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Vitamin C deficiency accelerates bone loss inducing an increase
in PPAR-c expression in SMP30 knockout mice
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Senescence Marker Protein 30 (SMP30), a 34-kDa ageing

marker protein, was first revealed to be present predomi-

nantly in the liver, and to decrease with age in an androgen-

independent manner (Fujita et al. 1992; Mori et al. 2004).

SMP30 was also known to play an important role in the an-

ti-ageing process in several organs (such as lung, brain and

kidney) by suppressing oxidative stress and cellular senes-

cence (Mori et al. 2004; Sato et al. 2006; Son et al. 2006;

Yumura et al. 2006; Kondo et al. 2008). Recently, many

studies have revealed that SMP30 exhibits gluconolactonase

activity, which is involved in L-ascorbic acid (vitamin C)

biosynthesis in the liver. Therefore, it is believed that

SMP30 can play a critical role in the anti-ageing mechanism

via a role in the vitamin C biosynthesis pathway.

It is well documented that vitamin C is a powerful scavenger

of free radicals and reactive oxygen species by providing

hydrogen ions and electrons (Buettner 1993; Ishigami et al.

2002). Additionally, vitamin C plays a pivotal role in collagen

synthesis as a cofactor of prolyl hydroxylase, which is essential

for normal tissue structure composition in several organs (My-

llylä et al. 1978; Padayatty et al. 2003). Previously, Kondo

et al. (2006) demonstrated that SMP30 knockout (KO) mice

displayed symptoms of scurvy, including spontaneous bone

fracture, which was believed to be induced by a failure of colla-

gen synthesis owing to the vitamin C deficiency. However,

bone consists not only of collagen but also of minerals,

non-collagenous proteins and water (Kloss & Gassner

2006). Moreover, a previous study demonstrated that the
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Summary

Senescence marker protein (SMP) 30 knockout (KO) mice display symptoms of

scurvy, including spontaneous bone fractures, and this was considered to be induced

by a failure of collagen synthesis owing to vitamin C deficiency. However, low bone

mineral density is also known to be associated with spontaneous bone fracture.

Therefore, we investigated the effects of vitamin C deficiency on the balance between

osteoblasts and osteoclasts in SMP30 KO mice as evidenced by histopathology. All

mice were fed a vitamin C-free diet, and only one group (KV) mice were given water

containing 1.5 g ⁄ l of vitamin C, whereas wild-type (WT) and KO mice were given

normal drinking tap water without vitamin C for 16 weeks. After 16 weeks, all

femur samples were removed for histopathological examination. The femurs of KO

mice showed significantly reduced bone area and decreased number of osteoblasts

compared with those of WT mice and KV mice. KO mice also exhibited the lowest

level of alkaline phosphatase (ALP) expression in their femurs. However, KO mice

showed the most elevated expression of the receptor activator of nuclear factor

kappa-B ligand (RANKL). Moreover, KO mice had the strongest peroxisome prolif-

erator-activated receptor (PPAR)-c expression level in their osteoblasts and the high-

est number of TUNEL-positive bone marrow cells. Therefore, we concluded that

vitamin C deficiency plays an important role in spontaneous bone fracture by inhibit-

ing osteoblast differentiation and promoting transition of osteoblasts to adipocytes,

and this could in turn be related to the increased PPAR-c expression.
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denaturation of collagen affects age-related changes in bone

only slightly (Wang et al. 2002; Kloss & Gassner 2006). This

suggests that low bone mineral density is also closely associ-

ated with the scurvy associated spontaneous bone fracture.

Moreover, SMP30 KO mice are considered to be a useful ani-

mal model of ageing which is inducible if there is vitamin C

deficiency. Therefore, there is a possibility that other ageing

factors, either in addition to collagen damage or in conjunction

with collagen damage, may play an important role in the spon-

taneous bone fracture and bone loss seen in SMP30 KO mice.

Age-related bone loss is associated closely with the decrease

in sexual hormones in humans. Recently, several studies have

demonstrated that the number of osteoblasts is reduced,

whereas the number and activity of osteoclasts increases with

age in both men and women (Cao et al. 2003, 2005). These

changes correlated with decreased sexual hormone levels.

