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ABSTRACT: A new one-dimensional chain-like compound of tungstobismuthate,
[(W(OH)2)2 (Mn(H2O)3)2(Na3(H2O)14)(BiW9O33)2](Himi)2·16H2O (1) (imi =
iminazole), has been synthesized in aqueous solution. The structure of 1 was identified
by elemental analysis, IR, thermogravimetry (TG), X-ray photoelectron spectroscopy
(XPS), 183W-NMR, and single crystal X-ray diffraction. To investigate the inhibitory effect
of 1 on human gastric adenocarcinoma SGC-7901 cells, cell proliferation and apoptosis
initiation were examined by MTT assay (MTT = 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazoliumbromide), flow cytometry, nuclear staining, transmission electron microscopy,
single cell gel electrophoresis, DNA fragmentation, and Western blotting. The results
showed that 1 inhibited cell proliferation and induced apoptosis in SGC-7901 cells in
dose-dependent manner. In addition, 1 also decreased the expression of bcl-2 protein and
nuclear factor-κB p65 protein in SGC-7901 cells. And expression of bcl-2 protein exhibits
a decreasing trend with increase of concentration of 1. Thus, 1 possessed a potential
antitumor activity in SGC-7901 cells. This suggests that polyoxotungstates will provide a
promising and novel antitumor agent in prevention and treatment of gastric adenocarcinoma.

■ INTRODUCTION

Interest in polyoxometalates (POMs) has traditionally been
focused on their unique structure and alterable properties
including design and synthesis of new POMs as well as their
consequent diversified applications in catalysis, photoelectric
chemistry, and magnetism, and so forth.1−3 POMs have
advantageous structural characteristics and chemical properties
in drug synthesis.4,5 POMs have a strong effect on the target
recognition of biological macromolecules following their
properties such as polarity, redox potentials, surface charge
distribution (high negative), shape, nucleophilicity, and acidity.
In addition, POMs also regulate the molecular biological effects
and enhance the recognition of target secondary structure of
biological macromolecules through covalent linkages with
organic groups. Therefore, the bioactivities of POMs in the
biosystem are still unclear.
Cancer has been one of the serious public health problems

which has threatened human health in the world. Chemo-
therapeutics has become an important method in the treatment
of tumors. Therefore, to find a potent antitumor drug with low-
toxicity has become the priority in the chemotherapeutic

treatment of tumors.6−10 Up to 1990s, many studies have
focused on the antiviral,11−18 antibacterial,19−23 and antitu-
moral24−47 effect of POMs. In 1973, Jasmin et al. found that
[NH4]17Na[NaSb9W21O86]·14H2O (HPA-23) could inhibit
virus-induced tumor;48 In 1980, Jozsef first used
(NH4)6[Mo7O24]·6H2O in a patented prescription against
cancer. In 1988, Yamase found the antitumor activity of
(NH3Pri)6[Mo7O24] 3H2O (PM-8).24 In 1992, Na[IMo6O24]
was applied as an anticolon cancer drug to clinical patients.42 In
2004, Wang reported the antitumor activity of heteropolytung-
states and polyoxovanadate modified by organic amine in
vitro.49,50 In 2008, Prudent reported the identification of POMs
as nanomolar noncompetitive inhibitors of protein kinase
CK2.35 In 2010, Compain showed the activity of tetra- to
dodeca-nuclear oxomolybdate complexes with functionalized
bisphosphonate ligands in killing tumor cells.43 In addition,
O g a t a r e p o r t e d t h e a n t i t u m o r e ff e c t o f
[Me3NH]6[H2Mo12O28(OH)12(MoO3)4]·2H2O(PM-17) on
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cell apoptosis both in vitro and in vivo models.34 Thus, many
studies have focused on apoptosis induced by POMs which
may be one of the mechanisms of inhibiting tumor cell
proliferation.
Because POMs are simultaneously π-donor/acceptor ligands,

