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Abstract

Aims: The Chinese medicinal herb, Panax
notoginseng, has long been used to treat bone
fractures and Panax notoginseng saponins (PNS)
could promote bone formation. We investigated the
effects of PNS on gap junction intercellular
communication (GJIC) and osteogenesis-associated
genes in rat bone marrow stromal cells (BMSCs).
Methods and Results:Our MTT assays demonstrated
that PNS enhanced BMSC proliferation under basal
medium culture in vitro. Alkaline phosphatase (ALP)
assays and alizarin Red staining showed that PNS
stimulated ALP activity and calcium deposition by
BMSCs. Measurement of the traversing of Lucifer
yellow through intercellular junctions revealed that
PNS significantly stimulated GJIC activities. RT-PCR
assays further showed that PNS augmented the
increase in the mRNA levels of ALP, core-binding factor
a1, and bone sialoprotein while decreasing the mRNA
level of PPARy2. PNS also reduced RANKL levels and

increased osteoprotegerin levels. Gap junction
inhibitor, 18a-glycyrrhetinic acid, could partially
reverse the actions of PNS on BMSCs. Conclusions:
Our findings indicate that PNS could promote
osteogenesis of BMSCs by targeting osteogenesis-
associated genes, which could be mediated by their
actions on GJIC.

Copyright © 2010 S. Karger AG, Basel

Introduction

Bone marrow stromal cells are pluripotent cells that
can be induced to undergo differentiation into multiple
cell lineages including osteoblasts, chondrocytes,
adipocytes, and other types of cells and they are often
considered the precursor cells of the osteoblast lineage
[1].These cells have been attempted for bone regeneration
in animal models [2] and, when implanted in vivo on a
three-dimensional scaffold into immunocompromised
mice, they could form bone and hematopoiesis-supportive
stroma. Ex vivo expanded bone marrow stromal cells
have been employed in clinical trials for repairing large
bone segmental defects [3].
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Bone repair is a dynamic process achieved by bone
remodeling that involves the coordinated actions of
osteoclasts, osteoblasts, osteocytes within the bone matrix,
and osteoblast-derived lining cells that cover the bone
surface. Osteoblasts are at the epicenter of this process
because they are responsible for matrix production and
mineralization of the bone, and they also receive and
process most mechanical and chemical signals to the
bone, and likely direct osteoclast function [4].
Bone remodeling is initiated with osteoclast formation
followed by osteoclast-mediated bone resorption and
subsequent osteoblast-mediated bone matrix formation
with the mineralization of the matrix. Direct intercellular
contact and communication are of obvious relevance
to osteoblasts, which are interconnected by abundant
junction structures, including gap junctions. Gap junctions
are aqueous intercellular channels that are formed by the
juxtaposition of two hemichannels in adjacent cells and
allow the diffusion of small molecules and ions from cell
to cell. Abundant evidence indicates that gap junction
intercellular communication may play importantroles in
transducing mechanical signals throughout the bone cells
and is critically important in osteoblast proliferation and
differentiation [5].

Panax notoginseng is a traditional Chinese herbal
medicine and has been used to promote bone healing after
fracture since ancient time. The main bioactive
constituents of Panax notoginseng are Panax
notoginseng saponins (PNS) [6] whose three major
components are ginsenoside Rg, and Rb, and
notoginsenoside R, [7] Panax notoginseng saponins
could produce a myriad array of pharmacological
responses such as antioxidative [8] and anti-inflammatory
response [9]. Ginsenoside Rg,, a major component of
Panax notoginseng saponins, could stimulate alkaline
phosphatase activities and increase the number of
osteoblasts in vitro [10]. Additionally, ginsenoside Rg,
was found to promote the proliferation of bone marrow
stromal cells [11]. In ovariectomized rats, Panax
notoginseng saponins could improve bone strength and
trabecular microarchitecture and promote bone mineral
density [12]. It was also found that ginsenoside Rg , when
incorporated into polypropylene fumarate and calcium
phosphate bone cement composite, could promote
angiogenesis of osteonecrosed femoral head with
disrupted bone blood supply [13]. These findings suggest
that Panax notoginseng saponins could be of potential
therapeutic uses for such conditions as bone nonunion,
osteoporosis and osteonecrosis.

