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Abstract. Shikonin, a naturally occurring naphthoquinone, 
exhibits anti-tumorigenic activity. However, its precise 
mechanisms of action have remained elusive. In the present 
study, the involvement in the action of shikonin of the 
ubiquitin ligases Cbl‑b and c‑Cbl, which are negative regu-
lators of phosphoinositide 3‑kinase (PI3K) activation, was 
investigated. Shikonin was observed to reduce cell viability 
and induce apoptosis and G2/M phase arrest in lung cancer 
cells. In addition, shikonin increased the protein levels of 
B‑cell lymphoma 2 (Bcl‑2)‑associated X and p53 and reduced 
those of Bcl‑2. Additionally, shikonin inhibited PI3k/Akt 
activity and upregulated Cbl protein expression. In addition, 
a specific inhibitor of PI3K, LY294002, was observed to have 
a synergistic effect on the proliferation inhibition and apop-
totic induction of A549 cells with shikonin. In conclusion, 
the results of the present study suggested that Cbl proteins 
promote shikonin‑induced apoptosis by negatively regulating 
PI3K/Akt signaling in lung cancer cells.

Introduction

Lithospermum erythrorhizon, a traditional Chinese herbal 
medicine, has been used for the treatment of inflammation, 
tumors and burns for thousands of years (1). Shikonin (SK) 
is the key active ingredient isolated from the dried roots of 
Lithospermum  erythrorhizon, with a molecular weight of 
288 g/mol (Fig. 1). As a naphthoquinone pigment, SK exhibits 
multiple biological activities, including anti‑inflammatory, 
anti‑microbial and anti‑tumor effects, in addition to antago-
nism of the human immunodeficiency virus and wound 
healing‑promoting properties  (2,3). Previous studies have 

demonstrated that SK induces apoptosis in various types of 
tumor cell but has no effect on the majority of normal cells (4,5), 
suggesting that it may provide a novel anti‑neoplastic thera-
peutic treatment strategy.

Various oncogenes and tumor suppressor genes are involved 
in apoptosis, amongst which the tumor suppressor gene p53 
is of particular significance (6). p53 serves an important role 
in the prevention of tumor occurrence and development via 
initiating cell cycle arrest and apoptosis in damaged cells, in 
order to maintain genomic stability (7). The loss of wild‑type 
p53 function may lead to tumor development, and in humans, 
p53 is known to be mutated or inactivated in at least 50% of 
tumors  (8‑10). Certain studies have demonstrated that SK 
induces apoptosis in Hela, colorectal carcinoma COLO 205 
and malignant melanoma A375‑S2 cells, accompanied by 
upregulated expression levels of p53 protein  (11‑13). This 
suggested that SK‑mediated apoptosis involves p53 signaling.

However, in order to prolong their survival, tumor cells have 
developed several mechanisms to inhibit apoptosis. Previous 
studies have demonstrated that the phosphoinositide 3‑kinase 
(PI3K)/Akt signaling pathway is persistently activated in 
pre‑malignant and malignant human bronchial epithelial cells 
in addition to non‑small cell lung cancer. This is suggested 
to be due to activating mutations in ras (14‑16). In addition, 
multiple cytotoxic drugs have been reported to induce apop-
tosis by inhibiting the PI3K/Akt pathway (17,18).

The casitas B‑lineage lymphoma (Cbl) family of ubiquitin 
ligases comprises adaptor proteins and E3 ligases that serve 
positive and negative roles in several signaling pathways and 
affect various cellular functions (19). Cbl proteins are known 
to participate in the regulation of mitogen‑activated protein 
kinases, insulin signaling and PI3K/Akt signaling  (19‑21). 
However, it remains elusive whether Cbl family members are 
involved in SK‑induced apoptosis.

Previous studies have further suggested that reactive 
oxygen species (ROS) are involved in SK‑induced apoptosis 
in human SK‑Hep‑1 hepatoma cells and Bcr/Abl‑positive 
chronic myelogenous leukemia cells (22,23). In the human 
oral squamous cell carcinoma Tca‑8113 cell line, induction of 
apoptosis by SK was demonstrated to be partly mediated via 
inhibition of the nuclear factor‑κB pathway (24). SK has also 
been identified to downregulate estrogen receptor‑α protein 
through a proteasome‑mediated pathway, and co‑treatment 
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with SK enhanced sensitivity of breast cancer cells to endo-
crine therapy (25).

