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Neuroprotective and anticancer effects of
7-Methoxyheptaphylline via the TAK1 pathway
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Abstract. 7-Methoxyheptaphylline (7-MH) is a carbazole
extracted from Clausena harmandiana, a medicinal plant
that is used to treat headaches and stomachaches. The aim of
the present study was to examine the neuroprotective effects
and anticancer activity of 7-MH. Cell death was assessed
using an MTT assay and flow cytometry. The expression of
apoptosis-related proteins was determined by western blot
analysis. An animal model was used to test anti-metastasis.
The interactions between 7-MH and the molecular target
were observed using molecular docking. The results revealed
that 7-MH provided protection against hydrogen peroxide
(H,0,)-induced neuronal cell death. In cancer cells, 7-MH
induced SH-SY5Y, 4T1,HT29, HepG2, and LNCaP cell death.
7-MH inhibited metastasis of HT29 cells in vitro and 4T1-Luc
cells in vitro and in vivo. 7-MH inhibited proteins, including
P-glycogen synthase kinase (GSK)-3, and cleaved caspase-3,
but it activated anti-apoptotic proteins in H,O,-induced
SH-SYS5Y cell death. By contrast, 7-MH activated the cleaving
of caspase-3 and GSK-3, but it suppressed anti-apoptotic
proteins in SH-SYSY cells. 7-MH reduced the levels of NF-kB
and STATS3 in 4T1 cells; phospho-p65, Erk, and MAPK13 in
LNCaP cells; and phospho-Erk and matrix metalloproteinase-9
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in HT?29 cells. Molecular docking analysis showed that 7-MH
targets TAKI1 kinase. The present study indicated that 7-MH
induced apoptosis of cancer cells and provided protection
against H,0,-induced neuron cell death via TAK1 kinase.

Introduction

Cancer and Alzheimer's disease (AD) have become leading
causes of death worldwide (1). Previous studies have identified
relationships between cancer and AD in which the amyloid
precursor protein (APP) plays an important role. APP is a
transmembrane protein, source of f-amyloid aggregation
which is one of the major causes of AD, is expressed in various
neuron cells and may be involved in development of cells (2,3).
In cancer cells, it has been reported that APP is a primary
androgen-responsive gene, found in breast and prostate cancer;
it is also implicated in various human cancers including colon,
lung, breast, parathyroid, prostate, thyroid and breast cancers,
and its high immunoreactivity is related with poor prognoses
for prostate cancer and estrogen-receptor-positive breast cancer
patients (4-10). Therefore, APP may enhance the growth and
metastasis of prostate cancer cells by regulating the expres-
sion of metalloproteinase and EMT-related genes (11). It has
been observed that APP increases expression and processing
in pancreatic cancer. This molecule also promotes growth
in pancreatic cancer cells through undergoing proteolytic
processing to release a soluble NH2-terminal ectodomain
fragment (SAPP) (12). Moreover, a relationship between reac-
tive oxygen species (ROS) and androgen receptor (AR) has
been identified; as well as the mechanisms of AR activation
through oxidative stress including AR overexpression, AR
co-regulators or intracellular signal transduction pathways,
increasing of AR mutations or splice variants, and de novo
androgen synthesis. AR signaling activated by oxidative stress
may contribute to survival and evading to apoptosis in prostate
cancer cells in response to androgen deprivation therapy (13).
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Prostate tumors characterized by androgen receptor (AR)
expression and signaling pathways in processes of carcinogen-
esis, development, and progression (14). Conversely, androgen
deprivation therapy, which decreases androgen level, and
interferes with AR function, is gold-standard treatment of
prostate cancer (15).

ROS, including superoxide (O,’), hydrogen peroxide
(H,0,), and hydroxyl radicals (HO®) which are produced
by the partial reduction of oxygen, comprise an important
mechanism of AD. In the process of mitochondrial oxidative
phosphorylation, ROS are endogenously produced in the cells,
or can be generated exogenously from xenobiotic compounds
when cellular antioxidant defense system is overcome by
increase in ROS or a decrease in cellular antioxidant ability.
The oxidative stress can induce the damage of biomolecules
(nucleic acids, proteins and lipids) which is a leading cause
of various disorders including carcinogenesis (16), neurode-
generative diseases (17), atherosclerosis, diabetes (18), and
aging (19). Moreover, oxidative stress can regulate various
cellular reactions, including AR signaling, through direct or
indirect reactions (20). Oxidative stress has been shown to be
involved in the tumorigenesis and transformation of prostate
cancer (21-23) as well as in the conversion of androgen-
dependent prostate cancer into CRPC (22,24,25). Together,
these results indicated the cross-talk relation between
oxidative stress and AR signaling.

