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1 | INTRODUCTION

Abstract

Vitamin K1 (VitK1) and Vitamin K2 (VitK2), two important naturally occurring micro-
nutrients in the VitK family, found, respectively, in green leafy plants and algae (VitK1)
and animal and fermented foods (VitK2). The present review explores the multiple bio-
logical functions of VitK2 from recently published in vitro and in vivo studies, including
promotion of osteogenesis, prevention of calcification, relief of menopausal symp-
toms, enhancement of mitochondrial energy release, hepato- and neuro-protective
effects, and possible use in treatment of coronavirus disease. The mechanisms of ac-
tion associated with these biological effects are also explored. Overall, the findings
presented here suggest that VitK, especially VitK2, is an important nutrient family
for the normal functioning of human health. It acts on almost all major body systems
and directly or indirectly participates in and regulates hundreds of physiological or
pathological processes. However, as biological and clinical data are still inconsistent
and conflicting, more in-depth investigations are warranted to elucidate its potential

as a therapeutic strategy to prevent and treat a range of disease conditions.
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(Figure 1). Both VitK1 and VitK2 are naturally occurring, found ei-

Vitamin K (VitK) is a family of lipid-soluble molecules first discovered
in 1929 (Dam, 1935). Since then, VitK has been widely studied, both
chemically and biologically. VitK presents in three subtypes, VitK1
(phylloguinone), VitK2 (menaquinones), and VitK3 (menadione),
each containing the common core structure of a methylated naph-
thoquinone (known as 2-methylnaphthalene-1,4-dione) scaffold

ther in green leafy plants and algae (via photosynthesis) or in animal
and fermented foods (predominantly via certain bacterial synthesis),
respectively (Conly et al., 1994).

Vitamin K2 comprises a collection of different compounds
known as menaquinone-n (MK-n), with variation in length of the
unsaturated isoprene side chain in the molecule (n: number of iso-
prene units; Figure 1), ranging from MK-2 to MK-15 according to
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Kurosu and Begari (2010). MK-4, MK-7, and MK-9 are the most
studied menaquinones, especially MK-4. Anaerobic bacteria in the
colon can convert MK-10 to MK-13. MK-4, alone among the differ-
ent menaquinones, may be produced in the body via a conversion
process from VitK1 or VitK3, without the involvement of bacterial
action (Suttie, 2012), yet VitK2 is considered to be of animal origin
based on its tissue-specific conversion from phylloquinone (VitK1)
(Nakagawa et al., 2010). There is also evidence indicating that MK-4
can be converted from some MKs with longer side chains (e.g., MK-7;
Schurgers et al., 2006). MK-4 has the highest bioactivity in the VitK2
category, although MK-7 possesses higher bioavailability and a lon-
ger half-life due to its more hydrophobic nature (Akbari & Rasouli-
Ghahroudi, 2018). The richest source of MK-7 has been found to be
‘natto’, a Japanese food made from soybeans, which are fermented
with Bacillus subtilis subspecies natto BEST195 (Kaneki et al., 2001).
The majority of bodily VitK1 is stored in the liver, while MK-4 is
the primary VitK form in humans. It is found in diverse organs, in-
cluding the brain, pancreas, and genital organs (Akbari & Rasouli-
Ghahroudi, 2018). VitK3, a synthetic form of VitK, is widely used in

animal husbandry, but needs to be converted to MK-4 to be active
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(Nakagawa et al., 2010) and is rarely used to treat VitK deficiency
due to potential toxicity issues (Ren et al., 2020). In a recent review,
the authors reviewed the dietary sources and production methods of
VitK. They also compared and contrasted the function, absorption,
storage, and bioavailability of VitK1 and VitK2 (Simes et al., 2020).
This paper primarily and critically reviews the biological re-
sponses of VitK2, with the aim of clarifying the potential mecha-
nistic pathways associated with its observed bioactivities, and of
exploring its usefulness as a potential therapeutic strategy for var-
ious diseases. Clarification of the role of VitK2 in disease preven-
tion and health maintenance is increasingly important, especially in
light of the global pandemic, caused by the coronavirus disease 2019
(COVID-19) virus, where there is a need for suitable and effective
treatments and approaches to boosting general population health.
Methods used to formulate this article included review of pub-
lished reports, gathered from the following databases: PubMed,
Scopus, ISI Web of Science, and CNKI. The electronic search was ini-
tially performed from inception to 30 November 2021 and updated
on 30 June 2022, without language restrictions. We considered

original research articles, including experimental, observational, or

(Vitamin K1)

(Menaquinone-7)

FIGURE 1 Different types of vitamin K. (a) The common methylated naphthoquinone scaffold; (b) Phylloquinone (vitamin K1, sources:
plants and algae); (c) Menaquinone-n, varying in length up to menaquinone-15 (MK-15) (vitamin K2, sources: animal foods and fermented
products); (d) MK-4; E. MK-7; F. Menadione (vitamin K3, a synthetic compound).

959917 SUOWIWIOD SAITeRID 3|cedljdde 8y} Ag paueAoB aJe SSo1le YO 9SN JO S9N Joy Aleud 1 8U1jUO 4|1 UO (SUOTIPUO-PUE-SLUBI WD AS | 1M Aelq 18Ul [UO//:SANL) SUOIIPUOD pue SWS 1 8u) 89S *[5202/40/.2] Uo AkeiqiaulluO AS|IM ‘ETZE SUS)/Z00T OT/I0p/Wod" Ao Im Akelq 1 puljuo//sdny wody pepeojumod ‘v ‘€202 ‘2L T.8702



YAN ET AL.

1636
—I—Wl LEY-

clinical trials. The publications were retrieved using the search terms
and text words: “vitamin K2” or “menaquinone” in combination with
“health” or “diseases”. The database search was supplemented by
consulting the bibliography of the articles, reviews, and published
meta-analyses. The literature research was not limited to a time pe-
riod, but a particular focus was given to the studies from the past
20years. Relevant articles were chosen after reviewing through all
titles and abstracts, and full texts were obtained if the information
contained in the title or abstract was insufficient to exclude the
study. As the nature of the research in this area has been largely
animal studies and case reports, we did not make a formal assess-
ment of the quality of the research or undertake a formal systematic
review with meta-analysis of the quality of evidence for those stud-
ies. When the forms of VitK (between VitK1 and VitK2) used were
not specified, those studies were excluded unless the outcomes of
the studies were considered to be important to report, such as the
studies on COVID-19.

2 | BIOLOGICAL RESPONSE TO VITAMIN
K2: MAIN FINDINGS AND DISCUSSION

To explore the biological activities of VitK2 at multiple levels, ex-
tensive in vitro/in vivo studies and hundreds of clinical observations
have been performed. Such studies have included, amongst others,
morphological, biochemical, immunohistochemical, biometric, bio-
mechanical, and molecular biological approaches. There is accumu-
lating evidence that VitK2 acts on almost every system in the body,
and has diverse roles through direct or indirect participation in, and
regulation of hundreds of physiological and pathological processes
(Beulens et al., 2013). There is a body of evidence showing that such
wide involvement of VitK2 is directly linked to calcium homeosta-
sis, which participates in various physiological processes, and that
the main role of VitK2 is to maintain a steady level of calcium in
multiple biological pathways (Okano, 2016). Various aspects of these

activities of VitK2 are discussed in this section (Figure 2), and Table 1
summarizes the studies discussed in this review linking VitK2 and
health. Since its role in maintaining normal blood coagulation has
been thoroughly documented as VitK's most well-known function,
this bioactivity is not covered in this review.

2.1 | Promotion of osteogenesis and bone
homeostasis

Bone formation and metabolism involve the nutrient calcium.
Stomach acid converts ingested calcium to calcium ions, which are
absorbed into the blood with the help of calcium transport pro-
teins, driven by vitamin D3. Blood calcium ions subsequently enter
the bone, regulated by calcitonin, and form the phosphate salt, hy-
droxyapatite, which gets deposited in the bone. The free calcium
in hydroxyapatite is further electrostatically bound to osteocalcin
(OC), one of the major noncollagenous VitK-dependent proteins
(VKDPs) found in the bones and secreted by osteoblasts, odonto-
blasts, and hypertrophic cartilage cells (Hauschka et al., 1989).
Such binding must be promoted by VitK to establish the physiologi-
cal osteogenesis process (bone mineralization). Deficiency in VitK
would lead to the movement of free calcium from the bone to the
blood again (resorption), resulting in osteoporosis (Maresz, 2015).
However, deficiency of VitK is relatively unusual due to a continually

recycled VitK usage process, or redox cycle, in our cells.

2.1.1 | Vitamin K redox cycle and activation of
osteocalcin by Vitamin K

The major bone constituents are proteins (30%) in the organic
part and hydroxyapatite (70%) in the inorganic part. The organic
part contains at least two specific VitK-dependent Gla proteins;
OC and matrix Gla protein (MGP) (Azuma et al., 2014), which have

Prevention of cardiovascular
calcification

Nerve
protection

Vitamin K2
Biological Functions

Liver
protection

Enhancement of mitochondrial

energy release

e Vascular calcification
e Cardiac valvular calcification
e Cartilage calcification

Relief of menopause

Osteogenesis
bone homeostasis

symptoms

FIGURE 2 Biological responses of
vitamin K2.
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TABLE 1 Experimental evidence linking vitamin K2 (VitK2) and health.

Study type

In vitro

Type of pathology
AD

AD

AD & mitochondrial
dysfunction

Arterial calcification

Astrocyte dysfunction

Bone resorption &
homeostasis

Bone resorption &
homeostasis

Coenzyme Q,, deficiency

HCC

HCC

HCC

HCC

HCC

HCC
HCC

HCC

HCC

HCC

Liver regeneration

Liver regeneration

Microglial activation & PD

Key findings

VitK2 possesses antiapoptotic and antioxidant effects and maybe a
valuable protective candidate against the progression of AD via
inactivating p38 MAP kinase pathway

VitK2 protects neural cells against Ap-toxicity probably via regulating
PI3K associated-signaling pathway and inhibiting caspase-3-
mediated apoptosis

VitK2 modulates mitochondrial dysfunction induced by
6-hydroxydopamine in SH-SY5Y cells via mitochondrial quality-
control loop through the Pink1/Parkin signaling pathway

VitK2 and pamidronate synergistically inhibit arterial calcification via
the increased expression of tropoelastin

VitK2 decreases hypoxia-induced damage of astrocytes, provides
high astrocyte activity, and reduces the production of ROS and
superoxide oxide, with possible involvement of Gasé and protein S

MK inhibits bone resorption partly by suppressing prostaglandin E2
synthesis

VitK2 acts as a transcriptional regulator of extracellular matrix-related
genes during bone formation

VitK2 cannot substitute Coenzyme Q, as electron carrier in the
mitochondrial respiratory chain of mammalian cells; hence, it could
not restore either electron flow or ATP biosynthesis in Coenzyme
Q,o-deficient cells

VitK2 inhibits MMP expression by suppressing NF-kB and MAPK
activity

Retinoids and VitK2 cooperatively inhibit activation of the Ras/MAPK
signaling pathway, the phosphorylation of RXRa protein, and the
growth of HCC cells

VitK2 suppresses malignancy of HuH7 hepatoma cells via inhibition of
connexin 43 promoter activity

VitK2 inhibits the growth of Smmc-7721 cells by induction of apoptosis
involving caspase 8 activation and p53. This apoptotic process was
not mediated by the intrinsic apoptotic pathway

VitK2 suppresses the proliferation of HCC cells by blocking the cell
cycle G1/S progression through the transcriptional upregulation of
p21 gene

VitK2 inhibits the growth of HCC cells via suppression of cyclin D1
expression through the IKK/1xB/NF-xB pathway

VitK2 inhibits the growth and invasiveness of HCC cells via protein
kinase A activation

VitK2 inhibits the NF-kB activation through the inhibition of PKCa and
€ kinase activities, and subsequent inhibition of PKD1 activation in
human HCC cells

PKC-6 enhances the HIF-1a transcriptional activity by increasing the
nuclear translocation, and VitK2 suppresses the HIF-1a activation
through the inhibition of PKC in HCC cells

The regulation of the HDGF gene expression is one of the crucial
mechanisms of VitK2-induced cell growth suppression for HCC

VitK2-enhanced liver regeneration is associated with oval cell expansion
and upregulation of matrilin-2 expression in 2-AAF/PH rat model

Administration of VitK2 helped increase the proliferative ability of the
hepatic oval cells in case of diabetes

VitK2 can directly suppress rotenone-induced microglial activation by
repressing ROS production and p38 activation

—Wl LEYJE
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TABLE 1 (Continued)

Study type

In vitro &
In vivo
(animal)

In vivo (animal)

Type of pathology

Neurite outgrowth

Neuron toxicity

Osteoblastogenesis &
Osteoclastogenesis

Osteogenesis

Osteoporosis

Osteoporosis &
Osteonecrosis

Osteoporosis &
Osteonecrosis

Osteoporosis &
Osteonecrosis

Oxidative cell injury &
death
Photosynthetic system

HCC

Vascular calcification

Abdominal hernia

AD & Mitochondrial
dysfunction

Aortic vascular
smooth muscle cell
calcification

Behavioral perturbations

Cognition

Liver regeneration

Osteoporosis

Osteoporosis

Osteoporosis

YAN ET AL.

Key findings

VitK1 and VitK2 enhance neurite outgrowth via the activation of PKA
and MAPK-mediated signaling pathways in PC12D cells

MK-4 has the potential to protect neurons from methylmercury-induced
cell death, without increasing intracellular glutathione levels

MK-4 stimulates osteoblastogenesis and inhibits osteoclastogenesis in
human bone marrow cell culture

MK-7 enhances vitamin D3-induced bone development in human
mesenchymal stem cells

[1,25(0OH)2D3] enhances VitK2 metabolic cycle functions in human
osteoblasts

VitK2 could improve osteogenic differentiation via IL-6/JAK/STAT
signaling pathway

VitK2 stimulates osteoblastogenesis and suppresses osteoclastogenesis
by suppressing NF-xB activation

VitK2 has the potential to antagonize the effects of glucocorticoid on
MC3T3-E1 cells

VitK1 and MK-4 prevent oxidative cell death by blocking the activation
of 12-LOX and ROS generation

MK acts as the secondary electron acceptor in type | homodimeric
photosynthetic reaction center of heliobacterium modesticaldum

VitK2 and VitK3 were able to induce potent antitumor effects on HCC
in vitro and in vivo, at least in part, by inducing G1 arrest of the cell
cycle

VitK2 can suppress the expression of TLR2 and TLR4 and inhibit
calcification of aortic intima in ApoE™~ mice as well as smooth
muscle cells

Sulfomenaquinone biosynthesis from MK requires only two genes,
cyp128 and stf 3 in Mycobacterium tuberculosis

VitK2 can inhibit the expression of MMP-2 and promote the increase of
collagen expression to prevent abdominal hernia caused by collagen
factors (rat)

Vitk2 is a mitochondrial electron carrier that rescues Pink1 deficiency
and severe mitochondrial defects, resulting in more efficient ATP
production

MK-4 reduces the mineralization and calcification of rat aortic vascular
smooth muscle cells by regulating the BMP-2 signaling pathway in
order to attenuate the expression of Runx2.

25% reduction in the locomotor activity of dietary VitK-deficient rats.
In the radial-arm maze assessment, a similar reduction in locomotor
activity in the dietary VitK-deficient rats with no alteration in
performance (short-term memory)

Lifetime consumption of a low-VitK (VitK1 and MK-4) diet resulted
in cognitive deficits in the 20-month-old rats but did not affect
cognition at 6 and 12 months of age, nor did it affect motor activity
or anxiety at any age

VitK2 can significantly improve the recovery of liver function after
liver regeneration model in rats; when the dose is <20mg/kg, the
recovery of liver function is dose dependent

VitK and D may have a synergistic effect on reducing bone loss (rat)

MK-4 appears to target osteoblasts, consequently inhibiting bone loss
induced by ovariectomy (rat)

VitK2 promotes bone healing in a rat femoral osteotomy model with or
without glucocorticoid treatment
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TABLE 1 (Continued)

Study type

Ex vivo

In vitro In vivo
Human

Human

Type of pathology

Osteoporosis

Soft tissue calcification

Sphingolipids in brain

Valvular calcification &
hypercholesterolemia

Vascular smooth muscle
cell calcification

VitK level in myelin
sulfatides

VitK level in tissues

VitK reduction &
hemostasis

Aortic calcification &
apoptosis

Astrocyte dysfunction

Vascular smooth muscle
cell calcification

Hepatic inflammation.

Aortic valve calcification

Arteriovenous fistula &
Neointimal hyperplasia

Bone health in
postmenopausal
women

Bone health in
postmenopausal
women

Bone health in
postmenopausal
women

Bone health in
postmenopausal
women

Key findings

The combined treatment with PTH1-34 and MK-4 may have a
therapeutic advantage on bone healing around hydroxyapatite-
coated implants in osteoporotic rats

A high dose of VitK2 can suppress experimental calcification of soft
tissues induced by vitamin D2 (rat)

MK-4 concentration was positively correlated with the concentrations
of sulfatides and sphingomyelin, and negatively correlated with
ganglioside concentration (rat)

MK-4 may have nonbeneficial effects on lipid levels, especially in the
presence of hypercholesterolemia (mice)

VitK2 inhibits rat vascular smooth muscle cell calcification by restoring
the Gasé/AxI/Akt antiapoptotic pathway

Dietary VitK1 was converted to MK-4 in the brain. There were
significant positive correlations between sulfatides and MK-4 in the
hippocampus and cortex. No significant correlations were observed
in the striatum (rat)

The specific tissue distribution of VitK2 is affected not only by diet but
also by gender, age, and the specific roles of VitK1, MK-4, and MK-6
in metabolism (rat)

NQO1 does not play a major role in the production of VitK
hydroquinone suggesting the existence of multiple VitK reduction
pathways (mice)

VitK2 inhibits aortic calcification induced by warfarin via Gas6/AxI
survival pathway (rat)

MK-7 protects astrocytes possibly by inhibiting mitochondrial
dysfunction and the expression of proinflammatory cytokines. Gasé
may participate in these protective effects (rat).

VitK2 inhibits vascular smooth muscle cell calcification by restoring
the Gasé/AxI/Akt antiapoptotic pathway. Gasé is critical in VitK2-
mediated functions that attenuate CaCl2- and B-GP-induced VSMC
calcification by blocking apoptosis (rat).

There was a beneficial effect of VitK supplementation on the
management of hyperlipidemia-associated inflammatory events via
activating VitK-dependent Gasé protein.

