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Abstract: Cancer is caused by abnormal cell changes leading to uncontrolled cell growth. The specific
characteristics of cancer cells, including the loss of apoptotic control and the ability to migrate into and
invade the surrounding tissue, result in cancer cell metastasis to other parts of the body. Therefore,
the inhibition of the proliferation, migration, and invasion of cancer cells are the principal goals in the
treatment of cancer. This study aimed to investigate the inhibitory activity of nordentatin, a coumarin
derivative isolated from Clausena harmandiana, regarding the proliferation and migration of human
neuroblastoma cells (SH-SY5Y). Nordentatin at a concentration of 100 uM showed cell cytotoxicity
toward SH-SY5Y that was significantly different from that of the control group (p < 0.01) at 24, 48, and
72 h. Moreover, nordentatin inhibited SH-SY5Y proliferation by inhibiting the antiapoptotic protein
Mcl-1, leading to the cleavage of caspase-3 and resulting in the inhibition of a migratory protein,
MMP-9, through the GSK-3 pathway (compared with cells treated with a GSK inhibitor). These
results suggest that nordentatin inhibited the proliferation and migration of neuroblastoma cells
through the GSK-3 pathway:.
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1. Introduction

Cancer is one of the most common diseases in Thailand and throughout the world.
As a result of environmental variables and shifting social factors, the incidence rate tends
to rise every year. Cancer is also one of the world’s top causes of death. According to the
World Health Organization, there were 12.7 million new cases in 2008 and cancer caused
the deaths of around 7.6 million people. In Thailand, nearly 80,000 individuals died of
cancer in 2018. It is the country’s biggest cause of death. The hallmarks of cancer are
unregulated cell division, proliferation, the invasion of neighboring cells, and metastasis in
many regions of the body, resulting in tissue death.

Apoptosis, or programmed cell death, is a process that naturally occurs in cells and
plays an important role in maintaining the cell balance in higher species. Apoptosis is
triggered via two pathways [1]: the extrinsic pathway, or the death receptor pathway,
which is triggered by extracellular ligands binding to death receptors, and the intrinsic
pathway or mitochondrial pathway, which inhibits abnormal cell division and promotes
cell death. Potent molecules that trigger apoptosis in cells are being researched for potential
development as anticancer drugs.

Neuroblastoma is the common solid neoplasm of childhood, and its proportion of all
pediatric oncology deaths is up to 15%. At the time of diagnosis, approximately 50% of
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neuroblastoma patients had metastatic locations (clinical stage 4), such as the bone marrow,
bone, and liver. Genetic alterations have been shown to be related to neuroblastoma
susceptibility. The polymorphism of ERCC1/XPF [2] genes encoding for proteins that
are involved in DNA repair processes and LIN28A [3], which is important in the control
of cell proliferation, were associated with increased neuroblastoma risk, and FABP4 [4]-
mediated macrophages may increase the characteristics of proliferation and migration in
neuroblastoma cells by promoting tumor progression by indirectly altering angiogenesis,
matrix metalloproteinases (MMP) activity, and cytokine production [5]. Glycogen synthase
kinase-3 (GSK-3) is a critical serine (S)/threonine (T) kinase that regulates several cellular
signaling pathways, including cell differentiation, migration, and apoptosis. In cancer, GSK-
3 could play a role as a tumor promoter or, in some cases, a tumor suppressor [6]. GSK-3
could regulate NF-kB activity, which is overexpressed in cancer cells. GSK-3 is involved
in NF-kB activation and the induction of MMP-9 in cultured rat primary astrocytes [7].
Moreover, GSK-3 could control Mcl-1 stability, which is an important mechanism for the
regulation of apoptosis by growth factors, PI3K, and AKT [8].

Clausena harmandiana, known as Song-fa in Thai, is a medicinal herb widely found
across the northeast part of Thailand. Song-fa was reported in folk medicine textbooks
to be prepared as a traditional treatment by boiling it in drinking water. It is said to
relieve flatulence, indigestion, fever, and headaches. According to research, the root of
Song-fa contains pharmacologically active carbazole alkaloids and coumarins [9-11]. It
has been shown to have antimalarial [12], antioxidant [13], and antifungal activity [14].
Nordentatin and 7-methoxyheptaphylline were discovered as a carbazole alkaloid and
coumarin derivative, respectively, in Song-fa root bark extract. This extract has the ability
to trigger apoptosis in intestinal cancer cells (HT-29), increasing the effect of TRAIL on
colon cancer cell (HT- 29) death [15]. Therefore, the purpose of this study was to determine
the molecular mechanism through which nordentatin (C19H0O4) extracted from Song-fa
inhibits cancer cell proliferation. It is believed that the findings of this study will provide
vital scientific knowledge for the development of future cancer drugs.

2. Materials and Methods
2.1. Cell Culture

Eagle’s minimum essential medium (EMEM) containing penicillin, streptomycin, and
fetal bovine serum (Gibco BRL, Grand Island, NY, USA) was used to culture SH-SY5Y cells
(ATCC) in a T25 cell culture flask at 37 °C in a temperature-controlled incubator with 5%
COs;. The cell culture medium was changed every 2-3 days.