Ginsenoside has also been found to be capable of
modulating gap junction intercellular communication.
Ginsenoside Rgl could protect against hypoxia/
reoxygenation-induced injury to gap junction intercellular
communication [ 14] whereas ginsenoside-Rd could inhibit
interleukin 1 alpha-mediated reduction in gap junction
intercellular communication activities [15]. We
hypothesized that Panax notoginseng saponins could
promote osteogenesis of bone marrow stromal cells by
modulating the activities of gap junction-mediated
intercellular communication. In this study, we isolated rat
primary bone marrow stromal cells and investigated the
effects of Panax notoginseng saponins on bone marrow
stromal cells under osteogenic induction. We further
studied whether Panax notoginseng saponins promoted
osteogenesis of bone marrow stromal cells through the
involvement of gap junction-mediated intercellular
communication.

Materials and Methods

Preparation of bone marrow stromal cells

Four-week-old male Sprague-Dawley rats were purchased
from the Experimental Animal Center of Shantou University
Medical College, Shantou, China. The animals were housed
in environmentally controlled conditions (22°C, a 12-h light/
dark cycle with the light cycle from 6:00 to 18:00 and the dark
cycle from 18:00 to 6:00) with ad libitum access to standard
laboratory chow. The study protocol was approved by the
local Institution Review Board and all animal experiments were
performed according to the guidelines of Institutional Animal
Care and Use Committee of Shantou University Medical College.
Primary bone marrow stromal cells were collected from the
epiphyseal regions of the femora and tibia as previously
described [16] and primary cells at passage three to six were
typically used for experiments.

Flow cytometry analysis

BMSCs surface markers were detected on passage
three cultures of bone marrow stromal cells using flow cytometry
and the following procedure. 10°cells were incubated with
either isotypic control (Biolegend, San Diego,USA) or
monoclonal antibody against FITC-conjugated anti-rat CD90
(Biolegend, San Diego,USA), phycoerythrin-conjugated
anti-rat CD45 (Biolegend, San Diego,USA), phycoerythrin-
conjugated anti-rat CD44 (Serotec, Kidlington,UK), and
phycoerythrin-conjugated anti-rat CD11b (Biolegend, San
Diego,USA) for 30min on ice in the dark. Then the
incubated cells had been washed twice with cold HBSS,
surface markers were measured by flow cytometry.
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Gene and Genebank . Tm (°C)  Product
. Primer sequence (forward/reverse) .
accession no. size (bp)
5’-AAGGTGGTGGACGGTGAACGGGAGAACG-3” 655

ALP (103572) 5’-CGGGCGGAAGTGAGGCAGGTAGCAAAC-3’ 453
5’-GCTATGAAGGCTACGAGGGTCAGGATTAT-3>  59.1

BSP (NM_012587) 5’-GGGTATGTTAGGGTGGTTAGCAATGGTGT-3" 386
5’-CCTCACAAACAACCACAGAAC CA-3’ 60

Cbfal (AF033950) 5°-AACTGA AAATACAAA CCATACCC-3° 323
5’-CAGGCTTGCTGAACGTGAAG-3" 60

PPARY2 (NM_O13124) 5’-ACGTGCTCTGTGACAATCTGC-3” 177
5’-GCCTACTTCAATGGCTGCTC -3° 544

Cx43 (X06656) 5’-GAGTACCAACTCCACGGGAA-3’ 453

GADPH (AB017801) 5-TGCTGAGTATGTCGTGGAG-3 52.8 618

5’ -GCATCAAAGGTGGAAGAAT-3’

Table 1. PCR primer sequences and cycle conditions Note: ALP, alkaline phosphatase; BSP, bone sialoprotein; Cbfal,

core-binding factor al; PPARY2, peroxisome proliferator activated receptor gamma 2 ; Cx43, connexin 43; GADPH,

glyceraldehyde-3-phosphate dehydrogenase.

