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Chrysin (5,7-dihydroxylflavone, Chry) is a natural product extracted from plants, honey, and propolis. In
this work, a novel chrysin-organogermanium(IV) complex (Chry-Ge) with enhanced anticancer activities
was synthesized, and its potential anticancer effects against cancer cells were measured using various
methods. MTT results showed that Chry-Ge had significant inhibition effects on the proliferation of
MCF-7, HepG2 and Colo205 human cancer cell lines in a dose-dependent manner while had little cyto-
toxic effects on MCF-10A human normal cells (MCF-10A cells) with the same treatment of Chry-Ge.

Key W‘?rdS: These results suggested that Chry-Ge possessed enhanced anticancer effects and high selectivity
Chrysin . .. .

Chry-Ge between cancer cells and normal cells. The immuno-staining results showed that the nuclei of MCF-7
MCEF-7 cells represented a total fragmented morphology and a disorganized cytoskeletal network in MCF-7 cells

after Chry-Ge treatment. Besides, atomic force microscopy (AFM) was applied to detect the changes of
ultrastructural and biomechanical properties of MCF-7 cellular membrane induced by Chry-Ge. The
AFM data indicated that Chry-Ge treatment directly caused the decrease of cell rigidity and adhesion
force of MCF-7 cells, suggesting that membrane toxicity might be one of the targets for Chry-Ge in
MCEF-7 cells. Moreover, the fluorescence-based flow cytometric analysis demonstrated that Chry-Ge
could induce apoptosis in MCF-7 cells in ROS-dependent mitochondrial pathway. All results collectively

Atomic force microscopy (AFM)

showed that Chry-Ge could be as a promising anticancer drug for cancer therapy.

© 2013 Elsevier Ltd. All rights reserved.

Cancer has became an enormous global health burden, because
there are about 12.7 million cancer cases and 7.6 million cancer
deaths every year based on the estimation of Globocan in
2008.'? During the past decades, chemotherapy has been regarded
as the most effective method for cancer therapy, but most of cancer
patients are also suffering from the toxicity and side effects in-
duced by chemotherapy. Thus, to design and develop new drugs
with high efficacy to fight against cancer cells is a big challenge
of vital importance for human health.

Chrysin (5,7-dihydroxylflavone, Chry) is a natural product ex-
tracted from plants, honey, and propolis. A lot of researches have
shown that chrysin has a broad spectrum of biological and phar-
macological properties, such as anti-inflammation, anti-oxidation
and protective effects.>"® Recently, it has also been proved that
chrysin obtains the ability to inhibit proliferation and induce apop-
tosis in cancer cells, making it a potential candidate as anticancer
drug.6'7’19

Germanium (Ge) is considered to play a key role in the pharma-
cological effects of some medicinal plants. Compared with the
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inorganic germanium compounds, organic germanium compounds
have much lower toxicity, and particularly, it can even enhance
immunity of animal models.?>?! In our previous study, we have
proved that Ge(IV)-polyphenol complexes can inhibit the prolifer-
ation of HepG2 cells through arresting cell cycle and disrupting the
morphology of HepG2 cells, achieving potential anticancer activi-
ties.?? Poly-trans-[(2-carboxyethyl)germasesquioxane] (Ge-132),
which is the most common and well-studied organic germanium
compound, has also been reported to posse anticancer effects
and enhance immunity.?>~%°

In the present study, we demonstrated a simple method to syn-
thesize Chry-Ge complex through the reaction between chrysin
and triphenylgermanium bromide (Fig. 1A). The Supplementary
data Figure S1 showed the chemical structure formula of Chry-
Ge. FT-IR and elementary analysis were performed to verify the
formation of Chry-Ge complex. The FT-IR spectra data of
Chry-Ge (Fig. 1B) showed a clear absorbance peak at 859.4 cm™’,
while no similar special absorbance peaks were found in the spec-
tra of triphenylgermanium bromide and chrysin in this region. In
addition, the appearance of a new peak was observed for the
stretching vibration of Ge-0O, whereas no obvious shift was ob-
served for the groups of C-O-H, C-H, and C=0 in the spectra of
Chry-Ge complex. The elementary analysis results (Fig. 1C)
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Figure 1. (A) Schematic representation of the synthesis of Chry-Ge. (B) The dates of FT-IR spectral of triphenylgermanium bromide, chrysin and Chry-Ge complex. (C) Dates
of elementary analysis of Chry-Ge.
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Figure 2. Cell viability was determined by a colorimetric MTT assay. Growth inhibition of Chry-Ge or Chrysin on (A) HepG2, (B) Colo205, (C) MCF-7, and (D) MCF-10A.
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Figure 3. (A) Flow cytometric analysis of Chry-Ge induced apoptosis in MCF-7 cells using annexin-V-FITC/PL. Quadrants: Q3: live cells; Q4: apoptotic cells; Q2: necrotic or
late apoptotic cells. (B) Cell cycle distribution of MCF-7 cells before and after treatments with Chry-Ge for 24 h detected by Pl-based flow cytometry.

