International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine Dove

3

ORIGINAL RESEARCH

Iron oxide magnetic nanoparticles combined with
actein suppress non-small-cell lung cancer growth
in a p53-dependent manner

Ming-Shan Wang!'
Liang Chen?
Ya-Qiong Xiong?

Jing Xu?

Ji-Peng Wang?
Zi-Li Meng?

'Department of Oncology, Huaiyin
Hospital of Huai’an City, Huai’an,
China; 2Department of Respiration,
Huai’an First People’s Hospital,

Nanjing Medical University,
Huai’an, China

Correspondence: Zi-Li Meng

Department of Respiration, Huai’an
First People’s Hospital, Nanjing Medical
University, 6 Beijing Road West, Huai’an,

Jiangsu 223300, China
Tel/fax +86 517 8492 2412
Email mengziliha@gqgq.com

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

17 October 2017

Number of times this article has been viewed

Abstract: Actein (AT) is a triterpene glycoside isolated from the rhizomes of Cimicifuga

foetida that has been investigated for its antitumor effects. AT treatment leads to apoptosis in

various cell types, including breast cancer cells, by regulating different signaling pathways.
Iron oxide (Fe,O,) magnetic nanoparticles (MNPs) are nanomaterials with biocompatible
activity and low toxicity. In the present study, the possible benefits of AT in combination with
MNPs on non-small-cell lung cancer (NSCLC) were explored in in vitro and in vivo studies.
AT-MNP treatment contributed to apoptosis in NSCLC cells, as evidenced by activation of the
caspase 3-signaling pathway, which was accompanied by downregulation of the antiapoptotic
proteins Bcl2 and BelXL, and upregulation of the proapoptotic signals Bax and Bad. The death
receptors of TRAIL were also elevated following AT-MNP treatment in a p53-dependent manner.
Furthermore, a mouse xenograft model in vivo revealed that AT-MNP treatment exhibited
no toxicity and suppressed NSCLC growth compared to either AT or MNP monotherapies.
In conclusion, this study suggests a novel therapy to induce apoptosis in suppressing NSCLC
growth in a p53-dependent manner by combining AT with Fe,O, MNPs.
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Introduction

Lung cancer is the most common malignancy worldwide, according to the mortality
database from the World Health Organization.!? Non-small-cell lung cancer (NSCLC)
accounts for about 80% of all lung cancer diseases.* In recent decades, though diagnosis
and therapeutic strategies have advanced, the prognosis of NSLC remains poor, due
to high recurrence.** Therefore, finding effective therapies is necessary to ameliorate
the incidence of NSCLC in humans worldwide.

Actein (AT) is a tetracyclic triterpenoid compound isolated from the rhizome of
Cimicifuga foetida (Figure 1A).° Cimicifuga spp. have been used for many decades
in North America to treat diarrhea, rheumatism, and sore throat.”® In China, related
Cimicifuga spp. have been widely used in traditional medicine to prevent infectious
diseases.’ Recent studies have focused on the role of Cimicifuga spp. in female con-
ditions, especially menopause.'® Studies have reported that extracts from Cimicifuga
spp. showed an inhibitory role in breast cancer growth through cell proliferation
suppression via cycle arrest modulation.'" AT is reported as the most potent com-
ponent of Cimicifiuga and has been found to reduce the levels of cyclin D, CDK4,
and the phosphorylated form of retinoblastoma, while enhancing the CDK-inhibitory
protein p21 in breast cancer cells, thus inhibiting cell proliferation.'? In addition, AT
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Figure | Iron oxide MNPs combined with AT augmented cell-proliferation suppression in NSCLC cells.

Notes: (A) Chemical structure of AT. (B) Representative image of Fe,O, MNPs via transmission electron microscopy. (C) Size distribution histogram of prepared Fe,O,
MNPs. (D) Cell viability of NSCLC cells of A549 and H1975 and human normal lung epithelial cells of BEAS2B after treatment with AT (concentrations of 0, I, 2.5, 5, 10, |5,
20, 25, and 30 uM) and AT-MNP (MNP concentration of 20 ug/mL) combination for 24 hours. (E) Cell viability of NSCLC cells of A549 and H1975 and human normal lung
epithelial cells of BEAS2B after treatment with MNPs (MNP concentrations of 0, 2.5, 5, 10, 15, 20, 25, 30, and 40 pug/mL) and AT-MNP (20 uM) combination for 24 hours.
Values are expressed as means + standard error of mean. *P<<0.05, **P<<0.01, and ***P<<0.001 vs Con group of AT-MNP combination; *P<<0.05, *#P<0.01, and *#P<<0.001

vs Con group of MNP or AT monotherapy.

Abbreviations: MNPs, magnetic nanoparticles; AT, actein; NSCLC, non-small-cell lung cancer; Con, control; NS, not significant.

can mediate p53 signal, and alter fatty acid expression levels
and cholesterol biosynthetic genes.!*!* Therefore, AT has the
potential benefit of treating various diseases, especially in
cancers. However, the role of AT in tumor growth, especially
lung cancer, remains unknown. We explored the potential
role of AT as an effective and safe therapeutic strategy to
inhibit NSCLC progression in vitro and in vivo.

Iron oxide (Fe,O,) magnetic nanoparticles (MNPs)
are biocompatible nanomaterials with low cytotoxicity.'

Until now, MNPs have been widely employed as carriers of
targeted drugs for their positioning properties and sustained
release function.'® Previous studies have illustrated that
MNPs in combination with other drugs show an antitumor
role in various tumors, including liver cancer, lung cancer,
and breast cancer, suggesting that complex MNPs with other
anticancer agents may be an effective therapy for tumor pre-
vention and treatment.!”"** Furthermore, as a triterpene glyco-
side with various biological effects, AT has been investigated

submit your manuscript

7628

Dove

International Journal of Nanomedicine 2017:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Fe,O, MNPs with actein suppress NSCLC

and evidenced in many disease models. However, due to
its bioavailability limitation, maximization or enhance-
ment of the biological activity of AT has not been realized
yet. Although a previous study reported that NP liposomes
increased the growth inhibitory activity of AT to suppress
human breast cancer cell progression, further studies are still
required.” To overcome this hurdle, in this study we aimed
at evaluating the potential benefit of combination therapy of
AT and MNPs for NSCLC, and assess whether MNPs could
promote AT-induced apoptosis. The possible molecular
mechanism by which the combination therapy performs its
role in regulating NSCLC was also investigated. To the best
of our knowledge, this is the first report that has employed AT
combined with MNPs to treat NSCLC in vitro and in vivo.

Materials and methods
MNP preparation

Fe,O, MNPs were synthesized through electrochemical
deposition under oxidizing conditions. MNPs were com-
pounded and then characterized by the Key Laboratory of
Bioelectronics of Southeast University (Nanjing, China).
Before use, the MNPs were dissolved in Roswell Park
Memorial Institute (RPMI) 1640 medium or Dulbecco’s
Modified Eagle’s Medium (DMEM) containing 10% fetal
bovine serum (FBS; Thermo Fisher Scientific, Waltham,
MA, USA) using ultrasound to obtain a colloidal suspension
of Fe,O, MNPs !

Cells and culture

Human lung cancer cell lines A549 and H1975, human nor-
mal lung epithelial cells (BEAS2B), mouse normal liver cells
(AML12), and rat normal liver cells (BRL3A) were purchased
from the American Type Culture Collection (Manassas, VA,
USA). Human normal liver cells (L02) were purchased from
KeyGen Biotech (Nanjing, China). A549 and L02 cells were
routinely cultured in RPMI 1640 medium containing 10%
FBS and 1% penicillin—streptomycin. The NSCLC H1975
cell line was maintained in RPMI 1640 with L-glutamine
containing 10% FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin. AML12, BEAS2B, and BRL3A were cultured
in DMEM supplemented with 10% FBS, 100 U/mL penicil-
lin, and 100 pg/mL streptomycin. All cells were cultured in
a humidified atmosphere with 5% CO, and 95% humidity at
37°C in an incubator. AT (>98% purity), purchased from
Dayang Chem (Hangzhou, China), used in the treatment of
lung cancer, was dissolved in dimethyl sulfoxide (DMSO)
and stored at —20°C, and then diluted in DMEM or RPMI
1640 medium for experimental treatment. The final DMSO
concentration was no more than 0.1% (v/v) in every treatment.

