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All living tissues require essential nutrients such as

amino acids, fatty acids, carbohydrates, minerals, vita-

mins, and water. The skeleton requires nutrients for

development, maintaining bone mass and density. If the

skeletal nutritional requirements are not met, the con-

sequences can be quite severe. In recent years, there

has been growing interest in promotion of bone health

and inhibition of vascular calcification by vitamin K2.

This vitamin regulates bone remodeling, an important

process necessary to maintain adult bone. Bone remod-

eling involves removal of old or damaged bone by

osteoclasts and its replacement by new bone formed by

osteoblasts. The remodeling process is tightly regulated,

when the balance between bone resorption and bone

formation shifts to a net bone loss results in the devel-

opment of osteoporosis in both men and women. In this

review, we focus on our current understanding of the

effects of vitamin K2 on bone cells and its role in pre-

vention and treatment of osteoporosis.
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Introduction

The skeleton in vertebrates has mechanical, hematopoietic,
and endocrine functions (Rodan and Martin, 2000). To
perform these functions properly, the skeleton requires
essential nutrients such as amino acids, fatty acids, carbo-
hydrates, minerals, vitamins, and water (Weaver and Gal-
lant, 2014). Inadequate skeletal nutrition in infants and
young children results in growth retardation and bony
deformities. In adolescents and young adults, it results in
failure of individuals to attain their genetically prescribed
maximum peak bone mineral density, and in middle-aged
and older adults, the consequence is rapid bone loss that

can cause or aggravate osteoporosis (Holick and Nieves,
2015). The investigation of the impact of nutrients on
bone strength has historically been directed to minerals,
vitamin D, and proteins, while the other factors have
received less attention (Eisman and Bouillon, 2014).
Emerging evidence indicates that vitamin K2 also plays an
important role in skeletal health. This review will examine
the available evidence regarding the role of vitamin K2 in
bone health in animals and in humans.

The skeleton

The adult human skeleton has 206 bones, excluding the
sesamoid bones. The skeleton is subdivided into the axial
skeleton with 74 bones, the appendicular skeleton with
126 bones, plus the six auditory ossicles (Clarke, 2008).
There are two major types of bones: (i) cortical bone,
which is dense and compact and constitutes the outer part
of the skeletal structure, comprises 80% of the skeletal
weight and provides mechanical strength and protection;
and (b) trabecular bone, which is found inside the ends of
long bones, throughout the bodies of the vertebrae, and in
the inner portion of the pelvis. Trabecular bone is more
metabolically active than cortical bone and, by its break-
down, supplies minerals such as calcium, phosphorus, and
magnesium, when required by the body (Feng and
McDonald, 2011).

The skeleton renews itself in two ways: bone modeling
and bone remodeling. Bone modeling occurs during
growth and development in childhood. It involves forma-
tion of bone by osteoblasts or resorption of bone by osteo-
clasts on a given surface. In contrast, bone remodeling
occurs after the skeleton has reached maturity during
adulthood, a situation in which the activity of osteoblasts
and osteoclasts occurs sequentially in a coupled manner
on a given bone surface (Allen and Burr, 2014).

Bone modeling

Bone modeling begins in fetal life and continues until
skeletal maturity. The primary function of bone modeling
is to increase bone mass and to maintain or reshape the
bone or change the position of the cortex relative to its
central axis (called bone drift) in response to various
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physiological stimuli (Clarke, 2008; Allen and Burr,
2014). Modeling occurs due to factors produced locally or
systemically and in response to mechanical forces. Model-
ing can proceed via formation modeling by osteoblasts or
resorptive modeling by osteoclasts. These processes must
be coordinated to shape the bone correctly. Either forma-
tion or resorption modeling can occur locally on a given
bone surface, or both processes can occur simultaneously
throughout the skeleton. The primary signals for modeling
are mechanical forces; formation modeling is activated
when the local tissue strains exceed a certain threshold.
Subthreshold strains activate resorptive modeling. The pro-
cess of modeling occurs in two stages: (i) activation, and
(ii) bone formation or resorption. During activation, the
recruitment of osteoblast or osteoclast precursor cells
occurs. Then, lineage-committed cells are stimulated to
differentiate into more mature cells. Subsequently, during
stage two, activated cells either form or remove bone to
normalize local strains. In the adult skeleton, bone model-
ing occurs less frequently. It can be associated with dis-
ease states such as hypoparathyroidism and renal
osteodystrophy, or driven by anabolic agents (Raisz, 1999;
Allen and Burr, 2014).

Bone remodeling

Bone remodeling is necessary to maintain structural integ-
rity, bone volume, and calcium and phosphate homeostasis
(Clarke, 2008; Feng and McDonald, 2011). Remodeling
repairs bone by removing old and microdamaged bone,
replacing it with strong new bone. In a year, ~5% of corti-
cal bone and 20% of trabecular bone is remodeled. The
entire adult skeleton is replaced every 10 years in humans.
Cortical bone makes up 75% of all bone, but trabecular
bone is ten times more metabolically active than the corti-
cal bone (Allen and Burr, 2014; Sims and Martin, 2014).
Thus, the process of bone remodeling occurs throughout
life and can occur upon or within any of the periosteal,
endocortical, trabecular, and intracortical bone surfaces.
Endocortical remodeling and intracortical remodeling are
common during growth and development, and adulthood,
while periosteal remodeling is less frequent at all stages of
life (Allen and Burr, 2014).

