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Abstract

Glucocorticoid medication is one of the most common causes of atraumatic osteonecrosis of the
femoral head (ONFH), and vitamin K, (VK,) has been shown to play an important and beneficial
role in bone metabolism. In this study, we hypothesized that VK, could decrease the incidence of
glucocorticoid-induced ONFH in a rat model. Using in vitro studies, we investigated how bone
marrow-derived stem cells in the presence of methylprednisolone proliferate and differentiate,
specifically examining osteogenic-related proteins, including Runx2, alkaline phosphatase and os-
teocalcin. Using in vivo studies, we established glucocorticoid-induced ONFH in rats and investi-
gated the preventive effect of VK,. We employed micro-CT scanning, angiography of the femoral
head, and histological and immunohistochemical analyses, which demonstrated that VK, yielded
beneficial effects for subchondral bone trabecula. In conclusion, VK, is an effective antagonist for
glucocorticoid on osteogenic progenitors. The underlying mechanisms include acceleration of
BMSC propagation and promotion of bone formation-associated protein expression, which

combine and contribute to the prevention of glucocorticoid-induced ONFH in rats.
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Introduction

Glucocorticoid (GC) has been widely used for
the treatment of rheumatic, auto-immune and hema-
topoietic system diseases. However, its abuse is one of
the most common causes of atraumatic osteonecrosis
of the femoral head (ONFH), contributing to 5%~40%
of the cases in which patients develop ONFH [1-3],
and the risk increases with higher doses and pro-
longed treatment. With the development of ONFH,
the femoral head finally collapses, causing pain and
dysfunction in patients. Several mechanisms have
been found in glucocorticoid-induced ONFH, alt-
hough they are not yet fully understood.

The primary adverse effect of GC is the inhibi-
tion of bone formation by affecting bone cell lines. GC
has been found to downregulate telomerase activity
and the self-renewal ability of mesenchymal stem
cells (MSCs) to inhibit MSC proliferation [4]. Extrac-
tion of bone marrow stem cells (BMSCs) from ster-

oid-induced ONFH also indicated that GC damaged
the proliferation ability of MSCs[5]. Furthermore,
studies have indicated that GC inhibited osteogenic
differentiation of BMSCs, resulting in a decrease of
mature osteoblasts[2, 6]. Among the differentiation
effects of GC, downregulation of runt-elated tran-
scription factor Runx2/Cbfal is considered to be very
important. Runx2 is a key transcriptional modulator
of osteoblast formation and regulates the differentia-
tion of BMSCs in many ways. Studies have shown
that GC antagonizes Runx2 and, subsequently, ALP
expression mediated by Runx2 in cultures of mesen-
chymal cells[7]. GC was also proven to directly in-
crease apoptosis of osteoblasts and osteocytes, ulti-
mately decreasing bone formation[6, 8]. Recent stud-
ies revealed that GC can directly injure endothelial
cells and decrease the level of VEGF protein, which is
the most important angiogenic factor acting directly
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on endothelial cells and inducing angiogenesis. Fur-
thermore, GC also suppresses collagen synthesis of
myofibroblastic cells, resulting in capillary rarefaction
and destruction of the repair process after necrosis[2,
9-12], while fat infiltration and the subsequent in-
creased intraosseous pressure induced by GC aggra-
vate bone ischemia and finally osteonecrosis in fem-
oral heads [2, 13]. Several methods have been put
forward to prevent glucocorticoid-induced osteone-
crosis, such as pravastatin[14], erythropoietin[15], and
G-CSF/SCEF[16]; however, no method that was widely
used to prevent its incidence was clinically significant.

