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Abstract. Cepharanthine (CEP) is a bis‑bynzelisoquinoline 
alkaloid from the same class as the anticancer agent tetran‑
drine (TET). However, the effects of CEP against breast 
cancer have not been extensively studied, despite its long 
therapeutic history with low toxicity against other types 
of cancer. 3D culture systems more accurately mimic the 
human body and address the limitations of determining 
drug effectiveness compared with 2D culture systems. In the 
present study, the antitumor activities of TET and CEP were 
compared in 3D culture systems in triple‑negative breast 
cancer (TNBC) MDA‑MB‑231 and estrogen receptor‑positive 
breast cancer MCF‑7 cell lines. Cell viability, apoptosis and 
cytotoxicity assays were performed to determine the total 
number of live or dead cells, the IC50 values, the number of 
apoptotic cells and spheroid roundness. Viability suppres‑
sion of MDA‑MB‑231 cells was significantly greater with 
both TET and CEP compared with that of MCF‑7 cells, and 
the roundness of MDA‑MB‑231 spheroids treated with CEP 
was decreased significantly compared with that of spheroid 
treated with TET. Cytoplasmic shrinkage in each cell line 
significantly increased with the treatment of TET compared 
with the control; however, this effect was stronger with CEP. 
The ratio of dead/live cells in each cell line treated with TET 
and CEP increased in a dose‑dependent manner. Overall, the 

present study demonstrated that CEP had greater cell toxicity 
in 3D spheroids of breast cancer cells compared with TET, 
suggesting that CEP may have a stronger antitumor activity on 
TNBC spheroids compared with TET.

Introduction

Breast cancer is the most common cancer in women world‑
wide (1‑3) and is classified by subtype based on the expression 
of estrogen receptor (ER), progesterone receptor (PgR) 
and HER2. Luminal A and B breast cancer is hormone 
receptor‑positive (ER+ and/or PgR+) and accounts for ~70% of 
all patients with breast cancer (4). However, triple‑negative 
breast cancer (TNBC), which lacks expression of all receptors 
(ER‑, PgR‑ and HER2‑), is the most difficult malignancy to 
treat because there are no specific targets (5). The treatment 
of TNBC generally requires a highly toxic chemotherapeutic 
regimen that includes anthracyclines or taxanes (6,7). Although 
a number of patients may respond well during the initial stages 
of chemotherapy, there are numerous cases where patients 
develop resistance to these chemotherapeutic agents over 
time (8).

Molecules derived from natural products have been 
explored as novel chemotherapeutic agents because of their 
high affinity and selectiveness to physiologically relevant 
receptors (9,10). Tetrandrine (TET) is a bis‑benzylisoquinoline 
alkaloid that has been extracted from the traditional Chinese 
herb Stephania tetrandra (Fig. 1) (11). TET possesses a 
notable antitumor activity in numerous types of cancer, 
including gastric, lung, liver and colorectal cancer, both 
in vitro and in vivo (12,13). The mechanisms of action of 
TET are associated with multiple factors, such as modulating 
molecular signaling pathways (14), inducing cancer cell apop‑
tosis (15), promoting cell cycle arrest (16) and increasing cell 
autophagy (17). Although TET has been approved in China 
for some types of cancer, such as acute myelogenous leukemia 
and advanced non‑small cell lung cancer (18,19), it has not 
been yet approved in Japan as an antitumor drug for patients 
with cancer. Cepharanthine (CEP), a TET analog extracted 
from traditional Japanese herbs, Stephania cephalantha, has 
been approved in Japan for the treatment of alopecia areata 
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and leukopenia caused by radiation therapy (Fig. 1) (20). 
However, less research on CEP as an anticancer agent has 
been conducted (21,22). Therefore, it is imperative to evaluate 
the effectiveness of CEP for cancer treatment as an alternative 
drug in Japan compared with TET in China.

In 2D cell culture, cells are grown on a flat surface as 
a monolayer, and this culture method is widely used in 
numerous biological studies. However, all cells in the human 
body are both morphologically and functionally different 
from flat, planar cells (23,24). To apply CEP towards clinical 
use, it is important to consider the cell culture techniques 
that best mimic the intricate in vivo cell environment. The 
3D cell culture method has been demonstrated to mimic 
the in vivo environment more appropriately compared with 
2D cell cultures (25,26). There are a variety of 3D methods 
that require special reagents and culture techniques, such 
as the spinner cultivation technique (27), alginate (28), 
agarose (29), soft agarose, Matrigel® (30) and collagen matrix 
gel (31) containing cytotoxic enzymes. However, the ultra‑low 
adherence (ULA) method, which is a type of scaffold‑free 
3D cell culture method, is very simple and convenient to 
use (32). ULA plates are specially precoated with a hydrogel 
to enable globose spheroids that are structured by cells (33). 
The hydrogel coating is stable, displays no cytotoxicity, has 
no biological activity and does not dissolve (33). In addition, 
the cells seeded in these plates float in the medium and start 
forming spheroids independently (34). The shape of the well 
is round and promotes the formation of a single spheroid per 
well, located centrally; additionally, cells can be imaged easily 
since there is only one spheroid per well (35).