2.2. Study of Inhibitory Activity on Cell Proliferation

To investigate the cell viability, the cells were cultured in 96-well plates with 3 x 10 cells
per well and incubated at 37 °C with 5% CO; for 48 h. Nordentatin was dissolved in dimethyl
sulfoxide (DMSO) at concentrations of 1, 10, and 100 uM, while doxorubicin (a positive
control) was dissolved in DMSO at 10 uM. The chemical treatment was then added to
96-well plates and cultured with the cells for 24, 48, and 72 h periods in a temperature-
controlled incubator. The survival of the cells was then determined by removing the test
substance, adding 100 uL of MTT reagent (0.5 mg/mL) (Sigma-Aldrich; Merck KGaA) [16],
and incubating the cells in a temperature-controlled incubator for 2 to 4 h. The surviving
cells reduced the yellow-colored MTT to the dark blue product of formazan MTT. After that,
100 pL of DMSO was added to each well to dissolve the cell precipitate and the absorbance
at a wavelength of 570 nm was measured to calculate the percentage of cell viability.

Absorbance of treated cells

Absorbance of controlled (untreaed) cells x 100

% cell viability =
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2.3. Study of Cell Morphology Change by Phase-Contrast Microscopy

Two milliliters of the cell culture solution were sieved into each well of a 6-well plate
with 1 x 10 cells/mL and incubated in a temperature-controlled incubator for a 24 h period.
The test substance was added and the plates were incubated in the original state for 24, 48,
and 72 h. The cell morphology was observed and photographed using a phase-contrast
microscope.

2.4. Study of Inhibitory Activity on Cell Migration

Two milliliters of the cell culture solution were added to each well of a 6-well plate
with 1 x 10° cells/mL and incubation in a temperature-controlled incubator for a 24 h
period. The cells were then treated with the desired active substance at concentrations of
0,1,10, and 100 pM or doxorubicin at a concentration of 10 uM for 4 h. The pellets were
harvested for each concentration after centrifugation and dissolved in 1 uL of incomplete
EMEM. Subsequently, 500 puL of the cell solution was aspirated into a chamber (pore size,
8-mm; Corning Life Sciences). The contents of the chamber were transferred into a well
containing 700 puL of complete media (EMEM) and incubated for 24 h. At this time, the
medium was removed with a pipette and the cells were fixed with 800 uL of 25% MeOH in
each chamber and left for 30 min. The MeOH was withdrawn from the chamber at the end
of this time and the chamber was cleaned once with distilled water and twice with PBS.
The chambers were allowed to dry upside down and examined for moving cell migration
under a microscope.

2.5. Cell Lysate Preparation

The cells were incubated with doxorubicin as a control and nordentatin at concentra-
tions of 1, 10, and 100 uM for 4 h. The wells were rinsed with PBS at 4 °C. Lysis buffer
(Gibco; Thermo Fisher Scientific, Inc.) was added at 4 °C and 100 puL per well, the wells
were scraped, and the contents were aspirated into Eppendorf tubes. The cells were cen-
trifuged for 10 min at 4 °C and 13,500 rpm. After centrifugation, 10 uL of the supernatant
was transferred to a 96-well plate. Each well was filled with 190 uL of Bradford’s solution
and the plate was shaken. The protein content was measured according to the absorbance
at 600 nm to construct standard curves and quantify the protein concentration. The protein
concentration was calculated and adjusted using the sample buffer.

2.6. Study of the Molecular Mechanism of Nordentatin’s Effect on Cell Apoptosis

The cell lysate was isolated using a protein separation technique, i.e., sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) at concentrations of 10 and 12%
SDS. The proteins were then transferred from the gel to the membrane using a protein
transfer apparatus. The electrophoresis parameters were 0.8 mAmp, 30 W, and 300 V for
90 min. The membrane was removed and placed in a blocking buffer, after which 1 mL
of the primary antibody (GSK-3, Mcl-1, Bcl-2, Bcl-xL, cleaved caspase-3, and Actin) (Cell
Signaling Technology, Inc.) was added, and the membrane and antibody were shaken
at 280 rpm for 2 h. The membrane was washed three times with the washing buffer for
10 min. Next, 1 mL of the secondary antibody was added; the antibody concentration was
0.5:1000 for rabbit and 0.35:1000 for goat. The membrane and antibody were then shaken
at 280 rpm for 45 min, and the membrane was washed three times with washing buffer
for 10 min. Finally, 300 uL of ECL (Life Science Technology) prepared from a 1:1 luminol
enhancer solution + peroxide solution was added. The proteins on the membrane were
examined by splicing the film for protein band chemiluminescent detection.
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3. Results
3.1. Study of Inhibitory Activity on Cell Proliferation: Cell Cytotoxicity Assay

The action of a coumarin derivative in Song-fa root bark extract, nordentatin [12], was
investigated at various doses. The cytotoxicity was evaluated using the MTT assay and
by measuring the absorbance at a wavelength of 570 nm to compute the percentage of cell
viability (percent cell viability) (Figure 1).
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Figure 1. The percentage of neuroblastoma (SH-SY5Y) cells that survived after being exposed to the
nordentatin at various concentrations for 24, 48, and 72 h, compared to cells exposed to standardized
doxorubicin (Dox) and cycloheximide (CHX). The experiments were conducted in triplicate. * p < 0.05,
**p < 0.01 versus control group.

After 24, 48, and 72 h of incubation, nordentatin at a concentration of 100 uM produced
a statistically significant decrease in the percentage of surviving neuroblastoma (SH-SY5Y)
cells compared to the control group (p < 0.01). Furthermore, at the concentration of 100 uM,
the reductions in the percentage of cell survival at 48 and 72 h intervals were significantly
different from those at 24 h intervals (p < 0.01). The positive controls were doxorubicin
and cycloheximide. When comparing the percentage of cell growth inhibition (percent
inhibition), 100 uM of nordentatin resulted in 49.21%, 88.49%, and 95.48% inhibition at
24, 48, and 72 h, respectively, while doxorubicin resulted in 49.32%, 90.68%, and 95.72%
inhibition at 24, 48, and 72 h.