the lacunary polytungstates can provide polydentate coordina-
tion sites for most metal cations. As inorganic polydentate
ligands, polytungstates have wide applications to bond to other
transition metals.51−55 For example, bismuth compounds are
used for the treatment of gastrointestinal disorders. Bismuth
complexes have also been shown to exhibit medical
activity.56−59 For example, Li reported the antitumor and
antibacterial activity of bismuth complexes containing hetero-
cyclic thiosemicarbazones.60−63 In addition, iminazole (imi)
and its derivates are one of the most commonly used drug
ligands, which not only possess a variety of the coordination,
but also have the medicinal perspective.64,65 However, it is not
yet reported in how to combine and use them organically to
form new compounds with antitumor activities. Thus, the
objectives of this study were to determine a one-dimensional
(1-D) chainlike trilacunary Keggin-type tungstobismuthates
modified with imi, [(W(OH)2)2(Mn(H2O)3)2(Na3(H2O)14)
(BiW9O33)2] (Him)2·16H2O (1) which (1) synthesized the
method; (2) identified the structural characteristics by
elemental analysis, IR, thermogravimetry (TG), and single-
crystal X-ray diffraction; and (3) inhibited proliferation and
induced apoptosis in human gastric adenocarcinoma SGC-7901
cells.

■ MATERIALS AND EXPERIMENTS
Chemicals, Reagents, and Instruments. Ethylene diamine tetra

acetic acid disodium salt (EDTA), MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrazoliumbromide) and dimethylsulfoxide were pur-
chased from Sigma Chemicals Co. (St. Louis, MO). Rabbit polyclonal
antibodies for β-actin (sc-1616-R), Bcl-2 (sc-492), and NF-κB p65 (sc-
372) were bought from Santa Cruz Biotechnology (Santa Cruz, CA,
U.S.A.). Goat antirabbit (w3960) and antimouse (w3950) secondary
antibodies were purchased from Promega.
Elemental analyses (C, H, and N) were performed on a Perkin-

Elmer 2400 CHN elemental analyzer. Na, Bi, W, and Mn analyses
were performed on a PLASMA-SPEC (I) ICP atomic emission
spectrometer. The 183W-NMR spectra were recorded on a Bruker
DRX 500 instruments at 16.67 MHz using D2O as a solvent in 10-mm
tubes. As references (external standards) we used aqueous solutions of
1 M Na2WO4. X-ray photoelectron spectroscopy (XPS) analyses were
performed on a VG ESCALAB MK II spectrometer with a Mg Kα
(1253.6 eV) achromatic X-ray source. The vacuum inside the analysis
chamber was maintained at 6.2 × 10−6 Pa during analysis. IR spectrum
was recorded in the range 400−4000 cm−1 on an Alpha Centaurt FT/
IR Spectrophotometer using KBr pellets. Diffuse reflectance UV−vis
spectra (BaSO4 pellets) were obtained with a Varian Cary 500 UV−vis
NIR spectrometer. TG analyses were performed on a Perkin−Elmer
TGA7 instrument in flowing N2 with a heating rate of 10 °C·min−1.
Electrochemical measurements were performed with a CHI660
electrochemical workstation. A conventional three-electrode system
was used. The working electrode was a glassy carbon electrode.
Platinum gauze was used as a counter electrode, and Ag/AgCl was
used as reference electrode. The morphologies and sizes of the
products were characterized by using Hitachi S-4800 field emission
scanning electron microscopy (FE-SEM) and a TECNAI G2 F20 S-
TWIN high-resolution transmission electron microscope (TEM).
Syntheses of POMs. A mixture of Na2WO4·2H2O (1.55 g),

