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ABSTRACT

There is an exciting research expansion on the novel roles of vitamin K in the last decades. Subclinical deficiency in vitamin
K is believed to be widely spread, possibly contributing to age-related diseases. The present review is focused on the effects
of vitamin K on the skeleton and blood vessels, where it could be potentially useful in the prevention and treatment of
osteoporosis and vascular calcification, both having a significant health impact in the society. The types (K1 and K2), nature
and sources of vitamin K are reviewed as well as the mechanisms of action underlying their effects. Gamma-glutamic
carboxylation of several vitamin K dependent proteins (VKDP), including clotting factors, is the primary mode of action of
vitamin K, lead-ing to activation of proteins with specific functions. Priority was given to those VKDP that are involved in
maintaining bone and vascular health. Other recently identified cellular transduction pathways through which vitamin K
acts are also outlined. Experimental in vivo data confirming the expected beneficial effects of vitamin K on bones and blood
vessels have paved the way for clinical studies. So far, the evidence from clinical experience with vitamin K
supplementation is promising, but still insufficient to recommend routine use of vitamin K as a preventive agent. Several
prospective randomized controlled clinical studies currently in progress are expected to give more clear-cut results
allowing the routine use of vitamin K as a reliable, cheap and safe medication in the prevention of bone loss and vascular
calcification. Biomed Rev 2017; 28: 70-90
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INTRODUCTION minerals impacting significantly health quality. Multiple data

In the last decades there is an exciting revival of interest for point to the possibility that many of the chronic degenerative

the pleiotropic effects of micronutrients. Examples include diseases of the civilized world could have been brought about

vitamin D and vitamin B12, for which a bulk of evidence by inadequate dietary intake of micronutrients. According to

has accumulated about their new roles and functions in health the “Triage theory” postulated by Ames (1), during periods of

and disease. This interest in general has been triggered by the shortage, the functions of micronutrients that are required for
recognition that modern pattern of life and nutrition is associ- ~ Short-term survival take precedence over those that are less

ated with Widespread subclinical deﬁciency of vitamins and essential. Thus, although frank deficiencies with vital conse-
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quences could be avoided with relatively low supplies, long-
term inadequacy can potentially lead to age-related diseases.
This is also true for vitamin K. Here we aim to review some
of the expanding knowledge on newly identified effects and
mechanisms of vitamin K that appear to have as yet unuti-
lized therapeutic potential in many clinical conditions, espe-
cially affecting bone and cardiovascular (CV) system.

HISTORY AND NATURE OF VITAMIN K

Widely known today as anti-hemorrhagic factor, vitamin
K was originally discovered by the Danish biochemist and
physiologist Henrik Dam in 1929 during his studies on chick-
ens fed cholesterol-free diet. He found that the lack of a lipid-
soluble factor was associated with bleeding and later identi-
fied it as a koagulations vitamin (hence vitamin K) present
in green leafs. The American biochemist Edward Doisy later
isolated vitamin K from alfalfa independently from Dam and
differentiated the two vitamers — K1 and K2. Henrik Dam
and Edward Doisy shared the Nobel Prize for physiology or
medicine in 1943 for their work on vitamin K.

The term vitamin K comprises two main types of chemi-
cally similar naphthoquinone compounds. Vitamin K1
(phylloquinone or phytomenadione, also phytonadione) is a
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Figure 1. Chemical structure of K vitamins.
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3-phythyl derivative of 2-methyl-1,4-naphtho-quinone struc-
ture (Fig. 1). It is mainly found in green leafy vegetables. In
plants, vitamin K1 is functionally involved in photosynthesis
where it acts as an electron acceptor. Foods rich in vitamin
K1 are asparagus, Brussels sprouts, spinach, green beans,
chard, broccoli, kale, mustard greens, parsley, sauerkraut, etc.
Over 90 % of the vitamin stores in the body come from plant
sources.

Vitamin K2 is a collective name for a number of me-
naqinones — a family of related compounds where chains
of repeated isoprenoid residues of different length are at-
tached to position 3 of the naphtho-quinone structure (Fig.
1). Menaquinones are therefore denoted as MK-n, where “n”
reflects the number of isoprenoid residues — from 3 to 11.
Depending on the number, menaquinones are subdivided into
short-chain (biologically the most important example being
MK-4, also menatetrenone) and long chain (MK-7 being the
one mostly investigated) derivatives.

Unlike vitamin K1, menaquinones are mainly found in
foods of animal origin, but in a significantly lower quantity.
MK-7 is relatively high in cheese and butter, but it is par-
ticularly abundant in the typical Japanese dish of fermented
soybeans dubbed natfo. Bacterial flora in the gut (particularly
Bacteroides) are capable of synthesizing long-chain menaqui-
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nones (MK>7). It was once considered that intestinal bacteria
are the main source of vitamin K2 for the body, but currently
the colonic contribution for the menaquionone stores in the
body is being questioned. It is now clear that the systemic
absorption from the large intestine is problematic not only
due to lack of bile acids, but also because of the presence of
vitamin K in bacterial membranes, from where it is not read-
ily available for absorption (2).

As for MK-4, which has important physiological impli-
cations — this form of vitamin K2 is not generally found in
food. It is assumed, that the stores of MK-4 in the body are
replenished by the conversion of vitamin K1 into menate-
trenone, which occurs both in and outside the gastrointestinal
tract (GIT) (3).

A third congener, vitamin K3 (menadione), is a synthetic
pro-vitamin, which is converted to vitamin K2 in the gut. Its
clinical use is limited due to toxicity.

