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Bleomycin is a chemotherapeutic agent that is frequently used in the treatment of various cancers.
Bleomycin causes serious adverse effects via antioxidant defense abnormalities against reactive oxygen
species (ROS). However, the current cervical cancer monodrug therapy strategy has failed to produce the
expected outcomes; hence, combinational therapies are gaining great interest. Tea polyphenols are also
effective antioxidative and chemo-preventive agents. However, the combined effect of tea polyphenol
(TPP) and bleomycin (BLM) against cervical cancer remains unknown. In this study, we focused on the
potential of TPP on BLM anticancer activity against cervical cancer cells. Cervical cancer cells (SiHa) were
treated with various concentrations of TPP, BLM and TPP combined with BLM (TPP-BLM), and their ef-
fects on cell growth, intracellular reactive oxygen species, poly-caspase activity, early apoptosis and the
expression of caspase-3, caspase-8 and caspase-9, Bcl-2 and p53 were assessed. The MTT assay revealed
that the SiHa cells were less sensitive to growth inhibition by TPP treatment compared with both BLM
and the combination therapy. Nuclear staining indicated that exposure to TPP-BLM increased the per-
centage of apoptotic nuclei compared with a mono-agent treatment. Caspase activation assay demon-
strated that proportion of early and late apoptotic/secondary necrotic cells was higher in the cells treated
with the combination therapy than in those treated with either TPP or BLM alone. The TPP-BLM treat-
ment synergistically induced apoptosis through caspase-3, caspase-8 and caspase-9 activation, Bcl-2
upregulation and p53 overexpression. This study suggests that TPP-BLM may be used as an efficient
antioxidant-based combination therapy for cervical cancer.

© 2016 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Cervical cancer is the fourth most frequent malignancy that
affects womenworldwide; it has been estimated that 528,000 new
cases occurred in 2012. According to a cancer incidence and sur-
vival report of Saudi Arabia 2007, cervical cancer is the 13th most
prevalent cancer in Saudi women. The World Health Organization
(WHO) predicts that future cervical cancer rates could considerably
increase in Arab countries, including Saudi Arabia [1e3]. The mo-
lecular mechanism of cervical cancers is a multifaceted problem,
and it is mostly associated with human papilloma virus (HPV)
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infection; HPV integration into the host cell's genome leads to its
involvement in several regulatory gene networks. Therefore, both
internal and external factors are involved in the initiation and
progression of cervical cancer. The cell cycle and the apoptotic
pathway dysregulation contribute to the initiation and progression
of cervical cancer. A few crucial HPV oncoproteins cause immor-
talization of the infected cells by interacting with and degrading
p53, cell cycle regulator proteins and the mitochondrial mediated
redox pathway proteins [4,5]. In general, the majority of the HPV
oncoproteins, apoptotic signal transduction and redox related
genes are disrupted by mutations and epigenetic changes in these
regulatory networks [5e8].

Currently, various methods are available for HPV positive cer-
vical cancer treatment, including surgery, chemotherapy and
radiotherapy, although these methods have apparent drawbacks.
The NCI-approved cancer drugs include bevacizumab, bleomycin,
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cisplatin and topotecan; however, these drugs lack specific targets,
which leads to normal cell damage, myelotoxicity, nervous tissue
injury, diarrhea and renal failure [9,10]. Most of these drugs
generate high-level free radicals or metabolic intermediates that
induce oxidative damage to DNA in normal cells and lead to chemo-
resistance through anti-apoptosis mechanisms. For instance, bleo-
mycin (BLM), an anti-neoplastic antibiotic based chemotherapeutic
agent that is produced by Streptomyces verticillus, and it is used
primarily to treat various types of redox-influenced cancer,
including testicular cancer, lymphoma, and squamous cell cancer of
the head, neck and cervix [11]; however, it can cause several health
illnesses. Fig. 1A shows chemical structure of bleomycin. BLM is a
glycopeptide that complexes with iron and generates high-level
superoxides and hydroxyl radicals that induce oxidative damage
Fig. 1. Chemical structure of (A) Bleomycin
to DNA and leads to cancer cell proliferation inhibition [12]. BLM
has a metal binding region that easily coordinates with metal ions
to form metallo bleyomycin complexes [13], which are mechanis-
tically involved in cellular level DNA damage. For instance, in the
presence of cellular level redox active metal ions or oxygen BLM,
cancer cell DNA degradation was induced [14,15]. The molecular
mechanism of BLM-induced mitochondrial dysregulation in
various cancers is believed to be oxidative stress-mediated DNA
damage [16e19]. However, BLM monotherapy can cause different
adverse events, including immune system damage, hyperpigmen-
tation, pneumonitis and pulmonary fibrosis, which aremediated by
redox status disturbances [20,21].

