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Abstract

Recent interest in vitamin K has been motivated by evidence of phys-
iological roles beyond that of coagulation. Vitamin K and vitamin
K-dependent (VKD) proteins may be involved in regulation of calcifi-
cation, energy metabolism, and inflammation. However, the evidence
for many of these proposed roles in the maintenance of health is equiv-
ocal. There is also an emerging viewpoint that the biochemical function
of vitamin K may extend beyond that of a cofactor for the VKD car-
boxylation of glutamyl residues (Glus) to carboxylated Glus in VKD
proteins.
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INTRODUCTION

Vitamin K exists naturally in multiple di-
etary forms. Phylloquinone (vitamin Kj) is
a 2-methyl-1,4-napthoquinone ring with a
phytyl group at the 3-position (Figure 1).
Menaquinones (vitamin K,) are endoge-
nously synthesized and differ in structure
from phylloquinone in their 3’-substituted
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Figure 1
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unsaturated multiprenyl group. The pri-
mary menaquinones, menaquinone-4 (MK-4)
through menaquinone-10 (MK-10), contain
4-10 repeating isoprenoid units on their side
chain, respectively. Menadione (vitamin Kj),
which is the 2-methyl-1,4-napthoquinone ring
common to all forms of vitamin K, can function
as an enzyme cofactor in the prevention of
subclinical vitamin K deficiency (31) and has
been identified as a metabolite of vitamin K
formed during absorption (91, 123). The use
of a simplified nomenclature to describe the
multiple forms of vitamin K (i.e., vitamins
K, K;, and Kj3), which still persists in the
literature today, undermines the complexity of
biological differences among the various forms,
particularly among the menaquinones. Beyond
the scope of this review, the reader is referred
to the work of others for an in-depth discussion
of the differences in absorption, transport, and
tissue distribution among different forms of
vitamin K (113, 116).

In terms of dietary sources, phylloquinone is
the principal form of vitamin K found in green
leafy vegetables and vegetable oils (11, 18, 64,
121). MK-4 is unique to the menaquinones in
that it is alkylated from menadione present in
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Forms of vitamin K. (4) Menadione (formerly referred to as vitamin K3). (B) Phylloquinone (formerly
referred to as vitamin Kj). (C') Menaquinone-4 (MK-4). (D) Menaquinone n + 1 (MKn + 1) (formerly

referred to collectively as vitamin K5).
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animal feed and is also the product of tissue-
specific conversion directly from dietary phyl-
loquinone (91). Menaquinones 4 through 9
are found in low concentrations in animal-
based foods, such as chicken meat and certain
types of cheese (42, 108). Menaquinone-7 is
found in large amounts in legumes, specifically
fermented soybeans (commonly called natto),
which is a traditional food in eastern Japan
(64).

The adequate intake (Al) for vitamin K is
established at 90 pg/d for women and 120 pg/d
for men, based on median intakes from food,
as estimated from NHANES III (1988-1994)
(1). There are wide ranges of vitamin K in-
takes across geographic regions and age groups
(13). Certain subgroups appear to be at risk
for low phylloquinone intakes, including chil-
dren (96) and the elderly (1), especially those
with Alzheimer’s disease (93), and it is not
known what the long-term implications of these
chronic low vitamin K intakes are with respect
to health. There is also speculation that the Al
may not be sufficient to attain complete car-
boxylation of all vitamin K-dependent proteins
(VKDPs) (9, 16). However, limited understand-
ing of the physiological implications of changes
in vitamin K biomarkers precludes determina-
tion of more precise dietary recommendations
at this time.

No single biomarker of vitamin K status is a
robust measure of vitamin K sufficiency and de-
ficiency (13). Instead, the current practice is to
use multiple biomarkers where possible, each
of which reflects a different aspect of vitamin
K intake, absorption, and transport, or func-
tions as a cofactor for the y-carboxylation of
VKDPs. Of the more common ones, plasma
phylloquinone fluctuates in accordance with
recent dietary phylloquinone intakes, and it is
closely correlated with triglyceride concentra-
tions (17, 18, 110). Percent uncarboxylated os-
teocalcin (%ucOC) is a measure of carboxy-
lation of OC, a vitamin K-dependent protein
found in bone. The %ucOC varies according
to vitamin K intake and supplementation (13,
60), and a high %ucOC is considered to be
a sensitive indicator of poor vitamin K status

in bone (51). Urinary measures of phylloqui-
none metabolites show promise as an overall
biomarker of vitamin K status. Phylloquinone
is catabolized in the liver where the side chain
undergoes w- and B-oxidation to form five- and
seven-carbon metabolites (Figure 2). These
metabolites correspond to approximately 20%
excretion of a daily physiological dose of phyl-
loquinone and respond to dietary manipulation
of phylloquinone (54). It is not known if similar
excretion pathways exist for the menaquinones

(113).

