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Introduction
Breast cancer (BC) is the second leading cause of cancer-
associated deaths in women worldwide,1 and is often 
composed of a collection of different cell populations 
with varying properties.2 Frequently, a small population 
of tumor cells with self-renewal capacity and resistance 

to commonly used therapeutics remain in patients who 
have been treated with conventional therapies, and 
these remaining cells are responsible for tumor growth, 
expansion, and metastasis.3-5 Therefore, targeting and 
eliminating these tumor stem cells at the same time as 
the rest of the tumor may reduce relapse rates. However, 
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Abstract
Introduction: Malignant breast cancer (BC) frequently 
contains a rare population of cells called cancer stem 
cells which underlie tumor relapse and metastasis, and 
targeting these cells may improve treatment options and 
outcomes for patients with BC. The aim of the present 
study was to determine the effect of silibinin on the self-
renewal capacity, tumorgenicity, and metastatic potential 
of mammospheres. 
Methods: The effect of silibinin on viability and 
proliferation of MCF-7, MDA-MB-231 mammospheres, 
and MDA-MB-468 cell aggregation was determined after 
72-120 hours of treatment. Colony and sphere formation ability, and the expression of stemness, 
differentiation, and epithelial-mesenchymal-transition (EMT)-associated genes were assessed 
by reverse transcription-quantitative polymerase chain reaction (qRT-PCR) in mammospheres 
treated with an IC50 dose of silibinin. Additionally, the antitumor capacity of silibinin was assessed 
in vivo, in mice. 
Results: The results of the present study showed that silibinin decreased the viability of all 
mammospheres derived from MCF-7, MDA-MB-231, and MDA-MB-468 cell aggregation in a 
dose-dependent manner. Colony and sphere-forming ability, as well as the expression of genes 
associated with EMT were reduced in mammospheres treated with silibinin. Additionally, the 
expression of genes associated with stemness and metastasis was also decreased and the expression 
of genes associated with differentiation were increased. Intra-tumoral injection of 2 mg/kg silibinin 
decreased tumor volumes in mice by 2.8 fold. 
Conclusion: The present study demonstrated that silibinin may have exerted its anti-tumor effects 
in BC by targeting the BC stem cells, reducing the tumorgenicity and metastasis. Therefore, 
silibinin may be a potential adjuvant for treatment of BC.

Article Type:
Original Article

Article History:
Received: 9 Aug. 2020
Revised: 27 Aug. 2021
Accepted: 18 Sep. 2021
ePublished: 17 Aug. 2022

Keywords:
Breast cancer stem cells, 
Silibinin, 
Mammospheres, 
Epithelial to mesenchymal 
transition

Article Info

https://doi.org/10.34172/bi.2022.23336
https://orcid.org/0000-0002-5479-5641
https://orcid.org/0000-0002-9693-4101
https://orcid.org/0000-0003-1140-0379
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.34172/bi.2021.23336&domain=pdf&date_stamp=2022-08-17


Firouzi et al

BioImpacts, 2022, 12(5), 415-429416

Materials and Methods 
Cell lines and culture conditions 
In the present study four BC cell lines were used: MCF-
7 as a ER+, PR+ cell line; MDA-MB-231 cells, a poorly 
differentiated triple-negative BC (TNBC) cell line; MDA-
MB-468 as a TNBC; and epithelial Mouse BC 4T1 cells, a 
6-thioguanine resistant cell line (the passage number of 
all the cell lines cultures was three). All the human cell 
lines were purchased from the Iranian Biological Resource 
Center and the 4T1 cell line was purchased from Pasteur 
Institute of Iran. Human cell lines were cultivated in DMEM 
and 4T1 cells were cultured in RPMI-1640 supplemented 
with 2 mmol/L L-glutamine, 100 U/mL penicillin, 100 µg/
mL streptomycin, non-essential amino acid, and 10% FBS 
(all purchased from Invitrogen; Thermo Fisher Scientific, 
Inc.). Cells were incubated with 5% CO2 at 37˚C. Trypsin/
EDTA (Invitrogen; Thermo Fisher Scientific, Inc.) was 
used to harvest the cells.

Mammosphere culture 
The mammospheres were formed using an anchorage-
independent method. Flat-bottom 96-well plates and T25 
flasks were coated with 12 mg/mL poly 2-hydroxyethyl 
methacrylate (Poly-HEMA; Sigma-Aldrich; Merck 
KGaA) in 95% ethanol and washed once with PBS before 
cell seeding. A total of 9 × 104 viable cells were transferred 
into a non-adherent T25 flask in 5 mL sphere medium 
including DMEM supplemented with basic fibroblast 
growth factor (bFGF; Royan Institute), 20 ng/mL 
epithelial growth factor (EGF; Royan Institute), and 2% 
B27 (Thermo Fisher Scientific, Inc), Fresh EGF, bFGF, and 
B27 were added every 2 days.