AT conjugated with Fe,O, MNPs was prepared by mechanical
absorption polymerization, as previously reported.?> Before
use, the MNPs were well dispersed in RPMI 1640 medium
containing 10% (v/v) heat-inactivated FBS using ultrasound
to obtain a colloidal suspension. Next, 25 pg/mL MNPs were
added under mechanical stirring to a final volume of 200 uL
containing a certain concentration of AT. The time taken to
polymerize AT-MNPs at 4°C was 24 hours. Briefly, different
concentrations of MNPs were added under mechanical stir-
ring to 200 UL of an aqueous medium with a set concentration
of AT for the final suspension (pH 7.4). At 4°C, the overall
polymerization process lasted for 24 hours.

Cell viability analysis

In order to calculate the growth inhibitory role of AT, MNPs,
and the combination thereof in different cell lines, about 10°
cells/well were planted in 96-well plates (Corning Incorpo-
rated, Corning, NY, USA) with complete growth medium.
On the following day, the cells were administered at different
concentrations of AT (0-30 uM) in the presence or absence
of Fe,O, MNPs (0-40 pg/mL) and incubated at 37°C for
24 hours.”??* Then, cell viability was determined with an
MTT assay at 570 nm.?

Colony formation analysis

To explore cell proliferation, approximately 65% NSCLC
cells were treated with concentrations of AT and MNPs
for 24 hours in growth medium. The cells were then har-
vested in a separate tube after incubation. From each tube,
about 600 cells per well were cultured in a six-well plate
separately with complete growth medium and allowed to
grow for 14 days. A week later, the medium was replaced.
During 14 days’ incubation, the cells were washed with
phosphate-buffered saline (PBS; HyClone; GE Healthcare,
Little Chalfont, UK) once. Then, chilled methanol was used
to fix the cells for 15 minutes. Cells were stained with 0.5%
crystal violet solution in 25% methanol for 5 minutes at room
temperature. The cells were washed with water three times
and air dried for counting with inverted microscopy.

Lung cancer cell migration

Cells (10%/well) were planted in the top chamber of a 24-well
transwell micropore polycarbonate membrane filter with a
pore size of 8 um (EMD Millipore, Billerica, MA, USA).
Then, cells were suspended in medium free of serum followed
by AT and MNP treatment under different conditions. At
48 hours after this, the cells on the top surface of the membrane
were removed carefully by cotton swab. Finally, the migrated
cells were counted in five random fields for each treatment.
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Scratch wound healing assays

The NSCLC cells were seeded and grown on a six-well plate
overnight. The monolayers of cancer cells were wounded
through a pipette tip. Cells were then washed with PBS to
remove cellular debris and allowed to migrate for 24 hours.
Representative images were taken at 0 and 24 hours after the
wound with inverted microscopy.

Flow cytometry assays

An annexin V-fluorescein isothiocyanate—propidium iodide
apoptosis detection kit was obtained from KeyGen to deter-
mine cell apoptosis. Lung cancer cells after different treat-
ments were harvested and washed with chilled PBS twice,
then incubated in a darkroom with annexin V—fluorescein
isothiocyanate and propidium iodide for 15 minutes. Sub-
sequently, the cells were analyzed with flow cytometry (BD
Biosciences, San Jose, CA, USA).

DNA staining

Hoechst 33258 (Yeasen Biotechnology, Shanghai, China)
for DAPI staining was used for morphological calculation
of' nuclei. NSCLC cells were incubated with AT, MNPs, and
combinations thereof for 24 hours. A549 and H1975 cells
were washed with ice-cold PBS three times in a six-well
plate and then stained with 0.5 mL Hoechst 33258 solution
for 5 minutes at 37°C in a darkroom. Then, the cells were
washed with chilled PBS three times in the plate. The cells
were observed with inverted fluorescence microscopy
(Olympus, Tokyo, Japan).

Caspase activity determination

Colorimetric activity assay kits (Clontech Laboratories,
Mountain View, CA, USA) were used to determine caspase 3
and caspase 9 activities. The analysis focuses on cleavage
of the chromogenic substrates DEVD-pNA and LEHD-pNA
through caspase 3 and caspase 9, respectively. NSCLC cells
were suspended in chilled lysis buffer for 10 minutes and
centrifuged at 10,000g for 5 minutes. Caspase substrate
solution with specific peptide substrate was then added to the
supernatant and cultured at 37°C for 2 hours before enzyme-
linked immunosorbent assay at 405 nm.

Western blot analysis

Western blot analysis was performed as previously
described.? Briefly, after treatment under different condi-
tions, cells were harvested and the medium removed. Then,
the cells were washed with chilled PBS three times and

lysed in ice-cold lysis buffer in the presence of fresh pro-
tease inhibitor cocktail. Frozen lung tumor tissue samples
were obtained from xenograft nude mice after treatment.
About 100 mg tumor tissue sample was lysed with 1 mL
lysis buffer. The cell lysates were centrifuged at 15,000¢ for
15 minutes at 4°C to collect the supernatant bicinchoninic
acid protein assay kit was used to detect protein concentra-
tions following the manufacturer’s instructions (Thermo
Fisher Scientific). Protein extracts (40 ng) were separated
by 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis and then transferred to polyvinylidene fluoride
(PVDF) membranes (EMD Millipore). PVDF membranes
with proteins were blocked with 5% skim-fat dry milk in
0.1% Tween 20 in Tris-buffered saline for 2 hours to block
the aspecific sites on blots. The primary antibodies dissolved
in blocking buffer were used to detect the target protein
blots at 4°C overnight for incubation. The bands on PVDF
were covered by chemiluminescence with Pierce electro-
chemiluminescence Western blotting substrate reagents
(Thermo Fisher Scientific). All experiments were performed
in triplicate. The primary antibodies used in our study are
listed in Table 1.

Real-time quantitative polymerase chain
reaction (PCR) analysis

Total RNA from cells and tumor tissue samples was extracted
by Trizol reagent (Thermo Fisher Scientific) following the
manufacturer’s instructions.?® Then, it was quantified and
subjected to reverse transcription to prepare complementary
DNA (cDNA) with a RevertAid first-strand cDNA synthesis
kit (Thermo Fisher Scientific). PCR was performed on a
CFX96 real-time system (Bio-Rad Laboratories, Hercules,
CA, USA). The primers were commercially synthesized,
and the sequences are listed in Table 2. Fold changes in

Table | Primary antibodies for Western blot analysis

Dilution ratio

Rabbit anti-caspase 3 1:500
Rabbit anti-caspase 8 1:1,000

Primary antibodies Corporation

Abcam (ab2171)
Abcam (ab25901)

Rabbit anti-caspase 9 :1,000 Abcam (ab32539)
Rabbit anti-Bcl2 :1,000 Abcam (ab32124)
Rabbit anti-BcIXL :1,000 Abcam (ab32370)
Rabbit anti-Bax :1,000 Abcam (ab32503)
Rabbit anti-Bad :1,000 Abcam (ab32445)

|
|
|
|
|
Rabbit anti-FADD 1:1,000 Abcam (ab24533)
|
|
|
|

Rabbit anti-DR4 :1,000 Abcam (ab8414)
Rabbit anti-p53 :1,000 Abcam (ab8416)
Mouse anti-TRAIL :1,000 Abcam (ab10516)
Rabbit anti-MDM2 :1,000 Abcam (ab38618)
GAPDH 1:200 Abcam (ab8245)
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Table 2 Primer sequences of RT-PCR test

Gene Forward primers (5'-3’) Reverse primers (5'-3")

DR4 TAGGTGAGGTGGAGCTCAGATG TGCAACAGCGAAGACCTATTA
DR5 TATGGGAGCAACCGCTATA CGCGAACACAATGGCTATAA
TRAIL GAAACACGGTGACCACACCC CTCACAACGCTGCGGCGA

BAX AGCAAGACAAGGATGCTCG CAGCGTTCCATGTCAGTTATGTG
BCL2 GAGGCCAAGACAGGTATAC GCGTGGCAATTTAAGTTGTG
GAPDH CATTCAAGACCGGACAGAGG ACATACTCAGCACAGCATCACC

