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ABSTRACT

INTRODUCTION: Twenty years ago, the metabolism of vitamin K was connected with its role in hemostasis. Since that time has
been shown that vitamin K exerts multiple functions mediated by the Gla-proteins, having as a cofactor vitamin K. Numerous
publications affirm that these Gla-proteins are related to physiological processes beyond coagulations such as bone metabo-
lism, vascular health and energy homeostasis. THE AIM: The aim of this research is to provide new data for vitamin K role in
a myriad of physiological processes beyond blood clotting. Additionally, it aims to assess the potential new applications of
vitamin K as a supplement for prevention bone and vascular disease. MATERIALS AND METHODS: Using the online databases
Scopus, PubMed and Google Scholar a search with the keywords: «vitamin K2», «bone metabolism», «cardiovascular dis-
eases», «osteocalcin» and «<MGP» was conducted. Information regarding the effects of vitamin K on bone and vascular health
was referred to in this work. RESULTS: Vitamin K and vitamin K-dependent-proteins play pivotal roles in the physiology of bone
mineralization and in preventing ectopic calcification. Osteocalcin, a Gla protein located in bone and dentin, is important for
bone mineralization. Following the posttranslational carboxylation of Glu-residues with a cofactor vitamin K2 (menaquinone),
rather than vitamin K1 (phylloquinone), osteocalcin shows increased affinity for calcium. osteocalcin is believed to be involved
in osteoblast regulation and hydroxyapatite crystal growth. Matrix GLa-protein (MGP), sharing some sequences with osteocal-
cin, is a local inhibitor of arterial calcification. Vitamin K deficiency impairs the function of osteocalcin and MGP and, therefore,
presumably contributes to bone demineralization and vascular calcification, the so-called calcium paradox. CONCLUSIONS:
Vitamin K deficiencies, traditionally regarded as a cause for internal hemorrhages and blood clotting disorders, apparently
can be linked to cardiovascular calcification and abnormal bone modelling. Appropriate treatment of vitamin K deficiency may
improve bone and arterial health.
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PACLLUMPEHHbIN PEEPAT

BBE/ZIEHUWE. ApaguaTb neT Has3af cTano U3BECTHO, 4To MeTabonnam sutammHa K ceazaH ¢ remoctasom. C Tex nop Obiin
YyCTaHOBNEHbI pasHoobpasHbie GYHKUMN BUTAMUHA, ONOCPEea0BaHHbIe Yepes ero kodaktopbl — Gla-npoTenHsl. B MHorounc-
NIEHHbIX NyOnuKaumax NoaTBepXaeHo, 4To Gla-npoTenHbl yH4acTBYIOT HE TONIbKO B CBEPTbIBAHUN KPOBU, HO U OTBETCTBEHHbI
3a apyrve ousnonormyeckme NpoLeccehl, Hanpmumep, MetTabonnam KOCTHOM TKaHW, COCTOSIHME COCYAOB U SHEepPreTuyeckuin
romeocTas.

LIEJIb. TpepctaBnTb HOBbIE AAHHbIE O POAY BUTaMuHa K B dmnanonornyecknx npoueccax BHe CMCTeMbl reMmocTasa, a Tak-
e OLLEHUTb NOTEHUMASbHYIO BO3MOXHOCTb €ro NPUMEHEHUS ANs NpefoTBpaLLeHns 3a6oneBaHnii cepaeyHO-coCcyancTomn n
KOCTHOW CUCTEM.

MATEPVIAJIbI 1 METO/bI. Bein npoBeneH Nonck B MexayHapoaHbix 6a3ax gaHHbIx Scopus, PubMed n Google Scholar no
Kno4eBbIM cnoBam: «vitamin K», «vitamin K2», «vitamin K osteoporosis», «vitamin K metabolism», «vitamin K deficiency», bone
metabolism», «vitamin K cardiovascular diseases», «vitamin K osteocalcin», «osteocalcin», «matrix Gla-protein», «vitamin K
matrix Gla-protein».