Vitamin K (VK) has been shown to play an im-
portant and beneficial role in bone metabolism, espe-
cially in the prevention of osteoporosis and fragility
fractures. Osteocalcin (OC) is the primary
non-collagenous, Runx2-regulated protein in bone
that is produced by osteoblasts during bone for-
mation, consisting of undercarboxylated-OC, referred
to as Glu-OC, and carboxylated OC, referred to as
Gla-OC, while only Gla-OC confers the greater affin-
ity for calcium to promote bone mineralization[17,
18]. Currently, serum OC has been used to evaluate
bone metabolism as a late bone formation marker, and
Glu-OC/Gla-OC is a marker of both bone turnover
and VK status[19]. VK is the cofactor of carboxylase
that is essential for y-carboxylation of osteocalcin
(OQ), and studies have shown that VK significantly
upregulates OC expression of MSCs in vitro[20] and
increases the serum levels of y-carboxylated OC in
vivo[21]. Furthermore, studies have indicated that VK
could stimulate osteoblastic cell proliferation[22],
promote osteogenesis and increase ALP expression in
human BMSCs[20, 23]. Other studies have revealed
that VK stimulates bone formation both in sciat-
ic-neurectomized and GC-treated models [24, 25].
Clinically, VKs have been used to increase bone
strength and mineral density in osteoporosis[26], ex-
cept for the classic role in blood coagulation. In addi-
tion to bone metabolism effects, VK, has also been
demonstrated to be an anti-calcification component in
the vessel wall by activating matrix Gla protein
(MGP)[27], protect endothelial cells from serum star-
vation-induced apoptosis through carboxylated
gas6[28] and rescue endothelial cell apoptosis by reg-
ulating mitochondrial function[29].

In this study, we hypothesized that VK could
prevent the incidence of glucocorticoid-induced
ONFH because ONFH incidence is closely related to
decreased production of osteoblasts and bone for-
mation-associated proteins[3], while VK has been
proven to promote bone remodeling both in vitro and
in vivo [25, 30, 31]. Vitamin K2 is a series of vitamers
with multiisoprene units at the 3-position of the
naphthoquinone, abbreviated as “MK-n". MK-4, with

four isoprene units in its side chain, is the product of
tissue-specific conversion directly from dietary phyl-
loquinone and has been shown to be the predominant
form of vitamin K in the human body[17, 22, 44].
Studies have indicated that VK> could enhance bone
mineralization and decrease bone resorption more
effectively than VKi[17, 32, 33]. Therefore, in this
study, we used MK-4 (Sigma, St. Louis, MO, USA) to
investigate the effect of VK2 versus steroid-induced
ONFH both in vitro and in vivo.

Materials and Methods

Cell culture

Bone marrow stem cells (BMSCs) of 3-week-old
Sprague-Dawley (SD) rats (Shanghai Animal Experi-
mental Center, Shanghai, China) were obtained from
the femur and tibia according to the method described
by Kodama [18] and were cultured with a minimum
essential medium (a-MEM; Gibco BRL, Grand Island,
NY, USA) containing 10% fetal bovine serum (FBS;
Invitrogen, Carlsbad, CA, USA), 100 U/ml penicillin
G and 100 pg/ml streptomycin in a humidified at-
mosphere of 5% CO» at 37°C. Passage was performed
when adherent BMSCs propagated to a density of
80%~90%. BMSCs after three to six passages were
used in all experiments, which were carried out at a
seeding density of 50,000 cells/cm?. All procedures
involving animals were approved by the Institutional
Animal Care Committee.

Cell proliferation and viability examination

BMSCs were plated in 96-well plates (four wells
in each group) at the same cell density and divided
into five groups: (1) the control group; (2) the MP
(methylprednisolone, Pfizer) group, which was
treated with 5x10° M MP; (3) the MP+VK-?5 group,
which was treated with 5x105> M MP and 10> M VKj;
(4) the MP+VK-¢ group, which was treated with 5x10-
M MP and 10 M VKy; and (5) the MP+VK? group,
which was treated with 5x105 M MP and 107 M VKa.
The MP concentration was determined based on pre-
vious studies [2]. We chose three different levels of
VK;, to determine its optimal concentration for the
following study.

A Cell Counting Kit-8 (CCK-8;, Beyotime,
Shanghai, China) was used according to the manu-
facturer’s instructions at 0 h, 72 h and 144 h after
BMSC adherence. At these time points, 10 pL of
CCK-8 reagent was added into 100 pL of culture me-
dium in each well and then incubated for another 3
hours. The absorbance value was measured using a
microplate reader (Bio-Rad, Hercules, CA) at 450 nm.

