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BACKGROUND AND PURPOSE
This investigation aimed to establish the basis of a pharmacotherapy for nifedipine-induced gingival overgrowth. Gingival over-
growth has been attributed to the enhanced growth of gingival fibroblasts. In this study, we investigated the effects of 18-α-
glycyrrhetinic acid (18α-GA) on growth, the cell cycle, and apoptosis and on the regulators of these processes in gingival fibro-
blasts isolated from patients who presented with nifedipine-induced gingival overgrowth.

EXPERIMENTAL APPROACH
Gingival fibroblasts were cultured in medium containing 1% FBS with/without 10 μM18α-GA for 24 or 48 h, and the cell number,
cell cycle phase distribution, relative DNA content, apoptotic cell number and morphological characteristics of the cells under-
going apoptosis were measured together with the levels of proteins that regulate these processes and the level of caspase activity.

KEY RESULTS
18α-GA significantly decreased cell numbers and significantly increased the percentage of cells in the sub-G1 and G0/G1 phases of
the cell cycle and the number of apoptotic cells. Nuclear condensation and fragmentation of cells into small apoptotic bodies
appeared in the fibroblasts treated with 18α-GA. In addition, 18α-GA significantly decreased the protein levels of cyclins A and D1,
CDKs 2 and 6, phosphorylated Rb (ser780 and ser807/811), Bcl-xL and Bcl-2 and increased the protein levels of p27, cytosolic cy-
tochrome c, pro-caspase-3, and cleaved caspase-3 and the activities of caspases 3 and 9.

CONCLUSIONS AND IMPLICATIONS
18α-GA inhibited gingival fibroblast growth by suppressing the G1/S phase transition and inducing apoptosis. In conclusion,
18α-GA may be used as a pharmacotherapy for nifedipine-induced gingival overgrowth.
Abbreviations
18α-GA, 18-α-glycyrrhetinic acid; CDK, cyclin-dependent kinase; Rb, retinoblastoma protein; BrdU, bromodeoxyuridine;
DPBS, Dulbecco’s PBS; pNA, p-nitroanilide
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Tables of Links

TARGETS

Other protein targetsa Enzymesb

Bcl-2 Caspase 2 CDK2

Bcl-xL (Bcl-2-like1) Caspase 3 CDK4

Caspase 8 CDK6

Caspase 9 UCH-L1

LIGANDS

Nifedipine

Rb

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (a,bAlexander et al., 2015a,b).
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Introduction

Gingival overgrowth is an oral disease that is detrimental to
oral function and facial appearance. Certain antiepileptics
(e.g. phenytoin), immunosuppressants (e.g. cyclosporin A)
and calcium channel blockers (e.g. nifedipine) can induce in-
creased numbers of fibroblasts and an accumulation of collag-
enous components within gingival connective tissues,
causing epithelial hyperplasia with elongated, branched rete
pegs that can penetrate connective tissue (Shimizu et al.,
2002; Kato et al., 2006). The worldwide sales figures for ge-
neric and non-generic nifedipine tablets that are used to treat
hypertension were $1.2bn in 2010 and 2011 (Trackman and
Kantarci, 2015). Because the prevalence of hypertension
worldwide is expected to increase over the next decade, the
frequency of nifedipine use will similarly increase (Poulter
et al., 2015). Thus, the number of patients with nifedipine-
induced gingival overgrowth will continue to increase. The
prevalence of gingival overgrowth associated with the admin-
istration of nifedipine has been reported to be approximately
42%, whereas the prevalence associated with other calcium
channel blockers, such as amlodipine, diltiazem, felodipine
and verapamil, has been reported to be approximately 5%
(Nakib and Ashrafi, 2011).

Gingival fibroblasts are the principal cell type found in gin-
gival connective tissue and are responsible for the maintenance
and repair of this tissue (Alikhani et al., 2004). Several studies
have reported that gingivalfibroblasts can contribute to gingival
overgrowth (Fujii et al., 1994; Lu et al., 2007; Sukkar et al., 2007).
The cause of gingival overgrowth has previously been attributed
to enhanced growth and suppressed apoptosis in gingival fibro-
blasts during exposure to drugs and inflammation within the
gingival tissue (Kantarci et al., 2007; Jung et al., 2008). The fibro-
blast population in any given tissue is maintained by cell cycle
regulation that balances cell proliferation and apoptosis. The
cell cycle and apoptosis are regulated by various proteins, in-
cluding cyclin-dependent kinases (CDKs), cyclins, CDK inhibi-
tors, retinoblastoma protein (Rb), p53, Bcl-2 family proteins,
caspases and cytochrome c. We have previously reported that
the fibroblasts obtained from gingival-overgrowth patients
tended to exhibit increased rates of cell proliferation and of
DNA and collagen synthesis when treated with nifedipine.
These tissues also exhibited a significantly increased G1-phase
to S-phase entry in the presence of basic FGF compared with
914 British Journal of Pharmacology (2016) 173 913–924
that in the fibroblasts of healthy donors (Takeuchi et al., 2007).
We also previously demonstrated that the mechanism underly-
ing nifedipine-induced gingival overgrowth is related to the re-
duced rate of apoptosis in the fibroblasts from a nifedipine-
induced gingival overgrowth patient (Takeuchi et al., 2011).

