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Abstract

Cancer is the second leading cause of death worldwide and there is epidemiological evidence that demonstrates this
tendency is emerging. Naringenin (NGEN) is a trihydroxyflavanone that shows various biological effects such as antioxidant,
anticancer, anti-inflammatory, and antiviral activities. It belongs to flavanone class, which represents flavonoids with a C6-
C3-C6 skeleton. Flavonoids do not exhibit sufficient activity to be used for chemotherapy, however they can be chemically
modified by complexation with metals such as copper (Cu) (II) for instance, in order to be applied for adjuvant therapy. This
study investigated the effects of Cu(II) and 2,29-bipyridine complexation with naringenin on MDA-MB-231 cells. We
demonstrated that naringenin complexed with Cu(II) and 2,29-bipyridine (NGENCuB) was more efficient inhibiting colony
formation, proliferation and migration of MDA-MB-231 tumor cells, than naringenin (NGEN) itself. Furthermore, we verified
that NGENCuB was more effective than NGEN inhibiting pro-MMP9 activity by zymography assays. Finally, through flow
cytometry, we showed that NGENCuB is more efficient than NGEN inducing apoptosis in MDA-MB-231 cells. These results
were confirmed by gene expression analysis in real time PCR. We observed that NGENCuB upregulated the expression of
pro-apoptotic gene caspase-9, but did not change the expression of caspase-8 or anti-apoptotic gene Bcl-2. There are only
few works investigating the effects of Cu(II) complexation with naringenin on tumor cells. To the best of our knowledge, this
is the first work describing the effects of Cu(II) complexation of a flavonoid on MDA-MB-231 breast tumor cells.
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Introduction

Cancer is the second leading cause of death and there are

epidemiological evidences demonstrating that this tendency is

emerging worldwide. Almost 1.4 million women were diagnosed

with breast cancer worldwide in 2008 with approximately 459,000

deaths recorded [1]. Breast cancer is the third most frequent

cancer and one of the most common malignant diseases in women

worldwide. In developing countries, it is the second highest cause

of death in women after cervical cancer [2]. Excluding skin cancer,

breast cancer is the most common malignancy among women,

accounting for nearly 1 in 3 cancers diagnosed among women in

the United States [3]. The Brazilian National Cancer Institute

data show that breast cancer is the leading type of cancer in

women and that, over the past 30 years, mortality has increased

[4]. The number of cancer-related deaths is expected to increase

45% between 2007 and 2030, influenced in part by population

growth and global aging.

In order to treat breast and many other cancer types,

chemotherapy is one of the most extensively studied methods.

However, its efficacy and safety remain a primary concern as well

as its toxicity and other side effects [5,6]. Another reason for

concern regarding this method is the development of chemother-

apy resistance, which is a major obstacle to the effective treatment

of many tumor types, including breast cancer [5]. Tumor cells are

found to adopt multiple mechanisms to resist drugs, such as

decreased uptake, and/or enhanced efflux and altered drug

metabolism. Alteration in drug targets, activation of detoxification

systems, enhanced DNA repair ability, and inhibition of apoptosis

are also cancer cell strategies to resist against chemotherapy drugs

[7].

Analysis of the tumor expression has revealed three breast

cancer sub-types: progesterone receptor-positive (PG-positive),

human epidermal growth factor receptor 2-positive (HER2-

positive) and triple negative breast cancer (TNBC) sub-types [8].

TNBC accounts for about 15% of all breast cancer cases and is
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unresponsive to standard drug regimens like hormone replacement

therapy as well as anti-HER-2 compounds and has a very poor

prognosis [9]. Therefore, the search for new natural products that

may be used as an additional alternative to chemotherapy, in an

attempt to develop more effective drugs with fewer side effects,

especially for TNBC, is of great interest [10].

Flavonoids, a class of polyphenols found in fruits and vegetables,

have been shown to have promising chemopreventive properties

against different cancer types [11–14]. Flavonoids are composed of

several classes such as flavonols, flavonones, flavones, flavanols,

iso-flavonoids, and antho-cyanidins. Naringenin, a metabolite of

naringin [15], is a trihydroxyflavanone that shows various

biological effects such as anticancer [16–20], antioxidant [21–

24], anti-inflammatory [25,26], and antiviral [27,28] activities. It

belongs to the flavanone class of flavonoids and has a C6-C3-C6

skeleton. The biological activities of flavonoids depend on the

degree of condensation in their structures and the position and

number of substitutions, such as hydroxy groups, glucosides,

isoprenyl units, homodimers, and heterodimers.

The success of cisplatin and its derivatives as anticancer agents

has stimulated the development of new metal-based compounds.

However, tumors usually become resistant to platinum-based

drugs during the clinical treatment [29]. In this way, there is a

significant need for new agents with low susceptibility to common

drug resistance mechanisms in order to improve response rates

and potentially prolong patient’s survival. Recently, interests

turned on Cu(II) complexes due to their possible medical uses as

antitumor agents [30]. It was already demonstrated that the

coordination of Cu(II) ion with bioactive ligands can improve drug

pharmaceutical activity or reduce their toxicity effects [31,32].

The goal of this work was to investigate the effects of Cu(II)

complexation to naringenin on TNBC MDA-MB-231 cells. We

demonstrate that Cu(II) complexation improved the chemopre-

ventive effects of naringenin against this cell line. NGENCuB

altered MDA-MB-231 colony formation, changing their size and

number and inhibited cell proliferation with 10 fold lower IC50

compared to NGEN itself. In addition, NGENCuB inhibited

MDA-MB-231 cell migration more pronouncedly compared to

NGEN. Moreover, NGEN and more effectively NGENCuB

showed an effect inhibiting the activity of pro-MMP9. Finally,

we demonstrated that NGENCuB had more important effects,

compared with NGEN itself, on the induction of apoptosis in

MDA-MB-231 cell line, as demonstrated by DAPI coloration, flow

cytometry analysis and by expression of pro- and anti-apoptotic

markers by real time PCR.

Experimental Procedures

1. Synthesis of Cu(II)-Bipyridine-Naringenin complex and
its stability
(6)-Naringenin (NGEN) was obtained from Sigma-Aldrich

[Product N5893, (6)-2,3-Dihydro-5,7-dihydroxy-2-(4-hydroxy-

phenyl)-4H-1-benzopyran-4-one or (6)-49, 5, 7-Trihydroxyflava-

none; St. Louis, MO, USA] as well as 2,2’-bipyridine (Product

D216305, 2,2’-bipyridyl) and copper (II) chloride dihydrate

[Product 307483, Cu(Cl2).2H2O]. Complexation of naringenin

with copper and 2,29-bipyridine as ancillary ligand (NGENCuB)

(Figure 1) consisted in the preparation of an aqueous solution of

copper chloride (II) [Cu(Cl2).2H2O] 1.2561024 mol (0.0213 g) in

2 mL of distilled/purified water and dropped slowly in a methanol

solution of mixture of naringenin 1.2561024 mol and 2,2’-

bipyridine 1.2561024 mol. The mixture was stirred for 6 hour

at room temperature. The light green precipitate formed was

filtered in a vacuum system, washed with acetone and dried under

vacuum pump.

The Cu(II) complex with naringenin and 2,29-bipyridine as

ancillary ligand was obtained in good yield (79,0%) and was

characterized by its UV-vis (intense absorption at 300 nm,

e=2.56105 L mol21cm21, broad absorption at 380 nm,

e=2.56105 L mol21cm21 in methanol (Agilent 8453 UV-visible

spectrophotometer); IR 1602 cm21 (C=O), 777 cm21 (C=N),

418 cm21 (Cu-O), 304 cm21 (Cu-N), [BOMEM, BM-Séries

Aridzone); HRMS m/z (%) 490.05556/492.0589 (calc.