Combinational chemotherapy is the use of more than one
medication, and this procedure can overcome the disadvantages
hydrochloride and (B) Tea polyphenols.
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of the monotherapy and show significant promise in cancer
therapy. Recently, drug and phytochemical combined cancer
therapies have received a great deal of attention because drug
and phytochemical interactions can either enhance (synergize)
or decrease (antagonize) therapeutic effects. Additionally, dietary
supplements can reduce cancer risk, prolong cancer patient
survival times and decrease chemotherapy-associated side ef-
fects [22,23]. A few recent studies demonstrated that dietary
phytochemicals could eliminate the toxic side effects of synthetic
drugs. Kaiserova et al. demonstrated that flavonoids are excellent
agents for relieving doxorubicin-induced cardiac side-effects
[24]. Scambia et al. reported that quercetin significantly
enhanced the growth-inhibitory effect of adriamycin in multi-
drug resistant cancer cells [25]. Hoffman et al. suggested a
flavonoid enhanced anti-proliferative action of busulphan on a
human leukemia cell line [26]. Additionally, when BLM was used
with phytochemicals in combinational therapies, the phyto-
chemicals significantly increased the BLM efficiency and reduced
its side effects [16,27]. Hence, efforts have been expended to
develop a synergistic combination therapy using drugs and
phytochemicals that prevent redox-mediated toxicity and
enhance treatment efficiency.

Tea polyphenols (TPP) are potential antioxidants that scav-
enge reactive oxygen and nitrogen species and chelate
redoxeactive transition metal ions [27]. TPP contains several
catechin compounds, including (-)- epigallocatechin-3-gallate
(EGCG), (-)- epigallocatechin (EGC), epicatechin-3-gallate (ECG),
and other catechins (Fig. 1B) that have a wide range of biological
properties, such as anti-cancer, anti-allergic, anti-inflammatory,
and cancer chemoprevention activities [28e30]. TPP is a very
promising substance for various cancer treatment types because
it inhibits carcinogenesis and cancer cell proliferation at various
organ sites [29]. Several reports have demonstrated that TPP
contains antioxidants that can neutralize excessive free radicals
(ROS) and may reduce or even help prevent some of the intra-
cellular damage that they cause [30e32]. Sriram et al. suggested
tea epigallocatechin-3-gallate as a potential anti-fibrotic agent
because of its ability to attenuate BLM-induced pulmonary
fibrosis [33].

The complete health benefits of green tea polyphenols that
have been observed so far have not focused on the combined
activities of TPP with BLM in comparison with single compound
treatments. Hence, it is possible that by targeting direct- or
indirect-acting pro- and antioxidants and redox modulators, such
as TPP, with BLM, they will act as central redox system co-
ordinators of anti-apoptotic and ROS signaling networks. At the
same time, the best way to increase the efficacy, pharmacokinetics
and selectivity and to reduce BLM toxicity of BLM is to combine it
in treatment with TPP. However, the current molecular-based
evidence is inadequate regarding the clinical and patient guide-
line determinations of TPP use as an antioxidant supplement
during cervical cancer therapy. In this context, in vitro-based
approaches were applied to understand whether specific modes
of cell death (e.g., apoptosis, autophagy, necro-apoptosis) were
the mechanisms by which synergistic combination screens killed
targeted tumor cells, and if so, the likely molecular mechanism(s)
by which they participate.

2. Materials and methods

2.1. Cell culture

Cervical cancer cell (SiHa) was procured from the National
Centre for Cell Science (NCCS), Pune, India and provided by Prof.
M.A. Akbarsha of the Mahatma Gandhi-Doerenkamp Center for
Alternatives to Use of Animals in Life Science Education, Bhar-
athidasan University, India. The cells were grown in DMEM me-
dium that was supplemented with 10% fetal bovine serum
(HyClone, Thermo Scientific, USA), and 100 U/mL penicillin and
100 mg/mL streptomycinwere used as antibiotics (HyClone, Thermo
Scientific, USA). The cells were grown in T25 and T75 cm2

flasks as
well as 6-, 12-, 24-or 96-well culture plates (TPP, Switzerland) at
37 �C in a humidified atmosphere containing 5% CO2 in a CO2
incubator (Biochrom AG, Germany). All of the experiments were
achieved using cells from passage 15 or below. The culture condi-
tions of the SiHa cells were consistent for all of the experiments
described below.