Liquorice has long been used as a component of therapeutic
cough preparations and as a sweetening agent in food products.
Liquorice also exhibits ulcer-healing properties and mild anti-
inflammatory effects. In addition, liquorice inhibits mamma-
lian cell proliferation via cell cycle arrest (Chu et al., 2014). The
major water-soluble constituent of liquorice is glycyrrhizin,
and this compound is partially hydrolysed by glucuronidase to
aglycone glycyrrhetinic acid, which exists in the 18-α-
glycyrrhetinic acid (18α-GA) and 18-β stereoisomeric forms
(Wang et al., 1991). Glycyrrhetinic acid (18-α and/or 18-β) in-
hibits cell proliferation via cell cycle arrest, and the induction
of apoptosis, followed by decreases in the levels of CDKs and
cyclins, increases in the levels of the CDK inhibitors in the
Rb/E2F pathway, and suppression of caspases and cytochrome
c (Satomi et al., 2005; Jutooru et al., 2009; Gao et al., 2012; Zong
et al., 2013; Song et al., 2014). In particular, 18α-GA has been
shown to act as an excellent anti-proliferative agent (Rossi
et al., 2003; Shetty et al., 2011). 18α-GA also elicits a variety of in-
teresting activities and effects, including growth-promoting
(Kimura et al., 2001), anti-cancer (Rossi et al., 2003), anti-
inflammatory (Matsui et al., 2004) and apoptosis-promoting ef-
fects (Haku et al., 2011).

These findings suggest that 18α-GA could be used to treat
gingival overgrowth induced by nifedipine, as 18α-GA may in-
hibit the proliferation of gingival fibroblasts through cell cycle
arrest and apoptosis. In this study, to evaluate the therapeutic
potential of 18α-GA, we investigated its effects on growth, cell
cycle dynamics, and apoptosis and on the regulators of these
processes in gingival fibroblasts isolated from patients present-
ing with nifedipine-induced gingival overgrowth.
Methods

Cells
Cultures of fibroblast-like cells were established from gingival
specimens collected from nine patients who had received ni-
fedipine and had developed gingival overgrowth during the
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removal of their remaining teeth (Table 1). The proposal to
use the gingival samples was approved by the Committee
on Studies Involving Human Beings of the Nihon University
School of Dentistry at Matsudo (EC 08–006). Fibroblasts were
derived from these initial cultures via the trypsinization of
the primary outgrowth of the cells using the procedure
described by Matsumoto and Fujii (2002). Briefly, the cells
were incubated in an atmosphere of 5% CO2/95% air main-
tained at 37°C in DMEM supplemented with 10% FBS
(DMEM-10), 100 μg�mL�1 streptomycin, 100 U�mL�1 penicil-
lin G and 0.2 μg�mL�1 amphotericin B and were routinely
passaged using 0.25% trypsin and 1 mM EDTA�4Na in Hank’s
solution. The homogeneity of the fibroblasts was verified by
flow cytometry (FACS Vantage; Nippon BD, Tokyo, Japan).
The fibroblasts used for the subsequent experiments prolifer-
ated in the logarithmic phase between the fifth and eighth
passages (Fujii et al., 1994; Takeuchi et al., 2007; Takeuchi
et al., 2011).

Cell count
The cells were plated at a concentration of 5 × 104 cells per
dish (60 mmφ × 15 mm high) in DMEM-10. Forty-eight hours
after being plated, the cells were cultured in DMEM contain-
ing 1% FBS (DMEM-1) without (control) or with 18α-GA
(0.1, 1 or 10 μM, as indicated) for 24 or 48 h. The cell numbers
were determined by Trypan Blue dye exclusion using a blood
corpuscle counting chamber (Burker-Turk deep 1/10 mm,
ERMA Inc., Tokyo, Japan), and the cellular morphology was
examined using an optical microscope (Nikon TE300
Inverted Tissue Culture Microscope, Tokyo, Japan; magnifica-
tion, 40×).

Cell cycle analysis
The cells (5 × 105 cells per dish) were incubated in DMEM-10
for 48 h and then stimulated without (control) or with 18α-
GA (10 μM, as indicated) in DMEM-1 for 24 or 48 h. The cells
were then collected by trypsinization, pelleted and washed
twice in DPBS. Cell cycle analysis was performed using the
CycleTEST™ plus DNA Reagent Kit with a FACSCalibur system
(BD). The data were analysed using the CellQuest software ver.
3.1 (BD), and the percentages of cells in the sub-G1 (apopto-
tic), G0/G1, S and G2/M phases were determined.