Cell proliferation and osteogenic differentiation assays

Cells were plated in a 96-well plate at a density of 1x10*
cells per well and, after a 24-h incubation, were treated with
Panax notoginseng saponins (Wu-Zhou Pharmaceutical Group,
Wuzhou, China) at 10, 50, or 100 pg/ml. Cell viability was
assessed by the tetrazolium-based semi-automated colorimetric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) reduction assay (Nanjing Keygen Biotech, Nanjing,
China) at the appropriate time points and absorbance was read
at 490 nm using a microtiter plate reader (KHB Labsystems
Wellscan K3, Finland). For induction of osteogenic
differentiation, bone marrow stromal cells were seeded at a
density of 1x10* cells/cm? and were grown under osteogenic
induction medium (OIM in Dulbecco’s modified eagle medium
(DMEM) (Gibco, Gaithersburg, MD) supplemented with 0.1
UM dexamethasone, 50 uM ascorbate acid, and 10 mM B-
glycerophosphate sodium). In addition, cells were treated with
Panax notoginseng saponins at 10, 50, or 100 pg/ml in the
presence or absence of 100 pg/ml Panax notoginseng saponins
and 30 pm 18a-glycyrrhetinic acid (4GA). Alkaline phosphatase
activity was determined as previously described [17] at the
appropriate time points by measuring p-nitrophenyl phosphate
using a commercially available kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) and was normalized
against total cellular protein content. In addition, mineralization
of bone marrow stromal cells was determined by alizarin Red S
staining as previously described [18]. Alizarin red S
concentrations were calculated by comparison with an alizarin
red S dye standard curve and expressed as nmol/ml after
normalization against the total cellular protein and expressed
as nmol/mg protein.

Reverse transcription-polymerase chain reaction

Total cellular RNA was isolated from bone marrow stromal
cells using. Total RNA Kit following the manufacturer’s
recommended protocol (Tiangen, Beijing, China). First-strand
cDNA synthesis was carried out by reverse transcription using
oligo (dT) from isolated RNA samples and DNA was then used
as templates for polymerase-chain reaction (PCR). The PCR

conditions and the sequences of primers are listed in Table 1
for the genes encoding the following proteins: connexin 43,
alkaline phosphatase, core-binding factor al, bone sialoprotein,
peroxisome proliferator activated receptor gamma 2 (PPARYy2),
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
The PCR products were resolved by 2% agarose gel
electrophoresis and visualized with ethidium bromide. The
relative expression of each gene was quantified by densitometry
using the Gel Image Ver. 3.74 System (Tianon, Shanghai, China)
and normalized against GAPDH.

Western blotting studies

The cells were lysed using RIPA lysis buffer containing
50 mM Tris—HCI1 (pH 7.6), 150 mM NaCl, 1% sodium
deoxycholate, 1% NP-40, 0.5 mM phenylmethylsulfonyl
fluoride, and 1 mM EDTA. Supernatants were collected and
protein concentration was determined by BCA assay kit. For
western blot analysis, 20 pg of each protein sample underwent
10% SDS-PAGE and electrotransferred onto polyvinylidene
fluoride membranes. After being washed three times with PBS
buffer, the membranes were blocked in 5% nonfat dry milk for 1
h and incubated sequentially with primary and secondary
antibodies. The primary antibodies was Cx43 at 1:200(Boster
Biological Technology). After incubation with horseradish
peroxidase conjugated secondary antibody for 1 h at room
temperature, the immune complexes were visualized by
enhanced chemiluminescence methods. The band intensity was
measured and quantitfied and normalized against GADPH and
analyzed using the Quantity One software (BioRad, USA).