VitK supplementation slows down the progress of aortic valve
calcification

VitK antagonists have detrimental effects on arteriovenous fistula
remodeling, and VitK2 can reduce neointimal hyperplasia and
calcification

MK-4 helps improve hip bone geometry and bone strength in
postmenopausal women by improving BMC and FNW, but it has
little effect on DXA-BMD

The suppression of serum levels of bone remodeling indices and
the positive changes in lumbar spine BMD were observed in
postmenopausal women following a 12-month intervention period
using a diet enriched with calcium, vitamin D, and VitK1 or MK-7

Long-term supplementation of MK-7 may help postmenopausal women
to prevent bone loss by significantly decreasing the age-related
decline in BMD and BMC at the lumbar spine and femoral neck, but
not at the total hip

The use of melatonin, strontium (citrate), vitamin D3, and MK-7 has
a positive effect on the prevention or treatment of osteopenia,
osteoporosis, or other bone-related diseases

—Wl LEYM
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TABLE 1 (Continued)

Study type

Type of pathology

Bone health in
postmenopausal
women

Cardiovascular health
for postmenopausal
women

CKD

Cognition

Coronary artery
calcification

Coronary artery
calcification

Coronary calcification &
atrial fibrillation

Coronary calcification
in postmenopausal
women

COVID-19

COVID-19

COVID-19

HCC

Memory complaint

Osteoporosis in
postmenopausal
women

Osteopenia in
postmenopausal
women

Key findings

For post-menopausal or osteoporotic patients, there is no evidence
that VitK affects BMD or vertebral fractures. It may reduce clinical
fractures

MK-7 supplementation significantly decreased carotid-femoral pulse
wave velocity and stiffness Index p improves arterial stiffness in
healthy postmenopausal women

High plasma dp-ucMGP level indicating a poor VitK status is a biomarker
of kidney damage and cardiovascular risk in CKD patients. VitK2
supplementation may improve the carboxylation status of MGP

A clinically and statistically significant association was seen between
increased dietary VitK intake and better cognition and behavior
among geriatric patients

Gla protein is associated with coronary artery calcification and VitK
status in healthy women. dp-ucMGP may serve as a biomarker of
VitK status

The benefits of MK-4 supplementation were only observed in patients
with VitK insufficiencies correlated with high PIVKA-2 baseline
levels, reducing brachial-ankle pulse wave velocity, but not coronary
artery calcification

Patients using VitK antagonists show increased levels of coronary
calcification

High dietary menaquinones (MK-4 to MK-10), but probably not VitK1,
intake is associated with reduced coronary calcification.

Early in acute COVID-19, both VitK deficiency and vitamin D deficiency
were independently associated with worse COVID-19 disease
severity

Pneumonia-induced extrahepatic VitK depletion could lead to
accelerated elastic fiber damage and thrombosis in severe COVID-19
due to impaired activation of MGP and endothelial protein S,
respectively.

Low VitK status was associated with mortality in patients with
COVID-19 in sex- and age-adjusted analyses, but not in analyses
additionally adjusted for comorbidities

Combined treatment of VitK2 and angiotensin-converting enzyme
inhibitor ameliorates hepatic dysplastic nodule in a liver cirrhosis
patient

Increased dietary VitK intake was associated with fewer and less
severe subjective memory complaint in older adults taking no VitK
antagonists

VitK2 plays a role in the maintenance and improvement of vertebral
BMD and the prevention of fractures in postmenopausal women
with osteoporosis

Treatment with MK-7 as an add-on to calcium and vitamin D
increases the carboxylation of osteocalcin. But the treatment
of postmenopausal women with osteopenia for 3years did not
affect biochemical markers of bone turnover, BMD, or bone
microarchitecture
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calcium-binding characteristics but need VitK as a cofactor to allow to y-carboxyglutamate (Gla) residues through a VitK redox cycling

them to bind to calcium ions in hydroxyapatite (Shearer et al., 2012), process. This VitK cycle allows the body to reuse VitK, decreasing

which specifically transforms OC's/MGP's glutamate (Glu) residues the dietary requirement (Inaba et al., 2015). This cyclic process is
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illustrated in Figure 3. Both VitK1 and VitK2 are involved in the ac-
tivation of VKDPs, but long-chain menaquinones show better bioac-
tivity, suggesting that greater hydrophobicity correlates with higher
bioavailability and a longer half-life (Schurgers et al., 2010).

The carboxylation process of VKDPs begins with the con-
version of the selective glutamate (Glu) residues on VKDPs to y-
carboxyglutamate (Gla) residues by the y-glutamyl carboxylase
(GGCX) enzyme, using as cofactors hydroquinone, CO, and H,0.
During this process, the reduced form of VitK undergoes a transition
from the hydroquinone form to an oxidized state, the 2,3-epoxide.
The Gla residues dissociate, releasing two H* and becoming nega-
tively charged, enhancing their affinity for positively charged Ca%t
through electrostatic interactions, forming a hydroxyapatite lattice
preceding bone mineralization and completing the physiological
osteogenesis process. At the same time, after carboxylation, VitK
epoxide is further reduced by two separate two-electron reduction
steps: to VitK (quinone) by VitK epoxide reductase, and to hydroqui-
none by a yet-to-be-defined VitK reductase (Tie & Stafford, 2017),
possibly a NAD(P)H-dependent reductase (Ingram et al., 2013;
Rishavy et al., 2013). Consequently, another Glu residue of VKDPs
is carboxylated to Gla; ultimately into active OC being an osteogenic
marker (Myneni & Mezey, 2017). Following this process, the majority
of OC is accumulated in the bone matrix binding to calcium, while
a small proportion of carboxylated-OC (cOC) (~20%) flows into the
blood circulation (Wei et al., 2018). So far, it is uncertain if there
is a connection between cOC in blood and vascular calcification. It
has also been reported that 1,25-dihydroxyvitamin-D [1,25(0OH),D,]
can upregulate the activity of GGCX for OC production in humans
and rats in a dose-dependent manner (Karl et al., 1985; Miyake

%
5 W Vitamin K1
4, 3

et al., 2001); conversely, a downregulation effect is seen in mice
models (Wen et al., 2018). No clear explanation has been suggested
so far for such observed differences in OC between human/rat and
mice models.

Depending on the levels of carboxylation on the Glu sites, dif-
ferent forms of OC [cOC, uncarboxylated OC (ucOC) and under-
carboxylated OC], with varying calcium-binding affinities, can exist.
However, the latter two forms are often not accurately referred to
in most studies, probably due to limitations in their measurement
(Li et al., 2018). ucOC or undercarboxylated OC is considered as
a clinical indicator of VitK status, due to the dependency on VitK
(Shiraki et al., 2010).

While contributing to bone formation by promoting calcium
deposition, on the other hand, VitK2 can also prevent bone calcium
dissolution and mobilization maintaining calcium homeostasis. Thus,
positive effects of VitK2 on degenerative bone conditions, such as
osteoporosis, have been suggested (Khalil et al., 2021).

2.1.2 | Regulation of osteoblasts and osteoclasts

Vitamin K2 also regulates the osteoblast function, including modu-
lating the proliferation and differentiation of osteoblasts, inhibit-
ing the induction of osteoblast apoptosis (Koshihara et al., 2003),
and increasing the expression of osteogenic genes (Akbari &
Rasouli-Ghahroudi, 2018). Increased OC production (Matsunaga
et al., 1999) and bone-specific alkaline phosphatase activity (Asawa
et al., 2004) were observed after exposure of osteoblasts to VitK2.
Even in the case of glucocorticoid damage, VitK2 still exhibited an
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FIGURE 3 Vitamin K (VitK) redox cycle process. VitK-dependent protein (VKDP) carboxylation starts with the reduction of VitK
(quinone) to hydroquinone by VitK epoxide reductase (VKOR); during carboxylation, the glutamate (Glu) residue on VKDP is converted
to y-carboxyglutamate (Gla) by y-glutamyl carboxylase (GGCX) with CO, and O, as cofactors, while hydroquinone is oxidized to vitamin
K epoxide. VitK epoxide is transformed to hydroquinone by two-step reduction by VKOR and yet-to-be-defined VitK reductase (VKR),

possibly NAD(P)H-dependent reductase.
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osteoprotective effect on osteoblasts (osteocyte density) and pro-
moted bone healing in osteoporotic rat models (lwamoto et al., 2010;
Zhang et al., 2017). Some studies also showed that VitK2 (mainly as
MK-4 and MK-7) can upregulate bone marker genes and extracellular
matrix-related genes, such as CYP3A4 and MSX2 (Akbari & Rasouli-
Ghahroudi, 2018), by activating the steroid and xenobiotic receptor
(SXR), a nuclear receptor of osteoblasts modulating gene transcrip-
tion and promoting collagen accumulation (Ichikawa et al., 2006).

On the other hand, activation of the transcription factor, nu-
clear factor kappa-B (NF-xB) signal pathway is essential for osteo-
clastogenesis. It was shown that VitK2 modulates osteoblast and
osteoclast formation and activity via downregulation of basal and
cytokine-induced NF-kB activation (Yamaguchi & Weitzmann, 2011).
Many in vitro and in vivo studies have reported the suppressive ef-
fect of VitK2 on osteoclastogenesis and bone resorption, via various
mechanisms: (i) stimulating expression of the cytokine osteopro-
tegerin (OPG) (an osteoclastogenesis inhibitory factor; Koshihara
et al., 2003); (ii) reducing expression of the receptor activator of
nuclear factor kappa-B ligand (RANKL) on osteoblasts/osteoclasts,
bound by the decoy receptor OPG (Yamaguchi & Weitzmann, 2011);
(iii) limiting activities of bone-resorbing factors, including prosta-
glandin-E2 (Hara et al., 1995), interleukin (IL)-1a (Akbari & Rasouli-
Ghahroudi, 2018), IL-6 (Wang et al., 2022), and 1,25(0H),D, (Miyake
etal., 2001; Poon et al., 2015).

In summary, evidence supports the role of VitK2 in mainte-
nance of bone health: (i) increasing bone strength and density, (ii)

increasing bone mineral content, (iii) inhibiting bone resorption, (iv)

decreasing fracture risk, (v) reducing urinary calcium loss, (vi) low-
ering serum alkaline phosphatase levels, and (vii) upregulating cOC
and carboxylated-MGP levels. This would suggest that VitK2 re-
duces bone calcium mobilization, increases bone calcium deposition,
and strengthens bone construction. However, further investigations
are required to support these observations. At the same time, VitK2
limits the occurrence of calcification in other organs due to reduced
bone calcium loss (Maresz, 2015; Vermeer, 2012). Figure 4 presents

a summary of the various effects of VitK on bone homeostasis.

2.2 | Prevention of cardiovascular calcification

Ninety-nine percent of bodily calcium is stored in bone, regulated in
part by VitK2, with the remaining 1% circulating in the blood, mus-
cle, and other tissues (Weaver, 2012). Low levels of VitK2 can cause
disruption in binding between calcium and OC, leading to loss of cal-
cium from bone and transportation of calcium to other tissues, which
results in tissue calcification (Maresz, 2015). Therefore, calcification
should be viewed as a standard part of the pathological aging pro-
cess as the activity of various tissues or organs decreases, leading
to functional decline (Roumeliotis et al., 2019). Microcalcifications
have been seen in early intimal lesions of atherosclerotic human
coronary arteries when considered healthy (Roijers et al., 2011). A
notable organ is the pineal gland, which undergoes vigorous secre-
tion in childhood and begins to decline in secretory function dur-

ing puberty with significant calcification (Tan et al., 2018). Pineal

Vitamin K2 effect on bone
homeostasis

Carboxylation cofactor

Osteogenesis promotion

(Vitamin K-redox cycle)

Bone resorption suppression

* Modulate osteoblast * Upregulate cOC production * Inhibit induction of osteoblasts

proliferation & differentiation

and enhance bone

apoptosis

* Activate Ca-OC binding mineralisation * Downregulate osteoclast formation
* Improve alkaline phosphatase Induce cMGP and prevents and reduce osteoclastgenesis
activity soft tissue calcification * Stimulate OPG expression

* Decrease NF-«B activation and
RANKL expression

* Limit activities of PGE2. [L-1-1¢,
IL-6, 1.25(OH),D;

FIGURE 4 Biological effects of vitamin K2 on bone homeostasis through promotion of osteogenesis, suppression of bone resorption, and
via activity as a carboxylation cofactor; OC: osteocalcin; MGP: matrix Gla protein; cOC: carboxylated OC; cMGP: carboxylated-MGP; OPG:

osteoprotegerin.
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calcification has long been reported in humans and is seen in nearly
all adults leading to reduced melatonin secretion (Goree et al., 1963),
which has also been suggested to be associated with Alzheimer's dis-
ease (AD) (Song, 2019). In addition, arterial blood vessels are life-
long active tissues, and arterial calcification has been observed in
conditions with high atherogenic levels, such as diabetes, oxidative
stress, and chronic kidney disease (CKD) (Roumeliotis et al., 2019).
It is commonly seen in the aging population, with 96% of observed
aortic and coronary artery calcification seen in people over the age
of 70 (Lahtinen et al., 2015), causing arteriosclerosis and myocardial
infarction, and accelerating mortality. It has also been recognized
that cardiovascular calcification is an active and regulated process.

2.2.1 | Vascular calcification

Vascular calcification is a pathological process and is manifested by
the extraosseous deposition of hydroxyapatite in the tunica media
or tunica intima of the blood vessel walls (Wasilewski et al., 2019),
with a consequent increased risk of hypertension, atheromatosis, is-
chemia, and myocardial infarction (Roumeliotis et al., 2019).
Emerging evidence from animal and clinical studies has shown that
low VitK levels may be associated with vascular calcification and an
elevated risk of cardiovascular diseases (CVDs). In women, an associa-
tion with coronary artery calcification was seen (Dalmeijer et al., 2013).
VitK2 can effectively stabilize mobile calcium, reduce artery cal-
cium levels, inhibit calcium deposition in the blood vessel walls, and
prevent the occurrence of CVDs (Beulens et al., 2009; Brandenburg
et al., 2015; Kurnatowska et al., 2016). Relevant mechanisms of Vitk2
involvement have been suggested to include promotion of bone calci-
fication, prevention of bone calcium loss, and reduction in the source
of deposited calcium (Gigante et al., 2015); MGP activation to inhibit
the calcification of blood vessels in rat (Cui et al., 2018); growth-arrest-
specific geneé (Gasé) protein modulation to prevent vascular smooth
muscle apoptosis and the calcification process; and other pathways to
inhibit the calcification of the vascular wall in rat (Qiu et al., 2017).

2.2.1.1 | Calcification modulated by matrix Gla protein

Matrix Gla protein is the most influential natural inhibitor of all types
of calcification in the body and is closely associated with metabolism,
mortality, and CVD (Akbari & Rasouli-Ghahroudi, 2018; Nishimoto &
Nishimoto, 2005; Price et al., 1983). As a carboxylation substrate
of VitK, MGP has been extensively studied as a central calcification
inhibition protein in the development of calcification in the arteries,
while facilitating normal bone metabolism. MGP carboxylation me-
diated by GGCX and VitKis as illustrated in Figure 3, and is followed
by phosphorylation of the three serine residues of MGP (Roumeliotis
etal., 2019). The phosphorylated MGP then attaches to hydroxyapa-
tite crystals entering the blood vessel wall, forming a protein matrix
on the surface of hydroxyapatite, which prevents their aggregation;
thereby calcification is inhibited (Goiko et al., 2013). It has been re-
ported that MGP expression in bone cells could be upregulated by
vitamin D (Wen et al., 2018).

Conformational combinations of MGP are possible among vari-
ous species in the body, depending on its carboxylation and/or phos-
phorylation state, such as phosphorylated-carboxylated MGP (cMGP,
the fully active form), dephosphorylated-uncarboxylated MGP (dp-
ucMGP, the fully inactive form), dephosphorylated-carboxylated
MGP (dp-cMGP), and phosphorylated-uncarboxylated MGP (ucMGP)
(Vermeer et al., 2016). Total uncarboxylated MGP (t-ucMGP) includes
dp-ucMGP, but mainly with ucMGP (Dalmeijer et al., 2013). The
exact role of MGP phosphorylation remains still unclear but it is be-
lieved to be the most crucial step during the MGP activation process.
Roumeliotis et al. (2019) have examined current studies of the asso-
ciation between different MGP conformations and vascular calcifica-
tion, renal function, mortality, and CVD. The ucMGP conformation
maintains calcium-binding capacity and maybe a vascular calcification
prognostic biomarker but is not considered as a biomarker of VitK
status (Chatrou et al., 2015; Epstein, 2016; Roumeliotis et al., 2019).

The fully inactive circulating conformation, dp-ucMGP, is inde-
pendently associated with (peripheral) vascular calcification and
carotid femoral/aortic pulse wave velocity, suggesting that it might
be a risk biomarker associated with mortality and CVD, allowing
early intervention (Dalmeijer et al., 2013; Griffin et al., 2019; Wei
et al., 2016). In a study with 40 patients undertaking orthopedic or
abdominal surgery, higher plasma dp-ucMGP levels were observed
in patients with previous CVD history compared to those without,
although no significant difference in dp-cMGP was observed be-
tween groups. Postoperatively, the dp-ucMGP concentration was
significantly increased in the group with CVD history, and possi-
ble causes including nutritional defects were suggested (Dahlberg
et al., 2018), thus highlighting the fact that VK intake may have in
such situations. Currently, it remains to be elucidated whether OC
and MGP would exhibit antagonistic or other interactions.

It has also been found that MGP is capable of downregulat-
ing bone morphogenetic protein-2 (BMP-2) and the transforming
growth factor-p function which results in vascular smooth muscle
cell (VSMC) apoptosis (Li et al., 2008). There is evidence that such
apoptosis promotes vascular calcification (EI Asmar et al., 2014). It
has been demonstrated that activated MGP, after binding with cal-
cium and phosphate crystals, further activates arterial macrophages
and upregulates phagocytosis of apoptotic bodies produced by
VSMCs (under pathological conditions, such as in the case of long-
term vitamin K antagonist (VKA) drug treatment), thus avoiding ec-
topic calcification (Roumeliotis et al., 2019). VitK2 can also increase
the transcription of MGP mRNA and tropoelastin mRNA, and inhibit
osteopontin mRNA expression (Saito et al., 2007), thereby prevent-
ing osteo/chondrocytic transformation of blood vessel walls and re-
straining the vascular calcification process. It can also be seen that
VitK2 carboxylates MGP in order to inhibit vascular calcification and
in turn abolishes complications in CKD (Schurgers et al., 2010).