DNA synthesis assay
The cells (5 × 105 cells per dish) were seeded into 100 mmφ ×-
20 mm tissue culture plates in DMEM-10 for 48 h and treated
Table 1
Background information of the donors of the nine primary cells used in

Sex n
Age (years)

(median, range)

F 5 65.0 (47.0–78.0)

M 4 57.5 (55.0–63.0)

Total 9 63.0 (47.0–78.0)
without (control) or with 10 μM 18α-GA in DMEM-1 for 24 h,
and the DNA synthesis assay was then performed using a
BrdU Flow Kit. BrdU (10 μM) was added to the culture me-
dium, and the cells were further incubated for 1 h. The cells
labelled with BrdU were measured using the FACSCalibur sys-
tem and CellQuest software.

Apoptosis assay
The cells (1 × 105 cells per dish) were cultured in DMEM-10
for 48 h and then incubated without (control) or with 18α-
GA (10 μM) in DMEM-1 for 24 and 48 h. The medium was re-
moved, and fresh DMEM-1 supplemented with
APOPercentage Dye was added to the dishes. Following a
1 h incubation with the dye, the medium was removed, the
APOPercentage Dye release reagent was added, and the dishes
were gently shaken for 10 min. The absorbance of the cell-
bound dye that was released into the solution was then
measured using an MTP-450Lab Corona microplate reader
(Corona Electric Co., Ltd., Ibaraki, Japan) at 550 nm. The ap-
optosis assay was performed using an APOPercentage™ Apo-
ptosis Assay Kit (Biocolor Ltd.) to monitor cellular apoptosis
according to the manufacturer’s protocol.

Fluorescence staining
The cells (1 × 104 cells per dish) were cultured in DMEM-10
for 48 h and then incubated without (control) or with 18α-
GA (10 μM) in DMEM-1 for 48 h. The cells were then washed
with DPBS, fixed with 4% paraformaldehyde for 15 min and
washed with 0.1% Triton-X-100 in DPBS for 5 min. Nuclear
staining was performed using Hoechst 33258. The cells were
then washed three times with 0.1% Triton-X-100 in DPBS
for 5 min. The cells were examined using a fluorescence mi-
croscope (BZ-9000, Keyence Corporation, Osaka, Japan). This
examination was performed using the procedure described by
Sato et al. (2011).

Western blot analysis
The cells (5 × 105 cells per dish) were incubated in DMEM-10
for 48 h and were then treated without (control) or with
10 μM18α-GA in DMEM-1 for 24 h. The total cellular proteins
were extracted from the cells using Tris-SDS-β-Me sample
buffer (Sekisui Medical Co., Ltd., Tokyo, Japan). Lysates of
the total cellular proteins were subjected to immunoblot
analysis following SDS-PAGE using the indicated antibodies.
The immunocomplexes were visualized using the enhanced
chemiluminescence plus Western blotting detection reagents
this study

Nifedipine treatment

Dose (mg�day�1)
(mean ± SD)

Duration (years)
(median, range)

26.7 ± 11.5 3.0 (1.0–4.0)

25.0 ± 7.1 3.0 (3.0–5.0)

26.0 ± 8.9 3.0 (1.0–5.0)
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Figure 1
The viability of gingival fibroblasts cultured in the presence or ab-
sence of 18α-GA. The cells were treated without (control) or with
18α-GA (0.1, 1, or 10 μM) in DMEM containing 1% FBS for 24 or
48 h, and the cell numbers were then determined using the Trypan
Blue dye exclusion method. The results are presented as the mean ±-
SEM. Differences between the control and 18α-GA-treated groups at
24 or 48 h were tested by Dunnett’s test; *P < 0.05 (n = 9).
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(GE Healthcare UK Ltd.) and the indicated secondary anti-
body. The relative band intensities were measured using
ImageJ 1.48v (National Institutes of Health, MD, USA). To
measure the level of cytochrome c released into the cyto-
plasm, the Mitochondria Isolation Kit for Cultured Cells
(Thermo Fisher Scientific Inc., Waltham, MA, USA) was used
to remove themitochondria and obtain protein extracts from
the cytoplasm.

Detection of caspase activity
The cells were plated at a concentration of 1 × 105 cells per
dish (60 mmφ × 15 mm high) in DMEM-10. Forty-eight hours
after being plated, the cells were cultured in DMEM-1 without
(control) or with 18α-GA (10 μM) for 24 h. The caspase activ-
ities in the cells were assessed using a spectrophotometer at
405 nm and the Caspase Colorimetric Assay Kit according
to the manufacturer’s protocols. Caspase-2, caspase-3,
caspase-8 and caspase-9 were labelled using the synthetic
peptide substrates VDVAD-p-nitroanilide (pNA), DEVD-pNA,
IETD-pNA and LEHD-pNA respectively.

Statistical analyses
All data are expressed as the mean ± SEM. Statistical signifi-
cance was determined using Dunnett’s test, Student’s un-
paired or paired t-test. P-values <0.05 were considered
significant. The data and statistical analysis comply with Brit-
ish Journal of Pharmaoclogy guidelines (Curtis et al., 2015).

