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Abstract Menaquinone-4 (MK-4) administered at a
pharmacological dosage of 45 mg/day has been used for
the treatment of osteoporosis in Japan. However, it is not
known whether a lower dose of MK-4 supplementation is
beneficial for bone health in healthy postmenopausal
women. The aim of this study was to examine the long-
term effects of 1.5-mg daily supplementation of MK-4 on
the various markers of bone turnover and bone mineral
density (BMD). The study was performed as a randomized,
double-blind, placebo-controlled trial. The participants
(aged 50-65 years) were randomly assigned to one of two
groups according to the MK-4 dose received: the placebo-
control group (n =24) and the 1.5-mg MK-4 group
(n = 24). The baseline concentrations of undercarboxy-
lated osteocalcin (ucOC) were high in both groups
(>5.1 ng/ml). After 6 and 12 months, the serum ucOC

N. Koitaya - Y. Tousen - Y. Nishide - J. Yamauchi -

Y. Ishimi (D<)

Department of Food Function and Labeling, National Institute
of Health and Nutrition, 1-23-1 Toyama,

Shinjyuku-ku, Tokyo, Japan

e-mail: ishimi@nih.go.jp

M. Sekiguchi - A. Morita
Department of Nutritional Epidemiology, National Institute
of Health and Nutrition, Shinjyuku-ku, Tokyo, Japan

Y. Gando - M. Miyachi
Department of Health Promotion and Exercise, National Institute
of Health and Nutrition, Shinjyuku-ku, Tokyo, Japan

M. Aoki - M. Komatsu - F. Watanabe - K. Morishita

Healthcare Products Development Center, Kyowa Hakko Bio
Co., Ltd, Tsukuba, Ibaraki, Japan

@ Springer

concentrations were significantly lower in the MK-4 group
than in the control group. In the control group, there was no
significant change in serum pentosidine concentrations.
However, in the MK-4 group, the concentration of pent-
osidine at 6 and 12 months was significantly lower than
that at baseline. The forearm BMD was significantly lower
after 12 months than at 6 months in the control group.
However, there was no significant decrease in BMD in the
MK-4 group during the study period. These results suggest
that low-dose MK-4 supplementation for 6—12 months
improved bone quality in the postmenopausal Japanese
women by decreasing the serum ucOC and pentosidine
concentrations, without any substantial adverse effects.

Keywords MK-4 - Osteocalcin - Postmenopausal
women - Bone mineral density - Pentosidine

Abbreviations

Gla v-Carboxyglutaminate
PK Phylloquionone

MK Menaquinone

oC Osteocalcin

DRIs Dietary reference intakes
Al Adequate intake

ucOC Undercarboxylated OC
BMD Bone mineral density
TC Total cholesterol

TG Triacylglycerol

HDL High density lipoprotein
LDL Low density lipoprotein

E, 17B-Estradiol

BS-ALP  Bone-specific alkaline phosphatase
GlaOC v-Carboxylated OC

DPD Deoxypiridinoline

25[OH]D 25-Hydroxyvitamin D
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Introduction

It is well known that vitamin K is responsible for the 7-
carboxylation of peptide-bound glutaminate (Glu) residues
in target proteins that are synthesized in a limited number
of tissues such as the liver, bone, and vascular tissues,
producing y-carboxyglutaminate (Gla) [1, 2].

There are two major forms of dietary vitamin K: phyl-
loquinone (PK) and menaquinone (MK). PK is present in
green and leafy vegetables, whereas MK is either produced
by bacteria or is present in animal tissues. However, there
is evidence that MK-4 is synthesized from dietary PK and
menadione in certain animal tissues [3, 4].

Previous studies have reported that a 45-mg daily intake
of MK-4 prevents osteoporotic fractures and postmeno-
pausal bone loss [5-9]. Therefore, this dose is prescribed
for the treatment of osteoporosis in Japan. On the other
hand, Binkley et al. [10] reported that a daily intake of
approximately 1 mg was required to maximally y-carbox-
ylate the circulating osteocalcin (OC) in postmenopausal
women. Furthermore, recent meta-analysis of randomized
controlled trials of vitamin K on bone mineral density
(BMD) demonstrated that no study using a low dose of
MK-4 in healthy women has been performed, although
many studies using 45 mg/day MK-4 in Japanese post-
menopausal women or 0.18-10 mg PK in postmenopausal
women in Western countries had been conducted [11].
Furthermore, detailed information on the additional health-
related effects of MK-4 supplementation in postmeno-
pausal women is lacking. Hence, previously, we conducted
a study that examined the effects of low-dose MK-4 sup-
plementation for 4 weeks on postmenopausal Japanese
women. We demonstrated that MK-4 supplementation at
1.5 mg/day accelerated the rate of osteocalcin (OC) y-
carboxylation [12]. However, it is not clear whether this is
the effective dose for improving the bone health of post-
menopausal women. Moreover, we wanted to determine
the currently unknown effects of MK-4 on other bio-indi-
ces and on bone metabolism.

