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Abstract: Vitamin K is classified into three homologs depending on the side-chain structure, with
2-methyl-1,4-naphthoqumone as the basic skeleton. These homologs are vitamin K1 (phylloquinone:
PK), derived from plants with a phythyl side chain; vitamin K2 (menaquinone-n: MK-n), derived
from intestinal bacteria with an isoprene side chain; and vitamin K3 (menadione: MD), a synthetic
product without a side chain. Vitamin K homologs have physiological effects, including in blood
coagulation and in osteogenic activity via γ-glutamyl carboxylase and are used clinically. Recent
studies have revealed that vitamin K homologs are converted to MK-4 by the UbiA prenyltransferase
domain-containing protein 1 (UBIAD1) in vivo and accumulate in all tissues. Although vitamin K
is considered to have important physiological effects, its precise activities and mechanisms largely
remain unclear. Recent research on vitamin K has suggested various new roles, such as transcriptional
activity as an agonist of steroid and xenobiotic nuclear receptor and differentiation-inducing activity
in neural stem cells. In this review, we describe synthetic ligands based on vitamin K and exhibit that
the strength of biological activity can be controlled by modification of the side chain part.

Keywords: vitamin K; ã-glutamyl carboxylase (GGCX); steroid and xenobiotic receptor (SXR); neural
differentiation action; UBIAD1; derivatives research

1. Introduction

Vitamin K plays an important role in blood coagulation and bone formation and has thus been
clinically applied for the treatment and prevention of bleeding and osteoporosis. This compound is
classified into various homologs that share a basic skeleton of 2-methyl-1,4-naphthoquinone and differ
by side-chain structure [1,2]. Natural vitamin K includes phylloquinone (PK), derived from plants
(e.g., green vegetables), and menaquinones (MK-n), derived from intestinal bacteria and fermented
foods (e.g., cheeses and the Japanese soybean product natto) [3,4] (Figure 1). The dominant dietary
form of vitamin K in the United States and Europe is phylloquinone (90% of daily intake), whereas
the major form in Japan is menaquinones (10%), especially menaquinone 7 (MK-7) [5–7]. PK has a
phythyl side chain, whereas MK-n comprises homologs that vary in the number (n) of isoprenyl groups
of the side chain (from n = 1 to n = 14) [8]. Among the vitamin K homologs, MK-4 (n = 4) shows
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the greatest variety of physiological activities [9]. Although PK and MK-4 have the same number of
carbon atoms in the side chain, they differ in the degree of unsaturation. In Japan, PK is applied as
an antihemorrhagic agent and MK-4 as a therapeutic agent for osteoporosis. MK-4 is present at high
concentrations in human, mouse, and rat tissues [10–12]. Although humans generally obtain PK and
MK-7 from the diet, intake of MK-4 in animal foods is extremely low. Menadione (MD), a synthetic
vitamin K analog (Figure 1), is the primary source of vitamin K in rat and mouse feed, along with
small amounts of PK. Thus, although humans, mice, and rats ingest only negligible amounts of MK-4,
it is the most abundant vitamin K homolog in the tissues. To resolve this apparent inconsistency, we
have focused on elucidating the mechanism for converting ingested vitamin K to MK-4. Our work has
demonstrated that vitamin K ingested from the diet undergoes a side-chain cleavage reaction in the
small intestine to be converted into a form (MD) with no side chain. MD then migrates throughout the
body via the lymphatic vessels and is converted to MK-4 by UbiA prenyltransferase domain-containing
protein l (UBIAD1), which is present in all tissues, with particularly high levels in the brain [13–16].
Therefore, we anticipated that MK-4 plays an important functional role, but almost no derivative
studies of vitamin K are available. Given this background, we focused on the synthesis of vitamin K
derivatives to obtain more potent active compounds. Here, we provide an overview highlighting our
findings from this work with synthetic derivatives, with an emphasis on newly identified physiological
roles for vitamin K.
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Figure 1. Chemical structure of vitamin K.

2. Physiological Effects Identified in Studies of the Vitamin K Cycle and Derivatives Targeting
γ-Glutamyl Carboxylase (GGCX)

Vitamin K obtained from the diet is considered to reach the target tissues via lipid absorption and
the transport system [17,18]. Once transferred to the cells of the target tissue, vitamin K is metabolized
by redox cycling in the intracellular endoplasmic reticulum body, in a process known as the “vitamin
K cycle” [19–21]. This series of oxidation-reduction reactions begins with conversion of vitamin K
from a stable oxidized form (quinone form) to a hydroquinone form by vitamin K epoxide reductase
(VKOR). GGCX carboxylates the glutamic acid residues of vitamin K-dependent proteins (VKDP)
to Gla using reduced vitamin K, while simultaneously oxidizing the reduced form of vitamin K
to an epoxide form. These reactions that GGCX catalyzes proceed on the GGCX protein molecule
using CO2 and O2; however, the detailed molecular mechanisms are not clear. The epoxide form
of vitamin K is reduced by epoxide reductase (vitamin K epoxide reductase complex 1; VKORC1 or
vitamin K epoxide reductase complex 1-like 1; VKORC1L1) to a reduced form and then to the reduced
hydroquinone form (Figure 2) [22–26]. This reuse system allows for a very small amount of vitamin
K in cells to act efficiently as a cofactor of GGCX in the post-translational carboxylation of VKDPs.
Warfarin, an oral anticoagulant drug, inhibits VKOR, stops the vitamin K cycle, and prevents the
γ-glutamyl-carboxylated (Gla) conversion of the blood coagulation factors, thus inhibiting coagulation
(Figure 2). Activity of both GGCX and VKOR are regulated by calumenin [27,28]. Recent evidence has
revealed that GGCX is the only enzyme involved in Gla formation, based on structure and function
analyses of GGCX at the gene level and animal studies showing that GGCX gene deficiency causes
embryonic lethality from systemic bleeding.
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Figure 2. Overview of Vitamin K cycle.