showed that the theoretical results of H (5.01%) and C (69.69%) ele-
ment contents in Chry-Ge complex were in good agreement with
the experimental results of H (4.68%) and C (69.28%). To further
verify the formation of Chry-Ge complexes, 'H NMR and 'C NMR
(Bruker, USA) were performed and the data were showed in the
Supplementary data (*H NMR (Table 2), 'C NMR (Table 3)). These
results demonstrated the successful preparation of Chry-Ge com-
plex. To ensure the purity of Chry-Ge complex, re-crystallization
was used to purify the production.

To detect the biological activities of Chry-Ge, MTT assay was
performed firstly to evaluate the inhibition effects on proliferation
of cancer cells and normal cells. The date in Figure 2 showed that
both Chry-Ge and chrysin could effectively inhibit the growth
and proliferation of cancer cells in a dose-dependent manner,
including MCF-7, HepG2 and Colo205 cells (Fig. 2). Notably, the
inhibition effects of Chry-Ge were much stronger than that of
Chrysin, demonstrating the enhancement of anticancer activities
of Chrysin after the coupling with germanium. But interestingly,
both Chry-Ge and chrysin showed much lower toxicity against
MCF-10A cells, a normal human breast cell lines (shown in
Fig. 2D). The inhibition rates of HepG2, Colo205, MCF-7, and
MCF-10A cells induced by both Chry-Ge and chrysin, respectively,
were demonstrated in the Supplementary data Table 4.

These results suggested that Chry-Ge compound possessed
much higher anticancer activity compared with chrysin and
showed similar low toxicity against normal cells, showing higher
selectivity killing effect against cancer cells.

Annexin-V Aoptosis Detection Kit is based on the observation of
membrane phosphatidylserine (PS) from the inner face of the plas-
ma membrane to the cell surface when cells are suffering from
apoptosis.”® Figure 3 showed the mean apoptotic population of
MCEF-7 cells, which were 0.5%, 1.5%, 5.1% and 19.5% for control, 5,
10 and 20 pg/mL Chry-Ge treated MCF-7 cells (24 h), respectively.
The results strongly suggested that Chry-Ge possessed high apop-
totic induction effect in cancer cells, especially in high dosages.

Cell cycle consists of four distinct phases: G1 phase (cell
growth), S phase (DNA synthesis), G2 phase (cell division) and M
phase (mitosis and DNA replication). To further detect the altera-
tions in cell cycle induced by Chry-Ge, MCF-7 cell cycle was inves-
tigated by flow cytometry using PI staining after 24 h of Chry-Ge
treatment. It was found that the average percentage of cells in
G2 phase increased from 7.43 +£0.98% to 8.73 +0.45%, 15.8%
1.68%, 24.5+6.61%, and 30.9 £0.64% after 0, 2.5, 5, 10, and
20 pg/mL Chry-Ge treatments, respectively (Fig. 3B). It suggested
that Chry-Ge treatment could arrest MCF-7 cells in G2/M phase,
which might due to the destruction of DNA replication and mitosis
processes of MCF-7 cells after Chry-Ge treatment.

Besides, high levels of reactive oxygen species (ROS) can cause
cellular damage owing to the duration of ROS stress to mediate
apoptosis by regulating the expression of various apoptosis regula-
tory proteins.”’ To determine if ROS were involved in Chry-Ge in-
duced apoptosis, we examined the cellular ROS production in
response to Chry-Ge exposure by flow cytometry. As shown in
Figure 4, the results implied that mean fluorescence intensity



F. Yang et al./Bioorg. Med. Chem. Lett. 23 (2013) 5544-5551 5547

A Concentration of Chry-Ge (ug/mL)
0 2.5
A 5 10
8 8 8 }
- MFI:101.50 - MFI:87.14 ° MFI:106.95 ’ MFI:126.50
8
c
]
>
w
o (=% (=% 34
10° 10" 102 10° 10¢ 10° 10' 102 10° 10* 10° 10' 102 10° 10* 10° 10" 102 10° 10*
>
DCFH-DA
B 160 -

Mean Fluorescence Intensity (MFI)
H [2] [0
o o o
1 1 1

N
o
1

120 -
100 -
0 : I : .
0 25 5 10

Concentration of Chry-Ge(pg/mL)

Figure 4. Flow cytometric analysis of ROS levels in designated concentrations Chry-Ge treated MCF-7 cells. (A) Changes of ROS levels in Chry-Ge treated MCF-7 cells. (B) The

data in B represents three separated experiments.