ROLE OF VITAMIN K IN BONE

In a review written more than a decade ago in
this journal, the authors presented a biological
argument for a role of vitamin K in the pre-
vention of osteoporotic fractures based on its
role as an enzyme cofactor for several VKDPs
present in bone, most notably osteocalcin (OC)
(129). These authors concluded, “Whether vi-
tamin K supplementation will reduce the rate of
bone loss in postmenopausal women remains a
matter of debate” (129). The debate is still on-
going in recent reviews of the evidence (29, 60,
111), and a divergence of conclusions is emerg-
ing regarding the efficacy of vitamin K supple-
mentation in reducing age-related bone loss.
OCisa VKDP produced by osteoblasts dur-
ing bone formation and is the primary noncol-
lageneous protein in bone. Although the exact
role of OC is not clear, it most likely func-
tions as a regulator of bone mineral maturation
(21, 41). The transcription and translation of
OC is regulated by 1,25-dihydroxyvitamin (2),
and its ability to bind calcium is dependent on
the VKD +y-carboxylation of 3 glutamic acid
residues (Glus) (27, 87). The y-carboxylation
of OC is the primary mechanism underlying
the hypothesized protective influence of vita-
min K on bone. However, two new VKDPs
have recently been identified that may shed fur-
ther light on the putative role of vitamin K
in bone. The y-carboxyglutamic acid residue
(Gla)-rich protein (GRP) is a 10.2 kDa pro-
tein that contains 16 Glas in its 72 amino acids
sequence, which is the highest proportion of
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Scheme showing the hepatic metabolism of vitamin K (adapted with permission from Reference 113). The
conversion of Glu to Gla in vitamin K-dependent proteins is linked to an enzymic cycle called the vitamin
K-epoxide cycle, which carries out both y-glutamyl carboxylation and serves as a salvage pathway to recover
vitamin K from its epoxide (KO) for reuse in carboxylation. Enzyme activities shown are (1) y-glutamyl
carboxylase, (2) vitamin K epoxide reductase (VKOR), and (3) NAD(P)H-dependent quinone reductase(s).
The active form of vitamin K needed by the y-glutamyl carboxylase is the reduced-form vitamin K quinol
(KH>). An obligatory metabolic consequence of y-carboxylation is that KH} is oxidized to KO, which in
turn undergoes reductive recycling, first to the quinone and then to KH,. Under usual physiological
conditions, vitamin K is probably mainly recycled by VKOR. The liver is also the site of a catabolic pathway,
common to phylloquinone and menaquinones, whereby their respective side chains undergo w-oxidation
followed by B-oxidation, leading to two major aglycone metabolites with side chain lengths of five and seven
carbon atoms, respectively (% C and 7C metabolited). After conjugation (mainly with glucuronic acid) these
metabolites are excreted in the bile and urine. Phylloquinone, the major dietary form, is rapidly and
extensively catabolized in humans, with about 40% of the daily physiological dose being excreted via the bile
and 20% via the urine. There are no equivalent excretion data for the menaquinones.

Glas reported among the VKDPs (130). GRP  extracellular calcium. Periostin is a matricellu-
is expressed in most tissues of species stud- lar protein that is expressed in collagen-rich
ied and, in particular, those containing carti- connective tissues, including bone (52). Al-
lage and bone cells. GRP appears to regulate  though periostin (previously called osteoblast

Booth



Annu. Rev. Nutr. 2009.29:89-110. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

specific factor-2) has been studied for 15 years,
it has only just been identified as a VKDP, with
a possible role in extracellular matrix mineral-
ization (36).

Alternative mechanisms by which vitamin K
reduces age-related bone loss have also been
suggested. In vitro studies indicate MK-4 can
enhance bone mineralization and decrease bone
resorption more effectively than phylloquinone
(53, 65, 75). MK-4 differs structurally from
phylloquinone in the configuration of its side
chain, but shares the same napthoquinone ring,
which is the active site for the y-carboxylation
reaction. This suggests that MK-4 may in-
fluence bone turnover through a mechanism
other than the y-carboxylation reaction (53).
Vitamin K can modulate certain cytokines in-
volved in bone turnover, such as osteoprote-
gerinand interleukin-6 (67, 98, 112), which may
be an additional mechanism by which vitamin
K influences bone turnover. There is also spec-
ulation that a receptor specific to MK-4 exists
(113).

Observational Studies

Although there is still debate regarding the ac-
tual mechanism underlying the putative role
of vitamin K in the prevention of bone loss,
phylloquinone intake is associated with a lower
risk of hip fracture in the majority of studies,
as summarized in Table 1. However, the as-
sociations between phylloquinone intake and
bone mineral density (BMD) are less consis-
tent. For example, in the same original cohort
of elderly men and women (mean age 75 years)
participating in the Framingham Heart Study,
there were no significant associations between
phylloquinone intake and BMD, but there was
an increased risk for hip fracture associated
with lower phylloquinone intake (19). In the
younger Framingham offspring cohort, phyl-
loquinone intake was positively associated with
BMD cross-sectionally in women but not in
men (mean age 59 years), whereas in prospec-
tive analyses of the same cohort, there was no
association between phylloquinone intake and
change in BMD over five years (12). Similar

findings were reported in a recent population-
based study of Scottish women (45-54 years)
(85). Surprisingly, although most clinical trials
investigating the role of vitamin K in fracture
prevention are focused on the role of MK-4,
there are very few reports of associations be-
tween dietary MK-4 intake and skeletal health.
This in part reflects the limited number of di-
etary sources that are rich in MK-4. It is also
assumed that phylloquinone obtained from the
diet is converted to MK-4 in various tissues,
including bone, albeit by an unknown mech-
anism. Reports from Japan suggest that con-
sumption of natto, fermented soybeans rich in
MK-7, is also associated with higher BMD (59,
66) and lower incidence of hip fracture (136). It
is currently not known if MK-7 intake confers
an additional benefit to phylloquinone intake
or has an independent protective effect on re-
duction of fracture risk.

Associations between biochemical measures
of vitamin K status and bone health are equivo-
cal, as also summarized in Table 1. In cross-
sectional and prospective analyses, elevated
%ucOC, which occurs when vitamin K status
is low, is a marker of increased risk for hip
fracture in the elderly (83, 117, 128). How-
ever, when multiple indices of vitamin K sta-
tus are used, conflicting results often emerge.
For example, plasma phylloquinone concentra-
tions were inversely associated with incidence
of vertebral fracture in Japanese women (30—
88 years), whereas %ucOC, MK-4, and MK-7
concentrations were not (125). Therefore, it
seems premature to use any single measure of
vitamin K status as a biochemical marker for os-
teoporosis diagnosis, as proposed by some (55).

