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Aims and Scope of the Series

Biochemistry, the study of chemical transformations occurring within living
organisms, impacts all of the life sciences, from molecular crystallography and
genetics, to ecology, medicine and population biology. Biochemistry studies
macromolecules - proteins, nucleic acids, carbohydrates and lipids —their building
blocks, structures, functions and interactions. Much of biochemistry is devoted

to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles
in the life process. Biochemical experimentation, besides coopting the methods

of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying
and examining individual components of a biological system; in exemplary words
of Efraim Racker, (1913 -1991) “Don’t waste clean thinking on dirty enzymes.”
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The
‘big data’ metabolomics can define the complement of small molecules, e.g., ina
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g.,
serum; metagenomics can identify all the genes in a complex environment e.g., the
bovine rumen.

This Biochemistry Series will address both the current research on biomolecules,
and the emerging trends with great promise.
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Preface

Vitamin K is a fat-soluble vitamin with a 1,4-naphthoquinone structure bearing various
side-chain moieties that is responsible for blood coagulation and bone homeostasis. It
acts as the cofactor of y-glutamyl carboxylase, which catalyzes the y-carboxylation of
glutamate residue of vitamin K-dependent proteins, including factors II (prothrombin),
VII, IX, and X. The proteins that have y-carboxylated glutamate residue are also found
in the bone matrix and aortic vessel wall and are involved in the regulation of these
structures’ calcification.

In the past two decades, novel biological activities of vitamin K other than the coen-
zyme function of y-glutamyl carboxylase have been reported. For example, vitamin K
shows an anti-inflammatory effect via the inhibition of the NF-kB pathway, and
steroidogenesis by the activation of cAMP-dependent protein kinase. In the vitamin K
family, menaquinone-4 (MK-4) plays important roles in many biological systems,
including enhancement of testosterone production and inhibition of arteriosclerosis
and tumor progression. Further, MK-4 was identified as the specific ligand for the
steroid and xenobiotic receptor (SXR) and it modulates the transcription of genes in
osteoblast, hepatocyte, and intestinal cells. These novel functions of vitamin K could
prevent and control exacerbations in non-communicable diseases and might contribute
to prolonged life expectancy.

Ingested vitamin K from plants, animals, and fermented products is endogenously
converted into MK-4. UbiA prenyltransferase domain-containing protein 1 (UBIAD1)
was identified as a key enzyme for biosynthesis of MK-4. An unknown factor cleaves
the side chain of vitamin K and generates 2-methyl-1,4-naphthoquinone (vitamin K3,
menadione). UBIAD1 catalyzes MK-4 production from menadione and geranylgeranyl
diphosphate derived from the mevalonate pathway. In organs of animals, including
humans, MK-4 is the predominant form of vitamin K. These findings on non-classical
activities of vitamin K indicate the existence of unrevealed mechanisms of action for
physiological and pharmacological functions of vitamin K. In the case of vitamins A
and D, the identification of active metabolites (retinoic acid for vitamin A, and 1«,
25-dihydroxyvitamin D3 for vitamin D) and the target nuclear receptors caused
dramatic improvement in elucidation of their hormonal functions and clinical appli-
cations, while the metabolic pathway of vitamin K and properties of metabolites,
including the possible unidentified active metabolites, remains unclear.

Vitamin K is an attractive lead compound for drug discovery. Several vitamin K deriva-
tives have been synthesized, including possible metabolites, most of them consisting
of structural features like those of natural vitamin K. Development of novel vitamin K
derivatives with unique chemical structure and biological profile, especially those that
elicit non-classical vitamin K functions, would lead to novel clinical applications of
vitamin K.



This book discusses the biology and chemistry of vitamin K, which is helpful for
fundamental and clinical investigations. I would like to sincerely thank all the authors

who contributed to this book.
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Hitoshi Shirakawa, Ph.D.

Professor,
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Tohoku University,

Sendai, Japan
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Chapter1

Recent Advances in the Medicinal
Chemistry of Vitamin K
Derivatives: An Overview

(2000-2021)

Shinya Fujii, Yoshitomo Suhara and Hivoyuki Kagechika

Abstract

In recent decades, many physiological and pharmacological functions of vitamin K
other than its role as the cofactor of y-glutamyl carboxylase (GGCX) have been
identified, and consequently, many vitamin K derivatives and related congeners,
including putative metabolites, have been designed and synthesized. Their biological
activities include antitumor activity, anti-inflammatory activity, neuroprotective
effects, neural differentiation-inducing activity, and modulating potency toward the
nuclear steroid and xenobiotic receptor (SXR). These activities make vitamin K and
its derivatives attractive candidates for drug discovery. In this chapter, an overview of
recent advances in the medicinal chemistry of vitamin K, focusing especially on SXR
modulation, neural differentiation, and antitumor activities, was provided.

Keywords: metabolites, synthetic analogs; neural differentiation, nuclear receptor,
steroid and xenobiotic receptor, antitumor, phthalazine-1,4-dione

1. Introduction

Vitamin K is the term used to describe derivatives of naphthoquinones 1-4 [1, 2].
It was originally identified as a specific cofactor for y-glutamyl carboxylase (GGCX),
which catalyzes the formation of y-carboxyglutamyl (Gla) residues in vitamin
K-dependent proteins. Since then, various other biological activities of vitamin K
have been reported. For example, antitumor activity of vitamin K; (4: menadione:
2-methyl-1,4-naphthoquinone) was reported in the 1980s, [3-6] and antitumor
activity of vitamin K; (2: menaquinone-n; MK-n) was also found in the 1990s [7, 8].
Among the homologs of vitamin K, menaquinone-4 (3, MK-4), which contains
four isoprene units in the side chain, has been most intensively investigated [9-11].
MK-4 binds to human pregnane X nuclear receptor (PXR), which is also called the
steroid and xenobiotic receptor (SXR), and regulates transcription of osteoblastic
genes [12, 13]. MK-4 and its derivatives also have roles in neural differentiation, as
well as neuroprotective effects [14]. In addition, MK-4 exhibits anti-inflammatory
activity by suppressing the NF-«kB pathway [15], exerts an inhibitory effect on

1 IntechOpen
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Figure 1.
Structures of vitamin K homologs.

arteriosclerosis [16], and shows growth-inhibitory activity toward hepatocellular
carcinoma (HCC) cells [17, 18]. Thus, vitamin K and its derivatives are attractive
candidates for drug discovery. The following sections provide a review and perspec-
tive of the medicinal chemistry of vitamin K derivatives mainly developed from the
beginning of this century (Figure1).

2. Structure-activity relationship of vitamin K analogs for transcriptional
activity through nuclear receptor SXR

There are two kinds of natural vitamin K homologs, phylloquinone (PK) (1) and
menaquinones (MK-n) (2). Since the discovery of vitamin K, research has mainly
focused on its role in the blood coagulation system. However, it was recently revealed
that MK-4 (3) binds to the steroid and xenobiotic receptor (SXR, pregnane X receptor in
mice: PXR), a member of the nuclear receptor superfamily, and exhibits agonist activ-
ity [19]. The mechanism has been reported to be as follows; first, 3 binds to SXR and
forms a heterodimer with retinoid X receptor (RXR). Then, the heterodimer binds to
SXR-responsive elements on DNA and gene expression of a drug-metabolizing enzyme,
CYP3A4, is induced [12]. The menaquinone 3 also induces gene expression of proteins
involved in osteogenesis through binding to SXR [13]. Other menaquinones showed
similar effects, but 3 was the most potent. Interestingly, 1 did not have such an effect.

Following describes several vitamin K derivatives synthesized for structure-activ-
ity relationship studies of SXR agonists. Focusing on the double bonds and methyl
groups in the side chain of MK-4, compounds 5-14, in which the double bonds in the
isoprene side chain were progressively saturated or methyl groups were deleted, were
synthesized (Figure 2) [20]. In this study, the deuterium-labeled compounds were
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Structure of vitamin K analogs 5-14.

employed since these compounds enable us to investigate the conversion rate of the
analogs to MK-4. The SXR-mediated transcriptional activity of each compound was
evaluated in two ways, using SXR-GAL4 and CYP3A4 promoters. The results showed
that as the number of double bonds was decreased, the transcriptional activity also
significantly decreased [20]. This tendency was particularly pronounced with the
CYP3A4 promoter assay. Deletion of methyl groups on the side chain also decreased
the transcriptional activity. These results indicate that both the methyl groups and
double bonds of the side chain of MK-4 are important for SXR-mediated transcrip-
tional activity (Figure 2).

Since the isoprene structure of the side chain of menaquinones is important for the
activity, vitamin K derivatives 15-19, in which an isoprene side chain is symmetrically
introduced into the naphthoquinone part, were next synthesized (Figure 3) [21]. The
transcriptional activity of these analogs peaked at compound 17, which contains two
side chains of MK-2, and then remarkably decreased with increasing length of the
side chains [20-22]. These results indicate that the transcriptional activity of vitamin
K derivatives is greatly affected by the length and bulk of the side chains (Figure 3).

Then, in order to investigate how the transcriptional activity changes depending
on the polarity of the side chain, vitamin K analogs introduced hydrophilic or hydro-
phobic functional groups at the end of the side chain; namely, compounds 20-22 with
a hydroxyl group as a hydrophilic functional group and compounds 23 and 24 with a
phenyl group as a hydrophobic functional group, were synthesized (Figure 2) [23].
The transcriptional activity of compounds 20-22 was decreased; on the other hand,
that of compounds 23 and 24 was markedly increased. In particular, compound 23, an
analog of MK-3 bearing a phenyl group at the end of the side chain, showed com-
parable activity to that of rifampicin, a known SXR ligand. Computational analysis
of the binding states of the vitamin K derivative 23 with the ligand-binding site of
SXR using the MOE (Molecular Operating Environment)-integrated computational
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Vitamin K analogs 15-24.

chemistry system indicated that the oxygen atoms of the quinone part of 23 form
hydrogen bonds with His407 and Ser247 of SXR [23]. In view of their potent activity,
MK-3 and MK-4 were expected to show similar interactions. Thus, the SXR-mediated
transcriptional activity of vitamin K requires an appropriate length and bulk of

the isoprene side chain, and the side chain structure also has a significant influence
[20, 21, 23].

3. Neuronal differentiation-inducing activity of vitamin K and its analogs

MK-4 is present at relatively high concentrations in the brain, though its physi-
ological role remains unclear. As one of the biological action in the brain, it has been
reported that it protects neurons against oxidative stress [14, 24-26]. It is also known
that neural stem cells differentiate into neuronal progenitors and glial progenitors,
and then, neuronal progenitors differentiate into neurons, while glial progenitors
differentiate into astrocytes and oligodendrocytes [27]. Recently, it has been found
that menaquinones selectively induce the differentiation of neural progenitors into
neurons, although their potency was not high [28]. This activity differed depending
on the repeat structure of the isoprene side chain of the menaquinones. Therefore, if
this activity can be increased by derivatization of vitamin K, it might be possible to
regulate differentiation using safe and small molecule inducers of neural differentia-
tion. Thus, new vitamin K derivatives that would induce differentiation of neural
stem cells into neurons were explored.

Considering the lipophilic environment of the brain, vitamin K analogs bearing
various hydrophobic functional groups such as benzene or naphthalene in the side
chain were designed and synthesized (Figure 4). The compounds were evaluated for
neuronal differentiation-inducing activity toward stem cells derived from mouse fetal
cerebrum. After the compounds were added to the cells and the cells were cultured,
the expression levels of Map2 and Gfap, which are expressed specifically in neurons
and astrocytes, were quantified by real-time PCR. Interestingly, most synthesized
compounds showed a significant increase in the induction of neuronal differentiation
compared with the control. In particular, derivative 26b, in which an m-tolyl group
was introduced at the end of the side chain of MK-3, exhibited the highest activity,
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Vitamin K analogs: (a) an aromatic substituent was introduced at the w-terminal side chain. (b) A tert-butyl
group or methyl groups were introduced at the w-terminal side chain.

and its differentiation-inducing effect was about twice that of the control. Based on
the ratio of expression levels of Map2 and Gfap, compound 26b selectively induces
differentiation to neurons [28].

Then, compounds 30ab-35ab, in which heteroatoms were incorporated and sub-
stituents such as fluorine and methyl groups were introduced into the phenyl group at
the end of the side chain are reported (Figure 3). The results of biological evaluation
showed that the fluorine-containing compounds enhanced the selectivity of neuronal
differentiation. In order to investigate the effect of alkyl groups on the differentia-
tion-inducing activity of compound 26b, compounds 36-47, in which several ¢-butyl
and methyl groups were introduced into the phenyl group at the end of the side chain,
were synthesized. Interestingly, it was clarified that derivatives 36 and 38, in which
two methyl groups were introduced at the 2,3- and 3,4-positions, respectively, of the
phenyl group at the end of the MK-2 side chain, inhibited the differentiation of MK-2
into neurons (Figure 4) [29, 30].

Thus, the introduction of a hydrophobic functional group at the end of the side
chain can enhance the differentiation-inducing activity of vitamin K from neural
stem cells to neurons. It is known that natural products such as neuropathiazol,
epolactaene, and retinoic acid (retinoid) induce neuronal differentiation. All of these
compounds have double bonds or phenyl groups in their side chains, similar to the
active vitamin K derivatives synthesized in this study [31-33]. Based on these find-
ings, it might be possible to obtain compounds that have more potent neuronal differ-
entiation activity. At present, the mechanism by which vitamin K derivatives induce
neuronal differentiation is unknown. If the proteins upon which vitamin K acts were
identified, this would be helpful for rational design of more potent compounds.
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As described above, the biological activity of vitamin K is greatly affected by
differences in the side chain structure. In addition to vitamin K, many other fat-
soluble vitamins, such as vitamins A, D, and E, also have alkyl side chains containing
double bonds. This may suggest that there is an optimal side chain structure for each
target biological activity, because the specific action of each vitamin differs depend-
ing on the alkyl side chain structure. Further investigation of the structure-activity
relationships of the side chains and the naphthoquinone part is needed (Figure 4).

4. Antitumor activity of vitamin K derivatives
4.1 Menadione-based Cdc25 inhibitors

Antitumor activity is one of the most interesting features of vitamin K and its
derivatives. Among synthetic compounds, a series of menadione-based alkylthio
naphthoquinone derivatives including 2-hydroxyethylthio-3-methyl-1,4-naph-
thoquinone (Cpd 5; compound 5, NSC 672121: 48) are representative examples of
vitamin K derivatives with potent antitumor activity. Carr and coworkers designed
and synthesized naphthoquinone derivatives bearing an alkyl, alkoxy, or alkylthio
group, and evaluated their growth-inhibitory effect toward human hepatoma cell
line HepB3. Almost all of the tested compounds, as well as menadione, exhibited
significant growth-inhibitory activity toward HepB3 cells, and among the com-
pounds, Cpd 5 exhibited the most potent activity [34]. Further studies revealed that
Cpd 5 irreversibly inhibits growth-regulatory phosphatase Cdc25 by arylating the
cysteine residue of the catalytic site, causing cell cycle arrest [35-37]. Based on the
structure and the mode of action of Cpd 5, various compounds bearing 2-hydroxy-
ethylthio group(s) have been developed as candidate antitumor agents. For example,
bis(2-hydroxyethylthio)naphthoquinone derivative NSC 95397 (49) shows potent
inhibitory activity toward Cdc25 phosphatase and was found to inhibit proliferation
of several cancer cell lines [38]. Hydroxylated NSC 95397 derivatives (50, 51) and a
fluorinated Cpd 5 derivative (52) also exhibited more potent activity than the parent
Cpd 5 [39, 40]. A maleimide moiety instead of naphthoquinone could also function
as the arylating functionality, and a maleimide derivative PM-20 (53) exerted potent
growth-inhibitory activity toward HepB3 cells [41].

In addition to the aryl moiety, modification of the sulfide side chain was also
investigated. Garbay and coworkers developed carboxylic acid derivatives such as
compounds 54, 56, and 57. The carboxy functionality therein was introduced based
on the consideration that the carboxylic acid moiety would interact with arginine
residues in the catalytic site of Cdc25B, and indeed, these compounds exhibited
potent Cdc25B3-inhibitory activity. Though the cytotoxic activity of these carboxylic
acid derivatives, especially dicarboxylic acid 57, was low, benzyl ester derivatives such
as 55 and 58, which could be considered as prodrugs, exhibited enhanced cell growth-
inhibitory activity [42, 43]. Suzuki and coworkers investigated the structure-activity
relationship of the alkylthio moiety using a series of oxygen-containing derivatives
such as 59-61 and found that the methoxy derivative 59 exhibited cytotoxic activ-
ity with selectivity toward neuroblastoma cell lines, whereas the parent menadione
and Cpd 5 exhibited cytotoxicity toward both neuroblastoma cells and normal cell
lines [44].

Because 1,4-naphthoquinone structure as well as quinolinedione structure is
considered a promising scaffold for Cdc25 inhibitors, several naphthoquinone-based
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Cdc25 inhibitors other than Cpd 5 derivatives have been also reported as candidate
antitumor agents. Quinolinedione derivatives NSC663284 (62) and JUN-1111 (63)
inhibit Cdc25 function, and the corresponding naphthoquinone derivative 64 also
inhibits Cdc25B3 [45, 46]. Recently, Quinn and coworkers synthesized a series of
naphthoquinone derivatives and examined their Cdc25-inhibitory activity as well

as their binding affinity toward mitogen-activated protein kinase kinase 7 (MKK?7).
Most derivatives bearing alkylthio group(s) showed both Cdc25-inhibitory activity
and MKK?7-binding affinity, and NSC95397 (49), as well as compounds 65 and 66,
showed marked potency. They also found that compound 67 was a selective inhibitor
of Cdc25A/B versus MKK7, whereas compound 68 was a selective inhibitor of MKK7
versus Cdc25A/B [47]. Cdc25 is a promising therapeutic candidate for not only HCC,
but also other cancers including triple-negative breast cancer [48]. Development of
vitamin K-based Cdc25 inhibitors could provide novel options for cancer chemo-
therapy (Figures 5 and 6).

4.2 Anti-hepatocellular carcinoma activity of menaquinone derivatives

The inhibitory effect of menaquinones on tumor progression and the molecular
mechanism involved have been intensively investigated [7, 49], and there is continu-
ing interest in the use of menaquinones for the chemoprevention of hepatocellular
carcinoma (HCC) due to their safety. Though several clinical studies have suggested
a preventive effect of menaquinone against HCC recurrence [50, 51], the efficacy
of menaquinones in suppressing HCC was not confirmed in a large-scale clinical
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Structures of Cpd 5 and related derivatives bearing an alkylthio moiety.
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Figure 6.
Examples of naphthoquinone- and quinolinedione-based Cdc2s inhibitors.

study [52]. Therefore, further study of the anti-HCC activity of menaquinones and
derivatives is needed. In order to investigate the anti-HCC activity of menaquinones,
we focused on carboxylated derivatives, which include isolated and putative metabo-
lites of menaquinones. In the case of MK-4, one of the most interesting vitamin K
homologs because of its multifunctional properties, o-carboxyl homologs of MK-4
(MK-4-0-COOH: 69), Kacid I (74), K acid II (76), and their glucuronides, has been
identified as metabolites [53-56]. It is considered that MK-4 is metabolized to MK-4-
©-COOH (69) by initial w-oxidation, followed by sequential f-oxidation to afford
intermediary carboxylic acids. We focused on the structural similarity between the
o-carboxyl homologs of menaquinones and acyclic retinoid (ACR, peretinoin; 77),
namely a hydrophobic isoprene chain and a carboxyl moiety. ACR, a chemopreventive
agent currently under clinical investigation, selectively inhibits HCC cell growth, but
also has a limited effect on normal hepatocytes.

Although several synthetic methods for oxidized vitamin K derivatives including
Kacid I (74) and K acid II (76) have been reported [57-61], there has been no system-
atic synthesis of w-carboxyl menaquinone derivatives. Fujii and coworkers developed
a method for systematic preparation of w-carboxyl menaquinone derivatives using
1,4-dimethoxynaphthalene derivatives instead of reactive 1,4-naphthoquinones as
synthetic intermediates [62]. By using the synthesized compounds as standards,
McDonald and coworkers newly identified the presence of MK-1-o-COOH (75) in
human urine as a vitamin K metabolite (Figures 7 and 8) [63].

