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Abstract

Osteocalcin (OC) is a vitamin K-dependent protein synthesized during bone formation. Mice
injected with the undercarboxylated form of OC (ucOC) had more skeletal muscle mass and less
fat mass than sham-treated controls, suggesting a unique metabolic role for ucOC. UcOC
decreases in response to vitamin K supplementation. Our objective was to determine the effect of
reducing ucOC on change in lean tissue and fat mass in older community-dwelling adults (n=401,
mean+SD 69+6 years) using data from a randomized controlled trial of vitamin K supplementation
Over 3 years, serum ucOC was reduced by 58% in women and by 61% in men randomized to
vitamin K, while in the control group ucOC decreased by 1% in women and 4% in men
(supplementation*time p<0.001 in men and women). However, there were no differences in the
change in appendicular lean mass (calculated as arm lean mass + leg lean mass)or total body fat
mass between women randomized to vitamin K and control over 3 years (supplementation*time p-
values all >0.18)or between men randomized to vitamin K and control (supplementation*time p-
values all =0.54). Consistent with these findings, ucOC was not associated cross-sectionally with
appendicular lean mass or fat mass in men or women after adjustment for total OC at baseline (all
p =0.12). These findings indicate the undercarboxylated form of OC is not implicated in age-
related changes in skeletal muscle or adipose tissue mass in older community-dwelling adults.

Osteocalcin (OC) is a non-collagenous protein produced exclusively by osteoblasts during
bone formation. OC undergoes a post-translational modification so that its glutamic acid
(uc) residues are carboxylated to gamma-carboxy-glutamic acid (gla) residues. This
carboxylation requires vitamin K as an enzymatic co-factor (1;2). Carboxylated osteocalcin

(cOC) is able to bind calcium. A unique role for undercarboxylated OC (ucOC) in regulating

energy metabolism has been proposed based on observations that ucOC injection improved

insulin resistance and reduced fat mass in osteocalcin knockout(3) and wild-type (4;5)mice.

Attempts to translate these findings to humans have yielded equivocal results (6-13). More
recently, an additional role for ucOC in enhancing skeletal muscle mass and function has
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been suggested because mice lacking a neuromuscular gap junction protein (connexin43)
that were injected with human ucOC had increased muscle area and grip strength compared
to the same knockout mice injected with saline (14).

UcOC is reduced by vitamin K supplementation (1;2). If increasing ucOC favorably affects
muscle and/or fat mass in humans, as mouse models propose(3-5;14), one would expect
reducing ucOC with vitamin K supplementation would promote lean mass loss and fat gain.
To test this, we compared the change in lean and fat mass (measured using dual x-ray
absorptiometry) between older community-dwelling men and women randomized to receive
vitamin K supplementation and those randomized to the control group over 3 years(15) As.
indicated in the primary analysis of this trial, vitamin K supplementation reduced serum
ucOC by 58% and 61% in women and men, respectively (15). Overall, appendicular lean
mass (calculated as arm lean mass + leg lean mass) decreased by 8% in women and 6% in
men, while total body fat mass increased by 2% in women and 1% in men.

METHODS

Data were obtained from a 3-year randomized controlled parallel-arm trial designed to test
the effect of vitamin K supplementation on age-related bone loss and coronary artery
calcification, conducted from 2002—-2007. The study design and participation have been
described previously in detail (15;16). Briefly, 164 community-dwelling men and 237
women aged 60-80 years were randomized to receive 500 pg/day phylloquinone (vitamin
K1) or control for three years (supplemental Figure 1). Randomization was sex-stratified.
All participants received 600 mg elemental calcium and 400 U vitamin D3. Participants and
investigators with participant contact were blinded to the intervention. Exclusion criteria
included a kidney stone in the past 5 years; hyperthyroidism; bilateral hip surgery; therapy
with a bisphosphonate, calcitonin, estrogen, tamoxifen, testosterone, or warfarin in the
previous 6 months; known coronary disease; prior open heart surgery; atrial fibrillation;
pacemaker; femoral neck BMD more than 1.8 standard deviation below the mean for
subjects of the same age and sex; laboratory evidence of kidney or liver disease; and
inability to provide informed consent (15). All participants signed a written informed
consent, and this study was approved by the Institutional Review Board at Tufts University.
This study was registered with ClinicalTrials.gov (NCT00183001).

