mL) was added into each
well, and a further incubation was conducted. Finally, 100 μL
DMSO was added to each well to dissolve the formazan
crystals after removing the cell culture. The measurement
of the solution absorbance was performed on a microplate
reader (MK3, Thermo Scientific) at 570 nm. The percent
absorbance inhibition that correlates with percent growth
inhibition was obtained. The same assay was performed
in triplicate.

4.1.5. Plate Clone Formation Assay. The HepG2 cells in the
exponential phase were trypsinized and seeded in 6-well
plates at the density of 500 cells/well. PtoxDpt at dose of
1/40 or 1/20 IC50 was added. Fourteen days later, colonies
were fixed in 3.7% paraformaldehyde, stained with 0.1% crys-
tal violet. Colonies containing 50 cells at least were counted
under an inverse microscope (Nikon, Tokyo, Japan), and
the clone numbers were analyzed subsequently.

4.1.6. Migration Assay. The inhibition of tumor cell migra-
tion by PtoxDpt was determined using a wound-healing
migration assay [54]. Briefly, HCCLM3 cells were allowed
to grow to full confluence in 6-well plates, after which
“wounds” were created using a sterile pipette tip. Following
this procedure, the cells were rinsed twice with PBS to
remove unattached cells. Fresh medium containing 10% fetal
bovine serum and various concentrations of PtoxDpt was then
added. The cells were photographed (time 0). After 24 h
incubation at 37°C, the cells were photographed again (24 h).

4.1.7. Invasion Assay. As described previously [55], transwell
chambers (Corning) with 8 μm pore membranes coated with
Matrigel were used to perform the invasion assay. Briefly,
after overnight pretreatment with PtoxDpt in a 6-well plate,

the HCCLM3 cells were starved for 12 h in serum-free
medium. Following this, the cells were collected and resus-
pended as a single cell suspension. In total, 3 × 104 cells in
100 μL of serum-free medium were added to the upper
chamber, and 600 μL of complete medium was added to
the lower chamber. Following incubation for 18 h at 37°C,
the invading cells were fixed in 4% paraformaldehyde,
stained with 0.1% crystal violet, and photographed under a
microscope (or counted manually). The percentage of inhibi-
tion was expressed using control wells as 100% (Fig. S3).

4.1.8. Gelatin Zymography Assay. Gelatin zymography was
performed as previously described [56]. Conditioned media
were collected from HCCLM3 cells after culture for 24 h in
serum-free medium with or without PtoxDpt. After collection,
the media were centrifuged to pellet any insoluble material.
The protein concentration in the conditioned media was
quantified using the Bradford method. Equal amounts of
conditioned media were mixed with sample buffer and
applied to 10% SDS polyacrylamide gel copolymerized with
1 mg/mL of gelatin. After electrophoresis, the gel was incu-
bated in renaturing buffer (50 mM Tris-HCl, pH 7.5, 2.5%
Triton X-100, 200 mM NaCl, 10 mM CaCl2, and 1 μM
ZnCl2), followed by a 24 h incubation with developing buffer
(50 mMTris base, 200 mMNaCl, 10 mMCaCl2, 1 μMZnCl2,
and 0.02% NaN3). The gel was then stained with 0.25% Coo-
massie blue R-250 for 1 hour and destained with 10% meth-
anol with 5% acetic acid. Clear bands against a dark blue
background indicated where the protease had digested the
gelatin and were taken to be indicative of protease activity.

4.1.9. Immunofluorescence Analysis. HepG2 cells were first
cultured in a 24-well plate with cover glass overnight. Follow-
ing PtoxDpt treatment for additional 24 h, cells were first fixed
with 4% paraformaldehyde in PBS for 15 min at 37°C and
then permeabilized with 0.5 % Triton X-100 in PBS for 20
min. After blocking with 3% BSA in PBS for 60 min, the cells
were incubated with combined vimentin with E-cadherin
(EnoGene) primary antibody based on protocol recom-
mended by the company; at 4°C, the plate was shaken
overnight. Next, removing the primary antibodies and
washing with PBS, the cells were further incubated with
fluorescence-labeled secondary antibody for 3 h at room
temperature. After removing the secondary antibody, the
cells were further counterstained with DAPI. Finally, a
confocal laser scanning microscope (Nikon Eclipse Ts2,
Japan) was used to visualize the cells; the representative
cells were selected and photographed.

4.1.10. Flow Cytometry Analysis of Cellular ROS. HepG2
cells were placed in a six-well plate, once the cells were
adhered and subjected to treatment with PtoxDpt or other
agent for 24 h. Next, the cells were treated by trypsin diges-
tion and collected. Following washing, the cells were stained
withH2DCF-DA (DojindoLaboratories, Japan). The intracel-
lular ROS assay was conducted on a flow cytometry (Becton-
Dickinson, USA).

4.1.11. Western Blotting Analysis. The protein extracts were
prepared based on the company recommended protocol
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(Solarbio). Briefly, the HepG2 cells treated with or without
PtoxDpt were scraped in lysis buffer (RIPA lysis buffer),
and the cell suspension in the EP tube was incubated on
ice for 30 min and mixed by turning upside down occasion-
ally, followed by centrifugation at 14,000 ×g. The clear
supernatant was stored at -80°C. Protein concentration
was determined using a colorimetric BCA assay. Proteins
(20 μg) were loaded on a 13% sodium dodecyl sulfate-
polyacrylamide gel at 120 V (20 mA) for 2 h. The separated
proteins were subsequently transferred onto a PVDF mem-
brane at 120 V (200 mA) for 90 min. The membrane was
washed with Tris-buffered saline (TBS) and then blocked
for 2 h in TBS containing 0.1% Tween-20 and 5% nonfat
skimmed milk. The membrane was incubated at 4°C over-
night with the appropriate primary antibody used at a dilu-
tion recommended by the company. The membrane was
then washed several times with TBST and subsequently
incubated with the appropriate HRP-conjugated secondary
antibody for 2 h at room temperature. Finally, the protein
bands were detected using a super sensitive ECL solution
(Boster Biological Technology Co. Ltd.) and visualized on
a Syngene G:BOX imager (Cambridge, United Kingdom).
Quantification of protein band intensities was performed
using ImageJ software.

4.1.12. Statistical Analysis. Results are presented as the
mean ± SEM. Comparisons between two groups were carried
out using two-tailed Student’s t-test. Comparisons between
multiple groups were performed by one-way ANOVA with
Dunnett post hoc correction. All statistical tests were con-
ducted by using IBM SPSS Statistics (version 19 software).
p < 0 05 was accepted as significant.
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