The present study aimed to investigate the mechanisms of 
SK action in lung cancer A549 cells. The effects of SK on the 
expression of p53 in A549 cells, in addition to the association 
between Cbl and PI3K in SK‑induced apoptosis of A549 cells, 
were examined. Additionally, the involvement of ROS in this 
process was investigated. It was hypothesized that SK upregu-
lates the expression of Cbl proteins, which are involved in 
SK‑induced lung cancer cell apoptosis via negative regulation 
of PI3K/Akt signaling.

Materials and methods

Reagents and antibodies. Rabbit polyclonal anti‑B‑cell 
lymphoma  2 (Bcl‑2; cat.  no.  sc‑492), rabbit polyclonal 
anti‑Bcl‑2‑associated X (Bax, cat. no. sc‑493), rabbit polyclonal 
anti‑Cbl‑b (cat. no. sc‑1704) and rabbit polyclonal anti‑p53 
(cat.  no.  sc‑6243) antibodies were purchased from Santa 
Cruz Biotechnology, Inc. (Dallas, TX, USA). Rabbit mono-
clonal anti‑phosphorylated (p)‑Akt (Ser‑473; cat. no. 3787s), 
rabbit polyclonal anti‑Akt (cat. no. 9272), rabbit monoclonal 
anti‑c‑Cbl (cat. no. C49H8) antibodies and the PI3K inhibitor 
LY294002 were purchased from Cell Signaling Technology, 
Inc. (Danvers, MA, USA). Rabbit polyclonal anti‑β‑actin 
(cat. no. ab16039) was purchased from Abcam (Cambridge, 
UK). Goat anti‑rabbit horseradish peroxidase‑conjugated 
secondary antibodies (cat. no. A0208) were purchased from 
Beyotime Institute of Biotechnology (Shanghai, China). SK 
(>98% pure) was purchased from the National Institute for the 
Control of Pharmaceutical and Biological Products (Beijing, 
China). SK was dissolved in dimethyl sulfoxide (DMSO) at 
a stock concentration of 100 mM, aliquoted and stored at 
‑20˚C. Fetal bovine serum (FBS) was purchased from Beijing 
Solarbio Science & Technology Co., Ltd. (Beijing, China). 
MTT, DMSO, propidium iodide (PI) and Hoechst 33342 were 
purchased from Sigma‑Aldrich (St. Louis, MO, USA). The 
annexin V‑fluorescein isothiocyanate and propidiumiodide 
(PI) double staining kit was purchased from Beijing Biosea 
Biotechnology Co., Ltd. (Beijing, China). Ribonuclease A 
(RNase A) and ROS assay kit were purchased from Beyotime 
Institute of Biotechnology.

Cell culture. The human lung adenocarcinoma A549 cells 
were purchased from the Department of Cell Biology, China 
Medical University (Shenyang, China). A549  cells were 
cultured in RPMI 1640 medium (Hyclone, GE Healthcare, 
Little Chalfont, UK) containing 10% FBS, 100 U/ml penicillin 
and 100 µg/ml streptomycin (Harbin Pharmaceutical Group 

Co., Ltd., Harbin, China) at 37˚C under an atmosphere of 95% 
humidity and 5% CO2. Cells were routinely subcultured every 
2‑3 days and cell samples used were all in the logarithmic 
growth phase.

Cell viability assay. Cells were seeded at a density of 
1x104 cells/well in 96‑well plates and were incubated overnight. 
Subsequently, various concentrations (0.312‑10 µM) of SK 
were added and further incubated for 24 and 48 h. Thereafter, 
20 µl MTT solution (5 mg/ml) was added to each well and the 
cells were incubated for an additional 4 h at 37˚C. Following 
the removal of culture medium, the cells were lysed in 150 µl 
DMSO and the optical density was measured at 570 nm using 
a microplate reader (Model 550; Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA).

