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Abstract: Catalpol, an iridoidglucoside found in the root of RehmanniaglutinosaLibosch. This study was designed to
investigate the effects of catalpol on the proliferation and osteogenic differentiation of rat BMSCs in vitro. When rat
BMSCs cultivated in the basal medium or the osteogenic induction medium (OS with or without catalpol), cell pro-
liferation was analyzed using an MTT and BrdU assay; and the osteogenic differentiation was assessed by alkaline
phosphatase activity detection, mineralization and determination of osteogenic marker genes expression. Here, we
demonstrated that rat BMSCs cultured in the basal medium with low dose catalpol (lower than 50 pg/ml ) caused
a significant increase in proliferation. Furthermore, Catalpol treatment increased the ALP activity, mineralization
(Alizarin red S staining) and mRNA levels of ALP, OC, and BSP genes (as osteogenic makers), whereas decreased
protein expression of PPARy2 (as an adipogenic marker) during osteogenic induction. In conclusion, catalpol could
stimulate BMSCs proliferation and promote their osteogenic differentiation by upregulating expression of osteogen-
ic marker genes in a dose-dependent manner. Thus, catalpol may play an important therapeutic role in osteoporosis
patients by improving osteogenic differentiation of BMSCs.
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Introduction

Osteoporosis, a serious public health issue, is a
disease that leads to an increase in bone fragil-
ity and susceptibility to bone fracture due to the
decrease in bone mass and deterioration in
bone structure [1, 2]. Although there are vari-
ous therapeutic approaches that are available
to relieve the progress of this common disease,
such as bisphosphonates, hormone replace-
ment therapy, selective oestrogen receptor
modulators and calcitonin, unfavorable side
effects have limited their clinical use. Fur-
thermore, lost bone mass cannot be regained
[2, 3]. Therefore, effective therapeutic strategy
is urgently needed, such as developing satis-
factory bone building (anabolic) agents that
can stimulate new bone formation and correct
the imbalance of trabecular microarchitecture
characteristic of established osteoporosis [4,
5]. Bone marrow stromal cells (BMSCs) contain
a subset of multipotent cells that give rise to
osteoblasts, adipocytes, chondrocytes, and
myocytes [6]. Since BMSCs are the precursor
cells of osteoblast lineage [7, 8], they play an

important role in bone modeling and remodel-
ing, where they give rise to the essential osteo-
blasts for bone formation. They also contribute
to maintaining the balance between bone
formation and resorption [9]. It's report that
panax notoginseng saponins can regulate bone
formation by increasing the proliferation and
inducing differentiation of the BMSCs [10].

Rehmanniais a genus of six species of flowering
plants in the order Lamiales, which is endemic
to China. It is frequently prescribed in China
and has been reported to have a wide range
of biological and pharmacological activities,
including anti-tumor, purgative, sedative, liver
protective, and anti-aging activities [11]. There
is increasing evidence show that the extracts
from Rehmanniais are widely applied for osteo-
porosis treatment [12-14]. In the investigation
of the safety and efficacy of herb extracts, AIF
(@ water soluble extract of three herbs, Panax
notoginseng (Burk.) F. H. Chen, Rehmannia glu-
tinosa Libosch and Eleutherococcus sentico-
sus) was used in Korean knee osteoarthritis
patients for six weeks, and was found to be
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safe, tolerable and effective for symptomatic
improvement of pain and physical function [15].
In addition, R. glutinosa extracts may enhance
bone metabolism in osteoporosis by stimulat-
ing the proliferation and bone-forming activity
of osteoblasts as well as inhibiting generation
and bone-resorbing activity of osteoclasts. The
extract may also increase the expression of
bone-related genes. In vivo studies using ovari-
ectomy-induced osteoporotic rats showed an
alleviation of decreased trabecular bone min-
eral density and increased cortical bone thick-
ness and trabeculation of bone marrow spaces
[16]. Catalpol, a main active component of
Rehmannia Root, could promote proliferation
and differentiation of MC3T3-E1 cells in vitro
[17]. Comparing to mice, rat is a much more
complicated organism and have a closer gen-
etic relationship to human, furthermore the
osteogenic effect of catalpol on rat BMSCs,
which is the progenitor of the osteoblast, is
scarcely available. So we aimed to investigate
the effects of catalpol on the proliferation and
differentiation of BMSCs and to show the regu-
latory effects of catalpol on anti-osteoporosis
in BMSCs osteogenesis.

