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Abstract

Bone-remodeling imbalance induced by increased bone resorption and osteoclast formation is known to cause skeletal
diseases such as osteoporosis. There has been growing interest in the anabolic natural agents that enhance bone
formation. Silymarin is flavonolignans extracted from blessed milk thistle. Several studies suggest that silymarin possesses
antihepatotoxic properties and anticancer effects against carcinoma cells. This study investigated promoting effects of
silymarin on differentiation and mineralization of osteoblastic MC3T3-E1 mouse cells and on bone mineral density (BMD)
by in vivo fracture experiments. Osteoblasts were treated with 1-20 umol/L silymarin for 15days in a differentiating
medium. In addition, this study explored signaling pathways implicated in the osteoblastogenesis of silymarin. It was
found that silymarin stimulated alkaline phosphatase (ALP) activity and calcium nodule formation in a dose-dependent
manner with a substantial effect on osteoblast proliferation. Silymarin treatment enhanced collagen secretion, osteocalcin
transcription and bone morphogenetic protein (BMP) expression. The BMP inhibitor noggin suppressed the silymarin-
promoted ALP activity in differentiated osteoblasts, suggesting that its osteoblastogenic actions entail the BMP pathway.
This was proved by increased SMAD1/5/8 phosphorylation and runt-related transcription factor 2 (Runx2) expression in
the presence of silymarin. In 21-day fracture-healing experiments, fractured and silymarin (10 mg/kg)-treated C57BL/6
mice showed better bone healing than fractured mice. Silymarin supplementation improved tibial bone strength with
elevated BMD and serum levels of osteogenic ALP and osteocalcin. Taken together, these results demonstrate, for the first
time, that silymarin has a potential to enhance osteoblastogenesis through accelerating BMP/SMAD/Runx2 signal
pathways and to improve fracture healing and bone strength in mouse tibiae.
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Introduction place in a well-coordinated temporal manner during bone

formation. The bone formation requires three essential
steps of osteoblast differentiation, matrix maturation and
matrix mineralization.®

Bone homeostasis is maintained through balance between
the bone resorption by osteoclasts and the bone formation
by osteoblasts." Bone formation is characterized by bone-

specific extracellular matrix (ECM) protein expression and
mineralization.” Bone matrix proteins synthesized by osteo-
blasts include collagen type I, alkaline phosphatase (ALP),
osteopontin, bone sialoprotein and osteocalcin.® These pro-
teins are secreted to the ECM for mature bone matrix
during bone formation. The accumulation of bone matrix
protein in the ECM is known to be accompanied in parallel
by matrix mineralization by calcium deposition.* Expression
of bone marker genes encoding bone matrix proteins takes
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The transcription of the bone marker genes is regulated
by a major bone-specific runt-related transcription factor 2
(Runx2).>® Runx?2 influences osteogenesis by stimulating
transcription of osteogenic target genes via binding its
runt homology domain to target promoters and enhan-
cers.®” Overexpression of Runx2 in osteoblastic MC3T3-E1
cells increases bone matrix mineralization, indicating that
Runx2 plays an indirect stimulatory role in ECM mineraliz-
ation.®*” In addition, bone morphogenetic proteins (BMPs)
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are involved in inducing osteoblastic differentiation.'” BMP
initiates signaling by interacting with two distinct serine/
threonine kinase receptors of type I and type II that can acti-
vate the cytoplasmic SMAD proteins in osteoblast differen-
tiation."" BMP2 induces expression of Runx2 and
osteocalcin as well as phosphorylation of Smad1/5/8. It
has also been shown that constitutively active SMAD1
induces osteoblastic differentiation of C2C12 myoblasts in
cooperation with SMAD4 or Runx2.'?

Fracture repair of the bone is a complex process entailing
the formation and resorption of ECM."® The cartilaginous
callus is formed at the fracture site and changed to new
bone through the ossification process.'* During the fracture-
healing process, damaged osteocytes and bone matrix are
removed by phagocytes, followed by proliferation and
differentiation of bone stem cells into osteoblasts that form
the reparative matrix.'® The role of osteoblasts in the fracture
repair process has thus been established.

Silymarin is a constitutive natural compound composed of
an isomeric mixture of the flavonolignans of silychristin, iso-
silychristin, silydianin, silibinin and isosilibin (Figure 1a).'®
Silymarin is abundant in milk thistle (Silybum marianum)
and has been clinically implicated in various liver diseases
such as alcohol or drug intoxication and viral hepatitis,
whose pathogenesis involves an inflammatory response.'”
Information concerning modulation of bone marker genes
by silymarin is very limited. Silymarin was found to be inef-
fective in proliferative activity and osteocalcin secretion in rat
calvarial osteoblast-like cells.'® Tt has been reported that
several natural compounds found in plant sources are prom-
ising in maintaining an optimal bone status and stimulating
bone formation.">'®* Hesperidin, present in citrus fruits,
may regulate osteoblast differentiation through BMP signal-
ing, and influence the mineralization process by modulating

(a)
HO

OH

—_—
o
~

ALP activity
(nrnol PNP/min/mg protein)

2 = N W s "D o~

B

9 12 15 ()

Differentiated MC3T3-E1 cells

Figure 1

osteopontin expression.”’ Osthole, a coumarin derivative
present in many medicinal plants, mediates cell differen-
tiation through the BMP2/p38 and extracellular signal-
regulated kinase 1/2 pathways in human osteoblast cells.**

There are very few published reports that definitely
demonstrate the stimulatory effects of silymarin on osteo-
blast differentiation, gene transcription and ECM mineraliz-
ation. In considering these major events for bone-forming
osteogenesis, this study evaluated whether silymarin
boosted bone marker protein expression and matrix miner-
alization in mouse origin osteoblastic MC3T3-E1 cells. In
addition, this study used an in vivo mouse tibia fracture
model to confirm the benefit of silymarin supplementation
on fracture healing and bone regeneration. We report here,
for the first time, that silymarin can be a direct regulator
for osteoblast differentiation, bone anabolic formation and
fracture healing.

