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Abstract. Liver cancer is one of the most common types of 
cancer, and hepatoma demonstrates a poor long‑term prog-
nosis. The present study reports that glaucocalyxin A (GLA), a 
natural product isolated from Rabdosia umbrosa, inhibits the 
growth of the liver cancer Focus and SMMC‑7721 cell lines in a 
dose‑ and time‑dependent manner. The present study revealed 
that GLA arrested the liver cancer cells at the G2/M stage of the 
cell cycle and led to decreased expression of caspase 3 and the 
cleavage of poly(adenosine diphosphate‑ribose) polymerase. 
Overall, the present study demonstrated that GLA inhibits the 
growth of liver cancer cells by G2/M stage cell‑cycle arrest 
and cell apoptosis.

Introduction

Worldwide, liver cancer is the third most common cause of 
cancer‑associated mortality (1). There are various approaches 
to the treatment of liver cancer, including chemotherapy, 
intervening therapy, liver transplantation and resection, which 
remains the most effective and the primary choice for the 
majority of patients (2). The prognosis for liver cancer patients 
following curative resection is improved compared to the prog-
nosis without resection (3), and the 5‑year survival rate increases 
between <10% and 30‑50% (4). Sorafenib, a mitogen‑activated 
protein kinase inhibitor  (5), is the most effective systemic 
chemotherapy agent for patients with advanced hepatocellular 
carcinoma (6). However, alternative treatment strategies for 
aggressive liver cancer are urgently required.

Natural compounds have been revealed to be beneficial 
when used alone or in combination with conventional thera-
pies for the prevention of tumor progression or treatment of 

human malignancies  (7). Since the 1940s, 48.6% of all 
cancer therapeutic agents approved by the US Food and Drug 
Administration and similar organizations are natural products 
or direct derivatives (8).

The Rabdosia genus is a rich source of diterpenoids, 
particularly ent‑kaurene diterpenoids  (9), which exhibit 
significant cytotoxicity and antitumor activities  (10). 
Glaucocalyxin A (GLA; Fig. 1), also termed leukamenin F 
or (5β,7α,9β,10α)‑7,14‑dihydroxykaur‑16‑ene‑3,15‑dione, is 
a chemical form of ent‑kaurene diterpenoids that demon-
strates a wide range of biological activities. GLA has been 
reported to attenuate lipopolysaccharide‑stimulated neuro-
inflammation (11), inhibit protein kinase B phosphorylation 
in human‑derived malignant glioma U87MG cells  (12), 
cause a marked increase of platelet cyclic adenosine 
monophosphate levels (13), inhibit H2O2‑induced H9c2 cardio-
myocyte injury (14), and induce apoptosis in a radical oxygen 
species‑dependent mitochondrial dysfunction pathway (15). 
Furthermore, the intracellular glutathione‑redox system is 
important in regulating the GLA‑induced cytotoxicity on 
HL‑60 cells (16).

In liver cancer, GLA has suppressed liver fibrogenensis, 
inhibited the proliferation of hepatic stellate cells (17) and has 
demonstrated cytotoxicity towards HepG2 cells (18), although 
the sensitivity of GLA to various types of liver cancer cells 
varied. The present study investigated the effect of GLA on 
liver cancer cells, revealing that GLA significantly inhibits the 
growth of the human liver cancer Focus and SMMC‑772 cells.

Materials and methods

Chemicals and antibodies. GLA was isolated from the leaves 
of Rabdosia umbrosa according to previously published proto-
cols (19). GLA was prepared as a 50 mmol/l stock solution in 
dimethyl sulfoxide (DMSO), and stored at 4˚C. The purity of the 
stock solution was >98%. 5-fluorouracil (5-FU) was purchased 
from Sigma‑Aldrich (St. Louis, MO, USA). The primary 
antibodies used in western blotting were: Monoclonal mouse 
anti‑human β‑actin monoclonal antibody (cat. no.  A5316; 
1:5,000; Sigma‑Aldrich, St. Louis, MO, USA); polyclonal 
rabbit anti‑human poly(adenosine diphosphate‑ribose) poly-
merase (PARP) antibody (cat. no. 9542; 1:1,000; Cell Signaling 
Technology, Inc., Danvers, MA, USA); and polyclonal rabbit 
anti‑human caspase 3 antibody (cat. no. 9662; 1:500; Cell 
Signaling Technology, Inc.). The secondary antibodies were 
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horseradish peroxidase‑conjugated anti‑rabbit (cat. no. 7074; 
1:2,000) and anti‑mouse immunoglobulin G (cat. no. 7076; 
1:5,000) (Cell Signaling Technology, Inc.).