According to the Dietary Reference Intakes (DRIs) for
Japanese (2010), the adequate intake (AI) of vitamin K for
Japanese women aged at least 30 years was 65 pg/day
[13]. However, a previous study suggested that the amount
of vitamin K required for maintaining bone health is higher
than the amount required for blood coagulation [14].
Indeed, in our previous study, the serum concentrations of
undercarboxylated OC (ucOC) in healthy postmenopausal
Japanese women were nearly at fracture-inducing levels
[12]. Furthermore, it has been reported that higher con-
centrations of circulating vitamin K are required to prevent
osteoporosis in elderly people [15, 16].

Thus, the aims of the present study was to examine the
effects of daily intake an additional 1.5 mg MK-4 for

12 months on bone mineral density (BMD), biomarkers of
bone turnover, and other bio-indices in postmenopausal
Japanese women.

Materials and methods
Subjects

In total, 50 postmenopausal women aged 50-65 years
(mean age, 58.4 + 3.8 years) were recruited from the
Kanto area of Japan. Subjects were recruited from the
volunteers registered on a contract research organization.
Of these women, 48 were selected as participants using the
exclusion criteria, and all the subjects were monitored until
the end of the study (12 months). Sample size calculation,
performed before the start of the study, showed that with 18
subjects in each group, a difference of 1.5 ng/ml between
the means of ucOC can be shown with a power of 0.80 and
a two-sided type 1 error of 0.05. Thus, it seemed that 25
subjects in each group were sufficient for the study. None
of the subjects participated in another study or took any
dietary supplements other than those prescribed by the
study.

The exclusion criteria were a history of metabolic bone
disease, cancer, ovariectomy or hysterectomy, or a daily
intake of vitamin K-containing concentrates.

The institutional review board of the National Institute
of Health and Nutrition, Japan, approved the protocol, and
the study was carried out according to the guidelines of the
Declaration of Helsinki. Informed consent was obtained
from all the subjects.

Experimental design

The study was a randomized, double-blind, placebo-con-
trolled parallel-group trial performed as an intervention
study in free-living subjects. The total duration of the study
was 12 months, starting in October 2009 and terminating in
October 2010. A single randomization number, which was
generated using random permutation by the SPSS software
version 18.0J, was used to identify the participants, who
were randomly assigned to one of two groups: the 1.5 mg/
day MK-4 group and the placebo-control group (n = 24 for
both groups). The subjects were instructed to take six
tablets of MK-4 or placebo (prepared by Kyowa Hakko
Bio, Tokyo, Japan) after breakfast and were requested to
return any tablets left at the end of the study; therefore,
compliance could be determined from the number of tab-
lets remaining. Natto (MK-7-containing fermented soy-
bean) intake was restricted to once or twice a week during
the study period, and the subjects refrained from consum-
ing the product 1 week before the start of the study. The
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randomization codes were allocated sequentially to the
participants in the order in which they were enrolled. After
all the analyses had been conducted, the randomization
code was disclosed to the investigators.

Blood and urine samples

Blood and urine samples were collected at the start of the
study and again after 6 and 12 months. Fasting (>12 h)
blood samples were collected with or without ethylene-
diaminetetraacetic acid (EDTA)-containing tubes by
venipuncture. They were refrigerated immediately and
centrifuged within 2 h at 1,500 rpm for 30 min at 4 °C.
The serum samples from each participant were stored at
—80 °C.

The serum concentrations of total cholesterol (TC) and
triacylglycerol (TG) were determined using commercial
kits (cholesterol C-test and triglyceride G-test, respec-
tively; Wako Pure Chemical, Osaka, Japan), and serum
high density lipoprotein (HDL) cholesterol levels were
measured using an enzymatic method (HDL-Cholesterol
Test; Wako Pure Chemical). The serum low density lipo-
protein (LDL) cholesterol levels were determined using the
following calculation: TC (mg/dl) — HDL cholesterol (mg/
dl) — TG (mg/dl) x 0.2. The 17pB-estradiol (E,) levels
were assessed using a radioimmunoassay (Amersham
Biosciences, Piscataway, NJ, USA).