2.2.1.2 | Calcification modulated by Gasé

Vitamin K not only upregulates MGP expression as a calcification
inhibitor in the cardiovascular system (Rennenberg et al., 2010) but
also modulates the Gasé pathway to inhibit the vascular calcification
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process. Gasé, another VKDP, is secreted from quiescent fibroblasts
(Bellosta et al., 1997) and osteoblasts (Shiozawa et al., 2010). It is
extensively expressed in the heart, lungs, intestine, kidney, brain,
spleen, ovary, testis, bone marrow, VSMCs, macrophage, and liver
(Perrier et al., 2010) and is the ligand for the AxI receptor tyrosine
kinase (Axl) (Fernandez-Ferndndez et al., 2008). VitK-dependent
GGCX modulated-carboxylation is also vital for the interaction of
Gas6 with the Axl receptor. Gas6/Ax| binding is known to regulate
cell survival and prevent apoptosis and osteoblast-like differentia-
tion of endothelial cells and VSMCs (Lijnen et al., 2011). Therefore,
Gasé suppresses vascular calcification by inhibiting VSMC apoptosis;
coronary heart disease and other CVDs are subsequently reduced
(Beulens et al., 2009; Geleijnse et al., 2004; Vossen et al., 2015).
The association of VitK2 involvement in the repression of patho-
logical vascular calcification and the upregulation of Gasé expression
has been shown (Jadhav et al., 2022; Jiang et al., 2016). In a study con-
ducted by Qiu et al. (2017) Western blotting detected that substan-
tial aortic smooth muscle Gasé expression was restored after VitK2
treatment and that a significant decrease of VSMC calcification and
apoptosis induced by CaCl, and p-sodium glycerophosphate was also
observed. Additionally, it was noted that R428 (an Axl inhibitor) in-
creased apoptosis and calcification even in the presence of VitK2 and
Gasé, due to the significant blocking effect of R428 on the Gas6/AxI
antiapoptotic pathway. In addition, Jiang et al. (2016) demonstrated
decreased aortic calcification by VitK2 involving the Gas6/AxI survival
pathway using a rat model of warfarin-induced calcification. However,
conversely, in a study using Gas6™™ mice and Gas6™~ derived VSMC,
only minor calcification was observed, with no significant calcification
upon depletion of Gas6 (Kaesler et al., 2016). The author suggested
that Gasé might not have a prominent role during the development of
vascular calcification. There is also in vivo evidence showing that VitK2
inhibits intimal calcification of the aortic artery through suppression
of Toll-like receptor 2 (TLR2) and TLR4 expression (Wang et al., 2017).
In counterevidence, Weijs et al. (2011) showed that warfarin
treatment caused increased levels of coronary artery calcification
and that VitK2 could reverse such effects (Brandenburg et al., 2015).
Subsequently, Zaragatski et al. (2016) also showed a powerful antag-
onistic effect of VitK2 in the treatment of arteriovenous intimal hy-
perplasia and calcification caused by warfarin-induced CKD. Despite
the belief that VitK2 may have value in inhibiting arterial calcification
and the occurrence of CVDs, this has not been widely demonstrated.
In 2016, in a 1-year trial of 26 patients, coronary artery calcifica-
tion progressed by 14% despite MK-4 treatment, while a reduction
in brachial-ankle pulse wave velocity was only seen in patients with
baseline VitK insufficiency, with no change in arterial stiffness over-
all. However, trial limitations were reported, including small partici-

pant numbers and lack of a control group (lkari et al., 2016).

2.2.2 | Cardiac valvular calcification

The atrioventricular and arterial valves are the structural founda-
tions to ensure the unidirectional flow of cardiac blood. Several

studies have shown that VKAs (i.e., warfarin) promote coronary
artery calcification and valvular calcification (El Asmar et al., 2014;
Weijs et al., 2011). It has also been reported that increased plasma
dp-ucMGP levels are associated with aortic valve calcification
(Brandenburg et al., 2017). Thus, VitK2 supplementation has been
suggested as a plausible intervention to inhibit the pathogenetic
progression of these conditions (Brandenburg et al., 2015; Marquis-
Gravel et al., 2016). However, in a recent study using a hypercho-
lesterolemic mouse model of calcific aortic valve disease, an MK-4
diet did not beneficially impact aortic valve morphology but instead
increased plasma levels of total cholesterol, triglycerides, and low-
density lipoprotein (Weisell et al., 2021).

2.2.3 | Cartilage calcification

Increasing evidence shows that osteoarthritis (OA), the most com-
mon form of degenerative joint disease, significantly correlates
with progressive loss of articular cartilage due to calcification in
articular cartilage, synovial fluid, or synovial membranes (Hawellek
et al., 2016; Rafael et al., 2014). A relationship between OA and VitK
deficiency has been suggested (Misra et al., 2013).

Gla-rich protein (GRP) is the most recently identified VKDP and
was first identified in sturgeon calcified cartilage (Shea et al., 2015).
Itis distributed primarily in bone, cartilage, skin, and vasculature, and
possesses a high density of Gla residues (an estimated 15 in human),
suggesting a strong calcium-binding affinity (Viegas et al., 2015).
GRP has recently been demonstrated to be directly associated with
OA, through observing undercarboxylated GRP accumulation at
sites of ectopic calcification in cartilage and synovial membranes of
OA patients (Rafael et al., 2014). A similar association between OA
and ucMGP/cMGP was also observed by Wallin et al. (2010) where
an association between OA and carboxylation deficiency of both
GRP and MGP was consistent. Thus, y-carboxylation modification
is also believed to be vital for both GRP and MGP as calcification
inhibitors, and a deficiency in carboxylation of these VKDPs may
play an important role in causing OA. It has also been suggested that
serum ucOC levels could be used as a biomarker of OA, based on a
single-arm clinical study of 25 Japanese patients with bilateral knee
OA (Naito et al., 2012).

It has been suggested that GRP exhibits its calcification suppres-
sion effect via downregulation of osteoblast-like differentiation of
VSMC s, differentiation and maturation of osteoblasts, activity of
alkaline phosphatase, and expression of osteogenic genes (Cavaco
et al., 2016). It was reported that the expression of GRP in chondro-
cytes was inhibited by BMP-2, which induces the osteogenic differ-
entiation of VSMCs (Wen et al., 2018).

The occurrence of OA is also accompanied by tissue inflamma-
tion and associated with changes in collagen, levels of inflammatory
mediators [i.e., matrix metalloproteinases (MMPs), IL-8, mono-
cyte chemotactic factor-1], and related cartilage tissues induced
by the deposition of calcium phosphate crystals (Nasi et al., 2016;
Roembhildt et al., 2014). MMP-2 hydrolyzes collagen and disintegrates
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the components of articular cartilage, resulting in cartilage damage.
VitK2 inhibits the expression of MMP-2, thereby promoting collagen
expression and normalizing damaged soft tissue (Chen et al., 2015).
In addition, VitK2 significantly suppressed experimental calcification
of soft tissues of rats induced by vitamin D2 (Seyama et al., 1996).
Moreover, GRP has been suggested to be involved in the cross talk
between inflammation and cartilage calcification in OA, through ob-
serving the effects on calcification and inflammation in control and
OA cells (Cavaco et al., 2016), which promotes GRP as a potential
therapeutic target. However, it is worth noting that there are con-
troversial results regarding the role of VitK2 in the maintenance of
bone (and vascular) health, which are summarized in a recent review
(Mandatori et al., 2021).

Recommendations regarding VitK intake differ in various coun-
tries, but a consistent conclusion arises: there may be certain syner-
gistic and antagonistic effects between different VKDPs to maintain
body homeostasis, and optimal VitK status is important to support
homeostatic processes. Bone and the cardiovascular system are
closely related during embryonic development, which may cause
the differentiation of VSMCs into osteoblast-like cells, secretion of
BMP-2, and other osteogenic proteins. Due to conflicting findings
presented in the literature, further scientific research is needed to
enhance the knowledge of the exact roles of VKDPs in bone and
cardiovascular health.

2.3 | Relief of menopausal symptoms

Hormonal and endocrine changes during menopause can greatly
affect the reproductive system, bone density, and nervous and im-
mune system function, among others. Osteoporosis, osteopenia,
and increased calcification of abdominal aorta and carotid arteries
in postmenopausal women have been noted in many studies (Nike
et al., 2016; Wasilewski et al., 2019).

A meta-analysis of 19 randomized, placebo-controlled clinical tri-
als encompassing 6759 participants showed that VitK2 plays an im-
portant preventive and therapeutic role for postmenopausal women
with osteoporosis (Huangetal., 2015). Intake of MK-4 daily for 3years
improved hip bone geometry and bone strength in postmenopausal
women by increasing bone mineral content (BMC), but no increase
in bone mineral density (BMD) was observed (Knapen et al., 2007);
MK-7 showed comparable effects in terms of improvement in both
BMC and BMD (Knapen et al., 2013, 2015). Contrarily, no effects
on BMD or vertebral fractures for postmenopausal or osteoporotic
patients were concluded by a meta-analysis (Mott et al., 2019); how-
ever, various factors, including trial methodology, measurement
methods, VitK form and dosage used, and baseline population char-
acteristics, were highlighted by the authors as potential reasons for
the considerable heterogeneity among the trials included, and thus
were limitations of the analysis. No improvement was seen in BMD,
bone turnover, or bone microstructure after a 3-year treatment with
MK-7 (375 pg/d) in a randomized, placebo-controlled trial involving
142 postmenopausal women with osteopenia (Rgnn et al., 2021), but

a synergistic interplay of VitK2 with calcium (800 mg/d) and vitamin
D3 (38 pg/d) was noticed, with the observation of increased osteo-
calcin carboxylation.

Vitamin K2 combined with vitamin D3, melatonin, and strontium
also provided a significant regulating effect on osteoblastogenesis,
BMD, bone turnover, and other indicators in the menopausal state,
including a slowdown in the bone decline process, and provided both
clinical and mechanistic support for the use of this combination for
the prevention or treatment of osteopenia, osteoporosis, and other
bone-related diseases (Maria et al., 2017). A similar add-on effect
was observed in another clinical study (173 women between 55 and
65years), where the combination treatment of VitK (100 pg/d), cal-
cium (800 mg/d), and vitamin D3 (10 pg/d) significantly protected
lumbar BMD compared to the control group, while the calcium/vita-
min D3 combination did not (Kanellakis et al., 2012).

Furthermore, VitK2's health benefits have also been shown in
other age-related diseases (Simes et al., 2020). Specifically, Beulens
et al. (2009) reported that high dietary intake of VitK2 was asso-
ciated with significantly decreased coronary calcification from a
study involving 564 postmenopausal women. The authors further
proposed a less obvious decalcification effect from VitK1, which
could possibly arise due to the difference in distribution of VitK1
and VitK2 in the body, where VitK1 is predominantly transported
in the liver and less so in extrahepatic tissues resulting in less ac-
tivation of MGP in the vasculature. In agreement with this result,
a double-blind, randomized, placebo-controlled trial also showed
that long-term MK-7 supplementation can significantly ameliorate
arteriosclerosis and reduce aortic pulse wave velocity in healthy
postmenopausal women, especially in women having high arterial
stiffness (Knapen et al., 2015).

2.4 | Hepatoprotection

The protective effects of VitK2 on liver regeneration after partial
hepatectomy was studied by Zhang et al. (2013) who used the clas-
sical 2-acetamido-fluorene/partial hepatectomy model in Sprague-
Dawley rats. In this study, VitK2 significantly increased serum
albumin levels with concurrent reduction of the levels of alanine and
aspartate aminotransferases, suggesting that VitK2 enhances liver
regeneration. Further in vitro experiments suggested that such a
liver regeneration effect could be related to the regulation of matri-
lin-2 and hepatic oval cell proliferation (Lin et al., 2014; Abdelhamid
et al., 2019). The combined treatment of VitK2 and an angiotensin-
converting enzyme inhibitor was found to clinically ameliorate a
hepatic dysplastic nodule in a female patient (aged 66) with liver cir-
rhosis (Yoshiji et al., 2007). A recent study demonstrated the direct
beneficial effect of VitK2 on the control of hyperlipidemia-related
hepatic inflammation through activating Gasé carboxylation via ar-
resting monocyte-hepatocyte adhesion (Bordoloi et al., 2020).

In vitro and in vivo experiments also demonstrated the cyto-
toxic effect of VitK2 on hepatocellular carcinoma (HCC) cells, with
several underpinning mechanisms being reported (Xv et al., 2018;
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Yamamoto et al., 2009). It was suggested that VitK2 inhibits cell
growth by downregulation of cyclin D1 expression through sup-
pressing NF-xB activation (IkB kinase (IKK)/IxB/NF-kB pathway)
(Ozaki et al., 2007) or through PKCa/NF-kB and PKCe/PKD1/NF-xB
pathways (Xia et al., 2012), and suppression of HIF-1a transactiva-
tion via inhibiting PKC-& (Xia et al., 2019). It has also been proposed
that the inhibitory activity of VitK2 on HCC cell proliferation is as-
sociated with upregulation of the cell-cycle regulatory protein p21
transcription (Liu et al., 2007), downregulating hepatoma-derived
growth factor expression (Yamamoto et al., 2009), as well as acti-
vating PKA (Otsuka et al., 2004), causing subsequent G1 cell-cycle
arrest (Hitomi et al., 2005). Thus, VitK2 inhibited HCC cell growth by
suppressing the expression of cyclin D1 via the IKK/NF-kB pathway
and, therefore, could be a useful strategy in treating HCC.

In addition, VitK2 also induces differentiation and apoptosis of
HCC cells. For instance, VitK2 suppressed the malignancy of cul-
tured HuH7 cancer cells and promoted a normal hepatocyte pheno-
type via inhibiting connexin 43 expression and enhancing connexin
32 activity, respectively (Kaneda et al., 2008). The apoptotic effect
of VitK2 has also been suggested to be associated with the mito-
chondrial pathway (Xv et al., 2018) involving inhibition of MAPK
system activation (Kanamori et al., 2007), and the extrinsic apop-
tosis pathway involving activation of p53, a tumor-repressor gene
(Li et al., 2010). Furthermore, a preventive effect of VitK2 on tumor

Prevention of

cell invasion/ cell growth

migration

Vitamin K2
effect on cancer

Inhibition of

invasion was also reported in HCC cell lines via inhibition of MMP
expression (Ide et al., 2009). The effects of VitK2 in various (i.e.,
lung, pancreatic, bladder, and leukemia) cancer cells through multi-
ple signaling pathways are presented in Figure 5.

In summary, supplementation of the recommended dose of
VitK2 may provide a positive effect on the prevention and treatment
of malignant tumors. Since the mechanisms we have described so far
are only part of the complete signaling network regulated by VKDPs,
the controversy over the role of some proteins in various cancers
would require further investigation. Some studies have yielded
promising results, but there was a lack of focus on the specific car-
boxylated forms of VKDP when carrying out specific measurement
and comparison of malignant tumors; therefore, a more comprehen-
sive and unified comparative analysis cannot be performed in this re-
view. In our view, an appropriate strategy or guideline for improving
VitK2 status in patients with liver diseases should be established, as
current recommendations might not be optimal.

2.5 | Enhancement of mitochondrial energy release

Mitochondria are found in the cytoplasm of almost all eukaryotic

cells. They use ubiquinones acting as electron carriers in the res-
piratory chain to produce adenosine triphosphate (ATP) and regulate

Induction of

cell apoptosis

y v

A

* Inhibiting Rho expression * Downregulating cyclin D1 expression * Inhibiting connexin 43 expression
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* Inhibiting HIF transactivation
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* Inhibiting MMP expression
0O PKC/PKD/IKK/NF-xB

* Inhibiting NF-xB/MMPs
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o PKCo/NF-xB
o PKCe/PKDI1/NF-xB
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* Inhibiting RAF/MEK/ERK

o PKC/PKD/KK/NF-xB
* Inhibiting HIF-1la transactivation
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* Activating the tumor suppresspor p33

* Stimulating Bak

* Inducting mitochondria-related apoptosis
via ROS
O Activation of INK/p38 MAPK

* PI3K/AKT/HIF-1o mediated glycolysis
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* Downregulating HDGF expression

* Activating PKA
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FIGURE 5 A mechanistic overview of proposed vitamin K2 toxicity in various cancer cells, including lung, pancreatic, bladder, and
leukemia. RhO: Ras homologous; PKA: protein kinase A; HIF: hypoxia-inducible factor; PKC: protein kinase C; PKD: protein kinase D; IKK:
kB kinase; NF-kB: nuclear factor kappa-B; MMP: matrix metalloproteinase; SXR: steroid and xenobiotic receptor; STAT: signal transducer
and activator of transcription; DCP: Des-gamma-carboxy prothrombin; MEK: mitogen-activated extracellular signal-regulated kinase; ERK:
extracellular signal-regulated kinase; HDGF: hepatoma-derived growth factor; Bak: Bcl-2 antagonist killer 1; MAPK: mitogen-activated
protein kinase; ROS: reactive oxygen species; JNK: c-Jun N-terminal kinase; PI3K: phosphoinositide 3-kinase; AKT: serine-threonine kinase.
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cellular energy metabolism. Different forms of ubiquinones are
found in various organisms, with their cellular location being mainly
in the inner mitochondrial membrane. Coenzyme Q,, (CoQ,) is an
essential VitK-like substance with a naphthoquinone ring and 10 iso-
prene units (Figure 6). It is the most common ubiquinone in humans
(Kurosu & Begari, 2010). Functions of CoQ,, as a component of the
mitochondrial respiratory chain are well established. Based on the
electron transport effects of menaquinones and their structural sim-
ilarity to CoQ,, albeit being less lipophilic, it has been hypothesized
that VitK2 treatment of mitochondrial diseases could be advanta-
geous, especially under hypoxic conditions, when the cytochrome-
c-oxidase system cannot function normally. It could potentially be of
some significance to ischemic cells in cases of stroke and myocardial
infarction.

Menaquinones also play an essential part in energy generation
in prokaryotes, associated with their role in active electron trans-
port, especially for Gram-positive bacteria under either aerobic or
anaerobic respiration, such as Mycobacterium spp. In Gram-negative
organisms, ubiquinones are used in aerobic respiration processes,
whereas menaquinones are utilized under anaerobic conditions
(Suvarna et al., 1998). Even in heliobacteria, VitK2, specifically the
quinone unit, plays the role of the secondary electron acceptor in
the process of successful photosynthesis (Kondo et al., 2015).

When glucose is broken down in the mitochondria (eukaryotes)/
in the cell membrane (prokaryotes), electrons are released from hy-
drogen and transported along the membrane by ubiquinones/men-
aquinones to oxygen, with the help of the enzymes in the respiratory
chain, such as the cytochrome-c-oxidase system. Thus, water mole-
cules are formed, causing protons to be pumped across the mem-
brane, with ATP energy released at the same time (Pamplona, 2011).
The tautomerization between the core skeleton naphthoquinone
and the naphthol structure in ubiquinones/menaquinones is consid-
ered to play a critical role in the electron transport system for vari-
ous observed protective effects (lvanova et al., 2018).