PHARMACOKINETICS OF VITAMIN K

The two K vitamers differ significantly in their pharmacoki-
netics, while sharing similar mechanism of action in general.
The differences in their tissues distribution partly explain
their relatively specific involvement in different physio-
logical functions. Absorption of vitamin K from nutritional
sources occurs in the GIT. The presence of bile acids is es-
sential for the intestinal absorption of dietary vitamin K. It is
assembled in chylomicrons together with dietary lipids and
subsequently transported to the liver via chylomicron rem-
nants (CR), with MK-7 being also incorporated in LDL. The
delivery of dietary vitamin K to the bone is assumed to oc-
cur within CRs via receptor mediated endocytosis by LDL
receptor-related protein and LDL-receptor expressed on os-
teoblasts (4). Apolipoprotein E (Apo E) as a constituent of
CR appears to be an important determinant of tissue distribu-
tion of vitamin K. The Apo E polymorphic variants promote
CR clearance from circulation with very different efficiency,
in the order E2>E3>FE4, thus producing variable vitamin K
plasma concentrations and tissue availability (5).

When comparatively tested for their bioavailability after
oral intake, vitamin K1 produced a relatively lower peak after
a single dose compared to MK-7. In addition, phylloquinone
was more efficiently cleared from the blood than MK-7, the
decline of which was considerably slower (6). Similarly,
when administered on a long-term basis (40 days), the con-
centration of MK-7 was some 5 times higher compared to
K1. These results show that MK-7 is better absorbed and has
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a significantly longer plasma half-life, allowing accumulation
with chronic dietary intake or supplementation.

Vitamin K is distributed throughout the body with high-
est concentrations found in liver and pancreas. The hepatic
pool is the major one in the human body and comprises K1
and longer chain K2 vitamers. MK-4, on the other hand, pre-
vails in extrahepatic tissues, exceeding K1 concentrations in
many tissues, particularly in brain and kidneys (7). The pat-
tern of distribution may, however, differ in different species
and dietary intakes (8).

The metabolism of vitamin K, though poorly under-
stood, is thought to involve both reactions from phase I (ini-
tial m-oxidation and subsequent p-oxidation in the side chain
via the CYP family) and phase II (glucuronidation), leading
to the production of water soluble metabolites excreted with
urine, where they can be measured as an index of vitamin K
status (9).

CONVERSION OF VITAMIN K1 TO MK-4 IN HUMANS

Dietary sources are low in MK-4. Still, MK-4 is present
in body tissues in sufficient amounts. Conversion of K1 to
MK-4 has been well-known in bacterial cells, but only re-
cently was shown to be possible also in eukaryotes. Such a
conversion was demonstrated in mice following oral or enter-
al, but not parenteral or cerebroventricular administration of
phylloquinone (8). The biosynthesis of MK-4 in humans has
been recently shown to depend on UBIAD1 (UbiA prenyl-
transferase domain-containing protein 1) — an enzyme with
previously unknown functions (10). According to the work-
ing hypothesis of the authors (3), the phytyl side chain of
phylloquinone is cleaved in the intestine and the intermediate
metabolite menadione, after being delivered into the blood
via the mesenteric lymphatics and transported to peripheral
tissues, is prenylated to MK-4 by UBIADI1 (Fig.2).

MECHANISMS OF ACTION OF VITAMIN K

Vitamin K is well characterized as a co-factor of gamma glu-
tamyl carboxylase (GGCX) - an enzyme essential for the
post-translational modification of proteins by converting their
glutamic acid (Glu) residues into gamma-carboxy glutamic
acid (Gla) residues. The property that Gla-proteins have in
common is their high affinity to calcium. This mechanism of
action was unknown up until the early 1970s (some 40 years
after the discovery of phylloquinone), when in a series of pa-
pers the Swedish chemist Stenflo reported that biosynthesis
of prothrombin requires vitamin K, that dicoumarol leads to
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Figure 2. In vivo conversion of phylloquinone to MK-4. From (3).
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Figure 3. The vitamin K cycle.

the synthesis of abnormal prothrombin unable to bind cal-
cium and that carboxylation of the first 10 glutamic acid
residues in prothrombin constitutes the vitamin K-dependent
modification of prothrombin (11).

Currently, the gamma-glutamyl carboxylation is the clas-
sical mechanism of action recognized for vitamin K, whereby
it modifies not only coagulation factors II, VII, IX and X and
the endogenous anticoagulant proteins C, S and Z in the liver,
but also a number of newly identified extrahepatic vitamin K
dependent proteins (VKDP).

The process of gamma-glutamyl carboxylation involves
the vitamin K cycle (Fig. 3) where the diet-derived vitamin
in the form of quinone is reduced to its active form hydroqui-
none (KH2) by the quinone reductase. The KH2 is required
by GGCX, which converts the uncarboxylated (uc) VKDP
(or the glu-proteins) into gamma-glutamyl carboxylated pro-
teins (Gla-proteins). In this reaction vitamin K is oxidized to
epoxide, which is restored to its original form by the vitamin
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K-epoxide reductase (VKOR). The continuous recycling of
vitamin K allows that its essential functions be served with
relatively low dietary intake. The enzymes responsible for
the reduction of vitamin K are inhibited by the anticoagulant
drugs like warfarin, widely known as vitamin K antagonists.

The currently known VKDP not involved in coagulation
include osteocalcin, matrix gla-protein, Gas6 (growth arrest
specific gene 6 protein), periostin and periostin-like factor,
Gla-rich protein, etc. They have specific tissue distribution
related to their putative functions. The best studied among
these are osteocalcin and matrix Gla-protein in respect to
their role in bone and CV health, respectively.

There are, however, gamma-glutamyl carboxylation in-
dependent mechanisms identified, including transcription
modulation, regulation of sphingolipid metabolism, anti-
oxidant and anti-inflammatory actions, etc. Through these
multiple pathways vitamin K has been found to produce a va-
riety of effects, unknown in the past.
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What are the potentiallynew physiological functions of
vitamin K that have recently emerged? Vitamin K is
thought to play a role in bone health, vascular calcification,
brain function, cancer, energy metabo-lism, cellular growth,
survival and signaling.

