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Abstract. Osthole is a natural coumarin isolated from 
Umbelliferae plant monomers. Previous research has indicated 
that osthole exerts a wide variety of biological effects, acting 
as anti-seizure, anti-osteoporosis and anti-inflammation. 
However, the regulatory effect and related molecular mecha-
nism of osthole in intrahepatic cholangiocarcinoma (ICC) 
remain unknown. In the present study, the authors found that 
osthole inhibited ICC cell lines in a dose- and time-dependent 
manner. Osthole also significantly induced mitochondrial-
dependent apoptosis by upregulating Bax, cleaved caspase-3, 
cleaved caspase-9, and cleaved poly ADP-ribose polymerase 
expression, and by downregulating Bcl-2 expression. 
Moreover, the levels of p-Akt and PI3K were significantly 
decreased, while total Akt protein levels were unchanged. 
Following transfection with wild-type-Akt and constitu-
tively active (CA)-Akt plasmids, the effects of osthole were 
decreased. Osthole was also able to suppress tumor growth 
in vivo. Together, these data demonstrated that osthole induces 
mitochondrial-dependent apoptosis via the PI3K/Akt pathway, 
suggesting that osthole may represent a novel and effective 
agent for the treatment of ICC.

Introduction

Intrahepatic cholangiocarcinoma (ICC) is an epithelial cell 
malignancy arising from cells located proximal to the second-
degree bile ducts (1). The worldwide incidence of ICC seems 
to be increasing, although this pattern is not universal (2,3). 

There is no effective adjuvant therapy, and surgical resection 
is the only potential curative treatment for ICC. Unfortunately, 
the long-term outcome for ICC remains dismal due to a high 
incidence of postoperative tumor recurrence and metas-
tasis (4). The prognosis of ICC patients is poor, with a 5-year 
survival rate of only 25-35% in most studies (5-7). Thus, there 
is a significant need to develop effective therapeutic strategies 
that can improve the prognosis of ICC patients.

Accumulating evidence suggests that medicinal plants are 
a significant source of potential agents against cancer (8-10). 
Osthole is a natural coumarin isolated from Umbelliferae plant 
monomers, and its chemical formula is C15H16O3. Osthole has 
been proven to exert a wide variety of biological effects, such as 
anti-seizure, anti-osteoporosis and anti-inflammation (11-13). 
Studies have confirmed that osthole can inhibit the growth and 
proliferation of various cancer cells through inducing apoptosis 
or cell cycle arrest (14,15). Moreover, osthole can inhibit tumor 
metastasis by inhibiting the epithelial-mesenchymal transition 
process (16). However, the underlying mechanisms for the 
therapeutic effects of osthole remain unknown. In the present 
study, the authors explored the anticancer effects of osthole on 
ICC cells and investigated the potential mechanisms through 
which osthole mediates these effects.

Materials and methods

Reagents and drugs. Osthole was purchased from Sigma-Aldrich; 
Merck KGaA (Darmstadt, Germany) (Fig. 1A), dissolved in 
dimethyl sulfoxide (DMSO), and stored at -20˚C. The final DMSO 
concentration used was <0.1%. The cell counting kit-8 (CCK-8), 
Hoechst 33342, and rhodamine 123 were purchased from Sigma-
Aldrich; Merck KGaA. The Annexin V/propidium iodide (PI) 
apoptosis kit was purchased from Invitrogen; Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA). All antibodies were 
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA). All cell culture supplies were obtained from Gibco; 
Thermo Fisher Scientific, Inc.

Cell culture. The human ICC cell lines HCCC-9810 and 
RBE were purchased from the Cell Bank of the Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, 
China). Both HCCC-9810 and RBE cells were cultured in 
RPMI-1640 medium supplemented with 10 µg/ml strepto-
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mycin, 100 U/ml penicillin (HyClone; GE Healthcare Life 
Sciences, Logan, UT, USA), and 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.). The cells were cultured 
at 37˚C in a humidified incubator with 5% CO2.