3.2. Study of Cell Morphology Change by Phase-Contrast Microscopy

To determine the type of neuroblastoma cell death that occurred as a result of treat-
ment, the morphological changes of cells treated with nordentatin were investigated using
inverted phase-contrast microscopy. Figure 2 depicts the outcomes of the tests.

SH-SY5Y cells were morphologically evaluated to determine the activity of nordentatin.
The cell morphology was captured using an inverted phase-contrast microscope. The results
show that the morphology of SH-SY5Y cells exposed to 100 uM nordentatin for 24, 48, and
72 h showed distinct apoptosis compared to the control group. As a result, the cancer cells
atrophied, becoming smaller and rounder in shape. There was no adhesion to the culture
container and the cells floated. SH-SY5Y cells treated with 10 uM doxorubicin and 100 uM
cycloheximide for 24, 48, and 72 h showed apoptotic features in their morphology. A large
group of cells was separated from a smaller group of cells. The number of cells decreased.
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Figure 2. The morphology of SH-SY5Y neural cancer cells treated with chemicals derived from

Song-fa as under a phase-contrast microscope.

3.3. Study of Inhibitory Activity on Cell Migration
A transwell migration assay, which is associated with cancer cell metastasis, was used
to investigate the effect of nordentatin on the movement and invasion of neuroblastoma

cells (SH-SY5Y) (Figures 3 and 4).

Control Nordentatin 1 yM Nordentatin 10 uM

CHX 100 M
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Figure 3. A transwell migration assay was used to investigate the inhibition of neuroblastoma
cells (SH-SY5Y).
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Figure 4. The percentage of neuroblastoma cells (SH-SY5Y) that were able to cross the membrane.
The experiments were conducted in triplicate. * p < 0.05, ** p < 0.01 versus control group.
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There was a reduction in the number of SH-SY5Y cells capable of transwell transloca-
tion and hematoxylin staining at 24 h of treatment with nordentatin at 1 pM compared to
that in the control group treated with cycloheximide as a positive control. Furthermore,
the number of stained cells that decreased in the group treated with 10 uM nordentatin
was higher compared to that in the 1 uM group. Nordentatin also had an inhibitory effect
on the transwell migration. A cell counter was used to count the number of hematoxylin-
stained cells. The number of SH-SY5Y neuroblastoma cells that could pass through the
transwell was found to be substantially different (p < 0.01) to the positive control treated
with cycloheximide. In comparison to the number of neuroblastoma cells (SH-SY5Y) in the
transwell, the group treated with nordentatin at 1 uM had a mean of 84 cells, whereas the
group treated with nordentatin at 10 uM had a mean of 69 cells, and the cycloheximide
treatment showed 97 transwell cells on average. Thus, it was shown that nordentatin
inhibited neuronal cell motility (SH-SY5Y) in direct proportion to the concentration.

3.4. Study of Molecular Mechanism of Nordentatin’s Effect on Cell Apoptosis

According to studies of cell morphology using phase-contrast microscopy, neurob-
lastoma cell death occurs in a fashion similar to apoptosis. As a result, the focus of this
research was on the molecular pathways that needed to be investigated, including the pro-
teins involved in apoptosis via the intrinsic pathway, with a specific focus on the glycogen
synthase kinase-3 pathway (GSK-3 pathway) (Figure 5). A 4 h protein assay was used to
study the molecular mechanisms of the action of nordentatin. The protein cysteine-aspartic
protease-3 (caspase-3), which is involved in the apoptosis process, was detected via West-
ern blotting. When compared to the control group, cleaved caspase-3 was most clearly
exhibited in the 100 pM nordentatin row. Anti-apoptotic proteins, such as myeloid cell
leukemia 1 (Mcl-1), were reduced in expression, whereas the B-cell lymphoma-extra-large
(Bcl-x1) and B-cell lymphoma 2 (Bcl-2) proteins showed no change.
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Figure 5. Cont.



Curr. Issues Mol. Biol. 2022, 44

1068

Relative protein expression/actin

3.5

25

0.5

*%

C 1 10 100CHX DOX GSKI C 1 10 100CHX DOX GSKI C 1 10 100CHX DOX GSKI C 1 10 100CHX DOX GSKI C 1 10 100CHX DOX GSKI C 1 10 100CHX DOX GSKI
pGSK-3 Mcl-1 Bcl-2 Bel-xl Caspase-3 Cleaved
caspase-3

Figure 5. The effects of nordentatin on proteins involved in cell development and apoptosis. (A) SH-
SY5Y cells were treated with various concentrations of nordentatin, cycloheximide, and doxorubicin
for 4 h and compared with the GSK-3 inhibitor. Cell lysates were separated by SDS-PAGE and
detected by western blotting using anti-pGSK-3, Mcl-1, Bcl-2, Bcl-xl caspase-3, cleaved caspase-3,
and f-actin antibodies. (B) Relative phospho-GSK-3, Mcl-1, Bcl-2, Bcl-xl, caspase-3, and cleaved
caspase-3 were normalized to that of (-actin, respectively. The experiments were conducted in
triplicate. * p < 0.05, ** p < 0.01 versus control group.