490.0590/492.0572 [M-Cl]+ (26/12), 253.9665 [M-Naringenin]+

(100), 247.0038 [bipyridineCuCO]+ (29), 218.9920 [bipyridi-

neCu]+ (2), 156.0679 [bipyridine]+. (23), (Direct infusion using

solution in methanol and formic acid 0.1%, Bruker Daltonics,

Billerica, EUA; modelo UltrOTOFQ - ESI-TOF); anal. calcd for

Figure 1. Complexation of Naringenin (NGEN) with copper (II) and 2,29-bipyridine (NGENCuB).
doi:10.1371/journal.pone.0107058.g001
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CuC25H19N2O5Cl: 56.12% (C), 3.80% (H), 5.03% (N), found:

CHN 57.68% (C), 3.97% (H), 4.90% (N), Fisons, model EA1108

CHNSO; TGA curves (in supplementary material; NETESCH-

GERATEBAU Gmbh model TG 209 TARSUS F3) of NGEN-

CuB shows the presence of the ligands NGEN and bipyridine on

the coordination sphere of metal center and suggesting the purity

of complex.

Its purity was determined by capillary electrophoresis (.99%).

The experiment was carried on a Beckman P/ACE MDQ

capillary electrophoresis system (Beckman Instrument Fullerton,

CA, USA) equipped with a diode array detector set to 273 nm.

Sample was positioned at the inlet tray, and hydro dynamically

injected at 0.5 psi (3447 Pa) for 5 s. Separation was performed

with 20 kV under normal polarity. Data acquisition and

manipulation were performed with software provided by the

manufacturer (32 Karat Gold). Uncoated fused-silica capillaries

with 50 mm i.d., 375 mm o.d. and 50 cm long (43 cm from inlet to

detector window; 7 cm from outlet to detector window) were used,

with capillary temperature kept at 25uC by an external coating

with a liquid coolant. New capillaries were rinsed with NaOH 1 M

(30 min), followed by NaOH 0.1 M (30 min), MeOH (15 min)

and equilibrated with buffer (20 min). First rinse of the day

consisted of NaOH 1 M (10 min) followed by NaOH 0.1 M

(5 min), MeOH (5 min) and equilibrated with buffer (10 min).

Between runs the capillary were rinsed with NaOH 0.1 M (3 min),

MeOH (4 min) and buffer (6 min). All rinses were performed with

hydrodynamic injection at 40 psi. NGENBCu was solubilized in

buffer sodium tetraborane 20 mM in MeOH and 50 mM SDS

(sodium dodecyl sulfate)]. Its purity was determined by capillary

electrophoresis (.99%) and the resulting compound had a light

green solid aspect with melting point of 33062.0uC.

The chemical stability of the complex in methanol and in

DMEM medium was investigated by UV-vis. Solutions of the

complex at 1, 10 and 100 mM were prepared, and the UV-vis

absorption spectrum was taken at appropriate time intervals. The

absorption spectrum remained unchanged at least three days.

2. Cell line and culture
MDA-MB-231 human breast tumor, obtained from ATCC

(Manassas, VA, USA), was maintained at 37uC in 5% CO2 in

DMEM medium containing fetal bovine serum (FBS) 10%,

(Vitrocell, Campinas, SP, Brazil). MCF-10A, which are non-

tumor breast cells, obtained of Rio de Janeiro Cell Bank (Rio de

Janeiro, RJ, Brazil) were cultivated in DMEM/F12 medium

containing horse serum (HS) 5%, EGF (0.02 mg/ml); hydro-

cortizone (0.05 mg/ml); cholera toxin 0.001 mg/ml); Insulin

(0.01 mg/ml). Both media contained penicillin (100 UI/ml),

streptomycin (100 mg/ml) and L-glutamine (2 mM).

3. Cell morphology
Exponentially MDA-MB-231 and MCF-10A growing cells were

harvested, counted and seeded (0.66106 cells/plate) into 3 cm

Petri dishes (Corning, Union City, CA, USA). Cells were allowed

to grow at 37uC in 5% CO2 overnight and then, treated or not

(control) with 1, 10 and 100 mM of naringenin (NGEN) or Cu(II)

complexed naringenin (NGENCuB) for 24, 48 and 72 hours. Cell

morphology was examined under an inverted microscope with

amplification of 406.

4. Colony formation
Exponentially MDA-MB-231 growing cells were harvested,

counted and seeded (300 cells) into Petri dishes. Cells were allowed

to grow at 37uC in 5% CO2 overnight and then, treated with

different concentrations of NGEN or NGENCuB for 2 days. After

this time, the medium was changed to a fresh medium without any

compound. After incubation for additional 10 days the cells were

rinsed with PBS, fixed with methanol for 15 minutes and stained

with 0.5% crystal violet for 15 minutes. Relative survival was

calculated from the number of single cells that formed colonies of

.50 cells on the tenth day. The plating efficiency (PE) was

calculated according to Franken et al. [33].

PE ~

no: of colonies formed

no: of cells seeded
x 100ð Þ

5. Cell proliferation
Proliferation assay was performed as described earlier [34].

Briefly, both cells lines were prepared in a concentration of 56104

cells/200 ml, in a complete medium (with 10% FBS), and plated

on sterile 96 well plates for 5 hours. The culture medium was

removed from the wells and a new one, supplemented with 10%

FBS and containing different concentrations of NGEN or

NGENCuB, was added to the wells. Cells were incubated for

48 hours under the same conditions as described above. Cell

proliferation assay was performed in comparison to the wells

where the vehicle compound (2.5% DMSO) was added instead of

the tested compounds. After incubation, the culture medium of

each well was removed and a solution containing MTT (0.5 mg/

ml) was added (100 ml/well). The plates were then kept at 37uC for

4 hours and the formed crystals were dissolved in isopropyl

alcohol. The absorbance was read on an ELISA plate reader at a

wavelength of 595 nm. Doxorubicin was used as a positive control

for cell proliferation inhibition [35].

6. Wound healing
MDA-MB-231 cells (16105/ml) were plated in 24-wells plates

and incubated properly until the culture reached 100% of

confluence. Afterwards, a straight scratch was made with a sterile

pipette tip and cells were washed with culture medium to remove

unbound cells and debris. Cells were incubated with NGEN or

NGENCuB (1, 10 and 100 mM) for 24 and 48 hours. The cells

were viewed using an inverted microscope (Lake Success, NY,

USA) at 406total magnification and captured using a Sony model

XCST50 camera (Park Ridge, NJ, USA) at 0 h, 6, 12, 24 and

48 hours. Closure area of migrating cells was measured using

Image J software, and it was calculated the percentage of wound

closure, comparing time zero and 48 hours later, using a formula

from Yue et al. [36], showing the difference between 0 h and

24 hours:

% of wound closure ~
At~0h{At~Dhð Þ

At~0hð Þ
x 100ð Þ

7. Migration
Cell migration was assessed in 24 well Boyden chambers (BD

Biosciences, Franklin Lakes, NJ, USA) as described earlier [37].

MDA-MB-231 (56104) cells incubated or not with NGEN or

NGENCuB (1, 10 and 100 mM) were seeded on the upper

chamber in a DMEM incomplete medium and allowed to migrate

for 22 hours at 37uC and 5% CO2 in a humidified environment.

Then, the cells that remained in the upper chamber were removed

using a cotton swab. The cells that migrated to the other side of

the upper chamber membrane were fixed with methanol and

Naringenin Complexation and Breast Cancer
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stained with 1% toluidine blue. Cells were counted using Image J

software (public domain software) in 5 fields (1006magnification)

per well that essentially covered 80% of the well surface. The

average number of cells from each of the triplicates represented

the average number of cells that migrated in the different groups.

