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Abstract: Some clinically used anti-cancer drugs are obtained from natural products. Allyl isothio-
cyanate (AITC), a plant-derived compound abundant in cruciferous vegetables, has been shown to
possess an anti-cancer ability in human cancer cell lines in vitro, including human brain glioma
cells. However, the anti-cancer effects of AITC in human glioblastoma (GBM) cells in vivo have not
yet been examined. In the present study, we used GBM8401//uc2 human glioblastoma cells and a
GBM8401/luc2-cell-bearing animal model to identify the treatment efficacy of AITC. Here, we con-
firm that AITC reduced total cell viability and induced cell apoptosis in GBM8401/luc2 cells in vitro.
Furthermore, Western blotting also showed that AITC induced apoptotic cell death through de-
creased the anti-apoptotic protein BCL-2, MCL-1 expression, increased the pro-apoptotic protein
BAX expression, and promoted the activities of caspase-3, -8, and -9. Therefore, we further investi-
gated the anti-tumor effects of AITC on human GBM8401/luc2 cell xenograft mice. The human gli-
oblastoma GBM8401/Iuc2 cancer cells were subcutaneously injected into the right flank of BALB/c
nude mice to generate glioblastoma xenograft mice. The animals were randomly divided into three
groups: group I was treated without AITC (control); group II with 0.1 mg/day of AITC; and group
III with 0.2 mg/day of AITC every 3 days for 27 days. Bodyweight, and tumor volume (size) were
recorded every 3 days. Tumors exhibiting Luc2 intensity were measured, and we quantified inten-
sity using Living Image software on days 0, 12, and 24. After treatment, tumor weight from each
mouse was recorded. Tumor tissues were examined for histopathological changes using H&E stain-
ing, and we analyzed the protein levels via immunohistochemical analysis. Our results indicate that
AITC significantly inhibited tumor growth at both doses of AITC due to the reduction in tumor size
and weight. H&E histopathology analysis of heart, liver, spleen, and kidney samples revealed that
AITC did not significantly induce toxicity. Body weight did not show significant changes in any
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experiment group. AITC significantly downregulated the protein expression levels of MCL-1, XIAP,
MMP-9, and VEGF; however, it increased apoptosis-associated proteins, such as cleaved caspase-3,
-8, and -9, in the tumor tissues compared with the control group. Based on these observations, AITC
exhibits potent anti-cancer activity in the human glioblastoma cell xenograft model via inhibiting
tumor cell proliferation and the induction of cell apoptosis. AITC may be a potential anti-GBM can-
cer drug that could be used in the future.

Keywords: AITC; glioblastoma GBM8401/Iuc2 cancer cells; xenograft; caspase; apoptosis

1. Introduction

Highly angiogenic brain tumors are the most frequent and lethal cancers of the hu-
man central nervous system. Glioblastoma multiforme (GBM), a grade-IV astrocytoma
and one of the deadliest cancers [1], is the most biologically aggressive subtype, and is a
tumor with a dismal prognosis [2]. It has a median survival period of 14.6 months from
diagnosis [2,3]. Currently, the standard treatment of GBM patients is surgical resection.
Following this, patients are treated with adjuvant radiation therapy and chemotherapy
with oral DNA-alkylating temozolomide (TMZ), which elevates the median survival pe-
riod only to 14.7-15 months [4-6]. Moreover, GBM manifests resistance to standard ther-
apy, such as radiotherapy-induced alterations, leading to GBM recurrence and aggres-
siveness dispersed into the surrounding normal brain [7]. After treatment, the survivors
showed significant long-term debilitating side effects. Thus, finding new compounds
from natural products is one strategy for reducing side effects in GBM patients.

Several reports have indicated that the plant-derived compounds possess chemopre-
ventive and anti-cancer activities [8-10]. Isothiocyanates (ITCs) are found in broccoli, cab-
bage, cauliflower, and Brussels sprouts that belong to Cruciferae, a family of vegetables
that present protection against cancer development [11,12]. Allyl isothiocyanate (AITC),
one of the constituents of naturally occurring ITCs, and thus can also be found in crucif-
erous vegetables, exerts multiple biological effects, such as anti-microbial [13,14], anti-in-
flammatory [15,16], anti-angiogenic [17], and anti-cancer activities. It inhibits the prolifer-
ation of human bladder cancer cells [18] and suppresses the cell metastasis of colorectal
adenocarcinoma [19], bladder cancer [20], and hepatoma [21] cells. It also induce apoptotic
cell death in bladder cancer cells [18], cervical cancer cells [22], hepatoma cells [20], colo-
rectal cancer cells [23], and human cisplatin-resistant oral cancer cells [24]. Moreover, in
in vivo studies, AITC has been shown to reduce liver fibrosis by regulating Kupffer cell
activation [25], and to facilitate lipid accumulation and inflammation via the Sirt1/AMPK
and NF-«kB signaling pathways in rats with non-alcoholic fatty liver disease [16]. AITC
also acts as a hepatoprotective agent in the acetaminophen-induced liver injury of rats by
inducing NRF2 activation [26].

