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ABSTRACT

Background. Hepatocellular carcinoma (HCC) is an aggressive malignancy with
limited effective treatment options. Phenethyl isothiocyanate (PEITC) is a bioactive
substance present primarily in the cruciferous vegetables. PEITC has exhibited anti-
cancer properties in various cancers, including lung, bile duct, and prostate cancers.
It has been demonstrated that PEITC can inhibit the proliferation, invasion, and
metastasis of SK-Hepl1 cells, while effectively inducing apoptosis and cell cycle arrest
in HepG2 cells. However, knowledge of its anti-carcinogenic effects on Huh7.5.1 cells
and its underlying mechanism remains elusive. In the present study, we aim to evaluate
the anti-carcinogenic effects of PEITC on human HCC Huh7.5.1 cells.

Methods. MTT assay and colony formation assay was performed to investigate the
anti-proliferative effects of PEITC against Huh7.5.1 cells. The pro-apoptosis effects of
PEITC were determined by Annexin V-FITC/PI double staining assay by flow cytometry
(FCM), mitochondrial transmembrane potential (MMP) measurement, and Caspase-3
activity detection. A DAPI staining and terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) assay was conducted to estimate the DNA damage
in Huh7.5.1 cells induced by PEITC. Cell cycle progression was determined by FCM.
Transwell invasion assay and wound healing migration assay were performed to
investigate the impact of PEITC on the migration and invasion of Huh7.5.1 cells. In
addition, transcriptome sequencing and gene set enrichment analysis (GSEA) were
used to explore the potential molecular mechanisms of the inhibitory effects of PEITC
Academic editor on HCQ. Quantitative real-time PCR (qRT-PCR) analysis was performed to verify the
Zhiming Li transcriptome data.
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Results. MTT assay showed that treatment of Huh7.5.1 cells with PEITC resulted
in a dose-dependent decrease in viability, and colony formation assay further con-
firmed its anti-proliferative effect. Furthermore, we found that PEITC could induce
mitochondrial-related apoptotic responses, including a decrease of mitochondrial
transmembrane potential, activation of Caspase-3 activity, and generation of intracellu-
lar reactive oxygen species. It was also observed that PEITC caused DNA damage and cell
cycle arrest in the S-phase in Huh7.5.1 cells. In addition, the inhibitory effect of PEITC
on the migration and invasion ability of Huh7.5.1 cells was assessed. Transcriptome
sequencing analysis further suggested that PEITC could activate the typical MAPK,
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PI3K-Akt, and p53 signaling pathways, revealing the potential mechanism of PEITC in
inhibiting the carcinogenic properties of Huh7.5.1 cells.

Conclusion. PEITC exhibits anti-carcinogenic activities against human HCC Huh7.5.1
cells by activating MAPK/PI3K-Akt/p53 signaling pathways. Our results suggest that
PEITC may be useful for the anti-HCC treatment.

Subjects Cell Biology, Molecular Biology, Oncology, Pharmacology

Keywords Hepatocellular carcinoma, Huh?7.5.1, Phenethyl isothiocyanate, Natural compound,
Anticarcinogenic activity, Signaling pathway

INTRODUCTION

According to the latest global cancer statistics in 2020, primary liver cancer is the sixth
most frequently diagnosed cancer and the third leading cause of cancer-related death
worldwide (Siegel et al., 2021; Sung et al., 2021). Primary liver cancer can be categorized into
three major histological subtypes, namely hepatocellular carcinoma (HCC), intrahepatic
cholangiocarcinoma (ICC), and combined HCC-ICC. Among them, HCC is the most
prevalent form of primary liver cancer accounting for ~90% of cases and is a severe
neoplastic disease that poses a serious threat to human health (Sia et al., 2017). It is an
aggressive tumor that usually develops in the context of chronic liver disease and cirrhosis,
with the poor prognosis due to its occult onset and high recurrence rate (Hartke, Johnson
& Ghabril, 2017). For individuals diagnosed with early HCC, surgical resection, liver
transplantation, and radiofrequency ablation are currently recognized as the three primary
radical treatments (Fan et al., 2023). Those with advanced HCC have the options to choose
from targeted drug therapy, chemical immunotherapy, and radiotherapy, among which
targeted therapy is a prevalent area of exploration in advanced HCC clinical research
(Chakraborty & Sarkar, 2022). Despite its potential, targeted medication has limitations
in targeting and therapeutic efficiency, along with the emergence of acquired resistance
(Llovet et al., 2008; Sato et al., 2020; Chen et al., 2020; Ma et al., 2021; Zhang et al., 2022;
Fan et al., 2023). Hence, exploring new chemotherapy with high bioavailability, substantial
anti-cancer efficacy, and minimal adverse effects is a crucial area of focus in the management
of HCC.

Natural compounds are currently receiving increasing attention as one of the most
feasible solutions for hard-to-treat cancers (Molinski et al., 2009; Fontana et al., 2020;
Kubczak, Szustka ¢ Rogaliviska, 2021; Tewari et al., 2022). Phenethyl isothiocyanate
(PEITC), a cancer-fighting substance, is abundant in various cruciferous vegetables such
as mustard, cabbage and turnip (Fowke, 2007; Cheung ¢» Kong, 2010). Numerous studies
have demonstrated the inhibitory effects of PEITC on multiple cancers involving the
lung, the bile duct and the prostate (Hecht, 1996; Tusskorn et al., 2013; Zhang et al., 2016;
Soundararajan & Kim, 2018). PEITC could significantly inhibit the proliferation of both
human breast cancer cells MCF-7 and prostate cancer cells PCa (Morris ¢ Dave, 2014;
Zhang et al., 2016). A possible association between the inhibitory role of PEITC on lung
cancer cells and AKT phosphorylation has been reported, revealing that PEITC could curb
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the activation of the PI3K/AKT pathway and ultimately regulate its downstream effectors
to trigger apoptosis (Kassie et al., 2010; Zhang et al., 2017). PEITC has also been considered
to impede the migration and invasion of SKOV3 and HO8910 ovarian cancer cells as
well as AGS gastric cancer cells via inhibiting mTOR-STAT3, MAPK, NF-kB, and other
signaling pathways (Yang et al., 2010). In terms of cell cycle arrest, PEITC was found to
induce cycle arrest in prostate cancer cells through inhibiting cycle-dependent protein
kinase (Wang et al., 2008). Moreover, it was revealed that PEITC could induce apoptosis
in cancer cells, such as porcine jejunal epithelial cells IPEC-]J2, by enhancing cellular
oxidative stress (Trachootham, Alexandre ¢ Huang, 2009; Gorrini, Harris ¢ Mak, 2013).
On the one hand, PEITC increased the accumulation of reactive oxygen species (ROS) to
play its anti-tumor effects (Jutooru et al., 2014); on the other hand, it bound covalently with
glutathione (GSH) and resulted in decreased intracellular GSH levels, ultimately leading to
apoptosis (Zhang ¢ Talalay, 1998). In addition, as a broad-spectrum anti-cancer natural
product, PEITC combined with other chemotherapy drugs has been clarified to greatly
increase the anti-tumour efficacy (Cang et al., 2014). For example, a combined treatment
with paclitaxel (PTX) has been proved to be an effective inhibition against breast cancer,
and with PARP inhibitors to enhance the sensitivity of ovarian cancer (Cang et al., 2014; Jia
et al., 2021). Currently, active research is being conducted to reveal the inhibitory effects of
PEITC on the carcinogenic activity of diverse cancer cells. However, there is rather scarce
data regarding the influence of PEITC on HCC. The underlying mechanism by which
PEITC affects the activity of HCC has not been fully elucidated.

Accumulating evidence has revealed that the inhibitory effects of natural compounds
were diverse in accordance with the types of HCC cells. Previously, the anti-cancer
properties of PEITC in HCC cell lines SK-Hep1 and HepG2 has been demonstrated (Rose
et al., 2003; Hwang & Lee, 2006; Pocasap, Weerapreeyakul & Thumanu, 2018). Among
them, HepG2 cells, with the retention of various liver-specific metabolic functions, are
usually adopted for studying liver metabolism, toxicity of xenobiotics, and liver disease
mechanisms, whereas Sk-Hepl1 cells are commonly utilized for the study of HCC invasion
and metastasis (Wu et al., 2019; Stanley & Wolf, 2022). Tts has been found that PEITC
can inhibit the proliferation, invasion, migration, and metastasis of SK-Hep1 cells, while
effectively inducing apoptosis, cell cycle arrest, and ROS generation in HepG2 cells (Rose et
al., 2003; Hwang & Lee, 2006; Pocasap, Weerapreeyakul ¢ Thumanu, 2018). The Huh7.5.1
cell line presents unique advantages in the research of hepatitis C virus (HCV)-related
HCC, making it an ideal model (Kawamoto et al., 2020). However, knowledge of the anti-
carcinogenic effects of PEITC on Huh7.5.1 cells and its underlying mechanism remains
elusive.

The present study aims to investigate the effects of PEITC on proliferation, invasion
and migration, oxidative stress, apoptosis, and cell cycle distribution in Huh7.5.1 cells.
Our findings showed that PEITC can significantly suppress the proliferative effect and the
migration and invasion ability, enhance the intracellular oxidative stress, induce cell cycle
arrest, and activate the apoptotic pathways in Huh7.5.1 cells. Furthermore, transcriptome
sequencing was performed to clarify the potential mechanism of PEITC action through
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the activation of typical MAPK, PI3K-Akt and p53 signaling pathways. The present results
demonstrated that PEITC could be a promising new anti-HCC biotherapeutic.

MATERIALS & METHODS

Cell culture and reagents

The human HCC Huh7.5.1 cells were procured from the China Typical Culture Collection
Center (CCTCC) and cultured in Dulbecco’s Modified Eagle Medium (DMEM) (catalog
no. C11995500BT; Gibco, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS) (catalog no. 04-001-1ACS; Biological Industries, Beit Haemek, Israel) and 1% v/v
penicillin-streptomycin (catalog no. P1400; Solarbio, Beijing, P. R. China). The Huh7.5.1
cells used in this study were within the range of passages 5 to 10. Cells were incubated at
37 °C with a 5% CO, concentration.

Purified PEITC (>98%) was purchased from Aladdin (catalog no. 2257-09-2; Merck,
Rahway, NJ, USA) and dissolved in dimethylsulphoxide (DMSO) (catalog no. D8371;
Solarbio, Beijing, P. R. China) to prepare a 500 mmol/L stock solution, which was then
stored at —80 °C.

MTT assay and colony formation assay

MTT assay was used to determine the anti-proliferative effect of PEITC on Huh7.5.1
cells. Huh7.5.1 cells were seeded in triplicate in 96-well plates (3 x 10° cells per well) and
incubated overnight. After treatment with varying concentrations of PEITC for 48 h, cells
in each well were incubated with 30 pL of MTT (catalog no. 298-93-1; Solarbio) at 37 °C
for 3.5 h. Once incubation was complete, the supernatant was discarded and 150 pL of
DMSO (catalog no. D103272; Aladdin, Shanghai, China) was added into each well to fully
dissolve the formazan crystal. To determine the absorbance at the wavelength of 490 nm
in individual wells, a microplate spectrometer (SPARK, Tecan, Swiss) was used. The half
maximal inhibitory concentration (ICs,) values were calculated using GraphPad Prism 9.0
software. The cell survival rate was calculated using the following formula: cell survival rate
(%) = (the average OD value of the treatment group/the average OD value of the control
group) x100%.