Chemicals and reagents
18α-GA, FBS, and Trypan Blue solution (0.4%) were obtained
from Sigma-Aldrich, Japan K.K. (Tokyo, Japan). DMEM, strep-
tomycin, penicillin G, amphotericin B, trypsin, EDTA�4Na in
Hank’s solution and Dulbecco’s PBS (DPBS) were purchased
from Invitrogen, Japan K.K. (Tokyo, Japan). Hoechst 33258
solution was purchased from Dojindo Laboratories
(Kumamoto, Japan). Polyoxyethylene (10) octylphenol ether
(Triton-X-100) and 4% paraformaldehyde PBS were obtained
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
The following experimental kits were used: the CycleTEST™

plus DNA Reagent Kit (Becton Dickinson and Company,
Franklin Lakes, NJ, USA; BD); the bromodeoxyuridine (BrdU)
Flow Kit (BD); the APOPercentage™ Apoptosis Assay Kit
(Biocolor Ltd., Northern Ireland, UK); and the caspase-2,
caspase-3, caspase-8 and caspase-9 Colorimetric Assay Kits
(Medical & Biological Laboratories Co., Ltd. Nagoya, Japan).
Antibodies against cyclins (A, D1 and E), CDKs (2, 4 and 6),
Rb, pRb (ser780 and ser807/811), p27Kip1, Bcl-xL, Bcl-2, p53, cy-
tochrome c, cleaved caspases (3 and 9) and β-actin, as well as
anti-rabbit HRP-conjugated IgG, were purchased from Cell
Signaling Technology, Inc. (Danvers, MA, USA).
Results

The effect of 18α-glycyrrhetinic acid on cell
number
The numbers of viable gingival fibroblasts cultured in the
presence or absence of 18α-GAwere assessed using the Trypan
Blue dye exclusion method. As shown in Figure 1, fibroblasts
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treated with 10 μM 18α-GA showed reduced cell numbers
compared with the untreated cells (control), and a significant
difference was observed at 48 h (1.3-fold difference, P< 0.05).
The cell numbers were similarly decreased compared with the
control cells when grown in the presence of 0.1 and 1 μM18α-
GA for 24 and 48 h.
The effect of 18α-glycyrrhetinic acid on cell
cycle dynamics
The distribution of gingival fibroblasts cultured in the pres-
ence or absence of 18α-GA in the sub-G1, G0/G1, S and G2/
M phases was assessed by flow cytometry. The histogram in
Figure 2A shows a representative cell cycle phase distribution,
including the cells in the sub-G1 phase (apoptotic cells; left of
the sharp high peak), the cells in the G0/G1 phases (sharp
high peak), the cells in the G2/M phases (right low peak)
and the cells in S phase (the area between the high and low
peaks). The detailed data on the cell cycle phase distribution
are summarized in Figure 2B. At 24 h, the percentage of cells
in the sub-G1 phase increased 3.0-fold in treated cells com-
pared with control cells (insignificant), the G0/G1-phase frac-
tion increased 1.1-fold (significant, P < 0.05), the S-phase
fraction decreased 2.0-fold (insignificant), and the G2/M-
phase fraction decreased 1.7-fold (significant, P < 0.05). At
48 h, the percentage of cells in the sub-G1 phase increased
11.6-fold in treated cells compared with control (significant,
P < 0.05), the G0/G1-phase fraction decreased 1.1-fold (insig-
nificant), S-phase fraction decreased 1.4-fold (insignificant)
and the G2/M-phase fraction decreased 1.4-fold (significant,
P < 0.05).



Figure 2
The cell cycle distribution of gingival fibroblasts cultured in the presence
or absence of 18α-GA and analysis of the apoptotic population (sub-
G1). The cells were treated without (control) or with 10 μM 18α-GA in
DMEM containing 1% FBS for 24 or 48 h and then subjected to flow cy-
tometry analysis. The histograms shown represent the results from nine
independent experiments (A), and the detailed data of the sub-G1 popu-
lation and the cell cycle distribution are presented as themean ± SEM.Dif-
ferences between the control and 18α-GA-treated groups in each phase
were tested by Student’s t-test; *P < 0.05 (B) (n = 9).
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The effect of 18α-glycyrrhetinic acid on DNA
synthesis
To investigate the effects of 18α-GA on DNA synthesis in gin-
gival fibroblasts, the percentage of cells labelled with BrdU
was measured by flow cytometry. As shown in Figure 3, 18α-
GA treatment markedly reduced the percentage of cells syn-
thesizing DNA compared with the control treatment (1.3-fold
difference, P < 0.05).

The effect of 18α-glycyrrhetinic acid on
apoptosis
We investigated the effect of 18α-GA on the apoptosis of gin-
gival fibroblasts. As shown in Figure 4, the fibroblasts treated
with 18α-GA showed an increase in the relative number of ap-
optotic cells at 24 and 48 h compared with untreated cells,
with a significant increase at 48 h (1.2-fold difference,
P < 0.05).

