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Suboptimal vitamin K nutriture is evident during rapid growth. We aimed to determine
whether vitamin K2 (menaquinone-4 [MK-4]) supplementation is beneficial to bone
structure and intrinsic bone tissue properties in growing rats. Male Wistar rats (5 weeks
old) were assigned to either a control diet (n = 8) or an MK-4–supplemented diet (22 mg d−1

kg−1 body weight, n = 8). After a 9-week feeding period, we determined the serum
concentration ratio of undercarboxylated osteocalcin to γ-carboxylated osteocalcin and the
urinary deoxypyridinoline level. All rats were then euthanized, and their tibiae were
analyzed by micro–computed tomography for trabecular architecture and synchrotron
radiation micro–computed tomography for cortical pore structure and mineralization.
Fourier transform infrared microspectroscopy and a nanoindentation test were performed
on the cortical midlayers of the anterior and posterior cortices to assess bone tissue
properties. Neither body weight nor tibia length differed significantly between the 2 groups.
Dietary MK-4 supplementation decreased the ratio of undercarboxylated osteocalcin to
γ-carboxylated osteocalcin but did not affect deoxypyridinoline, indicating a positive effect
on bone formation but not bone resorption. Trabecular volume fraction and thickness
were increased by MK-4 (P < .05). Neither the cortical pore structure nor mineralization
was affected by MK-4. On the other hand, MK-4 increased mineral crystallinity, collagen
maturity, and hardness in both the anterior and posterior cortices (P < .05). These data
indicate the potential benefit of MK-4 supplementation during growth in terms of
enhancing bone quality.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

The growth spurt period is crucial for skeletal development;
however, bone is vulnerable to fracture during this period
because the maintenance of bone strength fails to keep up
with the rapid bone extension [1]. Indeed, fracture incidence
during this period peaks around the age of peak height
velocity [2]. Meanwhile, limb fracture incidence increases
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among children and adolescents at specific sites [3]; but the
mechanisms responsible for this increase have not been
identified. Fractures during this period lead to a decrease in
the bone mass achieved by the end of adolescence [4].
Furthermore, there is growing evidence that peak bone mass
affects the consequences of age-related or postmenopausal
bone loss on fracture risk [5,6] and that a lower peak bone
density hastens the onset of osteoporosis [7]. Therefore,
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fractures during growth spurts not only are detrimental to
healthy bone development but also pose the potential risk of
osteoporosis later in life [8].

One strategy to prevent fractures during growth and
possibly contribute to reducing osteoporotic fracture risk
later in life is to increase bone strength. Bone strength is
influenced by physical activity and nutritional status. Among
the nutritional factors, vitamin K is positively associated with
childhood bone mineral acquisition [9]. There are 2 important
forms of vitamin K: phylloquinones (vitamin K1 series,
synthesized by green plants) and menaquinones (vitamin K2

series, synthesized by intestinal bacteria). Vitamin K acts as a
cofactor in the posttranslational γ-carboxylation of osteocal-
cin (OC), the most abundant noncollagenous bone matrix
protein synthesized by osteoblasts. In this carboxylation
process, glutamate residues are converted into γ-carboxyglu-
tamate, thereby enabling OC to bind to hydroxyapatite and
contribute to the structural integrity of bone [10]. Further-
more, vitamin K directly activates steroid and xenobiotic
receptors in osteoblastic or preosteoblastic cells to promote
collagen accumulation and osteoblast differentiation [11,12]
and exerts an antiresorptive action on bone [13].

The concentration ratio of undercarboxylated OC (Glu-OC)
to γ-carboxylated OC (Gla-OC), a reliable and stable marker of
the vitamin K status of bone, is markedly higher in children
than in adults [14]. The elevation of this ratio (Glu/Gla-OC)
indicates a suboptimal vitamin K status of bone [15], which is
probably a result of high bone metabolic activity during
growth [16,17]. Thus, the supplemental intake of vitamin K
during childhood and adolescence may be beneficial for
healthy bone growth and fracture risk reduction. However,
vitamin K's effect on bone structure and intrinsic bone tissue
properties has not been entirely explored.

