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2. Wykaz stosowanych skrotow i oznaczen

ALP (ang. Alkaline Phosphatase) — fosfataza alkaliczna

ATF4 (ang. Activating Transcription Factor 4) — czynnik transkrypcyjny 4
BALP (ang. Bone Alkaline Phosphatase) — fosfataza zasadowa izoenzym kostny

BGLAP (ang. Bone Gamma-Carboxyglutamate Protein) — biatko gamma-

karboksyglutaminianowe ko$ci/ osteokalcyna

BMA (ang. Bone Mineral Area) — obszar mineralny kosci

BMC (ang. Bone Mineral Content) — zawarto$¢ mineralna kosSci
BMD (ang. Bone Mineral Density) — gestos¢ mineralna kosci
CKD (ang. Chronic Kidney Disease) — przewlekta choroba nerek

CKD-MBD (ang. Chronic Kidney Disease — Mineral Bone Disorders) — zaburzenia

mineralno-kostne w przewlektej chorobie nerek
CON (ang. Control Group) — grupa kontrolna

dp-ucMGP (ang. Desphospho-Uncarboxylated Matrix Gla Protein) —

defosfonieukarboksylowane biatko macierzy Gla

DEXA (ang. Dual Energy X-ray Absorptiometry) — absorpcjometria rentgenowska

0 podwojnej energii
ELISA (ang. Enzyme-Linked Immunosorbent Assay) — test immunoenzymatyczny
FGF-23 (ang. Fibroblast Growth Factor) — czynnik wzrostu fibroblastow-23

FOXO1 (ang. Forkhead Box Transcription Factor 1) — czynnik transkrypcyjny nalezacy do
rodziny forkhead box 1

GAPDH (ang. Glyceraldehyde-3-Phosphate Dehydrogenase) — dehydrogenaza aldehydu 3-

fosforanowego gliceryny
GFR (ang. Glomerular Filtration Rate) — wspotczynnik filtracji kigbuszkowej
GGCX (ang. y-Glutamyl Carboxylase) — y-glutamylokarboksylaza

HD (ang. Hemodialysis) — hemodializa



HPLC (ang. High-Performance Liquid Chromatography) — wysokosprawna chromatografia

cieczowa
IL1a (ang. Interleukin 1a) — interleukina 1o

LC-MS/MS (ang. Liquid Chromatography — Mass Spectrometry) — chromatografia cieczowa

z tandemowa spektrometrig mas

M-CSF (ang. Macrophage Colony-Stimulating Factor) — czynnik stymulujacy tworzenie

kolonii makrofagoéw

MGP (ang. Matrix Gla Protein) — biatko macierzy Gla

MKs (ang. Menaquinones) — menachinony/ witamina K2

MRM (ang. Multiple Reactions Monitoring) — monitorowanie reakcji wielokrotnych

MSCs (ang. Multipotent, Mesenchymal Stem Cells) — multipotencjalne, mezenchymalne

komorki macierzyste

OC (ang. Osteocalcin) — osteokalcyna

OPG (ang. Osteoprotegerin) — osteoprotegryna
OPN (ang. Osteopontin) — osteopontyna

PGE2 (ang. Prostaglandin E2) — prostaglandyna E2

PIVKA-II (ang. Protein Induced by VK Absence/Antagonism Il) — biatko indukowane przez
brak witaminy K lub antagoniste 11

pQCT (ang. Peripheral Quantitative Computed Tomography) — obwodowa ilosciowa

tomografia komputerowa

PTH (ang. Parathyroid Hormone) — parathormon

R1 (ang. Metaphyseal Area of Femur) — obszar przynasadowy ko$ci udowej
R2 (ang. Diaphyseal Area of Femur) — obszar trzonu kosci udowe;j

RANKUL (ang. Receptor Activator for Nuclear Factor kB) — aktywator receptora dla ligandu

czynnika jagdrowego kB na osteoblastach

RCT (ang. Randomized Control Trials) — randomizowane kontrolowane badania kliniczne



RT-PCR (ang. Real-Time Polymerase Chain Reaction) — ilociowa reakcja tancuchowe;j

polimerazy w czasie rzeczywistym

RUNX2 (ang. Runt-Related Transcription Factors 2) — czynnik transkrypcyjny zwigzany
zRunt 2

SXR (ang. Steroid and Xenobiotic Receptor) — receptor steroidowy i ksenobiotyczny
TRAP (ang. Tartrate-Resistant Acid Phosphatase) — winianooporna kwasna fosfataza

UBIADL1 (ang. UbiA Prenyltransferase Domain Containing 1) — enzym zawierajacy domeng

transferazy prenylowej UbiA

ucOC (ang. Uncarboxylated Osteocalcin) — nieukarboksylowana osteokalcyna

vBMD (ang. Volumetric Bone Mineral Density) — objetosciowa gestos¢ mineralna kosci
VK (ang. Vitamin K) — witamina K

VKDPs (ang. VK-Dependent Proteins) — biatka zalezne od witaminy K

VKOR (ang. Vitamin K Epoxide Reductase) — reduktaza epoksydowa witaminy K

VKORCIL (ang. Vitamin K Epoxide Reductase Complex Subunit 1) — podjednostka 1
kompleksu reduktazy epoksydu witaminy K

VSMC (ang. Vascular Smooth Muscle Cell) — komoérki migsni gtadkich naczyn



3. Wstep

Na przelomie ostatnich dekad znaczgco wzrosta zapadalno$¢ na choroby nerek, stajac
si¢ glbwnym problemem zdrowia publicznego. Rozpowszechnienie przewleklej choroby nerek
(CKD, Chronic Kidney Disease) w populacji sigga 13% [1]. Ponadto prognozuje si¢, ze do 2040
roku CKD stanie si¢ pigta na $wiecie najczestsza przyczyng przedwczesnej umieralnosci [2].

Z uwagi na szereg funkcji pelnionych przez nerki oraz ich wptyw na homeostazg catego
organizmu [3] zaburzenia zaréwno strukturalne, jak i czynnoSciowe nerek wigza si¢

z wystgpieniem powiktan CKD, ktore znaczaco wptywaja na jakos¢ zycia chorych [4].
3.1. Zaburzenia mineralno-kostne w przewleklej chorobie nerek

Uposledzona czynno$¢ nerek prowadzi do rozwoju zaburzen gospodarki kostnej
I mineralnej, co wiaze si¢ z nieprawidlowa mineralizacja kosci, zwapnieniem naczyn
krwionosnych oraz tkanek migkkich [5,6]. Powyzsze powiktania w przewlektej chorobie nerek
okreslone sg terminem zaburzen mineralno-kostnych (CKD-MBD, Chronic Kidney Disease —
Mineral Bone Disorders) [7] i charakteryzuja si¢ wystgpieniem jednej lub wigcej
nieprawidtowosci dotyczacych stezenia wapnia, fosforu, uktadu czynnika wzrostu
fibroblastow-23 (FGF-23)/Klotho, parathormonu (PTH) czy metabolizmu witaminy D.
Powyzsze nieprawidtowosci przektadaja si¢ na zaburzenia obrotu kostnego, mineralizacji lub
wytrzymatos$ci koSci oraz wystepowanie zwapnien W uktadzie naczyniowym lub innych
tkankach migkkich [5-9]. CKD-MBD istotnie przyczynia si¢ do zwigkszonego ryzyka ztaman
oraz wzrostu $miertelnosci wsrod pacjentow nefrologicznych [10]. Wysokie ryzyko ztaman
w tej populacji wynika z potagczenia zmian w metabolizmie kostnym i mineralnym wywotanych
przez CKD oraz klasycznych czynnikow ryzyka ztaman obserwowanych w populacji 0sob bez
dysfunkcji nerek [10,11]. Patogeneza CKD-MBD oraz sktonno$¢ do ztaman jest zlozona,
dodatkowo leczenie skupiajace si¢ na wyré6wnaniu zaburzen mineralnych w surowicy nie jest
wystarczajace, by ograniczy¢ wystapienie i rozwoj powiktan CKD-MBD.

Hiperfosfatemia, bedaca skutkiem retencji fosforu, jest zjawiskiem stosunkowo p6znym
w naturalnym przebiegu CKD, ujawniajagcym si¢ klinicznie zwykle w stadium 4-5. Wzrost
wydalania fosforu przez pozostale nefrony przywraca jego homeostazg kosztem wyzszych
poziomow FGF-23 i PTH w surowicy. W sytuacji, gdy GFR (Glomerular Filtration Rate,
wspoétczynnik filtracji ktebuszkowej) osiggnie poziom ponizej 30% normy, hiperfosfatemia
utrwala si¢ z powodu niedostatecznego wydalania przez nerki [12]. W trzecim stadium CKD,
wskutek zatrzymywania fosforanow lub jako efekt wtorny poprzez stymulacje FGF-23,
zmniejsza si¢ stezenie krazacej we krwi 1,25-dihydroksywitaminy D (1,25(OH)2D). Obnizony
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poziom kalcytriolu w organizmie prowadzi do zmniejszenia wchlaniania wapnia z jelita
i kanalikow proksymalnych, powodujac sktonno$¢ do hipokalcemii, czemu przeciwdziata
zwickszona produkcja i sekrecja PTH. Hiperfosfatemia rowniez bezposrednio zwicksza
ekspresje genu PTH, a efektem koncowym powyzszych zaburzen jest wtérna nadczynno$c
przytarczyc [6].

Kluczowymi badaniami stosowanymi w diagnostyce CKD-MBD sg zatem: st¢zenie
wapnia, fosforanéw 1 fosfatazy alkalicznej (ALP, Alkaline Phosphatase) w surowicy.
W wytycznych KDIGO zalecane jest, aby byty one rutynowo monitorowane od 3-go stadium
CKD [7]. Parathormon powinien by¢ kontrolowany w stadium 4 CKD, natomiast mozna
réwniez uwzglednic jego oznaczanie juz w stadium 3. Pacjentom nalezy takze przeprowadzi¢
badania pod katem niedoboru witaminy D, a st¢zenie 25-hydroksywitaminy D powinno by¢
mierzone co najmniej raz w roku [7,9]. Pomiary FGF-23 i biatka Klotho nie odgrywaja istotnej
roli w diagnostyce oraz w rutynowym monitorowaniu CKD-MBD, a przydatnosc¢ kliniczna tych
markeréw do oceny ryzyka ztaman u pacjentow z CKD wymaga dalszych badan.

W przebiegu CKD-MBD dochodzi do uposledzenia zarowno jakosciowego, jak
1 ilosciowego tkanki kostnej, co prowadzi do zmniejszenia wytrzymatosci kosci.
Najwczesniejsze nieprawidtowosci immunohistochemiczne kosci u chorych z CKD-MBD
obserwuje si¢ juz przy stosunkowo tagodnym zmniejszeniu wskaznika przesgczania
ktebuszkowego (miedzy 60 a 90 ml/min/1,73 m?). Masa kostna jest zwykle oceniana za pomoca
absorpcjometrii rentgenowskiej o podwojnej energii (DEXA, Dual Energy X-ray
Absorptiometry), ktora pozwala oceni¢ powierzchniowa gestos¢ mineralng kosci (BMD
[g/cm?], Bone Mineral Density). Jednakze badania obrazowe, takie jak zdjecia rentgenowskie
oraz obliczenie BMD nie sa rutynowo wykonywane w przebiegu CKD, poniewaz nie pomagaja
przewidzie¢ ryzyka ztaman kosci ani rozpozna¢ rodzaju osteodystrofii [9]. Natomiast
obwodowa ilosciowa tomografia komputerowa (pQCT, Peripheral Quantitative Computed
Tomography) jest technika obrazowania, ktora mierzy rzeczywistg objetosciows gestosé
mineralng kosci (vBMD [g/cm®], Volumetric Bone Mineral Density) [13]. W zwierzecych
modelach CKD istnieje mozliwos¢ wykonania biopsji kosci do analizy histomorfometrycznej
lub przeprowadzenia badan wtasciwosci biomechanicznych i geometrycznych kosci [14-17].

Obecne zalecenia dotyczace terapii CKD-MBD skupiajg si¢ na hamowaniu wysokiego
obrotu kostnego poprzez zastosowanie suplementacji aktywna formg witaminy D i/lub
farmakoterapi¢ kalcymimetykami [5,6,18]. Rekomenduje si¢, aby leczenie gléwnych
nieprawidtowosci zwigzanych z CKD-MBD, takich jak niedobdr witaminy D, hiperfosfatemia

1 nadczynno$¢ przytarczyc, mialo miejsce przed rozpoczg¢ciem leczenia Srodkami
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antyresorpcyjnymi lub anabolicznymi [5,7-9,18]. Ze wzglgdu na fakt, ze dla pacjentow
z powiktaniami CKD-MBD nie opracowano specjalistycznego leczenia przeciwdziatajacego
ztamaniom, farmakologiczne postepowanie w stadium 1-3 CKD nie r6zni si¢ od postepowania
w terapii osteoporozy u chorych bez CKD. Jednakze terapia zaburzen kostnych w stadium 4-5
CKD pozostaje wyzwaniem, poniewaz wigkszo$¢ lekéw przeciwdziatajacych ztamaniom kosci

jest przeciwwskazana u pacjentow z eGFR <30 ml/min [10,19].
3.2. Proces przebudowy tkanki kostnej

Kos$¢ jest wysoce dynamiczng tkanka, ktdra przez cate zycie podlega procesom
przebudowy majacym na celu utrzymanie odpowiedniej objetosci, mikrostruktury,
wytrzymatosci kosci oraz homeostazy mineralnej. W przebudowie tkanki kostnej odgrywaja
role dwie antagonistycznie dziatajace populacje komoérkowe — osteoklasty, ktore majg zdolnosé
do resorpcji zmineralizowanej tkanki kostnej oraz osteoblasty kontrolujgce tworzenie kosci
[20]. W zdrowym dorostym szkielecie ilos¢ zresorbowanej kosci jest na ogot rowna ilogci nowo
powstatej tkanki kostnej, co pozwala zachowal integralno$¢ szkieletu i prawidlowa
wytrzymato$¢ mechaniczng kosci. Zaburzenie rownowagi homeostazy kostnej prowadzi do
rozwoju metabolicznych choréb kosci, takich jak osteoporoza i osteoliza, gdzie wystepuje
nadmierna osteoklastogeneza lub osteopetroza, w ktoérej dochodzi do nadmiernego
kosciotworzenia [21,22].

Osteoklasty sg to wiclojadrzaste komorki olbrzymie utworzone z komorek
jednojadrzastych linii monocytow/makrofagow. Ich przezywalnos¢, ekspansja i roznicowanie
prekursorow osteoklastow podlega stymulacji przez dwa gtéwne czynniki — czynnik
stymulujacy tworzenie kolonii makrofagow (M-CSF, Macrophage Colony-Stimulating Factor)
oraz aktywator receptora ligandu jadrowego czynnika kappa-B (RANKL, Receptor Activator
Of Nuclear Factor Kappa-B Ligand) [23]. Osteoblasty pochodza z multipotencjalnych,
mezenchymalnych komoérek macierzystych (MSCs, Multipotent, Mesenchymal Stem Cells),
a ich réznicowanie jest regulowane przez gtowny czynnik transkrypcyjny RUNX2 (Runt-
Related Transcription Factors 2), ktory odgrywa zasadniczg role w ekspresji genow
zwigzanych z osteoblastogenezg, takich jak fosfataza alkaliczna, osteokalcyna (BGLAP, Bone
Gamma-Carboxyglutamate Protein) i osteopontyna (OPN, Osteopontin) [20,24].

Podczas przebudowy kosci dochodzi do rekrutacji osteoklastow (faza aktywacji),
ktorych zadaniem jest niszczenie nieorganicznych sktadnikow macierzy zewnatrzkomorkowej
(faza resorpcji). Nastepnie osteoklasty ulegajg apoptozie, a w ich miejsce rekrutowane sg

osteoblasty (faza odwrocenia). W ostatnim etapie (faza formowania) osteoblasty odktadaja
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niezmineralizowang macierz osteoidowa, ktora wkrotce potem jest mineralizowana [22].
Proces przebudowy tkanki kostnej jest zatem kluczowym elementem zapewniajagcym odnowe
uszkodzonej kosci, w zwigzku z czym podlega $cistej kontroli przez hormony — gtownie PTH

i kalcytoning, a takze witamine K, 1,25-dihydroksywitamineg D oraz czynniki wzrostu [20,22].
3.3. Witamina K

Witamina K (VK, Vitamin K) to grupa rozpuszczalnych w tluszczach zwigzkow
chemicznych, ktore wystepuja w postaci witaminy K1 (filochinon) oraz K2 (MKs, ang.
Menaquinones, menachinony). U ludzi najczgstszymi MKs sg krotkotancuchowe MK-4, ktore
jako jedyne wytwarzane sg przez ogoélnoustrojowg konwersje filochinonu do menachinonow
przy udziale enzymu zawierajacego domeng transferazy prenylowej UbiA (UBIADI1, UbiA
Prenyltransferase Domain Containing 1). Wszystkie warianty VK sa wchtaniane przez
watrobg, gdzie zachodzi ich katabolizm, natomiast metabolity sa wydalane w okoto 40%
z 70kcig oraz w 20% z moczem [25].

Witamina K jest kofaktorem enzymu — y-glutamylokarboksylazy (GGCX, y-Glutamyl
Carboxylase), ktory jest niezb¢dnym elementem w procesie powstawania biatek zaleznych od
witaminy K (VKDPs, VK-Dependent Proteins). W reakcji gamma-karboksylacji do reszt Glu
w nieukarboksylowanych biatkach dodawane sa grupy karboksylowe, co pozwala na ich
przeksztalcenie w domeny Gla. W konsekwencji powstaja aktywne VKDPs, takie jak
osteokalcyna (OC, Osteocalcin) oraz biatko macierzy Gla (MGP, Matrix Gla Protein), ktore
poprzez wigzanie wapnia uczestniczg w procesach krzepnigcia krwi, zwapnienia naczyn oraz
mineralizacji kosci [26].

Aby witamina K mogta prawidlowo peli¢ swoja fizjologiczna role, jest poddawana
regeneracji okreslonej mianem ,,cyklu witaminy K”. Sg to reakcje redoks, ktorych zadaniem
jest przeksztatcenie epoksydu VK pod wplywem reduktazy epoksydowej (VKOR, Vitamin K
Epoxide Reductase) do postaci chinonu, a nastgpnie przy udziale reduktazy chinonowej do
postaci hydrochinonu VK. Posta¢ zredukowana witaminy K moze zosta¢ ponownie

wykorzystana do y-karboksylacji biatek [27].
3.3.1. Rola witaminy K w przebudowie kosci

Osteokalcyna (OC) jest jednym z gtownych niekolagenowych biatek wystepujacych
w kosciach, wydzielanym przez osteoblasty. Po karboksylacji zaleznej od witaminy K, OC
rozwija wysokie powinowactwo do jondw wapnia, ktore wlacza do krysztatow

hydroksyapatytu w macierzy kostnej [28]. Transkrypcja i translacja genu OC sg regulowane
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przez 1,25(0OH).D [29] oraz PTH [30], a w ich wyniku powstaje niedojrzata forma — ucOC
(Uncarboxylated Osteocalcin, nieukarboksylowana osteokalcyna). Krgzaca OC jest
wykorzystywana jako dobry biomarker tworzenia kosci, jednakze gdy ko$¢ ulega resorpciji,
fragmenty OC sg uwalniane do krazenia, W wyniku czego stezenie w 0soczu moze
odzwierciedla¢ obrét kostny. W badaniu przeprowadzonym u kobiet po menopauzie oraz
U 0sob zdrowych wykazano ujemng korelacj¢ migdzy stgzeniem OC w surowicy a BMD [31].
U zdrowych dziewczat zauwazono, ze filochinon w osoczu byl odwrotnie skorelowany
z krazacg OC, co wskazuje, ze lepszy status witaminy K byt zwigzany ze zmniejszonym
obrotem kostnym [32].

Biatko Matrix Gla (MGP) jest syntetyzowane w komodrkach migséni gtadkich naczyn
(VSMC, Vascular Smooth Muscle Cell), chondrocytach i osteoklastach. Zgodnie z wynikami
badan zarowno na zwierzetach, jak i1 na ludziach, MGP hamuje zwapnienie naczyn te¢tniczych
i chrzastek, jednoczesnie utatwiajac prawidtowy metabolizm kos$ci [28,33]. Zhang i in. [34]
wykazali, ze nadekspresja MGP jest zwigzana z zahamowaniem osteoklastogenezy i wzrostem
masy kostnej, podczas gdy niedobor MGP stymuluje powstawanie i1 funkcjonowanie
osteoklastow, przyspieszajac resorpcje kosci.

Jak ilustrujg wyniki badan in vitro, witamina K (szczegdlnie K2) poprawia funkcje
osteoblastow poprzez indukcje ich proliferacji i réznicowania [35,36] oraz hamowanie
apoptozy osteoblastow za posrednictwem biatka Fas [37]. W obecnosci witaminy K2 hodowle
komorkowe osteoblastow zwiekszaja zarowno aktywno$¢é ALP, jak i poziom OC [36]. Wyzsza
aktywno$¢ ALP zwigzana jest z lepszym tworzeniem macierzy organicznej 1 cz¢$ci mineralne;j
kosci oraz z odktadaniem si¢ OC 1 hydroksyapatytu w kosci. Witamina K2 aktywuje receptor
steroidowy i ksenobiotyczny (SXR, Steroid and Xenobiotic Receptor) [38,39] oraz dziata jako
regulator transkrypcji licznych genow, bedacych biomarkerami linii osteoblastow i genow
zwigzanych z macierzg zewnatrzkomorkowa [39,40]. Ponadto witamina K2 wspomaga
ko$ciotworzenie 1 hamuje resorpcje kosci poprzez stymulacje ekspresji osteoprotegeryny
(OPG, Osteoprotegerin) oraz hamuje ekspresjc RANKL na osteoblastach [36]. Yamagushi
I wsp. [41] zaobserwowali, ze witamina K2 indukowata spadek podstawowej i indukowanej
przez cytokiny ekspresji NF-kB w osteoblastach, jak rowniez w prekursorach osteoklastow, co
wyjasnia jej podwdjne dziatanie proanaboliczne oraz antykataboliczne.

Z drugiej strony obecne dowody sugerujg, ze witamina K2 zmniejsza aktywnos¢
osteoklastow. Dla przykladu, VK zapobiega powstawaniu osteoklastow bezposrednio lub
posrednio poprzez ingerencj¢ w uklad RANKL/OPG [36]. Witamina K zmniejsza zarbwno

proliferacje komorek TRAP-dodatnich, jak i aktywno$¢ winianoopornej kwasnej fosfatazy
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(TRAP, Tartrate-Resistant Acid Phosphatase) w osteogennej pozywce hodowlanej [36,42].
Ponadto witamina K2 hamuje resorpcje kosci indukowana przez czynniki resorpcyjne kosci,
takie jak: prostaglandyna E2 (PGEZ2, Prostaglandin E2), interleukina 1a (IL1e, Interleukin 1o)
i 1,25(0OH).D [43]. Badanie Kameda i in. [42] wykazato potencjal witaminy K2 do
indukowania apoptozy osteoklastow. W celu zbadania wptywu witaminy K na metabolizm
kosci wykorzystano kilka modeli zwierzecych osteoporozy. W badaniach wykazano
pozytywny wplyw suplementacji witaming K na zdrowie kosci, wynikajacy z hamowania
utraty masy kostnej, poprawienia funkcji osteoblastow oraz architektury kosci [44-47]. Kim
i in. [48] zaobserwowali, ze podawanie witaminy K myszom na diecie wysokotluszczowej
powodowalo wzrost tworzenia tkanki kostnej oraz zmniejszenie resorpcji kosci.

Wiekszo$¢ badan obserwacyjnych u ludzi wykazata, ze niskie stezenie VK1 i wysokie
poziomy ucOC w surowicy oraz niskie spozycie witaminy K w diecie sa zwigzane
z wyzszym ryzykiem zlaman [49-53], ale uzyskano réwniez odmienne wyniki [54,55].
Ponadto sprawdzano zwiazki wystepujace migdzy witaming K a biomarkerami kosci.
W badaniu Framingham Offspring Study stezenie VK1 w osoczu byto odwrotnie
proporcjonalne do OPG [56]. U starszych mieszkancoéw poétnocnej Europy poziomy VK1 byty
odwrotnie skorelowane z BALP (Bone Alkaline Phosphatase, fosfataza zasadowa izoenzym
kostny) — markerem tworzenia kosci [49]. W kilku badaniach przekrojowych wykazano, ze
poziom witaminy K lub jej odpowiednia podaz poprawia wartosci BMD [50,57,58]. Natomiast
kilka badan obserwacyjnych nie potwierdzito takiego zwigzku [53,55], dlatego na podstawie
badan obserwacyjnych trudno stwierdzi¢, czy witamina K jest czynnikiem ochronnym dla
zdrowia kosci.

Istniejg kontrowersyjne wyniki dotyczace wptywu suplementacji witaminy K2 na
zdrowie kosci. Randomizowane kontrolowane badania kliniczne (RCT, Randomized Control
Trials) o matej liczebnos$ci proby wykazaty ochronny wptyw MK-4 na BMD oraz zmniejszone
ryzyko ztaman szyjki kosci udowej, ztaman kregowych i pozakregowych [59-62]. Trzyletnie
badanie z udzialem zdrowych kobiet po menopauzie wykazato, Zze suplementy MK-7
poprawily wytrzymato$¢ kosci w poréwnaniu z placebo [63]. Jednak wyniki najwigkszego
1 najdtuzszego badania z udziatem MK-4 nie wykazaty tak korzystnego wptywu na ztamania
kregoéw, z wyjatkiem kobiet z zaawansowang osteoporoza [64]. Co wiecej, mechanizmy, dzieki
ktorym witamina K moze chroni¢ przed ztamaniami ko$ci, pozostajg nieokreslone. Sugeruje
sie, ze VK moze zachowacé zaréwno ilos¢, jak i jako$¢ kosci poprzez hamowanie obrotu

kostnego, ale dostepne dowody sa niejasne [65].

14



3.3.2. Status VK u pacjentéw z przewlekla chorobg nerek

W populacji pacjentow z CKD leczonych zachowawczo, hemodializami (HD,
Hemodialysis) lub dializg otrzewnowa zaobserwowano niedobdr witaminy K [66-68], ktory
moze by¢ spowodowany ograniczeniami dietetycznymi, zaburzonym recyklingiem VK oraz
stosowaniem lekow, takich jak: statyny, inhibitory pompy protonowej, $rodki wigzace
fosforany, sterydy, leki hipotensyjne oraz suplementacja witaminy D. Ponadto antybiotyki
o szerokim spektrum dziatania przyjmowane przez pacjentow z CKD moga uposledza¢ ich
mikroflorg jelitowa, przyczyniajac si¢ do zmniejszenia syntezy witaminy K [69-70]. Biorac pod
uwage, ze witamina K jest niezbedna do aktywacji waznych dla metabolizmu kosci VKDP,
takich jak osteokalcyna czy MGP, funkcjonalny niedobor witaminy K moze prowadzi¢ do
zaburzen przebudowy kosci. W badaniach przeprowadzonych na szczurach z mocznica
wykazano, ze przewlekla choroba nerek moze wptywaé na metabolizm witaminy K z uwagi na
spadek ekspresji VKOR i GGCX w aorcie oraz obnizenie poziomu UBIAD1 w nerkach [69].
W badaniu wplywu VK2 na mas¢ 1 wytrzymalo$¢ kosci korowej u szczuréw z niewydolnos$cia
nerek wykazano, ze podawanie witaminy K2 zwickszyto wytrzymatos¢ kosci korowej bez
zmiany BMD [14]. W zwigzku z powyzszym istnieje mozliwos¢, ze VK moze wptywac na
integralno$¢ kosci bez zmiany gestosci mineralnej kosci. Podsumowujac, dowody z badan in
vitro oraz badan na zwierzetach potwierdzity ochronng role witaminy K2 w odniesieniu do
zdrowia kosci, sugerujac potencjalne korzysci z jej stosowania u pacjentow z osteoporoza.