Materials and methods
Chemicals and reagents

Catalpol was purchased from China pharma-
ceutical and biological products inspection
(Lot: 110808-201009). Dulbecco’s modified
eagle medium (DMEM) were purchased from
Gibco BRL Life Technologies (Gaithersburg,
MD). Fetal bovine serum (FBS) were purchased
from Thermo Scientific (Beijing, China), TRIzol
were purchased from invitrogen (USA). Culture
flasks and plates were from Nunc (Denmark).
ALP colorimetric assay kit was purchased from
Renbao Bioengineering Institute (Shanghai,
China). MTT was purchased from Nanjing
Keygen Biotech. Co., Ltd (Nanjing, China).
Dexamethasone, ascorbate acid, B-glycerop-
hosphate and DMSO were purchased from
Sigma (USA). Anti-PPARy2, anti-ALP and anti-
OC were purchased from Santa Cruz Bio-
technology (Beijing, China), anti-BSP was frome
R&D and GADPH antibodies was purchased
from Guangzhou Weijia Technology Co., Ltd.,
(Guangdong, China).

Cell culture

BMSCs were obtained from 4-week-old male
Sprague-Dawley rat (The Experimental Animal

11930

Center of Medical College, Shantou University,
Shantou, China), as previously reported [18].
Briefly, the femurs and tibias were dissected,
the ends of the bones were cut, and the bone
marrow was flushed out with 2 mL of ice-cold
DMEM containing 10% (v/v) FBS by using a
needle and syringe (18-gauge). A single-cell
suspension of bone marrow cells was obtained
by repeated aspiration and blow of the dropper,
and then cells were counted with a hemocy-
tometer. Cells were seeded into 25 mL cell cul-
ture flasks at a density of 1x10° cells/mL and
cultured in DMEM supplemented with 10% (v/Vv)
FBS, 100 U/ml penicillin and 100 mg/ml strep-
tomycin (basal medium, as control) and kept in
a humidified incubator with 5% CO, and 95%
air at a temperature of 37°C. After 2 days, the
culture medium and non-adherent cells were
removed. The medium was changed two or
three times weekly. As the culture reached
almost complete confluence, cells (passage
3-6) were subcultured or plated for subsequent
experiments. This study was approved by the
animal ethic committee of Beijing Tiantan
Hospital.

MTT assay

Cell viability was determined using a CCK-8
method (Dojindo, Japan). BMSCs were seeded
at the density of 1x10* cells/cm? on 96-well
culture plates (Corning Costar, USA) with 200
ml culture medium per well. Then, cells were
treated with catalpol at concentrations ranging
from 1 to 100 pg/ml and were monitored within
9 days of culture. The absorbance value was
measured in a multi-well spectrophotometer
(Bio-Rad, USA) at 490 nm. And bromodeoxyuri-
dine assay (Roche, USA) following the manufac-
turer’s instructions.

BrdU assay

BMSCs were plated on coverslips pre-coated
with poly-lysine (PLL, Sigma-Aldrich) in six-well
plates (Corning Costar, USA) at 3x10* cells/ml
density. Cells were treated with different con-
centrations of catapol. Bromodeoxyuridine (Br-
dU) (Roche, USA) was then added to each medi-
um for 6 h and the cells were fixed with 4%
paraformaldehyde. The cells were counter-
stained by 4, 6-diamino-2-phenylindole (DAPI,
Sigma-Aldrich, USA). The percentage of BrdU-
positive cells over total DAPI cells was deter-
mined by randomly counting 10 nonoverlapping
microscopic fields for each coverslip in three
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Table 1. Primer sequences and cycle conditions used for PCR

lated according to a series of

Gene Primer sequence (forward/reverse)

