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Abstract. Glycyrrhetinic acid (GA) is a natural compound 
extracted from liquorice, which is often used in traditional 
Chinese medicine. The purpose of the present study was to 
investigate the antitumor effect of GA in human non‑small cell 
lung cancer (NSCLC), and its underlying mechanisms in vitro. 
We have shown that GA suppressed the proliferation of A549 
and NCI‑H460 cells. Flow cytometric analysis showed that 
GA arrested cell cycle in G0/G1 phase without inducing 
apoptosis. Western blot analysis indicated that GA mediated 
G1‑phase cell cycle arrest by upregulation of cyclin‑dependent 
kinase inhibitors (CKIs) (p18, p16, p27 and p21) and inhibi-
tion of cyclins (cyclin‑D1, ‑D3 and ‑E) and cyclin‑dependent 
kinases (CDKs) (CDK4, 6 and 2). GA also maintained pRb 
phosphorylation status, and inhibited E2F transcription 
factor 1 (E2F‑1) in both cell lines. GA upregulated the unfolded 
proteins, Bip, PERK and ERP72. Accumulation of unfolded 
proteins in the endoplasmic reticulum  (ER) triggered the 
unfolded protein response (UPR), which could be the mecha-
nism by which GA inhibited cell proliferation in NSCLC cells. 
GA then coordinated the induction of ER chaperones, which 
decreased protein synthesis and induced cell cycle arrest in 
the G1 phase. This study provides experimental evidence to 
support the development of GA as a chemotherapeutic agent 
for NSCLC.

Introduction

Lung cancer  (LC) is an important etiology of malignant 
mortality worldwide with global statistics indicating 
>1,000,000 deaths each year  (1). Non‑small cell lung 
cancer (NSCLC) accounts for 80‑85% of LC (2). The 5‑year 
survival rate is ~6.6% for advanced stage LC (stage Ⅲ or Ⅳ) 
in the US (3). Apart from surgery, adjuvant chemotherapy 
with gefitinib, erlotinib, and epidermal growth factor receptor 
tyrosine kinase inhibitors (EGFR‑TKIs), has been widely used 
to clinically treat NSCLC. However, their efficacy is limited 
because of natural or acquired resistance (4). Therefore, there 
is a need to identify and develop potential anticancer drugs 
with increased selectivity and reduced toxicity.

Glycyrrhetinic acid  (GA) is a bioactive component of 
glycyrrhiza  (GL), which is often used in Chinese tradi-
tional medicine to treat various diseases. GA is known to 
possess anti‑inflammatory, anti‑viral and cytokine‑inducing 
activity (5‑10). Recently, the antitumor activity of GA has been 
extensively studied. GA has been reported to have cytotoxic 
effects against human ovarian cancer, hepatocellular carci-
noma, breast cancer, pituitary adenoma and human bladder 
cancer (11‑16). However, no inhibitory activity on the growth 
of NCSLC cell lines has been reported.

Endoplasmic reticulum (ER) stress responses are medi-
ated by the activation of several unfolded protein response 
(UPR)‑signaling pathways. In mammalian cells, the UPR signals 
increase expression of ER chaperone proteins GRP78/Bip, 
GRP94, and CHOP (17). The UPR coordinates the induction of 
ER chaperones, which decreases protein synthesis and results in 
growth arrest in G1 phase of the cell cycle. Previous studies have 
demonstrated that ER stress triggers G1‑phase cell cycle arrest 
in various cancer cells (18). However, the molecular mechanism 
underlying UPR‑induced G1 cell cycle arrest remains largely 
unknown.