PE3YJIbTATbI. CTpykTypa u 6uonoruyeckoe gervicreue sutamuHa K. ButamuH K Bo Bcex MonekynsipHbix dopmax, 3a uc-
KJl0YEHMEM ANINHHBIX MeHaxnHoHOB (MK-10, MK-13), xopoLuo abcopbupyeTtcst B kuweyHrke. Butammnd K1 MeHee akTuBeH 1
B 60/bLUEN CTENEHM y4acTBYeT B NoAAepXaHUN remocTasa, B To Bpemsi kak MK-4 n MK-7 6onee akTMBHbI U COAepXaTcs B
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OCHOBHOM BHE MeYeHU (B HaCTHOCTU, B COCYAMCTOM CTEHKE), akTUBMPYS TaMm BUTaMuH K-3aBrncumble 6enkun. Pekomenayemas
OHeBHasa no3a ButammHa K coctaenaeTt 120 1 90 MKr/cyT Ans My>XHUH W XXEHLLUMH COOTBETCTBEHHO. Hanbonbluas 6e3onacHas
nosa MK-7, pekomeHgoBaHHas Schurgers 1 CoaBT. 4151 TAUMEHTOB, NOJTyYaIOLLMX NepopasibHble aHTUKOArynsHTbl U NPUBOAS -
Las K AONyCTMMbIM BapuaLmsamM NpoTPOMOMHOBOIo BpeMeHu, — 50 Mkr/cyT. ButamuH K geincteyeT kak kodakTop asia ramma-
rnyTamMunkapOoKcunasbl, KOTOPbIV NPeBpaLlaeT ocTaTku rmyTamara HegokapbokcunmpoBaHHbix Gla-6enkoB (Glu) B octaTkn
ramma-kapbokcurnytamara (Gla), o6pasytoLLme KanbLmii-CBA3bIBaOLLME LLEeHTPbI. B xoae aToro npowecca XmHoH ButammHa K
nop, perictemem Butamun K-anokeung, peaykrassl (vitamin K-epoxide reductase; VKOR) npeo6padyeTcsi B ruApoxmHoH (KH2),
HEeobXoAMMbI AN1 MOCTTPaHCAALMOHHOro kapbokcunmposaHus. Janee HeakTuBHbI KH2 nepexoanT B anokcua ButamumH K,
KOTOPbIN, B CBOIO 04epefb, peTpaHchopMmpyeTcs U3 xmHoHa ButamuHa K nog aenctenem sapdapuH-dyscteutensHon VKOR.

ButamuH K-3aBucumblie npoTenHsl kak Guomapkepsbl ctatyca Butamuua K. Gla-npoTeunHbl BKIIIOYAIOT NeYeHo4YHble dak-
Topbl koarynsaumm — I, VII, IX; X, npoteunHbl C, S 1 Z, kak 1 BHene4YeHouHble Gla-npoTenHsbl, Takme kak octeokanbumnH (OC), ma-
TpukcHble Gla-npoTteuHbl (MGP), 6nokmpytowwmii pocT cneunduryeckmin 6enok 6 (growth-arrest specific gene 6 protein; Gas6),
nponuH-6orateii Gla 6enkn 1 n 2, koHaHTokMH G n T, Gla-6oraTbiii npotenH (GRP) [14]. lamma-kapbokcunnmpoBaHme aTux
Gla-npoTenHoB HEOBX0AMMO OJ19 OCYLLECTBEHMS UX POSU MO 3axBaTy kanbuma Ca?* n BHeOpeHus ero B KpUcTasibl rnapok-
cuanatuta. HepgoctaTok ButammnHa K MoxeT NpuBeCcTu K HeagekBaTHOMY kapbokcunmpoBaHuio Gla-npoTenHoB, 4To, B CBOIO
oyepenp, 6yaeT NpensaTCTBOBATh BbILUEONNCAHHOMY MPOLECCY.

OcrekanbumH. [1Ba Tvna OK moryT 6bITb 06HapyXeHbl B CbIBOPOTKe — kapbokcununpoBaHHbii OC (cOC) u Hepokapbokcunu-
poBaHHbIl (ucOC). Pa3Hble nccnenoBaHus nokasanu, 4To HU3Koe noTpebneHne ButamuHa K npnBoauT k nosbiweHmto ucOC,
a BblCcokoe — K npeobnagaHmto cOC. PyHkumm OC He A0 KOHLA MOHSITHLI, 0AHAKO, M3BECTHO, 4TO UcOC CbIBOPOTKM 06paTHO
KOppenMpyeT C MUHepasibHOM NIOTHOCTLIO 6eAPEeHHO KOCTU 1 MPSIMO — C PUCKOM ee nepesioma.

MartpukcHhbivi Gla-nporenH (MGP). MGP akcnpeccupyeTcsi BO MHOMMX TKaHAX U AeNCTBYET Kak MEeCTHbI UHIMOUTOP COCy-
ANCTO Kanbumdukaumm, NpuyeMm NHMOUTOPHAS akTUBHOCTb 3aBUCUT OT MNOCTTPAHCASLMOHHON Moandukaunun MGP, Bkio-
yatoLLelt kapbokcunmposaHue octatkoB Gla n docdopunmposaHune cepuHa. MepBblii N3 3TUX NPOLLECCOB SBASETCS BUTAMUH
K-3aBucumbiM. KapbokcunmpoBaHHas n pocdopunuposaHHasa popma MGP (cMGP) dyHKUMOHANbHO akTUBHA U CriocobHa
NPeaoTBPaTUTL IKTOMMYECKYIO KanbUMPUKALMIO N anonTo3 MaAKOMbILLEYHbIX KNeTOK COCYAMCTON CTEHKU, B TO BPEMS Kak
nekapbokcunmpoBaHHbIi 1 aedochopunmposanHbiii MGP (ucMGP) ¢yHKUMoHanbHO He akTuBeH [29]. Bbino nokasaHo, 4To
KOHLEeHTpaums obero umpkynupyiouiero MGP accouumnpoBaHa ¢ pakTopamm pucka niemmyeckom 6onesHmn cepaua, nosbl-
LLEHHBbIN ypoBeHb aedocdopunmpoaHHoro MGP 6bin 06HapyXeH y NauMeHToB C aTepoCcKIepo3oM, a HeJokapOoKCUIMpo-
BaHHOro MGP — y 60J1bHbIX C CEPAEYHO-COCYAMCTEIMM 3a001EBAHMAMMU, NPUYeM 06a KOPPENMPOBAN CO CTEMEHbLIO BACKYNSP-
HOW Kanbumdukaunm.

