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ABSTRACT

Background: Benzyl isothiocyanate (BITC) is a natural compound found
in numerous cruciferous vegetables, and research has indicated that
it has diverse biological activities. Isothiocyanate and its derivatives e
are the major anticancer natural compounds in cruciferous vegetables; BIEC l
these compounds help inhibit tumor cell proliferation through various

mechanisms such as promoting tumor cell apoptosis, prompting cycle
arrest, and increasing the generation of reactive oxygen species (ROS).
Objectives: In human pancreatic cancer, gemcitabine is the first-line
treatment; however, pancreatic cancer cells readily develop resistance
to gemcitabine. Studies have demonstrated that natural products can
promote the effect of gemcitabine and enhance the apoptosis process;
however, the relevant mechanismand potential of BITCin human pancreatic
cancer cells with gemcitabine resistance, namely, MIA PaCa-2/GemR
cells (MIA RG100), are unclear. Materials and Methods: To elucidate
the extent to which BITC induces apoptosis, we investigated the time
and dose-dependent cell viability of PaCa-2/GemR cells under treatment
with BITC. Results: Following BITC treatment, the PaCa-2/GemR cells
exhibited DNA condensation, as indicated by transferase-mediated
d-UTP nick end labeling (TUNEL) stain, with a corresponding increase in
ROS production in mitochondria. Moreover, colorimetric assay analyses
revealed that BITC increased caspase-9 and caspase-3 activities in
PaCa-2/GemR cells. Our results indicate that BITC induces apoptotic cell
death in PaCa-2/GemR cells through a mitochondrial-dependent signaling

Cell membrane 1

Caspase-9 1

%0S prodetion ()
—
ameo
ssse8

ROS 1 Caspase-3 1 “

Capused iy (o)
Capuse sty ()

A¥m |
Mitochondria ¢
‘malfunction

°f

A

Abbreviations used: BITC: Benzyl isothiocyanate; ROS: Reactive
oxygen species; PaCa-2/GemR cells: Human pancreatic cancer cells with
gemcitabine resistance; TUNEL: Transferase-mediated dUTP nick-end
labeling; ITCs: Isothiocyanates; PEITC: Phenylethyl isothiocyanate;
MTT: Thiazolyl blue tetrazolium bromide; Ig: Immunoglobulin; DIOC, (3):
3'-dihexyloxacarbocyanine iodide; H,DCFDA: 2', 7"-dichlorodihydrofluorescein
diacetate; DMEM: Dulbecco’s modified Eagle's medium; FBS: Fetal bovine
serum; Akt: Protein kinase B; NF: Nuclear factor; SHH: Sonic hedgehog;
dCK: Deoxycytidine kinase; A¥m: mitochondrial membrane potential. Fas:
Apoptosis antigen 1; FasL: Fas-ligand; DR4: Death receptor 4; DR5: Death
receptor 5; TNFR: Tumor necrosis factor receptor; p53: Tumor protein p53.
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pathway.
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SUMMARY

e BITC increased ROS production in PaCa-2/GemR cells and regulated
A¥Ym.

e BITC increased caspase-3/9 activity in PaCa-2/GemR cells.
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e BITC induced cell death via mitochondria-dependent signaling pathways.

5-year survival rate of >10%.2*) Moreover, because of the difficulty
involved in diagnosing this cancer at a stage when potentially curative
surgery is feasible, 80% of patients with pancreatic cancer rely solely on

INTRODUCTION

Pancreatic cancer is a very malignant cancer with an extremely fast course
of development. Pancreatic cancer is typically accompanied by upper
abdominal pain, and by the time it is detected, few treatment options may
be available. Therefore, symptom relief is the chief concern in end-stage
pancreatic cancer. Symptoms of abdominal pain, depression, insomnia,
jaundice, thrombosis, and loss of appetite are common in end-stage
pancreatic cancer. In developed countries, pancreatic cancer has an
extraordinarily high mortality rate, thus producing considerable patient
suffering.!"? Pancreatic cancer is among the 10 most prevalent cancers
among both men and women in Taiwan. Because of the challenging
management of pancreatic cancer, patients with this cancer exhibit a
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chemotherapy.”! The United States registered 57,600 pancreatic cancer
cases in 2020, with 47,050 deaths being caused by this disease.” Similar
to the trends observed in countries worldwide, in Taiwan, approximately
2000 new pancreatic cancer cases are reported annually, with only 20%-
25% of these patients being eligible for surgery.>”!