Materials and methods
Materials

Fetal bovine serum (FBS), penicillin-streptomycin, trypsin-
ethylenediaminetetraacetic acid were purchased from Lonza
(Walkersville, MD, USA). 3-(4,5-Dimethylthiazol-yl)-diphenyl
tetrazoliumbromide (MTT) was provided by Duchefa
Biochemie (Haarlem, the Netherlands). Minimum essential
medium alpha (a-MEM), silibinin and silymarin were pur-
chased from Sigma-Aldrich Chemicals (St Louis, MO, USA),
as were all other reagents, unless specifically stated as from else-
where. Antibodies of mouse type I collagen and BMP-2 were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA) and Abcam (Cambridge, UK), respectively. Antibodies
of mouse phosphate SMAD1/5/8, and SMAD4 were purchased
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Chemical structure (a) and cytotoxicity (b) of silymarin, and alkaline phosphatase (ALP) secretion (c and d). Osteoblastic MC3T3-E1 cells were cultured

for 15 days in the presence of 1-20 umol/L of silymarin (b). Cell toxicity was measured by 3-(4,5-dimethylthiazol-yl)-diphenyl tetrazoliumbromide assay. Values
are presented as mean + SEM (n = 5) and expressed as percent cell survival relative to untreated cells (cell viability = 100%). Time course responses of ALP
secretion for 15 d (c) and its enhancement by silibinin, silymarin and milk thistle (d) were assessed in MC3T3-E1 cells differentiated for six days. Absorbance
was measured at A = 405 nm and compared with p-nitrophenol (PNP) standard. ALP enzyme activity in media was expressed as nmol PNP/min/mg protein
(mean + SEM, n = 4). Values in bar graphs not sharing a letter indicate significant difference at P < 0.05



from Cell Signaling Technology (Beverly, MA, USA).
Horseradish peroxidase-conjugated goat anti-rabbit IgG, goat
anti-mouse and donkey anti-goat IgG were provided by
Jackson ImmunoReserach Laboratories (West Grove, PA,
USA). Cyanine 3-conjugated goat anti-rabbit IgG was provided
by Rockland (Gilbertsville, PA, USA). BMP inhibitor (noggin)
was obtained from R&D systems (Minneapolis, MN, USA).
Reverse transcriptase and Taq DNA polymerase were pur-
chased from Promega (Madison, WL, USA). Silymarin and sili-
binin were dissolved in dimethyl sulfoxide for live culture
with cells; its final culture concentration was <0.5%.

MC3T3-E1 cell culture and osteoblast differentiation

Osteoblastic MC3T3-E1 cells (mouse calvaria origin) were cul-
tured at 37°C in a humidified atmosphere of 5% CO, in air.
MC3T3-E1 cells were incubated in «-MEM containing 10%
FBS, 2 mmol/L glutamine, 100 U/mL penicillin and 100 ng/
mL streptomycin. For the osteoblast differentiation,*
MC3T3-E1 cells were seeded on 24-well plates and grown to
~90% confluence, and then the culture medium was
changed to a fresh osteogenic medium containing 10 mmol/
L B-glycerolphosphate and 50 ug/mL ascorbic acid to initiate
matrix mineralization. Cell culture medium was changed
every three days for 15 days.

Cell proliferation and toxicity were determined using a
colorimetric assay based on the uptake of MTT by viable
cells.? After exposure to various concentrations of silymarin
for 15 days, a solution of MTT (1 mg/mL) was added to
cells and incubated at 37°C to allow cleavage of the tetrazo-
lium ring by mitochondrial dehydrogenase, resulting in the
formation of blue formazan crystals. After 3 h, the purple
formazan product was dissolved in 0.5 mL of isopropanol
with gentle shaking. Absorbance of formazan dye was
measured at A =570nm with background subtraction
using A =690 nm. The viability of MC3T3-E1 cells was
dose-dependently increased by 1-20 umol/L silymarin
during 15-day differentiation (Figure 1b), suggesting that
non-toxic silymarin stimulated osteoblast proliferation.

Measurement of ALP activity

ALP activity of MC3T3-E1 cells was measured by a modi-
fied colorimetric enzyme assay.” After culture protocols,
cells were lysed with 0.2% Triton X-100 and the lysates
were centrifuged at 14,000 x g for 10 min at 4°C. Lysate ali-
quots were incubated with 0.5mol/L Tris-HCl buffer
(pH 9.9) containing 6 mmol/L of p-nitrophenyl phosphate
and 1 mmol/L of MgCl, at 37°C for 1 h. The protein con-
tents of lysates were determined by the Lowry method.
ALP activity was expressed as nmol p-nitrophenol (PNP)
produced/min/mg protein. Absorbance was measured at
A =405 nm and compared with PNP standards.