Then, the proliferation-inhibitory activity of o-carboxyl menaquinone deriva-
tives 70, 71, 73, and 74 toward JHH7 human HCC cells were examined. All the tested
carboxylic acid derivatives, including the known vitamin K metabolite K acid I (74),
exhibited significant proliferation-inhibitory activity toward JHH7 cells, whereas
the parent MK-4 had no effect on proliferation. Among the tested compounds,
a,p-unsaturated carboxyl derivatives, that is, 71 and 73, exhibited potent activity.
Therefore, the activity profile of the potent compound MK-2-0-COOH (73) was
next investigated in detail. Compound 73 inhibited the proliferation of human HCC
cell line HepG2, as well as JHH7, but had no significant effect on the proliferation of
normal hepatocytes. These results suggested that the growth-inhibitory activity of 73
is cancer-selective. Since it was reported that menaquinone binds to Bak and induces
apoptosis of HeLa cells, we next investigated the involvement of Bak in the growth-
inhibitory activity of 73. However, a loss-of-function experiment using siRNA
revealed that the observed effect of 73 was not mediated by Bak. As for ACR, it was

8



Recent Advances in the Medicinal Chemistry of Vitamin K Derivatives: An Overview (2000-2021)
DOI: http://dx.doi.org/10.5772/intechopen.101667

O MK q-COOH (89) ) -oxidiation ( ©  Kacidll (76)
/\)\/\)\/\)\ i
@j@ oo OO e
MK-4 (w2)-COOH (70) ) g-oxidation O MK-1-COOH (75)
p-oxidation (
0 (o]
CI T eoen Qoo
o) MK-3 &-COOH (71) - O  MK-2 (w-2)-COOH (74: K acid )
proxidation p-oxidation (
o | o \M
#~~"COOH p-oxidation # # ~COOH
- |
0 MK-3 (m-2)-COOH (72) 0 MK-2 @-COOH (73)

Figure 7.
Putative catabolic pathway of MK-4 based on the identified metabolites.
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Figure 8.
Structure of acyclic retinoid (ACR).

revealed that a caspase- and transglutaminase-dependent pathway is associated with
ACR-induced apoptosis in HCC [64]. Cell growth inhibition caused by compound 73
was reversed by caspase inhibitor ZVAD and transglutaminase inhibitor cystamine,
and combined treatment with ZVAD and cystamine almost completely blocked the
cell death of JHH7 induced by compound 73. These results suggested that the prolif-
eration-inhibitory activity of the carboxylated menaquinone derivatives on HCC cells
occurs at least partially via caspase- and transglutaminase-dependent pathways [65].
Fujii and coworkers have also developed a different type of candidate anti-HCC
agents based on the structure of menaquinones. Specifically, a series of compounds
with a phthalazine-1,4-dione core, instead of 1,4-naphthoquinone in the parent
menaquinones, and a prenyl substituent corresponding in length to that of MK-1 to
MK-4 (79-82), were designed. The corresponding ®-carboxylated compounds 83-86
were also synthesized. Phthalazine-1,4-dione is a heterocycle bearing two carbonyl
groups, like 1,4-naphthoquinone, enabling us to probe the role of the naphthoquinone
moiety in the antitumor effect of the parent menaquinone derivatives. Biological eval-
uation revealed that the compounds bearing an intact isoprene chain, such as geranyl
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Figure 9.
Structure of menaquinone-based phthalazine-1,4-dione derivatives 79-86.

derivative 80, exhibited potent anti-proliferative activity toward JHH7 cells, and the
growth-inhibitory effects on normal hepatocytes were smaller than those on JHH7
cells. On the other hand, phthalazine-1,4-dione derivatives bearing a @-carboxylated
side chain were mostly inactive toward JHH7, in contrast to the corresponding
naphthoquinone derivatives [66]. The SAR of phthalazine-1,4-dione derivatives

was different from that of naphthoquinone derivatives. Further investigation of the
mechanism of the anti-proliferative effect of phthalazine-1,4-dione derivatives might
provide an improved understanding of the possibilities for chemoprevention of HCC
(Figure 9).

5. Conclusion

Vitamin K derivatives are attractive lead compounds for drug discovery. In this
chapter, three topics in the medicinal chemistry of vitamin K, namely, SXR modula-
tion, neural differentiation, and antitumor effect, were covered. Structure-activity
relationship study of menaquinone-based SXR ligands has provided detailed informa-
tion on the SXR-ligand recognition profile, contributing to the further development
of novel SXR modulators. Neuronal differentiation-inducing compounds would be
useful as chemical tools to probe signaling pathways that control neuronal specifica-
tion, and also as candidate therapeutic agents for the treatment of neural diseases.
The antitumor activity of vitamin K and its derivatives is also of great interest.
Various studies have revealed that Cdc25 is an important target of the antitumor
effect of naphthoquinone derivatives, including Cpd 5 and related compounds, and
caspase- and transglutaminase-dependent pathways are also potential targets of
vitamin K-based anti-HCC agents. Further investigation of the mechanism of the
anti-proliferative effect of menaquinone derivatives might lead to agents for the
chemoprevention of HCC.
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Chapter?2

A Perspective of Diverse
Synthetic Approaches

and Biological Applications
of Vitamin K

Satyanarayana Battula

Abstract

Vitamin-K is a demanding multi-functional health product in the market and
belongs to a class of isoprenoid molecules that comprises methylnaphthoquinone
(MK) unit attached to an isoprene side chain. They are fat soluble and differ in the
extent of side chain & obtained in the nature as vitamin K; (phylloquinone), mena-
quinone/vitamin K;, and other lipoquinones. Owing to their owned polyprenyl side
chain, they are hydrophobic/lipophilic in nature. Generally, the synthesis of vitamin
K and its variants suffers with isomerization (for example 11 isomers were identified
for cis/trans MK-7). Naturally, in bio-systems vitamin K produces through shikimic
acid pathway and terpene biosynthetic pathway for the synthesis of menaquinone
part & prenyl side chain parts respectively. Menadione or its auxiliaries are commonly
being used as substrates to the synthesis of vitamin K variants through the involve-
ment of condensation reactions, Friedel-Craft alkylation’s, Claisen rearrangement,
Diels-Alder reactions and others. Importantly, organometallic reagents, such as
Grignard, Gilman, organotelluride and other reagents could be the promising and
consistent choice of substrate to the synthesis of various vitamin K’s. Vitamin K is well
known for blood coagulation. As an antihaemorrhagic vitamin, it’s also being the cur-
rent interest for the treatment of bone and vascular diseases. In addition, vitamin k
is indispensable for the activation of vitamin K dependent (VKD) proteins and that
are present almost in all tissues and responsible for hemostasis, bone mineralization,
arterial calcification, apoptosis, phagocytosis, growth control, chemotaxis, and signal
transduction. This chapter summarizes various synthetic approaches of vitamin K &
derivatives and their biological functions.

Keywords: Vitamin K, Menaquinones, Biosynthesis, Synthetic auxiliaries,
Organometallic reagents, Men], Vascular diseases, diabetes

1. Introduction

Vitamin K is a family of natural products, comprises vitamin K; (phylloqui-
none), vitamin K, (methylnaphthoquinones/menaquinones-MK) and vitamin K;
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Figure 1.
Structures of vitamin K.

(menadione). These are structurally methylated napthoquinones possess isoprene side
chain (vitamin K; & vitamin K;) and they vary in the extent of isoprene side chain,
in terms of number of isoprene units and its level of saturation [1-5]. However, these
structural changes are apparently simple, but needs exist in its specific stereochem-
istry to exhibit their biological functions. These are the fat-soluble compounds and
pertains to a class of lipoquinones [6]. Vitamin K are varied on the basis of number
of isoprene units present in the side chain and they denoted as MK-n (n — number

of isoprene units; Figure 1). The vitamin K; if contains saturated isoprene units
referred as MK-n(m-H,), wherein m is a roman numeral represents isoprene unit
number in the side chain which underwent reduction. Among the two natural forms
of vitamin K, vitamin K; presents in green leafy vegetables, for example, kale, collard
greens, turnip greens, iceberg lettuce, broccoli, spinach, and brussels sprouts. The
Vitamin K; presents naturally in eggs, meet, fermented foods (natto, cheese, yogurt
and sauerkraut) also present in bacteria, for example, MK-9 is found in mycobacte-
rium with nine isoprene units and also its reduced derivative at second isoprene unit
MK-9(II-H,) could be active as electron transport agent in [3, 7]. In humans, these
menaquinones display several biological properties, including facilitating blood
coagulation [8, 9]. In bacteria, these molecules assisting the synthesis of ATP through
transport of electrons between the membrane-bound protein complexes and thus
acting as electron acceptors and donors in the respiratory electron transport [10, 11].
Vitamin K and its analogues could not synthesize by mankind/animals. So, its required
to supply an adequate amount through the dietary sources.

2. Vitamin K biosynthesis

Naturally, bacteria producing different variants of vitamin K. Among the aerobic
bacteria, most of its Gram-negative bacteria contain ubiquinone as the sole quinone,
whereas the menaquinone is the only quinone presents in aerobic Gram-positive bac-
teria. But, in the case of anaerobic bacteria, irrespective of whether it is Gram-positive
or Gram-negative, it produces benzoquinones (ubiquinone), naphthoquinones
(menaquinones; MK-n), demethylmenaquinones (DMK-n) [12]. The Gram-negative
bacteria, such as, Escherichia coli and Salmonella enterica serovar Typhimurium pos-
sesses these isoprenoid quinone molecules, viz., benzoquinones and naphthoquinone.
In E. coli, it contains MK-8 and DMK-8 as the major naphthoquinones & in addition, it
also comprises MK-6, MK-7, MK-9 and DMK-9 in minor quantities (Figure 2) [13].
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Figure 2.
Structures of vitamin K, (MK-n) ¢ DMK-n.

These menaquinones have prenyl side chains with all-trans configurations. MK-10
and MK-11 are the isoforms of vitamin K, and are produced from bacteroides. MK-7
produced from veillonella sp. and MK-6 is from Eubacterium lentum. The mena-
quinone nucleus of vitamin k was being synthesized in the nature by shikimic acid
pathway and that can be described as a “metabolic tree with many branches and was
derived from isochorismate via chorismate. The prenyl side chains in the molecules
are synthesized before its incorporation into the final compound through the terpene
biosynthetic pathway and are derived from prenyl diphosphate, and the methyl
groups in the vitamin K are derived from S-adenosylmethionine. The menaquinone
biosynthesis involves the introduction of prenyl side chain, and that is accompanied
by the loss of the carboxyl group and then occurred the C-methylation on quinone
moiety [12].

Cox and Gibson discovered in 1964, shikimate was present in menaquinone of
E. coli, and thus it could be the first report as an evidence to shikimate pathway to the
synthesis of menaquinones. The chemical degradation reaction of labeled isolated
MK-8 displayed that all the radioactivity is associated with degraded product phthalic
anhydride. It indicated that the benzene ring of naphthoquinone part in the vitamin
K, was procured from shikimate in the bacteria [14]. It was further established that,
the menaquinone biosynthesis was started with shikimate as a starting precursor and
it was confirmed from a complete degradation study of the menaquinone which was
constructed by the labeled shikimate molecule. This study was indicated that all the
seven carbon atoms of shikimate were incorporated in the naphthoquinone part of
menaquinone [15], and the remaining 3 carbon atoms were revealed to be derived
from the 2-ketoglutarate (Figure 3) [16, 17].

Shikimate pathway for the synthesis of menaquinones is presented in Figure 4.
Shikimate was proposed to converted initially into chorismite before its incorporation
into menaquinone [15]. In E. coli, isochorismate formation occurred from chorismite

a) hikimate —» Chorismats — Isochorismate

Succinic -
samiamehyde-TPP\
SEPHCHC — SHCHC —— o-succinylbenzoate —— MK

b)

Prenyl-PPi

Figure 3.
a) Sequential formations in the biosynthesis of menaquinones; b) the preliminary precursors in MK-n
biosynthesis.
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Figure 4.
Biosynthetic pathway of Menaquinone molecules.

and it was mediated by isochorismate synthase (encoded as MenF). The source of the
hydroxyl group in the isochorismate could be either molecular oxygen (occur in aero-
bic organism), or intramolecular -OH group transfer or from the solvent water [18].
Later, it was postulated that, the 2-ketoglutarate gives succinic semialdehyde anion of
TPP through a TPP-dependent decarboxylation and that catalyzes by 2-ketoglutarate
decarboxylase (KDC) [16, 19]. Subsequently, this anion reacts with isochorismate
and produces 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate (SHCHC).
MenD protein was found that it incorporated both SHCHC synthase & KDC activi-
ties and was encoded with a single gene [20]. Further studies shown that, SHCHC
formation is proceeded through the formation of 2-succinyl-5-enolpyruvyl-6-hy-
droxy-3-cyclohexene-1-carboxylate (SEPHCHC) and was catalyzed by SEPHCHC
synthase [21]. As this SEPHCHC compound unstable, under mild basic conditions,

it converts to SHCHC spontaneously [22]. This iz vivo conversion was carried out by
SHCHC synthase encoded by menH gene (Ser-His-Asp; a catalytic triad) [23]. Later,
the removal of water molecule from SHCHC to produces benzenoid compound,
o-succinylbenzoate (OSB) and this transformation was carried out by OSB synthase
& encoded asmenC [24]. Bryant and Bentley described the transformation of OSB
in to the 1,4-dihydroxy-2-naphthoate (DHNA) [25]. It was derived by ATP and CoA,
so that OSB-CoA could be the proposed intermediate driven by the menE gene. Two
enzymatic activities are worked on this conversion, viz., OSB-CoA synthetase and
DHNA synthase. Due to the un-stability of OSB-CoA, as an intermediate it was
converted to DHNA through the involvement of DHNA-CoA [26]. Further Bentley
was shown that the conversion of DHNA to DMK was happened in the extracts of

E. coli [27]. The transformation of DHNA to DMK occurs through the exchange of
carboxyl with isoprenpoid side chain. Both these processes, prenylation and decar-
boxylation perhaps occur at a single reactive center [28]. The MenA enzyme has
carried out this process with octaprenyl PPi [29, 30]. Finally, the conversion of DMK
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to MK was happened by a methyltransferase, and that uses S-adenosylmethionine as
the methyl donor [25, 31]. Moreover, Meganathan and group was extensively studied
and reviewed detailed mechanistic studies for the shikimate pathway mechanism for
the biosynthesis of vitamin K, [12, 32].

3. Various synthetic approaches to vitamin K

In 1939, Fieser [33], Binkley [34], and Almquist [35] were reported initially
the synthesis of vitamin K; independently. The condensation reaction of either
menadione/2-methyl-1,4-naphthohydroquinone with natural phytol in the presence
of oxalic acid or zinc dust in acetic acid produce vitamin K; (Figure 5).

The initial synthetic approaches were generally proceeding through the usage
of Friedel-Craft alkylation’s for introducing the side chains through its coupling to
menadions, which led to the generation of mixture of isomers at the A, position
and produced E-isomer as the major (90%). Later it was developed by Lindlar to
accomplish the complete retention of configuration of the side chain by taking the
use of menadiol ester (menadiol 1-benzoate) in the catalytic amount of BF;.Et,0
instead of menadione [36]. But the reaction suffers with the allylic alcohol instability
to the acidic reaction conditions. Later days, the synthesis of vitamin K was achieved
by coupling reactions of protected menaquinones with side chains, the protection
is depending on the nature of the substrates and deprotection protocols. Transition
metals (Ni [37], Ag [38]) show huge applicability in these coupling reactions to the
synthesis of vitamin K. Furthermore, organometallics did this synthesis through
the reactions of their metallonaphthalenes with corresponding side chain halides.
Among, Grignard reagents were given excellent reactions with 99% stereo retention
of the E-configuration. By using this magnesium organometallics Evans and Hoffman
did a regiospecific isoprenylation of naphthoquinones to the vitamin K [39]. In this
reaction, trimethylsilyl cyanide (TMSCN) added 2-methoxy-3-methyl-1,4-naph-
thoquinone gave the protected quinone wherein cyanide was acted as a catalyst. This
protected quinone underwent reaction with prenyl magnesium bromide followed
by a Cope rearrangement to obtained the protected MK-1. It’s deprotection was later
performed with AgF, consequently it afforded the MK-1 (Figure 6).

le) (8]
e HO. g |~ Ha0* S
| - O (7T
-~ : o
X ] /ﬁ/ 2 /\r
Vitamin Ky
Figure 5.
The first synthesis of vitamin K,.
o] Q 0]
AgF
OO o — CLI 2
O/ \ﬁ/ N N
NC OTMS NC OTMS

C mk-1

Figure 6.
Grignard reagent mediated synthesis of MK-1.
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In addition, Organocuprates were also being used to the synthesis of vitamins K’s.
Menaquinone and phylloquinone are synthesized by Chenard group, from the reac-
tion of Gilman based bisketals of quinone substrate with allyl halides and it afforded
high yields and good stereoselectivity at the A, position of the vitamin K (Figure 7).
The quinone bromide underwent metalation to produce the corresponding cuprate,
and its reactivity was varied with different electrophilic substrates (RX). Among the
tested electrophilic substrates, if the electrophilic group is small enough (allyl bro-
mide) then the two alkyl groups of cuprate reagent were being used being transferred
in the reaction. If the reaction with bulkier electrophilic halide (for example benzyl
chloride/bromide, cyclohexanecarbonyl acid chloride), cuprate can transform only
one alkyl group [40]. Syper group synthesized protected forms of MK-1 and MK-2
in appreciable yields through the coupling reaction of prenyl bromide and geranyl
bromide with 2-bromo-3-methyl-1,4-dimethoxynaphthalene [41]. Generally, these
organometallics (Grignard reagents, organocuprates and organolithiums) mediated
synthesis of vitamin K required the usage of protected quinones to avoid the side
reactions. Unprotected quinones could also give the vitamin k synthesis through their
direct coupling with organostannates [42] and organisilanes [43].

Tso and group developed an efficient and conceptually distinguished one-pot
protocol to the synthesis of vitamin k, wherein the 3-substituted isobenzofuranone
was treated with a base, the generated quinone methide which underwent an anionic
[4 + 2] cycloaddition reaction with the alkenyl phenyl-sulfone (dienophile) and that
was being synthesized from the corresponding allyl phenylsulfone and various prenyl
bromide (RBr). Finally, the vitamin K was produced by the elimination of sulfone
from the intermediate. This method was very compatible to the synthesis of phyl-
loquinone and different menaquinone variants MK-1, MK-2 and MK-9 about 60-65%
yields (Figure 8) [44].

In 2015, Mal et al., extended this protocol to the synthesis of menadione deriva-
tives (MK-n molecules) by a base mediated reaction of 3-substituted phthalide with
methyl methacrylate [45]. The yield of the reaction was verified in this reaction with

MeQ OMe
et — OO
R
MeO OMe
R: allyl, benzyl, cyclohexanecarbonyl

X: -Cl, -Br

Figure7.
Menaquinone analogs synthesized by organocuprates.
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Figure 8.
Methide annulation to a one-pot synthesis of vitamin K.
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various leaving groups, such as - methoxy, phenyl sulfonyl, isonitrile, thiophenyl,
and nitrile. The nitrile leaving group in the substrate was found to be the best suit-
able one for the reaction. The 3-nitrilephthalide is to be a menadione auxiliary to
the reaction of MK-n variants (Figure 9). The reaction was proceeds through a base
mediated anionic driven annulation of 3-nucleofugal phthalides with a-alkyl/aryl
acrylates followed by demethoxycarbonylation. If the polyprenyl acrylates are to be
the substrates, then various analogs of menadione were being produced (MK-n).

Side chain functionalization methods were also being developed to the synthesis
of vitamin K analogs. These derivatized vitamin K are received a great deal of interest
to reveal the structure activity relationship studies (SAR). These analogs were also
proved to be as inhibitors of vitamin K dependent carboxylase and vitamin K epoxide
reductase [46]. The side chain stereochemistry is very essential to exhibit the biological
activity, as the E-isomers of these vitamins are producing activity and the isomers with
Z-configuration could lead to loss of their activity. The longer chain in the menaqui-
nones causes to account lower biological activities due to their hydrophobicity [47].

Snyder and group during their sustained efforts to retain the stereochemistry of
a-isoprene double bond, they introduced the alkylation of enolates to the synthesis of
vitamin K [38]. The synthesis involves the interaction of nucleophilic aromatic com-
ponent to the receptive prenyl component through its enolized nucleophile. Initially,
the menadiol forms its potassium salt in presence of either potassium hydride or
potassium methoxide and then underwent prenylation through the enolate alkylation,
later in presence of silver oxide get oxidized into prenyl fragment substituted menadi-
one (MK-2 and MK-9) and was shown in Figure 10.

However, these enolyte alkylations were successful but not very practical. To accom-
plish the practical methods, Snyder group developed transmetallation method for the
synthesis of vitamin K [ 38]. Lithium, magnesium and copper had used to convert

CN Q o

LitOBu
|+ 0 g™ R |~
Me0,C~ "R Y CO,M - 80,Ph R
n=1; MK- 1 = 65% yield
R n=2: MK-2 = 40% yield
Figure 9.