Brokupyrowmii poct crneungunyeckuii 6enok 6 (Gas6). Gasb o0 cux Nop HeAOCTaTOYHO N3YYeH, HO ero pyHKUUK CBA3a-
Hbl C perynsaumen KNeTo4yHoro pocta, Murpaumein u nponmdepaumen, BbiXXMBaeMoCTbiO KJIETKM, anonTo30M, y3HaBaHNEM
yMUpatoLen Knetkm, paroumto3oM, KINeToYHOW aaresnein, MmenmHusaumen HEPBHOIo BOMIOKHA. MITorom B3aMmMoaencTeus
Gla-komnoHeTa Gas6 1 NPon3BOAHbIX KyMapuHa MOXeT OblTb MPOrpPeccupoBaHme LLMPOKOro CriekTpa naTonoruii, Bkayas
pak, cepae4yHo-cocyancTble, HeBposiormyeckre 3aboneBaHns, ayTOMMMYHHbIE NMPOLIECChI, a TakXe XpoHudeckas 601e3Hb Mno-
yek. Gasb nrpaeT BaxHyo posib B aTeporeHese. Tak, OH MHOYLMPYET XEMOTaKCUC rMaAKoMbILLIEYHbIX KNeTOK COCY0B 1 BMecTe
¢ Axl-peuenTopomM onocpeayeT NPorpeccnpoBaHne aTepPOCKIEPOTUYECKNX MOBPEXAEHNIA.

Borarseiii Gla-npoteun (GRP). MNonHocTbio ramma-kapbokecunmpoBaHHbli GRP BkniovaeT 15 octatkos kapbokcurnyramara
(Gla). Takas Bbicokas nnoTHOCTb ocTaTkoB Gla B GRP, ero yHukanbHas cnocobHOCTb CBA3bIBATL KasbLMiA 1 BEICOKME Pacnpo-
CTPaHEHHOCTb/COAEPXaHNE B TKAHAX MIEKOMUTAIOLLMX MO3BOISIOT NPEANONOXNTb KPUTUYHYIO dyHKUMIO GRP kak rmobanb-
HOro moaynaTopa obmeHa kanbuus. Miccnegoanus in vitro nokasanu, 4to GRP HakannveaeTca B MeCcTax natonornyeckom
AKKYMYNSILMK KanbLms; 9TOT 610K cnocobeH HanpPsIMyio CBA3bIBATb KpUcTabl pocdaTa KanbLmsa 1 AeNCTBOBATb Kak Hera-
TUBHBI PErYNATOP OCTEOreHHOM ANdDEPEHLMPOBKM N MHTMOUTOP COCYAUCTON U CYCTaBHOM KanbLmdurkaumm.

HepocraroyHocTs BUTamuHa K u naronornyeckme cCoCTosiHusI y 4esnioBeka

lMpumeHeHne nepopasibHbIX aHTUKOArysISTHTOB. [epopasibHble aHTUKOArysHTbI AEACTBYIOT Kak aHTaroHUCTbl BUTammHa K
1 B3anmopgencTytoT ¢ MGP 1 GRP. lonrocpo4Hoe npuMeHeHne HenpsiMblX aHTUKOAryistHTOB MOXeT OblTb aCCOUMMPOBAHO C
He3HaYUTEeSIbHbIM MOBbILLEHNEM XPYMKOCTU KOCTEN 1N PUCKOM NepesioMa B CBA3M C OCTEONOPO30M. BTopoii noTeHumanbHbIn
no60oYHbIN 9D PEKT, KOTOPLIN MOXET ObITb CIIPOBOLMPOBAH 3TON Tepanuen, — cocyamcTtas kanbumdburkauus.

HepgocraroyHocts BuTamuHa K kak ¢paktop pucka xpoHndeckori 6oneavu noyek (XBI1). B nocnegHve roabl HepgocTta-
TOYHOCTb BUTamMuHa K 6biia onvucaHa kak HoBbli NATOIOrMYECKNI MEXaHN3M COCYANCTOM Kanbumdukaumm y 6onbHbIx ¢ XBI.
Hwnaknii ctatyc ButammnnHa Ky naumeHToB [l MOXeT ObiTb CBSI3aH C ANETON, OrpaHnYMBaloLLLEN NOTpebieHne HaTpUS U Kanus,
Tak Kak aTu 3NeKTPONUTbI MPUCYTCTBYET B TEX XK€ MULLEBbLIX MCTOYHMKAX, 4TO 1 BUTaMuHbl K1 1 K2. CnenyeTt oTMeTUTb, 4TO
noTpebnenne ButammHa K ¢ nuien y 6onbHbIx [, 4OCTATOYHO A5 NOAAEPXKAHUSA HOPMASIbHOrO reMocTasa, HO MOXET ObITb
HeoCTaTOYHO AN aAeKBaTHOro kapbokcmnmpoBaHusa 1 aktmeaumm Gla-npoTenHoB, YTO NPUBOANT B UTOTE K CHUXEHUIO UH-
rmémpoBaHuns Kanbumdburkaumm MGP 1 NOBbILLEHWNIO XXECTKOCTU apTEPUIA.