Cell cycle analysis. Phase distributions of the cell cycle 
and hypodiploid DNA were determined by flow cytometry. 
A549 cells were plated at a density of 1x106 cells/well in six‑well 
plates overnight and then treated with 1.5 and 1.8 µM SK for 
24 h. Following this, the cells were collected and washed twice 
with phosphate‑buffered saline (PBS; Beyotime Institute of 
Biotechnology). Subsequent to fixing in ice‑cold 70% ethanol 
(Shenyang Liaohe Chemical Plant, Shenyang, China) for 12 h, 
samples were washed twice with PBS and then incubated with 
RNase A (20 µg/ml) and PI (10 µg/ml) for 30 min in the dark. 
Finally, the samples were examined using a FACScan Flow 
Cytometer and data were analyzed using CellQuest 3.2 soft-
ware (BD Biosciences, San Jose, CA, USA).

Cell apoptosis analysis. A549 cells were plated at a density of 
1x106 cells/well in six well plates overnight and were subse-
quently treated with 1.5 and 1.8 µM SK for 24 h. The cells 
were collected following incubation. At the same time, A549 
cells were plated in six well plates (1x106 cells/well) overnight. 
The cells were pretreated with or without 10 nM Ps341 (Active 
Biochem, Maplewood, NJ, USA), an inhbitor of proteasome 
and Cbl, for 1 h and subsequently treated with 1.8 µM SK for 
24 h, prior to collection. The cells were washed twice with 
PBS and incubated with 10 µl annexin V and 5 µl PI for 15 min 
in the dark. The samples were evaluated by flow cytometry as 
described above.

Fluorescence microscopy. A549 cells were treated with 1.5 and 
1.8 µM SK for 24 h. Subsequently, the cells were collected, 
washed twice with PBS and fixed in a mixture of cold methanol 
and acetic acid (3/1, v/v; Shenyang Liaohe Chemical Plant) 
prior to staining with Hoechst 33342 (1 mg/ml) for 30 min at 
37˚C. Stained cells were imaged using a fluorescence micro-
scope (magnification, x400; Eclipse 90i, Nikon Corporation, 
Tokyo, Japan).

Western blot analysis. The expression of cellular proteins 
was evaluated by western blotting. Following SK treatment 
for 4, 8, 12 and 24 h, and pretreatment with or without 10 nM 
Ps341, cells were washed twice with ice‑cold PBS and the 
total proteins were solubilized and extracted with lysis 
buffer (20 mM HEPES, pH 7.9; 20% glycerol; 200 mM KCl; 
0.5 mM EDTA; 0.5% NP40; 0.5 mM DTT and 1% protease 
inhibitor cocktail; Shanghai Jining Industrial Co., Ltd.). The 

Figure 1. Chemical structure of shikonin.
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protein concentration was determined by the bicinchoninic 
acid protein assay (Beyotime Institute of Biotechnology). 
Equal amounts of protein (50 µg) from each sample were 
separated using 12%  SDS‑PAGE (Beyotime Institute of 
Biotechnology, Shanghai, China). Following electrophoresis, 
the proteins were electroblotted to polyvinylidene difluoride 
membranes (Beyotime Institute of Biotechnology). The 
membranes were blocked with 5% nonfat dry milk dissolved 
in TBST (20 mM Tris‑buffered saline, pH 7.5 containing 
1  g/l  Tween  20; Beyotime Institute of Biotechnology) at 
room temperature and then independently incubated at 4˚C 
overnight with primary antibodies against Bcl‑2 (1:300), 
Bax (1:300), p53 (1:1,000), Akt (1:1,000), p‑Akt (1:1,000), 
c‑Cbl (1:1,000) or Cbl‑b (1:250), and β‑actin (1:1,000) was 
used as a control. Subsequent to washing three times with 
TBST, the membranes were incubated with goat anti‑rabbit 
horseradish peroxidase‑conjugated secondary antibodies 
(1:800) at 37˚C for 30  min, followed by a further three 
washes with TBST. Protein bands were visualized using 
an enhanced chemiluminescence reagent (Thermo Fisher 
Scientific, Waltham, MA, USA).

Intracellular ROS measurement. A549  cells were treated 
with 1.5 and 1.8 µM SK for 24 h and were then collected. 
Dichloro‑dihydro‑fluorescein diacetate (DCFH‑DA; 10 µM) 
was diluted at 1:1,000 with serum‑free RPMI‑1640 medium 
(Gibco Life Technologies, Grand Island, NY, USA). The cells 
were suspended in 1 ml diluted DCFH‑DA, then incubated in a 
37˚C cell incubator for 20 min with inversion every 3‑5 min to 
maximize contact between the probe and the cells. Following 
this, the cells were washed with serum‑free cell culture medium 
three times and the intracellular H2O2 concentration was deter-
mined using a FACScan flow cytometer (BD Biosciences).