Interestingly, Hie & Tsukamoto (2011) reported that vitamin

C deficiency stimulates osteoclastogenesis. On the basis of

these results, we speculated that vitamin C deficiency can

induce factors which interfere with the balance between osteo-

blasts and osteoclasts during ageing. Although Kondo et al.

reported that spontaneous bone fracture is induced in vitamin

C-deficient SMP30 KO mice by a failure of collagen synthesis

(scurvy), there was no report about histopathological analysis

of bone in vitamin C-deficient SMP30 KO mice. In this study,

therefore, we have used a tissue pathology approach to study

the question, and as a result provide new evidence into the

mechanisms associated with age-related bone loss in vitamin

C-deficient SMP30 KO mice.

Materials and methods

Animals

Gene-targeted SMP30 KO mice backcrossed to the

C57BL ⁄ 6 as previously described (Kondo et al. 2008) were

obtained from the Tokyo Metropolitan Institute of Geron-

tology (Tokyo, Japan). The SMP30 KO mice were housed

with wild-type (WT) C57BL ⁄ 6 mice in a room at

22 ± 3 �C, relative humidity 50 ± 10%, a 12-h light ⁄ dark

cycle and were fed food and water ad libitum. For genotyp-

ing of SMP30 KO mice, PCR was performed using genomic

DNA isolated from tail-tissue as previously described (Park

et al. 2008). Eight-week-old male, C57BL ⁄ 6 WT mice and

SMP30 KO mice were used in this study. The mice weigh-

ing 22–25 g were divided into three groups as follows: WT

C57BL ⁄ 6 mice group (WT, n = 6), vitamin C-deficient

SMP30 KO mice group (KO, n = 6), vitamin C-treated

SMP30 KO mice group (KV, n = 6). All mice were given

vitamin C-free diet (PICO 5053 LabDiet, Richmond, IN,

USA). Water containing vitamin C (1.5 g ⁄ l) was supplied to

KV group, whereas WT group and KO group were given

normal drinking tap water without vitamin C for 16 weeks.

The vitamin C dose was determined according to a previous

study (Kondo et al. 2006). All animal experiments were per-

formed according to the NIH guidelines for the care and

use of laboratory animals.

Measurement of femur bone length

All right femurs were measured with vernier callipers after the

mice had been sacrificed. The longest dimension of each bone

tissue (from femoral head to trochlea femoris) was measured,

and the results were expressed as mean value ± SD for each

group.

Histopathology

After 16 weeks, all mice were sacrificed and the right femur

was removed for histopathology. The femurs were decalcified

in EDTA and fixed in 10% neutral buffered formalin fixation.

The fixed bone tissues were processed routinely and cut into

sections of 4 lm thickness. The sections were deparaffinized in

toluene and rehydrated in a graded alcohol series. For histo-

pathological observation, the sections were stained with hae-

matoxylin and eosin (H&E).

Histomorphometry of trabecular bone

The femurs were examined using histomorphometry. The 4-

lm-sectioned bone tissues were stained with Masson’s tri-

chrome stain, and the images were captured using a Leica

microscope (Leica Microsystems, Heerbrugg, Switzerland).

For each sample, the whole bone matrix area of the distal

femur at magnification ·50 was analysed, and the histomor-

phometric data of trabecular bone dimensions were obtained

using image analysis software, Leica Application Suite analy-

sis program (version 2.5.0 R1; Leica Microsystems).

Immunohistochemistry

The 4-lm-thick femur tissues were deparaffinized, rehydrated

using a graded alcohol series and incubated in a solution of

3% hydrogen peroxide in methanol for 30 min, before being

heated in 0.01 M citric acid buffer (pH 6.0) for 5 min using a

microwave at 750 W. After being blocked for 30 min, the

femur sections were immunostained with the following

primary antibodies for anti-alkaline phosphatase (ALP) (Santa

Cruz Biotechnology, Santa Cruz, CA, USA), receptor activator

of nuclear factor kappa-B ligand (RANKL) (Santa Cruz Bio-

technology) and peroxisome proliferator-activated receptor

(PPAR)-c (Santa Cruz Biotechnology). The antigen–antibody

complex was detected by an avidin–biotin peroxidase com-

plex solution, an ABC kit (Vector Laboratories, Burlingame,

CA, USA) and a DAB (3,3¢-diaminobenzidine tetrahydrochlo-

ride) kit (Zymed Laboratories Inc., San Francisco, CA, USA).

