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Background: Breast cancer is one of the most malignant tumors worldwide. The natural flavonoid diosmetin has been re-
ported to exhibit various pharmacological activities, including anti-cancer effects. This study aimed to investi-
gate the anti-breast cancer effects of diosmetin on MDA-MB-231 cells and to explore the underlying molecu-
lar mechanisms of cell apoptosis.

Material/Methods: The MDA-MB-231 cells were incubated with diosmetin for 24 h. Then, cell viability and lactate dehydrogenase
(LDH) leakage were detected using CCK-8 and LDH assay kits, respectively. Inverted fluorescence microscopy
and flow cytometry were used to measure the mitochondrial membrane potential (MMP) and intracellular re-
active oxygen species (ROS). Cell apoptosis and cell cycle were determined by flow cytometry. The expressions
of apoptosis and cell cycle-related genes were determined by Western blotting and gRT-PCR.

Results: The results revealed that diosmetin exerts significant cytotoxic effects on MDA-MB-231 cells, as indicated by
decreased cell viability, increased intracellular ROS accumulation and LDH release, as well as cell cycle arrest in
G0/G1 phase, inducing mitochondrial dysfunction and apoptosis. Moreover, diosmetin treatment significantly
downregulated the expression levels of Bcl-2 and Cyclin D1, and upregulated that of p53, Bax, caspase 3, cleaved
caspase 9, and cleaved caspase 3.

Conclusions: These findings demonstrate that diosmetin has anti-proliferative and pro-apoptotic activities against MDA-
MB-231 cells via cell cycle arrest and the mitochondria-mediated intrinsic apoptotic pathway. Our results ex-
tend the understanding of the anti-tumor mechanism of diosmetin and suggest that it may be of use as an ac-
tive natural agent for the prevention or treatment of human breast cancer.

MeSH Keywords: Apoptosis ¢ Breast Neoplasms ¢ Cell Cycle Checkpoints ¢ Reactive Oxygen Species

Full-text PDF: https://www.medscimonit.com/abstract/index/idArt/914058

%2554 EEI MEI4 %39

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]




LAB/IN VITRO RESEARCH

Background

Breast cancer, the most common malignancy, is a heteroge-
neous disease and the major cause of cancer death in fe-
males throughout the world. Breast cancer can be classified
into several subtypes based on gene expression profiling [1].
Furthermore, triple-negative breast cancer (TNBC) is one of
the most malignant subtypes without a progesterone receptor,
estrogen receptor, and human epidermal growth factor recep-
tor 2. Although many cancers initially respond to chemother-
apy, TNBC cells may have acquired or intrinsic resistance to
current therapies, and the high toxicity and adverse effects of
chemotherapeutics are major obstacles in breast cancer treat-
ment. Therefore, discovery and development of new alterna-
tive drugs are urgently needed to expand overall survival and
improve quality of life of TNBC patients.

Herbal medicines have been used to treat cancer patients for
many centuries. Many natural phytochemicals from herbal
medicines have shown anti-cancer potential, and they are
suggested for use as complementary or alternative anti-tumor
agents [2]. These natural products exhibit anti-tumor activity
through various mechanisms, such as inhibiting cell prolifera-
tion via cell cycle arrest and triggering apoptosis through high
expression of pro-apoptotic proteins [3,4].

Diosmetin (3’,5,7-trihydroxy-4’-methoxyflavone), a natural fla-
vonoid, has been isolated from some citrus fruits and medic-
inal herbs. Recently, we confirmed that diosmetin displayed
cytoprotective effects on oxidative-damaged LO2 cells via the
Nrf2-ARE signaling pathway [5]. Previous pharmacological
analyses have demonstrated that diosmetin exhibits anti-tu-
mor activity against various cancer cell lines, such as human
prostate cancer, hepatocellular carcinoma cell line HepG2 [6,7],
SK-HEP-1 and MHcc97H HCC [8], lung cancer radio-resistant
cell line A549/IR [9], human colon cancer cell Colon205 [10],
and human breast cancer cell lines MCF-7 [11] and MDA-MB
468 [12]. However, so far, few studies have focused on the
anti-proliferation and pro-apoptotic activities of diosmetin on
breast cancer cells.

In this study, we aimed to demonstrate the chemopreventive
and therapeutic effects of diosmetin on the TNBC cell line MDA-
MB-231, and to elucidate the potential molecular mechanisms
underpinning this process.