Anionic annulation of 3-nucleofugal phthalides to the synthesis of vitamin K.
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Figure 10.
Enolate alkylation of menadiols to MK-n synthesis.
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2-bromomenadiol to its corresponding metallo derivative. As an electrophilic partner
authors chosen initially aldehydes, but aldehydes are unsuccessful as the resultant
alcohol functionality removal afforded either vinyl alkenes or a-isoprene double bond
isomerization. Later, the prenyl halides are found to be the appropriate substrates of
electrophiles for these transformations. Primarily, reactions were performed to evaluate
the stereoretention of the a-isoprene double bond in each of the 2-metallo derivatives. As
per their expectation, all these metallo derivatives could not affect the configuration of
the isoprene component of the vitamins. It was found that, organo magnesium reagents
are more efficient than organocuprates and that in turn efficient than organo lithium
reagents. Among the prenyl halides, prenyl bromides are generated excellent yields of
menaquinone analogs (Figure 11). The coupling of 2-magnesio or 2-cupro-3-methyl-1,4-
dimethoxynaphthalene with geranyl bromide produced in >90% yield. In this method,
MK-9 was obtained in 73% yield by treating solanesyl bromide with menadiol.

In the various synthetic strategies to the vitamin K in the literature, Friedel-Crafts
alkylation protocol of menadiols is the most popular across the literature. Hirschmann
group developed a method wherein the applicability of various Lewis and Bronsted-
Lowry acids were being used for the synthesis of vitamin K; [48]. Monoacetate of
menadiol substrate was treated with phytol in presence of various acids. Among, the
acids, BF3.Et,0 afforded appreciable yields (67%) rather others being tested KHSO,,
oxalic acid and Duolite C-60. After Friedel-Crafts alkylation, finally, the acetate
group was removed by the treatment with Ag,0 (Figure 12).

Later, in 1990 Schmid and group enriched the yield of the reaction by treating the
reaction of menadiol monoacetate with phytyl chloride in presence of a base potas-
sium carbonate, wherein O-phytylated derivative had obtained. This was further
undergoing Claisen rearrangement under acidic treatment with catalytic amount of
BF;.Et,0 to C-phytylated product in 76-80% yield and the ratio of the configurations

OCH, OCH3 OCH3
M Br
MglefCu
n= 2 gerenyl bromlde H
n=9; solanesyl bromide
OCH3 OCHj5 OCH3
M = LifMgBr/{CulLi)yz o AgO H*
n=2; MK-2 I I =7 [H
n=9; MK-9 o} n

Figure 11.
Efficient transmetallation reaction to menaquinones.

dil KOH, MeQH

OCOCH;

Figure 12.
Application of Friedel-crafts alkylation to the synthesis of vitamin K,.
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of E and Z isomers was found to be 97:3. The deacetylation was carried out in basic
medium (Figure 13). Vitamin K; obtained in this procedure is to be 96.5% and with
E-configuration, Z -configuration compound was with very low yield (3%) [49].
Apart from the electrophilic side chain attachment to the menadiones, radicals also
found to do the same work to make the synthesis of vitamin K. Jacobson and cowork-
ers in 1972, developed a method to the alkylation of quinones by the use of radicals
and that were produced by metal/persulphate catalyzed decorboxylation of the
corresponding carboxylic acid. 4-Methyl-3-pentenoic acid produced the 3,3-dimeth-
ylallyl radical while in presence of AgNO;, (NH,4),S,0s. Initially Ag" is reacted with
S,057% to form Ag*? and which abstract an electron from carboxylic acid to produce
allyl radical by the ejection of CO,. This allyl radical resonates and unexpectedly
less stable isoform vy,y-dimethylallylquinone was given the product instead to a,a-
dimethylallylquinone (Figure 14). By this procedure MK-1 obtained in 70% yield as a
v,y-dimethylallylquinone as to hold a stable alkene [50].
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Figure 13.
BF3.Et,0 catalyzed Claisen rearrangement to vitamin K,.

$,08 SO, + 50472
+ 2
AgNO; —= Ag Ag’
R + Co2 + H* RCOOH
+
Y\/COOH Ag P \(\
$,047
v,y-radical a,o-radical
(kinetically stable) (thermodynamically
0 0 stable)
OO e O
+ \r\/ —_—
$,057
o o) MK-1

Figure 14.
Ag'/S,047* mediated radical directed synthesis to MK-1.
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Later, Yamago et al., found the applicability of organotellurium compounds to
the radical coupling reactions with a variety of quinone substrates [51]. This method
could offer the general protocol to the synthesis of polyprenyl menadiones with
complete retention of stereochemistry. Organotellurides were prepared by Sml,
mediated coupling reaction of its corresponding bromides with ditollyl ditelluride
(Tol),Te,. This telluride later produced prenyl radical under photo/thermal energy
source and that interact with menadione to produce respective MK-n related to the
length of the prenyl side chain. While geranyl tolyl telluride (73:23 mixture of the
trans and cis isomers) react with 2-methyl-1,4-naphthoquinone to produce MK-2 in
moderate yield. The stereochemistry of the product (7:3) informed that the reac-
tion gave the retention of stereo chemistry of organic telluride in to the product
(Figure 15).

Diels-Alder reactions were useful to construct napthoquinine structural unit, as
Rittimann and group being used this concept to develop protocol for the synthesis
of vitamin K;. The reaction of dihydroisobenzofurane was performed with activated
alkyne dienophile (96:4 E/Z) at 80°C overnight to form the trimethyl sillyl ether
of Diels-Alder adduct and its reaction further carried out with methanol and then
methyl group at C, position is achieved through the reduction of ester with bis
(2-methoxyethoxy)aluminum hydride followed by air oxidation produces vitamin K
in moderate yield (Figure 16a, 50%) [52]. During the reaction the isoprene double
bond configuration was not altered. Later, he developed the reaction by taking an
auxiliary to support the reaction. Riittimann along with Biichi had taken cyclopen-
tadiene as a substrate auxiliary and its reaction was carried out with menadione to
generate Diels-Alder adduct (Figure 16b). Prenylation/ alkylation at C3 position of
Diels-Alder adduct was performed under strong base (KO¢tBu, NaNH,, KNH,).

Inspired by menadione auxiliary applicability in the synthesis of vitamin K,
Battula, S., and group, thought to introduce the polyprenyl side chain on to the
menadione to synthesis MK-n variants. This menadione surrogate was utilized
to the synthesis of MK-9 in one pot protocol. The reaction of 1-Chloro-N,N,2-
trimethyl-1-propenylamine (Ghosez reagent) with solanesol and Diels-Alder adduct
of menadione was produced MK-9, wherein solanesol chlorination was happened
initially to produce solanesyl chloride and that was treated with menadione auxiliary
in presence of a strong base KOtBu. Finally, the reaction was treated with acetic acid
followed by tributylmethylammonium bromide to eliminate the by-products. In this
procedure, MK-9 was obtained in 77% yield (Figure 17). The reaction with bromine
based Ghosez reagent was generated MK-9 with 65% yield, as its higher leaving group
ability than chloride facilitates to the formation of side reactions like S,Z reaction and
cyclic reactions [53].
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Figure 15.
Organo telluride mediated vadical coupling synthesis to vitamin K.
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a) Diels-Alder reaction mediated synthesis to vitamin K,; b) Cyclopentadiene auxiliary driven synthesis to
vitamin K,.
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Figure 17.
One-pot synthesis to MK-9.

In the view of the requirement of MK-7 owing to its high lipophilicity and good
bioavailability in small intestines and about 3 days half-life than compare to other
menaquinones and ubiquinone, Aneta et al. in 2016 developed a practical synthetic
strategy for vitamin K, (MK-7) [54]. The synthesis of MK-7 was achieved in all the
trans forms in the side chain through 1 + 6 convergent synthetic protocol and that
involves condensation of menadione monoprenyl fragment with all-zrans hexaprenyl
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bromide fragment. All-trans hexaprenyl bromide fragment was being synthesized
from two tryprenyl molecule, i.e., trans,trans-farnesol. This method also implemented
to the industrial level synthesis of MK-7 to compensate the need of dietary supple-
ment as it affords high purity of the final compound MK-7 (Figure 18).

Among the two coupling components, hexaprenyl fragment was obtained from
commercially available trans,trans farnesol & trans,trans farnesyl bromide by the fol-
lowing synthetic steps. The other substrate monoprenyl 1,4-dimethoxy naphthalene
was produced from menadione and phenylsulfonyl, hydroxy isoprene compounds.
Both these substrates were coupled in the presence of strong base t-BuOK, followed
by the desulfonation at the side chain was performed by LiEt;BH in presence of
Pd(dppe)Cl,. Later, the 1,4-dimethoxy naphthalene was oxidized with CAN. This “1 +
6” convergent synthetic strategy is based on the condensation of monoprenyl deriva-
tive of menadione with hexaprenyl molecule was produced MK-7 in all trans stereo
isoforms of side chain.

As this method was convenient in the availability of starting substrates and perfect
stereochemistry of the product, Battula, S., and group developed the similar conver-
gent synthetic strategy to MK-6 as well (vitamin K; variant) in all the trans forms
of side chain through “1+5 convergent synthetic approach” of pentaprenyl chloride
with monoprenyl menadione derivative [53]. Durlng this survey, authors found that
bromo based polyprenyl substrate was produced S, side reaction product along with
the main product. In addition, during LiEt;BH mediated desulfonation, it evolves a
by-product Et;B and that leads to give cyclized side product. These limitations in the
synthetic strategy interrupt the purification processes and effect the yield of the final
product MK-6. To minimize these limitations, the reaction strategy was incorporated
less efficient leaving group/ more efficient nucleophile (Cl) in the polyprenyl deriva-
tive to eliminate all S,” side reactions and thus enhance the yield and purity of the
product. Further in the reaction sequence, to prevent the side reactions due to the

1) Ac;0
2) Se0,, +BUO;H

HO 3) FBrg, PhSO,N
= =% Sy 3 PBr 242 AGOWSD;%

1. FBUOK, SOPh
2. Brww o 2

= = = = = =
3. NaCH

2 PBry
S S S = R S

11 LiEt;BH, Pd(dppe)Cl; (desulfonation)

o] 11. LIEt;BH, Pd(dppe)Cl; (desulfonation)

2. CAN, CH,Cl; (oxidation)

Figure 18.
Convergent synthesis of MK-7.
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Et;B by product (from the desulfonation reaction), the corresponding desulfonation
reaction was treated with acetic acid to quench the by-product Et;B. Authors were
applied the same strategy to the one-pot synthetic protocol to MK-9 (vitamin K,
variant). The reaction of phenyl sulfone derivative of monoprenyl menadiol with
pentaprenyl chloride was occurred in presence of base (produced by a sequential
reaction from the combination of geraniol and farnesol), and it was followed by the
desulfonation reaction of the resulting product with LiEt;BH in presence of Pd(dppe)
CL. Finally, the product in the desulfonation process was subjected for the oxidation
with CAN reagent and it produced the final product MK-6 (Figure 19).

Lipshutz and group developed a method to introduce a one carbon handle at the
C-3 position of menadione molecules and it offered a good synthetic protocol to a
wide range of MK-derivatives through a highly probable Sy* substitutions and organo-
metallic cross-coupling reactions [55]. The protocol was initiated by the reaction of
menadione molecule with formaldehyde and HCl gas, resulting to produce 3-chlo-
romethyl menadione in appreciable yield. The synthesis of vitamin K1 was achieved
through the reaction of 3-chloromethyl menadione with phytylalane in presence of
NiCl,, PhsP and 7-BuLi. Whereas MK-3 was prepared in the reaction with farnesyl-
alane with E-configuration at the coupling position (a-isoprene double bond). The
required stereoselective organoalanes [56] were being synthesized by Negishi cross
coupling reaction (Figure 20).

In the early of 1900s, Saa and group successfully established a protocol by which
aldehydes were being used as electrophiles to launch the prenyl side chains in to
menadione molecules in the production of MK-2 and MK-4 [57]. During this pro-
tocol, bismethyl ether of 2-bromomenadiol undergoes reaction with #-BuLi, and
generates organolithium reagent through the lithium-bromide ion exchange process.

1) Ac,O
2) Se0,, +-BuCG,H
HO 2 27 AcO
W 3)PCl c WCI
Geraniol
1) PBr;

HOWY 2) PhSO,Na P05~ o o -BUOK
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1. LiEt;BH, Pd{dppe)Cl; (desulfonation)

HC
2. PCly l Mﬁ/\{ﬁ/\/\\/\/ﬁ/
S0zP

Cl

R = S S s
OMa OMe
O 0 HO\/‘Y\SOﬂ:’h e
= SQ4Ph
OMe OMe CMe
I 2
s = = = = =
OMe
o 1. LiEt;BH, Pd{dppe)Cl; (desulfonation)

2. CAN, CH,Cl; (oxidation)
o]

MK-6

Figure 19.
Convergent synthesis of MK-6.
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Figure 20.
Synthesis of MK-3 ¢ vitamin K, through using phytyl and prenyl organoalane compounds.

This organolithium reagent attacks on commercially available prenyl aldehydes (citral
& geranylgeranial) under BIHY reaction conditions (Birch hydrolysis) produces cor-
responding benzyl alcohols respectively [58]. The formed alcohol was protected with
TMSCl in the presence of HMDS/HMDSZ (hexamethyldisilazane reagent). This pro-
tected form of alcohol converted to free methylene group when it reduced in presence
of Li & liquid ammonia [59]. The resulting stereochemistry of the a-isoprene double
bonds were with more than 95% E alkene as presents in the precursor aldehyde. The
methyl ethers of menadione nucleus were removed by CAN to generate MK-2 and
MK-4 (Figure 21).

4. Brief discussion of vitamin K biology

Biologically these molecules are very important and have been reported for
several biomedical purposes. Owing to their severe liphophilicity/ hydrophobicity
due to containing multiple isoprene units in the side chain, they are with less solubil-
ity and thus causes to difficulties to assess in-vitro studies as these are performed in
aqueous solutions. These napthoquinones have been displayed promising biological
activities against tubercular [60, 61], cancer [62-64], cardiovascular [65, 66] and
diabetes [67, 68].

OMe OH

1 n-BuLl THF, 1 TMSCI, HMDS
2 Li/NH3, THF

QM i M i

H e o '

2 : '

CAN @0 e ! o Citral !
Lo |

OMe R = = = i

MK-2; if aldehyde is Citral geranylgeranial i
MK-4; if aldehyde is geranylgeranial - -----osmooo oo T :

Figure 21.
Synthesis of MK-2 ¢ MK-4 by using birch hydrolysis conditions.
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In mycobacteria, Men] (Rv0561c) is a highly conserved reductase enzyme
demonstrated in mycobacteria knock out strains, and that reduces isoprene units
in menaquinones through electron transport, thereby the menaquinones found in
mycobacteria are in reduced form (Figure 22) [3, 69, 70]. But the ATP levels depends
on the total menaquinones present in membrane of bacteria and that facilitated by
disruption of Men]J functioning of menaquinone reduction. However, these partially
saturated menaquinone’s role is unclear in various organisms, but they are found
to essential for the growth and survival of pathogenic. The mycobacterial electron
transport system is increased by hydrogenation of MK-9, so the survival of the
bacteria inside J774A.1 macrophage like cells significantly declined by the deletion of
Men] and that found to be not required for bacterial growth in culture. Thereby, Men]
perhaps identified as a conditional drug target for Mycobacterium tuberculosis while in
the context of infected macrophage [69].

As a known fact that vitamin K is an essential nutrient that displays potential
anticancer properties on a variety of tumor cells [71, 72]. Quinones are the important
natural and synthetic molecules as they have considerable biological potential. These
compounds are display antitumor activity through several mechanism of action.
Generally, these molecules have problems with respect to solubility, stability and
toxicity. Owing to this reason, these molecules are using as drugs through alternative
procedures like controlled-release system of these quinones, and it could be a strategy
for improving the pharmacological profile of this class of compounds. Vitamin K
mediated mechanisms proceeds to prevent the cell proliferation and growth although
unclear, but mostly through oxidative effect and direct arylation of thiols may deplete
glutathione and cell cycle arrest. The quinone structure in vitamin k is responsible for
the modulation of redox-balance and induction of oxidative stress in cancer cells. The
anticancer properties of vitamin K; and vitamin K, mostly mediated by non-oxidative
mechanisms, probably through transcription factors, but vitamin Kj does by reducing
oxidative stress and arylation at higher concentrations. It’s been evidenced that, bulk
doses of vitamin K; (2.5 grams given per day) could be safe and not caused to enhanc-
ing toxicity levels [73]. Vitamin K; also prevents hepatocarcinogenesis in patients with
hepatic cirrhosis [74]. Quinones generally undergo one-electron and two-electron
reductions, leads to produce semiquinone radicals, as well as hydroquinone’ respec-
tively. These factors reduce oxidative stress through the consumption of superoxide
radicals and cause to cancer cell homeostasis.

Vitamin K known to reduce complications and improve clinical issues of
pre-diabetes and diabetes. Type-2 diabetes mellitus (T2DM) demonstrates

0 0
H menaquinone reductase (MenJ) I l s = H
o] 7
MK-9 Z MK-9(11-H,)

essential for mycobacterium tuberculosis to survive

Figure 22.
Men] reductase reduction transformation of MK-9.
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when pancreatic f-cells fail to compensate for enduring elevated blood glucose
(hyperglycemia) that occurs when glucose uptake in the insulin-sensitive tissues
become imbalanced during insulin resistance [75]. Recent clinical trials display
T2DM risk reduction was happened with vitamin K supplementation, in addi-
tion vitamin K, improvs insulin sensitivity through the involvement of vitamin
K-dependent-protein osteocalcin metabolism and that favors p-cell proliferation,
insulin secretion and sensitivity. Vitamin K, shows better effect than vitamin K; in
the context of T2DM [76].

Vitamin K; also useful to the bone and cardiovascular related problems. As we
know, lower intake of calcium can decrease the bone mineral density, and thus
can increase the risk of bone fractures. Although supplemental calcium helps to
enhance bone mineral density and strength (prevent osteoporosis), recent evidences
informed that higher consumption of calcium supplements may lead to the risk for
heart diseases and also can cause to accelerated deposit of calcium in blood-vessel
walls and soft tissues. While the vitamin K, is related with the inhibition of arterial
calcification and arterial stiffening, which means that increased vitamin K, intake
could be lower the risk of vascular damage as it activates matrix GLA protein (MGP),
and that inhibits the deposits of calcium on the walls, and thus reducing the health
risks that are associated with calcium levels [77, 78]. The essential component to
the synthesis of Gla-protein family is vitamin K and that is very important to the
hemostasis as its deficiency causes to acute and dangerous condition due to excessive
bleeding.

5. Conclusion

This chapter summarized various synthetic approaches of different variants
of vitamin K and their biological application. Although several methods are avail-
able, but menadione and its substrate auxiliaries (for example, Diels-Alder adducts,
organometallic compounds and others) are the choices to the synthesis of vitamin
K’s. Their synthesis proceeds through several reactions like, Friedel-Craft alkylation’s,
condensation reactions, Claisen rearrangement, Diels-Alder reactions and others
and by the involvement of nucleophilic and free radical reactions. It also included the
information regarding their natural sources. As the huge importance of vitamin K to
the mankind, it is being used as food supplementation because it’s not produced by
mankind. The major dietary source of vitamin K is phylloquinone, which is syn-
thesized by plants and algae. Vitamin K, (various forms of menaquinone; MK-4 to
MK14), produces from bacteria in the human gut and plays a lesser role in the provi-
sion of vitamin K, since it is taken up by the body to only a limited extent. In infants
the development of vitamin K is very low, due to its deficiency they are offering
vitamin K immediately after the birth and the initial days life. Also incorporated the
utility of vitamin K, as its great role in the blood coagulation, in the maintenance of
bone health and healthy nervous system, prevention of cardio vascular disease and
diabetes.

Menadione, a synthetic product and being used as a pharmaceutical interested
molecule. Menaquinone-4 mainly resides in the brain tissues and generates from
a tissue-specific transformation of vitamin K. The metabolism of vitamin K is an
essential factor to study further vitamin K biology. Further knowledge in this con-
text of vitamin K proved to be beneficial in many areas of science for example like
medicine [79].
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Abstract

This chapter reviews the physiological and cellular functions of vitamin K in
the cardiovascular system based on the latest pre-clinical and clinical evidence.
Vitamin K belongs to a family of structurally similar fat-soluble vitamins, actively
required by the body for the synthesis of essential proteins as well as regulate blood
clotting, bone metabolism and calcium level. The authors emphasize the quintes-
sential association between dietary vitamin K2 and cardiovascular diseases shown
in various studies. The association, through the vitamin K - dependent hormones,
plays a primary role in regulating calcification of different cell types, especially their
role in calcification of the vascular endothelial cells. The consequences of vitamin K
deficiency in the vascular system are unfavorable, shown in various clinical studies
on statins - well-known inhibitors of vitamin K production in the body. New clinical
insights suggest that vitamin K levels in the body and its dietary supplementation play
a crucial role in cardiovascular disease prevention. There is negative influence of these
antagonist’s pate in vascular composition and functions. Therefore, there is a need
for prospective studies to make more in-depth exploration and increase the current
understanding of this critical relationship to confidently apply such knowledge to
prevent cardiovascular diseases and improve their outcomes.