Each experiment had triplicate wells for every treatment group

and the assays were repeated three times. The mean of all results

from controls was considered as 100% of migration.

8. Zymography
MDA-MB-231 cells (16105/well) were seeded into 12 well

culture plates and cultured in a medium containing FBS 10% to

near confluence (80%) of the cell monolayer. The monolayers

were carefully wounded using a yellow pipette tip, and any cellular

debris present was removed by washing with PBS. The wounded

monolayers were then incubated in serum-free medium containing

0, 1, 10 and 100 mM of NGEN or NGENCuB for 24 hours. After

this time, supernatants of the wound healing assay were collected

and tested for MMP secretion as previously described [38]. Briefly,

equal amounts of total protein (10 mg/lane) were subjected to

electrophoresis. Zymography gels consisted of 10% polyacryl-

amide impregnated with gelatin at a final concentration of 1% in

the presence of sodium dodecyl sulfate (SDS) under non-reducing

conditions. After 2 hours of electrophoresis (80 V), the gels were

washed twice for 20 minutes in a 2.5% Triton X-100 solution, and

incubated at 37uC for 20 hours in a substrate buffer (50 mM Tris–

HCl, pH 8.5, 5 mM CaCl2 and 0.02% NaN3). The gels were then

stained with coomassie brilliant blue R-250 for 30 minutes and

destained in methanol and acetic acid for 20 minutes. Gelatin-

degrading enzymes were visualized as clear white bands against a

blue background, indicating proteolysis of the substrate protein.

The molecular mass of gelatinolytic activities was determined by

comparison to reference protein molecular mass marker PageRu-

ler Prestained Protein Ladder (Thermo Fisher Scientific, Pitts-

burgh PA, USA). Activity bands were identified following the

previous description according to their molecular weights.

9. Apoptosis
9.1 DAPI staining. MDA-MB-231 cells (0.16106/plate) were

seeded in 12-wells plates on a 15 mm-coverslips and maintained at

37uC in a humidified incubator with 5% CO2 for 24 hours. In the

next day, cells were treated with 1, 10 and 100 mM of NGEN and

Figure 2. Cellular Morphology of MDA-MB-231 (right panels) and MCF-10A (left panels) control cells, naringenin (NGEN)-treated or
naringenin complexed with copper (II) and 2,29-bipyridine (NGENCuB)-treated cells. Cells were allowed to grow in a humidified incubator
at 37uC in 5% CO2 overnight and then treated with 1, 10 and 100 mM of NGEN or NGENCuB for 24, 48 and 72 hours. Cell morphology was examined
under an inverted microscope with amplification of 1006. White arrows indicate detaching round cells. Scale bar = 100 mm.
doi:10.1371/journal.pone.0107058.g002
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NGENCuB and incubated for an additional 24 hours period.

Next, cells were washed with PBS, fixed with methanol and

stained with 300 nM DAPI (Life Technologies, Carlsbad, CA) in

DMEM medium without FBS for 10 minutes. Slides were

mounted and fluorescence was captured in a fluorescence

microscope.

9.2 Flow cytometry. The apoptotic activity of NGEN and

NGENCuB on MDA-MB-231 cells was analyzed by flow

cytometry with the PE-Annexin V Apoptosis Detection Kit (BD

Biosciences). Cells (16105) were seeded in 12 well plates in a

complete DMEM medium and incubated for 24 hours. After this

period the medium was removed and cells were incubated or not

with different concentrations of NGEN or NGENCuB, overnight

at 37uC and 5% CO2. MDA-MB-231 cells were harvested by

trypsinization, centrifuged, washed twice with cold PBS and

resuspended in binding buffer (100 ml). Cells were incubated with

PE-Annexin V (5 ml) and 7ADD (5 ml) for 15 minutes in the dark

at room temperature, then 400 ml of binding buffer were added to

the cells which were analyzed in Accuri C6 flow cytometer (BD

Biosciences). The fluorescence was quantified by CellQuest

software (BD Biosciences).

9.3 Quantitative Real Time PCR. MDA-MB-231 cells

(16106/plate) were incubated for 24 h with or without NGEN

or NGENCuB (1 mM) in Petri dishes (6 cm) at 37uC in a

humidified incubator with 5% CO2. Total RNA was extracted

using Trizol reagent (Invitrogen, Carlsbad, CA, USA). cDNAs

were synthesized using the kit Enhanced Avian RT First Strand

Synthesis (Sigma-Aldrich, St. Louis, MO, USA). A Rotor-Gene

6000 real-time rotary analyzer (Corbett Life Science, Australia)

was used to amplify both target and internal control templates (1

cycle at 95uC for 5 min and 40 amplification cycles at 95uC for

30 sec, 55uC for 30 sec and 72uC for 45 sec). In brief, 1 mL of

reverse transcribed product template, 5 mL of SYBRH Green

JumpStart Taq ReadyMix (Sigma-Aldrich, St. Louis, MO, USA)

and the gene-specific primer pairs at a final concentration of

500 nM for each primer, made 10 mL of reaction system. Primers

used in the assay were: caspase-8 (Forward: 59GGA TGA GGC

TGA CTT TCT G39; Reverse: 59CTG GCA AAG TGA CTG

GAT G39), caspase-9 (Forward: 59GCC TCA ATG CCA GTA

ACG39; Reverse: 59GTT GTC AGG CGA GGA AAG39) e Bcl-2

(Forward: 59CGG GAT TCA CAG AGT ATT TG39; Reverse:

59GGC TGG GCA CAT TTA CTG39). For each gene, all

samples were amplified simultaneously in duplicate in one assay

Figure 3. Effects naringenin (NGEN) or naringenin complexed with copper (II) and 2,29-bipyridine (NGENCuB) on MDA-MB-231
colony formation. A. Clonogenic assay of untreated MDA-MB-231 cells (control) or treated with NGEN or NGENCuB. A photograph of Petri-dishes in
a representative experiment is shown. B. Quantification of colony number. C. Quantification of colony size. D. Plate efficiency. Quantification of
colony number and size was performed using Image J public domain software. Data represent means 6 SD from three different experiments in
triplicate. The results were compared using ANOVA, followed by a Tukey’s post-hoc analysis. Asterisks represent *p#0.05, **p#0.01, ***p#0.001
compared to control.
doi:10.1371/journal.pone.0107058.g003
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run. Data represent three assays in duplicate and were normalized

using the comparative cycle threshold (Ct) method. A blank with

water, primers and SYBR Green instead of template sample was

performed. The target gene expression was normalized to

GAPDH gene, as previously described [39].

10. Statistical analysis
Each experiment was repeated three times in triplicate and a

standard error mean was calculated. Shapiro-Wilk’s test was used

to verify data normality. As normal distribution was present, the

results were compared statistically with ANOVA. Since the

ANOVA tests showed significant differences (acceptable P level

,0.05), Tukey’s or Bonferroni’s significant difference post hoc

analyses were performed to determine differences between simple

and grouped main-effect means, respectively. The data were

analyzed using Statistica software (version 8.0; Stat Soft Inc) and

IC50 calculations were achieved through Hill’s equation in the

GraphPad software (version 6; GraphPad Software).

Results

The (6)-Naringenin (NGEN), bipyridine, CuCl2 complex

(NGENCuB) was synthesized in good yield (79.0%), its structure

was characterized by FT-IR (Figure S1), HRMS (Figure S2), UV

(Figure S3), TGA (Figures S4 and S5) measurements and its purity

was .99% as described in the experimental (section 2.1). The

stability of NGENCuB complex (Figure S4) and naringenin

without complexation (Figure S5) in the dark at room temperature

and in the concentrations of 1 to 100 mM was proved by the

absence of changes in the electronic absorption spectra in

methanol and in DMEM medium over a period of 24 hours.