W dostepne;j literaturze istnieje niewiele doniesien dokumentujacych zwigzek miedzy
niedoborem witaminy K a spadkiem BMD lub ryzykiem ztaman u pacjentow z przewlekla
choroba nerek. Badanie przeprowadzone na pacjentach z CKD w stadium 3-5 wykazato, ze
wysoki poziom ucOC w surowicy byl dodatnio skorelowany z fosforanami i PTH, natomiast
odwrotnie skorelowany z poziomami 25(OH)D, co sugeruje zwigzek z przebudowg kosci [67].
Po raz pierwszy wykazano niezalezny zwigzek migdzy niedoborem witaminy K1 a ryzykiem
ztaman kosci u pacjentdéw hemodializowanych w badaniu przeprowadzonym przez Kohlmeier
I wsp. [71]. Ponadto autorzy zaobserwowali, ze pacjenci bez historii ztaman ko$ci mieli okoto
trzykrotnie wyzsze stezenia VK1 w surowicy. Fusaro i wsp. w swoim badaniu zaobserwowali
wyzsze poziomy catkowitej OC i ucOC u pacjentow z CKD w poréwnaniu z osobami
zdrowymi, a niedobdr witaminy K1 byl niezaleznym predyktorem ztaman kregdw u pacjentéw
z HD [72]. Klirens OC odbywa si¢ poprzez przesaczanie kigbuszkowe, stad stezenie OC
W surowicy jest wyzsze u pacjentow z przewlekla chorobg nerek w poréwnaniu z grupa

kontrolng dobrang pod wzgledem wicku [22]. Evenepoel i wsp. wykazali, ze wysoki poziom
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defosfonieukarboksylowanego MGP (dp-ucMGP, Desphospho-Uncarboxylated Matrix Gla
Protein) byl niezaleznie skorelowany z niska gestosciag mineralng kos$ci oraz z wystgpowaniem
ztaman. Jednakze u pacjentoéw ze schytkowg niewydolnos$cig nerek autorzy nie zaobserwowali
zwigzku miegdzy statusem witaminy K a markerami obrotu kostnego [73]. Roczna
suplementacja MK-4 u pacjentéw z kigbuszkowym zapaleniem nerek zapobiegata utracie masy
kostnej wywotanej sterydami [74]. Zmniejszenie dp-ucMGP, ucOC oraz bialek indukowanych
przez brak VK lub antagoniste IT (PIVKA-II, Protein Induced By VK Absence/Antagonism I1)
zaobserwowano u pacjentow HD poddanych suplementacji MK-7, co wskazuje, ze powyzsza
forma witaminy K poprawia status VK w watrobie, kosciach oraz naczyniach krwiono$nych
[75-77]. Obecnie w bibliografii brakuje randomizowanych badan dotyczacych suplementacji

witaminy K oraz ztaman kos$ci u pacjentéw z CKD.
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4. Cele pracy

CKD-MBD jest powszechnym powiktaniem wystepujacym u pacjentow z przewlekla
chorobg nerek, a cz¢stos¢ wystgpienia zkaman kosci jest czterokrotnie wyzsza niz w populacji
ogo6lnej. Nieprawidtowosci w mikroarchitekturze kosci w przebiegu CKD-MBD sg zwigzane
z obnizeniem wytrzymatosci kosci, wynikajacej z uszkodzenia zaréwno jakosci, jak i ilosci
tkanki kostnej. Predyspozycja do rozwoju osteoporozy znaczaco wplywa na jako$¢ zycia
pacjentow poprzez zwickszanie ryzyka ztaman, podwyzszanie kosztow hospitalizacji
I przedwczesng $mier¢. Farmakoterapia osteoporozy koncentruje si¢ gltownie na
przeciwdziataniu zaburzeniom gospodarki mineralnej. Ponadto u pacjentéw z CKD, zwtaszcza
w zaawansowanym stadium, leczenie jest ograniczone i1 kosztowne, a niektére opcje
farmakoterapii sa trudno dostgpne, badz nawet niemozliwe do zastosowania. Ze wzgledu na
brak postepu w metodyce leczenia CKD-MBD w ciggu ostatnich kilku lat, konieczne jest
opracowanie nowych, alternatywnych i efektywnych strategii hamowania rozwoju CKD-MBD.

Dotychczas przeprowadzone zostalo tylko jedno badanie dotyczace wplywu
suplementacji witaminy K2 na gesto$¢ mineralng ko$ci oraz sit¢ kosci udowych u szczuréw
z eksperymentalng CKD, natomiast brakuje randomizowanych kontrolowanych badan
klinicznych oceniajacych wptyw suplementacji witaminy K na zdrowie kosci. W zwigzku
z powyzszym wptyw witaminy K na metabolizm kosci nie zostal dotad okreslony i1 nadal
pozostaje nieznany. Wyjasnienie roli endogennej witaminy K w przebudowie kosci moze
pomdc w stworzeniu podstaw, ktore w przysztosci mogag odegrac kluczowa role w profilaktyce
zaburzen mineralno-kostnych lub pozwola doprowadzi¢ do opracowania nowych strategii
terapeutycznych w leczeniu tego powiktania wsrdd pacjentow z CKD. Tak wiec istotne jest
odkrycie doktadnego mechanizmu dziatania endogennej witaminy K w kosciach oraz jej
udzialu w przebudowie kosci, ze szczegolnym uwzglednieniem procesu mineralizacji.

Zardéwno u pacjentow z przewlekta chorobg nerek, jak 1 u zwierzat z eksperymentalng
CKD zaobserwowano niedobor witaminy K. Dlatego zasadne jest oznaczenie poziomu
witaminy K1, ktéra jest gtowng dietetyczng postacia VK oraz najczestszych form
menachinonow, tj. MK-4 i MK-7, a takze ustalenie stosunkéw MK-7/VK1 i MK-4/VK1, ktore
stanowig wskaznik skutecznosci konwersji witaminy K1 do K2. Posrednim wskaznikiem
niedoboru VK sa réwniez biatka zalezne od witaminy K, takie jak osteokalcyna czy MGP,
w zwigzku z czym istotnym wydaje si¢ oznaczenie poziomu VKDP oraz ich
nieukarboksylowanych form — ucOC oraz ucMGP zarowno w surowicy, jak i w tkance kostnej.

Do prawidtowego funkcjonowania witaminy K w procesie y-karboksylacji biatek konieczny
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jest jej recykling, w ktory zaangazowane sg enzymy, takie jak VKOR i GGCX. Tak wiec
warto$ciowym badaniem bedzie ocena ekspresji gendw zwigzanych z cyklem witaminy K
w kos$ciach oraz zestawienie uzyskanych wynikéw z parametrami stanu mineralnego kosci
udowych szczurow z eksperymentalng CKD. Przeprowadzone badania pozwolg zrozumiec
skomplikowang rol¢ endogennej witaminy K w procesie mineralizacji kosci w przebiegu

przewlektej choroby nerek.

Majac na uwadze powyzsze, celem zrealizowanych badan byta:

1. Kompleksowa ocena metabolizmu endogennej witaminy K w eksperymentalnym,
szczurzym modelu CKD,

2. Ocena biatek zaleznych od witaminy K na poziomie surowicy oraz kosci,
3. Ocena recyklingu witaminy K w kosci,

4. Ustalenie zwiazku wystepujacego miedzy VKDP a stanem mineralnym koS$ci u szczuréw
z CKD.
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5. Materialy i metody

Szczegdtowe informacje dotyczace zastosowanego modelu doswiadczalnego oraz metodyki

badan znajdujg si¢ w nizej wymienionej pracy wigczonej do rozprawy:

Publikacja nr 2 — Zieminska, M.; Pawlak, D.; Sieklucka, B.; Chilkiewicz, K.; Pawlak, K.
Vitamin K-dependent carboxylation of osteocalcin in bone-ally or adversary of bone

mineral status in rats with experimental chronic kidney disease? Nutrients. 14 (2022) 4082.

Ogo6lny zarys zastosowanej metodyki pracy przedstawiono na Rycinie 1.
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WITAMINA K: K1, MK-4, MK-7 VKDP: Gla-OC, Glu-OC
VKDP: OC, Glu-OC, ucMGP GENY: VKORC1, GGCX, UBIAD1

ANALIZA STATYSTYCZNA

Skroty: N — liczba zwierzat; K1 — witamina K1 (filochinon); MK-4 — menachinon 4; MK-7 — menachinon 7;
VKDP - biatka zalezne od witaminy K; OC — osteokalcyna; Glu-OC — nieukarboksylowana osteokalcyna;
Gla-OC — karboksylowana osteokalcyna; uc-MGP — nieukarboksylowane biatko macierzy Gla; VKORCI1 —
podjednostka 1 kompleksu reduktazy epoksydu witaminy K; GGCX — y-glutamylokarboksylaza; UBIAD1 —

enzym zawierajacy domeng transferazy prenylowej UbiA.

Rycina 1. Schematyczna prezentacja metodyki zastosowanej w niniejszej rozprawie

doktorskiej.

5.1. Model zwierzecy

W niniejszej rozprawie wykorzystano model dos§wiadczalny oraz materiat biologiczny,
ktory byt przedmiotem wczesniejszych badan dotyczacych zaburzen kostnych
w eksperymentalnym modelu przewlektej choroby nerek [78]. W czeSci doswiadczalnej

wykorzystano 26 czterotygodniowych samcoéw szczuroOw rasy Wistar, ktore na czas
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eksperymentu trzymano w konwencjonalnych klatkach z nicograniczonym dostepem do
sterylizowanej wody wodociaggowej. Zwierzgtom zapewniono wilgotno$¢ powietrza
wynoszacg 50%, statg temperature (24°C), cykl swiatto/ciemno$¢ 12h/12h oraz standardowa
karme¢ (Ssniff R/MH) skladajacg si¢ z 19% biatka, 1% wapnia, 0,70% fosforu, 1000 U
witaminy D3 na kg i 5 mg/kg witaminy K w postaci menadionu. Badania wykonano zgodnie
z dyrektywa UE 2010/63/UE, a zgod¢ na przeprowadzenie doswiadczen na zwierzetach
uzyskano od Lokalnej Komisji Etycznej (24 kwiecien 2013; numer zgody: 29/2013).

Szczury zostaty losowo podzielone na dwie grupy (kontrolng i badang). Grupa
kontrolna (CON, n = 10) zostala poddana ,,pozorowanej operacji”’, natomiast u zwierzat
z grupy badanej (CKD, n = 16) przeprowadzono dwuetapowg chirurgiczng nefrektomig 5/6,
prowadzaca do przewlektej choroby nerek. W celu obserwacji rozwoju choroby eksperyment
prowadzono przez 24 tygodnie i zakonczono pobraniem probek krwi przez naktucie serca oraz
pobraniem ko$ci udowych. Po odwirowaniu krwi uzyskano surowicg, ktérg zamrozono
w temperaturze -80°C, natomiast kosci po uprzednim oczyszczeniu przechowywano do

dalszych badan w temperaturze -20°C.

5.2. Metody badawcze

5.2.1. Parametry oznaczane w surowicy

W niniejszej rozprawie doktorskiej zbadano stezenia witaminy K1 (filochinon),
witaminy K2 (menachinony — MK-4 i MK-7), a takze biatek zaleznych od VK, tj. catkowitej
osteokalcyny i nieukarboksylowanych form: Glu-OC oraz ucMGP. Dodatkowo wykorzystano
wyniki wczesniejszych badan, w ktérych oznaczono poziomy markeréw czynnosci nerek
(mocznik, kreatynina), PTH oraz 1,25-dihydroksywitaminy D3 u szczurow z eksperymentalng
mocznicg [78].

Pomiary stezenia witaminy K (VK1, MK-4 i MK-7) zostaly wykonane przez
Laboratorium Perlan Technologies Polska z siedziba w Gdyni. Do oznaczenia VK
wykorzystano chromatografi¢ cieczowg z tandemowg spektrometrig mas (LC-MS/MS, Liquid
Chromatography — Mass Spectrometry) i wysokosprawny chromatograf cieczowy (1260
Infinity Il LC System, Agilent Technologies, Santa Clara, CA, USA). Do probek surowicy
dodano znakowany deuterem wzorzec witaminy K1-[d7], acetonitryl i heksan. Gorng warstwe

organiczng przeniesiono do nowej proboéwki 1 wysuszono w atmosferze azotu w temperaturze
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pokojowej. Koncowy suchy ekstrakt rozpuszczono w acetonitrylu, a nastgpnie automatycznie
wstrzyknieto do systemu HPLC (High-Performance Liquid Chromatography, wysokosprawna
chromatografia cieczowa). Rozdzielanie probek przeprowadzono w statej temperaturze 30°C
na kolumnie z odwrocong fazg Zorbax (SB-C8 RRHT, 3.0 x 50 mm, 1,8 um, 600 bar).
Zastosowano dwusktadnikowy uktad gradientowy, sktadajacy si¢ z 0,1% kwasu mrowkowego
1 5 mM mrowczanu amonu w wodnej fazie ruchome;j (eluent A) oraz metanolu zakwaszonego
0,1% kwasem mrowkowym (eluent B). Jako gaz rozpylajacy zastosowano azot, natomiast
gazem kolizyjnym byt azot o ultrawysokiej czystosci. Identyfikacj¢ i ocene ilosSciowg oparto na
monitorowaniu  reakcji ~ wielokrotnych  (MRM, Multiple Reactions  Monitoring)
z wykorzystaniem spektrometrii mas.

Oznaczenie stgzenia kreatyniny i mocznika wykonano z uzyciem analizatora
biochemicznego Minidray BS-120 (USA) oraz komercyjnego zestawu CORMAY (Lublin,
Polska). Za pomoca testu immunoenzymatycznego ELISA (Enzyme-Linked Immunosorbent
Assay) zmierzono PTH (Rat Intact PTH ELISA kit, Immunotopic, San Clemente, Kalifornia,
USA) oraz 1,25 dihydroksywitaming D (Rat (DHVD3) ELISA kit, Shanghai Sunred Biological
Technology Co., Ltd, Chiny).

Ilosciowe oznaczenie VKDP w surowicy zostalo wykonane za pomocg zestawow
ELISA, odpowiednio: stezenie catkowitej osteokalcyny (Rat Osteocalcin ELISA firmy
Immutopics, Inc., San Clemente, CA, USA), Glu-OC (Rat Glu-Osteocalcin High Sensitive EIA,
Takara Bio Inc., Shiga, Japonia) oraz ucMGP (Rat Undercarboxylated matrix Gla protein firmy
MyBioSource, Inc., San Diego, CA, USA).

5.2.2. Badania przeprowadzone w homogenatach koSci

W celu otrzymania homogenatéw tkanki kostnej pobrano fragmenty trzonu kos$ci
udowej (obszar kosci korowej) oraz dalszej nasady kosci udowej (obszar kosci beleczkowej),
ktore nastepnie zostaly precyzyjnie zwazone 1 wyptukane. Homogenizacje¢ przeprowadzono
w zimnym buforze fosforanu potasu (50 mM, pH = 7,4; POCh) za pomoca wysokosprawnego
homogenizatora (Ultra-Turrax T25; IKA, Staufen, Niemcy) wyposazonego w element
dyspergujacy ze stali nierdzewnej (S25N-8G; IKA). Otrzymane w powyzszy sposob 10%
homogenaty kosci wirowano (10 min, 700 x g, 4°C), a zebrany supernatant byt przechowywany
w temperaturze -80°C do czasu wykonania badan.

Zardwno w cze$ci beleczkowej, jak 1 korowej kosci udowej dokonano pomiarow
karboksylowanej i nieukarboksylowanej osteokalcyny, wykorzystujac do tego celu testy

ELISA firmy Takara Bio Inc. (Shiga, Japonia). Stezenie Gla-OC okre$lono za pomocg zestawu
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Rat Gla-Osteocalcin High Sensitive EIA, natomiast st¢zenie Glu-OC 0znaczono
zuzyciem Rat Glu-Osteocalcin High Sensitive EIA. Otrzymane wyniki pozwolily na obliczenie
stosunku Gla-OC/Glu-OC, ktéry jest wskaznikiem dostepnosci witaminy K na poziomie koSci.

Ekspresje gendéw zaangazowanych w recykling witaminy K (VKORC1, GGXC
I UBIAD1) na poziomie koséci zmierzono metoda ilosciowej reakcji tancuchowej polimerazy
w czasie rzeczywistym (RT-PCR, Real-Time Polymerase Chain Reaction)
z wykorzystaniem spektrofotometru Thermo Scientific NanoDrop 2000 (Waltham, MA, USA).
Za pomocg zestawu do oczyszczania RNA (Thermo Scientific GeneJET RNA, Thermo
Scientific, Wilno, Litwa) wyizolowano calkowity RNA z tkanki ko$ci udowej w celu ilosciowej
oceny 1 kontroli jakosci RNA, a odwrotng transkrypcje przeprowadzono z uzyciem zestawu do
syntezy cDNA RevertAid™ First Stand (Thermo Fisher Scientific, Waltham, MA, USA). Do
wykonania RT-PCR uzyto SYBR Green Master Mix (EURx, Gdansk, Polska), natomiast do
wzglednej ilosciowej oceny ekspresji gendw zastosowano metodg poréwnawczg CT (AACT).
Normalizacj¢ poziomu ekspresji osiggni¢to dzigki uzyciu dehydrogenazy aldehydu 3-
fosforanowego gliceryny (GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase), ktora
wykorzystano jako gen metabolizmu podstawowego. Sekwencje zastosowanych starterow
ujeto w pracy oryginalnej, bedacej czgscig niniejszej rozprawy (Publikacja nr 2).

W celu wykrycia zaleznosci miedzy ekspresja enzymoéw cyklu witaminy
K, a kluczowymi genami zaangazowanymi w etapy osteoblastogenezy wykorzystano wyniki
wczesniejszych badan [79], gdzie oznaczona zostata ekspresja genu FOXO1 (Forkhead Box
Transcription Factor 1), ATF4 (Activating Transcription Factor 4), RUNX2, ALP oraz
BGLAP.

5.2.3. Analiza stanu mineralnego kosci udowej

Przeanalizowanie zalezno$ci migdzy obiema formami osteokalcyny — Glu-OC i Gla-OC
oraz stosunkiem Gla-OC/Glu-OC w kosci a stanem mineralnym kosci udowych szczurow
z CKD bylo mozliwe dzigki wykorzystaniu skandéw densytometrycznych wykonanych
w ramach wczeéniej opublikowanej pracy naszego zespotu [78]. Badania zostaly
przeprowadzone na densytometrze rentgenowskim Horizon QDR Series (Hologic Inc.,
Bedford, MA, USA) przy uzyciu specjalnego oprogramowania dla matych zwierzat.
Wszystkim szczurom wykonano pomiary calej kosci udowej — obszar mineralny kosci (BMA,
Bone Mineral Area; cm?), gesto$é mineralng kosci (BMD; mg/cm?) oraz zawarto$é mineralng

kosci (BMC, Bone Mineral Content; mg). Dodatkowo okreslono ilosciowo subregionalne BMC
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i BMD matych jednolitych obszarow w dystalnej przynasadzie (region R1, mieszana ko$¢

beleczkowa i korowa) oraz trzonie §rodkowym (region R2, ko$¢ korowa).

5.2.4. Analiza statystyczna

W celu okreslenia normalnosci rozktadu zmiennych cigglych zastosowano test Shapiro-
Wilka. Wyniki badan o rozkladzie normalnym zostaly wyrazone jako $rednia
+ odchylenie standardowe (SD), natomiast dane nie majace rozktadu Gaussa przedstawiono
jako mediang (od 25 do 75 percentyla). Grupa kontrolna i grupa badana zostaly poréwnane za
pomoca niesparowanego testu t-Studenta z poprawka Welcha lub nieparametrycznego testu
Manna-Whitneya. Za poziom istotnosci statystycznej uznano p < 0,05. Korelacje migdzy
badanymi zmiennymi obliczono za pomoca analizy korelacji rang Spearmana. Analiz¢
statystyczng dla wszystkich oznaczen wykonano z uzyciem programu Statistica ver.13
(StatSoft, Tulsa, OK, USA), natomiast do graficznej prezentacji wynikéw wykorzystano
oprogramowanie GraphPad Prism 6.0 (San Diego, USA).
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6. Omowienie wynikow badan

Przedstawione wyniki badan wraz z szczegdétowym opisem zostaly opublikowane w nizej

wymienionej pracy wiaczonej do rozprawy:

Publikacja nr 2 — Zieminska, M.; Pawlak, D.; Sieklucka, B.; Chilkiewicz, K.; Pawlak, K.
Vitamin K-dependent carboxylation of osteocalcin in bone-ally or adversary of bone

mineral status in rats with experimental chronic kidney disease? Nutrients. 14 (2022) 4082.

Materiat badawczy uzyty w niniejszej rozprawie doktorskiej byt przedmiotem
wczesniejszych badan [78,79], a uzyskane wyniki zostaty wykorzystane w celu kontynuacji
badan dotyczacych zaburzen metabolizmu kosci w przewlektej chorobie nerek.

W niniejszym badaniu statusu witaminy K wykazano znaczny spadek stgzenia VK1,
natomiast istotny wzrost VK2 (MK-7, a zwlaszcza MK-4) u zwierzat z eksperymentalng
niewydolnoséciag nerek w pordéwnaniu z grupag kontrolng (Rycina 2, A-C). W badaniach
dotyczacych CKD, zaré6wno u pacjentdow, jak i u zwierzat doswiadczalnych zaobserwowano
niedobdr witaminy K1 [67,69], co jest zgodne z uzyskanymi przez nasz zesp6t wynikami. Na
Rycinie 2 (D-E) przedstawiono wyliczone stosunki: MK7/VK1 oraz MK4/VK1, ktore byty
znaczaco wyzsze u zwierzat z CKD w stosunku do zwierzat zdrowych. Powyzsze
wspotczynniki sa uznawane za wskaznik skutecznosci konwersji witaminy K1 do
menachinonow. VK1 jest pierwotng postacig witaminy K w krazeniu i moze by¢, podobnie jak
MK-7 [80], prekursorem do syntezy tkankowej MK-4 [81]. W zwigzku z powyzszym
obserwowane przez nas obnizone st¢zenia filochinonu, ktéremu towarzyszyt wzrost stezenia
MK-4 i MK-7 moga wynika¢ ze zwigkszonego wykorzystania VK1 przez tkanki w grupie
badanej, co prawdopodobnie jest odpowiedzig na wzrost zapotrzebowania organizmu na

witamine K podczas niewydolnos$ci nerek.

24



VK1, ngiml

MK4 / VK1

15 " 10
|
0.8
E 10 H
B 3 06
< L] e
< .
04
£ . £
alw 0.2
i T
J
0 y r 0.0
S o
& o
B [
|
LI} § 4
>
~
b4
L]
—t—.

>

mo*

Y
o

4

%

% lillf. |L .

w surowicy szczuréw z przewlekta chorobg nerek (CKD) oraz w grupie kontrolnej (CON).

parametru miedzy grupg kontrolng a szczurami z eksperymentalng CKD (Rycina 3C).

Linie odpowiadaja 25. 1 75. percentylowi oraz medianie; * p <0.05, ** p <0.01; CON w poréwnaniu ze szczurami
z CKD; Skroty: VK1 — filochinon; MK4 — menachinon 4; MK7 — menachinon 7.

Rycina 2. Stezenia witaminy K1, MK-4 i MK-7 oraz stosunek MK4/VK1 i MK7/VK1

W niniejszej rozprawie dokonano pomiaru biatek zaleznych od witaminy K, ktére sa
uznawane za markery subklinicznego niedoboru VK [82]. Stezenia catkowitej osteokalcyny
oraz nieukarboksylowanych form — Glu-OC i ucMGP w surowicy przedstawiono na Rycinie 3.
W grupie z eksperymentalng CKD wykazano istotny wzrost stezenia osteokalcyny (3A) oraz
Glu-OC (3B) w stosunku do zdrowych zwierzat, a uzyskane wyniki miaty odzwierciedlenie
w literaturze [67,77]. Mimo doniesien naukowych dotyczacych podwyzszonego poziomu

uc-MGP w przebiegu CKD [76], nie zaobserwowano istotnych roznic w stezeniu tego
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Linie odpowiadaja 25. 1 75. percentylowi oraz medianie; *** p < 0.001; CON w poréwnaniu do szczuréw z CKD;
Skroty: osteocalcin — osteokalcyna; Glu-OC — nieukarboksylowana osteokalcyna; ucMGP — nieukarboksylowane
biatko Matrix Gla.

Rycina 3. Stg¢zenia VKDP — osteokalcyny, Glu-OC i uuMGP w surowicy szczurdéw z przewlekta
choroba nerek (CKD) oraz w grupie kontrolnej (CON).

W Tabeli 1. przedstawiono opublikowane wcze$niej wyniki badan biochemicznych
[78]. Podsumowujac, w grupie badanej wykazano podwyzszone stezenie kreatyniny
i mocznika, co odpowiadato stopniowi tagodnej do umiarkowanej niewydolnosci nerek oraz
znacznie wyzszy poziom PTH w poréwnaniu do grupy kontrolnej. W badaniu poziomu 1,25-
dihydroksywitaminy D3 nie zaobserwowano istotnych roéznic miedzy szczurami z CKD
a zwierzetami zdrowymi. Wzrost markerow niewydolnosci nerek stanowil pozytywna
weryfikacj¢ poprawnosci wywotania eksperymentalnej mocznicy. Ponadto uzyskane wczesniej

wyniki pozwolily na odkrycie powigzan miedzy VKDP a powyZzszymi parametrami.

CON (n =10) CKD (n = 16)
kreatynina [mg/dl] 0.47 +£0.08 0.86 £ 0.13***
klirens kreatyniny [ml/min] 1.16 £0.22 0.65+0.25*
mocznik [mg/dl] 32.33+7.38 68.63 £ 14.93%**
PTH [pg/ml] (12.;195;883.17) (33.44?89894;.6)**
1,25(0H), D3 [nM] 7.74 + 1.48 8.05 + 1.86

Dane zostaly wyrazone jako s$rednia + SD (odchylenie standardowe) lub mediana (pelny zakres),
w zaleznosci od ich rozktadu; * p < 0.05, ** p < 0.01, *** p < 0.001; Skréty: CON — grupa kontrolna; CKD —
grupa badana; n — liczebno$¢ grupy; PTH — parathormon; 1,25(0OH), D3 — dihydroksywitamina D3.

Tabela 1. Badania biochemiczne w surowicy zwierzat zdrowych (CON) i szczuréw
z przewlekla chorobg nerek (CKD) [78].
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W niniejszym badaniu wykazano dodatnig korelacj¢ migdzy stezeniem kreatyniny oraz
mocznika a poziomem OC (Rycina 4A-B) i Glu-OC w surowicy (4D-E), natomiast st¢zenie
catkowitej osteokalcyny bylo ujemnie skorelowane z klirensem kreatyniny (4C). Powyzsze
obserwacje wskazujg, ze OC, niezaleznie od uwalniania z kosci, moze kumulowac¢ si¢ we krwi
szczurow z eksperymentalng mocznica, co zostalo wczesniej przedstawione w badaniu
przeprowadzonym przez Price’a i wsp. [83]. Na rycinie 4F przedstawiono dodatnig korelacje
miedzy surowiczym stezeniem Glu-OC i parathormonem. Dane literaturowe wskazujg na
mozliwo$¢ pobudzenia przez PTH syntezy Glu-OC w wyniku stymulacji osteoblastogenezy
[84,85]. W zwigzku z powyzszym wzrost st¢zenia Glu-OC w surowicy niezupelnie
odzwierciedla niedobér VK w przebiegu niewydolnosci nerek ze wspdtistniejacy
nadczynnoS$cig przytarczyc. Podsumowujac, uzyskane przez nas dane sugerujg wystarczajacy

poziom witaminy K u szczurow z CKD.