2.2. Cell viability assay

The TPP and BLM stock solutions were prepared with DMSO.
Further working solutions were prepared in the DMEM growth
media. The SiHa cells were seeded at a density of 1 � 104 cells per
well in 200 mL of fresh culture media. After overnight growth, the
SiHa cells were treated with different TPP and BLM working solu-
tion concentrations for 24 h. After incubation, 20 mL of MTT solution
(5 mg/mL in phosphate buffered saline, SigmaeAldrich, USA) was
added to each well, and the plates were wrapped with aluminum
foil and incubated at 37 �C for 6 h. The plates were centrifuged at
4000 rpm for 5 min, and the purple formazan product was dis-
solved in 100 mL of 100% DMSO. The absorbances weremonitored at
570 nm (measurement) and 630 nm (reference) with a multiwell
plate reader (Bio-Rad, USA). The data were collected in quadrupli-
cate for each dose (as technical replicates), and two independent
experiments (n ¼ 2) in order to calculate the median-effect dose
(i.e., the IC50Dm value), to measure doseeeffect curve sigmoidicity
(m value), to determine the medianeeffect plot linear correlation
coefficient (r value), and for the drug combinational analysis using
the CalcuSyn software (Biosoft, UK).

2.3. Experimental design for the drug combinations

A cytotoxic assay was performed for TPP and BLM to obtain dose
effect parameters, such as the median dose (Dm)1, sigmoidity (m1),
and correlation coefficient (r1) of TPP alone and the median dose
(Dm)2, sigmoidity (m2), and correlation coefficient (r2) of BLM
alone for the doseeeffect curves and median effect plot, using the
CalcuSyn software. The SiHa cells were exposed to different TPP
(Control, 25, 50, 75,100, and 125 mg/mL) and BLM (Control, 5, 10, 15,
20, and 25 mM/mL) concentrations for 24 h. The cell death per-
centages, (IC25, IC50, and IC75), and dose effective parameters were
calculated with the Calcusyn software. For the combination studies,
in which the MTT assay was conducted for the TPP-BLM treatment
analysis, three combination mixture data points were used to
determine the combination index (CI) value and the isobologram
analysis. For the combination analysis, the SiHa cells were treated
with TPP at different concentrations (Control, 25, 50, 75, 100, and
125 mg/mL) and in combinationwith BLM at fixed concentrations at
three different points (TPP IC50 þ BLM IC25 and TPP IC75 þ BLM) for
24 h, and the cell viability was determined using the MTT assay.
Then, the datawere subjected to a combination analysis. The CI was
calculated with the Chou and Talalay combination index equation
[34]. CI < 1, CI ¼ 1, and CI > 1 indicated synergism, additive effect,
and antagonism, respectively. A normalized isobologram analysis
was conducted to illustrate the additivity, synergism, or antago-
nism of the various combination doses. If the combination data
point for fa ¼ 0.5 fell on the diagonal line, then an additive effect
was indicated; if it fell in the lower left region, then synergismwas
indicated; and if it fell in the upper right region, then antagonism
was indicated. The synergistic combination dose was selected
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based on the lowest CI value and isobologram analysis, and it was
applied for all of the experiments described below.

2.4. Propidium iodide staining

The effects of TPP, BLM and TPP-BLM on the morphological
features of the SiHa cells were analyzed using propidium iodide (PI)
staining. The cells were treated with TPP (IC50 dose), BLM (IC50
dose) and a synergistic combination dose (TPP IC50 þ BLM IC25 and
TPP IC75 þ BLM IC25) in DMEM medium for 24 h at 37 �C. The cell
nuclear morphologies were observed by staining the DNA content
of trypsinized cells (4.0� 104/mL) with 10 mL of PI stain (100 mg/mL,
aqueous, Promega, USA and Sigma, USA) for 5 min at 37 �C. A drop
of cell suspension was placed on a glass slide and a coverslip was
placed over the slide to reduce light diffraction. The cells were
photographed at random with a fluorescent microscope at 400x
magnification (Carl Zeiss, Jena, Germany). Data were derived from
at least three independent experiments (n ¼ 3) with technical
replicates (n ¼ 3 slides).