The serum concentrations of PK, MK-4, and MK-7 were
measured using high performance liquid chromatography
[17], and the detection limits of serum PK, MK-4, and MK-
7 were less than 0.05, 0.1, and 0.1 ng/ml, respectively. The
levels of serum bone-specific alkaline phosphatase (BS-
ALP), a bone formation marker, were analyzed using an
enzyme immunoassay (EIA) (Alkphase-B; Metra Biosys-
tems, Mountain View, CA, USA).

Serum ucOC concentrations and 7y-carboxylated OC
(GlaOC) levels were determined using an electrochemi-
luminescence immunoassay with the ECLIA kit (Sanko
Junyaku, Ibaraki, Japan) and an immunoassay with the
ELISA kit (Takara Bio, Otsu, Shiga, Japan), respectively.

The urine samples were collected and stored at —80 °C
on the same day that the blood samples were taken. The
levels of urine free deoxypyridinoline (DPD), a bone
resorption marker, were determined by sandwich EIA
(Pyrilinks-D; Metra Biosystems) and corrected for urinary
creatinine concentration.

Serum 25-hydroxyvitamin D [25(OH)D] was analyzed
using a radioimmunoassay [25-hydroxyvitamin D 125
IRIA KIT (100); DiaSorin, Stillwater, MN, USA], and
finally, pentosidine, leptin, and adiponectin were analyzed
using a FSK-pentosidine ELISA kit (Fushimi Seiyakusyo,
Kagawa, Japan), an RIA kit (Cosmic, Tokyo, Japan), and
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a latex particle-enhanced turbidimetric immunoassay
kit (Mitsubishi Chemical Medience, Tokyo, Japan),
respectively.

Blood pressure measurement

The chronic levels of arterial blood pressure at rest were
measured in the brachial and dorsalis arteries, using a
semiautomated device (Form PWV/ABI; Colin Medical
Technology, San Antonio, TX, USA). The measurement
was recorded three times for each patient while lying in the
supine position.

Measurement of BMD

Bone mineral density (BMD) of the total body and total hip
region were assessed by dual-energy X-ray absorptiometry
(DXA) at baseline and after 6 and 12 months using a Ho-
logic QDR-4500A scanner (Hologic, Waltham, MA, USA).
BMD of the forearm, one-third distal point of the radius
between the styloid process and the tip of the olecranon of
the elbow, was assessed by DXA at baseline and after 6 and
12 months using an ALOKA DCS-600EX (ALOKA,
Tokyo, Japan). To minimize interobserver variation, all the
scans and analysis were carried out by the same investi-
gator. The day-to-day coefficients of variation (CVs) of
these observations were <0.3, 0.8, and 1.0 % for BMD in
the total hip, whole body, and forearm, respectively. Long-
term precision was 0.35 % by testing the spine phantom
daily over the previous 1 year for the QDR-4500A scanner.

Questionnaire interview

The trained interviewers collected information from each
individual during the face-to-face interviews. The ques-
tions were based on the structure of a previously validated
questionnaire that included information on sociodemo-
graphic data, years since menopause, level of physical
activity, medication, and smoking and drinking alcohol
habits, as well as several other factors that may have
possible confounding effects on the relationship between
dietary vitamin K consumption and lipid metabolism.

Dietary analysis

At baseline and at 6 and 12 months after the start of the
study, each participant’s dietary intake of energy, protein,
vitamin K, and calcium, as well as other nutritional com-
ponents, was estimated from a 3-day food record and the
Fifth Revision of the Standard Tables of Food Composition
in Japan [18]. The trained dieticians confirmed each food
record during the face-to-face interviews.
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Statistical analysis

Descriptive statistics were used to analyze all the variables at
baseline and 6 and 12 months after the onset of the study. The
data were transformed to normality, and parametric tests
were used, withap < 0.05 being statistically significant. The
variables of the two groups at baseline and after 6 and
12 months and the 12-month changes (%) were compared
using repeated-measures analysis of variance (ANOVA).
We studied the changes in serum E,, 25(OH)D, PK, MK-4,
OC, bone metabolic markers, and lipids during the study
period, using ANOVA and the Scheffe post hoc test. The
significant differences and percent changes in BMD between
the groups were determined by repeated-measures ANOVA
with covariate adjustment. To adjust for the possible con-
founding factors for bone metabolism, body weight, height,
and daily intake levels of calcium, vitamin D, protein, and
total energy were used as covariates for the analyses of BMD.
The components measured at baseline and at 6 and
12 months were compared using the paired ¢ test.

All analyses and calculations were performed using the
SPSS 18.0J software for Windows.