Gemcitabine is the first choice of human pancreatic cancer treatment;
however, pancreatic cancer cells readily develop gemcitabine
resistance.® Studies have demonstrated that natural products can
promote the effect of gemcitabine and enhance the apoptosis process.%!!
Isothiocyanates are the hydrolyzates of a type of glucosinolate, and
they are commonly found in cruciferous vegetables; examples
include sulfur-containing cyanide isothiocyanates (ITCs), such as
phenylethyl isothiocyanate (PEITC), benzyl isothiocyanate (BITC),
and indole-like compounds.'” In many animal model experiments
examining carcinogen-induced cancer, ITC has demonstrated the
ability to prevent cancer from forming in tissues and organs, such
as the lungs, liver, pancreas, bladder, chest line, esophagus, small
intestine, and large intestine.'¥ Studies have also revealed that ITCs
can cause cancer cell apoptosis, and the path and concentration of
apoptosis caused by different ITC derivatives are distinct. BITC, allyl
isothiocyanate, PEITC, and sulforaphane are common ITC derivatives.
Studies have reported that these ITCs can resist cancer cell growth
and induce apoptosis."? However, how these ITCs affect human
gemcitabine-resistant MIA RG100 pancreatic cancer cells remains to be
elucidated.

This study detected and evaluated the impact of BITC on the apoptosis
of human gemcitabine-resistant MIA RG100 pancreatic cancer cells and
explored the underlying mechanism driving apoptosis; the aim was to
clarify the mechanism of BITC’s inhibition of drug-resistant pancreatic
cancer as well as its transfer and message transmission path.

MATERIALS AND METHODS

Materials

Thiazolyl blue tetrazolium bromide (MTT), BITC, and the in situ
Cell Death Detection Kit (fluorescein; Roche Diagnostics GmbH)
were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt,
Germany); other reagents and chemicals were purchased from the
same supplier unless otherwise stated. We purchased all primary
antibodies and antimouse and antirabbit immunoglobulin (Ig) G
horseradish peroxidase (HRP)-linked secondary antibodies from
GeneTex (Hsinchu, Taiwan). We obtained Muse Caspase-3/9 assay
kits from Millipore (Merck KGaA, Darmstadt, Germany). We
purchased 3, 3’-dihexyloxacarbocyanine iodide [DiOC6 (3)] and 2',
7'-dichlorodihydrofluorescein diacetate (H2DCFDA) from Molecular
Probes (Thermo Fisher Scientific; Waltham, MA, USA). We obtained
Dulbeccos modified Eagle’s medium (DMEM) from Sigma-Aldrich.
Finally, we sourced L-glutamine, penicillin/streptomycin, fetal bovine
serum (FBS), and trypsin-ethylenediaminetetraacetic acid (EDTA) from
HyClone (GE Healthcare Life Sciences; Logan, UT, USA).

Cell culture

We obtained MIA PaCa-2 cells from the Bioresource Collection and
Research Center (Hsinchu, Taiwan, BCRC Number: 60139). Human
gemcitabine-resistant pancreatic cells MIA RG100 cells derived to
MIA PaCa-2 after MIA PaCa-2 were subjected to treatment with
gemcitabine at concentrations of 5 nM to 100 nM for approximately
9 months; drug resistance to 100-nM gemcitabine was confirmed,
and follow-up experiments were performed. The details can be found
in the literature.!'! DMEM containing 100 U/mL penicillin, 100 ng/
mL streptomycin, 10% FBS, and 1% L-glutamine was used to culture
the PaCa-2/GemR cells until 100% confluence; this was performed
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in a humidified 5% CO, atmosphere at 37°C, with culture medium
renewal every 2-3 days. After the cells were stained with trypan blue,
the viable cells were counted and the survival rate was calculated with
a hemocytometer; the number of cells in the passage was controlled at
2-5 x 10° cells/mL. The cells were treated for 24 h with 0, 25, 50, 75, and
100 uM BITC. Harvested cells subsequently underwent the cell viability
test, transferase-mediated d-UTP nick end labeling (TUNEL) assay,
reactive oxygen species (ROS) production assay, caspase-3/9 assay, and
western blot analysis.