A B R =-0.575, p = 0.020
R = 0.538, p = 0.032 R =0.499, p = 0.049

osteocalcin, ng/ml
osteocalcin, ng/ml

05 o7 08 09 10 1.1 12 13 14 40 50 60 70 80 90 100 110 120

0 03 06 09 12 15 18 21 24 27
creatinine, mg/dl urea, mg/dl creatinine clearance, ml/min/kg b.w.

D E F R = 0.584, p =0.0175

R = 0.645, p = 0.007 R =0.601, p = 0.014

Glu-0C, ng/ml
Glu-0C, ng/ml
Glu-0C, ng/ml
B
8

80

06 07 08 09 1.0 11 12 13 14 200 0 200 400 600 800 1000 1200
creatinine, mg/d| urea, mg/di PTH, pg/mi

Skroty: osteocalcin — osteokalcyna; creatinine — kreatynina; urea — mocznik; creatinine clearence — klirens
kreatyniny; Glu-OC — nieukarboksylowana osteokalcyna.

Rycina 4. Korelacje pomiedzy stezeniem osteokalcyny i Glu-OC w surowicy a markerami

czynnos$ci nerek oraz stgzeniem parathormonu (PTH) u szczuréw z przewlekla chorobg nerek.

Przedmiotem badan niniejszej rozprawy byly rowniez homogenaty tkanki kostnej, ktore
wykorzystano do oceny st¢zenia Gla-OC i Glu-OC. Ponadto otrzymane wyniki pozwolily na
wyliczenie stosunku Gla-OC/Glu-OC, ktory jest wskaznikiem dostepnosci witaminy K na

poziomie kos$ci. Powyzsze parametry przedstawiono na Rycinie 5. W tkance Kkostnej
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beleczkowej (5A-C) nie zaobserwowano réznic w stezeniu Gla-OC migdzy grupg badang
a kontrolng (5A), natomiast stezenie Glu-OC bylo znacznie nizsze u szczurow z CKD
w porOwnaniu ze zwierzetami zdrowymi (5B). W kosci korowej (5D-F) w grupie
eksperymentalnej wykazano istotny wzrost st¢zenia Gla-OC (5D) oraz znacznie zmniejszone
stezenie Glu-OC (5E) w poréwnaniu z grupg kontrolng. Dodatkowo, zardbwno w tkance kostnej
beleczkowej (5C) oraz korowej (5F), zaobserwowano znamienny wzrost stosunkow
Gla-OC/Glu-OC w grupie z cksperymentalng mocznicg w stosunku do szczuréw bez
chirurgicznej nefrektomii 5/6. Nieukarboksylowana posta¢ osteokalcyny (Glu-OC) jest
przeksztalcana do postaci karboksylowanej (Gla-OC) za posrednictwem witaminy K.
W zwigzku z powyzszym uzyskane przez nas wyniki wskazuja na przyspieszong transformacje
Glu-OC do Gla-OC w kosciach szczurow z eksperymentalng CKD, odzwierciedlajac tym

samym wystarczajacy lub nawet podwyzszony poziom VK w ich kosciach.
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Linie odpowiadaja 25. 1 75. percentylowi oraz medianie; * p <0.05, ** p < 0.01, *** p < 0.001; CON w poréwnaniu
ze szczurami z CKD; Skréty: Gla-OC — karboksylowana osteokalcyna; Glu-OC — nieukarboksylowana

osteokalcyna.

Rycina 5. Ste¢zenie karboksylowanej osteokalcyny (Gla-OC), nieukarboksylowanej
osteokalcyny (Glu-OC) oraz stosunek Gla-OC/Glu-OC w tkance beleczkowej (A-C) i korowej
(D-F) ko$ci udowej szczuréw z przewlekta chorobg nerek (CKD) oraz w grupie kontrolnej
(CON).
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Analizie poddano rowniez relacje miedzy stezeniem Gla-OC a stosunkiem Gla-OC/Glu-OC
w beleczkowej i korowej kosci udowej szczurow z CKD. Wykazano pozytywne korelacje, ktére
przedstawiono na Rycinie 6. Silny zwigzek Gla-OC ze stosunkiem Gla-OC/Glu-OC (6B)
uzyskany w tkance korowej wskazuje, ze powstawanie Gla-OC w tej czesci kosci zachodzi
skuteczniej niz w tkance beleczkowej, ktéra charakteryzuje si¢ szybszym obrotem kostnym.
Analizowano takze zwigzek miedzy stgzeniem Glu-OC a Gla-OC w kosci szczuréw
z mocznicg, jednakze zauwazono jedynie stabg korelacje migdzy powyzszymi parametrami

w tkance beleczkowej (R = 0.512, p = 0.045).

R =0.582, p=0.023 R = 0.762, p <0.001
1800

L] .
1500

150 1200

Gla-0C/ Glu-0OC
Gla-0OC / Glu-0C

0 200 400 600 800 1000 1200 1400 1600 1800 -200 0 200 400 600 800 1000 1200 1400
Gla-0C, ng/g protein Gla-0C, ng/g protein

Skroty: Gla-OC — karboksylowana osteokalcyna; Glu-OC — nieukarboksylowana osteokalcyna.

Rycina 6. Zwigzek pomig¢dzy karboksylowang osteokalcyng (Gla-OC) a stosunkiem Gla-
OC/GIlu-OC w beleczkowej (A) i korowej (B) tkance kostnej u szczurow z przewleklg choroba
nerek (CKD).

Dodatkowo, w niniejszej rozprawie ocenie poddano zwigzek parametrow: Glu-OC, Gla-OC
i Gla-OC/Glu-OC w tkance kosci udowej ze stezeniem Glu-OC w surowicy, wykazujac jedynie
ujemng jej korelacje ze stosunkiem Gla-OC/Glu-OC w beleczkowej tkance kostnej (Rycina 7).
PowyzZsza zalezno$¢ wskazuje, ze proces powstawania Gla-OC w obszarze kosci beleczkowej

jest waznym czynnikiem wplywajgcym na poziom Glu-OC w surowicy.
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R =-0.543, p = 0.036

Gla/Glu-0C

20 40 60 80 100 120 140 160 180 200 220
Glu-0C, ng/ml

Skroty: Glu-OC — nieukarboksylowana osteokalcyna; Gla-OC — karboksylowana osteokalcyna.

Rycina 7. Zwigzek migdzy stosunkiem Gla-OC/GIu-OC w beleczce a poziomami
nieukarboksylowanej osteokalcyny (Glu-OC) w surowicy szczuréw z przewlekla choroba
nerek (CKD).

Reakcje redukcji zwane ,,cyklem witaminy K” zachodza przy udziale enzyméw VKOR
oraz GGCX [27], natomiast UBIAD1 odpowiada za konwersjc VKI do MK4
w tkankach pozawgtrobowych [86]. W zwigzku z powyzszym W naszym badaniu dokonano
pomiardéw ekspresji gendw zaangazowanych w recykling witaminy K na poziomie kosci,
a uzyskane wyniki przedstawiono na Rycinie 8. Ekspresja gendéw VKORC1 i GGCX byta
znamiennie wyzsza w grupie CKD w poréwnaniu z grupa kontrolng (8A-B), podczas gdy
wzrost ekspresji genu UBIADI nie osiggngt poziomu istotnego statystycznie (8C).
Z otrzymanych danych wynika, Zze u szczuro6w z niewydolnoscig nerek recykling witaminy K,
konwersja VK1 do MK4 i pdzniejsze wykorzystanie menachinonu 4 w kosciach moze

zachodzi¢ wydajniej niz u zdrowych zwierzat.
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**p <0.01, *** p < 0.001; CON w poréwnaniu do szczuréw z CKD; Skroty: VKORC1 — kompleks reduktazy
epoksydowej witaminy K podjednostka 1; GGCX — karboksylaza gamma-glutamylowa; UBIAD1 — biatko
zawierajgce domeng prenylotransferazy UbiA 1.

Rycina 8. Ekspresja gendéw enzymoéw cyklu witaminy K w kosciach udowych szczurow

z przewlekla choroba nerek (CKD) oraz w grupie kontrolnej (CON).

Na Rycinie 9. przedstawiono opublikowane wczes$niej wyniki dotyczgce ekspresji
gendéw osteoblastogenezy w ko$ciach szczurow z mocznicg [79]. Pawlak i wsp. wykazali
znaczny wzrost ekspresji genéw wczesnego rozwoju osteoblastow — FOXO1 (9A), ATF4 (9B),
RUNX2 (9C) i ALP (9D) w kosciach szczurow z CKD w pordéwnaniu ze zdrowymi
zwierzetami. Ekspresja genu BGLAP (9E), ktory jest markerem p6znego stadium roéznicowania
osteoblastow, byta tylko nieznacznie wyzsza w grupie badanej niz w grupie kontrolne;.
Powyzsze wyniki wskazywaly na upo$ledzenie dojrzewania osteoblastow, co skutkowalo

obnizeniem stanu mineralnego kosci [79].
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*p <0.05 ** p<0.01, *** p< 0.001; CON w poréwnaniu do szczuréw z CKD; Skroty: FOXO1 — czynnik
transkrypcyjny nalezacy do rodziny forkhead box O1; ATF4 — czynnik transkrypcyjny 4; RUNX2 — czynnik
transkrypcyjny zwigzany z Runt 2; ALP — fosfataza alkaliczna; BGLAP — biatko gamma-karboksyglutaminianowe

kosci/ osteokalcyna.

Rycina 9. Ekspresja ~ genow  osteoblastogenezy @ w  ko$ciach szczuréw

z przewleklg chorobg nerek (CKD) oraz w grupie kontrolnej (CON) [79].
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Nastepnie 0ceniono powigzania pomigdzy ekspresjg gendw osteoblastogenezy i gendw
cyklu witaminy K oraz st¢zeniem Glu-OC w tkance beleczkowej kosci udowej szczurdéw
z CKD, a uzyskane wyniki przedstawiono w Tabeli 2. Wykazano silng dodatnig korelacje
ekspresji gendw uczestniczacych w cyklu witaminy K, w szczegolnosci VKORCI1 i UBIADI,
z ekspresja gendOw wczesnych etapow rozwoju osteoblastow (FOXO1, ATF4). Zauwazono

rowniez tendencje do dodatniej korelacji z markerami rdznicowania osteoblastow (RUNX2,

ALP) oraz brak zaleznosci miedzy ekspresja genéw cyklu VK a ekspresja BGLAP.

FOXO1 ATF4 RUNX2 ALP BGLAP
R=0632 | R=0649 | R=0430 | R=0462 | R=0.195
VKORCL | 5 -0009 | p=0006 | p=009 | p=0071 NS
cocx | R=0538 | R=0568 | R=0.259 | R=0361 | R=0.340
p=003L | p=0022 NS NS NS
R=0839 | R=055 | R=0445 | R=0440 | R=0.54
UBIADL 1 500001 | p=0031 | p=0.087 NS NS
clwoc | R=0361 | R=0628 | R=0552 | R=0464 | R=0013
NS p=0012 | p=0033 | p=0081 NS

Kolor niebieski obrazuje korelacje istotne statystycznie, natomiast kolor zétty wskazuje na tendencj¢ do korelacji;
Skroty: R — wspotczynnik korelacji; p — poziom prawdopodobiefistwa; NS — wynik nieistotny statystycznie;
VKORC1 - podjednostka 1 kompleksu reduktazy epoksydu witaminy K; GGCX — karboksylaza gamma-
glutamylowa; UBIAD1 - biatko zawierajace domen¢ prenylotransferazy UbiA 1; FOXO1 - czynnik
transkrypcyjny Forkhead Box 1; ATF4 — aktywujacy czynnik transkrypcyjny 4; RUNX2 — czynnik transkrypcyjny
zwigzany z Runt 2; ALP — fosfataza alkaliczna; BGLAP — biatko gamma-karboksyglutaminianu kosci/

osteokalcyna; Glu-OC — nieukarboksylowana osteokalcyna.

Tabela 2. Zaleznosci miedzy ekspresja enzymow cyklu witaminy K a ekspresja genow
osteoblastogenezy 1 stezeniem Glu-OC w tkance beleczkowej kosci udowej szczurow

z przewlekla chorobg nerek (CKD).

Przeanalizowano réwniez zalezno$ci miedzy ekspresja genéw osteoblastogenezy a stezeniem
Glu-OC w tkance beleczkowej kosci udowej szczuréw z mocznicg. Zaobserwowano silny
zwiazek migdzy poziomem Glu-OC a ekspresja ATF4 i RUNX2 oraz tendencje¢ do korelacji z
ALP, natomiast brak zaleznosci z ekspresja FOXO1 i BGLAP. Z otrzymanych danych wynika,
ze zarowno ekspresja enzymow cyklu witaminy K, jak i tworzenie Glu-OC w beleczkowej
tkance kostnej miaty miejsce we wczesnych stadiach rozwoju osteoblastow. Brak zalezno$ci
miedzy ekspresja BGLAP a ekspresja enzymow cyklu VK i poziomem Glu-OC w beleczkowej
tkance kostnej moze wynikac z faktu, ze wzrost ekspresji BGLAP zachodzi dopiero na péznym

etapie roznicowania osteoblastow. Zaobserwowano natomiast, ze ekspresja genu BGLAP
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wykazywata silny, pozytywny zwigzek ze stezeniem MK-4 w surowicy (Rycina 10), co

wskazuje na istotny wptyw tej formy VK na proces dojrzewania osteoblastow.

R = 0.673, p = 0.006

3,0

BGLAP, mRNA

0,6

03

0 2 4 6 8 10 12 14
MK4. na/ml

Skréty: BGLAP — biatko gamma-karboksyglutaminianu kosci/ osteokalcyna; MK4 — menachinon 4.

Rycina 10. Zwigzek migdzy poziomem MK4 w surowicy a ekspresja BGLAP w ko$ciach
szczurow z przewlekta chorobg nerek (CKD).

Poniewaz we wczesniejszym badaniu zaobserwowano wptyw endogennego PTH na
nasilenie osteoblastogenezy [87], Scisty zwigzek istniejagcy pomiedzy genami wczesnych
etapOw osteoblastogenezy, enzymami recyklingu witaminy K i tworzeniem Glu-OC
obserwowany w niniejszej pracy sugeruje posredni wptyw endogennego PTH na tworzenie
VKDPs w ko$ciach szczurow z CKD.

Nastgpne analizy mialy na celu wykrycie zalezno$ci migdzy powstawaniem
osteokalcyny a ekspresjg enzymow cyklu witaminy K. W tym celu skorelowano ekspresj¢ genu
VKORC1 i genu GGCX z pomiarami obu form osteokalcyny w kosci udowej szczurow
z mocznica, a takze ze stgzeniem postaci Glu-OC w surowicy. Ekspresja VKORCI1 byla
dodatnio skorelowana ze stezeniem Gla-OC w obszarze beleczkowym ko$ci udowej oraz
ujemnie z poziomem Glu-OC w surowicy (Rycina 11), natomiast w przypadku genu GGCX
nie wykazano zadnych zalezno$ci w stosunku do osteokalcyny. Uzyskane wyniki, szczeg6lnie
odwrotna zalezno$¢ migdzy VKORC1 w kosci a Glu-OC w surowicy (11B), potwierdzaja
znaczenie enzymow cyklu VK, a zwlaszcza VKORC1 w procesie powstawania aktywnej formy

Gla-OC w kosci zwierzat z przewlektg chorobg nerek.
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Skroty: VKORCI — podjednostka 1 kompleksu reduktazy epoksydowej witaminy K; Gla-OC — karboksylowana

osteokalcyna; Glu-OC — nieukarboksylowana osteokalcyna.

Rycina 11. Zwiagzek migdzy ekspresja VKORCI i poziomami Gla-OC w kosci beleczkowej (A)
oraz ekspresja VKORCI i poziomami Glu-OC (B) w surowicy szczuréw z przewlekta choroba

nerek (CKD).

Ostatnim etapem niniejszej rozprawy byto ustalenie roli, jaka petnig biatka zalezne od
endogennej witaminy K w mineralizacji kosci zwierzat z eksperymentalng CKD. W celu
okreslenia statusu mineralnego kosci zwierzat z eksperymentalng CKD 1 zdrowej grupy
kontrolnej wykorzystano skany densytometryczne kosci udowych wykonane we
wczesniejszych badaniach [78], a uzyskane wyniki przedstawiono w Tabeli 3. Zaobserwowano
istotne obnizenie parametrow densytometrycznych — BMA (p < 0.05), BMC (p < 0.01) i BMD
(p <0.01) u szczuréw z mocznicag w porownaniu do zdrowych zwierzat, zwtaszcza w obszarze
R1, odpowiadajacemu okolicy przynasadowej kosci udowej, w ktorym pomiary BMC i BMD
byly znamiennie nizsze w grupie badanej w poréwnaniu do grupy kontrolnej (oba p < 0.001).
W okolicy trzonu kosci udowej (R2) wartosci BMC byly nizsze u szczuréw z CKD niz
u zwierzat kontrolnych (p < 0.01), natomiast w pomiarze BMD nie zaobserwowano réznic

mig¢dzy badanymi grupami.
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CON CKD
BMA (cm?) 1,92 + 0,06 1,84+0,11 *
BMC (mg) 473,52 + 21,08 435,13 + 43,77 **

BMD (mg/cm?) 247,00 + 6,05 235,68 + 10,57 **
BMC (mg) 47,98 + 2,69 4323 42,93 *k*
~ BMD (mg/cm?) 217,96 + 8,32 203,19 + 10,09 ***
BMC (mg) 70,47 + 3,94 64,14 + 5,95 **
s BMD (mg/cm?) 245,18 + 7,93 237,40 + 14,19

Dane przedstawiono jako $rednig + odchylenie standardowe (SD); * p < 0.05, ** p < 0.01, *** p < 0.001;
CON w pordéwnaniu z CKD; Skroty: BMA — obszar mineralny ko$ci; BMC — zawarto$¢ mineralna kosci; BMD —

gestos¢ mineralna kosci; R1 — obszar przynasadowy kosci; R2 — obszar trzonu kosci.

Tabela 3. Status mineralny kosci udowej zwierzat zdrowych (CON) oraz szczurow z przewlekla

chorobg nerek (CKD) [78].

Nastepnie dokonano analizy zaleznosci pomiedzy wyzej opisanymi parametrami
densytometrycznymi a obiema formami osteokalcyny i stosunkami Gla-OC/Glu-OC
oznaczonymi w beleczkowej i korowej tkance kostnej. W beleczkowej tkance kostnej szczuréw
z eksperymentalng CKD zaobserwowano jedynie silng, ujemng zalezno$¢ migdzy stosunkiem

Gla-OC/Glu-OC a BMA oraz BMC (Rycina 12).
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R =-0.604,p =0.010 R=-0.538, p=0.018
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Skroty: Gla-OC — karboksylowana osteokalcyna; Glu-OC — nieukarboksylowana osteokalcyna; BMC — zawartos¢

mineralna ko$ci; Bone mineral area — obszar mineralny ko$ci (BMA).

Rycina 12. Zaleznosci pomiedzy stosunkiem Gla-OC/Glu-OC w beleczkowej tkance kostnej
a parametrami stanu mineralnego: powierzchnig mineralng kosci (A) i BMC (B) kosci udowe;j

szczurdw z przewlekta chorobg nerek (CKD).

Natomiast w warstwie korowej kosci udowej wykazano istotne relacje migdzy
parametrami densytometrycznymi a st¢zeniem Glu-OC, zilustrowane na Rycinie 13.
Zaobserwowano, ze Glu-OC korelowato dodatnio z wartosciami BMC (13A) i BMD (13D),
szczegOlnie w obszarze R2, odpowiadajacemu okolicy trzonu kosci udowej (13B,E).
Zauwazono réwniez, ze poziom Glu-OC w warstwie korowej kos$ci jest w niewielkim stopniu

powigzany z warto$ciami BMC i BMD w okolicy R1.
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Skroty: Glu-OC — nieukarboksylowana osteokalcyna; BMD — gesto$¢ mineralna kosci; BMC — zawarto$¢

mineralna kosci; R1 — okolica przynasadowa kosci; R2 — obszar trzonu ko$ci udowe;.

Rycina 13. Zaleznosci pomiedzy st¢zeniem nieukarboksylowanej osteokalcyny (Glu-OC)
w korowej tkance kostnej a pomiarami BMC (A) i BMD (D) w catej kosci udowej, BMC (B)
1 BMD (E) w obszarze trzonu kos$ci (R2) oraz BMC (C) 1 BMD (F) w okolicy przynasadowej
kosci (R1) u szczurow z przewlekta chorobg nerek (CKD).

Uzyskane wyniki sugeruja, ze zalezne od PTH przyspieszenie procesu
osteoblastogenezy w obszarze kosci beleczkowej spowodowato powstawanie niedojrzatych
osteoblastow z niewystarczajacg produkcja Gla-OC, co w konsekwencji u szczurdw z mocznica
mogto doprowadzi¢ do obnizenia stanu mineralnego kosci. W korowe;j tkance kostnej, gdzie
poziom Gla-OC byl wyzszy niz w kosci beleczkowej, osteoblasty powinny by¢ bardziej
dojrzate. Jednakze w tym obszarze status mineralny kosci byt bezposrednio zwigzany
z nieukarboksylowang formg osteokalcyny (Glu-OC), co moze wskazywac na nieckorzystng role

Gla-OC w mineralizacji kosci dtugich w przebiegu przewlektej choroby nerek.
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Whioski

Obnizony poziom witaminy K1 obserwowany w surowicy szczuréow z eksperymentalng
przewlekta chorobg nerek jest wynikiem przyspieszonej konwersji filochinonu do postaci

menachinonow.

W tkance kostnej in situ znajduje si¢ zestaw enzymoéw umozliwiajacy recykling witaminy

K oraz biokonwersje witaminy K1 do postaci menachinonéw.

W kosciach szczurow z CKD 1 wspdlistniejaca nadczynnoscig przytarczyc, mimo
odpowiednich warunkéw do powstawania aktywnych form witaminy K, dochodzi do
nasilenia procesu osteoblastogenezy i powstawania niedojrzatych osteoblastow,
produkujacych niewystarczajace ilosci aktywnej formy osteokalcyny, co w konsekwencji

zaburza proces mineralizacji, prowadzac do obnizenia stanu mineralnego kosci.

Badanie stezenia catkowitej osteokalcyny i jej formy nieukarboksylowanej — Glu-OC
W surowicy, ktore sg powszechnie wykorzystywane jako markery niedoboru witaminy K,
wydaje si¢ mie¢ niewielkie zastosowanie w przewleklej chorobie nerek, szczegdlnie przy

wspotistnieniu nadczynnosci przytarczyc.
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9. Streszczenie w jezyku polskim

Przewlekta choroba nerek (CKD) stanowi powazny problem zdrowotny, podobnie jak
powszechne powiktanie, jakim sg zaburzenia mineralne i kostne okre$lane mianem CKD-
MBD. Uposledzona mineralizacja i nieprawidlowosci w mikroarchitekturze kosci wigzg si¢
z obnizeniem jej wytrzymatosci, co przeklada si¢ na wzrost czgstosci ztaman u chorych z CKD.
Zaburzenia jakosciowe i ilosciowe tkanki kostnej majg negatywny wplyw na zycie pacjentow,
a ich leczenie, szczegdlnie w zaawansowanych stadiach CKD, jest ograniczone.

Celem niniejszej rozprawy byta kompleksowa ocena metabolizmu endogennej
witaminy K (VK) poprzez pomiar stezenia VK1 (filochinon) oraz MK-4 i MK-7 (menachinony)
w surowicy zdrowych zwierzat oraz w modelu CKD indukowanym chirurgiczng nefrektomia
5/6. W surowicy dokonano oceny stgzenia biatek zaleznych od VK (VKDP), takich jak
osteokalcyna (OC), jej forma nieukarboksylowana (Glu-OC) oraz nieukarboksylowane biatko
macierzy Gla (ucMGP). Na poziomie kosci oznaczono obie formy OC: karboksylowang (Gla-
OC) i Glu-OC, a nastgpnie dokonano oceny recyklingu VK poprzez analize ekspresji genow —
VKORC1, GGCX i UBIADL. Uzyskane wyniki zestawiono z pomiarami densytometrycznymi
w celu ustalenia zwigzku miedzy VKDP a stanem mineralnym kosci.

Analiza metabolizmu endogennej witaminy K wykazata obnizone stezenie VKI,
ktoremu towarzyszyt wzrost MK-4 i MK-7 w surowicy szczurow z CKD, co $wiadczy
0 wzmozonej konwersji VK1 do postaci menachinonow. Wzrost stezenia catkowitej OC jest
spowodowany jej kumulacja we krwi szczuréw z CKD, natomiast zwigkszone stezenie Glu-
OC moze by¢ konsekwencjg pobudzania jej syntezy przez parathormon (PTH).
Przeprowadzone badania udowodnily, zZe tkanka kostna posiada zestaw enzymow
umozliwiajacy recykling witaminy K oraz konwersje VK1 do postaci menachinonéw. Pomimo
tego nie dochodzi do produkcji odpowiedniej ilosci aktywnej formy osteokalcyny, co powoduje
nieprawidlowa mineralizacj¢ tkanki kostnej w przebiegu CKD. Analiza zaleznoS$ci
wystepujacych pomigdzy parametrami stanu mineralnego kosci, ekspresja enzyméw cyklu
witaminy K 1 zaleznych od niej biatek uczestniczacych w procesie mineralizacji wykazata, ze
przyczyna powyzszych zaburzeh moze by¢ nadczynnos$¢ przytarczyc i nasilanie przez PTH
procesu osteoblastogenezy, w wyniku ktorego powstaja niedojrzate osteoblasty, niezdolne do
produkcji odpowiedniej ilosci aktywnej formy OC. Praktycznym aspektem powyzszego
badania jest obserwacja, ze pomiar st¢zenia catkowitej OC 1 jej formy nieukarboksylowanej —
Glu-OC w surowicy, ktore sa powszechnie wykorzystywane jako markery niedoboru witaminy
K, wydaje si¢ mie¢ niewielkie zastosowanie w warunkach CKD, szczeg6lnie przy

wspotistnieniu nadczynnosci przytarczyc.
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10. Streszczenie w jezyku angielskim

Chronic kidney disease (CKD) and its main complication, called mineral and bone
disorders (CKD-MBD), are leading health problems. Impaired mineralization, abnormalities in
bone microarchitecture, and reduce bone strength, results in increased risk of fractures in
patients with CKD. Disturbed bone quality and quantity negatively affect patient’s life, and
treatment, especially in advanced stages of CKD.

The aim of this doctoral dissertation was comprehensive assessment of the endogenous
vitamin K (VK) metabolism by measuring the concentrations of vitamin K1 (phylloquinone),
MK-4 and MK-7 (menaquinones) in the serum of healthy and 5/6 nephrectomy-induced CKD
animals. Similarly, the concentrations of VK-dependent proteins (VKDP), such as osteocalcin
(OC), non-carboxylated form (Glu-OC), and non-carboxylated matrix Gla protein (uCMGP)
were assessed in serum. Additionally, both forms of OC: carboxylated (Gla-OC) and Glu-OC
were evaluated at the bone level. To assess VK recycling, the expression of VKORC1, GGCX,
and UBIAD1 genes in the bone tissue was determined. In order to assess the relationships
between VKDP and bone mineral status, the obtained results were compared with densitometric
measurements.