Body composition

Lean body mass, arm and leg lean mass, fat mass and % body fat were measured using dual
x-ray absorptiometry (DXA; GE Lunar Prodigy, Madison WI)at baseline, and at the 6, 12,
24, and 36-month follow-up visits. Appendicular lean mass was calculated as arm lean mass
+ leg lean mass. Weight was measured using a digital scale.

Physical activity was estimated using the Physical Activity Scale for the Elderly (17).

Biochemical measures

All blood samples were drawn after a >10-h fast, and dedicated aliquots of plasma and
serum were stored at —80 C until the time of analysis. Serum total OC and ucOC were
measured by RIA, using the method of Gundberg et al (18). The antibody recognizes both
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carboxylated and undercarboxylated osteocalcin. cOC was separated from ucOC by
adsorption on hydroxyapatite. Total OC was determined in the serum before adsorption and
ucOC was measured in the adsorbed serum. The total CV for the three control sera with an
average total OC result of 6.4, 14.7, and 23.8 pg/liter were 8.8, 8.9, and 7.6%,
respectively(15). The circulating total OC and ucOC measured using this hydroxyapatite
binding assay were verified using mass spectrometry in 30 vitamin K supplemented and 29
control participants (2).

Statistical analyses

RESULTS

UcOC measures were transformed using the natural log to reduce skewness. Baseline body
composition and osteocalcin measures were compared between the two randomized groups
using students T-test. Mixed models with an autoregressive correlation structure were used
to evaluate whether the change in lean mass, appendicular lean mass, fat mass, and % body
fat over three years differed between those randomized to vitamin K and those randomized
to control. Initial models were unadjusted, and subsequent models included baseline
measures of appendicular lean and fat mass as covariates to account for between group
baseline differences. The change in body weight and BMI were analyzed similarly. In
sensitivity analyses, non-adherent participants (defined as those who did not take at least
85% of supplements, based on direct pill count) were excluded (n=65 women and 24 men).
We analyzed the cross-sectional association of serum ucOC with appendicular lean mass and
total fat mass at baseline using general linear regression. Because the ucOC depends on the
total amount of OC we adjusted by including total OC as a covariate and considered the
adjusted model our main cross-sectional model. We also calculated the correlation between
the 3-year change in ucOC and change in total OC in the vitamin K treated and control
groups using Pearson coefficients. Men and women were analyzed separately because body
composition differs by sex. All analyses were carried out using SAS v 9.3. Statistical
significance was set at an alpha of 0.05.

Pertinent baseline characteristics of men and women have previously been described
(15;16), and are shown in Table 1. The women randomized to receive vitamin K
supplementation, on average, weighed 4.3 kg more at baseline than the women randomized
to receive the placebo (p=0.017; Table 1). Women in the vitamin K supplement group also
had significantly more body fat than women in the control group at baseline (p=0.013), but
the two groups did not differ with respect to appendicular and total body lean mass. Self-
reported physical activity was similar between the two groups of women and men (15).
Serum OC measures were also balanced between the two groups(15). Men randomized to
receive vitamin K had 1.0 kg more appendicular lean mass, on average, compared to men
randomized to the control group (p=0.055). Otherwise, the two groups of men were
balanced with respect to body weight, body fat, and OC (Table 1).