In the colony formation assay, Huh7.5.1 cells were introduced into a 6-well plate (5 x 10°
per well), incubated overnight, and then treated with either 15 or 30 wmol/L PEITC or
0.1% DMSO control for a duration of 12 h. Afterwards, cells were co-incubated within
fresh medium and monitored for seven days. Then, the cell colonies were washed three
times with phosphate buffer solution (PBS) (catalog no. C20012500BT; Gibco) and fixed
with 4% paraformaldehyde (catalog no. BL539A; Biosharp, Heifei, P. R. China) for 15 min
at room temperature. Following fixation, the cell colonies were further washed three times
with PBS and stained with crystal violet (catalog no. C0121; Beyotime, Haimen, P. R.
China) for 15 min. The stained colonies were counted and analyzed using Image] and
GraphPad Prism 9.0.

Transwell invasion assay and wound healing migration assay
For the transwell invasion assay, 600 L of serum-free medium was added to the lower
chamber in a sterile 24-well plate. The transwell chamber was then carefully placed into
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the lower chamber with tweezers. Subsequently, Huh7.5.1 cells were inoculated into the
transwell chamber (2 x 10* cells per well) and incubated overnight. After co-culture with 15
and 30 pmol/L PEITC or 0.1% DMSO for 48 h, the cells adhering to the lower surface were
washed with PBS and fixed for 15 min with 4% paraformaldehyde at room temperature
followed by staining with crystal violet for 15 min. The migrated cells were photographed
and counted with a bright field microscopy (TS2-S-SM; Nikon, Tokyo, Japan).

For the wound healing migration assay, Huh7.5.1 cells were inoculated into 6-well
plates (1 x 10°cells per well). When the cells in each well reached 95%-100% confluence,
a sterilized 10 wL pipette tip was used to create a straight scratch through the confluent
monolayer. After rinsing with PBS, cells were treated with 15 pmol/L PEITC and 0.1%
DMSO for 24 h, respectively, and photographed with a bright field microscope (TS2-S-SM;
Nikon). At 0, 24, 48, 72, 96 and 120 h, the wound closure was analyzed using Image]
software.

Apoptosis assay by flow cytometry (FCM)

The Annexin V-FITC/PI apoptosis detection kit (BD, the United States, catalog no.
556547) was used to detect cell apoptosis, according to the manufacturer’s instructions.
Briefly, Huh7.5.1 cells were harvested and washed three times with PBS after incubation
with 15 and 30 pmol/L PEITC or 0.1% DMSO for 12 h, respectively. Cells were then
suspended with 400 pL of binding buffer followed by staining with 5 pL of fluorescein
isothiocyanate-coupled annexin V (FITC) and 5 pL of propidium iodide (PI) solution.
After incubation in the dark for 15 min at room temperature, samples were analyzed by
FCM (NovoCyte, Agilent, the United States).

Terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay

A one step TUNEL apoptosis assay kit (catalog no. C1088; Beyotime) in combination with
DAPI staining was used to detect PEITC-induced DNA fragmentation in Huh7.5.1 cells,
according to the manufacturer’s instructions. Briefly, Huh7.5.1 cells were harvested and
washed three times with PBS after incubation with 15 and 30 wmol/L PEITC or 0.1%
DMSO for 12 h, respectively. Subsequently, cells were fixed with 4% paraformaldehyde
for 10 min and then incubated with TUNEL reaction buffer for 30 min in the dark at
37 °C after infiltration with Triton X-100 (Beyotime, P. R. China, catalog no. P0096) for
5 min. After washing three times with PBS, 10 nL of 5 mg/L DAPI solution (catalog no.
E607303; BBI, Shanghai, China) was added to stain the cells in the dark for 5 min at room
temperature. Samples were observed under a fluorescence microscopy (TS2-S-SM, Nikon)
to view the green fluorescence of apoptotic cells at 570 nm and blue DAPI-stained nuclei
at 460 nm.

Detection of Caspase-3 activity

Huh?7.5.1 cells were cultured overnight in 6-well plates and incubated with 15 and 30 umol/L
PEITC or 0.1% DMSO control for 12 h, respectively. The enzymatic activity level of
Caspase-3 was assessed by identifying the cleavage of p-nitroaniline (pNA) through
Caspase-3-specific substrates using a Caspase-3 assay kit (catalog no. C1116; Beyotime),
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according to the manufacturer’s instructions. Briefly, cells were harvested, centrifuged, and
subsequently lysed in a 4 °C ice bath for a duration of 15 min. The Caspase-3 enzymatic
reaction was conducted for 2 h at 37 °C, with 50 L of cell lysate, 40 wL of reaction buffer,
and 10 pL of Caspase-3 colorimetric substrate (acetyl-Asp-Glu-Val-Asp p-nitroanilide,
Ac-DEVD-pNA) in each reaction. A microplate spectrometer (SPARK, Tecan, Swiss) was
used to measure the colour intensity of pNA at the wavelength of 405 nm.

Determination of oxidative stress

Huh?7.5.1 cells were cultured overnight in 6-well plates and incubated with 15 and 30 jumol/L
PEITC or 0.1% DMSO control for 12 h, respectively. The intracellular ROS levels were
determined using the oxidation-sensitive fluorescent probe DCFH-DA (Beyotime, P. R.
China, catalog no. S0033S), according to the manufacturer’s instructions.

Mitochondrial transmembrane potential (MMP) measurement
According to the manufacturer’s instructions, MMP changes were measured using a
Mitochondrial Membrane Potential Assay Kit with JC-1 (catalog no. C2006; Beyotime).
Briefly, PEITC-treated cells were collected, washed twice with cold PBS, and then suspended
with the mixture of culture medium and JC-1 staining solution (v/v =1:1). After incubation
at 37 °C in the dark for 20 min, cells were centrifuged followed by tracking with 1 xJC-1
dye. The stained cells were further detected by FCM and visualized under a fluorescence
microscopy (OLYMPUS, IX73, Japan).

Cell cycle analysis

The cell cycle distribution was determined by FCM analysis. Briefly, Huh7.5.1 cells were
cultured overnight in 6-well plates and incubated with 15 and 30 pmol/L PEITC or 0.1%
DMSO control for 12 h, respectively. Both detached and adhered cells were collected into
a centrifuge tube and washed twice with PBS. After fixation with 75% ethanol, cells were
rinsed with PBS and then incubated in 0.5 mL of PI/RNaser (BD, the United States, catalog
no. 550825) at room temperature for 15 min followed by FCM analysis.

RNA sequencing and data analysis

A total of 1 pg of RNA was extracted using Trizol (Invitrogen, Waltham, MA, USA)
from Huh7.5.1 cells subjected to treatment with 15 pmol/L PEITC or 0.1% DMSO for
10 h, respectively, each with three biological replicates. Total RNA was enriched with
polyA+ using Dynabeads Oligo (dT) magnetic beads (catalog no. 25-61005; Thermo
Fisher Scientific, Waltham, MA, USA) and served as the input for preparing libraries
with the NEBNext® Magnesium RNA Fragmentation Module (catalog no. E6150S;
NEB, Ipswich, MA, USA). Subsequently, Illumina NovaseqTM 6000 was used by LC-Bio
Technology Co., Ltd. (Hangzhou, China) for paired-end sequencing. Fragments per
kilobase of transcript per million mapped (FPKM) reads indicated the abundance of gene
expression. The statistical power of RNA sequencing was calculated in RnaSeqSampleSize
(https:/cgs-vumec.shinyapps.iofrmaseqsamplesizeweb/). To annotate gene function, gene
set enrichment analysis (GSEA) was performed using hallmark gene sets and Kyoto
Encyclopedia of Genes and Genomes (KEGG) gene sets from MSigDB.
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RNA extraction, cDNA synthesis, and quantitative real-time PCR
(gRT-PCR)

Huh7.5.1 cells were seeded into 6-well plates (1 x10° cells per well). After overnight
culture, Huh7.5.1 cells were treated with 15 pwmol/L PEITC or 0.1% DMSO for 10 h,
respectively, each with three biological replicates. A total of 1 g of RNA was extracted
using Trizol and then treated with DNase I. The RNA amount and purity of each sample
was quantified using NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA). The values
of A260/A280 of all RNA samples were between 1.8 and 2.0. The RNA integrity was
assessed by Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) with RIN number > 7.0, and
confirmed by electrophoresis with denaturing agarose gel. RNA was reverse-transcribed
to cDNA using the MonScript™ RTIII Super Mix with dsDNase (Two-Step) (catalog no.
MRO05201M; Monad, Wuhan, China). The cDNA synthesis reaction was carried out at
50 °C for 15 min, followed by thermal inactivation at 85 °C for 5 min. Subsequently, the
produced cDNA was utilized for qRT-PCR.

The qRT-PCR reaction was set up with a total volume of 20 nL, consisting of 10 uL
SYBR Green Master Mix (catalog no. MQ10101; Monad), 0.4 nL each of forward and
reverse primers, 1.5 pL cDNA template, and 7.7 pL ddH,O. gRT-PCR was conducted on
a BioRad CFX Connet qRT-PCR Dectction system (Bio-Rad, Hercules, CA, USA). Briefly,
the reaction conditions comprised an initial pre-denaturation at 95 °C for 30 s, succeeded
by 40 cycles of denaturation at 95 °C for 10 s and annealing/extension at 60 °C for 30 s.
The specificity of the PCR products was confirmed through melt curve analysis, with
amplification lengths ranging from 110 to 300 bp. For normalization purposes, expression
of B-actin was analyzed. Three biological replicates and three technical replicates were
performed. Data were collected and analyzed as previously described in Guan et al. (2024).
Specifically, the relative gene expression levels were determined by using the 274ACt
method, wherein the PCR efficiencies were >95% and the R2 was >0.990. All primers used
are listed in Table S1.

Statistical analysis

All experiments were performed in three biological replicates in the present study. GraphPad
Prism version 9.0 was used to assess statistical differences between groups using ¢-test or
one-way ANOVA. P-values <0.05 were considered statistically significant.

RESULTS

PEITC suppresses the activity and proliferation of Huh7.5.1 cells

To determine the anti-proliferative effects of PEITC (Fig. 1A) against HCC, Huh7.5.1
cells were treated with various concentrations (0~100 wmol/L) of PEITC for 48 h and
then subjected to the MTT assay. We found that the anti-proliferative effects on Huh7.5.1
cells were positively correlated to the dose of PEITC and the ICsy value of PEITC was
29.6 pmol/L (Fig. 1B). Based on the results of the MTT assay, the 2D-clonony-formation
assay was further conducted. The results showed that the number of colonies significantly
decreased in the PEITC-treated Huh7.5.1 cells in a dose-dependent manner relative to the

Du et al. (2024), PeerdJ, DOI 10.7717/peerj.17532 7127


https://peerj.com
http://dx.doi.org/10.7717/peerj.17532#supp-1
http://dx.doi.org/10.7717/peerj.17532

Peer

A B 100- ICs0 (MM)
*kkk
= — Huh7.51 296
S 754
b Fekkk
Ss S 50-
N 2
= 251
(O]
O
0 T T ] T T ] T ] T 1
0 10 20 30 40 50 60 70 80 90 100
UM
C
15 uM 30 M 2 5000
g % 4000
S 3000 '
S 2000 ;
o
8 1000
0

e RS A 0 15 30
: M

Figure 1 PEITC inhibits the viability and proliferation of Huh7.5.1 cells. (A) The chemical structure
formula of PEITC. (B) MTT assay of Huh7.5.1 cells treated with different concentrations (5~100 p.mol/L)
of PEITC and DMSO for 48 h, respectively (n = 3). Based on the MTT assay, the half maximal inhibit-
ing concentration (ICs) value was calculated (n = 3). (C) 2D-colony-formation assay of Huh7.5.1 cells
treated with 15 and 30 pumol/L PEITC or DMSO (7 = 3). Data were shown as mean % SD (standard devi-
ation). **p < 0.01 and ****p < 0.0001.