After propagating to a density of more than 90%,
BMSCs in the control, MP and MP+VK-¢ groups were
treated as described above, and the medium was
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changed every 3 days. The MP+VK-¢ group was cho-
sen based on its performance in previous investiga-
tions. A ReadyProbes® Cell Viability Imaging Kit (Life
Technologies, Gaithersburg, MD, USA) was used to
detect cell viability at 144 h after incubation, in which
blue dye was used to stain all living cells, and green
dye was used to stain the dead cells.

Osteogenic induction

BMSC differentiation was induced 48 h after the
cells were plated, with each group’s basic medium
supplemented with 102 M B-sodium glycerophos-
phate, 50 pg/mL L-ascorbic acid and 107 M dexame-
thasone. The medium was changed every 3 days. For
alizarin red staining and immunofluorescence stain-
ing, BMSCs were taken from three groups: the control
group, the MP group and the MP+VK¢ group. For
western blot and qRT-PCR, BMSCs were taken from
all five groups.

Alizarin red staining

After osteogenic induction for 21 days, cells in
48-well plates (three wells in each group) were fixed
by 4% paraformaldehyde for 20 minutes, then rinsed
twice with phosphate-buffered saline (PBS, pH 7.4)
and stained with 40 mM alizarin red working solution
for 10 minutes. After being rinsed twice with PBS
again, these cells were visualized under a light mi-
croscope.

Immunofluorescence

BMSCs were imbedded on round cover slips and
placed in a 48-well plate. After 3 weeks of osteogenic
induction, they were fixed with 4% paraformaldehyde
for 20 minutes, treated with 0.1% Triton X-100 for 15
min, and blocked with 10% FBS for 30 min at 37 °C.
Then, slips were labeled at 4 °C overnight with rabbit
antibodies against rat Runx2 (Millipore, CA, USA),
OC (CST, Danvers, MA, USA) and ALP (CST). After
being rinsed with PBS three times, these slips were
immersed in an Alexa Fluor™488 secondary antibody
(Invitrogen) for 1 h at 37 °C. Finally, slips were stained
with 4',6-diamidino-2-phenylindole (DAPI) for an-
other 30 seconds, rinsed with PBS and analyzed with
a fluorescence microscope.

Alkaline phosphatase activity in BMSCs

The alkaline phosphatase (ALP) activity was
determined in cell lysates with a commercial kit (Bi-
oengineering Institute, Nanjing, China) after osteo-
genic induction for 3 weeks, according to the manu-
facturer’s instructions. Values were measured at 520
nm and normalized to protein concentration.

Woestern blot

Proteins were extracted with a cell lysis buffer

supplemented with proteinase inhibitor, and the total
protein concentration was detected with a BCA assay.
Then, proteins were denatured at 95 °C for 5 minutes.
A 30-ug sample of proteins was subjected to
SDS-PAGE and transferred to a PVDF membrane.
After being blocked with 5% dried skimmed milk, the
membranes were labeled with a primary antibody of
Runx2 (Abcam, Cambridge, MA, USA) and glycer-
aldehyde-3-phosphate  dehydrogenase (GAPDH,
CST) at a concentration of 1:1000 at 4 °C overnight and
then immersed in the secondary antibody working
reagent of anti-rabbit IgG (1:1000) at 37 °C for 1 h.
After chemiluminescence with a commercial assay,
the target bands were detected with a gel im-
age-processing system. The protein levels were nor-
malized against GAPDH.

