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Morán-Mart́ınez, and Pilar Carranza-Rosales
Volume 2015, Article ID 618021, 13 pages



Antioxidant and Proapoptotic Activities of Sclerocarya birrea [(A. Rich.) Hochst.] Methanolic Root
Extract on the Hepatocellular Carcinoma Cell Line HepG2, Maria Francesca Armentano,
Faustino Bisaccia, Rocchina Miglionico, Daniela Russo, Nicoletta Nolfi, Monica Carmosino,
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Although natural products have been used by man since
ancient times, it was only in the past century that active
components of medicinal plants became available in chem-
ically pure form. An impressive number of natural products
have been introduced into medical practice and also used as
lead or model molecules for structure optimization and for
the development of more potent or better-tolerated drugs.
A recent comprehensive review found that only 20.2% of
the anticancer agents approved in the period 1981–2010 were
purely synthetic, whereas the remaining 79.8% were natural
products or inspired by natural products (D. J. Newman and
G. M. Cragg, “Natural products as sources of new drugs
over the 30 years from 1981 to 2010” Journal of Natural
Products, vol. 75, no. 3, pp. 311–335, 2012), indicating that
structures from nature are indispensable in anticancer lead-
finding research.

In this special issue, we present a set of original research
papers concerning various aspects of the antiproliferative
properties of plant extracts or isolated natural products.Three
of them describe investigations with promising extracts.
The methanolic root extract of Sclerocarya birrea gave rise
to oxidative stress and apoptosis in HepG2 cells (M. F.
Armentano et al.). Fractions of the methanolic extract
of Croton sphaerogynus exhibited antiproliferative activity
against adherent cancer cell lines (K. P. dos Santos et al.).
The mechanism of the anticancer action of the ethyl acetate
extract of the traditional Chinese medicinal plant Euphorbia
helioscopia was explored through the use of a hepatocellular
carcinoma xenograft model in nude mice. The treatment
with the extract resulted in apoptosis induction, decreased

tumor growth, and invasion (J. Cheng et al.). Two papers
in this issue concentrate on the isolation and subsequent
investigation of natural products. Various antiproliferative
xanthones were isolated from Garcinia species and two
of them directly inhibited JAK kinase (L. Xu et al.). The
natural products hamigerone and radicinol, isolated from
fungi by means of a bioassay-guided procedure, exhibited
antiproliferative and proapoptotic properties in adherent
cancer cell lines without affecting the viability of normal cells
(P. Giridharan et al.). Two further publications deal with
previously identified compounds that were earlier not inves-
tigated in detail oncopharmacologically. Vitamin K1 displays
antiproliferative activity, causes cell cycle arrest, and induces
apoptosis in human colon cancer cell lines (A. Orlando et al.).
The sesterterpene heteronemin exerted considerable growth-
inhibiting activity against human cancer cell lines, including
A498 renal carcinoma cells, resulting in apoptosis through
the mitochondrial pathway and also autophagy in A498 cells
(S.-Y. Wu et al.). Two papers describe potentially relevant
interactions between natural products and therapeutically
utilized anticancer agents. Curcumin and one of its analogues
exhibited additive properties with the proteasome inhibitor
bortezomib against HL60 cells (L. I. Nagy et al.). Three
ecdysteroids sensitized both multidrug-resistant and non-
resistant adherent cell lines towards traditional anticancer
agents, including doxorubicin (A. Martins et al.). One of
the presented papers reports on the validation of an in vitro
method for the screening of potential anticancer extracts or
compounds. Instead of the use of cultured cancer cell lines,
slices of breast cancer tissues obtained from surgery were
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incubated with antiproliferative agents and the viabilities of
the slices were determined (I. E. Carranza-Torres et al.).

We strongly trust that these publications in this special
issue will contribute to the development of natural product-
based and innovative drug candidates.
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Natural compounds from medicinal plants are important resources for drug development. In a panel of human tumor cells,
we screened a library of the natural products from Garcinia species which have anticancer potential to identify new potential
therapeutic leads and discovered that caged xanthones were highly effective at suppressing multiple cancer cell lines. Their
anticancer activities mainly depended on apoptosis pathways. For compounds in sensitive cancer line, their mechanisms of mode
of action were evaluated. 33-Hydroxyepigambogic acid and 35-hydroxyepigambogic acid exhibited about 1𝜇M IC50 values against
JAK2/JAK3 kinases and less than 1 𝜇M IC50 values against NCI-H1650 cell which autocrined IL-6. Thus these two compounds
provided a new antitumor molecular scaffold. Our report describes 33-hydroxyepigambogic acid and 35-hydroxyepigambogic acid
that inhibited NCI-H1650 cell growth by suppressing constitutive STAT3 activation via direct inhibition of JAK kinase activity.

1. Introduction

Compounds from natural herbs are important sources of
drugs against a wide variety of diseases, including cancer [1].
For the last several decades, natural products have played
a very important role as chemotherapeutic agents, either in
their natural forms or in synthetically modified forms [2].
For instance, many agents with plant origins (paclitaxel, vin-
blastine, vincristine, camptothecin, and others) have already
been applied as anticancer therapies. Natural compounds
are considered to have a large degree of “drug likeness”
because it has been suggested that most of them have
some receptor-binding capability [3]. In addition, traditional
Chinese medicine (TCM) provides an enormous variety of
medicinal plants based on thousands of years of experience.
With the understanding of the molecular mechanisms of
cancer therapies and carcinogenesis, the development of
chemotherapeutic agents from natural products is currently

being accelerated by collaborations between medicinal
chemists and biologists [4, 5].

In recent years, researchers obtained more than 120
caged xanthones from plantsof the Garcinia species, and
most of them exhibited various potentially useful biological
activities, such as anticancer, anti-HIV-1, antibacterial, anti-
inflammatory, and neurotrophic activities [6]. Our group has
focused on identifying bioactive compounds from Garcinia
plants for a decade. We have collected all of the Garcinia
plants in mainland China and used bioactivity-guided frac-
tionation to obtain many active compounds [7]. We found
that Garcinia species contained many special compounds,
including xanthones, benzophenones, bioflavonoids, and
biphenyls. By using different bioassay platforms, we were
able to screen novel compounds targeting various signaling
pathways. For example, a cell proliferation assay (such as
SYBR green assay) identified some cytotoxic polypreny-
lated xanthones from the resin of Garcinia hanburyi [8].
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By expressing a biosensor for caspase-3 cleavage in HeLa
cells, we screened for compounds targeting apoptosis [9–11].
Recently, we found that oblongifolin C was an autophagic
flux inhibitor using aGFP-LC3 expression screening platform
[12]. In addition, we also found that the Garcinia species
contained active compounds with antienteroviral activity
[13]. Our previous studies suggested that the compound
“libraries” from Garcinia plants comprised many active
components with a variety of effects on cellular function.
To better understand the antiproliferation activities of these
compounds, it is necessary to perform a cell viability assay
using multiple cell lines to establish their cytotoxicity. A
screen using multiple cancer cell lines will provide essential
information to elucidate the possible mechanisms of action
of the active compounds.

In this study, we comprehensively analyzed the cyto-
toxicity of Garcinia compounds that we have obtained
in previous studies. Among these compounds, five caged
Garcinia xanthones were found to exhibit the strongest
antiproliferation activity against NCI-H1650 cell. In addition,
NCI-H1650 cell contained high endogenous JAKs activity.
We then investigated their mechanisms of action on NCI-
H1650 cell cycle arrest and apoptosis. Our results provided
evidence that two of them (33-hydroxyepigambogic acid and
35-hydroxyepigambogic acid) were perhaps specific JAK2
and JAK3 inhibitors. Our data provide profound information
on the anticancer activity of the main components from
Garcinia plants.

2. Materials and Methods

2.1. Cell Panel Screen. All cells were obtained from the cell
bank of the American Type Culture Collection (ATCC) and
cultured in the supplier’s recommendedmedia supplemented
with 10% FBS. The cell panel screen was measured using
the CellTiter-Glo assay (Promega, Madison, WI) following a
standard protocol. Briefly, cancer cells were seeded in 96-well
plates and cultured overnight at 37∘Cwith or without 5%CO

2

in an incubator. Each compound was dissolved with limited
DMSO and diluted to a certain concentration with culture
medium and then added to the corresponding well of the cell
plate. The final concentration of compound was 20𝜇M. The
control cells (without treatment) received the same amount
of DMSO and were incubated under the same conditions.
After 72 h cultivation, 100 𝜇L of the CellTiter-Glo reagent
was added directly to each well for 10-minute incubation.
The plate was then read on a FlexStation 3 microplate lumi-
nometer (Molecular Devices, USA) to monitor the lumines-
cence signal generated by the luciferase-catalyzed reaction of
luciferin and ATP. The percent of growth inhibition was cal-
culated using the following formula: (untreated cells− treated
cells)/(untreated cells − background without cells) ∗ 100.

2.2. Cell Proliferation and Cell Viability Assay. For prolifera-
tion assays, the CellTiter-Glo assay (Promega, Madison, WI)
was used to evaluate the proliferation of cancer cells treated
with test compounds as described above. Each compound
was dissolved in limited DMSO and diluted to various

concentrations with culture medium and then added to the
corresponding wells. A dose-response curve was plotted, and
the IC50 was calculated using XLfit software.

For the cell viability assay, the cells were examined by
counting (in duplicate) cells that excluded trypan blue dye.
The cells were seeded in 6-well plates and cultured overnight
at 37∘C with 5% CO

2
in an incubator and treated with

different concentrations of the compounds. At 0, 24, 48, and
72 hours, the live cells were counted using a Vi-Cell counter
(Beckman).

2.3. Soft-Agar Colony Formation Assay. NCI-H1650 cells
were plated in soft agar (Takara, Japan) at a density of
4000 cells/well in a 96-well plate. For the base layer, 1.2% agar
stock solution was melted in an autoclave, cooled to 40∘C
in a water bath, and then mixed with RPMI1640 medium to
obtain a solution of 0.6% agar in RPMI1640 containing 10%
FBS. A cell suspension placed on the top layer was composed
of RPMI1640 with 10% FBS and 0.4% agarose in each well.
Then, the cells were incubated overnight. Compounds were
added into the wells, and theNCI-H1650 cells were incubated
for one week. After 7 days, alamar blue was added to the
agar plate wells containing NCI-H1650 cell, and the plates
were returned to the incubator. The fluorescence intensity
(excitation 560 nm, emission 590 nm) was measured after
24 h.

2.4. Caspase-3/7 Activity Measurement. Caspase-3 and cas-
pase-7 activities were examined using the Caspase-Glo 3/7
kits according to the manufacturer’s protocol (Promega,
Madison, WI). Briefly, cells were plated and grown overnight
in 96-well plates (8 × 103 cells/well) and untreated or treated
with compound for 8 or 24 h. The cells were then incubated
with 100 𝜇L of Caspase-Glo 3/7 reagent per well at room
temperature for two hours. The caspase activity was deter-
mined by caspase substrate luminescence and recorded using
a FlexStation 3 microplate luminometer (Molecular Devices,
USA).

2.5. Cell Cycle Distribution Analysis. The cell cycle distribu-
tionwas analyzed by flow cytometry (BDFACSCalibur, USA)
with DNA staining. After treatment for 24 hours, cells were
washed with phosphate buffered saline (PBS), trypsinized,
and washed twice with ice-cold PBS and centrifugation at
800 g for 5min. After overnight incubation with 70% ethanol
at −20∘C, the cells were washed twice with PBS. The cell
pellets were resuspended gently in PBS containing 50𝜇g/mL
of propidium iodide (PI) and 10 𝜇g/mL of RNase A.The cells
were incubated for 30min in the dark and then the stained
cells were analyzed using ModFit software.

2.6. Western Blot Analysis. Floating and adherent cells were
harvested and treated with ice-cold RIPA lysis buffer (50mM
Tris-HCl, pH 7.5, 0.5% cholic acid, 2mM EDTA, 10%
glycerol, 150mMNaCl, 0.1% SDS, and 1% Triton X-100)
containing completeMini Protease Inhibitor Cocktail (Roche
Applied Science, Indianapolis, IN). Proteins were separated
by sodiumdodecyl sulfate polyacrylamide gel electrophoresis
and transferred to nitrocellulose membranes. Membranes
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were blocked with 5% BSA in washing buffer (100mMNaCl,
10mM Tris-HCl, pH 7.5, and 0.1% Tween-20) for 1 hr at
room temperature and incubated with the respective pri-
mary antibodies in 5% BSA in washing buffer overnight
at 4∘C with shaking. The membranes were probed with
the following antibodies: p44/42 (Cat#9107, CST), phospho-
p44/42 (Cat#4370, CST), AKT (Cat#9272, CST), phospho-
AKT (ser473) (Cat#9271, CST), STAT3 (Cat#9139, CST), and
phospho-STAT3 (Tyr705) (Cat#9131, CST). Membranes were
then washed and incubated with anti-mouse or anti-rabbit
fluorescent secondary antibodies (LICOR, US) diluted in
washing buffer for 1 h at room temperature with shaking.
Protein bands were detected using an Odyssey Imaging
system (LICOR, US).

2.7. RNA Isolation and Quantitative Real-Time PCR. The
primers for PUMA (Cat. Hs00248075 m1), CDIP1 (Cat.
Hs00924663 g1), and NOXA (Cat. Hs00560402 m1) for
quantitative PCR were all purchased from Invitrogen. Disso-
ciation curves and no-cDNAcontrols were generated for each
primer pair to detect nonspecific amplification. A standard
curve was generated for each primer pair as well as for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; using
in this case a predeveloped TaqMan assay), to which gene
expression levels were normalized by a comparative threshold
cycle method. Finally, a ratio was calculated comparing nor-
malized gene expression values in treated versus untreated
controls for each sample.

Total RNA was extracted from the NCI-H1650 cell line
using the RNeasy kit (Qiagen). cDNA synthesis was per-
formed using Superscript II RNase H– reverse transcriptase
(Life Technologies, Bethesda, MD, USA) to transcribe 2 𝜇g of
total RNA primed with 1 𝜇L of 500 𝜇g/mL random hexamers.
For quantitative real-time PCR analysis, an ABI TaqMan
assay (HS00378697) was used in an ABI 7300 systemwith the
following profile: 95∘C for 10min, followed by 40 cycles of 15 s
at 95∘C and 60 s at 60∘C. PUMA, NOXA, and CDIP1 mRNA
levels were normalized by comparison toGAPDHRNA levels
in the same samples. Each measurement was performed at
least in duplicate.

2.8. Apoptosis Induction Assay. Apoptosis induction assays
were performed after 8 or 24 h incubation with compounds
using the Cell Death Detection ELISA assay (Roche). Apop-
tosis induction is represented relative to DMSO-treated
controls (set at 1.0). Error bars denote the SEM.

2.9. JAK Family Kinases Activity Measurement byMicrofluidic
Mobility Shift Enzyme Assay. The microfluidic mobility shift
enzyme assay was performed in an on-chip incubation mode
on a Caliper LabChip 2000 Drug Discovery System (Caliper
Life Sciences, Hopkinton, MA). The extent of inhibition by
the compounds is measured directly by quantifying the level
of both unphosphorylated peptide substrate and phosphory-
lated product after electrophoretic separation using Caliper’s
LabChip assay technology. To evaluate the compounds for
their target and the mechanism by which the compound
affects JAK enzyme activity, the compounds were tested
against JAK family kinases (JAK1, JAK2, JAK3, and Tyk2)

with the Caliper microfluidic mobility-shift platform. The
JAK family kinase enzymes and the FAM-labeled substrates
were purchased from Carna Bioscience, Inc. (Japan) and
Caliper Bioscience (US), respectively.

For JAK kinase activity measurement, the test com-
pounds were diluted freshly with assay buffer (100mM HEP
ES, 10mM MgCl

2
, 1.5mM betaine, 0.015% Brij, and 25mM

𝛽-glycerophosphate) and added to 384-well plates. FAM-
labeled peptide substrate and ATP in assay buffer were added
to the wells. After that, JAK enzymes prepared in assay
buffer were also added to the wells and mixed to start the
reaction. After a period of incubation at room temperature,
the reaction was stopped by stop solution (500mM EDTA).
Finally, the plate was put on a Caliper LabChip 2000 system
and a droplet of the reaction mixture was applied for
electrophoretic separation in the chips of the machine. The
enzyme conversion data then was read out for analysis.

2.10. Compounds Library and Materials. All of the com-
pounds were obtained from our laboratory and originated
and isolated from the different plant parts of 8 species of the
genusGarcinia (Guttiferae) collected from the south of China
(see Table S1 in Supplementary Material available online
at http://dx.doi.org/10.1155/2015/910453). All chemicals and
consumables for experiments were purchased from Sigma-
Aldrich. All of the media for cell culture were purchased
from Invitrogen Life Sciences. The antibodies were ordered
from Cell Signaling Technology. The enzymes and the FAM-
labeled substrates were obtained from Carna Bioscience, Inc.
(Japan).

3. Results and Discussion

3.1. Antiproliferation Properties of Natural Compounds Library
from Garcinia Species. In current drug market, more than
50% of the drugs discovered within the past 25 years were
directly or indirectly from natural products [14]. Thus, there
is growing interest in the possible therapeutic potential of
natural products against a variety of ailments. Because natural
compounds are considered to be affordable and safe, many
potential compounds are now in different phases of clinical
trials. In the past decade, we focused on applying different
screening platforms to search for novel anticancer com-
pounds from Garcinia plants. The natural compound library
mainly includes polycyclic polyprenylated acylphlorogluci-
nols (PPAPs), benzophenones, xanthones, and caged xan-
thones [15]. In this study, we profiled all of the natural
compounds that we isolated from Garcinia plants and placed
in our compound library using cell viability-based screening.

The cytotoxicity of 64 Garcinia compounds (Table S1)
from our previous studies was evaluated in panel of 35
cancer cell lines, which included lung, breast, urinary blad-
der, uterus, brain, liver, pancreas, stomach, colon, kidney,
leukemia, and adrenal gland cancer cells. As shown in Table
S2,many compounds showed strong antiproliferation activity
against most of the cell lines. More than 20 compounds
showed more than 90% inhibition of all of the tested cell
lines at 20 𝜇M.Notably, five caged xanthones exhibited strong
cytotoxicity on all of the cell lines, which are highlighted
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Figure 1: The chemical structure of the five chosen compounds (GB32, GB39, GB40, GB49, and GB63).

in gray in Table S2. The structures of these compounds
were elucidated in Figure 1. We then examined the IC50
values of these xanthones against thirteen cancer cell lines,
including lung, brain, colon, vulva, skin, and bone cancer
cells. From the data shown in Table 1, we found that all of
the xanthone compounds exhibited high potency on all of
the cancer lines, with IC50s less than 5 𝜇M (except on H1573
cells). We noticed that the caged xanthones had the lowest
IC50s against NCI-H1650 cells. It is notable that NCI-H1650
cells contained high STAT3 activity. In addition, gambogic
acid, another caged xanthone, was able to inhibit STAT3
activation upon IL-6 treatment in multiple cancer cell lines
[16].We then intended to investigate if these caged xanthones
were specific essential inhibitors for STAT signaling pathway.
Therefore, NCI-H1650 cells were chosen for further studies
of the effects of these compounds on viability and colony
formation. For effects on viability, Figure 2(a) showed that
5 caged xanthone compounds inhibited the growth of NCI-
H1650 cells in a time-dependent manner, which was assessed
by a trypan blue exclusion assay. To measure the IC50s of

these compounds, cell proliferation curves were generated
using the CellTiter-Glo kit. NCI-H1650 cells were treated for
72 hr with compounds at concentrations ranging from 20 𝜇M
to 0.009𝜇M in serial 3-fold dilutions. The IC50s were less
than 2𝜇M for all five compounds. In addition, these caged
xanthones significantly suppressed the clonogenic activity of
the cells (Figure 2(b)). Particularly, GB39 and GB40 were
more potent than other three compounds in both cell growth
and colony formation assays.

3.2. The Five Caged Xanthones Induce Caspase-Dependent
Apoptosis and Cell Cycle Arrest in NCI-H1650 Cells. To deter-
mine whether the cell growth inhibition in response to the
caged xanthones was mediated by apoptosis and was caspase
dependent, NCI-H1650 cells were treated with 20, 6.66, 2.22,
0.74, and 0.24 𝜇M of the five caged xanthones for 8 and
24 h. As shown in Figures 3(a) and 3(b), caspase-3/7 activity
was activated in a dose-dependent manner. Caged xanthones
significantly increased caspase-3/7 activity more than 10-fold
at a certain concentration and time point. Because GB32,
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Table 1: The IC50s for the chosen 5 compounds and reference compound (staurosporine) against the 13 cancer cell lines and the control
HuVec cell line.

Cell GB32 GB39 GB40 GB49 GB63 Staurosporine
NCI-H838 3.15 ± 0.04 1.5 ± 0.07 1.68 ± 0.19 2.72 ± 0.15 2.65 ± 0.2 0.011 ± 0.004
A549 2.88 ± 0.06 3.04 ± 0.1 2.45 ± 0.06 3.46 ± 0.2 3.77 ± 0.06 0.008 ± 0.002
NCI-H1573 4.36 ± 0.15 6.08 ± 0.21 5.99 ± 0.19 7.89 ± 0.14 7.92 ± 0.29 0.039 ± 0.01
NCI-H1975 1.58 ± 0.12 1.25 ± 0.14 0.96 ± 0.05 1.69 ± 0.15 1.71 ± 0.22 0.002 ± 0.001
NCI-H1993 2.47 ± 0.11 1.03 ± 0.13 1.29 ± 0.05 2.55 ± 0.14 2.15 ± 0.1 0.021 ± 0.007
NCI-H1650 1.09 ± 0.15 0.95 ± 0.03 0.62 ± 0.03 0.97 ± 0.04 1.43 ± 0.09 0.022 ± 0.004
CHP212 1.45 ± 0.08 1.2 ± 0.08 1.18 ± 0.05 1.43 ± 0.03 3.51 ± 0.08 0.004 ± 0.001
U118MG 1.19 ± 0.07 1.15 ± 0.09 1.03 ± 0.15 1.22 ± 0.05 3.05 ± 0.1 0.003 ± 0.001
SW48 3.84 ± 0.09 1.44 ± 0.06 1.47 ± 0.1 2.97 ± 0.06 4.02 ± 0.15 0.025 ± 0.003
LnCap 1.8 ± 0.14 0.84 ± 0.08 0.79 ± 0.12 1.91 ± 0.06 2.17 ± 0.21 0.061 ± 0.009
SW954 2.43 ± 0.17 0.94 ± 0.04 1.02 ± 0.1 1.88 ± 0.1 2.58 ± 0.16 0.006 ± 0.001
SK-MEL-28 1.51 ± 0.07 0.82 ± 0.11 0.73 ± 0.21 1.51 ± 0.12 1.75 ± 0.16 0.37 ± 0.058
SW1353 1.41 ± 0.05 0.76 ± 0.03 0.83 ± 0.05 1.29 ± 0.05 2.48 ± 0.11 0.004 ± 0.001
HuVec 1.63 ± 0.06 0.89 ± 0.09 0.68 ± 0.01 1.47 ± 0.07 1.9 ± 0.03 0.004 ± 0.002
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Figure 2: The inhibition effect of the five chosen compounds (GB32, GB39, GB40, GB49, and GB63) on NCI-H1650 cells. (a) Inhibitory
effects of compounds on the viability of NCI-H1650 cells assayed by trypan blue exclusion. Cells were treated for 24, 48, and 72 hr, and the
viable cells were identified by trypan blue exclusion and counted. The IC50 values were calculated using XLfit software and a four-parameter
model. NCI-H1650 cells were treated for 72 hr with compounds at concentrations ranging from 20𝜇M to 0.009 𝜇M in serial 3-fold dilutions.
(b) Cell colony formation curve after compound treatment measured using the Alamar Blue reagent from Invitrogen. The IC50 values were
calculated using XLfit software and a four-parameter model.

GB39, and GB40 showed more potency after 8-hour treat-
ment, we chose these three compounds for confirmation of
their apoptotic effect using an ELISA-based assay (Cell Death
Analysis kit, Roche). This photometric assay measured the
histone-associated DNA fragments that are released during
apoptotic cell death. We found that the majority (>90%)
of NCI-H1650 cells treated with GB39 or GB40 underwent
rapid apoptosis after 8 h, but GB32 showed significant apop-
tosis after 24 h (Figures 3(c) and 3(d)). To further confirm

the apoptosis induction by these compounds, we applied a
pan-caspase inhibitor (Z-VAD) to investigatewhether Z-VAD
could rescue the cells from death. As shown in Figure 3(e), Z-
VAD cotreatment completely suppressed GB32-, GB39-, and
GB40-induced oligonucleosomal fragmentation, suggesting
that these caged xanthones caused caspase-dependent cell
death. In addition, cell necrosis was not detected at any of
the tested concentrations (data not shown), indicating that
apoptosis is the predominant mechanism of cell death. In
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Figure 3: Continued.
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Figure 3: Caspase-3/7 induction and apoptosis induction by cell death detection in NCI-H1650 cells after compound treatment. (a) and
(b) Caspase-3/7 activity induction was evaluated after 8 and 24 hr of treatment with the five compounds (GB32, GB39, GB40, GB49, and
GB63) using Caspase-Glo 3/7 kit from Promega. Bars on the graph represent the mean fold induction relative to the DMSO control. (c) and
(d) Apoptosis induction of cell lysate was assessed by oligonucleosomal fragmentation after 8-hour and 24-hour incubation with treatment
compounds (GB32, GB39, andGB40). Data are shown relative to DMSO controls set at 1.0± SEM. (e) Apoptosis induction inNCI-H1650 cells
by GB32, GB39, and GB40 was assessed ± the caspase inhibitor Z-VAD (10𝜇mol/L). The maximal apoptosis induction for each compound
was chosen for the assessment of apoptosis reversal by Z-VAD. Data are shown relative to DMSO controls set at 1.0 ± SEM. (f) Compounds
induced accumulation of G2 phase cells. NCI-H1650 cells were treated with 2.5𝜇Mof each compound for 16 h.The cells were harvested, fixed
in 70% EtOH, and stained with PI. The cell cycle was detected by FACS.

the above experiments, the treatment for 24 h sometimes
caused the decreased induction of caspase-3/7 and apoptosis
(Figures 3(b) and 3(d)). It might due to the apoptosis
occurring in the early time point so that therewas less amount
of cells in the 24 h.

To examine whether the inhibitory effect on proliferation
is caused by cell cycle arrest, we used propidium iodide (PI)
staining and flow cytometry to analyze the cell cycle. NCI-
H1650 cells were treatedwith the five compounds for 24 hours
at 2𝜇M. A persistent accumulation of S or G2/M phase cells
was observed, as shown in Figure 3(f). Taken together, our
results suggested that these caged xanthones inhibited cell
growth by inducing caspase-dependent apoptosis and cell
cycle arrest.

3.3. The Caged Xanthones Activate Proapoptotic BH3-Only
Genes. Global analysis of gene expression has yielded numer-
ous novel transcriptional target genes, including some with
clear proapoptotic properties, such as the BH3-only proteins
BBC3/PUMA [17, 18], PMAIP1/NOXA [19], and CDIP [20].

Quantitative real-time reverse transcription-PCR con-
firmed that these proapoptotic genes (PUMA, NOXA, and
CDIP) were upregulated preferentially in GB39- and GB40-
treated NCI-H1650 cells. As shown in Figure 4(a), there was
greater than 5-fold induction of NOXA for GB39 and GB40
treatment, 3-fold induction of PUMA and CIDP for GB39,
and 2-fold induction of PUMA and CIDP following 24-hour
treatment of NCI-H1650 cells with GB40. On the contrary,
treatment with GB32, GB49, or GB63 had no effect on these
three proapoptotic genes in NCI-H1650 cells.

3.4. Caged Xanthones Inhibit the JAK-STAT3 Signaling Path-
way in Cancer Cells. Several studies have demonstrated that
STAT3 is required for efficient cellular transformation by
oncogenes including Ras, v-Src, SV40 T antigen, and EGFR,
further validating the importance of STAT3 in cancer biology
[21–25]. STAT3 is both a cytoplasmic signaling molecule
and a nuclear transcription factor that is activated by the
phosphorylation of specific tyrosine residue in its carboxyl-
terminus by JAK kinases in response to cytokines, including
IL-6, IFN, epidermal growth factor, and FGF [26, 27]. In
the nucleus, STAT3 regulates the expression of the proteins
that regulate mitochondria-mediated apoptosis, such as Bcl-
2, Mcl-1, and cIAP [28].The STAT3 tyrosine phosphorylation
in malignancies is activated via increased/sustained IL-6
(family)/gp130 signaling [29, 30]. The other “oncogenic”
pathways, such as those mediated by EGFR, HER2, Ras, and
Rho, can also result in increased IL-6 production and subse-
quent STAT3 activation [31–33]. STAT3 is activated in lung
adenocarcinomas through a mutant EGFR regulating the
expression of the IL-6 cytokine, which, in turn, activates the
gp130/JAK pathway. NCI-H1650 is a lung adenocarcinoma
cell, in which a mutant EGFR regulates the expression of
the IL-6 cytokine and leads to the activation of JAK/STAT3
pathway.

NCI-H1650 cancer cells contain an EGFR mutant and a
constitutively high level of STAT3 phosphorylation. We then
investigated whether the caged xanthones induced apoptosis
viamodulation of the JAK-STAT3 signaling pathway [34].We
evaluated the protein level of STAT3 and the phosphorylation
level of STAT3 at Tyr705. Figure 4(b) shows that GB39 and
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Figure 4: Assessing the mechanism of apoptosis induction for the compounds. (a) mRNA expression level of proapoptotic genes after
treatment. NCI-H1650 cells were treated with different concentrations of each compound for 24 hr. Cells were harvested for RNA extraction.
Q-PCRwas performed by the TaqManmethod on total RNA using primers specific for the PUMA, NOXA, and CDIP genes. (b) Immunoblot
demonstrating the effect of GB32, GB39, and GB40 treatment on ERK, AKT, and STAT3 in NCI-H1650 cells. Treatment compounds were
incubated for 8 h, and thenwhole cell lysateswere processed forwestern blot analysis. Immunoblotswere probedwith the indicated antibodies.
GAPDH served as a loading control. (c) GB39 significantly inhibits JAK2 of JAK family in a dose-dependent manner. After compound and
substrates were added, the enzyme reaction was initiated by adding JAK2 enzyme and incubated for 2 hours. The reaction was then stopped,
and the signal was detected using a Caliper LabChip 2000 plate reader. (d) GB40 significantly inhibits JAK2 of JAK family in a dose-dependent
manner. After compound and substrates were added, the enzyme reaction was initiated by adding JAK2 enzyme and incubating for 2 hours.
The reaction was then stopped, and the signal was detected using a Caliper LabChip 2000 plate reader. (e) HepG2 cells were pretreated with
GB39 and GB40 for 2 h before stimulation by IL-6 (10 ng/mL) for 15min. Whole cell lysates were processed for western blot analysis, and
immunoblots were probed with the indicated antibodies. GAPDH served as a loading control.
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Table 2: The IC50s for GB32, GB39, and GB40 against the JAK1,
JAK2, JAK3, and Tyk2 enzymes.

IC50 [𝜇M] GB32 GB39 GB40
JAK1 >40 12.2 ± 0.3 14.2 ± 0.4
JAK2 37.3 ± 6.9 1.7 ± 0.1 1.4 ± 0.1
JAK3 17.5 ± 1.5 3.8 ± 0.3 3.2 ± 0.2
Tyk2 >40 13 ± 1.6 12.9 ± 0.9

GB40 inhibited STAT3 expression and its phosphorylation
in a dose-dependent manner. We further examined the
other components involved in the STAT3 signaling pathway.
Phosphorylation of ERKandAKTwas also inhibited byGB39
and GB40, which confirmed that these two caged xanthones
could regulate the STAT3 pathway.

STAT3 has been reported to be activated by soluble tyro-
sine kinases of the JAK family, and the phosphorylation of
STAT3 at residue Tyr705 is mediated by receptor-associated
tyrosine kinases, such as JAKs. We therefore examined the
activity of these compounds against commercial, recombi-
nant JAK enzymes (TYK2, JAK1, JAK2, and JAK3) using
an enzymatic test. As shown in Table 2, GB32, GB39, and
GB40 exhibited different inhibitory activities on the JAK
family enzymes. GB39 and GB40 showed stronger inhibition
and lower IC50 against JAK2/JAK3. Particularly, these two
compounds are the more potent against JAK2 (IC50 value of
approximately 1 𝜇M) than against the other three Jak kinases.
A 10-fold difference in IC50s was observed between JAK2
and Tyk2 for GB39 and GB40. Figures 4(c) and 4(d) show
the dose-dependent inhibition of JAK2 activity by GB39
and GB40, respectively. These data suggested that GB39 and
GB40 directly inhibited the catalytic activity, especially that
of JAK2, and the inhibition of JAK family enzymes leads
to the blockade of phosphorylation of STAT3. Meanwhile,
GB32 only showed minor inhibition of JAK2/JAK3 and
had no effect on TYK2/JAK1. In addition, we examined
the effects of GB39 and GB40 on IL-6-stimulated STAT3
activation. As shown in Figure 4(e), these two compounds
efficiently suppressed the phosphorylation of STAT3 upon
IL-6 stimulation in HepG2 cells. Our study indicated that
GB39 and GB40 were identified as potent inhibitors of the
JAK/STAT3 signaling pathway. In addition, the direct targets
of GB39 and GB40 were discovered to be JAK2 and JAK3.
GB39 and GB40 significantly inhibited JAK2/ JAK3 kinase
activities, and the Y705 site in STAT3was not phosphorylated
after GB39 and GB40 treatment. Furthermore, the inhibitory
effects of GB39 and GB40 on JAK kinase activities were
JAK2/3-specific.GB39 andGB40hadminor inhibitory effects
on JAK1/Tyk2 (Table 2), which indicated that GB39 and
GB40 have the potential to be JAK/STAT3 signaling pathway-
specific inhibitors. Interestingly, we also detected the similar
inhibitory effects on STAT3 phosphorylation of gambogic
acid, a caged xanthone, on both NCI-H1650 and HepG2
cells (Supplement Figures S1(A) and S1(B)). Taken together,
our results indicated that the caged xanthones family could
inhibit STAT3 activation through suppressing JAKs activities.
Therefore, it will be promising to develop specific JAKs
inhibitors from the large amount of natural caged xanthones.

Alternatively, the caged xanthones might also be used to
combine treatment with other anticancer agents to show
synergetic antitumor effects.

4. Conclusions

Overall, our study suggested that caged xanthones exhibited
strong anticancer activity on a panel of cancer cell lines,
especially those whose survival and growth are dependent
on constitutively active STAT3 signaling. We discovered that
GB39 and GB40, two natural caged xanthones, were potent
inhibitors of the JAK/STAT3 signaling pathway. GB39 and
GB40 suppressed constitutive STAT3 activation by direct
inhibition of JAKkinase activity. Finally, our results suggested
that two caged xanthones were JAK2 kinase inhibitors and
were potentially worth developing as novel anticancer drugs.
Future studies will focus on evaluating the antitumor activi-
ties of GB39 and GB40 in animal models.
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Euphorbia helioscopia L. is a traditional Chinese medicine; recently research found that its ethyl acetate extract (EAE) plays an
important role on tumor cell proliferation, apoptosis, invasion, and metastasis in vitro. But the effect of EAE for tumor cells in
vivo has not been reported. To explore the inhibitory effect of EAE and molecular mechanism on hepatocellular carcinoma (HCC)
SMMC-7721 cells in vivo, we utilized the nude mouse xenograft model of HCC. Treated with EAE (50, 100, and 200 𝜇g/mL), the
volume of xenograft was measured during the entire process of EAE treatment. In EAE treatment group, the volume of xenograft
was significantly reduced compared with the control group (𝑃 < 0.05) and the protein expressions of CyclinD1, bcl-2, and MMP-
9 were reduced, while those of bax, caspase-3, and nm23-H1 were increased. A significant change trend with increasing EAE
concentrations has presented, compared with controls. Moreover, the ultrastructural morphology of xenografts showed significant
changes, including nuclear pyknosis and chromatin condensation, We found that EAE could effectively inhibit tumor growth,
induce apoptosis, and inhibit tumor invasion and metastasis in vivo; it is suggested that EAE is a potential candidate for as a new
anticancer agent.

1. Introduction

Hepatocellular carcinoma (HCC), the fifth most common
neoplasm worldwide [1], is one of the primary causes of
cancer-related death in the world [2]. Since the 1990s, HCC
has become the second leading cause of cancer death in
China. Importantly, diagnosis in the advanced stages, paucity
of effective therapeutic options, and high rate of tumor
recurrence give rise to its high lethality [3]. Although the
methods of diagnosis and treatment in liver cancer made a
greatly progress, as an aggressive solid tumor, its prognosis
was poor [4]. The 5-year survival is 35–45% after surgical
resection [5, 6] and 47–61% after transplantation [7].

In China, surgical resection has been accepted as one of
the best approaches of treating HCC. However, recurrence
and metastasis were major obstacles for further prolonging

of survival after resection. Therefore, many studies aimed to
explore new effective drugs to decrease cancer metastasis and
relapse, as well as to relieve symptoms. Accordingly, some
drugs which have a high specificity and efficiency and low
toxicity to patients were produced by chemical synthesis in a
current. However, the high cost and time consumption have
restricted the development of chemical drugs. In recent years,
lots of studies on plants and their derivatives which aim at
tumor therapy were prevailing.

Euphorbia helioscopia L. is herbaceous plant that is widely
distributed in most parts of China. It belongs to the plant
family Euphorbiaceae and genus Euphorbia [8]. The stem of
E. helioscopia L. contains a milky liquid that can produce a
toxic reaction in the skin and mucous membranes [9]. As
a traditional Chinese medicine, E. helioscopia L. has been
widely used to treat different disease conditions, such as
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ascites, tuberculosis, dysentery, scabies, lung cancer, cervical
carcinoma, and esophageal cancer, for centuries [10–12]. In a
word, E. helioscopia L. has features of slightly toxic andwidely
pharmacological effects, no obvious toxic effect when patient
takes orally its water decoction 150 g/day clinically, and also
no death to mice to fill the stomach with 125 g/kg. To date,
numerous studies revealed that the secondary metabolites
of E. helioscopia L. included diterpenoids [13–20], flavonoids
[21, 22], triterpenoids [23], polyphenols [24], steroids, and
lipids [17]. In addition, a high content of Quercetin, a plant-
derived flavonoid, has been detected in the leaves of E.
helioscopia L. [25], which have been confirmed to have
anticancer properties [26, 27].