Full-size & DOI: 10.7717/peerj.17532/fig-1

control (DMSO-treated) cells (Fig. 1C). Taken together, these results suggest that PEITC
exerts anti-cancer effects on human HCC Huh7.5.1 cells.

PEITC induces apoptosis-related cell death in Huh7.5.1 cells

In order to evaluate whether PEITC could inhibit the growth of Huh7.5.1 cells by inducing
the apoptosis-related cell death, an Annexin V-FITC/PI double staining assay by FCM was
conducted. The apoptotic rates of Huh7.5.1 cells significantly increased from 2.15% to
37.84% and 74.05% after treatment with 15 and 30 wmol/L PEITC for 12 h, respectively,
compared with that of control cells (Fig. 2A), suggesting a significant induction of apoptosis
in Huh7.5.1 cells by PEITC. As the decline of MMP is one of the landmark events in the
early stage of apoptosis (Gottlieb et al., 2003), the change of MMP was assessed using
the JC-1 probe. The results of fluorescence assay showed a increase in the green JC-1
monomer fluorescence intensity and simultaneously a progressive decline of the red JC-1
aggregate signal in the PEITC-treated Huh7.5.1 cells, indicating that PEITC markedly
decreased the MMP in Huh7.5.1 cells in a dose-dependent manner (Figs. 2B and 2C). To
further verify the apoptosis induced by PEITC treatment in Huh7.5.1 cells, the detection
of Caspase-3 activity was also performed. The result revealed that the activity of Caspase-3
in the PEITC-treated Huh7.5.1 cells increased significantly in a dose-dependent manner,
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Figure 2 PEITC induces mitochondrial-related apoptosis of Huh7.5.1 cells. (A) Flow cytometry anal-
ysis of apoptosis by Annexin V-FITC/PI double-staining assay in Huh7.5.1 cells treated with 15 and 30
pmol/L PEITC or DMSO for 12 h. The percentage of apoptotic cells was shown on right panel (n=3). (B)
Mitochondrial membrane potential detection in the PEITC-treated Huh7.5.1 cells by JC-1 based fluores-
cence assay. Huh7.5.1 cells were incubated for 12 h with 15 and 30 pwmol/L PEITC or DMSO, respectively.
The red fluorescence indicates the aggregation signal of JC-1, while green indicates the monomer signal of
JC-1. Scale bars = 20 pum. (C) The ratio of JC-1 aggregate/monomer in (B) (n = 3). (D) Determination of
Caspase-3 activity in Huh7.5.1 cells incubated with 15 and 30 pumol/L PEITC or DMSO for 12 h (n = 3).
Data were shown as mean £ SD. **p < 0.01, ***p < 0.001 and ****p < 0.0001.
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compared with that in control cells (Fig. 2D). Overall, all these results suggest that PEITC
induces mitochondrial-related apoptosis in Huh7.5.1 cells.

PEITC enhances oxidative stress and induces DNA damage in
Huh7.5.1 cells

Mitochondria-related apoptotic responses, such as the decrease of MMP that promotes
the enhancement of mitochondrial out membrane permeabilization (MOMP), activate
the generation of ROS (Estaquier et al., 2012; Liu et al., 2018). The result of FCM analysis
showed that treatment with PEITC for 12 h could significantly enhance the intracellular
ROS level in Huh7.5.1 cells compared with that in control cells (Fig. 3A).

DNA damage is frequently observed in apoptotic cells (Wu ¢ Crowe, 2020). When
apoptosis occurs, DNA breakage, nuclear chromatin agglutination, and nuclear membrane
rupture are usually induced (CortésGutiérrez et al., 2020). ROS accumulation has been
implicated in causing DNA damage and apoptosis in diverse cancers (Barzilai ¢» Yamamoto,
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Figure 3 PEITC enhances oxidative stress and causes DNA damage in Huh7.5.1 cells. (A) The levels
of intracellular reactive oxygen species (ROS) were determined in Huh7.5.1 cells by flow cytometry anal-
ysis after incubation with 15 and 30 pumol/L PEITC or DMSO control for 12 h, respectively (n = 3). (B)
The histogram represented the percentage of the apoptotic cells with DNA-damaged nuclei in three inde-
pendent experiments (n = 3). (C) DAPI staining and TUNEL staining assay of Huh7.5.1 cells incubated
with 15 and 30 WM PEITC or DMSO control for 12 h. Blue and green fluorescent signal showed nuclei
and DNA fragments, respectively. DNA-damaged nuclei were revealed in the merged images. Scale bars =
100 pum. Data are shown as mean =+ SD. *p < 0.05, **p < 0.01 and ***p < 0.001.
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2004; Guachalla & Rudolph, 2010; Guo et al., 20145 Sadig, 2023). To investigate whether
PEITC could induce DNA damage in Huh7.5.1 cells, a DAPI staining and TUNEL assay
was conducted. The results showed that PEITC induced a significant increase of green
fluorescence in Huh7.5.1 cells in a dose-dependent manner (Figs. 3B and 3C), indicating
that DNA damage occurred in the nuclei. Moreover, DAPI staining also showed a large
number of nuclear ruptures (Figs. 3B and 3C). The merged images revealed the DNA-
damaged nuclei in Huh7.5.1 cells (Figs. 3B and 3C).

PEITC induces cell cycle arrest in S phase in Huh7.5.1 cells

As DNA damage usually arrests or blocks the cell cycle, we further evaluated the effect
of PEITC on cell cycle distribution in Huh7.5.1 cells by FCM analysis. The results
demonstrated that PEITC treatment significantly increased the population of Huh7.5.1
cells in S phase, but markedly reduced the population of cells in G2/M and G0/G1 phases,

indicating that PEITC could induce S-phase arrest to play its inhibitory roles in Huh7.5.1
cells (Fig. 4).

PEITC inhibits the migration and invasion of Huh7.5.1 cells

In order to further investigate whether PEITC could impact the migration of Huh7.5.1
cells, wound healing migration assay was conducted. The percentages of the open wound
area at 0 h, 24 h, 48 h, 72 h, 96 h, and 120 h after the treatment with 15 pmol/L PEITC
were calculated. Our result indicated that the migration of Huh7.5.1 cells was markedly
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Figure 4 PEITC induces cell cycle arrest in S phase in Huh7.5.1 cells. The cell cycle distribution was de-
termined in Huh7.5.1 cells incubated with 15 and 30 pumol/L PEITC or DMSO for 12 h by flow cytometry
analysis. The percentage of the GO/G1, S, G2/M phases was evaluated and shown on right panel (n = 3).
Data were shown as mean =+ SD. **p < 0.01 and ****p < 0.0001.
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delayed, compared with that of control cells (Fig. 5A). Specifically, at 24 h, the wound
closure in the control group reached 21.7%, whereas that in the PEITC-treated group was
only 2%; by 120 h, the would closure in the control group achieved 73.6%, while that in the
PEITC-treated group was at 33.5%. This data clearly demonstrated the significant effect of
PEITC in inhibiting cell migration (Fig. 5A). Consistent with the result of wound healing
migration assay, the transwell invasion assay also confirmed that PEITC treatment had a
negative influence on the invasion ability of Huh7.5.1 cells in a dose-dependent manner
(Fig. 5B). Compared with the control group (2,058 invading cells), the number of invading
cells in the 15 pmol/L PEITC-treated group dropped to 900, and further reduced to 130
in the 30 pmol/L PEITC-treated group (Fig. 5B). These results not only confirmed the
inhibitory effect of PEITC on the invasive capacity of cells, but also presented a distinct
dose-dependent pattern.

Transcriptome analysis suggests that PEITC activates MAPK,
PI3K-Akt and p53 signaling pathways in Huh7.5.1 cells

In order to explore the potential molecular mechanisms of the inhibitory effects of PEITC
on HCC, transcriptome sequencing was conducted in Huh7.5.1 cells treated with or
without PEITC for 10 h. The statistical power of this experimental design calculated in
RnaSeqSampleSize is 0.80. Pairwise comparisons showed that a total of 2889 genes were
significantly differentially expressed with a |log, fold change (FC)| > 1 and a p-value <0.05,
among which 2339 genes were significantly up-regulated and 550 down-regulated in the
PEITC-treated Huh7.5.1 cells relative to control cells (Fig. 6A and Table S2). To cross-check
the accuracy of the RNA-seq results, qRT-PCR analysis was conducted on eight differentially
expressed genes (DEGs), including four genes involved in cell proliferation, invasion and
migration (FOS, PDE6G, RGS16 and HBEGF) (MildeLangosch, 2005; Nikolova et al., 2010;
Carper et al., 2014; Bakiri et al., 2017; Hu et al., 2020; Ji & Wang, 2023; Zhang et al., 2023)
and four genes related to oxidative stress, DNA damage and apoptosis (ATF3, DDIT4,
SOCSI1 and MXD1) (Hai et al., 1999; Kim, Kim ¢ Lee, 2020; Ding et al., 2021; Ryu et al.,
2022; Xiong et al., 2022; Shao et al., 2023) (Fig. 6D). The strong consistency between the
qRT-PCR validation and RNA-seq results indicated high reliability of the transcriptomic
profiling data.

Du et al. (2024), PeerJ, DOI 10.7717/peerj.17532 11/27


https://peerj.com
https://doi.org/10.7717/peerj.17532/fig-4
http://dx.doi.org/10.7717/peerj.17532#supp-2
http://dx.doi.org/10.7717/peerj.17532

Peer

A —_
=100
z 8 75
o ©
o 50
3 25
= =
3 $ 0
o
2 6
B
3000
2
2 2000
S ¥
c
= 1000 §
1 o

0 15 30
uM

Figure 5 PEITC inhibits the migration and invasion of Huh7.5.1 cells. (A) Wound healing migration
assay of Huh7.5.1 cells treated with 15 pumol/L PEITC and DMSO, respectively. The relative open wound
area was evaluated and quantified (n = 3). (B) Transwell invasion assay of Huh7.5.1 cells treated with 15
and 30 pmol/L PEITC or DMSO for 24 h. The migrated cells were stained with crystal violet and calcu-
lated by Image]J software (n = 3). Data were shown as mean £ SD. *p < 0.05, **p < 0.01 and ***p <
0.0001.
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The KEGG pathway analysis of DEGs manifested that the top 20 significantly enriched
pathways involved two typical signaling pathways in cancer pathogenesis, namely MAPK
and PI3K-Akt signaling pathways (Fig. 6B). There were 27 and 25 DEGs enriched in
the MAPK and PI3K-Akt signaling pathways, respectively (Table S3). In addition, GSEA
was also applied to analyze the global changes of the signaling pathways regulated by
PEITC. It was found that 21 activated gene sets (NES >1.5, p-val <0.05, and false discovery
rate (FDR) < 0.25) were identified in Huh7.5.1 cells after PEITC treatment (Table 1),
including hallmarks E2F targets, PI3K-Akt-mTOR signaling and p53 pathway (Fig. 6C).
The core enrichment genes for these three hallmark gene sets were further investigated
(Table 54). Among these, one gene encoding cell cycle-related targets of E2F transcription
factors, one gene up-regulated by activation of the PI3K-Akt-mTOR pathway and nine
genes involved in the p53 pathway were up-regulated in the PEITC-treated Huh7.5.1 cells
(Table 2). All these results showed that MAPK, PI3K-Akt and p53 signaling pathways
could be activated by PEITC, suggesting the potential regulatory mechanisms of PEITC in
inhibiting proliferation, migration and invasion, stimulating oxidative stress and inducing
cell cycle arrest and apoptosis in Huh7.5.1 cells.

