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Abstract Intracellular metal elements exist in mammalian
cells with the concentration range from picomoles per litre
to micromoles per litre and play a considerable role in various
biological procedures. Element provided by different species
can influence the availability and distribution of the element in
a cell and could lead to different biological effects on the cell’s
growth and function. Zinc as an abundant and widely distrib-
uted essential trace element, is involved in numerous and rel-
evant physiological functions. Zinc homeostasis in cells,
which is regulated by metallothioneins, zinc transporter/
SLC30A, Zrt-/Irt-like proteins/SLC39A and metal-response
element-binding transcription factor-1 (MTF-1), is crucial
for normal cellular functioning. In this study, we investigated
the influences of different zinc species, zinc sulphate, zinc
gluconate and bacitracin zinc, which represented inorganic,
organic and biological zinc species, respectively, on cell cycle,
viability and apoptosis inMDAMB231 cells. It was found that
the responses of cell cycle, apoptosis and death to different

zinc species in MDAMB231 cells are different. Western blot
analysis of the expression of several key proteins in regulating
zinc-related transcription, cell cycle, apoptosis, including
MTF-1, cyclin B1, cyclin D1, caspase-8 and caspase-9 in treat-
ed cells further confirmed the observed results on cell level.
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Introduction

Intracellular metal elements, which often exist in cytoplasm at the
trace level of picomoles per litre to micromoles per litre, play a
considerable role in physiology and pathology of biological
systems [1]. Essential trace metals, like zinc, copper and ferrum,
are related to activation of enzymes and transcription factors [2].
Metallome, which was first introduced by Williams, represents
element distribution in every one of cellular compartments [3].
Furthermore, metallomics is defined as “comprehensive analysis
of the entirety ofmetal andmetalloid specieswithin a cell or tissue
type” [4]. It has been reported that the difference in metallome
composition may reflect the dramatic differences in eukaryotic
and prokaryotic genome regulation [5]. Therefore, identification
of the elemental species could lead to a better insight in metal-
involving biochemical processes at the cellular level [6].

Zinc as an abundant and widely distributed essential trace
element, is a structural or functional component of many pro-
teins, being involved in numerous and relevant physiological
functions [2]. Zinc homeostasis in cells, which is crucial for
normal cellular functioning, is regulated by metallothioneins
(MTs), zinc transporter/SLC30A (ZnT), Zrt-/Irt-like proteins/
SLC39A (ZIP) and metal-response element-binding transcrip-
tion factor-1 (MTF-1) [7, 8]. MTs, as a class of small,
cysteine-rich proteins that have an important function in heavy
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metal metabolism, can regulate storage and transportation of
zinc directly [9, 10]. MTF-1 is the main transcription activator
of MT genes, and localises cytoplasm in normal physiological
environment. After binding with zinc, MTF-1 transfer from
cytoplasm to nucleus and activate related proteins expression
including ZnT1 and MT [11–13].

It is well known that cell cycle is mainly regulated by a
series of positive and negative regulators including cyclins,
cyclin-depended kinases (CDKs) and cyclin-dependent ki-
nases inhibitors (CDKIs). Cyclin A and cyclin B appear in
G2/M phase while accumulation of cyclin C, cyclin D and
cyclin E occur in G1/S phase [14–17].

Extrinsic apoptosis results in the activation of initiator
caspases-8/-10. In addition, cytosolic cytochrome c and Smac
trigger an efficient and sequential activation of initiator
caspase-9 and effector caspase-3, caspase-7 and caspase-6.
Effector caspases orchestrate the execution of apoptotic cell
death by cleaving hundreds of substrates [18, 19].

We have studied the effects of ZnSO4 on different cell lines
and found that there exists a regulatory system in cells that main-
tains the cellular zinc content stable in the presence of a certain
range of extracellular zinc concentration. Moreover, cell cycle,
apoptosis and proliferation of cells treated by ZnSO4were affect-
ed in a dose-dependent manner and the effect was particular to
each cell line [20, 21]. In this study, the influences of inorganic,
organic and biological zinc species, ZnSO4, zinc gluconate and
bacitracin zinc on cell cycle, viability and apoptosis were inves-
tigated in highly invasive breast cancer cell line (MDAMB231).
Additionally, expression of cyclins and caspase-8 and caspase-9
in treated cells were tested for further confirmation about the cell
cycle blockade and apoptosis execution. The present study is
expected to reveal different responses on cell cycle, viability
and apoptosis of MDAMB231 to zinc species for the first time.

