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Abstract. An intratumoral hypoxic microenvironment is 
frequently observed in solid tumors, including breast cancer. 
Lutein, a plant-derived compound and non-vitamin A carot-
enoid, has been demonstrated to possess multiple protective 
properties including anti-inflammation, anti-oxidative stress 
and antitumor effects. The main objective of the present research 
was to elucidate the involvement of lutein in the production of 
reactive oxygen species (ROS) under hypoxia, the activation 
of hairy and enhancer of split 1 (HES1), and the proliferation, 
invasion and migration of breast cancer cells. The human breast 
cancer cell lines MDA-MB-157 and MCF-7 were exposed to 
hypoxic conditions and various concentrations of lutein. An 
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide] assay was performed to examine cell proliferation, 
and Annexin V-fluorescein isothiocyanate/propidium iodide 
staining was performed to analyze the apoptosis ratio. The 
levels of hypoxia inducible factor-1α (HIF-1α), NOTCH 
signaling molecules, HES1 and epithelial-mesenchymal tran-
sition (EMT)-associated factors were examined by reverse 
transcription-quantitative polymerase chain reaction and 
western blot analysis. Wound healing and Transwell invasion 
assays were used to detect the invasion and migration of breast 
cancer cells. Intracellular ROS levels were examined using 
2,7-dichlorodihydrofluorescein-diacetate and flow cytometry. 

The results revealed that cell proliferation was inhibited by 
lutein in a dose-dependent manner, and the apoptosis ratio 
gradually increased with lutein treatment under hypoxia 
as evident from flow cytometry-based analysis. Exposure 
to lutein inhibited hypoxia-mediated activation of HIF-1α, 
NOTCH signaling and HES1 expression, and suppressed the 
hypoxia-induced expression of EMT-associated factors. Lutein 
markedly inhibited the invasion and migration of breast cancer 
cells under hypoxia. Hypoxia-induced production of ROS was 
also decreased by lutein. Furthermore, the ROS scavenger 
N-acetylcysteine also suppressed hypoxia inducible factor 1α 
and HES1 expression in breast cancer cells during hypoxia, 
but hydrogen peroxide (H2O2) levels were increased. Taken 
together, the results of the present study suggested that lutein 
may be a novel candidate for the chemoprevention of breast 
cancer. Furthermore, HES1 may be crucial in mediating the 
involvement of lutein in the suppression of hypoxia-driven 
ROS-induced breast cancer progression.

Introduction

Breast cancer is one of the most prevalent malignant cancers 
and the second leading cause of cancer-associated mortality 
among women globally (1). Morbidity and mortality in breast 
cancer are high in developed countries and are on the increase 
in developing countries (2). Susceptibility to breast cancer is 
assessed through multiple factors, including environmental 
factors, physical factors and genetic factors (1,2). The pheno-
type, prognosis and molecular hallmarks of breast cancer are 
heterogeneous. Considering the markers of mammary epithelial 
cell states, it is possible to classify breast cancer into stem-
cell-like, basal and luminal cancer (3,4). Triple-negative breast 
cancer, which lacks estrogen receptors, progesterone receptors 
and human epidermal growth factor receptor-2 (HER-2) is the 
most malignant breast cancer, and effective treatments remain 
unavailable (5). To date, resection followed by loco-regional 
radiotherapy and systemic treatments constitutes primary 
therapy in breast cancer (6). Surgery has improved outcomes 
in primary breast cancer, but resistance to radiotherapy, endo-
crine therapy and chemotherapy, along with severe toxicity in 
locally advanced and metastatic cancers, limits the efficiency 
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of therapies and contributes to mortality in breast cancer (1,7). 
Therefore, novel therapeutic options for the treatment of breast 
cancer are urgently needed.

The center of solid tumors commonly develops a patho-
physiological condition, which is characterized by hypoxia 
due to rapid tumor growth and limited oxygen diffusion (8). 
Intratumoral hypoxic conditions contribute to tumor angio-
genesis, invasion, metastasis and resistance to therapies; these 
events are also associated with aggressive cancer pheno-
types (6,9). When adapting to the hypoxic microenvironment 
of tumors, cells activate certain hypoxia-associated proteins 
and signaling pathways, including hypoxia inducible factor 1 
(HIF-1) (10). HIF-1, a heterodimer consisting of HIF-1α 
and HIF-1β, belongs to the family of basic helix-loop-helix-
periodic acid-Schiff domain transcription factors. It regulates 
the expression of >70 genes, which serve pivotal functions 
in low oxygen metabolism, tumorigenesis, angiogenesis and 
metastasis (11). HIF-1α functions as an oxygen-sensitive factor 
of HIF-1, which is hydroxylated at proline resides (pro402 
and pro564) of the oxygen-dependent disintegration domain 
by prolyl hydroxylase, and interacts with von Hippel-Lindau 
protein. This interaction results in ubiquitination and disinte-
gration of HIF-1α through the recruitment of the E3 ubiquitin 
ligase under normoxia; however, HIF-1α is accumulated under 
hypoxia (10). In addition to oxygen-dependence, oxygen-
independent mechanisms have also been demonstrated to 
regulate HIF-1α in tumor cells under normoxia (11). Excessive 
accumulation of HIF-1α has been observed in human tumors 
compared with para-carcinoma tissues, such as non-small-cell 
lung cancer and ovarian cancer, suggesting that it may be a 
potential target for neoplastic therapy (8).