ALP staining for matrix enzyme activity was also per-
formed by using alkaline phosphatase kit (Sigma). After
six-day culture protocols, cells were washed with phosphate
buffered saline (PBS) and fixed with 4% formaldehyde,
rinsed with deionized water, and stained under protection
from direct light. ALP staining was carried out by adding
for 30 min 0.1 mol/L of Tris buffer (pH 9.0) containing
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0.6 mg/mL of Fast Blue RR salt and 0.2 mg/mL of naphthol
As-Mx phosphate disodium salt as substrate for the
cell layers.

Measurement of ECM calcium deposits

Staining with alizarin red S is used to visualize bone nodule
formation and calcium deposition of osteoblasts. As the dye
forms a complex with ECM calcium by chelation, heavy
reddish staining of alizarin red S is proportional to the
area of mineralized ECM.** At harvest, MC3T3-E1 cells
were fixed with 70% ethanol for 1h and stained with
40 mmol/L of alizarin red S (pH 4.2) for 10 min. To quantify
bound dye, the stain was solubilized in 10 mmol/L of
sodium phosphate buffer (pH 7.0) with 1 mL 10% (W/V)
cetylpyridinium chloride. Absorbance of the solubilized
stain was measured at A=562nm by wusing a
spectrophotometer.

Western blot analysis

Western blot analysis was carried out using culture medium
and cell lysates prepared from cultured MC3T3-E1 cells.
Equal volumes of culture media and equal amounts of
lysate proteins were electrophoresed on 6-12% sodium
dodecyl sulfate polyacrylamide gel electrophoresis and
transferred onto a nitrocellulose membrane. Non-specific
binding was blocked by soaking membranes in a Tris-buf-
fered saline-Tween buffer (50 mmol/L Tris-HCI [pH 7.5],
150 mmol/L NaCl, and 0.1% Tween 20) containing 3%
bovine serum albumin or 5% non-fat milk for 3 h. The mem-
branes were incubated with polyclonal goat anti-mouse col-
lagen type I, polyclonal rabbit anti-mouse BMP-2, polyclonal
rabbit anti-mouse SMAD1/5/8 or polyclonal rabbit anti-
mouse SMAD4. The membranes were then incubated with
a secondary antibody, a goat anti-rabbit IgG, goat anti-mouse
IgG or donkey anti-goat IgG conjugated to horseradish per-
oxidase. The protein levels on gels were determined by
using Supersignal West Pico Chemiluminescence detection
reagents (Pierce Biotechnology, Rockford, IL, USA) and
Konica X-ray film (Konica, Tokyo, Japan). Incubation with
monoclonal mouse B-actin antibody was conducted for a
comparative control.

Realtime reverse transcriptase polymerase chain
reaction analysis

Following differentiation protocols, total RNA was isolated
from MC3T3-E1 osteoblasts using a commercially available
Trizol reagent kit (Invitrogen, Carlsbad, CA, USA). The iso-
lated RNA (5 ug) was reversibly transcribed with 200 units
of reverse transcriptase and 0.5 ug of oligo-(dT)"> primer
(Bioneer Co, Daejeon, Korea). The expression of mRNA tran-
scripts of osteocalcin (forward primer: 5 GAGGACAGGGA
GGATCAAGT 3, reverse primer: 5 TGCTTGTGACGACT
CTATCAG 3'), Runx2 (forward primer: 5 AAGTGCGGT
GCAAACTTTCT 3/, reverse primer: 5 TCTCGGTGGCTGGT
AGTGA 3') and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; forward primer: 5 TTGTCAAGCTCATTTCCT
GGTATG 3/, reverse primer: 5 GCCATGTAGGCCAT
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GAGGTC 3') were quantified by realtime reverse transcriptase
polymerase chain reaction (RT-PCR) using a SYBR Green PCR
kit (Qiagen, Valencia, CA, USA). Data analysis of realtime RT
-PCR results and calculation of the relative quantitations
were performed using Delta CT analysis by the Rotor-Gene
software, version 6.0 (Corbett Research, Mortlake, Australia).
The housekeeping gene GAPDH was used for internal normal-
ization. The standard PCR conditions were 95°C for 10 min,
then 40 cycles at 95°C (15 s), 60°C (15 s) and 72°C (20 s), fol-
lowed by melting curve analysis.

Immunocytochemical analysis

MCB3T3-E1 cells grown on glass slides were washed with PBS
containing 0.2% Tween 20 (PBS-T), fixed with 4% ice-cold for-
maldehyde for 20 min and made permeable with 0.1% Triton
X-100 and 0.1% sodium citrate for 2 min on ice. For blocking
any non-specific binding, cells were incubated for 1 h with
20% FBS in PBS-T. After being washed, fixed cells were incu-
bated overnight with polyclonal anti-mouse phosphorylated
SMAD1/5/8 and SMAD4 in PBS-T at 4°C. Fluorescein
isothiocyanate-conjugated anti-rabbit IgG or cyanine 3-
conjugated anti-rabbit IgG in PBS-T was added as a second-
ary antibody. Fluorescent images were taken with an
Axioimager Optical fluorescence microscope (Zeiss,
Oberkochen, Germany).

Animals

To determine in vivo effects of silymarin on fracture healing
and bone regeneration, this study used mouse fracture
models. C57BL/6] mice (4 weeks of age, 25-30g) were
obtained from the Experimental Animal Center, Hallym
University, and kept on a 12h light/12h dark cycle at
20-25°C with 60% relative humidity under specific
pathogen-free conditions. Mice were fed a standard rodent
chow diet (CJ Feed, Seoul, Korea) during the experimental
period (14-21 days) with free access to water ad libitum at
the animal facility of Hallym University. The animals were
allowed to acclimatize for a week before beginning the
experiments. All animal experiments were performed in
accordance with the University’s Guidelines for the Care
and Use of Laboratory Animals approved by the
Committee on Animal Experimentation of Hallym
University (permission number: hallym 2010-75).