This study was undertaken to test the hypothesis that
supplementation with vitamin K is beneficial for enhancing
bone quality during growth. For this purpose, we comprehen-
sively compared bone quality (ie, the material and morpholo-
gical properties of bone) between tibiae of growing ratswith and
without dietary intake of menaquinone-4 (MK-4), which is
endogenously converted from phylloquinones and is predom-
inantly found in tissues [18].WeusedFourier transform infrared
microspectroscopy (FTIR-MS) [19,20] andananoindentation test
[21,22] for measuring the intrinsic properties of the cortical
bone tissue, laboratory micro–computed tomography (μCT) for
imaging the trabecular architecture [23], and synchrotron
radiation μCT (SRμCT) [24,25] for high-resolution imaging of
the cortical pore structure and degree of mineralization.
2. Methods

2.1. Animals and diets

Experiments were conducted in accordance with the guiding
principles of the American Physiological Society and with the
approval of the Animal Research Committee of Osaka
University Graduate School of Engineering Science. Male
Wistar rats aged 4 weeks (n = 16) and purchased from CLEA
Japan (Tokyo, Japan) were housed 2 per plastic cage under
controlled conditions (12-hour light/dark cycle, 25°C, 60%
humidity) and were allowed free access to a standard diet
(CE-2: 1.18%Ca, 1.03% inorganic phosphorus, 0.29%Mg, 2.0 IU/g
vitamin D3; CLEA Japan) and tap water. After a 1-week
adaptation period, rats were divided into 2 diet groups: the
control diet group (C, n = 8), continuously fed the standard diet,
and the MK-4 diet group (M, n = 8), fed the same diet
supplemented with MK-4 (350 mg/kg diet; Eisai, Tokyo,
Japan). Dietary intake and body weight were measured once
a week, and the animals were euthanized by an overdose of
pentobarbital sodium at the age of 14 weeks.

2.2. Bone markers

On the day before euthanization, the rats were loaded with 1
mL of distilled water per 100 g of body weight intraperitone-
ally; and overnight (12 hours) urine samples were collected
under fasting conditions in individual metabolic cages. On the
day of euthanization, following anesthetization with pento-
barbital sodium (50 mg/kg body weight, intraperitoneally),
blood samples were collected from the femoral vein and
centrifuged at 1000g for 10 minutes to separate serum. Serum
and urine were stored at −30°C until assaying. Urinary
deoxypyridinoline (Dpy) level and serum levels of Gla-OC
and Glu-OC were measured by competitive enzyme immuno-
assay using a Dpy kit (Osteolinks DPD; Sumitomo Pharma-
ceuticals, Osaka, Japan) and Gla-OC and Glu-OC test kits
(MK121 and MK122; Takara Bio, Shiga, Japan), respectively,
according to the manufacturers' instructions. To determine
the intra- and interassay variations, all samples were assayed
in triplicate for each marker; and triplicate measurements
were made on 3 consecutive days.

2.3. Sample preparation

The right tibia was harvested from the rats and dissected
free of soft tissue. Tibial length (from the proximal-most
portion of the convexity of the tibial condyles to the
concavity of the distal articular surface of the tibia) and
weight were measured with an electronic caliper and
balance, respectively. The bone was then transected using
a low-speed diamond wheel saw (SBT650; South Bay
Technology, San Clemente, CA) at 4 points: 4 mm distal to
the proximal tibial growth plate and 11, 6, and 1 mm
proximal to the tibiofibular junction. The proximal epimeta-
physeal and distal diaphyseal specimens were soaked in 70%
ethanol for μCT scanning, and the mid-diaphyseal specimen
was wrapped with moistened saline gauze and stored at
−30°C for FTIR-MS and the nanoindentation test (Fig. 1).