Cells involved in bone remodeling

Remodeling takes place asynchronously throughout the
skeleton at distinct anatomical sites called basic multicel-
lular units (BMUs) (Sims and Martin, 2014). The BMU
contains four major types of bone cells: bone-lining cells,
osteoclasts, osteoblasts, and osteocytes; the bone remodel-
ing process results from the coordinated action of all these
cells. Osteoclasts are the only cells capable of resorbing
bone. They are multinucleated giant cells formed from
mononuclear cells of the monocyte/macrophage lineage
upon stimulation by two essential factors: monocyte/
macrophage colony-stimulating factor (M-CSF) and recep-
tor activator of nuclear factor jB (NFjB) ligand
(RANKL). Osteoblasts are bone-forming cells derived
from condensed embryonic mesenchyme that under goes
either intramembranous or endochondral bone formation

(Sims and Martin, 2014). During bone formation, a sub-
population of osteoblasts undergoes differentiation and
becomes embedded in the bone – these cells are called
osteocytes. Osteocytes are the most abundant bone cells
and live longer than others. They are the primary
mechanosensing cells and play a pivotal role in initiation
of bone remodeling. Osteocytes reside in lacunae and have
dendritic processes that interact with other osteocytes and
bone-lining cells on the bone surface. Bone-lining cells,
like osteocytes, are osteoblast lineage cells. They cover
the bone surface in a monolayer and prevent inappropriate
interactions of osteoclast precursors with the bone surface.
The retraction of bone-lining cells to expose the bone sur-
face is important. If this does not happen, the osteoclasts
cannot bind to bone and resorb it. Bone-lining cells sepa-
rate the bone from the marrow (Robling et al, 2006; Feng
and McDonald, 2011; Parra-Torres et al, 2013).

Two types of bone remodeling are known: (i) Targeted
remodeling, where a specific local signal directs the osteo-
clast to a given location to begin remodeling, occurs at
sites of microdamage; and (ii) stochastic remodeling, a
random process where osteoclasts begin remodeling with-
out any signaling event. This type of remodeling plays a
role in calcium homeostasis. At a cellular level, both tar-
geted remodeling and stochastic remodeling proceed simi-
larly (Allen and Burr, 2014).

Remodeling cycle
The remodeling process involves five distinct but overlap-
ping phases; collectively, these phases are referred to as
the remodeling cycle. At any given time, there are thou-
sands of remodeling cycles taking place throughout the
body at various stages, depending on when they were ini-
tiated (Feng and McDonald, 2011; Parra-Torres et al,
2013; Allen and Burr, 2014; Sims and Martin, 2014). The
five phases are as follows:

1 Initiation or activation involves detection of the
remodeling site and recruitment and activation of
osteoclasts to the BMU. The osteocytes sense
deformed bone (caused by mechanical overloading)
or detect microdamage in old bone. Both of these
events transmit signals to recruit mononuclear mono-
cyte/macrophage osteoclast precursors from the circu-
lation to the specific site. The osteoclast precursors
are recruited to the BMU either from the capillaries
that penetrate the BMU or from bone marrow by
crossing the bone-lining cells. In the BMU, the
osteoclast precursors respond to M-CSF and
RANKL. RANKL interacts with a receptor, RANK,
on precursor cells of the hematopoietic lineage to ini-
tiate differentiation to multinucleated osteoclasts and
maintain their resorbing activity. With the formation
of osteoclasts, the remodeling process proceeds to the
resorption phase (Feng and McDonald, 2011; Parra-
Torres et al, 2013; Allen and Burr, 2014; Sims and
Martin, 2014).

2 In the resorption phase, the predominant event is
bone resorption. The attached osteoclasts form annu-
lar sealing zones and bone-resorbing compartments.
The resorbing osteoclasts secrete hydrogen ions into
the resorbing compartment to lower the pH to ~4.5.
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The low pH facilitates dissolution of the bone min-
eral and exposes bone organic matrix that is digested
by various proteolytic enzymes secreted by osteo-
clasts. The removal of bone mineral and organic
matrix causes saucer-shaped Howship’s lacunae in
trabecular bone and Haversian canals in cortical
bone. Once the resorption is finished, the osteoclasts
undergo apoptosis. The size, duration, and depth of
the resorptive event are controlled at least in part by
RANKL, which maintains osteoclast viability. Osteo-
clast-mediated bone resorption takes only approxi-
mately 2–4 weeks during each remodeling cycle.
During the resorptive phase, MSCs and/or osteopro-
genitors are also recruited into the BMU either
directly from bone marrow or from capillaries. The
remodeling process enters into the formative phase as
osteoblast function of osteoid synthesis begins to
overtake bone resorption (Feng and McDonald, 2011;
Parra-Torres et al, 2013; Allen and Burr, 2014; Sims
and Martin, 2014).

3 Reversal phase is characterized by the cessation of
osteoclast resorption and initiation of bone formation.
After osteoclasts finish resorbing bone, the exposed
bone surface in the lacuna contains remaining collagen
fragments. The removal of these fragments is needed
for the osteoblasts to form new bone. The resorbed sur-
face is cleared up by lining cells and probably also by
macrophages. Once the resorption pits are cleared,
osteoblasts deposit a first layer of proteins (collage-
nous) in them to form a cement line (glycoprotein)
between old and new bone that is necessary for osteo-
blasts to attach and begin new bone formation (Feng
and McDonald, 2011; Parra-Torres et al, 2013; Allen
and Burr, 2014; Sims and Martin, 2014).

4 The formation phase is the longest phase. During this
phase, osteoblasts deposit an unmineralized organic
matrix (osteoid), which is mineralized in two distinct
phases. In the primary mineralization phase, the ini-
tial incorporation of calcium and phosphate ions into
the collagen matrix occurs. Primary mineralization
accounts for approximately 70% of the final mineral
content. During the secondary mineralization phase,
the final addition of minerals and maturation of min-
eral crystals occurs. The osteoblasts that participated
in the new bone formation undergo one of three
fates. The majority (90%) of them dies through apop-
tosis. Some osteoblasts are incorporated into the
osteoid matrix and become osteocytes. The remaining
osteoblasts form bone-lining cells (Feng and McDon-
ald, 2011; Parra-Torres et al, 2013; Allen and Burr,
2014; Sims and Martin, 2014).