Materials and Methods

Materials and Chemical Compounds

The highly invasive breast cancer cells MDAMB231 was pur-
chased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Fetal calf serum, Dulbeccos’s modified
Eagle’s medium (DMEM) and trypsin were purchased from
Thermo Scientific (Waltham, MA, USA). The reagents fluo-
rescein isothiocyanate (FITC) and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenylterazolium bromide (MTT) were from Sigma
(St. Louis, MO, USA). The visible light-excitable Zn2+ fluo-
rescent sensorN-(2-(bis((pyridin-2-yl)methyl)amino)ethyl)-7-
nitro-N-((pyridin-2-yl)methyl)benzo[c][1,2,5]oxadiazole-4-
amine (NBD-TPEA) was kindly provided by Professor Zijian
Guo (School of Chemistry and Chemical Engineering, Nan-
jing University, Nanjing, China). All other chemicals were
obtained at analytical grade from Sigma or Sinopharm

Chemical Reagent (SCRC, Shanghai, China). The water used
in our experiments wasMilliporeMilli-Q water (Bedford, TX,
USA). Culture dishes, glass bottom dishes, 96-well microtiter
plates, 6-well plates and 12-well plates were supplied by Co-
star (Cambridge, MA, USA) and Thermo Scientific. Primary
antibodies, the anti-MTF-1 antibody (dilution, 1:500; Abcam,
ab55522), anti-human cyclin B1 (dilution, 1:250; BD
Pharmingen, 554178), anti-human cyclin D1 (dilution,
1:250; BD Pharmingen, 556470), anti-caspase-8 (dilution,
1:500; Beyotime, AC056), anti-caspase-9 (dilution, 1:1000;
Beyotime, AC062) and Tubulin antibody (dilution, 1:1000;
Beyotime, AT819) were purchased. Secondary antibodies, in-
cluding goat anti-rabbit lgG-HRP (dilution, 1:5000; sc-2004)
and goat anti-mouse lgG-HRP (dilution, 1:5000; sc-2005),
were purchased from Santa Cruz Biotechnology.

Cell Culture and Experimental Incubation

MDAMB231 cells were maintained in DMEM supplemented
with 10 % fetal calf serum, 100 U/mL penicillin and 100 mg/
mL streptomycin at 37 °C under 5 % CO2. The cells were
plated in 96-well plates at a density of 2×103~4×103 cells/
well for theMTTassay and in 12-well plates at a density of 1×
105 cells/well for apoptosis and cell cycle analyses. Blood
counting chamber was used for cell counting.

Cells grown in 100-mm-diameter culture dishes, 12-well
plates, 96-well plates or 20-mm-diameter glass bottom dishes
were washed twice with 2~4 mL of pre-warmed (37 °C)
phosphate-buffered saline (PBS; pH 7.4), then renewed with
fresh culture medium containing 50, 100, 150 or 200 μM
ZnSO4, zinc gluconate or bacitracin zinc for cell cycle, apo-
ptosis and viability analyses. The control group was not treat-
ed. Concentrations of ZnSO4 used for other analyses will be
mentioned in the related sections. Cells were subsequently
incubated at 37 °C and 5 % CO2 for another 24 h.