Recently, the combination therapy of radiation and AITC induces a replication-asso-
ciated DNA damage response in non-small cell lung cancer (NSCLC) cells [27]. More in-
teresting is that AITC has been shown to induce cell apoptosis in human brain malignant
glioma GBM8401 cells through a mitochondria-dependent pathway [28]. However, there
is no available information to confirm whether AITC suppresses brain tumor cells in ani-
mal models in vivo. Therefore, in the present study, we investigated the effects of AITC
on tumor growth inhibition in human glioblastoma GBM8401/luc2 cell xenograft mice.
Our results indicate that AITC significantly reduced tumor growth in GBM8401/luc2 cell
xenograft nude mice in vivo. These findings confirm the results of previous in vitro stud-
ies, and provide more information on AITC activities in vivo. Thus, these observations
may provide further support for the consideration of AITC for future use in the treatment
of glioblastoma patients.



Int. J. Mol. Sci. 2022, 23, 10411

3of16

2. Results
2.1. AITC Affected Cell Viability and Apoptosis in GBM8401/Iuc2 Cells

First of all, we aimed to identify the toxicity effect of AITC on GBM cells. After the
GBM8401/luc2 cells had been treated with various concentrations of AITC for 48 h, we
measured cell viability and apoptosis; the results are presented in Figure 1. Cell viability
indicated that AITC at 20-100 uM decreased the percentage of viable cells (cell viability)
from 28-88% as compared to control cells (0 uM), and these effects were dose-dependent
(Figure 1A). THP-1, represented as a monocyte, was used to confirm that there was no
obvious systemic toxicity found in normal monocytes (Figure 1B). In addition, we also
identified that AITC may induce normal neuron toxicity by MTT assay. As indicated in
Figure 1C, the AITC treatment may not induce cytotoxicity in SVG-p12 cells (astroglia
cells, specifically, remain in the brain). After the cytotoxicity of AITC in GBM401/luc2 cells
had been indicated, we then further identified that AITC-induced cell death is associated
with apoptosis induction in GBM401/luc2 cells. Furthermore, the results of the Annexin
V/PI staining assay indicate that AITC significantly increased the occurrence of apoptotic
cell death (cell apoptosis) from 35-65% compared to the control (Figure 1D). These results
indicate that AITC may induce cytotoxicity in GBM401/luc2 cells, and is associated with
apoptosis mechanism induction.
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Figure 1. AITC decreased cell viability and induced cell apoptosis in GBM8401/Iuc2 cells. Cells (1 x
10* cells/well) were maintained in 96-well, and were treated with 0, 20, 30, 40, 50, 60, 70, 80, 90, and
100 uM of AITC for 48 h. After treatment, (A) GBM8401/luc2 cells, (B) THP-1, and (C) SVG-p12 cells
were collected for measuring cell viability and (D) apoptosis of GBM8401/luc2 cells described in the
Materials and Methods. (* Significantly different at p < 0.05 vs. the control group). Each treatment
was replicated 3 times with 12 wells per group.

2.2. AITC Affected Apoptotic-Cell-Death-Associated Protein Expression in GBM8401/luc2 Cells

Cells were treated with various concentrations of AITC for 48 h, and were examined for
apoptotic-cell-death-associated protein expression by Western blotting; the results are pre-
sented in Figure 2. The results indicate that AITC increased pro-apoptotic protein expression
at 40 uM and decreased 20-40% of the anti-apoptotic protein BCL-2 and MCL-1 expression at
2040 pM in GBM8401/Iuc2 cells. The inhibition rate of BCL-2 and MCL-1 protein expression
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varied from 2040% depending on AITC dose treatment. Furthermore, AITC at 2040 uM in-
creased the levels of cleaved caspase-3, -8, and -9 in GBM8401/luc2 cells. The induction rates
of apoptotic markers by AITC were 1.5-2 times greater compared to nontreated controls.
These results suggest that AITC may induce apoptosis-related protein expression, but sup-
press anti-apoptosis-related protein expression.
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Figure 2. AITC affected apoptosis-associated protein expression in GBM8401/luc2 cells. Cells (1.6 x
10° cells) were treated with 0, 20, 30, and 40 uM of AITC for 48 h. Cells were harvested for examining
apoptosis-associated protein expression evaluation by Western blotting as described in the Materi-
als and Methods. Each treatment was replicated 3 times with 3 independent samples.