This is relevant in terms of developing metallodrugs in physiologic

medium.

Naringenin (NGEN) at concentrations of 1, 10 and 100 mM, did

not alter MDA-MB-231 cell morphology, even after 72 hours of

incubation, compared with control cells, without treatment

(figure 2, left upper panels). On the other hand, naringenin

complexed with Cu(II) and 2,29-bipyridine (NGENCuB) incubated

with MDA-MB-231 cells at a concentration of 100 mM for 48 or

72 hours, profoundly altered the morphology, promoting the

appearing of round cells (figure 2, left lower panels, white arrows),

which is an indicative of cell detachment and probably cell death.

In addition, incubation of MDA-MB-231 cells with 100 mM

NGENCuB for 48 and 72 hours clearly reduced cell number,

compared to the control cells. We also verified the effects of both

compounds on the morphology of a non-tumor cell line, MCF-

10A. The results were similar of those achieved in the tumor cell

line. These results demonstrate that NGENCuB is more effective

altering MDA-MB-231 cell morphology and number, compared

with NGEN.

We next tested the effects of NGEN and NGENCuB for their

ability to inhibit colony formation in MDA-MB-231 tumor cells

(figure 3AD). The applicability of the tumor colony-forming assay

for drug screening has long been accepted to investigate new

antitumor drugs [40]. NGENCuB (1, 10 and 100 mM) was

significantly more effective inhibiting both colony number

(figure 3A, B) and size (figure 3A, C) in MDA-MB-231 cells

compared with NGEN itself or untreated control cells. The plate

Figure 4. Effects naringenin (NGEN) or naringenin complexed with copper (II) and 2,29-bipyridine (NGENCuB) on MDA-MB-231 (left)
and MCF-10A (right) cell proliferation and IC50 values for each compound and cell line. Cells were plated in a 96-well plate and incubated
with different concentrations (1 to 1000 mM) of NGEN or NGENCuB for 48 hours. Viable cells were estimated by MTT assay. Results are expressed as
percent viability relative to control (untreated) cells. Data represent mean 6 SD of three independent assays in triplicate. Results were compared
using ANOVA, followed by a Tukey’s post-hoc analysis. Asterisks represent *p#0.05, **p#0.01, compared to NGEN.
doi:10.1371/journal.pone.0107058.g004
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efficiency (PE) was calculated for NGEN and NGENCuB

(figure 3D) and results show that NGENCuB significantly reduced

PE at concentrations of 10 and 100 mM, when compared to PE of

NGEN (figure 3D). To demonstrate that copper and 2,29-

bipyridine do not have an effect inhibiting colony formation,

MDA-MB-231 cells were treated with a CuCl2 and 2,29-bipyridine

solutions used in the synthesis of complexes at the same

concentrations used for NGEN or NGENCuB (1, 10 and

100 mM) treatments. Results demonstrate that CuCl2 had no

effect on breast tumor cells colony formation, neither in number,

nor in size. However, 2,29-bipyridine had effects only in 100 mM

inhibiting the number and size of colonies (data not shown).

Next, we investigate the effects of different concentrations of

NGEN and NGENCuB on MDA-MB-231 and MCF-10A cell

proliferation estimated by MTT assay (figure 4). It is known that

unregulated cell proliferation is one of the hallmarks of cancer as

an early step in tumorigenesis. For MDA-MB-231 cell line, NGEN

at concentrations of 500 and 1000 mM inhibited approximately

60% of MDA-MB-231 cell proliferation, compared with the

proliferation of control cells, which was considered as 100%. In the

same concentrations however, NGENCuB inhibited about 70% of

tumor cell proliferation. However, NGENCuB at concentration of

30 mM (figure 4) had already an effect inhibiting approximately

50% of MDA-MB-231 cell proliferation, which was significantly

different compared to NGEN-treated cells. Treatment of MDA-

MB-231 cells with 65, 125 and 250 mM of NGENCuB reduced

their proliferation in approximately 65 and 75%, respectively,

compared to control cells (figure 4). We also tested the effects of

CuCl2 and 2,29-bipyridine on breast tumor cell proliferation and

the calculated IC50 for MDA-MB-231 cell proliferation inhibition

were 655.5 and 169.2 mM, respectively (results not shown).

For MCF-10A, a non-tumor cell line, NGEN at concentration

of 500 mM inhibited only approximately 10% of viability, while

NGENCuB at the same concentration inhibited 30% of cell

Figure 5. Effects of naringenin (NGEN) or naringenin complexed with copper (II) and 2,29-bipyridine (NGENCuB) on MDA-MB-231
cell migration. A. Cells were scratched using a pipette tip to make gaps between cells before NGEN and NGENCuB treatment. At 0, 6, 12, 24 and
48 hours of treatment, the plates were photographed under a light microscope (40 x). B. Percentage of wound closure of control cells or cells treated
with 100 mM of NGEN or NGENCuB. Results are expressed as percent of wound closure relative to control (untreated) cells. Data represent mean6 SD
of three independent assays in triplicate. Results were compared using ANOVA, followed by a Tukey’s post-hoc analysis. Asterisks represent *p#0.05,
**p#0.01, ***p#0.001 compared to control.
doi:10.1371/journal.pone.0107058.g005
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viability compared to control untreated cells (figure 4). It is

possible to observe that at low concentrations (2 to 32 mM) both

NGEN and NGENCuB did not inhibit MCF-10A cell viability.

Even in higher concentrations NGEN (60–250 mM) did not inhibit

MCF-10A cell viability.

These results indicate that Cu(II) and 2,29-bipyridine had low

effects inhibiting MDA-MB-231 cell proliferation, however

complexation of naringenin with CuCl2 and 2,29-bipyridine

improved the effects of NGEN by approximately ten times fold

since the calculated IC50 were 342.4 mM and 32.76 mM for

NGEN and NGENCuB, respectively. For MCF-10A cells the

calculated IC50 were 2,833 mM and 907.4 mM, respectively,

indicating that both compounds are more specific inhibiting

tumor cell viability compared to non-tumor cells.

The ability to migrate and invade circulation and tissues is a key

characteristic of metastasis. Therefore, we further investigated the

effects of NGEN and NGENCuB on MDA-MB-231 tumor cell

migration using both wound healing and Boyden chambers

migration assays (figures 5 and 6, respectively). Whereas 6 hours

incubation with 100 mM NGENCuB had no effect on MDA-MB-

231 cell migration (figure 5A, upper panels), incubation for 12, 24

or 48 hours resulted in a clear inhibition of cell migration,

compared with the migration of control cells or cells treated with

the same concentration of NGEN (figure 5A, lower panels). The

effects of 100 mM NGEN and NGENCuB on MDA-MB-231 cell

Figure 6. Effects of naringenin (NGEN) or naringenin complexed with copper (II) and 2,29-bipyridine (NGENCuB) on MDA-MB-231
cell migration in Boyden chambers. Control cells or compounds-treated cells were allowed to migrate towards lower insert chambers containing
FBS as chemoattractant, for 22 hours. The morphology of cells in the different treatments migrating toward FBS is in the bottom panels. Positive
control (C+) represents migrating cells without any treatment, negative control (C-) represents untreated cells migrating toward an FBS-free medium.
Data represent mean 6 SD of three independent assays in triplicate. The results were compared using ANOVA, followed by a Tukey’s post-hoc
analysis. Asterisks represent *p#0.05, **p#0.001 compared to control (C+).
doi:10.1371/journal.pone.0107058.g006
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migration to repopulate the wound are presented on figure 5B.

