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Abstract: Cinnamomum verum, also called true cinnamon tree, is employed to make the seasoning
cinnamon. Furthermore, the plant has been used as a traditional Chinese herbal medication.
We explored the anticancer effect of cuminaldehyde, an ingredient of the cortex of the plant, as
well as the molecular biomarkers associated with carcinogenesis in human colorectal adenocarcinoma
COLO 205 cells. The results show that cuminaldehyde suppressed growth and induced apoptosis,
as proved by depletion of the mitochondrial membrane potential, activation of both caspase-3
and -9, and morphological features of apoptosis. Moreover, cuminaldehyde also led to lysosomal
vacuolation with an upregulated volume of acidic compartment and cytotoxicity, together with
inhibitions of both topoisomerase I and II activities. Additional study shows that the anticancer
activity of cuminaldehyde was observed in the model of nude mice. Our results suggest that the
anticancer activity of cuminaldehyde in vitro involved the suppression of cell proliferative markers,
topoisomerase I as well as II, together with increase of pro-apoptotic molecules, associated with
upregulated lysosomal vacuolation. On the other hand, in vivo, cuminaldehyde diminished the
tumor burden that would have a significant clinical impact. Furthermore, similar effects were
observed in other tested cell lines. In short, our data suggest that cuminaldehyde could be a drug for
chemopreventive or anticancer therapy.

Keywords: cuminaldehyde; antiproliferative; topoisomerase I; topoisomerase II; lysosomal
vacuolation; xenograft

1. Introduction

Colorectal cancer is one of the most common malignancies [1]. Nevertheless, it is not sensitive to
conventional chemotherapeutic drugs and there is a need for better management of the disease.

Over the past three decades, various approaches have been used for prevention and treatment of
cancer, such as traditional Chinese medicine (TMC). The therapeutic usage described in classic books
of Chinese materia medica are still informative even the present-day; for example, Artemisia annua.
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Artemisinin, an ingredient of the plant, was discovered by Tu Youyou, a Chinese scientist, who
was awarded half of the 2015 Nobel Prize in Medicine for her discovery of its effect against
Plasmodium falciparum malaria.

Moreover, contemporary epidemiological and experimental studies have unremittingly suggested
a correlation between regularly eating vegetables and fruits and avoidance of lifestyle disorders,
including tumors and heart disorders [2,3]. Phytochemicals, e.g., flavonoids and polyphenols of
which plants are rich sources, appear to possess desirable characters required for avoiding malignancy
and may have great possibility as antiproliferative drugs [4-9]. Indeed, the common seasoning
cinnamon is manufactured from the true cinnamon tree. In addition, the plant has been applied
for the treatment of dyspepsia, circulatory disorders, and inflammation, such as gastroenteritis [2,3].
Cuminaldehyde, an ingredient of true cinnamon tree’s bark, may be the compound that has this effect.
Cuminaldehyde exists in the true cinnamon tree in a high concentration, and it is also found in the shoot
of Artemisia salsoloides, leaf of Aegle marmelos, and essential oil from cumin [10]. The chemical is stable,
soluble in ethanol, and available commercially. Until now, very little research on cuminaldehyde
has been published. Therefore, the current study intended to explore the anticancer activity of
cuminaldehyde and clarify its mechanisms in human colorectal adenocarcinoma COLO 205 cells.

Malignancy is a hyperproliferative disease. Various genetic and epigenetic aberrations are needed
to convert normal cells into transformed ones. These abnormalities regulate different pathways which
collaborate to enable malignant cells endowed with an extensive capabilities needed for proliferating,
metastating, and killing their host [11]. Although antiproliferative drugs are possibly able to act
through various mechanisms, apoptosis has been shown to be the most common and preferred
mechanism through which many anticancer agents kill and eradicate cancer cells [12].

Apoptosis-inducing antiproliferative agents may act by targeting mitochondria. The drugs may
alter mitochondria through various mechanisms. They may cause the development of pores on
membranes, leading to swelling of mitochondria, or increase membrane permeability, resulting in the
discharge of pro-apoptotic cytochrome from the organelle into the cytosolic compartment. Cytochrome
c interacts with protease activating factor-1 together with deoxyadenosine triphosphate, which then
interacts with pro-caspase-9 resulting in the formation of apoptosome. Then the inactive pro-caspase-9
is activated by the formed apoptosome into active caspase-9. Next, the active form caspase-9 acuates
caspase-3, resulting in a proteolytic cascade [13-15].

Topoisomerases, enzymes controlling the DNA’s topological status, are involved in conserving
the integrity of the genome [16]. They relax intertwined DNA by transitory protein-linked breaks
of only one (topoisomerase I) or two (topoisomerase II) strands of the double-stranded DNA [17].
Topoisomerase I plays a role in DNA processing by engaging systems of tracking and being involved
in conserving the integrity of the genome [16]. Upregulated enzyme’s catalytic activity, protein, and
mRNA have been demonstrated across human cancers [18]. Indeed, topoisomerase I is involved in the
chromosomal instability of colorectal cancer (CRC) and the expression levels of the enzyme has been
suggested as prognostic markers [19-21] in CRC. Topoisomerase II is upregulated during cell growth
and peaks at G2/M. Topoisomerase II gene copy number is also elevated in CRC and considered as a
potential predictive biomarker for anticancer treatment [20]. In addition to cell cycle regulation, the
enzyme has been demonstrated to be another main target of antiproliferative agents [22-25]. What
is more, apoptotic cell death was shown to be the ultimate effective pathway of death in cancer
subsequent to suppression of topoisomerase [26].

This diversification of machineries of carcinogenesis implies that there could be various processes
that are crucially objective for avoidance of cancer. In an effort to investigate the activities and latent
machineries of cuminaldehyde in human colorectal adenocarcinoma COLO 205 cell, we performed a
series of tests to study the effects of cuminaldehyde on growth as well as activities of topoisomerase
I and II in human colorectal COLO 205 cells. Our results prove that cuminaldehyde suppressed the
activities of both topoisomerase I and II and increased lysosomal vacuolation with upregulated volume
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of acidic compartment together with cytotoxicity. Lastly, cuminaldehyde induced apoptosis, resulting
in the suppression of cell proliferation, in vitro as well as in vivo.

2. Materials and Methods

2.1. Materials

We purchased RPMI-1640 and fetal bovine serum (FBS) from GIBCO BRL (Gaithersburg, MD,
USA), together with dimethyl sulfoxide and cuminaldehyde from Sigma-Aldrich, Inc. (St. Louis,
MO, USA).

2.2. Cell Culture

Human colorectal adenocarcinoma COLO 205 cells (American Type Culture Collection CCL-222,
American Type Culture Collection, Manassas, VA, USA) were purchased via BCRC (Bioresource
Collection and Research Center, Hsinchu, Taiwan) on 27 July 2010 and stored in liquid nitrogen until
usage. The cells were incubated in the medium of RPMI-1640, complemented with penicillin 10
U/mL, amphotericin B 0.25 ug/mL, streptomycin 10 ug/mL, and FBS 10% (v/v) at 37 °C with 5%
carbon dioxide.

2.3. Cell Viability XTT Test

We incubated the cells in the culture plate with 96 wells at the concentration of ten thousand cells
per well. After being incubated for 24 h, we treated the cells with cuminaldehyde at the concentration
of 10, 20, 40, 80, or 160 uM for 12, 24, or 48 h. We determined cell viability using the Cell Proliferation
Kit IT (XTT) (Roche Applied Science, Mannheim, Germany) according to the supplier’s instructions.
The value of absorbance was evaluated by a spectrophotometer (Tecan infinite M200, Tecan, Médnnedorf,
Switzerland) using 492 nm wavelength with a reference of 650 nm wavelength.

2.4. Lactate Dehydrogenase Cytotoxicity Test

We incubated the cells in the culture plate with 96 wells at the concentration of ten thousand
cells per well. After being incubated for 24 h, cells were incubated with various cuminaldehyde’s
concentrations for 48 h. Lactate dehydrogenase’s activity was evaluated by LDH-Cytotoxicity Kit
(BioVision, Milpitas, CA, USA) according to the supplier’s instructions. The samples” absorbance at
490 nm wavelength was evaluated by a spectrophotometer (Tecan infinite M200, Tecan, Mannedorf,
Switzerland). Data are presented as the percent of activity’s variation relative to untreated control.