One published study attributed VitK2 as serving as a mitochon-
drial electron carrier and rescuing mitochondrial dysfunction due
to Pink1 protein deficiency in the multicellular eukaryote D. melan-
ogaster (Vos et al., 2012). This suggests that VitK2 has the potential
to treat mitochondrial-associated diseases or defects in ubiqui-
none biosynthesis. Pink1 is a protein kinase located in the outer
membrane of the mitochondria. It has the function of protecting

O
-~
~0 x RS

(n =5-9)

FIGURE 6 Chemical structure of CoQ, (ubiquinone, n = 9).

mitochondria when the cell has abnormally high energy require-
ments. When mitochondria are damaged, the cell recognizes and
clears the dysfunctional mitochondria through the Pink1 protein
(Vos et al., 2012) and/or mitochondrial quality-control loop (Tang
et al.,, 2022). It is now known that this steady-state imbalance is
related to the occurrence of Parkinson's disease (PD) (Opdebeeck
et al., 2019). Such a result indicates a molecular mechanism of VitK2
in the treatment of PD. However, in a 2019 study using human
CoQ,,-deficient cell lines and yeast carrying mutations in genes re-
quired for CoQ, biosynthesis, Cerqua and coauthors claimed that
VitK2, despite reaching mitochondria, restored neither electron
flow in the respiratory chain nor ATP synthesis (Cerqua et al., 2019).
It was considered that the role of VitK2 as electron carrier (if con-
firmed) might probably be restricted to Drosophila, rather than
being a general phenomenon in eukaryotic cells.

In recent years, because of the lack of VitK2 biosynthesis en-
zymes in humans and the vital role played by VitK2 in bacteria, the
design of inhibitors targeting the VitK2 biosynthetic pathway has
received considerable attention. This is especially so for the design
of novel and selective antimicrobial agents targeting multidrug-
resistant Gram-positive pathogens including Mycobacterium tuber-
culosis (Sogi et al., 2016).

2.6 | Neuroprotection

Oxidative and neuroinflammatory mechanisms of cellular dam-
age are associated with many neurological disorders, including
neurodegenerative conditions such as Alzheimer's disease (AD)
and Parkinson's disease (PD). An increasing body of evidence
suggests the possible role of VitK supplementation as a novel
neuroprotective strategy in the maintenance of nerve integ-
rity and normal brain function, including cognition and behavior
(Carrié et al., 2011; Chouet et al., 2015; Cocchetto et al., 1985;
Ferland, 2013; Josey et al., 2013).

Modulatory roles of VitK in cognition and behavior and in sphin-
golipid homeostasis have been supported by a growing body of pre-
clinical evidence. Following a 6-month treatment with a VitK1 diet,
rats had increased MK-4 levels in various brain regions, with signifi-
cantly higher MK-4 levels in myelinated regions (the pons medulla
and midbrain; Carrié et al., 2004). The same research group also
revealed that long-term VitK1 and MK-2 depletion correlated with
increased cognitive impairment, as measured by the Morris Water
Maze (MWM) test in rat models, especially in older animals (20
months), who took longer to perform the task (Carrié et al., 2011). In
addition, this observation was further supported by human studies
(Chouet et al., 2015; Soutif-Veillon et al., 2016).

In a behavioral-perturbations study, Cocchetto et al. (1985) ob-
served a 25% reduction in locomotor activity in a rat group fed a
VitK-deficient diet compared with that of the control group in the
open-field paradigm assessment. Significantly less exploratory be-
haviors were also seen in the group receiving warfarin treatment.

The radial-arm maze assessment provided similar results in terms of
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reduction in locomotor activity by VitK dietary depletion, but no al-
teration in short-term memory was evident.

Several studies have provided evidence that MK-4 is the pre-
dominant form of VitK in both rat and human brain tissue (Ferland
et al., 2016; Nakagawa et al., 2010), even though the majority of ex-
trahepatic tissues have VitK1 and MK-4 (Ferland, 2012). MK-4 was
reported to account for >98% of the total VK content in the rat brain
between 6 and 21 months (Carrié et al., 2004). Sex, age, and diet also
influence the concentration of MK-4 in brain (Ferland et al., 2016).
Higher MK-4 levels in the cortex and cerebellum of female Brown
Norway rats were observed compared to males on a similar diet.
Interestingly, the concentration of MK-4 reduced from 12 to 24
months (Huber et al., 1999).

It is well known that VitK is a necessary factor for the biosyn-
thesis and metabolism of sphingolipids, by modulating certain key
enzyme activities involved (Lev, 1979). Sphingolipids represent
an important class of lipids, which exist in high concentrations
in neuronal and glial cell membranes and function in brain cell
events, including signaling, proliferation, differentiation, sur-
vival, synaptic transmission, neuronal-glial interaction, and my-
elin stability (Olsen & Faergeman, 2017). The major sphingolipids,
including ceramide, sphingomyelin, cerebroside, sulfatides, and gan-
gliosides (Ferland, 2012), are associated with neuroinflammation and

neurodegeneration because of their effects on microglial activation
and accumulation of amyloid precursor protein (Alisi et al., 2019). In
rat experiments conducted by Carrié et al. (2004), MK-4 levels were
found to be positively correlated with concentrations of sphingomy-
elin and sulfatides, and negatively correlated with ganglioside con-
centration in both low (80 pg/kg) and adequate (500 pg/kg) VitK1
diet groups. Crivello et al. (2010) also showed significant positive
correlations between sulfatide and MK-4 levels in the hippocampus
and cortex of 12- and 24-month male Fisher rats (n = 344) receiving
VitK1 dietary supplementation, but no significant correlations were
found in the striatum.

Due to the wide distribution of Gasé in the central and pe-
ripheral nervous systems, the neurofunctions of Gasé to maintain
adequate cerebral homeostasis have been studied, including antia-
poptotic, cell growth, mitogenic, myelinating activity in neuronal and
glial cells (especially oligodendrocytes, Schwann cells, and microglia)
(Ferland, 2012). Since Gas6 is a VKDP, it has been suggested that
VitK2 must play an important protective role in the nervous system
by regulating Gasé. Huang et al. (2021) suggested that VitK2's pro-
tective effect against amyloid B-protein (Ap) cytotoxicity in neural
cells might be through Gasé activation, leading to upregulation of
the phosphatidylinositol 3-kinase (PI3K)/Akt/Ax| pathway and inhi-
bition of caspase-3-mediated apoptosis. A plaque accumulation in

Vitamin K2 effect on neuroprotection
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FIGURE 7 The protective effect of vitamin K2 on neuroprotection. It is considered to be associated with modulating neurodegeneration,
inflammation, and oxidative stress via with (green route) or without (red) the involvement of VKDPs (Gasé, Protein S). VKDP: vitamin K-
dependent protein; Gasé: growth-arrest-specific gene 6; Ap: amyloid p-protein; ROS: reactive oxygen species; MAPK: mitogen-activated
protein kinase; PI3K: phosphatidylinositol 3-kinase; Akt: protein kinase B; Axl: Axl receptor tyrosine kinase; PKA: protein kinase A; TAM:

Tyro3, Axl, and MERTK.

959917 SUOWIWIOD SAITeRID 3|cedljdde 8y} Ag paueAoB aJe SSo1le YO 9SN JO S9N Joy Aleud 1 8U1jUO 4|1 UO (SUOTIPUO-PUE-SLUBI WD AS | 1M Aelq 18Ul [UO//:SANL) SUOIIPUOD pue SWS 1 8u) 89S *[5202/40/.2] Uo AkeiqiaulluO AS|IM ‘ETZE SUS)/Z00T OT/I0p/Wod" Ao Im Akelq 1 puljuo//sdny wody pepeojumod ‘v ‘€202 ‘2L T.8702



YAN ET AL.

_W[ LEYM

the brain is clinically considered as a biocharacteristic feature of AD,
being responsible for the massive neuronal death seen. Specifically,
Hadipour et al. (2020) recently demonstrated that VitK2 protected
PC12 cells against Aﬁ(uz) and H,0,-induced apoptosis in a model of
AD cell damage, via inactivating the p38 MAPK pathway. Similarly,
Tsang and Kamei (2002) showed that both MK-4 and VitK1 en-
hanced neurite outgrowth in PC12D cells by activation of protein
kinase (PK) A and MAPK-mediated signaling pathways. The neuro-
fibrillary tangles of the microtubule-binding protein tau are another
suggested mechanism defining AD (Alisi et al., 2019). Protein S has
a neuronal protective role during cerebral ischemia and hypoxic in-
jury (Ferland, 2012) both of which contribute to vascular dementia
caused by several vascular pathologies (Alisi et al., 2019).

In the same vein, Yang et al. (2017, 2020) reported that VitK2
treatment, particularly MK-7, exhibited a significant neuroprotective
effect on cultured rat astrocytes against hypoxia-induced apoptosis,
and proposed the possible involvement of protein S and Gasé by in-
hibiting mitochondrial dysfunction and the expression of proinflam-
matory cytokines, and/or reducing reactive oxygen species (ROS)
as well as superoxide generation. A placebo-controlled clinical trial
(DRKS00019932) is currently ongoing to determine the potential
effects of MK-7 in patients with PD and mitochondrial dysfunction,
where 130 participants are involved (Prasuhn et al., 2021). The pro-
posed actions of VitK's neuroprotective effects are summarized in
Figure 7.

A limited number of studies have provided evidence of a direct
action of VitK (primarily VitK2), where VKDP may not be involved.

In both primary cultured neurons and human neuroblastoma IMR-
32 cells, MK-4 and VitK1 inhibited methylmercury-induced neuro-
nal death without affecting glutathione levels (Sakaue et al., 2011),
suggesting the potential of VitK treatment for neural disease condi-
tions involving glutathione depletion. Evidence also indicates that
VitK2 directly suppresses rotenone-induced activation of cultured
microglial BV2 cells by inhibiting ROS production of reactive oxygen
species and p38 MAPK activation (Yu et al., 2016), and by inhibiting
the activation of 12-lipoxygenase in developing oligodendrocytes to
prevent oxidative cell death (Li et al., 2009).

2.7 | Coronavirus disease

A recent review has collected evidence exploring the potential ben-
eficial role of VitK in the pathogenesis of COVID-19 through pro-
posed effects on coagulation and/or immuno-regulation (Figure 8;
Kudelko et al., 2021). By using a causal loop diagram, Goddek pro-
posed a potential synergistic effect between VitK and vitamin D
against COVID-19, to prevent long-term health risks (Goddek, 2020).
This was demonstrated by a prospective observational study involv-
ing 100 COVID-19 patients and 50 controls (median age 55), where
worse disease severity was found to be positively and independently
correlated with both VitK and vitamin D deficiency using the dp-
ucMGP level as a biomarker (Desai et al., 2021), but the clinical study
is lacking in order to prove whether optimization of VitK and vitamin

D status could have such positive impact clinically.

Intravascular Coagulopathy

Thrombosis

Hemostatic Abnormalities

- | Pulmonary microthrombi

Respiratory Impairment

Heart attack
|_| Stroke Protein S
Protein C
ARDs :
* Increased inflammatory VitK1 & VitK2
cytokines (1L-6, TNF-qa, IL-1, CRP)
* Lymphopenia
MGP

Pulmonary fibrosis
* Increased MMPs 8 & 9

FIGURE 8 The potential modulating role of vitamin K (VitK) in thromboembolism and respiratory impairment related to COVID-19
pathogenesis. Following the entry of SARS-CoV-2 into alveolar type Il cells, the virus causes lung epithelial cell and endothelial cell infection.
The former leads to respiratory impairment, associated with (i) the production of pro-inflammatory cytokines [i.e., Interleukin 6 (IL-6), Tumor
Necrosis Factor-alpha (TNF-a), IL-1, and C-reactive protein (CRP)], causing acute respiratory distress syndrome (ARDS), and (ii) increased
levels of metalloproteinases (MMPs) 8 and 9, inducing pulmonary fibrosis (grey route). The latter affects normal coagulation processes,
resulting in hemostatic abnormalities including intravascular coagulopathy, thrombosis, pulmonary microthrombi, heart attacks, and stroke
(red route). This pathogenesis is associated with insufficient carboxylation of Matrix Gla protein (MGP), Protein S, and Protein C; therefore, a

modulating role of VitK is proposed (green route).
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Chiodini et al. (2021) very recently published a meta-analysis
based on 54 studies, showing that COVID-19 patients requiring hos-
pital admission and with low vitamin D levels present an increased
risk of respiratory distress and mortality due to respiratory failure
or other complications. This supports the protective role of ad-
ministration of vitamin D against acute respiratory tract infection
based on its anti-inflammatory properties as previously suggested
(Martineau et al., 2019). However, pro-calcification effects of vita-
min D in COVID-19 patients have been hypothesized, based on a
recent study with 135 hospitalized patients, where vitamin D suffi-
cient patients (25(0OH)D >50 nmol/L) had increased degradation of
elastic fiber in lung compared to those with mild deficiency (25(0OH)
D 25-50 nmol/L); whereas no difference in vitamin D level was seen
between patients in good and bad (intubation and/or death) condi-
tion (Walk et al., 2020). This suggests that VitK might be considered
when administration of calcium is needed for COVID-19 patients,
in order to compensate for the potential negative consequence of
fiber degradation caused by calcification. Similar findings have been
further demonstrated in human trials with measurement of VitK
alone, including a trial with 138 COVID-19 patients and 138 con-
trols, where it was found that an elevated dp-ucMGP level was as-
sociated with mortality in patients, after adjusting for gender and
age factors (Linneberg et al., 2021). These data so far suggest that
there might be a pathway of pneumonia-induced extrahepatic VitK
depletion in COVID-19 patients resulting in accelerated elastic fiber
degradation and thrombosis formation, due to impaired activation of
VKDPs (MGP and Protein S; Dofferhoff et al., 2021). A randomized,
controlled phase-2 trial has recently been set up to investigate ef-
fects of VitK2 (MK-7) in COVID-19 (NCT04770740) (Hospital, 2021).
More immediate observational studies and larger randomized clini-
cal trials are warranted to further evaluate the effect of VitK on the
prognosis of COVID-19 patients and the beneficial impact of VitK
supplementation on clinical severity.

In the meanwhile, we further suggest that monitoring and sup-
plementation of VitK2 (or even VitK in general), based on recom-
mended adequate daily doses of 90 mg (female >19 years old)/120
mg (male >19years old) (NIH, 2021), could also be considered as a
part of the COVID-19 treatment strategy in counteracting COVID-19
infection and reducing complications; thus, reinforcing the health
maintenance and therapeutic potential of optimal circulatory levels
of VitK. It is also recommended that more investigations using other
biomarkers (rather than dp-ucMGP) to measure the VitK2 level are

needed to provide more robust scientific evidence.

3 | CONCLUSION

Vitamin K2, together with VitK1, is one of the important and essential
naturally occurring vitamins for human health. This study provides a
comprehensive overview of available data to add to the understanding
of its biological ‘fingerprint’, and maps the effects of VitK2, extending
from its well-known role in blood coagulation to promotion of osteo-
genesis, prevention of calcification, relief of menopausal symptoms,

enhancement of mitochondrial energy release, and its protective
effects on the liver and nerves. It is clear that VKDPs are a primary
target for VitK2, such as OC, MGP, Gasé, and Protein S, thus control-
ling the body's various physiological functions by regulation of Ca%*
distribution. Mitochondrial respiratory chains have been considered
to be the second target of VitK2 in energy conversion and release, as
well as cell survival through the electron transfer process. But there
is currently limited proof for this claim, especially for mammalian cells.
Taken together, according to current studies, VitK, especially VitK2, is
an important bioactive nutrient family for human health. The benefi-
cial effects of VitK2 in various conditions emphasize the importance
of VitK2 in the global diet, as evidenced by the results presented in
this review. However, biological and clinical data are still inconsist-
ent and conflicting; therefore, more in-depth investigations, including
larger and longer duration trials with better design are warranted to
optimize its use as a potentially useful strategy for the prevention and
treatment of a range of disease conditions.

ACKNOWLEDGMENT
The authors would like to thank Kin Aik Kok for reviewing the refer-

ences presented in Table 1.

FUNDING INFORMATION
This research received no external funding.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
There is no primary data associated with this manuscript.

ORCID
Tao Zhang "' https://orcid.org/0000-0003-1079-5364
REFERENCES

Abdelhamid, Z., EImarakby, D., Omar, A., & Farag, A. (2019). Histological
and immuno-histochemical study on the possible effect of vitamin
k2 on the hepatic oval cells in 30 diabetic and non-diabetic albino
rats. Egyptian Journal of Histology, 42(1), 202-214. https://doi.
org/10.21608/EJH.2019.36766

Akbari, S., & Rasouli-Ghahroudi, A. A. (2018). Vitamin K and bone
metabolism: A review of the latest evidence in preclinical stud-
ies. BioMed Research International, 2018, 4629383. https://doi.
org/10.1155/2018/4629383

Alisi, L., Cao, R., de Angelis, C., Cafolla, A., Caramia, F., Cartocci, G.,
Librando, A., & Fiorelli, M. (2019). The relationships between vi-
tamin K and cognition: A review of current evidence. Frontiers in
Neurology, 10, 239. https://doi.org/10.3389/fneur.2019.00239

Asawa, Y., Amizuka, N., Hara, K., Kobayashi, M., Aita, M., Li, M., Kenmotsu,
S., Oda, K., Akiyama, Y., & Ozawa, H. (2004). Histochemical evalu-
ation for the biological effect of menatetrenone on metaphyseal
trabeculae of ovariectomized rats. Bone, 35(4), 870-880. https://
doi.org/10.1016/j.bone.2004.06.007

Azuma, K., Ouchi, Y., & Inoue, S. (2014). Vitamin K: Novel molecular
mechanisms of action and its roles in osteoporosis. Geriatrics
& Gerontology International, 14(1), 1-7. https://doi.org/10.1111/
ggi.12060

85U017 SUOWIWIOD BAITED) 3|ceoldde ayy Aq peusenob afe sajolle YO ‘8Sn JO'Sa|nJ Jo} Akeiq1T8ulJUO AB|IA UO (SUORIPUOD-PUE-SWLBIWO A 1M ARe.d1[euluo//SdnL) SUORIPUOD Pue Swie 1 8y} 88S *[5202/#0/.2] Uo ARiqiTaul|uo A8|IM ‘€TZE EUSI/Z00T OT/I0p/L0o" A8 1M ARelq 1 jpuljuo//sdny wouy pepeoumod ‘v ‘€202 ‘LLT.8Y02


https://orcid.org/0000-0003-1079-5364
https://orcid.org/0000-0003-1079-5364
https://doi.org/10.21608/EJH.2019.36766
https://doi.org/10.21608/EJH.2019.36766
https://doi.org/10.1155/2018/4629383
https://doi.org/10.1155/2018/4629383
https://doi.org/10.3389/fneur.2019.00239
https://doi.org/10.1016/j.bone.2004.06.007
https://doi.org/10.1016/j.bone.2004.06.007
https://doi.org/10.1111/ggi.12060
https://doi.org/10.1111/ggi.12060

YAN ET AL.