The analysis of vitamin K metabolism showed simultaneous decrease of VK1 levels and
increase MK-4 and MK-7 concentrations in CKD rats. This may results from increased VK1
conversion to menaquinones. Progressive loss of kidney function results in increased
concentration of total OC, which is associated with accumulation of this protein in the blood of
uremic rats. On the other hand, the enhanced Glu-OC levels may be related to stimulatory effect
of PTH. Despite the fact that bone tissue has required set of enzymes that enables VK recycling
and its conversion to menaquinones, the production of sufficient amounts of active form of
osteocalcin is impaired. In a consequence, in the course of CKD occur disturbed bone
mineralization process. The analysis of the relationships between the parameters of bone
mineral status, the VK cycle enzymes and VKDPs expression, showed that the above mentioned
disorders may be associated with hyperparathyroidism and accelerated process of
osteoblastogenesis stimulated by PTH. As a result, immature osteoblasts are unable to produce
an adequate amount of active form of OC. The practical, and clinical significance of this
research is that the measurement of the serum concentrations of total OC and Glu-OC, which
are commonly used markers of VK deficiency, appear to have a limited importance in the course

of CKD, especially in the presence of hyperparathyroidism.

49



11. Publikacja nr 1

Marta Zieminska, Beata Sieklucka, Krystyna Pawlak

Vitamin K and D Supplementation and Bone Health in Chronic Kidney Disease—Apart
or Together?

Nutrients

2021, 13(3): 809

IF =6.706, MNiSW = 140

50



nutrients

Review

Vitamin K and D Supplementation and Bone Health in Chronic
Kidney Disease—Apart or Together?

Marta Ziemiriska !, Beata Sieklucka ? and Krystyna Pawlak 1-*

check for

updates
Citation: Zieminska, M.; Sieklucka,
B.; Pawlak, K. Vitamin K and D
Supplementation and Bone Health in
Chronic Kidney Disease—Apart or
Together? Nutrients 2021, 13, 809.
https:/ /doi.org/10.3390/nu13030809

Academic Editor:

Vassilios Liakopoulos

Received: 28 January 2021
Accepted: 24 February 2021
Published: 1 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Monitored Pharmacotherapy, Medical University of Bialystok, 15-222 Bialystok, Poland;
marta.zieminska@umb.edu.pl

Department of Pharmacodynamics, Medical University of Bialystok, 15-222 Bialystok, Poland;
beata.sieklucka@umb.edu.pl

*  Correspondence: krystyna.pawlak@umb.edu.pl; Tel.: +48-85-748-5600

Abstract: Vitamin K (VK) and vitamin D (VD) deficiency/insufficiency is a common feature of chronic
kidney disease (CKD), leading to impaired bone quality and a higher risk of fractures. CKD patients,
with disturbances in VK and VD metabolism, do not have sufficient levels of these vitamins for
maintaining normal bone formation and mineralization. So far, there has been no consensus on what
serum VK and VD levels can be considered sufficient in this particular population. Moreover, there
are no clear guidelines how supplementation of these vitamins should be carried out in the course of
CKD. Based on the existing results of preclinical studies and clinical evidence, this review intends to
discuss the effect of VK and VD on bone remodeling in CKD. Although the mechanisms of action
and the effects of these vitamins on bone are distinct, we try to find evidence for synergy between
them in relation to bone metabolism, to answer the question of whether combined supplementation
of VK and VD will be more beneficial for bone health in the CKD population than administering each
of these vitamins separately.

Keywords: vitamin K; vitamin D; chronic kidney disease; bone remodeling; vitamin K and D
supplementation

1. Introduction

Chronic kidney disease (CKD) represents a global health issue involving about 13%
of the general population, of which about 11% are patients in the 3-5 stage of CKD [1].
Impaired kidney function impacts the quality of bone tissue and results in the development
of disorders in bone and mineral metabolism, which are defined as Chronic Kidney Disease-
Mineral Bone Disorders (CKD-MBD) [2]. Abnormalities in mineral and bone metabolism
contribute, in part, to severity of vascular calcification (VC). In this context, CKD-specific
risk factors are believed to drive substantially to VC and cardiovascular disease. It is also
established that patients with CKD stage 3-5 will die due to cardiovascular events before
the need of renal replacement therapy [3,4].

CKD-MBD impacts bone remodeling (Figure 1)—the dynamic process mediated
mainly by the two antagonistically acting cellular populations: osteoblasts (OBs) that
control the formation of bone and osteoclasts (OCs), with the ability to resorb mineral-
ized bone [5]. This process is tightly regulated by local and systemic hormones, such as
parathyroid hormone (PTH), 1,25-dihydroxyvitamin D (1,25D), and vitamin K (VK) [5,6].
The process of bone remodeling is composed of four phases: the activation phase (the
recruitment of OCs); the resorption phase (the resorption of bone by OCs); the reversal
phase (the apoptosis of OCs and the recruitment of OBs); and the formation phase (the OBs
lay down new organic bone matrix that subsequently mineralize) [6]. Bone remodeling
together with bone size, geometry, structure, and volume determines bone’s biomechanical
properties, integrity, and strength, providing renewal of damaged bone. An imbalance
between the amount of resorbed bone and the quantity of new bone formation substantially
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contributes to the increased risk of fractures, which is associated with higher mortality in
patients with CKD [7-9].
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Figure 1. Bone remodeling. Abbreviations: ALP, alkaline phosphatase; BGLAP, bone-Gla-protein;
BMP, bone morphogenic protein; BSP, bone sialoprotein; c-fms, colony-stimulating factor-1 receptor;
COL1, collagen type 1; CTSK, cathepsin K; HSC, hemapoietic stem cells; MAPKSs, mitogen-activated
protein kinases; M-CSF, macrophage colony-stimulating factor; MMP-9, matric metalloproteinase 9;
Msc, mesenchymal stem cell; NFATc, nuclear factor of activated T-cells; NFkB, nuclear factor-kappa B;
OPN, osteopontin; OCPs, osteoclast precursors; RANK, receptor activator of nuclear factor kappa B;
RANKIL, receptor activator of nuclear factor kappa B ligand; Runx2, runt-related transcription factor 2;
TRAF6, Tumor necrosis factor receptor associated factor 6; TRAP, tartare-resistant acid phosphatase.

Many clinical studies reported on VK and vitamin D (VD) deficiency in patients with
CKD or undergoing dialysis [3,10-12]. These vitamin deficiencies could result from both
dietary and nondietary determinants. Dietary recommendations for CKD patients, such as
diets low in potassium (fewer leafy green vegetables rich in vitamin K1, VK1) and low in
phosphate (fewer dairy products rich in vitamin K2, VK2) could promote VK deficiency.
Holden et al. [3] showed that patients with stage 3-5 CKD have higher VK1 levels than
those on maintenance dialysis. They concluded that patients who were clinically better
nourished have also better vitamin K status. Nutritional factors may also affect the defi-
ciency of VD status in CKD. The low food intake was frequently noticed in this population,
due to numerous reasons, such as reduced appetite, dietary restrictions, i.e., low protein
and phosphate diets, uremic-related gastrointestinal symptoms, and impaired gastrointesti-
nal absorption of VD [13]. The nondietary determinants of VD in a cohort of patients with
CKD included age, gender, low physical activity, less sunlight exposure, blunted the re-
sponse of plasma VD to ultraviolet (UVB) irradiation, and hyperpigmentation, which may
play a role in the impaired endogenous VD synthesis [14]. Additionally, with an increased
loss of renal tissue, the availability and functionality of 1-« hydroxylase decreases, thereby
reducing 1,25D [15]. Proteinuria has also been described as a contributing factor in the
pathogenesis of VD deficiency [3,13,14]. Vitamin D binding protein (VDBP) carries about
85% of the circulating 25-hydroxyvitamin D (25D), VDBP-25D complexes are filtered in the
glomerulus. Patients with proteinuria usually present the increased urinary VDBP excre-
tion, but they might also show impaired megalin and cubilin-mediated protein reuptake in
the proximal tubules, which may contribute to VD deficiency in the setting of CKD and
proteinuria, especially in diabetic chronic kidney disease (DCKD) [16,17]. The peritoneally
dialyzed patients are at particularly high risk of VD deficiency due to increased loss of 25D
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and VDBP through the peritoneal effluent [18]. Moreover, the chronic inflammatory state,
which is a common feature of CKD, can affect VD status [3].

Nondietary determinants of VK status in CKD include taking drugs prescribed to
patients with CKD, such as warfarin, statins, proton-pump inhibitors, phosphate binders,
steroids, or antihypertensives drugs [12,19,20]. The genetic variability can contribute to the
large interindividual variation in VK biomarkers. Holden et al. [3] showed that Apolipopro-
tein E4 (ApoE4) carriers may be at risk for undercarboxylated VK-dependent proteins
(VKDPs) due to rapid clearance of VK1 in the liver. Thus, the apoE4 allele, carried by 34%
of this CKD population, may potentially represent a nonmodifiable risk factor influencing
VK status.

Regarding the general population, a recent report recommended that serum 25D
concentrations should be maintained at 20-50 ng/mL, and values >30 ng/mL should be
considered normal [21]. However, there is some doubt as to whether the values considered
“normal” in the general population could be applied to CKD patients. The Kidney Disease
Improvement Global Outcomes (KDIGO) guidelines, published in 2017, do not consider
any reference value for 25D level in CKD, but they recommended its evaluation when PTH
progressively increases or stays above normal at stages of CKD above 3 [2]. A more recent
study performed on stage 1-5 CKD patients showed no evidence of a decreasing effect of
25D on PTH lowering until 25D levels of 42-48 ng/mL [22], suggesting a higher VD target
in CKD without any additional risk of hypercalcemia and hyperphosphatemia.

Establishment of the reference value of VK in patients with CKD is a challenge,
because there is no gold standard for the measurement of VK levels and there is a lack of
standardization. Instead, a functional deficiency of VK is commonly used as a surrogate
of VK status in these patients. Measurements of uncarboxylated prothrombin (known as
protein induced by VK absence/antagonism II (PIVKA-II), uncarboxylated OC (ucOC),
and desphospho-uncarboxylated matrix Gla protein (dp-ucMGP) MGP are indicative of
VK deficiency [3,11,23].

This review focuses on the contribution of VD and VK to skeletal health in CKD, dis-
cussing their effects on bone remodeling, derived from in vitro, in vivo, and clinical studies.
In particular, we tried to find a functional synergy between these vitamins in relation to
bone health in CKD and answer the question of whether simultaneous supplementation
with VD and VK may be more beneficial in counteracting the effects of CKD-MBD than
supplementing the deficiency of a particular vitamin.

2. Vitamin D and Vitamin K in CKD
2.1. General Characteristics of Vitamin K—Chemical Structure, Metabolism, and
Laboratory Evaluation

VK constitutes a group of fat-soluble chemical compounds, whose common property
is a structure containing 2-methyl-1,4-naphthoquinone. Naturally, VK occurs in two forms—
VK1 (phylloquinone) and VK2 (including different menaquinones, MKs). VK1 is the main
source of dietary VK and is mainly found in green leafy vegetables and plant oils. MKs are
derived from intestinal bacteria (Lactococcus or Bacteroides) and fermented food [24]. The
most common MKSs in humans are the short-chain MK-4; it is the only MK produced by
systemic conversion of phylloquinone to menaquinones. MK-4 can be endogenously pro-
duced from phylloquinone in some tissues, which is probably due to local biosynthesis [25].
The recently identified MK-4 biosynthetic enzyme, UbiA prenyltransferase containing
1 (UBIAD1), is widely expressed, but the mechanisms regulating its expression are not
currently known [26]. The main sources of VK are illustrated in Figure 2.

The main physiologic role of VK is to act as cofactor for the y-glutamyl carboxy-
lase (GGCX) enzyme in the gamma-carboxylation reaction that add carboxyl groups to
glutamic acid (Glu) residues in proteins. GGCX oxidizes VK into VK epoxide and then
adds CO2. The newly carboxylated residues in such proteins are referred to as gamma-
carboxyglutamic Gla domains. This process transforms inactive (uncarboxylated) proteins
into active carboxylated VKDPs, enabling them to bind to calcium. Adequate calcium
binding is a critical physiological step in blood coagulation, bone mineralization, and
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vascular calcification. The most acknowledged extrahepatic VKDPs are MGP, osteocalcin
(OC), growth arrest specific protein 6 (Gas6), and Gla-rich protein (GRP) [27].

Sources of vitamin K
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Figure 2. Vitamin K sources, metabolism, and mechanism of action. Abbreviations: ucVKDP,
uncarboxylated vitamin K-dependent proteins; cVKDP, carboxylated vitamin K-dependent proteins;
GGCX, enzyme y-glutamyl carboxylase; VKOR, vitamin K epoxide reductase.

In addition to protein modification, a novel mechanism was uncovered in the sig-
naling that regulates the transcription of target genes by VK through the activation of a
nuclear receptor, the steroid and xenobiotic receptor (SXR; also known as nuclear receptor
subfamily 1 group I member 2 (NR1I2) and pregnane X receptor (PXR), which is the mouse
and rat ortholog of SXR) [28]. VK2 was shown to bind to and activate the SXR, which could
induce expression of osteoblastic marker genes, such as alkaline phosphatase (ALP) and
osteoprotegerin (OPG), extracellular matrix-related genes, and collagen accumulation in
osteoblastic cells [29]. When we compare both forms of VK, VK1 is predominant form of
VK in the human diet due to its relatively high content in food [30], but VK2 is required
for OC to become activated and bind calcium, which makes VK2 a vital player in case of
supporting the osteoprotective effect and maintenance of bone health [31-33]. Additionally,
VK2 plays an important role in promoting bone formation: it stimulates the differentiation
of osteoblasts, upregulates the gene expression of bone markers, and inhibits osteoclastoge-
nesis [33]. VK reserves in the body are limited, and it is efficiently recycled through a series
of redox reactions, which are defined as the “VK cycle” (Figure 2). The transformation of
VK epoxide to quinone form occurs through VK epoxide reductase (VKOR). Then, quinone
is converted by quinone reductase to a VK hydroquinone form, which can be reused. This
last stage of the VK regeneration cycle is necessary for proper y-carboxylation, because
only a reduced form of VK can act as a cofactor for GGCX [34].

The determination of VK levels is difficult because of its physicochemical properties
and low levels of VK in circulation. Measurements can be done using direct and indirect
methods. One of the most popular direct methods is the determination of VK using
high-performance liquid chromatography (HPLC). A disadvantage of this method is the
possibility of interaction between an HPLC column and lipoproteins transporting VK,
which may affect the results [35]. The most common indirect method for determining VK
status is measuring uncarboxylated VKDPs—ucOC and ucMGP—through the enzyme-
linked immunosorbent assay (ELISA). The uncarboxylated forms (uc)VKDP appear when
protein carboxylation is decreased and increased levels of ucOC, ucMGP or dp-ucMGP
reflect a VK deficiency.
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The ucOC level, the total OC level, and the ratio between the two (%ucOC) are fre-
quently used to reflect VK status linked to bone health [36]. The diagnostics of VK deficiency
are also based on measuring PIVKA. These proteins are formed in the liver as inactive,
under-carboxylated precursors that cannot perform their biological functions. Long-term
VK status can be shown by PIVKA II measurement that together with prothrombin time
are markers of the hepatic concentration of VK [10].

2.2. Vitamin K Status in CKD Patients

Many observational and interventional studies reported that patients with CKD under-
going conservative treatment, peritoneal dialysis (PD), or hemodialysis (HD) suffer from
subclinical VK deficiency [3,10,11,20,23,37]. The number of CKD patients with VK defi-
ciency reaches 70%-90% of that population and is more pronounced than in the general pop-
ulation [38]. The alterations in the OC levels have been already observed in the early stages
of CKD, as 60%~70% of pre-dialysis patients had a high percentage of serum ucOC [3,39].
Several studies demonstrated that HD patients had poor VK status [3,10,11,20,23,37,40,41],
which is rather associated with the dietary regimen and overall poor nutrient intake. In
addition to the fact that VK has a lipophilic character, it should not be absorbed or removed
by the membrane during dialysis [42,43]. Westenfeld et al. [41] showed that HD patients
had significantly higher levels of dp-ucMGP and ucOC as compared to a healthy group,
pointing out that most HD patients suffer from a VK deficiency. A recently published
study by Cranenburg et al. [23] demonstrated low intake (140 pg/day) of VK1 and VK2
by HD patients. Interestingly, low VK intake was observed on the weekends and days
of dialysis in comparison to the control group. Additionally, dp-ucMGP and ucOC were
significantly elevated in the majority of HD patients, confirming a subclinical hepatic VK
deficiency, whereas high levels of non-carboxylated MGP in these patients pointed to a
vascular VK deficiency. Voong et al. [37] showed that the majority of HD patients had high
levels of ucOC, and almost 30% had low levels of phylloquinone, confirming a subclinical
VK deficiency. A recent observational study by Fusaro et al. [40] showed that total OC and
ucOC levels were higher in patients with CKD than in healthy controls.

There are a few studies showing that PD patients have a comparable degree of VK
deficiency to HD patients. Stankowiak-Kulpa et al. [44] demonstrated that 46% of PD
patients had a VK insufficiency, as measured by elevated PIVKA-II levels. Another cross-
sectional study of PD patients [11] showed that almost 30% of them had a VK deficiency,
as assessed by serum VK1 level, and all patients had a VK deficiency, as measured by
the level of ucOC. Interestingly, Jansz et al. [45] demonstrated that patients after kidney
transplantation had lower levels of dp-ucMGP compared to HD or PD patients, indicating
that the restoration of kidney function may contribute to an improvement in VK status.

It is widely known that VK is crucial for the activation of OC, which is involved
in bone metabolism. OC (also known as bone-Gla-protein, BGLAP) is one of the main
noncollagenous proteins that is synthetized by OBs during bone formation. Modification
by VK-dependent carboxylation converts ucOC to an active carboxylate form (cOC). The
cOC binds calcium ions and incorporates them into hydroxyapatite crystals in the bone
matrix to promote bone formation [46]. Transcription and translation of the OC gene is
under the control of 1,25D [47] and PTH [48], creating immature ucOC. Circulating OC is
used as a good biomarker of bone formation, whereas high ucOC levels are an expression
of poor VK levels and intake [43]. However, when bone is resorbed, OC fragments are
released into the circulation, and their serum concentrations may reflect bone turnover.
In a healthy organism, the proportion of ucOC to total OC typically does not exceed
20% [49]. OC clearance is through glomerular filtration; hence, patients with CKD demon-
strate significantly increased levels of total serum OC and ucOC compared with healthy
controls [10,23,39,41,50].
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2.3. General Characteristics of Vitamin D

VD is a prohormone that acts in a variety of paracrine and autocrine systems. VD
exerts a pleiotropic effect in the body, plays an important role in calcium-phosphate home-
ostasis and the regulation of PTH, bone metabolism, immune system, and cardiovascular
disease [51,52].

VD is a fat-soluble vitamin that exists in two distinct forms, ergocalciferol (VD) and
cholecalciferol (VD3) [12]. The sources of VD, are vegetables and “fortified” food, whereas
VD3 is derived from animal-based foods but is mainly synthetized in the skin [12,13]. VD3
is produced through the action of ultraviolet (UV) sunlight in the skin by photolytic conver-
sion of 7-dehydrocholesterol (pro-VD3) to pre-VDj3 (precalciferol); then, it is subsequently
is changed to VD3 [53,54]. Due to the fact that both forms of vitamin D (VD; and VDj3)
are biologically inactive, they need further metabolism to be activated. In the next step,
they are transported by VDBP in the liver, where they are subjected to the hydroxylation
process by 25-hydroxylase (CYP2R1) to create 25D (calcidiol) [55]. The final step of VD
activation, a second hydroxylation, occurs in the kidneys, where 25D is transformed into a
biologically active form of 1,25D (calcitriol) by 1x-hydroxylase (CYP27B1) [56]. The level of
the circulating form of 25D is 1000-fold higher than the active form of VD—1,25D [54,57,58].
The main sources of VD and their metabolism are illustrated in Figure 3.

Sources of vitamin D
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Figure 3. Vitamin D sources, metabolism, and role in calcium homeostasis. Abbreviations: 25D,
25-hydroxycholecalciferol; 1,25D, 1,25-dihydroxycholecalciferol.

In a healthy individual, the kidneys are the main place of 1,25D synthesis, but under
specific conditions (CKD, rheumatoid arthritis, pregnancy), other cell types can also release
it into circulation [55]. Interestingly, these extrarenal 1,25D products do not include the
1,25D pool [55]. Additionally, renal production of the active form of VD is strictly dependent
on substrate availability, when 25D concentration is low [57,58]. A wide range of biological
actions are mediated through binding with the VD receptor (VDR) and lead to changes
in the expression of many genes e.g., Receptor Activator for Nuclear Factor k B Ligand
(RANKL), Low-density lipoprotein receptor-related protein 5 (LRP5), Cytochrome P450
family 24 subfamily A member 1 (CYP24A1), and Transient Receptor Potential Cation
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Channel Subfamily V Member 6 (TRPV6) [59,60]. The circulating active forms of VD
are highly regulated by many hormones, e.g., PTH, fibroblast growth factor 23 (FGF-
23), low blood calcium, or phosphorus concentration [59]. VD and PTH interact in a
tightly controlled feedback cycle and play a major role in the regulation of calcium and
phosphate homeostasis [61]. VD deficiency with hypocalcemia and decreased calcium
absorption from diet leads to enhanced PTH secretion, which results in increased renal
calcium reabsorption and osteoclastic bone resorption [62-64]. PTH and hypocalcemia
enhance CYP27B1 pathway-mediated hydroxylation of 25D to its active form: 1,25D.
Therefore, 1,25D augments Ca2* absorption in small intestines, increases PTH-dependent
Ca2* reabsorption in kidney, and mediates PTH-stimulated calcium release from bone [62].
Thus, PTH is a pivotal stimulator of VD synthesis, while on the other hand, VD has a
negative influence on PTH secretion [61].

Serum 25D concentration is the most reliable biomarker for assessing VD status. To
date, there is a lack of standardized methods for quantifying the level of 25D [65]. Although
the gold standard for evaluating VD status is HPLC, it is not widely used due to high
costs as well as the need for experience and special equipment. The second method that is
extensively used to establish the reference range of serum VD is the DiaSorin Liaison assay,
which is a quantitative chemiluminescent immunoassay (CLIA) [66,67]. Other common
methods include ELISA and radioimmunoassay (RIA) [65,68]. Lately, more attention has
been paid to liquid chromatography-tandem mass spectrometry (LC-MS/MS), which is
able to measure the various serum forms of VD and VD3 [69].

2.4. Vitamin D Deficiency in CKD Patients

Low levels of 25D are common in CKD as well as in the general population, but
the prevalence of 25D deficiency is much greater in the CKD population [70,71]. VD defi-
ciency/insulfficiency affects more than 80% of patients with CKD [14,65]. Moreover, many
observational and interventional studies reported that kidney transplant recipients are
susceptible to low levels of VD [72]. A VD deficiency increases with the progression of
CKD, and it accounts for 20% in CKD stage 3 and 30% in CKD stages 4-5 [73]. Interest-
ingly, Cankaya et al. demonstrated that PD and HD patients’ VD levels were lower in
comparison with CKD and renal transplant patients [74]. The low VD status has been
related to increased progression of kidney and bone disease [75,76], cardiovascular events,
metabolic syndrome, vascular calcification, ventricular hypertrophy, muscle weakness,
insulin resistance, and overall mortality in this population [12,75,76].

Both the Kidney Disease Outcomes Quality Initiative (KDOQI) and KDIGO guidelines
recommend checking and supplementing low serum 25D levels in CKD and dialysis
patients [2,77]. Additionally, KDIGO experts suggest that VD concentrations in patients
with CKD should be tested; thus, repeated measurements should be individualized as a
result of the baseline values and interventions. However, there is no consensus on how
frequently VD level should be measured and administered [2,77].

3. Role of Vitamin K and Vitamin D in Bone Remodeling in CKD:
Pre-Clinical Evidence

3.1. Vitamin K and Bone Remodeling—In Vitro Studies

VK (in particular K2) improves the function of OBs by inducing their proliferation,
differentiation [78,79], and inhibiting Fas-mediated OB apoptosis [80]. VK2 treatment of
OBs can increase both ALP activity and the level of bone OC in the cell medium [78].
The higher ALP activity is associated with better formation of the organic matrix and the
mineral part of the bone, and the deposition of OC and hydroxyapatite in the bone. VK2
activates SXR [28,29] and operates as a transcriptional regulator of a number of osteoblastic
biomarker genes and extracellular matrix-related genes [29,81]. Moreover, VK2 supports
bone formation and suppresses bone resorption by stimulating the expression of OPG and
inhibiting the expression of RANKL on OBs [78].
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Yamagushi et al. [82] observed that VK2 induced the downregulation of basal and
cytokine-induced nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)
expression in OBs as well as in the OC precursors, explaining its dual pro-anabolic and anti-
catabolic activities. Interestingly, the combined use of VK2 and 1,25D enhanced calcium
deposition and OC expression in the OBs of obese diabetic mice [83], suggesting that
this combined therapy may be more effective for the treatment of diabetes associated
osteoporosis than the use of VK alone. On the other hand, the current evidence suggests that
VK2 reduces osteoclastic activity via different strategies. It prevents OC formation either
directly or indirectly (by interfering with the RANKL/OPG system [78]). VK decreases
both the proliferation of tartrate-resistant acid phosphatase (TRAP) positive cells and TRAP
activity in osteogenic culture medium [78,84]. Moreover, VK2 inhibits bone resorption
induced by bone resorbing factors, such as Prostaglandin E2 (PGE2), Interleukin 1a (IL1x),
and 1,25D [85]. The study of Kameda et al. [84] showed the potential of VK2 to induce
OCs apoptosis. The characteristics of the main studies regarding VK in pre-clinical studies

included in the review are shown in Table 1.

Table 1. Role of vitamin K and vitamin D in bone remodeling in chronic kidney disease (CKD): pre-clinical evidence.

Reference Model Dose Results
Vitamin K
VK2 (1078-1073 M) for 1-5days VK2 promoted osteoblast differentiation
[79] MC3T3-E1 osteoblasts cell line VK2 (10°,107¢ and 1077 M) for  and mineralization, induced autophagy
24hondays1,3,5and 7 in osteoblasts
VK2 activates SXR and induces
The human cell lines HOS, expression of the SXR target gene; VK2
[28] MG-63, Saos-2, LS180, and VK2 treatment of osteosarcoma cells increased
HeLa mRNA levels of OB: ALP, OPG, OPN,
and MGP
Bone marrow cells were MK-7 can inhibit osteoclastic bone
[85] isolated from male Wistar rats MK-7 (10~8-10—° M) resorphion; MK=7 hag an mhlblt?ry -
(3 weeks old) on the bone-resorbing factors-induced
decrease in bone calcium content
Vitamin D
MK-4 and VK1 inhibited 1,25D-induced
Bone marrow cells from the osteoclast formation and promoted the
[78] femur from elderly patients i 1’;?3322 2'1_5{/113’ a5l differentiation of bone marrow cells;
with type II osteoporosis & MK-4 and VK1 decreased the RANKL
and enhanced OPG
1,25D increases the maturation of OBs
iliac crest bone biopsy 8 months of doxercalciferol lineage cells, stimulates osteocyte
[86] samples from 11 paediatric therapy (an average of 19.3 + 3.8 apoptosis and increases RANKL/OPG
dialysis patients mcg of doxercalciferol per week) expression, increases the number of
osteocytes
1,25D stimulated the differentiation of
" . hMSCs to OBs; greater stimulation of
8 5 n > in vitro osteoblast differentiation
[87] schﬂl;/lislec(; :22:15?;:311?: C;Zst L0AM 520D ik blast diff aFHE by
P pasty 1,25D in hMSCs from younger subjects,
and who had serum 25D < 20 ng/mL
Primary OB cells, with a . . -
[88] pre-osteoblastic phenotype 1,25D (1078 M) - 1’25 D _mcreased dlfferentlatlon,
e healthy maledonor mineralization and survival of osteoblasts
Monocytes from blood of
[89] healthy adult volunteer VD (25D-100 nM and 1,25D-5 nM) 1,25D inhibits osteoclastogenesis
donors
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Table 1. Cont.