T (annealing) Cycles

albumin (BSA) standards. ALP

ALP 5’CCCAAAGGCTTCTTCTTG 3’ (1146-1163)
5’CTGGTAGTTGTTGTGAGC 3’ (1485-1502)

BSP  5’GATAGTTCGGAGGAGGAGGG 3’ (293-312)
5’CTAACTCCAACTTTCCAGCGT 3’ (444-464)

ocC 5’AGGGCAATAAGGTAGTGAA 3’ (449-467)
5’GAGGCTCTGAGAAGCATAAA 3’ (681-700)

GAPDH 5'CCTGCACCACCAACTGCTTA 3’ (522-541)
5’GGCCATCCACAGTCTTCTGAG 3’ (641-661)

levels were normalized to the
total protein content at the end
of the experiment.

34

29

Calcium deposit analysis

35 based on Alizarin red S stain-
ing and quantification

26

On day 21, the medium was

separate experiments as described previously
[19].

Differentiation protocol and cell treatments

For the osteogenic-differentiation, BMSCs were
seeded at approximately 1x10% cells/cm? on
culture dishes and induced in an osteogenic
induction medium (OS: basal medium, 0.1 uM
dexamethasone, 50 uM ascorbate acid, and 10
mM B-glycerophosphate sodium) with or with-
out catalpol (final concentration at 1, 10 and
50 pg/ml). The medium was changed two or
three times every week and the BMSCs were
kept under 5% CO, at 37°C in a humidified con-
dition. These cultures and basal medium cul-
ture were then tested by ALP activity assay,
mineralization assay to examine the influence
of the catalpol on osteogenic differentiation of
BMSCs.

Alkaline phosphatase (ALP) staining and activ-
ity assay

The supernatant was discarded and then sub-
jected to the intra-cellular ALP enzyme assay
atQ, 3,7, 11, and 14 days. For the ALP activity
assay, cells were washed twice with PBS fol-
lowed by trypsinization and then scraped into
ddH,0. This was followed by three cycles of
freezing and thawing. ALP activity was deter-
mined at 405 nm using pNPP as the substrate.
A 50 pl sample was mixed with 50 pl pNPP (1
mg/ml) in a 1 M diethanolamine buffer contain-
ing 0.5 mM MgCl,, pH 9.8 and incubated at
37°C for 15 min on a bench shaker. There
action was stopped by the addition of 25 pl of
3N NaOH/100 ul of reaction mixture. Enzyme
activity was quantified by absorbance mea-
surements at 405 nm. Total protein content
was determined with the BCA method in ali-
quots of the same samples with the PIERCE
protein assay kit, read at 562 nm, and calcu-
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removed, the cells were fixed
with ice-cold 70% ethanol (v/v) for 10 min and
rinsed thoroughly with distilled water. The cul-
tures were then stained with 40 mM Alizarin
red S in deionized water (pH 4.2) for 10 min at
room temperature. After removing Alizarinred S
solution by aspiration, the cells were rinsed
with fresh PBS and dried at room temperature.
Calcium deposit was evaluated by means of the
cetylpyridinium chloride (CPC) method. The
dish area was observed under a light-micro-
scope. Stained cultures were photographed fol-
lowed by a quantitative destaining procedure
using 10% CPC. Alizarin red S concentrations
were calculated by comparison with an Alizarin
red S dye standard curve and expressed as
nmol/ml.

Real-time RT-PCR assay

Cells were cultured and treated as described
above. The total RNA was extracted using Trizol
reagent. First-strand cDNA synthesis was per-
formed using 1 pg of total RNA and an avianmy-
eloblastosis virus reverse transcription system.
The primers were designed using primer ex-
press software (Applied Biosystems, Foster
City, CA, USA). Real-time quantitative PCR was
performed using the SYBR Green PCR Master
Mix and ABI Prism 7300 Sequence Detection
System (Applied Biosystems). All data were
analysed using the expression of the gene
encoding B-actin as a reference. The sequenc-
es of the primers (Table 1) used are available
upon request. The relative expression levels
were calculated according to the formula 22,
where ACt was the difference in threshold cycle
(Ct) values between the target gene and the
endogenous control.