In this study, we investigated the effect of GA on survival 
and proliferation of human NSCLC cell lines (A549 and 
NCI‑H460), and found that GA could suppress the prolifera-
tion of both cell lines, with A549 being more sensitive than 
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NCI‑H460. GA arrested cells in G1 phase via inactivation of 
CDK4/6‑cyclin‑D1/D3 complex through p18/p16 activation, 
and inactivation of CDK2‑cyclin‑E2 complex through p27/p21 
activation. This resulted in pRb dephosphorylation and inac-
tivation of E2F transcription factor 1  (E2F‑1) in both cell 
types. E2F‑1 is an essential transcription factor that regulates 
cell cycle progression and apoptosis. Additionally, GA was 
found to increase the expression of Bip, protein kinase‑like ER 
kinase (PERK) and ERP72, which are linked to ER stress.

Materials and methods

Reagents. GA was purchased from Nanjing Zelang Medical 
Technology Co., Ltd.  (Jiangsu, China), and dissolved in 
dimethyl sulfoxide  (DMSO) (Sigma, St. Louis, MO, USA) 
to make a stock solution before use. For treatment of cells, it 
was diluted in culture medium at the appropriate concentra-
tions, and the final concentration of DMSO was <0.01% (v/v). 
Cisplatin  (Lot no.  H20030675; Nanjing Pharmaceutical 
Factory Co., Ltd., Jiangsu, China), and insulin, propidium 
iodide (PI), 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetra-
zolium bromide (MTT), and alamarBlue were from Sigma. 
Alexa Fluor 488 Annexin V/Dead Cell Apoptosis kit was 
from Invitrogen Life Technologies  (Carlsbad, CA, USA). 
Antibodies against caspase‑3, ‑7 and ‑9, p18, p16, p27, p21, 
cyclin‑D1, ‑ D3 and ‑E2, CDK6, 4 and 2, E2F‑1, pRb, Bip, 
PERK, ERP72, β‑actin, and HRP‑conjugated antibodies 
(anti‑rabbit or mouse immunoglobulin G) were obtained from 
Cell Signaling Technology, Inc. (Danvers, MA, USA).

BCA protein estimation kit was from Sigma. Nitrocel
lulose (NC) blotting membrane was from Pall Corporation (DF 
Mexico, Mexico). Enhanced chemiluminescence (ECL) was 
from Bio‑Rad (Hercules, CA, USA).

Cell culture. Human NSCLC cell lines A549 and NCI‑H460 
were purchased from the Type Culture Collection of 
the Chinese Academy of Sciences  (Shanghai, China). 
A549 cells were cultured in DMEM/F12  (Gibco‑BRL, 
Carlsbad, CA, USA), supplemented with 10% fetal bovine 
serum (FBS). NCI‑H460 cells were grown in RPMI‑1640 
medium (Gibco‑BRL), supplemented with 10% FBS. All cells 
were cultured under 5% CO2 at 37˚C.

In vitro viability assay. The effect of GA on cell viability was 
measured using the MTT assay. Cells were seeded in 96‑well 
plates at 5x103 cells/well in 100 µl of culture medium, and treated 
with drug the next day for 24, 48, and 72 h. The final concen-
trations of GA used in the assays were 50, 25, 12.5, 6.25 and 
3.125 µmol/l in triplicate, respectively. Treated cells were incu-
bated with 20 µl of MTT (5 mg/ml) for 4 h at 37˚C in the dark. 
Optical density of producer after incubation was measured using 
a microplate reader (Bio‑Rad) at a wavelength of 490 nm.

Cell cycle analysis. After treatment with various concentra-
tions of GA for different time, the cells were harvested with 
trypsin, washed once with PBS, and then fixed in 70% ethanol 
overnight at 4˚C. Before flow cytometry analysis, the cells 
were then treated with 1 mg/ml of RNase for 30 min at 37˚C, 
and then stained with 40 µg/ml of PI for 30 min. A total of 
1x104 cells/sample were analyzed using a FACSCalibur flow 

cytometer (BD Biosciences, Heidelberg, Germany). Data were 
evaluated using ModFit software.