Thus, vitamin K acts as a cofactor for GGCX via the vitamin K cycle and exerts physiological
effects through its regulation of VKDPs [29]. More than 20 VKDPs have been found. Osteocalcin
promotes bone formation, and blood coagulation factors II, VII, IX, and X activate blood coagulation.
Matrix Gla protein suppresses cardiovascular calcification, and brain-expressed Gas 6 promotes neural
differentiation [29]. GGCX is an enzyme that converts glutamic acid (Glu) residues to Gla residues, so
that the Gla-containing proteins can exert various physiological actions such as blood coagulation and
bone formation.

Few studies, however, have addressed derivatives targeting GGCX. Vermeer et al. [30] found
increased GGCX activity with modifying the side-chain structure of vitamin K to a saturated alkyl
side chain with an amide bond. Further modification of the side-chain structure is anticipated from
synthesis of vitamin K derivatives that yield stronger GGCX activity. Development of such new
derivatives may lead to drug discovery that can enhance the physiological effects associated with
GGCX and other factors [31].

3. Vitamin K Derivatives Targeting Steroid and Xenobiotic Receptor (SXR) to Mediate
Transcriptional Activity

Tabb et al. revealed that MK-4 regulates gene expression as a ligand of the nuclear receptor
SXR [32]. SXR (NR1I2) is mainly expressed in the liver and intestine and regulates expression of genes
encoding enzymes involved in steroid metabolism and detoxification of xenobiotics and of various
drugs [32]. SXR is a human homolog of the mouse pregnane X receptor (PXR), with 95% sequence
homology in the N-terminal DNA-binding domain and 73% homology in the C-terminal ligand-binding
domain, a characteristic structure of the nuclear receptor [32,33]. When bound to a ligand, SXR forms
a heterodimer with retinoid X receptor, and the resulting complex then binds to an SXR responsive
element on the target gene promoter via the DNA-binding domain to exert transcription regulation
(Figure 3) [34]. In addition to bile acids (e.g., lithocholic acid), drugs such as rifampicin, SR12813, and
hyperforin are ligands involved in this process. Among the vitamin K homologs, MK-4 can activate
transcription of the SXR target gene CYP3A4, as a ligand of SXR [34]. MK-4 plays an important role
in osteoblast formation by inducing expression of genes such as matrilin-2 and tsukushi, which are
involved in collagen accumulation via SXR [33]. An in vitro study further showed that overexpression
of SXR and its activation by MK-4 inhibits proliferation and migration of liver cancer cells [35]. More
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recently, the data showed that VK2 has a differentiation-promoting effect on myeloid progenitors and
an anti-apoptotic effect on erythroid progenitors [36].
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Thus, MK-4 works via SXR to regulate the expression of various genes at the transcriptional
level, resulting in broad physiological effects such as bone formation and liver cancer suppression as
well as drug metabolism. However, to date, MK-4 is the only vitamin K homolog known to exert its
activities via SXR, and further research is needed to clarify whether other vitamin K homologs act as
SXR ligands. X-ray crystal structure analysis of complexes of PXR and ligands (such as rifampicin)
have demonstrated that the ligand-binding region of SXR is large, with substantial flexibility [37,38],
suggesting that other vitamin K congeners likely could act as SXR ligands. Because the structure of
MK-4 can be roughly divided into a 2-methyl-1,4-naphthoquinone ring and a geranylgeranyl side
chain, we focused on the features of the ring structure and the side-chain structure of vitamin K and
its various homologs. In particular, we investigated the ligand recognition properties of SXR using
MK-4 derivatives.

For this purpose, we synthesized various kinds of vitamin K derivatives and compared their
biological activities to those of natural homologs. First, we focused on modification of the double
bond or methyl group in the side chain of MK-4. Compounds 4–13 were synthesized by step-wise
saturation of the number of double bonds in the side-chain moiety or deletion of one of the methyl
groups (Figure 4A). To investigate the effects of these changes on transcriptional activity, in addition
to modification of the side chains, we introduced a deuterium label to monitor the effects [39].
To evaluate the transcriptional activity of each SXR-mediated compound, we used two methods
involving SXR-GAL4 and CYP3A4 promoters, respectively. Overall, we found significantly decreased
transcriptional activity with a decreased number of double bonds compared to MK-4 [40]. This
tendency was most apparent in the assay for the CYP3A4 promoter. Similarly, the transcriptional
activity was reduced for compounds with a methyl group deleted.