Keywords: Vitamin K, hormone, heart, cardiac disease, vascular system, gene
expression, statin

1. Introduction

Vitamin K applies to fat-soluble vitamins, which are similar in structure and
essential in the blood coagulation process and to control the calcium mineral bind-
ing in bones and other tissues. The discovery of vitamin K can be attributed to the
observations of a high incidence of bleeding in chickens on a low-lipid diet during
the 1930s [1]. Until the 1970s, it was believed that vitamin K was essential exclusively
for homeostasis, maintaining an adequate blood supply, and preserving vascular
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integrity in animals and humans. Today, we know that vitamin K is involved in
gamma-carboxylation as a co-factor in several essential proteins located within the
bone, heart, and blood vessels. Moreover, only in the presence of vitamin K, specific
essential proteins called vitamin K-dependent proteins (VKDPs) are able to switch
from inactive uncarboxylated forms to active carboxylated forms. Vitamin K allows
switching VKDPs to their active states by the carboxylation of VKDPs glutamic

acid (Glu) residues in specific tissues and organs [2]. VKDPs include seven proteins
involved in blood coagulation (coagulation factor II, VII, IX, and X, and anticoagu-
lant proteins C, S, and Z); proteins responsible for bone mineralization (osteocalcin
(OC) and matrix gamma-carboxyglutamic acid (Gla)-protein (MGP)); and recently
discovered proteins, including growth arrest-specific gene 6 (Gas-6), the transmem-
brane Gla proteins (TMG3 and TMG4), the proline-rich Gla proteins (PRGP1 and
PRGP2), the Gla-rich protein (GRP), periostin and transthyretin [3-7]. In nature,
there are two main variants of vitamin K: phylloquinone (or vitamin K1) can be found
in some green vegetables, and menaquinone (or vitamin K2) can be found in some
meat, fermented milk, and fermented soybean products. Structurally, vitamers differ
in their degree of saturation and side-chain lengths; vitamin K2 is more biologically
active than vitamin K1 and circulates longer in the body [8]. Cardiovascular diseases
(CVDs) comprise a group of disorders affecting the heart and blood vessels that cause
conditions such as coronary heart disease (CHD) and cerebrovascular disease, which
affect the blood vessels that supply the brain [9]. In recent years, numerous physi-
ological studies have pointed out the critical role of vitamin K as an anti-vascular
calcification (VC) factor. VC is recognized as an autonomous and prominent risk
factor for CVDs, and several human observational studies have shown a positive
correlation between low vitamin K supplementation and VC [10, 11]. Meta-analysis
studies showed that patients with regular dietary of vitamin K showed significantly
less VC while maintaining vascular stiffness compared with patients with no vita-
min K supplementation [12]. In this chapter, we will cover the following topics: the
importance of dietary vitamin K; physiological functions of vitamin K beyond blood
coagulation; vitamin K-dependent hormones; physiological and protective roles of
vitamin K on cardiovascular (CV) processes; cellular and molecular mechanisms of
vitamin K in the vascular cells and whether vitamin K promotes or encounters statins.

2. The importance of dietary vitamin K in CVD

Vitamin K is vital for healthy bones and the heart and increases blood clotting.
Although a deficiency of vitamin K is not common, its deficiency may affect the
body over time. Bleeding and weak bones, as well as higher CV risks, are some
consequences of vitamin K deficiency [13, 14]. Hence, vitamin K intake must not
be ignored. Usually, the daily value (DV) of 120 mcg of vitamin K is sufficient in
adult males and less than this in females and children (Table 1) [17, 18]. Vitamin K
can be in both forms in our diets, where phylloquinone can be sourced from leafy
green vegetables, and menaquinone can be sourced from animal-based food that
includes meats, fermented dairy, fermented soybeans, and dietary supplements [19].
Vitamin K2 is also available on the market in the form of synthetic menaquinone-4
(MK-4) and menaquinone-7 (MK-7) in natural or synthesized form. Naturally, in
animals, MK-4 is more commonly produced, while MK-7 (as well as MK-5 to MK-14)
is made by bacteria. Many animals can convert vitamin K1 to vitamin K2 (MK-4).
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Type of product Amount of Vitamin K2 (mcg/100 g) % of daily value (120mcg) Ref.
Ground beef 9.4 8 [15]
Beef liver 106 88 [15]
Beef kidney 5.7 5 [15]
Chicken 60 50 [15]
Chicken liver 13 11 [15]
Duck breast 5.5 5 [15]
Goose liver 369 308 [15]
Pork chops 69 57 [2]
Pork liver 78 7 [2]
Bacon 35 29 2]
Eggs 1 1 (16]
Whole milk 9 8 [3]
Fish ‘1 1 [3]
Table 1.

Amount (% of daily value) of vitamin K2 in 100 g of animal products that prevent insufficiency in man.

Vascular health can be improved by ensuring the consumption of sufficient amounts
of vitamin K2. Vitamin K2 stimulates MGP, which prevents calcium from depositing
inside the vessel walls. When calcium is not deposited in the arteries, it offers dual
benefits of clear arteries as well as the availability of calcium for various functions in
the human body [20]. Presently, MGP is found to be highly effective for the modula-
tion of arterial calcification. Although MGP binds calcium to protect calcification
within blood vessels, it needs to be first activated via an adequate dose of vitamin

K2 [20]. A total of 4807 healthy individuals from both genders with ages above 55
were involved in a population-based study conducted in Rotterdam. The study aimed
to investigate the impact of dietary intake of vitamin K on calcification within the
aorta, CVDs, and all-cause mortality [21]. It was found that the risk of calcification
within the arteries and CVDs were reduced by half, while the all-cause mortality
risk was reduced by one-quarter as a result of a higher dietary intake of vitamin K2
(minimum daily intake of 32 pg) instead of vitamin K1 [22]. Another population-
based study that involved 16,000 healthy females with ages between 49 and 70 was
conducted; this study showed corresponding results. The study participants were
selected from the cohort population of the European Prospective Investigation into
Cancer and Nutrition (EPIC) study [23]. The data obtained from the study depicted
that vitamin K2 instead of vitamin K1 had to be consumed in high quantities to
prevent CV disorders. The data revealed that there was a 9% reduction in the risk

of CHDs with every dose of 10 pg of vitamin K2 (taken as MK-7, MK-8, and MK-9).
In the Netherlands, ultrasound and pulse wave velocity methods were utilized by
the researchers working at the research and development (R&D) Group Vita K of
Maastricht University to study 244 healthy postmenopausal females [23]. The sub-
jects were observed for three years. Some of the subjects were administered a dose
of vitamin K2 (180 pg) in the form of MK-7 (as MenaQ7 from NattoPharma), while
some of the participants were given a placebo capsule every day for three years [22].
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This was conducted on a random basis. At the end of the treatment, the group given
vitamin K2 supplementation demonstrated a steady decline in stiffness index than
the placebo group that showed a slight rise in the index. The study outcomes showed
the positive impact of MenaQ7 on vascular health by enhancing vascular elasticity
in females with stiff arteries and by suppressing age-related artery-wall stiffening.
The researchers also found that the CV conditions improved as the subjects were
administered a nutritional dose of vitamin K2 in the form of MK-7 (as MenaQ7).
Moreover, if vitamin K2 is taken on a daily basis, there is a high chance of preventing
the hardening of arteries [23, 24].

3. Vitamin K-dependent hormones

The growing clinical evidence suggests that regular vitamin K supplementation
may improve bone structure, prevent VC, improve the body’s sensitivity to the insulin
hormone, which increases the life expectancy and treatment outcome in patients [25].
In the past ten years, more evidence has been published supporting the hypothesis
that vitamin K2 should be considered a hormone. Vitamin K2 was found to activate
many genes directly and indirectly by binding to the intranuclear receptor SXR,
activating sirtuins and/or histone deacetylases (HDACs) responsible for cell-type
determination and specific cell functions [26]. A study by Lanham et al. on rats and
their offspring explored the effect of a high-fat diet on bone development and vascu-
lar development, particularly the role of VKDPs, including Gas-6, MGP) and OC [27].
The study also shows the importance of proper nutrition during pregnancy. During
the study, the team observed increased levels of Gas-6 proteins, increased expres-
sion of the gene responsible for vitamin K-dependent gamma-glutamyl carboxylase
(GGCX) in the cardiovascular tissues, while decreased levels of MGP in the femoral
bones of female offsprings of high-fat dietary fed mothers [27]. The osteoblastic
synthesis gives rise to OC production, deposited into bone or released into circula-
tion, giving the histological measures of bone formation. OC’s structure is greatly
affected by vitamin K-dependent Gla residues, resulting in bone mineral maturation.
The circulating uncarboxylated OC (unOC) levels have been applied as biomarkers
for vitamin K deficiency and correlated with age-related bone loss. In animals, in-vivo
and in-vitro tests have revealed unOC as an active hormone affecting glucose metabo-
lism; however, the results are inconclusive on human levels and need to be inves-
tigated further [28]. Post-translational GGCX enzymes detected both hepatically
and extrahepatically are critical for the functionality of Gla residues in VKDPs. OC
(bone-derived protein) has been associated with energy metabolism as the skeleton
system has been considered an endocrine organ [29]. Via molecular mechanisms, OC
mediates vitamin K positive effects, improves insulin resistance, lipid, and glucose
profiles. OC is also detected by insulin to regulate bone mineralization. It has been
hypothesized that normal VKDP carboxylation is an essential step in the prevention
of vascular endothelial calcification [30]. Vitamin K2 has been found to affect bone
and CV health. A study of the vitamin K2 homolog MK-7 found that serum levels
increased, as evidenced by healthy Japanese women, who supplemented their diet
with MK-7, which can be particularly important for extrahepatic tissue health [31].

In a study of the murine model, the importance of the vitamin K-dependent MGP on
the inhibition of extraskeletal calcification was suggested. With a high dose dietary
supplementation of MK-7, the induced VC was inhibited, and the aortic alkaline
phosphatase tissue concentration was reduced [32].
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4. Molecular mechanism of vitamin K-dependent calcification on vascular
system

Carboxylation is one of the post-translational modifications on proteins and is
essential for the activity of VKDPs. The activation of VKDPs, which includes coagula-
tion factors, OC, MGP, Gas-6, GRP, and periostin, is achieved by carboxylation of the
proteins’ Glu residues [33, 34]. The carboxylation of VKDPs happens in the case of an
abundance of vitamin K, which is required for the activation of the GGCX enzyme
(Figure 1) [35]. This enzyme adds carboxyl groups on Glu residues of VKDPs and
converts them to Gla (Figure 2) [35]. This conversion enables the Gla residues to
capture free Ca*" ions that are circulating in the vascular system [36, 37]. For instance,
there are five Glu residues on MGP, which is the only protein known as an inhibitor of
arterial calcification. The Glu residues on the protein are carboxylated and converted
to Gla, the active form of the protein. Without being activated, MGP is unable to hold
free Ca®* ions, which are eventually deposited in the vascular system and cause VC,
such as calcium deposits and atherosclerotic plaques (Figure 3) [38, 39]. After the

3 Vitamin K-dependent carboxylation
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Vitamin K-dependent post-translational carboxylation of MGP protein.
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Figure 2.
General overview of vitamin-K induced activation of VKPDs.
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Vitamin K deficiency Vitamin K sufficiency
Increased arterial rigidity Elastic and soft arteries
Hardened arteries No calcium deposition

Calcium deposition
Narrowed coronary artery

Endothelium

Calcium deposits
or atherosclerotic plaque

Figure 3.
The consequences of vitamin K deficiency in vascular system.

inflammation and hyperlipidemia, the soft-tissue mineralization phenomena occur
in vascular smooth muscle cells (VSMCs), leading to their hardening and differentia-
tion into osteoblast-type cells [40]. In addition to the mineralization phenomena, it
has been hypothesized that active forms of MGP proteins may attach to the calcified
crystals in the vasculature resulting in apoptotic bodies and vesicles. Another assump-
tion is their potential to hinder VSMCs’ trans-differentiation into an osteogenic
phenotype [34, 41, 42]. A three-year clinical study by Shea et al. with 229 patients
who were routinely given dietary vitamin K versus 223 patients in the placebo group
showed that the addition of dietary vitamin K significantly correlated with decreased
levels of calcium in coronary arteries [43]. In addition to carboxylation, post-
translational phosphorylation of serine residues occurs on MGP. The enzyme casein
kinase adds phosphate groups on three serine residues, regulating the secretion of
protein into the extracellular matrix [44]. The unique relationship among circulating
MGP forms, aortic stiffness, and arterial calcification was proposed in a recent article
by Roumeliotis et al. [37]. The study has shown that more than one form of the MGP
protein can be detected in the circulation and extracellular matrix governed by the
degree of carboxylation and phosphorylation of the protein (Figure 1) [37].

5. Statins effect on vitamin K2 function

Statins, or more precisely, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase-inhibiting molecules, are a family of molecules that interfere with
cholesterol synthesis and induce the uptake of the low-density lipoproteins (LDLs)
in the body [45]. Available as a prescription since 1987 [46], statins today are one
of the most commonly prescribed medications worldwide [47]. However, some
researchers are starting to suggest that physicians may be overprescribing statins to
their patients [48-50]. A recent study published in the Annals of Internal Medicine
journal found that the statins’ potential side effects seem to outweigh the benefits
for people whose 10-year CVD risk is approximately 7.5-10% [51]. The United States
Food and Drug Administration’s consumer update from 2017, named “Controlling
Cholesterol with Statins,” states that statins have been linked to associated muscle
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symptoms and a high chance of developing type 2 diabetes in patients [52]. It seems
crucial to understand the exact phenomena behind statins’ mechanism of action and
clarify the medical community’s created bias [53]. One potential explanation is given
by the Kinjo Gakuin University group led by Harumi Okuyama, who suggests that
statins may have an essential role in the increased probability of developing diabetes
and arteriosclerosis [54] via the inhibition of vitamin K2 synthesis [55]. Researchers
have indicated that statins may inhibit vitamin K2 production via the inhibition of
geranylgeranyl diphosphate (GGPP) synthesis by HMG-CoA reductases (Figure 4)
[56]. Some authors hypothesize that prolonged HMG-CoA reductase suppression by
chronic statins treatment could adversely affect patients by diminishing the vita-
min K2 supply to their bodies [56]. This phenomenon may be an essential factor in
diabetes, atherosclerosis, and osteoporosis causation. The recently aggregated data
from available randomized controlled trials and observational studies suggest a 10 to
45 percent higher risk of new-onset development of diabetes mellitus type 2 in statin
patients than non-users [57]. Studies have shown that postmenopausal women taking
statins are 150% more likely to develop type 2 diabetes [58]. In a large clinical study
(n =2,142), Cederberg et al. show a 46% increase in the risk of developing diabetes
alongside decreased insulin secretion and overall body sensitivity to insulin [59].
Furthermore, particular varieties of statins—simvastatin and atorvastatin—showed
a dose-dependent effect on insulin sensitivity and its secretion in patients [60].
These clinical observations may collectively suggest a relationship between statins’
inhibition of Vitamin K2 and GGPP production and statins’ influence on insulin

Acetyl-CoA

HMG-CoA

Statins | HMG-CoA Reductase Vitamin K1

4

Mevalonate

Vitamin K3
¥

Isopentenyl-PP — Geranylgeranyl-PP ——»
4T Vitamin K2
v

Farnesyl-PP

v

Lanosterol

L

Cholesterol

Figure 4.
Statins and vitamin K2 related biochemical pathways. Statins inhibit HMG-CoA reductase in the mevalonate
pathway. Geranylgeranyl-PP is essential for the synthesis of vitamin K2 from vitamin K1.
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synthesis, secretion, and sensitivity. Insufficient levels of vitamin K2 may be linked to
atherosclerosis and other CVDs [61]. In the large population-based Rotterdam study
(n = 7,983 men and women, age > 55 years), Geleijnse et al. report a positive correla-
tion between the reduced risk of CHD with regular dietary consumption of vitamin
K2 [59]. The authors hypothesize the link between the depletion of vitamin K2 levels
and severe coronary artery calcification in patients.

Several clinical studies have demonstrated that administering vitamin K2 (but not
vitamin K1) was an effective method of osteoporosis fracture prevention in patients
[62, 63]. Studies have shown that vitamin K2 up-regulates bone markers’ expression
and sustains lumbar bone mineral density in patients [63]. Pre-clinical and clini-
cal evidence shows that statins may have an essential role in reducing the supply of
vitamin K2 to the tissues through the body. Additional studies are required to explore
the mechanisms for statin-associated diseases that were identified in pre-clinical and
clinical studies, including diabetes, atherosclerosis, osteoporosis, chronic kidney
disease, and cancer, and the effects of the various types of statins on the vitamin K2
synthesis, delivery, and accumulation in the body.

6. Physiological roles of vitamin K on CV functions

There is growing preclinical and clinical evidence of the crucial role of vitamin K
in VC prevention [64]. Several VKDPs are regulated by vitamin K share entirely Gla,
which is the remarkable amino acid produced by the posttranslational modification of
the vitamin K-mediated enzyme GGCX [65]. The prothrombin molecule is carboxyl-
ated at ten glutamyl residues to produce the active form of prothrombin. These Gla are
deposited at the amino-terminal domain of all VKDP, which share a common amino
acid sequence [66]. Studies have shown that Gla also regulates calcium due to the
placement of Gla in calcium-binding sites of the protein [67].

Available literature has limitations regarding the average requirement of vitamin K
for normal homeostasis. In 2001, the United States Pharmacopeia Health and Medicine
Division established adequate intake (AI) values based on median intake values
reported by the National Health and Nutrition Examination Survey (NHANES) III;
the Al value for vitamin K1 was set to 90 pg/dl for adult females and 120 pg/dl for adult
males [67, 68]. This study does not advocate that this concentration of vitamin K will
be enough to maintain the carboxylation of VKDPs. Undercarboxylated, biologically
inactive Gla proteins are caused by vitamin K deficiency, resulting in the synthesis of
calcification, which is considered a risk factor for VC and CVD [67, 68].

CVD is a cluster of abnormal conditions, such as CHD, and influences the func-
tions of the heart and blood vessels that supply blood to various parts of the body
[69]. Heart diseases and stroke are the primary causes of death and disability world-
wide. According to the American Heart Association 2020 report, the age-adjusted
death rate of CVD is 219.4 per 100,000, which means that someone is dying of
CVD every 37 seconds, with a total of 2,353 deaths from CVD each day in the U.S.
Consistent with these data, there are approximately 795,000 new or recurrent strokes
each year, as well as approximately 401 deaths from stroke each day, based on data
for previous years [70]. CVD-related diseases, such as angina, carotid artery diseases,
and peripheral artery diseases, are characterized by the formation of fatty deposits
in the arteries, which is known as atherosclerosis. These deposits consist of calcium,
cellular waste products, fatty substances, cholesterol, and fibrin (a clotting material
in the blood), which ultimately leads to narrowing and blockage of the arteries and
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reduced blood flow to the heart muscle. Studies have shown that lifestyle, healthy
diets, vitamins, and physical activity may have a potential role in preventing the
development of CVD [71, 72].

There is compelling evidence that vitamin K is involved in various biological
processes in the body and mediates anti-calcification, anti-cancer, bone-forming,
and insulin-sensitization effects, and plays a vital role in the prevention management
of CVD (Figure 5) [72]. It has been reported that vascular deficiency of vitamin K
can lead to CVD by increasing calcium deposition and coronary artery calcification
because vitamin K-synthesized osteocalcin and MGP strongly inhibit VC by regulat-
ing bone metabolism. Previous studies have shown a strong association between
reduced intake of vitamin K and the development of coronary calcification, advocat-
ing that adequate vitamin K intakes can prevent CVD [73, 74]. The involvement of
vitamin K in VC by the carboxylation of MGP has been confirmed in various animal
studies that; MGP-knock out mice died within two months due to VC-induced
rupturing of blood vessels followed by short stature, osteopenia, and fractures [75].
Sweatt et al. hypothesized that in rodents, a specific calcium-mediated and vitamin
K-dependent Gla region in MGP protein is involved in binding bone morphogenetic
protein-2 (BMP-2) that may link the age-related arterial calcification and low carbox-
ylation of MGP [76]. Vitamin K antagonist warfarin has been shown to antagonize
vitamin K-dependent carboxylation of MGP, leading to extensive VC [77]. However,
vitamin K intake can suppress arterial calcification after treatment with warfarin in
rats [78]. VKDPs, such as MGP and Gas-6, have the ability to protect the vasculature
and have an essential role in blood coagulation by preventing tissue calcification and
cell death in VSMCs and arterial vessel walls [79]. Several clinical observational stud-
ies have hypothesized that chronic dietary supplementation of both vitamins K1 and
K2 may negatively correlate with risks of VC and CVD [79].