More recently, our study found that the extracts of
E. helioscopia L. had effectively inhibited the growth of
human HCC lines SMMC-7721, BEL-7402, HepG2, gastric
carcinoma cell line SGC-7901, and colorectal cancer cell
line SW-480. After extracts of E. helioscopia L., we found
EAE had markedly inhibited the proliferation of SMMC-
7721 cells in a time and dose dependent manner. EAE
treatment arrested cell cycle in G-1 phase and EAE used
at the concentration range of 100–200 𝜇g/mL induced a
marked increase of subdiploid peak. After EAE treatment at
the concentrations of 150 and 200 𝜇g/mL, the percentage of
apoptotic cells was increased. At the EAE concentration of
200𝜇g/mL, the typical morphology of early apoptotic change
was observed in SMMC-7721 cells. Inhibited the proliferation
of SMMC-7721 cells rely on time and dose shown that the
EAE was an active fraction of antitumor [28].

In the present study, we utilized the EAE to treat nude
mice xenografts of human HCC and investigated its effect on
tumor progressionwith regard to growth, apoptosis, invasion,
and metastasis.

2. Materials and Methods

2.1. Herbs and Extraction. An entire plant of E. helioscopia
L. was collected in June 2012 from Dingxi, Gansu, China.
The field of collection was approved by the Agriculture
Committee of Dingxi, where it did not involve endangered
and protected species, and was identified in the Institute
of Botany, School of Life Sciences, Lanzhou University and
Gansu Institute for Drug Control. The extraction of E. helio-
scopia L. was performed in the Pharmacy of Xuan Wu Hos-
pital Capital Medical University, Beijing, China. The dried E.
helioscopia L. was ground and extracted with 70% ethanol for
5 hr and then filtered. The filtrate was concentrated by rotary
evaporator (BUCHI, Switzerland). Fractionating the extract
of concentration was done by petroleum ether, chloroform,
ethyl acetate, and n-butanol, individually. The residue from
each fractionation step was used to obtain the subsequent
fraction. The extracts from each fractionation step were
evaporated to dryness under vacuum.

2.2. Cell Culture. The human HCC cell line SMMC-772 was
purchased from the Cell Bank of Shanghai Institute of Cell
Biology, Chinese Academy of Sciences (Shanghai, China).
Cells were cultured in RPMI-1640 medium (Gibco, Grand

Island, NY, USA). Culture media were supplemented with
10% fetal bovine serum (FBS; Gibco, Melbourne, Australia)
and antibiotics (50U/mL penicillin and 50 𝜇g/mL strepto-
mycin) and maintained at 37∘C in a humidified atmosphere
of 5% CO

2
.

2.3. In Vivo Experiments. Four-week-old nude mice were
purchased from Vital River Laboratory Animal Technology
Co. Ltd. (Beijing, China). These mice were fed a standard
rodent diet and water ad libitum in an aseptic laminar
flow room with 60%–70% humidity at 25∘C. This study was
approved by the Ethics Committee of the Second Hospital
of Lanzhou University (lzuec 20130011). All animals received
humane care and all efforts were made to minimize suffering.
One week following the arrival of the nude mice, 100 𝜇L cell
solutions (containing 2× 106 logarithmic growth phase tumor
cells) were injected subcutaneously into the animals’ necks.
The mice were observed daily for diet consumption, bowel
function, and mental state, and tumor size was measured
every 5 days. The length and width of the tumor were
measured with Vernier calipers and calculated using the
following formula for tumor volume: length × width2 × 0.5.
On the 5th day after inoculation, EAEwas administered daily,
for 30 days. The EAE was mixed with sterile water, at a con-
centration of 1mg/mL. The mice were randomly distributed
into 5 experimental groups (𝑛 = 6 per group). The 5 exper-
imental groups were as follows: untreated control group, 5-
fluorouracil (Fu) treatment group (10mg/kg/day), and 3 EAE
treatment groups (50 𝜇g/mL, 100 𝜇g/mL, 200𝜇g/mL, resp.).
All mice were sacrificed the day after the last treatment;
tumor masses were surgically excised and preserved in liquid
nitrogen and fixed in 10% formalin and 2.5% glutaraldehyde,
respectively.

2.4. Immunohistochemical Analysis. For immunohistochem-
ical staining, 4 𝜇m sections were cut from formalin-fixed
paraffin-embedded xenografts using a microtome, placed
on a flotation water bath at 45∘C, placed onto glass slides,
deparaffinized in xylene, rehydrated in decreasing concen-
tration washes of ethanol, and rinsed in phosphate buffered
saline. Antigen retrieval was performed by incubating the
tissue sections in a microwave oven at medium power for 10
minutes with 10mM citrate buffer (pH = 6.0). The activity
of endogenous peroxidase was blocking with 3% hydrogen
peroxide in deionized water for 10 minutes and blocking
nonspecific binding site of the primary antibody with normal
serum for 15 minutes, target protein localization with the first
antibody and visualization and color reaction with secondary
antibody as described above.

Primary antibodies included caspase-3, bcl-2, bax, Cy-
clinD1, MMP-9, and nm23-H1 rabbit anti-human polyclonal
antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA).The secondary antibody was goat anti-rabbit antibody.

Immunostaining results were reviewed and scored using
a light microscope by two pathologists blinded to the treat-
ment group. Positivity of the stained paraffin sections was
defined by staining intensity and percentage of tumor cells;
the staining intensity of caspase-3, bcl-2, bax, CyclinD1,
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Figure 1: EAE suppresses tumor growth in vivo. SMMC-7721 cells (2 × 106) were inoculated subcutaneously into the neck region of nude
mice (the volume of xenografts was measured once every 5 days) and treated with EAE. (a) The specimen of xenografts from nude mouse.
(b) The growth curve of xenografts. The data represent mean ± S.D of xenografts volume and presented a statistical difference (∗∗𝑃 < 0.01,
∗

𝑃 < 0.05). In EAE treatment groups, 200𝜇g/mL significantly inhibited tumor growth compared to the control group (∗∗𝑃 < 0.01) and better
than 5-Fu 200 𝜇g/mL (∗𝑃 < 0.05), EAE 50𝜇g/mL (∗∗𝑃 < 0.01), and 100 𝜇g/mL (∗𝑃 < 0.05), respectively.

MMP-9, and nm23-H1 expression was classified semiquan-
titatively into negative, weak, moderate, and strongly positive
(0, +, ++, and +++), respectively.

2.5. Scanning Electron Microscopy. Tissue blocks were fixed
in 2.5% glutaraldehyde in 0.1M phosphate buffered saline
(PBS, pH 7.2). Tissue blocks were dehydrated using a graded
series of acetone and propylene oxide and embedded in epoxy
resin Epon-812. Embedded tissues were sliced into ultrathin
sections and stained with uranyl acetate and lead citrate.
The sectionswere examined by scanning electronmicroscope
(JEM-1230, Japan).

2.6. Western Blotting. For Western blotting analysis, frozen
tissue specimens were homogenized in ice-cold lysis buffer
containing inhibitors of proteases (Roche Applied Science,
Mannheim, Germany). Protein concentration was deter-
mined using theBCAprotein assay reagent (Pierce, Rockford,
IL, USA). Total protein extracts (20 𝜇g/lane) were separated
in 10% SDS-PAGE and transferred onto PVDF membranes
(Immobilon-P, Millipore, Billerica, MA, USA). The mem-
branes were blocked in 5% skimmed milk powder for 2
hours. To detect target protein, the membrane was incubated
with primary antibody and diluted to 1 : 1000 in blocking
buffer for 2 hours and then incubated at 4∘C for 12 hours.
The primary rabbit anti-human polyclonal antibodies were
as follows: caspase-3, bcl-2, bax, CyclinD1, MMP-9, and
nm23-H (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA). The secondary antibody, goat anti-rabbit horseradish
peroxidase (HRP) (Sigma), was diluted to 1 : 8000 in blocking
buffer for 2 hours. As a loading control, the membrane
was probed with anti-actin antibody (Sigma). Following
treatment, the membrane was washed and developed by

enhanced chemiluminescence using an ECL kit (Amersham
Pharmacia Biotech).

2.7. Statistical Analysis. Statistical analysis was performed
with Graphpad Prism software. Statistical differences
between groups were determined using Student’s 𝑡-test. A 𝑃
value of ≤0.05 was considered to be statistically significant.

3. Result

3.1. EAE Inhibits Xenografts Growth In Vivo. The volume
of xenografts was measured in the 5th day after tumor
cells inoculation and treatment with EAE by intraperitoneal
administration. The tumor growth was inhibited compared
to the control group (∗∗𝑃 < 0.01); with EAE concentra-
tion increasing, the tumor volume presented a significant
decrease. Compared to control group, the tumor volume was
significantly decreased in EAE treatment groups and showed
an obvious concentration tendency. The most obvious effect
of EAE was 200𝜇g/mL compared to 50𝜇g/mL (∗∗𝑃 < 0.01),
100 𝜇g/mL (∗𝑃 < 0.05), and 5-Fu 200 𝜇g/mL (∗𝑃 < 0.05),
respectively (Figure 1).

3.2. EAE Modulates the Cell Cycle In Vivo. To confirm the
effect of EAE on the cell cycle in vivo, we had detected
CyclinD1 protein expression in xenografts and found that
it was significantly reduced in the cytoplasm after EAE
treatment, compared with the control groups, as measured
by immunohistochemical staining (red arrow; Figure 3(a)).
After EAE treatment, the protein expression of CyclinD1
was significantly decreased in the EAE treatment groups
compared to controls (∗𝑃 < 0.05, ∗∗𝑃 < 0.01)
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Figure 2: Scanning electron microscope. The ultrastructural morphology of xenografts. ((a) and (e)) Control group. ((b)–(d) and (f)–(h))
50, 100, and 200 𝜇g/mL EAE treatment groups. The change of ultrastructure in xenografts by treatment with EAE is shown as observed by
scanning electron microscopy ((a)–(d), ×6000; (e)–(h), ×12000).

detected byWestern blot and variedwith rising concentration
(Figure 3(b)).

3.3. EAE Induces Tumor Apoptosis In Vivo. To evaluate
EAE induced apoptosis in vivo, we observed the ultra-
structural morphology of xenografts by scanning electron
microscopy and found that the changes of nuclear pyknosis
(Figure 2(b)), chromatin condensation, chromatin marginal-
ization (Figures 2(g) and 2(h)), organelle swelling, cytoplasm
vacuolization, apoptotic bodies (Figure 2(f)), and fibroplasia
surrounded the tumor cells (Figure 2(c)) in EAE treatment
groups. Compared with control groups, the expression of
bcl-2 (Figures 4(a) and 4(d)) was reduced and that of bax
(Figures 4(b) and 4(e)) and caspase-3 (Figures 4(c) and 4(f))
was increased (red arrow) in the cytoplasm after treatment
with EAE, showed by immunohistochemical staining.

The result of Western blotting showed that bcl-2 protein
expression decreased after EAE treatment; in 200𝜇g/mL
treatment group a significant decrease had appeared com-
pared with control group (∗∗𝑃 < 0.01) and 5-Fu 200𝜇g/mL
treatment group (∗𝑃 < 0.05). The protein expressions of
bax and caspase-3 were increased after treatment by EAE
compared with control group (∗∗𝑃 < 0.01) and 5-Fu
200𝜇g/mL treatment group (∗𝑃 < 0.05; Figures 4(g) and
4(h)).

3.4. EAE Suppresses Tumor Invasion and Metastasis In Vivo.
To determine EAE suppression of tumor invasion and
metastasis in vivo, MMP-9 and nm23-H1 expressions were
examined. Immunohistochemical staining showed that in

EAE treatment groups nm23-H1 (Figures 5(b) and 5(d))
expression was increased andMMP-9 (Figures 5(a) and 5(c))
expression was decreased compared to controls (red arrow).
By Western blotting, we found that nm23-H1 and MMP-9
protein expression have presented an obvious concentration
tendency, compared to controls; nm23-H1 was increased and
MMP-9 was reduced, especially in 200𝜇g/mL group (∗∗𝑃 <
0.01; Figures 5(e) and 5(f)).

4. Discussion

In this study, we assessed the anticancer effect of EAE in vivo
by the nude mice xenograft model of HCC. The growth was
inhibited and the volume significantly decreased after being
subjected to EAE treatment for xenografts and shown in dose
dependent manner among 50–200𝜇g/mL EAE compared to
control groups (Figure 1). With EAE concentration increas-
ing, the inhibition effect on tumor growthwas enhanced. Cell
cycle regulation protein CyclinD1 plays a very important role
in the G1 phase; the changes of expression were observed
in EAE treatment groups (Figure 3). We observed a signif-
icant downregulation of cyclinD1 protein expression after
treatment with EAE (Figure 3(b)), and the staining in the
cytoplasmwas reduced comparedwith controls (Figure 3(a)).
Cell cycle data showed that EAE primarily arrested cells in
the G-1 phase in a dose and time dependent manner and
reduced the percentage of cells in the S phase [28] and
that cyclinD1 expression was markedly downregulated. The
effect of growth inhibition is mainly mediated by inhibition
of cell proliferation, which is associated with a profound
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Figure 3: CyclinD1 protein expression in nude mouse xenografts. (a) Immunohistochemical staining detected CyclinD1 in xenografts. EAE
treatment group hardly expressed CyclinD1 protein compared to control groups (red arrow). ×400 magnification. (b) Analysis of CyclinD1
protein expression in xenografts byWestern blot. Total proteinwas extracted fromxenografts and subjected toWestern blot analyses. CyclinD1
protein expression was obviously reduced in EAE treatment groups compared with the control group (∗𝑃 < 0.05), especially in 200𝜇g/mL
group (∗∗𝑃 < 0.01), different significantly. 𝛽-Actin was used as the loading control.

modulation of the expression of cell cycle mediators, and the
cell cycle machinery disruption; the expression of cyclinD1
was almost completely abrogated with EAE treatment. EAE
treatment arrested the cell cycle in the G-1 phase and
induced a marked increase of subdiploid peaking. After EAE
treatment the percentage of apoptotic cells was increased.The
typical morphology of early apoptotic change was observed
in SMMC-7721 cells. In addition, EAE treatment displayed
a dose dependent inhibitory effect on tumor cell invasion in
vitro [28].

To induce apoptosis is contributed to EAE inhibiting
tumor growth.The Bcl-2 family played a critical role in apop-
tosis and the members are classified antiapoptosis factors,
whichmainly include Bcl-2, Bcl-XL, Bcl-W, and proapoptotic
factors, which mainly include Bax, Bak, Bik, and Bid. A

very important mediating role in apoptosis was caspase
family, and caspase-3 is a key effector and functions in
many apoptosis signaling transduction pathways [29]. We
found that the expression protein of bcl-2 exhibited an
obvious declining tendency after EAE treatment, and the
bax and caspase-3 exhibited an obvious increasing tendency
(Figure 4). This result suggests that EAE, mediating the
protein expression of bcl-2 downregulation and bax and
caspase-3 upregulation in tumor cells, led to antiapoptosis
factor being reduced and proapoptosis factor being increased,
to induce cells apoptosis in xenografts. In the EAE treatment
groups, the protein expression of bcl-2 was significantly lower
than in the control group (𝑃 < 0.05), and those of bax
and caspase-3 were significantly higher than in the control
group (𝑃 < 0.05; Figures 4(g) and 4(h)). Compared with
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Figure 4: Bcl-2, bax, and caspase-3 protein expressions in nude mouse xenografts. ((a)–(f)) Immunohistochemical staining detected bcl-
2, bax, and caspase-3 protein expressions in xenografts. The significant changes of bcl-2, bax, and caspase-3 protein expressions in EAE
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Figure 5: MMP-9 and nm23-H1 protein expressions in nude mouse xenografts. ((a)–(d)) Immunohistochemical staining detected nm23-H1
and MMP-9 protein expressions in xenografts. Compared to control groups, nm23-H1 expression was increased and MMP-9 expression was
decreased in EAE treatment groups, as shown ((a) and (c), (b) and (d)) (red arrow). ×400 magnification. ((e), (f)) Western blot analyzed
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increased and MMP-9 expression was reduced, especially in 200𝜇g/mL group (∗∗𝑃 < 0.01).
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5-Fu 200𝜇g/mL group, 200𝜇g/mL EAE induces apoptosis
better than 200𝜇g/mL 5-Fu, but 50𝜇g/mL and 200𝜇g/mL
EAE less than 5-Fu 200𝜇g/mL. As can be seen from these
results, EAE can induce apoptosis of HCC in vivo, the effect
is to enhance with dose increase and better than 200 𝜇g/mL
5-Fu.This demonstrates that EAE exhibits antitumor activity
in a dose dependent manner.

Degradation of extracellular matrix by matrix metallo-
proteinases (MMPs) was a first step for cancer cell migration
and invasion, so MMP-9 plays an important role in tumor
invasion [30, 31]. The first metastasis suppressor gene, nm23,
was identified in 1988 by differential colony hybridization
[32]. Nm23-H1 has a variety of validated molecular activities,
with at least some playing important roles in regulating its
ability to inhibit metastasis [33]. Nm23-H1 and abnormal
wing discs, the Drosophila ortholog of Nm23-H1 and Nm23-
H2, have also been proposed to be activators of the GTPase
dynamin that facilitate endocytosis of growth factor recep-
tors, thereby attenuating their signaling [34–36]. Nm23-H1
and nm23-H2 also interact with proteins involved in cell
movement and adhesion [37, 38]. In this study, we found
that the protein expression of MMP-9 significantly decreased
in EAE treatment groups, and nm23-H1 was significantly
increased, compared with the control groups (Figure 5).
The change tendency of nm23-H1 and MMP-9 presented
in dose dependent manner (Figures 5(e) and 5(f)). Thus,
we think that the EAE may have downregulated MMP-9
protein expression and upregulated nm-23H1 in HCC in
vivo; the more reduced the MMP-9 protein expression the
less degraded the extracellular matrix; cancer cell migration
and invasion were suppressed, the same effect as nm23-H1
increased in HCC. Although, the development of agents with
potential antimetastatic properties is difficult issue, on the
basis of these data, we believe that EAE as a new drugs target
to play an important role in suppressing tumor metastasis.

5. Conclusions

In conclusion, HCC xenografts presented growth inhibition
and CyclinD1 protein expression significantly decreased in
the G1-phase when subjected to treatment by EAE. To induce
cell apoptosis by changing Bcl-2, Bax, and caspase-3 protein
expressions in xenografts, the changes of MMP-9 and nm23-
H1 protein expressions have shown that the invasion and
metastasis of tumor cells may be suppressed by EAE. In
sum, EAE can effectively inhibit tumor cells growth both in
vitro and in vivo, making it as an attractive drug candidate.
The mechanism of the anticancer effect of EAE remains to
be determined. Further research may demonstrate a clinical
target for this drug.
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[38] H.-N. Fournier, S. Dupé-Manet, D. Bouvard et al., “Integrin
cytoplasmic domain-associated protein 1𝛼 (ICAP-1𝛼) interacts
directly with the metastasis suppressor nm23-H2, and both
proteins are targeted to newly formed cell adhesion sites upon
integrin engagement,” Journal of Biological Chemistry, vol. 277,
no. 23, pp. 20895–20902, 2002.



Research Article
Heteronemin, a Spongean Sesterterpene, Induces Cell Apoptosis
and Autophagy in Human Renal Carcinoma Cells

Szu-Ying Wu,1 Ping-Jyun Sung,2,3 Ya-Ling Chang,1 Shiow-Lin Pan,4,5 and Che-Ming Teng1

1Pharmacological Institute, College of Medicine, National Taiwan University, No. 1 Jen-Ai Road, Section 1, Taipei 10051, Taiwan
2Graduate Institute of Marine Biology, National Dong Hwa University, Pingtung 944, Taiwan
3National Museum of Marine Biology and Aquarium, Pingtung 944, Taiwan
4The Ph.D. Program for Cancer Biology and Drug Discovery, College of Medical Science and Technology, Taipei Medical University,
No. 250 Wu-Hsing Street, Taipei 11031, Taiwan
5Department of Pharmacology, College of Medicine, Taipei Medical University, No. 250 Wu-Hsing Street, Taipei 110311, Taiwan

Correspondence should be addressed to Shiow-Lin Pan; slpan@tmu.edu.tw and Che-Ming Teng; cmteng@ntu.edu.tw

Received 23 July 2014; Accepted 26 August 2014

Academic Editor: Chin-Chung Wu

Copyright © 2015 Szu-Ying Wu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Heteronemin is a bioactivemarine sesterterpene isolated from the spongeHyrtios sp. Previous reports have shown that heteronemin
possesses anticancer activity. Here, heteronemin displayed cytotoxic effects against three human cancer cell lines (A549, ACHN,
and A498) and exhibited potent activity in A498 human renal carcinoma cells, with an IC

50

value of 1.57 𝜇M by MTT assay
and a GI

50

value of 0.77 𝜇M by SRB assay. Heteronemin initiates apoptotic cell death by downregulating Bcl-2 and Bcl-xL and
upregulating Bax, leading to the disruption of the mitochondrial membrane potential and the release of cytochrome 𝑐 from the
mitochondria. These effects were associated with the activation of caspase-3/caspase-8/caspase-9, followed by PARP cleavage.
Furthermore, heteronemin inhibited the phosphorylation of AKT signaling pathway and ERK and activated p38 and JNK. The
specific inhibition of the p38 pathway by SB203580 or p38 siRNA treatment reversed the heteronemin-induced cytotoxicity and
apoptotic signaling. Heteronemin also induced autophagy in A498 cells, and treatment with chloroquine (autophagy inhibitor)
or SP600125 (JNK inhibitor) inhibited autophagy and increased heteronemin-induced cytotoxicity and apoptotic signaling. Taken
together, this study proposes a novel treatment paradigm in which the combination of heteronemin and autophagy inhibitors leads
to enhanced RCC cell apoptosis.

1. Introduction

Natural products are a source of compounds that sometimes
have pharmacological activity that can be of therapeu-
tic benefit in treating human diseases. Many compounds
have potential anticancer effects involving multiple signal-
ing pathways by mediating the complex signal transduc-
tion [1]. Recently, intense attention has been focused on
marine natural products, such as pachymatismin, bryostatins,
didemnin B, and bromovulone III [2–6]. Heteronemin, a
marine sesterterpene isolated from the sponge Hyrtios sp., is
endowed with an attractive pharmacological profile for drug
development. Originally studied for its antimicrobial effects
[7, 8], heteronemin has been reported recently as an apoptosis
inducer, an inhibitor of tumor intravasation in vitro [9], and

a potent modulator of the TNF𝛼-induced NF-𝜅B pathway
through the inhibition of the proteasome system [10].

Autophagy is an intracellular self-degradation process
whereby double-membrane organelles termed autophago-
somes deliver cytoplasmic materials to lysosomes [11]. The
autophagosomes fusewith the lysosomes to become autolyso-
somes and the sequestered cargo is degraded [12]. Cells utilize
the autophagy recycling system for removing both damaged
cytosolic proteins and aged organelles tomaintain quality and
generate nutrient supply under adverse conditions. Besides
these fundamental roles, autophagy is considered to be
involved in the degradation of intracellular bacteria, antigen
presentation, tumor suppression, cell survival, and cell death
[12–15]. Whereas low autophagy levels promote cell survival,
high autophagy levels cause catastrophic damage to a cell
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resulting in autophagic cell death [16]. Anticancer drugs
induce autophagic and apoptotic cell death in various cancer
cells [17, 18]. However, the interplay between autophagy and
apoptosis is intricate. Autophagy can inhibit apoptosis by
promoting cell survival, or autophagy and apoptosis may
cooperate to induce cell death [19].

The members of the mitogen-activated protein kinase
(MAPK) family are activated by cellular stress, UV light
radiation, growth factor withdrawal, and proinflammatory
cytokines, resulting in the regulation of cell proliferation, dif-
ferentiation, survival, death, transformation, and adaptation
[20–22]. The mammalian MAPK family comprises extracel-
lular signal-regulated kinase (ERK), p38, and c-Jun NH2-
terminal kinase (JNK, also known as stress-activated protein
kinase or SAPK). In general, ERKs are associated with growth
and proliferation, whereas JNKs and p38 are involved in cell
death, including apoptosis [23]. p38 has four isoforms, p38𝛼,
p38𝛽, p38𝛾, and p38𝛿. MKK3 and MKK6 phosphorylate p38
at Thr 180 and Tyr 182 and activate its kinase activity. In
mammalian genomes, three genes encode the JNK family:
JNK1, JNK2, and JNK3. The upstream MKK4 and MKK7
kinases mediate JNK activation via dual phosphorylation
at Thr 183 and Tyr 185. The role of p38 and JNK in cell
death is cell type- and stimuli-dependent. p38 can induce
apoptosis through two different mechanisms: indirectly by
promoting the transcription of proapoptotic genes or directly
by activating Bax, Bim and belonging to the apoptosis-related
Bcl-2 family proteins [24]. Furthermore, the phosphorylation
of p38 acts as amediator for caspase-8 inmanganese-induced
mitochondria-dependent cell death suggesting a strong link
between p38 and the mitochondrial apoptotic pathway [25].
Conversely, the role of JNK in apoptosis is complex and it has
been reported to have proapoptotic or antiapoptotic role or
no role in the process.The role of JNK in autophagy is clearer:
JNK signaling is required to upregulate LC3 in ceramide-
induced autophagy in human nasopharyngeal carcinoma
cells [26]. In addition, ROS is a strong activator of the JNK-
AP-1 signaling pathway and plays an important role in JNK-
dependent autophagy regulation [27, 28]. Analyzing the role
of JNK in the crosstalk between apoptosis and autophagy
remains an important challenge.

In this study, we report that heteronemin induces apop-
tosis and autophagy in the human renal cell carcinoma
(RCC) A498 cell line. We demonstrate the role of p38 in
heteronemin-induced cell apoptosis and the role of JNK in
heteronemin-induced autophagy.We show in this system that
inhibiting autophagy leads to a significantly enhanced cell
death and apoptosis response. Heteronemin also inhibits the
AKT signaling pathway and the phosphorylation of ERK.
Our study is the first report that provides evidence that,
besides apoptosis, heteronemin also induces autophagy in
A498 cells. We propose that the combination of heteronemin
with autophagy inhibitors leads to enhanced apoptosis in
A498 cells.

2. Materials and Methods

2.1. Reagents and Chemicals. Heteronemin was extracted
from marine sponge Hyrtios erecta and purified in Professor

Ping-Jyun Sung’s Lab. Minimum Essential Medium (MEM),
RPMI 1640 medium, fetal bovine serum (FBS), penicillin,
and streptomycin were obtained from Gibco BRL Life
Technologies (Grand Island, NY). EGTA, EDTA, leupeptin,
dithiothreitol, phenylmethylsulfonyl fluoride (PMSF), pro-
pidium iodide (PI), dimethyl sulfoxide (DMSO), MTT (3-
[4,5]-2,5-diphenyltetrazolium bromide), 4-6-diamidino-2-
phenylindole (DAPI), SB203580, SP600125, and chloroquine
were obtained from Sigma (St. Louis, MO). Antibodies to
various proteins were obtained from the following sources:
anti-mouse and anti-rabbit IgGs, poly-ADP-ribose poly-
merase (PARP), Bcl-2, Bcl-xL, Bax, and p62 antibodies were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA); p-AKT (Ser 473), AKT, p-ERK (Thr 202/Tyr 204),
ERK, p-p70S6K (Thr 421/Ser 424), p70S6K, p-4EBP1 (Thr
37/46), 4EBP1, p-JNK (Thr 183/Tyr 185), JNK, p-p38 (Thr
180/Tyr 182), p38, p-HSP27 (Ser 78), Atg5, cleaved caspase-3,
caspase-9, and caspase-8 were purchased from Cell Signaling
Technology (Boston,MA); cytochrome 𝑐was purchased from
BD Biosciences (San Diego, CA); caspase-3 was purchased
from Imgenex (San Diego, CA); LC3 was purchased from
Novus (Littleton, CO); actin and GAPDH were purchased
fromMillipore (Billerica, MA).

2.2. Cell Culture. Human cancer cell lines A549, ACHN,
and A498 were purchased from the American Type Culture
Collection (Manassas, VA). Cell lines were maintained in
either RPMI 1640 medium (A549 and ACHN) or Minimum
Essential Medium (A498) containing 10% heat-inactivated
fetal bovine serum and 1% penicillin/streptomycin at 37∘C
under a humidified atmosphere with 5% CO

2
.

2.3. Cytotoxicity Assay. Cells were plated in 96-well plates for
24 h. The medium was removed, and the cells were treated
with various concentrations of heteronemin. After treatment,
100 𝜇L MTT solution (0.5mg/mL in phosphate-buffered
saline (PBS)) was added to each well. After 1 h incubation
at 37∘C, MTT solution was removed and DMSO was added
to dissolve dye. Absorbance at 550 nm was measured using
a microplate reader (Thermo Multiskan GO, Waltham, MA),
using RPMI or MEN medium as a blank.

2.4. Sulforhodamine B (SRB) Assay. Cells were seeded in 96-
well plates in complete media. After overnight culture, cells
were treated with various concentrations of heteronemin for
48 h and then cells were fixed with 10% trichloroacetic acid
(TCA) and SRB at 0.4% (wt/vol) in 1% acetic acid. SRB
bound cells were solubilized with 10mM Trizma base and
absorbance was read at a wavelength of 515 nm by using
a microplate reader. Growth inhibition of 50% (GI

50
) is

calculated as described previously [29].

2.5. In Situ Labeling of Apoptotic Cells. Heteronemin-induced
A498 cell apoptosis was detected using the terminal deoxynu-
cleotidyl transferase-mediated nick-end labeling (TUNEL)
staining assay. Briefly, cells were seeded in 4-well chamber
slides. After overnight culture, cells were exposed to 3𝜇M
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heteronemin for 24 h and then fixed for 10min by using ice-
cold 1% paraformaldehyde. Staining was performed accord-
ing to the TUNEL staining protocol provided by Promega
Corporation (Madison, WI). Finally, photomicrographs of
the TUNEL-stained cells were observed and photographed
using Axioplan 2 fluorescence microscope (Carl Zeiss, Jena,
Germany) equipped with a CCD camera (Nikon, Japan)
at 20x magnification. Data were analysed by AxioVision
software.

2.6. Cell Death Detection Assay. Cell death detection ELISA
(Roche Applied Science, Indianapolis, IN) was used to
quantify histone-complexed DNA fragments (nucleosomes)
in cytoplasm of the apoptotic cells after induction of apop-
tosis. The manufacturer’s protocol was applied from Roche
and data were measured by microplate reader. Data were
calculated and compared with those of a control group.

2.7. Western Blot Analysis. Whole cell lysates were prepared
by extracting proteins using a lysis buffer. Proteins were
size-fractionated by 10–12% SDS-PAGE and transferred elec-
trophoretically onto polyvinylidene difluoride membranes.
The membranes were sequentially hybridized with pri-
mary antibody and followed with a horseradish peroxidase-
conjugated secondary antibody. Finally, the membranes
were visualized using an enhanced chemiluminescence kit
(VISUAL PROTEIN, Taiwan).

2.8. Measurement of the Change of Mitochondrial Membrane
Potential (ΔΨ

𝑚
). Mitochondrial membrane potential was

monitored by FACScan flow cytometric analysis. Cells were
treated with heteronemin for the indicated time periods.
Thirty minutes before the termination of incubation, the
rhodamine 123 solution (final concentration of 5mM) was
added to the cells and incubated for the last 30min at
37∘C. The media were removed and cells were washed once
with phosphate-buffered saline (PBS). After detachment by
trypsinization, cells were resuspended in PBS and subjected
to FACScan analysis.

2.9. Preparation of Cytosolic and Mitochondrial Fractions.
Cytosolic fractionwas isolated by usingCytochrome 𝑐Releas-
ing Apoptosis Assay kit from BioVision Research Products
(Mountain View, CA, USA). Briefly, after treatment, cells
were harvested by trypsinization, washed once in ice-cold
PBS, and resuspended in Cytosol Extraction Buffer. After
incubation on ice for 10min, cells were homogenized by
gentle douncing (100 strokes) in a glass microgrinder and
centrifuged at 700 g for 10min at 4∘C to pellet nuclei and
unbroken cells. Supernatants from the centrifugation were
further centrifuged at 10 000 g for 30min at 4∘C to get
cytosolic fraction (supernatant) and mitochondrial fraction
(pellet). The levels of cytochrome 𝑐 in the cytosolic fractions
were detected by western blot analysis.

2.10. Small Interfering RNA Transfection. Small interfering
RNA (siRNA) against p38, Atg5, and the negative control
was purchased fromAmbion (Austin, TX), and the assay was

performed as described previously [30]. Briefly, A498 cells
were seeded in 6 cm dishes overnight and then transfected
with 10 𝜇L negative control and siRNA (200 pmol) by using
10 𝜇L Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After
24 h, themediumwas replacedwith growthmedium and cells
were treated with heteronemin for the indicated time.

2.11. GFP-LC3 Localization by Fluorescence Microscopy.
Autophagy was confirmed by the presence of fluorescent
puncta in cells transfected with a GFP-LC3. Briefly, A498
cells were seeded in 4-well chamber slides and transiently
transfected with 2𝜇g/mLGFP-LC3 plasmid (purchased from
Addgene, Cambridge, MA) using Lipofectamine 2000. After
24 h, cells were treated with 3 𝜇M heteronemin for 6 h and
then fixed with 4% paraformaldehyde and stained with
DAPI for nuclei observation. The staining was examined
and photographed using Axioplan 2 fluorescencemicroscope
equippedwith aCCDcamera at 20xmagnification.Datawere
analysed by AxioVision software.

2.12. Statistical Analysis. All experiments were performed at
least three times. Data are expressed as mean ± SE for the
indicated number of separate experiments. Statistical analysis
of data was done with Student’s 𝑡-test. 𝑃 values less than 0.05
were considered significant.

3. Results

3.1. Heteronemin-Induced Cell Apoptosis in A498 Cells. We
assessed the impact of heteronemin treatment on three
human cancer cell lines: A549, ACHN, and A498. Using the
MTT assay, we first measured cell viability. Heteronemin
induces cytotoxicity in a concentration-dependentmanner in
the ACHN and A498 human renal carcinoma cell lines but
not in the lung adenocarcinoma epithelial cell line A549.The
cytotoxic activity against ACHN and A498 cell lines showed
IC
50
values of 3.54𝜇Mand 1.57 𝜇M, respectively (Figure 1(a)).

With the IC
50

values being in the same range, we chose to
continue our investigation using only the A498 cell line.

We used the SRB assay to determine the antiproliferative
activity of heteronemin in A498 cells. We treated the cells
with different concentrations of heteronemin and found that
heteronemin shows a potent antiproliferative effect with a
GI
50
value of 0.77 𝜇M (Figure 1(b)).

We next investigated whether the reduced cell viability
was due to apoptosis or necrosis using in situ labeling. Using
TUNEL staining, heteronemin induced DNA fragmentation
in A498 cells (Figure 1(c)). In light-field pictures, A498 cells
appeared to be spindle-shaped, adhered to the surface of the
culture plate, and were confluent after 24-hour incubation.
After treatment with 3 𝜇M heteronemin, typical apoptotic
features were observed such as cell rounding, cell shrinkage,
and plasma membrane blebbing (Figure 1(c), upper panel).
We also demonstrated that heteronemin increases the sub-
G1 phase population in a concentration- and time-dependent
manner (Figure S1 in the Supplementary Material avail-
able online at http://dx.doi.org/10.1155/2014/738241), which
is consistent with a role in apoptotic cell death induction.
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Figure 1: Effects of heteronemin on cell viability in human cancer cell lines. A549, ACHN, andA498were treated withDMSOor heteronemin
at various concentrations for 24 h for MTT assay (a) and for 48 h for SRB assay in A498 cells (b). Fluorescence microscopy of untreated or
heteronemin-treated A498 cells for 24 h followed by TUNEL staining (at 20x magnification) (c). Data are expressed as the mean percentage
of control ± S.D. of three independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared with the control group. DMSO was
used as the vehicle control (CTL).

Heteronemin triggered concentration-dependent apoptosis
was independently confirmed using the cell death Detection
ELISA kit (Figure 2(a)). In addition, heteronemin treatment
resulted in the cleavage of PARP, caspase-3, and caspase-8 and
the decrease of procaspase-9 in a concentration- and time-
dependent manner (Figures 2(b) and 2(c)). Taken together,
these results demonstrated that heteronemin induced cell
death via the apoptotic pathway.

3.2. Heteronemin-Induced Apoptosis via a Mitochondrial-
Mediated Pathway. The pivotal role of mitochondria in
apoptosis induction is well established in mammals [31,
32]. In many types, cytochrome 𝑐 is released from the
mitochondrial intermembrane space in response to apoptotic
stimuli. Cytochrome 𝑐 is required for the assembly and
the activity of the apoptosome, which is composed of the
apoptosis-protease activating factor 1 (Apaf-1) and the initia-
tor caspase, caspase-9 [33]. Heteronemin treatment caused
loss of the mitochondrial membrane potential in a time-
dependent manner and induced the release of cytochrome 𝑐

into the cytosol (Figures 3(a) and 3(b)). In addition, the
Bcl-2 protein family regulated mitochondrial permeability
and the release of cytochrome 𝑐 to control cell apoptosis.
Heteronemin downregulated the expression of Bcl-2 and Bcl-
xL and upregulated the expression of Bax (Figure 3(c)).These
results suggested that heteronemin induced cell death in
A498 cells through the mitochondrial apoptosis pathway.

3.3. Heteronemin Inhibited PI3K/AKT Pathway and ERK in
A498 Cells. The PI3K/AKT and MAPK signaling pathways
are major pathways regulating the apoptotic process. Thus,
we determined whether heteronemin affects these path-
ways via the expression levels of their downstream signal-
ing proteins. Heteronemin treatment significantly decreased
the phosphorylation of AKT, p70S6K, 4EBP-1, and ERK
in 3–24 h (Figure 4(a)). Our results also show that het-
eronemin treatment fast decreased the phosphorylation of
ERK and AKT within 0.5–1 h (Figure 4(b)). In addition,
we examined the phosphorylation of other MAPKs, JNK,
and p38, previously linked to apoptosis as a response to
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Figure 2: Effects of heteronemin treatment on cell apoptosis induction and expression of apoptosis-related proteins in A498 cells. (a)
Cells were treated with DMSO or heteronemin at various concentrations (0.5, 1, and 3𝜇M) for 24 h. Formation of cytoplasmic DNA was
quantitatively measured by cell death ELISAPLUS kit. Data are expressed as the mean percentage of control ± S.D. of three independent
experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared with the control group. A498 cells were incubated in the absence or
presence of heteronemin at various concentrations (0.5, 1, and 3𝜇M) for 24 h (b) or treated for indicated times (c), and cells were harvested
and prepared for detection by western blotting. DMSO was used as the vehicle control (CTL).

stress [23, 34]. Western blotting revealed that heteronemin
increased the phosphorylation of p38, p38 downstream effec-
tor HSP27, and JNK. In summary, our results demonstrated
that AKT/p70S6K/4EBP1 signaling pathway and ERK are
blocked by heteronemin, whereas p38 and JNK are activated
by heteronemin in A498 cells.