2.5. ROS measurements

The intracellular reactive oxygen species (ROS) level was
analyzed using the fluorescent probe, 6-carboxy-20,70-dichlor-
odihydrofluorescein diacetate, di(acetoxymethyl ester) as per the
manufacturer's instructions (Invitrogen, USA). This reagent readily
diffuses through the cell membrane and is enzymatically hydro-
lyzed by intracellular esterases to form the non-fluorescent com-
pound, 20,70-dichlorofluorescein (DCFH), which is then rapidly
oxidized to form the highly fluorescent compound, 20,70-dichloro-
fluorescin (DCF) in the presence of ROS. The fluorescence intensity
Fig. 2. The in vitro cytotoxicity effects of TPP and BLM alone in cervical cancer cells. Cerv
24 h of exposure, the cell death percentage was determined with an MTT assay to determine
and r value (the linear correlation coefficient of the medianeeffect plot), which were calcu
of DCF is an indicator of the amount of intracellular ROS. To
determine the total intracellular ROS levels of the untreated SiHa
cells (control) and those treated with TPP, BLM and TPP-BLM, the
cells were seeded in 12-well plates on the day prior to the assay.
The cells were treated with a TPP (IC50), BLM (IC50 dose) or a syn-
ergistic TPP-BLM dose (TPP IC50 þ BLM IC25 and TPP IC75 þ BLM
IC25) in DMEMmedium for 24 h at 37 �C. After the 24-hr incubation,
the mediumwas removed, and the cells were washed with PBS and
then incubated with a 10 mM probe in the loading medium. After
the probe was removed, the cells were washed and incubated with
PBS. The intracellular fluorescence intensity with 10,000 events
was measured using a BD FACSCalibur (BD Biosciences, USA) on the
FL-1 channel. The acquired data were analyzed with the BDCell-
Quest Prosoftware. The data were collected in triplicates for each
dose (as technical replicates).

2.6. Polycaspase apoptosis assay

To analyze the polycaspase activity of the untreated (control)
and the TPP, BLM or TPP-BLM treated SiHa cells, the cells were
plated on 12-well plates on the day prior to the assay. The cells
were exposed toTPP (IC50), BLM (IC50) or synergistic TPP-BLM doses
(TPP IC50þ BLM IC25 and TPP IC75þ BLM IC25) in DMEMmedium for
24 h. After 24 h, the cells were harvested, resuspended, and stained
with the FLICA reagent for polycaspases and propidium iodide with
the Vybrant FAM PolyCaspases Assay Kit (Invitrogen, USA). Ten
thousand events were acquired on a FACScanto II flow cytometer at
a 488-nm excitation wavelength, with 530-nm band pass and 670-
nm long pass emission filters. The acquired data were analyzed
using the BD FACSDiva and BDCellQuest Pro software. The data
were collected in triplicates for each dose (as technical replicates).
ical cells were treated with different concentrations of (A) TPP and (B) BLM alone. After
the IC25, IC50, IC75, m value (a measurement of the sigmoidity of the doseeeffect curve),
lated with the Calcusyn software.
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2.7. Gene expression analysis

To determine the mRNA levels of the untreated (control) and
TPP, BLM and TPP-BLM treated SiHa cells, the cells were seeded on
24-well plates on the day prior to the assay. The cells were incu-
bated with TPP (IC50), BLM (IC50) and synergistic TPP-BLM doses
(TPP IC50þ BLM IC25 and TPP IC75þ BLM IC25) in DMEMmedium for
24 h at 37 �C. Total RNA from cells was extracted, and cDNA was
synthesized with the FastLane Cell cDNA Kit (Qiagen, USA). The
cycle parameters for the RT reactions were 42 �C for 5min, 42 �C for
30 min, 85 �C for 5 min, and then the samples were held at 4 �C.
Quantitative PCR was performed with a RT-PCR kit (Qiagen, USA)
and analyzed on a Real-Time PCR workstation (AB Biosciences,
USA). Quantitect Primer assays for the genes of interest (caspases-3,
-8 and -9, p53 and GAPDH) were chosen and purchased from
Qiagen (USA). The PCR reaction mix consisted of the RT product,
primer and probe for the gene of interest and was cycled in
accordance with the manufacturer's instructions for the QuantiFast
SYBR Green PCR kit (Qiagen). The cycle parameters for the PCR
reaction were 95 �C for 5 min, followed by 40 cycles of a 95 �C
denaturing step for 10 seconds and an annealing/extension step at
60 �C for 30 seconds. The relative mRNA levels in each sample were
normalized to the GAPDH content. Quantitative values were ob-
tained from the threshold PCR cycle number (Ct), at which the in-
crease in signal associated with an exponential increase of the PCR
product was detected. In each sample, we calculated the DCt values
(target-reference). The fold-change between the control (un-
treated) and TPP, BLM or TPP-BLM treated samples for p53 and
Fig. 3. Normalized isobologram graphs of TPP at various concentrations (Control, 25, 50, 75
produced to illustrate additivity, synergism, or antagonism. If the combination data point fo
lower left, then synergism was indicated; and if it fell in the upper right region, then antagon
region of the normalized isobolograms.
caspase-3, -8, and -9 were calculated with the 2�DDCt method, in
which DDCT ¼ DCT (target-reference) (in the TPP, BLM or combi-
nation treated samples) - DCT (target-reference) (in untreated
samples). Real-time PCR was repeated in triplicate for each sample,
and the average 2�DDCt values and their S.D. were calculated for
each sample relative to the normal control for the p53 and caspase-
3, -8, and -9 expression levels. GAPDH was used as reference gene.
The p53 and caspase-3, -8, and -9 expression levels were normal-
ized to a reference gene (GAPDH). The data were collected in trip-
licates for each dose (as technical replicates) and two independent
experiments (n ¼ 2).