Quantitative real-time polymerase chain re-
action analysis (QRT-PCR)

Total RNA was extracted from osteogen-
ic-induced BMSCs in each group with the TRIzol re-
agent (Invitrogen). The RT reaction was performed
with EasyScript one-step gDNA Removal and cDNA
Synthesis Supermix (TransGen Biotech, Beijing, Chi-
na) from 1 pg of total RNA according to the manu-
facturer’s instructions. qRT-PCR of ALP, OC and
Runx2 were performed with TransStart Tip Green
qPCR SuperMix (TransGen Biotech). The relative
amount of mRNAs was normalized to f-actin. The
forward and reverse primers of each cDNA were de-
signed as follows: p-actin, 5'-GTCATCCATGGCG
AACTGGT-3" and 5-CGTCATCCATGGCGAAC
TGG-3;  Runx2,  5-CCGAGACCAACCGAGTC
ATTTA-3' and 5-AAGAGGCTGTTTGACGCCAT-3';
OC, 5-TCAACAATGGACTTGGAGCCC-3' and
5'-AGCTCGTCACAATTGGGGTT-3; ALP, 5-CA
AGGATGCTGGGAAGTCCG-3" and 5'-CTCTGGGC
GCATCTCATTGT-3'". The qRT-PCR reaction system
was as follows: cDNA, 1 pL; double-distilled water,
3.4 pL; Tip Green qPCR SuperMix, 5 pl; passive ref-
erence dye (50%), 0.2 pL; forward primer one (10
pmol/1), 0.2 pL; reverse primer (10 pmol/1), 0.2 pL.
The total volume of the system was 10 pL. The reac-
tion conditions were 95 °C for 30 s first, then 95 °C for
5 s, and finally 60 °C for 30 s, in all 40 cycles. Mean-
while, a 65 °C~95 °C solubility curve was constructed.

Animal model and grouping

A total of 30 SD rats were divided into three
groups. Rats in the control group received no treat-
ment. Rats in the MP group were intramuscularly
injected with MP 20 mg/kg/d for three continuous
days per week, with an injection period of three
weeks (total MP: 180 mg/kg). Animals in the MP+VK,
group were first fed VK230 mg/kg/d for two weeks
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and then intramuscularly injected with methylpred-
nisolone as in the MP group, accompanied by con-
secutive VK, feed until the animals were sacrificed.
All samples were obtained 6 weeks after the first in-
jection of MP.

Serum ALP, Glu-OC and Gla-OC

Blood samples were extracted from SD rats after
anesthesia with serum separation tubes and then
centrifuged at 3000 rpm for 15 minutes at 4 °C. The
serum was separated, and the serum ALP activity was
measured using a commercial assay (Beyotime). The
absorbance at 405 nm was recorded as relative ALP
levels in rats.

Serum Glu-OC, which means undercarboxylated
osteocalcin, and Gla-OC, which means carboxylated
osteocalcin, were detected with commercially availa-
ble enzyme immunoassay (EIA) kits (Takara, Shiga,
Japan); the absorption of the samples was analyzed at
450 nm, and a standard curve was generated for each
protein; absolute concentrations were obtained from
the standard curve.

Micro-CT scanning

To evaluate bone morphologic changes in the
rats, the right femoral head of each rat was scanned
with a micro-CT scanner at a voxel of 9 microns. 2-D
images were transferred to CTAn software and the
trabecular bone parameters of the upper outer sub-
chondral bone of the femoral head, including bone
mineral density (BMD), bone volume (BV), bone
volume per tissue volume (BV/TV), trabecular pat-
tern factor (Tb.Pf), trabecular thickness (Tb.Th), and
trabecular number (Tb.N), were quantified.

Angiography

After cardiac perfusion with heparinized saline,
Microfil (MV-112, Flow Tech, Inc., Carver, MA, USA)
was injected through the abdominal aorta until a
constant outflow of the compound was observed to
exit the abdominal vein. Then, the rats were placed at
4 °C for 1 h to ensure polymerization of the contrast
agent. Femoral heads were fixed with 10% formalin
and decalcified with a 10% EDTA solution. Finally,
the samples were scanned via micro-CT as described
above, and the vessels of the femoral head were re-
constructed using CTVol software.