Abbreviation: RT-PCR, real-time polymerase chain reaction.

messenger RNA (mRNA) levels of target genes relative
to the endogenous cyclophilin control were calculated.
Briefly, the cycle threshold (C) values of each target gene
were subtracted from the C, values of the housekeeping gene
cyclophilin (AC)). Target gene AAC, was calculated as the AC,
of the target gene minus the AC, of control. The fold change
in mRNA expression was calculated as 2744,

Athymic nude model experiment

Forty male athymic nude mice 6—8 weeks old were purchased
from Shanghai Experimental Animal Center (Shanghai,
China) and kept in a temperature- and humidity-controlled
environment (25°C+2°C, 50%+10% humidity) with a
standard 12-hour light-dark cycle with food and water in
cages under germ-free conditions. The animals received
human care following Chinese legal requirements. All
procedures were in accordance with the regulations of
experimental animal administration issued by the Ministry
of Science and Technology of China (http://www.most.
gov.cn). The Institutional Animal Care and Use Committee
at Huai’an First People’s Hospital, Nanjing Medical
University, approved the animal study protocols. Briefly,
5%x10° A549 and H1975 cells were subcutaneously injected
into the dorsal flanks of nude mice. Tumor volume was
measured by calculating the two maximum perpendicular
tumor diameters every 2 days. All tumor-bearing nude
mice were randomly divided into four groups: 1) control,
2) AT (15 mg/kg), 3) Fe,O, MNPs (20 mg/kg), and 4)
AT-MNPs every day for 35 days.”*?” AT was dissolved
in DMSO and then diluted in distilled water. The mice
were administered AT orally. The control group was given
DMSO diluted in water (0.5% v/v). Body weight and tumor
size were measured three times a week. Tumor volume
was evaluated by the formula 0.5x (L, X L, X H), with L
being the long diameter, L, the short diameter, and H the
height of the tumor. At the end of our study, the mice were
killed. Livers and tumor tissue samples were removed
for immunohistochemical (IHC) analysis and molecular
mechanism research.

IHC analysis

Tumors and livers were carefully harvested and main-
tained in 4% neutral formalin liquid. After dehydration,
thin sections were strictly calculated for hematoxylin and
eosin (H&E) staining. Apoptotic cells in tumor sections
were determined by terminal deoxynucleotidyl transferase
deoxyuridine triphosphate nick-end labeling (TUNEL) with
a fluorescence and colorimetric TUNEL apoptosis assay kit
(Majorbio Pharmaceutical Technology, Shanghai, China)
following the manufacturer’s instructions, and IHC staining
was performed for measurement of p53 and Bel2 expression
as described previously.? Five fields were randomly chosen
for evaluation. The brown target-positive area was quantified
using ImagelJ software.

Statistical analysis

Data are expressed as means * standard error of the mean.
Statistical analyses were performed using GraphPad Prism
(version 6.0; GraphPad Software, La Jolla, CA, USA), with
analysis of variance and Dunnett’s least significant difference
post hoc tests. P<<0.05 was considered significant.

Results
AT-MNPs augmented cell proliferation
suppression of NSCLC cells

Transmission electron microscopy indicated that most
Fe,O, MNPs were spherical in shape of size ~20 nm
(Figure 1B and C). Before the role of AT-MNPs in NSCLC
was confirmed, the possible cytotoxicity of AT, MNPs, and
AT-MNPs in NSCLC tumor cells and normal human lung
epithelial cells was explored. As shown in Figure 1D, at
concentrations of 10 uM or lower, AT showed no significant
antitumorigenic role in NSCLC cells of A549 and H1975.
At concentrations >15 and 20 uM, AT exhibited remarkable
effects in suppressing A549 and H1975 cells, respectively,
suggesting that to some degree, AT possesses an inhibitory
role in controlling NSCLC cells. However, no significant
cytotoxicity was observed from normal lung epithelial
BEAS2B cells at even the highest concentration of 30 uM.
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Of note, after combination with MNPs, a significant anti-
proliferation ability of MNPs and AT was observed. A sig-
nificant difference was observed with the 5 uM AT and
20 pg/mL MNP combination, illustrating that Fe,O, MNPs
combined with AT displayed an effective antitumor activity
in NSCLC cells. Therefore, 20 uM AT was used in combina-
tion with different concentrations of MNPs to investigate the
MNP monotherapy and AT-MNPs on NSCLC. As shown in
Figure 1E, MNPs alone also reduced NSCLC cell viability
in a dose-dependent manner, with significant differences
observed >20 and 15 pg/mL in A549 and H1975 cells,
respectively. Compared to MNPs alone, AT-MNPs showed
stronger antitumor effects on A549 and H1975 proliferation.
On the contrary, no cytotoxicity was observed in BEAS2B
cells with an increase in MNP treatment. The data here sug-
gest that AT-MNPs play a huge antitumor role in NSCLC
proliferation without causing cytotoxicity in normal cells.
Concentrations of AT (20 uM) and MNPs (20 ug) were used
for combination therapy in subsequent studies.

AT-MNPs inhibited NSCLC cell

proliferation

We investigated the effects of AT-MNP treatment on NSCLC
cell proliferation and migration. To examine whether
AT-MNP treatment influenced the clonogenic growth of
A549 and H1975, colony-forming analysis was conducted.
Our colony-formating assays showed that AT and MNP
monotherapy significantly reduced the colony numbers of
cancer cells compared to the untreated controls. Notably,
AT-MNPs dramatically decreased the clonogenic growth of
NSCLC cells of A549 and H1975 compared to AT and MNPs
alone (Figure 2A). In the presence of AT and MNP mono-
therapies, cell migration in A549 and H1975 was decreased.
However, AT-MNPs markedly decreased cell migration in
both cell lines (Figure 2B). The relative wound area of A549
and H1975 cells was detected after different treatments. As
shown in Figure 2C and D, AT and MNP monotherapies
significantly inhibited wound healing in A549 and H1975
cells compared to the untreated controls, an observation that
was exacerbated in AT-MNP treatment. These results illus-
trated that the capability of AT-MNPs to suppress NSCLC
cell proliferation and migration was apparently stronger than
the effect of AT and MNP monotherapies.

AT-MNPs significantly induced apoptosis

of NSCLC cells
We next investigated whether AT-MNPs had any effect on
apoptosis, which may have contributed to the observed reduced

cell proliferation. TUNEL assays indicated that AT and MNP
single treatments promoted increased apoptosis compared to
untreated cells, which was further enhanced with AT-MNPs.
Ofnote, significant differences were observed between the AT-
MNP and AT and MNP groups in both A549 and H1975 cells
(Figure 3A). As shown in Figure 3B, in comparison with the
untreated control group, AT, MNP, and AT-MNP treatments
resulted in shrunken nuclei that appeared condensed and brightly
stained. Nuclear condensation has been considered as a typical
change in morphology for cells experiencing apoptosis.?**
Moreover, flow cytometry results confirmed that AT-MNPs
caused an obvious upregulation in apoptotic cells compared
to the untreated control cells, as well as AT and MNP single
treatment (Figure 3C). These results suggested that the ability
of AT-MNPs to trigger A549 and H1975 cell apoptosis was
markedly stronger than that of AT and MNP single therapy.