Cell Cycle Analysed by PI Staining

The cell cycle was analysed by flow cytometry based on a
previously described method [22]. Briefly, cells were plated
in 12-well plates at a density of 1×105 cells/well. After 12 h of
incubation, at which point the cells had reached approximately
30~40 % confluency, the cells were treated with different con-
centrations of zinc (0, 50, 100, 150 or 200 μM) for an addi-
tional 24 h. Both adherent and detached cells were collected,
washed twice with ice-cold PBS buffer (pH 7.4), fixed with
70 % alcohol overnight, and stained with PI (1 mg/mL) in the
presence of 1 % RNase A for at least 30 min prior to analysis
by flow cytometry. Ten thousand cells were counted per sam-
ple. The data were analysed by using CellQuest software
(Becton Dickinson, Franklin Lakes, NJ, USA).
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Apoptosis Analysis by Annexin V/PI Staining

Apoptosis analysis of MDAMB231 was performed by flow
cytometric analysis based on a previously described method
[23]. Briefly, cells were plated in 12-well plates at a density of
1×105 cells/well. After 8~12 h incubation, at which point the
cells were at approximately 30~40 % confluency, the cells
were treated with different concentrations of zinc (0, 50,
100, 150 or 200 μM) for an additional 24 h. Cells were then
collected, washed twice with ice-cold PBS buffer (pH 7.4),
stained with Annexin V (1 μg/mL, labelled with FITC) and
kept in the dark on ice for 30 min. Annexin V was prepared
using cDNA recombinant techniques with plasmid pRH291
and purified as previously described [24]. The preparation was
more than 99 % pure. FITC labelling was achieved by
dialysing Annexin V against a coupling buffer (50 mM sodi-
um borate/NaOH at pH 9.0, 150 μMNaCl and 1 mM EDTA).
The cells were then stained with propidium iodide (PI; 1 μg/
mL) before analysis by flow cytometry (Becton Dickinson,
San Jose, CA, USA). Both Annexin V and PI were diluted
with binding buffer (10 mM HEPES/NaOH at pH 7.4,
140 mM NaCl and 2.5 mM CaCl2). Ten thousand cells were
counted per sample. The data were analysed by using
CellQuest software.

MTTAssay

Cell viability was determined by MTT assay. This method is
based on the conversion of MTT to formazan by certain mi-
tochondrial enzymes [25]. Briefly, cells in exponential growth
phase were plated in 96-well plates at a density of 2×103~4×
103 cells/well. After 12~24 h of incubation, at which point the
cells were at approximately 30~40 % confluency, the cells
were treated with various concentrations of zinc (0, 50, 100,
150 or 200 μM). After incubation for 24 h, 200 μL of MTT
reagent (1 mg/mL) was added to each well. The supernatant
was discarded after 4 h and 200 μL/well dimethyl sulfoxide
(DMSO) was added to dissolve the formazan precipitates. The
96-well plates were then vibrated for an additional 15min, and
the optical density (OD) of each well was measured at λ570 nm

by using a TECAN A-5082 Enzyme-immunoassay instru-
ment (TECAN, Mannedorf, Switzerland).

Confocal Images of Cells Stained NBD-TPEA

As a visible light-excitable Zn2+ fluorescent sensor with low
background fluorescence, NBD-TPEA was employed for in-
tracellular Zn2+ imaging because it can stain cytoplasm only
and the staining displays high quality [26]. Cells seeded on
20-mm-diameter glass bottom dishes were treated with differ-
ent concentrations of zinc (0, 100 or 200 μM) for an additional
24 h. The incubation medium was then removed, and the cells
were rinsed three times with pre-warmed PBS. A working

solution of NBD-TPEA (10 μM) for cell staining was pre-
pared from a 1-mM NBD-TPEA stock solution in DMSO
by dilution with PBS. Cells were incubated in the NBD-
TPEA working solution at 37 °C and 5 % CO2 for 30 min.
The confocal images of the cells were taken on an Olympus
FV1000 laser scanning confocal microscope (Olympus, To-
kyo, Japan) equipped with a ×60 oil-immersion objective.