The hairy and enhancer of split (HES) family has seven 
members, HES1-7, which belong to the basic helix-loop-helix 
superfamily of DNA-binding transcription factors and directly 
affect cellular activities (12). Studies have demonstrated that 
HES1 affects cell proliferation and differentiation during 
embryogenesis, maintenance of stem cells, and the malig-
nancy and maintenance of tumor cells (13). Overexpression of 
HES1 is associated with the development of several types of 
cancer, including lung cancer, cervical cancer, prostate cancer, 
oral squamous cell carcinoma, pancreatic cancer, colon carci-
noma, and ovarian cancer (14-16). The function of HES1 and 
its involvement in the regulation in malignant breast cancer 
remain to be fully elucidated; therefore, it is necessary to 
investigate its function and underlying mechanisms in breast 
cancer proliferation and metastasis. Epithelial-mesenchymal 
transition (EMT) is one of the crucial mechanisms that 
induce tumor invasion, metastasis, and migration, as it 
facilitates cancer dissemination. EMT is characterized by the 
transformation of the cellular phenotype from the epithelial 
phenotype (non-motile, polarized and collective) to the 
mesenchymal phenotype (individual, non-polarized, motile 
and invasive) (17). The EMT process involves dissolution of 
epithelial cell-cell adhesion, cytoskeletal actin remodeling and 
overexpression of mesenchymal adhesive molecular markers. 
Previous studies have suggested that hypoxia-induced invasion 
and the EMT processes are associated with HES1 (10,17).

A number of studies have demonstrated that phytochemi-
cals have potential for the prevention and treatment of cancer. 
Lutein is a natural dihydroxycarotenoid belonging to the 

family of non-vitamin A carotenoids, which are the second 
most widespread carotenoid in human serum and are present 
in deep yellow vegetables and fruits, including lettuce and 
spinach (18). Lutein has anti-oxidative, anti-inflammatory, 
and antitumor properties. Concentrated in the retina, lutein 
decreases the risk of age-associated macular degeneration 
due to its anti-oxidative properties (19). Previous studies have 
demonstrated that lutein exhibits potential antitumor proper-
ties in several cancers, including cervical carcinoma, colon 
cancer and hepatic carcinoma (20-22). Lutein is involved in 
cancer initiation and progression by regulating cellular redox 
status and associated signaling pathways. However, its effects 
on breast cancer and underlying mechanisms remain to be 
fully investigated.

The aim of the present study was to elaborate the molec-
ular mechanism underlying the inhibitory effect of lutein in 
hypoxia-induced reactive oxygen species (ROS) production, 
and the proliferation, invasion and migration of breast cancer 
cells. Lutein was demonstrated to inhibit cell vitality in several 
breast cancer cell lines in a dose-dependent manner. Lutein 
downregulated HES1 expression by inhibiting the generation 
of ROS and expression of HIF-1α and NOTCH. Lutein also 
suppressed EMT, cell invasion, and metastasis in breast cancer 
cells. The results of the present study suggest that the antitumor 
effects of lutein may enable its application in the treatment of 
breast cancer via the inhibition of HES1.

Materials and methods

Reagents. Lutein (>99% pure) was acquired commercially 
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and 
dissolved in dimethyl sulfoxide (DMSO). It was then added to 
RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) to each working dose. N-acetylcysteine 
(NAC) and hydrogen peroxide (H2O2) were purchased from 
Sigma-Aldrich; Merck KGaA. All other reagents were of reagent 
grade and purchased from standard commercial sources. All 
drug solutions were freshly compounded on the day of the test.

Cell culture and transfection. The human breast cancer cell 
lines, MDA-MB-157 and MCF-7, were obtained from the 
Type Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China). Short tandem repeat profiling analysis was 
used to examine and authenticate breast cell lines, and they 
were used within 6 months of authentication. Cells were grown 
in RPMI-1640 medium-supplemented with 10% fetal bovine 
serum (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml peni-
cillin, and 100 µg/ml streptomycin. Cells were cultured under 
normoxia in a humidified atmosphere with 5% CO2 at 37˚C. 
The cells cultured under hypoxia were placed in a hypoxic 
chamber (Thermo Fisher Scientific, Inc.) suffused with 1% O2, 
5% CO2, and 94% N2 at 37˚C.

The human HES1 expression vector HES1-pCMV6-XL5 
was obtained from OriGene Technologies, Inc. (Rockville, MD, 
USA). An empty vector was employed as a negative control. 
MDA-MB-157 and MCF-7 cells were transiently transfected 
with HES1 overexpression constructs. When these cells reached 
60-80% confluence, they were transfected with the appropriate 
constructs using Lipofectamine™ 2000 transfection reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
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manufacturer's protocol. After 24 h, transfection efficiency 
was checked by reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR) and western blot analysis. Stably 
transfected cells were used for subsequent experiments.

