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Abstract. Pentoxifylline (PTX), a xanthine family molecule 
and simvastatin (SIM), an anti-hypercholesterolemic agent, 
have recently been considered as sensitizers to chemotherapy 
and radiotherapy. The present in vitro study evaluated their 
antitumor synergistic effects on MDA‑MB‑231 breast cancer 
cells characterized by the triple‑negative phenotype (TNP). 
The anti-proliferative effects of these two agents were evalu-
ated by MTT and clonogenic assays. Cell cycle progression 
was examined using propidium iodide staining. Apoptosis 
was investigated by Annexin V labeling, and by examining 
caspase 3 activity and DNA fragmentation. Autophagic vesi-
cles and reactive oxygen species (ROS) levels were monitored 
by flow cytometry. Western blot analysis was performed to 
evaluate molecular targets. Our results revealed that when used 
alone, PTX and SIM exerted antitumor effects. Nevertheless, 
used in combination, the inhibition of cell proliferation was 

synergistically superior (80% vs 42%) than that observed 
following treatment with each agent alone after 48 h. PTX alone 
(0.5 mM) induced both apoptosis (25%) and autophagy (25%); 
however, when used in combination with SIM (0.5 µM), the 
balance between these processes was disrupted and the cells 
underwent apoptosis (>65%) as opposed to autophagy (<13%). 
This imbalance was associated with an increase in ERK1/2 
and AKT activation, but not with an increase in mTOR phos-
phorylation, and with the suppression of the NF-κB pathway. 
In addition, in the cells treated with both agents, almost 
78% of the cells were arrested at the G0/G1 phase and lost 
their colony-forming ability (38±5%) compared to the cells 
treated with PTX alone (115±5%). On the whole, these results 
suggest that the induction of autophagy may be a protective 
mechanism preventing MDA‑MB‑231 cancer cell death. The 
combined use of PTX and SIM may drive dormant autophagic 
cancer cells to undergo apoptosis and thus this may be a novel 
treatment strategy for breast cancer characterized by the TNP.

Introduction

Breast cancer is associated with the highest incidence and 
mortality rates of malignancies affecting women world-
wide and the World Health Organization (WHO) estimates 
that the incidence of breast cancer will increase in the next 
10 years (1). The triple‑negative phenotype (TNP) pertaining 
to the absence or very low expression of estrogen, proges-
terone and epidermal growth factor receptors, is one of the 
most aggressive breast cancer subtypes that correlates with 
a poor prognosis (2). These characteristics combined with 
limited therapeutic choices frequently lead to chemoresistance 
and metastasis (3,4). Therefore, the development of novel 
therapeutic strategies is urgently required.

Simvastatin (SIM), a lipophilic statin widely used as an 
anti-cholesterolemic drug, has shown potential for use in 
the suppression of the proliferation and metastasis of colon, 
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prostate, melanoma, lung, lymphoma, liver and breast cancer 
cells (5-10). In addition, the protective effects of SIM have 
been reported in a prospective Danish study where women 
prescribed with SIM exhibited reduced breast cancer risk for 
several years (11). This agent acts by inhibiting the 3-hydroxy-
3-methylglutaryl-coenzyme A (HMG-CoA) reductase in the 
mevalonate pathway, blocking the formation of intermediary 
products in the biosynthesis of cholesterol, such as gera-
nylgeranyl and farnesyl pyrophosphate, and affecting the 
prenylation of small GTPases, such as Rho, Ras and others (12). 
SIM deregulates isoprenylation compounds, resulting in a 
direct effect against the activation of cell proliferation, adhe-
sion and survival signaling cascades (13). Some data suggest 
that SIM can reverse acquired resistance to cetuximab, bort-
ezomib or doxorubicin, and is capable of suppressing cancer 
stem-like populations in human breast cancer (6,14-16).