Western Blot

Cells seeded on 100-mm-diameter culture dishes were treated
with different concentration of zinc (0, 50, 100, 150 or
200 μM) for 24 h. Moved the medium and washed the cells
with pre-warmed PBS. Then 100 μL lysis buffer (20 nmol/L
Tris (pH 7.5), 20 % glycerol, 400 mmol/L KCl, 1 nmol/L
DTT, aprotinin (1:1000), Roche protease inhibitor mix) was
added to each sample for 30 min incubation on ice. After
centrifugation at 12,000 rpm for 15 min, protein concentration
was quantified by Bradford assay [27]. Total proteins of
50~60 μg were dissolved in SDS-PAGE loading buffer, heat-
ed in water bath at 100 °C for 10 min, separated on 12 %
polyacrylamide gel and transferred to nitrocellulose mem-
branes (GE, Schenectady, NY, USA). The membranes were
blocked in 5 % skim milk in phosphate-buffered saline con-
taining 0.2 % Tween-20 buffer (PBST) for 1 h at room tem-
perature and incubated overnight by the appropriately diluted
primary antibodies at 4 °C. After extensive washing with
PBST buffer for three times, the membranes were incubated
with HRP-conjugated secondary antibody for 1 h at room
temperature. Target proteins were detected by enhanced
chemiluminescence reagents ECL after washing with PBST.
ChemiDoc™MP Imaging System (BIO-RAD, Hercules, CA,
USA) was used for blotting.

Statistical Analysis

The analytical experiments were performed in parallel on
three or four independent groups, and the results were present-
ed as mean±SD. All data were processed with SPSS 18.0
software. The significance of differences between groups
was tested by one-way ANOVA analysis, followed by appro-
priate post hoc multiple comparison test (Tukey-Kramer test).
*P<0.05, **P<0.01 or ***P<0.001 was considered statisti-
cally significant.

Results

Confocal Images of Cells Stained by NBD-TPEA

MDAMB231 cells zinc-treated for 24 h were stained byNBD-
TPEA at room temperature. The confocal images and quanti-
tative data of fluorescence intensity are shown in Fig. 1. As
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mentioned before, NBD-TPEA can stain cytoplasm instead of
nucleus with high sensitivity and was used for intracellular
Zn2+ imaging. The green fluorescence intensity of the cell
treated with 100 and 200 μM zinc were stronger than the
corresponding control groups (0 μM) obviously. That is, the
extracellular zinc indeed entered the cells and led to the in-
crease of the intracellular free zinc. For cells treated with bac-
itracin zinc, however, fluorescence intensity was not as strong
as ZnSO4 and zinc gluconate-treated cells. The possible ex-
planation about that will be illustrated in the “Discussion”.

Responses in Cell Viability of MDAMB231 After Zinc
Treatment

Figure 2 shows the viability of MDAMB231 cells after treat-
ment with different zinc species (0~200 μM) for 24 h. Viabil-
ity of MDAMB231 cells decreased to ~80 % after being treat-
ed with 50 μM ZnSO4 for 24 h, but the viability did not
continue to decrease with the increase of ZnSO4 concentra-
tion. Similar response on cell viability of MDAMB231 after

zinc gluconate treatment was observed. Bacitracin zinc with
concentration less than 150 μM, however, had little effect on

Fig. 1 Intracellular zinc localisation. MDAMB231 cells were treated
with 0, 100 or 200 μM zinc sulphate, zinc gluconate and bacitracin
zinc, respectively, for 24 h, then stained by 10 μM NBD-TPEA. a
Confocal images were acquired by using a laser scanning confocal

microscope equipped with a ×60 oil-immersion objective. Scale bar
represents 100 μm. b The fluorescence intensity of free Zn2+ was
quantitatively analysed by using Image-ProPlus 6.0 software (mean±
SD, n=3). *P<0.05; ***P<0.001 vs. control

Fig. 2 Cell viability analyses of MDAMB231 after treatment with zinc
sulphate, zinc gluconate and bacitracin zinc. The cells were incubated
with zinc species (0, 50, 100, 150 or 200 μM) for 24 h. Cell viability
were checked by MTT assay (mean±SD, n=4). *P<0.05; **P<0.01 vs.
control
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cell growth and viability. Surprisingly, about 30 % cells died
with higher concentration of bacitracin zinc (200 μM) stimu-
lation compared with control group.