Cell viability assay. The effect of osthole on the viability 
of ICC cells was evaluated using the CCK-8 assay. HCCC-
9810 and RBE cells were seeded into 96-well culture plates 
at a density of 3,000 cells/well and cultured for 24 h. Cells 
were treated with different concentrations of osthole (0, 25, 
50, 100, 150 or 200 µM) for 24, 48 or 72 h. CCK-8 (10 µl) 
was subsequently added to each well and incubated for 2 h 
in the dark. The absorbance of the plates was measured at 
450 nm using a microplate reader (Bio-Tek Instruments, Inc., 
Norcross, GA, USA). Cell viability was calculated using the 
following formula: cell viability = (OD of treated cells-OD 
of blank)/(OD of control-OD of blank) x100%. The assay was 
repeated three times.

Colony formation assay. The ability of ICC cells to form 
clones was investigated using a colony formation assay. 
ICC cells were seeded into 6-well plates at a density of 
600 cells/well. Various concentrations of osthole (0, 100, 
150 or 200 µM) were added for 14 consecutive days. Then, 
the cells were fixed with 10% formalin and stained with 
0.1% crystal violet (Sigma-Aldrich; Merck KGaA) for visual-
ization and counting. The colonies (groups of >50 cells) were 
observed under a microscope (Leica Microsystems GmbH, 
Wetzlar, Germany).

Annexin V/PI staining assay for apoptosis. The apoptosis rate 
of ICC cells was determined using flow cytometric analysis. 
HCCC-9810 and RBE cells were treated with osthole (0, 100, 
150 or 200 µM) for 48 h. Subsequently, attached and floating 
cells were collected and washed twice with phosphate-buff-
ered saline (PBS). Following centrifugation (500 x g for 
5 min), the cells were resuspended in 1X Annexin V binding 
buffer and incubated with 5 µl Annexin V and PI at 37˚C for 
15 min. Immediately following incubation, cell apoptosis was 
measured using flow cytometry.

Hoechst 33342 staining. RBE and HCCC-9810 cells were 
seeded into 6-well plates and treated with osthole (0, 100, 
150 or 200 µM) for 48 h. The cells were fixed with 1 ml 
methanol/acetic acid (3:1) for 20 min at room temperature. The 
fixed cells were rinsed with PBS for 5 min prior to incubation 
with Hoechst 33342 (5 µg/ml) in the dark for 15 min at room 
temperature. Morphological changes were observed using a 
fluorescence microscope (Leica Microsystems GmbH).

Mitochondrial membrane potential (ΔΨm). The cells were 
treated with various concentration of osthole (0, 100, 150 
or 200 µM) for 48 h. Then, attached and floating cells were 
collected and washed with PBS. Following centrifugation 
(500 x g for 5 min), the cells were stained with rhodamine 123 
in a 5% CO2 incubator at 37˚C for 20 min away from light. The 
samples were then analyzed by flow cytometry.

Western blot analysis. Western blot analysis was conducted as 
described previously (17). Total protein was extracted from cell 

samples using RIPA lysis buffer supplemented with protease 
inhibitor (both from Beyotime Institute of Biotechnology, 
Haimen, China). Protein concentration was measured using 
a BCA protein assay (Thermo Scientific, Rockford, IL, 
USA). Equal amounts of protein (20 µg) were separated 
using 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to polyvinylidene 
difluoride membranes. Following blocking in 5% nonfat milk 
for 2 h at room temperature, the membranes were incubated 
with primary antibodies against Bcl-2 (1:1,000; 15071), Bax 
(1:1,000; 5023), caspase-9 (1:1,000; 9502), caspase-3 (1:1,000; 
9662), PARP (1:1,000; 9532), cleaved caspase-9 (1:1,000; 
20750), cleaved caspase-3 (1:1,000; 9661), cleaved PARP 
(1:1,000; 5625), PI3K (1:1,000; 4249), Akt (1:1,000; 2920) and 
p-Akt (1:1,000; 4060) (all from Cell Signaling Technology, 
Danvers, MA, USA) overnight at 4˚C. After incubation with 
a secondary antibody, immunocomplexes were visualized by 
enhanced chemiluminescence. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) (1:1,000; 5174; Cell Signaling 
Technology) was used as an internal control to ensure equal 
protein loading. Proteins were observed using a Gel Doc 2000 
with Quantity One 4.62 (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA).