AT-MNPs induced apoptosis in NSCLC

cells through caspase 3 activation

The results indicated that apoptosis could be induced by AT
and MNPs and especially AT-MNPs. Therefore, the molecu-
lar mechanism was explored. Caspase § activation results in
downstream activation of caspase 9 and caspase 3.3' We thus
determined the extent of caspase activation of cancer cells
after AT, MNP, and AT-MNP treatment through Western
blot analysis. As shown in Figure 4A, AT and MNPs induced
a markedly high cleavage of caspase 8, leading to caspase 9
activation. Consequently, caspase 3 was activated and apopto-
sis induced. Significantly, AT-MNPs resulted in higher levels
of caspase 8, caspase 9, and caspase 3 cleavage in NSCLC
cells of A549. Moreover, in H1975 cells, cleaved caspase §,
caspase 9, and caspase 3 were dramatically elevated in the
AT-MNP group compared to AT and MNP single treatment
(Figure 4B). As shown in Figure 4C, caspase 3 activity was
highly elevated in the AT-MNP group, with significant dif-
ferences compared to AT and MNP single therapy. Moreover,
cell treatment with a caspase 3 inhibitor abolished caspase 3
activity triggered by AT-MNPs, and AT-MNP-induced
high caspase 9 activation was also suppressed following
caspase 9 inhibitor treatment. In addition, H1975 cells after
AT-MNP treatment showed dramatically higher activity of
caspase 3 and caspase 9 compared to the monotherapy-treated
groups. As expected, pretreatment of caspase 3 and caspase
9 inhibitors failed noticeably to induce caspase activation
(Figure 4D). These results suggested that caspase signaling
pathway activation is involved in AT-MNP-induced apop-
tosis, and may be the main molecular mechanism by which
AT-MNPs exhibit stronger antitumor effects.
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Figure 2 Fe,O, MNP and AT combination inhibited NSCLC cell proliferation.

Notes: (A) Upper row: representative cellular colonies of A549 and H1975 after different treatments; lower row: quantification of colony-forming results. (B) Upper row:
representative images of migrated NSCLC cells under different treatment conditions; lower row: the quantification of cell migration. The scale bar is 50 um. (C) Upper row:
representative photomicrographs of A549 cells migrated across the scratch wound after different treatments; lower row: quantification of wound-triggered cell motility in
A549 cells. The scale bar is 100 um. (D) Upper row: representative photomicrographs displaying the H1975 cells migrated across the scratch wound after different treatments;
lower row: quantification of wound-triggered cell motility in HI975 cells. The scale bars are 100 um. Values are expressed as means + standard error of mean. *P<<0.05,
**P<0.01, and ***P<<0.001 vs Con group; *P<<0.05; #P<<0.01. Analysis of variance and Dunnett’s analysis were included to compare the averages of multiple groups.
Abbreviations: MNPs, magnetic nanoparticles; AT, actein; NSCLC, non-small-cell lung cancer; Con, control.

AT-MNPs induced apoptosis associated and antiapoptotic members. The combination treatment of
with mitochondrial pathway AT-MNPs on A549 (Figure 5SA) and H1975 (Figure 5B)
Bcl2 family members can be divided into antiapoptotic ~ significantly decreased Bcl2 and BeIXL, whereas Bax and
proteins, including Bcl2 and BelXL, and proapoptotic ~ Bad protein levels were dramatically increased in NSCLC
signals, such as Bax and Bad.>> We further investigated the ~ cells after AT-MNP treatment. TRAIL is known to induce
role of AT-MNPs in the balance between the proapoptotic ~ rapid apoptosis in vivo and in vitro in various cancers.*
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Figure 3 Effects of Fe,O, MNPs and AT significantly induced apoptosis of NSCLC cells.

Notes: (A) Left: representative images of TUNEL assays in A549 and HI975 cells under different treatments; right: quantification of TUNEL analysis for apoptosis results. The
scale bar is 50 um. (B) Left: morphological changes in nuclei during AT-, MNP-, or AT-MNP-induced apoptosis in A549 and HI975 cells determined by Hoechst 33258 staining;
right: quantification of Hoechst 33258 results. The scale bar is 20 um. The red arrow represents the nucleus of cells. (C) Left: NSCLC cells were exposed to AT, MNPs, or
AT-MNP combination for 24 hours. Subsequently, the cells were harvested for flowcytometry assays. Right: cells with annexin V—PI staining were analyzed for quantification of
apoptotic cells. Values are expressed as means * standard error of mean. *P<<0.05, **P<<0.01, and **P<0.001 vs Con group; “P<<0.05; *P<<0.01; ##P<<0.001. Analysis of variance
and Dunnett’s analysis were included to compare the averages of multiple groups.

Abbreviations: MNPs, magnetic nanoparticles; AT, actein; NSCLC, non-small-cell lung cancer; TUNEL, terminal deoxynucleotidyl transferase deoxyuridine triphosphate
nick-end labeling; Pl, propidium iodide; Con, control; FITC, fluorescein isothiocyanate.

TRAIL-induced apoptosis relies on death receptors (DRs),
leading to the formation of the death-inducing signaling com-
plex. FADD is subsequently activated to improve caspase 8
activity.>* Additionally, p53, as previously reported, induces
DR gene transcription.®® Therefore, p53 is essential for TRAIL/
DR-induced apoptosis in various tumors.’® As shown in
Figure 5C and D, immunoblot analysis was carried out to
explore how TRAIL, DR4, FADD, and p53 were altered after
AT and MNP single treatment or AT-MNPs in A549 and
H1975 cells, respectively. The results showed that TRAIL,
DR4, FADD, and p53 protein levels were significantly

augmented by AT and MNP monotherapy. Notably, AT-
MNPs dramatically stimulated TRAIL, DR4, FADD, and
p53 levels compared to the single treatment groups. These
results indicated that the mitochondrial pathway was involved
in AT-MNP-induced apoptosis, which was associated with
the p53-regulated TRAIL-DR signaling pathway.

In order to confirm the role of p53 in regulating apoptosis
from DR modulation, immunoblotting was used to determine
p53 levels under different experimental conditions. The
results showed that p53 protein expression levels in NSCLC
cells of A549 and H1975 were upregulated with AT-MNP
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Figure 4 Fe,O, MNPs and AT induced apoptosis in NSCLC cells through caspase 3 activation.

Notes: (A) Left: A549 cells were given AT, MNPs, or a combination of the two at the concentrations indicated for 24 hours. Total protein was extracted and subjected to
immunoblot analysis for cleaved caspase 8, caspase 9, and caspase 3 detection. GAPDH was used as loading control. Right: quantification of Western blot analysis. (B) Left:
HI1975 cells were treated with AT, MNPs, or AT-MNP combination for 24 hours. Whole-cell protein was extracted and examined via immunoblot analysis for cleaved
caspase 8, caspase 9 and caspase 3 determination. GAPDH was used as loading control. Right: quantification of Western blot analysis. (C) Caspase 3 (left) and caspase 9
(right) activation was determined in A549 cells administered AT and MNPs alone or a combination thereof in the absence or presence of caspase 3 or caspase 9 inhibitor
for 24 hours. (D) Caspase 3 (left) and caspase 9 (right) activation was determined in HI975 cells treated with AT and MNPs alone or a combination thereof in the absence
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#P<0.05, #P<0.01, and ##P<<0.001. Analysis of variance and Dunnett’s analysis were included to compare the averages of multiple groups.

Abbreviations: MNPs, magnetic nanoparticles; AT, actein; NSCLC, non-small-cell lung cancer; Con, control; NS, not significant.
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Figure 5 Fe,O, MNP and AT combination-induced apoptosis was associated with the mitochondrial pathway.

Notes: Expression of Bcl2 family members, including Bcl2, BcIXL, Bax, and Bad, in (A) A549 and (B) HI975 cells under different experimental conditions was detected
through Western blot analysis. Left: representative images of immunoblot; right: quantification of Western blot results. Western blot analysis was used to determine protein
levels of TRAIL, DR4, FADD, and p53 in (C) A549 and (D) HI1975 cells treated with AT, MNPs, or a combination of the two. Left: representative images; right: quantification
of these proteins. Values are expressed as means = standard error of mean. ¥P<<0.05, **P<<0.01, and ***P<<0.001 vs Con group; #P<<0.01; #*P<<0.001. Analysis of variance

and Dunnett’s analysis were included to compare the averages of multiple groups.
Abbreviations: MNPs, magnetic nanoparticles; AT, actein; Con, control.

treatment in a time-dependent manner (Figure 6A). Similarly,
elevated p53 was observed in A549 and H1975 cells at dif-
ferent concentrations of MNPs in the absence of AT. Fur-
thermore, as the concentrations of AT increased, p53 protein
expression levels were enhanced in A549 and H1975 cells

without MNP administration in a dose-dependent manner
(Figure 6B and C). To further determine the effect of AT-
MNPs on p53, the p53 inhibitor pifithrin (PFT)-o was sub-
jected to A549 and H1975 in the presence of AT and MNPs.
As shown in Figure 6D, enhanced FADD and p53 protein
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Figure 6 Fe,O, MNP and AT combination suppressed NSCLC in a p53-dependent manner.

