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Apigenin inhibits proliferation of human  
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and mitochondrial apoptosis induced by  
ROS generation-an in vitro and in vivo study
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Abstract: Objective: Classical chondrosarcoma has poor sensitivity to chemotherapy and radiotherapy, and surgical 
resection is the only effective treatment. Therefore, development of a novel adjuvant therapy is required. In vitro 
and in vivo studies have found that apigenin, a type of flavonoid, has anti-tumor activity in various malignancies. 
The effects of apigenin on human chondrosarcoma and the mechanisms underlying these effects remain unknown. 
Methods: Here we used different concentration of Apigenin to treat chondrosarcoma cells. Cell viability, Clone for-
mation, Cell cycle, typical apoptotic morphological changes were identified by optical microscopy, Hoechst staining, 
and transmission electron microscopy. The early and total apoptotic rate was estimated by flow cytometry. Results: 
We found here apigenin inhibits chondrosarcoma cell proliferation by inducing G2/M phase arrest and inhibiting 
colony formation. Apigenin treatment induced mitochondrial apoptosis of chondrosarcoma cells by regulating the 
expression of the Bcl-2 family and activating the Caspase cascade. Exposure to apigenin induced marked ROS 
generation, reduced the mitochondrial membrane potential, and created an imbalance in intracellular calcium 
concentration in sw1353 cells. Conclusion: We consider ROS generation to be the major mechanism of apoptosis 
induction by apigenin. In vivo, apigenin suppressed tumor growth in a mouse xenograft model. Taken together, these 
results suggest that apigenin exhibits anti-tumor efficacy against chondrosarcoma in vitro and in vivo. Apigenin in-
hibits proliferation and induces mitochondrial apoptosis via ROS generation in human chondrosarcoma cells. Thus, 
apigenin is a promising novel adjuvant agent for chondrosarcoma therapy.
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Introduction 

Chondrosarcoma, a malignant cartilage tumor, 
is one of the most common bone sarcomas. It 
is the third most common primary bone tumor, 
following myeloma and osteosarcoma [1]. The 
annual incidence of chondrosarcoma is 9%, 
half that of osteosarcoma [2]. One characteris-
tic of chondrosarcoma is its wide range of onset 
age, as adults aged 25-60 years are at risk of 
developing this disease. Another is its exten-
sive pathogenetic localisation. Chondrosarcoma 
may occur in any part of the skeleton or soft 
tissue, but it is more common in the lower body, 
including the pelvis, vertebra, proximal humer-
us, and femur [3]. Chondrosarcoma is relatively 
insensitive to chemotherapy and radiotherapy-

surgical resection is the only effective treat-
ment [4]. When a tumor develops at a site that 
cannot be resected completely, partial recur-
rence is possible due to the lack of an effective 
adjuvant treatment that kills residual tumor 
cells. Cartilage is a relatively avascular tissue; 
thus, cancer cells are more likely to become im- 
planted, leading to recurrence [4]. Most recur-
rent chondrosarcomas have a higher histologi-
cal grade and thus a poorer prognosis than the 
original lesion [5]. Therefore, the development 
of novel adjuvant therapies for the manage-
ment of chondrosarcoma is urgently required.

Apigenin (4’,5,7-trihydroxyflavone), a flavonoid 
that is abundant in the human diet, is contained 
in such food as fruits and vegetables. Apigenin 
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has received attention recently because of its 
chemopreventive effects and anti-inflammato-
ry and anti-tumor activities. Shukla demon-
strated that apigenin inhibited prostate cancer 
proliferation by inducing cell cycle arrest [6]. 
Furthermore, apigenin has been reported to 
induce apoptosis in various malignancies [7, 8]. 
Chen found that apigenin activated the Bcl-2 
pathway in anoxia/reoxygenation-induced myo-
cardium injury [9]. In addition, apigenin has 
been shown to stimulate excessive reactive 

oxygen species (ROS) generation, which induc-
es mitochondrial dysfunction and apoptotic cell 
death [10, 11]. Although these findings suggest 
anti-tumorigenic activity, the specific mecha-
nism of such action remains unknown. More- 
over, whether apigenin suppresses the growth 
of human chondrosarcoma has not been deter- 
mined.

Programmed cell death (PCD), type I- apopto-
sis, the regulated destruction of cells, is a com-

Figure 1. Apigenin inhibited the growth of human chondrosarcoma cells in a dose- and time-dependent manner. A. 
The chemical structure of apigenin. B. The anti-proliferative effect of apigenin on sw1353 chondrosarcoma cells 
was determined by MTS assay. Cells were treated with various concentrations of apigenin for 24 or 48 h. The control 
group was treated with 0.1% DMSO. Data are the means of five replicates, each of which was performed in tripli-
cate. C. Cell viability after treatment with 100 μM apigenin for 72 h. D. Colony formation by sw1353 cells at 14 days 
subjected to the control or apigenin treatment. E. sw1353 colonies were enumerated. Data are means ± S.D. of 
triplicate independent experiments. *P < 0.05 compared with the control group.
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plex process that plays a key role in traditional 
chemotherapies and novel therapies targeted 
against various malignant tumors. Apoptosis 
enables strict control of cell numbers and tis-
sue size and protects against rogue cells that 
threaten homeostasis [12]. Among the various 
types of apoptosis, caspase-mediated mito-
chondrial apoptosis is the most important. Cas- 
pases, a set of cysteine proteases that are acti-
vated specifically in apoptotic cells, act as cen-
tral executioners in cell death. It remains to be 
determined whether and by what underlying 
mechanism apigenin can induce apoptosis in 
chondrosarcoma cells.