Based on these results, we predicted that the side chain of MKs would be the key determinant
of their biological activity. Therefore, we synthesized new vitamin K derivatives, compounds 14–18,
in which isoprene side chains were symmetrically introduced into the naphthoquinone skeleton
of vitamin K homologs (Figure 4B) [40], and examined their SXR-mediated transcriptional activity
mediated. Although this activity was lower than natural vitamin K homologues, the result showed the
greatest transcriptional regulatory activity with compound 16, in which two geranyl side-chain moieties
were introduced to 1,4-naphthoquinine, whereas the activities of 14, 17, and 18 gradually decreased.
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These analyses revealed that the length of the side-chain moiety and the bulkiness significantly affect
transcriptional activity of vitamin K derivatives.

We further examined the effect on vitamin K transcriptional activity of differences in the polarity of
hydrophilic or lipophilic functional groups introduced to theω-position of the side chain. Specifically,
compounds 19–21 were synthesized with introduction of a hydroxy group as a hydrophilic functional
group, and compounds 22 and 23 were synthesized with a phenyl group as a hydrophobic functional
group (Figure 4C). Compounds 19–21 with a hydroxy group showed decreased transcriptional activity
and lower than natural vitamin K homologues, whereas the activities of 22 and 23 with the phenyl
group significantly increased and were higher than natural vitamin K homologues. In particular,
compound 22 with a phenyl group at theω-side chain of MK-3 showed almost equal activity to that of
rifampicin, a known SXR ligand. We also performed a docking simulation between the ligand-binding
domain of SXR and the vitamin K derivative, using a Molecular Operating Environment [41]. The result
showed that compound 22 fit into the binding pocket of SXR, thanks to its appropriate side-chain
length and bulkiness, and that hydrogen bonds formed between the oxygen atom of 22 in the quinone
moiety and the His 407 or Ser 247 residue of SXR [42]. MK-3 and MK-4, which showed higher activity,
were also expected to exhibit a similar binding state. Thus, these studies clarified that the length and
bulkiness of the isoprene side chain are the main determinants of the transcriptional regulatory activity
of vitamin K derivates via SXR [39–42].
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4. Differentiation-Inducing Action of Neural Stem Cells by Vitamin K and Derivatives

Because MK-4 is present in the brain at a relatively high concentration, it is thought to have
important roles in the brain [10]. Vitamin K protects neural cells from oxidative stress; however,
a crucial role for vitamin K in the brain has not been elucidated. Neural stem cells engage in continuous
self-replication while maintaining the ability to differentiate into neurons and glial cells in the early
embryonic and late fetal stages. They can differentiate into neuronal precursor cells and glial precursor
cells, and each progenitor cell differentiates into neurons, astrocytes, and oligodendrocytes. The neural
stem cells that do not differentiate into neurons differentiate into glial cells before and after birth,
at which point differentiation into neurons is complete (Figure 5) [43].
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Figure 5. Differentiation of neural stem cells in the brain.

Neuronal progenitor cells differentiate into neurons, while glial progenitor cells differentiate into
astrocytes and oligodendrocytes [44]. We recently reported that MKs show weak activity in driving the
differentiation of progenitor cells to neuronal cells [45], which depended on the number of isoprene
units of the side chain in the vitamin K homolog. If this differentiation activity can be increased by
modification of the chemical structure, it would be possible to regulate it with a specific neuronal
differentiation inducer based on a low-molecular-weight compound. Such a compound could provide
an alternate strategy to conventional gene induction methods used in induced pluripotent stem cells
and other types of stem and progenitor cells. Therefore, we focused on the role of vitamin K in the
regeneration of neurons, and synthesized vitamin K analogs that could differentiate progenitor cells
into neuronal cells.