DISCUSSION

HCC is one of the most common cancers in the world. Hepatectomy is the main feasible
strategy for patients in the early stage (Fan et al., 2023). However, the advanced stage
remains the most frequent presentation at diagnosis with limited effective treatment
options, despite the improvement in the screening and diagnosis of HCC over the past
years, and drug therapy is receiving increasing attention (Chen et al., 2020; Gordan

et al., 2020). Isothiocyanates (ITCs) are one type of natural compounds exclusively
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Figure 6 Transcriptome sequencing analysis of Huh7.5.1 cells incubated with or without PEITC. (A)
Volcano plot showing significantly differentially expressed genes (DEGs) with log2 fold change (FC) > 1
or < —1 and p-value < 0.05. (B) KEGG pathway enrichment analysis of DEGs with top 20 enrichment
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0.05, g < 0.25. (D) Expression levels of SOCS1, PDE6G, RGS16, HBEGF5, ATF3, DDIT4, FOS and MXD1
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indicate the relative mRNA levels of eight DEGs. The lines show the FPKM expression data of transcrip-
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abundant in cruciferous vegetables, which have potentially health-promoting activities
(anti-oxidant, anti-microbial and anti-carcinogenic properties) (Zhang et al., 2022).
Several ITCs, especially sulforaphane (SFN) and indole-3-carbinol (I3C), have been
frequently assessed for their anti-carcinogenic effects (Hajra et al., 2018; Mastuo et al., 2020;
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Table 1 The gene sets significantly enriched in Huh7.5.1 cells after the treatment of PEITC based on

GSEA.
Hallmark gene sets ES NES NOM FDR g-val
p-val
HALLMARK_OXIDATIVE_PHOSPHORYLATION 0.51 8.27 0.000 0.000
HALLMARK_MYC_TARGETS_V1 0.44 7.38 0.000 0.000
HALLMARK_ADIPOGENESIS 0.37 6.06 0.000 0.000
HALLMARK_DNA_REPAIR 0.38 5.49 0.000 0.000
HALLMARK_MTORCI1_SIGNALING 0.33 5.29 0.000 0.000
HALLMARK_E2F_TARGETS 0.31 5.16 0.000 0.000
HALLMARK_UNFOLDED_PROTEIN_RESPONSE 0.38 4.71 0.000 0.000
HALLMARK_P53_PATHWAY 0.26 4.25 0.000 0.000
HALLMARK_GLYCOLYSIS 0.25 422 0.000 0.000
HALLMARK_HEME_METABOLISM 0.26 4.10 0.000 0.000
HALLMARK_FATTY_ACID_METABOLISM 0.28 4.09 0.000 0.000
HALLMARK_MITOTIC_SPINDLE 0.25 4.07 0.000 0.000
HALLMARK_UV_RESPONSE_UP 0.25 3.71 0.000 0.000
HALLMARK_PROTEIN_SECRETION 0.30 3.60 0.000 0.000
HALLMARK_XENOBIOTIC_METABOLISM 0.21 3.47 0.000 0.000
HALLMARK_PEROXISOME 0.26 3.12 0.000 0.000
HALLMARK_BILE_ACID_METABOLISM 0.25 3.08 0.000 0.000
HALLMARK_PI3K_AKT_MTOR_SIGNALING 0.23 2.80 0.000 0.000
HALLMARK_ESTROGEN_RESPONSE_LATE 0.17 2.74 0.000 0.000
HALLMARK_MYOGENESIS 0.13 2.09 0.000 0.004
HALLMARK_SPERMATOGENESIS 0.15 1.90 0.004 0.011

Notes.
NES > 1.5, NOM p-val < 0.05, and FDR g-val < 0.25.

Table 2 The differentially expressed core enrichment genes of MAPK, PI3K-Akt-mTOR and p53 signaling pathways in Huh7.5.1 cells after

PEITC treatment.
Hallmark gene sets Genes Rank Running Core log2 (Fold p-value Regulation
metric ES enrichment change(FC))
scores
HALLMARK_PI3K_AKT DDIT3 6.333 0.0209 Yes 1.476354886 1.56E—20 up
_MTOR_SIGNALING
FOS 9.063 0.0052 Yes 1.945767906 3.70E—-39 up
DDIT4 8.61 0.01 Yes 1.2317004 4.21E—-15 up
DDIT3 6.333 0.0375 Yes 1.476354886 1.56E—20 up
MXD1 3.94 0.0566 Yes 1.279879903 5.13E—25 up
HALLMARK_P53_PATHWAY  HBEGF 3.81 0.0659 Yes 1.240705667 2.16E—15 up
ATF3 3.55 0.0745 Yes 1.335222911 6.33E—26 up
PPM1D 1.637 0.1324 Yes 1.053274531 4.25E-22 up
SOCS1 0.43 0.2233 Yes 2.240632636 0.000376018 up
RGS16 0.353 0.2539 Yes 1.303898481 0.010761383 up
HALLMARK_E2F_TARGETS PPM1D 1.637 0.1566 Yes 1.053274531 4.25E—-22 up
Du et al. (2024), PeerdJ, DOI 10.7717/peerj.17532 14/27
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Lv et al., 2020a). The anti-oncogenic properties of PEITC, in terms of inhibiting the
proliferation, migration and invasion and/or inducing cell apoptosis and cycle arrest,
have also been demonstrated in various cancers, such as human breast, prostate, lung,
cervical and bile duct cancers (Xiao et al., 2005; Kassie et al., 2010; Tang et al., 2011; Huong
et al., 2012; Tusskorn et al., 2013; Dai et al., 2016; Zhang et al., 2016; Soundararajan ¢ Kim,
2018). Especially in the field of HCC treatment, the liver’s unique microenvironment,
which possesses abundant blood supply and distinct metabolic characteristics, presents
an ideal platform for the action of PEITC. More importantly, the chemical properties of
PEITC enable it to exist stably within the liver’s microenvironment and to be efficiently
absorbed and utilized by liver cells, thereby enhancing its targeted attack on HCC cells
(Hecht, 1996; Gupta et al., 2014; Li & Zhang, 2017; Yang et al., 2024). Therefore, PEITC has
demonstrated significant potential in the treatment of HCC. Nevertheless, the full picture
of the therapeutic effects and action mechanisms of PEITC on HCC has not yet been
completely unveiled.

In the present study, we evaluated the effects of PEITC on human HCC cell line
Huh?7.5.1 and found that PEITC significantly inhibited the proliferation, induced apoptosis,
promoted cell cycle arrest, and inhibited the invasion and metastasis of Huh7.5.1 cells,
which were accompanied by the generation of ROS and a decline in MMP. Previously,
PEITC has been demonstrated to significantly induce human hepatoma RLC/RPF/5 to
undergo mitochondrial-related apoptosis, substantiated by the up-regulation of p53 and
Bax protein, the down-regulation of Bcl-1, the cleavage of Bid, the release of cytochrome
C, the activation of Caspase-3/8/9, the generation of ROS and the decrease of MMP (W,
Ng & Lin, 2005). In addition, the effects of pro-apoptosis and cell cycle arrest and the
generation of ROS induced by PEITC were reported in HepG2 cells (Rose et al., 2003).
Another study in HepG2 cells also showed that PEITC could induce the ROS generation
and affect microtubule depolymerization, leading to apoptotic and necrotic cancer cell
death (Pocasap, Weerapreeyakul ¢ Thumanu, 2018). In addition to its pro-apoptosis effect,
an inhibitory role of PEITC and its N-acetylcysteine conjugate on cancer cell proliferation,
adhesion, invasion, migration and metastasis was revealed in SK-Hepl human hepatoma
cells, mediated by the down-regulation of MMP and the up-regulation of TIMPs (Hwang
& Lee, 2006). All these previous studies, including the present study, indicated that PEITC
has anti-proliferation, anti-migration, pro-apoptosis and cycle arrest-promoting activities
on HCC.

What is worth noting is the potential relationship between the decrease of MMP, the
elevated ROS levels, and the DNA damage induced by PEITC treatment. There is an
increasing amount of evidence indicating that ITCs can trigger a series of mitochondria-
related apoptotic responses, including the decrease of MMP, the increase of Bax expression,
and the decrease of Bcl-2 expression, ultimately promoting the enhancement of MOMP,
which further causes the release of cytochrome C and promotes the production of ROS that
causes DNA damage in HCC (Zhang et al., 2022). Moreover, ROS accumulation has been
proved to cause DNA damage and apoptosis in various cancers (Barzilai & Yamamoto,
2004; Guachalla ¢ Rudolph, 2010; Guo et al., 2014; Sadig, 2023). Here, our results revealed
the reduction of MMP, the generation of ROS, and DNA damage in the PEITC-treated
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Huh7.5.1 cells. The activated gene sets associated with the p53 signaling and DNA repair
based on GSEA also provided substantiation for the breakdown of DNA integrity. In
conjunction with these results, our data propose that PEITC could induce DNA damage
through the ROS generation triggered by the MMP decline in Huh7.5.1 cells, which requires
further experimental verification.

