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Osteosarcoma is the most common primary malignancy of the skeleton in children and adults. The outcomes of people with
osteosarcomas are unsatisfied. S-Phenethyl isothiocyanate (PEITC) exhibits chemoprevention and chemotherapeutic activities
against many human cancers. The molecular mechanism underlying its action on osteosarcoma is still unknown. This study was
aimed at investigating the effect of PEITC on human osteosarcoma both in vitro and in vivo. The results showed that PEITC
reduced cell viability, inhibited proliferation, and caused G,/M cell cycle arrest in four human osteosarcoma cell lines
(MNNG/HOS, U-2 0S, MG-63, and 143B). Then, we found that PEITC altered iron metabolism related to the processes of iron
import, storage, and export, which resulted in increased labile iron. Expectedly, PEITC caused oxidative stress as a consequence
of GSH depletion-inducing ROS generation and lipid peroxidation. Multiple cell death modalities, including ferroptosis,
apoptosis, and autophagy, were triggered in human osteosarcoma cells. Three MAPKs (ERK, p38, and JNK) were all activated
after PEITC treatment; however, they presented different responses among the four human osteosarcoma cell lines. ROS
generation was proved to be the major cause of PEITC-induced decreased proliferative potential, altered iron metabolism, cell
death, and activated MAPKs in human osteosarcoma cells. In addition, PEITC also significantly delayed tumor growth in a
xenograft osteosarcoma mouse model with a 30 mg/kg administration dose. In conclusion, this study reveals that PEITC
simultaneously triggers ferroptosis, apoptosis, and autophagy in human osteosarcoma cells by inducing oxidative stress.

1. Introduction

Osteosarcoma (OS) is a primary tumor of the skeleton ordi-
narily manifesting as malignant mesenchymal cells produc-
ing osteoid or immature bone [1]. Most of the cases range
from 10 to 25 years of age. Although a large number of che-
motherapeutic agents are in use, most of patients still need
limb surgical resection and undergo lung metastasis [2].
Nowadays, there is no obvious improved outcome in OS
patients [3, 4]. Alternative therapeutic approaches for OS

patients are urgently needed to improve their life quality
and increase their hope for future [5-7]. One of the promis-
ing explorations is to screen potential anticancer agents from
natural products that can endow the marvelous power of
plant phytochemicals to human health.

The daily diets of cruciferous vegetables profoundly ben-
efit human health [8]. Epidemiological studies support the
effects of long-term dietary intake of cruciferous vegetables
in reducing the likelihood of cancer incidence, especially
emphasizing the anticancer effect of their main active
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components isothiocyanates (ITCs) [9-12]. 8-Phenethyl iso-
thiocyanate (PEITC), one of the most promising ITCs, has
been undergone small human clinical trials against cancers,
such as breast cancer, lung cancer, and prostate cancer, either
within cruciferous food or as a single agent [13, 14]. PEITC
has its unique biological features charactering as high oral
bioavailability, low clearance, and high protein binding
[15]. Current evidence and outcomes suggest that it is poten-
tial for future clinical development and application in cancer
therapy [16]. It has long been documented that the proposed
antitumor mechanism of PEITC attributes to the modulation
of cytochrome P450s, regulation of phase II detoxifying
enzymes, induction of cell cycle arrest, and disturbance of
redox homeostasis [17].

Although the biological effects of PEITC on cancers have
been extensively demonstrated, there is limited knowledge
concerning its effect on human OS. Herein, we intend to
unravel the mechanism underlying the effects of PEITC on
MNNG/HOS, U-2 OS, MG-63, and 143B human OS cells.
Our results show that PEITC inhibits cell proliferation and
triggers different cell death modalities including ferroptosis,
apoptosis, and autophagy in four human OS cell lines. The
cytotoxicity of PEITC on osteosarcoma cells attributes to
GSH depletion, increase of labile iron, ROS generation, and
MAPK signaling pathway activation. Understanding the
antitumor mechanism of PEITC on human osteosarcoma
cells is essential for the application of this natural compound
for further clinical trials.

2. Materials and Methods

2.1. Cell Viability. MNNG/HOS, U-2 OS, MG-63, and 143B
human OS cells were obtained from the cell bank of Chinese
Academy of Sciences (Shanghai, China) and grown in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum
and 100 units/mL penicillin-streptomycin at 37°C in a 5%
CO, incubator. The viability of the four human OS cell lines
after PEITC (Shanghai Hushi Laboratorial Equipment Co.,
Ltd, Shanghai, China) treatment was determined by using
cell counting kit-8 (CCK-8 kit, Beyotime, C0037). OS cells
were seeded in 96-well cell culture plates at a density of 5 x
10* cells/mL and allowed to attach. The following day, cells
were treated with different concentrations of PEITC for
24h, 48h, and 72h. Then, 10% CCK-8 solution was added
and incubated at 37°C for 2 h. Cell viability was determined
by measuring absorbance at 450 nm on a Synergy HT multi-
mode microplate reader (BioTek, Winooski, Vermont, USA).

2.2.  Observation of Subcellular Structural Changes.
MNNG/HOS OS cells were seeded in 6-well cell culture
plates with a density of 1x10°cells/mL and allowed to
attach. The following day, cells were treated with 30 uM
PEITC for 4h, 12h, and 24h, respectively. Cells were col-
lected and washed by PBS, fixed in 2% paraformaldehyde,
2.5% glutaraldehyde in 0.1M sodium cacodylate buffer
before washing in 0.1 M sodium cacodylate buffer, then
followed by postfixing in 1% osmium tetroxide in 0.1 M
sodium cacodylate buffer. After fixation, cells were dehy-
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drated through a graded series of alcohols and embedded in
Spurrs Resin. Ultrathin sections were cut with a diamond
knife using a Leica Ultracut S ultra-microtome and stained
with both methanolic uranyl acetate and lead citrate before
viewing in a LEO 906 transmission electron microscope
operated at 60kV.

2.3. Cell Death Assay. OS cells were seeded in 96-well cell cul-
ture plates with a density of 5 x 10* cells/mL and allowed to
attach. The following day, the cells were treated with 30 yuM
PEITC in the presence of 50 uM z-VAD-FMK (Beyotime,
C1202), 50 uM necrostatin-1 (Ner-1, SelleckChem, S8037),
10uM ferrostatin-1 (Fer-1, Sigma, SML0583), 100nM
liproxstatin-1 (Lip-1, SelleckChem, §7699), 1 uM bafilomycin
Al (Baf-Al, SelleckChem, S1413), 10 mM 3-methyladenine
(3-MA, SelleckChem, 2767), or 1 mM N-acetyl-L-cysteine
(NAGC, Sigma-Aldrich, A9165) for 24h. Then, 10% CCK-8
solution was added and incubated at 37°C for 2 h. The cell cul-
ture plates were read by a Synergy HT multimode microplate
reader (BioTek, Winooski, Vermont, USA) at a wavelength of
450 nm.