Cell viability assay-MTT assay

The PaCa-2/GemR cells were seeded in 96-well plates, after which
exposure to various concentrations (0, 25, 50, 75, and 100 uM) of BITC
was performed for 24 or 48 h. Subsequently, the cells were incubated with
MTT solution for a further 4 h. After the removal of the medium, we
added dimethyl sulfoxide (DMSO) to dissolve the formazan crystals and
replace the culture medium. A spectrophotometer was used to measure
the optical density at 570-nm absorbance, as previously described.!

TUNEL staining

Following 48 h BITC treatment at 0, 5, 10, or 20 uM, the PaCa-2/GemR
cells were harvested. At room temperature, we fixed them for 10 min
in methanol, and DNA break was detected through probing with the
in situ Cell Death Detection Kit in accordance with the manufacturer’s
instructions. A fluorescence microscope was used to observe and
photograph apoptotic cells.

Caspase-3/9 activity assay

PaCa-2/GemR cells in 6-well plates were exposed to BITC at the following
levels for 48 h: 0, 25, 50, 75, or 100 uM. After harvesting the cell lysates,
we incubated the supernatants with the relevant reaction buffer by
following the manufacturer’s protocols. Subsequently, a phase-contrast
microscope was used to visualize and photograph the cells.

Determination of mitochondrial electrical potential
and ROS through flow cytometry

PaCa-2/GemR cells were exposed to various BITC concentrations (0, 25,
50, 75, or 100 uM) for 48 h. After being harvested, the cells were probed
with 500 nM DiOC6 (3) or H2DCFDA; this was achieved through flow
cytometry performed for 30 min at 37°C, as previously described.

Statistical analysis

All experiments were performed in triplicate, and relevant data are
presented as the mean + standard deviation. All statistical analyses
involved a one-way analysis of variance; P < 0.05 was considered
significant.

RESULTS
BITC lowers PaCa-2/GemR cell viability

The survival rates (according to MTT detection) for gemcitabine-resistant
human pancreatic cancer PaCa-2/GemR cells treated with BITC were
significantly higher (p < 0.05) than for untreated cells, highlighting the
high growth-inhibitory activity of BITC.

TUNEL analysis

TUNEL analysis was employed to observe BITC’s effect on the cell
morphology of human gemcitabine-resistant pancreatic cancer PaCa-2/
GemR cells; the results indicated that BITC could prompt PaCa-2/GemR
cell apoptosis.
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Effect of BITC on caspase-dependent apoptosis in
PaCa-2/GemR cells

Analysis of the influence of BITC treatment on the caspase activity of the
cells of interest indicated that BITC activated caspase-3/9.

Effects of BITC on mitochondrial electrical potential
and ROS in PaCa-2/GemR cells

We used H2DCFDA to detect the increase in ROS in drug-resistant
pancreatic cancer PaCa-2/GemR cells following BITC treatment; the
results indicated that BITC induced a dose-dependent increase in ROS.

DISCUSSION

Cancer has long been the leading cause of death in Taiwan, and the
incidence rate has been increasing. In 2016, cancer resulted in the death
of 47,760 people in Taiwan.'” For pancreatic adenocarcinoma and
other rare exocrine cancers, determining the prognosis is challenging,
and these cancers have a high mortality rate."”? Unresectable pancreatic
cancer has a dismal prognosis as an untreated disease; moreover, the
advanced-stage disease is common at diagnosis, and chemotherapy
or radiotherapy has limited effectiveness in halting pancreatic cancer
development.!®! Gemcitabine remains a major treatment compound in
all disease stages.*2! However, gemcitabine resistance readily develops
in pancreatic cancer. Regarding pancreatic cancer, studies have revealed
several signaling pathways that act as control factors for both intrinsic
and acquired resistance; numerous examples include epidermal growth
factor receptor, mitogen-activated protein kinases, Akt, Notch, sonic
hedgehog (SHH), and nuclear factor (NF)-kB pathways as well as
expression of dCK.I8%

Numerous studies have indicated that natural medicines with fewer
side effects than conventional treatments can serve as anticancer drugs.
According to epidemiological studies, increased intake of cruciferous
vegetables can not only reduce the incidence of cardiovascular disease
but also reduce the incidence of cancer. Cruciferous vegetables have
various anticancer effects because glucosinolates and their derivatives
are closely related to the anticancer mechanism.!°1?!