Tibial fracture and silymarin treatments

A technique for standardized experimental fracture in the
mouse tibiae was adapted for mouse fracture repair
models.*>* Mice were randomly divided into three exper-
imental groups with six mice in each group: unfractured con-
trols without fracture and receiving surgical implants,
animals tibially fractured and receiving surgical implants,
and animals tibially fractured and receiving surgical implants
followed by oral treatment with 10 mg/kg per body weight
(BW) silymarin once a day for 14-21 days. The mice were
anesthetized with an intraperitoneal injection of Zoletil
(40 mg/kg BW) mixed with Rompun (10 mg/kg BW).
Unfractured controls and fractured animals received the

vehicle saline for 14-21 days after fracture. Tibiae were frac-
tured by an impact device and absorbable sutures were
used to close the intramuscular septum and skin incision.
To achieve stable tibial fixation, a 0.2 mm sterilized stainless-
steel pin was implanted into the intramedullary canal, begin-
ning in the knee between the tibial condyles and exiting the
greater trochanter of the tibia. The pin was cut as close as
possible to the knee articular cartilage and driven proximally
so that the tip was flush with the cartilage.

Bone analysis and measurement of bone formation
markers

For the analysis of in vivo fracture healing, the mouse tibiae
were scanned using a microcomputer tomography (CT)
scanner (MicroCAT II scanner; Simens Preclinical Solutions,
Knoxville, TN, USA). Three-dimensional images were recon-
structed using the reconstruction utility and visualized for
the bone analysis. The bone mineral density (BMD) and bone
mineral content (BMC) of the mouse tibial bone were deter-
mined with a PIXImus mouse densitometer (GE Lunar; GE
Healthcare, Waukesha, WI, USA) under anesthesia to
monitor the initial pin fixation as well as ongoing
callus formation. BMD was calculated by dividing BMC (mg)
by the projected bone area (cm?) and assessed in the region
of the callus on days 1, 7 and 14 after the fracture episode.

All serum samples obtained by centrifugation (3000 rpm
for 10 min) were stored at —70°C prior to analysis. Serum
levels of osteocalcin were measured by using osteocalcin
enzyme-liked immunosorbant assay (ELISA) kits (Uscn
Life Science, Wuhan, China) according to the manufac-
turer’s instructions. Serum ALP activity was determined
by incubating 6 mmol/L of p-nitrophenyl phosphate as the
substrate in 0.5 mol/L of Tris-HCI buffer (pH 9.9) contain-
ing 1 mmol/L of MgCl, at 37°C for 30 min and by measur-
ing absorbance at A = 405 nm. A unit of ALP activity was
defined as release of 1 umol of PNP/min.

Statistical analyses

The data are presented as mean + SEM. Statistical analyses
were carried out using Statistical Analysis Systems statistical
software package (SAS Institute Inc, Cary, NC, USA).
Significance was determined by one-way analysis of var-
iance, followed by the Duncan range test for multiple com-
parisons. Differences were considered significant at P < 0.05.

Results
Effects of silymarin on ALP secretion

ALP secretion is an early- and mid-stage biomarker for matrix
maturation of osteoblasts. The ALP activity, expressed as PNP
production/min/mg cell protein, peaked at the proliferation
stage on day 6 during the 15-day differentiation of
MCB3T3-E1 cells (Figure 1c). The ALP secretion was markedly
enhanced in six-day differentiated cells treated with 10 pmol/L
of silibinin, 10 umol/L of silymarin or 10 ug/mL of milk
thistle.
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The colorimetric enzyme assay revealed that treatment
with 1-20 umol/L of silymarin dose-dependently elevated
ALP activity at the six-day proliferation stage of
MC3T3-E1 cells cultured in normal osteogenic medium
(Figure 2a). From ALP staining for matrix enzyme activity,
there was a weak staining for the basal ALP activity in
undifferentiated MC3T3-E1 cells, where heavy lilac staining
was observed in differentiated cells, indicative of increased
ALP secretion into the ECM (Figure 2b). Addition of 1-
20 wmol/L of silymarin considerably promoted the staining
levels of ALP in a dose-dependent manner.

Mineralization and deposition of ECM by silymarin

With alizarin red S staining, ECM calcium deposits revealed
as reddish-brown staining were barely detected at seven-
day differentiation (Figure 3a). However, on day 15, there
was a heavy staining of alizarin red S, indicating that
bone nodules formed by calcium deposits were notably
enhanced. Addition of silymarin to MC3T3-El1 cells in osteo-
genic medium augmented calcium deposits in a dose-
dependent manner (Figure 4b). This was consistent with a
dose-dependent increase in colorimetric staining intensity
by treating with 1-20 umol/L of silymarin (Figure 4b,
bottom panel).

Silymarin modulation of collagen | and osteocalcin
production

Collagen I is a major extracellular collagenous protein for
organic matrix formation in bone.** As expected, collagen I
secretion attained the peak on days 3-6 and gradually
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subsided afterward until day 15 (Figure 4a), indicative of
being an early-mid-stage biomarker. The presence of sily-
marin dose-dependently increased collagen I secretion on
day 6, suggesting that silymarin can promote ECM accumu-
lation (Figure 4b). Therefore, collagen I secretion was
boosted in a similar manner to ALP secretion.