2.5. Test for Nuclear Fragmentation

Nuclear fragmentation test using acridine orange was performed to investigate the possible
mechanism of suppressive effect of cuminaldehyde on growth in human colorectal COLO 205 cells.
We cultured the cells with various cuminaldehyde concentrations for 48 h and stained the cells with
acridine orange (5 pg per mL) at 25 °C. The cells were then examined by the Nikon ECLIPSE Ti
fluorescence microscope [27].

2.6. Comet Test

Comet test is an electrophoretic assay and has been employed to study the injury of DNA in
eukaryotic cells individually. The assay is comparatively easy to achieve, versatile, and sensitive.
The sensitivity” limit is approximately 50 strand breakages per diploid cell. This test was achieved
following Olive’s alkaline protocol (with 4’,6-diamidino-2-phenylindole staining) [28]. The cells were
then observed using the Nikon ECLIPSE Ti fluorescence microscope with C-FL Epi-Fl Filter Cube
and analyzed with automated analytical software (Comet Assay 2.0, Perceptive Instruments, Bury St.
Edmunds, UK) following the manufacturer’s instructions.
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2.7. Test for Volume of Acidic Compartments

Increase of the volume of acidic compartment is a general phenomenon of the cells subjected to
necrotic or apoptotic death of the cell. Moreover, upregulated volume of the acidic compartment may
be an implication of cells that are about to die [29]. To investigate the activities of cuminaldehyde in
the cell, the volume of acidic compartment test for lysosomes was achieved as reported formerly [27]
with modification. Briefly, human colorectal COLO 205 cells were seeded in 6 cm dishes at the
density of 6000/cm? (instead of 6250/cm?) 24 h before cuminaldehyde was added. After incubation
with cuminaldehyde for another 48 h (instead of 24 h), the cells were washed twice with PBS
(phosphate-buffered saline) and incubated for 4 min with 4 mL staining solution. The rest of the
experiment was performed similarly. The optical density (OD) at 540 nm of samples was determined by
a spectrophotometer (Tecan infinite M200, Tecan, Mannedorf, Switzerland). All tests were performed
in triplicate.

2.8. Mitochondrial Membrane Potential Test

Mitochondrial dysfunction plays a crucial role in the initiation of apoptotic cell death.
Actually, the opening of the transition pore creates depolarization of the mitochondrial membrane
potential and releasing of apoptogenic factors [30]. To investigate the mitochondria’s role of
in cuminaldehyde-caused apoptotic cell death, we observed the variations in mitochondrial
membrane potential.

The potential of mitochondrial membrane was determined by the reagent JC-1, a
mitochondrial-specific fluorescent compound (Invitrogen, Carlsbad, CA, USA.) according to the
protocol described previously [31]. The JC-1 reagent is monomer and the mitochondrial membrane
potential is less than 120 millivolt. Under such a condition, the dye emits green fluorescence
(wavelength of 540 nm) after excitement by blue light (wavelength of 490 nm). In addition, the
dye becomes dimmer (J-aggregate) at a mitochondrial membrane potential of more than 180 millivolt
and emits red fluorescence (590 nm) after excitation by green light (540 nm). Human colorectal
COLO 205 cells were treated with various cuminaldehyde concentrations for 48 h, harvested, and
then stained with JC-1 at the concentration of 25 uM at 37 °C for 30 min. Finally, the samples were
examined using a spectrophotometer and a fluorescence microscope. Changes in the percentage of
red (wavelength of 590-nm)/green (wavelength of 540-nm) fluorescence represent the variations of
membrane potential [32].

2.9. Caspase Activity Test

Proteins of mitochondrial called SMACs (second mitochondria-derived activator of caspases) are
discharged into the cytosolic compartment after the increased membranes’ permeability. Then, SMAC
interacts with the inhibitor of apoptosis proteins (IAPs), thereby making IAPs inactive, which then
abolishes IAPs from inhibiting caspases [33,34] that demolish the cell subsequently.

To farther explore the details in cuminaldehyde-caused apoptotic cell death, the variations in
activities of the crucial caspases implicated in apoptotic cell death were determined. The assay is
established on the evaluation of the AFC chromophore following division from DEVD- and LEHD-AFC
through caspase-3 and -9, respectively. The released AFC emits a yellow-green fluorescence. Human
colorectal COLO 205 cells were treated with various concentrations of cuminaldehyde for 48 h and
activities of the caspases were measured by Fluorometric Assay Kit (BioVision, Milpitas, CA, USA)
according to the supplier’s instructions. The light emission was determined by a spectrophotometer
(Tecan infinite M200, Tecan, Médnnedorf, Switzerland). Data are presented as the percent of activity’s
variation relative to control.
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2.10. Test for Topoisomerase I and 11 Activities

Topoisomerase I and II extracts from the cells were prepared according to the methods of TopoGEN
(Port Orange, FL, USA). Briefly, cells from two 100 mm dishes were pelleted at 800x g for 3 min at 4 °C,
resuspended in 3 ml of ice cold TEMP buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 4 mM MgCl,,
0.5 mM PMSEF). The sample was then pelleted as described above, resuspended in 3 mL of TEMP
and kept on ice for 10 min. The sample was then homogenized using tight fitting homogenizer with
eight strokes. Nuclei were pelleted by centrifugation at 1500x g for 10 min at 4 °C, resuspended in
1 mL of cold TEMP, transferred to a microfuge tube, and pelleted in Microfuge at 1500x g at 4 °C for
2 min, sequentially. The nuclear pellet was resuspended in a small volume (no more than 4 pellet
volumes) of TEP (same as TEMP but lacking MgCl,). An equal volume of 1 M NaCl was added. The
sample was then vortexed, kept on ice for 60 min, and centrifuged at 100,000x g for 1 h at 4 °C. Tests
for topoisomerase I as well as II activities were performed according to the methods described by
Har-Vardi et al. [35].

2.11. In Vivo Tumor Xenograft Study

The study has been approved by the Institutional Animal Care and Use Committee (IACUC) of
China Medical University that conforms to the provisions of the Declaration of Helsinki (the animal
ethical approval number: 97-108-N). Nude mice (male, 6 weeks old, BALB/c Nude) were from the
National Science Council Animal Center (Taipei City, Taiwan, Republic of China). The animals were
raised under pathogen-free conditions under China Medical University’s regulations and ethical
guidelines for the use and care of laboratory animals. Human colorectal COLO 205 cells (5 x 10° cells
in 200 pL of culture medium) were subcutaneously injected into the mice’s flanks. Treatment was
started when the tumors reached about 75 mm?. Thirty-two mice were divided randomly into four
groups (eight mice/group). Cuminaldehyde-treated mice received intratumoral injection of 5, 10, or
20 mg/kg/day of cuminaldehyde in a 200 puL volume (the solutions were prepared from stock solution
of cuminaldehyde in dimethyl sulfoxide and diluted into appropriate concentrations in PBS) daily.
The mice in the control group were treated with an equal volume of vehicle. After transplantation,
body weight as well as tumor size were monitored at weekly intervals. Tumor size was measured
using calipers, and tumor volume was calculated using the hemiellipsoid model formula (1):

tumor volume = 1/2(471/3) x (1/2) x (w/2) x h (1)

where | = length, w = width, and / = height.

Specimens (tumor masses) at the end of the experiment (42 days after the treatment) were
investigated by terminal deoxynucleotidyl transferase dUTP nick end labeling test using the
Quick Apoptotic DNA Ladder Detection Kit (Chemicon, Temecuba, CA, USA) according to the
supplier’s instructions.

2.12. Statistical Analysis

Results are presented by means plus/minus standard error. The statistical significance was
determined by ANOVA (one-way analysis of variance), followed by the Bonferroni t-test for multiple
comparisons. A p value lower than 0.05 was regarded as statistically significant.

