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Abstract: Dioscin has been shown to play important roles in suppression of osteoclast maturation. It is proposed
as a potential natural product for the treatment of osteoclast-related diseases. We hypothesized in this study that
treatment of dioscin on bone marrow mesenchymal stem cells (BMSCs) could increase the osteo-chondrogenic dif-
ferentiation of BMSCs and promote endochondral ossification of BMSCs in bone fracture environment. BMSCs were
extracted from femur and tibia of male C57b mice. Stemness of BMSCs was studied by performing proliferation
assay and multilineage differentiation. Glycosaminoglycans (GAG) and collagen contents were assessed to examine
the chondrogenesis of BMSCs. Real time quantitative PCR was carried out to examine the expression of hypertro-
phic marker collagen type X. Efficacy of Dioscin was then tested in mouse bone fracture model on the distal side of
femur. Results showed treatment of dioscin on BMSCs increased chondrogenic differentiation of BMSCs as well as
the expression of collagen type X. Local delivery of dioscin promoted endochondral ossification at bone fractured
site, as shown by histological examination. Results of immunohistochemistry showed that dioscin increased col-
lagen type X expression in bone facture model of mice. In conclusion, our results demonstrated that treatment of
dioscin promote the hypertrophic differentiation of BMSCs derived chondrocytes. Dioscin could be a useful drug to
promote bone regeneration after fracture.
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Introduction

Traditional Chinese medicine has been used in
China and some other oriental countries for
thousands of years. In the past few decades,
its high efficiency and low toxicity have given us
great hope of finding hidden therapeutic chemi-
cals [1]. It has been reported that the differen-
tiation, proliferation and migration of MSCs can
be regulated by traditional Chinese medicine
treatment [2]. Proliferation and chondrogenic
differentiation were shown to be promoted by
treating Bone Marrow-Derived Mesenchymal
Stem Cells (BMSCs) with some Traditional
Chinese Herbs known to be “Kidney-Tonifying”
[3]. Osteogenic differentiation of BMSCs was
enchanced by quercetin via mitogen-activated
protein kinase signaling [4]. Some traditional
decoction was reported to promote the expres-
sions of angiogenetic miRNA and VEGF in exo-

somes secreted by BMSCs and was believed to
improve angiogenesis of brain tissue after
stroke in rat models [5]. All these recent find-
ings indicated that herbs used in traditional
Chinese medicine was a good source of signal-
ing molecules that could regulate proliferation,
differentiation and apoptosis of BMSCs. More
specifically, these chemicals may be very useful
in muscle-skeletal regeneration.

Dioscin (diosgenyl 2,4-di-O-a-l-rhamnopyrano-
syl-B-D-glucopyranoside) is one of the most
studied bioactive steroidal saponins, that is
originally isolated from natural Dioscorea herbs,
such as D. nipponica Makino and D. zingiberen-
sis Wright [6, 7]. Recent studies had revealed
that dioscin increased superoxide dismutase
expression, reduced intra-cellular reactive oxy-
gen species and malondialdehyde levels,
decreased Bax expression, increased Bcl-2
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expression and protect cardiac cells from isch-
emia/reperfusion injury by regulating the mito-
chondrial apoptotic pathway through delay of
oxidative stress [8]. It is also one of the best
known complementary and alternative clinical
medicines to treat coronary disease and angina
pectoris in China [9]. Results from cell biology
suggested that Dioscin possesses anti-inflam-
matory, lipid-lowering and anti-cancer activities
[10, 11]. It’'s also reported that Dioscin has
potent effects against alcohol-induced liver
injury and nonalcoholic fatty liver disease [12].
More recent studies indicated that Dioscin sup-
pressed RANKL-induced osteoclast differentia-
tion via Akt signaling pathway [13]. However,
the effect of this compound on the function of
osteoblast and differentiation of stem cells
towards osteogenic lineage has not been inves-
tigated so far.

In this study, we treated murine BMSCs with
Dioscin to examine the effects of this chemical
compound on the osteogenic differentiation of
stem cells. A sub-chondral bone fracture and
growth plate injury model was used to study the
effects of Dioscin in vivo. Our data showed that
dioscin could be a potential natural drug for the
treatment of bone fractures.