(MFI) of DCFH-DA in Chry-Ge treated MCF-7 cells ranged from
101.50 to 126.50. After low concentration of Chry-Ge treatment,
ROS levels decreased, which was responsible for the removing of
free radicals by Chry-Ge at low dosage. But the ROS levels were in-
creased after the treatment of high dosage of Chry-Ge, showing
that why high concentration of Chry-Ge could induce remarkable
apoptosis in MCF-7 cells.

In this work, rhodamine 123 (Rh123) was used to detect mito-
chondrial membrane potential (MMP) as a quantitative method.”®
Figure 5 showed that mean fluorescence intensity (MFI) of Rh123
was decreased from 3094 for control cells to 483 for MCF-7 cells
treated with Chry-Ge. These results demonstrated that Chry-Ge
could induce MMP disruption in MCF-7 cells.

The loss of MMP would lead to the release of cytochrome c, the
activation of caspase, and the initiation of apoptotic cascades.?®~!
In order to confirm the apoptosis pathway, we also tested the
activity of caspase 3/8/9, which were central initiators and execu-
tioners of the apoptotic process.®? The results showed that low
dosages of Chry-Ge could not activate caspases while high dosages
of Chry-Ge remarkablely activate caspase proteins (Fig. 6). Espe-
cially, after 20 pg/mL Chry-Ge treatment, the activities of cas-
pase-3, caspase-8 and caspase-9 increased from 100% to 214.5%,
181.1% and 286.0%, respectively. These results showed that Chry-
Ge induced apoptosis in MCF-7 cells with the involvement of
caspase-3, caspase-8 and caspase-9 activation. Taken the result ob-
tained above together, it collectively indicated that Chry-Ge could

induce the apoptosis in MCF-7 cells mainly through ROS-related
mitochondrial pathway.

Roughly 70% of all patients dying of breast cancer have bone
metastases.’> Therefore, we also performed wounding-healing
experiments to detect the effects of Chry-Ge on migration of
MCEF-7 cells.

The potency in movements and invasions of MCF-7 cells (Fig. 7)
were examined by scratching the MCF-7 cells, which showed that
the healing of scratched MCF-7 breast cancer cells was delayed
with the treatment of Chry-Ge. The results showed that enhanced
migration of MCF-7 cells and complete wound closure by 24 h was
observed in plates, while a significant area of the wound remained
uncovered in Chry-Ge treated group compared to the control. This
suggested that Chry-Ge was able to significantly block the MCF-7
cell migration. Besides, for further confirm the effects of Chry-Ge
on migration of normal cells, MCF-10A cells were used as a model
in wounding-healing assays. As shown in Supplementary data
Figure S5, there was a little inhibition effect on migration of
MCF-10A cells induced by Chry-Ge.

In addition, apoptosis is characterized by a series of stereotypic
morphological changes such as formation of apoptotic bodies, nu-
clear and cytoplasmic condensation, chromatin fragmentation,
shrinkage of cells and bleb formation.> Previous reports have pro-
vided evidence that cytoskeleton alterations can induce apoptosis
as well as necrosis in a variety of model.>*° Thus, it is very impor-
tant to investigate whether Chry-Ge has effects on the
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Figure 5. Flow cytometric analysis of MMP in designated concentrations Chry-Ge treated MCF-7 cells. (A) Changes of MMP in Chry-Ge treated MCF-7 cells. (B) The data in B
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Figure 6. Caspase-3, caspase-8 and caspase-9 activity were measured with whole
cell extracts by a fluorometric method. All data were expressed as mean
values * standard deviation from three independent experiments.

arrangement of cytoskeleton or not. Figure 8 showed the reorgani-
zation of a-tubulin of MCF-7 cells stained with Tubulin-Tracker

red. The assembly of tubulin fibres in control cells represented reg-
ular mesh networks (Fig. 8A-F) while these microfilaments dis-
rupted after Chry-Ge treatments, which also induced the damage
of cell integrity (Fig. 8C). Also, the alterations in cytoskeleton in
MCF-10A cells induced by Chry-Ge were detected. As shown in
Supplementary data Figure S6, there were not significant changes
in the cytoskeleton of MCf-10A cells after treated with 10 pg/mL
of Chry-Ge, which indicated that Chry-Ge almost did not cause
damages to the cytoskeleton of MCF-10A cells.