Measurement of gap junction-mediated intercellular

communication and enzyme linked immunosorbent

assays

Gap junction intercellular communication activity was
measured by scrape loading/dye transfer assay as described
previously [19]. The number of cell layers traversed by Lucifer
yellow in each well was counted in five separate fields under
the microscope. For enzyme linked immunosorbent assays
(ELISA), the content of the receptor activator of nuclear factor
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B ligand (RANKL) and osteoprotegerin(OPG) in the cell culture
medium and cell lysates were measured by commercially
available ELISA kits according to the manufacturer’s
instructions (Boster Biological Technology). RANKL and
osteoprotegerin content was normalized against total cellular
protein and expressed as ng/mg protein.

Statistical analysis

The data were expressed as means + standard deviation
(s.d.) for three or more independent experiments. Statistical
significance was estimated by one-way ANOVA with
Bonferroni’s post test (multiple comparisons), and Student-
Newman-Keuls test (comparisons between two groups) was
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Fig. 2. A. Panax Notoginseng saponins

(PNS) promoted the proliferation of bone A 1.2 p — Control

marrow stromal cells (BMSCs) in a dose- b= 1ougmi
dependent manner. BMSCs were treated - —+— 50pgiml
with PNS at 10, 50 or 100 pg /ml for 1to 9 d, o 0.8 I -=-100ug/mi
and the proliferation rate was assessed by ff 0.6

the MTT assays. The data represents the Eoatl

mean £ SD in five times independent 05

experiments (n=3). B, C. Panax Notoginseng '

saponins (PNS) potentiated the minera-
lization of bone marrow stromal cells
(BMSCs) under osteogenic induction.
Mineralization was quantified by Alizarin
Red S assay after BMSCs underwent
osteogenic induction in the absence or
presence of PNS (10, 50 and 100 pg/ml) for
21 d. B. Alizarin Red S showed that PNS
enhanced positive staining of BMSCs in a
dose-dependent manner. C. The minerali-
zation was quantified by a destaining
procedure. Data represents the mean = SD
in five times independent experiments (n=3).
1P < 0.01 versus osteogenic induction only
group; °P < 0.01 versus 10 pg/ml group;
°P <0.01 versus 50 pg/ml group. D. The effect
of Panax Notoginseng saponins (PNS) on
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used where appropriate. A P value less than 0.05 was considered
statistically significant. All bioassay were at least three times
independently experiments.

Results

Characterisation and phenotyping of bone

marrow stromal cells

There is no single specific marker for bone marrow
stromal cells. Therefore, the three passaged bone marrow
stromal cells were incubated with antibodies against of

CD90, CD44, CD45 and CD11b, and results showed that
they were positive for BMSCs markers (CD90,99.49%;
CD44,98.99%) (Fig. 1B and 1C) and negative for
hematopoietic markers (CD45,1.26%; CD11b,0.90%)
(Fig.1D and 1E).

Panax notoginseng saponins potentiate the

proliferation and osteogenesis of bone marrow

stromal cells

We isolated primary bone marrow stromal cells from
the epiphyseal regions of the femora and tibia of rats and
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Fig. 3. Effects of
Panax Notoginseng
saponins (PNS) on
gap junction inter-
cellular communica-
tion (GJIC) activity
and expression of
connexin 43 (Cx43).
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¢P < 0.01 versus 100 pg/ml PNS group. C. Cx43 mRNA level were measured by RT-PCR. D. Densitometric analysis of the genes
described in C. Data represents the mean + SD in three times independent experiments. *P < 0.01 versus control ;*P < 0.01 versus
OIM; P < 0.01 versus 100 pg/ml PNS group. E. Western blotting analysis of Cx43. F. The band density in Western blotting was
quantified by densitometry. Data represents the mean £ SD in three times independent experiments. *P < 0.01 versus control; *P
< 0.01 versus OIM group; °P < 0.01 versus 100 pg/ml PNS group. G. BMSCs were culture in OIM or OIM with 100 ug /ml PNS in
presence or absence 4GA for 0,3,7,11,and 14 days,then subjected to the intracellular ALP enzyme assay. Data represent the mean
+ SD in four times independent experiments (n=5).P<0.01 versus OIM ;°P<0.05 versus OIM; °P>0.05 versus OIM; ¢P<0.01 versus
100 pg/ml PNS group. H, 1. H.Mineralization was quantified by Alizarin Red S assay after BMSCs were cultured in OIM or OIM
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attenuated by AGA.I. Mineralization was quantified by a destaining procedure. Data represents the mean = SD in five times
independent experiments (n=3).*P< 0.01 versus OIM ;°P < 0.01 versus 100 pg/ml PNS group.