Transient transfection and luciferase reporter
assay

The luciferase reporter construct PPREx3-TK-
LUC was transiently transfected into cells gr-
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Figure 1. Catalpol promoted BMSCs proliferation. BMSCs were treated with catalpol for 1-9 days, and the prolifera-
tion rate was assessed by MTT (A) and BrdU (B) test. Data represent the mean £ SD in five times independent experi-
ments (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001, compared with control group.

own in 24 well plates using the Lipofectamine
2000 reagent according to the manufacturer’s
instructions. The PPRE-luciferase reporter con-
struct (PPREx3-TK-LUC) driven by three copies
of the PPAR response element (PPRE) was from
B. M. Forman (Department of Gene Regulation
and Drug Discovery, Beckman Research In-
stitute of City of Hope National Medical Center,
Duarte, CA, USA). A plasmid expressing the
gene encoding B-galactosidase driven by the
cytomegalovirus (CMV) promoter (Clontech
Laboratories, Palo Alto, CA, USA) was simulta-
neously co-transfected as an internal control.
The medium was replaced 4 h after transfec-
tion. Twenty-four hours after transfection, the
cells were treated with the indicated concentra-
tions of agonists or catalpol for an additional
24 h and harvested for luciferase reporter
assays as described previously [20].

Western blot analysis

Cells were lysed using the RIPA lysis buffer con-
taining 50 mM Tris-HCI (pH 7.6), 150 mM NacCl,
1% sodium deoxycholate, 1% NP-40, 0.5 mM
phenylmethylsulfonyl fluoride, and 1 mM EDTA.
Protein concentration was assayed with BCA
reagent (Sigma). An equal amount of each pro-
tein sample was separated by 12% sodium
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and were then transferred
to PVDF membranes. The membranes were
blocked for 2 h in 5% non-fat milk in Tris-
buffered saline containing 0.05% Tween-20
(TBST). And, anti-PPARy2 and GADPH anti-
bodies were used. Images were analyzed with
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Quantity One software (BioRad, Hercules, CA)
and band intensity was quantified and normal-
ized against GADPH [21].

Statistical analysis

Data represent Mean + SD, Statistical signifi-
cance was determined with two-tailed unpaired
Student’s t-test between 2 groups. And data
analyzed by one-way analysis of variance fol-
lowed by Dunnett’s multiple comparison tests.
P < 0.05 was considered statistically significant
(*P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001). All experiments were performed a mi-
nimum of three times.

Results

Low dose of catalpol promoted BMSCs prolif-
eration

Firstly, we used the MTT and BrdU assays to
determine whether catalpol can affect the pro-
liferation activity of BMSCs. The proliferation of
BMSCs exposed to catalpol at concentrations
ranging from 1 to 100 pg/ml was monitored
within 9 days of culture. The day 1 is the latency
period for cell proliferation. Cells started to pro-
liferate at day 3 and catalpol significantly pro-
moted BMSCs proliferation at 10 ug/ml and 25
pg/ml final concentration, and 1 pg/ml catalpol
treatment exerted no effects on cell prolifera-
tion. Interestingly, we found that high concen-
tration of catalpol stimulation (50 and 100 ug/
ml) inversely decreased the BMSCs prolifera-
tion after 5 days culture (Figure 1A). In agree-
ment with the MTT results, BrdU assay showed

Int J Clin Exp Med 2017;10(8):11929-11936
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Figure 2. Catalpol induces the ALP (Alkaline phos-
phatase) activity of BMSCs. ALP activity of the BM-
SCs cultured in OS or OS and different concentra-
tions of catalpol was determined. Data represent the
mean + SD in four times independent experiments
(n =5). *P < 0.05, **P < 0.01 compared with 0S
group, *P < 0.05, #P < 0.01.
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Figure 3. Catalpol enhanced BMSCs mineralization.
The mineralization was quantified by Alizarin Red S
assay after BMSCs induced in an OS or OS with ca-
talpol (1, 5, 10, 25, 50, 100 yg/ml) for 21 days. Data
represent the mean * SD in five times independent
experiments (n = 3). ***P < 0.001 compared with
non-0S group, #P < 0.05, #P < 0.01, ##P < 0.001,
###Pp < 0.0001 compared with OS group.

that low dose ofcatalpol promoted but high
dose of catalpol suppressed the cell growth
(Figure 1B), suggesting that high concentration
of catalpol was poisonous to cell growth and
which may provide a guidance for clinical
usage.