Bellosta, P.,, Zhang, Q., Goff, S. P., & Basilico, C. (1997). Signaling through
the ARK tyrosine kinase receptor protects from apoptosis in the ab-
sence of growth stimulation. Oncogene, 15(20), 2387-2397. https://
doi.org/10.1038/sj.0nc.1201419

Beulens, J. W., Booth, S. L., van den Heuvel, E. G., Stoecklin, E., Baka,
A., & Vermeer, C. (2013). The role of menaquinones (vitamin K,)
in human health. British Journal of Nutrition, 110(8), 1357-1368.
https://doi.org/10.1017/s0007114513001013

Beulens, J. W., Bots, M. L., Atsma, F., Bartelink, M. L., Prokop, M.,
Geleijnse, J. M., Witteman, J. C., Grobbee, D. E., & van der Schouw,
Y. (2009). High dietary menaquinone intake is associated with re-
duced coronary calcification. Atherosclerosis, 203(2), 489-493.
https://doi.org/10.1016/j.atherosclerosis.2008.07.010

Bordoloi, J., Kalita, J., & Manna, P. (2020). Vitamin K stimulates Gasé
carboxylation and inhibits hyperlipidemia associated hepatic in-
flammation via arresting monocyte-hepatocyte adhesion. Current
Developments in Nutrition, 4(Supplement_2), 1781. https://doi.
org/10.1093/cdn/nzaa067_008

Brandenburg, V. M., Reinartz, S., Kaesler, N., Kriger, T., Dirrichs, T.,
Kramann, R., Peeters, F., Floege, J., Keszei, A., Marx, N., Schurgers,
L. J., & Koos, R. (2017). Slower progress of aortic valve calcification
with vitamin k supplementation: Results from a prospective inter-
ventional proof-of-concept study. Circulation, 135(21), 2081-2083.
https://doi.org/10.1161/circulationaha.116.027011

Brandenburg, V. M., Schurgers, L. J., Kaesler, N., Pische, K., van Gorp,
R. H., Leftheriotis, G., Reinartz, S., Koos, R., & Kriger, T. (2015).
Prevention of vasculopathy by vitamin K supplementation: Can we
turn fiction into fact? Atherosclerosis, 240(1), 10-16. https://doi.
org/10.1016/j.atherosclerosis.2015.02.040

Carrié, |, Bélanger, E., Portoukalian, J., Rochford, J., & Ferland, G. (2011).
Lifelong low-phylloquinone intake is associated with cognitive im-
pairments in old rats. The Journal of Nutrition, 141(8), 1495-1501.
https://doi.org/10.3945/jn.110.137638

Carrié, 1., Portoukalian, J., Vicaretti, R., Rochford, J., Potvin, S. P., &
Ferland, G. (2004). Menaquinone-4 concentration is correlated
with sphingolipid concentrations in rat brain. The Journal of
Nutrition, 134(1), 167-172. https://doi.org/10.1093/jn/134.1.167

Cavaco, S., Viegas, C. S., Rafael, M. S., Ramos, A., Magalhées, J., Blanco,
F. J., Vermeer, C., & Simes, D. C. (2016). Gla-rich protein is involved
in the cross-talk between calcification and inflammation in osteo-
arthritis. Experientia, 73(5), 1051-1065. https://doi.org/10.1007/
s00018-015-2033-9

Cerqua, C., Casarin, A., Pierrel, F., Vazquez Fonseca, L., Viola, G., Salviati,
L., & Trevisson, E. (2019). Vitamin K2 cannot substitute Coenzyme
Q10 as electron carrier in the mitochondrial respiratory chain
of mammalian cells. Scientific Reports, 9(1), 6553. https://doi.
org/10.1038/541598-019-43014-y

Chatrou, M. L., Cleutjens, J. P, van der Vusse, G. J., Roijers, R. B,
Mutsaers, P. H., & Schurgers, L. J. (2015). Intra-section analysis
of human coronary arteries reveals a potential role for micro-
calcifications in macrophage recruitment in the early stage of ath-
erosclerosis. PLoS One, 10(11), e0142335. https://doi.org/10.1371/
journal.pone.0142335

Chen, S., Xu, H., Chen, M., Wang, Z. L., & Zuo, L. Q. (2015). Effect of
vitamin K2 rat collagen and matrix metalloproteinase 2. Modern
Diagnosis & Treatment, 8, 1702-1704.

Chiodini, I., Gatti, D., Soranna, D., Merlotti, D., Mingiano, C., Fassio, A,
Adami, G., Falchetti, A., Eller-Vainicher, C., Rossini, M., Persani,
L., Zambon, A., & Gennari, L. (2021). Vitamin D status and SARS-
CoV-2 infection and COVID-19 clinical outcomes. Frontiers in Public
Health, 9(1968), 1-19. https://doi.org/10.3389/fpubh.2021.736665

Chouet, J., Ferland, G., Féart, C., Rolland, Y., Presse, N., Boucher, K.,
Barberger-Gateau, P., Beauchet, O., & Annweiler, C. (2015). Dietary
vitamin K intake is associated with cognition and behaviour among
geriatric patients: The CLIP study. Nutrients, 7(8), 6739-6750.
https://doi.org/10.3390/nu7085306

—Wl LEYJE

Cocchetto,D.M.,Miller,D.B.,Miller, L.L.,&Bjornsson, T.D.(1985). Behavioral
perturbations in the vitamin K-deficient rat. Physiology & Behavior,
34(5), 727-734. https://doi.org/10.1016/0031-9384(85)90371-3

Conly, J. M., Stein, K., Worobetz, L., & Rutledge-Harding, S. (1994). The
contribution of vitamin K2 (menaquinones) produced by the intes-
tinal microflora to human nutritional requirements for vitamin K.
American Journal of Gastroenterology, 89(6), 915-923.

Crivello, N. A,, Casseus, S. L., Peterson, J. W,, Smith, D. E., & Booth, S. L.
(2010). Age- and brain region-specific effects of dietary vitamin K
on myelin sulfatides. The Journal of Nutritional Biochemistry, 21(11),
1083-1088. https://doi.org/10.1016/j.jnutbio.2009.09.005

Cui, L., Xu, J., Zhang, J., Zhang, M., Zhang, S., & Bai, Y. (2018).
Menaquinone-4 modulates the expression levels of calcification-
associated factors to inhibit calcification of rat aortic vascular
smooth muscle cells in a dose-dependent manner. Experimental and
Therapeutic Medicine, 16(4), 3172-3178. https://doi.org/10.3892/
etm.2018.6535

Dahlberg, S., Ede, J., Schurgers, L., Vermeer, C., Kander, T., Klarin, B.,
& Schétt, U. (2018). Desphospho-uncarboxylated matrix-gla pro-
tein is increased postoperatively in cardiovascular risk patients.
Nutrients, 10(1), 46. https://doi.org/10.3390/nu10010046

Dalmeijer, G. W., van der Schouw, Y. T., Vermeer, C., Magdeleyns, E. J.,
Schurgers, L. J., & Beulens, J. W. (2013). Circulating matrix Gla pro-
tein is associated with coronary artery calcification and vitamin K
status in healthy women. The Journal of Nutritional Biochemistry,
24(4), 624-628. https://doi.org/10.1016/j.jnutbio.2012.02.012

Dam, H. (1935). The antiheemorrhagic vitamin of the chick: Occurrence
and chemical nature. Nature, 135(3417), 652-653. https://doi.
org/10.1038/135652b0

Desai, A. P., Dirajlal-Fargo, S., Durieux, J. C., Tribout, H., Labbato, D.,
& McComsey, G. A. (2021). Vitamin K & D deficiencies are in-
dependently associated with COVID-19 disease severity. Open
Forum Infectious Diseases, 8(10), 1-8. https://doi.org/10.1093/ofid/
ofab408

Dofferhoff, A. S. M., Piscaer, I., Schurgers, L. J., Visser, M. P. J., van den
Ouweland, J. M. W., de Jong, P. A,, Gosens, R., Hackeng, T. M., van
Daal, H., Lux, P., Maassen, C., Karssemeijer, E. G. A., Vermeer, C.,
Wouters, E. F. M., Kistemaker, L. E. M., Walk, J., & Janssen, R. (2021).
Reduced vitamin K status as a potentially modifiable risk factor of
severe coronavirus disease 2019. Clinical Infectious Diseases, 73(11),
e4039-e4046. https://doi.org/10.1093/cid/ciaal258

El Asmar, M. S., Naoum, J. J., & Arbid, E. J. (2014). Vitamin K depen-
dent proteins and the role of vitamin k2 in the modulation of vas-
cular calcification: A review. Oman Medical Journal, 29(3), 172-177.
https://doi.org/10.5001/0mj.2014.44

Epstein, M. (2016). Matrix Gla-protein (MGP) not only inhibits calcifica-
tion in large arteries but also may be renoprotective: Connecting
the dots. eBioMedicine, 4, 16-17. https://doi.org/10.1016/j.
ebiom.2016.01.026

Ferland, G. (2012). Vitamin K and the nervous system: An overview
of its actions. Advances in Nutrition, 3(2), 204-212. https://doi.
org/10.3945/an.111.001784

Ferland, G. (2013). Vitamin K and brain function. Seminars in
Thrombosis and Hemostasis, 39(8), 849-855. https://doi.
org/10.1055/5s-0033-1357481

Ferland, G., Doucet, I., & Mainville, D. (2016). Phylloquinone and men-
aquinone-4 tissue distribution at different life stages in male and
female Sprague-Dawley rats fed different VK levels since weaning
or subjected to a 40% calorie restriction since adulthood. Nutrients,
8(3), 141. https://doi.org/10.3390/nu8030141

Fernandez-Fernandez, L., Bellido-Martin, L., & Garcia de Frutos, P.(2008).
Growth arrest-specific gene 6 (GAS6). An outline of its role in hae-
mostasis and inflammation. Journal of Thrombosis and Haemostasis,
100(4), 604-610. https://doi.org/10.1160/th08-04-0253

Geleijnse, J. M., Vermeer, C., Grobbee, D. E., Schurgers, L. J., Knapen, M.
H.,vander Meer, .M., Hofman, A., & Witteman, J. C.(2004). Dietary

85U017 SUOWIWIOD BAITED) 3|ceoldde ayy Aq peusenob afe sajolle YO ‘8Sn JO'Sa|nJ Jo} Akeiq1T8ulJUO AB|IA UO (SUORIPUOD-PUE-SWLBIWO A 1M ARe.d1[euluo//SdnL) SUORIPUOD Pue Swie 1 8y} 88S *[5202/#0/.2] Uo ARiqiTaul|uo A8|IM ‘€TZE EUSI/Z00T OT/I0p/L0o" A8 1M ARelq 1 jpuljuo//sdny wouy pepeoumod ‘v ‘€202 ‘LLT.8Y02


https://doi.org/10.1038/sj.onc.1201419
https://doi.org/10.1038/sj.onc.1201419
https://doi.org/10.1017/s0007114513001013
https://doi.org/10.1016/j.atherosclerosis.2008.07.010
https://doi.org/10.1093/cdn/nzaa067_008
https://doi.org/10.1093/cdn/nzaa067_008
https://doi.org/10.1161/circulationaha.116.027011
https://doi.org/10.1016/j.atherosclerosis.2015.02.040
https://doi.org/10.1016/j.atherosclerosis.2015.02.040
https://doi.org/10.3945/jn.110.137638
https://doi.org/10.1093/jn/134.1.167
https://doi.org/10.1007/s00018-015-2033-9
https://doi.org/10.1007/s00018-015-2033-9
https://doi.org/10.1038/s41598-019-43014-y
https://doi.org/10.1038/s41598-019-43014-y
https://doi.org/10.1371/journal.pone.0142335
https://doi.org/10.1371/journal.pone.0142335
https://doi.org/10.3389/fpubh.2021.736665
https://doi.org/10.3390/nu7085306
https://doi.org/10.1016/0031-9384(85)90371-3
https://doi.org/10.1016/j.jnutbio.2009.09.005
https://doi.org/10.3892/etm.2018.6535
https://doi.org/10.3892/etm.2018.6535
https://doi.org/10.3390/nu10010046
https://doi.org/10.1016/j.jnutbio.2012.02.012
https://doi.org/10.1038/135652b0
https://doi.org/10.1038/135652b0
https://doi.org/10.1093/ofid/ofab408
https://doi.org/10.1093/ofid/ofab408
https://doi.org/10.1093/cid/ciaa1258
https://doi.org/10.5001/omj.2014.44
https://doi.org/10.1016/j.ebiom.2016.01.026
https://doi.org/10.1016/j.ebiom.2016.01.026
https://doi.org/10.3945/an.111.001784
https://doi.org/10.3945/an.111.001784
https://doi.org/10.1055/s-0033-1357481
https://doi.org/10.1055/s-0033-1357481
https://doi.org/10.3390/nu8030141
https://doi.org/10.1160/th08-04-0253

YAN ET AL.

1652
—I—Wl LEY-

intake of menaquinone is associated with a reduced risk of coro-
nary heart disease: The Rotterdam Study. The Journal of Nutrition,
134(11), 3100-3105. https://doi.org/10.1093/jn/134.11.3100

Gigante, A., Brugg, F., Cecconi, S., Manzotti, S., Littarru, G. P.,, & Tiano, L.
(2015). Vitamin MK-7 enhances vitamin D3-induced osteogenesis
in hMSCs: Modulation of key effectors in mineralization and vas-
cularization. Journal of Tissue Engineering and Regenerative Medicine,
9(6), 691-701. https://doi.org/10.1002/term.1627

Goddek, S. (2020). Vitamin D3 and K2 and their potential contribution
to reducing the COVID-19 mortality rate. International Journal
of Infectious Diseases, 99, 286-290. https://doi.org/10.1016/j.
ijid.2020.07.080

Goiko, M., Dierolf, J., Gleberzon, J. S., Liao, Y., Grohe, B., Goldberg, H. A.,
de Bruyn, J. R., & Hunter, G. K. (2013). Peptides of Matrix Gla pro-
tein inhibit nucleation and growth of hydroxyapatite and calcium
oxalate monohydrate crystals. PLoS One, 8(11), e80344. https://doi.
org/10.1371/journal.pone.0080344

Goree, J. A., Wallace, K. K., Jr., & Bean, R. L. (1963). The pineal tomogram.
Visualization of the faintly calcified pineal gland. The American
Journal of Roentgenology Radium Therapy and Nuclear Medicine, 89,
1209-1211.

Griffin, T. P, Islam, M. N., Wall, D., Ferguson, J., Griffin, D. G., Griffin, M. D.,
& O'Shea, P. M. (2019). Plasma dephosphorylated-uncarboxylated
Matrix Gla-Protein (dp-ucMGP): Reference intervals in Caucasian
adults and diabetic kidney disease biomarker potential. Scientific
Reports, 9(1), 18452. https://doi.org/10.1038/541598-019-54762-2

Hadipour, E., Tayarani-Najaran, Z., & Fereidoni, M. (2020). Vitamin K2
protects PC12 cells against Ap (1-42) and H,O,-induced apoptosis
via p38 MAP kinase pathway. Nutritional Neuroscience, 23(5), 343-
352. https://doi.org/10.1080/1028415X.2018.1504428

Hara, K., Akiyama, Y., Nakamura, T., Murota, S., & Morita, I. (1995). The
inhibitory effect of vitamin K2 (menatetrenone) on bone resorption
may be related to its side chain. Bone, 16(2), 179-184. https://doi.
org/10.1016/8756-3282(94)00027-W

Hauschka, P. V., Lian, J. B., Cole, D. E., & Gundberg, C. M. (1989).
Osteocalcin and matrix Gla protein: Vitamin K-dependent pro-
teins in bone. Physiological Reviews, 69(3), 990-1047. https://doi.
org/10.1152/physrev.1989.69.3.990

Hawellek, T., Hubert, J., Hischke, S., Krause, M., Bertrand, J., Pap, T.,
Pischel, K., Rither, W., & Niemeier, A. (2016). Articular cartilage
calcification of the hip and knee is highly prevalent, independent
of age but associated with histological osteoarthritis: Evidence for
a systemic disorder. Osteoarthritis Cartilage, 24(12), 2092-2099.
https://doi.org/10.1016/j.joca.2016.06.020

Hitomi, M., Yokoyama, F., Kita, Y., Nonomura, T., Masaki, T., Yoshiji, H.,
Inoue, H., Kinekawa, F., Kurokohchi, K., Uchida, N., Watanabe, S.,
& Kuriyama, S. (2005). Antitumor effects of vitamins K1, K2 and
K3 on hepatocellular carcinoma in vitro and in vivo. International
Journal of Oncology, 26(3), 713-720. https://doi.org/10.3892/
ij0.26.3.713

Hospital, C.-W. (2021). Randomized Controlled Clinical Trial to Investigate
Effects of Vitamin K2 in COVID-19 (KOVIT). (Clinical Trial) (Publication
no. https://clinicaltrials.gov/ct2/show/record/NCT04770740). U.S.
National Library of Medicine.

Huang, S.-H., Fang, S.-T., & Chen, Y.-C. (2021). Molecular mechanism
of vitamin K2 protection against amyloid-p-induced cytotoxicity.
Biomolecules, 11(3), 423.