3.4. p38 Played an Essential Role in Apoptosis Induction
by Heteronemin. To further delineate the role of p38 in
heteronemin-induced cytotoxicity, we used the p38 inhibitor
SB203580. The results showed that SB203580 reversed the
effect of heteronemin-mediated suppression of cell viabil-
ity (Figure 5(a)). Moreover, transient transfection with p38
siRNA leads to the downregulation of p38 and significantly
prevented heteronemin-induced cell death (Figure 5(b)),
inhibiting the cleavage of PARP and the downregulation of
procaspase-3 (Figure 5(c)). These results demonstrated that

heteronemin-induced cell apoptosis is mediated through p38
regulation.

3.5. Heteronemin Induced Autophagy in A498 Cells. The con-
version of soluble LC3-I to lipid bound LC3-II via proteolytic
cleavage and lipidation can be used as amarker for autophagy
induction [35]. Western blotting revealed that heteronemin
treatmentmarkedly induced the expression of LC3-II inA498
cells, suggestive of autophagy induction (Figure 6(a)). During
autophagy, p62 iswrapped into autophagosome anddegraded
in autolysosome. In heteronemin-treated cells, the expression
of p62 was reduced as revealed by western blotting analysis,
and this decrease correlates with the induction of autophagy.
Furthermore, we assessed the ability of heteronemin to
facilitate the conversion of LC3-I to LC3-II in GFP-LC3-
expressingA498 cells. After heteronemin treatment, theGFP-
LC3-transfected A498 cells showed a significant increase
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Figure 3: Effect of heteronemin on reduction of Δ𝜓
𝑚

and release of cytochrome 𝑐. A498 cells were incubated in the DMSO or 3𝜇M
heteronemin for indicated time, and cells were harvested and prepared for detection, (a)mitochondriamembrane potential by using FACScan
analysis, (b) release of cytochrome 𝑐 in cytosol for 24 h, and (c) Bcl-2, Bcl-xL, and Bax expression by using western blotting analysis. DMSO
was used as the vehicle control (CTL).

of punctate cytoplasmic dots, indicating autophagosome
formation [36] (Figure 6(b)). Taken together, these data
demonstrated for the first time that heteronemin induced
autophagy in A498 cells.

3.6. Inhibition of Heteronemin-Induced Autophagy Enhanced
Apoptosis in A498 Cells. The role of autophagy in cancer
remains controversial. Autophagy can induce autophagic cell
death through an overdegradation of the cytoplasm, or it
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can protect cancer cells from apoptosis by reducing the
cellular stress [37]. To clarify the function of autophagy in
heteronemin-induced cell death, chloroquine, an inhibitor
of autophagy, was used. When cells were cotreated with
chloroquine and heteronemin, heteronemin-induced cell
death increased (Figure 7(a)). Because of Atg5 involved in
the elongation of isolation membrane in autophagosome
formation, we confirmed this effect by transfection A498
cells with Atg5-targeting siRNA (Figure 7(b)) and found that
heteronemin promoted the cleavage of PARP and caspase-3
after Atg5 knockdown (Figure 7(c)).

Heteronemin induced the phosphorylation of JNK
(Figure 4(b)). Using the JNK inhibitor SP600125 together
with heteronemin, we showed (Figures 7(d) and 7(e)) that
cytotoxicity and the cleavage of PARP and caspase-3 were
intensified in the same way compared to when cells are
cotreated with chloroquine or with Atg5-targeting siRNA.
Taken together, these data suggested that when heteronemin-
induced autophagy is inhibited, cytotoxicity and the apop-
totic effects of the drug are potentiated.

4. Discussion

Theocean has a rich ecosystem andhas recently attracted a lot
of interest as a source of natural products for drug discovery.
To date, approximately 16,000 marine natural products have
been isolated from marine organisms and several of them
exhibit a biological activity [38].The ocean is now considered
a source of potential drugs.

Many bioactive marine compounds are terpenes. Sestert-
erpenes and triterpenes are common terpenes extracted from
sponges. Most bioactive compounds from sponges can be

classified as anti-inflammatory, antitumor, immunosuppres-
sive or neurosuppressive, antiviral, antimalarial, antibiotic,
or antifouling [39]. Here, we investigated the anticancer
activity of heteronemin, a natural compound derived from
the marine sponge Hyrtios sp. Heteronemin triggers A498
cell cytotoxicity, growth inhibition, and apoptosis in a
concentration- and time-dependent manner. Heteronemin-
induced cell apoptosis is mediated by the release of
cytochrome 𝑐 into the cytosol upon the disruption of the
mitochondria membrane potential. Cytosolic cytochrome 𝑐
mediates the allosteric activation of Apaf-1, and together they
form the apoptosome. The apoptosome recruits caspase-9
leading to the amplification of the apoptotic signal through
the proteolytic cleavage and the activation of capase-9 and
caspase-3 [40].

Bcl-2 family proteins are involved in the regulation of
the outer mitochondrial membrane permeabilization and are
divided into two groups: pro- and antiapoptotic proteins.
Proapoptotic proteins, such as Bax and Bak, homooligomer-
ize and participate in the formation of pores in the outermito-
chondrial membrane through which proapoptotic molecules
escape, including second mitochondria-derived activator of
caspase (Smac) (also known as Diablo) and cytochrome 𝑐.
Antiapoptotic proteins, such as Bcl-2 and Bcl-xL, block cell
death by preventing the activation and homooligomerization
of Bax and Bak [41]. We found that heteronemin downreg-
ulates the expression of Bcl-2 and Bcl-xL, upregulates the
expression of Bax, and induces the loss of mitochondria
membrane potential. These results suggest that the mito-
chondrial apoptotic pathway is important in heteronemin-
induced cell death in A498 cells.

The PI3K/AKT signaling pathway regulates many normal
cellular functions that are also critical for tumorigenesis,
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Figure 5: p38 involved in heteronemin-induced cell apoptosis in A498 cells. (a) p38 inhibitor, SB203580, was preincubated for 30min and
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assay (b), expression of apoptosis-related proteins (PARP and procaspase-3) (c) for 24 h. H and SB are indicated as heteronemin 3𝜇M and
SB203580 25 𝜇M, respectively. CTL is indicated as control.

including cell proliferation, growth, survival, and motility.
Several studies show that PI3K/AKT pathway is abnormally
overexpressed in RCC [42–45], making it an attractive tar-
get for anticancer therapy [46–48]. For cell survival, AKT
activates the NF-𝜅B pathway via the regulation of I𝜅B kinase
(IKK), resulting in transcription of prosurvival genes. The
transcription factor NF-𝜅B transactivates various antiapop-
totic NF-𝜅B target genes, including inhibitor of apoptosis
proteins (IAPs), Bcl-xL, and Bcl-2 [49]. A previous study
had reported that heteronemin completely prevents TNF𝛼-
induced degradation of I𝜅B𝛼 and the subsequent transloca-
tion of p50 and p65 to the nucleus and that heteronemin
is able to inhibit the activation of the NF-𝜅B pathway
[10]. Our study shows that heteronemin treatment markedly
suppresses the activation of AKT and its related downstream
proteins. The ability of heteronemin to inhibit the AKT
and NF-𝜅B pathways demonstrates that heteronemin is an
effective bioactive marine natural compound.

The p38 signaling pathway is closely associated with the
initiation of apoptosis in various types of cells, and this path-
way is the target of many antitumor compounds [24]. AD-1,

a novel ginsenoside derivative, increased the phosphorylation
level of p38 which contributed to the antiproliferative effect,
and in vivo data showed that treatment of AD-1 led to p38
activation, which correlated with decreased angiogenesis and
the inhibition of tumor growth [50]. Arctigenin, a dietary
phytoestrogen, increased superoxide anion and hydrogen
peroxide levels by nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase 1 (NOX1) and activated p38 pathway
to induce apoptosis in human breast cancer MDA-MB-231
cells by triggering the mitochondrial caspase-independent
apoptotic pathway [51]. In addition to apoptosis, p38 can
also mediate autophagy in response to chemotherapeutic
agents. However, the treatment with p38 inhibitor had no
influence on the expression of LC3 in our model (Figure
S2). Here, we found that heteronemin rapidly activates p38
and the inhibition of p38 reverses heteronemin-induced cell
apoptosis, demonstrating that p38 is involved in the cell
apoptotic pathway but not in the autophagic pathway.

At low levels, autophagy is a process that allows cells to
adapt to stress and avoid cell death; however, at high levels
and under some cellular circumstances, autophagy offers
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an alternative pathway to kill abnormal cells. We observed
autophagy induction in A498 cells after heteronemin treat-
ment, as evidenced by the upregulation of LC3-II protein.
However, the addition of the autophagy inhibitor chloroquine
increased heteronemin cytotoxicity in A498 cells, suggesting
a potential avenue for an enhanced therapeutic activity. It
has been reported that autophagy inhibitors given in com-
bination with chemotherapy suppressed tumor growth and
triggered cell death to a greater extent than did chemotherapy
alone, both in vitro and in vivo [52]. These data indicate
that the prosurvival autophagy is a novel therapeutic target.
Moreover, several studies have shown that the JNK pathway
also induces autophagy. JNK signaling was a key require-
ment for upregulation of LC3 during ceramide-induced
autophagy in human nasopharyngeal carcinoma cells [26].
Bortezomib induced autophagy in head and neck squamous
cell carcinoma cells via JNK activation [53]. We found that
heteronemin induces the phosphorylation of JNK and the
cotreatment with a JNK inhibitor increases heteronemin-
induced cytotoxicity and apoptotic signaling inA498 cells at a
level similar to that with chloroquine. The activation of JNK

modulates autophagy through two distinct mechanisms. (i)
It promotes the phosphorylation of Bcl-2/Bcl-xL resulting in
the dissociation of the Beclin 1-Bcl-2/Bcl-xL complex, thereby
stimulating autophagy [54]. (ii) JNK leads to the upregu-
lation of damage-regulated autophagy modulator (DRAM).
DRAM can stimulate the accumulation of autophagosomes
by regulating the autophagosome-lysosome fusion to gener-
ate autolysosomes [55].Therefore, the crosstalk between JNK
activation and heteronemin-induced autophagy needs to be
further investigated.

Taken together, this study shows that heteronemin indu-
ces apoptosis and autophagy in human renal carcinomaA498
cells. Heteronemin inhibits the phosphorylation of ERK and
AKT signaling pathway and increases the phosphorylation
of p38 and JNK. The inhibition of p38, but not JNK, can
reverse heteronemin-induced cytotoxicity and apoptotic sig-
naling. Heteronemin also induces autophagy in A498 cells,
and cotreatment with chloroquine or SP600125 inhibits
autophagy and increases heteronemin-induced cytotoxicity
and apoptotic signaling (Figure 8). Therefore, this investiga-
tion provides new insight into the role of heteronemin as
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a potential anticancer agent and suggests that the combi-
nation of heteronemin with autophagy inhibitors further
enhances its therapeutic effects.
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VitaminK1 has been demonstrated as having anticancer potentialitymainly in liver cancer cells. Beyond the reportedmechanisms of
cancer inhibition (cell cycle arrest and induction of apoptosis), a possible control by vitamin K1 on molecules affecting cell growth
could be hypothesized. In the literature, few (if any) data are available on its antitumor effects on colon cancer cells. Therefore,
the aims of the study were to investigate in three differently graded human colon cancer cell lines (Caco-2, HT-29, and SW480)
the effects of increasing concentrations of vitamin K1 (from 10𝜇M to 200 𝜇M) administered up to 72 h on (1) cell proliferation,
(2) apoptosis with the possible involvement of the MAPK pathway, and (3) polyamine biosynthesis. Vitamin K1 treatment caused
a significant antiproliferative effect and induced apoptosis in all the cell lines, with the involvement of the MAPK pathway. A
concomitant and significant decrease in the polyamine biosynthesis occurred. This is the first study demonstrating a significant
polyamine decrease in addition to the antiproliferative and proapoptotic effects following vitaminK1 administration to colon cancer
cell lines.Therapeutically, combinations of vitamin K1 with polyamine inhibitors and/or analogues may represent a suitable option
for chemoprevention and/or treatment in future strategies for colorectal cancer management.

1. Introduction

Colorectal cancer (CRC) is a major health problem in
industrialized countries [1], but the treatment is still far from
being satisfying since approximately 90% of patients do not
respond to chemotherapy protocols [2].

Thus, the development of new treatment modalities is
necessary to improve the overall survival rate of patients with
CRC.

In the last years, an emerging role has been attributed to
micronutrients, such as vitamin K (VK). VK is an essential
vitamin that was discovered as a fat-soluble antihemorrhagic
agent. Physiologically, VK acts as cofactor for the 𝛾-
carboxylation of selected glutamates at the N-terminus
of prothrombin and other VK-dependent coagulation

factors. VK is a family of structurally similar 2-methyl-
1,4-naphthoquinones, including phylloquinone (VK1),
menaquinone (VK2), and menadione (VK3). All members
of the VK family possess an identical naphthoquinone
skeleton with various side chains that distinguish them.
VK1 is found in many higher plants as well as algae, with
the highest concentrations found in green leafy vegetables.
VK2 also occurs naturally but is not made by plants being
produced by a wide array of bacteria in the intestine. VK3 is
not considered a natural VK, but rather a synthetic analogue
acting as a provitamin with a much simpler structure and no
aliphatic chain prosthetic group at position 3 [3].

Although VK is usually identified as a critical factor
in blood coagulation, recent research has demonstrated its
ability to inhibit cancer cell growth in both in vitro and in
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vivo studies [4]. The naturally occurring VK and its analogs
are able to inhibit the survival of various cancer cell lines [5,
6]. Among the various mechanisms suggested as explaining
these effects, the altered expression of some growth related
genes (e.g., cyclin D1, cdk4, p21, and p27) that causes cell
cycle arrest at G1/S [5] and the induction of apoptosis by
the phosphorylation of extracellular signal-regulated kinase
(ERK) [7] have been reported.

Although most of the anticancer research on VK has
focused on VK2 and VK3, there have also been studies
demonstrating the VK1 anticancer effects [4]. The majority
of the published data on VK1 are related to hepatocellular
carcinoma (HCC) [6] and there are reports supporting the
notion that also glioma and pancreatic cancer cell lines
are sensitive to phylloquinone [7, 8]. In contrast, to our
knowledge, no data are available on its antitumor effects on
colon cancer cells.

Beyond the above cited mechanisms of cancer inhibition,
a possible control by VK1 on different molecules involved in
cell growth mechanisms could be hypothesized. In this con-
text, the cellular polyamines spermidine (Spd) and spermine
(Spm), as well as their precursor putrescine (Put), might be
considered. These polycations are essential for growth and
DNA synthesis and their intracellular content homeostasis
is lost during dysregulation of cell proliferation, leading to
cancer development [9]. Besides, the mucosal polyamine
levels are known to be elevated in cancer cells compared to
normal ones and they have also been suggested as specific
markers for neoplastic proliferation [10]. Ornithine decar-
boxylase (ODC) is the key enzyme involved in polyamine
biosynthesis. Increased ODC activity and the associated
elevation in intracellular polyamines have been implicated
in carcinogenesis of many human tissues, including large
intestine [11]. Therefore, the polyamine biosynthesis can be
regarded as an attractive target for cancer chemotherapy.

Different substances that affect polyamine metabolism,
including ODC inhibitors and agents that stimulate
polyamine catabolism, have been studied in vitro and in
vivo as new potential therapeutic tools for cancer treatment
and prevention [12]. But no data are available about the use
of nutritional components such as VK1 for targeting the
polyamine pathway in the treatment of CRC.

Starting from these bases, the aims of the present study
were to investigate in three human colon cancer cells the
effects of increasing concentrations of VK1 on (1) the cell
proliferation, (2) the apoptotic processes with the possi-
ble involvement of the mitogen-activated protein kinase
(MAPK) pathway, and finally (3) the polyamine biosynthesis.
In order to evaluate if these effects could vary depending on
the peculiarities of cancer cell lines, differently graded human
colon cancer cell lines (Caco-2, HT-29, and SW480) were
used.

2. Materials and Methods

2.1. Cell Culture Conditions. Human colon adenocarcinoma-
derived Caco-2 cell line (well differentiated) (G1-2)
(from adenocarcinoma), HT-29 cell line (moderately

well differentiated) (G2) (from adenocarcinoma grade
II), and SW480 cell line (low differentiated) (G3-4) (from
adenocarcinoma grades III-IV) were obtained from the
Interlab Cell Line Collection (Genoa, Italy). These colonic
adenocarcinoma cells were used since they may represent the
spectrum of cellular changes seen in precancerous lesions
and manifest tumors [13]. Cells were routinely cultured
in RPMI-1640, McCoy’s 5A, and Leibovitz L-15 medium,
respectively, supplemented with 10% fetal bovine serum
(FBS), 2mM glutamine, 100U/mL penicillin, and 100 𝜇g/mL
streptomycin, in a monolayer culture, and incubated at
37∘C in a humidified atmosphere containing 5% CO

2
in air.

At confluence, the grown cells were harvested by means
of trypsinization and serially subcultured with a 1 : 4 split
ratio. All cell culture components were purchased from
Sigma-Aldrich (Milan, Italy).

2.2. VK1 Treatment. Caco-2, HT-29, and SW480 cells (25th–
30th passage) were seeded at a density of 2 × 105 cells/5mL
of supplemented RPMI-1640, McCoy’s 5A, and Leibovitz
L-15 medium, respectively, in 60mm tissue culture dishes
(Corning Costar Co., Milan, Italy). After 24 h, to allow
attachment themediumwas removed and supplementedwith
culturemedium containing increasing concentrations of VK1
(10 𝜇M, 50 𝜇M, 100 𝜇M, and 200𝜇M) for 24 h, 48 h, and 72 h.
Triplicate cultures were set up for each treatment and for
the control, and each experiment was repeated 3 times. In
the set of experiments investigating the role of ERK 1/2 in
the VK1-induced apoptosis, the three cell lines were treated
with 20𝜇MMEK inhibitor (UO126) 2 h prior to 100 𝜇M and
200𝜇MVK1 treatment for 48 h.

2.3. Assessment of Cell Proliferation. After Caco-2, HT-29,
and SW480 cells had been cultured for 24 h, 48 h, and
72 h with increasing concentrations of VK1, the prolifera-
tive response was measured by colorimetric 3-(4,5 di-meth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test.
To determine cell growth by colorimetric test, MTT stock
solution (5mg/mL in medium) was added to each dish
at a volume of one-tenth the original culture volume and
incubated for 2 h at 37∘C in humidified CO

2
. At the end

of the incubation period, the medium was removed, and
the blue formazan crystals were solubilized with acidic iso-
propanol (0.1 N HCl absolute isopropanol). MTT conversion
to formazan by metabolically viable cells was monitored by
spectrophotometer at an optical density of 570 nm.

2.4. Apoptosis. The apoptosis was measured by evaluation
of Bax and Bcl-2 mRNA expression (using quantitative
PCR (qPCR) method with SYBR1 green dye) and protein
expression of Bax, Bcl-2, caspase-3, and caspase-9 (using
western blot analysis). Cells were washed twice in phosphate
buffer saline (PBS) and then trypsinized and centrifuged
at 280×g. The cell pellets were resuspended in 0.3mL of
pure distilled water and used for RNA extraction. Total cell
RNA was extracted using Tri-Reagent (Mol. Res. Center
Inc., Cincinnati, Ohio, USA), following the manufacturer’s
instructions. About 2𝜇g total cell RNA, extracted from both
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the control and treated cells, was used for cDNA synthesis.
Reverse transcription (RT) was carried out in 20𝜇L of the
final volume at 41∘C for 60min, using 30 pmol antisense
primers for analyses of Bax, Bcl-2, and 𝛽-actin gene [14].
The 𝛽-actin gene was utilized as an internal control and was
chosen as a reference gene because it is a housekeeping gene.
Real-time PCRs were performed in 25𝜇L of final volume
containing 2 𝜇L of cDNA, master mix with SYBR Green (iQ
SYBR Green Supermix Bio-Rad, Milan, Italy), and sense and
antisense primers for Bax, Bcl-2, and 𝛽-actin gene. Real-
time PCRs were carried out in a CFX96 Real-Time PCR
Detection System (Bio-Rad Laboratories, Inc.) using the
following protocol: 45 cycles at 95∘C for 3min, 95∘C for 10 s,
and 55∘C for 30 s followed by a melting curve step at 65–
95∘C with a heating rate of 0.5∘C per cycle for 80 cycles.
The PCR products were quantified by external calibration
curves, one for each tested gene, obtainedwith serial dilutions
of known copy number of molecules (102–107 molecules).
All expression data were normalized by dividing the target
amount by the amount of 𝛽-actin used as internal control
for each sample. The specificity of the PCR product was
confirmed by gel electrophoresis.

As concerns western blot, Caco-2, HT-29, and SW480
cells were collected and lysed on ice in RIPA buffer (Pierce
RIPA buffer, Thermo Scientific, Rockford, IL, USA). After
homogenization and centrifugation at 18000×g for 15min
at 4∘C, protein concentration was measured by a stan-
dard Bradford assay (Bio-Rad Laboratories, Milan, Italy).
Aliquots of 50 𝜇g of total proteins were separated in 4–12%
precast polyacrylamide gels (Invitrogen, Life Technologies,
OR, USA) and transferred onto a PVDF membrane (Bio-
Rad Laboratories, Milan, Italy) with the Transblot Turbo
(Bio-Rad Laboratories). Bax, Bcl-2, caspase-3, caspase-9, P-
ERK 1/2, and 𝛽-actin protein expressions were evaluated
by 1 : 500 diluted Bax, Bcl-2 (D55G8), cleaved caspase-
3 (Asp175), caspase-3 (3G2), cleaved caspase-9, caspase-9,
phospho-p44/42 MAPK (ERK 1/2) (197G2), p44/42 MAPK
(L34F12), and 𝛽-actin antibody, respectively (Cell Signaling
Technology, Danvers,MA,USA). After overnight incubation,
the membranes were further incubated with a horseradish
peroxidase-conjugated goat secondary antibody (Bio-Rad
Laboratories). The proteins were detected by chemilumi-
nescence (ECL, Thermo Scientific, Rockford, IL, USA) and
the densitometric analysis of each protein-related signal was
obtained using the Molecular Imager Chemidoc (Bio-Rad
Laboratories) and normalized against 𝛽-actin expression.

2.5. Polyamine Biosynthesis. For the evaluation of polyamine
levels after VK1 treatment, each cell culture pellet was
homogenized in 700 𝜇L of 0.9% sodium chloride mixed
with 10 𝜇L (200 nmol/mL) of the internal standard 1,10-
diaminodecane (1,10-DAD). An aliquot of the homogenate
was used to measure the total protein content. Then, to
precipitate proteins, 50𝜇L of 3M perchloride acid was added
to the homogenate. After 30min of incubation in ice, the
homogenate was centrifuged for 15min at 7000×g. The
supernatant was filtered (Millex-HV13 pore size 0.45 𝜇m,
Millipore, Bedford, MA, USA) and lyophilized. The residue

was dissolved in 300 𝜇L of 0.1 N HCl. Dansylation and the
extraction of dansyl-polyamine derivatives were performed
as previously described [15]. After extraction, aliquots of
200𝜇L were injected into a high-performance liquid chro-
matography system (UltiMate 3000, Dionex Corp., Sunny-
vale, CA, USA) equipped with a reverse-phase column (Sun-
fire C18, 4.6 × 100mm, 3.5 𝜇m particle size, Waters, Milford,
MA, USA). Polyamines were eluted with a linear gradient
ranging from acetonitrile-water (50 : 50, v : v) to acetonitrile
(100%) for 30min. The flow was 0.5–1.0mL/min from 0 to
12min and was then set at a constant rate (1.0mL/min) until
the 30th min. The fluorescent intensity was monitored by
a fluorescence detector (UltiMate 3000 RS, Dionex Corp.,
Sunnyvale, CA, USA) with excitation at 320 nm and emission
at 512 nm. Polyamine levels were expressed as concentration
values in nmol/mg of protein.

As concerns ODC activity, it was measured with
a radiometric technique that estimated the amount of
14CO
2
liberated from DL-[1-14C]-ornithine (specific activity,

56.0mCi/mmol; New England Nuclear) [16]. The cell culture
pellet (2–4 × 106 cells) was homogenized in 0.6mL ice-
cold 15mM Tris-HCl (pH 7.5) containing 2.5mM dithio-
threitol, 40𝜇Mpyridoxal-5-phosphate, and 100 𝜇Methylene-
diaminetetraacetate and then centrifuged at 30000×g for
30min at 4∘C. An aliquot of supernatant (200𝜇L) was added
to a glass test tube containing 0.05𝜇Ci DL-[1-14C]-ornithine
and 39 nmol DL-ornithine. After incubation for 60min at
37∘C, the reaction was stopped by adding trichloroacetic acid
to a final concentration of 50%. 14CO

2
liberated from DL-

[1-14C]-ornithine was trapped on filter paper pretreated with
40 𝜇L of 2N NaOH, which was suspended in a center well
above the reaction mixture. Radioactivity on the filter papers
was determined by a liquid scintillation counter (model 1219
Rackbeta; LKB-Pharmacia, Uppsala, Sweden). ODC activity
was expressed as pmolCO

2
/h/mg of protein. Enzymatic activ-

ity was found to be linear within the range of 50–600 𝜇g of
protein (𝑟2 = 0.99). The intra-assay and interassay variation
coefficients (CV%) were 6% and 8%, respectively. The effects
of VK1 treatment onODCmRNA levels were evaluated using
the above described qPCRmethodwith SYBR1 green dye and
the appropriate primers.

2.6. Statistical Analysis. Due to the nonnormal distribution
of the data, nonparametric tests were performed. Data were
analyzed by Kruskal-Wallis analysis of variance and Dunn’s
multiple comparison test. All data are expressed as mean and
SEM. Differences were considered significant at 𝑃 < 0.05.
A specific software package (SigmaStat for Windows version
3.00 SPSS Inc., San Jose, CA, USA) was used.

3. Results

3.1. Effects of VK1 on Cell Proliferation. Exposure of Caco-
2, HT-29, and SW480 cell lines to increasing concentrations
of VK1 up to 72 h caused an evident antiproliferative effect
(Figure 1). After 24 h and 48 h, concentrations equal to or
higher than 100 𝜇M caused a significant reduction (𝑃 <
0.05) in the conversion of the MTT tetrazolium salt in all
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Figure 1: Proliferative response of Caco-2, HT-29, and SW480 cell lines to vitamin K1 (VK1) treatment. Effects of increasing concentrations
of VK1 (10𝜇M, 50 𝜇M, 100 𝜇M, and 200 𝜇M) on the conversion of MTT tetrazolium salt in Caco-2 (a), HT-29 (b), and SW480 (c) cell lines
after 24 h, 48 h, and 72 h of treatment. All data represent the result of three different experiments (mean ± SEM). For each time of treatment,
data were analyzed by Kruskal-Wallis analysis of variance and Dunn’s multiple comparison test. ∗𝑃 < 0.05 compared to control cells.

the tested cells compared to untreated ones. After 72 h, the
same concentrations remained effective for Caco-2 and HT-
29 cells, while for SW480 a significant reduction (𝑃 < 0.05)
was also caused by lower VK1 concentrations (starting from
50𝜇M) compared to control cells. In addition, this cell line
experienced a dramatic reduction in the percentage of via-
bility at all the tested times with a decrease by approximately
90% at 200𝜇Mafter 48 h and 72 h, thus demonstrating amore
marked susceptibility to the antiproliferative action by VK1.

3.2. Effects of VK1 on Apoptosis. Figure 2 shows the effects
of increasing VK1 concentrations administered up to 72 h

on apoptosis evaluated by Bax and Bcl-2 mRNA levels and
expressed as Bax/Bcl-2 ratio. As concerns Caco-2 cells, a
significant increase (𝑃 < 0.05) in the Bax/Bcl-2 ratio was
observed only at 48 h and at the highest VK1 concentration
(200𝜇M) compared to control cells. At the same time, HT-29
cells exhibited a significant proapoptotic effect (𝑃 < 0.05) at
VK1 concentrations equal to or higher than 100𝜇Mcompared
to untreated cells. As concerns SW480 cells, after 48 h of
exposure the resulting Bax/Bcl-2 ratio significantly increased
(𝑃 < 0.05) at VK1 concentrations equal to or higher than
100 𝜇M compared to control cells. Interestingly, after 72 h of
treatment VK1 continued to significantly induce apoptosis
only when administered at 100 𝜇M, while the Bax/Bcl-2 ratio
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Figure 2: Apoptotic response of Caco-2, HT-29, and SW480 cell lines to vitamin K1 (VK1) treatment. Effects of increasing concentrations
of VK1 (10 𝜇M, 50 𝜇M, 100𝜇M, and 200 𝜇M) on the Bax/Bcl-2 mRNA level in Caco-2 (a), HT-29 (b), and SW480 (c) cell lines after 24 h,
48 h, and 72 h of treatment. All data represent the result of three different experiments (mean ± SEM). For each time of treatment, data were
analyzed by Kruskal-Wallis analysis of variance and Dunn’s multiple comparison test. ∗𝑃 < 0.05 compared to control cells.

dramatically decreased at the highest 200 𝜇M concentration,
probably as a consequence of VK1 toxic effect causing an
increase in the dead cell number.

The effects of increasing VK1 concentrations were also
investigated by western blot analysis. The protein levels
of Bax, Bcl-2, caspase-3, and caspase-9 were evaluated. A
significant proapoptotic effect was observed only at 48 h.
More specifically, Bax/Bcl-2 ratio in Caco-2 cells increased
significantly (𝑃 < 0.05) at VK1 concentrations equal to or
higher than 100 𝜇M, compared to control cells (Figure 3).
This effect was caused only by a significant decrease (𝑃 <
0.05) of Bcl-2 protein compared to untreated cells. Besides,
Bax/Bcl-2 ratio in HT-29 cells increased significantly (𝑃 <
0.05) at all the VK1 concentrations compared to control cells

(Figure 4). In this cell line, Bax protein levels significantly
increased (𝑃 < 0.05) at the highest VK1 concentration
(200𝜇M) while Bcl-2 decreased (𝑃 < 0.05) at all the VK1
concentrations compared to control cells. Finally, Bax/Bcl-
2 ratio in SW480 cells increased significantly (𝑃 < 0.05)
at VK1 concentrations starting from 50𝜇M compared to
untreated cells (Figure 5). Bax protein significantly increased
(𝑃 < 0.05) at VK1 concentrations equal to or higher than
100 𝜇M, while Bcl-2 decreased (𝑃 < 0.05) at all the VK1
concentrations compared to control cells. The participation
of caspases in VK1-induced apoptosis in the three cell lines
was also evaluated. No significant cleavage of caspase-3, an
executioner caspase, or caspase-9, an initiator caspase, after
treatment with VK1 was observed (Figure 6). These findings
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Figure 3:Western blot analysis of Bax and Bcl-2 in Caco-2 cells after 48 h of vitamin K1 (VK1) treatment.The cells were exposed to increasing
concentrations of VK1 (10 𝜇M, 50 𝜇M, 100𝜇M, and 200 𝜇M). Immunoreactive bands were quantified using Quantity One program. The
diagrams show quantification of the intensity of bands, calibrated to the intensity of 𝛽-actin bands. All data represent the result of three
different experiments (mean ± SEM). Data were analyzed by Kruskal-Wallis analysis of variance and Dunn’s multiple comparison test. ∗𝑃 <
0.05 compared to control cells.

suggest that VK1 is able to induce apoptosis in these colon
cancer cells without involving the caspase activation.

3.3. Role of ERK 1/2 on the VK1-Induced Apoptosis. Since
ERK 1/2 has been linked to the regulation of cellular growth,
apoptosis, and chemoresistance [17], the regulation of this
signaling molecule by VK1 in colon cancer cells was inves-
tigated. The phosphorylation of ERK 1/2 was evaluated by
treating cells with increasing concentrations of VK1 (from
10 𝜇M to 200 𝜇M) for 24 h, 48 h, and 72 h (data not shown).
A dose-dependent increase in phospho-ERK 1/2 (P-ERK 1/2)
was observed only after 48 h, in HT-29 and SW480 cells. The
effect was significant (𝑃 < 0.05) at VK1 concentrations equal
to or higher than 100 𝜇M in HT-29, while SW480 cells were
susceptible to all the used VK1 concentrations (Figure 7).

When the cells were pretreated with 20𝜇M UO126 for 2 h,
followed by VK1 treatment (100 𝜇M and 200𝜇M) for 48 h,
there was no induction of P-ERK 1/2 (Figure 7). Interestingly,
the addition of the MEK inhibitor UO126 blocked sensitive
colon cancer cells fromVK1mediated induction of apoptosis,
thus indicating an involvement of the MAPK pathway in this
process.

3.4. Effects of VK1 on Polyamine Biosynthesis. As concerns
the polyamine profile, Table 1 shows the results obtained in
Caco-2, HT-29, and SW480 cell lines following exposure to
VK1 increasing concentrations up to 72 h. VK1 treatment led
to a significant decrease of the single and total polyamine
contents in all the tested cells. In detail, after 24 h the decrease
inCaco-2 cells was significant (𝑃 < 0.05) compared to control
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Figure 4: Western blot analysis of Bax and Bcl-2 in HT-29 cells after 48 h of vitamin K1 (VK1) treatment. The cells were exposed to
increasing concentrations of VK1 (10 𝜇M, 50 𝜇M, 100𝜇M, and 200 𝜇M), 20𝜇M UO126 alone, or in combination with 100 𝜇M and 200𝜇M
VK1. Immunoreactive bands were quantified using Quantity One program. The diagrams show quantification of the intensity of bands,
calibrated to the intensity of 𝛽-actin bands. All data represent the result of three different experiments (mean ± SEM). Data were analyzed by
Kruskal-Wallis analysis of variance and Dunn’s multiple comparison test. ∗𝑃 < 0.05 compared to control cells.

cells as concerns Put, Spd, and the total polyamine content
following exposure to VK1 concentrations equal to or higher
than 100 𝜇M. After 48 h, lower VK1 concentrations (starting
from 50 𝜇M) caused a significant reduction (𝑃 < 0.05) in
Put and the total polyamine levels compared to untreated
cells. After 72 h, the decrease was significant (𝑃 < 0.05)
starting from the same VK1 concentration (50 𝜇M) for all
the single and total polyamines. In contrast, in HT-29 cells
the significant reduction (𝑃 < 0.05) in the single and total
polyamine content was observed only after 48 h and 72 h of
VK1 exposure. The decrease was significant (𝑃 < 0.05) at
VK1 concentrations equal to or higher than 100 𝜇M, for all
the single and total polyamines, compared to control cells.

Finally, SW480 cells administered with VK1 concentrations
equal to or higher than 100𝜇Mshowed a significant reduction
(𝑃 < 0.05) of the single and total polyamine contents
compared to control cells at all the tested times.

ODC activity of Caco-2, HT-29, and SW480 cell lines
following VK1 treatment was studied at increasing concen-
trations up to 72 h (Figure 8). As shown, ODC activity in
Caco-2 cells was significantly reduced (𝑃 < 0.05) only after
24 h of exposure to VK1 concentrations equal to or higher
than 50 𝜇M compared to untreated cells. In contrast, VK1
administered for 24 h at concentrations equal to or higher
than 100𝜇M to HT-29 cells significantly reduced (𝑃 <
0.05) ODC activity compared to control cells. In these cells,
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Figure 5: Western blot analysis of Bax and Bcl-2 in SW480 cells after 48 h of vitamin K1 (VK1) treatment. The cells were exposed to
increasing concentrations of VK1 (10 𝜇M, 50 𝜇M, 100𝜇M, and 200 𝜇M), 20𝜇M UO126 alone, or in combination with 100 𝜇M and 200𝜇M
VK1. Immunoreactive bands were quantified using Quantity One program. The diagrams show quantification of the intensity of bands,
calibrated to the intensity of 𝛽-actin bands. All data represent the result of three different experiments (mean ± SEM). Data were analyzed by
Kruskal-Wallis analysis of variance and Dunn’s multiple comparison test. ∗𝑃 < 0.05 compared to control cells.

ODC activity was also significantly reduced by lower VK1
concentrations (starting from 50𝜇M) administered for 48 h
and 72 h. Finally, in the less differentiated SW480 cells, VK1
concentrations equal to or higher than 50𝜇M significantly
reduced (𝑃 < 0.05) ODC activity compared to untreated
cells at all the tested times. As concerns ODC expression, no
significant effect was observed in Caco-2 cells following VK1
treatment. In contrast, in HT-29 and SW480 cell lines, 24 h
administration of VK1 concentrations equal to or higher than
100 𝜇M caused a significant reduction (𝑃 < 0.05) of ODC
mRNA levels compared to untreated cells. Longer period of
administration (48 h and 72 h) caused no significant effect on
ODC mRNA levels (data not shown).

4. Discussion

VK, an essential nutrient often associated with the clotting
cascade, has also been demonstrated to have an anticancer
potential. Much of the available data focused on VK3, but
also VK2 and VK1 have been shown to possess antineoplastic
properties as reported in a variety of cancer cells including
HCC, glioma, and pancreatic cell lines [6–8]. A number
of hypotheses have been proposed suggesting for these
compounds a possible role as inhibitors of the growth in
different cancer cells by actively inducing cell cycle arrest,
differentiation, and apoptosis [5, 6].

In the present study, the administration of increasing
VK1 concentrations up to 72 h influenced the growth as
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Figure 6: Western blot analysis of caspase-3 and caspase-9 in Caco-2, HT-29, and SW480 cells after 48 h of vitamin K1 (VK1) treatment. The
cells were exposed to increasing concentrations of VK1 (10𝜇M, 50 𝜇M, 100 𝜇M, and 200 𝜇M). Immunoreactive bands were quantified using
Quantity One program.

well as the polyamine metabolism of three differently graded
human colon cancer cell lines (namely, Caco-2, HT-29, and
SW480). In particular, as demonstrated by the reduction in
MTT conversion, all the tested cells showed a significant
antiproliferative effect when exposed to the highest VK1
concentrations (100𝜇Mand 200𝜇M). Interestingly, after 72 h
a significant reduction inMTT conversion in SW480was also
caused by VK1 at 50𝜇M, thus indicating a more pronounced
susceptibility of this cell line to VK1 antiproliferative effect.

As concerns apoptosis, in our study the three cell lines
exhibited a significant induction of apoptosis after 48 h of
VK1 treatment, as indicated by the significant increase in
the Bax/Bcl-2 ratio. In Caco-2 cells, the ratio increase was
exclusively due to the significant downregulation of the
antiapoptotic Bcl-2 levels. In contrast, a significant increase in
the proapoptotic Bax protein levels was observed in the other
two cell lines, although with different susceptibility to VK1
concentrations (200𝜇M and 100 𝜇M for HT-29 and SW480,
resp.). Other differences in Bax/Bcl-2 ratio were also present
between HT-29 and SW480. As a matter of fact, SW480 cells
showed a tenfold lower ratio compared to HT-29 ones. In the
latter cell line, a more pronounced decrease of Bcl-2 protein

occurred starting from the significant VK1 concentration of
10 𝜇M.