Bi(NO3)3·5H2O (0.2425 g), imi (0.069 g), and MnCl2·6H2O (0.13 g)
in a molar ratio of 4.70:0.50:1.00:0.70 was dissolved in H2O (40 mL)
and stirred for 2 h at 80 °C. Then, pH value of the resulting mixture
was adjusted to 6.8 with 1 M NaOH solution. During this period, the

pH value of the solution was adjusted to 6.8 with a solution of NaOH
(0.25 mol/L). The final mixture was filtered and cooled at room
temperature. The isolated yellow crystals were collected by filtration a
few days later, and dried at room temperature. The rate of yield was
56% (based on Bi). [(W(OH)2)2(Mn(H2O)3)2(Na3(H2O)14)-
(BiW9O33)2](Him)2·16H2O (1) (6175.59) was calculated: C 1.18, H
1.31, N 0.92, Mn 1.80, W 60.15, Bi 6.84, Na 1.51; found C 1.14, H
1.27, N 0.91, Mn 1.87, W 60.29, Bi 6.77, Na 1.42. IR (KBr pellet,
cm−1): 3395 (br), 3137 (br), 1630 (s), 1425 (s), 1169 (m), 941 (s),
821 (s), 760 (s).

Determination of Crystal Structure 1. crystal data were
collected on a Bruker Smart CCD diffractometer with Mo Kα
radiation (λ = 0.71073 Å) at 273 K. Semiempirical absorption
correction was applied. The structures of 1 were solved by direct
methods and refined on F2 by the full-matrix least-squares using the
SHELXTL-97 crystallographic software.66,67 Anisotropic thermal
parameters were refined to all of the non-hydrogen atoms. The
hydrogen atoms were held in calculated positions on carbon atoms
and nitrogen atoms, and the hydrogen atoms on oxygen atoms directly
included in the final molecular formula on water molecules and
protonated oxygen atoms. The crystallographic data and structure
refinement were provided in Supporting Information, Table S1.
Selected bond lengths and angles were listed in Supporting
Information, Table S2. CCDC-730763 contains the supplementary
crystallographic data for this paper. These data can be obtained from
the Cambridge Crystallographic Data Centre via ww.ccdc.cam.ac.uk/
data_request/cif.

Cell Culture. Human gastric adenocarcinoma SGC-7901 cells were
obtained from the Cancer Institute of Chinese Academy of Medical
Science (Beijing, China). The 1 solution was adjusted by dissolution in
10% fetal bovine serum (FBS) RPMI 1640 medium (GIBCO). SGC-
7901 cells were maintained in FBS RPMI 1640 medium supplemented
with 10% FBS, 100 IU/mL penicillin, 100 μg/mL streptomycin, and 2
mmol/L glutamine, at 37 °C in a 5% CO2 atmosphere. The medium
was changed every 3 days, and cells were passaged with 0.25% trypsin.
Cells were plated at a density of 1 × 106 cells per 100 mm culture dish
and allowed to grow to approximately 70% confluence before
experimentation.

Cell Proliferation. The effect of 1 on cell viability was determined
in SGC-7901 cells as described in a previous study.68 Briefly, cells were
seeded in a 96-well microtiter plate (Nunc, Wiesbaden, Germany) at
1.0 × 104 cells per well. After 24 h of incubation, the cells were treated
with 200 μL of medium containing various concentrations (50, 100,
200, 300, and 400 μmol/L) of 1 for 24 h. For each concentration, five
replicates were employed. Twenty microliters of 5 mg/mL MTT
solution was added to each well, and cells continued to be incubated
for 4 h at 37 °C. After careful removal of the medium, 200 μL of
dimethyl sulfoxide (DMSO) was added to each well, and the plate was
then shaken for about 10 min until the crystals were solubilized.
Absorbance was then measured at 490 nm in a microplate reader
(Elx800 Universal Microplate Reader, Bio-Tek Instruments, U.S.A.). 5-
Fluorouracil (5-FU) and cisplatin (cis-DDP) were used as positive
controls in this study. To compare to other derivatives, tungstates
(Na2WO4·2H2O), bismuthates (Bi(NO3)3·5H2O), manganese
(MnCl2·6H2O), and imi were also used in this study. The curves of
cell viability were drawn by comparing the control group. The
inhibitory rate was calculated using the following equation: inhibitory
rate (%) = (ODcontrol − ODtreatment)/ODcontrol × 100%.