Reactive oxygen species (ROS), active forms of 
oxygen, are generated as by-products of cellu-
lar metabolism. ROS can promote cell prolifera-
tion, differentiation, and survival and play an 
anti-inflammatory and antibacterial role under 
oxygen-balanced conditions [1, 2]. Excessive 
production of ROS causes oxidative damage to 
cellular lipids, proteins, and DNA, and this then 
activates intracellular apoptosis, autophagy, 
and ER-stress signaling pathways to induce cell 
death [13, 14]. Although cellular oxygen homeo-
stasis imbalance is considered to be involved in 
tumorigenesis, more pharmaceuticals set ROS 
as a potential target by inducing oxidative 
stress causing tumor cell death through apop-
tosis and autophagy. In this study, we found 
that apigenin treatment induced excessive ROS 
generation and then activated the Bcl-2 family 
proteins, which led to mitochondrial dysfunc-
tion and initiated apoptosis. 

Although many studies have demonstrated the 
antineoplastic effects of apigenin in human 
malignancy, its activity against chondrosarco-
ma has not been reported. In the present study, 
we elucidated the inhibitory effect of apigenin 
on chondrosarcoma cell lines in vitro and in 
vivo. We further explored the molecular mecha-
nisms (i.e. induction of G2/M phase arrest, 
ROS-mediated mitochondrial dysfunction and 
apoptosis) underlying this process.

Materials and methods

Cells and cell culture

The human chondrosarcoma cell line sw1353 
was purchased from the Shanghai Institute of 
Cell Biology of the Chinese Academy of Sciences 
(Shanghai, China). Dulbecco’s Modified Eagle’s 

Medium (DMEM, high glucose) was supple-
mented with 10% foetal bovine serum (FBS, 
Invitrogen, Carlsbad, USA) and 100 μg/ml 
streptomycin-penicillin. All cells were incubated 
at 37°C in a 5% CO2 atmosphere.

Reagents and antibodies

Apigenin (Selleck Chemicals, USA) was dis-
solved in dimethyl sulfoxide (DMSO) to a con-
centration of 200 mM and stored at -20°C. The 
molecular formula of apigenin is C15H10O5, and 
its molecular weight is 270.24 (Figure 1A). Pri- 
mary antibodies against Cdc2, p-Chk2 (Thr68), 
Cyclin B1, p-Cdc2, Caspase 3/9, PARP, p21, 
Bcl-2, p-Bcl-2, Bax, Bid, tBid, Bcl-XL, survivin, 
and GAPDH were purchased from Cell Signaling 
Technology (Beverly, MA, USA) and Santa Cruz 
Biotechnology (SCBT, CAL, USA). A cell cycle PI 
staining kit and an Annexin V-PE/7-AAD apopto-
sis detection kit for flow cytometry were pur-
chased from BD Biosciences (Franklin, NJ, 
USA). A Cell Meter Caspase 3/7 Activity Apop- 
tosis Assay Kit was used in this study (DEVD 
green fluorescence probe, 511 nm, KeyGEN 
BioTECH, Nanjing, China). N-Acetyl-L-cysteine 
(NAC) was purchased from Sigma-Aldrich (St. 
Louis, MO, USA). 

Cell viability assay

Sw1353 cells were seeded in 96-well plates at 
3000/well, incubated at 37°C in 5% CO2, and 
treated with various concentrations of apigenin 
for 24 and 48 h. An MTS assay (CellTiter 96AQ, 
Promega, Beijing, USA) was performed to evalu-
ate cell viability. A fresh mixture of MTS and 
PMS was added and incubated for 2 to 4 h  
at 37°C following the provided protocol. An 
AMR7000 microplate reader was used to mea-
sure the absorbance at 490 nm. 

Clone formation assay 

Sw1353 cells were seeded in six-well plates at 
500/well and incubated at 37°C in 5% CO2 for 
3 days. On day 3, when primary clones were 
observed, we add different concentrations of 
apigenin (10 μM, 25 μM, 50 μM). Treatment 
continued for 3 days; apigenin medium was 
then replaced with non-apigenin-medium, and 
cells were incubated as described above until 
visible clones had formed. Cells were fixed with 
4% paraformaldehyde for 15 min and stained 
with 0.1% crystal violet. Clones were observed 
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under an inverted microscope and enumerat-
ed. Images were obtained under enhanced che-
miluminescence (ECL) exposure. 

Cell cycle analysis

Sw1353 cells were plated in six-well plates at 3 
× 105 per well and incubated at 37°C in 5% CO2 
with various concentrations of apigenin (50 
μM, 100 μM, 150 μM) for 48 h. The cells were 
harvested by trypsin digestion, washed, resus-
pended in cold PBS, and fixed in cold 75% etha-
nol for storage at -20°C overnight. The fixed 
cells were stained with 40 µg/ml PI for 15 min 
at room temperature (RT) and then analyzed 
using flow cytometry and the ModFit LT soft- 
ware.

