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Abstract Matrix metalloproteinase-13 (MMP-13) plays a
critical role in degrading major collagens in human carti-
lage under some pathological conditions such as os-
teoarthritis. To establish the therapeutic potential against
cartilage degradation, the effects of 12 naturally-occurring
triterpenoids and steroids on MMP-13 induction were ex-
amined in the human chondrocyte cell line, SW1353. They
included coreanoside F1, suavissimoside R1, spicatoside A,
25(S)-ruscogenin, methyl protogracillin, hederagenin,
loniceroside A, loniceroside B, loniceroside C, smilaxin A,
smilaxin C, and ursolic acid. Among these, only spicatoside
A and 25(S)-ruscogenin were found to inhibit MMP-13
expression in IL-1f-treated SW1353 cells at a pharmaco-
logically-relevant concentration of 10 pM. These effects
were also supported by the finding that spicatoside A
(20 uM) reduced glycosaminoglycan release from IL-1a-
treated rabbit joint cartilage culture to some degree. When
the cellular mechanisms of action of spicatoside A in MMP-
13 inhibition were investigated, the blocking point was not
found among the MMP-13 signaling molecules examined
such as mitogen-activated protein kinases, activator pro-
tein-1, and nuclear transcription factor-xB. Instead, spi-
catoside A was found to reduce MMP-13 mRNA stability.
All of these findings suggest that spicatoside A and 25(S)-
ruscogenin have a therapeutic potential for protecting
against cartilage breakdown in arthritic disorders.
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Introduction

In the cartilage, residing chondrocytes synthesize and release
matrix metalloproteinases (MMP) to the extracellular matrix
(ECM) (Hadler-Olsen et al. 2011). Of these, MMP-1 and -13
are collagenases that degrade collagen matrix of the carti-
lage. They participate in normal turn-over of the cartilage
materials, but in some situations such as arthritic conditions
or aging process, they are highly induced and degrade the
ECM rapidly, resulting in pathological conditions like os-
teoarthritis (OA) (Mitchell et al. 1996, Takaishi et al. 2008).
The important role of MMP-13 in osteoarthritic conditions
was also proved in MMP-13 deficient mice (Little et al.
2009). Therefore, the inhibitors and/or down-regulators of
MMP-1 and -13 may have a therapeutic potential as a car-
tilage-protective agent in cartilage degradation disorders.
Actually, one MMP inhibitor (Periostat®) is clinically
available for treating periodontitis (Caton and Ryan 2011). In
this regard, many chemicals or natural products are worthy to
be evaluated for their inhibitory action against MMPs.
Triterpenoids and steroids as plant constituents have
been reported to show various pharmacological activities
in vitro and in vivo. They include anti-cancer activity, anti-
inflammatory activity, anti-allergic activity, etc. (Kim et al.
1999; Yadav et al. 2010). However, there have been a few
investigations of these constituents with respect to their
effects on MMPs and cartilage protection. Recently, sev-
eral ginsenosides isolated from Panax ginseng (dammar-
ane-type triterpenoids) were found to inhibit MMP-13
expression and the ginsenosides, F4 and Rg3, protected
against cartilage breakdown in rabbit cartilage culture (Lee
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et al. 2014). In the present study, 12 chemically-different
triterpenoids and steroids were examined for their down-
regulatory action against MMP-13 expression in the human
chondrocyte cell line, SW1353, for the purpose of estab-
lishing the therapeutic potential for chondroprotection.
Some cellular mechanisms of action were also studied.

Materials and methods
Chemicals

Human IL-la, IL-1B, 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT), dexamethasone,
actinomycin D and anti-MMP-13 antibody were purchased
from Sigma-Aldrich (St. Louis, MO). DMEM and other
cell culture reagents including FBS, were products of
Thermo Scientific (Logan, UT). All antibodies relating to
mitogen-activated protein kinase (MAPK) and Janus kinase
(JAK)/signal transducer and activator of transcription
(STAT) signaling were purchased from Cell Signaling
Technologies (Danvers, MA). Lamin Bl antibody was
purchased from Bioworld technology (Minneapolis, MN).

Triterpenoids and steroids from plant origin (Fig. 1)

Coreanoside F1, suavissimoside R1, spicatoside A, methyl
protogracillin, hederagenin, loniceroside A, loniceroside B,
smilaxin A, smilaxin C, and ursolic acid were isolated from
several plant extracts according to the previously described
(Kim et al. 1999). Loniceroside C was isolated from Lon-
icera japonica (Kwak et al. 2003). Ruscogenin was ob-
tained by the hydrolysis of spicatoside A. Their purities
were examined by TLC and they gave one spot.