Statistical analysis. Values are expressed as the mean ± standard 
deviation. Statistical correlation was evaluated by an analysis 
of variance and Student's t‑test, where P<0.05 was considered 
to indicate a statistically significant difference. These analyses 
were performed using SPSS software, version 17.0 (SPSS, Inc., 
Chicago, IL, USA).

Results

SK induces growth inhibition of A549 cells. To determine 
whether SK inhibits proliferation of lung cancer cells, 
A549 cells were treated with different concentrations of SK 
(0.312‑10 µM) for 24 and 48 h. A significant dose‑dependent 
and time‑dependent reduction of viability was observed 

(Fig. 2). The 50% inhibitory concentration of cells (IC50) at 
24 and 48 h was 1.75±0.26 and 1.25±0.17 µM, respectively.

SK induces G2/M cell cycle arrest in A549 cells. To determine 
whether SK inhibits cell cycle progression in A549 cells, the 
cells were treated with different concentrations of SK for 24 h. 
Flow cytometric analysis demonstrated that treatment with SK 
induced significant G2/M cell cycle arrest (Fig. 3). The percent-
ages of cells in G2/M phase were 5.42±1.06%, 12.65±2.24% 
and 17.27±3.27% following treatment with 0, 1.5 and 1.8 µM 
SK, respectively (Table I). Differences between treated and 
untreated cells were statistically significant (P<0.01).

SK induces A549 cell apoptosis. To determine whether SK 
induces apoptosis in A549 cells, SK‑induced cytotoxicity 
was investigated. Flow cytometric analysis of annexin‑V and 
PI demonstrated that SK induced significant apoptosis in 
A549 cells. The percentages of double‑stained cells, indicative 
of apoptosis, were 17.20±2.26% (P<0.01) and 21.98±2.26% 
(P<0.01) at 1.5 and 1.8 µM SK, respectively, compared with 
2.91±0.21% in the non‑treated control (Fig. 4). Consistent with 
these results, confocal fluorescence microscopy also identified 
clear morphological alterations typical of apoptosis, including 
condensation of chromatin and nuclear fragmentations 
following treatment of cells with SK (Fig. 5).

SK upregulates p53 and alters the Bax/Bcl‑2 ratio in 
favor of apoptosis. To determine the mechanism of 
SK‑induced A549  cell apoptosis, the expression levels of 
apoptosis‑associated proteins were investigated. Following 
incubation with either 1.5 or 1.8 µM SK for 24 h, the expres-
sion of the anti‑apoptotic Bcl‑2 protein was significantly 

Figure 2. The inhibitory effects of SK on human lung cancer A549 cell 
proliferation. Logarithmically growing A549 cells were treated with the 
indicated concentrations of SK for either 24 or 48 h. Cell viability was then 
assessed by MTT assay. *P<0.01 vs. control group. SK, shikonin.

Table I. Cell cycle distribution of A549 cells incubated with SK for 24 h.

SK (µM)	 G1 (%)	 S (%)	 G2/M (%)

0	 77.84±6.28	 16.74±2.34	   5.42±1.06
1.5	 53.84±4.86	 33.51±4.87	 12.65±2.24
1.8	 55.99±4.03	 26.74±2.78	 17.27±3.27

Values are presented as the mean ± standard deviation. SK, shikonin.
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Figure 3. Induction of G2/M phase arrest in A549 cells by SK. A549 cells were treated with the indicated concentrations of SK for 24 h. Alterations in cell cycle 
phase distribution were then assessed by propidium iodide staining and flow cytometric analysis. SK, shikonin.

Figure 4. Analysis of apoptotic cells by flow cytometry. A549 cells were treated with the indicated concentrations of SK for 24 h. Alterations in cell apoptosis 
distribution were assessed by AV‑FITC/PI staining followed by flow cytometric analysis. The percentages of apoptotic (double stained) cells are indicated. SK, 
shikonin; AV, annexin V; FITC, fluorescein isothiocyanate; PI, propidium iodide.

