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This book serves as a comprehensive survey of the impact of vitamin K2 on cellular 
functions and organ systems, indicating that vitamin K2 plays an important role in the 
differentiation/preservation of various cell phenotypes and as a stimulator and/or me-
diator of interorgan cross talk. Vitamin K2 binds to the transcription factor SXR/PXR, 
thus acting like a hormone (very much in the same manner as vitamin A and vitamin 

D). Therefore, vitamin K2 affects a multitude of organ systems, and it is reckoned to be 
one positive factor in bringing about “longevity” to the human body, e.g., supporting 
the functions/health of different organ systems, as well as correcting the functioning 

or even “curing” ailments striking several organs in our body.
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Preface

Vitamin K2 is a vitamin with multiple biological functions, ranging from calcification of the
bone; decalcification of soft tissues (like blood vessels and heart valves); positive effects (i.e.,
functional normalization) of fat tissue, the pancreas, skeletal muscles, liver, and brain; and
many others. Furthermore, it dampens or blocks untoward inflammatory processes induced
by immune cells (like Th-1 and Th-17 cells), thus aiding our body in combating the detri‐
mental effects of interleukins and TNF-α on cell phenotypes, i.e., alteration and/or loss of
specific cellular or tissue functions.

Hence, vitamin K2 may be construed as a factor or a hormone enabling our body in stabiliz‐
ing the so-called interorgan cross talk, in order to “normalize” a plethora of organ functions,
such as bone and tooth differentiation/mineralization and soft tissue decalcification, a reduc‐
tion in the activity of inflammatory cells in general (which otherwise may destabilize cellu‐
lar phenotypes and therefore organ functioning), stimulation of adipocytes to develop into a
beige type of fat cells, thus reducing the chances for developing adiposity and/or the degree
to which fat and carbohydrate metabolism brings about unhealthy weight gain, as well as a
remedy to prevent and or (perhaps also) cure conditions, like liver and prostate cancer, as
well as dementia.

In this respect, vitamin K2 ingestion may be embraced as one factor, which supports longev‐
ity, as it so elegantly is described in the article by Dr. Lara Pizzorno: http://www.lmre‐
view.com/articles/view/Vitamin-K2-Essential-for-Prevention-of-Age-Associated-Chronic-
Disease/. It is therefore important to explore the multitude of effects of vitamin K2 further,
in order to gain more information about the biological effect of this little molecule.

And finally, the medical community is indebted to the research performed by the group of
Dr. Satoshi Inoue, who founded the modern concept of vitamin K2, by creating experimen‐
tal animals/cells with genetic manipulations of the receptor SXR/PXR, which binds and
brings about the effect of vitamin K2 in cells and whole organisms. We are honored to
present some of his work in the present compilation of articles on vitamin K2.

I would also like to thank all the authors who contributed to this book, as well as Kappa
Bioscience of Norway, which helped make this book possible, while still ensuring full aca‐
demic freedom for each and every team of scientists who shared their special knowledge of
vitamin K2.

Jan Oxholm Gordeladze, professor PhD
Institute of Basic Medical Science,

Dept. of Molecular Medicine,
Section for Biochemistry, Norway
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Introductory Chapter: Vitamin K2

Jan Oxholm Gordeladze

Additional information is available at the end of the chapter

Before going into detail the biological effects of vitamin K2, it must be emphasized that vita-
min K2, also known as menaquinones with varying side chain lengths, may in fact associate 
with other genes and modulate their effects substantially.

In fact, vitamin K2 may associate with a protein nuclear factor or intra‐nuclear hormone 
receptor, just like what is known for vitamin A and vitamin D. This protein has many names, 
such as NR1I2, PXR or SXR. Vitamin K2 with its isoprenoid side chain of varying length will, 
for reasons of simplification, now be referred to as MK‐7, even though there are moieties 
which are both shorter and longer. MK‐7 is chosen, due to the fact that this molecule might be 
the more abundant, as well as the more active moiety.

First, it might be of interest to see which the genes are, and thus, what are the cellular or 
biological functions being ‘determined’ or ‘modulated’ by MK‐7 and its ‘relatives’. A scru-
tiny of the interactions of NR1I2 taken from ‘Gene Cards’: http://string‐db.org/cgi/network.
pl?taskId=I2KNgtQWbVsT looks like this (Figure 1).

It has been well established that NR1I2‐PXR‐SXR is the receptor, which binds vitamin K2 
analogues of different chain lengths, e.g. MK‐4 and MK‐7, and NR1I2 may thus communicate 
the effects of vitamin K2 via associating with RXRA, forming a heterodimer. Furthermore, one 
may postulate that vitamin K2 may influence several other genes indirectly, by ‘impinging’ 
on elements or members of a ‘gene lattice’ like the one shown in Figure 1. Some of the genes 
being putatively strongly affected by vitamin K2 are (text from the same web‐page as referred 
to Figure 1):

RPS6KB1 ribosomal protein S6 kinase, 70 kDa, polypeptide 1; Serine/threonine‐pro-
tein kinase that functions downstream of signalling by mTOR responding to growth 
factors, as well as nutrients in order to sustain cell proliferation, growth and progres-
sion of the cell cycle. It modulates protein synthesis via phosphorylation of EIF4B, RPS6 
and EEF2K, and ensures cell survival via repression of pro‐apoptotic functions of BAD. 
When nutrient depletion occurs, inactive forms associate with EIF3 to build a translation 
initiation complex.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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PPARGC1A peroxisome proliferator‐activated receptor γ, co‐activator 1α; Serves as a tran-
scriptional co‐activator of steroid hormone receptors, as well as nuclear receptors. It greatly 
enhances transcription of the PPARG and thyroid hormone receptors, and can regulate mito-
chondrial genes, contributing to adaptive thermogenesis. It plays a pivotal role in metabolic 
adaptation in response to the availability of various diets via coordinating the expression of a 
large spectrum of genes mandatory for glucose and fatty acid metabolism.

NR1I2 nuclear receptor subfamily 1, group I, member 2; this is the nuclear receptor actually 
binding vitamin K2, and also goes by the names of SXR and PXR.

DYRK2 dual‐specificity tyrosine‐(Y)‐phosphorylation regulated kinase 2; this serine/threo-
nine‐PK is involved in modulatory control of mitosis, proliferation of cellular entities, apopto-
sis, as well as cytoskeleton organization encompassing neurite outgrowth. It functions partly 
via its role in ubiquitin‐dependent degradation of proteasomes. It works downstream of ATM 
to phosphorylate p53/TP53 at position ‘Ser‐46’, thus contributing to induce apoptosis as a 
response to DNA damage. It phosphorylates NFATC1, thus inhibiting its accumulation in the 
nucleus, as well as its activity as a transcription factor.

RBCK1 RanBP‐ and C3HC4‐type zinc finger containing 1; E3 ubiquitin‐protein ligase, accept-
ing ubiquitin delivered by E2 ubiquitin‐conjugating enzymes, one of which is UBE2L3/

Figure 1. Genes interacting with the vitamin K2 (MK‐7 or MK‐4), which bind to the nuclear (transcription factor) NR1I2 
being connected to a network of associated genes. Right panel: high stringency emulation and left panel: intermediate 
stringency.

Vitamin K2 - Vital for Health and Wellbeing4

UBCM4, thereafter transferred to its substrates. It serves as E3 ligase for oxidized IREB2, 
while heme and oxygen are both necessary for the ubiquitination of IREB2. It promotes 
ubiquitin‐coupling to TAB2 and IRF3, as well as their proteasome‐mediated degradation. 
It is a  component of the LUBAC complex, which conjugates (‘M‐1’‐linked) polyubiquitin 
to substrate molecules, and plays a key role in NF‐ kappa‐B activation and modulation of 
inflammation.

SRC v‐src sarcoma viral oncogene homolog; non‐receptor protein tyrosine kinase being acti-
vated subsequent to engaging of several various classes of cellular receptors, encompassing 
immune response receptors and integrins as well as adhesion receptors, TyrK‐receptor pro-
tein kinases, G protein‐sensitive receptors, and cytokine receptors. It participates in signal-
ling, controlling a plethora of biological phenomena encompassing transcription of genes, 
immune responses, adhesion of cells, progression of the cell cycle, apoptosis, migration as 
well as transformation.

NCOA6 nuclear receptor co‐activator 6; co‐activator of nuclear receptor, directly binding 
nucleoceptors, stimulating transcriptional characteristics in a hormone‐like manner. It co‐
activates expression in an agonist‐ and AF2‐mediated fashion. It is implicated as co‐activa-
tor of various nuclear receptors, like those binding steroids (GR & ERs), retinoids (RARs & 
RXRs), thyroid hormone (TRs), cholecalciferol (D3, VDR), as well as prostanoids (PPARs). It 
probably serves as a ubiquitous co‐activator, instead of just another nucleoceptor co‐activa-
tor. It may furthermore serve as a co‐activator within the NF‐kappa‐B signalling pathway.

RXRA & RXRB retinoid X receptor, alpha & beta; Retinoic acid receptor. These receptors asso-
ciate as heterodimeric entities to target response elements, elicited by their ligands, which are 
all‐trans or 9‐cis retinoic acid, thus regulating the expression of genes responsible for various 
biological processes. The heterodimers of RAR/RXR associate with response elements specific 
for retinoic acids (RAREs) comprising tandem 5’‐AGGTCA‐3’ binding sites, DR1‐DR5 (by 
similarity). They preferentially associate with 9‐cis retinoic acid.

RBBP7 retinoblastoma binding protein 7; nucleocore histone‐associating subunit targeting 
the chromatin‐bound remodelling factors, histone acetyltransferases, as well as and histone 
deacetylases to histone substrates in a way compatible to ‘its’ nucleosomal DNA. It is a con-
stituent of a plethora of complexes, regulating chromatin turnover, which include the type B 
histone acetyltransferase (HAT) complex, required for chromatin assembly subsequent to 
DNA replication; core histone deacetylase (HDAC) complexes, promoting deacetylation of 
histones and consequently transcriptional repression.

SUMO1&2 SMT3 ‘suppressor of mif two 3, homolog 1'; ubiquitin‐like protein which may 
be covalently bound to proteins as a monomeric entity or as a lysine‐linked polymer. It is 
covalently associated via an iso‐peptide bond to its substrates–necessitates prior activation by 
an E1 complex (SAE1‐SAE2) and firm linkage to the E2 enzyme UBE2I. It can be promoted/
facilitated by E3 ligases, such as PIAS1‐4, RANBP2 or CBX4. The present post‐translational 
alteration of lysine‐containing protein residues serves a decisive role in a series of cellular 
processes, such as intra‐nuclear transport, replication and repair of DNA, mitosis, as well as 
signal transduction.

Introductory Chapter: Vitamin K2
http://dx.doi.org/10.5772/66384
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NCOA2 nuclear receptor co‐activator 2; transcriptional co‐activator for both steroid recep-
tors in general, as well as any type of nuclear receptors. It is the co‐activator of the AF‐2 
steroid binding domain, but not of the AF‐1 modulating N‐terminal domain. It is required 
along with NCOA1 to master the cellular energy balance between white and brown 
adipose tissues.

UBR5 ubiquitin protein ligase E3 component n‐recognin 5; E3 ubiquitin‐protein ligase, 
which serves as one member of the N‐end rule pathway. It recognizes and associates with 
specific N‐terminal protein residues, destabilizing in accordance with the ‘N‐end rule’, lead-
ing to a final ubiquitination with subsequent degradation. It is involved in the maturation 
and/or transcriptional modulation of mRNAs by activating CDK9 (via multiple ubiquiti-
nations). It may serve a role in the progression and control of the cell cycle. It may also 
exert tumor suppressor activity. It modulates the DNA topoisomerase II binding protein 
(TopBP1) activity within in the DNA.

A short and non‐exhaustive summary (for details, see above) of the potential biological impact 
exerted by MK‐7 is quite impressive, and encompasses phenomena like the regulation of: pro-
tein synthesis, the cell cycle, cell survival, cell adhesion, nuclear transport, DNA replication 
and repair, cell phenotype regulation and stabilization via impact on histone deacetylases 
(HDACs), as well as inflammatory processes [1]. As seen from the few genes described above, 
it may be asserted that vitamin K2 is also able to influence bodily phenomena like energy 
(lipid and glucose) metabolism, due to a balance between the amount of bodily distribution 
of white and brown/beige adipocyte phenotypes. It is well known that white adipocytes store 
fat, while brown and beige adipocytes are either directly burning fatty acids only or perform-
ing both tasks simultaneously, in order to balance the characteristics of the other two. A few 
articles describe the versatile biological effects of vitamin K2 analogues in detail, and are 
referred to in the following paragraphs.

The nuclear receptors (NRs), the pregnane X receptor (PXR) and the related constitutive 
androstane receptor (CAR), play important roles as part of the xenobiotic detoxification reac-
tions by modulating the expression of drug‐metabolizing enzymes and transport molecules, 
to aid in the degradation and excretion of foreign chemical substances, as well as endog-
enously produced metabolites. The present survey is seeking to expand on the perceived 
biomedical relevance of both the PXR and CAR beyond their established role as master xeno‐
sensors, rather focusing on disease‐oriented subjects, and with emphasis on their ability to be 
modulated by small molecules. These nuclear receptors are apparently involved in both the 
development and the treatment of non‐alcoholic fatty liver disease (NAFLD). These receptors 
are, in fact, transcription factors (TFs), that are able to sense altering environmental and/or 
hormone‐like signals, thus effectuating transcriptional changes in order to balance vital func-
tions like cell/organ growth, but also development and reproduction. To be able to sustain 
this function, the following ligand‐induced activation by xenobiotics (but also by liganding 
vitamin K2 (e.g. MK‐7), ‘members of subfamily 1 nuclear receptors’ (NR1s) will heterodimer-
ize with retinoid X receptor (RXR) and thus regulate gene transcription modulated processes 
being engaged in energy metabolism, but also inflammation. Many of these receptors, includ-
ing PPARs (peroxisome proliferator‐activated receptors), PXR, CAR, LXR and FXR (pregnane 
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and xenobiotic, constitutive androstane, liver and X) receptors serve as key regulatory ele-
ments of the gut‐liver‐adipose biological axis, but also coordinate metabolic responses within 
organs, when oscillating between the fed and fasting states [2].

Non‐alcoholic fatty liver disease (NAFLD) happens to be the most common liver ailment, 
which may eventually progress to cirrhosis and thereafter develop into hepatocellular 
 carcinoma. NAFLD is characterized by insufficient nuclear receptor activity, leading to dis-
turbed signalling through the gut‐liver‐adipose axis, which encompasses obesity, increased 
‘leakage’ or permeability of the bowel system, with ensuing systemic inflammation, ‘derange-
ments’ of the hepatic lipid metabolism, as well as insulin resistance. Unfortunately, envi-
ronmental chemicals may complicate the issue by directly interfering with these nuclear 
receptors, conferring ‘metabolic confusion’ and thus the inability to distinguish feeding from 
starvation hours. Clinical investigations including conducted in the past (cfr. the PIVENS 
and FLINT trials) have shown that treatments aimed at these nuclear receptors may cause 
paradoxical reactions characterized by a dissociation of phenomena like inflammation, fibro-
sis, insulin resistance, dyslipidemia, steatosis and obesity. However, novel strategies (e.g. 
tissue‐specific ligand molecules and/or dual receptor agonists) may be mandatory to be able 
to separate beneficial effects of nuclear receptor activation from untoward metabolic adverse 
effects [3].

In another investigation, one was looking into the effect of vitamin K2 on aortic calcifica-
tion induced by warfarin via the Gas6/Axl survival pathway. A calcification rat model was 
established where warfarin was given to rats, which were divided into the following groups: 
controls and calcification groups, where some of the animals received vitamin K2. And the 
effect measurements/analyses were as follows: aortic calcium depositions (with Alizarin red); 
alkaline phosphatase activity in serum; apoptosis was evaluated by the TUNEL assay; and 
protein expression levels of Gas6, Axl, phosphorylated Akt (p‐Akt) and Bcl‐2 were analysed 
using western blotting. To summarize the results: the calcium content, calcium depositions, 
ALP activity and apoptosis were significantly higher in the calcification groups than con-
trol group. Furthermore, Gas6, Axl, p‐Akt and Bcl‐2 expression was lower in the calcification 
group than in the control group. Interestingly, 100 μg/g vitamin K2 administration reduced 
calcium depositions, ALP activity, as well as apoptosis, while Gas6, Axl, p‐Akt and Bcl‐2 
expression were enhanced. Furthermore, vitamin K2 reversed almost half of the calcification. 
Finally, there was a positive correlation between formation calcification and apoptosis with 
P < 0.0001. This data therefore provides a sound theoretical basis for future treatments of 
aortic calcification [4].

The impact of vitamin K2 on apoptosis in different types of cancer cells have been shown 
in previous studies. But, the apoptotic effect of K2 on bladder cancer cells has not yet been 
evaluated. Hence, apoptotic activity and the underlying mechanism of K2 in bladder cancer 
cells were investigated. It was shown that K2 induces apoptosis in these cells via the ‘mito-
chondria pathway’ (i.e. membrane potential, cytochrome C release and the caspase‐3 cas-
cade). Also, phosphorylation of c‐Jun N‐terminal kinase (JNK) and p38 MAPK was detected 
in the vitamin K2‐treated cells. Generation of ROS (reactive O2 species) was observed in the 
cancer cells, however, treatment with K2 and the anti‐oxidant N‐acetyl cysteine  virtually 
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blocked the K2‐triggered apoptosis, loss of mitochondrial membrane potential, as well as the 
JNK and p38 MAPK phosphorylation. These findings show that vitamin K2 clearly induces 
apoptosis in bladder cancer cells via the ROS‐mediated JNK/p38 MAPK and mitochondrial 
 pathways [5].

The pregnane X receptor (PXR) was until recently considered to serve as a nuclear recep-
tor deemed to be specialized for detecting exposure from xenobiotics. In concurrence with 
this characteristic, PXR was identified to modulate drug‐metabolizing enzymes. During the 
 previous decades, PXR shown to harbour a broader spectrum of features. It is now evident that 
ligand‐activated PXR modulates hepatic glucose turnover and lipid metabolism, while also 
affecting metabolic homeostasis throughout the whole body. At present, the consequences of 
PXR‐elicited modulation on overall metabolic health, are not fully investigated, however, it 
has been shown that Rifampicin as well as St. John’s wort, both serving as prototypical human 
PXR agonists, impair glucose tolerance in healthy individuals. Therefore, chronic exposure 
to naturally occurring PXR‐agonists could be construed as a risk factor for diabetes and the 
metabolic syndrome [6].

As one associate of heterodimeric couples (ligand‐receptor complexes), the retinoid X recep-
tor (RXR) plays a leading role within the superfamily of nuclear receptors (NRs). Some 
heterodimers, e.g. PPAR&RXR, LXR&RXR, as well as and FXR&RXR are perceived as ‘per-
missive’, i.e. they turn into active transcriptional moieties, when an RXR‐selective ligand 
(‘rexinoid’) or an NR partner ligand is present. In contrast, the so‐called ‘non‐permissive’ 
heterodimers (such as RAR&RXR, VDR&RXR or TR&RXR) are non‐responding (inert) to 
the ‘rexinoids’ in question, when alone. Nonetheless, the agonists turn into ‘transcriptional 
activators’, when appearing together with a synergizing partner. However, despite their con-
stellations assumed, when serving within the heterodimer formation/activation of multiple 
pathways, RXR appears as a target for drug discoveries. Interestingly, a rexinoid is applied 
in the clinic for the treatment of cutaneous T‐cell lymphoma. More importantly, a plethora of 
RXR modulators also beholds a therapeutical ability for the treatment of metabolic diseases. 
The modulatory ‘skill’ of the rexinoids lies in the ligand‐receptor complex conformation, 
as well as the wide spectrum and extent of their association with co‐regulators, thus sus-
taining the specificity of the physiological response elicited. Interestingly, collected genetic 
and pharmacological data, emanating from investigations of insulin sensitivity, diabetes and 
obesity, definitely conclude that RXR agonists and antagonists show great promise as anti‐
obesity agents [7].

Unfortunately, the ‘therapy’ with rexinoids enhances plasma triglycerides, suppresses the 
hypothalamic‐pituitary‐thyroid hormone axis, as well as induces hepatomegaly, which 
complicates further search for compounds to treat insulin resistance and type 2 diabetes 
mellitus (T2DM). The recently developed PPARγ/RXR and LXR/RXR heterodimer‐selective 
rexinoids, acting differently from PPARγ or LXR agonists alone, could possibly circumvent 
these limitations. Suffice to say, therapy with vitamin K2 alone (either as MK‐7 or MK‐4) in 
combination with a suitable rexinoid, might overcome the treatment ‘paradox’ described 
above [7].

Vitamin K2 - Vital for Health and Wellbeing8

The steroid and xenobiotic receptor (SXR) and its murine orthologue, the pregnane X recep-
tor (PXR), are, as mentioned many times over, expressed in the liver and intestine where, 
they function as xenobiotic sensors involved in detoxification and drug excretion. However, 
it has recently been shown that both SXR and PXR are present in osseous tissue, where 
they facilitate bone metabolism [8]. It was shown that a deletion of PXR provokes in an 
ageing‐dependent wearing of the articular cartilage in knee joints. A histomorphometrical 
analysis demonstrated a marked diminution of the width of, as well as an enlarged gap 
between, articular cartilage of the femur and tibia in PXR‐knockout mice. It was therefore 
speculated that the up‐regulated SXR in the chondrocytes play a protective role in articular 
cartilage. Interestingly, the Fam20a (family‐with‐sequence‐similarity‐20a) gene proved to 
be an SXR‐sensitive gene, known to be induced by SXR ligands, such as rifampicin and 
vitamin K2 (MK‐7) [8].

Furthermore, it was proven that the expression of Fam20a was primarily seen in articular 
chondrocytes. Consistent with the epidemiological data given, the present results strengthen 
the notion that SXR/PXR may protect against ageing‐dependent detrimental wearing of artic-
ular cartilage, and, therefore, one may assert that ligands for SXR/PXR (such as vitamin K2) 
may prevent the induction of osteoarthritis due to ‘old age’ [9].

The fat‐soluble vitamin K1 is involved in blood coagulation mediated by maintaining the 
activity of coagulation factors in the liver. However, the vitamin K2 variety exerts extrahe-
patic ‘abilities’ known to prevent bone fractures. In addition, epidemiological studies suggest 
that a lack of vitamin K (mainly K2) is associated with several geriatric diseases, including 
osteoporosis (bone brittleness), osteoarthritis (inflamed joints), dementia (mental retardation) 
and arteriosclerosis (blood vessel stiffness/narrowing). Furthermore, it was demonstrated 
that vitamin K may serve as an important factor in the prevention and/or treatment various 
types of cancers [10].

Recently, a novel role was discovered for vitamin K, serving as a ligand of the nuclear,  steroid 
and xenobiotic receptor (SXR), as well as its murine, pregnane X receptor (PXR) orthologue. As 
a supplement to its published function as a co‐factor for the γ‐glutamyl carboxylase (GGCX), 
which effectuates a plethora of post‐transcriptional changes, vitamin K also displays an addi-
tional mode of action, which is conveyed via transcriptionally modulations of the SXR/PXR 
target genes. Investigations of bone chips from PXR‐deficient animals (mice) demonstrated 
that the osseous protection impact of vitamin K is partially conveyed via SXR/PXR‐dependent 
signals. The discovery of new ways, by which vitamin K acts, has unravelled novel hope that 
this little molecule might come in handy in the prevention and/or treatment of a series of dis-
eases affecting the elderly [10].

The steroid and xenobiotic/pregnane X receptor (SXR/PXR) is a nuclear receptor, which is 
located mainly in hepar and intestine, where they serve as xenobiotic sensors. However, 
many groups have identified SXR/PXR as a ubiquitous mediator of bone homeostasis. It was 
shown that systemic deletion of PXR brings about a marked loss of bone tissue (osteopenia) 
characterized by mechanical fragility in experimental animals (mice) down to 4 months of 
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age. Values for BMD (bone mineral density) of PXR knockout (PXRKO) animals decreased 
substantially, when compared with BMD‐values of wild‐type animals. Micro‐computed 
tomography measurements of trabecular bone (femur) from PXRCO animals unravelled a 
3D‐bone volume fraction markedly lower than what was found for WT mice [9].

Furthermore, histomorphometrical measurements of the trabecular bone material from 
the proximal tibia demonstrates a marked diminution bone mass from the PXRKO mice. 
Furthermore, bone formation was reduced, whereas bone resorption was augmented in the 
PXRKO mice. Histomorphometrical measurements of femoral cortical bones unravelled 
larger cortical areas in control animals than in PXRKO animals. The WT mice displayed an 
augmented cortical width, compared with PXRKO controls, and the so‐called ‘three‐point 
bending test’ showed that the ‘new’ morphological phenotypes in fact led to significant 
mechanical fragility. And, not to forget, serum levels of phosphate, as well as calcium and 
alkaline phosphatase remained unaltered in the PXRKO mice, as compared with their WT 
littermates. Consequently, it was concluded that SXR/PXR‐activation augments the bone for-
mation/resorption ratio, thus carving out a role for SXR/PXR as the key ‘provider’ of bone 
health [9].

The steroid and xenobiotic receptor (SXR = PXR = NR1I2) is activated by a plethora of endoge-
nous hormones, pharmaceutics (drugs), as well as xenobiotics. SXR exhibits an enlarged, flex-
ible and hydrophobic domain (LBD) for the ligand binding, and this is markedly divergent 
across different species of mammals. SXR also displays a pronounced difference in its phar-
maco‐dynamics and ‐kinetics amongst different mammalian species. The versatile response 
profile of SXR has paved the way for launching a ‘steroid and xenobiotic binding hypothesis’. 
SXR is well‐established as a xenobiotic sensor, which in a coordinated fashion rules the clear-
ance of xenobiotics from the liver and intestine, through the up‐regulation of genes being 
instrumental in both drug and xenobiotic turnover and excretion. Recently, it was revealed 
that SXR (most unexpectedly so) in fact makes a major contribution to (1) subduing inflam-
mation, (2) bone homeostasis, (3) vitamin D turnover, (4) lipid metabolism, (5) energy homeo-
stasis, as well as (6) the body's defence against cancer. Hence, the discovery of SXR as more 
than a xenobiotic sensor enables the use of a powerful tool for scrutinizing new mechanisms 
via which dietary factors, chemicals and the environment ultimately impact health, as well as 
disease development, prevention and treatment [10–13].

It has since long been shown that the xenobiotic receptors (XRs) have functionally evolved 
into cellular sensors for both endogenous and exogenous stimuli. Over the past decade, it has 
been demonstrated that regulating of the transcription of genes encoding drug‐metabolizing 
enzymes and transporters, as well as the genes involving energy homeostasis, cell prolifera-
tion and/or immune responses are sensitive to the XRs. Unlike prototypical steroid hormone 
receptors, XRs are activated through both direct ligand‐binding and ligand‐independent 
(indirect) mechanisms by a plethora of structurally unrelated chemicals. In particular, scru-
tiny has been on the signalling control of the constitutive androstane receptor (CAR), the 
pregnane X receptor (PXR), as well as the aryl hydrocarbon receptor (AhR), which, in this 
context, function together in a synergistic manner. The latter (AhR) normally activates natural 
killer (NK) cells residing within the liver [10–13].
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Ever since the identification of the retinoid X receptor (RXR) being a member of the nuclear 
receptor (NR) superfamily, the interest it has created has unravelled new understanding of 
its physiological regulation by nuclear receptors. Biologically, RXR serves an important role 
via its potent ability to associate with a variety of nuclear receptors. RXR possesses the abil-
ity to modulate nutrient metabolism via forming so‐called ‘permissive’ heterodimers with 
PPAR (peroxisome proliferator‐activated receptor), the liver‐X‐receptor (LXR), the farnesoid 
X receptor (FXR), the pregnane X receptor (PXR) and the constitutive androstane receptor 
(CAR), of which all of them start being functional, when ligands are associated to one or both 
of these heterodimers [10–13].

On the other hand, RXR will form ‘non‐permissive’ heterodimers with the VDR (vitamin 
D receptor), TR (thyroid receptor), as well as RAR (retinoic acid receptor), which function 
 properly only when vitamin D, T3 and retinoic acid, respectively, are present. Furthermore, 
RXR can form homodimers in the presence of a selective agonist, rexinoid, to regulate gene 
expression and to either inhibit proliferation or induce apoptosis in human cancers. Thus, 
over the last 25 years there have been several reports on the design and synthesis of small 
molecule RXR selective agonists, rexinoids [10–13].

A summary of some of the end point effects of agonists of the make: PXR/LXR (Figure 2, left 
panel), which appear to be working through the PI3K‐AKT signalling pathway (Figure 2, 
right panel).

On the left‐hand figure, the pathways of T4 (via the deiodinase DIO3) and T3 are indi-
cated. The keen reader will definitely study the chart for her‐ or himself, however, suffice 
to emphasize that there are the biological pathways or cellular functions on which recep-
tors PXR/RXR and LXR/RXR exert powerful biological impacts: metabolism in general, cell 

Figure 2. Summaries of genes impinging on metabolic pathways in general, cell proliferation, lipid (including 
cholesterol) metabolism with emphasis on the impact of DIO3 (deiodinase 3), and ‘KEGGs Pathways’ showing 
how the PI3K‐AKT regulatory system affects a plethora of metabolic functions. Source: http://www.biochemj.org/
content/453/1/71; http://www.genome.jp/kegg‐bin/show_pathway?hsa04151.
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proliferation, lipogenesis, lipolysis, cholesterol metabolism, carbohydrate metabolism, 
steroid metabolism, feedback inhibition of T3 and T4, muscle contraction, coagulation, 
thermogenesis, cell communication, sperm function, exocytosis, cell cycle regulation, and 
CNS function [14]. On the right‐hand figure, the reader can observe that the PI3K‐AKT 
signalling pathway, used by both osteoblasts or fibroblasts/HUVEC/VIC cell phenotypes 
to ensure or block the development of mineralizing properties [1], or described as mod-
ulators of GSK3, Bcl‐2, RXRα and NFκB, and the FOXO‐family of transcription factors, 
which are involved in biological phenomena summarized as glycolysis/gluconeogenesis, 
cell cycle, apoptosis, and NFκB/p53‐ signalling, of which all of them can and should be 
construed as adaptors of cell ‘lifetime’ = survival and ‘phenotype’ = functional stabiliza-
tion [14].

As can be seen from Figure 2, it should be quite clear (or rather obvious?) that vitamin K2 
(e.g. MK‐4 or MK‐7) exerts a spectrum of effects on various organs, and not only serves as a 
 vitamin/hormone with an impact on coagulation mineralization of bone and demineraliza-
tion of soft tissues like blood vessel walls (ref). And there are numerous reports to be found 
asserting a much broader function of vitamin K2, here are but a few:

(1) ‘The steroid and Xenobiotic receptor (SXR), beyond xenobiotic metabolism’ [15], which 
describes the impact of vitamin K2 on cholesterol and lipid homeostasis, bile acid homeo-
stasis, inflammatory bowel disease (featuring SXR and NFκB), interplay between SXR 
and other receptors like CAR, FXR, VDR, the implication of SXR in cancer develop-
ment and treatment, the implication (synergy) of SXR, and FoxO1, and FoxA2 in energy 
homeostasis.

(2) ‘Role of Pregnane X Receptor in Obesity and Glukose Homeostasis in Male mice’ [16], 
where PXR (the receptor binding vitamin K2) knock‐out mice display weight increase, 
with a concomitant increase in liver weight (hepatomegalia), hyperinsulinemia and 
hypoadiponectinemia, as well as a loss of R2 receptors for adiponectin. These trends are 
all associated with the development of type II diabetes (T2DM).

(3) ‘Targeting xenobiotic receptors PXR and CAR for metabolic diseases’ [17], where the 
pregnane X receptor (PXR) and the constitutive androstane receptor (CAR) was found 
to be involved in normalizing metabolic disorders like the metabolic syndrome, T2DM, 
dyslipidemia, as well as atherosclerosis.

(4) ‘Novel Functions of PXR in cardiometabolic disease’ [18], where the authors in the 
abstract asserts that recent studies have revealed novel and unexpected roles of PXR in 
modulating obesity, insulin sensitivity, lipid homeostasis, atherogenesis, and vascular 
functions. These studies suggest that PXR signalling may contribute significantly to the 
pathophysiological effects of many known xenobiotics on cardiometabolic disease in 
humans. Genes mentioned in this article are many, and classified under functions like: 
‘cholesterol and lipid metabolism’, ‘lipoprotein metabolism’, glucose metabolism’, cho-
lesterol and lipid metabolism’, ‘inflammation and atherosclerosis’, detoxification and 
oxidative stress protection’.

Vitamin K2 - Vital for Health and Wellbeing12

(5) ‘Regulation of PXR and CAR by protein‐protein interaction and signalling crosstalk’ 
[19], where the authors assert that ‘it is clear that PXR and CAR perform a much 
broader range of cellular functions through protein‐protein interactions and signal-
ling crosstalk, which typically mutually affect function of all the partners involved. 
Future research on PXR and CAR should, therefore, look beyond their xenobiotic 
functions’.

(6) ‘Mechanism of xenobiotic receptor activation: Direct vs indirect’ [20], where the authors 
focus on the nuclear receptor (NR; remember that SXR = PXR also goes by the name 
NR1/2 = Nuclear Receptor 1/2) and its mode of activation, via pairing with a different 
nuclear receptor partner (activators/inhibitors, such as RXR, CCRP, NCOR, SMRT and 
several others). PXR may also be activated indirectly, which contributes to a meticulous 
and intricate regulatory system. Suffice to say that vitamin K2 (e.g. MK‐7 or MK‐4) is, but 
one factor contributing to the activation of NR1I2 = SXR = PXR, and is probably depen-
dent on a certain intra‐cellular/intra‐nuclear level (as a ‘cut‐point’ for proper activation) 
to exert a significant/maximal effect.

These six reports (of several more) signify that vitamin K2 may and will be of significance as 
to optimize and/or maximize certain toward effects, beneficial to organ systems in the body, 
as well as optimization of inter‐organ cross‐talk for the benefit of organ health and homeosta-
sis. Finally, it should be mentioned that microRNAs play an important part in the regulatory 
network determining the impact of nuclear proteins responsible for proper gene expression—
metabolic function—cell phenotype ‘development’ and stabilization.

1. Role of microRNAs in the determination of cellular phenotype

MicroRNAs (miRNAs or miRs) are conserved, small non‐coding RNAs (18–25 nucleotides 
long) instrumental in the regulation of gene expression, and serve as a part of a network 
of factors, including transcription factors determining the phenotype of a certain cell in the 
body (ref). The transcription factors, such as the SXR = PXR = NR1I2 serve as receptors, much 
the same way as the receptors for vitamin A (RXR) and D (VDR), and may modulate gene 
transcription to determine the cell phenotype with its defined phenotypic characteristics (e.g. 
mineralizing osteoblast or non‐mineralizing vessel‐lining epithelial cells or heart valve fibro-
blast). It is well known that vitamin K2 (MK‐7) stabilizes the two phenotypes (also in the 
presence of an inflammatory environment), thus preserving ‘correct’ inter‐organ cross‐talk, 
as would be expected in a healthy organism.

First, it should be emphasized that vitamin K2 binds to a nuclear receptor, which is part of 
a regulatory network consisting of microRNAs and other transcription factors. Second, this 
network represents a minimal lattice of regulatory factors, which may be manipulated in order 
to breach the stability of a certain cell phenotype (e.g. a cancer cell), or doing the opposite: 
reinforcing the phenotype in question (e.g. mineralizing osteoblast and non‐mineralizing fibro-
blast during renal failure, uremia, for instance). Without going into detail, it is asserted that the 
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regulatory networks presented here bargain for: (1) how vitamin K2 is involved in the stabiliza-
tion of the osteoblastic phenotype, and (2) which are the major players (microRNAs and genes) 
determining whether a cell will adapt mineralizing properties or not (osteoblast or fibroblast).

Suffice to say (with reference to Figure 3), the master transcription factor JUN, impinges on 
a set of microRNAs (let‐7 species) in a hierarchical structure of traditional genes and other 
microRNAs, which are well known in the literature, as being part of the WNT‐Notch, the 
TGFβ and the BMP pathways (determining the osteoblast phenotype) (see KEGGs pathways), 
where specific markers like WNT6, DKK1, and CTNNB1 (β‐catenin, activator of Runx2, the 
most referred marker of osteoblastic cells), are represented, and where some of the major 
microRNA‐species, like miR‐125, miR‐21, miR‐221, miR‐27 and miR‐23, known to be impor-
tant in the differentiation and stabilization of the osteoblast phenotype is ensured.

In very much the same way, one may analyse the gene‐transcription factor—microRNA axis 
in conditions like non‐alcoholic fatty liver disease (NAFLD) or non‐alcoholic steatohepati-
tis (NASH), and hopefully arrive at blood‐born microRNAs, representing the diseases in 

Figure 3. The involvement of vitamin K2 (MK‐4 and MK‐7), binding to NR1I2 = SXR = PXR, exerting its effect via hsa‐
miri‐760 on regulatory loops in osteoblasts (according to the Mir@nt@n algorithm). This chart shows how vitamin K2 
may affect the regulatory system determining the phenotype of osteoblast as a mineralizing cell in the body, involving 
microRNAs, transcription factors (e.g. FOS, JUN, SP1 & SP3) and ‘functional’ or ‘marker’ genes, like RUNX1.
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 question and/or their severity. MicroRNA species and putative target genes related to liver 
disease (NAFLD & NASH), as well as cardio (vascular) affection were pooled from three dif-
ferent articles (Figure 5).

At highest stringency applied, there are but a few genes and microRNAs emerging as ‘con-
nected’: hsa‐mir‐122 with FBXO32 (F‐Box protein 32; involved in FOXO‐mediated signal-
ling) and STAT4 (transcription factor); hsa‐mir‐144 with ABCA1 (ATP binding cassette 
subfamily A member 1, involved in cholesterol and sphingolipids transport from golgi and 
ER to the apical membrane and regulation of lipid metabolism by PPARα), hsa‐mir‐33b 
with ABCA1 and SLC25A25 (solute carrier family 25 member 25), and finally hsa‐mir‐145 
with TFAM (transcription factor A, mitochondrial). Without going into details, all three 
articles [21–23], emphasize microRNA species 122, 144, and 33b, as instrumental in regu-
lating hepatic lipid metabolism, with emphasis on hsa‐mir‐122. This microRNA‐species is 
instrumental in the optimization of fatty acid oxidation vs synthesis, cholesterol produc-
tion, as well as VLDL secretion to the circulation, and thus determining the health status 
of any individual in terms of risk of incurring atherosclerosis. The fact that this regulatory 
system, shown in Figure 4, lacks reciprocal regulatory loops makes it more vulnerable and 

Figure 4. Hierarchical regulatory system consisting of microRNAs, transcription factors and genes involved in the 
mineralization phenotype of osteoblastic cells, but also present in fibroblasts having attained untoward/unwanted 
mineralizing properties during exposure to inflammatory cytokines and/or co‐cultured with Th‐1 and Th‐17 cells.
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unstable, when threatened by ‘disease states’, like NAFLD/NASH, than systems found in 
the osteoblast, which apparently appears more resilient to change, when exposed to condi-
tions where inflammation prevails.

Finally, it should be emphasized that bioinformatics analyses of the ‘NRI2‐relative’ NR1I3, 
the constitutive androstane receptor (CAR), which interacts with NR1I2 = SXR = PXR, is also 
biologically interfering with many of the same factors (e.g. PPARα, CEPBα, STATs and T3) 
[24], thus linking them together in a very tight regulatory network, affecting lipid metabolism. 
Understanding the impact of vitamin K2 on these regulatory systems seems to be mandatory to 
grasp and acknowledge the idea that this fat‐soluble molecule exerts such a tremendous effect 
on biological processes compatible with organ health, disease free old age, and thus ‘longevity’.

Figure 5. MicroRNAs, transcription factors and ‘functional’ genes related to liver function in patients with NAFLD/
NASH with or without metabolic cardiovascular disease (see Refs. [21–23]). The three charts represent decreasing 
stringency/from top to bottom), and it should be emphasized that the regulatory system does not contain any 
reciprocal regulatory feedback systems, as was shown for the ‘stabilization’ of the osteoblast (or mineralizing 
phenotype).

Vitamin K2 - Vital for Health and Wellbeing16

Addendum 1

List of microRNAs and genes used as ‘input’ into the Mir@nt@n‐algorithm, asking the pro‐
gram to ‘retrieve’ regulatory networks

Introductory Chapter: Vitamin K2
http://dx.doi.org/10.5772/66384

17



unstable, when threatened by ‘disease states’, like NAFLD/NASH, than systems found in 
the osteoblast, which apparently appears more resilient to change, when exposed to condi-
tions where inflammation prevails.

Finally, it should be emphasized that bioinformatics analyses of the ‘NRI2‐relative’ NR1I3, 
the constitutive androstane receptor (CAR), which interacts with NR1I2 = SXR = PXR, is also 
biologically interfering with many of the same factors (e.g. PPARα, CEPBα, STATs and T3) 
[24], thus linking them together in a very tight regulatory network, affecting lipid metabolism. 
Understanding the impact of vitamin K2 on these regulatory systems seems to be mandatory to 
grasp and acknowledge the idea that this fat‐soluble molecule exerts such a tremendous effect 
on biological processes compatible with organ health, disease free old age, and thus ‘longevity’.

Figure 5. MicroRNAs, transcription factors and ‘functional’ genes related to liver function in patients with NAFLD/
NASH with or without metabolic cardiovascular disease (see Refs. [21–23]). The three charts represent decreasing 
stringency/from top to bottom), and it should be emphasized that the regulatory system does not contain any 
reciprocal regulatory feedback systems, as was shown for the ‘stabilization’ of the osteoblast (or mineralizing 
phenotype).

Vitamin K2 - Vital for Health and Wellbeing16

Addendum 1

List of microRNAs and genes used as ‘input’ into the Mir@nt@n‐algorithm, asking the pro‐
gram to ‘retrieve’ regulatory networks

Introductory Chapter: Vitamin K2
http://dx.doi.org/10.5772/66384

17



Author details

Jan Oxholm Gordeladze

Address all correspondence to: j.o.gordeladze@medisin.uio.no

Institute  of Medical Biochemistry, Medical Faculty, University of Oslo, Oslo, Norway

References

[1] Gordeladze JO, Stakkestad Ø, Haugen S, Reseland JE, Syversen U, Johnsen GF, Haugen 
HJ, Lyngstadaas SP, MØller M, and Valtieri M. Regulatory Loops Consisting of 
Transcription Factors and microRNA Species Determine the Mineralizing Characteristics 
of Cell Phenotypes – Implications for Bone Engineering and Prevention of Soft Tissue 
Mineralization. InTech Publishing Company, http://dx.doi.org/10.5772/59149.

[2] Chai SC, Cherian MT, Wang YM, Chen T. Small‐molecule modulators of PXR and CAR. 
Biochim Biophys Acta. 2016 Sep;1859(9):1141–1154. doi: 10.1016/j.bbagrm.2016.02.013. 
Epub 2016 Feb 24.

[3] Cave MC, Clair HB, Hardesty JE, Falkner KC, Feng W, Clark BJ, Sidey J, Shi H, Aqel BA, 
McClain CJ, Prough RA. Nuclear receptors and nonalcoholic fatty liver disease. Biochim 
Phys Acta. (2016);1859:1083–1099.

[4] Jiang X, Tao H, Qiu C, Ma X, Li S, Guo X, Lv A, Li H. Vitamin K2 regression aortic cal-
cification induced by warfarin via Gas6/Axl survival pathway in rats. Eur J Pharmacol. 
(2016);786:10–18.

[5] Duan F, Yu Y, Guan R, Xu Z, Liang H, Hong L. Vitamin K2 induces mitochondria‐
related apoptosis in human bladder cancer cells via ROS and JNK/p38 MAPK signal 
pathways.11. PLoS One. 2016 Aug 29;11(8):e0161886. doi: 10.1371/journal.pone.0161886. 
eCollection 2016.

[6] Hakkola J, Rysä J, Hukkanen J. Regulation of hepatic energy metabolism by the nuclear 
receptor PXR. Biochim Biophys Acta. 2016 Sep;1859(9):1072–1082. doi: 10.1016/j.
bbagrm.2016.03.012. Epub 2016 Apr 8.

[7] Pérez E, Bourguet W, Gronemeyer H, de Lera AR. Modulation of RXR function 
through ligand design. Biochim Biophys Acta. 2012 Jan;1821(1):57–69. doi: 10.1016/j.
bbalip.2011.04.003. Epub 2011 Apr 16. Review.

[8] Azuma K, Casey SC, Ito M, Urano T, Horie‐Inoue K, Ouchi Y, Kirchner S, Blumberg 
B, Inoue S. Pregnane X receptor knockout mice display osteopenia with reduced bone 
formation and enhanced bone resorption. J Endocrinol. 2010 Dec;207(3):257–263. doi: 
10.1677/JOE‐10‐0208. Epub 2010 Sep 27.

Vitamin K2 - Vital for Health and Wellbeing18

[9] Azuma K, Casey SC, Urano T, Horie‐Inoue K, Ouchi Y, Blumberg B, Inoue S. Pregnane 
X eceptor Knockout mce diplay agig‐depedent wearig of articuar cartilae. PLoS One. 
2015 Mar 6;10(3):e0119177. doi: 10.1371/journal.pone.0119177. eCollection 2015.

[10] Vitamin K2: Optimal Levels Essential for the Prevention of Age‐Associated Chronic 
Disease by Lara Pizzorno ‐ http://www.lmreview.com/

[11] Milnes MR, Garcia A, Grossman E, Grün F, Shiotsugu J, Tabb MM, Kawashima Y, Katsu 
Y, Watanabe H, Iguchi T, Blumberg B.20. Activation of steroid and xenobiotic receptor 
(SXR, NR1I2) and its orthologs in laboratory, toxicologic, and genome model species. 
Environ Health Perspect. 2008 Jul;116(7):880–885. doi: 10.1289/ehp.10853.

[12] Xu C, Huang M, Bi H. PXR‐ and CAR‐mediated herbal effect on human diseases. 
Biochim Biophys Acta. 2016 Sep;1859(9):1121–1129. doi: 10.1016/j.bbagrm.2016.02.009. 
Epub 2016 Feb 22.

[13] Banerjee M, Robbins D, Chen T. Targeting xenobiotic receptors PXR and CAR in human 
diseases. Trends Pharmacol Sci. 2012 Oct;33(10):552–558. doi: 10.1016/j.tips.2012.07.003. 
Epub 2012 Aug 10.

[14] Dudek KM, Suter L, Darras VM, Marczylo EL, Gant TW. Decreased translation of Dio3 
mRNA is associated with drug‐induced hepatotoxicity. Biochem. J. (2013);453:71–82.doi: 
10.1042/BJ20130049.

[15] Zhou C, Verma, S. The steroid and xenobiotic receptor (SXR), beyond xenobiotic metab-
olism. Nucl Recept Signal 2009;7:1–21.DOI: 10.1621/nrs.07001.

[16] Spruiell K1, Richardson RM, Cullen JM, Awumey EM, Gonzalez FJ, Gyamfi MA. Role of 
pregnane X receptor in obesity and glucose homeostasis in male mice. J Biol Chem. 2014 
Feb 7;289(6):3244–3261. doi: 10.1074/jbc.M113.494575. Epub 2013 Dec 20.

[17] Gao J, Xie W. Targeting xenobiotic receptors PXR and CAR for metabolic diseases. 
Trends Pharmacol Sci. 2012 Oct;33(10):552–558. doi: 10.1016/j.tips.2012.07.003. Epub 
2012 Aug 10.

[18] Zhou C. Novel functions of PXR in cardiometabolic disease. Novel functions of PXR 
in cardiometabolic disease. Biochim Biophys Acta. 2016 Sep;1859(9):1112–1120. doi: 
10.1016/j.bbagrm. 2016.02.015. Epub 2016 Feb 26.

[19] Oladimeji P, Cui H, Zhang C, Chen T. Regulation of PXR and CAR by protein‐protein 
interaction and signaling crosstalk. Expert Opin Drug Metab Toxicol. 2016 Sep;12(9): 
997–1010. doi: 10.1080/17425255.2016.1201069. Epub 2016 Jun 23.

[20] Mackowiak B, Wang H. Mechanism of xenobiotic receptor activation: direct vs. indirect. 
Biochim Biophys Acta. 2016 Sep;1859(9):1130–1140. doi: 10.1016/j.bbagrm.2016.02.006. 
Epub 2016 Feb 10. PMID: 26877237.

[21] Szabo G, Csak T. Role of microRNAs in NAFLD/NASH. Dig Dis Sci. 2016 May;61(5): 
1314–1324. doi: 10.1007/s10620‐015‐4002‐4. Epub 2016 Jan 14. Review.

Introductory Chapter: Vitamin K2
http://dx.doi.org/10.5772/66384

19



Author details

Jan Oxholm Gordeladze

Address all correspondence to: j.o.gordeladze@medisin.uio.no

Institute  of Medical Biochemistry, Medical Faculty, University of Oslo, Oslo, Norway

References

[1] Gordeladze JO, Stakkestad Ø, Haugen S, Reseland JE, Syversen U, Johnsen GF, Haugen 
HJ, Lyngstadaas SP, MØller M, and Valtieri M. Regulatory Loops Consisting of 
Transcription Factors and microRNA Species Determine the Mineralizing Characteristics 
of Cell Phenotypes – Implications for Bone Engineering and Prevention of Soft Tissue 
Mineralization. InTech Publishing Company, http://dx.doi.org/10.5772/59149.

[2] Chai SC, Cherian MT, Wang YM, Chen T. Small‐molecule modulators of PXR and CAR. 
Biochim Biophys Acta. 2016 Sep;1859(9):1141–1154. doi: 10.1016/j.bbagrm.2016.02.013. 
Epub 2016 Feb 24.

[3] Cave MC, Clair HB, Hardesty JE, Falkner KC, Feng W, Clark BJ, Sidey J, Shi H, Aqel BA, 
McClain CJ, Prough RA. Nuclear receptors and nonalcoholic fatty liver disease. Biochim 
Phys Acta. (2016);1859:1083–1099.

[4] Jiang X, Tao H, Qiu C, Ma X, Li S, Guo X, Lv A, Li H. Vitamin K2 regression aortic cal-
cification induced by warfarin via Gas6/Axl survival pathway in rats. Eur J Pharmacol. 
(2016);786:10–18.

[5] Duan F, Yu Y, Guan R, Xu Z, Liang H, Hong L. Vitamin K2 induces mitochondria‐
related apoptosis in human bladder cancer cells via ROS and JNK/p38 MAPK signal 
pathways.11. PLoS One. 2016 Aug 29;11(8):e0161886. doi: 10.1371/journal.pone.0161886. 
eCollection 2016.

[6] Hakkola J, Rysä J, Hukkanen J. Regulation of hepatic energy metabolism by the nuclear 
receptor PXR. Biochim Biophys Acta. 2016 Sep;1859(9):1072–1082. doi: 10.1016/j.
bbagrm.2016.03.012. Epub 2016 Apr 8.

[7] Pérez E, Bourguet W, Gronemeyer H, de Lera AR. Modulation of RXR function 
through ligand design. Biochim Biophys Acta. 2012 Jan;1821(1):57–69. doi: 10.1016/j.
bbalip.2011.04.003. Epub 2011 Apr 16. Review.

[8] Azuma K, Casey SC, Ito M, Urano T, Horie‐Inoue K, Ouchi Y, Kirchner S, Blumberg 
B, Inoue S. Pregnane X receptor knockout mice display osteopenia with reduced bone 
formation and enhanced bone resorption. J Endocrinol. 2010 Dec;207(3):257–263. doi: 
10.1677/JOE‐10‐0208. Epub 2010 Sep 27.

Vitamin K2 - Vital for Health and Wellbeing18

[9] Azuma K, Casey SC, Urano T, Horie‐Inoue K, Ouchi Y, Blumberg B, Inoue S. Pregnane 
X eceptor Knockout mce diplay agig‐depedent wearig of articuar cartilae. PLoS One. 
2015 Mar 6;10(3):e0119177. doi: 10.1371/journal.pone.0119177. eCollection 2015.

[10] Vitamin K2: Optimal Levels Essential for the Prevention of Age‐Associated Chronic 
Disease by Lara Pizzorno ‐ http://www.lmreview.com/

[11] Milnes MR, Garcia A, Grossman E, Grün F, Shiotsugu J, Tabb MM, Kawashima Y, Katsu 
Y, Watanabe H, Iguchi T, Blumberg B.20. Activation of steroid and xenobiotic receptor 
(SXR, NR1I2) and its orthologs in laboratory, toxicologic, and genome model species. 
Environ Health Perspect. 2008 Jul;116(7):880–885. doi: 10.1289/ehp.10853.

[12] Xu C, Huang M, Bi H. PXR‐ and CAR‐mediated herbal effect on human diseases. 
Biochim Biophys Acta. 2016 Sep;1859(9):1121–1129. doi: 10.1016/j.bbagrm.2016.02.009. 
Epub 2016 Feb 22.

[13] Banerjee M, Robbins D, Chen T. Targeting xenobiotic receptors PXR and CAR in human 
diseases. Trends Pharmacol Sci. 2012 Oct;33(10):552–558. doi: 10.1016/j.tips.2012.07.003. 
Epub 2012 Aug 10.

[14] Dudek KM, Suter L, Darras VM, Marczylo EL, Gant TW. Decreased translation of Dio3 
mRNA is associated with drug‐induced hepatotoxicity. Biochem. J. (2013);453:71–82.doi: 
10.1042/BJ20130049.

[15] Zhou C, Verma, S. The steroid and xenobiotic receptor (SXR), beyond xenobiotic metab-
olism. Nucl Recept Signal 2009;7:1–21.DOI: 10.1621/nrs.07001.

[16] Spruiell K1, Richardson RM, Cullen JM, Awumey EM, Gonzalez FJ, Gyamfi MA. Role of 
pregnane X receptor in obesity and glucose homeostasis in male mice. J Biol Chem. 2014 
Feb 7;289(6):3244–3261. doi: 10.1074/jbc.M113.494575. Epub 2013 Dec 20.

[17] Gao J, Xie W. Targeting xenobiotic receptors PXR and CAR for metabolic diseases. 
Trends Pharmacol Sci. 2012 Oct;33(10):552–558. doi: 10.1016/j.tips.2012.07.003. Epub 
2012 Aug 10.

[18] Zhou C. Novel functions of PXR in cardiometabolic disease. Novel functions of PXR 
in cardiometabolic disease. Biochim Biophys Acta. 2016 Sep;1859(9):1112–1120. doi: 
10.1016/j.bbagrm. 2016.02.015. Epub 2016 Feb 26.

[19] Oladimeji P, Cui H, Zhang C, Chen T. Regulation of PXR and CAR by protein‐protein 
interaction and signaling crosstalk. Expert Opin Drug Metab Toxicol. 2016 Sep;12(9): 
997–1010. doi: 10.1080/17425255.2016.1201069. Epub 2016 Jun 23.

[20] Mackowiak B, Wang H. Mechanism of xenobiotic receptor activation: direct vs. indirect. 
Biochim Biophys Acta. 2016 Sep;1859(9):1130–1140. doi: 10.1016/j.bbagrm.2016.02.006. 
Epub 2016 Feb 10. PMID: 26877237.

[21] Szabo G, Csak T. Role of microRNAs in NAFLD/NASH. Dig Dis Sci. 2016 May;61(5): 
1314–1324. doi: 10.1007/s10620‐015‐4002‐4. Epub 2016 Jan 14. Review.

Introductory Chapter: Vitamin K2
http://dx.doi.org/10.5772/66384

19



[22] Mehta R, Otgonsuren M, Younoszai Z, Allawi H, Raybuck B, Younossi Z. Circulating 
miRNA in patients with non‐alcoholic fatty liver disease and coronary artery disease. 
BMJ Open Gastroenterol. 2016 Jul 26;3(1):e000096. doi: 10.1136/bmjgast‐2016‐000096. 
eCollection 2016.

[23] Willeit P, Skroblin P, Kiechl S, Fernández‐Hernando C, Mayr M. Liver microRNAs: 
potential mediators and biomarkers for metabolic and cardiovascular disease? Eur 
Heart J. 2016 Apr 20. pii: ehw146. [Epub ahead of print].

[24] Hao R, Su S, Wan Y, Shen F, Niu B, Coslo DM, Albert I, Han X, Omiecinski CJ. Bioinformatic 
analysis of microRNA networks following the activation of the constitutive androstane 
receptor (CAR) in mouse liver. Biochim Biophys Acta. 2016 Sep;1859(9):1228–1237. doi: 
10.1016/j.bbagrm.2016.04.002. Epub 2016 Apr 11.

Vitamin K2 - Vital for Health and Wellbeing20

Chapter 2

Vitamin K, SXR, and GGCX

Kotaro Azuma and Satoshi Inoue

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/63983

Provisional chapter

Vitamin K, SXR, and GGCX

Kotaro Azuma and Satoshi Inoue

Additional information is available at the end of the chapter

Abstract

Vitamin K was discovered in 1929 as a substance essential for blood coagulation and
had been clinically utilized before the precise mechanism of action became aware in
1970s. The function as a cofactor of γ-glutamyl carboxylase (GGCX) was the mechanism
firstly discovered with the identification of several substrate proteins including blood
coagulation factors and osteocalcin. Recently, we and others have shown that vitamin
K has other modes of function, such as ligand of nuclear receptor SXR (steroid and
xenobiotic receptor) and its murine ortholog PXR (pregnane X receptor) and modulator
of  protein  kinase  A  (PKA)  activity.  Besides  its  importance  in  blood  coagulation,
involvement  of  vitamin  K  has  been  shown  in  two  major  aging-related  diseases,
osteoporosis and osteoarthritis. Based on clinical and epidemiological studies, vitamin
K is shown to have protective roles for both of them. Interestingly, clinical studies
concerning single  nucleotide  polymorphisms (SNPs)  of  GGCX and γ-carboxylated
status of osteocalcin suggested relationship between GGCX activity and bone-protective
effect, while recent findings from basic research indicated that vitamin K functions
mediated by SXR/PXR as well as GGCX are important in the bone metabolism. We also
suggested that cartilage-protective effect is mediated by SXR/PXR signaling by animal
experiments using Pxr knockout mice.

Keywords: γ-glutamyl carboxylase (GGCX), steroid and xenobiotic receptor (SXR),
pregnane X receptor (PXR), protein kinase A (PKA), osteocalcin, osteoporosis, osteo-
arthritis

1. Introduction

In 1929, a Danish biochemist, Dr. Henrik Dam predicted a fat-soluble diet substance which
is essential for blood coagulation. The substance was referred as “Koagulationsvitamin” in

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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German; thus it is called vitamin K in English named after the initial letter of its German
word.  He shared the Nobel  Prize in Physiology or  Medicine in 1943 with an American
biochemist Dr. Edward A. Doisy who later identified the structure of vitamin K. During the
1970s, the mechanism of vitamin K began to be revealed with the discovery, namely, vitamin
K was necessary for γ-carboxylation of some coagulation factors which is catalyzed by an
enzyme called γ-glutamyl carboxylase (GGCX) [1, 2]. Interestingly, warfarin, which inhibits
vitamin K function, was in medical use since 1954, and vitamin K administration to newborn
babies for preventing intracranial hemorrhage started in many countries in the 1960s before
the enzymatic mechanisms of vitamin K function had been clarified.

Recently, epidemiological and clinical studies suggested that vitamin K is related to various
physiological and pathological processes besides coagulation. Based on these studies, vitamin
K was approved to be used as a drug preventing osteoporotic fracture in several Asian
countries. Moreover, for these two decades, another mode of vitamin K action has been
elucidated. We discovered vitamin K functions as a ligand for a nuclear receptor, SXR (steroid
and xenobiotic receptor), and its murine ortholog, PXR (pregnane X receptor) [3], which have
physiological or pathological significance. Summing up, vitamin K plays important roles in
wide variety of biological process in various modes of actions.

In this chapter we are going to introduce novel mechanism of vitamin K action mediated by
SXR/PXR as well as recent findings concerning classical vitamin K action mediated by GGCX.
Then we would like to discuss the functions of vitamin K in some aging-related diseases based
on recent discoveries.

2. Multiple mechanisms of vitamin K function

The classical function of vitamin K is a cofactor of GGCX which was clarified in the 1970s [1,
2]. GGCX catalyzes the addition of a carboxyl group to glutamate residues in the substrate
proteins, which is coupled by oxidization of vitamin K hydroquinone to vitamin K epoxide.
Vitamin K-dependent coagulation factors (II, VII, IX, and X) are well known substrates for
GGCX. They become active when several glutamate residues are γ-carboxylated. So far, 18
human proteins are reported to be γ-carboxylated and their functions are regulated by γ-
carboxylation status in most of them. It is known that cyclic use of vitamin K is necessary for
its function as a cofactor for GGCX [4]. To be recycled, vitamin K epoxide should be reduced
by an enzyme called vitamin K epoxide reductase (VKOR). Warfarin, which has an
anticoagulant activity, inhibits VKOR, causing a subsequent decrease in GGCX activity
(Figure 1).

Vitamin K2 - Vital for Health and Wellbeing22

Figure 1. Multiple mechanisms of vitamin K actions. (1) GGCX catalyzes conversion of glutamate residues into Gla
residues by incorporating an additional carboxyl group to glutamate. This reaction requires cyclic use of vitamin K.
Vitamin K epoxide reductase (VKOR) is required for recycling vitamin K which is oxidized during γ-glutamyl carbox-
ylation. Warfarin inhibits VKOR and vitamin K recycling, thereby suppressing GGCX activity. Covalent binding of vi-
tamin K epoxide and a target protein is also proposed as a novel mode of vitamin K action which is dependent on
GGCX activity. (2) Vitamin K also functions as a ligand of steroid and xenobiotic receptor (SXR) and its murine homo-
log, pregnane X receptor (PXR). On vitamin K binding, SXR/PXR forms heterodimers with 9-cis-retinoid acid receptor
(RXR), and this complex binds to SXR-responsive elements (SXRE) within the promoter or enhancer regions of target
genes. (3) Vitamin K also activates protein kinase A (PKA) with unknown mechanism. This action was suppressed by
PKA inhibitor but not affected by stimulation with SXR agonist or knocking down of GGCX. Typical substrate of PKA
is CREB (cyclic AMP-responsive element binding protein) and it binds to CRE (cyclic AMP-responsive element) within
the promoter or enhancer regions of target genes when CREB is phosphorylated.
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Then we would like to discuss the functions of vitamin K in some aging-related diseases based
on recent discoveries.

2. Multiple mechanisms of vitamin K function

The classical function of vitamin K is a cofactor of GGCX which was clarified in the 1970s [1,
2]. GGCX catalyzes the addition of a carboxyl group to glutamate residues in the substrate
proteins, which is coupled by oxidization of vitamin K hydroquinone to vitamin K epoxide.
Vitamin K-dependent coagulation factors (II, VII, IX, and X) are well known substrates for
GGCX. They become active when several glutamate residues are γ-carboxylated. So far, 18
human proteins are reported to be γ-carboxylated and their functions are regulated by γ-
carboxylation status in most of them. It is known that cyclic use of vitamin K is necessary for
its function as a cofactor for GGCX [4]. To be recycled, vitamin K epoxide should be reduced
by an enzyme called vitamin K epoxide reductase (VKOR). Warfarin, which has an
anticoagulant activity, inhibits VKOR, causing a subsequent decrease in GGCX activity
(Figure 1).
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Figure 1. Multiple mechanisms of vitamin K actions. (1) GGCX catalyzes conversion of glutamate residues into Gla
residues by incorporating an additional carboxyl group to glutamate. This reaction requires cyclic use of vitamin K.
Vitamin K epoxide reductase (VKOR) is required for recycling vitamin K which is oxidized during γ-glutamyl carbox-
ylation. Warfarin inhibits VKOR and vitamin K recycling, thereby suppressing GGCX activity. Covalent binding of vi-
tamin K epoxide and a target protein is also proposed as a novel mode of vitamin K action which is dependent on
GGCX activity. (2) Vitamin K also functions as a ligand of steroid and xenobiotic receptor (SXR) and its murine homo-
log, pregnane X receptor (PXR). On vitamin K binding, SXR/PXR forms heterodimers with 9-cis-retinoid acid receptor
(RXR), and this complex binds to SXR-responsive elements (SXRE) within the promoter or enhancer regions of target
genes. (3) Vitamin K also activates protein kinase A (PKA) with unknown mechanism. This action was suppressed by
PKA inhibitor but not affected by stimulation with SXR agonist or knocking down of GGCX. Typical substrate of PKA
is CREB (cyclic AMP-responsive element binding protein) and it binds to CRE (cyclic AMP-responsive element) within
the promoter or enhancer regions of target genes when CREB is phosphorylated.
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Recently, another mode of GGCX-dependent vitamin K function was reported in the study of
proapoptotic effect of vitamin K. Handa et al. found proapoptotic protein Bak was covalently
modified by vitamin K epoxide and regulated by its modification [5]. This function is depend-
ent on GGCX-mediated vitamin K function since GGCX activity is required to generate vitamin
K epoxide (Figure 1).

On the other hand, we discovered GGCX-independent mode of vitamin K function mediated
by transcriptional regulation [3] as compared to posttranscriptional modifications explained
above. Vitamin K was found to be one of the ligands of the nuclear receptor, SXR, and its murine
ortholog, PXR. This receptor is also called NR1I2 according to standardized nomenclature
designated by the nuclear receptor committee. In 1998, SXR/PXR was cloned as a novel nuclear
receptor that is mainly expressed in the liver and intestine [6]. At first, its functions were
characterized as a ligand-dependent transcription factor which is activated by various
pharmaceutical agents and xenobiotic compounds [7]. It was originally classified as an orphan
receptor since the endogenous ligand was not known when it was cloned. It was later shown
that some kinds of secondary bile acids (such as lithocholic acid) could be endogenous ligands
for this receptor [8, 9]. It forms a heterodimer with 9-cis-retinoid acid receptor (RXR) on ligand
stimulation. This complex then binds to SXR-responsive elements (SXRE) in the promoter or
enhancer regions of target genes (Figure 1). Some of its target genes are the drug-metabolizing
enzyme, such as CYP3A4, and the ABC (ATP-binding cassette) family transporter, MDR1.
Because of that, a function of SXR/PXR is considered as a xenobiotic sensor-inducing genes
involved in detoxification and drug excretion [10] and named as such. The discovery of novel
vitamin K function as a ligand for SXR/PXR indicated that physiological and pathological
processes mediated by PXR/SXR would be affected by vitamin K.

There is another mode of vitamin K function which modulates activation of signal transduction
pathway. This is inferred by existence of some genes induced by vitamin K, not by SXR agonist,
rifampicin [11]. This induction was not affected by knocking down of GGCX suggesting that
this is γ-carboxylation-independent pathway. Expression of those genes was suppressed by
protein kinase A (PKA) inhibitor, showing the novel vitamin K function as a modulator of PKA
activity (Figure 1).

Inhibition of another protein kinase, protein kinase C (PKC) α and ε, by vitamin K was also
reported [12]. Inhibition of IKK (inhibitor of nuclear factor kappa B kinase) and subsequent
inhibition of NFkB (nuclear factor kappa B) were observed. Whether this function of vitamin
K is independent of mechanisms described above remains to be elucidated.

3. Epidemiological and clinical studies on vitamin K and aging-related
skeletal diseases

A traditional Japanese food, “natto” (fermented soybeans) contains high concentrations of
MK-7, a form of vitamin K2 (menaquinone), synthesized by microorganisms. Epidemiological
study conducted in Japan revealed negative correlation of Natto intake and incidence of hip
fracture [13], which drew attention toward possible link between vitamin K and osteoporosis.
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Later, among several nutrients including vitamin D and calcium, vitamin K was shown to be
the only nutrient that is significantly correlated with hip fracture incidence in Japanese
population [14]. Furthermore, the fracture-preventing effect of vitamin K was observed in
several clinical studies in Japan, which was confirmed by meta-analysis [15]. Based on these
results, vitamin K2 is used for treatment of osteoporosis in several Asian countries. We
previously reported a functional single nucleotide polymorphism (SNP) in GGCX that causes
higher enzymatic activity correlated with higher bone mineral density in elderly Japanese
women [16], suggesting bone-protective function of vitamin K is related to GGCX activity.
Osteocalcin, one of the substrates of GGCX, is specifically expressed in osteoblastic lineage.
The concentration of undercarboxylated form of osteocalcin (ucOC) in serum was reported to
be positively correlated with fracture risk [17]. Measurement of ucOC has been clinically used
to decide the indication of vitamin K for treatment of osteoporosis in Japan. These support the
contribution of GGCX activity to bone-protective effect.

Vitamin K also has some epidemiological evidences in relationship with another skeletal
disease, osteoarthritis. Low vitamin K intake was correlated to the prevalence of osteoarthritis
both in North America and in Japan [18–20]. Unfortunately, therapeutic effect of vitamin K for
established osteoarthritis was not proven by a trial [21], suggesting that the study period was
too short or vitamin K has only preventive effect.

4. Paradoxical GGCX-mediated vitamin K functions on bone metabolism

It is difficult to evaluate vitamin K function on bone tissue mediated by GGCX in vivo due to
its dominant effect on coagulation activity. For example, it is impossible to measure bone
mineral density of adult mice systemically lacking GGCX because Ggcx-knockout mice die
before birth or on the day of birth with massive bleeding [22]. To overcome this obstacle, we
utilized Cre/loxP system which enables tissue-/organ-specific knockout of GGCX dependent
on promoter activity [23] and generated osteoblast-specific GGCX-deficient mice by crossing
with Col1a1-Cre mice [24]. Since osteoblasts express several substrates of GGCX including
osteocalcin, we assumed bone-protective effect of vitamin K is mediated by GGCX activity in
osteoblasts. Surprisingly, the bone mineral density was increased in osteoblast-specific GGCX-
deficient mice and aberrant mineralization was observed in these mice by ultrastructural
analysis. This result indicates that GGCX in osteoblast may not contribute to bone-protective
effect of vitamin K. Moreover, it is contradicting to the clinical studies on GGCX SNPs or ucOC
described above. We speculate that GGCX activity in other tissue is responsible for bone-
protective effect of vitamin K and/or vitamin K function mediated by SXR/PXR that would be
more important in the bone tissue. Further studies are necessary to clarify this enigma. It is
noteworthy that osteocalcin-deficient mice have been shown to have mechanically stronger
bone than wild-type mice [25], suggesting that the decrease of carboxylated osteocalcin, rather
than increase of ucOC, has “bone strengthening effect.”
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Recently, another mode of GGCX-dependent vitamin K function was reported in the study of
proapoptotic effect of vitamin K. Handa et al. found proapoptotic protein Bak was covalently
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ent on GGCX-mediated vitamin K function since GGCX activity is required to generate vitamin
K epoxide (Figure 1).
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above. Vitamin K was found to be one of the ligands of the nuclear receptor, SXR, and its murine
ortholog, PXR. This receptor is also called NR1I2 according to standardized nomenclature
designated by the nuclear receptor committee. In 1998, SXR/PXR was cloned as a novel nuclear
receptor that is mainly expressed in the liver and intestine [6]. At first, its functions were
characterized as a ligand-dependent transcription factor which is activated by various
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receptor since the endogenous ligand was not known when it was cloned. It was later shown
that some kinds of secondary bile acids (such as lithocholic acid) could be endogenous ligands
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stimulation. This complex then binds to SXR-responsive elements (SXRE) in the promoter or
enhancer regions of target genes (Figure 1). Some of its target genes are the drug-metabolizing
enzyme, such as CYP3A4, and the ABC (ATP-binding cassette) family transporter, MDR1.
Because of that, a function of SXR/PXR is considered as a xenobiotic sensor-inducing genes
involved in detoxification and drug excretion [10] and named as such. The discovery of novel
vitamin K function as a ligand for SXR/PXR indicated that physiological and pathological
processes mediated by PXR/SXR would be affected by vitamin K.

There is another mode of vitamin K function which modulates activation of signal transduction
pathway. This is inferred by existence of some genes induced by vitamin K, not by SXR agonist,
rifampicin [11]. This induction was not affected by knocking down of GGCX suggesting that
this is γ-carboxylation-independent pathway. Expression of those genes was suppressed by
protein kinase A (PKA) inhibitor, showing the novel vitamin K function as a modulator of PKA
activity (Figure 1).

Inhibition of another protein kinase, protein kinase C (PKC) α and ε, by vitamin K was also
reported [12]. Inhibition of IKK (inhibitor of nuclear factor kappa B kinase) and subsequent
inhibition of NFkB (nuclear factor kappa B) were observed. Whether this function of vitamin
K is independent of mechanisms described above remains to be elucidated.

3. Epidemiological and clinical studies on vitamin K and aging-related
skeletal diseases

A traditional Japanese food, “natto” (fermented soybeans) contains high concentrations of
MK-7, a form of vitamin K2 (menaquinone), synthesized by microorganisms. Epidemiological
study conducted in Japan revealed negative correlation of Natto intake and incidence of hip
fracture [13], which drew attention toward possible link between vitamin K and osteoporosis.
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population [14]. Furthermore, the fracture-preventing effect of vitamin K was observed in
several clinical studies in Japan, which was confirmed by meta-analysis [15]. Based on these
results, vitamin K2 is used for treatment of osteoporosis in several Asian countries. We
previously reported a functional single nucleotide polymorphism (SNP) in GGCX that causes
higher enzymatic activity correlated with higher bone mineral density in elderly Japanese
women [16], suggesting bone-protective function of vitamin K is related to GGCX activity.
Osteocalcin, one of the substrates of GGCX, is specifically expressed in osteoblastic lineage.
The concentration of undercarboxylated form of osteocalcin (ucOC) in serum was reported to
be positively correlated with fracture risk [17]. Measurement of ucOC has been clinically used
to decide the indication of vitamin K for treatment of osteoporosis in Japan. These support the
contribution of GGCX activity to bone-protective effect.

Vitamin K also has some epidemiological evidences in relationship with another skeletal
disease, osteoarthritis. Low vitamin K intake was correlated to the prevalence of osteoarthritis
both in North America and in Japan [18–20]. Unfortunately, therapeutic effect of vitamin K for
established osteoarthritis was not proven by a trial [21], suggesting that the study period was
too short or vitamin K has only preventive effect.

4. Paradoxical GGCX-mediated vitamin K functions on bone metabolism

It is difficult to evaluate vitamin K function on bone tissue mediated by GGCX in vivo due to
its dominant effect on coagulation activity. For example, it is impossible to measure bone
mineral density of adult mice systemically lacking GGCX because Ggcx-knockout mice die
before birth or on the day of birth with massive bleeding [22]. To overcome this obstacle, we
utilized Cre/loxP system which enables tissue-/organ-specific knockout of GGCX dependent
on promoter activity [23] and generated osteoblast-specific GGCX-deficient mice by crossing
with Col1a1-Cre mice [24]. Since osteoblasts express several substrates of GGCX including
osteocalcin, we assumed bone-protective effect of vitamin K is mediated by GGCX activity in
osteoblasts. Surprisingly, the bone mineral density was increased in osteoblast-specific GGCX-
deficient mice and aberrant mineralization was observed in these mice by ultrastructural
analysis. This result indicates that GGCX in osteoblast may not contribute to bone-protective
effect of vitamin K. Moreover, it is contradicting to the clinical studies on GGCX SNPs or ucOC
described above. We speculate that GGCX activity in other tissue is responsible for bone-
protective effect of vitamin K and/or vitamin K function mediated by SXR/PXR that would be
more important in the bone tissue. Further studies are necessary to clarify this enigma. It is
noteworthy that osteocalcin-deficient mice have been shown to have mechanically stronger
bone than wild-type mice [25], suggesting that the decrease of carboxylated osteocalcin, rather
than increase of ucOC, has “bone strengthening effect.”
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5. SXR-mediated vitamin K functions on bone and cartilage

As described above, we proposed another mode of vitamin K function as a ligand of a nuclear
receptor, SXR, and its murine ortholog, PXR. We showed that SXR is also expressed in
osteoblastic cell lines and is activated by vitamin K2 [3]. We further identified SXR-dependent
vitamin K-responsive genes by microarray analysis using human osteoblastic cell line, MG63
cells stably overexpressing SXR [26]. The identified genes included Tsukushi which encodes a
protein that has a collagen-accumulating effect [27], Matrilin2 which encodes a protein
comprising extracellular matrix like collagen [28], and Cd14 which regulates osteoblastogen-
esis [29] and osteoclastogenesis by inducing differentiation of B cells [30, 31]. These genes are
induced even in the presence of warfarin, indicating their induction is independent of GGCX
activity.

The involvement of SXR/PXR signaling in bone metabolism in vivo was suggested by the
bone phenotype of systemic Pxr knockout mice [32]. We showed that 4-month-old female
Pxr knockout mice had lower bone mineral density in femoral bone. Micro-CT analyses
revealed fragile structure in the femoral trabecular bones of Pxr knockout mice. By histo-
morphometrical analyses, enhanced bone resorption and suppressed bone formation were
observed in Pxr knockout mice. The mechanical strength of bone from Pxr knockout mice
was weaker than that of wild-type mice. Negishi et al. reported the phenotype of systemic
Pxr knockout mice from different origins [33, 34]. They also observed lower bone mineral
density in Pxr knockout mice. They proposed a mechanism involving SLC34A2, a trans-
porter of inorganic phosphate, expressed in the intestine. They showed Slc34a2 is a PXR-
responsive gene in the intestine and this was supported by the observation that serum
levels of inorganic phosphate were significantly decreased in Pxr knockout mice. In con-

Figure 2. Aging-dependent wearing of articular cartilage of the knee joint in Pxr knockout mice. Representative micro-
scopic images of articular cartilage of 13-month-old wild-type and Pxr knockout mice are shown. Arrowheads indicate
lateral articular cartilage of the tibia. This difference was not significant in 4-month-old mice, suggesting this is aging-
dependent process. Cited from Azuma et al. [35].
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trast, we did not observe difference in the serum levels of inorganic phosphate between Pxr
knockout mice and wild-type mice [32], suggesting the existence of different mechanisms
according to the mouse strains and/or environment.

We also proposed SXR/PXR-dependent mechanism concerning vitamin K effect on articular
cartilage [35]. We found that systemic Pxr knockout mice displayed aging-dependent wearing
of articular cartilage of knee joints (Figure 2). Remarkable reduction of width and an enlarged
gap between femoral and tibial articular cartilage were observed in Pxr knockout mice in 8-
month-old and 13-month-old mice, but not in 4-month-old mice, indicating this is an aging-
dependent process. With microarray analyses using ATDC5 chondrocytic cells overexpressing
human SXR, we identified Fam20a (family with sequence similarity 20a) as an SXR-dependent
gene induced by SXR ligands. We showed FAM20A related to the higher expression of
COL2A1, a main component of extracellular matrix of the articular cartilages, suggesting the
cartilage-protective effect of FAM20A. These results are consistent with epidemiological
studies showing relationship between vitamin K intake and osteoarthritis and supporting the
potential roles of vitamin K in preventing osteoarthritis caused by aging.

6. Conclusion

In this chapter, we described multiple mechanisms of vitamin K functions clarified so far and
their involvement in aging-related skeletal diseases as examples for their biological signifi-
cance. Besides blood coagulation, osteoporosis, and osteoarthritis, it became gradually aware
that many physiological and pathological phenomena, such as fertility [36], atherosclerosis
[37–39], brain development [40], dementia [41], and glucose metabolism [42–44], are related to
the status of vitamin K sufficiency. We sincerely hope that vitamin K study leads to discoveries
of new biological mechanisms and targets for disease prevention and treatment and eventually
contributes to human culture and welfare.
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5. SXR-mediated vitamin K functions on bone and cartilage

As described above, we proposed another mode of vitamin K function as a ligand of a nuclear
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protein that has a collagen-accumulating effect [27], Matrilin2 which encodes a protein
comprising extracellular matrix like collagen [28], and Cd14 which regulates osteoblastogen-
esis [29] and osteoclastogenesis by inducing differentiation of B cells [30, 31]. These genes are
induced even in the presence of warfarin, indicating their induction is independent of GGCX
activity.
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bone phenotype of systemic Pxr knockout mice [32]. We showed that 4-month-old female
Pxr knockout mice had lower bone mineral density in femoral bone. Micro-CT analyses
revealed fragile structure in the femoral trabecular bones of Pxr knockout mice. By histo-
morphometrical analyses, enhanced bone resorption and suppressed bone formation were
observed in Pxr knockout mice. The mechanical strength of bone from Pxr knockout mice
was weaker than that of wild-type mice. Negishi et al. reported the phenotype of systemic
Pxr knockout mice from different origins [33, 34]. They also observed lower bone mineral
density in Pxr knockout mice. They proposed a mechanism involving SLC34A2, a trans-
porter of inorganic phosphate, expressed in the intestine. They showed Slc34a2 is a PXR-
responsive gene in the intestine and this was supported by the observation that serum
levels of inorganic phosphate were significantly decreased in Pxr knockout mice. In con-

Figure 2. Aging-dependent wearing of articular cartilage of the knee joint in Pxr knockout mice. Representative micro-
scopic images of articular cartilage of 13-month-old wild-type and Pxr knockout mice are shown. Arrowheads indicate
lateral articular cartilage of the tibia. This difference was not significant in 4-month-old mice, suggesting this is aging-
dependent process. Cited from Azuma et al. [35].
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trast, we did not observe difference in the serum levels of inorganic phosphate between Pxr
knockout mice and wild-type mice [32], suggesting the existence of different mechanisms
according to the mouse strains and/or environment.

We also proposed SXR/PXR-dependent mechanism concerning vitamin K effect on articular
cartilage [35]. We found that systemic Pxr knockout mice displayed aging-dependent wearing
of articular cartilage of knee joints (Figure 2). Remarkable reduction of width and an enlarged
gap between femoral and tibial articular cartilage were observed in Pxr knockout mice in 8-
month-old and 13-month-old mice, but not in 4-month-old mice, indicating this is an aging-
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potential roles of vitamin K in preventing osteoarthritis caused by aging.
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Abstract

Naturally, vitamin K exists in two bioactive forms mainly phylloquinone (vitamin K1) and
menaquinones (vitamin K2). Phylloquinone is mostly found in green leafy vegetables such
as kale, spinach, broccoli, and vegetable oils. However, menaquinones abundantly occurs
in fermented vegetable products as menaquinones‐7 (MK‐7) and in animal‐based products
as menaquinone‐4 (MK‐4). Diverse concentrations of menaquinones are present in various
dietary sources such as fermented pulses and milk‐based products, cheese, meat, and
animal organs. Presently, MK‐7 and MK‐4 contribute about 24 and 7%, respectively, of
the total vitamin K dietary intake in the population consuming fermented products
regularly. However, about 10% of menaquinones are pooled in the liver out of total intake
of vitamin K. Conclusively, fermented soybean products and fermented milk‐based
products such as cheese and soured milk contain ample amount of MK‐7, whereas animal
organs, meat, fish, and egg contain appreciable amount of MK‐4.

Keywords: vitamin K2, menaquinones, fermented soybean, fermented milk, meat,
cheese, poultry products

1. Introduction

Vitamin K is an indispensable anti‐hemorrhagic fat soluble nutrient important for posttransla‐
tional modification of the proteins. Generally, these proteins are called vitamin K–dependent
or Gla proteins. These coagulation proteins are produced in liver and played an active role in
blood‐clotting cascade. Moreover, during γ‐carboxylation process, vitamin K hydroquinone is
oxidized to its epoxide. When vitamin K is insufficient in blood‐circulating system, carboxylation
of vitamin K–dependent proteins is hampered and synthesis of undercarboxylated proteins is
high that affects the Coagulation cascade parameters such as bleed and clotting times, and
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and reproduction in any medium, provided the original work is properly cited.
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prothrombin and partial prothrombin times. Additionally, inadequacy of vitamin K also affects
the bone mineral density (BMD) that leads toward higher bone fracture rate among population
especially postmenopausal women and increased the risk of coronary artery diseases [1, 2].

Vitamin K deficiency is one of the alarming dilemmas among newborns, teenagers, and
postmenopausal women. Neonates and their nursing mothers are 33.3% and 65% deficit in
vitamin K, respectively [3]. Moreover, gastrointestinal disorders, unnecessary use of antibiot‐
ics, and alcoholics are some potential causes of vitamin K deficiency that hinder the fat
incorporation in the body, and thus absorption of this vitamin is reduced [4]. Similarly,
continuous utilization of broad‐spectrum antibiotics suppresses the synthesis of vitamin K in
the intestinal gut, whereas antagonist drugs badly effect to vitamin K functioning that delays
the blood coagulation and necessary modifies certain protein which are indispensable for bone
health [5]. Likewise, inflammatory bowel disease individual also showed vitamin K deficiency
prevalence that declined the bone mineral density possibly due to its malabsorption [6].

The ingestion of vitamin rich dietary sources is rational approach to manage the vitamin K
deficiency population [7]. Additionally, supplementation of vitamin K in the diet is also
improved the serum vitamin K concentration [8, 9]. In this context, pharmacological dose of
vitamin K (45 mg/day) is effective to ameliorate problem of bone fractures [10]. Therefore, more
osteocalcin carboxylation is attained via consumption of well above recommended dietary
requirement amount of vitamin K [11].

Vitamin K predominantly, naturally, presents in the form of phylloquinone (vitamin K1) and
menaquinone (vitamin K2). Primarily, phylloquinone is present in green leafy vegetables such
as spinach, kale, broccoli, and certain vegetable oils [12]. However, menaquinones are present
in the fermented soybean and animal products [8].

Fermented soybean (natto) is one of the richest sources of menaquinones principally mena‐
quinone‐7 (MK‐7) (882–1034 μg/100 g) among other fermented plant and animal‐based food
products [8, 13]. Menaquinone‐7 containing natto is prepared by the fermentation process with
Bacillus subtilis. Raw soybean is converted into slimy and sticky food predominantly owing to
glutamic residues [14]. This menaquinone is also available in other food products such as
cheese, meat and meat‐based products, and fermented milk. Menaquinones are also synthe‐
sized by intestinal microflora such as Escherichia coli, Bacteroides vulgatus, and Bacteroides fragilis
[15].

From total vitamin K dietary intake, menaquinone‐4 (MK‐4), menaquinone‐7 (MK‐7), and
phylloquinone contribute around 7, 24, and 60%, respectively [16]. Humans and laboratory
animals have ability to transform phylloquinone into MK‐4 and MK‐7 by rearrangement of
integral side chain that has the ability to strengthen the bone [17]. In both phylloquinone and
menaquinones, total vitamin K is about 1.16 μg/kg body weight is required for normal
functioning. Menaquinone‐7 normally stored around 10% in the liver. However, only 5–25%
of ingested vitamin K is catabolized to MK‐4 followed by the conversion of menaquinones in
the liver via prenylation [10].
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2. Fermented soybean food products

Traditionally, Bacillus subtilis fermented soybean food products are consumed in different parts
of world. Among the fermented soybean products, natto is attained special attention which is
consumed in Japan, whereas similar products such as kinema is produced in India, Satlyangser
and Bari in Bhutan, Thua‐Nao in Thailand, Tao‐si in Philippines, Douchi in China and
Dawadawa in Nigeria, Pepok in Myanmar. Kinema is similar natto fermented soybean which
is originated from south China and expanded in Nepal, India, Burma, Thailand, and Japan [18–
20].

Soybean conquers special attention in the public owing to its protein and fat contents.
Numerous cultivars are currently available for household consumption. Among, yellow,
green, and black soybeans are commonly used after cooking or fermentation. Bacillus
fermented products such as natto and cheonggukjang are also consumed [21, 22]. B. subtilis
fermented soybean has slimy appearance, softer texture, and white goosy substance with
distinctive rotten flavor. Moreover, fermentation also removes the beany odor of raw soybean
completely and improves its hedonic response [19]. However, large number of population does
not like its slimy appearance and powerful rotten odor of fermented soybean such as kinema,
while other has enjoyable experience. Freshly prepared fermented soybean is consumed as a
fried curry with boiled rice or mixed with vegetables or consumed with boiled rice, soup, and
pickle [20].

Researchers are trying to identify the new strains that may have potential similar B. subtilis
and have ability to produce ample amount of MK‐7 in the soybean. In this context, B.
amyloliquefaciens KCTC11712BP under its optimum conditions remarkably enhanced MK‐7
concentration in cheonggukjang (fermented soybean) and has shorter production time than
that of natto [23]. Menaquinones are produced by microorganisms during electron transport
chain respiration process [24].

Moreover, natto is rich in menaquinones especially MK‐7 followed by other menaquinones
such as MK‐5, MK‐6, MK‐8 which are ranged from 882–1034 μg/100 g, 7.1–7.8 μg/100 g, 12.7–
14.8 μg/100 g, 78.3–89.8 μg/100 g, respectively [13]. Similarly, Berenjian et al. [25] also reported
that MK‐7 content in fermented soybean is varied from 800–900 μg/100 g. Moreover, Booth [26]
also reported that natto contains 998 μg/100 g MK‐7. Previously, Dajanta et al. explicated that
low fat (15.6%), high protein (45.8%), and small seed size of soybean are ideal characteristics
of soybean for nato preparation [22]. Moreover, fermentation with B. subtilis exerts better
nutritional attributes and sensory acceptability of the developed natto. Earlier, B. subtilis
fermented Pakistani soybean also improved the concentration of MK‐7 ranged from 681.35 to
803.82 μg/100 g. Contrary, MK‐7 was not present in freshly cooked or reconstituted spinach [2].
The details of menaquinones concentration in various fermented soybean products are
summarized in Table 1.
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fermented products such as natto and cheonggukjang are also consumed [21, 22]. B. subtilis
fermented soybean has slimy appearance, softer texture, and white goosy substance with
distinctive rotten flavor. Moreover, fermentation also removes the beany odor of raw soybean
completely and improves its hedonic response [19]. However, large number of population does
not like its slimy appearance and powerful rotten odor of fermented soybean such as kinema,
while other has enjoyable experience. Freshly prepared fermented soybean is consumed as a
fried curry with boiled rice or mixed with vegetables or consumed with boiled rice, soup, and
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Researchers are trying to identify the new strains that may have potential similar B. subtilis
and have ability to produce ample amount of MK‐7 in the soybean. In this context, B.
amyloliquefaciens KCTC11712BP under its optimum conditions remarkably enhanced MK‐7
concentration in cheonggukjang (fermented soybean) and has shorter production time than
that of natto [23]. Menaquinones are produced by microorganisms during electron transport
chain respiration process [24].

Moreover, natto is rich in menaquinones especially MK‐7 followed by other menaquinones
such as MK‐5, MK‐6, MK‐8 which are ranged from 882–1034 μg/100 g, 7.1–7.8 μg/100 g, 12.7–
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that MK‐7 content in fermented soybean is varied from 800–900 μg/100 g. Moreover, Booth [26]
also reported that natto contains 998 μg/100 g MK‐7. Previously, Dajanta et al. explicated that
low fat (15.6%), high protein (45.8%), and small seed size of soybean are ideal characteristics
of soybean for nato preparation [22]. Moreover, fermentation with B. subtilis exerts better
nutritional attributes and sensory acceptability of the developed natto. Earlier, B. subtilis
fermented Pakistani soybean also improved the concentration of MK‐7 ranged from 681.35 to
803.82 μg/100 g. Contrary, MK‐7 was not present in freshly cooked or reconstituted spinach [2].
The details of menaquinones concentration in various fermented soybean products are
summarized in Table 1.
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Food Type Country MK‐4 MK‐5 MK‐6 MK‐7 References

Natto Fermented soybean Netherlands 7.5 13.8 998 84.1 [13]

Natto Fermented soybean Japan – – – 939 [12]

Hikiwari natto Chopped natto Japan ND – – 827 [12]

Natto Fermented black soybean Japan – – – 796 [12]

Natto Fermented soybean Japan ND – – 87–102 [23]

Natto Fermented soybean Pakistan – – – 668–881 [2]

Cheonggukjang Fermented soybean Korea ND – – 112–461 [23]

Cheonggukjang Fermented soybean Korea 74–76 – – 271–1171 [23]

Cheonggukjang Fermented soybean extract Korea – – – 1674–3438 [23]

Sauerkraut Fermented vegetables Netherlands 0.4 0.8 1.5 0.2 [13]

Cotton tofu Hard type Japan 0.04 – – – [12]

ND = not detected; (–) = unknown or not reported.

Table 1. Menaquinones content of various fermented soybean (μg/100 g or mL).

However, the level of MK‐7 in natto is still less the recommended daily amount of 180 μg/day
that needs the utilization of 20–22 g natto/day. Many consumers find natto unpalatable;
therefore, the ingestion of sufficient MK‐7 is impractical. In some countries such as Japan,
China, Thailand, and India fermented soybean products are commonly consumed, whereas
other consumers do not like the fermented soybean products due to unpalatable, slimy, and
sticky in nature, so the ingestion of MK‐7 is insufficient among the population. Furthermore,
the digestion and utilization of MK‐7 from fermented soybean products are less efficient in
humans with aging. Hence, there is a need for production of concentrated, supplementary MK‐
7 in the diet [25]. The extracted MK‐7 with oil is consumed in various functional foods to fulfill
the recommended requirement of vitamin K.

2.1. Natto

Natto is a Japanese traditional food prepared by fermentation of soybean with B. subtilis
natto. The sterilized soybeans are fermented at 40°C for 14–18 h till it was fully covered with a
viscous, sticky, and string‐like material on surface. The resultant fermented soybean has
characteristic odor and musty flavor [28].

2.2. Thua nao

For thua nao preparation, washed soybeans are soaked in water at ambient temperature for
16 h. Subsequently, soaked soybeans are autoclaved at 121°C for 40 min and cooled to 55°C
after removing water. Powder culture of B. subtilis is mixed and incubated at 42 °C about 24 h
for fermentation. Afterwards, fermented soybeans are placed at 4°C to hamper the bacterial
activity.
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2.3. Kinema

Cleaned and pre‐soaked soybeans are autoclaved at 121°C for 35 min and cooled to 30–35°C.
The soybean is inoculated with active culture of B. subtilis. The inoculated soybeans are placed
for fermentation at 37°C for 48 h at 85% RH. The activity of bacteria is reduced by using the
refrigeration temperature for 12 h. Fresh kinema is immediately consumed because its shelf
life is about 2–3 days in summer and 5–7 days in winter without refrigeration. After sun drying,
it can be stored for several months [18].

2.4. Hawaijar

Generally, small‐sized soybean seeds are used for the production of hawaijar. Soybean seeds
are boiled without soaking and packed loosely in bamboo basket lined with fig or banana
leaves. Natural fermentation process is completed within 3–5 days. Mixed microflora includ‐
ing B. subtilis, B. cereus, B. licheniformis, Staphylococcus sciuri, Staphylococcus aureus, Providencia
rettgeri, Alcaligenes sp. are fermented organism present in the final product. Production of
mucilage and ammonia flavor is the indicator of quality hawaijar [18].

2.5. Cheonggukjang

Washed soybean seeds are soaked in tap water for 12 h. They are autoclaved at 121°C for 30 
min and cooled up to 40°C prior to inoculation with pre‐culture cell suspension of Bacillus
amyloliquefaciens strain KCTC 11712BP. General for the preparation of cheonggukjang inocu‐
lated soybean seeds were placed in fermented for 48 h [28].

3. Menaquinones synthesizing organisms

Menaquinones are commonly synthesized by the action of intestinal microflora B. vulgatus, B.
fragilis, and E. coli in human large intestine during electron transport chain reaction of
respiration. Commercially, MK‐7 was produced by action of bacteria such as E. coli, Flavobac‐
terium, and B. subtilis natto. Moreover, among the fermented microflora, B. subtilis is consider
one of the best options for the production of MK‐7 due to its safety aspects as well as potential
to synthesis the range of menaquinones such as MK‐4 to MK‐8 [15, 24, 29]. These hydrolytic
bacteria are significantly consumed and reduced the indigestible oligo‐ and polysaccharides.
The Bacillus species also lowered the activity of anti‐nutrients of the soybean that hamper the
availability of nutrients such as proteins and bioactive molecules [30].

B. subtilis is rod shaped, aerobic, heat resistant, spore forming Gram‐positive bacteria. It has
potential to synthesis number of enzymes such as proteolytic, amylolytic, and lipolytic
enzymes during fermentation. The colonies of B. subtilis are irregular with hair‐like structure
having somewhat sliming appearance. Food Drug Administration granted the status of
generally recognized as safe (GRAS) to the Bacillus subtilis and its close relative strains due to
the lack of pathogenicity [20].
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Administration of high single dose of MK‐7 (2000 mg/kg) did not impart any toxic effect in
animal modeling study in both genders. Moreover, prolonged treatment of MK‐7 is considered
also safe for human consumption due to its non‐toxic effect on biochemical, hematological,
urinary, and histopathological parameters [31].

Recently, Indian researcher Puri et al. identified a B. subtilis strain (Bacillus subtilis MTCC
2756) for the biosynthesis of menaquinone‐7 for commercial purposes [32]. They found that
addition of Tween 80 in fermentation medium significantly boost the MK‐7 yield. Likewise,
for the production of MK‐7, groundnut meal is also used as a substrate owing to its protein
and oil quality with strong minerals and vitamins profile using Flavobacterium sp. SP‐L‐01 [33].

4. Stability of menaquinones

The vitamin K2 was quite stable at room temperature for a period of up to 3 years. However,
its concentration in final product was little affected by storage timed. Therefore, it is recom‐
mended that the menaquinone‐7 rich product should be stored not more than 15°C tempera‐
ture in a dry, cool, and dark place away from humidity, high heat, and sunlight.

5. Nutritional profile of fermented soybeans products

Fermented soybean is demonstrated higher amount of protein than raw soybean. The higher
content of protein in fermented soybean might be elevated due to the microbial synthesis of
single cell protein or rearrangements of molecules or enzymes followed by mortification of
other moieties [19]. Premarani et al. explicated the impact of fermentation on the proximate
composition of hawaijar [34]. They inferred that natural fermented soybean had 62.1%
moisture, 26.02% soluble protein 24.36% crude fat, 8.2% crude fiber, 1.42% ash, and 3.8% free
amino acids content nonetheless, inoculation with bacteria increases these parameters.
However, hawaijar prepared from different soybean varieties showed non‐momentous
differences in lipid, fatty acid, and amino acid contents [35]. The nutritional profile of some
fermented soybean was listed in Table 2.

Food Moisture Crude protein Crude fat Crude fiber Ash Carbohydrate References
Kinema (traditional)
dry basis

7.2 44.0 21.8 4.2 4.7 29.7 [79]

Kinema (pure culture)
dry basis

6.8 45.1 23.0 4.8 4.5 27.4 [79]

Natto fresh weight basis 62.72 13.19 7.61 1.17 1.37 13.89 [2]
Fermented soybean 62.1 26.02 24.68 8.2 1.42 [34]
B. natto Itobiki 59–61 36–42 19–23 – 4.38–4.97 31–34 [37]
B. Natto NRRL B‐3393 61 39–44 25–27 ‐ 4.72–4.86 25–29 [37]

Table 2. Nutritional profile of menaquinones rich fermented soybean (%).
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Likewise, natto has 40% protein and 24.68% fat contents. Controlled fermentation process
improves the nutritional composition of natto than that of natural fermentation process [36].
Earlier, Wei and Chang delineated that the natto was prepared from four different soybean
cultivars using B. natto “Itobiki” for moisture, protein, lipid, ash and carbohydrates as 59–61,
37–43, 20–23, 4–5, and 31–34%, respectively [37]. However, the natto synthesis through B. natto
NRRL B‐3393 exhibited the values ranged from 61–62, 39–44, 25–27, 4.72–4.86, and 25–29%, for
these attributes.

Similarly, free amino acid contents were enhanced 60‐fold in fermented products [38]. Free
fatty acids impart significant role in the development of unique flavor in fermented soybean.
Earlier, Kiuchi et al. reported that carbon length of fatty acids was momentously increased
during fermentation [39]. Moreover, the amount of vitamin B complex such thiamine,
riboflavin, and niacin is momentously improved during B. subtilis fermentation process of
cooked soybeans. Additionally, total folate concentration was enhanced during fermentation
process of Tempeh (fermented soybean). Fermented soybeans such as kinema and natto have
appreciable amount of mineral contents such as iron, magnesium, copper, zinc, sodium, and
calcium [40–42].

6. Antioxidant potential of fermented soybean

Fermented soybean had higher amount of total phenolic, antioxidant capacities, and flavonoid
contents in thua nao produce by black soybeans by pure culture of B. subtilis TN51 compared
with yellow soybeans and cooked non‐fermented soybeans. Fermented black soybean and
yellow soybean with B. subtilis TN51 exhibited higher amount of total phenolics 27.05 and
35.88 mgGAE/g extract than that of non‐fermented products. Whereas total flavonoids
contents of fermented black and yellow soybean were 3.50 and 1.38 mg catechin eq/g metha‐
nolic extract. However, contents of total phenolics and flavonoids were significant less in non‐
fermented black and yellow cooked soybeans. Likewise, 2,2‐diphenylpicrylhydrazyl (DPPH)‐
antiradical activity (IC50, mg/mL), and lipid peroxidation inhibition potential were higher in
fermented black and yellow soybean compared with non‐fermented cooked soybean [22].

Total phenol content of kinema was 144% higher than the raw soybean. Moreover, kinema has
better free radical scavenger ability and metal chelating power and improved reducing power
than that of non‐fermented soybean. Therefore, it is suggested that kinema may has potential
used as designer foods to alleviate oxidative stress [43]. Likewise, B. subtilis fermentation
inclines to improve total polyphenolic and anthocyanins content about 10 and 250% during
natto preparation from black soybeans, respectively. Moreover, DPPH radical scavenging
activity has positive association with fermentation time and concentration of black soybean
[19].

Fermentation increases about 58% content of phytosterol in kinema [43]. Later, Moktan et al.
[44] reported that the kinema had 144%, 44%, 147%, and 92% higher total phenolics content,
antioxidant activity, DPPH scavenging activity, and Fe2+‐chelating activity, respectively,
compared to non‐fermented cooked soybean. Similarly, better total phenolic contents and
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4. Stability of menaquinones

The vitamin K2 was quite stable at room temperature for a period of up to 3 years. However,
its concentration in final product was little affected by storage timed. Therefore, it is recom‐
mended that the menaquinone‐7 rich product should be stored not more than 15°C tempera‐
ture in a dry, cool, and dark place away from humidity, high heat, and sunlight.

5. Nutritional profile of fermented soybeans products

Fermented soybean is demonstrated higher amount of protein than raw soybean. The higher
content of protein in fermented soybean might be elevated due to the microbial synthesis of
single cell protein or rearrangements of molecules or enzymes followed by mortification of
other moieties [19]. Premarani et al. explicated the impact of fermentation on the proximate
composition of hawaijar [34]. They inferred that natural fermented soybean had 62.1%
moisture, 26.02% soluble protein 24.36% crude fat, 8.2% crude fiber, 1.42% ash, and 3.8% free
amino acids content nonetheless, inoculation with bacteria increases these parameters.
However, hawaijar prepared from different soybean varieties showed non‐momentous
differences in lipid, fatty acid, and amino acid contents [35]. The nutritional profile of some
fermented soybean was listed in Table 2.