During the complex multi-step process of cancer development, the balance between
the activation and inactivation of tumor suppressor genes and proto-oncogenes plays
a critical role in cancer progression (Wang et al., 2002; Bishayee, 2014; Alqahtani et al.,
2019). After PEITC treatment, we found that the expression of genes (FOS, HBEGF,
RGS16, MXD1, and SOCS]I) involved in cell proliferation, differentiation, migration,
invasion, apoptosis and genes (ATF3 and DDIT4) associated with cell signal transduction
and oxidative stress were significantly changed in Huh7.5.1 cells, confirming the anti-
neoplastic effect of PETIC at the genetic level. Further transcriptome sequencing analysis
revealed that the typical MAPK, PI3K-Akt and p53 signaling pathways were activated in
the PEITC-treated Huh7.5.1 cells. Tumorigenesis has been associated with alterations in
several classical signaling pathways (Doerfler et al., 2001). The involvement of multiple
signaling pathways in aggressive cancers suggests that it may be necessary to target several
pathways simultaneously for efficacy (Liu et al., 2008; Li et al., 2012). MAPK signaling
pathways (including JNK/MAPK, ERK/MAPK, and p38/MAPK) are closely related to
the occurrence and development of HCC (Wu et al., 2020; Moon ¢ Ro, 2021). PEITC
has been proven to target MAPK signaling pathways to exert its anti-cancer effect. It is
capable of activating the JNK/MAPK signaling pathway in human colorectal cancer cells
HT-29, thereby significantly inducing the G1 cell cycle arrest, and the JNK/MAPK and
p38/MAPK signaling pathways in ovarian cancer cells OVCAR-3, which in turn activate
Caspase-3, thereby facilitating the occurrence of apoptosis (Wu et al., 2013; Islam et al.,
2016). Another study indicated that PEITC induces ferroptosis, autophagy, and apoptosis
in K7M2 osteosarcoma cells by activating ROS-related MAPK signaling pathways (Lv et
al., 2020b). In the present study, we observed that PEITC treatment led to cell cycle arrest
at the S phase in Huh7.5.1 cells, which may be associated with the hyper-activation of
the ERK/MAPK pathway. It has been demonstrated that the ERK/MAPK pathway plays
a crucial role in regulating cell growth and differentiation, and its hyper-activation can
trigger a cascade of intracellular responses, resulting in cell cycle arrest at the G1/S or
G2/M checkpoints, thereby causing cell cycle blockage (Kin ¢ Choi, 2010). Additionally,
the activation of JNK/MAPK and p38/MAPK signaling pathways may intensify the cellular
response to oxidative stress, promoting the accumulation of ROS, which in turn affects the
normal physiological functions of the cell (Wang et al., 2018; Kwak et al., 2023). As a tumor
suppressor protein, p53 plays a central role in how cells respond to DNA damage and
stress (Ou & Schumacher, 2018; Liebl & Hofmann, 2019; Vaddavalli & Schumacher, 2022).
Our transcriptome sequencing analysis revealed that treatment with PEITC significantly
activated the p53 pathway, which in turn initiated the expression of downstream genes,
including those that regulate cell cycle arrest and apoptosis (such as the GADD45, FOS, and
DDIT3 genes). This cascade of events ultimately led to an increase in MOMP, the release of
cytochrome C, and the activation of members of the caspase kinase family, culminating in
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the occurrence of apoptosis (Carlsson et al., 2022). The PI3K-Akt signaling pathway is often
altered in a variety of cancer types, associated with cell survival, proliferation, and metabolic
regulation (Jiang et al., 2020; Su et al., 2023). We found that the treatment of Huh7.5.1 cells
with PEITC triggers the activation of the PI3K-Akt signaling pathway, which might be due
to the pathway being temporarily activated as an emergency mechanism for cell survival
when cells are under external stress, such as oxidative stress and DNA damage induced by
PEITGC, in an attempt to resist these pressures (Chang et al., 2003; Wu et al., 2019; Huang
et al., 20205 Jiang et al., 2020; Wang et al., 2022; Su et al., 2023). However, when cellular
damage exceeds the capacity for repair, the activation of the PI3K-Akt pathway fails to
prevent the cells from proceeding to apoptosis. Instead, it may, through interactions with
the MAPK and p53 signaling pathways, collectively promote the occurrence of apoptosis. In
summary, PEITC intervenes in the biological behavior of Huh7.5.1 cells on multiple levels
by synergistically activating signaling pathways such as MAPK, p53, and PI3K-Akt. There
may be interactions among these pathways, jointly constructing a complex network. Their
coordinated action ultimately leads to cell cycle arrest, oxidative stress, DNA damage,
mitochondrial dysfunction, and apoptosis, thereby effectively inhibiting the growth,
migration, and survival of Huh7.5.1 cells, achieving anti-cancer effects.

Although our study has revealed the activation of the MAPK, PI3K-Akt, and p53
signaling pathways in Huh7.5.1 cells after PEITC treatment, our understanding of its
mediated anti-HCC mechanisms remains preliminary. In the future, we will proceed to
unveil whether these pathways are directly activated by PEITC or whether they are secondary
effects resulting from other cellular changes induced by PEITC, and elucidate how these
signaling pathways interact within cells. In addition, we will focus on exploring other
potential signaling pathways affected by PEITC, and assess the therapeutic efficacy of PEITC
combined with extant treatment methods (such as targeted therapy, immunotherapy, and
chemotherapy) (Kassie ¢ Knasmiiller, 20005 Tsou et al., 2013; Denis et al., 2014; Ma et al.,
2017; Shin et al., 2021). Moreover, translating these significant effects from in vitro settings
into clinical applications presents numerous challenges. Future research needs to delve into
the therapeutic effectiveness and safety of PEITC in vivo, including validating its anti-tumor
activity via preclinical animal models and conducting preliminary human clinical trials to
assess its efficacy and safety in humans. Simultaneously, in view of the bioavailability and
metabolic characteristics of PEITC, developing innovative and effective delivery systems,
such as nanoscale fluoropyrimidine polymer CF10 (Okechukwu et al., 2024), is also a focus
of future research to enhance therapeutic efficacy in HCC. To sum up, while our research
provides promising preliminary data for the application of PEITC in the treatment of
HCC, more studies are needed to fully understand its potential and limitations in clinical
therapy. Through these efforts, we look forward to the development of more effective HCC
treatment options with fewer side effects, offering better therapeutic choices for patients.

CONCLUSIONS

The present study demonstrated that PEITC could suppress the proliferation, trigger
mitochondrial-related apoptosis, induce cell cycle arrest and inhibit the invasion and
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migration of HCC cells Huh7.5.1, which were accomplished by the decrease of MMP and
the generation of intracellular ROS. The discovery of the inhibitory effects of PEITC on
HCC cells Huh7.5.1, along with its role in modulating key signaling pathways, represents
a significant breakthrough in the treatment of HCC. In-depth investigation into the
underlying mechanisms not only enriches our understanding of PEITC’s therapeutic
potential but also facilitates its exploration as a promising therapeutic agent against HCC.
These efforts may reveal novel targets for HCC treatment and offer a prospective therapeutic
agent for improving the prognosis of patients with HCC.

ACKNOWLEDGEMENTS

We thank Dr. Heng Dong (Hangzhou Normal University, China) for the critical comments
and editing on this manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This research was funded by the Basic Scientific Research Projects of Wenzhou [N20210003]
and the Master’s Innovation Foundation of Wenzhou University [3162023003045 and
3162024004093]. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

The Basic Scientific Research Projects of Wenzhou: N20210003.

The Master’s Innovation Foundation of Wenzhou University: 3162023003045,
3162024004093.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Jiao Du performed the experiments, analyzed the data, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

e Yuting Zhang performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.

e Jiajia Chen performed the experiments, analyzed the data, prepared figures and/or tables,
and approved the final draft.

e Libo Jin analyzed the data, prepared figures and/or tables, and approved the final draft.

e Liying Pan analyzed the data, prepared figures and/or tables, and approved the final
draft.

e Pengyu Lei analyzed the data, prepared figures and/or tables, and approved the final
draft.

e Sue Lin conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

Du et al. (2024), PeerJ, DOI 10.7717/peerj.17532 18/27


https://peerj.com
http://dx.doi.org/10.7717/peerj.17532

Peer

DNA Deposition

The following information was supplied regarding the deposition of DNA sequences:
The RNA sequences of Huh7.5.1 cells with PEITC or DMSO treatment described here

are available at SRA BioProject: PRINA1072050.

Data Availability
The following information was supplied regarding data availability:

The raw data is available at Figshare: Jiao, Du (2024). Phenethyl isothiocyanate
inhibits the carcinogenic properties of hepatocellular carcinoma Huh7.5.1 cells by
activating MAPK/PI3K-Akt/p53 signaling pathways. figshare. Journal contribution.
https:/doi.org/10.6084/m9.figshare.25183820.v2.

Supplemental Information
Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.17532#supplemental-information.

REFERENCES

Alqahtani A, Khan Z, Alloghbi A, Said Ahmed TS, Ashraf M, Hammouda DM. 2019.
Hepatocellular carcinoma: molecular mechanisms and targeted therapies. Medicina
(Kaunas, Lithuania) 55:526.

Bakiri L, Hamacher R, Graia O, GuioCarrion A, Campos-Olivas R, Martinez L, Dienes
HP, Thomsen MK, Hasenfuss SC, Wagner EF. 2017. Liver carcinogenesis by FOS-
dependent inflammation and cholesterol dysregulation. The Journal of Experimental
Medicine 214:1387-1409 DOI 10.1084/jem.20160935.

Barzilai A, Yamamoto K. 2004. DNA damage responses to oxidative stress. DNA Repair
3:1109-1115 DOI 10.1016/j.dnarep.2004.03.002.

Bishayee A. 2014. The role of inflammation and liver cancer. Advances in Experimental
Medicine and Biology 816:401-435 DOI 10.1007/978-3-0348-0837-8_16.

Cang S, Ma Y, Chiao J, Liu D. 2014. Phenethyl isothiocyanate and paclitaxel synergisti-
cally enhanced apoptosis and alpha-tubulin hyperacetylation in breast cancer cells.
Experimental Hematology & Oncology 3:5 DOI 10.1186/2162-3619-3-5.

Carlsson MJ, Vollmer AS, Demuth P, Heylmann D, Reich D, Quarz C, Rasenberger B,
Nikolova T, Hofmann TG, Christmann M, Fuhlbrueck JA, Stegmiiller S, Richling
E, Cartus AT, Fahrer J. 2022. p53 triggers mitochondrial apoptosis following DNA
damage-dependent replication stress by the hepatotoxin methyleugenol. Cell Death
¢ Disease 13:1009 DOI 10.1038/s41419-022-05446-9.

Carper MB, Denvir J, Boskovic G, Primerano DA, Claudio PP. 2014. RGS16, a novel
p53 and pRb cross-talk candidate inhibits migration and invasion of pancreatic
cancer cells. Genes & Cancer 5:420-435 DOI 10.18632/genesandcancer.43.

Chakraborty E, Sarkar D. 2022. Emerging therapies for hepatocellular carcinoma
(HCC). Cancer 14:2798 DOI 10.3390/cancers14112798.

Chang F, Lee JT, Navolanic PM, Steelman LS, Shelton JG, Blalock WL, Franklin RA,
McCubrey JA. 2003. Involvement of PI3K/Akt pathway in cell cycle progression,

Du et al. (2024), PeerdJ, DOI 10.7717/peerj.17532 19/27


https://peerj.com
https://www.ncbi.nlm.nih.gov/sra/PRJNA1072050
https://doi.org/10.6084/m9.figshare.25183820.v2
http://dx.doi.org/10.7717/peerj.17532#supplemental-information
http://dx.doi.org/10.7717/peerj.17532#supplemental-information
http://dx.doi.org/10.1084/jem.20160935
http://dx.doi.org/10.1016/j.dnarep.2004.03.002
http://dx.doi.org/10.1007/978-3-0348-0837-8_16
http://dx.doi.org/10.1186/2162-3619-3-5
http://dx.doi.org/10.1038/s41419-022-05446-9
http://dx.doi.org/10.18632/genesandcancer.43
http://dx.doi.org/10.3390/cancers14112798
http://dx.doi.org/10.7717/peerj.17532

Peer

apoptosis, and neoplastic transformation: a target for cancer chemotherapy.
Leukemia 17:590-603 DOT 10.1038/sj.leu.2402824.

Chen Z, Xie H, Hu M, Huang T, Hu Y, Sang N, Zhao Y. 2020. Recent progress in
treatment of hepatocellular carcinoma. American Journal of Cancer Research
10:2993-3036.