Matrix metalloprotein-9 (MMP-9) is a proteinase and collagenase that can break down
extracellular matrix components, allowing cells to migrate and invade. The effect of
nordentatin on MMP-9 expression and its implications in neuroblastoma migration and
invasion were investigated. In a 10 min test, it was discovered that the expression of the
MMP-9 protein in the 100 uM nordentatin row was much lower than that in the control
group. Furthermore, at 100 uM, glycogen synthase kinase-3 (GSK-3)’s protein expression
began to drop in the nordentatin row compared to the control group. In addition, GSK-3
expression was shown to be significantly reduced in the GSK inhibitor line. Moreover, the
expression of MMP-9 was reduced, implying that nordentatin prevented GSK-3 expression
(Figure 6), thereby reducing the expression of the MMP-9 protein and thus limiting cancer
cell growth.
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Figure 6. The effect of nordentatin on proteins involved in cell migration. (A) SH-SY5Y cells were
treated with various concentrations of nordentatin, cycloheximide, and doxorubicin for 4 h and
compared with the GSK-3 inhibitor. Cell lysates were separated by SDS-PAGE and detected by
western blotting using anti-pGSK-3, MMP-9, and 3-actin antibodies. (B) Relative phospho-GSK-3 and
MMP-9 were normalized to that of $-actin. The experiments were conducted in triplicate. * p < 0.05,
**p < 0.01 versus control group.

4. Discussion

Neuroblastoma, a pediatric cancer of the peripheral sympathetic nervous system, is
frequently diagnosed at the advanced stage of disease and treated with various strate-
gies, including chemotherapy, radiotherapy, autologous stem cell transplantation, and
surgery [15,17]. Despite several treatment strategies being effective, the majority of patients
relapse with metastatic disease [18-20]. Novel therapies for neuroblastoma are urgently
required. Agents able to decrease cell proliferation, induce apoptosis, or inhibit metasta-
sis (migration and invasion) are currently used for the treatment of cancer. Agents with
multiple targets are considered to be more effective than a single-target agent for complex
diseases, especially cancer [16].

Several studies have introduced coumarins as potential multi-target agents with a
wide spectrum of pharmacological effects [21,22]. Coumarins, naturally occurring phyto-
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chemicals, have been reported as promising anticancer compounds against several types of
cancer via different mechanisms [23-26]. Among coumarins, nordentatin isolated from the
root bark of Clausena harmandiana showed high cytotoxic activity. A recent study showed
that nordentatin possesses potential anti-tumor activity in the small lung cancer (NCI-
H187), breast cancer (MCF-7), and oral cavity cancer (KB) cell lines [27]. However, in the
reviewed literature, the effect of nordentatin on neuroblastoma has not been investigated.
In the present study, the antitumor effect and underlying mechanisms of nordentatin iso-
lated from the root bark of Clausena harmandiana were investigated in neuroblastoma cells.
This study focused on the induction of apoptosis and its effect on the proliferation and
invasion of neuroblastoma cells.

Apoptosis is a programmed cell death regulated by the Bcl-2 family and caspase
cascade, including caspase-9, caspase-3, and caspase-7 [28]. Anti-apoptotic Bcl-2 family
proteins, usually over-expressed in human cancers, have been reported to play an important
role in the resistance to chemotherapeutic drugs. The Bcl-2 family protein consists of anti-
apoptotic proteins (Mcl-1, Bel-xL and Bcl-2) and pro-apoptotic proteins that include the BH3-
only proteins, including Bim, Bad, Bid, Noxa, and Puma, and the multi-domain molecules
Bax and Bak [29]. After the activation of Bax and Bak by apoptosis stimuli, cytochrome
c is released from the mitochondria to the cytoplasm and binds to apoptotic protease-
activating factor-1 (APAF-1) and caspase-9 to form apoptosome, which is subsequence to
the activation of the caspase cascade [30]. Anti-apoptotic proteins are able to stabilize Bax
and Bak activation and protect cancer cells from apoptosis stimuli [31]. A cytotoxicity study
was conducted to investigate nordentatin inducing the apoptosis of neuroblastoma cells.
Human neuroblastoma cells (SH-SY5Y) were incubated with gradient doses of nordentatin
at concentrations of 1, 10, and 100 uM for 24, 48, and 72 h, and an MTT assay was performed.
Our results demonstrated that nordentatin was able to reduce cell viability and induce
changes in cell morphology. The MTT assay revealed that nordentatin reduced the viability
of SH-SY5Y cells in a dose-dependent manner. Interestingly, nordentatin at a concentration
of 100 uM showed a better effect than the cycloheximide used as a positive control. Our
result indicates that nordentatin has a cytotoxic impact on cancer cells.

We next used inverted phase-contrast microscopy to examine the morphological
changes in cells treated with nordentatin. The morphological investigation of SH-SY5Y
cells treated with 100 uM nordentatin for 24 h revealed substantially more cell death features
than the control group. There was the shedding of cells from the adhesion surface and
the shrinkage of cells. Such death is similar to that which occurs in apoptosis. The results
indicate that nordentatin induces cancer cell death through an apoptotic pathway. Our
results showed that nordentatin induced increased levels of cleaved caspase-3, a marker of
apoptosis. Nordentatin reduced the expression of Mcl-1 proteins in SH-SY5Y cells, but had
no effect on the expression of Bcl-2 and Bcl-xl proteins, which were typically responsible
for preventing apoptosis.