During the first 6-months of vitamin K supplementation, the serum ucOC decreased by 78%
in women and by 76% in men. After 3-years, serum ucOC was reduced by 58% and 61% in
women and men, respectively, randomized to receive vitamin K(Figures 1A and 1B). In the
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control group, the serum ucOC changes were as follows in women: 9% decrease at 6
months; 1% decrease at 3-years; and men: 30% decrease at 6 months, 4% decrease at 3-
years. During the first year, women randomized to vitamin K had a greater reduction in total
OC than women in the control group, but the total OC was similar in the two groups at 3-
years (Figure 1C). In men, the total OC changed similarly in the vitamin K and control
groups (Figure 1D) (15).

In women, the 3-year change in appendicular lean mass was not different between those
randomized to vitamin K (-1.4 kg) and those randomized to control (1.3 kg)
(supplementation*time p=0.190 (unadjusted); p=0.180 (adjusted for baseline appendicular
lean mass)) (Figure 2A). Furthermore, the 3-year change in total fat mass was not different
between those randomized to vitamin K (+0.2 kg) and those randomized to control(+0.4 kg)
(supplementation*time p=0.954 (unadjusted); p=0.931 (adjusted for baseline fat mass))
(Figure 2C). Similarly in men, the 3-year change in appendicular lean mass was not different
between those randomized to vitamin K (-1.4 kg) and randomized to control(-1.5 kg)
(supplementation*time p=0.723 (unadjusted); p=0.713 (adjusted for baseline appendicular
lean mass)) (Figure 2B). Consistent with these findings, the 3-year change in total fat mass
was not different between men randomized to vitamin K (+0.05 kg) and men randomized to
control (-0.02 kg) (supplementation*time p=0.544 (unadjusted); p=0.618 (adjusted for
baseline fat mass)) (Figure 2D). Results were similar when baseline appendicular lean mass
and baseline fat mass were adjusted for (Figure 2). The changes in percent body fat, total
lean mass, body weight and BMI did not differ between the vitamin K-supplemented and
control groups in men or women (all supplementation*time p=0.209). When analyses were
restricted to women and men who took at least 85% of their vitamin K supplements (based
on direct pill count), the results were similar(men: supplementation*time p-values ranged
0.15 to 0.94; women: supplementation*time p-values ranged 0.358 to 0.969).

At baseline, serum ucOC was not associated with appendicular lean mass or total fat mass in
women (unstandard beta coefficients: appendicular lean mass = —0.05; total body fat mass =
0.76; p =0.112 and 0.666 respectively) or men (unstandard beta coefficients: appendicular
lean mass = —0.21; total body fat mass = -0.10; p = 0.329 and 0.862 respectively)after
adjustment for total OC. Similarly, when ucOC was expressed as a % of the total OC that
was undercarboxylated (referred to as ucOC% or ucOC%), it was not associated with lean or
fat mass in women or men (all p =20.209). In the unadjusted models serum ucOC was
marginally inversely associated with appendicular lean mass and total fat mass in women
(unstandard beta coefficients: appendicular lean mass = —0.12; total body fat mass = —0.48;
p = 0.047 and 0.054 respectively), but not men (unstandard beta coefficients: appendicular
lean mass = —0.14; total body fat mass = —0.46; p = 0.316 and 0.233 respectively). The 3-
year change in ucOC was positively correlated with the 3-year change in total OC in the
vitamin K treated and control groups of women and men (Pearson coefficients: women
randomized to vitamin K r=0.66; women randomized to control r=0.76; men randomized to
vitamin K r=0.62; men randomized to control r=0.55; all p<0.001).
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DISCUSSION

Emerging evidence suggests lowering ucOC may reduce skeletal muscle mass (14;19)and
increase fat mass (3-5;20) so we compared the 3-year change in lean and fat mass between
community-dwelling older women and men randomized to receive vitamin K
supplementation and those randomized to placebo because vitamin K supplementation
reduces ucOC (15). In our study, vitamin K supplementation reduced serum ucOC by 58—
61% in women and men over 3 years (15), but there were no corresponding changes in lean
mass or fat mass between the vitamin K supplementation and control groups in either
women or men. These findings do not support the premise that reducing the ucOC in the
circulation leads to changes in lean or fat mass in older adults. The primary dietary sources
of vitamin K in Western diets are green leafy vegetables. Therefore, high dietary vitamin K
intake is characteristic of generally healthy diets (21). For higher serum ucOC to be
associated with higher skeletal muscle mass and lower fat mass, diets high in green leafy
vegetables would be adversely associated with these outcomes. To the best of our
knowledge, there are no studies that have linked high vegetable intakes to higher body fat
and/or less lean mass in humans.