Morphological Observation. Apoptosis and necrosis were also
determined morphologically using staining with acridine orange (10
mg/mL)/ethidium bromide (10 mg/mL) (AO/EB) as described in a
previous study.69 After treatments, cells were washed and adjusted at a
density of 1 × 106 cells/mL in PBS. Acridine orange/ethidium
bromide solution (1:1, v/v) was added to the cell suspension in a final
concentration of 100 μg/mL. The cellular morphology was evaluated
by fluorescence microscopy (Olympus IX70, Japan).

TEM and SEM. For transmission electron microscopy (TEM),
SGC-7901 cells were treated with 200 μmol/L 1 for 24 h. The cells
were harvested and fixed with 2.5% glutaraldehyde dissolved in 0.1
mol/L sodium cacodylate buffer (pH 7.3) for 24 h, followed by 1%
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osmium tetroxide fixation for 90 min at the room temperature,
dehydrated in an acetone series (30−100%) and finally embedded in
Epon. Ultrathin sections were stained with uranyl acetate and lead
citrate and observed in a transmission electron microscope.70

SGC-7901 cancer cells were grown on 20 mm2 coverslips in a 6-well
microtiter plate (Nunc, Wiesbaden, Germany) at 1.0 × 104 cells per
well. After treatment of 200 μmol/L 1 for 24 h, cells were fixed with
2.5% glutaraldehyde dissolved in 0.1 mol/L sodium cacodylate for 2 h,
postfixed in osmium tetroxide, dehydrated with graded ethylalocoho
series, immersed in isoamyl acetate, dried under CO2 critical point,
and finally pasted on the stage for specimen. The plating films were
examined in a S3400N scanning electron microscope (SEM)
(HITACHI, Japan).
DNA Fragmentation. DNA fragmentation was determined by

extraction of DNA followed by agarose gel electrophoresis. Briefly,
cells were treated with 1 for 24 h and then washed twice with PBS,
resuspended in the extraction buffer (10 mmol/L Tris, 0.1 mol/L
EDTA, 20 μg/mL trypsin, 5 mg/mL SDS; pH 8.0), and incubated for
1 h at 37 °C. The homogenates were then incubated with 20 mg/mL
proteinase K (Merck, Germany) for 3 h at 50 °C. After phenol
extraction, DNA was precipitated and dissolved in the TE buffer and
electrophoresed on a 1.2% agarose gel. The gel was stained with
ethidium bromide (20 μg/mL) and photographed under ultraviolet.
Apoptotic Analysis by FCM. After treatment of 1, SGC-7901

cells were collected, washed with cool PBS, suspended in 500 μL of
binding buffer (Annexin V−FITC Apoptosis Detection Kit, KeyGEN),
mixed with 5 μL of fluorescein isothiocyanate (FITC)-conjugated
annexin V (Annexin V−FITC), and stained with 5 μL of propidium
iodide (PI) (Annexin V−FITC Apoptosis Detection Kit, KeyGEN) for
10 min at 37 °C away from light according to manufacturer’s
instructions. For each dose, at least 1.0 × 105 cells were analyzed by a
flow cytomery. The population of annexin V−PI− viable cells and
annexin V+ cells was evaluated by flow cytometry (BD Biosciences,
U.S.A.). The proportions in four phases were estimated using ModFit
LT analysis software.
Western Blotting. After treatment of 1 for 24 h, total protein from

the cells were extracted in the lysis buffer and following a previous
study.69 Total protein (50−80 μg) were separated in 10%
polyacrylamide gels (SDS-PAGE). The gels were transferred to a
nitrocellulose membrane. The membrane was blocked in blocking
buffer (1% BSA and 0.1% Tween-20 in 20 mmol/L TBS, pH 7.6) for 1
h at 37 °C in a hybridization oven (Amersham, Life Science), then
incubated with bcl-2, NF-κB p65, or β-actin primary antibodies in
blocking buffer overnight at 4 °C. After washing TBST 3 times, the
membranes were incubated with the corresponding IgG HRP
conjugate secondary antibody at 37 °C for 1 h. The membrane was
washed two times with TBST, and then washed with TBS. The
membranes were then incubated with alkaline phosphatase-conjugated
IgG. The protein bands detected with the Western Blue Stabilized
Substrate for alkaline phosphatase (Promega).
Statistical Analysis. Data were expressed as means ± standard

deviation (SD). Three independent experiments were performed in
this study. Difference was analyzed using the One-Way ANOVA with
the Bonferroni post hoc multiple comparisons to assess the difference
between independent groups. Data analyses were generated using
SPSS for Windows Version 19.0 (SPSS Inc., Chicago, IL). A statistical
significance was set at P < 0.05, and all P values were unadjusted for
multiple comparisons.