Cell apoptosis analysis

Sw1353 cells were exposed to various concen-
trations of apigenin (50 μM, 100 μM, 150 μM) 
for 48 h in six-well plates at 3 × 106 per well. 
Cells were then harvested, fixed with 4% para-
formaldehyde for 20 min, and stained with 
Hoechst 33258 for 20 min and actin-tracker 
green for 20 min (Beyotime Biotechnology, 
Shanghai, China). Typical apoptotic morphologi-
cal changes were assessed by fluorescence 
microscopy. The apigenin-treated sw1353 cells 
were stained using an Annexin V-PE/7-AAD kit 
(BD Biosciences, San Diego, CA, USA). The cells 
were resuspended in PBS, centrifuged three 
times, and then incubated with PE-conjugated 
annexin V and 7-AAD for 15 min at RT in dark-
ness. Cells were then washed again with PBS 
and resuspended in 500 µl of 1 buffer supplied 
in the kit. Samples were analyzed by flow cytom-
etry (FACSCalibur, BD, San Jose, CA, USA) and 
the CELLQuest software (FACSCalibur).

Measurement of ROS and intracellular calcium 
concentrations

Reactive oxygen species (ROS) were measured 
using an ROS assay kit with DCFH-DA (Beyo- 
time). Intracellular calcium concentrations were 
measured using a Fluo-3am calcium fluores-
cence probe (Beyotime). In brief, cells were 
plated at a density of 3 × 105/well in six-well 
plates and exposed to apigenin for 12 h. Then 
the cells were incubated with DCFH-DA (10 μM) 
for 30 min at 37°C or Fluo-3am (5 μM) for 20 
min at RT. The ROS and intracellular calcium 
concentrations were determined by fluores-
cence microscopy and flow cytometry. 

Measurement of mitochondrial membrane 
potential

The mitochondrial membrane potential (MMP) 
was measured using the JC-1 fluorescent probe 
(Beyotime). In brief, cells were plated at a den-
sity of 3 × 105/well in six-well plates and ex- 
posed to apigenin for 12 h. Cells were then 
incubated with JC-1 for 20 min at 37°C. MMPs 
were determined by fluorescence microscopy 
and flow cytometry.

Caspase 3 activity assay

In brief, cells were incubated with apigenin for 
24 h in six-well plates. The medium was repla- 
ced, and the DEVD green fluorescence probe 
from the Caspase 3 activity kit was added at  
a ratio of 1:1000. Cells were incubated with 
DEVD at 37°C for 30 min and harvested for fur-
ther flow cytometry and fluorescence micros-
copy. Images were taken and merged using 
ImageJ software. 

Transmission electron microscopy

Changes in cell ultrastructure caused by api-
genin were visualized using transmission elec-
tron microscopy (TEM). The treated cells were 
fixed in 2.5% glutaraldehyde and post-fixed with 
1% osmium tetroxide. After being dehydrated in 
increasing concentrations of alcohol, the cell 
pellets were embedded in epoxy. Representative 
areas were subjected to ultrathin sectioning 
and examined by transmission electron micros-
copy at × 10,000 magnification. Apoptosis was 
assessed by observation of nuclear chromatin 
condensation and edge accumulation.

Western blot analysis

Sw1353 cells (3 × 105) were seeded in six-well 
plates and treated with various concentrations 
of apigenin for 48 h. Cells were harvested by 
trypsinisation for protein extraction. Cells were 
resuspended in RIPA lysis buffer containing 
protease inhibitor cocktail (Sigma-Aldrich) for 
30 min on ice and shocked every 10 min. Cell 
lysates were centrifuged at 13000 g for 10 min 
and the supernatant was collected. A BCA pro-
tein assay kit (Beyotime Institute Biotechnology) 
was used to quantify the protein content. Equal 
amounts of protein (40 µg/30 µl) were sepa-
rated by 8-12% SDS-PAGE for 1.5 h at 80-120 
V. The proteins were then transferred onto 
PVDF membranes (Millipore, Billerica, MA, USA) 



Apigenin inhibits proliferation of human chondrosarcoma cells-in vitro and in vivo

1619 Int J Clin Exp Med 2018;11(3):1615-1631

at 250 mA for 2 h. The membranes were bloc- 
ked with TBST containing 5% w/v bovine serum 
albumin (BSA, Sigma-Aldrich) for 1 h at RT and 
then exposed to primary antibodies at 4°C 
overnight. Protein bands were detected using 
the ChemiDoc imaging system (Bio-Rad, USA) 
after incubation with HRP-linked secondary 
antibodies for 1 h at RT. Band intensities were 
assessed using ImageJ software. 

Human chondrosarcoma xenograft 

Four-week-old female nude mice were main-
tained under specific pathogen-free conditions 
and supplied with sterilised food and water 
(Shanghai Laboratory Animal Center of Chinese 
Academy of Sciences). Sw1353 cells (5 × 106) 
were trypsin-digested and resuspended in 200 
µl PBS, then inoculated subcutaneously into 
the right flank of each mouse. The tumor vol-
ume reached 200 mm3 at 25 days after tumor 
cell injection. Mice were randomly divided into 
three groups (vehicle control, intraperitoneal 
injection of 2 or 5 mg/kg apigenin daily, five 
mice per group). Tumor size was measured and 
mice were weighed every 2 days. The approxi-
mate tumor volume was calculated using the 
formula V = A × B2/2, where A is the maximum 
tumor diameter and B is the minimum diame-
ter. Apigenin treatment was continued for 2 
weeks until the largest tumor reached ~1600 
mm3, and all mice were euthanised and the 
tumors harvested. Tumors were fixed in forma-
lin for further analysis. 