Western blot analysis. After treatment with different 
concentrations of GA, the cells were lysed in RIPA buffer 
containing 50 mM Tris/HCl (pH 8.0), 150 mM NaCl, 1% (w/v) 
Nonidet  P‑40, 1%  (w/v) sodium deoxycholate, 0.1%  (w/v) 
SDS, 0.1 mM DTT, 0.05 mM PMSF, 0.002 mg/ml aprotinin, 
0.002 mg/ml leupeptin, and 1 mM NaVO3. The protein concen-
trations of the supernatants were determined by the BCA 
Protein Assay kit. Equal amounts of the protein were loaded 
and separated by 10 or 12% SDS‑PAGE, and then transferred 
onto NC membranes. The membranes were incubated overnight 

Figure 1. Dose‑ and time‑dependent effect of glycyrrhetinic acid (GA) on cell 
viability in non‑small cell lung cancer (NSCLC) cell lines. (A) Structural 
formula of GA. (B) Viability of A549 and (C) of NCI‑H460 cells at 24, 
48 and 72 h after treatment with increasing doses of GA. Actual cell numbers 
were counted with alamarBlue dye. Results shown are the mean of three 
independent experiments. Error bars represent SD; *p<0.01, #p<0.05. GA 
induces cell cycle arrest at G1 phase in NSCLC cells without induction of 
apoptosis.
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Figure 2. Glycyrrhetinic acid (GA) induces G1‑phase cell cycle arrest in non‑small cell lung cancer (NSCLC) cells without induction of apoptosis. Effect of GA 
on cell cycle was investigated using propidium iodide (PI) staining. Cells were treated with 0‑50 µmol/l of GA for 24, 48 and 72 h, and then stained with PI. 
Green peak represents G0/G1 phase, red peak represents S phase and blue peak represents G2 phase, respectively. Upper panel shows representative of three 
independent experiments with similar results, and lower panel represents the bar graphs of cells in different phases. Bar graph represents mean ± SD from 
three independent experiments. (A) Cells were strikingly accumulated in the G1 phase after treatment with GA for 24, 48 and 72 h. (B) Representative bar 
graph for A549 and (C) for NCI‑H460 cells. (D) Western blot analysis of caspase‑3, ‑7 and ‑9 protein expression after treatment with GA in a time (24 h)‑ and 
dose (0, 12.5, 25, 50 µmol/l)‑dependent manner. β‑actin was used as a loading control. (E) Caspase‑3, ‑7 and ‑9 activity in A549 and NCI‑H460 cells treated 
with GA in a time (24h)‑ and dose (0, 12.5, 25, 50 µmol/l)‑dependent manner. Results shown are the mean of three independent experiments; error bars 
represent SD. GA‑mediated G1‑phase arrest is dependent on regulatory cyclin‑dependent kinase inhibitors (CKIs) p18, p16, p27, p21, and GA decreases the 
levels of G1‑phase regulatory CDKs and cyclins in both cell lines.
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with primary antibodies against caspase‑3, ‑ 7  and ‑ 9, p18, 
p16, p27, p21, cyclin‑D1, ‑D3 and ‑E2, CDK6, 4 and 2, E2F‑1, 
pRb, Bip, PERK, ERP72, or β‑actin at 4˚C, and then incu-
bated with HRP‑conjugated secondary antibodies (anti‑rabbit 
or mouse immunoglobulin G) for 1 h at room temperature. 
Immunoreactivity was detected by ECL (Bio‑Rad). β‑actin 
was used as a loading control. Immunoblot experiments were 
repeated three times. Quantitative analysis was performed using 
Image Lab™ Software (Bio‑Rad).

Statistical analysis. All values were expressed as mean ± SD 
(n=3). One‑way analysis of variance  (ANOVA) was used 
to determine statistical significance, followed by post hoc 
multiple comparisons (Dunn's test) using SPSS 19.0. P<0.05 
was considered to be statistically significant.