Changes of Cell Population in Different Phases
of MDAMB231 After Zinc Species Treatment

The cell cycles of MDAMB231 cells were analysed after
treatment with different zinc species (0~200 μM) for 24 h
(Fig. 3). As shown in Fig. 3, the percentages of MDAMB231
cells in G1, S and G2/M phases changed significantly after
exposure to 150 and 200 μM ZnSO4. The cell population in
G1 and G2/M phase increased dramatically with higher con-
centration of ZnSO4, while opposite trend on relative cell
number of S phase was observed. Similarly, percentage of
cells in G1, S and G2/M phases also changed significantly
when treated with zinc gluconate, although small percentage
increased only after treatment with high concentration of zinc
gluconate (200 μM). Cells stimulated by bacitracin zinc, how-
ever, did not undergo significant cell cycle changes in differ-
ent phases, which was different from ZnSO4 treatment. Vari-
ous concentrations of zinc did not affect the cell population of
MDAMB231 cells in G1, S or G2/M phase. Cells with differ-
ent zinc species treatment had different responses on cell cycle
under the same conditions, which had correspondence with
the intracellular zinc content (Fig. 1).

Cell Apoptosis of MDAMB231 After Zinc Species
Treatment

Figure 4 shows the apoptosis analyses of MDAMB231 cells
after treatment with zinc species (0~200 μM) for 24 h. No
significant differences in percentages of cell apoptosis were
detected between control group and ZnSO4-treated ones
(<150 μM). In the presence of 200 μM ZnSO4, however,

Fig. 3 Cell cycle effects ofMDAMB231 cells in G1, S and G2/M phases
after treatment with zinc sulphate, zinc gluconate and bacitracin zinc. The
cells were incubated with zinc species (0, 50, 100, 150 or 200 μM) for
24 h. Then, cells were rinsed, fixed with 70 % alcohol overnight, stained
with PI (1 mg/mL) in the presence of 1 % RNase A and analysed by flow
cytometric analysis (mean±SD, n=3). *P<0.05; **P<0.01 vs. control

Fig. 4 Apoptosis analyses ofMDAMB231 cells after treatment with zinc
sulphate. The cells were incubated with zinc sulphate, zinc gluconate and
bacitracin zinc (0, 50, 100, 150 or 200 μM) for 24 h. Then, cells were
rinsed, stained with Annexin V (1 μg/mL, labelled with FITC) and PI
(1 μg/mL) and finally analysed by flow cytometric analysis (mean±SD,
n=3). *P<0.05; **P<0.01 vs. control
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the fraction of MDAMB231 cells in apoptosis increased sig-
nificantly. Different from ZnSO4-treated groups, both zinc
gluconate and bacitracin zinc with concentration of

0~200 μM did not induce significantly apoptotic cell death
of MDAMB231 cells as showed in Fig. 4, and the percentage
changes were less than 2 %.

Fig. 5 Effects of zinc sulphate
and zinc gluconate treatment on
expressions of MTF-1 by western
blot. MDAMB231 cells were
treated with zinc sulphate and
zinc gluconate for 24 h at the
indicated concentrations (0, 50,
100,150 or 200 μM). To ensure
equal loading of protein, tubulin
was used as a loading control.
ImageJ was used for quantitation
(mean±SD, n=3). All western
blotting results were
representative of three separate
experiments. Relative expressions
of proteins to tubulin were
calculated. Data was normalised

Fig. 6 Effects of zinc sulphate
treatment on expressions of cyclin
B1, cyclin D1, caspase-8 and
caspase-9 by western blot.
MDAMB231 cells were treated
with zinc sulphate for 24 h at the
indicated concentrations (0, 50,
100, 150 or 200 μM). To ensure
equal loading of protein, tubulin
was used as a loading control.
ImageJ was used for quantitation
(mean±SD, n=3). All western
blotting results were
representative of three separate
experiments. Relative expressions
of proteins to tubulin were
calculated. Data was normalised
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Related Proteins Expression After Zinc Species Treatment