VITAMIN K AND BONE HEALTH

The discovery of osteocalcin (OC) as a bone specific VKDP
— bone Gla protein (BGP) with a high affinity to
hydroxyapatite triggered research aiming to determine the
role of vitamin K in the skeleton. Since OC is the most
abundant non-collagenous protein in bone, secreted by
osteoblasts, it has long been con-sidered an indicator for
bone formation. The exact function of OC in bone,
however, remains obscure. The carboxylated form of OC is
sensitive to vitamin K intake, being dependent on it for the
gamma-carboxylaton of the three glutamic acid residues in
its molecule. The inadequately carboxylated form of OC
(undercarboxylated OC = ucOC) is thus considered a
marker of a relative vitamin K deficiency. Levels of ucOC
in-crease with age and have been found elevated in
osteoporosis, reflecting changes in bone matrix associated
with increased fragility (12).

Preclinical studies

Experimental studies have been performed in different
ani-mal models to test the effects of vitamin K on bone in
vivo. Bone changes in ovariectomized (OVX) rats
reflect the mechanisms of postmenopausal osteoporosis and
this is the experimental model most commonly utilized to
study effects of drugs. Dietary intake or treatment with
different K vitamers have demonstrated favorable skeletal
results in general. MK-4 significantly increased trabecular b
one volume (13), improved the impaired calcium balance
(14), attenuated the decline in bone mineral density (15).
Menatetrenone has also been shown to synergize with other
anti-osteoporotic drugs like estrogens (15), raloxifene
(16), teriparatide (17, 18). MK-7 was
preventing bone loss in OVX rats (19). However, in their
comparative study with vitamin K1, MK-4 and MK-7,

parallel to alendronate, Fu et al. (20) were unable to confirm

effective in

the positive results reported earlier for vitamin K on
ovariectomy-induced bone loss.

Testosterone deficiency- and immobilization-
induced  osteopenia can be modeled in rats by
orchidectomy (ORX) and sciatic neurectomy (NX),

respectively. Chronic administration of vitamin K2 in

OXR and NX rats resulted in suppression of bone

Biomed Rev 28, 2017

resorption and stimulation of bone formation (21).

Vitamin K attenuated drug-induced osteoporosis. In rats
chronically treated with prednisolone, the reduced bone min-
eral density was inhibited by MK-4 and at least partly this
effect was considered due to enhanced bone formation as re-
vealed by histomorphometric analysis (22). In a rat femoral
osteotomy model with and without glucocorticoid (GC) treat-
ment, vitamin K2 demonstrated a bone healing capacity in
both groups (23). Phenytoin is an osteoporosis inducing drug
with chronic administration. Although this complication is
usually explained by induction of vitamin D metabolism, the
reduced bone mineral density in rats treated with phenytoin
was counteracted by menatetrenone and it was subsequently
shown that phenytoin-induced bone loss was associated with
reduced serum and bone levels of vitamin K2, suggesting also
a role for vitamin K in this adverse effect (24, 25). Preclinical
data, being strongly suggestive for beneficial effects of vita-
min K on bone, predispose to clinical verification and are a
good reason for clinical trials to be conducted to confirm its
usefulness in maintaining bone health.

Epidemiological and interventional clinical studies
A number of epidemiological observations actually pre-
cede experimental studies and provide the earliest associa-
tions between vitamin K intake and improved bone health.
Interventional trials have been undertaken to support the
benefit of vitamin K in osteoporosis with clinical evidence.
One of the first large epidemiological studies was the
Nurses’ Health Study, in which a large cohort of over 72
000 women was prospectively followed up for 10 years and
demonstrated an inverse association between vitamin K
consumption and osteoporotic fractures of the hip (26). Most
of the positive hu-man results on bone health, especially for
vitamin K2, come from Japan, where the traditional
consumption of natto, high in MK-7, has been associated
with lower incidence of hip fractures (27). An ecological
study from Japan found a signif-icant negative correlation
between vitamin K intake and hip fracture incidence both in
men and women (28). Similar re-sults were found for vitamin
K1 intake and risk of hip fracture in the Framingham cohort of
elderly men and women (29) and in a 3 year follow up in
elderly population of Norway (30).

Although osteoporotic fractures are thought to be the re-
sult of bone mineral loss, vitamin K intake failed to show
effect on bone mineral density (MBD) in elderly participants
in the Framingham heart study (29). Later on, some cross sec-
tional studies provided evidence for a beneficial impact of

high dietary vitamin K on BMD (31, 32), but negative results
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were also reported (33, 34). In elderly Japanese men, con-
sumption of natto was associated with higher BMD and re-
duced levels of undercarboxylated osteocalcin (ucOC) (35).
A recent meta-analysis evaluating the controversial con-
nection between dietary vitamin K intake and risk of fractures
concluded that the present evidence supports a moderate de-
crease in fracture incidence when high intake of vitamin K
has been followed for more than 10 years (36).
Supplementation studies, conducted to check the effects
of vitamin K in osteoporosis, have yielded inconsistent results.
Both vitamin K1 and K2 have been investigated. Generally
the interventional trials all suffer the common fault of includ-
ing a relatively small number of subjects. Menatetrenone,
given in a dose of 45 mg/day to 120 osteoporotic patients
for 24 months, effectively prevented fractures and sustained
BMD compared to the control group (37). This was accompa-
nied by a significant reduction in the plasma levels of ucOC.
Two other studies with MK-4 on postmenopausal osteo-
porosis for 2 years revealed a better effect on lumbar spine
BMD when combining vitamin K with vitamin D3 compared
to either treatment when given alone (38, 39). It was also
shown, that, with the high doses of MK-4 used (45 mg/kg
daily), the coagulation parameters remained in the reference
limits and no adverse effects were reported (39). The ECKO
study in Canada followed a cohort of 440 postmenopausal
women with osteopenia, administered vitamin K1 5 mg daily
for 2-4 years, and found no protection against age-dependent
decline in BMD, but reduced fracture incidence, suggesting
that the effect of vitamin K1 on bone may not be mediated
by BMD or bone turnover (40). In their study on 452 elderly
men and women, treated with vitamin K1 500 mcg daily and
recommended amounts of vitamin D and calcium for three
years, Booth et al (41) found no additional benefit on bone
health at the spine or hip, although the percent of ucOC was
significantly lowered. In still another study, the reduction of
plasma ucOC with vitamin K1 (1 mg daily) and MK-4 (45
mg daily) for 1 year was not associated with positive changes
in bone density or geometry in 381 postmenopausal healthy
North American women receiving also calcium and vitamin
D (42). Negative findings were reported also by Inoue et al
(43) and Emaus et a/ (44) who supplemented postmenopausal
women with either 45 mg/kg of MK-4 or 360 mcg of MK-7 in
the form of natto capsules. However, in 173 postmenopausal
women, the supplementation with small doses (100 mcg) of
vitamin K1 and vitamin K2 (MK-7) in dairy products, en-
riched in calcium and vitamin D, for 12 months, resulted in
a significant decrease of ucOC and an increase of the lumbar
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spine BMD (45). In addition, the group supplemented with
vitamin K2 had also elevated levels of Insulin-like growth
factor 1 (IGF-1), essential for the osteoblast differentiation.
Lower daily doses of MK-4 (1.5 mg/kg) were also found ef-
fective in preventing bone mineral loss and reducing ucOC in
healthy elderly women (46).