Matrix metalloproteinases (MMPs) are proteolytic metalloenzymes that play a role
in the degradation of a number of extracellular matrix (ECM) components. MMP-9, also
known as gelatinase B, is a matrix metalloproteinase with the most complex form. The
overexpression and dysregulation of MMP-9 are associated with migration and invasion
in cancer. The regulation and inhibition of MMP-9 may inhibit cancer metastasis. The
discovery of a new selective MMP-9 inhibitor may be useful in cancer prevention and
treatment in the future. It has been reported that the siRNA-mediated knockdown of MMP-
9, uPAR, and CB inhibits the invasiveness and migration of prostate cancer cells and leads
to apoptosis, both in vitro and in vivo [32]. a-Hispanolol induced apoptosis and inhibits
the cell migration of glioblastoma cells by a decreased level of MMP-9 [33]. The study of the
inhibition of the migration and invasion of neuroblastoma cells by a transwell migration
assay showed that nordentatin has the ability to inhibit the motility and invasion of nerve
cancer cells. Regarding the effect of nordentatin on the protein matrix metalloprotein-9
(MMP-9), which is a proteinase and collagenase, the results indicated that there was clear
suppression of MMP-9 expression in the nordentatin test compared to the control group.
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GSK-3 is a regulator of NF-«B, which is expressed in cancer and immunological dis-
orders [34,35]. According to the findings of Ding et al. [36], Inuzuka et al. [37], Maurer
et al. [8], Morel et al. [38], and Zhao et al. [39], Mcl-1 expression is controlled by the GSK-3
protein and Mcl-1 is lost through stabilization. It has also been observed to increase the
production of cleaved caspase-3, which could induce apoptosis [40]. Kitano et al. [41] dis-
covered that inhibiting GSK-3 expression could decrease cancer cell motility and invasion.
The inhibition of GSK-3 regulates MMP-9 expression in various tissues [42]. It has been
shown that the GSK-3 inhibitor SB216763 induces apoptosis by suppressing the NF-«B
signaling pathway in osteosarcoma cells [43]. The GSK-3§3 inhibitor AZD1080 suppresses
ovarian cancer cell proliferation, invasion, and migration and downregulates GSK-33,
MMP9, and Bcl-xL. mRNA and proteins [44]. In this study, we investigated the proteins
involved in apoptosis via the intrinsic pathway, with a particular emphasis on the GSK-3
pathway. We found that nordentatin inhibited the phosphorylation of GSK-3 and Mcl-1
expression, resulting in the activation of caspase-3 and apoptosis. Furthermore, GSK-3
phosphorylation was reduced in the nordentatin-treated group, correlated with a decrease
in the MMP-9 level. Therefore, nordentatin can be inferred to impede the proliferation and
migration of neural cancer cells via the GSK-3 pathway.

5. Conclusions

In conclusion, this study investigated the effect of nordentatin from Clausena harman-
diana on SH-SY5Y cancer cell proliferation and migration. It was found that nordentatin
inhibited the proliferation and migration of SH-SY5Y cells by inhibiting GSK-3 phospho-
rylation, which controls the expression of Mcl-1 (antiapoptotic protein), resulting in the
activation of cleaved caspase-3 and the apoptosis of cancer cells. Moreover, the inhibition
of nordentatin on GSK-3 also suppressed the expression of MMP-9, which regulated cell mi-
gration (Figure 7). This study indicated that nordentatin inhibited SHSY5Y cell proliferation
and migration through the GSK-3 pathway. Thus, nordentatin could be considered in the
future as a lead for further drug synthesis or, due to it being a medicinal plant constituent,
as a chemopreventive agent.
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Figure 7. The effect of nordentatin on the GSK-3 pathway in the apoptosis and migration of SH-
SY5Y cells.



Curr. Issues Mol. Biol. 2022, 44 1072

Author Contributions: Conceptualization, C.B., P.B., N.T., C.Y. and P.W.,; investigation, P.B., RK,,
S.C., C.B., PW. and N.T.; resources, PW.; formal analysis, C.B. and P.W.; writing—original draft
preparation, C.B., P.B. and N.T.; writing—review and editing, PW.; project administration, PW. All
authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Thailand Research Fund, Thailand (grant number
DBG6080006) and Ubon Ratchathani University, Thailand.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: Ubon Ratchathani University, Thailand.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Igney, EH.; Krammer, P.H. Death and anti-death: Tumour resistance to apoptosis. Nat. Rev. Cancer 2002, 2, 277-288. [CrossRef]
[PubMed]

2. Zhuo, Z.-],; Liu, W,; Zhang, ]J.; Zhu, ]J.; Zhang, R.; Tang, J.; Xia, H. Functional polymorphisms at ERCC1/XPF genes confer
neuroblastoma risk in Chinese children. EBioMedicine 2018, 30, 113-119. [CrossRef] [PubMed]

3. Hua, R.X; Zhuo, Z,; Ge, L.; Zhu, J.; Yuan, L.; Chen, C.; He, J. LIN28A gene polymorphisms modify neuroblastoma susceptibility:
A four-centre case-control study. J. Cell Mol. Med. 2020, 24, 1059-1066. [CrossRef] [PubMed]

4. Miao, L.; Zhuo, Z.; Tang, J.; Huang, X.; Liu, J.; Wang, H.Y.; He, ]. FABP4 deactivates NF-kB-IL1x pathway by ubiquitinating ATPB
in tumor-associated macrophages and promotes neuroblastoma progression. Clin. Transl. Med. 2021, 11, €395. [CrossRef]

5. Elmasri, H,; Ghelfi, E.; Yu, C.-W,; Traphagen, S.; Cernadas, M.; Cao, H.; Cataltepe, S. Endothelial cell-fatty acid binding protein 4
promotes angiogenesis: Role of stem cell factor/c-kit pathway. Angiogenesis 2012, 15, 457-468. [CrossRef] [PubMed]