Huang, Z. B., Wan, S. L., Lu, Y. J., Ning, L., Liu, C., & Fan, S. W. (2015).
Does vitamin K2 play a role in the prevention and treatment of
osteoporosis for postmenopausal women: A meta-analysis of ran-
domized controlled trials. Osteoporosis International, 26(3), 1175-
1186. https://doi.org/10.1007/s00198-014-2989-6

Huber, A. M., Davidson, K. W., O'Brien-Morse, M. E., & Sadowski, J.
A. (1999). Tissue phylloquinone and menaquinones in rats are af-
fected by age and gender. The Journal of Nutrition, 129(5), 1039-
1044. https://doi.org/10.1093/jn/129.5.1039

Ichikawa, T., Horie-Inoue, K., lkeda, K., Blumberg, B., & Inoue, S. (2006).
Steroid and xenobiotic receptor SXR mediates vitamin K2-activated
transcription of extracellular matrix-related genes and collagen
accumulation in osteoblastic cells. Journal of Biological Chemistry,
281(25), 16927-16934. https://doi.org/10.1074/jbc.M600896200

Ide, Y., Zhang, H., Hamajima, H., Kawaguchi, Y., Eguchi, Y., Mizuta, T,
Yamamoto, K., Fujimoto, K., & Ozaki, I. (2009). Inhibition of matrix
metalloproteinase expression by menatetrenone, a vitamin K2 ana-
logue. Oncology Reports, 22(3), 599-604. https://doi.org/10.3892/
or_00000478

Ikari, Y., Torii, S., Shioi, A., & Okano, T. (2016). Impact of menaquinone-4
supplementation on coronary artery calcification and arterial stiff-
ness: An open label single arm study. Nutrition Journal, 15(1), 53.
https://doi.org/10.1186/s12937-016-0175-8

Inaba, N., Sato, T., & Yamashita, T. (2015). Low-dose daily intake of vita-
min K(2) (Menaquinone-7) improves osteocalcin y-Carboxylation:
A double-blind, randomized controlled trials. Journal of Nutritional
Science and Vitaminology (Tokyo), 61(6), 471-480. https://doi.
org/10.3177/jnsv.61.471

Ingram, B., Turbyfill, J., Bledsoe, P., Jaiswal, A., & Stafford, D. (2013).
Assessment of the contribution of NAD(P)H-dependent quinone
oxidoreductase 1 (NQO1) to the reduction of vitamin K in wild-type
and NQO1-deficient mice. The Biochemical Journal, 456(1), 47-54.
https://doi.org/10.1042/BJ20130639

Ivanova, D., Zhelev, Z., Getsov, P., Nikolova, B., Aoki, I., Higashi, T., &
Bakalova, R. (2018). Vitamin K: Redox-modulation, prevention of
mitochondrial dysfunction and anticancer effect. Redox Biology, 16,
352-358. https://doi.org/10.1016/j.redox.2018.03.013

lwamoto, J., Seki, A., Sato, Y., Matsumoto, H., Tadeda, T., & Yeh, J. K.
(2010). Vitamin K2 promotes bone healing in a rat femoral oste-
otomy model with or without glucocorticoid treatment. Calcified
Tissue International, 86(3), 234-241. https://doi.org/10.1007/s0022
3-010-9333-8

Jadhav, N., Ajgaonkar, S., Saha, P., Gurav, P., Pandey, A., Basudkar, V.,
Gada, Y.,Panda,S.,Jadhav, S., Mehta, D., & Nair, S. (2022). Molecular
pathways and roles for vitamin K2-7 as a health-beneficial nutra-
ceutical: Challenges and opportunities. Frontiers in Pharmacology,
13, 896920. https://doi.org/10.3389/fphar.2022.896920

Jiang, X., Tao, H., Qiu, C., Ma, X,, Li, S., Guo, X., Lv, A, & Li, H. (2016).
Vitamin K2 regression aortic calcification induced by warfarin via
Gasé/Axl survival pathway in rats. European Journal of Pharmacology,
786, 10-18. https://doi.org/10.1016/j.ejphar.2016.05.022

Josey, B. J.,, Inks, E. S., Wen, X., & Chou, C. J. (2013). Structure-activity re-
lationship study of vitamin K derivatives yields highly potent neuro-
protective agents. Journal of Medicinal Chemistry, 56(3), 1007-1022.
https://doi.org/10.1021/jm301485d

Kaesler, N., Immendorf, S., Ouyang, C., Herfs, M., Drummen, N.,
Carmeliet, P., Vermeer, C., Floege, J., Kriger, T., & Schlieper, G.
(2016). Gasé6 protein: Its role in cardiovascular calcification. BMC
Nephrology, 17(1), 52. https://doi.org/10.1186/s12882-016-0265-z

Kanamori, T., Shimizu, M., Okuno, M., Matsushima-Nishiwaki, R.,
Tsurumi, H., Kojima, S., & Moriwaki, H. (2007). Synergistic growth
inhibition by acyclic retinoid and vitamin K2 in human hepatocel-
lular carcinoma cells. Cancer Science, 98(3), 431-437. https://doi.
org/10.1111/j.1349-7006.2006.00384.x

Kaneda, M., Zhang, D., Bhattacharjee, R., Nakahama, K.-i., Arii, S., &
Morita, I. (2008). Vitamin K2 suppresses malignancy of HuH7 hep-
atoma cells via inhibition of connexin 43. Cancer Letters, 263(1), 53-
60. https://doi.org/10.1016/j.canlet.2007.12.019

Kaneki, M., Hodges, S. J., Hosoi, T., Fujiwara, S., Lyons, A., Crean, S. J.,
Ishida, N., Nakagawa, M., Takechi, M., Sano, Y., Mizuno, Y., Hoshino,
S., Miyao, M., Inoue, S., Horiki, K., Shiraki, M., Ouchi, Y., & Orimo,
H.(2001). Japanese fermented soybean food as the major determi-
nant of the large geographic difference in circulating levels of vita-
min K2: Possible implications for hip-fracture risk. Nutrition, 17(4),
315-321. https://doi.org/10.1016/s0899-9007(00)00554-2

85U017 SUOWIWIOD BAITED) 3|ceoldde ayy Aq peusenob afe sajolle YO ‘8Sn JO'Sa|nJ Jo} Akeiq1T8ulJUO AB|IA UO (SUORIPUOD-PUE-SWLBIWO A 1M ARe.d1[euluo//SdnL) SUORIPUOD Pue Swie 1 8y} 88S *[5202/#0/.2] Uo ARiqiTaul|uo A8|IM ‘€TZE EUSI/Z00T OT/I0p/L0o" A8 1M ARelq 1 jpuljuo//sdny wouy pepeoumod ‘v ‘€202 ‘LLT.8Y02


https://doi.org/10.1093/jn/134.11.3100
https://doi.org/10.1002/term.1627
https://doi.org/10.1016/j.ijid.2020.07.080
https://doi.org/10.1016/j.ijid.2020.07.080
https://doi.org/10.1371/journal.pone.0080344
https://doi.org/10.1371/journal.pone.0080344
https://doi.org/10.1038/s41598-019-54762-2
https://doi.org/10.1080/1028415X.2018.1504428
https://doi.org/10.1016/8756-3282(94)00027-W
https://doi.org/10.1016/8756-3282(94)00027-W
https://doi.org/10.1152/physrev.1989.69.3.990
https://doi.org/10.1152/physrev.1989.69.3.990
https://doi.org/10.1016/j.joca.2016.06.020
https://doi.org/10.3892/ijo.26.3.713
https://doi.org/10.3892/ijo.26.3.713
https://clinicaltrials.gov/ct2/show/record/NCT04770740
https://doi.org/10.1007/s00198-014-2989-6
https://doi.org/10.1093/jn/129.5.1039
https://doi.org/10.1074/jbc.M600896200
https://doi.org/10.3892/or_00000478
https://doi.org/10.3892/or_00000478
https://doi.org/10.1186/s12937-016-0175-8
https://doi.org/10.3177/jnsv.61.471
https://doi.org/10.3177/jnsv.61.471
https://doi.org/10.1042/BJ20130639
https://doi.org/10.1016/j.redox.2018.03.013
https://doi.org/10.1007/s00223-010-9333-8
https://doi.org/10.1007/s00223-010-9333-8
https://doi.org/10.3389/fphar.2022.896920
https://doi.org/10.1016/j.ejphar.2016.05.022
https://doi.org/10.1021/jm301485d
https://doi.org/10.1186/s12882-016-0265-z
https://doi.org/10.1111/j.1349-7006.2006.00384.x
https://doi.org/10.1111/j.1349-7006.2006.00384.x
https://doi.org/10.1016/j.canlet.2007.12.019
https://doi.org/10.1016/s0899-9007(00)00554-2

YAN ET AL.

Kanellakis, S., Moschonis, G., Tenta, R., Schaafsma, A., van den Heuvel,
E. G. H. M., Papaioannou, N., Lyritis, G., & Manios, Y. (2012).
Changes in parameters of bone metabolism in postmenopausal
women following a 12-month intervention period using dairy prod-
ucts enriched with calcium, vitamin D, and phylloquinone (vitamin
K1) or menaquinone-7 (vitamin K2): The postmenopausal health
study Il. Calcified Tissue International, 90(4), 251-262. https://doi.
org/10.1007/s00223-012-9571-z

Karl, P. I, Carnes, D. L., & Friedman, P. A. (1985). Effects of
1,25-dihydroxycholecalciferol administration on the rat renal vita-
min K-dependent carboxylating system. FEBS Letters, 192(2), 243-
246. https://doi.org/10.1016/0014-5793(85)80116-2

Khalil, Z., Alam, B., Akbari, A. R., & Sharma, H. (2021). The medical ben-
efits of vitamin K2 on calcium-related disorders. Nutrients, 13(2),
1-18. https://doi.org/10.3390/nu13020691

Knapen, M. H., Braam, L. A., Drummen, N. E., Bekers, O., Hoeks, A. P., &
Vermeer, C. (2015). Menaquinone-7 supplementation improves ar-
terial stiffness in healthy postmenopausal women. A double-blind
randomised clinical trial. Journal of Thrombosis and Haemostasis,
113(5), 1135-1144. https://doi.org/10.1160/th14-08-0675

Knapen, M. H. J., Drummen, N. E., Smit, E., Vermeer, C., & Theuwissen,
E. (2013). Three-year low-dose menaquinone-7 supplemen-
tation helps decrease bone loss in healthy postmenopausal
women. Osteoporosis International, 24(9), 2499-2507. https://doi.
org/10.1007/s00198-013-2325-6

Knapen, M. H. J,, Schurgers, L. J., & Vermeer, C. (2007). Vitamin K2 sup-
plementation improves hip bone geometry and bone strength in-
dices in postmenopausal women. Osteoporosis International, 18(7),
963-972. https://doi.org/10.1007/s00198-007-0337-9

Kondo, T., Itoh, S., Matsuoka, M., Azai, C., & Oh-oka, H. (2015).
Menaquinone as the secondary electron acceptor in the type |
homodimeric photosynthetic reaction center of heliobacterium
modesticaldum. The Journal of Physical Chemistry B, 119(27), 8480-
8489. https://doi.org/10.1021/acs.jpch.5b03723

Koshihara, Y., Hoshi, K., Okawara, R., Ishibashi, H., & Yamamoto, S. (2003).
Vitamin K stimulates osteoblastogenesis and inhibits osteoclasto-
genesis in human bone marrow cell culture. Journal of Endocrinology,
176(3), 339-348. https://doi.org/10.1677/joe.0.1760339

Kudelko, M., Yip, T. F.,, Hei Law, G. C., & Lee, S. M. Y. (2021). Potential
beneficial effects of vitamin Kin SARS-COV-2 induced vascular dis-
ease? The Journal of Inmunology, 1(1), 17-29.

Kurnatowska, ., Grzelak, P., Masajtis-Zagajewska, A., Kaczmarska, M.,
Stefanczyk, L., Vermeer, C., Maresz, K., & Nowicki, M. (2016).
Plasma desphospho-uncarboxylated matrix Gla protein as a marker
of kidney damage and cardiovascular risk in advanced stage of
chronic kidney disease. Kidney Blood Pressure Research, 41(3), 231~
239. https://doi.org/10.1159/000443426

Kurosu, M., & Begari, E. (2010). Vitamin K2 in electron transport system:
Are enzymes involved in vitamin K2 biosynthesis promising drug
targets? Molecules (Basel, Switzerland), 15(3), 1531-1553. https://
doi.org/10.3390/molecules15031531

Lahtinen, A. M., Havulinna, A. S., Jula, A., Salomaa, V., & Kontula, K. (2015).
Prevalence and clinical correlates of familial hypercholesterolemia
founder mutations in the general population. Atherosclerosis, 238(1),
64-69. https://doi.org/10.1016/j.atherosclerosis.2014.11.015

Lev, M. (1979). Sphingolipid biosynthesis and vitamin K metabolism in
Bacteroides melaninogenicus. The American Journal of Clinical
Nutrition, 32(1), 179-186. https://doi.org/10.1093/ajcn/32.1.179

Li, H., Zhou, Q., Bai, B.-L., Weng, S.-J., Wu, Z.-Y., Xie, Z.-J., Feng, Z. H.,
Cheng, L., Boodhun, V., & Yang, L. (2018). Effects of combined
human parathyroid hormone (1-34) and menaquinone-4 treatment
on the interface of hydroxyapatite-coated titanium implants in the
femur of osteoporotic rats. Journal of Bone and Mineral Metabolism,
36(6), 691-699. https://doi.org/10.1007/s00774-017-0893-9

Li, J., Wang, H., & Rosenberg, P. A. (2009). Vitamin K prevents oxidative
cell death by inhibiting activation of 12-lipoxygenase in developing

—Wl LEYJE

oligodendrocytes. Journal of Neuroscience Research, 87(9), 1997-
2005. https://doi.org/10.1002/jnr.22029

Li, L., Qi, Z., Qian, J., Bi, F,, Lv, J.,, Xu, L., Zhang, L., Chen, H., Zhang, L.,
Chen, H., & Jia, R. (2010). Induction of apoptosis in hepatocellular
carcinoma Smmc-7721 cells by vitamin K2 is associated with p53
and independent of the intrinsic apoptotic pathway. Molecular and
Cellular Biochemistry, 342(1-2), 125-131. https://doi.org/10.1007/
s11010-010-0476-8

Li, X., Yang, H.-Y., & Giachelli, C. M. (2008). BMP-2 promotes phosphate
uptake, phenotypic modulation, and calcification of human vascu-
lar smooth muscle cells. Atherosclerosis, 199(2), 271-277. https://
doi.org/10.1016/j.atherosclerosis.2007.11.031

Lijnen, H. R., Christiaens, V., & Scroyen, L. (2011). Growth arrest-specific
protein 6 receptor antagonism impairs adipocyte differentiation
and adipose tissue development in mice. Journal of Pharmacology
and Experimental Therapeutics, 337(2), 457-464. https://doi.
org/10.1124/jpet.110.178046

Lin, M., Sun, P, Zhang, G., Xu, X,, Liu, G., Miao, H., Yang, Y., Xu, H., Zhang,
L., Wu, P, & Li, M. (2014). Vitamin K2-enhanced liver regeneration is
associated with oval cell expansion and up-regulation of matrilin-2
expression in 2-AAF/PH rat model. Current Molecular Medicine, 14(3),
361-369. https://doi.org/10.2174/1566524013666131118113017

Linneberg, A., Kampmann, F. B., Israelsen, S. B., Andersen, L. R,
Jargensen, H. L., Sandholt, H., Jgrgensen, N. R., Thysen, S. M., &
Benfield, T. (2021). The association of low vitamin K status with
mortality in a cohort of 138 hospitalized patients with COVID-19.
Nutrients, 13(6), 1-9. https://doi.org/10.3390/nu13061985

Liu, W., Nakamura, H., Yamamoto, T., lkeda, N., Saito, M., Ohno, M.,
Hara, N., Imanishi, H., Shimomura, S., Yamamoto, T., Sakai, T.,
Nishiguchi, S., & Hada, T. (2007). Vitamin K2 inhibits the pro-
liferation of HepG2 cells by up-regulating the transcription of
p21 gene. Hepatology Research, 37(5), 360-365. https://doi.
org/10.1111/j.1872-034X.2007.00058.x

Mandatori, D., Pelusi, L., Schiavone, V., Pipino, C., Di Pietro, N., &
Pandolfi, A. (2021). The dual role of vitamin K2 in “bone-vascular
crosstalk”: Opposite effects on bone loss and vascular calcification.
Nutrients, 13(4), 1222. https://doi.org/10.3390/nu13041222

Maresz, K. (2015). Proper calcium use: Vitamin K2 as a promoter of bone
and cardiovascular health. Integrative Medicine (Encinitas, Calif.),
14(1), 34-39.

Maria, S., Swanson, M. H., Enderby, L. T., D'Amico, F., Enderby, B.,
Samsonraj, R. M., Dudakovic, A., van Wijnen, A., & Witt-Enderby,
P. A.(2017). Melatonin-micronutrients osteopenia treatment study
(MOTS): A translational study assessing melatonin, strontium (ci-
trate), vitamin D3 and vitamin K2 (MK7) on bone density, bone
marker turnover and health related quality of life in postmeno-
pausal osteopenic women following a one-year double-blind RCT
and on osteoblast-osteoclast co-cultures. Aging, 9(1), 256-285.
https://doi.org/10.18632/aging.101158

Marquis-Gravel, G., Redfors, B., Leon, M. B., & Généreux, P. (2016).
Medical treatment of aortic stenosis. Circulation, 134(22), 1766-
1784. https://doi.org/10.1161/CIRCULATIONAHA.116.023997

Martineau, A. R., Jolliffe, D. A., Greenberg, L., Aloia, J. F., Bergman, P.,
Dubnov-Raz, G., Esposito, S., Ganmaa, D., Ginde, A. A., Goodall, E.
C., Grant, C. C., Janssens, W.,, Jensen, M. E., Kerley, C. P., Laaksi,
I., Manaseki-Holland, S., Mauger, D., Murdoch, D. R., Neale, R.,
... Hooper, R. L. (2019). Vitamin D supplementation to prevent
acute respiratory infections: Individual participant data meta-
analysis. Health Technology Assessment, 23(2), 1-44. https://doi.
org/10.3310/hta23020

Matsunaga, S., Ito, H., & Sakou, T. (1999). The effect of vitamin K and
D supplementation on ovariectomy-induced bone loss. Calcified
Tissue International, 65(4), 285-289. https://doi.org/10.1007/s0022
39900700

Misra, D., Booth, S. L., Tolstykh, I., Felson, D. T., Nevitt, M. C., Lewis, C.
E., Torner, J., & Neogi, T. (2013). Vitamin K deficiency is associated

85U017 SUOWIWIOD BAITED) 3|ceoldde ayy Aq peusenob afe sajolle YO ‘8Sn JO'Sa|nJ Jo} Akeiq1T8ulJUO AB|IA UO (SUORIPUOD-PUE-SWLBIWO A 1M ARe.d1[euluo//SdnL) SUORIPUOD Pue Swie 1 8y} 88S *[5202/#0/.2] Uo ARiqiTaul|uo A8|IM ‘€TZE EUSI/Z00T OT/I0p/L0o" A8 1M ARelq 1 jpuljuo//sdny wouy pepeoumod ‘v ‘€202 ‘LLT.8Y02


https://doi.org/10.1007/s00223-012-9571-z
https://doi.org/10.1007/s00223-012-9571-z
https://doi.org/10.1016/0014-5793(85)80116-2
https://doi.org/10.3390/nu13020691
https://doi.org/10.1160/th14-08-0675
https://doi.org/10.1007/s00198-013-2325-6
https://doi.org/10.1007/s00198-013-2325-6
https://doi.org/10.1007/s00198-007-0337-9
https://doi.org/10.1021/acs.jpcb.5b03723
https://doi.org/10.1677/joe.0.1760339
https://doi.org/10.1159/000443426
https://doi.org/10.3390/molecules15031531
https://doi.org/10.3390/molecules15031531
https://doi.org/10.1016/j.atherosclerosis.2014.11.015
https://doi.org/10.1093/ajcn/32.1.179
https://doi.org/10.1007/s00774-017-0893-9
https://doi.org/10.1002/jnr.22029
https://doi.org/10.1007/s11010-010-0476-8
https://doi.org/10.1007/s11010-010-0476-8
https://doi.org/10.1016/j.atherosclerosis.2007.11.031
https://doi.org/10.1016/j.atherosclerosis.2007.11.031
https://doi.org/10.1124/jpet.110.178046
https://doi.org/10.1124/jpet.110.178046
https://doi.org/10.2174/1566524013666131118113017
https://doi.org/10.3390/nu13061985
https://doi.org/10.1111/j.1872-034X.2007.00058.x
https://doi.org/10.1111/j.1872-034X.2007.00058.x
https://doi.org/10.3390/nu13041222
https://doi.org/10.18632/aging.101158
https://doi.org/10.1161/CIRCULATIONAHA.116.023997
https://doi.org/10.3310/hta23020
https://doi.org/10.3310/hta23020
https://doi.org/10.1007/s002239900700
https://doi.org/10.1007/s002239900700

YAN ET AL.