Overall, VK1 proved to be a potent stimulator of apoptosis
in a manner similar to VK3 or VK2 analogs [18] and its effect
was mediated mainly via Bcl-2 downregulation. The apop-
totic process is determined by the balance of proapoptotic
and antiapoptotic proteins and Bcl-2 represents a broad anti-
apoptotic factor and opposes cell deaths following ionizing
radiation, cancer drugs, and hormonal manipulations [19].

Noteworthy, VK1-induced apoptosis was not mediated by
the activation of caspases since western blot analysis revealed
no active products of caspase-3, an executioner caspase,
and caspase-9, an initiator caspase. Even if caspases are
recognized players of apoptosis in various models, increasing
evidence demonstrated that apoptosis may be induced with-
out their activation [20].

To determine whether the proven VK1-induced cell death
was associated with the activation of ERK, belonging to the
MAPK family, western blot was performed. VK1 treatment
caused a significant dose-dependent increase in ERK phos-
phorylation in a cell-type specificmanner;HT-29 and SW480
cells exhibited a significant induction of P-ERK, starting from
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Figure 7: Western blot analysis of P-ERK 1/2 and total ERK 1/2 in Caco-2, HT-29, and SW480 cells after 48 h of vitamin K1 (VK1) treatment.
The cells were exposed to increasing concentrations of VK1 (10𝜇M, 50 𝜇M, 100 𝜇M, and 200 𝜇M) or to 20 𝜇MUO126 alone or in combination
with 100 𝜇M and 200 𝜇M VK1. Immunoreactive bands were quantified using Quantity One program. The diagrams show quantification of
the intensity of bands, calibrated to the intensity of 𝛽-actin bands. All data represent the result of three different experiments (mean ± SEM).
Data were analyzed by Kruskal-Wallis analysis of variance and Dunn’s multiple comparison test. ∗𝑃 < 0.05 compared to control cells.
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Table 1: The polyamine profile: putrescine (Put), spermidine (Spd), spermine (Spm), and total polyamine (Total) in Caco-2, HT-29, and
SW480 cell lines following administration of vitamin K1 (VK1) increasing concentrations (from 10𝜇M to 200 𝜇M) after 24 h, 48 h, and 72 h.

Caco-2 Control VK1 10 𝜇M VK1 50 𝜇M VK1 100 𝜇M VK1 200 𝜇M

24h

Put 0.70 ± 0.06 0.34 ± 0.03 0.30 ± 0.05 0.15 ± 0.03
∗

0.13 ± 0.03
∗

Spd 12.17 ± 0.44 12.30 ± 0.95 9.43 ± 0.35 8.13 ± 1.07
∗

7.93 ± 0.71
∗

Spm 11.63 ± 0.33 12.07 ± 0.52 10.87 ± 0.29 11.53 ± 0.26 11.33 ± 0.67
Total 24.50 ± 0.72 24.71 ± 0.39 20.60 ± 0.62 19.82 ± 0.86∗ 19.40 ± 0.70∗

48 h

Put 0.87 ± 0.07 0.57 ± 0.07 0.33 ± 0.04
∗

0.32 ± 0.03
∗

0.32 ± 0.05
∗

Spd 16.47 ± 0.33 10.53 ± 0.37 9.63 ± 0.38 8.87 ± 0.29
∗

8.53 ± 0.29
∗

Spm 13.07 ± 0.69 12.73 ± 0.48 12.13 ± 0.47 12.60 ± 0.49 11.97 ± 0.022
Total 30.41 ± 0.83 23.57 ± 0.74 21.96 ± 0.70∗ 21.78 ± 0.39∗ 21.15 ± 0.53∗

72 h

Put 0.57 ± 0.04 0.48 ± 0.05 0.19 ± 0.03
∗

0.24 ± 0.03
∗

0.23 ± 0.03
∗

Spd 10.53 ± 0.32 9.72 ± 0.40 6.51 ± 0.46
∗

5.89 ± 0.31
∗

5.93 ± 0.48
∗

Spm 15.83 ± 0.35 14.93 ± 0.46 13.25 ± 0.52
∗

13.37 ± 0.43
∗

13.40 ± 0.38
∗

Total 26.94 ± 0.70 25.13 ± 0.92 19.95 ± 0.88∗ 19.50 ± 0.67∗ 19.56 ± 0.75∗

HT-29 Control VK1 10𝜇M VK1 50 𝜇M VK1 100 𝜇M VK1 200 𝜇M

24h

Put 0.76 ± 0.05 0.65 ± 0.04 0.53 ± 0.13 0.55 ± 0.10 0.58 ± 0.08
Spd 13.04 ± 0.05 12.67 ± 0.18 13.03 ± 0.12 12.93 ± 0.18 12.76 ± 0.23
Spm 9.70 ± 0.32 9.93 ± 0.28 9.60 ± 0.63 10.13 ± 0.54 9.97 ± 0.24
Total 23.49 ± 0.39 23.27 ± 0.35 23.30 ± 0.76 23.71 ± 0.55 23.38 ± 0.47

48 h

Put 1.41 ± 0.11 1.14 ± 0.23 1.06 ± 0.18 0.33 ± 0.12
∗

0.22 ± 0.04
∗

Spd 10.11 ± 0.27 9.43 ± 0.24 9.45 ± 0.19 6.93 ± 0.49
∗

6.25 ± 0.16
∗

Spm 14.40 ± 0.47 14.47 ± 0.20 13.40 ± 0.40 7.27 ± 0.39
∗

7.13 ± 0.42
∗

Total 25.92 ± 0.81 25.04 ± 0.55 23.91 ± 0.43 14.53 ± 0.91∗ 13.60 ± 0.54∗

72 h

Put 0.53 ± 0.18 0.52 ± 0.08 0.30 ± 0.03 0.27 ± 0.04
∗

0.21 ± 0.04
∗

Spd 8.44 ± 0.29 8.46 ± 0.31 7.50 ± 0.43 7.23 ± 0.34
∗

6.60 ± 0.32
∗

Spm 13.50 ± 0.32 10.50 ± 0.46 8.30 ± 0.32 6.87 ± 0.38
∗

6.87 ± 0.97
∗

Total 22.47 ± 0.79 19.48 ± 0.84 16.10 ± 0.66 14.37 ± 0.76∗ 13.68 ± 1.29∗

SW480 Control VK1 10𝜇M VK1 50 𝜇M VK1 100 𝜇M VK1 200 𝜇M

24h

Put 2.24 ± 0.20 1.45 ± 0.09 1.03 ± 0.14 0.72 ± 0.12
∗

0.78 ± 0.15
∗

Spd 13.27 ± 0.26 11.74 ± 0.14 9.73 ± 0.32 8.53 ± 0.41
∗

8.24 ± 0.33
∗

Spm 12.93 ± 0.29 12.03 ± 0.20 10.77 ± 0.29 9.33 ± 0.18
∗

9.22 ± 0.23
∗

Total 28.44 ± 0.75 25.22 ± 0.43 21.53 ± 0.75 18.59 ± 0.64∗ 18.24 ± 0.50∗

48 h

Put 1.59 ± 0.17 1.04 ± 0.18 0.79 ± 0.11 0.35 ± 0.06
∗

0.36 ± 0.09
∗

Spd 9.93 ± 0.29 8.73 ± 0.39 7.60 ± 0.40 6.02 ± 0.36
∗

5.83 ± 0.45
∗

Spm 13.13 ± 0.40 13.05 ± 0.62 12.16 ± 0.20 11.68 ± 0.29
∗

11.87 ± 0.24
∗

Total 24.65 ± 0.52 22.82 ± 0.45 20.55 ± 0.72 18.05 ± 0.53∗ 18.06 ± 0.54∗

72 h

Put 1.79 ± 0.11 1.57 ± 0.14 1.65 ± 0.09 0.93 ± 0.12
∗

0.93 ± 0.13
∗

Spd 7.31 ± 0.21 6.58 ± 0.25 6.27 ± 0.17 4.91 ± 0.27
∗

4.77 ± 0.22
∗

Spm 12.58 ± 0.23 12.18 ± 0.18 12.38 ± 0.38 12.03 ± 0.16
∗

11.83 ± 0.20
∗

Total 21.68 ± 0.55 20.33 ± 0.46 20.30 ± 0.64 17.87 ± 0.44∗ 17.53 ± 0.47∗
∗

𝑃 < 0.05 compared to control cells.

very differentVK1 concentrations (100𝜇Mand 10 𝜇MforHT-
29 and SW480, resp.). This induction was time-dependent
with a peak increase after 48 h. Of note, simultaneous
cotreatment of cells with a MEK inhibitor and VK1 at the
highest concentrations (100 𝜇M and 200𝜇M) prevented the
induction of ERK phosphorylation. In addition, the MEK
inhibitor blocked sensitive colon cancer cells from VK1-
mediated induction of apoptosis, implicating the involvement
of the MAPK pathway in this process.

The MAPK family, including ERK, the c-jun N-terminal
kinase/stress-activated protein kinases (JNK/SAPK), and p38
kinases, has emerged as playing a crucial role in the cellular
proliferation, differentiation, and apoptosis [21]. ERK path-
way is known to prevent cell death, whereas the JNK/SAPK
and p38 pathways have shown proapoptotic actions. How-
ever, reports in the literature have proposed a different
interpretation of the phosphorylation of ERK. Leppä et al.
[22] proved that ERK pathway stimulated c-jun synthesis
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Figure 8: Ornithine decarboxylase (ODC) activity of Caco-2, HT-29, and SW480 cell lines in response to vitamin K1 (VK1) treatment. Effects
of increasing concentrations of VK1 (10 𝜇M, 50 𝜇M, 100𝜇M, and 200 𝜇M) on the ODC activity in Caco-2 (a), HT-29 (b), and SW480 (c) cell
lines after 24 h, 48 h, and 72 h of treatment. All data represent the result of three different experiments (mean ± SEM). For each time of
treatment, data were analyzed by Kruskal-Wallis analysis of variance and Dunn’s multiple comparison test. ∗𝑃 < 0.05 compared to control
cells.

and phosphorylation. Since c-jun itself is implicated in the
apoptotic processes, the activation of the ERK pathway also
can relate to cell death. Zhu et al. [23] showed a proapoptotic
role of the ERK pathway in T-cell in which the inhibition
of ERK phosphorylation antagonized apoptosis. Pumiglia et
al. [24] provided evidence that a sustained increase of ERK
activity inhibited cell cycle dependent kinase and induced
growth arrest. Similar results were obtained more recently
by Showalter et al. [8] in a study performed on pancreatic
cancer cell lines treated with either VK1 or VK2 at inhibitory
doses. Besides, Du et al. [7] demonstrated that VK1 enhanced
the cytotoxicity effect of sorafenib through inhibiting the

Raf/MEK/ERK signaling pathway in glioma cells.Matsumoto
et al. [25] demonstrated that VK2 induced apoptosis and
activated the MEK/ERK signaling pathway in liver cancer
cells in a cell-type specific manner.

In order to identify other possiblemechanisms implicated
in VK1 ability to affect neoplastic cell growth, polyamines
and their rate-limiting enzyme, ODC, were evaluated. A
significant decrease in the polyamine content was observed at
different VK1 concentrations (50𝜇M for Caco-2 and 100 𝜇M
for HT-29 and SW480 cells). Besides, after 24 h, a concomi-
tant and significant decrease in ODC activity occurred in the
three cell lines, starting from the concentration of 50𝜇M. In
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HT-29 and SW480 cells this effect persisted also after 48 h and
72 h.

A significant decrease in ODC gene expression occurred
only in HT-29 and SW480 cells after 24 h of VK1 treatment.
In Caco-2 cell line the decrease of ODC activity after 24 h
of treatment was not sustained by a concomitant inhibition
of gene expression, probably due to the fact that VK1 exerts
its effects on the modulation of protein enzymatic activity
without any consequence on ODC gene.

ODC is a key regulator in polyamine metabolism, being
now considered as a true oncogene [26]. This enzyme influ-
ences mainly Put and Spd levels, which are more involved in
cell proliferation than Spm; the latter is implicated essentially
in cell differentiation and neoplastic transformation, with
different processes involved in maintaining its critical levels.
High ODC expression along with increased polyamine con-
centrations is associated with fast proliferating cells [27]. In
CRC, polyamine levels are significantly increased compared
with either normal or preneoplastic tissue and are considered
as reliable markers of neoplastic cell proliferation [28].
Polyamines stabilize chromatin and nuclear enzymes due to
their ability to create complexes with organic polyanions,
such as groups of proteins and DNA. It has been proposed
that stabilization of the chromatin structure by polyamines
may represent a mechanism by which these molecules affect
nuclear processes including cell division and apoptosis [29].
Moreover, it is known that polyamines influence the expres-
sion of various genes involved in cell proliferation, tumor
invasion, and metastasis [30].

To our knowledge, this is the first study investigating the
behavior of polyamine metabolism on colon cancer cell lines
treated with VK1 and a significant decrease in the polyamine
content was demonstrated. A similar response has also been
observed in previous studies performed in the same as well as
other cell lines treated with drugs or natural molecules that
inhibit polyamine biosynthesis, such as DFMO, anandamide,
or probiotics [14, 31, 32].

As concerns the apoptotic processes, interestingly, an
active involvement of either the MAPK pathway or the
polyamine metabolism could be hypothesized, since a link
between polyamine decrease and apoptosis exists [33]. It has
been demonstrated that the depletion of polyamines can lead
to cell cycle arrest or apoptosis by affecting numerous cell
cycle regulatory pathways [34]. Polyamines have been proven
as pivotal in regulating ion transport and stabilization of
different cellular components such as cell membranes and
chromatin structure. Hence, a decrease in the levels of these
polycations might cause a destabilization of important cell
structures, leading to alterations in cell integrity and inducing
cell death.

We used three human colon cancer cells with distinct
degree of differentiation, according to their grade of infil-
tration or metastasis, in an attempt to represent the variety
of cellular changes occurring in precancerous lesions as
well as manifest tumors. The obtained data suggest that
the antiproliferative and proapoptotic effects by VK1 were
also related to the characteristics of the colon cancer cell
line. In fact, the less differentiated SW480 cells (from a
moderately differentiated colon adenocarcinoma, grade IV

Duke B) showed a more pronounced susceptibility to VK1
action due to a more marked antiproliferative effect, an
increased Bax/Bcl-2 ratio persisting up to 72 h, and a sig-
nificant increase in the phosphorylation of ERK 1/2 starting
from low VK1 concentrations in comparison to the more
differentiated HT-29 and Caco-2 cell lines. These data are
in accordance with the reported high capacity of de novo
polyamine biosynthesis and of polyamine uptake ascribed to
this cell line, representing probably a precondition for the
rapid growth ability shown by SW480 [35].

Regarding the different doses of VK1 used in this study,
concentrations ranging from 10𝜇M to 200𝜇Mcan be consid-
ered pharmacological since normal serum levels of VK1 were
found to be approximately 0.61 ng/mL. Yet, VK1 appears to
be without toxicity and studies performed in humans estab-
lished that mega doses of VK1 (up to 1000mg orally daily)
were used without side effects in patients with HCC [36].
Additionally, other studies clearly indicated that VK1 alone
did not alter P-ERK levels, except at very high concentrations
starting from 100 𝜇M, the same concentrations needed to
exert the anticancer effects seen in our human colon cancer
cells [37].

5. Conclusions

Undoubtedly, the significance of investigations performed in
vitro related to the in vivo situations has to be taken with
caution due to the presence of several differences; besides, cell
sensitivity is only one factor and is not necessarily the most
important in determining specificity of VK1 action. Anyway,
it is possible to postulate that the colon cancer cells may be a
good candidate tumor system to evaluate the antiproliferative
and proapoptotic ability of VK1. Our future studies will be
aimed at continuing to uncover the exact mechanisms under-
lying VK1 anticancer effect in colon cancer cells and whether
polyamine depletion by itself is directly responsible for the
observed proapoptotic action. Finally, considering that VK1
is safe and nontoxic, further research in humans is required
to support these properties, also focusing better on the doses
needed to obtain in vivo the same relevant effects produced in
experimental models. From a therapeutic point of view, more
probably, combinations of natural substances such as VK1
with other compounds (e.g., polyamine inhibitors and/or
analogues) would enhance their properties, representing a
suitable option for chemoprevention and/or treatment of
colon cancer.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

This research was supported by the Ministry of Health,
Project no. 9/14.



14 BioMed Research International

References

[1] C. Lepage, S. Hamza, and J. Faivre, “Epidemiologie et recom-
mandations pour le depistage du cancer colorectal [Epidemiol-
ogy and screening of colon cancer],” La Revue du Praticien, vol.
60, no. 8, pp. 1062–1067, 2010.

[2] A. Russo, S. Corsale, P. Cammareri et al., “Pharmacogenomics
in colorectal carcinomas: future perspectives in personalized
therapy,” Journal of Cellular Physiology, vol. 204, no. 3, pp. 742–
749, 2005.

[3] M. J. Shearer and P. Newman, “Metabolism and cell biology of
vitamin K,” Journal ofThrombosis and Haemostasis, vol. 100, no.
4, pp. 530–547, 2008.

[4] D.W. Lamson and S.M. Plaza, “The anticancer effects of vitamin
K,” Alternative Medicine Review, vol. 8, no. 3, pp. 303–318, 2003.

[5] I. Ozaki, H. Zhang, T. Mizuta et al., “Menatetrenone, a vitamin
K2 analogue, inhibits hepatocellular carcinoma cell growth by
suppressing cyclin D1 expression through inhibition of nuclear
factor 𝜅B activation,” Clinical Cancer Research, vol. 13, no. 7, pp.
2236–2245, 2007.

[6] T. Mizuta and I. Ozaki, “Hepatocellular carcinoma and vitamin
K,” Vitamins and Hormones, vol. 78, pp. 435–442, 2008.

[7] W. Du, J.-R. Zhou, D.-L. Wang, K. Gong, and Q.-J. Zhang,
“VitaminK1 enhances sorafenib-induced growth inhibition and
apoptosis of human malignant glioma cells by blocking the
Raf/MEK/ERK pathway,” World Journal of Surgical Oncology,
vol. 10, article 60, 2012.

[8] S. L. Showalter, Z. Wang, C. L. Costantino et al., “Naturally
occurring K vitamins inhibit pancreatic cancer cell survival
through a caspase-dependent pathway,” Journal of Gastroen-
terology and Hepatology, vol. 25, no. 4, pp. 738–744, 2010.

[9] C. Moinard, L. Cynober, and J.-P. de Bandt, “Polyamines:
metabolism and implications in human diseases,” Clinical
Nutrition, vol. 24, no. 2, pp. 184–197, 2005.

[10] T. Thomas and T. J. Thomas, “Polyamine metabolism and
cancer,” Journal of Cellular and Molecular Medicine, vol. 7, no.
2, pp. 113–126, 2003.

[11] L. M. Shantz and V. A. Levin, “Regulation of ornithine decar-
boxylase during oncogenic transformation: mechanisms and
therapeutic potential,” Amino Acids, vol. 33, no. 2, pp. 213–223,
2007.

[12] R. A. Casero Jr. and L. J. Marton, “Targeting polyamine meta-
bolism and function in cancer and other hyperproliferative
diseases,” Nature Reviews Drug Discovery, vol. 6, no. 5, pp. 373–
390, 2007.

[13] H. Brunner, F. Hausmann, R. C. Krieg et al., “The effects of
5-aminolevulinic acid esters on protoporphyrin IX production
in human adenocarcinoma cell lines,” Photochemistry and
Photobiology, vol. 74, no. 5, pp. 721–725, 2001.

[14] M. Linsalata, M. Notarnicola, V. Tutino et al., “Effects of anan-
damide on polyamine levels and cell growth in human colon
cancer cells,” Anticancer Research, vol. 30, no. 7, pp. 2583–2589,
2010.

[15] M. Linsalata, F. Russo, M. Notarnicola, P. Berloco, and A.
Di Leo, “Polyamine profile in human gastric mucosa infected
by Helicobacter pylori,” Italian Journal of Gastroenterology and
Hepatology, vol. 30, no. 5, pp. 484–489, 1998.

[16] H. S. Garewal, D. Sloan, R. E. Sampliner, and B. Fennerty,
“Ornithine decarboxylase assay in human colorectal mucosa.
Methodologic issues of importance to quality control,” Interna-
tional Journal of Cancer, vol. 52, no. 3, pp. 355–358, 1992.

[17] J. A. McCubrey, L. S. Steelman, W. H. Chappell et al., “Roles
of the Raf/MEK/ERK pathway in cell growth, malignant trans-
formation and drug resistance,” Biochimica et Biophysica Acta:
Molecular Cell Research, vol. 1773, no. 8, pp. 1263–1284, 2007.

[18] Z. Wang, M. Wang, F. Finn, and B. I. Carr, “The growth
inhibitory effects of vitamins K and their actions on gene
expression,” Hepatology, vol. 22, no. 3, pp. 876–882, 1995.

[19] C. L. Sentman, J. R. Shutter,D.Hockenbery,O.Kanagawa, and S.
J. Korsmeyer, “bcl-2 inhibits multiple forms of apoptosis but not
negative selection in thymocytes,” Cell, vol. 67, no. 5, pp. 879–
888, 1991.

[20] O. A. Mareninova, K.-F. Sung, P. Hong et al., “Cell death in
pancreatitis: caspases protect from necrotizing pancreatitis,”
The Journal of Biological Chemistry, vol. 281, no. 6, pp. 3370–
3381, 2006.

[21] X. Sui, N. Kong, L. Ye et al., “P38 and JNK MAPK pathways
control the balance of apoptosis and autophagy in response to
chemotherapeutic agents,” Cancer Letters, vol. 344, no. 2, pp.
174–179, 2014.
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Ecdysteroids, analogs of the insect molting hormone, are known for their various mild, nonhormonal bioactivities in mammals.
Previously, we reported that less-polar ecdysteroids canmodulate the doxorubicin resistance of amultidrug resistant (MDR)mouse
lymphoma cell line expressing the human ABCB1 transporter. Here, we describe the ability of 20-hydroxyecdysone (1) and its
mono- (2) and diacetonide (3) derivatives to sensitize variousMDR and non-MDR cancer cell lines towards doxorubicin, paclitaxel,
vincristine, or cisplatin. Drug IC

50

values with or without ecdysteroid were determined by MTT assay. Compound 3 significantly
sensitized all cell lines to each chemotherapeutic except for cisplatin, whose activity was decreased. In order to overcome solubility
and stability issues for the future in vivo administration of compound 3, liposomal formulations were developed. By means of
their combination index values obtained via checkerboard microplate method, a formulation showed superior activity to that of
compound 3 alone. Because ecdysteroids act also on non-ABCB1 expressing (sensitive) cell lines, our results demonstrate that they
do not or not exclusively exert their adjuvant anticancer activity as ABCB1 inhibitors, but other mechanisms must be involved, and
they opened the way towards their in vivo bioactivity testing against various cancer xenografts.

1. Introduction

Ecdysteroids represent a particularly interesting group of
natural compounds from several aspects, with functions in all
kingdoms of nature: in insects, they play a crucial hormonal

role controlling molting and development [1]; in plants, they
appear to serve as part of the chemical defense against
nonadapted herbivores [2]; and, although with a less-studied
and unclear role, they are also present in fungi [3]. These
compounds show fundamental differences to themammalian
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steroid hormones, which make them unable to interact with
their hormonal system [4]. Despite this, a number of rather
beneficial metabolic effects have been attributed to them
in mammals including humans: a mild anabolic activity of
ecdysteroids undoubtedly exists [4], and these compounds
can also influence both glucose and lipid homeostasis [5],
altogether resulting in a so-called adaptogenic or “antistress”
effect.

The role of ecdysteroids in cancer is yet to be understood.
In accordance with their “general strengthening” effect on
mammals, in vitro antiapoptotic effect of muristerone A was
observed in RKO human colon carcinoma cells [6]. As a
result of a thorough study onmany natural and semisynthetic
ecdysteroids, we have recently reported that certain deriva-
tives can significantly decrease the doxorubicin resistance
of a multidrug resistant (MDR) mouse lymphoma cell line
(L5178MDR) that has been transfected with the pHa MDR1/A
retrovirus to express the humanABCB1 or P-glycoprotein, an
ATP-binding cassette (ABC) transporter [7]. Mild to strong
synergism with doxorubicin was found for the less-polar
derivatives, while classical, polar ecdysteroids, such as, for
example, 20-hydroxyecdysone (20E; 1), could act in a weak
antagonism or indifferent way with this chemotherapeutic
agent [7]. Our following structure-activity relationship stud-
ies revealed that the introduction of apolar groups at the
20,22 and particularly at the 2,3 position is of key importance
in order to have a sensitizing effect on doxorubicin in the
aforementioned cell line [7–9]. Interestingly, although several
of the less-polar ecdysteroids could inhibit the function of
ABCB1, this inhibition was moderate or negligible and only
a very marginal correlation to the strength of synergism with
doxorubicin could be found [7].

Two derivatives of 20E (1), 20-hydroxyecdysone 20,22-
acetonide (2), and 20-hydroxyecdysone 2,3;20,22-diace-
tonide (3) are of particular interest in our studies; structures
of these three compounds are shown in Figure 1.

Compounds 2 and 3 can also be found in the nature but
their semisynthetic preparation from the abundant 20E (1) is
extremely simple and economic; moreover, compound 3 was
among the most active ecdysteroids in our previous studies
[7–9]. In fact, compounds 1–3 represent good examples for
the different levels of activity of ecdysteroids in L5178MDR
cells from theweak antagonism to the strong synergismwhen
coadministered with doxorubicin, which makes these three
compounds an ideal choice to further study the effects of
ecdysteroids in cancer and also the mechanism by which
they exert their activity. On the other hand, the well-known
acid sensitivity of acetonide groups (resulting in a quick
decomposition of compound 3 to compound 2 at gastric pH
[7]) and solubility problems, mainly of compound 3, could
be an impediment to further in vivo studies. This fact made
further formulations necessary prior to performing animal
studies.

Nanosized drug delivery systems, such as liposomes, are
potential carriers for the encapsulation of bioactive agents,
both hydrophilic and hydrophobic molecules, peptides, and
so forth. Synthetic and natural phospholipids and cholesterol
derivatives are important components of the biocompatible,

Table 1: Composition of liposome samples LIP-1, LIP-2, and LIP-3.

Components LIP-1 (mol%) LIP-2 (mol%) LIP-3 (mol%)
Compound 3 9 8 8
L-PC 44 24 25,9
Lecithin 21 15 16
C-24 7 12 12,8
b-DG 3 7 0
PEG-3000 PE 0 0 0,3
Cholesterol 16 34 37

less immunogenic, and nontoxic liposomes [10, 11]. Con-
trolled or targeted drug release and reduction of the number
and strength of side effects are the main advantages.

In the present paper, we report the investigation of com-
pounds 1–3 in combination with various chemotherapeutic
agents against a panel of different drug-sensitive and drug-
resistant cancer cell lines, as well as the development of a
liposomal formulation of compound3 in order to allow future
in vivo studies.

2. Materials and Methods

2.1. Chemicals and Reagents. 20E (90% purity, originating
from the roots of Cyanotis arachnoidea) was purchased
from Shaanxi KingSci Biotechnology Co. Ltd. (Shanghai,
China) and further purified by crystallization to possess
97.8% purity; this served as the starting material for
the semisynthesis of compounds 2 and 3 as published
before [8]. Phosphatidylcholines as L-alpha phosphatidyl-
choline and lecithin and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethylene glycol)-3000]
(ammonium salt) as PEG-3000 PE were purchased from
Avanti Polar Lipids Inc. (US). Cholesterol, polyoxyethylene-
24-cholesterly ether, beta-D-glucopyranoside, anhydrous
ethanol, sodium chloride, and sodium phosphate buffer
salt (Na

2
HPO
4
⋅2H
2
O) were purchased from VWR Int. Ltd.

(Austria). PES syringes and membrane syringe filters with
pore sizes of 100, 220, and 900 nm and a diameter of 25mm
were purchased from Phenomenex Inc. (Gen-Lab Ltd.,
Hungary).

2.2. Preparation of Liposomes. Liposomes were prepared by
the hydration of thin dry lipid filmmethod.The compositions
usedwere selected according to a preliminary preformulation
study (in preparation). Briefly, L-alpha phosphatidylcholine
(L-PC), cholesterol, lecithin, polyoxyethylene-24-cholesterly
ether (C-24), and beta-D-glucopyranoside or PEG-3000 PE
were solubilized together with compound 3 in anhydrous
ethanol at 65∘C; compositions of formulae LIP-1, LIP-2, and
LIP-3 are shown in Table 1. Polyoxyethylene-24-cholesterly
ether, beta-D-glucopyranoside (b-DG), and cholesterol were
used to stabilize the liposome bilayer. The PEG-3000 PE
was used as material for PEGylation of the liposomes. The
solvent was later removed by evaporation on a rotary vacuum
evaporator (Büchi RotavaporR-210 System, Büchi Labortech-
nik, Switzerland) at 𝑝 = 150mbar. The lipid film layer
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Figure 1: The structures of compounds 1, 2, and 3.

was rehydrated in filtered (100 nm) phosphate buffer saline
solution (pH 7.4) having the osmolality of 279mOsm/L. The
liposome dispersion was kept in a refrigerator at 4∘C for 2 h
prior to the droplet size reduction. The process was achieved
by sonicating the liposome dispersion for 15min at 100%
amplitude (Elma TH075EL Ultrasonic bath, ELMAGmbH&
Co. KG, Germany). Liposomes of uniform size were prepared
by filtration (membrane filters, PES) once through 900 and
220 nm pore size filters. Sorbic acid (0.05% w/v) was added
to the buffer solution in order to ensure microbiological
stability.

2.3. Determination of the Average Hydrodynamic Size and
Surface Electric Charge of LiposomeDispersion. The liposome
dispersion was characterized for average droplet size, poly-
dispersity index (PDI, representing size distribution), and
surface electric charge by DLS (dynamic laser scattering)
method with a Zetasizer Nano ZS (Malvern Instruments
Ltd., UK). The optical parameters (i.e., refractive index of
the dispersion and the buffer solution) and the conductivity
were measured before the DLS measurement. The liposomes
were stored at 25∘C for 1 h prior to analysis and then diluted
with ultrapure water. Liposomes were measured after 1 week
storage time, which is enough to observe the possible phase
separation (i.e., the conflux of liposome droplets) that could
be caused by any undesirable alteration of the preparation
process (𝑛 = 3).

2.4. Quantitative Analysis of Compound 3 within Liposomes.
0.5mL of LIP-1, LIP-2, or LIP-3 was measured into a 5.0mL
volumetric flask, diluted to 1.5mL with HPLC-gradient water
and adjusted to 5.0mL with HPLC grade methanol. HPLC
analysis was performed on a system of two Jasco PU-2080
pumps connected to a Jasco MD-2010 Plus photodiode-
array detector, in isocratic mode by 70% aqueous methanol
on a Zorbax XDB-C8 column (5 𝜇m, 4.6 × 150mm) at a
flow rate of 1.5mL/min at 𝜆 = 243 nm. Each measurement
was performed in triplicates, as well as the calibration that
was performed by injecting 0.2, 0.5, 1.0, 3.0, and 5.0 𝜇g of
compound 3.

2.5. Cell Lines. Six human derived cancer cell lines were used
in this study: breast cancer MCF7 cells and their subcell
line obtained by adaptation to doxorubicin, MCF7dox [12]
cultured in EMEM media supplemented with nonessential
amino acids, 1mM Na-pyruvate, and 10% inactivated fetal
bovine serum (MCF7dox was cultured in the presence of
1 𝜇M of doxorubicin each third passage); prostate cancer
cells PC3 and LNCaP cultured in RPMI 1640 media supple-
mented with 10% inactivated fetal bovine serum; in case of
LNCaP medium also contained 1mM Na-pyruvate, HEPES,
and glucose; epidermal carcinoma cell line KB-3-1 and its
subline KB-C-1 obtained by stepwise adaption to colchicine
(generously donated by D.W. Shen, Bethesda, USA) cultured
in RPMI 1640 media supplemented with 10% inactivated
fetal bovine serum. All cells were cultured at 37∘C and
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5% CO
2
; all media contained nystatin, 2mM L-glutamine,

100U penicillin, and 0.1mg streptomycin.
Twomouse lymphoma cell lineswere also used: a parental

(L5178) cell line, L5178mouse T-cell lymphoma cells (ECACC
catalog number 87111908, U.S. FDA, Silver Spring, MD, U.S.),
and a multidrug resistant (L5178MDR) cell line derived from
L5178 by transfection with pHa MDR1/A retrovirus [13].
Cells were cultured in McCoy’s 5A media supplemented
with nystatin, L-glutamine, penicillin, streptomycin, and
inactivated horse serum, at 37∘C and 5% CO

2
. MDR cell

line was selected by culturing the infected cells with 60𝜇g/L
colchicine (Sigma).

Media, fetal bovine serum, horse serum, and antibiotics
were purchased from Sigma.

2.6. Cytotoxicity Assays

Cytotoxic Activity. Cytotoxic activities were evaluated by
serial-dilution method in 96-well flat-bottom microtiter
plates. In case of L5178 and L5178MDR cell lines, 6 × 103
cells were added to each well and results were evaluated
using 10% MTT after 72 h incubation at 37∘C, 5% CO

2
. In

case of PC3 and LNCaP cell lines, 1 × 104 cells were added
to each well and results were evaluated using 10% MTT
after 48 h. With respect to the MCF7, MCF7DOX, KB-3-1,
and KB-C-1 cell lines, 1 × 104 cells per well were seeded
overnight and serial dilutions of the compound were added
the following day and incubated for 48 h or 72 h. In all cases,
the precipitate formed in the MTT reaction was diluted with
10% SDS-HCl after 4 h. Plates were incubated overnight and
optical density was measured at 540 and 630 nm using an
ELISA reader (Multiskan EX, Lab Systems, U.S.). Fifty per
cent inhibitory concentrations (IC

50
) were calculated using

nonlinear regression curve fitting of log(inhibitor) versus
normalized response and variable slope with a least squares
(ordinary) fit of GraphPad Prism 5 software.

2.7. Combination Studies at Fixed Ecdysteroid Concentration.
As compounds 1–3 were found to exert very low cytotoxicity
activity on each cell line (see below), the activity of 50𝜇M
of compound on the IC

50
of doxorubicin (Teva), paclitaxel

(Mayen) cisplatine (Teva), or vincristine was tested using the
same protocol as described above to the cytotoxicity testing
for the respective cell lines. In each case, statistical analysis
was carried out by one-way ANOVA with Bonferroni’s post
hoc test, and differences were considered significant at ∗𝑃 <
0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001. In order to prevent any
possible false positive results and strengthen the relevance of
our data for possible in vivo studies, we also set up a stricter
criterion: statistically significant potentiation was considered
relevant only when at least a two-time decrease in the IC

50

of the chemotherapeutic agent was observed. Such measures
were not applied in case of an antagonistic effect (see results
for cisplatin).

2.8. Combination Studies with Liposomes Containing Com-
pound 3. The combined activity of doxorubicin (Teva) and
formulations LIP-1, LIP-2, and LIP-3 on the L5178MDR mouse
lymphoma cells was determined using the checkerboard

microplatemethod in 96-well flat-bottommicrotiter plates as
published before [7]. Briefly, 1 × 104 cells/well were incubated
with different concentrations of doxorubicin and liposomes
containing compound 3 for 48 h at 37∘C under 5% CO

2
.

Cell viability rate was determined through MTT staining,
and the interaction was evaluated by using the CompuSyn
software (CompuSyn, Inc., U.S.) for the constant liposome
versus doxorubicin ratios. Combination index (CI) values are
presented for 50%, 75%, and 90% of growth inhibition. In
each case, the amounts of liposomes were applied so that
they represent the same amount of compound 3within, based
on the results of the quantitative determination by HPLC
(see above, Section 2.4). As such, M/M ratios of compound 3
versus doxorubicin were used to calculate the results, which
was performed according to that suggested by Chou [14].

3. Results and Discussion

Our previous observations on the strong activity of com-
pound 3, a less-polar ecdysteroid, against the doxorubicin
resistance ofABCB1 expressingMDRmurine lymphoma cells
[7] led to the need of a thorough study on these compounds
using various human cell lines and chemotherapeutics. The
chosen cell lines included drug susceptible/MDR cell line
pairs, such as the previously used L5178 and the ABCB1 trans-
fected L5178MDR (mouse lymphoma), MCF7 and its ABCB1
expressing subcell line MCF7dox adapted to doxorubicin
(mammary gland), and KB-3-1 and its ABCB1 expressing
subcell line KB-C-1 adapted to colchicine (cervix). Two
prostate cancer cell lines were also used in our experiments,
the steroid dependent LNCaP and the nonsteroid dependent
PC3. When tested alone on these cell lines, compounds 1, 2,
and 3 exerted very low cytotoxic activities with IC

50
values

of typically >100 𝜇M, except for compound 3 on the L5178
(81.12 ± 5.5 𝜇M) and compound 2 on the MCF7 cell line
(89.67 ± 4.1 𝜇M).

The effect of 50 𝜇M of compounds 1–3 was tested on
the cytotoxic activity of chemotherapeutics with distinct
mechanisms of action, such as doxorubicin (topoisomerase
II inhibitor, ABCB1 substrate), paclitaxel (stabilizes micro-
tubule polymer, ABCB1 substrate), vincristine (antitubulin
agent on tubulin dimers, ABCB1 substrate), and cisplatin
(alkylating agent, non-ABCB1 substrate); results are shown in
Figure 2.

It is important to mention that even though compounds
1–3 exert negligible intrinsic cytotoxic activity at the applied
concentration of 50𝜇M, this approach is still a simplification
as compared to an appropriate calculation of synergism, for
example, by using the checkerboard plate method [14], and,
as such, it could lead to false positive results. Considering
this and also taking into account our previous observations
on the IC

50
patterns in combination studies on checkerboard

plates [7], we decided to accept only those results as actual
sensitizing activity, where at least a two-time decrease in the
IC
50
value of the chemotherapeutic could be observed.
Compound 3 exerted a significant sensitization effect

on all cell lines when applied together with doxorubicin,
vincristine, or paclitaxel. Results with doxorubicin could not
be determined on the highly resistant MCF7dox cell line
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Figure 2: The effect of 50 𝜇M of 1, 2, or 3 on the IC
50

values of chemotherapeutics in various susceptible and MDR cell lines. ∗𝑃 < 0.05,
∗∗

𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 bymeans of one-wayANOVA followed by Bonferroni post hoc test as compared to that of the chemotherapeutic
agent alone (C); n.r.: statistically significant, but not relevant sensitization.
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Table 2: Droplet size characteristics and encapsulation efficiency of compound 3 within liposome samples LIP-1, LIP-2, and LIP-3 (𝑛 = 3).