Food Moisture Crude protein Crude fat Crude fiber Ash Carbohydrate References
Kinema (traditional)
dry basis

7.2 44.0 21.8 4.2 4.7 29.7 [79]

Kinema (pure culture)
dry basis

6.8 45.1 23.0 4.8 4.5 27.4 [79]

Natto fresh weight basis 62.72 13.19 7.61 1.17 1.37 13.89 [2]
Fermented soybean 62.1 26.02 24.68 8.2 1.42 [34]
B. natto Itobiki 59–61 36–42 19–23 – 4.38–4.97 31–34 [37]
B. Natto NRRL B‐3393 61 39–44 25–27 ‐ 4.72–4.86 25–29 [37]

Table 2. Nutritional profile of menaquinones rich fermented soybean (%).
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Likewise, natto has 40% protein and 24.68% fat contents. Controlled fermentation process
improves the nutritional composition of natto than that of natural fermentation process [36].
Earlier, Wei and Chang delineated that the natto was prepared from four different soybean
cultivars using B. natto “Itobiki” for moisture, protein, lipid, ash and carbohydrates as 59–61,
37–43, 20–23, 4–5, and 31–34%, respectively [37]. However, the natto synthesis through B. natto
NRRL B‐3393 exhibited the values ranged from 61–62, 39–44, 25–27, 4.72–4.86, and 25–29%, for
these attributes.

Similarly, free amino acid contents were enhanced 60‐fold in fermented products [38]. Free
fatty acids impart significant role in the development of unique flavor in fermented soybean.
Earlier, Kiuchi et al. reported that carbon length of fatty acids was momentously increased
during fermentation [39]. Moreover, the amount of vitamin B complex such thiamine,
riboflavin, and niacin is momentously improved during B. subtilis fermentation process of
cooked soybeans. Additionally, total folate concentration was enhanced during fermentation
process of Tempeh (fermented soybean). Fermented soybeans such as kinema and natto have
appreciable amount of mineral contents such as iron, magnesium, copper, zinc, sodium, and
calcium [40–42].

6. Antioxidant potential of fermented soybean

Fermented soybean had higher amount of total phenolic, antioxidant capacities, and flavonoid
contents in thua nao produce by black soybeans by pure culture of B. subtilis TN51 compared
with yellow soybeans and cooked non‐fermented soybeans. Fermented black soybean and
yellow soybean with B. subtilis TN51 exhibited higher amount of total phenolics 27.05 and
35.88 mgGAE/g extract than that of non‐fermented products. Whereas total flavonoids
contents of fermented black and yellow soybean were 3.50 and 1.38 mg catechin eq/g metha‐
nolic extract. However, contents of total phenolics and flavonoids were significant less in non‐
fermented black and yellow cooked soybeans. Likewise, 2,2‐diphenylpicrylhydrazyl (DPPH)‐
antiradical activity (IC50, mg/mL), and lipid peroxidation inhibition potential were higher in
fermented black and yellow soybean compared with non‐fermented cooked soybean [22].

Total phenol content of kinema was 144% higher than the raw soybean. Moreover, kinema has
better free radical scavenger ability and metal chelating power and improved reducing power
than that of non‐fermented soybean. Therefore, it is suggested that kinema may has potential
used as designer foods to alleviate oxidative stress [43]. Likewise, B. subtilis fermentation
inclines to improve total polyphenolic and anthocyanins content about 10 and 250% during
natto preparation from black soybeans, respectively. Moreover, DPPH radical scavenging
activity has positive association with fermentation time and concentration of black soybean
[19].

Fermentation increases about 58% content of phytosterol in kinema [43]. Later, Moktan et al.
[44] reported that the kinema had 144%, 44%, 147%, and 92% higher total phenolics content,
antioxidant activity, DPPH scavenging activity, and Fe2+‐chelating activity, respectively,
compared to non‐fermented cooked soybean. Similarly, better total phenolic contents and
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DPPH activity were observed in Bacillus fermented soybean than that of soaked or cooked
soybean [19].

During fermentation process of soybean, peptides are released by the hydrolysis of soybean
proteins. Specific bioactive peptides such as glycinin and β‐conglycinin are synthesized
through the hydrolysis of soybean proteins. These bioactive peptides may act as regulatory
compounds and have potential to minimize the physiological dysfunctions such anti‐diabetic
and anticancer activities [45].

Generally, fermented products are still widely synthesized by traditional methods. Conse‐
quently, it was recommended to develop standard operating producers and adhere with the
good manufacturing practice (GMP) for individuals directly involved in its production for
ensuring its safety [43].

7. Sensory response of fermented products

Sensory response including color, flavor, odor, texture, and overall acceptability is the main
contributing parameters for the acceptance of products. Sensory evaluation of fermented
soybean is mostly carried out using seven‐point hedonic scale. The prepared natto obtained
higher scores for color, appearance, taste, and viscosity than non‐fermented cooked soybean
[46]. Similarly, chungkukjang flavor, taste, and overall acceptability are evaluated using nine‐
point hedonic scale and reported that fermented soybean has high savory flavor and lower
bitterness than traditional natto [47].

Moreover, soybean fermented with B. subtilis TN51 has superior aroma than that of conven‐
tionally fermented soybean [27]. In another study, sensory traits of natto, that are, color, aroma,
stickiness, bitterness, sweetness, sourness, and chewiness were determined through continu‐
ous linear intensity‐scale of 10 cm with multiple demographic panelists such as Chinese,
Japanese, and American. There were non‐significant variations observed in sweetness or
sourness and flavor in commercial available natto and laboratory prepared similar product
[37].

8. Animal‐based vitamin K2 food products

8.1. Meat

Concerning the vitamin K, only plants and fermented food commodities are considered as a
major natural source, but limited attention has been paid to meat for its menaquinones
contents. Recently, Rødbotten et al. reported that cattle meat such as Jersey and Norwegian
Red have better amount of menaquinones predominately MK‐4 [48]. Jersey meat has higher
amount of MK‐4 in M. longissimus dorsi (LD), M. biceps femoris (BF), and M. psoasmajor muscles
compared to Norwegian Red Cattle. Some traces of MK‐6 and MK‐7 were also detected in both
types of cattle meats. Moreover, it is suggested that vitamin K2 content has no association with
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intramuscular fat and tenderness of meat. Contrary, Fujiwara et al. reported that poultry birds
rely on natto did not improve the menaquinones content of meat [49]. Previously, Elder et al.
[50] quantified the MK‐4 in beef, chicken, fish, and liver of calf available in retail outlets or fast
food restaurants of various cities of USA and reported that MK‐4 was present in chicken in
substantial amount ranged from 6.3 to 22.1 μg/100 g as compared to other tested animal meat
and meat products (Table 3).

Meat Type Country MK‐4 MK‐6 MK‐7 Reference

Chicken Breast meat Netherlands 8.9 – – [13]

Chicken Leg meat Netherlands 8.5 – – [13]

Chicken Thigh raw Japan ND ‐ 27 ± 15 [12]

Chicken Leg and thigh ng/g Japan 600 ND ND [12]

Chicken Fresh ng/g Japan 89.9 ND ND [12]

Beef Chuck, raw Japan 0.6 ‐ 15 [12]

Beef raw Netherlands 1.1 – – [13]

Beef Fresh raw ground beef USA 4.9 – – [50]

Beef Fresh raw ground beef (medium fat) USA 8.1 – – [50]

Beef Fresh raw ground beef (high fat) USA 7.4 – – [50]

Bovine beef Fresh beef (ng/g) Japan 34.3 0.3 0.3 [12]

Cattle (Jersey) M. Biceps Femoris Norway 4.85 0.004 0.006 [48]

M. psoas major Norway 2.46 – – [48]

M. longissimus dorsi Norway 3.39 – – [48]

Cattle (Norwegian Reg) M. Biceps Femoris Norway 3.02 0.006 0.082 [48]

M. psoas major Norway 1.82 – – [48]

M. longissimus dorsi Norway 2.43 – – [48]

Beef Minced meat Netherlands 6.7 – – [13]

Beef Product Salami Netherlands 9.0 – – [13]

Pork Thigh, raw Japan ND 6 ± 2 [12]

Pork Fresh pork meat (ng/g) Japan 9.4 0.3 0.3 [12]

Pork Pork meat chop (ng/g) Japan 31 ND 1.2 [12]

Horse Fresh house meat ng/g Japan 2.0 0.2 2.3 [12]

Luncheon Meat Netherlands 7.7 – – [13]

Hare Leg meat Netherlands 0.1 – – [13]

Deer Back meat Netherlands 0.7 – – [13]

Goose Leg meat Netherlands 31 – – [13]

Goose Liver paste Netherlands 369 – – [13]

Duck Breast meat Netherlands 3.6 – – [13]

Table 3. Menaquinones contents of meat of various fresh meat (μg/100 g).
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DPPH activity were observed in Bacillus fermented soybean than that of soaked or cooked
soybean [19].

During fermentation process of soybean, peptides are released by the hydrolysis of soybean
proteins. Specific bioactive peptides such as glycinin and β‐conglycinin are synthesized
through the hydrolysis of soybean proteins. These bioactive peptides may act as regulatory
compounds and have potential to minimize the physiological dysfunctions such anti‐diabetic
and anticancer activities [45].

Generally, fermented products are still widely synthesized by traditional methods. Conse‐
quently, it was recommended to develop standard operating producers and adhere with the
good manufacturing practice (GMP) for individuals directly involved in its production for
ensuring its safety [43].

7. Sensory response of fermented products

Sensory response including color, flavor, odor, texture, and overall acceptability is the main
contributing parameters for the acceptance of products. Sensory evaluation of fermented
soybean is mostly carried out using seven‐point hedonic scale. The prepared natto obtained
higher scores for color, appearance, taste, and viscosity than non‐fermented cooked soybean
[46]. Similarly, chungkukjang flavor, taste, and overall acceptability are evaluated using nine‐
point hedonic scale and reported that fermented soybean has high savory flavor and lower
bitterness than traditional natto [47].

Moreover, soybean fermented with B. subtilis TN51 has superior aroma than that of conven‐
tionally fermented soybean [27]. In another study, sensory traits of natto, that are, color, aroma,
stickiness, bitterness, sweetness, sourness, and chewiness were determined through continu‐
ous linear intensity‐scale of 10 cm with multiple demographic panelists such as Chinese,
Japanese, and American. There were non‐significant variations observed in sweetness or
sourness and flavor in commercial available natto and laboratory prepared similar product
[37].

8. Animal‐based vitamin K2 food products

8.1. Meat

Concerning the vitamin K, only plants and fermented food commodities are considered as a
major natural source, but limited attention has been paid to meat for its menaquinones
contents. Recently, Rødbotten et al. reported that cattle meat such as Jersey and Norwegian
Red have better amount of menaquinones predominately MK‐4 [48]. Jersey meat has higher
amount of MK‐4 in M. longissimus dorsi (LD), M. biceps femoris (BF), and M. psoasmajor muscles
compared to Norwegian Red Cattle. Some traces of MK‐6 and MK‐7 were also detected in both
types of cattle meats. Moreover, it is suggested that vitamin K2 content has no association with
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intramuscular fat and tenderness of meat. Contrary, Fujiwara et al. reported that poultry birds
rely on natto did not improve the menaquinones content of meat [49]. Previously, Elder et al.
[50] quantified the MK‐4 in beef, chicken, fish, and liver of calf available in retail outlets or fast
food restaurants of various cities of USA and reported that MK‐4 was present in chicken in
substantial amount ranged from 6.3 to 22.1 μg/100 g as compared to other tested animal meat
and meat products (Table 3).

Meat Type Country MK‐4 MK‐6 MK‐7 Reference

Chicken Breast meat Netherlands 8.9 – – [13]

Chicken Leg meat Netherlands 8.5 – – [13]

Chicken Thigh raw Japan ND ‐ 27 ± 15 [12]

Chicken Leg and thigh ng/g Japan 600 ND ND [12]

Chicken Fresh ng/g Japan 89.9 ND ND [12]

Beef Chuck, raw Japan 0.6 ‐ 15 [12]

Beef raw Netherlands 1.1 – – [13]

Beef Fresh raw ground beef USA 4.9 – – [50]

Beef Fresh raw ground beef (medium fat) USA 8.1 – – [50]

Beef Fresh raw ground beef (high fat) USA 7.4 – – [50]

Bovine beef Fresh beef (ng/g) Japan 34.3 0.3 0.3 [12]

Cattle (Jersey) M. Biceps Femoris Norway 4.85 0.004 0.006 [48]

M. psoas major Norway 2.46 – – [48]

M. longissimus dorsi Norway 3.39 – – [48]

Cattle (Norwegian Reg) M. Biceps Femoris Norway 3.02 0.006 0.082 [48]

M. psoas major Norway 1.82 – – [48]

M. longissimus dorsi Norway 2.43 – – [48]

Beef Minced meat Netherlands 6.7 – – [13]

Beef Product Salami Netherlands 9.0 – – [13]

Pork Thigh, raw Japan ND 6 ± 2 [12]

Pork Fresh pork meat (ng/g) Japan 9.4 0.3 0.3 [12]

Pork Pork meat chop (ng/g) Japan 31 ND 1.2 [12]

Horse Fresh house meat ng/g Japan 2.0 0.2 2.3 [12]

Luncheon Meat Netherlands 7.7 – – [13]

Hare Leg meat Netherlands 0.1 – – [13]

Deer Back meat Netherlands 0.7 – – [13]

Goose Leg meat Netherlands 31 – – [13]

Goose Liver paste Netherlands 369 – – [13]

Duck Breast meat Netherlands 3.6 – – [13]

Table 3. Menaquinones contents of meat of various fresh meat (μg/100 g).
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Some studies indicated that thigh raw chicken meat contained the menaquinone‐7 about 27 
ng/g [21], whereas other only reported menaquinone‐4 in both leg and breast meat of chicken
ranged from 89.9 ng/g to 8.9 μg/100 g [13, 21]. Similarly, beef meat including raw, raw ground
low, medium, and high fat meats from Japan, Netherlands, and USA contained menaquinone‐
4 ranged from 0.6 to 8.1 μg/100 g. However, Japanese origin beef meat contained menaquinone‐
7 as 15 μg/100 g. Likewise, cattle meat including Jersey and Norwegian Biceps Femoris meat
merely contained MK‐4, MK‐6, and MK‐7, whereas other parts did not contained MK‐7, but
their amount is very low [13, 21, 48, 50]. Additionally, pork and horse fresh meat contained the
limited amount of MK‐7 and all other tested meat such as luncheon, hare, deer goose, and duck
contained only MK‐4 (Table 3).

In various countries, people used the organs of animal as a source of meat. Therefore, concen‐
tration of vitamin K2 is also very important to know in the commonly consumed organs such
as liver, kidney, and heart. Hirauchi and coworkers reported that the organs meat of horse,
chicken, and pork had significant amount of MK‐4 compared with long‐chain menaquinones
(MK‐7 to MK‐13) and phylloquinone [51]. However, bovine liver was rich in MK‐13 (215 
ng/g) followed by MK‐12 (215.6 ng/g), whereas the lowest concentration was noticed of MK‐9
(15.3 ng/g). Other livers of various tested animal contained traces of higher menaquinones. The
higher amount of long‐chain menaquinones are possibly synthesized by gut microflora and
stored in liver [52].

However, roasted beef contained 2–4 μg/100 g of MK‐4, while other menaquinones such as
MK‐5, MK‐7 and MK‐8 were also present with low concentration [53]. Few publications are
available regarding the vitamin K2 content of meat (Tables 4 and 5). Previously, it was reported
that beef meat has limited amount of vitamin K2 without specifying the type of muscle and
breeds [50, 53].

Meat Type Country MK‐4 MK‐5 MK‐6 MK‐7 MK‐8 Reference

Beef liver Raw (μg/100 g) USA 0.4 – – – – [50]

Beef liver Pan‐fried (μg/100 g) USA 0.4 – – – – [50]

Beef liver Braised (μg/100 g) USA 1.9 – – – – [50]

Beef liver Raw (ng/g) USA 8.2 – 24.5 181.8 48.4 [51]

Beef liver Raw (ng/g) Finland 6.8 ND 9.44 25.6 13.8 [53]

Beef liver Fresh heart (ng/g) Japan 21.7 – 2.8 0.9 ND [51]

Calf liver Raw (μg/100 g) USA 5.0 – – – – [50]

Calf liver Pan‐fried (μg/100 g) USA 6.0 – – – – [50]

Calf liver Braised (μg/100 g) USA 1.1 – – – – [50]

Chicken Liver Raw (ng/g) Japan 39.6 – 0.3 ND 0.9 [51]

Chicken Liver Raw (μg/100 g) USA 14.1 – – – – [50]

Chicken Liver Pan‐fried (μg/100 g) USA 12.6 – – – – [50]
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Meat Type Country MK‐4 MK‐5 MK‐6 MK‐7 MK‐8 Reference

Chicken Liver Braised (μg/100 g) USA 6.7 – – – – [50]

Chicken heart Fresh (ng/g) Japan 142.6 – 0.1 ND ND [51]

Horse liver Raw (ng/g) Japan 2.1 – 1.0 2.3 1.2 [51]

Horse heart Fresh heart (ng/g) Japan 0.4 – 0.2 ND ND [51]

Pork heart Raw (ng/g) Finland 10.8 ND ND 16 25 [53]

Pork liver Fresh Japan 1.2 0.2 1.1 ND [51]

Pork Raw Netherlands 0.3 – – 0.3 – [13]

Pork Raw Liver (ng/g) Japan 5.9 – 0.4 6.1 5.6 [51]

ND = not detected; (–) = unknown or not reported.

Table 4. Vitamin K‐2 content of different organ meats.

Food Type Country MK‐4 MK‐5 MK‐6 MK‐7 Reference

Beef product Hot dogs, regular fat USA 5.7 – – – [50]

Beef product Ham roasted and pan broiled USA 5.1 – – – [50]

Beef product Bacon (raw, pan‐fried, microwaved,

cooked and baked)

USA 5.6 – – – [50]

Beef product Beef meat roasted (ng/g) Finland 28 1.2 ND 1.17 [53]

Beef product Beef products USA 1.7–8.1 – – – [50]

Beef product Roasted beef 2–4 – – – [53]

Beef product Broiled ground beef (low‐fat

steak)

USA 1.7 – – – [50]

Beef product Broiled ground beef

(medium fat)

USA 7.2 – – – [50]

Beef product Broiled ground beef

(high fat)

USA 5.1 – – – [50]

Pork product Loin (raw, broiled, pan‐broiled,

braised)

USA 0.9 – – – [50]

Pork product Meat franks, regular fat USA 9.8 – – – [50]

Pork product Pork steak Netherlands 2.1 – – 0.5 [13]

ND = not detected; (–) = unknown or not reported.

Table 5. Vitamin K‐2 content of different animal meat‐based products (μg/100 g).
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Some studies indicated that thigh raw chicken meat contained the menaquinone‐7 about 27 
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low, medium, and high fat meats from Japan, Netherlands, and USA contained menaquinone‐
4 ranged from 0.6 to 8.1 μg/100 g. However, Japanese origin beef meat contained menaquinone‐
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merely contained MK‐4, MK‐6, and MK‐7, whereas other parts did not contained MK‐7, but
their amount is very low [13, 21, 48, 50]. Additionally, pork and horse fresh meat contained the
limited amount of MK‐7 and all other tested meat such as luncheon, hare, deer goose, and duck
contained only MK‐4 (Table 3).

In various countries, people used the organs of animal as a source of meat. Therefore, concen‐
tration of vitamin K2 is also very important to know in the commonly consumed organs such
as liver, kidney, and heart. Hirauchi and coworkers reported that the organs meat of horse,
chicken, and pork had significant amount of MK‐4 compared with long‐chain menaquinones
(MK‐7 to MK‐13) and phylloquinone [51]. However, bovine liver was rich in MK‐13 (215 
ng/g) followed by MK‐12 (215.6 ng/g), whereas the lowest concentration was noticed of MK‐9
(15.3 ng/g). Other livers of various tested animal contained traces of higher menaquinones. The
higher amount of long‐chain menaquinones are possibly synthesized by gut microflora and
stored in liver [52].

However, roasted beef contained 2–4 μg/100 g of MK‐4, while other menaquinones such as
MK‐5, MK‐7 and MK‐8 were also present with low concentration [53]. Few publications are
available regarding the vitamin K2 content of meat (Tables 4 and 5). Previously, it was reported
that beef meat has limited amount of vitamin K2 without specifying the type of muscle and
breeds [50, 53].

Meat Type Country MK‐4 MK‐5 MK‐6 MK‐7 MK‐8 Reference

Beef liver Raw (μg/100 g) USA 0.4 – – – – [50]

Beef liver Pan‐fried (μg/100 g) USA 0.4 – – – – [50]

Beef liver Braised (μg/100 g) USA 1.9 – – – – [50]

Beef liver Raw (ng/g) USA 8.2 – 24.5 181.8 48.4 [51]

Beef liver Raw (ng/g) Finland 6.8 ND 9.44 25.6 13.8 [53]

Beef liver Fresh heart (ng/g) Japan 21.7 – 2.8 0.9 ND [51]

Calf liver Raw (μg/100 g) USA 5.0 – – – – [50]

Calf liver Pan‐fried (μg/100 g) USA 6.0 – – – – [50]

Calf liver Braised (μg/100 g) USA 1.1 – – – – [50]

Chicken Liver Raw (ng/g) Japan 39.6 – 0.3 ND 0.9 [51]

Chicken Liver Raw (μg/100 g) USA 14.1 – – – – [50]

Chicken Liver Pan‐fried (μg/100 g) USA 12.6 – – – – [50]
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Meat Type Country MK‐4 MK‐5 MK‐6 MK‐7 MK‐8 Reference
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Beef product Ham roasted and pan broiled USA 5.1 – – – [50]

Beef product Bacon (raw, pan‐fried, microwaved,

cooked and baked)

USA 5.6 – – – [50]
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(high fat)

USA 5.1 – – – [50]

Pork product Loin (raw, broiled, pan‐broiled,
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8.2. Animal‐based sea foods

Fishes such as rainbow trout contained MK‐4 (31 ng/g), MK‐5 (0.9 ng/g), and MK‐7 (2.0 ng/g),
whereas MK‐6 and MK‐8 were not present (Table 6). Similarly, pike‐perch also contained these
menaquinones along with MK‐6. Baltic herring and salmon only contained MK‐4. Moreover,
plaice and eel contained MK‐4 as 0.2 and 1.7, MK‐6 as 0.3 and 0.1, and MK‐7 as 1.6 and 0.0,
respectively. Horse mackerel from Netherlands and Japan only contained MK‐4 content (0.4
and 0.6 μg/100 g). Furthermore, shrimp also had MK‐4 (0.2 μg/100 g). Canned crab and tilapia
fillets did not contain any form of menaquinones [13, 21, 50].

Food Type Country MK‐4 MK‐5 MK‐6 MK‐7 MK‐8 Reference

Fishes Rainbow trout (ng/g) Finland 31 0.9 ND 2.0 ND [53]

Pike‐perch (ng/g) Finland 1.9 0.49 0.52 4.9 ND [53]

Baltic herring (ng/g) Finland 2.07 – ND ND ND [53]

Fish Mackerel Netherlands 0.4 – – – – [13]

Plaice Netherlands 0.2 – 0.3 0.1 1.6 [13]

Eel Netherlands 1.7 – 0.1 0.4 – [13]

Salmon Netherlands 0.5 – – – – [13]

Fish Horse mackerel, raw Japan 0.6 – – ND – [12]

Mackerel, raw Japan 1.0 – – ND – [12]

Crab Canned USA ND – – – – [50]

Shrimp Cooked and canned USA 0.2 – – – – [50]

Salmon Raw, Alaska wild USA 0.3 – – – – [50]

Tilapia fillets Raw and baked USA ND – – – – [50]

ND = not detected; (–) = unknown or not reported.

Table 6. Menaquinones contents of various sea foods (μg/100 g).

8.3. Milk

Fresh milk having varied amount of fat also contained some amount of menaquinones
especially MK‐4. Sheep and cow whole milk contained about 17.4 and 8.60 ng/g of MK‐4,
respectively, while menaquinones were not detected in goat and donkey milk [54]. Moreover,
milk having 1% fat had 0.4 μg/100 g of MK‐4, whereas milk with higher amount of fat (2%)
and whole milk showed more MK‐4 contents as 0.5 and 1.0 μg/100 g which is available in retail
outlets of USA [50].

There are various microorganisms such as L. lactis subsp. cremoris, L. lactis subsp. Lactis, and
Leuconostoc lactis which have potential to produce long‐chain menaquinones like MK‐7 to
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MK‐10 about 230 nmol/g of dry cells. Moreover, these strains also have capacity to synthesis
the ample amount of long‐chain menaquinones in reconstituted non‐fat dry milk and soy
milk. Therefore, the milk‐based fermented foods have significant amount of menaquinones
and considered as an important dietary sources of vitamin K2 [55]. Earlier, it was document‐
ed that the human milk only contained phylloquinone, but menaquinones were not detect‐
ed [56].

Some of the fresh milk only contained MK‐4 and other menaquinones are not detected or
contained in the whole milk with varied concentration of fat from different animals (Table 7).
Likewise, various creams and dressing also had MK‐4 as source of vitamin K2. Interestingly,
fermented milk and sourced milk contained higher amount of long‐chain menaquinones such
as MK‐6, MK‐7, MK‐8, and MK‐9 while MK‐4 and MK‐5 were not present. Similarly, butter
milk also contained MK‐4 to MK‐8 but in limited quantity, butter contained only MK‐4 (15 
μg/100 g).

Food Type Country MK‐4MK‐5MK‐6 MK‐7 MK‐8 MK‐9 Reference

Fresh Milk 1% fat USA 0.4 – – – – – [50]

Fresh Milk 2% fat (Regular and chocolate) USA 0.5 – – – – – [50]

Fresh Milk Whole milk USA 1.0 – – – – – [50]

Fresh Milk Cow 3.5% fat (μg/L) Italy 8.60 – – – – – [54]

Fresh Milk Buffalo 5.0% fat (μg/L) Italy ND – – – – – [54]

Fresh Milk Sheep 5.5% fat (μg/L) Italy 17.4 – – – – – [54]

Fresh Milk Goat 5.0% fat (μg/L) Italy ND – – – – – [54]

Fresh Milk Donkey 1.0% fat (μg/L) Italy ND – – – – – [54]

Fresh Milk Whole milk Japan 2.03 – – ND [12]

Fresh Milk Whole milk Nether

lands

0.8 0.1 – – – – [13]

Yoghurt Yogurt plain (ng/g) Finland 3.6 1.01 ND ND ND ND [53]

Yoghurt Whole milk Japan 0.6 0.1 0 0.2 – – [51]

Yoghurt Skimmed milk Japan 0 0 0 0.1 – – [51]

Yoghurt Yogurt, plain (whole milk) Japan 1.0 – – 0.1 – – [12]

Yoghurt Whole yoghurt Nether

lands

0.6 0.1 – – 0.1 [13]

Yoghurt Fortified MK‐7 Nether

lands

– – 11.65 – – [57]

Cream Ice cream Regular fat

(vanilla and chocolate)

USA 2.6 – – – – – [50]
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8.2. Animal‐based sea foods

Fishes such as rainbow trout contained MK‐4 (31 ng/g), MK‐5 (0.9 ng/g), and MK‐7 (2.0 ng/g),
whereas MK‐6 and MK‐8 were not present (Table 6). Similarly, pike‐perch also contained these
menaquinones along with MK‐6. Baltic herring and salmon only contained MK‐4. Moreover,
plaice and eel contained MK‐4 as 0.2 and 1.7, MK‐6 as 0.3 and 0.1, and MK‐7 as 1.6 and 0.0,
respectively. Horse mackerel from Netherlands and Japan only contained MK‐4 content (0.4
and 0.6 μg/100 g). Furthermore, shrimp also had MK‐4 (0.2 μg/100 g). Canned crab and tilapia
fillets did not contain any form of menaquinones [13, 21, 50].

Food Type Country MK‐4 MK‐5 MK‐6 MK‐7 MK‐8 Reference

Fishes Rainbow trout (ng/g) Finland 31 0.9 ND 2.0 ND [53]

Pike‐perch (ng/g) Finland 1.9 0.49 0.52 4.9 ND [53]

Baltic herring (ng/g) Finland 2.07 – ND ND ND [53]

Fish Mackerel Netherlands 0.4 – – – – [13]

Plaice Netherlands 0.2 – 0.3 0.1 1.6 [13]

Eel Netherlands 1.7 – 0.1 0.4 – [13]

Salmon Netherlands 0.5 – – – – [13]

Fish Horse mackerel, raw Japan 0.6 – – ND – [12]

Mackerel, raw Japan 1.0 – – ND – [12]

Crab Canned USA ND – – – – [50]

Shrimp Cooked and canned USA 0.2 – – – – [50]

Salmon Raw, Alaska wild USA 0.3 – – – – [50]

Tilapia fillets Raw and baked USA ND – – – – [50]

ND = not detected; (–) = unknown or not reported.

Table 6. Menaquinones contents of various sea foods (μg/100 g).

8.3. Milk

Fresh milk having varied amount of fat also contained some amount of menaquinones
especially MK‐4. Sheep and cow whole milk contained about 17.4 and 8.60 ng/g of MK‐4,
respectively, while menaquinones were not detected in goat and donkey milk [54]. Moreover,
milk having 1% fat had 0.4 μg/100 g of MK‐4, whereas milk with higher amount of fat (2%)
and whole milk showed more MK‐4 contents as 0.5 and 1.0 μg/100 g which is available in retail
outlets of USA [50].

There are various microorganisms such as L. lactis subsp. cremoris, L. lactis subsp. Lactis, and
Leuconostoc lactis which have potential to produce long‐chain menaquinones like MK‐7 to
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MK‐10 about 230 nmol/g of dry cells. Moreover, these strains also have capacity to synthesis
the ample amount of long‐chain menaquinones in reconstituted non‐fat dry milk and soy
milk. Therefore, the milk‐based fermented foods have significant amount of menaquinones
and considered as an important dietary sources of vitamin K2 [55]. Earlier, it was document‐
ed that the human milk only contained phylloquinone, but menaquinones were not detect‐
ed [56].

Some of the fresh milk only contained MK‐4 and other menaquinones are not detected or
contained in the whole milk with varied concentration of fat from different animals (Table 7).
Likewise, various creams and dressing also had MK‐4 as source of vitamin K2. Interestingly,
fermented milk and sourced milk contained higher amount of long‐chain menaquinones such
as MK‐6, MK‐7, MK‐8, and MK‐9 while MK‐4 and MK‐5 were not present. Similarly, butter
milk also contained MK‐4 to MK‐8 but in limited quantity, butter contained only MK‐4 (15 
μg/100 g).

Food Type Country MK‐4MK‐5MK‐6 MK‐7 MK‐8 MK‐9 Reference

Fresh Milk 1% fat USA 0.4 – – – – – [50]

Fresh Milk 2% fat (Regular and chocolate) USA 0.5 – – – – – [50]

Fresh Milk Whole milk USA 1.0 – – – – – [50]

Fresh Milk Cow 3.5% fat (μg/L) Italy 8.60 – – – – – [54]

Fresh Milk Buffalo 5.0% fat (μg/L) Italy ND – – – – – [54]

Fresh Milk Sheep 5.5% fat (μg/L) Italy 17.4 – – – – – [54]

Fresh Milk Goat 5.0% fat (μg/L) Italy ND – – – – – [54]

Fresh Milk Donkey 1.0% fat (μg/L) Italy ND – – – – – [54]

Fresh Milk Whole milk Japan 2.03 – – ND [12]

Fresh Milk Whole milk Nether

lands

0.8 0.1 – – – – [13]

Yoghurt Yogurt plain (ng/g) Finland 3.6 1.01 ND ND ND ND [53]

Yoghurt Whole milk Japan 0.6 0.1 0 0.2 – – [51]

Yoghurt Skimmed milk Japan 0 0 0 0.1 – – [51]

Yoghurt Yogurt, plain (whole milk) Japan 1.0 – – 0.1 – – [12]

Yoghurt Whole yoghurt Nether

lands

0.6 0.1 – – 0.1 [13]

Yoghurt Fortified MK‐7 Nether

lands

– – 11.65 – – [57]

Cream Ice cream Regular fat

(vanilla and chocolate)

USA 2.6 – – – – – [50]
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Food Type Country MK‐4MK‐5MK‐6 MK‐7 MK‐8 MK‐9 Reference

Cream Cream Japan 8 – – ND – – [12]

Cream Whipping cream Nether

lands

5.4 – – – – [13]

Dressing Mayonnaise (whole egg type Japan 17 – – ND – – [12]

Dressing Mayonnaise (egg yolk type Japan 38 ND – – [12]

Chocolate Market (brand or type is no specified) Nether

lands

1.5 – – – – – [13]

Buttermilk Market (brand or type is no specified) Nether

lands

0.2 0.1 0.1 0.1 0.6 [13]

Butter Market (brand or type is no specified) Nether

lands

15.0 – – – – – [13]

Soured milk(ng/g) Finland 5.7 2.93 1.7 4.1 20.1 47 [53]

Fermented

milk

Mesophilic fermented milk (MFM) ng/g France – – 1.3–4.9 1.2–6.1 7.237.9 29–145 [58]

Fermented

milk

MFM (ng/g) Germany– – 2.1–6 4.1–6.3 31–42 88.4–198.5[58]

Fermented

milk

MFM (ng/g) Poland – – 0.5–11.93.2–10.97.1–89.317–414.2 [58]

ND = not detected; (–) = unknown or not reported.

Table 7. Menaquinones contents of various dairy products (μg/100 g).

Recently, Knapen et al. delineated that vitamin K fortified foods are healthy choice to increase
the nutritional intake of MK‐7 [57]. The fortified yoghurt drink containing MK‐7 about 28 μg/
ml has similar absorption pattern as the soft gel containing same amount of pure menaquinone‐
7. It is therefore suggested that to fortify food products that are ideal choice among the public
to enhance the nutritional intake of menaquinones in the body.

8.4. Yoghurt

Thermophilic bacteria such as Lactobacillus delbrueckii, Streptococcus thermophilus, and Bifido‐
bacterium which are mostly used a lactic acid bacteria starter culture not have ability to produce
the menaquinones. Therefore, yogurt type milk‐based products prepared with pure culture of
thermophilic bacteria have limited or no menaquinones. However, among other milk‐based
fermented products, 60% contained some amount of vitamin K2 (Table 7). The mesophilic lactic
acid bacteria species which as used as starter culture for the fermentation have a capability to
produce ample amount of vitamin K2[53, 58]. However, yoghurt including plain, whole and
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skimmed milk contained higher amount of MK‐4, whereas very low concentration of other
menaquinones such as MK‐5, MK‐6 and MK‐7 was present (Table 7).

Fortified yoghurt drink with MK‐7 significantly improved serum concentration from 0.38 ng/
ml to 2.00 ng/ml, whereas yoghurt supplemented with MK‐7 along with other vitamins
increased better serum MK‐7 level as 2.17 ng/ml. Fortified MK‐7 yoghurt and soft gel contain‐
ing MK‐7 showed statistically non‐significantly variations [57].

8.5. Cheeses

Soft cheese as well as blue cheese have tremendous amount of vitamin K2 as 1100 and 700 
ng/g [58]. Earlier, menaquinones content of these cheeses has never been reported because
soft and blue cheeses were not evaluated in respect of their vitamin K2 content. These
cheeses have higher amount of menaquinones possibly due to the activity of lactic acid bac‐
teria particularly Leuconostoc species and yeasts or molds which are involved in ripening of
cheeses. Most of the soft (from table name) and blue cheeses characterized had high con‐
tents of vitamin K2 [59]. Generally, MK‐9 was present in soft and blue cheese almost fourfold
than that of MK‐8. It is suggested that lactococci is responsible for the production of MK‐9 in
the dairy products. However, these bacteria also produced MK‐8 comparatively constant ra‐
tio. Likewise, propionibacteria also synthesized the MK‐9 as a key menaquinone in cheese.
Menaquinone‐9 concentration was higher in Norwegian Jarlsberg cheese trailed by Swiss
Emmental cheese. However, Appenzeller or Gruye‘re cheeses had extremely low concentra‐
tions of MK‐9. Additionally, Comte and Raclette cheeses contained lesser amount of MK‐9
than both Jarlsberg and Emmental cheeses (Table 8).

Food Type Country MK‐4 MK‐5 MK‐6 MK‐7 MK‐8 MK‐9 Reference

Cheeses Hard cheeses (μg/100g) Nether
lands

4.7 1.5 0.8 1.3 16.9 ‐ [13]

Soft cheese (μg/100g) Nether
lands

3.7 0.3 0.5 0.5 1.0 ‐ [13]

Curd cheese (μg/100 g) Nether
lands

0.4 0.1 0.2 0.3 5.1 ‐ [13]

Semi‐hard
cheese

Semi‐hard cheese (ng/g) Nether
lands

– – 14.5–34.5 0–14.1 33.9–73.1 100–321 [58]

Semi‐hard cheese (ng/g) Denmark – – 16.1–19.8 7.1–13.5 25–35.8 115.3–185.1 [58]

Semi‐hard cheese (ng/g) Poland – – 9.8–15.8 ND 27.8–56.4 124.5–166.3 [58]

Soft cheese Soft cheese (ng/g) France – – 13.7–25.9 0–17.1 89.2–139.9 176.1–939.7 [58]

Cheese Edam type (ng/g) Finland 33 10.2 5.6 12.6 105 300 [53]

Emmental type (ng/g) Finland 52.3 ND Traces Traces ND Nd [53]

Blue cheese Blue cheese (ng/g) France – – 14.4–35.4 24.6 59.8 189–230 [58]

Blue cheese (ng/g) England – – 96.7 223 103 301 [58]

Cheddar Hard cheddar (ng/g) England – – 8.7–29.9 0–23.1 10.5–61.8 0–66.9 [58]
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Food Type Country MK‐4MK‐5MK‐6 MK‐7 MK‐8 MK‐9 Reference

Cream Cream Japan 8 – – ND – – [12]

Cream Whipping cream Nether

lands

5.4 – – – – [13]

Dressing Mayonnaise (whole egg type Japan 17 – – ND – – [12]

Dressing Mayonnaise (egg yolk type Japan 38 ND – – [12]

Chocolate Market (brand or type is no specified) Nether

lands

1.5 – – – – – [13]

Buttermilk Market (brand or type is no specified) Nether

lands

0.2 0.1 0.1 0.1 0.6 [13]

Butter Market (brand or type is no specified) Nether

lands

15.0 – – – – – [13]

Soured milk(ng/g) Finland 5.7 2.93 1.7 4.1 20.1 47 [53]

Fermented

milk

Mesophilic fermented milk (MFM) ng/g France – – 1.3–4.9 1.2–6.1 7.237.9 29–145 [58]

Fermented

milk

MFM (ng/g) Germany– – 2.1–6 4.1–6.3 31–42 88.4–198.5[58]

Fermented

milk

MFM (ng/g) Poland – – 0.5–11.93.2–10.97.1–89.317–414.2 [58]

ND = not detected; (–) = unknown or not reported.

Table 7. Menaquinones contents of various dairy products (μg/100 g).

Recently, Knapen et al. delineated that vitamin K fortified foods are healthy choice to increase
the nutritional intake of MK‐7 [57]. The fortified yoghurt drink containing MK‐7 about 28 μg/
ml has similar absorption pattern as the soft gel containing same amount of pure menaquinone‐
7. It is therefore suggested that to fortify food products that are ideal choice among the public
to enhance the nutritional intake of menaquinones in the body.

8.4. Yoghurt

Thermophilic bacteria such as Lactobacillus delbrueckii, Streptococcus thermophilus, and Bifido‐
bacterium which are mostly used a lactic acid bacteria starter culture not have ability to produce
the menaquinones. Therefore, yogurt type milk‐based products prepared with pure culture of
thermophilic bacteria have limited or no menaquinones. However, among other milk‐based
fermented products, 60% contained some amount of vitamin K2 (Table 7). The mesophilic lactic
acid bacteria species which as used as starter culture for the fermentation have a capability to
produce ample amount of vitamin K2[53, 58]. However, yoghurt including plain, whole and
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skimmed milk contained higher amount of MK‐4, whereas very low concentration of other
menaquinones such as MK‐5, MK‐6 and MK‐7 was present (Table 7).

Fortified yoghurt drink with MK‐7 significantly improved serum concentration from 0.38 ng/
ml to 2.00 ng/ml, whereas yoghurt supplemented with MK‐7 along with other vitamins
increased better serum MK‐7 level as 2.17 ng/ml. Fortified MK‐7 yoghurt and soft gel contain‐
ing MK‐7 showed statistically non‐significantly variations [57].

8.5. Cheeses

Soft cheese as well as blue cheese have tremendous amount of vitamin K2 as 1100 and 700 
ng/g [58]. Earlier, menaquinones content of these cheeses has never been reported because
soft and blue cheeses were not evaluated in respect of their vitamin K2 content. These
cheeses have higher amount of menaquinones possibly due to the activity of lactic acid bac‐
teria particularly Leuconostoc species and yeasts or molds which are involved in ripening of
cheeses. Most of the soft (from table name) and blue cheeses characterized had high con‐
tents of vitamin K2 [59]. Generally, MK‐9 was present in soft and blue cheese almost fourfold
than that of MK‐8. It is suggested that lactococci is responsible for the production of MK‐9 in
the dairy products. However, these bacteria also produced MK‐8 comparatively constant ra‐
tio. Likewise, propionibacteria also synthesized the MK‐9 as a key menaquinone in cheese.
Menaquinone‐9 concentration was higher in Norwegian Jarlsberg cheese trailed by Swiss
Emmental cheese. However, Appenzeller or Gruye‘re cheeses had extremely low concentra‐
tions of MK‐9. Additionally, Comte and Raclette cheeses contained lesser amount of MK‐9
than both Jarlsberg and Emmental cheeses (Table 8).

Food Type Country MK‐4 MK‐5 MK‐6 MK‐7 MK‐8 MK‐9 Reference

Cheeses Hard cheeses (μg/100g) Nether
lands

4.7 1.5 0.8 1.3 16.9 ‐ [13]

Soft cheese (μg/100g) Nether
lands

3.7 0.3 0.5 0.5 1.0 ‐ [13]

Curd cheese (μg/100 g) Nether
lands

0.4 0.1 0.2 0.3 5.1 ‐ [13]

Semi‐hard
cheese

Semi‐hard cheese (ng/g) Nether
lands

– – 14.5–34.5 0–14.1 33.9–73.1 100–321 [58]

Semi‐hard cheese (ng/g) Denmark – – 16.1–19.8 7.1–13.5 25–35.8 115.3–185.1 [58]

Semi‐hard cheese (ng/g) Poland – – 9.8–15.8 ND 27.8–56.4 124.5–166.3 [58]

Soft cheese Soft cheese (ng/g) France – – 13.7–25.9 0–17.1 89.2–139.9 176.1–939.7 [58]

Cheese Edam type (ng/g) Finland 33 10.2 5.6 12.6 105 300 [53]

Emmental type (ng/g) Finland 52.3 ND Traces Traces ND Nd [53]

Blue cheese Blue cheese (ng/g) France – – 14.4–35.4 24.6 59.8 189–230 [58]

Blue cheese (ng/g) England – – 96.7 223 103 301 [58]

Cheddar Hard cheddar (ng/g) England – – 8.7–29.9 0–23.1 10.5–61.8 0–66.9 [58]

Vitamin K2 Rich Food Products
http://dx.doi.org/10.5772/63902

49



Food Type Country MK‐4 MK‐5 MK‐6 MK‐7 MK‐8 MK‐9 Reference

Cheshire hard cheese (ng/g) England – – 15.7 Nd 57.9 241 [58]

Leicester Leicester hard cheese (ng/g) France – – 20 21.5 47.6 162.4 [58]

Cheese Appenzeller (ng/g) Swiss 43–52 – – – – 20 [59]

Comte (ng/g) France 55–84 – – – – 52–60 [59]

Emmental (ng/g) Swiss 81–86 – – – – 222–314 [59]

Gruyere (ng/g) Swiss 81–96 – – – – ND [59]

Jarlsberg (ng/g) Norway 84 – – – – 652 [59]

Raclette (ng/g) Swiss 50 – – – – 47 [59]

Cheese Chedder cheese (μg/100 g) USA 10.2 – – – – [50]

Swiss cheese (μg/100 g) USA 7.8 – – – – – [50]

Mozzarella cheese (μg/100 g) ‐ – – – – – [50]

Processed cheese ((μg/100 g) Japan 5 – – 0.3 – – [12]

Table 8. Menaquinones contents of various cheeses

Positive correlation was found in propionate concentration and viable propionibacterial cell
count which is contributed toward the production of MK‐9 in cheeses [59]. Earlier, different
reports showed that components of menaquinones are varied among the types of cheeses. In
this context, menaquinones concentration is better in Edam‐type cheeses than Emmental‐type
cheeses‐specific bacterial activity [53]. Starter culture has prime importance during the
preparation of cheese with higher amount of menaquinones. Commonly, Swiss‐type cheeses
are prepared with propionibacteria and lactic acid bacteria, while Edam‐type cheese are
produced with the action of lactic acid bacteria only such as Lc. lactis ssp. Cremoris and
Lactococcus lactis ssp. Lactis which are mainly responsible for the synthesis of MK‐8 and MK‐9
[60]. Moreover, Propionibacterium freudenreichii isolated from Swiss‐type cheese has a potential
equivalent to the Bacillus subtilis to produce menaquinone‐9 in milk whey [61].

Long‐chain menaquinones such as MK‐6 to MK10 was not present in Comte hard cheese
produced in France. Likewise, these menaquinones were not present in the Emmental hard
cheese while some amount of MK‐10 and MK‐11 was detected. Interestingly, mozzarella cheese
did not have any type of menaquinones because during its production process no fermentation
is involved [58]. Accordingly, further research is required to evaluate the stability of mena‐
quinones in cheese that are stored for a long time [59].

8.6. Egg

Similar to the other animal‐based products, hen egg also contained considerable amount of
MK‐4, whereas MK‐7 was not detected or not quantified by the researchers. Egg yolk contained
greater concentration of the MK‐4 (31.4–64 μg/100 g) than that of egg white (0.9–7 μg/100 g).
Additionally, cooking also increased the MK‐4 content in the egg might be due to loss of
moisture content compared with whole fresh egg (Table 9). In this context, whole fried egg

Vitamin K2 - Vital for Health and Wellbeing50

contained 9.0 μg/100 g and hard cooked whole egg contained 7.0 μg/100 g compared to fresh
whole egg 5.6 μg/100 g [13, 21, 50].

Food Type Country MK‐4 MK‐6 MK‐7 Reference

Egg yolk Netherlands 31.4 0.7 – [13]

Egg albumen Netherlands 0.9 – – [13]

Egg Whole and raw Japan 7 – ND [12]

Egg Raw yolk Japan 64 – ND [12]

Egg White fresh raw USA 0.4 – – [50]

Egg Yolk fresh raw USA 15.5 – – [50]

Egg Whole and fresh USA 5.6 – – [50]

Egg Whole and fried USA 9.0 – – [50]

Egg Whole and hard cooked USA 7.0 – – [50]

Other menaquinones were not detected or quantified.

MK‐7 was not detected in fresh whole egg and raw egg yolk.

Table 9. Menaquinones contents of hen egg (μg/100 g).

8.7. Fast foods

Elder et al. reported that various fast food products including hamburgers, sandwiches,
burrito, taco, pepperoni, and shakes contained MK‐4 [50]. Regular hamburger contained lower
amount of MK‐4 which was subsequently increased by the addition of cheese or sauces or both
in the hamburgers. Likewise, Chicken sandwich contained relatively higher amount of MK‐4
as 2.7–10.6 μg/100 g than that of hamburger due to higher amount of chicken that possibly
contained higher amount of MK‐4. Burrito prepared with beans, beef, or chicken contained
MK‐4 ranged from 0.6 to 2.7 μg/100 g. Pepperoni contained almost similar amount MK‐4 as
present in the burrito. Shakes available in USA market including chocolate and vanilla also
have some amount of MK‐4 (Table 10).

Food Type Country MK‐4 Reference
Hamburger Regular, with cheese, sauces, and both USA 1.4–2.9 [50]

Sandwich Prepared the various meat‐based products chicken sandwich USA 2.7–10.6 [50]

Sandwich Fish sandwich USA 0.3 [50]

Burrito Burrito with bean, beef, and chicken USA 0.6–2.7 [50]

Taco Taco regular, with beef, chicken, or cheese USA 1.0–4.5 [50]

Pepperoni Pepperoni (regular, thin, and thick crust) or meat and vegetables USA 1.9–2.1 [50]

Shakes Shakes, chocolate, and vanilla USA 3.4 [50]

Other menaquinones were not quantified in this study.

Table 10. Menaquinones contents of various fast foods (μg/100 g).
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Food Type Country MK‐4 MK‐5 MK‐6 MK‐7 MK‐8 MK‐9 Reference

Cheshire hard cheese (ng/g) England – – 15.7 Nd 57.9 241 [58]

Leicester Leicester hard cheese (ng/g) France – – 20 21.5 47.6 162.4 [58]

Cheese Appenzeller (ng/g) Swiss 43–52 – – – – 20 [59]

Comte (ng/g) France 55–84 – – – – 52–60 [59]

Emmental (ng/g) Swiss 81–86 – – – – 222–314 [59]

Gruyere (ng/g) Swiss 81–96 – – – – ND [59]

Jarlsberg (ng/g) Norway 84 – – – – 652 [59]

Raclette (ng/g) Swiss 50 – – – – 47 [59]

Cheese Chedder cheese (μg/100 g) USA 10.2 – – – – [50]

Swiss cheese (μg/100 g) USA 7.8 – – – – – [50]

Mozzarella cheese (μg/100 g) ‐ – – – – – [50]

Processed cheese ((μg/100 g) Japan 5 – – 0.3 – – [12]

Table 8. Menaquinones contents of various cheeses

Positive correlation was found in propionate concentration and viable propionibacterial cell
count which is contributed toward the production of MK‐9 in cheeses [59]. Earlier, different
reports showed that components of menaquinones are varied among the types of cheeses. In
this context, menaquinones concentration is better in Edam‐type cheeses than Emmental‐type
cheeses‐specific bacterial activity [53]. Starter culture has prime importance during the
preparation of cheese with higher amount of menaquinones. Commonly, Swiss‐type cheeses
are prepared with propionibacteria and lactic acid bacteria, while Edam‐type cheese are
produced with the action of lactic acid bacteria only such as Lc. lactis ssp. Cremoris and
Lactococcus lactis ssp. Lactis which are mainly responsible for the synthesis of MK‐8 and MK‐9
[60]. Moreover, Propionibacterium freudenreichii isolated from Swiss‐type cheese has a potential
equivalent to the Bacillus subtilis to produce menaquinone‐9 in milk whey [61].

Long‐chain menaquinones such as MK‐6 to MK10 was not present in Comte hard cheese
produced in France. Likewise, these menaquinones were not present in the Emmental hard
cheese while some amount of MK‐10 and MK‐11 was detected. Interestingly, mozzarella cheese
did not have any type of menaquinones because during its production process no fermentation
is involved [58]. Accordingly, further research is required to evaluate the stability of mena‐
quinones in cheese that are stored for a long time [59].

8.6. Egg

Similar to the other animal‐based products, hen egg also contained considerable amount of
MK‐4, whereas MK‐7 was not detected or not quantified by the researchers. Egg yolk contained
greater concentration of the MK‐4 (31.4–64 μg/100 g) than that of egg white (0.9–7 μg/100 g).
Additionally, cooking also increased the MK‐4 content in the egg might be due to loss of
moisture content compared with whole fresh egg (Table 9). In this context, whole fried egg
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contained 9.0 μg/100 g and hard cooked whole egg contained 7.0 μg/100 g compared to fresh
whole egg 5.6 μg/100 g [13, 21, 50].

Food Type Country MK‐4 MK‐6 MK‐7 Reference

Egg yolk Netherlands 31.4 0.7 – [13]

Egg albumen Netherlands 0.9 – – [13]

Egg Whole and raw Japan 7 – ND [12]

Egg Raw yolk Japan 64 – ND [12]

Egg White fresh raw USA 0.4 – – [50]

Egg Yolk fresh raw USA 15.5 – – [50]

Egg Whole and fresh USA 5.6 – – [50]

Egg Whole and fried USA 9.0 – – [50]

Egg Whole and hard cooked USA 7.0 – – [50]

Other menaquinones were not detected or quantified.

MK‐7 was not detected in fresh whole egg and raw egg yolk.

Table 9. Menaquinones contents of hen egg (μg/100 g).

8.7. Fast foods

Elder et al. reported that various fast food products including hamburgers, sandwiches,
burrito, taco, pepperoni, and shakes contained MK‐4 [50]. Regular hamburger contained lower
amount of MK‐4 which was subsequently increased by the addition of cheese or sauces or both
in the hamburgers. Likewise, Chicken sandwich contained relatively higher amount of MK‐4
as 2.7–10.6 μg/100 g than that of hamburger due to higher amount of chicken that possibly
contained higher amount of MK‐4. Burrito prepared with beans, beef, or chicken contained
MK‐4 ranged from 0.6 to 2.7 μg/100 g. Pepperoni contained almost similar amount MK‐4 as
present in the burrito. Shakes available in USA market including chocolate and vanilla also
have some amount of MK‐4 (Table 10).

Food Type Country MK‐4 Reference
Hamburger Regular, with cheese, sauces, and both USA 1.4–2.9 [50]

Sandwich Prepared the various meat‐based products chicken sandwich USA 2.7–10.6 [50]

Sandwich Fish sandwich USA 0.3 [50]

Burrito Burrito with bean, beef, and chicken USA 0.6–2.7 [50]

Taco Taco regular, with beef, chicken, or cheese USA 1.0–4.5 [50]

Pepperoni Pepperoni (regular, thin, and thick crust) or meat and vegetables USA 1.9–2.1 [50]

Shakes Shakes, chocolate, and vanilla USA 3.4 [50]

Other menaquinones were not quantified in this study.

Table 10. Menaquinones contents of various fast foods (μg/100 g).
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9. Bioavailability

The Food and Nutrition Board established the RDA level for vitamin K as 65 and 80 μg for
adult women and men, respectively [62]. The adequate intake of vitamin K from food sources
is relative higher about 120 μg/day and 90 μg/day for men and women, respectively [63, 64].
Neonates need approximately 2–2.5 μg/day of vitamin K that progressively increases up to 30–
55 μg/day in children.

Both active forms of vitamin K, that is, phylloquinone and menaquinones, have similar
absorption and assimilation pattern. However, relative few studies were carried out to estimate
the absorption efficiency, including transportation, distribution, and cellular uptake of various
menaquinones [10, 65]. Absorbed vitamin K is transported mainly through lymphatic system
in chylomicrons to the hepatic tissue which is main storage organ for long‐chain dietary forms
of vitamin K [2].

Gut absorption of all dietary forms of vitamin K appears to occur through the common
pathway like most of dietary lipids. Bile acids and pancreatic enzymes accelerate the solubility,
emulsification, and assimilation of vitamin K into mixed micelles in digestive system. In
enterocytes, vitamin K is attached with chylomicrons and enters in lymphatic circulation
system. The bioavailability of vitamin K dietary forms is positively associated with dietary
lipids and integrity of food matrix [66, 67].

It was reported that isoprenoid side chain length was changed during cellular uptake,
transportation, and storage of long‐chain menaquinones. Variations were observed in absorp‐
tion and transportation of vitamin K dietary forms such as phylloquinone, menaquinones
(MK‐4 and MK‐9) after equivalent amount administration of respective form. Postprandial
plasma concentration and absorption of MKs are relatively less than phylloquinone, and its
uptakes are more in tissues.

In contract to phylloquinone, which is principally fund in triglyceride‐rich lipoproteins during
postprandial as well as fasting condition, menaquinones are reallocated from triglycerides‐
rich lipoproteins to low‐density lipoproteins (LDL) in and after postprandial consumption of
vitamin K. Whereas shorter‐chain menaquinones, that is, MK‐4 were redistributed earlier and
incorporated with high‐density lipoproteins (HDLs) than MK‐9. Moreover, only MK‐4 is
transported via high‐density lipoproteins (HDLs) [10, 68].

The clearance of shorter‐chain menaquinones was quick, while other was detected after days
in plasma. Likewise, MK‐7 has same plasma kinetics with higher half‐life of 72 h than that of
MK‐4 and phylloquinone [9, 13, 69–71]. Nevertheless, no information of plasma kinetics is
available of other long‐chain menaquinones. High concentration of MK‐4 was found in non‐
hepatic tissues of the body after the ingestion of phylloquinone. This might be due to the
conversion of phylloquinone to MK‐4. The exact phenomenon is still unclear; however, some
researchers suggested that it was converted to other menaquinones via prenylation. In this
context, deuterium labeled MK‐4 was administrated to mice which are converted to MK‐4 via
integral side chain removal through prenylation. Likewise, ingestion of MK‐7 also increases
the serum MK‐4 level considerably [2, 12, 17, 69, 71]. Contrary, in germ‐free rats, MK‐4 and
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phylloquinone content were increased in extrahepatic tissues through administration of their
respective supplements after deficient condition. Moreover, MK‐4 concentration was enhanced
by phylloquinone administration. They also inferred that the conversion of phylloquinone in
to MK‐4 in extraheptic tissues did not require the intestinal bacterial population. This conver‐
sion is purely biochemical and remain unclear thus far [72]. Optimal daily vitamin K2 especially
MK‐4 intake as well as sufficient serum concentration is required to activate Vitamin K‐
dependent proteins [27, 73].

10. Demographic study

Progressive administration of MK‐7 momentously increased the level of plasma MK‐7;
nonetheless, MK‐4 supplementation did not enhance the MK‐4 concentration in healthy
individuals. Therefore, lower dose of MK‐7 (45–90 μg/day) is considered to be effective for
ameliorating the physiological dysfunctions [69]. Prime circulating form of vitamin K is
phylloquinone, whereas menaquinones (MK‐9 to MK‐13) are abundantly present in liver.
Stored vitamin K is rapidly depleted from the body, and almost 60–70% of absorbed vitamin
K is finally lost from body through urine (20%) and faces (40–50%) [74, 75].

Various demographic studies were carried out to estimate the level of circulating MK‐7 level
in normal and unhealthy subjects. In 1990, study was conducted in London to estimate the
level of MK‐7 in young and elderly normal subjects. They found that serum concentrations
ranged from 0.293 to 0.328 ng/ml in healthy individuals. Jamal et al. also assessed the circu‐
lating concentration in patients with hip and vertebral fractures subjects and noticed less
amount (0.039 and 0.148 ng/ml) compared to normal subjects [76]. Additionally, French young
and elderly women had non‐significant varied amount of MK‐7 (0.221–0.241 ng/ml), whereas
hip fracture old women had 0.120 ng/ml of MK‐7.

Japanese healthy adults and vertebral fracture older women had 3.820 and 3.290 ng/ml of MK‐
7, whereas elderly normal women had significantly higher amount of MK‐7 (6.260 ng/ml)
might be due to higher consumption of natto which are rich with MK‐7. However, postmeno‐
pausal women contained less amount of serum MK‐7 (0.75–1.10 ng/ml) as compared to normal
adults (1.214ng/ml). Moreover, postmenopausal women from Osaka Japan having lower bone
mineral density (BMD) showed lesser amount of circulating MK‐7 than that of normal BMD
women [77].

Likewise, Kaneki et al. reported the serum levels of MK‐7 in postmenopausal women from
United Kingdom, Hiroshima, and Tokyo [78]. They inferred that Tokyo women had higher
amount of MK‐7 as 5.26 ng/ml followed by women lived in Hiroshima 1.221 ng/ml and the
lowest concentration as 0.371 ng/ml was noticed in United Kingdom population. They also
reported that natto intake has positive association with serum concentration of MK‐7 in elderly
women living in Tokyo, Japan. Serum MK‐7 level was maximum (7.91 ng/ml) in women that
consumed natto twice or more in a week, whereas MK‐7 level was decreased as 2.81 and
0.873 ng/ml in women when the intake of natto was reduced once or less than once in a week,
respectively.
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vitamin K. Whereas shorter‐chain menaquinones, that is, MK‐4 were redistributed earlier and
incorporated with high‐density lipoproteins (HDLs) than MK‐9. Moreover, only MK‐4 is
transported via high‐density lipoproteins (HDLs) [10, 68].

The clearance of shorter‐chain menaquinones was quick, while other was detected after days
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available of other long‐chain menaquinones. High concentration of MK‐4 was found in non‐
hepatic tissues of the body after the ingestion of phylloquinone. This might be due to the
conversion of phylloquinone to MK‐4. The exact phenomenon is still unclear; however, some
researchers suggested that it was converted to other menaquinones via prenylation. In this
context, deuterium labeled MK‐4 was administrated to mice which are converted to MK‐4 via
integral side chain removal through prenylation. Likewise, ingestion of MK‐7 also increases
the serum MK‐4 level considerably [2, 12, 17, 69, 71]. Contrary, in germ‐free rats, MK‐4 and
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phylloquinone content were increased in extrahepatic tissues through administration of their
respective supplements after deficient condition. Moreover, MK‐4 concentration was enhanced
by phylloquinone administration. They also inferred that the conversion of phylloquinone in
to MK‐4 in extraheptic tissues did not require the intestinal bacterial population. This conver‐
sion is purely biochemical and remain unclear thus far [72]. Optimal daily vitamin K2 especially
MK‐4 intake as well as sufficient serum concentration is required to activate Vitamin K‐
dependent proteins [27, 73].

10. Demographic study

Progressive administration of MK‐7 momentously increased the level of plasma MK‐7;
nonetheless, MK‐4 supplementation did not enhance the MK‐4 concentration in healthy
individuals. Therefore, lower dose of MK‐7 (45–90 μg/day) is considered to be effective for
ameliorating the physiological dysfunctions [69]. Prime circulating form of vitamin K is
phylloquinone, whereas menaquinones (MK‐9 to MK‐13) are abundantly present in liver.
Stored vitamin K is rapidly depleted from the body, and almost 60–70% of absorbed vitamin
K is finally lost from body through urine (20%) and faces (40–50%) [74, 75].

Various demographic studies were carried out to estimate the level of circulating MK‐7 level
in normal and unhealthy subjects. In 1990, study was conducted in London to estimate the
level of MK‐7 in young and elderly normal subjects. They found that serum concentrations
ranged from 0.293 to 0.328 ng/ml in healthy individuals. Jamal et al. also assessed the circu‐
lating concentration in patients with hip and vertebral fractures subjects and noticed less
amount (0.039 and 0.148 ng/ml) compared to normal subjects [76]. Additionally, French young
and elderly women had non‐significant varied amount of MK‐7 (0.221–0.241 ng/ml), whereas
hip fracture old women had 0.120 ng/ml of MK‐7.

Japanese healthy adults and vertebral fracture older women had 3.820 and 3.290 ng/ml of MK‐
7, whereas elderly normal women had significantly higher amount of MK‐7 (6.260 ng/ml)
might be due to higher consumption of natto which are rich with MK‐7. However, postmeno‐
pausal women contained less amount of serum MK‐7 (0.75–1.10 ng/ml) as compared to normal
adults (1.214ng/ml). Moreover, postmenopausal women from Osaka Japan having lower bone
mineral density (BMD) showed lesser amount of circulating MK‐7 than that of normal BMD
women [77].

Likewise, Kaneki et al. reported the serum levels of MK‐7 in postmenopausal women from
United Kingdom, Hiroshima, and Tokyo [78]. They inferred that Tokyo women had higher
amount of MK‐7 as 5.26 ng/ml followed by women lived in Hiroshima 1.221 ng/ml and the
lowest concentration as 0.371 ng/ml was noticed in United Kingdom population. They also
reported that natto intake has positive association with serum concentration of MK‐7 in elderly
women living in Tokyo, Japan. Serum MK‐7 level was maximum (7.91 ng/ml) in women that
consumed natto twice or more in a week, whereas MK‐7 level was decreased as 2.81 and
0.873 ng/ml in women when the intake of natto was reduced once or less than once in a week,
respectively.
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Recently, Knapen et al. demonstrated that the intake of MK‐7 fortified yoghurt momentously
increased the plasma concentration of MK‐7 from 0.28 to 1.66 ng/ml after 14 weeks of inter‐
vention in postmenopausal women and healthy men of aged 45–65 years from the Limburg,
Netherlands [57]. The regular intake of MK‐4 was momentously lowered (29%) cardiovascular
problems in hemodialysis patients of Poland. Although lower serum value of MK‐4 in
hemodialysis subjects might be due to the less intake of vitamin K2 or probably slow conversion
rate of phylloquinone to menaquinones, MK‐4 intake is positively related with the amount of
protein and fat consumed [73].

In Japanese young women, average consumption of vitamin K was adequate 230.2/day and
nearly 94% individuals consume adequate intake level of vitamin K. There mean daily in‐
take of MK‐4 and MK‐7 was 16.9 and 57.4 μg/day, respectively. Both menaquinones, that is,
MK‐4 and MK‐7 contribute almost 30% of the daily requirement of vitamin K in the body
[12].

11. Conclusion

Vitamin K2 is present in numerous in varied concentration of long‐chain menaquinones
and their types. Fermented soybean of all region of the world contained abundant concen‐
tration of MK‐7 compared with other menaquinones. Fermentation process is facilitated by
action of bacteria which attained the status of generally recognized as safe (GRAS) due to
their non‐pathogenicity. However, animal‐based products such as fresh meat of caw, buffa‐
lo, other animals, milk, fish, and egg contained greater amount of MK‐4 contents. Addi‐
tionally, fermented milk‐based products such as cheese, source milk, butter milk, and
menophilic fermented milk contained ample amount of long‐chain menaquinones and MK‐
4 content were limited in these products due to the bacterial action. Some non‐fermented
cheese did not contain any form of vitamin K2. During the physiological functioning, MK‐4
is converted in to MK‐7 which is more effective to curtail the vitamin K deficiency–associ‐
ated dilemma.
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Abstract

Vitamin  K2  is  a  collection  of  isoprenologues  that  mostly  originate  from  bacterial
synthesis, also called menaquinones (MKs). Multiple bacterial species used as starter
cultures for food fermentation are known to synthesize MK. Therefore, fermented food
is the best source of vitamin K2. In the Western diet, dairy products are one of the best
known and most commonly consumed group of fermented products.

Although intensive research on metabolism and the biological effect of vitamin K2
continues today, data about vitamin K2 production and content in foods remain scarce.
Dietary recommendations are still based on the classic role of vitamin K as an enzyme
cofactor for coagulation proteins and do not consider differences in bioavailability and
bioactivity between the various MKs and the possibly higher requirements for health
effects apart from coagulation, such as bone or cardiovascular health. Here, we provide
a global view of foods rich in vitamin K2 and their interactions together with other
nutrients in selected health effects such as bone and cardiovascular health.

Keywords: Menaquinones, Bacteria, Food, Dairy, Health

1. Introduction

Vitamin K occurs naturally in two biologically active forms. Vitamin K1, also called phyllo‐
quinone (PK), is abundant in leafy green vegetables, such as cabbage, spinach, and lettuce [1].
The other form, vitamin K2, is called menaquinone (MK) and is predominantly of microbial
origin [2, 3]. Vitamin K2 is mainly present in fermented food such as cheese and natto
(fermented soybeans), but gut microbiota are also able to synthesize vitamin K2 [4]. One
exception, menaquinone‐4 (MK‐4), is formed in humans and animals by tissue‐specific
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conversion of PK and/or menadione [5]. However, in the literature, all MKs are mostly grouped
under the term vitamin K2 resulting in the assumption that all MKs are similar in origin and
function. Moreover, despite the knowledge that MKs are present in the food supply, little is
known about their individual synthesis, growth conditions, and interactions of the producing
bacteria and the total amounts of the different MKs in fermented foods. Regarding the findings
that MKs play an important role in health aspects beyond coagulation, study of the interaction
of MKs with other nutrients may lead to a better understanding of the effect of different food
items on health aspects, such as bone health or cardiovascular health.

Such a global view could be essential for guiding the development of dietary intake recom‐
mendations for vitamin K.

2. Structure of vitamin K

Both vitamin K forms have 2‐methyl‐1,4‐naphthoquinone, also called menadione or vitamin
K3, as a common ring structure. However, they differ from each other in the length and degree
of saturation of the polyisoprenoid side chain attached to the 3‐position.

Phylloquinone (vitamin K1) possesses a phytyl side chain, which consists of four isoprene
units, and one of them is unsaturated. Phylloquinone is found primarily in plants in association
with chlorophyll, whereas menaquinone (vitamin K2) is principally synthesized by bacteria.
Menaquinone contains side chains of varying length, for most the part of a polymer of
repeating unsaturated 5‐carbon prenyl units. Depending on the microorganism by which the
chain is synthesized, the chain length generally ranges from 4 to 13 prenyl units. Menaquinones
are classified according to the number of prenyl units. The number of units is given in a suffix
(‐n), that is, menaquinone‐n and often abbreviated as MK‐n [2, 6, 7]. Some bacteria produce
isoprenologues in which one or more of the prenyl units are saturated. The additional
hydrogen atoms are indicated with the prefix dihydro‐, tetrahydro‐, and so on and are
abbreviated MK‐n(H2), MK‐n(H4), etc. [8].

Vitamin K is fat soluble. The melting points of menaquinones vary from 35°C to 62°C depend‐
ing on the length of the multiprenyl side chain. Menaquinones are stable to heat and air but
are very sensitive to alkali and ultraviolet (UV) irradiation [9].

3. Functions and biosynthesis of menaquinones in bacteria

The distribution of isoprenoid quinones has been studied in 900 microbial strains, 56 mold
strains, and 88 yeast strains. About half of the studied bacteria contain menaquinone, but no
menaquinones have been found in molds and yeast [10]. Menaquinone and demethylmena‐
quinones (DMKs) are found in the cytoplasmic membrane of bacteria. MKs and DMKs function
as a reversible redox component of the electron transfer chain [11]. Additionally, reduced MKs
exhibit antioxidant properties and can play a role in protecting cellular membranes from lipid
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oxidation [12]. Menaquinones are also necessary for sporulation and proper regulation of
cytochrome formation in some Gram‐positive bacteria such as Lactobacillus subtilis [13]. In
particular, the food industry uses various lactic acid bacteria (LAB) as starter cultures to
produce fermented milk products, meat products, and vegetables. As many LAB lack a heme
biosynthesis pathway, which results in an incomplete electron transport chain, the addition of
menaquinone to the media facilitates aerobic growth, improves yield, and reduces production
costs [14].

Menaquinone synthesis has mostly been described in Escherichia coli, Mycobacterium phlei, and
Bacillus subtilis. In E. coli, chorismate from the shikimate pathway is converted into the
naphthoquinone ring by six enzymes (MenFDHCEB) [11, 15]. The isoprenoid side chain is
synthesized separately and is joined to the naphthoquinone ring to form demethylmenaqui‐
none. Prenylation and methylation catalyzed by polyprenyltransferase (MenA) and methyl‐
transferase (MenG) are the last steps of the synthesis of menaquinone [16, 17]. An alternative
pathway, called the futalosine pathway, was described in microorganisms that lack men genes.
In this pathway, chorismate is converted to menaquinone with four enzymes encoded by
mqnABCD genes and unknown enzymes [17–19]. The majority of the bacteria containing the
classical menaquinone pathway are obligately or facultatively aerobic, and the majority of
menaquinone in anaerobic bacteria is synthesized via the futalosine pathway [17]. For example,
the metabolic pathway of Lactoccocus lactis, which is used as a cheese starter, can function
through aerobic and anaerobic reactions, and the men genes for the synthesis of menaquinone
were detected in its genome.

Menaquinones have side chains of different sizes in different organisms and sometimes even
within the same organism. Depending on the growing conditions, the basic structure can be
modified by demethylation of the naphthoquinone ring to reform DMK or by saturation of the
isoprenoid side chain [2, 19].

4. Non-dietary sources of menaquinones

Bacterially synthesized menaquinones that contribute to human vitamin K2 requirements may
be produced by the gut microbiota or by bacteria present in food. In humans, the most
important genera of intestinal flora are Bacteroides and Bifidobacteria. However, only Bacteroides
can synthesize menaquinone. The major forms produced by Bacteroides are MK‐10 and MK‐11.
MK‐6 produced by Eubacterium lentum, MK‐7 produced by Veillonella, and MK‐8 produced by
Enterobacter were also found in isolates from intestinal flora [2, 7, 8, 20]. Most menaquinones
are present in the distal colon, but the most promising site of absorption is the terminal ileum,
where there are menaquinone‐producing bacteria and bile salts that are needed for solubili‐
zation of menaquinones [7, 21]. Therefore, although intestinal microflora synthesize large
amounts of menaquinones, the bioavailability of bacterial menaquinone is poor, and diet is the
major source of functionally available vitamin K2 [3, 7, 8]. Recent studies also showed that a
short‐term decrease in dietary vitamin K intake is not compensated by intestinal menaqui‐
nones [22–24].
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5. Dietary sources of menaquinones

Vitamin K2 is mostly synthesized by bacteria; therefore, the highest number of long‐chain
menaquinones is found in fermented dairy products, such as cheese and fermented vegetables,
such as natto and sauerkraut [16]. One exception is MK‐4, which is formed by a realkylation
step from menadione present in animal feed or as a product of tissue‐specific conversion
directly from dietary phylloquinone [5]. The extent of the conversion to MK‐4 is estimated to
range from 5% to 25% of the ingested phylloquinone [25].

Searching for information about the concentration of vitamin K2 in food is not very fruitful.
Out of more than 70 national food databases, only 12 provide the vitamin K content of food
items. Only three of these food databases (the United States, the Netherlands, Turkey)
specifically report the vitamin K2 concentration; all others publish only phylloquinone (PK)
or total vitamin K or give no further information about the vitamin forms included in the given
values. The comparison of the provided concentration of MK in these three databases is not
possible because the values are based on different specifications and different processes. The
data given in the US database are for MK‐4. However, the Dutch database includes several
types of menaquinones, ranging from MK‐4 to MK‐10. For the data from the Turkish database,
there is no information concerning the definition of vitamin K2 [16, 26]. In countries where
animals are supplemented with menadione as practiced in the United States [27] and the
Netherlands [28], the MK‐4 concentration is normally higher in food of animal origin. The
supplementation practice used in Turkey is unknown. Last, the process and the bacterial strains
used in the production of fermented food determine the concentration and forms of MK in
products [16].

Scanning the literature for publications that report the results of vitamin K measurements in
food provides additional separate values for different menaquinones. However, information
about longer‐chain menaquinones (MK‐5 to MK‐10) is very limited. Table 1 summarizes the
values of vitamin K2 for animal products such as dairy, meat, fish and eggs, and fermented
vegetable products such as bread, sauerkraut, and legumes (natto).

Menaquinone content (μg/100 g; mean ± SD or range)

Food  MK-4  MK-5  MK-6  MK-7  MK-8  MK-9   MK-10 Source 

Dairy

Whole milk 0.7–0.9 0.0–0.1 nd nd nd nd nr [6]

Whole milk 0.8–1.0 nr nr nr nr nr nr [27]

Whole milk 2 ± 0.3 nr nr nd nr nr nr [32]

Whole milk 0.4–1.0 nr nr nr nr 0–2 nr [29]

Milk 1% fat 0.3–0.4 nr nr nr nr nr nr [27]

Milk 2% fat 0.4–0.5 nr nr nr nr nr nr [27]

Whipped cream 5.2–5.6 nd nd nd nd nd nr [6]
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Menaquinone content (μg/100 g; mean ± SD or range)

Food  MK-4  MK-5  MK-6  MK-7  MK-8  MK-9   MK-10 Source 

Cream 8 ± 3 nr nr nd nr nr nr [32]

Butter 13.5–15.9 nd nd nd nd nd nr [6]

21 ± 7 nr nr nd nr nr nr [32]

Fermented milk

Whole milk, sour 0.6 ± 0.02 0.3 ± 0.002 0.2 ± 0.03 0.4 ± 0.04 2.0 ± 0.1 4.7 ± 0.2 nd [31]

Buttermilk 0.2–0.3 0.1–0.2 0–0.2 0.1–0.3 0.5–0.6 1.2–1.6 nr [6]

Mesophilic nr nr 4.2 5 25.9 100.8 8.5 [34]

Thermophilic nd nd nd nd nd nd nd [34]

Yogurt

Whole 0.4–1.0 nr nr nr nr 0–2.0 nr [29]

Whole 0.5–0.7 0–0.2 nd nd nd nd nr [6]

Whole 1 ± 0.1 nr nr 0.1 ± 0.2 nr nr nr [32]

Plain 0.4 ± 0.03 0.1 ± 0.006 nd nd nd nd nd [31]

Skimmed nd nd nd nd 0–0.2 nd nr [6]

Cheese

Curd 0.3–0.6 0–0.2 0.1–0.3 0.2–0.5 4.8–5.4 18.1–19.2 nr [6]

Curd 2–10 nr nr nr nr 40–70 nr [29]

Hard 4.2–6.6 1.3–1.7 0.6–1.0 1.1–1.5 14.9–18.2 45.3–54.9 nr [6]

Semi‐hard nr nr 1.9 1.1 3.9 17.5 4.7 [34]

Soft 3.3–3.9 0.2 –0.4 0.5–0.7 0.9 – 1.1 10.7–12.2 35.1–42.7 nr [6]

Soft nr nr 1.7 1.2 7.0 27.3 2.9 [34]

Processed 5 ± 2 nr nr 0.3 ± 0.1 nr nr nr [32]

Blue cheese nr nr 4.9 12.4 7.7 19.3 2.9 [34]

Appenzeller 4.3–5.2 nr nr nr nr nr nr [33]

Caerphilly nr nr 1.6 ± 0.1 nd 1.6 ± 0.1 32.4 ± 0.8 nd [34]

Cheddar 10.2 nr nr nr nr nr nr [27]

Cheddar nr nr 2.2 2.1 3.2 12.9 5.2 [34]

Cheshire nr nr 1.6± 0.2 nd 5.8 ± 0.2 24.2 ± 0.4 nd [34]

Comté 5.5–8.4 nr nr nr nr nr nr [33]

Comté nd nd nd nd nd nd nd [34]

Edam 3.3 ± 0.2 1.0 ± 0.1 0.6 ± 0.1 1.3 ± 0.1 10.5 ± 0.8 30.0 ± 2.6 0.9 ± 0.1 [31]

Emmental 8.1–8.6 nr nr nr nr nr nr [33]

Emmental nr nr nd nd nd nd 4.0 [34]
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Food  MK-4  MK-5  MK-6  MK-7  MK-8  MK-9   MK-10 Source 

Dairy

Whole milk 0.7–0.9 0.0–0.1 nd nd nd nd nr [6]

Whole milk 0.8–1.0 nr nr nr nr nr nr [27]

Whole milk 2 ± 0.3 nr nr nd nr nr nr [32]

Whole milk 0.4–1.0 nr nr nr nr 0–2 nr [29]

Milk 1% fat 0.3–0.4 nr nr nr nr nr nr [27]

Milk 2% fat 0.4–0.5 nr nr nr nr nr nr [27]

Whipped cream 5.2–5.6 nd nd nd nd nd nr [6]
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Menaquinone content (μg/100 g; mean ± SD or range)

Food  MK-4  MK-5  MK-6  MK-7  MK-8  MK-9   MK-10 Source 

Cream 8 ± 3 nr nr nd nr nr nr [32]

Butter 13.5–15.9 nd nd nd nd nd nr [6]

21 ± 7 nr nr nd nr nr nr [32]

Fermented milk

Whole milk, sour 0.6 ± 0.02 0.3 ± 0.002 0.2 ± 0.03 0.4 ± 0.04 2.0 ± 0.1 4.7 ± 0.2 nd [31]

Buttermilk 0.2–0.3 0.1–0.2 0–0.2 0.1–0.3 0.5–0.6 1.2–1.6 nr [6]

Mesophilic nr nr 4.2 5 25.9 100.8 8.5 [34]

Thermophilic nd nd nd nd nd nd nd [34]

Yogurt

Whole 0.4–1.0 nr nr nr nr 0–2.0 nr [29]

Whole 0.5–0.7 0–0.2 nd nd nd nd nr [6]

Whole 1 ± 0.1 nr nr 0.1 ± 0.2 nr nr nr [32]

Plain 0.4 ± 0.03 0.1 ± 0.006 nd nd nd nd nd [31]

Skimmed nd nd nd nd 0–0.2 nd nr [6]

Cheese

Curd 0.3–0.6 0–0.2 0.1–0.3 0.2–0.5 4.8–5.4 18.1–19.2 nr [6]

Curd 2–10 nr nr nr nr 40–70 nr [29]

Hard 4.2–6.6 1.3–1.7 0.6–1.0 1.1–1.5 14.9–18.2 45.3–54.9 nr [6]

Semi‐hard nr nr 1.9 1.1 3.9 17.5 4.7 [34]

Soft 3.3–3.9 0.2 –0.4 0.5–0.7 0.9 – 1.1 10.7–12.2 35.1–42.7 nr [6]

Soft nr nr 1.7 1.2 7.0 27.3 2.9 [34]

Processed 5 ± 2 nr nr 0.3 ± 0.1 nr nr nr [32]

Blue cheese nr nr 4.9 12.4 7.7 19.3 2.9 [34]

Appenzeller 4.3–5.2 nr nr nr nr nr nr [33]

Caerphilly nr nr 1.6 ± 0.1 nd 1.6 ± 0.1 32.4 ± 0.8 nd [34]

Cheddar 10.2 nr nr nr nr nr nr [27]

Cheddar nr nr 2.2 2.1 3.2 12.9 5.2 [34]

Cheshire nr nr 1.6± 0.2 nd 5.8 ± 0.2 24.2 ± 0.4 nd [34]

Comté 5.5–8.4 nr nr nr nr nr nr [33]

Comté nd nd nd nd nd nd nd [34]

Edam 3.3 ± 0.2 1.0 ± 0.1 0.6 ± 0.1 1.3 ± 0.1 10.5 ± 0.8 30.0 ± 2.6 0.9 ± 0.1 [31]

Emmental 8.1–8.6 nr nr nr nr nr nr [33]

Emmental nr nr nd nd nd nd 4.0 [34]
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Menaquinone content (μg/100 g; mean ± SD or range)

Food  MK-4  MK-5  MK-6  MK-7  MK-8  MK-9   MK-10 Source 

Aged 90 d 5.2 ± 0.1 nd trace trace nd nd nd [31]

Aged 180 d 6.1 ± 0.5 nd trace nd nd nd nd [31]

Gamalost 1.0 ± 0.0 0.6 ± 0.0 0.3 ± 0.0 0.9 ± 0.1 4.8 ± 0.7 42.3 ± 7.0 2.1 ±0.4 [35]

Jarlsberg 8.4 nr nr nr nr nr nr [33]

Gruyère 8.1–9.6 nr nr nr nr nr nr [33]

Leicester nr nr 2.0 ± 0.1 2.1 ± 0.1 4.8 ± 0.2 16.2 ± 0.3 4.4 ± 0.2 [34]

Mozzarella 3.1–4.0 nr nr nr nr nr nr [27]

Mozzarella nd nd nd nd nd nd nd [34]

Norvegia 5.1 ± 0.9 nd 0.3 ± 0.1 1.3 ± 0.2 5.3 ± 0.5 29.6 ± 3.6 nd [35]

Raclette 5 nr nr nr nr nr nr [33]

Swiss cheese 6.2–8.8 nr nr nr nr nr nr [27]

Meat

Salami 8.2–10.1 nd nd nd nd nd nr [6]

Calf liver 1.1–8.9 nr nr nr nr nr nr [27]

Beef liver 0.4 ± 0.4 nr nr nr nr nr nr [27]

Bovine liver 6.8 ± 1.03 nd 9.44 ± 0.118 25.6 ± 0.59 13.8 ± 0.55 9.8 ± 0.7 14±1.7 [31]

Beef liver 0.8 nr 2.5 18.2 4.8 1.5 6.6 [30]

Pork liver 0.3–0.4 nd nd nd nd nd nd [6]

Pork liver 10.8 ± 1.44 nd nd 16 ± 2.7 25 ± 5.2 6 ± 1.8 8±2.9 [31]

Pork liver 0.6 nd 0.04 0.6 0.5 0.3 0.5 [30]

Chicken liver 14.1 ± 2.0 nr nr nr nr nr nr [27]

Chicken liver 4 nr 0.03 nd 0.09 0.04 0.03 [30]

Beef kidney 2.1 nr 0.08 0.2 0.01 nd 0.1 [30]

Pork kidney 1.3 nr 0.02 0.07 0.05 0.22 0.24 [30]

Chicken kidney 5 nr nd nd nd nd nd [30]

Beef muscle 3.4 nr 0.03 0.03 nr nr nr [30]

Pork thigh 6 ± 2 nr nr nr nr nr nr [32]

Pork steak 1.7–2.4 nd nd 0.4–0.7 0.9–1.2 nd nd [6]

Pork chop 3.1 ± 0.46 nd nd 0.12 ± 0.035 nd nd nd [31]

Pork muscle 0.9 nr 0.03 0.03 nr nr nr [30]

Chicken breast 6.4–11.3 nd nd nd nd nd nd [6]

Chicken leg 5.8–10.5 nd nd nd nd nd nd [6]

Chicken thigh 27 ± 15 nr nr nd nr nr nr [32]
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Menaquinone content (μg/100 g; mean ± SD or range)

Food  MK-4  MK-5  MK-6  MK-7  MK-8  MK-9   MK-10 Source 

Chicken meat, leg

and thigh

60 ± 8.2 nd nd nd nd nd nd [31]

Chicken muscle 8.9 nr nd nd nr nr nr [30]

Fish

Rainbow trout,

cultivated

3.1 ± 0.2 0.09 ± 0.019 nd 0.2 ± 0.058 nd nd nd [31]

Pike perch 0.2 ± 0.025 0.05 ± 0.0044 0.05 ± 0.0008 0.5 ± 0.13 nd nd nd [31]

Baltic herring 0.21 ± 0.002 nr nd nd nd nd nd [31]

Horse mackerel 0.6 ± 0.1 nr nr nd nr nr nr [32]

Mackerel 1 ± 0.2 nr nr nd nr nr nr [32]

Mackerel 0.3–0.5 nd nd nd nd nd nr [6]

Salmon 0.2–0.3 nr nr nr nr nr nr [27]

Plaice 0.1–0.3 nd 0.2–0.3 0.0–0.1 1.3–1.8 nr nr [6]

Eel 1.4–2.1 nd 0.0–0.2 0.2–0.6 nd nd nr [6]

Salmon 0.4–0.6 nd nd nd nd nd nr [6]

Eggs

Egg yolk 29.1–33.5 nd 0.6–0.8 nd nd nd nr [6]

Egg albumen 0.8–1.0 nd nd nd nd nd nr [6]

Whole egg 7 ± 3 nr nr nd nr nr nr [32]

Egg white 1 ± 1 nr nr nd nr nr nr [32]

Egg yolk 64 ± 31 nr nr nd nr nr nr [32]

Whole egg 5.6 nr nr nr nr nr nr [27]

Egg white 0.4 nr nr nr nr nr nr [27]

Egg yolk 15.5 nr nr nr nr nr nr [27]

Bread

Bread 0 nr nr nr nr 0.9–2 nr [29]

Buckwheat nd nd nd 1.0–1.2 nd nd nr [6]

Plant products

Sauerkraut 0.3–0.5 0.6–1.0 1.4–1.6 0.1–0.3 0.6–0.9 0.9–1.3 nr [6]

Natto nd 7.1–7.8 12.7–14.8 882–1034 78.3–89.8 nd nr [6]

2 ± 3 nr nr 939 ± 753 nr nr nr [32]

Hikiwari natto

(chopped natto)

nd nr nr 827 ± 194 nr nr nr [32]
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Menaquinone content (μg/100 g; mean ± SD or range)

Food  MK-4  MK-5  MK-6  MK-7  MK-8  MK-9   MK-10 Source 

Aged 90 d 5.2 ± 0.1 nd trace trace nd nd nd [31]

Aged 180 d 6.1 ± 0.5 nd trace nd nd nd nd [31]

Gamalost 1.0 ± 0.0 0.6 ± 0.0 0.3 ± 0.0 0.9 ± 0.1 4.8 ± 0.7 42.3 ± 7.0 2.1 ±0.4 [35]

Jarlsberg 8.4 nr nr nr nr nr nr [33]

Gruyère 8.1–9.6 nr nr nr nr nr nr [33]

Leicester nr nr 2.0 ± 0.1 2.1 ± 0.1 4.8 ± 0.2 16.2 ± 0.3 4.4 ± 0.2 [34]

Mozzarella 3.1–4.0 nr nr nr nr nr nr [27]

Mozzarella nd nd nd nd nd nd nd [34]

Norvegia 5.1 ± 0.9 nd 0.3 ± 0.1 1.3 ± 0.2 5.3 ± 0.5 29.6 ± 3.6 nd [35]

Raclette 5 nr nr nr nr nr nr [33]

Swiss cheese 6.2–8.8 nr nr nr nr nr nr [27]

Meat

Salami 8.2–10.1 nd nd nd nd nd nr [6]

Calf liver 1.1–8.9 nr nr nr nr nr nr [27]

Beef liver 0.4 ± 0.4 nr nr nr nr nr nr [27]

Bovine liver 6.8 ± 1.03 nd 9.44 ± 0.118 25.6 ± 0.59 13.8 ± 0.55 9.8 ± 0.7 14±1.7 [31]

Beef liver 0.8 nr 2.5 18.2 4.8 1.5 6.6 [30]

Pork liver 0.3–0.4 nd nd nd nd nd nd [6]

Pork liver 10.8 ± 1.44 nd nd 16 ± 2.7 25 ± 5.2 6 ± 1.8 8±2.9 [31]

Pork liver 0.6 nd 0.04 0.6 0.5 0.3 0.5 [30]

Chicken liver 14.1 ± 2.0 nr nr nr nr nr nr [27]

Chicken liver 4 nr 0.03 nd 0.09 0.04 0.03 [30]

Beef kidney 2.1 nr 0.08 0.2 0.01 nd 0.1 [30]

Pork kidney 1.3 nr 0.02 0.07 0.05 0.22 0.24 [30]

Chicken kidney 5 nr nd nd nd nd nd [30]

Beef muscle 3.4 nr 0.03 0.03 nr nr nr [30]

Pork thigh 6 ± 2 nr nr nr nr nr nr [32]

Pork steak 1.7–2.4 nd nd 0.4–0.7 0.9–1.2 nd nd [6]

Pork chop 3.1 ± 0.46 nd nd 0.12 ± 0.035 nd nd nd [31]

Pork muscle 0.9 nr 0.03 0.03 nr nr nr [30]

Chicken breast 6.4–11.3 nd nd nd nd nd nd [6]

Chicken leg 5.8–10.5 nd nd nd nd nd nd [6]

Chicken thigh 27 ± 15 nr nr nd nr nr nr [32]
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Menaquinone content (μg/100 g; mean ± SD or range)

Food  MK-4  MK-5  MK-6  MK-7  MK-8  MK-9   MK-10 Source 

Chicken meat, leg

and thigh

60 ± 8.2 nd nd nd nd nd nd [31]

Chicken muscle 8.9 nr nd nd nr nr nr [30]

Fish

Rainbow trout,

cultivated

3.1 ± 0.2 0.09 ± 0.019 nd 0.2 ± 0.058 nd nd nd [31]

Pike perch 0.2 ± 0.025 0.05 ± 0.0044 0.05 ± 0.0008 0.5 ± 0.13 nd nd nd [31]

Baltic herring 0.21 ± 0.002 nr nd nd nd nd nd [31]

Horse mackerel 0.6 ± 0.1 nr nr nd nr nr nr [32]

Mackerel 1 ± 0.2 nr nr nd nr nr nr [32]

Mackerel 0.3–0.5 nd nd nd nd nd nr [6]

Salmon 0.2–0.3 nr nr nr nr nr nr [27]

Plaice 0.1–0.3 nd 0.2–0.3 0.0–0.1 1.3–1.8 nr nr [6]

Eel 1.4–2.1 nd 0.0–0.2 0.2–0.6 nd nd nr [6]

Salmon 0.4–0.6 nd nd nd nd nd nr [6]

Eggs

Egg yolk 29.1–33.5 nd 0.6–0.8 nd nd nd nr [6]

Egg albumen 0.8–1.0 nd nd nd nd nd nr [6]

Whole egg 7 ± 3 nr nr nd nr nr nr [32]

Egg white 1 ± 1 nr nr nd nr nr nr [32]

Egg yolk 64 ± 31 nr nr nd nr nr nr [32]

Whole egg 5.6 nr nr nr nr nr nr [27]

Egg white 0.4 nr nr nr nr nr nr [27]

Egg yolk 15.5 nr nr nr nr nr nr [27]

Bread

Bread 0 nr nr nr nr 0.9–2 nr [29]

Buckwheat nd nd nd 1.0–1.2 nd nd nr [6]

Plant products

Sauerkraut 0.3–0.5 0.6–1.0 1.4–1.6 0.1–0.3 0.6–0.9 0.9–1.3 nr [6]

Natto nd 7.1–7.8 12.7–14.8 882–1034 78.3–89.8 nd nr [6]

2 ± 3 nr nr 939 ± 753 nr nr nr [32]

Hikiwari natto

(chopped natto)

nd nr nr 827 ± 194 nr nr nr [32]
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Menaquinone content (μg/100 g; mean ± SD or range)

Food  MK-4  MK-5  MK-6  MK-7  MK-8  MK-9   MK-10 Source 

Black bean natto nd nr nr 796 ± 93 nr nr nr [32]

nd, not determined; nr, not reported.

Table  1. Representative ranges of measured menaquinone concentration in food.

Values for MK‐4 to MK‐10 are available. MK‐4 is found in all reported products except
buckwheat, hikiwari natto, and black bean natto [6, 27, 29–35]. In non‐fermented dairy products
and in eggs, hardly any longer‐chain menaquinones have been reported [6, 27, 29, 32]. Long‐
chain menaquinones are also rare in the muscle meat of beef, pork, and chicken [6, 30–32].
However, in offal, such as the liver and kidney, small‐to‐moderate concentrations of MK‐6 to
MK‐10 have been detected [6, 27, 30, 31]. In fish, vitamin K2 concentrations are in general very
low, and menaquinones other than MK‐4 have been found in only a few fish species [6, 27, 31,
32]. These small amounts of longer‐chain menaquinones are said to originate from the bacteria
in decomposing organic material that serves as food for fish that live at the bottom of the sea
such as eel and plaice [36]. In sour milk and buttermilk and in curd and hard and soft cheese,
MK‐8 and MK‐9 mainly account for the total concentration of vitamin K followed by MK‐6
and MK‐7 [6, 27, 29, 31–35]. Fermented plant products are characterized by a high concentra‐
tion of MK‐7 (up to 1000 μg/100 g) [6, 32].

Almost no data are available about the stability and changes in vitamin K concentrations
during storage of food in general and during ripening of fermented food in particular.

6. Production of different menaquinones by microorganisms in food

Fermentation is traditionally used to increase shelf life, to inhibit pathogens, and to improve
organoleptic properties [37]. Additionally, the microbial production of vitamins provides a
very attractive approach for improving the nutritional composition of fermented foods. A
number of MK‐producing species are commonly used in industrial food fermentation
applications (Table 2). The main microorganisms used in fermented dairy products are lactic
acid bacteria, which transform lactose into lactic acid. Lactococcus lactis ssp. cremoris, Lactococcus
lactis ssp. lactis, and Leuconostoc lactis are used as starter cultures in semihard and soft cheeses.
It was reported that these species produce menaquinone and MK‐7 to MK‐9 in particular for
Lactococcus and MK‐7 to MK‐10 for Leuconostoc [2, 38]. For example, the starter cultures
CHN211 and CHN22 from Hansen, which contain these species, produce MK‐4 to MK‐10;
MK‐9 is the main menaquinone with 472.4 ± 22.6 μg/100 g cells and 390.3 ± 10.4 μg/100 g cells,
respectively [35]. Accordingly, the highest amounts of MK were detected in semihard and soft
cheese and in Caerphilly and Cheshire, a crumbly cheese specialty, known for higher num‐
bers of Lactococcus species (Table 1). In semihard cheese, menaquinones in amounts up to
29.1 μg/100 g have been detected. The main quantified form of menaquinone in dairy is MK‐9
(usually more than 50%), and the second major form is MK‐8. Manoury and coauthors also
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found a correlation between MK‐9 and MK‐8. For most dairy, the MK‐9 level was four times
higher than that of MK‐8, and the authors suggested that microorganisms that produce MK‐9
could also produce MK‐8. Astonishingly, the level of MK‐9 was not dependent on the fat level
of the dairy products. Moreover, the authors found no link between pH and the MK‐9 content.
The highest amounts of MK‐10 are usually found in hard cheese, with the exception of one
semihard cheese [34].

Species/subspecies  Food use 

Lactococcus lactis ssp.

lactis and Lactococcus lactis ssp.

cremoris 

Cheese, buttermilk, sour cream, cottage cheese, cream cheese, kefir, yogurt

Lactococcus raffinolactis Cheese

Leuconostoc lactis Cheese

Leuconostoc mesenteroides Vegetables, dairy

Brevibacterium linens Cheese

Brochothrix thermosphacta Meat

Hafnia alvei Cheese

Staphylococcus xylosus Dairy, sausage

Staphylococcus equorum Dairy, meat

Arthrobacter nicotianae Cheese

Bacillus subtilis “natto” Natto (fermented soybean)

Propionibacterium shermanii Cheese

Propionibacterium freudenreichii Cheese

Adapted from Walther et al. [16].

Table  2. Menaquinone‐producing bacteria in fermented food.

In Swiss Emmental cheese, Propionibacterium strains are added to the milk to improve the
formation of holes inside the cheese body. During propionic acid fermentation, lactic acid is
transformed into propionic acid, acetic acid, and carbon dioxide. Various studies showed the
ability of Propionibacterium to produce menaquinone MK‐9(4H) in anaerobic conditions [39,
40]. The highest amount of MK‐9(4H) has been detected in Swiss Emmental (up to 31.4 μg/
100 g MK‐9(4H)) and Norwegian Jarlsberg (65.2 μg/100 g MK‐9(4H)); both cheeses have a high
propionic acid concentration. Smaller amounts are also found in Appenzeller (up to 2 μg/
100 g), Comté (up to 6.0 μg/100 g), and Raclette (4.7 μg/100 g) [33].

In contrast, dairy products fermented with thermophilic lactic acid bacteria, such as Comté
cheese, mozzarella, or yogurt products, contain only small amounts of menaquinone or none
(Table 1). These thermophilic species include Streptococcus thermophilus, Lactobacillus delbrueck‐
ii, and Bifidobacterium, and they are known to be non‐vitamin K producers [2, 34].
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Menaquinone content (μg/100 g; mean ± SD or range)

Food  MK-4  MK-5  MK-6  MK-7  MK-8  MK-9   MK-10 Source 

Black bean natto nd nr nr 796 ± 93 nr nr nr [32]

nd, not determined; nr, not reported.

Table  1. Representative ranges of measured menaquinone concentration in food.

Values for MK‐4 to MK‐10 are available. MK‐4 is found in all reported products except
buckwheat, hikiwari natto, and black bean natto [6, 27, 29–35]. In non‐fermented dairy products
and in eggs, hardly any longer‐chain menaquinones have been reported [6, 27, 29, 32]. Long‐
chain menaquinones are also rare in the muscle meat of beef, pork, and chicken [6, 30–32].
However, in offal, such as the liver and kidney, small‐to‐moderate concentrations of MK‐6 to
MK‐10 have been detected [6, 27, 30, 31]. In fish, vitamin K2 concentrations are in general very
low, and menaquinones other than MK‐4 have been found in only a few fish species [6, 27, 31,
32]. These small amounts of longer‐chain menaquinones are said to originate from the bacteria
in decomposing organic material that serves as food for fish that live at the bottom of the sea
such as eel and plaice [36]. In sour milk and buttermilk and in curd and hard and soft cheese,
MK‐8 and MK‐9 mainly account for the total concentration of vitamin K followed by MK‐6
and MK‐7 [6, 27, 29, 31–35]. Fermented plant products are characterized by a high concentra‐
tion of MK‐7 (up to 1000 μg/100 g) [6, 32].

Almost no data are available about the stability and changes in vitamin K concentrations
during storage of food in general and during ripening of fermented food in particular.

6. Production of different menaquinones by microorganisms in food

Fermentation is traditionally used to increase shelf life, to inhibit pathogens, and to improve
organoleptic properties [37]. Additionally, the microbial production of vitamins provides a
very attractive approach for improving the nutritional composition of fermented foods. A
number of MK‐producing species are commonly used in industrial food fermentation
applications (Table 2). The main microorganisms used in fermented dairy products are lactic
acid bacteria, which transform lactose into lactic acid. Lactococcus lactis ssp. cremoris, Lactococcus
lactis ssp. lactis, and Leuconostoc lactis are used as starter cultures in semihard and soft cheeses.
It was reported that these species produce menaquinone and MK‐7 to MK‐9 in particular for
Lactococcus and MK‐7 to MK‐10 for Leuconostoc [2, 38]. For example, the starter cultures
CHN211 and CHN22 from Hansen, which contain these species, produce MK‐4 to MK‐10;
MK‐9 is the main menaquinone with 472.4 ± 22.6 μg/100 g cells and 390.3 ± 10.4 μg/100 g cells,
respectively [35]. Accordingly, the highest amounts of MK were detected in semihard and soft
cheese and in Caerphilly and Cheshire, a crumbly cheese specialty, known for higher num‐
bers of Lactococcus species (Table 1). In semihard cheese, menaquinones in amounts up to
29.1 μg/100 g have been detected. The main quantified form of menaquinone in dairy is MK‐9
(usually more than 50%), and the second major form is MK‐8. Manoury and coauthors also
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found a correlation between MK‐9 and MK‐8. For most dairy, the MK‐9 level was four times
higher than that of MK‐8, and the authors suggested that microorganisms that produce MK‐9
could also produce MK‐8. Astonishingly, the level of MK‐9 was not dependent on the fat level
of the dairy products. Moreover, the authors found no link between pH and the MK‐9 content.
The highest amounts of MK‐10 are usually found in hard cheese, with the exception of one
semihard cheese [34].

Species/subspecies  Food use 

Lactococcus lactis ssp.

lactis and Lactococcus lactis ssp.

cremoris 

Cheese, buttermilk, sour cream, cottage cheese, cream cheese, kefir, yogurt

Lactococcus raffinolactis Cheese

Leuconostoc lactis Cheese

Leuconostoc mesenteroides Vegetables, dairy

Brevibacterium linens Cheese

Brochothrix thermosphacta Meat

Hafnia alvei Cheese

Staphylococcus xylosus Dairy, sausage

Staphylococcus equorum Dairy, meat

Arthrobacter nicotianae Cheese

Bacillus subtilis “natto” Natto (fermented soybean)

Propionibacterium shermanii Cheese

Propionibacterium freudenreichii Cheese

Adapted from Walther et al. [16].