5 In the quiescence or resting phase, the bone surface
is covered with lining cells. Most bone at any given
time is in a state of quiescence (Allen and Burr,
2014).

Bone remodeling rate

The rate of remodeling is highly variable. At any given
time in an adult human skeleton, there are 1–2 million
active BMUs on cortical or trabecular surfaces. Each

BMU is asynchronous with others (Parfitt, 2008). Normal
bone remodeling is tightly regulated by balancing bone
formation and bone resorption to ensure that there is no
net change in bone mass or quality occurs after each bone
remodeling event. The rate of remodeling is influenced by
physical activity, nutrition, local and systemic factors, and
medications. Factors that affect bone remodeling target
either osteoblasts or osteoclasts and their progenitor cells
resulting in changes in bone formation or resorption
(Raisz, 1988; Martin et al, 2009; Feng and McDonald,
2011).

In healthy individuals, bone remodeling at the BMU
level is always coupled, but not always balanced. Cou-
pling refers to sequential osteoclast and osteoblast activity;
that is, if there is less bone resorption, there will be less
bone formation, which occurs in conditions of low bone
resorption or treatment with antiresorptive drugs. Balance
refers to the amount of bone formed relative to the amount
of bone resorbed at each BMU. Bone balance can be posi-
tive or negative. Positive bone balance is where more
bone is formed than is resorbed at the individual BMU.
This occurs with intermittent rhPTH treatment (Allen and
Burr, 2014). Negative bone balance is where less bone is
formed than resorbed. In healthy individuals, bone balance
is slightly more negative in cortical bone than trabecular
bone to accommodate the central canal in the osteon. This
negative balance is magnified in diseases such as post-
menopausal osteoporosis, where initially, the number of
BMUs is increased resulting in an overall significant bone
loss (Allen and Burr, 2014; Sims and Martin, 2014).

The most common bone remodeling disease is osteoporo-
sis. Osteoporosis is characterized by low bone mass and
defects in bone microarchitecture. Osteoporosis causes bone
fragility, and people suffering from the problem are prone to
fractures. Osteoporosis represents a group of pathological
conditions, rather than a single disease, and there are primary
or secondary types. The primary type can be subdivided into
type I also called postmenopausal osteoporosis, which occurs
primarily in women due to estrogen deficiency, and type II or
age-related osteoporosis, which occurs in both males and
females due to age. In contrast, secondary osteoporosis refers
to osteoporosis caused by complications of other medical
conditions, adverse effects of drugs, or reduced physical
activity (Feng and McDonald, 2011). More than 25 million
Americans and untold millions of people all over the world
are at risk of osteoporosis and its consequences. In the USA
alone, there are more than 2 million fractures caused by
osteoporosis per year, costing $19 billion (McGowen et al,
2004). Therefore, prevention of osteoporosis and reducing
osteoporosis-related bone fractures is very important, and
nutrition is one of the cornerstones for prevention of the
problem at the community level. This is a realistic and cost-
effective option. Vitamin K2 supplements have been shown
to have important effects on bone health (Feskanich et al,
1999; Booth et al, 2000) and the vitamin appears to prevent
osteoporosis and its consequences.

Vitamin K

Vitamin K is a fat-soluble vitamin. It was discovered in
1929 by the Danish scientist, Henrik Dam. Three vitamin
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K isoforms are known: vitamin K1 (phylloquinone), vita-
min K2 (menaquinones), and vitamin K3 (menadione).
Vitamin K1 is synthesized by plants and is the predomi-
nant form of vitamin K in the human diet. Vitamin K2 is
a bacterial by-product and is mainly found in fermented
products or in food with animal origins (Booth and Suttie,
1998). Vitamin K2 has different chemical variants (vita-
mers), abbreviated as MK-n, where ‘n’ specifies the num-
ber of isoprenyl units in the side chain. In humans, the
most common MK is the short-chain MK-4, which is pri-
marily produced endogenously via systemic conversion of
K1 to MK-4. The long-chain forms of MKs, MK-7
through MK-10, are synthesized by intestinal bacteria in
all mammals (Booth and Suttie, 1998; Booth, 2012; Beu-
lens et al, 2013). When the number of isoprenyl units in
the side chain length is 0, it is called vitamin K3. Vitamin
K3 is a synthetic compound found only in supplements
and is used for animal feed. K3 is a provitamin that needs
to be converted to MK-4 to be active (Bentley and Mega-
nathan, 1982; Bugel, 2008).

Dietary source of vitamin K

Vitamin K1 and K2 intake varies among different popula-
tions around the world. Vitamin K1 is the primary source
of vitamin K in most Western countries. Vitamin K2 is
the predominate source of vitamin K in some Asian coun-
tries where the fermented soy product, natto, is consumed.
The main dietary sources of vitamin K1 are green leafy
vegetables, which contributes up to 60% of the total.
Other sources are vegetable oils and margarines (Booth
et al, 1996). In the USA, poultry products are the primary
dietary sources of MK-4. MK-7 is primarily found in
natto. MK-8 and MK-9 are found in certain types of
cheeses. Both MK-4 and MKs 7-10 are present in the diet
in microgram (lg) amounts. Various vitamin K2 forms
have different bioavailability and plasma half-lives; MK-7
has a greater bioavailability and longer half-life than vita-
mins K1 and MK-4. Longer-chain menaquinones (MK-10
to MK-13) are produced by colonic anaerobic bacteria,
but they are poorly absorbed and have little vitamin K
activity (Booth and Suttie, 1998; Shearer and Newman,
2008; Booth, 2012; Beulens et al, 2013).