2.8. Protein interaction network analysis

BLMand TPP altered proteins and/or genes detailswere obtained
from previous experiments, databases and literatures. The protein
interaction networkwas constructed using Stitch 4.0 and Cytoscape
3.2. Bleomycin (BLM), catechins and gallic acid associated protein
interaction network map, and gene ontology (GO) enrichment and
pathway analysis were assessed using STITCH 4.0 database.

2.9. Statistical analysis

The results are expressed as themean ± standard deviation (SD).
All of the data were derived from at least three independent ex-
periments with a similar pattern. The statistical analyses of the
experimental data were performed using the Microsoft Excel and
CalcuSyn software. For all of the comparisons, the differences were
, 100, 125 mg/mL) and in combination with (A) IC25 (B) IC50 (C) IC75 value of BLM were
r fa ¼ 0.5 fell on the diagonal line, then an additive effect was indicated; if it fell in the
ismwas indicated. The data from the three different combinations fell in the lower left
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considered statistically significant at p < 0.05.

3. Results

3.1. Cytotoxicity with BLM and TPP combination treatments

To assess the dose-dependent cytotoxic properties of TPP and
BLM in SiHa cells, the cells were exposed to semi-log doses of TPP or
BLM alone. After the 24-hr incubations, the cell viability was
assessed, and the inhibitory concentrations were calculated as
follows: TPP, IC25 ¼ 27 mg/mL, and IC50 ¼ 76 mg/mL and
IC75 ¼ 98.1 mg/mL; BLM, IC25 ¼ 3.8 mM, IC50 ¼ 9.44 mM and
IC75 ¼ 16.8 mM. Then, the cells were exposed to the TPP-BLM
combinations, and the BLM concentrations were fixed at three
different points for 24 h. The combinations index (CI) and iso-
bologram analyses were performed using the CalcuSyn software to
analyze the synergistic effects of the various TPP and BLM combi-
nations. The results showed that the TPP and BLM doses inhibited
the SiHa cell viability in a dose-dependent manner (Fig. 2 A and B).
The median TPP dose effect plots with the three different BLM
concentrations demonstrated that combination treatments were
more effective than were TPP and BLM alone in the SiHa cells
(Supporting data: Figs. S1, S2 and S3). The CI values of the three
different combinations were less than 1.0, which clearly revealed a
synergistic effect. The (TPP þ BLM- IC25), (TPP þ BLM- IC50) and
(TPPþ BLM- IC75) CI values showed clear synergism in the ranges of
0.382e1.421, 0.611 to 1.264 and 0.62 to 0.96, respectively, in the
SiHa cells. Moreover, a normalized isobolographic analysis clearly
Fig. 4. Fluorescent microscopy images of the TPP, BLM and or TPP þ BLM treated cells an
a synergistic combination dose (TPP IC50 þ BLM IC25 and TPP IC75 þ BLM IC25) for 24 h. Prop
BLM (C) or a TPP þ BLM combination (D) for 24 h (400x magnification). The yellow arrowh
(For interpretation of the references to colour in this figure legend, the reader is referred t
showed a synergistic pattern, as the data point for fa¼ 0.5 fell in the
lower left region of the graph (Fig. 3). The synergistic combination
dose was selected based on CI value and isobologram analysis (TPP
IC50 þ BLM IC25 and TPP IC75 þ BLM IC25), and this dose was applied
for all of the experiments described below.

3.2. PI staining

The TPP, BLM and TPP-BLM combinations treated SiHa cells
were observed under fluorescence microscopy following PI stain-
ing. The microscopic observations revealed that TPP, BLM and TPP-
BLM treatments caused chromatin fragmentation, nuclear
shrinkage, cytoplasmic vacuolation, cytoplasmic blebbing, binu-
cleation and late apoptosis in the SiHa cells (Fig. 4). These nuclear
morphological changes confirmed that the cells were committed to
cell death through apoptosis rather than necrosis. The microscopic
analysis showed that the percent of cells with apoptotic morphol-
ogies increased significantly when the cells were treated with TPP-
BLM compared with either TPP or BLM alone.