2.3. Tumor Inhibition Effect of AITC on Glioblastoma Animal Model

In order to identify the tumor inhibition effect of AITC, we established a GBM8401/luc2-
cell-bearing animal model (Figure 3A). Mice were separated into three groups, comprising
one control (0.1% DMSO) and two treatment groups (0.1 mg/day of AITC and 0.2 mg/day of
AITC), once tumor volumes had reached 100-120 mm3. Tumor volume was also recorded
every 3 days during treatment and mice were sacrificed on day 27 for further experiments. As
illustrated in Figure 3B, the smallest tumor size and the slowest progression pattern were both
found in the 0.2 mg/day of AITC group, indicating the tumor inhibition effect of AITC. The
tumor inhibition rate on day 27 was around 75% in AITC 0.2 mg/day group as compared to
the control group. Moreover, tumors extracted from individual mice on day 27 were imaged
and evaluated in terms of their weight. As shown in Figure 3C, D, the tumors were smaller
and lighter in the 0.2 mg/day of AITC group than the other two groups. The weights of the
control tumors were 2-3 times greater compared to AITC 0.2 mg/day group. To investigate
whether tumor growth inhibition was mainly caused by the living cell loss within the tumor
region, we established the luc2 reporter gene system in GBM8401 cells. Mice were subjected
to an IVIS scan on days 0, 12, and 24 after treatment to identify living cell signals within the
tumor. As presented in Figure 3E, F, the photon signal was markedly reduced in the 0.2
mg/day of AITC group by at least half of a percent signal, which indicates that the loss of living
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cells increased after AITC treatment. Taken together, AITC may suppress glioblastoma tumor
growth in a dose-dependent manner, based on our results for tumor size, tumor weight, and
living cell signaling within the tumor region.
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Figure 3. AITC effectively suppressed glioblastoma growth. (A) The animal experiment flow chart. (B)
Tumor volume of control and AITC-treated groups (0.1 and 0.2 mg/day) from day 0 to day 27. (C) The
representative tumor images from each group. (D) The tumor weights of mice on day 27. (E) The repre-
sentative BLI results from each group at different time points. (F) Quantification results of luc2 signal
intensity of tumors. (a? p <0.01 vs. control; b! p <0.05, b2 p <0.01 vs. AITC 0.1 mg/day). Each treatment
was replicated 2 times with 4 mice per group.
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2.4. AITC Treatment May Not Cause Tissue Damage and Body Weight Loss

To investigate whether AITC treatment may induce tissue toxicity, we analyzed ani-
mal tissue pathology by H&E staining. As shown in Figure 4A, no apparent tissue pathol-
ogy alteration, including heart, liver, kidney, and spleen tissues, was found in mice treated
with 0.1 and 0.2 mg/day of AITC. The pathology was also interpreted by a veterinarian
with pathological interpretation experience of more than 5 years. As illustrated in Table
1, extramedullary hematopoiesis with mildly increased megakaryocytes was noted in the
liver and red pulp of the spleen in CT mice. However, these changes were minimal in 0.2
mg/day of AITC-treated mice. In addition, we also recorded the body weight of mice dur-
ing the treatment period. In Figure 4B, no significant body weight changes were found in
any of the groups of mice, indicating no apparent toxicity in AITC-treated groups.

Control (0.1% DMS0)

AITC 0.1 mg/day

AITC 0.2 mg/day

- Control (0.1% DMSO)
- AITC 0.1 mg/day
- AITC 0.2 mg/day

]
1

Body weight (g)
B %

8

T T

0 3 6 9 12 15 18 21 24 27

Days after treatment
(A) (B)

Figure 4. The examinations of AITC-induced toxicity from xenograft GBM8401/luc2-cell-bearing
mice. After treatment, tissues of the heart, liver, kidney, and spleen were isolated from each mouse
and used in H&E staining for further examination of the pathology under the microscope at 100
times magnification, as described in the Materials and Methods (A). Mouse body weights of control
and AITC-treated groups from day 0 to day 27 are recorded and quantified (B). Each section was
imaged with 3 independent fields. (Scale bar = 100 um, with 200x magnification)

Table 1. The alteration of pathology was defined as the following 4 severity scores: 0—regular tis-
sue, 1—mild changes, 2—moderate changes, 3—significant changes. The interpretation was per-
formed by a veterinarian with pathological interpretation experience of more than 5 years. Each
group of mice was examined with two different slices (slice A and B) for 3—4 regions. (-, no sample).