C;3Hs0,
BMP-2 L Prothrombin factor II
Factors VII, IX, X

Vascular ——»  MGP  ¢—— Protein C

smooth Gas6b Protein S
muscle Protein Z
CVD

Myocardial infarction
Myocardia fibrosis
Improvement in vasculature
Coronary artery diseases

Figuress.

A model showing the therapeutic potential of vitamin K against various cardiovascular diseases (CVD). MGP
and Gas6 ave vitamin K dependent proteins, which are activated by carboxylation. Subsequently, Gas6 exerts
inhibitory effects on the apoptosis of endothelial cells and VSMCs, thus preventing angiosteosis and protecting
blood vessels and improved various heart diseases.
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Additionally, subtypes of vitamin K2 (MK4 to MK9) have been examined in the
Prospect—EPIC cohort, which consists of 16,057 women, aged 49-70 years old with no
history of CVD [79]. This study concluded that a high intake of menaquinones (MK?7,
MKS8, and MK9) could protect against CVD. However, this kind of protection has not
been observed with vitamin K1 (phylloquinone) against CVD in other cohort observa-
tions [79, 80]. Notably, a Nurses’ Health Study conducted with 72,874 female nurses
aged between 38 and 65 years old has confirmed that vitamin K1 and lower risk of CVD
is not significant because vitamin K1 intake may be a substitute marker for a healthy diet
rather than an independent risk factor for CHD [81]. Nevertheless, data from National
Health and Nutrition Examination Surveys examined the data of 5296 individuals with a
minimum age of 50 years and concluded that vitamin K1 shows an independent assess-
ment of high arterial pulse pressure [69]. In another prospective cohort study, 7216
participants were assessed by different types of vitamin K intake and mortality [82].
This study concluded that a high vitamin K intake is linked to the reduced risk of CVD
in a Mediterranean population [82]. Vitamin K has shown promising results against
vascular calcification in vitamin K-deficient individuals. Further research is justified to
explore a relationship between vitamin K supplementation and the prevention of CVD.

7. Therapeutic role of vitamin K

CVD is a public health burden and a serious challenge to the health system
throughout the world. CVD is a leading cause of death globally, with approximately
18 million deaths in 2015; the World Health Organization (WHO) forecasts that
approximately 23.3 million deaths could occur from CVD by 2030 [83, 84]. The WHO
has defined CVD as a “group of illnesses that affect the heart and blood vessels” [83].
These conditions include CHD and cerebrovascular disease. Scientific evidence has
shown that factors related to nutrition have an important role in the development of
CVDs and that these dietary factors may contribute to the differences in the morbid-
ity and mortality from CVD seen in various regions of the world [83].

Different forms of vitamin K exist in the diet sourced from plants and animals
[83, 85-88]. Vitamin K2 is usually a product of bacterial synthesis; however, meat,
dairy, and fermented food products provide a minimal amount of vitamin K-2
[86, 88, 89]. Discovered in 1936, vitamin K has been known as an enzyme co-factor
for the carboxylation of VKDPs [85, 86, 89]. Its key function in the synthesis of
clotting factors in the liver has made the relationship between vitamin K and coagula-
tion of blood a well-known phenomenon; however, recent studies are offering more
insight into the diversity of functions associated with vitamin K [85, 86, 89, 90].
Many disease conditions related to the activities of vitamin K are now being described
[89]. The carboxylation or activation of VKDPs requires vitamin K as a cofactor to the
GGCX enzyme and occurs in the liver [83, 85, 86, 89]. The process converts specific
Glu into calcium-binding Gla residues [86, 89, 90]. The uncarboxylated forms of
the VKDPs are inactive, and carboxylation turns them into active and functioning
proteins [86]. Some of the VKDPs that are carboxylated in the liver include clotting
factors, such as factor II (prothrombin) and factor X [86]. Studies have confirmed
that the process of activation of VKDPs also occurs outside the liver in smooth muscle
cells. The extracellular matrix MGP protein is produced by smooth muscle cells
and inhibits soft-tissue mineralization by binding to ca2+ ions to the vascular walls
[44, 83, 85, 86]. MGP is a VKDP with Gla and serine residues. MGP is activated via
carboxylation of the Gla residues, followed by phosphorylation of the serine residues
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[44, 86]. Vitamin K is essential to the carboxylation and phosphorylation of MGP as
the enzyme co-factor [44, 86]. Carboxylation of MGP leads to its structural changes,
which are very important for its ability to bind to calcium crystals [44]. Although
MGP becomes inactivated when there is vitamin K deficiency and leads to VC, a high
intake of vitamin K can reverse conditions [44, 83, 85, 86]. MGP secreted by chondro-
cytes and VSMCs has been shown to inhibit VC and was described as the most potent
natural inhibitor of calcification in the human body [44]. Apart from inhibition

of calcification, MGP has also been recognized as having the ability to reverse the
calcification process [44]. The protection of MGP from VC occurs via its high binding
affinity to new crystals of hydroxyapatite, which prevents their increase within the
vascular wall [44]. MGP also stimulates arterial macrophages, leading to phagocytosis
and apoptosis of the MGP-hydroxyapatite complex (Figure 6).

A sub-optimal level of vitamin K in the body is associated with an increased risk
of adverse health outcomes, especially in adult and elderly populations. Studies have
linked vitamin K deficiency with CVD, insulin resistance, and inflammation, as well
as cognitive impairment [13, 83, 85, 87]. A lack of vitamin K has been shown to lead
to an increased risk of calcification of blood vessels and CVD due to the presence
of nonfunctioning Gla proteins [44, 83, 85, 86]. Vitamin K deficiency may cause
increased calcium deposition in the walls of the blood vessels, leading to calcification
of the coronary artery, and ultimately, CVD [13, 83]. Earlier observational studies
have also established a relationship between low vitamin K intake with calcification
of blood vessels; other observations have suggested that high vitamin K supplementa-
tion in the diet may reduce long-term CVD risks [13, 83, 85]. An increased intake of
dietary vitamin K is also associated with a decrease in the risk of all-cause mortality,
as concluded by a study of a Mediterranean population with a high risk of CVD [83].

8. Vitamin K and inflammation

Inflammation is a recognized contributor to the progression and onset of diseases
related to aging, such as osteoarthritis, CVD, and other similar diseases [85, 89]. The
production of pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-
a), C-reactive protein (CRP), and interleukin-6 (IL-6), has been found to be interfered
by vitamin K. These findings were demonstrated in a cross-sectional study that showed
arelationship among the high levels of vitamin K supplementation, the low levels of
pro-inflammatory cytokines, and diminished inflammation in the body [85, 89]. Leptin
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hormone has a proinflammatory effect, menadione (VK3) has an apoptotic effect in
Hepatocellular carcinoma through inhibiting leptin and through ROS generation which
made VK3 a potential vitamin in preventing hepatocyte survival [91].

9. Conclusion

New insights about the activities of vitamin K and its crucial protective role in CVD
development have emerged. Good association between dietary vitamin K2 and CVD is
now clinically established. The role of inhibitory effect of statins in synthesis of vita-
min K2 should be emphasized. However, there is still a need for prospective in-depth
studies to improve the current understanding of this critical relationship and apply
such knowledge to prevent CVD and improve its outcomes. Research should focus on
understanding the function and regulation of new proteins that enhance or inhibit
vascular calcification as well as the combination of vitamin D with other therapeutic
drugs. Prospective studies may assess the vitamin K status using multiple biomarkers
to provide insight on the relationship of vitamin K to vascular calcification and CVD.
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Chapter 4

Menaquinone-7: Wide Ranging
Physiological Relevance in Muscle
and Nerve Health

Dilip Mehta, Anselm de Souza and Shashank S. Jadhav

Abstract

Menaquinone-7 plays a significant role in cardiovascular and bone health. In
recent times there is a growing interest in understanding the role of Menaquinone-7
in health and diseases. Several population-based studies have reported specific health
effects of the long-chain menaquinones, notably MK-7, MK-8, and MK-9. There are
several epidemiological studies, clinical trials, along with in vivo and in vitro studies
confirming the role of Menaquinone-7 in health and diseases. More recently, research
group at Synergia Life Sciences has discovered a wider role for Menaquinone-7 in
energy homeostasis (VOpmax), peripheral neuropathy, muscle cramps and mitochon-
drial respiration not only through improvement of the electron transport but also
the perfusion improving oxygen availability. In the current chapter, the authors have
discussed the wider physiological role of Menaquinone-7 highlighting the recent
research with Menaquinone-7 in the areas of Muscle and Nerve Health.

Keywords: Menaquinone-7, muscle cramps, peripheral neuropathy, bone health,
cardiovascular, insulin resistance, deficiency, catabolism, SXR, energy homeostasis

1. Introduction

Menaquinone-7 belongs to Vitamin K group. The two general categories of
vitamin K are Phylloquinone (Vitamin K1) and Menaquinones, also referred as
MK-n (clinical nomenclature Vitamin K2-n) having side chains with 4-12 prenyl
units (MK-n where n stands for the number of isoprenoid units, MK-4 to MK-12)
9 (Figure 1). Their physiological and patho- physiological roles are specific.

2. Biological activity of Menaquinone-7

Vitamin K was discovered by the Danish scientist, Henrik Dam, in the 1930s.
Dam’s discovery was during his quest to understand chicken’s cholesterol metabolism
by feeding them a diet free of sterols and low in fat [1]. This reduced their intake
of fat-soluble vitamin K, resulting in chickens developing large subcutaneous and
intramuscular hemorrhages. This initial finding led to isolating, identifying, and
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Chemical structures of various isoforms of Vitamin K. chemical structures of some K vitamins and metabolites.
Nomenclature: Chemical name and IUPAC name and abbreviation in brackets: (I) 2-methyl1,4-naphthoquinone
(Menadione; K3), (II) 2-methyl3-phytyl-1,4-naphthoquinone (Phylloquinone; K1), (1I1) 2-methyl-3-phytyl-
1,4-naphthoquinone-2,3-epoxide (Phylloquinone epoxide; K10), (IV) 2-methyl-3-geranyl-geranyl1, 4-
naphthoquinone (Menaquinone-4; MK-4), (V) 2-methyl-3-farnesylgeranylgeranyl-1,4-naphthoquinone
(Menaquinone-7; MK-7).

characterizing the structure of vitamin K and its importance as an anti-haemorrhagic
agent. Of the many metabolic processes related to vitamin K deficiency, bleeding
remains the potentially most serious generally known consequence. However, the role
of vitamin K’s impact on osteoporosis and its inhibitory role in arterial calcification
and vascular biology is now recognized in general populations. It is axiomatic that
these metabolisms require vitamin K for y-carboxylation and that this step is essential
to their proper functioning. However, there are many other functions of vitamin K
recently discovered that seem to be independent of its classical co-factor function.
Vitamin K’s metabolic effects, e.g., ameliorating effect on peripheral neuropathy,
cramps, autonomic nervous system, improving perfusion, etc., remain unexplained.
Additionally, vitamin K also acts as a ligand for the receptor SXR, the steroid and
xenobiotic sensing nuclear receptor (SXR), which is a transcriptional regulator of the
cytochrome P450 gene CYP3A4.

Over the years, the understanding of the vitamin K family has evolved, with the
recognition of two primary forms of vitamin K- vitamin K1 (phylloquinone) and
vitamin K2 (menaquinones). All K-vitamins have same function, but they exhibit
differences in bioavailability and bioactivity. Vitamin K2, the main storage form in
animals, has several subtypes, which differ in isoprenoid sidechain length. These
vitamin K2 homologs are called menaquinones and are characterized by the number
of isoprenoid residues in their side chains. Menaquinones are abbreviated as MK-n,
where M stands for menaquinone, the K stands for vitamin K, and the n signifies the
number of isoprenoid side chain residues. MK-4 and MK-7 are the two prominent
menaquinones in human nutrition. MK-7 and other long-chain menaquinones are
different from MK-4 in that they are not produced by human tissue but are generated
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by bacteria in the gut. The available information suggests that a range of vitamin K2
analogues are present as a mixture in several foods, e.g., in sauerkraut, hard cheese,

soft cheese and curd cheese [2]. These foods have a long history of consumption by

humans as basic foods.

Diet (Natto and cheeses) rich in menaquinones (primarily MK-7) is safe and
requires no systemic validation for toxicity. However, because of the role of vitamin
K (K1 and K2) in blood coagulation and potential health benefits, there has been
considerable effort to elucidate the mechanism of action of menaquinones, primarily
MK-7. There is no known toxicity associated with high doses (dietary or supplemen-
tal) of the phylloquinone (vitamin K1) or menaquinones (vitamin K2) forms of
vitamin K. In several human studies, Natto food, known to contain MK-7, has been
investigated for its health benefits.

3. Menaquinone-7 safety

The adverse effects of menaquinones, including Menaquinone-7 has been inves-
tigated in several animal and iz vitro toxicity studies. Findings from animal studies
for acute, chronic, and genotoxicity and i vitro studies for mutagenicity and carci-
nogenicity showed no significant risks associated with exposure to menaquinones
[3]. The absence of adverse effects or death suggest that the minimum lethal dose of
Menaquinone-7 is greater than 2000 mg/kg bw [4].

The European Union has permitted the use of Menaquinone-7 as a source of
vitamin K for nutritional purposes in foodstuffs. The European Food Safety Authority
(EFSA, 2008) [5] examined the safety of Menaquinone-7. The chemistry, nomen-
clature, dietary sources, intake levels, and pharmacokinetics of menaquinones, and
data of nonclinical toxicity and on clinical outcomes related to safety (adverse events)
was extensively reviewed by US Pharmacopeia Convention [6] and by the Institute
of Medicine (IOM, 2000). The report considers menaquinone as an active form of
vitamin K [7].

4. Menaquinone-7 in diet

Schurgers et al. [2] have studied levels of Menaquinone-7 in many food products
globally and found that the Menaquinone-7 levels are quite negligible in all the food
products except Natto, a staple food in Eastern Japan which contains almost 998
mcg of Menaquinone-7 per 100 gm of Natto. The investigators also found small
amounts of Menaquinone-7 in natural cheese. Researchers at Synergia Life Sciences
have undertaken a study where a number of Indian food products were examined for
the levels of Menaquinone-7. The foods tested had particularly included fermented
foods consumed by Indians at large. It was observed that the regularly consumed
food including fermented foods lack in Menaquinone-7. So, it can be said that
Menaquinone-7 is negligible in Indian diet.

The only rich source of Menaquinone-7 is Natto which contains early 900 mcg
of Menaquinone-7 in 100 gm’s breakfast [2, 8] and different types of cheese [9]
though in small amounts. The various common 18 varieties of Dutch cheeses and
13 varieties of European cheeses contain approximately on an average 1.14 and 1.36
mcg Menaquinone-7 per 100 gm of cheese respectively [9]. The hard cheese, soft
cheese and curd cheese from Netherlands contains approximately 1.3, 0.5 and 0.3
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mcg Menaquinone-7 per 100 gm cheese respectively [2]. Processed cheese from Japan
reported 0.3 mcg Menaquinone-7 per 100 gm cheese [10].

Serum concentrations of Menaquinone-7 are higher in frequent natto eaters. Natto
is a popular breakfast item used more widely in win Eastern Japan, as compared to
Western Japan. The study by Kaneki ez al. reports an average serum Menaquinone-7
concentration of 5.26 ng/ml in Eastern Japanese women (Tokyo), 1.22 ng/ml in the
Western Japanese women (Hiroshima) and 0.37 ng/ml in British women (London)
[11]. The serum concentrations in British women are negligible since they do not con-
sume Natto, but their diet may include cheese which contributes to the small amounts
of Menaquinone-7 in their serum.

Globally speaking Menaquinone-7 is negligible in diet. It is true that many bacteria
that populate microbiota of the human intestine synthesize Menaquinones. However,
it is realized that in the small intestine bacterial growth availing Menaquinone-7
is limited by the rapid transit times. Most synthesis of Menaquinones occur in the
large intestine. Shearer et al. [12] and Suttie et al. [13] have examined the evidence of
the contribution of gut menaquinones and concluded that while they do contribute
to the human nutrition but not significantly. Karl JP et al. have shown that total
Menaquinone (Menaquinone-4 to Menaquinone-13) concentration in human gut is
highly variable. They measured total daily excretion of menaquinones in feces. The
median total daily excretion of menaquinones in feces was 850 nmol/d but was highly
variable (Range: 64-5358 nmol/day) [14].

5. Role of Menaquinone-7 in various diseases
5.1 Cardiovascular diseases

Geleijnse et al. [15] studied 4807 men and women of aged 55 yrs. for 10 years to
assess the association of dietary intake of K1 and K2 with aortic calcification, CVD,
and total mortality. They concluded that “When consuming daily 45 mcg dietary K2,
you have: 50% reduction of arterial calcification, 50% reduction of cardiovascular
death, 25 % reduction of all-cause mortality as compared to low intake of dietary K2!”

Gast et al. [16] studied 16,057 women, aged 49-70 years and free of cardiovascular
diseases (at baseline) for 8.1 + 1.6 years. The intake of vitamin K1 was 211.7 + 100.3
mcg/d and of vitamin K2 intake was 29.1 + 12.8 mcg/d. They concluded that there is
inverse association of vitamin K2 with CHD with reduction of 9.1% per 10 mcg/day.
They also found out that vitamin K1 is not related to CHD.

The publication of the above two epidemiological studies, viz. Geleijnse et al. and
Gastet al. Study, has expanded interest the investigations of various beneficial health
effects of Menaquinone-7.

5.2 Bone health

Knapen et al. [17] investigated the effects of low-dose Menaquinone-7 on bone
health in healthy postmenopausal women. Menaquinone-7 intake significantly
improved vitamin K status and decreased the age-related decline in Bone Mineral
Content (BMC) and Bone Mineral Density (BMD) at the lumbar spine and femoral
neck. In another placebo-controlled study, the authors investigated the effect of
Menaquinone-7 on BMD and found out that Menaquinone-7 preserves trabecular
bone structure at the tibia along with decrease in undercarboxylated osteocalcin
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(ucOC) [18]. In another clinical study Kanellakis et al. [19] assessed the effect of dairy
products enriched with calcium, vitamin D3, and Menaquinone-7 on parameters
of bone metabolism in postmenopausal women following a 12-month intervention.
The study revealed more favorable changes in bone metabolism and bone mass
indices for the Vitamin K2 supplemented groups. Van Summeran et al. [20] studied
the effect of 45 mcg Menaquinone-7 on the circulating levels of undercarboxylated
osteocalcin (ucOC) and carboxylated osteocalcin (cOC) along with Menaquinone-7
levels in healthy prepubertal children. They showed that the levels of Menaquinone-7
increased with the supplementation of Menaquinone-7 as compared to baseline levels.

Spronk HMH et al. in 2003 conducted an in vivo study for assessing tissue spe-
cific utilization of Vitamin K2 which resulted in prevention of arterial calcification
in warfarin-treated rats. It was shown that the utilization of Vitamin K2 was more
efficient in the aorta as compared to other tissues [21].

In a study by Yamaguchi et al., the authors have shown the anabolic effect of
Menaquinone-7 on bone tissue and osteoblastic MC3T3-E1 cells in vitro [22]. Min
Zhu et al. have shown that Menaquinone-7 has a stimulatory effect on bone tis-
sue and osteoblastic SAOS-2 cells in vitro [23]. These studies suggest the role of
Menaquinone-7 in osteoblastic bone formation. Recently, it has also been shown that
Menaquinone-7 protects osteoblasts from oxidative stress and has beneficial effects
on proliferation, differentiation, and mineralization of osteoblasts [24].

5.3 Insulin resistance

A decade-long study of 38,094 Dutch males and females aged 20-70 found that
the quartile of participants who consumed the most dietary Vitamin K were 20% less
likely to develop type 2 diabetes than the quartile with the lowest intake of Vitamin
K [25]. Vitamin K2 is linked to lowered risk of developing type 2 diabetes and also
a stronger relationship exists for Vitamin K2 intake. The risk of developing type 2
diabetes drops for every 10 mcg (0.01 mg) increase in Vitamin K2 intake. In this study
participants with the highest intake of K2 consumed 250-360 mcg (0.25-0.36 mg)/
day. Thus, higher intake of Vitamin K2 is linked to lower diabetes risk.

In an attempt to better understand how Vitamin K2 improves insulin sensitivity,
researchers from S. Korea studied 42 healthy male volunteers. Participants were either
given 30 mg (30,000 mcg) of Vitamin K2 or a placebo each day for 4 weeks. Vitamin
K2 supplementation significantly increased insulin sensitivity and seemed to be
related to increased carboxylation (activation) of osteocalcin. Researchers concluded
that Vitamin K2 can help regulate glucose metabolism by activating osteocalcin, an
endocrine hormone that increases insulin sensitivity in humans [26].