Results

Characteristics of the subjects

The baseline characteristics of the subjects are displayed in
Table 1, which shows that the age and physique of the

Table 1 Characteristics of subjects of the different study groups at
baseline and at 6 and 12 months

Control MK-4 p value
(n = 24) (n=24) vs. control
Age (years)
Baseline 58.5 (3.7) 58.3 (4.0) 0.795
Years since menopause (years)
Baseline 6.8 (3.5) 7.8 (4.1) 0.379
Height (cm)
Baseline 154.6 (5.2) 153.9 (4.7) 0.616
After 6 months 154.6 (5.2) 153.9 (4.6) 0.629
After 12 months 154.9 (5.1) 153.9 (4.7) 0.517
Weight (kg)
Baseline 51.9 (4.7) 52.2 (5.6) 0.830
After 6 months 522 (5.2) 52.9 (5.8) 0.682
After 12 months 52.0 (4.9) 52.5 (5.8) 0.738
Body mass index (BMI) (kg/mz)
Baseline 21.8 (2.2) 22.0 (1.8) 0.662
After 6 months 21.9 (2.2) 22.3 (1.8) 0.498
After 12 months 21.7 (2.1) 22.1(1.9) 0.461

Values are mean (SD)

subjects were not significantly different between the two
groups (Table 1).

The daily nutrient intakes are shown in Table 2.

There were some significant differences between the daily
intakes of nutrients at baseline and those at 12 months. In the
control group, the mean energy and vitamin D intakes were
higher at 12 months than at baseline. Furthermore, in the
MK-4 group, the mean protein intake was significantly
higher at 12 months than at baseline (Table 2).

The level of physical activity of the subjects was clas-
sified into three groups according to the DRIs for Japanese
(2010), as low, middle, and high [13]. The percent of each
level was 4, 79, and 17 % in the control group and 13, 67,
and 17 % in the MK-4 group, respectively, at baseline. The
percent of each level was 13, 79, and 8 % in the control
group and 13, 75, and 12 % in the MK-4 group, respec-
tively, at 12 months.

Effect of MK-4 supplementation on serum hormone,
vitamin K, and vitamin D concentrations

Serum E,, PK, MK-4, MK-7, and 25(OH)D concentrations in
both groups at baseline and at 6 and 12 months are shown in
Table 3. The MK-4 concentration was significantly higher in
the MK-4 group than that in the control group at 12 months.
The within-group concentrations of 25(OH)D, MK-4, and
MK-7 did not change after MK-4 supplementation. How-
ever, in the MK-4 group, the mean serum concentration of E,
was significantly higher at 12 months than at baseline. Fur-
thermore, the PK concentrations decreased in the control
group and were significantly lower at 6 months than at
baseline. However, the PK concentration was not signifi-
cantly different at 12 months than at baseline.

Effect of MK-4 supplementation on serum OC

The serum concentrations of OC in the two groups are
shown in Table 4. The concentrations of ucOC at baseline
were high in both groups compared with the values that are
usually observed in young women [19]. The concentrations
of ucOC and GlaOC in the control group compared with
the MK-4 group were not significantly different at baseline.
The ucOC concentration in the MK-4 group was signifi-
cantly lower than that in the control group at 6 and
12 months. In addition, ucOC concentration between the 6-
and 12-month evaluations decreased more substantially in
the MK-4 group compared with the control group. The
GlaOC was still significantly higher in the MK-4 group at 6
and 12 months compared with the control group. In the
control group, the percent changes in GlaOC concentration
at 6 and 12 months were negative; however, these changes
were positive in the MK-4 group, and the difference in
percent changes between the two groups was significant.
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Table 2 Nutrient intake of different study groups at baseline and at 6
and 12 months

Control MK-4 p value
(n=24) (n=124) vs. control

Energy (kcal/day)

Baseline 1,710 (340) 1,791 (367) 0.434

After 6 months 1,738 (409) 1,728 (350) 0.931

After 12 months 1,854 (450)* 1,798 (400) 0.650
Protein (g/day)

Baseline 63.5 (12.2) 67.8 (15.4) 0.292

After 6 months 69.5 (18.7) 68.4 (14.8) 0.833

After 12 months 70.5 (16.9) 69.8 (14.5)*  0.877
Fat (g/day)

Baseline 54.6 (10.0) 52.1 (14.5) 0.482

After 6 months 56.9 (18.6) 50.4 (18.3) 0.231

After 12 months 62.7 (20.8) 50.8 (14.4) 0.025
Calcium (mg/day)

Baseline 473 (173) 466 (135) 0.877

After 6 months 485 (187) 456 (147) 0.554

After 12 months 531 (184) 471 (171) 0.247
Iron (mg/day)

Baseline 7.1 (2.0) 7.8 (1.9) 0.256

After 6 months 74 (2.2) 8.0 (1.9) 0.287

After 12 months 8.3 (3.2)** 8.2 (2.9) 0.934
Phosphorus (mg/day)