The effect of 18α-glycyrrhetinic acid on the
characteristics of apoptotic cells
Nuclear condensation and fragmentation of the cell into
small apoptotic bodies are features of apoptosis. Thus, we ex-
amined the effects of 18α-GA on these characteristics of apo-
ptotic cells by staining with Hoechst 33258. The fibroblasts
treated with 18α-GA showed a 2.9-fold increase in the num-
ber of apoptotic cells undergoing nuclear condensation and
fragmentation of the cell into small apoptotic bodies com-
pared with the control (significant, P < 0.05).

The expression of cell cycle and apoptosis
regulators in the presence of 18α-glycyrrhetinic
acid
The expression of the following cell cycle and apoptosis regu-
latory proteins in gingival fibroblasts treated with 18α-GAwas
evaluated by Western blot analysis: cyclins (cyclin A, D1 and
E); CDKs (CDK2, 4 and 6); Rb; pRb (ser780 and ser807/811);
p27Kip1; Bcl-xL; Bcl-2; p53 and cytochrome c (cytosolic and
Figure 3
The population of gingival fibroblasts cultured in the presence or ab-
sence of 18α-GA with active DNA replication. The cells were treated
without (control) or with 10 μM 18α-GA in DMEM containing 1%
FBS for 24 h, and the percentage of cells labelled with BrdU was mea-
sured by flow cytometry. The results are presented as the mean ±-
SEM. Differences between the control and 18α-GA-treated groups
were tested by Student’s t-test; *P < 0.05 (n = 9).
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Figure 4
The rate of apoptosis in gingival fibroblasts cultured in the presence
or absence of 18α-GA. The cells were treated without (control) or
with 10 μM 18α-GA in DMEM containing 1% FBS for 24 or 48 h,
and the relative number of apoptotic cells was measured using the
absorbance at 550 nm. The results are presented as the mean ± SEM.
Differences between the control and 18α-GA-treated groups at 24 or
48 h were tested by Student’s t-test; *P < 0.05 (n = 9).
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total; Figure 5A and D). In addition, the relative band intensi-
ties were measured (Figure 5B and E). 18α-GA treatment sig-
nificantly decreased the expression of cyclins A and D1,
CDKs 2 and 6, phospho-ser780 and phospho-ser807/811-Rb,
Bcl-xL and Bcl-2 proteins but markedly increased the expres-
sion of p27Kip1 and cytosolic cytochrome c. However, the pro-
tein levels of cyclin E, CDK4, Rb, p53 and total cytochrome c
were not affected by 18α-GA treatment. As shown in Figure-
5C, after normalization to the total Rb, the levels of both
pRb at ser780 (significant, P < 0.05) and ser807/811 (significant,
P < 0.05) in the 18α-GA-treated cells were significantly de-
creased compared with the control cells.

The effect of 18α-glycyrrhetinic acid on caspase
activities
The activities of caspase-2, caspase-3, caspase-8 and caspase-
9, which are the major mediators of apoptotic progression
(Jung et al., 2008), in gingival fibroblasts treated with 18α-
GA were assessed. As shown in Figure 6, the activities of
caspase-3 (1.8-fold difference, P < 0.05) and caspase-9 (1.6-
fold difference, P < 0.05) were significantly up-regulated by
18α-GA. The activity levels of caspase-2 and caspase-8 were
increased, albeit insignificantly, compared with the levels ob-
served in the control cells.

The expression of pro- and cleaved caspase-3
and caspase-9 in the presence of
18α-glycyrrhetinic acid
The expression of pro- and cleaved caspase-3 and caspase-9
proteins in gingival fibroblasts treated with 18α-GAwas eval-
uated by Western blot analysis (Figure 7A), and the relative
band intensities were measured (Figure 7B). 18α-GA treat-
ment decreased and increased the protein expression levels
918 British Journal of Pharmacology (2016) 173 913–924
of pro-caspase-3 (significantly, P < 0.05) and cleaved
caspase-3 (p17 and p19; significantly, p17; P < 0.05, p19;
P < 0.05) respectively. The protein expression levels of pro-
caspase-9 and cleaved caspase-9 were non-significantly de-
creased and non-significantly increased, respectively, in 18α-
GA-treated cells.
Discussion and conclusion
In this study, we determined whether 18α-GA affects the
growth, cell cycle dynamics and/or rate of apoptosis in gingi-
val fibroblasts derived from patients presenting with
nifedipine-induced gingival overgrowth. The purpose of this
study was to establish a basis for the therapeutic application
of 18α-GA to treat this disease. We found that 18α-GA sup-
pressed the growth of gingival fibroblasts by inhibiting the
G1- to S-phase transition and by inducing apoptosis.