Absorption and excretion

Dietary vitamin K is absorbed in the small intestine. After
intestinal absorption, K1 and K2 are transported in triacyl-
glycerol-rich lipoproteins (chylomicrons) through the lym-
phatic circulation to the liver and other tissues. Most of
the K1 taken up by the liver is metabolized and excreted
(Barkhan and Shearer, 1977). Only a small amount of
vitamin K1 reenters the systemic circulation in very low-
density lipoprotein (VLDL) particles secreted by the liver.
It is then transported to extrahepatic tissues. Vitamin K2
is transported by low-density lipoproteins from the liver to
extrahepatic tissues such as bone. MK-4 is transported by
both low-density and high-density lipoproteins (Schurgers
and Vermeer, 2002). Vitamin K1 and very long-chain
vitamin K2 are mainly stored in the liver, whereas MK-4
is predominantly stored in the brain, reproductive organs,

pancreas, and other glands (Booth and Suttie, 1998; Sato
et al, 2002).

Function of vitamin K

Vitamin K functions as a cofactor for the enzyme, c-gluta-
mylcarboxylase, which catalyzes the carboxylation of
glutamic acid (Glu) to c-carboxyglutamic acid (Gla). This
c-carboxylation occurs only on specific glutamic acid resi-
dues in vitamin K-dependent proteins. There are 14 differ-
ent vitamin K-dependent proteins found in blood, bone,
dentin, renal stones, atherosclerotic plaques, semen, lung
surfactant, neural tissue, and urine. Vitamin K-dependent
proteins synthesized primarily in the liver are coagulation
factors (VII, IX, X, prothrombin) protein C, protein S, and
protein Z. There are four proteins of the transmembrane
Gla family, PRGP1, PRGP2, TMG3, and TMG4, whose
functions have not yet been defined. There are three
vitamin K-dependent proteins in bone: osteocalcin, matrix
Gla protein, and protein S (Booth, 1997; Ferland, 1998).
Vitamin K2, the most abundant form of vitamin K in
non-hepatic tissue, participates in the carboxylation of
bone-associated vitamin K-dependent proteins.

Vitamin K-dependent proteins in bone

Osteocalcin is one of the most abundant non-collagenous
proteins in bone. Osteoblasts synthesize osteocalcin, which
is secreted into the bone extracellular matrix where it
binds to hydroxyapatite crystals. Binding of osteocalcin to
hydroxyapatite is dependent on the carboxylation of three
Glu residues by vitamin K (Cairns and Price, 1994). Car-
boxylation of the Glu residue at position 17 is essential
for the selective binding of osteocalcin to hydroxyapatite
(Nakao et al, 1994). Most osteocalcin is bound to bone
minerals and only small amounts are detected in the circu-
lation, where it is a useful biomarker for bone formation.
Forty percent of the circulating osteocalcin is in the
undercarboxylated form. MK-7 is more effective at car-
boxylating osteocalcin than vitamin K1. In addition to c-
carboxylation of osteocalcin, vitamin K may also affect
the transcription of genes required for the expression of
osteoblastic markers and collagen assembly. Although
there are multiple vitamin K-dependent proteins in bone,
circulating undercarboxylated osteocalcin is used as a mar-
ker of vitamin K status (Gundberg et al, 1998; Beulens
et al, 2013).

Matrix Gla protein (MGP) is found in cartilage, bone,
and soft tissues, including blood vessel walls. MGP
appears earlier than osteocalcin and binds to both organic
and hydroxyapatite crystals of bone. MGP prevents calcifi-
cation at various sites, including cartilage, vessel walls,
skin elastic fibers, and the trabecular meshwork of the
human eye. It inhibits vascular calcification (Luo et al,
1997; Murshed et al, 2004).

Protein S, a protein cofactor for the anticoagulant activi-
ties of protein C, is also synthesized by osteogenic cells.
Protein S has significant homology to a vitamin K-depen-
dent growth arrest-specific gene product (gas6), which has
been identified in chondrocytes and also regulates osteo-
clast activity (Pan et al, 1990; Nakamura et al, 1998).
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The vitamin K cycle

Vitamin K is stored in very low amounts compared to
other fat-soluble vitamins and is rapidly depleted without
regular dietary intake. Consequently, the body recycles
vitamin K through a process called the vitamin K cycle,
which allows the vitamin to be reused many times,
decreasing the dietary requirement for it. In brief, the
reduced form of vitamin K, hydroquinone, is converted to
an epoxide (the oxidized form), which promotes carboxy-
lation of Glu residues on vitamin K-dependent proteins.
After carboxylation, the epoxide is recycled back to
hydroquinone. The anticoagulant, warfarin, acts as a vita-
min K antagonist by preventing vitamin K recycling
(Oldenburg et al, 2008).

Vitamin K2 and bone health

In this section, we review the role of vitamin K2 on bone
health because studies in cultured cells, animal models,
and humans have shown that vitamin K2 is more effective
than vitamin K1 in improving bone health.