Research has shown that for elderly men Vitamin K slows the development of
insulin resistance [27]. The researchers concluded that Vitamin K2 plays a potentially
beneficial role in reducing the progression of insulin resistance amongst elderly men.

6. Recent research
6.1 Energy homeostasis (VOmax)
In a recent randomized controlled trial, McFarlin et al. investigated the effects of

dietary supplementation of Menaquinone-7 on cardiovascular responses to a graded
cycle ergometer test. Menaquinone-7 supplementation was associated with a 12%
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increase in maximal cardiac output, with a trend toward an increase in heart-rate
AUC. No significant changes occurred in stroke volume [28]. Figure 2 demonstrates
that Menaquinone-7 treatment was associated with increased cardiac output, stroke
volume, heart rate, and decreased blood lactate. Overall, these changes are consis-
tent with increase maximal cardiovascular performance with oral Menaquinone-7
supplementation.

6.2 Mitochondrial respiration

Synergia research group has identified Menaquinone-7’s pivotal role in mito-
chondrial ATP generation by acting as a mitochondrial electron transport carrier,
thus participating in the energy cycle of the cell. In human cell experiments, it has
been shown that the cells’ maximum capacity to generate energy, defined as the
reserve energy, increases by 30-40% with Menaquinone-7, thus, identifying the
role of Menaquinone-7 in redox cycle by transporting electrons in electron trans-
port chain and also mitochondrial generation of ATP (Figure 3). This dual role of
Menaquinone-7 is especially important to the aging geriatric population and athletes
in their need of a greater oxygen supply for the oxidative phosphorylation.

In another in vitro study, Menaquinone-7 rescued mitochondrial defects in numer-
ous conditions that affect mitochondrial function. Menaquinone-7 was also effective
at improving systemic locomotion defects in fully developed adult pink1 and parkin
mutant flies. Menaquinone-7 did not affect mitochondrial remodeling directly, but by
increasing Electron Transfer Chain efficiency, it contributed to the proton motif force
that facilitates ATP production. Menaquinone-7 may thus constitute a promising
compound to treat mitochondrial pathology, also in Parkinson’s disease (PD) patients
suffering from Pink1 or Parkin deficiency [29]. A clinical study has been proposed to
investigate the potential effects of Menaquinone-7 in genetically determined PD with
mitochondrial dysfunction [30].
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Figure 2.

To visualize the 5 outcome variables (heart rate, stroke volume, cardiac output, oxygen consumption, and blood
lactate) on the same scale all data maximal response data after 8 weeks of treatment with either a vitamin K2
(red) or control (vice flour; blue) were normalized using a Log1o adjustment. Plotted values represent increments
of a Log10 scale consuming a specific supplement.
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Mitochondrial vespiration: Test sequence in sea horse XF-96 platform.

6.3 Anti-inflammatory

Chronic inflammation is considered an underlying pathology of many diseases
that remain poorly understood and treated. Several important chronic diseases with
an inflammatory background have been associated with vitamin K deficiency. These
include cystic fibrosis, inflammatory bowel disease, pancreatitis, chronic kidney
disease and osteoporosis [31, 32]. Circulatory markers of low-grade inflammation
such as tumor necrosis factor-alpha (TNF-a), interleukin-1 alpha (IL-1a), and
interleukin-1 beta (IL-1B) positively correlate with endothelial damage, atheroma
formation, cardiovascular disease, and aging. Menaquinone-7 can modulate immune
and inflammatory reactions in the dose-response inhibition of TNF-a, IL-1a, and
IL-1P gene expression and protein production [33]. These findings highlight the
anti-inflammatory properties of Menaquinone-7, elucidating the anti-inflammatory
mechanism of Menaquinone-7 and in establishing the potential biomarker targets in
clinical testing of the role of Menaquinone-7 in cardiovascular health as well as other
chronic degenerative conditions.

6.4 Muscle health

Vitamin K deficiency impacts neuromuscular and vascular function, thus affect-
ing the physical functioning. Vitamin K has a function in promoting vascular smooth
muscle differentiation [34]. As disabilities in patients are directly related to muscle
strength and physical performance, therefore it is crucial to focus on muscle strength
and performance rather than muscle mass [35].

Handgrip indicates muscle strength and is directly related to lower-extremity
strength. Calf circumference indicates skeletal muscle mass and is associated with
higher strength [36, 37]. A longitudinal cohort study conducted in community-
dwelling adults (n: 633, aged: 55-65 years) analyzed the association between vitamin
K status and physical functioning over 13 years. An association of low vitamin K
status with lower handgrip strength, smaller calf circumference was observed. Low
vitamin status in women indicated an existence of association of low vitamin status
with poorer functional performance score [38].
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Some observational studies conducted in sarcopenia patients showed an associa-
tion of high vitamin K status in plasma with muscle strength, large muscle mass, and
high physical performance.

Thus, it was concluded that physical performance scores rather than muscle mass
indicated the beneficial effect of vitamin K on muscle quality [35].

Systremma or leg cramps is a common and distressing problem characterized by
involuntary, painful, sudden contractions of the skeletal muscles. It has affecting
30% of people who are over sixty-year-of age and 50% of people over eighty years of
age [39, 40]. Muscle cramps may occur in normal subjects during a strong voluntary
contraction, sleep, sports or pregnancy but it can also occur due to several pathologi-
cal conditions such as myopathies, neuropathies, motoneuron diseases, metabolic
disorders, hydroelectrolyte imbalances or endocrine pathologies, cirrhosis of liver, in
patients on dialysis or may be triggered by intake of certain drugs such as diuretics,
laxatives, beta2-agonists, cimetidine, and phenothiazines. Treatment of the underly-
ing cause could successfully relieve this symptom [41, 42].

Diverse causes of muscle cramps has led to varied treatment modalities in clinical
practice with varying degree of success in relieving the symptoms [43, 44]. These
modalities include quinine Sulphate [45], calcium channel blockers [46], magnesium
[47], gabapentin [48], botulinum toxin [49], phenytoin [50], Vit E [51], carisoprodol
and orphenadrine [52]. Although quinine is the most used treatment modality in
this condition [41], it is associated with several side effects like arrhythmia, tinnitus,
headache, nausea, tremor, hypotension, and gastrointestinal upset, and occasionally,
potentially fatal hypersensitivity reactions and thrombocytopenia [40, 41]. Due to
severe toxicity encountered, US FDA has banned over-the-counter quinine-based
products used for leg cramps [41, 53, 54]. This has generated a need for alternative
therapeutic agents.

A preliminary open labeled observational study conducted by Vaidya et al.
showed that daily administration of 100 mcg of Menaquinone-7 for 3 months was
associated with a reduction in the frequency, intensity, and duration of idiopathic
muscle cramps [55]. Menaquinone-7 at a dose of 100 mcg /day for 3 months was
found to be well tolerated and safe and resulted in therapeutic relief of muscle
cramps (Figure 4).
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Figure 4.
Decrease in mean severity of cramps as noted on VAS score in both the groups which were divided depending upon
the frequency of cramps viz., cramps every day in group A and 2—3 cramps every week in group B.
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A research done by Mehta and Vaidya showed that daily administration of vitamin
K relieves muscle cramps and prevents its recurrence. Vitamin MK-7 has longer half-
life which facilitates its further utilization as it stays in the body for a longer duration.
Vitamin K is a safe prophylactic for muscle cramps. Vitamin K also improves the
muscle strength evident by relief of fatigue. The inventors have discovered relief from
cramps when sufficient dose of vitamin K was administered systematically daily once
or more. The preferred range was 10 pg to 1000 pg per day, and the preferred vitamin
K was vitamin MK-7 [56].

6.5 Nerve health

Peripheral neuropathy (PN) also known as distal symmetric neuropathy or senso-
rimotor neuropathy, is a common problem with multifactorial aetiologies. Diabetes
mellitus is the most common etiology of PN. Neural signals from sensory receptors
in the cellular pathway of the peripheral nervous system are damaged in PN. Itis a
neurological complication where the nerves carrying sensory neurons from different
parts of the body to the central nervous system are denervated hence causing numb-
ness, tingling, motor paralysis and gland or organ dysfunction. PN is a disease with
vast spectrum, found in a variety of groups of populations, commonly observed in
geriatrics, obese and diabetic population [57].

An epidemiological study conducted by Martyn et al. has stated the worldwide
prevalence of PN to be around 2.4% which is considerably increasing to 8% in
patients older than 55 years [58].

Indian population is susceptible to PN due to large population density, exposed to
different adverse environments for a living [59]. Amongst diabetic Indian population,
prevalence of neuropathy has been 26-31% [60-62]. In an Indian epidemiological
survey conducted amongst about 40 million diabetics in India, at least 10.4 million
diabetics showed the symptoms of PN [63].

Some patients with neuropathy may experience extremely painful symptoms,
whereas others may have objectively marked neurological deficit without significant
painful neurological symptoms [64].

A systematic review analyzing the data of several studies stated that painful
diabetic PN occurs in about one in six people with diabetes, impairing the quality
of life of people and increasing healthcare cost. Although guidelines have suggested
several treatment related recommendations, but they are associated with adjuvant
side effects [65]. The risk of developing PN increases with the duration of diabetes
and deteriorating glycemic control [64].

Neuropathy is a devastating event in patients with myeloma. Prolonged treatment
of Multiple Myeloma (MM) related drugs leads to development of PN in 70% of
patients [66]. Neuropathic events in such patients leads to dose reduction of the pri-
mary agents (Bortezomib, Thalidomide and Lenalidomide) or reduction in frequency
of the therapy. This could further lead to discontinuation of therapy by some of the
patients. Therefore, neuropathy in MM needs to be addressed.

The etiopathology of PN is poorly understood. Many factors, including dietary
deficiencies, may contribute to the clinical manifestation of the condition [67].

The neurologic manifestations of folate deficiency overlap with those of vitamin
B12 deficiency and include cognitive impairment, dementia, depression and com-
monly PN [64].

Myelopathy with or without an associated neuropathy is the commonly recognized
neurological manifestations of vitamin B12 deficiency [68]. Methyl cobalamin is a
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vitamin B12 analogue, necessary for the maintenance of the nervous system [69]. The
diagnosis of neuropathy due to B12 vitamin deficiency remains a real challenge for the
clinician [70].

The etiology of diabetic neuropathy has been a debatable topic however, neuropa-
thy due to an inflammatory autoimmune condition that damages the myelin sheet of
peripheral nerves and role of menaquinone-7 deficiency in alleviating this condition
are considered as the evolving possibilities for diabetic neuropathy.

Vitamin K is considered to have a role in myelin synthesis and repair in central and
peripheral nervous systems. Myelin is a sphingolipid, a group of complex lipids which
are found in all mammalian cells as a major components of cell membranes, present
particularly in high concentrations in cells of the central and peripheral nervous
systems [71]. Certain sphingolipids found in the central and peripheral nervous
systems have shown a high correlation with the tissue levels of vitamin K. Initially
recognized for their structural role, sphingolipids are now considered as the key play-
ers in major cellular events such as proliferation, differentiation, senescence, cell-cell
interaction, and transformation [72]. Furthermore, several recent research have
shown a corelation of alterations in sphingolipids metabolism with aging process [73]
and neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s
disease [52, 74].

Scientific legacy of Meir Lev’s group depicted the role for vitamin K in sphingo-
lipid metabolism in a report published in Nature in 1958 [75]. The report showed that
Vitamin K serves as a growth factor for the rumen strain Bacteroides melaninogenicus
(also known as Fusiformis nigrescens), which was later found to be linked to cell
membrane homeostasis. When Bacteroides melaninogenicus was cultured in a medium
without vitamin K, cells grew as filaments (i.e., elongated cells), were more fragile
when subjected to shaking with glass beads and tended to auto-agglutinate when
placed in buffer. Growth of bacteria under such condition was also greatly affected.
Vitamin K deficient cultures yielding around 80% lower bacteria weight than those
grown from vitamin K replete conditions [76]. Two other reports also explained the
role of vitamin K at the membrane level. The reports showed the essential require-
ment of vitamin K for sphingolipid synthesis. Recent published studies that confirm
the modulation of brain sphingolipids by vitamin K nutritional status, underscore
the potentially far-reaching effect of vitamin K in brain function given the key role of
these lipids in cell-signaling functions.

In the nervous system, vitamin K activates the carboxylation and activation of Gla
residues on GAS6 protein (growth arrest-specific gene 6 protein) which is structur-
ally related to another vitamin K-dependent protein (VKDP), anticoagulation factor
protein S [77]. GAS6 and related S protein bind and activate the receptor tyrosine
kinases of the Tyro3, Axl, and Mer (TAM) family. They are responsible for cell signal-
ing which stimulates the generation of central nervous system repair cells (oligo-
dendrocytes) and increased myelin production including repair after myelin injury
(demyelinating injury) [78]. Vitamin K may also act in the central nervous system
independent to its role in the carboxylation reaction [79]. Vitamin K independent of
VKDP, activates enzyme 3-ketodihydrosphingosine (3-KDS), involved in sphingolipid
synthesis which is critical for healthy myelin [80].

Sakaue M et al. investigated the protective effects of different forms of Vitamin
K (Vitamin K1 and Vitamin K2-4) in an iz vitro experiment conducted in primary
cultured neurons from cerebella of rat pups where methylmercury-induced the cell
death. They also investigated its protective effect against GSH-depletion-induced
cell death by employing two intracellular glutathione (GSH) reducers, L-buthionine
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sulfoximine (BSO) and diethyl maleate (DEM), in primary cultured neurons and
human neuroblastoma IMR-32 cells. It was observed that all the forms of Vitamin

K inhibited the death of the primary cultured neurons indicating that vitamin K
forms have the potential to protect neurons against cytotoxic methylmercury and
agents that deplete GSH, without increasing intracellular GSH levels [81]. Kenji
Onodera et al. while examining the antinociceptive effects of Vitamin K2-4 in
diabetic mice found that no significant difference exist between non-diabetic and
diabetic mice in the Vitamin K2-4 induced changes in the nociceptive threshold. This
indicated the therapeutic effectiveness of Vitamin K24 for treating painful diabetic
neuropathy [82].

A serendipitous discovery by two researchers, Mehta and Vaidya is that
Menaquinone-7 relieves idiopathic muscle cramps as well as symptoms of diabetic
neuropathy. PCT/IN2008/000465, application further claims the safety of usage of
Menaquinone-7 in the various novel conditions like neuropathy [56].

In an open labeled study conducted by Kulkarni et al., it was shown that
Menaquinone-7 at a dose of 100 mcg twice a day for 8 weeks (Figure 5) was well
tolerated and safe with a therapeutic activity for the symptoms of peripheral
neuropathy [83].

Based on the results of these studies, the next study which is a follow-up study in
alarger cohort (n = 100) was planned to address the peripheral neuropathy experi-
enced by patients. Menaquinone-7 capsules (100 mcg / capsule, twice a day) were
given orally for 8 weeks and were followed up to 12 weeks. By twelfth week, the score
was reduced in megaloblastic anemia as well as in diabetes mellitus groups to 1-2
(Figure 6). The decrease was statistically significant (P < 0.0001). The tingling and
numbness had reduced significantly. There was a significant decrease in the weakness
and fatigue [84].

Recently a double-blind placebo-controlled efficacy and safety study of
Menaquinone-7 was conducted in 60 patients presenting with peripheral neuropathy
and suffering from either vitamin B12 deficiency and/ or type 2 diabetes mellitus.

UNBEARABLE NO
DISTRESS VAS DISTRESS

M Baseline 4th Week m 8th Week

fLr

Group Group B

Figure 5.
Decrease in the intensity and severity of PN from baseline to 8th week as noted on VAS scove in the groups a and
B, where group A (severe) had a VAS score of 8—9 and group B (moderate) with a score of 6-8 at baseline.
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Figure 6.
Decrease in the intensity and severity of PN from baseline to 8th week as noted on VAS score in the groups VBD
(Vitamin B12 deficiency) and T2DM (type 2 diabetes mellitus).

Patients from both the groups’ i.e., Vitamin B12 deficiency and type 2 diabetes mel-
litus had overall VAS score of 9 at baseline. By the end of the twelfth week, patients
who were receiving Menaquinone-7 showed statistically significant reduction in
the VAS score in Vitamin B12 deficiency as well as in type 2 diabetes mellitus to 2;
whereas the patients who were taking placebo in Vitamin B12 deficiency group had
reduced to 8, and in type 2 diabetes mellitus group to 9. This study was again per-
formed with same protocol along with estimation of serum Menaquinone-7 levels in
serum in a small sample size. The VAS score showed an inverse relationship between
Menaquinone-7 levels and peripheral neuropathy symptoms (Figure 7) [85, 86].
Antineoplastic agents are the chemotherapy drugs used for cancer. Chemotherapy-
induced peripheral neuropathy (CIPN) is one of the most frequent side effects
caused by antineoplastic agents having a prevalence ranging from 19% to over 85%.
CIPN is a mostly sensory neuropathy and is associated with motor and autonomic
changes of varying intensity and duration [87]. Chemotherapeutics induces toxicity
in peripheral nervous system. Oxaliplatin, an antineoplastic agent damages the blood
brain barrier (BBB). The possible mechanisms of BBB damage may include proin-
flammatory cytokines, ROS, or other neurotransmitters, all of which are involved in
the peripheral nervous system toxicity induced by chemotherapeutics [88, 89].

(A} VAS Score and Vitamin K2-7 Levels (ng/ml) in Vitamin (B) VAS Score and Vitamin K2-7 Levels (ng/ml) in type 2
B12 deficiency Group Diabetes mellitus Group

Figure7.
Average VAS score and serum Vitamin K2-7 levels (ng/ml) in Vitamin B2 deficiency group (A) and type 2
diabetes mellitus group (B).
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The study of Sanna et al. has shown a direct correlation between structural changes
in the central nervous system and chemotherapy-induced neurotoxicity [90].

An open labeled observational study to evaluate the iatrogenic neuropathy and
its amelioration using Menaquinone-7 in patients with Multiple Myeloma with drug
induced PN suggests for the first time that Menaquinone-7 has an ameliorative poten-
tial for relief of iatrogenic PN in Multiple Myeloma patients. Menaquinone-7 reduces
the symptoms of PN like tingling, numbness, burning sensation, pain, causalgia,
wooly feeling, and cramps caused during treatment of MM, thus Menaquinone-7 is
found to be useful in the treatment of PN caused due to the therapy of MM [91].

Multiple myeloma (MM) is a type of hematological cancer which is characterized
by excessive production of malignant plasma cell clones in the bone marrow [92].
Incidence of iatrogenic PN has been observed in patients with MM who received
chemotherapy. It is primarily of a sensory or sensorimotor nature, and the symptoms
of tingling, numbness, burning sensation and pain are predominantly bilaterally
symmetric [93]. Development of debilitating drug induced PN is one of the major
challenges in the treatment of MM, affecting compliance leading to discontinuation
of therapy or dose/drug modification [94]. Thus, there is a need of any modality that
could reduce the severity and allows continuation of effective therapy in the clinical
setting. This preliminary observational study is the first study revealing the potential
of Menaquinone-7 in relieving the symptoms of iatrogenic PN in MM patients.

7. Conclusion

Menaquinone-7 appears promising in the areas of chronic degenerative conditions
such as bone health, cardiovascular, diabetes, energy metabolism, peripheral neu-
ropathy, cramps etc. Newer research is ongoing to confirm its role in many other areas
including immunity, cognition, cancer etc. With the recent discovery of its many bio-
logical functions, Menaquinone-7 is sometimes referred to as a multitasking vitamin.
Globally speaking Menaquinone-7 is negligible in diet consumed by the population
all around the world except in small pockets leading to Menaquinone-7 insufficiency.
Either lack or deficiency of a given vitamin invites multiple pathologies, some mild
some severe, some experiential some silent, some acute some chronic. Until this
knowledge is available to an individual, he is likely to consider multiple healing
effects of a vitamin as panacea. Researchers have now realized that most of the global
population is facing multiple severe morbidities due to lack of or inadequate levels of
Menaquinone-7 in diet and supplementation. The “Next Big Thing” in medicine is
Menaquinone-7 with what the science has revealed already. This vitamin will advance
on an exponential curve.
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Chapter 5

Overcoming the Photochemical
Problem of Vitamin K in Topical
Application

Shotaro Goto, Shuichi Setoguchi, Kazuhisa Matsunaga
and Jiro Takata

Abstract

Topical application of vitamin K is beneficial in the treatment of various skin
pathologies. However, its delivery to the skin is hampered by the photo-instability
and phototoxicity of vitamin K (quinone form). Indeed, topical use of vitamin K is
regulated in Europe owing to the photosensitive properties of this molecule. Here,
we discuss the suitability of ester derivatives of vitamin K hydroquinone (VKH), the
active form of vitamin K, for topical applications. Notably, VKH derivatives have the
potential to overcome the photo-instability and phototoxicity problem of vitamin K
and act as VKH prodrugs, as demonstrated in HaCaT human keratinocytes. Thus,
VKH prodrug is a promising strategy for topical application of vitamin K without the
need for special protection from light.