One of the challenges in many of these ob-
servational studies is the inability to isolate the
physiological effects of vitamin K deficiency
from those of overall poor nutrition. Since
the primary dietary source of phylloquinone is
green leafy vegetables, any positive associations
between vitamin K intake and skeletal outcomes
are reflective of generally healthier diets, which
are also positively associated with bone health
in population-based studies (4). In one study
(102), older women with severe Alzheimer’s
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Table 1 Observational studies assessing associations between vitamin K and bone mass or fracture risk (reproduced with

permission from Reference 111)*

Measure of vitamin K Primary outcome
Subjects status measure Association Reference
Women, 38-63 years Phylloquinone intake Hip fracture Inverse (48)
Men and women, mean age Phylloquinone intake Hip fracture Inverse (19)
75 years
BMD No association
Men and women, 59 + Phylloquinone intake BMD Positive (women only) (12)
9 years
Women, 45-54 years Phylloquinone intake BMD Positive (85)
Men and women, national Phylloquinone intake Hip fracture Inverse (136)
survey
MK-7 intake Hip fracture Inverse
Women, 20-79 years MK-7 intake BMD Positive (59)
Women, 70-97 years Serum ucOC Hip fracture Positive (118)
Women, mean age 82 years Serum ucOC Hip fracture Positive (128)
Women, 20-90 years Serum ucOC BMD Inverse (only within 10 years of (70)
menopause)
Women, mean age 61 years Serum ucOC BMD Inverse (104)
Men and women, 32-86 years | Serum ucOC BMD Inverse (men only) (14)
Plasma phylloquinone BMD Positive (men and
postmenopausal women not
taking HRT)
Women, 30-88 years Serum ucOC Vertebral fracture No association (125)
Plasma MK-4 Vertebral fracture No association
Plasma MK-7 Vertebral fracture No association
Plasma phylloquinone Vertebral fracture Inverse
Women, 52-93 years Plasma MK-4 Hip fracture No association (68)
Plasma MK-7 Hip fracture No association
Boys and girls, 8-14 years Serum ucOC BMC Inverse (127)
Girls, 11-12 years Serum ucOC BMC Inverse (88)
Boys and girls with cystic Serum ucOC BMC Inverse 49)
fibrosis, 8-12 years
Boys and girls with cystic Serum ucOC BMC, BMD No association (34)
fibrosis, median age 11 years
Plasma phylloquinone BMC, BMD No association

*Abbreviations: BMC, bone mineral content; BMD, bone mineral density; HRT, hormone replacement therapy; ucOC, uncarboxylated osteocalcin.
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disease were reported to have lower plasma
phylloquinone concentrations, higher %ucOC,
and lower metacarpal BMD compared to
women with either mild or no Alzheimer’s
disease. However, the group with severe
Alzheimer’s disease also had a lower body mass
index, suggestive of overall poor nutrition.

Booth

Likewise, intakes of menaquinones obtained
from soybean products may simply be dietary
markers for isoflavones, which are also associ-
ated with protective effects against bone loss
(3).

Outcomes of pediatric studies are also dis-
crepant, as some report an inverse association
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between vitamin K status, including ucOC, and
bone mineral content in children (ages 8-14)
(49, 88, 127), whereas others indicate no asso-
ciations between vitamin K status and skeletal
outcomes (34, 63). When using biomarkers of
vitamin K status, itis important to consider that
ucOC is also associated with sex hormone lev-
elsin children (127), and menopausal status (81,
138) and use of hormone replacement therapy
(138, 139) in postmenopausal women, indepen-
dent of any effect of vitamin K.

If vitamin K deficiency causes bone loss and
increased fracture risk through the inadequate
y-carboxylation of OC or other VKDPs, one
would predict that individuals with long-term
exposure to the vitamin K antagonist, warfarin,
would have a greater prevalence of osteoporo-
sis compared to individuals not exposed to war-
farin. However, the current evidence does not
consistently support this hypothesis. In a meta-
analysis of 11 published studies, oral antico-
agulation was associated with a modest reduc-
tion in BMD at the radius but not at any other
skeletal site (28). More recently, it was reported
that warfarin use was not associated with either
lower BMD or nonspine fracture risk among
elderly men (135). Comparison of the baseline
characteristics of warfarin users with nonwar-
farin users in this study highlights the limita-
tions of this approach to studying the effects of
vitamin K inadequacy on bone. The warfarin
users were older, in poorer self-reported health,
and had more cardiovascular disease, more hy-
pertension, and greater diuretic and (3-blocker
use (135). Although controlled for in the statis-
tical analysis of this study, overall poorer health
status is a consistent characteristic of these pa-
tients and may account for the findings by some
that warfarin use, hence less available vitamin K
in bone, is associated with reduced BMD (92,
103). Long-term exposure to warfarin has been
reported to be associated with greater preva-
lence of osteopenia among children (5). How-
ever, the concomitant lower vitamin D status
of these children limits one’s ability to isolate
the effects of vitamin K antagonism from that
of overall poor nutrition.