Because the brain readily incorporates fats, we designed and synthesized a novel vitamin K
derivative in which a hydrophobic functional group such as benzene or naphthalene was introduced
(Figure 6A). For the synthesis of the target compound, the side-chain moiety was separately
synthesized in the same manner as described for the above derivatives and then coupled with
2-methyl-1,4-naphthoquinone. Next, we investigated the differentiation-inducing effect of the obtained
compounds in neurons using neural stem cells derived from the cerebrum of 14-day-old mouse
embryos. After addition of various compounds to the neural stem cells at 1 µM and 4 days of
culture, we applied fluorescence immunostaining and confocal laser microscopy to detect expression
of microtubule associated protein 2 (Map2) and glial fibrillary acidic protein (GFAP), which are
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differentially expressed in neurons and astrocytes, respectively. In addition, to assess for differences
in the differentiation-inducing abilities among the synthesized compounds, we quantified mRNA
expression levels in the cells by real-time polymerase chain reaction. Fluorescent immunostaining
detected cells that differentiated into neurons, whereas real-time polymerase chain reaction showed
that most of the synthesized compounds differed significantly in their differentiation-inducing ability
in neurons compared with the control group. In particular, among all compounds tested, the
derivative 25b, in which an m-methylphenyl group was introduced to the ω-side chain of MK-3,
exhibited the highest activity. In addition, comparison of the relative mRNA expression levels of Map2
and glial fibrillary acidic protein among the derivatives showed that compound 25b had selective
differentiation-inducing ability in neurons, approximately twice that of the control group. Furthermore,
we designed and synthesized compounds 29ab–34ab, in which a substituent such as a fluorine atom
or a methyl group was introduced to incorporate a heteroatom at theω-side chain that could interact
with proteins related to neuronal differentiation (Figure 6A). As expected, the compounds containing
fluorine atoms exhibited higher Map2 mRNA expression.
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To further investigate the specific factors contributing to the differentiation-inducing activity of
compound 25b, we synthesized compounds 35–46, in which t-butyl and methyl groups were introduced
to the phenyl group at the omega-position of the side chain. Compounds 40 and 46 exhibited the
highest activity among the compound group, equal to MK-4. Of interest, compounds 35 and 37, with
the phenyl group introduced at the 2,3- and 3,4-positions of the phenyl group at the end of the MK-2
side chain, clearly suppressed the differentiation of progenitor cells into neurons (Figure 6B) [45,46].
These findings clarified that it is possible to enhance the differentiation-inducing activity of vitamin
K by introducing a hydrophobic functional group at the ω-side chain. Moreover, most natural
products reported to induce neuronal differentiation, including neuropathiazol, epolactaene, and
retinol (retinoic acid) [47–49], possess double bonds and phenyl groups in their side-chain moiety,
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and show certain structural similarities with our synthesized compounds. Based on these findings,
we synthesized compounds with other hydrophobic substituents introduced at the end of the side chain
and with heteroatoms introduced into the molecule, in anticipation of enabling an interaction with the
protein driving neuronal differentiation activity. Detailed elucidation of the precise mechanism of the
differentiation-inducing activity of vitamin K derivatives and their other biological actions will help
guide the design of compounds with strong activity on proteins of interest.

5. Conclusions

Our recent work reviewed here clarifies that vitamin K has a great influence on biological processes,
with activities that depend on the different properties of the alkyl side-chain moiety. With further
focus on these activities, we expect to reveal the detailed influence of vitamin K on proteins related to
neuronal differentiation and gene transcription. In addition to vitamin K, vitamins A, D, and E are all
fat-soluble vitamins and have similar side chain structures. These vitamins show a similar biological
activity including regulation of transcriptional activity through nuclear receptors. Such similarities
are very interesting and will be important information for synthesizing new derivatives of vitamin
K in the future. These differences in the alkyl side chain structure ensure that an optimal side chain
structure is always present to enhance the target biological activity even though each action is unique
to each type of vitamin. At present, we are planning to further investigate the structural specificity of
the side chain and to evaluate the structure–activity relationship of the naphthoquinone ring, which
has not yet been considered in our research. Overall, the ultimate goal of this line of work is to identify
new biologically active compounds based on the structure of vitamin K that could be developed into
useful drug compounds.

Funding: This work was partly supported by a Grant-in-aid for Scientific Research (C) [grant numbers 16K08325
and 17K00900, 18K11056] from the Japan Society for the Promotion of Science (JSPS) and a Fund for the Promotion
of Joint International Research (Fostering Joint International Research (A)) [grant number 18KK0455] from the JSPS.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dam, H.; Schønheyder, F.; Tage-Hansen, E. Studies on the mode of action of vitamin K. Biochem. J. 1936, 30,
1075–1079. [CrossRef] [PubMed]

2. Shearer, M.J.; Okano, T. Key Pathways and Regulators of Vitamin K Function and Intermediary Metabolism.
Annu. Rev. Nutr. 2018, 38, 127–151. [CrossRef] [PubMed]

3. Thayer, S.A.; Maccorquodale, D.W.; Binkley, S.B.; Doisy, E.A. The Isolation of a Crystalline Compound with
Vitamin K Activity. Science 1938, 88, 243. [CrossRef] [PubMed]

4. Booth, S.L.; Tucker, K.L.; Chen, H.; Hannan, M.T.; Gagnon, D.R.; Cupples, L.A.; Wilson, P.W.; Ordovas, J.;
Schaefer, E.J.; Dawson-Hughes, B.; et al. Dietary vitamin K intakes are associated with hip fracture but not
with bone mineral density in elderly men and women. Am. J. Clin. Nutr. 2000, 71, 1201–1208. [CrossRef]
[PubMed]

5. Fusaro, M.; Gallieni, M.; Rizzo, M.A.; Stucchi, A.; Delanaye, P.; Cavalier, E.; Moysés, R.M.A.; Jorgetti, V.;
Iervasi, G.; Giannini, S.; et al. Vitamin K plasma levels determination in human health. Clin. Chem. Lab. Med.
2017, 55, 789–799. [CrossRef] [PubMed]

6. Kaneki, M.; Hodges, S.J.; Hosoi, T.; Fujiwara, S.; Lyons, A.; Crean, S.J.; Ishida, N.; Nakagawa, M.; Takechi, M.;
Sano, Y.; et al. Japanese fermented soybean food as the major determinant of the large geographic difference
in circulating levels of vitamin K2: Possible implications for hip-fracture risk. Nutrition 2001, 17, 315–321.
[CrossRef]

7. Booth, S.L.; Suttie, J.W. Dietary intake and adequacy of vitamin K. J. Nutr. 1998, 128, 785–788. [CrossRef]
[PubMed]

8. Shearer, M.J. Vitamin K. Lancet 1995, 345, 229–234. [CrossRef]
9. Suttie, J.W. The importance of menaquinones in human nutrition. Annu. Rev. Nutr. 1995, 15, 399–417.