Plasmid transfection. Empty vector (pcDNA 3.1), wild-type 
mouse Akt (WT-Akt), and constitutively active (CA) mouse 
Akt (CA-Akt) overexpression plasmids were purchased from 
Era Biotech (Barcelona, Spain). ICC cells were transfected 
with these plasmids at 70-80% confluence using Viafect 
transfection reagent (Promega Corp., Madison, WI, USA), 
according to the manufacturer's protocol.

In vivo tumor xenograft study. Male nude mice (aged 4-6 
weeks, weighing 18-22 g) were purchased from Shanghai 
SLAC Laboratory Animal Co., Ltd. (Shanghai, China). The 
animals were housed at 25±2˚C at a relative humidity of 70±5% 
under natural light/dark conditions for 1 week and allowed 
free access to food and water. HCCC-9810 cells (at a density 
of 1x106 cells/0.2 ml corn oil) were injected into the right 
axilla of each mouse. At 24 h later, the mice were randomly 
divided into three groups (control, 50 mg/kg and 100 mg/kg; 
7 mice/group). Mice in the control group were intraperitone-
ally injected with corn oil. The other groups received osthole 
(50 or 100 mg/kg) every 2 days for up to 25 days. On day 26, 
the animals were sacrificed, and the tumors were dissected 
and measured. The tumor volume was determined using the 
following formula: volume = (length x width2)/2. The animal 
experiments were performed in strict accordance with interna-
tional ethical guidelines and the National Institutes of Health 
Guide for the Care and Use of Laboratory Animals (National 
Institutes of Health, Bethesda, MD, USA). The study protocol 
was approved by Laboratory Animal Ethics Committee of 
Anhui Medical University [LISC (Anhui) 20150336].

Statistical analysis. All experiments were performed at least 
three times, and the results are expressed as the means ± stan-
dard deviations unless otherwise stated. Student's t-tests were 
used to compare differences between the treated groups and 
the corresponding control groups. P<0.05 was considered to 
indicate a statistically significant difference.
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Results

Osthole inhibits the proliferation and viability of HCCC‑9810 
and RBE cells. The proliferation rates of the ICC cell lines 
HCCC-9810 and RBE were determined by CCK-8 assay after 
the cells were treated with osthole at 0, 25, 50, 100, 150 or 
200 µM for 24, 48 and 72 h. The results indicated that the 
proliferation of these ICC cell lines was inhibited by osthole in 
a dose- and time-dependent manner (Fig. 1B and C). The IC50 
of osthole in HCCC-9810 cells was 201 µM (24 h), 159 µM 
(48 h) and 131 µM (72 h); for RBE cells, the IC50 values were 

235 µM (24 h), 153 µM (48 h) and 130 µM (72 h). As the required 
concentration of osthole for the IC50 at 48 h was much lower 
than that at 24 h and close to that at 72 h, we only used the 48 h 
IC50 for subsequent experiments. Osthole also inhibited the 
ability of ICC cells to form clones, as shown in Fig. 1D and E. 
Following treatment with various concentrations (0, 100, 150 
or 200 µM) for ~2 weeks, the number and size of the colonies 
derived from osthole-treated cells were markedly smaller than 
those of the colonies in the control group. These data indicated 
that osthole can inhibit the proliferation and viability of ICC 
cells.

Figure 1. Osthole suppresses the viability and colony formation of intrahepatic cholangiocarcinoma (ICC) cells. (A) The chemical structure of osthole. (B) A cell 
counting kit-8 (CCK-8) assay was performed to analyze the viability of ICC cells treated with various concentrations of osthole (0, 25, 50, 100, 150 or 200 µM) 
for 24, 48 or 72 h. (C) ICC cells were treated with 150 µM osthole for 24, 48 or 72 h. Then, cell viability was assessed using the CCK-8 assay. (D and E) Cells were 
cultured with various concentrations of osthole (0, 25, 50, 100, 150 or 200 µM) and were allowed to form colonies for 14 days. *P<0.05 and **P<0.01 vs. control.
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Osthole induces mitochondria‑dependent apoptosis. The 
effects of osthole on apoptosis were analyzed using flow 
cytometry and Hoechst 33342 staining in HCCC-9810 and 
RBE cells. We treated HCCC-9810 and RBE cells with a 
range of concentrations (0, 100, 150 or 200 µM) for 48 h and 
subsequently stained the cells with Hoechst 33342. The cells 
treated with osthole exhibited markedly increased chromatin 
condensation and fragmentation compared to the cells in 
the control group, which were round and homogeneously 