Catalpol induces the ALP (Alkaline phospha-
tase) activity of BMSCs

Next, we asked whether BMSCs differentiation
was affected by catalpol. ALP, a homodimeric-
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metalloenzyme which catalyzes the hydrolysis
of phosphomonoester with release of inorganic
phosphate and alcohol, is one of the most fre-
quently used marker for osteoblasts and is
known to be critically involved in the initiation of
mineralization during bone formation. So we
performed the ALP activity assay to assess the
osteogenic differentiation. BMSCs undergoing
osteogenesis showed a gradually rising of ALP
activity in OS culture. In addition, comparing to
the OS culture, catalpol treatment significantly
enhanced the ALP activity in a dose-dependent
manner, especially in the late stage like day 11
and day 14 (Figure 2).

Low dose of catalpol enhanced BMSCs miner-
alization

To further confirm that catalpol can promote
BMSCs differentiate to osteoblasts, we per-
formed the ARS experiment to evaluate the
mineralization of BMSCs, Which was indicative
of the BMSCs differentiating down the osteo-
blast lineage.

Alizarin red S (ARS) staining assay has been
used for decades to evaluate calcium-rich
deposits by cells in culture. We used a destain-
ing procedure to quantify the mineral matrix
deposition. The Alizarin red S content was sig-
nificantly increased in response to the OS cul-
ture, what's more, the low dose of catalpol pro-
moted this enhancement in dose-dependent
manner, but high dose of catalpol suppressed
this effect (Figure 3). So it suggests that low
dose of catalpol increases the calcium deposit
and mineralization of BMSCs and has a positive
role on BMSCs differentiating to osteoblast
cells.

Catalpol increased the expression of osteo-
blastic markers but suppressed adipogenic
gene expression

During the osteogenesis, BSP is appeared fol-
lowing ALP expression and localized to the
matrix of mineralization, which can promote the
nucleation of hydroxyapatite mineralization in
vitro and increases calcium incorporation and
nodule formation [22]. Subsequently, OC ap-
pears on the terminal of osteoblastic differen-
tiation. Ducy et al [23]. indicated that OC can
bind to Ca?* to regulate calcium ion homeosta-
sis and bone mineralization. So we then carried
out the Q-PCR experiment to investigate the

Int J Clin Exp Med 2017;10(8):11929-11936
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Figure 4. Catalpol increased the expression of os-
teoblastic markers but suppressed adipogenic gene
expression. A. ALP, OC, and BSP mRNA levels were
measured by qPCR after cells were induced with
or without catalpol for 11 days. B. Western blot-
ting analysis of ALP, OC, and BSP expression. C.
Cells transfected transiently with PPREx3-TK-LUC
were treated without (control) or with the indicated
concentrations of drugs for 24 h. D. Western blot-
ting analysis of PPARy2 expression. Data represent
the mean + SD in three times independent experi-
ments. *P < 0.05, **P < 0.01 compared with control
group.

effect of catalpol on the expression of these
osteoblast markers. As expected, the dose-

11934

dependent catalpol (1-25 pg/ml) treatment
increased the mRNA level of ALP, BSP and
osteocalcin (Figure 4A), as well as the protein
level of ALP, BSP and osteocalcin (Figure 4B).
Previous studies have demonstrated the recip-
rocal relationship between adipogenesis and
osteogenesis. As PPARy2 (as an adipogenic
marker) inhibits osteogenesis, so we then ana-
lyze the effect ofcatalpolon PPARy2 activation,
luciferase reporter assay was performed. The
results showed that catalpol decreased the
level of PPAR activation (Figure 4C). In addition,
the protein content of PPARy2 was obviously
decreased with catalpol treatment in a dose-
dependent manner (Figure 4D). Therefore, we
demonstrates that catalpol promotes the os-
teogenesis by increasing the expression level
of osteoblastic markers and suppressing the
adipogenic gene expression. Altogether, these
data indicate that catalpol positively regulate
BMSCs proliferation and differentiation into
osteoblasts.