Figure 5. Analysis of apoptotic cells by fluorescence microscopy. A549 cells were treated with the indicated concentrations of shikonin for 24 h, then apoptosis 
was observed by Hoechst 33342 staining and analysis by confocal microscopy. Chromatin condensation and nuclear fragmentation are indicated by the white 
arrowheads. Magnification, x400.

Figure 7. Effects of SK on phosphoinositide 3‑kinase/Akt signaling pathways 
in A549 cells. A549 cells were treated with 1.8 µM SK for the indicated 
time‑points, and p‑Akt and Akt protein expression levels were analyzed by 
western blotting. β‑actin protein expression levels served as the control. SK, 
shikonin; Akt, protein kinase B; p‑Akt, phosphorylated Akt.

Figure 6. Effects of SK on the expression levels of apoptosis‑associated 
proteins in A549 cells. A549 cells were treated with the indicated concentra-
tions of SK for 24 h. Bax, Bcl‑2 and p53 protein expression levels were then 
analyzed by western blotting. Expression of β‑actin served as the control. SK, 
shikonin; Bcl‑2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein.
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reduced, whereas the expression of pro‑apoptotic Bax protein 
was significantly increased (Fig. 6). SK treatment significantly 
increased the Bax/Bcl‑2 ratio. It was hypothesized that p53 
also served an important role in SK‑induced apoptosis. To 
investigate this, the protein levels of p53 were examined in 
cells treated with SK. SK was observed to increase the intra-
cellular levels of p53 in a dose‑dependent manner (Fig. 6).

SK induces A549  cell apoptosis by inhibiting PI3K/Akt 
signaling and potentiates LY294002‑mediated inhibition of 

proliferation and apoptosis. To further determine the mecha-
nism of SK‑induced apoptosis in A549 cells, the levels of p‑Akt 
and total Akt protein following treatment with 1.8 µM SK for 
4‑24 h were measured. It was observed that the expression 
levels of p‑Akt protein started to reduce at 4 h and reached 
a minimum at 24 h (Fig. 7). This suggested that SK induces 
A549 cell apoptosis by inhibiting the PI3K/Akt signaling 
pathway. Additionally, 1‑h pre‑treatment of A549 cells with 
LY294002, a specific inhibitor of PI3K, followed by the addi-
tion of 1 µM SK (a sub‑toxic dose), resulted in an increase 

Figure 8. Effects of co‑treatment with LY294002 and SK on inhibition of A549 cell proliferation. A549 cells were pretreated with the phosphoinositide 
3‑kinase/protein kinase B inhibitor LY294002 for 1 h, then 1.0 µM SK was added for 24 h. The inhibition of proliferation was measured by an MTT assay, 
*P<0.01 vs. cells treated with either LY294002 or SK alone. SK, shikonin.

Figure 9. Effects of co‑treatment with LY294002 and SK on apoptotic induction in A549 cells. A549 cells were pre‑treated with phosphoinositide 3‑kinase/pro-
tein kinase B inhibitor LY294002 for 1 h, then 1.0 µM SK was added for 24 h. Cell apoptosis was assessed by AV‑FITC/PI staining and flow cytometry. The 
percentages of apoptotic cells are indicated. SK, shikonin; AV, annexin V; FITC, fluorescein isothiocyanate; PI, propidium iodide.
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in proliferation inhibition. The proliferation inhibition of cells 
significantly increased from 17.06±1.46 and 19.47±3.32% in 
cells treated with SK alone and LY294002 alone, respectively, 
to 62.46±5.12% in cells treated with both SK and LY294002 
(P<0.01) (Fig. 8). In line with these observations, in identi-
cally treated cells, apoptosis was identified to increase from 
10.12±2.48 and 11.34±3.38% to 40.68±6.46% (P<0.01) (Fig. 9), 
while the expression levels of p‑Akt protein were significantly 
reduced (Fig. 10). These data suggested that LY294002 and 
SK have a synergistic effect, leading to enhanced inhibition of 
proliferation and induction of apoptosis in A549 cells.