Reference Model Dose Results
1,25D can directly (in absence of RANKL)
suppress OC precursor autophagy, which
Thetbinton fwesk-old negatively regulates the pFollferatlon of
[90] : " these cells; 1,25D can indirectly
littermate C57BL/6] mice
upregulate the autophagy response of
OC precursors, thereby enhancing OC
formation in the presence of RANKL
Vitamin D and Vitamin K
. The combined use of VK2 and 1,25D
Feifiany befenblanis harvested enhanced calcium deposits formation in
[83] from the iliac crests of VK2 (10 nM) and 1,25D (10 nM) OBs and increased S’IE levels of bone
E C57BL/Ks] lean (+/+) and alone and in combination

anabolic markers and bone formation

obese/diabetic (db/db) mice taniserp it adion

Abbreviations: VK2, vitamin K2; HOS, human osteosarcoma cell line; SXR, steroid and xenobiotic receptor; OB, osteoblast; ALP, alkaline
phosphatase; OPG, osteoprotegerin; OPN, osteopontin; MGP, matrix Gla protein; MK-7, menaquinone-7; VK1, vitamin K1; 1,25D, 25-
dihydroxyvitamin D; RANKL, Receptor Activator for Nuclear Factor k B Ligand; hMSCs, human bone marrow stromal cells; 25D,
25-hydroxyvitamin D; VD, vitamin D; OC, osteocalcin.

3.2. Vitamin D and Bone Remodeling—In Vitro Studies
3.2.1. Impact of 1,25D on Osteoblast Function

In the available literature, there are few data on the in vitro effect of 1,25D on OBs
from patients with CKD. Table 1 summarizes the main pre-clinical studies regarding VD.
The first report by Zhou et al. [91] showed that different forms of VD, 25D and 1,25D,
can stimulate in vitro OBs differentiation of marrow stromal cells from healthy controls
and CKD subjects. Several years later, it was shown that primary OBs derived from
CKD patients display a maturation defect in vitro [92]. A recent study of this team [86]
documented that 1,25D markedly stimulated the expression of FGF-23, and the mature
OB marker, BGLAP, in primary OBs derived from CKD patients. However, recombinant
human FGF-23 countered VD-stimulated OBs differentiation of human bone marrow
stromal cells (hMSCs) by reducing VDR and CYP27B1 expression as well as inhibiting
1,25D biosynthesis and signaling through bone morphogenic protein-7 (BMP-7) [93]. 1,25D
in very high concentration (100 nM), which far exceeds the concentrations achieved in
dialysis patients receiving high doses of calcitriol, improved in vitro OBs mineralization.
On the other hand, VD stimulated the expression of the osteoclast differentiation factor,
RANKL, in primary CKD OBs, and especially its high doses (10 nM and 100 nM) increased
the ratio of RANKL/OPG expression. In contrast, VD sterols had no effect on the expression
of the early osteoblastic marker, Runt-related transcription factor 2 (RUNX2), and they had
very little effect on ALP expression in CKD cultures. These data suggest that 1,25D may
play an important role in OBs maturation by regulating osteoclast-osteoblast coupling in
the bone of CKD patients [86].

Over the course of the last decades, 1,25D has been studied extensively for its
pleiotropic actions promoting bone remodeling in the general population, and numerous
in vitro studies have implicated 1,25D in the regulation of both osteoblastic and osteo-
clastic activity [94,95]. Both OBs and OCs express VDR [96,97], which allows 1,25D to
directly affect their biological activity. Moreover, both OBs and OCs can locally synthesize
the active form of 1,25D as they express CYP27B1 [96,98]. However, data obtained from
in vitro studies are very heterogenic with regard to the differentiation stage of the cells
(mesenchymal stem cells vs. primary OBs vs cell line), time points of treatment (2-72 h
after treatment), OB origin (human/rat vs. murine), and the 1,25D concentration that was
used (1-100 nM) [99,100]. This makes it difficult to compare the different studies and to
draw final conclusions. Herein, we focused on the in vitro impact of VD on human OBs
(hOBs), hMSCs, and human OCs (hOCs).
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3.2.2. Effect of 1,25D on hOBs and hMSCs

1,25D has been shown to stimulate bone formation and mineralization in all studies
using hOBs, and it induced osteogenic differentiation from hMSCs. Ten nM of 1,25D
stimulated the differentiation of hMSCs to OBs, and osteoblastogenesis was stimulated
to a greater degree by 1,25D in hMSCs that were obtained from subjects with inadequate
or deficient 25D levels than the people who were VD sulfficient [87]. hMSCs, similar to
hOBs and hOCs, express VDR and possess the molecular machinery for VD synthesis
and metabolism, which makes them a producer and target of 1,25D [101]. Moreover,
OBs express the VDBP receptors cubilin and megalin to uptake 25D [102]. In cultured
primary hOBs, active VD increased the survival, differentiation, and function of these cells.
Mechanisms explaining this effect include increased osteoblastogenesis [99] and inhibition
of apoptosis [103,104], leading to the formation of bone nodules and bone mineralization.
1,25D has anti-apoptotic effects on primary OBs and osteoblastic cell lines by inhibiting
Fas ligand-induced apoptosis and regulating components of both the Fas-related and
mitochondrial apoptosis pathways [88,103]. The carefully regulated OB apoptosis plays a
crucial role in healthy bone remodeling; if this process is excessive, osteocyte differentiation,
bone deposition, and mineralization will all be reduced as well [105].

1,25D has been shown to increase RUNX2, small mother against decapentaplegic
(SMAD) 1-3,5, osterix (OSX), ALP, and BGLAP expression in hOBs [86,88,106,107]. The
other genes involved in OB proliferation and differentiation, whose expression has been
shown to be increased by 1,25D, are bone morphogenetic protein-2 (BMP-2) [108] and
insulin-like growth factor-binding proteins (IGFBPs): 24 [87,109].

The Wingless-type, Wnt-B-catenin pathway is an important regulator of OBs differ-
entiation and function. Cytosolic -catenin is translocated into the nucleus to stimulate
osteoblastogenic gene transcription. The levels of -catenin expression represent the
functional status of the Wnt/ 3-catenin signaling pathway in OBs [110]. The impact of
1,25D on Wnt-p-catenin signaling in OBs was well recognized an in vitro study, where
1,25D stimulated Wnt signaling, increased (-catenin protein expression, or induced the
Dickkopf-related protein 1 (DKK1) expression, leading to the intensification of calcified
nodule formation in mineralized OBs [88,111,112].

Autophagy was recently recognized as an important regulator of OB survival and
function. During autophagy, the toxic cytoplasmic components are removed, while nu-
trients are recycled to maintain cell functions and to protect against apoptosis. Impaired
autophagy causes cellular dysfunction and cell death. Therefore, modulating the functional
autophagy in bone cells is of therapeutic interest [113,114]. Recently, Al Saedi et al. [88]
demonstrated that 1,25D may improve OB viability and function through the stimulation
of functional autophagy. An additional benefit of 1,25D on the functioning of these cells
could be through its effects on mitochondrial mass [88].

Vascular endothelial growth factor (VEGF) is one of the most important pro-angiogenic
factors involved in the regulation of new bone blood vessel formation. Human osteoblastic
cells produce VEGE, and receptors for VEGF have been identified on these cells, allowing
VEGEF to directly regulate survival, chemotactic migration, and OB activity [115]. 1,25D
treatment increased VEGF gene expression and protein levels in primary hOBs, indicating
that this hormone can exert its anabolic effects on bone by inducing angiogenesis [116,117].

In vitro experiments with primary bone cells isolated from humans demonstrate that
treatment with 1,25D inhibited OB proliferation and enhanced OB maturation and mineral
deposition. The expression of many genes key to OB maturation and mineral deposition
are modulated by 1,25D, as has been above described [86,88]. The activation of VDR by
1,25D can exert a catabolic effect on bone mineralization to ensure serum calcium home-
ostasis, or it may act as a mineralization enhancer through stimulating OB maturation
and the expression of genes associated with mineralization. It has been proposed that
the stage of OB differentiation is one of the possible factors determining which of these
two effects predominates. The phenotypically immature OBs precursors respond to 1,25D
through the stimulation of RANKL expression, whereas mature OBs predominately re-
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spond through the stimulation of OC expression [118]. However, a later study by Woeckel
et al. [119] demonstrated that 1,25D enhanced mineralization by the effects on hOBs in the
pre-mineralization phase; it is involved in the appropriate preparation of the extracellular
matrix (ECM) for mineralization. 1,25D stimulates the expression of the OB differentiation
marker, ALP, and other ECM proteins, such as collagen type I (COL1A1). ALP-positive
matrix vesicle production was significantly increased by 1,25D in this period of OB dif-
ferentiation, and they can translocate ALP to the ECM, where ALP was incorporated to
initiate mineralization [119].

In addition to the stimulation of bone formation and mineralization, 1,25D has a certain
protective potential to avoid pathological over-mineralization. It may induce activin A and
osteopontin (SPP1) gene expression—the recognized inhibitors of mineralization [120,121].
Moreover, a stimulator of mineralization, bone integrin-binding sialoprotein (IBSP), is
inhibited by 1,25D [122].

3.2.3. Effect of 1,25D on hOCs and Human Peripheral Blood Mononuclear Cells (hPBMCs)

Current evidence suggests that endogenous 1,25D synthesis and the response to this
vitamin in human bone is linked with coordinated functions in both the osteoclastic and
osteoblastic cells, controlling bone remodeling [123,124].

The stimulation of osteoclastogenesis by 1,25D via the OB is one of better established
effects of this vitamin on OC activation. With respect to gene regulation in OBs, the 1,25D-
VDR complex induces the expression of RANKL that activates RANK on OCs and their
hematopoietic precursors, stimulating bone resorption through osteoclastogenesis. OPG,
the soluble decoy receptor for RANKL, is repressed by 1,25D in OBs, so that the biological
effect of RANKL is reinforced [124,125]. The cell-to-cell contact in combination with
macrophage colony-stimulating factor (m-CSF) induces the differentiation of precursors to
OCs and promotes their activity. These data indicate that OBs are the key cell responding
to 1,25D with respect to OC formation [126].

In vitro studies on the effect of 1,25D on osteoclastogenesis and hOC function are
conflicting, showing both stimulatory as well as inhibitory effects of this vitamin on
OC differentiation and resorptive activity [89,90,96,126-137]. In 1992, Suda et al. [128]
suggested that 1,25D promotes bone resorption by increasing the number and activity of
osteoclasts. These effects may be direct, if the osteoclast contains the VDR and CYP27B1,
and 25D promotes their differentiation in the presence of macrophage colony-stimulating
factor (m-CSF) and RANKL. Kogawa et al. [129] showed that OC formation from hPBMCs
in the presence of physiological concentrations of 25D resulted in significant up-regulation
of the key OC transcription factor, nuclear factor of activated T cells-c1 (NFATC1), and a
number of key osteoclast marker genes. An interesting observation of this study was that
the OCs generated in the presence of 1,25D, although more numerous, exhibit reduced
resorptive activity on hydroxyapatite-coated slides when compared to OCs that matured
simply in the presence of RANKL and m-CSF [129].

The study of Zarei et al. [96] showed that the treatment of hOCs with 1,25D signifi-
cantly suppressed the expression of osteoclast fusion markers NFATC1 and transmembrane
7 superfamily member 4 (TM7SF4), reduced OC size, but increased OC number and re-
sorptive activity. An increase in osteoclast resorption was due to less fusion, resulting
in more small OCs in 1,25D-treated samples, as a few larger multinucleated OCs were
observed in the control samples. Sakai et al. [130] also demonstrated that 1,25D treatment
significantly inhibited the expression of NFATC1 in hOCs by upregulating the expression of
interferon-beta, which is a strong inhibitor of osteoclastogenesis. However, the suppression
of NFATC1 resulted in significantly inhibited hOC formation, which is opposite to the
finding of Zarei et al. [96]. A similar effect of 1,25D treatment on mature multinucleated
osteoclasts obtained from human monocytes was observed by Allard et al. [89], who
demonstrated that 1,25D significantly inhibited osteoclastogenesis at early stages but had
no effect on osteoclast-mediated bone resorption activity. Kudo et al. [131] also noticed that
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1,25D did not stimulate resorptive activity of hOCs formed from cultures of hPBMCs. They
suggested that it was more likely that 1,25D could influence OC activity indirectly.

Kim et al. [132] examined the direct effects of 1,25D on the osteoclastogenesis of
human peripheral blood osteoclast precursors. They showed that 1,25D suppressed the
expression of RANK in the hOC precursor and strongly inhibited OC differentiation. The
mechanism responsible for the inhibition of RANK by this vitamin was a down-regulation
of the c-Fms, the receptor of m-CSF, which is required for RANK expression. In line with
the above observation, the treatment of PBMCs from healthy donors with 1,25D dose-
dependently suppressed osteoclastogenesis in vitro, as has been shown by the reduced
number of TRAP-positive OCs [133].

Wnt ligand 10b (Wnt-10b) is a key pathway for bone formation through increases in
the number of OBs and the rate of mineral apposition [134]. A recent study by Lu et al. [135]
demonstrated that in primary cell cultures of OCs, calcitriol increased Wnt-10b expression,
but in parallel, it reduced the OCs fusion ability, the number of TRAP-positive OCs, as
well as their bone-resorbing activity. This finding is compatible with higher Wnt-10b levels
and lower TRAP-5b activity in HD patients receiving calcitriol compared with patients not
taking this vitamin [135]. Although both hOBs and hOCs may be the source of Wnt-10b,
the therapeutic dose of calcitriol enhanced Wnt-10b secretion only from OCs in this study.
Taken together, the bone anabolic effect of a therapeutic dose calcitriol can promote OB
function and it can inhibit OC maturation and resorbing capacity both in OC cultures
in vitro and in hemodialyzed patients in vivo [135].

Autophagy has been reported to increase the number and function of OCs [135,137].
The recent study by Ji et al. [90] proved that 1,25D may be a strong regulator of autophagy
in OCs, and it had a dual effect on osteoclastogenesis this way. 1,25D can directly (without
RANKL) suppress OC precursor autophagy, which negatively regulates the proliferation
of these cells. However, 1,25D can indirectly upregulate the autophagy response of OC
precursors, thereby enhancing OC formation in the presence of RANKL.

Taken together, the in vitro studies revealed that 1,25D may function to optimize
osteoclastogenesis, but on the other hand, it can mitigate hyperactive osteoclastic resorptive
activity. The main effects of VK and VD on bone cells derived from in vitro studies are
summarized in Figure 4.
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Figure 4. Impact of vitamin K and vitamin D on bone remodeling—evidence derived from in vitro
studies. Abbreviations: OBs, osteoblasts; ALP, alkaline phosphatase; OPN, osteopontin; OPG, osteo-
protegerin; MGP, matrix Gla proteins; BGLAP, bone-Gla-protein; FGF-23, fibroblast growth factor 23;
RUNX2, Runt-related transcription factor 2; OSX, osterix; NF-xB, nuclear factor kappa-light-chain-
enhancer of activated B cells; OCs, osteoclasts; 1, increase; |, decrease.

4. Vitamin K and Vitamin D in Bone Remodeling—In Vivo Studies
4.1. Vitamin K and Bone Remodeling—In Vivo Animal Models

According to our best knowledge, there is only one report examining the influence of
VK2 on cortical bone mass and bone strength in rats with renal insufficiency. This study
demonstrated that the administration of VK2 increased cortical bone strength without
changing bone mineral density (BMD) in nephrectomized rats [138], suggesting that VK
could affect bone integrity without altering BMD.

However, several animal models of osteoporosis have been used to study the effects
of VK on bone metabolism. Table 2 reports the main in vivo studies with VK and its
association with bone remodeling. The treatment of ovariectomized [139,140], unilaterally
sciatic neurectomized [38], and tail suspended rats [141] with VK found positive effects on
bone health. Histologic and microcomputed tomographic evaluations demonstrated that
VK2 supplementation inhibited the loss of bone mass as well as improved OB function and
bone architecture. Kim et al. [142] observed that VK administration in high-fat diet mice
resulted in an increase in bone formation and a reduction in bone resorption. Some animal
studies investigated the effect of the coadministration of VK2 and other bone acting drugs
on osteoporosis. The coadministration of VK2 and Teriparatide improved OB function and
increased Gla-OC serum levels [140]. The effect of the combined use of VK2 and bisphos-
phonate showed that VK2 could ameliorate the suppressive effect of bisphosphonates on
bone turnover and increase bone volume as well as the bone formation parameters [143].
Combining VK2 with VD3 showed an additional protective effect on osteoporosis versus
VK2 treatment alone [144]. In addition, the combined effect of VK and antiresorptive
drugs on bone mechanical strength were assessed, providing contrasting results. Otomo
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et al. [145] did not observe any effects of K2 supplementation with Risendronate on bone
quality, while Matsumoto et al. [146] showed that MK-4 treatment enhanced the positive
effect of Risendronate on bone strength. These observations suggest that the combined
administration of VK with other osteoprotective drugs may exert a more promising effect
on bone health than VK alone.

Table 2. Vitamin K and vitamin D in bone remodeling—in vivo studies.

Reference Model Dose Results
Vitamin K
The administration of VK2
n = 30, male Sprague-Dawley rats; VK2 (m : " . d ical b h
shediiaihres srciing: Shatiioneration enaquinone-4, Increase Cortl;a one strfengt
[138] assigne group I5 menatetrenone): without changing bone mineral
(control), 5/6 nephrectomy and 5/6 304570/ ki 5 davs/ K detisity BMDYand inipioved
nephrectomy + oral VK2 i8-8 CaYRrWES SRRy AP
renal function.
The coadministration of VK2 and
n =25, OVX female Sprague-Dawley rats VK ; . TPTD improved OB function and
, : . (menaquinone-4): .
[140] a551gned to five groups: the sham, 30 mg/kg/day TPTD: the OB surface, and 1pcreased
ovariectomy (OVX), VK, TPTD and 30/ Ko Btimes ek Gla-OC serum levels, improved
VK + TPTD HB/XE/ the BMD and bone strength of
the femur.
n - 42, male C57BL/6].m1ce dlvxdecfl into VK administration in high-fat diet
siix groups; nowmal diet; narmal diet + VK1 and VK2: mice resulted in an increase in
[zl VIcLximusinl dict + VG2, 497 Highital 200 mg/1000 ; bone formation and a reduction in
diet, 45% high-fat diet + VK1, a 45% & & b -
high-fat diet + VK2 one resorption.
n = 30, male Sprague-Dawley rats
assigned to five groups: nonsuspended
group, tail-suspended group with vehicle  Bisphosphonate (incadronate): The effect of combined use of VK2
[143] alone, tail-suspended group with VK2, 0.1 mgP/kg body weight and bisphosphonate showed
i tail suspended group with VK2: 24 mg/kg body increased bone volume without
bisphosphonate, tail-suspended group weight/day supressing bone turnover.
with combination of bisphosphonate
and VK2
n =59, female ICR mice after
sham-operated or ovariectomized; OVX Prior 8-week treatment with
[146] divided into six groups: treated with Risedronate: 0.25 mg/kg/day MK-4 followed by the 8-week
risedronate (R), MK-4 (K), R+K, either the VK2: 100 ug MK-4/kg/day risedronate significantly increased
treatment was withdrawn or switched to femur strength.
Kor R in the case of Rand K
Vitamin D
Paricalcitol efficiently
ameliorates advanced renal
insufficiency induced loss of
n = 45, rats assigned to sham-operation or 1500 IU/kg VD; for the mineral and mechanical
[147] 5/6 nephrectomy surgery (NTX): divided 12-week: competence of rat bones,
into two groups: the untreated NTX and  paricalcitol:100 ng/rat, 3 times ~ prevented the renal impairment
NTX + paricalcitol. per week associated decrease in vBMD at
the femoral neck and cBMD at the
femoral midshaft, and restored
bone strength at the femoral neck
n = 49, female Sprague-Dawley rats after Calcitriol reduces bone loss but
7/8 nephrectomy and CKD + OVX group; also improves trabecular
CKD + OVX were divided into 6 groups: s s connectivity; combined treatment
[148] placebo, E2 (10 ug/kg/day), E2 Caleitriol:10 ng/kg BW, 5 with E2-30 + calcitriol was capable

(30 ug/kg/day), calcitriol (10
ng/kg/day), E2 (10 ug/kg/day) +
calcitriol, E2 (30 ug/kg/day) + calcitriol

times per week for 8 weeks

of achieving normal trabecular
bone volume, trabecular
remodeling, and connectivity
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Table 2. Cont.

Reference Model Dose Results
Calcitriol enhanced chondrocyte
maturation and restoration of the
growth plate architecture;
PE—— . calcitriol increased PTH/PTHrP
n =36, 5/6 nephrectomized male Wistar Calamns; 1i22/:/’ phiesphitte: receptor and d markers of
[149] rats divided into groups: control, VD: 0.5 /.k 0:')) e~ chondrocyte differentiation; daily
Nx-Int D, Nx-Daily D, Ns-Phos FR B gk =SB and intermittent calcitriol had
S similar effects on endochondral
bone growth in
phosphorus-loaded rats with
renal failure
Vitamin K and Vitamin D
n = 60, female Sprague-Dawley rats after
OVX or sham operation; OVX rats were VK (menaquinone): VKand VD
[144] classified into three groups: a VK alone, a 48 mg/100 g diet may have a synergistic effect on
VD alone, and combination of VK VD: 0.16 mg/ 100 g diet reducing bone loss
and VD

Abbreviations: VK2, vitamin K2; BMD, bone mineral density; OVX, ovariectomy; TPTD, teriparatide; Gla-OC, y-carboxylated osteocalcin;
VK1, vitamin K1; NTX, 5/6 nephrectomy surgery; vBMD, volumetric bone mineral density; cBMD, cortical bone mineral density; CKD,
chronic kidney disease; E2, 17B-estradiol; BW, body weight; Nx, nephrectomized animals; VD, vitamin D; PTH, parathyroid hormone;
PTHrP, parathyroid hormone-related protein.

In general, evidence from in vitro and animal studies supported the role of VK2 in
bone health, suggesting a potential benefit for its use in patients with osteoporosis.

4.2. Vitamin D and Bone Remodeling—In Vivo CKD Animal Models

Despite widespread clinical use, there are limited studies on animal models of CKD
that examine the bone tissue material and structural properties after VD (or its analogs)
treatment, and the obtained results are inconclusive. Table 2 shows the main in vivo studies
with VD and bone remodeling. One of the first studies, performed on female dogs with a
5/6 nephrectomy showed that the oral administration of 20 ug of 25D, three times a week,
prevented secondary hyperparathyroidism and morphologic abnormalities associated with
renal osteodystrophy during a two-year observation period [150]. Jablonski et al. [151] also
demonstrated that rats that underwent a 5/6 nephrectomy, treated three times a week for
3 months with 0.17 ug/100 g body weight (BW) of calcitriol, exhibited higher trabecular
volume, lower eroded surface and osteoid surface compared to untreated animals. A cross-
sectional analysis showed that with 1,25D treatment, the inner femoral shaft diameter,
femoral widths, bone stiffness, and time to fracture were normalized [151].

In the study by Jokihaara et al. [147], 5/6 nephrectomized rats obtained paricalcitol at
a dose of 100 ng/rat, 3 times per week for 12 weeks. The femoral neck BMD and mechanical
properties were higher than in untreated CKD animals, while no beneficial effects were
observed in BMD or mechanical properties at the femoral diaphysis. The treatment of
female rats subjected to a 7/8 nephrectomy with calcitriol at a dose of 10 ng/kg BW, 5 times
per week for 8 weeks, proved to have a positive effect on bone microarchitecture, achieving
normal trabecular connectivity [148]. Lu et al. [135] explored the effects of calcitriol on bone
microarchitectures in CKD mice, using the 5/6 nephrectomy model, which were treated
orally with 25 or 150 IU/kg/day of calcitriol. The bone volume fraction increased in mice
treated one month with a higher dose of 1,25D; however, trabecular thickness was not
significantly different in any group. The average cortical thickness was higher, whereas
cortical porosity was lower in CKD animals treated with 150 IU/kg/day of calcitriol than in
untreated CKD mice. Although there was no change in femoral BMD between the studied
groups, the authors concluded that calcitriol, especially in the higher dose, can promote
the growth of both trabecular and cortical bone in CKD.
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The effect of daily or intermittent calcitriol administration in enhancing bone growth
in CKD was studied by Sanchez et al. [149]. The animals were treated daily or thrice
weekly with calcitriol for 4 weeks, but the total weekly dose of calcitriol was the same
(350 ng/kg/week). Although calcitriol increased the serum calcium, it did notlower PTH or
improve tibia and body length. However, calcitriol was effective in enhancing chondrocyte
maturation and restoration of the growth plate architecture. Moreover, RANKL levels were
improved with calcitriol treatment without changes in OPG, suggesting an enhancement
of chondroclastogenesis and mineralization.

Newman et al. [152] used a rat model of progressive CKD (Cy/+), which is charac-
terized by autosomal dominant cystic disease. Starting at 25 weeks of age, Cy/+ male
rats were treated with 10 ng/kg BW of calcitriol, intraperitoneally, 3 x weekly for 5 weeks.
Apart from a significant suppression of PTH levels in animals with CKD, 1,25D had no
impact on cortical or cancellous bone volume, bone turnover, OC number, or whole bone
mechanical properties.

In contrast to the above data, some studies reported that 1,25D therapy can lead to
bone turnover alteration and a reduction of cortical thickness in CKD rats. Male subtotally
nephrectomized Sprague-Dawley rats were treated with 0.25 ug/kg/day of calcitriol start-
ing 2 weeks after subtotal nephrectomy and continued for the next 14 weeks. In rats treated
with 1,25D, a dramatically increased bone formation rate, an irregular osteoid deposition,
and chaotic mineralization were observed. The dynamic bone histomorphometric parame-
ters could not be measured in these animals due to the chaotic tetracycline incorporation.
An excessive amount of osteoid, in combination with reduced bone resorption, led to a high
bone area, which was improperly mineralized in rats treated with 1,25D. Moreover, kidney
function was significantly more impaired, whereas aortic calcification was increased in rats
treated with calcitriol compared to the CKD group [153].