All positive cells in five fields from each section of the femur

tissue were observed and counted at ·400 magnification.

TUNEL assay

TUNEL assay was performed using the ApopTag Peroxidase

In Situ Apoptosis Detection Kit (Chemicon International

Inc., Temecula, CA, USA), according to the manufacturer’s

instructions. TUNEL-positive cells in five fields from each
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Figure 1 Measurement of bone area by
Masson’s trichrome stain. (a,b) Vitamin
C-deficient SMP30 knockout (KO) mice
exhibited significantly decreased
trabecular bone area compared with that
of wild-type and KV mice. Masson’s tri-
chrome stain (original magnification ·50,
·100, ·200). The histomorphometric an-
alysis of trabecular bone areas was per-
formed using Leica Application Suite
analysis program (version 2.5.0 R1; Leica
Microsystems). (c) Vitamin C-deficient
SMP30 KO mice showed the shortest
length values among all groups in femur
length measurement. Data are shown as
mean ± SD (*P < 0.05, **P < 0.01).

(a)

× ×
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Figure 2 Histopathological analysis of
femur tissues in all groups. (a) Represen-
tative microphotographs of haematoxylin
and eosin stain of femur tissue after
16 weeks of vitamin C depletion.
Haematoxylin and eosin stain (original
magnification ·200, ·400, ·1000).
(b) The number of osteoblasts in vitamin
C-deficient knockout (KO) mice was
significantly lower than that seen in wild-
type and KV mice. (c) The number of
adipocytes in bone marrow components
was highest in the KO mouse group.
Data are shown as mean ± SD
(*P < 0.05, **P < 0.01).
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section of the femur tissue were observed and counted at

·400 magnification.

Statistical analysis

Results taken from each group were expressed as mean ±

SD. The statistical significance between experimental groups

was determined by Student’s t-test or one-way anova using

GraphPad InStat (version 3.05; GraphPad Software Inc., San

Diego, CA, USA) The statistical significance value was set at

*P < 0.05 or **P < 0.01.

Results

Bone area significantly decreased in vitamin C-deficient
SMP30 KO mice, whereas it was recovered by vitamin C
treatment

To assess the changes in bone formation of vitamin C-defi-

cient SMP30 KO mice, decalcified bone sections were

stained with Masson’s trichrome staining method (Figure 1).

At 16 weeks after vitamin C deficiency, SMP30 KO mice

showed significantly decreased trabecular bone densities

compared with those of WT mice (Figure 1a). Bone forma-

tion in WT mice was 3-fold higher than in vitamin C-deficient

SMP30 KO mice (Figure 1b). However, the vitamin C-treated

SMP30 KO mice revealed significantly ameliorated bone loss

compared with vitamin C-deficient SMP30 KO mice.

Moreover, in the femur length measurements, the vitamin

C-deficient SMP30 KO mice had the shortest lengths among

all groups.

Osteoblastic differentiation was remarkably inhibited by
vitamin C deficiency

To determine the effect of vitamin C deficiency on osteoblastic

differentiation using histopathology, bone sections stained

with H & E were examined (Figure 2). The number of osteo-

blasts was significantly lower in the femurs of vitamin C-defi-

cient SMP30 KO mice compared with the femurs of WT and

vitamin C-treated mice (Figure 2a,b). Additionally, in vitamin

C-deficient SMP30 mice, osteoblasts arranged along the tra-

becular and cortical bone were poorly differentiated, whereas

WT mice showed well-differentiated flattened osteoblasts. In

the bone marrow components, the vitamin C-deficient SMP30

KO mice also revealed significant increase in adipogenesis

characterized by the formation of adipocytes (Figure 2a,c). To

confirm the decreased osteoblastic differentiation associated

with vitamin C deficiency, we performed immunohistochemis-

try using an anti-ALP antibody, which is known as an osteo-

blastic differentiation marker. As expected, vitamin C-

deficient SMP30 KO mice showed a dramatically decreased

number of ALP-positive cells around the bone matrix com-

pared with those of WT mice and vitamin C-treated SMP30

KO mice (Figure 3). Moreover, the bone marrow component

of WT mice exhibited much stronger expression of ALP

compared with that of vitamin C-deficient mice (Figure 3a).