Score of the Region

Slide Section R1 R2 R3 Ra
CT_A 0 0 - -
CT B Heart 0 0 i )
AITCO0.1_A Heart 0-1 0-1 - -
AITCO0.1_B 0 0 - -
AITC0.2_A Heart 0 0 - -
AITC0.2_B 0 0 - -
CT_A Liver 0 0 1 0
CT_B 0 0 1 0
AITCO0.1_A Liver 0 0-1 0 0-1
AITCO0.1_B 0 0-1 0 0-1
AITCO0.2_A Liver 0 0-1 0 0-1
AITCO0.2_ B 0 0-1 0 0-1
CT_A Kidney 0 0 0-1 0
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CT_B 0 0 0-1 0
AITCO0.1_A Kidney 0 0 0-1 0-1
AITCO0.1_B 0 0 0-1 0-1
AITCO0.2_A Kidney 0 0 0-1 0-1
AITCO0.2_B 0 0 0-1 0-1

CT_A Spleen 1 1 1 -

CT_B 1 1 1 -
AITCO0.1_A Spleen 0 0 0 -
AITCO0.1_B 0 0 0 -
AITCO0.2_A Spleen 0 0 0 -
AITCO0.2_B 0 0 0 -

2.5. AITC Affected Tumor Progression- and Apoptosis-Related Protein Expression

To identify the underlying mechanism of tumor growth inhibition, we further inves-
tigated the alteration of tumor-progression-related protein expression, including MCL-1,
XIAP, MMP-9, and VEGEF after AITC treatment by IHC staining of tumor tissues. As illus-
trated in Figure 5A,B, AITC effectively suppressed protein expressions of MCL-1, MMP-
9, VEGF, and XIAP in the tumor area. The suppression percentage of theses oncogenes in
ATIC 0.1 mg/day is around 20% as compared to control group. The suppression effect in
ATIC 0.2 mg/day is around 40-60% as compared to control group. The positive staining
results was found to be decreased by AITC in a dose-dependent manner.

Control (0.1% DMSO)

AITC 0.1 mg/day

AITC0.2 mg/day

I Control (0.1% DMSO)
I AITC 0.1 mg/day
I AITC 0.2 mg/day

1.5

Protein expression fold change
(/control)

MCL-1 MMP-9 VEGF XIAP

(A) (B)

Figure 5. AITC suppressed the expression of tumor-progression-related proteins. Tumors were iso-
lated from each group and further examined by IHC staining. The IHC staining images of MCL-1,
MMP-9, VEGF, XIAP on the tumor were observed by microscope at 100 times magnification (A).
The quantification data of MCL-1, MMP-9, VEGF, XIAP expressions is presented (B). (a' p < 0.05, a2
p <0.01 vs. control; b2 p < 0.01 vs. AITC 0.1 mg/day). Each section was imaged with 3 independent
fields and quantified. (Scale bar = 100 um, with 200x magnification)

We also investigated whether AITC triggered apoptosis effects in glioblastoma. IHC
protein staining results from the tumor indicated that the induction of cleaved caspase-3,
-8, and -9 occurred in the AITC treatment tumor (Figure 6A). In Figure 6B, the apoptosis
protein expressions were increased in a dose-dependent manner after AITC 27 days’ treat-
ment (brown color pattern that represented a positive staining result was increased). The
induction rates of these apoptosis genes were 1.5-2.5 times higher in the AITC-treated
group as compared to the control group. In conclusion, AITC may suppress tumor-pro-
gression-related protein expression, but induce caspase-dependent protein expression.
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Control (0.1% DMSO)

AITC 0.1 mg/day

AITC 0.2 mg/day

| Cleaved caspase-3 |

H Control (0.1% DMSO)
I AITC 0.1 mg/day

| Cleaved caspase-8 |

| Cleaved caspas I

H AITC 0.2 mg/day
31 aZb?

Cleaved C3 Cleaved C8 Cleaved C9

Protein expression fold change
(/control)

(A) (B)

Figure 6. AITC induced the expressions of apoptosis-related proteins. Tumors were isolated from
each group and further examined by IHC staining. The IHC staining images of cleaved caspase-3, -
8, and -9 on the mouse tumors were observed by microscope at 100 times magnification (A). The
quantification data of cleaved caspase-3, -8, and -9 expressions are presented (B). (a> p < 0.01 vs.
control; b! p < 0.05, b2 p < 0.01 vs. AITC 0.1 mg/day). Each section was imaged with 3 independent
fields and quantified. (Scale bar = 100 um, with 200x magnification)

3. Discussion

Brain tumors are one of the main causes of death in the human population, and the
current standard treatment fails to cure most patients with brain tumors [1,2]; thus, the
median survival is about 12-18 months [4,5]. Currently, most GBM patients are treated
with TMZ, although GBM typically recurs after two-year treatment [29]; furthermore, this
treatment has significant long-term debilitating side effects. Therefore, finding new drugs
with minor side effects and substances that can prevent tumor growth is critical. Numer-
ous studies have shown that AITC exhibits anti-cancer activities in many human cancer
cell lines. However, there are no reports to show that AITC suppresses human glioblas-
toma GBM8401 cells in vivo. In vivo animal models represent a more desirable approach
for studying the anti-tumor activity of chemical and cancer diseases as a whole. The sim-
ple protocol of the subcutaneous xenograft model has been used extensively in cancer
research, especially regarding the activity of anti-cancer drugs [30,31].