Material and Methods

Chemicals and reagents

Diosmetin was purchased from Zelang Medical Biotech Co.
(Nanjing, China). The stock solution was dissolved in dimethyl
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sulfoxide (DMSO, Sigma-Aldrich; Merck KGaA), and working
solutions were freshly diluted in the culture media prior to
experimentation. DMSO concentrations did not exceed 0.1%.
Rhodamine 123(Rh123) was purchased from Sigma-Aldrich.

Cell culture

The human breast cancer cell line MDA-MB-231 was purchased
from the Cell Bank of Shanghai Institute for Biological Sciences
(Shanghai, China). The cells were maintained at 37°C in DMEM
(Gibco, USA) supplemented with 10% fetal bovine serum (FBS)
(HyClone, USA) and 1% penicillin-streptomycin in a humidified
atmosphere containing 5% CO..

Cell viability and lactate dehydrogenase (LDH) leakage
assays

Cells (5x103 cells/well) were seeded in 96-well plates, then in-
cubated with 5, 10, 20, 30, 40, 50, 60, and 70 pM diosmetin
for 24 h, and the cells treated with DMSO alone served as the
control. Cell viability was determined with Cell Counting kit-8
(CCK-8; Dojindo, Kumamoto, Japan) colorimetric assay using
a microplate reader (Bio-Tek, USA). The LDH concentration was
detected using an LDH assay kit according to the manufactur-
er’s protocol (Jiancheng, Nanjing, China).

Detection of cell cycle and cell apoptosis

Cells (2x10° cells/well) were seeded in 6-well plates, then
treated with diosmetin (0, 10, 30, and 50 puM) for 24 h at
37°C. Cells were fixed with 70% ethanol at —20°C overnight.
The cells were then stained with propidium iodide (50 pg/mL)
after treatment with RNaseA (100 pg/mL). The DNA content
of 10 000 cells was measured by a BD Accuri C6 flow cytom-
etry (BD Biosciences, CA).

The proportions of apoptotic cells were measured using an
Annexin V-FITC Apoptosis Kit (Beyotime, Shanghai, China).
In brief, cells were seeded in 6-well plates at a density of
2x10° cells/well overnight, and treated with diosmetin for 24 h.
Subsequently, the floating and adherent cells were centrifuged
at 1000 rpm for 5 min, and incubated with Annexin V-FITC and
Pl in the dark for 25 min at room temperature. Samples were
then analyzed immediately using a BD Accuri C6 flow cytometer.

Measurement of mitochondrial membrane potential (MMP)
and intracellular reactive oxygen species (ROS)

The alteration of cellular MMP was evaluated using Rhodamine
123 (Rh123), and the generation of ROS was detected using
2’,7’-Dichlorodihydrofluorescein diacetate (DCFH-DA; Beyotime,
Shanghai, China). The cells of 2x10° cells/well were planted
in 6-well plates and cultured overnight, exposed to diosmetin
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Table 1. Primer sequences used.

Gene Primer sequences (5’-3°) Length (bp)

F: CTCTCCCACCAACATCCACT

R: TGATTTTGGAGGGATCTCGC

(0, 10, 30, and 50 pM) at 37°C for 24 h, washed, and finally
incubated with Rh123 (1 uM) or DCFH-DA (10 pM) in the dark
for 30 min at 37°C. Then, fluorescence intensities of 1x10* cells
were analyzed immediately by a BD Accuri C6 flow cytometer
using BD Accuri™ C6 1.0.264.21 software (BD Biosciences, CA).

The cells (5x10* cells/well) were plated in 24-well plates, and
then treated as described above. After incubation, the cells
were stained by Rh123 (1uM) for 30 min or DCFH-DA (10 pM)
for 20 min at 37°C in the dark and photographed using a flu-
orescence microscope (Olympus, Tokyo, Japan).

Quantitative real-time PCR (qRT-PCR)

Total RNAs of all samples were extracted by TRIzol reagent
(Invitrogen, MA), and were reverse-transcribed into cDNA using
an RT reagent kit (Takara, Otsu, Japan). Quantitative PCR was
performed using SYBR Premix Ex Taq Il (Takara, Otsu, Japan),
and GAPDH was used as an internal control to normalize the
relative gene expression levels. The primers used for gRT-PCR
are listed in Table 1.