Cell proliferation assay. MDA-MB-157 and MCF-7 cells were 
plated onto 96-well culture plates with various concentrations 
(5, 10, 20, 40, 80, and 120 µM) of lutein; 0 µM lutein was 
used as negative control. Cells were incubated for 24 h in a 
humidified incubator with 5% CO2 at 37˚C. At the end of the 
treatment, cell viability was examined with the MTT assay. 
MTT reagent (50 µl, Sigma-Aldrich; Merck KGaA) was added 
to each well, and the plate was incubated for another 2 h at 
37˚C. Formazan, which is produced from MTT by the action 
of viable cells, was dissolved in 100 µl DMSO. Absorbance 
at 570 nm was measured using a microplate reader (Infinite 
M200; Tecan Group, Ltd., Mannedorf, Switzerland). The 
concentration of lutein required for a 50% reduction in cell 
viability (concentration of an inhibitor where the response/
binding is reduced by half) was calculated and used in further 
experiments. The half maximal inhibitory concentration (IC50) 
values were calculated from the percentage of cell viability at 
each concentration of lutein, using probit analysis.

Cell invasion assay. Invasion assays of breast cancer 
cells were performed using Transwell chambers (Corning 
Incorporated, Corning, NY, USA) with an 8-micrometer pore 
insert pre-coated with Matrigel in a 24-well plate (Corning 
Incorporated). Cell suspension (5x104 cells/ml) in serum-free 
medium was added to the upper chambers, and 600 µl medium 
containing 10% fetal bovine serum was added to the lower 
chambers. Next, the chamber was incubated under hypoxia for 
24 h or treated with lutein (40 µM) under hypoxia at 37˚C for 
24 h. A normoxic control was included to detect the effects of 
lutein on cell invasion. Following incubation, the cells in the 
upper chambers were gently scraped off using a cotton-tipped 
swab. Invading cells were fixed with 5% paraformaldehyde for 
30 min and stained with 0.1% crystal violet for 15 min at room 
temperature in the lower chambers. Cell count on the lower side 
of the membrane was obtained as the average of the cell counts 

from five random fields in each well, which was captured at 
x200 magnification under a bright-field microscope.

Wound healing assay. The wound healing assay was performed 
to detect the migratory ability of cancer cells. Breast cancer 
cells were seeded into 6-well plates to reach a confluent mono-
layer. Once the cells reached 90% confluence, monolayers were 
scratched with a 200-microliter microtip to produce a wound 
line among the cells. Cells were washed with PBS twice and 
then covered with serum-free medium either in the absence of 
stimulus or in the presence of lutein (40 µM). Next, cells were 
allowed to migrate for 24 h at 37˚C under normoxia or hypoxia. 
Cell migration images were captured at 0 and 24 h under a 
Leica DMIL inverted microscope (x50 magnification; Leica 
Microsystems GmbH, Wetzlar, Germany) from three inde-
pendent experiments. The edge from 0 to 24 h was assessed 
using ImageJ software (National Center for Biotechnology 
Information, Bethesda, MD, USA) to calculate the relative 
distance travelled.

Cell apoptosis assays. The Annexin V-fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) apoptosis detection 
kit was obtained from Beyotime Institute of Biotechnology 
(Haimen, China). The content of apoptotic cells was esti-
mated following the manufacturer's protocol. Cells were 
exposed to the indicated concentrations (20, 40, and 80 µM) 
of lutein and incubated for 24 h at 37˚C under normoxia or 
hypoxia. Once they were harvested from the plates, cells were 
washed and suspended in PBS. Next, cells were stained with 
Annexin V-FITC and PI. The percentage of apoptotic cells was 
detected using flow cytometry (BD Biosciences, San Jose, CA, 
USA) and the data were analyzed using CellQuest software 
(version 5.1; BD Biosciences). A total of 1x104 events were 
collected for each run, and the assay was repeated in three 
independent replicates.

ROS detection. ROS levels were detected using the 2,7-dichlo-
rodihydrofluorescein-diacetate (DCFH-DA) Cellular ROS 
Detection assay kit (Beyotime Institute of Biotechnology), 
according to the manufacturer's protocol. In brief, breast cancer 

Table I. Primer sequences used for reverse transcription-quantitative polymerase chain reaction analysis.

Gene name Forward primer sequence (5'-3') Reverse primer sequence (5'-3')

HES1 TCAACACGACACCGGATAAA CCGCGAGCTATCTTTCTTCA
E-cadherin CAGCACGTACACAGCCCTAA ACCTGAGGCTTTGGATTCCT
N-cadherin ACAGTGGCCACCTACAAAGG CCGAGATGGGGTTGATAATG
Vimentin GAGAACTTTGCCGTTGAAGC TCCAGCAGCTTCCTGTAGGT
HIF-1α GTCGGACAGCCTCACCAAACAGAGC GTTAACTTGATCCAAAGCTCTGAG
NOTCH3 TCTTGCTGCTGGTCATTCTC TGCCTCATCCTCTTCAGTTG
JAG1 GACTCATCAGCCGTGTCTCA TGGGGAACACTCACACTCAA
JAG2 TCTGCCTTGCTACAATGGTG GCGATACCCGTTGATCTCAT
DLL1 TGCAACCCTGGCTGGAAA AATCCATGCTGCTCATCACATC
β-actin TCCCTGGAGAAGAGCTACGA ACCTGAGGCTTTGGATTCCT

HES1, hairy and enhancer of split 1; E-cadherin, epithelial-cadherin; N-cadherin, neural-cadherin; HIF-1α, hypoxia inducible factors-1α; 
JAG, jagged; DLL1, delta-like 1.
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cells were seeded in 6-well plates and exposed to normoxia 
or hypoxia or subjected to treatment with lutein (40 µM), 
H2O2 (200 µM) or N-acetylcysteine (NAC; 50 µM) for 24 h at 
37˚C. Cells were (1x106 cells/ml) trypsinized and suspended 
in DCFH-DA (10 µM) for 20 min at 37˚C then washed with 
PBS twice. Intracellular ROS levels were measured in each 
group according to DCF fluorescence by flow cytometry 
(BD Biosciences); data were analyzed using CellQuest 5.1 
software (BD Biosciences).