Liposome
samples

Average hydrodynamic
size [nm]

Droplet size
distribution

Polydispersity
index (PDI)

Surface electric
charge [mV]

Entrapment
efficiency (%)

LIP-1 92.1 ± 0.5 30–300 nm (100%) 0.16 −2.16 ± 0.77 43%
LIP-2 83.2 ± 0.9 20–200 nm (100%) 0.16 −2.46 ± 0.45 8%
LIP-3 84.7 ± 1.3 20–220 nm (100%) 0.19 −1.37 ± 0.56 50%

since that chemotherapeutic agent had to be applied in such
high doses that the measurements were disturbed by its
own color (data not shown); paclitaxel resistance of this
cell line could also not be reverted. Altogether, the results
that are in agreement with those observed by us previously
and strongly support our previous assumption [7] that less-
polar ecdysteroids do not or not exclusively act as ABCB1
inhibitors: compound 3 could effectively sensitize non-MDR
human cell lines with no detectable (MCF7 [12, 15], KB-3-1
[16, 17]) or very low (LNCaP [18]) expression of the ABCB1
protein, as well as the drug-sensitive mouse lymphoma cell
line (L5178). Moreover, the IC

50
of doxorubicin in the L5178

cell line and itsABCB1 transfected counterpart L5178MDR was
decreased to practically the same values, 41.7 and 45.6 nM,
respectively (no significant difference by unpaired 𝑡-test), in
the presence of 50 𝜇M of compound 3, while the IC

50
values

for doxorubicin alone on the L5178 and the L5178MDR cell
lines were 228.3 and 3537 nM, respectively. Compound 3 was
also able to reduce the paclitaxel resistance of PC3 cells to
the same level of those of untreated LNCaP cells (IC

50
= 44.8

and 63.5 nM, resp. and no significant difference by unpaired
𝑡-test), while the treatment of LNCaP cells with compound
3 led to an even stronger cytotoxic activity of paclitaxel
(IC
50

= 16.5 nM). Moreover, KB-3-1 cells were sensitized by
compound 3 to vincristine in a way that it reached much
lower IC

50
values than observed in KB-C-1 cells treated

with the combination: the IC
50

value was 0.67 nM (without
compound 3: 2.84 nM) in case of KB-3-1, while it was ca. 10
times higher, 6.78 (without compound 3: >50 nM) in case of
the MDR subline KB-C-1. A comparison of these values also
reveals that resistance of KB-C-1 cells to vincristine could
not completely be reverted by compound 3: even though a
strong sensitizing activity was observed, the cytotoxicity of
vincristine was still significantly weaker than in the parental
KB-3-1 cell line (𝑃 < 0.001 by unpaired 𝑡-test).

The 20,22-acetonide compound (2) showed tendencies
for an activity pattern similar to the diacetonide 3, but
with much weaker and in several cases irrelevant activities.
Interestingly and somewhat unexpectedly, compound 1, 20-
hydroxyecdysone, was also found to show significant and
relevant sensitizing activity in case of one cell line, MCF7,
when coadministered with paclitaxel.

On the other hand, the tested ecdysteroids showed an
obvious general tendency to decrease the activity of cisplatin
in all cell lines, especially in the two breast cancer cells lines
(MCF7 and MCF7dox) where all compounds significantly
elevated its IC

50
values. In case of the two prostate carci-

noma cell lines, the compounds showed different behaviors:
only compound 3 could significantly protect the steroid
dependent LNCaP cells from the effect of cisplatin, while

compounds 1 and 2 exerted such an activity in the PC3
cells where compound 3 did not influence the efficacy of
cisplatin. Although androgen hormone dependency is a
major difference between these two cell lines, it should be
noted that ecdysteroids do not exert androgenic activity [4].
Relevance of our results in terms of a possible interference
with actual chemotherapy with cisplatin in cancer patients
will have to be clarified by further studies; considering the
large number of food supplements containing high amounts
of ecdysteroids (mainly compound 1) available on themarket,
the possibility of unwanted interactions cannot be excluded.
On the other hand, Konovalova et al. have previously found
that 10mg/kg of compound 1 could potentiate the activity
and decrease the toxicity of cisplatin in P388 leukemia or
B16 melanoma bearing mice, and the authors suggested
that beneficial metabolic and immune system modulatory
effects of this compound might be the reason for this
phenomenon [19]. Such mechanisms could indeed overwrite
an otherwise antagonistic effect observed in our experimental
in vitro setup. Nevertheless, the strong potentiating activity of
compound 3 on the activity of doxorubicin, vincristine, and
paclitaxel on various cell lines is highly promising.

As the next step towards animal experiments, the slight
acid sensitivity of compound 3 (resulting in its decomposition
to compound 2 with a half-life of ca. 7.30min at gastric
pH [7]), as well as solubility problems attributed to this
compound needed to be solved; in order to fulfill these
objectives, liposomal formulations were developed.

The average hydrodynamic size and surface electric
charge (zeta potential) parameters of liposome samples of
various lipid compositions are shown in Table 2. The droplet
size and the PDI values are typical of SUV (small unilamellar
vesicle) type liposomes, ranging from 83 to 92 nm and from
0.16 to 0.19, respectively. One size fraction of liposomes was
observed in the range of 20–220 or 20–300 nm, irrespective
of the lipid composition used for the preparation. A slight
increase in the zeta potential from −2.16 (LIP-1) and −2.46
(LIP-2) mV to the value of −1.37mV (LIP-3) was observed
with the addition of PEG-PE lipid.

Encapsulation of compound 3 into LIP-1, LIP-2, and
LIP-3 resulted in entrapment efficiencies of 43, 8, and 50%,
respectively (Table 2). LIP-1 and LIP-2 represent different
compositions, containing more L-PC and lecithin (LIP-1) or
more cholesterol and C-24 (POE-cholesteryl-ether) (LIP-2).
Cholesterol andC-24were used as bilayer stabilizers, but their
increased concentration was not enough to achieve complete
droplet stability for LIP-2. However, the compositions of LIP-
2 and LIP-3 are rather similar; the difference is the addition of
the PEG-3000 PE component in the latter case. The increase
of the entrapment efficiency from 8% to 50% could be due to
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,𝑚, and 𝑟 represent antilog of the x-intercept, slope, and linear correlation coefficient of
the median-effect plot, respectively. These parameters indicate the activity (IC

50

), shape of the dose-effect curve, and conformity of the data,
respectively [7]; ∗: significantly stronger synergism with doxorubicin as compared to compound 3 by means of nonoverlapping confidence
intervals.

the fact that the exact average molecular weight of PEG-3000
PE material is around tenfold higher (3772.36) than those of
the other components. This relatively high molecular weight
could ensure better physicochemical stability and therefore a
much higher entrapment of compound 3 [20].

In order to investigate the activity of the liposomes
containing compound 3 in comparison with that of the
nonformulated compound, interactions between LIP-1, LIP-
2, and LIP-3 and doxorubicin were tested on checkerboard
plates. This experimental setup was chosen because in these
complex systems there were too many factors that could have
influenced the results, and hence we decided not to apply the
simplification presented above. Synergism/antagonism was
quantified by using the CompuSyn software as in our previ-
ous work [7, 9]. Quantitative determination of compound 3
within the formulations allowed us to apply the same doses in
each case, as expressed in compound 3 equivalents. Results of
these experiments are shown in Figure 3.

Based on our results, the formulations not only keep the
strong synergistic activity of compound 3 and doxorubicin,
but also, particularly in case of LIP-3, are able to show
favorable activity as compared to the free compound. The
slight increase in the potentiating activity might be explained
by the liposomes ability to fuse with the cell membranes and
deliver the enclosed compound to the cells more efficiently
even in vitro; however, the favorable effect on the solubility
of compound 3 in the aqueous environment can also be
among the reasons for this phenomenon. It is also important

to note that the acidic pH of around 5 maintained within
the lysosomes [21] (that compound 3 likely faces upon the
phagocytosis of the liposomes) is apparently not enough to
hydrolyze the acetonide groups, which could have been a
serious pitfall for these formulations if compound 3 would
decompose to the much less active compound 2 [7].

4. Conclusions

We demonstrated that the 20,22-acetonide (2) and in par-
ticularly the 2,3;20,22-diacetonide (3) derivatives of 20-
hydroxyecdysone (1) are able to exert sensitizing activity to
doxorubicin, paclitaxel, and vincristine in MDR cell lines,
which express the ABCB1membrane transporter, as well as in
their susceptible counterparts. Even though, in this work, no
conclusions can bemade about themechanism(s) of action of
these compounds, these results strongly support our previous
assumptions [7] that these ecdysteroids do not or not only act
as ABCB1 inhibitors when exerting their adjuvant anticancer
activity.

Moreover, all ecdysteroids showed significant protective
effects towards cisplatin treatment on some of the cell lines
tested in vitro, highlighting the importance of further studies
in this direction.

Compound 3 enclosed in liposomes (LIP-3) showed
stronger synergistic activity in combinationwith doxorubicin
on L5178MDR cells as compared to the case when it was
applied in solution. Based on these results, LIP-3 represents
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a highly prospective formulation for in vivo studies. Such
studies have most recently started within our research pro-
gram; results are going to be presented in the near future.
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Copyright © 2015 Kátia Pereira dos Santos et al.This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the originalwork is properly cited.

Croton sphaerogynus is a shrub from the Atlantic Rain Forest in southeastern Brazil. A lyophilized crude EtOH extract from leaves
of C. sphaerogynus, obtained by maceration at room temperature (seven days), was suspended in methanol and partitioned with
hexane. The purified MeOH phase was fractionated over Sephadex LH-20 yielding five fractions (F1–F5) containing flavonoids, as
characterized by HPLC-DAD and HPLC-MS analyses. The antiproliferative activity of the crude EtOH extract, MeOH and hexane
phases, and fractions F1–F5 was evaluated on in vitro cell lines NCI-H460 (nonsmall cell lung), MCF-7 (breast cancer), and U251
(glioma). The MeOH phase showed activity (mean logGI

50

0.54) higher than the hexane phase and EtOH extract (mean logGI
50

1.13 and 1.19, resp.). F1 exhibited activity against NCI-H460 (nonsmall cell lung) (GI
50

1.2 𝜇g/mL), which could be accounted for
the presence of flavonoids and/or diterpenes. F4 showed moderate activity (mean logGI

50

1.05), while F5 showed weak activity
(mean logGI

50

1.36). It is suggested that the antiproliferative activity of the crude EtOH extract and MeOH phase is accounted for
a synergistic combination of flavonoids and diterpenes.

1. Introduction

Croton L. (Euphorbiaceae) has approximately 1300 species
of herbaceous, shrubs, trees, and lianas forms. The genus is
widely distributed in tropical and subtropical regions around
theworld, including Brazil, a countrywith 316 species, among
which 253 are endemic [1, 2].

Medicinal and toxic properties of Croton species have
been ascribed to a wide variety of chemical compounds, such
as terpenoids and steroids, alkaloids, and phenolic com-
pounds, the latter including predominantly flavonoids, lig-
nans, and proanthocyanidins [3–5].

According to the International Agency for Research on
Cancer (IARC), the world impact of cancer has more than
duplicated in the last 30 years [6]. The 2014 and 2015 annual

estimative regarding Brazil foresees the emergence of approx-
imately 576,000 new cancer cases, including nonmelanoma
skin cancer. This latter cancer type is expected to become
the most frequent among the Brazilian population (32%
new cases), followed by prostate tumors (12%), female breast
(10%), colon and rectum (6%), lung (5%), stomach (3.5%),
and cervical (3%) [7].

Among drugs currently used in cancer treatment, over
60% are products directly or indirectly derived from plants
[8]; most of them related to alkaloids and terpenoids [9].

Several studies dealing with Croton species have reported
the isolation of cytotoxic derivatives. Shoots of C. hieronymi
Griseb. showed strong activity against lung A-549 carcinoma
cells, mouse lymphoma, and human colon carcinoma [10].
The CH

2
Cl
2
extract of leaves of C. macrobothrys Baill. and
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C. zambesicusMüll. Arg. showed cytotoxicity against human
lung and leukemia cells [11] and cervix carcinoma cells [12],
respectively. Ent-kaurane diterpenoids from Croton tonki-
nensis have activity against colorectal cancer cells [13]; ent-
kaur-16-ene-6a,19-diol from C. floribundus Spreng. exhibited
a moderate effect against MDA-MB-435 (melanoma), HCT-
8 (colorectal adenocarcinoma), and HCT-116 (colorectal
adenocarcinoma) cell lines [14]. Isopimara-7,15-dien-3b-ol
from C. zambesicus showed weak cytotoxic activity against
cancer (HeLa, human cervix carcinoma cells; HL-60, human
promyelocytic leukemia) and noncancer (WI-38, human
lung fibroblast) cell lines [15]. An epimer of kaurenoic acid
from C. antisyphiliticusMart. showed cytotoxic activity, with
half maximal inhibitory concentration values of 59.41, 68.18,
and 60.30 𝜇g/mL for the B-16 (murine melanoma), HeLa
(human cervix carcinoma cells), and 3T3 (normal mouse
embryo fibroblasts) cell lines, respectively [16]. These com-
pounds are considered valuable toward the development of
new and highly effective anticancer chemotherapeutic agents,
due to their efficacy toward the induction of apoptosis [17, 18].

Individuals of Croton sphaerogynus Baill. sect. Cleodora
grow in the states of Bahia, Rio de Janeiro, Espı́rito Santo, and
São Paulo (Brazil). Most of its populations are distributed in
moist forests of seashore plains (“restinga forests”). Two other
species of this section, Croton cajucara Benth., popularly
known as “sacaca,” and Croton heterocalyx Baill., have been
traditionally exploited for their medicinal properties (e.g.,
[4, 5, 19]). CH

2
Cl
2
and hexane extracts from leaves of C.

sphaerogynus exhibited antiproliferative activity against NCI-
H460 (nonsmall cell lung) (GI

50
0.26𝜇g/mL and 0.33 𝜇g/mL,

resp.) and K562 cell lines (GI
50
0.60 𝜇g/mL and <0.25 𝜇g/mL,

resp.). These activities were related to the presence of abi-
etane, podocarpane, and clerodane diterpenes [20].

The main goal of this study was to characterize the
major polar constituents of the EtOH extract from leaves of
C. sphaerogynus and evaluate their in vitro antiproliferative
activities against tumor cell lines. This study differs from that
of Motta et al. [20], which focused on the antiproliferative
activity of diterpenes of nonpolar extracts from C. sphaerogy-
nus and thus did not deal with its flavonoid constituents and
their antiproliferative activity.

2. Material and Methods

2.1. Plant Material. Leaves of Croton sphaerogynus were
collected in January 2012, in an area of Atlantic Forest in the
municipality of Itanhaém, State of São Paulo (Southeastern
Brazil). A voucher specimen (LBM 65) was deposited in the
herbariumMaria Eneyda P. K. Fidalgo (SP), São Paulo.

2.2. Extraction Procedure. Dried and powdered leaf material
(1 kg) was extracted by maceration with EtOH (5 L) for seven
days at room temperature. Crude EtOH extract (EE) was
concentrated under reduced pressure, evaporated to dryness
under a stream of nitrogen, and lyophilized, affording 70.62 g
of crude EtOH extract (yield: 7%). Part of the crude EtOH
extract (65 g) was resuspended in MeOH and partitioned
using hexane. The hexane phase (HP) was concentrated
under reduced pressure to yield 20 g (2%) of hexane phase,

while the MeOH phase (MP) was lyophilized to afford 15 g
(yield: 1.5%). Part of MP (8 g) was fractionated over Sephadex
LH-20 using MeOH as eluent, affording five fractions: F1
(2 g), F2 (0.119 g), F3 (0.090 g), F4 (0.353 g), and F5 (0.090 g).

2.3. Chemical Analysis. All lyophilized crude EtOH extract,
MP and HP phases, and fractions (F1–F5) were dissolved in
MeOH (2mg/mL) and analyzed using a HPLC 1260 (Agilent
Technologies) chromatograph, equipped with diode array
detector (DAD) and a Zorbax-C18 (250 × 4.6mm, 3.5 𝜇m,
Agilent, USA) column at 40∘C. Solvents used were 0.1%
acetic acid (AcOH) and acetonitrile (CH

3
CN), starting with

15% of CH
3
CN (0–20min), increasing to 100% (20–25min),

isocratic (5min), and decreasing to 15% (30–32min), and iso-
cratic (3min). Solvent flow rateswere 1.5mL/min (0–25min),
1.0mL/min (25-26min), and 1.5mL/min (26–35min); injec-
tion volume was 3 𝜇L, and detection was at 352 nm and
280 nm. Quercetin and kaempferol at concentrations from
0.6 to 360 ng/mL were used to prepare calibration curves
following the same analysis conditions. Results are expressed
in milligrams per gram of dry sample (mg/g).

MeOH phase (MP) was also analyzed using a Bruker
Daltonics equipment Esquire 3000 PlusHPLCwith a Zorbax-
C18 (250 × 4.6mm, 3.5 𝜇m, Agilent, USA) column at 40∘C,
using the same conditions cited above. Solvent flow rates
was .90 𝜇L/min, voltage 4000V, nebulizer 27 psi, drying gas
at 320∘C, and flow of 7 L/min. Constituents were identified
by comparing the corresponding UV-Vis and ESI/MS-MS
spectra with MS data from the literature.

A purified compound from F5 was analyzed by 1HNMR
at 500MHz, using a Bruker DRX-500 spectrometer. DMSO-
d
6
(Aldrich) was used as solvent and the residual peak of the

nondeuterated solvent as internal standard.

2.4. Antiproliferative Assay. Cancer cell lines used were
kindly provided by the National Cancer Institute (NCI) at
Frederick MA-USA and included NCI-H460 (nonsmall cell
lung), MCF-7 (breast cancer), and U251 (glioma). Stock cell
cultures were grown in medium containing RPMI 1640,
supplemented with 5% of fetal bovine serum. Experimental
cultures were supplemented also with penicilin : streptomicin
(10 𝜇g/mL : 10UI/mL).

Cells (100 𝜇L cells/well, inoculation density from 3–6 ×
104 cell/mL) in 96-well plates were exposed to various sample
concentrations (0.25 to 250𝜇g/mL, 100 𝜇L/well) in DMSO/
RPMI 1640/FBS 5% at 37∘C, 5% of CO

2
in air for 48 h. Final

DMSO concentration did not affect cell viability. Cells were
then fixed with 50% trichloroacetic acid and cell proliferation
was determined by spectrophotometric quantification of
cellular protein content at 540 nm, using the sulforhodamine
B assay. Doxorubicin (DOX; 0.025–25𝜇g/mL) was used
as positive control. Three measurements were obtained at
the beginning of incubation (time zero, 𝑇

0
) and 48 h after

incubation for compound-free (𝐶) and tested (𝑇) cells. Cell
proliferation was determined according to the equation 100×
[(𝑇 − 𝑇

0
)/𝐶 − 𝑇

0
], for 𝑇

0
< 𝑇 ≤ 𝐶, and 100 × [(𝑇 − 𝑇

0
)/𝑇
0
],

for 𝑇 ≤ 𝑇
0
and a concentration-response curve for each

cell line was plotted using software ORIGIN 7.5 (OriginLab
Corporation) [21].
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Table 1: Major constituents of the crude EtOH extract (EE), MeOH (MP) and hexane (HP) phases, and fractions (F1–F5) from of Croton
sphaerogynus leaves, characterized by HPLC-DAD (352 nm) and HPLC-MS.

Constituent Rt (min) UV/visible (nm) Mass spectrum Suggestion
[𝑚/𝑧]

+

[𝑚/𝑧]
−

1 1.75 254, 264 (om), 348 Quercetin derivative

2 2.96 256, 264 (om), 296
(om), 354 757.8; 611.1; 465; 303 755.7 Quercetin triglycoside (2 rhamnose; 1 hexose)

3 3.16 260, 296, 356 741.8; 595.1; 433.1;
286.8 Kaempferol triglycoside (2 rhamnose; 1 hexose)

4 4.05 264, 292, 346 741.8; 595.1; 287 Kaempferol triglycoside (2 rhamnose; 1 hexose)

5 4.30 264, 294, 348 741.9; 595.2; 448.7;
287 739.6 Kaempferol triglycoside (2 rhamnose; 1 hexose)

6 4.99 256, 266 (om), 294
(om), 354 595, 303 Quercetin diglycoside (1 pentose; 1 hexose)

7 5.33 256, 266 (om), 294
(om), 354 661.1; 465 608.9 Rutin

8 6.04 264, 294, 348 595, 286.9 593 Kaempferol diglycoside (1 rhamnose; 1 glucose)

9 6.35 256, 264 (om), 296
(om), 354 479, 316.9 Isorhamnetin monoglycoside (1 hexose)

10 7.30 264, 294, 348 448.9; 286.9 Kaempferol monoglycoside (1 hexose)
11 9.23 264, 294, 346 Kaempferol derivative
12 10.10 256, 268 (om), 356 Quercetin derivative
13 10.72 264, 294, 346 Kaempferol derivative

14 10.97 256, 264 (om), 306
(om), 348 449.0; 302.9 447 Quercitrin

15 20.44 262, 294, 340 Kaempferol derivative
16 22.95 254, 270, 298, 370 Quercetin

17∗ 23.23 256, 266 (om), 298
(om), 356 317, 302 314.8 Quercetin 3-O-methyl ether

18 23.55 264, 292, 320, 366 Kaempferol
19 23.73 266, 294, 350 Kaempferol derivative

20 23.84 254, 268 (om), 294
(om), 356 Quercetin derivative

Rt: average retention time in minutes. ∗Compound confirmed by 1H NMR.

2.5. Data Analysis. Using the concentration-response curve
for each cell line, GI

50
(concentration causing 50% growth

inhibition) [22] was determined by means of nonlinear
regression analysis, using software ORIGIN 7.5 (OriginLab
Corporation). The average activity (mean of log GI

50
) of the

extracts tested was also determined using MS Excel software.
Extracts were regarded as inactive (mean > 1.5), weakly (1.1 <
mean < 1.5), moderately (0 <mean < 1.1), or potently (mean <
0) active on basis of the NCI criteria for the mean of log GI

50

[23].

3. Results and Discussion

Retention times and UV and MS data analysis of the con-
stituents from the crude EtOH extract (EE),MeOH (MP) and
hexane (HP) partition phases, and fractions F1–F5 are given
inTable 1. Twenty substanceswere detected,mainly quercetin
and kaempferol derivatives. F1, F2, and F3 exhibited similar
flavonol composition. F4 contains three major compounds:
quercitrin, quercetin 3-O-methyl ether, and a kaempferol

derivative, while F5 contains quercetin 3-O-methyl ether
(Table 1, compound 17).

Comparison of spectroscopic data with those from the
literature [24] allowed the identification of compound 17
as 5,7,3,4-tetrahydroxy-3-methoxy-flavonol (quercetin-3-
O-methyl ether) (Table 1).

Flavonoids found in Croton are mostly highly methoxy-
lated aglycones, such as artemetin [3]. It has been reported
that several Croton species produce acylated flavonoids,
such as tiliroside (kaempferol-𝑝-coumaroyl glucoside) [25–
27]. Rutin (Table 1, compound 7) was also detected in the
MeOH extract from leaves of C. lechleri Mull. Arg. [28];
fresh latex of C. celtidifolius Baill. has flavonols, such as
kaempferol, quercetin, and myricetin in its composition
[29]. Savietto et al. [30] detected apigenin dihexoside and
tiliroside (kaempferol-p-coumaroyl glucoside) as ubiquitous
constituents of the MeOH leaf extract of C. dichrous Müll.
Arg., C. erythroxyloides Baill., and C. myrianthusMull. Arg.

C. sphaerogynus was previously described as a major
producer of diterpenes. Using serial extraction with hexane,
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Table 2: Antiproliferative activity (GI50, 𝜇g/mL) of the leaf extract and fractions of Croton sphaerogynus on culture cell lines.

Material tested Cell linesa Mean log GI
50

c

U251 MCF-7 NCI-H460
Doxorubicinb

<0.025 <0.025 <0.025 −1.60 P
EE 23.4 53.4 3.00 1.19 W
MP 8.10 20.0 0.25 0.54M
HP 24.7 27.2 3.80 1.14 W
F1 16.7 20.3 1.20 1.19 W
F2 41.8 61.1 12.3 1.50 W
F3 58.7 47.0 12.4 1.51 I
F4 15.0 8.10 11.8 1.05M
F5 31.6 17.9 21.8 1.36 W
aU251: glioma; MCF-7: breast cancer; NCI-H460: nonsmall cell lung.
bPositive control. NCI’s criteria (Fouche et al., 2008 [23]): I: mean log GI50 > 1.5 = inactive; W: weak activity: mean log GI50 > 1.1–1.5; M: moderate activity:
mean log GI50 > 0–1.1; P: potent activity: mean log GI50 < 0.
clog GI50.
Crude EtOH extract (EE); MeOH (MP) and hexane (HP) phases, and fractions (F1, F2, F3, F4, and F5).

CH
2
Cl
2
, andMeOH,Motta et al. [20] identified a great diver-

sity of diterpenes, especially in the CH
2
Cl
2
extract. In the

present study, maceration with EtOH at room temperature
yielded an extract with a diterpene profile similar to that
described by Motta et al. [20]. The lyophilized crude ethanol
extract was resuspended in MeOH and partitioned with
hexane. Partition did not eliminate the diterpenes from the
polar fractionMP. Column chromatography using Sephadex
and MeOH gave five fractions (F1–F5), the first of which
(F1) contained diterpenes and flavonoids, while the further
fractions (F2–F5) contained flavonoids exclusively.

Crude EtOH extract(EE), hexane phase (HP), F1, and
F2 showedweak antiproliferative activity (Table 2).Methanol
phase (MP) and F4 showedmoderate activity, mainly against
cell lines NCI-H460 (nonsmall cell lung) (mean log GI

50
0.54

and 1.05, resp.). On the other hand, F3 was inactive, while
F5, containing virtually only quercetin-3-O-methyl ether
(Table 1, compound 17), also showed weak antiproliferative
activity (Table 2).

According toMotta et al. [20] the antiproliferative activity
of C. sphaerogynus extract was a result of the massive
presence of abietane and/or podocarpane diterpenes in
nonpolar extracts. The present study tested two different
sets of samples: extract and phases composed by different
proportions of diterpenes and flavonoids (EE, HP, MP,and
fractionF1) and fractions composed exclusively by flavonoids
(F2–F5). Table 3 compares data obtained by Motta et al.
[20] and the diterpene mixture obtained in the present
work. According to Motta et al. [20] the CH

2
Cl
2
extract

showed higher activity (mean log GI
50
0.86), compared with

hexane and MeOH extracts (mean log GI
50

1.26 and 1.49,
resp.). Regarding the diterpene profile, the latter extract
was the most similar to MP and HP phases, although
some qualitative and quantitative differences are evident. No
crotonin derivative was detected in the present study, which
may explain the moderate antiproliferative activity of the
CH
2
CL
2
extract (mean 0.86 log GI

50
) reported by Motta et

al. [20] and the weak antiproliferative activity exerted byHP.
The CH

2
Cl
2
extract from C. macrobothrys, which contains

a crotonin derivative, showed moderate antiproliferative
activity (mean log GI

50
0.89) [11]. Grynberg et al. [31] tested

trans-dehydrocrotonin and trans-crotonin isolated from C.
cajucara Benth. on the survival of mice bearing Sarcoma 180
and Ehrlich carcinoma and observed a significant antitumor
activity when mice were treated with trans-dehydrocroto-
nin.

MP phase was the most active sample, showing mod-
erate antiproliferative activity. The relative proportion of
diterpenes and flavonoids (Table 4) might be important to
enhance the antiproliferative activity. Either extracts with
high contents of diterpenes or fractions with high con-
tents of flavonoids presented weak or no antiproliferative
activity. F2, F3, and F4 (fractions lacking diterpenes) were
shown to be inactive. F1, though still containing diterpenes,
showed flavonols in smaller amount thanMP; F5, composed
virtually by quercetin-3-O-methyl ether, also showed weak
antiproliferative activity. The hexane phase (HP) contained
no detectable flavonoids. These results suggest that Croton
species lacking crotonin derivatives might have moderate
antiproliferative activity if they have a combination of other
diterpenes and flavonols.

Extracts from Croton species are frequently reported as
exerting antiproliferative activity. The essential oil from the
stem bark of C. lechleri showed mutagen-protective efficacy
[32] and crude extracts from stems of C. cajucara [19],
containing clerodane diterpenes, exert antitumor activity
against the K562 leukemic cell line. The CH

2
Cl
2
extract of

C. macrobothrys leaves, also containing clerodane diterpenes,
exhibited moderate antiproliferative activity against several
cell lines, in particular NCI-H460 (nonsmall cell lung) and
K562 (leukemia) [11].

On the other hand, flavonoids such as apigenin dihex-
oside and tiliroside (kaempferol-p-coumaroyl glucoside)
detected in leaf extract of C. dichrous, C. myrianthus, and
C. erythroxyloides showed weak or no growth cell inhibition.
However, extracts or fractions with substantial amounts
of these compounds showed weak activity [30]. However,
MeOH extract from C. erythroxyloides obtained under reflux
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Table 3: Main constituents of leaf extract and fractions from Croton sphaerogynus leaves and respective GC/EIMS data. EE: crude EtOH
extract;MP: methanol phase;HP: hexane phase; F1: fraction 1. RT: retention time (min); MM: molecular mass; N.I.: not identified.

RT (min) MM Characterization∗ Relative amount (%)
Dch∗ Met∗ EE MP HP F1

1 14.8 272 Abieta-8, 11-diene 2.2 2.3 — — 3.8 —
2 15.2 278 NI — 0.9 1.6 —
3 16.2 306 NI — — 1.3 —
4 16.4 286 Abieta-8,11-dien-3-one 20.2 20.1 36.0 22.3 27.6 23.8
5 16.7 286 Abieta-8,11,13-trien-3-ol 6.2 13.1 5.4 6.5 7.7 7.1
6 16.9 288 Abieta-8,11-dien-3-ol 3.8 16.7 4.6 8.0 3.3 8.9
7 17.2 286 Podocarp-7-en,13-methyl-13-vinyl-3-one 12.9 4.7 11.2 17.9 18.5 17.9
8 17.5 286 NI 2.1 2.5 0.9 2.7
9 17.7 288 NI 0.9 3.8 1.5 4.6
10 18.0 284 NI 3.6 1.7 1.6 1.4
11 18.1 286 NI — 1.3 1.8 1.6
12 18.2 286 NI 6.7 4.0 3.3 3.4
13 18.6 286 Abieta-8,11,13-trien-12-ol 11.9 18.5 10.3 13.9 21.8 13.5
14 19.2 288 Podocarp-7-en-3-ol, 13-methyl-13-vinyl 4.5 1.6 6.2 4.0 6.0
15 19.3 302 13-hydroxy-abieta-8,11-dien-7-one 4.8 4.2 2.1 — 1.9
16 20.3 300 11-hydroxy-abieta-8,11,13-trien-7-one 3.4 2.2 0.9 — 1.2
17 20.5 302 NI — 1.2 — 1.3
18 20.6 300 Abieta-6,8,11,13-tetraen-3,12-diol 0.7 10.2 4.8 0.7 4.2
19 21.1 286 NI — 1.2 — 0.4
20 21.2 302 Abieta-8,11,13-trien-6,14-diol 0.8 0.9 0.9 — —
21 — 316 Crotonin derivative∗ 5.2 — — — —
NI 23.4 24.6 8.8 9.7 7.1 7.8
∗Main constituents of leaf extract of Croton sphaerogynus and respective GC/EIMS data and characterization according toMotta et al. [20]. Dch, CH2Cl2; Met,
MeOH.

Table 4: Relative amount of major flavonoids in crude EtOH extract (EE), MeOH phase (MP), and fractions (F1–F5) of C. sphaerogynus,
detected by HPLC-DAD (352 nm).

Constituent∗ EE MP F1 F2 F3 F4 F5
1 nd 0.10Q — 0.47Q — — —
2 0.20Q 1.17Q 0.94Q — — — —
3 nd — — 2.23K 3.00K — —
4 0.57K 2.45K 2.01K — — — —
5 1.03K 3.73K 3.04K — — — —
6 0.09Q 0.35Q — 4.65Q 5.18Q — —
7 0.37Q 1.63Q 0.89Q 19.35Q 8.39Q — —
8 0.10K 0.51K 0.50K — — — —
9 0.09Q 0.48Q — 0.91Q 6.51Q 8.42Q —
10 0.18K 0.67K 0.48K 5.5K 1.84K — —
11 0.99K 3.04K 2.42K 19.71K 4.42K — —
12 nd — — 7.47Q 8.39Q — —
13 nd — — 4.15K — — —
14 0.51Q 3.13Q — 3.65Q 34.51Q 47.06Q —
15 nd — — 2.54K 7.89K — —
16 nd — — 2.47Q 3.68Q nd —
17 0.59Q 3.26Q 0.13Q 3.06Q 2.16Q 70.96Q 58.31Q

18 nd — — 2.94K 1.70K — —
19 0.48K 0.97K — — 2.13K 29.68K —
20 nd — — — 2.23Q nd —
∗Identification suggestions in Table 1.
QValues expressed as milligram per gram of quercetin equivalent (mg/gQE).
KValues expressed as milligram per gram of kaempferol equivalent (mg/g KE).
nd: trace amounts.
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showed moderate antiproliferative activity (mean of log GI
50

1.00) [30].
Angst et al. [33] observed that the flavonol quercetin

inhibits the growth of pancreatic cancer cell lines by induc-
ing apoptosis. The association of gemcitabine (a standard
chemotherapeutic drug administered to patients with pan-
creatic cancer) and quercetin had no additional effect when
compared with quercetin administered alone. The authors
also observed a significant apoptotic effect and reduced
tumor cell proliferation in in vivo assay using querce-
tin.

Besides synergism, the chemical structure of the fla-
vonoids seems to be directly related to their antiprolifera-
tive activity. Burmistrova et al. [34] showed that synthetic
flavonols with a hydroxyl group at the C3 position are 7-fold
more potent than flavonols with amethoxyl group at the same
position. This result suggests that a C3 methoxyl group at
C3 is a reducing factor of cytotoxicity. In the present study,
quercetin-3-O-methyl ether alone showed weak antiprolif-
erative activity (mean of log GI

50
1.36). However, according

to Seito et al. [35] flavonoids with methoxyl groups at
positions other than C3 seem to have inhibitory effect on cell
growth.

4. Conclusion

The antiproliferative activity of Croton sphaerogynus seems
to be related to the presence of diterpenes and flavonoids.
MeOH phase (MP) presented the highest antiproliferative
activity among all samples tested and is showed to be
composed by diterpenes and a high amount of flavonoids,
in comparison with the crude EtOH extract (EE) and F1.
Fractions containing no diterpenes showed weak antipro-
liferative activity. Samples containing small proportions of
flavonoids also showed weak antiproliferative activity. The
relative proportions of representatives of these two metabo-
lite classes (flavonoids and diterpenes) in C. sphaerogynus
extracts seem to be crucial to determine their antiproliferative
activity.
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Combination therapy of bortezomib with other chemotherapeutics is an emerging treatment strategy. Since both curcumin and
bortezomib inhibit NF-𝜅B, we tested the effects of their combination on leukemia cells. To improve potency, a novel Mannich-
type curcumin derivative, C-150, was synthesized. Curcumin and its analogue showed potent antiproliferative and apoptotic
effects on the human leukemia cell line, HL60, with different potency but similar additive properties with bortezomib. Additive
antiproliferative effects were correlated well with LPS-induced NF-𝜅B inhibition results. Gene expression data on cell cycle and
apoptosis related genes, obtained by high-throughput QPCR, showed that curcumin and its analogue act through similar signaling
pathways. In correlation with in vitro results similar additive effect could be obsereved in SCID mice inoculated systemically with
HL60 cells. C-150 in a liposomal formulation given intravenously in combination with bortezomib was more efficient than either
of the drugs alone. As our novel curcumin analogue exerted anticancer effects in leukemic cells at submicromolar concentration
in vitro and at 3mg/kg dose in vivo, which was potentiated by bortezomib, it holds a great promise as a future therapeutic agent in
the treatment of leukemia alone or in combination.

1. Introduction

Curcumin, also known as diferuloyl methane, a natural
component of the rhizome of Curcuma longa has emerged
as one of the most powerful chemopreventive and anticancer
agents. It has been reported to exert anti-inflammatory,
antiangiogenic, and antiproliferative activity in various types
of cancer [1–3]. It has also been shown that curcumin
elevates intracellular ROS and induces loss of mitochondrial
membrane potential and apoptosis in leukemia cells [4, 5].
In concert with these observations, the potent antileukemic
action of curcumin and some of its derivatives have been
reviewed recently [6]. This natural compound not only can
be used as chemotherapeutics but also was suggested for
chemoprevention [6].

A variety of molecular mechanisms have been proposed
to mediate anticancer effects of curcumin, but its ability
to inhibit the growth of various types of cancer cells at
various stages of cancer progression is probably due to its
potential to act on multiple targets [7–9]. Among others,
it acts as a scavenger of free radicals [10], inhibits NF-𝜅B
activation [11], and modulates histone deacetylase (HDAC)
and histone acetyltransferase (HAT) enzyme activities [12,
13] and DNA methyltransferase 1 [10]. The main underlying
action mechanisms of curcumin are probably based on the
modulation ofmultiple important cellular signaling pathways
includingNF-𝜅B, TRAIL, PI3K/Akt, JAK/STAT,Notch-1, and
JNK [5, 14].

Several preclinical and clinical studies suggest that cur-
cumin may represent a novel strategy to treat cancer patients
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alone or in combination with already existing therapeutic
regimens [2, 15]. However, the in vivo application of cur-
cumin has been limited for its low potency and unsatisfactory
bioavailability [16], which necessitates the application of new
formulation solutions and the synthesis of novel curcumin
analogues with improved pharmacological properties, while
retaining a similar safety profile.

Different synthetic concepts have been therefore devel-
oped to expand the molecular diversity, from the side-
chain and diketone transformations to alkyl and alkenyl
functionalizations on C-4 in the central position or with
different substituents at the 4 positions of the phenyl group
of curcumin [17–20]. Here, we report the application of a
novel Mannich-type curcumin derivative, C-150, possessing
metahydroxyphenyl side-chains and 3-phenyl-3-acrylamido
branched central motif. The new analogue is one of the most
potent members of the synthesized analogues [21].

Previous reports demonstrated that bortezomib (Vel-
cade, formerly known as PS-341), a potent and selective
proteasome inhibitor approved by the FDA for the treat-
ment of patients with multiple myeloma, is able to block
chemotherapy-induced NF-𝜅B activation and augment the
apoptotic response to chemotherapeutic agents [22].