2.4. Colony Formation Assay. OS cells were plated at a density
of 1 x 10° cells/mL in 6-well cell culture plates and allowed to
attach. The following day, the cells were treated with PEITC
for 24 h. After treatment, the cells were detached using tryp-
sin, and an equal number of cells from each treatment were
reseeded in 6-well cell culture plates. The medium was chan-
ged every 3 days for consecutive 10 days. Finally, the colonies
were stained with 0.5% crystal violet for 15 min, the dye was
washed with pure water, images were photographed by a ste-
reomicroscope (Canon Inc., Tokyo, Japan), and the colonies
were counted.

2.5. EdU Cell Proliferation Assay. EAU cell proliferation assay
was performed by using Cell-Light™ EdU ®Apollo567
in vitro imaging kit (RiboBio, C10310). In brief, OS cells were
seeded at a density of 5 x 10* cells/mL in 96-well cell culture
plates and allowed to attach. The following day, the cells were
treated with PEITC for 24h. The cells were labeled with
50 uM EdU solution for 2h and then immobilized with PBS
containing 4% paraformaldehyde for 30 min. Apollo staining
solution was then added and incubated for 30 min protecting
from light. In the final step, Hoechst 33342 solution was
added, and cells were incubated in the dark for 30 min.
Hoechst 33342 solution was removed, and the cells were
washed three times with PBS. The images were captured
immediately by an MD IL HC inverted fluorescence micro-
scope (Leica, Wetzlar, Germany).

2.6. Cell Cycle Analysis. Cell cycle was analyzed by flow cyt-
ometer with PI/RNase staining buffer (Beyotime, C1052).
In brief, OS cells were seeded at a density of 1 x 10° cells/
mL in 6-well cell culture plates and allowed to attach. The fol-
lowing day, the cells were treated with PEITC for 24h. The
cells were gently rinsed with precooled PBS solution, trypsi-
nized, and centrifuged at 1,000 x g for 5min to collect the
cells. After washing once with cold PBS, the cells were resus-
pended in 1 mL of cold 70% ethanol and allowed to store at
4°C for 24h. After washing the cells with cold PBS, 500 uL
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of PI staining solution was added to each sample, and incu-
bated for another 30 min at 37°C protecting from light. The
samples were run on a FACSCalibur flow cytometer (BD Bio-
sciences, San Jose, CA, USA), and the percentage of cells in
each phase of cell cycle was calculated using the ModFit
software.

2.7. Iron Quantification. The amount of total iron was deter-
mined by atomic absorption spectrometer (AAS, Analytik
Jena, Germany). In brief, OS cells were seeded at a density
of 1 x 10° cells/mL in 6-well cell culture plates and allowed
to attach. The following day, the cells were treated with
PEITC for 24 h. After washing with PBS, the cells were resus-
pended in PBS for protein quantification and iron quantifica-
tion. The samples for iron quantification were heat-disrupted
with 500 uL of HNO; at 70°C for 2h. The samples were
analyzed by AAS, and total iron content was normalized to
protein concentration.

2.8. Cellular Labile Iron Staining. Cellular labile iron was
measured by Calcein-AM (Thermo, C3099) staining. In
brief, OS cells were seeded at a density of 1 x 10° cells/mL
in 6-well cell culture plates, and after PEITC treatment, the
cells were trypsinized, centrifuged, suspended in 1mL of
PBS, and counted. 1 x 10° cells were collected and incubated
with 100 nM Calcein-AM for 15 min at 37°C protected from
light. After washing the extra Calcein-AM with PBS, the cells
were centrifuged and resuspended in PBS again, and the fluo-
rescence profile of the samples was monitored by using a
FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA, USA).

2.9. Measurement of Cytosolic ROS. Intracellular cytosolic
ROS was measured by using ROS assay kit (Beyotime,
S0033). In brief, OS cells were seeded at a density of 1 x
10° cells/mL in 6-well cell culture plates and allowed to
attach. The following day, the cells were treated with
PEITC for 24h. After treatment, cells were collected, and
DCFH-DA probe was loaded. The cells were incubated
with DCFH-DA at 37°C for 20min protected from light,
then washed three times with serum-free medium to
remove extracellular probes, and finally analyzed by a
FACSCalibur flow cytometer (BD Biosciences, San Jose,
CA, USA).

2.10. Measurement of Lipid ROS. Generation of lipid ROS
was detected by using BODIPY 581/591 C11 sensor (Thermo
Fisher, D3861). In brief, OS cells were seeded at a density of
1 x 10° cells/mL in 6-well cell culture plates and allowed to
attach. The following day, the cells were treated with PEITC
for 24 h. The cells were then incubated with 10 yM BODIPY
581/591 C11 staining solution for 40 min at 37°C protected
from light. After staining, the cells were washed three times
with PBS and immediately imaged by an MD IL HC inverted
fluorescence microscope (Leica, Wetzlar, Germany).

2.11. Measurement of MDA. Malondialdehyde (MDA) con-
tent was measured by using lipid peroxidation MDA assay
kit (Beyotime, S0131). OS cells were plated at a density of 1
x 10° cells/mL in 6-well cell culture plates and allowed to

attach. The following day, the cells were treated with PEITC
for 24 h. After treatment, the cells were lysed by RIPA lysis
buffer (Beyotime, P0013B) and centrifuged. The test solution
was added to the supernatant. MDA level was determined by
a Synergy HT multimode microplate reader (BioTek, Winoo-
ski, Vermont, USA) at 535nm and normalized to protein
concentration.

2.12. Measurement of GSH. The levels of total glutathione
and oxidized glutathione were measured by using the
GSH/GSSG assay kit (Beyotime, S0053). In brief, OS cells
were seeded at a density of 1 x 10° cells/mL in 6-well cell cul-
ture plates and allowed to attach. The following day, the cells
were treated with PEITC for 24 h. The cells were then washed
with cold PBS and lysed by two cycles of freezing and thaw-
ing. The samples were then centrifuged at 10,000 x g for
10 min, and the supernatant was collected for determination
of total glutathione and oxidized glutathione (GSSG). The
intracellular GSH was measured by a Synergy HT multimode
microplate reader (BioTek, Winooski, Vermont, USA) at
412 nm. The level of reduced GSH was obtained by subtract-
ing GSSG from the total glutathione and normalized to pro-
tein concentration.

2.13. Morphological Observation of Mitochondria and Nuclei.
The mitochondria and nuclei were labeled by MitoTracker
Green (Thermo, M7514) and Hoechst 33342 (Beyotime,
C1022), respectively. In brief, OS cells were seeded at a den-
sity of 7.5 x 10* cells/mL in 24-well cell culture plates and
allowed to attach. The following day, the cells were treated
with PEITC for 24 h. After PEITC treatment, the cells were
washed with PBS and stained with 20 nM MitoTracker Green
and Hoechst 33342 solution for 30 min at 37°C protected
from light, respectively. The cells were washed with PBS
again and imaged by an MD IL HC inverted fluorescence
microscope (Leica, Wetzlar, Germany).