In vitro studies on bone cells
Vitamin K2 promotes bone marrow stem cell (BMSC)
proliferation, stimulates osteoblast differentiation, and inhi-
bits adipocyte differentiation. This was not seen with vita-
min K1. Vitamin K2 protects osteoblasts from apoptosis
(Urayama et al, 2000). The increase in osteoblast numbers
results in the formation of more osteocytes, greater lacunar
occupancy by these cells, and reduced cortical porosity
(Iwamoto et al, 2008). On the other hand, vitamin K2
inhibits osteoclast formation by inhibiting expression of
RANKL and promotes osteoclast apoptosis (Kameda et al,
1996). Vitamin K2 also inhibits osteoclast formation indi-
rectly by decreasing the expression of RANKL and
increasing the expression of osteoprotegerin (osteoclast
inhibitory factor) in human stromal cells (Koshihara et al,
2003). These studies in vitro suggest that vitamin K2 reg-
ulates bone cells either directly or indirectly (Figure 1).
Overall, it has an anabolic effect on bone.

Rodent models
Evidence from animal studies supports the role of vitamin
K2 in bone health. Vitamin K2 has been used as a treat-
ment for osteoporosis induced by ovariectomy, orchidec-
tomy (Iwamoto et al, 2003b), glucocorticoids (Iwamoto
et al, 2009), removal of the sciatic nerve (Iwamoto et al,
2010), and calcium- or magnesium-deficient diets in rats
(Kobayashi et al, 2002). The results of these studies show
that vitamin K2 has the potential to suppress bone resorp-
tion or turnover by inhibiting osteoclast-induced bone
resorption and/or increasing osteoblast activity. Overall,
vitamin K2 prevented decreases in femoral bone mineral
density (BMD), loss of trabecular and cortical bone mass,
and reductions in bone mineral content of lumbar verte-
brae. Combining vitamin K2 with vitamin D3 (Gigante
et al, 2008) or bisphosphonates (Sasaki et al, 2010)
showed an additional protective effect on osteoporosis vs
vitamin K2 treatment alone. That said, it should be men-
tioned that not all vitamin K2 studies showed positive
effects. It did not seem to have a protective effect in
ovariectomy-induced osteoporosis. The reason for this is
not clear.

Human studies
Observational studies. In humans, few studies have
examined the association between MK-4 and bone health.
These trials were based on the association between either
dietary intake or serum concentration of markers of
vitamin K status and fracture rates as an indicator of age-
related bone loss. In these studies, the limiting factor was
that MK-4 obtained exclusively from the diet is
undetectable in serum (Tsugawa et al, 2006). Studies with
MK-7, which is high in natto, showed that in Japanese
postmenopausal women, low dietary intake of the vitamin
was associated with an increased risk of hip fracture
(Kaneki et al, 2001). Other studies showed no differences
in serum concentrations of MK-7 between women with
osteoporosis and no osteoporosis, and women with
fracture history and healthy postmenopausal women
(Horiuchi et al, 2004). Based on these observational
studies, it is difficult to conclude that vitamin K2 is a

Figure 1 Cellular targets of vitamin K2 in bone remodeling
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protective factor for bone health because they do not take
into account other dietary compounds that have potential
benefits (Theuwissen et al, 2012).

Intervention studies. Several clinical trials have tested the
effect of vitamin K2 supplements on bone health. The
majority were done using MK-4 as it has been reported
to have protective effect on bone loss and fracture risk
in both healthy and osteoporotic postmenopausal women.
A dose of 45 mg day�1 was used in these studies,
which is about 150–180 times greater than the
recommended daily dietary intake of vitamin K (250–
300 lg) (Orimo et al, 2012; Iwamoto, 2014). This
dosage was determined as an optimal dose in a dose-
finding study of MK-4 in Japan, where the patients were
administered daily doses of 15, 45, 90, and 135 mg
(Iwamoto, 2014). Forty-five milligram was the minimum
effective dose for improving bone mass parameters
evaluated by microdensitometry and/or single photon
absorptiometry in postmenopausal women with
osteoporosis. No toxic effects of MK-4 (45 mg day�1)
have been reported (Iwamoto, 2014).
A meta-analysis of 13 studies of MK-4 at 45 mg day�1

was published in 2006. It revealed that MK-4 has a pro-
tective effect on BMD and reduced risk of hip, vertebral,
and non-vertebral fractures (Cockayne et al, 2006). A 3-
year placebo-controlled interventional trial with 325
healthy postmenopausal women found that MK-4 supple-
ments improved bone strength compared to placebo (Kna-
pen et al, 2007). In contrast, a non-placebo-controlled
study of 4000 postmenopausal Japanese women who
received only calcium or a combination of MK-4 and cal-
cium for 3 years showed no differences between the
groups regarding incidence of vertebral fractures (Inoue
et al, 2009). A 1-year, randomized, double-blinded, pla-
cebo-controlled trial in USA with 365 healthy post-
menopausal women with vitamin K inadequacy found that
giving vitamin K1 or MK-4 (45 mg day�1) had no effect
on BMD or serum bone turnover markers (Binkley et al,
2009). There are controversial results regarding MK-4 in
improving bone health. Studies with small sample sized
randomized controlled trials showed beneficial effect of
MK-4. However, the results of the largest and longest
MK-4 trial did not find any beneficial effect on vertebral
fracture, except in women with advanced osteoporosis
(Huang et al, 2015). In contrast, studies in which MK-4
and vitamin D were combined always showed a positive
effect on bone health. Combined administration increased
BMD of lumbar spine in primary osteoporosis and post-
menopausal women with osteoporosis (Iwamoto et al,
2003a). This combination also protected against bone loss
in patients with chronic glomerulonephritis receiving ster-
oid treatments (Yonemura et al, 2000; Tanaka and
Oshima, 2007). Studies in women with osteoporosis also
showed that combined administration markedly increased
BMD compared to vitamin K2 treatment alone (Ushi-
royama et al, 2002).
Recent clinical trials with MK-7 have increased in num-

ber due to its longer circulating half-life and greater
potency compared to MK-4. In a randomized double-blind
placebo-controlled trial of 334 healthy postmenopausal

Norwegian women given 360 lg day�1 of vitamin K2 in
the form of Natto capsules (rich in MK-7) for 1 year, it
showed no effect on bone loss (Emaus et al, 2010). In
contrast, another placebo-controlled trial in 244 healthy
Dutch postmenopausal women supplemented with
180 lg day�1 of MK-7 for three years showed a small
but significant reduction in femoral neck and lumbar spine
BMD and BMC (bone mineral content) loss compared to
placebo (Knapen et al, 2013).