Tumor histology and immunohistochemistry

Tumor samples were subjected to hematoxylin 
and eosin (H&E) staining and immunohisto-
chemical staining for Ki-67 after being forma-
lin-fixed, sliced, dehydrated, paraffin-embed-
ded and dewaxed. Sections (3 µm) were stained 
with hematoxylin for 15 min, immersed in 1% 
hydrochloric acid in 75% ethanol for 30 s and 
then in eosin for 5 min. The prepared sections 
were initially incubated with an anti-Ki-67 anti-
body at RT for 3 h and then incubated with the 
secondary antibody at RT for 1 h. DAB was 
used for colour development. Finally, the sec-
tions were immersed in xylene and mounted. 
Images were obtained using a DP70 CCD cam-
era coupled to an AX-70 microscope (Olympus).

TUNEL assay

Terminal deoxynucleotidyl transferase-mediat-
ed dUTP nick-end labelling (TUNEL) assay was 

used to evaluate the apoptosis of xenograft 
tumor tissues using an In Situ Cell Death 
Detection Kit (Roche Diagnostics, Mannheim, 
Germany). In brief, after being formalin-fixed, 
sliced, dehydrated, paraffin-embedded, dewax- 
ed, and incubated with proteinase K (20 µg/ml) 
for 25 min at 37°C, sections were incubated wi- 
th fresh TUNEL reaction mixture that had been 
prepared for 1 h at 37°C in a humidity chamber. 
They were then stained with DAPI for 5 min and 
visualized by fluorescence microscopy. Images 
were merged using ImageJ software. 

Statistical analysis

Data are expressed as the means ± SDs of 
experiments that were performed at least three 
times. One-way analysis of variance (ANOVA) 
together with Dunnett’s test or an unpaired 
Student’s t-test was used for statistical analy-
sis. All statistical analyses were performed 
using SPSS software (ver. 16.0; SPSS, Inc., Chi- 
cago, IL, USA). p-values were two-tailed, and a 
p-value < 0.05 was considered to indicate sta-
tistical significance. 

All procedures involving clinical specimens we- 
re approved by the Research Ethics Committee 
of the Second Affiliated Hospital of Zhejiang 
University School of Medicine, China.

Results

Apigenin inhibits proliferation of sw1353 chon-
drosarcoma cells 

To investigate the inhibitory effect of apigenin 
on growth, sw1353 cells were treated with vari-
ous concentrations of apigenin for 24 or 48 h. 
MTS assays were performed to determine the 
cytotoxicity of apigenin to sw1353 cells (Figure 
1B). Cells were incubated with 100 μM api-
genin, and their viability over time was deter-
mined (Figure 1C). A clone formation assay 
showed that fewer and smaller colonies formed 
after apigenin treatment (Figure 1D). These 
results show that apigenin inhibits the prolifera-
tion of chondrosarcoma cells in a dose- and 
time-dependent manner.

Apigenin induces G2/M phase arrest in 
sw1353 cells 

To determine whether apigenin inhibits cell pro-
liferation by inducing cell cycle arrest, we used 
PI staining and flow cytometry to assess the 
cell cycle distribution in cells treated with api-
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Figure 2. Apigenin induced G2/M cell cycle arrest and alters the expression of G2/M phase-
related regulatory proteins in sw1353 cells. A, B. Apigenin induced G2/M phase arrest. Cells 
were treated with control or apigenin for 24 h and then subjected to flow cytometry. Cell cycle 
distribution is presented as the mean ± S.D of three independent experiments. C-G. Cells were 
treated with apigenin for 24 h. The expression levels of cell cycle-regulated proteins were mea-
sured by Western blotting. Band intensities were quantitatively analysed using ImageJ soft-
ware, and the relative expression levels of cell cycle regulatory proteins are presented. *P < 
0.05, significantly different compared with the control. NS, not significantly different. 
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genin for 24 h. Exposure to apigenin caused 
significant increases in the percentages of 
sw1353 cells in the G2/M phase (Figure 2A, 
2B), from 6.29% to 39%. To elucidate the mech-
anisms underlying cell cycle arrest, Western 

blotting was performed to measure the expres-
sion of cell cycle-related regulatory proteins. 
Apigenin upregulated the expression levels of 
p-Cdc2, Chk2, p-Chk2, and p21 and downregu-
lated those of cyclin B1 and Cdc2 (Figure 2C-G). 