3AKJIIOYEHVIE. Xopoluo n3BecTHa knaccuyeckas posib ButammnHa K B aktuBaummn nevyeHo4yHbix Gla-npoTenHoB, OTBETCTBEH-
HbIX 32 HOpMalbHbIN remocTas. B nocnegHue roabl onvcaHbl HOBble PyHKUMK BUTaMUH K-3aBucumbix Gla-npoTenHos,
BKJIlOYAs MHrMbUpoBaHme cocyancTon kanbumdukaumm (MGP, GRP), perynaumio koctHoro metadonuama (OK) n curHanb-
HbIX NyTen (Gas6). [1o cux Nop MHOroe He A0 KOHLA NMOHATHO B OTHOLUEHUW KOHKPETHOM POoNn pasnnyHbix Gopm BHeneye-
HO4YHbIX Gla-NpPoTEenHOB, Kak 1 B OTHOLLEHUN NOTPeOHOCTM B BUTamMuHe K B 300poBOM 1 601bHOM COCTOSHUSAX. Haanexatias
Koppekums nedpuumta ButammHa K MOXeT yny4qLinTb COCTOSAHME KOCTHOW TKaHW 1 apTepuanbHblX COCYAOB.

Krniouesble cnoBa: BUuTamMmuH K, G|a-I'IpOTeI/IH, cocyguncrtaa KaJ'IbLI,I/ICbI/IKaLI,I/IFI, XPpOoHUn4eckas 60n€e3Hb Noyek
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INTRODUCTION

The discovery of vitamin K belongs to the Danish
biochemist Carl Peter Henrik Dam (1895-1976). Dur-
ing his work (1928-1930) in the Biochemical Institute
at the Copenhagen University Dam observed hemor-
rhagic disorders in chickens on cholesterol and fat-
free diet for 2-3 weeks. He noted a new coagulation
disorder accompanied with lengthened blood clotting
time, anemia and hemorrhage [1].

Ten years later, E.A. Doisy's group isolated an ac-
tive substance related to this blood clotting disorder.
Although at the time the isolated substance had not
been established, chemical and physical properties
were correctly attributed to a substituted 1,4-naph-
thoquinone. Subsequent works by H. Dam, rewarded
with the Nobel Prize for medicine in 1943 «for his
discovery of vitamin K», with E.A. Doisy «for his
discovery of the chemical nature of vitamin K», led
to the characterization of the molecule termed as vita-
min K (Koagulationsvitamin) [2].

Until the last two decades, the role of vitamin K
was related only to blood clotting. Nowadays a mul-
tiple new faces of vitamin K were discovered. Many
of these functions are mediated by old and newly dis-
covered vitamin K dependent Gla-proteins and take
place in bone metabolism, inhibition of vascular cal-

cification, cell signaling, energy and glucose home-
ostasis.

The current review does not cover all aspects of
vitamin K functions. A certain aspects of vitamin K
and Gla-proteins role beyond the hemostasis were se-
lected.

Literature search was done using the online data-
bases Scopus, PubMed and Google Scholar. In total
26024 results since 2007 were found and reviewed.
The following keywords were used: «vitamin Ky,
«vitamin K2», «vitamin K osteoporosisy», «vitamin K
metabolismy, «vitamin K deficiency», bone metabo-
lismy, «vitamin K cardiovascular diseases», «vitamin
K osteocalciny, «osteocalciny, «matrix Gla-proteiny,
«vitamin K matrix Gla-proteiny.

Structure and biologic action of vitamin K

Vitamin K includes structurally similar fat-soluble
compounds containing 2-methyl-1,4-naphthoquinone
ring and naturally occurring in two forms — vitamin
K1 and vitamin K2 [3]. The former, also known as
phylloquinone, is made in plants and algae where it
is a structural component of photosynthesis chain [4].
Phylloquinone is the main type of dietary vitamin K
found in green leafy vegetables. Menaquinones (vita-
min K2) are referred to as MK-n, where n stands for
the number of isoprenoid residues in their aliphatic

Figure 1. Chemical structures of vitamin K forms (after [7]). From top: menadione, phylloguinone (vitamin K1), phylloquinone epoxide,

menaquinone-4 (MK-4), menaquinone-7 (MK-7).

Puc. 1. Xumunyeckas ctpyktypa dpopm ButammHa K (no [7]). CBepxy BHU3: MEHAANOH, GUNIOXUHOH (BUTaMuH K1), dUANoxmHOH anokcua,

MEHaxNHOH-4 (MK-4), MeEHaxnHOH-7 (MK-7).
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chain. Menaquinones are of bacterial origin and are
the major form of vitamin K in tissues. Its natural
sources include fermented foods such as Japanese
traditional food natto (fermented soybeans), cheese,
yogurt, curd, meat, dairy, and eggs [5]. In mammalian
tissues, MK-4 is the only vitamin K2 subtype that can
be produced by reconstruction of phylloquinone and
probably other menaquinones [6]. It should be no-
ticed that a third, synthetic form is known — vitamin
K3 (menadione) (Fig. 1).