Table  2. Menaquinone‐producing bacteria in fermented food.

In Swiss Emmental cheese, Propionibacterium strains are added to the milk to improve the
formation of holes inside the cheese body. During propionic acid fermentation, lactic acid is
transformed into propionic acid, acetic acid, and carbon dioxide. Various studies showed the
ability of Propionibacterium to produce menaquinone MK‐9(4H) in anaerobic conditions [39,
40]. The highest amount of MK‐9(4H) has been detected in Swiss Emmental (up to 31.4 μg/
100 g MK‐9(4H)) and Norwegian Jarlsberg (65.2 μg/100 g MK‐9(4H)); both cheeses have a high
propionic acid concentration. Smaller amounts are also found in Appenzeller (up to 2 μg/
100 g), Comté (up to 6.0 μg/100 g), and Raclette (4.7 μg/100 g) [33].

In contrast, dairy products fermented with thermophilic lactic acid bacteria, such as Comté
cheese, mozzarella, or yogurt products, contain only small amounts of menaquinone or none
(Table 1). These thermophilic species include Streptococcus thermophilus, Lactobacillus delbrueck‐
ii, and Bifidobacterium, and they are known to be non‐vitamin K producers [2, 34].
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In soft cheese, the average total menaquinones range 40.1 μg/100 g to 61 μg/100 g depending
on the source, analytical method, and type of cheese (Table 1). Manoury and coauthors
reported a soft cheese and a blue cheese with very high concentrations (up to 4.110 μg/100 g
and 70 μg/100 g, respectively), but the researchers could not explain why these two cheeses
are so rich in menaquinones [34].

One cheese with mold was also analyzed for menaquinone content. Gamalost, a Norwegian
mold (Mucor mucedo) ripened autochthonous cheese, contains more menaquinone than
Norvegia, a semihard Norwegian cheese, but the mold did not contribute to the production of
vitamin K in Gamalost. The low pH in Gamalost and a higher fermentation rate may explain
the differences in menaquinone content [35].

Some work has been conducted to improve the content of different menaquinones in dairy
products. New research demonstrated that strains of Lactobacillus fermentum LC 272 isolated
from raw milk could be a starter culture for fermented milk with a high level of vitamin K2
(MK‐4) production [41]. This strain can produce 185 μg/L in Rogosa medium and 64 μg/L in
reconstituted skim milk. Morishita and coworkers published a study in 1999 that showed the
possibility of producing MK‐8 and MK‐9 with Lactocouccus lactis ssp. cremoris YIT2011 and
MK‐9 and MK‐10 with Lactococcus lactis YIT 3001 (29–123 μg of menaquinone/L of the fer‐
mented medium) [38]. Additionally, several patents for Lactococcus capable of producing a
significantly increased amount of vitamin K2 have been deposed.

In contrast to fermented animal products, fermented vegetable products contain mainly MK‐7
(Table 1). Natto, a traditional Japanese food produced with Bacillus subtilis natto, contains the
highest amount of menaquinone. The highest measured value is almost 1000 μg/100 g. B.
subtilis natto is the key microorganism for industrial production of MK‐7, and much work has
been done to improve the production. Optimization of the fermentation medium, mutations
of the strains, and biofilm formation have been described as means for improving the yield of
MK‐7 [42–46]. The use of organic solvents to extract vitamins is one of the major issues of the
bulk production of MK‐7. Berenjian and coworkers demonstrated that the addition of vegeta‐
ble oil during a dynamic fermentation process could be a good process for producing an oil
rich in MK‐7. In that study, the oil contained 724 mg/L of MK‐7, and they suggested using the
oil in supplementary and dietary food products [47].

7. Dietary recommendations for menaquinone

Dietary recommendations for vitamin K are still based on knowledge of phylloquinone and
its classic role as an enzyme cofactor for coagulation proteins. The recommendations do not
consider the differences in bioavailability and bioactivity between the different forms of
vitamin K or the possibly higher requirements for health effects apart from coagulation, such
as bone or cardiovascular health [16].

Depending on country, sex, and age, the recommendations for vitamin K range from 50 to
120 μg per day for adults 19 years and older. These recommendations are generally presented
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as adequate intake or estimated values, and no tolerable upper intake level has been established
for vitamin K [16, 25, 48]. Research for valuable biomarkers to measure the status of vitamin
K in the population is ongoing. A recent study from Maastricht University compared the
biomarkers for coagulation with those of bone and vascular health in 896 healthy volunteers.
Whereas all coagulation proteins were completely carboxylated by vitamin K, and a high
concentration of undercarboxylated Gla proteins (osteocalcin and matrix Gla protein) was
found in the majority of the blood samples, indicating that most of the volunteers in this study
had an inadequate supply of vitamin K [23]. As long as robust physiological endpoints are
missing to differentiate the contribution of MKs to human health from that of PK, it is unlikely
that specific dietary recommendations for MKs will be widely adopted in the near future. In
the meantime, a preferred recommendation could be to consume a wide variety of foods which
are good sources of PKs and MKs, respectively, such as green leafy vegetables and fermented
dairy products [16, 49].

8. Dietary intake of menaquinones

As shown in Table 1, the most important sources of menaquinones are cheese, curd, offal, and
fermented soybeans (natto). Based on regional differences in dietary patterns, the form and
amount of specific menaquinones consumed may vary widely between populations. For
example, in Japan, as a result of natto consumption, MK‐7 is the most frequently consumed
form of menaquinones. The contribution of MK‐7 to total vitamin K intake is 25% among young
women living in eastern Japan. Nearly all of the MK‐7 intake originates from pulses, including
fermented soybean natto [32]. The mean daily intake of MK‐7 in this study was 57.4 μg with
a range from 0 to 340 μg.

In countries with a traditional high intake of dairy products, such as the Netherlands, Ger‐
many, and the United Kingdom (UK), MK‐7 to MK‐10 contribute mostly to the menaqui‐
none supply. Beulens and coauthors compiled the results from several European studies
that estimated menaquinone intake using Food Frequency Questionnaires (FFQs). The self‐
reported mean daily intake of menaquinones in adults ranged from 20.7 μg for women in
the Rotterdam Study to 43 μg in men in the UK National Dietary and Nutrition Survey. In
all of these studies, cheese was the most important food source of menaquinones [49]. How‐
ever, these data should be interpreted carefully because they were collected by FFQs that
are designed to estimate the relative dietary intake of large populations but not to estimate
absolute dietary intake. A seasonal survey in postmenopausal women in Tehran, Iran, used
a monthly food record for 1 year. The researchers found a significantly higher intake of vita‐
min K in the spring, summer, and autumn compared to the winter. Unfortunately, these au‐
thors did not further specify vitamin K and did not provide any information about
consumption of different food items containing vitamin K [50]. A study in older individuals
to calculate the desired duration of a diet recording to estimate the individual vitamin K
intake concluded that 13 24‐hour recalls are ideal to record intraindividual variance. As this
would not be realistic in most studies, the authors proposed a minimum of six nonconsecu‐
tive days of diet recording [51]. Another possible approach for estimating nutrient status is
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example, in Japan, as a result of natto consumption, MK‐7 is the most frequently consumed
form of menaquinones. The contribution of MK‐7 to total vitamin K intake is 25% among young
women living in eastern Japan. Nearly all of the MK‐7 intake originates from pulses, including
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a range from 0 to 340 μg.
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the Rotterdam Study to 43 μg in men in the UK National Dietary and Nutrition Survey. In
all of these studies, cheese was the most important food source of menaquinones [49]. How‐
ever, these data should be interpreted carefully because they were collected by FFQs that
are designed to estimate the relative dietary intake of large populations but not to estimate
absolute dietary intake. A seasonal survey in postmenopausal women in Tehran, Iran, used
a monthly food record for 1 year. The researchers found a significantly higher intake of vita‐
min K in the spring, summer, and autumn compared to the winter. Unfortunately, these au‐
thors did not further specify vitamin K and did not provide any information about
consumption of different food items containing vitamin K [50]. A study in older individuals
to calculate the desired duration of a diet recording to estimate the individual vitamin K
intake concluded that 13 24‐hour recalls are ideal to record intraindividual variance. As this
would not be realistic in most studies, the authors proposed a minimum of six nonconsecu‐
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to use biomarkers. Biomarkers for menaquinones are undercarboxylated vitamin K‐depend‐
ent proteins in the circulatory system. However, in addition to vitamin K availability, these
biomarkers depend on the total amount of protein. To be sure that protein status does not
confound vitamin K status, the measurements must be corrected for the total amount of the
protein under study [52].

These limitations, together with the scarce and widely varying data on concentrations of
different menaquinones in food items, show how fragmentary our knowledge of the supply
of vitamin K2 in the general population remains.

9. Pharmacokinetics of menaquinones

Although the forms of vitamin K are classified as fat‐soluble nutrients, the lipophilicity of
the different forms changes with side‐chain length. Whereas menadione is water soluble,
phylloquinone and MK‐4 are mildly lipophilic. Long‐chain menaquinones are strongly lipo‐
philic and soluble only in apolar organic solvents [36]. This lipophilicity also influences the
absorption of vitamin K, which varies greatly depending on the food matrix. As long‐chain
menaquinones are found mainly in the fat fraction of dairy products, the absorption of these
menaquinones is almost 100% in contrast to PK, where the poor uptake of only 5–10% from
cooked vegetables can be improved only slightly by concomitant fat intake [6]. As a conse‐
quence, even the dietary intake of phylloquinone is much higher, menaquinones are equally
important for vitamin K status, because of their better intestinal absorption. Independently
of their form and origin, all K vitamins are transported to the liver, incorporated in triglycer‐
ide‐rich lipoproteins. Unlike phylloquinone, which mostly remains in the liver to be used
for clotting factor synthesis, menaquinones are released to the bloodstream incorporated in
low‐density lipoproteins and transported to the target tissue such as bone and arteries for
Gla‐protein carboxylation. Absorbability is further supported by a longer half‐life, up to
several days for long‐chain menaquinones compared to phylloquinone, which normally dis‐
appears from the bloodstream after 8 hours. This longer postprandial presence in the blood‐
stream leads to a more constant circulating level of vitamin K2 and, as a consequence,
longer availability of these long‐chain menaquinones for uptake by extrahepatic tissues [36,
53]. Although there is some evidence that menaquinones with medium‐chain length like
MK‐7 are better absorbed than short‐ (MK‐4) or long‐chain menaquinones (MK‐8 and MK‐9)
[6], human data on the bioavailability, absorption, and kinetics of K2 vitamins from food are
limited to MK‐7 and MK‐9 and have not been systematically tested for all menaquinones
thus far [36, 49].

As researchers have found that MKs play an important role in health aspects beyond coagu‐
lation, the cooperation with other nutrients in vitamin K‐rich food such as fermented dairy
products may lead to a better understanding of the effect of different food items on health
aspects, for example, bone health or cardiovascular health.
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10. Bone health, menaquinones, and fermented dairy products

One of the most important research fields in the past and present is the study of the factors
that influence the formation and conservation of strong bones. Osteopenia, including osteo‐
porosis, is one of the most prevalent diseases in elderly individuals and is a large social,
medical, and economic burden throughout the world. One out of three women and one out of
five men older than 50 years are at risk of experiencing an osteoporotic fracture [54]. Low bone
mineral mass is the main factor that causes osteoporotic fractures. Bone mass in later life is the
result of the peak bone mass achieved during growth and the rate of age‐related bone loss.
Consequently, a high peak bone mass at maturity and a low bone loss during aging are the
most promising factors in the prevention of osteoporosis and fractures. In addition to factors
that influence bone health such as gender, age, body size, genetics, and ethnicity that are not
changeable, other factors, especially lifestyle factors such as physical activity, smoking, alcohol
consumption, and dietary patterns, can be modified [55]. Different dietary factors are known
to positively influence bone health. They range from minerals (e.g., calcium, magnesium,
phosphorus, potassium, and various trace elements) and vitamins (A, D, E, K, C, and certain
B vitamins) to macronutrients such as proteins and fatty acids and finally to bioactive food
components (e.g., peptides) that in recent years have been proposed to be beneficial for bone
health [55]. All these elements are involved in bone metabolism. Currently, researchers are
trying to identify and understand the mechanisms and interactions of these factors in relation
to bone health [56].

Most studies that have investigated the relationship between dairy and bone health have
shown a beneficial effect of dairy consumption, even if the reason for this link is still unclear
[56, 57]. After many years of focusing on calcium as the beneficial element for bone health in
dairy, recent evidence suggests that other macro‐ and micronutrients, as well as food compo‐
nents such as bioactive peptides, milk fat globule membrane, prebiotics, and probiotics present
in milk and dairy products, play an important role in this health outcome [56]. Many of these
nutrients support the bioavailability (phosphorus, vitamin D, magnesium, zinc, potassium),
absorption (casein phosphopeptides, phosphorus, lactose, protein) and homeostasis (magne‐
sium, potassium, vitamin D) of calcium and contribute to bone‐building properties (phospho‐
rus, magnesium, potassium, zinc, vitamin D, vitamin B12, and vitamin K) [56–58].

Most of these components are not or are positively affected by fermentation. That means their
concentration remains the same in the fermented product compared with milk or even
increases either by processing (i.e., fat‐soluble vitamins in cheese) or by the activity of micro‐
organisms (i.e., bioactive peptides, vitamin B12, or vitamin K2).

The role of vitamin K2 in bone health is strongly bound to osteocalcin (OC), a key regulator of
calcium usage. This small Ca2+‐binding protein is involved in the mineralization of bones and
teeth, and its potential to bind calcium is dependent on carboxylation with vitamin K2.

Only the fully carboxylated OC is able to strongly bind calcium and to consolidate calcification
of the hydroxyapatite crystal lattice that requires a sufficient supply with vitamin K2 and other
nutrients, such as retinoic acid and vitamin D, all involved in the regulation of osteocalcin
production [59].
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aspects, for example, bone health or cardiovascular health.

Vitamin K2 - Vital for Health and Wellbeing74

10. Bone health, menaquinones, and fermented dairy products

One of the most important research fields in the past and present is the study of the factors
that influence the formation and conservation of strong bones. Osteopenia, including osteo‐
porosis, is one of the most prevalent diseases in elderly individuals and is a large social,
medical, and economic burden throughout the world. One out of three women and one out of
five men older than 50 years are at risk of experiencing an osteoporotic fracture [54]. Low bone
mineral mass is the main factor that causes osteoporotic fractures. Bone mass in later life is the
result of the peak bone mass achieved during growth and the rate of age‐related bone loss.
Consequently, a high peak bone mass at maturity and a low bone loss during aging are the
most promising factors in the prevention of osteoporosis and fractures. In addition to factors
that influence bone health such as gender, age, body size, genetics, and ethnicity that are not
changeable, other factors, especially lifestyle factors such as physical activity, smoking, alcohol
consumption, and dietary patterns, can be modified [55]. Different dietary factors are known
to positively influence bone health. They range from minerals (e.g., calcium, magnesium,
phosphorus, potassium, and various trace elements) and vitamins (A, D, E, K, C, and certain
B vitamins) to macronutrients such as proteins and fatty acids and finally to bioactive food
components (e.g., peptides) that in recent years have been proposed to be beneficial for bone
health [55]. All these elements are involved in bone metabolism. Currently, researchers are
trying to identify and understand the mechanisms and interactions of these factors in relation
to bone health [56].

Most studies that have investigated the relationship between dairy and bone health have
shown a beneficial effect of dairy consumption, even if the reason for this link is still unclear
[56, 57]. After many years of focusing on calcium as the beneficial element for bone health in
dairy, recent evidence suggests that other macro‐ and micronutrients, as well as food compo‐
nents such as bioactive peptides, milk fat globule membrane, prebiotics, and probiotics present
in milk and dairy products, play an important role in this health outcome [56]. Many of these
nutrients support the bioavailability (phosphorus, vitamin D, magnesium, zinc, potassium),
absorption (casein phosphopeptides, phosphorus, lactose, protein) and homeostasis (magne‐
sium, potassium, vitamin D) of calcium and contribute to bone‐building properties (phospho‐
rus, magnesium, potassium, zinc, vitamin D, vitamin B12, and vitamin K) [56–58].

Most of these components are not or are positively affected by fermentation. That means their
concentration remains the same in the fermented product compared with milk or even
increases either by processing (i.e., fat‐soluble vitamins in cheese) or by the activity of micro‐
organisms (i.e., bioactive peptides, vitamin B12, or vitamin K2).

The role of vitamin K2 in bone health is strongly bound to osteocalcin (OC), a key regulator of
calcium usage. This small Ca2+‐binding protein is involved in the mineralization of bones and
teeth, and its potential to bind calcium is dependent on carboxylation with vitamin K2.

Only the fully carboxylated OC is able to strongly bind calcium and to consolidate calcification
of the hydroxyapatite crystal lattice that requires a sufficient supply with vitamin K2 and other
nutrients, such as retinoic acid and vitamin D, all involved in the regulation of osteocalcin
production [59].

Menaquinones, Bacteria, and Foods: Vitamin K2 in the Diet
http://dx.doi.org/ 10.5772/63712

75



Fermented dairy products are vital for bone health because of their unique combination of
various nutrients and microorganisms that support and maintain positive bone metabolism
[57, 60]. Additionally, dairy matrix and nutrient composition may affect the delivery of
menaquinones and improve vitamin K status [61].

11. Cardiovascular health, menaquinones, and fermented dairy products

Coronary artery calcification (CAC) is a predictor of cardiovascular disease (CVD) and
mortality. Based on vitamin K’s role in activating matrix Gla protein (MGP), a calcification
inhibitor, vitamin K is proposed to play a preventive role in CAC and CVD [59, 62]. As recently
reviewed, randomized controlled trials that examined the influence of vitamin K on the risk
of cardiovascular disease are scarce [63]. The results of observational studies have shown an
association between higher dietary menaquinone consumption and less calcification [64],
decreased risk of coronary heart disease (CHD), CHD mortality, and all‐cause mortality [65–
67]. The results of a Dutch prospective cohort study suggested that of all MKs the long‐chain
menaquinones (MK‐7 to MK‐9) have the most beneficial effects on cardiovascular disease [67].
Although these results are promising, they must be interpreted with caution, because validated
biomarkers for single MK intake are missing [16].

Complex milk fatty acid chemistry and several minerals, such as calcium, magnesium,
phosphorus, and potassium provided in relevant concentrations, have been proposed to be
involved in the complex mechanism of dairy products and their support to reduce CVD risk
[68]. Among the high number of different fatty acids in dairy products, trans‐palmitoleic acid,
stearic acid, lauric acid, myristic acid, and oleic acid have been associated with beneficial effects
on blood lipids and serum lipoprotein levels [56]. These assumptions are supported by the
inverse association observed between CHD risk and the consumption of milk, cheese, and meat
as the richest sources of MKs in the Western diet [6, 67].

12. Conclusion

Our knowledge of the consumption of menaquinones should be improved with weighed and
extended food records [51] in combination with (multiple) biomarkers in the blood for vitamin
K status [52] and the content of the various menaquinones in food items such as cheese, which
contribute most to the supply with this vitamin.

As different lactic acid bacteria strains used in cheese production influence the expression of
various MKs, analysis of a wide variety of different cheeses may be necessary for a represen‐
tative overview of the vitamin K2 content in this food group. Although results from well‐
designed clinical trials investigating the association between menaquinones and bone health,
as well as cardiovascular health, are rare, dairy products seem to be predestined to play a major
role in the Western diet because of their nutrient density and matrix properties that improve
the bioavailability of vitamin K2.
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role in the Western diet because of their nutrient density and matrix properties that improve
the bioavailability of vitamin K2.
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Abstract

Environmental and behavioral adaptations introduced during the last decades have 
synergistically enhanced man’s lifespan, but also paved the ground for disease states 
involving impairment of multiple organs, which are both modulating and depending on 
homeostatic calorie “accounting.”

Diabetes, obesity, and/or bone brittleness now occur frequently in our society, inducing 
ailments affecting overall health and well-being. Therefore, an improved comprehension of 
how organs (e.g. bone and adipose tissue) may provide homeostasis and sound strategies 
to treat these diseases, thus improving health and life quality of most age categories, should 
be sought. The steroid and xenobiotic receptor (SXR) (pregnane X receptor = PXR) is a 
nuclear steroid-like hormone receptor, stimulated by hormones, steroids, drugs, and xeno-
biotic compounds. SXR exhibits a versatile ligand binding domain, serving as a xenobiotic 
sensor, regulating xenobiotic clearance from the liver and intestine. However, new and 
interesting functions of SXR in the regulation of inflammatory processes, cholecalciferol 
and bone metabolism, lipid and energy homeostasis, and cancer therapy, have emerged.

Hence, the discovery and pharmacological development of new PXR modulators, like 
vitamin K2, represent an interesting and innovative therapeutic approach to combat 
 various diseases, of which glucose and lipid metabolism (i.e., energy metabolism and 
adiposity) should be emphasized.

Keywords: vitamin K2, energy metabolism, PXR, SXR

1. Introduction

In the past years, we have seen a plethora of research reports illuminating the link between 
bone physiology and energy metabolism, even though the central and sympathetic nervous 
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systems, but also the gastrointestinal and pancreatic axes serve essential functions related 
to the systemic regulation of energy expenditure. It may be asserted that the fat tissue is 
more prominent due to its basic implication in storing and dissipating energy. During the last 
25 years, a major progress has been communicated within the medical societies, featuring a 
modern understanding of the origin of fat tissues, their specialized characteristics and func-
tioning, as well as the pathophysiological consequences of their impairment. These advances 
consequently lead to the discovery that adipose tissue metabolism is heavily coupled to the 
homeostasis of the skeleton.

Fat tissue is able to deposit and releases energy rich compounds during feeding and fasting, 
respectively, and it modulates the energy homeostasis in a versatility of organs via its endo-
crine potential. Fat cells (adipocytes) may accumulate energy in the form of triglycerides, as 
well as burning it by degrading fatty acids via so-called β-oxidation. Additionally, adipocytes 
produce and release so-called adipokines, among which leptin and adiponectin are the most 
important ones. These hormones regulate both the ingestion of calories, as well as the body’s 
sensitivity to insulin. The functional multiplicity of adipose tissue is sustained by various 
subtypes of adipocytes in depot storing fat. Mitochondria-sparse white adipose tissue (WAT), 
characterized as visceral and subcutaneous fat, stores energy as triglycerides for which the 
level is regulated by the body’s sensitivity to insulin and the overall metabolism of glucose in 
the liver and skeletal muscle cells, respectively. Contrastingly, mitochondria-enriched brown 
adipose tissue (BAT), which in adults is positioned as discrete entities localized in the neck 
and other regions of the trunk of the body [1], serves to dissipate energy to sustain adaptive 
thermogenesis [2]. This process is facilitated by the action of uncoupling protein 1 (UCP1), 
stimulating a leakage of protons, in order to uncouple respiration from ATP synthesis, thus 
favoring heat production. The thermogenesis sustained by BAT is mastered via the central 
nervous system, the impact of both the signaling systems comprised by catecholamines (i.e., 
β-adrenergic signaling), as well as deiodinase 2 (Dio2)-facilitated thyroid hormone conver-
sion from T4 (thyroxine) to T3 (triiodothyronine). As an extra feature, compared to its role 
in adaptive thermogenesis, BAT is also protecting against obesity, as well as against insulin 
resistance and development of diabetes [5–8]. Finally, it is worth noticing that genetic ablation 
of BAT in small experimental animals is resulting in diet-induced obesity, diabetes mellitus 
with insulin resistance, as well as enhanced blood lipids [3].

It has been asserted that BAT may originate from two sources. The classical or ordinary, 
preformed BAT stems from Myf5-positive dermomyotomal progenitor cells which may also 
yield skin and muscle, as well as functioning in so-called nonshivering thermogenesis [4]. 
On the other hand, Myf5-negative progenitor cells may differentiate into white adipocytes 
which play a role in energy storage, or to BAT-like or “beige” fat cells. The latter adipocytes 
demonstrate both brown and white fat cell characteristics [5]. Of major importance is the 
fact that BAT-like adipocytes can be transformed into WAT-like adipocytes through a pleth-
ora of mechanisms, of which a few deserves mentioning; cold exposure, endocrine action 
of FGF21 [6] or irisin [7], and via transcriptional regulators including FoxC2 [8], PRDM16 
[9], and PPARc [10], which lead to SirT1-mediated deacetylation of the PPARc protein 
[11]. Beige fat possesses powerful antiobesity and antidiabetic activities. An overexpres-
sion of BAT-specific transcription factors, i.e., either FoxC2 or PRDM16 in WAT adipocytes, 
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has been shown to protect mice from diet-induced obesity and metabolic dysfunction [9]. 
Furthermore, ablation of beige fat cells by adipocyte-only deletion of the transcriptional 
modulator PRDM16, yields experimental animals, which become prone to diet-induced 
obesity and ensuing insulin resistance [12].

In line with the cited article published by Lecka-Czernik et al. in Archives of Biochemistry 
and Biophysics, 2014 [13], we performed the following experiment: Human adipose stem 
cells and 3T3-L1 preadipocytes, the latter with an activated mutation (ref) in the Gi2α-protein 
were differentiated into fully mature adipocytes as indicated by coloration with Alizarin 
Red. Interestingly, both adipocyte species accumulated triglycerides upon differentiation to 
mature adipocytes; however, exposure to vitamin K2 (MK-7) diminished their ability to turn 
into fully mature adipocytes. Furthermore, both adipocyte species were tested for expression 
of various genes differing white adipocytes from beige adipocytes. From the gene expres-
sion profile, featuring genes like the beta-adrenergic receptor β3-AR, Foxc2, PGC1α, PPARα, 
Dio2, UCP1, Adipoq, and Leptin, it was quite obvious that the preadipocytes in question 
differentiated more in the “direction” of beige, lipid (or fatty acid) metabolizing adipocytes 
than into white, triglyceride-storing adipocytes. Hence, it could be concluded or hypoth-
esized that vitamin K2 (MK-7), in fact, was able to direct preadipocytes into becoming an 
energy-dissipating, rather than energy-storing adipocyte phenotype (see Figure 1, left and 
right panels). A putative model featuring this development, referring to a suggested mecha-
nism, is given in Figure 2.

Here, we have demonstrated that vitamin K2 affects the differentiation of preadipocytes to 
mature adipocytes, ensuring that the “end-point” phenotype may be tilted in the direction 
of the beige, energy “dissipating” phenotype. In their paper from 2014, Lecka-Czernik and 
coworkers [13] assert that an impairment in fat function correlates with a reduced bone mass 
and an increased incidence of fractures. But, the question posed by the authors is: does accu-
mulation of bone marrow adipose tissue (BMAT) exert a detrimental effect on bone structure 
and or mineralization, and will a diminished bone mass stimulate the accumulation of BMAT? 
Historically, BMAT was construed as a dormant or inert type of fat that accumulated within 
the bone marrow in order to pose as empty space filling subsequent to involution of hemato-
poietic tissue. Hence, its relationship with a lower bone mass was construed as circumstantial. 
However, novel evidence asserted that marrow adipogenesis should be construed as a pro-
cess, which is tightly bound to the differentiation of osteoblasts, since they “share” common 
precursor cells, and they are subjected to same modulatory signaling patterns. This yields, 
however, opposite end results where a positive correlation with an overall fat metabolism 
indicates that BMAT, in fact, actively induces bone mass loss and inferior quality.

Both, over and malnutrition represent systemic changes in energy metabolism, affecting bone 
fat volume and bone mass. Despite the fact that adipose (overweight) individuals present with 
a higher body weight, the more often than not demonstrate a lower BMD. In obese older men 
and women, an enhanced percentage of body fat and low amount of lean (muscle) mass pre-
dicts a lower BMD and thus an enhanced frailty risk [14]. The enhanced fracture risk incurred 
by postmenopausal women and older men [15] is mainly due to enhanced circulatory levels 
of adipose tissue derived in adiponectin and proinflammatory cytokines, with a concomitant 
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lower secretion of leptin and IGF-1. Furthermore, one will often detect lowered blood levels of 
25-hydroxyvitamin D and higher serum parathyroid hormone levels in these “patients” [15].

Figure 1. Human adipose stem cells and mutated 3T3-L1 preadipocytes were differentiated towards mature 
adipocytes. Top panel: Control cells are not manipulated with differentiating medium show lack of ability to store lipids 
(no Alizarin Red accumulation). Cells are differentiated in the presence of insulin, as well as IBMX (an inhibitor of 
phosphodiesterase) accumulate lipids, while cells are also exposed to vitamin K2 (MK-7) and lose their ability to produce 
and store triglycerides. Bottom panel: Percentage modulation relative to the “control” stage seen with exposure of human 
adipocytes and mutated 3T3-L1 cells to differentiating medium versus exposure to vitamin K2 (MK-7). Cells treated 
with vitamin K2 exhibit significant increments in genes characterizing beige adipocytes, where the alterations in PGC1α, 
PPARα, PPARγ, Dio2, and UCP1 expression were more prominent.
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2. Vitamin K2 and its mechanism of action – beyond xenobiotic 
metabolism

The steroid and xenobiotic receptor (SXR), which is synonymous with the pregnane X recep-
tor = PXR, is characterized as a nuclear hormone receptor that is stimulated by a plethora 
of hormones, dietary steroids, pharmaceutically active agents, as well as xenobiotic com-
pounds. SXR exhibits a binding domain, which diverges across mammalian species. SXR 
is construed as a xenobiotic sensor, facilitating xenobiotic clearance in the liver and intes-
tine. However, newly published experiments unravel novel roles for SXR in modulating 
phenomena like inflammation, bone turnover, metabolism of vitamin D, lipid, and energy 
homeostasis, as well as cancer. The characterization of SXR as conveyer of hormone-like 
signals has now been recognized as a key instrument for the study of novel mechanisms, 
through which diet may ultimately affect health and disease. The discovery and pharmaco-
logical development of new PXR modulators, like vitamin K2, might represent an interest-
ing and innovative therapeutic approach to combat various ailments and diseases.

Figure 2. Putative model system featuring the mechanism behind the impact of vitamin K2 (MK-7). Based on previously 
published consensus material, our new findings of the effect of vitamin K2 (MK-7) shows that K2, via binding to the 
transcription factor PXR/SXR affects several signaling molecules and/or pathways, via the β3-adrenergic system, 
impinging on signaling molecules like PKA, PGC1α, C/EBPβ, and Dio2, which eventually affects the activity of the 
uncoupling protein UCP1, which produces heat (and not ATP) from fatty acids. Not mentioned in the text is the reciprocal 
regulatory loop consisting of the microRNA species hsa-mir-155 and the transcription factor C/EBPβ, which can be 
manipulated to reinforce the “beige” phenotype of the adipocyte after differentiation from the stem cells or preadipocytes.
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Without elaborating on the details of how different natural products modulate the activity 
SXR to affect gene expression, it should be noted that St. John’s wort (hypericum perforatum), 
vitamin E (tocopherols and tocotrienols), as well as sulforaphane and Coleus forskohlii, the 
latter producing forskolin which is able to stimulate adenylate cyclase activity, suffice to say 
that K2 emerges as an interesting “player” on the scene featuring major metabolic pathways 
accounting for a plethora of actions to be reckoned with [16]. One good example is the effect of 
SXR activation on the metabolism of cholesterol and lipid turnover, a second one is its impact 
on the Fox transcription factors (i.e., FoxO1 and FoxA2), and their influence on energy homeo-
stasis [16]. FoxO1 and FoxA2 are both members of the “forkhead” family tree of transcription 
factors, serving critical roles in both lipid metabolism, as well as gluconeogenesis in the liver 
[17]. FoxO1 stimulates hepatic gluconeogenesis during fasting through the activation of glu-
coneogenic genes, such as PEPCK1 (phosphoenolpyruvate carboxykinase 1), G6P (glucose-
6-phosphatase), as well as and insulin-like growth factor-binding protein 1.

FoxA2, on the other hand serves as a key switch, representing one of the regulatory factors of 
the breakdown of hepatic fatty-acids during calorie-restriction (i.e., fasting). Via mammalian 
cell-based two-hybrid screening, it was feasible to identify FoxO1 as a coactivator of both 
CAR (constitutive androstane receptor)-mediated, as well as SXR-stimulated transcription 
[18]. FoxO1 may directly associate with CAR and SXR as a hormone-ligand-receptor complex 
and stimulate their transcriptional ability. And, both CAR and SXR function as corepressors of 
FoxO1, suppressing the FoxO1-mediated transcription by counteracting its association with 
its response elements within the susceptible genes. As well as obliterating the FoxO1 activity, 
drug-stimulated SXR and CAR species were also shown to downregulate HNF4α transcrip-
tional power via suppression of PGC1α, thus suppressing the transcription of both PEPCK1 
and G6P [19]. This indicates that metabolic turnover of both drugs and glucose, the two major 
functions of the liver which are regulated independently, happens to be reciprocally coregu-
lated via communication between xenobiotic sensors on one hand, and transcription factors 
in the liver, on the other. When blood sugar concentrations are rendered low due to fasting 
or subsequent to periods of exercise, the liver funnels energy rich molecules to extra-hepatic 
tissues and peripheral organs via either β-oxidation or the production of ketone bodies [20]. 
FoxA2 is stimulating both ketogenesis and β-oxidation via enhancement of the transcriptional 
activity of a plethora of genes, such as mitochondrial 3-hydroxy-3 methylglutarate-CoA syn-
thase 2 (HMGCS2) and carnitine palmitoyltransferase 1A (CPT1A) in energy-depleted condi-
tions (fasting), or subsequent to periods where extensive exercise prevails [21].

FoxA2 is phosphorylated and thus inactivated by the Akt pathway, and serves to decrease 
lipid turnover in response to insulin. Treatment with other drugs such as barbiturates has been 
shown to suppress lipid metabolism in an insulin-independent fashion [22]. Furthermore, it 
was reported that SXR may crosstalk with FoxA2 in order to induce the repression of lipid 
turnover in livers of fasting mice. By applying wild-type and SXR-/- animals, it was demon-
strated that treatment with PCN (pregnenolone-16d-carbonitrile) diminished the steady-state 
mRNA levels of HMGCS2 and CPT1A in control animals, but not in SXR-deficient mice. When 
conducting biochemical and cell-based analyses, it was shown that SXR markedly downregu-
lates the ability of FoxA2 to bring about activation of the HMGCS2 and CPT1A genes. SXR 
that serves as the ligand binding domain will associate directly with the DNA-binding area of 

Vitamin K2 - Vital for Health and Wellbeing88

FoxA2, and the ensuing interaction will halt the “coupling” between FoxA2 and its response 
in DNA elements. The communication between SXR and FoxO1/FoxA2 signifies that SXR, 
apart from being a modulator of drug metabolism in the liver, is also serving as an important 
regulator in hepatic in glucose and energy homeostasis. Hence, since vitamin K2 binds to and 
enhances SXR-mediated transcription, it may serve as the natural “drug” to ingest, when one 
is aiming to treat insulin resistance and type II diabetes mellitus. The impact of vitamin K2 
via SXR on the metabolic functions in general, is described in more detail in the forthcoming 
paragraphs (“SXR in glucose handling” and “SXR in lipid turnover”) [22].

In Figure 3, we show our own experiments indicating that the adipocyte phenotype, char-
acterized by the expression of the transcription factor PPARγ, is heavily dependent on the 
presence of FoxO1 and FoxA3, respectively, since siRNA against either of them completely 
obliterate the stimulatory effect of vitamin K2 obtained through its binding to SXR. However, 
the literature in general advocates a plethora of PIK3/Akt-stimulated transcription factors of 
the FoxA and FoxO families in the cascade of insulin/IGF-1 mediated signaling in general. 
However, the present data show, for the first time that vitamin K2 (i.e., the MK-7 variant) 
directly stimulates FoxO1 and FoxA3, short-cutting the insulin/IGF-1 activation cascade. The 
assertion to be drawn is simply: Vitamin K2 may directly fortify the action of insulin, thus 
ensuring a better glucose homeostasis, as well as protection from a detrimental turnover of 
lipids and protein structures of the body.

Figure 3. The impact of vitamin K2 (in the form of MK-7) on the signaling mechanism of insulin, via the PIK3/Akt/
FoxO/FoxA cascade. Left panel: MK-7, bound to the transcription factor SXR activates FoxO1 and FoxA3, with ensuing 
stimulation of Sirt1. Right panel: Expression (mRNA analyses) of the transcription factor PPARγ in adipocytes generated 
from stem cells, either stimulated by vitamin K2 (MK-7) or inhibited in the presence of siRNA against FoxO1 or FoxA3. 
Reference to the figures: Left – DN Gross et al. (Oncogene, 2320–2336, 2008); Michael P. Czech (PNAS, 11198–11200, 
September 30, 2003).
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regulator in hepatic in glucose and energy homeostasis. Hence, since vitamin K2 binds to and 
enhances SXR-mediated transcription, it may serve as the natural “drug” to ingest, when one 
is aiming to treat insulin resistance and type II diabetes mellitus. The impact of vitamin K2 
via SXR on the metabolic functions in general, is described in more detail in the forthcoming 
paragraphs (“SXR in glucose handling” and “SXR in lipid turnover”) [22].

In Figure 3, we show our own experiments indicating that the adipocyte phenotype, char-
acterized by the expression of the transcription factor PPARγ, is heavily dependent on the 
presence of FoxO1 and FoxA3, respectively, since siRNA against either of them completely 
obliterate the stimulatory effect of vitamin K2 obtained through its binding to SXR. However, 
the literature in general advocates a plethora of PIK3/Akt-stimulated transcription factors of 
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3. SXR cross talks with biological signals in biological responses: 
implications in health and disease

3.1. The molecular mechanisms of SXR-mediated gene repression

Currently, SXR has been described as a repressor of gluconeogenic gene expression, some 
of which are glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase 1 
(PEPCK1), thus implicating vitamin K2 in metabolic (energy-related) reactions taking place in 
the liver [23–25]. The SXR-vitamin K2 complex may therefore interfere directly with transcrip-
tion factors and thus be rendered responsive to both insulin and glucagon. Consequently, 
one would observe a release of transcription factors with their coactivators from target genes, 
which would lead to a general subactivation of gene transcription.

Furthermore, it has been asserted that SXR represses the CYP-genes through interference with 
the vitamin D receptor, VDR [26]. Hence, in tissues short of vitamin D3, liganded SXR would 
associate directly to vitamin D response elements (VDREs) and modulate transcription. 
Therefore, it may be asserted that vitamin K2 and vitamin D, as well as vitamin A (via VDR 
and RXA, respectively), and many other transcription factor like molecules (e.g., PPARs, FXR, 
LXRα, LRH-1 = NR5A2, RXR), when associated with their ligands, may act synergistically 
on gene transcription in general [16, 27–29]. Hence, it is not straightforward to predict the 
net results of a certain combination of liganded transcription factors on biological processes. 
However, there are several excellent reports on the impact of vitamin K2, in association with 
the nuclear factor SXR, on cellular metabolism.

3.2. Involvement of SXR in metabolic functions

Xenobiotics are able to enhance SXR-mediated expression of xenobiotic-metabolizing enzymes 
in both the liver and intestines. Even though such a modulation normally serves to detoxify 
the xenobiotics in question, these “alien molecules” enhance the production of intermediates, 
which confer harmful attack of tissues on the body [30, 31]. Additionally, SXR affects the bal-
ance of endobiotics (e.g., steroid hormones, cholesterols, and bile acids) aided by the same 
biochemical pathways. Hence, an SXR activation will consequently stimulate a plethora of 
physiological responses, i.e., in the liver, which plays an important role in the processing of, 
among many substances, glucose and lipids. Disruption of their metabolic fate may result 
in diseases, of which type II diabetes (T2DM) and obesity are most frequently encountered. 
Newly published studies of SXR-KO and SXR-humanized animals clearly shed light on the 
metabolic functions of SXR in man.

3.3. SXR and its role in energy metabolism of the liver

The liver provides energy sources to the rest of the body, i.e., carbohydrates and lipids are 
catabolized in order to fuel both central and peripheral tissues and organs. The effect of SXR 
on hepatic energy turnover was discovered with the aid of SXR-KO mice [25, 32, 33].
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3.4. SXR in glucose handling

The pancreatic hormones (insulin and glucagon) reciprocally regulate the blood glucose 
level via transcriptional processes, where rate-limiting enzymes like G6Pase and PEPCK1 
in the glucose metabolism play a decisive role [34–36]. The glucose-6-phosphatase dephos-
phorylates glucose-6-phospate (G6P), constituting the endpoint of both the glucose-forming 
and glucose-utilizing reactions, while PEPCK1 converts oxaloacetate to phosphoenolpyru-
vate (PEP) in the gluconeogenic reaction. These enzymes are instrumental in controlling 
blood glucose levels. During fasting and/or prolonged exercise, glucagon dominates glu-
cose metabolism by activating the cAMP/PKA signaling pathway [35, 37, 38]. When phos-
phorylated by PKA, the cAMP-response element-binding protein (CREB) stimulates both 
the G6Pase and PEPCK1.

However, insulin acts in an opposite manner, and in response to high blood glucose levels, 
insulin is secreted and activates the phosphoinositide 3-kinase (PI3K)/Akt signaling pathway 
[39]. Thereafter, Akt phosphorylates and inactivates the transcription factor forkhead box O1 
(FoxO1). FoxO1, being a key regulator of glucose turnover, subsequently stimulates the insu-
lin response sequence (IRS)-bearing genes G6Pase and PEPCK1 [40]. When phosphorylation 
by Akt, FoxO1 cannot longer translocate to the nucleus, it is rapidly acetylated and therefore 
loses its activity [41, 42].

But, when using SXR-KO and SXR-humanized animals, it has been demonstrated that SXR 
is an important regulator of xenobiotic-dependent glucose turnover in the liver. Treatment 
of mice with potent SXR activators consistently leads to lowered blood glucose levels in 
laboratory animals [32]. Furthermore, it was shown that there existed so-called “cross-talk” 
between SXR and FoxO1 as a molecular mechanism underlying the downregulation of glucose 
metabolism [18]. It was reported by Kodama and Negishi that liganded SXR directly interacts 
with phosphorylated CREB in primary hepatocytes [25], and that SXR disturbs the binding 
of CREB to CRE with an ensuing repression of the CREB-mediated transcription of G6Pase 
and PEPCK1 genes. Looking at hitherto available information, it can be asserted that SXR, by 
“targeting” a plethora of factors modulated by insulin and glucagon, leads to an activation of 
many genes being functional in the intrinsic regulatory machinery maintaining serum glucose 
levels within “healthy” limits.

3.5. SXR in lipid turnover

The liver provides lipid-derived energy-rich compounds to different parts of the body. 
Hepatic lipid metabolism is controlled by the net influence of the “reciprocal” hormones 
insulin and glucagon, as well as by nutritional conditions. Some 10 years ago, Kodama 
and Negishi, along with Nakamura [25, 32], published that treatment with PCN (an activa-
tor of SXR) decreased the mRNA levels of carnitine palmitoyltransferase 1a (CPT1a) and 
3-hydroxy-3-methylglutarate-CoA synthase 2 (Hmgcs2) in livers of starved wild-type mice, 
but not in SXR-KO mice [32]. CPT1a is instrumental in the overall mitochondrial β-oxidation 
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biochemical pathways. Hence, an SXR activation will consequently stimulate a plethora of 
physiological responses, i.e., in the liver, which plays an important role in the processing of, 
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in diseases, of which type II diabetes (T2DM) and obesity are most frequently encountered. 
Newly published studies of SXR-KO and SXR-humanized animals clearly shed light on the 
metabolic functions of SXR in man.

3.3. SXR and its role in energy metabolism of the liver

The liver provides energy sources to the rest of the body, i.e., carbohydrates and lipids are 
catabolized in order to fuel both central and peripheral tissues and organs. The effect of SXR 
on hepatic energy turnover was discovered with the aid of SXR-KO mice [25, 32, 33].
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by funneling long-chain fatty acids into mitochondria [43], and the mitochondrial enzyme 
HMGCS2 facilitates the initial reaction of ketogenesis [44].

Additionally, the stimulation of SXR by PCN has been demonstrated to enhance the mRNA 
steady state level of stearoyl-CoA desaturase 1 (Scd1) in hepatic tissue of starved wild-type 
experimental animals. SCD1, which serves as a key enzyme in hepatic lipogenesis, facilitates 
the rate-limiting step in the synthesis of unsaturated fatty acids [45]. The plasma concen-
trations of 3-OH-butylate were decreased, while the hepatic level of triglyceride (TG) was 
increased by the PCN treatment in wild-type mice during assay conditions. However, neither 
TG nor cholesterol levels in the blood were altered in those animals, despite the fact that there 
was a significant rise in TG accumulated in their liver. Hence, as a means of survival during 
fasting, SXR is thought to slow down hepatic lipid turnover by repressing β-oxidation and 
ketogenesis, while stimulating the transcription of lipogenic enzymes, in much the same way 
as induced by insulin.

The Akt-regulated forkhead transcription factor FoxA2 which serves as a facilitator of insu-
lin-dependent modulation of β-oxidation and ketogenesis, enhances expression of both the 
CPT1a and HMGCS2 gene, respectively [21, 46]. It is well known that Insulin activates the 
PI3K/Akt signaling pathway to phosphorylate FoxA2, in order to translocate it from nucleus 
to cytosol, thereby downregulating both the genes. And, it has been asserted that a direct 
interaction between SXR and FoxA2 serves as the mechanism, by which SXR represses the 
transcription of CPT1a and HMGCS2 in the liver [32].

A plethora of transcription factors and coregulators have been asserted to serve as modulators 
of hepatic lipid metabolism, e.g., the peroxisome proliferator-activated receptors (PPARs), the 
liver X receptor α (LXRα), as well as the sterol regulatory element-binding proteins (SREBPs) 
[47]. The expression of SREBP1c, which is construed as the dominant regulator of hepatic 
lipogenesis, is under the control of LXRα, and mediates the insulin- and fatty acids-depen-
dent responses of lipogenic genes such as fatty acid synthase (FAS), acetyl-CoA carboxylase 1 
(ACC1), stearoyl-CoA-desaturase-1 (SCD1), and fatty acid elongase (FAE). SXR is believed to 
upregulate lipogenesis in the liver, independently of SREBP1c action, and it is not deemed to 
be associated with the steady state expression levels of both the Fas and Acc1 genes. Among 
the cluster of lipogenic genes, Cd36 (cluster of differentiation 36) is deemed to be serve as a 
direct target of SXR in the liver. And, upon stimulation by ligands, the receptor is believed to 
become recruited to a DR3-type SXR response element within its promoter region of the liver 
of experimental animals [48]. Furthermore, SXR has been asserted to serve as a link, facilitating 
the upregulation of the Pparγ-gene, which functions as a strong regulator of lipid-synthesizing 
enzymes [48]. Such a cross-talk involving nuclear receptors should confer a significant impact 
on the body’s lipid homeostasis. Our data are in line with the published literature, however, it 
should be asserted that SXR probably affects a larger spectrum of FoxO and FoxA species than 
those presented in this review. In this way, one might speculate that SXR is able to recruit a 
“moving” representation of these transcription factors simultaneously, and that the net effect 
on various cell phenotypes depends on: (1) the distribution of FoxOs and FoxAs at any time 
within the cell or tissue, as well as (2) the epigenetic machinery or “make up” at any time 
within the same cells or tissues.
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4. The effect of vitamin K2 on other genes related to metabolic processes 
in the cell

In 2009, Slatter [49] and coworkers published a paper, featuring oligonucleotide microarrays 
with the intention to reveal the heterogeneity of drug metabolism associated gene expression in 
liver tissue from healthy humans. Their intention was to define clusters of so-called “absorption, 
distribution, metabolism, and excretion” = ADME genes to define subgroups of coregulated 
genes. When analyzing the gene sets, they discovered distinct patterns of “parallel” gene expres-
sions featuring gene “clusters”, which proved to be modulated by the nuclear receptor SXR. So 
called “fold range metrics and frequency distributions” were applied in order to reveal the vari-
ability of solitary PKDM genes. The most variable gene entities chiefly correlated to: (1) drug 
metabolism, (2) intermediary metabolism, (3) inflammation, and (4) cell cycle control. Unique 
expression patterns of these genes allowed for a further correlation with a parallel expression 
of a plethora of other genes. Of major interest was the identification of SXR responsive genes.

A comprehensive list of these genes can be found in the article, however, quite a few of which 
are related to metabolic processes in the cell. The genes are the following (in alphabetical order): 
CLOCK, DUSP7, GCDH, IGFBP2, MAP2K2, NUCB2, OGT, PFKB1, PTPN11, and SLC16A2. By 
“looking up” current descriptions of the genes in “Gene-Cards”, the following features of these 
SXR-sensitive genes were obtained (of which parts of their description is cited as presented):

Name of gene Description of cellular function(s)
http://www.genecards.org/cgi-bin/carddisp.pl?gene=NR1I2

CLOCK Clock circadian regulator (The protein encodes a transcription factor, and serves as DNA-binding 
histone acetyl transferase). Interpretation: Polymorphisms in this gene may be associated with 
obesity and metabolic syndrome. CLOCK normally regulates gene products (proteins) in an 
optimal fashion, adapted to diurnal demands on the body related to food ingestion, physical 
activity and recreation/sleep.

DUSP7 Dual-specific phosphatase (DUSPs) constitutes a large subgroup of cysteine-base protein-
tyrosine phosphatases characterized by their ability to dephosphorylate both tyrosine and serine/
threonine residues. Interpretation: DUSP7 may function as a modulator of cellular exposure to 
insulin and growth factors, ensuring energy homeostasis within optimal limits.

GCDH The protein encoded by this gene belongs to the acyl-CoA dehydrogenase family. It catalyzes the 
oxidative carboxylation of glutaryl-CoA to crotonyl-CoA and CO2 in the degradative pathway of 
L-lysine, L-hydroxylysine, and L-tryptophan metabolism. Interpretation: GCDH is involved in the 
stability of mitochondria, and hence energy metabolism in general.

IGFBP2 Insulin-like growth factor binding protein, type 2. This protein inhibits IGF-mediate growth.
Interpretation: A reduction in IGFBP2 may be responsible for organ hyperplasia and the 
development of neoplasia (cancer).

MAP2K2 This MAP-kinase catalyzes the concomitant phosphorylation of a threonine and a tyrosine 
residue in a Thr-Glu-Tyr sequence located in MAP-kinases. It activates the ERK1 and ERK2 MAP-
kinases (by similarity). Interpretation: This kinase may block tumorigenesis and normalize energy 
metabolism via MEK1/2 and the FoxO- and FoxA-family of transcription factors.

NUCB2 Anorexigenic peptide; seems to play an important role in hypothalamic pathways regulating 
food intake and energy homeostasis, acting in a leptin-dependent manner. Interpretation: Appetite 
regulator fortifying the effect of leptin, but independent of the size of fat depots.
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by funneling long-chain fatty acids into mitochondria [43], and the mitochondrial enzyme 
HMGCS2 facilitates the initial reaction of ketogenesis [44].

Additionally, the stimulation of SXR by PCN has been demonstrated to enhance the mRNA 
steady state level of stearoyl-CoA desaturase 1 (Scd1) in hepatic tissue of starved wild-type 
experimental animals. SCD1, which serves as a key enzyme in hepatic lipogenesis, facilitates 
the rate-limiting step in the synthesis of unsaturated fatty acids [45]. The plasma concen-
trations of 3-OH-butylate were decreased, while the hepatic level of triglyceride (TG) was 
increased by the PCN treatment in wild-type mice during assay conditions. However, neither 
TG nor cholesterol levels in the blood were altered in those animals, despite the fact that there 
was a significant rise in TG accumulated in their liver. Hence, as a means of survival during 
fasting, SXR is thought to slow down hepatic lipid turnover by repressing β-oxidation and 
ketogenesis, while stimulating the transcription of lipogenic enzymes, in much the same way 
as induced by insulin.

The Akt-regulated forkhead transcription factor FoxA2 which serves as a facilitator of insu-
lin-dependent modulation of β-oxidation and ketogenesis, enhances expression of both the 
CPT1a and HMGCS2 gene, respectively [21, 46]. It is well known that Insulin activates the 
PI3K/Akt signaling pathway to phosphorylate FoxA2, in order to translocate it from nucleus 
to cytosol, thereby downregulating both the genes. And, it has been asserted that a direct 
interaction between SXR and FoxA2 serves as the mechanism, by which SXR represses the 
transcription of CPT1a and HMGCS2 in the liver [32].

A plethora of transcription factors and coregulators have been asserted to serve as modulators 
of hepatic lipid metabolism, e.g., the peroxisome proliferator-activated receptors (PPARs), the 
liver X receptor α (LXRα), as well as the sterol regulatory element-binding proteins (SREBPs) 
[47]. The expression of SREBP1c, which is construed as the dominant regulator of hepatic 
lipogenesis, is under the control of LXRα, and mediates the insulin- and fatty acids-depen-
dent responses of lipogenic genes such as fatty acid synthase (FAS), acetyl-CoA carboxylase 1 
(ACC1), stearoyl-CoA-desaturase-1 (SCD1), and fatty acid elongase (FAE). SXR is believed to 
upregulate lipogenesis in the liver, independently of SREBP1c action, and it is not deemed to 
be associated with the steady state expression levels of both the Fas and Acc1 genes. Among 
the cluster of lipogenic genes, Cd36 (cluster of differentiation 36) is deemed to be serve as a 
direct target of SXR in the liver. And, upon stimulation by ligands, the receptor is believed to 
become recruited to a DR3-type SXR response element within its promoter region of the liver 
of experimental animals [48]. Furthermore, SXR has been asserted to serve as a link, facilitating 
the upregulation of the Pparγ-gene, which functions as a strong regulator of lipid-synthesizing 
enzymes [48]. Such a cross-talk involving nuclear receptors should confer a significant impact 
on the body’s lipid homeostasis. Our data are in line with the published literature, however, it 
should be asserted that SXR probably affects a larger spectrum of FoxO and FoxA species than 
those presented in this review. In this way, one might speculate that SXR is able to recruit a 
“moving” representation of these transcription factors simultaneously, and that the net effect 
on various cell phenotypes depends on: (1) the distribution of FoxOs and FoxAs at any time 
within the cell or tissue, as well as (2) the epigenetic machinery or “make up” at any time 
within the same cells or tissues.
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4. The effect of vitamin K2 on other genes related to metabolic processes 
in the cell

In 2009, Slatter [49] and coworkers published a paper, featuring oligonucleotide microarrays 
with the intention to reveal the heterogeneity of drug metabolism associated gene expression in 
liver tissue from healthy humans. Their intention was to define clusters of so-called “absorption, 
distribution, metabolism, and excretion” = ADME genes to define subgroups of coregulated 
genes. When analyzing the gene sets, they discovered distinct patterns of “parallel” gene expres-
sions featuring gene “clusters”, which proved to be modulated by the nuclear receptor SXR. So 
called “fold range metrics and frequency distributions” were applied in order to reveal the vari-
ability of solitary PKDM genes. The most variable gene entities chiefly correlated to: (1) drug 
metabolism, (2) intermediary metabolism, (3) inflammation, and (4) cell cycle control. Unique 
expression patterns of these genes allowed for a further correlation with a parallel expression 
of a plethora of other genes. Of major interest was the identification of SXR responsive genes.

A comprehensive list of these genes can be found in the article, however, quite a few of which 
are related to metabolic processes in the cell. The genes are the following (in alphabetical order): 
CLOCK, DUSP7, GCDH, IGFBP2, MAP2K2, NUCB2, OGT, PFKB1, PTPN11, and SLC16A2. By 
“looking up” current descriptions of the genes in “Gene-Cards”, the following features of these 
SXR-sensitive genes were obtained (of which parts of their description is cited as presented):

Name of gene Description of cellular function(s)
http://www.genecards.org/cgi-bin/carddisp.pl?gene=NR1I2

CLOCK Clock circadian regulator (The protein encodes a transcription factor, and serves as DNA-binding 
histone acetyl transferase). Interpretation: Polymorphisms in this gene may be associated with 
obesity and metabolic syndrome. CLOCK normally regulates gene products (proteins) in an 
optimal fashion, adapted to diurnal demands on the body related to food ingestion, physical 
activity and recreation/sleep.

DUSP7 Dual-specific phosphatase (DUSPs) constitutes a large subgroup of cysteine-base protein-
tyrosine phosphatases characterized by their ability to dephosphorylate both tyrosine and serine/
threonine residues. Interpretation: DUSP7 may function as a modulator of cellular exposure to 
insulin and growth factors, ensuring energy homeostasis within optimal limits.

GCDH The protein encoded by this gene belongs to the acyl-CoA dehydrogenase family. It catalyzes the 
oxidative carboxylation of glutaryl-CoA to crotonyl-CoA and CO2 in the degradative pathway of 
L-lysine, L-hydroxylysine, and L-tryptophan metabolism. Interpretation: GCDH is involved in the 
stability of mitochondria, and hence energy metabolism in general.

IGFBP2 Insulin-like growth factor binding protein, type 2. This protein inhibits IGF-mediate growth.
Interpretation: A reduction in IGFBP2 may be responsible for organ hyperplasia and the 
development of neoplasia (cancer).

MAP2K2 This MAP-kinase catalyzes the concomitant phosphorylation of a threonine and a tyrosine 
residue in a Thr-Glu-Tyr sequence located in MAP-kinases. It activates the ERK1 and ERK2 MAP-
kinases (by similarity). Interpretation: This kinase may block tumorigenesis and normalize energy 
metabolism via MEK1/2 and the FoxO- and FoxA-family of transcription factors.

NUCB2 Anorexigenic peptide; seems to play an important role in hypothalamic pathways regulating 
food intake and energy homeostasis, acting in a leptin-dependent manner. Interpretation: Appetite 
regulator fortifying the effect of leptin, but independent of the size of fat depots.
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Abstract

During the last 20 years, the main clinical effects of vitamin K2 on bone homeostasis
have been investigated in both indirect and direct vitamin K treatment regimens. This
chapter is mainly based on randomized clinical trials (RCT) lasting for more than 1 year.
As for vitamin K1 (phylloquinone, indirect treatment) and vitamin K2 (menaquinone
MK‐4 and MK‐7 direct  treatment),  respectively,  the clinical  trials  have consistently
shown decreased fracture rate incidents, however, mainly in Asian populations. In 2013,
a  major  breakthrough  was  observed  by  Knapen  et  al.  in  the  Netherlands,  where
menaquinone MK‐7 supplementation of 180 μg/day for 3 years to healthy postmeno‐
pausal women significantly decreased the age‐related decline in BMC (bone mineral
contents) and BMD (bone mineral density) at the lumbar spine and femoral neck, but
not at the total hip, as compared to placebo. Thus, MK‐7 supplementation has shown a
significant  “double”‐positive  action  through  (1)  increased  bone  building  and  (2)
decreased bone resorption. We look forward to seeing the clinical effects on low bone
mass and osteoporosis as well as other bone diseases.

Keywords: bone health, RCT trials, vitamin K1, vitamin K2 (MK‐4, menatetrenone),
menaquinone‐7 (MK‐7)

1. Introduction

Vitamin K2 (menaquinone‐4, MK‐4, or menatetrenone) is a very important vitamin K species
serving special functions in several extrahepatic organs, like bone tissue, heart, blood vessels,
kidneys, brain, and cartilage. MK‐4 is a member of a sub‐family with eliciting the same cellular
reactions, but with different effects. MK‐4 is deemed necessary for γ‐carboxylation of proteins,
and activation of the vitamin K‐dependent proteins, i.e., Osteocalcin (bone‐Gla‐protein), matrix‐
Gla proteins (MGPs), Periostin, as well as protein S. Without these activated proteins, the body

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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is not able to regulate the process of calcium uptake and bone mineralization. To date, we know
of 19 different vitamin K‐dependent proteins. The process also ensures the access of energy for
a plethora of cellular reactions. The most common of the K vitamins is phylloquinine‐1 (K1). K1
is found in leafy green vegetables, olive oil, and soybean oil, while MK‐4 is found in small
amounts in egg yolks, butter, and hard cheese. Fermented soybeans, known as natto, a special
Japanese food, contain another subfamily member menaquinone‐7 (MK‐7). It is the richest
dietary source of menaquinones (yielding about 1100 μg/100 g). In Western diets, MK‐7 in
fermented cheeses amounts to only 62 μg/100 g, approximately. Very small amounts of MK‐4
are produced by intestinal bacteria. The adequate intake (AI) for vitamin K1 from 2001 in the
United States and Canada was recommended to be 90 μg/day for women, 120 μg/day for men.
These values are based on the need for hepatic vitamin K1 to ensure sufficient clotting factor
synthesis. To date, we know that the early AI is not enough to meet the request for a complete
carboxylation of all the extrahepatic vitamin K‐dependent proteins. When MK‐4 ingestion is
insufficient, the serum concentration of uncarboxylated MGP (ucMGP) or uncarboxylated
Osteocalcin (ucOC) is increased. This serves as the major sign of a deficient intake of K1 or a
deficient hepatic transformation of vitamin K1 to MK‐4. High serum concentrations of MK‐1
and MK‐4 reflect only the recent intake of vitamin K, not the accumulation or steady state levels
of a “chronic” intake. The bioavailability of K1 and MK‐4 is very short, i.e., about 1.5–3 h in
contrast to 72 h for MK‐7. To date, K1, MK‐4, and MK‐7 are available as dietary supplements [1,
2].

Osteoporosis is, on a worldwide basis, the reason for many emerging, spontaneous fractures.
On a global basis, osteoporosis causes more than 88.9 million fractures annually. The condition
is estimated to affect 200 million women worldwide, i.e., approximately one‐tenth of women
aged 60, one‐fifth of women aged 70, two‐fifths of women aged 80, and two‐thirds of women
aged 90 years. Worldwide, one in three women over the age of 50, will experience osteoporotic
fractures, as will one in five of men aged over 50 [3]. From Europe, the number of new fractures
in 2010 was estimated at 3.5 million, comprising approximately 620,000 hip fractures, 520,000
vertebral fractures, 560,000 forearm fractures, and 1,800,000 of other fractures (types or sites).
For women in the EU: approximately 50% of fractures related deaths, were due to hip fractures,
28% to clinical vertebral fractures, and 22% to other types of fractures. In men, the correspond‐
ing figures were 47, 39, and 14%, respectively [3]. From the USA Preventive Services Task Force
(USPSTF) for 2013, it is therefore concluded that the current evidence is insufficient to assess
the balance of the benefits and harm of combined vitamin D and calcium supplementation for
the primary prevention of fractures In the treatment of pre‐ and postmenopausal women or
in men, these indicate that new treatments of osteoporosis are wanted [3, 4].

In 1984, Hart et al. [5] revealed that the serum concentrations of vitamin K1 were very low
among patients with hip fractures, and hypothesized that poor vitamin K status is associated
with increased rates of osteoporotic fractures. The period of 1991–1993 was regarded as the
beginning of the era of vitamin K examinations, since patients‐based studies by Hodges et al.
confirmed that low serum concentrations of vitamin K1 and K2 were associated with increased
risk of spine and hip fracture. The same phenomena were also shown by Szulc et al. in a French
study, yielding a positive association between ucOC and fracture risk [6–8]. Other countries,
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like the Netherlands, as shown by the group of Knaben et al. [9] and Finland, as shown by
Luukinen et al. [10], clearly demonstrated that this association (ucOC versus fracture risk) point
to the fact that vitamin K status is a predictor of bone health (fracture‐free percentage of a
population group). The correlation between low intake of vitamin K and increased fracture
rate was also revealed by prospective analysis within the Nurses’ Health Study cohort 1984.
Here, the diet was assessed in 72,327 women, aged 38–63 years, with a food‐frequency baseline‐
questionnaire. During the subsequent 10 years of follow‐up, 270 hip fractures resulting from
low or moderate trauma were reported. Results: women in quintiles 2–5 of vitamin K intake
had a significantly lower age‐adjusted relative risk (RR: 0.70; 95% CI: 0.53, 0.93) of hip fracture
than women in the lowest quintile [11].

In Japan, a high dose of menaquinone‐4 (MK‐4) of 45 mg/day (15 mg × 3/day) was used as
therapeutic treatment for osteoporosis. The principle cause‐effect of vitamin K2 on osteopo‐
rosis is mainly the prevention of bone fractures due to its improvement of bone quality, and
not the ensuing increasing bone mineral density. Due to variable contents of vitamin K in the
diet, the Japanese Society of Osteoporosis included in 1995 vitamin K2 as Menatetrenone (MK‐
4), together with vitamin D, in the first line treatment of osteoporosis [12].

Osteoporosis, in its primary form, is characterized by bone loss, and the age of females upon
onset or development of menopause, however, the disease also affects a smaller cohort of men.
Genetics is the single most important cause for both sexes, however, changes of lifestyle,
exercise levels, smoking habits, and low body weight, are important contributors, which may
trigger the onset of the disease. Secondary forms of osteoporosis‐related chronic diseases are
rheumatoid arthritis, chronic lung disease, and anorexia. In addition, it is well known that the
use of cortisone or prednisolone can reduce bone mineral density (BMD). Standard examina‐
tion of bone mineral density (BMD) is the dual energy X‐ray absorptiometry (DEXA). BMD
values is not the same for all women and men but different due to race. In the last decade,
research have combined DEXA scan with more specific geometric hip and vertebra measure‐
ments as femoral neck width (FNW) and hip‐axis length (HAL) and vertebral fracture (VF)
assessment (VFA).

However, it may be asserted to a certain extent, that proper bone 3D‐architecture may “make
up” for a marginal reduction in BMD‐values in terms of predictive value of the BMD‐levels
per se.

The incidence of osteoporosis is lower in Japanese women, even though they are subjected to
the same period with menopause as other women. However, in some regions, like in Tokyo,
the intake of vitamin K as MK‐7 in the special fermented food of natto, soybeans together with
other treatments result in higher BMD‐values and lower fracture rates than age‐matched
woman in the United States and Europe [3].

Of other health outcome studies featuring patients with an without osteoporosis, a few warrant
special attention: observational studies of subjects displaying a low long‐term vitamin K intake
revealed a higher incidence of osteoarthritis in the hand and knee [13], dementia [14, 15]. From
population‐based studies of atherosclerosis, Jie et al. revealed that, in atherosclerotic women,
vitamin K status is associated with lower bone mass. All these findings support our hypothesis
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that vitamin K status affects the mineralization processes in both bone and atherosclerotic
plaques in a healthy manner [16]. And, from the population‐based Rotterdam Study, the
relation between low vitamin K status and development of coronary artery disease [17] is
indisputable.

The importance of vitamin D for bone health has been known since it was used in the treatment
of rachitis in the 1930s. Vitamin D and calcium supplements have been recommended as a
pillar in the treatment of osteoporosis over the last three decades. Vitamin D and calcium
supplementation increases spinal BMD in healthy, postmenopausal women [18, 19], and
vitamin D is crucial in the process of mobilizing the Ca2+ ions into the bone tissue [20].
Interestingly, vitamin D and calcium alone are not able to rebuild bone tissue and infrastructure
that are being lost. The synergistic effect of vitamin D and retinoic acid on osteoblast produc‐
tion of osteocalcin was shown in 1993 [21], where Hara et al. demonstrated that MK‐4 was able
to partly inhibit the bone resorption induced by inflammation, vitamin D loss and ensuing
PTH induction, as seen in the calvariae and incubation medium in his mode ex vivo model
system. This observation served later as the basis for the introduction and acknowledgement
of menatetrenone (MK‐4) supplementation in the clinic [22]. And finally, in 1995, Hara et al.
[23] also showed that the inhibition of bone resorption was related to vitamin K2's long side
chain.

2. Vitamin K‐dependent proteins in the bone building process

Osteocalcin is produced by osteoblasts during bone formation, and serves as the most
abundant protein in bone after collagen. Furthermore, it is crucial for bone mineralization.
Activated osteocalcin is located within hydroxyapatite crystals and binds calcium strongly to
facilitate mineralization of the hydroxyapatite crystal grid [24]. Osteocalcin production is
regulated by a plethora of factors including retinoic acid (RA), estrogens, glucocorticoids, as
well as vitamin D [25–27]. In 1995, Douglas et al. showed the percentage of carboxylated
osteocalcin (cOC), as calculated from total osteocalcin, was found to be less than 60% in
osteoporotic postmenopausal women compared to 70–80% in young, healthy adults [28]. The
osteocalcin production is increased by vitamin D but also increased by both MK‐4 and MK‐7
in a synergistic fashion. From 2007, as used by Knapen et al., osteocalcin has been employed
as a marker for the deficiency of vitamin K in bone. Today, the specific osteocalcin molecules
are total Osteocalcin (tOC), ucOsteocalcin (ucOC), and cOsteocalcin (cOC) [28, 44]. A secon‐
dary action of MK‐4 and MK‐7 is the ensuing increased collagen production by cells of the
osteoblastic lineage. Collagen should make the structural fundament, on which calcium and
other minerals are accumulated within the bone matrix. Increased deposition of collagen
makes the bone more flexible and this is very important for the attainment of “higher” or better
bone quality [24]. In 2001, Yamaguchi et al. unraveled the stimulatory effect of MK‐7 on
osteoblastic bone formation in vitro, but they also discovered the suppressive effect of MK‐7
on osteoclast‐like cell formation and osteoclastic bone resorption in rat bone tissues in vitro [29].
Furthermore, in 2001, Yamaguchi and Ma [30] confirmed the dual effects of MK‐7 but also a
significant decrease number of osteoclasts. Finally, in 2011, Yamaguchi and Weilzmann showed
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that MK‐7 reinforces the synthesis of various bone‐specific proteins, mediated through the
pathways of calcium‐dependent protein kinase C signaling, as well as cyclic AMP‐dependent
signaling. MK‐7 also antagonizes the “receptor activator of NF‐κB (RANK) ligand (RANKL)”
induced NF‐κB activation on osteoclast precursors. This concept now makes up the basis for
the search of novel antiosteoporotic medication regimens, mimicking the plethora of effects
induced by MK‐7 [31].

3. Clinical‐related publications featuring K1 supplementation

In relation to the loss of bone associated by deficient intake of vitamin K1, many observational
studies have been conducted. However, few randomized studies have been able to reveal a
significant positive rebuilding of bone mass and increased BMD. This chapter deals only with
randomized clinical trials with a duration exceeding 1 year.

Schaafsma et al. from the Netherlands showed in a 1‐year long randomized study from 2000
[32] (featuring four groups with 400 IU vitamin D3; vitamin K1 supplementation 80 μg daily,
vitamin K1 and D3, and placebo of Dutch postmenopausal women (with a patient total, n =
141) with either normal or low bone mineral densities (BMD). It was shown that women with
low BMD had a lower %cOC at baseline than the women with normal BMD. However, this
difference disappeared after 1 year of supplementation with vitamin K1 [(mean ± S.D.) 68 ± 11%
(95% CI = 64.5 ± 71.2%) versus 72 ± 6% (95% CI = 70.1 ± 72.9%)], respectively. On the other hand,
1 year of supplementation with vitamin D3 showed maximum increases in 25(OH)D of 33
± 29% (95% CI = 24.8 ± 41.8%) and 68 ± 58% (95% CI = 50.1 ± 84.6%) in women with normal and
low BMD, respectively. No effect was observed on BMD [32].

In the Bram et al. study from 2003, three groups were examined; group K1D: the effect of
vitamin K1 (1 mg/day) and vitamin D (8 μg/day including standard mineral supplementation),
group D (vitamin D and minerals) and group 3, placebo on bone loss retardation in a random‐
ized, double‐blind, placebo‐controlled 3‐year intervention study. Of 181 healthy postmeno‐
pausal women between 50 and 60 years of age, 155 completed the observation period. The
main outcomes of the study were significant changes in BMD‐values of the femoral neck and
lumbar spine after 3 years. The group receiving the supplement with additional vitamin K1
showed a decline in the bone loss from the femoral neck. The difference in femoral neck bone
mass between the K1D group and the placebo group was 1.7% (95% CI: 0.35–3.44). The
difference between the K1D group and the D group was 1.3% (95% CI: 0.10–3.41). No significant
differences were observed among the three groups with respect to changes in BMD at the site
of the lumbar spine. It was therefore concluded that the minerals and vitamin D, coadminis‐
tered with the vitamin K1 supplement, substantially contributed to a significant reduction in
postmenopausal bone loss at the site of the femoral neck [33].

In a systematic review and meta‐analysis of 700 patients, Cockayne et al. showed in 2006 that
the MK‐4 intake in Japan yielded a powerful reduction in the incident of fractures. However,
the authors would not recommend vitamin K supplementation until a new randomized clinical
trial confirmed the results [34].
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vitamin D is crucial in the process of mobilizing the Ca2+ ions into the bone tissue [20].
Interestingly, vitamin D and calcium alone are not able to rebuild bone tissue and infrastructure
that are being lost. The synergistic effect of vitamin D and retinoic acid on osteoblast produc‐
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group D (vitamin D and minerals) and group 3, placebo on bone loss retardation in a random‐
ized, double‐blind, placebo‐controlled 3‐year intervention study. Of 181 healthy postmeno‐
pausal women between 50 and 60 years of age, 155 completed the observation period. The
main outcomes of the study were significant changes in BMD‐values of the femoral neck and
lumbar spine after 3 years. The group receiving the supplement with additional vitamin K1
showed a decline in the bone loss from the femoral neck. The difference in femoral neck bone
mass between the K1D group and the placebo group was 1.7% (95% CI: 0.35–3.44). The
difference between the K1D group and the D group was 1.3% (95% CI: 0.10–3.41). No significant
differences were observed among the three groups with respect to changes in BMD at the site
of the lumbar spine. It was therefore concluded that the minerals and vitamin D, coadminis‐
tered with the vitamin K1 supplement, substantially contributed to a significant reduction in
postmenopausal bone loss at the site of the femoral neck [33].

In a systematic review and meta‐analysis of 700 patients, Cockayne et al. showed in 2006 that
the MK‐4 intake in Japan yielded a powerful reduction in the incident of fractures. However,
the authors would not recommend vitamin K supplementation until a new randomized clinical
trial confirmed the results [34].

Vitamin K2 and Bone Health
http://dx.doi.org/10.5772/64876

105



Boton‐Smith et al. performed a 2‐year, randomized, double‐blind, and placebo‐controlled
study in 2007, scrutinizing the effect of dietary supplementation with either: (1) 200 μg vitamin
K1 daily, (2) vitamin D 400 UI daily (3) and calcium 1000 mg daily, or (4) their combination on
244 healthy nonosteoporotic older women. Baseline and 6‐month measurements included
DXA bone mineral scans of the hip and wrist, markers of bone turnover, and vitamin status.
The results reported were the following: the combined vitamin K1 with vitamin D plus calcium
treatment was associated with only a modest but significant increase in BMC at the ultradistal
radius, however not at other sites in the hip or radius [35].

The Booth et al.'s study was published 1 year later, in 2008. The goal of the present investigation
was to pinpoint the effect of a consecutive 3‐year administration of vitamin K1 on putative
alterations in bone mineral density (BMD) of the femoral neck in elderly patients of both sexes,
who presented upon inclusion with calcium and vitamin D repletion. In the present double‐
blind, controlled survey, 452 individuals (both men and women, 60–80 years of age) were
evenly distributed, in a randomized fashion, each to receive a multivitamin containing either
500 μg/day of vitamin K1 or placebo, in addition to a daily, 600 mg elemental calcium with
vitamin D (400 IU) supplement. Analyses of the femoral neck, spine (L2–L4), and total‐body
BMD, turnover of bone mass, and indigenous status of both vitamins K and D was checked
every 6–12 months. Results were as follows: one could not find any distinction in BMD values
localized to any pertinent body sites, when comparing the two patient groups. Furthermore,
the population receiving the vitamin K1 supplement showed a markedly higher vitamin K1
level, as well as a substantially lower degree (percentage) of ucCO concentrations, when
matched with the patients not ingesting K1. Neither of the additional biochemical variables
measured differed between the patient treatment groups. Hence, the authors concluded that
vitamin K1 supplementation, in a dose attainable in the diet, does not confer any additional
benefit for bone health at the spine or hip when taken with recommended amounts of calcium
and vitamin D [36].

The emerging questions to ask were then: Was the dose of vitamin K1 supplement too low, or
the follow up period too short to elicit an increase of BMD, or was it possible to use other sub‐
family vitamin K members, such as menaquinone‐4 (MK‐4)? Or, could vitamin K supplemen‐
tation potentially be harmful to the body?

Cheung et al. from Canada addressed the last of these questions in their 2–4‐year study from
2008. In this trial, 440 postmenopausal women with osteopenia were randomized into a
placebo‐controlled double‐blind trial, and it was conducted, mainly to determine whether
daily high‐dose vitamin K1 supplementation safely reduces bone loss, bone turnover, and
fractures. The conclusions coming out of the study were: 5 mg of daily vitamin K1 supple‐
mentation for 2–4 years does not protect against age‐related decline in BMD, but may protect
against fractures and cancers in postmenopausal women with osteopenia. Overall fracture rate
was reduced by 50% (9 versus 20, P = 0.04) versus placebo. Interestingly, cancer incidence was
reduced by 75% with vitamin K1 (3 versus 12, P = 0.02). However, more studies are needed to
further examine the effect of vitamin K on fractures and cancers [37].

Brinkley et al. from USA conducted a 1‐year study in 2009 and found that low vitamin K status
is associated with low BMD and an increased fracture risk. From the bulk of reports available
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at that time, it seemed that the menaquinones (menatetrenone: MK‐4), might diminish the
fracture risk incurred by the enrolled patients. Whether vitamin K is an important “by‐player”
in maintaining skeletal health in females situated in the northern part of the US remains an
unsolved issue. Furthermore, different entities of K vitamins (i.e., phylloquinone (K1) and MK‐
4) may exert differing biological effects on the skeleton. The present study was designed to
assess the efficacy of either vitamin K1 or MK‐4 exposure on biomarkers of skeletal health and
bone mineral density (BMD) in postmenopausal nonosteoporotic, North American women. In
the present, placebo‐controlled and double‐blind investigation, a total of 381 postmenopausal
females were given either vitamin K1 (1 mg/day), MK‐4 (45 mg/day), or a placebo treatment.
The whole observation period was 12 months. All enrolled patients/participants were given
either Ca2+ or vitamin D3 supplementation. Bone‐specific BSALP (alkaline phosphatase) in
blood samples, as well as the n‐telopeptide of collagen, type 1 (NTX) were measured at before
the onset of “medication,” and subsequent to 1, 3, 6, and 12 months, respectively. Both lumbar
spine and proximal femur BMD values, as well as proximal femur geometry were assessed by
DXA, before the onset of the trial, and after 6 and 12 months of treatment. At the onset of the
trial, all treatment groups showed identical demographic parameters. The patients’ compli‐
ance rates related to the intake of either calcium, vitamin K1, or MK‐4, were some 87–93%,
respectively. Interestingly, K1 and MK‐4 treatments both diminished the patient levels of serum
ucCO, however, neither BSALP nor NTX levels were changed. Lastly, no effects of K1, or MK‐
4 on lumbar spine or proximal femur BMD or proximal femoral geometric parameters could
be observed. This study does not support a role for vitamin K supplementation in osteoporosis
prevention among healthy, postmenopausal, North American women, receiving calcium and
vitamin D supplementation [38].

4. Clinical randomized controlled osteopenia/osteoporosis studies with
menatetrenone‐4 (MK‐4) from 1 year duration, in countries with different
background intake of vitamin K

In 1998, Orimo et al from Japan evaluated the effects of menatetrenone‐4 (MK‐4) on bone and
calcium metabolism in osteoporosis patients in a 24‐week double‐blind placebo‐controlled
study, where 80 osteoporotic patients were included. Treatment was MK‐4, 90 mg/day (n = 39)
or placebo (n = 41). Bone density was assessed on X‐ray films of the right, second metacarpal
bone, using the microdensitometric method. In the MK‐4 group, bone density increased by
about 2.2 ± 2.5% from the baseline; in the placebo group it decreased by about 7.3 ± 3.7% (P =
0.037, K2 treatment versus placebo). The excretion of γ‐carboxyglutamic acid (Gla) to the urine
was markedly enhanced (i.e., from 72.6 ± 4.1 nmol/mg of creatinine before initiation of
“medication,” to 88.4 ± 5.4 during the 24th week subsequent to the sustained MK‐4 treatment
(P = 0.008) period). In the group receiving placebo, no significant changes in the excretion of
urinary Gla could be observed. However, during the 24‐week long treatment period, the
urinary ratio of calcium over creatinine in the K2 treatment group was reduced from 0.14 ± 0.02
to 0.12 ± 0.02, respectively. However, in the placebo group it increased from 0.15 ± 0.02 to 0.19
± 0.03. Accordingly, the 24‐week levels shown by members of both the MK‐4 and the placebo
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radius, however not at other sites in the hip or radius [35].
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matched with the patients not ingesting K1. Neither of the additional biochemical variables
measured differed between the patient treatment groups. Hence, the authors concluded that
vitamin K1 supplementation, in a dose attainable in the diet, does not confer any additional
benefit for bone health at the spine or hip when taken with recommended amounts of calcium
and vitamin D [36].

The emerging questions to ask were then: Was the dose of vitamin K1 supplement too low, or
the follow up period too short to elicit an increase of BMD, or was it possible to use other sub‐
family vitamin K members, such as menaquinone‐4 (MK‐4)? Or, could vitamin K supplemen‐
tation potentially be harmful to the body?

Cheung et al. from Canada addressed the last of these questions in their 2–4‐year study from
2008. In this trial, 440 postmenopausal women with osteopenia were randomized into a
placebo‐controlled double‐blind trial, and it was conducted, mainly to determine whether
daily high‐dose vitamin K1 supplementation safely reduces bone loss, bone turnover, and
fractures. The conclusions coming out of the study were: 5 mg of daily vitamin K1 supple‐
mentation for 2–4 years does not protect against age‐related decline in BMD, but may protect
against fractures and cancers in postmenopausal women with osteopenia. Overall fracture rate
was reduced by 50% (9 versus 20, P = 0.04) versus placebo. Interestingly, cancer incidence was
reduced by 75% with vitamin K1 (3 versus 12, P = 0.02). However, more studies are needed to
further examine the effect of vitamin K on fractures and cancers [37].
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either Ca2+ or vitamin D3 supplementation. Bone‐specific BSALP (alkaline phosphatase) in
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ance rates related to the intake of either calcium, vitamin K1, or MK‐4, were some 87–93%,
respectively. Interestingly, K1 and MK‐4 treatments both diminished the patient levels of serum
ucCO, however, neither BSALP nor NTX levels were changed. Lastly, no effects of K1, or MK‐
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prevention among healthy, postmenopausal, North American women, receiving calcium and
vitamin D supplementation [38].
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menatetrenone‐4 (MK‐4) from 1 year duration, in countries with different
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In 1998, Orimo et al from Japan evaluated the effects of menatetrenone‐4 (MK‐4) on bone and
calcium metabolism in osteoporosis patients in a 24‐week double‐blind placebo‐controlled
study, where 80 osteoporotic patients were included. Treatment was MK‐4, 90 mg/day (n = 39)
or placebo (n = 41). Bone density was assessed on X‐ray films of the right, second metacarpal
bone, using the microdensitometric method. In the MK‐4 group, bone density increased by
about 2.2 ± 2.5% from the baseline; in the placebo group it decreased by about 7.3 ± 3.7% (P =
0.037, K2 treatment versus placebo). The excretion of γ‐carboxyglutamic acid (Gla) to the urine
was markedly enhanced (i.e., from 72.6 ± 4.1 nmol/mg of creatinine before initiation of
“medication,” to 88.4 ± 5.4 during the 24th week subsequent to the sustained MK‐4 treatment
(P = 0.008) period). In the group receiving placebo, no significant changes in the excretion of
urinary Gla could be observed. However, during the 24‐week long treatment period, the
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to 0.12 ± 0.02, respectively. However, in the placebo group it increased from 0.15 ± 0.02 to 0.19
± 0.03. Accordingly, the 24‐week levels shown by members of both the MK‐4 and the placebo

Vitamin K2 and Bone Health
http://dx.doi.org/10.5772/64876

107



groups turned out to be significantly different (P = 0.03) with unpaired test. Finally, it should
be noted that there were but a few adverse effects, being attributable to the vitamin MK‐4
treatment. One patients increased hepatic enzymes of GOT, GPT, al‐P, and γ‐GTP evaluated
as probable relationship. The results suggest that MK‐4, at a dosage of 90 mg/day, is effective
in maintaining peripheral cortical bone density and is safe in treatment of osteoporosis. The
dose was increased in order to maintaining peripheral cortical density. Interference of diet was
not observed. This study is one of very few, where side effects of the treatment were observed
[39].

In 2000, Shiraki et al. conducted a 2‐year study in Japan, to assess whether MK‐4 effectively
prevented the incidence of new fractures in osteoporotic patients. Two hundred forty‐one
osteoporotic women were enrolled in a 24‐month, randomized, and open label study. The
population constituted: a control group without treatment (n = 121) and an MK‐4 group (n =
120), the latter receiving 45 mg/day. All patients received follow up measurements of lumbar
bone mineral density (LBMD) analyzed by DXA and the occurrence of new clinical fractures
had occurred. Both serum concentrations of Glu‐osteocalcin (Glu‐OC) (RIA, Takara Japan), as
well as MK‐4 were analyzed after termination of the follow‐up period, while both the level of
serum‐OC (RIA, CIS, France) and excretion of deoxypyridinoline (DPD) to the urine were
analyzed prior to and at the end of the treatment. The demographic data of the present groups
did not differ significantly, and the results obtained run as follows: the clinical vertebral
fracture incidence in the control group was 30, compared with 13 in the MK‐4 treated group
(P = 0.027). Furthermore, the percentage change from the initial LBMD value at 6–24 months
after the initiation of the study ranged between −1.8 ± 0.6, and −3.3 ± 0.8% for the control group,
and between 1.4 ± 0.7, and −0.5 ± 1.0% for the MK‐4‐treated group, respectively. The alterations
in LBMD‐values around each measure point turned out to be significantly different, when
comparing the control group with the treated group (P = 0.0010 at 6 months, P = 0.0153 after a
year, and P = 0.0339 after 2 years, respectively). The blood concentrations of Glu‐OC at
termination of the period of observation of the controls and the group receiving active “drug”
were 3.0 ± 0.30 and 1.6 ± 0.10 ng/ml, respectively (P < 0.0001), while blood concentrations of
OC (as analyzed by standard radioimmunoassay (RIA) methodology, gave a marked and
significant rise (42.4 ± 6.9%) over basal value observed in the treated group at 24 months, but
only 18.2 ± 6.1% for the individuals constituting the controls (P = 0.0081)). However, one did
not find any significant change in the amount of DPD excreted into the urine of the treatment
group members. This compilation of information indicates that MK‐4 treatment is effective in
reducing the incidence of additional fractures, even though the MK‐4 treated individuals failed
to show an enhancement of LBMD. Lastly, the study was able to show that MK‐4 treatment
elevates the levels of γ‐carboxylated OC [40].

In 2000, Iwamoto et al. showed in 92 postmenopausal women, aged 55–81 years, completing
a 2‐year randomized controlled trial in four groups receiving either menatetrenone (MK‐4, 45
mg/day), 1α‐hydroxyvitamin D3 (0.75 μg/day), a combination of MK‐4 and D3 (same dosage
as above), or calcium lactate (2 g/day). The MK‐4 and vitamin D3 groups experienced
significant enhancements of their BMD‐values (+0.91 and 0.38%), compared to the “Calcium
group” (–0.79%), while the combined MK‐4 and D treatment, being synergistic, significantly
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increased lumbar BMD by 1.5 %, p < 0.001. These findings indicate that combined administra‐
tion of vitamin D3 and MK‐4, compared with calcium administration alone, appears to be
instrumental in increasing the BMD‐values of the lumbar spine in postmenopausal women
with osteoporosis [41, 42].

Ushiroyama et al. completing a randomized 2‐year study in 2002, investigated the therapeutic
effect of the combined use of menatetrenone MK‐4 and vitamin D3 on vertebral bone mineral
density in 172 postmenopausal women with low bone mass and osteoporosis. Four groups,
each with 43 subjects received the following; either (a) MK‐4, 45 mg/day, (b) standard vitamin
D3 supplement, (c) combined MK‐4 and vitamin D3 therapy, and (d) control group receiving
dietary therapy alone. BMD (bone mineral density) was assessed before initiation of therapy
and subsequent to 6–24 months of treatment, respectively. Analyzed biological markers of
osseous metabolism constituted: serum type 1 collagen carboxyterminal propeptide (P1CP),
intact or total osteocalcin, as well as urinary pyridinoline. Tests for potential of blood coagu‐
lation was done analyzing “activated‐partial‐thromboplastin‐time” (APTT), as well as
assessment of levels of antithrombin III (AT III), fibrinogen, and plasminogen, respectively.
Conclusions summarized in the paper were combined therapy with MK‐4 and vitamin D3

given for 24 months significantly increased bone mineral density = BMD (4.92 ± 7.89%), P <
0.001, but also while MK‐4 alone was significantly enhanced by 0.135 ± 5.44%, P < 0.05. A
majority of the population (77.5%) increased their BMD values, while 22.5% experienced the
opposite. In the MK‐4 group, the marker of bone formation (P1CP) showed an increase by 20%
after 6 months, and while thereafter returning to baseline. Urinary pyridinoline was signifi‐
cantly increased after 6 month, and peaked after 18 months (89.6 ± 112.3%), while slightly
decreasing at 24 months to 53.4 ± 55.7%, P < 0.05. In the combined MK‐4 and D3 group, P1PC
was unchanged for the first 12 months, then it increased at 24 months to 24.2 ± 23.1%, P < 0.05.
Urinary pyridinoline was increased throughout the 24 months to 84.5 ± 51.9%, P < 0.01. The
MK‐4 group at 24 months showed a significant positive correlation between changes of P1CP
and changes of BMD, P < 0.001. In the MK‐4 and D3 groups at 12 months, a significant positive
correlation (P < 0.03) between changes of P1PC and changes of BMD could be seen. In the MK‐
4 and D3 groups, at 12 and 24 months, respectively, significant negative correlations between
changes in pyridinoline and changes in BMD (P < 0.001 and P < 0.004, respectively) could be
observed. The authors conclude that these findings indicate both concomitant enhancement
of net bone formation, as well as some osseous resorption activities. Additionally, observed
significant increments in the coagulation and fibrinolytic reaction pathways were seen.
However, they were both restricted within normal physiological range, suggesting mainte‐
nance of a normalized balance within the fibrinolysis versus coagulation system, since no side
effects were observed [43].

In 2007, Knapen et al. from the Netherlands presented the result of a 3‐year randomized clinical
intervention study of 325 healthy postmenopausal non‐ osteoporotic women receiving MK‐4,
45 mg/day, or placebo. BMC and hip geometry were assessed by DXA, and bone strength
indices were calculated from DXA‐BMD, femoral neck width (FNW) and hip axis length
(HAL). Computations showed that MK‐4 significantly improved the hip bone strength, BMC
and FNW, but in the placebo group, bone strength decreased significantly. However, MK‐4 did
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groups turned out to be significantly different (P = 0.03) with unpaired test. Finally, it should
be noted that there were but a few adverse effects, being attributable to the vitamin MK‐4
treatment. One patients increased hepatic enzymes of GOT, GPT, al‐P, and γ‐GTP evaluated
as probable relationship. The results suggest that MK‐4, at a dosage of 90 mg/day, is effective
in maintaining peripheral cortical bone density and is safe in treatment of osteoporosis. The
dose was increased in order to maintaining peripheral cortical density. Interference of diet was
not observed. This study is one of very few, where side effects of the treatment were observed
[39].

In 2000, Shiraki et al. conducted a 2‐year study in Japan, to assess whether MK‐4 effectively
prevented the incidence of new fractures in osteoporotic patients. Two hundred forty‐one
osteoporotic women were enrolled in a 24‐month, randomized, and open label study. The
population constituted: a control group without treatment (n = 121) and an MK‐4 group (n =
120), the latter receiving 45 mg/day. All patients received follow up measurements of lumbar
bone mineral density (LBMD) analyzed by DXA and the occurrence of new clinical fractures
had occurred. Both serum concentrations of Glu‐osteocalcin (Glu‐OC) (RIA, Takara Japan), as
well as MK‐4 were analyzed after termination of the follow‐up period, while both the level of
serum‐OC (RIA, CIS, France) and excretion of deoxypyridinoline (DPD) to the urine were
analyzed prior to and at the end of the treatment. The demographic data of the present groups
did not differ significantly, and the results obtained run as follows: the clinical vertebral
fracture incidence in the control group was 30, compared with 13 in the MK‐4 treated group
(P = 0.027). Furthermore, the percentage change from the initial LBMD value at 6–24 months
after the initiation of the study ranged between −1.8 ± 0.6, and −3.3 ± 0.8% for the control group,
and between 1.4 ± 0.7, and −0.5 ± 1.0% for the MK‐4‐treated group, respectively. The alterations
in LBMD‐values around each measure point turned out to be significantly different, when
comparing the control group with the treated group (P = 0.0010 at 6 months, P = 0.0153 after a
year, and P = 0.0339 after 2 years, respectively). The blood concentrations of Glu‐OC at
termination of the period of observation of the controls and the group receiving active “drug”
were 3.0 ± 0.30 and 1.6 ± 0.10 ng/ml, respectively (P < 0.0001), while blood concentrations of
OC (as analyzed by standard radioimmunoassay (RIA) methodology, gave a marked and
significant rise (42.4 ± 6.9%) over basal value observed in the treated group at 24 months, but
only 18.2 ± 6.1% for the individuals constituting the controls (P = 0.0081)). However, one did
not find any significant change in the amount of DPD excreted into the urine of the treatment
group members. This compilation of information indicates that MK‐4 treatment is effective in
reducing the incidence of additional fractures, even though the MK‐4 treated individuals failed
to show an enhancement of LBMD. Lastly, the study was able to show that MK‐4 treatment
elevates the levels of γ‐carboxylated OC [40].

In 2000, Iwamoto et al. showed in 92 postmenopausal women, aged 55–81 years, completing
a 2‐year randomized controlled trial in four groups receiving either menatetrenone (MK‐4, 45
mg/day), 1α‐hydroxyvitamin D3 (0.75 μg/day), a combination of MK‐4 and D3 (same dosage
as above), or calcium lactate (2 g/day). The MK‐4 and vitamin D3 groups experienced
significant enhancements of their BMD‐values (+0.91 and 0.38%), compared to the “Calcium
group” (–0.79%), while the combined MK‐4 and D treatment, being synergistic, significantly
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increased lumbar BMD by 1.5 %, p < 0.001. These findings indicate that combined administra‐
tion of vitamin D3 and MK‐4, compared with calcium administration alone, appears to be
instrumental in increasing the BMD‐values of the lumbar spine in postmenopausal women
with osteoporosis [41, 42].

Ushiroyama et al. completing a randomized 2‐year study in 2002, investigated the therapeutic
effect of the combined use of menatetrenone MK‐4 and vitamin D3 on vertebral bone mineral
density in 172 postmenopausal women with low bone mass and osteoporosis. Four groups,
each with 43 subjects received the following; either (a) MK‐4, 45 mg/day, (b) standard vitamin
D3 supplement, (c) combined MK‐4 and vitamin D3 therapy, and (d) control group receiving
dietary therapy alone. BMD (bone mineral density) was assessed before initiation of therapy
and subsequent to 6–24 months of treatment, respectively. Analyzed biological markers of
osseous metabolism constituted: serum type 1 collagen carboxyterminal propeptide (P1CP),
intact or total osteocalcin, as well as urinary pyridinoline. Tests for potential of blood coagu‐
lation was done analyzing “activated‐partial‐thromboplastin‐time” (APTT), as well as
assessment of levels of antithrombin III (AT III), fibrinogen, and plasminogen, respectively.
Conclusions summarized in the paper were combined therapy with MK‐4 and vitamin D3

given for 24 months significantly increased bone mineral density = BMD (4.92 ± 7.89%), P <
0.001, but also while MK‐4 alone was significantly enhanced by 0.135 ± 5.44%, P < 0.05. A
majority of the population (77.5%) increased their BMD values, while 22.5% experienced the
opposite. In the MK‐4 group, the marker of bone formation (P1CP) showed an increase by 20%
after 6 months, and while thereafter returning to baseline. Urinary pyridinoline was signifi‐
cantly increased after 6 month, and peaked after 18 months (89.6 ± 112.3%), while slightly
decreasing at 24 months to 53.4 ± 55.7%, P < 0.05. In the combined MK‐4 and D3 group, P1PC
was unchanged for the first 12 months, then it increased at 24 months to 24.2 ± 23.1%, P < 0.05.
Urinary pyridinoline was increased throughout the 24 months to 84.5 ± 51.9%, P < 0.01. The
MK‐4 group at 24 months showed a significant positive correlation between changes of P1CP
and changes of BMD, P < 0.001. In the MK‐4 and D3 groups at 12 months, a significant positive
correlation (P < 0.03) between changes of P1PC and changes of BMD could be seen. In the MK‐
4 and D3 groups, at 12 and 24 months, respectively, significant negative correlations between
changes in pyridinoline and changes in BMD (P < 0.001 and P < 0.004, respectively) could be
observed. The authors conclude that these findings indicate both concomitant enhancement
of net bone formation, as well as some osseous resorption activities. Additionally, observed
significant increments in the coagulation and fibrinolytic reaction pathways were seen.
However, they were both restricted within normal physiological range, suggesting mainte‐
nance of a normalized balance within the fibrinolysis versus coagulation system, since no side
effects were observed [43].

In 2007, Knapen et al. from the Netherlands presented the result of a 3‐year randomized clinical
intervention study of 325 healthy postmenopausal non‐ osteoporotic women receiving MK‐4,
45 mg/day, or placebo. BMC and hip geometry were assessed by DXA, and bone strength
indices were calculated from DXA‐BMD, femoral neck width (FNW) and hip axis length
(HAL). Computations showed that MK‐4 significantly improved the hip bone strength, BMC
and FNW, but in the placebo group, bone strength decreased significantly. However, MK‐4 did
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not affect the DXA‐BMD values. It was therefore speculated that the high vitamin K2 intake
prevented the postmenopausal, nonosteoporotic bone loss. The importance of K vitamins for
optimal bone health has been suggested on the basis of population‐based analyses, however,
intervention trials performed with DXA‐BMD serving as measures of clinical endpoints have
given contradicting conclusions. In contrast, BMC, compared with DXA‐BMD does not take
into account the geometry (size, thickness) of bone, which is construed as an independent
contributor to and “interpreter” of bone resilience and fracture risk [44].

Jiang et al. conducted a 1‐year study in China in 2014. In this randomized, double‐blinded
study, it was evaluated whether the efficacy of MK‐4 is inferior to α‐calcidol in Chinese
postmenopausal women. Two hundred and thirty‐six women were randomized to two groups:
Group MK‐4, receiving 45 mg/day or Group α‐calcidol, receiving 0.5 μg/day, respectively.
Furthermore, all enrolled individuals ingested 500 mg/day of calcium. Assessment of bone
mineral density (BMD) post‐treatment, onset or occurrence of new fractures, as well as serum
OC and ucOC levels were matched with patient baseline values in both patient groups. The
information obtained was as follows: 90.3% of the patients completed the investigation. Results
showed that the BMD‐values in the MK‐4 group significantly increased from baseline by 1.2%
at the lumbar spine, and 2.7% at the trochanter, respectively (P = 0.001). The percentage
enhancement in BMD in the α‐calcidol group and the MK‐4 group was 2.2 and 1.8%, respec‐
tively (P = 0.001). No difference could be seen when comparing either treatment groups. And
one could not spot any alterations in femoral neck BMD between the populations observed.
However, one tibia and one femoral neck fracture in the MK‐4 group, and three lumbar spine
compressive and one forearm fracture in the α‐calcidol group revealed the appearance of new
fractures (P < 0.05). Within the MK‐4 group, the concentration of OC and ucOC, respectively,
fell from baseline levels by some 39 and 82%, respectively (P < 0.001). In the α‐calcidol group,
OC and ucOC fell by some 26 and 35%, respectively (P < 0.001), and the decreases in serum
OC and ucOC were more obvious in the MK‐4 group than in the calcidol group (P < 0.001).
The safety profile of menatetrenone was similar to that of α‐calcidol. It was therefore concluded
that MK‐4 is an effective and safe choice in the treatment of postmenopausal osteoporosis in
Chinese women [45].

Bisphosphonates, combined with vitamin D and calcium are widely used around the world
in the treatment of osteoporotic patients. Vitamin K apparently sustains the lumbar BMD, thus
reducing the incidence of osteoporotic fractures it was natural to investigate and compare
bisphosphonates and MK‐4.

In 2001, Iwamoto et al. presented a 2‐year preliminary randomized study, comparing the effects
of etidronate (E) and MK‐4 on forearm BMD‐values and fracture incidence. Seventy‐two
osteoporotic women, all 5 years after menopause were enrolled. The E‐group received 200 mg/
day, 14 days per 3 months; n = 25, the MK‐4 group received 45 mg/day; n = 23, and the placebo
(C = control group) was given calcium lactate 2 g/day; n = 24. At baseline, there was no
difference between the three groups. Significant results obtained were summarized as follows:
mean percentage change in BMD in the E‐group was a significant increase of 2.1%; P < 0.01. In
the MK‐4 group, it was −0.1%, which was not significant. In the C‐group, there was a significant
decrease in BMD; −1.7%; P < 0.0001. Incidence of new fractures was in the E‐group; total 13
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(nine vertebral and four lumbar), in the MK‐4 group total 10 (seven vertebral and three lumbar),
and in the C‐group; total 12 (seven thoracal and five lumbar). No significant differences could
be spotted between groups. It was therefore concluded that a maintained BMD seen in the MK‐
4 group could be construed as a positive effect, which should be evaluated together with
etidronate treatment [46].

In 2003, Iwamoto et al. examined 98 postmenopausal osteoporotic women in a randomized,
controlled, 2 years study, comprising four groups: (1) MK‐4, 45 mg/day of vitamin K; (2)
etidronate 200 mg/day for 14 days per 3 months; (3) etidronate and MK‐4 combined; and (4)
calcium supplement. End points assessments were: Forearm (distal radius) BMD measured by
DXA using DTX‐200 (Osteometer®), and incidence of vertebral fractures (level T4‐L4). Results
reported are summarized as follows: the forearm BMD in the calcium group was reduced from
baseline, sustained by MK‐4, increased significantly by etidronate, and increased even more
in the MK‐4 and etidronate group. The incidence of vertebral fractures in the MK‐4 group was
8.0%, in the etidronate group 8.7%, in the MK‐4 and etidronate group 3.8%, and in the calcium
group 20.8%, respectively. The compelling conclusion is combined treatment with MK‐4 and
bisphosphonates showed significant different (P < 0.01) between other groups alone. The
author concluded that combined treatment seems to have the greatest efficacy in prevention
of new osteoporotic fractures, and this treatment should be recommended to treat osteoporotic
women [47, 48].