Pentoxifylline (PTX), a methylxanthine derivate, is well 
known for its effects as a sensitizer to chemo-radiotherapy (17). 
It has been used in clinical practice as a hemorheologic agent 
for more than 35 years, due to its abilities of improving oxygen-
ation, lower platelet aggregation and thrombus formation (18). 
PTX has also been reported to have biological activities, such 
as those of a phosphodiesterase inhibitor, inflammatory cyto-
kine regulator, immunomodulator, antioxidant and antifibrotic 
agent (19). Oncological studies have indicated that PTX in 
combination with thiotepa, cisplatin, melphalan, doxoru-
bicin, vincristine or the proteasome inhibitor, MG132, exerts 
anti‑proliferative effects probably by stimulating pro-apoptotic 
signals (20‑22). Recent studies have also demonstrated its 
capacity to modify the expression profiles of matrix metal-
loproteinase (MMP)‑2 and MMP-9, adhesion molecules, and 
chemokine receptors in melanoma cells and MDA‑MB‑231 
breast cancer cells (23,24).

Recently, an increasing number of novel target molecules 
and novel drugs have made readily available in clinical prac-
tice or are currently undergoing clinical trials or are under 
development. However, their therapeutic effects seem less 
than satisfactory. On the other hand, rational drug use and the 
best combination regimen would also lead to better anticancer 
therapy. Thus, the aims of this study were to determine an 
effective combination treatment, in an aim to help the clinician 
to establish an ideal protocol for improving the management 
of breast cancer characterized by TNP. The drugs SIM and 
PTX have been proven to exert antitumor effects individually; 
however, to date, at least to the best of our knowledge, their 
combined effects on breast cancer cells with the TNP have not 
yet been examined. Therefore, this study was carried out to 
evaluate the hypothesis that the concomitant administration of 
both these compounds may strengthen their anticancer effects.

Materials and methods

Cell culture and treatment. The MDA‑MB‑231 human breast 
cancer cells (HTB‑26, ATCC®) were cultured at 37˚C with 
5% of CO2 in RPMI-1640 medium (Eurobio, Les Ulis, France) 
containing 10% FBS, 1%  glutamine and 0.1% antibiotics 
(penicillin/streptomycin). The cells were treated alone or in 
combination with SIM (Sigma) dissolved in DMSO and PTX 
(Sigma) in PBS at the indicated concentrations. Cells treated 
with DMSO (<0.1%) were used as controls.

Cell viability and clonogenic assay. The sensitivity to cyto-
toxic drugs was evaluated by colorimetric MTT (Alfa Aesar, 
Ward Hill, MA, USA) assay. Following overnight seeding into 
96-well culture plates, the cells were treated with 0-50 µM of 
SIM or 0-50 mM of PTX for 24-48 h. Subsequently, 10 µl of 
MTT reagent were added to each well followed by incubation 
of 3 h. Absorbance was measured on an ELISA reader (BioTek 
Instruments, Inc., Winooski, VT, USA) at a 550 nm wave-
length. Cell viability percentages were calculated taking 
into account the control as 100%. The half maximal inhibi-
tory concentration (IC50) value was estimated in each case 
employing GraphPad Prism v6 statistical software. Subtoxic 
concentrations (0.5 mM for PTX and 0.5 µM for SIM) were 
selected for combination studies and their cytotoxicity was 
evaluated by MTT assay. The combination index values 
were calculated based on the Chou-Talalay median-effect 
equation (25,26) permitting the mathematical prediction of the 
response nature as synergy <1, additive =1 and antagonism >1 
using fractional effects of IC25, IC50, IC75 and IC90.

SIM at 0.5 µM and PTX at 0.5 mM were also used to treat 
the cells in the presence or absence of the autophagy blocker, 
3-methyladenine 1 mM (Sigma-Aldrich, St. Louis, MO, USA) 
for 24 h. The survival rates of these cells were then analyzed 
by MTT assay.