NF-𝜅B signaling plays a critical role in cancer devel-
opment and progression; constitutive activation of NF-𝜅B
pathway has been reported in different types of cancer,
including multiple myeloma and acute myeloid leukemias
[23, 24]. After stimulation and activation of the canonical
NF-𝜅B pathway in noncancer cells, I𝜅B is phosphorylated
by IKK then degradated by the 26S proteasome allowing
the nuclear transport of NF-𝜅B. Since I𝜅B is a substrate of
the proteasome, the initial rationale for use of bortezomib
in multiple myeloma was inhibition of NF-𝜅B activity and
inhibition of cell proliferation and survival [25, 26].

Beside the canonical pathway, several studies show a
critical role for the noncanonical NF-𝜅B pathway in cancer
pathogenesis as well. Hideshima et al. found that bortezomib
could inhibit the noncanonical pathway via inhibition of
conversion of p100 to p52 and its nuclear translocation in
multiple myeloma cells [27].

It has been shown that bortezomib possesses in vitro and
in vivo activity against a variety of malignancies, including
acute and chronic lymphocytic leukemia, prostate cancer,
pancreatic cancer, and colon cancer [22]. Combination ther-
apy of bortezomibwith other chemotherapeutical agents is an
emerging treatment strategy not only in myeloma but also in
leukemia [28]. Since both curcumin and bortezomib inhibit
NF-𝜅B, we hypothesized their additive anticancer effects on
leukemia cells.

Several studies reported enhanced cytotoxicity of borte-
zomib in multiple myeloma cells when combined with
curcumin or its analogues both in vitro and in vivo [28–
31]. In multiple myeloma cells, the combined treatment
inactivated NF-𝜅B while it activated JNK signaling [31], but
no information has been available on leukemia cells.

In this report, we studied curcumin and a novelMannich-
type curcumin analogue C-150 alone and in combination
with bortezomib. Effects of cotreatment were studied on

cytotoxicity, NF-𝜅B inhibition, gene expression, and in an in
vivo mouse model.

2. Materials and Methods

2.1. Cell Culturing. Human leukemia cells (HL60) were
obtained from ATCC, USA. Cells were cultured at 37∘C
under 5% CO

2
and 100% humidity in LeviTubes designed

for use in the bench top bioreactor-incubator hybrid BioLe-
vitator (Hamilton, Hungary). During cultivation, cells were
proliferated in suspension with rotation without the use of
microcarriers. Rotation period was 2 seconds with 1 second
pause at 65 rpm. LeviTubes were filled with 40mL RPMI
cell culture medium containing 10% fetal bovine serum,
1x GlutaMAX, and penicillin-streptomycin antibiotics (Life
Technologies, Hungary). Culture medium was changed after
48 hours by removing half of the volume of the culture
medium and replacing it with fresh medium.

2.2. Cell Viability Measurements. Viability of HL60 human
leukemia cells was determined by the colorimetric MTS
assay (CellTiter 96 AQueous Assay, Promega, Madison, WI)
and by the CellTiter-Glo luminescent cell viability assay
(Promega, Madison, WI). The cells were seeded into 96-well
plates at 7000 cells/well density and cultured overnight before
treatment. Effects of curcumin (5, 10, 25, and 50 𝜇M), C-150
(50, 100, and 500 nM and 1 𝜇M), bortezomib (0.78, 3.125,
12.5, and 50 nM), and their combinations were recorded 48
hours after treatment. MTS reagent (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-
tetrazo-lium) or CellTiter-Glo reagent was applied to drug
treated and control (0.2% DMSO) cells according to the
manufacturer’s protocol. Absorbance (at 490 nm) and lumi-
nescence were recorded on a multimode microplate reader
(Victor, Perkin Elmer).

Viability was calculated with relation to untreated control
cells from three parallel measurements for all conditions. For
statistical significance, two-tailed Student’s 𝑡-test was used.

2.3. Measurements of NF-𝜅B Inhibition. Mouse B16 melan-
oma cell line was obtained from ATCC, USA. Cells were
cultured in RPMImedium (Life Technologies, Hungary) sup-
plemented with 10% FCS (Life Technologies, Hungary). NF-
𝜅B reporter cell lines were created by transfection with the
pNF-𝜅B-Luc/neo reporter construct with the Lipofectamine
2000 reagent (Invitrogen) and stable cell lines were selected
by G418 (Sigma) treatment.

B16/NF-𝜅B-Luc cells (6 × 104 cells/well) were grown
on luminoplates (Corning Life Sciences, Kentucky, USA)
overnight under standard cell culturing conditions. Before
treatment with curcumin (5, 10, 25, and 50 𝜇M), C-150 (50,
100, and 500 nM and 1 𝜇M), bortezomib (0.78, 3.125, 12.5,
and 50 nM) and their combinations, the NF-𝜅B-Luc reporter
gene was induced by adding LPS (500 ng/mL) into the cell
culture media (500 ng/mL). After 6 hours of incubation with
curcumin, C-150, bortezomib, or their combinations, the
mediumwas removed; cells were washed and lysed for 10min
at room temperature in cell culture lysis reagent (20 𝜇L/well;
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Promega). Substrate was added (20 𝜇L/well; Promega), and
luciferase activity was measured in a microplate reader
(Victor, Perkin Elmer). NF-𝜅B inhibition was calculated
with relation to untreated control cells from three parallel
measurements for all conditions.

2.4. FACS Analysis. HL60 cells (105) were plated in 24-
well tissue culture plates (Corning Life Sciences). Cells were
treated with curcumin (25 𝜇M), C-150 (300 and 600 nM),
bortezomib (20 nM), and their combinations in triplicates.
After 48 hours, cells were collected and resuspended in
annexin V binding buffer (0.01M HEPES, 0.14M NaCl,
and 2.5mM CaCl

2
). Annexin V-Alexa 488 (Life Technolo-

gies, 2.5 : 100) and propidium iodide (PI) (Sigma-Aldrich,
10 𝜇g/mL) were added to the cells and placed for 15min
in dark at room temperature. After washing, the cells were
analyzed on the FACSCalibur cytofluorimeter (Becton Dick-
inson). Percentage of FL1 (annexin V-Alexa 488) positive and
FL3 (propidium iodide) negative early apoptotic cells and FL1
(annexin V-Alexa 488) positive and FL3 (propidium iodide)
positive late apoptotic cells was determined. For statistical
significance, two-tailed Student’s 𝑡-test was used.

2.5. Gene Expression Analysis by High-Throughput QPCR.
HL60 leukemia cells (106) were plated on 10 cm2 tissue culture
plates (Corning Life Sciences). Cells were treated with cur-
cumin, C-150, bortezomib, and their combinations. 48 h after
treatment, cells were collected and centrifuged (3000 rpm,
5min) and total RNA was purified from treated and control
(0.2% DMSO) cells using AccuPrep Viral RNA Extraction
kit (Bioneer Corp., Korea) with a modified protocol as
described earlier [32]. Briefly, cells were lysed with RA1 lysis
buffer (Macherey-Nagel, Düren, Germany) and applied to the
Viral RNA Extraction binding tube and then washed and
eluted with the protocol recommended by the manufacturer.
The quantity of total RNA was measured by NanoDrop
1000 spectrophotometer. 6𝜇g total RNA was converted into
cDNA with the High-Capacity cDNA Archive Kit (Applied
Biosystems, Foster City, CA) in a total volume of 60𝜇L.

Identical reaction volumes were prepared by the Agilent
Bravo Liquid handling Platform (Agilent Technologies) in
a 16 × 96-well design according to Agilent and Roche’s
recommendations. Each 2𝜇L reaction mixture contained
6 ng cDNA, 10 pmole gene specific primers, and 1𝜇L 2x Light-
Cycler1536 Probes Master (Roche). The following amplifi-
cation protocol was used: 95∘C for 1 minute (activation),
60 cycles of 95∘C for 10 seconds, and 60∘C for 10 seconds,
followed by 40∘C for 10 second final cooling. Amplification
was performed on the LightCycler 1536 System (Roche
Applied Science) using the real-time ready human cell cycle
regulation panel and the real-time ready human apoptosis
panel (Roche Applied Science). Each panel consists of 84 cell
cycles and apoptosis related assays along with seven human
reference genes (ACTB, 𝛽2M, GAPDH,HPRT1, RPL13A, 18S,
and YWHAZ).

Data was collected and processed using the LightCycler
1536 SW 1.0 software. Curves were analyzed by using dynamic
tube and slope correction methods. Relative expression of

the analyzed genes was normalized to the mean value of the
reference genes.

2.6. Liposome Formulation of C-150. Liquid phase C-150
containing liposomes was produced by dissolving lipid pow-
der of CHOL/PC/DSPE-mPEG (62/28/0.6mol%) and C-
150 (9.2mol%) in ethanol. The solution was transferred to
a rotary evaporator and dried overnight in vacuum. The
lipid film was hydrated and redispersed in PBS solution to
a final C-150 concentration of 0.5mM for 25min over the
phase transition temperature of the organic components.The
dispersion was subjected to size extrusion (0.45 𝜇mpore size)
and finally filtered through sterile filters (0.22𝜇m pore size).
After preparation, droplet size and polydispersity index of the
liposomes were determined. The droplet size, SSA, and PDI
of liposomes were measured by laser diffractometry (𝑛 = 5)
by the wet method.The d0.1, d0.5 as median and d0.9 droplet
size values, SSA, and PDI values were 75±19 nm, 114±20 nm,
178 ± 24 nm, 54.5m2/g, and 0.901 ± 0.20, respectively.

2.7. In Vivo Effects of C-150 and Bortezomib in a Xenograft
Model. 8-week-old male NOD CB17-Prkdcscid/NcrCrl mice
(Charles River, InnovoKft., Hungary) were used.The animals
were kept in individual ventilated cages to avoid any infec-
tion. All mice were fed a commercial sterile diet and water
ad libitum and were housed in an animal facility under a 12 h
light/dark cycle at constant temperature and humidity.

For the induction of rodentmodel of human leukemia 106
HL60, human leukemia cells were injected in 100𝜇L volume
intravenously. 3 days after cancer cell inoculation mice were
randomized and treated 5 times a week for 2 weeks.

Four different groups, each containing 8 mice, were stud-
ied: PBS control, bortezomib (0.15mg/kg), C-150 (3mg/kg),
and C-150 (3mg/kg) + bortezomib (0.15mg/kg). All animals
were treated moribund and were euthanized at the observa-
tion of the first sign of torment. The study was performed
according to the Institutional and National Animal Experi-
mentation and Ethics Guidelines in possession of an ethical
clearance (XXIX./3610/2012).

2.8. Statistical Analysis. All data presented are means ±
standard deviation (SD) as indicated in the text.The statistical
comparisons were performed by two-tailed Student’s 𝑡-test
using Microsoft Excel. In all statistical comparisons, a proba-
bility (𝑃) value of less than 0.05 was considered significant.

3. Results and Discussion

3.1. In Vitro Effect of Curcumin and Its Analogue Alone
and in Combination with Bortezomib. We have utilised two
common viability assays to assess the cytotoxic effects of
curcumin and the novel analogue C-150 on HL60 cells.
Combinations of curcumin or C-150 with bortezomib were
also investigated. The colorimetric MTS assay and the lumi-
nescence based CellTiter-Glo (CTG) assay yielded compa-
rable results; however, additive effects could be registered
at different concentrations (Tables 1 and 2). We found that
the CellTiter-Glo assay resulted in additive effects at lower



4 BioMed Research International

Table 1: Cell viability measurements (MTS) of curcumin (C), C-150, and bortezomib (BTZ) alone and combined. Curcumin and its analogue
C-150 and bortezomib significantly decreased the cell viability of HL-60 human leukemia cells in a dose-dependent manner. C-150 exhibited
dose-dependent effect onHL60 cells in submicromolar concentrations and was effective at 27 times lower concentration than curcumin. Both
curcumin and its analogue exhibited additive effects with bortezomib (bold data with significant values) (𝑃

1

: bortezomib versus combination;
𝑃
2

: curcumin or C-150 versus combination; two-tailed Student’s 𝑡-test).

— BTZ
(50 nM)

BTZ
(12.5 nM)

BTZ
(3.125 nM)

BTZ
(0.78 nM)

— 0.35 0.45 1.26 1.34
C (50 𝜇M) 0.34 0.33 0.35 0.39 0.37
C (25 𝜇M) 0.26 0.23 0.31 0.28 0.27

C (10 𝜇M) 0.48 0.28
(P1 < 0.05,P2 < 0.01)

0.31
(P1 < 0.05,P2 < 0.01)

0.42 0.60

C (5𝜇M) 1.10 0.33 0.43 1.21 1.26

C-150 (1 𝜇M) 0.25 0.21 0.19
(P1 < 0.01,P2 < 0.05)

0.23 0.25

C-150 (0.5 𝜇M) 0.40 0.26
(P1,P2 < 0.01)

0.27 0.27
(P1 < 0.01,P2 < 0.05)

0.33

C-150 (0.1 𝜇M) 0.94 0.25 0.41 0.83 1.02
C-150 (0.05 𝜇M) 1.16 0.32 0.39 1.13 1.22

Table 2: Cell viability measurements of curcumin (C), C-150, and bortezomib (BTZ) alone and in combination with CellTiter-Glo assay.
Curcumin and its analogue C-150 significantly potentiated the effect of bortezomib (𝑃

1

: bortezomib versus combination; 𝑃
2

: curcumin or
C-150 versus combination; two-tailed Student’s 𝑡-test).

— BTZ
(50 nM)

BTZ
(12.5 nM)

BTZ
(3.125 nM)

BTZ
(0.78 nM)

— 0.11 0.16 0.91 0.94
C (50 𝜇M) 0.12 0.11 0.12 0.12 0.11

C (25 𝜇M) 0.17 0.15 0.13 0.13
(P1 < 0.01,P2 < 0.05)

0.13
(P1 < 0.01,P2 < 0.05)

C (10 𝜇M) 0.99 0.11 0.15 0.52
(P1,P2 < 0.01)

0.87

C (5𝜇M) 1.08 0.11 0.17 0.79 1.05

C-150 (1 𝜇M) 0.09 0.10 0.10
(P1 < 0.01,P2 < 0.05)

0.08 0.08

C-150 (0.5 𝜇M) 0.16 0.10 0.10 0.12 0.16

C-150 (0.1 𝜇M) 0.99 0.08
(P1 < 0.05,P2 < 0.01)

0.12
(P1 < 0.05,P2 < 0.01)

0.58
(P1,P2 < 0.01)

0.90

C-150 (0.05 𝜇M) 0.93 0.10 0.15 0.69
(P1 < 0.01,P2 < 0.05)

1.02

concentrations both in case of curcumin and C-150, which
can be explained by the difference in sensitivity of the two
assays. While MTS assay measures the activity of NAD(P)H-
dependent cellular oxidoreductase enzymes of themitochon-
dria, the CellTiter-Glo assay detects cellular ATP content.

We found that curcumin had a dose-dependent cytotoxic
effect on HL60 cells (MTS IC

50
= 8.21 𝜇M CTG: IC

50
=

16.77 𝜇M). C-150 also exhibited a dose-dependent effect
on HL60 cells but with 27–60-fold higher potency than
curcumin (MTS IC

50
= 0.30 𝜇M, CTG IC

50
= 0.27 𝜇M).

In the combination experiments, bortezomib was used at
nanomolar concentrations and the determined IC

50
value of

bortezomib alone was 6.56 and 6.90 nM in the MTS and the
CTG assays, respectively.

At the highest applied concentrations, both curcumin and
bortezomib alone produced robust cell death, which could
not be further enhanced by the combined treatment. At the
lowest applied concentration, both curcumin and bortezomib
showed no cytotoxic effect neither alone nor in combination.
Interestingly, only the CTG assay detected appreciable and
statistically significant additive effects. Viability dramatically
decreased after combination of 10𝜇Mcurcumin and 3.125 nM
bortezomib, by 47 and 39% compared to curcumin or
bortezomib alone. Similarly, combination of 5𝜇M curcumin
and 3.125 nM bortezomib also decreased viability compared
to either of the compounds alone (see Table 2).

Combination of C-150 and bortezomib also showed addi-
tive effects. Both methods detected a statistically significant
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Table 3: In vitro effect of curcumin and C-150 on NF-𝜅B signaling. Curcumin and its analogue C-150 alone or in coadministration with
bortezomib decreased the activation of NF-𝜅B pathway in a dose-dependent manner. Modest significant additive effect was recorded after
coadministration of C-150 with bortezomib (𝑃

1

: bortezomib versus combination; 𝑃
2

: curcumin or C-150 versus combination; two-tailed
Student’s 𝑡-test).

— BTZ
(50 nM)

BTZ
(12.5 nM)

BTZ
(3.125 nM)

BTZ
(0.78 nM)

— 0.36 0.44 0.54 0.94
C (50 𝜇M) 0.19 0.20 0.22 0.28 0.28
C (25 𝜇M) 0.20 0.24 0.31 0.44 0.34
C (10 𝜇M) 0.43 0.32 0.25 0.47 0.54
C (5𝜇M) 1.05 0.54 0.61 0.64 0.94

C-150 (1 𝜇M) 0.58 0.37 0.41 0.44
(P1 < 0.01,P2 < 0.05)

0.65

C-150 (0.5 𝜇M) 0.82 0.36 0.50 0.56 0.72

C-150 (0.1 𝜇M) 1.17 0.32
(P1 < 0.05,P2 < 0.01)

0.54 0.58 0.79
(P1 < 0.05,P2 < 0.01)

C-150 (0.05 𝜇M) 0.99 0.38 0.54 0.49
(P1,P2 < 0.01)

0.95

decrease in viability following the combination of 0.1𝜇M of
C-150 and 3.125 nM of bortezomib. Again, more dramatic
changes were detected by the CTG assay than MTS.

In conclusion, cytotoxic effects of curcumin and its
analogue were detected by two cell viability measurements.
Furthermore, we showed that both curcumin and C-150
additively potentiated the effect of bortezomib.

3.2. In Vitro Effects on the NF-𝜅B Pathway. In the same
concentration ranges as in the viability tests, we determined
the effect of curcumin, C-150, and bortezomib on NF-𝜅B
induction inhibition. All three compounds decreased the
activation of NF-𝜅B markedly in a dose-dependent manner.
IC
50
values were 9.6 𝜇M for curcumin, 0.8 𝜇M for C-150, and

2.0 nM for bortezomib. Significant additive effects could not
be recorded for curcumin and bortezomibwhile, in case of C-
150, amodest additive effect was found in some concentration
combinations (Table 3).

Several studies show a critical role for the NF-𝜅B pathway
in multiple myeloma and leukemia pathogenesis as well
[23, 24]. Hideshima et al. found that bortezomib triggers
the canonical pathway of NF-𝜅B and downregulates I𝜅B𝛼
in primary cells from patients with MM. However, they
also found that bortezomib could inhibit the noncanonical
pathway via inhibition of conversion of p100 to p52 and its
nuclear translocation in MM.1S cells [27]. It was also shown
that the main underlying mechanisms of action of curcumin
were probably based on themodulation ofmultiple important
cellular signaling pathways including NF-𝜅B [5, 14]. Here, we
demonstrated that both types of anticancer agents inhibited
NF-𝜅B induction and curcumin and C-150, in concordance
with their additive cytotoxic potential confirmed by our in
vitro studies, which potentiated the effects of bortezomib.

3.3. Apoptosis Detection. Using FACS analysis and annexin
V and PI staining, the percentage of cells in early or late
apoptosis was determined.

Two doses of curcumin (15 and 25 𝜇M) and C-150 (0.3
and 0.6 𝜇M) were applied. Bortezomib was applied at 20 nM
concentration. Both curcumin and C-150 at their higher
concentration induced 100% and 70% programmed cell
death, respectively.No additive effect could be observedwhen
bortezomib was coadministered (Table 4).

At the lower curcumin concentration (15𝜇M), we could
detect a statistically significant additive effect between cur-
cumin and bortezomib (Figure 1(a)). C-150 at 0.3 𝜇M (50
times lower concentration) possessed a similar apoptotic
effect compared to curcumin at 15 𝜇M (Figure 1(b)). Coad-
ministration of bortezomib also showed a significant additive
effect (Figure 1(b)) with 0.3 𝜇MC-150.

From these results, we can conclude that the novel
curcumin analogue induced a similar level of apoptosis at
50-fold lower concentration than curcumin, while retaining
the ability to potentiate the effect of bortezomib. In addition,
we found that both curcumin and C-150 induced apoptosis
and not necrosis, since the only propidium iodide positive
population did not change (data not shown).

3.4. Analysis of Apoptosis and Cell Cycle Related Gene Expres-
sion Affected by Combination Treatments. We have analysed
the effects of curcumin on the expression of apoptosis and cell
cycle related genes using high-throughput QPCR. Figure 2
depicts the hierarchical cluster analysis of the obtained gene
expression patterns. Previous studies highlighted that treat-
ment with curcumin and bortezomib activated JNK signaling
in multiple myeloma cells [33]. In agreement with that, we
observed increased expression of JUN (jun protooncogene),
a target of JNK (MAPK8, mitogen-activated protein kinase
8), following both curcumin and bortezomib treatment, and
this overexpression was enhanced by their combined use.
A negatively regulated target of JNK signaling BCL2 (B-cell
CLL/lymphoma 2) was also affected; it was downregulated by
curcumin and bortezomib and by their combination. Here,
a significant additive effect was also observed. (b), (c), (d),
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Table 4: Summary of FACS analysis. Percentage of cells in early and late stages of apoptosis and total apoptotic cells as determined by
annexin V and PI staining. The curcumin analogue C-150 induced a similar rate of apoptosis at 50-fold lower concentration than curcumin.
Furthermore, it retained the ability to potentiate the effect of bortezomib.

Early apoptotic cells
Annexin V+/PI−

Late apoptotic cells
Annexin V+/PI+ Total apoptotic cells

% +/− % +/− % +/−
Control 4.5 0.5 3.4 0.6 7.9 1.1
BTZ 20 nM 21.4 0.4 16.5 4.2 37.9 4.6
C 15 𝜇M 18.6 0.8 21.9 4.2 40.5 5.0
C 15 𝜇M + BTZ 20 nM 21.3 1.3 29.1 1.6 50.4 2.9
C 25 𝜇M 45.6 5.0 54.1 4.9 99.6 9.9
C 25 𝜇M + BTZ 20 nM 53.3 8.0 46.5 7.9 99.7 15.9
C-150 0.3 𝜇M 23.8 4.1 7.0 2.7 30.8 6.9
C-150 0.3 𝜇M + BTZ 20 nM 25.4 0.1 21.4 4.4 46.9 4.5
C-150 0.6 𝜇M 24.5 1.0 45.9 3.9 70.4 4.9
C-150 0.6 𝜇M + BTZ 20 nM 24.2 2.0 45.7 3.2 69.8 5.3
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Figure 1: Effect of curcumin (C) or C-150 treatments alone or in combination with bortezomib (BTZ) on cell viability. C-150 (0.3𝜇M) could
potentiate the cytotoxic effect of 20 nM bortezomib at 50-fold lower concentration than curcumin (15𝜇M). Data represent total apoptotic
cells (∗𝑃 ≤ 0.05; ∗∗𝑃 ≤ 0.01, two-tailed Student’s 𝑡-test).

(e), (f), and (g) panels of Figure 2 depict representative genes
of the identified clusters. Panel (b) contains genes that were
activated by both curcumin and bortezomib with additive
effects following the combined treatment. Panels (c) and
(d) contain genes that were markedly downregulated: by all
treatments (Panel (c)) or by only the combined treatment
(Panel (d)). Panels (e), (f), and (g) plot those genes that
were upregulated following combined treatment, suggesting
a role in the observed additive effects between curcumin and
bortezomib.

We can conclude that both apoptosis and cell cycle related
genes were differentially expressed by curcumin and by its
combination with bortezomib.

We have also investigated the effects of the novel analogue
C-150 alone and in combination on genes related to apoptosis
and cell cycle. Figure 3 summarizes the results of hierarchical
cluster analysis and highlights representative genes of the
identified gene expression patterns.

In conclusion, C-150 possessed dose-dependent effects
on certain apoptosis and cell cycle related genes which

could be enhanced by coadministration with bortezomib. In
comparison with cotreatment of bortezomib and curcumin
or C-150, similar gene expression changes were detected,
which suggests a similar mechanism of action.

3.5. Common Genes Influenced by Both Curcumin and C-
150. When gene expression values from curcumin and C-
150 treated cells were plotted against each other and their
correlation was investigated, we concluded that genes most
affected by treatment behaved in a similar fashion suggesting
that the related compounds act with similar mechanism
of action (Figure 4). Several cyclins were unaffected by
treatment but two previously described genes CCND1 (cyclin
D1) and CCND2 (cyclin D2) [34] were both downregulated
by curcumin and C-150. BIRC3 (BIRC3 baculoviral IAP
repeat containing 3) and CASP4 (caspase 4, apoptosis-related
cysteine peptidase) expression was also activated by both
compounds agreeing with previous reports [35, 36].

While fewer genes responded to C-150 treatment alone
compared to curcumin alone (with at least 2-fold induction
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Figure 2: Gene expression analysis of curcumin (C) and bortezomib (BTZ) treatment. Curcumin influenced the expression of a wide range
of cell cycle and apoptosis related genes.

or repression), combined treatment of C-150 and bortezomib
affected the same genes with a similar profile as curcumin
and bortezomib together (Figure 4(b)). Similar to viability
measurements with MTS or CTG and FACS analysis, C-150
induced comparable results to curcumin at more than 40
times less concentration (25𝜇M versus 0.6 𝜇M).

3.6. Genes Influenced Differentially by Curcumin and C-150.
It seems that, among the tested members of the tumor
necrosis factor receptor superfamily TNFRSF10A, B and
C were differentially affected by curcumin and C-150. All
three genes were upregulated by curcumin, while C-150
did not alter their expression. GADD45A (growth arrest
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Figure 3: Gene expression analysis of curcumin analogue C-150 and bortezomib treatment. C-150 influenced the expression of a wide range
of cell cycle and apoptosis related genes at 40–80-fold lower concentration compared to curcumin.
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Figure 4: Correlation of gene expression changes following curcumin and C-150 treatment (a). Correlation of gene expression values of the
combined treatments of curcumin + bortezomib and C-150 (0.6 𝜇M) + bortezomib (b). The natural compound curcumin and its synthetic
analogue C-150 affected nearly the same genes in a similar fashion, but curcumin analogue exerted its effect at 40-fold lower concentration.

and DNA-damage-inducible, alpha) was also differentially
affected by curcumin and its analog. This stress response
gene also mediates the activation of the JNK pathway [37],
which also showed difference in the expression of JUN that
was upregulated by curcumin and was not affected by C-
150. These differences may rise from differences of the two
compounds in target affinity or more likely effectiveness of
the applied concentrations. Further studies are needed to
validate these findings.

3.7. In Vivo Effects of Liposome-Formulated C-150 and Borte-
zomib Alone and in Combination. The effective therapy of
acute myelocytic leukemia still remains problematic. Single
treatment of leukemia and similar hematological cancer types
has shown modest improvement. Despite chemotherapy,
nearly half of the patients with myelocytic leukemias will fall
prey to the disease because of thematuration ofmultiresistant
subclones of leukemia cells [38, 39]. Numerous studies aimed
to find effective compounds that are coadministered with
chemotherapeutic agents which can increase efficacy of the
treatment and lower its side effects. Several studies concluded
that the sensitivity of some cancer cells can be increased
by inhibiting several intracellular pathways in parallel which
finally result in apoptosis. From this evidence, it can make
sense to use the conventional chemotherapeutic agents in
combination with other compounds that can sensitize the
target cells.

We found that curcumin and its synthetic analogue C-
150 can improve the effect of bortezomib in vitro. From the
evidence published by Bai and Zhang and from our findings,
curcumin and its analogueC-150 canmodulate and inactivate
the NF-𝜅B pathway which is necessary to cell survival and
activates the JNK pathway an activator of apoptosis [33]. In
order to prove our hypothesis that C-150 could increase the
effect of bortezomib against promyelocytic leukemia in vivo
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Figure 5: Survival of HL-60 xenograft mice treated with C-150
(3mg/kg), bortezomib (0.15mg/kg), or their combination. The
curcumin analogue C-150 and bortezomib alone exhibited antitu-
mor activity in HL-60 xenograft SCID mice, whereas combined
treatment (bortezomib + C-150) developed a greater antitumor
activity compared to single treatments.

also, a study using a rodent model system was performed in
SCIDmice. In our in vivo study, 8mice were used in 4 groups.

We found that 1/8 mice survived in the control group,
while both bortezomib and C-150 treatment alone was effec-
tive; 3/8 survived after 90 days in both groups. When C-150
and bortezomib were administered in combination, 5/8 mice
survived. In addition, we found that this survival ratio did not
change until 120 days, when the experiment was terminated
(Figure 5).
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Consistent with the results obtained in vitro, bortezomib
or liposome formulated C-150 alone exhibited antitumor
activity in HL-60 xenograft SCID mice, whereas combined
bortezomib and C-150 treatment resulted in greater antitu-
mor activity than single treatments. These results suggest
that the combined use of bortezomib and C-150 could be
developed into an effective option in the treatment of AML.

4. Conclusion

The multitarget action of curcumin and its analog, C-150,
showed additive cytotoxic effects with bortezomib. Curcumin
and its analogue induced expression changes in apoptotic and
cell cycle related genes as determined by high-throughput
QPCR. Most of the affected genes showed similar changes
suggesting that the related compounds act through similar
signaling pathways. Differences in tumor necrosis factor
receptor superfamily and GADD45a gene activity profiles
induced by curcumin and C-150 could be explained by
differences in their target affinity or more likely, effectiveness
of the applied concentrations. The enhanced proliferation
inhibition capability of curcumin and C-150 analogue with
bortezomib was confirmed by in vitro as well as in vivo
studies. Pronounced positive effects of the liposomal formu-
lated curcumin analogue on survival of HL60 xenograftmice
would render thismolecule a potent clinical candidate against
leukemia alone or in combination with other antineoplastic
agents.
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Breast cancer is the leading cause of death in women worldwide.The search for novel compounds with antitumor activity, with less
adverse effects and higher efficacy, and the development of methods to evaluate their toxicity is an area of intense research. In this
study we implemented the preparation and culture of breast tumor explants, which were obtained from precision-cut breast tumor
slices. In order to validate themodel we are proposing to screen antineoplastic effect of natural compounds, we selected caffeic acid,
ursolic acid, and rosmarinic acid. Using the Krumdieck tissue slicer, precision-cut tissue slices were prepared from breast cancer
samples; from these slices, 4mm explants were obtained and incubated with the selected compounds. Viability was assessed by
Alamar Blue assay, LDH release, and histopathological criteria. Results showed that the viability of the explants cultured in the
presence of paclitaxel (positive control) decreased significantly (𝑃 < 0.05); however, tumor samples responded differently to each
compound. When the explants were coincubated with paclitaxel and compounds, a synergic effect was observed.This study shows
that ex vivo culture of breast cancer explants offers a suitable alternative model for evaluating natural or synthetic compounds with
antitumor properties within the complex microenvironment of the tumor.

1. Introduction

Cancer is the leading cause of mortality worldwide, with 8.2
million deaths and 14.1 million new cases recorded during
2012 alone. According to the World Health Organization, the
number of deaths will continue to rise across the globe, with
the alarming prediction of 19.3 million new cases by 2025.
Breast cancer is the most frequent cancer found in women; it
possesses the most elevated morbidity and mortality. In 2012,
approximately 1.7 million women were diagnosed with breast
cancer in the world, and 522,000 died as a direct result of this
disease [1].

Conventional cancer therapies include surgery, radiation,
and chemotherapy. Although the latter is widely used, inmost
cases it produces undesirable side effects. Chemoresistance
and/or recurrence of cancer after chemotherapy are frequent
events seen with treatment of this disease [2]. Thus, different
research groups are now focused on finding novel drugs or
anticancer compounds [3, 4] while others are developing
methodologies for the evaluation of these drugs [5–7].

One of the current approaches for investigating novel
antineoplastic or chemopreventive compounds is based on
natural products research. This is because some of these
compounds inhibit cell proliferation and promote apoptosis
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Table 1: Bioactive compounds in commonly used herbs and spices.

Caffeic acid Rosmarinic acid Ursolic acid
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OH
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O

OH
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H
H

H

HO

COOH

Coffee, parsley Rosemary Basil
Cardamom, rosemary Marjoram Marjoram
Cumin, sage Oregano Sage
Fennel, tarragon Basil Thyme
Nutmeg, thyme Sage
Oregano Thyme

in various types of tumor cells including breast cancer cells.
Furthermore, it is well known that approximately 60% of the
drugs administered in cancer treatment were isolated from
natural products [8–10].

For the purpose of this study, we selected three nat-
urally occurring compounds which possess antitumor and
chemopreventive activities, namely, caffeic acid (CA), ursolic
acid (UA), and rosmarinic acid (RA). These bioactive com-
pounds are present in fruits, vegetables, medicinal plants,
and culinary species. Table 1 shows their chemical structures
and some examples of culinary herbs and spices where they
are abundantly found [11–13]. CA is known to inhibit DNA
methylation in human breast cancer cells and it has been
suggested that it may reduce the risk of acquiring breast
cancer [14]; however, epidemiological studies have been
inconsistent and no established association between coffee
intake and breast cancer development has been discovered
[15]. We have previously reported that CA obtained from
Hedeoma drummondii extracts possesses antiproliferative
effect against MCF-7 and HeLa cells [16]. UA is known to
inhibit proliferation of MCF-7 cells [17, 18], induce apoptosis,
and inhibit oxygen consumption in various tumor cell lines
[19, 20]. It suppresses the migration and invasion of MDA-
MB-231 cells [21] and exerts antitumor effects on multidrug-
resistant cancer cells [22]. RA has antioxidant, antitumor,
antimutagenic, and chemopreventive activities [12, 23–25].
The effect of RA on cell proliferation and apoptosis induction
has been determined in MCF-7, MDA-MB-361, MDA-MB-
453, and HeLa cells [26, 27]; RA induces apoptosis and
inhibits metastasis of MDA-MB-231BO cells. Hence, RA
is also considered a good candidate for new therapeutic
approaches in the treatment of breast cancer [28].

On the other hand, the antitumor activity and mecha-
nisms involved in the inhibition of carcinogenesis by novel
compounds with antineoplastic potential must be evaluated
and validated using models that extrapolate their effects in
humans. The results obtained from cells cultured in vitro
and from experiments conducted on animals do not reflect
what happens in humans, especially with regard to the full

physiology, metabolism, pharmacokinetics, and other fac-
tors of high complexity. Therefore, it is important to use
experimental models for easy and proper observation of
the effects of bioactive compounds in tumor samples where
tumor microenvironment is preserved. Conde et al. suggest
that to study behavior of tumors it is necessary to maintain or
reconstitute a similar environment of the tumor in situ [29].
From the experimental point of view, a way to preserve tissue
architecture with little or no manipulation is through the
organotypic culture of intact and fresh tumor tissues. Tissue
slices, one of the methods recently used, is an intermediate
system between in vivo and in vitro models, which offers a
new perspective to the results obtained with cell lines.

Tissue slices contain virtually all the cells from the tissue
under study. They retain histological and three-dimensional
structure (3D), with inter- and extracellular interactions, cell
matrix components, and,most interestingly,metabolic capac-
ity. Hence, cultured tissue slices are considered a suitable tool
for the study of multicellular processes [30].

Precision-cut tissue slices have mainly been used to study
metabolism and toxicity of xenobiotics [31, 32], biotransfor-
mation of drugs, gene expression studies, and morphological
analysis, among other studies [33, 34]. Our group has recently
described their application as an infection model for the
parasitic protozoa Entamoeba histolytica [35, 36]. Other than
normal tissue slices, tumor slices are 3D cultures in which it
is possible to evaluate ex vivo therapeutic efficacy of oncolytic
vectors [37–41] and drugs such as meloxicam and Taxol [42–
44] or study the interactions between stromal components
and epithelial cells with the extracellular environment, as well
as the response to cytokines and drugs [45].The taxoid pacli-
taxel (abbreviated TX in this work), known by its original
brand name, Taxol, represents the most important first-line
antineoplastic drug for treatment of various types of cancer,
including breast cancer, ovarian cancer, non-small cell lung
cancer, andAIDS relatedKaposi’s sarcoma, among others. TX
was purified and identified as the active constituent from the
bark of the Pacific yew, Taxus brevifolia, in 1971 [46, 47]. Its
mechanism of action relies on the promotion of microtubule
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Table 2: Clinical and histopathological data of the subjects.

Patient Age Clinical stage Histologic type Tumor
size

Estrogen
receptor (ER)

Progesterone
receptor (PR) Her2 status Molecular

classification
A 50 yr T2N1M0 (grading: IIB) Ductal infiltrating 3 cm (−) (−) (+) Her2+
B 59 yr T3N0M0 (grading: IIB) Ductal infiltrating 5 cm (+) (+) (+) Luminal B
C 41 yr T2N1M0 (grading: IIB) Ductal infiltrating 4 cm (+) (+) (−) Luminal A

assembly and inhibition of microtubule disassembly; cells
exposed to paclitaxel cannot form a mitotic spindle; this
interferes with cell division and induces cell death [48].

Using ex vivo organotypic cultures of breast cancer
explants treated with CA, UA, RA, and TX, we found that this
model is an alternative system for studying anticancer activity
or synergistic potential assessing natural products. Cultured
explants retain their typical morphology and viability for
at least 3 days. With this method, a sufficient number of
slices and explants can be obtained from minimal amounts
of tissue, enabling the study of several compounds within a
single tumor specimen.

2. Materials and Methods

2.1. Chemicals. Caffeic acid, ursolic acid, rosmarinic acid,
paclitaxel, and insulin-transferrin-selenium were purchased
from Sigma-Aldrich (St. Louis, MO, USA). DMEM/F12
medium, fetal bovine serum, gentamicin, penicillin-strep-
tomycin, and Alamar Blue were obtained from Invitrogen
(Grand Island, NY, USA). The antibody against Ki 67 was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The reagents for general use were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Tumor Samples. Infiltrating ductal adenocarcinoma
specimens were collected from 11 patients during surgery at
the Hospital of Gynecology and Obstetrics (UMAE # 23)
from the Mexican Institute of Social Security (IMSS). The
pathologist dissected the specimen immediately after surgery
to confirm its tumorous nature and to avoid contamination.
Informed consent was obtained from all patients. Tissues
were collected in cold serum-free DMEM/F12 medium
(Invitrogen, Grand Island, NY, USA) and transported at 4∘C
to the organotypic culture laboratory for immediate process-
ing. Approval was obtained from the Institutional Review
Board (Mexican Institute of Social Security) before initiation
of studies on human tissue.The clinical and histopathological
data of these patients are described in Table 2.