3. Results

3.1. Cuminaldehyde’s Effects on Cell Morphological Changes

When human colorectal COLO 205 cells were incubated with 20 uM of cuminaldehyde for 48 h,
blebbing of the plasma membrane was found. In addition, cell shrinkage and cell detachment also
occurred (Figure 1C).
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Figure 1. Cuminaldehyde’s chemical structure and effects on cellular morphology, proliferation, as
well as lactate dehydrogenase releasing in human colorectal COLO 205 cells. (A) Chemical structure;
(B) and (C) Cuminaldehyde’s effect on cellular morphology; Cells were treated without (B) and
with 20 uM (C) cuminaldehyde for 48 h. Cell detachment, shrinkage, and blebbing of plasma
membrane (arrows) were found when the cells were incubated with 20 tM of cuminaldehyde;
(D) Cuminaldehyde’s effect on growth. Human colorectal COLO 205 cells were treated with
cuminaldehyde at the specified circumstances. Proliferation suppressive effect was determined using
the XTT test; (E) Cuminaldehyde’s effect on the lactate dehydrogenase releasing in the cells. The
supernatant was gathered after 48 h of incubation with the indicated cuminaldehyde concentrations.
Absorptions of light were determined by a spectrophotometer (Tecan infinite M200, Tecan, Mannedorf,
Switzerland). Results are shown by means plus/minus standard error of the mean, n equal to 3.
*, Statistically significant (p less than 0.05) from the control group. CuA, cuminaldehyde.

3.2. Cuminaldehyde Inhibited Human Colorectal COLO 205 Cell Proliferation

Different methods have been used for quantifying cell growth; for instance, DNA synthesis as well
as metabolic activity. Although radioactive labelling of synthesized DNA is the most accurate assay for
DNA quantification, the disadvantages of this assay are the hazards and hassle of using radioactivity.
An alternative method quantifying growth is the metabolic activity. The assay is established on the
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cleavage of a salt (the tetrazolium, e.g., XTT and MTT) into formazan by cell’s dehydrogenases which
then modifies culture medium’s color. This assay is easier, faster, and does not require the use of
radioactive materials.

We investigated cuminaldehyde’s potential cell proliferation inhibitory activity in human
colorectal COLO 205 cells by the XTT test. As demonstrated in Figure 1D, cuminaldehyde inhibited cell
proliferation in a dose- as well as time-dependent manner. The ICs( value following 48 h of treatment
was 16.31 uM.

3.3. Cuminaldehyde Caused Cytotoxicity in Human Colorectal COLO 205 Cells

The first morphological evidence of apoptotic phenomenon is retraction of the cell, loss of
adherence, followed by convolution of cytoplasm and membrane of the plasma, together with blebbing.
Finally, the cell disintegrated into small particles called apoptotic bodies, leading to the release of the
cell’s content into the bathing medium [36]. One way of studying loss of integrity of the membrane is
determining the releasing of enzyme lactate dehydrogenase into the supernatant medium [37]. The
assay was initially employed to test cellular death developed through necrosis [38]. Then, the assay
was shown to accurately quantify apoptosis [39-41].

Cuminaldehyde was cytotoxic, as proved by the elevation of lactate dehydrogenase activity in the
bathing medium (Figure 1E).

3.4. Cuminaldehyde Caused Nuclear Fragmentation in Human Colorectal COLO 205 Cells

Apoptosis is the most frequent and preferred mechanism through which various anticancer drugs
kill cancer cells [12]. Moreover, apoptosis also has been shown to be the major machinery of the
death of cancer caused by several polyphenols [42-45]. In the nucleus, apoptosis is characterized by
endonuclease activation, resulting in cleavage of nucleic acid into fragments.

Acridine orange is a dye with nucleic acid-selective metachromatic characteristic and valuable for
quantifying apoptosis, determinations of cell cycle, proton-pump activity, and pH gradients [46]. When
acridine orange inserts into double-stranded DNA, it fluoresces green. In addition, when interacting
with RNA or single-stranded DNA, acridine orange fluoresces orange. Apoptotic cells which contain
a high fraction of the nucleic acid in the denaturated status exhibit an orange fluorescence along
with a diminished green one relative to interphase non-apoptotic cells. In addition, when acridine
orange are in an acidic environment (e.g., cellular lysosomes), the dye becomes protonated as well as
sequestered. Under such an acidic environment, when excited by the blue light, the dye fluoresces
orange [47]. The test of nuclear fragmentation is established on acridine orange’s characters and
examined microscopically.

When human colorectal COLO 205 cells were treated with cuminaldehyde at the concentration
of 20 uM for 48 h, the result of staining using acridine orange demonstrated that COLO cells
demised partially through apoptosis, along with fragmentation and nuclear condensation. In addition,
orange-stained lysosomal vacuoles were observed. On the other hand, no significant chromosomal
fragmentation was found in the control group (Figure 2A).

DNA strand breakage was also explored using the comet test after treatment with various
cuminaldehyde concentrations. As demonstrated in Figure 2C,D, treatment with cuminaldehyde led
to increased tail intensity as well as moment.

Given that nuclear condensation, fragmentation, blebbing of the plasma membrane and the
formation of apoptotic body are apoptosis’s morphologic characteristics [48], the morphological
changes observed in the study prove that treatment with cuminaldehyde did lead to apoptosis in
human colorectal COLO 205 cells (Figures 1C and 2B).
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Figure 2. Cuminaldehyde caused nuclear fragmentation in human colorectal COLO 205 cells.
(A and B) Acridine orange staining; COLO 205 cells were incubated without (A) with 20 uM
(B) cuminaldehyde, respectively, for 48 h, then stained using acridine orange. The orange vacuoles
in COLO cells demonstrate that they existed acidic; (A) Typical picture of control cells accompanying
intact nucleus with green fluorescence that implicates a good cell viability; (B) Typical picture of test
cells incubated with cuminaldehyde with lysosomal vacuolation (arrows) and nuclear fragmentation
(arrow heads) were found; (C and D) Comet test. Cuminaldehyde’s effect on intensities of tail (C) as
well as moment (D). Human colorectal COLO 205 cells were incubated with cuminaldehyde at the
indicated concentrations for 48 h. Data are shown as means plus/minus standard error of the mean,
n =125. *, Significant difference (p < 0.05) from the control. CuA, cuminaldehyde.

3.5. Cuminaldehyde Increased Volume of Acidic Compartment in Human Colorectal COLO 205 Cells

Neutral Red has been used to stain lysosomes and quantify the volume of acidic compartment
in cells [27,49,50]. As demonstrated in Figure 3A,B, positive neutral red staining suggests that
incubation with cuminaldehyde resulted in acidic vacuoles in human colorectal COLO 205 cells.
Moreover, Figure 3C shows that the treatment increased the volume of the acidic compartment in a
quantity-dependent manner in the cells.
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Figure 3. Cuminaldehyde increased the volume of the acidic compartment in human colorectal COLO
205 cells. After treatment without and with 20 pM cuminaldehyde, respectively, for 48 h, human
colorectal COLO 205 cells were stained using neutral red. (A) Human colorectal COLO 205 cells
without treatment: There were no observable vacuoles in the cell; (B) Human colorectal COLO 205
cells treated with cuminaldehyde at the concentration of 20 uM for 48 h. The blebbing (black arrows)
and acidic red-stained vacuoles (red arrows) in cells happened; (C) Cuminaldehyde increased volume
of acidic compartment in a quantity-dependent manner. After treating the cells using the specified
concentrations of cuminaldehyde for 48 h, results were evaluated by a spectrophotometer. Results are
shown by means plus/minus standard error of the mean, n equal to 3. ¥, Statistically significant (p less
than 0.05) from the control group. CuA, cuminaldehyde.
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3.6. Cuminaldehyde Caused Apoptosis via the Mitochondrial Pathway in Human Colorectal COLO 205 Cells

We then investigated the mitochondria’s role of in the cuminaldehyde-caused apoptosis in
human colorectal COLO 205 cells. Initial apoptotic cell death frequently involves mitochondrial
depolarization, followed by releasing of mitochondrial apoptogenic molecules into cytosol. Therefore,
we explored mitochondrial dysfunction by determining mitochondrial membrane potential in
cuminaldehyde-treated human colorectal COLO 205 cells using the mitochondria-specific dye JC-1
with a spectrophotometer. Figure 4A shows that cuminaldehyde caused the loss of mitochondrial
membrane potential, as suggested by downregulation of mitochondrial membrane potential in a
quantity-dependent manner.

Mitochondrial dysfunction Caspase activation

induction
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O B N W B O
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0 5 10 20 40 Caspase 3 Caspase 9
CuA concentrations (LM)

Fluorescene ratio
Red 590 nm/Green 540 nm

Figure 4. Cuminaldehyde caused apoptosis via the mitochondrial pathway in human colorectal
COLO 205 cells. (A) Cells were treated with the specified cuminaldehyde concentrations for 48 h and
mitochondrial membrane potential was evaluated using JC-1 spectrophotometrically; (B) Activations of
caspase-3 as well as -9. After treating the cells using the specified concentrations of cuminaldehyde for
48 h, activities of caspases-3 and -9 were determined using a spectrophotometer. Results are expressed
by means plus/minus standard error of the mean, n equal to 3. *, Statistically significant (p less than
0.05) from the control group. CuA, cuminaldehyde.