Cheung KL, Kong A. 2010. Molecular targets of dietary phenethyl isothiocyanate
and sulforaphane for cancer chemoprevention. The AAPS Journal 12:87-97
DOI 10.1208/s12248-009-9162-8.

CortésGutiérrez EI, GarciaSalas JA, DavilaRodriguez MI, CeycaContreras JP,
CortezReyes M, Fernandez JL, Gosalvez J. 2020. Detection of DNA damage in
pigeon erythrocytes using a chromatin dispersion assay. Toxicology Mechanisms and
Methods 30:228-235 DOI 10.1080/15376516.2019.1701596.

Dai M, Wang Y, Chen C, Li F, Xiao B, Chen S, Tao Z. 2016. Phenethyl isothiocyanate
induces apoptosis and inhibits cell proliferation and invasion in Hep-2 laryngeal
cancer cells. Oncology Reports 35:2657-2664 DOI 10.3892/01.2016.4689.

Denis I, Cellerin L, Gregoire M, Blanquart C. 2014. Cisplatin in combination with
phenethyl isothiocyanate (PEITC), a potential new therapeutic strategy for malignant
pleural mesothelioma. Oncotarget 5:11641-11652 DOI 10.18632/oncotarget.2604.

Ding F, Gao F, Zhang S, Lv X, Chen Y, Liu Q. 2021. A review of the mechanism of
DDIT4 serve as a mitochondrial related protein in tumor regulation. Science Progress
104:36850421997273.

Doerfler W, Hohlweg U, Miiller K, Remus R, Heller H, Hertz J. 2001. Foreign DNA
integration-perturbations of the genome-oncogenesis. Annals of the New York
Academy of Sciences 945:276-288 DOI 10.1111/j.1749-6632.2001.tb03896.x.

Estaquier J, Vallette F, Vayssiere J, Mignotte B. 2012. The mitochondrial pathways
of apoptosis. Advances in Experimental Medicine and Biology 942:157-183
DOI 10.1007/978-94-007-2869-1_7.

Fan Z, Zhou P, Jin B, Li G, Feng L, Zhuang C, Wang S. 2023. Recent therapeutics in
hepatocellular carcinoma. American Journal of Cancer Research 13:261-275.

Fontana F, Raimondi M, Marzagalli M, Di Domizio A, Limonta P. 2020. The emerging
role of paraptosis in tumor cell biology: perspectives for cancer prevention and
therapy with natural compounds. Biochimica Et Biophysica Acta. Reviews on Cancer
1873:188338 DOI 10.1016/j.bbcan.2020.188338.

Fowke JH. 2007. Head and neck cancer: a case for inhibition by isothiocyanates and in-
doles from cruciferous vegetables. European Journal of Cancer Prevention 16:348-356
DOI 10.1097/01.cej.0000236258.80522.fb.

Gordan JD, Kennedy EB, Abou-Alfa GK, Beg MS, Brower ST, Gade TP, Goff L, Gupta
S, Guy J, Harris WP, Iyer R, Jaiyesimi I, Jhawer M, Karippot A, Kaseb AO, Kelley
RK, Knox JJ, Kortmansky J, Leaf A, Remak WM, Shroff RT, Sohal DPS, Taddei
TH, Venepalli NK, Wilson A, Zhu AX, Rose MG. 2020. Systemic therapy for
advanced hepatocellular carcinoma: ASCO guideline. Journal of Clinical Oncology
38:4317-4345 DOI 10.1200/JC0O.20.02672.

Du et al. (2024), PeerdJ, DOI 10.7717/peerj.17532 20/27


https://peerj.com
http://dx.doi.org/10.1038/sj.leu.2402824
http://dx.doi.org/10.1208/s12248-009-9162-8
http://dx.doi.org/10.1080/15376516.2019.1701596
http://dx.doi.org/10.3892/or.2016.4689
http://dx.doi.org/10.18632/oncotarget.2604
http://dx.doi.org/10.1111/j.1749-6632.2001.tb03896.x
http://dx.doi.org/10.1007/978-94-007-2869-1_7
http://dx.doi.org/10.1016/j.bbcan.2020.188338
http://dx.doi.org/10.1097/01.cej.0000236258.80522.fb
http://dx.doi.org/10.1200/JCO.20.02672
http://dx.doi.org/10.7717/peerj.17532

Peer

Gorrini C, Harris IS, Mak TW. 2013. Modulation of oxidative stress as an anticancer
strategy. Nature Reviews. Drug Discovery 12:931-947 DOI 10.1038/nrd4002.

Gottlieb E, Armour SM, Harris MH, Thompson CB. 2003. Mitochondrial membrane
potential regulates matrix configuration and cytochrome c release during apoptosis.
Cell Death and Differentiation 10:709-717 DOI 10.1038/sj.cdd.4401231.

Guachalla LM, Rudolph KL. 2010. ROS induced DNA damage and checkpoint re-
sponses: influences on aging? Cell Cycle 9:4058—4060 DOI 10.4161/cc.9.20.13577.

Guan X, Li Y, Guan X, Fan L, YingJ. 2024. XYA-2: a marine-derived compound
targeting apoptosis and multiple signaling pathways in pancreatic cancer. Peer]
12:16805 DOI 10.7717/peerj.16805.

Guo J, Wu G, Bao J, Hao W, Lu J, Chen X. 2014. Cucurbitacin B induced ATM-mediated
DNA damage causes G2/M cell cycle arrest in a ROS-dependent manner. PLOS ONE
9:¢88140 DOI 10.1371/journal.pone.0088140.

Gupta P, Wright SE, Kim S, Srivastava SK. 2014. Phenethyl isothiocyanate: a com-
prehensive review of anti-cancer mechanisms. Biochimica Et Biophysica Acta
1846:405-424.

Hai T, Wolfgang CD, Marsee DK, Allen AE, Sivaprasad U. 1999. ATF3 and stress
responses. Gene Expression 7:321-335.

Hajra S, Patra AR, Basu A, Saha P, Bhattacharya S. 2018. Indole-3-Carbinol (I3C)
enhances the sensitivity of murine breast adenocarcinoma cells to doxorubicin
(DOX) through inhibition of NF-kf, blocking angiogenesis and regulation of
mitochondrial apoptotic pathway. Chemico-Biological Interactions 290:19-36
DOI 10.1016/.cbi.2018.05.005.

Hartke J, Johnson M, Ghabril M. 2017. The diagnosis and treatment of hepatocellular
carcinoma. Seminars in Diagnostic Pathology 34:153—159
DOI 10.1053/j.semdp.2016.12.011.

Hecht SS. 1996. Chemoprevention of lung cancer by isothiocyanates. Advances in
Experimental Medicine and Biology 401:1-11 DOI 10.1007/978-1-4613-0399-2_1.

HuJ, Ding G, Fu P, Tang W, Sun Q, Zhu X, Shen Y, Zhou J, Fan J, Sun H, Huang C.
2020. Identification of FOS as a candidate risk gene for liver cancer by Integrated
bioinformatic analysis. BioMed Research International 2020:6784138.

Huang T, Lampert EJ, Coots C, Lee J. 2020. Targeting the PI3K pathway and DNA
damage response as a therapeutic strategy in ovarian cancer. Cancer Treatment
Reviews 86:102021 DOI 10.1016/j.ctrv.2020.102021.

Huong LD, Shin JA, Choi ES, Cho NP, Kim HM, Leem DH, Cho SD. 2012. 8-phenethyl
isothiocyanate induces death receptor 5 to induce apoptosis in human oral cancer
cells via p38. Oral Diseases 18:513-519 DOI 10.1111/j.1601-0825.2012.01905.x.

Hwang ES, Lee HJ. 2006. Phenylethyl isothiocyanate and its N-acetylcysteine conjugate
suppress the metastasis of SK-Hep1 human hepatoma cells. The Journal of Nutri-
tional Biochemistry 17:837-846 DOI 10.1016/j.jnutbio.2006.02.004.

Du et al. (2024), PeerdJ, DOI 10.7717/peerj.17532 21/27


https://peerj.com
http://dx.doi.org/10.1038/nrd4002
http://dx.doi.org/10.1038/sj.cdd.4401231
http://dx.doi.org/10.4161/cc.9.20.13577
http://dx.doi.org/10.7717/peerj.16805
http://dx.doi.org/10.1371/journal.pone.0088140
http://dx.doi.org/10.1016/j.cbi.2018.05.005
http://dx.doi.org/10.1053/j.semdp.2016.12.011
http://dx.doi.org/10.1007/978-1-4613-0399-2_1
http://dx.doi.org/10.1016/j.ctrv.2020.102021
http://dx.doi.org/10.1111/j.1601-0825.2012.01905.x
http://dx.doi.org/10.1016/j.jnutbio.2006.02.004
http://dx.doi.org/10.7717/peerj.17532

Peer

Islam SS, Mokhtari RB, Akbari P, Hatina J, Yeger H, Farhat WA. 2016. Simultaneous
targeting of bladder tumor growth, survival, and epithelial-to-mesenchymal transi-
tion with a novel therapeutic combination of acetazolamide (AZ) and sulforaphane
(SEN). Targeted Oncology 11:209-227 DOI 10.1007/s11523-015-0386-5.

Ji P, Wang X. 2023. Clinical application study on miR-98-5p as a prognostic biomarker
in hepatocellular carcinoma. Clinics and Research in Hepatology and Gastroenterology
47:102077 DOI 10.1016/j.clinre.2023.102077.

JiaY, Wang M, Sang X, Liu P, Gao J, Jiang K, Cheng H. 2021. Phenethyl isothiocyanate
enhances the cytotoxic effects of PARP inhibitors in high-grade serous ovarian
cancer cells. Frontiers in Oncology 11:812264 DOI 10.3389/fonc.2021.812264.

Jiang N, Dai Q, Su X, FuJ, Feng X, Peng J. 2020. Role of PI3K/AKT pathway in cancer:
the framework of malignant behavior. Molecular Biology Reports 47:4587—-4629
DOI 10.1007/s11033-020-05435-1.

Jutooru I, Guthrie AS, Chadalapaka G, Pathi S, Kim K, Burghardt R, Jin UH, Safe S.
2014. Mechanism of action of phenethylisothiocyanate and other reactive oxygen
species-inducing anticancer agents. Molecular and Cellular Biology 34:2382-2395
DOI 10.1128/MCB.01602-13.

Kassie F, Knasmiiller S. 2000. Genotoxic effects of allyl isothiocyanate (AITC) and
phenethyl isothiocyanate (PEITC). Chemico-Biological Interactions 127:163—180
DOI10.1016/S0009-2797(00)00178-2.

Kassie F, Melkamu T, Endalew A, Upadhyaya P, Luo X, Hecht SS. 2010. Inhibition of
lung carcinogenesis and critical cancer-related signaling pathways by N-acetyl-S-(N-
2-phenethylthiocarbamoyl)-1-cysteine, indole-3-carbinol and myo-inositol, alone
and in combination. Carcinogenesis 31:1634—1641 DOI 10.1093/carcin/bgq139.

Kawamoto M, Yamaji T, Saito K, Shirasago Y, Satomura K, Endo T, Fukasawa M,
Hanada K, Osada N. 2020. Identification of characteristic genomic markers in
human hepatoma Huh-7 and Huh7.5.1-8 cell lines. Frontiers in Genetics 11:546106
DOI 10.3389/fgene.2020.546106.