Notes: (A) A549 and H1975 were treated with AT-MNPs for different times (0, 6, 12, 24, and 48 hours). Upper row: p53 protein in whole-cell lysates was determined by
specific antibody; lower row: quantification of p53 following immunoblot analysis. (B) A549 and H1975 cells were treated with MNPs at the concentrations indicated (0, 5,
10, 20, and 40 pg/mL) in the absence of AT for 24 hours. Upper row: Western blot was used to determine p53 protein expression levels; lower row: quantification of p53
levels. (C) A549 and H1975 cells were treated with AT at the concentrations indicated (0, 5, 10, 20, and 30 M) in the absence of MNPs for 24 hours. Upper row: immunoblot
was used to determine p53 protein expression levels; lower row: quantification of p53 levels. (D, E) Upper row: Western blot was carried out to calculate FADD and p53
protein levels in (D) A549 and (E) HI1975 cells after AT-MNP combination treatment in the presence or absence of p53 inhibitor PFTo. with specific antibodies; lower row:
quantification of protein levels. RT-qPCR analysis was used to detect DR4, DR5, and TRAIL mRNA levels in (F) A549 and (G) H1975 cells after cotreatment with AT-MNPs
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variance and Dunnett’s analysis were included to compare the averages of multiple groups.

Abbreviations: MNPs, magnetic nanoparticles; AT, actein; NSCLC, non-small-cell lung cancer; mRNA, messenger RNA; PFT, pifithrin; RT-qPCR, real-time quantitative
polymerase chain reaction; Con, control.
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levels in A549 cells treated with AT-MNPs were reduced
for PFTo administration, especially at 20 uM. Similarly, in
H1975 cells, FADD and p53 were also upregulated for AT-
MNP treatment, which was reduced for PFTo pretreatment.
A significant difference was observed between the combined
group and the single therapy group (Figure 6E). Furthermore,
real-time quantitative PCR (RT-qPCR) analysis was carried
out to confirm whether AT-MNP-induced apoptosis was
dependent on p53. As shown in Figure 6F and G, after AT-
MNP treatment in the presence or absence of PFTo., we found
that the promoted DR4, DRS5, and TRAIL transgenic levels
due to AT-MNP treatment were dramatically downregulated
for PFTa, with significant differences in A549 and H1975
cells. These data suggested that AT-MNP-induced apoptosis
in NSCLC cells relied on the p53-mediated TRAIL-DR
signaling pathway.

In order to confirm further the role of p53 in NSCLC
prevention, the p53 gene was silenced using specific small
interfering RNA (siRNA) sequences. We found that in A549
cells, p53 was successfully silenced following transfection
with siP53 sequence 2 compared to the untransfected control
group (Figure S1A), and this was thus used in the subsequent
experiments followed by Western blot analysis of FADD.
The data indicated that the AT-MNP treatment-induced high
FADD expression was reversed following p53 knockdown
(Figure S1B). In addition, RT-qPCR analysis indicated that
DR4, DR5, and TRAIL gene levels were highly induced
for AT-MNP treatment and were reduced upon silencing
p53 (Figure S1C). Furthermore, as shown in Figure S1D,
apoptosis cells were highly reduced in the AT-MNP group
after p53 knockdown in A549 cells, as determined by
flowcytometry analysis.

MTT analysis was also conducted to confirm our results.
As shown in Figure S2A, after transfection of A549 cells
using siP53 sequence 2, no significant difference was
observed after transfection for 48 hours. Next, A549 cells
were transfected for 48 hours, followed by AT, MNP, or
AT-MNP treatment for another 24 hours, followed by cell
viability analysis. We found that AT-MNPs significantly
reduced cell viability; however, p53 knockdown signifi-
cantly reversed cell viability (Figure S2B). Similar results
were observed in H1975 cells, with no difference between
the control and siP53 sequence 2 groups. P53-null H1975
cells showed higher cell viability compared to the AT-MNP
group (Figure S2C and D). These data further indicated that
p53 was indeed a key point or gene targeted by AT-MNPs
to suppress NSCLC progression.

Inactivation of the p53 protein may be caused by a p53
gene mutation or by the p53 protein binding to other proteins,

such as MDM2.37 Therefore, MDM2 in A549 and H1975
lung cancer cells was explored, and we found that MDM2
levels were significantly reduced for AT and MNP treatment
in both single and combination therapies (Figure S3A).
There was a significant difference observed between the
monotherapies and combination treatments, indicating the
synergistic effects of AT and MNPs in combination. In order
to confirm further the role of AT and MNPs in MDM2 expres-
sion, cells were treated with AT and MNPs. We found that
MDM2 expression levels decreased over time, indicating
the suppressive effects of AT/MNP function on lung cancer
cells (Figure S3B, left). Next, A549 and H1975 cells were
exposed to MNPs in the absence of AT for 24 hours. The
data indicated that the protein expression levels of MDM2
were downregulated with higher concentrations of MNPs
(Figure S3B, middle). Following that, cells were treated for
24 hours in the presence of AT only. The results suggested
that AT showed inhibitory effects on MDM2 expression,
especially at the highest concentration (Figure S3B, right).
In vivo, tumor tissue samples obtained from mice suggested
that MDM?2 levels were reduced in AT and MNP single treat-
ments, especially in HI975 tumor specimens. Of note, AT-
MNPs significantly reduced MDM2 expression compared
to the control group, and a significant difference was also
observed between the single and combination treatments,
which was in line with the in vitro results (Figure S3C). These
data indicated that in contrast to p53 expression, MDM2 was
reduced by AT-MNP treatment, further suggesting that p53
activation was induced by AT-MNPs.

AT-MNPs showed no toxicity in vivo

Our study indicated that AT-MNPs had an inhibitory role
in NSCLC cell proliferation in vitro. Therefore, in order to
investigate further the role of MNP and AT monotherapy
and AT-MNP treatment on tumor growth, athymic nude
mice bearing the established A549 and H1975 cells had
tumors planted subcutaneously in the presence of 15 mg/kg
AT, 20 mg/kg MNPs, or AT-MNPs (Figure 7A). The single
treatments of AT and MNPs significantly reduced tumor
volume and tumor weight compared to the control group.
Interestingly, AT-MNPs showed a stronger antitumor role
in controlling tumor volume and weight, and marked dif-
ferences were observed between the AT-MNP and AT- and
MNP-alone groups (Figure 7B). Additionally, no apparent
difference of body weight was found among the different
groups in A549-transplanted athymic nude mice (Figure 7C).
Similarly, in H1975 subcutaneously implanted nude mice,
tumor volume and tumor weight were found to be reduced
for AT and MNP monotherapy, which was further attenuated
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Figure 7 Fe,O, MNP and AT combination suppressed tumor growth in NSCLC xenograft models in vivo.

Notes: (A) Schema of AT and MNPs alone or a combination thereof for A549 and H1975 subcutaneous tumors. After 7 days, the animals were intraperitoneally injected
with AT, MNPs, or AT-MNPs for a total of 5 weeks. (B) Growth of A549 tumors in mice administered saline (n=8), AT at |5 mg/kg (n=8), MNPs at 20 mg/kg (n=8), and a
combination thereof (n=8). Left: tumor volume; right: tumor weight. (C) Body weight of mice was detected under different treatments. (D) Growth of HI975 tumors in mice
treated with saline (n=8), AT at |5 mg/kg (n=8), MNPs at 20 mg/kg (n=8), and a combination thereof (n=8). Left: tumor volume; right: tumor weight. (E) Body weight of mice
from each group at the end of the study. Values are expressed as means * standard error of mean. *P<<0.05, **P<<0.01, and ***P<<0.001 vs Con group; *P<<0.05. Analysis of
variance and Dunnett’s analysis were included to compare the averages of multiple groups.