All molecular forms of vitamin K except long-
chain menaquinones (MK-10, MK-13) are well
absorbed. Vitamin K1 is less active and supports
mainly homeostasis, while MK-4 and MK-7 are
more active and accumulate preferably in extra he-
patic tissues and vascular walls activating vitamin
K-dependent proteins outside the liver [7]. The
long-chain menaquinones are with lowest vitamin
K activity [8, 9]. Vitamin K does not have a carrier
protein, but is rather transported by triglyceride-rich
lipoproteins (for both K1 and MK) and low-density
lipoproteins (for MK only) [10, 7, 11]. Compared
to phylloquinone and MK-4 MK-7 reveals longer
plasma half-life (1-2 hours vs 4 days) and 2.5-fold
better bioavailability than that of phylloquinone af-
ter oral intake [8].

The recommended daily dose for vitamin K1 is
120 and 90 pg/d for males and females, respectively
[12]. An upper safety limit recommended by Schurg-
ers et al for MK-7 is 50 ug/d for patients on oral an-
ticoagulant treatment resulting in tolerable variations
in prothrombin time by anticoagulant therapy [8].
Recently, there is insufficient scientific knowledge
about dietary recommendations for menaquinones
[3]. According to NHANES 43.0% of men and 62.5%
of women met the established minimum for phyllo-
quinone [13].

Vitamin K acts as a cofactor for the gamma-
glutamyl carboxylase. This enzyme converts the
glutamate residues of undercarboxylated Gla-pro-
teins (Glu) into gamma-carboxy glutamate (Gla) resi-
dues with the latter forming calcium-binding sites.
During this process vitamin K quinone by vitamin
K-epoxide reductase (VKOR) or diaphorase is con-
verted to vitamin K hydroquinone (KH2) needed for
the posttranslational carboxylation. Next, the inactive
KH2 is converted into vitamin K epoxide, which in
turn is retransformed into vitamin K quinone by the
warfarin-sensitive VKOR. Due to the presence of
such active mechanism for vitamin K recycling, there
is no storage form of this liposoluble vitamin in the
human body. It is found that coumarin oral anticoagu-
lants, such as warfarin, inhibit VKOR and thus inter-
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fere with vitamin K-cycle and vitamin K—dependent
carboxylation of extrahepatic Gla-proteins (Fig. 2).

Vitamin K dependent proteins as biomarkers
for vitamin K status

The Gla-proteins comprise a large family of pro-
teins containing gamma-glutamyl residues in their
structure. They include hepatic blood coagulation
factors II, VII, IX, X, proteins C, S and Z as well
as extra-hepatic Gla-proteins, such as osteocalcin
(OC), matrix Gla-protein (MGP), growth-arrest spe-
cific gene 6 protein (Gas6), Proline-rich Gla protein
1 and 2, Conantokin G and T , and the Gla-rich pro-
tein (GRP) [14]. Apart from their well-known role in
coagulation, the Gla-proteins participate in bone me-
tabolism (OC), blood vessel repair (MGP and GRP),
cell growth and apoptosis regulation (Gas6), tumor
growth suppression, signal transduction and sphin-
golipid synthesis [7]. The gamma-carboxylation of
these Gla proteins is essential for their role to attract
Ca2+ and to incorporate it into hydroxyapatite crys-
tals. Vitamin K deficiency may lead to inadequate
Gla-protein carboxylation which in turn hampers the
before mentioned processes (Fig. 3).

Osteocalcin

Structure and Biosynthesis

Osteocalcin (OC) is one of the products of the vi-
tamin K dependent gamma-glutamyl carboxylation
of Gla proteins. OC is the most abundant non-colla-
genous protein in bone that is secreted by osteoblasts
following multiple post-translational modifications.
OC Gla- residues confer high-affinity for binding to
hydroxyapatite that explains the high concentration
of carboxylated OC attached to the bone matrix. OC
is a small Ca2+ -binding protein containing three
Gla-residues and is indigenous to the organic matrix
of bone, dentin, and possibly other mineralized tis-
sues. It is synthesized by the osteoblasts by a process
induced by 1,25(0OH)2D3 during bone formation. The
serum OC levels are considered as a bone formation
biomarker [15, 16].

There are two types of OC that can be found in
the blood serum — carboxylated OC (¢cOC) and under-
carboxylated OC (ucOC). Their concentration in the
serum depends on the vitamin K saturation of the or-
ganism. Different studies showed that low vitamin K
intake is related to higher ucOC and higher vitamin K
intake results in predomination of cOC. It is consid-
ered that, ucOC is a sensitive indicator of vitamin K
status [9]. Depending on the immunochemical meth-
od used for its determination, the percentage of ucOC
(%ucOC), when measured by hydroxyapatite binding
assay, or ucOC/cOC ratio, when measured directly,
can be used for evaluation of vitamin K status [17].
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Figure 2. Vitamin K cycle.