Colony formation assay was performed to evaluate the 
long-term effects on cell recovery and the ability of the cells 
to proliferate and form new colonies. The colony formation 
assay was performed with washed drug-treated cells (after 
24 and 48 h of treatment with SIM at 0.5 µM and PTX at 
0.5 mM) in drug-free medium. The cells were then re‑seeded 
in 6 well‑plates (200 cells/well) and incubated in drug-free 
medium for a further 14 days. Subsequently, the cells were fixed 
with 4% paraformaldehyde and stained with crystal violet 0.2% 
(Sigma-Aldrich); colonies consisting of at least 50 cells were 
counted under an inverse microscope (ZEISS-Axiovert 135, 
Zeiss, Oberkochen, Germany). Data are expressed in terms 
of survival fraction (SF) which corresponds to the quotient 
between sample plating efficiency (PE) and control PE (27). 
In the figures, images are representative of colonies formed by 
surviving cells after 14 days and bar charts (%) represent the 
colony numbers versus the initial seeded cell number.

Cell cycle analysis. The effects of the treatments on cell cycle 
distribution were examined by propidium iodide (PI) staining 
detected by flow cytometry. Following treatment for 24-48 h, 
the cells were trypsinized and collected by centrifugation, 
fixed in 70% of cold ethanol, washed with PBS and were then 
diluted in 100 µl of mixture solution containing PI (1 mg/ml) 
and RNase (50 µg/ml), and incubated in the dark for 30 min. 
Acquisition samples were made using a FACSCalibur™ 
cytometer (BD Biosciences, San Jose, CA, USA) in FL‑2 
channel and data were analyzed using FlowJo V.x.0.7 software 
(Tree Star Inc., Ashland, OR, USA). Pre‑G0 was defined as the 
signals at the left of the G0/G1 pick, essentially known as the 
cell debris in the flow cytometer.

Annexin V-FITC labeling. To accomplish cytotoxic knowledge, 
quantitative and descriptive tests were carried out to reveal 
the nature and degree of cell death caused by the treatment 
agents. Apoptosis was quantified following the specifications 
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of the Annexin V-FITC PI detection kit (4A Biotech Co., 
Beijing, China). Briefly, the cells were seeded in 6 well-plates 
following by treatments for 12, 24 and 36 h. The cells were then 
collected by trypsinization, washed and incubated for 15 min 
with 100 µl of staining buffer. Acquisition and analysis were 
carried out on an FACSCalibur™ cytometer (BD Biosciences) 
using FL-1 and FL-3 channels.

Caspase 3 activity assay. The activity of the apoptotic caspase 3 
enzyme was measured using Ac-DEVD-AMC substrate (Enzo 
Life Sciences, Farmingdale, NY, USA), a fluorogenic molecule 
that contains the same amino acid sequence site of the PARP 
cleavage, and it is weakly fluorescent, but following proteolytic 
cleavage by caspase 3 it becomes highly fluorescent. After 
24-48 h of incubation with the drugs, the cells were lysed in 
200 µl of ice‑cold lysis buffer (without protease inhibitors) and 
25 µl of homogenized cell lysate was transferred to a black 
multi-well plate format containing 175 µl of reaction buffer 
per well and 10 µl of substrate were added to each well. The 
fluorescence intensity was measured within 2 h using a plate 
reader with an excitation and emission maximum of 360 and 
440 nm, respectively. Percentage of activity was normalized 
vs. the control without treatment.

Cell death detection and DNA fragmentation examined 
by ELISA. The cell death detection ELISAplus (Roche, 
Indianapolis, IN, USA) kit was used to quantify the DNA 
fragments induced by apoptosis processes and present 
inside cytoplasm or apoptotic bodies, as the kit quantifies 
the histone‑complexed DNA fragments (mono- and oligonu-
cleosomes) out of the cytoplasm of cells after the induction of 
apoptosis. Briefly, the cells were treated for 24-48 h and were 
then lysed for 30 min at room temperature and centrifuged 
at 200 x g for 10 min. ELISA was carried out using 20 µl of 
supernatants and 80 µl of immunoreagent placed into a well of 
a strepvidin-coated microplate. The samples were incubated 
for 2 h at room temperature, washed and re‑incubated for 
15 min with ABTS substrate. Stop reaction solution was added 
and the density optical values were obtained using 405 nm of 
wavelength on ELISA reader (BioTek Instruments, Inc.). The 
enrichment of mono- and oligonucleosomes in the cytoplasm 
were calculated and normalized vs. the control.