Cell viability and proliferation assay 
The CellTiter 96 AQueous One Solution Cell Proliferation 
assay (Promega Corporation), which includes MTS was 
used according to the manufacturer’s protocol to evaluate 
cell viability. For assessment of cell viability, 1.5 × 103 cells/
well were seeded into poly-HEMA-coated 96-well plates 
and cultivated in sphere medium for 96 hours to induce 
mammosphere formation. Subsequently, silibinin (Sigma-
Aldrich; Merck KGaA) was dissolved in ethanol according 
to the manufacturer’s protocol, added to media to a final 
concentration of 0-1,600 µmol, and incubated for 72 hours 
at 37˚C with 5% CO2. For the cell proliferation assay, 2 × 
103 mammosphere derived cells per well from the control 
(treated with ethanol alone) and the test group (treated 
with an IC50 dose of silibinin) were seeded in flat-bottom 
96-well plates and incubated at 37˚C with 5% CO2 for 
24, 48, 72, 96, and 120 hours. In both experiments, MTS 
was added to each well at the end of incubation time and 
further incubated for another 3 hours. Subsequently, 100 
µL media from every well were transferred to a new flat-
bottom 96-well plate and the optical density of the culture 
medium was measured at 490 nm using a microplate 
reader (Bio-Tek Instruments, Ltd.). Viability of cells in the 

developing a suitable model of cancer stem cells (CSCs) to 
be used in pharmacological studies remains a challenge. 
The majority of chemotherapeutics are initially tested 
two-dimensionally on a monolayer of tumor specific 
sorted stem cells based on their cell surface markers,6 and 
this does not accurately reflect the tumor environment in 
patients. Another commonly used method for studying 
potential chemotherapeutics are xenograft mouse models 
or patient-derived xenograft models which are expensive 
and time-consuming, and numerous ethical concerns 
need to be taken into consideration, which may limit the 
scope of the studies.7 Three dimensional (3D) tumor cell 
culture provides a more accurate representation of the 
tumor environment and is more likely to retain or replicate 
the proper signaling pathways, cell-cell interactions, and 
adhesions present in vivo.8 Conclusions drawn from 3D 
tumor cultures may also be accurate as the exposure to 
drug treatments, stress, and oxygenation will be more 
representative of the tumor environment.9 Additionally, 
development of tumor spheres in serum-free medium 
with reduced cell attachment properties may be useful in 
enriching CSCs. The aim of the present study was to use 
mammosphere models to investigate CSC richness, and to 
imitate tumor masses in vitro.

Over the past two decades, silymarin and its primary 
component silibinin, have been demonstrated to possess 
anticancer effects,10 by targeting multiple events associated 
with tumor growth, including apoptosis,11,12 cell cycle 
arrest,12,13 inflammation,14 angiogenesis,15 cancer cell 
metabolism,16,17 and invasion and metastasis,18-20 with 
little to no toxic effects. Furthermore, silibinin combined 
with metformin enhanced the antiproliferative effects of 
metformin on BC cells through downregulation of cyclin 
D1 and hTERT gene expression,21 and also enhanced 
the apoptotic effects of paclitaxel toxicity on various 
human gastric cancer cell lines.22 Previous studies have 
demonstrated the potential of silibinin to target stemness 
and metastasis in bladder cancer through inhibition of the 
β-catenin/ZEB1 signaling pathway,23 suppression of nuclear 
factor-κB activation in breast carcinoma,24 by modulating 
interleukin 4/6-mediated survival signals in colon CSC-
enriched spheroids.25 Additionally, a combination of 
silibinin and spheroids reduced the phosphorylation of 
STAT3/ERK/AKT in CSCs of hepatocellular carcinoma.26 
Our previous study also showed the potential of silibinin to 
reduce stemness and induce apoptosis in 2D and 3D models 
of the MDA-MB-468 breast carcinoma cell line.27 However, 
its effect on BC stem cells is unclear in vitro and in vivo. 
In the present study, mammospheres were used as a breast 
cancer stem cell (BCSC) model to determine the effect of 
silibinin on self-renewal capacity and the invasive potential. 
Furthermore, the effects of silibinin on tumor growth in 
vivo were evaluated. The results of the present study may 
improve our understanding of the mechanisms underlying 
the anti-cancer effects of silibinin in BC as well as improving 
our ability to specifically target the BC stem cells.
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mammospheres was calculated as a percentage as follows: 
(Average absorbance in the silibinin treated group/average 
absorbance in the control group) × 100. Viability assays 
were performed in triplicate.

Clonogenic assay 
Mammospheres treated with an IC50 dose of silibinin 
for 72 hours were washed and dissociated using trypsin/
EDTA. A total of 200 viable cells from both the control 
and treated groups were transferred into each well of a 
6-well plate containing 2 mL supplemented DMEM. After 
12 days of culturing, the medium was discarded, cells 
were washed with calcium and magnesium-free PBS, and 
fixed with 4% paraformaldehyde at 4˚C for 45 minutes. 
Colonies were stained with 200 µL 0.05% crystal violet for 
5 minutes at room temperature (RT) and counted using an 
inverted light microscope at ×10 magnification. All results 
were normalized to the ethanol group. A 6-well plate was 
used for each replicate (two wells per a cell line) and 20-40 
colonies were counted for each condition. At least three 
biological replicates were performed. For size analysis, 
all colonies in all nine experiments were analyzed using 
an inverted light microscope at ×10 magnification and 
cellSens Standard software version 1.5 (CellSens B.V.). 
Clonogenicity was calculated as follows: (Average number 
of colonies formed/number of cells seeded) × 100.