Discussion

BMSCs contain a subset of multipotent cells
including a clinically relevant and therapeuti-
cally appropriate pool of mesenchymal and pro-
genitor cells with the capacity to differentiate
into osteoblasts, adipocytes, myocytes, and
chondrocytes [8, 24, 25]. BMSCs are pluripo-
tent cells that have been used to facilitate bone
repair because of their capability of differenti-
ating into osteoblasts [26]. Study has shown
that BMSCs derived from osteoporosis patients
have lower ALP activity compared to the normal
controls. The cultures of osteoporotic BMSCs in
osteogenic stimulation medium did not show a
meaningful of calcium deposition [27]. There-
fore, enhancement of BMSCs differentiation in
osteogenic process could be an alternative
therapeutic target for osteoporosis and related
diseases [28].

In traditional Chinese medicine, many herbs
are used in the treatment of osteoporosis and
bone nonunion. However, due to their compli-
cated components, it is very difficult to find an
effective monomer and to prove their therapeu-
tic functions in molecular level and the corre-
sponding mechanism. So it’'s necessary to ana-
lyze their active ingredients and illustrate their
functions. To date, many monomers in Chinese
herbs have been found effective in their clinical
application for the therapy of osteoporosis and
bone fracture [29]. Previous studies have dem-
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onstrated that catalpolcan be used to treat and
prevent osteoporosis. It is thought that catalpol
may be a potential candidate for treating osteo-
porosis. This study utilized BMSCs cultures to
systematically analyze the effect of catalpol on
proliferation and differentiation in vitro. When
BMSCs cultured in the presence of catalpol
at the concentrations of 1, 10, and 50 ug/ml
could significantly increase the proliferation of
BMSCs (Figure 1). Our results suggested that
catalpol could promote the proliferative capac-
ity of BMSCs to recover the bone mass in osteo-
porosis patients.

Additionally, we performed many assays to
evaluate the capacity of BMSCs differentiate
into osteoblasts. As shown in Figure 2, the level
of ALP activity (one of the most frequently used
biochemical markers of osteoblast activity) at
days 3, 7, 11 and 14 were significantly higher
with OS and catalpol treatment comparing to
OS alone, suggesting that catalpol may enhance
osteogenic differentiation by increasing ALP
activity. Meanwhile, our results also demon-
strated that the mineralization of BMSCs was
significantly increased by catalpol. Thus, catal-
pol as a positive indicator, could promote osteo-
genesis in BMSCs. Our results also showed
that catalpol not only significantly increased
the expression of BSP and OC (two respective
phenotypic markers for the middle and later
stage of osteoblast differentiation) but also ulti-
mately accelerated mineralization, suggesting
that catalpol could enhance differentiation and
maturation of osteoblasts at multiple levels,
from early to terminal stages of the cell differ-
entiation process. It’s well known that PPARy2
could enhance adipocyte maturity, regulate
lipoprotein metabolism [30] and inhibits osteo-
genesis suppressing the osteoblastic pheno-
type [31]. Thus the inhibition of PPARy2 activity
could be an interesting strategy to combat
osteoporosis [32] by promoting BMSCs osteo-
genic differentiation. It is attractive to hypothe-
size that proper catalpol could be a beneficial
therapy by promoting the proliferation and
osteogenic differentiation of BMSCs which is
associated with the bone mass recovering of
osteoporosis.

In summary, our results demonstrate that low
dose of catalpol enhanced the BMSCs prolifer-
ation, which indicate that catalpol treatment
can provide much more precursor cells of
osteoblast lineage. Furthermore, low dose of
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catalpol promote the osteogenic differentiation
of BMSCs by upregulating expression of osteo-
genic marker genes, implying that it could have
a beneficial therapy for osteoporosis and relat-
ed diseases by stimulating BMSCs to osteogen-
ic differentiation. Therefore, low dose of catal-
pol may be a reasonable and natural active
component for the clinical prevention and treat-
ment of osteoporosis and related disease
patients.
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