[CrossRef]

http://dx.doi.org/10.1042/bj0301075
http://www.ncbi.nlm.nih.gov/pubmed/16746121
http://dx.doi.org/10.1146/annurev-nutr-082117-051741
http://www.ncbi.nlm.nih.gov/pubmed/29856932
http://dx.doi.org/10.1126/science.88.2280.243
http://www.ncbi.nlm.nih.gov/pubmed/17843972
http://dx.doi.org/10.1093/ajcn/71.5.1201
http://www.ncbi.nlm.nih.gov/pubmed/10799384
http://dx.doi.org/10.1515/cclm-2016-0783
http://www.ncbi.nlm.nih.gov/pubmed/27732556
http://dx.doi.org/10.1016/S0899-9007(00)00554-2
http://dx.doi.org/10.1093/jn/128.5.785
http://www.ncbi.nlm.nih.gov/pubmed/9566982
http://dx.doi.org/10.1016/S0140-6736(95)90227-9
http://dx.doi.org/10.1146/annurev.nu.15.070195.002151


Int. J. Mol. Sci. 2019, 20, 3006 9 of 11

10. Okano, T.; Shimomura, Y.; Yamane, M.; Suhara, Y.; Kamao, M.; Sugiura, M.; Nakagawa, K. Conversion of
phylloquinone (Vitamin K1) into menaquinone-4 (Vitamin K2) in mice: Two possible routes for menaquinone-4
accumulation in cerebra of mice. J. Biol. Chem. 2008, 283, 11270–11279. [CrossRef]

11. Thijssen, H.H.; Drittij-Reijnders, M.J. Vitamin K status in human tissues: Tissue-specific accumulation of
phylloquinone and menaquinone-4. Br. J. Nutr. 1996, 75, 121–127. [CrossRef] [PubMed]

12. Thijssen, H.H.; Drittij-Reijnders, M.J. Vitamin K distribution in rat tissues: Dietary phylloquinone is a source
of tissue menaquinone-4. Br. J. Nutr. 1994, 72, 415–425. [CrossRef] [PubMed]

13. Nakagawa, K.; Hirota, Y.; Sawada, N.; Yuge, N.; Watanabe, M.; Uchino, Y.; Okuda, N.; Shimomura, Y.;
Suhara, Y.; Okano, T. Identification of UBIAD1 as a novel human menaquinone-4 biosynthetic enzyme.
Nature 2010, 468, 117–121. [CrossRef] [PubMed]

14. Hirota, Y.; Tsugawa, N.; Nakagawa, K.; Suhara, Y.; Tanaka, K.; Uchino, Y.; Takeuchi, A.; Sawada, N.;
Kamao, M.; Wada, A.; et al. Menadione (vitamin K3) is a catabolic product of oral phylloquinone (vitamin
K1) in the intestine and a circulating precursor of tissue menaquinone-4 (vitamin K2) in rats. J. Biol. Chem.
2013, 288, 33071–33080. [CrossRef] [PubMed]

15. Nakagawa, K.; Sawada, N.; Hirota, Y.; Uchino, Y.; Suhara, Y.; Hasegawa, T.; Amizuka, N.; Okamoto, T.;
Tsugawa, N.; Kamao, M.; et al. Vitamin K2 biosynthetic enzyme, UBIAD1 is essential for embryonic
development of mice. PLoS ONE 2014, 9, e104078. [CrossRef] [PubMed]

16. Hirota, Y.; Nakagawa, K.; Sawada, N.; Okuda, N.; Suhara, Y.; Uchino, Y.; Kimoto, T.; Funahashi, N.;
Kamao, M.; Tsugawa, N.; et al. Functional characterization of the vitamin K2 biosynthetic enzyme UBIAD1.
PLoS ONE 2015, 10, e0125737. [CrossRef] [PubMed]

17. Takada, T.; Yamanashi, Y.; Konishi, K.; Yamamoto, T.; Toyoda, Y.; Masuo, Y.; Yamamoto, H.; Suzuki, H. NPC1L1
is a key regulator of intestinal vitamin K absorption and a modulator of warfarin therapy. Sci. Transl. Med.
2015, 7, 275ra23. [CrossRef] [PubMed]

18. Goncalves, A.; Margier, M.; Roi, S.; Collet, X.; Niot, I.; Goupy, P.; Caris-Veyrat, C.; Reboul, E. Intestinal
scavenger receptors are involved in vitamin K1 absorption. J. Biol. Chem. 2014, 289, 30743–30752. [CrossRef]
[PubMed]

19. Tuan, R.S. Vitamin K-dependent gamma-glutamyl carboxylase activity in the chick embryonic chorioallantoic
membrane. J. Biol. Chem. 1979, 254, 1356–1364.