Ishida and Kawai published in 2004 a 2‐year long study, examining 396 postmenopausal
women with osteoporosis, randomized to six equally sized groups: (1) hormone replacement
therapy (conjugated estrogen 0.625 mg/day plus medroxyprogesterone 2.5 mg/day), (2)
etidronate (2 weeks of treatment with 200 mg/day followed by a 10‐week medication‐free
period), (3) ell calcitonin (20 IU/week), (4) α‐calcidol 1 μg/day, (5) MK‐4 45 mg/day, and (6)
control group (i.e., no treatment). End point BMD, bone markers and incidence of vertebral
fractures served as clinically relevant end point measures. The results (2‐year mean changes
in BMD) were 2% for the hormone replacement therapy, −0.5% for the etidronate treatment,
1.6% for the calcitonin treatment, −3.6% for the α‐calcidol treatment, −1.9 for the MK‐4
treatment, and −3.3 for the controls, respectively. Seventeen (26%) of the 66 control patients
developed new vertebral fractures. Compared with controls, the relative risk of incurring
vertebral fractures was 0.35 (95% CI: 0.14–0.83) in the hormone replacement therapy, 0.40 (95%
CI: 0.17–0.92) in the etidronate group, 0.41 (95% CI: 0.17–0.93) in the calcitonin group, 0.56 (95%
CI: 0.26–1.12) in the α‐calcidol group, and 0.44 (95% CI: 0.20–0.99) in the MK‐4 group, respec‐
tively. Hence, the conclusion: a substantial and significant reduction in the incidence of
vertebral fractures was achieved due to either: (a) hormone replacement therapy, (b) etidronate,
or (c) calcitonin medication. Significant improvements in BMD were obtained by the patients
enrolled in the hormone replacement therapy group and in the calcitonin group [49].

Hirao et al. conducted a 1‐year study in Japan in 2008. He enrolled and examined 48 postme‐
nopausal women, but only 44 were followed up after 1 year. This randomized controlled study
consisted of the following groups A, monotherapy of alendronate (5 mg/day) and group AK,
alendronate plus MK‐4 (5 mg/day an 45 mg/day, respectively). The take home message was
clear: MK‐4 decreased undercarboxylated osteocalcin significantly more than alendronate,
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not affect the DXA‐BMD values. It was therefore speculated that the high vitamin K2 intake
prevented the postmenopausal, nonosteoporotic bone loss. The importance of K vitamins for
optimal bone health has been suggested on the basis of population‐based analyses, however,
intervention trials performed with DXA‐BMD serving as measures of clinical endpoints have
given contradicting conclusions. In contrast, BMC, compared with DXA‐BMD does not take
into account the geometry (size, thickness) of bone, which is construed as an independent
contributor to and “interpreter” of bone resilience and fracture risk [44].

Jiang et al. conducted a 1‐year study in China in 2014. In this randomized, double‐blinded
study, it was evaluated whether the efficacy of MK‐4 is inferior to α‐calcidol in Chinese
postmenopausal women. Two hundred and thirty‐six women were randomized to two groups:
Group MK‐4, receiving 45 mg/day or Group α‐calcidol, receiving 0.5 μg/day, respectively.
Furthermore, all enrolled individuals ingested 500 mg/day of calcium. Assessment of bone
mineral density (BMD) post‐treatment, onset or occurrence of new fractures, as well as serum
OC and ucOC levels were matched with patient baseline values in both patient groups. The
information obtained was as follows: 90.3% of the patients completed the investigation. Results
showed that the BMD‐values in the MK‐4 group significantly increased from baseline by 1.2%
at the lumbar spine, and 2.7% at the trochanter, respectively (P = 0.001). The percentage
enhancement in BMD in the α‐calcidol group and the MK‐4 group was 2.2 and 1.8%, respec‐
tively (P = 0.001). No difference could be seen when comparing either treatment groups. And
one could not spot any alterations in femoral neck BMD between the populations observed.
However, one tibia and one femoral neck fracture in the MK‐4 group, and three lumbar spine
compressive and one forearm fracture in the α‐calcidol group revealed the appearance of new
fractures (P < 0.05). Within the MK‐4 group, the concentration of OC and ucOC, respectively,
fell from baseline levels by some 39 and 82%, respectively (P < 0.001). In the α‐calcidol group,
OC and ucOC fell by some 26 and 35%, respectively (P < 0.001), and the decreases in serum
OC and ucOC were more obvious in the MK‐4 group than in the calcidol group (P < 0.001).
The safety profile of menatetrenone was similar to that of α‐calcidol. It was therefore concluded
that MK‐4 is an effective and safe choice in the treatment of postmenopausal osteoporosis in
Chinese women [45].

Bisphosphonates, combined with vitamin D and calcium are widely used around the world
in the treatment of osteoporotic patients. Vitamin K apparently sustains the lumbar BMD, thus
reducing the incidence of osteoporotic fractures it was natural to investigate and compare
bisphosphonates and MK‐4.

In 2001, Iwamoto et al. presented a 2‐year preliminary randomized study, comparing the effects
of etidronate (E) and MK‐4 on forearm BMD‐values and fracture incidence. Seventy‐two
osteoporotic women, all 5 years after menopause were enrolled. The E‐group received 200 mg/
day, 14 days per 3 months; n = 25, the MK‐4 group received 45 mg/day; n = 23, and the placebo
(C = control group) was given calcium lactate 2 g/day; n = 24. At baseline, there was no
difference between the three groups. Significant results obtained were summarized as follows:
mean percentage change in BMD in the E‐group was a significant increase of 2.1%; P < 0.01. In
the MK‐4 group, it was −0.1%, which was not significant. In the C‐group, there was a significant
decrease in BMD; −1.7%; P < 0.0001. Incidence of new fractures was in the E‐group; total 13
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(nine vertebral and four lumbar), in the MK‐4 group total 10 (seven vertebral and three lumbar),
and in the C‐group; total 12 (seven thoracal and five lumbar). No significant differences could
be spotted between groups. It was therefore concluded that a maintained BMD seen in the MK‐
4 group could be construed as a positive effect, which should be evaluated together with
etidronate treatment [46].

In 2003, Iwamoto et al. examined 98 postmenopausal osteoporotic women in a randomized,
controlled, 2 years study, comprising four groups: (1) MK‐4, 45 mg/day of vitamin K; (2)
etidronate 200 mg/day for 14 days per 3 months; (3) etidronate and MK‐4 combined; and (4)
calcium supplement. End points assessments were: Forearm (distal radius) BMD measured by
DXA using DTX‐200 (Osteometer®), and incidence of vertebral fractures (level T4‐L4). Results
reported are summarized as follows: the forearm BMD in the calcium group was reduced from
baseline, sustained by MK‐4, increased significantly by etidronate, and increased even more
in the MK‐4 and etidronate group. The incidence of vertebral fractures in the MK‐4 group was
8.0%, in the etidronate group 8.7%, in the MK‐4 and etidronate group 3.8%, and in the calcium
group 20.8%, respectively. The compelling conclusion is combined treatment with MK‐4 and
bisphosphonates showed significant different (P < 0.01) between other groups alone. The
author concluded that combined treatment seems to have the greatest efficacy in prevention
of new osteoporotic fractures, and this treatment should be recommended to treat osteoporotic
women [47, 48].

Ishida and Kawai published in 2004 a 2‐year long study, examining 396 postmenopausal
women with osteoporosis, randomized to six equally sized groups: (1) hormone replacement
therapy (conjugated estrogen 0.625 mg/day plus medroxyprogesterone 2.5 mg/day), (2)
etidronate (2 weeks of treatment with 200 mg/day followed by a 10‐week medication‐free
period), (3) ell calcitonin (20 IU/week), (4) α‐calcidol 1 μg/day, (5) MK‐4 45 mg/day, and (6)
control group (i.e., no treatment). End point BMD, bone markers and incidence of vertebral
fractures served as clinically relevant end point measures. The results (2‐year mean changes
in BMD) were 2% for the hormone replacement therapy, −0.5% for the etidronate treatment,
1.6% for the calcitonin treatment, −3.6% for the α‐calcidol treatment, −1.9 for the MK‐4
treatment, and −3.3 for the controls, respectively. Seventeen (26%) of the 66 control patients
developed new vertebral fractures. Compared with controls, the relative risk of incurring
vertebral fractures was 0.35 (95% CI: 0.14–0.83) in the hormone replacement therapy, 0.40 (95%
CI: 0.17–0.92) in the etidronate group, 0.41 (95% CI: 0.17–0.93) in the calcitonin group, 0.56 (95%
CI: 0.26–1.12) in the α‐calcidol group, and 0.44 (95% CI: 0.20–0.99) in the MK‐4 group, respec‐
tively. Hence, the conclusion: a substantial and significant reduction in the incidence of
vertebral fractures was achieved due to either: (a) hormone replacement therapy, (b) etidronate,
or (c) calcitonin medication. Significant improvements in BMD were obtained by the patients
enrolled in the hormone replacement therapy group and in the calcitonin group [49].

Hirao et al. conducted a 1‐year study in Japan in 2008. He enrolled and examined 48 postme‐
nopausal women, but only 44 were followed up after 1 year. This randomized controlled study
consisted of the following groups A, monotherapy of alendronate (5 mg/day) and group AK,
alendronate plus MK‐4 (5 mg/day an 45 mg/day, respectively). The take home message was
clear: MK‐4 decreased undercarboxylated osteocalcin significantly more than alendronate,
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which is known not to influence the degree of carboxylated osteocalcin. In the AK group, the
femoral neck BMD was significantly increased. The small number of patients enrolled, and the
short observation time undermines any conclusion drawn from this study. Further investiga‐
tions using this combination therapy were recommended [50].

Je et al. from Korea published in 2011, a study evaluating the effects of MK‐4 supplementation
on bone mineral density and undercarboxylated osteocalcin (ucOC) in 78 postmenopausal
Korean women 60‐years‐old plus. These women, not receiving any medical treatment, were
randomized into two groups: (1) calcium and vitamin D, n = 40) or (2) vitamin K supplemen‐
tation, n = 38, receiving 15 mg of MK‐4 three times a day after every meal, calcium carbonate
315 mg twice daily, and active vitamin D3, 400 UI once a day. The dosage of calcium and vitamin
D3 was the same in both groups. After 6 months of treatment, the members of the MK‐4 group
showed a decrease in ucOC (−1.6 ± 1.6 ng/dl versus −0.4 ± 1.1 ng/dl) with a P‐value of 0.008.
The vitamin K (MK‐4) group members showed a significant improvement of L3 BMD‐values,
however, no significant enhancement of the BMD‐values in L1, L2, and L4. Similarly, no
significant increase was observed for femoral BMD, which remained unchanged in the women
receiving vitamin D and calcium [51].

In 2012, Fang et al. presented a meta‐analysis of randomized controlled trials published during
the period of 1999−2009. The analysis examined the role of vitamin K on bone mineral density
(BMD). The study revealed that vitamin MK‐4 supplementation was associated with increased
BMD at the lumbar spine, however not necessarily at the femoral neck. This untoward
heterogeneity may be the result, may reside within different participant groups, different
regions of the skeleton, gender, and type of vitamin K1 and MK‐4 supplementation. Hence,
further studies are deemed required to investigate and unravel the detailed effects of vitamin
K2 sub“populations” or metabolites on BMD [52].

5. Clinical randomized controlled studies with menaquinone‐7 (MK‐7)

Japanese menopausal women have traditionally a lower fracture risk than women from the
western world [3]. An association with the ingestion of natto (a processed food containing
fermented beans) was evaluated by Katsuyama et al. [53] and Ikeda et al. [54] in the so‐called
Japanese population‐based osteoporosis (JPOS) study. The dietary natto intake over 3 years
was shown to significantly increase the changes of total hip BMD P < 0.003. The alleged
prevention of postmenopausal bone loss through the effects of MK‐7 is more abundant with
natto than other soybean products. More randomized controlled studies are clearly warranted
to substantiate this contention [54].

The Norwegian study published by Emaus et al. in 2010. features a 1‐year randomized double‐
blind placebo‐controlled study with 334 early menopausal, but otherwise healthy, women. The
patient groups received either MK‐7 (360 μg/day) or placebo. The summary of the present trial
disclosed the following: in the MK‐7 group, serum uncarboxylated Osteocalcin (uc‐OC) was
significantly reduced (from 4.14 to 2.22 ng/ml, respectively). In contrast, carboxylated Osteo‐
calcin (c‐OC) was significantly increased (from 13.5 to 19.1 ng/ml, respectively). However, there
was no statistical difference in bone loss rate between the groups at the “total hip site,” nor at
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any other measurements sites. This was most probably due to the shorter follow‐up time, i.e.,
after only 1 year of MK‐7 exposure [55].

After solid organ transplantations, loss of bone mass often occurs and may cause substantial
health problems. In a study (published in 2010) on such a patients group, Forli et al. from
Norway looked at the effect of MK‐7 on bone mass, measured as BMD of the lumbar spine.
Despite the fact that the impact of MK‐7 on the measured BMD was not conclusive, it was
recommended that further studies over an extended period of time should be conducted. Here,
we refer to the main findings in the study.

This study was the first in organ transplantation, featuring the effect of MK‐7 on bone mass, 1
year after lung and heart transplantation. Postoperatively, 35 lung and 59 heart recipients were
actively treated with MK‐7 in a prospective and longitudinal study, receiving MK‐7 supple‐
ment, 180 μg/day or placebo. The results reported were the following: 1 year after solid organ
transplantation, the difference between MK‐7 and placebo for the lumbar spine (L2–L4) BMD
was 0.028 (SE 0.014) g/cm2, P = 0.055, and for L2 to L4, BMC emerged as 1.33 (SE = 1.91) g/cm2,
P = 0.5. Scrutinizing the lung recipients separately, the difference for BMC was 3.39 g (SE =
1.65), P = 0.048. In the heart recipients, however, observed values were 0.45 (SE = 0.02) g, P =
0.9 subsequent to correcting for measures of baseline values.

In a stepwise linear regression analysis, alterations in the L2‐L4 BMD, controlled for alleged
confounding variables (which include the use of bisphosphonates), significant predictors
turned out to be: (a) organ (if heart = 1, BMD = −0.065 g/cm2 , P = 0.001) and (b) MK‐7 versus
placebo (BMD = 0.034 g/cm2, P = 0.019). It so happened, that insufficient vitamin D status was
frequent, and that PTH (parathyroid hormone) levels were augmented in the MK‐7 group,
indicating a more imminent need for ingestion of vitamin D. In conclusion, it turned out that
12 months of MK‐7 ingestion generally suggests a positive effect on BMD of the lumbar spine,
but with diverging responses in “cardio‐pulmonary” recipients. Thus, the patients’ vitamin D
status would benefit from a closer monitoring during vitamin K supplementation [56].

Knapen et al., the Netherlands, published in 2013 the results of their 3 year study on the effect
of low‐dose MK‐7 supplementation on bone loss in 244 healthy postmenopausal women. The
study was a double‐blind, randomized placebo controlled study, with two groups: (a) active
low‐dose vitamin K2 (MK‐7, 180 μg/day), and placebo. Their main task was to investigate
whether low‐dose MK‐7 supplements beneficially could affect bone health in general.

Secondary to an improved and favorable vitamin K status, MK‐7 ingestion from supplements
should have the possibility to significantly reduced age‐related loss of bone mineral density
and ensuing bone mechanical properties. Hence, low‐dose MK‐7 supplements should conse‐
quently result in preventing bone loss in postmenopausal women. In spite of contradictory
data emanating from trials with vitamin K supplementation on the status of bone health, the
European Food Safety Authorities (EFSA) has accepted the health claim on vitamin K's role in
the maintenance of normal and healthy bone structure. In accordance with EFSA's opinion, it
was clearly demonstrated that a 3‐year high‐dose of vitamin K1 and MK‐4 supplementation
improved bone health after menopause.
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which is known not to influence the degree of carboxylated osteocalcin. In the AK group, the
femoral neck BMD was significantly increased. The small number of patients enrolled, and the
short observation time undermines any conclusion drawn from this study. Further investiga‐
tions using this combination therapy were recommended [50].

Je et al. from Korea published in 2011, a study evaluating the effects of MK‐4 supplementation
on bone mineral density and undercarboxylated osteocalcin (ucOC) in 78 postmenopausal
Korean women 60‐years‐old plus. These women, not receiving any medical treatment, were
randomized into two groups: (1) calcium and vitamin D, n = 40) or (2) vitamin K supplemen‐
tation, n = 38, receiving 15 mg of MK‐4 three times a day after every meal, calcium carbonate
315 mg twice daily, and active vitamin D3, 400 UI once a day. The dosage of calcium and vitamin
D3 was the same in both groups. After 6 months of treatment, the members of the MK‐4 group
showed a decrease in ucOC (−1.6 ± 1.6 ng/dl versus −0.4 ± 1.1 ng/dl) with a P‐value of 0.008.
The vitamin K (MK‐4) group members showed a significant improvement of L3 BMD‐values,
however, no significant enhancement of the BMD‐values in L1, L2, and L4. Similarly, no
significant increase was observed for femoral BMD, which remained unchanged in the women
receiving vitamin D and calcium [51].

In 2012, Fang et al. presented a meta‐analysis of randomized controlled trials published during
the period of 1999−2009. The analysis examined the role of vitamin K on bone mineral density
(BMD). The study revealed that vitamin MK‐4 supplementation was associated with increased
BMD at the lumbar spine, however not necessarily at the femoral neck. This untoward
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significantly reduced (from 4.14 to 2.22 ng/ml, respectively). In contrast, carboxylated Osteo‐
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Vitamin K2 - Vital for Health and Wellbeing112

any other measurements sites. This was most probably due to the shorter follow‐up time, i.e.,
after only 1 year of MK‐7 exposure [55].

After solid organ transplantations, loss of bone mass often occurs and may cause substantial
health problems. In a study (published in 2010) on such a patients group, Forli et al. from
Norway looked at the effect of MK‐7 on bone mass, measured as BMD of the lumbar spine.
Despite the fact that the impact of MK‐7 on the measured BMD was not conclusive, it was
recommended that further studies over an extended period of time should be conducted. Here,
we refer to the main findings in the study.

This study was the first in organ transplantation, featuring the effect of MK‐7 on bone mass, 1
year after lung and heart transplantation. Postoperatively, 35 lung and 59 heart recipients were
actively treated with MK‐7 in a prospective and longitudinal study, receiving MK‐7 supple‐
ment, 180 μg/day or placebo. The results reported were the following: 1 year after solid organ
transplantation, the difference between MK‐7 and placebo for the lumbar spine (L2–L4) BMD
was 0.028 (SE 0.014) g/cm2, P = 0.055, and for L2 to L4, BMC emerged as 1.33 (SE = 1.91) g/cm2,
P = 0.5. Scrutinizing the lung recipients separately, the difference for BMC was 3.39 g (SE =
1.65), P = 0.048. In the heart recipients, however, observed values were 0.45 (SE = 0.02) g, P =
0.9 subsequent to correcting for measures of baseline values.

In a stepwise linear regression analysis, alterations in the L2‐L4 BMD, controlled for alleged
confounding variables (which include the use of bisphosphonates), significant predictors
turned out to be: (a) organ (if heart = 1, BMD = −0.065 g/cm2 , P = 0.001) and (b) MK‐7 versus
placebo (BMD = 0.034 g/cm2, P = 0.019). It so happened, that insufficient vitamin D status was
frequent, and that PTH (parathyroid hormone) levels were augmented in the MK‐7 group,
indicating a more imminent need for ingestion of vitamin D. In conclusion, it turned out that
12 months of MK‐7 ingestion generally suggests a positive effect on BMD of the lumbar spine,
but with diverging responses in “cardio‐pulmonary” recipients. Thus, the patients’ vitamin D
status would benefit from a closer monitoring during vitamin K supplementation [56].

Knapen et al., the Netherlands, published in 2013 the results of their 3 year study on the effect
of low‐dose MK‐7 supplementation on bone loss in 244 healthy postmenopausal women. The
study was a double‐blind, randomized placebo controlled study, with two groups: (a) active
low‐dose vitamin K2 (MK‐7, 180 μg/day), and placebo. Their main task was to investigate
whether low‐dose MK‐7 supplements beneficially could affect bone health in general.

Secondary to an improved and favorable vitamin K status, MK‐7 ingestion from supplements
should have the possibility to significantly reduced age‐related loss of bone mineral density
and ensuing bone mechanical properties. Hence, low‐dose MK‐7 supplements should conse‐
quently result in preventing bone loss in postmenopausal women. In spite of contradictory
data emanating from trials with vitamin K supplementation on the status of bone health, the
European Food Safety Authorities (EFSA) has accepted the health claim on vitamin K's role in
the maintenance of normal and healthy bone structure. In accordance with EFSA's opinion, it
was clearly demonstrated that a 3‐year high‐dose of vitamin K1 and MK‐4 supplementation
improved bone health after menopause.
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Because of the longer half‐life, bioavailability, and greater potency of the long‐chain MK‐7,
they also measured the effect of low‐dose MK‐7 supplementation on bone health, as reflected
by bone mineral density (BMD) of lumbar spine, total hip, and femoral neck. The assessment
of vertebral fractures was performed using DXA. Furthermore, blood levels of ucOC and cOC
were also analyzed, and the ucOC/cOC ratio functions as an indicator of vitamin K “health”
status. All analyses were performed at baseline, and subsequent to 1, 2, and 3 years of sup‐
plementation, respectively. A carboxylation rate of >50% was achieved during the first year of
treatment, and it was maintained throughout the study period.

The main results obtained were as follows: MK‐7 ingestion significantly enhanced vitamin K
status and decreased the age‐related reduction in bone mass, as well as both BMC and BMD
at the level of lumbar spine and femoral neck. However, total hip BMC and BMD decline could
not be “rescued.” Bone strength also seemed to be favorably affected by MK‐7 ingestion,
significantly decreasing the loss of vertebral height of the lower thoracic region at the mid‐site
of the vertebrae. These results confirm the hypothesis that long term supplementation with
MK‐7 beneficially affects bone health. Whether these results can be extrapolated to other
populations with osteoporosis, needs further investigation [57].

6. Anticoagulation and vitamin K‐antagonist association with loss of
bone mass

The need of vitamin K for the activation of clotting factors is lower than for the activation of
extrahepatic vitamin K‐dependent proteins. This is the plausible reason for deficient rebuilding
of bone mass and increased calcification process in blood vessels. Long‐term use of anticoa‐
gulants, likes warfarin, may potentially lead to the loss of bone, and/or an increased incidence
of osteopenia or osteoporosis with and without fractures. The crucial question then is: What
time span for patients on warfarin medication will suffice for the detection of bone loss?

In an observational study conducted in Japan by Namba et al. 2015, the biomarkers during
warfarin use in a 1‐year follow‐up on 42 patients treated for atrial fibrillation were described.
Twenty‐four patients received warfarin (WF group) and 18 patients received non‐warfarin
treatment (Non‐WF group). Results revealed an increased significant difference in ucOC in
WF the group 10.3 ± 0.8 ng/ml, versus non‐WF group 3.4 ± 0.9 ng/ml, P < 0.01. In cytokines,
RANKL in WF group 0.6 ± 0.1 ng/ml versus non‐WF group 0.4 ± 0.1 ng/ml, P < 0.01. After 1
year, DEXA scan showed no significant different between groups. It was concluded long‐term
use of warfarin might be associated with high risk of osteoporosis but also risk of ectopic
calcification in blood vessels. Further randomized studies are needed to evaluate these
patients [58].

Twenty years ago, clinical observations and research demonstrated that women, taking
warfarin during the first trimester of their pregnancy, gave birth to children with punctate
calcifications in the axial skeleton, proximal femurs, and calcanei. The presumed reason has
since long been that prenatal vitamin K deficiency, induced by warfarin, was the reason for
these calcifications [59].
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Large clinical studies on bone mass have given different results, and in early observation
studies, the evaluation of duration of warfarin use and other patients receiving treatment for
osteoporosis was not included. However, two newer studies showed no further risk on bone
mass of warfarin use in elderly patients: In the first one published by Woo et al. in 2008, in a
large cohort of elderly community‐dwelling men, no association was observed between
current warfarin use and bone mass, bone loss or fracture risk. Although warfarin use was
based upon a single assessment, the findings suggest that current warfarin use in older men
does not appear to have clinically important effects on the skeleton [5, 60].

The second experience was summarized by Misra et al. in 2014, featuring long‐term treatment
of incident atrial fibrillation without prior history of fractures. Long‐term warfarin use was
defined in two ways: (1) warfarin use ≥1 year; (2) warfarin use ≥3 years. Event‐score on warfarin
users and nonusers were created to evaluate the association between long‐term warfarin use
and risk of hip, spine, and wrist fractures separately, as well as combined, using Cox‐propor‐
tional hazards regression models. Among more than 20,000 participants with incident atrial
fibrillation, the hazard ratios (HR) for hip fracture with warfarin use ≥1 and ≥3 years, respec‐
tively, were 1.08 (95% CI 0.87, 1.35) and 1.13 (95% CI 0.84, 1.50).

The conclusion of the present trial was as follows: long‐term warfarin use among elders (i.e.,
>65 years of age) with atrial fibrillation was not associated with any increased risk of osteo‐
porotic fractures and therefore does not appear to necessitate additional surveillance or
prophylaxis [61]. These observational studies have focused on clinical fractures as endpoints
below follow‐up time at 5–10 years, but the thesis that warfarin‐induced clinical fractures was
not confirmed. This may be due to the beneficial effect of MK‐7 on bone mass, which appears
to stay unaffected by the impact of warfarin on vitamin K1, which again reinforces the notion
that vitamin K2 status (measured as ucOC) per se is a good marker of bone homeostasis [58].

7. Chronic kidney disease and loss of bone mass (CKD‐MBD)

The link between increased calcification of vessels and bone complications changes the
definition of CKD‐MBD to better describe the complexity of the syndrome [62]. The link
between osteoporosis and cardiovascular morbidity is well described in postmenopausal
women with intact renal function [63]. In chronic hemodialysis patients, a lower bone volume
is associated with higher coronary calcification scores measured by multislice computed
tomography, reflecting a higher risk of cardiovascular events [64]. This association between
vascular calcification, arterial stiffness and bone mineral density in chronic kidney disease was
also described in 2008 by Toussaint et al. [65]. Furthermore, the mortality of hemodialysis
patients was evaluated in 2003 by Taal et al. among 88 hemodialysis patients over a 3.5 years
follow‐up period. Here, it appeared that mortality was associated with age, Ca‐P product, lack
of transplantation and a low bone mineral density measured at the hip. The leading cause of
death (42.5%) appeared to be related to cardiovascular events [66].

The therapeutic options are few, since many women on renal replacement treatment did not
accept reinstigation of hormone replacement therapy. However, the efficacy of hormone
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The link between increased calcification of vessels and bone complications changes the
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women with intact renal function [63]. In chronic hemodialysis patients, a lower bone volume
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The therapeutic options are few, since many women on renal replacement treatment did not
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replacement was confirmed in a randomized trial in women on continuous dialysis, receiving
hormone therapy (estradiol and cyclic norethisterone) for 1 year. At the end of the study, the
active group showed an increase in bone mineral density at the lumbar spine. This difference
between the active and control group (receiving cinacalcet) was significant at all measure‐
ment sites [67]. Active vitamin D analogs, calcimimetics administration and phosphate‐binders
are widely used to suppress iPTH and thus bone specific alkaline phosphatase, as a marker of
enhanced bone turnover.

Kohlmeier et al. were the first to show an independent association between serum concentra‐
tion of phylloquinone <1.2 nmol/l or less (poor vitamin K status) and an increased risk of bone
fracture in patients with end‐stage renal disease [68]. This observation was confirmed by
Fusaro et al. [69] in 2013, showing that hemodialysis patients treated by warfarin for longer
than 1 year had an increased risk of vertebral fractures, compared with patients not on
warfarin. McCabe et al. enrolling 172, stage 3–5 CKD patients without dialysis treatment,
showed that intake of vitamin K was insufficient in more than 50–60% of individuals on a given
diet, if measures of ucOC were conducted (>20% ucOC), and 97% if evaluation was done by
the prothrombin induced by vitamin K absence‐II (PIVKA‐II) assessment (>2 nmol/l) [70, 71].
After establishment of dialysis as a therapeutic intervention, Cranenburg et al. showed in a
study of 40 chronic hemodialysis patients from 2012 that the dietary intake of vitamin K1 and
K2, in general, was insufficient. This was reflected by analyses of plasma levels of desphospho‐
undercarboxylated (dp‐uc) MGP (matrix‐GLA protein), which was increased over the normal
range by some 82.5% with elevated PIVKA‐II values 3.81.4–12.4 ng/ml, reference value <2 ng/
ml. [72]. Elevated dp‐ucMGP levels suggest insufficient vitamin K2 levels on the vascular site,
while high ucOC reflects insufficient vitamin K2 on bone or osseous sites.

A 6 weeks randomized controlled trial on hemodialysis patients evaluated the response of
biomarkers of vitamin K status (dp‐ucMGP, PIVKA‐II and ucOC) to the ingestion of 45, 135,
360 μg/day of MK‐7. The study confirmed that most patients displayed a functional deficiency
at baseline, and that MK‐7 supplementation decreased dp‐ucMGP and PIVKA‐II. However,
only the highest doses brought about a significant decrease in ucOC [73].

In osteoporosis, the main treatment aims at inhibiting osteoclastic bone resorption. The
osteoclast and osteoblast are functionally tightly coupled, and the mechanism of this reciprocal
link is now very well known. By the discovery of MK‐7, which is able to play a role in the
prevention of bone loss from most sites of the skeleton, there is hope for efficient treatment.
MK‐7 has been shown to stimulate osteoblastic bone formation, as well as suppressing
osteoclastic bone resorption in vitro and in humans, as showed by Knapen et al. [57]. MK‐7
suppresses the activation of NF‐κB signaling pathways in both osteoblasts and osteoclasts.
These treatments have not yet been enrolled side by side with vitamin D analogs in CKD
patients. Unfortunately, vitamin K2 is rare in Western diets, but in CKD patients, vitamin K2
levels are very low due to recommended restriction of potassium and phosphate in the diet.

New trials enrolling CKD and chronic dialysis patients treated with MK‐7 supplementation
are presently being conducted to fully evaluate the effect of MK‐7 on atherosclerosis and bone
mineral density.
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8. Conclusion

In the near future, the dose, bioavailability and potency of the vitamin K2 subfamily member
menaquinone MK‐7, will most probably make it possible to improve on the bone building
process, yielding enhanced bone strength and resilience in several bone‐losing patient
categories, such as those suffering from osteoporosis of different etiologies, and patients
presenting with low bone mass (osteopenia).
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Abstract

The impact of nutritional signals plays an important role in systemic-based «models» of 
dental caries. Present hypotheses now focus both on the oral environment and other organs, 
like the nervous system and brain. The tooth is subjected to shear forces, nourishing and 
cleansing, and its present “support system” (the hypothalamus/parotid axis) relays endo-
crine signaling to the parotid gland. Sugar consumption enhances hypothalamic oxidative 
stress (ROS), reversing dentinal fluid flow, thus creating an enhanced vulnerability to the 
oral bacterial flora. The acid, produced by the oral bacterial flora, then leads to erosion of the 
dentine, and an irreversible loss of dental enamel layers. This attack brings about inflam-
matory responses, yielding metalloproteinase-based “dissolution”. However, vitamin K2 
(i.e. MK-4/MK-7) may come to the rescue with its antioxidant property, locally (mouth 
cavity) or systemically (via the brain), thus sustaining/preserving hormone-induced den-
tinal fluid flow (encompassing oxidative stress) and boosting/magnifying bodily inflam-
matory responses. However, sugars may also reduce the tooth’s natural defences through 
endocrine signaling, thus enhancing acid-supported enamel dentine erosion. Vitamin K2 
sustains and improves the salivary buffering capacity via its impact on the secretion/flow of 
calcium and inorganic phosphates. Interestingly, primitive cultures’ diets (low-sugar and 
high-K2 diets) preserve dental health.
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1. Introduction

The “perfect” and healthy tooth is properly designed to cope with the rough environment 
in the oral cavity, since virtually cleanses itself in an inside-out manner. Dental caries is sup-
posed to be a result of the phenomenon that a tooth’s fluid flow has been halted or even 
reversed, thus compromising tooth’s defense system. It is well known that the local enamel 
demineralization process, aided by bacterial acid, is vastly stimulated by nutritional condi-
tions, specifically by today’s refined carbohydrates (sucrose and corn syrup = free glucose + 
fructose). Hence, the ensuing process renders the tooth vulnerable, and part of this process 
begins in the hypothalamus, resulting in alterations of the fluid flow passing through the den-
tine layer [1]. Not to forget: in this context, nutritional phenomena play very important roles 
(both systemically and locally).

In the aftermath of acid-induced enamel demineralization of the breakdown of the dentin 
layer is accomplished by the body’s own matrix metalloproteinase (MMP) enzymes [2, 3], 
a process which follows as a result of an untoward and galloping inflammatory response to 
an enhanced acid secretion. The present caries process begins as a more or less dormant, but 
reversible inflammation (“dentinitis”), while developing into a nonreversible dentin phase of 
caries after a while. This biological phenomenon is very much like reversible versus irrevers-
ible pulpitis and the terms gingivitis and periodontitis, while referring to the periodontium 
only [4].

However, there is a consensus that the process of dental caries recognization is multifacto-
rial, as well as systemically based. It may not be sufficient to decrease the detrimental process 
rendered by the sugar intake with the ensuing enhancement of bacterial number and strains, 
but also boost the body’s defense mechanisms with an antioxidant-rich diet that may be com-
posed of fruits and vegetables, as well as vitamin K2.

Some research reports document that vitamin K2 can assist in significantly reducing dental 
caries [5, 6]. A larger body of research, however, is necessary in order to establish the mode, 
by which this vitamin may augment local defense mechanisms by altering saliva composition, 
while also systemically, via influencing the hypothalamus, as well as endocrine aspects of the 
parotid gland.

This concept of systemically delivered impact underscores an important shift in paradigm, 
from a traditional ‘acid theory’ explaining the development of dental caries that carries 
a plethora of implications for the prevention of dental decay in the future. Furthermore, 
it will necessary to document, via the mechanism of action of vitamin K2, how this small 
molecule affects gene regulation of the intimate play of osteoblast- and osteoclast-like 
cells in the organ layers constituting developing and full-frown teeth. The present chap-
ter attempts to create a synthesis of current knowledge and recent research reports and 
ongoing research projects, with the intention of shedding new light on the impact of K2 
on dental health.
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2. Backing of a new concept

2.1. Oral and systemic stress responses with common denominators

The definition of the stress concept dates back some 60–70 years [7]. It was meant to feature 
the process of how irritants caused a bodily reaction, and how the body dealt with it. If a 
stressor was defined as local, e.g. acid-induced enamel demineralization or irritation of the 
periodontal tissues by plaques, the body might provoke a specific, but local reaction. This 
would be controlled inflammatory responses that will remain similar throughout the entire 
body. Hence, they are defined as “local adaptation syndromes” (LAS). In the dentin of a tooth, 
“dentinitis” represents this local inflammatory response.

A focal reaction is often mild, but resides rather quickly. However, this limited response may 
develop into a systemic and an exaggerated variant, thus “threatening” the entire body via 
the endocrine system. The present response is named “GAS” (“general adaption syndrome”), 
because its “attack” on the organism pretty much resembles the systemic type reaction, even 
though it represents a local type of stress reaction [7]. The hypothalamus/pituitary/adrenal 
axis serves as the mechanism in charge of the body’s general, untoward reactions.

The essence of the problem resides with the ingestion of refined carbohydrates (i.e., mono and 
disaccharides in particular) that locally escalate the growth of microorganisms within the oral cav-
ity and their production of acid. This inflammation causes a rapid loss of minerals, such as dental 
enamel, and it is named “dentinitis” and serves as a local adaptation, being a part of an LAS.

However, subsequent to this local reaction, small-molecular sugar entities (like sucrose, glucose, 
and fructose) exert a major impact on the body, when absorbed. Blood-sugar spikes are therefore 
counteracted by emerging dentinal fluid flows through the tooth by coordinated signals emanat-
ing from the hypothalamus. This adaptation (GAS) is chiefly endocrine, and affects the entire body. 
Hence, the present hypothalamic-parotid axis serves as the endocrine axis that is instrumental in 
maintaining the dental health [8]. The essence of it is the following: local irritation is magnified in the 
presence of a GAS response [7, 9]. Sugar molecules (mostly monosaccharides), with their marked 
effect on the whole organism, magnifies the local acid attack by triggering the GAS response. As 
a consequence, the tooth is rendered more vulnerable to the acid exposure [1], whether the acid 
is produced from sugar entities (via bacteria) or comes from various carboxylic acids in the diet.

2.2. How the tooth develops caries

The tooth is fed by the alimentary elements delivered by fluid flow through the dentin which 
may be halted or reversed, when impacted by a systemic stressor, like excessive sugar intake 
[10, 11]. This allows bacteria in the oral cavity to attach to the tooth, where they enhance the 
local concentration of acid, leading to the well-known demineralization of the enamel sur-
face. Consequently, the flow of fluid through the tooth is enhanced by parotid hormone [8]. 
The secretion of parotid hormone, as well as the secretion of insulin [12, 13] is regulated by 
the hypothalamus, influencing GAS, and eventually affecting the adrenal glands. Finally, 
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a normal inflammatory reaction (LAS) occurs with a corresponding enhanced metabolism, 
i.e., (1) an increase in reactive oxygen species (ROS) production, and (2) activation of MMP’s 
(e.g., collagenase). Normally, tissue inhibitors of metalloproteinases (TIMP’s) serve to neutral-
ize activated MMP’s, when the body has regained its control over the inflammatory process. 
Antioxidants aid in the control inflammation by hampering an ROS activity, thus minimiz-
ing the necessity for stimulating MMP activation. It is known that optimal nutrition exerts an 
important role in this process. Temporary challenges are followingly managed by the damp-
ening inflammation known to cause reversible state, while healing may occur. This process is 
called dentinitis [14, 15]. Excessive irritability leads to galloping inflammatory processes that 
are mainly irreversible in the tooth and recognized in the dentin by the name of caries.

2.3. A systemic approach and the impact of oxidation control

The systemic “angle” of caries may be construed as a link to diabetes mellitus. When enhanced 
blood glucose is registered in the hypothalamus, the production of free radicals like “reactive 
oxygen species (ROS)” is enhanced. These molecules serve as a warning signal for the hypo-
thalamic gland to down-regulate the secretion of parotid hormone, while simultaneously 
upregulating the insulin secretion. Antioxidant loading has since long been known to manage 
the glucose-induced free radical storm sweeping the hypothalamic gland [16].

Antioxidants counteract the detrimental effects of the free radical damage, as shown in the 
so-called Asian Paradox, where heavy cigarette smoking is paralleled with reduced rates of 
coronary disease and cancer amongst consumers of green tea [17–19] that is famous for its 
antioxidant properties. However, along with the fact that systemically administered antioxi-
dant effects of green tea reduce the incident of dental caries, vitamin K2 may prove to be an 
even more potent antioxidant [20–24].

2.4. A summary of the features of vitamin K2

Vitamin K2 is known as menaquinones, while vitamin K1 is phylloquinone. The quinones dis-
play oxygen-containing ring structures that render them suitable for the transport of electrons 
[25–27]. K2 was added to the vitamin K category of molecules, since it may be produced in the 
body from K1 [28]. K1 is deemed essential to blood clotting, and accordingly, our body has 
“invented” modes to recycle K1 for repeated use. Hence, it has rendered itself less dependent 
on a constant dietary intake of K1.

Vitamin K2 takes several forms that are linked to the structure of their side chains (e.g., MK4 
and MK7). While MK4 is the form produced by our bodies produced from K1, supplemental 
MK4 is entirely synthetic. MK7 is a (more) biologically active form that entertains a longer 
half-life. Therefore, it is often the preferred or recommended supplement [29], especially in 
the treatment of osteoporosis and untoward soft tissue calcifications (ref).

Vitamin K2 is bounded to the transcription factor SXR/PXR (ref) and may serve as a cofactor 
of vitamin K dependent carboxylases. This enzyme, when associating with vitamin K2, will 
change the structure of proteins by the process of gamma-carboxylation, or the SXR/PXR-
vitamin K2 complex may work to enhance the expression of a set of genes that are responsive 
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to the presence of vitamin K2 (ref). Some examples of these processes are osteocalcin, located 
in bones and teeth, and matrix GLA protein expressed in cardiovascular (i.e., soft) tissues. 
Both of these protein structures require the vitamins A and D, as well as vitamin K2 for their 
production [30, ref]. The carboxylation of osteocalcin by vitamin K2 allows it to attract and 
retain calcium that is good for bones [31, 32]. The “opposite” process is observed in cardio-
vascular (i.e., soft) tissues, since matrix GLA proteins allow for calcium to be deposited in 
arteries, when uncarboxylated, but shed or blocks the “entry” of calcium, when carboxylated 
with the assistance of sufficient vitamin K2 [33–35].

Dietary K2 is processed in the liver and released into the circulation via high and low density 
lipoproteins that make them readily available for uptake into extrahepatic tissues [36–38]. 
Fermented foods such as cheese have significantly higher levels of K2 than milk. The higher 
levels are obtained from bacterial sources. Natto (which is fermented soy) is, without any 
doubt the more potent source of vitamin K2 [30]. Most K2 supplements are cultured from 
natto; however, synthetic products with unsurpassed bioavailability and stability are now to 
be available in the market.

Menaquinones are taken up and stored in several tissues throughout the body. Some of the 
highest concentrations to be found are in the pancreas and the salivary glands [39]. Hence, it 
can be construed that there exists a close relationship between both of these exocrine/endo-
crine glands through the hypothalamus. High levels of vitamin K2 are also located in the 
brain, heart, and bone [40, 41] which definitely is of significance for many disease states, 
including dental caries, which has been shown to be associated with oxidative stress [6, 24].

2.5. How dental tissue is nourished

Saliva brings nutrients from the outside of the tooth directly to the inside [42]. The fluid holds 
active ingredients, like minerals and enzymes, as well as buffering agents. The free cytosolic 
calcium levels sustain the more important or critical role in the signaling potential of the 
salivary glands’ contents [43–45]. Taken calcium’s dependency on vitamin K2–assisted car-
boxylation related to osteocalcin and matrix GLA proteins for granted, findings to come may 
reveal that vitamin K2 exerts an impact on salivary signaling and composition and activation 
potency. Since long, one has known that insulin [46] and the exocrine secretions of the pan-
creas [47] are partially dependent on the presence of vitamin K2.

Furthermore, saliva serves as an important player in the maintenance of proper mineraliza-
tion of the teeth’s enamel. The saliva buffers demineralization seen with acid-induced mineral 
dissolution, and it delivers building blocks for remineralization “on request.” The optimal pH 
for tooth health is variable [48], and is more related to saliva composition and flow. However, 
it is yet not known how saliva is connected to vitamin K2, but it has been associated with its 
contents of the pH-buffering inorganic phosphate, decreasing the counts of lactobacilli in the 
oral cavity [5].

Some types of cheese have been asserted to display anticariogenic properties [49], and this is 
due to its contents of fermented bacteria that produce higher amount of vitamin K2 [30, 50]. 
This favorable feature would serve as a source of systemically located vitamin K2, rather than 
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to the presence of vitamin K2 (ref). Some examples of these processes are osteocalcin, located 
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Both of these protein structures require the vitamins A and D, as well as vitamin K2 for their 
production [30, ref]. The carboxylation of osteocalcin by vitamin K2 allows it to attract and 
retain calcium that is good for bones [31, 32]. The “opposite” process is observed in cardio-
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This favorable feature would serve as a source of systemically located vitamin K2, rather than 
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locally delivered. However, there is also a possibility that vitamin K2 is absorbed across the 
mucous membranes of the oral cavity. Quite successfully, one has applied ubiquinone topi-
cally to subdue periodontal inflammation induced by controlled oxidative stress [51].

Vitamin K2’s effect on the tooth’s outer surface can be seen via its impact on saliva component 
distribution. This secondary prevention, i.e., the “remineralization success” is mainly relying 
on whether the saliva composition is altered in order to produce a so-called facilitating “rem-
ineralization microenvironment.”

2.6. Interpretation of “historical” data collected by Price

The famous set of data, collected by Price, when visiting groups of primitive cultures from 
different parts of the world, should be well known to vitamin K2 enthusiasts. Some groups 
visited were still primitive as to their alimentation culture and customs, while other groups 
and subgroups had adapted to modern civilized diets and ways of living.

Price subsequently analyzed food samples from these groups. And, with little deviation, he 
registered that the “primitive diets” were high in vitamins A and D, along with factor named 
“Activator X”. This particular ingredient could be retrieved from butter by grass fed animals 
[5]. He launched the idea that it was a fat soluble nutrient that has now been identified as or 
linked to menaquinones, vitamin K2 [6].

3. Evaluation of “the” hypothesis

3.1. The support of a systemic theory of dental caries and K2 as a critical component

The “old” theory of dental health, called the ‘acid theory,’ has been linked to the oral envi-
ronment as an isolated and unique process, involving the bacteria-acid axis, as it is the only 
cause-effect relationship.

The systemic version or theory of dental caries acknowledges the effect of refined carbohy-
drates on oral cavity through the impact of the hypothalamus and the endocrine system. 
Earlier, free radicals like ROS, typically having been construed as “exhaust energy” from 
mitochondria. However, they are now thought of as “critical signals,” conveyed to the hypothalamus 

in order to influence the secretion of hormones, like parotid hormone and insulin. The major task to be 

undertaken now is: find which nutrients optimally affect the hypothalamus and which would maintain 

the centrifugal fluid flow through the teeth. Antioxidants such as EGCG of green tea have proven 
effective. Vitamin K2, however, may serve as a more potent nutrient.

3.2. What we hope to learn from Dr. Price’s discovery

The exocrine functions of the salivary glands, i.e., the composition of the saliva, are nutri-
tionally related. As for the prevention of dental caries, optimum nutrition with fat soluble 
vitamins like K2 may serve as much more significant factor, than the role of traditional dental 
recommendations which goes like this: Eat less sugar to minimize the production of bacterial acids 
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in the oral cavity. Dental disease will be construed and recognized as an inflammation related 
degenerative lifestyle disease in line with cardiovascular incidents, as well as with bone brit-
tleness (osteoporosis) and diabetes mellitus.

4. Some recent articles “establishing” the vitamin K2 effect on teeth

It has been reported that vitamin D3 acts synergistically with vitamin K2 to prevent bone loss. A 
recent study evaluated the impact of vitamin K2 and vitamin D3, as an alimentary supplement in 
conjunction with scaling and root planning; SRP, as conventional periodontal, on gingival expres-
sion of the interleukins IL-1β and IL-10, serum bone-specific alkaline phosphatase (B-ALP), as 
well as tartrate-resistant acid phosphatase (TRAP, subtype 5b), and the steady state levels of alve-
olar bone calcium in rats subjected to experimentally provoked periodontitis. Alveolar bone mass 
in the periodontitis group was markedly larger than the ones in the other experimental groups. 
No significant differences were seen in the gingival contents of IL-1β and IL-10, blood B-ALP, 
TRAP-5b, and calcium, nor in alveolar bone mass between the groups receiving SRP and vita-
mins, and the experimental group receiving SRP alone. Furthermore, vitamin D3 and K2 alone, or 
combined, failed to affect gingival levels ofIL-1β and IL-10, as well as blood B-ALP and TRAP-5b, 
or the alveolar bone mass, as compared with traditional periodontal treatment per se [52].

Mesenchymal stem cells have often been used for tissue engineering in regenerative medi-
cine. The present application focused on the features of stem cells obtained from human exfo-
liated deciduous teeth (SHED) in comparison with dental pulp stem cells (DPSCs) and bone 
marrow-derived mesenchymal stem cells (BMMSCs). Cells retrieved from various sources 
displayed MSC characteristics (i.e., fibroblastic morphology and MSC markers). Their growth 
rate markedly elevated, as compared with that of DPSCs and BMMSCs. Furthermore, it was 
demonstrated that some 4400 genes altered their expression by a factor of 2.0 or more. A 
higher gene expression in SHED was witnessed for genes participating in reaction pathways 
such as “cell proliferation” and “extracellular matrix” [53].

Enhancement of intracellular Ca2+ concentrations is a feature commonly seen during the differen-
tiation period of stem cells. The transient receptor potential melastatin 4 (TRPM4) serves as one 
of many ion channels controlling the Ca2+ signals in both excitable and nonexcitable cells. Nelson 
et al. [54] characterized TRPM4 in dental follicle stem cells (DFSCs) of the rat, and defined its 
impact on Ca2+ mediated signaling in the differentiation process. ShRNA-mediated suppression 
of TRPM4 decreased the channel activity, resulting in cell proliferation during osteogenesis, with 
a concomitantly augmented mineralization. Whole genome microarray analysis revealed that a 
plethora of genes, being associated with both vitamin K2 and SXR = PXR = NR1/2, were affected 
by TRPM4 during DFSC differentiation. These observations indicate that TRPM4 inhibit osteo-
genesis. The information provided suggests a link between the Ca2+ signaling pattern and gene 
expression during the differentiation process, including a recognizable influence of vitamin K2.

Wnt signaling pathways are now heavily linked to bone biology [55]. In the present review, 
recent advances in how Wnt/Lrp5-mediated signaling modulates osteoblast and osteocyte 
functioning, introduce new players in the Wnt signaling pathways, proving to play important 
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The exocrine functions of the salivary glands, i.e., the composition of the saliva, are nutri-
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in the oral cavity. Dental disease will be construed and recognized as an inflammation related 
degenerative lifestyle disease in line with cardiovascular incidents, as well as with bone brit-
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4. Some recent articles “establishing” the vitamin K2 effect on teeth

It has been reported that vitamin D3 acts synergistically with vitamin K2 to prevent bone loss. A 
recent study evaluated the impact of vitamin K2 and vitamin D3, as an alimentary supplement in 
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sion of the interleukins IL-1β and IL-10, serum bone-specific alkaline phosphatase (B-ALP), as 
well as tartrate-resistant acid phosphatase (TRAP, subtype 5b), and the steady state levels of alve-
olar bone calcium in rats subjected to experimentally provoked periodontitis. Alveolar bone mass 
in the periodontitis group was markedly larger than the ones in the other experimental groups. 
No significant differences were seen in the gingival contents of IL-1β and IL-10, blood B-ALP, 
TRAP-5b, and calcium, nor in alveolar bone mass between the groups receiving SRP and vita-
mins, and the experimental group receiving SRP alone. Furthermore, vitamin D3 and K2 alone, or 
combined, failed to affect gingival levels ofIL-1β and IL-10, as well as blood B-ALP and TRAP-5b, 
or the alveolar bone mass, as compared with traditional periodontal treatment per se [52].

Mesenchymal stem cells have often been used for tissue engineering in regenerative medi-
cine. The present application focused on the features of stem cells obtained from human exfo-
liated deciduous teeth (SHED) in comparison with dental pulp stem cells (DPSCs) and bone 
marrow-derived mesenchymal stem cells (BMMSCs). Cells retrieved from various sources 
displayed MSC characteristics (i.e., fibroblastic morphology and MSC markers). Their growth 
rate markedly elevated, as compared with that of DPSCs and BMMSCs. Furthermore, it was 
demonstrated that some 4400 genes altered their expression by a factor of 2.0 or more. A 
higher gene expression in SHED was witnessed for genes participating in reaction pathways 
such as “cell proliferation” and “extracellular matrix” [53].

Enhancement of intracellular Ca2+ concentrations is a feature commonly seen during the differen-
tiation period of stem cells. The transient receptor potential melastatin 4 (TRPM4) serves as one 
of many ion channels controlling the Ca2+ signals in both excitable and nonexcitable cells. Nelson 
et al. [54] characterized TRPM4 in dental follicle stem cells (DFSCs) of the rat, and defined its 
impact on Ca2+ mediated signaling in the differentiation process. ShRNA-mediated suppression 
of TRPM4 decreased the channel activity, resulting in cell proliferation during osteogenesis, with 
a concomitantly augmented mineralization. Whole genome microarray analysis revealed that a 
plethora of genes, being associated with both vitamin K2 and SXR = PXR = NR1/2, were affected 
by TRPM4 during DFSC differentiation. These observations indicate that TRPM4 inhibit osteo-
genesis. The information provided suggests a link between the Ca2+ signaling pattern and gene 
expression during the differentiation process, including a recognizable influence of vitamin K2.

Wnt signaling pathways are now heavily linked to bone biology [55]. In the present review, 
recent advances in how Wnt/Lrp5-mediated signaling modulates osteoblast and osteocyte 
functioning, introduce new players in the Wnt signaling pathways, proving to play important 
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roles in bone development. Here, emerging areas of Wnt signaling in osteoclastogenesis are 
discussed, as well as the progress made in translating basic studies to clinical therapeutics and 
diagnostics centered around inhibiting Wnt pathway antagonists. These are sclerostin, Dkk1, 
and Sfrp1. In a recent study, (unpublished data) Osmundsen and coworkers have shown that 
vitamin K2 affects the Wnt system by modulating the expression of DKK1 (a Wnt inhibitor) 
during the development of teeth in developing molar teeth of the mouse.

Another report aims to reveal the biological and physicochemical features of MTA = min-
eral trioxide aggregate, related to its potency in eliciting reparative dentinogenesis. In com-
parison with calcium hydroxide-based materials, MTA is more efficient. It has been asserted 
that the action of MTA is associated with natural wound healing processes of exposed pulps, 
even though MTA may also stimulate matrix formation and its mineralization in vitro. 
Physicochemical analyses have shown that MTA may also interact with phosphate-contain-
ing fluids to precipitate apatite crystals. Furthermore, MTA shows better sealing ability and 
maintains structural stability, however [56].

Congenital diseases of tooth roots (e.g., developmental abnormalities of short and thin roots) 
may lead to tooth loss [57]. Recently, studies have shown that Osterix (Osx), serving as an 
important transcriptional factor, along with Runx1, Runx2, SP1, and SP3 [58], all participat-
ing in osteogenesis and odontogenesis, is thought to play a vital role underlying the mecha-
nisms that determine the developmental differences between the root and the crown. During 
tooth development, Osx, particularly in odontoblasts and cementoblasts, promote and sustain 
their differentiation as well as and mineralization. Additionally, site-specific roles of Osx in 
the formation of tooth root have been established. Hence, Osx is construed as a promoter of 
odontoblast and cementoblast differentiation, as well as a factor determining root elongation. 
Research featuring mechanistic properties of teeth delineates a regulatory network involving 
Osx expression which is controllable via either BMP-signaling or Runx2-expression, pointing 
to a feasible way of promoting/sustaining Osx expression experimentally [59].

Calcium hydroxide Ca(OH)2 has been extensively used in the dentistry; however, its mecha-
nism of action remains unclear. Unraveling its modes of action will provide a broader under-
standing of the mechanisms associated with the induced dentinogenesis, as well as helping 
to optimize currently available treatment modalities to ensure specific regenerative processes 
of tooth preservation. A compilation of articles on “mechanisms of dentinogenesis involving 
calcium hydroxide” is featured in this paper, and recommendations related to dentinogenic 
mechanisms of Ca(OH)2 range from direct irritating action by the material to induction of 
release of biologically active molecules, like fibronectin, BMPs (bone morphogenic proteins) 
like BMP-4 and BMP-7, TGFs (transforming growth factors) like TGFβ, IGFs (insulin-like 
growth factors), antiinflammatory interleukins, alkaline phosphatase (ALP), and others [60]. 
It is well known that a plethora of these factors are encoded by genes that are sensitive to the 
impact of vitamin K2 (via the transcription factor SXR = PXR = NR1/2), as well as the vitamin 
A (RXR) and vitamin D (VDR) receptors [61].

The extracellular matrix (ECM) provides physical support for various tissues. However, it 
also contributes to the development of same, their homeostasis, and prevention of disease. 
More than some 200–300 ECM molecules are listed as comprising the “core matrisome” in 
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mammals, based on analyses of whole genome sequences, and during the course of tooth 
development and growth, the structure-function relationship of the ECM is altered dynami-
cally. In early phases, the basement membranes (BMs) separate into two cell layers of the 
dental epithelium and the mesenchyme. These matrix proteins are instrumental in cell func-
tions like adhesion, polarity, as well as differentiation and mineralization of the enamel and 
dentin matrices [62, 63].

Interestingly, several of the genes known to be important in tooth development, referred to 
in the present paragraphs, can be retrieved as SXR and/or vitamin K2-sensitive, or as shown 
by Osmundsen and coworkers (personal communication), and tabulated underneath in: 
“Summary of information obtained from the microarray analyses.”

5. Effects of mandibular injection of MK-7 on gene expression in the 
developing molar tooth

5.1. Methods

As an initial experiment, new born (at P1) Balb C mice were given 10 μl intra-mandibular 
injections of MK-7 (0.2, 2, and 10 mg/kg body-wt., dissolved in corn oil). The control mice 
were injected with vehicle only.

At 24 hours postinjection, the pups were killed and first right-hand side molar tooth germs 
were removed and transferred into RNA-Later solution.

Total RNAs were isolated from individual tooth germs and used for analysis of gene expres-
sion using deoxyoligonucleotides microarrays and real-time RT-PCR using the RNeasy Mini 
Kit. The quality of isolated RNA was monitored using the Agilent Bioanalyzer. RNA was 
isolated from three separate batches of tooth germs (three tooth germs per batch).

6. Results

Results from all dosages used suggested that numerous genes exhibited significantly altered 
expression. At this stage, results from pups given 2mg/kg have been more extensively analyzed.

These data results suggested that 281 genes were differentially expressed (p < 0.05), with 
changes in expression ranging from about 5- (Minpp1, Pdzd2) to about 0.05-fold (Zfp485, 
Slc2a5). Bioinformatics analysis (using Ingenuity Pathways Analysis) suggested that a major 
fraction of the observed changes in gene expression was associated with “cell death,” the 
data suggesting a highly significant association to decreased apoptosis. This is likely medi-
ated via altered expression of genes associated with regulation of metabolic substrates being 
converted to polyamine, retinoic acid-dependent regulation of apoptosis regulation (three 
genes), and altered osteoclast and osteoblast signaling (six genes). Several genes involved 
in synthesis of complex carbohydrates e.g., proteoglycans, heparin sulphate of chondroitin 
sulphate b, were upregulated.
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Results from all dosages used suggested that numerous genes exhibited significantly altered 
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fraction of the observed changes in gene expression was associated with “cell death,” the 
data suggesting a highly significant association to decreased apoptosis. This is likely medi-
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Interestingly, also some genes related to enamel/dentine biosynthesis exhibited differential 
expression (e.g., Amelx, Ambn but not Enam). Microarray results were validated by real-
time RT-PCR. Transcription factor analysis (using Ingenuity Pathways Analysis) suggested 
significant associations to the increased transcriptional activity of Myc (measured as changes 
in expression of Hspd1, Ctnnb1, Dkk1, and Psmb8 being in line with the predicted change). 
The downregulation of Dkk1 is interesting as denosumab treatment results in reduced Dkk1 
level. Further, high Dkk1 levels have been associated with increased bone loss.

The data also suggested highly significant associations to decreased apoptosis. This is likely medi-
ated via altered significant associations to polyamine regulation (three genes), altered retinoic, 
acid apoptotic regulation (three genes), and altered osteoclast and osteoblast signaling (six genes).

7. Conclusions

The results are based on the measurements from independent biological triplicates and there-
fore suggestive of effects of MK-7 on gene expression during the tooth development. A clear 
effect on gene expression was apparent also at a dosage of 0.2 mg/kg body weight. The results 
indicate increased transcription of genes involved in development of bone (increased biosyn-
thesis of important carbohydrates) and of enamel/dentin.

Further investigations are, however, required to elucidate these findings. Such experiments 
will likely entail the establishment of a clear dose-response relationship as well as of a time-
course of action. Also, effects of oral administration should be studied.

Summary of information obtained from the microarray analyses

Gene name Description of function: General and bone-related References

Lmcd1 Transcriptional cofactor restricting GATA6 and GATA4 functioning by inhibiting 

DNA-binding:
Gata6 and Gata4 are transcription factors shown to be involved in TGFβ- and 
estrogen-mediated regulation of gene expression in osteoblasts, and thus bone 
mineralization to hamper the development of brittleness.

Int J Biochem 

Cell Biol. 2013 

Mar;45(3):696–705.

J Bone Miner Res. 2014 

Dec;29(12):2676-87.

J Cell Physiol. 2013 

Jul;228(7):1594–600.

Dmxl2 Protein involved in many functions including participation in signal transduction 

pathways, such as Notch signaling:

NOTCH signaling in BMSCs (bone marrow stromal/stem cells) is required 
for fracture repair performed by mature osteoblastic cells.

J Biol Chem. 2010 Nov 

5;285(45):34757–64.

J Clin Invest. 2016 Mar 

7. pii: 80672.

Abcb4 The membrane-associated protein encoded by this gene is a member of the 

superfamily of ATP-binding cassette (ABC) transporters. ABC proteins transport 

various molecules across extra- and intra-cellular membranes. The gene is heavily 

involved in a plethora of liver functions:

In experimental animals, i.e., Abcb4 (-/-) mice with hepatic osteodystrophy, 
serum RANKL and TGFβ-levels were augmented, resulting in an excess bone 
resorption rate, probably due to a dysregulation of genes like osteoprotegerin, 
osteocalcin, and osteopontin, as well as vitamin D metabolism.

Bone. 2013 

Aug;55(2):501–11. 

doi: 10.1016/j.

bone.2013.03.012.
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Slc12a6 This gene is a member of the K-Cl cotransporter (KCC) family. K-Cl cotransporters 

are integral membrane proteins that lower intracellular chloride concentrations 

below the electrochemical equilibrium potential:

Human osteoblasts express functional K-Cl cotransporters in their cell 
membrane that seems to be able to induce activation of volume-sensitive 
channels by KCl, necessary for normal osteoblast membrane currents, and 
thus secretory functions.

Am J Physiol Cell 

Physiol. 2003 

Jul;285(1):C22–30.

Mta1 Transcriptional coregulator that can act as both a transcriptional corepressor and 

coactivator, and stimulates the expression of WNT1 by inhibiting the expression of 

its transcriptional corepressor, SIX3:

Hypoxia-induced MTA1 (via HIF-1α) stimulates growth (and inhibits 
differentiation) of osteoblastic (MC3T3) cells which is deemed important in 
the process of fracture healing.

Eur J Med Res. 2015 

Feb 3;20:10.

Pou3f3 This gene encodes a POU-domain containing protein that functions as a 

transcription factor. The encoded protein recognizes an octamer sequence in the 

DNA of target genes. This protein may play a role in development of the nervous 

system:

However, it was recently shown that this gene normally upregulates the 
genes of the Dlx-familiy (Dlx1, 2, 5, 6), as well as downstream genes like 
Gbx2, is involved in the patterning of the mammalian jaw.

Development. 2008 

Sep;135(17):2905–16.

Dio2 This gene belongs to the iodothyronine deiodinase family. It activates thyroid 

hormone by converting the prohormone thyroxine (T4) by deiodination to bioactive 

3,3',5-triiodothyronine (T3). It is highly expressed in the thyroid, but is known to be 

expressed many other peripheral tissues:

Cold exposure (in Misty mice) compensates for BAT (brown adipose 
tissue) dysfunction by increasing the expression of Acadl, Pgc1a, Dio2, 
and other thermogenic genes, by altering the expression of osseous Runx2 
and Rankl.
Genes upregulated by BMP-7 showed a strong enrichment for established 
osteogenic marker genes, and several others (MFI2, HAS3, ADAMTS9, 
HEY1, DIO2 and FGFR3) in osteoblasts. Furthermore, for DIO2 seems to 
impact osteoblastic differentiation.
Outer ring deiodination (ORD) activity was seen in bone extracts of whole 
skeleton, bone marrow, and MC3T3-E1 osteoblasts. [1,25(OH)2VD]-treatment 
induced D2 activity, while estradiol, PTH, forskolin, leptin, TNFα, TGFβ, 
and dexamethasone did not.

J Bone Miner Res. 2013 

Sep;28(9):1885-97. doi: 

10.1002/jbmr.1943.

Bone. 2009 

Jul;45(1):27–41. 

doi: 10.1016/j.

bone.2009.03.656. Epub 

2009 Mar 21.

Endocrinology. 2005 

Jan;146(1):195–200. 

Epub 2004 Oct 7

Camk4 Camk4 is a member of he serine/threonine protein kinase (PK) family, and the Ca
2+ 

calmodulin-dependent protein kinase subfamily. It serves as a multifunctional 

serine-threonine protein kinase, and has been implicated in transcriptional control of 

lymphocytes, neurons, as well as male germ cells:

Silencing of CaMK1β obliterates the proliferation ability of osteoblasts, as 
well as expression of c-Fos. However, this does not influence the skeleton 
markersRunx2, Osterix, and/or Osteocalcin.
CaMKs activate pathways mediated by CREB and NFATc1. Inhibition of 
CaMKs obliterates CREB phosphorylation, lowering c-Fos, and NFATc1 
expression, and thus osteoclastogenesis activated by NF-κB ligand 
(RANKL).
Finally, BMP-receptor signaling in stem cells from human exfoliated 
deciduous (SHED) teeth enhances the expression of genes like BMP-4, 
Runx2, as well as DSPP.

Bone. 2008 

Oct;43(4):700–7.

Nat Med. 2006 

Dec;12(12):1410–6. 

Epub 2006 Nov 26

J Endod. 2011 

Dec;37(12):1647–52. 

doi: 10.1016/j.

joen.2011.08.023. Epub 

2011 Oct 6.
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Interestingly, also some genes related to enamel/dentine biosynthesis exhibited differential 
expression (e.g., Amelx, Ambn but not Enam). Microarray results were validated by real-
time RT-PCR. Transcription factor analysis (using Ingenuity Pathways Analysis) suggested 
significant associations to the increased transcriptional activity of Myc (measured as changes 
in expression of Hspd1, Ctnnb1, Dkk1, and Psmb8 being in line with the predicted change). 
The downregulation of Dkk1 is interesting as denosumab treatment results in reduced Dkk1 
level. Further, high Dkk1 levels have been associated with increased bone loss.

The data also suggested highly significant associations to decreased apoptosis. This is likely medi-
ated via altered significant associations to polyamine regulation (three genes), altered retinoic, 
acid apoptotic regulation (three genes), and altered osteoclast and osteoblast signaling (six genes).

7. Conclusions

The results are based on the measurements from independent biological triplicates and there-
fore suggestive of effects of MK-7 on gene expression during the tooth development. A clear 
effect on gene expression was apparent also at a dosage of 0.2 mg/kg body weight. The results 
indicate increased transcription of genes involved in development of bone (increased biosyn-
thesis of important carbohydrates) and of enamel/dentin.

Further investigations are, however, required to elucidate these findings. Such experiments 
will likely entail the establishment of a clear dose-response relationship as well as of a time-
course of action. Also, effects of oral administration should be studied.

Summary of information obtained from the microarray analyses

Gene name Description of function: General and bone-related References

Lmcd1 Transcriptional cofactor restricting GATA6 and GATA4 functioning by inhibiting 

DNA-binding:
Gata6 and Gata4 are transcription factors shown to be involved in TGFβ- and 
estrogen-mediated regulation of gene expression in osteoblasts, and thus bone 
mineralization to hamper the development of brittleness.

Int J Biochem 

Cell Biol. 2013 

Mar;45(3):696–705.

J Bone Miner Res. 2014 

Dec;29(12):2676-87.

J Cell Physiol. 2013 

Jul;228(7):1594–600.

Dmxl2 Protein involved in many functions including participation in signal transduction 

pathways, such as Notch signaling:

NOTCH signaling in BMSCs (bone marrow stromal/stem cells) is required 
for fracture repair performed by mature osteoblastic cells.

J Biol Chem. 2010 Nov 

5;285(45):34757–64.

J Clin Invest. 2016 Mar 

7. pii: 80672.

Abcb4 The membrane-associated protein encoded by this gene is a member of the 

superfamily of ATP-binding cassette (ABC) transporters. ABC proteins transport 

various molecules across extra- and intra-cellular membranes. The gene is heavily 

involved in a plethora of liver functions:

In experimental animals, i.e., Abcb4 (-/-) mice with hepatic osteodystrophy, 
serum RANKL and TGFβ-levels were augmented, resulting in an excess bone 
resorption rate, probably due to a dysregulation of genes like osteoprotegerin, 
osteocalcin, and osteopontin, as well as vitamin D metabolism.

Bone. 2013 

Aug;55(2):501–11. 

doi: 10.1016/j.

bone.2013.03.012.
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Slc12a6 This gene is a member of the K-Cl cotransporter (KCC) family. K-Cl cotransporters 

are integral membrane proteins that lower intracellular chloride concentrations 

below the electrochemical equilibrium potential:

Human osteoblasts express functional K-Cl cotransporters in their cell 
membrane that seems to be able to induce activation of volume-sensitive 
channels by KCl, necessary for normal osteoblast membrane currents, and 
thus secretory functions.

Am J Physiol Cell 

Physiol. 2003 

Jul;285(1):C22–30.

Mta1 Transcriptional coregulator that can act as both a transcriptional corepressor and 

coactivator, and stimulates the expression of WNT1 by inhibiting the expression of 

its transcriptional corepressor, SIX3:

Hypoxia-induced MTA1 (via HIF-1α) stimulates growth (and inhibits 
differentiation) of osteoblastic (MC3T3) cells which is deemed important in 
the process of fracture healing.

Eur J Med Res. 2015 

Feb 3;20:10.

Pou3f3 This gene encodes a POU-domain containing protein that functions as a 

transcription factor. The encoded protein recognizes an octamer sequence in the 

DNA of target genes. This protein may play a role in development of the nervous 

system:

However, it was recently shown that this gene normally upregulates the 
genes of the Dlx-familiy (Dlx1, 2, 5, 6), as well as downstream genes like 
Gbx2, is involved in the patterning of the mammalian jaw.

Development. 2008 

Sep;135(17):2905–16.

Dio2 This gene belongs to the iodothyronine deiodinase family. It activates thyroid 

hormone by converting the prohormone thyroxine (T4) by deiodination to bioactive 

3,3',5-triiodothyronine (T3). It is highly expressed in the thyroid, but is known to be 

expressed many other peripheral tissues:

Cold exposure (in Misty mice) compensates for BAT (brown adipose 
tissue) dysfunction by increasing the expression of Acadl, Pgc1a, Dio2, 
and other thermogenic genes, by altering the expression of osseous Runx2 
and Rankl.
Genes upregulated by BMP-7 showed a strong enrichment for established 
osteogenic marker genes, and several others (MFI2, HAS3, ADAMTS9, 
HEY1, DIO2 and FGFR3) in osteoblasts. Furthermore, for DIO2 seems to 
impact osteoblastic differentiation.
Outer ring deiodination (ORD) activity was seen in bone extracts of whole 
skeleton, bone marrow, and MC3T3-E1 osteoblasts. [1,25(OH)2VD]-treatment 
induced D2 activity, while estradiol, PTH, forskolin, leptin, TNFα, TGFβ, 
and dexamethasone did not.

J Bone Miner Res. 2013 

Sep;28(9):1885-97. doi: 

10.1002/jbmr.1943.

Bone. 2009 

Jul;45(1):27–41. 

doi: 10.1016/j.

bone.2009.03.656. Epub 

2009 Mar 21.

Endocrinology. 2005 

Jan;146(1):195–200. 

Epub 2004 Oct 7

Camk4 Camk4 is a member of he serine/threonine protein kinase (PK) family, and the Ca
2+ 

calmodulin-dependent protein kinase subfamily. It serves as a multifunctional 

serine-threonine protein kinase, and has been implicated in transcriptional control of 

lymphocytes, neurons, as well as male germ cells:

Silencing of CaMK1β obliterates the proliferation ability of osteoblasts, as 
well as expression of c-Fos. However, this does not influence the skeleton 
markersRunx2, Osterix, and/or Osteocalcin.
CaMKs activate pathways mediated by CREB and NFATc1. Inhibition of 
CaMKs obliterates CREB phosphorylation, lowering c-Fos, and NFATc1 
expression, and thus osteoclastogenesis activated by NF-κB ligand 
(RANKL).
Finally, BMP-receptor signaling in stem cells from human exfoliated 
deciduous (SHED) teeth enhances the expression of genes like BMP-4, 
Runx2, as well as DSPP.

Bone. 2008 

Oct;43(4):700–7.

Nat Med. 2006 

Dec;12(12):1410–6. 

Epub 2006 Nov 26

J Endod. 2011 

Dec;37(12):1647–52. 

doi: 10.1016/j.

joen.2011.08.023. Epub 

2011 Oct 6.
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Gene name Description of function: General and bone-related References

Ppp2r2b This gene encodes the family of phosphatase 2 regulatory B subunits. Protein 

phosphatase 2 functions as one of four main Ser/Thr phosphatases, and is involved in 

the inhibitory control system of cellular division:

Loss of estrogen during menopause causes changes in the female body. 
Hence, it is expected that HRT-associated gene expression is due to the 
changes in the DNA methylation profile (DMP). Of the DMP genes, ACBA1, 
CCL5, FASLG, PPP2R2B, and UHRF1 were differentially expressed, all of 
which are associated with HRT or estrogenic regulation. All genes were also 
associated with bone mineral content (BMC), while ABCA1, FASLG, and 
UHRF1 were also associated with body adiposity.

Bahl A1, Pöllänen 

E, Ismail K, Sipilä S, 

Mikkola TM, Berglund 

E, Lindqvist CM, 

Syvänen AC, Rantanen 

T, Kaprio J, Kovanen V, 

Ollikainen M.

Stard4 Cholesterol homeostasis is regulated by sterol regulatory element (SRE)-binding 

proteins (SREBPs) and by liver X receptors (LXRAs). When sterols are depleted, 

LXRs are inactive and SREBPs bind promoter SREs and activate genes involved 

in cholesterol turnover. The protein STAR is involved in this process, and it is 

homologous to a family of proteins STARD4:

Estrogen-containing hormone replacement therapy (HRT) leads to a relief 
of typical menopausal symptoms, benefits bone and muscle health, and is 
associated with tissue-specific gene expression profiles. Hence, It is plausible 
that part of the HRT-associated gene expression is due to changes in the 
DNA methylation profile.
The gene expression patterns of white blood cells (WBCs) and their 
associations with body composition, including muscle and bone 
measures of monozygotic (MZ) female twin pairs discordant for 
HRT were assessed. Of genes with differentially methylated regions 
(DMRs), five (ACBA1, CCL5, FASLG, PPP2R2B, and UHRF1) were 
also differentially expressed. These have been associated with HRT 
or estrogenic regulation, but were also associated with bone mineral 
content (BMC). Additionally, ABCA1, FASLG, and UHRF1 were also 
related to the body adiposity.

Bahl A1, Pöllänen 

E2, Ismail K1, Sipilä 

S2, Mikkola TM2, 

Berglund E3, Lindqvist 

CM3, Syvänen AC3, 

Rantanen T2, Kaprio J1, 

Kovanen V2, Ollikainen 

M1.

Tyk2 This gene encodes the Janus protein kinases (JAKs). These proteins associate with 

and activate cytokine receptors with ensuing phosphorylation (activation) of receptor 

subunits. It is also a component of the interferon signaling pathways. It may 

therefore play a role in anti-viral immunity:

Interleukin-23 (IL-23) belonging to the IL-6/IL-12 family that plays a key 
role in autoimmune and inflammatory disorders. IL-23 binding to dendritic 
cells, macrophages and monocytes triggers the activation of Jak2 and Tyk2 
which in turn phosphorylates STAT1, STAT3, STAT4, and STAT5 as well as 
induce formation of STAT3-STAT4 heterodimers. IL-23 is essential for the 
survival and/or expansion of inflammatory Th17 cells which, when activated 
by IL-23, sustain osteoclasto-genesis via the production of IL-17 (stimulator 
of the NF-kappa B) of mesenchymal cells. As a group, the IL-17 - IL-23 “axis” 
includes Th17 cells that play a major role in the development and maintenance 
of autoimmune arthritic inflammation.

Scand J Immunol. 2010 

Mar;71(3):134-45. 

doi: 10.1111/j.1365–

3083.2009.02361.x.

Pdcd5 This gene encodes a protein that is upregulated during apoptosis. The encoded 

protein is a regulator of K(lysine) acetyltransferase-5, involved in transcription, 

DNA damage response and the cell cycle control, by blocking its degradation:

The programmed cell death gene (PDCD5) was overexpressed in an 
osteosarcoma (OS) cell line, MG-63. The results indicate that PDCD5 can induce 
apoptosis and G(2) phase arrest in MG-63 cells. Furthermore PDCD5 expression 
in established xenografted tumors was associated with a decrease in tumor size 
and weight. Furthermore, it was found that the Ras/Raf/MEK/ERK signaling 
pathway was hampered, leading to the inhibition of cyclin B and CDK1, and to 
the activation of caspases 3 and 9, respectively. These results are consistent with 
the G(2) phase arrest observed.

Cell Signal. 2012 

Aug;24(8):1713-

21. doi: 10.1016/j.

cellsig.2012.04.011. 

Epub 2012 Apr 25.
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Psenen Presenilins are required for intramembranous processing of transmembrane proteins, 

such as the Notch proteins. Signaling by Notch receptors mediates a wide range of 

developmental cell fates.
Titanium implant surfaces with modified topographies improve osteogenic properties 

in vivo. The activation of signaling stem cell pathways (such as TGFβ/BMP, Wnt, 

FGF, Hedgehog, and Notch) was characterized subsequent to incubations (24 and 72 

h) with BCs to SLA and modSLA surfaces in the absence of osteogenic cell culture 

supplements.
Key regulatory genes belonging to the TGFβ/BMP (TGFBRs, BMPRs, ACVRs, 

SMADs, Wnts, FZD1, FZDs, LRP5, NFATCs, PYGO2, LEF1) and Notch species 

(including PSENEN) pathways were upregulated on the modified surfaces. These 

data correlate with an increased expression of osteogenic markers (e.g. BSP and 

osteocalcin, as well as BMP2 and BMP6.
These finding indicate that activation of proosteogenic cell signaling pathways by 

modSLA and SLA surfaces leads to enhanced osteogenic

 Clin Oral 

Implants Res. 2014 

Apr;25(4):475–86. doi: 

10.1111/clr.12178. 

Epub 2013 Apr 21.

Rhob RHOB (Ras Homolog Family Member B) is a Protein Coding gene. Diseases 

associated with RHOB include oculo auricular syndrome and sertoli cell-only 

syndrome. Among its related pathways are Signaling by GPCR and Developmental 

Biology. GO annotations related to this gene include GTP binding and GDP 

binding. An important paralog of this gene is RHOA.
Defects (mild affection to complete destruction) in the sealing zone were observed 

in the OPG-deficient animals. Resorption lacunae were not detected, indicating the 

loss of osteoclast-mediated bone resorption activity. Treatment with OPG resulted 

in a significant decrease in the expression of a cluster of instrumental genes (like for 

instance) Rho guanine nucleotide exchange factors (RhoGEFs), RhoGTPases, ROCK1 

and ROCK2. This resulted in damage to or destruction of the sealing zone, thus 

inhibiting osteoclast-mediated bone resorption.

Int J Mol Med. 2014 

Sep;34(3):856–62. 

doi: 10.3892/

ijmm.2014.1846. Epub 

2014 Jul 10.

Rs1 The present gene encodes an extracellular protein serving an important 

organizational role in the retina. The protein encoded is assembled and secreted 

as a homooligomeric complex. Mutations in the present gene are lead to X-linked 

retinoschisis with ensuing severe loss in vision.
G-protein-coupled receptors (GPCRs) are key regulators of skeletal homeostasis and 

important in fracture healing. It was earlier shown that blockade of G(i) signaling in 

maturing osteoblasts enhanced cortical and trabecular bone formation and prevented 

age-related bone loss in female mice. Furthermore, activation of G(s) signaling 

induced massive trabecular bone formation, but a concomitant cortical bone loss. 

Here, “labile” tibial fractures, where endogenous G(i) signaling are blocked by PTX, 

or G(s) signaling activated by Rs1, were achieved.
Inhibition of endogenous G(i) activity gave a smaller callus, but enhanced net bone 

formation in both mice, irrespective of age.

PTX treatment lowered the expression of Dkk1 and upregulated Lef1 mRNA 
upon fracture healing, indicating endogenous G(i) signaling in maintaining 
Dkk1 expression, while suppressing Wnt signaling. On the contrary, mice 
with activated Gs signaling demonstrated an increase in the initial callus size 
with enhanced callus bone production. These results indicate that G(i) blockade and 

G(s) activation are important for proper fracture healing.
It was previously asserted that Rs1 constitutively activated Gs-coupled GPCR, 

under the control of the 2.3 kb Col I promoter, enhancing the steady state level 

mineral mass in trabecular bone of femurs. In this article, it was further concluded 

that Gs-signaling in OBs on enhanced intramembranous bone formation in 

calvariae of Col1(2.3)/Rs1 mice. Rs1 calvariae displayed a dramatic increase in bone 

volume with partial loss of cortical structure. Gene expression analysis of calvarial 

OBs showed that genes were affected by Rs1 signaling, featuring processes like: 

(a) differentiation, (b) synthesis of cytokine/growth factors, (c) angiogenesis, (d) 

coagulation, as well as (e) energy metabolism.

J Bone Miner Res. 2015 

Oct;30(10):1896–904. 

doi: 10.1002/jbmr.2540. 

Epub 2015 May 14

Exp Cell Res. 2015 

May 1;333(2):289–302. 

doi: 10.1016/j.

yexcr.2015.02.009. 

Epub 2015 Feb 20.
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Gene name Description of function: General and bone-related References

Ppp2r2b This gene encodes the family of phosphatase 2 regulatory B subunits. Protein 

phosphatase 2 functions as one of four main Ser/Thr phosphatases, and is involved in 

the inhibitory control system of cellular division:

Loss of estrogen during menopause causes changes in the female body. 
Hence, it is expected that HRT-associated gene expression is due to the 
changes in the DNA methylation profile (DMP). Of the DMP genes, ACBA1, 
CCL5, FASLG, PPP2R2B, and UHRF1 were differentially expressed, all of 
which are associated with HRT or estrogenic regulation. All genes were also 
associated with bone mineral content (BMC), while ABCA1, FASLG, and 
UHRF1 were also associated with body adiposity.

Bahl A1, Pöllänen 

E, Ismail K, Sipilä S, 

Mikkola TM, Berglund 

E, Lindqvist CM, 

Syvänen AC, Rantanen 

T, Kaprio J, Kovanen V, 

Ollikainen M.

Stard4 Cholesterol homeostasis is regulated by sterol regulatory element (SRE)-binding 

proteins (SREBPs) and by liver X receptors (LXRAs). When sterols are depleted, 

LXRs are inactive and SREBPs bind promoter SREs and activate genes involved 

in cholesterol turnover. The protein STAR is involved in this process, and it is 

homologous to a family of proteins STARD4:

Estrogen-containing hormone replacement therapy (HRT) leads to a relief 
of typical menopausal symptoms, benefits bone and muscle health, and is 
associated with tissue-specific gene expression profiles. Hence, It is plausible 
that part of the HRT-associated gene expression is due to changes in the 
DNA methylation profile.
The gene expression patterns of white blood cells (WBCs) and their 
associations with body composition, including muscle and bone 
measures of monozygotic (MZ) female twin pairs discordant for 
HRT were assessed. Of genes with differentially methylated regions 
(DMRs), five (ACBA1, CCL5, FASLG, PPP2R2B, and UHRF1) were 
also differentially expressed. These have been associated with HRT 
or estrogenic regulation, but were also associated with bone mineral 
content (BMC). Additionally, ABCA1, FASLG, and UHRF1 were also 
related to the body adiposity.

Bahl A1, Pöllänen 

E2, Ismail K1, Sipilä 

S2, Mikkola TM2, 

Berglund E3, Lindqvist 

CM3, Syvänen AC3, 

Rantanen T2, Kaprio J1, 

Kovanen V2, Ollikainen 

M1.

Tyk2 This gene encodes the Janus protein kinases (JAKs). These proteins associate with 

and activate cytokine receptors with ensuing phosphorylation (activation) of receptor 

subunits. It is also a component of the interferon signaling pathways. It may 

therefore play a role in anti-viral immunity:

Interleukin-23 (IL-23) belonging to the IL-6/IL-12 family that plays a key 
role in autoimmune and inflammatory disorders. IL-23 binding to dendritic 
cells, macrophages and monocytes triggers the activation of Jak2 and Tyk2 
which in turn phosphorylates STAT1, STAT3, STAT4, and STAT5 as well as 
induce formation of STAT3-STAT4 heterodimers. IL-23 is essential for the 
survival and/or expansion of inflammatory Th17 cells which, when activated 
by IL-23, sustain osteoclasto-genesis via the production of IL-17 (stimulator 
of the NF-kappa B) of mesenchymal cells. As a group, the IL-17 - IL-23 “axis” 
includes Th17 cells that play a major role in the development and maintenance 
of autoimmune arthritic inflammation.

Scand J Immunol. 2010 

Mar;71(3):134-45. 

doi: 10.1111/j.1365–

3083.2009.02361.x.

Pdcd5 This gene encodes a protein that is upregulated during apoptosis. The encoded 

protein is a regulator of K(lysine) acetyltransferase-5, involved in transcription, 

DNA damage response and the cell cycle control, by blocking its degradation:

The programmed cell death gene (PDCD5) was overexpressed in an 
osteosarcoma (OS) cell line, MG-63. The results indicate that PDCD5 can induce 
apoptosis and G(2) phase arrest in MG-63 cells. Furthermore PDCD5 expression 
in established xenografted tumors was associated with a decrease in tumor size 
and weight. Furthermore, it was found that the Ras/Raf/MEK/ERK signaling 
pathway was hampered, leading to the inhibition of cyclin B and CDK1, and to 
the activation of caspases 3 and 9, respectively. These results are consistent with 
the G(2) phase arrest observed.

Cell Signal. 2012 

Aug;24(8):1713-

21. doi: 10.1016/j.

cellsig.2012.04.011. 

Epub 2012 Apr 25.
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Psenen Presenilins are required for intramembranous processing of transmembrane proteins, 

such as the Notch proteins. Signaling by Notch receptors mediates a wide range of 

developmental cell fates.
Titanium implant surfaces with modified topographies improve osteogenic properties 

in vivo. The activation of signaling stem cell pathways (such as TGFβ/BMP, Wnt, 

FGF, Hedgehog, and Notch) was characterized subsequent to incubations (24 and 72 

h) with BCs to SLA and modSLA surfaces in the absence of osteogenic cell culture 

supplements.
Key regulatory genes belonging to the TGFβ/BMP (TGFBRs, BMPRs, ACVRs, 

SMADs, Wnts, FZD1, FZDs, LRP5, NFATCs, PYGO2, LEF1) and Notch species 

(including PSENEN) pathways were upregulated on the modified surfaces. These 

data correlate with an increased expression of osteogenic markers (e.g. BSP and 

osteocalcin, as well as BMP2 and BMP6.
These finding indicate that activation of proosteogenic cell signaling pathways by 

modSLA and SLA surfaces leads to enhanced osteogenic

 Clin Oral 

Implants Res. 2014 

Apr;25(4):475–86. doi: 

10.1111/clr.12178. 

Epub 2013 Apr 21.

Rhob RHOB (Ras Homolog Family Member B) is a Protein Coding gene. Diseases 

associated with RHOB include oculo auricular syndrome and sertoli cell-only 

syndrome. Among its related pathways are Signaling by GPCR and Developmental 

Biology. GO annotations related to this gene include GTP binding and GDP 

binding. An important paralog of this gene is RHOA.
Defects (mild affection to complete destruction) in the sealing zone were observed 

in the OPG-deficient animals. Resorption lacunae were not detected, indicating the 

loss of osteoclast-mediated bone resorption activity. Treatment with OPG resulted 

in a significant decrease in the expression of a cluster of instrumental genes (like for 

instance) Rho guanine nucleotide exchange factors (RhoGEFs), RhoGTPases, ROCK1 

and ROCK2. This resulted in damage to or destruction of the sealing zone, thus 

inhibiting osteoclast-mediated bone resorption.

Int J Mol Med. 2014 

Sep;34(3):856–62. 

doi: 10.3892/

ijmm.2014.1846. Epub 

2014 Jul 10.

Rs1 The present gene encodes an extracellular protein serving an important 

organizational role in the retina. The protein encoded is assembled and secreted 

as a homooligomeric complex. Mutations in the present gene are lead to X-linked 

retinoschisis with ensuing severe loss in vision.
G-protein-coupled receptors (GPCRs) are key regulators of skeletal homeostasis and 

important in fracture healing. It was earlier shown that blockade of G(i) signaling in 

maturing osteoblasts enhanced cortical and trabecular bone formation and prevented 

age-related bone loss in female mice. Furthermore, activation of G(s) signaling 

induced massive trabecular bone formation, but a concomitant cortical bone loss. 

Here, “labile” tibial fractures, where endogenous G(i) signaling are blocked by PTX, 

or G(s) signaling activated by Rs1, were achieved.
Inhibition of endogenous G(i) activity gave a smaller callus, but enhanced net bone 

formation in both mice, irrespective of age.

PTX treatment lowered the expression of Dkk1 and upregulated Lef1 mRNA 
upon fracture healing, indicating endogenous G(i) signaling in maintaining 
Dkk1 expression, while suppressing Wnt signaling. On the contrary, mice 
with activated Gs signaling demonstrated an increase in the initial callus size 
with enhanced callus bone production. These results indicate that G(i) blockade and 

G(s) activation are important for proper fracture healing.
It was previously asserted that Rs1 constitutively activated Gs-coupled GPCR, 

under the control of the 2.3 kb Col I promoter, enhancing the steady state level 

mineral mass in trabecular bone of femurs. In this article, it was further concluded 

that Gs-signaling in OBs on enhanced intramembranous bone formation in 

calvariae of Col1(2.3)/Rs1 mice. Rs1 calvariae displayed a dramatic increase in bone 

volume with partial loss of cortical structure. Gene expression analysis of calvarial 

OBs showed that genes were affected by Rs1 signaling, featuring processes like: 

(a) differentiation, (b) synthesis of cytokine/growth factors, (c) angiogenesis, (d) 

coagulation, as well as (e) energy metabolism.

J Bone Miner Res. 2015 

Oct;30(10):1896–904. 

doi: 10.1002/jbmr.2540. 

Epub 2015 May 14

Exp Cell Res. 2015 

May 1;333(2):289–302. 

doi: 10.1016/j.

yexcr.2015.02.009. 

Epub 2015 Feb 20.
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8. Emulation of the interaction between genes and microRNA species 
known to be instrumental in the development of the osteoblastic/
odontoblastic phenotype by Mir@nt@n

The bioinformatics program Mir@nt@n, developed by Le Bechek et al. [64], was used to arrive 
at high stringency interactions between microRNA species known to be instrumental in the 
development and stability of osteoblastic and odontoblastic cells from stem cells. The dental = 
osteoblastic/dentinoblastic genes (being significantly regulated by Vitamin K2 in the present 
study) described in the present array were fed into the program along with other genes and 
microRNA-species known to be instrumental in the development and stability (both posi-
tively and negatively) of the osteoblastic and/or odontoblastic phenotype:

Gene name Description of function: General and bone-related References

Trpm5 This gene encodes a member of the transient receptor potential (TRP) protein family. 

This protein plays a role in taste transduction. It is activated by lower concentrations 

of intracellular Ca
2+, and inhibited by higher concentrations.

Elevation of intracellular Ca
2+ is commonly observed during stem cell differentiation 

(e.g., osteoblastogenesis), but cease after process completion. These findings suggest 

an inhibitory role for TRPM4 (Ca
2+ ion channel) on osteogenesis while it appears to 

be required for adipogenesis. The data provide a link between

the Ca
2+ signaling pattern and gene expression during stem cell differentiation.

Stem Cells. 2013 

Jan;31(1):167–77. doi: 

10.1002/stem.1264.

Amelx This gene encodes a member of the amelogenin family of extracellular matrix 

proteins. Amelogenins are involved in biomineralization during tooth enamel 

development.
Research on enamel matrix proteins (EMPs) is centered on the understanding of their 

role in enamel biomineralization, as well as of their bioactivity for tissue engineering. 

It was shown that mRNA expression of AMELX and AMBN in mandibular 

alveolar and basal bones RNA-positive for AMELX. Furthermore, AMELX and 

AMBN mRNA levels varied according to: 1) ontogenic stage, and 2) tissue-type. In 

conclusion, it was asserted AMELX and AMBN may function as growth factor-like 

molecules in jaws, where they might play a role in bone physiology via autocrine/

paracrine pathways, and especially during adaptation of stress-induced remodeling.
Thymosin beta 4 is associated with RUNX2 expression through the Smad and Akt 

signaling pathways in mouse dental epithelial cells.

Thymosin β4 (Tβ4) is associated with the initiation and development of the tooth 

germ, via enhancement of RUNX2. The transcription factor regulates the expression 

of genes involved in odontogenesis, like amelogenin, X-linked (Amelx), ameloblastin 

(Ambn), as well as enamelin (Enam).
It appeared that the mDE6 mouse epithelial cell line expressed Runx2, Amelx, Ambn 

and Enam, and yielded calcified matrices upon the induction of calcification.

PLoS One. 2014 Jun 

16;9(6):e99626. doi: 

10.1371/journal.

pone.0099626. 

eCollection 2014.

Int J Mol Med. 2015 

May;35(5):1169–78. 

doi: 10.3892/

ijmm.2015.2118. Epub 

2015 Mar 2.

DKK1 The present gene encodes a member of the dickkopf protein family. It is secreted, 

including two cysteine rich regions, and it parttakes in embrygenesis due to its 

inhibition of Wnt-ediated signaling. Enhanced DKK1 levels in bone marrow and 

blood correlates with bone osteolysis in patients suffering from multiple myeloma.
In this article, the authors review advances and discrepancies in how Wnt/Lrp5 

signaling regulates osteoblasts and osteocytes, and describe new players in Wnt 

signaling pathways exerting important roles in bone development, i.e., Wnt 

signaling in osteoclastogenesis, inhibition of Wnt pathway antagonists, such as 

sclerostin, Dkk 1, and Sfrp1.

Gene. 2012 Jan 

15;492(1):1–18. 

doi: 10.1016/j.

gene.2011.10.044. Epub 

2011 Nov 3. Monroe 

DG1, McGee-Lawrence 

ME, Oursler MJ, 

Westendorf JJ.
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Lmcd1, Dmxl2, Abcb4, Slc12a6, Mta1, Pou3f3, Dio2, Camk4, Ppp2r2b, Stard4, Tyk2, Pdcd5, 

Psenen, Rhob, Rs1, Trpm5, Amelx, DKK1, SP1, SP3, SP7, Runx2, Runx1, NR1/2, ADRB3, Foxc2, 

PGC1α, PPARA, PPARG, Dio2, UCP1, Adipoq, LEP, BETA3AR/ADRB3R/B3AR, hsa-mir-155, 

and c/EBPB.

Hsa-mir-196a, hsa-mir-16, hsa-mir-455, hsa-mir-339, hsa-mir-125b, hsa-mir-328, hsa-mir-16, hsa-

mir-149, hsa-mir-125b, hsa-mir-760, hsa-mir-133, hsa-mir-29, hsa-mir-27, hsa-mir-23, hsa-mir-320, 

hsa-mir-26b, hsa-mir-21, hsa-mir-302, hsa-mir-132, and hsa-mir-223.

9. Major findings

The genes, significantly modulated (directly or indirectly) by vitamin K2, are presented in 
Table 1.

Of major interest here, from a regulatory point of view, and as a minimal “cluster” of nec-
essary and sufficient genes, are probably the following species: RUNX1, RUNX2, SP1, SP3, 
and DIO2, along with the microRNA-species 149, 328, 339, and 760 (see Figure 1). It is 
well known that the osteoblast and odontoblast phenotypes are “determined” and “stabi-
lized” by the RUNX- and SP-families of transcription factors (upregulated), as well as the 

Table 1. “Dental” genes affected directly or indirectly by exposure to vitamin K2 (MK-7).
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8. Emulation of the interaction between genes and microRNA species 
known to be instrumental in the development of the osteoblastic/
odontoblastic phenotype by Mir@nt@n
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(e.g., osteoblastogenesis), but cease after process completion. These findings suggest 

an inhibitory role for TRPM4 (Ca
2+ ion channel) on osteogenesis while it appears to 

be required for adipogenesis. The data provide a link between

the Ca
2+ signaling pattern and gene expression during stem cell differentiation.

Stem Cells. 2013 

Jan;31(1):167–77. doi: 

10.1002/stem.1264.
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Research on enamel matrix proteins (EMPs) is centered on the understanding of their 
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Thymosin beta 4 is associated with RUNX2 expression through the Smad and Akt 

signaling pathways in mouse dental epithelial cells.

Thymosin β4 (Tβ4) is associated with the initiation and development of the tooth 

germ, via enhancement of RUNX2. The transcription factor regulates the expression 

of genes involved in odontogenesis, like amelogenin, X-linked (Amelx), ameloblastin 

(Ambn), as well as enamelin (Enam).
It appeared that the mDE6 mouse epithelial cell line expressed Runx2, Amelx, Ambn 

and Enam, and yielded calcified matrices upon the induction of calcification.
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16;9(6):e99626. doi: 
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eCollection 2014.
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doi: 10.3892/
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2015 Mar 2.
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including two cysteine rich regions, and it parttakes in embrygenesis due to its 

inhibition of Wnt-ediated signaling. Enhanced DKK1 levels in bone marrow and 

blood correlates with bone osteolysis in patients suffering from multiple myeloma.
In this article, the authors review advances and discrepancies in how Wnt/Lrp5 

signaling regulates osteoblasts and osteocytes, and describe new players in Wnt 

signaling pathways exerting important roles in bone development, i.e., Wnt 

signaling in osteoclastogenesis, inhibition of Wnt pathway antagonists, such as 

sclerostin, Dkk 1, and Sfrp1.
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Westendorf JJ.
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9. Major findings

The genes, significantly modulated (directly or indirectly) by vitamin K2, are presented in 
Table 1.

Of major interest here, from a regulatory point of view, and as a minimal “cluster” of nec-
essary and sufficient genes, are probably the following species: RUNX1, RUNX2, SP1, SP3, 
and DIO2, along with the microRNA-species 149, 328, 339, and 760 (see Figure 1). It is 
well known that the osteoblast and odontoblast phenotypes are “determined” and “stabi-
lized” by the RUNX- and SP-families of transcription factors (upregulated), as well as the 
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microRNA-species 149, 328, and 339 (downregulated). Recently, it was shown [58] that mir-
760 is involved in the effect of vitamin K2, since it associates with the transcription factor 
NR1/2 = SXR = PXR [65].

Using high/maximal stringency emulations rendered by the bioinformatics program Mir@
nt@n [64], it was quite interesting to find that the gene DIO2 (deiodinase2) that encodes the 
enzyme transforming T4 to T3 in peripheral tissues, was associated with has-mir-760, also 
found to exert an impact on the levels of Runx2, as well as being involved in the steady state 
of SP1 and SP3, transcription factors upstream of the Runx species deemed to be markers of 
the osteoblast/odontoblast phenotype (see Figure 2). It therefore does not come as a surprise 
that bone tissue is heavily dependent on DIO2 activation to function properly, i.e., replen-
ishing “lost” osteoblasts from precursor cell, as well as proper functioning of differentiated 
osteoblasts/dentinoblasts to maintain bone/dentine mass at a stable level [66]. It may though 
come as a surprise to many that, in fact, vitamin K2 serves a rather prominent role in this 
process.

Finally, when applying low-stringency criteria to the Mir@nt@n-emulation process, a 
larger and less rigid network of mutual interactions was obtained (see Figure 3). From 
the interactions predicted, one may hypothesize the following: It is not trivial to ingest a 
dose that is too small to see the broad spectrum of beneficial effects of vitamin K2 on osteo-
blasts/odontoblasts. Furthermore, the dose should be titrated to ensure proper levels and 
characteristics and amounts of bodily beige versus white adipocytes (confer the postulated 

Figure 1. Interactions between transcription factors, “functional” genes, and microRNA species as emulated in the 
bioinformatics program Mir@nt@n.
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Figure 3. Extended interaction scheme (low stringency emulation) of transcription factors, microRNA species, and 
differentiation-related genes in tooth germs from the rat.

Figure 2. Interactions (high/maximal stringency emulation) of transcription factors, microRNA species, and differentiation /
function-related genes in tooth germs from the rat.
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impact of vitamin K on mir-760 on SP1 and mir-149 with reciprocal regulatory loops), and 
the mir-760 “junction” between RUNX1, SP1, SP3, and PPARG versus DIO2, ADIPOQ, 
and RUNX2, which are all part of a mutually interacting network regulated by vitamin K2 
odontoblasts/osteoblasts.

Finally, it should be emphasized that vitamin K2 (MK-7) upregulates Amelx and DKK1 in 
tooth germs, the former is instrumental in the building and maintenance of tooth enamel, 
and thus their resilience toward enamel erosion; the latter, DKK1 (dickopf1 WNT signaling 
pathway inhibitor 1), takes part in the modulation of osteoclast-related bone degradation, and 
in this context, the healthy transition between osteoclast-induced resorption and renewal of 
bone tissue with microcracks [67].

10. Pertinent question: is the dental filling material toxic to the living 
tooth? Contemplations on the making of live and artificial teeth

Monomers from methacrylate based dental materials both prior to and post polymerization 
have demonstrated adverse effects both in vitro and in vivo in terms of cytotoxicity [68], muta-
genicity/genotoxicity [69–72], negative effects on fertility [73], xenoestrogenicity [74–76], and 
allergy induction [77]. The degree of cytoxicity will vary from the type assay used, materials 
tested, time intervals for testing, and cell types tested [78].

It is most pertinent to perform in vitro cytotoxicity testing on cells from cell types and tissues 
relevant to the area of in vivo placement of dental materials [79]. Recent studies on elution 
of monomers available in both dental composites and methacrylate- and epoxy-based root 
canal sealers looked at reactions in submandibular salivary gland acinar cells for the evalua-
tion of cytotoxicity, cell proliferation, and apoptosis [69, 80]. The findings in such studies are 
of great interest and importance, but the authors of one of these studies [80] stated that their 
model would have been more realistic had they utilized human primary cells from direct 
target tissue. Tissues that often share the closest proximity to dental fillings are certainly not 
salivary glands but rather gingiva, mucosa, and, in particular, pulp tissues [79].