Materials and methods
Cell culture and laboratory expansion

The use of experimental animals in this study
has been approved by a local Medical Ethical
Committee. BMSCs were isolated from bone
marrow of femur from 8 week old C57 black
mice according to procedures in previous publi-
cations [14, 15]. Three male mice were used for
bone marrow extraction under sterile condition.
BMSCs were then seeded in culture flasks with
MSC proliferation medium (x-MEM supple-
mented with 10% fetal bovine serum, 1%
L-glutamin, 0.2 mM ascorbic acid, 100 U/ml
penicillin, 10 mg/ml streptomycin). Media were
refreshed every 2 days to get rid of non-
attached cells. When cells were confluent, tryp-
sin was used to detached and sub-culture cells.
The cells were expanded to passage 2 before
experimentation. Bone marrow from three male
animal were pooled for in vitro studies. All
reagents used for cell culture were purchased
from Gibco, Invitrogen (Carlsbad, CA), unless
otherwise stated. Routinely used chemicals
were purchased from Sigma-Aldrich (St. Luis,
MlI).

3931

Growth curves of the BMSCs

The growth of BMSCs was examined by direct
quantification of cell numbers using counting
chambers. Initially, 100,000 BMSCs were plat-
edin awell of 12-well plate. Cells were detached
from plastic surface at day 3, day 6, day 9 and
day 12. Cell numbers in each well were then
counted. 3 wells per time point were counted.

Osteogenesis evaluation and alizarin red S
staining

Osteogenic differentiation of BMSCs was
induced in osteogenic medium (OS) containing
DMEM supplemented with 10% FBS, 0.1 nM
dexamethasone, 10 mM B-glycerophosphate
(B-GP), 0.01 uM 1,25-dihydroxy vitamin D3,
and 50 yM ascorbic acid in a-MEM [16]. After 3
weeks induction, BMSCs were fixed with 10%
formalin. Then, mineralized nodules were visu-
alized by alizarin red S staining. Briefly, phos-
phate-buffered saline (PBS) was used to rinse
the plate, before cells were incubated with 40
mM of alizarin red S (pH 4.2) for 10 min. Cells
were rinsed 5 times with water followed by
15-min washing with PBS to reduce nonspecific
staining of alizarin red S. The nodules were pho-
tographed by a phase contrast microscope
(Olympus, Janpan).

Adipogenic differentiation and Oil red O stain-
ing

For adipogenic differentiation, BMSCs were
seeded at density of 12,000 cells/cm? and cul-
tured in adipogenic medium («-MEM supple-
mented with 10% FBS, 10® M of dexametha-
sone, 10 uM of Insulin, 0.5 mM of IBMX (isobu-
tylmethylxanthine), 200 uM of Indomethacin,
100 U penicillin/ml and 100 ug/ml streptomy-
cin) for 3 weeks. Fat droplets were shown by Oil
Red O staining.

Chondrogenic differentiation and toluidine
blue staining

For chondrogenic differentiation, 200,000 of
BMSCs were seeded in one well of a 96-well
plate with round bottom. Cell pellets were made
by centrifuge at 500 g for 3 min. Then pellets
were cultured in chondrogenic differentiation
medium (DMEM supplemented with 40 ug/mL
of proline, 50 ug/mL ITS-premix, 50 ug/mL of
Ascorbic Acid, 100 ug/mL of Sodium Pyruvate,
10 ng/mL of Trans Growth Factor-33, 100 mM
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of dexamethasone, 100 U penicillin/ml and
100 pg/ml streptomycin) for 3 weeks. Pellets
were applied to histological examination as des-
cribed. To test the effects of Dioscin on chon-
drogenic differentiation, 1 pM of Dioscin
(AbCam, Cambridge, MA) was added to the
chondrogenic differentiation medium.