The aim of the present study was to evaluate and compare 
the antitumor activities of TET and CEP on the ER+ breast 
cancer MCF‑7 cell line and the TNBC MDA‑MB‑231 cell line, 
using a 3D culture system compared with a 2D culture system.

Materials and methods

Materials and drug preparation. TET and CEP were 
purchased from Cayman Chemical and Kakenshoyaku Co., 
Ltd., respectively. DMSO and Triton X‑100 were obtained 
from FUJIFILM Wako Pure Chemical Corporation. FBS was 
purchased from Sigma‑Aldrich (Merck KGaA). Minimum 
essential medium (MEM)‑α, penicillin‑streptomycin 
(10,000 U/ml penicillin and 10,000 µg/ml streptomycin), 
10X PBS, trypan blue and TrypLE Express were purchased 
from Gibco (Thermo Fisher Scientific, Inc.). The Cell 
Counting Kit‑8 (CCK‑8), calcein‑AM, Hoechst 33342 and 
propidium iodide (PI) were obtained from Dojindo Molecular 
Technologies, Inc. TET and CEP solutions were prepared by 
first dissolving them in DMSO and then diluting them into 
the media to a final concentration of 0.1%. They were stored 
at ‑20˚C until further use.

Cell lines. The human breast cancer MDA‑MB‑231 and 
MCF‑7 cell lines were purchased from RIKEN BioResource 
Center and the American Type Culture Collection, respec‑
tively. MCF‑7 and MDA‑MB‑231 cells were maintained in 
MEM‑α supplemented with 10% FBS, 100 U/ml penicillin and 
100 µg/ml streptomycin at 37˚C in a humidified atmosphere 
with 5% CO2.

Cell culture and drug treatment
2D culture. MDA‑MB‑231 and MCF‑7 cells were seeded 
in 96‑well plates (IWAKI & Co., Ltd.) or OptiPlates 
(PerkinElmer, Inc.) at a density of 1x105, 2.5x105 or 5x105 cells/ml, 
and in 24‑well plates at a density of 2x105 cells/ml depending 
on the experiments and cultivated for 24 h at 37˚C in a humidi‑
fied atmosphere with 5% CO2.

3D culture. MDA‑MB‑231 and MCF‑7 cells were seeded in 
96‑well CellCarrier Spheroid ULA plates (PerkinElmer, Inc.) 
at a density of 1x105 or 2x105 cells/ml depending on the 
experiments and cultivated for 24 h at 37˚C in a humidified 
atmosphere containing 5% CO2. The seeding density had to be 
below complete confluency and was determined based on the 
manufacturer's maximum suggested number of 4x104 cells/well 
for 100% confluency.

Drug treatment. Vehicle for controls (cell culture medium) and 
different concentrations of TET or CEP were subsequently 
added into the corresponding wells and adjusted to final drug 
concentrations of 0, 0.1, 0.3, 1, 3, 4, 6, 8, 10, 30 and 100 µg/ml. 
These concentrations were selected based on a previous report 
demonstrating that CEP and TET caused apoptosis in gluco‑
corticoid‑resistant human leukemia Jurkat T cells after 72 h of 
treatment (36). MDA‑MB‑231 and MCF‑7 cells were allowed 
to grow for 72 h at 37˚C in the presence of the drug. Long‑term 
treatment times are traditionally used for determining the 
efficacy of anticancer drugs, and therefore the 72‑h time point 
was selected to ensure sufficient exposure to CEP and TET as 
previously described (35,37). Cell treatment was followed by a 
cell viability assay, cytotoxicity assay and apoptosis detection.

Determination of cell viability inhibition. MDA‑MB‑231 and 
MCF‑7 cells (1x105, 2.5x105 or 5x105 cells/ml) were seeded 
into 96‑well flat bottom plates, and then TET or CEP were 
added at various concentrations as aforementioned. The plates 
were subsequently incubated at 37˚C with 5% CO2 for 72 h. 
After incubation, 10 µl CCK‑8 reagent was added into each 
well according to the manufacturer's protocol, followed by 
an additional incubation for 3 h at 37˚C. The optical density 
(OD) of each well was measured using a Corona MT P‑32 
micro‑plate reader (Corona Electric Co., Ltd.) at 450 nm. Cell 
viability was calculated according to the following equation: 
Cell viability rate = (OD sample value‑OD blank value)/(OD 
control value‑OD blank value) x 100. The half‑maximal 
inhibitory concentration (IC50) was calculated using GraphPad 
Prism 8.0 (GraphPad Software, Inc.), based on the cell viability 
of the untreated cells (control).

