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Abstract

AIM: To investigate the antiproliferative activity of
cinobufacini on human hepatocellular carcinoma HepG2
cells and the possible mechanism of its action.

METHODS: HepG2 cells were treated with different
concentrations of cinobufacini. Cell viability was measured
by methylthiazolyl tetrazolium (MTT) assay. Cell cycle
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distribution was analyzed by flow cytometry (FCM).
Cytoskeletal and nuclear alterations were observed by
fluorescein isothiocyanate-phalloidin and DAPI staining
under a laser scanning confocal microscope. Changes in
morphology and ultrastructure of cells were detected by
atomic force microscopy (AFM) at the nanoscale level.

RESULTS: MTT assay indicated that cinobufacini
significantly inhibited the viability of HepG2 cells in a dose-
dependent manner. With the concentration of cinobufacini
increasing from 0 to 0.10 mg/mL, the cell viability
decreased from 74.9% £ 2.7% to 49.41% % 2.2% and
39.24% % 2.1% (P < 0.05). FCM analysis demonstrated
cell cycle arrest at S phase induced by cinobufacini.
The immunofluorescence studies of cytoskeletal and
nuclear morphology showed that after cinobufacini
treatment, the regular reorganization of actin filaments
in HepG2 cells become chaotic, while the nuclei were
not damaged seriously. Additionally, high-resolution AFM
imaging revealed that cell morphology and ultrastructure
changed a lot after treatment with cinobufacini. It
appeared as significant shrinkage and deep pores in the
cell membrane, with larger particles and a rougher cell
surface.

CONCLUSION: Cinobufacini inhibits the viability of HepG2
cells via cytoskeletal destruction and cell membrane
toxicity.

Key words: Cinobufacini; Cell viability; Atomic force
microscopy; HepG2 cells; Hepatocarcinoma

© The Author(s) 2015. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Cinobufacini is effective against hepatocarcinoma.
However, its mechanism of action has not been determined.
The present study investigated the effect of cinobufacini
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on HepG2 cells and the alterations in cell morphology
and membrane ultrastructure. We used atomic force
microscopy (AFM) to study the changes in cell membrane
ultrastructure induced by cinobufacini. We demonstrated
that AFM is a useful tool in verifying cell response to
cinobufacini treatment. We observed nuclear morphology
and actin filaments in the cytoskeleton by laser scanning
confocal microscopy. The cellular changes allowed us to
understand better the biophysical functions of HepG2 cells
induced by cinobufacini.
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INTRODUCTION

Cinobufacini is a water-soluble Chinese medicine that is
extracted from the skin of Bufo bufo gargarizans Cantor',
It has been proven to be effective against a variety of
malignant tumor cells, such as breast cancer”, lung

Pl and hepatocellular carcinoma*

cancer I cells. In recent
years, it has also shown satisfactory therapeutic effects
against cancer in clinical studies”™ . Although cinobufacini
is widely used clinically, little is known about its anti-
tumor mechanisms. In particular, there are no detailed
data on the changes it induces in cell membrane
morphology. The present study sought to investigate
the effect of cinobufacini on human hepatoma cell line
HepG2 and the alterations in cell morphology and cell
membrane ultrastructure.

Atomic force microscopy (AFM) is a powerful tool
for nanoscale imaging of cells™" and an important
diagnostic instrument"". In this study, AFM was
used to visualize cell morphology and membrane
ultrastructure, which can provide information about the
surface topography of the cell at the nanometric level.
We used AFM to image the changes in HepG2 cell
membrane ultrastructure induced by cinobufacini. We also
demonstrated that AFM is a useful tool in discerning and
verifying cell response to cinobufacini. In addition, we
also analyzed the cell cycle by flow cytometry (FCM), and
observed the nuclear morphology and actin filaments in
the cytoskeleton by laser scanning confocal microscopy
(LSCM). The changes observed in the cells allow us to
understand better the biophysical functions of HepG2
cells treated by cinobufacini.