In this study, we found that BITC results in a significant dose-dependent
reduction in the viability of PaCa-2/GemR cells [Figures 1 and 2]. When
BITC treatment is administered, numerous calcium ions are released into
the cytoplasm under the pressure of the endoplasmic reticulum, which
causes the mitochondria to release cytochrome c, leading to apoptosis.
The external pathway is mainly affected by death signaling molecules,
such as FasL, tumor necrosis factor [TNF]-related apoptosis-inducing
ligand (TRAIL) combined with Fas/DR4, DR5, and TNEFR; these
molecules activate the downstream FAS-associating protein with death
domain (FADD) protein, activate caspase-8, and regulate caspase-3
to cause the cell apoptosis. As a result, PaCa-2/GemR cells treated
with BITC exhibited significant elevations of caspase-3 and caspase-9
activity [Figure 3]. Increased caspase-3/9 activity results in mitochondria
depending on the apoptosis pathway and caspase-3 and caspase-9 for
morphological changes; the subsequent increase in ROS production
suggests a mitochondrial malfunction, resulting in inadequate energy
reserves and intracellular signaling pathway activation. Moreover,
endoplasmic reticulum stress can cause cells to undergo apoptosis
through unfolded protein response and calcium ion transmission.
Protein synthesis, folding, and positioning in the cell can occur at the
endoplasmic reticulum. Furthermore, the endoplasmic reticulum is
the principal site for calcium ion storage in the cell and participates in
the transmission of calcium ions and the constant regulation of cellular
calcium ions. Mitochondria are affected by apoptosis pathways involving
DNA damage, ROS production, A¥m imbalance, and signal transporter
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Figure 1: Viability of PaCa-2/GemR cells treated with BITC (0, 25, 50, 75,
and 100 uM) for 24 h or 48 h. The values represent means + standard
errors (n = 3). *p < 0.05 versus untreated cells in cell viability %
(Dunnett’s test)
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Figure 2: TUNEL positive cells of BITC-treated PaCa-2/GemR cells under BITC
levels of 0, 25, 50, 75, and 100 WM. The values represent means + standard
errors (n = 3). *p < 0.05 versus untreated cells (Dunnett’s test)

10 10
=) ) x
> * > *
: :
o 4 i o 4 :
3 P
g 2 g2
S S
ETLLLRETY

25 50 75 100

E BITC (1M) m

Figure 3: Influence of BITC on PaCa-2/GemR cell caspase activity. Fold
changes in (a) caspase-3 and (b) caspase-9 activity in PaCa-2/GemR cells
after 24 h of incubation with 0, 25, 50, 75, and 100 uM BITC (vs. 0 uM).
The values represent means + standard errors (n = 3). *p < 0.05 versus
untreated cells (Dunnett’s test)
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Figure 4: (a) ROS production results for PaCa-2/GemR cells that were
subjected to 0, 25, 50, 75, or 100 uM BITC treatment. (b) A¥m in PaCa-2/
GemR cells incubated for 24 h with 0, 25, 50, 75, or 100 uM BITC. BITC
treatment was confirmed and ROS levels were assessed using DiOC6 (3)
and H2DCFDA fluorescent dye, respectively, in flow cytometry. The values
represent means + standard errors (n = 3). *p < 0.05 versus untreated
cells (Dunnett’s test)

release.>*! ROS-induced injury to DNA results in the kinase acting
upstream of p53 autophosphorylation in ataxia-telangiectasia mutating
and triggering apoptotic signal phosphorylation, thus inducing
apoptosis.'>?72] We found that BITC can induce PaCa-2/GemR cell
apoptosis through mitochondrial-dependent signaling pathways, which
along with BITC raise ROS production to reduce the mitochondrial
membrane potential [Figure 4]. We detected and evaluated the effect
of BITC on the apoptosis of PaCa-2/GemR cells. This study provides
evidence that BITC has the potential as a natural supplement for
enhancing gemcitabine treatment in PaCa-2/GemR cells.

CONCLUSION

Promoting PaCa-2/GemR cell apoptosis, BITC is associated with
mitochondrial malfunction via increasing ROS production and
caspase-3/9. In addition, caspase-3/9 plays a major trigger-inducing role
in autophagy or apoptosis.
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