Spheroid area and roundness evaluation. The microscopic 
images of the 2D‑ and 3D‑cultured cells or spheroids seeded as 
1x105 cells/ml were taken using an Operetta CLS high‑content 
analysis system (PerkinElmer, Inc.) and the cell morphological 
structure of MDA‑MB‑231 and MCF‑7 cells in both 2D and 
3D cultures were analyzed. The spheroid area and roundness 
were observed 72 h after drug treatment for 3D cultures using 
the same system. A series of images were recorded and exam‑
ined using x5 magnification. Spheroid area and roundness 
were measured and analyzed using the Harmony 4.5 software 
(PerkinElmer, Inc.).
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Cell cytotoxicity. The cytoplasm and nuclei of the dead cells 
were evaluated in order to determine the cause of cell toxicity. 
The supernatant of each well was removed, and the cells were 
washed twice with sterile PBS after 72 h of drug treatment. 
MDA‑MB‑231 and MCF‑7 2D‑cultured cells (1x105 cells/ml) 
were stained with 4 µM calcein‑AM, 10 µM of Hoechst 33342 
and 4 µM PI for 15 min at room temperature in the dark. The 
spheroids were only stained with calcein‑AM and PI in order 
to detect cell viability. The Harmony 4.5 software was used 
to detect and determine the fluorescence intensity using the 
following wavelengths: Calcein‑AM excitation, 496 nm and 
emission, 517 nm; Hoechst 33342 excitation, 343 nm and emis‑
sion, 483 nm; and PI excitation, 560 nm and emission, 595 nm.

Assessment of apoptosis. Apoptotic cell rates in MDA‑MB‑231 
and MCF‑7 cells were analyzed using an Annexin V‑FITC 
apoptosis detection kit (BD Biosciences). Both cell lines 
adjusted to 2x105 cells/ml were seeded in 24‑well plates for 
the 2D culture or in 96‑well CellCarrier Spheroid ULA plates 
for the 3D culture, and treated by serial dilution with TET or 
CEP (final concentrations: 0, 1, 3, 10 and 30 µg/ml) followed 
by an additional 72 h of incubation at 37˚C. Subsequently, 
the staining procedure was performed according to the 
manufacturer's protocol. The duration of staining with 
Annexin V‑FITC (excitation and emission wavelengths at 
485 and 535 nm, respectively) and PI (excitation and emission 
wavelengths at 560 and 595 nm, respectively) was 15 min at 
room temperature in the dark. Dissociation of the spheroids 
into single cells was performed by resuspending the spheroids 
in TrypLE Express. A total of 1x104 cells was analyzed via 
flow cytometry (FACSCanto and FACSDiva software v6.0; 
both BD Biosciences). The cells were subsequently assessed 
for viable (Annexin V‑/PI‑), early apoptotic (Annexin V+/PI‑), 
late apoptotic (Annexin V+/PI+) and necrotic (Annexin V‑/PI+) 
cells. Triton‑X100 was used for detecting PI+ control cells.

Statistical analysis. All experiments were repeated ≥3 times 
and the data are presented as the mean ± SD. Cell viability of 
2D MDA‑MB‑231 or MCF‑7 monolayer cells treated with TET 
or CEP cultured at different cell densities was analyzed using 
one‑way ANOVA followed by Tukey's multiple comparisons 

test. The comparison of the cell viability between 2D‑cultured 
MCF‑7 cells treated with TET and CEP versus MDA‑MB‑231 
cells was analyzed using the Mann‑Whitney U test, while the 
comparison of IC50 values of CEP or TET between 2D mono‑
layer MDA‑MB‑231 and MCF‑7 cells was analyzed via one‑way 
ANOVA with a post‑hoc Sidak's multiple comparisons test. A 
one‑way ANOVA followed by Dunnett's multiple comparisons 
test was used for the comparisons of the intensity of calcein, 
Hoechst 33342 and PI, the spheroid area and roundness, and 
the percentages of viable, early apoptotic and late apoptotic 
cells of 2D‑ and 3D‑cultured MDA‑MB‑231 and MCF‑7 cells 
treated with CEP or TET compared with control cells. P<0.05 
was considered to indicate a statistically significant differ‑
ence. All statistical analyses were performed using GraphPad 
Prism 8.0 (GraphPad Software, Inc.).

Results

Cell viability and IC50 values of TET and CEP. The cell 
viability and IC50 values of TET and CEP were determined in 
2D monolayers of MCF‑7 and MDA‑MB‑231 cells using the 
CCK‑8 assay. Cell viability decreased with TET or CEP treat‑
ment in a dose‑dependent manner (Fig. 2). MDA‑MB‑231 cells 
(Fig. 2C and D) were more affected by the cytotoxic effects of 
TET and CEP compared with MCF‑7 cells (Fig. 2A and B). 
Using a concentration of >3 µg/ml CEP suppressed the viability 
of MDA‑MB‑231 cells significantly compared with the control 
(P<0.05; Fig. 2D). The viability of MDA‑MB‑231 cells was 
significantly suppressed using 0.1 µg/ml and high doses of 
CEP compared with that of MCF‑7 cells (Fig. 3A and B). 
Furthermore, the viability of MDA‑MB‑231 cells was signifi‑
cantly suppressed compared with that of MCF‑7 cells when 
high doses of TET were used (Fig. 3C and D).

The IC50 values of TET and CEP required to suppress 
the cell viability of each cell line were calculated (Table I). 
MDA‑MB‑231 cells were more sensitive to CEP and TET 
compared with MCF‑7 cells. The IC50 value of CEP for 
MDA‑MB‑231 cells was 7 times lower than that for MCF‑7 
cells at 5x105 cells/ml. Additionally, the IC50 value of TET for 
MDA‑MB‑231 cells was >8 times lower than that for MCF‑7 
cells at 5x105 cells/ml. Therefore, CEP affected the cell 

Figure 1. Chemical structures of (A) cepharanthine and (B) tetrandrine.
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viability of MDA‑MB‑231 cells at lower concentrations than 
that of MCF‑7 cells. There were significant differences in the 
IC50 values of CEP between MDA‑MB‑231 and MCF‑7 cells at 

densities of 2.5x105 and 5x105 cells/ml, and in the IC50 values 
of TET between MDA‑MB‑231 and MCF‑7 cells at a density 
of 5x105 cells/ml (P<0.05; Fig. 4).