This study attempted to examine modulation of osteocal-
cin, a bone marker gene, by silymarin. Transcriptional
expression of osteocalcin (late osteoblast differentiation)
was maximally increased on day 9 (Figure 4c), and was
further enhanced in the presence of >10 umol/L of sily-
marin (Figure 4d).

Elevation of BMP-2 level by silymarin

Protein expression of BMP, another osteoblast differen-
tiation marker, was markedly increased at the very early
stage of differentiation on day 1 in MC3T3-El1 cells cultured
in osteogenic medium and sustained until day 9 (Figure 5a).
BMP-2 induction was further enhanced in >10 wmol/L
silymarin-treated osteoblasts cultured in osteogenic medium
(Figure 5b).

Differentiation-elevated ALP secretion was mitigated
below its basal level in the presence of 100 ng/mL of
noggin, a BMP receptor inhibitor (Figure 5c). Accordingly,
it was proved that ALP secretion entailed induction of mem-
brane protein BMP-2. When osteoblasts were supplemented
with 1-20 umol/L of silymarin in osteogenic medium, the
noggin-abolished ALP secretion was restored back to the
basal level. It should be noted that silymarin may boost
ALP secretion independent of BMP-2 induction.
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Figure 2 Upregulation of alkaline phosphatase (ALP) secretion by silymarin. To detect activity of ALP enzyme in media, a colorimetric enzyme assay was used (a).
Increasing effects of 1-20 umol/L silymarin on ALP activity were examined in MC3T3-E1 cells on day 6. Absorbance was measured at A = 405 nm and compared
with p-nitrophenol (PNP) standard (mean + SEM, n = 4). The ALP enzyme activity was expressed as nmol PNP/min/mg protein. Values in bar graphs not sharing a
letter indicate significant difference at P < 0.05. In another set of staining experiments (b), MC3T3-E1 cells were cultured on glass chamber plates for six days in the
presence of 1-20 umol/L silymarin. Lilac staining intensity was proportional to the content of ALP secreted from MC3T3-E1 cells. Microphotographs were taken
after an addition of naphthol As-Mx phosphate disodium salt to cell layers. (A color version of this figure is available in the online journal)
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Figure 3 Enhancement of matrix mineralization in MC3T3-E1 cells by silymarin. Extracelllular matrix (ECM) calcium deposits (bone nodule formation) for matrix
mineralization were measured by alizarin red S staining. Cells were cultured in 24-well plates for 7 and 15 days (a). In another set of experiments, MC3T3-E1 osteo-
blasts were cultured in 24-well plates for 15 days in the presence of 1-20 umol/L of silymarin (b). Heavy reddish staining of alizarin red S was proportional to the
area of mineralized ECM. Quantification for the intensity of alizarin red S staining was spectrophotometrically conducted at A = 562 nm. The bar graphs (mean +
SEM, n = 5) represent quantitative results obtained from the spectrophotometer. Values not sharing a letter indicate significant difference at P < 0.05

Stimulation of SMAD signaling and Runx2 transcription
by silymarin

Binding of BMP to its receptor complex results in the acti-
vation of BMPRI, which in turn phosphorylates SMAD1/
5/8 molecules, forming a complex with SMAD4 that trans-
locates into the nucleus to activate transcription of specific
genes, 'O

When MC3T3-E1 cells were cultured in osteogenic medium,
SMAD1/5/8 phosphorylation rapidly increased within 30 min
and diminished after 60 min (Figure 6a). As shown in
Figure 6b, stimulation of osteoblasts with 1-20 umol/L of sily-
marin boosted SMAD1/5/8 phosphorylation in a dose-
dependent manner. In addition, the immunocytochemical
analysis confirmed the boosting effects of silymarin on
SMAD1/5/8 activation. There was relatively weak activation
of SMAD1/5/8 in undifferentiated cells. Heavy nuclear stain-
ing in differentiated cells was observed, indicating that more
SMAD1/5/8 was activated and translocated into the nucleus
(Figure 6c). In cells treated with silymarin, fluorescent staining
of nuclear SMAD1/5/8 was further enhanced.

Western blot analysis revealed that SMAD4 induction
was also enhanced in a similar manner to SMAD1/5/8 acti-
vation in cells treated with silymarin in osteogenic medium
(Figure 6b). Consistently, immunocytochemical staining
proved that silymarin dose-dependently intensified the
nuclear staining of SMAD4 (Figure 6c).

The expression of these bone marker genes is modulated by
bone-specific transcription factor Runx2.*” Runx2 transcription
was increased on day 3 and thereafter diminished back to
basal level (Figure 7a). Realtime PCR assay found that treat-
ment of three-day differentiated cells with >10 wmol/L of
silymarin promoted Runx2 transcription (Figure 7b).
Accordingly, secretion of collagen I, ALP and osteocalcin
was enhanced through eliciting Runx2 transcription.