2.4. Structural analysis by μCT

The proximal metaphysis and distal diaphysis were scanned
to image the trabecular architecture and cortical porous
network using a μCT system (SMX-1000/VCT; Shimadzu,
Kyoto, Japan) and an SRμCT system available at BL20B2 in
SPring-8 (Harima, Japan), respectively. The scanning param-
eters for the laboratory μCT were as follows: 90 keV, 110 μA,
600-millisecond integration time, and 600 projections over
360°. In the SRμCT, a 20-keV monochromatic light (>1 × 109

photons/s·mm2) was used with scanning parameters of an



Fig. 1 – Diagram of bone segments measured for each analysis: metaphysis for laboratory μCT, distal diaphysis for SRμCT, and
mid-diaphysis for FTIR-MS and nanoindentation. The indentation test included 5 indents in each of 3 anterior and 3 posterior
regions where FTIR spectra were obtained.
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800-millisecond view exposure time and 900 projections over
180°. The detailed experimental arrangement for using a
monochromatic SR beam has been described elsewhere [26].
Image reconstruction was carried out for a 1.2-mm–long
section of the cancellous-rich metaphysis 1.0 mm distal to
the growth plate (12-μm cubic voxel) and 2.5-mm–long
midportion of the diaphysis (2.74-μm cubic voxel), both with
an 8-bit grayscale resolution. UsingK2HPO4 phantomsolutions
at various concentrations (0.36-1.29 g/cm3), the relation μbone =
5.50·ρbone + 0.87 (r2 > 0.999) was obtained in SRμCT images,
where μbone (cm−1) is a voxel value of the linear absorption
coefficient and ρbone (g/cm3) is mineral density. Two speci-
mens, one each fromM and C, could not be scanned by SRμCT
because of the limited time allocated for the use of an SR beam.

Metaphyseal μCT images were binarized to separate pure
bone from the background by the method of Otsu [27]. The
outer and inner borders of the cortical bone were determined
by raster scanning in multiple directions after filling all bone
pores, and the trabecular and cortical compartments were
segmented for structural analysis. Diaphyseal SRμCT images
showed cortical bone only, which could be extracted distinctly
by setting a global threshold of ρbone = 0.8 g/cm3.

For metaphyseal bone analysis, the following structural
indices were determined: cortical bone volume (Cor.V, mm3),
medullary tissue volume (TV, mm3), fraction of trabecular bone
volume (BV/TV, %), trabecular thickness (Tb.Th, μm), trabecular
number (Tb.N, mm−1), trabecular separation (Tb.Sp, μm), and
trabecular connectivity density (Tb.Conn.D, mm−3). A 3-dimen-
sional method [28] was used for computing Tb.Th, Tb.N, and
Tb.Sp. For diaphyseal bone analysis, the following structural
indices were determined: Cor.V, TV, cortical porosity (Po, %),
mean canal diameter (Ca.Dia, μm), canal density in the
endocortical (inner cortical) surface (E.Ca.D, mm−2), canal
density in the periosteal (outer cortical) surface (P.Ca.D, mm−2),
and density of the intracortical canal connections (Ca.Conn.D,
mm−3). Here, enclosed pores within the bone and dead-end
pores on the bone surfaces or cross sections of the measured
regionswere calculated in Po but not in Ca.dia, E.Ca.D, P.Ca.D, or
Ca.Conn.D. Canal diameter was determined as the diameter of
the largest circle included in the canal cross section, and Ca.Dia
was defined as the average of all pore diametersmeasured in all
cross sections. To reflect the highest degree of connectivity in
Tb.Conn.D and Ca.Conn.D, 26-adjacency was adopted. The
mean ρbone of diaphyseal cortical bone, dBM (g/cm3), was also
determined by the μbone-ρbone relation.