2.14. Measurement of Mitochondrial Transmembrane
Potential. The mitochondrial transmembrane potential
was measured with JC-1 fluorescent probe (Beyotime,
C2006). In brief, OS cells were seeded at a density of
1 x 10° cells/mL in 6-well cell culture plates and allowed
to attach. The following day, the cells were treated with
PEITC for 24h. After PEITC treatment, the cells were
collected, washed with PBS, and incubated with JC-1
solution for 20min at 37°C. The stained cells were
washed with PBS and analyzed by a FACSCalibur flow
cytometer (BD Biosciences, San Jose, CA, USA).

2.15. Detection of Acidic Vesicular Organelles Formation. The
formation of intracellular acidic vesicular organelles was
observed by using acridine orange (AO, Thermo, A3568).
In brief, OS cells were seeded at a density of 7.5 x 10* cells/
mL in 24-well cell culture plates and allowed to attach. The
following day, the cells were treated with PEITC for 24h.
Then, the cells were washed with PBS and stained with
10 uM AO solution for 15min at 37°C protected from light.
After discarding the AO solution, the cells were washed again
with PBS and immediately observed with an MD IL HC
inverted fluorescence microscope (Leica, Wetzlar, Germany).



2.16. Detection of Lysosomes. Lysosomes were observed by
using LysoTracker Red (Beyotime, C1046). In brief, OS cells
were seeded at a density of 7.5 x 10* cells/mL in 24-well cell
culture plates and allowed to attach. The following day, the
cells were treated with PEITC for 24 h. Then, the cells were
washed with PBS and incubated with 500 nM lysosome stain-
ing solution for 3 h at 37°C protected from light. After wash-
ing with by PBS, the cells were observed with an MD IL HC
inverted fluorescence microscope (Leica, Wetzlar, Germany).

2.17. Western Blotting Analysis. OS cells were seeded at a
density of 1x 10° cells/mL in 6-well cell culture plates and
allowed to attach. The following day, the cells were treated
with PEITC at concentrations of 1uM, 15uM, and 30 uM
for 20h or 30 uM PEITC for 4h, 12h, 24 h, and 48 h. Then
cultured cells were washed with cold PBS and lysed with
RIPA lysis buffer containing 1% protease/phosphatase inhib-
itors (Cwbiotech, Beijing, China) for 20 min on ice. Cell
lysates were centrifuged at 12,000 x g for 10 min, and the
supernatant was collected. Protein concentrations were
quantified using a BCA protein assay kit (Beyotime,
P0012S) according to the manufacture’s instruction. Equal
amounts of protein samples were separated by SDS-PAGE
and transferred onto PVDF membrane. The membranes
were blocked with 5% skimmed milk in TBST at room tem-
perature for 3h and then incubated with primary antibodies
at 4°C for overnight. Antibodies against S-actin (4967),
Beclinl (3495), p62 (5114), ERK (4348S), p-ERK (85445),
JNK (92528), p-JNK (92518), p38 (114518), p-p38 (40929),
and IRP2 (37135) were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA). Antibodies against Caspase3
(AC030), C-caspase3 (AC033), and C-PARP (AF1567) were
purchased from Beyotime Biotechnology (Shanghai, China).
Antibodies against Bcl2 (18858), Bax (182733), LC3B
(48394), Cdc2 (28439), FTHI1 (75972), NCOA4 (86707),
and GPx4 (185689) were purchased from Abcam (Cam-
bridge, MA, USA). Antibodies against TfR1 (13-6800), FPN
(PA5-22993), and DMT1 (PA5-35136) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). After
washed with TBST, the membranes were incubated with an
HRP-conjugated secondary antibody (Beyotime, A0216 and
A0208) at room temperature for 2h. Each band was visual-
ized by BeyoECL Moon (Beyotime, PO018FM) on a T5200
multi automatic fluorescence/chemiluminescence imaging
system (Tanon).

2.18. RNA Isolation and gqRT-PCR Analysis. Total RNA from
the PEITC treatment groups was extracted by Trizol (Invitro-
gen, Carlsbad, CA, USA). mRNA was reverse-transcribed
into cDNA using HiScript IT Q RT SuperMix (Vazyme Bio-
tech Co., Ltd, Nanjing, China, R222-01). The relative mRNA
expression levels of TFRC, SLC11A2, FTH1, SLC40A1, and
IRP2 were determined using q-PCR with the cDNA template
and ChamQ SYBR qPCR Master Mix (Vazyme Biotech,
Q311-02) in a CFX96 Touch qPCR System (BioRad, Hercu-
les, CA, USA). The sequences of forward and reverse primers
of these genes are as follows: GADPH, forward: 5" TGC ACC
ACC AACTGC TTA G 3', reverse: 5 GGA TGC AGG GAT

GAT GTT C 3'; TFRC, forward: 5° ACC ATT GTC ATA
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TAC CCG GTT CA 3’, reverse: 5' CAA TAG CCC AAG
TAG CCA ATC AT 3'; SLC11A2, forward: 5' GTG GTC
AGC GTG GCT TAT CT 3/, reverse: 5 AGC TGT CAA
TCC CAG ATG GC 3'; FTHI, forward: 5' CTG CAC AAA
CTG GCC ACT GA 3', reverse: 5 TCA CGT GGT CAC
CCA ATT CTT 3'; SLC40A1, forward: 5’ CTA CTT GGG
GAG ATC GGA TGT 3/, reverse: 5' CTG GGC CAC TTT
AAG TCT AGC 3'; and IRP2, forward: 5 GAC GCC CCA
AAA GCA GGA TA 3', reverse: 5 TCG TAC AGC AGC
TTC CAA CA 3'. The primers of these genes are synthesized
by Sangon Biotech Co., Ltd. (Shanghai, China). The data were
calibrated to GAPDH and analyzed via the 2744" method.

2.19. OS Xenograft Model. All animal experimental proce-
dures conducted in accordance with protocols were approved
by the Northwestern Polytechnical University Animal Care
and Use Committee (No. 201900017). All efforts were made
to reduce animal suffering. Four-week-old male BALB/c
nude mice (16g-18g) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing,
China). They were maintained under specific pathogen-free
regulated environment with a 12h light/dark cycle and
supplied with food and water ad libitum. Five mice shared
one cage. After one week’s adaptation, MNNG/HOS
human OS cells were harvested, and a total of 1x 10’
MNNG/HOS cells in 100 yL of mixture of PBS and Matri-
gel (1:1) (BD, 356234) were injected subcutaneously into
the right flank of the mouse. When the mice developed
the tumor volume about 100 mm?®, they were randomized
into two groups of 8-10 mice per group and treated as
follows: 10% sesame-seed oil with saline in control group
and 30mg/kg PEITC (PEITC in 10% sesame-seed oil with
saline) in treated group. Mice were intragastrically admin-
istrated at afternoon daily for 24 days. The tumor size and
body weight were measured every 3 days. The tumor vol-
ume was calculated in accordance with the formula:
length x width?/2. After the final treatment of the experi-
ment, all the mice were euthanized with isoflurane and
then sacrificed by cervical dislocation. Tumor tissues were
harvested, weighted, then snap-frozen in liquid nitrogen,
and stored at -80°C. The harvested samples were used
for Western blotting and histopathological analysis.