To further investigate how Chry-Ge induced changes in the
morphology of nuclei, DAPI specific staining experiments were per-
formed. When DAPI bind to natural double-stranded DNA, the fluo-
rescence is strongly enhanced so that the morphology of the nuclei
can be clearly visualized and the apoptotic cells can be identified.
Figure 8G-L revealed the typical nuclei morphology in DAPI-stained
control MCF-7 cells and 10 pg/mL Chry-Ge treated MCF-7 cells.
Control MCF-7 cells showed intact and plump nuclei (Fig. 8G). But
the nuclei of apoptotic MCF-7 cells induced by Chry-Ge repre-
sented the segmentation of nuclei and the gatheration of condensed
chromatin at the periphery of the nuclear membrane (Fig. 8]). Taken
together, these results indicated that Chry-Ge could significantly
change the nuclei morphology of MCF-7 cells through induction
of apoptosis in MCF-7 cells.

The cell membrane forms a barrier between the cell and the
external environment, and acts as the exchange interface of
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Figure 7. Effects of Chry-Ge on MCF-7 migration in scratching assays. Cells were wounded with p200 pipet tip in the presence or absence of Chry-Ge, respectively. Images
were acquired at 0 and 24 h in scratching assay. The solid line of each picture was artificial, and the distance between the two lines was equal.
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Figure 9. AFM force measurements of control MCF-7 cells (A-F) and MCF-7 cells treated with 10 pg/mL Chry-Ge(A1-F1). (C, C1) Adhesive force maps extracted and
reconstructed from the force-distance curves measured at different spots (n = 256) on cell surfaces. (E, E1) Histograms and corresponding caussian distributions of cell-surface
adhesion force. (D, D1) Young’s modulus maps extracted and reconstructed from the force-distance curves measured at different spots (n=256) on cell surfaces. (F, F1)
Histograms and corresponding caussian distributions of Young’s modulus. Scanning area: (A) 60 x 60 um?, (B) 2 x 2 pm?, (A1) 50 x 50 pm?, (B1) 2 x 2 um?.

materials between the cell inside and external environment.?’
Thus, the changes in cell membrane structure can be a sensitive
indicator of the growth status for cells. As a nondestructive cell
surface imaging tool, atomic force microscopy (AFM) could provide
us a lot of information about morphological, ultrastructural and
mechanical changes in cell-surface topography at nanoscale.?”=>8
In this work, AFM were employed to detect the changes in mor-
phology, ultrastructure and biomechanical properties of MCF-7
cells induced by Chry-Ge treatment. The high-resolution AFM

topographical images showed that surface morphology and mem-
brane ultrastructure of MCF-7 cells changed after the treatment of
Chry-Ge (Fig. 9). It was demonstrated that control MCF-7 cells had
oval shape with an obvious nucleus region at the centre of cells,
and the cell membrane was relatively intact (Fig. 9A, B). But the
Chry-Ge treated MCF-7 cells were deformed with shrunk cell tails
(Fig. 9A1, B1). The AFM force measurements revealed that upon
Chry-Ge treatments, the tip-cell adhesion force decreased from
683.6 + 54.48 pN (Fig. 9E) to 108.8 + 48.58 pN (Fig. 9E1) and the
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Young’s modulus decreased from 1.711 +0.864 MPa (Fig. 9F) to
0.0245 £ 0.010 MPa (Fig. 9F1). These changes were clearly showed
in the adhesion force maps and Young’s modulus maps (Fig. 9C, C1,
D, D1) corresponding to an area of 2 x 2 um? on cell surface
(Fig. 9B, B1). These results indicated that Chry-Ge could induce
the damage of MCF-7 morphology and the changes of cell mem-
brane mechanical properties.

In summary, this work indicated that Chry-Ge could signifi-
cantly inhibit the proliferation and growth of cancer cells with high
selectivity between cancer cells and normal cells. We then studied
the cytotoxic effects of Chry-Ge on MCF-7 cells and investigated
the mechanism responsible for these effects. Chry-Ge could
effectively induce cell cycle arrest in G2/M phase and induce apop-
tosis through induction of intracellular ROS level, disruption of
MMP and activation of caspase 3/8/9 in MCF-7 cells. Meanwhile,
the morphological and mechanical changes in the MCF-7 cells de-
tected by AFM at nano-scale demonstrated that Chry-Ge could dis-
rupt the cell morphology and change the mechanical properties of
cell membrane in MCF-7 cells. These findings collectively sug-
gested that Chry-Ge could be as a potential candidate for the fur-
ther development of anticancer drugs.
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