Figure 2. Cell viability of 2D MDA‑MB‑231 or MCF‑7 monolayer cells treated with TET or CEP cultured at different cell numbers. Cytotoxic effects of 
(A) TET and (B) CEP on 2D monolayer breast cancer MCF‑7 cells cultured at different cell numbers. Cytotoxic effects of (C) TET and (D) CEP on 2D 
monolayer breast cancer MDA‑MB‑231 cells at different cell numbers. Cell viability was determined using the Cell Counting Kit‑8 assay after treatment 
with various concentrations (0‑100 µg/ml) of TET and CEP. Relative cell viability was calculated as the ratio of the absorbance at 450 nm of each treatment 
group against those of the corresponding untreated control group. Data are shown as the mean ± SD of >3 independent experiments and were analyzed via 
one‑way ANOVA followed by Tukey's multiple comparisons test. *P<0.05 vs. control (untreated) group, represented as 100% of the y‑axis (dotted line). 
CEP, cepharanthine; TET, tetrandrine.

Figure 3. Comparison of the cell viability between 2D‑cultured MDA‑MB‑231 and MCF‑7 cells treated with TET and CEP. Cell viability in 2D monolayer 
MDA‑MB‑231 and MCF‑7 cells treated with CEP at (A) 2.5x105 cells/ml and (B) 5.0x105 cells/ml, or TET at (C) 2.5x105 cells/ml and (D) 5.0x105 cells/ml 
detected via Cell Counting Kit‑8 assay. Data are shown as the mean ± SD of >3 independent experiments and were analyzed using the Mann‑Whitney U test. 
*P<0.05 vs. MDA‑MB‑231 cells. CEP, cepharanthine; TET, tetrandrine.
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Microscopic analyses on cell cytotoxicity. To further under‑
stand cell cytotoxicity of CEP and TET on breast cancer cells 
or spheroids, 2D monolayer and 3D spheroids were stained 
with calcein, Hoechst and PI, and the fluorescence intensity 
was measured to identify changes in the cytoplasm, nuclei and 
dead cells, respectively.

The calcein fluorescence intensity in the cytoplasm of 
2D‑cultured MDA‑MB‑231 cells was decreased in a concen‑
tration‑dependent manner by CEP, but not by TET (Fig. 5A). 

Additionally, the fluorescence intensities of Hoechst and PI 
were significantly increased using 100 µg/ml CEP, but not 
by TET (P<0.05; Fig. 5B and C). These effects were more 
strongly observed in 2D monolayer cultures of MCF‑7 cells 
compared with those in MDA‑MB‑231 cells. The fluorescence 
intensity in the cytoplasm of MCF‑7 cells was significantly 
decreased using 100 µg/ml of CEP compared with that in the 
control group (P<0.05; Fig. 6A). Conversely, the intensity in 
the nucleus of Hoechst and PI in MCF‑7 cells was significantly 

Figure 5. Fluorescence intensities of calcein, Hoechst and propidium iodide in 2D MDA‑MB‑231 monolayer cell cultures treated with different concentrations 
of CEP or TET. Fluorescence intensities of (A) calcein (cytoplasm), (B) Hoechst (chromatin) and (C) propidium iodide (dead cells) were detected after 15 min 
of incubation using an Operetta CLS (PerkinElmer, Inc.). Data are shown as the mean ± SD of 4 independent experiments. *P<0.05 vs. control analyzed via 
one‑way ANOVA and Dunnett's multiple comparisons test. C/CEP, cepharanthine; T/TET, tetrandrine.

Table I. Mean IC50 values of CEP and TET on the cell viability of 2D monolayer MDA‑MB‑231 and MCF‑7 cells.

Drug Cell line 1x105 cells/ml 2.5x105 cells/ml 5x105 cells/ml

CEP MDA‑MB‑231 3.8 5.4a 8.6a

 MCF‑7 17.6 35.6 60.4
TET MDA‑MB‑231 6.4 7.6 9.6a

 MCF‑7 13.5 26 84.7

IC50 values were calculated based on the sigmoidal curve of the cell viability using GraphPad Prism v8.0. The results are shown as the mean 
(µg/ml) of >3 independent experiments. aP<0.05 vs. the mean IC50 value of CEP or TET on MCF‑7 cells analyzed via one‑way ANOVA with a 
post‑hoc Sidak's multiple comparisons test.