Several meta-analyses have been published to evaluate
the clinical benefit of vitamin K in osteoporosis. Cockayne
et al (47) analyzed 13 controlled randomized clinical trials
using supplementation with vitamin K1 and K2 to adult par-
ticipants for longer than 6 months and concluded that there is
evidence for protective effect against bone loss, with MK-4
displaying a stronger effect in preventing fractures among
Japanese patients. A recent review by Iwamoto (48) on the
effect of monotherapy with MK-4 found evidence for posi-
tive effect on fracture incidence in postmenopausal women
with osteoporosis. In Japan, MK-4 is officially approved for
prevention and treatment of osteoporosis under the brand
name Glakay of Eisai Co. However, summarizing the bulk of
evidence from interventional studies published so far, Guralp
and Erel (49) concluded that there were no sufficient data to
support the routine recommendation for the use of vitamin
K for osteoporosis prevention in healthy postmenopausal
women.

Do vitamin K antagonists affect bone?

Another contradictory line of evidence is related to the ef-
fect of vitamin K antagonists, used widely as anticoagulants
in clinical practice, on bone. Several studies have addressed
the issue with conflicting results. Caraballo et al (50) con-
ducted one of the earliest trials as a retrospective study on a
large population-based cohort of women surviving a throm-
boembolic event and exposed to oral anticoagulants (6 314
person-years follow up for the period 1966-1990). The results
showed that long-term exposure (for 12 months or more) to
vitamin K antagonists was an independent predictor for the
vertebral and rib fractures. A more recent study aiming to
examine the association between long-term warfarin use and
osteoporotic fractures in patients with atrial fibrillation, how-
ever, found no such association (51). Vitamin K antagonists
are also widely used in children. A case control study looking
at BMD in 17 long-term warfarin users (8.2 years on the aver-
age) found that the lumbar spine mineral density in exposed
patients was significantly reduced compared to controls (52).
Hemodialysis patients appear to be particularly susceptible
to warfarin. In a cross-sectional study men receiving antico-
agulation for at least 1 year had more vertebral fractures and
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significantly reduced total osteocalcin compared to non-treat-
ed male hemodialysis patients (53). It is also worth noting,
that warfarin use during a specific vulnerable period of preg-
nancy (6™-9" week of gestation), may induce the “warfarin
embryopathy”, characterized, among others, by osteodystro-
phy, which is manifested by a nasal hypoplasia and stippled
epiphyses. These skeletal malformations are thought to result
from the inability of vitamin K to carboxylate osteocalcin and
matrix Gla-protein, postulated to be critical for the embry-
onic cartilage and bone differentiation at least in part through
modulation of calcium deposition (54).

Is osteocalcin mediating the protective effects of vitamin K
on bone?

Mechanisms, whereby vitamin K favorably affects bone, re-
main elusive. It was initially considered that these effects were
related mainly to the gamma-glutamyl carboxylation of OC
due to the high affinity of cOC to hydroxyapatite. However,
experiments with OC knockout mice showed no evidence
of bone loss, and the bones of OC-deficient mice were even
thicker compared to the wild type littermates, suggesting an
inhibitory effect of OC on bone formation without impairing
bone resorption or mineralization (55). Interestingly, a simi-
lar phenotype of increased bone formation was described in
mice made osteoblast-specific GGCX deficient, implying that
gamma-glutamyl carboxylation is not the mechanism respon-
sible for the bone-protective effect of vitamin K (56). Still,
with the use of a more sensitive assay (Fourier transform in-
frared microspectroscopy) Boskey et al (57) demonstrated a
role for OC in mineral maturation. More recently, it was dis-
covered that OC, by interacting with osteopontin, is involved
in the formation of dilatational bands, critical for energy dis-
sipation during bone fracture; therefore, by this mechanism
OC is thought to determine fracture toughness of bone (58).

Other VKDP in bone may also play a role
Matrix Gla protein (MGP) has been originally identified in
bone, but now it is clear that it is predominantly expressed in
vascular smooth muscle cells and in chondrocytes. It is cur-
rently known as one of the potent inhibitors of calcification
of arteries and cartilage (59). Mice lacking MGP died early in
life due to hemorrhage from ruptured calcified aorta, but had
also a phenotype of shorter stature and low bone mass. The
bone loss in MGP deficient mice was rescued by inhibition of
vascular calcification, providing evidence that arterial calcifi-
cation affects bone remodeling (60).

Periostin (PO) is another VKDP with impact on bone.

Biomed Rev 28, 2017

It is highly expressed in the periosteum of long bones and in
osteocytes, in addition to many other tissues. In the skeleton,
it serves both as a structural molecule of bone matrix and as a
signaling molecule to stimulate osteoblast function and bone
formation. It is postulated to promote injury repair in bone
and extra-skeletal tissues. Periostin null mice exhibited low
mass and decreased strength of bone. The serum levels of PO
in postmenopausal women with osteoporosis were found to
predict fracture risk independently from BMD. Although PO
belongs to the family of VKDP, it is not known at present
whether gamma-glutamyl carboxylation is essential for its
functions (61).