2.5. Fourier transform infrared microspectroscopy

The mid-diaphyseal specimens were slowly thawed and
embedded in polymethylmethacrylatewithout ethanol fixation
to avoid the possible deterioration of collagen [29]. After
polymerization, the position showing the midsection of a
specimen was marked on each polymethylmethacrylate block
surface. Afterward, using silicon carbide abrasive paper of
decreasing particle size (600, 800, and 1200 grit), the proximal
surface of an embedded specimen was sanded perpendicularly
to the tibial long axis in deionized water until the midlength
mark was reached. Finally, the surface was polished with
0.05-μmaluminasuspension (AP-D;Struers, Ballerup,Denmark)
to a state close to a mirror surface [30]. The proximal cross
sectionwasultrasonically cleaned to remove surface debris and
heated at 50°C for 24 hours in ambient air to prevent the
enzymatic degradation of collagen [29]. Each cortical cross
section was analyzed for chemicals using an FTIR-MS system
(IRPrestige-21/AIM-8800; Shimadzu) in the reflection mode.
Spectra were collected from three 50 × 50–μm2 regions each at
the anterior and posterior cortical midlayers (Fig. 1) under the
conditions of 4 cm−1 spectral resolution and 50 scans per point.



Table 1 – Effects of MK-4 on growth and bone metabolism

M C

Body weight, 5 wk (g) 127 (6) 119 (9)
Body weight, 14 wk (g) 212 (13) 203 (14)
Tibial weight (g) 0.50 (0.02) 0.50 (0.03)
Tibial length (mm) 35.6 (0.5) 35.5 (0.5)
Gla-OC (ng/mL) 279 (39) 262 (28)
Glu-OC (ng/mL) 190 (48) 240 (16)
Glu/Gla-OC 0.68 (0.15) ⁎ 0.93 (0.11)
Dpy (nmol/mmol Cr) 170 (18) 169 (39)

Data are the mean (SD); n = 8 per group.
⁎ P < .05 vs C; unpaired t test.
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The obtained data were corrected for background and
converted to absorbance units by the Kramers-Kronig trans-
formation. The following chemical indices were determined:
(1) mineral-to-matrix ratio, estimated as the integrated area
ratio of the phosphate band (1200-930 cm−1; baseline, 1200-930
cm−1) to the amide I band (1720-1600 cm−1; baseline, 1720-1600
cm−1); (2) mineral crystallinity (the ratio of apatitic to
nonapatitic phosphate), estimated by the peak height ratio of
1030/1020 cm−1 (baseline, 1200-930 cm−1); and (3) collagen
maturity (the ratio of nonreducible to reducible collagen cross-
links), estimated by the peak height ratio of 1660/1690 cm−1

(baseline, 1720-1600 cm−1). To resolve overlapping bands, the
spectrawere processed using PEAKFIT software (SeaSolve, San
Jose, CA). Second-derivative spectra, accompanied by 9-data-
point Savitsky-Golay smoothing, were calculated to identify
the positions of the component bands in the spectra. These
wavenumbers, which are in close agreement with published
data [31,32], were used for curve fitting with Gaussian
component peaks. The position, half-bandwidth, and ampli-
tude of the peakswere altered until the resulting bands shifted
by no more than 3 cm−1 from the initial parameters and good
agreements between the calculated sum of all components
and the experimental spectra were achieved (r2 > 0.999).

2.6. Nanoindentation test

After FTIR-MS, the specimens were subjected to the nanoin-
dentation test using a dynamic ultra-micro-hardness tester
(DUH-201S; Shimadzu) equipped with a diamond Berkovich
tip (tip curvature radius <100 nm). Five points were placed
near the center and 4 corners of each region where the
chemical data were collected, and they were tested with a
trapezoidal loading waveform (loading-holding-unloading,
Fig. 1): a maximum load of 6000 μN with a loading/unloading
rate of 300 μN/s, resulting in a time to peak force of 20 seconds
and a 100-second holding period at the maximum load [33].
Mechanical indices were calculated from a resulting force-
displacement (P-h) curve according to Oliver and Pharr [34].