Figure 3. Apigenin induced apoptosis in sw1353 cells. A. Typical morphological changes in sw1353 cells were 
observed after apigenin treatment (200 × magnification). B. Hoechst 33258 and actin-tracker green staining were 
performed to assess cell morphology and karyopyknosis by fluorescence microscopy. Arrows indicate chromatin 
condensation and DNA fragmentation. Edge accumulation was observed in merged Hoechst- and actin-tracker 
green-stained images; bar: 50 μm. C. Cells treated with apigenin were stained with Annexin V-PE/7-AAD and ana-
lyzed by flow cytometry. Proportions of apoptotic cells from three independent experiments are shown. D. Early and 
late apoptosis rates as determined by flow cytometry. E. Transmission electron microscopy was used to visualize 
changes in nuclear ultrastructure. Arrows indicate chromatin condensation and edge accumulation. Bar: 2 μm. 
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These data suggest that apigenin causes G2/M 
phase arrest by regulating cell cycle regulators 
in sw1353 cells.

Apigenin induces apoptosis in sw1353 cells 

The cell morphology was observed by optical 
microscope (Figure 3A). To further investigate 
whether the joint action of apoptosis and cycle 
arrest is responsible for the inhibition of prolif-
eration induced by apigenin, classical Hoechst 
33258 staining (blue) was performed. Actin-

tracker green stain (phalloidin, green, Beyotime) 
was used to show the shape of cells (Figure 
3B). Hoechst staining indicated apigenin-indu- 
ced apoptotic chromatin condensation and 
DNA fragmentation. Actin-tracker staining sho- 
wed that, compared with the control group, api-
genin-treated sw1353 cells exhibited shrink-
age and loss of normal morphology. Edge accu-
mulation was observed in merged Hoechst and 
actin-tracker green images. To quantitatively 
analyze apoptosis, cells were stained with an- 
nexin V-PE/7-AAD and subjected to flow cytom-

Figure 4. Apigenin induced ROS generation in sw1353 cells, which contributed to apoptosis through activation of 
the mitochondrial pathway. The intracellular calcium concentration increased following the suppression of mito-
chondrial function induced by apigenin treatment. A. Cells were treated with apigenin for 12 h and then loaded with 
DCFH-DA for 30 min. ROS levels were determined by fluorescence microscopy (× 200) and flow cytometry. Bar: 200 
μm. MMP was measured using the JC-1 fluorescent probe and fluorescence microscopy. Changes in the JC-1 red/
green ratio from three independent experiments are shown. The MMP decreased after apigenin treatment. Bar: 100 
μm. The intracellular calcium concentration was measured using the fluo-3am fluorescent probe. A significant dose-
dependent increase in intracellular calcium concentration was detected by fluorescence microscopy. Bar: 100 μm. 
B. Increase in ROS level as determined by flow cytometry and quantitative analysis. C. Increase in intracellular cal-
cium concentration as determined by flow cytometry. D. The reduction in MMP determined by flow cytometry. Quan-
titative analysis of the JC-1 red/green ratio induced by the decrease in MMP. *P < 0.05 compared with the control. 
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etry analysis (Figure 3C). The proportion of apo- 
ptotic cells was negligible in the control group, 
whereas apigenin treatment resulted in a dose-
dependent increase in both early (Q4 quadrant) 
and total (Q2 + Q4 quadrant) apoptotic cells 
(Figure 3D). Transmission electron microscopy 
(TEM) was performed to visualize cell ultra-
structure; typical apoptotic morphological fea-
tures were observed. Arrows indicate chroma-
tin condensation and edge accumulation (Fi- 
gure 3E).

Apigenin induces mitochondrial apoptosis in 
sw1353 cells by inducing ROS production and 
mitochondrial dysfunction and disruption of 
intracellular calcium levels

ROS have been shown to participate in the reg-
ulation of apoptosis and cell cycle arrest [13-
15]. Therefore, we investigated whether gener-
ation of ROS was involved in apigenin-induced 
cell death. Cells were harvested after treat-
ment with various concentrations of apigenin 

Figure 5. Apigenin altered the expression of mitochondrial apoptotic proteins in sw1353 cells. Sw1353 cells were 
treated with various concentrations of apigenin for 24 h. Cells were harvested and levels of apoptotic-associated 
Bcl-2 family and caspase cascade proteins were measured by Western blot. A, F. Parp, cleaved Parp, Caspase 3/9, 
and cleaved Caspase 3/9 expression levels were measured by Western blotting. Bands were quantitatively analyzed 
using ImageJ software. B, D. The protein levels of Bcl-2, p-Bcl-2, Bax, and Bcl-XL were determined. C, E. The levels 
of Bid, tBid, and survivin were determined. Caspase 3 activity was measured using the DEVD fluorescent probe at 
511 nm as well as with flow cytometry and fluorescence microscopy. Bar: 100 μm. G. The mean Caspase 3 staining 
intensity was analyzed by flow cytometry. H. DEVD-positive cells were enumerated by flow cytometry. GAPDH was 
used as an internal control. Data were obtained from three independent experiments and expressed as means ± 
S.D. *P < 0.05 compared with the control. 
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for 24 h. ROS levels were measured by flow cy- 
tometry and visualized by fluorescence micros-
copy and staining with the fluorescent probe, 
DCFH-DA (Beyotime, Biotechnology). The resul- 
ts are shown in Figure 4A. ROS generation in- 
creased significantly in a dose-dependent man-
ner. Relative fluorescence intensity in the 150-
μM apigenin-treated group was 9.43-fold high-
er than that in the control group (Figure 4B). 
MMP decreased sharply following apigenin 
treatment (Figure 4A), which is indicative of 
mitochondrial dysfunction. A decrease in MMP 
is a sign of early apoptosis; this is usually cau- 
sed by the opening of the mitochondrial perme-
ability transition pore (MPTP), which increases 
the intracellular calcium ion concentration. Us- 
ing JC-1, a fluorescent MMP probe, the red/
green signal ratio reflects the level of apopto-
sis. The red staining was reduced significantly, 
whereas green staining was increased mark-
edly (Figure 4C). Intracellular Ca2+ was quanti-
fied by flow cytometry and fluorescence micros-
copy. An increased intracellular Ca2+ level indu- 
ces apoptosis through the endoplasmic reticu-
lum pathway [16]. Apigenin increased the intra-
cellular Ca2+ level in sw1353 cells (Figure 4A, 
4D). These results indicate that apigenin induc-
es mitochondrion mediated apoptosis. 