Periostin-like factor is also potentially involved in the
effect of vitamin K. It is expressed in bone, heart and vas-
cular smooth muscles. It appears to have a role in osteoblast
differentiation, bone formation and in fracture healing (62).

Non gamma-glutamyl carboxylation pathways
Cellular mechanisms different from involvement of VKDP
appear to be relevant to the effects on bone. A role of a tran-
scription regulator for vitamin K has recently been described
as an important aspect of its complex mode of action.
Among the novel mechanisms established, is the func-
tion of vitamin K as a ligand to the nuclear steroid and xeno-
biotic receptor (SXR). The latter was previously considered
an orphan receptor. It was initially regarded exclusively as
a xenobiotic biosensor in the liver. It is now known that
SXR is expressed in bone and other tissues, it is critical for
bone metabolism and is currently identified as a target for
the ac-tion of vitamin K (63).
transcription factor, vitamin K2 has been shown to increase

By activating this

mRNA levels for osteoblast markers like bone alkaline
phosphatase, osteoprotegerin, osteopontin, and MGP in
osteosarcoma cells. Bone markers were also induced in
primary isolated from wild-type murine
calvaria, but not from cells deficient in the mouse ortholog
of SXR, the pregnane xenobiotic receptor PXR. In

osteocytes

subsequent studies it was demonstrated that vitamin K2

regulated the transcription of genes that encode
extracellular matrix proteins via SXR activation, resulting in
increased accumulation of collagen in osteoblastic cells. This
SXR dependent pathway is thought to contribute to the im-
proved quality of bone induced by vitamin K2 (64).

Atkins et al. (65) focused their research with vitamin K1,
K2 and K3 on the differentiation and function of human pri-
mary osteoblasts. They established that all the vitamers tested
were capable of promoting osteoblast-to-osteocyte transition,

with osteocyte density and viability being considered deter-
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and osteocyte differentiation (all determining factors of bone quality) by gamma-carboxylation dependent and independent

mechanisms might be relevant to bone health. From (69).

minants of optimal bone quality. At the same time vitamin
K decreased the osteoclastogenic potential of these cells by
lowering RANKL expression. Interestingly, K2 and K3 vita-
mers were more potent and their effects were less warfarin-
sensitive than those of K1, suggesting potentially genomic
(GGCX-independent) underlying mechanisms.

Another signaling pathway, distinct from GGCX and
SXR, has also been identified to mediate the transcription
activity of vitamin K2. Novel target genes in osteoblasts —
growth differentiation factor 15 (GDF15) and stanniocalcin 2
(STC2), have been found up-regulated by MK-4 through en-
hanced phosphorylation of protein-kinase A (66). The action
was specific for this particular K vitamer, considered to be the
most active, probably due to its specific side chain.

It has been established that NF-kB signal transduction
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is critical for osteoclasts development, function and survival,
while exerting inhibitory actions on osteoblasts, thus present-
ing opportunities for new therapeutic targeting (67). The ef-
fects of vitamin K on NF-kB signaling pathways were inves-
tigated and the results revealed that by antagonizing basal and
cytokine-induced activation of NF-kB, vitamin K2 produced
a dual anabolic (in osteoblasts) and catabolic (in osteoclasts)
action. This could, at least partly, explain the rare capacity of
vitamin K2 to simultaneously increase bone formation and
suppress bone resorption (68).

Overall, the mechanisms through which vitamin K af-
fects bone homeostasis, are complex and comprise both in-
volvement of VKDPs and variable GGCX-independent path-
ways, mainly related to its transcription activity (Fig.4). The
majority of clinical and experimental evidence supports the
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higher activity of vitamin K2. In addition, the recent informa-
tion points to shifting the focus of interest regarding vitamin
K therapeutic potential in bone, from effects on bone quantity
to effects on bone quality (69).

Although much remains to be elucidated from the mech-
anistic point of view, the accumulated clinical data, together
with the expanding knowledge on how vitamin K works on
bone, implies that it could become an important therapeutic
tool in osteoporosis. However, prescribing recommendations
should be based on confirmed efficacy in large prospective
multi-center randomized controlled clinical trials that are still
to be done or are currently in progress.

VITAMIN K AND VASCULAR HEALTH

Vascular calcification is an independent CV risk factor and
a strong predictor of higher morbidity and mortality. It in-
creases with age and dysmetabolic conditions. Patients with
chronic kidney disease (CKD) and diabetes are particularly
prone. For decades considered a passive and degenerative
process, it is now clear that mineralization of vascular wall
shares many biological features with the embryonic bone for-
mation through osteochondrogenic differentiation of vascular
smooth muscle cells (VSMC) under appropriate conditions.
Modified VSMC express proteins typical for osteoblasts
like osteocalcin, bone alkaline phosphatase, osteoprotegerin,
and osteopontin. The main triggers for the initial transition
of VSMC from a secretory (synthetic) to osteochondrogenic
phenotype appear to be the hyperphosphatemia and hyper-
calcemia, which typically occur in end-stage CKD (70), but
a number of additional factors, such as inflammation, oxida-
tive stress, and metabolic disorders are able to accelerate the
process (71). A key event in such a phenotypic modulation of
VSMC is the release of mineralization-competent extracellu-
lar vesicles, capable of efficiently nucleating hydroxyapatite
in the absence of inhibitors. The process goes on with fur-
ther transformation of secretory VSMC into osteoblast-like
cells with the help of bone morphogenetic protein 2 (BMP2).
Osteochondrogenic VSMC are susceptible to apoptosis, they
secrete more matrix vesicles and apoptotic bodies, result-
ing in extracellular mineralization and accelerated apoptosis
(72). The active regulation of this process involves circulat-
ing (such as fetuin A) and local (in the vessel wall) calcifica-
tion inhibitors.