grew them under osteogenic conditions. We then
examined the effect of Panax notoginseng saponins on
the growth of bone marrow stromal cells. Cell viability
assays using MTT indicated that Panax notoginseng
saponins dose-dependently potentiated the proliferation
of bone marrow stromal cells in vitro (Fig. 2A). We
examined the mineralization of these bone marrow stromal

cells by alizarin Red S staining on day 21 of osteogenic
induction, which revealed that, compared with the cells
grown under non-osteogenic conditions, bone marrow
stromal cells under osteogenic induction showed apparent
calcium deposition and also exhibited increased alkaline
phosphatase activities over time (Fig. 2B to 2D). We
further investigated the effect of Panax notoginseng
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Fig. 4. A. Osteogenic [ A
and adipogenic
marker gene expre- ALP
ssion was measured
by semiquantitative
RT-PCR. Bone marrow
stromal cells (BMSCs)
were grown in the BSP
osteogenic induction
medium (OIM) or OIM
with 100 pg /ml Panax
Notoginseng sapo-
nins  (PNS). B.
Densitometric ana-
lysis of the genes B
described in A. Data
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measured by semiquantitative RT-PCR. BMSCs were grown in OIM or OIM with 100 pg/ml PNS in the presence or absence of AGA
for 14 d.D. Densitometric analysis of the genes described in C. Data represents the mean + SD in three independent experiments.

aP < 0.01 versus OIM ;°P < 0.01 versus 100 pg/ml PNS group.

saponins on the osteogenesis of bone marrow stromal
cells and found that Panax notoginseng saponins
promoted the mineralization of bone marrow stromal cells
in a dose-dependent manner as revealed by alizarin Red
S staining (Fig. 2B and 2C). Compared with bone marrow
stromal cells under osteogenic induction only, bone marrow
stromal cells treated with 10 pg/ml Panax notoginseng
saponins exhibited a significant increase in the level of
mineralization (P < 0.01) (Fig. 2C), 50ug/ml Panax
notoginseng saponins resulted in a noticeably higher
mineral content in bone marrow stromal cells than those
treated with 10 ug /ml Panax notoginseng saponins
(P < 0.01).Furthermore,100 ug/ml Panax notoginseng
saponins showed the highest calcium deposit, suggesting
a dose-dependent effect of Panax notoginseng saponins
in stimulating the mineralization of bone marrow stromal
cells. Measurement of alkaline phosphatase activities
indicated that Panax notoginseng saponins caused a
similar dose-dependent increase in alkaline phosphatase
activities in bone marrow stromal cells under osteogenic
induction (Fig. 2D). These findings together indicated that
Panax notoginseng saponins could promote osteogenesis
of primary bone marrow stromal cells in vitro. As 100

ug/ml Panax notoginseng saponins showed the most
significant differences on osteogenesis of primary bone
marrow stromal cells (Fig.2C and D).Therefore, 100 png/
ml was selected as the optimal concentration of Panax
notoginseng saponins to use in the rest of the experiments.