The indentation modulus, in combination with the local
elastic modulus Especimen and the Poisson ratio νspecimen of the
specimen, is given by the following formula:

Indentation modulus =
Especimen

1 − v2specimen
=

1
Er

−
1−v2tip
Etip

 !−1

; ð1Þ

where Etip (1131 GPa) and νtip (0.07) are the elasticmodulus and
Poisson ratio of the diamond indenter, respectively, and Er is
the reduced modulus. The latter was derived from the slope S
at the point of initial unloading (h = hmax) and the contact area
Ac, which have a direct relationship with Er:

S hmaxð Þ = dP
dh jh=hmax

=
2ffiffiffi
p

p Er
ffiffiffiffiffiffiffi
Ac:

p
ð2Þ

The ratio of maximum force Pmax (P at h = hmax) to Ac gives
hardness, interpreted as a measure of strength, which is
specifically resistance tononelastic deformationunderpressure:

Hardness =
Pmax

Ac
: ð3Þ
2.7. Statistics

Differences in the bone markers, bone structural indices,
and dBM between M and C were assessed by an unpaired t
test. Chemical and mechanical indices determined by FTIR-
MS and the nanoindentation test were averaged over 3
regions and 15 indents, respectively, each at the anterior
and posterior cortical midlayer sites, and were subsequently
analyzed to examine the interaction effect between MK-4
and anatomical site by 2-way repeated-measure analysis of
variance. Because no significant interactions between MK-4
and cortical site or any site-specific differences were found
in the chemical and mechanical indices, all data measured
at 6 regions in the FTIR-MS and 30 indents in the
nanoindentation test were pooled for each specimen; and
differences in mean values between M and C were analyzed
by an unpaired t test. When variances were significantly
different according to the F test, an unpaired t test with
Welch correction was used. Data are expressed as the mean
(standard deviation) values, unless otherwise noted. All data
were analyzed by Prism 4 (version 4.0c; GraphPad Software,
San Diego, CA) and R (version 2.12.0; R Project for Statistical
Computing, Vienna, Austria), and P < .05 was considered
statistically significant.
3. Results

The actual MK-4 intake in M was 22 mg d−1 kg−1 body weight,
as calculated from average diet intake and body weight. Body
weights increased in 9 weeks by 67% (8%) and 71% (8%) in M
and C, respectively, and did not differ between M and C at the
age of either 5 or 14 weeks (Table 1). No significant differences
were found between M and C in tibial weight or length at the
age of 14 weeks.

Neither Gla-OC nor Glu-OC differed between M and C.
However, Glu/Gla-OC was significantly lower in M than in C
(Table 1); and the ratio of Glu-OC to total OC (Gla-OC + Glu-OC)
was also significantly lower in M (0.40 [0.06] vs 0.48 [0.03]). No
effect of MK-4 was found on bone resorption activity, as
indicated by the lack of any difference in urinary Dpy level
between M and C. The mean (range) of the intraassay
coefficient of variation was 5.8% (2.4%-8.8%) for Dpy, 7.4%
(6.7%-8.4%) for Gla-OC, and 7.8% (6.5%-9.7%) for Glu-OC; the
mean (range) of the interassay coefficient of variation was



Table 3 – Effects of MK-4 on the chemical and mechanical
properties of cortical bone

M C

dBM (g/cm3) 1.24 (0.02) 1.23 (0.01)
Mineral-to-matrix ratio 9.3 (0.7) 9.3 (1.1)
Mineral crystallinity 1.7 (0.3) ⁎ 1.5 (0.2)
Collagen maturity 3.2 (0.6) ⁎ 2.5 (0.7)
Indentation modulus (GPa) 27.5 (5.3) 26.6 (4.8)
Hardness (GPa) 1.6 (0.4) ⁎ 1.3 (0.2)

Data are the mean (SD); n = 8 per group except for dBM (n = 7).
⁎ P < .05 vs C; unpaired t test.
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5.2% (4.3%-6.1%) for Dpy, 4.4% (2.7%-5.7%) for Gla-OC, and 3.2%
(1.9%-4.5%) for Glu-OC.