Puc. 2. O6meH BuTamuHa K.

BuTtamuH K pneiicTByeT kak kodakTop A1 ramMa-rinytaMmuikapbokcuiasbl, KOTOPbIN MpeBpaLlaeT ocTaTky riyTaMaTa He,okapOoKCum-
poBaHHbIx Gla-6enkoB (Glu) B ocTatky ramma-kapbokcurnytamaTta (Gla), o6pasyoLume kanbLunii-CBa3biBatoLLMe LLeHTPbl. B xoae atoro
npouecca xvHoH ButamuHa K nop gerictemem ButamuH K-anokeung peaykraasbl (vitamin K-epoxide reductase; VKOR) npeobpasyeTtcs
B rmapoxmHoH (KH2), Heobxoaumbili Ans NOCTTPAHCASLUMOHHOIo kKapbokcunuposBaHus. [anee HeakTnBHbI KH2 nepexoauT B anokcup,
BUTaMWH K, KOTOPGIIA, B CBOIO 04epenb, PeTpaHCchOPMUPYETCS U3 XMHOHA BUTaMmnHa K noa aernctemem sapdapuH-4yscTeutensHon VKOR.

Favoring blood

blood coagulation
factors Il, VI, IX, X,
proteins C, S and Z

MGP GRP ocC Gas6
ucMGP - cMGP ucGRP - cGRP ucOC - cOC ucGas6 -» cGas6

o receptors

Inhibition of Neuroprotection

Favoring bone
vascular 2 g . Sphingolipid
S mineralization 3
calcification metabolism

Figure 3. Biologic role of vitamin K dependent Gla-proteins

Puc. 3. Buonornyeckas ponb ButamuH K-3aBucrmbix Gla-npoTemHoB.

Gla-npoTeunHbl BKOYAT nedeHo4Hble pakTopbl koarynauuu — I, VI, IX, X, npotenHsbl C, S n Z, kak n BHeneyeHo4Hble Gla-npoTeunHsbl,
Takune kak octeokanbuuH (OC), maTpukcHble Gla-npoteunHsl (MGP), 61okmpytowmii pocT cneumdundecknin 6enok 6 (growth-arrest specific
gene 6 protein; Gas6), nponuH-6oratbiil Gla 6enku 1 1 2, koHanTokmH G 1 T, Gla-6oraTtbin npoTenH (GRP). lamma-kapbokcunmposaHme
3Tnx Gla-npoTenHoB HEOHXOAMMO SIS OCYLLECTBEHUS UX ponun no 3axeaTy Ca?" n BHeapeHWsl ero B KpUcTaibl rmapokcuanatmra.
HepocTatok ButammHa K MoxeT NpuBecTn kK HeaaekBaTHOMY kapbokcunmposaHuio Gla-npoTenHoB, 4TO, B CBOIO o4epenb, OyaeT npe-
MATCTBOBATb BbILLEONNCAHHOMY MPOLILECCY.
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Function and Mechanism of action

Although the exact function of OC is not fully un-
derstood, a number of epidemiological studies have
been shown a relationship between ucOC concentra-
tion, bone health, fracture risk and vitamin K intake.
Elevated serum ucOC is reported to correlate inverse-
ly with hipbone mineral density and positively with
hip fracture risk [18, 19, 20].

Recently the researchers’ interest was attracted by
the presumptive role of ucOC on glucose homeostasis
and energy metabolism. The first clue for the putative
role of ucOC in glucose homeostasis came from ani-
mal studies showing that injection of ucOC enhances
insulin production and sensitivity when infused into
wild-type mice. This indicates that ucOC is the ac-
tive form of a hormone regulating blood glucose and
insulin sensitivity. In vitro experiments on isolated is-
lets and primary adipocytes first revealed that cOC is
inactive, while ucOC is active in regulation glucose
and energy homeostasis [21, 22]. Studies on humans
extrapolate these findings and show that circulating
ucOC inversely correlates with clinical parameters
related to insulin sensitivity [23]. These studies sug-
gest a protective role for ucOC and raise questions
about the role of vitamin K in metabolic disease.

Matrix Gla-protein (MGP)

MGP function

MGP is a secretory protein belonging to the Gla-
protein family. It is expressed by a variety of tissues,
including heart, lung, kidney, skin, and the arterial
vessel wall, where it is synthesized by chondrocytes,
vascular smooth muscle cells, endothelial cells, and
fibroblasts [24]. The first clue for the inhibitory role
of MGP on soft tissue calcification came from MGP
knockout mice who died within 8 weeks of birth from
ruptures of the large blood vessels due to massive vas-
cular mineralization [25]. MGP acts as a local inhibi-
tor of vascular calcification. The inhibitory activity
of MGP fully depends on its post-translational modi-
fication, including carboxylation of the Gla-residues
and phosphorylation of serine. [26]. The first one of
these processes is vitamin K-dependent. Experimen-
tally the role of vitamin K on vascular mineralization
was proved in a rat model of warfarin-induced vascu-
lar calcification where high dietary vitamin K intake
inhibits the progression of vascular mineralization by
40% [27]. Yagami et al. have also have proven that
the triggering factor of calcification was the treatment
with vitamin K antagonists, i.e. with warfarin [28].