Histological and immunohistochemical anal-
yses

After decalcification and paraffin embedding,
femoral heads were sectioned at a thickness of 5 pm in
the coronal plane. Some of these sections were stained
with hematoxylin and eosin (H&E) to evaluate the
trabecular structure, while the others were deparaf-
finized, antigen retrieved, incubated with anti-OC

(Abcam), anti-Runx2 (Abcam) and anti-VEGF
(Boshide, Wuhan, China) primary antibodies and then
incubated with the appropriate biotinylated second-
ary antibodies. Sections were colored with DAB and
counterstained with hematoxylin. Photomicrographs
were acquired using a LEICA DM 4000. Then, the
images of immunohistochemical staining were ana-
lyzed with the software Image-Pro Plus, with which
the integrated option density (IOD) of target protein
and the total area of trabecular bones were measured,
and the mean density (IOD/area) was calculated and
counted.

Statistical analysis

SPSS 20.0 (Microsoft, Chicago, IL, USA) was
used to analyze the values in each group. All data
were expressed as the means and standard deviation
(SD). Comparisons of data among the groups were
performed using one-way analysis of variance with an
SNK post hoc analysis. A P value less than 0.05 was
considered statistically significant.

Results

VK; promoted BMSC proliferation and en-
hanced cell survival

The CCK-8 study showed that BMSC prolifera-
tion was significantly suppressed after 72 h and 144 h
of incubation of 5x10° M MP, while this inhibition
was antagonized by VK,, especially at a concentration
of 10¢ M (Fig. 1C). Cell viability staining showed a
large number of dead cells in the MP group, while
fewer were apparent in the MP+VK+*
group —indicating VKz-enhanced cell survival during
MP incubation (Fig. 1A-B), which was also observed
under the light microscope (Fig. 1D).

VK; improved osteogenic differentiation of
BMSCs

Following treatment with MP and MP supple-
mented with different concentrations of VKj, the ex-
pression of Runx2 was detected by western blotting.
MP treatment decreased the level of Runx2, while
supplementation of 10*M VK, most clearly enhanced
Runx2 expression. ALP activity in BMSCs induced for
3 weeks was also downregulated by MP and upregu-
lated when combined with different concentrations of
VKo, except for 10° M. (Fig. 2)

We further detected the expression of these pro-
teins in BMSCs treated with MP and MP supple-
mented with VK; by immunofluorescence. The results
showed that osteogenic-induced BMSCs exhibited
minimal staining of Runx2, OC and ALP in the MP
group, while a significant increase of these proteins
was detected with supplementation of VK. (Fig. 3)
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To verify whether VK, promoted osteogenic
differentiation of BMSCs treated with MP, the ex-
pression of osteogenic-associated genes was detected
by gRT-PCR. The mRNA level of Runx2, an ear-
ly-stage osteogenic marker, was significantly upreg-
ulated by 10°M VK, (P < 0.05), although no obvious
increase was observed with 10 M and 107M VK, (P >

A

Control

0.05). The expression of OC and ALP, which were
bone mineralization markers, was also significantly
upregulated by 10° M VK; (P < 0.05). We observed
that 10° M and 107 M VK; improved the OC tran-
scription of BMSCs to some degree (P > 0.05) but did
not improve ALP transcription. (Fig. 4A-C)

MP MP+VK*

B Cell death rate

Control MP

C BMSC proliferation
= B3 72h
g £ 144h
z
2
MP+VK* MP+VK~

Figure 1. Effects of MP and MP supplemented with VK; on the proliferation and survival of BMSCs. (A, B) Cell viability staining was performed 144 h after
incubation with MP and MP plus 10-6 M VK3, in which all living cells were stained blue and dead cells were stained green. (C) After treatment of MP and MP supplemented with
different concentrations of VK3, the proliferation of BMSCs was detected by CCK-8, and the results were expressed as the mean absorbance value (%) +SD. (D). Images of
BMSCs under light microscope at 144 h after cell adherence (¥, significant difference versus the MP group, P < 0.05).