Cell lines and cell culture. The human liver cancer 
SMMC‑7721, epithelial HeLa, liver cancer SK‑HEP1 and 
liver cancer HepG2 cell lines were obtained from American 
Type Culture Collection (Manassas, VA, USA). The human 
liver cancer Focus, pancreatic cancer PANC‑1, leukemia 
K562, stomach cancer HGC‑27, adenocarcinoma A549 
and liver cancer QGY‑7703 cell lines were purchased from 
the Chinese Academy of Sciences (Beijing, China). The 
SMMC‑7721, HeLa, Focus and HepG2 cells were cultured in 
Dulbecco's Modified Eagle's medium (DMEM; Invitrogen; 
Thermo Fisher Scientific, Waltham, MA, USA) with 10% 
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific), 
while the K562, A549, SK‑HEP1, QGY‑7703, PANC‑1 and 
HGC‑27  cells were cultured in RPMI‑1640 (Invitrogen; 
Thermo Fisher Scientific) with 10% FBS. All cells were 
cultured at 37˚C in a humidified incubator with 5% CO2.

Cell viability assay. Cell viability was determined using a 
modified cell counting kit‑8 (CCK‑8) cellular proliferation 
assay (Dojindo Molecular Technologies, Inc., Kumamoto, 
Japan). Cells were plated in 96‑well plates, and incubated 
with 0.00, 3.13, 6.25, 12.50, 25.00 and 50.00 µmol/l GLA 
or 5‑FU for 48 h. CCK‑8 was administered for 2 h, followed 
by absorbance measurement at 450 nm using a microplate 
reader (Model 550; Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA).

Sub‑G1 analysis. Focus cells were plated in 6‑well plates and 
incubated in DMEM with various concentrations of GLA 
for 24 h. DMEM with 0.1% DMSO) was set as a control. 
The cells were harvested and washed in phosphate buffered 
saline (PBS) and resuspended in PBS containing 0.03% 
Triton X‑100 (Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA). The cells were then stained with a solution of 50 µg/ml 
propidium iodide (PI) for 15 min prior to analysis by flow 
cytometry (FCM; FACStar™ Plus; BD Biosciences, Franklin 
Lakes, NJ, USA). The sub‑G1 cell subset was observed to 
reflect the percentage of apoptotic cells. The cycle distribution 
of cells was calculated by ModFit LT™ version 2.0 (Verity 
Software House, Inc., Toronto, ON, Canada). 

Cell‑cycle analysis. The Focus and SMMC‑7721 cells were 
plated in 12‑well plates and incubated in DMEM with various 
concentrations of GLA for 24 h. DMEM with 0.1% DMSO 
was set as a control. The cells were collected and washed 
in PBS and resuspended in PBS containing 0.03% Triton 
X‑100 and 200 mg/ml RNase A (Sigma‑Aldrich). The cells 
were stained in a solution of 50 µg/ml PI for 15 min prior to 
analysis by FCM (FACStar Plus). The cycle distribution of 
cells was calculated by ModFit LT.