6. Duda, P; Akula, S.M.; Abrams, S.L.; Steelman, L.S.; Martelli, A.M.; Cocco, L.; McCubrey, J.A. Targeting GSK3 and Associated
Signaling Pathways Involved in Cancer. Cells 2020, 9, 1110. [CrossRef]

7. Kim, S.D.; Yang, S.I.; Kim, H.C.; Shin, C.Y.; Ko, K.H. Inhibition of GSK-3beta mediates expression of MMP-9 through ERK1/2
activation and translocation of NF-kappaB in rat primary astrocyte. Brain Res. 2007, 1186, 12-20. [CrossRef]

8.  Maurer, U.; Charvet, C.; Wagman, A.S.; Dejardin, E.; Green, D.R. Glycogen synthase kinase-3 regulates mitochondrial outer
membrane permeabilization and apoptosis by destabilization of MCL-1. Mol. Cell 2006, 21, 749-760. [CrossRef]

9.  Govindachari, T.R.; Pai, B.R.; Subramaniam, P.S.; Muthukumaraswamy, N. Coumarins of Clausena dentata (Willd.) R. and S.
Tetrahedron 1968, 24, 753-757. [CrossRef]

10. Wangboonskul, J.; Pummangura, S.; Chaichantipyuth, C. Five coumarins and a carbazole alkaloids from the root bark of Clausena
harmandiana. |. Nat. Prod. 1984, 47, 1058-1059. [CrossRef]

11.  Wangboonskul, J.; Prawan, A.; Takthaisong, P.; Sasithornwetchakun, W.; Boonyarat, C.; Yenjai, C.; Mahakunakorn, P. Analgesic,
anti-inflammatory, antipyretic activities and acute toxicity of the ethanolic extract of Clausena harmandiana Pierre in animals. J.
Asian Assoc. Sch. Pharm. 2012, 1, 159-169.

12.  Yenjai, C,; Sripontan, S.; Sriprajun, P; Kittakoop, P; Jintasirikul, A.; Tanticharoen, M.; Thebtaranonth, Y. Coumarins and carbazoles
with antiplasmodial activity from Clausena harmandiana. Planta Med. 2000, 66, 277-279. [CrossRef] [PubMed]

13.  Puthongking, P. Development of a New Neuroprotective Agent of Coumarins from the Root Bark of Clausena harmandiana
(Pierre) ex.: Thailand Science Research and Innovation; 2011 [Cited 14 May 2010]. Available online: http://elibrary.trf.or.th/
project_content.asp?PJID=MRG5180175 (accessed on 30 March 2020).

14. Sriphana, U.; Thongsri, Y.; Prariyachatigul, C.; Pakawatchai, C.; Yenjai, C. Clauraila E from the roots of Clausena harmandiana and
antifungal activity against Pythium insidiosum. Arch Pharm Res. 2013, 36, 1078-1083. [CrossRef] [PubMed]

15. King, D.; Yeomanson, D.; Bryant, H.E. PI3King the lock: Targeting the PI3K/Akt/mTOR pathway as a novel therapeutic strategy
in neuroblastoma. J. Pediatr. Hematol. Oncol. 2015, 37, 245-251. [CrossRef] [PubMed]

16. Zheng, W.; Zhao, Y.; Luo, Q.; Zhang, Y.; Wu, K.; Wang, F. Multi-Targeted Anticancer Agents. Curr. Top. Med. Chem. 2017,
17,3084-3098. [CrossRef]

17. Mei, H.; Wang, Y.; Lin, Z.; Tong, Q. The mTOR signaling pathway in pediatric neuroblastoma. Pediatr. Hematol. Oncol. 2013,

30, 605-615. [CrossRef]


http://doi.org/10.1038/nrc776
http://www.ncbi.nlm.nih.gov/pubmed/12001989
http://doi.org/10.1016/j.ebiom.2018.03.003
http://www.ncbi.nlm.nih.gov/pubmed/29544698
http://doi.org/10.1111/jcmm.14827
http://www.ncbi.nlm.nih.gov/pubmed/31747721
http://doi.org/10.1002/ctm2.395
http://doi.org/10.1007/s10456-012-9274-0
http://www.ncbi.nlm.nih.gov/pubmed/22562362
http://doi.org/10.3390/cells9051110
http://doi.org/10.1016/j.brainres.2007.10.018
http://doi.org/10.1016/j.molcel.2006.02.009
http://doi.org/10.1016/0040-4020(68)88024-X
http://doi.org/10.1021/np50036a038
http://doi.org/10.1055/s-2000-8558
http://www.ncbi.nlm.nih.gov/pubmed/10821058
http://elibrary.trf.or.th/project_content.asp?PJID=MRG5180175
http://elibrary.trf.or.th/project_content.asp?PJID=MRG5180175
http://doi.org/10.1007/s12272-013-0115-5
http://www.ncbi.nlm.nih.gov/pubmed/23595552
http://doi.org/10.1097/MPH.0000000000000329
http://www.ncbi.nlm.nih.gov/pubmed/25811750
http://doi.org/10.2174/1568026617666170707124126
http://doi.org/10.3109/08880018.2013.798058

Curr. Issues Mol. Biol. 2022, 44 1073

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Maris, ].M.; Hogarty, M.D.; Bagatell, R.; Cohn, S.L. Neuroblastoma. Surg. Oncol. 2007, 369, 2106-2120. [CrossRef]

Cheung, N.K.V,; Dyer, M.A. Neuroblastoma: Developmental biology, cancer genomics and immunotherapy. Nat. Rev. Cancer
2013, 13, 397-411. [CrossRef]