Transforming growth factor-f (TGF-f)-activated kinase 1
(TAK1), is a serine/threonine kinase in the mitogen-activated
protein kinase (MAP3K) family. TAK1 is the central core for
various signaling pathways and it was originally recognized
as a transforming growth factor-f-activated kinase and was
demonstrated to phosphorylate and activate various down-
stream target proteins and promote cancer. After stimulation
by specific ligands, IL and TGFf receptors enhance the
activation of TRAF6, and E3 ubiquitin ligase mediates the
activation of TAKI. Active TAK1 mediates the processes of
cancer cells including proliferation, survival and resistance
to chemotherapy through NF-kB activation, triggering addi-
tional signaling pathways including p38, JNK, and acting on
different transcription factors (TFs). Previous studies demon-
strated that targeting the TAK1 kinase activity dramatically
induced apoptosis and increased sensitivity to chemotherapy
and radiotherapy of cancer cells (26-29). Glycogen synthase
kinase (GSK)3 is a serine/threonine kinase that consists of
2 genes, GSK-3a and GSK-3f3. GSK-3 has been involved in
a number of human cancers, including pancreatic cancer. In
distinct, a recent study demonstrated that GSK-3a interacts
with TAK1 which stabilizes the TAK1-TAB complex. This
enhances noncanonical NF-kB activation in pancreatic
cancer cells. The suppression of GSK-3 results in a significant
reduction of TAK1 levels. Different from other kinases, when
dephosphorylated GSK-3f which is active form, promotes
inflammation and apoptosis. In opposition, increased phos-
phorylation reduced GSK-3f activity. GSK-33 suppression
has beneficial effects on memory in other disease models.
GSK-3p controls TAK1 pathways. Suppression of GSK-3f
was neuroprotective and ameliorated stroke-induced cogni-
tive impairments. TAKI is an upstream regulator of GSK-38.
Targeting GSK-3f could be a novel therapeutic strategy for
cognitive deficits (30).

Clausena harmandiana (C. harmandiana) or ‘Song fa’
in Thai is a medicinal plant, used for the treatment of head-
aches, and illness stomachaches (31). It has been found that
the roots of C. harmandiana plant consist of carbazole and
coumarins alkaloids (32). Carbazoles and coumarins alkaloids
have been isolated and evaluated for their pharmacological
activities including, antimalarial, anti-tuberculosis, and anti-
fungal properties. In a previous study by the authors, it was
revealed that the major components in C. harmandiana were
heptaphylline and 7-methoxyheptaphylline (7-MH), which
exhibited anticancer activities against NCI-H187 and KB cell
lines (33). Moreover, 7-MH (Fig. 1) showed a neuroprotective
effect against H,O,-induced cell death of NG108-15 cells (34).
In order to search for new drug for cancer and anti-AD preven-
tion and treatment with high efficacy, low toxicity, and decrease
side effects, the present study investigated the antiapoptotic
effects of H,0,-induced oxidation of 7-MH on SH-SY5Y
neuroblastoma cells and the apoptotic effects of 7-MH on
SH-SY5Y neuroblastoma cells and LNCaP prostate cancer
cells. To clarify the mechanism of action of 7-MH, the effect
of 7-MH on signaling proteins involved in the TAK1-mediated
apoptosis pathway including GSK-3, MAPK13, anti-apoptotic
proteins and pro-apoptotic proteins in cancer and Alzheimer's
model, was investigated.

Materials and methods

Cell culture. SH-SYSY (neuroblastoma cell line) (CRL-2266),
HepG2 (liver cancer cells) (HB-8065), HT29 (colorectal cancer
cells) (HTB-38), and 4T1 (breast cancer cells) (CRL-2539)
were purchased from the American Type Culture Collection
(ATCC) and authenticated using short tandem repeat analysis
(also conducted by the ATCC). The cells were maintained in
Eagle's minimum essential medium (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% fetal bovine serum
(Amresco, LLC), 100 units/ml penicillin and 100 pg/ml
streptomycin (Gibco; Thermo Fisher Scientific, Inc.) at 37°C in
5% CO,. LNCaP cell were maintained in RPMI-1640 (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
calf serum, 100 units/ml penicillin, and 100 pg/ml strepto-
mycin at 37°C in 5% CO,.