RNA extraction and RT-qPCR. Total RNA was isolated from 
breast cancer cells using TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.). The concentration of total RNA was 
measured using a Nanodrop 2000C spectrophotometer 
(Thermo Fisher Scientific, Inc.), and reverse transcription of 
total RNA was performed using the PrimeScript RT Reagent 
kit (Takara Biotechnology Co., Ltd., Dalian, China) according 
to the manufacturer's protocol. qPCR was performed using 
the SYBR Green PCR kit (Takara Biotechnology Co., Ltd.) 
on an Applied Biosystems 7500 fast Real-Time PCR System 
(Thermo Fisher Scientific, Inc.). The following PCR reaction 
conditions were used: 95˚C for 30 sec, followed by 40 cycles 
consisting of 95˚C for 5 sec and 60˚C for 30 sec. Melting 
curve analysis was performed from 60˚C to 95˚C to assess the 
specificity of PCR products. All RT-qPCR primer sequences 
are listed in Table I. The expression level of each gene was 
evaluated using the comparative Cq method (23), and β-actin 
mRNA levels were used as a normalization control.

Western blot analysis. Cells were lysed in RIPA lysis buffer 
(Beyotime Institute of Biotechnology) supplemented with 
1 mM PMSF (Beyotime Institute of Biotechnology). This lysate 
was centrifuged at 12,000 x g for 15 min at 4˚C and superna-
tant was harvested. Protein concentration was measured using 
BCA reagent (Thermo Fisher Scientific, Inc.). Protein extracts 
(50 µg) underwent 10% SDS-PAGE and transferred to a nitro-
cellulose membrane (Merck KGaA). These membranes were 
soaked in 5% non-fat dry milk for 2 h at 4˚C and incubated with 
primary antibodies against HIF-1α (1:800, ab113642; Abcam, 
Cambridge, UK), HES1 (1:500, ab71559; Abcam), NOTCH3 
(1:800, sc515825; Santa Cruz Biotechnology, Inc., Dallas, 
TX, USA), JAGGED1 (JAG1; 1:500, #70109; Cell Signaling 
Technology, Inc., Danvers, MA, USA), JAGGED2 (JAG2; 
1:500, #2210; Cell Signaling Technology, Inc.), Delta-like 1 
(DLL1; 1:800, MAB1818; R&D Systems, Inc., Minneapolis, 
MN, USA), epithelial-cadherin (E-cadherin; 1:800, ab15148; 
Abcam), neural-cadherin (N-cadherin; 1:800, ab98952; 
Abcam), vimentin (1:800, #5741; Cell Signaling Technology, 
Inc.), and β-actin (1:1000, ab227387; Abcam) overnight at 4˚C. 
Next, membranes were incubated with horseradish peroxidase-
conjugated secondary goat anti-mouse (1:2000, HAF007; 
R&D Systems, Inc.) or goat anti-rabbit IgG antibodies (1:2000, 
HAF008; R&D Systems, Inc.) at 37˚C for 2 h. Immunoreactive 
protein bands were visualized using a chemiluminescence 
assay (Beyotime Institute of Biotechnology).

Immunofluorescence analyses. Following the indicated 
treatments, breast cancer cells were rinsed with PBS twice, 
fixed in fresh 4% paraformaldehyde for 30 min at 37˚C, and 
permeabilized with 0.2% Triton X-100 (Sigma-Aldrich; Merck 

KGaA). Cells were blocked with 5% BSA (Sigma-Aldrich; 
Merck KGaA) in PBS at 37˚C for 30 min and incubated over-
night with primary antibodies against E-cadherin, N-cadherin 
and vimentin (all diluted 1:100) at 4˚C. It was followed by 
incubation with secondary FITC-conjugated goat anti-rabbit 
IgG antibody (1:200, AP307F; Chemicon International, Inc., 
Temecula, CA, USA) or tetramethylrhodamine-conjugated 
goat anti-mouse IgG antibody (1:200, AP500R; Chemicon 
International, Inc.) for 30 min at room temperature, and then 
counterstained with DAPI prior to observation. The target 
protein appeared green and the nuclei appeared blue, as visual-
ized by a fluorescence microscope (Olympus BX43; Olympus 
Corporation, Tokyo, Japan) at x200 magnification. Image-Pro 
Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, 
USA) was used to process the images.