Animals

Male New Zealand White rabbits (6 weeks old) were
purchased from Central Experimental Animal Co. (Seoul,
Korea). The animals were maintained in an animal facility
(KNU) at 20-22 °C under 40-60 % relative humidity and a
12 h/12 h (light/dark) cycle. The experimental design us-
ing the animals was approved by the local committee for
animal experimentation of Kangwon National University
(KTACUC-13-0003). The animals were handled according
to the guideline described in the Food and Drug Admin-
istration (Korea) Guide for the Care and Use of Laboratory
Animals throughout the experiments.

SW1353 cell culture and MMP-13 induction

SW1353 cells (human chondrosarcoma cell line) purchased
from American Type Culture Collection (Manassas, VA) were

cultured and treated with IL-1B according to the previously
described procedures (Lim and Kim 2011). Briefly, the cells
were normally maintained in DMEM with 10 % FBS, glu-
tamine and penicillin/streptomycin. For an induction of MMP-
13, IL-1B (10 ng/ml) with/without test compounds was added
to the cells in serum-free DMEM. After 24 h incubation,
MMP-13 expressed and released in the media was examined
by Western blotting analysis. After separating on SDS-PAGE,
the blots were treated with anti-MMP-13 antibody in 5 % skim
milkin TBST. An ECL system (GE Healthcare, UK) was used
to visualize the band. The densities of the bands were analyzed
with ImageQuant LAS4000 mini (GE Healthcare, UK). All
test compounds were initially dissolved in DMSO and diluted
with serum-free DMEM to adjust the final DMSO concen-
tration of 0.1 % (v/v). Other compounds except several com-
pounds showing cytotoxicity at 10 pM were treated to cells at
a concentration of 10 pM. Spicatoside A, ursolic acid, smi-
laxin A and smilaxin C were tested at 5, 5, 0.1 and 5 pM,
respectively, concentration without cytotoxicity. Cell viability
was checked using MTT bioassay (Mossman 1983). The
treatment of 0.1 % DMSO had no effect on cell viability and
the levels of MMP-13 expression. For expression of MMP-13
and GAPDH mRNA, total RNA was extracted using Nu-
cleoSpin RNA (MACHEREY-NAGEL GmbH & Co. KG,
Diiren, Germany). cDNA was synthesized with ReverTra Ace
gPCR RT Master Mix with gDNA Remover (Toyobo, Osaka,
Japan). Quantitative PCR was carried out with THUNDER-
BIRD SYBR qPCR mix (Toyobo, Osaka, Japan) using C1000
Touch Thermal Cycler (Biorad Lab., CA). Primers for human
MMP-13 and GAPDH were purchased from Qiagen (Hilden,
Germany). MMP-13 mRNA expression was normalized to
GAPDH.

Cellular mechanisms of inhibition of MMP-13
induction

Using total cellular lysates, expression and phosphorylation
of MAPKs and JAK/STAT were examined. For the detection
of MAPKSs, cells were treated with IL-1p for 30 min after
pretreatment with spicatoside A for 2 h. For STAT1/2, spi-
catoside A (1, 2 and 5 pM) was pretreated for 2 h and then
cells were incubated for further 4 h in the presence of IL-1p.
Total cellular proteins were extracted with Pro-Prep solution
(iNtRON Biotechnology) containing 1 mM phenyl-
methanesulfonyl fluoride (PMSF), 1 mM sodium ortho-
vanadate and 1 mM sodium fluoride. Expression of NF-kB
p65, c-Jun, and c-Fos were identified in nuclear fractions.
Cells were treated with IL-1f for 1 h after pretreatment with
spicatoside A (1, 2 and 5 uM) for 2 h. For an extraction of
nuclear proteins, cells were resuspended in 400 pl of buffer
A (10 mM HEPES, pH 7.9, 10 mM KCI, 0.1 mM EDTA,
1 mM dithiothreitol, 0.5 mM PMSF, 1 pg/ml aprotinin and
1 pg/ml leupeptin) and incubated on ice for 10 min. After
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Fig. 1 The chemical structures
of the triterpenoids and steroids
used in this study