In a previous vitamin K randomized trial conducted in post-menopausal women, there was
no change in body weight or BMI in the women whose circulating ucOC decreased by 72%
through intake of high dose vitamin K(menaquinone-4, 45 mg/d) for 3 years, whereas
statistically significant increases in body weight and BMI were noted in the women who had
no change in ucOC in response to no vitamin K supplementation (22;23). In contrast, in
post-menopausal women treated with parathyroid hormone for osteoporosis, the total OC
and ucOC concentrations both increased over 3-months(by 177% and 242% respectively)
and a higher 3-month increase in ucOC was associated with a larger decrease in body weight
and fat mass over 12-months(10). It was not reported whether the change in total OC was
similarly associated with weight change, so it is not known if this association was unique to
ucOC or reflects an overall effect of bone turnover. Following a 20-week weight-loss
intervention in which post-menopausal women lost an average of 11 kg body weight (and
4% body fat), there was no change in the ucOC concentration or ucOC%, suggesting
reducing OC carboxylation is not necessary for weight loss or fat loss in post-menopausal
women (9). Overall, the results of our analysis are consistent with the finding that lowering
serum ucOC by vitamin K supplementation does not lead to weight or fat gain in post-
menopausal women(22), and we have extended these observations to older men.

We also did not find ucOC to be associated with or promote changes in appendicular lean
mass or fat mass when the total OC was accounted for either as a covariate in the model or
by expressing serum ucOC as a % of the total OC. This adjustment is critical because the
circulating total OC reflects bone turnover and is independent of vitamin K for its synthesis
(24). The amount of ucOC in circulation depends first on the amount of OC synthesized and
released into circulation (total OC) and then on the post-translational availability of vitamin
K to carboxylate the protein. All participants in our study received supplemental calcium
and vitamin D so the observed decrease in total OC in all participants was expected(15).
However in women, the decrease in total OC over the first year was significantly greater in
the vitamin K group compared to the control group, which is an observation that is
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consistent with other vitamin K supplementation interventions in which participants received
calcium and vitamin D (25;26). At the 3-year follow-up, the total OC was similar in both
groups of women, albeit lower than baseline, which is also consistent with other
interventions over a 3-year duration (26). More importantly, the change in total OC was
significantly positively correlated with the change in ucOC in both groups(vitamin K
supplement and control)of women and men. These findings highlight the importance of
taking into account total OC and'the contribution of vitamin K to the carboxylation of OC
before drawing conclusions about the importance of ucOC to body composition or other
metabolic outcomes.

The findings from mouse studies that indicated ucOC acts as a hormone influencing body
composition and energy metabolism (3-5;14;27;28)have translated poorly to humans. This
may be attributable, in part, to species differences in OC gene expression and carboxylation.
As reviewed previously, mice have 3 genes encoding OC whereas humans have one(12;24).
In mice, circulating OC is usually fully carboxylated (24). In humans, OC can be
carboxylated at 1, 2, or all glutamic acid 3 residues (2). However, it is rarely completely
carboxylated and rarely completely uncarboxylated (2;24). For example, in a sub-sample of
participants in this trial whose serum OC forms were measured using state-of-the-art mass
spectrometry, 500ug/day phylloquinone (which is approximately five times more than the
Adequate Intake (Al) set by the United States Institute of Medicine (29)) did not result in
complete carboxylation of OC. Rather, supplementation resulted in a greater fractional
abundance of cOC and less ucOC (2). Conversely, reducing dietary vitamin K intakes to 10
pg/day for one month (corresponding to ~10% of the Al(29)) did not result in complete
uncarboxylation of OC (2). The physiological relevance of injecting mice with completely
uncarboxylated synthetic human osteocalcin (3-5;14)to evaluate an effect on body
composition and energy metabolismis therefore questionable. That serum ucOC is readily
modified by diet additionally challenges the proposed hormonal function of ucOC
(27;28)because circulating hormone levels are typically tightly controlled.