■ RESULTS AND DISCUSSION

Structure of 1. The structure of [(W(OH)2)2(Mn-
(H2O)3)2(Na3(H2O)14)(BiW9O33)2](Him)2·16H2O is shown
in Figure 1. A 1-D chain built up of the sandwich anions
[Mn2(H2O)6(W(OH)2)2(β-B-BiW9O33)2]

6− and the two Na+

ions is shown in the Supporting Information, Figure S1 and S2.
In the chain, the coordination geometries of two Na+ ions are
octahedral: the bridging one is coordinated by four water
ligands and two μ2-O atoms from two neighboring sandwich-
type [Mn2(H2O)6(W(OH)2)2(β-B-BiW9O33)2]

6− anions, and
further linked a Na(H2O)6

+ complex group by three bridging
water ligands, resulting in an 1-D chain by double W-O-[Na2]-
O-W bridges. Additionally, the independent organic imi is just
located in the window formed by two sandwich polyanions and
two [Na2] linkers (Supporting Information, Figure S1). In the
sandwich-type unit, two identical [B-β-BiW9O33]

9− moieties are
linked by two corner-sharing WO6 octahedra and two
octahedral MnO3(H2O)3 groups to form the krebs-type
structure, [Mn2(H2O)6(W(OH)2)2(β-BiW9O33)2]

6− (Support-
ing Information, Figure S2).
As polyanion 1 is diamagnetic we performed 183W-NMR

studies in solution. The room-temperature 183W-NMR spectra
of 1 exhibits 6 peaks at −48.0, −80.1, −105.2, −120.1, −152.6,
and −320.1 ppm with intensity ratios 2:2:2:2:1:1 (see
Supporting Information, Figure S3). This result indicates that
in solution a species with C2h symmetry is present,

71 which is in
complete agreement with the solid state structure of 1.
Furthermore, the NMR spectrum does not change even after
2 weeks, indicating the high stability of 1 in aqueous solution.
Bond valence sum (BVS) calculations72 confirm that all Bi

and W centers are in the oxidation states of +3 and +6,
respectively. The Mn and Na cations in compound 1 are all in
the +2 and +1 oxidation states, respectively. In addition, BVS
calculations for the O toms linked to the W centers (O1, O2)
present the hydroxyl ligands (1.18−1.25) and the water
molecules linked to the Mn and Na centers (0.22 to 0.34).
Moreover, three extra protons should be added to isolated imi
molecules of compounds 1 for the charge balance.

XPS Spectroscopy. The oxidation states of W and Mn are
further confirmed by XPS spectra, which were carried out in the
energy region of W4f7/2, W4f5/2, Mn2p1/2, and Mn2p3/2
respectively (Supporting Information, Figure S4). The XPS
spectra give two peaks at 34.8 and 37.2 eV which are attributed
to W6+ ions. The peak at 640.8 and 654.1 eV are ascribed to
Mn2+ ions.73 The oxidation states of them are in accordance
with the valence bond calculations.

IR Spectroscopy. The IR spectra exhibited prominent
characteristic peaks for the sandwich-type structure at 941, 821,
and 760 cm−1, which can be ascribed to the (WOd), (W−
Ob−W), and (W−Oc−W) vibrations of the polyoxoanion
cluster. The characteristic peaks concerned with coordinated
imi ligands are at 1425(w) and 1169(m)/cm. The strong peak

Figure 1. 1-D chain of 1 was made by sandwiched POM units and [Na2] linkers (green octahedra, W; purple octahedra, Mn; yellow ball, Bi; blue
ball, Na).
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at 1630 cm−1 can be assigned to isolated solvent water
molecules. The peaks at 3137−3395/cm were assigned to the
N−H and O−H vibrations (Supporting Information, Figure
S5).74