Statistical analysis. All data were analyzed using SPSS 21.0 
(IBM Corp., Armonk, NY, USA) or GraphPad Prism version 5.0 
(GraphPad Software, Inc., La Jolla, CA, USA). Data were 
obtained from at least three independent experiments and 
presented as mean ± standard deviation. One-way ANOVA and 
Dunnett's test was used for the comparison of means between 
groups. Unpaired Student's t-tests were used to compare between 
two groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Lutein suppresses the viability and induces the apoptosis of 
breast cancer cells under normoxia and hypoxia. To deter-
mine whether lutein affects cell viability, MDA-MB-157 and 
MCF-7 human breast cancer cells were treated with 5-120 µM 
lutein for 24 h under normoxia and hypoxia. As presented 
in Fig. 1A and B, lutein markedly decreased cell viability 
in a concentration-dependent manner under normoxia and 
hypoxia. Hypoxia alone induced a lower inhibitory rate with 
lutein intervention than normoxia did in MDA-MB-157 and 
MCF-7 cells, and low oxygen exposure improved the IC50 
of lutein in breast cancer cells (Fig. 1C). The Annexin V-PI 
assay was used to detect the extent of apoptosis induced by 
lutein in MDA-MB-157 and MCF-7 cells (Fig. 1D). Apoptosis 
was increased in cells treated with lutein compared with 
the untreated control. Similarly, hypoxia, compared with 
normoxia, inhibited cell apoptosis. These results suggested 
that lutein treatment inhibited the viability and promoted the 
apoptosis of MDA-MB-157 and MCF-7 cells under normoxia 
and hypoxia. Furthermore, hypoxia increased the viability of 
cancer cells compared with normoxia.

Antitumor effects of lutein are mediated through down-
regulation of HES1. HES1 is involved in the regulation of 
cell cycle, growth, differentiation, invasion, and apoptosis in 
various cancers (12,13). Therefore, the involvement of HES1 
in the effects of lutein on tumor inhibition were investigated. 
The results revealed that mRNA and protein levels of HES1 
were significantly upregulated under hypoxia compared with 
normoxia, and lutein intervention decreased the expression of 
HES1 (Fig. 2). To investigate whether downregulation of HES1 
was a mechanism underlying the antitumor effects of lutein, 
HES1 mRNA and protein was transiently overexpressed in 
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Figure 1. LUT inhibited cell viability and induced apoptosis in breast cancer cells under normoxia and hypoxia. Cell viability in (A) MDA-MB-157 and 
(B) MCF-7 cells was measured after 24 h of treatment with increasing concentrations of LUT under normoxia or hypoxia. (C) Comparison of IC50 values of 
MDA-MB-157 and MCF-7 cells following LUT treatment under normoxia or hypoxia, according to the MTT assay. *P<0.05 and **P<0.01 compared with the 
normoxia group. (D) MDA-MB-157 and MCF-7 cells were treated with increasing concentrations of LUT under normoxia or hypoxia for 24 h and apoptosis 
was analyzed using flow cytometry, with (E) quantification. *P<0.05 and **P<0.01 compared with the hypoxia group. Double-staining with Annexin V-FITC 
and PI was performed to detect the ratio of apoptotic cells. The results were presented as the mean ± standard deviation of triplicate experiments. LUT, lutein; 
IC50, half maximal inhibitory concentration; FITC, fluorescein isothiocyanate; PI, propidium iodide.

Figure 2. LUT mediates its antitumor effects through downregulation of HES1. Reverse transcription-quantitative polymerase chain reaction analysis demon-
strating the effects of Lut (40 µM) on hypoxia-induced mRNA expression of HES1 in (A) MDA-MB-157 and (B) MCF-7 cells following transient transfection 
with HES1 overexpression vectors or empty vectors. Western blotting demonstrating the effects of LUT (40 µM) on hypoxia-induced protein levels of HES1 in 
(C) MDA-MB-157 and (D) MCF-7 cells following transient transfection with HES1 overexpression vectors or empty vectors. The results were presented as the 
mean ± standard deviation of triplicate experiments. *P<0.05 and **P<0.01, with comparisons indicated by lines. LUT, lutein; HES1, hairy and enhancer of split 1.
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Figure 3. LUT inhibits hypoxia-induced EMT of breast cancer cells. Reverse transcription-quantitative polymerase chain reaction analysis of mRNA 
expression of EMT-associated genes (E-cadherin, N-cadherin, and vimentin) in (A) MDA-MB-157 or (B) MCF-7 cells stimulated with LUT (40 µM) 
and subsequently transiently transfected with HES1 overexpression vectors or empty vectors under normoxia or hypoxia. Western blot analysis of EMT-
associated proteins (E-cadherin, N-cadherin, and vimentin) in (C) MDA-MB-157 or (D) MCF-7 cells stimulated with LUT (40 µM) and subsequently 
transiently transfected with HES1 overexpression vector or empty vector under normoxia or hypoxia. (E) MDA-MB-157 and MCF-7 cells were stimulated 
with LUT (40 µM) and subsequently transiently transfected with HES1 overexpression vectors or empty vectors under normoxia or hypoxia as indicated. 
Expression levels of EMT-associated proteins (E-cadherin, N-cadherin, and vimentin) was visualized by immunofluorescence (x200 magnification). Green 
fluorescence indicates E-cadherin or vimentin expression. Red fluorescence indicates N-cadherin expression, and blue denotes nuclear DNA staining by 
DAPI. The results were presented as the mean ± standard deviation of triplicate experiments. *P<0.05 and **P<0.01, with comparisons indicated by lines. 
LUT, lutein; EMT, epithelial-mesenchymal transition; HES1, hairy and enhancer of split 1; E-cadherin, epithelial cadherin; N-cadherin, neural cadherin.
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lutein-treated MDA-MB-157 and MCF-7 cells using HES1 
overexpression vectors (Fig. 2). These results suggested that 
the antitumor effects of lutein were associated with a decrease 
in HES1 expression, which was reversed by overexpression of 
HES1.