Caspases are cysteine proteases that play critical roles in apoptosis. Figure 4B shows that the
activities of caspase-3 and -9 elevated in a quantity-dependent manner in cuminaldehyde-treated
human colorectal COLO 205 cells.

3.7. Cuminaldehyde Suppressed Topoisomerase I Activity in Human Colorectal COLO 205 Cells

The effect of cuminaldehyde on activity of topoisomerase I in human colorectal COLO 205 cells
was performed with increasing cuminaldehyde concentration (Figure 5A, lane 3-5) or camptothecin
(a known specific suppressor of type I topoisomerase and used as a positive control, lane 6) [51].
Figure 5A shows the transformation of the intertwined plasmid pUC 19 into the unrestrained form
declined in a quantity-dependent manner under the existence of cuminaldehyde or camptothecin
(please correlate lane 3-6 to lane 2). These data suggest that cuminaldehyde suppressed the DNA
loosening activity topoisomerase I the human colorectal COLO 205 cell nuclear proteins.
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Figure 5. Cuminaldehyde inhibited topoisomerase I as well as II activities in human colorectal COLO
205 cells. (A) Cuminaldehyde inhibited topoisomerase I activity. Nuclear proteins of COLO 205 cells
interacted with the indicated cuminaldehyde concentrations in a topoisomerase Is specific reaction
mixture (lanes 3-5), or 60 uM of camptothecin (CPT, a specific topoisomerase I inhibitor and used
as positive control, lane 6), or the vehicle (1% dimethyl sulfoxide, lane 2). Lane 1, pUC19 DNA
only; (B) Cuminaldehyde inhibited topoisomerase II activity. DNA relaxation test (upper panel)
and decatenation test (lower panel). Nuclear proteins of COLO 205 cells were added to a specific
topoisomerase II reaction mixture with the specified cuminaldehyde concentrations (lanes 3-5) or
60 1M of camptothecin (a specific suppressor of topoisomerase II and used as positive control, lane 6),
or the vehicle (one percent dimethyl sulfoxide, lane 2). Lane 1, Interwined pUC19 DNA (upper panel)
or kinetoplast DNA (lower panel) only. kinetoplast DNA is an extensive chain of plasmids. When
kinetoplast DNA is examined using electrophoretic analysis, it gets the gel only a lightly (figure not
demonstrated). Consequent to topoisomerase II's decatenation, small monomeric circles of nucleic acid
were produced (lower panel, lane 2-6). This is the representative of six experiments. CPT, camptothecin;
CuA, cuminaldehyde; kDNA, kinetoplast; S & R, Interwined and the unrestrained forms of the pUC
19 plasmid, respectively; VP-16, etoposide.

3.8. Cuminaldehyde Suppressed Activity of Topoisomerase 1I in Human Colorectal COLO 205 Cells

The effect of cuminaldehyde on topoisomerase II activity in human colorectal COLO 205 cells
was investigated using increasing concentration of cuminaldehyde (Figure 5B, lane 3-5) or etoposide
(a known inhibitor of topoisomerase II and used as a positive control, lane 6) [52]. Figure 5B, upper
panel, shows transformation of the interwined plasmid pUC 19 into the unrestrained form declined in
a quantity-dependent manner under the existence of cuminaldehyde or etoposide (please correlate
lane 3-6 to lane 2). The data suggest that cuminaldehyde suppressed DNA relaxation activity of
topoisomerase Il in the human colorectal COLO 205 cell nuclear proteins. In addition, this effect was
further evaluated using the decatenation test. The decatenation effect involves the releasing of mini
circular DNA (monomers) from the kinetoplast, an extensive chain of plasmids. Nuclear proteins
in human colorectal COLO 205 cells enclosed type II topoisomerase that transformed kinetoplast to
monomeric DNA (Figure 5B, lower panel, please correlate lane 2 to lane 1). The transformation of
kinetoplast into monomeric DNA declined in a quantity-dependent manner under the existence of
cuminaldehyde (please correlate lane 3-5 to lane 2) or etoposide (please correlate lane 6 to lane 2). The
data suggest cuminaldehyde suppressed the topoisomerase II's decatenation activity in the human
colorectal COLO 205 cell nuclear proteins.

3.9. Cuminaldehyde Suppressed Growth of Human Colorectal COLO 205 Xenograft in a Nude Mice Model

To investigate if cuminaldehyde suppresses proliferation of the human colorectal COLO 205
xenograft, 5 x 10® human colorectal COLO 205 cells in 200 puL of culture medium were used for
subcutaneous injection. Figure 6A, left panel, shows that, in comparison with tumors of control mice
(orange arrows), obvious tumor burden reduction was found in the tumors of the mice injected with
20 mg/kg/day of cuminaldehyde (blue arrows). Tumor growth inhibition was found in all groups
with cuminaldehyde injection (5, 10, and 20 mg/kg/day of cuminaldehyde, respectively). On the other
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hand, significant growth inhibition was observed only in mice injected with 10 and 20 mg/kg/day of
cuminaldehyde, where about 48.9% and 69.4%, respectively, decreases in tumor volume were found
(Figure 6B,C). None of the cuminaldehyde injections resulted in any significant decrease in body
weight and /or diet consumption relative to the control group. The mechanism of cuminaldehyde’s
antiproliferative effect in vivo was explored. We gathered the human colorectal COLO 205 xenograft
from vehicle and cuminaldehyde-treated mice, then investigated the cause of the death by the terminal
deoxynucleotidyl transferase dUTP nick end labeling assay. Figure 6A, right panel, demonstrates
that, in comparison with tumors of control mice (white arrows), elevated terminal deoxynucleotidyl
transferase dUTP nick end labeling-positive cells that suggest apoptotic death were found in the
cancers of the cuminaldehyde-injected mice (yellow arrows).
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Figure 6. Cuminaldehyde suppressed growth and caused apoptosis in human colorectal COLO 205
xenograft. The mice with pre-established cancers (1 = 8 per group) were treated using intratumoral
injection with the specified cuminaldehyde concentrations. Tumor volumes were recorded by calipers
and apoptosis was evaluated by terminal deoxynucleotidyl transferase dUTP nick end labeling
test. (A) Left panel, Representative of tumor-bearing mice from the control (orange arrows) and
20 mg/kg/day of cuminaldehyde-injected (blue arrows) groups; (A) Right panel, cuminaldehyde
caused apoptosis in human colorectal COLO 205 xenograft using terminal deoxynucleotidyl transferase
dUTP nick end labeling test. Representative of terminal deoxynucleotidyl transferase dUTP nick end
labeling test of tumors from the control (white arrows) and 20 mg/kg/day of cuminaldehyde-injected
(yellow arrows) groups; (B) Mean of tumor volume observed at the specified number of days after
the start of treatment; (C) Cuminaldehyde’s effects on tumor weight observed at the endpoint of the
experiment. Tumor weight per mouse was collected and analyzed. Results are shown by means
plus/minus standard error of the mean, n = 8. *, Statistically significant (p less than 0.05) from the
control group. CuA, cuminaldehyde.
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4. Discussion

In addition to providing taste and flavor to foods, certain spices have been used as remedies
in traditional medicine [53]. True cinnamon tree is used to manufacture the seasoning cinnamon
and has been used for more than 5000 years by both of the two most ancient forms of medicine
in the words: Ayurveda and traditional Chinese herbal medicines for various applications such as
adenopathy, rheumatism, dermatosis, dyspepsia, stroke, tumors, elephantiasis, trichomonas, yeast,
and virus infections [54]. Cuminaldehyde, an ingredient of the cortex of the plant, possesses various
activities, including: (i) suppressions of melanin formation (through inhibiting the oxidation of
L-3,4-dihydroxyphenylalanine catalyzed by tyrosinase) [55], lipoxygenase [56], aldose reductase,
a-glucosidase [57], alpha-synuclein fibrillation (possibly by the interaction with amine groups through
cuminaldehyde’s aldehyde group as a Schiff base reaction) [58]; and (ii) insulinotropic and (-cell
protective action (through the closure of the ATP-sensitive K channel and the increase in intracellular
Ca®* concentration) [59].