stained (Fig. 2A). Next, we measured the apoptosis of osthole-
treated cells by flow cytometry. Compared with the rates in 
the control group, the early and late apoptosis rates of cells 
treated with osthole significantly increased in a dose-depen-
dent manner (Fig. 2B). These results indicate that osthole can 
induce apoptosis in HCCC-9810 and RBE cells.

Mitochondrial damage results in perturbation of the mito-
chondrial membrane potential (ΔΨm) (18). In this study, we 
measured the changes of ΔΨm in ICC cells through rhoda-

Figure 2. Osthole induces apoptosis in RBE and HCCC-9810 cells. (A) Intrahepatic cholangiocarcinoma (ICC) cells were treated with osthole for 48 h and 
then stained with Hoechst 33342. The morphological changes were observed using a fluorescence microscope. (B) RBE and HCCC-9810 cells were treated 
with osthole for 48 h and then stained with Annexin V/propidium iodide (PI). The apoptosis rate was evaluated by flow cytometry. The cells in early apoptosis 
(Q4 quadrant, Annexin V+/PI-) and late apoptosis (Q2 quadrant, Annexin V+/PI+) increased while the normal cells (Q3 quadrant, Annexin V-/PI-) decreased in 
a dose-dependent manner. *P<0.05 and **P<0.01 vs. control.
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mine 123 staining using a flow cytometer. As shown in Fig. 3A, 
ΔΨm decreased in a dose-dependent manner, indicating that 
osthole induced mitochondria-dependent apoptosis.

To explore the potential mechanism of osthole-induced 
apoptosis, the relative levels of key apoptosis-related proteins 
were evaluated by western blot analysis. As presented in Fig. 3B, 
the expression level of the mitochondrial anti-apoptotic protein 
Bcl-2 was significantly decreased, while the expression levels 

of pro-apoptotic factors including Bax and the cleaved forms 
of caspase-3, caspase-9 and PARP were upregulated. These 
results indicated that osthole induces mitochondria-dependent 
apoptosis in HCCC-9810 and RBE cells.

PI3K/Akt signaling pathway is involved in the apoptosis 
induced by osthole. In addition, the authors also investigated 
the expression levels of PI3K and Akt. As presented in Fig. 4A, 

Figure 3. Osthole induces mitochondrial-dependent apoptosis in RBE and HCCC-9810 cells. (A) The mitochondrial membrane potential (ΔΨm) was measured 
using flow cytometric analysis. RBE and HCCC-9810 cells were treated with osthole (0, 50, 150 or 200 µM) and then stained with rhodamine 123. Cells with 
high ΔΨm are marked ‘survival’, and those with low ΔΨm are marked ‘apoptosis’. (B) Apoptosis-related proteins in RBE and HCCC-9810 cells were analyzed 
by western blotting. GAPDH was used as a loading control. *P<0.05 and **P<0.01 vs. control.
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the levels of p-Akt and PI3K were significantly decreased, 
while the levels of Akt reported no obvious change. These 
results indicated that the PI3K/Akt signaling pathway is 
involved in the anticancer effects of osthole.