TG Analysis. The TG curve was presented a two-step
weight-loss process (Supporting Information, Figure S6). The
first step corresponded to the loss of isolated and coordinated
water molecules (calculated weight loss 10.30%; found 10.36%)
in the temperature range 39−295 °C. The second step
corresponded to the loss of the organic imi ligands (calculated
weight loss 2.23%; found 2.15%) between 424 and 556 °C.
Cyclic Voltammogram Analysis. The cyclic voltammo-

gram of 1.0 mmol/L 1 was detected in the pH 4 (0.4 mol/L
CH3COONa + CH3COOH) buffer solution (Supporting
Information, Figure S7). The compound (vs Ag/AgCl) at a
scan rate of 20 mV/s appeared with mean peak potentials [E1/2
= (Epa + Epc)/2] of +831(I−I′) and −437(I−I′) mV. The redox
peaks I−I′ and II−II′ corresponded to two consecutive one-
electron processes of the W atoms.75

Solution Stability. The stability of 1 was detected in pH
6.8 (dissolved in water, 50 μmol/L). As shown in Supporting
Information, Figure S8, there were two absorption bands at
about 210 and 250 nm, which respectively related to Od→M
and Ob, Oc→M charge transfer transitions. With the prolonged
time of the placed solution, the absorption bands were not
obviously displaced. The result showed that 1 was stable for the
research on drugs.
Effect of 1 on Growth of SGC-7901 Cells. To determine

the effect of 1 on cell proliferation, cell viability of SGC-7901
cells was examined by MTT assay. The effects of 1 on the
viability of SGC-7901 cells is shown in Figure 2; cell viability of

SGC-7901 cells treated with 50, 100, 200, 300, and 400 μmol/L
of 1 for 24 h was decreased by 72.6, 36.6, 12.6, 5.5, and 3.8%,
respectively, in comparison with the control group. These
results showed that 1 inhibited the growth of SGC-7901 cells in
a dose-dependent manner (p < 0.05 or p < 0.01). The 50%
inhibitory concentration (IC50), the dose of 1 required to
inhibit or kill 50% of the cells tested, was 81.0 ± 4.1 μmol/L at
24 h. 1 significantly inhibited the cell proliferation when
compared to 5-fluorouracil (5-FU) and cisplatin (cis-DDP)

which are commonly clinical chemotherapy drugs. In the
meantime, cell viability of tungstates, bismuthates, manganese,
and imi in SGC-7901 cells also were tested in this study. The
results showed that their cell viability was higher that in a 1
group (Figure 2). Thus, 1 has a potent inhibition of cell
proliferation in SCG-7901 cells.

Effect of 1 on SGC-7901 Cell Morphology. Apoptosis is
a mode of programmed cell death and is an important
biological consequence of exposure to extrinsic agents,76−80 and
apoptosis is a complex process regulated by a variety of
factors.81,82 Induction of apoptosis is an important target for
cancer therapy.83,84 In this study, cell morphologic changes
were performed in SGC-7901 cells treated with 1. The cells
treated with 200 μmol/L of 1 for 24 h showed a shrinkage,
rounding, and fragmentation in contrast with the control cells
(Figure 3A). In addition, the induction of apoptosis or necrosis

was morphologically determined after staining with acridine
orange (AO) and ethidium bromide (EB) by fluorescence
microscopy (Figure 3B). The results showed that the viable
cells were uniformly green, while early apoptotic cells were
green with bright green dots in their nuclei as a result of
chromatin condensation and nuclear fragmentation. Late
apoptotic cells were stained by the EB which incorporated
into DNA and therefore showed orange with obvious
condensation.