Gingival overgrowth is caused by the increased growth of
gingival fibroblasts that are exposed to drugs, such as nifedi-
pine (Fujii et al., 1994; Corrêa et al., 2011). Gingival over-
growth may also be attributed to reduced tumour suppressor
mechanisms in gingival fibroblasts (Trackman and Kantarci,
2015). Consistent with this notion, 18α-GA inhibits the pro-
liferation of multiple types of cancer cells, including human
gastric cancer, promyelocytic leukaemia HL-60, hepatoma,
cervical cancer cells and the uterine tumour cell line SiHa
(Lee et al., 2010). 18α-GA can also selectively inhibit tumour
cell growth without affecting normal cell growth (Yamaguchi
et al., 2010). However, in this study, 18α-GA reduced the
growth of gingival fibroblasts (Figure 1).

Cell division occurs through different cell cycle phases
(G1, S, G2 and M phases). The cell progresses from the G0/G1

phase to the S and G2/M phases of the cell cycle in response
to growth signals. The cell cycle is also controlled by a check-
point mechanism that detects and responds to abnormalities
(e.g. DNA damage) by arresting cell cycle progression until
the damage is repaired. We previously demonstrated that a
mechanism underlying gingival overgrowth is associated
with increased transitions from the G1 to the S phase of the
cell cycle and with reduced G1 cell cycle arrest in gingival fi-
broblasts (Takeuchi et al., 2007; Takeuchi et al., 2014). In this
study, we investigated the effects of 18α-GA on the cell cycle
dynamics of gingival fibroblasts and found that 18α-GA
inhibited the G1- to S-phase transition at 24 h after stimula-
tion and subsequently induced the apoptosis at 48 h (Figure-
2A and B), and suppressed DNA synthesis (Figure 3).

Conversely, transformed cells with severe DNA damage
are cleared by cellular apoptosis (Gottlieb and Oren, 1996).
Several studies have proposed that the pathogenesis of gingi-
val overgrowth involves an inhibition of apoptosis (Bulut
et al., 2005; Bulut and Ozdemir, 2007). We have also demon-
strated that gingival overgrowth is attributed to reduced apo-
ptosis in gingival fibroblasts derived from gingival-
overgrowth patients (Takeuchi et al., 2011). In this study, our
results show that 18α-GA treatment significantly increased
the apoptotic cell population (referred to as the ‘sub-G1

phase’) compared with that induced by the control treatment
(Figure 2A and B, Figure 4 and Figure 8A–C). Thus, because of
its ability to elicit growth-inhibitory effects by reducing the



Figure 6
The activities of caspase (Casp)-2, Casp-3, Casp-8 and Casp-9 in gin-
gival fibroblasts cultured in the presence or absence of 18α-GA. The
cells were treated without (control) or with 10 μM 18α-GA in DMEM
containing 1% FBS for 24 h, and the activities of the caspases (2, 3, 8
and 9) were then assessed. The results are presented as the mean ±-
SEM. Differences between the control and 18α-GA-treated groups
for each caspase were tested by Student’s t-test; *P < 0.05 (n = 9).

Figure 5
The expression of cell cycle (A, B) and apoptosis (D, E) regulatory proteins in gingival fibroblasts cultured in the presence or absence of 18α-GA. The cells
were treated without (control) or with 10 μM 18α-GA in DMEM containing 1% FBS for 24 h, and the protein levels were then evaluated by Western blot
analysis. The band images represent the results from nine independent experiments (A, D). The band densities are presented as the mean ± SEM. Differ-
ences between the control and 18α-GA-treated groups for each protein were tested by Student’s paired t-test; *P< 0.05 (B, E; n = 9). After normalization
to β-actin, the ratio of the phospho-ser780-Rb and phosphor-ser807/811-Rb to total Rb was calculated. Each value represents the mean ± SEM of nine inde-
pendent experiments; *P < 0.05 versus the control group, according to Student’s t-test (C). Cyt c, cytochrome c.

18α-glycyrrhetinic acid for gingival overgrowth BJP
G1- to S-phase transition and by inducing apoptosis in gingi-
val fibroblasts from patients presenting with nifedipine-
induced gingival overgrowth, therapeutic applications using
18α-GA to treat nifedipine-induced gingival overgrowth
may be considered.

Subsequently, we investigated the mechanisms underly-
ing the inhibition of the G1- to S-phase transition and the in-
duction of apoptosis elicited by 18α-GA in gingival
fibroblasts. Increasing numbers of studies have reported that
the abnormal gingival enlargement observed is associated
with the deregulated expression of cell cycle- and apoptosis-
regulating proteins, including Bax, Bcl-2, caspases (3, 8 and
9), Cdk2, cyclins (B1, C, D and E), cytochrome c, DP, ERK,
E2F, minichromosome maintenance proteins 2 and 5, p21,
p27, p53, Rb and son of sevenless 1 (SOS1). Gingival over-
growth is reportedly due to increased G1- to S-phase progres-
sion and to the attenuation of G1-phase arrest in gingival
fibroblasts resulting from the up-regulation of CDK2 and
cyclins (B1, C, D and E), the increased phosphorylation of
Rb, and the down-regulation of p21 and p27 (Parkar et al.,
2004; Jang et al., 2007; Takeuchi et al., 2007; Takeuchi et al.,
2014). Enhanced fibroblast proliferation has been shown to
result from a combination of up-regulated E2F/DP and ERK
signalling and the mutation of SOS1 (Jang et al., 2007). We
have also previously reported that the pathogenesis of gingi-
val overgrowth involves the inhibition of apoptosis mediated
by the down-regulation of Bax, caspases (3, 8 and 9), p53 and
British Journal of Pharmacology (2016) 173 913–924 919