To further determine whether osthole-induced apoptosis was 
mediated by inhibition of Akt activity, the authors transiently 
transfected WT-Akt and CA-Akt plasmids into HCCC-9810 
and RBE cells, treated the cells with osthole, and evaluated cell 

viability. As reported in Fig. 4B, overexpression of WT-Akt 
or CA-Akt abolished osthole cytotoxicity in HCCC-9810 and 
RBE cells. Then, the authors analyzed the effects of osthole on 
apoptosis following transfection. As depicted in Fig. 4D, the 
apoptosis rate was significantly decreased in cells transfected 
with WT-Akt and CA-Akt, especially the early apoptosis rate. 
The authors investigated the apoptosis-related protein levels in 
osthole-treated cells following transfection with WT-Akt and 

Figure 4. The PI3K/Akt pathway is involved in the apoptosis induced by osthole in intrahepatic cholangiocarcinoma (ICC) cells. (A) RBE and HCCC-9810 cells 
were treated with osthole (0, 50, 100 or 150 µM) for 48 h, and the expression levels of p-PI3K, Akt and p-Akt were measured by western blot assays. GAPDH 
was used as a loading control. (B) Cellular viability was determined after treatment with 150 µM osthole for 48 h in cells transfected with wild-type (WT)-Akt, 
constitutively active (CA)-Akt or vehicle plasmid. (C) The expression levels of Akt, p-Akt, Bcl-2 and Bax were evaluated by western blotting, and GAPDH 
was used as a loading control. (D) The apoptosis rate was evaluated by flow cytometry after treatment with 150 µM osthole in cells transfected with WT-Akt, 
CA-Akt or vehicle plasmid. *P<0.05 and **P<0.01 vs. control.
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CA-Akt and observed that the level of Bcl-2 was significantly 
increased while the level of Bax was decreased. These findings 
suggested that the overexpression of WT-Akt and CA-Akt can 
inhibit the apoptosis of HCCC-9810 and RBE cells induced 
by osthole.

Therefore, the authors concluded that osthole induces mito-
chondria-dependent apoptosis via the Akt signaling pathway. 
Furthermore, modulation of the Akt signaling pathway may 
account for the anti-proliferative effect of osthole.

Osthole inhibits tumor growth in vivo. To explore the anti-
cancer effect of osthole in vivo, HCCC-9810 cells were injected 
into the flanks of nude mice. The mice were injected with corn 
oil (control group) or osthole (50 or 100 mg/kg) every 2 days. 
As presented in Fig. 5A and B, the tumor size and tumor weight 
were significantly lower in mice treated with osthole. Moreover, 
the authors investigated apoptosis-related protein expression 
levels using western blot analysis. Bcl-2 and p-Akt expression 
levels were strikingly lower and Bax and cleaved-PARP expres-
sion levels were significantly higher in osthole-treated groups 
than in the control group (Fig. 5C). These results are consistent 
with the in vitro effects of otshole on ICC cells.

Discussion

ICC is a malignant tumor for which surgical resection is the 
only effective treatment option, and its prognosis remains 
very poor. Therefore, it is essential to identify novel effec-
tive treatments for ICC. Several studies have reported that 

certain natural chemicals and compounds exert anticancer 
effects on a wide variety of tumor types (19,20). Osthole is 
a natural coumarin isolated from Umbelliferae plant mono-
mers, and previous studies have reported that it has anticancer 
effects in cancers such as glioma, colorectal cancer and lung 
cancer (21-24). However, there have been no studies evaluating 
the anticancer effects of osthole in ICC. In the present study, 
the authors indicated that osthole inhibited ICC cell prolifera-
tion both in vivo and in vitro. Thus, they suggested that osthole 
may represent a new adjuvant therapy that can improve the 
prognosis of ICC patients. In addition, the expression of apop-
tosis-related proteins was assessed using western blot analysis, 
and the results were in accordance with in vitro assays.

In the study, the effect of osthole on apoptosis in ICC 
cells was evaluated using Hoechst 33342 staining and flow 
cytometry. Apoptosis is generally characterized by specific 
morphological changes (25), such as cell shrinkage and 
pyknosis. Compared with control cells, cells treated with 
osthole presented distinct morphological changes, such as 
chromatin condensation and fragmentation. Moreover, treat-
ment of ICC cells with osthole significantly increased the 
proportions of cells in the early and late apoptosis stages in a 
dose-dependent manner. A recent study reported that osthole 
suppressed proliferation and accelerated the apoptosis of 
human glioma cells, which is consistent with the results of the 
present study (14).