The use of immunodeficient animals (athymic mice or rats) for in vivo experiments
to measure the efficiency of test chemicals, including natural products, for anti-tumor ac-
tivities based on patient-derived tumor xenografts has provided new insights in many
clinical fields. Therefore, thymic BALB/c nude mice were selected for the cancer-cell-gen-
erated xenograft mice model in vivo [32]. Our earlier studies have established
GBMS8401/luc2 cell xenograft tumors in athymic BALB/c nude mice to investigate whether
ITC-associated compounds (BITC and PEITC) retard tumors in vivo [33,34]. In the present
study, we aimed to determine whether AITC is a suitable compound for in vivo studies.
Thus, in the primary experiments, we measured the cytotoxicity effects (cell viability and
apoptosis) of AITC on GBM8401/luc2 cells in vitro, and the results are shown in Figure
1A,B. In normal human bladder epithelial cells, the ICs0 value of AITC is approximately
10 times higher than that in human bladder cancer cells [17]. Therefore, in our study, we
did not need to spend further time and cost in conducting a normal cell experiment.

Our results indicate that AITC significantly reduced the total percentage of cell via-
bility and induced cell apoptosis in GBM8401/luc2 cells (Figure 1). To ascertain whether
cell apoptosis involved changes in apoptosis-associated proteins, we used Western blot-
ting to investigate the effects of AITC on apoptosis-associated protein expression; the re-
sults are presented in Figure 2. These results indicate that AITC increased pro-apoptotic
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protein expression at 40 uM, but decreased anti-apoptotic protein BCL-2 and MCL-1 ex-
pression at 20—40 uM, in GBM8401/luc2 cells. Furthermore, AITC at 2040 uM increased
the levels of cleaved caspase-3, -8, and -9 in GBM8401/luc2 cells, which means that AITC
induced apoptosis-related cell death via caspase-dependent pathways in GBM8401/luc2
cells. These results indicate that AITC may induce cytotoxicity in GBM8401/luc2 cells via
the activation of caspase-dependent apoptosis mechanisms. This is in agreement with
other reports showing that AITC induces human cancer cell apoptosis via caspase-de-
pendent pathways [24,35].

Based on the observations from in vitro studies, we examined the effects of AITC on
tumor growth in nude mice (Figure 3A), and our results indicate that AITC at both doses
(0.1 and 0.2 mg/day) significantly inhibited the tumor volume and weight in
GBMB8401/Iuc2-cell-generated xenograft nude mice in vivo (Figure 3B-D). Comparisons of
tumor growth between the treatment groups revealed that the higher dose (0.2 mg/day)
of AITC had a higher inhibitory effect than that of the low dose (0.1 mg/day) (Figure 3B-
D). During the treatment of AITC, we also used luciferase-bearing cells to monitor tumor
growth, and these results are shown in Figure 3E, F. Evaluating the BLI results for each
group of mice, relatively weak signals were found in the AITC-treated groups compared
to the control group (Figure 3E). The total photon flux from the control group was two to
four times higher than that of AITC-treated mice, and the higher dose of AITC had a lower
photon flux than that of the lower dose (Figure 3F). Therefore, AITC treatment may reduce
the living cell population within the tumor area. These findings agree with the tumor size
and weight results (Figure 3B-D). The inhibition of growth observed in GBM8401/luc2 cell
xenograft mice tumors provides evidence that AITC was active in these tumor models.
Overall, AITC significantly induced apoptotic cell death in vitro and suppressed tumor
growth in vivo.

The anti-tumor and toxic effects of AITC treatments should be considered. Some ther-
apeutic drugs possess toxic side effects such as weight loss, cytotoxicity to normal cells at
high treatment doses, and organ injuries. These toxicity characters may be associated with
higher morbidity and lower response rate, resistance, and recurrence, resulting in poorer
survival in clinical patients. In the present study, during the treatments of AITC on
GBMS8401/luc2 cell xenograft mice, the body weights of the mice were individually rec-
orded for each group. The results show that there were no differences between the AITC-
treated and control groups (Figure 4B). The body weight index and tissue H&E staining
were utilized to evaluate the pathology of experimental animals and whether or not they
were affected by test agents. After analyzing hearts, livers, spleens, and kidneys from in-
dividual mice using H&E staining, there were no significant pathologic differences found
between AITC-treated and control groups (Figure 4A).