The carboxylated and phosphorylated form of
MGP (cMGP) is functionally active, capable to pre-
vent ectopic calcification and vascular smooth muscle
cells apoptosis, while the decarboxylated and dephos-
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phorylated MGP (dp-uc MGP) is functionally inac-
tive [29].

MGP in vascular tissue

Immunohistochemical studies have shown that in
healthy vessels MGP is synthesized at relatively low
rate, most likely due to the low need for calcification
inhibition. Using conformation-specific antibodies
capable to detect cMGP and ucMGP was concluded
that ucMGP accumulates in atherosclerotic and cal-
cified arteries, while the cMGP was almost absent.
The accumulation of ucMGP in the calcified arteries
leads to a decrease of its circulating level, therefore
modifying the balance between tissue and circulating
ucMGP. Thus the level of ucMGP can be used as a
biochemical non-invasive marker for cardiovascular
calcifications. Experimental studies on rats treated
with warfarin demonstrated accumulation of ucMGP
around the calcified lesions of the arteries. In addi-
tion, it was concluded that high vitamin K intake led
to improved MGP carboxylation, regression of pre-
formed calcifications and following increase of vas-
cular elasticity [24, 30, 31]. Both expression levels
and activity status of MGP may help to understand its
exact function in the local inhibition of vascular cal-
cification and the role of vitamin K supplementation
therapy as a therapeutic approach for enhancing the
activity of MGP and probably a calcification reduc-
ing factor.

Circulating MGP as a biomarker

Currently circulating MGP forms are not well-
researched. Mature MGP is highly insoluble and it
is not understood how and if it circulates as a free
protein or associated with a carrier. Full-length MGP
has been extracted from the plasma of rats in a com-
plex with calcium, phosphate, carboxylated MGP
and fetuin. MGP can undergo two posttranslational
modifications: the aminoacid sequence 3—15 with
three serine (ser) residues can be phosphorylated and
aminoacid sequence 35-53 containing four glutamate
residues (Glu) can be carboxylated into gamma-car-
boxylglutamate (Gla). These modifications yield dif-
ferent MGP conformations which can circulate freely
in the blood stream and their levels depend on the
rate of MGP local synthesis and binding to calcified
areas. Development of immunochemical assays to
distinguish different forms of MGP allowed evaluat-
ing its role as non-invasive molecular biomarker. It
was shown that total circulating MGP concentration
is associated with coronary heart disease risk factors,
higher circulating levels of dpMGP were found in
patients with atherosclerosis, elevated ucMGP were
detected in patients with cardiovascular disease and
they correlate with the degree of vascular calcifica-
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tion [31, 32, 33]. The fact that vitamin K subclinical
deficiency is related to ectopic calcification, initiate a
lot of research on vascular vitamin K status. It is con-
sidered that dp-uc-MGP is a good indicator for vascu-
lar vitamin K status and it correlates with both cardiac
function and mortality in aortic stenosis patients [34].
In hemodialysis patients high dp-uc MGP correlate
with the degree of vascular disease [24].

Growth- arrest specific gene 6 protein (Gas6)

Along with MGP and OC, another extrahepatic
Gla-protein worth paying attention to is growth-ar-
rest specific gene 6 protein (Gas6). Gas6 is still not
that well studied but its functions are associated with
cell growth regulation, migration and proliferation,
cell survival, apoptosis, recognition of dying cells,
phagocytosis, cell adhesion, cognition and nerve my-
elination.

Gaso0, a product of the growth arrest—specific gene
6, is a secreted protein (75 kDa) containing 11-12
carboxyglutamic acid (Gla) residues. It reveals a 43%
amino acid sequence identity with protein S, known
as a negative regulator of blood coagulation. Gas6
serves as a ligand for a subfamily of receptor tyro-
sine kinases, which function is dependent on the pres-
ence of Gla residues. These Gla-residues are formed
because of post-translational transformation of Gas6
glutamic acid residues in a reaction catalyzed by the
vitamin K—dependent gamma-glutamyl carboxylase.
It was demonstrated that the incomplete carboxyla-
tion of Gas6 results in loss of biological activity [35].
Consequently, interfering with its Gla-content by us-
ing coumarin derivatives may influence the progress
of a wide variety of pathologies including cancer,
cardio vascular disease, neurological diseases, and
autoimmune disease and kidney disorders.

Gas 6 plays a role in atherogenesis. Thus, it induc-
es the chemotaxis of vascular smooth muscle cells,
and together with its Axl-receptor, contributes to the
progression of atherosclerotic lesions. Gas 6 and,
possibly protein S as well, could inhibit calcification
due to their effects on apoptosis- they may prevent
apoptosis of vascular smooth muscle cells and en-
dothelial cells. Atherosclerotic lesions showed exces-
sive apoptosis that has been proposed as the cause of
calcification initiation [36].