GAG and DNA assay

Cell aggregates were washed with PBS and
digested in proteinase K solution for more than
16 hours at 56°C. GAG content was determin-
ed with 1,9-dimethylmethylene blue chloride
(DMMB) staining by using an Multiskan GO
Microplate Spectrophotometer (Waltham, MA)
at an wavelength of 520 nm. Standard curve
was generated by using series dilutions of
chondroitin sulfate. Quantification of total DNA
using a CyQuant DNA Kit (Molecular Probes,
Eugene, OR) was performed for normalization
purpose.

Collagen quantification

Total collagen content of cell aggregate was
measured by using the hydroxyproline assay
[17]. Briefly, cell aggregates were first disasso-
ciated in papain buffer (0.5 mg/ml of papain in
0.1 M Na,HPO,, 5 mM EDTA, 5 mM L-Cysteine
HCI) for overnight. The digested solutes were
hydrolyzed in 6N HCI at 110°C for overnight.
Hydroxyproline was then measured spectro-
photometrically at absorbance of 560 nm after
reaction with 0.05 M of chloramine-T and 10%
(w/v in 2-methoxyethanol) p-dimethylamino-
benzaldehyde, using a Multiskan GO Microplate
Spectrophotometer. A standard curve was gen-
erated with L-hydroxyproline for calculating the
Hydroxyproline concentration.

RNA isolation and quantitative RT-PCR

Total RNA of cells were isolated with the QlAamp
DNA Mini Kit (Qiagen, Hilden, Germany). One
microgram of total RNA was reverse-tran-
scribed into cDNA using the iScript cDNA
Synthesis kit (Bio-Rad, Hercules, CA). The cDNA
samples were amplified with a Pfu PCR kit
(Tiangen, Beijing, China). Real time PCR was
performed on cDNA samples by using the iQ
SYBR Green Supermix (Bio-Rad, Hercules, CA).
PCR Reactions were performed on MyiQ2 Real-
Time PCR machine (Bio-Rad, Hercules, CA)
under the following conditions: reaction mix-
ture was preheated for 15 min at 95°C for acti-
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vation of Taq enzyme, denatured for 5 min at
95°C, followed by 45 cycles, consisting 15 s at
95°C, 15 s 60°C and 30 s at 72°C. For each
reaction a melting curve was generated to test
primer dimer formation and non-specific prim-
ing. The primers for real-time PCR are as fol-
lows: Col2al Forward: 5-GGGTCACAGAGGT-
TACCCAG-3’, Reverse: 5-ACCAGGGGAACCACT-
CTCAC-3’; Col10al Forward: 5-TTCTGCTGCTA-
ATGTTCTTGACC-3’, Reverse: 5'-GGGATGAAGTA-
TTGTGTCTTGGG-3’; GAPDH Forward: 5-AATG-
GATTTGGACGCATTGGT-3’, Reverse: 5-TTTGCA-
CTGGTACGTGTTGAT-3". Calculation of Relative
Expression was based on the double delta Ct
method [18]. GAPDH was used for normali-
zation.

Immunofluorescence and immunohistochem-
istry

Cell aggregates were washed briefly with PBS,
fixed in 4% paraformaldehyde overnight. 10 um
cryo-sections of cell aggregates were cut with a
cryotome (Cryotome™ FSE Cryostats, Thermo
Scientific, Waltham, MA). Sections were perme-
abilized and blocked in a mixture of 1% Triton-X
100 and 1% bovine serum albumin (BSA) for 15
min at room temperature. Slices were incubat-
ed with rabbit polyclonal antibodies against
collagen type Il or collagen type X (AbCam,
Cambridge, UK) at 4°C overnight. Sequentially,
slides were washed and incubated with sec-
ondary antibodies conjugated to Alexa 488
(Invitrogen, Carlsbad, CA), and nuclei were
counter-stained with 4,6-diamidino-2-phenylin-
dole (DAPI; Molecular Probes, Eugene, OR).
After rinsing with TBS, sections were examined
and imaged with DMi 6000 B fluorescent micro-
scope (Leica, Bensheim, Germany).