MATERIALS AND METHODS

Materials

All reagents used in the experiments were of analytical
grade. Fetal bovine serum (FBS), 2.5% trypsin,
RPMI-1640 medium, methylthiazolyl tetrazolium (MTT)
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and DMSO were purchased from Gibco (Catlsbad, CA,
United States). Glutamine, penicillin and streptomycin
were purchased from Hyclone (Logan, UT, United States).
Triton X-100 and 4% paraformaldehyde were purchased
from Sigma (St Louis, MO, United States). Fluorescein
isothiocyanate (FITC)-phalloidin and DAPI were
purchased from Biyuntian Biological (Shanghai, China).
Cell cycle phase determination kit was bought from
Keygen Biotechnology (Nanjing, China). Cinobufacini was
provided by Jinchan Biochemistry Company Ltd. (Anhui,
China). Human hepatoma cell line HepG2 was donated
by the First Affiliated Hospital of Jinan University.

Cell culture and treatment with cinobufacini

HepG2 cells were cultured in RPMI-1640 medium
supplemented with 10% FBS at 37 'C in a humidified
atmosphere containing 5% COz, and the medium was
refreshed every 2-3 d. The cinobufacini was diluted to
appropriate concentrations with free medium. Cells were
harvested with 0.25% trypsin when needed.

MTT assay

The effect of cinobufacini on cell viability was detected
by MTT assay. HepG2 cells were plated at a density
of 5000 cells/well in 96-well plates. After 24 h of
culture, the cells were treated with cinobufacini at a final
concentrations of 0, 0.01, 0.05 or 0.1 mg/mL. After
incubation for 48 h, 20 uLL MTT dye solution (5 mg/
mL) was added to each well and incubated at 37 C for 4 h.
The medium was removed and formazan was dissolved
in 150 ul. DMSO. Asm of each group was then measured
with a spectrophotometer (Tecan, Switzerland). Cell
viability was expressed by the following formula: Viability
(%) = (Atreated/ Acontrol) X 100%. Experiments were
repeated three times.

Cell cycle analysis

The effect of cinobufacini on the cell cycle of HepG2
cells was analyzed by FCM (Becton Dickinson, CA,
United States). HepG2 cells were seeded at a density
of 1 X 10°cells/mL in six-well plates, and treated with
different concentrations of cinobufacini (0, 0.05 or 0.1
mg/mL) for 48 h. Cells were harvested and fixed in
70% ethanol and stored at 4 C overnight. The fixed
cells were centrifuged at 1000 g for 5 min and washed
with cold PBS three times. At last, cells were incubated
with 50 pg/mL propidium iodide (PI) containing 8 pg/
ml. RNase in the dark at 37 °C for 30 min. The DNA
content of cells was quantified by FCM.

Immunofluorescence staining

HepG2 cells grown on coverslips were treated with 0.1
mg/ml. cinobufacini or free medium for 48 h. The actin
filaments in HepG2 cells were visualized by staining with
FITC-phalloidin. Cells in each group were fixed with 4%
paraformaldehyde for 15 min, rinsed three times with
PBS, then treated with 0.2% Triton X-100 for 20 min
at room temperature, and rinsed with PBS three times
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Figure 1 Growth inhibitory effect of cinobufacini on HepG2 cells. Cells were treated with different concentrations (0-0.1 mg/mL) of cinobufacini for 48 h. A:
Changes in morphology observed under a phase microscope; B: Viability of HepG2 cells measured by methylthiazolyl tetrazolium (MTT) assay. The results reveal that
the cytotoxic effect of cinobufacini on HepG2 cells was dose dependent. All studies are representative of at least three independent experiments.

again. The cells were incubated with 1 mmol/L FITC-
phalloidin for 1 h in the dark at room temperature.
Subsequently, we added 50 mmol/L DAPI to label the
nuclei, for 15 min in the dark at room temperature.
The cells were washed in PBS to remove the unbound
FITC-phalloidin and DAPI. Finally, the cytoskeletal and
nuclear morphology was imaged by LSCM (LSCM510
Meta Duo Scan; Catl Zeiss, Jena, Germany).

Single cell AFM measurement

HepG2 cells were seeded on the slide and treated with
different concentrations of cinobufacini (0, 0.05 or 0.1
mg/mL) for 48 h at 37 'C in 5% COz2. The cells were
fixed with 4% paraformaldehyde for 15 min, washed
three times with PBS, and air dried at room temperature.
An atomic force microscope (Autoprobe CP Research,
Veeco, CA, United States) was used in the contact mode
to obtain topographic images. The silicon nitride tips
(UL20B; Park Scientific Instruments) used in all AFM
measurements were irradiated with UV in air for 15
min, to remove any organic contaminants prior to use.
The curvature radius of the tips was < 10 nm, with a
force constant set at 2.8 N/m and oscillation frequency
set at 255 kHz. The prepared samples were placed on
the XY scanning station of AFM, and > 5 cells were
measured. The acquired images were only processed with
the instrument-equipped software (Image Processing
Software Version 2.1, IP 2.1) to eliminate low-frequency
background noise in the scanning direction.