Western blot analysis. The cells were lysed in ice‑cold cell 
lysis buffer (Cell Signaling Technology, Inc.) containing 
25 mmol/l Tris‑HCl (pH 7.5), 150 mmol/l NaCl, 1 mmol/l 
Na3VO4, 1% Triton X‑100  and protease cocktails. Equal 
amounts of lysates were resolved with 10% SDS‑PAGE and 

transferred to a nitrocellulose membrane (GE Healthcare 
Life Sciences, Chalfont, UK). The membranes were stained 
with Ponceau S (Sigma‑Aldrich) and probed with the β‑actin 
antibody to confirm equivalent loading and protein transfer. 
Peroxidase‑conjugated secondary antibodies were detected 
using enhanced chemiluminescence (GE Healthcare Life 
Sciences).

Statistical analysis. Data were expressed as the mean ± stan-
dard deviation from ≥3 sets of independent experiments. The 
Student's t‑test was used to determine the significance of 
statistical differences. P<0.05 was considered to indicate a 
statistically significant difference.

Results

GLA inhibits the growth of human cancer cells. A 
CCK‑8 assay was used to investigate the cytotoxic activity 
of GLA on human cancer cells at various concentrations 
(0.0, 5.0 and 50.0 µmol/l) for 48 h. GLA exhibited cytotox-
icity against cancer cells from different tissues, including 
the PANC‑1, K562, HGC-27, A549, SMMC‑7721, HeLa, 
QGY‑7703 and HepG2 cell lines (Fig. 2A).

To compare the effects of GLA with currently available 
chemotherapies, the same quantities of 5‑FU and GLA were 
added into the DMSO medium used for SMMC‑7721 cell 
culture. The synthesized chemotherapy drug 5‑FU inhibits 
the growth of cancer cells by inhibiting thymidylate synthase, 
an enzyme which is essential for DNA synthesis (19). The 
administration of 3.13, 6.15, 12.25, 25.00 and 50.00 µmol/l 
GLA to SMMC‑7721  cells led to cell viabilities of 
0.752±0.015, 0.756±0.015, 0.250±0.025, 0.112±0.08  and 
0.08±0.004 µmol/l, respectively. The administration of the 
same concentrations of 5‑FU to SMMC‑7721 cells led to 
cell viabilities of 0.944±0.012, 0.924±0.021, 0.932±0.016, 
0.849±0.020 and 0.714±0.024 µmol/l, respectively. Therefore, 
GLA decreased the cell viability of SMMC‑7721  cells 
more rapidly than 5‑FU. The difference between the cell 
viabilities induced by GLA and 5‑FU administration became 
more significant when the concentration of the agents was 
increased (Fig. 2B).

GLA inhibits the growth of liver cancer cells. For addi-
tional observation of the effect of GLA treatment, the liver 
cancer cells were plated in 96‑well plates and incubated 
with DMEM and various concentrations of GLA (0, 0.62, 
1.85, 5.56, 16.67 and 50.00 µmol/l) for 48 h. DMEM with 
the same volume of DMSO was set as a control. With 

Figure 1. Structure of glaucocalyxin A.
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increased concentrations of GLA (0, 0.62, 1.85, 5.56, 16.67 
and 50.00  µmol/l), the liver cancer cells became round, 
floated and underwent cell death. The decrease of viable 
cell numbers with various concentrations of GLA is demon-
strated in Fig. 3. The half maximal inhibitory concentration 
of GLA in Focus, SMMC‑7721, HepG2 and SK‑HEP1 cells 
was 2.70±0.09, 5.58±0.20, 8.22±0.56 and 2.87±0.36 µmol/l, 
respectively. Therefore, GLA inhibits the growth of liver 
cancer cells, particularly Focus and SK‑HEP1 cells.

GLA induces apoptosis in liver cancer cells. Inhibition of 
proliferation and induction of apoptosis in cancer cells are 
each effective methods to clear tumors. To investigate whether 
the cell death of liver cancer cells induced by GLA was due to 
apoptosis, the present study analyzed Focus cells treated with 
GLA by FCM. The sub‑G1 cell subset was observed to reflect 
the percentage of apoptotic cells. Focus cells incubated with 
GLA demonstrated a significant trend of dose‑dependent 
apoptosis  (Fig. 4A). When the cells were incubated with 

  A   B

  C   D

Figure 3. GLA inhibits the growth of liver cancer cells. (A) Focus, (B) HepG2, (C) SMMC‑7721 and (D) SK‑HEP1 cells were seeded in 96‑well plates and 
treated with a series of concentrations of GLA (0.62, 1.85, 5.56, 16.67 and 50.00 µmol/l) for 48 h. Cell viability was measured by cell counting kit‑8 assay. 
Values are expressed as the mean ± standard deviation from 3 independent experiments. GLA, glaucocalyxin A. 