Abbreviations: MNPs, magnetic nanoparticles; AT, actein; NSCLC, non-small-cell lung cancer; Con, control.

for the combination treatment, with a significant difference
(Figure 7D). Moreover, no difference was detected for body
weight among the mice from different groups (Figure 7E).
The data here indicate that AT, MNPs, and, especially, their
combination have inhibitory roles in tumor growth in vivo,
consistent with the results in vitro.

H&E staining of the liver from each mouse treated with
AT, MNPs, or AT-MNPs showed no toxicity, with normal
histology in comparison with control tissues, suggesting
the absence of toxicity (Figure 8A). In addition, the cell
viability of human hepatic L0O2 cells of normal mouse liver
AMLI12 cells and normal rat liver BRL3A cells was used
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to explore liver toxicity further. As shown in Figure 8B-D,
no significant difference was observed in normal liver cells
after AT- and MNP-monotherapy treatments or AT-MNP
treatment, indicating lack of toxicity. These data further
indicated that AT, MNPs, and particularly AT-MNPs
showed inhibitory roles in NSCLC development in vivo
without toxicity.

AT-MNPs impeded NSCLC progression

through apoptosis induction in vivo

Caspase expression was evaluated to confirm the molecular
mechanism through immunoblotting of tumor tissue samples
from mice injected with A549 and H1975. As shown in
Figure 9A, Western blot analysis showed higher caspase 3
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cleavage in the presence of AT-MNP therapy compared to
either monotherapy. In addition, p53 and FADD were also
upregulated after AT and MNPs alone and further elevated
following AT-MNP treatment (Figure 9B). Furthermore, RT-
gPCR analysis was carried out to detect pro- and antiapop-
totic proteins of Bax and Bcl2. BAX mRNA levels in tumor
samples from subcutaneous A549 and H1975 mice were
enhanced for AT-MNPs compared to the monotherapy mice.
In contrast, BCL2 was downregulated for AT, MNPs, and
AT-MNPs, indicating the high Bax:Bcl2 ratio contributed to
apoptosis. Additionally, TRAIL and its receptor of DR4 were
also observed with higher transgenic gene levels in tumor tis-
sue samples after AT, MNPs, and AT-MNPs than the control
group. Of note, AT-MNP treatment showed more intensive
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Notes: (A) Histological data of hematoxylin and eosin staining of livers from each group of mice without subcutaneous injection of A594 and H1975. The scale bar is 100 pm.
Left: cell viability of normal liver cells of (B) L02 (from human), (C) AMLI2 (from mouse), and (D) BRL3A (from rat) were calculated after treatments with AT (0, I, 2.5, 5,
10, 15, 20, 25, and 30 uM) and AT-MNPs (20 ug/mL; AT concentrations 0, I, 2.5, 5, 10, 15, 20, 25, and 30 uM) for 24 hours. Right: cell viability of normal liver cells of (B) L02,
(C) AMLI2, and (D) BRL3A were detected after treatments with AT (20 uM) and AT-MNPs (0, 2.5, 5, 10, 15, 20, 30 and 40 pg/mL; AT concentration of 20 uM) for 24 hours.

Values are expressed as means + standard error of mean.
Abbreviations: MNPs, magnetic nanoparticles; AT, actein.

effects on stimulating TRAIL and DR4 expression in com-
parison with the single treatments (Figure 9C and D).

To confirm our hypothesis, IHC analysis was performed
to evaluate p53, Bcl2, and TUNEL levels in different tumor
samples from mice under various conditions. As shown in
Figure 10A, AT and MNP single treatments improved the
number of p53-positive cells, which was further enhanced fol-
lowing AT-MNP therapy. On the contrary, Bcl2 was highly
expressed in the absence of AT or MNPs, and downregulated
levels were observed for AT and MNPs alone. AT-MNPs
showed a dramatic role in impeding Bcl2 expression levels
in tumor tissue samples (Figure 10B). TUNEL assays further
indicated that AT-MNPs suppressed A549 tumors through
cell death induction in vivo (Figure 10C). Similarly, in H1975
tumors, p53 was highly potentiated for AT-MNPs, whereas
Bcl2 was considerably reduced in AT-MNP treatment
(Figure 10D and E). Moreover, TUNEL analysis revealed
that the tumor tissue samples in mice receiving AT-MNPs
had higher numbers of TUNEL-positive cells than the control
or AT- or MNP-monotherapy groups (Figure 10F). These
results illustrate that AT-MNP treatment suppresses lung
tumor growth through apoptosis induction in vivo, which is
consistent with the results in vitro.

Finally, mice were also treated with AT or AT-MNPs
via intraperitoneally to determine the concentration of AT
in the plasma. As shown in Figure S4, the concentrations of
AT in the plasma of mice demonstrated the sustained release
properties of AT-MNPs. Time to maximum concentration
for AT-MNP-treated mice (3 hours) was six times higher

than that of mice that received AT alone at 0.5 hour. Further,
the maximum concentration (805.48+31.18 ng/mL) for
AT-MNP-treated mice was fourfold higher than those that
received AT alone (189.54+12.39 ng/mL). The pharmacoki-
netic parameters obtained revealed that AT-MNPs enhanced
the maximum AT concentration and prolonged the half-life
of AT, resulting in a sustained release effect.

Discussion

Lung cancer is the leading cause of cancer-related death in
humans, and its incidence and mortality continue to increase
across the world.'*®* NSCLC is the most common type of
lung cancer, accounting for 80% of the disease.>* Recently,
though advanced progress has been made for experimental
and clinical oncology, NSCLC prognosis remains unsat-
isfactory, and the 5-year survival rate remains at 15%.%
Therefore, identification of effective therapeutic strategies
and understanding the molecular mechanism of NSCLC for
progression are still urgently required for generating better
treatments. AT is an active component isolated from plants,
which has been reported to suppress human breast cancer-
cell proliferation through endoplasmic reticulum (ER) stress
modulation.?**! However, until now, little has been known on
whether AT could be worthwhile in treating NSCLC.

The magnetism feature of MNPs is usually from the metal-
lic compounds of the NPs, which are easy to aggregate.'”!842
MNPs with controllable size and magnetic properties may be
used in drug delivery, detection of proteins, and biological
labels.** Furthermore, the metallic elements are reactive in
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Figure 9 Combination of Fe,O, MNPs and AT impeded NSCLC progression through apoptosis induction in vivo.

Notes: (A) Upper row: Western blot analysis of cleaved caspase 3 in tumor tissue samples from A594- and H1975-injected mice; lower row: quantification of cleaved
caspase 3 was calculated after immunoblot assays. (B) Upper row: protein was extracted from tumor tissue samples from A594- and H1975-injected mice with specific
antibodies of p53 and FADD; lower row: quantification of p53 and FADD. (C) mRNA expression levels of Bax, Bcl2, TRAIL, and DR4 in A594-induced tumors after different
treatments. (D) RT-gPCR was carried out to calculate Bax, Bcl2, TRAIL, and DR4 in A594-induced tumors from mice under different conditions. Values are expressed
as means + standard error of mean. *P<<0.05, **P<0.01, and ***P<<0.001 vs Con group; *P<<0.05; #P<<0.01; **P<<0.001. Analysis of variance and Dunnett’s analysis were

included to compare the averages of multiple groups.
Abbreviations: MNPs, magnetic nanoparticles; AT, actein; NSCLC, non-small-cell lung cancer; mRNA, messenger RNA; RT-qPCR, real-time quantitative polymerase chain

reaction; Con, control.

biological processes and are prone to degradation. As such, induce apoptosis in HCC cells via combination with an active
organic or inorganic protective coatings, such as micelles, component of gamboge.*® Herein, we attempted to develop a
silica, and lipid layers, have attracted attention for research ~ new method for treating NSCLC through the combination of
and development."* Fe O, MNPs have been reported to  abioactive component, AT, with Fe,O, MNPs. The findings
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Figure 10 AT-MNP therapy induced tumor cell apoptosis in tumor samples in vivo.