Cell cytotoxicity assay. SH-SYSY cells, HepG2, HT29,
4T1, and LNCaP cells were plated in 96-well microplates
at 4x10° cells/wells and then incubated for 48 h. Cells were
treated with 7-MH at different concentrations and reference
compound for 24, 48 and 72 h. Then, 10 ul of MTT reagent
(5 mg/ml) (Sigma-Aldrich; Merck KGaA) was added. The
cells were incubated for 2 h until purple precipitate was
visible after addition of dimethyl sulfoxide. The absorbance
at 570 nm was measured. The percentage calculation of cell
viability was carried out using the following formula: % Cell
viability=(Absorbance of treated cells x100)/Absorbance of
control (untreated cells). Cell morphology was examined using
a phase-contrast microscope by having 36 uM doxorubicin
(Sigma-Aldrich) as positive control.

Neuroprotective effect. SH-SYSY cells were plated in 96-well
microplates at a density 4x10° cells/wells and then incubated
for 48 h. The cells were treated with various concentrations
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of 7-MH or 100 uM NAC for 2 h. Then, the cells were treated
with 250 uM H,0, for 4 h to induce oxidative stress. Cell
viability was determined by MTT colorimetry. Absorbance
was measured at 570 nm.

Fluorescence-activated cell-sorting (FACS) analysis.
Apoptosis occurs as a result of GO/G1 phase arrest. Apoptosis
as a protective mechanism ensures homeostasis of host cells
through cell shrinkage, fragmentation of cellular DNA and
formation of ‘apoptotic bodies’ subsequently leading to cell
death. For cell cycle analysis, the cells were treated with various
concentrations of 7-MH for 2 h. Then, the cells were treated
with H,O, for 4 h to induce oxidative stress. The cells were
fixed by ethanol for 2 h at 4°C and stained with 50 mg/ml prop-
idium iodide (PI) for 30 min in the presence of RNase before
analysis. The percentage of apoptotic cells was quantitated
using an FACScan flow cytometer with BD FACSDivaTM
software (v. 6.1.3) (BD FACSAria; BD Biosciences). Late
apoptotic cells were distinguished from non-apoptotic, intact
cells by their decreased DNA content, which was determined
by their low PI staining intensity.

Preparation of cell extracts. In order to investigate the mecha-
nisms of interaction with the apoptotic pathway in cancer
cells, the cells were plated in six-well plates at a density of
1x10° cells/wells and then incubated for 48 h. The cells were
treated with various concentrations of 7-MH at 30 min, and
cell death was induced with H,O, at 15 min for SH-SY5Y
cells. In HepG2, HT29, 4T1, and LNCaP cells, the cells were
treated with various concentrations of 7-MH at the indicated
time. Whole-cell lysates were prepared with lysis buffer
[25 mM HEPES, pH 7.7, 0.3 mM MgCl,, 0.2 mM EDTA,
10% Triton X-100, 20 mM f-glycerophosphate, I mM sodium
orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF),
1 mM dithiothreitol (DTT), 10 ug/ml aprotinin, and 10 pg/ml
leupeptin] (Gibco; Thermo Fisher Scientific, Inc.). The cell
lysates were collected from the supernatant after centrifuga-
tion at 2,500 x g for 10 min 4°C.

Immunoblotting. The total protein concentration was measured
by using the Bradford dye-binding method (Bio-Rad). The
cell lysates (15 ul)were loaded and resolved by 7.5-12.5%
SDS-PAGE and transferred to an Immobilon-P-nylon
membrane (MilliporeSigma). The membrane was treated
with BlockAcc (Dainippon Phamaceutical Co., Ltd.) and
probed at room temperature for 2 h with the following
primary antibodies: anti-caspase-3 (cat. no. 9662), GSK-3 (cat.
no. 5558), phospho-p38 (cat. no. 4511), p38 (cat. no. 54470),
Mcl-1 (cat. no. 94296), Bcl-xL (cat. no. 2764), BAX (cat.
no. 5023), phospho-Akt (cat. no. 4060), Akt (cat. no. 4691),
phospho-ERK (cat. no. 9911), phospho-P65 (cat. no. 3031),
P65 (cat. no. 3033), Bcl-2 (cat. no. 4223), survivin (cat.
no. 2808), MAPK13 (cat. no. 4511), and anti-actin antibodies
(cat. no. 3700), all diluted at 1:1,000 and obtained from Cell
Signaling Technology, Inc. The antibodies were detected using
horseradish peroxidase-conjugated anti-rabbit (cat. no. 14708),
anti-mouse (cat. no. 14709), and anti-goat IgG (cat. no. 98164)
secondary antibodies (1: 5,000; Cell Signaling Technology,
Inc.) and visualized using the enhanced chemiluminescence
system (Life Science Technology). Densitometric analysis

of western blot bands was performed using ImageJ software
(version 1J 1.46 r; National Institutes of Health.).