Although cuminaldehyde exists in true cinnamon tree in a high concentration (100 PPM), it is also
found in the shoot of Artemisia salsoloides (1000 PPM), leaf of Aegle marmelos (300 PPM), and essential
oil from cumin [10]. Essential oil from cumin with the major constituents of cuminaldehyde, cymene,
and terpenoids has been reported to possess: (i) antibacterial, antifungal, and insecticidal [60] activities;
(ii) antioxidant capacity; (iii) anticancer activity [61,62] with glutathione-S-transferase activating,
B-glucuronidase and mucinase inhibiting properties [60].

In this research, we initially explored the effects of cuminaldehyde on the proliferation of human
colorectal COLO 205 cells. We observed that cuminaldehyde suppressed the growth of human
colorectal COLO 205 cells in a concentration- as well as time-dependent manner (Figure 1D). Although
cells may die through necrotic or other mechanisms, apoptosis is the preferred and most common
mechanism through which different anticancer drugs kill as well as remove cancer cells [12]. Moreover,
apoptosis was demonstrated to be the main machinery of tumor cell demise caused by several
polyphenols [42-45].

Our data demonstrate that cuminaldehyde caused apoptotic cell death, as suggested by loss of
mitochondrial membrane potential, increase of caspase-3 and -9 (Figure 4), along with morphological
features of apoptosis, including apoptotic body formation, fragmentation, and nuclear condensation
as demonstrated in different stainings as well as comet assay (Figures 1-3).

Our data also suggest that cuminaldehyde generated vacuolation associated increased volume of
the acidic compartment. Increase of volume of the acidic compartment has been demonstrated to be
an ordinary event observed in cells that are subjected to apoptotic or necrotic cell demise and could be
an indication of failing cells [29]. Because apoptotic cell death is an ordered process, an upregulated
volume of acidic compartment could cause the self-digestion in the course of cell death [29].

In addition to cell cycle control, topoisomerase has been demonstrated to be another main target
of anticancer drugs [22-25]. The chemotherapeutic agent etoposide kills tumor cells by stabilizing
the transient intermediate division complex. The resulting accumulation of division complexes may
lead to the development of permanent DNA strand divisions that fragment the chromosome leading
to the stimulation of death pathways [63]. Furthermore, apoptosis has been demonstrated to be the
most efficient death-pathway in cancer cells subsequent to the suppression of topoisomerase II [26].
Clinically, topoisomerase has been suggested as a potential predictive biomarker in CRC [20,64].
Topoisomerase I seems to be involved in the chromosomal instability pathway of sporadic CRC [21]
and high frequency of gene gain of the topoisomerase I and II genes in CRC [20,65]. CRC patients with
low topoisomerase I expression were statistically favorably associated with overall survival [19].

Our findings prove that cuminaldehyde inhibited activities of topoisomerase I and II in a
quantity-dependent manner (Figure 5), which, in part, could be a machinery causing the cells to
move toward apoptosis. Although most of inhibitors of topoisomerase are specifically targeting either
type I or II topoisomerase [66], our results clearly show that cuminaldehyde inhibited activities of
topoisomerase I along with II in human colorectal COLO 205 cells.
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Our results clearly demonstrated that cuminaldehyde possesses antiproliferative activity in
human colorectal COLO 205 cells. Furthermore, cuminaldehyde thiosemicarbazone has been shown to
possess antiproliferative with anti-topoisomerase II activity in U937 cells [67]. However, some other
tumor cell lines did not show the same negative effect of the plant extracts containing cuminaldehyde
on cell proliferation [58]. Possible explanation for these contradictory phenomena could be the extracts
also possess antioxidant [61] and /or other activities. Therefore, further research is needed to clarify
the specific latent mechanisms of the suppression, possible mutagenic effects, as well as other side
effects for clinical usage of cuminaldehyde as an anticancer and/or chemopreventive drug against
human colorectal adenocarcinoma and/or other malignancies.

Treatment-associated cytotoxicity and other side effects of antiproliferative drugs are the main
concerns of anticancer therapy. Consequently, the perfect anticancer agent would discriminatorily
destroy malignant cells but not the healthy ones. Our results show that none of the therapy with
cuminaldehyde caused any observable decline in body weight or consumption of diet relative to
the control mice. Our data present persuasive evidence of the protecting activity of cuminaldehyde
against human colorectal COLO 205 xenograft growth in the current study using nude mice model
without any detectable side effect; this implies that cuminaldehyde has an antiproliferative effect
in human colorectal COLO 205 cells and this agent may potentially serve as an anticancer and/or
chemopreventive drug.

5. Conclusions

Collectively, our data clearly suggest that the antiproliferative effect of cuminaldehyde in human
colorectal COLO 205 cells in vitro involved inhibition of cell growth markers, topoisomerase I and II,
together with upregulation of proapoptotic molecules, associated with increased lysosomal vacuolation.
In vivo, cuminaldehyde diminished the tumor burden and may have significant clinical impact.

The present study provides fundamental knowledge on the cancer inhibitory activity of
cuminaldehyde in human colorectal COLO 205 cells that implicates a model for the exploration
of possible antiproliferative drugs against human colorectal adenocarcinoma. Indeed, similar effects
were observed in other tested cell lines, including human hepatocellular carcinoma SK-Hep-1 and Hep
3B, lung squamous cell carcinoma NCI-H520 and adenocarcinoma A549, and T-lymphoblastic MOLT-3.
Our results present a rationalization for further developing cuminaldehyde as an effective and safe
anticancer and/or chemopreventive drug. A future direction would be to synthesize the derivatives of
cuminaldehyde and examine the protective effects of cuminaldehyde and their derivatives in vitro. We
would then extend the study to examine the effects of these agents in a mouse model and use these
systems for new drug design and discovery based on parental compound cuminaldehyde as a lead for
safer and potent chemopreventive and/or anticancer usage.

Acknowledgments: We thank Alice Y. Yu for her excellent technical assistance. This work was supported by
grants from St. Mary’s Hospital Luodong (grant # SMHRF104001) and China Medical University Beigang Hospital
(grant # CMUBH R103-002 and CMUBH R103-006).

Author Contributions: Jaw-Ming Cherng and Kuen-daw Tsai conceived and designed the study; Jonathan Cherng,
Yi-Heng Liu, and Ta-Wei Chen performed the experiment; Shu-mei Yang and Ho-Yiu Wong analyzed the data
and evaluated the literature. All authors have contributed to the interpretation of results and the writing of
the manuscript.

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

References

1. Tanzer, M.; Liebl, M.; Quante, M. Molecular biomarkers in esophageal, gastric, and colorectal
adenocarcinoma. Pharmacol. Ther. 2013, 140, 133-147. [CrossRef] [PubMed]

2. Tanaka, S.; Yoon, Y.H.; Fukui, H.; Tabata, M.; Akira, T.; Okano, K.; Iwai, M.; Iga, Y.; Yokoyama, K.
Antiulcerogenic compounds isolated from chinese cinnamon. Planta Medica 1989, 55, 245-248. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.pharmthera.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23791941
http://dx.doi.org/10.1055/s-2006-961994
http://www.ncbi.nlm.nih.gov/pubmed/2740458

Nutrients 2016, 8, 318 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Reddy, AM.; Seo, ] H,; Ryu, S.Y,; Kim, Y.S,; Kim, Y.S.; Min, KR.; Kim, Y. Cinnamaldehyde and
2-methoxycinnamaldehyde as NF-«B inhibitors from Cinnamomum cassia. Planta Medica 2004, 70, 823-827.
[CrossRef] [PubMed]

Shukla, S.; Meeran, S.M.; Katiyar, S.K. Epigenetic regulation by selected dietary phytochemicals in cancer
chemoprevention. Cancer Lett. 2014, 355, 9-17. [CrossRef] [PubMed]

Priyadarsini, R.V.; Nagini, S. Cancer chemoprevention by dietary phytochemicals: Promises and pitfalls.
Curr. Pharm. Biotechnol. 2012, 13, 125-136. [CrossRef] [PubMed]

Surh, Y.J. Cancer chemoprevention with dietary phytochemicals. Nat. Rev. Cancer 2003, 3, 768-780. [CrossRef]
[PubMed]

Yang, C.S.; Landau, ].M.; Huang, M.T.; Newmark, H.L. Inhibition of carcinogenesis by dietary polyphenolic
compounds. Annu. Rev. Nutr. 2001, 21, 381-406. [CrossRef] [PubMed]

Watson, W.H.; Cali, J.; Jones, D.P. Diet and apoptosis. Annu. Rev. Nutr. 2000, 20, 485-505. [CrossRef]
[PubMed]

Middleton, E., Jr.; Kandaswami, C.; Theoharides, T.C. The effects of plant flavonoids on mammalian cells:
Implications for inflammation, heart disease, and cancer. Pharmacol. Rev. 2000, 52, 673-751. [PubMed]
Duke, J.A. Dr. Duke’s Phytochemical and Ethnobotanical Databases. Available online: https://phytochem.
nal.usda.gov/phytochem/chemicals/show /6429?et=C (accessed on 21 May 2016).