Figure 4. Comparison of IC50 values of CEP or TET between 2D monolayer MDA‑MB‑231 and MCF‑7 cells cultured at different cell numbers. Cells were 
cultured at cell numbers of 1.0, 2.5 or 5.0x105 cells/ml in the presence of (A) CEP or (B) TET, and the IC50 values were evaluated. The IC50 values of CEP and 
TET on MDA‑MB‑231 cells were lower than those of MCF‑7 cells. Data are shown as the mean ± SD of >3 independent experiments. *P<0.05 analyzed via 
one‑way ANOVA followed by Sidak's multiple comparisons test. CEP, cepharanthine; TET, tetrandrine.
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increased when using >30 µg/ml of CEP compared with that 
in the control group, indicating the induction of stronger cell 
death compared with the control group in these cells (P<0.05; 
Fig. 6B and C). However, TET did not have any significant 
effects on the three intensities (Fig. 6). Microscopic images 
of 2D‑cultured MCF‑7 cells treated with 100 µg/ml of CEP 
revealed no cytoplasm intensity and increased intensity of the 
nucleus and dead cells compared with in the control group 
(Fig. 7). The fluorescence images of all cells with all treatment 
concentrations are shown in Fig. S1.

In MDA‑MB‑231 (Fig. 8) and MCF‑7 (Fig. 9) spher‑
oids, CEP significantly decreased the calcein intensity in a 
dose‑dependent manner (P<0.05; Figs. 8A and 9A). Although 
the cytoplasm intensity in MDA‑MB‑231 cells was signifi‑
cantly decreased using 100 µg/ml TET, TET had a lower effect 
on the cytoplasm intensity in spheroids of both cell lines. 
Conversely, TET significantly increased the PI level in both 
cell lines (P<0.05; Figs. 8B and 9B) when used at 30 and 
100 µg/ml, compared with in the control group. Additionally, 
CEP significantly increased the number of dead cells only in 
3D MCF‑7 spheroids (P<0.05; Fig. 9B) at 30 and 100 µg/ml, 

but not in 3D MDA‑MB‑231 spheroids (Fig. 8B). The micro‑
scopic images of the 3D‑cultured MCF‑7 spheroids revealed 
that 100 µg/ml of CEP decreased the intensity of calcein and 
increased the intensity of PI compared with that in control 
spheroids (Fig. 10). The fluorescence images of all cells with 
all treatment concentrations are shown in Fig. S2.

In addition to the calcein and PI staining, the spheroid 
area and roundness of 3D spheroids were calculated. The 
‘roundness’ parameter was defined as a measure of how 
close the shape of the 2D spheroid was to a circle (the 
gross feature of the shape). The spheroid areas in both 
MDA‑MB‑231 and MCF‑7 cells did not significantly change 
from the control depending on treatment, except when using 
30 µg/ml TET, which significantly decreased the spheroid 
area of MCF‑7 cells (Figs. 8C and 9C). The roundness tended 
to decrease with higher concentrations of CEP and TET 
(Figs. 8D and 9D), although the roundness of MDA‑MB‑231 
spheroids treated with 1 µg/ml TET was increased compared 
with the control. Using 30 and 100 µg/ml of CEP signifi‑
cantly decreased the roundness of MDA‑MB‑231 spheroids 
(P<0.05; Fig. 8D).

Figure 7. Photomicrographs of CEP‑treated 2D MCF‑7 monolayer cells stained with calcein, Hoechst or PI. MCF‑7 cells were treated with 100 µg/ml CEP 
and stained with calcein green, Hoechst blue or PI red, which represent the cytoplasm, chromatin (nuclei) or dead cells, respectively. CEP induced chromatin 
aggregation and cell death. Scale bar, 200 µm. CEP, cepharanthine; PI, propidium iodide.

Figure 6. Fluorescence intensities of calcein, Hoechst and propidium iodide in 2D MCF‑7 monolayer cells treated with different concentrations of CEP or TET. 
Fluorescence intensities of (A) calcein (cytoplasm), (B) Hoechst (chromatin) and (C) propidium iodide (dead cells) were detected after 15 min of incubation 
using an Operetta CLS (PerkinElmer, Inc.). Data are shown as the mean ± SD of 4 independent experiments. *P<0.05 vs. control analyzed via one‑way ANOVA 
and Dunnett's multiple comparisons test. C/CEP, cepharanthine; T/TET, tetrandrine.
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Figure 9. Fluorescence intensities and morphological examinations of spheroids of 3D MCF‑7 cells treated with different concentrations of CEP or TET. 
Fluorescence intensity of (A) calcein and (B) propidium iodide in the spheroids. (C) Spheroid area and (D) spheroid roundness of 3D MCF‑7 cells treated with 
CEP or TET. The intensity of calcein (cytoplasm) and propidium iodide (dead cells) fluorescence were detected after 15 min of incubation using an Operetta 
CLS (PerkinElmer, Inc.). The spheroid area and roundness were calculated using the same instrument. The data are shown as the mean + SD of 4 independent 
experiments. A roundness value of 1 corresponds to complete roundness, and lower values indicate the deformation of the spheroid. *P<0.05 vs. control 
analyzed via one‑way ANOVA and Dunnett's multiple comparisons test. C/CEP, cepharanthine; T/TET, tetrandrine.