This trial was not designed specifically to test the effect of reducing ucOC on lean mass or
fat mass, which we acknowledge is a limitation. This is balanced by the robustness of the
double-blind, placebo-controlled randomized vitamin K supplementation study design
because vitamin K supplementation reduced the serum ucOC in half over 3 years (15),
allowing us to test the effect of reducing ucOC on change in lean and fat mass in older men
and women. At baseline, women were not balanced with respect to body weight and body
fat between the supplementation and control groups, with women randomized to receive
vitamin K weighing more and having more body fat than women in the control group. Men
randomized to receive vitamin K had 1.0 kg more appendicular lean mass than men
randomized to control, a difference that was borderline statistically significant. If our
analyses supported our overall hypothesis, in women the between group difference in body
fat would have increased over time and in men the between group difference in appendicular
lean mass would have decreased over time. Instead these between group differences
remained constant over 3 years. Inclusion of these baseline measures as covariates in our
analyses did not change our results. Participants in our study were generally healthy based
on being free of osteoporosis and known cardiovascular disease at baseline and they did not
lose femoral neck or lumbar spine bone mineral density over 3-years (15). However, the
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overall rates of appendicular lean mass loss we observed are higher than reported in other
studies of community-dwelling older adults (30;31)so it is unlikely that the participants’
health status would have blunted an ability to detect an association between serum ucOC and
change in lean mass. The vitamin K supplements used in our study contained phylloquinone,
which is found in green leafy vegetables and vegetable oils and is the primary dietary form
of vitamin K in Western diets. Menaquinones (known collectively as vitamin K2) are found
in smaller amounts in animal-based and fermented foods (32). In postmenopausal women
who received supplements containing either 1000 pg/day phylloquinoneor 45 mg/day
menaquinone-4, serum %ucOC was reduced by the same amount in both groups over one
year (25). It is unlikely our results would be different if participants received a different dose
and/or form of vitamin K. All the men and women in our study received 600 mg of
elemental calcium and 400 IU of vitamin D3 (15), which likely contributed to the lack of
bone loss (15). Vitamin D has been proposed to improve muscle function, although
definitive data to support this role are not yet available (33;34). Whether or not vitamin D
status influences the association between ucOC and muscle is not known. In a previous
cross-sectional analysis of 90 post-menopausal women at risk for hip fracture, higher ucOC
% was associated with better quadriceps and hip abduction strength (35). Muscle mass and
strength are highly correlated and loss of muscle mass predicts loss of strength (30;36), so it
stands to reason that ucOC would be similarly associated with muscle mass and strength.
Strength measures were not available in our study, so we were unable to evaluate this
formally. At this time a biological mechanism through which ucOC would affect strength
without affecting muscle mass is unclear.

In conclusion, we have shown that reducing the serum ucOC through vitamin K
supplementation over a 3 year period does not promote lean tissue loss or fat gain in older
community-dwelling men and women. The ucOC was also not significantly associated with
lean or fat mass at baseline in men or women when total OC was accounted for. Overall
these findings suggest OC carboxylation is not implicated in age-related changes in skeletal
muscle mass or fat mass in humans.
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Figure 1.

Change in serum ucOC (ng/ml) (A, B)and total OC (ng/l) (C, D). UcOC data are geometric
means with 95% confidence interval; total OC data are arithmetic means with 95%

confidence interval of the mean.
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Change in appendicular lean mass (A, B) and total body fat mass (C, D) in women and men
randomized to vitamin K supplementation and control over 3 years. Data are arithmetic

means with 95% confidence interval of the mean.
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