Mammosphere formation efficiency assay 
Mammospheres treated with an IC50 dose of silibinin for 
72 hours were washed and cells were dissociated using 
trypsin/EDTA. A total of 3 × 104 viable cells/well were 
plated in poly-HEMA-coated 6-well plates containing 
2 mL sphere medium. Fresh EGF, bFGF, and B27 were 
added every 3 days. Mammospheres with diameters of 
150-400 µm were counted after 7 days of culture. The 
mean diameter (d) of the mammospheres was determined 
using the following equation: d = (axb)1/2, where a and b 
are the orthogonal diameters of the spheroid.28

Invasion and migration assay 
Invasion and migration assays were performed in 24-
well plates with 8.0 µm pore Transwell inserts (EMD 
Millipore). In order to investigate invasive ability, filters 
were pre-coated with 60 μL of diluted Matrigel (0.5 mg/
mL; Sigma-Aldrich; Merck KGaA) for 12 hours. Uncoated 
filters were used for the migration assays. A total of 
2.5×104 cells derived from treated (72 hours with an IC50 
dose of silibinin) and control mammospheres in 200 
µL serum-free culture medium was added to the filter 
inserts. Each filter was placed in the lower chamber with 
600 µL culture medium containing 10% FBS. Filters were 
incubated at 37˚C with 5% CO2 for 12 hours. The cells 
which remained on the inside of the filter were removed 
using a cotton swab and cells attached to the bottom 
surface of filters were fixed with 4% paraformaldehyde at 
4˚C for 45 minutes, and subsequently stained with a 0.5% 

crystal violet for 5 minutes at RT. The number of attached 
cells on the bottom surface of the filter was counted in 10 
randomly selected fields using inverted light microscope 
at ×20 magnification, and all counts were normalized to 
the control.

Flow cytometry analysis 
The levels of the CD44+, CD24-, and CD133+ cells in 
each group were evaluated using flow cytometry with 
a fluorescein isothiocyanate (FITC)-conjugated CD44 
antibody (cat. no. 347943; BD Biosciences), phycoerythrin 
(PE)-conjugated CD24 antibody (cat. no. 555428; BD 
Biosciences), and a PE-conjugated CD133 antibody (cat. 
no. 12-1331-82; eBioscience; Thermo Fisher Scientific, 
Inc.). Mouse immunoglobulin (Ig)G2a-FITC (cat. no. 
555573; BD Biosciences),  mouse IgG2a-PE (cat. no. 
554648; BD Biosciences), and mouse IgG1K-PE (cat. no. 
12-4714-42; eBiosciences Thermo Fisher Scientific, Inc.) 
were used as the isotype controls (all of antibodies diluted 
at 1:100 ratio). Cells were incubated with antibodies at 
4˚C for 45 minutes and analyzed using FACSCalibur™ 
(Becton Dickinson). The raw data were analyzed using 
Flowing Software version 2.5.0 (Perttu Terho).

Reverse transcription-quantitative (q-RT) PCR 
Total RNA was extracted from mammospheres in control 
and treated groups using TRIzol® reagent (Sigma-Aldrich; 
Merck KGaA) and any DNA was digested using RNase free 
DNase I (Takara Bio, Inc.) according to the manufacturer’s 
protocol. cDNA was generated using RevertAid H 
Minus First Strand cDNA kit (Fermentas; Thermo 
Fisher Scientific, Inc.) according to the manufacturer’s 
instructions. The thermocycling conditions for qRT-PCR 
were: 95˚C for 15 seconds and 60˚C for 60 seconds for 40 
cycles. The expression of the stemness-associated genes 
OCT4, c-MYC, KLF4, SOX2, CK8, CK18, CK19, NANOG, 
CDH1, CDH2, SNAIL1, SNAIL2, TWIST1, TWIST2, and 
ZEB1 was assessed using a Rotor Gene 6000 Real-Time 
PCR machine (Qiagen China Co., Ltd.) and analyzed 
using Rotor Gene 6000 version 1.7 (Qiagen China Co., 
Ltd.). SYBR Green PCR Master mix (Applied Biosystems) 
was used for qPCR according to the manufacturer’s 
protocol. The list of human-specific primers used, and 
their sequences are presented in Table 1. Melting curve 
analysis from 65-95˚C was performed, the results were 
normalized to GAPDH, and data were analyzed using the 
2-∆∆Cq method.29

Generation of a BC mouse model 
All studies in vivo were performed according to the 
guidelines for animal care established by the Royan 
Institute’s Animal Care Committee and approved by 
the Institutional Review Board and Ethics Committee 
of the Royan Institute. A total of 1×106 4T1 cells in 100 
µL Matrigel were injected in the flank of inbred females 
Balb-C mice (n: 15 mice, weight: 18-21 g, Supplier: 
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Royan Institute). The mice developed tumors 7 days after 
injection of cells, at which point, tumor-bearing mice were 
divided into four groups randomly: Control, solvent, 10X, 
and 20X. Each group contained three mice. The control 
group did not receive any treatment, the solvent group 
received ethanol, the 10X group received 1 mg/kg silibinin 
(10 fold dose of in vitro), and the 20X group received 2 
mg/kg silibinin (20 fold dose of in vitro). The solvent and 
silibinin were injected directly into the tumor. Injections 
of solvent and silibinin were performed every 72 hours 
after the tumor diameter reached 4-6 mm, and tumor size 
was measured daily with calipers. All mice were sacrificed 
at day 20 post-treatment and tumors were removed for 
pathological and immunohistochemical evaluation.

Hematoxylin and eosin (H&E) staining and 
immunohistochemistry 
Tumor tissues were removed, fixed in 10% formalin at RT 
for 72 hours, and embedded into paraffin blocks. Tissues 
were sectioned (5 µm thickness), deparaffinized using 
xylol, and stained using H&E at RT for 45 minutes. The rate 

of mitosis, pleomorphism, inflammation, karyorrhexis, 
and desmoplasia per a field of view was evaluated by 
an independent pathologist at a magnification of ×400. 
For Immunohistochemistry evaluation, the slides were 
deparaffinized and rehydrated in a decreasing series of 
ethanol solutions (two incubations in 100% for 3 minutes 
each, 96% for 3 minutes, 70% for 3 minutes, and distilled 
water for 3 minutes). Slides were incubated in 3% hydrogen 
peroxide in methanol for 20 minutes at room temperature 
to inhibit endogenous peroxidase activity. Citrate buffer 
(pH = 6.0) and autoclaving for 10 minutes at 120˚C with 
pressure were used for antigen retrieval. After the slides 
had cooled, they were washed in Tris-buffered saline 
(TBS). The sections were incubated at 4˚C overnight with 
anti-human α-SMA antibody recognizing the cytoplasmic 
SMA which surrounded the vessels (1:200; Cat. No. ab7817; 
Abcam). The sections were washed the following day and 
incubated with the horseradish peroxidase-conjugated 
anti-mouse secondary antibody diluted in PBS- (1:500; 
Cat. No. ab205719; Abcam) for 60 minutes at RT. The 
sections were then stained with 3, 3’-diaminobenzidine 