Baseline 990 (194) 1,022 (226) 0.601

After 6 months 1,066 (278) 1,032 (231) 0.646

After 12 months 1,075 (243) 1,041 (234) 0.626
Potassium (mg/day)

Baseline 2,437 (523) 2,591 (599) 0.347

After 6 months 2,523 (624) 2,572 (644) 0.790

After 12 months 2,712 (664)** 2,706 (775) 0.976
Magnesium (mg/day)

Baseline 251 (63) 265 (58) 0411

After 6 months 256 (66) 268 (54) 0.486

After 12 months 276 (80)* 277 (75) 0.979
Salt equivalent (g/day)

Baseline 9.5 (2.4) 9.8 (2.3) 0.617

After 6 months 9.1 (2.0) 9.2 (1.9) 0.909

After 12 months 9.5 (3.2) 9.7 (2.9) 0.870
Vitamin D (pg/day)

Baseline 5.6 3.3) 6.5 (4.5) 0.436

After 6 months 7.8 (4.8) 8.1 (6.3) 0.858

After 12 months 9.0 (4.8)** 7.6 (5.2) 0.346
Vitamin K (pg/day)

Baseline 182 (88) 166 (81) 0.515

After 6 months 182 (96) 166 (89) 0.551

After 12 months 210 (111) 179 (80) 0.277

Values are mean (SD)

* p < 0.05, ** p < 0.01 vs. baseline
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Table 3 Serum estradiol, 25(OH)D, and vitamin K concentrations

Control MK-4 p value vs.
(n=124) (n=24) control

Estradiol (pg/ml)

Baseline 10.3 (1.6) 10.0 (0.0) 0.323

After 6 months 10.7 (3.5) 10.0 (0.0) 0.328

After 12 months 10.8 (3.5) 10.2 (0.5)* 0.453
25(0OH)D (ng/ml)

Baseline 19.4 (6.8) 20.5 (5.4) 0.538

After 6 months 20.2 (6.1) 19.7 (4.7) 0.722

After 12 months 18.8 (6.5) 19.2 (4.9) 0.787
Phylloquinone (ng/ml)

Baseline 0.45 (0.33) 0.58 (0.54) 0.359

After 6 months 0.36 (0.29)* 0.35 (0.15) 0.818

After 12 months 0.39 (0.26) 0.40 (0.30) 0.955
MK-4 (ng/ml)

Baseline 0.10 (0.00) 0.10 (0.00) 0.328

After 6 months 0.10 (0.00) 0.47 (1.03) 0.094

After 12 months 0.10 (0.00) 0.29 (0.18) <0.001
MK-7 (ng/ml)

Baseline 4.11 (5.05) 4.08 (7.53) 0.987

After 6 months 3.87 (5.43) 1.47 (2.02) 0.052

After 12 months 3.24 (3.39) 2.39 (2.71) 0.341

Values are mean (SD)

* p < 0.05 vs. baseline

In the control group, the serum concentrations of ucOC
and GlaOC at 12 months were significantly lower than
those at baseline; in the MK-4 group, the only ucOC
concentrations were significantly lower at 6 and 12 months
than at baseline. The levels of GlaOC in the MK-4 group
did not change throughout the study period.

Effect of MK-4 supplementation on serum bone
metabolic markers

The serum concentrations of the bone markers in the
control and MK-4 groups are shown in Table 5. In both
groups, the concentration of BS-ALP was significantly
higher at 12 months than that at baseline. The serum
concentrations of DPD, a bone resorption marker, in the
two groups at 6 months were significantly different; how-
ever, the difference was not significant at 12 months. The
percent change in the serum concentration of pentosidine at
6 and 12 months was significantly different between the
control and MK-4 group. Within the group, although there
was no significant change in the pentosidine concentrations
through the study period in the control group, the con-
centrations in the MK-4 group were significantly lower at 6
and 12 months than at baseline.
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Table 4 Serum osteocalcin concentrations of the subjects of different
study groups at baseline and at 6 and 12 months

Osteocalcin Control MK-4 p value
(n=24) (n=24) vs. control

ucOC (ng/ml)
Baseline 5.7 (3.0) 6.4 (2.7) 0.398
After 6 months 4.2 (2.1)%** 2.8 (1.0)%** 0.005
Percent change at —22.0 (21.1) —52.9 (16.7) <0.001
6 months
After 12 months 4.9 (2.3)* 3.6 (1.5)%** 0.018
Percent change at  —8.7 (19.0) —39.2 (25.1) <0.001
12 months