Statistical analysis

All data are presented as mean £ SD from at least
three independent experiments. Statistical analyses were
performed with SPSS version 13.0 software. Comparisons
between groups were performed using two independent
samples ~test; comparisons between multiple groups were
tested by one-way analysis of variance; and comparison
between any group using the Student-Newman-Keuls
test. A P-value < 0.05 was considered statistically
significant.
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RESULTS

Effect of cinobufacini on HepG2 cell viability

HepG2 cells were treated with different concentration
of cinobufacini for 48 h. Under the inverted microscope
(Figure 1A), the cells in the control group were closely
arranged and well adherent in large numbers. After
treatment with different concentrations of cinobufacini
(0, 0.01, 0.05 or 0.10 mg/mL), the cells became round
and had poor adherence, and were fewer in number,
especially at a high concentration of cinobufacini.

As shown in Figure 1B, MTT assay showed that
proliferation of HepG2 cells was significantly inhibited.
With the concentration of cinobufacini increasing, the
cell viability decreased from 74.9% £ 2.7% to 49.41%
+ 2.2% and 39.24% =£ 2.1%, which suggested that the
inhibitory effect of cinobufacini on HepG2 cell viability
was dose-dependent (P < 0.05).

Effect of cinobufacini on cell cycle distribution of HepG2
cells

After treatment with cinobufacini at different concentrations
for 48 h, cell cycle distribution of HepG2 cells was
analyzed by FCM through PI staining. Figure 2 shows
that the percentage of HepG2 cells in S phase increased
when the concentration of cinobufacini increased. After
treatment with cinobufacini at a concentration of 0.10
mg/mlL, the percentage of cells in S phase increased to
61.60%, which was significantly higher than that in the
control group (23.92%). These results suggested that
cinobufacini caused cell cycle arrest in S phase.

Alterations in cytoskeleton and nuclei

The cytoskeleton plays an important role in cell morphology,
movement, and even apoptosism. Actin microfilaments are
important constituents of the cytoskeleton. To observe
the organization of the cytoskeleton, actin was stained
by FITC-phalloidin and imaged by LSCM. The cells
in the control group were rich in actin with regular,
parallel organization (Figure 3A). After treatment with
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Figure 2 Cell cycle distribution of HepG2 cells analyzed by flow cytometry. Cells were incubated with cinobufacini (0, 0.05 or 0.1 mg/mL) for 48 h. Cell cycle was

arrested at S phase.

Figure 3 Morphology of the cytoskeleton and nuclei in HepG2 cells before (A-C) and after (D-F) treatment with cinobufacini. The cytoskeleton and nuclei
were stained with rhodamine-phalloidin and DAPI. (C) and (F) were merged images of (A, B) and (D, E). White arrow: Fragmented nuclei.

cinobufacini, actin assembly changed dramatically. It
became disordered with fewer filaments in the cells (Figure
3D). We used DAPI to stain the cell nuclei. The nuclear
morphology of control HepG2 cells was intact and plump
(Figure 3B). After treatment with cinobufacini for 48 h,
most of the nuclei shrank, and some of the nuclei wetre
condensed, but few were fragmented (Figure 3E, white
arrows). Figure 3C and Figure 3F were merged images of
(Figure 3A, B) and (Figure 3D, E).
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Changes in cell morphology

AFM was used for cell imaging and observing various
changes in surface morphology and ultrastructure of
HepG2 cells after treatment with different concentrations
of cinobufacini. HepG2 cells in the control group
were fusiform in shape (Figure 4A). The ultrastructure
of the cell surface was homogeneous and displayed
granular morphology, with uniform particles, and the
cell membrane was relatively smooth with intact and
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Figure 4 Changes in morphology and ultrastructure of HepG2 cells detected by atomic force microscopy. A-C: Control HepG2 cells; D-F: HepG2 cells treated
with 0.05 mg/mL cinobufacini for 48 h; G-I: HepG2 cells treated with 0.1 mg/mL cinobufacini for 48 h; A, D and G: Morphology of HepG2 cells (60 um x 60 um); B, E and
H: Ultrastructure images (3 um x 3 um) on corresponding cell region indicated by black frame; C, F and I: Corresponding 3D images of ultrastructure in B, E and H. Black

arrows: Some pores in the cell membrane.