%, Y,

Runx2

GAPDH

Expression of Runx2 protein

Alkline phosphate activity (U/g)

Figure 2. Expression of osteogenic proteins in BMSCs treated with MP and MP plus different concentrations of VK. (A) Western blotting results showed that
MP and combined use of VK; significantly affected the expression of Runx2. (B) Analysis showed that the expression of Runx2 was decreased by MP and the combined use of 10-¢
M VK significantly enhanced the protein expression. (C) ALP activity in BMSCs was downregulated by MP, while supplementation of VK, upregulated the ALP level, except for

105 M VK (¥, significant difference versus the MP group, P < 0.05).
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Figure 3. Expression of Runx2, OC and ALP of BMSCs cultured in osteogenic medium detected by immunofluorescence; green staining shows expressed
proteins and blue staining shows the nucleus. (A) Expression of Runx2 was decreased by MP, and 10-¢ M VK; clearly improved Runx2 expression, even with MP. (B, C)
Immunofluorescence staining of OC and ALP showed similar results with Runx2.
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Figure 4. Effects of MP and MP plus VK: on osteogenic differentiation of BMSCs. (A-C) The mRNA expressions of Runx2, OC and ALP of BMSCs were detected by
qRT-PCR after 3 weeks of incubation of the osteogenic medium with MP and MP plus different concentrations of VKa. Values shown are mean * SD (n = 3). (¥, significant
difference versus the MP group, P < 0.05). (D) Alizarin red staining of BMSCs exposed to MP and MP plus 10-¢ M VK.

Alizarin red staining showed fewer calcium
nodules in the MP group compared with the control
group, while the mineralization of BMSCs improved
more significantly in those treated with a combination
of VK; than in those treated with MP alone. (Fig. 4D)

VK increased serum ALP, Gla-OC and
Glu-OC in rats treated with MP

Serum levels of ALP, Glu-OC and Gla-OC were
measured 6 weeks after the first injection of MP. The
MP group had lower ALP levels than the control
group, although we failed to detect a significant dif-
ference (P > 0.05). However, we detected a signifi-
cantly increased ALP level in the rats treated with MP
supplemented with VK,. (Fig. 5A) Both Glu-OC and
Gla-OC decreased significantly in rats treated with
MP compared with the control group, while supple-
mentation of VK; clearly increased their production.
In addition, the ratio of Glu-OC and Gla-OC was de-
creased by VKj, although this decrease was not statis-
tically significant. (Fig. 5B-D)

VK; prevented incidence of ONFH in the sub-
chondral area

The trabecular changes in the subchondral area

of the femoral heads were detected by micro-CT
conducted 6 weeks following the first injection of MP.
Seven rats in the MP group showed visible osteone-
crosis of the femoral head in the microCT images,
while only one rat was found with mild osteonecrosis
in the MP+VK; group (Fig. 6A). The BMD of the rats
in the MP group was 214.0+29.47 mg/cm?3, which was
significantly lower than in the control group, while
supplementation of VK significantly increased the
BMD of the area. In addition, the bone parameters had
similar performance in rats between the MP+VK;and
control groups. (Fig. 6B-G)

Similar to the microCT results, HE staining
showed obvious subchondral necrosis with fat tissue
invasion in the subchondral bone trabecula. Mean-
while, a number of hypertrophic fat cells appeared in
the trabecular region in the MP group, but hyper-
trophic fat cells were negative in most femoral heads
in the MP+VK; group (Fig. 7A). We also detected
Runx2 and OC expression by immunohistochemical
staining. The results showed more positive staining in
the MP+VK; group compared with the MP group
(Fig. 7B-C).

http://www.ijbs.com



Int. J. Biol. Sci. 2016, Vol. 12

354

VK; protected the blood supply of the femoral
head

To detect the blood supply of the femoral head in

hough there were fewer than in the control group.
(Fig. 8A) Quantification of the blood vessels was per-
formed by morphometric analysis. The total volume

of blood vessels of the femoral head in the group
treated with MP only was significantly lower than
those in the control group, While the total volume of
blood vessels in the MP+VK; were greater than those
in the MP group but lower than those in the control
group. (Fig. 8C)