The structural data of the trabecular and cortical bones are
summarized in Table 2. At the proximalmetaphysis, MK-4 had
no effect on either Cor.V or TV; but it increased BV/TV with
increasing Tb.Th and decreasing Tb.Sp. At the distal diaphy-
sis, no effect of MK-4 was found on Po or the other indices of
intracortical canal structure, including Cor.V and TV.

The chemical compositions and mechanical properties in
the mid-diaphyseal bone are summarized in Table 3. There
was no effect of MK-4 on the dBM or mineral-to-matrix ratio,
but MK-4 increased both mineral crystallinity and collagen
maturity. An increasing effect of MK-4 was also found on bone
hardness but not on the indentationmodulus. Fig. 2 shows the
plots of the mineral crystallinity, collagen maturity, and
hardness for each specimen. No correlation was found
between any of the chemical compositions and mechanical
properties in any group or in the pooled data of M and C.
4. Discussion

Although vitamin K supplementation in healthy children
enhances the γ-carboxylation of OC [14] and may contribute to
bonemineral acquisition [9], there is a lackof experimental data
on this issue. To the best of our knowledge, this is the first
comprehensive experimental study of the effects of MK-4 on
bone quality during growth. We found that, in the growing rat
tibia, MK-4 supplementation enhanced trabecular bone struc-
ture and increasedmineral crystallinity, collagenmaturity, and
hardness of cortical bone tissue, leading to better bone quality.

The present MK-4 supplementation enhanced the γ-
carboxylation of OC, as indicated by a lower Glu/Gla-OC in M
than in C, and increased cancellous bone volume, mainly
through trabecular bone thickening. The lack of any difference
in urinary Dpy excretion between M and C implies that the
Table 2 – Effects of MK-4 on bone architecture

M C

Metaphysis
Cor.V (mm3) 5.0 (0.2) 5.0 (0.3)
TV (mm3) 7.8 (1.0) 7.6 (0.6)
BV/TV (%) 18.5 (3.3) ⁎ 14.9 (2.5)
Tb.Th (μm) 50.3 (2.0) ⁎ 48.1 (1.9)
Tb.N (mm−1) 8.3 (0.4) 7.9 (0.5)
Tb.Sp (μm) 69.8 (6.9) ⁎ 79.0 (8.2)
Tb.Conn.D (mm−3) 622 (186) 588 (126)

Diaphysis
Cor.V (mm3) 9.3 (0.3) 9.5 (0.8)
TV (mm3) 2.9 (0.2) 3.2 (0.3)
Po (%) 1.2 (0.2) 1.2 (0.2)
Ca.Dia (μm) 12.0 (0.6) 12.2 (0.6)
E.Ca.D (mm−2) 25 (6) 30 (4)
P.Ca.D (mm−2) 14 (3) 14 (2)
Ca.Conn.D (mm−3) 37 (13) 28 (4)

Data are the mean (SD); n = 8 per group for metaphyseal analysis
and n = 7 per group for diaphyseal analysis.
⁎ P < .05 vs C; unpaired t test.
effectiveness of MK-4 on trabecular bone results from its
beneficial function in bone formation rather than its anti-
resorptive action. A similar effect of daily MK-4 intake (30
mg/kg body weight) has also been observed in the tibial
metaphyses of growing rats [35], although the short MK-4
administration period of 5 weeks seemed insufficient for
inducing significant changes.