2.20. Histopathology. Formalin-fixed tissue samples were
embedded in paraffin, and 4 ym sections were cut. Primary
tumor sections were stained with H&E for routine histologi-
cal examinations and morphometric analysis. The sections
were visualized by using an Eclipse 80i fluorescence micro-
scope (Nikon, Tokyo, Japan).

2.21. Statistical Analysis. Statistical analysis was performed
by using GraphPad Prism software, and the data were
displayed as mean + SD. One-way analyses of variance or
Student’s t-test was used for statistical analysis. Significance
was defined at *P < 0.05, **P < 0.01, and ***P < 0.001 versus
control group.
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3. Results

3.1. PEITC Reduced Viability and Induced Cell Death in
Human OS Cells. CCK-8 assay was used to assess the viability
of human OS cells after treatment with serial concentrations
of PEITC for different time periods. The results indicated
that PEITC significantly inhibited the viability of human
OS cells in concentration- and time-dependent manners
(Figure 1(a)). After PEITC treatment, MNNG/HOS OS cells
exhibited obvious subcellular structure changes in mitochon-
dria, nuclei, and autophagic vacuoles by transmission elec-
tron microscopy (TEM) imaging (Figure 1(b)). The
mitochondria of MNNG/HOS OS cells became into round,
shrunk, and dilated shape with reduced/disappeared cristae
at 4h of PEITC treatment as compared with the elongated
ones in the control group. There were double-membrane
vacuoles with undigested contents and single-membrane
vacuoles with degradation of contents in PEITC-treated
MNNG/HOS OS cells. Chromatin condensation, nuclear
fragmentation, and blebbed membrane appeared when
PEITC treatment lasted for 24h. MNNG/HOS OS cells dis-
played obvious subcellular structural characteristics in mito-
chondria, autophagic structures, and nuclei, indicating the
possible onset of ferroptosis, autophagy, and apoptosis by
PEITC treatment.

To confirm the cytotoxic effects of PEITC on human OS
cells, we investigated whether the reduced viability was due to
the possibility of triggering cell death. The viability of human
OS cells treated with PEITC in the presence of caspase inhib-
itor z-VAD-FMK, RIP1 kinase inhibitor Ner-1, lipid ROS
scavenger Fer-1 and Lip-1, H"-ATPase inhibitor Baf-Al,
phosphoinositide 3-kinase (PI3K) inhibitor 3-MA, or an
antioxidant NAC were examined. The results indicated that
apoptosis inhibitor, necroptosis inhibitor, autophagy inhibi-
tors, and ferroptosis inhibitors partially rescued cell death
induced by PEITC, whereas antioxidant NAC totally rescued
the reduced viability induced by PEITC in OS cells
(Figure 1(c)). Cell death inhibitors partly protected the cells
against cell death, which highlighted that apoptosis, necro-
poptosis, autophagy, and ferroptosis were triggered in
human OS cells by PEITC treatment.

3.2. PEITC Inhibited Proliferation of Human OS Cells. To fur-
ther verify the inhibitory effect of PEITC on the proliferative
potential of human OS cells, both colony formation and EAU
assays were conducted. The results demonstrated that PEITC
exhibited concentration-dependent inhibitory effects on the
proliferation of four human OS cell lines, and higher concen-
tration of PEITC significantly reduced the colony formation
capacity of human OS cells as compared with the control
group (Figures 2(a) and 2(b)). As shown in Figures 2(c)
and 2(d), after PEITC treatment, there displayed less Hoechst
33342 staining cells, less EdU-positive cells, and the propor-
tion of EdU-positive cells were decreased. These results indi-
cated that PEITC inhibited the proliferation of human OS
cells.

3.3. PEITC Induced G,/M Cell Cycle Arrest in Human OS
Cells. We speculated whether the inhibitory effects of

PEITC on cell proliferation of human OS cells related to
its effect on cell cycle progression. Results of cell cycle dis-
tribution showed that exposure of human OS cells to
PEITC for 24h led to increased proportion of cells in
G,/M phase and a corresponding decrease in G,/G, phase
(Figures 3(a) and 3(b)).

3.4. PEITC Altered Iron Metabolism in Human OS Cells. Iron
is an important element for life that participates in many cel-
lular processions. Alterations in iron metabolism in tumors
lead to tumor growth or death. We tested whether iron
metabolism was altered in PEITC-treated human OS cells.
First, we measured total iron content by AAS. The results
indicated that PEITC significantly increased total iron level
in four human OS cell lines (Figure 4(a)). Then, we analyzed
the level of intracellular labile iron using Calcein-AM sensor.
It can be seen from Figure 4(b), the number of cells with
darken green fluorescence was increased accompanied with
decreased number of cells with light green fluorescence as
PEITC concentration increased in MNNG/HOS, U-2 OS,
and 143B cells. MG-63 cells exhibited less evident changes
in number of cells with darken green fluorescence. It con-
cluded that after PEITC treatment, there was a shift in the cell
number from cells with lower content labile iron toward cells
with higher content of labile iron in MNNG/HOS, U-2 OS,
and 143B cells.

Iron is tightly regulated by controlling iron uptake,
storage, utilization, and efflux. We suspected whether
alterations in iron metabolism regulators resulted in both
elevated total iron level and the shifts in labile iron in
human OS cells. The Western blotting showed that the
expression of TfR1 was upregulated after PEITC treat-
ment, and FPN, FTH1, and DMT1 were all downregulated
(Figure 4(c)). The protein expression level of IRP2 was
decreased in PEITC-treated human OS cells. IRP2 is an
iron-dependent protein, which senses cellular labile iron
by regulating the processes of iron import and export.
The decreased expression levels of IRP2 indicated the
increased level of labile iron.

To further explore the modulation mechanism of PEITC
on iron metabolism in human OS cells, we detected mRNA
expression levels of iron-regulatory genes. Interestingly, we
found that the mRNA transcript levels of FTHI and
SLC40AIboth increased while the transcript levels of IRP2,
TFRC, and SLCI11A2 all decreased in human OS cells after
PEITC treatment (Figure 4(d)). Increase of labile iron led to
increased translation of mRNAs of FTHI and SLC40A1 and
degradation of TFRC mRNA.