Artandi, S.E.; DePinho, R.A. Telomeres and telomerase in cancer. Carcinogenesis 2010, 31, 9-18. [CrossRef]
[PubMed]

Aleo, E.; Henderson, C.J.; Fontanini, A.; Solazzo, B.; Brancolini, C. Identification of new compounds
that trigger apoptosome-independent caspase activation and apoptosis. Cancer Res. 2006, 66, 9235-9244.
[CrossRef] [PubMed]

Pop, C.; Timmer, ].; Sperandio, S.; Salvesen, G.S. The apoptosome activates caspase-9 by dimerization.
Mol. Cell 2006, 22, 269-275. [CrossRef] [PubMed]

Zou, H.; Henzel, WJ.; Liu, X,; Lutschg, A.; Wang, X. Apaf-1, a human protein homologous to C. elegans
CED-4, participates in cytochrome c-dependent activation of caspase-3. Cell 1997, 90, 405-413. [CrossRef]
Li, P; Nijhawan, D.; Budihardjo, L; Srinivasula, S.M.; Ahmad, M.; Alnemri, E.S.; Wang, X. Cytochrome c and
dATP-dependent formation of Apaf-1/caspase-9 complex initiates an apoptotic protease cascade. Cell 1997,
91, 479-489. [CrossRef]

McClendon, A K.; Osheroff, N. DNA topoisomerase II, genotoxicity, and cancer. Mutat. Res. 2007, 623, 83-97.
[CrossRef] [PubMed]

Heck, M.M.; Earnshaw, W.C. Topoisomerase II: A specific marker for cell proliferation. J. Cell Biol. 1986, 103,
2569-2581. [CrossRef] [PubMed]

Husain, I.; Mohler, ].L.; Seigler, H.F.; Besterman, ].M. Elevation of topoisomerase I messenger RNA, protein,
and catalytic activity in human tumors: Demonstration of tumor-type specificity and implications for cancer
chemotherapy. Cancer Res. 1994, 54, 539-546. [PubMed]

Negri, EV.,; Azzoni, C.; Bottarelli, L.; Campanini, N.; Mandolesi, A.; Wotherspoon, A.; Cunningham, D.;
Scartozzi, M.; Cascinu, S.; Tinelli, C.; et al. Thymidylate synthase, topoisomerase-1 and microsatellite
instability: Relationship with outcome in mucinous colorectal cancer treated with fluorouracil. Anticancer Res.
2013, 33, 4611-4617. [PubMed]

Sonderstrup, I.M.; Nygard, S.B.; Poulsen, T.S.; Linnemann, D.; Stenvang, J.; Nielsen, H.J.; Bartek, J.;
Brunner, N.; Norgaard, P.; Riis, L. Topoisomerase-1 and -2A gene copy numbers are elevated in mismatch
repair-proficient colorectal cancers. Mol. Oncol. 2015, 9, 1207-1217. [CrossRef] [PubMed]

Azzoni, C.; Bottarelli, L.; Cecchini, S.; Ziccarelli, A.; Campanini, N.; Bordi, C.; Sarli, L.; Silini, E.M. Role
of topoisomerase I and thymidylate synthase expression in sporadic colorectal cancer: Associations with
clinicopathological and molecular features. Pathol. Res. Pract. 2014, 210, 111-117. [CrossRef] [PubMed]
Naowaratwattana, W.; De-Eknamkul, W.; De Mejia, E.G. Phenolic-containing organic extracts of mulberry
(Morus alba L.) leaves inhibit HepG2 hepatoma cells through G2/M phase arrest, induction of apoptosis, and
inhibition of topoisomerase Ilx activity. J. Med. Food 2010, 13, 1045-1056. [CrossRef] [PubMed]

Baikar, S.; Malpathak, N. Secondary metabolites as DNA topoisomerase inhibitors: A new era towards
designing of anticancer drugs. Pharmacogn. Rev. 2010, 4, 12-26. [PubMed]


http://dx.doi.org/10.1055/s-2004-827230
http://www.ncbi.nlm.nih.gov/pubmed/15503352
http://dx.doi.org/10.1016/j.canlet.2014.09.017
http://www.ncbi.nlm.nih.gov/pubmed/25236912
http://dx.doi.org/10.2174/138920112798868610
http://www.ncbi.nlm.nih.gov/pubmed/21466433
http://dx.doi.org/10.1038/nrc1189
http://www.ncbi.nlm.nih.gov/pubmed/14570043
http://dx.doi.org/10.1146/annurev.nutr.21.1.381
http://www.ncbi.nlm.nih.gov/pubmed/11375442
http://dx.doi.org/10.1146/annurev.nutr.20.1.485
http://www.ncbi.nlm.nih.gov/pubmed/10940343
http://www.ncbi.nlm.nih.gov/pubmed/11121513
https://phytochem.nal.usda.gov/phytochem/chemicals/show/6429?et=C
https://phytochem.nal.usda.gov/phytochem/chemicals/show/6429?et=C
http://dx.doi.org/10.1093/carcin/bgp268
http://www.ncbi.nlm.nih.gov/pubmed/19887512
http://dx.doi.org/10.1158/0008-5472.CAN-06-0702
http://www.ncbi.nlm.nih.gov/pubmed/16982768
http://dx.doi.org/10.1016/j.molcel.2006.03.009
http://www.ncbi.nlm.nih.gov/pubmed/16630894
http://dx.doi.org/10.1016/S0092-8674(00)80501-2
http://dx.doi.org/10.1016/S0092-8674(00)80434-1
http://dx.doi.org/10.1016/j.mrfmmm.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17681352
http://dx.doi.org/10.1083/jcb.103.6.2569
http://www.ncbi.nlm.nih.gov/pubmed/3025219
http://www.ncbi.nlm.nih.gov/pubmed/8275492
http://www.ncbi.nlm.nih.gov/pubmed/24123038
http://dx.doi.org/10.1016/j.molonc.2015.02.009
http://www.ncbi.nlm.nih.gov/pubmed/25777966
http://dx.doi.org/10.1016/j.prp.2013.11.004
http://www.ncbi.nlm.nih.gov/pubmed/24332575
http://dx.doi.org/10.1089/jmf.2010.1021
http://www.ncbi.nlm.nih.gov/pubmed/20828312
http://www.ncbi.nlm.nih.gov/pubmed/22228937

Nutrients 2016, 8, 318 16 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Bandele, O.].; Clawson, S.J.; Osheroff, N. Dietary polyphenols as topoisomerase II poisons: B ring and C ring
substituents determine the mechanism of enzyme-mediated DNA cleavage enhancement. Chem. Res. Toxicol.
2008, 21, 1253-1260. [CrossRef] [PubMed]

Sudan, S.; Rupasinghe, H.P. Flavonoid-enriched apple fraction AF4 induces cell cycle arrest, DNA
topoisomerase II inhibition, and apoptosis in human liver cancer HepG2 cells. Nutr. Cancer 2014, 66,
1237-1246. [CrossRef] [PubMed]

El-Awady, R.A.; Ali, M.M.; Saleh, E.M.; Ghaleb, EM. Apoptosis is the most efficient death-pathway in tumor
cells after topoisomerase II inhibition. Saudi Med. ]. 2008, 29, 558-564. [PubMed]

Fan, C.; Wang, W.; Zhao, B.; Zhang, S.; Miao, J. Chloroquine inhibits cell growth and induces cell death in
Ab549 lung cancer cells. Bioorg. Med. Chem. 2006, 14, 3218-3222. [CrossRef] [PubMed]