Effects of silymarin on fracture healing

On day 21, microCT radiographic images of silymarin-treated
mice showed notably better bone healing and remodeling of
the tibial fracture compared with fractured mice (Figure 8).
The morphology of tibial bones of silymarin-treated mice
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Figure 4 Elevation of collagen type | secretion and transcriptional expression of osteocalcin. Collagen | secretion was assessed in culture media collected from
MCB3T3-E1 cells differentiated for 15 days (a). In addition, MC3T3-E1 cells were cultured for 6 days in the presence of 1-20 umol/L of silymarin (b). Collagen |
secretion in media was examined by Western blot analysis with a primary antibody against collagen I. The bar graphs (mean + SEM, n = 3) in the bottom panels
represent quantitative results obtained from a densitometer. Time course response of expression of osteocalcin was evaluated in MC3T3-E1 cells for 15 days (c).
In addition, mRNA expression of osteocalcin was examined in MC3T3-E1 cells incubated in the presence of 1-20 umol/L of silymarin (d). After culture protocols,
realtime polymerase chain reaction analysis was carried out for the measurements of osteocalcin mRNA levels (mean + SEM, n = 3). The housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for internal normalization. Values in bar graphs not sharing a letter are different at P < 0.05
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Figure 5 Elevation of bone morphogenetic protein (BMP)-2 by silymarin and noggin-suppressed alkaline phosphatase (ALP) activity in MC3T3-E1 cells. Time
course response of BMP-2 induction was determined in MC3T3-E1 cells differentiated for 15 days (a). In addition, MC3T3-E1 cells were cultured for 1 day in
the presence of 1-20 umol/L of silymarin (b). Cell lysates were subjected to Western blot analysis with a primary antibody against BMP-2. Representative
blot data were respectively obtained from three independent experiments and B-actin protein was used as an internal control. The bar graphs (mean + SEM,
n = 3) represent quantitative results obtained from a densitometer. The ALP secretion in media was examined on day 6 in MC3T3-E1 cells treated with
20 pmol/L of silymarin in the presence of 100 ng/mL of noggin, the BMP antagonist (c). ALP activity was measured by a colorimetric enzyme assay and
expressed as nmol PNP/min/mg protein (n = 3). Values not sharing a letter are different at P < 0.05
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Figure 6 Further activation of SMAD1/5/8 and SMAD4 in osteoblastic MC3T3-E1 cells treated with silymarin. Time course response of SMAD1/5/8 phosphoryl-
ation was evaluated in MC3T3-E1 cells for 240 min (a). Activation of SMAD1/5/8 and SMAD4 was examined in MC3T3-E1 cells cultured for 30 min in the presence
of 1-20 umol/L of silymarin (b). After culture protocols, cell lysates were subject to sodium dodecyl sulfate polyacrylamide gel electrophoresis and Western blot
analysis with a primary antibody against phosphorylated SMAD1/5/8 or SMAD4. Representative blot data were respectively obtained from three independent
experiments, and B-actin protein was used as an internal control. The bar graphs (mean + SEM, n = 3) in the bottom panels represent quantitative results
obtained from a densitometer. Values not sharing a letter are different at P < 0.05. In addition, immunocytochemical analysis was conducted to measure
nuclear translocation of SMAD1/5/8 and SMAD4 (c). After culture protocols, fixed cells were incubated with a primary antibody against phosphorylated
SMAD1/5/8 or SMADA4. Fluorescein-conjugated anti-rabbit IgG (phosphorylated SMAD1/5/8) and cyanine 3-conjugated anti-rabbit IgG (phosphorylated
SMAD4) were added as the secondary antibody. Fluorescent images were taken with a fluorescence microscope

was comparable to, if not indistinguishable from, that of
unfractured controls.

The results for BMD measurements are summarized in
Table 1. The BMD and BMC were markedly elevated in
silymarin-treated animals during the 14-day healing
period. These values were significantly higher than those
of fractured mice from one week after the fracture, demon-
strating that the supplementation of silymarin improved
tibial bone strength. However, it should be noted that the
BMC was greatly enhanced in fractured mice for healing.

One day after fracture surgery, the serum ALP levels
declined up to ~60% even in unfractured controls, most
likely due to surgery trauma (Table 2). The serum ALP
level of silymarin-treated mice was restored on day 14
after fracture, unlike those of unfractured controls and frac-
tured mice. The fracture surgery minimally influenced the

serum levels of another bone marker, osteocalcin, in frac-
tured mice (Table 2). However, the osteocalcin levels
were elevated in silymarin-treated mice during the fracture
healing of 14 days. Consistent with osteoblast culture data
(Figures 4c and d), silymarin was an osteogenic compound
boosting levels of osteocalcin responsible for late osteoblast
differentiation.

Discussion

Bone formation requires the three essential steps of osteo-
blast differentiation, matrix maturation and matrix mineral-
ization.” Bone formation of osteoblasts is characterized by
cellular expression and synthesis of bone marker gene pro-
teins for matrix maturation and by ECM mineralization trig-
gered by calcium deposition.” Expression of bone marker
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Figure 7 Transcriptional expression of runt-related transcription factor 2
(Runx2) in osteoblastic MC3T3-E1 cells treated with silymarin. Time course
response of Runx2 transcription was evaluated in MC3T3-E1 cells for
15days (a). In addition, mRNA expression of Runx2 was examined in
MC3T3-E1 cells incubated in the presence of 1-20 umol/L of silymarin (b).
After culture protocols, realtime polymerase chain reaction analysis was
carried out for the measurement of Runx2 (on day 3) mRNA levels (mean +
SEM, n = 3). The housekeeping gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used for internal normalization. Values in bar graphs
not sharing a letter are different at P < 0.05

genes for osteoblast differentiation occurs during bone for-
mation in a well-coordinated temporal manner. Bone
matrix proteins synthesized by osteoblasts include collagen
type I, ALP, osteopontin, bone sialoprotein and osteocalcin.’
The accumulation of bone matrix proteins in the ECM is
accompanied by matrix mineralization.*

There are very few published reports that definitely display
the stimulatory effects of silymarin on osteoblast differen-
tiation, bone marker gene transcription and ECM mineraliz-
ation. In this study, using the osteoblastic MC3T3-E1 cells,
we investigated the influence of silymarin on osteoblast
differentiation, ECM calcium deposits for matrix mineraliz-
ation and protein expression and transcription of ECM bone-
specific proteins. In addition, in vivo mouse fracture models
were used to determine the improving effects of silymarin
on fracture healing and bone strength. This study demon-
strated that, at the stage of osteoblast differentiation, protein
expression of ALP and collagen I, and transcription of osteo-
calcin were further enhanced by silymarin in a well-organized
temporal manner. It was also found that silymarin sup-
plementation distinctly improved bone healing and remodel-
ing of the tibial fracture and increased serum levels of the
bone marker proteins of ALP and osteocalcin.