Migration and invasion assays. The cancer cell migration and
invasion capacities were determined using a Transwell assay.
A total of 1x10° cells/well in serum-free DMEM were added
into the top chambers of a 24-well insert (pore size, 8-mm;
Corning Life Sciences) and incubated for 4 h to allow the cells
to attach. The cells were treated with candidone and incubated
for 24 h at 37°C. For the invasion assays, the membranes were
pre-coated with collagen for 4 h at 37°C. The lower chambers
were filled with DMEM supplemented with 10% fetal bovine
serum as a chemoattractant. After 4 h, the migratory/inva-
sive cells were fixed with a 10% formalin solution at room
temperature for 30 min and then stained with 0.05% crystal
violet solution at room temperature for 30 min, after which the
stained cells were counted under an inverted light microscope
(magnification, x20).

Luciferase assay. 4T1 cells were transfected with a
luciferase reporter plasmid (Promega Corporation) using
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) under the control of NF-xB and STAT3 sites containing a
neo-resistance gene. The luciferase activity of transfected cells
was compared with 4T1 CMYV control cell (the 4T1 cells stably
expressing luciferase with a CMV-promoter). A stable clone
was isolated in medium containing 500 pg/ml G418 (Thermo
Fisher Scientific, Inc.). Cells were seeded in a 96-well plate and
treated with DMSO (control) and 0.1, 1, 10, or 100 M of 7-MH
for 24 h and compared with resveratrol as a positive control.
Luciferase activity was measured using the Dual-Luciferase
reporter assay system (Promega Corporation).

Animal model. Female BALB/c mice (6 weeks old) were
separated into groups of 6-7 mice at temperature and
humidity of 23+2°C and 50+10%, respectively, and were
administered food and water ad libitum. The experiment
was carried out according to the standard guidelines
of the National Institutes of Health and was approved
(approval no. A2017INM-7) by the Animal Care and Use
Committee of the University of Toyama (Toyama, Thailand).
The lung metastasis model was performed by culturing
mouse mammary carcinoma 4T1 cells with the luciferase
gene (4T1-Luc?2 cells), and then the cells were harvested and
resuspended in cold phosphate-buffered saline (PBS). The
cell suspensions (5x10°/50 pl/mouse) were inoculated in mice
by intravenous injection (the number of mice was n=6 each
group and repeated twice so at least 24 mice as total from
30 prepared mice). After 6 days, D-luciferin (150 mg/kg)
was injected, and 20 min later, the lungs were harvested
from the mice. Lung luminescence was then determined
using an imaging system (IVIS Spectrum; Caliper Life
Science). The method of euthanasia was cervical dislocation
and death was confirmed before disposal of the animal by
evaluating consciousness including lack of a heartbeat, lack
of respiration, lack of corneal reflex and presence of rigor
mortis. In accordance with the Guide for the Care and use of
Laboratory Animals of the National Institutes of Health, the
humane endpoint was set based on the percentage of body
weight loss (20% body-weight reduction).
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Figure 1. Structure of 7-methoxyheptaphylline.

Molecular docking study. The TAKI kinase template was
prepared from 4GS6 and validated by redocking with the
irreversible inhibitor (5Z)-7-oxozeaenol. All hydrogens were
added, water molecules were deleted, and Gasteiger charges
were assigned to the TAKI kinase template and all ligands
by using AutoDockTools (ADT). The AutoGrid was used to
generate grid maps. The grids were designated to include the
active site of TAK1 kinase. The grid box dimensions were
defined as 100x100x100 A, and the grid spacing was set to
0.375 A. All ligands were docked using the Lamarckian
genetic algorithm via the Autodock 4.2.6 auxiliary program.
The Lamarckian genetic algorithm protocol was set to a popu-
lation size of 150 individuals with 150 ligand orientation runs.
Additionally, the energy evaluation was 1,000,000, which was
as the maximum number of evaluations. The docking complex
poses were analyzed for their interactions by using BIOVIA
Discovery Studio 2017.

Statistical analysis. The statistical technique used for the anal-
ysis was a one-way analysis of variance (ANOVA) followed
by Tukey's post hoc test for comparison between 2 groups and
between 3 or more groups. The data were analyzed using SPSS
software (version 24; IBM Corp.). The analysis was performed
in triplicate, and the values are presented as the mean + SDs.
P<0.05 was considered to indicate a statistically significant
difference.