Lutein inhibits hypoxia-induced EMT in breast cancer cells. 
EMT is considered a key phenomenon that promotes tumor 
invasion and metastasis. Expression of HES1 is sufficient to 
promote EMT along with the invasive and metastatic potential 
of cancer cells (12,17). As presented in Fig 3A, RT-qPCR 
and western blotting revealed that treatment with lutein 
significantly increased the expression of epithelial markers 
(E-cadherin) and abrogated the expression of mesenchymal 
markers (vimentin and N-cadherin) in MDA-MB-157 and 
MCF-7 cells (Fig. 3A-D). The changes in the expression of the 
EMT phenotype due to lutein interference in MDA-MB-157 
and MCF-7 cell lines were further confirmed using immu-
nocytochemistry (Fig. 3E). Next, the effects of lutein on cell 
invasion and motility were also investigated in breast cancer 
cells under hypoxia, using Transwell and wound healing 
assays (Fig. 4). The Transwell assay indicated that the inva-
siveness of MDA-MB-157 and MCF-7 cells under hypoxia 
was significantly inhibited by lutein treatment (Fig. 4A and B). 

The spread of lutein-treated MDA-MB-157 and MCF-7 cells 
along the wound edges was significantly slower compared 
with control cells (Fig. 4C and D). This indicated that lutein 
significantly decreased the invasion and migration abilities 
of cells compared with those of control cells under hypoxia. 
Lutein-induced inhibition of EMT was significantly reversed 
by overexpression of HES1 (Fig. 3A-D). Furthermore, the 
lutein-induced decrease in invasion and migration was notably 
inhibited by overexpression of HES1 (Fig. 4). Taken together, 
these results indicated that lutein effectively suppressed the 
induction of EMT and prevented the accompanying increase 
in invasiveness and metastasis of breast cancer cells by down-
regulating HES1.

Lutein suppresses the expression of HIF-1α and downstream 
NOTCH signaling pathway. Under hypoxia, activation 
of HIF-1α potentiates NOTCH signaling by upregulating 
the expression of NOTCH receptors and ligands, which 
in turn induces the expression of the NOTCH target gene 
HES1 (24,25). To determine whether the effect of lutein on 
HES1 expression was mediated by HIF-1α transcription factor 
through the NOTCH signaling pathway, the expression level 
of HIF-1α, NOTCH3 and NOTCH ligands (JAG1, JAG2, 
and DLL1) was examined. As presented in Fig. 5, hypoxia 

Figure 4. LUT inhibits cellular invasion and migration through inhibition of the epithelial-mesenchymal transition process. (A) Invasion was measured by 
Transwell invasion assays in MDA-MB-157 and MCF-7 cells stimulated with LUT (40 µM) and subsequently transiently transfected with HES1 overexpression 
vectors or empty vectors under normoxia or hypoxia (x200 magnification), with (B) quantification. (C) Migration was measured by wound healing analysis in 
MDA-MB-157 and MCF-7 cells stimulated with LUT (40 µM) and subsequently transiently transfected with HES1 overexpression vectors or empty vectors 
under normoxia or hypoxia (x40 magnification). (D) Migrated cells in the migration assays were measured and normalized to those at 0 h. The results were 
presented as the mean ± standard deviation of triplicate experiments. *P<0.05 and **P<0.01, with comparisons indicated by lines. LUT, lutein; HES1, hairy and 
enhancer of split 1.
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increased the expression levels of HIF-1α, NOTCH3, JAG1, 
JAG2, and DLL1, which were significantly accumulated 
in the two breast cancer cell lines compared with those 

under normoxia. Lutein decreased hypoxia-induced HIF-1α 
protein expression, however, no significant difference in 
HIF-1α mRNA expression was detected in MDA-MB-157 

Figure 5. LUT suppresses the expression of HIF-1α and the downstream NOTCH signaling pathway. Reverse transcription-quantitative polymerase chain 
reaction analysis demonstrating the relative mRNA expression of the indicated HIF-1α/NOTCH3 signaling related genes in (A) MDA-MB-157 or (B) MCF-7 
cells with or without LUT (40 µM) treatment under normoxia or hypoxia for 24 h. Western blot analysis of the expression of the indicated HIF-1α/NOTCH3 
signaling proteins in (C) MDA-MB-157 or (D) MCF-7 cells with or without LUT (40 µM) treatment under normoxia or hypoxia for 24 h. The results were 
presented as the mean ± standard deviation of triplicate experiments. *P<0.05 and **P<0.01, with comparisons indicated by lines. LUT, lutein; HIF-1α, hypoxia 
inducible factor 1α; JAG, JAGGED; DLL1, delta-like 1.