20. Azuma, K.; Shiba, S.; Hasegawa, T.; Ikeda, K.; Urano, T.; Horie-Inoue, K.; Ouchi, Y.; Amizuka, N.; Inoue, S.
Osteoblast-Specific ã-Glutamyl Carboxylase-Deficient Mice Display Enhanced Bone Formation with Aberrant
Mineralization. J. Bone Miner. Res. 2015, 30, 1245–1254. [CrossRef]

21. Tie, J.K.; Stafford, D.W. Functional Study of the Vitamin K Cycle Enzymes in Live Cells. Methods Enzymol.
2017, 584, 349–394.

22. Cain, D.; Hutson, S.M.; Wallin, R. Assembly of the warfarin-sensitive vitamin K 2,3-epoxide reductase
enzyme complex in the endoplasmic reticulum membrane. J. Biol. Chem. 1997, 272, 29068–29075. [CrossRef]
[PubMed]

23. Chu, P.H.; Huang, T.Y.; Williams, J.; Stafford, D.W. Purified vitamin K epoxide reductase alone is sufficient
for conversion of vitamin K epoxide to vitamin K and vitamin K to vitamin KH2. Proc. Natl. Acad. Sci. USA
2006, 103, 19308–19313. [CrossRef] [PubMed]

24. Li, W.; Schulman, S.; Dutton, R.J.; Boyd, D.; Beckwith, J.; Rapoport, T.A. Structure of a bacterial homologue
of vitamin K epoxide reductase. Nature 2010, 463, 507–512. [CrossRef] [PubMed]

25. Westhofen, P.; Watzka, M.; Marinova, M.; Hass, M.; Kirfel, G.; Müller, J.; Bevans, C.G.; Müller, C.R.;
Oldenburg, J. Human vitamin K 2,3-epoxide reductase complex subunit 1-like 1 (VKORC1L1) mediates
vitamin K-dependent intracellular antioxidant function. J. Biol. Chem. 2011, 286, 15085–15094. [CrossRef]
[PubMed]

26. Lacombe, J.; Rishavy, M.A.; Berkner, K.L.; Ferron, M. VKOR paralog VKORC1L1 supports vitamin
K-dependent protein carboxylation in vivo. JCI Insight 2018, 3, 96501. [CrossRef] [PubMed]

27. Wajih, N.; Sane, D.C.; Hutson, S.M.; Wallin, R. The inhibitory effect of calumenin on the vitamin K-dependent
gamma-carboxylation system. Characterization of the system in normal and warfarin-resistant rats.
J. Biol. Chem. 2004, 279, 25276–25283. [CrossRef]

28. Wajih, N.; Owen, J.; Wallin, R. Enhanced functional recombinant factor VII production by HEK 293 cells
stably transfected with VKORC1 where the gamma-carboxylase inhibitor calumenin is stably suppressed by
shRNA transfection. Thromb. Res. 2008, 122, 405–410. [CrossRef]

http://dx.doi.org/10.1074/jbc.M702971200
http://dx.doi.org/10.1079/BJN19960115
http://www.ncbi.nlm.nih.gov/pubmed/8785182
http://dx.doi.org/10.1079/BJN19940043
http://www.ncbi.nlm.nih.gov/pubmed/7947656
http://dx.doi.org/10.1038/nature09464
http://www.ncbi.nlm.nih.gov/pubmed/20953171
http://dx.doi.org/10.1074/jbc.M113.477356
http://www.ncbi.nlm.nih.gov/pubmed/24085302
http://dx.doi.org/10.1371/journal.pone.0104078
http://www.ncbi.nlm.nih.gov/pubmed/25127365
http://dx.doi.org/10.1371/journal.pone.0125737
http://www.ncbi.nlm.nih.gov/pubmed/25874989
http://dx.doi.org/10.1126/scitranslmed.3010329
http://www.ncbi.nlm.nih.gov/pubmed/25696002
http://dx.doi.org/10.1074/jbc.M114.587659
http://www.ncbi.nlm.nih.gov/pubmed/25228690
http://dx.doi.org/10.1002/jbmr.2463
http://dx.doi.org/10.1074/jbc.272.46.29068
http://www.ncbi.nlm.nih.gov/pubmed/9360981
http://dx.doi.org/10.1073/pnas.0609401103
http://www.ncbi.nlm.nih.gov/pubmed/17164330
http://dx.doi.org/10.1038/nature08720
http://www.ncbi.nlm.nih.gov/pubmed/20110994
http://dx.doi.org/10.1074/jbc.M110.210971
http://www.ncbi.nlm.nih.gov/pubmed/21367861
http://dx.doi.org/10.1172/jci.insight.96501
http://www.ncbi.nlm.nih.gov/pubmed/29321368
http://dx.doi.org/10.1074/jbc.M401645200
http://dx.doi.org/10.1016/j.thromres.2007.11.002