Table 1. Primer sequences used for reverse transcription-quantitative PCR

Primer Sequence Length, bp  NCBI accession number

SOX2 F, 5’-GGGAAATGGAAGGGGTGCAAAAGAGG-3’ 
R, 5’-TTGCGTGAGTGTGGATGGGATTGGTG-3’ 151 NM_003106.3

Klf4 F, 5’-ATTACCAAGAGCTCATGCCA-3’
R, 5’-CCTTGAGATGGGAACTCTTTG-3’ 150 NM_004235.4

NANOG F, 5’-AAAGAATCTTCACCTATGCC-3’
R, 5’-GAAGGAAGAGGAGAGACAGT-3’ 110 NM_024865.2

OCT4 F, 5’-CTGGGTTGATCCTCGGACCT-3’
R, 5’-CACAGAACTCATACGGCGGG-3’ 128 NM_002701.4

c-MYC F, 5’-ACACATCAGCACAACTACG-3’
R, 5’-CGCCTCTTGACATTCTCC-3’ 140 NM_002467

TWIST1 F, 5’-CCAGGTACATCGACTTCCTC-3’
R, 5’-TCGTGAGCCACATAGCTG-3’ 85 NM_000474.3

TWIST2 F, 5’- GCGCAAGTGGAATTGGGATG-3’
R, 5’- CGGGTCTTCTGTCCGATGTC-3’ 128 NM_001271893.4

CDH1 F, 5’-CAGGAGTCATCAGTGTGGT-3’ 
R, 5’-GGAGGATTATCGTTGGTGTCAG-3’ 150 NM_004360.3

CDH2 F, 5’-GCCCAAGACAAAGAGACCC-3’
R, 5’-CTGCTGACTCCTTCACTGAC-3’ 93 NM_001792.3

SNAIL1 F, 5’-CCAGAGTTTACCTTCCAGCA-3’
R, 5’-GATGAGCATTGGCAGCGA-3’ 101 NM_005985.3

SNAIL2 F, 5’-AACTACAGCGAACTGGACAC-3’
R, 5’-GGATCTCTGGTTGTGGTATGAC-3’ 90 NM_003068.3

β-actin F, 5’-TCCCTGGAGAAGAGCTACG-3’
R, 5’-GTAGTTTCGTGGATGCCACA-3’ 131 NM_ 001101.3

ZEB1 F, 5’-GAGGATGACACAGGAAAGGA-3’
R, 5’-CAGCAGTGTCTTGTTGTTGT-3’ 163 NM_0011281282

NOTCH F, 5’-CAGACCCACACCCAGTA-3’
R, 5’-GGCAACGTCAACACCTT-3’ 114 NM_017617

CD133 F, 5’-GCATCCATCAAGTGAAACGT-3’
R, 5’-GGTTTGGCGTTGTACTCTGT-3’ 199 NM_001145852.1

CK8 F, 5’-CAGATCAAGACCCTCAACAAC-3’
R, 5’-CACTTGGTCTCCAGCATCTT-3’ 89 NM_001256293.1

CK18 F, 5’-GCGAGGACTTTAATCTTGGTG-3’
R, 5’-CTTTGGTGTCATTGGTC CAG-3’ 120 NM_199187.1

CK19 F, 5’-GCGACTACAGCCACTACTACA-3’
R, 5’-TGGTTCGGAAGTCATCTGC-3’ 129 NM_002276.4
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(Dako) substrate as the chromogen for two minutes in 
the dark and at room temperature. Subsequently, the 
sections were counterstained with hematoxylin (Dako; 
Agilent Technologies, Inc.). All images were captured on 
an Olympus BX51 fluorescence microscope.

Western blot analysis 
A total of 35 µg protein was extracted from treated 
and non-treated mammospheres using Q Proteom 
Mammalian Protein Prep kit (Cat. No. 37901; Thermo 
Fisher Scientific, Inc.), preheated at 100˚C for 3 minutes in 
a reducing sample buffer containing 50 mM Tris-Cl (pH 
6.8), 2% SDS, 10% glycerol, 0.1% Bromophenol blue, and 
100 mM β-Mercaptoethanol, were loaded on a 10% SDS 
gel and resolved using SDS-PAGE. Protein concentration 
was measured using a protein assay kit (cat. no. 23225; 
Thermo Fisher Scientific, Inc.). Proteins were subsequently 
transferred to a PVDF membrane (Whatman Plc; GE 
Healthcare Life Sciences). After transfer, membranes 
were blocked with 5% BSA in TBS at RT for 60 minutes, 
followed by an overnight incubation with either anti-
phospho-STAT3 or anti-GAPDH (Sigma Aldrich; Merck 
KGaA; cat. no. ZRB1004) in 5% BSA in TBS at 4˚C (both 
1:1,000). After washing with TBS containing 0.1% Tween 
20, the membranes were incubated with horseradish 
peroxidase-conjugated secondary antibody (Abcam; cat. 
no. ab205719; 1:7,000) in 5% skimmed milk powder in 
TBS for 2 hours at RT. Protein bands were visualized using 
Pierce enhanced chemiluminescence western blotting 
substrate (Pierece; Thermo Fisher Scientific, Inc.; cat. no. 
32106) and western blotting was performed three times 
for each experiment independently.