GlaOC (ng/ml)
Baseline 24.8 (6.1) 26.2 (6.7) 0.462
After 6 months 19.4 (7.5)%*** 25.8 (5.7) 0.002
Percent change at —23.0 (17.4) 0.8 (18.0) <0.001
6 months
After 12 months 19.7 (6.9)*** 25.1 (5.3) 0.004
Percent change at —21.1 (19.3) —0.1 (28.0) 0.004

12 months

Values are mean (SD)

* p < 0.05 vs. baseline, *** p < 0.001 vs. baseline

Regarding the leptin concentration, there were no sig-
nificant differences between the control group and MK-4
group at baseline, 6, or 12 months. However, the leptin
concentration at 12 months in the control group was sig-
nificantly higher than that at baseline; in the MK-4 group,
the concentration was significantly higher at the 6- and
12-month evaluations. There was no significant change in
the serum adiponectin concentration (Table 5).

Effect of MK-4 supplementation on BMD

The total body, hip, and forearm BMDs of the control and
MK-4 groups at baseline and at 6 and 12 months are shown
in Table 6

There was no significant difference in hip BMD between
the two groups at baseline and at 6 and 12 months
(Table 6). The percent change in total body BMD at
6 months was significantly different between the two
groups. However, at the 12-month evaluation, this differ-
ence was smaller and was no longer significant. On one
hand, the forearm BMD in the control group was signifi-
cantly lower at 12 months than at 6 months; on the other
hand, there was no significant decrease in the MK-4 group.

MK-4 supplementation effect on other bio-indices
There was no significant difference in blood pressure

between the groups at baseline or 6 or 12 months. In
addition, there was no significant change in blood pressure

Table 5 Serum biomarkers of bone turnover and fat metabolism of
the subjects of different study groups at baseline and at 6 and
12 months

Control MK-4 p value vs.
(n=24) (n=24) control
Bone markers
Bone-specific alkaline phosphatase (BSALP) (U/1)
Baseline 23.3 (73) 23.5 (6.8) 0.906
After 6 months 22.1 (6.8) 22.7 (1.9) 0.780
Percent change —4.6 (10.1) —3.8 (16.1) 0.837
at 6 months
After 12 months 26.2 (7.2)%%* 27.5 (8.1)***  0.578
Percent change at 14.9 (17.4) 17.5 (15.3) 0.597
12 months
DPD/creatinine (nmol/mmol CRE)
Baseline 7.3 (1.6) 6.5 (1.2) 0.061
After 6 months 7.6 (2.3) 6.4 (1.7) 0.046
Percent change at 5.2 (26.4) 0.4 (27.3) 0.535
6 months
After 12 months 6.9 (1.7) 7.1 (3.1) 0.768
Percent change at —3.8 (19.9) 12.7 (55.1) 0.173
12 months
Pentosidine (pg/ml)
Baseline 0.039 (0.085) 0.043 (0.012) 0.110
After 6 months 0.040 (0.009) 0.037 (0.009)*  0.393
Percent change at 5.2 (29.3) —12.1 (19.5) 0.020
6 months
After 12 months 0.039 (0.007) 0.037 (0.007)*  0.297
Percent change at 4.2 (31.5) —12.0 (22.2) 0.046
12 months
Lipid markers
Leptin (ng/ml)
Baseline 52(2.8) 6.2 (3.6) 0.305
After 6 months 6.0 2.4) 7.2 (4.1)* 0.224
Percent change at 33.7 (56.0) 21.9 (33.1) 0.379
6 months
After 12 months 7.6 (3.4)%** 7.8 (4.9)%** 0816
Percent change at 62.1 (55.8) 33.1 (47.3) 0.058
12 months
Adiponectin (pg/ml)
Baseline 14.3 (5.9) 14.3 (6.7) 0.975
After 6 months 14.1 (6.1) 14.3 (7.7) 0.924
Percent change at —1.5 (10.7) —22(11.4) 0.815
6 months
After 12 months 14.8 (6.4) 14.4 (7.7)%**  0.858
Percent change at 3.7 (15.0) 0.4 (15.8) 0.465

12 months

Values are mean (SD)

* p < 0.05 vs. baseline, *** p < 0.001 vs. baseline

during the 12-month study period in both groups (data not
shown). The serum concentrations of lipids such as TC,
HDL-cholesterol, LDL-cholesterol, and TG were not
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Table 6 Bone mineral density (BMD)

baseline and at 6 and 12 months

of different study groups at

Control (n = 24)

MK-4 (n = 24)

p value vs.
control

Total body (g/cm?)