Bisson et al. [154] treated rats with a 5/6 nephrectomy with 0.5 pug/kg BW of 1,25D,
3 times per week for 6 weeks using a high calcium and phosphate diet. Healthy rats on
a standard diet, healthy rats with 1,25D on a high calcium and phosphate diet, as well
as 5/6 nephrectomized rats on a standard diet were also included in this study. Cortical
bone volume and area were significantly reduced in both CKD groups as compared to
healthy controls; however, cortical bone thickness, the inner and outer cortical perimeter,
and cortical bone mineral content were the most reduced in CKD rats treated with 1,25D on
a high calcium and phosphate diet as compared to the other groups. The trabecular bone
volume, trabecular thickness, trabecular number, osteoid volume, and osteoid thickness
were significantly increased in these animals. Dynamic bone parameter analysis revealed
a lower mineralization surface, bone formation rate, mineral apposition rate, and OC
number in CKD treated with 1,25D on a high calcium and phosphate diet compared
to the other groups. This study indicated that despite low PTH levels, treatment with
calcitriol combined with a high calcium and phosphate diet induced low bone turnover
and mineralization defects, which is likely explained by the high calcitriol dose [154].

Summarizing, the recently performed studies showed that the treatment of CKD
animals with 1,25D may not improve bone quality [152], or even can be associated with
mineralization defects [153,154]. These observations are consistent with the results of
studies performed on non-CKD animals [155-157], which reported that treatment with
calcitriol led to growth plate defects, an accumulation of osteoid and prolongation of
mineralization lag time, reduction of cortical thickness, and suppression of bone matrix
mineralization. Interestingly, VDR—/ —, 1&-hydroxylase —/—, or double mutant mice on
a rescue diet showed reduced bone formation, which is corrected by 1,25D, indicating a
physiological anabolic role for the endogenous VD mediated by VDR in vivo [158,159].
Thus, it is possible that pharmacological, but not physiological, doses of 1,25D markedly
increase RANKL expression by OBs, stimulating cortical osteoclastogenesis and bone
resorption [94].

Such divergent data obtained during the treatment of renal osteodystrophy with
1,25D may result from the use of different animal species, doses, and treatment regimens,
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a differential degree of PTH reduction, and possibly distinct effects of this vitamin in
different skeletal sites. Nevertheless, data obtained from animal models indicated that
1,25D may have a direct effect on bone, independent of its effect on PTH suppression.

5. Vitamin K, Vitamin D, and Bone Health in Patients with CKD—Clinical Evidence
5.1. The Impact of Vitamin K on Bone Health in Patients with CKD

Studies regarding the association between poor VK status and bone metabolism, BMD,
and the risk of fracture in CKD patients are limited. The main results obtained using
VK supplementation and its association with bone health are summarized in Table 3. A
small but growing number of recent studies have consistently suggested that there is an
association between poor VK status in CKD patients and bone health [40,160-163].

Table 3. Vitamin K, vitamin D, and bone health in patients with CKD—clinical evidence.

Reference

Population

Outcome Measure

Main Findings

Vitamin K

[162]

[163]

[37]

[160]

n = 468, Adult patients with
ESRD referred for single
kidney transplant
n = 20, patients with chronic
glomerulonephritis

n = 141, patients with CKD
stages 14

n = 68, HD patients

VK, BMD, parameters of
mineral metabolism

VK, markers of bone
metabolism

PIVKA-II

VK1, OC, ucOC, iPTH

Poor vitamin K status is highly prevalent
among patients with ESRD and associates
with inflammation and low aBMD

MK-4 supplementation suppressed bone loss

Subclinical VK deficiency is detectable at just
the point in terms of loss of renal function
with VC
Suboptimal VK nutriture in HD patients is
associated both with increased bone fracture
risk and with a high prevalence of
hyperparathyroidism

Vitamin D

[164]

[165]

[166]

[167]

[168]

n =104, HD patients

n =144, HD patients

n =610, elderly women

n =120, patients with stages
1-4 CKD

n =47, CKD patients in stage 3
and 4

VD, transiliac bone biopsy,
ALP, iPTH

VD, iPTH, bone densitometry

VD, BMD

VD, BMD, OC, NTx, FGF-23

PTH, calcium, creatinine, VD

PTH serum levels are equally elevated in low
and high 25D patients;
calcitriol levels are constantly low;
25D deficiency resulted in mineralization
and bone formation defect;
the optimal level of 25D appears to be in the
order of 20 to 40 ng/mL
Increased bone fragility in HD patients is
associated with VD deficiency and relative
hypoparathyroidism in addition to reduced
BMD at the radius
Combined calcium and vitamin D3
supplementation was effective in reducing
the rate of BMD loss in women with
moderate CKD
Daily (2000 IU/d) and monthly (40,000
IU/month) VD supplementation for six
months in adults with DM and CKD was
safe, and it resulted in equivalent adherence
and improvements in overall VD status, but
only modest changes in markers of
bone health
No statistically significant difference between
the two treatments: cholecalciferol (4000
1U/d x 1 month, then 2000 IU/d) to
doxercalciferol (1 pug/d) in lowering PTH
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Table 3. Cont.

Reference Population Outcome Measure Main Findings

Vitamin K and Vitamin D

Proteinuria was associated with both a
suboptimal VD status as well as worse
peripheral VK status;
high serum ucOC levels were positively
associated with phosphate and PTH, and
inversely with 25D levels

n =172, patients with stage 3

[3] to 5 CKD VK, VD, ucOC

Abbreviations: ESRD, end-stage renal disease; VK, vitamin K; BMD, bone mineral density; aBMD, areal bone mineral density; MK-4,
menaquinone-4; CKD, chronic kidney disease, PIVKA-II, protein induced by VK absence/antagonism II; VC, vascular calcification;
HD, hemodialysis; VK1, vitamin K1; OC, osteocalcin; ucOC, uncarboxylated osteocalcin; iPTH, intact parathyroid hormone; ALP,
alkaline phosphatase; 25D, 25-hydroxyvitamin D; NTx, N-terminal telopeptide; FGF-23, fibroblast growth factor 23; VD, vitamin D; DM,
diabetes mellitus.

Kohlmeier et al. [160] were the first to demonstrate an independent association be-
tween poor VK1 status and risk of bone fracture in HD patients. In the VIKI study, total OC
and ucOC levels were higher in patients with CKD than in healthy controls, and over 50%
of HD patents had vertebral fractures. Additionally, in this observational study, VK1 defi-
ciency was the strongest independent predictor for vertebral fractures in these patients [56].
In another study by Fusaro et al. [161], HD patients treated with warfarin (an antagonist
of VK) had an increased risk of vertebral fractures compared to those without warfarin
treatment. These studies suggest that the VK axis is important in preserving bone mass.
Evenepoel et al. [162] observed an independent association between VK status and bone
health. Data from this study showed that the high dp-ucMGP levels were independently
correlated with low BMD and incident of fractures, whereas no associations were observed
between VK status and bone turnover markers in patients with end-stage renal disease
(ESRD). Additionally, poor VK status at the time of renal transplantation can be considered
as a risk factor for incident fractures.

Studies on the effect of clinical VK supplementation on BMD are also scarce. Sasaki
at al. [163] showed that MK-4 supplementation for a year in steroid-treated patients with
glomerulonephritis prevented steroid-induced bone loss. The patients on hemodialysis sup-
plemented with MK-7 showed a decrease in dp-ucMGP, ucOC, and PIVKA-II, implicating
that MK-7 improves VK status in the liver, bone, and vasculature [30,169,170].

To date, very little is known about the VK insufficiency and bone remodeling in CKD.
Holden et al. [3] performed a study on patients with stage 3-5 CKD and found that high
serum ucOC levels were positively associated with phosphate and PTH, whereas it was
inversely associated with 25D levels, suggesting a relationship with bone remodeling [9].
Moreover, 6%, 60%, and more than 90% of patients in this study met the criteria for
subclinical VK insufficiency, regarding VK1, ucOC, and PIVKA-II levels, respectively.
Voong et al. [37] showed that subclinical VK deficiency is common in patients on dialysis,
but it is also more frequent with worsening renal function in those CKD patients not yet
on dialysis.

So far, VK supplementation and bone fractures in CKD patients have not been studied
in a controlled, randomized clinical trial. Currently, there is one randomized controlled
double-blind trial, RenaKvit, being performed in Denmark to address the effect on VK2
(MK?) on cardiovascular and bone disease in CKD patients. This study is evaluating
the impact of VK2 supplementation on arterial stiffness and bone mineral density in
HD patients. The RenaKvit trial is evaluating the impact of 360 ug of VK2 during a
period of 2 x 12 months [171]. Increasing evidence that VK is also involved in vascular
health is supported by controlled, randomized trials [14,172,173]. Oikonomaki et al. [174]
investigated 1-year supplementation of 200 pg of VK (VK2/MK-7) in the prevention of VC
progression among HD patients and found reduced serum uc-MPG levels, but they did not
observe significant effects on the regression of VC. There are still ongoing trials evaluating
the influence of oral VK supplementation on VC in HD patients—with 5 mg VK1 [172]

68



Nutrients 2021, 13, 809

19 of 34

and 360 mcg VK2, 3 times weekly for 18 months. Other trials that are in process include
Vitamin K supplementation in patients on hemodialysis (VISTA) in phase 2, with 400 mcg
of VK1 three times a week, on dialysis days for four months [175]; Evaluation of Vitamin
K Supplementation for Calcific Uremic Arteriolopathy (VitK-CUA) with administration
of 10 mg of VK1 three times a week after dialysis for 12 weeks [176]; Comparative Study
Evaluating the Effect of Vitamin K1 Versus Vitamin K2 on Vascular Calcification in Dialysis
Patients in phase 2, with 10 mg of VK1 thrice a week for 3 months and phase 3 with 90 ug
per day of VK2 [177].

5.2. Impact of Vitamin D on Bone Health in Patients with CKD

Together with the declining kidney function, many abnormalities concerning 1,25D,
FGEF-23, and PTH levels were observed. A disruption of the delicate balance between 1,25D,
calcium, phosphorus, and PTH lead to secondary hyperparathyroidism and increased
risk of bone disease. Several studies showed an inverse association between VD defi-
ciency/insufficiency and PTH levels [178-182]. Metzger et al. [182] observed that serum
PTH levels rise steeply when 25D values fall below 8 ng/mL; on the contrary, a mild
decrease in this hormone concentration was seen when 25D levels exceeded 20 ng/mL.
These observations are in line with other studies [183-185], suggesting that PTH increases
significantly when 25D levels in CKD patients are below 30 ng/mL. Some authors noticed
that VD deficiency was associated with lower values of serum calcium [179,186], which
may be an additional cause of secondary hyperparathyroidism.

Studies showing an association between VD and BMD or bone fractures in the CKD
population are limited. A summary of the key findings is presented in Table 3. A retro-
spective study conducted by Coen et al. [164] demonstrated that patients with low 25D
levels (<15 ng/mL) had a lower bone formation rate and trabecular mineralization sur-
face. Another retrospective study [165] showed that HD patients with fractures had a
significantly lower VD concentration in comparison to patients without fractures, and
low VD levels were associated with reduced BMD. Additionally, low levels of VD were
independently related to increased fracture risk. Other studies showed that patients with
lower 25D levels had increased subperiosteal resorption, reduced BMD, and increased
skeletal fractures [187-189]. Interestingly, ESRD patients showed radiologic features of
secondary hyperparathyroidism [188]. In line with these results is the Korean National
Health and Nutrition Examination Survey [190], which reported that the BMD of CKD
patients was lower in those with serum 25D < 50 nmol/L than in patients within serum
25D > 50 nmol/L. On the contrary, Brunerova et al. [191] did not demonstrate significant
differences in trabecular bone and T-scores in HD patients with regard to their 25D levels.
Based on these studies, it seems that low VD status is associated with an increased risk of
fractures due to mineralization defects and lower BMD.

The optimal management of CKD-MBD is a daily challenge for nephrologists. VD
supplementation is required for CKD patients to suppress PTH increases as well as to cor-
rect abnormalities of bone and mineral metabolism. In daily practice, VD (cholecalciferol or
ergocalciferol) can be used in daily, weekly, or monthly doses. On the other hand, when VD
supplementation is ineffective, therapy with VDRA (calcitriol, paricalcitol, doxercalciferol,
alfacalcidiol) can be initiated [65]. Nevertheless, the issue of which form of VD should
be used in patients with CKD is still a matter for debate. Current guidelines propose
that CKD patients with VD deficiency should receive supplementation using the same
recommendation as the general population [2,77,192]. The KDOQI recommend a dosage of
10002000 IU of VDj3 for VD repletion, but it confirmed that some patients with CKD may
require a more aggressive therapeutic strategy [77]. However, irrespective of the chosen
form of VD, it is worth emphasizing that when serum 25D levels are greater than 100
ng/mL, the risk of hypervitaminosis D toxicity can occur, including adverse effects such as
hypercalcemia and hyperphosphatemia [65]. According to KDOQI 2017 recommendations,
“mild and asymptomatic hypocalcemia can be tolerated in order to avoid inappropriate
calcium loading in adults”. The KDOQI work group holds the view that avoidance of
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hypercalcemia will protect vascular and valvular calcifications, arrhythmia, and an in-
creased risk for cardiovascular events in adults with CKD. In contrast to adults, the KDOQI
work group endorses the recommendation to maintain serum calcium concentrations in
children with CKD in the age-appropriate normal range, because the growing skeleton
must be in positive calcium balance to achieve normal bone accrual. In this age group,
the permissive mild hypocalcemia may have deleterious effects on skeletal integrity and
should be avoided [193]. The excessive VC can also be caused by hyperphosphatemia
(especially in the setting of persistent hypercalcemia) and a positive net phosphate balance.
As has been recently summarized by Cozzolino et al. [194], hyperphosphatemia can cause
damage in several cells and tissues, among others in the heart and blood vessels, where
it is strongly associated with vascular and valvular calcification, arteriosclerosis, and an
increased risk of cardiovascular death, especially in advanced CKD patients.

Vitamin D analogs (VDRAs), which are less calcemic and phosphatemic than the
active form of vitamin D, are becoming the standard for the treatment of secondary hyper-
parathyroidism. The experimental models and clinical studies suggest that VDRAs can
promote VC probably only at high doses if they induce or exacerbate hyperphosphatemia,
while the use of these agents in more physiological doses (just enough to correct secondary
hyperparathyroidism) might even be protective against VC [195-197].

In a study by Oksa et al. [198], a 12-month cholecalciferol supplementation of 5000
or 20,000 IU/week significantly improved VD deficiency, increased calcidiol, and less
markedly, calcitriol levels, and decreased PTH levels without adverse effects on serum
mineral parameters. Additionally, the number of hypercalciuric patients increased with a
higher VD dose, although there was no sustained rise in calcuria. A similar decrease in
PTH levels, following cholecalciferol supplementation, had also been presented in other
studies [199-201]. Additionally, Yadav et al. [201] reported that cholecalciferol supplemen-
tation not only suppressed secondary hyperparathyroidism but also favorably changed
the biochemical parameters of mineral metabolism in patients with CKD. On the contrary,
supplementation with 50,000 IU cholecalciferol weekly [202] or 1000 IU cholecalciferol
daily [203] found no difference in PTH levels in CKD patients. Post-hoc analysis of the
Vitamin D, Calcium, Lyon Study II (DECALYOS II) study [166] reported that daily supple-
mentation of 800 IU of cholecalciferol in combination with 1200 mg of calcium significantly
increased serum 25D concentrations and radius BMD in an elderly woman with moderate
CKD and severe VD deficiency. On the other hand, Mager et al. [167] found no significant
differences in FGF-23, OC, N-terminal telopeptide (NTx), and BMD as measured by dual
X-ray absorptiometry (DXA) after daily (2000 IU/day) and monthly (40,000 IU/month)
VD; supplementation for six months in adults with diabetes mellitus and CKD. Summa-
rizing, all the above-mentioned randomized studies demonstrated that a correction of
VD deficiency with cholecalciferol supplementation led to the efficient achievement of a
sufficient level of 25D in CKD patients.

In another study, Moe et al. [168] compared cholecalciferol at a dose of 4000 IU/d
for a month, and then 2000 IU/d for two months and doxercalciferol at a dose of 1 pug/d
for 12 weeks. The PTH levels decreased by 10% and 30% in the cholecalciferol and the
doxercalciferol groups, respectively. However, there was no significant difference in the
mean change between these two treatments. Additionally, there were no increases in
serum calcium and urinary calcium/creatinine in the cholecalciferol group, whereas in the
doxercalciferol-treated patients, there was a slight increase in the serum calcium level and
urinary calcium exertion level. In the next study by Zelnick et al. [204], patients received
either cholecalciferol (4000 IU daily for 1 month and then 2000 IU daily for 5 months)
or calcitriol (0.25 pg daily for 1 month and then 0.5 pg daily for 5 month). There was
no difference in PTH levels in both groups, and only the calcitriol-treated group showed
a significant change in FGF-23 levels. Interestingly, both groups significantly increased
circulating 24,25D concentrations and the ratio of 24,25D/25D.

Studies regarding VD supplementation, using ergocalciferol in CKD patients with VD
insufficiency, have shown effective correction of 25D [205-210]. Treatment with ergocal-
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ciferol among patients with stage 3 CKD resulted in a significant decrease of serum PTH
concentrations [207,208]. Similarly, Zisman et al. [205] observed a decrease in PTH levels
but only in CKD stage 3. On the contrary, Porter et al. [206] and Gravesen et al. [209] did
not find any differences in PTH levels and bone/mineral parameters. Wetmore et al. [211]
compared the efficacy of cholecalciferol and ergocalciferol in the CKD population, and they
showed that therapy with cholecalciferol is more effective at raising serum 25D concentra-
tion, suggesting that cholecalciferol may be more effective. These results are in line with
other studies conducted on CKD patients [212,213].

6. Impact of Combined Vitamin K and Vitamin D Supplementation on Bone Health in
Patients with CKD

A growing body of evidence from in vitro [83] and in vivo studies [144], as well as
clinical trials [214-217], showed that bone metabolism depends on the interaction between
vitamins D and K, as has been schematically presented in Figure 5. However, the interplay
between these vitamins in relation to bone health remains not fully elucidated, especially
in CKD.

Inflammation
IL-6, TNF-a, CRP

|1,24,zso .‘_{ 1,25D ;ﬂ“—"ﬂ——i Vitamin K —

| SXR-VDR
cross-talk

| B {inertztion)
| y-carboxylatio

Figure 5. Potential synergy between vitamin K and vitamin D action in bone. Abbreviations: IL-6, interleukin 6; TNF-

«, tumor necrosis factor o; CRP, C-reactive protein; 1,24,25D, 1,24,25-trihydroxyvitamin D; 1,25-dihydroxyvitamin D;
CYP-24, 25-hydroxyvitamin D-24x-hydroxylase; VDR, vitamin D receptor; SXR, steroid and xenobiotic receptor; BGLAP,
bone-Gla-protein; ucOC, uncarboxylated osteocalcin; cOC, carboxylated osteocalcin.

OC is produced by OBs during bone formation. It is one of the most abundant proteins
in bone and is necessary for bone mineralization. The synthesis of fully functional OC
and its expression are controlled by both VK and VD [218]. 1,25D is a known promoter
for OC gene expression [219], whereas VK is acquired for proper y-carboxylation of OC,
thereby increasing its beneficial effect on bone formation [220,221]. Fully carboxylated OC
is positioned into hydroxyapatite and strongly binds calcium, providing bone mineraliza-
tion [222]. Moreover, 1,25D is able to regulate the y-carboxylation of OC, decreasing ucOC
secretion in human osteosarcoma cells [223].

VD can exert an anabolic effect in bone through increasing OB activity and reducing
OC activity [224]. Koshihara et al. [225] demonstrated that VK2 promoted «25D-induced
mineralization in human periosteal OBs. Similarly, the study by Poon et al. [83] showed
that the coadministration of VK and VD caused an enhancement of calcium deposits and
additionally increased the levels of bone anabolic markers of bone formation in the OBs
of obese/diabetic mice. These findings suggest the synergistic effect of both vitamins in
relation to bone formation and mineralization.
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On the other hand, there are suggestions that excessive amounts of VD can increase
VK requirements, inducing a relative VK deficiency by direct stimulation of the synthesis
of VK-dependent proteins [226,227].

Another field of VD and VK cooperation is inflammation, which is casually implicated
in osteoporosis [228]. VK is related to a decreased production of inflammatory markers:
C-reactive protein, isoprostanes, and proinflammatory IL-6 [229-232]. VD exerts several
immunomodulatory functions, such as the suppression of pro-inflammatory cytokine
expression and regulation of immune cell activity [233]. VD supplementation reduced
tumor necrosis factor « (TNF-«) levels in patients with osteoporosis [234].

VK and VD also overlap metabolically at the cellular level. The VK cycle is a source
of electron transfer for antioxidant power in hOBs, and 1,25D can enhance the reductive
recycling of MK4 [220]. SXR, which can be activated by VK2, was shown to be able to
crosstalk with VDR, and this way deranging 1,25D metabolism. It was shown that the SXR-
VDR crosstalk can inhibit VDR-mediated CYP24 promoter activity [235]. CYP24-mediated
hydroxylation of 1,25D is a critical step in its catabolism, and it appears to be responsible for
controlling systemic 1,25D levels. CYP24 is directly regulated by VDR, and it is expressed
mainly in the kidney, where VDR is also abundant. However, recent studies [5-7] have
shown that bone cells also have molecular machinery capable of producing and metaboliz-
ing 1,25D, suggesting that such an interaction may be present in bone as well. Therefore,
VK and VD can mutually intensify each other’s metabolism.

On the other hand, the activation of SXR in the liver can lead to the down-regulation
of CYP2D25, which is an enzyme involved in 1,25D biosynthesis [236] that may be related
to osteomalacia.

In vivo evidence also reported that combined VD and VK2 supplementation prevented
bone loss by stimulating OC production in ovariectomized (OVX) rats [144,224,237,238],
whereas no effect was observed when these vitamins were given separately [238]. A recently
published study [239] demonstrated the beneficial effects of eggshell calcium, VD3, and
VK2 on the inhibition of OVX-induced bone loss in rats. The combination of these three
elements increased cortical and trabecular bone quality as well as improved biochemical
and densitometrical parameters. Meanwhile, Iwamoto et al. [240] found no synergistic
effect of VK and VD on intestinal calcium absorption, renal calcium reabsorption, and
cancellous and cortical bone mass in calcium-deficient rats. Therefore, it seems that the
availability of calcium is an important factor in determining the synergistic effect of these
vitamins in relation to bone mineralization.

The above presented data suggest that combined VD and VK supplementation may be
beneficial for bone health in the course of CKD. Unfortunately, there have been no random-
ized, controlled trials that examined the effects of such a combination in this population.
Many studies have investigated the combined effect of VK and VD supplementation on
skeletal integrity in the general population, especially in postmenopausal women with
osteoporosis [214-217,241]. Nevertheless, these studies did not provide consistent conclu-
sions, and the effect of the coadministration of these vitamins is still poorly understood. A
recently published meta-analysis [241] was based on eight selected randomized controlled
trials, which evaluated the combined effect of supplementation with VK and VD on bone
quality. This meta-analysis showed that the simultaneous administration of VD and VK
can improve bone quality by increasing the total and third lumbar BMD and decreasing
ucOC. However, in the remaining lumbar segments and femoral neck, the combined sup-
plementation of these vitamins did not significantly increase BMD. Taken together, this
report indicates that the coadministration of VD and VK can have a more favorable effect
on bone health than giving each one separately. However, the authors emphasize that
conclusions from this meta-analysis should be interpreted with caution due to potential
publication bias.

Taken together, despite the growing body of evidence from in vitro and in vivo studies,
as well as clinical trials, the synergy between VK and VD in relation to bone quality and
quantity remains not fully elucidated. Therefore, further studies are needed to explain the
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exact mechanisms of the combined effects of these vitamins on bone health, especially in
the CKD population.

7. Conclusions

The current understanding is that patients with CKD are a clinical group at high risk
for VD and VK deficiency. Therefore, these patients are prone to suffering from many
consequences of VK and VD deficiency, such as poor bone health and a higher risk of
fractures. Therefore, finding new solutions for the prevention/treatment of osteoporo-
sis in this population is a particular challenge. The majority of randomized-controlled
studies performed on osteoporotic patients without CKD suggest that combined VK and
VD supplementation may be more beneficial for the prevention and treatment of bone
loss. Moreover, supplementation with these vitamins is easily accessible, safe to use, and
relatively inexpensive. However, there is still not enough evidence to recommend VK and
VD supplementation. Based on studies in the general population, we can suspect that
VD and VK supplementation in CKD patients may be a possible therapeutic target for
improving bone health. Due to the lack of adequate clinical studies in this population,
the question arises whether CKD patients might benefit from simultaneous VK and VD
supplementation. This creates a need for further research, in which an investigation of the
potential synergistic effect of combined supplementation of VD and VK on bone health in
this population should receive more attention.
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1,25D 1,25-dihydroxyvitamin D

25D 25-hydroxyvitamin D

ALP alkaline phosphatase

ApoE4 apolipoprotein E4

BGLAP bone-Gla-protein; osteocalcin
BMD bone mineral density

BMP-2 bone morphogenetic protein-2
BMP-7 bone morphogenic protein-7
BW body weight

CKD chronic kidney disease
CKD-MBD  chronic kidney disease-mineral bone disorders
CLIA chemiluminescent immunoassay
cOC carboxylated osteocalcin

COL1A1 collagen type I

CYP2R1 25-hydroxylase; cytochrome P450 family 2 subfamily R member 1
CYP24A1 cytochrome P450 family 24 subfamily A member 1

CYP27B1 lo-hydroxylase; cytochrome P450 family 27 subfamily B member 1
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DCKD
DECALYOS IT
DKK1
dp-ucMGP
DXA
ECM
ELISA
ESRD
FGF-23
Gas6
GGCX
Gla

Glu
GRP
HD
hMSCs
hOBs
hOCs
hPBMCs
HPLC
IBSP
IGFBPs
IL1a
KDIGO
KDOQI
LC-MS/MS
LRP5
m-CSF
MKs
NFATC1
NF-xB
NR1I2
NTx
OBs
OCs
OPG
OSX
OvVX
PD
PGE2
PIVKA-II
PTH
PXR
RANKL
RIA
RUNX2
SMAD
SPP1
SXR
TM7SF4
TNFx
TRAP
TRPV6
UBIAD1
ucOC
uv

\Ye

diabetes chronic kidney disease

Vitamin D, Calcium, Lyon Study II
Dickkopf-related protein 1
desphospho-uncarboxylated matrix Gla protein
dual X-ray absorptiometry

extracellular matrix

enzyme-linked immunosorbent assay

end-stage renal disease

fibroblast growth factor 23

growth arrest specific protein 6

v-glutamyl carboxylase

gamma carboxyglutamic acid

glutamic acid

Gla-rich protein

hemodialysis

human bone marrow stromal cells

human OBs

human OCs

human peripheral blood mononuclear cells
high-performance liquid chromatography
integrin-binding sialoprotein

insulin-like growth factor-binding proteins
interleukin 1o

Kidney Disease Improvement Global Outcomes
Kidney Disease Outcomes Quality Initiative
liquid chromatography-tandem mass spectrometry
low-density lipoprotein receptor-related protein 5
colony-stimulating factor

menaquinones

nuclear factor of activated T cells-c1

nuclear factor kappa-light-chain-enhancer of activated B cells
nuclear receptor subfamily 1 group I member 2
N-terminal telopeptide

osteoblasts

osteoclasts

osteoprotegerin

osterix

ovariectomized

peritoneal dialysis

prostaglandin E2

protein induced by VK absence/antagonism II
parathyroid hormone

pregnane X receptor

Receptor Activator for Nuclear Factor k B Ligand
radioimmunoassay

Runt-related transcription factor 2

small mother against decapentaplegic
osteopontin

steroid and xenobiotic receptor

transmembrane 7 superfamily member 4

tumor necrosis factor o

tartrate-resistant acid phosphatase

Transient Receptor Potential Cation Channel Subfamily V Member 6
UbiA prenyltransferase domain-containing protein
uncarboxylated osteocalcin

ultraviolet

vascular calcification
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VD vitamin D

VDBP VD binding protein

VDR VD receptor

VEGF Vascular endothelial growth factor
VK vitamin K

VK1 vitamin K1

VK2 vitamin K2

VKDPs  VK-dependent proteins
VKOR VK epoxide reductase
Wnt Wingless-type

Wnt-10b  Wnt ligand 10b
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Abstract: Chronic kidney disease (CKD) commonly occurs with vitamin K (VK) deficiency and
impaired bone mineralization. However, there are no data explaining the metabolism of endoge-
nous VK and its role in bone mineralization in CKD. In this study, we measured serum levels of
phylloquinone (VK1), menaquinone 4 and 7 (MK4, MK?), and VK-dependent proteins: osteocalcin,
undercarboxylated osteocalcin (Glu-OC), and undercarboxylated matrix Gla protein (ucMGP). The
carboxylated osteocalcin (Gla-OC), Glu-OC, and the expression of genes involved in VK cycle were
determined in bone. The obtained results were juxtaposed with the bone mineral status of rats with
CKD. The obtained results suggest that the reduced VK1 level observed in CKD rats may be caused
by the accelerated conversion of VK1 to the form of menaquinones. The bone tissue possesses all
enzymes, enabling the conversion of VK1 to menaquinones and VK recycling. However, in the
course of CKD with hyperparathyroidism, the intensified osteoblastogenesis causes the generation of
immature osteoblasts with impaired mineralization. The particular clinical significance seems to have
a finding that serum osteocalcin and Glu-OC, commonly used biomarkers of VK deficiency, could be
inappropriate in CKD conditions, whereas Gla-OC synthesized in bone appears to have an adverse
impact on bone mineral status in this model.