For immunohistochemistry, paraffin sections of
distal femur were used. Briefly, sections were
deparaffinied and rehydrated with routine pro-
cedure. After antigen retrieval, sections were
incubated overnight at 4°C with rabbit poly-
clonal antibodies against collagen type Il or col-
lagen type X (AbCam, Cambridge, MA). Sections
were incubated with secondary biotinylated
antibodies and horseradish peroxide-conjugat-
ed streptavidin to detect the primary antibod-
ies. The peroxidase reaction was developed
using 3,3-diaminobenzidine tetrahydrochloride
as chromogens. After rinsing in distilled water,
sections were dehydrated in ethanol series,
cleared in xylene and mounted with cover slips
for microscopic photograph.
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Figure 1. Growth curve and multilieage differentiation of bone marrow mes-
enchymal stem cells. A: Morphology of BMSCs at passage 2 in culture flasks
was illustrated by phase contrast image. Bar = 100 ym. B: Growth curve of
BMSCs at passage 2. C: Adipogenic, osteogenic and chondrogenic differen-
tiation of BMSCs were examined by Oil Red O, Alizarin Red S, and Toluidine

Blue staining. Bar = 100 pym.

Subchondral bone fracture on distal femur

Twelve mice were operated to create a drill-hole
injury in subchondral bone on the distal end of
femur following an established protocol [19].
Briefly, under isoflurane inhalation, a 5-mm lon-
gitudinal incision was made on the skin to
expose the anterior-medial aspect of the distal
femur and growth plate of the left hind limb. A
cortical window in the metaphyseal bone on
the medial side was firstly made with a
Kirschner wire (2 mm in diameter). Then the
Kirschner wire passed through the epiphyseal
growth plate region perpendicularly via the cor-
tical window. The articular surface of the femur
was kept intact. After surgery, six mice were fed
with normal water, while the other six were
administrated with 40 mg/kg/day of Dioscin.
On week 4 post-operation, mice were eutha-
nized for examination. Distal left femur speci-
mens were collected, containing the articular
cartilage, epiphysis, growth plate and surround-
ing metaphysis to a distance of 5 mm, fixed in
10% buffered formalin for 48 h, decalcified
with Richard-Allan Scientific™ Decalcifying
Solution (Richard-Allan Scientific, Kalamazoo,
MI) at room temperature for >16 h. The speci-
mens were processed routinely for paraffin
embedding.
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Days
Chondrogenesis

Statistical analysis

All statistical analysis was
made by using the Student’s t
test for paired samples. P val-
ues of <0.05 were considered
as statistically significant.

Results
9 12
Dioscin increases chon-
drogenic differentiation of
BMSCs

Mesenchymal stem cells iso-
lated from mouse bone mar-
row were characterized for
basic stem cells properties.
As shown in Figure 1A,
BMSCs displayed spinal sh-
ape with some feeler spread-
ing out. BMSCs cultured in
intro showed exponential gr-
owth rate after a few days
seeding in culture plates (Fig-
ure 1B). Triple-lineage differ-
entiation of BMSCs was also tested. Qil red O
staining, Alizarin red S staining and Toluidine
blue staining confirmed the adipogenic, osteo-
genic and chondrogenic potentials of BMSCs
respectively (Figure 1C).

Then, Dioscin was added to culture medium (1
uUM) to test its effect on chondrogenic differen-
tiation of BMSCs. After 3 weeks culture in dif-
ferentiation medium, BMSCs pellets deposit-
ed significant amount of glycosaminoglycans
(GAG), as shown by toluidine blue staining
(Figure 2A). With 1 uM of Dioscin in the medi-
um, BMSCs deposit more GAGs. Notably, the
number and size of lacunae formed by BMSCs-
derived chondrocytes is bigger in pellets treat-
ed with Dioscin than pellets without Dioscin.
Total GAGs in pellets were measured spectro-
photometrically. Total collagens were quantified
as well by measuring concentration of hydroxy-
proline. Dioscin treatment significantly increas-
ed the contents of GAGs and collagens in
BMSCs pellets (Figure 2B, 2C).