NGENCuB at 100 mM markedly decreased the wound closure of

MDA-MB-231 cells compared with control or NGEN-treated

cells, with significant effects starting after 12 hours treatment

(figure 5B). While control cells completely repopulated the wound

after 48 hours, NGENCuB-treated cells (100 mM) only covered

about 30% of the wounded area, at the same time (Figure 5B).

NGENCuB effects on MDA-MB-231 cell migration were also

assessed using Boyden chambers (figure 6). In this assay, cells were

incubated with different concentrations of NGENCuB, seeded on

the upper chamber and allowed to migrate for 22 hours toward a

lower chamber filled with complete medium. Results show that

NGENCuB (10 and 100 mM) was able to inhibit MDA-MB-231

cell migration also in this model of migration assay (figure 6).

It is known that invasion of basement membranes is mainly

mediated by the gelatinase matrix metalloproteinases, MMP2 and

9 [41]. Therefore, we further investigate, through gelatin

zymography, whether NGEN and NGENCuB had effects on

MMP activity (figure 7AB). For this, MDA-MB-231 cells were

seeded and cultured near confluence. Then, monolayers were

wounded and incubated in serum-free medium containing NGEN

or NGENCuB for 24 hours. After this time, supernatants were

collected and tested for MMP activity. We observed that only

100 mM NGENCuB significantly decreased the activity of pro-

MMP9 activity, compared to the activity of control cells or NGEN

supernatant. Lower (1 and 10 mM) concentrations of NGENCuB

had no significant difference on pro-MMP9 activity (Figure 7A,

B). Gelatin zymography is particularly useful for the assessment of

two key members of MMP family, MMP-2 (gelatinase A) and

MMP-9 (gelatinase B), due to their potent gelatin-degrading

activity [42], however, since MDA-MB-231 cells do not express

MMP-2 [43,44] we could only demonstrate the effects of NGEN

and NGENCuB on pro-MMP9 activity.

We finally accessed the effects of NGEN and NGENCuB on

apoptosis using DAPI and Annexin-V staining (figure 8AD). We

also tested the effects of NGEN and NGENCuB on gene

expression of pro- and anti-apoptotic markers (figure 9). Using

DAPI staining we demonstrated that incubation of MDA-MB-231

cells with 100 mM NGENCuB resulted in more apoptotic nuclei,

compared with cells incubated with NGEN or control untreated

cells (figure 8A, B). Following the same pattern, flow cytometry

analysis indicate that 100 mM NGENCuB is significantly more

effective inducing apoptosis and necrosis in MDA-MB-231 cells

compared with NGEN and control cells (figure 8C, D). NGEN-

treated cells generated approximately 40% of apoptotic, whereas

NGENCuB produced about 65% of apoptosis in MDA-MB-231

cells (figure 8D). For gene expression analysis we tested two pro-

apoptotic genes, caspase-8 and -9 and one anti-apoptotic gene

(Bcl-2) and verified that 1 mM NGENCuB, significantly upregu-

lated the expression of caspase-9, compared to NGEN or to

untreated control cells. There was no significant difference in the

expression of caspase-8 or Blc-2 in tumor cells treated with NGEN

or NGENCuB (figure 9). These results indicate the incubation of

NGENCuB for 24 hours with MDA-MB-231 cells promotes the

activation of intrinsic apoptotic pathway. NGEN itself was not

capable of change caspase-8, -9 or even Bcl-2 gene expression

(figure 9).

Discussion

The progression of malignant tumors results from the invasion

of the primary tumor to a secondary site, causing metastasis in a

multi-step process. These steps can be summarized as follows: cell

detachment from the primary tumor, migration into the ECM,

intravasation into a blood or lymphatic vessel, survival within the

vasculature, adherence of these tumor cells in the endothelium,

extravasation, and formation of secondary tumors [45,46].

Previous studies have showed that naringenin (NGEN) exhibits

cytotoxic or inhibitory activity against different cell lines, such as

melanoma B16, breast MCF-7, pancreatic aspc-1, and hepatocel-

lular carcinoma tumor cells [47–51]. Also, it is well established in

the literature that Cu(II) complexes improves anticancer activities

Figure 7. Effects of naringenin (NGEN) or naringenin complexed with copper (II) and 2,29-bipyridine (NGENCuB) on activity of pro-
MMP9 in MDA-MB-231 breast tumor cells. A. Zymography in 1% gelatin-SDS-PAGE. Lane 1: molecular mass marker (M); lane 2: control cells;
lanes 3–5: cells treated with NGEN; lane 6: control cells and lanes 7–9: cells treated with NGENCuB (n = 3; 10 mg of total protein was loaded in each
lane). A photograph of a representative zymography gel is shown. B. pro-MMP9 concentrations were determined by the integrated optical density
(IOD) obtained from the bands. Gels were analyzed by densitometry, and activity was expressed as arbitrary units (AU) and data were normalized in
percentage compared to untreated control cell lysate. Data represent mean 6 SD of three independent assays in triplicate. The results were
compared using ANOVA, followed by a Bonferroni’s multiple comparison test. Asterisk represents *p#0.05.
doi:10.1371/journal.pone.0107058.g007
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in different compounds [52–57] mainly because they possess

biologically accessible redox potentials and relatively high

nucleobase affinity [58]. However, only very few studies have

demonstrated the effects of NGEN complexation with metal

complexes such as Cu(II) on tumor cells [30,59,60]. We did not

find any data in the literature reporting the complexation of

NGEN with bipyridine. However, it was indicated that bipyridine

cisplatin analogues are more effective than cisplatin inducing

apoptosis in cancer cell lines [61,62].

Figure 9. Effects of naringenin (NGEN) or naringenin complexed with copper (II) and 2,29-bipyridine (NGENCuB) on the expression
of apoptotic or anti-apoptotic genes. MDA-MB-231 cells were incubated or not (control) with 1 mM of NGEN or NGENCuB for 24 h. After, total
RNA was extracted with Trizol reagent. cDNAs were synthesized and amplification of endogen control (GAPDH) and target genes was run in a Rotor-
Gene 6000 real-time rotary analyzer using the gene-specific primer pairs described in MM section. Data represent mean 6 SD of three independent
assays in triplicate. The results were compared using ANOVA, followed by a Tukey’s post-hoc analysis. Asterisk represents *p#0.05.
doi:10.1371/journal.pone.0107058.g009

Figure 8. Effects of naringenin (NGEN) or naringenin complexed with copper (II) and 2,29-bipyridine (NGENCuB) on apoptosis in
MDA-MB-231 breast tumor cells. A. Nuclear 4’, 6-diamidino-2-phenylindole (DAPI) staining. Cells treated or not (control) with different
concentrations of NGEN or NGENCuB were observed under a fluorescence microscope. Representative phase-contrast and DAPI staining images were
taken 24 h post-treatment. B. The number of cells with apoptotic nuclei was counted and plotted in a graphic. Scale bar = 100 mm. C. Cytometry
analysis of MDA-MB-231 cells treated or not (control) with 100 mM of NGEN or NGENCuB for 24 hours. After treatment, cells were harvested by
trypsinization, centrifuged, washed twice with cold PBS and incubated with PE Annexin V and 7AAD (upper right panel) for 15 minutes in the dark at
room temperature and then analyzed by cytometry. D. The percentage of apoptotic and necrotic cells was plotted in a graph. Data represent mean
6 SD of three independent assays in triplicate. The results were compared using ANOVA, followed by a Tukey’s post-hoc analysis. Asterisks represent
*p#0.05, **p#0.01 (compared to control), #p#0.05 (compared to NGEN).
doi:10.1371/journal.pone.0107058.g008
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As far as we know, there is only one additional study about the

cytotoxic effects of NGEN complexed with Cu(II) on tumor cells

[30]. In this work, the authors demonstrated that Cu(II)

complexed NGEN showed relatively significant higher inhibitory

rate against hepatocellular carcinoma HepG2 cell line than that of

NGEN itself. Cytotoxic effects of Cu(II) complexed NGEN against

gastric carcinomas from line SGC-7901 and cervical carcinoma

HeLa were lower than NGEN. Lee and colleagues [63] studied the

effects of NGEN derivatives on colorectal carcinoma RKO cells.