Spicatoside A

OHOH
Methyl protogracillin

Coreanoside F

25 plof 10 % NP-40 was added, cells were vortexed for 10 s
and centrifuged at 5000 rpm for 2 min. The nuclear pellet
was vigorously vortexed in buffer B (20 mM HEPES, pH
7.9,0.4 M NaCl, 1 mM EDTA, 1 mM dithiothreitol, 1 mM
PMSF, 1 pg/ml aprotinin and 1 pg/ml leupeptin) and cen-
trifuged at 13,000 rpm for 10 min. BCA protein assay
(Pierce, IL, USA) was used to determine protein
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concentration in the nuclear fraction. Proteins were
separated, blotted and visualized as described above. Lamin
B1 was used as an internal control of nuclear proteins. To
investigate the effect of spicatoside A on MMP-13 mRNA
stability, cells were treated with IL-1f for 1 h and then the
media was washed out, following treatment with spicatoside
A (5 pM) and/or actinomycin D (2 pM) for 2 h. The level of
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Fig. 1 continued
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MMP-13 mRNA was measured in total RNA extracted from
the cells as described above.

Effects of spicatoside A on glycosaminoglycan (GAG)
release from rabbit cartilage culture

According to the previously described procedures (Lim
et al. 2011), articular cartilages were excised from the
femoral condyles of rabbit knee and incubated in DMEM
containing 5 % FBS for 1-2 days. Approximately 30 mg
cartilage fragments per well were seeded on 48 well plates
and media were changed to DMEM containing 1 % FBS in
400 pl/well. Cartilages were treated with 10 ng/ml of IL-
lo and test compounds for 3 days. The amounts of released
GAG in the supernatant were measured with Blyscan sul-
fated glycosaminoglycan assay kit (Biocolor, Northern
Ireland, UK) according to the manufacturer’s protocol.

Statistical analysis
Experimental values are represented as arithmetic

mean £ SD. Statistical analysis was evaluated using one-
way ANOVA followed by Dunnett’s analysis.

Loniceroside A

Loniceroside C

Results

Effects of various triterpenoids and steroids
on MMP-13 expression

First, the cytotoxicity in IL-1pB-treated SW1353 cells was
examined using MTT bioassay. At a pharmacologically-
relevant concentration (10 pM), several compounds in-
cluding ursolic acid, smilaxin A and smilaxin C showed
strong cytotoxicity in IL-1B-treated SW1353 cells when
incubated for 24 h (Fig. 2). Spicatoside A slightly reduced
the viability of SW1353 cells (9.8 % reduction). Smilaxin
A showed cytotoxicity at 0.5-10 pM (data not shown).
IL-1p treatment of SW1353 cells for 24 h strongly in-
duced MMP-13 expression as shown in Fig. 3. Initially, when
the activity of 8 triterpenoids and steroids was screened, only
spicatoside A and 25(S)-ruscogenin were found to strongly
suppress MMP-13 expression at 10 uM (Fig. 3a), although
spicatoside A caused slight reduction in cell viability (Fig. 2).
As expected, dexamethasone (10 pM), a reference com-
pound, strongly inhibited MMP-13 expression. To identify
the MMP-13 down-regulatory effect of spicatoside A at non-
cytotoxic concentration, its activity was re-examined
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Fig. 2 Viability of SW1353 cells treated with on IL-1B and
triterpenoids or steroids (MTT bioassay). All compounds were treated
at 10 pM in SW1353 cells for 24 h and MTT bioassay was carried
out. DEX 1is an abbreviation of dexamethasone. *P < 0.05,
**P < (0.01, Significantly different from the IL-1B-treated control
group (n = 3). Note spicatoside A, ursolic acid, smilaxin A and
smilaxin C reduced viability of SW1353 cells

including effects of several derivatives. As shown in Fig. 3b,
only spicatoside A (5 pM) among the tested derivatives in-
hibited MMP-13 induction at non-cytotoxic concentration.
These results indicate that only spicatoside A (steroidal
saponin) and its aglycone, 25(S)-ruscogenin (steroidal