2.3. Preparation of Slices and Explants from Breast Tumor.
From representative tumor samples, cylindrical tissue cores
of 10mm diameter were obtained; from these, tissue slices of
250–300𝜇m thickness were prepared using the Krumdieck
tissue slicer (Alabama Research & Development, Munford,
AL, USA), with constant flow of Krebs Henseleit bicarbonate
buffer (KB) at 4∘Cwhichwas gassed with carbogen.The slices
were collected in KB buffer at 4∘C. To optimize the tumor
sample and homogenize the size of tissues, small tumor

explants, 4mm in diameter and 250–300𝜇m in thickness,
were prepared using a biopsy punch from the first-obtained
slices. Tumor explants were placed in six-well microplates
containing DMEM/F12 culture medium supplemented with
10% fetal bovine serum, 5 𝜇g/mL bovine insulin, 100 𝜇g/mL
gentamicin, insulin-transferrin-selenium, and 25mM glu-
cose (DMEM/F12 supplementedmedium). Plates were prein-
cubated for 1 h at 37∘C, 5% CO

2
/95% air, and agitation at

25 rpm. The interval between resection of the tumor and the
incubation of the explants was no more than 2 h. The entire
process was performed under aseptic conditions.

2.4. Viability of Tumor Explants. In order to confirm that the
tumor sampleswere still viable during the entire experiments,
the viability of the tumor explants was determined at different
times before testing the antineoplastic effect of CA, UA, and
RA. To test this, explants with 4mm diameter/250–300 𝜇m
thickness were placed in 24-well microplates containing 1mL
of DMEM/F12 supplemented medium and incubated for 4
days at 37∘C, 5% CO

2
/95% air, and constant agitation of

25 rpm.Viability was determined every 24 h in a group of four
explants. Protocols for metabolic viability (AB), cytotoxicity
(LDH release), cellular proliferation (Ki 67 expression),
and morphological integrity (histopathological analysis) are
described in the corresponding section. The culture medium
was changed every 24 h through 96 h, and each time viability,
proliferation, and morphology were assessed.

2.5. Treatment of Tumor Explants with TX and Bioactive
Compounds. After 1 h of preincubation, the tumor explants
were transferred to 24-well microplates containing 1mL of
DMEM/F12 supplemented medium. Afterwards, the follow-
ing compounds were added: 20𝜇g/mL TX (positive control),
11–33 𝜇g/mL CA, 20–60𝜇g/mL for RA and UA, and combi-
nations of these compounds with TX. These concentrations
were selected on the basis of IC

50
values reported in cell

lines [16, 20, 49]. Control group (100% viability) consisted of
untreated explants, which were incubated only with culture
medium. Afterwards, the microplate with the explants and
their corresponding treatments were incubated for 48 h at
37∘C, 5% CO

2
/95% air, and constant agitation at 25 rpm.

2.6. Alamar Blue Viability Assay. The effect of treatment with
CA, UA, and RA on the viability of the tumor explants
was assessed by the Alamar Blue assay. Alamar Blue (AB)
is a blue nonfluorescent dye reduced to a pink-colored,
highly fluorescent resorufin by metabolically active cells. It
is known that viable cells reduce the microenvironment to
a pink color, while dead or inactive cells do not change
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the original blue color of resazurin, the active ingredient of
AB. After 48 h of incubation with compounds, as well as
with cell culture medium and TX (controls), the explants
were incubated for additional 4 h with 10% Alamar Blue
in 500𝜇L DMEM/F12 supplemented medium at 37∘C in
the conditions described earlier. Afterwards, 100 𝜇L was
collected from each sample and transferred to a 96-well
microplate. Fluorescence values were read using a multin-
ode microplate reader (Synergy BioTek HT) at 530 nm
excitation/590 nm emission wavelengths. The percentage
of viability relative to control was calculated using the
free software AbD Serotec fluorometric calculator for AB
assays (http://www.abdserotec.com/colorimetric-calculator-
fluorometric-alamarblue.html).

2.7. Lactate Dehydrogenase Assessment. Another way to
assess the viability of the explants treatedwith the compounds
and that of the untreated controls was by assessment of the
leakage of the enzyme lactate dehydrogenase (LDH) into
the supernatant of the culture medium [50]. The assay is
based on the release of the cytosolic enzyme LDH into the
media by cells with damaged plasma membranes [51]. The
cytotoxicity induced by CA, UA, and RA on the tumor
explants can be quantitatively determined by measuring the
activity of this enzyme. The total amount of released enzyme
was determined using an Architect C400 clinical chemical
analyzer (Abbott).

2.8. Histopathological Analysis. After each experimental time
point, the explants were fixed in 10% neutral formalin and
then embedded in paraffin using the conventional histo-
logical technique. Tissue sections of 4𝜇m were prepared
on a microtome and mounted on glass slides. Afterwards,
the slides were deparaffinized and stained with hematoxylin
and eosin (H&E). Then permanent sections were prepared
with coverslips and synthetic resin. The stained preparations
were observed by a pathologist using a Zeiss Axiostar
Plus Brightfield microscope. Morphological parameters ana-
lyzed in treated and control explants included necrosis,
viable/damaged tumor cells, and inflammation. Represen-
tative photographs of all treatments were obtained with a
5.0MP Moticam camera.

2.9. Immunohistochemistry for Ki 67 Expression. Analysis of
Ki 67 expression was performed on paraffin sections using
the Dako LSAB System-HRP methodology to assess the
rate of cell proliferation from treated and untreated tumor
explants. The procedure was performed according to the
recommendations of themanufacturer.The expression of this
marker is nuclear, and the proliferation index was defined
as follows: low: expression in ≤10% of cells; intermediate:
expression in 10–20% of cells; and high: expression in ≥20%
of cells [52].

2.10. Statistical Analysis. Statistical analysis was performed
with SPSS version 22.0 software. Quantitative data were
expressed as mean and standard deviation. Differences in
continuous variables with normal distribution were analyzed
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Figure 1: Viability of cultures breast cancer explants. To determine
the optimal time for performing the experiments with bioactive
compounds, explants were cultivated in DMEM/F12 supplemented
medium for 24, 48, 72, and 96 h. The viability was assessed by the
Alamar Blue assay. Values reflect means ± SD. Asterisks (∗) indicate
significant statistical differences (𝑃 < 0.05).

with Student’s t-test or theMann-Whitney𝑈 test for nonnor-
mal distributions.

3. Results

3.1. Characteristics of Patient Samples Used for the Preparation
and Culture of Breast Cancer Tissue Explants. Eleven samples
of human breast cancer with histopathological diagnosis of
infiltrating ductal adenocarcinoma with nonspecific pattern
were collected fresh from the operating room.Three samples
were used to standardize and optimize the preparation of
precision-cut breast tumor slices, and, from these, explants
of a defined size and thickness (4mm in diameter and
250–300𝜇m thick) were obtained for ex vivo culture under
controlled conditions. Three more samples were used to
standardize the concentrations to test each of the bioactive
compounds and TX. Three other samples were included in
three independent assays to assess the effect of CA, UA, RA,
and TX on the viability of tumor tissue explants. The last two
samples were discarded due to abundant necrosis, as well as
elevated adipose and fibrous tissues, which prevented proper
processing.

3.2. Viability of Tumor Explants

3.2.1. Metabolic Activity: Alamar Blue Assay. Tumor explants
cultured for 24 and 48 h remained viable throughout the
incubation period, with mean viability of 99% compared to
basal value (100%). At 72 h, a slight decrease was observed
in viability (84.7% ± 10.2), whereas, at 96 h, the percentage
decreased to 55.1% ± 17.9 (𝑃 < 0.05). These results showed
the metabolism of explants of breast tumors, and hence,
their viability remained intact during at least the first 48 h
of culture. With these results, we decided that 48 h was the
optimal time to perform cytotoxicity assays with the bioactive
compounds (Figure 1).
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Figure 2: Morphological integrity of tumor tissue explants cultured ex vivo. Histopathological findings of tumor tissue at zero time (basal)
and cultivated during different times inDMEM/F12 supplementedmedium show that neoplastic tissue remains viable. It is possible to observe
cells in active mitosis (M), desmoplastic reaction (DR) adjacent to the tumor cells, and presence of inflammatory cells (arrow). Desmoplasia
or desmoplastic reaction is usually only associated with malignant neoplasms, which can evoke a fibrosis response by invading healthy tissue.
All these characteristics are typical of tumor tissue. (a) 0 h, (b) 24 h, (c) 48 h, (d) 72 h, and (e) 96 h in culture, respectively. H&E staining (40x).

3.2.2. Morphological Integrity: Histopathological Analysis.
After 96 h in culture, it was found that the typical histology of
the tumor tissue was preserved in breast tumor explants. As
shown in Figure 2, in the explants cultured for 24, 48, 72, and
96 h, neoplastic cells retained their characteristicmorphology
and mitotic activity. It was possible to identify microcal-
cifications, fibrous connective tissue, desmoplastic stromal
reaction, inflammatory cells, and adipose tissue; furthermore,
mitotic cells were observed at all-time points. These results
(as shown in Figure 3) confirm that breast cancer explants
remained viable and actively proliferating for up to 96 h.

3.2.3. Proliferative Activity: Immunohistochemical Expression
of Ki 67. Compared to normal breast and tumor tissues
(negative and positive controls, resp.), the proliferation index
of the cultivated explants was greater than 50% during all the
incubation times (24–72 h). This result corresponds to a high
proliferation index according to the criteria defined in Mate-
rials and Methods and suggests that the tissue remains viable
and actively proliferating during ex vivo culture conditions
(Figure 3).

3.2.4. Effects of Bioactive Compounds and TX on Breast Tumor
Explants. In order to ascertain that the breast tumor explants
responded to the ex vivo treatment with CA, UA, and RA,
we decided to first evaluate the metabolic activity of these
explants after 48 h of incubation with varying doses of TX (5,
10, 15, and 20𝜇g/mL). As expected, a dose-response curve of
cytotoxicity, directly proportional to the concentration of TX,

was observed. Since 20𝜇g/mL of TX reduced tumor viability
to less than 50% (𝑃 < 0.05), we selected this concentration
for assays in which TX was a reference for antineoplastic
activity (Figure 4). In the case of the effect of the bioactive
compounds on the viability of breast tumor explants, the
initial concentrations tested for CA, UA, and RA were 11–33,
20–60, and 20–60 𝜇g/mL, respectively. These concentrations
were not cytotoxic since the explants remained viable and
also conserved their intact histological structure (data not
shown). Because of this, it was necessary to increase the
experimental concentrations of CA andUA to 100 𝜇g/mL and
of RA to 120 𝜇g/mL.

When the histological structure of uncultured tumor
explants was compared with explants cultivated for 48 h
without any treatment, poorly differentiated neoplastic with
nonspecific pattern neoplastic cells, which retained their
viability, were observed. However, when the explants were
cultured in the presence of only TX and with combinations
of TX plus bioactive compounds, scattered necrotic areas
as well as a remarkable reduction (more than 40%) in the
population of neoplastic cells were also observed (Figure 5).
These results suggest a potential antineoplastic effect of the
bioactive compounds, reinforced when they are combined
with TX. Additionally, by analyzing the metabolic activity
of the explants incubated with these new concentrations, it
was observed, as expected, that individual samples from each
patient responded differently to the tested compounds. CA
was the most effective in patient A, reducing tumor viability
to 67.2%, while the combination of TX + CA decreased
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Figure 3: Nuclear expression of the cell proliferation marker Ki 67 in cultures of breast cancer explants. Representative images showing that
over 40% of the neoplastic cells express Ki 67 at all-time points. The proliferation index is considered “high” when >20% of the cells are
positive for this marker. (a) Normal breast tissue (negative control); (b) breast tumor (positive control); (c), (d), and (e) breast tumor explants
cultured for 24, 48, and 72 h, respectively. Immunohistochemical staining (10x).
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Figure 4: Effect of paclitaxel on the viability of tumor explants.
Breast tumor explants were cultured during 48 h in the presence
of different concentrations of paclitaxel. The viability was assessed
at the indicated times using the Alamar Blue assay. Values reflect
means ± SD. Asterisks (∗) indicate significant statistical differences
(𝑃 < 0.05).

viability to 17.1%. Likewise, CAwas themost active compound
against the tumor of patient B, in which viability was reduced
by 32.5; also, combination with TX had an important effect
on viability, with a reduction of 20.2%. In contrast, none
of the compounds had a cytotoxic effect against the patient

C sample; however, a marked reduction in viability was
observed when individual compounds combined with TX
were tested. Interestingly, all of the compounds exerted a
synergistic effect, enhancing the tissue toxicity of TX in all
three tumor samples (Figure 6).

The cytotoxicity of TX alone and combinations with
bioactive compounds was assessed via the release of the
cytosolic enzyme LDH into the supernatants from the culture
media in which tumor explants were cultivated. As shown
by the data, the combination of TX + CA induced 1.42- and
1.80-fold increase of LDH release in the tumor explants from
patients A and B, respectively, compared to untreated control.
For patient C, the combination of TX with RA induced a
2.34-fold increase (Figure 7). These values were statistically
significant (𝑃 < 0.05).

4. Discussion

The aim of this study was to demonstrate the use of ex vivo
organotypic culture of human breast tumor explants as an
alternative model system for evaluating natural compounds
with antineoplastic potential. The most important character-
istic of these explants is that they are obtained fromprecision-
cut breast tissue slices which possess a defined size and
thickness.

This is an interesting model which allows the study of
different aspects of cancer. It has all the advantages of normal
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Figure 5: Effect of the bioactive compounds and their combinationwith paclitaxel on cultures of breast cancer explants. Explants from control
at zero h (a) and control without any treatment cultured for 48 h (b) show poorly differentiated invasive neoplasm and no evidence of tumor
necrosis areas. In contrast, in explants incubated with TX (c) and their combinations with CA (d), RA (e), and UA (f), an evident pathological
response was observed, which is mainly reflected as a notable diminution of the neoplastic cells (40–80%) which can be appreciated as
extensive areas of necrosis induced by treatments (dotted lines) H&E staining (10x).

tissues slices and also contributes to the significant decrease
in the number of animals used in experimentation [30,
35]. Also, it enables the optimization of the amount of
available tissue and favors the realization of a large number of
assays that capture many aspects of tumor heterogeneity and
complexity [53]. One of the difficulties we faced during the
preparation of breast tumor sliceswas the viscosity or the very
soft consistency of some tumors; thus, based on this fact, 2 of
the 11 samples were discarded. This disadvantage correlated
with those reported by other investigators [54, 55].

To be certain that this system is reliable and adequate
to assess the effect of these bioactive compounds, the most
critical step was to maintain the viability of the explants
during ex vivo culture conditions and during subsequent
treatment with these compounds. To monitor viability, we
used the AB assay because it is a simple and affordable
method that allows assessing cell viability by adding AB
reagent directly to the culturemedium.The active compound
of AB is resazurin, which is reduced to resorufin through
mitochondrial metabolism in living cells. Moreover the AB
assay does not require additional steps as do other viability
tests, in which it is necessary to lyse or damage cell mem-
branes in order to release the reducedmetabolite [56, 57].This
assay gives reliable measurements of the number of metabol-
ically active cells and is one of the most commonly used
methods for assessing cell proliferation. Other advantages
include its homogeneous nature, the stability of generated

signal, high sensitivity, compatibility with absorbance or
fluorescence instruments anddifferent biologicalmodels, and
also safety for the user and the environment [58, 59]. The
results from histopathological and AB analysis demonstrate
that bothmetabolic activity andmorphological integrity were
conserved for at least 72 h (Figures 1 and 2).

On the other hand, immunohistochemical analysis of Ki
67 showed that cellular proliferation remained stable over
the experimental period. Ki 67 is a proliferation marker
strongly associated with cells undergoing mitosis in the
cellular cycle [60]. Proliferation index in cancer cells from
cultivated explants was >40% in all-time points, which is
considered “high” according to accepted criteria (Figure 3)
[52] and is similar to the reports from other authors, who
conducted tests of selective toxicity in breast cancer tissue and
were able to maintain viability and proliferation for 24 h [61]
and 96 h [44, 62] or up to 7 days [55].

In order to validate the usefulness of the model, we incu-
bated the breast tumor explants with different concentrations
of TX, a well-known antineoplastic drug. As was expected,
a dose-response curve was observed (Figure 4). With results
from three different tumor samples, we used 20𝜇g/mL
as a positive control in the following studies. Afterwards,
three independent experiments were carried out to test the
effect of CA, UA, and RA, which are naturally occurring
products whose anticancer and chemopreventive properties
have been reported previously [10, 12, 14, 21, 22, 63, 64].
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Figure 6: Effect of different treatments on the viability of breast cancer explants. Tumor explants were incubated with the bioactive
compounds for 48 h and then cell viability was determined using the Alamar Blue assay. Control explants did not receive any treatment.
Concentrations of compounds were 100𝜇g/mL CA and UA, 120 𝜇g/mL RA, and 20 𝜇g/mL TX. The same concentrations were used in
the combinations. Results were compared to the untreated control. Values reflect means ± SD. Asterisks (∗) indicate significant statistical
differences (𝑃 < 0.05) compared to control. Pound key (#) indicates significant statistical differences (𝑃 < 0.05) compared to paclitaxel.

The concentrations used first were selected on the basis of
IC
50
values reported in cell lines [16, 20, 49]; however, we did

not observe a cytotoxic effect on the tumor tissue explants.
This can be attributed to the differences between in vitro cell
cultures and tissue explants, because in tissue explants there
is more than one cell lineage interacting with each other and
with extracellular matrix components. It is well known that
the extracellular matrix and the tumor microenvironment
protect neoplastic cells from cytotoxic agents [65]. When
we increased the concentrations of the bioactive compounds
to 100 𝜇g/mL for CA and UA and 120 𝜇g/mL for RA, we
found that CA had the greatest effect, decreasing in tumor
viability (Figure 6). The concentration used for CA, as well
as the results observed, was similar to those described by

Chang et al., who reported that CA induced apoptosis and
decreased viability in gastric cancer cells [66].

With regard to the synergistic effect between the bioactive
compounds and TX, there are several reports using cell
lines which combine antineoplastic agents with extracts from
phenolic compounds, such as UA and RA, which enhance
treatments effectiveness. These results suggest a great poten-
tial for the use of natural compounds, when added to TX or
another antineoplastic agent, in order to reduce the dosage,
and the side effects associated with chemotherapy, without
sacrificing therapeutic results [67–70].

In addition to the aforementioned, performing such
studies in organotypic ex vivo models, such as the one
used in this work, which more closely resemble an in vivo
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Figure 7: Effect of the combinations of paclitaxel with bioactive compounds on LDH release. Four tumor explants per treatment were
incubated with combinations of TX and compounds for 48 h and then LDH activity was quantified bymeasuring the units of enzyme released
into the supernatants from the culturemedium.Control explants received no treatment. Concentrations in the combinationswere 20 𝜇g/mL +
100𝜇g/mL (TX + CA and TX + UA) and 20𝜇g/mL + 120𝜇g/mL (TX + RA). Results of LDH release are expressed as fold of change relative
to control. Values represent means ± SD. Asterisks (∗) indicate significant statistical differences (𝑃 < 0.05).

scenario, might be more useful for extrapolating results
in humans. An important factor to be considered is the
administration time of the bioactive compound to the tissue,
which can be done before, during, or after incubation with
the antineoplastic agent. In our case, we coincubated tumor
explants in the presence of compounds plus TX based on
the experimental points we previously defined; however, new
assays can be designed by pretreating or posttreating tissues
with different compounds and antineoplastic agents. When
combinations of CA, UA, or RA plus TX were studied,
CA acted synergistically with this antineoplastic drug since
viability was lower than with TX alone (Figure 6). This
result is different from those reported by Lin et al., who
found that CA at 100–150 𝜇M induced a slight increase in
the proliferation of A549 and H1299 lung cancer cells and
that pretreatment of cells with CA protects these cells from
growth inhibition when they are incubated with TX [71].This
discrepancy in the results can be attributed to the difference in
biological models (cell lines versus tumor explants), the pre-
treatment used, and also the fact that the CA concentrations
were different. Furthermore, RA induced more pronounced
membrane damage when coadministered with TX in the
sample from patient C (Figure 7). Although the synergism
between CA and TX was the strongest, a synergistic response

in reducing tumor viability for all compounds compared to
compounds alone was observed (Figure 6).

The relationship between viability and cytotoxicity data is
discrete since, although it is possible to observe that at lower
percentage of viability LDH release increases, the values of
LDH are relatively low considering that viability decreased
at an average of 18% in the synergies between TX + CA in
patients A and B and TX + RA in patient C; therefore one
would expect LDH levels to be more elevated. One possible
explanation for this fact is that inactivation of the enzyme
could have occurred in the culture medium, as has been
reported by Lash and Zalups, Kendig and Tarloff, Hohnholt
et al., and Tulpule et al. [72–75]. Another possibility is
that some natural compounds that have antioxidant effects
protect cells and prevent the release of LDH. For example,
da Silva Morrone et al. found that extracts of Passiflora
manicata leaves protect from damage induced by reactive
oxygen species, and the release of LDH was significantly
reduced in precision-cut rat liver slices [76]. On the other
hand, Liu et al. found that lipopolysaccharides obtained from
Lycium barbarum inhibited the elevation of liver enzymes,
among them, LDH in slices of liver exposed to carbon
tetrachloride [77]. We believe that these last two reports
may better explain our findings because these authors also
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used tissue slices, while, in the reports mentioned above,
cell cultures were used. On the other hand, as was described
in the introduction, the bioactive compounds we used have
antioxidant properties. These findings suggest that inacti-
vation or inhibition of LDH may be more common than
previously thought, and investigators should be aware of this
at the moment of selecting LDH release as an endpoint for
evaluating cytotoxicity.

Taken together, variability in the obtained results is
possibly due to the fact that each patient’s tumor behaves
differently to anticancer drugs, which in turn is due in part to
the extensive intratumoral heterogeneity present in each indi-
vidual tumor [43, 78].With regard to the last statement, since
the 1950s, differential responses to the same drugs in patients
with the same histological type of cancer have been reported,
including adverse side effects [79]. These differences have
been studied in the following years and today it is an accepted
fact that individual response to drugs (resistance or sensi-
tivity) depends, among other factors, on the mechanisms of
disease (pharmacodynamics), the handling of the drug by
patients (pharmacokinetics), the intratumoral heterogeneity,
and complex signaling pathways, many of which are still
unknown [78, 80, 81]. All these variations are reflected in
the intratumoral heterogeneity because of factors that cause
genomic instability [29, 78]. Intratumoral heterogeneity and
the tumor microenvironment are conserved in the ex vivo
model we are proposing, and it is possibly one of the reasons
why the response to bioactive compounds is different in
samples from patients, even when they had breast cancer
at the same clinical stage, the same histological type, but
different molecular classification.

5. Conclusions

In conclusion, our results show that organotypic cultures of
breast cancer explants offer an alternative model for the ex
vivo evaluation of novel compoundswith potential anticancer
properties, assessing the synergic effect with known anti-
cancer compounds. This model opens perspectives to study
biological effects of conventional and innovative treatment
strategies in breast cancer research and to analyze different
mechanisms of carcinogenesis in other human tumors.
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The main goal of this study was to characterize the in vitro antioxidant activity and the apoptotic potential of S. birreamethanolic
root extract (MRE). Among four tested extracts, obtained with different solvents, MRE showed the highest content of polyphenols,
flavonoids, and tannins together with antioxidant activities tested with superoxide, nitric oxide, ABTS, and beta-carotene bleaching
assays. Moreover, the cytotoxic effect ofMREwas evaluated on the hepatocarcinoma cell line HepG2. In these cells, MRE treatment
induced apoptosis and generated reactive oxygen species (ROS) in dose-dependent manner.The cytotoxic effect promoted byMRE
was prevented by pretreatment ofHepG2 cells withN-acetyl-L-cysteine (NAC), suggesting that oxidative stress was pivotal inMRE-
mediated cell death. Moreover, we showed that the MRE treatment induced the mitochondrial membrane depolarization and the
cytochrome c release from mitochondria into the cytosol. It suggests that the apoptosis occurred in a mitochondrial-dependent
pathway. Interestingly, MRE showed a sensibly lower cytotoxicity, associated with a low increase of ROS, in normal human dermal
fibroblasts compared to HepG2 cells. It is suggested that the methanolic root extract of S. Birrea is able to selectively increase
intracellular ROS levels in cancer cells, promoting cell death.

1. Introduction

Natural products have found many applications in the fields
of medicine, pharmacy, and biology. A considerable number
(approximately 60%) of currently used antitumor agents
are molecules identified and isolated from plants or their
synthetic or semisynthetic derivatives [1, 2]. Some natural
compounds are able to trigger the apoptosis signalling system
in cancer cells disturbing their proliferation [3, 4], though
their molecular mechanisms of action are not always well
understood.

It is well established that carcinogenesis is closely asso-
ciated with elevated levels of intracellular free radicals

(ROS/RNS) to drive proliferation and other events required
for tumor progression. This event establishes a state of
increased basal oxidative stress, making cells vulnerable to
chemotherapeutic agents, including plant-derived polyphe-
nols, that further increase ROS generation or that weaken cell
antioxidant defenses [5].

Sclerocarya birrea (A. Rich.) Hochst., known as marula,
is a savannah tree belonging to the Anacardiaceae family [6].
The marula tree has been the subject of numerous chemical,
biological, and environmental investigations since 1906 [7].
It has been identified as one of five fruit tree species that
should be integrated in the domestication process because
it is an important food and medicinal source for rural areas
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[8, 9]. Different parts of the plant are traditionally used:
the fruits are eaten or processed to make beer or jam; the
kernels are eaten or used for oil extraction; the leaves are
used as forage for livestock; the stem-bark, root, and leaf
extracts of S. birrea are used against human ailments [6].
Hamza et al. (2006) have reported that methanolic extracts
from S. birrea roots inhibited the growth of Candida spp. and
Cryptococcus neoformans [9]. It was also demonstrated that
methanol and water root extracts act as potent antioxidants
[10, 11]. Moreover, water and acetone extracts of S. birrea stem
bark showed anticancer and proapoptotic activities [12].

The aim of this study was to examine the efficacy of
S. birrea methanolic root extract (MRE) as an antioxidant,
using in vitro assays. Additionally, its cytotoxic activity on the
human hepatocarcinoma cell line HepG2 was evaluated here
for the first time.

Obtained results show thatMRE presents a strong antiox-
idant activity in vitro and a prooxidant activity in cells.
Moreover, this extract shows higher ROS-mediated cytotoxic
effect in HepG2 cells compared to normal human fibroblasts,
suggesting its possible use for selectively killing malignant
cells [5].

2. Materials and Methods

2.1. Plant Materials. Roots of Sclerocarya birrea (Anacar-
diaceae family) were collected in Senegal in September 2010.
Roots were cleaned to remove foreign particles, cut into small
pieces, and dried at room temperature. Plant material was
successively extracted with 5 volumes (v/w) of n-hexane,
chloroform, chloroform :methanol 9 : 1, and methanol by a
sequential maceration, as described previously [11], obtaining
4 extracts with increasing polarity: 𝑛-hexane (HRE), CHCl

3

(CRE), CHCl
3
:MeOH (9 : 1) (CMRE), and MeOH (MRE)

root extracts. Extracts were dried and stored at 4∘C until the
use.

2.2. Chemicals. Folin Ciocalteu’s reagent, sodium carbon-
ate (Na

2
CO
3
), aluminium chloride (AlCl

3
), sodium nitrate

(NaNO
3
), sodiumhydroxide (NaOH), bovine serumalbumin

(BSA), sodium dodecyl sulphate (SDS), triethanolamine,
iron(III) chloride (FeCl

3
), ABTS [2,2-azinobis(3-ethylben-

zothiazoline-6-sulfonic acid)], potassium persulfate, 𝛽-car-
otene, linoleic acid, Tween 20, ascorbic acid, sodium
nitroprusside (SNP), sulfanilamide, naphthylethylenediam-
ine, nicotinamide adenine dinucleotide (NADH), phenazine
methosulphate (PMS), nitroblue tetrazolium (NBT), potas-
sium phosphate monobasic (KH

2
PO
4
), gallic acid, quercetin,

tannic acid, 6-hydroxy-2,5,7,8-tetramethylchromane-2-car-
boxylic acid (trolox), butylated hydroxytoluene (BHT),
Dulbecco’s Modified Eagle Medium (DMEM), dimethyl
sulfoxide (DMSO), Calcein-AM, 2,7-dichlorodihydrofluo-
rescein diacetate (DCFH-DA), Hoechst 33258 solution, and
N-acetyl-L-cysteine (NAC) were purchased from Sigma-
Aldrich (Milan, Italy). Solvents as acetic acid (CH

3
COOH),

hydrochloric acid (HCl), chloroform (CHCl
3
), and phospho-

ric acid (H
3
PO
4
) were purchased from Carlo Erba Reagents

(Milan, Italy).

Trypsin-EDTA solution, FBS, glutamine, penicillin-
streptomycin, and PBS were purchased from Euroclone
(Milan, Italy). TMRM (Life Technologies) was a kind gift
from Dr. M. Lasorsa (IBBE, CNR, Bari).

2.3. Total Phenolic Content. The total phenolic content (TPC)
was determined for each extract, by Folin-Ciocalteu assay,
as previously reported with slight modification [13]. Briefly,
75 𝜇L of diluted extract and 425 𝜇L of distilled water were
added to 500 𝜇L Folin-Ciocalteu reagent and 500𝜇L of
Na
2
CO
3
(10% w/v). The mixture was mixed and incubated

for 1 h in the dark at room temperature. After incubation, the
absorbance was measured at 723 nm. Gallic acid was used as
standard to plot the regression curve. TPCwas than expressed
as mg gallic acid equivalent (GAE)/g of dried extract.

For all spectrophotometric measurements, a CARY 1E
UV-VIS spectrophotometer (Varian, Leini, Italy) was used.

2.4. Total Flavonoid Content. An aliquot (150 𝜇L) of each
extract was added to 45 𝜇L of 5% NaNO

3
into microcen-

trifuge tube. In the fifth and in the sixth minute, respectively,
90 𝜇L of 10% AlCl

3
and 300 𝜇L of 1M NaOH solution were

added. The final volume of the mixture was then brought
to 1.5mL by adding distilled water. The absorbance was
measured against blank reagent at 510 nm after 10 minutes
of incubation at room temperature [14]. Quercetin was used
as standard to plot the regression curve. The total flavonoid
content (TFC) was expressed as mg of quercetin equivalent/g
of dried extract (mg QE/g of extract).

2.5. Total Tannin Content. To 250𝜇L of each extract, 500 𝜇L
of bovine serum albumin solution in 0.2M acetic buffer,
pH 5.0 with 0.17M NaCl was added and mixed carefully
[15]. After 15min, samples were centrifuged at 5000 g for
15min. The supernatant was removed, and the pellet was
dissolved in 1mL of aqueous solution containing 1% SDS and
4% triethanolamine. Then 250 𝜇L of 0.01M FeCl

3
in 0.01M

HCl was added. After 30min, the absorbance was recorded
at 510 nm. Total tannin content (TTC) was expressed as mg
of tannic acid equivalent/g of dried extract (mg TAE/g of
extract), in this case tannic acid was used to construct a
regression curve.

2.6. ABTS Assay. The free radical scavenging capacity
of each plant extract was also studied using the 2,2-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
nium salt (ABTS∙) radical assay [16]. ABTS was dissolved
in deionized water to a 7mM concentration and its radical
cation (ABTS+∙) was produced by reacting ABTS solution
with 2.45mM potassium persulfate and allowing the mixture
to stand in the dark at room temperature for 12–16 h before
use. Each extract (75 𝜇L) was added to 1425 𝜇L of ABTS+∙
solution and the absorbance was measured after 2 h of
incubation in the dark. All solutions were fresh prepared for
the analysis. Results are expressed as percentage of radical
inhibition. Trolox was used as reference standard.
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2.7. Beta-Carotene Bleaching Assay. The antioxidant activ-
ity was evaluated by the 𝛽-carotene-linoleic acid bleach-
ing method (BCB) as previously described [17, 18]. The
absorbance was measured at 470 nm. Results are expressed
as percentage of antioxidant activity (% AA).

2.8. Nitric Oxide (NO∙) Radical Scavenging Activity. The
antiradical activity was determined spectrophotometrically,
according to a previously described procedure [19]. EC50
was calculated from three independent assays, performed
in triplicate. Results are expressed as percentage of radical
inhibition. Ascorbic acid was used as positive control.

2.9. Superoxide Anion (O
2

∙−) Scavenging Activity. The effect
of each extract on the superoxide radical-induced reduction
of NBT was monitored at 560 nm. Superoxide radicals were
generated by the NADH/PMS system, as previously reported
[19]. For each extract, different concentrations were tested.
Results are expressed as percentage of radical inhibition.
Ascorbic acid was used as positive control.

2.10. Cell Culture and Drug Treatment. The human hepato-
cellular carcinoma cell line HepG2 was kindly gifted from
Dr. V. Infantino (University of Basilicata-Italy). HepG2 cells
were cultured inDMEM(supplementedwith 10% fetal bovine
serum, 2mMglutamine, 100U/mL penicillin, and 100 𝜇g/mL
streptomycin) and maintained at 37∘C in a humidified atmo-
sphere containing 5% CO

2
.

Normal human dermal fibroblasts (adult, HDFa, Life
Technologies) were cultured in DMEM (supplemented with
10% fetal bovine serum, 2mM glutamine, 100U/mL peni-
cillin, 100 𝜇g/mL streptomycin, and 1% nonessential amino
acids) and maintained at 37∘C in a humidified atmosphere
containing 5% CO

2
. Cultures were routinely passed at 70–

80% of confluence and, for this study, cultures were not
expanded for more than 4–8 passages.

The methanolic root extract was dissolved in DMSO at
50mg/mL as a stock solution and diluted to the required
concentrations with fresh medium immediately before use.
The final DMSO concentration in the cultures was 0.4% (v/v),
which did not affect cell growth when compared with the
vehicle-free controls. DMSO treated cells were used as control
in all the experiments.

2.11. Cytotoxicity Assay. The cytotoxicity of S. birrea
methanolic root extract was tested against HepG2 and
normal human dermal fibroblasts cell lines using Calcein-
AM viability assay. Calcein-AM is a nonfluorescent,
hydrophobic compound that easily permeates intact, live
cells. Once inside the cells, the hydrolysis of Calcein-AM
by endogenous esterases produces calcein, a hydrophilic,
highly negatively charged fluorescent compound that is
well-retained in the cytoplasm of live cells. The fluorescent
signal generated from the assay is proportional to the number
of living cells in the sample. In brief, HepG2 and fibroblasts
cells were seeded at a density of 1 × 104/well in 96-well
black-walled plates for 24 h and then treated with different
concentrations of MRE (10, 50, 100, and 200𝜇g/mL) for 24 h

and 48 h. Moreover, HepG2 cells were pretreated with 10mM
NAC, added 1 h before each treatment. After discarding the
medium from wells, 100 𝜇L of 1 𝜇M Calcein-AM in PBS
was added to each well, incubating at 37∘C for 30min. The
fluorescence was measured by GLOMAX Multidetection
System (Promega, Madison, WI, USA) using blue filter (Ex
490 nm, Em 510–570 nm).

2.12. Observation of Morphological Changes. HepG2 cells
were cultured as above, seeded in 12-well plates at a density
of 2 × 105 cells per well, and treated with extract at different
concentrations (10, 50, 100, and 200𝜇g/mL) for 24 h, with
or without 10mM of N-acetyl-L-cysteine (NAC), added 1 h
before each treatment.The cellularmorphologywas observed
using inverted phase contrast microscopy (Nikon Eclipse
TS100).

Apoptosis was determined by the assessment of nuclear
morphology using Hoechst 33258 DNA staining. Briefly, cells
were seeded at a density of 2 × 105/well in 12-well plates and
were allowed to adhere overnight to glass coverslips. After
treatment with root extract at different concentrations (10,
50, 100, and 200𝜇g/mL) for 24 h, cells were fixed with 4%
paraformaldehyde for 20min, washed with PBS, and stained
with 10 𝜇g/mLHoechst 33258 at room temperature for 10min
in the dark. The cells were washed with PBS for morphologic
observation by fluorescence microscopy (NIKON Eclipse
80i).

2.13. Measurement of Reactive Oxygen Species Generation.
The intracellular level of ROS was determined using a cell-
permeable fluorogenic probe, 2,7-dichlorofluorescein diac-
etate (DCFH-DA). This molecule is deacetylated by intracel-
lular esterases and converted to nonfluorescent dichlorodi-
hydrofluorescein (DCFH), which is oxidized rapidly to the
highly fluorescent compound dichlorofluorescein (DCF) in
the presence of ROS. HepG2 and fibroblasts cells were seeded
into dark 96-well tissue culture plates at a density of 5 × 104
cells/well treated with methanolic root extract (10, 50, 100,
and 200𝜇g/mL) for 3 h. Then, cells were stained with 10 𝜇M
DCFH-DA for 30min at 37∘C in the dark and washed three
timeswith PBS.Thefluorescencewasmeasured byGLOMAX
Multidetection System (Promega, Madison, WI, USA) using
blue filter (Ex 490 nm, Em 510–570 nm). For HepG2 cells, the
experiment was performed also with 10mM NAC, added 1 h
before each treatment.

2.14. Annexin V/7-AAD Staining Assay. The percentage of
cells undergoing apoptosis and necrosis after treatment with
different concentrations ofmethanolic root extract was quan-
tified using FITC Annexin V-7-AAD kit (BD Pharmingen).
HepG2 cells were seeded at a density of 2 × 105 cells/well
in 12-well plates and treated with different concentrations
of extract (50, 100, and 200𝜇g/mL) for 24 h. The cells were
harvested and resuspended in binding buffer and finally 5 𝜇L
ofAnnexinV-FITC and 5𝜇Lof 7-AADwere added. Each tube
was incubated in the dark for 15min at room temperature.
The stained cells were analysed on a FACS Canto II flow
cytometer.
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2.15. Measurement of Mitochondrial Membrane Potential
(ΔΨ
𝑚
). The level of ΔΨ

𝑚
was monitored by flow cytom-

etry (FACSCanto II) equipped with DIVA software (BD
Biosciences, San Jose, CA) using the TMRM probe, a cell-
permeant, cationic, red-orange fluorescent dye that is capable
of selectively entering active mitochondria. Briefly, 2 × 105
cells/well in 12-well plates were treated with different concen-
trations of root extract (10, 50, 100, and 200𝜇g/mL) for 3 h.
Cellswere trypsinized,washed in ice-cold PBS, and incubated
with 150 nM TMRM at 37∘C for 20 minutes in darkness.
Subsequently, cells were collected and diluted with PBS and
then analysed by flow cytometry. Excitation wavelength was
set at 488 nm and emission wavelength was collected at
575 nm.