Randomized Controlled Trials

Phylloquinone supplementation. Multiple
randomized controlled trials have assessed the
influence of phylloquinone supplementation
on bone loss (8, 10, 15, 24, 32) (Table 2).
Daily doses ranged from 200 pg to 10 mg
of phylloquinone for durations of 12 to 48
months. Of these trials, only one study in
postmenopausal women demonstrated a reduc-
tion in bone loss at the femoral neck in re-
sponse to 1 mg of phylloquinone in combina-
tion with calcium and vitamin D for 36 months
(24). The group treated with calcium and vi-
tamin D experienced bone loss equivalent to
that of the placebo group, which is in con-
trast to the findings of the majority of other
studies (40) and may be indicative of a study
group that has unique characteristics because
no other studies have demonstrated an effect
of phylloquinone on progression of bone loss
at the hip. In a separate study of female en-
durance athletes, this same group of investiga-
tors reported no beneficial effect of 24 months
of phylloquinone supplementation in doses of
10 mg/d on bone loss compared to a placebo
arm (25). The authors suggested that phyl-
loquinone supplementation may have a ben-
eficial effect in prevention of bone loss only
when coadministered with vitamin D. In a sep-
arate study, two years of supplementation with
200 pg/d phylloquinone, also with calcium and
vitamin D, increased BMD at the ultradistal
radius in postmenopausal women. However,
there was no influence of supplementation on
bone loss at the femoral neck and mid-radius
(10). Likewise, in a study that examined phyl-
loquinone supplementation in men and post-
menopausal women, there were no differences
in three-year change in BMD at the femoral
neck, spine, or total body between those who
received 500 pg/d phylloquinone with calcium
and vitamin D compared to those who received
calcium and vitamin D alone (15). There was
also no effect of phylloquinone supplementa-
tion on change in biomarkers of bone turnover
in any of the aforementioned studies (8, 10, 15,
24, 32).To date, there have been no randomized
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Table 2 RCTs assessing the effect of phylloquinone on hip BMD and fracture risk®

Outcome®
Subject
characteristics at Duration BMD at other
baseline (months) Intervention Hip BMD | anatomical site | Fracture risk | Reference
Women not taking 24m 200 pg/d No effect Increased BMD Not reported (10)
HRT, >60 years; phylloquinone ultra distal
n = 244 radius
Men and women not 36 m 500 pg/d No effect No effect No effect (15)
taking HRT, phylloquinone
60-80 years;n = 452
Women not taking 12m 1 mg/d phylloquinone | No effect No effect Not reported ®)
HRT, mean age
62 years; n = 381
Women not taking 36 m 1 mg/d phylloquinone | Less bone | No effect Not reported 24
HRT, 50-60 years; loss
n = 181
Women not taking 24 m (extension | 5 mg/d phylloquinone | No effect No effect Less total fx; (32)
HRT, 40-82 years; study to 48 m) no effect on
n = 440 vertebral fx

*Abbreviations: BMD, bone mineral density; fx, fractures; HRT, hormone replacement therapy; RCT, randomized controlled trial.

bQutcomes in the intervention group relative to the control group, both of which also received a calcium and vitamin D supplement. Some studies also

included a placebo arm, but these were not taken into account in this table.
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controlled trials using phylloquinone in popu-
lations at risk of vitamin K deficiency, such as
children with cystic fibrosis.

Although hip fracture risk was not a primary
study outcome, Cheung et al. (32) did report
a significant reduction in total fractures in re-
sponse to a daily dose of 5 mg phylloquinone for
up to 48 months. However, as the authors cau-
tioned, the study was not statistically powered
to test this hypothesis, and by a priori defini-
tion, fractures included both fragility and non-
fragility fractures. There were no statistically
significant differences in incidence of vertebral
fractures between the treatment and control
group. No other studies of phylloquinone sup-
plementation in the elderly have reported frac-
ture risk as a study outcome, most likely be-
cause they lacked the statistical power and/or
the study duration was too short for assessment
of fracture outcome measures. Curiously, there
were no reported differences in either BMD
or bone turnover in response to phylloquinone
in the study by Cheung et al. (32); hence, the

Booth

mechanism underlying the reported protective
effect against fracture is not known. Although
it has been suggested that vitamin K confers
protective effects against bone loss through
alterations in femur geometry (71), others
have not been able to replicate these findings
(32, 126).

MK-4 supplementation. MK-4 in doses of
45 mg/d is used as a pharmacological treat-
ment for osteoporosis in Japan, so numerous
randomized controlled studies have assessed the
efficacy of MK-4 supplementation on skeletal
health. Such doses cannot be attained from the
diet, regardless of the form of vitamin K con-
sumed. As was reviewed elsewhere (60), stud-
ies indicate a beneficial effect of a therapeutic
dose (45 mg/d) of MK-4 on spine or metacarpal
BMD and fracture. There is also improvement
of bone turnover, as measured by circulating
markers of bone formation and bone resorp-
tion, in response to MK-4 supplementation
studies. In a separate systematic review and
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analysis of randomized clinical trials assessing
the influence of vitamin K supplementation on
hip fracture, Cockayne etal. (33) concluded that
supplementation with MK-4 for longer than six
months reduces risk for hip and vertebral frac-
ture. Included in that analysis were 12 studies
that used doses of 45 mg/d of MK-4. How-
ever, as discussed by these authors, several of the
studies used for the meta-analysis lacked suffi-
cient sample size, were non-placebo-controlled
intervention trials, and/or used concurrent
treatment with calcium and/or vitamin D. It
was subsequently disclosed that a large unpub-
lished surveillance study conducted in Japan
(n >3000) did not find a protective effect of 45
mg/d of MK-4 supplementation on bone loss
and fracture in Japanese elderly and that inclu-
sion of this study may have altered the results
of the meta-analysis (119). More recently, two
placebo-controlled studies with large sample
sizes reported no protective effect of 45 mg/d
of MK-4 on hip BMD (8, 71). Prior to these
two publications, the majority of MK-4 supple-
mentation studies did not report hip BMD as an
outcome. Given the heterogeneity in quality of
the studies used and considering the null find-
ings of more recent larger placebo-controlled
trials and unpublished surveillance data, prior
systematic reviews and meta-analyses may need
to be revisited.