@ Springer

Next, the cellular mechanism of MMP-13 down-regulation
by spicatoside A was investigated using Western blotting
technique. Since it is known that NF-kB, p38 MAPK/c-Fos/
AP-1, and JAK/STAT pathways are important for the ex-
pression of MMP-13 gene in IL-1B-treated SW1353 cells
(Mengshol et al. 2000; Lim and Kim 2011; Lim et al. 2011),
the effects of spicatoside A on these signaling pathways were
examined. To identify the effect on the phosphorylation of
three MAPKs and STAT1/2, cell lysates were prepared and
examined as described above. Additionally, activation of
c-Jun, c-Fos and NF-xB were examined in nuclear proteins.
However, spicatoside A did not affect phosphorylation of all
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Fig. 4 Concentration-dependent inhibition of MMP-13 expression in
IL-1B-treated SW1353 cells by spicatoside A and 25(S)-ruscogenin.
The compounds and IL-1f were simultaneously treated. The released
MMP-13 levels in the media were examined by Western blotting
analysis. DEX is an abbreviation of dexamethasone. *P < 0.05,
**P < (0.01, significantly different from the IL-1B-treated control
group (n = 3)

three MAPKSs and activation of several transcription factors
(Fig. 5). These results indicate that MMP-13 reduction by
spicatoside A may not be mediated through NF-kB, p38
MAPK/c-Fos/AP-1, and JAK/STAT pathways crucially in-
volved in the process of MMP-13 induction.

Effect of spicatoside A on MMP-13 mRNA
stabilization

The effect of spicatoside A on MMP-13 mRNA stabiliza-
tion was examined by RT-PCR analysis. When cells were
simultaneously treated with spicatoside A and IL-1f for
6 h, spicatoside A reduced the MMP-13 mRNA level
(Fig. 6a). This reduction may be the sum of the reduced
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Fig. 5 Insignificant role of MAPKs, STAT1/2, c-Jun, c-Fos and NF-
kB in MMP-13 down-regulation by spicatoside A. The cellular level
of the signaling molecule was examined by Western blotting analysis.
a Effect on p38 MAPK, extracellular signal-regulated kinase (ERK)
and c-Jun N-terminal kinase (JNK) activation, cells were treated with
IL-1B for 30 min after pretreatment with spicatoside A for 2 h.
b Effect on the activation of transcription factors, For STAT1/2
activation, cells were treated with IL-1f for 4 h after spicatoside A
pretreatment. For c-Jun, c-Fos and NF-xB activation, cells were
treated with IL-1f for 1 h after spicatoside A pretreatment and the
nuclear proteins were used for Western blotting analysis. Each blot is
a representative of three separate experiments

level of MMP-13 mRNA transcription and the reduced
stability of MMP-13 mRNA. Importantly, when cells were
treated with spicatoside A (5 pM) and actinomycin D
(2 uM) after IL-1p was washed out, MMP-13 mRNA level
was further decreased (41.5 % reduction) compared to that
in the actinomycin D-treated group (Fig. 6b), suggesting
that spicatoside A down-regulates MMP-13 expression, at
least in part, by decreasing MMP-13 mRNA stability.

Inhibition of glycosaminoglycan (GAG) release
from rabbit cartilage by spicatoside A

For examining the effect of spicatoside A on cartilage degra-
dation, rabbit cartilage tissue culture was used. When treatment
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Fig. 6 Effects of spicatoside A on the stability of MMP-13 mRNA.
The levels of MMP-13 mRNA were examined using real-time PCR
method. a Spicatoside A and IL-1P were simultaneously treated for
6 h. DEX is an abbreviation of dexamethasone. b After IL-1B
treatment for 1 h, the media were washed out and cells were treated
with spicatoside A (5 pM) and/or actinomycin D (2 uM) for 2 h.
*P < 0.05, **P < 0.01, significantly different from the IL-1p-treated
control group (n = 3) or IL-1B-treated group with actinomycin D
(n=23)

with IL-1a was performed for 3 days, rabbit cartilage was
degraded and GAG was released into the media (ap-
proximately 2.3 fold increase) as shown in Fig. 7. Under this
condition, spicatoside A blocked the release of GAG (34.2 %)
at 20 pM, although not statistically significantly mainly due to
the large SD value. Dexamethasone (10 uM) used as a refer-
ence drug strongly inhibited GAG release (65.8 % inhibition).

Discussion

The present study has clearly demonstrated that spicatoside
A and its aglycone, 25(S)-ruscogenin, down-regulate
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MMP-13 induction in human chondrocytes, and spi-
catoside A also inhibits cartilage degradation in rabbit
cartilage culture to some degree. The cellular mechanism
of MMP-13 down-regulation by spicatoside A was found to
be a reduction of MMP-13 mRNA stability, at least in part.
Other triterpenoids and steroids examined did not exert
inhibition of MMP-13 expression up to the concentration of
10 pM.