1654
—I—Wl LEY-

with incident knee osteoarthritis. The American Journal of Medicine,
126(3), 243-248. https://doi.org/10.1016/j.amjmed.2012.10.011

Miyake, N., Hoshi, K., Sano, Y., Kikuchi, K., Tadano, K., & Koshihara, Y.
(2001). 1,25-Dihydroxyvitamin D3 promotes vitamin K2 metabo-
lism in human osteoblasts. Osteoporosis International, 12(8), 680-
687. https://doi.org/10.1007/s001980170068

Mott, A., Bradley, T., Wright, K., Cockayne, E. S., Shearer, M. J., Adamson,
J., Lanham-New, S. A., & Torgerson, D. J. (2019). Effect of vitamin
K on bone mineral density and fractures in adults: An updated
systematic review and meta-analysis of randomised controlled
trials. Osteoporosis International, 30(8), 1543-1559. https://doi.
org/10.1007/s00198-019-04949-0

Myneni, V. D., & Mezey, E. (2017). Regulation of bone remodeling by vita-
min K2. Oral Diseases, 23(8), 1021-1028. https://doi.org/10.1111/
0di.12624

Naito, K., Watari, T., Obayashi, O., Katsube, S., Nagaoka, ., & Kaneko, K.
(2012). Relationship between serum undercarboxylated osteocal-
cin and hyaluronan levels in patients with bilateral knee osteoar-
thritis. International Journal of Molecular Medicine, 29(5), 756-760.
https://doi.org/10.3892/ijmm.2012.897

Nakagawa, K., Hirota, Y., Sawada, N., Yuge, N., Watanabe, M., Uchino,
Y., Okuda, N., Shimomura, Y., Suhara, Y., & Okano, T. (2010).
Identification of UBIAD1 as a novel human menaquinone-4 bio-
synthetic enzyme. Nature, 468(7320), 117-121. https://doi.
org/10.1038/nature09464

Nasi, S., So, A., Combes, C., Daudon, M., & Busso, N. (2016). Interleukin-6
and chondrocyte mineralisation act in tandem to promote exper-
imental osteoarthritis. Annals of Rheumatic Diseases, 75(7), 1372-
1379. https://doi.org/10.1136/annrheumdis-2015-207487

NIH. (2021). Vitamin K - Fact Sheet for Consumers Strengthening
Knowledge and Understanding of Dietary Supplements. Retrieved from
https://ods.od.nih.gov/factsheets/VitaminK-Consumer/#change

Nike, H., Rostiny, A., Rosy, S., Eha, R. A., & Manggala, P. W. (2016). The cor-
relation of bone mineral density (BMD), body mass index (BMI) and os-
teocalcin in postmenopausal women. Biology and Medicine, 8(6), 1-5.

Nishimoto, S. K., & Nishimoto, M. (2005). Matrix Gla protein C-terminal
region binds to vitronectin. Co-localization suggests binding occurs
during tissue development. Matrix Biology, 24(5), 353-361. https://
doi.org/10.1016/j.matbio.2005.05.004

Okano, T. (2016). A new horizon in vitamin K research. Yakugaku Zasshi,
136(8), 1141-1159. https://doi.org/10.1248/yakushi.16-00014

Olsen, A.S.B., & Feergeman, N. J. (2017). Sphingolipids: Membrane micro-
domains in brain development, function and neurological diseases.
Open Biology, 7(5), 1-17. https://doi.org/10.1098/rsob.170069

Opdebeeck, B., Maudsley, S., Azmi, A., de Maré, A., de Leger, W., Meijers,
B., Verhulst, A., Evenepoel, P., D'Haese, P. C., & Neven, E. (2019).
Indoxyl sulfate and p-cresyl sulfate promote vascular calcification
and associate with glucose intolerance. Journal of the American
Society of Nephrology, 30(5), 751-766. https://doi.org/10.1681/
asn.2018060609

Otsuka, M., Kato, N., Shao, R. X., Hoshida, Y., ljichi, H., Koike, Y.,
Taniguchi, H., Moriyama, M., Shiratori, Y., Kawabe, T., & Omata, M.
(2004). Vitamin K2 inhibits the growth and invasiveness of hepato-
cellular carcinoma cells via protein kinase A activation. Hepatology,
40(1), 243-251. https://doi.org/10.1002/hep.20260

Ozaki, I., Zhang, H., Mizuta, T., Ide, Y., Eguchi, Y., Yasutake, T., Sakamaki,
T., Pestell, R. G., & Yamamoto, K. (2007). Menatetrenone, a vita-
min K2 analogue, inhibits hepatocellular carcinoma cell growth by
suppressing cyclin D1 expression through inhibition of nuclear fac-
tor kappaB activation. Clinical Cancer Research, 13(7), 2236-2245.
https://doi.org/10.1158/1078-0432.Ccr-06-2308

Pamplona, R. (2011). Mitochondrial DNA damage and animal longevity:
Insights from comparative studies. Journal of Aging Research, 2011,
807108. https://doi.org/10.4061/2011/807108

Perrier, A., Dumas, V., Linossier, M. T., Fournier, C., Jurdic, P., Rattner,
A., Vico, L., & Guignandon, A. (2010). Apatite content of collagen

materials dose-dependently increases pre-osteoblastic cell depo-
sition of a cement line-like matrix. Bone, 47(1), 23-33. https://doi.
org/10.1016/j.bone.2010.03.010

Poon, C. C,, Li, R. W,, Seto, S. W., Kong, S. K., Ho, H. P,, Hoi, M. P, Lee,
S. M., Ngai, S. M., Chan, S. W,, Leung, G. P, & Kwan, Y. W. (2015).
In vitro vitamin K(2) and 1a,25-dihydroxyvitamin D(3) combina-
tion enhances osteoblasts anabolism of diabetic mice. European
Journal of Pharmacology, 767, 30-40. https://doi.org/10.1016/j.
ejphar.2015.09.048

Prasuhn, J., Kasten, M., Vos, M., Kénig, I. R., Schmid, S. M., Wilms, B.,
Klein, C., & Briiggemann, N. (2020). The use of vitamin K2 in pa-
tients with Parkinson's disease and mitochondrial dysfunction
(PD-K2): A theranostic pilot study in a placebo-controlled parallel
group design. Frontiers in Neurology, 11(1754), 1-11. https://doi.
org/10.3389/fneur.2020.592104

Price, P. A., Urist, M. R, & Otawara, Y. (1983). Matrix Gla protein, a new
y-carboxyglutamic acid-containing protein which is associated with
the organic matrix of bone. Biochemical and Biophysical Research
Communications, 117(3), 765-771. https://doi.org/10.1016/0006-
291X(83)91663-7

Qiu, C., Zheng, H., Tao, H., Yu, W,, Jiang, X., Li, A., Jin, H., Lv, A., & Li,
H. (2017). Vitamin K2 inhibits rat vascular smooth muscle cell cal-
cification by restoring the Gasé/AxI/Akt anti-apoptotic pathway.
Molecular and Cellular Biochemistry, 433(1-2), 149-159. https://doi.
org/10.1007/s11010-017-3023-z

Rafael, M. S., Cavaco, S., Viegas, C. S. B,, Santos, S., Ramos, A., Willems,
B. A. G., Herfs, M., Theuwissen, E., Vermeer, C., & Simes, D. C.
(2014). Insights into the association of Gla-rich protein and osteo-
arthritis, novel splice variants and y-carboxylation status. Molecular
Nutrition & Food Research, 58, 1636-1646. https://doi.org/10.1002/
mnfr.201300941

Ren, L., Peng, C., Hu, X,, Han, Y., & Huang, H. (2020). Microbial pro-
duction of vitamin K2: Current status and future prospects.
Biotechnology Advances, 39, 107453. https://doi.org/10.1016/j.
biotechadv.2019.107453

Rennenberg, R. J., de Leeuw, P. W.,, Kessels, A. G., Schurgers, L. J.,
Vermeer, C., van Engelshoven, J. M., Kemerink, G. J., & Kroon, A.
A. (2010). Calcium scores and matrix Gla protein levels: Association
with vitamin K status. European Journal of Clinical Investigation, 40(4),
344-349. https://doi.org/10.1111/j.1365-2362.2010.02275.x

Rishavy, M. A, Hallgren, K. W., Wilson, L. A., Usubalieva, A., Runge, K. W., &
Berkner, K. L. (2013). The vitamin K oxidoreductase is a multimer that
efficiently reduces vitamin K epoxide to hydroquinone to allow vita-
min K-dependent protein carboxylation. Journal of Biological Chemistry,
288(44), 31556-31566. https://doi.org/10.1074/jbc.M113.497297

Roemhildt, M. L., Gardner-Morse, M. G., Morgan, C. F,, Beynnon, B. D., &
Badger, G. J. (2014). Calcium phosphate particulates increase fric-
tion in the rat knee joint. Osteoarthritis Cartilage, 22(5), 706-709.
https://doi.org/10.1016/j.joca.2014.02.938

Roijers, R. B., Debernardi, N., Cleutjens, J. P. M., Schurgers, L. J,
Mutsaers, P. H. A., & van der Vusse, G. J. (2011). Microcalcifications
in early intimal lesions of atherosclerotic human coronary arteries.
The American Journal of Pathology, 178(6), 2879-2887. https://doi.
org/10.1016/j.ajpath.2011.02.004

Rgnn, S. H., Harslaf, T., Oei, L., Pedersen, S. B., & Langdahl, B. L. (2021).
The effect of vitamin MK-7 on bone mineral density and microarchi-
tecture in postmenopausal women with osteopenia, a 3-year ran-
domized, placebo-controlled clinical trial. Osteoporosis International,
32(1), 185-191. https://doi.org/10.1007/s00198-020-05638-z

Roumeliotis, S., Dounousi, E., Eleftheriadis, T., & Liakopoulos, V. (2019).
Association of the inactive circulating matrix Gla protein with vi-
tamin K intake, calcification, mortality, and cardiovascular disease:
A review. International Journal of Molecular Sciences, 20(3), 628.
https://doi.org/10.3390/ijms20030628

Saito, E., Wachi, H., Sato, F., Sugitani, H., & Seyama, Y. (2007). Treatment
with vitamin k(2) combined with bisphosphonates synergistically

85U017 SUOWIWIOD BAITED) 3|ceoldde ayy Aq peusenob afe sajolle YO ‘8Sn JO'Sa|nJ Jo} Akeiq1T8ulJUO AB|IA UO (SUORIPUOD-PUE-SWLBIWO A 1M ARe.d1[euluo//SdnL) SUORIPUOD Pue Swie 1 8y} 88S *[5202/#0/.2] Uo ARiqiTaul|uo A8|IM ‘€TZE EUSI/Z00T OT/I0p/L0o" A8 1M ARelq 1 jpuljuo//sdny wouy pepeoumod ‘v ‘€202 ‘LLT.8Y02


https://doi.org/10.1016/j.amjmed.2012.10.011
https://doi.org/10.1007/s001980170068
https://doi.org/10.1007/s00198-019-04949-0
https://doi.org/10.1007/s00198-019-04949-0
https://doi.org/10.1111/odi.12624
https://doi.org/10.1111/odi.12624
https://doi.org/10.3892/ijmm.2012.897
https://doi.org/10.1038/nature09464
https://doi.org/10.1038/nature09464
https://doi.org/10.1136/annrheumdis-2015-207487
https://ods.od.nih.gov/factsheets/VitaminK-Consumer/#change
https://doi.org/10.1016/j.matbio.2005.05.004
https://doi.org/10.1016/j.matbio.2005.05.004
https://doi.org/10.1248/yakushi.16-00014
https://doi.org/10.1098/rsob.170069
https://doi.org/10.1681/asn.2018060609
https://doi.org/10.1681/asn.2018060609
https://doi.org/10.1002/hep.20260
https://doi.org/10.1158/1078-0432.Ccr-06-2308
https://doi.org/10.4061/2011/807108
https://doi.org/10.1016/j.bone.2010.03.010
https://doi.org/10.1016/j.bone.2010.03.010
https://doi.org/10.1016/j.ejphar.2015.09.048
https://doi.org/10.1016/j.ejphar.2015.09.048
https://doi.org/10.3389/fneur.2020.592104
https://doi.org/10.3389/fneur.2020.592104
https://doi.org/10.1016/0006-291X(83)91663-7
https://doi.org/10.1016/0006-291X(83)91663-7
https://doi.org/10.1007/s11010-017-3023-z
https://doi.org/10.1007/s11010-017-3023-z
https://doi.org/10.1002/mnfr.201300941
https://doi.org/10.1002/mnfr.201300941
https://doi.org/10.1016/j.biotechadv.2019.107453
https://doi.org/10.1016/j.biotechadv.2019.107453
https://doi.org/10.1111/j.1365-2362.2010.02275.x
https://doi.org/10.1074/jbc.M113.497297
https://doi.org/10.1016/j.joca.2014.02.938
https://doi.org/10.1016/j.ajpath.2011.02.004
https://doi.org/10.1016/j.ajpath.2011.02.004
https://doi.org/10.1007/s00198-020-05638-z
https://doi.org/10.3390/ijms20030628

YAN ET AL.

inhibits calcification in cultured smooth muscle cells. Journal
of Atherosclerosis and Thrombosis, 14(6), 317-324. https://doi.
org/10.5551/jat.e501

Sakaue, M., Mori, N., Okazaki, M., Kadowaki, E., Kaneko, T., Hemmi,
N., Sekiguchi, H., Maki, T., Ozawa, A., Hara, S., Arishima, K., &
Yamamoto, M. (2011). Vitamin K has the potential to protect neu-
rons from methylmercury-induced cell death in vitro. Journal of
Neuroscience Research, 89(7), 1052-1058. https://doi.org/10.1002/
jnr.22630

Schurgers, L. J., Barreto, D. V., Barreto, F. C., Liabeuf, S., Renard, C.,
Magdeleyns, E. J., Vermeer, C., Choukroun, G., & Massy, Z. A.
(2010). The circulating inactive form of matrix gla protein is a sur-
rogate marker for vascular calcification in chronic kidney disease:
A preliminary report. Clinical Journal of the American Society of
Nephrology, 5(4), 568-575. https://doi.org/10.2215/cjn.07081009

Schurgers, L. J., Teunissen, K. J. F., Hamulyak, K., Knapen, M. H. J., Vik, H.,
& Vermeer, C. (2006). Vitamin K-containing dietary supplements:
Comparison of synthetic vitamin K1 and natto-derived menaqui-
none-7. Blood, 109(8), 3279-3283. https://doi.org/10.1182/blood
-2006-08-040709

Seyama, Y., Horiuch, M., Hayashi, M., & Kanke, Y. (1996). Effect of vi-
tamin K2 on experimental calcinosis induced by vitamin D2 in rat
soft tissue. International Journal for Vitamin and Nutrition Research,
66(1), 36-38.

Shea, M. K,, Kritchevsky, S. B., Hsu, F. C., Nevitt, M., Booth, S. L., Kwoh,
C. K., McAlindon, T., Vermeer, C., Drummen, N., Harris, T. B,
Womack, C., Loeser, R. F., & Health ABC Study. (2015). The asso-
ciation between vitamin K status and knee osteoarthritis features
in older adults: The health, aging and body composition study.
Osteoarthritis Cartilage, 23(3), 370-378. https://doi.org/10.1016/j.
joca.2014.12.008

Shearer, M. J., Fu, X., & Booth, S. L. (2012). Vitamin K nutrition, metab-
olism, and requirements: Current concepts and future research.
Advances in Nutrition, 3(2), 182-195. https://doi.org/10.3945/
an.111.001800

Shiozawa, Y., Pedersen, E. A., Patel, L. R., Ziegler, A. M., Havens, A.
M., Jung, Y., Wang, J., Zalucha, S., Loberg, R. D., Pienta, K. J., &
Taichman, R. S. (2010). GAS6/AXL axis regulates prostate cancer
invasion, proliferation, and survival in the bone marrow niche.
Neoplasia, 12(2), 116-127. https://doi.org/10.1593/ne0.91384

Shiraki, M., Yamazaki, Y., Shiraki, Y., Hosoi, T., Tsugawa, N., & Okano, T.
(2010). High level of serum undercarboxylated osteocalcin in pa-
tients with incident fractures during bisphosphonate treatment.
Journal of Bone and Mineral Metabolism, 28(5), 578-584. https://doi.
org/10.1007/s00774-010-0167-2

Simes, D. C., Viegas, C. S. B., Aratjo, N., & Marreiros, C. (2020). Vitamin
K as a diet supplement with impact in human health: Current ev-
idence in age-related diseases. Nutrients, 12(1), 138. https://doi.
org/10.3390/nu12010138

Sogi, K. M., Holsclaw, C. M., Fragiadakis, G. K., Nomura, D. K., Leary, J. A.,
& Bertozzi, C. R. (2016). Biosynthesis and regulation of sulfomen-
aquinone, a metabolite associated with virulence in mycobacterium
tuberculosis. ACS Infectious Diseases, 2(11), 800-806. https://doi.
org/10.1021/acsinfecdis.6b00106

Song, J. (2019). Pineal gland dysfunction in Alzheimer's disease:
Relationship with the immune-pineal axis, sleep disturbance, and
neurogenesis. Molecular Neurodegeneration, 14(1), 28. https://doi.
org/10.1186/s13024-019-0330-8

Soutif-Veillon, A., Ferland, G., Rolland, Y., Presse, N., Boucher, K., Féart,
C., & Annweiler, C. (2016). Increased dietary vitamin K intake is
associated with less severe subjective memory complaint among
older adults. Maturitas, 93, 131-136. https://doi.org/10.1016/j.
maturitas.2016.02.004

Suttie, J. W. (2012). In A. C. Ross, B. Caballero, R. J. Cousins, K. L. Tucker,
& T. R. Ziegler (Eds.), Modern Nutrition in Health and Disease (11th
ed.). Lippincott Williams and Wilkins.