Recent meta-analysis of randomized controlled trials
encompassing 6759 participants concluded that vitamin
K2 does play a role in the maintenance and improvement
of vertebral BMD, and in the prevention of fractures in
postmenopausal women with osteoporosis. However, vita-
min K2 did not show any effect in postmenopausal
women without osteoporosis (Huang et al, 2015).

Vitamin K2 and oral health

Periodontal disease, like osteoporosis, is associated with
negative bone balance. Alveolar bone loss is a prominent
feature of periodontal disease. Osteoporosis has been
hypothesized to be an aggravating factor in periodontal
bone loss. Cross-sectional and case–control studies report
reduced bone mineral density is a shared risk factor
between osteoporosis and periodontal bone loss, but osteo-
porosis is not the causative factor (Megson et al, 2010).

One of the approved treatments of osteoporosis is
antiresorptive therapy with bisphosphonates (Greenspan
et al, 2000), which has proven to be effective in reducing
bone loss. However, the incidence of osteonecrosis of the
jaw is a serious clinical concern after invasive dental treat-
ment procedures (Marx, 2003; Ficarra et al, 2005). Given
the specific effects of vitamin K2 on osteoclasts and in
bone remodeling, vitamin K2 appears to be a safe alterna-
tive to use instead of bisphosphonates, or use along with
bisphosphonates to reduce the side effects. Vitamin K2
randomized controlled trials need to be done to see
whether K2 can prevent periodontal bone loss.

Conclusion

In conclusion, in vitro and whole animal data on vitamin
K2 are promising, but the clinical trial data with vitamin
K2 treatment alone are inconclusive. On the other hand,
combined administration of vitamin K2 and vitamin D3
shows encouraging results. It would be prudent to conduct
multiple clinical trials of MK-7 plus vitamin D3 to deter-
mine the protective effect on bone health in various at-risk
populations.

Acknowledgements

The authors would like to thank Dr. Michael J. Brownstein for
critical reading and editing this manuscript. This research was
supported by the Intramural Research Program of the NIH,
NIDCR.

Conflict of interest

The authors declare no conflict of interest.

Oral Diseases

Vitamin K2 in bone biology

VD Myneni and E Mezey

6



Author contributions

EM conceptualized the review, generated the figure, and edited
the manuscript. VM outlined the review and wrote the
manuscript.

References

Allen MR, Burr DB (2014). Bone modeling and remodeling.
Basic and Applied Bone Biology, Chapter 4. Elsevier: Oxford,
UK, pp. 75–90.

Barkhan P, Shearer MJ (1977). Metabolism of vitamin K1 (phyl-
loquinone) in man. Proc R Soc Med 70: 93–96.

Bentley R, Meganathan R (1982). Biosynthesis of vitamin K
(menaquinone) in bacteria. Microbiol Rev 46: 241–280.

Beulens JW, Booth SL, van den Heuvel EG, Stoecklin E, Baka
A, Vermeer C (2013). The role of menaquinones (vitamin K
(2)) in human health. Br J Nutr 110: 1357–1368.

Binkley N, Harke J, Krueger D et al (2009). Vitamin K treat-
ment reduces undercarboxylated osteocalcin but does not alter
bone turnover, density, or geometry in healthy postmenopausal
North American women. J Bone Miner Res 24: 983–991.

Booth SL (1997). Skeletal functions of vitamin K-dependent pro-
teins: not just for clotting anymore. Nutr Rev 55: 282–284.

Booth SL (2012). Vitamin K: food composition and dietary
intakes. Food Nutr Res 56: doi: 10.3402/fnr.v56i0.5505.

Booth SL, Suttie JW (1998). Dietary intake and adequacy of
vitamin K. J Nutr 128: 785–788.

Booth SL, Pennington JA, Sadowski JA (1996). Food sources
and dietary intakes of vitamin K-1 (phylloquinone) in the
American diet: data from the FDA Total Diet Study. J Am
Diet Assoc 96: 149–154.

Booth SL, Tucker KL, Chen H et al (2000). Dietary vitamin K
intakes are associated with hip fracture but not with bone min-
eral density in elderly men and women. Am J Clin Nutr 71:
1201–1208.

Bugel S (2008). Vitamin K and bone health in adult humans.
Vitam Horm 78: 393–416.

Cairns JR, Price PA (1994). Direct demonstration that the vita-
min K-dependent bone Gla protein is incompletely gamma-car-
boxylated in humans. J Bone Miner Res 9: 1989–1997.

Clarke B (2008). Normal bone anatomy and physiology. Clin J
Am Soc Nephrol 3(Suppl 3): S131–S139.

Cockayne S, Adamson J, Lanham-New S, Shearer MJ, Gilbody
S, Torgerson DJ (2006). Vitamin K and the prevention of frac-
tures: systematic review and meta-analysis of randomized con-
trolled trials. Arch Intern Med 166: 1256–1261.

Eisman JA, Bouillon R (2014). Vitamin D: direct effects of vita-
min D metabolites on bone: lessons from genetically modified
mice. Bonekey Rep 3: 499.