Maris, ].M. Recent advances in neuroblastoma. N. Engl. J. Med. 2010, 362, 2202-2211. [CrossRef]

Takomthong, P.; Waiwut, P.; Yenjai, C.; Sripanidkulchai, B.; Reubroycharoen, P; Lai, R.; Kamau, P.; Boonyarat, C. Structure-activity
analysis and molecular docking studies of coumarins from Toddalia asiatica as multifunctional agents for Alzheimer’s disease.
Biomedicines 2020, 8, 107. [CrossRef]

Kumar, S.; Kumari, R.; Mishra, S. Pharmacological properties and their medicinal uses of Cinnamomum: A review. J. Pharm.
Pharmacol. 2019, 71, 1735-1761. [CrossRef] [PubMed]

Deviji, T.; Reddy, C.; Woo, C.; Awale, S.; Kadota, S.; Carrico-Moniz, D. Pancreatic anticancer activity of a novel geranylgeranylated
coumarin derivative. Bioorg. Med. Chem. Lett. 2011, 21, 5770-5773. [CrossRef] [PubMed]

Nordin, N.; Fadaeinasab, M.; Mohan, S.; Hashim, N.M.; Othman, R.; Karimian, H.; Abdul Majid, N. Pulchrin A, a new natural
coumarin derivative of Enicosanthellum pulchrum, induces apoptosis in ovarian cancer cells via intrinsic pathway. PLoS ONE 2016,
11, e0154023. [CrossRef] [PubMed]

Wang, J.; Lu, M,; Dai, H.; Zhang, S.; Wang, H.; Wei, N. Esculetin, a coumarin derivative, exerts in vitro and in vivo antiproliferative
activity against hepatocellular carcinoma by initiating a mitochondrial-dependent apoptosis pathway. Braz. |. Med. Biol. Res.
2015, 48, 245-253. [CrossRef] [PubMed]

Haghighitalab, A.; Matin, M.M.; Bahrami, A.R.; Iranshahi, M.; Saeinasab, M.; Haghighi, F. In vitro investigation of anticancer,
cell-cycle-inhibitory, and apoptosis-inducing effects of diversin, a natural prenylated coumarin, on bladder carcinoma cells. Z.
Nat. C. ]. Biosci. 2014, 69, 99-109. [CrossRef] [PubMed]

Promsuwan, P; Yenjai, C. Synthesis and cytotoxicity of coumarin derivatives and nordentatin. Asian J. Chem. 2013, 25, 3629-3632.
[CrossRef]

Brentnall, M.; Rodriguez-Menocal, L.; De Guevara, R.L.; Cepero, E.; Boise, L.H. Caspase-9, caspase-3 and caspase-7 have distinct
roles during intrinsic apoptosis. BMC Cell Biol. 2013, 14, 32. [CrossRef] [PubMed]

Westphal, D.; Dewson, G.; Czabotar, P.E.; Kluck, R.M. Molecular biology of Bax and Bak activation and action. Biochim. Biophys.
Acta 2011, 1813, 521-531. [CrossRef]

Willis, S.N.; Chen, L.; Dewson, G.; Wei, A.; Naik, E.; Fletcher, ].I.; Huang, D.C. Proapoptotic Bak is sequestered by Mcl-1 and
Bcl-xL, but not Bcl-2, until displaced by BH3-only proteins. Genes Dev. 2005, 19, 1294-1305. [CrossRef]

Takahashi, H.; Chen, M.C.; Pham, H.; Matsuo, Y.; Ishiguro, H.; Reber, H.A.; Eibl, G. Simultaneous knock-down of Bcl-xL and
Mcl-1 induces apoptosis through Bax activation in pancreatic cancer cells. Biochim. Biophys. Acta 2013, 1833, 2980-2987. [CrossRef]
Dufour, A.; Zucker, S.; Sampson, N.S.; Kuscu, C.; Cao, J. Role of matrix metalloproteinase-9 dimers in cell migration: Design of
inhibitory peptides. J. Biol. Chem. 2010, 285, 35944-35956. [CrossRef] [PubMed]

Sénchez-Martin, V.; Jiménez-Garcia, L.; Herranz, S.; Luque, A.; Acebo, P.; Amesty, A_; Hortelano, S. Alpha-Hispanolol Induces
Apoptosis and Suppresses Migration and Invasion of Glioblastoma Cells Likely via Downregulation of MMP-2/9 Expression and
P38MAPK Attenuation. Front. Pharmacol. 2019, 10, 935. [CrossRef] [PubMed]

Sokolosky, M.; Chappell, W.H.; Stadelman, K.; Abrams, S.L.; Davis, N.M.; Steelman, L.S.; McCubrey, ].A. Inhibition of GSK-3(3
activity can result in drug and hormonal resistance and alter sensitivity to targeted therapy in MCF-7 breast cancer cells. Adv.
Enzym. Regul. 2014, 13, 820-833. [CrossRef] [PubMed]

Nagini, S.; Sophia, J.; Mishra, R. Glycogen synthase kinases: Moonlighting proteins with theranostic potential in cancer. Semin.
Cancer Biol. 2019, 56, 25-36. [CrossRef]

Ding, Q.; He, X,; Hsu, ]J.-M.; Xia, W.; Chen, C.-T.; Li, L.-Y.; Hung, M.C. Degradation of Mcl-1 by 3-TrCP mediates glycogen
synthase kinase 3-induced tumor suppression and chemosensitization. Mol. Cell Biol. 2007, 27, 4006-4017. [CrossRef]