Notes: In A549 tumors, immunohistochemical analysis was used to calculate (A) p53 and (B) Bcl2 levels; quantification of positive p53 and Bcl2 cells shown. (C) Representative
images of TUNEL-positive cells after different treatments and TUNEL levels from each group. In H1975-treated tumors, (D) p53 and (E) Bcl2 levels were detected through
immunohistochemical assays; quantification of positive p53 and Bcl2 cells shown. (F) Representative images of TUNEL-positive cells from each group under different
conditions and TUNEL levels after various treatments. Values are expressed as means * standard error of mean. *P<<0.05, **P<0.01, and ***P<<0.001 vs Con group; “P<0.05;
#P<0.01; ##P<0.001. Analysis of variance and Dunnett’s analysis were included to compare the averages of multiple groups. The scale bars are all 25 um.

Abbreviations: MNPs, magnetic nanoparticles; AT, actein; TUNEL, terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling; Con, control.
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in our study might supply deep insights into the application
of AT and NP combination for lung cancer therapy. We
found that both AT and MNP single therapies, as well the
combination therapy, showed antitumor effects in lung cancer
in vitro and in vivo. However, the inhibitory degree of AT
and MNPs to lung cancer in vitro was different from that in
vivo, which is likely due to the inherent differences of sample
in vitro systems vs complex in vivo systems. The sensitivity
of AT and MNPs to specimens is different, contributing to
significantly different values between them.

In this study, AT and Fe,O, MNPs alone suppressed
NSCLC cell proliferation in A549 and H1975 without cyto-
toxicity in normal lung epithelial cells. AT-MNPs showed a
considerably stronger role in inhibiting NSCLC proliferation.
Our mechanistic study indicated that caspase 8, caspase 9,
caspase 3, Bax, TRAIL, p53, DRs, and FADD were
upregulated, whereas Bcl2 and BelXL were downregulated
following AT-MNP therapy, suggesting that this signal-
ing pathway was involved in AT-MNP-regulated NSCLC
development. In addition, the ability of AT-MNPs in sup-
pressing NSCLC was further confirmed by an in vivo study
in nude mice, wherein AT-MNPs inhibited tumor growth
at a higher rate than either monotherapy. In addition, H&E
staining of livers showed that noticeable signals of injury or
damage were observed in mice from each group, indicating
no evident toxicity induction by AT-MNPs. Furthermore,
MTT assays showed no significant cell death was exhibited
after AT, MNP, or AT-MNP treatment in normal liver cells
from human, mouse, and rat. Therefore, AT-MNPs may be
a novel option for NSCLC treatment.

We found that AT and MNP single treatments suppressed
A549 and H1975 cell proliferation, and MNP monotherapy
showed better antitumor effects on lung cancer cells.
Recently, Wang et al showed that Fe,O, MNPs exhibit an
intrinsic enzyme-mimetic activity similar to that found in
natural peroxidases, though MNPs are usually thought to
be biologically and chemically inert. According to previ-
ous study, Fe,O, promotes enzymatic oxidation by H,0,
generation.*”** H,O, is a typical oxidant, contributing to reac-
tive oxygen species (ROS) generation. ROS are chemically
reactive radicals, ions, or molecules containing free oxygen
radicals and a by-product of normal metabolism. Basal levels
of ROS activate numerous signaling cascades to promote
cell proliferation under normal physiological conditions.*!
However, excessive ROS levels induce oxidative stress
and directly attack DNA, protein, lipids, and other cellular
components, ultimately contributing to cell senescence and
apoptosis.’>>? Therefore, inducing ROS generation is an

effective therapeutic strategy for various tumor treatments.
H,0, levels in our study were detected. The results indicated
that Fe,O, MNPs (20 pg/mL) significantly upregulated
H,0,activity, supporting ROS generation (Figure S5). There-
fore, the antitumor effects of Fe,O, in lung cancer might
be associated with ROS production. However, additional
studies are required to clarify the comprehensive molecular
mechanism by which Fe,O, performed its antitumor role
in regulating ROS production. In comparison with AT and
MNP single treatments, the combination therapy at lower
concentrations showed a stronger inhibitory role in cancer
cell proliferation, triggering considerable apoptosis in lung
cancer cells. Caspases are well known to play an important
role in apoptosis induction via TRAIL receptors, as well as
mitochondrial signaling pathways.**> In order to explore
the molecular mechanism by which AT-MNPs suppressed
lung cancer proliferation, the activity of caspase 8, caspase 9,
and caspase 3 was detected through Western blot analysis.
The results illustrated that AT-MNP-induced apoptosis was
dependent on caspase 8, caspase 9, and caspase 3 activa-
tion. Subsequently, nuclear condensation was induced for
caspase 3 activity, resulting in apoptosis in NSCLC cells.
Caspase 8 is crucial in mediating apoptosis through the
mitochondrial pathway. The Bax:Bcl2 ratio is also crucial in
mediating apoptosis via proapoptotic and antiapoptotic sig-
nals released from the mitochondria.?>*¢ Increased proapop-
totic molecules, including Bax and Bad, induce apoptosis,
whereas promotion of antiapoptotic signals, eg, Bcl2 and
BclXL, protects the cell from death.’>%%57 Herein, AT-MNPs
downregulated Bcl2- and BelXL-expression levels, whereas
Bax and Bad were significantly upregulated, increasing the
ratio of Bax:Bcl2 and thus contributing to apoptosis, which
was in line with TUNEL and flow cytometry results in
NSCLC cells.

P53, an essential tumor inhibitor, suppresses cancer
cell proliferation through cell cycle arrest modulation and
apoptosis mediation responding to various cellular stresses,
such as DNA damage and genomic aberrations.>® ¢ TRAIL,
a member of the TNF superfamily, induces rapid apoptosis
via interaction with DRs, including DR4 and DRS5. TRAIL
preferentially inhibits cancer cells over other normal cells,
suggesting its possible role in antitumor treatment.3>36-61:62
DR4 and DRS5 activation could recruit FADD as well as
caspase 8, leading to caspase 3 activation and eventually
apoptosis (Figure 11).34¢* Our study suggested that AT-
MNPs significantly upregulated p53 levels in a dose- and
time-dependent manner. In agreement with this, our in vivo
study also showed that p53 was apparently upregulated,
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Figure 11 Working model of the effect of Fe,O, magnetic nanoparticle and actein combination on NSCLC cells.

Notes: Fe,O, magnetic nanoparticle and actein combination treatment induces apoptosis in NSCLC cells in a p53-dependent manner. p53 activation results in TRAIL and its
DR4 and DRS5 contributing to caspase 8 activity through FADD stimulation. Further, p53 activity reduces Bcl2 and BcIXL expression, and promotes Bax and Bad expression
levels. Therefore, the ratio of Bax:Bcl2 is increased, which leads to activation of caspase 9 and caspase 3. Consequently, apoptosis in NSCLC cells is induced, inhibiting

NSCLC development.
Abbreviation: NSCLC, non-small-cell lung cancer.

as shown in the Western blot and IHC analyses. Consistently,
TRAIL, DR4, and FADD protein levels were significantly
increased with AT-Fe,O, MNP treatment. Similar results
were observed in in vivo experiments, where TRAIL and
FADD mRNA levels were substantially enhanced. In order
to confirm whether pS3 was the key point in AT-MNP-
induced apoptosis, NSCLC cells were treated with the p53
inhibitor PFTo in the presence of AT-MNP therapy. The data
illustrated that PFTa significantly reversed the high expres-
sion of p53 induced by AT-MNP treatment. Additionally,
mRNA levels of DR4, DR5, and TRAIL were in line with
pS3 alterations, showing reduced levels after PFTo treat-
ment in vitro. Additionally, p53 knockdown showed similar
results with PFTa treatment. Finally, the status of MDM?2,
an oncogene, was investigated to confirm the alteration of
p53 after AT and MNP treatment in single or combination
therapy. MDM2 is an E3 ubiquitin ligase that binds to p53
to promote degradation of the protein.’”* Overexpression of
MDM2 is often found in certain types of cancers, indicating

that MDM2 has an important role in tumorigenesis.® It has
been reported that inhibition of MDM2 expression in cancer
cells can reactivate p53, leading to apoptosis.®” Consistent
with previous studies, in our study the expression of MDM?2
was reduced after AT-MNP treatment in vitro and in vivo, an
alteration that was opposite to p53 expression in our study.
The results obviously show that p53 is of great importance
in AT-MNP treatment.