Autophagy analysis. The percentage of programmed cell 
death type II or autophagy was determined using the Cyto‑ID® 
autophagy detection kit (Enzo Life Sciences) which labels 
specifically autophagosomes vacuoles or autophagolysosomes. 
The cells were processed identically as for apoptosis detec-
tion, but stained for 30 min with Cyto-ID reagent diluted in 
500 µl of medium without phenol red enriched with 5% FBS. 
Data were obtained using the same resources as those for cell 
cycle assay using the FL-1 channel. Other autophagy markers 
(LC3A/B) were also determined by western blot analysis using 
anti LC3A/B antibody (Abcam®) as described below.

Detection of intracellular ROS production. The general 
redox-stage in the treated cells was detected using dichlo-
rodihydrofluorescein diacetate (DCFH-DA) dye. This probe 
is based on the formation and intracellular accumulation of 
fluorescent products (green) resulting from H2DCF-DA 

(non-fluorescent) oxidation by reactive oxygen species (ROS). 
After 24 h of cell seeding, the medium was replaced with 
phenol red-free RPMI containing 10 µM of H2DCF-DA and 
the respective drug concentrations followed by incubation 
for 1 h in standard culture conditions at 37˚C. Subsequently, 
following trypsinization, the cellular suspension was imme-
diately analyzed by flow cytometry using the FL-1 channel.

Cytokine array. Cytokine expression profiles were evaluated 
following the instructions of the manufacturer of the RayBio® 
Human Cytokine Antibody Array (RayBiotech, Norcross, GA, 
USA). Briefly, supernatants of the cells exposed to treatments 
for 24 h were recovered by centrifugation (3,500 x g). Each 
experimental membrane (provided with the kit) was then 
blocked prior to incubation with the samples overnight at 4˚C. 
After washes, the membranes were incubated for 1 h with 
biotin-coupled primary antibodies (provided with the kit by 
the manufacturer), washed and covered with HRP-conjugated 
streptavidin for 2 h. The detection was made by exposing 
the membranes to chemiluminescence in the Gene Snap 
Syngene v7.09.17 (Ingenius Bioimaging) instrument and signal 
intensities were quantified by densitometry.

Western blot analysis. After 24 h of treatment, the cells were 
lysed using RIPA solution (containing protease inhibitor) 
under 10 pulses of sonication with 60% amplitude. The lysate 
was allowed to stand for 30 min and proteins were collected 
by centrifugation at 3,500 x g. All preparations were processed 
on ice or 4˚C. Protein concentrations were determined by 
Bradford method and western blot analysis was carried out 
according to conventional methods. The primary antibodies 
against p38k (9212), phosphor-p38k (9211), mTOR (2983), 
phosphor-mTOR (5536), p65 (8242), phosphor-p65 (3033), 
IKBα  (4814), phosphor-IKBα (2859), IKKα (11930), 
IKKβ  (8943), phosphor‑IKKαβ (2697), ERK1/2 (9102), 
phosphor-ERK1/2 (9106) were purchased from Cell Signaling 
Technology (Danvers, MA, USA). Antibodies against AKT1/2 
(sc-1619), phosphor-AKT1/2 (sc-7985-R), PI3K (sc-1637) were 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
β-actin antibody was from Sigma-Aldrich Co. (A2228) and 
LC3A/B (ab128025) antibody was from Abcam (Cambridge, 
MA, USA).