The increase of labile iron can be from TfR1-mediated
iron import and/or ferritin degradation. Nuclear receptor
coactivator 4 (NCOA4) is a cargo receptor which mediates
ferritin degradation in the autophagosome in the ferritino-
phagy process. In Figure 4(e), NCOA4 level was increased
and then decreased in human OS cells. FTHI levels were
lower in PEITC-treated group because of degradation
and iron liberating from them. Therefore, these results
clarified that the higher level of iron in PEITC-treated
human OS cells was owing to high expression of TfRlI,
down expressions of FTH1 and FPN, which together



MNNG/HOS U-2 0S8
150 150
g 125 8 125
& 100 £ 100
=1 =
) 75 5 75
= 50 = 50
5 25 T 25
o 0 o 0
oW~ %O T oA SN~ <O T O A
N — O N = N (o] — O 1N — N
s N o S NN o
PEITC concentration (M) PEITC concentration (yM)
—eo— 24h
—m— 48h
—— 72h
Control
AR

MNNG/HOS U-208
150 150
X X
£ 100 £ 100 55 e 08 3 53
= =
=) =
S =
=50 50
3 3
0 0
PETIC(30uM) - + + + + + + + + PETIC(30uM) - + + + + + + + +
VRS V)
sy aTtsS < sy ats<
5525337 ELEr
[a) ] A =
< <
= =
N N

Oxidative Medicine and Cellular Longevity

MG-63 143B

150 150
& 125 & 125
2 100 2 100
B 75 E 75
< <
£ 50 £ 50
@ 25 = 25

0 T T T T T T T T T U 0

Sy~ TET R ey~ TET RIS

PEITC concentration (4M) PEITC concentration (uM)

()
PEITC treatment time (h)

MG-63

143B

150 150

g g
2 100 P 2 100
= P =
=) =)
S S
=50 50
3 3
0 0
PETIC(30uM) - + + + + + + + + PETIC(30uM) - + + + + + + + +
THTTTZSQ "¥TTIZS9
25583332 25583332
HZESF NP HZESF NP
A A A &
< <
= =
N N

()

F1GURE 1: PEITC reduced viability and induced cell death in human OS cells. (a) Viability of MNNG/HOS, U-2 OS, MG-63, and 143B cells
treated with series concentrations of PEITC for 24 h, 48 h, and 72h. The data were presented as mean + SD (n =4). (b) The subcellular
structural changes in MNNG/HOS OS cells treated with 30 uM PEITC for 4h, 12h, and 24 h analyzed by TEM. Blue arrows indicated

intact mitochondria. Green triangles indicate autophagic vacuoles

containing intact and degraded cellular debris. Red arrows indicate

round and shrunken mitochondria. Yellow arrows indicate a blebbed membrane. Purple arrows indicate nuclear fragmentation. (c)
Viability of MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with PEITC in the presence of 50 uM z-VAD-FMK, 50 uM Ner-1,
10 uM Fer-1, 100 nM Lip-1, 1 uM Baf-Al, 10 mM 3-MA, or 1 mM NAC for 24 h. The data were presented as mean + SD (n =4). *P <0.05,
**P <0.01, and ***P < 0.001 versus control group. #P < 0.05, ##P < 0.01, and ### P < 0.001 versus PEITC treatment group.

leading to uptake of iron, degradation of iron storage pro-
teins, and decrease in iron efflux.

3.5. PEITC Induced Oxidative Stress in Human OS Cells. To
validate whether PEITC caused oxidative stress in human
OS cells, we tested the alterations of cytosolic ROS levels in
OS cells treated by PEITC for 24 h with DCFH-DA sensor.

After PEITC treatment, there appeared significant cellular
ROS generation in MNNG/HOS, MG-63, and 143B cells
(Figure 5(a)). Then, we measured lipid ROS by using BOD-
IPY 581/591 C11. In Figures 5(b) and 5(c), PEITC treatment
for 24 h increased the level of oxidized lipid ROS in human
OS cells. In order to confirm whether ROS induced by PEITC
exerted oxidative stress in human OS cells, we measured the
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cells after the indicated concentrations of PEITC treatment for 24 h by PI staining. (b) Quantitative analysis of cell cycle distribution in (a).

level of MDA, which is a product generated from lipid perox-
idation. Likewise, there was significant elevation in MDA
corresponding to lipid peroxidation by PEITC treatment in
human OS cells (Figure 5(d)).

Maintenance of cellular redox balance is essential for cell
fate. GSH is the major cellular redox buffer, and GSH/GSSG
ratio is an important indicator for the redox status in cells.
We speculated that the excess ROS might be a result of the
defect in the antioxidant system, which lacks the capability
of ROS removal. Therefore, the effect of PEITC on the GSH
antioxidant system was detected in human OS cells. The
results demonstrated that PEITC significantly decreased

GSH/GSSG ratio (Figure 5(e)). The expression level of
GPx4 in human OS cells was decreased after PEITC treat-
ment for at least 24 h (Figure 5(f)). In conclusion, we specu-
lated that PEITC impaired cellular GSH antioxidant defense
accompanied with reducing GSH/GSSG ratio and lowering
GPx4 expression, which further led to ROS accumulation,
lipid peroxidation, and oxidative stress in human OS cells.

3.6. PEITC Induced Mitochondria-Mediated Apoptosis in
Human OS Cells. In order to, respectively, confirm the multi-
ple cell death modalities induced by PEITC in human OS
cells, we firstly detected the key events of apoptosis.
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F1GURE 4: PEITC altered iron metabolism in human OS cells. (a) Total iron level in MNNG/HOS, U-2 OS, MG-63, and 143B cells after the
indicated concentrations of PEITC treatment for 24 h by AAS. (b) The level of labile iron in MNNG/HOS, U-2 OS, MG-63, and 143B cells
after the indicated concentrations of PEITC treatment for 24 h with Calcein-AM staining by flow cytometry analysis. (c) Protein expression
levels of TfR1, DMT1, FTH1, FPN, and IRP2 in MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with the indicated concentrations of
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MitoTracker Green and Hoechst 33342 labeling assays
showed that there were more and more fragmented mito-
chondria accumulating around nuclei with intensified green
fluorescence in four human OS cell lines after PEITC treat-
ment as compared with those uniformly distributed in the
control group (Figure 6(a)). To investigate whether alter-
ations in mitochondrial membrane potential were involved
in PEITC-induced cell death in human OS cells, JC-1 fluores-
cent probe was used. As shown in Figure 6(b), the higher con-
centration of PEITC, the more obviously decreased level of
mitochondrial membrane potential with intensified green
fluorescence, which indicating the increased proportion of
human OS cells with depolarized mitochondria.

The decline in mitochondria membrane potential is a
hallmark of early apoptosis and an indicative of mitochon-
drial outer membrane permeabilization which is crucial for
the release of apoptosis factors. Further down, we performed
Western blotting to explore the molecular mechanism of
PEITC-induced apoptosis. As shown in Figure 6(c), higher

concentration of PEITC increased the level of pro-apoptotic
protein Bax and lowered the level of antiapoptotic protein
BclI2 in human OS cells. Caspases are the executors of intrin-
sic apoptosis pathway. The expression of C-caspase3 was
upregulated. The substrate of activated caspase, C-PARP,
was measured, and the results indicated that there was
increased expression of C-PARP in four human OS cell lines.
The overall results revealed that PEITC induced caspase cas-
cade apoptosis through mitochondria-mediated pathway in
human OS cells.