A tumor-inhibiting agent may show the potential to block multiple hallmark tumor
capabilities [36], including triggering cell toxicity through the induction of cancer cell
apoptosis without causing normal cellular toxicity. Simultaneously, it may alter protein
expressions or block multiple cancer-associated pathways. Herein, to further confirm
AITC activity involved in tumor growth retardation in GBM8401/luc2 cell xenograft mice,
we used tumor samples from individual mice to investigate apoptosis-associated protein
expression via an immunostaining assay on tumor sections. The results indicate that AITC
decreased the levels of myeloid cell lymphoma-1 (MCL-1), matrix metalloproteinase-9
(MMP-9), vascular endothelial growth factor (VEGF), and X-linked inhibitor of apoptosis
(XIAP) (Figure 5), and increased the expression of caspase-3, -8, and -9 in tumor sections
(Figure 5). Moreover, these findings revealed that AITC significantly decreased the ex-
pression of anti-apoptotic proteins such as MCL-1 and XIAP compared to the control
groups (p <0.001). MCL-1, a unique component among anti-apoptotic Bcl-2 proteins, is an
early response gene with rapid induction and turnover rates [37], and plays a unique and
fundamental role in regulating apoptosis [38]. If the MCL-1 expression is inhibited, apop-
tosis induction could develop in certain malignancies [39,40]. XIAP prevents apoptosis
through the direct inhibition of effector caspases (caspase-3, -6, -7, and -9) [41]. XIAP plays
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an anti-apoptotic function, and it also inhibits autophagy [42]. Thus, more attention has
thus far been focused on XIAP suppression for developing new strategies to prevent
and/or treat cancer [43]. Similar findings regarding the impact of AITC on other cancer
cells in vivo from previous reports indicate that AITC inhibits the growth of human pros-
tate cancer PC-3 cell xenografts in vivo via both inducing apoptosis and reducing mitotic
activity [44].

Vascular endothelial growth factor (VEGF) plays a critical role in the formation of
vessels and in physiologic vascular homeostasis in diverse cells and tissues; it is also
needed for tumor growth and metastasis and inhibits endothelial cell apoptosis [45,46].
VEGF has been used in multiple clinical trials as an essential target for solid tumor treat-
ment in multiple disease settings. Proteins in the MMP family have been shown to play
crucial roles in cancer cell adhesion, migration, and invasion [47,48]. MMP-9 and VEGF
are thought to be involved in tumor progression and metastasis. Thus, we further inves-
tigated whether or not AITC also affects MMP-9 and VEGF, and our results indicate that
AITC suppressed both of these proteins (Figure 5A, B). Increased expression of MMP-9
was associated with poor prognosis, and its downregulation is one of the strategies used
to improve the outcome of ovarian cancer [49]. In addition, blocking MMP-9 expression
by anti-mRNA led to the inhibition of cancer cell invasion and angiogenesis in human
glioma cells [50]. Our results provide solid evidence that AITC can significantly reduce
VEGF and MMP-9 in the tumor samples of GBM8401/luc2 cell xenograft mice.

Caspases mediate cell apoptosis after stimulation; they can be divided into initiators
of apoptosis, such as caspase-2, -8, -9, -10, and -12, and effectors of apoptosis, such as
caspase-3, -6, and -7 [51]. Caspase-dependent pathways include the death receptor
caspase-8- and the mitochondrial caspase-9-dependent pathways. Therefore, we exam-
ined the effects of AITC on the expressions of cleaved caspase -3, -8, and -9 in tumor tissues
from GBM8401/Iuc2 cell xenograft mice. Our results indicate that AITC significantly in-
creased the levels of cleaved caspase -3, -8, and -9 (Figure 6A, B) when compared to the
control group. Caspase-3 plays a critical apoptosis effector, and is activated by two differ-
ent pathways, the upstream initiating subsystem (caspase-8) and the caspase-9-dependent
pathway, and finally leads to cell apoptosis [52,53]. The agents can induce tumor cell
apoptosis during the therapeutic process to reduce tumor size [53].

It was previously suggested that AITC reduces tumor growth of Ehrlich ascites tu-
mor (EAT) cells in vivo through both antiangiogenic and pro-apoptotic mechanisms [54].

In conclusion, GBM8401/luc2 cell xenograft tumor growth in athymic BALB/c nude
mouse models for human glioma cancer was successfully developed, which could be use-
ful in studying AITC-retarded tumor growth in vivo. The findings of this research indicate
that AITC treatment significantly decreases the tumor volume and weight, and did not
considerably affect the organs, namely the heart, liver, spleen, and kidney, based on tis-
sues H&E staining, indicating no significant systemic toxicity to the mice. Furthermore,
tumor tissues were stained with tumor progression- and anti-apoptotic-associated anti-
bodies, indicating that AITC induced cell apoptosis for retarding tumor growth. Overall,
the possible signaling pathways used by AITC to decrease tumor size through the inhibi-
tion of caspase-3, -8, and -9 in GBM8401/luc2 cells are presented in Figure 7.
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Figure 7. The mechanisms involved in AITC-driven inhibition of tumor growth.