Baseline 1.007 (0.076) 0.971 (0.100) 0.169
After 6 months 1.010 (0.075) 0.967 (0.095) 0.088
Percent change 0.348 (1.377) —0.382 (0.898) 0.035
at 6 months
After 1.005 (0.075) 0.967 (0.092) 0.124
12 months
Percent change —0.157 (1.183) —0.320 (1.687) 0.701
at 12 months

Hip total (g/cmz)
Baseline 0.794 (0.107) 0.771 (0.110) 0.471
After 6 months 0.785 (0.110) 0.767 (0.113) 0.577
Percent change —1.068 (2.316) —0.499 (2.085) 0.375
at 6 months
After 0.787 (0.108) 0.764 (0.105) 0.474
12 months
Percent change —0.899 (2.395) —0.773 (2.149) 0.848
at 12 months

Forearm (g/cmz)
Baseline 0.402 (0.068) 0.404 (0.069) 0.910
After 6 months 0.403 (0.077) 0.402 (0.062) 0.969
Percent change 0.112 (4.912) —0.060 (3.698) 0.891
at 6 months
After 0.392 (0.070)**  0.397 (0.063) 0.805
12 months
Percent change —2.405 (4.629) —1.449 (4.064) 0.451

at 12 months

Values are mean (SD)

H p <0.001 vs. 6 months adjusted for weight, height, dietary Ca,

vitamin D, protein, and energy

significantly different between the groups. In addition, no
adverse events were observed in any participant throughout
the trial period (data not shown).

Discussion

Previously, we reported that daily 1.5-mg MK-4 supple-
mentation may lead to an increase in the rate of OC vy-
carboxylation [12]. In this study, we examined the long-
term effects of MK-4 administration on BMD, bone turn-
over markers, and other bio-indices in healthy postmeno-
pausal Japanese women between 50 and 65 years of age.
When the recorded mean energy and nutrient dietary
intakes of the subjects were compared with the Al levels of
the DRIs for the Japanese (2010) [13], we determined that
their daily intakes of energy, calcium, iron, and magnesium
were insufficient. However, their vitamin K intake was
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almost twice the recommended level, which is stated to be
65 pg/day (Table 2), reflecting the tendency of Japanese to
have a high vitamin K intake. In 2008, the National Health
and Nutrition Survey reported that older Japanese people
are likely to consume greater quantities of vitamin K, and
the mean intake of women aged 50 years was estimated to
be 260 pg/day. The vitamin K intake of our subjects was
relatively low in comparison with the national average. In
other words, in general, Japanese tend to consume more
vitamin K than the AI level.

In this study, the serum concentration of MK-4 in the
MK-4 group had increased at 6 and 12 months; the con-
centrations were significantly different between the MK-4
and control groups. In our previous study, daily 1.5-mg
MK-4 supplementation for 2 or 4 weeks resulted in a sig-
nificant increase in the serum level of MK-4 [12]. Thus,
supplementation at this dose for 2 weeks to 12 months may
increase the serum level of MK-4 in postmenopausal
women. There was no significant difference in the serum
concentration of MK-7 at baseline or after 12 months in
either of the two groups.

Vitamin K is thought to maintain bone strength via the
v-carboxylation of OC [2]. It has been reported that high
levels of incompletely carboxylated serum OC are an
indicator of vitamin K deficiency in the bone in a healthy
population [20]. In individuals with vitamin K insuffi-
ciency/deficiency, small volumes of OC are released from
the osteoblasts into the circulation. Therefore, the serum
concentration of ucOC is considered to be a sensitive
marker of vitamin K deficiency in the bone [21, 22]. In
previous studies, high serum concentrations of ucOC were
associated with high skeletal turnover [23], low BMD [24],
and an increased risk of osteoporotic fractures [22, 24, 25].
Several reports have been published on the pharmacolog-
ical MK-4 dose that enhances carboxylation in healthy
elderly people [5, 6] and osteoporotic postmenopausal
women [26]. In a previous report, it was indicated that MK-
7 has greater efficacy than PK for the carboxylation of bone
Gla proteins [9]. However, the efficacy of MK-4 for the
carboxylation of these proteins remains unclear. In this
study, the serum concentration of ucOC decreased after
6 months of daily 1.5-mg MK-4 supplementation.