BMSC-derived chondrocytes become hypertro-
phic after dioscin treatment

Since the size of lacunae is an indication for
hypertrophic differentiation and terminal matu-
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Figure 2. Dioscin increases chondrogenic differentiation of BMSCs. A: To-
luidine blue staining showed the deposition of GAGs in BMSCs pellets. Bar
= 50 um. B: Total GAGs were measured by spectrophotometry. C: Total col-
lagens were quantified by hydroxyproline assay. Statistical analysis was per-

formed by student’s t-test.

ration of chondrocytes [20], we speculated that
Dioscin treatment may increase the hypertro-
phy of BMSCs derived chondrocytes. Collagen
type X was considered as the most exclusive
marker for hypertrophic differentiation of ch-
ondrocytes [21]. Collagen type Il and type X
expressions were examined by immunofluores-
cent staining and qRT-PCR. As shown in Figure
3A and 3B, Dioscin treatment clearly increased
the expression of collagen type Il and type X at
protein level. This expression was confirmed at
the mRNA level by real time PCR (Figure 3C,
3D).

Dioscin stimulate endochondral ossification
after sub-chondral bone fracture and growth
plate injury

To test if Dioscin increase endochondral ossifi-
cation, mice carried subchondral bone fracture
were give 40 mg/kg/day of Dioscin by oral
administration. Four weeks after injury, femoral
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P=0.0028

samples of the mice were col-
lected for histological exami-
nation. Dioscin treated mice
formed large piece of carti-
laginous tissue at the site of
injury, while control mice pro-
duced some fibrotic tissue in
the middle of injury site (Fig-
ure 4). Results of immunohis-
tochemistry indicated that the
cartilaginous tissues formed
in Dioscin treated mice were
positive for collage type Il and
type X, but negative for colla-
gen type | staining (Figure 5).
Meanwhile, fibrotic tissues in
control mice expressed a mix-
ture of collagen type | and
type Il. Weak expression of
collagen type X was found on
these tissues. At the bound-
ary between original tissue
and injury site, we observed
transitioning tissues between
GAG-rich cartilage and calci-
Dioscin fied bone in both Dioscin
treated mice and control mice
(Figure 4). However, the tran-
sitioning tissue was much
more abundant in Dioscin
treated mice than in control
mice.

Discussion

In recent years, the role of Dioscin on inhibiting
osteoclast maturation has drawn attention. As
a natural product, it may provide new therapeu-
tics for bone related diseases. In this study, we
tested the effects of Dioscin on bone regenera-
tion using both in vitro and in vivo models. Our
data indicated that that chondrogenic differen-
tiation of BMSCs was increased by Dioscin.
Hypertrophic differentiation of BMSCs derived
chondrocytes was accelerated by treatment of
Dioscin. In a mouse subchondral bone fracture
model, Dioscin was shown to improve endo-
chondral bone formation.

Herbs were widely used in Traditional Chinese
Medicine (CHM) to treat bone disease for thou-
sands of years [22]. They are normally low-cost
with very few side effects comparing to synthe-
sized chemical-based drugs. Since been tested
for many years, Chinese herbal formula is gen-
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Figure 3. Dioscin promotes expression of collagen type Il and type X. A, B:
Immunofluorescent staining showed the expression of collagen type Il and
type X in pellets. Bar = 50 ym. C, D: Expressions of collagen type Il and type
X at mRNA level were measured by real time PCR. Asterisks indicated that
P<0.01.

ucts from traditional Chinese
herbs were alternative sourc-
es for bone growth factor that
could be used in bone regen-
eration [24]. Recently, a few
compounds purified from the
leaf or stem of plants which
were used in Traditional Ch-
inese Medicine had been
shown to improve bone heal-
ing in animal models and
human patients [25, 26]. To-
tal extracts from Dioscorea
nipponica Makino synergisti-
cally attenuated the loss of
bone mass after ovariectomy,
suggesting natural products
from Dioscorea nipponica
Makino could potentially reg-
ulate the balance of mineral
deposition and absorption
[27]. It's also reported that
extracts from roots of Dio-
scorea batatas stimulated
maturation of osteoblasts by
increasing extracellular ma-
trix synthesis, collagen pro-
duction, Alkaline phosphata-
se activity, and calcium depo-
sition [28]. As the main bioac-
tive steroidal saponins that
isolated from the plants be-
long to Dioscorea Genus, Dio-
scin was never been reported
to regulate the maturation
and hypertrophy of chondro-
cytes. Data from the current
study showed that Dioscin
increased the chondrogenic
differentiation of BMSCs as
well as the hypertrophy of
BMSCs derived chondrocy-
tes.