plump cells (Figure 4B, C). After treatment with 0.05
mg/mL cinobufacini for 48 h, cell morphology changed
to polygonal (Figure 4D), and the cell surface also
became rougher with particles of different size (Figure
4E, F). As the concentration increased to 0.1 mg/ml,
further changes in cell morphology were seen, and they
appeared to be irregular and even became rounded
(Figure 4G), with some pores in the cell membrane
(Figure 4H, I, black arrows). These results could help
us to acquire more detailed information about the toxic
effect of cinobufacini on the cell membrane.

Analysis of cell membrane roughness

By measuring and comparing different areas of cellular
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ultrastructure, we observed that the average size of
surface particles on control HepG2 cells was about 71.5
nm, which increased to 97.0 nm and 142.0 nm for cells
treated with 0.05 mg/mL and 0.1 mg/mL cinobufacini,
respectively (Figure 5A). We detected that peak to valley
roughness (Rp-v), root-mean-square roughness (Rq),
average roughness (Ra) and mean height (mean Ht) of
the cell membrane surface increased with cinobufacini
concentration. As shown in Figure 5B, Rp-v was 55.70
+ 14.74, 92.03 + 12.03 and 174.53 £ 16.56 nm (F =
56.580, P = 0.000); Rq was 7.32 + 1.69, 11.66 £ 2.79
and 23.35 * 6.04 nm (F = 14.136, P = 0.000); Ra was 5.72
+1.07,9.02 £ 2.15 and 17.82 £ 4.66 nm (F = 13.683, P
= 0.000). Mean Ht was 30.46 £ 4.82, 54.29 + 9.99 and
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Figure 5 Average size of surface particles on control HepG2 cells. A: Histograms of cell membrane particle size distributions of ultrastructure in Figure 4; B:
Statistical analysis of the membrane Rp-v, Rg, Ra and mean Ht of HepG2 cell surface; these values increased as cinobufacini concentration increased (P = 0.000).

The data showed that cinobufacini treatment induced rougher cell membranes.

91.35 + 11.05 nm (F = 23.895, P = 0.000). All these
data showed that cinobufacini treatment induced much
rougher cell membranes.

DISCUSSION

As a traditional Chinese antineoplastic drug, cinobufacini
has been proved to be effective against hepatocarcinoma,
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and is extensively used clinically”’”. Clinical data

indicate that total effective rate of cinobufacini against
hepatocarcinoma is 44.4%, and cinobufacini can also
improve quality of life"”. However, the mechanism of
cinobufacini against hepatocarcinoma has not yet been
identified, and especially little is known about its effect
on membrane morphology and the mechanism involved.
In the present investigation, human HepG2 cells were
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treated with different concentrations of cinobufacini
for 48 h. AFM was used to visualize cell morphology
and membrane ultrastructure, which can show the
surface topography of the cell at the nanometer scale.
Moreover, MTT assay and FCM were used to analyze
cell viability and cell cycle distribution, and LSCM was
used to observe the alterations in the cytoskeleton and
cell nuclei. Our results demonstrated that cinobufacini
could induce cytotoxicity, growth inhibition and S
phase arrest in HepG2 cells, which were associated with
prominent alterations in cell membrane ultrastructure
and cytoskeleton.

MTT assay showed that cinobufacini significantly
inhibited the viability of HepG2 cells in a dose-dependent
manner. Interruption of the tumor cell cycle so as to
inhibit cell growth is the main mechanism of current
antineoplastic drugsm]. Cells are damaged by anti-cancer
drugs at different phases of the cell cycle: G1 (growth
and preparation of the chromosomes), S (synthesis of
DNA), G2 (preparation to divide), and M (cell division).
Our study showed that cinobufacini could induce cell
cycle arrest at S phase. This observation is consistent with
previous studies that showed cinobufacini-induced arrest
of several types of human cancer cells in S phaselz’m.
S phase arrest implies that the effects of cinobufacini
involve disruption of DNA synthesis and replication,
which lead to in inhibition of cell proliferation.