Keywords: bone mineral status; chronic kidney disease (CKD); genes of vitamin VK cycle; vitamin K
(VK); VK-dependent proteins; 5/6 nephrectomy model

1. Introduction

Chronic Kidney Disease Mineral and Bone Disorder (CKD-MBD) is a common com-
plication of CKD, associated with abnormalities in bone metabolism and impaired bone
mineralization [1-3]. In the course of CKD-MBD, both quality and quantity of bone tis-
sue have been compromised, and the development of osteoporosis has an impact on a
substantial increased risk of fractures and mortality in those patients [4,5].

Throughout life, bone undergoes a remodeling process in which the amount of re-
sorbed bone should be equivalent to the amount of new bone formation and appropriate
mineralization [6,7]. In the regulation of the mineralization process in CKD, many fac-
tors play a key role, such as parathormon (PTH), vitamin D, and vitamin K (VK) [8,9].
Vitamin K occurs in two forms—KI1 (phylloquinone) and K2 (menaquinones, MKs). The
most common MK in humans is the short-chain menaquinone 4 (MK4), which can be
produced by endogenous conversion of phylloquinone to menaquinones with the enzyme
UbiA prenyltransferase containing 1 (UBIAD1) [10-12]. The long chain MKs, such as
menaquinone 7 (MK?), are found in fermented foods [13]. The pivotal role of vitamin K acts
as a cofactor for the enzyme y-glutamyl carboxylase (GGCX) in the gamma-carboxylation
reaction, which in proper course is closely associated with its recycling, defined as the

Nutrients 2022, 14, 4082. https:/ /doi.org/10.3390 /nu14194082

https:/ /www.mdpi.com/journal /nutrients

86



Nutrients 2022, 14, 4082

20f18

“vitamin K cycle”. The vitamin K epoxide is converted into the quinone form by vitamin K
epoxide reductase complex subunit 1 (VKORC1). The transformation of the quinone to VK
hydroquinone form occurs through quinone reductase. This form of VK can be reused as a
cofactor for GGCX in the gamma-carboxylation reaction [14]. In the course of that reaction,
carboxyl groups are added to Glu residues in proteins and transformed to Gla domains.
This process transforms inactive (undercarboxylated) proteins into active (carboxylated)
vitamin K-dependent proteins (cVKDPs), such as matrix Gla protein (MGP) and osteocalcin
(OC) [15]. The increased circulating levels of undercarboxylated VKDPs—Glu-OC and
ucMGP—reflect VK deficiency, and the measurement of these proteins is used to determine
VK status [16,17].

Patients with CKD frequently suffer from subclinical VK deficiency, which may result
from dietary restrictions, poor nutrient intake, and using drugs such as proton-pump
inhibitors, steroids, statins, antihypertensives drugs, or broad-spectrum antibiotics, which
decrease vitamin K synthesis by the impairment of the natural intestinal microflora [18-22].
Subclinical VK deficiency was confirmed in hemodialysis (HD) patients on the grounds of
the high levels of ucOC, dephosphorylated-uncarboxylated MGP (dp-ucMGP), and low
levels of VK1 [21,23]. In CKD, VK metabolism and recycling may also be impaired. McCabe
et al. [24] assessed the genes expression of the VK cycle in a rat model of adenine-induced
CKD and observed the reduced GGCX and VKORCT1 expression in the thoracic aorta and a
decreased level of UBIADI in the kidney.

Despite a small amount of research on the relationship between VK and bone health
in CKD patients, it has been observed that low VK status has been linked to an increased
risk of bone fracture [25,26] or reduced bone mineral density (BMD) [27-30]. Studies on
the effect of VK supplementation on BMD are limited and inconclusive. In some research,
an increase in BMD [31-36] or bone mineral content (BMC) [37] was observed under the
influence of VK supplementation. However, in other studies, the above relationship was
not shown [38,39]. MK7 supplementation reduced the levels of ucOC and dp-ucMGP
in hemodialysis patients [40—42], whereas MK4 supplementation prevented bone loss in
steroid-treated glomerulonephritis patients [43].

In the available literature, there is a lack of research explaining the role of endogenous
VK in the bone mineralization process in the course of CKD. Therefore, the aim of the
present study was the comprehensive assessment of endogenous VK metabolism in rats
with CKD through determination of VK1, MK4, MK7, and undercarboxylated VKDPs—
Glu-OC and ucMGP levels in serum, and the measurement of Gla-OC, Glu-OC levels, and
their ratios in trabecular and cortical region of femurs. Then, the expression of genes related
to VK recycling in bone were investigated. The obtained results were juxtaposed with the
bone mineral status of uremic rats.

2. Materials and Methods
2.1. Animals

Twenty-six 4-week-old male Wistar rats were randomly assigned into two groups: the
control group (CON, n = 10) subjected to sham-operation by renal decapsulation, and the
experimental group (CKD, n = 16) after a two-step surgical 5/6 nephrectomy. During the
experiment, animals were kept in conventional cages in vivarium conditions (humidity of
50%, 24 °C, and 12-h/12-h light/dark cycle) with unlimited access to sterilized tap water.
The rats were fed a standard diet (Ssniff R/M-H) composed of 19% protein, 1% calcium,
0.70% phosphorus, 1000 IU of vitamin D3 per kg, and 5 mg of vitamin K as menadione
per kg. The experiment’s overall time course lasted 24 weeks in order to monitor the
development and progression of CKD. Finally, blood samples and femurs were obtained
from the anesthetized animals and were secured for further studies. In the presented
experiment, we employed materials from our previous research, where we gave a detailed
description of animals’ characteristics, tissue collection, and applied procedures [44]. Briefly,
markers of kidney function—serum urea and creatinine concentrations—were increased
in CKD rats compared to CON (both p < 0.001). The animals with CKD had significantly
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higher levels of PTH (p < 0.01), whereas 1,25-dihydroxyvitamin D3 [1,25(OH), D3] levels
were comparable to healthy animals [44].

2.2. Measurement of Vitamin K Concentrations in Rat Serum

Vitamins K (i.e., phylloquinone (VK1), Menaquinone 4 (MK4), and Menaquinone
7 (MK?) were determined by the Laboratory of Perlan Technologies Polska, based in
Gdynia, Poland. The following reagents and solvents from Merck KGaA were used: LC-MS
grade water, LC-MS grade methanol, acetonitrile, hexane, bovine serum albumin (BSA),
ammonium formate solution, formic acid, and standards of: vitamin K1 (phylloquinone),
vitamins K2: MK4 (Menaquinone-4), and MK7 (Menaquinone-7) from Supelco Analytical
Products(Merck Life Science Sp.z.0.0., Darmstadt, Germany), Deuterium-labelled internal
standard of the vitamin K1-[d7] (phytonadione) were obtained from IsoSciences LLC
(Ambler, PA, USA). Serum samples (100 uL) were spiked with Vitamin K1-[d7] ISTD,
vortexed briefly, and acetonitrile was added to each tube, vortexed for 1 min, followed by
hexane and again vortexed for 1 min. The upper organic layer was transferred to a new
test tube and dried down under nitrogen at room temperature. The final dry extract was
dissolved in acetonitrile and transferred to an MS vial. Aliquots of 10 uL were automatically
injected into the HPLC system.

The Agilent Technologies 1260 LC system(Agilent Technologies, Santa Clara, CA,
USA). was used for vitamins K analysis, including an autosampler, binary pump, and
thermostated column compartment with G6470A Triple Quadrupole LC/MS (Agilent
Technologies, Santa Clara, CA, USA). The sample separation was carried out on a reversed
phase column Zorbax SB-C8 RRHT, 3.0 x 50 mm, 1.8 pm, 600 bar (Agilent Technologies,
Santa Clara, CA, USA). The column temperature was kept constant at 30 °C. A gradient
elution system was used with a flow rate of 0.4 mL/min. The binary gradient system
consisted of 0.1% formic acid and 5 mM ammonium formate in water mobile phase (eluent
A) and methanol acidified with 0.1% formic acid (eluent B). Gradient elution was applied
as follows: 0 min—70% A, 30% B; 2 min—10% A, 90% B; 3 min—0% A, 100% B; 15 min—
0% A, 100% B; 20 min—70% A, 30% B. The AJS ESI ion source operated in positive ion
mode with drying gas temperature of 330 °C and 8 L/min gas flow. The sheath gas
temperature was set to 320 °C with a flow of 11 L/min. Nitrogen was used as a nebulizer
gas (45 psi) and ultrahigh-purity nitrogen was used as collision gas. The capillary and
nozzle voltages were 3000 V and 1000 V, respectively. Identification and quantification
were based on MS/MS multiple reaction monitoring (MRM). An overview of the MRM
transitions, collision energies, and retention time for the analytes is given in Table 1. All
aspects of system operation and data acquisition were controlled using Agilent MassHunter
Workstation Software (version B.10.00).

Table 1. LC-MS/MS parameters.

Precursor ion Production Collision Retention Time
(m/z) (m/z) Energy (V) (min)
K1 4514 187.2 26 6.02
K1-d7 458.4 194.3 26 6
MK4 4453 187.3 18 5.42
MK?7 649.5 187.2 38 7.35

Kl1—phylloquinone; K1-d7—deuterium-labelled internal standard of the vitamin K1; MK4—Menaquinone-4;
MK7—Menaquinone-7.

2.3. Serum and Bone Levels of Vitamin K-Dependent Proteins

Undercarboxylated osteocalcin (Glu-OC), carboxylated osteocalcin (Gla-OC), and
total osteocalcin were determined by ELISA kits: Rat Glu-Osteocalcin High Sensitive
EIA, Rat Gla-Osteocalcin High Sensitive EIA (Takara Bio Inc., Shiga, Japan), and Rat
Osteocalcin ELISA kit from Immutopics, Inc., San Clemente, CA, USA, respectively. Rat
undercarboxylated Matrix Gla Protein (ucMGP) was quantified in serum by ELISA kit from
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MyBioSource, Inc., San Diego, CA, USA, according to the manufacturer’s recommendations.
Trabecular and cortical concentrations of Gla-OC and Glu-OC were adjusted for protein
concentration, and the ratio Gla-OC /Glu-OC was calculated.

2.4. Preparation of Bone Tissue Homogenates

The procedure of the preparation of 10% homogenates from bone tissue, using a high-
performance homogenizer (Ultra-Turrax T25; IKA, Staufen, Germany) with a stainless-steel
dispersing element (S25N-8G; IKA), has been described in detail previously [45]. Briefly,
segments of bone tissue were taken from the femoral diaphysis and distal femoral epiphysis
(from the cortical bone region and trabecular bone region, respectively). Collected materials
were weighed, closely rinsed, and then homogenized in the cold potassium phosphate
buffer (50 mM, pH = 7.4; POCh). The supernatant was obtained by the centrifugation of
10% homogenates for 10 min at 700x g at 4 °C and stored at —80 °C.

2.5. Quantitative Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated from femoral tissue using Thermo Scientific GeneJET RNA
Purification Kit (Thermo Scientific, Vilnius, Lithuania), and Quantitative RT-PCR was
performed as previously described [46]. Briefly, using the Thermo Scientific NanoDrop
2000 spectrophotometer (Waltham, MA, USA), RNA was quantified, and its quality was
confirmed. The RevertAid™ First Stand cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA, USA) was used to reverse-transcribe total RNA (1 pg). In order to perform
quantitative real-time PCR, the SYBR Green Master Mix was used (EURx, Gdarisk, Poland),
and relative quantification of gene expression was performed by the comparative CT
method (AACT). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was employed
as a housekeeping gene to normalize expression level [46]. Primers were designed using
Primer-BLAST software(Primer3 program). The primer sequences were (5'-3' forward-
reverse): VKORC1 (5'-TCCCGCGTCTTCTCCTCTC-3'; 5-CCAACGTCCCCTCAAGCAAC-
3’), GGCX (5'-GGATGCTGACTGGGTTGAGG-3'; 5-GCTCCTCCGACAACACTAGC-3')
and UBIADI (5-GCTGTGTGTGTGCTGCTTAC-5'; CCCAGTGCCACGTACTTGAA-3').

2.6. Genes of Osteoblastogenesis

The expression of key genes involved in osteoblastogenesis, such as: Forkhead
Box Transcription Factor 1 (FOXO1), Activating Transcription Factor 4 (ATF4), Runt-
Related Transcription Factor 2 (RUNX2), Alkaline Phosphatase (ALP), and Bone Gamma-
Carboxyglutamate Protein (BGLAP) were determined previously [46].

2.7. The Mineral Status of Femurs

Using the appropriate small animal software, bone densitometry scans were carried
out on a Horizon QDR Series X-ray Bone Densitometer (Hologic Inc., Bedford, MA, USA).
For all rats were conducted whole-femur measurements—bone mineral area, bone mineral
density (BMD), and bone mineral content (BMC). Moreover, at the distal metaphysis (R1
region) and midshaft (R2 region), the subregional BMC and BMD of small uniform areas
were quantified. The R1 region is constituted of mixed trabecular and cortical bone, whereas
the R2 region represents cortical bone. The results of these densitometric measurements
have been shown elsewhere [44].

2.8. Statistical Analysis

Shapiro-Wilk tests were performed to determine if continuous variables were normally
distributed. Normally distributed data were expressed as mean £ SD. Non-Gaussian data
were presented as median (25th to 75th percentiles). The two groups (CON and CKD)
were compared by using an unpaired t-test with Welch correction or nonparametric Mann—
Whitney Test. p < 0.05 was the accepted level of significance. The correlations between
study variables were calculated using Spearman’s rank correlation analysis. Computations
were performed using Statistica ver.13 software (StatSoft, Tulsa, OK, USA), and the graphic
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design presentation of the results was performed using GraphPad Prism 6.0 software (San
Diego, USA).

3. Results
3.1. The Status of Endogenous Vitamin K in Rats with CKD

As has been shown in Figure 1, the levels of vitamin K were changed in chronic kidney
disease. The concentration of VK1 in CKD was lower than in controls (Figure 1A). In
contrast, we observed a considerable increase in MK7 (Figure 1B), especially in MK4 levels
(Figure 1C) in uremic rats. The ratio of MK7/VK1 and MK4/VK1 indicates how efficiently
phylloquinone is converted to menaquinone (VK2). In the present study, a significant rise
in the above ratios was shown, particularly in MK4/VK1 ratio in CKD compared with the
controls (Figure 1D,E).
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Figure 1. Vitamin K1 (A), MK4 (B), MK7 (C) concentrations, and the ratios of MK4/VK1 (D) and
MK?7/VK1 (E) in serum rats with chronic kidney disease (CKD) and healthy controls (CON) fed with a
standard rodent diet. The lines correspond to the 25th and 75th percentiles and the median. * p < 0.05,
**p <0.01 CON versus CKD rats; VK1—phylloquinone; MK4—Menaquinone 4; MK7—Menaquinone
7; the circles represent results in controls; the squares represent results in CKD.

3.2. Serum Levels of Vitamin K-Dependent Proteins in Rats with CKD, and the Impact of Kidney
Function and PTH on Their Concentrations

The concentrations of total osteocalcin, its undercarboxylated form (Glu-OC), and
uncarboxylated matrix Gla protein (ucMGP) are shown in Figure 2. These proteins reflect
VK status and are used as markers of VK deficiency. A significant increase was observed
in both total OC and Glu-OC in rats with CKD in comparison with healthy animals
(Figure 2A,B). However, there was no difference in the ucMGP concentration between
uremic rats and controls (Figure 2C).

Both total osteocalcin and its undercarboxylated form (Glu-OC) in serum were posi-
tively correlated with kidney function markers: creatinine and urea concentrations in CKD
rats (Figure 3A,B,D,E). The inverse relationship was observed between total osteocalcin
and creatinine clearance (Figure 3C), whereas circulating Glu-OC was related to PTH
concentrations (Figure 3F).
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Figure 2. Serum levels of vitamin K-dependent proteins: osteocalcin (A), Glu-OC (B) and ucMGP
(C) in rats with chronic kidney disease (CKD) and healthy controls (CON). The lines correspond
to the 25th and 75th percentiles and the median. *** p < 0.001 CON versus CKD rats; Glu-OC—
undercarboxylated osteocalcin; uceMGP—undercarboxylated Matrix Gla Protein.
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Figure 3. The associations between serum levels of osteocalcin and its undercarboxylated form
(Glu-OC), and markers of kidney function: creatinine (A,D), urea (B,E), creatinine clearance (C) and
parathyroid hormone (PTH) concentration (F) in rats with chronic kidney disease (CKD).

3.3. The Levels of Glu-OC, Gla-OC, and Gla-OC/Glu-OC Ratios in Femoral Bone Tissue of Rats
with CKD, and Their Relations with Serum Glu-OC

In the current study, Gla-OC and Glu-OC concentrations and the Gla-OC/Glu-OC
ratio were measured in trabecular (Figure 4A—C) and cortical (Figure 4D-F) bone tissue.
Gla-OC levels in trabecular bone did not differ between the studied groups (Figure 4A),
whereas Glu-OC level was considerably lower in CKD than in controls (Figure 4B). It
is interesting to note that in CKD, the Gla-OC level in cortical bone tissue significantly
increased (Figure 4D), while the Glu-OC concentration was reduced when compared to
healthy animals (Figure 4E). Moreover, in both bone areas, the Gla-OC/Glu-OC ratios in
uremic rats were considerably higher than in CON (Figure 4C,F).
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Figure 4. The levels of carboxylated osteocalcin (Gla-OC), undercarboxylated osteocalcin (Glu-OC)
and their ratios (Gla-OC/Glu-OC) in trabecular (A-C) and cortical (D-F) femoral bone tissue. The
lines correspond to the 25th and 75th percentiles and the median. * p < 0.05, ** p < 0.01, *** p < 0.001
CON versus CKD rats; CKD—chronic kidney disease; CON—controls.

In CKD group, we observed a positive association between Gla-OC concentrations and
Glu-OC/Gla-OC ratios in trabecular (Figure 5A) and in cortical (Figure 5B) bone regions.
The weak correlation was also noticed between Glu-OC and Gla-OC levels in trabecular
(R =10.512, p = 0.045), but not in cortical bone tissue (R = 0.105, NS). Among the analyzed
parameters, only the Gla-OC/Glu-OC ratio in the trabecular bone region was inversely
correlated with the concentration of Glu-OC in the serum (Figure 5C).
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Figure 5. The associations between carboxylated osteocalcin (Gla-OC) and Gla-OC/Glu-OC ratio in
trabecular (A) and cortical (B) bone tissue; the relations between trabecular Gla-OC/Glu-OC ratio
and serum undercarboxylated osteocalcin (Glu-OC) levels; (C) in rats with chronic kidney disease
(CKD).
3.4. The Expression of Genes Coding Vitamin K Cycle Enzymes in Femurs of Rats with CKD, and
Their Associations with Genes Participating in Osteoblastogenesis

The expression of VKORC1 and GGCX gene was significantly higher in uremic rats
compared to the control group (Figure 6A,B), whereas the increase in the UBIAD1 gene did
not achieve a statistically significant level (Figure 6C).
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Figure 6. The expression of genes of vitamin K cycle enzymes in femurs of rats with chronic kidney
disease (CKD) (A-C), and their associations with the expression of genes of osteoblastogenesis and
trabecular Glu-OC levels (D), as well as the relationship between serum MK4 level and BGLAP
expression in bone of rats with CKD (E). ** p < 0.01, *** p < 0.001 CON versus CKD rats; CON—
controls; VKORC1—vitamin K epoxide reductase complex subunit 1; GGCX—the gamma-glutamyl
carboxylase; UBIAD1—UDbiA prenyltransferase domain-containing protein 1; FOXO1—Forkhead box
transcription factor 1; ATF4—activating transcription factor 4; RUNX2—Runt-related transcription
factor 2; ALP—alkaline phosphatase; BGLAP—bone gamma-carboxyglutamate protein; Glu-OC—
undercarboxylated osteocalcin; MK4—menaquinone 4; the bold text indicates statistically significant
correlations; italic text indicates tendency to correlation.

Our previous research performed on the bones of rats with CKD established that
the expression of FOXO1, ATF4, RUNX2, and ALP, which are the key genes responsible
for the initial phases of osteoblast development, was significantly increased, whereas the
expression of BGLAP, which is linked to the late stage of osteoblast differentiation, was only
slightly elevated [46]. As has been shown in Figure 6D, the expression of the genes involving
in VK cycle (especially VKORC1 and UBIAD1) was strongly and positively correlated with
the expression of the genes of the early stages of osteoblast development. The tendency
of these positive relationships was also seen between VK cycle genes expression and the
markers of osteoblast differentiation, such as RUNX2 and ALP. Interestingly, we also
observed the association between trabecular Glu-OC levels and the expression of genes
reflecting the osteoblast differentiation (ATF4, RUNX2, ALP). Other interesting observations
were the lack of the correlation between BGLAP expression and the genes belonging to VK
cycle and trabecular Glu-OC levels (Figure 6D), as well as the strong positive association
between BGLAP mRNA and circulating MK4 level (Figure 6E).

3.5. The Relationship between the Expression of VKORC1 and the Concentration of Gla-OC in
Trabecular Bone Tissue and Serum Glu-OC

Next, we analyzed the relations between the expression of VK cycle enzymes and
both forms of osteocalcin in femoral bone of rats with CKD. There was no correlation
between GGCX and the levels of Gla-OC and Glu-OC. Surprisingly, we found a positive
relationship between VKORC1 expression and Gla-OC concentration in trabecular bone
tissue (Figure 7A), as well as a strong inverse relationship between VKORC1 expression
and serum Glu-OC concentration (Figure 7B).
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Figure 7. The association between bone VKORC1 expression and Gla-OC levels in trabecular bone
(A), and VKORC1 expression and Glu-OC levels in serum of rats with CKD (B). MK4—menaquinone
4; BGLAP—bone gamma-carboxyglutamate protein; VKORC1—yvitamin K epoxide reductase com-
plex subunit 1; Gla-OC—carboxylated osteocalcin; Glu-OC—undercarboxylated osteocalcin; CKD—
chronic kidney disease.

3.6. The Associations between Bone Glu-OC, Gla-OC, and Bone Mineral Status in Rats with CKD

Rats with CKD had significantly decreased densitometric parameters compared with
controls in the whole-femur measurements, namely in the bone mineral area (p < 0.05),
BMC, and BMD (both p < 0.01). These differences were particularly seen in the metaphyseal
area (R1) of femurs, where the values of BMC and BMD were significantly decreased in
rats with CKD compared to controls (both p < 0.001). In contrast, mineral status measured
in the diaphyseal area (R2) was only slightly impaired—the values of BMC were lower in
CKD than in controls (p < 0.01), whereas BMD did not differ between the studied groups
(for details please see our previous study [44]).

In the present study, we analyzed the associations between both forms of osteocalcin
and their ratios measured in trabecular and cortical bone tissue, with these densitometric
parameters of femurs. At the level of the trabecular bone, we have demonstrated that only
Gla-OC/Glu-OC ratio was strongly and inversely related to bone mineral area (Figure 8A)
and BMC (Figure 8B) in uremic rats.
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Figure 8. The associations between Gla-OC/Glu-OC ratio in trabecular bone tissue and the param-
eters of mineral status: bone mineral area (A) and BMC (B) of femoral bone of rats with chronic
kidney disease (CKD). Gla-OC—carboxylated osteocalcin; Glu-OC—undercarboxylated osteocalcin;
BMC—bone mineral content.

Surprisingly, at the level of the cortical bone, we observed that only Glu-OC values
were positively associated with the whole-femur values of BMC (Figure 9A) and BMD
(Figure 9D). These relations were particularly strong in the diaphyseal area (R2), which is
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rich in cortical bone (Figure 9B,E), but they also were noticeable in the metaphyseal area
(R1) of femurs (Figure 9C,F).
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Figure 9. The associations between undercarboxylated osteocalcin (Glu-OC) levels in cortical bone
tissue and whole BMC, BMD (A,D), diaphyseal BMC, BMD (B,E) and metaphyseal BMC, BMD (C,F)
of femurs of rats with chronic kidney disease (CKD). BMC—bone mineral content; BMD—bone
mineral density; Rl—metaphyseal area; R2—diaphyseal area of femur.

4. Discussion

Although a high prevalence of subclinical vitamin K (VK) deficiency has been de-
scribed in patients with CKD [18-22] and there are suggestions that this condition can
impact bone quality [47,48], there are a lack of experimental data on this issue. To the
best of our knowledge, this is the first comprehensive study in which we determined the
endogenous VK metabolism, the bone levels of VK-dependent proteins (VKDPs), and
the expression of VK cycle enzymes in femoral bone of rats with 5/6 nephrectomy. For
determination of the impact of endogenous vitamins K on bone mineralization in this CKD
model, the obtained results were juxtaposed with the parameters of the mineral status of
femurs.

Among the K vitamins, the concentrations of phylloquinone (VK1), menaquinone 4
(MK4), and menaquinone 7 (MK7) were measured in rats’ serum. Despite the fact that
all rats have received the same standard diet supplemented with menadione, the VK
status of uremic rats was altered, with a decrease in VK1 concentration and a significant
increase in MK7, particularly in MK4 levels. VK1 is the major dietary form of VK, and
the primary form found in circulation [49]. VK1 is endogenously converted to MK4 via a
menadione intermediary [50-52]. Hirota et al. [52] were the first to show that the release of
menadione from VK1 and its conversion to MK4 occurred in the intestine of rats, therefrom
MK4 entered the blood circulation through the mesenteric lymphatic system. On the
other hand, this same group proposed that menadione from intestine is delivered via the
mesenteric lymphatics into the blood and then transported to peripheral tissues, where it
is transformed into MK4 by UBIADI. Details about MK7 distribution and metabolism in
rats are still limited. Tkeda et al. [53] proposed that MK7 can also be a precursor of MK4
and may be converted to MK4 in the body. Regardless of how MK4 comes to be formed,
it is believed that rodents consuming commercially available rodent chow, fortified with
menadione (a precursor for MK4), have sufficient vitamin K for all tissue functions [54].
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VK1 deficiency has been observed in CKD patients and animals with experimental
CKD [24,48,55], and in this respect our results are in line with these earlier observations.
However, the ratios of MK7/VK1 and MK4/VK1, which provide an index of the efficiency
of conversion of VK1 to vitamins K2 [56], were increased in uremic animals compared
to controls. This suggests that lower VK1 levels observed in CKD rats could be a result
of greater tissue utilization of this vitamin, possibly reflecting an increased physiological
demand, especially for MK4, during uremia. The similar phenomenon was previously
described by Ferland et al. [57] in rats fed different VK1 diets during aging.