Int. J. Mol. Sci. 2019, 20, 3006 10 of 11

29. Thijssen, H.H.; Vervoort, L.M.; Schurgers, L.J.; Shearer, M.J. Menadione is a metabolite of oral vitamin K.
Br. J. Nutr. 2006, 95, 260–266. [CrossRef]

30. Vermeer, C.; van’t Hoofd, C.; Knapen, M.H.J.; Xanthoulea, S. Synthesis of 2-methyl-1,4-naphthoquinones with
higher gamma-glutamyl carboxylase activity than MK-4 both in vitro and in vivo. Bioorg. Med. Chem. Lett.
2017, 27, 208–211. [CrossRef]

31. Fujii, S.; Shimizu, A.; Takeda, N.; Oguchi, K.; Katsurai, T.; Shirakawa, H.; Komai, M.; Kagechika, H. Systematic
synthesis and anti-inflammatory activity of ω-carboxylated menaquinone derivatives- Investigations on
identified and putative vitamin K2 metabolites. Bioorg. Med. Chem. 2015, 23, 2344–2352. [CrossRef]
[PubMed]

32. Tabb, M.M.; Sun, A.; Zhou, C.; Grün, F.; Errandi, J.; Romero, K.; Pham, H.; Inoue, S.; Mallick, S.; Lin, M.;
et al. Vitamin K2 regulation of bone homeostasis is mediated by the steroid and xenobiotic receptor SXR.
J. Biol. Chem. 2003, 278, 43919–43927. [CrossRef] [PubMed]

33. Ichikawa, T.; Horie-Inoue, K.; Ikeda, K.; Blumberg, B.; Inoue, S. Steroid and xenobiotic receptor SXR
mediates vitamin K2-activated transcription of extracellular matrix-related genes and collagen accumulation
in osteoblastic cells. J. Biol. Chem. 2006, 281, 16927–16934. [CrossRef] [PubMed]

34. Xie, W.; Barwick, J.L.; Downes, M.; Blumberg, B.; Simon, C.M.; Nelson, M.C.; Neuschwander-Tetri, B.A.;
Brunt, E.M.; Guzelian, P.S.; Evans, R.M. Humanized xenobiotic response in mice expressing nuclear receptor
SXR. Nature 2000, 406, 435–439. [CrossRef]

35. Azuma, K.; Urano, T.; Ouchi, Y.; Inoue, S. Vitamin K2 suppresses proliferation and motility of hepatocellular
carcinoma cells by activating steroid and xenobiotic receptor. Endocr. J. 2009, 56, 843–849. [CrossRef]
[PubMed]

36. Sada, E.; Abe, Y.; Ohba, R.; Tachikawa, Y.; Nagasawa, E.; Shiratsuchi, M.; Takayanagi, R. Vitamin K2
modulates differentiation and apoptosis of both myeloid and erythroid lineages. Eur. J. Haematol. 2010, 85,
538–548. [CrossRef] [PubMed]

37. Ekins, S.; Kortagere, S.; Iyer, M.; Reschly, E.J.; Lill, M.A.; Redinbo, M.R.; Krasowski, M.D. Challenges predicting
ligand-receptor interactions of promiscuous proteins: The nuclear receptor PXR. PLoS Comput. Biol. 2009, 5,
e1000594. [CrossRef] [PubMed]

38. Chrencik, J.E.; Orans, J.; Moore, L.B.; Xue, Y.; Peng, L.; Collins, J.L.; Wisely, G.B.; Lambert, M.H.; Kliewer, S.A.;
Redinbo, M.R. Structural disorder in the complex of human pregnane X receptor and the macrolide antibiotic
rifampicin. Mol. Endocrinol. 2005, 9, 1125–1134. [CrossRef]

39. Suhara, Y.; Hanada, N.; Okitsu, T.; Sakai, M.; Watanabe, M.; Nakagawa, K.; Wada, A.; Takeda, K.; Takahashi, K.;
Tokiwa, H.; et al. Structure-activity relationship of novel menaquinone-4 analogues: Modification of the side
chain affects their biological activities. J. Med. Chem. 2012, 55, 1553–1558. [CrossRef]

40. Suhara, Y.; Watanabe, M.; Motoyoshi, S.; Nakagawa, K.; Wada, A.; Takeda, K.; Takahashi, K.; Tokiwa, H.;
Okano, T. Synthesis of new vitamin K analogues as steroid xenobiotic receptor (SXR) agonists: Insights into
the biological role of the side chain part of vitamin, K.J. Med. Chem. 2011, 54, 4918–4922. [CrossRef]

41. Suhara, Y.; Hirota, Y.; Hanada, N.; Nishina, S.; Eguchi, S.; Sakane, R.; Nakagawa, K.; Wada, A.; Takahashi, K.;
Tokiwa, H.; et al. Synthetic Small Molecules Derived from Natural Vitamin K Homologues that Induce
Selective Neuronal Differentiation of Neuronal Progenitor Cells. J. Med. Chem. 2015, 58, 7088–7092.
[CrossRef] [PubMed]