Tsugawa et al. [19] suggested that the concentration of
circulating vitamin K should be maintained at a higher
level in elderly people than in young people. They also
reported that the mean serum level of ucOC in their cohort
of Japanese elderly women (aged 63 years) was
4.68 £ 3.15 ng/ml [16]. In our study, the serum ucOC
level at baseline (group mean, 5.7-6.4 ng/ml) was found to
be higher than the levels that have been published in other
reports [16, 19, 22]. Shiraki et al. [27] reported that the
bone is deficient in vitamin K if the concentration of ucOC
is 4.5 ng/ml, and the cutoff value for the risk of fracture is
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5.5 ng/ml in postmenopausal Japanese women. The intake
of vitamin K by our subjects was 166—182 pg/day (group
mean), which is considerably higher than the AI level
(65 pg/day) that is recommended by the DRIs for Japanese
(2010). However, the serum levels of ucOC recorded in our
subjects were similar to the cutoff value for the risk-of-
fracture. Given that there is evidence indicating that a high
concentration of serum vitamin K might be beneficial for
maintaining the bone mass of postmenopausal women, the
DRI for this Japanese subpopulation should be higher than
the current Al. Similarly, a report by Biigel [28] indicated
that vitamin K requirements might be higher than the
present Al value because dietary references are based on
the saturation of the coagulation system, and in most
countries, the dietary intake of vitamin K is sufficient to
obtain the amount recommended.

We assessed the serum level of BS-ALP as an indicator
of bone formation and the level of urinary DPD as an
indicator of bone resorption. These concentrations were not
affected by MK-4 supplementation during the 12-month
study period. Previous studies have reported similar results
concerning the bone resorption marker [26]. However, the
serum levels of pentosidine [a marker for advanced gly-
cation end products (AGEs)] [29] were high in our sub-
jects, and at 6 months, the MK-4 supplementation had
decreased the levels of this biomarker. The subgroup
analysis demonstrated that only the higher-level (>50th
percentile) subgroup of the MK-4 group demonstrated a
decrease in the levels of pentosidine (data not shown).
Recently, it was reported that the nonenzymatic cross-
linking of collagen by AGEs, such as pentosidine, is
associated with an increased fracture risk [29, 30].
Although the efficacy of vitamin K on the maintenance of
bone quality has been proposed to be dependent on the
stimulation of collagen synthesis [31] and OC carboxyla-
tion, the inhibitory effect of MK-4 against pentosidine
might contribute to the sustaining of bone quality. The
mechanisms causing serum levels of pentosidine to
decrease in individuals receiving MK-4 supplementation
are currently unclear. However, it is possible that this
decrease may be caused by the antioxidant activity of
vitamin K [32]. This hypothesis should be examined in
future studies.

It has been reported that serum leptin level correlated with
bone resorption in healthy postmenopausal women [33]. In
contrast, circulating adiponectin levels showed significant
association with indices on bone mass in middle-aged post-
menopausal women [34, 35]. Thus, we examined these lipid-
related markers correlated with bone metabolism. Regarding
blood pressure, there is a report that vitamin K-dependent y-
carboxylation of matrix Gla protein in blood vessels is
essential for its inhibitory effects on calcification [2]. In the
results, there were no differences in these indices between

control and MK-4 groups. Although the systolic blood
pressure (SBP) and diastolic blood pressure (DBP) were not
different between the groups at any experimental periods in
this study, the effects of vitamin K on blood pressure might
be confirmed in the near future.

There was a significant difference in the percent change
at 6 months in the total body BMD between control group
and the MK-4 group. Although the exact rationale for this
is not clear, it is possible that there is a site specificity of
the effect of MK-4 on BMD. Fang et al. [11] have shown
that vitamin K supplementation was effective in increasing
lumbar spine BMD but not in femoral neck BMD by meta-
analysis of postmenopausal women. This site specificity
may induce a significant difference at 6 months in the
percent change in the total body BMD between the two
groups, although the total body and total hip BMDs did not
change significantly in either the control or MK-4 group at
12 months.

The forearm BMD in the control group had significantly
decreased after 12 months. However, there was no significant
decrease in BMD in the MK-4 group during the study period.
These results suggest that MK-4 sustained bone strength in
postmenopausal healthy Japanese women by maintaining
bone quality and by inhibiting bone degradation.

On the efficacy of therapy, the concept of minimal
significant change (MSC) was applied. The Japanese 2011
guidelines for prevention and treatment of osteoporosis
indicates the MSC for percentage change for BMD at
lumbar spine [36], femur, forearm, and bone metabolism
markers [36]. Although the aim of this study was not
therapy for the patients with osteoporosis, percent change
of ucOC at 6 and 12 months in MK-4 group satisfied the
MCS (%) of ucOC, 32.2 %, in the guideline.

The limitation of this study is that the intake of MK-4
and MK-7 from daily meals was not restricted.

In conclusion, our results suggest that the 6- to
12-month low-dose MK-4 supplementation in the post-
menopausal Japanese women improved bone quality
without substantial adverse effects by decreasing the serum
concentrations of ucOC and pentosidine.
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