Taken together, our findings indicated that AT-MNP
treatment inhibited NSCLC progression in vitro and in vivo,
and was dependent on the p53-signaling pathway, promot-
ing apoptosis in NSCLC cells without toxicity in normal
cells or organs. Furthermore, the sustained release effects
of AT-MNPs were demonstrated directly in vivo. AT-MNPs
displayed a prolonged retention time and higher maximum
concentration in plasma compared to AT treatment alone.
In all, our study provides evidence that the use of AT in
combination with Fe,O, MNPs has a potential clinical value
in suppressing NSCLC progression.
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Small interfering RNAs

siRNA sequences against human p53 and negative silencing
were chemically synthesized by GenePharma (Shanghai,
China). siRNA sequences were as follows: 1, p53 siRNA,
UUC UAA GAG UCC UGC CCA G; 2, pS3 siRNA, UCC
UCA GAU CAU GAG CUG CAG; 3, p53 siRNA, UCA
UGA GUC GCC UAC ACU UCG G; and negative control
siRNA, TCA AGC ACG TCT CCA AGT C. A549 cells
were plated on six-well plates at 3x10° cells per well and
transfected with 100 pmol siRNA duplex per well using
Lipofectamine 2000 (Thermo Fisher Scientific, Waltham,
MA, USA) following the manufacturer’s instructions. Cells
were harvested 48 hours after transfection.

Pharmacokinetic parameter assessment
To study the release properties of AT-MNPs in vivo, 150 male
C57BL/6 mice 6-8 weeks old were divided into two groups:

Group 1 received AT (15 mg/kg) intraperitoneally, whereas
group 2 received AT-MNPs (15 and 20 mg/kg). Blood was
extracted at various time points (0.5, 1, 2, 2.5, 3, 3.5, 4, 4.5,
5,55,6,65,7,7.5,8,8.5,9,9.5, 10, 10.5, 11, 11.5, 12, and
12.5 hours) after feeding and frozen at —80°C. All measurements
were made by high-performance liquid chromatography.

H,O, detection

A549 and H1975 cells were seeded in 96-well plates
and incubated for 24 hours in complete medium in the
presence or absence of MNPs (20 pug/mL). Cells were
washed in PBS and incubated with 100 uL/well of 5 uM
2", 7’-dichlorodihydrofluorescein diacetate diluted in PBS
(Thermo Fisher Scientific). H,O, levels were assayed by
spectrofluorometry on a fusion spectrofluorometer (Packard
Bell, Nijmegen, the Netherlands). Fluorescence intensity was
recorded every hour over a period of 5 hours. Excitation and
emission wavelengths used for H,O, were 485 and 530 nm.

A B [ kkk kkk
[ — N —
0
A549 A549 s
b | - 4 p
ps3 M. - - =~ 5 <
£
1
GAPDH.--.‘ GAPDH R I s
a 2-
S & B PP ATQ0pM) —  +  + 2
ROENCHR e MNPs (20 pg/mL)  — + L.
0:5\ OROX #2siP53
e@ Si - - 0
AT (20 pM) —  +
MNPs (20 pg/mL) -  +
#2siP53 - — +
C 6 - 8 - 6 - sk okekk D 20 - Fopk Fok
fkk kkk " 1 i
) ) T =
[ [ N
$ 2 5- > < 154
o ] - P
- 44 - 44 =
1) ) o >
o o Z o
Z Z 4 s o 104
= = 4 =
14 (1 £ <]
€ 2- E E 2. 5
< 0 24 = 8- 5 4
5 5 & <
-
0- 0- 0- 0-
AT (20pM) -  + + -+ o+ -+ o+ AT (20 uM)  — + o+
MNPs (20 yg/mL) -  + + -+ o+ - 4+ + MNPs(20pug/mL) — + +
#2siP53 - -+ - - t - - #2siP53 - -+

Figure S1 P53 knockdown reduced Fe,O, AT-MNP-induced apoptosis.

Notes: (A) A549 cells were transfected with siP53 sequences for 48 hours. Next, Western blot analysis was used to detect p53 expression levels. siP53 sequence 2 was
used to suppress p53 expression for 48 hours, accompanied by AT and MNP treatment for 24 hours before harvest. (B) FADD protein levels were calculated using Western
blot analysis. (C) DR4, DR5, and TRAIL mRNA levels were determined using RT-qPCR assays. (D) Apoptosis cells were measured by flow cytometry. Values are expressed
as means + standard error of mean. **P<<0.01; ***P<<0.001. Analysis of variance and Dunnett’s analysis were included to compare the averages of multiple groups.

Abbreviations: MNPs, magnetic nanoparticles; AT, actein; siP53, small interfering p53; mRNA, messenger RNA; RT-qPCR, real-time quantitative polymerase chain reaction;

Con, control.
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The number of cells was evaluated by crystal violet assay.  calculated in each sample as follows: reactive oxygen species
Cells were stained in 0.05% crystal violet and 2% ethanol in  rate (arbitrary units/min per 10° cells) = (fluorescence inten-
PBS for 30 minutes at room temperature. After four washes  sity [arbitrary units] at 300 minutes — fluorescence intensity
in PBS, the stain was dissolved in methanol and measured  [arbitrary units] at 0 minutes) per 60 minutes per number of
at 550 nm by spectrofluorometry. The level of H,O, was  cells, as measured by the crystal violet assay.
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Figure S2 Effects of Fe,O, AT-MNPs on cell viability.

Notes: (A) A549 cells were transfected with siP53 2-specific sequences for 48 hours, followed by MTT analysis. (B) After transfection for 48 hours, A549 cells were treated
with AT, MNPs, or a combination thereof for another 24 hours, followed by MTT analysis. (C) HI975 cells were transfected with siP53 2-specific sequences for 48 hours,
followed by MTT analysis. (D) After transfection for 48 hours, H1975 cells were exposed to AT, MNPs, or a combination thereof for another 24 hours, followed by MTT
analysis. Values are expressed as means + standard error of mean. *P<<0.05 and ***P<<0.001 versus Con group; #P<<0.0| and **P<<0.001 versus the AT-MNP group. Analysis
of variance and Dunnett’s analysis were included to compare the average of multiple groups.

Abbreviations: MNPs, magnetic nanoparticles; AT, actein; siP53, small interfering p53; Con, control; NS, not significant.
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Figure S3 Fe,O, AT-MNPs inhibited NSCLC via MDM2 suppression.

Notes: (A) A549 and HI975 cells were given AT, MNPs, or a combination thereof at the concentrations indicated for 24 hours. Total protein was extracted and subjected
to immunoblot analysis for MDM2 analysis. (B) Left: A549 and H1975 were treated with AT-MNPs for different times (0, 6, 12, 24, and 48 hours). MDM2 protein in whole-
cell lysates was determined by specific antibody. Middle: A549 and H1975 cells were treated with MNPs at the concentrations indicated (0, 5, 10, 20, and 40 pg/mL) in the
absence of AT for 24 hours. Western blot was used to determine MDM2 protein expression levels. Right: A549 and HI975 cells were treated with AT at the concentrations
indicated (0, 5, 10, 20, and 30 uM) in the absence of MNPs for 24 hours. Immunoblot was used to determine MDM2 protein expression levels. (C) In vivo, the MDM2 protein
expression levels were calculated in tumor tissue samples obtained from mice treated under different conditions as indicated. Values are expressed as means * standard error
of mean. *P<<0.05 and **P<<0.001 vs Con group; *P<<0.05; #P<<0.01. Analysis of variance and Dunnett’s analysis were included to compare the average of multiple groups.

Abbreviations: MNPs, magnetic nanoparticles; AT, actein; NSCLC, non-small-cell lung cancer; Con, control.
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Figure S4 Concentration of AT in plasma versus time.
Abbreviations: MNPs, magnetic nanoparticles; AT, actein.
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Figure S5 Fe,O, MNP administration enhanced H,O, levels in lung cancer cells.

Notes: (A) A549 and (B) H1975 cells were treated with 20 ug/mL MNPs for 24 hours, followed by H,O,-level detection. Values are expressed as means * standard error
of mean. ¥P<0.01 and ***P<<0.001 vs Con group.
Abbreviations: MNPs, magnetic nanoparticles; Con, control.
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