Search Tool for Interactions of Chemicals (STITCH) 
STITCH (version 5; stitch.embl.de/) is a database of 
known and predicted interactions between chemicals 
and proteins based on computational predictions and 
established interactions in other organisms, and from 
interactions aggregated from other (primary) databases. 
The interactions include direct (physical) and indirect 
(functional) associations. The STITCH database was 
used and the experimentally validated genes and silibinin 
were searched. Using the STITCH database, interactions 
between silibinin and genes that were validated in the 
present study were evaluated. 

Statistical analysis 
Student’s t test, and one-way ANOVA or a two-way ANOVA 
were used for comparing the means of two independent 
groups, comparing more than 2 independent groups 
or analyzing and comparing the means of dependent 
groups, respectively. All experiments were performed in 
triplicate, and data were presented as the mean ± standard 
deviation. P≤0.05 was considered to indicate a statistically 
significant difference. Statistical analysis was performed 
using GraphPad Prism version 5 (GraphPad Software, 
Inc.).

Results
Silibinin reduces the viability and growth rate of 
mammospheres 
To determine the cytotoxic effect of silibinin on 
mammospheres, mammospheres were treated with 
different concentrations of silibinin for 72 hours. The results 
showed that silibinin significantly reduced cell viability of 
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Fig. 1. Silibinin reduces the viability and proliferation of mammospheres. Mammospheres derived from breast cancer lines were treated with 0-1600 µM of 
silibinin for 72 hours and the viability of cells were assessed. The IC50 doses of silibinin were determined to be (A) MCF-7, 150 µM; (B) MDA-MB-231, 100 
µM; Mammospheres and (C) MDA-MB-468, 50 µM. (D-F) aggregated cells were treated with the respective IC50 doses and proliferation was assessed in cells 
treated for 24, 48, 72, 96 and 120 hours. Silibinin-treated cells exhibited significantly reduced proliferation compared with the respective controls at the same 
time point. Data are presented as the mean + standard deviation of three different biological repeats. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Fig. 2. Colony and sphere formation ability is reduced in mammospheres treated with silibinin. (A) Representative images of colony formation in BC cell lines 
treated with control or the respective IC50 dose for 72 hours. (B) Percentage colony formation was calculated by counting the number of colonies in different 
cell lines and treatments. The number of colonies formed was significantly lower in the treated cells compared with the respective control. (C) Representative 
images of staining of a single colony with crystal violet. Magnification, x20. (D) The size of colonies were significantly smaller in cells treated with silibinin 
compared with the respective control. (E) Morphology of mammospheres and cell aggregation after 7 days of culture. (F) Sphere formation was significantly 
reduced in MCF-7 and MDA-MB-231 cell lines treated with silibinin compared with the respective untreated cells. The reduction in sphere formation was the 
largest in the MCF-7 cells. (G) Sphere size was significantly reduced in the cells treated with silibinin compared with the respective untreated cells. Data are 
presented as the mean + standard deviation of at least three biological repeats. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. BC, breast cancer. 

mammospheres in a dose-dependent manner (Fig. 1A-C). 
The IC50 dose of silibinin was determined to be 150 μM, 
100 μM, and 50 μM for MCF-7, MDA-MB-231 derived-
mammospheres, and MDA-MB-468 cell aggregation, 
respectively. Furthermore, mammospheres treated with 
the IC50 doses of silibinin, exhibited significantly reduced 
proliferation 120 hours post-treatment (P < 0.001; Fig. 

1D-F). Mammospheres derived from MCF-7 cells were 
presented with the largest reduction in mammosphere 
growth when treated with silibinin.

Silibinin reduces stemness properties and promotes 
differentiation of cells in mammospheres 
An important characteristic of CSCs is a capacity to self-
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renew. To determine whether MCF-7, MDA-MB-231, 
and MDA-MB-468 cells exhibited this capacity in vitro, 
colony and sphere formation assays were used. In the 
colony formation assay, CSCs, progenitors, and fully 
differentiated cells propagated and created colonies with 
special characteristics. In the sphere formation assay, CSCs 
were the only cells which grew in serum-free medium 
on a non-adhesive surface.27,30,31 There was a significant 
reduction in the number of colonies and colony size 
when mammospheres were treated with silibinin (Fig. 
2A-D). Additionally, MCF-7-mammospheres treated with 
silibinin did not form spheroids, and MDA-MB-231- 

mammosphere and MDA-MB-468-cell aggregation 
formed significantly fewer (Fig. 2E and F) and smaller 
spheroids (Fig. 2G). The effect of silibinin on spheroid 
formation was most prominent in MCF-7-mammospheres 
compared with the other cells.