4, Materials and Methods
4.1. Test Chemicals, Reagents, Culture Medium, and Antibodies

Allyl isothiocyanate (AITC) and dimethyl sulfoxide (DMSO) were purchased from
Sigma Chemical Co. (St. Louis, Missouri, USA). AITC was dissolved in DMSO as 150
mg/mL stock. Roswell Park Memorial Institute (RPMI) 1640 medium, fetal bovine serum
(FBS), L-glutamine, and penicillin/streptomycin (PS) were purchased from Gibco/Life
Technologies (Carlsbad, California, USA), respectively. D-luciferin, pGL4.50 luciferase re-
porter (pGL4.50[luc2/CMV]) vector, and hygromycin B were obtained from Promega
(Madison, Wisconsin, USA) and Santa Cruz Biotechnology (Santa Cruz, California, USA),
respectively. JetPEI™ transfection reagent was obtained from Polyplus Transfection (Ill-
kirch, Bas-Rhin, France).

4.2. Culture of Human Glioblastoma GBM8401 Cells

Human glioblastoma GBM8401 cell line was obtained from the Food Industry Re-
search and Development Institute (Hsinchu, Taiwan). GBM8401 cells were placed in a 10-
cm dish with RPMI 1640 supplemented with 10% FBS and penicillin (100 U/mL)/strepto-
mycin (100 pg/mL) at 37 °C under a humidified 5% CO: atmosphere of the incubator as
described previously [33,55].

4.3. Cell Transfection and Stable Clone Selection

Plasmid transfection and stable clone selection protocol were described previously
[56,57]. In brief, GBM8401 cells in the plates were added with pGL4.50 luciferase reporter
(pGL4.50 [luc2/CMV]) plasmid and JetPEI™ transfection reagents mixture overnight. A
200 pg/mL hygromycin B was used for screening and maintaining the luc2-expressing
cells in GBM8401 cells. The Luc2 signaling was acquired by IVIS 200 Imaging System
(Xenogen, Alameda, California, USA). Cells with stable expression of luc2 reporter gene
were obtained and defined as GBM8401/luc2 for further experiments used in this study.

4.4. Cell Viability and Apoptosis Assays

GBM8401/luc2 cells (1 x 10* cells/well) were planted in 96-well plates with RPMI 1640
and were incubated with various concentrations of AITC (0, 20, 30, 40, 50, 60, 70, 80, 90,
and 100 pM) for 48 h. For cell viability assay, cells were added 10 uL MTT (5 mg/mL) for
4 h, and then added to 100 uL 10% SDS/0.01 M HCl solution overnight. After incubation,
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the absorbance was read with an ELISA reader at 595 nm as described previously [58]. For
cell apoptosis assays, cells were incubated with AITC (0, 20, 30, and 40 pM) for 48 h and
were collected, re-suspended in 100 uL. Annexin V binding buffer, and incubated with
Annexin V-FITC/PI in the dark. The cells were subsequently analyzed for cell apoptosis
by flow cytometer (BD Biosciences, FACSCalibur, San Jose, CA, USA) as described previ-
ously [33,55]. All cells from each treatment were performed in triplicate and the experi-
ment was repeated three times for statistical analysis.

4.5. Western Blot Assays

GBM8401/luc2 cells (1.6 x 106 cells) in 10-cm dish were treated with 0, 20, 30, and 40
uM of AITC for 48 h. The cells from each treatment were harvested, lysed, and, using a
Bio-Rad Protein Assay Kit (Bio-Rad Laboratories, Inc., California, USA), the total proteins
were determined as previously described [33,55]. A sample of 30 ug protein from each
treatment was dissolved using 10% sodium dodecyl sulfate-polyacrylamide gel (SDS
page) electrophoresis and transferred to an Immobilon-P Transfer Membrane (Merck Mil-
lipore). Each blot was soaked in a blocking buffer (5% nonfat powdered milk and 0.05%
Tween-20 in 1X Tris-buffered saline at pH 7.6) for 1 h at room temperature. All blots were
individually incubated with primary monoclonal antibodies in the blocking buffer at 4 "C
overnight, including BAX (#2772, dilution 1:1000), BCL-2 (#2870, dilution 1:1000), caspase-
9 (#9508, dilution 1:1000), caspase-8 (#9746, dilution 1:1000), and caspase-3 (#9662, dilution
1:1000) were purchased from Cell Signaling Technology, Inc., and MCL-1 (M8434, dilution
1:8000) was purchased from Sigma Chemical Co. After washing, the blots were probed
with Anti-mouse IgG, HRP-linked antibody (#7076, dilution 1:10,000), or Anti-rabbit IgG,
HRP-linked antibody (#7074, dilution 1:10,000) (Cell Signaling Technology, Inc., Massa-
chusetts, USA) as previously described [33,55]. The anti-f-actin antibody was used to en-
sure equal protein loading from each sample. Quantitative analysis of each immunoreac-
tive blot as previously described [33,55].