Cbl‑b and c‑Cbl are involved in SK‑induced A549  cell 
apoptosis by negatively regulating PI3K/Akt signaling. To 
investigate whether the inactivation of Akt was associated with 
Cbl‑b and c‑Cbl, their protein expression levels were assessed 
using western blotting (Fig. 11). In A549 cells treated with 
1.8 µM SK for 4‑24 h, the expression levels of the Cbl‑b and 

c‑Cbl proteins were demonstrated to begin to increase at 4 h, 
reaching a maximum at 24 h. The time taken for the upregula-
tion of Cbl‑b and c‑Cbl proteins was in accordance with that 
required for the downregulation of the p‑Akt protein. This 
indicated that the inactivation of Akt was likely to be associ-
ated with the upregulation of Cbl‑b and c‑Cbl. To confirm this 
hypothesis, A549 cells were pre‑treated with the proteasome 
inhibitor Ps341 and Cbl for 1 h, then 1.8 µM SK was added 
for a further 24 h. Ps341 was observed to reverse SK‑induced 
downregulation of p‑Akt (Fig. 12) and apoptosis of A549 cells 
(Fig. 13). These data suggested that Cbl family members may 
be involved in SK‑induced A549 cell apoptosis via negatively 
regulating PI3K/Akt signaling.

ROS is not involved in SK‑induced apoptosis. To address 
whether SK enhances ROS generation in A549  cells, the 
intracellular H2O2 concentration was detected by DCFH‑DA 
treatment and flow cytometric analysis. As presented in 
Fig. 14, significant alterations in the ROS concentration were 
not observed in cells treated with either 1.5 or 1.8 µM SK for 
24 h. This result indicated that ROS does not participate in 
SK‑induced apoptosis in A549 cells.

Discussion

SK, one of the major naphthoquinone pigments isolated 
from the traditional Chinese herb Lithospermum erythro‑
rhizon, has various biological functions. It is associated with 
anti‑microbial, anti‑inflammatory and anti‑tumor activities, in 
addition to the promotion of wound healing. Previous studies 
have demonstrated that SK is able to induce apoptosis in liver 
cancer, osteosarcoma and prostate cancer cells while its effect 
on normal cells is minimal. Thus use of SK may provide a 
novel approach to the treatment of tumors (26‑28). The results 

Figure 12. Effects of the combined application of Ps341 and SK on the 
expression of p‑Akt and Akt proteins. A549 cells were pretreated with 
the proteasome inhibitor Ps341 for 1 h, then 1.8 µM SK was added for a 
further 24 h. The protein expression levels of p‑Akt, Akt and β‑actin were 
analyzed by western blotting. SK, shikonin; Akt, protein kinase B; p‑Akt, 
phosphorylated‑Akt.

Figure 10. Effects of co‑treatment with LY294002 and SK on Akt activa-
tion in A549 cells. A549 cells were pretreated with the phosphoinositide 
3‑kinase/Akt inhibitor LY294002 for 1 h, then 1.0 µM SK was added for 
24 h. p‑Akt and Akt protein expression levels were analyzed by western blot-
ting, where β‑actin served as a control. SK, shikonin; Akt, protein kinase B; 
p‑Akt, phosphorylated‑Akt.

Figure 11. Effect of SK on the expression of Cbl‑b and c‑Cbl proteins in 
A549 cells. A549 cells were treated with 1.8 µM shikonin for 4‑24 h, as 
indicated. The alterations in the protein expression levels of Cbl‑b and c‑Cbl 
were assessed by western blotting. β‑actin served as a control for input and 
equal loading. SK, shikonin.
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of the present study indicated that SK inhibits A549 cell prolif-
eration in a time‑ and dose‑dependent manner. SK was also 
observed to induce cell apoptosis and G2/M phase cell cycle 
arrest. Several previous studies have investigated SK‑induced 
cell cycle arrest. SK has been demonstrated to induce cell cycle 
arrest in the S phase of HepG2 cells (26) and in the G0/G1 phase 
of human bladder cancer cells (4). Additionally, SK has been 
identified to inhibit the cell cycle transition from G1 to S phase 
in Hela cells (29). These results indicate that there is cell speci-
ficity in the effect of SK on cell cycle arrest.