Panax notoginseng saponins potentiate

osteogenesis of bone marrow stromal cells by

modulating gap junction intercellular commu-

nication activity

To further examine the mechanisms whereby Panax
notoginseng saponins potentiated the osteogenesis of
bone marrow stromal cells, we investigated the effects
of Panax notoginseng saponins on gap junction
intercellular communication, which has been considered
critically important for osteoblast proliferation and
differentiation [20], during osteogenic induction of bone
marrow stromal cells in vitro. We studied the effect of
Panax notoginseng saponins on gap junction intercellular
communication activity by measuring the traversing of
Lucifer yellow through intercellular junctions. We found
that, compared with unstimulated cells, osteogenic
induction of bone marrow stromal cells was associated
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Fig. 5. A. RANKL protein levels in the cell
culture supernatants and cell lysates were A acontrol
evaluated by commercial ELISA kits. Data £ % BOIM
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with a significant increase in gap junction intercellular
communication activity at day 14 of induction (P <0.01)
(Fig. 3A and 3B). Additionally, 100 pg /ml Panax
notoginseng saponins markedly potentiated the increase
in gap junction intercellular communication activity in bone
marrow stromal cells under osteogenic induction (Fig. 3B).
Gap junction inhibitor, 18a-glycyrrhetinic acid, could
significantly attenuate Panax notoginseng saponins-
mediated increase in gap junction intercellular
communication activity in bone marrow stromal cells (P
< 0.01). These results indicated that gap junction
intercellular communication could play a critical role in
Panax  notoginseng-potentiated  osteogenic
differentiation of BMSCs. Consistent with this role of
gap junction intercellular communication, both the mRNA
and protein content of connexin 43 were increased by

treatment with Panax notoginseng saponins (Fig. 3C to
3F). Pretreatment with 18aglycyrrhetinic acid, however,
could attenuate the saponins-potentiated increase in
connexin 43. Our findings suggested that connexin 43
could be involved in Panax notoginseng saponins-
potentiated increase in gap junction intercellular
communication activities in bone marrow stromal cells
during osteogenic differentiation.

To further confirm that Panax notoginseng saponins
could promote the osteogenesis of bone marrow stromal
cells by modulating gap junction intercellular
communication activity, we examined Panax
notoginseng saponins-potentiated mineralization of these
bone marrow stromal cells under osteogenic induction in
the presence or absence of 18a-lycyrrhetinic acid. A
marked rise in alkaline phosphatase activity was observed
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in bone marrow stromal cells treated with 100 pg /ml
Panax notoginseng saponins; this rise, however, was
significantly attenuated by 18a—glycyrrhetinic acid
(P < 0.01) (Fig. 3G). Alizarin red S staining further
revealed that 100 pg /ml Panax notoginseng saponins
also significantly augmented the mineral content in bone
marrow stromal cells under osteogenic induction, which,
however, could be significantly attenuated by
18a-glycyrrhetinic acid pretreatment (Fig. 3H and 31)
(P < 0.01). These findings demonstrated that Panax
notoginseng saponins modulated gap junction
intercellular communication activities in bone marrow
stromal cells.

Panax notoginseng saponins stimulate

osteogenesis of bone marrow stromal cells by

targeting osteogenesis-associated genes

We further examined whether Panax notoginseng
saponins potentiated the osteogenesis of bone marrow
stromal cells by targeting genes associated with
osteogenesis. Our RT-PCR analysis showed that, at
day 14 of treatment, Panax notoginseng saponins 100
pg /ml markedly increased the mRNA levels of alkaline
phosphatase, core-binding factor al, and bone sialoprotein
(Fig. 4A and 4B). On the other hand, Panax notoginseng
saponins caused a noticeable reduction in the transcript
levels of PPARY2. The above findings indicated
that Panax notoginseng saponins stimulated the
osteogenesis of bone marrow stromal cells by targeting
genes associated with osteogenesis. We further treated
bone marrow stromal cells with Panax notoginseng
saponins in the presence or absence of 18a-glycyrrhetinic
acid. Our RT-PCR analysis showed that 100 ug /ml Panax
notoginseng saponins noticeably increased
the transcript levels of alkaline phosphatase, core-binding
factor al, and bone sialoprotein; this increase, however,
was significantly attenuated by the presence of
18a-glycyrrhetinic acid (P < 0.01) (Fig. 4C and 4D).
In addition, 100 pg /ml Panax notoginseng saponins
markedly reduced the mRNA levels of PPARY2, which,
however, could be significantly lessened by
18a-glycyrrhetinic acid (P < 0.01). These findings
further demonstrated that Panax notoginseng saponins
potentiated osteogenesis of bone marrow stromal
cells by modulating the expression of osteogenesis-
associated genes and that gap junction intercellular
communication was involved in Panax notoginseng
saponins-potentiated osteogenic differentiation of
bone marrow stromal cells.