Statistical analysis. Data are expressed as the means ± stan-
dard deviation of 2 or 3 independent experiments carried out 
in triplicate. Differences between groups were determined by 
one or two statistical methods: ANOVA followed by post hoc 
correction using GraphPad Prism 6 software. A value of 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Synergistic inhibitory effects of PTX and SIM on cell growth. 
Both apoptosis and autophagy are dynamic processes which 
occur prior to cell death. Therefore, it was necessary to 
examine the effects at different time points for the different 
tests. We usually selected the time points of 12‑24  h for 
intracellular signaling analysis and 36 or 48 h for the observa-
tion of the effects on cell viability or cell death. When used 
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alone, both SIM and PTX inhibited cell proliferation in a 
dose‑dependent manner (Fig. 1A and B). The IC50 values were 
16±8 and 4±1.8 µM for SIM, and were 6±1.5 and 1±0.1 mM 
for PTX after 24 and 48 h of treatment, respectively (Fig. 1C 
and D). When the cells were treated with 0.5 mM of PTX in 
combination with 0.5 µM of SIM, as shown in Fig. 1E, cell 
proliferation was inhibited by >38% and 80% at 24 and 48 h, 
as compared to the single drug-treated controls (15-42%). 
This indicated that the inhibitory effect was approximately 
doubled as compared to treatment with SIM and PTX alone. 
Mathematical data validation suggested a strong synergistic 
inhibitory effect on cell growth by the combined use of the two 
drugs for 24 and 48 h (Fig. 1F). In order to make data analysis 
easier, the cells were treated with fixed doses of 0.5 mM PTX 
and 0.5 µM SIM in the following experiments.

Cell apoptosis was analyzed in both early and late stages 
using different assays. In Annexin V labeling detection, the 
positive cell number in the mono-treated groups increased 
to approximately 25% at 24 and 36 h, whereas combined 
treatment increased the apoptosis to approximately 65%, and 
approximately >2-fold as compared to treatment with SIM or 

PTX alone (Fig. 2A). Consistently, increased levels of DNA 
fragmentation were observed in the SIM + PTX-treated cells 
at 24 h (Fig. 2B). In accordance with the Annexin V and 
DNA fragmentation results, caspase 3 activity was elevated 
at 24 h in all groups and the highest levels were observed in 
the combination group (Fig. 2C). Thus PTX and SIM induced 
apoptosis and the combined use of both agents further ampli-
fied cell apoptosis.

PTX and SIM combination treatment reduces cell autophagy. 
Autophagy was analyzed with the cells after treatment. As 
shown in Fig. 2D, 0.5 mM PTX induced approximately 20‑28% 
of cell autophagy, whereas 0.5 µM SIM treatment led to a much 
lower induction (only approximately 3%). However, when PTX 
was used in combination with SIM, the autophagic cell level was 
significantly diminished to 13% after 36 h of treatment. This 
was confirmed by western blot analysis following treatment 
with anti-LC3A/B antibody, a marker of autophagy (Fig. 2E 
and F), showing a decrease in the LC3-II/LC3-I ratio. When the 
cells were treated with SIM for 24 h, a very low percentage of 
autophagic cells was observed (Fig. 2D); however, a relatively 

Figure 1. Viability of MDA‑MB‑231 cells after 24-48 h of treatment with PTX and SIM. Cytotoxic response to different regimes of drugs was evaluated 
by MTT assay with cultured MDA‑MB‑231 cells at 24 or 48 h. (A and B) Dose‑dependent effects of the drugs alone, PTX and SIM. (C and D) Inhibitory 
concentration 50 (IC50) values for PTX- and SIM-treated cells. (E) Cell chemosensitivity to SIM (0.5 µM), PTX (0.5 mM) or their combination. (F) Combination 
index values calculated based on the Chou-Talalay median-effect equation, indicating the response nature of drugs combination as synergy <1, additive =1 and 
antagonism >1. *P<0.01 vs. control and/or to individual treatments. Filled circles represent the calculated data of the experiments after 24 h of cell incubation 
with both drugs and open triangles represent the calculated data of the experiments after 48 h of cell incubation with the two drugs.
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high LC3-II/LC3-ratio was observed (Fig. 2F). It was suggested 
that the process of autophagy was also terminated after the 
formation of LC3-associated autophagosomes. The possible 
mechanisms may be the inhibition of autophagosome fusion 
with lysosomes or other unidentified causes.

