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Abstract

Introduction: Vitamin K (VK) is a co-factor in the post-translational gamma glutamic carboxylation of Gla-proteins. VK-dependent
coagulation factors are carboxylated in the liver by VK1. Osteocalcin and Matrix-Gla protein (MGP) are carboxylated in extrahepatic
tissues by VK2. A model of VK deficiency would be suitable for studying extrahepatic Gla-proteins provided that severe bleeding is
prevented.

Aim: The aim of this work was to adapt an established protocol of vascular calcification by warfarin-induced inactivation of MGP as a
calcification inhibitor, in an attempt to create a broader state of subclinical VK deficiency and to verify its safety.

Materials and methods: Two consecutive experiments, each lasting 4 weeks, were required to modify the dosing schedule of warfa-
rin and VK1 and to adapt it to the Wistar rats used. The original high doses of warfarin used initially had to be halved and the protective
dose of VK1 to be doubled, in order to avoid treatment-induced hemorrhagic deaths. The second experiment aimed to confirm the
efficacy and safety of the modified doses.

To verify the VK deficiency, blood vessels were examined histologically for calcium deposits and serum osteocalcin levels were mea-
sured.

Results: The original dosing schedule induced VK deficiency, manifested by arterial calcifications and dramatic changes in carboxyl-
ated and uncarboxylated osteocalcin. The modified dosing regimen caused similar vascular calcification and no bleeding.

Conclusion: The modified protocol of carefully balanced warfarin and VK1 doses is an effective and safe way to induce subclinical VK
deficiency that can be implemented to investigate VK-dependent proteins like osteocalcin.
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INTRODUCTION

Vitamin K is the family name of fat-soluble vitamins - the
naturally occurring vitamin K1 (phylloquinone) and vita-
min K2 (menaquinones, MQs). Vitamin K is a cofactor of
the gamma-glutamyl carboxylase, an enzyme required for
the carboxylation of glutamic acid (Gla) residues of target

proteins, known as vitamin K dependent or Gla-proteins.!
There are 17 currently known Gla-proteins.? Seven of them
are involved in coagulation - the four well known vitamin
K-dependent clotting factors and three endogenous antico-
agulants (antithrombin III, protein C and protein S). They
undergo a reaction of post-translational carboxylation in
the liver. The reaction is essential to their activity and they
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are indispensable for life. The overt deficiency of vitamin K
impairs seriously blood coagulation and causes bleeding.
Vitamin K, responsible for the coagulation, is phylloqui-
none, stored mainly in the liver.? It is widely found in plant-
based foods (leafy green vegetables); therefore, the diet is
the major supply of it.?

Other Gla-proteins, known as extrahepatic vitamin
K-dependent factors, are involved in a variety of physiolog-
ical roles. Among them, osteocalcin and MGP are relative-
ly well studied. Osteocalcin is a bone-derived Gla-protein,
but its skeletal function remains controversial? - recent
evidence has implicated it in the regulation of energy me-
tabolism and other bone-unrelated functions.*® Matrix
Gla-protein (MGP) is a potent inhibitor of vascular calci-
fication.” Both osteocalcin and MGP undergo post-trans-
lational modification by carboxylation of their gamma
glutamic moieties — osteocalcin in the bones, and MGP in
the vascular smooth muscle cells, with the participation of
vitamin K2, which is the major vitamer outside the liver.>?

Unlike phylloquinone, menaquinones are relatively low
in the common Western diet, mostly found in some fer-
mented foods like cheese. The popular belief that colonic
bacteria provide the necessary amount of vitamin K2 for
the body is currently debatable.? Nevertheless, it is now
known that phylloquinone can be converted endogenous-
ly into some menaquinones (particularly MQ-4).2 The ex-
trahepatic functions of vitamin K appear to require higher
body stores of vitamin K compared to those needed for ac-
tivation of coagulation factors due to different sensitivity to
the vitamin available. In a condition of a low dietary intake,
the vital effects of the vitamin in the liver are preserved,
but the carboxylation of extrahepatic Gla-proteins will be
impaired.” As a result, the concentrations of the uncarbox-
ylated forms of the extrahepatic Gla-proteins in plasma will
rise.!0!!

The active form of MGP capable of preventing vascular
calcification is the carboxylated one.>”1% In 1998, Price et
al. designed an experimental model of vascular calcifica-
tion, based on drug-induced vitamin K deficiency. In this
model, the authors used high doses of warfarin, a vitamin K
antagonist, to inhibit the carboxylation of MGP, with sup-
plementation with phylloquinone to prevent bleeding.

Recent experimental studies on mice have implicat-
ed osteocalcin in physiological effects outside the bones,
namely regulation of glucose homeostasis®!?, behaviour®
and other functions. Surprisingly, these functions of osteo-
calcin require the undercarboxylated form of the protein.!'