However, vitamin C treatment increased ALP expression in

the bone tissue of SMP30 KO mice significantly.

Elevation of RANKL expression in the bones of vitamin
C-deficient SMP30 KO mice

As RANKL has been reported previously to play a piv-

otal role in osteoclast differentiation, we explored the

expression levels of RANKL as a marker of osteoclastic

(a) ×

×

×

(b)

WT KO KV

Figure 3 Significantly decreased alkaline phosphatase (ALP)
expression level in femoral tissue of vitamin C knockout (KO)
mice. (a) Vitamin C-deficient SMP30 KO mice exhibited consid-
erably decreased numbers of ALP-positive cells around the bone
matrix compared with those of wild-type (WT) and KV mice.
Additionally, the bone marrow components of WT mice exhib-
ited much higher expression of ALP compared with that of vita-
min C-deficient mice (original magnification ·100, ·400). (b)
The number of ALP-positive cells in femoral tissues of all
groups. Data are shown as mean ± SD (*P < 0.05, **P < 0.01).
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Figure 4 Dramatic elevation of receptor
activator of nuclear factor kappa-B ligand
(RANKL) expression level by vitamin C
depletion. (a) The vitamin C-deficient
SMP30 knockout mice indicated dramati-
cally increased RANKL expression
compared with wild-type and KV mice
(original magnification ·200, ·400). (b)
The number of RANKL-positive cells in
the trabecular bone area of the femoral t-
issues. (c) The number of RANKL-posi-
tive cells in the cortical bone area of the
femoral tissues. Data are shown as mean-
± SD (*P < 0.05, **P < 0.01).

(a)

(b)

×

Figure 5 Remarkable increase in peroxisome proliferator-activated receptor (PPAR)-c expression in vitamin C-deficient SMP30
knockout (KO) mice. (a) PPAR-c expression was significantly up-regulated in vitamin C-deficient KO mice, whereas KV mice showed
almost normal expression similar to the expression of WT mice. The strongest PPAR-c expression was observed in specific bone mar-
row cells characterized by adipocyte-like appearance (arrows) (original magnification, ·400 and ·1000). (b) Ratio of PPAR-c-positive
osteoblasts to total osteoblasts in ·400 fields. Data are shown as mean ± SD (*P < 0.05, **P < 0.01).
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differentiation. Vitamin C-deficient SMP30 KO mice

showed dramatically increased RANKL expression com-

pared with that of WT mice and vitamin C-treated SMP30

KO mice (Figure 4). Although bone marrow components

were diffusely positive for RANKL, specifically located cells

around the trabecular and cortical bone matrix showed a

strong positive reaction in vitamin C-deficient mice. The

number of strongly positive cells was significantly lower in

both WT mice and vitamin C-treated mice.

Significantly increased PPAR-c expression and transition
of osteoblastic cells to adipocytes

Next, we investigated PPAR-c expression levels in vitamin

C-deficient SMP30 KO mice (Figure 5). In accordance with

previous reports showing remarkably increased adipogenesis

in vitamin C deficiency, PPAR-c expression was increased

significantly by vitamin C deficiency. Conversely, vitamin C

treatment reduced the abnormally increased PPAR-c expres-

sion to normal levels similar to WT mice. In particular, the

highest PPAR-c expression was seen in specific bone marrow

cells characterized by an adipocyte-like appearance, indicat-

ing that there was probably differentiation common precur-

sors, or of osteoblasts, to adipocytes. Interestingly, those

PPAR-c-positive cells were mainly observed in the peripheral

region of the cortical and trabecular bone, which was in the

same localisation as the osteoblasts.

Vitamin C deficiency induced the increase in cell
apoptosis in bone tissue

To assess apoptosis of bone marrow cells, we performed a

TUNEL assay on bone tissue sections of each group.

Figure 6 shows the significantly increased number of TUN-

EL-positive cells in vitamin C-deficient SMP30 KO mice

compared with WT and vitamin C-treated SMP30 KO mice.

Vitamin C treatments significantly decreased the number of

TUNEL-positive bone marrow cells, indicating that vitamin

C inhibits apoptotic cell death in bone tissue.

Discussion

To date it has been considered a well-established ‘‘fact’’ that

vitamin C deficiency induces bone loss and spontaneous

bone fracture and that this is due to a failure of appropriate

collagen synthesis for bone formation (Peterkofsky 1991).