3.3. Intracellular ROS level changes

The SiHa cells were exposed to TPP, BLM and TPP-BLM combi-
nations for 24 h. After incubation, the intracellular ROS level was
analyzed. The ROS level histogram patterns revealed that the BLM
treatment enhanced the high-level ROS generation, whereas TPP
suppressed the ROS generation levels dose-dependently. Fig. 5
clearly revealed that a major peak shift in the histogram overlap
d the untreated control cells. Cervical cells were incubated with TPP IC50, BLM IC50 or
idium iodide-stained SiHa cancer cells that were untreated (A) or treated with TPP (B),
eads point to cells with abnormal nuclei and indicate nuclei/chromatin fragmentation.
o the web version of this article).
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between the BLM-induced high ROS generation and the TPP anti-
oxidants effects. This is understandable because TPP is a potential
antioxidant.

3.4. Caspase activation

Caspases are present as intracellular inactive pro-enzymes,
which are responsible for the deliberate disassembly of the cell
into apoptotic bodies during apoptosis. These enzymes participate
in a sequence of reactions that are stimulated from proapoptotic
signals and result in the cleavage of protein substrates and the
subsequent disassembly of the cellular system. Here, we observed
the TPP, BLM and TPP-BLM combinations treatment effects on the
SiHa cells for 24-hr. Based on the fluorochrome binding differences,
four different populations were distinguished on the bivariate PI
versus FAM scatter plots. As shown in Fig. 6, the cells were classified
into four different types: normal (FLICA-/PI-), early apoptotic
(FLICAþ/PI-), late apoptotic (FLICAþ/PIþ), secondary necrotic, and
necrotic cells (FLICA-/PIþ). The early and late apoptotic populations
were significantly increased in the TPP-BLM treated SiHa cells (TPP
IC25 in mg/mL þ BLM IC25 in mM/ml) compared with the single TPP
or BLM treatments.

3.5. Gene expression analysis by qPCR

The SiHa cells were treated with TPP, BLM and TPP-BLM
combinations for 24 h. The caspase-3, -8 and -9 and p53 mRNA
levels were quantified. As shown in Fig. 7, the average 2�DDCt

values along their SDs were calculated for each sample relative to
the untreated control for the p53 and caspase-3, -8, and -9
Fig. 5. Intracellular ROS measurement by flow cytometry using fluorescent the probe
comparison of the intracellular ROS level changes, which are expressed as the mean fluoresce
treatments (TPP in mg/mL þ BLM in mM/ml) for 24 h is shown. The cells were trypsiniz
dichlorodihydrofluorescein diacetate, di(acetoxymethyl ester)). The intracellular ROS fluores
were repeated at least three times with similar results. Overlaid histograms representing the
mL þ BLM IC25 in mM/ml) treated as well as the untreated cells (control). (A) Control, TPP IC2

IC25, TPP IC50 and combination (TPP IC50þBLM IC25); (D) Control, BLM IC25, (TPP IC50þBLM
expression levels. The results are presented as the mean ± SD, and
*p < 0.05 was considered significant when the individual TPP and
BLM treatments were compared with the synergistic combination
dose (TPP IC50 þ BLM IC25 and TPP IC75 þ BLM IC25) after a 24-hr
incubation. The values represent the p53 and caspase-3, -8 and -9
mRNA levels in the SiHa cells that were treated with the TPP, BLM
or synergistic combination doses (TPP IC50 þ BLM IC25 and TPP
IC75 þ BLM IC25) (Fig. 7). With the combination treatment, the p53
transcript levels in the SiHa cells significantly increased by
approximately two fold following 24 h of incubation compared
with the individual TPP or BLM treatments (p < 0.05). According to
Livak's calculation, the effector caspase-3 and initiator caspase-8
mRNA expression levels were upregulated with the synergistic
combination dose (TPP IC50 þ BLM IC25 and TPP IC75 þ BLM IC25)
by four- and three-fold, respectively, whereas the caspase-9 levels
increased two-fold (Fig. 7). Moreover, the BCL-2 expression levels
significantly increased (four-fold) in the TPP and BLM combined
treated cells compared with the TPP or BLM single treatments.
These results suggest that combined drug therapy can inhibit
cancer cell proliferation to a higher degree compared with mono-
drug therapy.