In a recent review, the authors concluded
that although bisphosphonates should be the
first line of treatment of postmenopausal os-
teoporosis, there is a potential synergy between
MK-4 and bisphosphonates in prevention of
hip fracture risk among women with osteoporo-
sis (60). This conclusion highlights one of the
challenges in reviewing the literature on this
topic. The role of vitamin K in fracture preven-
tion has not been well defined in terms of the
natural history of osteoporosis. Treatment with
very high doses (45 mg/d) of MK-4 has been
studied as a pharmacological treatment ofa pre-
existing condition or disease, i.e., osteoporosis.
The primary intent of studies using doses at-
tainable within the diet (i.e., up to 1 mg/d) has
been the measurement of the extent to which

age-related bone loss is delayed among individ-
uals at risk for developing osteoporosis. This
presents a dilemma, not uncommon in nutri-
tion, in which the clinical trials report efficacy
at doses well above that which can be attained
in the diet. More studies need to be completed,
though, that substantiate the findings of Che-
ung et al. (32) in terms of fracture prevention
in response to daily doses of 5 mg of phylloqui-
none before advocacy for widespread vitamin K
supplementation. Furthermore, little is known
regarding stages in the life cycle, if any, during
which vitamin K supplementation is most ef-
fective in prevention of bone loss in later life.
Interestingly, even though Iwamoto et al. (60)
emphasize the potential role of MK-4 as an ad-
junct therapy, they conclude that the evidence
supporting high doses of MK-4 for prevention
of vertebral fractures are from smaller, non-
definitive studies, and the efficacy has not been
established for prevention of hip fractures or
nonvertebral fractures.

ROLE OF VITAMIN K IN
VASCULAR CALCIFICATION

Although a role for vitamin K in the regu-
lation of vascular calcification was proposed
more than 30 years ago (78-80), the evidence
in humans to date has been limited. Vascu-
lar smooth muscle cells, which have a cen-
tral role in calcification, synthesize the VKDP,
matrix Gla protein (MGP). As reviewed else-
where (95), MGP inhibits vascular calcification
through a variety of mechanisms, including the
binding of calcium ions and crystals, and ex-
tracellular matrix. It has been shown that the
calcium-regulation activity of MGP depends
upon the VKD vy-carboxylation of specific Glu
residues that confer a conformational change
in the protein (86). In mice, targeted deletion
of the MGP gene causes extensive calcification
of the elastic lamellae of the abdominal aorta
(82). In humans, mutations in the gene en-
coding MGP resulting in the production of
nonfunctional or absent MGP are responsible
for Keutel syndrome and are characterized by
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abnormal cartilage and arterial calcification
(58). MGP has been detected in human
atherosclerotic plaques (109), with the uncar-
boxylated form present in the calcified regions
of the vasculature (107). Given the recent iden-
tification of two more VKDPs involved in ex-
tracellular calcium regulation (36, 130), it will
be of interest to see if these proteins also con-
tribute to regulation of vascular calcification.
Others have proposed that the VKDP growth
arrest—specific gene 6 product (Gas-6) is also
implicated in vascular calcification through its
role in vascular smooth muscle cell apoptosis
and movement (39).

Serum MGP concentrations have been
reported by some to be elevated in individuals
with high amounts of coronary calcium de-
posits (22, 89), although concentrations have
been inversely correlated with the severity of
coronary artery calcification (CAC) by others
(62). Expression of MGP increases in calcified
regions of the vascular wall, and MGP has been
shown to accumulate at sites of calcification
(94). It is thought that increased accumulation
of MGP slows the progression of calcification,
and that a fraction of this increased synthesis
escapes to serum, where it causes an elevation
in serum MGP (95). However, increased serum
concentrations of MGP failed to rescue vascu-
lar calcification in mice due to targeted MGP
deletion (86), which challenges the utility of
serum MGP concentrations. MGP is a VKDP,
and as such, must be y-carboxylated to be
functional. The majority of currently available
MGP assays measure total serum MGP and
do not discriminate between the ucMGP
and carboxylated forms of MGP, making the
interpretation of these findings more difficult.
The inconsistencies in the associations be-
tween serum MGP and CAC underscore the
conclusions of some authors that serum total
MGTP is not a robust biochemical measure for
vascular calcification (89).

In the absence of a direct measure of vita-
min K status in the vessels of healthy individu-
als, itis assumed that any dietary role of vitamin
K in slowing the progression of calcification is
mediated through the carboxylation of MGP.

Booth

Vitamin K antagonism with warfarin inhibits
VKD vy-carboxylation of MGP, leading to arte-
rial calcification in rats (94). Furthermore, diets
high in vitamin K have been shown to reverse
aortic calcification and improve arterial elastic-
ity in warfarin-treated rats (106). However, data
to support the potential role for vitamin K in-
take in the protection against vascular calcifica-
tion in humans are limited.

Observational Studies

High phylloquinone intake has generally not
been associated with low risk of cardiovascu-
lar disease in population studies once the sta-
tistical analysis is controlled for other dietary
and lifestyle factors associated with coronary
heart disease (CHD) (43) (Table 3). It was sug-
gested that higher menaquinone intakes, pri-
marily in the form of MK-4, were associated
with a lower risk of CHD mortality and a lower
risk of severe aortic calcification (50) (Table 3).
The intake of menaquinones was very low com-
pared to that of phylloquinone, and based on
our current understanding of vitamin K, one
would assume that any putative beneficial ef-
fect of menaquinones on CHD risk would be
also conferred by phylloquinone intake because
there is a tissue-specific conversion of phyl-
loquinone to MK-4. However, phylloquinone
intakes in this study were not associated with
a protective effect on CHD risk (50). Unlike
phylloquinone, various menaquinones are gen-
erally not detectable in circulation in response
to dietary intakes, and currently no alternative
biomarkers are available that are specific for
validation of estimated menaquinone intakes.
Given that phylloquinone intake is a marker
of a heart-healthy diet and that assessment of
dietary menaquinone intakes is problematic in
terms of validation, the role of vitamin K in the
progression of vascular calcification and CHD
risk needs to be assessed in clinical trials.