Apigenin induces apoptosis by regulating the 
expression of Bcl-2 family proteins and cas-
pase cascade activation 

To determine the underlying mechanism by 
which apigenin induces apoptosis of human 
chondrosarcoma cells, a Western blot analysis 
of the regulatory proteins in the signaling path-
ways involved was performed. Apigenin treat-
ment significantly increased the expression of 
cleaved Caspase 3, cleaved Caspase 9, and 
cleaved Parp in sw1353 cells in a dose-depen-
dent manner (Figure 5A, 5F). Moreover, apigen-
in increased the levels of the pro-caspase pro-
tein Bax, but reduced those of the anti-apoptot-
ic proteins Bcl-2, phospho-Bcl-2, survivin, and 
Bcl-XL. The levels of Bid, a pro-apoptosis pro-
tein, were decreased, possibly because of an 

increase in the level of its cleaved fragment, 
tBid (Figure 5B-E). Next, we assessed the ac- 
tivity of the effector caspase, Caspase 3, using 
a Cell Meter Caspase 3/7 Activity Apoptosis 
Assay Kit (DEVD green fluorescence), by flow 
cytometry (Figure 5G, 5H). DEVE-positive cells 
were considered apoptotic. Not only the per-
cent of caspase3-postive-cells (Figure 5H) but 
also the total mean intensity (Figure 5G) incre- 
ased. The results suggest that apigenin induc-
es apoptosis by regulating Bcl-2 family proteins 
and activating the caspase cascade in chon-
drosarcoma cells.

The apoptotic effect of apigenin was blocked 
by the antioxidant NAC in sw1353 cells

To confirm that ROS generation triggers apopto-
sis in sw1353 cells, the antioxidant NAC was 
used. Cell viability was determined by MTS 
assay. NAC increased the viability of apigenin-
treated cells (Figure 6A). NAC blocked the in- 
creased ROS level induced by apigenin (Figure 
6B, 6C). Levels of the crucial apoptotic pro-
teins, cleaved Parp and cleaved Caspase 3, 
were determined by Western blot analysis. NAC 
inhibited the apigenin-induced activation of 
apoptosis-related proteins (Figure 6D, 6E). The 
rate of apoptosis was assessed by Annexin V 
and 7-AAD staining, followed by flow cytometry 
(Figure 6F, 6G). Apigenin decreased the total 
apoptosis rate from 68.4% to 40.5%. These 
results indicate that the apoptotic effect of  
apigenin could be blocked by NAC, suggesting 
that ROS likely acts as an initiator of apigenin-
induced apoptosis.

Apigenin inhibits growth of human chondrosar-
coma xenografts in vivo

The in vivo effect of apigenin on chondrosarco-
ma was determined via intraperitoneal injec-
tion in a chondrosarcoma xenograft mouse 
model. Sw1353 cells were inoculated subcuta-
neously in the right flank of 4-week-old female 
nude mice. Intraperitoneal administration of 
vehicle or apigenin (2 or 5 mg/kg) daily was 

Figure 6. Apoptosis induced by ROS generation was blocked by the antioxidant N-acetyl-L-cysteine (NAC). Sw1353 
cells were pre-incubated with NAC (5 mM) for 2 h and then treated with apigenin (150 μM) for 24 h. A. Cell viability 
was measured by MTS assay. B, C. ROS levels were determined by flow cytometry. Mean ROS intensities are pre-
sented as histograms. D, E. Cleaved-Parp and cleaved-Caspase 3 expression levels were measured by Western 
blotting. Bands were analyzed using ImageJ software. F, G. Induction of apoptosis was assessed by flow cytometry. 
Quantitative analysis of the total apoptotic rate. Data are means ± S.D of three independent experiments. *P < 0.05 
compared with the control; #P < 0.05 compared with apigenin treatment; NS, no significant difference.
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started when tumor volume reached ~200 
mm3. All mice were euthanized at day 14. The 
data in Figure 7A, 7B reveal that intraperitone-
al injection of apigenin at 2 and 5 mg/kg result-
ed in significant reductions in tumor volume,  
by 36.47% and 48.65%, respectively, after 14 

days, without significant loss of body weight. H 
&E staining was used to perform a histological 
evaluation. The typical double- or multi-nucleus 
chondrosarcoma cells and visible myxoid de- 
generation were observed (Figure 7C). The Ki- 
67 protein (also known as MKI67) is a cellular 