4. Discussion

Synergistic target-based combinations can affect or repair in-
dependent cancer growth stimulatory signals, PCD resistance, and
overcome hypoxia-mediated cellular senescence in the crucial
regulatory and metabolic pathways of cancer cells [11,35,36]. BLM
contains DNA and metal ion binding regions, which coordinate
with metal ions and generate free radicals, and it leads lipid
, 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate, di(acetoxymethyl ester). A
nt intensity in the cervical cells following TPP IC50, BLM IC50 or synergistic combination
ed and the intracellular ROS was stained with a fluorescent probe (6-carboxy-20 ,70-
cent intensity was measured from 10,000 events with flow cytometry. The experiments
intracellular ROS levels from the TPP, BLM and TPP þ BLM combination (TPP IC25 in mg/
5, TPP IC50 and TPP IC75; (B) Control, BLM IC25, BLM IC50 and BLM IC75; (C) Control, TPP
IC25) and (TPP IC75þBLM IC25).



Fig. 6. Activated caspase detection by flow cytometry using fluorescently labeled inhibitors of caspases (FLICA) combined with plasma membrane permeability assay.
Cervical cells were incubated with TPP IC50, BLM IC50 or a synergistic combination TPP þ BLM dose TPP IC50 þ BLM IC25 and TPP IC75 þ BLM IC25) for 24 h. The treated SiHa cells were
then processed according to the manufacturer's instruction (Polycaspase kit) at 37 �C in the dark. The fluorescence intensity was measured for 10,000 events with flow cytometry.
Cervical cancer cells were untreated (A); TPP treated (B); BLE treated (C); or combination treated (TPP IC25 þ BLM IC25) (D). Live cells (blue-colored populations) were negative for
both FAM and PI. The early apoptotic cells (red-colored populations) were FAM-positive and PI-negative. The late apoptotic/secondary necrotic cells (green-colored populations)
were positive for both FAM and PI. The experiments were repeated at least three times with similar results. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).
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peroxidation and other molecular oxidation. An excess of these
generated free radicals trigger DNA cleavage, which leads to cancer
cell death [13e15]. However, BLM can cause redox-mediated side
effects in the normal cell, tissue and organs, including chemo-
resistance, senescence, and chronic toxicity, such as erythema, skin
hyperpigmentation, striae, vesiculation, fever chills, hypotension,
alopecia, stomatitis, fatigue, myocardial infarction, stroke, cardio-
respiratory collapse and pulmonary toxicity [20,21,11,35,36]. Many
recent reports indicated that RNA and protein metabolism are also
distorted at high concentration of the BLM. It is possible that the
combination of BLM and supplementary drugs, biologics, or non-
dietary nutrition (like TPP) may exert synergistic action by target-
ing both key and reserve cellular mechanisms, simultaneously.
Previous studies have demonstrated that a combination of
chemotherapeutic drugs and phytochemicals could overcome the
drugs' side effects and enhance their therapeutic activities
[25,26,31]. TPP has attracted a great deal of interest because of its
application for cancer prevention and as an adjuvant in cancer
chemotherapy. Indeed, TPP can inhibit carcinogenesis by sup-
pressing pro-oxidant enzyme expression, inhibiting target genes
that are involved in cell proliferation, and inducing apoptosis
[37,38]. Moreover, BLM is a well-known apoptotic inducer that
triggers specific pathways that provide various hypothetical control
chances and/or selected pathways to emphasize the synergistic
cervical-tumor cell death. In the present study, the results
suggested that a combination of TPP and BLM might act synergis-
tically and have therapeutic benefits. The synergistic activity of
TPP-BLM may minimize the development of drug resistance and
decrease toxicity while increasing efficacy. Our results suggest that
TPP-BLM synergistically inhibited SiHa cell growth compared with
individual TPP or BLM treatments. The CI and isobologram analysis
for TPP-BLM revealed cytotoxic effects that were less additive. The
difference between cytotoxicity and apoptosis is described by a
sequence of characteristic morphological features, including cell
shrinkage and fragmentation of the cell into membrane-bound
apoptotic bodies and rapid phagocytosis by neighboring cells
[39]. Our results suggested that the TPP-BLM treated SiHa cells
displayed nuclear morphological changes, such as chromatin frag-
mentation, bi-/multinucleation, dot-like chromatin and apoptotic-
bodies, which are characteristic of apoptotic cell death. Several
genes are involved in and regulate apoptosis initiation, execution
and regulation [40]. Apoptosis is triggered by p53 due to mito-
chondrial damage and high ROS levels. Moreover, the Bcl-2 protein
family plays a crucial role in determining whether cells undergo
apoptosis through caspases-9 and-3 [39e41].