Randomized Controlled Trials

In a single randomized controlled trial that as-
sessed the effect of phylloquinone on vascular
health in postmenopausal women, three-year



.%QN.HDLH\ ﬁOmHNNMQO.:*UamUM UNm—uhﬁU o) UmEOﬁ_mum MO w.HOuU!UUhm gummmomm wvmﬁvwm—u uhﬁuﬂ— \m.HNEO.HOU homu _mﬁomuﬁfwuhﬂﬂ(ﬁw

(§€°1-9L°0) 10'T aong
(50'1-29°0) 18°0 dHDO [&ed
S1B9A G/—(0 dn-morjoy 1ea4-4,1 “Apmg
tb) (90°1-LL'0) 160 AHD [weL, | saumb ur suoumboidyq ‘wow £80‘0p = U | dn-MO[[0,] S[EUOISSOFOI] LI
(T€'1-€8°0) $0'T Mong
(€T°1-59'0) 060 dHDO [&ed
SIB9A G9-8¢ dn-morog
(sp) (00 1-1£°0) +8°0 AHOD [®QL, | seo[pumb ur suoumboyjAyq ‘uawom /87, = u 1e24-91 Aprag [EaF] SISIMN]
(LL0+T0) €470 sououmbeudpy dHD 1&3eq
(69°1-19°0) 70'1 :Puoumboydyq dHDO [eed
(98°0-01°0) 65°0 :sououmbeudpy dHD %191,
so[nIa) ur auournbeuaur SIBAA (G< ‘UdmIOM dn-moroy
(09) (§T1-€9°0) 680 PuoUmbOAyq dHD [%QL pue suoumboyidyq pue uowr /g = u | 1eak-(] 01 -, ‘Apmg wrepronoy
A1033180
ayeIur 359M0][ 01 paredwod
359YSHY UE YSLE 2ANe[Y
$2111021110 330435 puv ((JE)) 2SVIStp 1403q K1v10.10)
uonedyIo[ed A1a)re sanrenb ur suoumbeuaw S18A ()/—6 [BUONOIS-SSOID
*8) UONBIDOSSE ON] 15BAIq JO 9OUISAIJ pue auournboyAy g ‘uowIom 6891 = U “Apmg 1DAISOAd
9100$ UOTIBIYIO[BD s1ea4 G ¢ ‘[ouuostod
(1€1) UONRIDOSSE ON A1oyre Areuoro)) | sanienb ur suoumboAyg Awry '§'n 08 = U [BUONI2S-$S0I))
[onTOd TPIM (J UTUIRIIA + S[eIoUTII
paieduwiod Aonsepo pasoadur + osuoumbordyg snsioa
sey] [onuo0d + suoumboydyg | Aronsepd [[eam [9sS9A (] UIUWeIIA + S[RISUITAT
( UTuIelA + SpeIoutur
SSOUD[IIYY BIPIW -+ auournbof[Ayg sns1oa udwom s1eah ¢
(%) SIOUAIJIP ON -euwInuI pnoJeD) ( urwedia + sperourpy | [esnedousunsod go] = u UoneINp ‘UONIUIAINUT [EITUI[D)
dnoi3 age 1o1po Aue
Ur SOOUDIDJJIP OU ‘UONEDYIO[ed
INOTPIM 2SO} TR} STUONEIYIO[ED UOTIEIJIO[ED
PIM 69-09 paSe uotrom ©)I0E [RUTWIOPQE UdwoMm
(19) ur axejur auoumboAyd 1omo JO 20uasaIf suournboyAy g [esnedousunsod ¢1] = u ordures paseq-uonendog
$IUL0ITNO UOLIVIY1I1V))
OUIYY _ SI[NSII UTETA] QwodxnQ UONUDAIUI IO DI s192(qng Sumyag

(€1 9ouaI9J0y woiy uorssturrad M pajdepe) soWI0dINO SISOIIISOIIIE PUE IYLIUT 3] UTWEIIA ¢ I[qE],

*Aluo asn feuossed o4 'ZT/70/T0 U0 ALNLILSNI DINHOFLATOd ¥V IISSNIY Aq
Bi0sma 181 fenuUR MMM LIS P3[R0 |UMOQ "0TT-68:62°'6002 "JINN A8y NuUY

99

www.annualreviews.org o Roles for Vitamin K Beyond Coagulation



Annu. Rev. Nutr. 2009.29:89-110. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

phylloquinone, calcium, and vitamin D sup-
plementation improved elasticity and compli-
ance in the common carotid artery compared
to women taking the supplement without phyl-
loquinone (23). The authors speculate that the
improvement resulted from an increase in the
vitamin K-dependent carboxylation of MGP,
leading to a decrease in vascular calcium de-
position. However, neither MGP nor vascular
calcification was measured directly (23). Fur-
thermore, there was no beneficial effect of phyl-
loquinone on carotid thickness (Table 3). To
the best of our knowledge, menaquinone sup-
plementation has not been assessed in terms of
vascular calcification progression in humans.