Matrix Gla-protein
Among the local calcification inhibitors in the vascular wall
a pivotal role is played by the matrix Gla-protein (MGP), ex-
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pressed in chondrocytes and vascular smooth muscle cells. It
was the first calcification inhibitor discovered, initially identi-
fied in bovine bone (73). Its function of inhibiting arterial cal-
cification was convincingly demonstrated with the generation
of MGP null mice (59). The massive vascular calcification
led to early death of the genetically modified animals due to
aortic rupture. Subsequently, the calcification inhibiting ac-
tivity of MGP was confirmed by Price et al (74), who used
high dose warfarin to induce calcification in large arteries and
aorta by inhibiting MGP gamma-glutamyl carboxylation and
thus rendering it inactive. Importantly Schurgers et al (75)
were able to demonstrate that warfarin-induced arterial me-
dial elastocalcinosis in rats could be effectively reversed by
vitamin K rich diet, reducing arterial calcium content by 50%
and restoring the impaired arterial distensibility as a clinical
parameter of vascular elasticity. Vitamin K1 and K2 had simi-
lar efficacy in this model, although it was expected that MK-4
would be more active based on previous research (76). It was
hypothesized that with the high dose of vitamin K1 used, a
significant amount of it has been converted to menatetrenone
possibly contributing to the observed effect.

What are the putative mechanisms whereby MGP exerts its
inhibitory effect on vascular calcification?

Much work has been dedicated to elucidate the mode of ac-
tion of MGP and several mechanisms have been outlined.
Matrix Gla-protein contains 5 glutamic acid residues that
require vitamin K-dependent gamma-carboxylation. That
post-translational modulation of MGP is essential for its
anti-calcification activity was demonstrated by Schurgers et
al (77), who observed accumulation of carboxylated MGP
(cMGP) in healthy arteries, whilst in atherosclerotic vessels
the undercarboxylated form (ucMGP) was present. They con-
cluded that ucMGP is strongly associated with vascular calci-
fication of different etiologies. This was confirmed clinically
in patients with percutaneous coronary intervention who had
lower serum levels of MGP compared to healthy controls. At
present, ucMGP is recognized as a biomarker sensitive of de-
tecting CV calcification (78). Because the only known func-
tion of Gla-residues is to bind calcium, it is plausible that
the effect of MGP could be mediated, at least partly, through
interference with calcium homeostasis. Indeed, it was Price et
al (74) who first proposed the hypothesis according to which
MGP binds tightly and selectively to hydroxyapatite crystal
nuclei and prevents their growth and ability to seed daughter
crystals. This idea was later confirmed and further developed
by other authors (reviewed in 78). Gamma-glutamyl car-
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Figure 5. Vascular smooth muscle cells (VSMC) synthesize matrix Gla-protein (MGP), and in the presence of sufficient vitamin

K, MGP is produced in its carboxylated form and is thereby able to prevent mineralization. From (72).

boxylation is not the only posttranslational modification that
MGP undergoes. It is also subjected to serine phosphoryla-
tion which has been found to contribute to its calcification
inhibitory activity (79). Thus the inactive dephosphorylated
and uncarboxylated MGP (dp-ucMGP) is currently consid-
ered a useful inverse marker of vitamin K status in the healthy
population (80) and a reliable indicator of increased risk for
vascular disease (81).
A second important molecular mechanism of MGP is
related to its ability to antagonize the BMPZ2-induced os-
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teochondrogenic differentiation of VSMC. It was reported
that MGP was able to bind and neutralize BMP2 with op-
timal conditions for this being the presence of calcium and
Gla residues (82). Bostrom et al (83) provided direct in vitro
evidence for the modulating activity of MGP on the osteo-
inductive properties of BMP2 by treating cells with different
expression of MGP with BMP2.

Finally, a role for MGP as an anti-apoptotic factor is sug-
gested. Apoptosis is an important step in vascular calcifica-
tion. There is evidence pointing to both direct and BMP2-
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mediated inhibition of MGP on VSMC apoptosis (84). In his
brilliant review on the role of vitamin K as a key regulator
of vascular calcification in CKD, Schurgers (72) summarizes
the process by the following graphic illustration (Fig. 5):

Other Gla proteins involved in vascular calci ication Matrix
Gla-protein is not the only Gla-protein related to vas-cular
calcification. Two other members of the VKDP fam-ily are
associated with this process: Gla-rich protein (GRP) and
Gas6, GRP being the latest Gla-protein identified. Its
name reflects the largest number of glutamic acid residues
contained (putative 15 residues in humans) and the highest
density of Gla/protein size, indicating a significant potential
for calcium binding. It was originally isolated from calcified
cartilage of Adriatic sturgeon and subsequently identified in
mammalian skeleton and soft tissues (85). The function of
GRP has just recently been revealed. Knockout mice have
been demonstrated to present no calcification anomalies,
implying GRP is not essential for their normal develop-
ment (86), while in zebra fish the deletion of GRP is associ-
ated with severe growth impairment and skeletal disorders
— a phenotype closely mimicked by the condition induced by
warfarin in the same species (87). GRP has been found
accumulated in sites of ectopic calcification in rat and
human skin, vascular and cartilaginous tissues (88). In an ex
vivo model of human vessel culture it was shown that the car-
boxylated form of GRP was able to inhibit calcification to the
same extent as MGP and fetuin-A. At least partly this effect
can be explained by GRP binding to calcium thereby protect-
ing VSMC from the Ca/P-induced shifting from a contractile
to a secretory osteochondrocytogenic phenotype, similarly to
the mechanism described for MGP. GRP was also found to
be a part of MGP-fetuin-A protein complex at sites of
valvular calcification, possibly representing a powerful an-ti-
mineralization system (89). Thus GPR has been established as
a new vitamin K dependent player on the scene of vascular
calcification with inhibitory functions and possible clinical
implications (90).