Keywords: vitamin K, photostability, phototoxicity, skin application, prodrug

1. Introduction

Skin application of vitamin K shows several beneficial effects, such as suppres-
sion of pigmentation and alleviation of bruising [1-3], prophylactically limiting the
occurrence of acneiform side effects in patients receiving the monoclonal antibody
cetuximab [4-6] and promoting wound healing [7].

Despite these potentially beneficial effects, vitamin K is unstable in the presence
of light [8, 9]. Indeed, application of vitamin K on the skin can result in photodeg-
radation without appropriate shielding of the application site, e.g., the face and
hands, from light. Furthermore, in Europe, warnings have been issued regarding the
use of vitamin K in cosmetics. The Scientific Committee on Consumer Safety has
also reported phototoxicity of vitamin K in skin cells [10, 11]. As a result, the use of
vitamin K as an external preparation for the skin is limited.

The molecules in the vitamin K family contain 2-methyl-1,4-naphthoquinone as the
basic skeleton. Vitamin K molecules can be classified as phylloquinone (PK, vitamin K1)
with a phytyl side chain at the 3-position, menaquinone (MK-n, vitamin K2) with an
isoprenyl side chain consisting of n isoprenyl groups, and menadione (MD, vitamin K3)
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with no side chain at the 3-position. PK and MK-4 are widely used as pharmaceutical
treatments for vitamin K deficiency and osteoporosis.

Vitamin K (quinone form) delivered intracellularly is converted into vitamin K
hydroquinone (VKH) by two-electron reduction. VKH functions as a cofactor for
y-glutamyl carboxylase (GGCX), which converts the glutamic acid (Glu) residue
of vitamin K-dependent protein into the y-carboxyglutamic acid (Gla) residue as a
post-translational modification. Subsequently, VKH is oxidized to vitamin K epoxide
(VKO). In addition, VKO is reduced to vitamin K (quinone form) to form the vitamin
K cycle. Therefore, it is necessary to deliver sufficient VKH to the target site to achieve
efficacy.

The active forms of PK and MK-4 are phyllohydroquinone (PKH) and mena-
hydroquinone-4 (MKH), respectively. However, these compounds cannot be used
as preparations because they show extreme instability via oxidation. Therefore, PK
and MK-4 that are stable against oxidation are used clinically. However, as described
above, vitamin K (quinone form) is extremely unstable upon exposure to light. Thus,
strict control of lighting is required during formulation, distribution, storage at medi-
cal institutions, and administration to patients. To achieve full efficacy of vitamin K,
formulations with low photodegradation and phototoxicity are needed for effective
topical delivery of VKH. The concepts underlying the delivery system of VKH using

Vitamin K are shown in Figure 1.
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Figure 1.
Schematic illustration of the vitamin K cycle.
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2. Mechanisms of photodegradation and phototoxicity of vitamin K

Analysis of the PK photolysis reaction by Hangarter et al. showed that charge
transfer from the p,y-double bond of the isoprenyl side chain to the quinone moiety
initiates intramolecular proton transfer from the side chain and yields a 1,3-quinone
methide (meta-quinone methide) as a mixture of singlet and triplet species diradi-
cal in polar solvents, subsequently forming 1,2-quinone methide (ortho-quinone
methide), which can be used to generate PK chromenol [9]. Chromenol levels tend to
increase with irradiation time, and this compound is expected to be the final product
of photodegradation of vitamin K [9, 12, 13].

Vitamin K is also expected to cause two types of phototoxicity during the above-
mentioned series of photodegradation processes. After acquiring the excited state via
light absorption, some chemicals cause oxidative damage to biological components,
such DNA and proteins, through the generation of free radicals (type I reaction) by the
electron rearrangement reaction and the generation of singlet oxygen from triplet oxy-
gen (ground state) by the energy rearrangement reaction (type II reaction) [14, 15].

We have previously confirmed that irradiation of PK and MK-4 with UVA
increases singlet oxygen generation, intracellular reactive oxygen species (ROS)
generation, and cytotoxicity in HaCaT human keratinocytes. Thus, vitamin K has
phototoxic properties [12, 13]. Moreover, 1,3-quinone methide diradical and 1,2-qui-
none methide, which are produced during the photodegradation of vitamin K, are
highly reactive and show phototoxicity via type I reactions. Additionally, singlet
oxygen generation through a type Il reaction is an early-stage phototoxic reaction that

~a

]
|
HI

Vitamin K 1,3-quinone methide 1,2-quinone methide chromenol
Photodegradation
Energy transfer Electrontransfer
type ll type |
1 OQ 302 Free radicals
Singlet oxygen . Triplet oxygen ’
Phototoxicity
Figure 2.

Schematic diagram of vitamin K photodegradation and phototoxicity.
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generates additional secondary ROS [16]. Singlet oxygen is also known to promote the
peroxidation of skin surface lipids, resulting in the induction of skin inflammation
[17]. Because no enzymes are known to scavenge singlet oxygen in the body, singlet
oxygen is thought to exhibit extremely strong cytotoxicity. Figure 2 shows a sche-
matic diagram of the processes of vitamin K photodegradation and phototoxicity.

3. Application of VKH derivatives to overcome vitamin K
photodegradation and phototoxicity

3.1 VKH derivatives strategy for applying vitamin K to the skin

Vitamin K photodegradation and phototoxicity are derived from its quinone
structure [9]. Therefore, as far as it has a quinone structure, the photoreaction is
unavoidable. We have previously synthesized VKH derivatives without a quinone
structure in which the two hydroxyl groups of the VKH are protected by ester bonds.
In addition, we have previously reported cationic VKH derivatives which have
N,N-dimethylglycine (DMG) and anionic VKH derivatives which have succinic acid
(SUC) as promoieties (Figure 3) can deliver VKH to the liver and to hepatocellular
carcinoma cells by being hydrolyzed without a reductive activation process and
exhibit strong antitumor effects compared with Vitamin K [18-20]. Accordingly,
these VKH derivatives may act as delivery systems for VKH to avoid photodegrada-
tion and phototoxicity. Also, Vitamin K (quinone-type) is the difficulty in dose
adjustment owing to its high lipid solubility and insolubility in aqueous media. Since
VKH derivatives are designed in the form of powders, they are comparatively easy to
prepare. Moreover, VKH derivatives are hydrophilic and can be dispersed in aqueous
media. These aqueous formulations can be used in in vitro experiments without using
solubilizing agents such as surfactants.

Here, we assessed their photostability and phototoxicity in order to further devel-
opment of a vitamin K skin application.

3.2 Evaluation of the photostability of VKH derivatives

The ethanol solutions of PK, MK-4, phyllohydroquinone derivatives (PKH-DMG
and PKH-SUC), and menahydroquinone-4 derivatives (MKH-DMG and MKH-
SUC) in quartz cells were exposed to artificial sunlight (12000 Ix) from the vertical

ORo OH
I l Esterase I I
OR; ' OH
VKH derivatives VKH

VKH-DMG:R,=R,=-COCH,N(CH,), * HCI
VKH-SUC:R,=R,= -COCH,CH,COOH

Figure 3.
Structure of the VKH derivatives and hydrolytic of VKH derivatives to VKH.
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direction at 25°C with and without shading. The residual concentrations were deter-
mined by liquid chromatography tandem mass spectrometry [12, 13].

All samples were photodegraded according to the apparent first-order rate equa-
tion by artificial sunlight irradiation, and their apparent first order rate constants
(k) and half-lives (¢1/,) of degradation are shown in Table 1. The concentrations of
vitamin K (quinone form) and DMG ester derivatives were unchanged under shading,
whereas the concentrations of SUC ester derivatives decreased both with and without
shading. The decreased concentration of with shading was related to hydrolysis of the
bis-ester to monoesters. The difference in the degree of hydrolysis for DMG and SUC
ester derivatives are probably due to the stability of the ester bonds.

The half-lives of PK and MK-4 irradiated with artificial sunlight were 0.125 and
0.08 h, respectively. Moreover, the half-lives of PKH-SUC and MKH-SUC were
approximately 5- and 3-fold more stable than those of PK and MK-4, respectively,
although the stability was not greatly improved. In contrast, the half-life of PKH-
DMG was approximately 40-fold greater than that of PK, and the half-life of MKH-
DMG was approximately 50-fold greater than that of MK-4, supporting that high
light stability could be ensured against artificial sunlight. Note that no formation of
chromenol was observed from irradiating the VKH derivatives.

The wavelength distribution of sunlight is wide from ultraviolet to infrared. To
examine the wavelength characteristics of photodegradation, the photostability of
quinone-type vitamin K and VKH derivatives was evaluated after irradiation with
monochromatic light at 279, 341, 373, 404, or 435 nm. Table 2 shows the photodeg-
radation rate (k) and the irradiation energy of each wavelength at which the residual
concentration reaches half (E;;). Photodegradation of PK and MK-4 occurred at all
measured wavelengths (279-435 nm), and the decomposition rate accelerated with

Compound® Irradiation conditions k(h™) t12 (h)
PK Sunlight 5.532 0.125
Shading” - -
PKH-DMG Sunlight 0.140 4.950
Shading” - -
PKH-SUC Sunlight 1.219 0.569
Shading® 0.577 1.201
MK-4 Sunlight 8.239 0.084
Shading” - -
MKH-DMG Sunlight 0.167 4150
Shading” - -
MKH-SUC Sunlight 2.796 0.248
Shading® 0.883 0.785

“The initial concentration was 1 uM in ethanol.
"During irradiation, the compound was covered with aluminum foil to provide shade.
“No decomposition.

Table 1.
Apparent first ovder rate constants (k) and half-lives (t,,) of degradation of vitamin K and VKH derivatives in
ethanol under irradiation using artificial sunlight (12000 Ix) at 25°C.
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Compound® Wavelength (nm) k(J7 x cm?) Eyr (Jxcm™)
PK 279 0.549 1.262
341 0.359 1.933
373 0.094 7390
404 0.026 26.260
435 0.021 32.459
PKH-DMG 279 0.146 4.750
341 b b
373 R b
404 b b
435 £ By
PKH-SUC 279 0.137 5.047
341 0.070 9.889
373 0.076 9169
404 0.078 8.860
435 0.079 8.828
MK-4 279 0.533 1301
341 0.422 1643
373 0.151 4.583
404 0.049 15.800
435 0.035 19.738
MKH-DMG 279 0.146 4750
341 S >
373 b S
404 S >
435 b S
MKH-SUC 279 0.110 6.323
341 0.069 10.036
373 0.059 11.792
404 0.061 11.296
435 0.068 10.253

“The initial concentration was 1 uM in ethanol.
"No decomposition.

Table 2.
The rate constants (k) and half-lives (E,,,) of degradation of vitamin K and VKH derivatives in ethanol under
diffevent irradiation intensities of monochromatic light at 25°C.

shorter wavelengths. By contrast, the photodegradation of PKH-DMG and MKH-
DMG accelerated at a wavelength of 279 nm. In addition, the degradation of PKH-
SUC and MKH-SUC occurred at all wavelengths, and the photodegradation rates were
almost the same at wavelengths above 341 nm. Therefore, these findings clarified that
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decomposition at wavelengths above 341 nm involved hydrolysis to the monoester,
but not photodegradation, and photodegradation of PKH-SUC and MKH-SUC was
accelerated at a wavelength of 279 nm.

The above results clearly confirmed that the VKH derivative is more stable to
sunlight than vitamin K (quinone form) and has a narrow wavelength range for
photodegradation.

3.3 Evaluation of phototoxicity

To confirm whether the VKH derivatives had phototoxic properties, singlet oxygen
generation, intracellular ROS generation, and cytotoxicity after irradiation with UVA
were evaluated in HaCaT cells [12, 13].

Figure 4 shows the amounts of singlet oxygen produced by each compound
(200 pM) irradiated with UVA (15 J/cm?) in phosphate-buffered saline (PBS).
Ketoprofen was used as a positive control, and sulisobenzone was used as a negative
control. Vitamin K (quinone form) showed singlet oxygen generation depending on
UVA irradiation energy, whereas VKH derivatives showed almost no singlet oxygen
generation.

Analysis of intracellular ROS generation and cell viability following UVA irradia-
tion at the time of MK-4, MKH-DMG, or MKH-SUC addition (50 pM) in HaCaT cells
is shown in Table 3. MK-4 irradiated with UVA (5 J/cm?) increased intracellular ROS
generation and decreased cell viability, whereas the MKH derivative did not. Similar
trends were observed with PK and PKH derivatives [12].

As mentioned above, the photodegradation and phototoxicity of vitamin K (qui-
none form) is charge transfer from the p, y-double bond of the isoprenyl side chain to
the quinone moiety initiates intramolecular proton transfer from the side chain. Since

500 -
450 ~
400 -
350 A
300 -
250 A
200 -
150 -
100 4
50

Singlet oxygen generation
(Decrease of Ay nm * 10%)

Figure 4.
Singlet oxygen generation in aqueous solutions of various compounds (200 uM) exposed to UVA (15 J/cm?®). Data
represent means + standard deviations (n = 3).
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Compound® UVA irradiation ROS generation Cell viability]’ (%control without UVA)
intensity (Jlem?)  (%control without UVA)
Control 0 100 + 6.19 100 + 6.04
5 275+22.0 86.6 + 544
MK-4 0 99.2 £ 6.87 104 + 2.40
5 1150 + 131 113 £2.17
MKH-DMG 0 126 + 6.63 104 +1.93
5 282 + 440 101 +2.00
MKH-SUC 0 125 + 4.54 93.9 £ 4.79
5 271+15.5 88.8 + 6.07

“Cells were treated with PBS containing 50 uM MK-4, MKH-DMG, or MKH-SUC. Data represent means + standard
deviations (n = 3).
Y Cell viability was measured at 24 h after UVA irradiation.

Table 3.
Percent of intracellular ROS generation and cell viability in HaCaT cells in aqueous solutions of vitamin K and
VKH derivatives with or without UVA irvadiation (5 J/cm?).

VKH derivatives in which the two hydroxyl groups were protected by ester bond, it

is considered that the charge transfer from the isoprenyl side chain that triggers a
photochemical reaction was suppressed. These results strongly supported that VKH
derivatives without a quinone structure did not show the same photodegradation and
phototoxicity as vitamin K (quinone form) and may therefore be applied topically to
the skin.

4. VKH delivery into HaCaT cells with vitamin K and VKH derivatives

To confirm whether VKH derivatives function as VKH prodrugs in skin-derived
cells, the delivery properties of VKH to HaCaT cells were evaluated
[12, 13]. Table 4 shows the area under the curve (AUC) of intracellular VKO up to
72 h after the administration of MK-4 and VKH derivatives to HaCaT cells. VKO was
used as an index of VKH because it is stoichiometrically produced from VKH after
functioning as a cofactor for GGCX.

Compound® AUCyko(0-72n) (nmol x h/mg of protein)
PK 1.176 + 0.056
PKH-DMG 0.872 + 0.138
PKH-SUC 26.967 +2.030
MK-4 10.543 £ 0.795
MKH-DMG 10.786 + 1.696
MKH-SUC 17304 + 1.068

“Cells were treated with medium containing 5 uM compounds. Data represent means + standard deviations (n = 3).

Table 4.
Avea under the curve over 72 h of VKO treated with PK, PKH derivatives, MK-4 or MKH derivatives in HaCaT
cells.
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The AUCyxo (0.72n) values of PKH-DMG and PKH-SUC were 0.741- and 22.9-fold
higher than that of PK, respectively. Additionally, the AUCyxo (0.72n) values of MKH-
DMG and MKH-SUC were 1.02- and 1.64-fold higher than that of MK-4, respectively.

Based on these findings, vitamin K (quinone form) and VKH derivatives are
converted to VKH in HaCaT cells and function as cofactors for GGCX. Thus, VKH
derivatives can function as prodrugs of VKH. Furthermore, VKH derivatives could
deliver VKH at concentrations equal to or higher than vitamin K (quinone form).

5. Conclusion

Although many studies have supported the application of vitamin K for the treat-
ment of skin pathologies, this compound is difficult to use as an external preparation
to the skin owing to its photo-instability and phototoxic properties. The photodeg-
radation and phototoxicity of vitamin K are derived from its quinone structure.
Avoiding chromenol formation may suppress photodegradation via singlet oxygen
and radical formation. Moreover, VKH derivatives in which the quinone structure
is protected by ester bonds do not show chromenol formation and can be used to over-
come the photo-instability and phototoxicity associated with vitamin K while pro-
moting VKH delivery to skin cells. Thus, VKH derivatives may be used for application
to sites where shading may be difficult, as alternatives to vitamin K (quinone form).
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Chapter 6

Vitamin K Deficiency and
Vascular Calcification. Is There
Any Evidence about Its Impact on
Coronary Artery Disease?

Theodoros Michailidis, Asterios Kavakanas,
Nikolaos Schizas and Petros Keryttopoulos

Abstract

Nowadays cardiovascular disease remain globally the leading cause of mortality.
Coronary artery disease is the predominant clinical entity related to fatal cardiovascu-
lar events, while its development is mostly associated with progressive atherosclerosis
of the vessels combined with gradual vascular calcification. It is well described and
understood that vascular calcification is strongly associated with the occurrence
of CVD and increased mortality rates. Therefore, it is essential to understand the
metabolic pathways leading to its formation in order to develop effective therapies. A
group of vitamin-k dependent proteins seems to play a significant role on the preven-
tion of the arterial wall. Several past studies have shown that in cases of vitamin-k
deficiency the process of vessel calcification is accelerated. Vitamin-k depletion and
high levels of uncarboxylated and dephosphorylated forms of the aforementioned
proteins are considered as important factors that contribute significantly to this rapid
progression. Promising studies are giving the stimulus for further research in the field
of vitamin-k supplementation and the suspension of vascular calcification.

Keywords: vitamin K, deficiency, vitamin-K dependent proteins, vascular
calcification, coronary artery disease

1. Introduction

Cardiovascular diseases are the leading cause of mortality worldwide. Their con-
stant increasing rate is attributed to many factors as the adoption of poor dietary hab-
its and sedentary lifestyle accompanied in some cases with hereditary background.
The so-called Western way of living has led also to the rise of other diseases such as
dyslipidemia, hypertension, obesity, diabetes mellitus and chronic kidney disease,
which are the main risk factors of CVD. Those conditions are mainly responsible for
the rapid progression of vessel’s atherosclerosis and plaque formation. Intimal calci-
fication of large vessels is the main effect of those disorders responsible for plaque’s

93 IntechOpen



Vitamin K - Recent Topics on the Biology and Chemistry

progression. However, atherosclerosis is not the only factor. Vascular calcification is
another major and independent risk factor strongly related with the development of
vessel plaque leading to CVD [1]. It is a chronic and multi-factorial procedure related
mainly with disorders such as chronic kidney disease and diabetes mellitus [2]. The
metabolic pathways which are responsible for the progression of vascular calcification
is not well-established and consequently treatment remains a challenge. Media arte-
rial layer is the target area of calcification and can involve all vessel sizes regardless

of the concurrence of atheromatic plaque [3]. The negative effect of this procedure
can gradually lead to the development of valvural heart disease and coronary artery
disease (CAD).

Matrix degradation and modification is the main reason of medial arterial calcifi-
cation. Matrix Gla protein (MGP), Glarich protein (GRP) and growth arrest specific
gene-6 (Gas-6) are a group of vitamin-k dependent proteins that is considered to
effectively inhibit the progression of vascular calcification. For example, in cases
of vitamin-k deficiency, glutamic acid residues do not convert to the amino acid
y-carboxyglutamic acid residuals (Gla) which is a vital part for the normal function
of MGP. Consequently, inactive forms of MGP (dp-ucMGP) accumulate in calcified
tissues such as the blood vessels. Past studies have proposed ucMGP as a potential
marker of vitamin-K deficiency, vascular calcification and cardiovascular disease [4].
Other trials have showed that patients under treatment with vitamin-k antagonists
(VKAs) had higher scores of vascular calcification compared to a group of controls.
Animal trial connected the administration of VKAs with an accelerated progres-
sion of medial calcification. On the other hand, when high doses of vitamin-K were
administered, calcification lesions started slowly to improve [5]. Perspectives about
the benefit of vitamin-K administration in specific population remain controversial,
and therefore further research is required in this domain.