The mitochondria-dependent apoptosis pathway is a major 
signaling pathway leading to apoptotic death in mammalian 
cells (26). The Bcl-2 family, comprised of anti-apoptotic 

Figure 5. Osthole inhibits tumor growth in vivo. Mice were injected with corn oil (control group) or osthole (50 or 100 mg/kg) every 2 days following injec-
tion with HCCC-9810 cells. (A) Tumors were excised from the animals and weighed. Images of 4 representative tumors from mice (n=6) in each group are 
presented to show the sizes of the resulting tumors. (B) Tumor volume was also measured. *P<0.05, **P<0.01 vs. control. (C) Bcl-2, Bax, p-Akt, Akt and 
cleaved-PARP expression levels were analyzed using western blot analysis.
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proteins (Bcl-2, Bcl-xL and Mcl-1) and pro-apoptotic proteins 
(Bax, Bad and Bak), is an important regulator of mitochon-
drial function. The anti-apoptotic factor Bcl-2 has been shown 
to prevent apoptosis by forming a heterodimer with pro-apop-
totic factors, such as Bax (27). Bax is a pro-apoptotic protein 
that translocates to the outer mitochondrial membrane and 
promotes permeabilization and the release of various apop-
totic factors. The Bcl-2/Bax ratio is important for cell survival 
and death. A decreased Bcl-2/Bax ratio changes the symmetry 
of mitochondria, activates mitochondrial permeability transi-
tion pores, induces the loss of ΔΨm, releases cytochrome c 
and induces formation of the apoptosome complex, which 
causes the cleavage of caspase-9 and activation of caspase-3 
and PARP. In the present study, the authors found that Bax 
and cleaved-PARP protein levels were significantly increased, 
while the level of Bcl-2 was decreased, in response to osthole 
treatment both in vitro and in vivo. The expression levels of 
cleaved caspase-3 and -9 were also significantly increased in 
osthole-treated cells, while the levels of caspase-3 and -9 were 
unchanged. Moreover, osthole treatment of ICC cells reduced 
ΔΨm in a dose-dependent manner. Taken together, the find-
ings suggested that cellular apoptosis in ICC cells mediated by 
osthole in vivo and in vitro was dependent on the mitochondria-
apoptosome-mediated intrinsic pathway of apoptosis.

The PI3K/Akt signaling pathway has been shown to mediate 
a protective effect in tumor cells (28). Akt is a key downstream 
kinase of PI3K, and activation of the Akt pathway is a major 
mediator of cell proliferation, growth, survival and angio-
genesis in various cancers such as lung cancer, breast cancer 
and gastric cancer (29-31). Previous studies have reported 
that osthole exerts anticancer effects by inhibiting the PI3K/
Akt pathway in various cancers. For example, in lung cancer, 
osthole induces G2/M arrest and apoptosis by modulating the 
PI3K/Akt pathway (32). Osthole also exhibits anticancer prop-
erties in rat glioma by inhibiting the PI3K/Akt pathway and 
MAPK signaling pathways (22). Therefore, the authors assessed 
the anticancer effects of osthole by focusing on the PI3K/Akt 
pathway in ICC cancer cells. In the present study, the expres-
sion levels of p-Akt and PI3K were significantly decreased 
following treatment with osthole. Moreover, transfection 
with WT-Akt and CA-Akt abolished osthole cytotoxicity and 
reduced the apoptosis rate induced by osthole. Furthermore, the 
expression level of Bcl-2 was significantly increased, while the 
Bax level was decreased, following transfection. These results 
suggested that the PI3K/Akt pathway serves an important role 
in the mechanism of osthole-mediated suppression of prolifera-
tion and induction of apoptosis in ICC cells.

Overall, the present findings demonstrated that osthole 
can suppress proliferation and induce apoptosis in ICC cells 
both in vivo and in vitro. Moreover, the intrinsic mitochondrial 
pathway and Akt pathway are involved in osthole-induced 
apoptosis. Thus, the present study provides evidence supporting 
osthole as a potential therapeutic agent for the treatment of ICC.
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