Endochondral ossification is
the key process for long bone
formation and growth during
the skeleton development
and maturation [29]. This pro-
cess involves replacement of
the primordial cartilaginous

erally considered as a safe alternative medi- template by bone tissue through temporally
cine for bone-related diseases such as osteo- and spatially coordinated events of chondro-
porosis [23]. It was believed that natural prod- cyte proliferation, elongation, differentiation,
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Figure 4. Dioscin enhances endochondral ossification in bone fracture. Saf-
ranin O/Fast green/Hematoxylin staining was performed at week 4 after sur-
gery. Bar = 100 um. A, C: Showed the cartilage templates at the injury site
at different magnification. B, D: Showed ossification zone at the injury site.

CoL | coLll

Figure 5. Dioscin increase collagen type X expression at the injury site. Im-
munohistochemistry was carried out on mice 4 weeks after surgery. Bar =

50 ym.

and hypertrophy. As the final step of the pro-
cess, hypertrophic cartilage calcified, blood
vessels invaded, and bone matrix formed to
replace the cartilage template [30]. For treat-
ment of critical bone defects, autograft is cur-
rently considered the best in the medical appli-
cations, with all the characteristics indispens-
able for bone regeneration: osteogenesis,
osteoconductivity, and osteoinductivity [31,
32]. Availability and donor site morbidity is the
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major concern for autografts.
Another option for bone re-
generation is to use suitable
bioactivity and appropriate
degradation of biomaterials
to engineer large piece of
bone tissue [33]. Large piece
of in vitro engineered bone
tissue contained living cells
which required significant am-
ount of oxygen and nutrients
after implantation [34]. Unlike
autograft which is highly vas-
cularized, engineered bone
tissue normally experienced
ischemia right after implan-
tation due to lack of vascula-
ture [35]. However, engineer-
ing bone tissue through en-
dochondral ossification might
a good strategy to tackle th-
is problem, since vasculariza-
tion is the natural step prior
to endochondral bone forma-
tion. In the current study, en-
dochondral ossification was
promoted in mice with bone

COL X fracture by oral administra-

tion of Dioscin. Dioscin could
be used as a bioactive mole-
cule in engineering bone
tissue though endochondral
ossification.

Hypertrophic differentiation
of chondrocyte is one of the
major physiological events
happened in the process
of endochondral ossification.
Collagen type X expression is
only detected in deep zone
cartilage and growth plate
cartilage, where hypertroph-
ic chondrocytes were found
[21]. The exclusive distribu-
tion of collagen type X in hypertrophic cartilage
implies an important role in endochondral ossi-
fication that this particular type of collagen
must play. It's reported that in an experimental
fractures model of chicken humerus, collagen
type X synthesis only occurred in the areas of
cartilaginous callus composed of hypertrophic
and degenerative chondrocytes, but not in
either skeletal muscle or bone [36]. Another
piece of evidence linked collagen type X with

Am J Transl Res 2016;8(9):3930-3938
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endochondral ossification laid in osteoarthritic
cartilage. Gene expression of collagen type X
was detected in areas where there appeared to
be a re-initiation of the endochondral bone for-
mation [37, 38]. Collagen type X was used as
the molecular marker in this study to indicate
hypertrophy of BMSCs derived chondrocytes.
We also found a strong relationship between
collagen type X expression and endochondral
ossification. Dioscin treatment in vitro and in
vivo significantly increased the expression of
collagen type X at both mRNA and protein level.

In conclusion, our data obtained from the cur-
rent study indicated that hypertrophic differen-
tiation of BMSCs derived chondrocytes was
accelerated Dioscin in pellet cultures. Results
from subchondral bone fracture models dem-
onstrated that Dioscin increased the endo-
chondral ossification after bone fracture.
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