Cell cycle blockage at the G0/G1 phase is enhanced by combi-
nation treatment. Following centrifugation, the supernatants 
containing very small dead cell fragments were washed 
out and the cell pellets were used for cell cycle analysis. 
The 3 treatment groups showed visible blockage at the G0/
G1 phase after 24 h of treatment, especially the combination 
group (Fig. 3A). After 48 h of treatment, cell death occurred, 
indicating an important appearance of the pre‑G0 phase which 
was composed of cell debris in the SIM and SIM+PTX groups 
(P<0.01 vs. PTX group), with a significant decrease in the 
number of cells in the S and G2M phases. The cells in the 
PTX group had accumulated in the G0/G1 phase instead of the 
pre‑G0 phase after death (Fig. 3B).

Autophagy blockage enhances cell mortality following 
combination treatment. To examine whether autophagy is 

suppressed by SIM, the autophagy inhibitor, 3‑MA, was 
used to treat the PTX- and SIM-treated cells. As shown in 
Fig. 3C, cell viability was reduced by approximately 10% 
in the PTX-treated cells following the addition of 3‑MA; 
however, the cells in the SIM-treated group were not affected. 
When 3‑MA was added to the PTX + SIM-treated cells, no 
further inhibition was observed. The absence of the additional 
inhibition by 3‑MA in the PTX + SIM group indicated that 
PTX-induced autophagy was efficiently suppressed by SIM. 
Therefore, autophagy seemed to promote cancer resistance 
and acted as a pro-survival factor.

Combination treatment suppresses long-term cell survival. 
Cell clonogenic assay was performed to further establish the 
association between cell growth inhibition and cell survival. 
The cells were cultured with the drugs for either 24 or 48 h, 
washed and then seeded into plates. After 15 days following 
these treatments, as shown in Fig. 3D, the colony formation 
ability of the cells was examined and the colony numbers were 
approximately 115-120% for the PTX group, 62-75% for the 
SIM group and 38-32% for the combination group at 24 and 
48 h, respectively. These results indicated that the marked 

Figure 2. Co-administration of SIM and PTX increases apoptosis and decreases autophagy levels in MDA‑MB‑231 cells. The cells were treated with SIM 
(0.5 µM), PTX (0.5 mM) or their combination for the indicated periods of time. (A) Apoptotic cells positive for Annexin V labeling. (B) DNA fragmentation levels 
were evaluated by the Cell Death Detection ELISAPLUS kit and the results correlated with enrichment factors. (C) Caspase 3 activity. (D) Autophagolysosome 
cell level positive to Cyto-ID. (E and F) Western blot analysis for the autophagy marker, light chain 3 (LC3A/B) at 24 and 48 h, respectively. *P<0.05 vs. control 
and/or to individual treatments.
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Figure 3. Effects of treatment with SIM, PTX or their combination on cell cycle phases and survival. The MDA‑MB‑231 cells were treated for 24 or 48 h and 
then analyzed. (A and B) Cell cycle distribution is presented as a percentage of G0/G1, S, G2/M and pre‑G0 stages after 24-48 h. (C) SIM and PTX were used 
to treat the cells in the presence or absence of the autophagy blocker, 3‑MA (1 mM), for 24 h. The survival rates of these cells were analyzed. *P<0.05 vs. control 
and/or to individual treatments. (D) The colony formation assay was performed with washed drug-treated cells (after 24 and 48 h of treatment) in drug-free 
medium. The images are representative of colonies formed by surviving cells after 14 days and the bar chart (%) represents the colony numbers vs. the initially 
seeded cell number. *P<0.05 vs. other groups.