Another VKDP relevant to calcification of blood ves-
sels is Gas6. Gasb6 displays a high structural homology with
the natural anticoagulant protein S, but has low serum levels
and specific tissue expression, suggesting unique functions
among the VKDPs. What distinguishes Gas6 is its mecha-
nism of action that involves Gla-dependent interaction with
tyrosine kinase receptors of the TAM family (Tyro3, Axl and
MerTK) (91). TAM receptors function as homeostatic regu-
lators in adult tissues and organ systems that are subject to
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continuous challenge and renewal throughout life, but are not
active during embryonic development. They have prominent
roles in mature immune, reproductive, hematopoietic, vascu-
lar, and nervous systems. Identified ligands for TAM recep-
tors are Gas6 and Protein S, considered essential for the effi-
cient phagocytosis of apoptotic cells and membranes in these
tissues (92). In vascular calcification Gas6 is thought to be
involved in the apoptotic modulation of VSMCs. It has been
recently shown that vitamin K2 treatment of primary cultured
VSMCs significantly inhibited CaCl2- and b-sodium glycer-
ophosphate-induced calcification and cell apoptosis, which
was dependent on restored Gas6 expression and activated
downstream signaling by Axl, p-Akt, and Bcl2. Addition of
exogenous rmGas6 enhanced the beneficial effects of VK2
and VSMC apoptosis was further reduced. These results in-
dicate that Gasb is critical in VK2-mediated attenuation of
VSMC calcification by blocking apoptosis (93).

Important practical questions that arise behind this basic
research, are whether dietary status of vitamin K is related
to vascular calcification, whether vitamin K intake or sup-
plementation could be expected to confer CV protection and
whether there is a risk of vascular calcification associated
with long-term use of vitamin K antagonists.

Clinical trials

Epidemiological studies or cross sectional observations have
addressed the issue of potential CV benefits o f vitamin K.
Inverse associations have been found between dietary vita-
min K intake or markers of vitamin K status and different CV
outcomes.

In one of the first observational studies, the Rotterdam
study, a large cohort of more than 4000 subjects aged 55+
were tracked for seven years and the consumption of vitamin
K2, but not K1, was found to be related to reduced aortic
calcification and CV and all-cause mortality (94). The early
clinical data as summarized by Shea and Holden (95) sug-
gested that dietary intake of menaquinone might be more ac-
tive as calcification protector, but the only study with vitamin
K1 supplementation showed that phylloquinone was able to
slow the progression of coronary calcification as well (96).
These results were not convincingly confirmed when direct
serum phylloquinone was measured, as its low level was as-
sociated with extreme coronary calcification progression in
hypertensive patients in one study (97), but in another study
it was not associated with vascular calcification (98).

Several studies have related coronary and peripheral ar-
tery calcification and CV outcomes to the plasma levels of



82 Zhelyazkova-Savova, Gancheva, Galunska, and Gerova

dp-ucMGP as an inverse marker of vitamin K status, but the
results are inconclusive. In healthy postmenopausal women a
borderline significant association was found between dp-uc-
MGP and coronary artery calcification (99), while in a similar
population of another study the levels of this marker were not
associated with CV and stroke risk (98).

Arterial calcification is implicated in loss of vascular
elasticity (100), therefore arterial stiffness has also been ex-
amined in relation to vitamin K status. Aortic and carotid-
femoral pulse wave velocity was found to be positively as-
sociated with dp-ucMGP in general adult populations (101,
102), as well as in diabetic patients (103). Vascular calcifica-
tion is recognized as a significant CV risk. Van den Heuvel et
al (81) observed a more than 2-fold significantly higher risk of
CV disease for the highest tertile of dp-ucMGP as compared
with the lowest tertile among community-dwelling older men
and women. In patients with overt vascular disease, circulat-
ing dp-ucMGP and dp-cMGP were independently associated
with the risk of all-cause and CV mortality (104).

Patients with CKD are particularly vulnerable to vascular
calcification. In addition to the specific uremia-related risk
factors, they commonly exhibit profound vitamin K deficien-
cy. Holden et al (105) have shown that subclinical vitamin K
(along with vitamin D) deficiency is prevalent among patients
with CKD. A cross-sectional study in postmenopausal wom-
en also revealed sub-optimal vitamin K status as assessed
by significantly elevated plasma ucOC levels in hemodialy-
sis patients compared to healthy controls (106). The insuf-
ficiency of vitamin K in kidney transplant recipients was an
independent risk factor for increased mortality (107). Studies
exploring the connection between vitamin K status and vas-
cular calcification in renal patients have yielded inconsistent
results (108, 109), but vitamin K2 supplementation in hemo-
dialysis patients was demonstrated to markedly decrease the
inactive MGP, providing the rationale for intervention trials
aiming at vascular calcification inhibition (110).

All these studies in different populations confirm the
notion that the subclinical vitamin K deficiency is related to
higher CV risk and reveal the need of conducting vitamin K
interventional trials, very scarce at present. One such study
examined the effect of vitamin K supplementation on arte-
rial stiffness as a measure of mechanical arterial properties,
in healthy post-menopausal women. A significant decrease in
arterial stiffness was found after 3 years of supplementation
with MK-7 versus placebo group (111). Another small study
aimed to assess the impact of vitamin K2 supplementation
(MK-7) plus vitamin D for 3 months on the progression of
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atherosclerosis and vascular calcification in patients with
CKD stage III-V. While the carotid intima-media thickness
was reduced, no effect was seen on the coronary calcification
score, however, there was a significant correlation between
the indices of atherosclerosis and vascular calcification (112).