Among the derivatives, 7-O-benzyl naringenin (KUF-1) and 7-O-

(m-metoxybenzyl) naringenin (KUF-2) presented IC50 of 10 and

15 mM, respectively, whereas NGEN without any modification

presented IC50 higher than 150 mM. Parker and coworkers

analyzed the effects of NGEN on leukemia THP-1 cells and

verified an inhibition in cell growth in a concentration-dependent

manner, starting from 200 mM [64]. In human leukemia U937

cells, treatment with 50–500 mM NGEN inhibited proliferation in

5%–80% [65]. Finally, in human hepatocellular carcinoma

HepG2 cell line, NGEN inhibited cell proliferation in a

concentration dependent manner with IC50 of 100 mM [66]. In

our work, we demonstrated that NGEN inhibited the proliferation

of MDA-MB-231 cells with IC50 of 342.4 mM, however, the

complexation with Cu(II) improved this effect ten times, decreas-

ing the IC50 to 32.76 mM. For non-tumor MCF-10A cell line

viability, the calculated IC50 for NGEN and NGENCuB were

2,833 mM and 907.4 mM, respectively. This could indicate

specificity for both compounds, but specially NGENCuB, to affect

tumor cells, instead of normal cells’ viability. This result could be

explained since in fast-dividing tumor cells, the plasma membrane

tends to run short of lipids [67], perhaps changing the fluidity of

the membrane and facilitating drug penetration.

Other works presented some effects of NGEN complexes,

mainly on their antioxidant and DNA binding activities.

Naringenin-2-hydroxybenzoylhydrazone (H5L), and its Cu(II)

complex was found to possess potent antioxidant activity and

displayed excellent activity on the superoxide radical [59]. Li and

coworkers [60] showed that the complexation of NGEN Shiff-base

ligand (H3L) with Cu(II) promoted their binding to calf-thymus

DNA with more efficacy than that of the ligand (1 mM).

To the best of our knowledge, there are no studies presenting

the effects of Cu(II) complexed NGEN on tumor cell migration,

MMP activity or apoptosis. Few studies investigated the effects of

NGEN, but not Cu(II)-complexed NGEN, in different tumor cell

lines. Our work is in agreement with results from Kanno and

coworkers [68], who demonstrated that naringenin was able to

induce apoptosis in promyeloleukemia HL-60 cell line. Apoptosis

was induced by NGEN at concentrations of 100, 250 and 500 mM,

via activation of NFkB, caspase-3 and -9 but not caspase-8

pathways. Higher concentration (1 mM) of naringenin caused

death via necrosis in this cell line. However, we demonstrate that

NGENCuB was more effective generating apoptotic cell death

compared to NGEN-treated cells. On the other hand, in our work,

in NGEN-treated cells there was no difference in the expression of

caspase-9, when compared to control cells. Nevertheless, it is

important to notice that we used real time PCR approach to

investigate this effect and also that the NGEN concentration used

in this assay was very low (1 mM) compared to the work of Kanno

and colleagues.

In THP-1 cells NGEN seems to induce mitochondrial damage

and apoptosis through modulation of the ratio Bcl-2/Bax, PARP

cleavage, activation of caspase-3 and downregulation of Akt

pathway [64]. In U937 cells treated with 250 mM of NGEN,

morphological analysis with DAPI staining revealed the presence

of apoptotic nuclei and flux cytometry analysis confirmed an

increased apoptosis ratio in NGEN-treated cells [65]. Incubation

of 100 and 200 mM NGEN with HepG2 cells resulted in

morphological changes, such as shrink and retraction. Cell

staining with DAPI, after treatment with NGEN revealed the

appearing of apoptotic bodies. Also, flow cytometry analysis

showed that NGEN induced HepG2 cell cycle arrest at the G0/

G1 and G2/M phase in a concentration-dependent manner [66].

In summary, the results of this study demonstrate that

NGENCuB is more effective than NGEN inhibiting cell prolifer-

ation, migration and pro-MMP9 activity, and inducing apoptosis

in MDA-MB-231 breast tumor cells. The effect of NGENCuB on

apoptosis can be explained, at least in part, by its capacity to

upregulate caspase-9 expression.

Conclusions

Copper (II) and 2,29-bipyridine complexation improved the

chemopreventive effects of naringenin against MDA-MB-231

breast tumor cells. In conclusion, NGEN complexation could be

an alternative for the design of a more effective molecule for TN

breast cancer treatment and further studies should be performed

in order to better understand NGENCuB activities.

Supporting Information

Figure S1 Infra-Red Spectrum of (6)NGENCuB in KBr.

(TIF)

Figure S2 High Resolution Mass Spectrum of (6)NGENCuB.

(TIF)

Figure S3 Absorption spectrum (10 accumulation) of NGEN-

CuB in DMEN solution for 24 hs. After 24 hours measurements,

the absorption spectrum did not change.

(TIF)

Figure S4 TGA curve of NGENCuB.

(TIF)

Figure S5 TGA curve of free NGEN.

(TIF)

Acknowledgments

The authors also would like to thank Dr. Norberto Peporine Lopes by the

HRMS.

Author Contributions

Conceived and designed the experiments: MRC. Performed the experi-

ments: JCCF ABB AMF CMPS. Analyzed the data: JCCF ABB AMF.

Contributed reagents/materials/analysis tools: ALFS JRB. Contributed to

the writing of the manuscript: RMC PCV JBF.

References

1. Youlden DR, Cramb SM, Dunn NA, Muller JM, Pyke CM, et al. (2012) The

descriptive epidemiology of female breast cancer: an international comparison of

screening, incidence, survival and mortality. Cancer Epidemiol 36: 237–248.

2. Stuckey A (2011) Breast Cancer: Epidemiology and Risk Factors. Clinical

Obstetrics and Gynecology 54: 96–102.

3. WHO (2009) WHO projections of the global burden of disease including cancer:

2002–2030.

4. INCA (2007) Estimativas 2008: Incidência de Câncer no Brasil. Serviço de

Divulgação Cientı́fica/Coordenação de Ensino e Divulgação Cientifica (CEDC)

1: 1–96.

Naringenin Complexation and Breast Cancer

PLOS ONE | www.plosone.org 11 September 2014 | Volume 9 | Issue 9 | e107058



5. Rivera E, Gomez H (2010) Chemotherapy resistance in metastatic breast cancer:
the evolving role of ixabepilone. Breast Cancer Res 12 Suppl 2: S2.

6. Prouse J (2010) The impact of methods of information on chemotherapy-related
side effects. Clin J Oncol Nurs 14: 206–211.

7. Froidevaux-Klipfel L, Poirier F, Boursier C, Crepin R, Pous C, et al. (2011)
Modulation of septin and molecular motor recruitment in the microtubule
environment of the Taxol-resistant human breast cancer cell line MDA-MB-
231. Proteomics 11: 3877–3886.

8. Sims AH, Howell A, Howell SJ, Clarke RB (2007) Origins of breast cancer
subtypes and therapeutic implications. Nat Clin Pract Oncol 4: 516–525.