Emaus N, Gjesdal CG, Almas B et al (2010). Vitamin K2 sup-
plementation does not influence bone loss in early menopausal
women: a randomised double-blind placebo-controlled trial.
Osteoporos Int 21: 1731–1740.

Feng X, McDonald JM (2011). Disorders of bone remodeling.
Ann Rev Pathol 6: 121–145.

Ferland G (1998). The vitamin K-dependent proteins: an update.
Nutr Rev 56: 223–230.

Feskanich D, Weber P, Willett WC, Rockett H, Booth SL, Col-
ditz GA (1999). Vitamin K intake and hip fractures in women:
a prospective study. Am J Clin Nutr 69: 74–79.

Ficarra G, Beninati F, Rubino I et al (2005). Osteonecrosis of
the jaws in periodontal patients with a history of bisphospho-
nates treatment. J Clin Periodontol 32: 1123–1128.

Gigante A, Torcianti M, Boldrini E et al (2008). Vitamin K and
D association stimulates in vitro osteoblast differentiation of

fracture site derived human mesenchymal stem cells. J Biol
Regul Homeost Agents 22: 35–44.

Greenspan SL, Harris ST, Bone H et al (2000). Bisphospho-
nates: safety and efficacy in the treatment and prevention of
osteoporosis. Am Fam Physician 61: 2731–2736.

Gundberg CM, Nieman SD, Abrams S, Rosen H (1998). Vitamin
K status and bone health: an analysis of methods for determi-
nation of undercarboxylated osteocalcin. J Clin Endocrinol
Metab 83: 3258–3266.

Holick MF, Nieves JW (2015). Preface. Nutrition and bone
health. Springer: New York.

Horiuchi T, Kazama H, Araki A et al (2004). Impaired gamma
carboxylation of osteocalcin in elderly women with type II
diabetes mellitus: relationship between increase in undercar-
boxylated osteocalcin levels and low bone mineral density.
J Bone Miner Metab 22: 236–240.

Huang ZB, Wan SL, Lu YJ, Ning L, Liu C, Fan SW (2015).
Does vitamin K2 play a role in the prevention and treatment
of osteoporosis for postmenopausal women: a meta-analysis of
randomized controlled trials. Osteoporos Int 26: 1175–1186.

Inoue T, Fujita T, Kishimoto H et al (2009). Randomized con-
trolled study on the prevention of osteoporotic fractures (OF
study): a phase IV clinical study of 15-mg menatetrenone cap-
sules. J Bone Miner Metab 27: 66–75.

Iwamoto J (2014). Vitamin K(2) therapy for postmenopausal
osteoporosis. Nutrients 6: 1971–1980.

Iwamoto J, Takeda T, Ichimura S (2003a). Treatment with vita-
min D3 and/or vitamin K2 for postmenopausal osteoporosis.
Keio J Med 52: 147–150.

Iwamoto J, Yeh JK, Takeda T (2003b). Effect of vitamin K2 on
cortical and cancellous bones in orchidectomized and/or sciatic
neurectomized rats. J Bone Miner Res 18: 776–783.

Iwamoto J, Matsumoto H, Takeda T, Sato Y, Liu X, Yeh JK
(2008). Effects of vitamin K(2) and risedronate on bone for-
mation and resorption, osteocyte lacunar system, and porosity
in the cortical bone of glucocorticoid-treated rats. Calcif Tissue
Int 83: 121–128.

Iwamoto J, Matsumoto H, Tadeda T, Sato Y, Yeh JK (2009).
Comparison of the effect of vitamin K(2) and risedronate on
trabecular bone in glucocorticoid-treated rats: a bone histomor-
phometry study. Yonsei Med J 50: 189–194.

Iwamoto J, Matsumoto H, Takeda T, Sato Y, Yeh JK (2010).
Effects of vitamin K2 on cortical and cancellous bone mass,
cortical osteocyte and lacunar system, and porosity in sciatic
neurectomized rats. Calcif Tissue Int 87: 254–262.

Kameda T, Miyazawa K, Mori Y et al (1996). Vitamin K2 inhi-
bits osteoclastic bone resorption by inducing osteoclast apopto-
sis. Biochem Biophys Res Commun 220: 515–519.

Kaneki M, Hodges SJ, Hosoi T et al (2001). Japanese fermented
soybean food as the major determinant of the large geographic
difference in circulating levels of vitamin K2: possible impli-
cations for hip-fracture risk. Nutrition 17: 315–321.

Knapen MH, Schurgers LJ, Vermeer C (2007). Vitamin K2 sup-
plementation improves hip bone geometry and bone strength
indices in postmenopausal women. Osteoporos Int 18: 963–
972.

Knapen MH, Drummen NE, Smit E, Vermeer C, Theuwissen E
(2013). Three-year low-dose menaquinone-7 supplementation
helps decrease bone loss in healthy postmenopausal women.
Osteoporos Int 24: 2499–2507.

Kobayashi M, Hara K, Akiyama Y (2002). Effect of menate-
trenone (V.K2) on bone mineral density and bone strength in
Ca/Mg deficient rats. Nihon Yakurigaku Zasshi 120: 195–204.

Koshihara Y, Hoshi K, Okawara R, Ishibashi H, Yamamoto S
(2003). Vitamin K stimulates osteoblastogenesis and inhibits
osteoclastogenesis in human bone marrow cell culture. J Endo-
crinol 176: 339–348.

Oral Diseases

Vitamin K2 in bone biology

VD Myneni and E Mezey

7

http://dx.doi.org/10.3402/fnr.v56i0.5505


Luo G, Ducy P, McKee MD et al (1997). Spontaneous calcifica-
tion of arteries and cartilage in mice lacking matrix GLA pro-
tein. Nature 386: 78–81.