Western blot analysis of the expression of several key proteins
involved in zinc-related transcription, cell cycle, apoptosis in
MDAMB231 cells after treatment of different zinc species for
24 h were shown in Figs. 5, 6 and 7. High concentration of
ZnSO4 (200 μM) promoted MTF-1 expression to a higher
level than control group according to the quantitation of
MTF-1 by using ImageJ software (http://rsb.info.nih.gov/ij/).
Obvious increase in cyclin B1 and cyclin D1 expression can
be detected when MDAMB231 cells were treated with high
concentration of ZnSO4. Cyclin B1 and cyclin D1 began
accumulation from G2/M and G1/S phases, respectively,
which further confirmed the results in flow cytometry assay
for cell cycle. Moreover, both expression level of casepase-8
and caspase-9 in 200 μM ZnSO4-treated cells dropped dra-
matically, which meant high concentration of ZnSO4 induced
apoptosis in MDAMB231 cells. Similarly, cyclin B1 expres-
sion increased in cells treated with zinc gluconate, which is
consistent with cell cycle results in Fig. 3. Additionally,
caspase-8 and caspase-9 expression in zinc gluconate-treated

cells did not drop as obviously as in ZnSO4-treated cells where
more apoptotic cells were observed.

Discussion

Treatment on MDAMB231 cells with different zinc species
caused various changes in cell cycle, apoptosis, and cell via-
bility. As we know, ZnSO4 and zinc gluconate dissolve more
easily than bacitracin zinc, which resulted in more free zinc
ions in their cell culture medium at same concentration of zinc
species. Enhancement in concentrations of ZnSO4 and zinc
gluconate had greater influence on cells than bacitracin zinc.
The increase of free zinc in the cells, which is illustrated in
Fig. 1, resulted in the various changes in cell viability, cycle
and apoptosis of MDAMB231cells. For example, the signifi-
cant increase on intracelluar zinc content in ZnSO4-treated
cells promoted cell death, G1 and G2/M cell cycle arrest,
and apoptosis. Taken together, our data showed that ZnSO4

can efficiently affected cell cycle progression of MDAMB231
by inhibiting the cells in G1 phase from moving to the

Fig. 7 Effects of zinc gluconate
treatment on expressions of cyclin
B1, cyclin D1, caspase-8 and
caspase-9 by western blot.
MDAMB231 cells were treated
with zinc gluconate for 24 h at the
indicated concentrations (0, 50,
100,150 or 200 μM). To ensure
equal loading of protein, tubulin
was used as a loading control.
ImageJ was used for quantitation
(mean±SD, n=3). All western
blotting results were
representative of three separate
experiments. Relative expressions
of proteins to tubulin were
calculated. Data was normalised
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subsequent S phase. Moreover, high concentration of ZnSO4

might induce apoptosis ofMDAMB231 cells, which led to the
suppression in proliferation of MDAMB231 cells. Given that
the effect of zinc gluconate on cell viability and cell cycle was
similar to ZnSO4, however, apoptosis change by zinc gluco-
nate was not significant. High concentration of bacitracin zinc
killed about 30 % MDAMB231 cells in total, but bacitracin
zinc with concentration lower than 200 μMdid not induce cell
death obviously. Additionally, changes on cell cycle and apo-
ptosis were faint between control groups and treated ones.
Those insignificant effects might result from smaller changes
on intracellular zinc content in bacitracin zinc-treated cells,
compared with ZnSO4- and zinc gluconate-treated
MDAMB231. Due to small solubility of bacitracin zinc, the
effects of little free zinc ions on cells were greatly weaken by
homeostasis regulation in cells.

When cells were treated with high concentration of zinc,
more MTF-1 are expressed in order to maintain zinc homeo-
stasis and function normally in cells by regulating downstream
proteins like MT. Protein expression level of cyclin B1 and
cyclin D1 increased with the elevation of zinc concentration,
which confirmed G1 and G2/M cell cycle arrest after zinc
treatment. What we found that caspase-8 and caspase-9 ex-
pression decreased significantly in MDAMB231 cells with
high concentration of ZnSO4 treatment, proved the apoptosis
execution in ZnSO4-treated cells rather than zinc gluconate-
treated ones.

The results showed that the responses of cell cycle, apopto-
sis and death to different zinc species inMDAMB231 cells are
quite different. Western blot analysis of the expression of sev-
eral key proteins in regulating zinc-related transcription, cell
cycle, apoptosis, including MTF-1, cyclin B1, cyclin D1,
caspase-8 and caspase-9 in treated cells further confirmed
the observed results on cell level. However, further studies
are needed to explore the exact mechanisms behind.
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