The pulp is a loose connective tissue within a nonresilient capsule of dentin and enamel. 
Pulpal inflammation is considered a protective mechanism and can either be of an acute or 
chronic nature. Acute and chronic responses are related to the “magnitude and duration of 
the insult [81].” Inflammation will inevitably cause vasodilation, increased vessel permeabil-
ity which in turn will result in relatively large changes in tissue pressure [82]. Bacterial infec-
tion is the most common reason for pulpal inflammation, but any insult or stimuli will most 
probably result in a response. It is an established fact that many of the constituents in dental 
adhesive resin are cytotoxic [81], and the difference in cytoxicity varies among commercial 
materials commonly used by public dentists in Norway [unpublished results in a report to the 
Norwegian National Directorate of Health].

This project aims at elucidating the cellular effects of “leachables” (residual monomers) from 
dental filling materials exerted on dental pulp stem cells (DPSCs) ex vivo. It is important to 
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ensure that the cells used in the study are, indeed, stem cells. The International Society for 
Cellular Therapy has released a position statement wherein they list three criteria to define 
human stem cells: (1) adherence to plastic, (2) specific surface antigen expression, and (3) mul-
tipotent differentiation potential [83]. The cells to be used in this project fulfil all three criteria 
[84], and were isolated in accordance with a published procedure described by Sorrentino  
et al. [85].

11. Characterization of the DPSCs

Dental specimens were obtained from extraction after signed informed consent, and the pulp 
was exposed by cutting the tooth, while maintaining sterile conditions: The enamel of the 
tooth crown is partially cut, following the sagittal plane, applying a diamond bur. Thereafter, 
the cut is completed using a piezoelectric ultrasound scalpel to avoid overheating of the tis-
sue. The pulp is then treated collagenase and dispase for 1 hour at 37°C, and then incubated 
in a bioSpherix chamber under normoxic conditions [85].

Phenotyping of the DPSCs yielded a CD-profile very much like the one seen for bone mar-
row mesenchymal stem cells (BM-MSCs) with an approximately identical percentage of cells 
expressing CD10 (CALLA), CD 13 (Aminopeptidase N), CD29 (β1-integrin), CD44 (H-CAM, 
Pgp-1), CD49acd (VLA-1,3,4 = α1,3,4-integrin), CD54 (I-CAM-1), CDw90 (THY-1), CD105 
(Endoglin, TGFβ-R), CD140b (PDGF-Rb), CD146 (M-CAM), CD147 (Neurothelin/basigin), 
CD166 (Alcam, CD6-ligand), and also comparable amounts of GD2 (Neural ganglioside).

12. Tissue engineering using stem cells: can it be avoided?

It has been asserted that tissue engineering might be the future of endodontics [86]. It is stated 
in the abstract that pulpal regeneration after tooth injury is not easily accomplished, since the 
infected pulp is required for tooth extraction or root canal therapy. It is further asserted that 
an ideal form of therapy might consist of regenerative approaches where diseased or necrotic 
pulp tissues are removed and replaced with healthy pulp tissue to revitalize the affected 
tooth. The authors list different techniques, ranging from stem cell therapy, the use of growth 
factors, pulp implants, implant of 3D cell printed in hydrogels, injectable scaffolds, bioactive 
materials, the use of co-enzymes, and root canal revascularization. However, despite alleged 
advantages of the subject approaches, they also suffer major disadvantages like low cell sur-
vival, lack of de novo production of pulp, necrosis of reinfected pulp, and lack of vascularity, 
and requirement for precise root canal fitting.

By determining the cut point of toxicity (i.e., cell death/enhanced apoptosis and lack of proper 
differentiation induced by the leakage of monomers of endodontic filling materials), it is pos-
sible to develop new filling materials without an acute and long term detrimental effect on 
DPSCs. Hence, the development of a test battery to check the monomers that may diffuse into 
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impact of vitamin K on mir-760 on SP1 and mir-149 with reciprocal regulatory loops), and 
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The pulp is a loose connective tissue within a nonresilient capsule of dentin and enamel. 
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tion is the most common reason for pulpal inflammation, but any insult or stimuli will most 
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in the abstract that pulpal regeneration after tooth injury is not easily accomplished, since the 
infected pulp is required for tooth extraction or root canal therapy. It is further asserted that 
an ideal form of therapy might consist of regenerative approaches where diseased or necrotic 
pulp tissues are removed and replaced with healthy pulp tissue to revitalize the affected 
tooth. The authors list different techniques, ranging from stem cell therapy, the use of growth 
factors, pulp implants, implant of 3D cell printed in hydrogels, injectable scaffolds, bioactive 
materials, the use of co-enzymes, and root canal revascularization. However, despite alleged 
advantages of the subject approaches, they also suffer major disadvantages like low cell sur-
vival, lack of de novo production of pulp, necrosis of reinfected pulp, and lack of vascularity, 
and requirement for precise root canal fitting.

By determining the cut point of toxicity (i.e., cell death/enhanced apoptosis and lack of proper 
differentiation induced by the leakage of monomers of endodontic filling materials), it is pos-
sible to develop new filling materials without an acute and long term detrimental effect on 
DPSCs. Hence, the development of a test battery to check the monomers that may diffuse into 
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the root canal, for cytotoxicity and ability to attain proper and functional cell phenotypes (i.e., 
odontoblasts, neural lattice, and endothelial cells constituting blood vessels) seems manda-
tory. The present project description aims to define such a test battery using highly sophisti-
cated techniques like proteomics (including phosphoproteomics) and mass cytometry.

The advantage of using such techniques resides with the fact that extremely few cells may 
be used in complex arrays of incubation conditions, while still yielding reliable results. The 
technology described in the present project outline, may also enable the definition of a mini-
mal and sufficient array of variables, which precisely describes a robust test battery to be 
implemented as a gold standard to be adopted in the development of endodontal biomaterial 
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Abstract

Naphthoquinone  compounds  have  received  attention  for  their  ability  to  regulate
diseases from bacterial and parasite infections through to chronic human diseases.
Inflammation is widely considered to be at the root of many chronic diseases. The
reports  of  anti-inflammatory  activity  of  naphthoquinones,  including  vitamin  K1
(phylloquinone) and vitamin K2s (menaquinones), are of interest due to their very low
toxicity.  Most  of  the evidence for  the anti-inflammatory mechanisms of  vitamin K
suggests a role in the inhibition of the cell signalling complex nuclear factor kappa-B
(NF-κB).

Keywords: vitamin K1, vitamin K2, menaquinone, cell signalling, NF-κB

1. Introduction

From the 1960s through to the late 1990s, the F. Hoffman-La Roche laboratories in Basal,
Switzerland, were the centre of much of the innovative investigation into the role of vitamins in
physiology and pathophysiology. At that time, their laboratories were the leaders in exploring
newer concepts of biological actions of vitamins. For vitamin K, an exciting potential develop-
ment was in the analgesic and anti-inflammatory properties of naphthoquinone compounds;
an area that had not previously been considered [1, 2].

The explosion in the understanding of several areas since then, such as cytokine and chemokine
biology and physiology, molecular biology of signalling pathways and the genetic translation
of these signals, has facilitated the ability to explore molecular events in the cell. With these
innovations have come newer understandings of the role of vitamin K in physiology that go
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and reproduction in any medium, provided the original work is properly cited.
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beyond the gamma-carboxylation of specific protein glutamyl residues in the vitamin K–
dependent proteins [3, 4].

2. Inflammation

The answer to the fundamental question ‘What is Inflammation?’ is, of course, complex. For
many years, discussion on inflammation revolved around the immune system and the ability
to distinguish ‘self’ from ‘non-self’. This required an understanding of the ancient ‘innate’
immune system and the ‘adaptive’ immune system. There has been a sea change in thinking
over the past three decades towards an appreciation of a primary role in the initiation of the
inflammatory response residing in the tissues [5].

The cells of a tissue, or tissues, in an organism are primed to respond when they are exposed
to an unusual stimulus. The response leads to a set of consequences, such as eicosanoid,
cytokine, chemokine release, alterations in metabolic activity and genes becoming activated
or switched off. These events can cause further cell activation either intrinsically within the
tissue or extrinsically such as drawing leukocytes into the tissue. The whole process would be
described as an inflammatory response.

The sequelae to the initiating events can lead to an expansion of the response, or the challenge
can be nullified and the tissues return to an original state. If the inflammatory state continues,
it can either persist as a long-term process, encountered as chronic diseases, or in severe cases,
the explosive changes overwhelm the organism leading to tissue necrosis and organ failure [6,
7].

There are reasonable arguments to suggest that normal ageing shares some similarities with
such chronic inflammatory disease [8, 9]. Indeed, the term ‘inflammaging’ was coined to
describe this possibility [9]. This case has also been made for specific diseases of ageing, such
as osteoporosis [10, 11].

There is also an innate anti-inflammatory process involving leukocytes and a number of
biological mediators, such as cytokines; however, with respect to vitamin K, this area of
research has not been the subject of focused research.

Irrespective of how we currently define inflammation, it is a biological process that serves a
purpose in the preservation of the organism, sometimes at the cost of some part of the whole,
but the government of the system can all too easily slip free of controls [12].

3. Vitamin K and inflammation

The pharmaceutical development of the anti-inflammatory role of activated protein C, a
vitamin K–dependent protein, is being established at the boundary of inflammation and
coagulation [13]. We will not consider this important subject here as, while vitamin K is
required for generation of the mature functional protein, it is the role of protein C as a serine
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protease that is central to the mechanism of limiting microthrombus formation in organ tissue
beds in sepsis [14].

Several important chronic diseases with an inflammatory background have been associated
with vitamin K deficiency. These include cystic fibrosis, inflammatory bowel disease, pan-
creatitis, chronic kidney disease and osteoporosis [15–19]. This review will not address the
relationship between vitamin K and these diseases, despite our ongoing interests. We have
instead focused our attention on the proposed cellular and molecular aspects of vitamin K in
regulating inflammation. With respect to this position, a subject that receives continuing
interest is the potential role of vitamin K in the amelioration of signal transduction pathways;
specifically, how vitamin K may be able to modulate the stimulus received at the surface of a
cell and the message transmission to the cell nucleus for interpretation and response.

3.1. Introduction to cell-to-nucleus signalling

Within cells, there are several primary pathways that are important in communicating the
exposure to an insult or injury. Early work on avian retroviruses, and in particular reticuloen-
dotheliosis virus strain T (Rev-T), identified an oncogene (v-rel) capable of transforming avian
lymphoid cells [20–22]. Once this oncogene had been characterized in avian systems, work
progressed quickly to look at mammalian homologues. This research revealed a mouse
homologue, c-rel, which was also found to have homologous character to the fruit fly Droso-
phila gene ‘dorsal’ [23–25]. The Drosophila dorsal gene is known to play a fundamental role in
dorsal-ventral development of the fly larvae, acting as a translocation factor in the cell nucleus
to regulate gene expression. Around the same time, another nuclear translocation factor, with
sequencing homology to these signalling factors, was discovered, which became known as
nuclear factor kappa-B (NF-κB) [26].

3.1.1. NF-κB

We present a greatly simplified overview of NF-κB signalling, and we recommend that
interested readers find some of the excellent review literature that has been published [e.g. 27–
34] in a complex and engrossing story.

NF-κB is present in nearly all cells and participates in a diverse range of biological functions
including inflammation, immunity, differentiation, cell growth, tumourigenesis and apoptosis,
that is, from birth to death of a cell. This pathway is a central conductor of the molecular
orchestra that is important for normal cell function, but it can become over-activated on a more
general level [35] or to a greater degree leading to tumourigenesis [36, 37].

We now know that NF-κB is a family of proteins that exist as hetero- or homodimers that have
been conserved from primitive organisms through to man [30]. The dimers are normally
quiescent in the cytosol of cells through the close association with a regulatory inhibitory
protein (IκB), first identified through an inspirational series of denaturation-renaturation
experiments [38]. NF-κB becomes activated by the removal of IκB from the complex, which
requires IκB phosphorylation by cytosolic kinase enzymes (IKK) [39]. The IκB protein is then
tagged, by ubiquitination, for degradation in the proteasome [34, 40]. A family of IκBs have
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now been identified and together with the IKK enzymes that phosphorylate the IκB proteins
and a scaffold IKK modulator (NEMO; IKKγ) [41], function at the heart of the system of NF-
κB activation and regulation.

Once dissociated from its inhibitory chaperone, NF-κB moves to the cell nucleus where it
recognizes specific nucleotide promoter sequences that activates a number of genes. This is
known for over 200 genes.

The complexity of the activation of NF-κB creates multiple tiers of regulatory control and,
therefore, also potential focal points for the development of therapeutic agents. Vitamin K and
its derivatives have been investigated for their ability to intervene in the activation of NF-κB.

3.1.2. NF-κB and vitamin K

There is evidence that vitamin K can regulate the activation of the NF-κB pathway. Other
signalling pathways also control cell functions and are, of course, important. Furthermore, in
the complex nature of multiple signalling pathways there is also considerable crosstalk
between these pathways [42]. There are also some reports that vitamin K has regulatory
functions on signalling pathways, other than NF-κB, such as the mitogen-activated protein
(MAP) kinases, but in this discussion, we focus on vitamin K and NF-κB.

Most of the research on vitamin K regulation of the NF-κB pathway has been done on cultured
cells, with a large element coming from researchers in Japan with a core interest in the
molecular mechanisms regulating cancer cells.

Hepatocellular carcinoma cells (HCC) are known to overexpress several oncogenes and also
down-regulate tumour suppressor genes [43, 44]. Vitamin K2, in the form of menaquinone-4,
has been investigated for its growth regulating effects in three hepatocellular cancer cell lines
[45]. Focussing on the proto-oncogenic expressed protein cyclin D1, which regulates the cell
cycle at the G1-S transition, and which is itself regulated by NF-κB [46]. These researchers found
menaquinione-4 inhibited both cyclin D1 mRNA expression and protein synthesis. In HCC
activated with phorbol ester or cytokines agonists in order to stimulate NF-κB signalling,
vitamin K was found to ameliorate cyclin D1 activation and NF-κB promoter binding was
inhibited. It was also noted that there was inhibition of the phosphorylation of IκB, with
suppression of IKK kinase activity.

The same research group has considered the effects of vitamin K2 on the expression of matrix
metalloproteinase (MMP) enzymes [47]. These enzymes are implicated in metastatic tumour
invasion [48]. HCC in culture were treated with phorbol ester and the expression of three MMP
proteins and their corresponding mRNA examined. The study found that menaquinone-4
suppressed basal and phorbol ester stimulated NF-κB activation, which translated into the
suppression of both MMP mRNA and protein expression levels. In these experiments, vitamin
K2 was also found to suppress the activation of the mitogen-activated protein (MAP) kinase
signalling pathway.

Two other publications from these researchers, again using HCC, explored the effects of
vitamin K2 to regulate cancer cell biology [49, 50]. In the first they examined potential
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modulation of HCC growth by the anti-cancer therapeutic 5-fluorouracil, through inhibition
of cyclin D and innate activated NF-κB signalling. Their other study investigated the effects of
vitamin K2 on protein kinase C (PKC), a known mediator in multiple stimulated cell responses
in HCC [51]. Working in an adjunctive role with 5-fluorouracil, menaquinone-4 was found to
augment the growth inhibition induced by 5-fluorouracil alone, this being most effective when
the cells were pretreated with vitamin K2. From the discussion above on the NF-κB pathway,
any finding of an inhibition of kinase activities may be expected to have an effect on NF-κB
activation. In their PKC study, these researchers found delineation in the response to vitamin
K2 between the PKC isoforms. All the PKC isozymes were found to be involved in NF-κB
activation, but vitamin K2 inhibited the NF-κB activation through its actions on only two of
these, PKCα and PKCε. This selectivity was not investigated further.

The above discussion focuses on directed inflammatory stimuli using laboratory reagents;
however, there are numerous agents that can promote an inflammatory response, including
infective agents like viruses and bacteria. We are all exposed to bacterial endotoxins or
lipopolysaccharides (LPS), every day and without much effect, but when these endotoxins are
shed in an injured tissue, the results are registered quickly through cell surface Toll-like
receptors that trigger, among other signalling pathways, NF-κB [52].

A potent, and key, cytokine in the response to endotoxin insult is interleukin-6 (IL-6) [53]. Up-
regulation of IL-6 synthesis is under NF-κB control [54], and this cytokine can feed back into
the inflammatory response. This feedback is achieved via interaction with its own specific cell
surface receptor that activates the Janus kinase (JAK) signal transducer and activator of
transcription 3 (STAT3) pathway [55].

We have reported a vitamin K-mediated suppression of IL-6 release in LPS-challenged primary
human fibroblast cell cultures [56]. This investigation found that vitamin K2, in the form of
menaquinone-4, was a more potent anti-inflammatory compound than vitamin K1 in this
primary cell system.

Other cell and animal experiments have looked at the possible regulation of inflammation by
vitamin K inhibition of IL-6 release following endotoxin challenge. These include studies using
germ-free rats, THP-1 human monocyte-like cells and murine RAW264.7 macrophage-like
cells [57, 58] and have noted a significant reduction in the LPS-stimulated cellular IL-6 mRNA
levels. In the vitamin K supplemented animal experiments, there was a suppression of the
hepatic mRNA levels of the inflammation response protein macrophage migration inhibitory
factor (MIF), compared to animals fed a vitamin K-deficient diet. This study also found that
supplementation with vitamin K1 also caused a rise in hepatic tissue menaquinone-4 levels
[57]. Extension of these in vivo findings in the two cell lines, THP-1 and RAW264.7, demon-
strated that the suppression of LPS-stimulated IL-6 mRNA by vitamin K2 was consistent with
inhibition of NF-κB activity via the restricted phosphorylation of IKK kinases [58]. These
researchers also questioned whether these events involved a classical vitamin K gamma-
carboxylation-mediated process; co-culture experiments with warfarin found that these
inhibitory effects of vitamin K on NF-κB were independent of vitamin K–dependent protein
gamma-carboxylation [58]. The widely appreciated role of IL-6 in inflammatory diseases
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therefore, also potential focal points for the development of therapeutic agents. Vitamin K and
its derivatives have been investigated for their ability to intervene in the activation of NF-κB.

3.1.2. NF-κB and vitamin K

There is evidence that vitamin K can regulate the activation of the NF-κB pathway. Other
signalling pathways also control cell functions and are, of course, important. Furthermore, in
the complex nature of multiple signalling pathways there is also considerable crosstalk
between these pathways [42]. There are also some reports that vitamin K has regulatory
functions on signalling pathways, other than NF-κB, such as the mitogen-activated protein
(MAP) kinases, but in this discussion, we focus on vitamin K and NF-κB.

Most of the research on vitamin K regulation of the NF-κB pathway has been done on cultured
cells, with a large element coming from researchers in Japan with a core interest in the
molecular mechanisms regulating cancer cells.

Hepatocellular carcinoma cells (HCC) are known to overexpress several oncogenes and also
down-regulate tumour suppressor genes [43, 44]. Vitamin K2, in the form of menaquinone-4,
has been investigated for its growth regulating effects in three hepatocellular cancer cell lines
[45]. Focussing on the proto-oncogenic expressed protein cyclin D1, which regulates the cell
cycle at the G1-S transition, and which is itself regulated by NF-κB [46]. These researchers found
menaquinione-4 inhibited both cyclin D1 mRNA expression and protein synthesis. In HCC
activated with phorbol ester or cytokines agonists in order to stimulate NF-κB signalling,
vitamin K was found to ameliorate cyclin D1 activation and NF-κB promoter binding was
inhibited. It was also noted that there was inhibition of the phosphorylation of IκB, with
suppression of IKK kinase activity.

The same research group has considered the effects of vitamin K2 on the expression of matrix
metalloproteinase (MMP) enzymes [47]. These enzymes are implicated in metastatic tumour
invasion [48]. HCC in culture were treated with phorbol ester and the expression of three MMP
proteins and their corresponding mRNA examined. The study found that menaquinone-4
suppressed basal and phorbol ester stimulated NF-κB activation, which translated into the
suppression of both MMP mRNA and protein expression levels. In these experiments, vitamin
K2 was also found to suppress the activation of the mitogen-activated protein (MAP) kinase
signalling pathway.

Two other publications from these researchers, again using HCC, explored the effects of
vitamin K2 to regulate cancer cell biology [49, 50]. In the first they examined potential
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modulation of HCC growth by the anti-cancer therapeutic 5-fluorouracil, through inhibition
of cyclin D and innate activated NF-κB signalling. Their other study investigated the effects of
vitamin K2 on protein kinase C (PKC), a known mediator in multiple stimulated cell responses
in HCC [51]. Working in an adjunctive role with 5-fluorouracil, menaquinone-4 was found to
augment the growth inhibition induced by 5-fluorouracil alone, this being most effective when
the cells were pretreated with vitamin K2. From the discussion above on the NF-κB pathway,
any finding of an inhibition of kinase activities may be expected to have an effect on NF-κB
activation. In their PKC study, these researchers found delineation in the response to vitamin
K2 between the PKC isoforms. All the PKC isozymes were found to be involved in NF-κB
activation, but vitamin K2 inhibited the NF-κB activation through its actions on only two of
these, PKCα and PKCε. This selectivity was not investigated further.

The above discussion focuses on directed inflammatory stimuli using laboratory reagents;
however, there are numerous agents that can promote an inflammatory response, including
infective agents like viruses and bacteria. We are all exposed to bacterial endotoxins or
lipopolysaccharides (LPS), every day and without much effect, but when these endotoxins are
shed in an injured tissue, the results are registered quickly through cell surface Toll-like
receptors that trigger, among other signalling pathways, NF-κB [52].

A potent, and key, cytokine in the response to endotoxin insult is interleukin-6 (IL-6) [53]. Up-
regulation of IL-6 synthesis is under NF-κB control [54], and this cytokine can feed back into
the inflammatory response. This feedback is achieved via interaction with its own specific cell
surface receptor that activates the Janus kinase (JAK) signal transducer and activator of
transcription 3 (STAT3) pathway [55].

We have reported a vitamin K-mediated suppression of IL-6 release in LPS-challenged primary
human fibroblast cell cultures [56]. This investigation found that vitamin K2, in the form of
menaquinone-4, was a more potent anti-inflammatory compound than vitamin K1 in this
primary cell system.

Other cell and animal experiments have looked at the possible regulation of inflammation by
vitamin K inhibition of IL-6 release following endotoxin challenge. These include studies using
germ-free rats, THP-1 human monocyte-like cells and murine RAW264.7 macrophage-like
cells [57, 58] and have noted a significant reduction in the LPS-stimulated cellular IL-6 mRNA
levels. In the vitamin K supplemented animal experiments, there was a suppression of the
hepatic mRNA levels of the inflammation response protein macrophage migration inhibitory
factor (MIF), compared to animals fed a vitamin K-deficient diet. This study also found that
supplementation with vitamin K1 also caused a rise in hepatic tissue menaquinone-4 levels
[57]. Extension of these in vivo findings in the two cell lines, THP-1 and RAW264.7, demon-
strated that the suppression of LPS-stimulated IL-6 mRNA by vitamin K2 was consistent with
inhibition of NF-κB activity via the restricted phosphorylation of IKK kinases [58]. These
researchers also questioned whether these events involved a classical vitamin K gamma-
carboxylation-mediated process; co-culture experiments with warfarin found that these
inhibitory effects of vitamin K on NF-κB were independent of vitamin K–dependent protein
gamma-carboxylation [58]. The widely appreciated role of IL-6 in inflammatory diseases
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makes the findings of an inhibitory activity for vitamin K in IL-6 release an increasingly
attractive prospect.

One of the dominant areas of NF-κB understanding is in osteoclastogenesis. Activation of this
pathway in hematopoietic stem cells by receptor activator of nuclear factor kappa-B ligand
(RANKL), a member of the tumour necrosis ligand superfamily, has been found to be a
prominent initiator of osteoclast formation [59, 60]. Once precursor cells have been positioned
to develop into osteoclasts by RANKL, NF-κB further facilitates development through
inhibition of apoptosis [61].

Menaquinone-7, a more hydrophobic homologue of vitamin K2 than menaquinone-4, has been
found to limit rat osteoclast formation under various challenges [62]. Later studies determined
that the anti-osteoclastogenic actions of menaquinone-7 were mediated by the inhibition of
NF-κB [63].

A central feature of all research on the role of vitamin K in the inhibition of NF-κB is the high
concentrations that were required to demonstrate an effect of the order of 10−5 to 10−4 M in cell
culture and pharmacological dosing in animal experiments. The relatively high concentrations
required suggests that the anti-inflammatory activities of vitamin K are not working through
specific receptors and it is, therefore, more likely that the anti-inflammatory activities are due
to other characteristics of vitamin K.

3.2. Other anti-inflammatory vitamin K–like compounds

Some supporting data on the potential for vitamin K to serve a physiological anti-inflammatory
role can be found in studies using other vitamin K–like compounds. Below, we focus on two
compounds that have a common 2-methyl-1,4-naphthoquinone functional group as vitamin

Figure 1. The molecular structures for phylloquinone, vitamin K1; menaquinone vitamins, vitamins K2; menadione,
vitamin K3; NaQuinate, the 7-carbon carboxylic acid catabolite derived from all forms of vitamin K1 and K2.
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K1 and K2, namely menadione, or vitamin K3, and a 7-carbon carboxylic acid catabolite of
vitamin K, NaQuinate (Figure 1).

3.2.1. Menadione and inhibition of inflammation

Menadione, or vitamin K3, was for a long time considered to be a synthetic compound.
Research that started in the 1990s demonstrated that menadione was an important derivative
from vitamin K1 that was converted in the rat to make the vitamin K2 congener menaqui-
none-4 [64–67]. The enzyme responsible for the conversion of menadione to menaquinone-4,
UBIAD1 [68] has a wide distribution across species and likely plays a significant role in the
vitamin K status of many animals (see chapter by O'Neil et al., this volume).

Seminal work on the amelioration of chronic inflammatory arthritis in a rabbit antigen-induced
model found a pronounced anti-inflammatory effect in animals receiving oral menadione. This
was related to a significant decrease in synoviocyte glucose-6-phosphate dehydrogenase
activity in the treated rabbits [69] and reduced macrophage numbers in the treated joint
(personal communication). It is unclear if this was due to a direct effect on the joint tissue as a
latter study using menadione-epoxide in the same model was also found to have a significant
anti-inflammatory activity [70]. Alternative explanation for these effects includes the possible
conversion of these menadione and menadione-epoxide molecules into vitamin K2, as
menaquinone-4, through the action of UBIAD1 [68]. This would be consistent with lapine
caecal bacterial conversion due to known coprophagy in this species (see chapter by O’Neil et
al., in this volume).

Menadione has also been shown to inhibit NF-κB translocation to the nucleus in tumour
necrosis factor (TNF)-α stimulated human embryonic kidney (HEK)293 cells [71]. Intriguingly,
such effects were not observed in similar experiments using vitamin K1 or K2 in these cells.
There are several possible reasons for this divergence in activity between the naphthoquinone
homologues. However, menadione is known to be inert as a co-factor for the vitamin K–
dependent gamma-carboxylation reaction [72], suggesting that alternative mechanisms,
related to their redox properties, rather than protein modification are likely to be more
dominant.

These researchers also found that menadione was capable of suppressing LPS-induced NF-
κB nuclear translocation and TNF-α release from murine macrophage-like RAW 264 cells [71].
Additionally, in a murine model of acute lung injury/acute respiratory distress syndrome
(ARDS), which occurs in the setting of acute severe illness complicated by systemic inflam-
mation, menadione also attenuated the LPS-induced severity of lung injury and suppressed
the increase in serum TNF-α level. This occurred concomitantly with inhibition the LPS-evoked
nuclear translocation of NF-κB in lung tissue.

Together, these data indicate that menadione has a capacity to ameliorate inflammation. The
in vivo examples identified above can be described as rigorous tests of the anti-inflammatory
potential of this molecule. The mechanism of action is likely to centre on NF-κB, but the strong
suppression of glucose-6-phosphate dehydrogenase in the rabbit arthritis model and, thereby,
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K1 and K2, namely menadione, or vitamin K3, and a 7-carbon carboxylic acid catabolite of
vitamin K, NaQuinate (Figure 1).
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Menadione, or vitamin K3, was for a long time considered to be a synthetic compound.
Research that started in the 1990s demonstrated that menadione was an important derivative
from vitamin K1 that was converted in the rat to make the vitamin K2 congener menaqui-
none-4 [64–67]. The enzyme responsible for the conversion of menadione to menaquinone-4,
UBIAD1 [68] has a wide distribution across species and likely plays a significant role in the
vitamin K status of many animals (see chapter by O'Neil et al., this volume).

Seminal work on the amelioration of chronic inflammatory arthritis in a rabbit antigen-induced
model found a pronounced anti-inflammatory effect in animals receiving oral menadione. This
was related to a significant decrease in synoviocyte glucose-6-phosphate dehydrogenase
activity in the treated rabbits [69] and reduced macrophage numbers in the treated joint
(personal communication). It is unclear if this was due to a direct effect on the joint tissue as a
latter study using menadione-epoxide in the same model was also found to have a significant
anti-inflammatory activity [70]. Alternative explanation for these effects includes the possible
conversion of these menadione and menadione-epoxide molecules into vitamin K2, as
menaquinone-4, through the action of UBIAD1 [68]. This would be consistent with lapine
caecal bacterial conversion due to known coprophagy in this species (see chapter by O’Neil et
al., in this volume).

Menadione has also been shown to inhibit NF-κB translocation to the nucleus in tumour
necrosis factor (TNF)-α stimulated human embryonic kidney (HEK)293 cells [71]. Intriguingly,
such effects were not observed in similar experiments using vitamin K1 or K2 in these cells.
There are several possible reasons for this divergence in activity between the naphthoquinone
homologues. However, menadione is known to be inert as a co-factor for the vitamin K–
dependent gamma-carboxylation reaction [72], suggesting that alternative mechanisms,
related to their redox properties, rather than protein modification are likely to be more
dominant.

These researchers also found that menadione was capable of suppressing LPS-induced NF-
κB nuclear translocation and TNF-α release from murine macrophage-like RAW 264 cells [71].
Additionally, in a murine model of acute lung injury/acute respiratory distress syndrome
(ARDS), which occurs in the setting of acute severe illness complicated by systemic inflam-
mation, menadione also attenuated the LPS-induced severity of lung injury and suppressed
the increase in serum TNF-α level. This occurred concomitantly with inhibition the LPS-evoked
nuclear translocation of NF-κB in lung tissue.

Together, these data indicate that menadione has a capacity to ameliorate inflammation. The
in vivo examples identified above can be described as rigorous tests of the anti-inflammatory
potential of this molecule. The mechanism of action is likely to centre on NF-κB, but the strong
suppression of glucose-6-phosphate dehydrogenase in the rabbit arthritis model and, thereby,
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the regulation of intracellular NADPH, may indicate another important feature of the anti-
inflammatory character of menadione.

3.2.2. Inhibition of inflammation by a vitamin K catabolite, NaQuinate

Vitamin K1 and K2s are broken down in the liver, and this is the only organ that has been
reported to be responsible for the catabolism of these vitamins [73]. Early metabolism studies
in men using radioactive vitamin K1 has revealed the catabolites to be side-chain shortened
carboxylic acid products, the more abundant being a 5-carbon aliphatic acid, while the less
abundant is a 7-carbon aliphatic acid containing a single double bond (Figure 2) [74]. These
compounds are glucuronidated in the liver for excretion in the bile or through the kidneys. In
human studies, the level of the catabolites varies with the amount of vitamin K ingested at
pharmacological doses, as either phylloquinone or menaquinone-4 [75] or with dietary
phylloquinone intake [76].

We have found that both of these acid catabolites cannot participate in the gamma-carboxyla-
tion reaction and are, in fact, inhibitors or the vitamin K gamma-carboxylase enzyme (Soper
and Hodges, unpublished data).

Figure 2. The metabolism of vitamin K1 (A) and vitamins K2 (B) with the common generation is the 7-carbon carboxyl-
ic acid catabolite, NaQuinate (C), which is further broken down to the 5-carbon carboxylic acid catabolite (D).

Our recent studies with the 7-carbon carboxylic acid catabolite of vitamin K, NaQuinate
(Figure 1), found significant attenuation of LPS-challenged osteoblast-like MG63 cell IL-6
release [77]. This has likely in vivo implications, as in humans NaQuinate is usually present at
high levels following pharmacological vitamin K dosing, irrespective of the source of vitamin
K as either vitamin K1 or any of the vitamin K2 vitamers (Figure 2) [75]. Parallel experiments
in MG63 cells using 1,25-(OH)2-vitamin D3 or interleukin-1β as agonists showed similar
suppression of IL-6 release by NaQuinate (Soper and Hodges, unpublished data). Interestingly,
LPS-challenged MG63 cells were substantially less affected by the 5-carbon carboxylic acid
vitamin K catabolite (Figure 2), which only differs from NaQuinate by 2 carbon atoms and a
carbon-carbon double bond [77].

These results are in agreement with our earlier findings with LPS-challenged primary human
fibroblast cultures [56]. Furthermore, if the carboxylic acid function on the catabolites is
blocked with a methyl group, the LPS-induced release of IL-6 is greatly reduced in MG63 cells
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[77]. The reason for the disparity in inhibitory activities between the two closely related vitamin
K catabolites is not known, and a free acid function is a common structural element of many
widely used anti-inflammatory agents.

It should be noted that, in comparison to the descriptions above of the effects of vitamin K on
NF-κB and other anti-inflammatory markers, the concentration of NaQuinate required to
achieve an effect was substantially lower, with an IC50 of 2–5 × 10−7 M.

More recently, in vivo investigations have been performed using NaQuinate in two murine
models of bone loss, induced through either ovariectomy (OVx), or as a result of limb disuse
following sciatic neurectomy (NTx). In the OVx model, we found, using several micro-
computed tomography measurement parameters, that tibial trabecular bone loss was
significantly ameliorated in NaQuinate treated animals (0.75 mg/kg); the tibiae in the sham-
operated control group being indistinguishable from the NaQuinate-treated oviarectomised
animals [77]. We found that the more aggressive bone loss following NTx was also greatly
reduced in the NaQuinate-treated animals. Moreover, we found substantial reduction in the
inhibition of bone loss in both of the mouse models when a NaQuinate derivative containing
a methyl ester group was used to block the carboxylic acid function, suggesting that a free
carboxylic acid function is required for effective inhibition of bone loss in these models.

4. Concluding remarks

Vitamin K has been found to have anti-inflammatory activity in an increasing number of
studies. This inhibitory activity would appear to be directed through inhibition of NF-κB
signalling. In cell culture experiments, it is often mentioned that the cells needed to be primed
with vitamin K before being challenged with agonists. Furthermore, experimental results are
immerging that show inhibition of cytokine release in agonist-challenged cell culture and
animal models, which in the light of vitamin K deficiency in chronic diseases, may reflect on
a vitamin K role in organ homeostasis. Therefore, the defining vitamin K sufficiency on the
basis solely of adequate functional blood clotting factors is likely to be an over-simplification
and needs to be considered more fully.

The question is open as to the value of vitamin K in a therapeutic or a prophylactic role. For
example, a vitamin K deficient, seriously ill patient is unlikely to benefit greatly from a vitamin
K intervention, but a patient with a chronic inflammatory disease may. This can only be
highlighted in large community studies, which need to be run over many years in large
numbers of volunteers.

However, there are already some indications of prophylactic benefit of increased vitamin K
intake in large population studies in Japan. Exploring consumption of ‘natto’, a live menaqui-
none-7 producing bacteria (Bacillus subtilis subsp) culture food product from fermented
soybean that is culturally more favoured in the east than the west of Japan found that ingestion
substantially increases human circulating menaquinone-7 levels and that bacterial gut
colonization was evident several days after a single 80 g natto portion [78]. Intriguingly,
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prefectural sales of natto also linked consumption with a notable decrease in age-related hip
fractures in eastern Japanese population [78].

Given the safety of vitamin K, even in high pharmaceutical doses, supplementation may have
a benefit, beyond meeting coagulation demands than is generally perceived, particularly in
early chronic inflammatory diseases and inflammaging.
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fractures in eastern Japanese population [78].

Given the safety of vitamin K, even in high pharmaceutical doses, supplementation may have
a benefit, beyond meeting coagulation demands than is generally perceived, particularly in
early chronic inflammatory diseases and inflammaging.
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Abstract

Vitamin K was originally discovered as a blood coagulation factor. But observations
regarding intakes in populations and health outcomes lead to a deeper understanding of
the differences between vitamins K1 and K2. Studies of warfarin-treated rats and MGP -
deficient mice led to understanding the central role of MGP in controlling calcification of
arteries. A sensitive biomarker assay was then developed, based on a particular species
of matrix γ–carboxylation protein OR matrix GLA protein (MGP). Warfarin therapy in
people, especially those suffering from chronic kidney disease, was found to cause the
highest  level  of  this  biomarker  desphospho-uncarboxylated  MGP  (dp-ucMGP).
Intervention studies with vitamin K2 brought down levels of dp-ucMGP and also led to
relief of some disease endpoints. The process of varicose vein formation includes a role
for vitamin K, implicating a lack of vitamin K in the development of varicoceles, which
leads to benign prostate hyperplasia. It is likely that much good will be accomplished
using vitamin K2 in interventions. Complex, multifaceted diseases will not be treated by
single-nutrient solutions. The best interventions will be those which combine vitamin K2
treatment with a healthy diet rich in fruits and vegetables, combined with a healthy
lifestyle.
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1. Introduction

The story of  vitamin K goes  back to  the  1930s,  when Henrik Dam at  the  University  of
Copenhagen isolated an antihemorrhagic vitamin that was fat soluble but different from
previously isolated vitamins A, D, and E [1]. He found high concentrations of the vitamin in
hog liver fat and hemp seed, but found it to be virtually absent in cod liver oil while testing a
variety  of  animal  organs,  hen eggs,  cereals,  seeds,  vegetables,  and various  fats  and oils
including butter fat. The initial quantification was all based on the time required to coagulate
blood from a chicken. The term “vitamin K” was used as short for the German term “koagu-
lation.” Because of the type of assay used, all vitamin K factors, whether K1 or K2, were thought
to be useful only for coagulation of the blood.

At the same time as Henrik Dam was working out the details of the antihemorrhagic vita-
min, there was another investigator working in the USA with a vitamin factor not found in
cod liver oil, but which worked synergistically with them to promote proper mineralization,
bone growth, and to prevent dental caries [2]. Dr. Weston Price found that the amount of the
factor in mammalian milk varied with the “nutrition of the animal,” with highest levels
from milk of cows that were consuming rapidly growing green grass. Because Dr. Price’s
assay was based on the release of iodine from hydroiodic acid, a test for peroxides, no con-
nection was made between his discovery and any other vitamin activity. What Price found
was the activity of vitamin K2, formed in mammary glands from phylloquinone, vitamin
K1, found in abundance in rapidly growing green grass [3]. No connection was made be-
tween the anticoagulation activity of K1 and the mineral-directing activity of vitamin K2
until the modern research era.

Because of the way vitamin K was discovered for its coagulation function, it was assumed that
this was its only function for many years. The Recommended Daily Allowance (RDA) for
vitamin K is based on its coagulation function. Though both phylloquinone (phyllo—from
plants) and menaquinones support coagulation, as we explore in this chapter, there are clear
differences between the functioning of phylloquinone and the menaquinones, and they are not
fully interchangeable.

This chapter is a review of vitamin K2 research in the area of cardiovascular health, especially
dealing with arterial calcification. It is organized in a loose chronological order, following the
themes of the research as the field matured. First, there were observations about dietary intake
of K1 and K2 and health outcomes, forming hypotheses to be tested further. Associations were
discovered at this stage. Harmful observations with warfarin-type drugs, which are vitamin
K antagonists, were seen early on in the research cycle as well. Hypotheses were then explored
with animal studies, looking for mechanisms and biomarkers—to help get endpoints that were
quicker to develop than mortality and disease. Then came the rise of biomarker studies, using
markers for vitamin K status (dp-ucMGP), as well as markers for risk factors, such as arterial
calcification, pointing to disease outcomes. As the science matured even further, intervention
studies related to K2 and biomarker changes emerged. The final stage is now emerging with
intervention studies looking not just at biomarkers but disease outcomes, thus tying all of the
research together.
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2. Observational studies of dietary vitamin K intake and health outcomes

Observational studies help form hypotheses by finding associations between factors that may
or may not be related to the health outcome of interest. One of the early population-based
studies in the 1990s examined the vitamin K status of 113 postmenopausal women [4]. Dietary
intake of vitamin K was assessed along with examinations for the presence or absence of aortic
calcified lesions. Blood samples were assayed for osteocalcin, a vitamin K-dependent protein
that is responsible for proper deposition of minerals in bone tissue. It was thought that some
forms of osteocalcin might be a marker for vitamin K status. The first type had low affinity for
hydroxyapatite, while the second had high affinity. Women with calcified lesions (n = 34) had
a lower intake of total vitamin K as well as a higher amount of low-affinity osteocalcin. Together
these results indicated that these women had impaired vitamin K status that might be related
to their atherosclerotic lesions.

A groundbreaking study took place in the Netherlands which changed the way vitamin K2
was thought of afterward. First, a very careful survey of foods eaten in the Netherlands was
carried out by interview-based dietary intakes of over 5400 people, guided by a validated food
frequency questionnaire (FFQ). For many animal-based foods, the quantitation of vitamin K2
had not been done, so this was carried out and reported as well. The mean intake of K1 and
K2, respectively, varied from 124 and 9.3 µg/day in the lowest quartile to 375 and 45 µg/day in
the upper quartile [5]. A report of health outcomes from the Rotterdam Study in 2004 from
4800 of these subjects revealed that even though vitamin K2 was a minor part of the total
vitamin K intake, only K2 and not K1 intake was associated with a lower risk of disease [6].
For people in the upper third of intakes of K2 compared to the lowest third, there were
decreases in relative risks of coronary heart disease (CHD) mortality (57%), all-cause mortality
(26%), and severe aortic calcification (52%). Even though intakes of K2 were only about 10%
as much as the amounts of K1, their effect on cardiovascular disease was greater. Cheese was
the primary source of menaquinones in this cohort in the Netherlands, not exactly highly
regarded as a heart healthy food. This fact made confounding by other “healthy” nutrients less
likely and made the results more robust.

Similar results have been seen in a second study, from the Prospect-EPIC cohort, also from the
Netherlands [7]. About 16,000 women aged 49–70 were followed for 8 years. Vitamin K1 and
K2 intakes were estimated from a FFQ . Vitamin K2 intake varied from <20 to >36 µg/day across
quartiles. For every increase of 10 µg of K2, there was a 9% reduction in hazard ratio of risk of
CHD, with the effects coming mainly from menaquinone subtypes MK-7, MK-8, and MK-9.
There was no association between intake of K1 and CHD, as seen in the Rotterdam Study.

Two large cohort studies have been analyzed for associations between vitamin K intake and
CHD. When the Nurses’ Health Study (NHS) cohort was analyzed for an association between
dietary vitamin K intake and cardiovascular outcomes, it was found that K1 intake was
associated with a 21% decrease in multivariate relative risk of total CHD [8]. The association
was attenuated by adjustments for other dietary factors and lifestyle patterns, so that it was
not apparent to the authors whether the results were due to vitamin K1 or that K1 was just a
marker for a lifestyle pattern associated with a high intake of K1. Median intakes of K1 for the

Vitamin K2: Implications for Cardiovascular Health in the Context of Plant-Based Diets, with Applications for Prostate...
http://dx.doi.org/10.5772/63413

171



1. Introduction

The story of  vitamin K goes  back to  the  1930s,  when Henrik Dam at  the  University  of
Copenhagen isolated an antihemorrhagic vitamin that was fat soluble but different from
previously isolated vitamins A, D, and E [1]. He found high concentrations of the vitamin in
hog liver fat and hemp seed, but found it to be virtually absent in cod liver oil while testing a
variety  of  animal  organs,  hen eggs,  cereals,  seeds,  vegetables,  and various  fats  and oils
including butter fat. The initial quantification was all based on the time required to coagulate
blood from a chicken. The term “vitamin K” was used as short for the German term “koagu-
lation.” Because of the type of assay used, all vitamin K factors, whether K1 or K2, were thought
to be useful only for coagulation of the blood.

At the same time as Henrik Dam was working out the details of the antihemorrhagic vita-
min, there was another investigator working in the USA with a vitamin factor not found in
cod liver oil, but which worked synergistically with them to promote proper mineralization,
bone growth, and to prevent dental caries [2]. Dr. Weston Price found that the amount of the
factor in mammalian milk varied with the “nutrition of the animal,” with highest levels
from milk of cows that were consuming rapidly growing green grass. Because Dr. Price’s
assay was based on the release of iodine from hydroiodic acid, a test for peroxides, no con-
nection was made between his discovery and any other vitamin activity. What Price found
was the activity of vitamin K2, formed in mammary glands from phylloquinone, vitamin
K1, found in abundance in rapidly growing green grass [3]. No connection was made be-
tween the anticoagulation activity of K1 and the mineral-directing activity of vitamin K2
until the modern research era.

Because of the way vitamin K was discovered for its coagulation function, it was assumed that
this was its only function for many years. The Recommended Daily Allowance (RDA) for
vitamin K is based on its coagulation function. Though both phylloquinone (phyllo—from
plants) and menaquinones support coagulation, as we explore in this chapter, there are clear
differences between the functioning of phylloquinone and the menaquinones, and they are not
fully interchangeable.

This chapter is a review of vitamin K2 research in the area of cardiovascular health, especially
dealing with arterial calcification. It is organized in a loose chronological order, following the
themes of the research as the field matured. First, there were observations about dietary intake
of K1 and K2 and health outcomes, forming hypotheses to be tested further. Associations were
discovered at this stage. Harmful observations with warfarin-type drugs, which are vitamin
K antagonists, were seen early on in the research cycle as well. Hypotheses were then explored
with animal studies, looking for mechanisms and biomarkers—to help get endpoints that were
quicker to develop than mortality and disease. Then came the rise of biomarker studies, using
markers for vitamin K status (dp-ucMGP), as well as markers for risk factors, such as arterial
calcification, pointing to disease outcomes. As the science matured even further, intervention
studies related to K2 and biomarker changes emerged. The final stage is now emerging with
intervention studies looking not just at biomarkers but disease outcomes, thus tying all of the
research together.

Vitamin K2 - Vital for Health and Wellbeing170

2. Observational studies of dietary vitamin K intake and health outcomes

Observational studies help form hypotheses by finding associations between factors that may
or may not be related to the health outcome of interest. One of the early population-based
studies in the 1990s examined the vitamin K status of 113 postmenopausal women [4]. Dietary
intake of vitamin K was assessed along with examinations for the presence or absence of aortic
calcified lesions. Blood samples were assayed for osteocalcin, a vitamin K-dependent protein
that is responsible for proper deposition of minerals in bone tissue. It was thought that some
forms of osteocalcin might be a marker for vitamin K status. The first type had low affinity for
hydroxyapatite, while the second had high affinity. Women with calcified lesions (n = 34) had
a lower intake of total vitamin K as well as a higher amount of low-affinity osteocalcin. Together
these results indicated that these women had impaired vitamin K status that might be related
to their atherosclerotic lesions.

A groundbreaking study took place in the Netherlands which changed the way vitamin K2
was thought of afterward. First, a very careful survey of foods eaten in the Netherlands was
carried out by interview-based dietary intakes of over 5400 people, guided by a validated food
frequency questionnaire (FFQ). For many animal-based foods, the quantitation of vitamin K2
had not been done, so this was carried out and reported as well. The mean intake of K1 and
K2, respectively, varied from 124 and 9.3 µg/day in the lowest quartile to 375 and 45 µg/day in
the upper quartile [5]. A report of health outcomes from the Rotterdam Study in 2004 from
4800 of these subjects revealed that even though vitamin K2 was a minor part of the total
vitamin K intake, only K2 and not K1 intake was associated with a lower risk of disease [6].
For people in the upper third of intakes of K2 compared to the lowest third, there were
decreases in relative risks of coronary heart disease (CHD) mortality (57%), all-cause mortality
(26%), and severe aortic calcification (52%). Even though intakes of K2 were only about 10%
as much as the amounts of K1, their effect on cardiovascular disease was greater. Cheese was
the primary source of menaquinones in this cohort in the Netherlands, not exactly highly
regarded as a heart healthy food. This fact made confounding by other “healthy” nutrients less
likely and made the results more robust.

Similar results have been seen in a second study, from the Prospect-EPIC cohort, also from the
Netherlands [7]. About 16,000 women aged 49–70 were followed for 8 years. Vitamin K1 and
K2 intakes were estimated from a FFQ . Vitamin K2 intake varied from <20 to >36 µg/day across
quartiles. For every increase of 10 µg of K2, there was a 9% reduction in hazard ratio of risk of
CHD, with the effects coming mainly from menaquinone subtypes MK-7, MK-8, and MK-9.
There was no association between intake of K1 and CHD, as seen in the Rotterdam Study.

Two large cohort studies have been analyzed for associations between vitamin K intake and
CHD. When the Nurses’ Health Study (NHS) cohort was analyzed for an association between
dietary vitamin K intake and cardiovascular outcomes, it was found that K1 intake was
associated with a 21% decrease in multivariate relative risk of total CHD [8]. The association
was attenuated by adjustments for other dietary factors and lifestyle patterns, so that it was
not apparent to the authors whether the results were due to vitamin K1 or that K1 was just a
marker for a lifestyle pattern associated with a high intake of K1. Median intakes of K1 for the

Vitamin K2: Implications for Cardiovascular Health in the Context of Plant-Based Diets, with Applications for Prostate...
http://dx.doi.org/10.5772/63413

171



lowest and highest quintiles were 87 and 300 µg/day for the NHS cohort. In another large
cohort, the Health Professionals’ Follow-up Study, there was a decrease in the relative risk of
total CHD across increasing quintiles of vitamin K1 intake. However, when the results were
adjusted for lifestyle and other dietary factors, the trend was no longer significant [9]. Neither
of these large cohorts reported dietary intakes of K2, perhaps because the database for
menaquinone concentrations in the USA was not complete at that time, nor is it fully available
at the time of writing this chapter (only partial data are available on MK-4 but none on higher
menaquinones), 17 years after such data were obtained for the Rotterdam Study [5]. The
negative results from these cohorts for vitamin K1 and CHD only reinforce just how striking
the results were from the Dutch studies for vitamin K2. The findings from the Netherlands
were not expected or anticipated by many.

The question of whether vitamin K intake is related to arterial calcifications has been probed
in two observational studies. In a cross-sectional study of 1689 women, dietary intakes of
vitamin K1 and K2 were estimated with an FFQ, and standard screening mammograms were
assessed for the presence of breast arterial calcifications [10]. Unadjusted results showed an
inverse association between intake of vitamin K2 and breast arterial calcifications, but adjust-
ments for aging, smoking, diabetes, and dietary factors made the association no longer
significant. Adjustment for diabetes may have been unwise, as vitamin K2 intake has also been
shown to reduce the risk of diabetes among 38,000 Dutch men and women in the Prospect-
EPIC cohort mentioned previously [11]. So, this adjustment may have attenuated the results
enough to make the association no longer statistically significant.

In another cross-sectional study, 564 postmenopausal women were examined for an association
between coronary calcifications and intake of vitamins K1 and K2 [12]. Women were chosen
from the Prospect-EPIC cohort study. In this cohort, cheese contributed 54%, milk products
contributed 22%, and meat contributed 15% of the K2 intake. The mean intake of K2 ranged
from 18.0 ± 4.5 to 48.5 ± 9.0 in the lowest and highest quartiles, respectively. Examinations found
that 62% of the women had coronary calcifications. In the model adjusted for age and cardio-
vascular risk factors, increased menaquinone intakes were associated with a decreased
calcification prevalence ratio of 0.80 (95% CI: 0.65–0.98), comparing highest to lowest quartile.

A more recent observational study reported findings contrary to those found in the Prospect-
EPIC cohort and the Rotterdam Study. The PREDIMED cohort is a Spanish study to examine
the effect of adoption of the Mediterranean Diet on cardiovascular, cancer, and all-cause
mortality. The intakes of vitamins K1 and K2 were estimated by FFQ, and endpoints of
cardiovascular, cancer, or all-cause mortality were tracked for a median follow-up of 4.8 years.
Energy-adjusted intakes of vitamins K1 and K2, respectively, ranged from 170 and 18.4 µg/day
in the lowest quartiles for each vitamin to 626 and 57.5 µg/day in the upper quartiles [13].
People in the upper quartile consumed about twice as many vegetables, especially leafy greens,
as those in the lowest quartile. The upper quartile of vitamin K intake in this cohort adopting
the Mediterranean Diet was substantially higher than seen in the other observational studies
of other European or American cohorts. No protective effects for higher intakes of menaqui-
nones were seen in this cohort for cardiovascular mortality, cancer mortality, or all-cause
mortality. However, high intakes of phylloquinone lead to a reduced hazard ratio of 0.54 and
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0.64 for cancer mortality and all-cause mortality. It is possible that enough vitamin K1 and
other plant-based protective nutrients such as folate, vitamin C, fiber, potassium, and magne-
sium were supplied by the diet that even those participants who had low intakes of menaqui-
nones were still not at an elevated risk compared to other subjects in the PREDIMED cohort.
Participants who increased their intake of either vitamins K1 or K2 or both during the course
of the study experienced decreased risk of cardiovascular mortality (K1 only), cancer mortality,
and all-cause mortality. The main conclusion from this observational study perhaps is that
eating plants is good for you, and the Mediterranean Diet is generally beneficial, as seen in
another report from this cohort [14].

3. Vitamin K antagonist studies

Another line of evidence that led to the discovery of the role of menaquinones was the effect
of blood thinning drugs such as warfarin and coumarin. While this class of drugs has been
very helpful in preventing strokes in the short term, it has also caused damage long term, as
people are often prescribed blood thinners for many years. In 1998, it was reported by Price
et al. [15] that warfarin caused calcification of the elastic lamellae in rat arteries and heart
valves within a period of 2 weeks, with increasing intensity each week. Vitamin K1 was giv-
en concurrently to maintain normal blood coagulation. At the time, menaquinone was not
even mentioned in the article, not even in the discussion. The discovery of importance was
that warfarin had negative side effects for arterial calcification that were not counteracted by
vitamin K1.

This discovery nearly coincided in time with work on an MGP-deficient mouse model. Matrix
γ-carboxylation protein, or matrix Gla protein (MGP), was originally discovered in bone tissue
but is actually expressed in many tissues of the body, including vascular smooth muscle cells
and chondrocytes in cartilage. MGP requires the activation by vitamin K in order to bind
calcium ions and prevent crystallization of calcium. These MGP-deficient mice developed
normally to term but died within 2 months as a result of extensive arterial calcification, which
led to blood vessel rupture [16]. Also seen was the inappropriate calcification of cartilage,
including the growth plate of bones. This MGP-deficient mouse model clearly showed that
MGP has a central, active role in preventing calcifications of arterial walls and also of cartilage.
This research coupled together with the warfarin-caused calcification pointed to a central role
for MGP in controlling arterial calcification.

Further work on the interrelationship between vitamin K1 and K2 was spurred on by feeding
studies in rats. When rats were made vitamin K deficient, then fed only K2 as MK-4, they
accumulated MK-4 especially in the pancreas, aorta, fatty tissues, and brain. Liver and serum
levels of MK-4 were low. When vitamin K–deficient rats were fed only K1, they accumulated
K1 in the liver, heart, and fatty tissues, and they also accumulated MK-4 in the same way as
the rats that were fed MK-4, indicating that there was conversion from phylloquinone to MK-4
[17]. So, with a warfarin-rat model that was able to induce arterial calcification and knowing
that there were differences between K1 and K2 distributions in the rats and that K2 prevented
heart disease in the Rotterdam Study, Spronk and coworkers set out to see how to prevent
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vitamin K1 and K2 were estimated with an FFQ, and standard screening mammograms were
assessed for the presence of breast arterial calcifications [10]. Unadjusted results showed an
inverse association between intake of vitamin K2 and breast arterial calcifications, but adjust-
ments for aging, smoking, diabetes, and dietary factors made the association no longer
significant. Adjustment for diabetes may have been unwise, as vitamin K2 intake has also been
shown to reduce the risk of diabetes among 38,000 Dutch men and women in the Prospect-
EPIC cohort mentioned previously [11]. So, this adjustment may have attenuated the results
enough to make the association no longer statistically significant.

In another cross-sectional study, 564 postmenopausal women were examined for an association
between coronary calcifications and intake of vitamins K1 and K2 [12]. Women were chosen
from the Prospect-EPIC cohort study. In this cohort, cheese contributed 54%, milk products
contributed 22%, and meat contributed 15% of the K2 intake. The mean intake of K2 ranged
from 18.0 ± 4.5 to 48.5 ± 9.0 in the lowest and highest quartiles, respectively. Examinations found
that 62% of the women had coronary calcifications. In the model adjusted for age and cardio-
vascular risk factors, increased menaquinone intakes were associated with a decreased
calcification prevalence ratio of 0.80 (95% CI: 0.65–0.98), comparing highest to lowest quartile.

A more recent observational study reported findings contrary to those found in the Prospect-
EPIC cohort and the Rotterdam Study. The PREDIMED cohort is a Spanish study to examine
the effect of adoption of the Mediterranean Diet on cardiovascular, cancer, and all-cause
mortality. The intakes of vitamins K1 and K2 were estimated by FFQ, and endpoints of
cardiovascular, cancer, or all-cause mortality were tracked for a median follow-up of 4.8 years.
Energy-adjusted intakes of vitamins K1 and K2, respectively, ranged from 170 and 18.4 µg/day
in the lowest quartiles for each vitamin to 626 and 57.5 µg/day in the upper quartiles [13].
People in the upper quartile consumed about twice as many vegetables, especially leafy greens,
as those in the lowest quartile. The upper quartile of vitamin K intake in this cohort adopting
the Mediterranean Diet was substantially higher than seen in the other observational studies
of other European or American cohorts. No protective effects for higher intakes of menaqui-
nones were seen in this cohort for cardiovascular mortality, cancer mortality, or all-cause
mortality. However, high intakes of phylloquinone lead to a reduced hazard ratio of 0.54 and
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0.64 for cancer mortality and all-cause mortality. It is possible that enough vitamin K1 and
other plant-based protective nutrients such as folate, vitamin C, fiber, potassium, and magne-
sium were supplied by the diet that even those participants who had low intakes of menaqui-
nones were still not at an elevated risk compared to other subjects in the PREDIMED cohort.
Participants who increased their intake of either vitamins K1 or K2 or both during the course
of the study experienced decreased risk of cardiovascular mortality (K1 only), cancer mortality,
and all-cause mortality. The main conclusion from this observational study perhaps is that
eating plants is good for you, and the Mediterranean Diet is generally beneficial, as seen in
another report from this cohort [14].

3. Vitamin K antagonist studies

Another line of evidence that led to the discovery of the role of menaquinones was the effect
of blood thinning drugs such as warfarin and coumarin. While this class of drugs has been
very helpful in preventing strokes in the short term, it has also caused damage long term, as
people are often prescribed blood thinners for many years. In 1998, it was reported by Price
et al. [15] that warfarin caused calcification of the elastic lamellae in rat arteries and heart
valves within a period of 2 weeks, with increasing intensity each week. Vitamin K1 was giv-
en concurrently to maintain normal blood coagulation. At the time, menaquinone was not
even mentioned in the article, not even in the discussion. The discovery of importance was
that warfarin had negative side effects for arterial calcification that were not counteracted by
vitamin K1.

This discovery nearly coincided in time with work on an MGP-deficient mouse model. Matrix
γ-carboxylation protein, or matrix Gla protein (MGP), was originally discovered in bone tissue
but is actually expressed in many tissues of the body, including vascular smooth muscle cells
and chondrocytes in cartilage. MGP requires the activation by vitamin K in order to bind
calcium ions and prevent crystallization of calcium. These MGP-deficient mice developed
normally to term but died within 2 months as a result of extensive arterial calcification, which
led to blood vessel rupture [16]. Also seen was the inappropriate calcification of cartilage,
including the growth plate of bones. This MGP-deficient mouse model clearly showed that
MGP has a central, active role in preventing calcifications of arterial walls and also of cartilage.
This research coupled together with the warfarin-caused calcification pointed to a central role
for MGP in controlling arterial calcification.

Further work on the interrelationship between vitamin K1 and K2 was spurred on by feeding
studies in rats. When rats were made vitamin K deficient, then fed only K2 as MK-4, they
accumulated MK-4 especially in the pancreas, aorta, fatty tissues, and brain. Liver and serum
levels of MK-4 were low. When vitamin K–deficient rats were fed only K1, they accumulated
K1 in the liver, heart, and fatty tissues, and they also accumulated MK-4 in the same way as
the rats that were fed MK-4, indicating that there was conversion from phylloquinone to MK-4
[17]. So, with a warfarin-rat model that was able to induce arterial calcification and knowing
that there were differences between K1 and K2 distributions in the rats and that K2 prevented
heart disease in the Rotterdam Study, Spronk and coworkers set out to see how to prevent
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arterial calcification [18]. When warfarin-treated rats were fed K1, the rats got arterial
calcification, as shown before [15], even at the highest tested dose of K1. But when the warfarin-
treated rats were fed K2 as MK-4 or K1 together with MK-4 simultaneously, the arterial
calcification was prevented. The picture was becoming clearer. Further studies have shown
that in this rodent model warfarin treatment not only causes arterial calcification but func-
tionally augments aortic peak velocity, aortic valve-peak gradient, and carotid pulse-wave
velocity [19].

The work in rats spurred investigators to look at the effect of anticoagulants in people. In one
study, aortic heart valves were examined that had been replaced during routine surgery. Some
patients received preoperative marcoumar treatment, for between 16 and 35 months, with a
mean of 25 months. When compared with patients who did not have any blood thinner
treatment, there was about twice as much calcification on the valves from patients who had
received the marcoumar [20]. The mean calcified area on the valve went from 16% in the
untreated group to 37% in the anticoagulant group. In a cross-sectional study, coronary artery
calcium scores and valvular calcium scores were compared between patients on long-term use
of anticoagulants and patients without any anticoagulant therapy [21]. The Agaston calcium
scores were about double in the anticoagulant treatment group, indicating that the effects of
anticoagulants seen in mice and rats are also present in people, even when the treatment was
only for a couple of years.

These initial results have been confirmed by further studies. Rennenberg et al. [22] examined
19 patients younger than 55 years of age who had used coumarins for more than 10 years but
did not have other cardiovascular risk factors. These patients were compared with 18 matched
healthy controls. When they examined femoral arteries, they found the coumarin users had
8.5 times the chance of having arterial calcification compared to the healthy controls. Fourteen
of 19 coumarin users, but only 4 of 18 controls had femoral arterial calcifications. Another cross-
section examination of low-risk atrial fibrillation patients found that both age and use of oral
anticoagulants were related to increased coronary calcium score [23]. And as length of time
using the anticoagulants increased, the coronary calcium score also increased, going from 53
± 115 for no use to 90 ± 167 for 6–60 months, and to 236 ± 278 for >60 months of use. These
findings were also confirmed in a series of 133 oral anticoagulant users matched by age, gender,
and Framingham cardiovascular risk score [24]. Agaston calcium scores increased from 79.6
± 159.8 for use of 2.5 ± 1.5 months, to 142.4 ± 306.0 for 18.7 ± 8.8 months, to 252.5 ± 399.3 for 86.4
± 47.1 months of use.

In women undergoing screening mammography who took warfarin, breast arterial calcifica-
tions were also more common with increasing length of warfarin treatment [25]. Prevalence of
breast arterial calcifications increased from 25.0% for <1 year of therapy to 74.4% for >5 years
of therapy. So, these calcifications can appear in peripheral tissues as well, not just in the aorta.
To show this peripheral effect further, and in men, after completing the breast arterial
calcification study, Han and O’Neill examined radiographs of ankles and feet, retrospectively,
and checked records for warfarin use prior to the x-ray [26]. They found a significant increase,
from 19% to 38% prevalence, in peripheral arterial calcifications in people who had been using
warfarin for at least 5 years prior to their x-ray. While these drugs could be termed “anticoa-
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gulants,” the preferred term for many of these authors is vitamin K antagonists, for this is their
mode of action.

Calcification of arteries had originally been thought of as a one-way process, without reversi-
bility, similar to the thinking about coronary plaque. However, just as regression can be seen
of atherosclerotic plaques [27], so calcification of arteries, too, is a dynamic process. Using the
warfarin-treated rat as a model for arterial calcification, Schurgers et al. [28] first fed rats for 6
weeks on the diet to induce calcification. Then the warfarin treatment was stopped and rats
were fed normal levels of K1, or high levels of K1 or K2 (as MK-4). Normal levels of vitamin
K1 continued to progressively increase calcification, but both forms of vitamin K at high doses
reversed arterial calcification by about 50%. Vitamin K1 does not work as long as warfarin is
present, as it inhibits the conversion of K1 into MK-4. But when the warfarin treatment is
stopped, this research clearly showed that this calcification process could be reversed by high
doses of vitamin K, especially K2.

4. Biomarker research studies

One difficulty in this field of research is determining the functional vitamin K status of an
individual. A blood test of vitamin K levels is not sufficient. The amount of vitamin K in the
blood is very small and generally only reflects the vitamin K1 that was consumed within the
last 4 hours or so, as K2 levels are too low to assay in blood, and K1 clears from the blood with
triglycerides. As research progressed, it became increasingly apparent that there were more
functions for vitamin K than originally discovered. Coagulation was only the most immedi-
ately obvious function of vitamin K in the liver. But the observation studies and vitamin K
antagonist research indicated more functions beyond coagulation, dealing with regulation of
calcification throughout the body. McCann and Ames [29] elaborated on this multifunction
vitamin, indicating that triage theory helps us understand the distribution of vitamin K to
various organs. Triage theory states that the most critical functional needs are met first in the
body (coagulation) when there is a shortage of a micronutrient. Then when there is an
abundance of the micronutrient, all of the secondary functions important to long-term health
are also met.

For these reasons, and possibly others, functional tests for vitamin K status for these secondary
functions beyond coagulation were sought. Osteocalcin, a vitamin K–dependent protein found
in bone, can be measured in the circulation as well. The ratio of carboxylated to undercar-
boxylated or uncarboxylated osteocalcin is one biomarker for functional vitamin K status.
However, this applies more to the status of vitamin K as it applies to bones. Since MGP is
involved in arterial calcification, assays for determining the concentrations of various forms
of MGP were developed [30, 31]. Of the various forms of MGP, the dephosphorylated,
uncarboxylated form has been most closely related to arterial calcification. Among coumarin
users an elevated dp-ucMGP level was found compared to controls (1439 ± 481 pM vs. 299
± 163 pM, respectively) [22]. In a cohort of 101 chronic kidney disease patients, the level of dp-
ucMGP increased with increased severity of the disease [32]. Plasma dp-ucMGP was also
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arterial calcification [18]. When warfarin-treated rats were fed K1, the rats got arterial
calcification, as shown before [15], even at the highest tested dose of K1. But when the warfarin-
treated rats were fed K2 as MK-4 or K1 together with MK-4 simultaneously, the arterial
calcification was prevented. The picture was becoming clearer. Further studies have shown
that in this rodent model warfarin treatment not only causes arterial calcification but func-
tionally augments aortic peak velocity, aortic valve-peak gradient, and carotid pulse-wave
velocity [19].

The work in rats spurred investigators to look at the effect of anticoagulants in people. In one
study, aortic heart valves were examined that had been replaced during routine surgery. Some
patients received preoperative marcoumar treatment, for between 16 and 35 months, with a
mean of 25 months. When compared with patients who did not have any blood thinner
treatment, there was about twice as much calcification on the valves from patients who had
received the marcoumar [20]. The mean calcified area on the valve went from 16% in the
untreated group to 37% in the anticoagulant group. In a cross-sectional study, coronary artery
calcium scores and valvular calcium scores were compared between patients on long-term use
of anticoagulants and patients without any anticoagulant therapy [21]. The Agaston calcium
scores were about double in the anticoagulant treatment group, indicating that the effects of
anticoagulants seen in mice and rats are also present in people, even when the treatment was
only for a couple of years.

These initial results have been confirmed by further studies. Rennenberg et al. [22] examined
19 patients younger than 55 years of age who had used coumarins for more than 10 years but
did not have other cardiovascular risk factors. These patients were compared with 18 matched
healthy controls. When they examined femoral arteries, they found the coumarin users had
8.5 times the chance of having arterial calcification compared to the healthy controls. Fourteen
of 19 coumarin users, but only 4 of 18 controls had femoral arterial calcifications. Another cross-
section examination of low-risk atrial fibrillation patients found that both age and use of oral
anticoagulants were related to increased coronary calcium score [23]. And as length of time
using the anticoagulants increased, the coronary calcium score also increased, going from 53
± 115 for no use to 90 ± 167 for 6–60 months, and to 236 ± 278 for >60 months of use. These
findings were also confirmed in a series of 133 oral anticoagulant users matched by age, gender,
and Framingham cardiovascular risk score [24]. Agaston calcium scores increased from 79.6
± 159.8 for use of 2.5 ± 1.5 months, to 142.4 ± 306.0 for 18.7 ± 8.8 months, to 252.5 ± 399.3 for 86.4
± 47.1 months of use.

In women undergoing screening mammography who took warfarin, breast arterial calcifica-
tions were also more common with increasing length of warfarin treatment [25]. Prevalence of
breast arterial calcifications increased from 25.0% for <1 year of therapy to 74.4% for >5 years
of therapy. So, these calcifications can appear in peripheral tissues as well, not just in the aorta.
To show this peripheral effect further, and in men, after completing the breast arterial
calcification study, Han and O’Neill examined radiographs of ankles and feet, retrospectively,
and checked records for warfarin use prior to the x-ray [26]. They found a significant increase,
from 19% to 38% prevalence, in peripheral arterial calcifications in people who had been using
warfarin for at least 5 years prior to their x-ray. While these drugs could be termed “anticoa-

Vitamin K2 - Vital for Health and Wellbeing174

gulants,” the preferred term for many of these authors is vitamin K antagonists, for this is their
mode of action.

Calcification of arteries had originally been thought of as a one-way process, without reversi-
bility, similar to the thinking about coronary plaque. However, just as regression can be seen
of atherosclerotic plaques [27], so calcification of arteries, too, is a dynamic process. Using the
warfarin-treated rat as a model for arterial calcification, Schurgers et al. [28] first fed rats for 6
weeks on the diet to induce calcification. Then the warfarin treatment was stopped and rats
were fed normal levels of K1, or high levels of K1 or K2 (as MK-4). Normal levels of vitamin
K1 continued to progressively increase calcification, but both forms of vitamin K at high doses
reversed arterial calcification by about 50%. Vitamin K1 does not work as long as warfarin is
present, as it inhibits the conversion of K1 into MK-4. But when the warfarin treatment is
stopped, this research clearly showed that this calcification process could be reversed by high
doses of vitamin K, especially K2.

4. Biomarker research studies

One difficulty in this field of research is determining the functional vitamin K status of an
individual. A blood test of vitamin K levels is not sufficient. The amount of vitamin K in the
blood is very small and generally only reflects the vitamin K1 that was consumed within the
last 4 hours or so, as K2 levels are too low to assay in blood, and K1 clears from the blood with
triglycerides. As research progressed, it became increasingly apparent that there were more
functions for vitamin K than originally discovered. Coagulation was only the most immedi-
ately obvious function of vitamin K in the liver. But the observation studies and vitamin K
antagonist research indicated more functions beyond coagulation, dealing with regulation of
calcification throughout the body. McCann and Ames [29] elaborated on this multifunction
vitamin, indicating that triage theory helps us understand the distribution of vitamin K to
various organs. Triage theory states that the most critical functional needs are met first in the
body (coagulation) when there is a shortage of a micronutrient. Then when there is an
abundance of the micronutrient, all of the secondary functions important to long-term health
are also met.

For these reasons, and possibly others, functional tests for vitamin K status for these secondary
functions beyond coagulation were sought. Osteocalcin, a vitamin K–dependent protein found
in bone, can be measured in the circulation as well. The ratio of carboxylated to undercar-
boxylated or uncarboxylated osteocalcin is one biomarker for functional vitamin K status.
However, this applies more to the status of vitamin K as it applies to bones. Since MGP is
involved in arterial calcification, assays for determining the concentrations of various forms
of MGP were developed [30, 31]. Of the various forms of MGP, the dephosphorylated,
uncarboxylated form has been most closely related to arterial calcification. Among coumarin
users an elevated dp-ucMGP level was found compared to controls (1439 ± 481 pM vs. 299
± 163 pM, respectively) [22]. In a cohort of 101 chronic kidney disease patients, the level of dp-
ucMGP increased with increased severity of the disease [32]. Plasma dp-ucMGP was also
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independently associated with aortic calcification, and a concentration greater than 921 pM
was a predictor of all-cause mortality in a crude analysis.

What about when people on dialysis are also taking oral anticoagulants? Among 160
hemodialysis patients in Belgium, the 23 who were treated with anticoagulants had much
higher circulating concentrations of dp-ucMGP, 5604 pM (interquartile range: 3758, 7836 pM)
and 1939 pM (interquartile range: 1419, 2841pM) for the anticoagulant treated and non-treated
groups [33].

In a study of 147 patients with symptomatic severe calcific valvular aortic stenosis, the levels
of dp-ucMGP were associated with cardiac function and long-term mortality in multivariate
analysis [34]. Increasing severity of disease was related to dp-ucMGP concentrations in a study
of 179 patients with chronic heart failure [35].

The dp-ucMGP assay was checked for correlation with vitamin K status and coronary artery
calcification in a study of older adults without cardiovascular disease [36]. While the assay did
correlate well with plasma phylloquinone, uncarboxylated prothrombin, and serum uncar-
boxylated osteocalcin, there was no association between dp-ucMGP levels and coronary artery
calcification. Shea and coworkers [36] presented data that are not consistent with the other
reports on this assay. Perhaps the assay works better for much higher levels of dp-ucMGP, such
as found in disease states. This study looked at older adults without clinical cardiovascular
disease, whose levels of dp-ucMGP were much lower than subjects with cardiovascular disease
(CVD). As suggested by the authors, the coronary artery calcification analyzed in this report
may have been more in the intimal layer, rather than in the medial layer, where MGP has a
greater role [28]. A more recent study involving 200 health women found a borderline
statistically significant relationship between dp-ucMGP and coronary artery calcification, as
well as a strong relationship between dp-ucMGP and vitamin K status (ratio of carboxylated
osteocalcin) [37]. The results in [36] appear to the exception, as there is a consistent relationship
between dp-ucMGP, vitamin K status, and health outcomes involving arterial calcification in
all of the other studies examined.

Other studies have generally found that the biomarker dp-ucMGP does correlate with vitamin
K status and disease outcomes related to arterial calcification. In the EPIC-NL cohort, 518
participants were identified as diabetic at baseline [38]. After 11.2 years of follow-up, incidence
of CVD was significantly associated with baseline concentrations of dp-ucMGP, but not other
species of MGP. The hazard ratio per standard deviation (HRSD) of dp-ucMGP for all CVD
was 1.21 (95% CI 1.06–1.38), for peripheral artery disease HRSD = 1.32 (95% CI 1.07–1.65), and
for heart failure HRSD = 1.85 (95% CI 1.42–2.17). The prospective Longitudinal Aging Study,
Amsterdam (LASA) examined 577 people aged >55 years who were free of CVD at the baseline
[39]. There were 40 incident cases of CVD during the 5.6 years of follow-up. For the highest
tertile compared to the lowest tertile of dp-ucMGP, there was a hazard ratio of 2.69 (95% CI
1.09–6.62) for being diagnosed with CVD. The carboxylated form of MGP was not related to
risk of CVD.

Two Czech Republic prospective studies have examined the usefulness of the dp-ucMGP as a
biomarker to predict cardiovascular mortality. From the EUROASPIRE III and EUROASPIRE-
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stroke surveys, 799 patients were examined who had already experienced a myocardial
infarction, coronary revascularization, or first ischemic stroke. After a median follow-up of 5.6
years, 159 patients died. In the fully adjusted model, the patients in the highest quartile of dp-
ucMGP (≥977 pM) had higher risk of all-cause and cardiovascular mortality, HRR 1.89 (95%
CI 1.32–2.72) and 1.88 (95% CI 1.18–2.61), respectively [40]. For those subjects in the upper
quartile of dp-ucMGP who also had heart failure, indicated by an elevated circulating brain
natriuretic peptide level >100 ng/L, mortality risk was further increased, HRR 4.86 (95% CI
3.15–7.49) [41]. In a random sample from the general population from the Czech post-MONICA
study, Mayer et al. [42] found that aortic stiffness, as measured by pulse wave velocity, was
related to vitamin K status. Compared to the lowest quartile, the upper quartile of dp-ucMGP
(≥671 pM) has an increased odds ratio of 1.73 (95% CI 1.17–2.5).

5. Intervention studies

One of the first intervention types was to confirm the utility of various species of MGP as
biomarkers for vitamin K status. If you improve someone’s status by oral supplementation,
the biomarker should reflect this improvement in a dose-dependent manner. So, in 2012,
Dalmeijer and coworkers [43] reported a randomized, double-blind placebo-controlled trial
(RCT) of 60 people taking 0, 180, or 360 µg/day of vitamin K2 as menaquinone 7 (MK-7) for 12
weeks. Assays were performed for three different species of MGP: desphospho-uncarboxy-
lated MGP (dp-ucMGP), desphospho-carboxylated MGP (dp-cMGP), and total uncarboxylat-
ed MGP (t-ucMGP). Vitamin K status was also measured using the ratio of uncarboxylated to
carboxylated osteocalcin. (Note that the research field on the role of vitamin K2 in bones
matured earlier than the field of cardiovascular effects of K2, so osteocalcin was well estab-
lished as a vitamin K2 marker by this time.) After 12 weeks of the supplements, the osteocalcin
ratio decreased significantly, with a 60% drop at 180 µg dose and a 74% drop at the 360 µg
dose. The amount of dp-ucMGP decreased significantly and dose-dependently as well, by 31%
and 46% at 180 and 360 µg, respectively. There were no changes in the placebo group, as
expected. Changes in other species of MGP (dp-cMGP and t-ucMGP) were not different
between placebo and the supplement groups. This study was one of the first intervention trials
to validate the usefulness of dp-ucMGP as a biomarker for vitamin K status. Observational
studies had been carried out, but the intervention studies took the research one more step
toward maturity.

In the same year, another RCT was reported of 42 Dutch men and women randomized to
receive 0, 10, 20, 45, 90, 180, or 360 µg/day of vitamin K2 as MK-7. The ratio of uncarboxylated
to carboxylated osteocalcin was determined along with the concentration of dp-ucMGP. The
upper three doses (90, 180, and 360 µg/day) increased the carboxylation of osteocalcin and
decreased the amount of dp-ucMGP. In these healthy adults aged 18–45, no adverse effects
were seen on the generation of thrombin, indicating that coagulation factors were not pertur-
bed by the additional supply of vitamin K2. This is reasonable, for the coagulation factors are
generally all carboxylated. Only the extrahepatic vitamin K–dependent proteins seem to suffer
when there is a shortage of vitamin K, as explained by the triage theory [29].
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independently associated with aortic calcification, and a concentration greater than 921 pM
was a predictor of all-cause mortality in a crude analysis.

What about when people on dialysis are also taking oral anticoagulants? Among 160
hemodialysis patients in Belgium, the 23 who were treated with anticoagulants had much
higher circulating concentrations of dp-ucMGP, 5604 pM (interquartile range: 3758, 7836 pM)
and 1939 pM (interquartile range: 1419, 2841pM) for the anticoagulant treated and non-treated
groups [33].

In a study of 147 patients with symptomatic severe calcific valvular aortic stenosis, the levels
of dp-ucMGP were associated with cardiac function and long-term mortality in multivariate
analysis [34]. Increasing severity of disease was related to dp-ucMGP concentrations in a study
of 179 patients with chronic heart failure [35].

The dp-ucMGP assay was checked for correlation with vitamin K status and coronary artery
calcification in a study of older adults without cardiovascular disease [36]. While the assay did
correlate well with plasma phylloquinone, uncarboxylated prothrombin, and serum uncar-
boxylated osteocalcin, there was no association between dp-ucMGP levels and coronary artery
calcification. Shea and coworkers [36] presented data that are not consistent with the other
reports on this assay. Perhaps the assay works better for much higher levels of dp-ucMGP, such
as found in disease states. This study looked at older adults without clinical cardiovascular
disease, whose levels of dp-ucMGP were much lower than subjects with cardiovascular disease
(CVD). As suggested by the authors, the coronary artery calcification analyzed in this report
may have been more in the intimal layer, rather than in the medial layer, where MGP has a
greater role [28]. A more recent study involving 200 health women found a borderline
statistically significant relationship between dp-ucMGP and coronary artery calcification, as
well as a strong relationship between dp-ucMGP and vitamin K status (ratio of carboxylated
osteocalcin) [37]. The results in [36] appear to the exception, as there is a consistent relationship
between dp-ucMGP, vitamin K status, and health outcomes involving arterial calcification in
all of the other studies examined.

Other studies have generally found that the biomarker dp-ucMGP does correlate with vitamin
K status and disease outcomes related to arterial calcification. In the EPIC-NL cohort, 518
participants were identified as diabetic at baseline [38]. After 11.2 years of follow-up, incidence
of CVD was significantly associated with baseline concentrations of dp-ucMGP, but not other
species of MGP. The hazard ratio per standard deviation (HRSD) of dp-ucMGP for all CVD
was 1.21 (95% CI 1.06–1.38), for peripheral artery disease HRSD = 1.32 (95% CI 1.07–1.65), and
for heart failure HRSD = 1.85 (95% CI 1.42–2.17). The prospective Longitudinal Aging Study,
Amsterdam (LASA) examined 577 people aged >55 years who were free of CVD at the baseline
[39]. There were 40 incident cases of CVD during the 5.6 years of follow-up. For the highest
tertile compared to the lowest tertile of dp-ucMGP, there was a hazard ratio of 2.69 (95% CI
1.09–6.62) for being diagnosed with CVD. The carboxylated form of MGP was not related to
risk of CVD.

Two Czech Republic prospective studies have examined the usefulness of the dp-ucMGP as a
biomarker to predict cardiovascular mortality. From the EUROASPIRE III and EUROASPIRE-
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stroke surveys, 799 patients were examined who had already experienced a myocardial
infarction, coronary revascularization, or first ischemic stroke. After a median follow-up of 5.6
years, 159 patients died. In the fully adjusted model, the patients in the highest quartile of dp-
ucMGP (≥977 pM) had higher risk of all-cause and cardiovascular mortality, HRR 1.89 (95%
CI 1.32–2.72) and 1.88 (95% CI 1.18–2.61), respectively [40]. For those subjects in the upper
quartile of dp-ucMGP who also had heart failure, indicated by an elevated circulating brain
natriuretic peptide level >100 ng/L, mortality risk was further increased, HRR 4.86 (95% CI
3.15–7.49) [41]. In a random sample from the general population from the Czech post-MONICA
study, Mayer et al. [42] found that aortic stiffness, as measured by pulse wave velocity, was
related to vitamin K status. Compared to the lowest quartile, the upper quartile of dp-ucMGP
(≥671 pM) has an increased odds ratio of 1.73 (95% CI 1.17–2.5).

5. Intervention studies

One of the first intervention types was to confirm the utility of various species of MGP as
biomarkers for vitamin K status. If you improve someone’s status by oral supplementation,
the biomarker should reflect this improvement in a dose-dependent manner. So, in 2012,
Dalmeijer and coworkers [43] reported a randomized, double-blind placebo-controlled trial
(RCT) of 60 people taking 0, 180, or 360 µg/day of vitamin K2 as menaquinone 7 (MK-7) for 12
weeks. Assays were performed for three different species of MGP: desphospho-uncarboxy-
lated MGP (dp-ucMGP), desphospho-carboxylated MGP (dp-cMGP), and total uncarboxylat-
ed MGP (t-ucMGP). Vitamin K status was also measured using the ratio of uncarboxylated to
carboxylated osteocalcin. (Note that the research field on the role of vitamin K2 in bones
matured earlier than the field of cardiovascular effects of K2, so osteocalcin was well estab-
lished as a vitamin K2 marker by this time.) After 12 weeks of the supplements, the osteocalcin
ratio decreased significantly, with a 60% drop at 180 µg dose and a 74% drop at the 360 µg
dose. The amount of dp-ucMGP decreased significantly and dose-dependently as well, by 31%
and 46% at 180 and 360 µg, respectively. There were no changes in the placebo group, as
expected. Changes in other species of MGP (dp-cMGP and t-ucMGP) were not different
between placebo and the supplement groups. This study was one of the first intervention trials
to validate the usefulness of dp-ucMGP as a biomarker for vitamin K status. Observational
studies had been carried out, but the intervention studies took the research one more step
toward maturity.

In the same year, another RCT was reported of 42 Dutch men and women randomized to
receive 0, 10, 20, 45, 90, 180, or 360 µg/day of vitamin K2 as MK-7. The ratio of uncarboxylated
to carboxylated osteocalcin was determined along with the concentration of dp-ucMGP. The
upper three doses (90, 180, and 360 µg/day) increased the carboxylation of osteocalcin and
decreased the amount of dp-ucMGP. In these healthy adults aged 18–45, no adverse effects
were seen on the generation of thrombin, indicating that coagulation factors were not pertur-
bed by the additional supply of vitamin K2. This is reasonable, for the coagulation factors are
generally all carboxylated. Only the extrahepatic vitamin K–dependent proteins seem to suffer
when there is a shortage of vitamin K, as explained by the triage theory [29].
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Patients with chronic kidney disease and those undergoing dialysis have been shown repeat-
edly to suffer with high levels of uncarboxylated vitamin K–dependent proteins and have high
levels of arterial calcification as well. (The most deficient group is the same patients taking
vitamin K antagonist drugs concurrently.) In order to prepare for a RCT with a disease endpoint
of stabilizing or reversing arterial calcification in this patient group, a supplement trial was
conducted in the Netherlands with 50 hemodialysis patients [44]. An age-matched healthy
control group was selected also for comparisons. The hemodialysis patients were randomized
into groups taking 45, 135, or 360 µg/day of vitamin K2 as MK-7 for 6 weeks. Measurements
were taken for the levels of uncarboxylated osteocalcin (ucOC), dp-ucMGP, and PIVKA-II.
PIVKA-II is a prothrombin liver protein that is only seen in the circulation under situations of
severe vitamin K deficiency, such as found in hemodialysis patients. At baseline hemodialysis,
patients, compared to healthy controls, had 4.5-fold higher dp-ucMGP levels and 8.4-fold
higher uncarboxylated osteocalcin levels. PIVKA-II levels were detectable in 49 of the 50
hemodialysis patients. There was a dose-dependent response to the MK-7 treatment, with the
45 µg dose being little different than a placebo, the 135 µg dose giving 37%, 11%, and 34%
changes in dp-ucMGP, ucOC, and PIVKA-II, respectively, which was almost significant, and
the 360 µg dose yielding statistically significant changes of 61%, 34%, and 42% decreases in
dp-ucMGP, ucOC, and PIVKA-II. This short trial showed both the severity of the vitamin K
deficiency in this hemodialysis patient group as well as the effectiveness of a relatively high
dose (360 µg/day) of MK-7 in bringing down functional markers of vitamin K deficiency.

As a follow-up to the Westenfeld Study [44] just reviewed, another larger study with hemo-
dialysis patients was carried out with slightly higher doses, but administered three times a
week by a nurse after dialysis [45]. This method was used to increase patient compliance. Doses
for the 200 patients were 360, 720, and 1080 µg of MK-7 three times as week for 8 weeks. This
works out to equivalent daily doses of 154, 309, and 463 µg/day. After 8 weeks, levels of dp-
ucMGP decreased by 17, 33, and 46% in the three dosage groups, respectively. Results here
were similar to those in [44], but with less decrease in relative change in dp-ucMGP at the
highest dose (46% vs. 61%). However, the absolute differences before and after intervention
were greater in [45]. Absolute changes in dp-upMGP in the Westenfeld Study were −404, −730,
and −978 pM at 45, 135, and 360 µg/day [44]. In a study by Caluwé and coworkers [45], absolute
changes in dp-ucMGP were −566, −962, and −1487 pM for the equivalent daily doses of 154,
309, and 463 µg/day. So, the outcomes were very similar, especially given that the second trial
was 8 weeks long rather than just 6 weeks.

How widespread is extrahepatic vitamin K insufficiency? A cross-sectional sample of 896
healthy individuals showed that dp-ucMGP levels increased with age, staying around 200 pM
until about age 40 and then increasing up to over 600 pM for those >70 years of age [46]. Levels
of dp-ucMGP decreased in children and adults when given supplemental MK-7, again
showing that dp-ucMGP was a biomarker that responded to extrahepatic vitamin K status,
and that many adults had less than optimal levels of vitamin K. These levels are not optimal,
neither are they as severe as hemodialysis patients, who averaged around 3000 pM but ranged
to over 7000 pM in some individuals [44, 45]. Hemodialysis patients who took vitamin K
antagonists had a mean dp-ucMGP of about 5600 pM [33]. But the values >600 pM in the >70
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age group are close to the range at which excess heart disease mortality occurred in other
studies, >977 pM in [40] and >921 pM in [32]. Calcification of arteries takes time and finally
takes a toll on the elderly if not protected against through the years.

In one of the first RCT studies to report a disease endpoint, Knapen and coworkers examined
arterial stiffness in 244 women after supplementation for 3 years with 180 µg/day of MK-7 [47].
Previous work by this research group had linked increased levels of dp-ucMGP with arterial
stiffness [48]. Compared to the placebo group, dp-ucMGP levels dropped by about 50%. The
K2 treatment resulted in improvements in the whole group, but the best results for improving
stiffness were seen in those women who started with the worse condition, with a stiffness index
β above the median of 10.8. For these women, there were improvements in distention,
compliance, distensibility, Young’s Modulus, and the local carotid pulse wave velocity. Not all
became normal, as acute phase markers interleukin-6, C-reactive protein, and tumor necrosis
factor-α remained abnormal as well as the markers of endothelial dysfunction vascular cell
adhesion molecule and E-selectin.

A Polish RCT study examined disease endpoints for vascular calcification and progression of
atherosclerosis in 42 women who had chronic kidney disease but were not undergoing
dialysis [49]. The women were split into three groups followed for 270 days: one taking 90 µg/
day of MK-7 (K), one group taking 90 µg/day of MK-7 plus 10 µg/day of vitamin D as chole-
calciferol (K+D), and one taking only 10 µg/day of vitamin D (D). The results were that the
intervention slowed the progression of atherosclerosis but did not significantly slow the
increase in coronary artery calcium score. The reason for this lack of success is in the dose of
MK-7 used. As noted in the studies by Westenfeld et al. [44] and Caluwé et al. [45], a daily dose
of around 360 µg is needed to significantly reduce dp-ucMGP. Changes in dp-ucMGP were
reported to be significant in this Polish trial, but actual change was from 1077.1 ± 507.7 to 961.5
± 506.7, or a change of only 115.6 pM. While this change may have been statistically significant,
it was clinically irrelevant. This study also reveals why it is important to develop research
stepwise to ensure that interventions will be successful. If the treatment is not expected to yield
a large change in biomarker studies, how would it yield a successful clinical result?

A rationale and study protocol has been published for the VitaK-CAC trial [50]. For this 2-year
trial, the intervention will be 360 µg/day of MK-7. Patients with coronary artery disease will
be monitored for coronary artery calcification as the primary endpoint. Secondary endpoints
will be arterial structure and function. This study appears to be well designed to yield good
results, as long as the arterial calcification seen in coronary arteries is susceptible to the MGP
mechanism of action. Nutrients have a way of working in complimentary fashion, if not
synergistically. The best chance for successful intervention is to use all of the known tools
available, which is discussed in the section on plant-based diets below.

6. Prostate health and vitamin K2

While the focus of this chapter has been on arterial calcification and cardiovascular health, it
has come to the attention of this author that there is evidence that supports a hypothesis that
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Patients with chronic kidney disease and those undergoing dialysis have been shown repeat-
edly to suffer with high levels of uncarboxylated vitamin K–dependent proteins and have high
levels of arterial calcification as well. (The most deficient group is the same patients taking
vitamin K antagonist drugs concurrently.) In order to prepare for a RCT with a disease endpoint
of stabilizing or reversing arterial calcification in this patient group, a supplement trial was
conducted in the Netherlands with 50 hemodialysis patients [44]. An age-matched healthy
control group was selected also for comparisons. The hemodialysis patients were randomized
into groups taking 45, 135, or 360 µg/day of vitamin K2 as MK-7 for 6 weeks. Measurements
were taken for the levels of uncarboxylated osteocalcin (ucOC), dp-ucMGP, and PIVKA-II.
PIVKA-II is a prothrombin liver protein that is only seen in the circulation under situations of
severe vitamin K deficiency, such as found in hemodialysis patients. At baseline hemodialysis,
patients, compared to healthy controls, had 4.5-fold higher dp-ucMGP levels and 8.4-fold
higher uncarboxylated osteocalcin levels. PIVKA-II levels were detectable in 49 of the 50
hemodialysis patients. There was a dose-dependent response to the MK-7 treatment, with the
45 µg dose being little different than a placebo, the 135 µg dose giving 37%, 11%, and 34%
changes in dp-ucMGP, ucOC, and PIVKA-II, respectively, which was almost significant, and
the 360 µg dose yielding statistically significant changes of 61%, 34%, and 42% decreases in
dp-ucMGP, ucOC, and PIVKA-II. This short trial showed both the severity of the vitamin K
deficiency in this hemodialysis patient group as well as the effectiveness of a relatively high
dose (360 µg/day) of MK-7 in bringing down functional markers of vitamin K deficiency.

As a follow-up to the Westenfeld Study [44] just reviewed, another larger study with hemo-
dialysis patients was carried out with slightly higher doses, but administered three times a
week by a nurse after dialysis [45]. This method was used to increase patient compliance. Doses
for the 200 patients were 360, 720, and 1080 µg of MK-7 three times as week for 8 weeks. This
works out to equivalent daily doses of 154, 309, and 463 µg/day. After 8 weeks, levels of dp-
ucMGP decreased by 17, 33, and 46% in the three dosage groups, respectively. Results here
were similar to those in [44], but with less decrease in relative change in dp-ucMGP at the
highest dose (46% vs. 61%). However, the absolute differences before and after intervention
were greater in [45]. Absolute changes in dp-upMGP in the Westenfeld Study were −404, −730,
and −978 pM at 45, 135, and 360 µg/day [44]. In a study by Caluwé and coworkers [45], absolute
changes in dp-ucMGP were −566, −962, and −1487 pM for the equivalent daily doses of 154,
309, and 463 µg/day. So, the outcomes were very similar, especially given that the second trial
was 8 weeks long rather than just 6 weeks.

How widespread is extrahepatic vitamin K insufficiency? A cross-sectional sample of 896
healthy individuals showed that dp-ucMGP levels increased with age, staying around 200 pM
until about age 40 and then increasing up to over 600 pM for those >70 years of age [46]. Levels
of dp-ucMGP decreased in children and adults when given supplemental MK-7, again
showing that dp-ucMGP was a biomarker that responded to extrahepatic vitamin K status,
and that many adults had less than optimal levels of vitamin K. These levels are not optimal,
neither are they as severe as hemodialysis patients, who averaged around 3000 pM but ranged
to over 7000 pM in some individuals [44, 45]. Hemodialysis patients who took vitamin K
antagonists had a mean dp-ucMGP of about 5600 pM [33]. But the values >600 pM in the >70
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age group are close to the range at which excess heart disease mortality occurred in other
studies, >977 pM in [40] and >921 pM in [32]. Calcification of arteries takes time and finally
takes a toll on the elderly if not protected against through the years.

In one of the first RCT studies to report a disease endpoint, Knapen and coworkers examined
arterial stiffness in 244 women after supplementation for 3 years with 180 µg/day of MK-7 [47].
Previous work by this research group had linked increased levels of dp-ucMGP with arterial
stiffness [48]. Compared to the placebo group, dp-ucMGP levels dropped by about 50%. The
K2 treatment resulted in improvements in the whole group, but the best results for improving
stiffness were seen in those women who started with the worse condition, with a stiffness index
β above the median of 10.8. For these women, there were improvements in distention,
compliance, distensibility, Young’s Modulus, and the local carotid pulse wave velocity. Not all
became normal, as acute phase markers interleukin-6, C-reactive protein, and tumor necrosis
factor-α remained abnormal as well as the markers of endothelial dysfunction vascular cell
adhesion molecule and E-selectin.

A Polish RCT study examined disease endpoints for vascular calcification and progression of
atherosclerosis in 42 women who had chronic kidney disease but were not undergoing
dialysis [49]. The women were split into three groups followed for 270 days: one taking 90 µg/
day of MK-7 (K), one group taking 90 µg/day of MK-7 plus 10 µg/day of vitamin D as chole-
calciferol (K+D), and one taking only 10 µg/day of vitamin D (D). The results were that the
intervention slowed the progression of atherosclerosis but did not significantly slow the
increase in coronary artery calcium score. The reason for this lack of success is in the dose of
MK-7 used. As noted in the studies by Westenfeld et al. [44] and Caluwé et al. [45], a daily dose
of around 360 µg is needed to significantly reduce dp-ucMGP. Changes in dp-ucMGP were
reported to be significant in this Polish trial, but actual change was from 1077.1 ± 507.7 to 961.5
± 506.7, or a change of only 115.6 pM. While this change may have been statistically significant,
it was clinically irrelevant. This study also reveals why it is important to develop research
stepwise to ensure that interventions will be successful. If the treatment is not expected to yield
a large change in biomarker studies, how would it yield a successful clinical result?

A rationale and study protocol has been published for the VitaK-CAC trial [50]. For this 2-year
trial, the intervention will be 360 µg/day of MK-7. Patients with coronary artery disease will
be monitored for coronary artery calcification as the primary endpoint. Secondary endpoints
will be arterial structure and function. This study appears to be well designed to yield good
results, as long as the arterial calcification seen in coronary arteries is susceptible to the MGP
mechanism of action. Nutrients have a way of working in complimentary fashion, if not
synergistically. The best chance for successful intervention is to use all of the known tools
available, which is discussed in the section on plant-based diets below.

6. Prostate health and vitamin K2

While the focus of this chapter has been on arterial calcification and cardiovascular health, it
has come to the attention of this author that there is evidence that supports a hypothesis that
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poor prostate health is not a hormone issue, but a cardiovascular issue [51]. The first piece of
evidence comes from interventional radiologists Dr. Gat and coworkers, who were initially
working on reversing infertility in men by relieving varicoceles, or varicose veins in the
pampiniform venous plexus. They discovered that varicose veins in the internal spermatic
vein, which normally returns blood from the testes to the kidneys, prevented normal blood
flow. The one-way valves had failed in this vein, possibly causing the varicose vein, or as part
of the process of forming varicose veins—the exact mechanism is debated. So instead of normal
blood flow, the blood flowed retrograde through the prostatic veins. When testosterone levels
were measured near the prostate gland in 12 infertile men with varicocele, the mean concen-
tration was 3632 pmol/l compared to 27.33 pmol/l in the serum, or about 130 times higher [52].
By occluding the internal spermatic vein, Dr. Gat was able to relieve the physical pressure due
to the elevated blood pressure caused by the height of the column of blood sitting in the internal
spermatic vein and also made a pathway through normal venous pathways for blood to drain
away from the testes without retrograde flow past the prostate. This venous occlusion surgery
led to relief of benign prostatic hyperplasia (BPH), and possibly prevention of prostate cancer
as well [52].

Varicose veins and destruction of the one-way valves in the internal spermatic vein were the
direct cause of BPH, but what causes varicose veins? Work by Cario-Toumaniantz and
coworkers [53] on the differentially expressed genes and gene products in varicose vein tissue
showed an overexpression of genes involved in extracellular remodeling, including matrix Gla
protein. Smooth muscle cells were seen proliferating in varicose vein tissue with high expres-
sion of MGP, particularly the uncarboxylated form of MGP. Overexpression of MGP and
proliferation of smooth muscle cells have been seen before, reported by Price and coworkers
investigating the effects of warfarin on arterial calcification in rats [15], and by Schurgers and
coworkers reporting the reversal of warfarin-induced arterial calcification in rats [28]. In areas
of calcification of arteries, there is proliferation of smooth muscle cells and increased expression
of uncarboxylated MGP, similar to what was seen in varicose vein tissue [53]. It is likely then
that vitamin K is involved in the mechanism by which varicose veins form, just as it has been
implicated in the formation of arterial calcifications. When varicose vein tissue culture was
treated with warfarin, mineralization increased, which could be inhibited by the inclusion of
vitamin K in the culture media [53], indicating a direct role for vitamin K in the prevention of
varicose veins.

In addition to this evidence from cellular biology, evidence from a prospective observational
study showed an association between intake of vitamin K2 and poor prostate health manifested
as prostate cancer. There was a significant association between menaquinone intake and
advanced prostate cancer in the EPIC-Heidelberg cohort [54]. A nested case-control follow-up
study also found an association between the ratio of undercarboxylated osteocalcin to
carboxylated osteocalcin and high-grade prostate cancer and advanced prostate cancer [55].
Neither of these reports found a connection with vitamin K1 intake. Further evidence comes
from a retrospective study of warfarin use and clinical stage of prostate cancer at diagnosis
[56]. While some of the evidence for intermediate or short-term use of warfarin is conflicting,
the comparison between those men who had used warfarin for at least 4 years in the 5 years
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before prostate cancer diagnosis and nonusers of warfarin showed an odds ratio of 2.2 (95%
CI 1.03–4.81) of poor prognosis disease. This would seem to agree with the hypothesis that
vitamin K antagonists would increase the possibility of forming varicoceles, leading to poor
prostate health. But there could be other mechanisms of action as well.

At this point, the role of vitamin K2 in prostate health is a good hypothesis but needs further
confirmation by interventional radiologists and other researchers before the link between
prostate health and cardiovascular function, especially the role of vitamin K2 plays, is certain.

7. Vitamin K2 and a plant-based diet?

Reversal of atherosclerosis by a plant-based diet has already been mentioned in this chapter
[27]. Dr. Esselstyn has also shown that a plant-based diet very low in fat can reverse coronary
artery disease [57]. Of 198 subjects in the lifestyle intervention study, 177 were adherent to the
program while 21 formed a control group of non-adherent comparison subjects. There was
reversal of angiographic-verified blockages in 39 adherent subjects. Disease progression
occurred in 4 (2.3%) adherent subjects, but in 11 (52.4%) of the non-adherent subjects. Coronary
artery calcification was not measured.

There is abundant evidence that increased consumption of fruits and vegetables in conjunction
with exercise and a healthy lifestyle is beneficial for cardiovascular health and lower cardio-
vascular mortality. Healthy diets have been reported to lower cardiovascular mortality risk by
about 30–40% [14, 58, 59]. When combined with other lifestyle factors, the risk plummets to
about 20% or less compared to the least healthy fraction of the population [60–63].

The point here is that all available resources should be used to counter the disease process and
to promote healthy aging. While vitamin K2 is a valuable nutrient that is generally in short
supply in the global diet, the context of the entire diet must be kept in mind. The best results
will be obtained by a full complement of healthy foods. Population studies have shown that
even 40–50 µg/day of menaquinones from the diet is associated with cardioprotection [6, 7]
and lower risk of advanced prostate cancer and lung cancer [54, 55, 64].