—Wl LEYJE

Suvarna, K., Stevenson, D., Meganathan, R., & Hudspeth, M. E. (1998).
Menaquinone (vitamin K2) biosynthesis: Localization and char-
acterization of the menA gene from Escherichia coli. Journal of
Bacteriology, 180(10), 2782-2787.

Tan, D. X., Xu, B., Zhou, X., & Reiter, R. J. (2018). Pineal Calcification,
Melatonin Production, Aging, Associated Health Consequences
and Rejuvenation of the Pineal Gland. Molecules (Basel, Switzerland),
23(2), 301. https://doi.org/10.3390/molecules23020301

Tang, H., Zheng, Z., Wang, H., Wang, L., Zhao, G., & Wang, P. (2022).
Vitamin K2 modulates mitochondrial dysfunction induced by
6-hydroxydopamine in SH-SY5Y cells via mitochondrial quality-
control loop. Nutrients, 14(7), 1-14. https://doi.org/10.3390/nu140
71504

Tie, J. K., & Stafford, D. W. (2017). Functional study of the vitamin K
cycle enzymes in live cells. Methods in Enzymology, 584, 349-394.
https://doi.org/10.1016/bs.mie.2016.10.015

Tsang, C. K., & Kamei, Y. (2002). Novel effect of vitamin K(1) (phyllo-
quinone) and vitamin K(2) (menaquinone) on promoting nerve
growth factor-mediated neurite outgrowth from PC12D cells.
Neuroscience Letters, 323(1), 9-12. https://doi.org/10.1016/s0304
-3940(01)02550-2

Vermeer, C. (2012). Vitamin K: The effect on health beyond coagula-
tion - an overview. Food & Nutrition Research, 56, 1-6. https://doi.
org/10.3402/fnr.v56i0.5329

Vermeer, C., Drummen, N., Knapen, M., & Zandbergen, F. (2016).
Uncarboxylated matrix Gla protein as a biomarker in cardiovascular
disease: Applications for research and for routine diagnostics. In V.
B. Patel & V. R. Preedy (Eds.), Biomarkers in cardiovascular disease
(pp. 267-283). Springer.

Viegas, C. S., Rafael, M. S,, Enriquez, J. L., Teixeira, A., Vitorino, R., Luis,
I. M., Costa, R. M., Santos, S., Cavaco, S., Neves, J., Macedo, A. L.,
Willems, B. A, Vermeer, C., & Simes, D. C. (2015). Gla-rich protein
acts as a calcification inhibitor in the human cardiovascular system.
Arteriosclerosis, Thrombosis, and Vascular Biology, 35(2), 399-408.
https://doi.org/10.1161/atvbaha.114.304823

Vos, M., Esposito, G., Edirisinghe, J. N., Vilain, S., Haddad, D. M., Slabbaert,
J. R., van Meensel, S., Schaap, O., de Strooper, B., Meganathan, R.,
Morais, V. A., & Verstreken, P. (2012). Vitamin K2 is a mitochondrial
electron carrier that rescues pink1 deficiency. Science, 336(6086),
1306-1310. https://doi.org/10.1126/science.1218632

Vossen, L. M., Schurgers, L. J., van Varik, B. J., Kietselaer, B. L., Vermeer,
C., Meeder, J. G., Rahel, B. M., van Cauteren, Y., Hoffland, G. A.,
Rennenberg, R. J., Reesink, K. D., de Leeuw, P. W., & Kroon, A. A.
(2015). Menaquinone-7 supplementation to reduce vascular calcifi-
cation in patients with coronary artery disease: Rationale and study
protocol (VitaK-CAC Trial). Nutrients, 7(11), 8905-8915. https://
doi.org/10.3390/nu7115443

Walk, J., Dofferhoff, A. S. M., van den Ouweland, J. M. W.,, van Daal,
H., & Janssen, R. (2020). Vitamin D - contrary to vitamin K - does
not associate with clinical outcome in hospitalized COVID-19
patients.  medRxiv, 2020.2011.2007.20227512. https://doi.
org/10.1101/2020.11.07.20227512

Wallin, R., Schurgers, L. J., & Loeser, R. F.(2010). Biosynthesis of the vitamin
K-dependent matrix Gla protein (MGP) in chondrocytes: A fetuin-
MGP protein complex is assembled in vesicles shed from normal but
not from osteoarthritic chondrocytes. Osteoarthritis Cartilage, 18(8),
1096-1103. https://doi.org/10.1016/j.joca.2010.05.013

Wang, H., Li, L., Zhang, N., & Ma, Y. (2022). Vitamin K2 improves osteo-
genic differentiation by inhibiting stat1 via the Bcl-6 and IL-6/JAK
in C3H10 T1/2 Clone 8 cells. Nutrients, 14(14), 2934. https://doi.
org/10.3390/nu14142934

Wang, Z., Wang, Z., Zhu, J., Long, X., & Yan, J. (2017). Vitamin K2 can sup-
press the expression of Toll-like receptor 2 (TLR2) and TLR4, and in-
hibit calcification of aortic intima in ApoE-/- mice as well as smooth
muscle cells. Vascular, 26(1), 18-26. https://doi.org/10.1177/17085
38117713395

85U017 SUOWIWIOD BAITED) 3|ceoldde ayy Aq peusenob afe sajolle YO ‘8Sn JO'Sa|nJ Jo} Akeiq1T8ulJUO AB|IA UO (SUORIPUOD-PUE-SWLBIWO A 1M ARe.d1[euluo//SdnL) SUORIPUOD Pue Swie 1 8y} 88S *[5202/#0/.2] Uo ARiqiTaul|uo A8|IM ‘€TZE EUSI/Z00T OT/I0p/L0o" A8 1M ARelq 1 jpuljuo//sdny wouy pepeoumod ‘v ‘€202 ‘LLT.8Y02


https://doi.org/10.5551/jat.e501
https://doi.org/10.5551/jat.e501
https://doi.org/10.1002/jnr.22630
https://doi.org/10.1002/jnr.22630
https://doi.org/10.2215/cjn.07081009
https://doi.org/10.1182/blood-2006-08-040709
https://doi.org/10.1182/blood-2006-08-040709
https://doi.org/10.1016/j.joca.2014.12.008
https://doi.org/10.1016/j.joca.2014.12.008
https://doi.org/10.3945/an.111.001800
https://doi.org/10.3945/an.111.001800
https://doi.org/10.1593/neo.91384
https://doi.org/10.1007/s00774-010-0167-2
https://doi.org/10.1007/s00774-010-0167-2
https://doi.org/10.3390/nu12010138
https://doi.org/10.3390/nu12010138
https://doi.org/10.1021/acsinfecdis.6b00106
https://doi.org/10.1021/acsinfecdis.6b00106
https://doi.org/10.1186/s13024-019-0330-8
https://doi.org/10.1186/s13024-019-0330-8
https://doi.org/10.1016/j.maturitas.2016.02.004
https://doi.org/10.1016/j.maturitas.2016.02.004
https://doi.org/10.3390/molecules23020301
https://doi.org/10.3390/nu14071504
https://doi.org/10.3390/nu14071504
https://doi.org/10.1016/bs.mie.2016.10.015
https://doi.org/10.1016/s0304-3940(01)02550-2
https://doi.org/10.1016/s0304-3940(01)02550-2
https://doi.org/10.3402/fnr.v56i0.5329
https://doi.org/10.3402/fnr.v56i0.5329
https://doi.org/10.1161/atvbaha.114.304823
https://doi.org/10.1126/science.1218632
https://doi.org/10.3390/nu7115443
https://doi.org/10.3390/nu7115443
https://doi.org/10.1101/2020.11.07.20227512
https://doi.org/10.1101/2020.11.07.20227512
https://doi.org/10.1016/j.joca.2010.05.013
https://doi.org/10.3390/nu14142934
https://doi.org/10.3390/nu14142934
https://doi.org/10.1177/1708538117713395
https://doi.org/10.1177/1708538117713395

YAN ET AL.

1656
—I—Wl LEY-

Wasilewski, G. B., Vervloet, M. G., & Schurgers, L. J. (2019). The bone-
vasculature axis: Calcium supplementation and the role of vita-
min K. Frontiers in Cardiovascular Medicine, 6(6), 1. https://doi.
org/10.3389/fcvm.2019.00006

Weaver, C. M. (2012). Calcium. In J. J. Erdman, |. Macdonald, & S. Zeisel
(Eds.), Present Knowledge in Nutrition (10th ed., pp. 434-446). John
Wiley & Sons, Inc..

Wei, F.-F., Drummen, N. E. A., Schutte, A. E., Thijs, L., Jacobs, L., Petit,
T., Yang, W. Y., Smith, W., Zhang, Z. Y., Gu, Y. M., Kuznetsova, T.,
Verhamme, P., Allegaert, K., Schutte, R., Lerut, E., Evenepoel, P.,
Vermeer, C., & Staessen, J. A.(2016). Vitamin K Dependent Protection
of Renal Function in Multi-ethnic Population Studies. eBioMedicine, 4,
162-169. https://doi.org/10.1016/j.ebiom.2016.01.011

Wei, F. F,, Thijs, L., Zhang, Z. Y., Jacobs, L., Yang, W. Y., Salvi, E., Citterio,
L., Cauwenberghs, N., Kuznetsova, T., Drummen, N. E. A,, Hara, A.,
Manunta, P, Li, Y., Verhamme, P., Allegaert, K., Cusi, D., Vermeer,
C., & Staessen, J. A. (2018). The risk of nephrolithiasis is causally
related to inactive matrix Gla protein, a marker of vitamin K sta-
tus: A Mendelian randomization study in a Flemish population.
Nephrology Dialysis Transplantation, 33(3), 514-522. https://doi.
org/10.1093/ndt/gfx014

Weijs, B., Blaauw, Y., Rennenberg, R. J., Schurgers, L. J., Timmermans, C.
C., Pison, L., Nieuwlaat, R., Hofstra, L., Kroon, A. A., Wildberger,
J., & Crijns, H. J. (2011). Patients using vitamin K antagonists show
increased levels of coronary calcification: An observational study
in low-risk atrial fibrillation patients. European Heart Journal, 32(20),
2555-2562. https://doi.org/10.1093/eurheartj/ehr226

Weisell, J., Ruotsalainen, A.-K., Napankangas, J., Jauhiainen, M., & Rysa,
J. (2021). Menaquinone 4 increases plasma lipid levels in hyper-
cholesterolemic mice. Scientific Reports, 11(1), 3014. https://doi.
org/10.1038/s41598-021-82724-0

Wen, L., Chen, J., Duan, L., & Li, S. (2018). Vitamin K-dependent pro-
teins involved in bone and cardiovascular health (Review).
Molecular Medicine Reports, 18(1), 3-15. https://doi.org/10.3892/
mmr.2018.8940

Xia, J., Matsuhashi, S., Hamajima, H., Iwane, S., Takahashi, H., Eguchi, Y.,
Mizuta, T., Fujimoto, K., Kuroda, S., & Ozaki, I. (2012). The role of PKC
isoforms in the inhibition of NF-kB activation by vitamin K2 in human
hepatocellular carcinoma cells. The Journal of Nutritional Biochemistry,
23(12), 1668-1675. https://doi.org/10.1016/j.jnutbio.2011.11.010

Xia, J., Ozaki, |., Matsuhashi, S., Kuwashiro, T., Takahashi, H., Anzai, K., &
Mizuta, T. (2019). Mechanisms of PKC-mediated enhancement of
HIF-1a activity and its inhibition by vitamin K2 in hepatocellular
carcinoma cells. International Journal of Molecular Sciences, 20(5),
1022. https://doi.org/10.3390/ijms20051022

Xv, F., Chen, J., Duan, L., & Li, S. (2018). Research progress on the anti-
cancer effects of vitamin K2. Oncology Letters, 15(6), 8926-8934.
https://doi.org/10.3892/01.2018.8502

Yamaguchi, M., & Weitzmann, M. N. (2011). Vitamin K2 stimulates osteo-
blastogenesis and suppresses osteoclastogenesis by suppressing
NF-kB activation. International Journal of Molecular Medicine, 27(1),
3-14. https://doi.org/10.3892/ijmm.2010.562

Yamamoto, T., Nakamura, H., Liu, W., Cao, K., Yoshikawa, S., Enomoto, H.,
lwata, Y., Koh, N., Saito, M., Imanishi, H., Shimomura, S., lijima, H.,
Hada, T., & Nishiguchi, S. (2009). Involvement of hepatoma-derived
growth factor in the growth inhibition of hepatocellular carcinoma
cells by vitamin K(2). Journal of Gastroenterology, 44(3), 228-235.
https://doi.org/10.1007/s00535-008-2304-4

Yang, R., Wu, J., Shang, J., Zheng, Z., & Guo, F. (2017). Vitamin K2 de-
crease hypoxia-induced damage of astrocytes in vitro. Journal of
Nantong University (Medical Sciences), 5, 413-418.

Yang, R. Y, Pan, J. Y., Chen, Y, Li, Y., Wu, J., & Wang, X. D. (2020).
Menaquinone-7 protects astrocytes by regulating mitochondrial
function and inflammatory response under hypoxic conditions.
European Review for Medical and Pharmacological Sciences, 24(19),
10181-10193. https://doi.org/10.26355/eurrev_202010_23239

Yoshiji, H., Noguchi, R., Yamazaki, M., lkenaka, Y., Sawai, M., Ishikawa,
M., Kawaratani, H., Mashitani, T., Kitade, M., Kaji, K., Uemura,
M., Yamao, J., Fujimoto, M., Mitoro, A., Toyohara, M., Yoshida,
M., & Fukui, H. (2007). Combined treatment of vitamin K2 and
angiotensin-converting enzyme inhibitor ameliorates hepatic dys-
plastic nodule in a patient with liver cirrhosis. World Journal of
Gastroenterology, 13(23), 3259-3261. https://doi.org/10.3748/wijg.
v13.i23.3259

Yu, Y.-X,, Li, Y.-P,, Gao, F., Hu, Q.-S., Zhang, Y., Chen, D., & Wang, G.-H.
(2016). Vitamin K2 suppresses rotenone-induced microglial activa-
tion in vitro. Acta Pharmacologica Sinica, 37(9), 1178-1189. https://
doi.org/10.1038/aps.2016.68

Zaragatski, E., Grommes, J., Schurgers, L. J., Langer, S., Kennes, L., Tamm,
M., Koeppel, T. A., Kranz, J., Hackhofer, T., Arakelyan, K., Jacobs,
M. J., & Kokozidou, M. (2016). Vitamin K antagonism aggravates
chronic kidney disease-induced neointimal hyperplasia and calci-
fication in arterialized veins: Role of vitamin K treatment? Kidney
International, 89(3), 601-611. https://doi.org/10.1038/ki.2015.298

Zhang, G. Y., Liu, G. H., Lin, M. Z,, Li, M. Y,, Yang, Y. G., & Xu, H. (2013).
The positive effect of vitamin K2 on recovery of liver function in
liver regeneration rats model after hepatectomy. The Journal of
Practical Medicine, 29(1), 31-33. Retrieved from http://www.cnki.
com.cn/Article/CJFDTotal-SYYZ201301017.htm

Zhang, Y. L., Yin, J. H., Ding, H., Zhang, W., Zhang, C. Q., & Gao, Y. S.
(2017). Protective effect of VK2 on glucocorticoid-treated
MC3T3-E1 cells. International Journal of Molecular Medicine, 39(1),
160-166. https://doi.org/10.3892/ijmm.2016.2817

How to cite this article: Yan, Q., Zhang, T., O’Connor, C.,
Barlow, J. W., Walsh, J., Scalabrino, G., Xu, F., & Sheridan, H.
(2023). The biological responses of vitamin K2: A
comprehensive review. Food Science & Nutrition, 11,
1634-1656. https://doi.org/10.1002/fsn3.3213

85U017 SUOWIWIOD BAITED) 3|ceoldde ayy Aq peusenob afe sajolle YO ‘8Sn JO'Sa|nJ Jo} Akeiq1T8ulJUO AB|IA UO (SUORIPUOD-PUE-SWLBIWO A 1M ARe.d1[euluo//SdnL) SUORIPUOD Pue Swie 1 8y} 88S *[5202/#0/.2] Uo ARiqiTaul|uo A8|IM ‘€TZE EUSI/Z00T OT/I0p/L0o" A8 1M ARelq 1 jpuljuo//sdny wouy pepeoumod ‘v ‘€202 ‘LLT.8Y02


https://doi.org/10.3389/fcvm.2019.00006
https://doi.org/10.3389/fcvm.2019.00006
https://doi.org/10.1016/j.ebiom.2016.01.011
https://doi.org/10.1093/ndt/gfx014
https://doi.org/10.1093/ndt/gfx014
https://doi.org/10.1093/eurheartj/ehr226
https://doi.org/10.1038/s41598-021-82724-0
https://doi.org/10.1038/s41598-021-82724-0
https://doi.org/10.3892/mmr.2018.8940
https://doi.org/10.3892/mmr.2018.8940
https://doi.org/10.1016/j.jnutbio.2011.11.010
https://doi.org/10.3390/ijms20051022
https://doi.org/10.3892/ol.2018.8502
https://doi.org/10.3892/ijmm.2010.562
https://doi.org/10.1007/s00535-008-2304-4
https://doi.org/10.26355/eurrev_202010_23239
https://doi.org/10.3748/wjg.v13.i23.3259
https://doi.org/10.3748/wjg.v13.i23.3259
https://doi.org/10.1038/aps.2016.68
https://doi.org/10.1038/aps.2016.68
https://doi.org/10.1038/ki.2015.298
http://www.cnki.com.cn/Article/CJFDTotal-SYYZ201301017.htm
http://www.cnki.com.cn/Article/CJFDTotal-SYYZ201301017.htm
https://doi.org/10.3892/ijmm.2016.2817
https://doi.org/10.1002/fsn3.3213

	The biological responses of vitamin K2: A comprehensive review
	Abstract
	1|INTRODUCTION
	2|BIOLOGICAL RESPONSE TO VITAMIN K2: MAIN FINDINGS AND DISCUSSION
	2.1|Promotion of osteogenesis and bone homeostasis
	2.1.1|Vitamin K redox cycle and activation of osteocalcin by Vitamin K
	2.1.2|Regulation of osteoblasts and osteoclasts

	2.2|Prevention of cardiovascular calcification
	2.2.1|Vascular calcification
	2.2.1.1|Calcification modulated by matrix Gla protein
	2.2.1.2|Calcification modulated by Gas6

	2.2.2|Cardiac valvular calcification
	2.2.3|Cartilage calcification

	2.3|Relief of menopausal symptoms
	2.4|Hepatoprotection
	2.5|Enhancement of mitochondrial energy release
	2.6|Neuroprotection
	2.7|Coronavirus disease

	3|CONCLUSION
	ACKNOWLEDGMENT
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