Panax notoginseng saponins modulate the

expression of RANKL and osteoprotegerin in

bone marrow stromal cells under osteogenic

induction through involvement of intercellular

gap junctions

We further examined the effect of Panax
notoginseng saponins on the expression of RANKL and
osteoprotegerin, two proteins critically involved in
osteoclastogenesis [21]. We measured the levels of
RANKL and osteoprotegerin by ELISA and found that
RANKL levels were reduced in bone marrow stromal
cells upon osteogenic induction (P < 0.05) and this
reduction was accentuated by the presence of 100 pg /
ml Panax notoginseng saponins (P < 0.01) (Fig. 5A).
Additionally, bone marrow stromal cells under osteogenic
induction exhibited a marked increase in the levels of
osteoprotegerin (P < 0.05), which was further significantly
augmented by 100 ug /ml Panax notoginseng saponins
(P < 0.01) (Fig. 5B). Furthermore, 18a-glycyrrhetinic
acid attenuated Panax notoginseng saponins-induced
reduction in the levels of RANKL (P < 0.05) and Panax
notoginseng saponins-mediated increase in the levels
of osteoprotegerin (P < 0.01) (Fig. 5.A and 5B).
In addition, bone marrow stromal cells under osteogenic
induction showed a RANKL/osteoprotegerin ratio of
0.27 while those cells treated with 100 pg /ml Panax
notoginseng saponins had a RANKL/osteoprotegerin
ratio of 0.12(Fig. 5.C). Additionally, bone marrow stromal
cells treated with both Panax notoginseng saponins and
18a-glycyrrhetinic acid had a RANKL/osteoprotegerin
ratio of 0.30. These results indicated that Panax
notoginseng saponins downregulated the expression of
RANKL and at the same time upregulated the expression
of osteoprotegerin in bone stromal cells under osteogenic
induction with the involvement of intercellular gap junction
communication.

Discussion

Bone remodeling underlies the process of bone repair
or osteogenesis in many important bone diseases.
Defective osteogenesis is a pivotal factor for the onset
of osteoporosis, which is characterized by reduced bone
mass and deteriorated bone microstructures with
noticeably increased risk of bone fractures [22]. Defective
osteoblast differentiation, among other causes, may also
contribute to osteoporosis[23, 24]. Bone marrow stromal
cells are regarded as putative progenitors of osteoblasts
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in vivo and could be induced to differentiate into
osteoblasts in vitro [25]. Promotion of proliferation and
induction of differentiation of bone marrow stromal cells
could offer a promising alternative therapeutic approach
for osteoporosis and other bone diseases in which there
are significant ongoing bone remodeling activities.
Consistent with others, we also showed here that
osteogenesis of primary rat bone marrow stromal cells
could be effectively induced in vitro, demonstrating that
these cells could be expanded in vitro to provide a ready
source of early passage primary bone marrow stromal
cells.

Panax notoginseng, a medicinal Chinese herb, has
been used to treat bone fracture for over a thousand years
and its major component, ginsenoside Rg , was found to
stimulate the proliferation of bone marrow stromal cells
and increase the number of osteoblasts in vitro [10, 11].
We also showed here that Panax notoginseng saponins
could dose-dependently promote the proliferation and
potentiate the osteogenesis of bone marrow stromal cells.
However, the mechanisms whereby Panax notoginseng
saponins promote osteogenesis of bone marrow stromal
cells have hitherto remained undefined. Bone formation
is a spatial cascading process, which initiates from the
differentiation of bone marrow stromal cells into osteo-
progenitor cells and then preosteoblasts and osteoblasts
followed by matrix mineralization [26]. Gap junction
intercellular communication has been shown to be required
for normal osteoblastic differentiation and for bone
repair[20]. We found here that increased gap junction
intercellular communication activity was associated with
osteogenic induction of bone marrow stromal cells in vitro,
which was further enhanced by Panax notoginseng
saponins, suggesting that Panax notoginseng saponins
could stimulate osteogenesis of bone marrow stromal cells
by modulating gap junction intercellular communication
activity. This is further confirmed by the finding that 18a.-
glycyrrhetinic acid, a gap junction inhibitor, markedly
attenuated Panax notoginseng saponins-mediated
increase in gap junction intercellular communication
activity in bone marrow stromal cells. These findings
together shed light on a potential mechanism whereby
Panax notoginseng saponins promote osteogenesis of
bone marrow stromal cells.