The concentration of the compounds tested initially was
limited to 10 uM, because in the human body, the max-
imum concentration of each compound attainable by oral
treatment with plant extracts or the compounds themselves
is thought to be approximately 10 M or lower. Concen-
trations higher than 10 uM may not be attained even by the
pharmacological treatment. In this pharmacologically-
relevant concentration range, only 25(S)-ruscogenin was
found to be active without any cytotoxic effect and spi-
catoside A caused inhibition at a concentration of less than
10 pM.

In this study, the cellular mechanisms of action of
MMP-13 down-regulation by spicatoside A were eluci-
dated. In SW1353 cells or primary human chondrocyte cell
culture, several signaling pathways are known to be
critically involved in MMP-13 induction (Mengshol et al.
2000; Pei et al. 2006; Lim and Kim 2011). But, contrary to
our expectation, spicatoside A neither affects the MAP
kinase pathway nor inhibits the activation of major tran-
scription factors which are known to be critically involved
in MMP-13 induction. Some other signaling molecules that
were unexamined might have been affected. On the other
hand, it was found that spicatoside A inhibits MMP-13
expression possibly by decreasing MMP-13 mRNA stabi-
lization, at least in part. The possibility of inhibition of the

30

ol L

10

GAG release
(ug/mg cartilage)

0 T T T 1
L1 - + + + (10 ng/ml)

Spicatoside A - - 20 - (um)
DEX - - - 10 (uM)

Fig. 7 Inhibition of GAG release from rabbit cartilage culture by
spicatoside A. The compounds and IL-la were simultaneously
treated. The GAG concentrations in the media were examined.
DEX is an abbreviation of dexamethasone. *P < 0.1, significantly
different from the IL-1a-treated control group (n = 3)
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translation process and/or the release process of MMP-13
to the outside may not be completely excluded. The de-
tailed cellular mechanisms of action need to be elucidated
further.

Several classes of natural products were previously found
to inhibit collagenase expression in certain condition of
chondrocytes or synovial fibroblasts. For example, a flavo-
noid derivative, epigallocatechin-3-gallate, was found to in-
hibit MMP-1, -3 and -13 expression in several cells (Ahmed
et al. 2004; Corps et al. 2004). We have found that certain
flavones including apigenin and several synthetic flavones
such as 2,3,5,7-tertrahydroxyflavone down-regulated
MMP-13 expression in IL-1p-treated human chondrosarco-
ma cell line SW1353. Especially, they inhibited c-Fos/AP-1
activation and JAK/STAT activation (Lim et al. 2011). One
diterpenoid, atractylenolide I, also suppressed MMP-13 ex-
pression in SW1353 cells (Park et al. 2011). Recently, we
have demonstrated that some ginsenosides (dammarane-type
triterpenoid saponins) inhibited MMP-13 induction in IL-1§-
treated SW1353 cells and blocked cartilage breakdown. The
most prominent inhibitor, ginsenoside F4, interferes with the
p38 MAPK pathway (Lee et al. 2014). The present investi-
gation has for the first time demonstrated that steroidal
saponin (spicatoside A) and steroidal sapogenin (25(S)-r-
uscogenin) exert MMP-13 down-regulatory effect.

Spicatoside A is a major ingredient of the tubers of
Liriope platyphylla, used as a remedy for improving
learning and memory and for treating pulmonary inflam-
matory disease in traditional herbal medicine (Hur et al.
2009; Lee et al. 2005). Spicatoside A was reported to en-
hance memory consolidation and increase mucin produc-
tion from airway epithelial cell (Kwon et al. 2014; Park
et al. 2014). However, there has been no report showing the
effect of Liriope platyphylla and its constituents on MMPs.
In this regard, the present investigation may provide a new
possibility of traditional plants containing spicatoside A as
a therapeutic agent in disease treatment related with MMP
expression such as OA.

In conclusion, the present study clearly demonstrates
that spicatoside A and 25(S)-ruscogenin down-regulated
MMP-13 expression in human chondrocyte cell line,
SW1353, at pharmacologically relevant concentrations. It
can be suggested that spicatoside A and 25(S)-ruscogenin
may be beneficial for protecting against cartilage degra-
dation in certain conditions such as arthritis and aging
process. The results also provide a potential therapeutic
possibility for protection against ECM degradation in other
area of the body such as the buccal space.
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