4.6. Development of Glioblastoma-Xenograft-Bearing Mice and AITC Treatment

Eighteen 6-week-old nude mice (CAnN.Cg-FoxnInu/CriNarl mice) weighing 20-22 g
were purchased from the National Laboratory Animal Center, Taipei, Taiwan. The exper-
iment was approved by the Institutional Animal Care and Use Committee (IACUC) of
China Medical University (ID number 2020-248). For each mouse, xenografts were inocu-
lated into the right flank, comprising of 1 x 107 GBM8401/luc2 cells in 100 uL PBS with 30%
Matrigel, and allowed to grow for 14 days. When the tumor reached 100-120 mm?, mice
were separated into three groups (n = 6/per group). Control mice were treated daily with
0.1% DMSO in 100 pL phosphate-buffered saline (PBS) by gavage. Treatment groups were
divided as 0.1 mg/day and 0.2 mg/day of AITC (in 100 puL of PBS) groups, with AITC
administered by gavage. Mice were subjected to an IVIS scan on day 0, 12, and 24, and
sacrificed on day 27 after treatment (Figure 3A). Mouse tumor and body weight were rec-
orded every 3 days. Tumor volume was calculated following the formula V = length x
width?x 0.523 [59].

4.7. Animal IVIS Scan

Luc2 signals representative of living cells within tumors were acquired by IVIS®
SpectrumCT In Vivo Imaging System. Mice from each group were anesthetized with 1-
2% isoflurane during scanning. The quantification of the Luc2 signal was performed by
XENOGEN Living Image version 2.20.1 software. The unit of Luc2 signal from the region
of interest was defined as photon/sec/cm?/sr [60].

4.8. Hematoxylin and Eosin (H&E) and Immunohistochemistry (IHC) Staining

Tumor, heart, spleen, kidney, and liver samples were extracted from mice on day 27.
Heart, spleen, kidney, and liver tissues were analyzed via H&E staining to identify



Int. J. Mol. Sci. 2022, 23, 10411

13 of 16

References

whether treatment induced tissue toxicity. H&E staining was performed at Bio-Check La-
boratories Ltd. (New Taipei City, Taiwan) as described by Liu et al. [61]. The relative se-
verity of histopathologic changes was recorded semi-quantitatively using Shackelford’s
(2002) four-scale method with at least twenty 200x fields each section. Briefly, the severity
was graded as: 0, regular tissue or minimal; 1, mild; 2, moderate; 3, moderate/severe; 4,
severe/high. The scoring examination was performed by a pathologist (C-C Cheng), who
was blinded to the mouse treatment assignment. Tumor tissues were performed for iden-
tifying the expressions of MCL-1, MMP-9, VEGF, XIAP, cleaved caspase-3, -8, and -9 pro-
teins by IHC staining according to the instruction of EMD Millipore’s IHC Select® Kit
(EMD Millipore, Billerica, Massachusetts, USA) and described in our previous study [62].
Staining slides were then photographed by Nikon microscope at 100x magnification (Ni-
kon ECLIPSE Ti-U, Minato City, Tokyo, Japan). Positive staining of each specific protein
in IHC stain was quantified by Image] software version 1.50 (National Institutes of Health,
Bethesda, Maryland, USA) using Immunohistochemistry (IHC) Image Analysis Toolbox.
Primary antibodies were purchased from various companies, including cleaved caspase-
3 (E-AB-30004, Elabscience, Houston, Texas, USA), cleaved caspase-8 (E-AB-22107, Elab-
science), cleaved caspase-9 (10380-1-AP, Proteintech, Rosemont, Illinois, USA), MCL-1 (E-
AB-33430, Elabscience), MMP-9 (AG0549, Proteintech), VEGF (E-AB-70013, Elabscience),
and XIAP (E-AB-61374, Elabscience).

4.9. Statistical Analysis

One-way ANOVA was performed using GraphPad Prism 7.0 version (San Diego,
California, USA). A p-value smaller than 0.05 was considered to represent a significant
difference between control and treatment groups. Data are presented as mean + standard
deviation.
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