9. Ivshina AV, George J, Senko O, Mow B, Putti TC, et al. (2006) Genetic
reclassification of histologic grade delineates new clinical subtypes of breast
cancer. Cancer Res 66: 10292–10301.

10. Demain AL, Vaishnav P (2010) Natural products for cancer chemotherapy.
Microb Biotechnol 4: 687–699.

11. Chen AY, Chen YC (2013) A review of the dietary flavonoid, kaempferol on
human health and cancer chemoprevention. Food Chem 138: 2099–2107.

12. Mishra PK, Raghuram GV, Bhargava A, Ahirwar A, Samarth R, et al. (2011) In
vitro and in vivo evaluation of the anticarcinogenic and cancer chemopreventive
potential of a flavonoid-rich fraction from a traditional Indian herb Selaginella
bryopteris. Br J Nutr 106: 1154–1168.

13. Cibin TR, Devi DG, Abraham A (2010) Chemoprevention of skin cancer by the
flavonoid fraction of Saraca asoka. Phytother Res 24: 666–672.

14. Nair HK, Rao KV, Aalinkeel R, Mahajan S, Chawda R, et al. (2004) Inhibition
of prostate cancer cell colony formation by the flavonoid quercetin correlates
with modulation of specific regulatory genes. Clin Diagn Lab Immunol 11: 63–
69.

15. Ramesh E, Alshatwi AA (2013) Naringin induces death receptor and
mitochondria-mediated apoptosis in human cervical cancer (SiHa) cells. Food
Chem Toxicol 51: 97–105.

16. Harmon AW, Patel YM (2004) Naringenin inhibits glucose uptake in MCF-7
breast cancer cells: a mechanism for impaired cellular proliferation. Breast
Cancer Res Treat 85: 103–110.

17. Hatkevich T, Ramos J, Santos-Sanchez I, Patel YM (2014) A naringenin-
tamoxifen combination impairs cell proliferation and survival of MCF-7 breast
cancer cells. Exp Cell Res.

18. Lou C, Zhang F, Yang M, Zhao J, Zeng W, et al. (2012) Naringenin decreases
invasiveness and metastasis by inhibiting TGF-beta-induced epithelial to
mesenchymal transition in pancreatic cancer cells. PLoS One 7: e50956.

19. Qin L, Jin L, Lu L, Lu X, Zhang C, et al. (2011) Naringenin reduces lung
metastasis in a breast cancer resection model. Protein Cell 2: 507–516.

20. Jin CY, Park C, Hwang HJ, Kim GY, Choi BT, et al. (2011) Naringenin up-
regulates the expression of death receptor 5 and enhances TRAIL-induced
apoptosis in human lung cancer A549 cells. Mol Nutr Food Res 55: 300–309.

21. Kerdudo A, Dingas A, Fernandez X, Faure C (2014) Encapsulation of rutin and
naringenin in multilamellar vesicles for optimum antioxidant activity. Food
Chem 159: 12–19.

22. Nishimura Fde C, de Almeida AC, Ratti BA, Ueda-Nakamura T, Nakamura
CV, et al. (2013) Antioxidant effects of quercetin and naringenin are associated
with impaired neutrophil microbicidal activity. Evid Based Complement
Alternat Med 2013: 795916.

23. Cavia-Saiz M, Busto MD, Pilar-Izquierdo MC, Ortega N, Perez-Mateos M, et
al. (2010) Antioxidant properties, radical scavenging activity and biomolecule
protection capacity of flavonoid naringenin and its glycoside naringin: a
comparative study. J Sci Food Agric 90: 1238–1244.

24. Jayaraman J, Veerappan M, Namasivayam N (2009) Potential beneficial effect of
naringenin on lipid peroxidation and antioxidant status in rats with ethanol-
induced hepatotoxicity. J Pharm Pharmacol 61: 1383–1390.

25. Jayaraman J, Jesudoss VA, Menon VP, Namasivayam N (2012) Anti-
inflammatory role of naringenin in rats with ethanol induced liver injury.
Toxicol Mech Methods 22: 568–576.

26. Tsai SJ, Huang CS, Mong MC, Kam WY, Huang HY, et al. (2012) Anti-
inflammatory and antifibrotic effects of naringenin in diabetic mice. J Agric
Food Chem 60: 514–521.

27. Goldwasser J, Cohen PY, Lin W, Kitsberg D, Balaguer P, et al. (2011)
Naringenin inhibits the assembly and long-term production of infectious
hepatitis C virus particles through a PPAR-mediated mechanism. J Hepatol
55: 963–971.

28. Paredes A, Alzuru M, Mendez J, Rodriguez-Ortega M (2003) Anti-Sindbis
activity of flavanones hesperetin and naringenin. Biol Pharm Bull 26: 108–109.

29. Borst P, Rottenberg S, Jonkers J (2008) How do real tumors become resistant to
cisplatin? Cell Cycle 7: 1353–1359.

30. Tan M, Zhu J, Pan Y, Chen Z, Liang H, et al. (2009) Synthesis, cytotoxic
activity, and DNA binding properties of copper (II) complexes with hesperetin,
naringenin, and apigenin. Bioinorg Chem Appl: 347872.

31. Baldini M, Belicchi-Ferrari M, Bisceglie F, Pelosi G, Pinelli S, et al. (2003) Cu(II)
complexes with heterocyclic substituted thiosemicarbazones: the case of 5-
formyluracil. Synthesis, characterization, x-ray structures, DNA interaction
studies, and biological activity. Inorg Chem 42: 2049–2055.

32. Liu X, Zhang S, Ding Y (2012) Synthesis, crystal structures and reactivity of
copper(I) amidate complexes with aryl halides: insight into copper(I)-catalyzed
Goldberg reaction. Dalton Trans 41: 5897–5902.

33. Franken NA, Rodermond HM, Stap J, Haveman J, van Bree C (2006)
Clonogenic assay of cells in vitro. Nat Protoc 1: 2315–2319.

34. Almada da Silva J, Becceneri AB, Sanches Mutti H, Moreno Martin AC,

Fernandes da Silva MF, et al. (2012) Purification and differential biological

effects of ginger-derived substances on normal and tumor cell lines.

J Chromatogr B Analyt Technol Biomed Life Sci 903: 157–162.

35. Sartiano GP, Lynch WE, Bullington WD (1979) Mechanism of action of the

anthracycline anti-tumor antibiotics, doxorubicin, daunomycin and rubidazone:

preferential inhibition of DNA polymerase alpha. J Antibiot (Tokyo) 32: 1038–

1045.

36. Yue PY, Leung EP, Mak NK, Wong RN (2010) A simplified method for

quantifying cell migration/wound healing in 96-well plates. J Biomol Screen 15:

427–433.

37. Selistre-de-Araujo HS, Cominetti MR, Terruggi CH, Mariano-Oliveira A, De

Freitas MS, et al. (2005) Alternagin-C, a disintegrin-like protein from the venom

of Bothrops alternatus, modulates alpha2beta1 integrin-mediated cell adhesion,

migration and proliferation. Braz J Med Biol Res 38: 1505–1511.

38. Leber TM, Negus RP (2001) Detection and quantitation of matrix metallopro-

teases by zymography. Methods Mol Med 39: 509–514.

39. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, et al. (2009) The MIQE

guidelines: minimum information for publication of quantitative real-time PCR

experiments. Clin Chem 55: 611–622.

40. Shoemaker RH, Wolpert-DeFilippes MK, Kern DH, Lieber MM, Makuch RW,

et al. (1985) Application of a human tumor colony-forming assay to new drug

screening. Cancer Res 45: 2145–2153.

41. Artym VV, Zhang Y, Seillier-Moiseiwitsch F, Yamada KM, Mueller SC (2006)

Dynamic interactions of cortactin and membrane type 1 matrix metalloprotei-

nase at invadopodia: defining the stages of invadopodia formation and function.