Inuzuka, H.; Shaik, S.; Onoyama, I.; Gao, D.; Tseng, A.; Maser, R.S.; Hung, M.C. SCF FBW?7 regulates cellular apoptosis by
targeting MCL1 for ubiquitylation and destruction. Nature 2011, 471, 104-109. [CrossRef]

Morel, C.; Carlson, S.M.; White, EM.; Davis, R.J. Mcl-1 integrates the opposing actions of signaling pathways that mediate
survival and apoptosis. Mol. Cell Biol. 2009, 29, 3845-3852. [CrossRef]

Zhao, Y.; Altman, B.].; Coloff, ].L.; Herman, C.E.; Jacobs, S.R.; Wieman, H.L.; Rathmell, ].C. Glycogen synthase kinase 3x and 33
mediate a glucose-sensitive antiapoptotic signaling pathway to stabilize Mcl-1. Mol. Cell Biol. 2007, 27, 4328-4339. [CrossRef]
Domoto, T.; Pyko, 1.V,; Furuta, T.; Miyashita, K.; Uehara, M.; Shimasaki, T.; Minamoto, T. Glycogen synthase kinase-3f3 is a pivotal
mediator of cancer invasion and resistance to therapy. Cancer Sci. 2016, 107, 1363-1372. [CrossRef]

Kitano, A.; Shimasaki, T.; Chikano, Y.; Nakada, M.; Hirose, M.; Higashi, T.; Minamoto, T. Aberrant glycogen synthase kinase 33 is
involved in pancreatic cancer cell invasion and resistance to therapy. PLoS ONE 2013, 8, e55289. [CrossRef]

Cinetto, F.; Ceccato, J.; Caputo, I.; Cangiano, D.; Montini, B.; Lunardi, F,; Piazza, M.; Vianello, F. GSK-3 Inhibition Modulates
Metalloproteases in a Model of Lung Inflammation and Fibrosis. Front. Mol. Biosci. 2021, 8, 633054. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(07)60983-0
http://doi.org/10.1038/nrc3526
http://doi.org/10.1056/NEJMra0804577
http://doi.org/10.3390/biomedicines8050107
http://doi.org/10.1111/jphp.13173
http://www.ncbi.nlm.nih.gov/pubmed/31646653
http://doi.org/10.1016/j.bmcl.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21880488
http://doi.org/10.1371/journal.pone.0154023
http://www.ncbi.nlm.nih.gov/pubmed/27136097
http://doi.org/10.1590/1414-431x20144074
http://www.ncbi.nlm.nih.gov/pubmed/25517918
http://doi.org/10.5560/znc.2013-0006
http://www.ncbi.nlm.nih.gov/pubmed/24873030
http://doi.org/10.14233/ajchem.2013.13687
http://doi.org/10.1186/1471-2121-14-32
http://www.ncbi.nlm.nih.gov/pubmed/23834359
http://doi.org/10.1016/j.bbamcr.2010.12.019
http://doi.org/10.1101/gad.1304105
http://doi.org/10.1016/j.bbamcr.2013.08.006
http://doi.org/10.1074/jbc.M109.091769
http://www.ncbi.nlm.nih.gov/pubmed/20837483
http://doi.org/10.3389/fphar.2019.00935
http://www.ncbi.nlm.nih.gov/pubmed/31551765
http://doi.org/10.4161/cc.27728
http://www.ncbi.nlm.nih.gov/pubmed/24407515
http://doi.org/10.1016/j.semcancer.2017.12.010
http://doi.org/10.1128/MCB.00620-06
http://doi.org/10.1038/nature09732
http://doi.org/10.1128/MCB.00279-09
http://doi.org/10.1128/MCB.00153-07
http://doi.org/10.1111/cas.13028
http://doi.org/10.1371/journal.pone.0055289
http://doi.org/10.3389/fmolb.2021.633054
http://www.ncbi.nlm.nih.gov/pubmed/34235177

Curr. Issues Mol. Biol. 2022, 44 1074

43.

44.

Nishimura, H.; Nakamura, O.; Yamagami, Y.; Mori, M.; Horie, R.; Fukuoka, N.; Yamamoto, T. GSK-3 inhibitor inhibits cell
proliferation and induces apoptosis in human osteosarcoma cells. Oncol. Rep. 2016, 35, 2348-2354. [CrossRef] [PubMed]

Chen, S.; Sun, K.X.; Feng, M.X.; Sang, X.B.; Liu, B.L.; Zhao, Y. Role of glycogen synthase kinase-3beta inhibitor AZD1080 in
ovarian cancer. Drug Des. Dev. Ther. 2016, 10, 1225-1232. [PubMed]


http://doi.org/10.3892/or.2016.4565
http://www.ncbi.nlm.nih.gov/pubmed/26781995
http://www.ncbi.nlm.nih.gov/pubmed/27051274

	Introduction 
	Materials and Methods 
	Cell Culture 
	Study of Inhibitory Activity on Cell Proliferation 
	Study of Cell Morphology Change by Phase-Contrast Microscopy 
	Study of Inhibitory Activity on Cell Migration 
	Cell Lysate Preparation 
	Study of the Molecular Mechanism of Nordentatin’s Effect on Cell Apoptosis 

	Results 
	Study of Inhibitory Activity on Cell Proliferation: Cell Cytotoxicity Assay 
	Study of Cell Morphology Change by Phase-Contrast Microscopy 
	Study of Inhibitory Activity on Cell Migration 
	Study of Molecular Mechanism of Nordentatin’s Effect on Cell Apoptosis 

	Discussion 
	Conclusions 
	References