The measurement of serum levels of VKDPs, like total osteocalcin and its under-
carboxylated form, Glu-OC, are sensitive indirect tests in detecting subclinical VK defi-
ciency [16]. Both total osteocalcin and Glu-OC were markedly increased in the serum
of CKD rats in this experiment, and similar findings have been consistently observed
by others in human and experimental CKD [19,24,48]. It is generally believed that the
high percentage of Glu-OC reflects insufficient VK intake, low VK status, and impaired
bone mineralization [28-30]. In the present study, we observed the direct associations
between kidney function markers and total osteocalcin, indicating that this parameter can
be accumulated in the blood of CKD animals independently of its release from bone. This
observation is in accordance with the study of Price et al. [58], who demonstrated that
nephrectomy can block the serum clearance of osteocalcin. In turn, renal insufficiency
combined with an increase in PTH levels seems to affect serum Glu-OC concentrations
in our rats with CKD. It is possible that PTH may enhance the synthesis of Glu-OC by
the stimulation of osteoblastogenesis, as has been reported previously [59-62]. Thus, the
increased serum Glu-OC in the condition of uremia and hyperparathyroidism, observed
in this study, does not necessarily reflect VK deficiency. A good alternative to determine
VK status is measurement serum ucMGP, which is a recognized marker of VK status in
nephrectomized rats [63]. In contrast to Glu-OC, ucMGP concentration did not differ be-
tween the studied groups in this study. All these data indicate that VK status was sufficient
in CKD animals.

Osteocalcin is synthesized in osteoblasts, and its three-glutamate residues (Glu-OC)
are posttranslationally converted into y-carboxyglutamate (Gla-OC) by VK, which is a
cofactor of GGCX [64,65]. Gla-OC strongly binds to hydroxyapatite in bone, whereas
Glu-OC, which does not have this ability, is released into the blood [58]. We measured the
Gla-OC, Glu-OC, and Gla-OC/Glu-OC ratio, being an index of the availability of VK at
the bone level, in trabecular (Figure 4A-C) and cortical (Figure 4D-F) bone tissue. In both
bone regions the Gla-OC/Glu-OC ratios were increased, and Glu-OC concentrations were
reduced in CKD rats compared to controls. These results indicate the accelerated Glu-OC
to Gla-OC transformation in bone of CKD rats, which increased Gla-OC while consuming
Glu-OC [66], reflecting sufficient or even elevated levels of VK in their bones. However, in
trabecular bone of uremic rats, Gla-OC level was comparable with that of controls, and the
only weak relationship existed between Gla-OC and Gla-OC /Glu-OC ratio. In contrast, the
Gla-OC level rose significantly, and it was strongly correlated with Gla-OC/Glu-OC ratio in
the cortical bone region of these animals. These data support our new observation: that the
generation of Gla-OC in trabecular bone, in which a more rapid bone turnover rate occurs,
was not as effective as in cortical bone. Interestingly, serum Glu-OC levels were inversely
related to trabecular Gla-OC/Glu-OC ratio, indicating that the Gla-OC generation process
in trabecular bone region is an important factor influencing the serum Glu-OC level.

Vitamin K undergoes a cycle of oxidation followed by reduction through the “vitamin
K cycle”, which includes VKORC1, GGCX, and UBIAD1 enzymes [65,67]. During -
carboxylation of Glu-OC, VK is converted into VK epoxide by GGCX [65], and VK epoxide
can then be reduced by the enzyme VKORCI to VK-hydroquinone, which can be used
once again for the carboxylation reaction [65,67]. The UBIADI gene encodes an MK4
biosynthetic enzyme, which is responsible for VK1 to MK4 bioconversion in extrahepatic
tissues [68].
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The expressions of VK cycle enzymes were previously determined in different tissues
of rats with adenine-induced CKD, and in general, the decreased recycling and utilization
of VK was found [24,69,70]. To the best of our knowledge, this is the first study that
measured the expression of genes involved in VK recycling at the bone level of uremic rats.
There was a significant increase in the expression of VKORC1 and GGCX in the femurs
of CKD rats compared to controls, whereas there was no difference in the expression of
UBIADI1. These results indicated that VK1 to MK4 bioconversion, as well as MK4 recycling
and utilization, can occur in the bones of CKD rats even more effectively than in healthy
animals. Surprisingly, regarding Gla-OC levels in the studied bone regions, it seems that
the enzymes of VK cycle should act better in a cortical, less metabolically active part of the
bone than in the trabecular, which is characterized by more active bone turnover.

Previously, we observed the alterations in osteoblastogenesis process in bone of our
rats with CKD, with the significantly increased expression of genes involved in the early
stages of osteoblastogenesis, like FOXO1, ATF4, RUNX2, and ALP, whereas the expression
of marker of the late stage of osteoblast differentiation, BGLAP, was only slightly increased.
This phenomenon resulted in impaired osteoblast maturation and decreased bone mineral
status [46]. Our findings were in line with clinical observation of Pereira et al. [71], who
also showed that the increase of osteoblastic markers occurred simultaneously with low
osteocytic gene expression in cells obtained from dialyzed patients. In the present study,
we analyzed the associations between the expression of VK cycle enzymes and mentioned
the above genes involved in the individual stages of osteoblastogenesis. As has been
presented in Figure 6D, the expression of enzymes of VK cycles occurred in the early
stages of osteoblastogenesis. What is more, Glu-OC levels in trabecular bone tissue were
also associated with the early markers of osteoblast proliferation/differentiation, but not
with BGLAP. Consistent with previous reports, PTH may accelerate differentiation of
osteoprogenitor cells into osteoblasts [72]. Because PTH level was increased in serum
of our CKD rats [44], and previously we showed that endogenous PTH may influence
the expression of genes engaged in the early stage of osteoblastogenesis in young uremic
rats [73], we speculate that this hormone could also contribute to the increased expression
of VK cycle enzymes in this study. However, BGLAP expression increases significantly
at the late stage of osteoblast differentiation [74], and this fact could explain the lack of
association between BGLAP and the expression of VK cycle enzymes and bone Glu-OC
generation. Interestingly, we noticed that circulating MK4 was positively associated with
BGLAP expression in bone (Figure 6E). This is in accordance with the findings of Weng
et al. [66], who evaluated the effect of MK4 on osteocalcin expression in calvarial bone
defect repair in osteopenic rats. These and the above-presented results (Figure 6) suggest
that in CKD conditions, the VK recycling, expression of BGLAP, and generation of different
forms of osteocalcin may occur in the distinct stages of osteoblastogenesis under the control
of endogenous PTH and MK4. Thus, the lack of difference in trabecular Gla-OC levels
observed in the present study could be a result of the individual effects of PTH, which
stimulates the synthesis of osteocalcin [60]; and MK4, which increased Gla-OC while
consuming Glu-OC. In agreement with this hypothesis, the combined MK4 and PTHj.34
treatment increased serum Gla-OC/Glu-OC ratio in osteopenic rats, however the highest
Gla-OC/Glu-OC ratio was observed not in the combined group, but in the MK4-treated
group [66].

Another interesting finding of the present study is the association between VKORC1
mRNA levels and Gla-OC concentration in the trabecular bone region of uremic rats. In
contrast, such relations were not noticed between GGCX and both forms of osteocalcin in
the bone regions analyzed by us. The posttranslational modification of Glu-OC to Gla-OC
inside osteoblasts generally involves two enzymes, GGCX and VKORC1, which together
constitute the VK cycle. GGCX requires a reduced form of VK as an obligate cofactor, and
v-carboxylation is dependent on the reduction of VK epoxide by a VKORC1 [65]. Ferron
et al. [75], using cell-specific gene inactivation models, demonstrated that VKORC1 is
required for y-carboxylation of osteocalcin in osteoblasts. They also showed that animals
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lacking GGCX or VKORCI1 presented almost no osteocalcin in their bones, providing the
first in vivo evidence that the generation of Gla-OC is necessary for its accumulation in the
mineral component of bone. This is consistent with the inverse relationship between bone
VKORC1 gene expression and serum Glu-OC levels observed in our uremic rats (Figure 7B),
confirming the significance of VKORCT1 in the process of Gla-OC formation in conditions
of CKD.

The second aim of the present study was to establish the potential consequence of VK-
dependent mechanisms for the bone mineral status of uremic rats. Previously, we showed
that CKD development resulted in significantly decreased densitometric parameters in
our uremic animals compared with controls in whole-femur measurements, particularly
in the metaphyseal area (R1). In contrast, mineral status measured in the diaphyseal area
(R2) was damaged to a lesser extent [44]. In the present study, we juxtaposed the param-
eters of bone mineral status obtained in this previous study [44] with the concentrations
of VK-dependent proteins: Gla-OC and Glu-OC in the corresponding regions of the fe-
mur. Unexpectedly, the Gla-OC/Glu-OC ratio in trabecular bone tissue was inversely
associated with the mineral status of femurs (Figure 8). In turn, the positive relations
were observed only between Glu-OC levels in cortical bone tissue and the parameters of
bone mineral status, which were strongest in the diaphyseal area (R2) of femurs (Figure 9).
Although Gla-OC, due to its specific interaction with hydroxyapatite, is thought to be
associated with bone mineralization [76-78], there is also evidence showing that Gla-OC
is not critical for bone mineralization or even that it functions as a “negative regulator
of skeleton” [79]. Genetic osteocalcin depletion does not change the mineral content of
bone matrix in mice [80]. Complete loss of osteocalcin resulted in bones with significantly
increased trabecular thickness, density, and volume, whereas cortical bone volume and
density were not increased in osteocalcin-null male rats [79]. The treatment with warfarin,
despite significantly lowering Gla-OC levels, did not reduce the mineral content of fracture
calluses [59], and is not directly linked with BMD of rat bone [81]. Amizuka et al. [82]
demonstrated that osteocalcin is not related to mineral deposition but does participate
in the growth and maturation of hydroxyapatite. A recent study by Simon et al. [83]
demonstrates that osteocalcin takes on the functions of Ca-ion transport and suppression
of hydroxyapatite expansion. An interesting study by Uchida et al. [84] revealed that the
commensal microbiota prevents excessive bone mineralization by stimulating osteocalcin
expression in osteoblasts, enhancing both osteoblast and osteoclast activity.

Assuming that Gla-OC is the marker of mature osteoblast [84], the relations observed
in this study between bone mineral status and Glu-OC to Gla-OC transformation are
compatible with the results of these teams, which demonstrated that Gla-OC may act
as an inhibitor of bone mineralization [79-84]. We believe that in the trabecular bone
region, PTH-dependent acceleration of osteoblastogenesis resulted in the generation of
immature osteoblasts with insufficient Gla-OC production, which may lead to decreased
bone mineral status [46]. In cortical bone, where Gla-OC level was approximately 1.5 times
that in trabecular bone, the osteoblasts should be more mature. However, the mineral status
in this bone region was directly associated with Glu-OC, representing the part of osteocalcin,
which was not transformed to Gla-OC. The above results indicate an unfavorable role of
Gla-OC in the mineralization of long bones in CKD conditions.

Some limitations should be considered in the interpretation our results. Firstly, the
cross-sectional design of this study does not determine whether a causal relationship
exists between VK metabolism in bone and the parameters of bone mineral status. Sec-
ondly, we cannot exclude the possibility that the observed associations could be partially
attributed to other factors not considered in this study that may affect osteoblast prolifera-
tion/differentiation and bone mineral status, such as the metabolites of tryptophan [44,85].
Thirdly, gonadectomy was not performed in this study, so contributions to mineral and
bone metabolism of sex hormones, especially androgen in the rats, were not examined.

A major strength of our study is the measurement of circulating vitamins K together
with the expression of VK recycling enzyme in bone, and Glu-OC, Gla-OC directly in
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the appropriate bone tissue, as the determination of these compounds in blood may not
accurately represent the bone microenvironment [81]. Moreover, the studied groups were
homogeneous with regard to age, sex, diet, and the absence of medication.

5. Conclusions

This study presents a comprehensive assessment of the metabolism of endogenous
vitamin K, VK recycling in bone, VKDPs at serum and bone levels, and their impact on
bone mineral status of rats with CKD. The obtained results indicate that the reduced
level of VK1 observed in rats with CKD may be caused by the accelerated conversion of
this vitamin to the form of menaquinones. The measurement of serum osteocalcin and
Glu-OC, commonly used as the indicators of VK deficiency, seems to be ineffective in
CKD conditions, especially in the presence of hyperparathyroidism. For the first time, we
showed that bone tissue possesses a set of enzymes that allows for the conversion of VK1 to
the form of menaquinone, as well as to recycling of VK. However, in the course of CKD with
hyperparathyroidism, despite the appropriate conditions for the formation of active forms
of VK, the intensified process of osteoblastogenesis causes the generation of immature
osteoblasts with impaired mineralization capacity. Of particular clinical significance seems
to be the fact that Gla-OC formed at the bone level turned out to be inversely correlated with
bone mineral status in this model. This sheds new light on the metabolism of endogenous
VK and its importance in the process of bone mineralization in CKD, particularly in patients
with hyperparathyroidism.
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BMD bone mineral density

CKD chronic kidney disease

CKD-MBD  chronic kidney disease-mineral bone disorders
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dp-ucMGP desphospho-uncarboxylated matrix Gla protein

FOXO1 forkhead box transcription factor 1
GGCX v-glutamyl carboxylase

Gla gamma carboxyglutamic acid
Gla-OC carboxylated osteocalcin

Glu glutamic acid

Glu-OC undercarboxylated osteocalcin
HD hemodialysis

MGP matrix gla protein

MKs menaquinones

MK4 menaquinone 4

MK7 menaquinone 7

oC osteocalcin

PTH parathyroid hormone

R1 metaphyseal area of femur

R2 diaphyseal area of femur

RUNX2 Runt-related transcription factor 2
UBIAD1 UbiA prenyltransferase domain-containing 1 protein
ucMGP uncarboxylated matrix gla protein
ucOC uncarboxylated osteocalcin

VK vitamin K

VK1 vitamin K1; phylloquinone

VK2 vitamin K2; menaquinones
VKDPs vitamin K-dependent proteins
VKORC1 vitamin K epoxide reductase complex subunit 1
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13. Dorobek naukowy

Wykaz publikacji stanowiacych cykl prac wlaczonych do rozprawy doktorskie;i:

1) Zieminska, M.; Sieklucka, B.; Pawlak, K. Vitamin K and D Supplementation and Bone

Health in Chronic Kidney Disease—Apart or Together? Nutrients. 13 (2021) 809.
https://doi.org/10.3390/nu13030809
IF = 6.706; MNIiSW = 140.

2) Zieminska, M.; Pawlak, D.; Sieklucka, B.; Chilkiewicz, K.; Pawlak, K. Vitamin K-

Dependent Carboxylation of Osteocalcin in Bone—Ally or Adversary of Bone Mineral
Status in Rats with Experimental Chronic Kidney Disease? Nutrients. 14 (2022) 4082.
https://doi.org/10.3390/nu14194082

IF = 6.706; MNiSW = 140.

Wykaz publikacji niewlaczonych do rozprawy doktorskiej:

1) Mor, A.; Pawlak, K.; Kataska, B.; Domaniewski, T.; Sieklucka, B.; Zieminska, M.;

Cylwik, B.; Pawlak, D. Modulation of the Paracrine Kynurenic System in Bone as a
New Regulator of Osteoblastogenesis and Bone Mineral Status in an Animal Model of
Chronic Kidney Disease Treated with LP533401. International journal of molecular
sciences. 21 (2020) 5979.

https://doi.org/10.3390/ijms21175979

IF =5.924; MNiSW = 140.

Wykaz doniesien zjazdowych/konferencji naukowych:

1)

2)

Zieminska, M.; Sieklucka, B.; Pawlak, K. Osteokalcyna a wlasciwosci biomechaniczne
1 geometryczne kosci udowej w eksperymentalnej niewydolnos$ci nerek u szczura.

VII Ogoélnopolskie Sympozjum Biomedyczne ESKULAP, on-line, 28-29.11.2020.

Sieklucka, B.; Domaniewski, T.; Zieminska, M.; Gatazyn-Sidorczuk, M.; Pawlak, A.;
Pawlak, D.; Pawlak, K. Correlations between OPG/RANKL/RANK axis, vitamin D
status, PTH and vascular calcification in an adenine-induced model of chronic kidney
disease. 57th ERA-EDTA Congress, on-line, 06-09.06.2020.
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LP533401 therapy. 57th ERA-EDTA Congress, on-line, 06-09.06.2020.
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14. Oswiadczenie autora rozprawy doktorskiej

Informacja o charakterze udzialu wspoélautoréow w publikacjach wraz z szacunkowym
okresleniem procentowego wkladu:

1. ,,Vitamin K and D supplementation and bone health in chronic kidney disease - apart or
together?” autoréw: Marty Zieminskiej, Beaty Siekluckiej i Krystyny Pawlak
opublikowanej w Nutrients, 2021; 13(3): 809.

Imig¢ i nazwisko
wspolautora

Procentowy

Charakter udzialu w przygotowaniu publikacji wkiad

Wspottworzenie koncepcji pracy, zebranie i przeglad

i literatury, analiza i interpretacja zebranych danych 70%

S araAcmisky literaturowych, pisanie manuskryptu

prof. dr hab. Opracowanie koncepcji pracy, nadzor merytoryczny 15%
Krystyna Pawlak i korekta manuskryptu °
drn. med. Beata | Wspoitworzenie koncepcji pracy, opracowanie czesci 15%

Sieklucka manuskryptu, przygotowanie tabel i rycin

2. ,Vitamin K-dependent carboxylation of osteocalcin in bone - ally or adversary of bone
mineral status in rats with experimental chronic kidney disease?” autoréw: Marty
Zieminskiej, Dariusza Pawlaka, Beaty Siekluckiej, Katarzyny Chilkiewicz i Krystyny
Pawlak opublikowanej w Nutrients, 2022; 14(19): 4082.

Imi¢ i nazwisko : s Gao i Procentowy
wspélautora Charakter udzialu w przygotowaniu publikacji e
dukiorent—mer Wsp_oltworzeme koncepCJl. pracy, {zebran,le i pr'zeglqd ,
S literatury, wykonywanie czesci badan, analiza 55%
Marta Zieminska . ’ i :
i interpretacja wynikow, opracowanie manuskryptu
prof. dr hab. Opracowanie koncepcji pracy, nadzor merytoryczny 15%
Krystyna Pawlak i korekta manuskryptu
dr n. med. Beata Wspottworzenie koncepcji pracy, wspotudziat o
. - g . . 15%
Sieklucka w wykonaniu badan, wykonanie rycin
prof. dr hab. Wspottworzenie koncepcji pracy, ocena 5
. 10%
Dariusz Pawlak merytoryczna
Mgr Katarzyna ; : . ; o
Chilkiewicz Wspoluczestnictwo w wykonywaniu badan 5%

Oswiadczam, ze wszyscy wspolautorzy wyrazili zgode na wykorzystanie powyzszych
publikacji w pracy doktorskiej mgr Marty Zieminskie;.

Aawnsko Todo.

................................
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15. Oswiadczenia wspotautorow

Biatystok, 17 kwietnia 2023 r.

miejscowos¢, data

mgr Marta Zieminska
imie i nazwisko wspotautora

Zaktad Farmakoterapii Monitorowanej
nazwa jednostki

Uniwersytet Medyczny w Bialymstoku
ul. Jana Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Oswiadczam, iz moj udzial w przygotowaniu publikacji:

1.

,Vitamin K and D Supplementation and Bone Health in Chronic Kidney Disease — Apart
or Together?” autorow: Marty Zieminskiej, Beaty Siekluckiej i Krystyny Pawlak
opublikowanej w Nutrients, wchodzacej w sktad rozprawy doktorskiej ,,Rola endogennej
witaminy K w procesie przebudowy kosci szczuréw z eksperymentalng przewlekta choroba
nerek”, wynoszacy 70% polegat na wspéttworzeniu koncepcji pracy, zebraniu i przegladzie
literatury, analizie i interpretacji zebranych danych literaturowych oraz napisaniu
manuskryptu do publikacji.

. Vitamin K-dependent carboxylation of osteocalcin in bone - ally or adversary of bone
mineral status in rats with experimental chronic kidney disease?” autoréw: Marty
Zieminskiej, Dariusza Pawlaka, Beaty Siekluckiej, Katarzyny Chilkiewicz i Krystyny
Pawlak opublikowanej w Nutrients, wchodzacej w sktad rozprawy doktorskiej ,,Rola
endogennej witaminy K w procesie przebudowy kosci szczuréw z eksperymentalng
przewlekla chorobg nerek”, wynoszacy 55% polegat na wspottworzeniu koncepcji pracy,
zebraniu i przegladzie literatury, wykonywaniu czgsci badan, analizie i interpretacji
wynikow oraz opracowaniu manuskryptu do publikacji.

Lemiita,. Moo,

Podpis

107



Bialystok, 17 kwietnia 2023 1.

miejscowosé, data

prof. dr hab. Krystyna Pawlak

imig I nazwisko wspolautora

Zaktad Farmakoterapii Monitorowane;j
nazwa jednostki

Uniwersytet Medyczny w Biatlymstoku
ul. Jana Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Oswiadczam, 1z moj udzial w przygotowaniu publikacji:

1.

. Vitamin K and D Supplementation and Bone Health in Chronic Kidney Disease — Apart
or Together?” autoréw: Marty Zieminskiej, Beaty Siekluckiej i Krystyny Pawlak
opublikowanej w Nutrients, wchodzacej w sktad rozprawy doktorskiej ,,Rola endogennej
witaminy K w procesie przebudowy kosci szczuréw z eksperymentalna przewlekla chorobg
nerek”, wynoszacy 15% polegal na opracowaniu koncepcji pracy, nadzorze
merytorycznym i korekcie manuskryptu.

. Vitamin K-dependent carboxylation of osteocalcin in bone - ally or adversary of bone
mineral status in rats with experimental chronic kidney disease?” autoréw: Marty
Zieminskiej, Dariusza Pawlaka, Beaty Siekluckiej, Katarzyny Chilkiewicz i Krystyny
Pawlak opublikowanej w Nutrients, wchodzacej w sktad rozprawy doktorskiej ,,Rola
endogennej witaminy K w procesie przebudowy kosci szezurdéw z eksperymentalng
przewlekla chorobg nerek”, wynoszacy 15% polegat na opracowaniu koncepcji pracy,
nadzorze merytorycznym i korekcie manuskryptu.

Jednoczesénie wyrazam zgodg na wykorzystanie przez Panig mgr Mart¢ Zieminska publikacji
w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych 1 nauk o zdrowiu

w dyscyplinie nauki medyczne.

. l"\f!{d}u% . f%'w’( G/{’r e

Podpis
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Biatystok, 17 kwietnia 2023 r.

miejscowos¢, data

dr n. med. Beata Sieklucka
imig i nazwisko wspolautora

Zaktad Farmakodynamiki

nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Jana Kilinskiego 1
15-089 Biatystok

Oswiadczenie

Oswiadczam, iz méj udzial w przygotowaniu publikacji:

1.

,»Vitamin K and D Supplementation and Bone Health in Chronic Kidney Disease — Apart
or Together?” autoréw: Marty Zieminskiej, Beaty Siekluckiej i Krystyny Pawlak
opublikowanej w Nutrients, wchodzacej w sklad rozprawy doktorskiej ,,Rola endogennej
witaminy K w procesie przebudowy kosci szczuréw z eksperymentalng przewlekla choroba
nerek”, wynoszacy 15% polegal na wspoltworzeniu koncepcji pracy, opracowaniu czgsci
manuskryptu oraz przygotowaniu tabel i rycin.

. Vitamin K-dependent carboxylation of osteocalcin in bone - ally or adversary of bone
mineral status in rats with experimental chronic kidney disease?” autorow: Marty
Zieminskiej, Dariusza Pawlaka, Beaty Siekluckiej, Katarzyny Chilkiewicz i Krystyny
Pawlak opublikowanej w Nutrients, wchodzacej w sktad rozprawy doktorskiej ,,Rola
endogennej witaminy K w procesie przebudowy kosci szczurow z eksperymentalng
przewlekla chorobg nerek”, wynoszacy 15% polegal na wspdttworzeniu koncepcji pracy,
wspotudziale w wykonywaniu badan oraz wykonaniu rycin.

Jednoczes$nie wyrazam zgode na wykorzystanie przez Panig mgr Mart¢ Zieminska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu
w dyscyplinie nauki medyczne.

Prata.. Seklucks. .

Podpis
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Biatystok, 17 kwietnia 2023 r.

miejscowosc, data

prof. dr hab. Dariusz Pawlak

imig i nazwisko wspolautora

Zaktad Farmakodynamiki
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Jana Kilinskiego 1
15-089 Biatystok

Os$wiadczenie
Os$wiadczam, iz mdj udziat w przygotowaniu publikacji:

..Vitamin K-dependent carboxylation of osteocalcin in bone - ally or adversary of bone mineral
status in rats with experimental chronic kidney disease?” autoréw autoréw: Marty Zieminskiej,
Dariusza Pawlaka, Beaty Siekluckiej, Katarzyny Chilkiewicz i Krystyny Pawlak
opublikowanej w Nutrients, wchodzgcej w sklad rozprawy doktorskiej ,,Rola endogennej
witaminy K w procesie przebudowy ko$ci szczuréw z eksperymentalng przewlekla chorobg
nerek”, wynoszacy 10% polegal na wspoltworzeniu koncepcji pracy oraz ocenie merytorycznej
manuskryptu.

Jednocze$nie wyrazam zgode na wykorzystanie przez Panig mgr Marte Zieminska publikacji
w postepowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu
w dyscyplinie nauki medyczne.
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Biatystok, 17 kwietnia 2023 r.

miejscowos¢, data

mgr Katarzyna Chilkiewicz
imig i nazwisko wspolautora

Zaktad Farmakoterapii Monitorowanej
nazwa jednostki

Uniwersytet Medyczny w Biatymstoku
ul. Jana Kilinskiego 1
15-089 Biatystok

Os$wiadczenie
Oswiadczam, iz moj udzial w przygotowaniu publikacji:

,» Vitamin K-dependent carboxylation of osteocalcin in bone - ally or adversary of bone mineral
status in rats with experimental chronic kidney disease?” autoréw: Marty Zieminskiej, Dariusza
Pawlaka, Beaty Siekluckiej, Katarzyny Chilkiewicz i Krystyny Pawlak opublikowanej
w Nutrients, wchodzacej w sktad rozprawy doktorskiej ,,Rola endogennej witaminy K
w procesie przebudowy kosci szczuréw z eksperymentalng przewleklg chorobg nerek”,
wynoszacy 5% polegal na wspotuczestnictwie w wykonywaniu badan.

Jednocze$nie wyrazam zgod¢ na wykorzystanie przez Paniag mgr Marte Zieminska publikacji

w postgpowaniu o nadanie stopnia doktora w dziedzinie nauk medycznych i nauk o zdrowiu
w dyscyplinie nauki medyczne.

Podpis
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