Effect of 1 on SGC-7901 Cell Ultramicrostructure. The
ultramicrostructure of 1 on SGC-7901 cells was also
investigated in this study. As shown in Figure 4, SEM showed
the characteristics of apoptosis such as cell membrane blebbing,
microvilli disappearance or reduction (Blunt microvillus), and
separated apoptotic bodies in the treated cells. Untreated cells
showed morphological features including numerous microvillis
on its surface with membrane connections. TEM showed a cell
shrinkage, increased cellular granularity, the formation of

Figure 2. Effect of 1 on SGC-7901 cell viability. SGC-7901 cells were
exposed to different concentrations of 1 for 24 h, and cell viability was
determined by a MTT assay. Cell viability is presented in percentages,
and vehicle-treated cells were regarded as 100% viable. Data are
presented in mean ± SD (n = 5).

Figure 3. Morphological changes of SGC-7901 cells. (A) SGC-7901
cells treated with 1 show shrinkage, rounding, and fragmentation in
contrast with untreated cells (original magnification 200×). (B) SGC-
7901 cells stained with AO/EB dye. Arrow a shows variable cells
(bright green chromatin); arrow b shows early apoptotic cells (bright
green highly condensed or fragmented chromatin); arrow c shows late
apoptotic cells (bright orange highly condensed or fragmented
chromatin); and arrow d shows necrotic cells (bright orange/red
chromatin) (original magnification 200×).
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apoptotic bodies, dilated nuclear membranes, vacuoles in the
cytoplasm, and DNA fragmentation in the treated cells (Figures
4 C and D). Untreated cells showed the morphology with
randomly distributed organelles and nuclei with finely granular
and uniformly dispersed chromatin and a single large electron-
dense nucleolus.
Effect of 1 on SGC-7901 Cell DNA Fragmentation. The

effect of 1 on apoptosis of SGC-7901 cells was further assessed
by a DNA fragmentation assay. As shown in Figure 5, a clear
DNA ladder was shown in SGC-7901 cells treated with 200
μmol/L of 1 for 24 h. No DNA ladder is found in the control
group or in cells supplemented with 50 μmol/L of 1 for 24 h.
Effect of 1 on SGC-7901 Cell Apoptosis by FCM. In

addition, the annexin V-FITC and PI double-staining
techniques were also used to further confirm that 1 induced
apoptosis in SGC-7901 cells. Phosphatidylserine expression on
the external surface of cells was an early feature of apoptosis
changes. Annexin V is a calcium- and phospholipid-binding
protein with a high affinity for phosphatidylserine. Annexin V-
FITC is sensitive to detect cells in the early phase of apoptosis.
This method allows the detection of viable (annexin V− and
PI−), early apoptotic (annexin V+ and PI−), late apoptotic or
necrotic cells (annexin V+ and PI+) based on distinct double-
staining patterns with a combination of FITC−conjugated
annexin V and PI. In this study, 1-induced apoptosis in SGC-
7901 cells was determined by flow-cytometry (FCM). As
shown in Figure 6, 1 at dose of 100 μmol/L showed the cell
number on the lower and upper right quadrants which

represent the percentage of cells in the early stages of apoptosis
and in the later stages of cell death, respectively. Thus, these
results indicated that 1 could induce late apoptotic and necrotic
cells in SGC-7901 cells.

Western Blot Analysis of Bcl-2 and NF-κB p65
Expression. The bcl-2 family proteins play critical roles in

Figure 4. Ultrastructural changes in SGC-7901 cells. (A) SEM shows untreated SGC-7901 cell (original magnification 10000×). (B) SEM shows
SGC-7901 cells treated with 200 μmol/L of 1 for 24 h. The volume of treated cells decreased, and microvillis on the surface eliminated.
Invaginations and globular projections emerged on the surface of apoptotic cells. Bulks of spherule formation splitted from apoptotic cells (original
magnification 6000×). (C) TEM shows untreated SGC-7901 cell (original magnification 4000×). (D) TEM shows SGC-7901 cells treated with 200
μmol/L of 1 for 24 h. The treated cells became small and round. The nuclear volume decreased. The chromatin became condensed and diffused in
the nuclei. Finally, the cell membrane disappeared and the endocyte spilled (original magnification 4000×).