Undifferentiated bone marrow stromal cells co-
express genes characteristic of several mesenchymal
lineages including adipocytes and osteoblasts. Commitment
of primitive pluripotential cells to specific lineages is
marked by the activation of key transcription factors,
which, in turn, turn on the expression of downstream

tissue-specific genes [27]. We further examined whether
Panax notoginseng saponins promoted osteogenesis of
primary bone marrow stromal cells by modulating the
expression of osteogenesis-associated genes such as the
gene encoding core-binding factor al, which is a master
regulatory protein in bone marrow stromal cells and the
predominant transcriptional activator of osteoblast-
associated genes [28-30]. We found that Panax
notoginseng saponins markedly increased the mRNA
transcript levels of genes encoding proteins involved in
osteogenesis such as alkaline phosphatase, core-binding
factor al, and bone sialoprotein while depressing the
mRNA levels of PPARY2, a key transcription factor that
has been shown to inhibit osteogenesis [31]. Osteoblasts
and adipocytes differentiate from a common precursor,
the pluripotent mesenchymal stem cells in bone marrow
and regulation of PPARYy2 activity has been shown to
control the fate of these cells towards osteogenesis or
adipogenesis. Suppression of PPARy2 activity was
associated with enhanced osteogenesis [32, 33]. Our
findings indicate that Panax notoginseng saponins not
only stimulated the osteogenesis of bone marrow stromal
cells but also tipped the balance of these cells away from
adipogenesis towards osteogenesis. The effects of Panax
notoginseng saponins on these osteogenesis-associated
genes could be indirect through the modulation of gap
junction intercellular communication activities. Changes
in gap junction intercellular communication have been
associated with changes in the expression of osteogenesis-
associated genes in osteoblasts [34, 35]. Furthermore,
Panax notoginseng saponins could suppress the
expression of RANKL and augmented the increase in
the levels of osteoprotegerin in bone marrow stromal cells
under osteogenic induction. RANKL stimulates the
maturation of preosteoclasts into functional osteoclasts
by binding to RANK on preosteoclasts. Osteoprotegerin
could function as a soluble decoy receptor and prevent
RANKL from binding to RANK [26]. By changing the
relative concentrations of RANKL and osteoprotegerin
in bone, Panax notoginseng saponins changed the
RANKTL/osteoprotegerin ratio in favor of bone formation.
We further showed thatl8a-glycyrrhetinic acid could
partially reverse these actions of Panax notoginseng
saponins, suggesting that these effects could be mediated
by the modulation of gap junction intercellular
communication activities by Panax notoginseng
saponins.

In conclusion, we showed that Panax notoginseng
saponins could potentiate the osteogenesis of primary
bone marrow stromal cells in vitro by targeting genes
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encoding proteins involved in osteogenesis such as

alkaline phosphatase, PPARy2, RNAKL and

activities.

osteoprotegerin. We further demonstrated that Panax
notoginseng saponins may exert its osteogenesis-

potentiating effects by modulating gap junction intercellular

communication activities. Our findings shed light on the

mechanisms whereby Panax notoginseng, a medicinal
herb that has been used to promote bone healing for over
a thousand years, promotes bone formation. These
findings indicate that Panax notoginseng saponins could
be of value for treating diseases like osteoporosis in
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