Results

The neuroprotective effect of 7-MH on H,O,-induced
apoptosis in SH-SY5Y cells via GSK-3. To investigate the effect
of 7-MH on H,0,-induced neuronal cell death, neuronal cells
were treated with various concentrations of 7-MH or 100 uM
NAC (reference compound) for 2 h before switching to 250 M
H202 for 4 h. Cell viability was assessed using MTT assay.
The results showed significantly increased cell viability when
compared with H,O,-insulted samples. The values obtained
with 7-MH treatment at a concentration of 100 M showed
a stronger neuroprotective effect than that achieved by NAC
treatment (Fig. 2A). A decrease in morphologically-confirmed
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Figure 2. Neuroprotective effect of 7-MH on H,0,-induced cell death in
neuronal cells. (A) Neuronal cells were treated with various concentrations
of 7-MH and 100 uM NAC (reference compound) for 2 h, and cell death was
induced via treatment with an H,0, concentration of 250 M for 4 h. MTT
assay was performed on cell viability. (B) The morphology of neuronal cells
after 2 h of treatment with 100 uM of 7-methoxyheptaphylline and 100 xM
NAC (reference compound), and cell death was induced via treatment
with a H,O, concentration of 250 yM for 4 h. Morphological studies were
performed using phase contrast microscopy. "P<0.05 and “P<0.01. 7-MH,
7-methoxyheptaphylline.

cell death was observed as a result of 7-MH, compared with
100 uM NAC (Fig. 2B). In consistency with previous findings,
7-MH showed a neuroprotective effect on NG108-15 cells
(mouse neuroblastoma and rat glioma cell lines) (35).

To verify the 7-MH inhibition of apoptosis by H,O,, the
cells were labeled with PI and analyzed using flow cytometry
(There was a limitation to stain with Annexin V). The results
revealed the DNA content histograms obtained after the PI
staining of cells that had been treated with various concentra-
tions of 7-MH for 2 h and had been eliminated by treatment
with an H,0, concentration of 250 M for 4 h. When the
cells were incubated in the medium alone (control), a single
peak of nuclei with diploid DNA content was observed. By
contrast, when the cells were incubated in H,0O, alone (nega-
tive control), an increase in apoptotic cells in sub-G,/G, was
observed. When the cells were incubated in NAC and H,0,
(positive control), the results were similar to those of the
control group. In the presence of 7-MH, inhibiting apoptosis
with H,0,, apoptotic cells with increased DNA content were
distinguishable. A characteristic hypodiploid DNA content
peak, which shows sub-G,/G, apoptotic populations, was
observed following the treatment of neuronal cells with 7-MH
in a concentration-dependent manner (Fig. 3).

To further evaluate the protective molecular mechanisms
of 7-MH in neuronal cells, the cells were treated with various
concentrations of 7-MH for 2 h, and cell death was induced
with H,0, for 4 h. Key proteins involved in apoptosis regula-
tion were examined, including GSK-3, p-p38, Mcl-1, Bcl-2, and
BAX, using an immunoblot assay. As demonstrated in Fig. 4,
7-MH markedly inhibited p-p38, BAX, and cleaved caspase-3
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Figure 3. Neuroprotective effect of 7-MH on H,0,-induced cell death in neuronal cells. (A and B) Cells were treated with various concentrations of 7-MH
and 100 M NAC (reference compound) for 2 h, and cell death was induced via treatment with a H,O, concentration of 250 uM for 4 h. The cells were then

stained with PI and analyzed using flow cytometry. A sub-G,/G, or hypodiploid DNA fraction representing the apoptotic cell population is shown as Ap. 7-MH,
7-methoxyheptaphylline. "P<0.05.
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Figure 4. Effect of 7-MH on signaling protein in H,0,-induced SHSY-5Y cell apoptosis. Cells were treated with various concentrations of 7-MH for 30 min
before switching to 250 ¥uM H,O, for 15 min. Whole-cell extracts were prepared and analyzed by western blotting using anti-caspase-3, GSK-3, p-p38, Mcl-1,

Bcel-xL, BAX, Bcl-2, and anti-actin antibodies. 7-MH, 7-methoxyheptaphylline.

compared with the control; and induced Mcl-1, Bcl-2, and
Bcl-xL in a concentration-dependent manner. The results
indicated that 7-MH efficiently inhibits the apoptotic effect of
H,0, induced in neuronal cells.