GENETIC INTERACTIONS
WITH VITAMIN K

As previously reviewed in this journal, single
nucleotide polymorphisms (SNPs) in genes
encoding components of single nutrients have
the potential to modulate disease risk, and may
partially explain the disparity of findings among
the various studies examining disease risk in
response to a given nutrient (35, 57). Little is
known about the role of genetic variation at
candidate loci in the variability in individual
response to vitamin K supplementation and
corresponding disease risk. Therefore, it is
plausible that potential genetic determinants of
vitamin K metabolism include variation in
genes involved in the transport or uptake
of vitamin K into the tissues, tissue-specific
availability and recycling of vitamin K, and
proteins that are direct targets of the VKD
y-carboxylation.

It is well documented that a large interindi-
vidual variation exists with respect to vitamin
K status (20). In one observational study of
community-based Caucasian men and women,
variability in biomarkers of vitamin K status
was attributed to nongenetic factors, such as
triglycerides and phylloquinone intake (110).
In contrast, heritability estimates for these vi-
tamin K status biomarkers were not statisti-
cally significant, which implied limited genetic
contribution to variability in vitamin K status.

Booth

The heritability estimates were based on bio-
chemical measures obtained from a single blood
draw and may have limited the authors’ ability
to accurately assess variability in plasma phyl-
loquinone or serum %ucOC. However, heri-
tability estimates for the vitamin D biomarker,
plasma 25(OH)D, were statistically significant
in this same study, despite the study design lim-
itations (110).

Polymorphisms in the vitamin K epoxide re-
ductase complex subunit 1 (WKORC1) and vy-
carboxylase (GGCX) genes have been shown
to contribute to the interindividual variability
in response to the vitamin K antagonist, war-
farin (69, 132), and differences in vascular dis-
ease risk (133), although not consistently (134).
In one study, it was reported that homozygous
carriers of a minor allele of a different SNP
in the VKORCI gene had significantly higher
concentrations of plasma phylloquinone and
lower %ucOC than did carriers of the C al-
lele (38). This suggests adequate availability of
reduced substrate for y-carboxylation in extra-
hepatic tissues. However, the variation in this
gene did not predict changes in vitamin K status
in response to phylloquinone supplementation
in older men and women. Furthermore, poly-
morphisms in VKORC1 were not found to be
associated with prothrombin time or bone min-
eral density in 40 mouse priority strains, despite
reports that warfarin resistance in both humans
and rodents is attributed to polymorphisms in
the VKORCI gene (114).

Even less is known about the influences of
GGCX polymorphisms on vitamin K status, al-
though the limited findings to date are consis-
tent. In a study of older Caucasian men and
women, individual GGCX SNPs were found to
influence %ucOC but not plasma phylloqui-
none concentrations (38). These data suggest
that the association between these GGCX SNPs
and %ucOC is due to a direct influence on the
y-carboxylation of OC. These findings are con-
sistent with a recent report that a functional
SNP in the GGCX, compared to the more
common variant, was associated with forearm
BMD that was lower among women older than
75 years, a finding that the authors attribute



Annu. Rev. Nutr. 2009.29:89-110. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

to the lower carboxylase activity with the func-
tional SNP (39).

The apoE genotype, which influences
serum cholesterol and triglycerides, has been
suggested to influence skeletal health through
the transport of vitamin K to bone (74). More
specifically, it has been shown that individuals
who carry the apoE4 allele and have a rapid
hepatic clearance of chylomicron remnants
and lower serum cholesterol and triglyceride
concentrations also have lower bone mineral
density BMD and increased risk for fracture
(142). Some have attributed this increased frac-
ture risk to inadequate vitamin K transport to
the skeletal tissue (30, 74), although there is
little evidence thatapoE is a modifier of any pu-
tative effect of vitamin K on bone among Cau-
casians. In a recent population-based study of
Scottish women, phylloquinone intake was not
associated with change in BMD after 5-7 years
of follow-up, nor was there an effect modifica-
tion by apoE genotype (85). Similarly, Booth
et al. (19) observed an increased risk for hip
fracture associated with lower phylloquinone
intake in men and women participating in the
Framingham Heart Study (mean age 75) over
seven years of follow-up, with no effect modifi-
cation by apoE genotype. Several small studies
comparing vitamin K status as stratified by apoE
genotype among different populations suggest
that there may be some gene-environment
interactions that influence vitamin K status
beyond that which can be identified through
individual SNP and vitamin K biomarker
association studies (7, 137). As recommended
by others in a review in this journal, there is a
need to consider interactions among multiple
genes, dietary components, and risk factors to
understand the complexity of gene-nutrient in-
teractions (35), including those that may explain
the role of vitamin K in modulating disease risk.

Recent studies suggest that there is a strong
genetic component to the development of arte-
rial calcification. Genetic variability in MGP is
of particular interest because of its role as an in-
hibitor of calcification. In vitro studies suggest
that SNPs in MGP are associated with altered
promoter activity (46, 56, 72). In addition, there

is some evidence that MGP SNPs are associ-
ated with arterial calcification (37, 56), although
these results are not consistent (73, 120). Incon-
sistent findings may be attributable to differ-
ences in the age of the cohorts studied, with
younger cohorts less likely to have sufficient
calcification to detect differences when strati-
fied by MGP SNPs, and to differences in the
sensitivity of the methods used to detect calcifi-
cation. There are also ethnic differences in the
calcification prevalence and burden (26). In the
study by Crosier et al. (37), which was limited
to Caucasian men and women, significant asso-
ciations were found in men only. Men initiate
vascular calcification earlier in life than women,
so it is plausible that the associations between
these MGP SNPs and CAC may manifest only
in individuals with high amounts of calcifica-
tion. Currently, it is not known if associations
between MGP SNPs and CAC are due to func-
tional consequences of these polymorphisms or
if these polymorphisms are in linkage with other
functional loci. Clearly, larger population stud-
ies and well-designed intervention studies are
required to evaluate the role of genetic varia-
tion at candidate loci in the variability in indi-
vidual response to vitamin K supplementation
and corresponding disease risk.