Figure 2. GLA inhibits the growth of cancer cells. Cancer cells were seeded in a 96‑well plate and treated with various concentrations of GLA. Cell viability 
was measured by a cell counting kit‑8 assay, which was administered for 2 h, following analysis using an absorbance measurement at 450 nm. (A) The 
PANC‑1, K562, HGC‑27, A549, SMMC‑7721, HeLa, QGY‑7703 and HepG2 cells were treated with 50.00 or 5.00 µmol/l GLA for 48 h. (B) SMMC‑7721 cells 
were treated with 0.00, 3.13, 6.25, 12.50, 25.00 and 50.00 µmol/l GLA or 5‑FU for 48 h. Cells incubated with 0.1% dimethyl sulfoxide were presented as 
0.00 µmol/l and set as a control. The data are expressed as the mean ± standard deviation of results from 3 independent experiments. GLA, glaucocalyxin A; 
5‑FU, fluorouracil.
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GLA for 48 h, the apoptotic rate increased slowly when the 
GLA concentration was <6.25 µmol/l, and then rose rapidly 
when the concentration increased to 12.50 µmol/l. Western 
blotting revealed that cleaved‑PARP was observed when the 
cells were treated with 12.50 µmol/l of GLA. There was a 
decrease in the expression of caspase 3 and full length PARP 
(116 kDa), and a dose‑dependent increase in cleaved PARP 

(89 kDa) (Fig. 4B). These findings indicate that GLA treat-
ment leads to the apoptosis of liver cancer cells.

GLA induced G2/M arrest in liver cancer cells. The effect of 
GLA on cell cycle progression in Focus and SMMC‑7721 cells 
was determined following 24 h of GLA treatment (0.00, 6.25, 
12.50 and 25.00 µmol/l) using FCM. As indicated in Fig. 5A, 

  A   B

Figure 5. GLA leads to G2/M phase arrest of the cell cycle in liver cancer cells. The liver cancer Focus and SMMC‑771 cell lines were incubated with GLA 
for 24 h prior to collection to examine the cycle distribution by flow cytometry. (A) Focus cells: (a) 0.1% DMSO; (b) 6.25 µmol/l GLA; (c) 12.50 µmol/l 
GLA; and (d) 25.00 µmol/l GLA. The results are representative of 3 independent experiments. (e) Cell counts of cycle distribution of Focus cells treated with 
GLA for 24 h. (B) SMMC‑7721 cells: (a) 0.1% DMSO; (b) 6.25 µmol/l GLA; (c) 12.50 µmol/l; and (d) 25.00 µmol/l. (e) Cell counts of cycle distribution of 
SMMC‑7721 cells treated with GLA for 24 h. 0.1% DMSO, presented as 0.00 µmol/l, was set as a control. Values are expressed as the mean ± standard devia-
tion. *0.01<P<0.05; **P<0.01. GLA, glaucocalyxin A; DMSO, dimethyl sulfoxide.

Figure 4. GLA induces liver cancer cells to undergo apoptosis. Focus cells were incubated with increasing concentrations of GLA (0.00, 6.25, 12.5 and 
25.00 µmol/l) for 48 h and harvested for FCM or western blot analysis. (A) Percentages of sub-G1 cells were examined by FCM. Values are expressed as the 
mean ± standard deviation. The experiment was performed in triplicate. *0.01<P<0.05; **P<0.01. (B) Western blot analysis for the expression of PARP and 
caspase 3. GLA, glaucocalyxin A; FCM, flow cytometry; PARP, poly(adenosine diphosphate‑ribose) polymerase.
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there was a significant increase in the proportion of Focus 
cells in the G2/M phase when the concentration of GLA was 
>12.50 µmol/l. The alteration of cell cycle distribution in 
SMMC‑7721 cells was similar to that in Focus cells, but the 
increase of the proportion of SMMC‑7721 cells in the G2/M 
phase was not significant until the cells were treated with 
25.00 µmol/l GLA (Fig. 5B).