Results

GA suppresses the proliferation of NSCLC cells in vitro. To 
determine the suppression effect of GA  (structure shown 
in Fig. 1A) on NSCLC cells, we performed a cell viability 
assay using A549 and NCI‑H460 cell lines, respectively. 
After treatment for 24, 48 or 72 h, the viability of the two cell 
lines significantly decreased in a dose‑ and time‑dependent 
manner (Fig. 1B and C).

GA arrests the cell cycle in G0/G1 phase. The results of flow 
cytometric analysis showed that the percentage of G0/G1 phase 
of both of A549 and H460 increased after treated with 
different concentrations of GA for 24, 48 and 72 h (Fig. 2A), 
respectively. Cell cycle distribution analysis showed that GA 
prevents the cell cycle progression by arresting the cells in 
the G0/G1 phase in both cell lines. In A549 cells, percentage 
of cells in G0/G1 phase increased from 52.03±1.42% (control 
group) to 71.63±6.61% for cells treated with 25 µmol/l of GA 
for 24 h. At 48 h, percentage of cells in G0/G1 phase increased 
from 54.90±5.90% (control group) to 83.00±1.41% for cells 
treated with 25 µmol/l of GA. While at 72 h, percentage of 
cells in G0/G1 phase increased from 69.70±5.38% (control 
group) to 81.83±2.58% for cells treated with 25 µmol/l of 
GA (Fig. 2A, upper panel). In NCI‑H460, percentage of cells 
in the G0/G1 phase increased from 66.10±0.99% (control 
group) to 80.95±1.91% for cells treated with 25 µmol/l of GA. 
At 48 h, percentage of cells in G0/G1 phase increased from 
84.60±2.40% (control group) to 88.95±2.19% for cells treated 
with 25 µmol/l of GA. While at 72 h, percentage of cells in the 
G0/G1 phase increased from 85.00±0.85% (control group) to 
91.00±2.26% for cells treated with 25 µmol/l of GA (Fig. 2B, 
upper panel). No increase in S or G2/M peak was observed in 
either cell line.

Taken together, our data strongly suggested that GA did not 
induce apoptosis but caused cell cycle arrest in G0/G1 phase 
in NSCLC cells. Annexin assay did not show any significant 
changes in apoptotic/necrotic cell population for all concentra-
tions of GA as compared to the control group in either cell line 
at 24, 48 and 72 h, respectively. To further validate the above 
data, we checked the expression levels of caspase‑3, ‑7 and ‑9 
in both cell lines after 24 h treatment with GA by western 
blot analysis. Expression of caspase‑3 decreased with increase 
in drug concentration in NCI‑H460 cells, but no significant 

changes in caspase‑7 and ‑9 protein levels or activity were 
observed in A549 or NCI‑H460 cells  (Fig.  2D  and E ), 
suggesting that GA did not hinder the viability of cells.

GA downregulates the levels of cell cycle regulatory proteins 
and retinoblastoma  (Rb) phosphorylation. To investigate 
the causes of cell cycle arrest, cyclin‑dependent kinase 
inhibitors (CKIs), such as p27, p21, p18 and p16 that regu-
late G0/G1 phase of cell cycle progression were examined 
by western blot analysis (19‑21). In A549 cells, the levels of 
p27, p21, p18 and p16 were significantly increased after 24 h 
treatment with GA as compared to the control cells (Fig. 3C). 
H460 cells also showed similar results (Fig. 3D). To further 
dissect the biochemical events controlling the transition of 
cell cycle phases, we examined the levels of several proteins, 
such as cyclin‑D1, ‑D3 and ‑E2, CDK4, 6 and 2, which are 
involved in G0/G1‑phase progression, and found that GA 
significantly decreased the expression of these proteins in both 
cell lines (Fig. 3E and F). GA also significantly decreased 
the expression levels of E2F‑1, the essential transcription 
factor that regulates cell cycle progression and apoptosis, and 
pRb (Fig. 3G and H).