Figure 6. LUT suppresses the expression of HIF-1α by decreasing the hypoxia-induced production of ROS in breast cancer cells. Reverse transcription-
quantitative polymerase chain reaction analysis demonstrating the relative mRNA levels of HIF-1α, NOTCH3 and HES1 in (A) MDA-MB-157 or (B) MCF-7 
cells under the indicated treatment conditions for 24 h. (C) Production of ROS in MDA-MB-157 or MCF-7 cells, measured by flow cytometry, under the 
indicated treatments for 24 h. Western blot analysis of the expression of HIF-1α, NOTCH3 and HES1 in (D) MDA-MB-157 or (E) MCF-7 cells under the 
indicated treatments for 24 h. The results were presented as the mean ± standard deviation of triplicate experiments. *P<0.05 and **P<0.01, with comparisons 
indicated by lines. LUT, lutein; HIF-1α, hypoxia inducible factor 1α; ROS, reactive oxygen species; HES1, hairy and enhancer of split 1.
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and MCF-7 cells (Fig. 5A and B). This result indicated that 
lutein inhibited hypoxia-induced HIF-1α protein expression 
in a post-transcriptional manner, and subsequently suppressed 
NOTCH receptors and ligands. These results revealed that 
lutein downregulated HES1 by suppressing hypoxia-induced 
HIF-1α expression at the protein level, and by suppressing 
NOTCH signaling expression at the mRNA and protein levels.

Lutein inhibits the expression of HIF-1α by decreasing the 
hypoxia-induced production of ROS in breast cancer cells. 
Previous studies have suggested that stabilization of HIF-1α in 
low oxygen conditions is associated with an increase in ROS 
levels (26). To investigate whether lutein-induced downregu-
lation of HIF-1α and the NOTCH pathway in breast cancer 
cells under hypoxia is associated with ROS scavenging, the 
cells were treated under hypoxic conditions with 5 mM H2O2, 
20 mM NAC and 40 mM lutein, respectively. The effect of 
hypoxia on intracellular ROS production was detected by flow 
cytometry. As presented in Fig. 6, cellular ROS levels under 
hypoxic conditions exposed to H2O2 were increased compared 
with those in the untreated control cells (Fig. 6C). Conversely, 
treatment with lutein and NAC (a known ROS scavenger) 
effectively reduced ROS levels in MDA-MB-157 and MCF-7 
cells under hypoxia. Next, the association between the ROS 
accumulation and differential expression of HIF-1α, NOTCH3, 
and HES1 was determined using RT-qPCR and western blot 
analysis (Fig. 6). The mRNA levels of HIF-1α were not signifi-
cantly altered in response to ROS (Fig. 6A and B). The mRNA 
level of NOTCH3 and HES1 was significantly increased under 
hypoxia and H2O2 interference compared with the untreated 
control, but significantly decreased following treatment with 
lutein and NAC under hypoxia (Fig. 6A and B). Western blot 
analysis revealed that hypoxia and the H2O2-induced increase 
in cellular ROS levels significantly upregulated protein levels 
of HIF-1α, NOTCH components and HES1 compared with 
those in control cells. However, expression of these proteins 
was markedly suppressed following lutein and NAC treat-
ment (Fig. 6D and E). Taken together, these results suggested 
that the increase of cellular ROS levels activated HIF-1α, as 
well as its downstream signaling under hypoxia, while lutein 
decreased the expression of HIF-1α via the suppression of 
hypoxia-driven ROS in breast cancer cells.

Discussion

Due to improvements in screening, diagnostics, surgery and 
chemotherapeutic options, the mortality rate of breast cancer 
has abated over the last decade (7). However, metastatic breast 
cancer is heterogeneous and has a high mortality rate due to 
its inherently aggressive biology. Previous studies have deter-
mined that lutein suppresses multiple types of tumor, and the 
antitumor effects of lutein have been associated with a decline 
in proliferative signals and growth suppression (21,22,27). 
Previous studies have focused on the associations between 
lutein and hypoxia. However, the mechanism underlying 
lutein-induced interference with the progression of breast 
cancer under hypoxic conditions remains unknown. The 
results of the present study confirmed that lutein was able to 
significantly inhibit the proliferation of human breast cancer 
cells in a concentration-dependent manner, by suppressing the 

proliferation, invasion, and migration of cells under hypoxia 
and normoxia.

It has previously been suggested that HES1 is a crucial 
transcription factor in cancer cells, and its upregulation is 
associated with cancer initiation, cell differentiation, tumor 
malignancy and tumorigenicity of cancer stem cells (13). These 
events contribute to the malignancy of cancer cells (28). The 
present study, consistent with previous studies (14,24), demon-
strated that HES1 expression levels increased in breast cancer 
cells under hypoxia compared with normoxia. Furthermore, 
hypoxia-induced HES1 accumulation was inhibited following 
lutein treatment, and lutein-induced decrement in HES1 
expression was associated with the inhibition of cell prolifera-
tion under hypoxia. To confirm the involvement of HES1 in 
lutein-mediated antitumor effects under hypoxia, HES1 was 
overexpressed by transfecting breast cancer cells with HES1 
overexpression constructs. Overexpression of HES1 reversed 
the antitumor effects of lutein.