7-MH induces apoptosis in SH-SY5Y cells via GSK-3. In order
to elucidate the molecular mechanism of cancer cellapoptosis,
the GSK-3 signaling pathways were assessed. Neuroblastoma
cells were treated with various concentrations of 7-MH for
24 h. Cell viability was assessed using MTT assays. These
results revealed that 7-MH at a concentration of 100 M
significantly induced cancer cell death with morphological
changes, including cell rounding, shrinkage, and detachment

(Fig. 5A and B). 7-MH activated the cleaving of caspase-3 by
increasing the level of Bax and decreasing the levels of Mcl-1
and Bcl-x1, which are regulated by GSK-3 (Fig. 5C). This indi-
cated that 7-MH induced apoptosis in SH-SYSY cells via the
GSK-3 pathway.

7-MH induces cell death and inhibits migration and invasion
of HT29 cancer cells. To test the effect of 7-MH on cancer
migration and invasion, HT29 and HepG2 cancer cells were
treated with various concentrations of 7-MH for 24 h. Cell
viability was assessed using an MTT assay. The results showed
that 7-MH at a concentration of 100 yM significantly induced
cancer cell death in a time-dependent manner, due to its effect
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Figure 5. Effect of 7-MH on SHSY-5Y neuroblastoma cell apoptosis. Cells were treated with various concentrations of 7-MH. (A) Cell viability of SHSY-5Y
cells treated with 7-MH for 24 h. (B) Cell morphology of SHSY-5Y cells treated with 7-MH for 24 h observed under phase contrast microscopy. (C) Western
blot analysis of GSK-3, Mcl-1 Bel-x1, BAX, cleaved caspase-3, and actin in SHSY-5Y cells treated with 7-MH for 4 h. "P<0.01. 7-MH, 7-methoxyheptaphylline.

on HT29 being more potent than on HepG2 cells (Fig. 6A). The
morphological changes, including cell rounding, shrinkage,
and detachment, were observed in cells treated with 100 uM of
7-MH compared with 36 M doxorubicin as a positive control
(Fig. 6B). Moreover, 7-MH at concentrations of 1 and 10 xM
inhibited the migration and invasion of HT29 cancer cells
(Fig. 7A and B). The western blot results revealed that 7-MH
activated the cleaving of caspase-3 (marker of apoptosis) and
decreased the levels of phospho-Erk, phospho-p38, Bcl-2,
survivin, and matrix metalloproteinase-9 (marker of metas-
tasis) (Fig. 8A-C). The results indicated that 7-MH-induced
cell death, inhibited migration, and invasion of HT29 cancer
cells.

Effects of 7-MH on the viability of LNCaP cells. To examine
the effect of 7-MH on the viability of LNCaP cells, the cells
were treated with various concentrations of 7-MH for 24, 48
and 72 h, and the cell viability was examined using MTT

assay. The result showed that 7-MH significantly inhibited cell
growth at concentrations of 1, 10, and 100 M for 24 h; and at
concentrations of 10 and 100 M for 48 h and 72 h (Fig. 9A).
To confirm the effects of 7-MH on LNCaP cell proliferation,
cells were treated with various concentrations of 7-MH for
24 h. 7-MH was observed to significantly inhibit cell growth
in a dose dependent manner (Fig. 9B). In previous studies,
7-MH was observed to be a carbazole isolated from the roots
of C. harmandiana, which exhibited cytotoxicity against
NCI-H187 (human small-cell lung cancer cells), KB (human
epidermoid carcinoma of oral cavity cell lines) and HT29
(human colorectal adenocarcinoma cell line) cells (36-38).

To understand the mechanism by which 7-MH induced
cell death, multiple potential signaling pathways that have
been demonstrated to be engaged in 7-MH-induced apoptosis
were screened. Western blotting showed that 7-MH incubation
leads to activation of Akt and p38, whereas the expression of
p65, pERK, and MAPK13 was inhibited in a time-dependent



HepG2

>

120
100
80
60
40
20

% Cell viability

0 1 10 100 0 1

24 h

B Control

% Cell viability

BOONYARAT et al: NEUROPROTECTIVE AND ANTICANCER EFFECTS OF 7-METHOXYHEPTAPHYLLINE

HT29
120

100
80
60
40
20

0

7-MH
100 (vM)

0 1 10 100 0 1 10
24 h

Dox 20 pg/ml

Figure 6. Cytotoxicity of 7-MH to HT-29 and Hep-G2. (A) HT29 and HepG2 cell viability after treatment with 7-MH. (B) HT-29 cell line treatments (control,
7-MH and Dox). "P<0.05, “P<0.01 and “P<0.05 compared with 100 xuM 7-MH at 24 h. 7-MH, 7-methoxyheptaphylline; Dox, doxorubicin.