42. Suhara, Y.; Watanabe, M.; Nakagawa, K.; Wada, A.; Ito, Y.; Takeda, K.; Takahashi, K.; Okano, T. Synthesis of
novel vitamin K2 analogues with modification at the ù-terminal position and their biological evaluation
as potent steroid and xenobiotic receptor (SXR) agonists. J. Med. Chem. 2011, 54, 4269–4273. [CrossRef]
[PubMed]

43. Hirabayashi, Y.; Gotoh, Y. Stage-dependent fate determination of neural precursor cells in mouse forebrain.
Neurosci. Res. 2005, 51, 331–336. [CrossRef] [PubMed]

44. Eriksson, P.S.; Perfilieva, E.; Björk-Eriksson, T.; Alborn, A.M.; Nordborg, C.; Peterson, D.A.; Gage, F.H.
Neurogenesis in the adult human hippocampus. Nat. Med. 1998, 4, 1313–1317. [CrossRef] [PubMed]

45. Sakane, R.; Kimura, K.; Hirota, Y.; Ishizawa, M.; Takagi, Y.; Wada, A.; Kuwahara, S.; Makishima, M.; Suhara, Y.
Synthesis of novel vitamin K derivatives with alkylated phenyl groups introduced at the ù-terminal side
chain and evaluation of their neural differentiation activities. Bioorg. Med. Chem. Lett. 2017, 27, 4881–4884.
[CrossRef]

http://dx.doi.org/10.1079/BJN20051630
http://dx.doi.org/10.1016/j.bmcl.2016.11.073
http://dx.doi.org/10.1016/j.bmc.2015.03.070
http://www.ncbi.nlm.nih.gov/pubmed/25858455
http://dx.doi.org/10.1074/jbc.M303136200
http://www.ncbi.nlm.nih.gov/pubmed/12920130
http://dx.doi.org/10.1074/jbc.M600896200
http://www.ncbi.nlm.nih.gov/pubmed/16606623
http://dx.doi.org/10.1038/35019116
http://dx.doi.org/10.1507/endocrj.K09E-108
http://www.ncbi.nlm.nih.gov/pubmed/19550077
http://dx.doi.org/10.1111/j.1600-0609.2010.01530.x
http://www.ncbi.nlm.nih.gov/pubmed/20887388
http://dx.doi.org/10.1371/journal.pcbi.1000594
http://www.ncbi.nlm.nih.gov/pubmed/20011107
http://dx.doi.org/10.1210/me.2004-0346
http://dx.doi.org/10.1021/jm2013166
http://dx.doi.org/10.1021/jm200201k
http://dx.doi.org/10.1021/acs.jmedchem.5b00999
http://www.ncbi.nlm.nih.gov/pubmed/26305288
http://dx.doi.org/10.1021/jm200025f
http://www.ncbi.nlm.nih.gov/pubmed/21561094
http://dx.doi.org/10.1016/j.neures.2005.01.004
http://www.ncbi.nlm.nih.gov/pubmed/15740796
http://dx.doi.org/10.1038/3305
http://www.ncbi.nlm.nih.gov/pubmed/9809557
http://dx.doi.org/10.1016/j.bmcl.2017.09.038


Int. J. Mol. Sci. 2019, 20, 3006 11 of 11

46. Kimura, K.; Hirota, Y.; Kuwahara, S.; Takeuchi, A.; Tode, C.; Wada, A.; Osakabe, N.; Suhara, Y. Synthesis
of Novel Synthetic Vitamin K Analogues Prepared by Introduction of a Heteroatom and a Phenyl Group
That Induce Highly Selective Neuronal Differentiation of Neuronal Progenitor Cells. J. Med. Chem. 2017, 60,
2591–2596. [CrossRef]

47. Warashina, M.; Min, K.H.; Kuwabara, T.; Huynh, A.; Gage, F.H.; Schultz, P.G.; Ding, S. A synthetic small
molecule that induces neuronal differentiation of adult hippocampal neural progenitor cells. Angew. Chem.
Int. Ed. Engl. 2006, 45, 591–593. [CrossRef]

48. Kakeya, H.; Takahashi, I.; Okada, G.; Isono, K.; Osada, H. Epolactaene, a novel neuritogenic compound in
human neuroblastoma cells, produced by a marine fungus. J. Antibiot. (Tokyo) 1995, 48, 733–735. [CrossRef]

49. Yu, S.; Levi, L.; Siegel, R.; Noy, N. Retinoic acid induces neurogenesis by activating both retinoic acid
receptors (RARs) and peroxisome proliferator-activated receptor β/δ (PPARβ/δ). J. Biol. Chem. 2012, 287,
42195–42205. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.jmedchem.6b01717
http://dx.doi.org/10.1002/anie.200503089
http://dx.doi.org/10.7164/antibiotics.48.733
http://dx.doi.org/10.1074/jbc.M112.410381
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Physiological Effects Identified in Studies of the Vitamin K Cycle and Derivatives Targeting -Glutamyl Carboxylase (GGCX) 
	Vitamin K Derivatives Targeting Steroid and Xenobiotic Receptor (SXR) to Mediate Transcriptional Activity 
	Differentiation-Inducing Action of Neural Stem Cells by Vitamin K and Derivatives 
	Conclusions 
	References