3.7. PEITC Induced Autophagy in Human OS Cells. Since
lysosomal inhibitor Baf-Al and autophagy inhibitor 3-MA
partially protected human OS cells from PEITC-induced cell
death, we further investigated whether autophagic cell death
was also triggered. The formation of acidic vesicular organ-
elles is one of the characteristics of autophagy. In
Figures 7(a) and 7(b), PEITC treatment caused significantly
large proportion of cells forming acidic vesicular organelles
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FiGure 5: PEITC induced oxidative stress in human OS cells. (a) ROS level in MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with the
indicated concentrations of PEITC for 24 h by using a DCFH-DA sensor. (b) Lipid peroxidation level in MNNG/HOS, U-2 OS, MG-63, and
143B cells treated with the indicated concentrations of PEITC for 24 h by using a BODIPY 581/591 C11 sensor. (c) Quantitative analysis of
lipid peroxidation in (b). (d) MDA level in MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with the indicated concentrations of PEITC
for 24 h. (e) GSH/GSSG ratio in MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with the indicated concentrations of PEITC for
24 h. (f) GPx4 expression in MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with the indicated concentrations of PEITC for 20 h
or 30 uM PEITC for 4h, 12h, 24h, and 48h. All data were presented as the mean + SD (n=3). *P <0.05, **P <0.01, and ***P <0.001

versus control group.

which emitted red fluorescence. It further indicated that
PEITC may cause efficient autophagy process in human OS
cells. Meanwhile, we examined the typical markers that rep-
resent autophagic process. Beclinl initiates autophagic pro-
cess by binding to PI3K. It was clear that treatment with
PEITC enhanced Beclinl expression in human OS cells
(Figure 7(c)). We also observed significant conversion of
LC3I to LC3II in human OS cells as PEITC concentration
and treatment time increased. In MNNG/HOS, U-2 OS,
and 143B cells, the conversion of LC3I to LC3II mainly
occurred as early as 4h of PEITC treatment and lasted to
12h, indicating the enhanced accumulation of autophago-
somes in this period of time. After 24 h, there was only evi-
dent accumulation of LC3II in these three OS cell lines. As
for MG-63, the conversion also happened at 4h, but there
was still the conversion of LC3I to LC3II in the presence of
PEITC for 24 h. The higher level of LC3II reflected the accu-
mulation of autophagosomes. In addition to LC3II accumu-
lation, p62 protein was also detected. p62 binds to LC3 and
then is degraded in autolysosomes. The change in p62 level

indicates the autophagic flux. It suggested that p62 signifi-
cantly decreased along with time in human OS cells in
response to PEITC treatment. Last, we detected lysosomes
by staining human OS cells with LysoTracker Red. As seen
in Figures 7(d) and 7(e), the ratio of LysoTracker Red-
positive cells was higher in the PEITC-treated group, espe-
cially in MG-63 cells. On all accounts, PEITC treatment
induced autophagy in human OS cells.

3.8. PEITC Activated the MAPK Signaling Pathway in
Human OS Cells. It has been reported that MAPK signaling
pathway plays a role in the pharmacological effects of some
ITCs; thus, it would be interesting to detect the effects of
PEITC on it in human OS cells. As shown in Figures 8(a)-
8(d), PEITC significantly activated ERK, p38, and JNK in
human OS cells after PEITC treatment. The extents of
MAPKs being activated were different among four human
OS cell lines. The phosphorylation of ERK appeared as early
as 4 h after PEITC treatment; the effect extended to 24 h and
gradually weakened at 48h in U-2 OS and 143B cells. With



Oxidative Medicine and Cellular Longevity

MNNG/HOS U-208
PEITC (uM) PEITC (yM)

Control

Hoechst
33342
Hoechst
33342

o] g
2 2
S S
s s
=] b=}
8 2
= =
@ o
o o
5 5
3 o}
§ 2---

143B
PEITC (yM)

Control

Hoechst
33342
Hoechst
33342

g
o 3
g g
g e
2 g
=
© o
j2 oh
3 3
= =
(a)
MNNG/HOS U-208 MG-63 143B
150 150 150
120 i 120 { 120
. ” {
‘E é 90 £ 9% |4 £ 9
g 2 2 f 2
3 3 60 S 60 S 60
30 30 30
0 0 - 0
10* 10° 10 10* 10° 10 10* 10° 10
JC-1
——— Blank —— 1umPEITC
Rosup —— 15 um PEITC
Control 30 um PEITC
(b)

FiGure 6: Continued.



14
MNNG/HOS MNNG/HOS
PEITC (uM) Time(h) 0 4 12 24 48
C-PARP C-PARP | " “1

C-caspase3 AR -
5 — L I

C-caspase3

e =]
i [ ]

MG-63
PEITC(uM) 0 1 15 30

oo fE. TR

Caspase3 | . “ - -
Bax | s “ ‘”‘

B-Actin I----— |

MG-63
Time(h) 0 4 12 24 48

C-PARP . g
C-caspase3 .
— e — ! e

N

Caspase3 “‘* T l

Bax R e

Bcl2 [“! !ﬁﬁ |

Bcl2
B-Actin | - - a-— - B-Actin l  — o ——— I

()

Oxidative Medicine and Cellular Longevity

U-208 U-208
PEITC(uM) 0 1 15 30 Time (h) 0 4 12 24 48
C-caspase3 = o7 C-caspase3 -r T W
b i | o ctme e
o[ o WO

7 R
e
e e

143B

PEITC(uM) 0 1 15 30

C-caspase3

Caspase3l i i ‘ o3 ‘
o

Bax

e e g

Bc12|... - ap o= -—|

B-Actin | eume e ww— o w—

Ficure 6: PEITC induced mitochondria-mediated apoptosis in human OS cells. (a) Mitochondrial and nuclear morphological changes in
MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with the indicated concentrations of PEITC for 24 h by MitoTracker Green/Hoechst
33342 staining. (b) Mitochondrial transmembrane potential in MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with the indicated
concentrations of PEITC for 24h by using JC-1. (c) Protein expression levels of Caspase3, C-caspase3, Bcl2, Bax, and C-PARP in
MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with the indicated concentrations of PEITC for 20 h or 30 uM PEITC for 4h, 12h,

24 h, and 48 h.

respect to MNNG/HOS and MG-63 cells, the phosphoryla-
tion of ERK was detected at 12h, substantially reduced in
MG-63 cells and up to the higher level in MNNG/HOS cells
at 48h treatment, respectively. The activation of p38 was
stronger at 4h after PEITC treatment, sustained to 12h,
and then the activation effects lost in MNNG/HOS cells. In
both U-2 OS and 143B cells, PEITC treatment led to p-p38
occurring at 4h; the phosphorylated effect gradually
increased to a much stronger level at 24 h and thereafter sig-
nificantly decreased. To MG-63 cells, p-p38 occurred at 12 h,
maximized at 24 h, and gradually decreased later. JNK was
activated as early as 4h after PEITC treatment in U-2 OS
and 143B cells while at 12h in MNNG/HOS and MG-63
cells. Phosphorylation of JNK was still underway at 48h in
MNNG/HOS, MG-63, and U-20S cells except for that in
143B cells, which was already over at 24h. These above
results indicated that PEITC activated MAPK signaling path-
way in four human OS cell lines with different responses.