this study, microangiography of the femoral head was
performed by perfusing the vessels with Microfil and
imaging with microCT. The reconstructed 3D mi-
cro-CT images showed decreased blood vessels in the
femoral head in the MP group, with only trunk ves-
sels left. However, vessels of the femoral head in rats
treated with MP+VK; were significantly denser, alt-
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Figure 5. Analysis of serum ALP, Glu-OC and Gla-OC in SD rats. (A) The results showed that the rats in the MP group tended to have lower ALP levels than those in
the control group, and a significantly increased ALP level was observed in rats treated with MP supplemented with VKa. Values were expressed with the mean absorbance value
(%) = SD (n=10). (B, C) EIA showed significantly decreased Glu-OC and Gla-OC in the MP group and a clear increase in rats of the MP+VK; group. (D) The ratio of Glu-OC and
Gla-OC was increased by MP and decreased with supplementation of VK, (#, significant difference between the two groups, P<0.05).
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Figure 6. MicroCT evaluation of the subchondral region of the femoral heads. (A) 2-D images of the coronal section of the femoral heads. (B-G) Morphometric
analysis showed callus parameters of the upper outer subchondral bone of the femoral heads. (#, significant difference between the two groups, P<0.05).
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Figure 7. Histological analysis of paraffin sections of the femoral heads. (A) HE staining of coronal sections of representative femoral heads in each group. The triangle
indicates osteonecrosis, and the arrow indicates the empty lacunae and hypertrophic fat cells. (B,C) Immunohistochemical staining of Runx2 and OC of the coronal sections of
representative femoral heads in each group; more positive brown staining was observed in the MP+VK; group compared to the MP group. The arrow indicates the target protein
staining (#, significant difference between the two groups, P<0.05).
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Figure 8. Evaluation of blood supply and revascularization in femoral heads. (A) Representative images of 3-D microangiography of femoral heads in each group
evaluated by microCT. (B) Representative images of immunohistochemical staining of VEGF in the femoral heads of each group; arrows indicate VEGF expression. (C) Quan-
tification of total volume of blood vessels in the femoral heads. (D) Mean density of VEGF in the femoral head slices of each group (#, significant difference between the two

groups, P<0.05).

We further detected revascularization of the
subchondral area of the femoral head by immuno-
histochemical analyses of VEGF. Nearly no positive
staining was found in the osteonecrosis area. There
was significantly less positive staining in surviving
trabeculae of the femoral head in the MP group;
however, more were observed in the MP+VK; group.
(Fig. 8B,D)

Discussion

Clinically, up to 40% of glucocorticoid users de-
velop some degree of ONFH depending on the ster-
oid’s dosage and route of administration[1]. This side
effect is believed to occur partly due to suppression of
osteogenic differentiation of MSC and apoptosis of
osteoblasts and osteocytes [2]. Furthermore, de-
creased bone volume, osteogenesis-associated pro-
teins and blood vessel volume have been observed in
glucocorticoid administered animals[11, 15, 35, 36].
VK. is widely used for the treatment of osteoporosis,
and clinical trials have suggested that VK; could in-
crease serum OC and prevent the incidence of fracture
in osteoporosis[26, 37]. In addition, VK, increased

lumbar BMD in patients given steroid treatment[38,
39]. In vitro and animal studies have provided more
evidence for the role of VK, on bone metabolism. In
vitro studies showed that VK, stimulated osteoblas-
togenesis in human bone marrow cells[23], stimulated
osteocalcin accumulation of human osteoblastic
cells[40] and inhibited osteoclast-like cell formation in
mouse bone marrow cultures[41]. In animal models,
VK; supplementation stimulated bone formation and
suppressed bone resorption both in growing and os-
teoporosis-model rats[24, 42]. In addition, several ar-
ticles showed a correlation between VK, and gluco-
corticoid. Hara et al.[25] reported inhibition of VK5 on
total and trabecular BMD in the proximal metaphysis
in rats with prednisolone treatment. Hara et al.[43]
also reported that VK, improved tibial length, dry
weight, bone density, femoral length, bone strength,
and calcium content in steroid-treated rats. Nobuhiro
et al.[39] reported that VK, prevented lumbar BMD
decrease and reduction of osteoprotegerin in patients
treated with glucocorticoid. However, these studies
focused on VKy's effect on osteoporosis; few studies
were found that focused on ONFH.
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In our in vitro studies, we observed that MP
clearly inhibited BMSC proliferation and induced
apoptosis, which is consistent with previous stud-
ies[4-6]. Yamaguchi's study had revealed that VK;
promoted osteoblast proliferation[22], and in this
study, we discovered VK; clearly increased BMSC
proliferation treated with GC. In addition, VK, has
been revealed to have some biological functions, in-
cluding preventing oxidative cell death in oligoden-
drocytes and protecting neurons from methylmercu-
ry-induced cell death[44]; these may be related to the
discovery that VK could regulate mitochondrial
function through its ability to transfer electrons in the
electron transport chain[29].