Western blot analysis

Cells from treatment and control groups were lysed in RIPA
buffer (Beyotime, Shanghai, China). The BCA assay was used to
determine the protein concentrations of all samples. Forty pg/
lane of proteins were separated on 10% SDS-PAGE and trans-
ferred onto PVDF membranes (Millipore, MA). The membranes
were incubated with primary monoclonal antibody anti-cas-
pase 3 (1: 1000; CST, #14220), anti-cleaved caspase 3 (1: 1000;
CST, #9661), anti-cleaved caspase 9 (1: 1000; CST, #52873),
anti-p53 (1: 1000; CST, #2527), anti-CyclinD1 (1: 10 000;
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Abcam, ab134175), anti-Bax (1: 2000; Abcam, ab182733), anti-
Bcl-2 (1: 1000; Abcam, ab32124), or B-actin (1: 5000; Affinity,
T0022;) overnight at 4°C. The membranes were then rinsed
3 times and incubated with HRP-conjugated secondary anti-
bodies (1: 6000) at room temperature for 1 h. The respective
proteins were detected using enhanced chemiluminescence
(Bio-Rad ChemiDoc XRS; CA).

Statistical analysis

Statistical analysis was performed using SPSS 16.0 software
(SPSS, Inc., Chicago, IL). Data are expressed as mean + SD of
3 independent experiments. Statistical significance was an-
alyzed using one-way analysis of variance (ANOVA) and the
least significant difference test. A difference was considered
to be significant at P<0.05.

Results

Diosmetin induces cell proliferation inhibition, LDH
release, and apoptosis in MDA-MB-231 cells

Diosmetin significantly reduced the cell viability of MDA-
MB-231 cells in a concentration-dependent manner (P<0.01)
(Figure 1A). The LDH release levels were increased significantly
compared with the control group (P<0.01) in a concentration-
dependent manner (Figure 1B). These results of cell viability
and LDH release assays indicated that diosmetin exerted cy-
totoxic effects on the MDA-MB-231 cells; therefore, 3 concen-
trations of diosmetin — 10 pM, 30 pM, and 50 yM — were se-
lected for further analysis.

To determine whether decreased proliferation and increased
LDH release were associated with apoptosis, the apoptotic
effects of diosmetin on MDA-MB-231 cells were investigated.
As shown in Figure 1C and 1D, diosmetin noticeably reduced
the number of surviving cells and significantly increased the
percentage of apoptotic and dead cells as compared with the
control group (P< 0.01 or P<0.001).

Diosmetin causes mitochondrial dysfunction

Mitochondrial function plays a key role during cell apoptosis.
MMP change mostly occurs in the early phase of apoptosis
caused by drugs. In this study, as presented in Figure 2B and 2C,
the loss of MMP after treatment with diosmetin occurred in
a concentration-dependent manner (P<0.05 or P<0.01). The flu-
orescence intensity of Rh123 also decreased in the dose-de-
pendent manner (Figure 2A), indicating that diosmetin caused
the loss of MMP in MDA-MB-231 cells.
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Figure 1. Diosmetin induced cytotoxicity and apoptosis in MDA-MB-231 cells. (A) Cell viabilities were detected by Cell Counting kit-8
assay. (B) LDH levels in the culture medium were measured with an LDH assay kit. (C) Apoptotic rates were assessed using
Annexin V-FITC/PI by flow cytometry. (D) Quantitative analysis of apoptotic rates. All data are expressed as mean +SD of
3 independent experiments. ** P<0.01 and *** P<0.001 compared to the control group.

Diosmetin provokes ROS accumulation in MDA-MB-231
cells

Intracellular ROS production is reported to be related to vari-
ous stresses, and can affect the fate of cancer cells, including
apoptosis and cell cycle arrest. As shown in Figure 3B and 3C,
the intracellular ROS levels were significantly increased in
MDA-MB-231 cells after treatment with different concentra-
tions of diosmetin for 24 h (P<0.001), and the levels of ROS
treated with 10, 30, and 50 pM diosmetin were approximately
2.89, 4.74, and 7.74 times higher, respectively, than that of
the control group.

To directly evaluate the accumulation of ROS, DCFH-DA-
labeled cells were observed under a fluorescence micro-
scope (Figure 3A). As expected, the fluorescence intensity of
ROS was enhanced with increased diosmetin concentration.

These observations further supported the result that treatment
with diosmetin provoked the significantly increased ROS gen-
eration in MDA-MB-231 cells.