Figure 5. Ultrastructural changes in SGC-7901 cells. 1 induced DNA
fragmentation in SGC-7901 cells. The cells were treated with 200
μmol/L of 1 for 24 h. DNA was isolated from treated and untreated
cells. DNA fragmentation was separated in 1.2% agarose gel. The
results showed that 1 induced the DNA ladder in SGC-7901 cells.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic400019r | Inorg. Chem. 2013, 52, 5119−51275123



regulation of cell death processes. The most prominent
member of this family that is involved in gastric cancer is bcl-
2. The bcl-2 protein is a proto-oncogene that promotes
oncogenesis by blocking apoptosis, and the overexpression of
bcl-2 could provide a potential mechanism for the growth and
subsequent over-accumulation of tumor cells in several
cancers.85−90 Moreover, bcl-2 can block the initiation of
apoptosis by inhibiting the apoptosis-inducing release of
cytochrome C and apoptosis inhibitory factor into the
cytoplasm.91−93 Bcl-2 proteins can interact with each other
and subsequently modulate apoptosis.85−92 In this study, the
expression levels of bcl-2 of SGC-7901 cells treated with 50
μmol/L of 1 for 24 h did not evidence change in comparison
with the negative control. 1 at doses of 100 and 200 μmol/L
significantly decreased expressions of bcl-2 in SGC-7901 cells
when compared with the control group. Thus, the results
indicated that 1 mediated apoptosis in SGC-7901 cells may
depend on the suppression of bcl-2.
To evaluate the possible mechanism of 1 on apoptosis, the

expression levels of NF-κB p65 protein in SGC-7901 cells were
examined by Western blot. As show in Figure 7, the expression
of NF-κB p65 was down-regulated in the treatment groups
when compared to the negative control. This result showed
that 1 is involved in the regulation of the pathway of induced
cell apoptosis, and may act as signaling regulator to play a role
in NF-κB signaling transduction in gastric cancer cells. NF-κB, a
transcriptional activator with potent anti-apoptotic functions
has been implicated in resistance to various therapeutic agents
in oncogenesis.94 The NF-κB p65 subunit is specifically

associated with the regulation of apoptosis, and increased
expression of this subunit is important in the pathogenesis of
carcinoma.95,96 Previous studies have shown that the
antiproliferative effects of apoptosis agents are correlated with
a reduction in NF-κB activity.97−100 NF-κB is constitutively
activated in gastric adenocarcinoma cancer, where it contributes
to the transcriptional activation of a variety of genes involved in
proliferation, survival, and chemoresistance of the tumor
cells.95,96 Therefore, our findings showed that 1 decreased
NF-κB p65 protein expression in SGC-7901 cells. This may be
a potential target for antitumor therapy in gastric cancers.

■ CONCLUSION

In conclusion, a new synthesized POM, [(W(OH)2)2(Mn-
(H2O)3)2(Na4(H2O)14)(BiW9O33)2] (Him)2·16H2O (1), has
the biological activity of inhibiting proliferation and inducing
apoptosis in human gastric cancer SGC-7901 cells. Induction
apoptosis of 1 in human gastric cancer cells was systematically
determined and, at least in part, regulation by bcl-2 and NF-κB
related pathways. These results indicated that POM analogues
represent a novel group of selective anticancer agents.
However, it is still unclear how 1 regulated bcl-2 or NF-κB
pathways in POMs-induced cell apoptosis. A further study is
needed to explore the possible mechanism. Moreover, we will
examine controls with other POM clusters in further scientific
studies, in which POMs with the same solubility/charge but
with different hetero elements, POMs with different charge/
size, and un-“clustered” reagents containing tungstate, bismuth,
and so forth will be explored.

Figure 6. Apoptosis determination in SGC-7901 cells by flow cytometry. The cells were exposed to different concentrations of 1 for 24 h. Annexin
V-FITC and PI double-staining technique was used to detect cell apoptosis. The fluorescence intensity of PI is plotted on the y-axis, and annexin V-
FITC on the x-axis. A for Control; B for 100 μmol/L of 1; and C for statistical results. P < 0.05, when compared to the control group.
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