GA upregulated the levels of ER stress regulatory proteins. 
Previous studies have demonstrated that ER stress trig-
gers G1‑phase cell cycle arrest in various cancer cells (22). 
Therefore, we examined whether ER stress was induced by GA. 
Bip is the master regulator of ER function. Phosphorylation of 
double‑stranded RNA‑activated PERK is closely associated 
with Bip. Hence, we checked the expression of Bip, PERK and 
ERP72 in both cell lines by western blot analysis, and found 
that the expression levels of these proteins were significantly 
upregulated after 24 h treatment with GA (Fig. 4A and B).

Discussion

GA is a natural active compound that is extracted from the 
Chinese herbal medicine glycyrrhiza. GA was shown to 
induce cell cycle arrest in G1 phase (13,15). The role of GA 
in NSCLC, especially its relationship with ER stress has not 
been reported. In the present study, we found that GA induced 
G0/G1 arrest in A549 and NCI‑H460 cell lines, which provides 
a useful model system to characterize the cytotoxic effects of 
therapeutic agents. Furthermore, GA could have therapeutic 
potential in the treatment of NSCLC.

Our results have shown that GA successfully inhibited 
proliferation of two NSCLC cell lines, A549 and NCI‑H460. 
Cell cycle analysis by flow cytometry showed that GA induced 
a modest increase in G0/G1 phase in both cell lines. However, 
based on expression levels of caspase‑3, ‑7 and ‑9 by western 
blot analysis, GA did not induce apoptosis in either cell line.

It is well known that eukaryotic cell cycle is regulated by 
the coordinated activity of protein kinase complexes, each 
consisting of a cyclin‑dependent kinase (CDK) and cyclins. 
CDK complexes are formed and activated at specific stages of 
the cell cycle, and their activities are required for progression 
through distinct cell cycle phases (23). Progression through 
G1  phase requires the activities of cyclin‑D‑dependent 
CDK4  or  6, followed by activation of the cyclin‑E‑  and 
cyclin‑A‑dependent kinase CDK2. The cyclin‑CDK complex 
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formed during G1‑phase catalyses phosphorylation of the domi-
nant inhibitor of G1/S‑cell cycle progression, the Rb family of 
tumor suppressor proteins, thereby blocking their inhibitory 

activity allowing the cell to progress into S phase (24‑27). It 
is also known that these cyclin‑CDK complexes often bind 
to CKIs including p16, p18, p21 and p27, which inhibit their 

Figure 3. Glycyrrhetinic acid (GA) affects cell cycle regulatory proteins, E2F‑1 and pRb. (A and B) Effect of GA on G1‑phase regulatory cyclin‑dependent 
kinase inhibitors (CKIs), cyclins, CDKs, E2F‑1 and pRb assessed by western blot analysis in A549 and NCI‑H460 cells treated with various concentrations 
of GA (12.5, 25 and 50 µmol/l) for 24 h. β‑actin was used as a loading control. (C‑H) Densitometry analysis of CKIs, cyclins, CDKs, E2F‑1 and pRb levels 
relative to β‑actin were performed using three independent experiments. Error bars represent SD; *p<0.01, #p<0.05. GA induces endoplasmic reticulum (ER) 
stress by activating Bip in both cell lines.



zhu et al:  Glycyrrhetinic acid arrests G1-Phase Cell Cycle986

kinase activities, and prevent cell cycle progression (28). E2F‑1 
is an essential transcription factor that regulates cell cycle 
progression and cell proliferation. E2F‑1 activity is regulated 
by the Rb protein that binds activator E2F proteins to inhibit 
transcription outside of G1/S in animals (29).