Figure 7. Apigenin inhibited growth of human chondrosarcoma xenografts in vivo. Sw1353 cells were inoculated 
subcutaneously into the right flank of 4-week-old female nude mice. Daily intraperitoneal administration of vehicle 
or apigenin (2 or 5 mg/kg) was started when tumor volume reached ~200 mm3. All mice were euthanised at day 
14. A, B. Tumor sizes and body weights were measured daily. C. H&E staining was used to evaluate histology. D, E. 
Immunohistochemical staining for Ki-67. F, G. The apoptotic status of tumor tissues was assessed by TUNEL assay. 
Representative images are presented. Bar: 100 μm. Body weight did not differ significantly between the treatment 
and control groups. Ki-67 and TUNEL assay data were quantitative analyzed using the IPP software. Data are ex-
pressed as means ± S.D of three independent experiments. *P < 0.05 compared with the control group. 
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marker of proliferation [17]. Immunohistoche- 
mical staining showed that apigenin treatment 
inhibited the expression of Ki-67 (Figure 7D, 
7E). TUNEL assay indicated evident increasing 
apoptosis cells (Figure 7F, 7G). These results 
reveal that apigenin inhibits the growth of chon-
drosarcoma cells in vivo with little toxicity. 

Discussion

Chondrosarcoma is a malignant tumor that  
produces cartilage matrix. Chondrosarcomas 
account for up to 27% of all primary malignant 
bone tumors, second only to osteosarcoma in 
adults [18]. Due to its marked resistance to 
conventional chemo- and radiotherapy, wide-
margin surgical resection remains the only 
curative treatment for this tumor. Therefore, 
the prognosis is poor for unresectable and met-
astatic disease [19-21]. A novel adjuvant thera-
py for chondrosarcoma is thus required. 

Apigenin inhibits the growth of cancer cells, 
including head-and-neck squamous cell carci-
noma, hepatoma, and bladder cancer cells [22-
25], and plays an important adjuvant role in 
therapy with other agents [22, 26]. The current 
study examined the anti-neoplastic effect of 
apigenin on chondrosarcoma cells in vitro and 
in vivo. Our results indicate that apigenin inhib-
its the proliferation of human chondrosarcoma 
cells by inducing G2/M arrest and mitochon-
drial apoptosis, an effect mediated by ROS 
generation.

Cell cycle arrest is regulated by cell cycle check-
points after DNA damage. DNA damage trig-
gers the activation of the kinase ataxia telangi-
ectasia mutated (ATM)/ataxia telangiectasia- 
and Rad3-related (ATR) pathway, in which ATM/
ATR phosphorylate and activate the Chk1/Chk2 
checkpoint kinases. The expression of Chk2 
and its phosphorylation activates the p53-p21 
pathway, p21 being an inhibitor of the cyclins/
CDKs that regulate cell cycle arrest [27, 28]. 
The cyclin B1/Cdc2 complex, which is kept 
inactive by the phosphorylation of Cdc2 (CDK1), 
plays a key role in promoting the G2/M phase 
transition [29]. Our study demonstrated that 
apigenin induced G2/M arrest by upregulating 
the rates of p-Cdc2/Cdc2 and P-Chk2/Chk2 
and the expression of p21, while downregulat-
ing cyclin B1. Cyclin B1 expression is increased 
during G2/M cell cycle arrest [30-32]. Li recent-
ly reported that G2/M arrest in osteosarcoma 

cells treated with celastrol was associated wi- 
th increased expression of Cyclin B1 [30-32]. 
However, Zhang suggested that cyclin B1 ex- 
pression was downregulated in cells with piper-
ine-induced G2/M arrest [33]. It is possible 
that downregulation of Cdc2 activity suppress-
es ubiquitin-dependent Cyclin B1 degradation, 
which leads to an increase in Cyclin B1 levels 
[31, 32]. In our opinion, levels of cyclin B1 oscil-
late over the course of the cell cycle. Cyclin B1 
accumulates throughout the cell cycle and is 
activated by Cdc2 at the beginning of G2 phase. 
It is degraded at the end of mitosis (M phase). 
Thus, its expression changes at different time 
points during the G2/M phase. The expression 
of Cyclin B1 is increased by arrest at the G2 
phase. By contrast, Cyclin B1 expression dec- 
reases when cells are arrested in late M phase. 
It was reported that apigenin causes G1/G0 
phase arrest in prostate cancer cells [6, 34]. 
Iizumi reported that apigenin induces G2/M 
arrest at least in part by directly binding and 
inhibiting ribosomal protein S9 (RPS9), which 
enhances CDK1 expression [35]. Our findings 
suggest that apigenin exerts a marked effect 
on the cell cycle distribution in chondrosarco-
ma cells. 