However, histopathological analysis of the bone loss induced

by vitamin C deficiency because of SMP30 depletion has not

been reported previously. In the present study, we elucidated

for the first time that increased PPAR-c expression level

induced by vitamin C deficiency may play a pivotal role in

the bone loss occurring during the ageing process in SMP30

KO mice. These results also suggest that vitamin C amelio-

rates bone loss by inhibiting PPAR-c expression in bone

marrow cells. Further, we also demonstrated that vitamin C

decreases the number of apoptotic cells in vitamin C-defi-

cient SMP30 KO mice, showing that vitamin C suppresses

the cellular senescence of bone marrow cells.

Previously several studies have shown that vitamin C-defi-

cient SMP30 KO mice were characterized by lower body

weight, shorter lifespan and depletion of serum vitamin C

level (Ishigami et al. 2004; Kondo et al. 2006; Kashio et al.

2009). These characteristics were observed repeatedly in our

own several previous studies (Park et al. 2010a,b), which con-

firms that vitamin C-deficient SMP30 mice have a less robust

phenotype compared with WT mice. Probably the vitamin C

level in bone becomes almost depleted in vitamin C-deficient

SMP30 KO mice, although we could not confirm this.

In histopathological analysis of bone area via Masson’s tri-

chrome stain, the vitamin C-deficient KO mice showed remark-

ably decreased bone formation compared with WT and

vitamin C-treated KO (KV) mice (Figure 1a,b). Moreover, the

femurs of vitamin C-deficient KO mice were not only shorter

(Figure 1a,c), but also more fragile compared to those of WT

and KV mice. These results indicate that the bone loss of

SMP30 KO mice was caused by vitamin C deficiency. Previ-

ously, Kondo et al. (2006) reported that SMP30 KO mice

showed symptoms of scurvy including susceptibility to bone

fracture. We also demonstrated by histopathology that vitamin

C deficiency induces severe bone loss in SMP30 KO mice. As

osteoblasts have been known to play a major role in bone

(a)

(b)

Figure 6 Increase in cell apoptosis in femoral tissues associated
with vitamin C deficiency. (a) In the TUNEL assay, significantly
increased numbers of apoptotic cells were observed in vitamin
C-deficient KO mice compared with wild-type and KV mice
(original magnification ·400). (b) Numbers of TUNEL-positive
cells per field (·400). Data are shown as mean ± SD (*P < 0.05,
**P < 0.01).
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formation, we speculated that vitamin C deficiency may affect

either the osteoblastic differentiation of bone marrow stem

cells or death of well-differentiated osteoblasts.

In the histopathological sections we also observed that the

number of well-differentiated osteoblasts decreased dramati-

cally in KO compared with those of the WT and KV groups

(Figure 2a,b). Moreover, the KO mice showed a significantly

increased number of adipocytes in bone marrow component

compared with those of WT and KV mice (Figure 2a,c).

These results suggest that vitamin C deficiency may inhibit

the differentiation of osteoblasts and induce adipogenesis

from bone marrow stem cells. As ALP was known to be a

representative marker for osteoblastic differentiation (On-

gphiphadhanakul et al. 1993; Garcia et al. 2002; Chipoy

et al. 2004), immunohistochemistry using an anti-ALP anti-

body was used to confirm the inhibition of osteoblast differ-

entiation by vitamin C deficiency. As expected, we observed

significantly decreased number of ALP-positive osteoblasts

around the bone matrix in KO compared with those of the

WT and KV groups, (Figure 3). These results suggested that

vitamin C deficiency causes bone loss by the inhibition of

osteoblast differentiation.

Previously, Hie & Tsukamoto (2011) reported that vita-

min C deficiency stimulates osteoclastogenesis with an

increase in RANK expression. Moreover, another previous

study revealed that osteoclastogenesis was promoted by an

increased RANKL expression level (Hofbauer et al. 2000).