Discussion

GLA is isolated from the leaves of R.  umbrosa, which 
has been used in Asia for centuries as a medicinal herb for 
diminishing inflammation, invigorating the circulation of 
blood and relieving swelling and pain (20,21). Consequently, 
verifying the effect that GLA has against liver cancer cells 
would be valuable. GLA is a natural form of ent‑kaurene 
diterpenoids. Ent‑kaurene diterpenoids isolated from the 
same Isodon plants were selectively toxic against tumor cell 
lines (22). The present study confirmed that GLA is toxic to 
SMMC‑7721 cells (Fig. 3), which supported the results of a 
previous study (23). In addition, the present study demon-
strated that GLA is also toxic to various cancer cells; however, 
the sensitivity to GLA varied between the cancer types. This 
may be due to GLA being involved in various gene expres-
sion pathways, which vary between cancer cells. For the same 
reason, certain liver cancer cells are more sensitive to GLA, 
including the Focus and SK‑HEP1 cells.

Kaurene diterpenes exhibit toxicity against tumor 
cells through various methods. The ent‑kaurene diterpe-
noid ent‑16β‑17α‑dihydroxykaurane triggered apoptosis 
of MCF‑7  cells by a decrease in telomerase mRNA  (24). 
Oridonin, ponicidin, xindongnin A and xindoninin have been 
demonstrated to be potent inhibitors of NF‑κB transcription 
activity (25). To investigate the possible mechanism for the 
anti‑proliferative ability of GLA, the present study examined 
the DNA content of liver cancer cells by FCM. Apoptotic cells 
were identified by the appearance of a sub‑G1 peak. Focus cells 
treated with GLA demonstrated a significant increase in the 
sub‑G1 fraction (Fig. 4A), which indicated that GLA induced 
apoptosis in liver cancer cells.

One of the major apoptosis pathways involves the release 
of cytochrome c from mitochondria into the cytosol of cells. 
Cytosolic cytochrome c induces caspase 9‑dependent activation 
of caspase 3 and cleavage of the DNA repair protein PARP (26). 
As shown in Fig. 4B, the expression of caspase 3 and full‑length 
PARP was decreased in GLA‑treated cells, while the expres-
sion of cleaved PARP increased in a dose‑dependent manner. 
Together, the slight alteration of caspase 3  expression and 
significant alteration of the sub‑G1 fraction suggest that GLA 
may affect the mitochondrial pathway, including the caspase 
cascade, to induce apoptosis in Focus cells.

Cell cycle arrest is also an effective method of inhibiting the 
proliferation of cells. The deregulation of the cell cycle is one of 
the most frequent alterations observed during tumor develop-
ment (27), and a cell cycle blockade is regarded as an effective 
strategy for eliminating cancer cells (28). The G1/S and G2/M 
checkpoints are two major regulated cell cycle checkpoints. The 
present study analyzed the cell cycle progression in Focus and 
SMMC‑7721 cells treated with GLA for 24 h. The results indicate 
a significant G2/M stage arrest in Focus and SMMC‑7721 cells 

in a GLA dose‑dependent manner (Fig. 5). This indicates that 
GLA induces G2/M arrest and therefore apoptosis of Focus and 
SMMC‑7721 cells.

In summary, the present study, to the best of our knowledge, 
is the first to demonstrate that GLA has an inhibitory effect 
on the growth of Focus and SMMC‑7721 cells. This may be 
due to G2/M cell cycle arrest and apoptosis being induced in 
cancer cells, although the target molecule of the GLA remains 
unknown.
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