Notably, HES1 has also been implicated in EMT-induced 
tumor invasion and metastasis, which facilitates the loss of cell 
adhesion and increases motility and survival in the detached 
condition (17,29). A previous study has suggested that HES1 
facilitates EMT processes by activating the protein kinase B/
phosphatase and tensin homolog axis, which has critical effects 
on the regulation of EMT in tumors (17). It is imperative to 
study the effects of lutein on EMT. Upregulation of Snail, Zinc 
finger E-box binding homeobox and Twist families, which are 
the direct transcriptional disruptors of E-cadherin (a marker of 
epithelial cells), and upregulation of mesenchymal molecular 
markers (including vimentin, N-cadherin and fibronectin) 
are fundamental molecular events in EMT progression (30). 
The results of the present study indicated that lutein interfer-
ence notably increased cell-cell interaction by upregulating 
E-cadherin, and maintained steady-state by downregulating 
N-cadherin and vimentin in breast cancer cells. Therefore, 
these results indicated that lutein-induced inhibition of EMT is 
mediated by suppression of HES1. In addition, lutein-induced 
inhibition of cancer cell invasion and migration was observed, 
which was consistent with the EMT-associated features of 
cancer cells.

The regulation of HES1 is mediated by NOTCH signaling, 
which is a prominent canonical pathway that serves important 
functions in proliferation, invasion and apoptosis in cancer 
cells (31). Accumulating evidence indicates that phenotypes in 
malignant tumors are often accompanied by activated NOTCH 
signaling and elevated HES1, which are blocked by treatment 
with γ-secretase inhibitors (31). NOTCH intracellular domain 
(NICD) is released and translocated within the nucleus, 
where it facilitates transcription by binding with ligands of 
the NOTCH receptor (JAG1, JAG2 and DLL1, 3 and 4) (12). 
Previous studies have suggested a novel intersection 
between NOTCH signaling and HIF-1α. HIF-1α induces the 
upregulation of the NOTCH ligand DLL4 gene, increases 
γ-secretase complex activity and mediates the stabilization of 
transcriptionally-active NICD (25). However, the mechanism 
underlying lutein-induced inhibition of HES1 remains to be 
fully understood. In the present study, HIF-1α was observed to 
accumulate in breast cancer cells under hypoxia and to activate 
NOTCH signaling, which in turn induces the expression of the 
NOTCH target gene HES1 through NOTCH3 and NOTCH 
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ligands in these cells. Meanwhile, treatment with lutein 
reversed hypoxia-induced upregulation of HIF-1α and the 
NOTCH signaling pathway. Consequently, NOTCH-induced 
HES1 expression also decreased.

Increases in the rate of cellular metabolism and oxygen 
consumption have been attributed to hypoxic conditions in 
the center of breast cancer tissues, and these conditions exac-
erbate sprout angiogenesis and increase cancer invasiveness. 
ROS, including hydrogen peroxides, superoxide, hydroxyl 
radical and singlet oxygen, are chemically reactive molecules 
arising from miscellaneous enzymatic processes and the 
mitochondrial respiratory chain (32). Malignant cancer 
cells show elevated steady-state ROS stress compared with 
healthy cells, partly due to its involvement in tumorigenesis 
and oncogenic stimulation (11). Numerous oncogenic factors 
interact with high levels of ROS and promote the prolif-
eration, invasion and metastasis of tumor cells. Previous 
studies have indicated that ROS are not only produced in 
hyperoxic conditions, but also under hypoxia (32). Hypoxia 
leads to an increase in the production of ROS from different 
sources, including mitochondrial transport of electrons, 
NADPH oxidase and xanthine oxidase. ROS are involved 
in diverse biological and pathological activities. ROS levels 
are frequently high in cancer cells and regulate cancer cell 
proliferation, invasion, and apoptosis (33,34). Moderate ROS 
levels activate a cascade of signals as a secondary messenger, 
and regulate responses to various stimulations (33). Previous 
studies have demonstrated that ROS serve an important 
modulatory function in the mediation of HIF-1α activity 
under hypoxia in vivo as well as in vitro (11). ROS production 
is required for the direct or indirect regulation of transloca-
tion, activation, and degradation of HIF-1α via PHD family 
modification in response to hypoxia (9). To confirm whether 
lutein suppresses hypoxia-induced HIF-1α as well as its 
downstream pathways, NOTCH signaling and HES1, our 
group also evaluated the effect of NAC and H2O2 in breast 
cancer cells under hypoxia. The results indicated that H2O2 
exposure was responsible for the elevated ROS levels and 
increased HIF-1α expression, which subsequently increased 
the expression of NOTCH signaling molecules and HES1, 
while the effect of NAC was the opposite. These results 
suggested that, compared with NAC, the effect of lutein-
induced HIF-1α expression is attributable to the reduction of 
ROS under hypoxia; as this effect was reversible when ROS 
levels were elevated by H2O2.

In conclusion, the results of the present study demonstrated 
that lutein suppressed hypoxia-induced proliferation, invasion, 
and migration of breast cancer cells in vitro by decreasing 
HES1 expression. Lutein markedly suppressed hypoxia-
induced ROS levels, which is essential for the stability of 
HIF-1α. Subsequently, lutein inhibited HES1 expression 
through the NOTCH signaling pathway in breast cancer cells. 
Furthermore, lutein-induced HES1 inhibition contributed to 
inhibition of EMT, a process in various malignant tumors 
that is associated with increased invasion and migration. 
These results provide insight into the molecular mechanisms 
underlying the regulation of HES1 by lutein through HIF-1α 
and NOTCH signaling, suggesting that lutein may be used 
as a potential agent for the development of novel therapeutic 
approaches for the treatment of breast cancer in the future.
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