Figure 8. Fluorescence intensities and morphological examinations of spheroids of 3D MDA‑MB‑231 cells treated with different concentrations of CEP 
or TET. Fluorescence intensity of (A) calcein and (B) propidium iodide in spheroids. (C) Spheroid area and (D) spheroid roundness of 3D MDA‑MB‑231 
cells treated with CEP or TET. The intensity of calcein (cytoplasm) and propidium iodide (dead cells) fluorescence were detected after 15 min of incubation 
using an Operetta CLS (PerkinElmer, Inc.). The spheroid area and the roundness were calculated using the same instrument. The data are shown as the 
mean + SD of 4 independent experiments. A roundness value of 1 corresponds to complete roundness, and lower values indicate the deformation of the 
spheroid. *P<0.05 vs. control analyzed via one‑way ANOVA and Dunnett's multiple comparisons test. C/CEP, cepharanthine; T/TET, tetrandrine.
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Apoptosis. Cell apoptosis was examined by measuring the 
percentages of viable, early apoptotic and late apoptotic cells 
in both 2D‑cultured cells and 3D‑cultured spheroids. The flow 
cytometry plots for all cells with all treatment concentrations 
are shown in Figs. S3 and S4. For 2D‑cultured MDA‑MB‑231 
cells, there was a statistically significant greater difference in 
cell survival when >10 µg/ml CEP was used compared with 
in the control (P<0.05; Fig. 11A). Early apoptotic cells were 
significantly increased at 10 µg/ml CEP (P<0.05; Fig. 11B), 
and CEP at 30 µg/ml significantly induced late apoptosis 
compared with in the control (P<0.05; Fig. 11C). Compared 
with TET, CEP induced apoptosis of MDA‑MB‑231 cells at 
a high rate (Fig. 11A‑C). By contrast, MCF‑7 cells required 
high concentrations of CEP and TET to induce apoptosis 
(Fig. 11E‑G). Using 30 µg/ml CEP or TET significantly 
decreased the number of viable cells compared with in the 
control (P<0.05; Fig. 11E), but it did not influence the rate of 
early apoptotic cells in MCF‑7 cells (Fig. 11F). Additionally, 
there were no significant differences compared with in the 
control group for the rate of late apoptotic cells, except with 
30 µg/ml TET (P<0.05; Fig. 11G).

In MDA‑MB‑231 spheroids, the rate of early apoptotic 
cells increased after treatment with 10 µg/ml CEP and TET 
compared with in the control (Fig. 12A and B). However, the 
drugs exhibited no significant effect on the rate of late apoptotic 
cells in MDA‑MB‑231 spheroids (Fig. 12C). Consequently, the 
viability of the MCF‑7 spheroids seemed to be suppressed 
(Fig. 12E), but the percentage of early apoptotic cells among 
groups did not significantly change (Fig. 12F). Only 30 µg/ml 
TET significantly increased the rate of late apoptotic cells in 
MCF‑7 spheroids (P<0.05; Fig. 12G).

The percentages of viable, early apoptotic, late apoptotic 
and necrotic cells after treatment with CEP or TET in 2D or 
3D cultures of MDA‑MB‑231 and MCF‑7 cells are compara‑
tively shown in Figs. 13 and 14, respectively. According to 
these summarized models, MDA‑MB‑231 2D cell cultures, 
compared with the 3D spheroids, appeared to be more 
sensitive to the apoptotic inducing effects of CEP and 
TET (Fig. 13). CEP and TET did not cause major necrosis 

in 2D‑ and 3D‑cultured MDA‑MB‑231 and MCF‑7 cells 
(Figs. 13 and 14).

Discussion

The present study demonstrated the antitumor effects of 
CEP and TET in human breast cancer monolayer cells and 
spheroids. Both drugs suppressed cell viability and induced 
apoptosis, and MDA‑MB‑231 cells exhibited a higher sensi‑
tivity to the suppressive effects of TET and CEP.

In the current study, the cell density in 2D and 3D cell 
culture systems was chosen as 10,000 and 20,000 cells/well, 
respectively, to compare the differences of CEP and TET. 
These numbers were selected based on the protocol for the 
CellCarrier Spheroid ULA 96‑well microplates, which stated 
the maximum seeding density should be 40,000 cells/well. As 
shown in Table I, the IC50 values of CEP and TET on the viability 
of cells cultured in high cell numbers with the 2D method 
were higher compared with those in low cell numbers, and it 
was estimated that 3D spheroids require higher concentrations 
of each drug to decrease cell viability. Alternatively, if a high 
cell density was chosen for the 2D method, the control breast 
cancer cells would be confluent after incubation. Therefore, the 
cell densities in the present study used for the 2D and 3D cell 
culture systems were chosen as 10,000 and 20,000 cells/well, 
respectively, to compare the differences of the effect of CEP 
and TET between cells cultured in 2D and those cultured 
in 3D.

The drug concentrations used in the present study were 
chosen based on a previous report demonstrating that CEP 
and TET caused apoptosis in glucocorticoid resistant human 
leukemia Jurkat T cells after 72 h of drug treatment, in which 
the IC50 values were 3.66±0.22 µM for CEP and 3.98±0.05 µM 
for TET (36). The units were converted to ‘µg/ml’ based on 
the molecular weights of the test compounds, giving a value of 
~2.5 µg/ml. It was hypothesized that spheroids would require 
a higher concentration compared with 2D‑cultured cells to 
induce apoptosis. Based on the aforementioned calculation 
and hypothesis, it was decided to use a drug concentration 
range between 0 and 100 µg/ml. The present results indicated 
that 3D spheroids required higher concentrations to induce 
cell death compared with 2D monolayer cells.