3.9. ROS Acted as an Upstream Signal in PEITC-Induced Cell
Death in Human OS Cells. To test whether ROS acted as an
upstream signal in PEITC-induced cell death in human OS
cells, we performed serials of assays by cotreatment with
NAC. As seen in Figures 9(a) and 9(b), PEITC-induced weak
proliferation potential was significantly inhibited when co-
treated with NAC in four human OS cell lines. The decreased
expressions of FPN, DMT1, and FTH1 after PEITC treat-
ment were upregulated when co-treated with NAC in human
OS cells. PEITC-induced increased expression of TfR1 was
reduced when NAC was co-used with PEITC (Figure 9(c)).

To investigate whether PEITC-induced ROS generation
exhibited role in affecting cell growth and inducing cell death
in human OS cells, we detected the typical markers for cell
cycle progression, ferroptosis, apoptosis, and autophagy. In
Figure 9(d), NAC altered the PEITC-induced drop in the
expressions of Cdc2, Bcl2, and GPx4 and increase in LC3B,
C-caspase, and C-PARP. Enlightened by the PEITC-
activated MAPK signaling pathway, we also checked whether
the activation of MAPKs was a result of ROS generation.
From Figure 9(e), we found that PEITC treatment actually
caused ROS-dependent MAPK signaling pathway activation
because NAC inhibited phosphorylations of ERK, p38, and
JNK, which were activated by PEITC in human OS cells. Col-
lectively, these results implied that PEITC-induced ROS gen-
eration played a critical role in inducing inhibition on cell
proliferation, triggering cell death, and activating MAPKs
signaling pathway in human OS cells.

3.10. PEITC Exerted an Antitumor Effect in Xenograft OS
Mice. The in vivo anti-OS effects were conducted by intragas-
trical administration of PEITC with a dose of 30 mg/kg for
consecutive 24 days in nude mice transplanted with
MNNG/HOS cells. The results showed that PEITC-
administrated group exhibited significant increase in body
weight compared with the control group (Figure 10(a)).
Importantly, it was worth noting that PEITC treatment did
not cause weight loss in mice with OS cells, which may indi-
cate the lower toxicity of PEITC at a dose of 30 mg/kg. Next,
we compared the tumor volume and tumor weight between
the two groups. The results in Figures 10(b) and 10(c)
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Figure 7: PEITC induced autophagy in human OS cells. (a) Acidic vacuole organelles in MNNG/HOS, U-2 OS, MG-63, and 143B cells
treated with the indicated concentrations of PEITC for 24h by AO staining. (b) Quantitative analysis of AO red fluorescence and AO
green fluorescence in (a). (c) Protein expression levels of Beclinl, LC3B, and p62 in MNNG/HOS, U-2 OS, MG-63, and 143B cells treated
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OS, MG-63, and 143B cells treated with the indicated concentrations of PEITC for 24h by using a LysoTracker Red sensor. (e)
Quantitative analysis of lysosomes in (d).
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FiGure 9: PEITC induced cell death via ROS generation in human OS

cells. (a) EdU staining assay of MNNG/HOS, U-2 OS, MG-63, and

143B cells treated with 30 uM PEITC in the presence or absence of NAC for 24h. (b) Quantitative analysis of EdU staining in (a). (c)
Protein expression levels of TfR1, DMT1, FTH1, and FPN in MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with 30 uM PEITC in
the presence or absence of NAC for 24h. (d) Protein expression levels of GPx4, LC3B, C-PARP, C-caspase3, Bcl2, and Cdc2 in
MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with 30 uM PEITC in the presence or absence of NAC 24 h. (e) Phosphorylation
levels of ERK, p38, and JNK in MNNG/HOS, U-2 OS, MG-63, and 143B cells treated with 30 uM PEITC in the presence or absence of

NAC for 24 h.

revealed that PEITC delayed tumor growth with respect of
both decreased tumor volume and lowered tumor weight.
H&E staining assay suggested that PEITC treatment induced
cell death in OS tissues (Figure 10(d)). In Figure 10(e), the
tumor lysates in PEITC treatment group exhibited decreased
FPN and DMT1 expressions, while TfR1 expression was
upregulated as compared with control group. The protein
expression levels of cell cycle progression related protein
Cdc2, antioxidant enzyme GPx4, apoptotic related protein
Bcl2 and Bax, and autophagic marker LC3B after PEITC
administration were consistent with the previous results in
in vitro (Figure 10(f)). As seen in Figure 10(g), significant acti-
vations of ERK and p38 occurred in PEITC-administrated
group. Together, PEITC at a dose of 30 mg/kg exhibited lower
system toxicity with significant tumor inhibitory effect in OS
mice through activating cell death signaling pathways.

4. Discussion

PEITC, one of the main active compounds in cruciferous
vegetables, is the most promising antitumor ITCs both in
preclinical models and clinical trials [18-20]. In the present
study, we showed that PEITC reduced cell viability, inhibited
proliferation, caused G,/M cell cycle arrest, altered iron
metabolism, induced GSH depletion, generated ROS, acti-

vated MAPK signaling pathway, and triggered multiple cell
death modalities, mainly ferroptosis, apoptosis, and autoph-
agy, in human OS cells (Figure 11).

To date, most studies have reported that PEITC induces
apoptosis in various cancers. PEITC induces G,/M cell cycle
arrest and apoptosis in oral squamous cell carcinoma cells
with various p53 statuses [21]. PEITC decreases antiapopto-
tic protein expressions and increased pro-apoptotic protein
expressions in pancreatic cancer cells [22]. PEITC inhibits
ovarian cancer cells by activating caspases and MAPK signal-
ing pathway [23]. Moreover, PEITC combined with other
agents also induces ferroptosis in pancreatic cancer [24].
The possible antitumor mechanisms of PEITC include GSH
depletion, G,/M cell cycle arrest, mitochondria dysfunction,
and MAPKSs activation [25, 26].

In our study, blocking apoptosis with z-VAD-FMK did
not totally prevent the cytotoxic effect of PEITC on four
human OS cell lines. Similarly, inhibitor of necroptosis
(Ner-1), inhibitors of ferroptosis (Fer-1 and Lip-1), and
inhibitors of autophagy (Baf-Al or 3-MA) all partially pre-
vented the reduced viability after PEITC treatment. There-
fore, we speculated that PEITC may induce multiple cell
death modalities in human OS cells. The conclusion was fur-
ther supported by serials of experimental evidence: (1)
PEITC caused shrunk mitochondria, accumulated labile iron,
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F1Gure 10: PEITC suppressed OS growth in vivo. MNNG/HOS cells were injected subcutaneously into the right flank of the male BALB/c
nude mice. One week after the OS xenograft mouse model was established, the mice were randomly divided into two groups and,
respectively, administrated with 10% sesame seed oil and 30 mg/kg PEITC once daily for 24 consecutive days. (a) Body weight change of
the two groups. (b) Volume change of OS tissues of the two groups. Data were calculated by the formula: volume = length x width? x 0.5.
(c) Weight of OS tissues from the two groups. (d) H&E staining analysis of tumor tissues (200x and 400x). (e) The protein expression
levels of TfR1, DMT1, FTHI, and FPN in tumor tissues. (f) The protein expression levels of LC3B, C-caspase3, GPx4, and Cdc2 in tumor
tissues. (g) Phosphorylation levels of ERK, p38, and JNK in tumor tissues. All data were presented as the means + SD (n=7). *P <0.05, **