Martin T, Gooi JH, Sims NA (2009). Molecular mechanisms in
coupling of bone formation to resorption. Crit Rev Eukaryot
Gene Expr 19: 73–88.

Marx RE (2003). Pamidronate (Aredia) and zoledronate (Zometa)
induced avascular necrosis of the jaws: a growing epidemic.
J Oral Maxillofac Surg 61: 1115–1117.

McGowen JA, Raisz LG, Noonan AS, Al E (2004). The fre-
quency of bone diseases. Bone health and osteoporosis: a
report of the Surgeon General. Office of the Surgeon General
(US): Rockville, MD.

Megson E, Kapellas K, Bartold PM (2010). Relationship
between periodontal disease and osteoporosis. Int J Evid Based
Healthc 8: 129–139.

Murshed M, Schinke T, McKee MD, Karsenty G (2004). Extra-
cellular matrix mineralization is regulated locally; different
roles of two gla-containing proteins. J Cell Biol 165: 625–630.

Nakamura YS, Hakeda Y, Takakura N et al (1998). Tyro 3
receptor tyrosine kinase and its ligand, Gas6, stimulate the
function of osteoclasts. Stem cells 16: 229–238.

Nakao M, Nishiuchi Y, Nakata M, Kimura T, Sakakibara S
(1994). Synthesis of human osteocalcins: gamma-carboxygluta-
mic acid at position 17 is essential for a calcium-dependent
conformational transition. Pept Res 7: 171–174.

Oldenburg J, Marinova M, M€uller-Reible C, Watzka M (2008).
The vitamin K cycle. Vitamins & Hormones. Academic Press,
Cambridge, MA, pp. 35–62.

Orimo H, Nakamura T, Hosoi T et al (2012). Japanese 2011
guidelines for prevention and treatment of osteoporosis—exec-
utive summary. Arch Osteoporos 7: 3–20.

Pan EY, Gomperts ED, Millen R, Gilsanz V (1990). Bone min-
eral density and its association with inherited protein S defi-
ciency. Thromb Res 58: 221–231.

Parfitt AM (2008). Skeletal heterogeneity and the purposes of
bone remodeling: implications for the understanding of osteo-
porosis. Fundamentals of osteoporosis, Chapter 3. Academic
Press: Cambridge, MA, pp. 35–53.

Parra-Torres AY, Vald�es-Flores M, Orozco L, Vel�azquez-Cruz R
(2013). Molecular aspects of bone remodeling. InTech: Rijeka,
Croatia.

Raisz LG (1988). Hormonal regulation of bone growth and
remodelling. Ciba Found Symp 136: 226–238.

Raisz LG (1999). Physiology and pathophysiology of bone
remodeling. Clin Chem 45: 1353–1358.

Robling AG, Castillo AB, Turner CH (2006). Biomechanical and
molecular regulation of bone remodeling. Annu Rev Biomed
Eng 8: 455–498.

Rodan GA, Martin TJ (2000). Therapeutic approaches to bone
diseases. Science 289: 1508–1514.

Sasaki H, Miyakoshi N, Kasukawa Y et al (2010). Effects of
combination treatment with alendronate and vitamin K(2) on
bone mineral density and strength in ovariectomized mice.
J Bone Miner Metab 28: 403–409.

Sato T, Ohtani Y, Yamada Y, Saitoh S, Harada H (2002). Differ-
ence in the metabolism of vitamin K between liver and bone
in vitamin K-deficient rats. Br J Nutr 87: 307–314.

Schurgers LJ, Vermeer C (2002). Differential lipoprotein trans-
port pathways of K-vitamins in healthy subjects. Biochim Bio-
phys Acta 1570: 27–32.

Shearer MJ, Newman P (2008). Metabolism and cell biology of
vitamin K. Thromb Haemost 100: 530–547.

Sims NA, Martin TJ (2014). Coupling the activities of bone for-
mation and resorption: a multitude of signals within the basic
multicellular unit. Bonekey Rep 3: 481.

Tanaka I, Oshima H (2007). Vitamin K2 as a potential therapeu-
tic agent for glucocorticoid-induced osteoporosis. Clin Calcium
17: 1738–1744.

Theuwissen E, Smit E, Vermeer C (2012). The role of vitamin K
in soft-tissue calcification. Adv Nutr Int Rev J 3: 166–173.

Tsugawa N, Shiraki M, Suhara Y, Kamao M, Tanaka K, Okano
T (2006). Vitamin K status of healthy Japanese women: age-
related vitamin K requirement for gamma-carboxylation of
osteocalcin. Am J Clin Nutr 83: 380–386.

Urayama S, Kawakami A, Nakashima T et al (2000). Effect of
vitamin K2 on osteoblast apoptosis: vitamin K2 inhibits apop-
totic cell death of human osteoblasts induced by Fas, protea-
some inhibitor, etoposide, and staurosporine. J Lab Clin Med
136: 181–193.

Ushiroyama T, Ikeda A, Ueki M (2002). Effect of continuous
combined therapy with vitamin K(2) and vitamin D(3) on
bone mineral density and coagulofibrinolysis function in post-
menopausal women. Maturitas 41: 211–221.

Weaver CM, Gallant KMH (2014). Nutrition. Basic and applied
bone biology, Chapter 14. Academic Press: Cambridge, MA,
pp. 283–297.

Yonemura K, Kimura M, Miyaji T, Hishida A (2000). Short-
term effect of vitamin K administration on prednisolone-
induced loss of bone mineral density in patients with chronic
glomerulonephritis. Calcif Tissue Int 66: 123–128.

Oral Diseases

Vitamin K2 in bone biology

VD Myneni and E Mezey

8