Vitamin K antagonists and risk of vascular calcification
Vitamin K antagonists are widely used drugs with established
clinical benefits in treating and preventing thromboembolic
disease. The major risk being bleeding, recently also concerns
related to vascular calcification have arisen as a result of the
increasingly recognized role of vitamin K as a calcification
inhibitor. The first clinical results supporting a connection be-
tween the coumarin anticoagulant use and calcification was a
small study by Schurgers et al. (113), in which they
demonstrated aortic valve calcifications twice as severe in
anticoagulated compared to untreated patients undergoing
valve replacement. Koos ef al. also found a higher coronary
calcium content, as measured by multislice spiral computed
tomography, in patients on oral anticoagulants versus patients
without anticoagulants (114). These findings on coronary
calcification were further corroborated in low risk patients
with atrial fibrillation (115) and in patients with coronary
artery disease (116). Other sites of vascular calcification —
femoral arteries (117), breast arteries (118), peripheral
arteries of the lower limb (119) were also more commonly
found in warfarin users. Atypical non-uremic calciphylaxis
(cutaneous ischemia and necrosis caused by mural
calcification of small and medium-sized blood vessels) has
been described in patients on vitamin K antagonists (120).
Coumarin anticoagulants have also been associated with
calcification (121).
Patients with CKD are even more sensitive to vitamin K an-
tagonists, due to the common vitamin K deficiency in this
population. In a retrospective study, Holden et al (122) found
that the severity of aortic valve calcification in hemodialy-
sis patients was related to lifetime months of warfarin expo-

non-vascular, e.g., tracheobronchial

sure. An observational cohort study in hemodialysis patients
demonstrated that the group treated with acenocoumarol had
higher concentrations of dp-ucMGP, which significantly cor-
related with the vascular calcification score (123). MK-7
given to patients on hemodialysis for 6 weeks was able to
correct dose dependently the elevated circulating dp-ucMGP
(110), but the arterial calcification was not assessed in this
study. Whether or not improved vitamin K status translates
into a reduction in vascular calcification is still unknown and
clinical trials are in progress to elucidate this. The novel oral
anticoagulants (NOACs), which spare vitamin K, should
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be potentially free from ectopic mineralization complica-
tions, but the prevailing renal clearance of these drugs is a
disadvantage. Their dose should be reduced in patients with
moderate reduction of renal function and due to lack of data,
NOAC:s should be avoided in patients on hemodialysis (124).

The “Calcium paradox” — a syndrome of vitamin K sub-
clinical deficiency?

Osteoporosis and CV diseases are common conditions of the
advanced age leading to increased morbidity and mortality.
Traditionally, these two diseases were considered independ-
ent and their association was underestimated. In the last dec-
ades, accumulating evidence indicates a close relationship
between vascular calcification and bone disorders. A number
of common pathophysiological mechanisms and interacting
factors underlying both conditions have been identified, lead-
ing to the development of the “bone-vascular cross-talk” con-
cept (125, 126).

Ectopic calcification in blood vessels is often accompa-
nied by either decreased bone mineral density or disturbed
bone turnover. Such associations were observed in the gener-
al population, but mostly in patients with osteoporosis and in
those with CKD (127). The “Calcium paradox” thus implies
loss of calcium from bones, making them brittle, and excess
of calcium in arteries, making them rigid. One possible com-
mon cause could be the relative deficiency of vitamin K that
develops with healthy aging and is accelerated by disease.
Vitamin K is needed for the carboxylation of the bone Gla-
protein osteocalcin, as well as of other VKDPs outlined ear-
lier. In addition, gamma-glutamyl carboxylation independent
mechanisms have been revealed as essential for the benefi-
cial effects of vitamin K on the skeleton. On the other hand,
through the activation of MGP, the central local vascular cal-
cification inhibitor, but also of GRP, acting as a calcium regu-
lator and a back-up of MGP for inhibition of ectopic calcifica-
tion, and of Gasb as an apoptotic modulator, vitamin K is able
to prevent calcium accumulation in arteries (128).

One of the first clinical trials to support the “calcium para-
dox” hypothesis was a research published in 2007. In a 5-year
placebo controlled randomized follow-up of a large cohort of
healthy postmenopausal women, primarily designed to assess
the impact of calcium on bone mineral density and fracture
incidence, an upward trend in CV event rates was found in
the group supplemented with calcium (129). Interestingly,
among the possible mechanisms discussed, no mention was
made about vitamin K, and the question of how to balance be-
tween the detrimental effect of calcium on blood vessels and
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its potential benefit on bones was asked as yet unanswered.

In the light of the discussed mechanisms and available
preclinical and clinical data on vitamin K, it appears that the
two aspects of the “calcium paradox” — osteoporosis and vas-
cular calcification, could have a potentially common preven-
tive therapy. However, the available clinical information is
still inconclusive and does not allow routine prescription of
vitamin K. The new roles of vitamin K as an activator of im-
portant regulatory proteins for bone and CV health raises the
necessity of conducting large-scale follow-up interventional
clinical studies, not only in pathological conditions, but also
in healthy populations at risk.

Ongoing clinical trials

In response to the published preclinical and epidemiological
data and the recognized need for more reliable information,
researchers were prompted to undergo clinical investigations
with vitamin K supplementation to assess its vascular and/
or bone effects. Several on-going prospective controlled
randomized clinical trials are currently looking to prove and
confirm the benefits of both forms of vitamin K. The study
populations include hemodialysis or CV patients in whom
the progression of established arterial calcification will be
followed; subjects with poor vitamin K status where the
vascular stiffness will be evaluated, postmenopausal women
with osteopenia in whom changes in bone mineral density
and arterial stiffness will be examined, and also metabolic
parameters will be assessed. Other trials, evaluating the ef-
fect of vitamin K antagonists in renal patients — with end-
stage renal disease or on hemodialysis, are also in progress,
including comparative studies with factor X direct inhibitors
(130).

The results of these ongoing trials will demonstrate whether
and to what extent vitamin K supplementation is effective in
the prevention of CV calcification or bone loss in patients at
risk and with preexisting diseases (131).

CONCLUSION

Subclinical vitamin K deficiency has recently been recog-
nized as an important factor in the development of vascular
calcification and osteoporosis. Biologically plausible mecha-
nisms of the effects of vitamin K on CV and bone disease
have been elucidated and described. This makes the dietary
intake or the supplementation a potentially effective and
promising tool in the control of these conditions. Large stud-
ies and solid clinical evidence regarding vitamin K efficacy
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are awaited to confirm the positive results and to allow spe-
cific recommendations to be made for the preventive use of

vitamin K as a relatively cheap and safe medication.
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