Caspases are cysteineeaspartic acid specific proteases that are
essential for programmed cell death. Caspase enzyme activation
stimulates a sequence of reactions that are initiated in the cleavage
of protein substrates and the consequent disassembly of the cell
[42]. In the present study, caspase (including caspase-1, -3, -4, -5,



Fig. 7. Quantitative RT-PCR apoptotic marker genes analysis from the human cervical cancer cells. A comparison of the mRNA expression level changes, expressed as the mean
fold change (as the ratio of the target gene to the reference gene [GAPDH]) in the cervical cells after 24 h of TPP IC50, BLM IC50 or synergistic combination exposure TPP IC50 þ BLM
IC25 and TPP IC75 þ BLM IC25). The data represent the mean ± SD of three determinations, each of which was performed in triplicate. The statistical analysis was performed using
Student's t-tests (p < 0.05).
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-6, -7, -8, and -9) activationwas analyzed with fluorescently labeled
inhibitors of caspases (FLICA), and plasma membrane permeability
was evaluated with PI staining. The SiHa cells were treated with
TPP-BLM (TPP IC25 in mg/mL þ BLM IC25 in mM/ml), which signifi-
cantly increased the early (55.5% cells) and late apoptotic (33.1%
cells) cells (Fig. 6) when comparedwith the control (untreated) and
individual TPP (IC50 dose 76.1 mg/mL) and BLM (IC50 dose 9.44 mM/
mL) treatments (Fig. 6A, B and C). Our results demonstrated that the
TPP-BLM treatment induced the activation of all of the caspases at
higher levels, which was associated with P53 upregulation. Previ-
ous studies revealed that the mechanism of action of BLM mainly
involves the cleavage of mitochondrial DNA, which induces
caspase-9 and -3 activation, which in turn leads to apoptosis
[43,44]. Our results suggest that TPP-BLM synergistically activate
caspase-9 in SiHa cells through ROS mediated-mitochondrial
apoptosis. However, significant caspase-8 activation was found
with the TPP, BLM and TPP-BLM treatments, which indicates that
receptor-mediated apoptosis activation may have also been
induced.

The network analysis for understanding the inter-connective
and complexemultiple pathways were performed using bioinfor-
matics approach. Recent system biological approaches explore the
wide range of inter-connective gene regulatory networks and their
specific mode of molecular mechanism for synergism. Our result of
network mapping and analysis suggest that more than 9 distin-
guished pathways were contributed through BLM and TPP expo-
sure in human cancer cells. Particularly, as showed in the predicted
protein and their relationships (Supporting data: Fig. S4.) such as
death domain receptors, DNA damage & repair, extracellular
apoptotic signals, pro-apoptotic genes, anti-apoptotic, positive &
negative apoptotic regulatory genes, death domain receptors and
caspases & regulators were involved. The results of functional
enrichment analysis shows that more than 80 genes play a key role
in the BLM induced and modulated by TPP (gallic acid, epi-
gallocatechin, catechin, epicatechin, epigallocatechingallate and
epicatechingallate) and were associated with modulation of redox
signaling dependent pathways particularly. Indeed, TPP can inhibit
and/or prevent carcinogenesis by modulating the expression of
pro-oxidant enzymes, inhibiting target genes involved in cell pro-
liferation, and inducing apoptosis through different mechanism of
actions. The synergistic activity of BLM and TPPmight have potency
to minimize the development of drug resistance and decrease
toxicity while increasing efficacy.

These findings suggest the existence of a threshold of cellular
oxidation above which the apoptotic program is initiated. This
threshold may vary depending on the dose level. However, the
balance between the BLM-induced ROS and antioxidants (TPP) that
are present in the cell at any given moment is likely crucial in
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determining cell-fate decisions. Therefore, TPP-BLM might have
potential therapeutic benefits as redoxmodifiers that are capable of
directly inducing apoptosis specifically through ROS-mitochondrial
junctions in cancer cells.

The anti-cancer properties of the BLM and TPP combination
have rarely been investigated, until now. Our present study results
provide strong evidence that the supplemental antioxidant, TPP,
enhances the antitumor effects of BLM in uterine cervical cancer
cells. Thus, clinical trials with uterine cervical cancer patients are
needed to address the safety and efficacy of the antioxidant, TPP,
and BLM combinational treatment with special reference to ROS
mediated apoptosis.

In summary, our study demonstrated that TPP enhanced the
therapeutic properties of BLM. Moreover, TPP-BLM synergistically
inhibited uterine cervical cancer cell viability by decreasing pro-
liferation through apoptosis. These results indicate that TPP may be
an effective agent in combination with chemotherapy for treating
uterine cervical cancer patients. Further investigations regarding
the screening of several synergistic TPP and BLM combination
doses that are useful as a cancer preventive or therapy are also
needed.
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