For further investigation of the inhibitory effect of
cinobufacini, we observed the alterations in cytoskeleton
by staining with FITC-phalloidin and LSCM, and
detected the changes in cell membrane ultrastructure by
AFM. Immunofluorescence images showed the regular
organization of actin filaments in HepG2 cells became
chaotic and significantly reduced after treatment with
cinobufacini, suggesting that cinobufacini disrupts
polymerization of the actin filaments network. It is
well known that the cytoskeleton contains three major
constitutes: actin microfilaments, intermediate filaments,
and microtubules. The cytoskeleton can be remodeled
during the cellular processes, including motility, migration,
adhesion, and proliferationm]. Besides, the cytoskeletal
network plays vital roles in cell morphology maintenance”.
It was found that the course of the cell cycle depends on
correct cytoskeletal arrangement“sj. As a result, cinobufacini
can induce cytoskeletal rearrangement. Moreover, to
detect the morphology of cell nuclei, DAPI was used
to stain the cells by binding to double-stranded DNA in
the nuclei. After treatment with cinobufacini for 48 h,
cell nuclei showed shrinkage and chromatin condensation,
but not fragmentation, which implied that the nuclear
damage was less serious than cytoskeletal damage induced
by cinobufacini. Taken together, these data suggest that
cinobufacini inhibits the proliferation of HepG2 cells viz
disorganization of the cytoskeleton.

As a nondestructive surface imaging tool, AFM
can obtain images of the cell surface at the nanoscale,
which can provide us with qualitative and quantitative
information on the architecture of cell membranes""'".
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AFM was widely used in cell imaging, especially in

71 Tt can probe modifications of cell
[19]

cancer detection
morphology induced by drugs in the imaging mode
The tapping mode of AFM was used to detect the variety
of changes in surface morphology and ultrastructure
of HepG2 cells treated with different concentrations
of cinobufacini. AFM images revealed that cinobufacini
could damage the cell membrane in a dose-dependent
manner. It appeared to be significant shrinkage and deep
pores in the cell membrane, which were similar to the
signs of apoptosism, especially after treatment with 0.1
mg/mL cinobufacini. With AFM at the subcellular level,
we visualized that after treatment with cinobufacini,
particles on the cell membrane were bigger than in
the control group. It has been reported that the visible
protruding particles are clusters of membrane proteins”,
which means that some biological events have occurred,
such as opening/closing of ion channels, structural
disruption, or changes in the chemical composition
of the outer membrane proteins[zz]. Changes in cell
morphology and ultrastructure are closely related to cell
function™ . AFM images provided evidence for the
toxic effects of cinobufacini on HepG2 cell membranes,
which help us to achieve a better understanding of the
mechanism of action of cinobufacini.

In conclusion, the present study demonstrated that
cinobufacini inhibited the viability of HepG2 cells and
arrested the cell cycle at S phase, which were due to the
cytoskeletal destruction and membrane toxicity induced
by cinobufacini. These would be the therapeutic targets
of cinobufacini.

COMMENTS

Background

Cinobufacini is a traditional Chinese antineoplastic medicine and widely used
in clinical cancer therapy in China. As an anti-tumor drug, it has been used
in clinical cancer research in recent years. Atomic force microscopy (AFM) is
a nondestructive surface imaging tool, which can provide the qualitative and
quantitative information on cancer research.

Research frontiers

Cinobufacini has been proven to be effective against a variety of malignant
tumor cells, such as breast cancer, lung cancer and hepatocellular carcinoma
cells. It has also achieved satisfactory therapeutic results in cancer. Little
is known about its anti-tumor mechanisms in the cancer cells. In particular,
there are no detailed data on changes in cell membrane morphology and the
mechanism involved.

Innovations and breakthroughs

This is believed to be the first study to use AFM to image the changes in cell
membrane ultrastructure in HepG2 cells induced by cinobufacini. These AFM
images provide evidence for the toxic effects of cinobufacini on the HepG2 cell
membrane, which help us to achieve a better understanding of the mechanism
of action of cinobufacini.

Applications

This study demonstrated that AFM is a useful tool in discerning and verifying
cell response to cinobufacini treatment.

Peer review

This is an original molecular research investigating the possible anti-cancer
effect of cinobufacini on a hepatocellular cancer cell line. Previous studies
of this traditional Chinese medicine have shown the possible involvement of
apoptotic pathways in its anti-cancer effect. Here, the authors’ study revealed
the morphological changes in cancer cells by AFM after treatment with different
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concentrations of cinobufacini. These findings also suggest apoptotic cell death.
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