Kim EK, Choi E. 2010. Pathological roles of MAPK signaling pathways in human
diseases. Biochimica Et Biophysica Acta (BBA)—Molecular Basis of Disease
1802:396—405 DOI 10.1016/j.bbadis.2009.12.009.

Kim S, Kim S, Lee C. 2020. SOCS] represses fractionated ionizing radiation-induced
EMT signaling pathways through the counter-regulation of ROS-scavenging and
ROS-generating systems. Cellular Physiology and Biochemistry 54:1026—1040
DOI 10.33594/000000285.

Kubczak M, Szustka A, Rogaliniska M. 2021. Molecular targets of natural compounds
with anti-cancer properties. International Journal of Molecular Sciences 22:13659
DOI 10.3390/1jms222413659.

Kwak A, Kim W, Lee S, Yoon G, Cho SS, Kim K, Lee M, Choi YH, Lee J, Park JW,
Shim JH. 2023. Licochalcone B induces ROS-dependent apoptosis in oxaliplatin-
resistant colorectal cancer cells via p38/JNK MAPK signaling. Antioxidants (Basel,
Switzerland) 12:656.

Du et al. (2024), PeerdJ, DOI 10.7717/peerj.17532 22/27


https://peerj.com
http://dx.doi.org/10.1007/s11523-015-0386-5
http://dx.doi.org/10.1016/j.clinre.2023.102077
http://dx.doi.org/10.3389/fonc.2021.812264
http://dx.doi.org/10.1007/s11033-020-05435-1
http://dx.doi.org/10.1128/MCB.01602-13
http://dx.doi.org/10.1016/S0009-2797(00)00178-2
http://dx.doi.org/10.1093/carcin/bgq139
http://dx.doi.org/10.3389/fgene.2020.546106
http://dx.doi.org/10.1016/j.bbadis.2009.12.009
http://dx.doi.org/10.33594/000000285
http://dx.doi.org/10.3390/ijms222413659
http://dx.doi.org/10.7717/peerj.17532

Peer

Li S, Tang Q, Wang S, Wang S, Yang X. 2012. Simultaneously targeting bcl-2 and Akt
pathways sensitizes nasopharyngeal carcinoma to tumor necrosis factor-related
apoptosis-inducing ligand. Cancer Biotherapy & Radiopharmaceuticals 27:88-95
DOI 10.1089/cbr.2011.1031.

LiH, Zhang L. 2017. Liver regeneration microenvironment of hepatocellular carcinoma
for prevention and therapy. Oncotarget 8:1805-1813 DOI 10.18632/oncotarget.12101.

Liebl MC, Hofmann TG. 2019. Cell fate regulation upon DNA damage: p53 serine 46
kinases pave the cell death road. BioEssays: News and Reviews in Molecular, Cellular
and Developmental Biology 41:¢1900127 DOI 10.1002/bies.201900127.

Liu X, FuR, Pan Y, MezaSosa KF, Zhang Z, Lieberman J. 2018. PNPT1 release from
mitochondria during apoptosis triggers decay of Poly(A) RNAs. Cell 174:187-201
DOI 10.1016/j.cell.2018.04.017.

Liu S, Wang H, Lin X, Xiang H, Deng X, Li W, Tang M, Cao Y. 2008. NF-kappaB in-
hibitors induce lytic cytotoxicity in Epstein-Barr virus-positive nasopharyngeal carci-
noma cells. Cell Biology International 32:1006—1013 DOI 10.1016/j.cellbi.2008.03.022.

Llovet JM, Hilgard P, de Oliveira AC, Forner A, Zeuzem S, Galle PR, Hiussinger D,
Moscovici M. 2008. Sorafenib in advanced hepatocellular carcinoma. The New
England Journal of Medicine 359(4):378—390 DOI 10.1056/NEJMo0a0708857.

Lv X, Meng G, Li W, Fan D, Wang X, Espinoza-Pinochet CA, Cespedes-Acuiia CL.
2020a. Sulforaphane and its antioxidative effects in broccoli seeds and sprouts of dif-
ferent cultivars. Food Chemistry 316:126216 DOI 10.1016/j.foodchem.2020.126216.

Lv HH, Zhen CX, LiuJY, Shang P. 2020b. PEITC triggers multiple forms of cell death by
GSH-iron-ROS regulation in K7M2 murine osteosarcoma cells. Acta Pharmacologica
Sinica 41:1119-1132 DOI 10.1038/s41401-020-0376-8.

MaY, Hsiao Y, Lin J, Liao C, Lin C, Chung J. 2017. Phenethyl isothiocyanate (PEITC)
and benzyl isothiocyanate (BITC) inhibit human melanoma A375.52 cell migration
and invasion by affecting MAPK signaling pathway in vitro. Anticancer Research
37(11):6223-6234 DOI 10.21873/anticanres.12073.

May, Liu]J, Lin L, Zhang H, Wu J, Shi Y, Jia C, Zhang D, Yu F, Wang H, Yin YZ, Jiang
X, Wang P, Tian LL, Cao P, Wu X, Lu H, Gu L, Zhang J, Cong G, Luo P, Zhong
X, Cai B, Shi M, Zhang S, Li L, Zhang W, Liu Y, Li Z, Wu T, Wu Z, Wang G, Lv Z,
Ling C, Chu KJ, Fu D. 2021. Exosomal microRNA-15a from mesenchymal stem cells
impedes hepatocellular carcinoma progression via downregulation of SALL4. Cell
Death Discovery 7:224 DOIT 10.1038/s41420-021-00611-z.

Mastuo T, Miyata Y, Yuno T, Mukae Y, Otsubo A, Mitsunari K, Ohba K, Sakai H.

2020. Molecular mechanisms of the anti-cancer effects of Isothiocyanates from
cruciferous vegetables in bladder cancer. Molecules (Basel, Switzerland) 25:575
DOI 10.3390/molecules25030575.

MildeLangosch K. 2005. The Fos family of transcription factors and their role in
tumourigenesis. European Journal of Cancer 41:2449-2461.

Molinski TF, Dalisay DS, Lievens SL, Saludes JP. 2009. Drug development from marine
natural products. Nature Reviews. Drug Discovery 8:69—85 DOI 10.1038/nrd2487.

Du et al. (2024), PeerdJ, DOI 10.7717/peerj.17532 23/27


https://peerj.com
http://dx.doi.org/10.1089/cbr.2011.1031
http://dx.doi.org/10.18632/oncotarget.12101
http://dx.doi.org/10.1002/bies.201900127
http://dx.doi.org/10.1016/j.cell.2018.04.017
http://dx.doi.org/10.1016/j.cellbi.2008.03.022
http://dx.doi.org/10.1056/NEJMoa0708857
http://dx.doi.org/10.1016/j.foodchem.2020.126216
http://dx.doi.org/10.1038/s41401-020-0376-8
http://dx.doi.org/10.21873/anticanres.12073
http://dx.doi.org/10.1038/s41420-021-00611-z
http://dx.doi.org/10.3390/molecules25030575
http://dx.doi.org/10.1038/nrd2487
http://dx.doi.org/10.7717/peerj.17532

Peer

Moon H, Ro SW. 2021. MAPK/ERK signaling pathway in hepatocellular carcinoma.
Cancer 13:3026 DOI 10.3390/cancers13123026.

Morris ME, Dave RA. 2014. Pharmacokinetics and pharmacodynamics of phenethyl
isothiocyanate: implications in breast cancer prevention. The AAPS Journal
16:705-713 DOI 10.1208/s12248-014-9610-y.

Nikolova S, Guenther A, Savai R, Weissmann N, Ghofrani HA, Konigshoff M,
Eickelberg O, Klepetko W, Voswinckel R, Seeger W, Grimminger F, Scher-
muly RT, Pullamsetti SS. 2010. Phosphodiesterase 6 subunits are expressed
and altered in idiopathic pulmonary fibrosis. Respiratory Research 11:146
DOI10.1186/1465-9921-11-146.

Okechukwu CC, Ma X, Sah N, Mani C, Palle K, Gmeiner WH. 2024. Enhanced thera-
peutic efficacy of the nanoscale fluoropyrimidine polymer CF10 in a rat colorectal
cancer liver metastasis model. Cancers 16:1360 DOI 10.3390/cancers16071360.

Ou H, Schumacher B. 2018. DNA damage responses and p53 in the aging process. Blood
131:488-495 DOI 10.1182/blood-2017-07-746396.

Pocasap P, Weerapreeyakul N, Thumanu K. 2018. Structures of isothiocyanates
attributed to reactive oxygen species generation and microtubule depolymerization
in HepG2 cells. Biomedicine & Pharmacotherapy = Biomedecine & Pharmacotherapie
101:698-709 DOI 10.1016/j.biopha.2018.02.132.

Rose P, Whiteman M, Huang SH, Halliwell B, Ong CN. 2003. beta-Phenylethyl
isothiocyanate-mediated apoptosis in hepatoma HepG2 cells. Cellular and Molecular
Life Sciences 60:1489—1503 DOI 10.1007/s00018-003-3150-4.

Ryu]J, OhJ, Kim S, Kim W, Jeong H, Ahn S, Kim S, Jang J, Yoo BC, Kim CW, Lee C.
2022. SOCSI counteracts ROS-mediated survival signals and promotes apoptosis
by modulating cell cycle to increase radiosensitivity of colorectal cancer cells. BMB
Reports 55:198-203 DOI 10.5483/BMBRep.2022.55.4.191.

Sadiq IZ. 2023. Free radicals and oxidative stress: signaling mechanisms, redox basis for
human diseases, and cell cycle regulation. Current Molecular Medicine 23:13-35
DOI 10.2174/1566524022666211222161637.

Sato J, Satouchi M, Itoh S, Okuma Y, Niho S, Mizugaki H, Murakami H, Fujisaka Y,
Kozuki T, Nakamura K, Nagasaka Y, Kawasaki M, Yamada T, Machida R, Kuchiba
A, Ohe Y, Yamamoto N. 2020. Lenvatinib in patients with advanced or metastatic
thymic carcinoma (REMORA): a multicentre, phase 2 trial. The Lancet. Oncology
21:843-850 DOI 10.1016/51470-2045(20)30162-5.

Shao C, Zhou H, Gao X, Xu C. 2023. Downregulation of miR-221-3p promotes
the ferroptosis in gastric cancer cells via upregulation of ATF3 to mediate the
transcription inhibition of GPX4 and HRD1. Translational Oncology 32:101649
DOI10.1016/j.tranon.2023.101649.

Shin JM, Lim E, Cho YS, Nho CW. 2021. Cancer-preventive effect of phenethyl isothio-
cyanate through tumor microenvironment regulation in a colorectal cancer stem cell
xenograft model. Phytomedicine 84:153493 DOI 10.1016/j.phymed.2021.153493.