2.16. Mitochondria Enrichment andWestern Blotting. HepG2
cells were seeded into 100mm dishes (1 × 107 cells/dish) and
then treated with 109 𝜇g/mL of root extract (IC

50
value at

24 h) for different time periods (3 h, 6 h, and 24 h). Cells were
harvested, resuspended in ice-cold isotonic buffer (0.25M
sucrose, 5mM Tris-HCl, pH 7.5, and 1mM EDTA), and
homogenized using a glass Teflon homogenizer (35–40 times
up and down). Unbroken cells and nuclei were sedimented
by centrifugation at 600×g for 10min. Supernatants were
centrifuged at 10,000×g for 30min, the supernatants (cytoso-
lic fraction) were removed, and the mitochondrial pellets
were resuspended in RIPA buffer (PBS pH 7.4, 1% NP-40,
0.5% sodiumdeoxycholate, and 0.1% sodiumdodecyl sulfate)
and supplemented with proteases and phosphatases inhibitor
cocktail (Sigma). Protein concentration was measured using
Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA). Equal
amounts of protein lysates were resolved on 4–17% SDS-
PAGE and then blotted onto a nitrocellulosemembrane (GE).
The membrane was blocked with 5% nonfat dry milk in
TBST buffer (100mM Tris-HCl pH 7.5, 150mM NaCl, and
0.05% Tween 20) for 1 h and then incubated overnight at
4∘C with primary antibody against cytochrome c (1 : 2000,
Abcam). After that, the membrane was washed three times
with TBST buffer and incubated at room temperature for
1 h with anti-mouse horseradish-peroxidase-conjugated sec-
ondary antibody (1 : 3000, Sigma). Detection was performed
using the enhanced chemiluminescence (ECL) kit (GE).

2.17. Statistical Analysis and SpectrophotometricMeasurement.
All the results are presented as mean ± SD of three inde-
pendent experiments. In the viability assay, the percentage
survival values were normalized by an arcsine square root
transformation and then compared with analysis of variance
(ANOVA) and Tukey’s HSD test. In themeasurement of reac-
tive oxygen species and mitochondrial membrane potential,
statistical significances were analysed by one-way analysis of
variance (ANOVA) and Tukey’s HSD test. Both analyses were
performed using software R version 2.8.1 (R Development
Core Team, 2008). Significant differences (𝑃 < 0.05) are
denoted by different letters. In the assessment of apoptosis,
we performed a chi-square test (𝑃 < 0.05 was considered
significant). All statistical procedures related to antioxidant
tests were computed using the statistical package Statistica for

Table 1: Total phenolic (TPC), flavonoid (TFC), and tannin (TTC)
content in Sclerocarya birrea extracts.

Extract TPC∗ TFC∗∗ TTC∗∗∗

HRE 46.99 ± 1.25 7.99 ± 0.87 166.45 ± 8.01
CRE 42.77 ± 2.44 16.67 ± 2.14 215.04 ± 12.25
CMRE 100.94 ± 5.74 24.33 ± 4.78 376.30 ± 18.51
MRE 861.94 ± 12.25 95.47 ± 8.27 1109.68 ± 21.59
Root extracts: HRE (n-hexane); CRE (CHCl3); CMRE [CHCl3 :MeOH
(9 : 1)]; MRE (MeOH).
∗TPC was expressed as mg gallic acid equivalent/g of dried extract.
∗∗TFC was expressed as mg of quercetin equivalent/g of dried extract.
∗∗∗TTC was expressed as mg of tannic acid equivalent/g of dried extract.
Results were expressed as mean (𝑛 = 3) ± standard deviation; 𝑃 < 0.01.

Windows (ver. 5.1., 1997) (Statsoft Inc., Tulsa, USA). To avoid
the error due to extract absorbance, from each experimental
measure, the absorbance of extract solubilized at the same
concentration in the same solvent at the samewavelengthwas
subtracted.

3. Results and Discussion

Numerous studies using cancer cell lines and animal models
of carcinogenesis showed that among polyphenols, generally
recognized as antioxidants, a wide range possesses anticancer
and apoptosis-inducing properties [19–23]. In fact, it is well
known that plant-derived antioxidant polyphenols possess
dual prooxidative and antioxidative activities, depending on
some factors such as theirmetal-reducing potential, chelating
behavior, and pH ad solubility characteristics [24, 25].

Prominent is the goal to clarify themolecular mechanism
whereby a plant-derived extract, rich in phenolic compounds,
exerts an anticarcinogenic effect, through intrinsic and newly
generated ROS, both of which are able to modulate chemical
signaling pathways leading to apoptotic effects [26].

3.1. Total Phenols, Flavonoids, and Tannins Content of
Extracts. Sclerocarya birrea is traditionally used for the
treatment of various complaints and, as described above,
several studies reported the relevant biological activities of
different parts of this plant. A recent work underlined as
Sclerocarya birrea extracts, with particular regard to the
seed cake and root extracts, could be used as prophylactic
antioxidant agents [9]. To select themost promising extract to
be effective as antioxidant in in vitro assays, all root extracts
were evaluated for their TPC, TFC, and TTC. Quantitative
results demonstrated that crudemethanol root extract (MRE)
possesses the highest content of TPC, TFC, and TTC in
comparison with other extracts (Table 1). MRE showed a
content up to 20 times higher than HRE and sensibly
higher than the others, with 861.94 ± 12.25mg/g of total
phenolics (GAE/g of extract), 95.47 ± 8.27mg/g of total
flavonoids (QE/g of extract) and 1109.68 ± 21.59mg/g of
total tannins (TAE/g of extract). Unlike previously reported
[10], TPC measured in our study was sensibly higher. This
is reasonably due to our extraction procedure: 𝑛-hexane,
CHCl

3
, CHCl

3
:MeOH (9 : 1), and MeOH versus 𝑛-hexane
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and 60% methanol described by Mariod et al. [10]. It is
evident that our extraction procedure allowed the increase of
phenolics in MRE.

3.2. Antioxidant Assays on Selected Extract. A preliminary
screening of all extracts with antioxidant tests (data not
shown) was performed and our results confirmed the effec-
tiveness of MRE among others. In details, extract antioxidant
activity, at different concentrations, was assayed by 4 different
tests. It was previously underlined that at least two in vitro
procedures should be carried out for the evaluation of extract
antioxidant activities [27, 28]. In particular, MRE was evalu-
ated firstly for its antiradical activity with the most popular
ABTS method. ABTS decolorization assay is applicable for
both hydrophilic and lipophilic antioxidants: the preformed
radical monocation of ABTS+∙ is generated by oxidation
of ABTS with potassium persulfate and is reduced in the
presence of such hydrogen-donating antioxidants. The EC50
calculated was 12.54 ± 0.47 𝜇g/mL.

The antioxidant effect of the extract on the peroxidation
of linoleic acid in the 𝛽-carotene/linoleic acid systemwas also
investigated. The oxidation of linoleic acid generates Peroxyl
free radicals, which will then oxidize the highly unsaturated
𝛽-carotene. The presence of antioxidants minimizes the
oxidation of 𝛽-carotene. The ability of MRE to inhibit 𝛽-
carotene bleaching was 60.29±1.15% at 200𝜇g/mL (Figure 1)
while the EC50 was found to be 151.02 ± 4.72 𝜇g/mL.

Superoxide anion is a ROS normally produced inside the
body. Controlled production of this radical is essential to
maintain a healthy environment, but it is known to be very
harmful to cellular components as a precursor of a more
reactive oxygen species, for example, the hydroxyl radical
[29]. The extract is found to be an efficient scavenger of
superoxide radical generated in NADH/PMS system in vitro
and its activity is comparable to that of ascorbic acid. The
scavenging effect of the root extract was of 97.47 ± 2.52% at
200𝜇g/mL concentration (Figure 1) and in this case the EC50
was 21.21 ± 2.14 𝜇g/mL.

MRE also caused a dose-dependent inhibition of nitric
oxide (Figure 1): it is evident a nitric oxide scavenger activity
(78.08 ± 3.24% at 200𝜇g/mL). It is well known that nitric
oxide is involved inmanyphysiological processes and it is also
implicated in inflammation, cancer, and other pathological
conditions [30, 31]. NO has both cytoprotective and cytotoxic
role. Its cytotoxic activity is related to the production of
peroxynitrite ions when it reacts with O

2

− ions. These
compounds are responsible for altering the structural and
functional behavior ofmany cellular components. In aqueous
solution, at the physiological pH, SNP spontaneously gener-
ates nitric oxide that interacts with oxygen to produce nitrite,
which can be determined by Griess reaction. EC50 calculated
for NO assay was 32.18 ± 3.24 𝜇g/mL. Radical scavenging
tests showed that MRE has an interesting antioxidant and
dose-dependent activity (Figure 1). Considering the EC50
values of all radical scavenging tests, we can assess that
MRE has a noticeable effect on cationic and anionic radicals.
The lower lipid peroxidation activity is probably due to
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Figure 1: Antioxidant activity of Sclerocarya birreamethanolic root
extract (MRE) compared with the reference standards. Antioxidant
activity was measured by 4 different tests and in each one it is
demonstrated to be dose-dependent. ABTS, nitric oxide (NO),
superoxide anion (SO), and 𝛽-carotene bleaching (BCB) assays.

the characteristics of this assay that resulted in being more
suitable for more lipophilic compounds [18].

None of the antioxidant assays (NO, SO, or ABTS test)
was previously reported formeasuring the activity of S. birrea
methanolic root extract. The phytochemical investigation,
reported by Russo et al. [11], demonstrated that roots of S.
birrea are principally constituted by galloylated tannins and
this is congruent with our results. In fact, the presence of
galloyl groups at the 3 position plays an important role in
antioxidant and protective activity [32] and it justifies the
high antioxidant activity of MRE.

These results agree with those available in literature in
which a direct correlation between phenolic compound levels
in the extracts and their in vitro antioxidant activities was
found [10, 18, 33].

3.3. Cytotoxic Effect of Methanolic Root Extract on HepG2
Cells. The neoplastic evolution needs both a deregulation
of cell proliferation and a suppression of apoptosis, so both
cellular processes represent obvious targets for therapeutic
intervention in all cancer therapies [34]. In this context,
several studies have focused on the antiproliferative and
cytotoxic properties of natural extracts, such as phenolics,
carotenoids, and tocotrienols, demonstrating their significant
potential as anticancer agents [35–37].

A previous study showed that the acetone extract of the
stem bark of S. birrea inhibited the proliferation of different
cancer cell lines (MCF-7, HT-29, HeLa) in a dose- and time-
dependent manner [12]. In this study, we investigated the
cytotoxicity of MRE of S. birrea on the hepatocarcinoma cell
line HepG2 using Calcein-AM viability assay. As shown in
Figure 2, the extract induced cell death in a dose- and time-
dependent manner as compared with vehicle controls. The
IC
50

values at 24 h and 48 h were 109 𝜇g/mL and 42 𝜇g/mL,
respectively. Cells pretreatment with 10mM NAC, typically
used as exogenously added antioxidant to lessen the potency
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Figure 2: Cytotoxic effect of MRE of S. birrea on HepG2 cells.
Cells were treated with methanolic extract at the concentration of
10, 50, 100, and 200𝜇g/mL for 24 h, in the presence or absence of
10mM NAC, and for 48 h. MRE inhibited the growth of HepG2
cells in a dose- and time-dependent manner. Values are means ± SD
of three replicates from three independent experiments. Significant
differences (𝑃 < 0.05) are denoted by different letters.

of prooxidant polyphenols, markedly reduces MRE cytotoxic
effect (IC

50
> 200𝜇g/mL at 24 h).

Next, we evaluated the effect of MRE treatment on
HepG2 cell morphology using a phase-contrast microscope.
As shown in Figure 3, control cells (a) showed the normal
cellular morphology, while the cells treated with different
concentration of MRE for 24 h revealed remarkable morpho-
logical changes ((c), (e), (g), and (i)). Many cytoplasmic vac-
uoles were observed, which progressively increase in number
and size, proportionally to MRE concentration. Moreover,
at higher dose, the majority of cells became round-shaped
and shrunken, showing blebbing or floating in the medium.
Finally, cells pretreatment with 10mM NAC considerably
reducesMRE effects onHepG2morphology ((d), (f), (h), and
(j)). So, apparently, for these cells, MRE induces apoptotic-
like morphology via oxidative stress.

3.4. Apoptosis Evaluation on HepG2 Cells. To better charac-
terize the cytotoxic effect of S. birreaMRE, some assays were
performed on HepG2 cells treated with different MRE con-
centrations (10, 50, 100, and 200𝜇g/mL) for 24 h. Firstly, the
nuclear morphology was examined by staining with Hoechst
33258. As shown in Figure 4, nuclei were regular, round-
shaped, and homogeneously stained in control cells (a), while
the accumulation of fluorescent dye, due to morphological
changes of cell apoptosis such as chromatin condensation
(pycnosis), nuclear fragmentation (karyorrhexis), and cell
shrinkage, was detected in treated cells in dose-dependent
manner ((b)–(e)).These findings suggest thatMRE treatment
kills HepG2 cells via apoptotic mechanism.

Secondly, the onset of apoptosis was investigated by
phosphoserine biomarker staining at the cell surface. HepG2
cells were incubated with different concentrations (50, 100,
and 200 𝜇g/mL) of MRE for 24 h and then stained with
Annexin V-FITC/7-AAD to assess the apoptotic and necrotic
cell populations. Our data show that the exposure to MRE
increased the number of Annexin V-FITC-positive cells
(Figure 5). In control cells, apoptotic population was 1.0 ±
0.1%; after treatment with root extract, the apoptotic rate was
raised to 61.2±7.1%, 76.6±7.3%, and 92.0±3.2%, respectively,
in a dose-dependent manner.

3.5. Methanolic Root Extract Induces ROS Production and
Reduces Mitochondria Membrane Potential (ΔΨ

𝑚
). Mito-

chondrial damage is a significant and early event in cellular
death [38]. Elevated intracellular ROS are sufficient to trigger
cell death and it has been suggested that ROS are biochemical
mediators of apoptosis, mainly via interactions with proteins
of mitochondrial permeability transition complex (PTPC)
[39–41]. To investigate the effect of MRE on the intracellular
redox status, levels of ROS production were determined after
3 h of treatment bymeasuring the oxidation of nonfluorescent
probe DCFH-DA to its fluorescent reduced form 2,7-
dichlorofluorescein (DCF), in the presence or not of a ROS
quencher (10mM NAC).

As shown in Figure 6, MRE stimulated ROS formation
in a concentration-dependent manner, as compared with
control cells. Moreover, pretreatment with NAC markedly
inhibited apoptosis, suggesting that MRE-induced cell death
is strictly related to ROS production. These data are in
agreement with the increased cell viability in the presence
of NAC (Figure 2). So, we speculated that high levels of
ROS lead to a severe cellular damage, which directly involves
the mitochondria and leads to cell death by apoptosis [41],
driving these already stressed cells beyond their limit [5].

In order to verify whether the production of MRE-
induced ROS in HepG2 cells could fit with changes or
loss in mitochondrial transmembrane potential (ΔΨ

𝑚
), the

mitochondrialmembrane polarizationwas investigated using
a cationic fluorescent probe TMRM, easily incorporated into
mitochondria of viable cells. As shown in Figure 7, cells
exposed to different concentrations of the methanolic root
extract for 3 h showed a consistent depolarization of mito-
chondrial membrane potential, with TMRM fluorescence
decreasing from 100% of control to 64.4 ± 1.5%, 47.7 ± 5.2%,
42.4 ± 5.3%, and 37.1 ± 6.0% of HepG2 cells treated with 10,
50, 100, and 200 𝜇g/mL, respectively.

The loss in mitochondrial membrane potential (Δ𝜓
𝑚
),

an early event in apoptosis [42], represents a mitochon-
drial dysfunction which is one of several hallmarks of
mitochondrialmembrane permeabilization (MMP), together
with the release of several soluble proteins (usually retained
within mitochondria) in the intermembrane space (IMS),
such as cytochrome 𝑐, Smac/DIABLO or Omi/HtrA2, with
subsequent activation of effector caspases, and/or as AIF
and Endo G, which are caspase-independent apoptogenic
death effectors. MMP is a feature of cell death and is often
considered as the “point of no return” in the cascade of events
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(j)

Figure 3: Effect of MRE exposure on HepG2 cell morphology. HepG2 cells were treated with different concentrations of root extract for 24 h
andmorphological changes were observed using phase-contrast microscopy.The control cells show the normal morphology. In contrast, cells
treated with intermediate concentrations of MRE show abundant cytoplasmic vacuoles. At high dosage of treatment, cells became round and
shrunken. The photographs were taken at a magnification ×40. Images are representative of three independent experiments ((a)-(b) control;
(c)-(d) 10 𝜇g/mL; (e)-(f) 50 𝜇g/mL; (g)-(h) 100𝜇g/mL; (i)-(j) 200 𝜇g/mL; (b), (d), (f), (h), and (j) +10mM NAC).

leading to apoptosis [43]. So, we investigated the release of cyt
𝑐 from IMS to the cytosol, a key step in the mitochondrial
pathway of apoptosis [44]. As shown in Figure 8, western
blotting analysis reveals that MRE treatment at IC

50
con-

centration caused the cytochrome 𝑐 release into the cytosol,
which increases over time (up to 24 h), in comparison to the
untreated cells. Taken together, all these data demonstrate
that MRE-induced apoptosis may be tightly related to loss of
mitochondrial function.

3.6. MRE Treatment on Human Dermal Fibroblasts. Normal
dermal fibroblasts provide an ideal nonneoplastic cell system
to study toxicology or basic cell biology, routinely used in in
vitro assessments [45, 46]. So, cytotoxicity and intracellular
ROS levels were determined on this normal cell line treated
with MRE. As shown in Figure 9(a), fibroblasts were not
much affected by MRE treatment (IC

50
> 200𝜇g/mL in all

cases), probably due to the low ROS production measured
(Figure 9(b)).These data suggest that MRE treatment may be
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(a) (b) (c)

(d) (e)

Figure 4: Effect of MRE treatment on the morphology of HepG2 cell nuclei. Cells were treated with vehicle (a) and methanolic root extract
at 10 (b), 50 (c), 100 (d), and 200 𝜇g/mL for 24 h; cells were then stained with Hoechst 33258 and observed under a fluorescent microscope.
Marked morphological changes (chromatin condensation and nuclear fragmentation) of cell apoptosis were clearly found.
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Figure 5: Flow cytometric analysis of apoptosis in MRE-treated
HepG2 cells. HepG2 cells were incubated for 24 h with 50, 100, and
200 𝜇g/mL of methanolic root extract and apoptosis was assessed
by Annexin V/7-AAD double staining. Values are means ± SD of
three replicates from three independent experiments. Significant
differences between the control versus treated cells are indicated by
∗∗(𝑃 < 0.01).

selective towards cancers cells with minimal adverse effects
on normal cells.

4. Conclusions

In this study, our findings indicated that S. birreamethanolic
root extract exhibits higher levels of phenolics compared
to the less polar extracts, showing an important in vitro
antioxidant activity, with particular regard to its free radical
scavenging activity. Moreover, the cytotoxic effect of MRE
linked to increased amounts of ROS on HepG2 cells was
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Figure 6: Effect ofMREon theROS generation inHepG2 cells. Cells
were incubated for 3 h with 50, 100, and 200𝜇g/mL of methanolic
root extract, generating ROS in a dose-dependent manner. NAC
suppressed MRE-induced ROS generation. Values are means ± SD
of three replicates from three independent experiments. Significant
differences (𝑃 < 0.05) are denoted by different letters.

evident. Even if this behavior could seem contradictory, sev-
eral recent papers underlined that phenolic compounds could
exert both antioxidant and prooxidant activities [22, 23, 47].
In our case it is reasonable that MRE prooxidant effect could
exceed its antioxidant potential on HepG2 cells. Both the
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depolarization in HepG2 cells. The
integrity of mitochondrial membranes of the cells was investigated,
after 3 h of treatment, measuring TMRM fluorescence intensity of
methanolic root extract-treated cells. Change in ΔΨ
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was deter-
mined by flow cytometry. Values are means ± SD of three replicates
from three independent experiments. Significant differences (𝑃 <
0.05) are denoted by different letters.
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Figure 8: Effect of MRE treatment on cytochrome 𝑐 in HepG2
cells. Cells were incubated for 3, 6, and 24 h with 109 𝜇g/mL (IC

50

value at 24 h) of methanolic root extract of S. birrea. The cell
lysates were resolved by 17% SDS-PAGE and cyt 𝑐 expression,
in both mitocondrial and cytosolic fractions, was analysed by
immunoblotting.

loss of membrane potential and the release of cytochrome c,
which ultimately contribute to typical morphological man-
ifestations of apoptosis, (e.g., chromatin condensation and
nuclear fragmentation) suggest that cytotoxic effect has
triggered ROS-induced apoptosis in HepG2 cells, more than
in human normal cells. This evidence could be associated
with a cell signalling by which extract can contribute to
the coordination of cell functions. The presence of different
classes of secondary metabolites detected in the extract
provides a preliminary explanation of the experimental evi-
dences, suggesting the need to investigate the effects of MRE
individual constituents.

Although the mechanism by which MRE treatment
induces these effects remains undefined and will be the
subject of further study, our findings demonstrate that com-
pounds present in MRE are selectively able to interfere with
cellularmechanisms,which are specific ofmalignant cells and
are also linked to ROS production.This evidence suggests the
potential use of MRE in therapeutic application for cancer
treatment.
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Figure 9: MRE treatment on human dermal fibroblasts. (a) Cells
were treated with methanolic extract at the concentration of 10, 50,
100, and 200𝜇g/mL for 24 h and 48 h. MRE shows little cytotoxicity
towards fibroblasts cells. Values are means ± SD of three replicates
from three independent experiments. Significant differences (𝑃 <
0.05) are denoted by different letters. (b) Cells were incubated for 3 h
with 50, 100, and 200 𝜇g/mL of MRE, generating very low amount
of ROS. Values are means ± SD of three replicates from three
independent experiments. No significant differences were found
(𝑃 > 0.05 in all cases).
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Secondary metabolites from fungi organisms have extensive past and present use in the treatment of many diseases and serve as
compounds of interest both in their natural form and as templates for synthetic modification. Through high throughput screening
(HTS) and bioassay-guided isolation, we isolated two bioactive compounds hamigerone (1) and radicinol (2). These compounds
were isolated from fungus Bipolaris papendorfii, isolated from the rice fields of Dera, Himachal Pradesh, India. The structures of
the compounds were established on the basis of spectroscopic data, namely, NMR (1H, 13C, mass, and UV). Both compounds
were found to be antiproliferative against different cancer cells. Furthermore we have also noted that both compounds showed
increase in apoptosis by favorably modulating both tumor suppressor protein (p53) and antiapoptic protein (BCL-2), and in turn
increase caspase-3 expression in cancer cells.This is the first report of these compounds from fungus Bipolaris papendorfii and their
anticancer activity.

1. Introduction

Microfungi are a rich source of chemical diversity [1–3],
and its metabolites are used by the pharmaceutical industry
either in the native form or as derivatives [4–6]. As only a
small part of the Mycota is known and most fungi produce
several unknown metabolites, fungi are still one of the most
promising sources for new lead compounds. Hence fungi are
the objective in numerous high throughput screening (HTS)
programs targeting new pharmaceutics and other bioactive
components [7–10].

In our ongoing pharmacological screening program on
biodiversity of fungi present in Indian landscape using
high throughput screening (HTS), we have identified a
notable antiproliferative activity against cancer cells in
extracts/fractions of a fungus Bipolaris papendorfii, coded as
PM0853873 isolated from the rice fields of Dera, Himachal
Pradesh, India. Hamigerone was originally reported as the
major secondary metabolite of Hamigera avellanea but no

pharmacological activity was reported [11]; similarly radici-
nol was isolated from Cochliobolus lunata but no pharma-
cological activity was reported [12]. Apoptosis is essential
in the homeostasis of normal tissues of the body. The two
important genes involved in this process are the BCL-2
gene and p53 gene. BCL-2 is a gene of antiapoptosis and is
crucial in preventing apoptosis whereas p53 gene is known
as tumor suppressor gene. Cellular stresses, particularly DNA
damage, are sensed by proteins such as ATM and DNA-PK,
which phosphorylate and stabilize p53 which in turn cause
apoptosis to the cancer cells [13]. The apoptotic pathway is
related to induction of p53 and this pathway is held in check
by the antiapoptotic gene BCL-2 [14]. The protooncogene
BAX forms a heterodimer with BCL-2 and accelerates the
process of apoptosis. We describe here the identification and
bioactivity of the lead compounds hamigerone and radicinol
from this culture. In this study, we also demonstrate for
the first time the novel in vitro antiproliferative properties
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Figure 1: Phylogenetic analysis of the ITS region sequence obtained from sample PM0853873 in comparison with the nearest type strain
sequences. The tree was constructed based on rRNA gene sequences (ITS region) using the Maximum Composite Likelihood Method.

of hamigerone and radicinol in cancer cells. Both the com-
pounds are inducing apoptosis in Panc-1 cancer cells by
favorably modulating p53, BCL-2, and caspase 3 expression.

2. Materials and Methods

2.1. General. HPLC was performed in Lichrosphere RP-18,
125 × 4mm column using Shimadzu LC-2010 CHT Liquid
Chromatography. Water preparative HPLC was used for
final purification. Solvents used were of HPLC grade and
normal column chromatography (CC) was performed with
distilled commercial-grade solvents. Silica gel (SiO

2
, 200–300

mesh) was used for CC and GF
254

(30–40mm). TLCs were
procured fromMerck. NMR spectra in CDCl

3
were recorded

on Bruker 300MHz spectrometer with TMS as the internal
standard with chemical shift 𝛿 values in ppm and coupling
constant J in Hz. ESI LC-MS was from Bruker Daltonics.
Flash chromatography was performed on CombiFlash Sq
16X Teledyne Technologies Company ISCO attached with
UV/VIS detector, (RediSep Flash Column silica 12 g, CHCl3/
MeOH gradient system). Final purification was achieved by
preparativeHPLCusingRP-18 column (10× 25mm, 10𝜇) and
acetonitrile/water as a solvent system.

2.2. Cell Culture Reagents. All the cell lines were obtained
from ATTC, USA. McCoy’s 5a medium, MEM, RPMI-
1640, FBS, BSA, isopropanol, dimethylsulfoxide (DMSO),
formaldehyde, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl te-
trazolium bromide, Triton X-100, and PBS were obtained
from Sigma, USA. Hoechst 3342 and Dylight 549 were
obtained from Thermo Fisher Scientific, USA. All the anti-
bodies, namely, BCL-2 (SC-738), p53 (SC-126), and cleaved
caspase 3 (SC-22171), were procured from Santa Cruz
Biotechnology, Inc., USA.

2.3. Isolation and Identification of Fungus. The strain
PM0853873 was isolated from the soil samples collected

from Dera rice field during October 2007. The culture
was isolated using soil plate method [15] using potato
carrot agar (Hi Media) supplemented with 50mg/L of
chloramphenicol and maintained on potato dextrose agar
(Hi Media) supplemented with 50mg/L of chloramphenicol
for identification and fermentation. The strain was
identified as Bipolaris papendorfii by partial sequence
analysis of the internal transcribed spacer region (ITS)
using ITS1 and ITS4 primers [16]. A nucleotide to
nucleotide BLAST [17] query of the gene bank database
(http://www.ncbi.nlm.nih.gov/BLAST) recovered KC592365
Bipolaris papendorfii (92%) as the closest match to the
ITS rDNA of PM0853873 (100.0%). Evolutionary analyses
(Figure 1) were performed using MEGA6 [18].

2.4. Large-Scale Production of the Fungus. A loop full of
the well grown culture from slant maintained on potato
dextrose agar (PDA)was transferred to a 500mL conical flask
with 100mL liquid medium containing soluble starch 1.5 g;
soya bean meal 1.5 g; yeast extract 0.2 g; corn steep liquor
0.1 g; glucose 0.5 g; CaCO

3
0.2 g; NaCl 0.5 g; glycerol 1.0 g in

demineralized water at pH 5.5. This was grown on rotary
shaker at 220 rpm for 72 h at 28∘C and was used as seed
medium. Potato dextrose brothmedium (HiMedia) was used
for production. The pH of the medium was adjusted to 6.5
prior to sterilization. Twenty-five, 1000mL flasks containing
200mL of the above medium were inoculated with 1% of the
seed culture and incubated on rotary shaker at 220 rpm for
72 h at 28∘C.

2.5. Purification of Compounds. 5 L fermentation broth was
filtered through Whatman number 1 filter paper to separate
biomass. Methanol was added to the biomass, stirred for
40min, and filtered. The filtrate was evaporated on rotary
evaporator to remove methanol and aqueous residue was
partitioned with ethyl acetate; the organic layer was concen-
trated on rotary evaporator to remove solvent, which yielded
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Figure 2: Structures of hamigerone (1) and radicinol (2).

500mg crude extract. The crude extract was subjected to
flash chromatography 16X on ISCOCombiflash system using
RediSep silica column (SiO

2
, 200–300 mesh, 12 g; petroleum

ether/ethyl acetate gradient). Semipure compounds 1 and 2
were obtained from the fractions elutedwith 10% ethyl acetate
in petroleum ether. Final purification of compound 1 and 2
was performed on preparative HPLC (Waters PrepLC 4000
system, RP-18 column 8 × 250mm (Lichrosphere), 10 𝜇; 2–
100% acetonitrile in 30min gradient against water, 5mL/min
flow). The peak at RT 28.2 was collected and evaporated the
solvent to get 8mg pure compound 1. In a similar preparative
HPLC experiment semipure compound 2 appeared at 16min
to give 12mg pure compound. The purity of the compounds
were determined by Analytical HPLC.

2.6. Identification of the Substances. These compounds were
characterized by spectroscopic data (UV, 1H-NMR, 13C-
NMR, and LC-MS). Compounds 1 and 2 were identified as
hamigerone and radicinol respectively. LCMS data indicated
the molecular weight of compound 1 as 412 and compound 2
as 238.

3. Screening for Anticancer Activity

3.1. Cell Proliferation Assay. Cell growth was measured by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazoliumbromide
(MTT) method [19]. Cells were seeded at the appropriate
concentrations to prevent confluence throughout the experi-
ment. After 24 h of incubation, cells were treated with serial
concentrations of the compounds. Control cells were treated
with equal concentration of DMSO (never exceeding 0.1%).
At 72 h after treatment, aliquots of 10 𝜇L of MTT (5mg/mL)
were added to each well and incubated for 4 h at 37∘C. The
supernatant was removed and 100 𝜇L of isopropanol was
added. The color intensity of reduced MTT was measured
using Tecan Sapphire multifluorescence microplate reader
(Tecan, Germany, GmbH) at 595 nm. DMSO-treated cells
were considered untreated control and assigned a value of
100%.

3.2. In Vitro Protein Expression (by High Content Screening).
Panc-1 cells were seeded in 96-well plates at a density of
1 × 104 cells/well. 24 h after seeding, medium was replaced
with fresh medium. Panc-1 cells were treated with 1.9𝜇M of

hamigerone and 10.50 𝜇M of radicinol for 12 h. At the end
of every time point, to determine the protein expression,
the cells were fixed with 3.7% formaldehyde in PBS for 10
minutes at room temperature, followed by permeabilization
with 0.15% Triton X-100 for 10 minutes. After permeabi-
lization, the cells were blocked with 5% BSA for 2 h. After
blocking step specific primary antibody was added for 1 h.
Following primary antibody incubation, the nucleus was
stained with Hoechst 3342 (blue) and primary antibodies
of different protein (BCL-2, p53, and caspase 3) were local-
ized by secondary antibody labeled with Dylight 549 (red).
Immunofluorescence of BCL-2, p53, and cleaved caspase 3
was determined by scanning the plates on Cellomics Array
Scan VTI HCS Reader with 20X magnification (Thermo
Fisher Scientific Inc., Waltham, MA).

All the data points were analyzed using the target activa-
tion and molecular translocation bioalgorithm of Cellomics
and the quantitative data was expressed as percentage (%)
activation in comparison to the DMSO control cells. 1000
cells were counted for each replicate well and the results
were presented as an average ± SE. Bioapplication enables
identification of the cell and cytoplasmic areas; the blue
traces define the cell boundaries, while the orange traces
cells rejected from the analysis. The scoring outputs used
were total cellular/nuclear intensity and redistribution of
fluorescence intensity from the nucleus to the cytoplasm
(entropy intensity change) [20, 21].

3.3. Statistical Analysis. The data shown are the mean values
of at least three replicate experiments and expressed asmeans
± SD. Differences between groups were analyzed using two
sided 𝑡-test and ANOVA with 𝑃 < 0.05 considered statisti-
cally significant. In cases in which averages were normalized
to controls, the SDs of each nominator and denominator
were taken into account in calculating the final SD. Statistical
analyses were conducted usingGraphPad Prism software 3.03
package (GraphPad Software, Inc., CA, USA).

4. Results and Discussion

4.1. Isolation and Structural Elucidation. The bioactivity
guided purification of the crude extract obtained from the
fermented whole broth yielded pure bioactive compounds 1
(hamigerone) and 2 (radicinol) (Figure 2).These compounds



4 BioMed Research International

Table 1: IC50 of hamigerone and radicinol in different cell lines.

Cell line IC50 in 𝜇M (±SD)
Hamigerone Radicinol Gemcitabine Flavopiridol

Panc-1 (pancreatic) 1.9 ± 0.92 10.50 ± 1.4 0.38 ± 0.04 0.62 ± 0.05
ACHN (renal) 4.3 ± 0.78 14.28 ± 1.8 0.78 ± 0.07 0.91 ± 0.11
Calu1 (lung) 2.91 ± 1.1 12.60 ± 0.87 0.98 ± 0.11 0.79 ± 0.19
H460 (non-small cell lung) 2.42 ± 0.63 21.6 ± 3.2 1.23 ± 0.23 0.82 ± 0.09
HCT116 (colon) 2.91 ± 0.87 25 ± 2.9 1.15 ± 0.21 0.73 ± 0.08
MCF10A (normal breast epithelium) >30 >30 >10 >10
IC50 values of hamigerone and radicinol in different cancer cells at 48 h. The cells were exposed to different concentrations at end of 48 h; cytotoxicity was
measured using live cell dehydrogenase assay.
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Figure 3: Elevation of p53 expression on treatment with hamigerone and radicinol in Panc-1 cells. The nucleus was stained with Hoechst
3342 (blue color), the expression of p53 protein levels was detected using Dylight 549 (red color), and the represented images are composite
images of both channels. The quantitative data of p53 expression against untreated control cells is denoted as bar diagram. 1000 cells were
counted for each replicate well and the results were presented as an average ± SE.

were characterized by spectroscopic data (UV, 1H-NMR, 13C-
NMR, and LC-MS). All the values were in complete accord
with that of the reported values [11, 12, 22].

Hamigerone was previously isolated from the fungus
Hamigera avellanea and exhibits in vitro growth inhibitory
activity against phytopathogenic fungi [11].

Radicinol, the phytotoxic compound, was produced on
carrot disks by Cochliobolus lunata IFO 6288 [12]. It was

also produced by Bipolaris coicis, Alternaria radicina, and A.
chrysanthemi [22–24].

4.2. Antiproliferative Effect and In Vitro Protein Expression
of Hamigerone and Radicinol. Hamigerone induced cyto-
toxicity in various cancer cell lines with an IC

50
ranging

from 1.9 𝜇M to 4.3 𝜇M. Similarly radicinol showed lesser
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Figure 4: Decreased expression of BCL-2 levels on treatment with hamigerone and radicinol in Panc-1 cells. The nucleus was stained with
Hoechst 3342 (blue color), the expression of BCL-2 protein levels was detected using Dylight 549 (red color), and the represented images are
composite images of both channels. The quantitative data of BCL-2 expression against untreated control cells is represented as bar diagram.
1000 cells were counted for each replicate well and the results were presented as an average ± SE.

efficacy as a poor inducer of cytotoxicity towards the
cancer cell lines with an IC

50
in the range of 10.50 𝜇M–

25 𝜇M (Table 1). Both the compounds were not toxic to
normal breast epithelial cell line (MCF10A), as there was
no growth inhibition up to a concentration of 30 𝜇M. These
findings suggest that these compounds are specific towards
the abnormally proliferating cells [25] wherein hamigerone
showed better toxicity to cancer cells as compared to radi-
cinol. Based on the potent antiproliferation activity of both
hamigerone and radicinol in Panc-1 cells, these compounds
were further profiled for p53, BCL-2, and caspase 3 activity
using high content screening tool Cellomics VTI Array
Scan.

The p53 protein is known as a cellular gate-keeper. In
general, in more than 70% of the tumors p53 status is either
mutated or deleted. Activating p53 in cancer cells aids in
driving the cancer cells into apoptosis. We have analyzed p53
protein expression in Panc-1 cells after 12 h of treatment with
hamigerone and radicinol. The results showed 3.5-fold and
2.4- fold increased expression of p53 in Panc-1 cells (Figure 3),

respectively. The quantitative expression level of this protein
is represented as bar diagram.

It was also observed that hamigerone showed more
significant induction of p53 (red color Ch2) when compared
with radicinol. The significance of p53 in cell cycle arrest
was also noted with Selaginella tamariscina extract in human
ovarian cancer cell line A-2780 [26].

BCL-2 is an antiapoptotic protein. On treatment with
hamigerone we noted 2.5-fold decreased expression of BCL-
2 as compared with untreated control cells (Figure 4), while
radicinol showed marginal reduction (1-fold). This data
reveals that hamigerone was more potent than radicinol
in reducing BCL-2 expression in Panc-1 cells. The bar
diagram indicates the quantitative expression of BCL-2
protein levels. In another study resveratrol, a phytoalexin
present in grapes and other food products, induces apoptosis
in cancer cells by decreasing BCL-2 expression in HL-
60 cells and gives rise to proteolytic cleavage of caspase
substrate PARP [27] thereby causing apoptosis to the cancer
cells.
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Figure 5: Induction of caspase 3 expression on treatment with hamigerone and radicinol in Panc-1 cells. The nucleus was stained with
Hoechst 3342 (blue color), the expression of caspase 3 protein levels was detected using Dylight 549 (red color), and the represented images
are composite images of both channels.The quantitative data of caspase 3 expression against control is showed as bar diagram. 1000 cells were
counted for each replicate well and the results were presented as an average ± SE.

Furthermore we evaluated the cleaved caspase 3 activ-
ity in the cells treated with these compounds. In Panc-1
cells cleaved caspase 3 levels were higher (3.9-fold and
2.1-fold) in cells treated with hamigerone and radicinol as
compared to untreated cells, respectively (Figure 5). These
findings suggest the cytotoxicity effect of hamigerone and
radicinol in cancer cells could be via induction of cas-
pase 3 activation. The quantitative expression level of this
protein against untreated controls is represented as bar
diagram.

Of all the proteins involved in the activation and execu-
tion of apoptosis, the caspase 3 stands out as being crucial for
this process [28].

In this studywe have identified that hamigerone and radi-
cinol interact with multiple cancer targets whose implication
in cancer drug discovery is well described previously. Based
on our findings, thesemolecules can become a potential start-
up point for developing new scaffold which can modulate
potential cancer targets.
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