Diosmetin induces GO/G1 phase arrest in MDA-MB-231
cells

Cell cycle arrest is a common cytotoxic mechanism of anti-can-
cer drugs. As shown in Figure 4A and 4B, the cell cycle of MDA-
MB-231 cells was also affected after diosmetin treatment for
24 h. The GO/G1 population was significantly increased (P<0.01)
in a concentration-dependent manner, from 39.9% in the con-
trol cells to 46.0%, 52.1%, and 55.2% in the 10, 30, and 50 yM
diosmetin-treated cells, respectively. However, the S phase pro-
portion significantly decreased (P<0.01), from 32.2% in the un-
treated cells to 25.4%, 15.6%, and 10.6% in the 10, 30, and
50 yM diosmetin-treated cells, respectively. Compared with
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Figure 2. Diosmetin caused mitochondrial membrane potential (MMP) loss in MDA-MB-231 cells. (A) Representative bright-field and
Rh123 fluorescence photomicrographs were observed under an inverted fluorescence microscope. (B) MMP was determined
with Rh123 by flow cytometry. (C) Quantitative analysis of percentage of MMP loss. The results are expressed as mean +SD
of 3 independent experiments. * P<0.05 and ** P<0.01compared to the control group.

the control cells, the G2/M phase cells treated with 30 and
50 pM diosmetin also increased significantly (P<0.01), which
might indicate that some S phase cells entered into the G2/M
phase. Thus, the cell cycle of MDA-MB-231 cells was arrested
at GO/G1 phase induced by diosmetin.
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Diosmetin regulates the expression of apoptosis- and cell
cycle-related genes

The expressions of apoptosis- and cell cycle-related genes were
all affected by the various concentrations of diosmetin, as de-
tected by qRT-PCR and Western blotting analysis. As shown
in Figures 4C—4E, upon treatment with increasing concentra-
tion of diosmetin, there was a significant rise in the mRNA
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Figure 3. Diosmetin induced reactive oxygen species (ROS) accumulation in MDA-MB-231 cells. (A) Representative bright-field and
DCFH-DA fluorescence photomicrographs were observed under an inverted fluorescence microscope. (B) Intracellular ROS
levels were measured with DCFH-DA by flow cytometry. (C) Quantitative analysis of fold change of ROS production. Data are
expressed as mean +SD of 3 independent experiments. ** P<0.01 and *** P<0.001 compared to the control group.

and protein expression of p53, Bax, and caspase 3 in MDA-
MB-231 cells. Furthermore, diosmetin also induced the cleav-
age of caspase 9 and caspase 3 in MDA-MB-231 cells. The ex-
pression levels of cleaved caspase 9 and cleaved caspase 3
increased markedly in a concentration-dependent manner
(P<0.05 or P<0.01). In contrast, the expression of Bcl-2 and
Cyclin D1 was dose-dependently decreased compared to un-
treated cells. This also indicated that down-regulation of Cyclin

D1 resulted in GO/G1 arrest in MDA-MB-231 cells. The Bax/Bcl-2
mRNA expression ratio increased approximately 1.85-, 2.88-,
and 5.29-fold at concentration of 10, 30, and 50 uM of dios-
metin, respectively, and the Bax/Bcl-2 protein expression ratio
increased by approximately 1.66-, 1.99-, and 2.95-fold, respec-
tively. The increased Bax/Bcl-2 ratio indicated that diosmetin
promoted MDA-MB-231 cell apoptosis via the mitochondria-
mediated intrinsic pathway.
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Figure 4. Effects of diosmetin on cell cycle progression, mRNA and protein expression levels of cell cycle- and apoptosis-related genes
in MDA-MB-231 cells. (A) Cell cycle distribution was analyzed with PI-staining by flow cytometry. (B) The data indicated
the percentage of cells in different phases of the cell cycle. (C) Relative protein expression levels of cell cycle- and apoptosis-
related genes were detected by Western blotting. (D) Scanning densitometry was used for semi-quantitative analysis of
Western blotting. (E) Relative mRNA expression levels of cell cycle- and apoptosis-related genes were analyzed by qRT-PCR.
(F) A schematic diagram of diosmetin mechanism of action for apoptosis. * P<0.05 and ** P<0.01 compared to the control
group.
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Discussion

Breast cancer, especially TNBC, is one of the most malignant
tumors in women throughout the world. There has been grow-
ing interest in searching for natural compounds as cancer pro-
phylactic and therapeutic agents. Diosmetin, a flavonoid found
in citrus fruits and some medicinal herbs, has been found to
display a range of anti-cancer actions, such as inhibiting can-
cer cell proliferation, metastasis, and metabolism, and inducing
apoptosis. Two previous studies demonstrated that diosmetin
possesses cytostatic effects against MCF-7 and MDA-MB-468
cell lines [11,12]. In the present study, we focused on unrav-
eling the chemopreventive and therapeutic action of dios-
metin and deciphered its potential molecular targets in the
MDA-MB-231 cell line. The results showed that diosmetin was
active against MDA-MB-231 cells by decreasing cell viability,
increasing LDH release, and inducing mitochondrial dysfunc-
tion, apoptosis, and GO/G1 phase arrest. Moreover, the anti-
proliferation and pro-apoptotic effects of diosmetin were as-
sociated with the levels of ROS, cell cycle, and expressions of
apoptosis-related genes. To the best of our knowledge, this is
the first study to demonstrate that diosmetin has anti-pro-
liferation and pro-apoptotic activities on MDA-MB-231 cells
through ROS accumulation, cell cycle arrest, and activation of
the intrinsic mitochondrial apoptotic pathway.