Silymarin is a natural compound composed of an iso-
meric mixture of the flavonolignans of silychristin,

Kim et al. Silymarin and osteogenesis

isosilychristin, ~ silydianin, silibinin and isosilibin.'®
Silymarin is abundant in milk thistle and has been clinically
implicated in liver diseases and viral hepatitis, whose patho-
genesis involves an inflammatory response.” Information
on silymarin influencing bone marker genes is very
limited. Silymarin was not effective in proliferative activity
and osteocalcin secretion in rat calvarial osteoblast-like
cells."® However, some plant compounds have been
shown to maintain an optimal bone status and stimulate
bone formation.”>'*?° The glycoside hesperidin, found
rich in citrus fruits, regulated osteoblast differentiation and
maneuvered the mineralization process associated with
osteopontin expression.20 In addition, osthole, a coumarin
derivative present in many medicinal plants, mediated cell
differentiation through the BMP-2/p38 and extracellular
signal-regulated kinase 1/2 pathways in human osteoblast
cells.*! Recently, it was shown that silymarin showed estro-
genic activity, inhibiting bone loss with mild proliferative
effects in the uterus of ovariectomized rats, which was
most likely due to a direct interaction of silymarin with
estrogen receptors.”® It is deemed that silymarin may be a
direct regulator for osteoblast differentiation and bone ana-
bolic formation. In this study, silymarin participated both in
the early phase of bone formation and in the late phase of
matrix maturation/mineralization.

Matrix mineralization is the accumulation of calcium
deposits forming bone nodules, which could be a direct
indicator of bone growth.”” Mineralization is accomplished
by nucleation of calcium deposits initiated by exocytosis
of osteoblast vesicles into the ECM. It was shown that osteo-
blast vesicles contain ALP, calcium-dependent proteins and
calcium - phosphate - phospholipid complexes.® The ves-
icles are localized in extracellular clusters with high ALP
activity.>* Accordingly, the increase (nodule size and abun-
dance) in calcium deposition by silymarin, as microscopi-
cally observed alizarin red staining, appeared to be due to
elevated cellular ALP levels and matrix vesicle formation.
Accordingly, silymarin would stimulate matrix calcium
deposits accompanying enhanced uptake of calcium into
the matrix vesicles via increased ALP activity. However,
the role of silymarin in matrix vesicle-mediated mineraliz-
ation in osteoblasts remains to be clarified.

Potential mechanism(s) for the enhanced osteogenic
activity by silymarin treatment in osteoblasts are not yet
defined. It was suggested that silymarin stimulated osteo-
genic activity via BMP-2-responsive signaling involved in
osteoblastic differentiation.'” BMP initiates signaling by inter-
acting with its distinct serine/threonine kinase receptors that
can activate the cytoplasmic SMAD proteins."! BMP-2
induced expression of Runx2 and osteocalcin.>® Thus,
silymarin-induced up-regulation of bone marker proteins
might be a consequence of the elevated induction of BMP-2
by silymarin. As expected, the ALP secretion of MC3T3-E1
osteoblast was abolished by the BMP receptor inhibitor
noggin. However, noggin-treated osteoblasts restored ALP
secretion back to the basal level. Accordingly, silymarin
may boost ALP secretion independent of BMP-2 induction.
It was shown that constitutively active SMAD1 induced
osteoblastic differentiation of C2C12 myoblasts in cooperation
with SMAD4 or Runx2.'? Similarly, silymarin promoted
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Figure 8 High-resolution three-dimensional radiographic images showing tibial fracture repair of C57BL/6 mice. The animals were divided into three groups. The
animals were tibially fractured (fractured) and were orally injected with 10 mg/kg body weight/day silymarin for 21 days (silymarin-treated). Radiographic in vivo
images for mouse tibial bones were taken on days 1, 7 and 14 after fracture using a MicroCAT Il scanner. The arrow indicates the bone fracture site

osteoblastic differentiation through SMAD1/5/8 phosphoryl-
ation accompanying nuclear translocation of SMADA4.

Runx? triggered transcription of collagen type I, osteocal-
cin, osteopontin and bone sialoprotein via binding its runt
homology domain to target promoters and enhancers.” At
matrix levels, silymarin accelerated collagen I secretion and
calcium deposition for ECM mineralization, most likely due
to the increased cellular and matrix activity of ALP, the

major differentiation markers of osteoblasts. Runx2 overex-
pression in osteoblastic MC3T3-E1 cells increased bone
matrix mineralization, indicating that Runx2 plays a stimu-
latory role in ECM mineralization.®” This study showed
that Runx?2 transcription occurred in the early phase of osteo-
blast proliferation and differentiation. Therefore, it was pro-
posed that silymarin stimulated osteogenic activity by
promoting levels of bone marker proteins and enhancing

Table 1 Effects of silymarin treatment on tibial bone density in tibially fractured mice