Du et al. (2024), PeerdJ, DOI 10.7717/peerj.17532 24/27


https://peerj.com
http://dx.doi.org/10.3390/cancers13123026
http://dx.doi.org/10.1208/s12248-014-9610-y
http://dx.doi.org/10.1186/1465-9921-11-146
http://dx.doi.org/10.3390/cancers16071360
http://dx.doi.org/10.1182/blood-2017-07-746396
http://dx.doi.org/10.1016/j.biopha.2018.02.132
http://dx.doi.org/10.1007/s00018-003-3150-4
http://dx.doi.org/10.5483/BMBRep.2022.55.4.191
http://dx.doi.org/10.2174/1566524022666211222161637
http://dx.doi.org/10.1016/S1470-2045(20)30162-5
http://dx.doi.org/10.1016/j.tranon.2023.101649
http://dx.doi.org/10.1016/j.phymed.2021.153493
http://dx.doi.org/10.7717/peerj.17532

Peer

Sia D, Villanueva A, Friedman SL, Llovet JM. 2017. Liver cancer cell of origin,
molecular class, and effects on patient prognosis. Gastroenterology 152:745-761
DOI 10.1053/j.gastro.2016.11.048.

Siegel RL, Miller KD, Fuchs HE, Jemal A. 2021. Cancer statistics, 2021. CA: A Cancer
Journal for Clinicians 71(1):7-33 DOI 10.3322/caac.21654.

Soundararajan P, Kim JS. 2018. Anti-carcinogenic glucosinolates in cruciferous
vegetables and their antagonistic effects on prevention of cancers. Molecules (Basel,
Switzerland) 23:2983 DOI 10.3390/molecules23112983.

Stanley LA, Wolf CR. 2022. Through a glass, darkly? HepaRG and HepG2 cells as
models of human phase I drug metabolism. Drug Metabolism Reviews 54:46—62
DOI 10.1080/03602532.2022.2039688.

Su WY, Tian LY, Guo LP, Huang LQ, Gao WY. 2023. PI3K signaling-regulated metabolic
reprogramming: from mechanism to application. Biochimica Et Biophysica Acta.
Reviews on Cancer 1878:188952 DOI 10.1016/j.bbcan.2023.188952.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F. 2021.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA: A Cancer Journal for Clinicians
71(3):209-249 DOI 10.3322/caac.21660.

Tang N, Huang Y, Yu C, Ko Y, Wu S, Ji B, YangJ, Yang J, Hsia T, Chen Y, Chung
J. 2011. Phenethyl isothiocyanate (PEITC) promotes G2/M phase arrest via p53
expression and induces apoptosis through caspase- and mitochondria-dependent
signaling pathways in human prostate cancer DU 145 cells. Anticancer Research
31(5):1691-1702.

Tewari D, Patni P, Bishayee A, Sah AN, Bishayee A. 2022. Natural products targeting the
PI3K-Akt-mTOR signaling pathway in cancer: a novel therapeutic strategy. Seminars
in Cancer Biology 80:1-17 DOI 10.1016/j.semcancer.2019.12.008.

Trachootham D, Alexandre J, Huang P. 2009. Targeting cancer cells by ROS-mediated
mechanisms: a radical therapeutic approach? Nature Reviews. Drug Discovery
8:579-591 DOI 10.1038/nrd2803.

TsouM, Tien N, Lu C, ChiangJ, YangJ, Lin J, Fan M, Lu J, Yeh S, ChungJ. 2013.
Phenethyl isothiocyanate promotes immune responses in normal BALB/c mice,
inhibits murine leukemia WEHI-3 cells, and stimulates immunomodulations in vivo.
Environmental Toxicology 28:127-136 DOI 10.1002/tox.20705.

Tusskorn O, Prawan A, Senggunprai L, Kukongviriyapan U, Kukongviriyapan V. 2013.
Phenethyl isothiocyanate induces apoptosis of cholangiocarcinoma cells through
interruption of glutathione and mitochondrial pathway. Naunyn-Schmiedeberg’S
Archives of Pharmacology 386:1009—1016 DOI 10.1007/s00210-013-0906-8.

Vaddavalli PL, Schumacher B. 2022. The p53 network: cellular and systemic DNA
damage responses in cancer and aging. Trends in Genetics: TIG 38:598—612
DOI 10.1016/j.tig.2022.02.010.

Wang L, Cheng L, Ma L, Ahmad Faroogqi A, Qiao G, Zhang Y, Ye H, Liu M, Huang
J, Yang X, Lin X, Cao S. 2022. Alnustone inhibits the growth of hepatocellular

Du et al. (2024), PeerdJ, DOI 10.7717/peerj.17532 25/27


https://peerj.com
http://dx.doi.org/10.1053/j.gastro.2016.11.048
http://dx.doi.org/10.3322/caac.21654
http://dx.doi.org/10.3390/molecules23112983
http://dx.doi.org/10.1080/03602532.2022.2039688
http://dx.doi.org/10.1016/j.bbcan.2023.188952
http://dx.doi.org/10.3322/caac.21660
http://dx.doi.org/10.1016/j.semcancer.2019.12.008
http://dx.doi.org/10.1038/nrd2803
http://dx.doi.org/10.1002/tox.20705
http://dx.doi.org/10.1007/s00210-013-0906-8
http://dx.doi.org/10.1016/j.tig.2022.02.010
http://dx.doi.org/10.7717/peerj.17532

Peer

carcinoma via ROS-mediated PI3K/Akt/mTOR/p70S6K axis. Phytotherapy Research
36:525-542 DOI 10.1002/ptr.7337.

Wang XW, Hussain SP, Huo T, Wu C, Forgues M, Hofseth L], Brechot C, Harris CC.
2002. Molecular pathogenesis of human hepatocellular carcinoma. Toxicology 181—
182:43—47 DOI 10.1016/s0300-483x(02)00253-6.

Wang LG, Liu XM, Fang Y, Dai W, Chiao FB, Puccio GM, FengJ, Liu D, Chiao JW.
2008. De-repression of the p21 promoter in prostate cancer cells by an isothio-
cyanate via inhibition of HDACs and c-Myc. International Journal of Oncology
33(2):375-380.

Wang S, Wang M, Wang M, Tian Y, Sun X, Sun G, Sun X. 2018. Bavachinin induces
oxidative damage in HepaRG cells through p38/JNK MAPK pathways. Toxins
10:154 DOI 10.3390/toxins10040154.

WuT, Chen C, Pan Y, Hu C, Huang F, Liu J, Lee C. 2019. Cetrimonium bromide inhibits
cell migration and invasion of human hepatic SK-HEP-1 cells through modulating
the canonical and non-canonical TGF- signaling pathways. Anticancer Research
39:3621-3631 DOI 10.21873/anticanres.13510.

Wu J, Crowe DL. 2020. Telomere DNA damage signaling regulates prostate cancer
tumorigenesis. Molecular Cancer Research: MCR 18:1326—1339
DOI 10.1158/1541-7786.MCR-19-1129.

Wu S, Ng LT, Lin C. 2005. Effects of antioxidants and caspase-3 inhibitor on
the phenylethyl isothiocyanate-induced apoptotic signaling pathways in
human PLC/PRF/5 cells. European Journal of Pharmacology 518:96-106
DOI 10.1016/j.ejphar.2005.06.021.

WuY, Zhang Y, Qin X, Geng H, Zuo D, Zhao Q. 2020. PI3K/AKT/mTOR pathway-
related long non-coding RNAs: roles and mechanisms in hepatocellular carcinoma.
Pharmacological Research 160:105195 DOI 10.1016/j.phrs.2020.105195.

WuW, Zhang Y, Zeng Z, Li X, Hu K, Luo H, Yang J, Huang P, Xu R. 2013. 8-
phenylethyl isothiocyanate reverses platinum resistance by a GSH-dependent
mechanism in cancer cells with epithelial-mesenchymal transition phenotype.
Biochemical Pharmacology 85:486—496 DOI 10.1016/j.bcp.2012.11.017.

Xiao D, Choi S, Lee YJ, Singh SV. 2005. Role of mitogen-activated protein kinases
in phenethyl isothiocyanate-induced apoptosis in human prostate cancer cells.
Molecular Carcinogenesis 43:130—-140 DOI 10.1002/mc.20099.

Xiong F, Liu W, Wang X, Wu G, Wang Q, Guo T, Huang W, Wang B, Chen Y. 2022.
HOZXAS inhibits the proliferation of extrahepatic cholangiocarcinoma cells by
enhancing MXD1 expression and activating the p53 pathway. Cell Death ¢ Disease
13:829 DOI 10.1038/s41419-022-05279-6.

Yang M, Lai K, Lai T, Hsu S, Kuo C, Yu G, Lin M, Yang J, Kuo H, Wu S, ChungJ. 2010.
Phenethyl isothiocyanate inhibits migration and invasion of human gastric cancer
AGS cells through suppressing MAPK and NF-kappaB signal pathways. Anticancer
Research 30(6):2135-2143.

Du et al. (2024), PeerdJ, DOI 10.7717/peerj.17532 26/27


https://peerj.com
http://dx.doi.org/10.1002/ptr.7337
http://dx.doi.org/10.1016/s0300-483x(02)00253-6
http://dx.doi.org/10.3390/toxins10040154
http://dx.doi.org/10.21873/anticanres.13510
http://dx.doi.org/10.1158/1541-7786.MCR-19-1129
http://dx.doi.org/10.1016/j.ejphar.2005.06.021
http://dx.doi.org/10.1016/j.phrs.2020.105195
http://dx.doi.org/10.1016/j.bcp.2012.11.017
http://dx.doi.org/10.1002/mc.20099
http://dx.doi.org/10.1038/s41419-022-05279-6
http://dx.doi.org/10.7717/peerj.17532

Peer

Yang X, Yang C, Zhang S, Geng H, Zhu AX, Bernards R, Qin W, Fan ], Wang C, Gao
Q. 2024. Precision treatment in advanced hepatocellular carcinoma. Cancer Cell
42:180-197 DOI 10.1016/j.ccell.2024.01.007.

Zhang Y, Huang H, Jin L, Lin S. 2022. Anticarcinogenic effects of isothiocyanates on
hepatocellular carcinoma. International Journal of Molecular Sciences 23:13834
DOI10.3390/ijms232213834.

Zhang Q, Pan Z, Liu B, Meng Z, Wu X, Zhou Q, Xu K. 2017. Benzyl isothiocyanate
induces protective autophagy in human lung cancer cells through an endoplasmic
reticulum stress-mediated mechanism. Acta Pharmacologica Sinica 38:539-550
DOI 10.1038/aps.2016.146.

Zhang C, Shu L, Kim H, Khor TO, Wu R, Li W, Kong AT. 2016. Phenethyl isothio-
cyanate (PEITC) suppresses prostate cancer cell invasion epigenetically through
regulating microRNA-194. Molecular Nutrition & Food Research 60:1427-1436
DOI 10.1002/mnfr.201500918.

Zhang Y, Talalay P. 1998. Mechanism of differential potencies of isothiocyanates as
inducers of anticarcinogenic phase 2 enzymes. Cancer Research 58(20):4632—4639.

Zhang Y, Zhu Q, Cao X, Ni B. 2023. RGS16 regulates Hippo-YAP activity to promote
esophageal cancer cell proliferation and migration. Biochemical and Biophysical
Research Communications 675:122—129 DOI 10.1016/j.bbrc.2023.04.033.

Du et al. (2024), PeerdJ, DOI 10.7717/peerj.17532 27127


https://peerj.com
http://dx.doi.org/10.1016/j.ccell.2024.01.007
http://dx.doi.org/10.3390/ijms232213834
http://dx.doi.org/10.1038/aps.2016.146
http://dx.doi.org/10.1002/mnfr.201500918
http://dx.doi.org/10.1016/j.bbrc.2023.04.033
http://dx.doi.org/10.7717/peerj.17532