Apoptosis is the programmed cell death, which is regu-
lated by certain genes  (30). Apoptotic cells have unique 
morphology, characterized by cell atrophy, loss of connection 

between cells and chromatin condensation (31). Integration 
of the apoptotic signal is predominantly mediated by Bcl‑2 
family proteins and occurs at the mitochondrial level (32). 
The abnormal expression of Bcl‑2 family members, including 
the pro‑apoptotic proteins Bax, Bcl‑2 homologous antagonist 
killer (Bak), Bcl‑2‑associated death promoter (Bad), BH3 
interacting‑domain death agonist, Bcl‑2‑interacting killer, 
Bcl‑2‑like protein 11, Harakiri and the anti‑apoptotic proteins 
Bcl‑2, Bcl‑2 extra large protein (Bcl‑xL), Bcl‑2‑related 
protein A1 and myeloid cell leukemia 1, which are repre-
sented by Bax and Bcl‑2, respectively, can aid tumor cells 
in evading apoptosis and continuing to proliferate (33). The 
ratio of Bcl‑2/Bax is suggested to be a critical factor which 

Figure 14. Effect of SK on reactive oxygen species production. A549 cells were treated with either 1.5 or 1.8 µM SK for 24 h, and the intracellular H2O2 

concentration was then detected by flow cytometry. SK, shikonin; MI, intracellular H2O2 concentration.

Figure 13. Effects of the combined application of Ps341 and SK on apoptotic induction in A549 cells. A549 cells were pre‑treated with the proteasome inhibitor 
Ps341 for 1 h, then 1.8 µM SK was added for a further 24 h. The alterations in the cell apoptosis distribution were assessed by AV‑FITC/PI staining followed by 
flow cytometric analysis. The percentages of apoptotic cells are indicated. SK, shikonin; AV, annexin V; FITC, fluorescein isothiocyanate; PI, propidium iodide.
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determines the apoptosis threshold (34). It has been reported 
that in SK‑induced apoptosis of Tca‑8113 and HepG2 cells, 
the expression of Bcl‑2 protein is reduced (24,26), while that 
of Bax is increased. Similarly, it has been demonstrated that 
SK‑induced COLO 205 cell apoptosis is accompanied by the 
upregulation of Bad and downregulation of Bcl‑2 and Bcl‑xL, 
while having no effect on Bax protein expression levels (29). 
The present study observed that SK treatment resulted in a 
significant reduction in Bcl‑2 protein expression and a signifi-
cant increase in Bax protein production in A549 cells. It was 
therefore hypothesized that SK‑mediated inhibition of tumor 
cell growth is achieved by its ability to modulate the ratio of 
Bcl‑2/Bax.

The p53 gene is vital in preventing damaged or otherwise 
abnormal cells from becoming malignant (12). Mutation factor 
induced‑DNA damage is able to promote rapid p53 gene product 
accumulation and the subsequent induction of G1 phase cell 
cycle arrest (35). p53 can also sequester proliferating cell nuclear 
antigen, which inhibits the replication of DNA and thereby allows 
time for DNA to be repaired. If the damage cannot be repaired, 
p53 is able to induce apoptosis and remove the mutant cells (36). 
Additionally, p53 is involved in the mechanisms of apoptosis of 
tumor cells induced by various drugs, including that mediated by 
wogonin and arsenic trioxide (37,38). The results of the present 
study demonstrated that the protein expression levels of p53 were 
increased in SK‑treated A549 cells, and that the time required 
for p53 to increase coincided with that for the increased ratio of 
Bax/Bcl‑2. It has also been reported that p53 can interact physi-
cally with Bcl‑2 and Bcl‑xL via its DNA‑binding domain, which 
leads to the isolation of these proteins from their pro‑apoptotic 
partners Bax/Bak. These proteins subsequently form oligomers 
and increase the permeability of the mitochondrial membrane, 
which leads to cytochrome C release into the cytoplasm and cell 
apoptosis (39). Thus, it is suggested that SK first upregulates the 
expression of the p53 protein, then subsequently increases the 
ratio of Bax/Bcl‑2 in order to induce A549 cell apoptosis.