Is vitamin K2 compatible with a plant-based diet? While most of the common sources of
menaquinones are cheese, fermented dairy products, eggs, and meats, there are plant sources
as well. While these are animal products, judicial selection could be used to maximize K2 intake
without consuming a large amount of any animal-based foods. Natto is a well-known Japanese
food that is very rich in MK-7, though not very popular outside of Japan. The menaquinone
in natto is made by fermentation with Bacillus subtilis var. natto. Fermented vegetables such as
sauerkraut contain a small amount of menaquinones as well. By selecting probiotic bacteria
based on their production of menaquinones, the amount of vitamin K2 from a serving of
fermented vegetables could be significant. More product development is needed in this area.
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poor prostate health is not a hormone issue, but a cardiovascular issue [51]. The first piece of
evidence comes from interventional radiologists Dr. Gat and coworkers, who were initially
working on reversing infertility in men by relieving varicoceles, or varicose veins in the
pampiniform venous plexus. They discovered that varicose veins in the internal spermatic
vein, which normally returns blood from the testes to the kidneys, prevented normal blood
flow. The one-way valves had failed in this vein, possibly causing the varicose vein, or as part
of the process of forming varicose veins—the exact mechanism is debated. So instead of normal
blood flow, the blood flowed retrograde through the prostatic veins. When testosterone levels
were measured near the prostate gland in 12 infertile men with varicocele, the mean concen-
tration was 3632 pmol/l compared to 27.33 pmol/l in the serum, or about 130 times higher [52].
By occluding the internal spermatic vein, Dr. Gat was able to relieve the physical pressure due
to the elevated blood pressure caused by the height of the column of blood sitting in the internal
spermatic vein and also made a pathway through normal venous pathways for blood to drain
away from the testes without retrograde flow past the prostate. This venous occlusion surgery
led to relief of benign prostatic hyperplasia (BPH), and possibly prevention of prostate cancer
as well [52].

Varicose veins and destruction of the one-way valves in the internal spermatic vein were the
direct cause of BPH, but what causes varicose veins? Work by Cario-Toumaniantz and
coworkers [53] on the differentially expressed genes and gene products in varicose vein tissue
showed an overexpression of genes involved in extracellular remodeling, including matrix Gla
protein. Smooth muscle cells were seen proliferating in varicose vein tissue with high expres-
sion of MGP, particularly the uncarboxylated form of MGP. Overexpression of MGP and
proliferation of smooth muscle cells have been seen before, reported by Price and coworkers
investigating the effects of warfarin on arterial calcification in rats [15], and by Schurgers and
coworkers reporting the reversal of warfarin-induced arterial calcification in rats [28]. In areas
of calcification of arteries, there is proliferation of smooth muscle cells and increased expression
of uncarboxylated MGP, similar to what was seen in varicose vein tissue [53]. It is likely then
that vitamin K is involved in the mechanism by which varicose veins form, just as it has been
implicated in the formation of arterial calcifications. When varicose vein tissue culture was
treated with warfarin, mineralization increased, which could be inhibited by the inclusion of
vitamin K in the culture media [53], indicating a direct role for vitamin K in the prevention of
varicose veins.

In addition to this evidence from cellular biology, evidence from a prospective observational
study showed an association between intake of vitamin K2 and poor prostate health manifested
as prostate cancer. There was a significant association between menaquinone intake and
advanced prostate cancer in the EPIC-Heidelberg cohort [54]. A nested case-control follow-up
study also found an association between the ratio of undercarboxylated osteocalcin to
carboxylated osteocalcin and high-grade prostate cancer and advanced prostate cancer [55].
Neither of these reports found a connection with vitamin K1 intake. Further evidence comes
from a retrospective study of warfarin use and clinical stage of prostate cancer at diagnosis
[56]. While some of the evidence for intermediate or short-term use of warfarin is conflicting,
the comparison between those men who had used warfarin for at least 4 years in the 5 years
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before prostate cancer diagnosis and nonusers of warfarin showed an odds ratio of 2.2 (95%
CI 1.03–4.81) of poor prognosis disease. This would seem to agree with the hypothesis that
vitamin K antagonists would increase the possibility of forming varicoceles, leading to poor
prostate health. But there could be other mechanisms of action as well.

At this point, the role of vitamin K2 in prostate health is a good hypothesis but needs further
confirmation by interventional radiologists and other researchers before the link between
prostate health and cardiovascular function, especially the role of vitamin K2 plays, is certain.

7. Vitamin K2 and a plant-based diet?

Reversal of atherosclerosis by a plant-based diet has already been mentioned in this chapter
[27]. Dr. Esselstyn has also shown that a plant-based diet very low in fat can reverse coronary
artery disease [57]. Of 198 subjects in the lifestyle intervention study, 177 were adherent to the
program while 21 formed a control group of non-adherent comparison subjects. There was
reversal of angiographic-verified blockages in 39 adherent subjects. Disease progression
occurred in 4 (2.3%) adherent subjects, but in 11 (52.4%) of the non-adherent subjects. Coronary
artery calcification was not measured.

There is abundant evidence that increased consumption of fruits and vegetables in conjunction
with exercise and a healthy lifestyle is beneficial for cardiovascular health and lower cardio-
vascular mortality. Healthy diets have been reported to lower cardiovascular mortality risk by
about 30–40% [14, 58, 59]. When combined with other lifestyle factors, the risk plummets to
about 20% or less compared to the least healthy fraction of the population [60–63].

The point here is that all available resources should be used to counter the disease process and
to promote healthy aging. While vitamin K2 is a valuable nutrient that is generally in short
supply in the global diet, the context of the entire diet must be kept in mind. The best results
will be obtained by a full complement of healthy foods. Population studies have shown that
even 40–50 µg/day of menaquinones from the diet is associated with cardioprotection [6, 7]
and lower risk of advanced prostate cancer and lung cancer [54, 55, 64].

Is vitamin K2 compatible with a plant-based diet? While most of the common sources of
menaquinones are cheese, fermented dairy products, eggs, and meats, there are plant sources
as well. While these are animal products, judicial selection could be used to maximize K2 intake
without consuming a large amount of any animal-based foods. Natto is a well-known Japanese
food that is very rich in MK-7, though not very popular outside of Japan. The menaquinone
in natto is made by fermentation with Bacillus subtilis var. natto. Fermented vegetables such as
sauerkraut contain a small amount of menaquinones as well. By selecting probiotic bacteria
based on their production of menaquinones, the amount of vitamin K2 from a serving of
fermented vegetables could be significant. More product development is needed in this area.
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8. Research directions and priorities

The research on vitamin K2 and cardiovascular health has come a long way, going from
observational studies of populations and warfarin studies, to developing biomarkers, finding
effective dosage schedules, and begin carrying out RCT studies examining disease endpoints.
Very few disease endpoints have been reported at this time, but several should be completed
in the next few years. Diseases are multifaceted, so the solutions should likewise be multifac-
eted. Trying to reverse a complex disease with a single nutrient has generally been unsuccess-
ful. It is likely that the best success will be found when vitamin K2 is used in the context of a
whole food plant-based diet that contains some dietary source of vitamin K2, along with
supplements to reverse disease damage when appropriate.

One of the major benefits seen by Dr. Weston Price in the 1930s was the prevention and re-
versal of dental caries using vitamin K2 [2]. This could be a very fruitful area of research that
is untapped at this point. Mental health effects of vitamin K2 are likely as well, as the brain
contains a significant concentration of K2. Varicose veins in general and prostate health in
particular should be studied in light of the K2 research presented here in this chapter. Mech-
anisms of the function of MGP should be worked out along the way as well. Identification of
the function of other vitamin K–dependent proteins is still lacking. There is a gamma-car-
boxylation–rich protein (GRP) that is quite small yet has 16 carboxylation sites and is highly
expressed in cartilage. Its exact function is still unknown. So, there is work that can be done
at the molecular level as well as at the public health level in furthering our understanding of
vitamin K2.
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8. Research directions and priorities

The research on vitamin K2 and cardiovascular health has come a long way, going from
observational studies of populations and warfarin studies, to developing biomarkers, finding
effective dosage schedules, and begin carrying out RCT studies examining disease endpoints.
Very few disease endpoints have been reported at this time, but several should be completed
in the next few years. Diseases are multifaceted, so the solutions should likewise be multifac-
eted. Trying to reverse a complex disease with a single nutrient has generally been unsuccess-
ful. It is likely that the best success will be found when vitamin K2 is used in the context of a
whole food plant-based diet that contains some dietary source of vitamin K2, along with
supplements to reverse disease damage when appropriate.

One of the major benefits seen by Dr. Weston Price in the 1930s was the prevention and re-
versal of dental caries using vitamin K2 [2]. This could be a very fruitful area of research that
is untapped at this point. Mental health effects of vitamin K2 are likely as well, as the brain
contains a significant concentration of K2. Varicose veins in general and prostate health in
particular should be studied in light of the K2 research presented here in this chapter. Mech-
anisms of the function of MGP should be worked out along the way as well. Identification of
the function of other vitamin K–dependent proteins is still lacking. There is a gamma-car-
boxylation–rich protein (GRP) that is quite small yet has 16 carboxylation sites and is highly
expressed in cartilage. Its exact function is still unknown. So, there is work that can be done
at the molecular level as well as at the public health level in furthering our understanding of
vitamin K2.
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Abstract

Naturally existing vitamin K consists of vitamins K1 and K2. Menaquinone‐4 (MK‐4),
an analog of vitamin K2 and a product of vitamin K1 metabolism, can be detected in
several organs, including the testis; however, the function of MK‐4 in these tissues has
not been well characterized. Recent studies have suggested that vitamin K is involved
in enhancing protein kinase A (PKA) activity in several cell  types, thus regulating
numerous PKA‐dependent biological processes. To highlight the effect of vitamin K, we
focused on its role in the steroidogenic pathway. Experiments on vitamin K–deficient
rats revealed a reduced expression of genes involved in the biosynthesis of cholesterol
and steroid hormones in the testis. Moreover, compared with control animals, rats fed
on MK‐4 diet presented significantly higher testosterone levels in the plasma and testis.
These results suggest that vitamin K is involved in the steroidogenic pathway in the
testis. Testosterone levels were found to increase in a dose‐dependent manner also in
cell‐based experiments upon addition of MK‐4, but such an effect was not observed in
vitamin K1 levels. Furthermore, the effect of MK‐4 on testosterone production was
abolished by the specific PKA inhibitor H89, thus confirming the regulatory role of MK‐
4  on PKA activation.  Here,  we describe  how MK‐4 modulates  PKA activation by
enhancing intracellular 3′,5′‐cyclic adenosine monophosphate (cAMP) levels in testis‐
derived I‐10 cells. The presented evidence supports the role of MK‐4 in cAMP/PKA
signaling and steroidogenesis.

Keywords: menaquinone‐4, steroidogenesis, cAMP, protein kinase A, Leydig cells

1. Introduction

Naturally existing vitamin K comprises vitamin K1 (phylloquinone) and vitamin K2 (mena‐
quinone). Menaquinone‐4 (MK‐4), an analog of vitamin K2, contains a 2‐methyl‐1,4‐naphtho‐
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quinone ring and a geranylgeranyl group (four isoprene units) as a side chain (Figure 1). MK‐
4 is not commonly synthesized by bacteria and is instead alkylated from menadione, which is
supplemented in animal feeds to increase vitamin K levels. In most organs, MK‐4 is converted
from dietary vitamin K1 and other menaquinones [1, 2] via a process catalyzed by UbiA
prenyltransferase domain containing protein 1 [3].  Furthermore, MK‐4 is prescribed as a
therapeutic agent for osteoporosis and to prevent fractures in Japan [4].

Figure 1. Chemical structure of MK‐4. MK‐4 has a 2‐methyl‐1,4‐naphthoquinone ring and a geranylgeranyl group (four
isoprene units) as a side chain.

Vitamin K is a well‐known nutrient required for blood coagulation and bone metabolism. In
recent years, novel functions of vitamin K against inflammation [5, 6], tumors [7–9], and ligand
of the nuclear receptor PXR (also known as SXR) [10, 11] have been reported. These findings
suggest the beneficial role of vitamin K, including MK‐4, in several biological processes. In
rodents, MK‐4 is distributed throughout the body and is observed in high quantity in the liver,
bone, brain, pancreas, and reproductive organs, even when animals are fed a low MK‐4 diet
(Figure 2) [12–15]. However, the role of MK‐4 in these organs has not been well characterized.
This chapter focuses on the functional effects of MK‐4 on steroidogenesis in testicular Ley‐
dig cells.

Figure 2. Vitamin K contents in rat tissues. Male Wistar rats were fed an AIN‐93G diet for three weeks. Tissue levels of
vitamin K and MK‐4 were determined by fluorescent HPLC (reproduced with permission from Shirakawa et al. [14]).
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2. Steroidogenesis in testicular Leydig cells

The major function of testicular Leydig cells is to produce testosterone in response to the
pituitary luteinizing hormone (LH) as shown in Figure 3. The LH receptor (LHR) affects the
3′,5′‐cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) signaling pathway by
associating with G proteins containing the cytoplasmic Gαs subunit. Production and secretion
of testosterone in Leydig cells are tightly regulated by intracellular cAMP, a common secondary
messenger. The formation and degradation of intracellular cAMP are under the control of
adenylate cyclase (AC) and cyclic nucleotide phosphodiesterase (PDE), respectively. A rise in
intracellular cAMP levels activates PKA, which stimulates downstream steroidogenic proteins.
Steroidogenic acute regulatory (StAR) protein transports cholesterol to the inner mitochon‐
drial membrane of these cells to initiate steroidogenesis. Cytochrome P450scc (also known as
CYP11A), a cholesterol side‐chain cleavage enzyme, catalyzes a cascade of reactions that
convert cholesterol to the steroid hormone precursor pregnenolone, which is then transformed
into testosterone [16]. Both StAR and CYP11A constitute rate‐limiting steps in the overall
steroidogenesis of testosterone from cholesterol.

Figure 3. Steroidogenic pathway in testicular Leydig cells. AC, adenylate cyclase; CREB, cAMP response element‐bind‐
ing protein; CYP11A, cholesterol side‐chain cleavage enzyme; G, G protein; HSD, hydroxysteroid dehydrogenase; LH,
luteinizing hormone; LHR, LH receptor; Mito, mitochondria; PDE, cyclic nucleotide phosphodiesterase; PKA, protein
kinase A; SER, smooth endoplasmic reticulum; StAR, steroidogenic acute regulatory protein.
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Testosterone production in men is crucial for fetal development, sperm production, and the
development of male secondary sex characteristics. Furthermore, increasing evidence shows
that lowering testosterone production causes infertility and sexual dysfunction in men,
including cases of late‐onset hypogonadism (LOH) [17, 18]. The current progressive aging of
the population and the stress of modern life may also contribute to LOH, resulting in sexual
dysfunction, muscle weakness, and even depression. Moreover, low testosterone levels can
also predict the development of several diseases, such as type 2 diabetes and cardiovascular
disease [19–21]. This issue could be addressed by identifying nutrients that may boost
testosterone levels.

3. Vitamin K modulates the activation of PKA in various cell types

Vitamin K has been shown to affect several biological processes by modulating the activity of
PKA in different cell lines. Thus, vitamin K has been reported to enhance nerve growth factor‐
mediated neurite outgrowth via PKA activation in PC12D pheochromocytoma cells [22].
Vitamin K2 has also been reported to inhibit growth and invasion of hepatocellular carcinoma
cells through the activation of PKA, which modulates the activities of several transcriptional
factors and inhibits the small GTPase Rho [23]. Furthermore, vitamin K2 has been shown to
modulate gene expression in osteoblasts upon activation of PKA [24]. Taken together, these
findings indicate that vitamin K plays an important role in the activation of PKA in various
cell types.

4. MK‐4 enhances steroidogenesis by activating PKA

We confirmed the link between vitamin K and steroid production using DNA microarray
analysis. We observed that the expression of genes involved in the biosynthesis of cholesterol
and steroid hormones was decreased in vitamin K–deficient rats. The mRNA level of Cyp11a
positively correlated with MK‐4 concentration in the testis. Moreover, testosterone levels in
the plasma and testis of vitamin K–deficient rats were significantly reduced, in spite of normal
levels of plasma LH [25]. Another study further described the effects of dietary vitamin K on
testosterone production. Rats fed on MK‐4‐supplemented diet for five weeks presented
significantly higher plasma and testis testosterone levels compared to those of control rats,
irrespective of changes in plasma LH levels [26]. Moreover, Cyp11a protein levels in the testis
were higher in the MK‐4‐supplemented group than in the control. These results suggest that
vitamin K is involved in steroid production in the testis. To link these results with the anti‐
inflammatory properties of vitamin K observed in the lipopolysaccharide (LPS)‐induced
models [5, 6], we examined the effects of dietary vitamin K on steroidogenesis in LPS‐
induced rats [27]. We found that dietary vitamin K intake affected testicular vitamin K
concentration and offset the LPS‐induced lowering of testosterone synthesis in the testis. In
summary, testicular vitamin K plays an important role in steroidogenesis in Leydig cells.
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We also found a relationship between vitamin K and steroidogenesis in testis‐derived tumor
cells. After incubation of two testis‐derived cell lines, mouse I‐10, and rat R2C, in the presence
of MK‐4, we detected a dose‐dependent rise in secreted testosterone in culture medium [26].
In I‐10 cells, MK‐4, but not vitamin K1, led to increased levels of testosterone. We also found
that menaquinone‐3 and menaquinone‐7 stimulated testosterone production in I‐10 cells
(unpublished data). These results suggest that menaquinones, which have an unsaturated
isoprenyl side chain, enhance testosterone production. In I‐10 cells, the production of proges‐
terone, a testosterone precursor, increased in a dose‐dependent manner following treatment
with MK‐4. This indicates that stimulation of steroidogenesis by MK‐4 occurs upstream of
progesterone synthesis (Figure 2). To assess the effects of MK‐4 on the activation of PKA in I‐
10 cells, a reporter gene assay was employed (Figure 4). The cAMP response element‐driven
luciferase reporter plasmid was transfected into I‐10 cells. Accordingly, MK‐4 enhanced
reporter activity relative to the control. Moreover, Western blot analysis revealed that MK‐4
increased the expressions of Cyp11a, as well as phosphorylation levels of PKA and the cAMP
response element‐binding protein (CREB) in I‐10 cells. In contrast, the increase in testosterone
level induced by MK‐4 was completely abolished by treatment with the PKA inhibitor H89
[26]. These results indicate that, unlike vitamin K1, MK‐4 significantly stimulates testosterone
production and may play an important role in steroidogenesis.

Figure 4. PKA activation following treatment with MK‐4 in I‐10 cells. I‐10 cells were transfected with a plasmid bearing
a cAMP response element fused to a luciferase reporter gene and then treated with MK‐4.

Our findings were in accordance with previous studies by Ichikawa et al. [24], who showed
that MK‐4, but not vitamin K1 or other vitamin K2 isoform, specifically induced mRNA levels
of GDF15 and STC2, whose protein levels are regulated by PKA in human and mouse
osteoblasts. However, Tsang and Kamei have reported that both vitamin K1 and MK‐4 promote
nerve growth factor‐dependent outgrowth of neuronal cells, which were blocked in the
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progesterone synthesis (Figure 2). To assess the effects of MK‐4 on the activation of PKA in I‐
10 cells, a reporter gene assay was employed (Figure 4). The cAMP response element‐driven
luciferase reporter plasmid was transfected into I‐10 cells. Accordingly, MK‐4 enhanced
reporter activity relative to the control. Moreover, Western blot analysis revealed that MK‐4
increased the expressions of Cyp11a, as well as phosphorylation levels of PKA and the cAMP
response element‐binding protein (CREB) in I‐10 cells. In contrast, the increase in testosterone
level induced by MK‐4 was completely abolished by treatment with the PKA inhibitor H89
[26]. These results indicate that, unlike vitamin K1, MK‐4 significantly stimulates testosterone
production and may play an important role in steroidogenesis.

Figure 4. PKA activation following treatment with MK‐4 in I‐10 cells. I‐10 cells were transfected with a plasmid bearing
a cAMP response element fused to a luciferase reporter gene and then treated with MK‐4.

Our findings were in accordance with previous studies by Ichikawa et al. [24], who showed
that MK‐4, but not vitamin K1 or other vitamin K2 isoform, specifically induced mRNA levels
of GDF15 and STC2, whose protein levels are regulated by PKA in human and mouse
osteoblasts. However, Tsang and Kamei have reported that both vitamin K1 and MK‐4 promote
nerve growth factor‐dependent outgrowth of neuronal cells, which were blocked in the
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presence of a PKA inhibitor [22]. The inconsistencies between these studies may be explained
by differences in the uptake, metabolism, and solubility of each vitamin K analog used. In one
example, MK‐4 was taken up faster than vitamin K1 by MG‐63 osteosarcoma cells and HepG2
hepatoma cells by using stable isotope‐labeled vitamin K1 and MK‐4 [28].

In contrast to a report that MK‐4 activated PKA without increasing intracellular levels of cAMP
in hepatocellular carcinoma cells [23], we showed that intracellular cAMP levels increased in
a dose‐dependent manner by treatment with MK‐4 for 1.5 h in I‐10 cells (Figure 5). These results
indicated that MK‐4 enhances testosterone and progesterone production via activation of PKA
as well as modulation of cAMP levels in testis cells.

Figure 5. Intracellular cAMP levels in I‐10 cells upon MK‐4 treatment.

5. The MK‐4 structurally related compound, geranylgeraniol

The C20 isoprenoid compound, geranylgeraniol (GGOH, Figure 6), is a functional side‐chain
component (the geranylgeranyl group) of MK‐4 and has been shown to have a similar
biological function as MK‐4. In addition, GGOH may also have anti‐tumorigenic effects against
prostate cancer [29], colon cancer [30], leukemia [31], as well as anti‐inflammatory activity in
rats [32]. Our latest study revealed a time‐ and dose‐dependent increase in testosterone and
progesterone production in GGOH‐treated I‐10 cells. As expected, addition of GGOH stimu‐
lated also the PKA signaling pathway and augmented intracellular cAMP levels in I‐10 cells
[33].
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Figure 6. Chemical structures of isoprenoid groups; geranylgeraniol (GGOH), geraniol (GOH), farnesol (FOH), phytol
(POH), and geranylgeranyl diphosphate (GGPP).

To further investigate the role of isoprenoids in steroidogenesis, other structurally related
isoprenoids, such as geraniol (GOH) and farnesol (FOH) that have two and three isoprene
units, respectively, as well as phytol (POH) and geranylgeranyl diphosphate (GGPP), were
also examined (Figure 6). Accordingly, testosterone and progesterone levels were markedly
increased upon treatment with POH and GGPP in I‐10 cells. In contrast, FOH increased the
levels of progesterone but not testosterone, whereas GOH did not affect steroidogenesis in I‐
10 cells [33]. These results indicate that most of the tested isoprenoids, and particularly POH,
can stimulate the steroidogenic pathway in I‐10 cells to the same extent as GGOH.

In summary, the novel role of MK‐4 in stimulating steroidogenesis in I‐10 cells through
regulation of cAMP/PKA signaling may depend on GGOH and other structurally related
isoprenoids. In addition, we found that MK‐4, but not GGOH, enhanced glucose‐stimulated
insulin secretion (GSIS) by altering cAMP levels in INS‐1 insulinoma cells (unpublished data).
Some studies have reported that low testosterone levels could predict the development of type
2 diabetes and cardiovascular disease and have been linked to the increased risk of mortality
in men [26–30]. It remains to be established if there is a direct connection between these diseases
and vitamin K and what the different functions of MK‐4 and GGOH may be. Taken together,
these findings provide novel mechanistic insights in the process of steroidogenesis and GSIS
and may be useful for the development of therapeutic strategies for men.
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Abstract

This chapter features how vitamin K2 is instrumental in bringing about inter-organ com-
munication, thus facilitating (a) a synthesis/secretion of the endocrine, humoral factors 
from various organs and (b) physiological responses to the said factors by a multitude of 
organ systems of the body, thus creating a ‘lattice’ of reciprocal regulatory loops in order 
to ensure endocrine homeostasis.

Keywords: vitamin K2, MK-4, MK-7, PXR/SXR, FoxO and FoxA families of transcription 
factors, PI3K/Akt cascade, endocrine homeostasis, deiodinase (DIO2), NF-κB, interleukins, 
IGFs, MMPs, FGFs, irisin, osteonectin, UCP1, VEGF, GIP/GLP

1. Introduction

Recently, an abstract entitled ‘Epigenetic factors involved in musculo-skeletal interaction - 
How skeletal muscle cells and osteoblasts derived from stem cells communicate with special 
reference to histone deacetylases (HDACS), transcription factors (TFs), microRNAs, and vita-
min K2’ was presented at an OMICS conference in Chicago, USA [1].

This work shows how the interactive axis consisting of ‘Epigenator-Initiator-Maintainer’ com-
ponents determines the ultimate phenotypes of the cellular functions or the chain of reac-
tions within different body organs and tissues. The initiator signals (i.e. histone modifications, 
phenotype modifications through transcriptional control, via microRNA species) constitute 
forces, slowly tilting the cell phenotype towards a more or less stable profile.

Despite this tendency, phenotypic characteristics could be subjected to alterations, that is, 
either weakened or reinforced, or even altered, resulting from underlying or developing dis-
eases and/or gene therapy. The present work encompasses some data showing manipulations 
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Abstract

This chapter features how vitamin K2 is instrumental in bringing about inter-organ com-
munication, thus facilitating (a) a synthesis/secretion of the endocrine, humoral factors 
from various organs and (b) physiological responses to the said factors by a multitude of 
organ systems of the body, thus creating a ‘lattice’ of reciprocal regulatory loops in order 
to ensure endocrine homeostasis.

Keywords: vitamin K2, MK-4, MK-7, PXR/SXR, FoxO and FoxA families of transcription 
factors, PI3K/Akt cascade, endocrine homeostasis, deiodinase (DIO2), NF-κB, interleukins, 
IGFs, MMPs, FGFs, irisin, osteonectin, UCP1, VEGF, GIP/GLP

1. Introduction

Recently, an abstract entitled ‘Epigenetic factors involved in musculo-skeletal interaction - 
How skeletal muscle cells and osteoblasts derived from stem cells communicate with special 
reference to histone deacetylases (HDACS), transcription factors (TFs), microRNAs, and vita-
min K2’ was presented at an OMICS conference in Chicago, USA [1].

This work shows how the interactive axis consisting of ‘Epigenator-Initiator-Maintainer’ com-
ponents determines the ultimate phenotypes of the cellular functions or the chain of reac-
tions within different body organs and tissues. The initiator signals (i.e. histone modifications, 
phenotype modifications through transcriptional control, via microRNA species) constitute 
forces, slowly tilting the cell phenotype towards a more or less stable profile.

Despite this tendency, phenotypic characteristics could be subjected to alterations, that is, 
either weakened or reinforced, or even altered, resulting from underlying or developing dis-
eases and/or gene therapy. The present work encompasses some data showing manipulations 
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of HDACs, transcription factors (TFs), as well as microRNAs and the impact of vitamin K2 
(MK-7) on mineralizing cells (osteoblasts) and striated muscle cells exposed to either normal 
growth conditions or mediators of inflammation (i.e. Th-cells, macrophages, or interleukins), 
indicating that it is possible to engineer cells displaying an adapted phenotype where: (a) 
towards mineralization is reinforced, (b) untoward mineral deposition is halted and finally (c) 
mutual musculoskeletal interactions are ‘reinforced’.

With the aid of various algorithms, one may reveal regulatory loops involving both TFs and 
microRNAs. The subjects TFs and microRNA species appeared to be part of an intricate hier-
archical structure encompassing several classes of HDACs, including the Sirtuins, known to 
respond to cellular energy status (i.e. NADH/NAD+ ratios). Finally, it was demonstrated that 
vitamin K2 (MK-7, via binding to the transcription factor SXR) interfered with a plethora of 
signalling pathways (such as the FoxA and FoxO families of transcription factors), the down-
stream of the signalling mechanisms represented by the PI3-kinase system (i.e. Akt/PKB and 
SGK, respectively), thus potentiating the cross-talk signals or suppressing the mineralizing 
character. It was concluded that vitamin K2 plays a pivotal role by optimizing the endocrine 
interaction between osteoblasts and striated muscle cells, facilitating a ‘win-win’ situation. 
Furthermore, we have shown that vitamin K2 may confer the ability for cross-talk between 
striated muscle cells and bones to include cells, such as insulin-producing β-cells, thyroid fol-
licular cells, PTH-producing parathyroid cells and hepatocytes, in the absence or presence of 
inflammatory cells or their secreted cytokines/interleukins ± TNFα.

Sarcopenia (reduced muscle mass and/or function) and osteoporosis (bone brittleness) have 
generally been known for their relations to the locomotive syndrome and are linked to old age. 
Contrastingly, an increased muscle mass correlates with an enhanced bone mass and thus with 
a reduced fracture incidence. Genetic, as well as endocrine and mechanical factors, inflamma-
tion and nutritional states concurrently impinge on muscle tissue and bone metabolism.

Furthermore, a plethora of genes like myostatin and α-actinin-3 associate with both condi-
tions. Factors such as vitamin D, growth hormones (like GH and IGF-1) and testosterone and 
pathological conditions with excess cortisol, as well as type I diabetes (T1DM), affect both 
muscle and bone tissues. It was shown that the genes Tmem119, osteoglycin and FAM5C may 
be critical for the commitment of myoprogenitor cells to the osteoblast lineage. Furthermore, 
osteoglycin and FAM5C might serve as muscle-derived humoral osteogenic factors. Others, 
encompassing myostatin, osteonectin, as well as IGF-1, irisin and osteocalcin, may also be 
associated with reciprocal metabolic interactions between muscle and bone [2].

2. Genetic factors and muscle/bone phenotypes

Genes such as myostatin, α-actinin-3, proliferator-activated receptor gamma coactivator 
1-alpha (PGC-1α) and myocyte enhancer factor 2C (MEF-2C) are included in GWAS (genome-
wide association study) as believed to be involved in a concurrent loss of muscle and bone 
tissue [3]. Myostatin, on the other hand, has been shown to be a negative regulator of muscle 
mass. Alpha-actinin-3 has been demonstrated to be abundantly expressed in fast-twitch skel-
etal muscle fibres and may also affect their  differentiation towards fast-twitch fibres. Finally, 
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it was shown [4] that a lack of α-actinin-3 may lead to a reduction in bone mineral density 
(BMD) in both humans and rodents.

PGC-1α seems to be instrumental in the modulation of mitochondrial biogenesis [5], and a fur-
ther study established that PGC-1α elicited by physical activity seems to be crucial for oxidative 
metabolism in skeletal muscle fibres [6]. Furthermore, it was demonstrated that mitochondrial 
biogenesis induced by an enhancement in PGC-1α levels facilitates Wnt-mediated induction 
of osteoblastic differentiation of mesenchymal C3H10T1/2 cells [7]. These findings indicate 
that PGC-1α serves as a ‘commitment’ factor or inductor of stem cells to produce osteoblastic 
cells. Another essential factor is MEF-2C, which interacts with other myogenic regulatory fac-
tors, like Myf5 and MyoD, which in a synergistic fashion activates specific muscle-phenotypic 
genes. Animals devoid of MEF-2C in osteocytes make less sclerostin, a humoral factor acting 
as an inhibitor of the Wnt family of signalling molecules involved in osteoblast differentiation 
and bone formation. Thus, the MEF-2C-sclerostin signalling inhibits the formation of excessive 
bone mass and a ‘healthy’ turnover, which normally ensures minimal bone brittleness.

Qiu et al. [8] demonstrates that NF-κb-mediated signalling modulates myostatin transcription 
in myoblasts during cirrhosis-induced hyperammonaemia. This suggests that NF-κB antago-
nists are useful to reverse cirrhosis induced by sarcopenia. This observation also indicates that 
vitamin K2-induced modulation of NF-κB may determine the levels of humoral factors, which 
reciprocally regulate muscle and bone physiology. We have found [Gordeladze et al., 2015, 
unpublished] that preadipocytes, with mutated and superactive Gsα-induced adenylate cyclase 
activity, in the presence of vitamin K2 (MK-7), produce more beige-like adipocytes (see Figure 1) 
than large white adipocytes (ref), with an enhancement in PGC-1α levels (ref). Hence, it may be 
asserted that vitamin K2 facilitates Wnt-mediated induction of osteoblastic differentiation by 

Figure 1. Putative working model showing how vitamin K2 may affect the hormonal signalling systems and transcription 
factors responsible for the transition of «white» adipocytes to «beige» adipocytes, thus blocking fat deposition and 
enhancing the production of heat from fatty acids.
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enhancing the β-adrenoceptor and PKA-mediated signalling through PGC-1α of mesenchymal 
cells/stem cells, in order to fortify metabolic mechanisms ‘ruled’ by c/EBPβ, PPARα/γ and DiO2.

However, the interaction between striated muscle cells and bones is illustrated in a bet-
ter way in Figure 2. Here, it is shown that striated muscle cells communicate with ‘the 
environment’, consisting of other organs, such as white adipose tissue, liver, pancreas and 
bones through a multitude of endocrine/hormonal factors (see Figure 2(left)). However, 
if we just look closer at the reciprocal interactions between striated muscle cells and bone 
cells (osteoblasts, osteocytes and osteoclasts), there are still a large number of humoral fac-
tors, such as IGF-1, myostatin, osteoglycin, FAM5C, Irisin, Osteonectin, FGF2, IL-6, IL-7, 
IL-15, MMP-2, Sclerostin, Osteocalcin, MGP, VEGF and HGF (see Figure 2(right)), which 
‘capture’ the two organs in a reciprocal regulatory ‘looping system’. We have recently 
shown, for most part, the ‘cross-talk’ exchanged between these organs, particularly within 
the muscle-bone axis.

Vitamin K2 serves as a ‘coupling agent’, fine-tuning muscle-bone interactions, while concomi-
tantly preserving its precision and strengthening it in the presence of inflammatory interleu-
kins and INFα, and/or Th-1 and Th-17 cells.

Figure 2. Endocrine communication between striated muscle cells and other organ systems, such as white adipose tissue, 
liver, bone and pancreas. Pay special attention to the plethora of hormones/cytokines being exchanged between the 
muscle and the bone. Ref.: Left: Benatti, F. B. & Pedersen, B. K. Nat. Rev. Rheumatol. 11, 86–97 (2015); published online 
25 November 2014; doi:10.1038/nrrheum.2014.193. Right: Kawao N, Kaji H. J Cell Biochem. 2015 May;116(5):687–95. doi: 
10.1002/jcb.25040. PMID: 25521430.

Vitamin K2 - Vital for Health and Wellbeing202

Since most of our cells throughout the body express the transcription factor PXR/SXR, bind-
ing vitamin K2, it may be asserted that vitamin K2 not only affects the phenotype of muscle 
and bone cells, shown here to interact in a reciprocal endocrine fashion but also (a) plays a 
major role in the determination and stabilization of the phenotype of a plethora of specialized 
cells in our body and (b) plays a pivotal role in the reciprocal interaction of various organ 
systems in our body to ensure optimal organ functions (‘inter-organ cross-talk’). An interest-
ing and elegant article written by Lara Pizzorno (see reference on last page) underscores the 
different effects of vitamin K2 in a comprehensive manner, supporting the notion that vitamin 
K2 is an essential biological factor supporting disease-free old age, which may be construed as 
if vitamin K2 is one important alimentary ingredient ensuring ‘longevity’.

Longevity requires, of course, optimized and ‘healthy’ organ functioning throughout the 
body. Therefore, it is mandatory for the different organs of the body to communicate with 
each other and together form a ‘cyn-organic’ lattice where each organ communicates with 
the most part or all the others. Vitamin K2 may be one factor contributing to this inter-organ 
‘cross-talk’, and there are several ways this little molecule exerts its integrative power. In this 
respect, the present book’s chapter entitled ‘Vitamin K2—small molecule with a large bio-
logical impact’ featuring the molecular mechanisms, by which K2 exerts its actions, describes 
in detail how DIO1,2,3 impacts the regulation of cell proliferation, lipogenesis, lipolysis, cho-
lesterol metabolism, carbohydrate metabolism, muscle contraction, thermogenesis, cell com-
munication, exocytosis, cell cycle regulation and growth regulation. Of particular interest is 
the type 2 deiodinase,(DIO2), which, via higher brain centres, the pancreas, striated muscle 
cells, the liver as well as white and brown adipose tissues, converts T4 to its active form, T3, 
ensuring an integrated metabolic and hormonal homeostasis and ‘steady state’ or endocrine 
equilibrium between the different organ systems of the body. In this context, we have shown 
(ref) that vitamin K2 is able to sustain the cell phenotypes of different organ systems, such as 
bones, striated muscles and others in the presence of sub-chronical inflammation, as induced 
by the presence of either Th-1 cells, Th-17 cells, as well as a mixture of TNFα or inflammatory 
interleukins (e.g. IL-1 and IL-17).

Others have more directly proven that vitamin K2, via binding to PXR, affects both triglyc-
eride turnover and gluconeogenesis in the liver (ref). The authors of this chapter describe 
how the MK-PXR complex via CD36, CPTA1 and SCD1 stimulates ketogenesis and hampers 
triglyceride production. Furthermore, they also show how the MK-PXR complex, via a cluster 
of transcription factors (FoxO1, CREB, PGC-1α and HNF4), stimulates the enzymes PEPCK1 
and G6Pase in order to facilitate the metabolic conversion of lactate and amino acids to glu-
cose (i.e. gluconeogenesis). This mechanism is remarkably like the one sketched in Figure 1, 
only that there are other members of the Fox family of transcription factors involved!

3. Novel findings related to the biology of vitamin K2

A summary of a literature survey, extracting articles from PubMed, featuring new research 
on the biological impact of vitamin K2 published in 2015 and 2016, gave the following results:
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a. Shetty A et al. Urol Oncol. 2016 Sep 27. pii: S1078-1439(16)30108-9. doi: 10.1016/j.uro-
lonc.2016.05.027. Hepatoma-derived growth factor: A survival-related protein in prostate 
oncogenesis and a potential target for vitamin K2.

Excerpt from the article: Hepatoma-derived growth factor (HDGF) is correlated with a poor 
prognosis in cancers. Forced overexpression of HDGF sustained viability of RWPE-1 human 
prostate cancer cells, while a knockdown of HDGF hampered their proliferation. Furthermore, 
using a HDGF antibody along with vitamin K2 reduced cell proliferation and inhibited NF-κB 
expression.

b. Sanguineti R et al. J Biol Regul Homeost Agents. 2016 Jul-Sep;30(3):713–726. Vitamins D3 
and K2 may partially counterbalance the detrimental effects of pentosidine in ex vivo 
human osteoblasts.

Excerpt from the article: Osteoporosis is a multifaceted metabolic disorder, construed as inad-
equate bone strength. It was recently demonstrated that advanced glycation end products 
(AGEs) (e.g. pentosidine = PENT) may serve as indicators of senile bone brittleness. Optimal 
responses to hormones, like 1,25-dihydroxyvitamin D3, serve as prerequisites for optimal, 
time-dependent osteoblast functioning (the oscillation between bone building and bone 
resorption phases). Vitamin K2 (MK-4/7) may enhance net vitamin D-induced bone formation.

Ex vivo human osteoblasts, incubated with vitamins D3 and K2 and exposed to PENT for 72 
hours, were assessed for gene expression, that is, ALP, COLIα1 and osteocalcin, as well as the 
RANKL/OPG ratio to assess net bone formation (as a result of the continuous remodelling 
process). The expression of RAGE, which is a well-characterized receptor of advanced glyca-
tion end products (AGEs), was also monitored. PENT + vitamins significantly inhibited ALP 
expression/secretion but did not show any impact on gene expression, which may be con-
strued as hampered functional osteoblastic activity. Furthermore, PENT + vitamins enhanced 
gene expression of collagen, while protein secretion remained unchanged. Intracellular levels 
of collagen were partially lowered, while a fall in BGP gene expression, as well as intracel-
lular protein levels, was seen with PENT exposure. The ratio RANKL/OPG was augmented, 
favouring bone resorption. Expression of the RAGE gene was, however, lowered, indicating 
that the detrimental AGE accumulation in the bone was attenuated and/or counteracted by 
the vitamins’ D3 and K2 exposure.

c. Ronn SH et al. Eur J Endocrinol. 2016 Sep 13. pii: EJE-16-0498. [Epub ahead of print] 
PLoS One. 2016 Aug 29;11(8):e0161886. doi: 10.1371/journal.pone.0161886. eCollection 
2016. Vitamin K2 (menaquinone-7) prevents age-related deterioration of trabecular 
bone microarchitecture at the tibia in postmenopausal women.

Excerpt from the article: Vitamin K2 allegedly protects one against bone loss and fractures; how-
ever, its effect on bone quality has hitherto not been investigated. This article explores the effect 
of MK-7 on undercarboxylated osteocalcin (ucOC), bone mass, as well as bone quality. A ran-
domized, 1-year, placebo-controlled, double-blind clinical trial was conducted, where the effect 
of some 400 μg of MK-7 (including supplementation with calcium and vitamin D) was assessed.

UcOC was diminished in the MK-7 group as compared with the placebo group subsequent to 3 
months of treatment. Furthermore, the trabecular number in tibia was unchanged in the MK-7 
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group, while lowered in the placebo group. The trabecular spacing remained unchanged in 
the MK-7 group, while it increased in the placebo group. Finally, trabecular thickness stayed 
unchanged in the MK-7 group, while it increased in the placebo group. And one could not 
find significant differences between the groups at the radius or in BMD at any site.

The alterations in microarchitecture of bone tissue within the placebo group were in line with 
the age-related deteriorations of the trabecular bone structure, including trabecula loss, with a 
concomitant enhanced average thickness of the ones remaining. This may indicate that MK-7 
sustains proper tibial trabecular bone microstructures.

d. Duan F et al. PLoS One. 2016 Aug 29;11(8):e0161886. doi: 10.1371/journal.pone. 0161886. 
eCollection 2016. Vitamin K2 induces mitochondria-related apoptosis in human bladder 
cancer cells via ROS and JNK/p38 MAPK signal pathways.

Excerpt from the article: Vitamin K2’s impact on apoptosis in cancerous cells has been eluci-
dated in many studies. In the present study, it was shown that vitamin K2 induced apoptosis 
in cancer cells of the bladder through mitochondrial pathways, that is (a) loss of mitochon-
drial membrane potential and (b) release of cytochrome C and the activation of the caspase-3 
cascade. Additionally, c-Jun N-terminal kinase (JNK) and p38 MAPK phosphorylation were 
enhanced in vitamin K2-treated cells. The generation of reactive oxygen species (ROS) was 
detected in bladder cancer cells; however, the treatment with vitamin K2 and the antioxidant 
N-acetyl cysteine (NAC) blocked (a) the vitamin K2-triggered apoptosis, (b) the loss of mito-
chondria membrane potential and (c) the activation of JNK and p38 MAPK.

Hence, it seems that vitamin K2 brings about apoptosis in bladder cancer cells through: (a) 
ROS-mediated JNK/p38 MAPK and (b) mitochondrial pathways.

e. Yu YX et al. Acta Pharmacol Sin. 2016 Sep;37(9):1178–89. doi: 10.1038/aps. 2016.68. Epub 
2016 Aug 8. Vitamin K2 suppresses rotenone-induced microglial activation in vitro.

Excerpt from the article: It has been shown that environmental factors (e.g. rotenone and oth-
ers) cause neuroinflammation, contributing to the development of Parkinson’s disease. Here, 
one explored molecular mechanism, pertaining to the repression by vitamin K2 (MK-4), on in 
vitro rotenone induced microglial activation.

The cell line (BV2) was exposed to rotenone in the presence or absence of MK-4. The levels of 
TNF-α or IL-1β were assessed, using ELISA technology. BV2 cells treated with rotenone with 
or without MK-4 were subjected to analyses of (a) the mitochondrial membrane potential, (b) 
ROS production, (c) immunofluorescence or (d) immunoblot assays. The neuroblastoma cells 
were exposed to conditioned media of BV2 cells, having been exposed to rotenone ± MK-4, 
and cell viability was assessed.

In rotenone-treated BV2 cells, MK-4 dose dependently counteracted upregulation of iNOS 
and COX-2 expression in the cells, while also the production of TNF-α and IL-1β. MK-4 signif-
icantly blocked rotenone-induced translocation to the nucleus of NF-κB. MK-4  significantly 
also attenuated rotenone-provoked p38 activation, ROS production and caspase-1 activation.

Vitamin K2 can directly suppress rotenone-induced activation of microglial BV2 cells in vitro 
by repressing ROS production and p38 activation.
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a. Shetty A et al. Urol Oncol. 2016 Sep 27. pii: S1078-1439(16)30108-9. doi: 10.1016/j.uro-
lonc.2016.05.027. Hepatoma-derived growth factor: A survival-related protein in prostate 
oncogenesis and a potential target for vitamin K2.

Excerpt from the article: Hepatoma-derived growth factor (HDGF) is correlated with a poor 
prognosis in cancers. Forced overexpression of HDGF sustained viability of RWPE-1 human 
prostate cancer cells, while a knockdown of HDGF hampered their proliferation. Furthermore, 
using a HDGF antibody along with vitamin K2 reduced cell proliferation and inhibited NF-κB 
expression.

b. Sanguineti R et al. J Biol Regul Homeost Agents. 2016 Jul-Sep;30(3):713–726. Vitamins D3 
and K2 may partially counterbalance the detrimental effects of pentosidine in ex vivo 
human osteoblasts.

Excerpt from the article: Osteoporosis is a multifaceted metabolic disorder, construed as inad-
equate bone strength. It was recently demonstrated that advanced glycation end products 
(AGEs) (e.g. pentosidine = PENT) may serve as indicators of senile bone brittleness. Optimal 
responses to hormones, like 1,25-dihydroxyvitamin D3, serve as prerequisites for optimal, 
time-dependent osteoblast functioning (the oscillation between bone building and bone 
resorption phases). Vitamin K2 (MK-4/7) may enhance net vitamin D-induced bone formation.

Ex vivo human osteoblasts, incubated with vitamins D3 and K2 and exposed to PENT for 72 
hours, were assessed for gene expression, that is, ALP, COLIα1 and osteocalcin, as well as the 
RANKL/OPG ratio to assess net bone formation (as a result of the continuous remodelling 
process). The expression of RAGE, which is a well-characterized receptor of advanced glyca-
tion end products (AGEs), was also monitored. PENT + vitamins significantly inhibited ALP 
expression/secretion but did not show any impact on gene expression, which may be con-
strued as hampered functional osteoblastic activity. Furthermore, PENT + vitamins enhanced 
gene expression of collagen, while protein secretion remained unchanged. Intracellular levels 
of collagen were partially lowered, while a fall in BGP gene expression, as well as intracel-
lular protein levels, was seen with PENT exposure. The ratio RANKL/OPG was augmented, 
favouring bone resorption. Expression of the RAGE gene was, however, lowered, indicating 
that the detrimental AGE accumulation in the bone was attenuated and/or counteracted by 
the vitamins’ D3 and K2 exposure.

c. Ronn SH et al. Eur J Endocrinol. 2016 Sep 13. pii: EJE-16-0498. [Epub ahead of print] 
PLoS One. 2016 Aug 29;11(8):e0161886. doi: 10.1371/journal.pone.0161886. eCollection 
2016. Vitamin K2 (menaquinone-7) prevents age-related deterioration of trabecular 
bone microarchitecture at the tibia in postmenopausal women.

Excerpt from the article: Vitamin K2 allegedly protects one against bone loss and fractures; how-
ever, its effect on bone quality has hitherto not been investigated. This article explores the effect 
of MK-7 on undercarboxylated osteocalcin (ucOC), bone mass, as well as bone quality. A ran-
domized, 1-year, placebo-controlled, double-blind clinical trial was conducted, where the effect 
of some 400 μg of MK-7 (including supplementation with calcium and vitamin D) was assessed.

UcOC was diminished in the MK-7 group as compared with the placebo group subsequent to 3 
months of treatment. Furthermore, the trabecular number in tibia was unchanged in the MK-7 
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group, while lowered in the placebo group. The trabecular spacing remained unchanged in 
the MK-7 group, while it increased in the placebo group. Finally, trabecular thickness stayed 
unchanged in the MK-7 group, while it increased in the placebo group. And one could not 
find significant differences between the groups at the radius or in BMD at any site.

The alterations in microarchitecture of bone tissue within the placebo group were in line with 
the age-related deteriorations of the trabecular bone structure, including trabecula loss, with a 
concomitant enhanced average thickness of the ones remaining. This may indicate that MK-7 
sustains proper tibial trabecular bone microstructures.

d. Duan F et al. PLoS One. 2016 Aug 29;11(8):e0161886. doi: 10.1371/journal.pone. 0161886. 
eCollection 2016. Vitamin K2 induces mitochondria-related apoptosis in human bladder 
cancer cells via ROS and JNK/p38 MAPK signal pathways.

Excerpt from the article: Vitamin K2’s impact on apoptosis in cancerous cells has been eluci-
dated in many studies. In the present study, it was shown that vitamin K2 induced apoptosis 
in cancer cells of the bladder through mitochondrial pathways, that is (a) loss of mitochon-
drial membrane potential and (b) release of cytochrome C and the activation of the caspase-3 
cascade. Additionally, c-Jun N-terminal kinase (JNK) and p38 MAPK phosphorylation were 
enhanced in vitamin K2-treated cells. The generation of reactive oxygen species (ROS) was 
detected in bladder cancer cells; however, the treatment with vitamin K2 and the antioxidant 
N-acetyl cysteine (NAC) blocked (a) the vitamin K2-triggered apoptosis, (b) the loss of mito-
chondria membrane potential and (c) the activation of JNK and p38 MAPK.

Hence, it seems that vitamin K2 brings about apoptosis in bladder cancer cells through: (a) 
ROS-mediated JNK/p38 MAPK and (b) mitochondrial pathways.

e. Yu YX et al. Acta Pharmacol Sin. 2016 Sep;37(9):1178–89. doi: 10.1038/aps. 2016.68. Epub 
2016 Aug 8. Vitamin K2 suppresses rotenone-induced microglial activation in vitro.

Excerpt from the article: It has been shown that environmental factors (e.g. rotenone and oth-
ers) cause neuroinflammation, contributing to the development of Parkinson’s disease. Here, 
one explored molecular mechanism, pertaining to the repression by vitamin K2 (MK-4), on in 
vitro rotenone induced microglial activation.

The cell line (BV2) was exposed to rotenone in the presence or absence of MK-4. The levels of 
TNF-α or IL-1β were assessed, using ELISA technology. BV2 cells treated with rotenone with 
or without MK-4 were subjected to analyses of (a) the mitochondrial membrane potential, (b) 
ROS production, (c) immunofluorescence or (d) immunoblot assays. The neuroblastoma cells 
were exposed to conditioned media of BV2 cells, having been exposed to rotenone ± MK-4, 
and cell viability was assessed.

In rotenone-treated BV2 cells, MK-4 dose dependently counteracted upregulation of iNOS 
and COX-2 expression in the cells, while also the production of TNF-α and IL-1β. MK-4 signif-
icantly blocked rotenone-induced translocation to the nucleus of NF-κB. MK-4  significantly 
also attenuated rotenone-provoked p38 activation, ROS production and caspase-1 activation.

Vitamin K2 can directly suppress rotenone-induced activation of microglial BV2 cells in vitro 
by repressing ROS production and p38 activation.
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f. Vissers LE et al. Atherosclerosis. 2016 Sep;252:15–20. doi: 10.1016/j.atherosclerosis. 
2016.07.915. Epub 2016 Jul 25. The relationship between vitamin K and peripheral arte-
rial disease (PAD).

Excerpt from the article: Vitamin K1 (phylloquinone) and vitamin K2 (menaquinones) are 
believed to diminish the risk of cardiovascular diseases by reducing or blocking calcification 
of the vascular bed.

The association between the intake of vitamins K1 and K2 with PAD was analysed in a 
prospective cohort of some 36,500 participants. The occurrence of PAD was obtained from 
national registries. Baseline intakes of K1 and K2s were calculated using standard food-
frequency questionnaires.

During 12 years of follow-up, some 500 cases of PAD were documented. Menaquinone (K2) 
intake was associated with a reduced risk of PAD. A stronger association was observed in 
participants suffering from either hypertension or diabetes, respectively. Phylloquinone (K1) 
intake was not associated with PAD risk.

g. Villa, JK et al. Crit Rev Food Sci Nutr. 2016 Jul 20:0. [Epub ahead of print]. Effect of vitamin 
K in bone metabolism and vascular calcification: a review of mechanisms of action and 
evidences.

Excerpt from the article: Osteoporosis is associated with a public health concern, featuring 
the enhanced risk of incurring fractured bones, as well as vascular calcification. The family 
of vitamin K represents unique benefits on these issues, even though its aspects are far from 
exhaustively studied. The two important forms of vitamin K are phylloquinone = vitamin 
K1 and menaquinone = vitamin K2 (MK-4 and MK-7). In the present work, we investigated, 
in particular, the effect of vitamin K2 in bones and blood vessels. In addition to the known 
effects of vitamin K2, this particular form has been demonstrated to support bone formation 
via stimulating osteoblast differentiation, as well as osteocalcin carboxylation and enhanced 
ALP activity, IGF-1, as well as other growth-promoting protein (DF-15 and STCal-2) levels.

Furthermore, vitamin K2 lowers the osteoblast levels of proapoptotic proteins like Fas and 
Bax, while also hampering osteoclast differentiation via enhanced levels of osteoprotegerin 
(OPG) and reducing the amount of ‘receptor activator of nuclear factor kappa-B ligand’ NF-κB. 
In blood vessels, vitamin K2 diminishes the production of hydroxyapatite by carboxylating 
matrix-Gla protein, as well as the Gla-rich protein. Vitamin K2 hampers the death (apoptosis) 
of smooth vascular muscle cells, as well as reducing phenotype alteration of vascular smooth 
muscle cells to osteoblastic cells. The standard dosage of vitamin K2 studies of man amounts 
to 45 mg/day, which allows beneficial effects on bone and vasculature, especially in post-
menopausal women with osteoporosis.

h. Ochsner et al., Endocrinol. 2016 Aug;30(8):937–48. doi: 10.1210/me.2016-1095. Epub 2016 
Jul 13. A reference transcriptome for constitutive androstane receptor and pregnane X 
receptor xenobiotic signaling.

Excerpt from the article: PXR = PXR/NR1I3 and constitutive androstane receptor (CAR = 
CAR/NR1I2) both belong to the nuclear receptor (NR) superfamily of ligand-regulated TF2. 
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They are both mediators of endocrine-disrupting chemical signalling. In this work a “refer-
ence transcriptome” was generated, a ‘reference transcriptome’ encompassing members of 
frequently and differentially expressed of genes across some 160 experiments compiled from 
some 20 datasets, describing perturbations of both CAR- and PXR-based signalling pathways. 
Omitting the genes encoding members of the xenobiotic ‘stress response’, the ranking of genes 
especially involved in the metabolism of carbohydrate sheds light on the role of xenobiotics 
and thus vitamin K2, in the metabolic syndrome.

i. Zhang Y et al. Int J Biol Sci. 2016 Apr 28;12(7):776–85. doi: 10.7150/ijbs.15248. eCollection 
2016. Vitamin K2 ameliorates damage of blood vessels by glucocorticoid: a potential 
mechanism for its protective effects in glucocorticoid-induced osteonecrosis of the fem-
oral head in a rat model.

Excerpt from the article: Glucocorticoids have been reported to lower the blood vessels’ num-
ber and also lower the blood supply in the femoral head. This is known to serve as an impor-
tant mechanism, by which glucocorticoids induce osteonecrosis of the femoral head (ONFH). 
In order to prevent manifest drug-induced ONFH, bone formation with concomitant angio-
genesis would be a beneficial treatment.

The present study investigates whether vitamin K2 could stimulate the formation of new 
blood vessels in the presence of glucocorticoids, both in vitro and in vivo. The effect of vita-
min K2 on parameters, such as viability, migration, in vitro tube formation and key genes 
(like VEGF and PDGFB) incubated with or without dexamethasone were elucidated. VEGF, 
TGF-β and BMP-2, angiogenesis-related proteins secreted by osteoblastic cells (MG63 cell 
batches), were also detected.

Additionally, blood vessels in the femoral head of rats (given with or without a glucocorticoid 
and vitamin K2) were assessed. It showed that vitamin K2 fully protected the endothelial cells 
used from apoptosis, induced by dexamethasone. Furthermore, endothelial cell migration 
and in vitro tube formation were promoted. Furthermore, angiogenesis-related proteins were 
also stimulated by vitamin K2. In vivo studies revealed enhanced blood vessel volume with 
CD31-positive cells in rats, co-treated with vitamin K2.

In general, vitamin K2 demonstrated an ability to promote and sustain angiogenesis in vitro 
and to ameliorate/rescue vessels of the femoral head in glucocorticoid-treated rats in vivo. 
This indicates that vitamin K2 holds a role as a promising drug to be used in the prevention 
of steroid-induced ONFH.

j. Mi et al., Int J Exp Pathol. 2016 Apr;97(2):187–93. doi: 10.1111/iep.12178. Epub 2016 Jun 3. 
Establishing a rat model for the study of vitamin K deficiency.

Excerpt from the article: The main vitamin K-deficient model (i.e. the minidose warfarin expo-
sure) differs from the pathological model of vitamin K deficiency, being a shortage of vitamin 
K. The present work aimed to establish a new method to provoke vitamin K deficiency in rats 
by combining vitamin K-deficient diets with intragastrical administration of  gentamicin. In 
the diet- and gentamicin-provoked vitamin K-deficient animals, all rats suffered hepatic vita-
min K1 and K2 loss and consequently an extended period of APTT. And, within the 21-day 
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f. Vissers LE et al. Atherosclerosis. 2016 Sep;252:15–20. doi: 10.1016/j.atherosclerosis. 
2016.07.915. Epub 2016 Jul 25. The relationship between vitamin K and peripheral arte-
rial disease (PAD).

Excerpt from the article: Vitamin K1 (phylloquinone) and vitamin K2 (menaquinones) are 
believed to diminish the risk of cardiovascular diseases by reducing or blocking calcification 
of the vascular bed.

The association between the intake of vitamins K1 and K2 with PAD was analysed in a 
prospective cohort of some 36,500 participants. The occurrence of PAD was obtained from 
national registries. Baseline intakes of K1 and K2s were calculated using standard food-
frequency questionnaires.

During 12 years of follow-up, some 500 cases of PAD were documented. Menaquinone (K2) 
intake was associated with a reduced risk of PAD. A stronger association was observed in 
participants suffering from either hypertension or diabetes, respectively. Phylloquinone (K1) 
intake was not associated with PAD risk.

g. Villa, JK et al. Crit Rev Food Sci Nutr. 2016 Jul 20:0. [Epub ahead of print]. Effect of vitamin 
K in bone metabolism and vascular calcification: a review of mechanisms of action and 
evidences.

Excerpt from the article: Osteoporosis is associated with a public health concern, featuring 
the enhanced risk of incurring fractured bones, as well as vascular calcification. The family 
of vitamin K represents unique benefits on these issues, even though its aspects are far from 
exhaustively studied. The two important forms of vitamin K are phylloquinone = vitamin 
K1 and menaquinone = vitamin K2 (MK-4 and MK-7). In the present work, we investigated, 
in particular, the effect of vitamin K2 in bones and blood vessels. In addition to the known 
effects of vitamin K2, this particular form has been demonstrated to support bone formation 
via stimulating osteoblast differentiation, as well as osteocalcin carboxylation and enhanced 
ALP activity, IGF-1, as well as other growth-promoting protein (DF-15 and STCal-2) levels.

Furthermore, vitamin K2 lowers the osteoblast levels of proapoptotic proteins like Fas and 
Bax, while also hampering osteoclast differentiation via enhanced levels of osteoprotegerin 
(OPG) and reducing the amount of ‘receptor activator of nuclear factor kappa-B ligand’ NF-κB. 
In blood vessels, vitamin K2 diminishes the production of hydroxyapatite by carboxylating 
matrix-Gla protein, as well as the Gla-rich protein. Vitamin K2 hampers the death (apoptosis) 
of smooth vascular muscle cells, as well as reducing phenotype alteration of vascular smooth 
muscle cells to osteoblastic cells. The standard dosage of vitamin K2 studies of man amounts 
to 45 mg/day, which allows beneficial effects on bone and vasculature, especially in post-
menopausal women with osteoporosis.

h. Ochsner et al., Endocrinol. 2016 Aug;30(8):937–48. doi: 10.1210/me.2016-1095. Epub 2016 
Jul 13. A reference transcriptome for constitutive androstane receptor and pregnane X 
receptor xenobiotic signaling.

Excerpt from the article: PXR = PXR/NR1I3 and constitutive androstane receptor (CAR = 
CAR/NR1I2) both belong to the nuclear receptor (NR) superfamily of ligand-regulated TF2. 
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They are both mediators of endocrine-disrupting chemical signalling. In this work a “refer-
ence transcriptome” was generated, a ‘reference transcriptome’ encompassing members of 
frequently and differentially expressed of genes across some 160 experiments compiled from 
some 20 datasets, describing perturbations of both CAR- and PXR-based signalling pathways. 
Omitting the genes encoding members of the xenobiotic ‘stress response’, the ranking of genes 
especially involved in the metabolism of carbohydrate sheds light on the role of xenobiotics 
and thus vitamin K2, in the metabolic syndrome.

i. Zhang Y et al. Int J Biol Sci. 2016 Apr 28;12(7):776–85. doi: 10.7150/ijbs.15248. eCollection 
2016. Vitamin K2 ameliorates damage of blood vessels by glucocorticoid: a potential 
mechanism for its protective effects in glucocorticoid-induced osteonecrosis of the fem-
oral head in a rat model.

Excerpt from the article: Glucocorticoids have been reported to lower the blood vessels’ num-
ber and also lower the blood supply in the femoral head. This is known to serve as an impor-
tant mechanism, by which glucocorticoids induce osteonecrosis of the femoral head (ONFH). 
In order to prevent manifest drug-induced ONFH, bone formation with concomitant angio-
genesis would be a beneficial treatment.

The present study investigates whether vitamin K2 could stimulate the formation of new 
blood vessels in the presence of glucocorticoids, both in vitro and in vivo. The effect of vita-
min K2 on parameters, such as viability, migration, in vitro tube formation and key genes 
(like VEGF and PDGFB) incubated with or without dexamethasone were elucidated. VEGF, 
TGF-β and BMP-2, angiogenesis-related proteins secreted by osteoblastic cells (MG63 cell 
batches), were also detected.

Additionally, blood vessels in the femoral head of rats (given with or without a glucocorticoid 
and vitamin K2) were assessed. It showed that vitamin K2 fully protected the endothelial cells 
used from apoptosis, induced by dexamethasone. Furthermore, endothelial cell migration 
and in vitro tube formation were promoted. Furthermore, angiogenesis-related proteins were 
also stimulated by vitamin K2. In vivo studies revealed enhanced blood vessel volume with 
CD31-positive cells in rats, co-treated with vitamin K2.

In general, vitamin K2 demonstrated an ability to promote and sustain angiogenesis in vitro 
and to ameliorate/rescue vessels of the femoral head in glucocorticoid-treated rats in vivo. 
This indicates that vitamin K2 holds a role as a promising drug to be used in the prevention 
of steroid-induced ONFH.

j. Mi et al., Int J Exp Pathol. 2016 Apr;97(2):187–93. doi: 10.1111/iep.12178. Epub 2016 Jun 3. 
Establishing a rat model for the study of vitamin K deficiency.

Excerpt from the article: The main vitamin K-deficient model (i.e. the minidose warfarin expo-
sure) differs from the pathological model of vitamin K deficiency, being a shortage of vitamin 
K. The present work aimed to establish a new method to provoke vitamin K deficiency in rats 
by combining vitamin K-deficient diets with intragastrical administration of  gentamicin. In 
the diet- and gentamicin-provoked vitamin K-deficient animals, all rats suffered hepatic vita-
min K1 and K2 loss and consequently an extended period of APTT. And, within the 21-day 
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treatment group, one could also measure prolonged PT, as well as the decreasing FIX activi-
ties. Furthermore, in the 28-day treatment group, unmeasurable vitamin K1 and K2, enhanced 
PT and APTT values, as well as a decrease in FII, FVII, FIX and FX activities sustained the 
hypothesis that serious vitamin K deficiencies in the experimental animals had taken place. It 
was therefore hypothesized that the diet- and gentamicin-induced vitamin K-deficient model 
system could be used to study vitamin K’s status. This vitamin K-deficient 28-day model 
could therefore be applied to research related to both the status of vitamin K and vitamin 
K-dependent coagulation per se. Hence, it was asserted that the combination of a vitamin 
K-deficient diet with the administration of gentamicin yields an ideal model to study vitamin 
K deficiency.

k. Okuyama et al. 2016;98(3–4):134–70. doi: 10.1159/000446704. Epub 2016 Jun 2. Medicines 
and vegetable oils as hidden causes of cardiovascular disease and diabetes.

Excerpt from the article: A coupling has been observed between cardiovascular diseases 
(CVD) and diabetes mellitus type 2 (T2DM); however, a causal relationship has hitherto not 
been made. Irrespective of aetiology, cholesterol-lowering medication (statins) has been rec-
ommended for both patient categories.

Statin-induced suppression of prenyl moieties in the pathway of cholesterol biosynthesis has 
been associated with both atherosclerosis and heart failure. However, both vegetable and 
hydrogenated oils appear to shorten the survival period incurred by stroke-prone spontane-
ously hypertensive animals through (a) downregulated platelet number, (b) enhanced haem-
orrhagic incidences and (c) aberrant kidney functioning. These phenomena are not related to 
their molecular constituents, and the present oils and drugs (i.e. statins and warfarin) share 
common mechanisms blocking vitamin K2-dependent biochemical processes.

l. Zhou C. Biochim Biophys Acta. 2016 Sep;1859(9):1112–20. doi: 10.1016/j. bbagrm.2016.02.015. 
Epub 2016 Feb 26. Novel functions of PXR in cardiometabolic disease.

Excerpt from article: Cardiometabolic disease is a worldwide epidemic, and our chemi-
cal environment is rapidly changing to the worse, resulting in an enhanced frequency and 
morbidity of chronic human diseases. But, mechanisms of how exposure to chemical com-
pounds brings about cardiometabolic ailments are not well understood. A plethora of chem-
icals have, however, been shown to serve as activators of the pregnane X receptor (PXR), 
which, apart from serving as a nuclear receptor functioning as a xenobiotic sensor, also 
binds vitamin K2.

Recent investigations have unravelled new and intriguing roles of PXR in modulating poten-
tially debilitating conditions such as obesity, insulin sensitivity, lipid homeostasis, atherogen-
esis and vascular functioning. The present reports indicate that PXR signalling significantly 
impacts pathophysiological conditions like cardiometabolic diseases in humans. This discovery 
of ‘new’ effects of PXR in the mentioned disease complexes not only heavily contributes to our 
comprehension of ‘gene versus environment interactions’, predisposing man to chronic disabil-
ities, but also sheds light on future treatment modalities and the importance of optimal intake 
of vitamin K2, which binds to PXR, enabling a plethora of tissues in the body to function prop-
erly under strain from extrinsic and intrinsic challenges. The present article is part of a special 
issue called ‘Xenobiotic nuclear receptors: New Tricks for An Old Dog’. Editor: Dr. Wen Xie.
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m. Liu et al. PLoS One. 2016 Feb 18;11(2):e0149639.doi: 10.1371/journal.pone. 0149639. eCol-
lection 2016. Role of UBIAD1 in intracellular cholesterol metabolism and vascular cell 
calcification.

Excerpt from an article: Vascular calcification is a risk factor coupled to mortality suffering 
from chronic kidney disease. Cholesterol turnover is linked to this vascular calcification 
process. In the present work, the role of the UbiA prenyltransferase domain contain-
ing 1 (UBIAD1) in cholesterol turnover and vascular cell sclerosis (i.e. calcification) was 
scrutinized.

Human umbilical vein smooth muscle cells (HUVSMCs) were exposed to (a) a traditional 
growth medium (with 1.4 mmol/L Pi) or (b) calcification medium (3.0 mmol/L Pi). When 
treated with medium (b), HUVSMCs were incubated with cholesterol or menaquinone-4 (a 
product synthesized by UBIAD1). Matrix calcium quantitation, alkaline phosphatase (ALP) 
levels and cellular cholesterol menaquinone-4 (vitamin K2) levels were analysed.

To make the story short, it was concluded that (a) high intracellular cholesterol content con-
tributes to phosphate-induced vascular cell differentiation and calcification, (b) UBIAD1 or 
menaquinone-4 (vitamin K2) decreased vascular cell differentiation and calcification through 
its potent role of reciprocally modulating cellular cholesterol.

n. Litwa E. et al. J Steroid Biochem Mol Biol. 2016 Feb;156:43–52. doi: 10.1016/j.jsbmb. 
2015.11.018. Epub 2015 Nov 28. RXRα, PXR and CAR xenobiotic receptors mediate the 
apoptotic and neurotoxic actions of nonylphenol in mouse hippocampal cells.

Excerpt from the article: Here, the authors investigated the role of RXR (the retinoid receptor), 
PXR and CAR (the constitutive androstane receptor) as to the apoptotic and toxic impacts of 
nonylphenol (NP) in neuronal mouse cell cultures. The present work showed that NP stimu-
lated caspase-3, while inducing lactate dehydrogenase (LDH) activity in hippocampal cells, 
reactions which were paralleled by an enhancement of protein levels of RXRα, PXR as well as 
CAR. NP enhanced RXR, PXR and CAR mRNA synthesis, and the present effects preceded 
an enhancement in corresponding protein levels. The staining techniques applied here also 
indicated an NP-induced translocation of receptor-specific immunofluorescence from cyto-
plasm to the nucleus.

The use of specific siRNAs further indicated that RXR-, PXR- and CAR-siRNA-transfected 
cells had turned less vulnerable to NP-induced stimulation of caspase-3 and LDH, hence 
underscoring their involvement in RXRα/PXR/CAR, signalling pathways in the apoptotic-
neurotoxic reactions induced by NP.

o. Sy C. et al. Mar Drugs. 2015 Nov 19;13(11):7020–39. doi: 10.3390/md13117020. Interactions 
between carotenoids from marine bacteria and other micronutrients: impact on stability 
and antioxidant activity.

Excerpt from the article: Spore forming and pigmented marine bacteria, like the Bacillus 
indicus HU36, serve as natural sources of oxygenated carotenoids. In the present study, the 
stability, as well as the antioxidant activity (i.e. resistance to lipid peroxidation), of HU36 
carotenoids with bacterial MK-7 was investigated.
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treatment group, one could also measure prolonged PT, as well as the decreasing FIX activi-
ties. Furthermore, in the 28-day treatment group, unmeasurable vitamin K1 and K2, enhanced 
PT and APTT values, as well as a decrease in FII, FVII, FIX and FX activities sustained the 
hypothesis that serious vitamin K deficiencies in the experimental animals had taken place. It 
was therefore hypothesized that the diet- and gentamicin-induced vitamin K-deficient model 
system could be used to study vitamin K’s status. This vitamin K-deficient 28-day model 
could therefore be applied to research related to both the status of vitamin K and vitamin 
K-dependent coagulation per se. Hence, it was asserted that the combination of a vitamin 
K-deficient diet with the administration of gentamicin yields an ideal model to study vitamin 
K deficiency.

k. Okuyama et al. 2016;98(3–4):134–70. doi: 10.1159/000446704. Epub 2016 Jun 2. Medicines 
and vegetable oils as hidden causes of cardiovascular disease and diabetes.
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their molecular constituents, and the present oils and drugs (i.e. statins and warfarin) share 
common mechanisms blocking vitamin K2-dependent biochemical processes.

l. Zhou C. Biochim Biophys Acta. 2016 Sep;1859(9):1112–20. doi: 10.1016/j. bbagrm.2016.02.015. 
Epub 2016 Feb 26. Novel functions of PXR in cardiometabolic disease.

Excerpt from article: Cardiometabolic disease is a worldwide epidemic, and our chemi-
cal environment is rapidly changing to the worse, resulting in an enhanced frequency and 
morbidity of chronic human diseases. But, mechanisms of how exposure to chemical com-
pounds brings about cardiometabolic ailments are not well understood. A plethora of chem-
icals have, however, been shown to serve as activators of the pregnane X receptor (PXR), 
which, apart from serving as a nuclear receptor functioning as a xenobiotic sensor, also 
binds vitamin K2.

Recent investigations have unravelled new and intriguing roles of PXR in modulating poten-
tially debilitating conditions such as obesity, insulin sensitivity, lipid homeostasis, atherogen-
esis and vascular functioning. The present reports indicate that PXR signalling significantly 
impacts pathophysiological conditions like cardiometabolic diseases in humans. This discovery 
of ‘new’ effects of PXR in the mentioned disease complexes not only heavily contributes to our 
comprehension of ‘gene versus environment interactions’, predisposing man to chronic disabil-
ities, but also sheds light on future treatment modalities and the importance of optimal intake 
of vitamin K2, which binds to PXR, enabling a plethora of tissues in the body to function prop-
erly under strain from extrinsic and intrinsic challenges. The present article is part of a special 
issue called ‘Xenobiotic nuclear receptors: New Tricks for An Old Dog’. Editor: Dr. Wen Xie.
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m. Liu et al. PLoS One. 2016 Feb 18;11(2):e0149639.doi: 10.1371/journal.pone. 0149639. eCol-
lection 2016. Role of UBIAD1 in intracellular cholesterol metabolism and vascular cell 
calcification.

Excerpt from an article: Vascular calcification is a risk factor coupled to mortality suffering 
from chronic kidney disease. Cholesterol turnover is linked to this vascular calcification 
process. In the present work, the role of the UbiA prenyltransferase domain contain-
ing 1 (UBIAD1) in cholesterol turnover and vascular cell sclerosis (i.e. calcification) was 
scrutinized.

Human umbilical vein smooth muscle cells (HUVSMCs) were exposed to (a) a traditional 
growth medium (with 1.4 mmol/L Pi) or (b) calcification medium (3.0 mmol/L Pi). When 
treated with medium (b), HUVSMCs were incubated with cholesterol or menaquinone-4 (a 
product synthesized by UBIAD1). Matrix calcium quantitation, alkaline phosphatase (ALP) 
levels and cellular cholesterol menaquinone-4 (vitamin K2) levels were analysed.

To make the story short, it was concluded that (a) high intracellular cholesterol content con-
tributes to phosphate-induced vascular cell differentiation and calcification, (b) UBIAD1 or 
menaquinone-4 (vitamin K2) decreased vascular cell differentiation and calcification through 
its potent role of reciprocally modulating cellular cholesterol.

n. Litwa E. et al. J Steroid Biochem Mol Biol. 2016 Feb;156:43–52. doi: 10.1016/j.jsbmb. 
2015.11.018. Epub 2015 Nov 28. RXRα, PXR and CAR xenobiotic receptors mediate the 
apoptotic and neurotoxic actions of nonylphenol in mouse hippocampal cells.

Excerpt from the article: Here, the authors investigated the role of RXR (the retinoid receptor), 
PXR and CAR (the constitutive androstane receptor) as to the apoptotic and toxic impacts of 
nonylphenol (NP) in neuronal mouse cell cultures. The present work showed that NP stimu-
lated caspase-3, while inducing lactate dehydrogenase (LDH) activity in hippocampal cells, 
reactions which were paralleled by an enhancement of protein levels of RXRα, PXR as well as 
CAR. NP enhanced RXR, PXR and CAR mRNA synthesis, and the present effects preceded 
an enhancement in corresponding protein levels. The staining techniques applied here also 
indicated an NP-induced translocation of receptor-specific immunofluorescence from cyto-
plasm to the nucleus.

The use of specific siRNAs further indicated that RXR-, PXR- and CAR-siRNA-transfected 
cells had turned less vulnerable to NP-induced stimulation of caspase-3 and LDH, hence 
underscoring their involvement in RXRα/PXR/CAR, signalling pathways in the apoptotic-
neurotoxic reactions induced by NP.

o. Sy C. et al. Mar Drugs. 2015 Nov 19;13(11):7020–39. doi: 10.3390/md13117020. Interactions 
between carotenoids from marine bacteria and other micronutrients: impact on stability 
and antioxidant activity.

Excerpt from the article: Spore forming and pigmented marine bacteria, like the Bacillus 
indicus HU36, serve as natural sources of oxygenated carotenoids. In the present study, the 
stability, as well as the antioxidant activity (i.e. resistance to lipid peroxidation), of HU36 
carotenoids with bacterial MK-7 was investigated.
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Unexpectedly, MK-7 substantially improved the ability of HU36 carotenoids to block Fe(II)-
induced lipid peroxidation, even though MK-7 remained unconsumed in the incubation 
medium. Hence, it was asserted that their presence modifies the antioxidant properties 
exerted by the carotenoids, probably by allowing them to scavenge radicals. The HU36 carot-
enoids and phenol-derived antioxidants showed synergism in the inhibition of linoleic acid 
peroxidation. This reaction might have risen from antioxidants, which interacted via heme-
iron-based electron transfer.

p. Puri A. et al. J Food Sci Technol. 2015 Dec;52(12):8228–35. doi: 10.1007/s13197-015-1903-3. 
Epub 2015 Jun 23. Effect of sequential bio-processing conditions on the content and com-
position of vitamin K2 and isoflavones in fermented soy food.

Excerpt from the article: The present paper features the effect of sequential addition of 
Bifidobacterium bifidum, Bacillus subtilis, as well as Rhizopus oligosporus on the contents and com-
position of vitamin K2 contained within fermented soya foods. Soya beans, fermented with B. 
bifidum, were treated as described: The fermented bacterial bulk mass was re-fermented with 
a co-culture of B. subtilis and R. oligosporus. This study indicated that the co-fermentation of 
soya beans with different microbe combinations, however, in a given, predefined sequence, 
may enhance nutritional value better than mono-culture fermentations, which is a result of 
the positive correlation between applied enzymes (lipase, phytase, β-glucosidase), menaqui-
none-7 (vitamin K2) and soya isoflavone contents.

q. Poon CC. et al. Eur J Pharmacol. 2015 Nov 15;767:30–40. doi: 10.1016/j.ejphar. 2015.09.048. 
Epub 2015 Oct 8. In vitro vitamin K(2) and 1α,25-dihydroxyvitamin D(3) combination 
enhances osteoblasts anabolism of diabetic mice.

Excerpt from the article: The present study features the anabolic effect and cellular action 
of vitamin K2 or/and 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3) on iliac crest osteoblasts 
from C57BL/KsJ lean (+/+), as well as obese and diabetic (db/db) mice. A lower ALP (alka-
line phosphatase) activity and a reduced expression of anabolic bone markers and osseous 
formation-related transcription factors (i.e. OC = osteocalcin, Dlx5, Runx2, ATF4 and OSX) 
were consistently observed in the osteoblastic cells of db/db mice, as compared with lean 
mice. Significantly higher deposits of Ca2+ by osteoblastic cells were seen in lean mice, as 
compared with db/db mice. Concomitant administration of vitamin K2 (MK-7) and active 
vitamin D (1,25(OH)2D3) brought about an increase in calcium deposits by osteoblasts in 
all animals. Furthermore, vitamins K2 and D successively (for 3 weeks) augmented lev-
els of the anabolic bone turnover markers, including bone formation-related transcription 
factors. The combined treatment with vitamin K2 plus vitamin 1,25(OH)2D3 substantially 
stimulated migration, as well as the reappearance of both surface microvilli and ruffles 
expressed by osteoblasts of the db/db mice. Hence, the present data indicate that the vita-
min K2 plus vitamin D3 combination might serve as a novel therapeutic strategy for the 
treatment of diabetes-associated osteoporosis.

r. Qin XY. J Nutr Sci Vitaminol (Tokyo). 2015;61(4):285–90. doi: 10.3177/jnsv.61.285. Carbox-
ylic derivatives of vitamin K2 inhibit hepatocellular carcinoma cell growth through cas-
pase/transglutaminase-related signaling pathways.
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Excerpt from the article: The chemoprevention of liver cancer (e.g. Hepatocellular carci-
noma = HCC) has turned out to be one of the most challenging aspects of medical research. 
Vitamin K2 (MK-4, MK-7) has especially been launched for its established chemopreventive 
effect in the treatment of HCC, while inconsistent or contradicting results reported in clini-
cal trials have emerged. The study described in the present paper was undertaken to add 
to our understanding of the anti-HCC cell proliferative effect of vitamin K2 and its deriva-
tives, taking its chemical structure into account. However, no marked effects were observed 
with the original vitamin K2, while vitamin K2 derivatives, bearing isoprene units as well 
as a carboxyl-terminated side chains, appeared to inhibit the growth of HCC cells in a dose-
dependent manner without damaging normal hepatocytes. Traditional loss-of-function 
analyses concluded beyond doubt that the anti-HCC cell effect witnessed by the vitamin 
K2 derivatives was not conferred by the vitamin K2 binding protein, ‘Bcl-2 homologous 
antagonist/killer’, known as ‘Bak’, but rather associated with the caspase-transglutaminase 
related pathway of signalling.

s. Hey H. Ugeskr Laeger. 2015 Aug 3;177(32):V12140700. [Vitamin K2 influences several dis-
eases]. [Article in Danish]

Excerpt from the article: In the present paper, the evidence of the biological effects of vitamin 
K2 is discussed. Deficiency of vitamin K2 is indeed a factor in a plethora of chronic diseases, 
such as diabetes, osteoporosis, cancer, inflammations and cardiovascular ailments. Vitamin 
K2 deficiency is very commonly associated with the diseases mentioned above, even though 
vitamin K2 is rarely included in the treatment regimens used by clinicians. A multitude of 
randomized clinical investigations have demonstrated that patients with ailments, such as 
osteoporosis, cancer, cardiovascular diseases, Alzheimer’s disease, adiposity and many others, 
can benefit from vitamin K2 supplementation. However, further studies are needed in order 
to ascertain the effect of vitamin K2 supplements in patients with diabetes and inflammatory 
bowel diseases.

As a last comment, the readers are highly recommended to read the article by Lara Pizzorno 
(http://weblisting.freetemplatespot.com/lmreview.com/), a compilation of beneficial features of 
vitamin K2 as: ‘Essential for the Prevention of Age-Associated Chronic Diseases’ amongst other 
articles on the subject of ‘Longevity’.
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Abstract

The role of vitamin K in animal health has not received much attention. Vitamin K
studies have, for the most part, addressed the use of animals in the investigation of
vitamin K physiology and pathophysiology, often using the rodent as a model system.
However, vitamin K performs the same role in animals as it does in man and there are
areas, such as animal nutrition, where a better understanding of animal requirements
in general, and with ageing, could benefit animal health and continued well‐being.

Keywords: vitamin K2, vitamin K3, menadione, coprophagy, UBIAD1

1. Introduction

The post‐translational gamma‐carboxylation of proteins by vitamin K is common across the
animal kingdom, yet the organisms most studied for the relationship between this vitamin in
health and disease are predominantly man and the rat.

There are several forms of vitamin K: a single vitamer from plants, vitamin K1, or phylloqui‐
none, and a family of K2 vitamins, the menaquinones, which are distinguished by the number
of isoprene units in their side chain at position 3 of the 2‐methyl‐1,4‐naphthoquinone moiety.
All the long side‐chain menaquinones are derived from bacterial sources. Menaquinone‐4 is
found less frequently in bacteria, those species where it has been reported as a major mena‐
quinone are usually extremophiles and microaerophiles [1–3], and it may be the evolutionary
hinge between vitamin K1 using phytoplankton and photosynthetic cyanobacteria [4]. In
contrast to bacteria‐mediated generation of biologically functional vitamin K2, it is also

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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possible for the specific form of vitamer, menaquinone‐4, to be synthesized in animal tissues
from vitamin K3 [5–7]. It is also worth noting that, in the rat, vitamin K1 can be converted to
menaquinone‐4 without the need for bacterial mediators [8–10].

The general understanding of vitamin K in the physiology and pathophysiology of animal
health and well‐being is less well developed than it is for man. As with man, overt vitamin K
deficiency is rare in animals and several examples will be identified. It is clearly not possible
to cover all animal species in this overview, and we have selected a reasonably broad range of
important agricultural and companion animals.

With respect to captive collection species, although not discussed here as there is very limited
information available, the general concepts of vitamin K in the health and well‐being of these
animals are open to review. This is particularly pertinent to the conservation programmes to
support endangered animal breeding projects, as vitamin K2 is beginning to be highlighted as
an essential factor in embryogenesis.

For the purposes of this overview, animals can be broadly divided into herbivores and
omnivore/carnivores. Common sense would suggest that the former group would be consid‐
ered to derive most of their vitamin K from the plant vitamer, vitamin K1. We will demonstrate
that this is not a simple extrapolation to food source and that vitamin K2 congeners can, in
some cases, be at least as dominant a source of vitamin K. The latter grouping of animals is
diverse, and we will develop the hypothesis that the vitamin K2 congeners are a dominant
form of vitamin K that makes a significant contribution to maintaining the vitamin K status of
these animals.

Investigation into the feeding practices for domesticated animals, both companion and
agricultural animals, demonstrates that there are several examples where nutritional devel‐
opments of animal feeds have defaulted into the use of vitamin K3, even though this naph‐
thoquinone compound is unable to participate directly in the gamma‐carboxylation of vitamin
K‐dependent proteins [11]. The value of vitamin K3 in animal nutrition may be derived, in
part, from its role as a bacterial growth factor [12–14], where it is converted into vitamin K2
[15]. Many bacteria, particularly the gram‐positive bacteria, contain vitamin K2 as their major
quinone [16–18]. There are indications that vitamin K2 derived from intestinal bacteria
contribute to the vitamin K status of some animals, such as ruminants, more than other animals,
and this will be discussed in more detail in the relevant sections.

The following sections will discuss where animals derive their source, or sources, of vitamin
K and, where known, what vitamin K‐related health pathologies have been described in
animals.

2. Avian vitamin K requirements

Given that the original identification of vitamin K was made in the chicken by Henrik Dam [19,
20], it is appropriate to begin this overview by considering avian species. The early work of
Dam demonstrated that chicks fed a diet designed to be deficient in sterols, following the non‐
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polar solvent extraction of their feed, developed subdural or muscular hemorrhage and
presented with a retardation in their blood clotting time. Subsequent experiments demon‐
strated that Inclusion of other essential nutrients, which were known at that time, did not
prevent hemorrhage, suggesting the existence of a new vitamin.

Extending his investigations, Dam determined that geese and ducks were also susceptible to
the development of clotting problems, but pigeons and canaries appeared to be much less
prone to develop hemorrhagic problems [21].

Due to the enormous value of avian species in human nutrition, vitamin K sufficiency is an
important subject. Furthermore, the more recent suggestion of a role for vitamin K in skeletal
biology also promotes the understanding of adequate vitamin K nutrition in avian species,
such as the turkey, which is prone to suffer from skeletal health problems [22] and which has
considerable economic consequences [23]. Similarly, broiler chickens, with their rapid growth
requirements, also have skeletal health problems [24]. The vitamin K in the feed for hens to
offset skeletal health problems has been investigated, and there is some benefit from 8 to 10 
mg/Kg feed of vitamin K3 [25, 26]. A more recent study [27] has suggested that in the chicken,
the liver and the pancreas process vitamin K, and in particular menaquinone‐4, in different
ways. The observation of a 10‐fold greater proportion of menaquinone‐4 epoxide in the chicken
pancreas as compared to the liver suggested that the vitamin K 2,3‐epoxide reductase complex
(VKOR) may not be as efficient in the avian pancreas as it is in the liver.

The production demands on laying hens also puts considerable strains on the bird's skeleton,
which has also been shown to benefit from additional vitamin K3 in the diet [28]. From the
discussion on the need to modify vitamin K3 into an active form of vitamin K, there is a strong
likelihood of commercial avian health needs being met by the conversion of vitamin K3 into
vitamin K2, as either menaquinone‐4 or, with the potential for coprophagy, longer chain
menaquinones from fecal bacteria.

Non‐commercial avian species have received little attention for their vitamin K requirements.
However, it should be noted that wild birds can often be the casualties of deliberate or
accidental poisoning from anticoagulant agents that inhibit the vitamin K cycle [29, 30].

2.1. Rodentia and Lagomorpha

2.1.1. The rat

The wild the rat, as an omnivore, will derive their vitamin K from a variety of sources such as
plant material and dead animal tissues and also from bacteria in decaying plant and animal
materials. In the laboratory, the rat has been the most extensively investigated animal for
vitamin K physiological and pathophysiological requirements. It has provided the standard,
from which much human investigation has been initiated.

One of the fundamental elements of undertaking a rodent experiment on vitamin K has been
the need to derive an animal with a vitamin K deficiency that survives long enough for investi‐
gation. Outside the use of a vitamin K‐specific anticoagulants, such as warfarin and brodifa‐
coum, this has been difficult to achieve nutritionally derived vitamin K deficiency [31,32]; Dr
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quinone [16–18]. There are indications that vitamin K2 derived from intestinal bacteria
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and this will be discussed in more detail in the relevant sections.

The following sections will discuss where animals derive their source, or sources, of vitamin
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(VKOR) may not be as efficient in the avian pancreas as it is in the liver.
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which has also been shown to benefit from additional vitamin K3 in the diet [28]. From the
discussion on the need to modify vitamin K3 into an active form of vitamin K, there is a strong
likelihood of commercial avian health needs being met by the conversion of vitamin K3 into
vitamin K2, as either menaquinone‐4 or, with the potential for coprophagy, longer chain
menaquinones from fecal bacteria.

Non‐commercial avian species have received little attention for their vitamin K requirements.
However, it should be noted that wild birds can often be the casualties of deliberate or
accidental poisoning from anticoagulant agents that inhibit the vitamin K cycle [29, 30].

2.1. Rodentia and Lagomorpha

2.1.1. The rat

The wild the rat, as an omnivore, will derive their vitamin K from a variety of sources such as
plant material and dead animal tissues and also from bacteria in decaying plant and animal
materials. In the laboratory, the rat has been the most extensively investigated animal for
vitamin K physiological and pathophysiological requirements. It has provided the standard,
from which much human investigation has been initiated.

One of the fundamental elements of undertaking a rodent experiment on vitamin K has been
the need to derive an animal with a vitamin K deficiency that survives long enough for investi‐
gation. Outside the use of a vitamin K‐specific anticoagulants, such as warfarin and brodifa‐
coum, this has been difficult to achieve nutritionally derived vitamin K deficiency [31,32]; Dr
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Cees Vermeer, personal communication. With fastidious experimentation, it is possible to
reduce vitamin K tissue levels in rats, and with certain diets, this can affect the intestinal vitamin
K2‐producing flora [33].

The reported high fecal coprophagy in the rat demonstrates that inducing vitamin K deficiency
is difficult, even when animals are contained in elevated, wire‐bottom metabolic cages with
additional tail‐cups on the rats to collect feces [34].

There is also tissue variation in the activity of VKOR in the rat [35], which can have implications,
in some circumstances, on the functional efficacy of carboxylation of vitamin K‐dependent
proteins in extrahepatic tissues.

Polymorphism within the gene for VKOR has been associated with increased rodent resistance
to anticoagulant rodenticides. This has profound potential commercial implications as the
initial shift to more potent agents from the original warfarin used to control rodents has shown
potential problems, due to environmental persistence, while the need to control rodents
remains necessary [36].

2.1.2. The mouse

In the wild, the mouse has the same exposure to sources of vitamin K as described for the rat,
and, like the rat, mice in the wild are also showing increasing vitamin K anticoagulant
resistance.

The mouse has been widely used as a laboratory model for many diseases due to a fast breeding
rate and the potential for genetic homogeneity. The additional development of creating
transgenic mice that over‐ or under‐express a specific gene (or genes) together with site‐
directed, or conditional, gene manipulation has increased their importance in medical and
scientific research enormously. These technologies have been exploited to demonstrate the
essential nature of the VKOR enzyme [37].

The enzyme UbiA prenyltransferase domain‐containing protein 1 (UBIAD1) is expressed
across vertebrates and has been shown to synthesize the vitamin K2 congener menaquinone‐
4 [38]. Deletion of this gene in mice has been found to be lethal, preventing development
beyond embryonic day 7.5 [39], suggesting a fundamentally important role for vitamin K2 in
embryonic development.

Mice have the same limitations for vitamin K research as described for the rat. Inducing
nutritional deficiency and preventing coprophagy is difficult, but can be achieved with some
success using strict practices.

2.1.3. The rabbit

Rabbits and hares are prolific herbivores, and therefore, a large amount of their vitamin K
requirement is derived from vitamin K1. Although, as with rodents, rabbits consume sub‐
stantial fecal matter; as long ago as 1882 it was reported that rabbits produce two types of fecal
matter, one more liquid than the other [40]. Subsequently, the ‘soft’ feces were found to have
a similar protein, fiber and nutrient composition to the caecal contents [41] and that coproph‐
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agy is also normal for the wild rabbit [42]. The caecum of the rabbit is a perfect environment
for the incubation of numerous species of bacteria [43] and that the nursing doe probably
carries the responsibility for ensuring her kittens have the appropriate intestinal/caecal
microbial flora established early in life [44]. Indeed, an incorrect microbiota platform may lead
to pathological conditions in the rabbit [45].

The sequelae from the discussion on coprophagy in the rabbit are that the recycling of bacterial
contents from feces and maybe, importantly, the caecal content microbiota could contribute
significantly to the animal's vitamin K status, in addition to their nutritional vitamin K1 intake.
This has not been directly measured in the rabbit, but while there is ongoing debate about the
vitamin K2 nutritional benefits from large bowel absorption of these fat‐soluble vitamins, the
small intestine absorption of vitamin is known [46].

There is no information on the hare that describes how it meets its full requirements for vitamin
K, and presumably, the rabbit serves as an appropriate example to draw similar conclusions.

2.2. Agricultural animals

Agricultural species are important for essential food and other product production, and the
health and well‐being of livestock is important for their growth and reproduction. We will
consider several major animal species, but with centuries of breeding and a wide diversity in
breeds, we take a generic position in descriptions, except where specific health problems have
been identified. The horse is included in this discussion as, while there is a substantial element
of meat production from the horse and related species, it also has value in equine sport activities
and a rapid growth rate is a selected feature for many of these activities.

2.2.1. Ovine vitamin K requirements

With over 200 sheep breeds that have been reared over thousands of years for different features,
such as wool, milk, skins, meat and even the ability to clear vegetation, a great deal of genetic
diversity has been engineered into the different flocks. As committed grazing herbivores, most
of their vitamin K needs will be met by vitamin K1. However as a ruminant, there will be an
added contribution through vitamin K2 from the microflora that undertake additional
fermentation in their rumen. There is more direct published literature on vitamin K in the cow
and the relationship to rumination, this is considered in Section 2.3.4.

Grazing can bring sheep into contact with toxic plants, such as giant fennel (Ferula communis)
which contains a 4‐hydroxycoumarin compound, a relative of the widely used human
anticoagulant pharmaceutical and rodenticide warfarin. The giant fennel is widely distributed
around the Mediterranean basin and has been associated with a hemorrhagic syndrome in
several species of livestock, including sheep and goats [47]. In vivo experiments in sheep show
that extracts from the plant can cause a range of symptoms, including hemorrhage [48, 49].
The active coumarol agents inhibit the VKOR enzyme in much the same way as warfarin, and
there is a report of species susceptibility differences [50]. This syndrome can be successfully
treated with vitamin K [51].
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small intestine absorption of vitamin is known [46].
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such as wool, milk, skins, meat and even the ability to clear vegetation, a great deal of genetic
diversity has been engineered into the different flocks. As committed grazing herbivores, most
of their vitamin K needs will be met by vitamin K1. However as a ruminant, there will be an
added contribution through vitamin K2 from the microflora that undertake additional
fermentation in their rumen. There is more direct published literature on vitamin K in the cow
and the relationship to rumination, this is considered in Section 2.3.4.

Grazing can bring sheep into contact with toxic plants, such as giant fennel (Ferula communis)
which contains a 4‐hydroxycoumarin compound, a relative of the widely used human
anticoagulant pharmaceutical and rodenticide warfarin. The giant fennel is widely distributed
around the Mediterranean basin and has been associated with a hemorrhagic syndrome in
several species of livestock, including sheep and goats [47]. In vivo experiments in sheep show
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The new‐born lamb, such as human neonates, can to some extent experience postpartum
hemorrhage. In the case of the Rambouillet breed of sheep, there is a potentiation of this
problem [52]. This problem has been causally linked to a genetic defect in the vitamin K‐
dependent carboxylase enzyme [53, 54].

2.2.2. Caprine vitamin K requirements

As with sheep, the goat has a long history of domestication by man and there are now many
breeds of goat that have been generated, as with sheep, for a diverse range of reasons. In
contrast to sheep, goats are browsers and will also crop tree branches and shrubs. While the
goat is credited with eating anything, this is not the case, being inquisitive animals they test
many things with their lips and mouth, and may then ingest inedible objects. The goat has the
same chance of eating toxic plants as sheep, such as giant fennel.

The absence of the literature on hemorrhagic disease suggests that millennia of breeding
programmes have not drawn in a vitamin K‐related genetic hemorrhagic disease or, if it did,
the mutation was lethal before the animal reached reproductive maturity.

2.2.3. Porcine vitamin K requirements

The history of the pig is even older than that of sheep and goats with indications that the pig
was first domesticated 9–10,000 years ago in the Middle East [55]. Despite this heritage, there
are many fewer breeds of pig than there are for sheep and goats. The pig, wild boar and hogs
are natural scavengers and will consume anything edible, including decaying matter and fecal
waste; the latter ability has been utilized by humans as part of local sewage management in
the form of the ‘pig‐privy’ [56]. This suggests that in the wild and in free‐living domestic pig
populations, long‐chain vitamin K2 will be at least as important, if not more important, as
vitamin K1 in maintaining the vitamin K status of the pig.

The vitamin K status of boar and hogs has not been the subject of investigation. However,
husbandry of the domestic pig, due to its economic importance, has been considered exten‐
sively.

A comparative investigation into the coagulation status of several animal species found that
the pig most closely mirrored the human neonate [57]. Therefore, the description of postpar‐
tum hemorrhage in the piglet due to vitamin K deficiency [58] is not too surprising as it is seen
in the new‐born human infant, where the recommendation is for vitamin K prophylaxis at
birth. Increased hygienic conditions for farrowing sows housed in elevated sties preventing
coprophagy and antibiotic usage were identified as potential factors in vitamin K deficiency
in the pig. Around this time, supplementation with 2.2 mg/Kg feed with vitamin K3 was
suggested for pigs if a vitamin K deficiency was suspected [59].

2.2.4. Bovine vitamin K requirements

Bovine species have as long an association with man as other domesticated animals. Cave
paintings demonstrate that ancient man was aware of the auroch in his environment and was
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probably a major predator of these animals. Domestication from the auroch has been suggested
to date back to around 10,000 years in Asia and in the Near East. The modern‐day descendents
are the Zebu cattle in Asia and the common taurine cattle breeds in Europe. Genetic diversity
from the DNA of skeletal remains of the European ancestors suggests that their diversity is so
limited as to indicate that the modern taurine bovid has been derived from as few as 80 original
cows [60].

The bovids, as ruminants, are as likely to derive their vitamin K requirements from rumen
microflora as they are from plant sources. This has support when bovine liver menaquinone
stores are considered against equine liver stores. The long‐chain vitamin K2 congeners in
bovine liver contain measurable menaquinones, up to menaquinone‐13, while equine liver
does not and vitamin K1 from plants is the principle form of vitamin K found in the liver of
the horse [61–63].

A recent study looking at muscle levels of vitamin K in two bovine breeds, the Norwegian Red
and the Jersey, raised under identical conditions in one location [64], found that the tissue
distribution in muscle is distinctly different to that reported for the liver and different between
the two breeds. This study found that there were two dominant forms of vitamin K, vitamin
K1 and menaquinone‐4. The former correlating with the muscle fat content, there being no
equivalent relationship for menaquinone‐4. These findings mirror a previous food screen
report [65]. Also, different muscles in the two breeds found varying levels of vitamins K. The
possibility of a relationship between the enzyme UBIAD1 and menaquinone‐4 levels was not
considered in the study, but this could, at least in part, explain some of the vitamin K2 findings.

Possibly, the single most relevant historical relationship between bovine species and vitamin
K is the discovery of a vitamin K anticoagulant from the ingestion of spoilt sweet clover feed.
This eventually led to the discovery and development of one of the world's most prescribed
pharmaceutical drugs, warfarin [66–71].

2.2.5. Equine vitamin K requirements

The finding that horse liver contains predominantly vitamin K1 relates to the dietary source
for this animal, but which also supports the contention that ruminants gain broader vitamin
K support from bacterial vitamin K2 sources. In a large, rapidly growing animal like the horse,
an adequate vitamin K supply may need to meet more than coagulation requirements. An
indication of this may be suggested from a 4‐week‐old Standardbred colt initially presenting
with vitamin K deficiency bleeding that continued to fail to thrive after normalization of the
coagulation defect by the administration of vitamin K [72]. While there may have been other
underlying pathologies, this observation of a vitamin K deficiency bleeding may have been
the result of a genetic mutation in the breeding line as the stallion that sired the described foal
had also previously sired a colt with coagulopathy health problems [72]. An inability to follow
up the research prevented a definitive description of a vitamin K‐dependent deficiency disease
in these horses.

A study, with an interest in race horse growth, and in particular bone health [73], investigated
the best form of vitamin K to administer orally to horses. Circulating vitamin K1 increased in
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are many fewer breeds of pig than there are for sheep and goats. The pig, wild boar and hogs
are natural scavengers and will consume anything edible, including decaying matter and fecal
waste; the latter ability has been utilized by humans as part of local sewage management in
the form of the ‘pig‐privy’ [56]. This suggests that in the wild and in free‐living domestic pig
populations, long‐chain vitamin K2 will be at least as important, if not more important, as
vitamin K1 in maintaining the vitamin K status of the pig.

The vitamin K status of boar and hogs has not been the subject of investigation. However,
husbandry of the domestic pig, due to its economic importance, has been considered exten‐
sively.

A comparative investigation into the coagulation status of several animal species found that
the pig most closely mirrored the human neonate [57]. Therefore, the description of postpar‐
tum hemorrhage in the piglet due to vitamin K deficiency [58] is not too surprising as it is seen
in the new‐born human infant, where the recommendation is for vitamin K prophylaxis at
birth. Increased hygienic conditions for farrowing sows housed in elevated sties preventing
coprophagy and antibiotic usage were identified as potential factors in vitamin K deficiency
in the pig. Around this time, supplementation with 2.2 mg/Kg feed with vitamin K3 was
suggested for pigs if a vitamin K deficiency was suspected [59].