Based on the above results, the expression of stemness-
associated genes, including OCT4, c-MYC, KLF4, and 
SOX2, and the differentiation-associated cytokeratin 
genes including CK8, CK18, and CK19 in mammospheres 
following treatment with silibinin was assessed. In 
treated mammospheres, expression of all the stemness-
associated genes were all significantly downregulated 

Fig. 3. Silibinin modulates the expression of stemness and epithelial-associated cytokeratin genes in derived -mammospheres and aggregated cells. (A) 
mRNA expression levels of OCT4, SOX2, and KLF4 were reduced 2.4, 7.2, and 4.8 fold in treated MCF-7 mammospheres, respectively, and c-MYC was 
upregulated 7.4 fold in treated MCF-7 mammospheres. Expression of two differentiation-associated genes, CK8 and CK19, were significantly downregulated 
whereas CK18 was significantly upregulated. (B) Expression of stemness associated genes were all downregulated and all changes were determined to be 
significant except for c-Myc. All differentiation-associated genes were significantly upregulated in treated MDA-MB-231 cells. (C) In the MDA-MB-468 cells, 
expression of certain stemness-associated genes were upregulated whereas others were downregulated. NANOG and KLF4 exhibited the largest changes in 
expression and both were upregulated. c-MYC expression was not significantly different. Expression of CK8 was significantly increased whereas expression 
of CK18 and CK19 was not determined to be significantly different. GAPDH was used as the internal control. (D) Western blot analysis revealed that p-STAT3 
protein expression was significantly reduced in the treated MCF-7 mammospheres and was not significantly changed in the other cell lines when treated with 
silibinin. However, the reduction in p-STAT3 may be the result of a reduction in total STAT3 expression which was not assessed. Data are presented as the 
mean ± standard deviation of three biological repeats. **P<0.01, ***P<0.001, ****P<0.0001. p-, phospho; OD, optical density.
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except for c-MYC in MCF-7-mammospheres, and 
NANOG and KLF4 in MDA-MB-468 mammospheres 
(Fig. 3A-C). This reduction was accompanied with the 
overexpression of differentiation-associated genes in 
treated mammospheres derived from MDA-MB-231 and 
MDA-MB-468 (Fig. 3B and C). CK18 was upregulated in 
treated MCF-7- mammospheres (Fig. 3A). The STAT3 
pathway is an active signaling pathway in tumors which 
activates and enhances cell proliferation,28,32 and activity 
of this pathway has been suggested to be increased in 
BCSCs.33,34 As shown in Fig. 3D, silibinin significantly 
reduced the levels of Stat3 phosphorylation at tyrosine 705 
in MCF-7-mammospheres, although this was not altered 
in mammospheres based on the other two cell lines. 
However, it was not possible to measure the expression 
levels of total Stat3, thus it cannot be stated with 
certainty, whether the total levels of Stat3 were reduced or 
phosphorylation of Stat3 was reduced.

Subsequently, the expression levels of surface markers 
associated with BCSCs, including CD44+/CD24- 35 and 
CD133+CD44+ 36,37 following silibinin treatment were 
assessed. CD44 is a membrane glycoprotein which acts 
as a receptor for hyaluronic acid, and participates in 
cell adhesion migration and metastasis.38,39 However, 
CD24 as an adhesion molecule is upregulated during 
differentiation.40 To determine the percentage of positive 
cells, the viable cell population were gated for using 
the forward scattering and side scattering results (Fig. 
1 and S1). The percentage of CD44+/CD24- cells were 
significantly lower in the MCF-7-mammospheres treated 
with silibinin compared with the respective control (Fig. 
4A and 4B), and did not differ significantly in the other 
cell lines. The mean fluorescence intensity (MFI) of CD44+ 
cells were significantly increased in treated MDA-MB-231 
and MDA-MB-486 cells. However, the MFI of CD44 in 
MDA-MB-468 was not significant when dual staining was 
done with CD133. MFI of CD44 did not change in the 
MCF-7 cells before and after Silibinin treatment (Fig. 4C 
and S2). CD133 expression was not altered by treatment 
with silibinin in the MDA-MB-231 and MDA-MB-468 
cells, whereas expression was significantly reduced in the 
MCF-7 mammospheres when treated (Fig. 4D-F). 

Silibinin reduces the invasive and migratory potential of 
mammospheres
It has been hypothesized that CSCs potentiate invasion of 
cancer cells 41 Therefore, the effect of silibinin on invasion 
and migration of mammospheres was determined. As 
shown in Fig. 5, both the migratory and invasive capacity 
of mammospheres was reduced significantly following 
treatment with silibinin at the respective IC50 doses. The 
number of cells which had invaded decreased 4.6 fold 
(P<0.0008) and the number cells which had migrated 
decreased 1.3-fold in the MCF-7 mammospheres (Fig. 
5A), 4.2-fold decrease (invasion) and 2-fold decrease 
(migration) in the MDA-MB-231 mammospheres (Fig. 

5B), and 2-fold decrease (invasion) and 3-fold decrease 
(migration) in MDA-MB-468 cells when treated with 
silibinin (Fig. 5C). Reduction of invasion and migration 
in MDA-MB-231 and MDA-MB-468 cells were associated 
with downregulation of EMT-associated genes (Fig. 5B and 
5C). In MCF-7 mammospheres, several EMT-associated 
genes, including SNAIL2 and TWIST1/2 were upregulated 
when treated with silibinin, although the migratory and 
invasive capacity were decreased significantly (Fig. 5).

Silibinin reduces tumor growth in vivo
To determine the effect of silibinin in vivo, a BC mouse 
model was used. Treatment with silibinin significantly 
reduced tumor volume after 3 days (Fig. 6A) and 
tumor weight (Fig. 6B). H&E staining showed a notable 
reduction in proliferation in mice treated with both 10- 
and 20-fold doses of silibinin (Fig. 6C). The infiltration 
of polymorphonuclear cells, inflammation, and necrosis 
was also increased in the treated mice (Fig. 6C; Table 2). 
Furthermore, a notable reduction of α-SMA staining of 
endothelial tubes was observed in the mice treated with 
silibinin (Fig. 6D), suggesting that angiogenesis was 
reduced.