Olive, P.L.; Banath, J.P. The comet assay: A method to measure DNA damage in individual cells. Nat. Protoc.
2006, 1, 23-29. [CrossRef] [PubMed]

Ono, K.; Wang, X.; Han, ]J. Resistance to tumor necrosis factor-induced cell death mediated by PMCA4
deficiency. Mol. Cell Biol. 2001, 21, 8276-8288. [CrossRef] [PubMed]

Ly, ].D.; Grubb, D.R.; Lawen, A. The mitochondrial membrane potential (A{m) in apoptosis; an update.
Apoptosis 2003, 8, 115-128. [CrossRef] [PubMed]

Reers, M.; Smiley, S.T.; Mottola-Hartshorn, C.; Chen, A.; Lin, M.; Chen, L.B. Mitochondrial membrane
potential monitored by JC-1 dye. Methods Enzymol. 1995, 260, 406—417. [PubMed]

Martin, E.J.; Forkert, P.G. Evidence that 1,1-dichloroethylene induces apoptotic cell death in murine liver.
J. Pharmacol. Exp. Ther. 2004, 310, 33-42. [CrossRef] [PubMed]

Fesik, S.W.; Shi, Y. Controlling the caspases. Science 2001, 294, 1477-1478. [CrossRef] [PubMed]

Deveraux, Q.L.; Reed, J.C. Iap family proteins—Suppressors of apoptosis. Genes Dev. 1999, 13, 239-252.
[CrossRef] [PubMed]

Har-Vardi, I.; Mali, R.; Breietman, M.; Sonin, Y.; Albotiano, S.; Levitas, E.; Potashnik, G.; Priel, E. DNA
topoisomerases I and II in human mature sperm cells: Characterization and unique properties. Hum. Reprod.
2007, 22, 2183-2189. [CrossRef] [PubMed]

Andrade, R.; Crisol, L.; Prado, R.; Boyano, M.D.; Arluzea, J.; Arechaga, J. Plasma membrane and nuclear
envelope integrity during the blebbing stage of apoptosis: A time-lapse study. Biol. Cell 2010, 102, 25-35.
[CrossRef] [PubMed]

Lobner, D. Comparison of the LDH and MTT assays for quantifying cell death: Validity for neuronal
apoptosis? J. Neurosci. Methods 2000, 96, 147-152. [CrossRef]

Koh, J.Y.; Choi, D.W. Quantitative determination of glutamate mediated cortical neuronal injury in cell
culture by lactate dehydrogenase efflux assay. J. Neurosci. Methods 1987, 20, 83-90. [CrossRef]

Gwag, B.J.; Lobner, D.; Koh, ].Y.; Wie, M.B.; Choi, D.W. Blockade of glutamate receptors unmasks neuronal
apoptosis after oxygen-glucose deprivation in vitro. Neuroscience 1995, 68, 615-619. [CrossRef]

Koh, J.Y.; Gwag, B.J.; Lobner, D.; Choi, D.W. Potentiated necrosis of cultured cortical neurons by
neurotrophins. Science 1995, 268, 573-575. [CrossRef] [PubMed]

Li, J.; Zhang, J. Inhibition of apoptosis by ginsenoside RG1 in cultured cortical neurons. Chin. Med. |. (Engl.)
1997, 110, 535-539. [PubMed]

Miura, T.; Chiba, M.; Kasai, K.; Nozaka, H.; Nakamura, T.; Shoji, T.; Kanda, T.; Ohtake, Y.; Sato, T.
Apple procyanidins induce tumor cell apoptosis through mitochondrial pathway activation of caspase-3.
Carcinogenesis 2008, 29, 585-593. [CrossRef] [PubMed]

Liu, J.R,; Dong, HW.; Chen, B.Q.; Zhao, P; Liu, R.H. Fresh apples suppress mammary carcinogenesis
and proliferative activity and induce apoptosis in mammary tumors of the sprague-dawley rat. J. Agric.
Food Chem. 2009, 57, 297-304. [CrossRef] [PubMed]

Yoon, H.; Liu, R.H. Effect of selected phytochemicals and apple extracts on NF-«B activation in human breast
cancer MCF-7 cells. ]. Agric. Food Chem. 2007, 55, 3167-3173. [CrossRef] [PubMed]

Zheng, C.Q.; Qiao, B.; Wang, M.; Tao, Q. Mechanisms of apple polyphenols-induced proliferation inhibiting
and apoptosis in a metastatic oral adenoid cystic carcinoma cell line. Kaohsiung J. Med. Sci. 2013, 29, 239-245.
[CrossRef] [PubMed]

White, K.; Grether, M.E.; Abrams, ].M.; Young, L.; Farrell, K,; Steller, H. Genetic control of programmed cell
death in drosophila. Science 1994, 264, 677-683. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/tx8000785
http://www.ncbi.nlm.nih.gov/pubmed/18461976
http://dx.doi.org/10.1080/01635581.2014.951733
http://www.ncbi.nlm.nih.gov/pubmed/25256427
http://www.ncbi.nlm.nih.gov/pubmed/18382799
http://dx.doi.org/10.1016/j.bmc.2005.12.035
http://www.ncbi.nlm.nih.gov/pubmed/16413786
http://dx.doi.org/10.1038/nprot.2006.5
http://www.ncbi.nlm.nih.gov/pubmed/17406208
http://dx.doi.org/10.1128/MCB.21.24.8276-8288.2001
http://www.ncbi.nlm.nih.gov/pubmed/11713265
http://dx.doi.org/10.1023/A:1022945107762
http://www.ncbi.nlm.nih.gov/pubmed/12766472
http://www.ncbi.nlm.nih.gov/pubmed/8592463
http://dx.doi.org/10.1124/jpet.104.066019
http://www.ncbi.nlm.nih.gov/pubmed/15028783
http://dx.doi.org/10.1126/science.1062236
http://www.ncbi.nlm.nih.gov/pubmed/11711663
http://dx.doi.org/10.1101/gad.13.3.239
http://www.ncbi.nlm.nih.gov/pubmed/9990849
http://dx.doi.org/10.1093/humrep/dem170
http://www.ncbi.nlm.nih.gov/pubmed/17656417
http://dx.doi.org/10.1042/BC20090077
http://www.ncbi.nlm.nih.gov/pubmed/19630753
http://dx.doi.org/10.1016/S0165-0270(99)00193-4
http://dx.doi.org/10.1016/0165-0270(87)90041-0
http://dx.doi.org/10.1016/0306-4522(95)00232-8
http://dx.doi.org/10.1126/science.7725105
http://www.ncbi.nlm.nih.gov/pubmed/7725105
http://www.ncbi.nlm.nih.gov/pubmed/9594212
http://dx.doi.org/10.1093/carcin/bgm198
http://www.ncbi.nlm.nih.gov/pubmed/17827407
http://dx.doi.org/10.1021/jf801826w
http://www.ncbi.nlm.nih.gov/pubmed/19072049
http://dx.doi.org/10.1021/jf0632379
http://www.ncbi.nlm.nih.gov/pubmed/17373813
http://dx.doi.org/10.1016/j.kjms.2012.09.001
http://www.ncbi.nlm.nih.gov/pubmed/23639509
http://dx.doi.org/10.1126/science.8171319
http://www.ncbi.nlm.nih.gov/pubmed/8171319

Nutrients 2016, 8, 318 17 of 17

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Darzynkiewicz, Z. Differential staining of DNA and RNA in intact cells and isolated cell nuclei with acridine
orange. Methods Cell Biol. 1990, 33, 285-298. [PubMed]

Wyllie, A.H.; Kerr, ].E; Currie, A.R. Cell death: The significance of apoptosis. Int. Rev. Cytol. 1980, 68,
251-306. [PubMed]

Cover, T.L.; Puryear, W.; Perez-Perez, G.I; Blaser, M.]. Effect of urease on HeLa cell vacuolation induced by
Helicobacter pylori cytotoxin. Infect. Immun. 1991, 59, 1264-1270. [PubMed]

Patel, H.K.; Willhite, D.C.; Patel, RM.; Ye, D.; Williams, C.L.; Torres, E.M.; Marty, K.B.; MacDonald, R.A.;
Blanke, S.R. Plasma membrane cholesterol modulates cellular vacuolation induced by the Helicobacter
pylori vacuolating cytotoxin. Infect. Immun. 2002, 70, 4112-4123. [CrossRef] [PubMed]

Pommier, Y. Diversity of DNA topoisomerases I and inhibitors. Biochimie 1998, 80, 255-270. [CrossRef]

Li, TK,; Liu, L.F. Tumor cell death induced by topoisomerase-targeting drugs. Annu. Rev. Pharmacol. Toxicol.
2001, 41, 53-77. [CrossRef] [PubMed]

Srinivasan, K. Role of spices beyond food flavoring: Nutraceuticals with multiple health effects. Food Rev. Int.
2005, 21, 167-188. [CrossRef]

Duke, J.A.; Duke, P-A K.; duCellier, J.L. Duke’s Handbook of Medicinal Plants of the Bible; CRC Press: Boca Raton,
NY, USA, 2008.