Parameters Mice Prefracture Day 1 - postfracture Day 7 - postfracture Day 14 - postfracture

BMD Unfractured 35.10 + 1.75 41.63 + 1.72 45.96 + 5.06 47.86 + 2.34
Fractured 35.79 + 1.80 41.95 +2.40 50.84 + 3.78* 61.91 + 2.82*
Silymarin-treated 34.91 + 1.84 41.26 + 1.86 58.55 + 2.70*F 67.36 + 3.1

BMC Unfractured 7.57 +0.56 7.25 +1.53 8.22 +2.06 8.10 + 1.21
Fractured 7.29 +0.64 7.82 +0.81 10.00 + 1.82* 12.22 + 0.79*
Silymarin-treated 6.98 + 0.55 7.39 + 1.38 11.96 + 1.89*F 14.73 + 0.49+F

Area Unfractured 0.208 + 0.008 0.211 +0.012 0.201 + 0.010 0.198 + 0.011
Fractured 0.203 + 0.008 0.208 + 0.009 0.206 + 0.015 0.206 + 0.009
Silymarin-treated 0.199 + 0.016 0.199 + 0.017 0.200 + 0.014 0.198 + 0.013

BMC, bone mineral content; BMD, bone mineral density

Mice were tibially fractured and thereafter orally supplemented with 10 mg/kg body weight/day silymarin for two weeks. All mice received surgical implants in
tibiae. Areal BMD (mg/cmz), BMC (mg) and bone with (cm?) were measured in tibial bone by using a PIXImus mouse densitometer. Values are presented as

mean + SEM of six mice
“P < 0.05, relative to unfractured controls in same column
#P < 0.05, relative to fractured mice in same column



Kim et al. Silymarin and osteogenesis 427

Table 2 Effects of silymarin treatment on serum levels of alkaline phosphatase and osteocalcin during 14-day fracture repair periods

Parameters Mice Prefracture Day 1 - postfracture Day 7 - postfracture Day 14 - postfracture
ALP Unfractured 31.2+24 19.7 £ 0.9 20.0+1.8 22.8+2.8

Fractured 31.1+22 19.0+ 1.3 202 +1.3 232 +1.6

Silymarin treated 30.3+25 19.9+1.0 23.4+3.3 31.5 + 4.2+F
Osteocalcin Unfractured 31.4+54 35.1+1.6 28.7 +5.2 282 +1.7

Fractured 34.6 +5.8 36.1 + 4.0 33.5+ 4.1 31.2+3.0

Silymarin treated 33.5+4.8 41.8 + 6.9* 36.9 + 5.4* 38.9 + 4.7+%

Mice were tibially fractured and thereafter orally supplemented with 10 mg/kg body weight/day silymarin for two weeks. All mice received surgical implants in
tibiae. Serum alkaline phosphatase (U/L) was measured using the p-nitrophenyl phosphate as the substrate. A unit (U) of ALP was defined as release of 1 umol

p-nitrophenol /min. Serum osteocalcin (ng/L) was measured by using enzyme-linked immunosorbent assay kits

ALP, alkaline phosphatase
*P < 0.05, relative to unfractured controls in same column
#pP < 0.05, relative to fractured mice in same column

ECM calcium deposition for matrix mineralization via
Runx2-associated pathway(s).

There is so far no ideal drug treatment available to
manage osteoporosis leading to fracture. This study
attempted to confirm the osteogenic activity of silymarin
in the mouse fracture model. The use of the murine frac-
ture models may allow study of fracture healing and
bone regeneration.*> The healing sequence of the mouse
tibial fracture was similar to that seen in the rat tibia.*
Administration of silymarin was shown to better fracture
healing with enhanced bone callus formation during the
healing period of 21 days. Serum levels of mesenchymal
progenitors of ALP and osteocalcin, indicating osteogenic
differentiation, were highly elevated by silymarin after
14-day fracture episodes, compared with fractured mice.
Therefore, silymarin appears to play a crucial role in regu-
lating osteogenesis in the later stages and thus may be ben-
eficial for fracture healing. There are limitations in this
study by virtue of the small numbers of animals that
may create a low power of analysis. Although silymarin
had been used in animal fracture experiments, we cannot
be sure that the same effects occur in humans. Silymarin
affects biological signals of bone tissues via release of ana-
bolic or cytokine molecules. Accordingly, the effects of
silymarin may be linked to, or are associated with, the
changes in other molecular markers such as vascular endo-
thelial growth factor, extracellular signal-regulated kinase
and p38 kinase in the process of fracture healing.*"*
Interventions using gene-targeted animals would be
necessary for the study of molecular mechanisms of frac-
ture healing and bone regeneration.

In summary, this study showed that silymarin accelerated
ALP expression and osteocalcin transcription in MC3T3-E1
cells. At matrix levels, silymarin promoted collagen I
secretion and calcium deposition for ECM mineralization,
most likely due to the increased ALP activity. Therefore,
silymarin can invigorate bone-forming activity directly
through triggering BMP-2- and Runx2-targeted osteoblast
differentiation and bone marker gene expression. In the
mouse fracture healing model, silymarin supplementation
improved tibial healing with elevated BMD and serum
levels of ALP and osteocalcin. These results demonstrate
for the first time that silymarin has a potential to enhance
osteoblastogenesis likely via the BMP/SMAD/Runx2
signal pathways and to improve fracture healing and bone

strength in mouse tibiae. Further studies will be necessary
to clarify the molecular mechanisms underlying the fracture
healing activity of silymarin.
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