Silibinin interacts directly with genes which contribute 
to metastasis and indirectly to self-renewal transcription 
factors
As shown in Fig. 7A, silibinin directly interacted with 
ZEB1, SNAIL1, CDH1, and CTNBB1, and indirectly 
interacted with a number of major nodes, including 
the majority of the self-renewal and EMT associated 
genes. The catenin family (CTNN) (cadherin-associated 
proteins) formed large nodes in the identified network 
(Fig. 7B). 

Discussion
The aim of the present study was to determine whether 
silibinin, which reduces tumor viability, could target BC 
stem cells. In our previous study, it was demonstrated 
that silibinin exhibited anti-cancer effects by inhibiting 
the effects of anti-apoptotic genes, including Bcl-2 and 
Survivin,27 reducing tumor volume in 3D cultures, 
reducing sphere formation, and reducing colony 
formation. However, the effects of silibinin on BC stem 
cells were unknown. Mammospheres were used in the 
present study as mammospheres are rich in CSCs,42-44 and 
the presence of a rare population of CSCs was confirmed 
based on an immunophenotyping model using CD44, 
CD24, and CD133 antibodies. Based on our previous study 
using other cell lines and on other published studies,45,46 
cell surface markers cannot be used as the only criteria for 
proper characterization of CSCs. Spheroid culture con-
ditions may be a more effective approach to en rich CSCs, 
rather than the use of cell surface markers.30,31 Additionally, 
mammospheres were an appropriate model for the present 
study as they simulate the geometric, mechanical, and 
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Fig. 4. Evaluation of breast cancer stem cell markers in mammosphere cells treated with silibinin. (A) Representative flow cytometry dot plots of CD24/CD44 
stem cell markers in cells obtained from mammospheres. (B) Quantitative analysis of CD44/CD24 surface markers expression in treated and untreated 
mammospheres. A significant decrease was observed in CD44+/CD24- cells in treated MCF-7 cells. (C) MFI of CD44 and CD24 in each group. CD44 
intensity increased in treated derrived –mammospheres from MD-MB231 and MDA-MB-468 aggregated cells. (D) Representative flow cytometry dot plots of 
CD133/CD44 markers in cells obtained from mammospheres. (B) Quantitative analysis of CD133/CD44 surface markers expression in treated and untreated 
mammospheres. A significant decrease was observed in CD44+/CD133+ cells in treated MCF-7 cells. (C) MFI of CD44 and CD133 in each group. CD44 
intensity increased in treated MD-MB231 mammospheres. Data are presented as the mean ± standard deviation of three biological repeats. *P<0.05, **P<0.01 
vs. control. MFI, mean fluorescence intensity; FITC, fluorescein isothiocyanate; PE, phycoerythrin., FL2, fluorescence parameter 2.

biochemical aspects of a tumor more accurately, and they 
better replicate cell-cell, and cell-substrate interactions, 
which in turn regulate proliferation and differentiation.30,31 
Mammospheres were derived from two different types of 
BC cell lines; MCF-7 (which were used as an ER+, PR+ cell 
line), and MDA-MB-231 (which were both used as triple 
negative BC cell lines). Mammospheres were treated with 
silibinin and the effects of treatment on expression of 
stemness, differentiation-associated, and EMT associated 
genes, and migration and invasion were determined. The 

IC50 of silibinin for MCF-7-mammospheres was 150 μM, 
for MDA-MB-231 was 100 μM and for MDA-MB-468-
mammospheres was 50 μM. At the respective IC50 doses, 
colony formation, sphere formation, and proliferation 
were all reduced, and the reduction was the largest in 
the MCF-7 cells. These results are consistent with our 
previous study,47 and other reports in ovarian,18 lung,45 
and colon cancer.46 Treatment with silibinin reduced 
self-renewal potential, and this was associated with a 
reduction in mammosphere formation, proliferation, and 
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Fig. 5. Invasive and migratory capacity of silibinin-treated cells from mammospheres. (A-C) The migratory and invasive capacities of mammospheres were 
reduced in all silibinin-treated cells. These reductions were accompanied by downregulation of important transcription factors known to regulate metastasis 
in MDA-MB-231 and MDA-MB-468 cells, whereas treated MCF-7 cells exhibited upregulation of some transcription factors. (Left) Migrated and invaded cells 
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presented as the mean ± standard deviation of three biological repeats. *P<0.05, **P<0.01, ***P<0.001 vs. control. 

Table 2. Histopathological analysis of tumor tissues in different groups

Group name Mitosis per HPF Pleomorphism Inflammation Karyorrhexis Desmoplasia Other

Control 6-7 2 Mild lymphocytic Not determined No Lymph node 
involving fat

Solvent 6-7 2 Mild lymphocytic Not determined No -

X 10 2-3a 2 Moderate to severe lymph/PMN + No Necrosis ++

X 20 2-3a 2 Severe lymph/PMN + No Necrosis +
aP<0.05. HPF, high power fields; PMN, polymorphonuclear neutrophils; Control, tumor bearing mice without any treatment; solvent, tumor bearing 
mice that received; X10, tumor bearing mice that received 1 mg/kg silibinin every 48 hours. X20, tumor bearing mice that received 2 mg/kg silibinin 
every 48 hours; +/++, quality observation.
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Fig. 6. The effect of silibinin on tumor growth in a breast cancer mouse model. Silibinin (2 mg/kg) was injected intra-tumor every 48 hours in mice exhibiting 
tumors with a 4-6 mm diameter. (A) Tumor volume and (B) weight were significantly reduced in treated mice compared with the untreated group. (C) 
Hematoxylin and eosin staining of tumors showed an apparent increase in the number of necrotic cells in the silibinin-treated group. Scale bar, 100 µM 
(10X magnification). The white dash line showed necrotic area in each group and white circle indicated necrotic cell morphology in 20X-enlarged region. (D) 
Immunostaining for α-SMA. Expression of α-SMA (black arrows) was decreased in the tumors of treated mice. Scale bar, 100 µM. 