Figure 4. Relative expression of signaling pathway proteins and their activation levels after 24 h of treatment. The cells were collected after 24 h of drug 
treatment and used for western blot analysis. (A) Representative images of band intensities in western blot films. (B) Normalized ratio of phosphorylated/
total protein. *P<0.05 vs. control and/or to individual treatments. The bars are labeled as follows: C, control; D, DMSO; S, simvastatin; P, pentoxifylline; S+P, 
simvastatin + pentoxifylline.
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PTX pro-autophagic effect was associated with an unusual 
cell survival and resumed growth ability. This observation 
was in favor of the hypothesis that the addition of SIM to PTX 
counterbalanced the PTX pro-autophagic effect.

Cell signaling is deregulated by combined treatment with PTX 
and SIM. In order to investigate the conceivable molecular 
mechanisms implicated in the combined effects of PTX and 
SIM, different cell signaling molecules were probed. As 
shown in Fig. 4, the results of western blot analysis revealed 
that ERK and AKT were significantly activated following 
combination treatment as compared to the untreated control 
cells and to the cells treated with PTX or SIM alone (increase 
of  >50% by examining the p‑ERK/ERK ratio), although 
neither PI3K nor mTOR expression was elevated. Furthermore, 
the NF-κB signaling pathway in the cells treated with both 
agents was downregulated, as evidenced by the decreased p65 
(p‑p65/p‑65) and IKK (p‑IKKα/IKKα and p‑IKKβ/IKKβ) 
activation levels compared to the cells treated with PTX alone. 
The NF-κB signaling pathway is known to rescue cells from 
apoptosis; its downregulation in the cells treated with both 
agents may decrease chances of survival. Another signaling 
molecule p38 also showed a significant downregulation in the 
cells treated with both agents compared to the cells treated 
with PTX or SIM alone. However, the levels of reactive oxygen 
species (ROS) were upregulated in the SIM + PTX group 
when compared with the mono treatments (Fig. 5A).

Cytokine array assays revealed a significant downregula-
tion of GM-CSF, GRO, IL-6 and angiotensin when the cells 

were treated with SIM + PTX. These cytokines are known to 
play key roles in local inflammation (Fig. 5B) (28).

Discussion

In this study, to the best of our knowledge, we report for the 
first time an alternative approach with which to enhance 
the sensitivity of the triple‑negative breast cancer cell line, 
MDA‑MB‑231, involving the co-administration of SIM and 
PTX. The results revealed that the cell growth and cell cycle 
were inhibited by either SIM or PTX mono-treatments; however, 
the combination of both drugs synergistically augmented 
these effects. Our results revealed that PTX induced mostly 
G0/G1 cell cycle arrest as shown by flow cytometry, as also 
previously reported (22). We further observed (Fig. 3B) that in 
combination with SIM, PTX decreased the number of cells in 
the G0/G1 phase and the cells began to shrink into the pre‑G0 
phase with cell fragmentation after 48 h of treatment. This 
explained the accelerated cell death at 24 h to 48 h, as observed 
in Fig. 1E. We also observed a shift in the balance between 
apoptosis and autophagy at the 24 h time point. SIM induced 
mainly cell apoptosis, while PTX induced both cell autophagy 
and apoptosis. When the two drugs were used in combina-
tion, the autophagic rates were reduced, while the apoptotic 
levels were inversely increased. These results strongly support 
the existence of a well-regulated balance between apoptosis 
and autophagy. Therefore, our study revealed most likely an 
interesting pharmaceutical property of SIM, indicating that it 
is capable of breaking the balance, altering cell destination and 
inducing cell death.