Cancer Res 66: 3034–3043.

42. Toth M, Sohail A, Fridman R (2012) Assessment of gelatinases (MMP-2 and

MMP-9) by gelatin zymography. Methods Mol Biol 878: 121–135.

43. Stark AM, Anuszkiewicz B, Mentlein R, Yoneda T, Mehdorn HM, et al. (2007)

Differential expression of matrix metalloproteinases in brain- and bone-seeking

clones of metastatic MDA-MB-231 breast cancer cells. J Neurooncol 81: 39–48.

44. Barrett JM, Puglia MA, Singh G, Tozer RG (2002) Expression of Ets-related

transcription factors and matrix metalloproteinase genes in human breast cancer

cells. Breast Cancer Res Treat 72: 227–232.

45. Hood JD, Cheresh DA (2002) Role of integrins in cell invasion and migration.

Nat Rev Cancer 2: 91–100.

46. Pontier SM, Muller WJ (2008) Integrins in breast cancer dormancy. APMIS

116: 677–684.

47. Bulzomi P, Bolli A, Galluzzo P, Acconcia F, Ascenzi P, et al. (2012) The

naringenin-induced proapoptotic effect in breast cancer cell lines holds out

against a high bisphenol a background. IUBMB Life 64: 690–696.

48. Lou CJ, Zhang FY, Yang M, Zhao J, Zeng WF, et al. (2012) Naringenin

Decreases Invasiveness and Metastasis by Inhibiting TGF-beta-Induced

Epithelial to Mesenchymal Transition in Pancreatic Cancer Cells. Plos One 7.

49. Arul D, Subramanian P (2013) Naringenin (Citrus Flavonone) Induces Growth

Inhibition, Cell Cycle Arrest and Apoptosis in Human Hepatocellular

Carcinoma Cells. Pathol Oncol Res.

50. Arul D, Subramanian P (2013) Inhibitory effect of naringenin (citrus flavonone)

on N-nitrosodiethylamine induced hepatocarcinogenesis in rats. Biochem

Biophys Res Commun 434: 203–209.

51. Iwashita K, Kobori M, Yamaki K, Tsushida T (2000) Flavonoids inhibit cell

growth and induce apoptosis in B16 melanoma 4A5 cells. Biosci Biotechnol

Biochem 64: 1813–1820.

52. Duff B, Thangella VR, Creaven BS, Walsh M, Egan DA (2012) Anti-cancer

activity and mutagenic potential of novel copper(II) quinolinone Schiff base

complexes in hepatocarcinoma cells. Eur J Pharmacol 689: 45–55.

53. Puszko A, Brzuszkiewicz A, Jezierska J, Adach A, Wietrzyk J, et al. (2011)

Systematic coordination chemistry and cytotoxicity of copper(II) complexes with

methyl substituted 4-nitropyridine N-oxides. J Inorg Biochem 105: 1109–1114.

54. Rosu T, Pahontu E, Pasculescu S, Georgescu R, Stanica N, et al. (2010)

Synthesis, characterization antibacterial and antiproliferative activity of novel

Cu(II) and Pd(II) complexes with 2-hydroxy-8-R-tricyclo[7.3.1.0.(2,7)]tridecane-

13-one thiosemicarbazone. Eur J Med Chem 45: 1627–1634.

55. El Brahmi N, El Kazzouli S, Mignani SM, Essassi el M, Aubert G, et al. (2013)

Original multivalent copper(II)-conjugated phosphorus dendrimers and corre-

sponding mononuclear copper(II) complexes with antitumoral activities. Mol

Pharm 10: 1459–1464.

56. Silva PP, Guerra W, Silveira JN, Ferreira AM, Bortolotto T, et al. (2011) Two

new ternary complexes of copper(II) with tetracycline or doxycycline and 1,10-

phenanthroline and their potential as antitumoral: cytotoxicity and DNA

cleavage. Inorg Chem 50: 6414–6424.

57. Urquiola C, Gambino D, Cabrera M, Lavaggi ML, Cerecetto H, et al. (2008)

New copper-based complexes with quinoxaline N1, N4-dioxide derivatives,

potential antitumoral agents. J Inorg Biochem 102: 119–126.

58. Beckford FA, Thessing J, Stott A, Holder AA, Poluektov OG, et al. (2012)

Anticancer activity and biophysical reactivity of copper complexes of 2-

(benzo[d][1,3]dioxol-5-ylmethylene)-N-alkylhydrazinecarbothioamides. Inorg

Chem Commun 15: 225–229.

59. Li TR, Yang ZY, Wang BD (2007) Synthesis, characterization and antioxidant

activity of naringenin Schiff base and its Cu(II), Ni(II), Zn(II) complexes. Chem

Pharm Bull (Tokyo) 55: 26–28.

Naringenin Complexation and Breast Cancer

PLOS ONE | www.plosone.org 12 September 2014 | Volume 9 | Issue 9 | e107058



60. Li YH, Wang BD, Yang ZY (2007) Infrared and DNA-binding on ultraviolet
and fluorescence spectra of new copper and zinc complexes with a naringenin
Schiff-base ligand. Spectrochim Acta A Mol Biomol Spectrosc 67: 395–401.

61. Vo V, Kabuloglu-Karayusuf ZG, Carper SW, Bennett BL, Evilia C (2010)
Novel 4,4 ’-diether-2,2 ’-bipyridine cisplatin analogues are more effective than
cisplatin at inducing apoptosis in cancer cell lines. Bioorganic & Medicinal
Chemistry 18: 1163–1170.

62. Elwell KE, Hall C, Tharkar S, Giraud Y, Bennett B, et al. (2006) A fluorine
containing bipyridine cisplatin analog is more effective than cisplatin at inducing
apoptosis in cancer cell lines. Bioorganic & Medicinal Chemistry 14: 8692–8700.

63. Lee ER, Kang YJ, Kim HJ, Choi HY, Kang GH, et al. (2008) Regulation of
apoptosis by modified naringenin derivatives in human colorectal carcinoma
RKO cells. J Cell Biochem 104: 259–273.

64. Park JH, Jin CY, Lee BK, Kim GY, Choi YH, et al. (2008) Naringenin induces
apoptosis through downregulation of Akt and caspase-3 activation in human
leukemia THP-1 cells. Food Chem Toxicol 46: 3684–3690.

65. Jin CY, Park C, Lee JH, Chung KT, Kwon TK, et al. (2009) Naringenin-

induced apoptosis is attenuated by Bcl-2 but restored by the small molecule Bcl-2

inhibitor, HA 14-1, in human leukemia U937 cells. Toxicol In Vitro 23: 259–

265.

66. Arul D, Subramanian P (2013) Naringenin (citrus flavonone) induces growth

inhibition, cell cycle arrest and apoptosis in human hepatocellular carcinoma

cells. Pathol Oncol Res 19: 763–770.

67. Kekre N, Griffin C, McNulty J, Pandey S (2005) Pancratistatin causes early

activation of caspase-3 and the flipping of phosphatidyl serine followed by rapid

apoptosis specifically in human lymphoma cells. Cancer Chemother Pharmacol

56: 29–38.

68. Kanno S, Tomizawa A, Ohtake T, Koiwai K, Ujibe M, et al. (2006) Naringenin-

induced apoptosis via activation of NF-kappaB and necrosis involving the loss of

ATP in human promyeloleukemia HL-60 cells. Toxicol Lett 166: 131–139.

Naringenin Complexation and Breast Cancer

PLOS ONE | www.plosone.org 13 September 2014 | Volume 9 | Issue 9 | e107058