These previous studies suggest that osteoclastogenesis can be

promoted via the up-regulated RANKL ⁄ RANK signalling

pathway by vitamin C deficiency. Therefore, we investigated

the expression level of RANKL in femoral tissues using an

anti-RANKL antibody. Surprisingly, we observed dramati-

cally increased RANKL expression in the KO group com-

pared with the WT and KV groups. The KV group showed

much weaker RANKL expression level in femoral tissues

compared with the KO group, which indicated that vitamin

C supplement reduced RANKL expression in SMP30 KO

mice. Interestingly, RANKL expression was much higher in

osteoblastic cells surrounding the bone matrix in comparison

with other bone marrow cells. These results suggest that

vitamin C deficiency can induce the increase in osteoclastic

differentiation as well as the inhibition of osteoblastic differ-

entiation of bone marrow cells.

Several previous studies indicated that RANKL is a homotri-

meric protein that is typically membrane-bound on osteoblas-

tic stromal cells and induces osteoclast differentiation and

activation by acting on its receptor, RANK (Takayanagi 2007;

Boyce & Xing 2008). These results suggest the possibility that

vitamin C deficiency can increase osteoclastogenesis by

enhancing the RANKL ⁄ RANK signalling pathway, although

we could not detect any significant difference in the number of

osteoclasts among all groups of the present study (data not

shown). Hie et al. (2011) showed recently that vitamin C defi-

ciency increases osteoclastic differentiation via an up-regulated

RANKL ⁄ RANK signalling pathway. Moreover, other previous

in vitro studies have shown that vitamin C is essential for osteo-

blastic differentiation (Franceschi et al. 1994; Otsuka et al.

1999). Taken together, these data suggest that vitamin C

deficiency induces bone loss by inhibition of osteoblastic differ-

entiation and promotion of osteoclastogenesis.

How can the differentiation of osteoblasts be inhibited by

vitamin C deficiency? In the present study, we observed

increased adipogenesis in bone marrow components of vita-

min C-deficient SMP30 KO mice. Interestingly transition of

osteoblastic cells to adipocyte-like cells containing lipid

droplets was observed in the femoral tissue of vitamin C-

deficient SMP30 KO mice. Therefore, we hypothesized that

osteoblastic differentiation may be inhibited by transition of

osteoblastic cells to adipocyte-like cells induced by vitamin

C deficiency. As recent data revealed that PPAR-c is the

main factor for adipogenesis, we investigated the expression

levels of PPAR-c in all femoral tissues (Kersten et al. 2000;

Rosen et al. 2000; Rosen & Spiegelman 2001). As expected,

a significantly increased number of PPAR-c-positive osteo-

blastic cells around the bone matrix were observed in KO

mice compared to WT and KV groups (Figure 5). The bone

marrow cells also showed enhanced PPAR-c expression in

the presence of vitamin C deficiency. Thus the pattern of

PPAR-c expression was consistent with the RANKL expres-

sion pattern. Therefore, osteoblastic differentiation may be

inhibited by adipogenesis via increased PPAR-c expression

and osteoclastogenesis via RANKL expression in vitamin C-

deficient SMP30 KO mice.

PPAR-c, a member of the nuclear hormone receptor

superfamily, is a pivotal factor in adipogenesis and is

expressed mainly in adipose tissue (Nagy et al. 1998; Barak

et al. 1999; Rosen et al. 1999). Recently, several studies

have shown that PPAR-c induces bone loss by suppressing

osteoblast differentiation (Ali et al. 2005; Liu et al. 2010;

Viccica et al. 2010; Yoshiko et al. 2010). Ali et al. (2005)

demonstrated that PPAR-c agonist causes bone loss in mice

by suppressing osteoblast differentiation and bone forma-

tion. Yoshiko et al. (2010) also showed that a high endoge-

nous level of PPAR-c switches the fate of osteoblasts to

adipocytes. Moreover, other studies indicated that down-reg-

ulation of PPAR-c enhanced osteogenesis by increased osteo-

blast differentiation (Akune et al. 2004; Cock et al. 2004).

These studies suggest that PPAR-c plays a key role in bone

loss by inhibiting osteoblast differentiation and promoting

adipogenesis. Consistent with these studies, we also observed

more inhibition of osteoblast differentiation (Figure 2) and

poorly differentiated osteoblasts transforming to adipocytes

(Figure 5) in the femoral tissues of KO mice.