2.2.4. Bovine vitamin K requirements

Bovine species have as long an association with man as other domesticated animals. Cave
paintings demonstrate that ancient man was aware of the auroch in his environment and was
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probably a major predator of these animals. Domestication from the auroch has been suggested
to date back to around 10,000 years in Asia and in the Near East. The modern‐day descendents
are the Zebu cattle in Asia and the common taurine cattle breeds in Europe. Genetic diversity
from the DNA of skeletal remains of the European ancestors suggests that their diversity is so
limited as to indicate that the modern taurine bovid has been derived from as few as 80 original
cows [60].

The bovids, as ruminants, are as likely to derive their vitamin K requirements from rumen
microflora as they are from plant sources. This has support when bovine liver menaquinone
stores are considered against equine liver stores. The long‐chain vitamin K2 congeners in
bovine liver contain measurable menaquinones, up to menaquinone‐13, while equine liver
does not and vitamin K1 from plants is the principle form of vitamin K found in the liver of
the horse [61–63].

A recent study looking at muscle levels of vitamin K in two bovine breeds, the Norwegian Red
and the Jersey, raised under identical conditions in one location [64], found that the tissue
distribution in muscle is distinctly different to that reported for the liver and different between
the two breeds. This study found that there were two dominant forms of vitamin K, vitamin
K1 and menaquinone‐4. The former correlating with the muscle fat content, there being no
equivalent relationship for menaquinone‐4. These findings mirror a previous food screen
report [65]. Also, different muscles in the two breeds found varying levels of vitamins K. The
possibility of a relationship between the enzyme UBIAD1 and menaquinone‐4 levels was not
considered in the study, but this could, at least in part, explain some of the vitamin K2 findings.

Possibly, the single most relevant historical relationship between bovine species and vitamin
K is the discovery of a vitamin K anticoagulant from the ingestion of spoilt sweet clover feed.
This eventually led to the discovery and development of one of the world's most prescribed
pharmaceutical drugs, warfarin [66–71].

2.2.5. Equine vitamin K requirements

The finding that horse liver contains predominantly vitamin K1 relates to the dietary source
for this animal, but which also supports the contention that ruminants gain broader vitamin
K support from bacterial vitamin K2 sources. In a large, rapidly growing animal like the horse,
an adequate vitamin K supply may need to meet more than coagulation requirements. An
indication of this may be suggested from a 4‐week‐old Standardbred colt initially presenting
with vitamin K deficiency bleeding that continued to fail to thrive after normalization of the
coagulation defect by the administration of vitamin K [72]. While there may have been other
underlying pathologies, this observation of a vitamin K deficiency bleeding may have been
the result of a genetic mutation in the breeding line as the stallion that sired the described foal
had also previously sired a colt with coagulopathy health problems [72]. An inability to follow
up the research prevented a definitive description of a vitamin K‐dependent deficiency disease
in these horses.

A study, with an interest in race horse growth, and in particular bone health [73], investigated
the best form of vitamin K to administer orally to horses. Circulating vitamin K1 increased in

Vitamin K2 in Animal Health: An Overview
http://dx.doi.org/10.5772/63901

221



relation to the administered dose; however, menaquinone‐4 administration did not show
corresponding plasma level increases, the suggestion being that the horses in this study did not
absorb this vitamer. Interestingly, administration of vitamin K3 did cause menaquinone‐4
plasma levels to rise, which may relate to UBIAD1 synthesis of menaquinone‐4 or intestinal flora.

Another consideration in equine health is for vitamin K3 administered parenterally; this form
of intervention was been found to cause pronounced renal toxic effects [74, 75]. Reports of
parenteral administration of vitamin K1 or K2 prophylaxis, or remedial coagulopathy,
interventions were not obvious from screening the literature.

3. Piscine vitamin K requirements

The world growth in aquaculture has increased enormously over the last decade. From 2005
to 2013, the global worth of this industry has more than doubled to over 150 billion USD [76].
Any captive species will be dependent on being fed an appropriate diet for health in order to
produce good quality product for an ever‐demanding consumer population.

Fish, like other animals, are not able to de novo synthesize vitamin K and have to obtain it from
their diet. Vitamin K deficiency in fish results in several familiar health problems that are found
in terrestrial animals, including increased blood coagulation time, reduced growth, anemia,
hemorrhage, weak bones, and occurrence of spinal curvature, short tails and increased
mortality, together with problems specifically related to fish, such as loss of fin tissue [77–79].

The role of vitamin K in salmonids began to be investigated in the 1960s [80, 81], and today,
minimum requirements for vitamin K supplement in fish feed are largely based on the effect
of vitamin K on blood coagulation. Although estimates of dietary vitamin K requirement differ
a great deal among fish species, and the quantitative requirement of vitamin K for most fish is
still largely unknown. In addition, dietary studies on fish entail problems that are not encoun‐
tered in terrestrial animals, such as vitamin leaching into their environment from supple‐
mented feed [82].

Studies on zebrafish and Japanese puffer fish have found genes for vitamin K‐dependent
factors (VII, IX, X and prothrombin). Also, continuous exposure to warfarin causes spontane‐
ous bleeding in zebrafish [83–85]. In common carp, warfarin prolonged the prothrombin time
and activated partial thromboplastin time, whereas supplementation of menadione prevented
increase in prothrombin time. For the large yellow croaker, the blood coagulation time
generally decreased with increasing dietary menadione levels [86].

Menadione can be alkylated enzymatically to menaquinone‐4 in tissues [87]. This conversion
has been recorded in several fish species such as Atlantic salmon [88–90], Atlantic cod [91],
cultured sardines [92], mummichog [93], ayu [94] and large yellow croaker [86].

The enzyme UBIAD1 that converts vitamin K1 into menaquinone‐4 has been the subject of an
investigation in a zebrafish mutant (reddishs587:reh). The fish develop normally for 24–36 h, but
by 48 h they present with cranial hemorrhage [95]. The UBIAD1 gene was found to be
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expressed as early as the single‐cell stage. With continued development, the reh zebrafish
mutant presents with higher expression of UBIAD1 in the vasculature than cardiac tissues and
gene expression decreases with time. Introduction of an antisense morpholino oligonucleotide
targeted splice to knockdown wild‐type UBIAD1, or the administration of warfarin, produced
similar vascular models to the reh mutant, with the warfarin challenge having notably less
impact on cardiac tissue compared to the vascular effects. The defect in these fish could be
salvage by the introduction of wild‐type zebrafish or human UBIAD1 mRNA, but not reh
UBIAD1 mRNA. Similarly, the knockdown or warfarin‐treated larvae could be rescued by the
administration of vitamin K1 or menaquinone‐4, vitamin K1 being used as the source of
naphthoquinone for the UBIAD1 conversion to menaquinone‐4. The overall finding that the
UBIAD1 gene and enzyme expression has an important role in vascular endothelial cell
survival has implications across all tissues and in cancer.

Bone and spinal deformities are a major problem in commercial fish farming. Deformities are
not only an economic problem for fish farms, but also raise ethical and welfare issues for the
aquaculture industry. The importance of vitamin K in fish skeletal health has increased interest
in vitamin K requirement for normal bone development in fish. There are a few studies that
have dealt specifically with the effect of vitamin K deficiency on fish bone health [78, 88, 90,
96, 97]. Tissue‐specific gene expression of the vitamin K‐dependent proteins, such as osteo‐
calcin and matrix Gla protein (MGP), has been shown in the vertebrae of Atlantic salmon;
however, dietary vitamin K was not found to regulate the expression of MGP [90, 98]. Inter‐
estingly, neither juvenile Atlantic salmon [90] or Atlantic salmon smolts [88] showed any sign
of deformities on a diet lacking vitamin K supplementation.

Mummichog given feed that was not enriched with vitamin K grew thin, weak bones. Vitamin
K deficiency induced bone structure abnormalities such as vertebral fusion and row irregu‐
larity, both in early development and during later growth [78, 96]. Furthermore, the offspring
of vitamin K‐deprived fish had higher incidences of abnormal vertebral formation 5 days after
hatching when compared to larvae from fish fed a vitamin K‐enriched diet [78]. In haddock,
vitamin K appears to be necessary for bone mineralization [99]. However, vitamin K does not
affect the number of osteoblast in haddock, while bone deformities coincided with an increased
amount of osteoid and a decrease in bone mineral content. In the Senegalese sole given feed
enriched with vitamin K, there was a notable improved larval growth performance and post‐
larval skeletal quality. Also, vitamin K modulated expression of protein involved in several
biological processes including muscle contraction and development, cytoskeletal network,
skin development, energy metabolism, protein chaperoning and folding, and bone develop‐
ment [97].

It now seems that vitamin K supply may be less than optimal for bone development, but
sufficient to maintain normal growth and hemostasis [82, 87].

Fish feed is commonly enriched with vitamin K3 (menadione) in the form of water soluble
salts, normally menadione sodium bisulphite (MSB) and menadione nicotinamide bisulphite
(MNB) [82].
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relation to the administered dose; however, menaquinone‐4 administration did not show
corresponding plasma level increases, the suggestion being that the horses in this study did not
absorb this vitamer. Interestingly, administration of vitamin K3 did cause menaquinone‐4
plasma levels to rise, which may relate to UBIAD1 synthesis of menaquinone‐4 or intestinal flora.

Another consideration in equine health is for vitamin K3 administered parenterally; this form
of intervention was been found to cause pronounced renal toxic effects [74, 75]. Reports of
parenteral administration of vitamin K1 or K2 prophylaxis, or remedial coagulopathy,
interventions were not obvious from screening the literature.

3. Piscine vitamin K requirements

The world growth in aquaculture has increased enormously over the last decade. From 2005
to 2013, the global worth of this industry has more than doubled to over 150 billion USD [76].
Any captive species will be dependent on being fed an appropriate diet for health in order to
produce good quality product for an ever‐demanding consumer population.

Fish, like other animals, are not able to de novo synthesize vitamin K and have to obtain it from
their diet. Vitamin K deficiency in fish results in several familiar health problems that are found
in terrestrial animals, including increased blood coagulation time, reduced growth, anemia,
hemorrhage, weak bones, and occurrence of spinal curvature, short tails and increased
mortality, together with problems specifically related to fish, such as loss of fin tissue [77–79].

The role of vitamin K in salmonids began to be investigated in the 1960s [80, 81], and today,
minimum requirements for vitamin K supplement in fish feed are largely based on the effect
of vitamin K on blood coagulation. Although estimates of dietary vitamin K requirement differ
a great deal among fish species, and the quantitative requirement of vitamin K for most fish is
still largely unknown. In addition, dietary studies on fish entail problems that are not encoun‐
tered in terrestrial animals, such as vitamin leaching into their environment from supple‐
mented feed [82].

Studies on zebrafish and Japanese puffer fish have found genes for vitamin K‐dependent
factors (VII, IX, X and prothrombin). Also, continuous exposure to warfarin causes spontane‐
ous bleeding in zebrafish [83–85]. In common carp, warfarin prolonged the prothrombin time
and activated partial thromboplastin time, whereas supplementation of menadione prevented
increase in prothrombin time. For the large yellow croaker, the blood coagulation time
generally decreased with increasing dietary menadione levels [86].

Menadione can be alkylated enzymatically to menaquinone‐4 in tissues [87]. This conversion
has been recorded in several fish species such as Atlantic salmon [88–90], Atlantic cod [91],
cultured sardines [92], mummichog [93], ayu [94] and large yellow croaker [86].

The enzyme UBIAD1 that converts vitamin K1 into menaquinone‐4 has been the subject of an
investigation in a zebrafish mutant (reddishs587:reh). The fish develop normally for 24–36 h, but
by 48 h they present with cranial hemorrhage [95]. The UBIAD1 gene was found to be
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expressed as early as the single‐cell stage. With continued development, the reh zebrafish
mutant presents with higher expression of UBIAD1 in the vasculature than cardiac tissues and
gene expression decreases with time. Introduction of an antisense morpholino oligonucleotide
targeted splice to knockdown wild‐type UBIAD1, or the administration of warfarin, produced
similar vascular models to the reh mutant, with the warfarin challenge having notably less
impact on cardiac tissue compared to the vascular effects. The defect in these fish could be
salvage by the introduction of wild‐type zebrafish or human UBIAD1 mRNA, but not reh
UBIAD1 mRNA. Similarly, the knockdown or warfarin‐treated larvae could be rescued by the
administration of vitamin K1 or menaquinone‐4, vitamin K1 being used as the source of
naphthoquinone for the UBIAD1 conversion to menaquinone‐4. The overall finding that the
UBIAD1 gene and enzyme expression has an important role in vascular endothelial cell
survival has implications across all tissues and in cancer.

Bone and spinal deformities are a major problem in commercial fish farming. Deformities are
not only an economic problem for fish farms, but also raise ethical and welfare issues for the
aquaculture industry. The importance of vitamin K in fish skeletal health has increased interest
in vitamin K requirement for normal bone development in fish. There are a few studies that
have dealt specifically with the effect of vitamin K deficiency on fish bone health [78, 88, 90,
96, 97]. Tissue‐specific gene expression of the vitamin K‐dependent proteins, such as osteo‐
calcin and matrix Gla protein (MGP), has been shown in the vertebrae of Atlantic salmon;
however, dietary vitamin K was not found to regulate the expression of MGP [90, 98]. Inter‐
estingly, neither juvenile Atlantic salmon [90] or Atlantic salmon smolts [88] showed any sign
of deformities on a diet lacking vitamin K supplementation.

Mummichog given feed that was not enriched with vitamin K grew thin, weak bones. Vitamin
K deficiency induced bone structure abnormalities such as vertebral fusion and row irregu‐
larity, both in early development and during later growth [78, 96]. Furthermore, the offspring
of vitamin K‐deprived fish had higher incidences of abnormal vertebral formation 5 days after
hatching when compared to larvae from fish fed a vitamin K‐enriched diet [78]. In haddock,
vitamin K appears to be necessary for bone mineralization [99]. However, vitamin K does not
affect the number of osteoblast in haddock, while bone deformities coincided with an increased
amount of osteoid and a decrease in bone mineral content. In the Senegalese sole given feed
enriched with vitamin K, there was a notable improved larval growth performance and post‐
larval skeletal quality. Also, vitamin K modulated expression of protein involved in several
biological processes including muscle contraction and development, cytoskeletal network,
skin development, energy metabolism, protein chaperoning and folding, and bone develop‐
ment [97].

It now seems that vitamin K supply may be less than optimal for bone development, but
sufficient to maintain normal growth and hemostasis [82, 87].

Fish feed is commonly enriched with vitamin K3 (menadione) in the form of water soluble
salts, normally menadione sodium bisulphite (MSB) and menadione nicotinamide bisulphite
(MNB) [82].
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Using menadione in fish feed is, however, not without problems; too high a dosage, in
particular MSB, has proven to cause reduced growth [91, 100]. Nevertheless, it remains one of
the most common vitamin K supplements in fish feed.

4. Companion animals

The species and breeds within species that have become companion animals have expanded
considerably. Rabbits, rats and various exotic animals are increasingly being kept as domestic
pets. In this section, we focus on cats and dogs as they dominate the sector.

4.1. Canine vitamin K requirements

The dog has been domesticated for possibly even longer than agricultural animals [101–103].
The possible breeding matrix that has led to the huge array of current domestic dogs is known
to carry several genetic defects [104], and while there are several well‐described coagulopathies
in the dog, vitamin K‐specific deficiency is not a widely reported genetic mutation. One case
study [105], considered that a black Labrador retriever admitted for a ovariohysterectomy later
presented clinically with a vitamin K deficiency coagulopathy. After ruling out several other
options, including fat malabsorption problems, ingested coumarin‐based rodenticide, other
xenobiotics, liver disease, and noting that the problem was resolved and managed by vitamin
K administration, the authors suggested this was a possible case of vitamin K deficiency. This
type of disease, therefore, remains a rare disease in the dog.

Conversely, scavenging for food has caused numerous cases of accidental coumarin‐based
anticoagulation poisonings in the dog that carry through all geographical regions and is
repeatedly reported over time [106–108]. The problem has probably become exacerbated with
the introduction of more persistent anticoagulant rodenticides.

Some early studies [109, 110] found that the vitamin K1 supplemented dog stored most of the
administered tritiated vitamer in the liver. It was also noted that a proportion was converted
into menaquinones, particularly menaquinone‐4. In the light of the recent studies on UBIAD1
[38], this may have an explainable origin.

Incomplete gamma‐carboxylation of vitamin K‐dependent proteins has been implicated in
human joint diseases [111, 112]. Some dog breeds have a predisposition to clinically significant
arthritic diseases; however, studies on the potential to alter the course of arthritic disease in
dogs with vitamin K have not been undertaken.

The commercial dog food manufacturers have an open policy on nutritional information in
their products. Many do not explicitly refer to vitamin K content of their products. One major
supplier notes that in their dry food product, vitamin K ‘activity’ is supplied as vitamin K3.

4.2. Feline vitamin K requirements

Cats are scavengers, they hunt birds and small animals including rodents, these activities bring
them into contact with rodenticides [113], and therefore, it is not surprising that the principle
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reason for veterinary use of vitamin K clinically is as a rescue medication due to accidental
rodenticide intoxication. As with the dog, the problem has probably been exacerbated by the
increasing use of the more persistent anticoagulants used as rodenticides that have replaced
warfarin in order to overcome rodent warfarin resistance.

Starting in the 1950s in South West UK, a breed of Rex cat was developed out of some accidental
breeding with feral tom cats, which led to some reverse mating into their own genetic line with
the intent to maintain the Rex breed. One of these lines of development led to the Devon Rex
cat. In 1990, three Devon Rex cats were described with a vitamin K deficiency character [114],
after exclusion of other factors such as accidental anticoagulant ingestion, liver disease,
intestinal malabsorption problems and treatment with vitamin K to correct their deficiency.
The nature of the defect in the Devon Rex was investigated in the Netherlands, and this cat
was found to have a decreased ability to gamma‐carboxylate vitamin K‐dependent clotting
factors due to a decrease binding of reduced vitamin K and the clotting factors to the carbox‐
ylase enzyme [115].

With increasing age, cats also develop diseases that cause vitamin K deficiency coagulopathies,
such as liver disease, inflammatory bowel disease and secondary malabsorption syndrome
[116–118].

It is possible to induce a vitamin K deficiency through diet, presumably as the cat is not
particularly associated with coprophagic behavior. In an early study of queens and their kittens
fed either a commercial tuna‐ or a salmon‐based fish diet, there was a notable increase in blood
clotting times [119]. Where the information is available, current commercial cat diets provide
vitamin K ‘activity’ in the form of vitamin K3, principally in the dry food products.

The cat is also prone to present clinically with chronic kidney disease (CKD) [120], and the
reported prevalence is high, particularly in aged cats. It is interesting that the pathophysiology
of feline CKD has been proposed to be sufficiently similar to human disease that the cat could
provide a natural model to investigate human CKD [121]. In human CKD, there are several
reports of an association with low vitamin K status [122] and a recent multi‐ethnic study
demonstrated an inverse association between estimated glomerular filtration rate and a
functional marker of vitamin K deficiency, namely de‐phospho‐undercarboxylated matrix Gla
protein [123].

Our pilot studies looking at circulating vitamin K in the healthy aged cats found that mena‐
quinone‐4 was the dominating form of vitamin K. This observation would suggest that the
vitamin K3 in cat diet is converted through UBIAD1 to menaquinone‐4, although this has not
been specifically demonstrated. There is a line of thought that vitamin K may also be provided
to the cat through colonic bacterial supply. The absence of long‐chain menaquinones in our
study suggest that this is unlikely and evidence supporting colonic absorption of fat‐soluble
vitamins K in general is limited [124].

Systemic inflammation is widely accepted as a dominant driver in the aetiology of CKD, and
this is an active area of therapeutic interest [125]. The re‐emerging observation of direct anti‐
inflammatory activity for vitamins K1 and K2 and in particular their common 7‐carbon
carboxylic acid catabolite [126–128] suggests that a low vitamin K status in CKD may also
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Using menadione in fish feed is, however, not without problems; too high a dosage, in
particular MSB, has proven to cause reduced growth [91, 100]. Nevertheless, it remains one of
the most common vitamin K supplements in fish feed.

4. Companion animals

The species and breeds within species that have become companion animals have expanded
considerably. Rabbits, rats and various exotic animals are increasingly being kept as domestic
pets. In this section, we focus on cats and dogs as they dominate the sector.

4.1. Canine vitamin K requirements

The dog has been domesticated for possibly even longer than agricultural animals [101–103].
The possible breeding matrix that has led to the huge array of current domestic dogs is known
to carry several genetic defects [104], and while there are several well‐described coagulopathies
in the dog, vitamin K‐specific deficiency is not a widely reported genetic mutation. One case
study [105], considered that a black Labrador retriever admitted for a ovariohysterectomy later
presented clinically with a vitamin K deficiency coagulopathy. After ruling out several other
options, including fat malabsorption problems, ingested coumarin‐based rodenticide, other
xenobiotics, liver disease, and noting that the problem was resolved and managed by vitamin
K administration, the authors suggested this was a possible case of vitamin K deficiency. This
type of disease, therefore, remains a rare disease in the dog.

Conversely, scavenging for food has caused numerous cases of accidental coumarin‐based
anticoagulation poisonings in the dog that carry through all geographical regions and is
repeatedly reported over time [106–108]. The problem has probably become exacerbated with
the introduction of more persistent anticoagulant rodenticides.

Some early studies [109, 110] found that the vitamin K1 supplemented dog stored most of the
administered tritiated vitamer in the liver. It was also noted that a proportion was converted
into menaquinones, particularly menaquinone‐4. In the light of the recent studies on UBIAD1
[38], this may have an explainable origin.

Incomplete gamma‐carboxylation of vitamin K‐dependent proteins has been implicated in
human joint diseases [111, 112]. Some dog breeds have a predisposition to clinically significant
arthritic diseases; however, studies on the potential to alter the course of arthritic disease in
dogs with vitamin K have not been undertaken.

The commercial dog food manufacturers have an open policy on nutritional information in
their products. Many do not explicitly refer to vitamin K content of their products. One major
supplier notes that in their dry food product, vitamin K ‘activity’ is supplied as vitamin K3.

4.2. Feline vitamin K requirements

Cats are scavengers, they hunt birds and small animals including rodents, these activities bring
them into contact with rodenticides [113], and therefore, it is not surprising that the principle
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reason for veterinary use of vitamin K clinically is as a rescue medication due to accidental
rodenticide intoxication. As with the dog, the problem has probably been exacerbated by the
increasing use of the more persistent anticoagulants used as rodenticides that have replaced
warfarin in order to overcome rodent warfarin resistance.

Starting in the 1950s in South West UK, a breed of Rex cat was developed out of some accidental
breeding with feral tom cats, which led to some reverse mating into their own genetic line with
the intent to maintain the Rex breed. One of these lines of development led to the Devon Rex
cat. In 1990, three Devon Rex cats were described with a vitamin K deficiency character [114],
after exclusion of other factors such as accidental anticoagulant ingestion, liver disease,
intestinal malabsorption problems and treatment with vitamin K to correct their deficiency.
The nature of the defect in the Devon Rex was investigated in the Netherlands, and this cat
was found to have a decreased ability to gamma‐carboxylate vitamin K‐dependent clotting
factors due to a decrease binding of reduced vitamin K and the clotting factors to the carbox‐
ylase enzyme [115].

With increasing age, cats also develop diseases that cause vitamin K deficiency coagulopathies,
such as liver disease, inflammatory bowel disease and secondary malabsorption syndrome
[116–118].

It is possible to induce a vitamin K deficiency through diet, presumably as the cat is not
particularly associated with coprophagic behavior. In an early study of queens and their kittens
fed either a commercial tuna‐ or a salmon‐based fish diet, there was a notable increase in blood
clotting times [119]. Where the information is available, current commercial cat diets provide
vitamin K ‘activity’ in the form of vitamin K3, principally in the dry food products.

The cat is also prone to present clinically with chronic kidney disease (CKD) [120], and the
reported prevalence is high, particularly in aged cats. It is interesting that the pathophysiology
of feline CKD has been proposed to be sufficiently similar to human disease that the cat could
provide a natural model to investigate human CKD [121]. In human CKD, there are several
reports of an association with low vitamin K status [122] and a recent multi‐ethnic study
demonstrated an inverse association between estimated glomerular filtration rate and a
functional marker of vitamin K deficiency, namely de‐phospho‐undercarboxylated matrix Gla
protein [123].

Our pilot studies looking at circulating vitamin K in the healthy aged cats found that mena‐
quinone‐4 was the dominating form of vitamin K. This observation would suggest that the
vitamin K3 in cat diet is converted through UBIAD1 to menaquinone‐4, although this has not
been specifically demonstrated. There is a line of thought that vitamin K may also be provided
to the cat through colonic bacterial supply. The absence of long‐chain menaquinones in our
study suggest that this is unlikely and evidence supporting colonic absorption of fat‐soluble
vitamins K in general is limited [124].

Systemic inflammation is widely accepted as a dominant driver in the aetiology of CKD, and
this is an active area of therapeutic interest [125]. The re‐emerging observation of direct anti‐
inflammatory activity for vitamins K1 and K2 and in particular their common 7‐carbon
carboxylic acid catabolite [126–128] suggests that a low vitamin K status in CKD may also
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translate to a weakened anti‐inflammatory potential in the CKD patient and the CKD cat. The
role of vitamin K in the homeostatic physiology of the kidney and the pathophysiology of
feline CKD has not been the subject of focused study.

As with the ageing dog, cats are also likely to present with degenerative joint diseases [129]
and the high co‐morbidity relationship with CKD suggests that vitamin K deficiency in the
ageing cat is possible [130]. The function of vitamin K in the aetiology of feline degenerative
joint diseases remains to be investigated.

5. Concluding remarks

Vitamin K in animals as a general subject has not been systematically investigated. There
are, however, common vitamin K‐related health issues that animals share with man. These
are predominantly associated with coagulopathies, but diseases of the musculoskeletal
system and kidney injury may have considerable overlaps to the mutual benefit of man and
animals.

The requirements for animal health and well‐being are poorly defined for vitamin K, with,
in some cases, misconceptions about the contributions to vitamin K status from colonic
bacterial sources. Animals may have a distinctly greater reliance on vitamin K2, in large
part due to their diet, which is regulated by the feed that is given to them. Furthermore, the
upper alimentary canal supply of menaquinones may be of central benefit to support the
vitamin K status of several species such as ruminants and possibly in particular rabbit
kittens.

An exciting emerging area is the molecular regulation embryological development and
growth by the in situ generation of the vitamin K2 congener menaquinone‐4, through the
prenyltransferase UBIAD1. The work on the zebrafish has the potential to radiate across all
species, and this may be of particular importance in conservation breeding programmes.

There is reason to suspect that in some metabolic and inflammatory diseases, there is a
pronounced vitamin K deficiency. The prospect of intervening in some of these pathologies
with vitamin K, such as kidney disease, is already being proposed for human patients.
Defining the vitamin K requirements in different animals, beyond simple hepatic coagulation
factor needs, may suggest newer approaches to veterinary medicine that could be investi‐
gated.
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translate to a weakened anti‐inflammatory potential in the CKD patient and the CKD cat. The
role of vitamin K in the homeostatic physiology of the kidney and the pathophysiology of
feline CKD has not been the subject of focused study.

As with the ageing dog, cats are also likely to present with degenerative joint diseases [129]
and the high co‐morbidity relationship with CKD suggests that vitamin K deficiency in the
ageing cat is possible [130]. The function of vitamin K in the aetiology of feline degenerative
joint diseases remains to be investigated.

5. Concluding remarks

Vitamin K in animals as a general subject has not been systematically investigated. There
are, however, common vitamin K‐related health issues that animals share with man. These
are predominantly associated with coagulopathies, but diseases of the musculoskeletal
system and kidney injury may have considerable overlaps to the mutual benefit of man and
animals.

The requirements for animal health and well‐being are poorly defined for vitamin K, with,
in some cases, misconceptions about the contributions to vitamin K status from colonic
bacterial sources. Animals may have a distinctly greater reliance on vitamin K2, in large
part due to their diet, which is regulated by the feed that is given to them. Furthermore, the
upper alimentary canal supply of menaquinones may be of central benefit to support the
vitamin K status of several species such as ruminants and possibly in particular rabbit
kittens.

An exciting emerging area is the molecular regulation embryological development and
growth by the in situ generation of the vitamin K2 congener menaquinone‐4, through the
prenyltransferase UBIAD1. The work on the zebrafish has the potential to radiate across all
species, and this may be of particular importance in conservation breeding programmes.

There is reason to suspect that in some metabolic and inflammatory diseases, there is a
pronounced vitamin K deficiency. The prospect of intervening in some of these pathologies
with vitamin K, such as kidney disease, is already being proposed for human patients.
Defining the vitamin K requirements in different animals, beyond simple hepatic coagulation
factor needs, may suggest newer approaches to veterinary medicine that could be investi‐
gated.
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Abstract

Vitamin K acts as a cofactor for γ‐glutamyl carboxylase. Recently, various biological
activities of vitamin K have been reported. Anti‐proliferative activities of vitamin K,
especially  in  vitamin  K3,  are  well  known.  In  addition,  various  physiological  and
pharmacological functions of vitamin K2, such as transcription modulators as nuclear
steroid and xenobiotic receptor (SXR) ligands and anti‐inflammatory effects, have been
revealed in the past decade. Characterization of vitamin K metabolites is also important
for clinical application of vitamin K and its derivatives. In this chapter, recent progress
on the medicinal chemistry of vitamin K derivatives and metabolites is discussed.

Keywords: vitamin K derivative, metabolite, antitumor activity, anti‐inflammatory ac‐
tivity, steroid and xenobiotic receptor/pregnane X receptor

1. Introduction

Vitamin K is a specific cofactor for γ‐glutamyl carboxylase (GGCX), which catalyzes formation
of γ‐carboxyglutamyl (Gla) residues in vitamin K–dependent proteins (Figure 1) [1]. Various
other biological activities of vitamin K and its derivatives have also been reported. For example,
vitamin K3 (menadione), a vitamin K homologue that was considered as a synthetic vitamin K,
has antitumor activity [2–5], as does vitamin K2 (menaquinone) [6, 7]. Among the homologues
of vitamin K2, menaquinone‐4 (MK‐4), which contains four isoprene units, has been intensively
investigated. It binds to nuclear receptor human pregnane X receptor (PXR), which is also called
steroid and xenobiotic receptor (SXR), and regulates transcription of osteoblastic genes [8, 9]. It
also exhibits anti‐inflammatory activity by suppressing the NF‐kB pathway [10], and has an
inhibitory effect on arteriosclerosis [11]. It binds 17β‐hydroxysteroid dehydrogenase 4 and
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modulates estrogen metabolism [12]. Further, it enhances testosterone production [13, 14], and
shows growth‐inhibitory activity toward hepatocellular carcinoma (HCC) cells [6, 7]. These
biological activities of vitamin K and its analogues are attractive targets of drug discovery, and
the activities of vitamin K metabolites have also attracted much interest. A great many natural
and synthetic biologically active 1,4‐naphthoquinone derivatives (i.e., vitamin K derivatives)
have been reported. In this chapter, we will focus on three medicinal‐chemistry studies of vitamin
K activities.

Figure 1. Structures of vitamin K homologues.

2. Menadione derivatives as antitumor agents

The antitumor activity of thioether derivatives is one of the most intensively investigated fields
in the medicinal chemistry of menadione derivatives. Several series of naphthoquinone
derivatives and benzoquinone derivatives bearing an alkyl, alkoxy, or alkylthio group as a side
chain have been synthesized and biologically evaluated by assay of growth‐inhibitory activity
toward human hepatoma cell line HepB3. Almost all of the tested compounds, as well as the
parent menadione, exhibited significant inhibitory activity, and the alkylthio derivatives were
more potent than the corresponding alkyl and alkoxy derivatives. Among these compounds,
a 2‐hydroxyethylthio derivative Cpd 5 (compound 5; NSC 672121) exhibited the most potent
activity (Figure 2) [15]. Subsequent studies revealed that Cpd 5 irreversibly inhibits growth‐
regulatory phosphatase Cdc25 by arylating a cysteine residue in the catalytic site, causing cell‐
cycle arrest [16–19].

Figure 2. Compounds tested in the initial work on development of Cpd5.
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Based on the finding that Cpd5 inhibits Cdc25 and exerts antitumor activities, various
menadione derivatives have been developed as candidate antitumor compounds. Bis(2‐
hydroxyethylthio)naphthoquinone derivative NSC 95397 (Figure 3) showed potent Cdc25‐
inhibitory activity and inhibited proliferation of several cancer cell lines with greater potency
than that of Cpd 5 [20]. Hydroxylated NSC 95397 derivatives exhibited enhanced Cdc25‐
inhibitory activity and inhibited growth of several cancer cell lines [21]. Fluorinated Cpd 5 was
three times more potent than Cpd‐5 itself in Hep3B growth inhibition and induced phosphor‐
ylation of ERK1/2, JNK1/2 and p38 in HepB3 cells [22]. Calculations suggested that fluorinated
Cpd 5 cannot generate reactive oxygen species because of its modified redox profile, and
therefore, the compound appears to function as a pure arylating agent [23]. Modification of
the core structure afforded a maleimide derivative PM‐20 with a submicromolar IC50 value for
HepB3 growth inhibition. Structure‐activity relationship study indicated that the biphenyl
structure of PM‐20 is essential for activity (Figure 3) [24].

Figure 3. Structures of Cpd 5 derivatives bearing a 2‐hydroxyethylthio moiety.

Modification of the hydroxyethyl side chain of Cpd‐5 and NSC 95397 was also investigated.
Carboxylic acid derivatives such as compounds 1, 3, and 4 (Figure 4) were designed to interact
with arginine residues in the catalytic site of Cdc25B, and indeed, they exhibited potent
Cdc25B3‐inhibitory activity [25, 26]. Though the cytotoxic activities of these carboxylic acid
derivatives, especially dicarboxylic acid 4, were low, prodrug‐type benzyl ester derivatives
exhibited enhanced growth‐inhibitory activity toward HeLa cells. It was also found that Cpd
5 derivatives bearing a modified terminal, such as 6, showed selective cytotoxicity toward
neuroblastoma cell lines, whereas the parent menadione and Cpd 5 exhibited cytotoxicity
toward both neuroblastoma cells and normal cell lines [27]. Aminoalkylmenadione derivatives
such as 7 showed angiogenesis‐inhibitory activity (Figure 4) [28].
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Figure 4. Examples of side chain‐modified Cpd 5 derivatives.

A natural product, plumbagin (5‐hydroxymenadione, Figure 5), shows anticancer and
antiproliferative activities [29]. It suppresses the NF‐kB activation pathway by modulating p65
and IkBα kinase activation to potentiate cytokine‐ and drug‐induced apoptosis [30]. Structur‐
ally related naphthoquinone derivatives juglone and 1,4‐naphthoquinone exerted similar
TNFα‐induced NF‐kB inhibitory activities, whereas menadione did not [30]. Another natural
product, lapachol, which has a hydroxyl group instead of the methyl group of MK‐1, has
anticancer activity [31]. A synthetic analogue 8 bearing two isoprene units also exerted
antitumor activity (Figure 5) [32], and various biologically active lapachol derivatives have
been developed [33]. The 2‐hydroxy‐1,4‐naphthoquinone structure has distinct chemistry; for
example, it has the characteristics of 1,2‐naphthoquinone (e.g., lapachol can cyclize to form α‐
lapachone or β‐lapachone), in contrast to 2‐methyl‐1,4‐naphthoquinone.

Figure 5. Some vitamin K–related naphthoquinone derivatives with antitumor activity.

3. Structure‐activity relationship of MK‐4 derivatives as nuclear SXR
ligands

In the early twenty‐first century, it was found that MK‐4 binds a nuclear receptor, steroid, and
xenobiotic receptor (SXR), which is a human homologue of pregnane X receptor (PXR), and
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regulates transcription of osteoblastic genes [8, 9]. Structure‐activity relationships of MK‐4 as
an SXR ligand were intensively investigated by Suhara et al., using deuterated derivatives
(Figure 6). Saturation of double bond(s) in the side chain significantly reduced the SXR
agonistic activity. Triene derivative 9 bearing a 6,7‐saturated side chain exerted only moderate
activity, and diene 10, monoene 11 (phylloquinone‐d7), and alkyl derivative 12 were inactive.
Removal of methyl groups also reduced the activity, but demethylated compounds 13–16 still
retained significant activity [34].

Figure 6. Compounds used in SAR study of SXR.

The length of the side chain is important for the SXR activity of menaquinones. MK‐1 bearing
one prenyl group showed little ligand potency, while MK‐2, MK‐3, and MK‐4 were more active.
In the SXR‐GAL4 one hybrid assay system, MK‐3 was the most potent compound, and MK‐2
and MK‐4 showed somewhat lower activity. In the assay system using SXRE, MK‐2, and MK‐
3 were the most potent compounds [35]. “Double side chain” vitamin K analogues bearing the
same side chains at the 2‐position and 3‐position of the naphthoquinone ring were also
designed and synthesized. MK‐1‐W and MK‐2‐W were as potent as MK‐3 and MK‐4, whereas
MK‐3‐W, MK‐4‐W, and PK‐W showed little activity (Figure 7) [35].

Figure 7. Structures of double side chain vitamin K analogs.

Substitution at the terminal of the side chain of menaquinones significantly affects SXR ligand
potency. Hydroxylated derivatives MK‐2‐ω‐OH, MK‐3‐ω‐OH, and MK‐4‐ω‐OH showed little
activity in the SXR‐GAL4 one hybrid assay system, whereas compounds 17 and 18 bearing a
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terminal phenyl group exhibited more potent activity than the parent menaquinones
(Figure 8). Compounds 17 and 18 also exhibited potent activity in the SXRE assay system
[36]. Thus, a suitable hydrophobic side chain is essential for SXR activity of menaquinones.

Interestingly, Suhara et al. also found that menaquinone derivatives bearing a terminal
hydrophobic substituent have the ability to induce selective neuronal differentiation of
neuronal progenitor cells. The most potent compound 19 was twice as effective as the EtOH
control, based on quantitation of Map2 mRNA (Figure 8) [37].

Figure 8. Structures of menaquinone derivatives with modified terminal.

4. Synthesis and biological activity of menaquinone metabolites

The biological activities of metabolites of vitamin K are also important. MK‐4 is one of the most
interesting vitamin K homologues because of its multifunctional properties, and ω‐carboxyl
homologues of MK‐4 (MK‐4‐ω‐COOH), K acid I, K acid II and their glucuronides have been
identified as metabolites [38–42]. It is considered that MK‐4 is initially metabolized to MK‐4‐
ω‐COOH by ω‐oxidation, followed by β‐oxidation to afford intermediary carboxylic acids
(Figure 9) [43]. These carboxylic acids can be categorized into two groups; MK‐n‐ω‐COOH
derivatives bearing a α,β‐unsaturated carboxy group and MK‐n‐(ω‐2)‐COOH derivatives
bearing a γ,δ‐unsaturated carboxy group. Chemical synthesis of these metabolites is essential
for evaluation of their properties, and several synthetic routes have been reported.
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Figure 9. Putative catabolic pathways of MK‐4.

4.1. Synthesis of menaquinone metabolites

The MK‐4 metabolites K acid I and K acid II are also metabolites of phylloquinone (vitamin
K1). Several chemical syntheses of K acid I and K acid II have been reported. Watanabe et al.
synthesized K acid I by direct addition of a carboxy side chain to the naphthoquinone frame‐
work using BF3 etherate [44]. A route involving a malonyl derivative and decarboxylation was
also investigated (Figure 10) [45]. They also synthesized K acid II. Addition of a side chain
moiety by Friedel‐Crafts acylation, followed by Clemmensen reduction, afforded naphthyl‐
carboxylic acid, and oxidation of the naphthol moiety using Fremy's salt gave K acid II. Direct
alkylation of naphthoquinone using peroxide also afforded K acid II (Figure 11) [44].
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Figure 10. Synthetic route to K acid I (Watanabe et al.).

Figure 11. Synthetic route of K acid II (Watanabe et al.).

Figure 12. Synthetic routes of K acid I and K acid II (Teitelbaum et al.).
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Teitelbaum et al. synthesized K acid I and K acid II by oxidation of MK‐2 and MK‐1, respec‐
tively. They prepared intermediary MK‐n using a menadione‐cyclopentadiene adduct as the
same starting material (Figure 12) [46].

Okamoto et al. synthesized MK‐1‐ω‐COOH by using Wittig reaction as a key step. To prepare
the intermediary aldehyde, they employed alkylation and oxidative cleavage (Figure 13) [47].

Figure 13. Synthesis of MK‐1‐ω‐COOH (Okamoto et al.).

Terao et al. synthesized MK‐3‐(ω‐2)‐COOH and MK‐4‐(ω‐2)‐COOH using Claisen rearrange‐
ment as a key reaction. Claisen reaction of triethyl orthoacetate and MK‐n derivative gave two‐
carbon‐atom‐extended carboxylic acid esters, and then hydration afforded MK‐n‐(ω‐2)‐COOH
derivatives (Figure 14) [48].

Figure 14. Synthesis of MK‐n‐(ω‐2)‐COOH derivatives (Terao et al.).

Masaki et al. employed sulfur‐contractive anionic [2,3]‐sigmatropic rearrangement for side
chain elongation. Treatment of allyl sulfide with base afforded two‐carbon‐atom‐extended
carboxylic acid esters in one pot (Figure 15). MK‐2‐(ω‐2)‐COOH and MK‐3‐(ω‐2)‐COOH were
obtained in this way [49].
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Figure 15. Synthesis of MK‐n‐(ω‐2)‐COOH derivatives (Masaki et al.).

Fujii et al. reported systematic synthesis of menaquinone metabolites. MK‐n‐ω‐COOH
derivatives were synthesized by oxidation of the terminal carbon of MK‐n derivatives.
Stereoselective oxidation with selenium oxide, followed by stepwise oxidation, gave MK‐n‐ω‐
COOH derivatives. K acid II was synthesized by hydrogenation of MK‐1‐ω‐COOH (Fig‐
ure 16) [50]. MK‐n‐(ω‐2)‐COOH derivatives were synthesized by oxidative cleavage of MK‐n
derivatives. Epoxidation of terminal olefin followed by perchloric acid treatment afforded 1,2‐
diols. Oxidative cleavage of the diol moiety followed by oxidative reactions gave MK‐n‐(ω‐
2)‐COOH derivatives (Figure 17) [50]. These synthetic schemes correspond to the putative
catabolic pathways of menaquinones, that is, ω‐oxidation and β‐oxidation.

Figure 16. Synthesis of MK‐n‐ω‐COOH derivatives (Fujii et al.).
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Figure 17. Synthesis of MK‐n‐(ω‐2)‐COOH derivatives (Fujii et al.).

Suhara et al. designed and synthesized ω‐hydroxy derivatives (ω‐alcohols) and ω‐formyl
derivatives (ω‐aldehydes) as menaquinone metabolite analogs. ω‐Oxidized side chain moieties
were prepared from corresponding isoprene derivatives, and the side chain parts were
introduced into the naphthalene core. Oxidation to quinone form afforded ω‐alcohols, and
then PDC oxidation afforded ω‐aldehydes (Figure 18) [51, 52].

Figure 18. Synthesis of MK‐n‐ω‐alcohols and MK‐n‐ω‐aldehydes (Suhara et al.).

4.2. Biological activities of menaquinone metabolites

These menaquinone carboxylic acid derivatives and related quinone carboxylic acids, includ‐
ing ubiquinone derivatives and tocopheryl derivatives, show lysosomal membrane‐stabilizing
activity [45, 47]. Appropriate hydrophobicity of the side chain appears to be essential for this
activity. Some of these compounds also exert inhibitory effects on the generation of the slow‐
reacting substance of anaphylaxis [48].
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MK‐4 has various biological activities, such as anti‐inflammatory activity and antitumor
activity, and these activities of the menaquinone metabolites were also investigated. All tested
menaquinone metabolites inhibited LPS‐induced production of proinflammatory cytokines in
RAW264.7 cells [50]. It is suggested that naphthoquinone structure is essential for the anti‐
inflammatory activity of menaquinone derivatives. Regarding antitumor activity, several
carboxylic acids, such as MK‐2‐ω‐COOH, significantly inhibited proliferation of JHH7 and
HepG2 hepatocellular carcinoma cell lines. On the other hand, MK‐2‐ω‐COOH did not inhibit
proliferation of normal hepatic cells. Anti‐proliferative activity may be associated with
caspase/transglutaminase‐related pathways [53].

The ω‐alcohols and ω‐aldehydes showed apoptosis‐inducing activity toward human leukemia
cell line HL‐60 and human osteosarcoma cell line MG‐63. The ω‐aldehydes were more potent
than the corresponding ω‐alcohols [51, 52]. The vitamin K potency of MK‐4‐ω‐OH, that is, its
coenzyme activity for GGCX, was also evaluated. MK‐4‐ω‐OH showed a larger Vmax/Km value
than that of intact MK‐4, indicating that MK‐4‐ω‐OH has greater coenzyme activity than MK‐
4 [52].

5. Future perspective

Vitamin Ks are attractive lead compounds for drug discovery. One of the most promising
applications is as candidate antitumor agents, though the mechanism of action of Cpd 5 could
be different from that of intact vitamin Ks. In addition, bone homeostasis and neural effects
are also possible targets of vitamin K derivatives. Vitamin K may also be used as a food
supplement, and therefore, characterization of its metabolites is important. It is noteworthy
that some menaquinone metabolites have characteristic activities distinct from those of intact
vitamin K2. Though a clinical study of MK‐4 as an agent to prevent recurrence of hepatocellular
carcinoma was terminated [54], the metabolites and their analogs still represent potential drug
candidates.
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Abstract

Menaquinones have long played a central role in bacterial metabolism due to their
solubility in membranes and their ability to mediate electron transfer reactions between
a large variety of enzymes. In addition to acting as important nodes in fermentation and
respiration,  menaquinones are critical  to the formation of  disulphide bonds in the
periplasm. Their utility as molecular wires has also led to their incorporation into redox
reactions in higher‐order organisms, where they participate in numerous physiological
processes, including blood coagulation. Through studying the menaquinone‐dependent
pathways in organisms across the phylogenetic spectrum, researchers have begun to
uncover intriguing metabolic links and have identified novel compounds for modulating
these vital pathways.

Keywords: menaquinone, vitamin K, vitamin K epoxide reductase, DsbB, disulphide
bond formation

1. Rise of the quinones

As life began to emerge in the seas of primordial Earth, one of the first orders of business was
the construction of a plasma membrane to protect and concentrate biomolecules in the cytoplasm
of what would become the first cell. This served to increase the efficiency of the biochemical
reactions necessary for growth and propagation. The constant influx of salt water across the
plasma membrane, however, would have led to extremely high internal osmotic pressure in
what were essentially bags of chemicals, necessitating the invention of efflux pumps to drive
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ions back out into the surrounding milieu. These early efflux pumps most likely exported protons
at the expense of ATP, which the cells were forced to make through substrate‐level phosphor‐
ylation, an inefficient process. However, leakage of protons back into the cell could drive the
ATPase in the reverse direction, thus linking the extrusion of protons to the creation of cellular
energy.

Aside from the issue of osmotic pressure, the plasma membrane also created a conundrum in
that the organic molecules necessary to drive metabolism were prevented entry. Thus, cells
developed membrane‐associated transporters capable of importing such nutrients. Catabo‐
lism of these organic molecules provided the cells with necessary building blocks and resulted
in the liberation of electrons, which could then be collected on redox‐active molecules like
NAD+ or FAD+, reducing them to NADH and FADH2.

To regenerate the pools of electron carriers, these ancient microbes resorted to fermentation,
the process by which electrons are dropped onto self‐derived organic molecules. This freed up
NAD+ and FAD+ to participate in more rounds of catabolism of carbon sources, thus driving
metabolism. However, fermentation is an inefficient process and thus limited the growth rate
and abundance of these microbes. Only when the enzymes involved in fermentation (i.e.,
nitrate reductase, fumarate reductase) evolved to associate with the plasma membrane did
these ancient microbes begin to tap into the power they needed to flourish. Now, the process
of passing electrons onto terminal acceptors could be coupled to the extrusion of protons into
the extracellular space. With greater numbers of protons pumped out of the cell, their leakage
back across the membrane could greatly increase the amount of ATP generated [1]. In essence,
the cells could target these molecular machines to the membrane to produce the chemical
energy necessary to fuel metabolism. The effect could be further amplified by linking these
redox reactions together, but that required cofactors capable of accepting and donating
electrons to act as molecular wires. The earliest such cofactors were likely iron‐sulfur clusters
and flavins, but these were not readily inserted into the highly lipophilic environment of the
plasma membrane. Thus arose the quinones, which are fat‐soluble redox molecules capable of
associating with membrane‐embedded enzymes. By linking together several modular redox
complexes into an electron transport chain capable of extruding protons, quinones potentiated
a huge leap forward in bioenergetics and greatly increased the capacity for complexity in
biological systems.

To maximize the utility of having quinones available in their membranes, these ancient
microbes needed to find a way to tap into more plentiful electron donors and acceptors. One
potential source of electrons present in abundance on primordial Earth was water. However,
the vast amounts of energy necessary to pull electrons from water presented a formidable
obstacle to its utilization. Only when high‐energy solar radiation came to be employed in the
process known as photosynthesis were “cyanobacteria” successful in linking the fixation of
CO2 to hydrolysis [2]. Quinones were key to the evolution of photosystem I, yet another
example of their power and adaptability in biological systems.

While the increased access to electrons represented a potential windfall to energy‐starved cells,
the development of photosynthesis was nonetheless catastrophic to life on Earth. Concomitant
with the liberation of electrons from water by photosynthesis was the production of a new and
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toxic gas–oxygen. Among the many harmful effects of an oxygenated atmosphere were the
generation of reactive oxygen species, which poisoned the metabolic pathways of early
microbial cells by destroying important cofactors and enzymes [3]. In this noxious environ‐
ment lay opportunity, however, as oxygen could serve as an extremely effective electron
acceptor if cells could evolve mechanisms for reducing it as part of their electron transport
chains. Once again quinones mediated a metabolic breakthrough, linking the reduction of
oxygen to membrane components via cytochrome oxidases. This process of aerobic respiration
led to an estimated 16‐fold increase in the capacity to generate ATP [4] and may have opened
the door to the development of complex eukaryotic life [5].

The metabolic flexibility of quinones means that their use is not limited simply to the respira‐
tory chains of microbes or the photosynthetic centers of plants. Many higher‐order organisms
not only incorporated quinones into their respiratory chains, but have utilized these highly
effective molecular wires in many different redox‐dependent reactions. While the quinones
are ancient, they remain very important to life on this planet.

2. Biosynthesis of menaquinone and phylloquinone

The major quinones found in nature are ubiquinone (UQ), menaquinone (MK), and phyllo‐
quinone (K1) (Figure 1). They differ not only in structure but also in their redox potentials, so
the incorporation of one or the other as a cofactor allows for fine‐tuning of electron transfer
reactions. The distribution in nature of genes involved in menaquinone biosynthesis suggests
that it was most likely the original quinone; this is supported by the observation that mena‐
quinone is readily oxidized in aerobic environments, suggesting that it existed long before the
appearance of oxygen [6]. There are many different species of menaquinone, though they differ
only in the length of their isoprenyl side chains. These differences are reflected in the nomen‐
clature of menaquinones, wherein the number of isoprene units is indicated (i.e., MK‐4).
Phylloquinone, usually considered distinct from the menaquinones, is merely MK‐4 with a
more heavily saturated lipophilic tail.

Figure 1. Structures of common quinones.
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The canonical pathway for menaquinone biosynthesis in bacteria is well‐established and has
been reviewed in great detail elsewhere [7]. Of particular interest to this review, however, is
the prenylation reaction mediated by MenA in which the lipophilic tail is attached to 1,4‐
dihydroxy‐2‐naphthoic acid (Figure 2). In essence, this is the critical step that links the redox‐
active quinone to the membrane. The lipophilic substrate of MenA is made up of repeating
isoprenal subunits, the exact number of which is determined by the octaprenyl pyrophosphate
(OPP) synthase encoded by the particular microbe. The ultimate chain length of these products
is determined by a molecular ruler mechanism wherein bulky amino acid residues at the
bottom of each of OPP's active sites block chain elongation [8], and it is this step that controls
the identity of the primary MK produced by an organism. There is some evidence to suggest,
however, that growth temperature also plays a role in the length and degree of saturation of
the aliphatic side chain [9]. Phylloquinone biosynthesis in cyanobacteria is predicted to
proceed via a pathway very similar to that of MK biosynthesis. However, the cyanobacterial
MenA incorporates a mostly saturated phytyl tail at position C‐3 rather than the partially
unsaturated isoprenyl side chain associated with MK [10]. Recently, an alternative pathway

Figure 2. Biosynthesis of menaquinone and phylloquinone. The highly conserved sequence of reactions required for
conversion of chorismate to menaquinone is shown. The pathway for phylloquinone biosynthesis is thought to pro‐
ceed via the same steps, with the exception of the prenylation step mediated by MenA. The production of demethyl‐
phylloquinone versus demethylmenaquinone is determined by which substrate is provided to MenA by octaprenyl
pyrophosphate synthase (OPP). A phytyl chain results in the production of demethylphylloquinone, whereas a more
highly unsaturated isoprenyl chain results in demethylmenaquinone. In mice, metabolism of phylloquinone in the liv‐
er has been shown to release menadione, which in turn can be prenylated by the MenA homolog UBIAD1 to produce
menaquinone.
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for menaquinone biosynthesis has been described in several Achaea and Gram‐negative
bacteria, including Helicobacter pylori, Chlamydia species, and spirochetes [11]. While both
pathways start with chorismate, the formation of the quinone proceeds via completely
different reactions. The diversity of pathways for biosynthesis of MKs serves to underscore the
importance of its role in metabolism.

Phylloquinone biosynthesis in plants is not as well understood as in cyanobacteria, though the
pathway likely mirrors that of menaquinone. One striking difference is that the first four
reactions proceeding from chorismate, mediated by the products of the menF, D, C, and H
genes in bacteria, are accomplished in plants by one fusion protein known as PHYLLO [12].
Later steps are compartmentalized between the chloroplast and peroxisome, adding an
additional level of complexity to production in plants [13].

Unlike the organisms mentioned above, higher‐order organisms are incapable of de novo
synthesis of MKs. It is therefore imperative that MKs be supplied through diet, thus classifying
MKs as a “vitamin” for mammals. The identification of MKs as essential vitamins arose from
the Nobel Prize‐winning work of Edward Adelbert Doisy and Henrik Dam in 1943. Their
recognition that a fat‐soluble compound played a key role in blood coagulation led them to
name it “vitamin K” (“K” for the German word “Koagulationsvitamin”). Purification and
characterization revealed two forms of vitamin K—phylloquinone thus became known as
vitamin K1 and menaquinone as vitamin K2 with regards to their requirement in mammals.

Though humans cannot synthesize vitamin K de novo, several homologs of menaquinone
biosynthetic enzymes can be found in the human genome, including one for the prenylating
enzyme MenA (UBIAD1). This enzyme was expressed in an insect cell line and was shown to
be capable of converting menadione (K3) and K1 into MK‐4 [14]. Such a result suggested that
while humans cannot make their own MKs, they may be capable of converting biosynthetic
intermediates into the final product. Indeed, recent results show that the phytyl tail of K1 is
cleaved in the intestine of mice to make K3 and then prenylated by UBIAD1 in the cerebrum
[15, 16]. Furthermore, human subjects fed K1 exhibited increased levels of K3, indicating that
dietary K1 may play a major role in overall MK levels [16], and gnotobiotic rats fed K1 saw
increased levels of MK4 in tissues, indicating that the conversion is not dependent on gut
bacteria [17]. UBIAD1 has also been demonstrated to be essential for the embryonic develop‐
ment of mice [18], so vitamin K's route through the body is not completely understood and
the complexities begin with the vitamin's source.

3. Sources of vitamin K

While the reactions requiring vitamin K in human metabolism are becoming clearer, the source
of the vitamin K is still not completely understood. The presence of large numbers of bacteria
in the human colon capable of synthesizing K2 would perhaps suggest that absorption of this
bacterial byproduct might fulfill the human requirement. In fact, MK‐6 is made by Eubacterium
lentum, MK‐7 by Veillonella, MK‐8 by Enterobacteria, and MK‐10 and MK‐11 are made by
Bacteroides [19, 20]. The bacterial contribution to vitamin K pools in humans is supported by
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The canonical pathway for menaquinone biosynthesis in bacteria is well‐established and has
been reviewed in great detail elsewhere [7]. Of particular interest to this review, however, is
the prenylation reaction mediated by MenA in which the lipophilic tail is attached to 1,4‐
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Figure 2. Biosynthesis of menaquinone and phylloquinone. The highly conserved sequence of reactions required for
conversion of chorismate to menaquinone is shown. The pathway for phylloquinone biosynthesis is thought to pro‐
ceed via the same steps, with the exception of the prenylation step mediated by MenA. The production of demethyl‐
phylloquinone versus demethylmenaquinone is determined by which substrate is provided to MenA by octaprenyl
pyrophosphate synthase (OPP). A phytyl chain results in the production of demethylphylloquinone, whereas a more
highly unsaturated isoprenyl chain results in demethylmenaquinone. In mice, metabolism of phylloquinone in the liv‐
er has been shown to release menadione, which in turn can be prenylated by the MenA homolog UBIAD1 to produce
menaquinone.
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genes in bacteria, are accomplished in plants by one fusion protein known as PHYLLO [12].
Later steps are compartmentalized between the chloroplast and peroxisome, adding an
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synthesis of MKs. It is therefore imperative that MKs be supplied through diet, thus classifying
MKs as a “vitamin” for mammals. The identification of MKs as essential vitamins arose from
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recognition that a fat‐soluble compound played a key role in blood coagulation led them to
name it “vitamin K” (“K” for the German word “Koagulationsvitamin”). Purification and
characterization revealed two forms of vitamin K—phylloquinone thus became known as
vitamin K1 and menaquinone as vitamin K2 with regards to their requirement in mammals.

Though humans cannot synthesize vitamin K de novo, several homologs of menaquinone
biosynthetic enzymes can be found in the human genome, including one for the prenylating
enzyme MenA (UBIAD1). This enzyme was expressed in an insect cell line and was shown to
be capable of converting menadione (K3) and K1 into MK‐4 [14]. Such a result suggested that
while humans cannot make their own MKs, they may be capable of converting biosynthetic
intermediates into the final product. Indeed, recent results show that the phytyl tail of K1 is
cleaved in the intestine of mice to make K3 and then prenylated by UBIAD1 in the cerebrum
[15, 16]. Furthermore, human subjects fed K1 exhibited increased levels of K3, indicating that
dietary K1 may play a major role in overall MK levels [16], and gnotobiotic rats fed K1 saw
increased levels of MK4 in tissues, indicating that the conversion is not dependent on gut
bacteria [17]. UBIAD1 has also been demonstrated to be essential for the embryonic develop‐
ment of mice [18], so vitamin K's route through the body is not completely understood and
the complexities begin with the vitamin's source.

3. Sources of vitamin K

While the reactions requiring vitamin K in human metabolism are becoming clearer, the source
of the vitamin K is still not completely understood. The presence of large numbers of bacteria
in the human colon capable of synthesizing K2 would perhaps suggest that absorption of this
bacterial byproduct might fulfill the human requirement. In fact, MK‐6 is made by Eubacterium
lentum, MK‐7 by Veillonella, MK‐8 by Enterobacteria, and MK‐10 and MK‐11 are made by
Bacteroides [19, 20]. The bacterial contribution to vitamin K pools in humans is supported by
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studies done with gnotobiotic rats fed vitamin K‐free diets. The rapidly developing hemor‐
rhagic conditions in these rats could be reversed by supplying bacteria from conventionally
raised rats, suggesting that absorption from the bowel provided sufficient quantities of K2 [21].
Concordant with this is the observation that taking broad‐spectrum antibiotics can reduce
vitamin K production by more than 70% [22]. However, K2 is embedded within the bacterial
inner membrane, and as such would appear to be inaccessible to passive absorption. MKs have
been shown to be secreted by some organisms [23], and it is also possible that water‐soluble
precursors of MK biosynthesis might be more readily available [7]. However, this scenario is
further complicated by the fact that there is very little evidence that the large intestine is capable
of absorption of MKs. Uptake has been shown to be poor in rats [24] and infants [25]. Even the
finding that antibiotic treatment lowered vitamin K production does not conclusively identify
bacteria as a major source of human vitamin K2 pools, as some antibiotics have been shown
to inhibit the human enzymes necessary for recycling vitamin K2 [26]. The role of the micro‐
biome in the production of K2 is therefore questionable and would suggest that perhaps
vitamin K stores in humans might be the result of dietary intake.

Low concentrations of vitamin K2 can be found in dairy, meat, and fermented foods like natto
[27], but makes up only 10% of total dietary vitamin K intake. While K1, found in a variety of
green leafy plants and vegetable oils, is present in much higher amounts, it is not readily
absorbed in the intestines as it is strongly bound to vegetable fiber [28]. Vitamin K is not
transported by specific plasma carrier proteins like other fat‐soluble vitamins, but is instead
shuttled by lipoproteins. The small fraction of K1 that is absorbed is almost exclusively
incorporated into the triacylglycerol‐rich lipoprotein (TGRLP) fraction, while dietary K2 is
associated with low‐density lipoprotein (LDL) fraction [29]. These divergent pathways would
deliver large amounts of K1 to the liver, but efficient delivery to extrahepatic tissues would
only occur for K2. Measurements of the concentrations of vitamins K in various tissues mostly
back this up, showing that K1 levels are low in the brain, kidneys, and lungs but high in the
liver, heart, and pancreas; K2 (in the form of MK‐4) was found to be in high concentration in
the brain, kidneys, and pancreas but in low concentration in the liver, heart, and lungs. As for
longer chain K2s, MK6‐11 were found in the liver and trace amounts of MK6‐9 were found in
the heart and pancreas [30]. MK10 and MK11 may be major contributors to the hepatic pool
of K2 [26], and the presence of these long‐chain MKs again raise the possibility that the
commensal population of colonic bacteria may somehow contribute to overall vitamin K levels
in the host, as analysis of tissue samples has only shown the ability to synthesize MK‐4 from
K1. However, the presence of potential homologs for other prenyl diphosphate synthases in
the genome further suggests that humans may be capable of producing longer chain MKs as
well. Overall the data clearly indicate that dietary K1 is a major contributor to vitamin K levels
in the body, but a full accounting of its sources has yet to emerge.

4. Uses of vitamin K

While the side chains of K1 and the various MKs differ, the redox‐active portion of the
molecules (the napthoquinone) remains unchanged. The reactivity of these various species
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should therefore be very similar, a fact underlined by the nearly identical mid‐point redox
potentials as determined by voltammetry [31, 32] (Figure 3). The degree of lipophilicity in the
tails most likely dictates mobility of the quinones in the membrane, with the partially saturated
isoprenyl tail of MK allowing for greater freedom of movement compared to the mostly
unsaturated chain of K1. Additionally, longer chain MKs are likely stiffer and more viscous in
the membrane due to the greater surface areas available for van der Waals interactions. For
these reasons, the preferential incorporation of one MK over another into a redox‐active
enzyme is most likely due to availability within the membrane as well as the ability of the
enzyme to accommodate different length side chains. In microsomal fractions, MK2 and MK3
were shown to have much higher activities than K1 [33], while a partially purified enzymatic
system showed similar activities for MK2‐6 compared to K1. MKs with seven or more isopre‐
noid units were not as active [34].

Figure 3. Resonance structures of napthoquinone species. Two electrons (e‐) can be accepted or donated in step‐wise
transfers from partner proteins.

Vitamin K2 has been found to play a role in protection against oxidative stress and inflamma‐
tion in mammals [35], and improved locomotion defects in mutant fruit flies [36], suggesting
that it might benefit human patients suffering mitochondrial pathologies. Mounting evidence
suggests that MK‐4 is an important component of sphingolipid biosynthesis and can inhibit
the proliferation of several cancer cell lines [37]. The exact role of vitamin K2 in these processes
is unknown however—its most thoroughly understood use is in protein modification.

Numerous proteins in vertebrates are modified post‐translationally as a means of regulating
and enhancing their activity. One such modification is the carboxylation of glutamate residues
within Gla domains, which is mediated by the enzyme gamma‐glutamyl carboxylase (GGCX).
This modification allows for the high‐affinity binding of calcium ions, which in turn mediates
a conformational change necessary for proper folding of the protein. Gla‐containing proteins
play important roles in the venom of snakes and the toxins of cone snails [38], and they have
numerous functions in humans including bone development, calcification, and sphingolipid
metabolism [35, 39]. The cell‐signaling activities of the vitamin K‐dependent proteins Gas6 and
protein S may also be crucial to cognitive processes [35]. Among the Gla‐containing proteins,
however, those involved in blood coagulation have received the most attention. Carboxylation
of several of these factors activates them and thereby sets off a cascade leading to clotting. The
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vitamin K production by more than 70% [22]. However, K2 is embedded within the bacterial
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[27], but makes up only 10% of total dietary vitamin K intake. While K1, found in a variety of
green leafy plants and vegetable oils, is present in much higher amounts, it is not readily
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shuttled by lipoproteins. The small fraction of K1 that is absorbed is almost exclusively
incorporated into the triacylglycerol‐rich lipoprotein (TGRLP) fraction, while dietary K2 is
associated with low‐density lipoprotein (LDL) fraction [29]. These divergent pathways would
deliver large amounts of K1 to the liver, but efficient delivery to extrahepatic tissues would
only occur for K2. Measurements of the concentrations of vitamins K in various tissues mostly
back this up, showing that K1 levels are low in the brain, kidneys, and lungs but high in the
liver, heart, and pancreas; K2 (in the form of MK‐4) was found to be in high concentration in
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longer chain K2s, MK6‐11 were found in the liver and trace amounts of MK6‐9 were found in
the heart and pancreas [30]. MK10 and MK11 may be major contributors to the hepatic pool
of K2 [26], and the presence of these long‐chain MKs again raise the possibility that the
commensal population of colonic bacteria may somehow contribute to overall vitamin K levels
in the host, as analysis of tissue samples has only shown the ability to synthesize MK‐4 from
K1. However, the presence of potential homologs for other prenyl diphosphate synthases in
the genome further suggests that humans may be capable of producing longer chain MKs as
well. Overall the data clearly indicate that dietary K1 is a major contributor to vitamin K levels
in the body, but a full accounting of its sources has yet to emerge.
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While the side chains of K1 and the various MKs differ, the redox‐active portion of the
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isoprenyl tail of MK allowing for greater freedom of movement compared to the mostly
unsaturated chain of K1. Additionally, longer chain MKs are likely stiffer and more viscous in
the membrane due to the greater surface areas available for van der Waals interactions. For
these reasons, the preferential incorporation of one MK over another into a redox‐active
enzyme is most likely due to availability within the membrane as well as the ability of the
enzyme to accommodate different length side chains. In microsomal fractions, MK2 and MK3
were shown to have much higher activities than K1 [33], while a partially purified enzymatic
system showed similar activities for MK2‐6 compared to K1. MKs with seven or more isopre‐
noid units were not as active [34].
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Vitamin K2 has been found to play a role in protection against oxidative stress and inflamma‐
tion in mammals [35], and improved locomotion defects in mutant fruit flies [36], suggesting
that it might benefit human patients suffering mitochondrial pathologies. Mounting evidence
suggests that MK‐4 is an important component of sphingolipid biosynthesis and can inhibit
the proliferation of several cancer cell lines [37]. The exact role of vitamin K2 in these processes
is unknown however—its most thoroughly understood use is in protein modification.

Numerous proteins in vertebrates are modified post‐translationally as a means of regulating
and enhancing their activity. One such modification is the carboxylation of glutamate residues
within Gla domains, which is mediated by the enzyme gamma‐glutamyl carboxylase (GGCX).
This modification allows for the high‐affinity binding of calcium ions, which in turn mediates
a conformational change necessary for proper folding of the protein. Gla‐containing proteins
play important roles in the venom of snakes and the toxins of cone snails [38], and they have
numerous functions in humans including bone development, calcification, and sphingolipid
metabolism [35, 39]. The cell‐signaling activities of the vitamin K‐dependent proteins Gas6 and
protein S may also be crucial to cognitive processes [35]. Among the Gla‐containing proteins,
however, those involved in blood coagulation have received the most attention. Carboxylation
of several of these factors activates them and thereby sets off a cascade leading to clotting. The
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GGCX glycosylation reaction is coupled to the oxidation of vitamin K hydroquinone to vitamin
K 2,3‐epoxide, and it is this step that shows sensitivity to anticoagulants like warfarin. When
this vitamin K cycle is disrupted or insufficient quantities of vitamin K are present in the diet,
excessive bleeding can and does occur, as was the case in the initial discovery of vitamin K's
role in nutrition.

While the flexibility of K2s is crucial to all of these redox‐driven processes, short circuits occur
wherein reduced menaquinones donate their electrons to “inappropriate” acceptors like
oxygen. Such reactions result in the production of reactive oxygen species and can lead to
massive damage to proteins and DNA [40, 41], underlining the importance of properly
regulating the expression and distribution of MKs.

5. VKORs

Clearly, MKs play a critical role in mediating the activity of numerous proteins in mammals,
yet the levels of this important cofactor in tissues is relatively low. After passing electrons onto
the appropriate acceptors, MK is oxidized to its inactive, oxidized form. In bacteria, MK is
quickly reduced again by the flow of electrons from the electron transport chain or to a lesser
extent by the delivery of electrons from the disulfide bond pathway. To recharge and replenish
their redox‐active pool of MKs, mammals have evolved enzymes capable of reducing of
vitamin K 2,3‐epoxide (KO) to vitamin K and vitamin K hydroquinone (KH2). These two steps
occur via a warfarin‐sensitive pathway as well as a warfarin‐insensitive pathway, suggesting
that two or more enzymes may be required to efficiently complete the reaction. While the
enzymatic activity of vitamin K epoxide reductase (VKOR) had first been assayed in 1974 and
VKOR had long been known to be the target of the anticoagulant warfarin, identification of
the enzyme responsible for the regeneration of vitamin K did not come until 2004 [42, 43].
While this discovery set the stage for in‐depth analysis of the kinetics of blood coagulation,
one of the most surprising early findings was that VKOR homologs could be found not only
in a large family of vertebrates, but also in insects, plants, bacteria, and archaea [44]. What role
could VKOR possibly play in organisms that do not contain blood? The discovery of vitamin
K‐dependent proteins in sea squirts [45] suggests that this modification arose much earlier
than the blood coagulation cascade and that vertebrates simply repurposed Gla‐modified
proteins.

To fully understand the function of a membrane‐bound protein, it is important to determine
the topology of the enzyme within the membrane. This allows for greater insights into the
catalytic site as well as to possible interactions with partner proteins. The topology of VKOR
in the endoplasmic reticulum (ER) membrane, however, has been fraught with controversy.
Initial reports suggested an enzyme with 4 transmembrane domains (TM) [44], though there
is also mounting evidence that VKOR may adopt a 3‐TM structure (Figure 4). Of particular,
importance to this debate is the potential positioning of critical cysteine residues. VKOR
contains a total of four conserved cysteines, two of which are present in a C‐X‐X‐C motif
characteristic of redox‐active thioredoxins. These two cysteines (C132 and C135) have been
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shown to be essential for the reduction of vitamin KO to vitamin K and vitamin KH2 using
purified VKOR [46]. The second set of conserved cysteines (C43 and C51) lie within a loop
region between TMs. The 3‐TM model for VKOR places the N‐terminus of the protein and the
active site cysteines on the ER side of the membrane, with the loop cysteines and C‐terminus
in the cytoplasm. On the other hand, the 4‐TM model places both termini in the cytoplasm,
while the active site and loop cysteines both face the ER lumen. This 4‐TM topology would
immediately suggest an enzymatic mechanism wherein the loop cysteines receive electrons
from interactions with redox partners in the lumen, and then pass them on to the active site
C‐X‐X‐C. Because the 3 ‐TM model predicts that the two sets of cysteines are on opposite sides
of the ER membrane, it is difficult to imagine how they might interact, and it suggests a
distinctly different mechanism for reduction. The fact that several mutations encoding

Figure 4. Representative topologies of membrane redox proteins. (A) Topologies of DsbB and Mtb VKOR in the bacteri‐
al plasma membrane. Critical cysteine resides required for transfer of electrons to menaquinone are represented by yel‐
low circles, while loop cysteines required for accepting electrons from the periplasmic protein DsbA are represented as
gray circles. Note that the order of these residues is reversed in the two enzymes with respect to the amino acid se‐
quences. (B) Proposed topologies of the mammalian VKOR in the membrane of the endoplasmic reticulum. In the 3‐
TM structure, the loop cysteines and those required for transfer of electrons to menaquinone (vitamin K2) are located
in different cellular compartments, while in the 4‐TM model, all four are found near the interface of the membrane
with the ER lumen. While several luminal proteins have been found to be capable of transferring electrons to the cata‐
lytic site of VKOR in the 4‐TM model, it is not yet clear which proteins would perform this role in the 3‐TM model.
MK = menaquinone. GGCX = γ‐glutamate carboxylase.
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GGCX glycosylation reaction is coupled to the oxidation of vitamin K hydroquinone to vitamin
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excessive bleeding can and does occur, as was the case in the initial discovery of vitamin K's
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wherein reduced menaquinones donate their electrons to “inappropriate” acceptors like
oxygen. Such reactions result in the production of reactive oxygen species and can lead to
massive damage to proteins and DNA [40, 41], underlining the importance of properly
regulating the expression and distribution of MKs.
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yet the levels of this important cofactor in tissues is relatively low. After passing electrons onto
the appropriate acceptors, MK is oxidized to its inactive, oxidized form. In bacteria, MK is
quickly reduced again by the flow of electrons from the electron transport chain or to a lesser
extent by the delivery of electrons from the disulfide bond pathway. To recharge and replenish
their redox‐active pool of MKs, mammals have evolved enzymes capable of reducing of
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occur via a warfarin‐sensitive pathway as well as a warfarin‐insensitive pathway, suggesting
that two or more enzymes may be required to efficiently complete the reaction. While the
enzymatic activity of vitamin K epoxide reductase (VKOR) had first been assayed in 1974 and
VKOR had long been known to be the target of the anticoagulant warfarin, identification of
the enzyme responsible for the regeneration of vitamin K did not come until 2004 [42, 43].
While this discovery set the stage for in‐depth analysis of the kinetics of blood coagulation,
one of the most surprising early findings was that VKOR homologs could be found not only
in a large family of vertebrates, but also in insects, plants, bacteria, and archaea [44]. What role
could VKOR possibly play in organisms that do not contain blood? The discovery of vitamin
K‐dependent proteins in sea squirts [45] suggests that this modification arose much earlier
than the blood coagulation cascade and that vertebrates simply repurposed Gla‐modified
proteins.

To fully understand the function of a membrane‐bound protein, it is important to determine
the topology of the enzyme within the membrane. This allows for greater insights into the
catalytic site as well as to possible interactions with partner proteins. The topology of VKOR
in the endoplasmic reticulum (ER) membrane, however, has been fraught with controversy.
Initial reports suggested an enzyme with 4 transmembrane domains (TM) [44], though there
is also mounting evidence that VKOR may adopt a 3‐TM structure (Figure 4). Of particular,
importance to this debate is the potential positioning of critical cysteine residues. VKOR
contains a total of four conserved cysteines, two of which are present in a C‐X‐X‐C motif
characteristic of redox‐active thioredoxins. These two cysteines (C132 and C135) have been

Vitamin K2 - Vital for Health and Wellbeing264

shown to be essential for the reduction of vitamin KO to vitamin K and vitamin KH2 using
purified VKOR [46]. The second set of conserved cysteines (C43 and C51) lie within a loop
region between TMs. The 3‐TM model for VKOR places the N‐terminus of the protein and the
active site cysteines on the ER side of the membrane, with the loop cysteines and C‐terminus
in the cytoplasm. On the other hand, the 4‐TM model places both termini in the cytoplasm,
while the active site and loop cysteines both face the ER lumen. This 4‐TM topology would
immediately suggest an enzymatic mechanism wherein the loop cysteines receive electrons
from interactions with redox partners in the lumen, and then pass them on to the active site
C‐X‐X‐C. Because the 3 ‐TM model predicts that the two sets of cysteines are on opposite sides
of the ER membrane, it is difficult to imagine how they might interact, and it suggests a
distinctly different mechanism for reduction. The fact that several mutations encoding
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low circles, while loop cysteines required for accepting electrons from the periplasmic protein DsbA are represented as
gray circles. Note that the order of these residues is reversed in the two enzymes with respect to the amino acid se‐
quences. (B) Proposed topologies of the mammalian VKOR in the membrane of the endoplasmic reticulum. In the 3‐
TM structure, the loop cysteines and those required for transfer of electrons to menaquinone (vitamin K2) are located
in different cellular compartments, while in the 4‐TM model, all four are found near the interface of the membrane
with the ER lumen. While several luminal proteins have been found to be capable of transferring electrons to the cata‐
lytic site of VKOR in the 4‐TM model, it is not yet clear which proteins would perform this role in the 3‐TM model.
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resistance to warfarin map to the loop region containing Cys43 and Cys51 further suggests
that these loop cysteines may play a key role in VKOR activity.

The loop cysteines were not required for the enzymatic of activity of VKOR with the purified
enzyme, though C51 was found to be important along with C132 and C135 for activity in cell
extracts [47]. Expression of Cys 43 and Cys 51 mutants in reporter cells in which endogenous
VKOR and VKORL1 were knocked out show that these mutant alleles retain ∼90% activity
[48]. However, challenges to such results have emerged. Results with purified VKOR showing
the non‐essentiality of the loop cysteines were obtained using dithiothreitol (DTT), a non‐
physiological reductant. Because DTT is membrane permeable, it is possible that Cys43 and
Cys51 are important for shuttling electrons to the active site cysteines under physiological
conditions, but DTT bypasses this necessity. To this end, experiments utilizing the membrane
impermeable system of NADPH, thioredoxin, and thioredoxin to drive reduction gave results
showing that the loop cysteines were actually required for VKOR activity [49].

The membrane topology of VKOR has been directly tested through a number of biochemical
approaches. The Stafford lab fused green fluorescent protein (gfp) to either the N‐ or C‐
terminus and tested protease susceptibility. These studies showed that only the C‐terminus
was proteolytically cleaved, which suggested that while the N‐terminus faced the ER lumen,
the C‐terminus must face the cytoplasm. This architecture placed the two confirmed active site
cysteines (Cys‐132 and Cys‐135) on the luminal side of the membrane, while the two conserved
loop cysteines (Cys‐43 and Cys‐51) were on the opposite side [50]. An important caveat to this
work is that the protease sensitivity assay was performed after permeabilization with digito‐
nin, a process not thought to affect the topology of membrane proteins. However, a very similar
approach using live (i.e., non‐permeabilized) cells and a redox‐active gfp clearly demonstrated
that both the N‐ and C‐termini are located within the cytoplasm [51]. Further experiments
showed that the loop region containing Cys43 and Cys51 could be glycosylated by machinery
within the ER lumen and that the loop cysteines could form mixed disulfides with luminal
proteins, thereby placing this loop region firmly in the ER in accordance with a 4‐TM topology.

The overall architecture of VKOR becomes most germane when attempting to identify its redox
partners. If VKOR had three membrane‐spanning domains, the loop cysteines would not be
accessible to soluble redox partners, yet the active site cysteines would need to be directly
accessible to a partner. To achieve this, the partner must also be membrane bound, as has been
suggested for GGCX [52], or must have a hydrophobic domain capable of inserting into the
membrane during electron transfer. A potential membrane complex of VKOR and GGCX
would explain how a transfer reaction between these two enzymes could be facilitated during
blood coagulation, but it does not offer any insights into how electrons might be supplied to
VKOR in the first place. Despite the fact that molecular dynamic simulations indicate that the
3‐TM model of human VKOR has a structural advantage in terms of protein stability over a
VKOR with 4 TM [53], questions regarding this model still remain.

In a 4 TM structure of VKOR, the active site cysteines face the ER lumen. It has therefore been
hypothesized that VKOR's redox partner must be a luminal protein that most likely bears at
least some homology to thioredoxin‐like proteins, which encode cysteines in a C‐X‐X‐C motif.
The proposed reaction scheme posits that Cys‐43 of VKOR forms a mixed disulfide with its
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redox partner, which subsequently attacks Cys‐51 to form an intramolecular disulfide bond in
VKOR and releases the redox partner. By mutating the resolving Cys‐51, the mixed disulfide
can be trapped, thus allowing identification of the redox partner. Such an approach identified
several intriguing candidates including soluble proteins and the membrane‐bound TMX,
TMX4, and ERp18 as forming mixed disulfides with VKOR, although it is not clear what the
downstream effects of such interactions might be [54].

Early studies with microsomal fractions indicated that protein disulfide isomerase (PDI) might
be an important source of electrons for VKOR [55], which is consistent with PDI's localization
to the ER lumen. PDI can act as an electron acceptor by interacting with proteins containing
multiple cysteine residues. By accepting electrons from such proteins, disulfide bonds form
between these cysteines, which can serve to stabilize or activate these substrates. Following
this reaction, the reduced form of PDI is free to donate its electrons to other partner proteins.
Studies confirmed that PDI could stimulate VKOR's reductive activity and went on to suggest
that VKOR and PDI may even form a complex in the ER membrane [56]. In other words, the
reduction of vitamin KO may be driven by the formation of disulfide bonds in the ER lumen.
Such a mechanism appears to contribute to the overall redox homeostasis within the ER [57]
and has also been suggested to operate in plants as well [58, 59].

While VKORs can be found in numerous classes of organisms, paralogs of VKOR are also quite
prevalent. Known as “VKORLs” (“VKOR‐like”), the exact role of these enzymes is still unclear.
The human VKOR and VKORL1 share 42% identity and 60% similarity. Like VKOR itself,
VKORL1 can reduce KO to vitamin K, which may explain why patients treated with anticoa‐
gulants do not exhibit significant side effects that would be expected from the inability to turn
over vitamin K, like arterial calcifications [60]. Indeed, rat VKORL1 was shown to be up to 50‐
fold more resistant to warfarin as compared to VKORC1 in one study [61], although such a
finding has been contested [62]. However, the rate at which VKORL1 reduces KO may be
significantly slower than VKOR [60], and mice missing VKOR (but expressing VKORL1) bled
to death shortly after birth [63], suggesting a different function for VKORL1. It has also been
suggested that VKORL1 may play a role in the vitamin K cycle by reducing vitamin K to KH2

[64], although such a suggestion may be premature, as comparisons of VKOR and VKORL1
activity can be problematic [62]. To gain further insight into the differential functions of
VKORL1 versus VKOR, these authors looked at expression levels of the two genes in different
tissues. They found clear evidence that VKOR and VKORL1 are differentially regulated in rats
and mice, with VKOR showing higher expression in rat liver, lung, and kidney, VKORL1
showing higher expression in the brain, and similar expression profiles in the testis. Overall,
the levels of VKORL1 were relatively constant across organs, while VKOR showed extremely
high levels in the liver but much lower levels in the remaining tissues [61]. Such findings have
led some to hypothesize that VKOR may have evolved to provide cofactor to the vitamin K‐
dependent proteins required for maintaining the high‐flux environment of the circulatory
system and the homeostasis of a calcified skeleton, while the ability of VKORL1 to reduce
vitamin K may be ancillary to its role in antioxidant functions and disulfide bond formation
[39]. The differential activity of VKORL1 compared to VKOR is supported by studies conclu‐
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showed that the loop region containing Cys43 and Cys51 could be glycosylated by machinery
within the ER lumen and that the loop cysteines could form mixed disulfides with luminal
proteins, thereby placing this loop region firmly in the ER in accordance with a 4‐TM topology.

The overall architecture of VKOR becomes most germane when attempting to identify its redox
partners. If VKOR had three membrane‐spanning domains, the loop cysteines would not be
accessible to soluble redox partners, yet the active site cysteines would need to be directly
accessible to a partner. To achieve this, the partner must also be membrane bound, as has been
suggested for GGCX [52], or must have a hydrophobic domain capable of inserting into the
membrane during electron transfer. A potential membrane complex of VKOR and GGCX
would explain how a transfer reaction between these two enzymes could be facilitated during
blood coagulation, but it does not offer any insights into how electrons might be supplied to
VKOR in the first place. Despite the fact that molecular dynamic simulations indicate that the
3‐TM model of human VKOR has a structural advantage in terms of protein stability over a
VKOR with 4 TM [53], questions regarding this model still remain.

In a 4 TM structure of VKOR, the active site cysteines face the ER lumen. It has therefore been
hypothesized that VKOR's redox partner must be a luminal protein that most likely bears at
least some homology to thioredoxin‐like proteins, which encode cysteines in a C‐X‐X‐C motif.
The proposed reaction scheme posits that Cys‐43 of VKOR forms a mixed disulfide with its
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redox partner, which subsequently attacks Cys‐51 to form an intramolecular disulfide bond in
VKOR and releases the redox partner. By mutating the resolving Cys‐51, the mixed disulfide
can be trapped, thus allowing identification of the redox partner. Such an approach identified
several intriguing candidates including soluble proteins and the membrane‐bound TMX,
TMX4, and ERp18 as forming mixed disulfides with VKOR, although it is not clear what the
downstream effects of such interactions might be [54].

Early studies with microsomal fractions indicated that protein disulfide isomerase (PDI) might
be an important source of electrons for VKOR [55], which is consistent with PDI's localization
to the ER lumen. PDI can act as an electron acceptor by interacting with proteins containing
multiple cysteine residues. By accepting electrons from such proteins, disulfide bonds form
between these cysteines, which can serve to stabilize or activate these substrates. Following
this reaction, the reduced form of PDI is free to donate its electrons to other partner proteins.
Studies confirmed that PDI could stimulate VKOR's reductive activity and went on to suggest
that VKOR and PDI may even form a complex in the ER membrane [56]. In other words, the
reduction of vitamin KO may be driven by the formation of disulfide bonds in the ER lumen.
Such a mechanism appears to contribute to the overall redox homeostasis within the ER [57]
and has also been suggested to operate in plants as well [58, 59].

While VKORs can be found in numerous classes of organisms, paralogs of VKOR are also quite
prevalent. Known as “VKORLs” (“VKOR‐like”), the exact role of these enzymes is still unclear.
The human VKOR and VKORL1 share 42% identity and 60% similarity. Like VKOR itself,
VKORL1 can reduce KO to vitamin K, which may explain why patients treated with anticoa‐
gulants do not exhibit significant side effects that would be expected from the inability to turn
over vitamin K, like arterial calcifications [60]. Indeed, rat VKORL1 was shown to be up to 50‐
fold more resistant to warfarin as compared to VKORC1 in one study [61], although such a
finding has been contested [62]. However, the rate at which VKORL1 reduces KO may be
significantly slower than VKOR [60], and mice missing VKOR (but expressing VKORL1) bled
to death shortly after birth [63], suggesting a different function for VKORL1. It has also been
suggested that VKORL1 may play a role in the vitamin K cycle by reducing vitamin K to KH2

[64], although such a suggestion may be premature, as comparisons of VKOR and VKORL1
activity can be problematic [62]. To gain further insight into the differential functions of
VKORL1 versus VKOR, these authors looked at expression levels of the two genes in different
tissues. They found clear evidence that VKOR and VKORL1 are differentially regulated in rats
and mice, with VKOR showing higher expression in rat liver, lung, and kidney, VKORL1
showing higher expression in the brain, and similar expression profiles in the testis. Overall,
the levels of VKORL1 were relatively constant across organs, while VKOR showed extremely
high levels in the liver but much lower levels in the remaining tissues [61]. Such findings have
led some to hypothesize that VKOR may have evolved to provide cofactor to the vitamin K‐
dependent proteins required for maintaining the high‐flux environment of the circulatory
system and the homeostasis of a calcified skeleton, while the ability of VKORL1 to reduce
vitamin K may be ancillary to its role in antioxidant functions and disulfide bond formation
[39]. The differential activity of VKORL1 compared to VKOR is supported by studies conclu‐
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sively showing that the loop cysteines of VKORL1 are required for activity, in potential contrast
to VKOR [62].

The quest to define a role for bacterial VKORs began with an observation that arose from
studies of a well‐defined, quinone‐dependent pathway in bacteria responsible for catalyz‐
ing the formation of disulfide bonds in some periplasmic proteins. As covalent bonds be‐
tween cysteine residues, disulfide bonds can stabilize otherwise energetically unfavorable
conformations of certain proteins, thus promoting functionality, similar to binding of calci‐
um ions in the Gla‐dependent proteins of eukaryotes. While most disulfide bonds in the
bacterial cytoplasm exist transiently as part of an enzyme catalytic cycle, disulfide bonds in
the periplasm are much more stable. This is due to the activity of disulfide‐bonding protein
A (DsbA), which utilizes two cysteine residues to accept electrons from substrate proteins
[65, 66]. Such an electron‐transfer reaction leads to the oxidation of the substrate protein
(disulfide‐bonded), while leaving the cysteine residues of DsbA in the reduced form (‐SH).
To regenerate active DsbA, electrons need to be transferred to another protein, DsbB [67,
68]. DsbB is localized to the plasma membrane via four transmembrane‐spanning domains
and utilizes two pairs of active‐site cysteines to accept electrons from DsbA and pass them
onto ubiquinone or menaquinone [69–71]. These quinone carriers deposit the electrons onto
a final electron acceptor like oxygen or nitrate through the process of respiration, thus com‐
pleting the disulfide bond generation cycle. While homologs of DsbA and DsbB have been
identified in many bacteria, some do not encode these enzymes but contain disulfide‐bond‐
ed proteins [72]. To identify the enzymes responsible for generating disulfide bonds in
these organisms lacking DsbB, bioinformatics analysis was performed. The results of this
analysis demonstrated that some bacteria encoded a DsbA‐like protein fused to a homolog
of eukaryotic VKOR [44, 72]. Because VKOR and DsbB both utilize catalytic cysteine resi‐
dues in redox‐dependent transfer reactions, have multiple membrane‐spanning domains,
and are known to reduce quinones, it suggested that the bacterial VKOR might function in
a manner analogous to DsbB. Concordant with this, VKOR homologs were found only in
bacteria‐ and archaea‐lacking DsbB [72]. In fact, the VKOR encoded by Mycobacterium tu‐
berculosis (Mtb) can restore disulfide bond activity to an E. coli strain missing dsbB [72], and
a VKOR homologue has been shown to catalyze disulfide bond formation in cyanobacteria
[73]. Therefore, despite the fact that DsbB and VKOR show no significant homology at the
amino acid level, they perform analogous reactions. Perhaps even more striking, the
VKOR‐dependent disulfide bond activity in this E. coli strain can be inhibited by high con‐
centrations of the anti‐coagulant warfarin, providing another link between the bacterial
and eukaryotic enzymes [74]. Such results are of course strikingly analogous to the poten‐
tial role of VKORL1 in the formation of disulfide bonds in the ER lumen. The crystal struc‐
ture of the fused DsbA‐VKOR from Synechococcus suggests that the reactions performed by
bacterial and eukaryotic VKORs may proceed via similar mechanisms and may provide
insights into the inhibition by warfarin and other anti‐coagulants [75, 76]. The Synechococ‐
cus VKOR (synVKOR) is, however, slightly different than the mammalian enzyme in that it
utilizes ubiquinone as a cofactor rather than MK. The epoxide form of ubiquinone has not
been found in Synechococcus, as with other bacteria, and synVKOR cannot reduce vitamin
KO to the hydroquinone form [75]. While DsbB has been shown to encode four transmem‐
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brane domains, studies using fusion proteins show that the bacterial VKOR spans the plas‐
ma membrane five times, with the fifth‐TM segment usually allowing for the fusion to the
periplasmic DsbA. Despite this difference in topology, all four active site cysteines face the
periplasm [77]. Like DsbB, the cysteines in bacterial VKOR are essential for the formation
of a mixed disulfide with DsbA, but the pairs of cysteines are reversed in regards to their
order within the amino acid sequence [77]. Phylogenetic analysis of VKOR and DsbB sug‐
gests that these two enzymes are in fact related evolutionarily, having diverged from a sin‐
gle lipidic quinone–disulfide oxidoreductase superfamily [78]. The diversion would appear
to have led to differential function as well, for while eukaryotic VKORs reduce the epoxide
form of K2 to the quinone and the hydroquinone form in order to provide substrate for the
gamma‐glutamate carboxylase reaction, there is no evidence for gamma‐glutamate carbox‐
ylases in bacteria.

Despite the fact that there is little overall homology in the amino acid sequences of human
VKOR and Mtb VKOR, the enzymes appear to catalyze very similar reactions, at least from a
redox perspective. It is therefore interesting to test whether they are interchangeable. Expres‐
sion of Mtb VKOR in mammalian cell lines confirmed that the bacterial VKOR is capable of
reducing both vitamin K and vitamin KO to KH2 [79]. While the loop cysteines of Mtb VKOR
(Cys‐57 and Cys‐65) are essential for disulfide bond activity when expressed in E. coli, they
may not be required for reduction of vitamin K epoxide in mammalian cells [79].

Studies of the functionality of mammalian VKORs in bacteria have been more problematic.
Expression of hVKOR in E. coli results in the formation of inclusion bodies, thus preventing
any attempts to assess function in vivo. Additionally, reconstitution of recombinant hVKOR
activity from insoluble fractions was strictly dependent on the nature of the membrane
composition [80]. Attempts to restore disulfide bond formation to a ΔdsbB strain of E. coli by
expressing either the rat or human VKOR have so far been unsuccessful at least in part due to
the lack of stable expression [81]. However, selection for a rat VKOR functional in substituting
for DsbB in this system yielded a collection of mutants in the rat vkor gene that encoded amino
acid changes in the protein. Notably, many of these gain of function mutations resulted in
changes in the charge of what is predicted to be the first periplasmic loop of rat VKOR when
it is expressed in E. coli. The charge distribution of amino acids is known to play an important
role in establishing the proper topology of membrane proteins [82, 83]. Further, even higher
levels of protein are detected when the mutant proteins are expressed in E. coli strains carrying
mutations that alter the YidC insertase, a protein necessary for membrane localization of some
proteins or mutations eliminating the cytoplasmic protease HslV [81]. Mutant strains harbor‐
ing both yidC and hslV mutations showed significantly more VKOR activity and protein levels.
These results suggest that while the bacterial VKOR can be properly inserted into the ER
membrane for the reduction of vitamin KO, the mammalian VKOR may not be able to be
properly inserted in the bacterial plasma membrane without initial changes in the protein itself.
Nevertheless, the mutant versions of rat VKOR that are expressed in E. coli are sensitive to
anticoagulants, suggesting that the functional expression even of the mutant enzyme may
provide a powerful tool for its study.
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dues in redox‐dependent transfer reactions, have multiple membrane‐spanning domains,
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brane domains, studies using fusion proteins show that the bacterial VKOR spans the plas‐
ma membrane five times, with the fifth‐TM segment usually allowing for the fusion to the
periplasmic DsbA. Despite this difference in topology, all four active site cysteines face the
periplasm [77]. Like DsbB, the cysteines in bacterial VKOR are essential for the formation
of a mixed disulfide with DsbA, but the pairs of cysteines are reversed in regards to their
order within the amino acid sequence [77]. Phylogenetic analysis of VKOR and DsbB sug‐
gests that these two enzymes are in fact related evolutionarily, having diverged from a sin‐
gle lipidic quinone–disulfide oxidoreductase superfamily [78]. The diversion would appear
to have led to differential function as well, for while eukaryotic VKORs reduce the epoxide
form of K2 to the quinone and the hydroquinone form in order to provide substrate for the
gamma‐glutamate carboxylase reaction, there is no evidence for gamma‐glutamate carbox‐
ylases in bacteria.

Despite the fact that there is little overall homology in the amino acid sequences of human
VKOR and Mtb VKOR, the enzymes appear to catalyze very similar reactions, at least from a
redox perspective. It is therefore interesting to test whether they are interchangeable. Expres‐
sion of Mtb VKOR in mammalian cell lines confirmed that the bacterial VKOR is capable of
reducing both vitamin K and vitamin KO to KH2 [79]. While the loop cysteines of Mtb VKOR
(Cys‐57 and Cys‐65) are essential for disulfide bond activity when expressed in E. coli, they
may not be required for reduction of vitamin K epoxide in mammalian cells [79].

Studies of the functionality of mammalian VKORs in bacteria have been more problematic.
Expression of hVKOR in E. coli results in the formation of inclusion bodies, thus preventing
any attempts to assess function in vivo. Additionally, reconstitution of recombinant hVKOR
activity from insoluble fractions was strictly dependent on the nature of the membrane
composition [80]. Attempts to restore disulfide bond formation to a ΔdsbB strain of E. coli by
expressing either the rat or human VKOR have so far been unsuccessful at least in part due to
the lack of stable expression [81]. However, selection for a rat VKOR functional in substituting
for DsbB in this system yielded a collection of mutants in the rat vkor gene that encoded amino
acid changes in the protein. Notably, many of these gain of function mutations resulted in
changes in the charge of what is predicted to be the first periplasmic loop of rat VKOR when
it is expressed in E. coli. The charge distribution of amino acids is known to play an important
role in establishing the proper topology of membrane proteins [82, 83]. Further, even higher
levels of protein are detected when the mutant proteins are expressed in E. coli strains carrying
mutations that alter the YidC insertase, a protein necessary for membrane localization of some
proteins or mutations eliminating the cytoplasmic protease HslV [81]. Mutant strains harbor‐
ing both yidC and hslV mutations showed significantly more VKOR activity and protein levels.
These results suggest that while the bacterial VKOR can be properly inserted into the ER
membrane for the reduction of vitamin KO, the mammalian VKOR may not be able to be
properly inserted in the bacterial plasma membrane without initial changes in the protein itself.
Nevertheless, the mutant versions of rat VKOR that are expressed in E. coli are sensitive to
anticoagulants, suggesting that the functional expression even of the mutant enzyme may
provide a powerful tool for its study.

From Protein Folding to Blood Coagulation: Menaquinone as a Metabolic Link between Bacteria and Mammals
http://dx.doi.org/10.5772/63342

269



6. Vitamin K2 as a target for inhibition

MKs are clearly critical components of many aspects of the growth and proliferation of
bacterial and human cells, but most of the enzymes necessary for their biosynthesis are only
bacterially encoded and are missing from humans. MK biosynthesis would appear to be an
ideal target for the development of small molecule inhibitors as potent antibiotics. Among
pathogenic bacteria, Mtb poses one of the most significant threats, as it accounts for nearly two
million deaths annually. While combinatorial antibiotic therapies have been developed against
Mtb, serious complications have arisen that compromise the efficacy of these treatments. In
addition to excessive length of treatment, the side effects of these drugs can be debilitating,
and antibiotic resistance has arisen at a startling rate. In addition, Mtb can remain for long
periods of time in a dormant state in which traditional antibiotics are not effective. However,
even in this quiescent state, Mtb requires an active electron transport chain to maintain
adequate levels of ATP, and MKs therefore play a key role [84]. To this end, researchers have
developed screens specifically targeting the MK biosynthetic pathway of Mtb. Early results
show that compounds‐targeting MenE show some promise [85], and the prenylating enzyme
MenA is also being developed as a target [86, 87]. Most strikingly, one MenA inhibitor
(allylaminomethanone‐A) was shown to be up to 320‐times more effective in killing non‐
replicating Mtb than first line drugs currently prescribed for infection [84], and MenA inhibi‐
tors have been shown to inhibit growth of Mtb resistant to commonly used antitubercular
drugs [86]. Caution must be exercised in advancing such therapies, however, as the full scope
of vitamin K metabolism in the body has not been elucidated. If gut bacteria do contribute
significantly to vitamin K stores in the body, then inhibitors targeting MK biosynthesis may
have significant effects on blood coagulation and bone calcification, for example. MenA
inhibitors are particularly noteworthy, since off‐target effects on the human homolog UBIAD1
could potentially disrupt a number of cellular processes that are only beginning to be under‐
stood.

As an inhibitor of vitamin K‐dependent reactions, warfarin has long been used as an anticoa‐
gulant that at least in part targets human VKOR. While the mycobacterial VKOR has been
shown to be sensitive to warfarin, the amount necessary to inhibit the bacterial enzyme is
orders of magnitudes higher than the amount needed to prevent blood coagulation [74]. This
would suggest that while the human and bacterial VKORs can perform similar functions and
do so by similar mechanisms, the divergence in the amino acid sequence of the two is significant
enough that treatment of mycobacterial infection with anticoagulants would not be an effective
therapeutic strategy. However, ferulenol, an anticoagulant, shown to be approximately 20‐fold
more potent against human VKOR than warfarin, showed similar potency against the
VKOR from Synechococcus [75]. It is therefore possible that drug discovery efforts to identify
novel anticoagulants may impact the search for inhibitors of bacterial VKOR and vice versa.

Disulfide bond formation appears to be dispensable for in vitro aerobic growth of E. coli and
other bacteria, although many virulence factors absolutely require disulfide bonds for proper
assembly and function. Bacteria disrupted in the DSB pathway are rendered less virulent, and
E. coli cannot grow anaerobically, suggesting that small molecule inhibitors of DsbB‐ or VKOR‐
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dependent pathways may be potent anti‐virulents and may prevent anaerobic growth of some
pathogens. Mtb is especially vulnerable to such compounds, as VKOR is essential for growth
of this organism, even in aerobic environments [88]. Bacterial DsbBs and VKORs therefore
make attractive targets for antibiotic therapies.

The fact that DsbB and MtbVKOR perform complementary functions but lack amino acid
homology allowed our laboratory to develop a screen to identify potential small molecule
inhibitors that specifically target DsbB or MtbVKOR [89]. β‐galactosidase (LacZ) is a cytoplas‐
mic enzyme capable of cleaving the disaccharide lactose to yield galactose and glucose. The
activity of this enzyme can be readily monitored in E. coli by using the lactose analog Isopropyl
5‐bromo‐4‐chloro‐3‐indolyl‐β‐D‐galactopyranoside (X‐gal)—successful cleavage of X‐gal
yields an insoluble blue dye that can readily be distinguished by eye. When lacZ is fused to
the gene encoding the membrane protein MalF, however, the enzyme is exported into the
periplasm and is inactivated by the formation of inappropriate disulfide bonds. Strains
expressing this fusion construct appear white on X‐gal, as the substrate cannot be cleaved.
However, strains lacking dsbB appear blue on X‐gal when expressing this construct, as these
cells lack the ability to catalyze the formation of the inappropriate disulfide bonds in LacZ. In
such a case, LacZ is active and capable of cleaving X‐gal. When the ΔdsbB strain is comple‐
mented with a construct expressing lowered‐levels of dsbB or with Mtb vkor, the strains appear
white again, as disulfide bond formation is restored. When libraries of small molecules are
applied to E. coli strains differentially expressing E. coli dsbB (or the dsbB from another Gram‐
negative bacterium) or Mtb vkor along with the MalF‐LacZ fusion in a high‐throughput format,
specific inhibitors of DsbB or VKOR can easily be identified by the appearance of a blue color.
The differences in the primary structure of DsbB and VKOR would suggest that any compound
that inhibits one should not inhibit the other. For this reason, each strain acts as a strong counter
screen for the other. We have successfully employed this screen to identify several strong,
specific inhibitors of the DsbB from E. coli as well as several other important pathogens, and
we continue to use it to screen for potential inhibitors of the Mtb vkor. Further efforts to express
functional mammalian VKOR and VKORL1s in the E. coli screening strain would not only
provide a means by which to test potential side effects of compounds targeting the bacterial
enzymes, but may offer a high‐throughput approach to identifying new compounds capable
of inhibiting VKOR‐dependent processes in mammals. Additionally, because the screening
system provides an easily monitored readout for VKOR activity, it might be used to study
hVKOR variants shown to be resistant to anticoagulant therapies. Such studies could lead to
more precisely targeted and potent blood thinners.