2. Vitamin-K dependent proteins

The correlation between low vitamin-K levels and rapid progression of vascular
mineralization is supported by researchers in the past [6]. The pathophysiological
pathways that justify such claims involve a group of vitamin-K dependent protein
and calciprotein particles. Those proteins are the matrix Gla protein (MGP), gamma-
carboxylated Gla-rich protein (GRP) which are both considered as strong inhibitors
of vascular calcification and the growth specific arrest gene-6. Matrix Gla protein
(MGP) is a vitamin-k2 dependent protein which is secreted by many cells, including
the vascular smooth muscle cells (VSMC) and has high affinity to calcium crystals.
Its effect on atherosclerotic plaque may probably derive from the blocking of calcium
accumulation. It’s present in bones and cartilage, in kidneys but also in blood vessels,
endothelium and coronary artery. Matrix Gla protein prevents from the calcification
development in soft tissues such as the blood vessels. Additionally, its preventive
effect is exerted by inhibiting the bone morphogenetic protein-2 and 4 (BMP-2,
BMP-4). This effect is of outmost importance because it prevents the VSMC from the
transdifferentiation into osteoblasts like-cells which lead into progressive calcifica-
tion of atherosclerotic plaques. In order to exert its effect, MGP has to be synthesized
locally in the VSMCs. Vitamin-k2 is used as co-factor to its formation through
the post-translational y-carboxylation and phosphorylation of inactive MGP [7].
Carboxylated MGP (cMGP) is the active protein form responsible for the prevention
of the calcification of the arterial wall [8]. MGP’s expression from the VSMCs and
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the endothelium may give us the opportunity to measure its circulating levels. As it
was mentioned before, cMGP has high affinity to calcium crystals and binds strongly
to them preventing from their accumulation into the arterial wall. Considering

that cMGP could evolve into a very promising biomarker for the prognosis and the
progression of calcification as well as a prognostic factor to severe cardiovascular
outcomes [9]. On the other hand, it should be mentioned that inactive forms of MGP
have been associated with accelerated rate of vascular calcification but also with
increased mortality [10]. Whereas the active form of MGP is both carboxylated and
phosphorylated, the inactive forms have not undergone one of those two metabolic
steps or both of them (uncarboxylated, dephosporylated MGP, dp-ucMGP). cMGP
is the only factor that under specific conditions may promote the reversal of vascular
calcification [11]. It is worth mentioning that calcified arteries have high concen-
trations of MGP and the severity of such lesions was related to MGP serum levels
[12]. Glarich proteins is another vitamin K dependent protein which is present in
both bone and cartilage and also has high affinity to calcium. High concentrations

of y-carboxylated GRP have been observed in individuals with increased vascular
calcification. However, suggested data derive mainly from animal studies and its
functionality in humans is not well established. Calciprotein particles are particles
that prevent from vascular calcification by blocking the formation of the calcium/
phosphate crystals. These particles also contain high levels of MGP and GRP, so in
cases of vitamin-k deficiency, their effect may be impaired. Vascular smooth muscle
cells excrete also the growth arrest specific gene 6 protein (Gas-6) which is one of

Vitamim-k
insufficiency

Hydroxyapatite
VSMCtrans - formaition
differentation 1BMP-2

Medial activity

vascular
calcification

Calcium crystalls
accumulationin
the arterial wall

Osteoblast -
like VSMC

Figure 1.
Summary of the effect of vitamin K deficiency on vascular calcification. Abbreviations: BMP-2, bone
morphogenetic protein-2; VSMCs, vascular smooth muscle cell.
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the stimulating factors of their growth. It exerts its preventive effect through several
pathways. Initially it stimulates the bcl-2 anti-apoptotic protein which is responsible
for the inhibition of caspase-3. Caspase-3 is a crucial protein for the pro-apoptotic
cell procedure, so through that way Gas-6 protects VSMCs from transdifferentation
into cells with osteoblast-like effects. Apoptotic cells could be used as substrate for
the development of constant inflammation and excessive calcification. Thus, Gas-6
through this way Gas-6 prevents the arterial from this process. However, in order to
exert its effects Gas-6 needs y-carboxylation a process in which vitamin-k is a neces-
sary co-factor [13]. Taking all that into consideration, Gas-6 is vitamin-K dependent
and very important factor, against the VMSCs apoptosis and the progression of calci-
fied plague. In cases of vitamin-k deficiency the lack of Gla proteins affect negatively
the growth of VSMC [14] (Figure1).

3. Postmenopausal women, vitamin-k and vascular calcification

In past studies it was also observed that post-menopausal women with osteopo-
rosis had increased rates of arterial calcification [15]. Based on that, researchers have
investigated the potential correlation of vitamin-k status, bone formation rate and
vascular calcification of post-menopausal women. Initially, lower bone formation
rate in parallel correlation with low levels of serum vitamin-k. The same also applies
for the increased frequency of vascular calcification observed in post-menopausal
women [16]. Concerning, the lower bone mass of post-menopausal women, it seems
that vitamin-k levels and osteocalcin induced remodeling bone process are closely
related. Though not with the same metabolic way to vascular calcification but in
both situations vitamin-k is necessary [17]. It is important to mention that few trials,
evaluated the potential benefit of vitamin k2 supplementation in post-menopausal
women with aortic calcification and osteoporotic lesions. According to the authors,
calcified lesions were at least sustained or in some cases decreased. However, these
beneficial effects were observed in individuals that received vitamin-k2 supplemen-
tation but not vitamin-k1 [18]. Finally, results from the study of Gast et al. in this
group of patients, have showed that vitmamin-k2 had the greatest preventive effect
in CAD [19]. There are data that suggest that osteoporotic women are on higher risk
of cardiovascular disease compared to match-aged non-osteoporotic individuals.
These evidence imply that this difference occurs due to increased vascular calcifica-
tion of both large vessels and coronary artery in those patients. Vitamin-k2 may have
an essential role both to bone formation via its effect on osteocalcin as well as to the
reduction of vascular mineralization. Further and larger studies are needed in order
to assess the potential benefit of vitamin-k2 supplementation in both bone mass loss,
atherosclerotic progression and prevention of cardiovascular disease in this specific
population [20].

4. Vitamin-k-antagonists and vascular calcification

Vitamin-k antagonists are oral anticoagualants that reduce the levels of vitamin-
k by interfering in vitamin’s recycle. They essentially inhibit vitamin-k reductase
complex-1 and consequently reducing active vitamin-k reserves. Thus, they prevent
from the formation of blood clots. Nevertheless, vitamin-k depletion in serum has
some detrimental effect on many sequences of steps in metabolic pathways like
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those mentioned before. Taking that in mind, previous studies have demonstrated
the negative effect of VKAs on the progress of vascular calcification [5]. Win et al.
examined the potential benefit of apixaban administration in patients with atrial
fibrillation in terms of the atherosclerotic plaque progression. Study results showed
that apixaban administration was associated with slower plaque progression as well as
lower calcium scores compared to warfarin treated group. Taking into consideration
the usual co-existence of atrial fibrillation and coronary artery disease, apixaban
could be a preferable choice in patients with atrial fibrilation not only for the preven-
tion of thromboembolic events but also to slow down coronary plague progression
and prevent from fatal cardiovascular events [21]. Accordingly, outcomes from a

trial that compared the use rivaroxaban against warfarin have also indicated the
beneficial effect of NOAGs into the slower plaque progression arterial calcification
[22]. Therefore, in cases of individuals with established CAD or high level of vascular
atherosclerosis in need for anticoagulation, the physician should choose wisely the
appropriate treatment. These data suggest the preferable choice of NOACs instead

of VKAs though further studies are needed for more robust results. However, what
about patients that are in need for VKAs coagulation, or the use of NOACs is contrain-
dicated? Such dilemmas are common in clinical practice and therefore the presence of
clearly defined guidelines is essential.

5. Chronic kidney disease, vitamin-k status and vascular calcification

Chronic kidney disease is strongly associated with the presence of increased
cardiovascular risk. The most frequent cause of death in this population is coronary
artery disease as well as stroke events. Hypertension, dyslipidemia, diabetes mellitus,
which are common comorbidities in patients with renal failure, are important factors
that can lead to excessive atherosclerosis and the development of CVD. Moreover,
vascular calcification is also excessive in patients with chronic kidney disease (CKD)
and so it constitutes an independent risk factor for the development of CVD [23].
Age, time on hemodialysis, persistent hyperphospahetamia and hypercalciemia are
some of the causes of accelerated vascular calcification. High calcium and phosphate
levels are associated with the deposition of hydroxyapatite into the arterial wall
[24]. Whereas the presence of intimal calcification, which is related mainly to large
vessels, is almost the same between individuals with or without end-stage renal
disease, this is not the case for median calcification of the arterial wall. For example,
aorta calcification is worse in patients with renal disease compared to those without.
Aorta calcification increases arterial stiffness, which consequently aggravates the
present hypertension and finally contributes to the development or the deteriora-
tion of a pre-existing left ventricular hypertrophy and left ventricular insufficiency.
Patients with end-stage renal disease have increased vascular calcification compared
to non-CKD individuals, especially those that are under hemodialysis [25]. Coronary
artery calcification is common among older patients with CKD. However past stud-
ies have also showed that younger individuals with end-stage renal disease have also
a high percentage of vascular calcification as well as coronary artery calcification
[26]. Using high resolution computed tomography; researchers have proved that
coronary calcification was higher in young adults that were on dialysis compared to
those that were not. At this moment, the main treatment approach against the vessel
mineralization of CKD patients is the strict regulation of calcium and phosphate
balance. Additionally, clinician focus their attention to better treatment management
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of concomitant disorders that affect atherosclerotic plaque, such as diabetes, dyslipid-
emia and smoking cessation. Even though there is no strong evidence that support the
administration of agents that inhibit calcification, it is easy to understand that those
interventions might play a crucial role to the prevention of CVD in CKD-individuals.
In a microenvironment of constant inflammation, vascular smooth cells are gradu-
ally transformed in osteoblasts like-cells promoting then the development of medial
artery calcification. This process is mediated by multiple proteins and is facilitated by
the presence of systemic or local inflammation. The latter is of outmost importance
for the reason that macrophages excrete among others, matrix-metalloproteinase
which lead to the apoptosis of elastic fibers and thus promote vascular calcification.
In addition, vitamin k-dependent matrix Gla protein and Gia-rich protein are both
important for vascular calcification. As it was mentioned before, low levels of those
proteins have been associated with increased rate of calcification and development of
cardiovascular disease. Several studies in the past have proved the increased coronary
artery calcification in CKD-individuals by calculating the number of vessel calcifica-
tions using high resolution computed tomography. According to the study of Holden
et al. in patients with CKD and/or end-stage renal disease vitamin-K deficiency is
very common. It is possible that this outcome has some extra effect on the progres-
sive calcification of these patients [27]. At this point, treatment in order to delay the
progression of vascular calcification in ESRD and CKD patients targets to the regula-
tion of calcium and phosphate. However, dietary advice in order to prevent hyperka-
liemia or hyperphospatemia leads to the avoidance of food rich in vitamin k, inducing
the existing deficiency. A recent study with hemodialysis patients have studied the
ffect of vitamin-k supplementation on the plasma levels of ucMGP, uncarboxylated
osteocalcin and PIVKA-IIL The results were very promising, because have showed

a significant decrease of the inactive form of MGP and also proved the vitamin-k
deficiency in this specific population. The outcomes of this study may be the begin-
ning of future randomized controlled trials that will evaluate the effect of vitamin-k
supplementation on vascular calcification of CKD patients [28]. Respectively, another
study by Oikonomaki et al. in hemodialysis patients have demonstrated the reduction
in uc-MGP levels after 1-year of vitamin-k2 supplementation but the progression of
vascular calcification remained the same between studied groups [29]. It is possible
that only vitamin-k supplementation is not enough in order to overt calcification. This
process in such individuals is so multi-factorial that need a comprehensive treatment
approach that will slow the progression. Further studies are needed in order to clarify
the benefits of vitamin-k supplementation in ESRD or CKD patients.

6. Vitamin-k and coronary calcification

Vascular calcification and especially coronary calcification is a strong predictor of
coronary events and this is a process that is regulated actively by vitamin K dependent
proteins which are called matrix Gla proteins. There are currently no pharmacologi-
cal means to improve vascular stiffness and vascular calcification. There is growing
evidence that vitamin K, a cheap and safe intervention that can have beneficial effects
on cardiovascular health. Vitamin K straightforward administration can reduce the
progression of vascular calcification. The biological rationale is that supplementation
with vitamin K will carboxylate (activate) Gla proteins, whose role, among others, is
to reduce the progression of vascular calcification [30]. Coronary artery calcification
which is a significant marker of cardiovascular disease is affected by these dependent
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vitamin K proteins. As it was mentioned before vitamin-K deficiency promotes
coronary artery calcification [6]. In animal studies, MGP removal showed severe
progression of vessel calcification and this empowered the theory about vitamin K
role in this process [31]. The most of the clinical trials showed that supplementation
with Vitamin K2 (menaquinone) had beneficial effects in cardiovascular calcifica-
tion. But a clinical trial from Shea et al. showed that also supplementation with
vitamin K1 (phyloquinone) slowed the progression of coronary artery calcification.
Though its effect was enhanced by the parallel administration of vitamin-D and
calcium supplements [32]. On the other hand, Beulens et al., with a cross-sectional
study among 564 post-menopausal women reached the conclusion that only high
intake of menaquinone is associated with reduced coronary calcification, as it was
measured via computed cardiac tomography [31]. Also Vossen et al. wanted to study
a sample of patients with coronary artery disease and follow them up via Agatston
calcium score about the progression of coronary calcification as long as the individu-
als were under vitamin-k supplementation [33]. The Roterdam Study, a prospective
population-based study, showed in a sample of 7983 men and women aged 55 y and
over in a follow up to 10 years, that dietary intake of menaquinone had a protective
effect against coronary heart disease [18]. Also a meta analysis of 3 US Cohorts,
among 3891 patients, who measured fasting circulating phyloquinone levels, showed
that low phyloquinone levels was associated with increased all — cause mortality but
not of CVD [32]. Many clinical trials as referred above showed a possible correlation
between vitamin K and increased artery calcification mainly in high risk patients.

A systematic review from Hartley et al. tried to show if there is primary prevention
from CVD in healthy individuals who received supplementation with vitamin K. They
only found a small clinical trial with only 60 patients that fulfilled their criteria and
there was no significant impact in primary prevention of CVD and other CVD factors
such as blood pressure and plasma lipids level (Hartley). However, this was a small
clinical trial with short duration. Further studies are necessary about the benefit of
vitamin-k supplementation in the primary prevention of CVD.

7. Vitamin-K and valvular calcification

Valvular calcification is a common degenerative disease characterized by progres-
sive valvurar calcification. Nowadays the incidence of valvural disease is higher prob-
ably due to increased life expectancy. The most commonly calcified valves is aortic
valve followed by mitral valve. Based on the role of vitamin K as protective agent
for cardiovascular health and especially as a protector against vascular calcification,
some trials evaluated the potential effect of vitamin-k as a protective factor against
the development of valvular calcification. Bradenburg et al. with a small prospective,
open label clinical trial with 99 patients, selected individuals with asymptomatic or
mild symptoms with aortic calcified valve and separated them in two study arms
with vitamin-k1 supplementation and placebo. Then, they calculated the amount of
calcification of the valve via cardiac computed tomography, at the beginning of the
trial and after 12 months. Also they measured the dephosphorylated undecarboxyl-
ated MGP as a circulating marker for vitamin-k deficiency. Over the 12 month period,
aortic valve calcification volume score progressed 10% in the arm with vitamin K
supplementation compared with 22% in the placebo group. Also plasma dp-ucMGP
were significantly reduced by 45% in the vitamin K group. On the other hand, this
trial had many limitations such as the small sample, the short duration of follow up,
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the open-label design and the broad spectrum of severity of valvural disease at base-
line [34]. Another clinical trial that is planned and want to study the effect of vitamin
K in aortic calcification is from Peeters et al. concerning especially the calcification
progress of bicuspid aortic valve. Bicuspid aortic valve, a common congenital abnor-
mality, occurring in 13,7 per 1000 people in general population is associated with
early development of calcific aortic valve stenosis. In this double-blind study they will
supply vitamin K2 and follow up 44 people in a period over 18 months. The follow up
of the sample will be every 6 months with PET/cardiac MRI, cardiac CT and echocar-
diography. This trial will provide us with more information for calcium activity on
aortic valve and the potential effect of vitamin K. It will also open the way for large
scale randomized clinical trials in order to develop potential treatment option against
the progression of calcific aortic valve stenosis [35].

8. Vitamin-k supplementation and vascular calcification

Vitamin-K deficiency is associated with low-levels of MGP and Gas-6 and the
accumulation of GRP, ucMGP and dpMGP forms in soft tissues and vessels. As
it was described before, vitamin-K is used as co-factor for the post-translational
y-carboxylation of MGP and Gas-6 in order to maintain preventive effect on vessels
and VSMCs respectively. In addition, vitamin-k deficiency is associated with higher
circulating levels of uncarboxylated or dephosphorylated forms of MGP. A three

Vitamin-K sufficiency

Vitamin-K deficiency
(ex. Inadequate intake, VKAs
administration)

MGP (vitamin-K
dependent carboxylation)

1 active cMGP prevents:

1. The hydroxyapatite
formation

2.The accumulation of
calcium crystals

3. Transdifferentiation of
VSMCs into osteoblast
like-cells

4.Decreased BMP-2 activity

Significantly lower levels of MGP-2 and
accumulation of its inactive forms
(dp-uc MGP) with devastating impact
on VC

Gas-6 protein
(y-carboxylation with
vitamin-K as co-factor)

1. Activation of anti-apoptotic
protein Bcl-2

2.Inhibition of pro-apoptotic
protein Caspase-3.*

1Gas-6 levels, inhibition of VSMCs growth
and increased apoptosis

VSMCs

Inhibition of apoptosis
and transdifferention into
osteoblast like-cells

Increased apoptosis and transdifferention
into osteoblast like-cells

Vascular Calcification

Suspended and possibly
reversed medial VC**

Increased medial VC

VSMCs status and progression of vascular calcification depending on vitamin-k serum levels. Abbreviations: MGP,
matrix Gla protein; Gas-6 protein, growth arrest specific gene 6 protein; VSMCs, vascular smooth muscle cell; VC,

vascular calcification.

Apoptotic cells are used as substrate for accumulation of calcium crystals.

**Observed in small trials with co-administration with vitamin D. Further studies are needed.

Table 1.

Summary of changes in vitamin-k dependent proteins.
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arm randomized controlled trial assessed the levels of deposhpo-carboxylated MGP
levels after 12 weeks of menaquinone-7 supplementation. The dp-ucMGP levels

were reduced significantly. It is important to mention that according to the authors
the outcome was dose-dependent and increased in time [4]. In a systematic review
meta-analysis of trials with different study-design by Lees et al., dp-ucMGP levels
were significantly reduced with the administration of vitamin-k. However, that effect
did not lead to the improvement of vascular calcification with the exception of a small
number of studies. Concerning the use of dp-ucMGP as biomarker of CVD the results
are controversial and so that is not suggested. It is important to mention that the
greater efficacy was achieved with vitamin-k2 supplementation rather than k1 [30].
These data suggest that dp-ucMGP could be an important marker of vitamin-k status.
It is worth mentioning that the co-administration of vitamin-k and vitamin-D have
showed some promising results concerning the prevention of fatal CVD. However,
larger randomized controlled trials are needed in order to delineate if vitamin-k
supplementation alone or in combination with vitamin-D could benefit patients with
progressive vascular calcification [36] (Table1).

9. Conclusion

Vitamin-k is a fat-soluble vitamin mostly known for its significant role in the
coagulation sequence of steps. However, vitamin-k is also important to other also
important metabolic pathways. Vascular calcification has proved to be a multi-facto-
rial procedure that leads to the transdifferentation of VSMCs into osteoblast pheno-
type like-cells and a vicious circle of arterial wall calcification. Vitamin-K dependent
proteins MGP, GRP and Gas-6 play an important role in the regulation of this
constant progressive process. In cases of vitamin-k deficiency, the preventive effect
of those Gla proteins on the arterial wall declines and consequently the process of
vascular calcification is enhanced. The calculation of the uncarboxylated and dephos-
phorylated forms of those proteins are considered a marker of vitamin-k deficiency.
However, existing data do not suggest the use of dp-ucMGP as predicting factors
of cardiovascular disease. Vitamin-k supplementation have been associated with a
significant reduction in the dp-uc MGP circulating levels, although this reduction was
not related with a reduction in the process of vascular calcification. Due to the multi-
factorial process for the formation of calcified plagues, it cannot be suggested at this
point that vitamin-k supplementation alone will reverse those lesions. Emerging evi-
dence support the co-administration of vitamin-D and vitamin-K has a greater effect
against the progression of vascular calcification. Concerning the effect of vitamin-k
deficiency and cardiovascular health, evidence remains controversial. It is a given
that more studies are needed in this area in order to draw safe and robust conclusions.
Vascular calcification and atherosclerotic plaques are strongly related with arterial
stiffness, hypertension and impaired cardiac function. It is of outmost importance to
find solution of this degenerative procedure in order to develop additional preventive
and therapeutic strategies against the development of cardiovascular diseases.
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