As SMP30 exhibits gluconolactonase activity for vitamin C

biosynthesis, SMP30 KO mice were known to have a much

shorter lifespan by the promoted ageing process caused

by vitamin C depletion (Kondo et al. 2006). Previously, we

demonstrated that SMP30 KO mice displayed high expression

of PPAR-c in the liver, specifically hepatic stellate cells, which

caused inhibition of liver fibrosis (Park et al. 2010a,b). Moer-

man et al. (2004) reported that ageing activates adipogenesis

and suppresses osteogenesis in bone marrow mesenchymal

stem cells with increased PPAR-c expression. Additionally,

several previous studies showed that PPAR-c promotes
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cellular senescence by increasing apoptosis and inducing cell

cycle arrest (Guan et al. 1999; Lu et al. 2005; Gan et al.

2008). These data demonstrate that vitamin C depletion-

induced bone loss can also be caused by promoted senescence

of bone marrow cells. To confirm the cellular senescence of

bone marrow cells, we performed the TUNEL assay using

femoral tissue. To our surprise, vitamin C-deficient KO mice

showed a dramatically increased number of TUNEL-positive

cells in all bone components, whereas KV mice showed a sig-

nificantly decreased number of TUNEL-positive cells follow-

ing vitamin C treatment. Additionally, more TUNEL-positive

cells were observed in the bone marrow stem cells than in the

osteoblastic cells, which suggests that the bone loss of vitamin

C-deficient SMP30 KO mice is induced by suppressed osteo-

blast differentiation and increased cellular senescence of bone

marrow stem cells via the elevation of PPAR-c expression.

In the present study, we observed significant differences

(both increased and decreased) in bone morphometry and

protein expression levels between WT group and KV group.

This suggested that the bone tissues of vitamin C-treated

KO mice were weaker than those of WT mice. Previous

studies showed that WT mice had higher vitamin C level

compared with vitamin C-treated KO mice in several organs

(Amano et al. 2010; Iwama et al. 2011). As vitamin C is

easily converted to oxidized forms even in the peripheral

blood, it is suggested that biosynthesis of vitamin C via

SMP30 works more efficiently than vitamin C supple-

mentation in mice.

SMP30 is also known as regucalcin, which plays an

important role in intracellular Ca2+ homoeostasis (Fujita

et al. 1992; Yamaguchi 2000). Previously, Yamaguchi et al.

reported that overexpression of regucalcin induces bone loss

by increased adipogenesis and osteoclastogenesis (Yamagu-

chi 2010), which conflicts with our findings in the present

study. They also reported that regucalcin is expressed in rat

bone marrow cells (Yamaguchi et al. 2004). They focused

on the effect of regucalcin overexpression using regucalcin

transgenic rats. Therefore, it is believed that their results are

not associated with endogenous vitamin C levels. In the

present study, we investigated SMP30 expression in femoral

tissue via immunohistochemistry, but were not able to detect

any SMP30-positive cells in either WT or KO mice (data not

shown), suggesting that SMP30 expression in bone tissue

may be critically lower than in other organ tissues such as

liver, kidney, lung, brain and testis. Moreover, the present

study revealed that bone formation and osteoblast differenti-

ation were up-regulated similarly in WT mice by vitamin C

treatment in SMP30 KO mice. Therefore, based on our

results, we believe strongly that bone loss in vitamin C-defi-

cient SMP30 KO mice is more closely associated with vita-

min C depletion than with SMP30 itself in bone tissue.

To summarize, our data suggest that age-related bone loss

is accelerated by vitamin C deficiency, inducing an increase

in PPAR-c expression in SMP30 KO mice. To determine

accurately the mechanisms associated with vitamin C defi-

ciency and PPAR-c expression in age-related bone loss, fur-

ther studies will be needed in the future. Because SMP30

KO mice are considered a very useful, and robust, animal

model of ageing we believe that the present study provides

new evidence about the relationships between ageing, vita-

min C deficiency, and age-related bone loss.
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Myllylä R., Kuutti-Savolainen E.R., Kivirikko K.I. (1978) The role

of ascorbate in the prolyl hydroxylase reaction. Biochem. Bio-

phys. Res. Commun. 83, 441–448.

Nagy L., Tontonoz P., Alvarez J.G., Chen H., Evans R.M. (1998)

Oxidized LDL regulates macrophage gene expression through

ligand activation of PPARgamma. Cell 93, 229–240.