7. Conclusions

Since their incorporation into the electron transfer pathways of ancient microbes, menaqui‐
nones have become a cornerstone of redox‐dependent reactions in almost every domain of life.
Their ability to interact with a large variety of proteins, to readily accept and donate electrons,
and to easily move within biological membranes have combined to make MKs flexible and
efficient molecular wires. As such, organisms have evolved to integrate MKs into many
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6. Vitamin K2 as a target for inhibition
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Disulfide bond formation appears to be dispensable for in vitro aerobic growth of E. coli and
other bacteria, although many virulence factors absolutely require disulfide bonds for proper
assembly and function. Bacteria disrupted in the DSB pathway are rendered less virulent, and
E. coli cannot grow anaerobically, suggesting that small molecule inhibitors of DsbB‐ or VKOR‐
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The fact that DsbB and MtbVKOR perform complementary functions but lack amino acid
homology allowed our laboratory to develop a screen to identify potential small molecule
inhibitors that specifically target DsbB or MtbVKOR [89]. β‐galactosidase (LacZ) is a cytoplas‐
mic enzyme capable of cleaving the disaccharide lactose to yield galactose and glucose. The
activity of this enzyme can be readily monitored in E. coli by using the lactose analog Isopropyl
5‐bromo‐4‐chloro‐3‐indolyl‐β‐D‐galactopyranoside (X‐gal)—successful cleavage of X‐gal
yields an insoluble blue dye that can readily be distinguished by eye. When lacZ is fused to
the gene encoding the membrane protein MalF, however, the enzyme is exported into the
periplasm and is inactivated by the formation of inappropriate disulfide bonds. Strains
expressing this fusion construct appear white on X‐gal, as the substrate cannot be cleaved.
However, strains lacking dsbB appear blue on X‐gal when expressing this construct, as these
cells lack the ability to catalyze the formation of the inappropriate disulfide bonds in LacZ. In
such a case, LacZ is active and capable of cleaving X‐gal. When the ΔdsbB strain is comple‐
mented with a construct expressing lowered‐levels of dsbB or with Mtb vkor, the strains appear
white again, as disulfide bond formation is restored. When libraries of small molecules are
applied to E. coli strains differentially expressing E. coli dsbB (or the dsbB from another Gram‐
negative bacterium) or Mtb vkor along with the MalF‐LacZ fusion in a high‐throughput format,
specific inhibitors of DsbB or VKOR can easily be identified by the appearance of a blue color.
The differences in the primary structure of DsbB and VKOR would suggest that any compound
that inhibits one should not inhibit the other. For this reason, each strain acts as a strong counter
screen for the other. We have successfully employed this screen to identify several strong,
specific inhibitors of the DsbB from E. coli as well as several other important pathogens, and
we continue to use it to screen for potential inhibitors of the Mtb vkor. Further efforts to express
functional mammalian VKOR and VKORL1s in the E. coli screening strain would not only
provide a means by which to test potential side effects of compounds targeting the bacterial
enzymes, but may offer a high‐throughput approach to identifying new compounds capable
of inhibiting VKOR‐dependent processes in mammals. Additionally, because the screening
system provides an easily monitored readout for VKOR activity, it might be used to study
hVKOR variants shown to be resistant to anticoagulant therapies. Such studies could lead to
more precisely targeted and potent blood thinners.

7. Conclusions

Since their incorporation into the electron transfer pathways of ancient microbes, menaqui‐
nones have become a cornerstone of redox‐dependent reactions in almost every domain of life.
Their ability to interact with a large variety of proteins, to readily accept and donate electrons,
and to easily move within biological membranes have combined to make MKs flexible and
efficient molecular wires. As such, organisms have evolved to integrate MKs into many
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metabolic processes, thus plugging into previously untapped sources of power. While
researchers have seemed to only scratch the surface of the myriad uses for MKs to this point,
further investigation will yield not only fascinating insights into the biochemical pathways
critical to life, but may be a crucial starting point for the development of therapies designed
to protect and enhance those pathways.
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Abstract

In prokaryotes, vitamin K2 (menaquinone) transfers two electrons in a process of aerobic
or anaerobic respiration. Respiration occurs in the cell membrane of prokaryotic cells.
Electron donors transfer two electrons to menaquinone (MK). Menaquinone in turn
transfers these electrons to an electron acceptor. Menaquinones are vital for the electron
transport chain. In the spectrum of Gram‐positive bacteria and Mycobacterium  spp.,
vitamin K2 serves as the only quinone molecule in their electron shuffling systems.
Hence, the bacterial enzymes associated with biosynthesis of the menaquinone(s) serve
as potential  target molecules for the development of new antibacterial  drugs. This
chapter summarizes the effects of vitamin K2 in bacteria and describes in more detail
the  aspects  of  menaquinone  in  bacterial  electron  transport  in  general,  while  also
featuring the discoveries of menaquinone biosynthesis inhibitors.

Keywords: vitamin K1, vitamin K2, menaquinone, menaquinone biosynthesis, electron
transport systems, ATP biosynthesis, Gram‐positive bacteria, Mycobacterium tuberculo‐
sis, antibacterial agents

1. Introduction

Vitamin K is a lipid‐soluble vitamin that facilitates the process of blood clot formation. Henrick
Dam and Edward Doisy were co‐awarded the Nobel Prize in 1943 for the discovery of vitamin
Ks and the discovery of their structure. Naturally existing forms of vitamin K, vitamin K1 (i.e.,
phylloquinone), and vitamin K2 (i.e., menaquinone) can be found in the human liver (some 10%
of phylloquinone of the total vitamin K contents), as well as in other tissues in rather low amounts;
vitamin K1 accumulates in the liver, while vitamin K2 is effectively distributed to other body
organs [1]. Phylloquinone stems from the dietary intake, while menaquinones are synthesized
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by bacteria of the intestine. However, no direct evidence can be established for the biological
effects of menaquinones in humans; however, it is surmised that menaquinones mainly are
utilized in the synthesis of blood‐clotting factors upon the depletion of phylloquinone [2].
Additionally, menaquinones have proven to be more efficient than phylloquinone as a bioactive
molecule in processes such as osteroclast differentiation, lowering of blood cholesterol levels,
as well as the slowing down of atherosclerotic progression.

The menaquinones have proven to be important in several biological reactions, for example
electron transport, active transport, oxidative phosphorylation, as well as endospore formation
in bacteria. Furthermore, variations in the inherent molecular structures of the menaquinones
and their skewed distributions among bacterial strains are considered as an important marker
in bacterial taxonomy [3]. The biosynthesis of menaquinone has been subject to considerable
attention in the quest for drug targets displaying multidrug resistance toward Gram‐positive
pathogenic microorganisms, including Mycobacterium tuberculosis.

2. Vitamin K: general molecular structures

There are two naturally occurring forms of vitamin K. Plants and some cyanobacteria synthe‐
size phylloquinone, which is also known as vitamin K1. Bacteria synthesize a range of vitamin
K, but not vitamin K1, using the different lipophilic side chains derived from isoprene (5‐
carbon) units. Bacterial vitamin K(s) are designated menaquinone‐n (MK‐n), where “n” stands
for the number of isoprenoid (5‐carbon) units. Vitamin K1 and K2 share the common molecular
structure, belonging to the 2‐methyl‐1,4‐naphthoquinone system, and they appear to be differ
structurally in their number of isoprene units within their side chain, as well as their degree
of unsaturation [4] (Figure 1). Menaquinones, displaying side chains containing up to 15
isoprene units have been identified. For instance, MK‐8 is predominantly seen in E. coli, while
M. tuberculosis mainly utilizes MK‐9 as the preferred electron carrier. The menaquinones, which
possess from 2 to 13 isoprene units, have been detected in both human and animal tissues. A
plethora of synthetic vitamin K(s) are now commercially available, and biochemically fabri‐
cated vitamin K(s), in the form of vitamin K3, K4, and K5, are applied in several areas, which
include pet food industry (e.g., VK3), as well as human supplements (e.g., VK5).

Figure 1. Structures of vitamin K1 and K2 and synthetic vitamin Ks (vitamin K3, K4, and K5).
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3. Vitamin K in humans

The role of vitamin K as a cofactor in blood coagulation stems from the post‐translational
modification of a number of plasma proteins such as factors II, VII, IX, X, proteins C, S, Gla
(γ‐carboxyglutamic acid) proteins has been well‐documented. In addition to the essential
role of vitamin K in the blood‐clotting cascade, the potential role in the increase of bone mass
[5, 6], antioxidant mechanisms [7], the biosynthesis of cholesterol and steroid hormones [8],
and anticancer effects have been reported [9, 10].

Vitamin K is taken up by organs such as the liver and bones, but abundantly distributed in
other organs such as the brain, the kidneys, and gonadal tissues [11]. However, the exact role
of vitamin K in the present tissues is not well described. The distribution of vitamin K moieties
is varying, which depends on the molecular structure of the side chain. As for humans,
vitamin K1 is distributed to all tissues and organs, with relatively large amounts to the liver,
the heart, and the pancreas (some 10.6, 9.3, 28.4 pmol/g wet tissue weight, respectively).
However, low levels (<2 pmol/g) were measured in the brain, kidney, and lung tissue speci‐
mens. Menaquinone‐4 (MK‐4) also seems to be distributed to a plethora of other tissues, that
is, its levels exceed the levels of vitamin K1 detected in the brain and kidneys (2.8 ng/g), which
equals to that found in the pancreas. However, some organs, such as the liver, heart, and lung
remain low in terms of MK‐4 contents. The less known MK‐6 ∼ 11 menaquinone species are
also found in the liver, while only small amounts of MK‐6 ∼ 9 are detected in organs such as
the heart and pancreas. Finally, the total amount of vitamin K reported in human plasma was
in the range of 0.47 ∼ 1.19 nmol/L [1, 12].

Vitamin K can be absorbed well from diet; however, total vitamin K levels are depend greatly
on the gut or digestive health. The intestinal bacteria (i.e., microbiota) influence human
nutrition and metabolism in diverse ways. The gut microbiota produces menaquinone; thus,
it is considered that vitamin K deficiency is quite rare for healthy humans. In addition, the
vitamin K1 is absolutely abundant in leafy and salad vegetables, and herbs. It is easy to
understand that newborn babies are born with a vitamin K deficiency, giving newborns a
vitamin K injection upon birth or oral vitamin K drops is established to prevent bleeding or a
hemorrhagic disease development. In general, vitamin K deficiency results from extremely
inadequate intake of fat (malabsorption) or use of coumarin anticoagulants.

4. The role of vitamin K2 in electron transport system

Function of ubiquinone (Q) (coenzyme Q10) as a component of the mitochondrial respiratory
chain in human is well established (“the chemiosmotic theory,” Mitchell, 1978). In prokaryotes,
especially in Gram‐positive bacteria, vitamin K2 (menaquinone) will transfer two electrons in
a process of aerobic or anaerobic respiration. Respiration occurs in the cell membrane of
prokaryotic cells. Electron donors transfer two electrons to menaquinone. Menaquinone in
turn transfer these electrons to an electron acceptor. Schematic electron flow mediated by
menaquinone in M. tuberculosis is illustrated in Figure 2A. The exact organization of enzymes
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in respiratory chains will vary among different bacteria. Nicotinamide adenine dinucleotide
phosphate (NADH) is the most important electron donor in eukaryotes (Figure 2B); however,
bacteria can use a number of different electron donors, dehydrogenases, oxidases and
reductases, and electron acceptors. Electrons are transported along the membrane through
menaquinone and a series of protein carriers.

Figure 2. Schematic electron flow systems. (A) Electron transport systems of Gram‐positive bacterial and Mycobacteri‐
um spp. (B) Mitochondrial electron transport chain.

Protons are translocated across the cell membrane (from the cytoplasm to the periplasmic
space) concomitantly. Synthesis of Adenosine triphosphate (ATP) from ADP and phosphate
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is coupled with protons move through these complexes (Figure 2). Therefore, CoQ10 and
menaquinone occupy a central and essential role in Adenosine triphosphate (ATP) synthesis
[13, 14]. From the taxonomic studies, it is evident that the majority of Gram‐positive bacteria
including Mycobacterium spp. utilize only menaquinone in their electron transport systems
[15], and menaquinone biosynthesis is essential for survival of Gram‐positive bacteria [16, 17].
Several in vitro studies indicated that exogenous menaquinone did not rescue the bacteria
treated with selective menaquinone biosynthesis inhibitors [18]. Menaquinone biosynthesis
has been extensively studied in E. coli. A plethora of Gram‐negative organisms use CoQ in
their electron transport systems when aerobic conditions prevail, but menaquinone under
anaerobic conditions. However, the reaction chain facilitating electron transport humans does
not use menaquinone. Unquestionably, the chain of reactions funneling the transport of
electrons serves as a central component in the synthesis of Adenosine triphosphate (ATP) and
the subsequent multiplication of bacteria (Figure 2). Hence, inhibitors of the biosynthesis of
menaquinone or inhibitors specifically targeting the enzymes linked to electron transport
systems display the potential for the development of novel and selective drugs against
multidrug‐resistant (MDR) Gram‐positive bacteria. Although the functions of vitamin K1 in
humans and vitamin K2 in bacteria are entirely different, drug discovery targeting vitamin K2

or its biosynthesis requires careful consideration of vitamin K distribution in tissue and
selectivity against the target protein because essential vitamin K‐dependent protein(s) may be
interfered by vitamin K biosynthesis inhibitors. Nonetheless, many evidences support that
menaquinone biosynthesis inhibitors can be developed into selective antibacterial agents for
infections caused by Gram‐positive bacteria and Mycobacterium spp.

5. Biosynthesis of menaquinone

Menaquinones play an important role in electron transport, and oxidative phosphorylation.
In addition, they are responsible for active transport, and endospore formation in some Bacillus
species [19]. The biosynthetic steps leading to menaquinone have been studied in E. coli (vide
supra) [19, 20]. The synthesis of menaquinone is accomplished by MenA‐MenG as illustrated
in Figure 3. These enzymes are encoded by two clusters of genes. The men gene cluster
consists of the MenB, C, D, E, and F and a separate cluster containing MenA and MenG [21, 22].
The biosynthesis of menaquinone is initiated from chorismate and proceeds through a series
of menaquinone‐specific reactions. MenF is isomerizing to chorismate in order to form
isochorismate. MenD (a thiamine diphosphate‐dependent enzyme) catalyzes a Stetter‐like
conjugate addition (a 1,4‐addition of an carbonyl molecule to α β‐unsaturated compound) of
α‐ketoglutarate with isochorismate, forming 2‐succinyl‐5‐enolpyruvyl‐6‐hydroxy‐3‐cyclohex‐
adiene‐1‐carboxylate. Its pyruvate moiety is eliminated by MenH to yield 2‐succinyl‐6‐
hydroxy‐2,4‐cyclohexadiene‐1‐carboxylate. MenC catalyzes aromatization of 2‐succinyl‐6‐
hydroxy‐2,4‐cyclohexadiene‐1‐carboxylate, forming o‐succinylbenzoate. MenE is an o‐
succinylbenzoate‐CoA ligase, which converts o‐succinylbenzoate to o‐succinylbenzoate‐CoA.
Thereafter, MenB catalyzes a formal Dieckmann type of condensation of o‐succinylbenzoate‐
CoA to yield 1,4‐dihydroxy‐2‐naphthoyl‐CoA, which, in turn, is being hydrolyzed to 1,4‐
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dihydroxy‐2‐naphthoate (DHNA) thioeter‐splitting enzyme encoded by yfbB. In contrast, the
prenyl diphosphate with appropriate size (i.e., n = 7 in E. coli) is being biosynthesized by the
iterative reaction of allyl diphosphate in the presence of isopentenyl diphosphate. Then,
DHNA is prenylated and methylated by MenA and MenG, respectively, yielding menaqui‐
nones as the end product. The side chains of menaquinones vary in different species and even
within the same organisms. The more common of menaquinones display 7, 8, and 9 isoprene
(C‐5) units; MK‐7 serves as the major menaquinone entity in several Gram‐positive spore‐
forming bacteria. MK‐8 can be found in E. coli, while MK‐9 in common in M. tuberculosis.
However, menaquinones containing 4, 5, 6, 10, 11, 12, and 13 isoprene units have been reported
in bacteria.

Figure 3. Biosynthesis of menaquinone.

Menaquinones are the predominant isoprenoid lipoquinones of Gram‐positive bacteria,
whereas Gram‐negative bacteria and enterobacteria use menaquinone (MK), demethylmena‐
quinone (DMK), and ubiquinone (Q) in their electron transport chains (Figure 2). Recent
studies have shown that several γ‐proteobacteria appear to share the similar electron transport
system to that observed in E. coli [23–26]. Several studies indicated that the regulation of
menaquinone biosynthesis of aerobically growing bacteria is different from those of bacteria
under anaerobic respiratory conditions being controlled by FNR as the general regulator.
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Additionally, the MK/DMK ratio is not dependent on the fur locus, and substantial amounts
of naphthoquinones (MK and DMK) are retrieved only during anaerobic conditions in E. coli.
The menaquinones were detected almost no exception within the bacterial membrane. The
total amount of naphthoquinones was found to be some 0.60 ∼ 1.09 μmol/g cell. It has become
evident that several bacterial species do not have methylase (or MenG) and thus produce DMK
as their sole quinone [19]. Conversion from MK to DMK is the last step in the biosynthesis.
The activity of the DMK methylase is likely to be regulated by the presence or absence of the
electron carriers or by the supply of S‐adenosylmethionine [20]. A bioinformatic analysis of
whole‐genome sequences suggested that some microorganisms, including Helicobacter pylori
and Campylobacter jejuni, and lactobacilli do not have orthologs of the men genes, although
they synthesize menaquinone. These bacteria synthesize menaquinones in an alternative
pathway via futalosine via alternative pathway (Figure 3) [23].

6. Antibacterial drug discovery by targeting menaquinone biosynthesis

Menaquinone is the sole quinone in the electron transport chain in the majority of Gram‐
positive bacteria including Mycobacterium spp. The biosynthetic pathway leading to menaqui‐
none is absent in humans; therefore, the bacterial enzymes responsible for menaquinone
biosynthesis are potential drug targets for development of novel antibacterial agents. It is
speculated that dormant (non‐replicating) M. tuberculosis displays a less active metabolism and
also diminished energy reserves; however, Adenosine triphosphate (ATP) synthesis during
oxidative phosphorylation is active during the dormant state. Therefore, inhibition of the
menaquinone biosynthesis might exert serious effects on the maintenance of dormancy in M.
tuberculosis. This concept emphasized the reports that phenothiazines block the type II
Nicotinamide adenine dinucleotide phosphate (NADH): menaquinone oxidoreductase
(Figure 4) in the bacterial respiratory chain and also were effective in killing non‐replicating
M. tuberculosis [27]. Interestingly, it was demonstrated that inhibition of MenA (1,4‐dihydroxy‐
2‐naphthoate prenyltransferase) (Figure 3) showed significant growth inhibitory activities
against drug‐resistant Mycobacterium spp. and Gram‐positive bacteria [28]. MenA inhibitors

Figure 4. Electron flow in M. tuberculosis and type II Nicotinamide adenine dinucleotide phosphate (NADH) dehydro‐
genase inhibitors.
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effectively killed non‐replicating M. tuberculosis in vitro. Several other promising biological date
were generated on MenA as a new antibacterial drug target; (1) M. tuberculosis growth in vitro
could not be rescued by exogenous vitamin K2 supplementation, (2) all Gram‐positive bacteria
tested (e.g., Staphylococcus aureus, Enterococcus faecalis, and Clostridium difficile) were susceptible
to MenA inhibitors, whereas Gram‐negative bacteria (E. coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, and Acinetobacter baumannii) were not susceptible under aerobic conditions, and (3)
MenA inhibitors are effective in killing E. coli under anaerobic conditions [18]. To date, several
menaquinone biosynthesis enzymes have been studies for the development of novel antibac‐
terial agents.

7. Menaquinone biosynthesis inhibitors

7.1. MenA inhibitors

Among the menaquinone biosynthesis enzymes, MenA is a membrane‐associated protein that
catalyzes prenylation of demethylmenaquinone (DMK), forming 1,4‐dihydroxy‐2‐naphtoate
(DHNA). Analyses of the amino acid sequence of MenA were revealed that MenA displays
five transmembrane segments, and that there exists highly conserved aspartate (D), which
would be localized to the inner‐plasma membrane, which was being predicted by the aid of
a prediction program (Sosui) [14]. The activity is totally dependent on the presence of divalent
cations, such as Mg2+. It is therefore likely that these divalent cations produce ion pairs with
Asp residues contained within the catalytic site within MenA. A library of DMMK mimics
possessing the amino group(s) were generated and evaluated in an enzymatic assay in vitro
(IC50) against Mtb MenA. Identified MenA inhibitors were evaluated in bacterial growth
inhibitory assays (MIC). The tertiary or secondary amine‐containing benzophenone derivatives
1 and 2 are the first‐generation MenA inhibitors that exhibited bactericidal activities against
M. tuberculosis (MIC 1–1.5 μg/mL for 1) and Methicillin‐resistant Staphylococcus aureus
(MRSA) (MIC 4.0 μg/mL for 2), respectively. These molecules are inhibited growth of drug‐
resistant Mycobacterium spp. and drug‐resistant Gram‐positive bacteria (vancomycin‐resistant
S. aureus, vancomycin‐resistant E. faecalis, and linezolid‐resistant Methicillin‐resistant
Staphylococcus aureus (MRSA)) at low concentrations [29, 30]. Significantly, the MenA

Figure 5. MenA inhibitors.
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inhibitor 1 killed non‐replicating M. tuberculosis much faster than first‐line Tuberculosis (TB)
drug, rifampicin at lower concentrations. Later, the same group developed selective antimy‐
cobacterial MenA inhibitor 3. The optically pure 3 is the most active molecule in killing non‐
replicating Mtb. In vitro data with selective MenA inhibitors suggested that menaquinone
biosynthesis is important in maintaining mycobacterial viability under conditions of restricted
oxygen [18]. MenA inhibitors are likely to block the electron flow, consequently inhibiting the
bacterial growth. The other group identified 7‐methoxy‐2‐naphthol‐based MenA inhibitors
(e.g., 4) that killed M. tuberculosis and Gram‐positive bacteria with the MIC level of 3–25 μg/mL
(Figure 5) [31].

7.2. MenB inhibitors

One of at least seven enzymes in menaquinone biosynthesis, MenB (1,4‐dihydroxy‐2‐naph‐
thoyl‐CoA synthase) forms the bicyclic ring system by catalyzing the Dieckmann type
reaction of o‐succinylbenzoyl‐coenzyme A to 1,4‐dihydroxy‐2‐naphthoic acid. A high‐
resolution co‐crystal structure of E. coli MenB with a stabilized analog of o‐succinylbenzoylCoA
was successfully diffracted. The MenB X‐ray structure provides important insight into the
catalytic mechanism. Similarly, the X‐ray structure of MenB from M. tuberculosis was charac‐
terized. A high‐throughput screen (HTS) against M. tuberculosis MenB led to the discovery of
2‐amino‐4‐oxo‐4‐phenylbutanoic acid (5) that inhibits MenB at low nanomolar concentrations
[32]. Later, methyl 4‐(4‐chlorophenyl)‐4‐oxobut‐2‐enoate (6) was reported to inhibit MenB by
forming the CoA adduct, 7. The adduct 7 binds to the S. aureus MenB with a Kd value of 2 μM,
and also killed drug‐sensitive and drug‐resistant S. aureus strains at 0.35–0.75 μg/mL concen‐
trations [33]. Bacterial growth inhibitory assays of 6 against a battery of bacteria concluded
that 6 is effective only against bacteria that utilize menaquinone for respiration. In vivo efficacy
of 1 using the mouse models of Methicillin‐resistant Staphylococcus aureus (MRSA) infection
revealed that 6 increased survival in a systemic infection model and resulted in a dose‐
dependent decrease in bacterial load [34]. These in vitro and in vivo studies came to the
conclusion that MenB is a valid target for the development of new anti‐Methicillin‐resistant
Staphylococcus aureus drug and infections caused by Gram‐positive bacterial infections
(Figure 6).

Figure 6. MenB inhibitors.

7.3. MenD inhibitors

MenD (2‐succinyl‐5‐enolpyruvyl‐6‐hydroxy‐3‐cyclohexadiene‐1‐carboxylate synthase) catal‐
yzes a thiamin diphosphate‐dependent decarboxylative carboligation of α‐ketoglutarate and
isochorismate via a Stetter‐like conjugate addition. MenD is also essential for menaquinone

Vitamin K2 Biosynthesis: Drug Targets for New Antibacterials
http://dx.doi.org/10.5772/65487

289



effectively killed non‐replicating M. tuberculosis in vitro. Several other promising biological date
were generated on MenA as a new antibacterial drug target; (1) M. tuberculosis growth in vitro
could not be rescued by exogenous vitamin K2 supplementation, (2) all Gram‐positive bacteria
tested (e.g., Staphylococcus aureus, Enterococcus faecalis, and Clostridium difficile) were susceptible
to MenA inhibitors, whereas Gram‐negative bacteria (E. coli, Klebsiella pneumoniae, Pseudomonas
aeruginosa, and Acinetobacter baumannii) were not susceptible under aerobic conditions, and (3)
MenA inhibitors are effective in killing E. coli under anaerobic conditions [18]. To date, several
menaquinone biosynthesis enzymes have been studies for the development of novel antibac‐
terial agents.

7. Menaquinone biosynthesis inhibitors

7.1. MenA inhibitors

Among the menaquinone biosynthesis enzymes, MenA is a membrane‐associated protein that
catalyzes prenylation of demethylmenaquinone (DMK), forming 1,4‐dihydroxy‐2‐naphtoate
(DHNA). Analyses of the amino acid sequence of MenA were revealed that MenA displays
five transmembrane segments, and that there exists highly conserved aspartate (D), which
would be localized to the inner‐plasma membrane, which was being predicted by the aid of
a prediction program (Sosui) [14]. The activity is totally dependent on the presence of divalent
cations, such as Mg2+. It is therefore likely that these divalent cations produce ion pairs with
Asp residues contained within the catalytic site within MenA. A library of DMMK mimics
possessing the amino group(s) were generated and evaluated in an enzymatic assay in vitro
(IC50) against Mtb MenA. Identified MenA inhibitors were evaluated in bacterial growth
inhibitory assays (MIC). The tertiary or secondary amine‐containing benzophenone derivatives
1 and 2 are the first‐generation MenA inhibitors that exhibited bactericidal activities against
M. tuberculosis (MIC 1–1.5 μg/mL for 1) and Methicillin‐resistant Staphylococcus aureus
(MRSA) (MIC 4.0 μg/mL for 2), respectively. These molecules are inhibited growth of drug‐
resistant Mycobacterium spp. and drug‐resistant Gram‐positive bacteria (vancomycin‐resistant
S. aureus, vancomycin‐resistant E. faecalis, and linezolid‐resistant Methicillin‐resistant
Staphylococcus aureus (MRSA)) at low concentrations [29, 30]. Significantly, the MenA

Figure 5. MenA inhibitors.

Vitamin K2 - Vital for Health and Wellbeing288

inhibitor 1 killed non‐replicating M. tuberculosis much faster than first‐line Tuberculosis (TB)
drug, rifampicin at lower concentrations. Later, the same group developed selective antimy‐
cobacterial MenA inhibitor 3. The optically pure 3 is the most active molecule in killing non‐
replicating Mtb. In vitro data with selective MenA inhibitors suggested that menaquinone
biosynthesis is important in maintaining mycobacterial viability under conditions of restricted
oxygen [18]. MenA inhibitors are likely to block the electron flow, consequently inhibiting the
bacterial growth. The other group identified 7‐methoxy‐2‐naphthol‐based MenA inhibitors
(e.g., 4) that killed M. tuberculosis and Gram‐positive bacteria with the MIC level of 3–25 μg/mL
(Figure 5) [31].

7.2. MenB inhibitors

One of at least seven enzymes in menaquinone biosynthesis, MenB (1,4‐dihydroxy‐2‐naph‐
thoyl‐CoA synthase) forms the bicyclic ring system by catalyzing the Dieckmann type
reaction of o‐succinylbenzoyl‐coenzyme A to 1,4‐dihydroxy‐2‐naphthoic acid. A high‐
resolution co‐crystal structure of E. coli MenB with a stabilized analog of o‐succinylbenzoylCoA
was successfully diffracted. The MenB X‐ray structure provides important insight into the
catalytic mechanism. Similarly, the X‐ray structure of MenB from M. tuberculosis was charac‐
terized. A high‐throughput screen (HTS) against M. tuberculosis MenB led to the discovery of
2‐amino‐4‐oxo‐4‐phenylbutanoic acid (5) that inhibits MenB at low nanomolar concentrations
[32]. Later, methyl 4‐(4‐chlorophenyl)‐4‐oxobut‐2‐enoate (6) was reported to inhibit MenB by
forming the CoA adduct, 7. The adduct 7 binds to the S. aureus MenB with a Kd value of 2 μM,
and also killed drug‐sensitive and drug‐resistant S. aureus strains at 0.35–0.75 μg/mL concen‐
trations [33]. Bacterial growth inhibitory assays of 6 against a battery of bacteria concluded
that 6 is effective only against bacteria that utilize menaquinone for respiration. In vivo efficacy
of 1 using the mouse models of Methicillin‐resistant Staphylococcus aureus (MRSA) infection
revealed that 6 increased survival in a systemic infection model and resulted in a dose‐
dependent decrease in bacterial load [34]. These in vitro and in vivo studies came to the
conclusion that MenB is a valid target for the development of new anti‐Methicillin‐resistant
Staphylococcus aureus drug and infections caused by Gram‐positive bacterial infections
(Figure 6).

Figure 6. MenB inhibitors.

7.3. MenD inhibitors

MenD (2‐succinyl‐5‐enolpyruvyl‐6‐hydroxy‐3‐cyclohexadiene‐1‐carboxylate synthase) catal‐
yzes a thiamin diphosphate‐dependent decarboxylative carboligation of α‐ketoglutarate and
isochorismate via a Stetter‐like conjugate addition. MenD is also essential for menaquinone

Vitamin K2 Biosynthesis: Drug Targets for New Antibacterials
http://dx.doi.org/10.5772/65487

289



biosynthesis in some bacteria and has been recognized as an antibacterial drug target. A
succinylphosphonate ester, 4‐(methoxyoxidophosphoryl)‐4‐oxobutanoate (8) was reported to
be a competitive inhibitor of MenD (Ki values ∼700 nM) [35]. An analog of the cofactor,
thiamine diphosphate, oxythiamine 9 was reported to exhibit MenD enzyme and S. aureus
growth inhibitory activities (Figure 7) [36].

Figure 7. MenD inhibitors.

7.4. MenE inhibitors

MenE (o‐succinylbenzoate‐CoA synthetase) is an essential adenylate‐forming enzyme that is
also a promising target for development of novel antibiotics in the menaquinone biosynthesis.
Adenosylsulfonamide, adenosylsulfamate, and adenosylsulfamide analogs 10, 11, and 12 were
developed as inhibitors of MenE enzymes based on the structure of o‐succinylbenzoate‐CoA.
The vinyl sulfonamide 10 was found to be the most potent MenE inhibitor (IC50 ∼ 5.7 μM
against M. tuberculosis MenE) [37]. The vinyl sulfonamide 10 is a competitive inhibitor of M.
tuberculosis MenE with respect to Adenosine triphosphate (ATP) (Ki = 5.4 ± 0.1 nM) (Figure 8).

Figure 8. MenE inhibitors.

8. Conclusion

Bacterial Adenosine triphosphate (ATP) synthase, F1F0‐ATPase, is a viable target for treatment
of M. tuberculosis infections. Diarylquinolone, an inhibitor of M. tuberculosis Adenosine
triphosphate (ATP) synthase exhibited a remarkable activity against Mycobacterium spp.
Electron transport systems associated with Adenosine triphosphate (ATP) synthases are
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established drug targets for antibacterial and antiprotozoal infections. For example, Nicotina‐
mide adenine dinucleotide phosphate (NADH) hydrogenase is a sustainable drug target for
the malaria parasite and is also a promising target for M. tuberculosis infections. On the other
hand, menaquinone biosynthesis has recently been received attention for the development of
novel antibacterial agents. Menaquinone is a key component of the electron transport systems
in the majority of Gram‐positive bacteria including M. tuberculosis. As summarized in Chap‐
ter 6, inhibitors of menaquinone biosynthesis have been identified and several compounds are
also effective inhibitors of bacterial growth. In development of new drugs for M. tuberculosis
infections, it is the ultimate goal to discover a Tuberculosis (TB) drug that is effective against
human latent tuberculosis infection. Among the menaquinone biosynthesis enzymes, MenA
has been extensively studies as drug target for M. tuberculosis and Gram‐positive bacteria.
Selective MenA inhibitors inhibit the growth of non‐replicating M. tuberculosis, suggesting that
menaquinone is essential in maintaining the bacterial viability during conditions of restricted
levels of oxygen. A large set of data suggest that the DosR/DosS/DosT signaling pathway is
mandatory for M. tuberculosis’ genetic response to hypoxic conditions and nitric oxide, in the
adaptation of M. tuberculosis to conditions triggering a reversible bacteriostasis. In this way,
the DosR/DosS/DosT signaling pathway may contribute to the latency seen in vivo [38]. MenA
inhibitors display the ability to block or hamper the flow of electrons without inducing a
dormancy response in M. tuberculosis. Consequently, menaquinone biosynthesis inhibitors
have the potential to kill M. tuberculosis at any states by inhibiting Adenosine triphosphate
(ATP) synthesis non‐directory.

Recently, a narrow‐spectrum antibiotic, siamycin I was reported to kill Helicobacter and
Campylobacter by inhibiting the futalosine (alternative) pathway (Figure 3). Branched fatty
acids (12‐ or 13‐methyltetradecanoic acids) also inhibit the biosynthesis of menaquinone
biosynthesis of H. pylori. Because of advances of biological assays of menaquinone
biosynthesis, new inhibitor molecules that possess drug‐like characteristics will be identified.
It is import to prove the efficacy of menaquinone biosynthesis inhibitor using an appropriate
infected animal model. To date, in vivo efficacy of a MenB inhibitor was demonstrated using
the mouse model of Methicillin‐resistant Staphylococcus aureus (MRSA) infection. A
Tuberculosis (TB) drug, SQ109, a strong inhibitor of trehalose monomycolate (TMM)
transporter, was reported to exhibit inhibitory activities of MenA and MenG enzymes from
M. tuberculosis. Discovery of a pharmacologically acceptable menaquinone biosynthesis
inhibitor, which possesses a significant antibacterial activity against replicating and non‐
replicating M. tuberculosis, has been highlighted in Tuberculosis (TB) drug development. It is
worthwhile mentioning that menaquinone biosynthesis inhibitors are also promising agents
to kill Gram‐negative bacteria growing under oxygen‐depleted or anaerobic conditions in
which menaquinone is utilized for their respiration.
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Abstract

Vitamin  K1  2,3-epoxide  reductase  (VKOR)  inhibition  is  the  main  pharmacological
effect  of  warfarin,  an  anticoagulant  that  is  typically  used  in  the  prevention  of
thrombosis  and  thromboembolism.  The  repeated  oral  administration  of  sodium
dehydroacetate (DHA-S), which has been used as a food additive, preservative, and
antimicrobial agent, induced severe hemorrhage in multiple organs and prolonged
blood coagulation factors with VKOR inhibition in rats. On the other hand, VKOR
and the vitamin K–dependent growth arrest–specific gene 6 (Gas6)/Axl pathway play
a  key  role  in  mesangial  cell  proliferation  in  glomerulonephritis  (GN).  We  herein
indicated the potential of the VKOR inhibitor, 3-acetyl-5-methyltetronic acid (AMT),
to prevent the proliferation of glomerular mesangial cells and suppress the progres-
sion of GN. DHA-S-induced hemorrhage was caused by the depletion of blood VK,
associated with any factors including VKOR inhibition. The novel VKOR inhibitor,
AMT, reduced renal mesangial cell proliferation and may be a supportive treatment
for GN.

Keywords: 3-acetyl-5-methyltetronic acid (AMT), hemorrhage, glomerulonephritis,
sodium dehydroacetate (DHA-S), vitamin K1 2,3-epoxide reductase (VKOR)

1. Introduction

The anticoagulant warfarin, which has a coumarin structure, causes hemorrhage by inhibiting
the vitamin K (VK)–dependent synthesis of blood coagulation factors [1]. Blood coagulation
factors undergo γ-carboxylation and have the ability to bind to calcium ions on the platelet
surface, under the presence of VK and molecular oxygen. Vitamin K1 2,3-epoxide (VKO), which
is produced while this γ-carboxylation, is converted to vitamin K1 (VK1) by vitamin K1 2,3-

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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epoxide reductase (VKOR) and is then recycled. Warfarin arrests the regeneration of VK by
inhibiting VKOR and induces hemorrhage due to a VK deficiency.

Sodium dehydroacetate (DHA-S) has a wide spectrum of antimicrobial activity that accounts
for its use in cosmetic products, as a preservative, and as an antimicrobial agent [2]. In Japan,
it has also been used as a food preservative for cheese, butter, and margarine at a concentration
of 0.5 g/kg or less as dehydroacetic acid [3, 4]. This concentration is the highest dose allowed
under the Food Sanitation Law; however, the risk assessment of DHA-S has not been suffi-
ciently performed for a food additive, and its acceptable daily intake has not yet been estab-
lished. On the other hand, the toxicity of DHA-S has been widely studied. In an acute toxicity
study of DHA-S using dogs, clinical signs such as salivation, vomiting, convulsions, and ataxia
were reported [5]. In a subchronic toxicity study of DHA-S using dogs, body weight loss, gastric
hemorrhage, and an increase in blood urea nitrogen were observed [6]. These findings were
considered to be primarily due to a lack of appetite and subsequent weight loss [6]. However,
the main structure of DHA-S, 2H-pyran-2-on, is included in a coumarin structure. It is reported
that some derivatives of 4-hydroxy-2-pyrone, which includes similar structure of DHA-S,
exhibit anti-blood coagulant activities in rats [7]. These findings suggest that DHA-S also shows
the anticoagulant activity. Therefore, we investigated the effects of repeated administration of
DHA-S in rats, and the amelioration by VK against DHA-S-induced hemorrhage [8].

In Thy-1 glomerulonephritis (GN) rats, the expression of growth arrest-specific gene 6 (Gas6)
and Axl was found to be markedly increased in glomeruli and paralleled the proliferation of
mesangial cells [9, 10]. VKOR is also related with mesangial cell proliferation through the
vitamin K–dependent activation of Gas6 [10]. Gas6 is as an autocrine growth factor for
mesangial cells through binding to its cell surface receptor Axl. These findings suggest that
the Gas6/Axl pathway plays an important role in mesangial cell proliferation in GN [11]. VKOR
inhibitors including warfarin is effective at blocking mesangial cell proliferation and improv-
ing renal function [11]; however, it inhibits the production of blood coagulation factors in the
liver and has been able to cause bleeding [12]. Therefore, low-dose treatments of warfarin are
used in renal failure patients, and the control of its blood concentration or the conformation
of blood coagulation activities have to been required [13]. We are discovering new compounds
that inhibit mesangial cell proliferation, but not hepatic production of blood coagulation
factors using Thy-1 GN rats Table 2. Thy-1 GN rats have been used as an acute model of GN
accompanied with mesangial cell proliferation, matrix expansion, and moderate decline of
renal function [14]. We indicated the potential of a new VKOR inhibitor, 3-acetyl-5-methylte-
tronic acid (AMT), as an inhibitor of mesangial cell proliferation and suppressor of renal
disease [15].

2. Main body

In a 14-day repeated toxicity study using rats, animals that received 200 or 400 mg/kg/day of
DHA-S died from severe hemorrhage in various organs, such as the stomach, intestines, testes,
epididymides, subcutaneous tissue, and subdural area. The profile of hemorrhage caused by
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DHA-S, which occurred in multiple organs and showed differences in sensitivity among
individuals, was similar to that caused by warfarin. The prothrombin time (PT) and activated
partial thromboplastin time (APTT) were significantly prolonged in each surviving rat in the
100 and 200 mg/kg/day groups (Figure 1). These results indicated that the repeated dosing of
DHA-S-induced hemorrhage in rats [8].

Figure 1. Effects on PT and APTT in male rats received the repeated oral administration of DHA-S at doses of 50, 100,

and 200 mg/kg/day. ( ) Vehicle; ( ) 50 mg/kg/day; ( ) 100 mg/kg/day; ( ) 200 mg/kg/day. Each value is presented
as the mean ± SD. * P < 0.05, ** P < 0.01: Significantly different from controls at 5% and 1%.

On the other hand, DHA-S-treated rats showed no significant decrease in PLT. In the histopa-
thological examination of the liver, marked changes, such as fibrin thrombi in the vascular
system and single cell necrosis, were not observed. Therefore, hemorrhage was assumed to be
caused by a deficiency in VK. In order to demonstrate this hypothesis, the effects of VK on
hemorrhage were investigated using rats that received a single subcutaneous injection of VK2

following the repeated oral administration of DHA-S at 200 mg/kg/day for 5 days. In rats,
dietary VK1 was converted to menadione in the gut and menadione was absorbed and
converted to VK2 [16]. Consequently, VK2 (menaquinone-4) reached a maximum concentration
in the liver in rats faster than after the intravenous or intraperitoneal administration of VK1

[17]. VK2 was also reported to exert stronger preventive effects against hemorrhage than other
VK products, such as VK1 and VK3. As a result, DHA-S prolonged blood coagulation param-
eters (PT, APTT, the thrombo test (TTO), and hepaplastin test (HPT), in rats that received 200
mg/kg/day for 5 days (Figure 2). However, the prolongation of these parameters was sup-
pressed in animals injected subcutaneously with VK2 after DHA-S dosing. Since TTO and HPT
are sensitive indexes of a deficiency in VK-dependent blood coagulation factors [18, 19], it was
concluded that DHA-S induced hemorrhage via a deficiency in VK.
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Figure 2. Effects on blood coagulation parameters (PT, APTT, TTO, and HPT) in male rats received DHA-S for 5 days

following a single subcutaneous injection of vitamin K2 (VK2). ( ) Vehicle; ( ) DHA-S at 200 mg/kg/day for 5 days;

( ) DHA-S at 200 mg/kg/day for 5 days and VK2 at 1 mg/kg after the final DHA-S dosing on day 5. Each value is
presented as the mean ± SD. ** P < 0.01: Significantly different from controls at 1%.

A VK deficiency is caused by anticoagulants, hepatobiliary disease, the inhibition of VK
production by the intestinal flora, and the poor absorption of VK from the gut [20]. Prolonga-
tion of PT and APTT were also observed in the 100 mg/kg group, which did not significantly
decrease in body weight. In the macroscopic observation of surviving rats, no remarkable
changes were detected in the gastro-intestinal tracts. While DHA-S exhibited weak antimicro-
bial activity against obligatory anaerobes, the major intestinal flora [2], the effects of a high
dose of DHA-S on the intestinal flora currently remain unknown. VK is a cofactor for enzymatic
conversion (γ-carboxylation) of glutamic acid residues in the inactive precursors of VK-
dependent proteins (blood coagulation factors) in order to convert them to their active forms.
In VK cycle, accompanying with this reaction, VK1H2 (hydroquinone form), is oxidized to VKO,
and subsequently reduced the VK1 (quinone form). The anticoagulant warfarin is known to be
a VK antagonist and is used as a rodenticide to induce hemorrhage in rats [21]. A warfarin-
induced VK deficiency occurs through the inhibition of VKOR that then converts VKO to the
quinone form of VK1 in the VK cycle [1, 22, 23]. The coumarin structure of warfarin involves
the main structure of DHA-S, and some derivatives of 4-hydroxy-2-pyrone have been reported
to exhibit anticoagulant activities in rats [7]. The hemorrhage induced by DHA-S, which occurs
in multiple organs and shows individual differences in sensitivity, is similar to that by warfarin.

The effects of DHA-S on VKOR activity were investigated using male rat liver microsomes.
VKOR activity, expressed as the quantitative amount of VK1 converted from VKO, was induced
in vitro by a VKOR reaction and the inhibition by each compound was estimated from the
percentage of VKOR activity measured in an identical incubation containing no compound.
DHA-S and warfarin both showed dose-dependent suppression of VKOR activities, and DHA-
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S inhibited clearly VKOR activity as well as warfarin [8]. The IC50 values of DHA-S and warfarin
were 3149 and 2.15 μmol/L, respectively. The inhibitory effect of DHA-S on VKOR activity was
expected to be approximately 1400-fold as compared with warfarin. The treatment with DHA-
S at dose of 100 mg/kg (480 μmol/kg) for 5 days prolonged PT and APTT in rats by approxi-
mately 1.3-fold against that of the control. On the other hand, the repeated oral administration
of warfarin at 0.2 mg/kg (0.6 μmol/kg) for 5 days elongated PT in rats [24]. Furthermore, TTO
activity was reduced by approximately 50% in rats under a controlled rate (0.15 μmol/kg/day)
of warfarin administration by osmotic pumps implanted subcutaneously [25]. The dose which
DHA-S inhibits blood coagulation factors in rats is 800–3200-fold higher than that of warfarin.
This fact explains the difference between the VKOR inhibitory activities of DHA-S and
warfarin. In humans, the daily intake level of DHA is estimated to be 0.0303 mg [26] which is
approximately 16,500-fold less than that inducing hemorrhage in rats. Therefore, the potential
of DHA-S to induce hemorrhage in humans is low [8]. In conclusion, DHA-S induces severe
hemorrhage in rats through the depletion of blood VK associated with any factors including
the inhibition of VKOR [8].

On the other hand, we demonstrated that the novel VKOR inhibitor, AMT prevented renal
mesangial cell proliferation, and then suppressed glomerular injury in Thy-1 GN rats [15]. The
low molecular weight compound, AMT exhibits inhibitory activity against rat liver and
kidney VKOR in vitro at IC50 values of 3.18 and 3.20 nmol/mL, respectively [15]. VKOR is a
protein that converts the epoxide of VK back to VK, a co-factor that is essential for the post-
translational γ-carboxylation of several blood coagulation factors, and is also involved in
mesangial cell proliferation via the VK-dependent activation of the Gas6/Axl pathway [11,
27]. The gene of VKOR was identified and VKOR was expressed ubiquitously in the liver,
kidney, lung, heart, and skeletal muscle [27, 28]. However, no information exists on the specific
isoforms of VKOR in any tissue. Therefore, AMT showed no selectivity in its inhibitory activity
toward rat kidney and liver VKOR. It is known that there are no selective compounds including
warfarin. These findings suggest that kidney and liver VKOR have similar substrate recogni-
tion or that there was no specific isoform of VKOR, at least in the rat liver and kidney.

In Thy-1 GN rats, kidney weights decreased significantly in a dose-dependent manner after
the AMT treatment (Table 1). No significant changes were observed in light microscopy, while
the slight enlargement and rough surface of kidneys were noted in the control [15]. Renal
enlargement followed by mesangial cell proliferation is frequently observed in Thy-1 GN rats
and is mostly due to edema associated with inflammation [29, 30]. Thickening of the glomer-
ular basement membrane and fibrocellular crescent of the glomerulus were histopathologically
suppressed by the AMT treatment (Figure 3). These pathological findings associated with the
progression of renal injury [14, 29] may be caused by the inhibitory effects of AMT on mesangial
cell proliferation and glomerular inflammation [15]. Additionally, tubular degeneration such
as hyaline casts, hyaline droplets, tubular dilatation, and basophilic tubules followed by
glomerular damage were found to be dose-dependently suppressed by the AMT treatment in
Thy-1 GN rats [15].
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Figure 2. Effects on blood coagulation parameters (PT, APTT, TTO, and HPT) in male rats received DHA-S for 5 days

following a single subcutaneous injection of vitamin K2 (VK2). ( ) Vehicle; ( ) DHA-S at 200 mg/kg/day for 5 days;

( ) DHA-S at 200 mg/kg/day for 5 days and VK2 at 1 mg/kg after the final DHA-S dosing on day 5. Each value is
presented as the mean ± SD. ** P < 0.01: Significantly different from controls at 1%.

A VK deficiency is caused by anticoagulants, hepatobiliary disease, the inhibition of VK
production by the intestinal flora, and the poor absorption of VK from the gut [20]. Prolonga-
tion of PT and APTT were also observed in the 100 mg/kg group, which did not significantly
decrease in body weight. In the macroscopic observation of surviving rats, no remarkable
changes were detected in the gastro-intestinal tracts. While DHA-S exhibited weak antimicro-
bial activity against obligatory anaerobes, the major intestinal flora [2], the effects of a high
dose of DHA-S on the intestinal flora currently remain unknown. VK is a cofactor for enzymatic
conversion (γ-carboxylation) of glutamic acid residues in the inactive precursors of VK-
dependent proteins (blood coagulation factors) in order to convert them to their active forms.
In VK cycle, accompanying with this reaction, VK1H2 (hydroquinone form), is oxidized to VKO,
and subsequently reduced the VK1 (quinone form). The anticoagulant warfarin is known to be
a VK antagonist and is used as a rodenticide to induce hemorrhage in rats [21]. A warfarin-
induced VK deficiency occurs through the inhibition of VKOR that then converts VKO to the
quinone form of VK1 in the VK cycle [1, 22, 23]. The coumarin structure of warfarin involves
the main structure of DHA-S, and some derivatives of 4-hydroxy-2-pyrone have been reported
to exhibit anticoagulant activities in rats [7]. The hemorrhage induced by DHA-S, which occurs
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VKOR activity, expressed as the quantitative amount of VK1 converted from VKO, was induced
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DHA-S and warfarin both showed dose-dependent suppression of VKOR activities, and DHA-
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of warfarin at 0.2 mg/kg (0.6 μmol/kg) for 5 days elongated PT in rats [24]. Furthermore, TTO
activity was reduced by approximately 50% in rats under a controlled rate (0.15 μmol/kg/day)
of warfarin administration by osmotic pumps implanted subcutaneously [25]. The dose which
DHA-S inhibits blood coagulation factors in rats is 800–3200-fold higher than that of warfarin.
This fact explains the difference between the VKOR inhibitory activities of DHA-S and
warfarin. In humans, the daily intake level of DHA is estimated to be 0.0303 mg [26] which is
approximately 16,500-fold less than that inducing hemorrhage in rats. Therefore, the potential
of DHA-S to induce hemorrhage in humans is low [8]. In conclusion, DHA-S induces severe
hemorrhage in rats through the depletion of blood VK associated with any factors including
the inhibition of VKOR [8].

On the other hand, we demonstrated that the novel VKOR inhibitor, AMT prevented renal
mesangial cell proliferation, and then suppressed glomerular injury in Thy-1 GN rats [15]. The
low molecular weight compound, AMT exhibits inhibitory activity against rat liver and
kidney VKOR in vitro at IC50 values of 3.18 and 3.20 nmol/mL, respectively [15]. VKOR is a
protein that converts the epoxide of VK back to VK, a co-factor that is essential for the post-
translational γ-carboxylation of several blood coagulation factors, and is also involved in
mesangial cell proliferation via the VK-dependent activation of the Gas6/Axl pathway [11,
27]. The gene of VKOR was identified and VKOR was expressed ubiquitously in the liver,
kidney, lung, heart, and skeletal muscle [27, 28]. However, no information exists on the specific
isoforms of VKOR in any tissue. Therefore, AMT showed no selectivity in its inhibitory activity
toward rat kidney and liver VKOR. It is known that there are no selective compounds including
warfarin. These findings suggest that kidney and liver VKOR have similar substrate recogni-
tion or that there was no specific isoform of VKOR, at least in the rat liver and kidney.

In Thy-1 GN rats, kidney weights decreased significantly in a dose-dependent manner after
the AMT treatment (Table 1). No significant changes were observed in light microscopy, while
the slight enlargement and rough surface of kidneys were noted in the control [15]. Renal
enlargement followed by mesangial cell proliferation is frequently observed in Thy-1 GN rats
and is mostly due to edema associated with inflammation [29, 30]. Thickening of the glomer-
ular basement membrane and fibrocellular crescent of the glomerulus were histopathologically
suppressed by the AMT treatment (Figure 3). These pathological findings associated with the
progression of renal injury [14, 29] may be caused by the inhibitory effects of AMT on mesangial
cell proliferation and glomerular inflammation [15]. Additionally, tubular degeneration such
as hyaline casts, hyaline droplets, tubular dilatation, and basophilic tubules followed by
glomerular damage were found to be dose-dependently suppressed by the AMT treatment in
Thy-1 GN rats [15].
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Relative kidney weight (g/100 g body weight)

Group Dose Right Left Total

Normala – 0.377 ± 0.033 (6) 0.383 ± 0.025 (6) 0.760 ± 0.057 (6)

Thy-1-administered 0 mg/kg (control) 0.478 ± 0.016 (6) 0.469 ± 0.017 (6) 0.947 ± 0.033 (6)

10 mg/kg 0.417 ± 0.016* (6) 0.409 ± 0.017* (6) 0.826 ± 0.033* (6)

30 mg/kg 0.395 ± 0.009** (6) 0.383 ± 0.010** (6) 0.779 ± 0.018** (6)

Values are means ± S.E. for the numbers of rats indicated in parentheses.
*,** Significantly different from control, P < 0.05 (*), P < 0.01 (**).
aNormal rats without anti-Thy-1 injection.

Table 1. Relative organ weights of kidney following after 12-day repeated intravenous administrations of AMT (0, 10
and 30 mg/kg/day) in Thy-1 glomerulonephritis rats.

Figure 3. Light microscope of kidneys after the 12-day repeated intravenous administration of AMT to Thy-1 GN rats.
Periodic acid-Schiff (PAS)-stained sections show thickening of the glomerular basement membrane and fibrocellular
crescent of the glomerulus in the 0 mg/kg group (a), and no significant change in the glomerulus or tubules in the 30
mg/kg group (b).

The Thy-1 GN rat is one of the reversible models of kidney injury. An anti-Thy-1 injection
induces the destruction of glomerular mesangial cells and leads to the thickening of the
glomerular basement membrane in rats [14, 31]. A decline in renal function has been observed
1 week after its injection; however, renal function recovers completely 5–6 weeks later [14, 31].
In addition, marked mesangial cell proliferation has been reported in patients with chronic
GN [32, 33]. Therefore, the Thy-1 GN rat is considered to be an adequate animal model of GN
and is suitable for assessing the effectiveness of chemical compounds as suppressors toward
the disease [34–36].

The typical VKOR inhibitor, warfarin, inhibits mesangial cell proliferation and prevents the
progression of kidney diseases by inhibition of the activation of the Gas6/Axl pathway [11].
Both levels of Gas6 and its receptor Axl increased in various kidney diseases [11, 37]. Gas6 is
activated by vitamin K–dependent γ-carboxylase, which converts the glutamic acid of the N-
terminal domain of Gas6 to the γ-carboxyl glutamate. VKOR regulates the concentration of
VK in the VK cycle, and then controls γ-carboxylase activity [9, 10]. Therefore, VKOR controls
the activation of the Gas6/Axl pathway, and its inhibition has potential as a therapeutic
treatment for kidney diseases [11]. Warfarin has been used as a supportive medication for
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human GN in clinical. However, it inhibits not only renal VKOR, but also hepatic VKOR, which
is involved in the production of blood coagulation factors, thereby increasing the bleeding risk
[12].

In our experiment, following the 14-day repeated oral administration of AMT up to 1500 mg/
kg to rats, no significant toxicities including hemorrhage and blood coagulation were noted in
our study (data not shown). AMT, which exerts potent inhibitory effects on hepatic VKOR, did
not affect blood coagulation in Thy-1 GN rats. Nevertheless, anti-inflammatory effects in
kidney were observed in the AMT-treatment group, which may be caused by the inhibition of
renal VKOR. We measured AMT concentrations in the kidney and liver after the intravenous
administration of AMT to rats. Kidney and liver concentrations of AMT 5 min after the single
intravenous administration of 30 mg/kg were 4.26 nmol/g tissue and 0.26 nmol/g tissue,
respectively [15], and revealed that the concentration in the kidney reached the IC50 value (3.2
nmol/L) against VKOR, whereas that in liver did not (3.18 nmol/L). Renal anti-inflammatory
effects and the lack of an effect on anticoagulation were both explained by VKOR inhibitory
activity and tissue concentrations of AMT in Thy-1 GN rats. AMT had no selectivity against
kidney and liver VKOR; however, the tissue distribution of AMT was unique, and its concen-
tration was higher in the kidney than in the liver. At the maximum concentration after its oral
administration, AMT concentrations were higher in the kidney than in the liver (data not
shown). AMT is very small and highly polar, and, as such, is likely to be distributed to the
kidneys and excreted. Furthermore, it has no radical scavenging potential itself (data not
shown). Therefore, the suppression of mesangial cell proliferation and glomerular inflamma-
tion in Thy-1 GN rats was considered to be based on the VKOR inhibitory effects of AMT. In
Thy-1 GN rat following the AMT treatment, creatinine clearance (CCr) significantly increased,
and the urinary albumin-to-creatinine ratio (ACR) significantly decreased [15].

0 mg/kg 10 mg/kg 30 mg/kg

Total protein (mg/day) 106 ± 24 (6) 129 ± 51 (6) 91 ± 119 (6)

Albumin (mg/day) 74.8 ± 9.1 (6) 75.9 ± 22.9 (6) 59.8 ± 19.1 (6)

Creatinine (mg/day) 8.10 ± 0.19 (6) 10.5 ± 0.9* (6) 12.8 ± 0.4** (6)

ACRa (mg/mg) 9.26 ± 1.18 (6) 6.98 ± 1.69 (6) 4.77 ± 1.61 (6)

CCrb (ml/min/kg) 1.91 ± 0.08 (6) 2.76 ± 0.22** (6) 2.87 ± 0.20** (6)

Values are means ± S.E. for the numbers of rats indicated in parentheses.
aACR is albumin-to-creatinine ratio.
bCCr is calculated from the urine creatinine concentration, urine volume and the plasma creatinine concentration.
*,** Significantly different from control, P < 0.05 (*), P < 0.01 (**).

Table 2. Urinalysis after 12-day repeated intravenous administrations of AMT (0, 10 and 30 mg/kg/day) in Thy-1
glomerulonephritis rats.

In Thy-1 rats, a marked decline in CCr and increase in ACR involved with the glomerular
disorder have been reported [9, 17, 37]. In our study, serum creatinine levels were only
suppressed by the 10 mg/kg AMT treatment, whereas urine creatinine levels were suppressed
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30 mg/kg 0.395 ± 0.009** (6) 0.383 ± 0.010** (6) 0.779 ± 0.018** (6)

Values are means ± S.E. for the numbers of rats indicated in parentheses.
*,** Significantly different from control, P < 0.05 (*), P < 0.01 (**).
aNormal rats without anti-Thy-1 injection.

Table 1. Relative organ weights of kidney following after 12-day repeated intravenous administrations of AMT (0, 10
and 30 mg/kg/day) in Thy-1 glomerulonephritis rats.

Figure 3. Light microscope of kidneys after the 12-day repeated intravenous administration of AMT to Thy-1 GN rats.
Periodic acid-Schiff (PAS)-stained sections show thickening of the glomerular basement membrane and fibrocellular
crescent of the glomerulus in the 0 mg/kg group (a), and no significant change in the glomerulus or tubules in the 30
mg/kg group (b).

The Thy-1 GN rat is one of the reversible models of kidney injury. An anti-Thy-1 injection
induces the destruction of glomerular mesangial cells and leads to the thickening of the
glomerular basement membrane in rats [14, 31]. A decline in renal function has been observed
1 week after its injection; however, renal function recovers completely 5–6 weeks later [14, 31].
In addition, marked mesangial cell proliferation has been reported in patients with chronic
GN [32, 33]. Therefore, the Thy-1 GN rat is considered to be an adequate animal model of GN
and is suitable for assessing the effectiveness of chemical compounds as suppressors toward
the disease [34–36].

The typical VKOR inhibitor, warfarin, inhibits mesangial cell proliferation and prevents the
progression of kidney diseases by inhibition of the activation of the Gas6/Axl pathway [11].
Both levels of Gas6 and its receptor Axl increased in various kidney diseases [11, 37]. Gas6 is
activated by vitamin K–dependent γ-carboxylase, which converts the glutamic acid of the N-
terminal domain of Gas6 to the γ-carboxyl glutamate. VKOR regulates the concentration of
VK in the VK cycle, and then controls γ-carboxylase activity [9, 10]. Therefore, VKOR controls
the activation of the Gas6/Axl pathway, and its inhibition has potential as a therapeutic
treatment for kidney diseases [11]. Warfarin has been used as a supportive medication for
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human GN in clinical. However, it inhibits not only renal VKOR, but also hepatic VKOR, which
is involved in the production of blood coagulation factors, thereby increasing the bleeding risk
[12].

In our experiment, following the 14-day repeated oral administration of AMT up to 1500 mg/
kg to rats, no significant toxicities including hemorrhage and blood coagulation were noted in
our study (data not shown). AMT, which exerts potent inhibitory effects on hepatic VKOR, did
not affect blood coagulation in Thy-1 GN rats. Nevertheless, anti-inflammatory effects in
kidney were observed in the AMT-treatment group, which may be caused by the inhibition of
renal VKOR. We measured AMT concentrations in the kidney and liver after the intravenous
administration of AMT to rats. Kidney and liver concentrations of AMT 5 min after the single
intravenous administration of 30 mg/kg were 4.26 nmol/g tissue and 0.26 nmol/g tissue,
respectively [15], and revealed that the concentration in the kidney reached the IC50 value (3.2
nmol/L) against VKOR, whereas that in liver did not (3.18 nmol/L). Renal anti-inflammatory
effects and the lack of an effect on anticoagulation were both explained by VKOR inhibitory
activity and tissue concentrations of AMT in Thy-1 GN rats. AMT had no selectivity against
kidney and liver VKOR; however, the tissue distribution of AMT was unique, and its concen-
tration was higher in the kidney than in the liver. At the maximum concentration after its oral
administration, AMT concentrations were higher in the kidney than in the liver (data not
shown). AMT is very small and highly polar, and, as such, is likely to be distributed to the
kidneys and excreted. Furthermore, it has no radical scavenging potential itself (data not
shown). Therefore, the suppression of mesangial cell proliferation and glomerular inflamma-
tion in Thy-1 GN rats was considered to be based on the VKOR inhibitory effects of AMT. In
Thy-1 GN rat following the AMT treatment, creatinine clearance (CCr) significantly increased,
and the urinary albumin-to-creatinine ratio (ACR) significantly decreased [15].

0 mg/kg 10 mg/kg 30 mg/kg

Total protein (mg/day) 106 ± 24 (6) 129 ± 51 (6) 91 ± 119 (6)

Albumin (mg/day) 74.8 ± 9.1 (6) 75.9 ± 22.9 (6) 59.8 ± 19.1 (6)

Creatinine (mg/day) 8.10 ± 0.19 (6) 10.5 ± 0.9* (6) 12.8 ± 0.4** (6)

ACRa (mg/mg) 9.26 ± 1.18 (6) 6.98 ± 1.69 (6) 4.77 ± 1.61 (6)

CCrb (ml/min/kg) 1.91 ± 0.08 (6) 2.76 ± 0.22** (6) 2.87 ± 0.20** (6)

Values are means ± S.E. for the numbers of rats indicated in parentheses.
aACR is albumin-to-creatinine ratio.
bCCr is calculated from the urine creatinine concentration, urine volume and the plasma creatinine concentration.
*,** Significantly different from control, P < 0.05 (*), P < 0.01 (**).

Table 2. Urinalysis after 12-day repeated intravenous administrations of AMT (0, 10 and 30 mg/kg/day) in Thy-1
glomerulonephritis rats.

In Thy-1 rats, a marked decline in CCr and increase in ACR involved with the glomerular
disorder have been reported [9, 17, 37]. In our study, serum creatinine levels were only
suppressed by the 10 mg/kg AMT treatment, whereas urine creatinine levels were suppressed
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and CCr was subsequently increased by the 10 and 30 mg/kg treatments in Thy-1 rats. In
addition, ACR was also slightly decreased in a dose-dependent manner. Previous studies
demonstrated that ACR is the most important index in GN and accurately assesses the
progression of kidney injury [18, 24]. Therefore, we consider that the CCr and ACR to be more
sensitive than plasma and/or serum creatinine. On the other hand, no significant change was
observed in blood coagulation tests such as PT, APTT, TTO, and HPT. Based on results, AMT
suppressed glomerular mesangial cell proliferation and the progression of glomerular disease
in Thy-1 GN rats at a non-toxic dose. Recently, warfarin-related nephropathy (WRN) has been
reported in patients with and without chronic kidney disease (CKD) [38, 39]. Clinical studies
showed that mortality rates in 1 year were higher in WRN patients than in other patients. This
result coincides with previous findings of increased mortality rates in warfarin-treated chronic
hemodialysis patients [40, 41]. However, the increased mortality rate associated with WRN is
related to the complications of diabetes, hypertension, cardiovascular disease, etc., and the
mechanisms and risks of WRN currently remain unclear. Warfarin is a widely used anticoa-
gulant for thrombotic complications and increases mortality rates in CKD patients. Further
studies are necessary to assess how these complications are related to the mechanisms and
risks [41].

GN is a major process of end-stage renal disease (ESRD) along with diabetes and hypertension
[42]. However, there are no appropriate therapeutic treatments for GN. In therapy for GN,
steroids are widely used as anti-inflammation drugs for patients, particularly those with IgA
nephropathy, which is typical mesangial proliferative GN [43, 44]. As steroids reduce protei-
nuria, they prevent the progression of kidney failure. However, extensive and severe side
effects concerning the immune, circulating, and metabolic systems have been reported in
patients with steroid therapy [45, 46]. Both angiotensin-converting enzyme (ACE) inhibitors
and angiotensin receptor blockers (ARBs) are widely treated for kidney disease in patients
with diabetes and hypertension [47–49]. ACE inhibitors and ARBs control blood pressure by
inhibiting the production of angiotensin II or preventing it from binding to angiotensin II
receptors in the renin-angiotensin system, and, thus, reduce hypertension. In addition,
nonclinical and clinical studies have demonstrated that ACE inhibitors and ARBs decrease
proteinuria and prevent kidney failure [47, 50, 51]. In Thy-1 GN rats, treatments with ACE
inhibitors or ARBs were found to inhibit increases in blood pressure and proteinuria, and
subsequently the decline in renal function [52]. Persistent hypertension and glomerular
hypertension may stretch the glomerular capillary wall, and result in endothelial damage and
glomerular sclerosis, followed by a rise in protein glomerular filtration [53]. Schmieder [54]
and Mochizuki et al. [55] reported that these compounds inhibited the kidney-specific renin-
angiotensin aldosterone system and prevented end-organ damage in the kidney beyond these
antihypertensive effects. On the other hand, the VKOR inhibitor, AMT, prevents mesangial cell
proliferation in the kidneys and suppresses the progression of GN. Unfortunately, AMT is not
as effective by oral administration due to its low bioavailability. If improvements are archived
in the biological stability of AMT, which has unique pharmacokinetic properties and is
distributed to the kidney at a higher concentration than to the liver, VKOR inhibitors may be
useful for the treatment for GN, particularly in combination with existing medications such as
ACE inhibitors or ARBs.
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In conclusion, the novel VKOR inhibitor, AMT, reduced renal mesangial cell proliferation and
may be a supportive treatment for GN.
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and CCr was subsequently increased by the 10 and 30 mg/kg treatments in Thy-1 rats. In
addition, ACR was also slightly decreased in a dose-dependent manner. Previous studies
demonstrated that ACR is the most important index in GN and accurately assesses the
progression of kidney injury [18, 24]. Therefore, we consider that the CCr and ACR to be more
sensitive than plasma and/or serum creatinine. On the other hand, no significant change was
observed in blood coagulation tests such as PT, APTT, TTO, and HPT. Based on results, AMT
suppressed glomerular mesangial cell proliferation and the progression of glomerular disease
in Thy-1 GN rats at a non-toxic dose. Recently, warfarin-related nephropathy (WRN) has been
reported in patients with and without chronic kidney disease (CKD) [38, 39]. Clinical studies
showed that mortality rates in 1 year were higher in WRN patients than in other patients. This
result coincides with previous findings of increased mortality rates in warfarin-treated chronic
hemodialysis patients [40, 41]. However, the increased mortality rate associated with WRN is
related to the complications of diabetes, hypertension, cardiovascular disease, etc., and the
mechanisms and risks of WRN currently remain unclear. Warfarin is a widely used anticoa-
gulant for thrombotic complications and increases mortality rates in CKD patients. Further
studies are necessary to assess how these complications are related to the mechanisms and
risks [41].

GN is a major process of end-stage renal disease (ESRD) along with diabetes and hypertension
[42]. However, there are no appropriate therapeutic treatments for GN. In therapy for GN,
steroids are widely used as anti-inflammation drugs for patients, particularly those with IgA
nephropathy, which is typical mesangial proliferative GN [43, 44]. As steroids reduce protei-
nuria, they prevent the progression of kidney failure. However, extensive and severe side
effects concerning the immune, circulating, and metabolic systems have been reported in
patients with steroid therapy [45, 46]. Both angiotensin-converting enzyme (ACE) inhibitors
and angiotensin receptor blockers (ARBs) are widely treated for kidney disease in patients
with diabetes and hypertension [47–49]. ACE inhibitors and ARBs control blood pressure by
inhibiting the production of angiotensin II or preventing it from binding to angiotensin II
receptors in the renin-angiotensin system, and, thus, reduce hypertension. In addition,
nonclinical and clinical studies have demonstrated that ACE inhibitors and ARBs decrease
proteinuria and prevent kidney failure [47, 50, 51]. In Thy-1 GN rats, treatments with ACE
inhibitors or ARBs were found to inhibit increases in blood pressure and proteinuria, and
subsequently the decline in renal function [52]. Persistent hypertension and glomerular
hypertension may stretch the glomerular capillary wall, and result in endothelial damage and
glomerular sclerosis, followed by a rise in protein glomerular filtration [53]. Schmieder [54]
and Mochizuki et al. [55] reported that these compounds inhibited the kidney-specific renin-
angiotensin aldosterone system and prevented end-organ damage in the kidney beyond these
antihypertensive effects. On the other hand, the VKOR inhibitor, AMT, prevents mesangial cell
proliferation in the kidneys and suppresses the progression of GN. Unfortunately, AMT is not
as effective by oral administration due to its low bioavailability. If improvements are archived
in the biological stability of AMT, which has unique pharmacokinetic properties and is
distributed to the kidney at a higher concentration than to the liver, VKOR inhibitors may be
useful for the treatment for GN, particularly in combination with existing medications such as
ACE inhibitors or ARBs.
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In conclusion, the novel VKOR inhibitor, AMT, reduced renal mesangial cell proliferation and
may be a supportive treatment for GN.
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Abstract

Hepatocellular carcinoma (HCC) is a major malignant tumor type that occurs globally.
HCC incidence is increasing, especially in Asian countries. Despite many therapeutic
approaches, the long-term prognosis of HCC remains poor because of frequent recurrence
due to intrahepatic metastasis or multicentric carcinogenesis. Therefore, it is necessary to
develop effective and safe chemopreventive agents to improve the prognosis of HCC.
Menaquinone-4 (MK-4) has a suppressive effect on HCC, but cellular delivery is poor. We
hypothesized that effective cellular delivery of menahydroquinone-4 (MKH), a fully
reduced form of MK-4, would regulate HCC growth and metastasis. We developed a
bioreductive activation-independent delivery system with the N,N-dimethylglycine ester
of  MKH (MKH-bis-DMG) to deliver MKH to HCC cells  without any bioreductive
processing of MK-4. MKH-bis-DMG inhibited the proliferation of both DCP-positive and
DCP-negative HCC cell lines in a time- and dose-dependent manner via G1/S cell-cycle
arrest. We assessed the effect of MKH-derivatives on HCC metastasis using a mouse model
of spleen-liver metastasis. The mean tumor hepatic replacement area of MKH-bis-DMG
treated mice was significantly less than that of untreated mice. In conclusion, MKH-bis-
DMG may be beneficial as a chemopreventive agent for recurrent HCC.

Keywords: menahydroquinone-4, antitumor agent, prodrug, drug delivery, hepatocel-
lular carcinoma

1. Introduction

Vitamin K has two types of molecular homologues: phylloquinone (vitamin K1, PK) and
menaquinone (vitamin K2, MK-n). These homologues have the same aromatic naphthoquinone
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“head” but different hydrocarbon “tails”: PK with a phytyl tail and MK-n with an unsaturated
isoprenoid chain. MK-n can be classified into 14 types based on the length of the unsaturated
isoprenoid  chain,  where  “n”  quantifies  the  repeating  isoprenyl  units.  MK-4  is  normally
synthesized from PK in certain animal tissues by removal of the phytyl tail of PK to produce
menadione (vitamin K3, MD) as an intermediate. The intermediate is then condensed with a
geranylgeranyl tail. UbiA prenyltransferase domain-containing protein 1 (UBIAD1) converts
MD to MK-4 with geranylgeranyl diphosphate [1]. For this reason, MK-4 appears to be the most
important form of vitamin K.

Vitamin K (PK and MK-n) plays a major role in the clotting cascade by acting as a coenzyme
for a vitamin K-dependent carboxylase. The carboxylase catalyzes the carboxylation of
glutamic acid (Glu) residues to produce γ-carboxyglutamic acid (Gla). Vitamin K also appears
to play a role in the regulation of bone metabolism through a similar mechanism that involves
γ-carboxylation of pro-osteocalcin. Interestingly, MK-4 intake seems to be associated with
greater effects of reduced bone resorption compared with PK consumption [2]. Clinically, high
doses (45 mg daily) of MK-4 have been used as an approved treatment for osteoporosis in
Japan since 1995. Therefore, the safety of long-term administration of MK-4 has been estab-
lished in Japanese patients with osteoporosis.

Over the last decade, many reports have shown that MK-4 has antioncogenic effects within
various cancer cell lines, including leukemia, lung cancer, ovarian cancer, prostate cancer, and
hepatocellular carcinoma (HCC) [3–6]. Specifically, numerous articles describe the effects of
MK-4 against HCC. This is because des-γ-carboxy prothrombin (DCP, PIVKA-II), an abnormal
prothrombin that is not completely carboxylated, is a well-recognized HCC-specific tumor
marker, and a predictor of vascular invasion, metastasis, and tumor recurrence [7]. It has been
reported that apoptosis, cell-cycle arrest, and autophagy are involved in the antitumor activity
of MK-4 [8–10]. Although the possible mechanisms of the antitumor effect of MK-4 have been
investigated previously, they remain unclear.

2. Mechanisms of growth inhibition of HCC cells by MK-4

Otsuka et al. reported that MK-4 inhibited the growth and invasion of HCC via activation of
protein kinase A (PKA) and the subsequent inhibition of Rho activation. It has been reported
that PKA induces cell-cycle arrest at the G1 phase and the G2/M phase [11]. Hitomi et al. [12]
reported that MK-4-induced G1 arrest of the cell cycle via significantly reduced protein
expression of cyclin D1 and cyclin-dependent kinase 4 (Cdk4), but not the p16INK4a Cdk
inhibitor in PLC/PRF/5 HCC cells in vivo. Cyclin D1 promotes the G1/S phase of the cell cycle
and is frequently overexpressed in many human cancers. Matsumoto et al. [13] reported that
MK-4-induced arrest of the G1 phase of the cell cycle and apoptosis via activated extracellular
signal-regulated kinase ½ (ERK1/2) in a mitogen-activated ERK-regulating kinase-dependent
manner in Hep3B HCC cells. Ozaki et al. [10] reported that MK-4 inhibited the growth of HCC
cells via suppression of cyclin D1 expression through inhibited IκB kinase activity, and
therefore suppressed IκB phosphorylation and NF-κB activation.
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In addition, Xia et al. [14] reported that the inhibitory effect on NF-κB activity by MK-4 is
mediated through the inhibition of protein kinase C α and ε kinase activities, as well as
subsequent inhibition of protein kinase D1 activation. Kaneda et al. proposed that MK-4
suppressed HuH7 HCC tumor malignancy via induced Cx32 expression through the reduction
of Cx43 expression. Consequently, gap junctional intercellular communication through Cx32
is activated. Normal hepatocytes communicate with neighboring cells via Cx32-containing gap
junction communication, a process essential for suppressing tumorigenesis [15]. Yamamoto et
al. suggested that regulation of the expression of the hepatoma-derived growth factor gene is
one of the crucial mechanisms of MK-4-induced cell growth suppression in HCC. Hepatoma-
derived growth factor stimulates the proliferation of HCC cells after its translocation to the
nucleus by use of bipartite nuclear localization signals [16]. Azuma et al. [17] suggested that
activation of steroid and xenobiotic receptors (SXR) by MK-4 contributes to the tumor sup-
pressive effects on HCC cells. Li et al. suggested that MK-4 inhibited the growth of Smmc-7721
HCC cells by induction of apoptosis involving caspase-8 activation and p53. This apoptotic
process was not mediated by the caspase-9 pathway [18]. Yao et al. suggested that the mech-
anism involved induced p53 and increased p21 levels that eventually lead to cell-cycle arrest
in the G2 phase. In addition, they suggested that the antitumor effect of MK-4 may be improved
by silencing BCL-2 expression in SMMC-7721 HCC cells [19].

3. Clinical trials of MK-4 to treat HCC

In clinical trials with cirrhotic women, Habu et al. demonstrated that daily doses of 45 mg
MK-4 decreased the risk of HCC to about 20% compared with the control group. Twenty-one
women were in the treatment group and 19 in the control group [20]. Mizuta et al. reported
that a daily dose of 45 mg MK-4 suppressed the recurrence of HCC in HCC patients who had
undergone curative resection or percutaneous local ablation therapy. Thirty-two patients were
in the treatment group and 29 in the control group [21]. From the results of these small-scale
clinical trials, it is expected that MK-4 acts as a chemopreventive agent for HCC. However, a
recent larger scale study that enrolled 548 patients at 31 study sites, and included a placebo-
controlled, double-blind trial, demonstrated that the efficacy of vitamin K2 in suppressing
HCC recurrence could not be confirmed [22]. The poor anticancer activity of MK-4 observed
in this Japanese trial may have been a consequence of the large study design and meant that
MK-4 could not be developed as an anticancer drug. However, various attempts are being
made to try to improve the anticancer effect of MK-4 in HCC.

4. Improvement of the antiproliferative effect of vitamin K2

4.1. A novel chemosynthetic vitamin K derivative

Carr et al. demonstrated that a new, chemically synthesized vitamin K analog, compound 5
(Cpd5), inhibited Cdc25A phosphatase activity and particularly reduced HCC cell growth
through arrest of the G1/S phase of the cell cycle. Inhibition of Cdc25A by Cpd5 results in
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prolonged tyrosine phosphorylation and activation of ERK1/2, which could be triggered by
upstream epidermal growth factor receptor signaling pathway molecules [23]. Suhara et al.
synthesized vitamin K2 analogues with hydroxyl or phenyl groups at the ω-terminal of the
side chain, and with dual side chains at the C-2 and C-3 positions. They found that modifying
the side chain of vitamin K affects the SXR-mediated transcriptional activity [24, 25]. The novel
biological activities of MK-4 include tumor suppressive effects related to gene transcription
through the SXR. The new derivatives of MK-4 have shown some efficacy against HCC, but a
lengthy development process is still necessary to yield safe and effective clinical products.

4.2. Synergistic drug combinations

Yoshiji et al. [26, 27] reported that combined treatment with MK-4 and angiotensin-converting
enzyme inhibitor significantly suppressed experimental hepatocarcinogenesis. Further to this,
they reported that the combined treatment with MK-4 and angiotensin-converting enzyme
inhibitor may suppress the cumulative recurrence of HCC after the curative therapy, at least
partly through suppression of the vascular endothelial growth-mediated neovascularization.
Kanamori et al. [28] demonstrated that a combination of MK-4 and acyclic retinoid synergis-
tically inhibited the growth of Huh7 HCC cells by increasing apoptosis. When combined with
acyclic retinoid, MK-4 synergistically inhibits Ras activation and inhibits phosphorylation of
retinoid X receptor α. Zhang H et al. [29] showed that MK-4 enhanced the inhibition of 5-
fluorouracil-induced cell growth in HepG2, Huh7, HLE, and Hep3B HCC cells, and via G1
cell-cycle arrest through induced expression of p21 and p27 and inhibited expression of cyclin
D1. Zhang et al. reported that a combination of MK-4 and sorafenib work synergistically to
inhibit growth of HepG2, Hep3B, and HuH7 HCC cells. They also demonstrated that the levels
of cyclin D1 expression are clearly reduced in HepG2 cells treated with a combination
treatment of MK-4 and sorafenib [30]. A clinical trial to test the efficacy of the combination of
MK-4 and sorafenib in HCC was attempted [31].

4.3. Delivery of menahydroquinone-4, the active form of MK-4

We have previously synthesized the ester derivatives of menahydroquinone-4 (MKH), the fully
reduced form of MK-4, and revealed their effective antiproliferative activity against HCC cell
lines [32–35]. The menaquinone (MK-4 to MK-10) concentrations were significantly lower in
HCC tissues, from patients with or without increased plasma concentrations of DCP, than in
the surrounding normal liver tissue. There was no significant difference between PK and PK
epoxide concentration in HCC tissues without increased plasma concentrations of DCP and
normal liver tissue [36]. Furthermore, the rate of uptake into MH7777 cells (vitamin K2-
sensitive HCC) was lower than for normal hepatocytes. In addition, the rate of uptake into
H4IIE cells (vitamin K2-resistant HCC) was negligible compared with that for MH7777 cells
and normal hepatocytes. Further, hepatocytes from diethylnitrosamine-induced liver nodules
exhibited a significantly lower rate of vitamin K2 uptake than that for normal hepatocytes [37].

MKH acts as a cofactor for γ-glutamyl carboxylase (GGCX), which catalyzes the carboxylation
of specific Glu residues (γ-carboxylation) of substrate proteins such as prothrombin. Thus,
decreased MKH availability in HCC cells is a possible causative mechanism of DCP production
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in HCC. MKH is mainly generated by a vitamin K 2, 3-epoxide reductase complex subunit 1-
like-1 (VKORC1L1) in mammalian cells [38]. Key reasons for further development are that
MK-4 delivery to HCC cells is poor and reductive activation of MK-4 is low in HCC cells. We
hypothesized that effective delivery of MKH into HCC cells is essential in regulating HCC
growth and metastasis. However, MKH cannot be used as a therapeutic agent, because it is
easy to be oxidized and converted to MK-4. In addition, the production of MKH depends on
VKORC1L1 activity in HCC cells. As such, MK-4 does not display sufficient antitumor activity
even at high doses.

In light of these findings, we synthesized three types of N,N-dimethylglycine esters of MKH
(MKH-1-DMG, MKH-4-DMG, and MKH-bis-DMG) and assessed their potential as water-
soluble prodrugs for a bioreductive activation-independent delivery system of MKH [33–35]
(Figure 1).

Figure 1. Structure of the MKH derivatives and schematic illustration of the concept of the MKH delivery system. (A)
Chemical structures of menaquinone-4 (MK-4), menahydroquinone-4 (MKH) and MKH N,N-dimethylglycinate
(MKH–DMG). (B) Schematic illustration of the vitamin K cycle and the concept of the MKH delivery system. Adapted
from Ref. [32].
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5. Water solubility and hydrolysis of the MKH esters

The hydrochloride salts of the esters showed much improved aqueous solubility. The solubil-
ities of MKH-1-DMG and MKH-4-DMG in water were 24 and 5.7 mM respectively and that of
MKH-bis-DMG was >50 mM. In contrast, the solubility of MK-4 in water was <2.3 mM.
Improving the low water solubility of MK-4 enables a bolus dose necessary for cancer
chemotherapy without any surfactant. In vitro studies have confirmed that MKH derivatives
can be hydrolyzed with esterases located in the rat and human liver and that the resultant
MKH acts as cofactor for GGCX without the reductive activation process. The first-order rate
constants observed for the hydrolysis of the MKH derivatives in the liver homogenate
supernatant are listed in Table 1, along with the degradation rate constants of the derivatives
in phosphate buffer. The rate of hydrolysis of MKH-1-DMG was about 24-fold and 5.7-fold
faster than that of MKH-4-DMG in rat and human liver homogenate supernatant, respectively.

Compound Without physostigmine

(×10−2min−1)

With physostigmine

(×10−2min−1)

Regeneration half-life

(min)

Rat liver homogenate

MKH-1-DMG 27.2 0.261 2.55

MKH-4-DMG 1.14 0.315 60.6

MKH-bis-DMG 17.2a 0.328a 39.7a

Human liver homogenate

MKH-1-DMG 2.70 0.0714 25.7

MKH-4-DMG 0.476 0.0431 146

MKH-bis-DMG 1.00a 0.117a 227a

Isotonic phosphate buffer of pH7.4

MKH-1-DMG 0.0203

MKH-4-DMG 0.0295

MKH-bis-DMG 0.0500a

aDisappearance of MKH-bis-DMG.
Adapted from Refs. [33, 34].

Table 1. Apparent first-order rate constants for the hydrolysis of the MKH derivatives, and regeneration half-lives of
MK-4 in human and rat liver homogenate supernatant and phosphate buffer (pH 7.4).

The formation of MK-4 from MKH-bis-DMG should proceed through the intermediates
MKH-1-DMG, MKH-4-DMG, and MKH. The pseudo-first-order rate constants for the
interconversion of the species are assumed, as shown in Figure 2. Detection of MKH was
unsuccessful because of its high susceptibility to oxidation.
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Figure 2. Hydrolytic pathway of MKH-bis-DMG. Adapted from Ref. [34].

As shown in Table 2, the rate of hydrolysis of MKH-bis-DMG at the 1-position (k1) was about
2.6-fold and 5.1-fold faster than that at the 4-position (k2) in rat and human liver homogenate
supernatant, respectively. The rates of hydrolysis of MKH-1-DMG, MKH-4-DMG, and MKH-
bis-DMG in the liver homogenate supernatant were significantly reduced in the presence of
physostigmine, a liver carboxylesterase inhibitor. Consequently, MKH esters were hydrolyzed
by rat and human liver esterases.

Medium kobs
a (×10−2min−1) k1 (×10−2min−1) k2 (×10−2min−1)

Rat liver homogenate 17.2 ± 1.0 11.9 ± 0.39 4.39 ± 0.18

Human liver homogenate 1.00 0.794 ± 0.019 0.156 ± 0.008

k1 and k2 accordance with Figure 2.
aDisappearance of MKH-bis-DMG.
Adapted from Refs. [33, 34].

Table 2. Rate constants for the hydrolysis of MKH–DMG in human and rat liver homogenate supernatant.

6. Vitamin K-dependent carboxylation in vitro

To provide evidence that confirmed the bioreductive activation-independent delivery system
of MKH was working properly, carboxylation activity was measured with the incorporation
of 14CO2 in the synthetic tripeptide BOC-Glu-Glu-Leu-OMe. The accelerated carboxylation of
MK-4 was only observed in the presence of dithiothreitol (DTT), an artificial reducing agent
for MK-4, and not in its absence. Conversely, MKH esters stimulated carboxylase activity in
the absence of DTT [33], clearly indicating that the MKH esters can stimulate carboxylation
without the reductive activation process of MK-4.
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bis-DMG in the liver homogenate supernatant were significantly reduced in the presence of
physostigmine, a liver carboxylesterase inhibitor. Consequently, MKH esters were hydrolyzed
by rat and human liver esterases.

Medium kobs
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Table 2. Rate constants for the hydrolysis of MKH–DMG in human and rat liver homogenate supernatant.

6. Vitamin K-dependent carboxylation in vitro

To provide evidence that confirmed the bioreductive activation-independent delivery system
of MKH was working properly, carboxylation activity was measured with the incorporation
of 14CO2 in the synthetic tripeptide BOC-Glu-Glu-Leu-OMe. The accelerated carboxylation of
MK-4 was only observed in the presence of dithiothreitol (DTT), an artificial reducing agent
for MK-4, and not in its absence. Conversely, MKH esters stimulated carboxylase activity in
the absence of DTT [33], clearly indicating that the MKH esters can stimulate carboxylation
without the reductive activation process of MK-4.
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7. Evaluation of MKH delivery in HCC cells with MKH esters and the
antiproliferative effect

MKH-bis-DMG inhibited the proliferation of both DCP-positive (PLC/PRF/5, Hep3B) and
DCP-negative (SK-Hep-1) HCC cell lines in a time- and dose-dependent manner, and exhibited
lower IC50 values (range from 14–37 μmol/L), and a fourfold to 18-fold increase in growth-
inhibitory activity compared with MK-4. MKH-bis-DMG showed a rapid and strong growth-
inhibitory effect after only 48 h of treatment. In contrast, MK-4 had little inhibitory effect on
cell proliferation, and its effects appeared after 72 h of treatment (Figure 3).

Figure 3. Inhibitory effects of MKH–DMG and MK-4 on DCP-positive and DCP-negative HCC cell proliferation. MKH–
DMG treatment of PLC/PRF/5 (A), Hep3B (C), and SK-Hep-1 (E) cell lines, and MK-4 treatment of PLC/PRF/5 (B),
Hep3B (D), and SK-Hep-1 (F) cells. Symbols: ○, 0 μM; ■, 20 μM; △, 40 μM; ▼, 60 μM after MKH–DMG treatment.
Symbols: ○, 0 μM; △, 40 μM; ▼, 60 μM; ●, 100 μM after MK-4 treatment. Error bars indicate mean ± SD (n = 3). Adapt-
ed from Ref. [32].

Vitamin K2 - Vital for Health and Wellbeing318

MKH was susceptible to oxidation, so we measured the levels of menaquinone-4 epoxide
(MKO) in HCC cells to assess the function of MKH-bis-DMG as a delivery system for MKH in
HCC cells. Concomitant with vitamin K-dependent carboxylation of Glu to Gla by GGCX,
MKH is stoichiometrically converted to MKO and that means MKO levels in HCC cells reflect
the levels of MKH. The AUCMKH values after MKH—DMG administration in three types of
HCC cell lines were 3.5-fold to 15-fold higher than those after MK-4 administration (Table 3).
Based on these results, it was clearly confirmed that MKH-bis-DMG works as an effective
delivery prodrug of MKH into HCC cells. The resultant MKH may exhibit excellent antipro-
liferative activity against HCC cells despite their DCP-positive and DCP-negative status.

HCC cell line Compound AUC0–72h

for MKO

(nmol⋅h⋅mg protein−1)

AUC0–72h

for MK-4

(nmol⋅h⋅mg protein−1)

AUC0–72h

for MKH

(nmol⋅h⋅mg protein−1)

PLC/PRF/5 MK-4

MKH–DMG

22.2 ± 3.72

193 ± 25.1

47.7 ± 7.25

143 ± 13.6

22.2 ± 3.72a

336 ± 37.2b

Hep3B MK-4

MKH–DMG

113 ± 4.87

371 ± 31.0

74.5 ± 17.0

25.9 ± 5.04

113 ± 4.87a

397 ± 34.2b

SK-Hep-1 MK-4

MKH–DMG

38.4 ± 4.44

136 ± 14.3

122 ± 19.5

193 ± 21.5

38.4 ± 4.44a

329 ± 35.4b

Doses are 25 μM (at near IC50 value).
aMKH value after MK-4 administration: MKO.
bMKH value after MKH–DMG administration: sum of MKO and MK-4.
Adapted from Ref. [32].

Table 3. Area under the curve for intracellular concentration versus time (AUC) after treatment with MK-4 or MKH–
DMG in HCC cell lines.

8. Mechanism of growth inhibition of HCC cells by MKH esters

One of the mechanisms of the antiproliferative effect of MK-4 was thought to involve G1/S cell-
cycle arrest via reduced protein expression of cyclin D1 and Cdk4, and through suppression
of NF-κB activation [10, 12]. We investigated whether the antiproliferative activity of MKH-
bis-DMG was via cell-cycle arrest in HCC cells using flow cytometry and Western blotting [32].
MKH-bis-DMG-treated PLC/PRF/5 cells showed an increase in G1 phase cells and a decrease
in S phase cells in flow cytometric analysis. Treatment of both DCP-positive and DCP-negative
HCC cells with MKH-bis-DMG downregulated cyclin D1, cyclin D3, and Cdk4 expression after
24 h, and almost completely removed expression after 48 h. In comparison, the modest
downregulation of cyclin D1, cyclin D3, and Cdk4 expression was observed after 48 h of MK-4
treatment in all tested HCC cell lines. NF-κB was downregulated after MKH-bis-DMG
treatment in all tested HCC cell lines, but no effect was observed after MK-4 treatment in PLC/
PRF/5 and SK-Hep-1 cell lines at this dose.
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One of the mechanisms of the antiproliferative effect of MK-4 was thought to involve G1/S cell-
cycle arrest via reduced protein expression of cyclin D1 and Cdk4, and through suppression
of NF-κB activation [10, 12]. We investigated whether the antiproliferative activity of MKH-
bis-DMG was via cell-cycle arrest in HCC cells using flow cytometry and Western blotting [32].
MKH-bis-DMG-treated PLC/PRF/5 cells showed an increase in G1 phase cells and a decrease
in S phase cells in flow cytometric analysis. Treatment of both DCP-positive and DCP-negative
HCC cells with MKH-bis-DMG downregulated cyclin D1, cyclin D3, and Cdk4 expression after
24 h, and almost completely removed expression after 48 h. In comparison, the modest
downregulation of cyclin D1, cyclin D3, and Cdk4 expression was observed after 48 h of MK-4
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treatment in all tested HCC cell lines, but no effect was observed after MK-4 treatment in PLC/
PRF/5 and SK-Hep-1 cell lines at this dose.

Enhanced Intracellular Delivery and Improved Antitumor Efficacy of Menaquinone-4
http://dx.doi.org/10.5772/63343

319



These findings strongly support our hypothesis that the rapid and strong growth-inhibitory
effects on cells resulted from the rapid and effective delivery of MKH into HCC cells by an
MKH prodrug. The mechanism of the MKH-bis-DMG antiproliferative effect is the same as
that of MK-4 and involves cell-cycle arrest. Therefore, MKH-bis-DMG is expected to be a safe
antitumor agent and chemopreventive agent.

9. Pharmacokinetics of MKH esters

Plasma MKO levels can reflect the levels of MKH not only in vitro but also in vivo. This also
assists the function of GGCX at the active site. The relative bioavailability for MKH (FMKH),
after the parenteral administration of the MKH esters, relative to MK-4 solubilized with
HCO-60, was calculated using AUCMKO as in Eq. (1), and is shown in Table 4. In Eq. (1),
AUCMKO, MKH—DMG and AUCMKO, MK-4 are the AUCMKO values after the administration of MKH–
DMG and MK-4, respectively. DMK-4 and DMKH—DMG are the doses of MK-4 and MKH–DMG,
respectively. MKH-1-DMG and MKH-bis-DMG, but not MKH-4-DMG, showed an improve-
ment in bioavailability compared with the MK-4 injection.

MKO,MKH DMG MK 4
MKH

MKO,MK 4 MKH DMG

AUC D
F

AUC D
- -

- -

×
=

× (1)

MK-4 MKH-1-DMG MKH-4-DMG MKH-bis-DMG

for MK-4

Cmax (nmol mL−1) 107 ± 2.07 2.41 ± 0.826 20.8 ± 5.24 11.1 ± 3.03

tmax (h) 0.125 0.125 0.125 0.125

AUCMK-4 (nmol h mL−1) 31.7 ± 0.526 2.52 ± 0.387 6.01 ± 1.26 10.1 ± 1.15

MRTMK-4x (h) 0.338 ± 0.018 2.44 ± 0.032 0.924 ± 0.004 1.32 ± 0.063

for MKO

Cmax (nmol mL−1) 1.92 ± 0.172 0.991 ± 0.131 0.518 ± 0.039 0.968 ± 0.180

tmax (h) 1 2 0.5 1

AUCMKO (nmol h mL−1) 2.37 ± 0.115 4.45 ± 0.510 2.06 ± 0.322 3.20 ± 0.467

MRTMKO (h) 2.14 ± 0.091 3.78 ± 0.404 3.93 ± 0.463 2.80 ± 0.066

FMKH 100 188 87 135

aThe values are the mean ± S.D. of 3 rats at a dose of 5 mg/kg equivalent for MK-4.
bCalculated from Eq. (1) using the mean values.
Adapted from Ref. [35].

Table 4. Pharmacokinetic parameters for MKO and MK-4 in plasma after the intravenous administration of the prodrugs,
and for MK-4 in vitamin K cycle-inhibited rats.a
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The distribution of MKO in the liver after the injection of MKH esters is the most important
indicator for assessing the potential of MKH esters as the MKH delivery system for HCC. The
values of AUCMKO and MRTMKO of MKH-1-DMG were larger than that for MK-4, which
indicates that the MKH esters distribute successfully and provide prolonged deliver MKH to
the liver. For the evaluation of MKH-1-DMG as a liver-specific delivery system for MKH, the

selective advantage value was defined as in Eq. (2). In Eq. (2), AUCMKO,MKH − DMGLiver  andAUCMKO,MK − 4Liver  are the AUCMKO values in the liver after the administration of MKH–DMG and

MK-4, respectively. AUCMKH−DMG,MKH − DMGPlasma  and  AUCMK−4,MK − 4Plasma  are the AUC values of

plasma levels of MKH–DMG and MK-4 after the administration of MKH–DMG and MK-4,
respectively. Remarkable site-specific delivery of MKH was observed after the intravenous
injection of MKH-1-DMG. The selective advantage of MKH-1-DMG was 5.7 [35].

Liver
MKO,MKH DMG

Liver
MKO,MK 4

Plasma
MKH DMG,MKH DMG

Plasma
MK 4,MK 4

AUC

AUC
Selectiveadvantage

AUC

AUC

-

-

- -

- -

ì üï ï
í ý
ï ïî þ=

ì üï ï
í ý
ï ïî þ

(2)

It is proposed that the intravenous injection of MKH esters is appropriate when a rapid and
large quantity is necessary for cancer treatment, whereas oral administration of MKH esters
is otherwise appropriate for cancer prevention. We performed a pharmacokinetic study of
MKH-bis-DMG after oral administration, and found that MKH-bis-DMG was absorbed in the
ester form, distributed to the liver and converted to MKH in vivo [32].

10. Antiproliferative effects of MKH-bis-DMG in a spleen–liver metastasis
mouse model

To assess the pharmacological effects of the MKH delivery system in vivo, we assessed the
effects of oral administration of MKH-bis-DMG on hepatic metastasis and proliferation of PLC/
PRF/5 cells in a spleen–liver metastasis model [39]. MKH-bis-DMG treatment significantly
suppressed the increase of liver weight caused by tumor growth (Figure 4A). The percentage
surface area of the cancer compared with the total surface area of the liver was significantly
lower in the spleen-liver metastasis model treated with the MKH-bis-DMG than with the
vehicle (Figure 4B).

Plasma DCP production was completely suppressed after MKH–DMG administration, while
liver metastasis of HCC was not completely prevented (Figure 4C). These results suggest that
the level of influence of DCP suppression on the antiproliferative effects of MKH-bis-DMG
was severely limited. No obvious side effects, such as body weight loss, were observed in the
MKH-di-DMG treated animals.
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The distribution of MKO in the liver after the injection of MKH esters is the most important
indicator for assessing the potential of MKH esters as the MKH delivery system for HCC. The
values of AUCMKO and MRTMKO of MKH-1-DMG were larger than that for MK-4, which
indicates that the MKH esters distribute successfully and provide prolonged deliver MKH to
the liver. For the evaluation of MKH-1-DMG as a liver-specific delivery system for MKH, the
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It is proposed that the intravenous injection of MKH esters is appropriate when a rapid and
large quantity is necessary for cancer treatment, whereas oral administration of MKH esters
is otherwise appropriate for cancer prevention. We performed a pharmacokinetic study of
MKH-bis-DMG after oral administration, and found that MKH-bis-DMG was absorbed in the
ester form, distributed to the liver and converted to MKH in vivo [32].

10. Antiproliferative effects of MKH-bis-DMG in a spleen–liver metastasis
mouse model

To assess the pharmacological effects of the MKH delivery system in vivo, we assessed the
effects of oral administration of MKH-bis-DMG on hepatic metastasis and proliferation of PLC/
PRF/5 cells in a spleen–liver metastasis model [39]. MKH-bis-DMG treatment significantly
suppressed the increase of liver weight caused by tumor growth (Figure 4A). The percentage
surface area of the cancer compared with the total surface area of the liver was significantly
lower in the spleen-liver metastasis model treated with the MKH-bis-DMG than with the
vehicle (Figure 4B).

Plasma DCP production was completely suppressed after MKH–DMG administration, while
liver metastasis of HCC was not completely prevented (Figure 4C). These results suggest that
the level of influence of DCP suppression on the antiproliferative effects of MKH-bis-DMG
was severely limited. No obvious side effects, such as body weight loss, were observed in the
MKH-di-DMG treated animals.

Enhanced Intracellular Delivery and Improved Antitumor Efficacy of Menaquinone-4
http://dx.doi.org/10.5772/63343

321



Figure 4. HCC growth inhibitory effects of MKH–DMG in a spleen-liver metastasis mouse model. (A) Total liver
weight. (B) Percentage of cancer surface area/total liver surface area. (C) DCP levels in plasma. Central horizontal line,
mean; error bar, SD. Vehicle group, n = 15; MKH–DMG group, n = 15. Doses were 0.2 μmol/head/day for 50 days.
Adapted from Ref. [32].

11. Conclusion and perspectives

In previous studies, we have indicated that MKH-bis-DMG can be delivered to the liver
through intravenous and oral administration and that thereafter it is transported and con-
verted to MKH with enzymatic hydrolysis in HCC cells. Regarding the effective delivery of
MKH into the HCC cells, MKH-bis-DMG enhanced the inhibition of HCC cell growth com-
pared with that from MK-4 and suppressed metastasis of HCC. Given these results, we sug-
gest that MKH-bis-DMG is a potential candidate for chemoprevention that can be safely
administered over long periods, and can reduce or eliminate the recurrence and metastasis
of HCC. This MKH prodrug approach was our original method to improve the antitumor
effect of MK-4, and this approach may be applied to improve HCC treatment in the future.
However, further studies are required to develop MKH–DMG for use in human HCC treat-
ment.
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