Additionally, it was considered that the longer treatment 
period may improve the exposure to the drugs, since drugs 
require longer to penetrate enough into spheroids (35). 
Previous studies have evaluated the effects of drugs on the 
growth of MDA‑MB‑231 spheroids using a treatment period 
of 72 h (35,37). According to these studies, it was speculated 
that a treatment time of 72 h would also be appropriate for the 
present study. However, studying the effects on 3D spheroids 
may require a longer treatment period in order to understand 
drug metabolism or drug distribution, which should be inves‑
tigated in future studies.

Since there are no available targeted therapy options 
for TNBC, the standard treatment regimen remains chemo‑
therapy (38). Notably, TNBC generally has improved responses 
to chemotherapy compared with other subtypes (38). However, 
patients without complete response account for ~80% of TNBC 
cases (38), and therefore, the development of novel strategies 
or drugs is essential for the treatment of TNBC. The present 

Figure 10. Photomicrographs of CEP‑treated 3D MCF‑7 spheroids stained 
with calcein or PI. MCF‑7 spheroids were treated with 100 µg/ml CEP and 
stained with calcein green or PI red, representing the cytoplasm or dead cells, 
respectively. Scale bar, 500 µm. CEP, cepharanthine; PI, propidium iodide.
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study revealed that the TNBC MDA‑MB‑231 cells were more 
sensitive compared with MCF‑7 cells to the cytotoxic effects of 
TET and CEP in the 3D culture system. Other types of breast 
cancer cells, such as HER2+ breast cancer cells, or cancer cells 
modeling other diseases were not used in the current study 

to evaluate the efficacy of TET and CEP, and therefore, the 
present results may only reflect MCF‑7 and MDA‑MB‑231 
cell lines. However, these results demonstrated the potential 
for CEP and TET to be used as novel therapeutic strategies for 
breast cancer.

Figure 11. Effects of CEP and TET on percentages of viable, early apoptotic, late apoptotic and necrotic cells of MDA‑MB‑231 and MCF‑7 monolayer cells. 
After treatment with different concentrations of CEP or TET, 2D monolayer MDA‑MB‑231 were stained with Annexin V‑FITC and PI to identify (A) viable, 
(B) early apoptotic, (C) late apoptotic and (D) necrotic cells. Similarly, MCF‑7 cells were stained with Annexin V‑FITC and PI to identify (E) viable, (F) early 
apoptotic, (G) late apoptotic and (H) necrotic cells. Data are shown as the mean + SD of 4 independent experiments. (I) Cells treated with 30 µg/ml CEP or 
TET were classified into four groups based on different quadrants: Viable cells (bottom left), early apoptotic cells (bottom right), late apoptotic cells (upper 
right) and necrotic cells (upper left) using flow cytometry. *P<0.05 vs. control analyzed via one‑way ANOVA and Dunnett's multiple comparisons test. 
C/CEP, cepharanthine; T/TET, tetrandrine; PI, propidium iodide.
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TET has been demonstrated to have positive therapeutic 
effects on cardiovascular disease, hypertension, silicosis and 
autoimmune diseases (39). In addition, TET is already used 
clinically for the treatment of some types of cancer, such as 
acute myelogenous leukemia and advanced non‑small cell lung 
cancer, in China (18,19). Notably, the present study demon‑
strated that CEP had stronger effects on MDA‑MB‑231 and 
MCF‑7 cells compared with TET, in a concentration‑dependent 

manner. This suggested that CEP may potentially be used as 
an anticancer drug for breast cancer and may be an alternative 
treatment of TET.

The present study evaluated the morphological changes 
of the cytoplasm, nucleus and nucleic acid of dead cells 
in order to examine the cell toxicity caused by CEP and 
TET. Non‑fluorescent calcein crosses the membrane of 
living cells easily and is hydrolyzed in the cytoplasm 

Figure 12. Effects of CEP and TET on percentages of viable, early apoptotic, late apoptotic and necrotic cells of MDA‑MB‑231 and MCF‑7 spheroids. After the 
treatment with different concentrations of CEP or TET, 3D MDA‑MB‑231 spheroids were stained with Annexin V‑FITC and PI to identify (A) viable, (B) early 
apoptotic, (C) late apoptotic and (D) necrotic cells. Similarly, MCF‑7 spheroids were stained with Annexin V‑FITC and PI to identify (E) viable, (F) early 
apoptotic, (G) late apoptotic and (H) necrotic cells. The data are shown as the mean + SD of 4 independent experiments. (I) Cells treated with 30 µg/ml 
CEP or TET were classified into four groups based on different quadrants: Viable cells (bottom left), early apoptotic cells (bottom right), late apoptotic cells 
(upper right) and necrotic cells (upper left) using flow cytometry. *P<0.05 vs. control analyzed via one‑way ANOVA and Dunnett's multiple comparisons test. 
C/CEP, cepharanthine; T/TET, tetrandrine; PI, propidium iodide.
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by intracellular esterases to a membrane‑impermeable 
green‑fluorescent calcein (40). Generally, PI does not pene‑
trate the cell membrane of living cells, but it only enters into 
dead cells and then intercalates with DNA in the nucleus to 
emit red fluorescence (41). The strength of the fluorescence 
indicates more chromatin aggregation, which is a degree 
of increased apoptosis (41). In the present study, both CEP 
and TET induced apoptosis in MDA‑MB‑231 and MCF‑7 
cell lines in a dose‑dependent manner. Additionally, CEP 
decreased the cytoplasmic space, increased chromatin 
condensation and increased the number of dead cells in a 
dose‑dependent manner. The current results suggested that 
CEP may be more potent at inducing cell death compared 
with TET, which is already used for cancer treatment (18,19). 
Notably, a previous report demonstrated that TET and CEP 