One important function of VK, is the
post-translational modification of OC. VK; is a cofac-
tor of y-carboxylase, which converts Glu-OC into
Gla-OC[40]. Studies have shown that increased serum
Glu-OC reflect some degree of VK deficiency and was
negatively associated with decreased bone volume[45,
46]. In our study, we observed a decrease in the serum
Glu-OC/Gla-OC in the rats with VK, supplementa-
tion and confirmed the y-carboxylation of VK; to OC.
Interestingly, we observed both increased serum
Glu-OC and Gla-OC in rats of the VK, group. This
may be related to the upregulated OC expression by
VK demonstrated in previous studies[20, 40] and is
similar to the results of Shiraki’s study, in which a
significant rise of serum level of Glu-OC in
VKo-treated osteoporotic patients [26]. Consistent
with in vivo results, OC expression in BMSC culture
was also upregulated by VK:at the protein and gene
levels.

Runx2 is the most important transcription factor
to control differentiation in bone marrow stromal
cells, and its critical role has been illustrated through
manipulating Runx2 in cell cultures[7, 47]. Studies
have shown that GC antagonizes Runx2 in mesen-
chymal cells. We observed similar results in the MP
group, and some degree of upregulation in the VK;
groups compared to the MP group, especially in the
group containing 10¢ M VK, with the most obvious
promotion. While ALP transcription is mediated by
Runx2 and acts as a mature marker of osteogenesis[47,
48], similar results were observed in vitro. These re-
sults suggest that VK» could activate transcription of
some osteogenic-related proteins to promote miner-
alization, except as a cofactor. Other reports have also
shown that VK could activate the transcription of
extracellular matrix-related genes and collagen ac-
cumulation through activation of the steroid xenobi-
otic receptor[49, 50].

GC has been well proven to decrease vessel
volume and blood supply of femoral heads[11, 12],
and in our in vivo study, we observed that VK, had

some protective effect on the blood supply of the
femoral head. Previous studies have shown that vit-
amin K-dependent matrix Gla protein (MGP) is asso-
ciated with vascular calcification as an inhibitor, and
MK4 act as an anti-calcification component in the
vessel wall[27, 51, 52]. Furthermore, protein S, which
is also a vitamin K-dependent protein, likely acts as a
positive regulator of blood vessel development [53,
54]. VK; has also been found to be essential for main-
taining endothelial cell survival and overall vascular
homeostasis[29]. In addition, carboxylated gas6 could
protect endothelial cells from serum starva-
tion-induced apoptosis[28]. We postulate that these
possibly contributed to VK’s protective effect on
blood supply.

Moreover, MP administration induced clearly
decreased bone volume in the femoral head, while no
obvious decrease was observed in rats with VK sup-
plementation, and the trabecular parameters in the
VK, group were significantly improved as well.
Therefore, we believe that VK> could prevent ONFH
in rats with MP administration.

Conclusion

In conclusion, VK; is an effective antagonist for
glucocorticoid on osteogenic progenitors. The under-
lying mechanisms include acceleration of BMSC
propagation and promotion of bone for-
mation-associated proteins, which combine and con-
tribute to the prevention of glucocorticoid-induced
ONFH in rats.
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