The antiresorptive or therapeutic action of MK-4 in
trabecular and cortical bone structure is well established in
rat models of bone disease [36-38]; however, the effect of MK-4
on bone structure during growth has been less explored. The
present study showed that MK-4 supplementation did not
affect trabecular network connectivity but increased trabecu-
lar bone volume and thickness, indicating the benefit of MK-4
supplementation on cancellous bone strength. Because the
development of the collagen network precedes the progress of
skeletal calcification, the formation of a collagenmatrix in the
trabeculae will also be promoted by MK-4. On the other hand,
no effect of MK-4 was found in cortical bone structure. A
different activity of bone modeling/remodeling may be
involved in the different effects of MK-4 in trabecular and
cortical bone. Changes in bone mass in rats likely occur in
trabecular bone–rich regions and less so in cortical bone–rich
regions, and the metabolic turnover for trabecular bone is
faster than that for cortical bone [39]. Furthermore, the
formation of the cortical bone microstructure is strongly
coupled to intracortical vascularization, thereby facilitating
the bone blood supply required for rapid bone growth [40].
Given these situations, it is possible that the effect of MK-4 on
bone structure during growth differs between trabecular and
cortical bone.

The present MK-4 supplementation is also unlikely to
affect cortical mineralization and collagen concentration
because neither the dBM nor mineral-to-matrix ratio differed
between M and C. However, the mineral crystallinity and
collagen maturity were higher in M than in C. In the present
study, mineral crystallinity reflected mineral maturity rather
than crystal size or crystalline perfection because it was
determined as the ratio of apatitic to nonapatitic phosphate.
Thus, it can be assumed that MK-4 contributes to the
maturation of cortical bone tissue. Crystal size or crystalline
perfection generally evolves in parallel with mineral maturity
but reaches completion more slowly [41].

Cortical bone hardness was higher in M than in C, but no
difference was found in the indentationmodulus between the
2 groups. These results are consistent with an earlier study
[30] that showed a positive correlation between hardness and



Fig. 2 – Left: plots of hardness vs mineral crystallinity and
collagen maturity. Each plot represents the mean of all data
in a single specimen; bars show the standard error of the
mean. Right: 3-dimensional scatter diagram of the left plots
(mean values only). M, n = 8; C, n = 8.
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mineral maturity (specifically, the apatitic-to-nonapatitic
phosphate ratio) and a significant correlation of indentation
modulus with the mineral-to-matrix ratio but not with either
mineral maturity or collagen maturity. The MK-4–induced
increase in mineral maturity rather than the increase in
collagen maturity seems to be implicated in the increased
hardness. That is, collagenmaturity exerts a primary effect on
the ultimate strength and toughness of bone rather than on its
strength or stiffness because the collagen network is respon-
sible for storing energy in the bone [42].

The effect of vitamin K on bone quality depends on the rat
strain, dosage, and duration of administration; furthermore,
vitamin K may have an age-dependent effect on the γ-
carboxylation of OC [43]. It is unlikely that the present amount
ofMK-4 supplementation (22mg d−1 kg−1 bodyweight) suffices
for full effectiveness. Maximal benefits to bone quality during
growth, including the promotion of cortical mineral accretion,
might be achieved with a higher amount or a longer period of
supplementation. Indeed, a recent study showed the benefi-
cial effects of MK-4 in increasing femoral bone volume, width,
and strength parameters in rats when it was supplemented in
a larger amount (30-35 mg d−1 kg−1 body weight) over a longer
period (3 months) starting at the age of 6 weeks [44].