induced apoptosis of leukemia Jurkat T cells in vitro, and 
the important markers of apoptosis, p53 and Bax, were both 
upregulated via treatment with TET and CEP (36). While the 
mechanism remains unclear, this apoptotic effect may be due 
to the methoxy group of TET, which is likely involved with 
the blockade of voltage‑operated Ca2+ entry, and since CEP 
has the same methoxy group, it may behave similarly (42). 
Therefore, further studies are required to understand the 
detailed underlying apoptotic mechanism.

The present study evaluated the effects of TET and CEP 
on breast cancer cell lines using models of 2D monolayer 
and 3D spheroids. Previously, numerous types of in vitro 
3D culture systems have been developed to mimic the 
in vivo growth environment of cancer (43). These cancer 
3D culture systems aim to preserve and improve the 

Figure 14. Comparison of the percentages of viable, early apoptotic, late apoptotic and necrotic cells in 2D monolayer or 3D spheroids MCF‑7 cells treated 
with different concentrations of CEP or TET. 2D‑ or 3D‑cultured MCF‑7 cells treated with CEP or TET were categorized into viable (white), early apoptotic 
(light grey), late apoptotic (dark grey) and necrotic (black) cells after staining with Annexin V and PI analyzed via flow cytometry. C/CEP, cepharanthine; 
T/TET, tetrandrine.

Figure 13. Comparison of the percentages of viable, early apoptotic, late apoptotic and necrotic cells in 2D monolayer or 3D spheroids MDA‑MB‑231 cells 
treated with different concentrations of CEP or TET. 2D‑ or 3D‑cultured MDA‑MB‑231 cells treated with CEP or TET were categorized into viable (white), 
early apoptotic (light grey), late apoptotic (dark grey) and necrotic (black) cells after staining with Annexin V and PI analyzed via flow cytometry. C/CEP, 
cepharanthine; T/TET, tetrandrine.
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biological characteristics of the original tumor microenvi‑
ronment compared with conventional 2D monolayer culture 
systems (25). Some 3D culture systems have been successful 
for screening out the chemotherapeutic drug sensitivities 
of cancer cells (44). However, 2D culture systems have 
been used to compare the results conducted by 2D and 
3D systems (45). The present experiments demonstrated 
that 3D spheroids had a higher sensitivity to CEP compared 
with TET. Furthermore, CEP decreased the volume of the 
cytoplasm and increased apoptosis. As demonstrated by 
the apoptosis assay using flow cytometry, the viability of 
MDA‑MB‑231 spheroids was markedly suppressed by CEP 
and TET compared with that of MCF‑7 spheroids. However, 
compared with 2D monolayer cells, 3D spheroids exhibited 
a lower response to the suppressive effects of CEP and TET, 
especially in MCF‑7 cells. Imamura et al (26) reported that 
the central part of spheroids of breast cancer cells formed in 
3D culture becomes hypoxic, which may cause dormancy of 
tumor cells in the G0 phase, downregulating the expression 
levels of caspase‑3. This suggests that higher concentrations 
of CEP are required to have an effect on cancer spheroids. 
Furthermore, a previous study reported that a conventional 
anticancer medicine, cisplatin, in combination with CEP 
increased the efficacy of the conventional drug in esophageal 
squamous cell carcinoma and decreased its side effects on 
gut microorganisms and intestinal mucosal immunity (46). 
Detailed analysis of the effect of CEP combined with 
cisplatin against breast cancer cells is warranted in future 
studies.

CEP was approved in 1969 and has been used for a long 
period of time in Japan; it has been used for patients with 
alopecia areata and leukopenia caused by radiation therapy, 
and it has been demonstrated to be safe and effective in 
Japan (20). Therefore, CEP would be practical, safe and 
easier to be approved for use in patients with cancer after 
additional clinical research and trials. Additionally, there are 
several formulations of CEP, including tablets, powder and 
injection (20).

In conclusion, in the present study CEP and TET demon‑
strated toxicity in MDA‑MB‑231 and MCF‑7 monolayer cells, 
as well as in spheroids of these cell lines, observed via decreases 
in the cytoplasm and chromatin aggregation. Although the 
current results suggested that the cytotoxicity of CEP and TET 
may be associated with the induction of apoptosis, the exact 
mechanism is not completely understood and requires further 
investigation. CEP and TET caused cytotoxicity in spheroids 
of MDA‑MB‑231 and MCF‑7 cells, with MDA‑MB‑231 
cells exhibiting higher sensitivity to these compounds. CEP 
induced stronger apoptosis and spheroid cytotoxicity than 
TET. Therefore, the present results suggested that CEP may 
have a stronger antitumor activity against TNBC spheroids 
compared with TET.
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