A control 7-MH1uM  7-MH 10 uM Dox 20 pg/ml

"ot N §!

48 h

% Migration
A O @
S & O
M

20 i .
0 M
Control 1 10 Dox (20 pg/ml)
7-MH (uM)
B Control

7-MH 1 uM 7-MH 10 uM Dox 20 pg/ml

jij_ ]

] B -' : : 24 h

120
100
80
60
40
20

0 = . ‘

Control 1 10

7-MH (uM)

% Invasion

Dox (20 pg/ml)

Figure 7. Effects of 7-MH on cancer cell migration and invasion. (A) Results
of a Transwell migration assay at 24 and 48 h. (B) A Transwell invasion assay
at 24 h in HT-29 after treatment with 7-MH (1 or 10 M) or Dox (36 uM).
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manner (Fig. 10). This result indicated that 7-MH induced
apoptosis by inducing Akt and p38 activation and inhibiting
the p65, pERK, and MAPK13 pathways.

7-MH inhibits the proliferation and metastasis of 4T1 cancer
cells. 7-MH significantly reduced the viability of 4T1 cells
when compared with resveratrol as a positive control (Fig. 11).
The effect of 7-MH on the activation of NF-xB and STAT3
was examined in 4T1 cells stably transfected with an NF-«xB-
and STAT3-dependent reporter plasmid. Cells were treated
with 7-MH for 6 h. It was found that 7-MH inhibited NF-xB
and STAT3 activation (Fig. 12).

In 4T1 cancer cell metastasis, the Transwell assay showed
that 10 uM of 7-MH significantly inhibited 4T1 cancer cell
migration (Fig. 13). In vivo assay showed that 7-MH reduced
the luminescence signal of 4T1-Luc2 cell metastasis in the
lungs of mice (Fig. 14).

The interaction between 7-MH and TAKI kinase. To under-
stand the binding interactions between 7-MH and TAKI1
kinase, a molecular docking study utilizing the Autodock
4.2.6 program was performed. The 4GS6 PDB code, which is
bound with the irreversible inhibitor (5Z)-7-oxozeaenol, was
used as the TAKI template. The binding modes and interac-
tion diagrams of 7-MH bound to TAK1 kinase are represented
in Fig. 15. The results of docking revealed that 7-MH exhibited
multiple binding sites with TAK1 kinase, which are likely to
be Lys63, Metl104, Tyrl06, Alal07, Leul63, Prol60, Cysl74,
ASP175, Val42, Val50, Val90, Ala6l, Gly43, Gly45, Glyl10
and Serl11; and its binding energy (AG) is-7.72 kcal/mol.

Discussion
In summary, the 7-MH substance is not toxic to neurons, and

it can prevent nerve cell death induced by hydrogen peroxide.
The Annexin V and PI combined staining is commonly used
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Figure 8. Effects of 7-MH on proteins related to cancer cell apoptosis, migration, and invasion. Cells were treated with various concentrations of 7-MH for 4 h.
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for studying the cell cycle. In the present study, there was a
limitation to add Annexin V. However, previous studies showed
that the PI staining is an also acceptable method to evaluate
cell cycle (39-41). Therefore, the cell cycle was investigated by
PI staining using flow cytometry. In a previous study by the
authors, it was found that 7-MH induced expression of death
receptor 5 which plays a role in cell death and is expressed only
in cancer cells, but not normal cells, therefore 7-MH induced
cell death only in cancer (data not shown). This molecule
can inhibit the expression of GSK-3, pp38, BAX, and cleaved
caspase-3 proteins, which are apoptosis-related proteins.
Moreover, 7-MH increases the expression of proteins that have

roles in inhibiting apoptosis, including Bcl-2 and Bcl-xL. It has
been showed in previous study that 7-MH is toxic to prostate
cancer cells, which can inhibit the expression of the proteins
pp65, pERK, and MAPKI13. It has been reported that the
carbazole from C. harmandiana induced apoptosis of HT29
cells (42). The present study showed that 7-MH at 100 uM
significantly induces HT-29, Hep-G2 cell, 4T1, and LNCaP
cell death (with no significant cytotoxic effects on normal
colon cells). Moreover, an inhibitory effect on the migration
and invasion of HT29 and 4T1 cancer cells in a concentra-
tion and time-dependent manner was observed. Furthermore,
it was revealed that 7-MH inhibits cancer proliferation by
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Figure 12. Effect of 7-MH on the activation of NF-xB and STAT3 signaling.
4T1 cells were transfected with NF-kB and STAT3 luciferase reporter plas-
mids and then treated with DMSO (control) and 0.1, 1, 10, or 100 #M of 7-MH
for 24 h and compared with resveratrol as a positive control. “P<0.05 and
“P<0.01. 7-MH, 7-methoxyheptaphylline.