The daily intake of vitamin K is 24 μg in 4-year-old British
children [45], 51 μg in American children aged 2 to 8 years [46],
and 279 μg in Japanese premenarche females aged 12 to 18
years who live in Tokyo, where fermented soybeans rich in
MK-7 are consumed [47]. These vitamin K intakes seem to be
insufficient for promoting bone health during childhood and
adolescence, periods characterized by high bone metabolism
[17,48,49]. Thus, similar to the situation in patients with high
bone metabolism, daily supplementation of MK-4 may be
effective for bone health during growth. In patients aged 3 to
18 years with classic galactosemia, a dose of 1mg/d vitamin K1

enhanced the γ-carboxylation of OC and played a positive role
in the treatment of abnormal bone mineral content [50]. In
patients with cystic fibrosis aged 6 to 17 years, a dose of 10
mg/d vitamin K1 decreased Glu-OC levels even below those
of healthy controls aged 8 to 17 years [51]. In the adult
population of Japan, MK-4 is currently given at 45 mg/d for
the treatment of postmenopausal osteoporosis or protection
against fractures [52]. Meanwhile, another study showed that
daily supplementation with 5 mg/d vitamin K1 was protec-
tive against fractures in postmenopausal women with
osteopenia [53]. These pharmacological doses are fairly low
compared with the daily MK-4 doses according to body
weight administered to rats in the present study; however,
adverse effects, including weight gain and gastrointestinal
complaints, were found in a small percentage of patients in a
previous study [54]. In healthy Dutch children aged 6 to 10
years, Glu/Gla-OC dropped 33 % when they were supple-
mented with 45 μg/d MK-7, which is equivalent to 31 μg/d
MK-4, for 8 weeks [14]. It is uncertain, however, whether this
vitamin K supplementation is effective for bone properties.
Additional studies should be designed to examine whether
vitamin K doses in a more nutritional range promote bone
strength during growth.

The Glu/Gla-OC ratio, which is independent of bone turn-
over, has been used as a sensitive marker for bone vitamin K
status [15,55]. Vitamin K has protective effects against fractures
in postmenopausal women, despite the lack of a significant
change or the occurrence of only a modest increase in bone
mineral density [52,56]. That is, vitamin K status is associated
with better bone quality; and therefore, Glu/Gla-OC might be
used as an indicator of bone quality in this population. In
children,however,Glu/Gla-OCmaynotbeexclusively indicative
of bone quality because an association of vitamin K status with
childhood bone mineral content has been observed [9].

Some limitations of this study should be noted. First, more
Gla-OC will be bound to bone rather than circulating in the
blood stream, thereby lowering serum Gla-OC. Thus, the
Glu/Gla-OC ratio would underestimate the effect of vitamin K
on the γ-carboxylation of OC. Second, the contact area (Ac in
Eq. [2]) generated with the test load in nanoindentation was
10 μm2 at most and much smaller than the area of 50 × 50
μm2 from which FTIR spectra were collected. Consequently, it
would be difficult to assess the correlations between
mechanical and chemical properties, although 5 indents
were included in the area of 50 × 50 μm2 for FTIR-MS.
Actually, there was no correlation between the mechanical
indices averaged over 5 indents and chemical indices in each
group (48 points) or in the 2 groups combined. A smaller
measurement field of the FTIR-IR or a higher density of
indents will be required to detect the correlations between
mechanical and chemical properties [30,57]. Finally, we
performed FTIR-MS and the nanoindentation test only at
the cortical midlayers of the anterior and posterior cortices;
consequently, the effect of MK-4 on the chemical and
mechanical indices did not differ significantly between
these measurement points. However, at other sites, such as
the medial and lateral cortices or periosteal and endocortical
layers, the mechanical milieu or rates of bone formation/re-
sorption, which are influential in regulating bone tissue
maturation, are different from those in the anterior and
posterior cortical midlayers [58,59]. Thus, it remains possible
that the effect of MK-4 on the intrinsic properties of bone
tissue varies from site to site.

image of Fig. 2
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In conclusion, the beneficial effects of MK-4 supplementa-
tion on vitamin K status enhanced trabecular bone architec-
ture and the maturation of cortical bone tissue in the growing
rat tibia. Thus, MK-4 supplementation could be beneficial for
enhancing bone quality and reducing fracture risk during
growth spurts.
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