Figure 7
The expression of pro- and cleaved caspase (Casp)-3, �9 proteins in gingival fibroblasts cultured in the presence or absence of 18α-GA. The cells
were treated without (control) or with 10 μM18α-GA in DMEM containing 1% FBS for 24 h, and the protein levels were then evaluated byWestern
blot analysis. The band images represent the results from nine independent experiments (A). The band densities are presented as the mean ± SEM.
Differences between the control and 18α-GA-treated groups for each protein were tested by Student’s paired t-test; *P < 0.05 (B, n = 9).

Figure 8
The expression of apoptotic cells in gingival fibroblasts cultured in the presence or absence of 18α-GA. The cells were treated without (control) or
with 10 μM 18α-GA in DMEM containing 1% FBS for 48 h, and the cells were then fixed and stained with Hoechst 33258 (the closed triangles,
open triangles, arrows and unmarked cells show nuclear condensation of the cell, fragmentation of the cell into small apoptotic bodies, the ap-
optotic bodies and the normal cells, respectively) (magnification, 20×). (A) The images represent the results from nine independent experiments.
(B) Images of the various stages of apoptotic cell death (higher magnification, 140×, of the highlighted region in 18α-GA-treated groups of panel
A. (C) The percentage of cells with strong nuclear condensation and cell fragmentation was determined using Hoechst 33258. Approximately 100
total cells were counted in six individual randommicroscopic fields at 20×magnification. The results are presented as the mean ± SEM. Differences
between the control and 18α-GA-treated groups were tested by Student’s t-test; *P < 0.05 (n = 9).
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cytochrome c and the overexpression of Bcl-2 (Takeuchi et al.,
2011). Increased expression levels of minichromosomemain-
tenance (MCM) protein subunits 2 and 5 have been found in
cases of gingival fibromatosis and are associated with dental
abnormalities (Martelli-Júnior et al., 2011). In this study, we
investigated the effects of 18α-GA on the expression of
cyclins (A, D1 and E), CDKs (2, 4 and 6), Rb, pRb (ser780 and
ser807/811), p27Kip1, Bcl-xL, Bcl-2, cytochrome c (total and cy-
tosolic), and p53 and the activities of caspase-2, caspase-3,
caspase-8 and caspase-9.

The cell cycle is a stringently regulated process that in-
volves a complex cascade of events. The modulation of the
expression and function of cell cycle regulatory proteins (in-
cluding CDKs, cyclins, CDK inhibitors, Rb and p53) provides
an important mechanism for controlling cell growth (Nigg,
1995). The key G1-phase CDKs are CDK4 (and its functional
920 British Journal of Pharmacology (2016) 173 913–924
counterpart CDK6) and CDK2. CDK4/6 and CDK2 are inac-
tive in the absence of their cognate cyclin partners and are ac-
tivated by the binding of cyclin D to CDK4/6 or cyclin E to
CDK2 (Sherr and Roberts, 1995). Furthermore, cyclin A is in-
duced during or approaching the G1/S boundary. Cyclin A
binds to CDK2 during the S phase and is involved in S-phase
progression. The binding of Rb to E2F during G1 suppresses
cell cycle progression. During the late G1 phase, Rb is phos-
phorylated at serine and threonine residues first by
CDK4/6–cyclin D and then by CDK2–cyclin E (Taya, 1997;
Ekholm and Reed, 2000). This hyperphosphorylated form of
Rb releases the active E2F transcription factors, which in turn
stimulate the transcription of numerous genes, the protein
products of which are required for the G1- to S-phase transi-
tion and S-phase progression (Nevins et al., 1997). Addition-
ally, cell cycle arrest is tightly modulated by two families of
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CDK–cyclin inhibitors, namely, the Cip/Kip and INK4 fami-
lies. Members of the Cip/Kip family, such as p21waf1/Cip1,
p27Kip1 and p57Kip2, bind to and inactivate the
CDK4/6–cyclin D and CDK2–cyclin E complexes, thereby
inhibiting Rb phosphorylation. In addition, the transcription
of CDK inhibitors is mediated by p53 (Harper et al., 1995;
Baus et al., 2003). As shown in Figure 5A–C, 18α-GA treat-
ment significantly down-regulated cyclins A and D1, CDKs
2 and 6, and phospho-ser780 and phospho-ser807/811-Rb and
up-regulated p27 in the gingival fibroblasts. However, the
protein levels of cyclin E, CDK4, Rb and p53 in the gingival
fibroblasts were not affected by 18α-GA treatment. The short-
ening of the G1 cell cycle phase in human fibroblasts is asso-
ciated with the abnormal expression of cyclin E (Sotillo
et al., 2008). Because the fibroblasts from patients with
nifedipine-induced gingival overgrowth undergo a reduction
in the G1 cell cycle phase and an enhancement of the G1/S
transition of the cell cycle (Takeuchi et al., 2007), the protein
level of cyclin E might not be decreased by 18α-GA treatment
(Figure 5A and B). As shown in Figure 5C, after normalization
to the total Rb, the levels of Rb phosphorylated at ser780 and
ser807/811 in the fibroblasts treated with 18α-GA were lower
than those in the untreated cells. This fact might be caused
by the down-regulation of cyclins A and D1 and CDKs 2 and
6 but not total Rb. Because the expression of p53 protein is
decreased in gingival tissue exposed to nifedipine (Haniastuti
et al., 2002), its level might not be increased by 18α-GA treat-
ment (Figure 5D and E). However, the degradation of
Figure 9
The effects of 18α-GA on the G1-phase to S-phase transition and the apopto
treatment suppresses the G1- to S-phase transition by down-regulating cyc
ser807/811) and by up-regulating p27. 18α-GA treatment also promotes apop
cytochrome c and by down-regulating Bcl-xL and Bcl-2. During the late G1 p
CDK2–cyclin E and CDK2–cyclin A. The phosphorylated Rb induces the G1- t
plexes. The induction of apoptosis results from the release of cytochrome c in
caspase-3. Bcl-2 and Bcl-xL inhibit the release of cytochrome c and the activa
sition and induces apoptosis.
proteins, such as CDKs and cyclins, is regulated by the
ubiquitin-proteasomal system, and the activity of CDK4 is
potentiated by the ubiquitin C-terminal hydrolase L1 (UCH-
L1), which is expressed in a few types of cells (Kabuta et al.,
2013). Because CDK4 expression was not decreased by 18α-
GA treatment, the nifedipine-induced gingival fibroblasts
might express UCH-L1.