inhibiting antiapoptotic proteins (Bcl-2, Bel-xL and survivin)
via the MAPK/Erk pathway (Erk1/2), and inhibits the migra-
tion and invasion of HT-29, in relation to metastasis of cancer,
via MMP-9 inhibition. TAK]1, a serine/threonine kinase,
acts as a crucial mediator between survival and cell death in
TNF-a-mediated signaling. It is an evolutionarily conserved
member of the MAP3K family (43). The structure of TAK1
composes of a N terminal (residues 1-104) and C terminal
(residues 111-303) domain which are linked together with the
hinge region (Met104-Serl111). Lys63 is a key catalytic residue
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Figure 13. Effect of 7-MH on 4T1 migration. Cells were treated with 10 uM
of 7-MH for 24 h, and cell migration was determined using Transwell assay.
“P<0.05. 7-MH, 7-methoxyheptaphylline.
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Figure 14. Effect of 7-MH on 4T1-Luc2 cell metastasis in BALB/c mice.
4T1-Luc2 cells were cultured and treated with 0.1% DSMO (control) and
100 uM 7-MH for 48 h; then, mice were inoculated with the cells via intra-
venous injection, and 2 days after, the lungs were harvested and imaged (n=6
each group). "P<0.05. 7-MH, 7-methoxyheptaphylline.

in the active site of TAKI1. Aspl75 is catalytically important
for phosphate transfer to substrate molecules. The hinge
region provides an opening for the ATP binding pocket. The
purine ring of ATP binds at the hinge region via hydrogen
bond forming with Glul05 and Alal07. The ATP also forms
hydrogen bond with Aspl75 in the DFG motif. The ribose 3'-O
of ATP from hydrogen bond with Prol60 (44). The results of
docking revealed that 7-MH occupied the ATP-binding pocket
of TAK1.7-MH bound to amino acid residues critical for kinase
function: Met104, Tyrl06, and Alal07 (hinge region); Lys63
and ASP175 (catalytic amino acid); Prol60 (the binding site
of the ribose 3'-O of ATP). Furthermore, 7-MH bound to other
amino acid residues including Leul63, Cys174, Val42, Val50,
Val90, Ala61, Gly43, Gly45, Gly110 and Serl11. Carbazole ring
of 7-MH bound the ATP-binding pocket of TAK1 through:
Pi-Pi stacked interaction with Tyrl06; Pi-sigma interactions
with Val50 and Leul63; Pi-alkyl interactions with Val42,
Ala6l and Ala 107; and Pi-sulfur interaction with Met104.
The aldehyde and hydroxy substituents on positions 2 and 3,
respectively, form hydrogen bonds with ASP175 in the DFG
motif. This residue is considered to interact with Lys63 through
polar interactions and is catalytically important for phosphate
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Figure 16. Mechanism of action of 7-MH.

transfer to substrate molecules (45). Moreover, a prenyl group ~ was located in the ATP-binding site, thereby interfering with
at the position 8 of carbazole ring form hydrophobic interac- TAKI function. In the future study, the interaction between
tion with Prol60 which is the key residue target of the ribose =~ TAKI1 and 7-MH will be investigated since in the present
3'-O of ATP. Thus, the docking results confirmed that 7-MH  study there was a limitation for evaluating TAKI1 activity.
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GSK-3 is a protein serine/threonine kinase, plays a central
role in cellular processes and regulation of disease progression
including cancer and AD. In oxidative stress hypothesis of
AD, hydrogen peroxide induces neuronal cell death through
the MAPKs/GSK-3-mediated apoptosis signaling pathway
and GSK-3 also phosphorylates Tau protein to generate neuro-
fibrillary tangles. In cancer cells, $-catenin act as oncoprotein
which causes cell proliferation; GSK-3 inhibits B-catenin by
phosphorylating 3-catenin molecule resulting in degradation
of B-catenin (46,47). TAK1 and TAK1-binding protein 1 play
an important role in cell apoptosis, migration and invasion
through the MAPKs, and NF-kB signal transduction path-
ways (48). The present study showed that 7-MH has binding
site on TAK1 kinase, indicating that 7-MH has neuroprotective
effect and anticancer activity via the TAK1 pathway (Fig. 16).
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