In the nervous system, Gasb6 is involved in chemo-
taxis, cell growth, and myelination. These actions are
mediated by binding and activation of TAM receptors.
Gas6 has been shown to regulate sexual maturation
during development by activation signaling pathways
such as phosphatidylinositol 3-kinase (PI3K) signal-
ing pathway and mitogen-activated protein kinases
(MAPK) [35].

Gla-rich protein (GRP)

GRP is the newest member of the vitamin K-
dependent protein (VKDP) family, first identified
in sturgeon calcified cartilage. Fully y-carboxylated
GRP includes highest number of y-carboxyglutamic
acid (Gla) residues amongst other Gla-proteins (15
Gla residues in human). This high density of Gla res-
idues in GRP, its outstanding capacity for calcium-
binding, and its wide pattern of tissue distribution/
accumulation in mammals, have suggested a critical
function of GRP as global calcium modulator [37].
In vitro studies have shown that GRP accumulates
in sites of pathologic calcium accumulation; it re-
veals capacity for direct binding of calcium phos-
phate crystals and acts as a negative regulator of
osteogenic differentiation and inhibitor of vascular
and articular calcification [38, 39, 40]. Additionally,
recently has been shown that GRP is involved in the
crosstalk between inflammation and calcification of
articular tissues in osteoarthritis, acting as an anti-
inflammatory agent [41].

Summarizing the data about the biological role of
GRP it may be concluded that together with MGP
and fetuin-A it is a member of a calcification inhibi-
tory system and acts as a back-up system for calcium
binding and soft tissue/vascular calcification preven-
tion.

Vitamin K deficiency in human pathology

Usage of oral anticoagulants

With the growing information about the role of
vitamin K dependent extrahepatic Gla-proteins be-
yond blood coagulation, attention should be paid to
the possibility of side effects of the use of non-direct
oral anticoagulants. Oral anticoagulant therapy (cou-
marin and its derivatives — warfarin, acenocoumarol,
etc.) is a widely used treatment of subjects with in-
creased thrombosis risk. These anticoagulants act as
vitamin K antagonists and interfere with MGP and
GRP functionalities. Studies from the literature show
that long-term use of non-direct oral anticoagulants
may be associated with a modestly increased bone
fragility and osteoporotic fracture risk. A second
potential adverse effect is that vascular calcification
may be promoted [42].

Vitamin K deficiency as a risk factor in chronic
kidney disease (CKD)

The most cause of death in CKD patients is re-
lated to increased cardiovascular diseases (CVD).
Higher risk of CVD is due to the overlapping of clas-
sical risk factors of atherosclerosis with specific one
for CKD patients as altered calcium and phosphate
metabolism; hyperhomocysteinemia; renal anemia;
increased oxidative stress; micro inflammatory state
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etc. Phosphate is the principle substrate that is depos-
ited in the arterial wall. Phosphate can activate tran-
scription of certain genes in vascular smooth muscle
cells (VSCM) and pericytes, leading to their transfor-
mation in osteoblast-like cells and thus to «ossifica-
tion» of the arterial wall [43, 44]. In the last years,
vitamin K deficiency as a novel pathologic mecha-
nism for vascular calcification in CKD patients was
described. Study of E.C. Cranenburg et al (2012)
reported low vitamin K intake in 40 hemodialysis
(HD) patients as compared to a reference population
of healthy adults in the Netherlands. Low vitamin K
status in HD-patients may be related to sodium and
potassium restricted dietary regimen inasmuch as so-
dium and potassium are naturally present in the main
dietary sources for both vitamin K1 and K2. It seems
that dietary vitamin K intake in HD-patients is suf-
ficient to maintain normal blood clotting, but could
be not enough for satisfactory carboxylation and ac-
tivation of Gla-proteins finally leading to decreased
calcification-inhibitory effect of MGP and arterial
hardening [45, 24, 46].

Study on vitamin K status evaluated by the lev-
els of ucOC in Bulgarian postmenopausal women on
HD revealed four times higher plasma levels of ucOC
compared to the control group. The concentration of
ucOC was positively correlated with parathyroid hor-
mone (PTH) levels and the duration of HD treatment.
Additionally, the increased ucOC was positively as-
sociated with the reduced bone density and the 10-
year risk of osteoporosis fractures. The authors pro-
posed that supplementation with vitamin K may have
beneficial effect on bone health in postmenopausal
women on chronic HD treatment. [47].

CONCLUSIONS

It is well known the classical role of vitamin K in
activation of liver Gla-proteins responsible for nor-
mal hemostasis. In the last years a new roles of vita-
min K dependent Gla-proteins are elucidated includ-
ing vascular calcification inhibition (MGP, GRP),
bone metabolism (OC) regulation of signal transduc-
tion (Gas6). There are still many uncertainties over
the precise role of the various forms of extrahepatic
Gla-proteins, as well as the need of vitamin K sup-
plementation in health and disease.

Considerably more work is required in the area of
vitamin K including understanding relative bioavaila-
bility, optimal tissue-specific status indicators and the
relative importance of gamma-carboxylation status to
the growing number of health outcomes that may be
influenced by vitamin K inadequacy.
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