Flow cytometric analysis of A549 and NCI‑H460 cells 
treated with GA showed that GA inhibits cell cycle progression 
by blocking the transition from G1 to S phase. To further inves-
tigate this result, western blot analysis was used to examine 
proteins associated with the cell cycle, e.g., cyclin‑D1/D3, 
which is expressed in G1 phase and binds to CDK4 and 6 to 
activate them, followed by activation of the cyclin‑E‑dependent 
kinase CDK2. These protein kinase complexes were inhibited 
by GA. GA also significantly decreased the expression levels 
of E2F‑1 and pRb in both cell lines. Our results indicated that 
GA induced growth inhibition mainly via regulation of p16, 
p18, p21 and p27 status in A549 and NCI‑H460 cells.

In the present study, the analysis of DNA content versus light 
scatter of the GA‑treated A549 and NCI‑H460 cells indicated 
no apoptosis. Similarly, the expression of caspase‑3, ‑7 and ‑9 
measured by western blot analysis indicated that GA could 
not induce apoptosis in these cells. However, GA induced 

expression of ER proteins GRP78/Bip, PERK and ERP72, 
which are associated with ER stress. This result suggested that 
GA inhibited proliferation of A549 and NCI‑H460 cells and 
caused G0/G1‑phase cell cycle arrest via ER stress rather than 
apoptosis.

GRP78/Bip is a major cellular target of the UPR, an ER 
chaperone that not only binds to unfolded proteins but also 
regulates the activation of ER stress transducers such as IRE1, 
PERK, and ATF6 (30‑32). GRP78/Bip is ubiquitously expressed 
at very low levels in growing cells, but it is highly expressed in 
response to numerous cellular stresses. ERP72, a member of 
the protein disulfide isomerases (PDI) family, is localized in the 
ER, and plays a major role in quality control and folding (33). 
Dysregulation of ER chaperone/folding enzymes ERP72 and 
GRP78/Bip occurred early after ablation of PERK function 
suggesting that changes in ER secretory functions could reduce 
insulin gene expression and cell proliferation (34,35).

Previous studies have found that CKIs and cyclins play 
important roles in ER stress and cell cycle arrest. p27 was 
reported to be a critical mediator of ER stress‑induced G1 
cell cycle arrest in melanoma cells (36). p21 integrates the 
DNA damage response with ER stress signaling, which 

Figure 4. Glycyrrhetinic acid (GA) induces endoplasmic reticulum (ER) stress. (A) A549 and NCI‑H460 cells treated with various concentrations of GA (12.5, 
25 and 50 µmol/l) for 24 h were analyzed by immunoblotting with antibodies against Bip, protein kinase‑like ER kinase (PERK) and ERP72. β‑actin was used 
as a loading control. (B) Densitometry analysis of Bip, PERK and ERP72 levels relative to β‑actin were performed using three independent experiments. Error 
bars represent SD; *p<0.01, #p<0.05.
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then regulates mitochondrial death pathways during chronic 
genotoxic stress (37). Translational regulation of cyclin‑D1 in 
response to ER stress is a mechanism for checkpoint control 
that prevents cell cycle progression  (17). PERK has been 
shown to mediate cell cycle arrest by blocking cyclin‑D1 
translation during UPR  (17,38). Similarly, our study has 
shown that induction of members of the INK4 (p16, p18) or 
Kip/Cip (p21, p27) families of cell cycle kinase inhibitors 
causes ER stress, and accumulation of unfolded proteins in 
the ER triggers UPR, which is a stress signaling pathway. 
The UPR coordinates the induction of ER chaperones with 
decreased protein synthesis and growth arrest in G1 phase 
of the cell cycle. Based on our results, we propose a model 
for the mechanism of action of GA in NSCLC cells (Fig. 5).

We have convincingly shown that GA inhibits prolif-
eration of NSCLC cell lines by causing cell cycle arrest in 
G0/G1 phase in a time‑ and dose‑dependent manner, without 
inducing apoptosis. We have elucidated a new mechanism 
of action of GA against NSCLC by inducing G1‑phase cell 
cycle arrest through ER stress pathway. Since GA synergizes 
the effect of anticancer drugs, it provides new insight into the 
therapeutic index of NSCLC treatment.
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