Multiple intracellular signal transduction pathways involve the
inhibition of oncogenesis, resulting in cell cycle arrest and then
inducing cell apoptosis [13]. It is well known that p53 plays im-
portant roles in a variety of regulatory mechanisms via the tran-
scriptional activation of target genes, such as p21 and cyclins,
to induce cell cycle arrest [14,15]. Cyclin D1 is a critical regula-
tor of the cyclin family essential for blocking the cell cycle at
the G1/S checkpoint [16,17]. Our study showed that diosme-
tin could block the growth of MDA-MB-231 cells by inducing
the cell cycle arrest at GO/G1 phase. Furthermore, treatment
with diosmetin significantly up-regulated the mRNA and pro-
tein levels of p53 and down-regulated the expression of cy-
clin D1. Therefore, p53 and Cyclin D1 may be the regulators
of cell cycle arrest in diosmetin-treated MDA-MB-231 cells.

Apoptosis, a process of programmed cell death, plays a crucial
role in homeostasis and can be induced and regulated by many
physiological conditions. Dysregulation of apoptosis is consid-
ered as an important cancer hallmark [18], so apoptosis induc-
tion should be the most important potential defense against
cancer. Many studies have revealed that a variety of gene prod-
ucts can promote or block apoptosis [19,20]. In addition to p53,
the intrinsic apoptotic pathway is regulated by the Bcl-2 fam-
ily proteins, especially the ratio of pro-apoptotic protein Bax
and anti-apoptotic protein Bcl-2 [21]. The results of this study
demonstrate that treatment with diosmetin can significantly in-
crease the Bax/Bcl-2 ratio, and the increased ratio of Bax/Bcl-2
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promotes mitochondrial dysfunction, release of some apop-
totic factors, and caspase 9 activation. Then, active caspase 9
cleaves the downstream apoptosis effector caspase 3 [22]. Our
study showed that diosmetin could increase the expression of
p53, Bax/Bcl-2 ratio, cleaved caspase 9, and cleaved caspase 3.
Furthermore, mitochondrial membrane potential (MMP) sharply
decreased in a concentration-dependent manner after diosme-
tin treatment, indicating that diosmetin depolarized mitochon-
dria in MDA-MB-231 cells. Mitochondrial membrane depolar-
ization can result in the release of mitochondrial pro-apoptotic
factors and activation of caspase, ultimately triggering cell apop-
tosis [23,24]. These mitochondrial apoptotic events indicate that
diosmetin can induce apoptosis of MDA-MB-231 cells through
the mitochondria-mediated apoptotic pathway.

ROS are recognized as important signaling molecules in the cel-
lular signal transduction pathway, and excessive ROS produc-
tion may trigger cell damage and play critical roles in inducing
both cell cycle progression and apoptosis [25,26], suggesting
an anti-cancer effect. As expected, diosmetin significantly in-
creased ROS generation in MDA-MB-231 cells. Increased ac-
cumulation of ROS can induce cell cycle arrest, especially in
the GO/G1 phase, and result in cells apoptosis [26-28]. ROS-
mediated oxidative stress is also linked to the loss of MMP [29].
Our findings are consistent with these previous studies, and
suggest that the cytotoxic effects of diosmetin occur through
ROS-mediated modulation of the cell cycle and apoptosis.

The present study demonstrates that diosmetin can suppress
the proliferation and induce apoptosis of MDA-MB-231 cells
via the ROS- and p53-mediated Bax/Bcl-2 signaling pathway,
and induced GO/G1 phase arrest through p53-and cyclin D1-
mediated mechanisms, as illustrated in Figure 4F. These find-
ings provide a theoretical foundation for understanding the
mechanism of the tumor-inhibitory action of diosmetin, and
suggest that it may be used as an active natural agent for the
prevention and treatment of human breast cancer.

Conclusions

This study is the first to demonstrate that diosmetin has anti-
proliferative and pro-apoptotic activities against MDA-MB-231
cells through modulating cell cycle arrest and the mitochon-
dria-mediated intrinsic apoptotic pathway. Therefore, our re-
sults extend the understanding of the anti-tumor mecha-
nism of diosmetin and suggest that it could be used as an
active natural agent for the prevention and treatment of hu-
man breast cancer.
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