The experiments with the autophagy inhibitor, 3‑MA, 
revealed that the addition of 3‑MA affected the survival of 
PTX-treated cells, but not that of SIM or PTX + SIM-treated 
cells. This indicated an efficient blockage of autophagy by SIM. 
Autophagy is considered a cell self-adaptation mechanism 
against environment-associated stress and starvation (29). It 
is known to be closely connected to apoptosis within cells 
since both the stimulation and inhibition of autophagy have 
been reported to promote tumor cell apoptosis (30-32). In this 
study, we performed clonogenic experiments to determine 
whether PTX-induced autophagy can attenuate or counterbal-
ance apoptosis as a pro-survival factor in MDA‑MB‑231 cells. 
The results revealed that the PTX-treated cells re‑grew very 
well and rapidly formed new colonies after withdrawing PTX, 
demonstrating that autophagic tumor cells were able to escape 
from the death following treatment by PTX. Therefore, these 
results are consistent with the notion that autophagy activation 
plays a role in tumor cell resistance to drugs. This phenom-
enon is believed to be relevant to clinical cancer resistance, 
particularly due to the growth of residue dormant cancer cells 
following chemotherapy (32,33).

An attempt was made to elucidate the plausible molecular 
mechanisms of cell signaling pathways of combination 
treatment. In the combination-treated cells, we observed the 
activation of the ERK1/2 and AKT pathways, but not the 
pro-autophagic mTOR pathway as compared to the mono 
treatments, as the p‑ERK1/2 and p‑Akt ratio was increased, 
but not mTOR expression was not. To date, the role of ERK 
in the induction of apoptosis is still under debate (34). ERK 
inhibition has been reported to be necessary for apoptosis in 

Figure 5. ROS levels and cytokine array analysis. (A) The cells were incu-
bated with the drugs for 1 h and intracellular ROS levels were measured 
using a flow cytometer. The results revealed the percentage of DCF-positive 
cells corresponding to the cell stress level. (B) Culture media from the cell 
culture after 24 h drug treatment were collected, centrifuged and tested for 
cytokine array analysis. The results are presented as normalized fold change 
compared to the control. *P<0.05 vs. control and/or to individual treatments.
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MDA‑MB‑231 and other tumor cells (17,32,35-38). However, 
others have shown that ERK activation is required for the 
induction of apoptosis (39-43). The reason for the discrepancy 
of these opposing observations remains unclear, and both could 
be true due to their complex connections to different down-
stream signal molecules in different cells. Our study suggested 
the involvement of ERK/AKT activation using combined 
treatment. We further demonstrated that the ERK-downstream 
targets, ROS and p38, also reacted in this manner (ROS was 
upregulated but p‑p38 was downregulated).

We further investigated ERK-downstream targets by 
examining the NF-κB signaling pathway, since NF-κB is 
known to prevent cell apoptosis. Indeed, in the combined 
treatment group, NF-κB signaling was found to be inhibited, 
as shown by the low or suppressed levels of the activation of 
p65 and IKK proteins. Since the NF-κB signaling pathway 
rescues cells from apoptosis, its absent response to ROS stress 
and further downregulation in the combination-treated cells 
may be a mechanism with which to decrease chances of cell 
survival.

In fact, the two drugs may affect tumor growth by other 
mechanisms, such as cell-cell dialogues, local inflammatory 
reaction and tumor angiogenesis (44,45). Our results of cyto-
kine array supported such an assumption, as the combination 
treatment downregulated the secretion of several inflammatory 
cytokines, such as IL-6, GRO, GM-SCF and angiotensin by 
the tumor cells. The reduced secretion of these cytokines can 
be expected to lessen tumor-induced local inflammation. As 
local inflammation is known to promote tumor angiogenesis 
and metastasis, therefore, an additional benefit of PTX + SIM 
treatment could be expected from the diminution of inflamma-
tion and angiogenesis within tumors.

Taken together, our results demonstrated a potential benefit 
of combined therapy of PTX and SIM, which transforms 
autophagic cancer cells into apoptotic cells, more efficiently 
prevents tumor cell growth, and more efficiently suppresses 
triple‑negative breast cancer cells. At present, although many 
mechanisms involved in this effect still remain to be inves-
tigated, we hope that our results may be useful for further 
studies and beneficial to clinical cancer therapy.
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