Nitoda, T.; Fan, M.D.; Kubo, I. Effects of cuminaldehyde on melanoma cells. Phytother. Res. 2008, 22, 809-813.
[CrossRef] [PubMed]

Tomy, M.].; Dileep, K.V.; Prasanth, S.; Preethidan, D.S.; Sabu, A.; Sadasivan, C.; Haridas, M. Cuminaldehyde
as a lipoxygenase inhibitor: In vitro and in silico validation. Appl. Biochem. Biotechnol. 2014, 174, 388-397.
[CrossRef] [PubMed]

Lee, H.S. Cuminaldehyde: Aldose reductase and o-glucosidase inhibitor derived from Cuminum cyminum L.
seeds. |. Agric. Food Chem. 2005, 53, 2446-2450. [CrossRef] [PubMed]

Morshedi, D.; Aliakbari, F; Tayaranian-Marvian, A.; Fassihi, A.; Pan-Montojo, F.; Perez-Sanchez, H.
Cuminaldehyde as the major component of Cuminum cyminum, a natural aldehyde with inhibitory effect on
alpha-synuclein fibrillation and cytotoxicity. J. Food Sci. 2015, 80, 2336-2345. [CrossRef] [PubMed]

Patil, S.B.; Takalikar, S.S.; Joglekar, M.M.; Haldavnekar, V.S.; Arvindekar, A.U. Insulinotropic and -cell
protective action of cuminaldehyde, cuminol and an inhibitor isolated from Cuminum cyminum in
streptozotocin-induced diabetic rats. Br. |. Nutr. 2013, 110, 1434-1443. [CrossRef] [PubMed]

Aruna, K,; Sivaramakrishnan, V.M. Anticarcinogenic effects of the essential oils from cumin, poppy and
basil. Phytother. Res. 1996, 10, 577-580. [CrossRef]

Allahghadri, T.; Rasooli, I.; Owlia, P.; Nadooshan, M.]J.; Ghazanfari, T.; Taghizadeh, M.; Astaneh, S.D.
Antimicrobial property, antioxidant capacity, and cytotoxicity of essential oil from cumin produced in Iran.
J. Food Sci. 2010, 75, 54-61. [CrossRef] [PubMed]

Chen, Q.; Hu, X,; Li, ].; Liu, P; Yang, Y.; Ni, Y. Preparative isolation and purification of cuminaldehyde
and p-menta-1,4-dien-7-al from the essential oil of Cuminum cyminum L. by high-speed counter-current
chromatography. Anal. Chim. Acta 2011, 689, 149-154. [CrossRef] [PubMed]

Baldwin, E.L.; Osheroff, N. Etoposide, topoisomerase II and cancer. Curr. Med. Chem. Anticancer Agents 2005,
5,363-372. [CrossRef] [PubMed]

Gilbert, D.C.; Chalmers, A.J.; El-Khamisy, S.F. Topoisomerase I inhibition in colorectal cancer: Biomarkers
and therapeutic targets. Br. J. Cancer 2012, 106, 18-24. [CrossRef] [PubMed]

Smith, D.H.; Christensen, 1.].; Jensen, N.F.; Markussen, B.; Romer, M.U.; Nygard, S.B.; Muller, S.; Nielsen, HJ.;
Brunner, N.; Nielsen, K.V. Mechanisms of topoisomerase I (TOP1) gene copy number increase in a stage III
colorectal cancer patient cohort. PLoS ONE 2013, 8, e60613. [CrossRef] [PubMed]

Denny, W.A.; Baguley, B.C. Dual topoisomerase I/1I inhibitors in cancer therapy. Curr. Top. Med. Chem. 2003,
3, 339-353. [CrossRef] [PubMed]

Bisceglie, F.; Pinelli, S.; Alinovi, R.; Goldoni, M.; Mutti, A.; Camerini, A.; Piola, L.; Tarasconi, P.; Pelosi, G.
Cinnamaldehyde and cuminaldehyde thiosemicarbazones and their copper(II) and nickel(II) complexes: A
study to understand their biological activity. J. Inorg. Biochem. 2014, 140, 111-125. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/1707487
http://www.ncbi.nlm.nih.gov/pubmed/7014501
http://www.ncbi.nlm.nih.gov/pubmed/2004808
http://dx.doi.org/10.1128/IAI.70.8.4112-4123.2002
http://www.ncbi.nlm.nih.gov/pubmed/12117919
http://dx.doi.org/10.1016/S0300-9084(98)80008-4
http://dx.doi.org/10.1146/annurev.pharmtox.41.1.53
http://www.ncbi.nlm.nih.gov/pubmed/11264450
http://dx.doi.org/10.1081/FRI-200051872
http://dx.doi.org/10.1002/ptr.2374
http://www.ncbi.nlm.nih.gov/pubmed/18412105
http://dx.doi.org/10.1007/s12010-014-1066-0
http://www.ncbi.nlm.nih.gov/pubmed/25080377
http://dx.doi.org/10.1021/jf048451g
http://www.ncbi.nlm.nih.gov/pubmed/15796577
http://dx.doi.org/10.1111/1750-3841.13016
http://www.ncbi.nlm.nih.gov/pubmed/26351865
http://dx.doi.org/10.1017/S0007114513000627
http://www.ncbi.nlm.nih.gov/pubmed/23507295
http://dx.doi.org/10.1002/(SICI)1099-1573(199611)10:7&lt;577::AID-PTR906&gt;3.0.CO;2-Q
http://dx.doi.org/10.1111/j.1750-3841.2009.01467.x
http://www.ncbi.nlm.nih.gov/pubmed/20492235
http://dx.doi.org/10.1016/j.aca.2011.01.038
http://www.ncbi.nlm.nih.gov/pubmed/21338771
http://dx.doi.org/10.2174/1568011054222364
http://www.ncbi.nlm.nih.gov/pubmed/16101488
http://dx.doi.org/10.1038/bjc.2011.498
http://www.ncbi.nlm.nih.gov/pubmed/22108516
http://dx.doi.org/10.1371/journal.pone.0060613
http://www.ncbi.nlm.nih.gov/pubmed/23577133
http://dx.doi.org/10.2174/1568026033452555
http://www.ncbi.nlm.nih.gov/pubmed/12570767
http://dx.doi.org/10.1016/j.jinorgbio.2014.07.014
http://www.ncbi.nlm.nih.gov/pubmed/25108184
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and Methods
	Materials
	Cell Culture
	Cell Viability XTT Test
	Lactate Dehydrogenase Cytotoxicity Test
	Test for Nuclear Fragmentation
	Comet Test
	Test for Volume of Acidic Compartments
	Mitochondrial Membrane Potential Test
	Caspase Activity Test
	Test for Topoisomerase I and II Activities
	In Vivo Tumor Xenograft Study
	Statistical Analysis

	Results
	Cuminaldehyde’s Effects on Cell Morphological Changes
	Cuminaldehyde Inhibited Human Colorectal COLO 205 Cell Proliferation
	Cuminaldehyde Caused Cytotoxicity in Human Colorectal COLO 205 Cells
	Cuminaldehyde Caused Nuclear Fragmentation in Human Colorectal COLO 205 Cells
	Cuminaldehyde Increased Volume of Acidic Compartment in Human Colorectal COLO 205 Cells
	Cuminaldehyde Caused Apoptosis via the Mitochondrial Pathway in Human Colorectal COLO 205 Cells
	Cuminaldehyde Suppressed Topoisomerase I Activity in Human Colorectal COLO 205 Cells
	Cuminaldehyde Suppressed Activity of Topoisomerase II in Human Colorectal COLO 205 Cells
	Cuminaldehyde Suppressed Growth of Human Colorectal COLO 205 Xenograft in a Nude Mice Model

	Discussion
	Conclusions