EMERGING ROLES FOR VITAMIN
K IN ENERGY METABOLISM
AND INFLAMMATION

As previously reviewed in this journal, diet and
lifestyle play an important role in the progress
of insulin resistance, a metabolic disorder char-
acterized by diminished hepatic and peripheral
tissue sensitivity to insulin (97). With respect to
micronutrients, a potential protective role for
vitamin K against insulin resistance has been
proposed (99-101, 140, 141).

Rats fed a low phylloquinone-containing
diet had higher glucose concentrations and a
delayed insulin response to glucose infusion
compared to rats fed a high phylloquinone-
containing diet (101). Similar findings were re-
ported in a small metabolic study of young men
(99). More recently, it was reported that higher
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phylloquinone intakes had a beneficial effect on
insulin resistance, as defined by fasting and two-
hour post oral glucose tolerance insulin lev-
els and the homeostasis model assessment of
insulin resistance (HOMA-IR) in community-
dwelling men and women (140). Since ma-
jor sources of phylloquinone in the diet are
green leafy vegetables, higher phylloquinone
intakes are generally associated with health-
ier lifestyle and dietary habits (43), which may
contribute to the reduced insulin resistance.
However, it was subsequently reported that
phylloquinone supplementation (500 pg/d) for
three years resulted in less progression of in-
sulin resistance among older men, as indicated
by lower HOMA-IR, compared to a control
group (141). Of interest was the observation
that among women, there was no beneficial
effect of phylloquinone supplementation on
HOMA-IR. However, because this study was
not designed for examining the effect of phyllo-
quinone on insulin resistance, and state-of-the
art techniques were not used for outcome mea-
sures, the findings are considered as hypothesis
generating.

The potential mechanisms underlying this
possible role for vitamin K and insulin resis-
tance may relate to the carboxylation of OC
and/or inflammation. Two forms of vitamin K,
phylloquinone and MK-4, are found in the hu-
man pancreas and liver (122), and both forms
act as a cofactor for the carboxylation of the
VKDPs (Figure 2). Of these, prothrombin and
protein S are both present in liver and pancreas
and are involved in coagulation (115). More re-
cently, it has been suggested that OC may func-
tion as a hormone in the regulation of energy
metabolism. In a series of in vitro and animal
studies, OC was reported to influence p-cell
function, insulin sensitivity, adiponectin pro-
duction, energy expenditure, and adiposity (47,
77). OC regulated insulin sensitivity through
an effect on an adipocyte-derived hormone,
adiponectin, rather than through a direct effect
on insulin (77).

In circulation, OC is detectable in both the
carboxylated and uncarboxylated forms. How-
ever, it has been proposed that the ucOC form
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alone functions hormonally in the regulation
of glucose homeostasis and energy metabolism
(47, 77). This is in contrast to the role of OC
in bone, in which the carboxylated form of os-
teocalcin is thought to confer functionality to
the protein. Furthermore, the hypothesis that
only the ucOC form functions in the regula-
tion of glucose homeostasis is a direct contra-
diction to the findings of Yoshida et al. (140,
141) because higher intakes of vitamin K re-
sult in greater carboxylation of OC (13). That
only the ucOC form regulates glucose home-
ostasis would imply that high intakes of vitamin
K would be detrimental to glucose homeosta-
sis. This apparent contradiction in the functions
of OC, based on current knowledge, highlights
the need for more research to elucidate the un-
derlying mechanisms.

Alternatively, vitamin K may be influenc-
ing glucose homeostasis through mechanisms
beyond its classic role as an enzyme cofactor.
Low-grade inflammation has been implicated
in the development of insulin resistance (124),
and associations between OC and inflammation
have also been reported (105). In vitro studies
have shown thatvitamin K decreases proinflam-
matory cytokines (76, 90, 98). Vitamin K sup-
plementation of human fibroblasts inhibits IL-
6 production independent of y-carboxylation
(98). A recent observational study has shown
that low vitamin K status, as assessed by both
biochemical and dietary markers, was inversely
associated with circulating measures of inflam-
mation (112). The mechanism underlying the
potential influence of vitamin K on inflamma-
tory cytokine production is unclear, although
it may be through the regulation by MK-4 of
the transcription factor, nuclear factor kappa B
(NFKB). More specifically, in vitro treatment
with MK-4 inhibited the phosphorylation and
degradation of the inhibitory-subunit (IkBw),
thereby preventing the translocation of NFKB
into the nucleus, where it regulates gene ex-
pression (90). As IL-6 gene expression is reg-
ulated by NFKB (6), the inhibitory influence
of MK-4 on NFKB may lead to a decrease in
expression of IL-6 and other cytokines regu-
lated by NFKB. Alternatively, since markers



Annu. Rev. Nutr. 2009.29:89-110. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For persona use only.

of vitamin K status are reflective of an over-
all healthy diet, the cross-sectional observations
may reflect a general influence of healthy di-
etary patterns on serum IL-6, osteoprotegerin,
and C-reactive protein. The potential influence
of different doses and forms of vitamin K on in-
flammatory cytokine production merits further
investigation.

CONCLUSIONS

It has been proposed that vitamin K has multi-
ple roles beyond coagulation, both dependent
and independent of its known biochemical
function as an enzyme cofactor. This expanded
scope of potential functions of vitamin K in the
maintenance of human health has been accom-
panied by a substantial number of observational
studies and, to a lesser extent, randomized
controlled trials designed to isolate the role(s)
of vitamin K in the prevention of specific
chronic diseases, including osteoporosis and
cardiovascular disease. Observational studies
were used as evidence to support the hypothesis
that vitamin K has a protective influence on the
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