The PI3K/Akt signal transduction pathway is an impor-
tant intracellular cascade which promotes proliferation and 
inhibits apoptosis by affecting the activity of downstream 
effector molecules, including cell cycle regulatory proteins and 
apoptosis‑associated proteins (40). This pathway additionally 
serves important roles in tumor cell proliferation, angiogenesis 
and metastasis (41,42). The PI3K/Akt pathway is overactive in 
certain types of cancer cell, while its inhibition may increase 
the sensitivity of tumor cells to cytotoxic drugs and induce 
apoptosis (43). In the present study, treatment of A549 cells 
with 1.8  µM  SK for 4‑24  h gradually reduced the protein 
expression of p‑Akt, whereby expression reached a minimum 
at 24 h. Typical apoptosis was observed at 24 h, suggesting 
that SK first inhibited the PI3K/Akt pathway, which in turn 
blocked its regulation of downstream factors, resulting in the 
loss of PI3K/Akt pathway‑mediated anti‑apoptotic function, 
and thus A549 cell apoptosis. This indicates that inhibition of 
the PI3K/Akt pathway is likely to be one of the mechanisms by 
which SK induces A549 cell apoptosis. The association between 
SK and PI3K signaling in apoptotic induction of A549 cells 
was further investigated using a specific inhibitor of PI3K, 
LY294002, which inhibits the catalytic activity of the P110s 
subunit. The results demonstrated that while 1 µM SK resulted 
in a non‑significant reduction in cell viability and no greater 

than 11% cell apoptosis, treatment with SK plus LY294002 
for 24 h resulted in a significant reduction in cell viability and 
increased cell apoptosis to ~40% compared with treatment with 
SK or LY294002 alone. These results indicated that LY294002 
and SK have a synergistic effect on the proliferation inhibition 
and apoptotic induction of A549 cells.

The Cbl family members c‑Cbl and Cbl‑b, function as E3 
ubiquitin ligases that are able to interact with PI3K and modu-
late its activity in various cell lines (16). By contrast, inhibition 
of Cbl‑PI3K interaction alters bone homeostasis, affecting 
osteoclast function and osteoblast proliferation (37). Cbl is addi-
tionally involved in arsenic trioxide‑induced NB4 cell apoptosis 
and G2/M arrest in gastric cancer cells via the inhibition of the 
PI3K/Akt signaling pathway (15). The results of the present 
study demonstrated that the protein expression levels of c‑Cbl 
and Cbl‑b began to increase following exposure of A549 cells to 
1.8 µM SK for 4 h, and reached maximal expression at 24 h. The 
kinetics associated with the upregulation of c‑Cbl and Cbl‑b 
corresponded to Akt inhibition, suggesting that SK is likely to 
promote PI3K ubiquitination via the upregulation of c‑Cbl and 
Cbl‑b expression. This in turn inhibited Akt activity and finally 
induced A549 cell apoptosis. Ps341, a Cbl antagonist, was used 
to pre‑treat A549 cells prior to the addition of SK, and this was 
identified to reverse SK‑induced cell apoptosis in addition to the 
inhibition of p‑Akt activity. These observations suggested that 
c‑Cbl and Cbl‑b are involved in SK‑induced A549 cell apoptosis 
via the negative regulation of PI3K/Akt activity.

It has previously been demonstrated that treatment 
with SK induces ROS generation, increases extracellular 
signal‑regulated kinase phosphorylation and reduces Bcl‑2 
expression. Additionally, pre‑treatment with the antioxidant 
agent N‑acetyl cysteine has been observed to reverse SK‑induced 
ROS generation and significantly attenuate the cytotoxic 
effects of SK on 143B osteosarcoma cells (27). SK has also 
been demonstrated to induce human hepatocellular carcinoma 
Huh7 and BEL7402 cell apoptosis through the ROS/Akt path-
ways (44). However, in the present study, ROS was not identified 
to be involved in SK‑induced A549 cell apoptosis, suggesting 
that the involvement of ROS in SK‑induced apoptosis may be 
cell type‑specific.

In conclusion, the present study demonstrated that SK, a 
naturally occurring naphthoquinone, inhibits proliferation, 
induces G2/M‑phase arrest and induces apoptosis in A549 cells. 
SK induced A549 cell apoptosis by promoting the p53‑mediated 
increase of the Bax/ Bcl‑2 ratio in favor of apoptosis. The 
ligases c‑Cbl and Cbl‑b additionally participated in SK‑induced 
apoptosis in A549 cells by negatively regulating the PI3K/Akt 
signaling pathway.
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