Apoptosis, an important means of eliminating 
cancer cells, is divided into extrinsic (death re- 
ceptor-dependent pathway) and intrinsic (mito-
chondria-dependent pathway) pathways [36]. 
Bcl-2 family (B-cell lymphoma 2) proteins play a 
critical role in the intrinsic pathway [12]. The 
intrinsic pathway (or mitochondrial pathway) 
involves mitochondria as the central regulator 
and is associated with the apoptotic regulatory 
factors Bcl-2 family proteins and Caspases [37, 
38]. Caspases are essential for apoptosis [39, 
40], and they have been termed “executioner” 
proteins because of their role in cells. In the 
current study, we assessed the expression and 
phosphorylation of the anti-apoptotic proteins 
Bcl-2 and Bcl-XL, and the pro-apoptotic pro-
teins, Bax, Bid, and tBid. Apigenin treatment 
downregulated both the level and phosphoryla-
tion of Bcl-2 and Bcl-XL, upregulated Bax, and 
increased the tBid/Bid ratio. As expected, the 
downregulation of anti-apoptotic proteins and 
the upregulation of pro-apoptotic proteins in- 
duced by apigenin led to cytochrome C release 
from mitochondria and initiation of the caspase 
cascade [41, 42]. Cytochrome C cleaved and 
activated the initiator caspase, Caspase 9, whi- 
ch cleaved and thereby activated the effector 
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caspase, Caspase 3. Cleaved Parp formation is 
considered an indicator of Caspase 3 activa-
tion. Moreover, although caspases can cleave 
Bcl-2 family proteins to initiate apoptosis [43, 
44], it did not do so in our experiment. The BH3- 
only pro-apoptotic Bcl-2 family member Bid is 
cleaved into truncated Bid (tBid). The cleavage 
of Bid is considered a conversion point from the 
extrinsic to intrinsic apoptosis pathways [45, 
46]. Truncated Bid translocates to the mito-
chondria and induces loss of mitochondrial 
membrane potential (MMP) and the release of 
apoptogenic factors, including cytochrome C. 
Survivin, an anti-apoptotic protein, functions to 
inhibit caspase 3 activation, thereby leading to 
the negative regulation of apoptosis [47, 48]. 
Apigenin treatment suppressed the expression 
of survivin and induced apoptosis in chondro-
sarcoma cells. 

ROS are involved in maintaining cell homeosta-
sis and regulating cellular signal transduction 
under normal physiological conditions [49]. 
However, ROS-mediated DNA damage is con-
sidered to contribute to carcinogenesis initia-
tion and malignant transformation [14, 50, 51]. 
ROS has been developed as a promising target 
of pharmaceutical therapy for several malig-
nancies [32, 52, 53]. Excessive ROS may indu- 
ce apoptosis through both the extrinsic and 
intrinsic pathways [15, 53]. In the intrinsic path-
way, ROS function to stimulate cytochrome C 
release via activating anti-apoptotic proteins 
(Bcl-2 and Bcl-XL) and inhibiting pro-apoptotic 
proteins (Bax and Bid) [54, 55]. Using flow cy- 
tometry and fluorescent staining, we found that 
apigenin induced excessive ROS generation. 
We believe that excessive ROS generation acti-
vated the intrinsic apoptotic pathway, leading 
to the initiation of the caspase cascade and, 
finally, to apoptosis in chondrosarcoma cells. 
The ROS-mediated oxidative damage resulted 
in a decline in mitochondrial function [14, 49]. 
The JC-1 fluorescent probe was used to assess 
the MMP. The MMP in sw1353 cells decreased 
significantly after incubation with apigenin. The 
decrease in mitochondrial function led to an 
imbalance in intracellular calcium ion concen-
tration. The probe fluo-3am was used to evalu-
ate intracellular calcium accumulation. Apopto- 
sis is usually accompanied by an increase in 
the intracellular calcium concentration. Shi et 
al. demonstrated that apigenin inhibited prolif-
eration of human bladder cancer cells via cell 

cycle arrest and apoptosis induced by ROS gen-
eration [24]. Zhang et al. reported that apigenin 
induces autophagic death in human papillary 
thyroid carcinoma cells via enhancing ROS gen-
eration [56]. These findings are in agreement 
with our finding that apigenin accelerates ROS 
generation and promotes apoptosis in certain 
malignancies.

Treatment of chondrosarcoma tumor-bearing 
nude mice with 2 and 5 mg/kg apigenin result-
ed in significant inhibition of tumor growth (36-
48%) without loss of body weight according to 
our in vivo experiment. No gross toxicity was 
detected. The typical double- or multi-nucleus 
chondrosarcoma cells and visible myxoid de- 
generation were observed by H&E staining. The 
numerous Ki-67-positive nuclei in the control 
group indicated exuberant tumor cell growth. 
These results demonstrated that sw1353 cells 
are a high-grade malignancy. Apigenin treat-
ment resulted in the death of numerous tumor 
cells (Figure 6C, treatment group), and TUNEL 
assay confirmed the apoptosis of chondrosar-
coma cells (Figure 6F). The DAPI staining resul- 
ts were consistent with those of the TUNEL 
assay. Numerous nuclear pyknoses were found 
in TUNEL-positive regions (Figure 6F, DAPI), and 
the number of Ki-67–positive nuclei decreased 
markedly after apigenin treatment (Figure 6D). 
These in vivo results indicate that apigenin  
may have potential as an adjuvant therapy for 
chondrosarcoma. 

In conclusion, to our knowledge, this is the first 
report that apigenin can inhibit the proliferation 
of chondrosarcoma cells by G2/M arrest and 
induction of apoptosis via ROS generation. In  
a chondrosarcoma xenograft model, apigenin 
markedly suppressed tumor growth without 
causing toxicity. These findings suggest apigen-
in is a promising adjuvant therapy for chondro- 
sarcoma.
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