Ongphiphadhanakul B., Jenis L.G., Braverman L.E. et al. (1993)

Etidronate inhibits the thyroid hormone-induced bone loss in rats

assessed by bone mineral density and messenger ribonucleic acid

markers of osteoblast and osteoclast function. Endocrinology

133, 2502–2507.

Otsuka E., Yamaguchi A., Hirose S., Hagiwara H. (1999) Character-

ization of osteoblastic differentiation of stromal cell line ST2 that is

induced by ascorbic acid. Am. J. Physiol. 277, C132–C138.

Padayatty S.J., Katz A., Wang Y. et al. (2003) Vitamin C as an anti-

oxidant: evaluation of its role in disease prevention. J. Am. Coll.

Nutr. 22, 18–35.

Park J.K., Jeong D.H., Park H.Y. et al. (2008) Hepatoprotective

effect of Arazyme on CCl4-induced acute hepatic injury in

SMP30 knock-out mice. Toxicology 246, 132–142.

Park J.K., Hong I.H., Ki M.R. et al. (2010a) Vitamin C deficiency

increases the binucleation of hepatocytes in SMP30 knock-out

mice. J. Gastroenterol. Hepatol. 25, 1769–1776.

Park J.K., Ki M.R., Lee H.R. et al. (2010b) Vitamin C deficiency

attenuates liver fibrosis by way of up-regulated peroxisome prolif-

erator-activated receptor-gamma expression in senescence marker

protein 30 knockout mice. Hepatology 51, 1766–1777.

Peterkofsky B. (1991) Ascorbate requirement for hydroxylation and

secretion of procollagen: relationship to inhibition of collagen

synthesis in scurvy. Am. J. Clin. Nutr. 54, 1135S–1140S.

Rosen E.D. & Spiegelman B.M. (2001) PPARgamma : a nuclear reg-

ulator of metabolism, differentiation, and cell growth. J. Biol.

Chem. 276, 37731–37734.

Rosen E.D., Sarraf P., Troy A.E. et al. (1999) PPAR gamma is

required for the differentiation of adipose tissue in vivo and in vi-

tro. Mol. Cell 4, 611–617.

Rosen E.D., Walkey C.J., Puigserver P., Spiegelman B.M. (2000)

Transcriptional regulation of adipogenesis. Genes Dev. 14, 1293–

1307.

Sato T., Seyama K., Sato Y. et al. (2006) Senescence marker pro-

tein-30 protects mice lungs from oxidative stress, aging, and

smoking. Am. J. Respir. Crit. Care Med. 174, 530–537.

Son T.G., Zou Y., Jung K.J. et al. (2006) SMP30 deficiency causes

increased oxidative stress in brain. Mech. Ageing Dev. 127, 451–457.

Takayanagi H. (2007) Osteoimmunology: shared mechanisms and

crosstalk between the immune and bone systems. Nat. Rev.

Immunol. 7, 292–304.

Viccica G., Francucci C.M., Marcocci C. (2010) The role of PPARc
for the osteoblastic differentiation. J. Endocrinol. Invest. 33, 9–12.

Wang X., Shen X., Li X., Agrawal C.M. (2002) Age-related changes

in the collagen network and toughness of bone. Bone 31, 1–7.

Yamaguchi M. (2000) Role of regucalcin in calcium signaling. Life

Sci. 66, 1769–1780.

Yamaguchi M. (2010) Regucalcin and metabolic disorders: osteopo-

rosis and hyperlipidemia are induced in regucalcin transgenic rats.

Mol. Cell. Biochem. 341, 119–133.

Yamaguchi M., Sawada N., Uchiyama S., Misawa H., Ma Z.J.

(2004) Expression of regucalcin in rat bone marrow cells: involve-

ment of osteoclastic bone resorption in regucalcin transgenic rats.

Int. J. Mol. Med. 13, 437–443.

Yoshiko Y., Oizumi K., Hasegawa T. et al. (2010) A subset of os-

teoblasts expressing high endogenous levels of PPARgamma

switches fate to adipocytes in the rat calvaria cell culture model.

PLoS ONE 5, e11782.

Yumura W., Imasawa T., Suganuma S. et al. (2006) Accelerated

tubular cell senescence in SMP30 knockout mice. Histol. Histopa-

thol. 21, 1151–1156.

340 J.-K. Park et al.

International Journal of Experimental Pathology 2012, 93, 332–340