P <0.01, and ***P < 0.001 versus control group.

induced GSH depletion, GPx4 inhibition, and lipid peroxida-
tion. The main feature of ferroptosis is iron-dependent accu-
mulation of lipid peroxidation that is morphologically,
biochemically, and genetically different from apoptosis,
autophagy, and necroptosis [27]. Therefore, it hinted that
ferroptosis was initiated in PEITC-treated human OS cells.
(2) PEITC caused condensed chromatin, depolarization of
mitochondria membrane potential, modulation of apoptosis
related proteins, activation of caspase, and cleavage of PARP.
These results proved that PEITC triggered mitochondria-
mediated apoptosis in human OS cells. (3) PEITC promoted

the formation of acid vesicle organelles, enhanced LC3 con-
version, increased Beclinl expression, decreased p62 expres-
sion, and promoted autophagosome accumulation. The
alterations suggested autophagy was also triggered in human
OS cells. Together, above results supported that PEITC
induced multiple cell death modalities, including ferroptosis,
autophagy, and apoptosis, in human OS cells.

The cell death pathways are generally defined by bio-
chemical and morphological alterations, whereas different
cell death modalities display mixed characteristics and share
some key regulatory proteins, suggesting mechanism
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underlying the regulation of different cell death pathway may
be connected [28, 29]. Ferroptosis promotes the activation of
the autophagic process for the degradation of ferritin and
thus the accumulation of cellular labile iron [30]. NCOA4
acts as a cargo receptor that selectively targets ferritin to the
autophagosome. Indeed, the induction of ferroptosis is
dependent on the trigger of autophagy [31]. In our study,
the decreased FTH1 expression accompanied with alteration
on NCOA4 expression, which resulted in elevated labile iron
liberating from ferritin. Meanwhile, autophagic marker LC3
conversion appeared in human OS cells as earlier as 4 h treat-
ment of PEITC. Furthermore, evidence showed that ferrop-
tosis is independent of apoptosis [32]. The initiation of
ferroptosis proceeds from the release and activation of proa-
poptotic effectors [33]. Mitochondria became shrunken and
damaged at the early stage of PEITC treatment while frag-
mentation and margination of chromatin appeared in the
later time. It may indicate that ferroptosis is an early event,
and apoptosis happened relatively later in PEITC-treated
human OS cells.

ROS has dual functions in cellular physiology depending
on their levels [34]. Cancer cells usually have higher ROS
levels in order to sustain their malignant proliferation,
whereas the higher endogenous ROS levels make them more
susceptible to oxidative stress [35]. Alteration in the redox
system and dysfunction in the antioxidant system might be
useful in improving the drug resistance and the anticancer
effects [36]. In previously published studies, PEITC treat-
ment generates cellular ROS and subsequently induced cell

death in many cancers [37, 38]. In our study, NAC totally
reversed the cytotoxic effect of PEITC exerted on human
OS cells. PEITC treatment increased cellular ROS and the
levels of lipid peroxidation and its product MDA. Impor-
tantly, the antioxidant system was impaired as for PEITC
treatment led to significant depletion of GSH and inhibition
on GPx4 expression. The imbalance between the antioxidant
system and ROS production made human OS cells more sen-
sitive to oxidative stress. In addition, PEITC cotreated with
NAC altered the effects of PEITC exerted on cell prolifera-
tion, cell cycle, iron metabolism, cell death pathway, and
MAPKs. The disruption of intracellular redox homeostasis
and irreversible peroxidation of lipids by PEITC treatment
brought to the activation of cell death signals and inhibition
on survival signals in human OS cells.

Iron is important for many cellular processes, and the
abnormality in iron metabolism also causes cell death [39].
Iron metabolism is tightly controlled by a set of iron-
dependent proteins and divided into the processes of iron
intake, utilization, storage, and efflux. TfR1 and DMT1 medi-
ate the intake of transferrin-bound iron and non-transferrin-
bound iron; intracellular iron can be stored in ferritin for
reducing the oxidative stress by excess labile iron; iron is
exclusively exported by FPN [40]. In our study, we found that
PEITC upregulated TfR1 and downregulated FTH1, FPN,
and DMT], leading to the elevations of both total iron and
labile iron. In PEITC-induced high labile iron condition,
the mRNAs of genes that lower the content of labile iron,
such as FTHI and SLC40A1, were translationally activated.
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Meanwhile, the mRNAs of genes that facilitate iron uptake,
such as TFRC and SLCII1A2, were translationally degraded.
There is a coordinated feedback control between the labile
iron and iron metabolism genes, which is tightly regulated
[41]. Labile iron can generate ROS through Fenton reaction
or oxidation [42]. PEITC treatment increased labile iron
through altering iron metabolism process and thus putting
human OS cells in a situation that was more prone to oxida-
tive stress. Except for the disruption on GSH antioxidant sys-
tem, the effect on iron metabolism is also an important
effector for PEITC-induced oxidative stress.

Previous studies indicate that oral gavage administration
of PEITC (12 uM PEITC/day, 5 days/week) suppresses the
growth of pancreatic cancer cells in xenograft animal models,
or diet consumption of PEITC (3uM PEITC/g/diet, 19
weeks) suppresses prostate cancer in a transgenic mouse
model with no significant signs of organ toxicity [22, 43].
PEITC has been demonstrated having significant pharmaco-
logical effects in anticancer research in vivo. So far, there is no
report concerning the effects of PEITC on osteosarcoma ani-
mal models. In our study, intragastrical administration of
PEITC (30 mg/kg/d) exhibited lower system toxicity and still
with significant tumor inhibitory effect in OS xenograft mice
through altering iron metabolism, activating MAPKs, and
triggering cell death signaling pathways. Moreover, PEITC
is proved to exhibit 7.7% inhibitory effects on metabolic
activation of lung carcinogen in cigarette smokers in clinical
trials [13]. As for the efficacy in both preclinical and clinical
trials, PEITC needs to be in-depth investigated for the poten-
tial clinical uses. Studies also show that a combination of
PEITC with Adriamycin or Platinum can synergistically
enhance the pharmacological effects of the first-line antican-
cer drugs and reverse the drug resistance [44, 45]. Therefore,
it is of great implications to further explore the effects of
PEITC when co-using with clinical anticancer drugs on
osteosarcoma.

5. Conclusions

Altogether, ROS-inducing strategy can be considered as a
promising therapeutic avenue in cancer treatment. PEITC
triggered not one form of cell death modality but multiple
cell death modalities including ferroptosis, autophagy, and
apoptosis through inducing oxidative stress in human OS
cells. The crosstalk and interrelationship between different
cell death pathways induced by PEITC in human OS cells
are still elusive and needed to be further investigated.
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