colony formation. The proportion of CD44+/CD24- and 
CD44+/CD133+ cells, which are considered CSCs in BC,48-

50 were reduced in the treated MCF-7-mammospheres. 
However, the expression of the majority of stemness-
associated genes was downregulated in all cell lines 
assessed, and the expression of differentiation-associated 
genes (CK8, CK18, and CK19) were upregulated in 
MDA-MB-231 and MDA-MB-468 cells when treated 
with silibinin. Similar results have been reported in 
other types of cancer, including head and neck,51 colon,25 

nasopharyngeal carcinoma,52 and colorectal cancer.53 The 
expression of c-MYC and NANOG/KLF4 was upregulated 
in treated derived -mammospheres from MCF-7 cells 
and MDA-MB-468 aggregation cells, respectively. KLF-
4 promotes or inhibits progression of cancer depending 
on the type of cancer and possibly other factors in the 
tumor microenvironment.53-55 BC cell lines treated with 
silibinin exhibited upregulated expression of CK8, CK18, 
and CK19, suggesting that certain sub-populations of 
cancer cells may have undergone EMT.54-56 Therefore, 
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Fig. 7. Search Tool for Interactions of Chemicals analysis of silibinin interactions with proteins important in self-renewal and metastasis. (A) The network 
shows different nodes with various interactions between silibinin and associated genes including predicted interactions. (B) Predicted functional partner nodes 
and their function.

upregulation of these cytokeratins in the present study 
may inhibit micro-metastasis. The STAT3 signaling 
pathway serves as an important pathway in increasing 
proliferation and promoting the self-renewal capacity 
through OCT4 or WNT signaling pathways in cancer.57,58 
Based on the results of the study, treatment with silibinin 
reduced the levels of phosphorylated STAT3 in MCF-7-
mammospheres, although it is not certain whether the 
total levels of Stat3 were reduced. The decreased levels 
of phosphorylated STAT3 may underlie the reduction in 

cell proliferation observed in treated cells. It has also been 
reported that silibinin may affect the expression of genes 
involved in drug resistance, including AKT and ABCG2 
through regulation of stemness factors19 All alterations in 
cancer cell function were associated with a reduction in 
the tumorigenicity of BC cells in nude mice. Silibinin not 
only reduced proliferation and self-renewal in vivo, but 
also appeared to inhibit angiogenesis which has significant 
effects on tumor growth. α-SMA expression analysis was 
performed to determine differences in angiogenesis. 
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What is the current knowledge?
√ Silibinin has anti-tumor effects on various cancers. 
√ Sphere-forming culture due to the availability of 3D culture 
is considered as a suitable alternative to animal models.
√ Sphere-forming culture is a proper method to CSCs 
enrichment.

What is new here?
√ Silibinin can affect various CSCs.
√ Anti-tumor effect of silibinin in breast cancer is related to 
direct targeting BCSCs.
√ Silibinin can reduce the tumorgenicity and metastasis and 
promote differentiation in mammospheres.

Research Highlights

One limitation of the present study was an inaccessibility 
to Ki67 and VEGF antibodies to confirm the results. The 
pattern of responses to silibinin in the two triple-negative 
BC cell lines were similar, and were both more sensitive to 
silibinin than the MCF-7 cells. The mechanism by which 
silibinin exhibits its effects are unknown, but it has been 
reported that silibinin inhibits progression of colorectal 
cancer stem-like cells through inhibition of the PP2A/
AKT/mTOR signaling pathway,46 as well as inhibiting 
the growth of colonospheres through the IL4/6 signaling 
pathway.25 Furthermore, in human GBM, silibinin induced 
apoptosis and autophagy through simultaneous inhibition 
of the mTOR and YAP signaling pathways59; whereas in 
gastric cancer, silibinin reduced metastasis through the 
MAPK signaling pathway.60

In the present study, a reduction in the migratory and 
invasive capacity of mammospheres formed from all BC 
cell lines was demonstrated when treated with silibinin. 
The reduction in invasiveness may have been associated 
with downregulation of certain EMT-transcription factors 
in MDA-MB-231 and MDA-MB-468 cells. However, 
SNAIL1 and TWIST1/2 expressions were upregulated in 
treated MCF-7 cells, but the migratory and invasive capacity 
were still significantly decreased. Therefore, silibinin may 
control both stemness and metastatic potential, and the 
balance of transcription factors by an unknown regulatory 
network which may determine the fate of cancer cells. 
Use of the STITCH database identified that silibinin 
may have exerted its effect directly by regulation of 
metastasis-associated genes, particularly ZEB1, SNAIL1, 
CDH1, and CTNBB1. Therefore, it is hypothesized that 
the direct effects of silibinin on metastasis-associated 
genes, particularly ZEB1, SNAIL1, CDH1, and CTNBB1, 
and the indirect effects on stemness-associated genes 
may be the mechanism by which silibinin affected cell 
behaviors. Although no signs of metastasis were observed 
in the treated and control group in vivo (data not shown), 
an additional control in the in vivo experiments should 
be used in future experiments to determine the effect of 

silibinin on metastasis in the mouse model.

Conclusion
In conclusion, it was demonstrated that silibinin 
significantly decreased mammosphere and aggregated 
cells viability, colony and sphere formation, and migration 
and invasion. Furthermore, silibinin altered differentiation 
in BC cells, highlighting its potential as a therapeutic 
option for treatment of BC.
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