The mitochondria-dependent apoptosis pathway is one
type of apoptotic induction. This pathway is modulated by
Bcl-2 family proteins (including Bcl-2 or Bcl-xL), caspases, cy-
tochrome c and p53. This pathway is initiated when cyto-
chrome c is released into the cytosol from mitochondria
with compromisedmembrane integrity. Cytochrome c subse-
quently recruits and cleaves caspase-9, resulting in its activa-
tion, and the activated caspase-9 then cleaves caspase-3,
resulting in its activation (Li et al., 1997; Thornberry et al.,
1997). These sequential actions result in the induction of ap-
optosis in cells. The release of cytochrome c is followed by the
activation of caspase-2, caspase-8 and p53. Bcl-2 and Bcl-xL
are anti-apoptotic proteins that play a role in preventing cy-
tochrome c release (Gross et al., 1999; de Wilt et al., 2013).
As shown in Figure 5D and E, Figure 6 and Figure 7A and B,
the expression of Bcl-xL and Bcl-2 was reduced in the gingival
fibroblasts treated with 18α-GA, whereas the expression of cy-
tosolic cytochrome c and cleaved caspases 3 and 9 and the ac-
tivities of caspases 3 and 9 were increased. However, the
activities of caspase-2 and caspase-8 were not affected by
18α-GA treatment (Figure 6). In addition to the
tic rate of gingival fibroblasts (indicated by the large arrows). 18α-GA
lins (A and D1), CDKs (2 and 6) and phosphorylated Rb (ser780 and
tosis by increasing the activities of caspase-3, caspase-9 and cytosolic
hase, Rb is the first phosphorylated by CDK4/6–cyclin D and then by
o S-phase transition, whereas p27 inactivates the CDK2–cyclin E com-
to the cytosol frommitochondria and the activation of caspase-9 and
tion of caspase-2 and caspase-8. p53 inhibits the G1- to S-phase tran-
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mitochondria-mediated pathway, the cell membrane
receptor-mediated apoptotic pathway is another pathway of
apoptosis induction. Caspase-2 and caspase-8 are activated
through the receptor-mediated pathway (Shelton et al.,
2010). Thus, the main pathway of apoptosis induced by
18α-GA may be the mitochondrial pathway.

Taken together, our data demonstrate that 18α-GA in-
hibits the growth of the gingival fibroblasts obtained from
nine patients with nifedipine-induced gingival overgrowth
by suppressing the G1- to S-phase transition and by inducing
apoptosis. The reduced G1- to S-phase transition results from
the down-regulation of the protein levels of phospho-ser780/
phospho-ser807/811-Rb, cyclins A and D1, and CDKs 2 and 6
and the up-regulation of p27 protein by 18α-GA. The apopto-
sis induced by 18α-GA results from the increased activities of
caspase-3 and caspase-9, followed by the increased expression
of cytosolic cytochrome c protein and the decreased expres-
sion of Bcl-xL and Bcl-2 proteins (Figure 9). In conclusion,
18α-GA exhibits therapeutic potential as a treatment for
nifedipine-induced gingival overgrowth.
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