The newly identified physiological role of osteocalcin
attracted our attention. In order to study its metabolic and
CNS effects in rats we needed a method allowing changes
in the physiological levels of the undercarboxylated osteo-
calcin. To achieve an increase in the undercarboxylated
osteocalcin level, we relied on the established above men-
tioned model of Price et al. (1998) of subclinical vitamin K
deficiency.!?

Subclinical Vitamin K Deficiency

AIM

Thus the aim of the current study was: 1) to adapt the mod-
el of Price et al. in young healthy rats in terms of safety (lack
of bleeding) and to verify it by demonstrating vascular cal-
cification in the warfarin treated animals; 2) to prove that
the created subclinical vitamin K deficiency will result in
the expected changes in the serum levels of both forms of
osteocalcin - carboxylated and undercarboxylated.

MATERIALS AND METHODS

Experimental animals

We performed two consecutive experiments. In every one,
we used 20 young healthy male Wistar rats (a total number
of 40 rats), allocated into two groups of 10 animals each — a
control group (C) and an experimental group (W/K1). In
the first experiment, the initial mean body weight of the
rats was 231+6 g in group C and 23249 g in group W/K1. In
the second experiment, the initial body weights were 233+7
g in group C and 23445 g in group W/K1. Both experi-
ments lasted 4 weeks. Animals were kept under standard
laboratory conditions (temperature of 20°-25°C, 12-hour
light-dark cycle) and had free access to food and drinking
water.

Treatment

The rats from W/K1 group received the vitamin K antag-
onist warfarin (Sigma-Aldrich, Germany) dissolved in sa-
line, aiming to induce a state of vitamin K deficiency, and
vitamin K1 (Alfa Aesar, Thermo Fisher Scientific, UK) dis-
solved in sunflower oil, aiming to prevent bleeding. War-
farin was administered by subcutaneous injections, and
vitamin K1 was given by orogastral probe. Rats from C
group received the solvents - saline and sunflower oil by
the corresponding routes of administration. The treatment
with vitamin K1 was started 48 hours before the first warfa-
rin injection to ensure the stores necessary for coagulation.

Initially, in the first experiment, we used the drug doses
administered by Price et al.!? in their original model, name-
ly 15 mg/kg body weight of vitamin K1, administered in 24
hours, and 300 mg/kg body weight of warfarin daily divid-
ed in two doses, administered every 12 hours. We alternat-
ed the sites of injection to reduce the trauma. At the end
of the first week, however, we had several cases of deadly
hemorrhage, which made us increase the dose of vitamin
K1 by 50% to 22.5 mg/kg body weight, and reduce the dose
of warfarin by half to 150 mg/kg body weight, administered
as a single daily dose. We continued the experiment with
the described dosing regimen.

To confirm the safety of the doses used, we performed
a second experiment with the same treatment groups and
duration, but with the modified dosing schedule: 22.5 mg/
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kg vitamin K1 orally, and 150 mg/kg warfarin subcutane-
ously, administered once daily.

After 4 weeks of treatment, the rats from both experi-
ments were sacrificed under light ether anesthesia. Blood
samples were collected from sublingual veins of the rats.
The blood was centrifuged and serum was stored at -20°C
for biochemical measurement of osteocalcin levels.

Portions of aorta, pulmonary veins, renal arteries, and
iliac arteries of each animal were dissected out and pre-
served in 10% neutral formalin for histological evaluation.

Vascular calcification

After 24 hour fixation, samples from the arterial blood ves-
sels were cut into appropriate portions and placed in em-
bedding cassettes. The process continued with dehydration
in progressively concentrated ethanol baths, followed by a
clearing agent (xylene) and finally molten paraffin wax in-
filtrated the samples. The next steps were to embed tissues
into paraffin blocks, cut 5 um slices and mount them on
a glass microscope slide. Finally the sections were stained
with hematoxylin and eosin.

Biochemical measurements

The serum levels of carboxylated and uncarboxylated os-
teocalcin were determined after the first experiment. High
sensitive sandwich-type enzyme immunoassay (EIA) Kits
were used (Takara Bio, Inc., Japan), following the produc-
ers instructions. The capture antibodies recognize the C
terminal region of the osteocalcin polypeptide chain and
are the same in both EIA kits. The detection antibodies,
recognizing the uncarboxylated osteocalcin fraction, bind
specifically to glutamic acid residues at positions 21 and 24
in the osteocalcin polypeptide chain.

Figure 1. Vascular calcification.

Statistical analysis

The results are presented as a mean * standard error of the
mean (SEM). The groups were compared by Student’s two-
tailed unpaired ¢-test. Differences were considered signifi-
cant at p<0.05. The statistical software GraphPad Prism 5
was used (GraphPad Software, Inc., CA, USA).

Ethical approval

The experiments were approved by the Commission of
Foods Safety of the Bulgarian Ministry of Agriculture and
Foods and were conducted in agreement with the National
Policies and the Council Directive (2010/63/EU).

RESULTS

Safety

The modified doses of warfarin and vitamin K1 resulted in
no cases of hemorrhagic deaths during the second exper-
iment, neither in nonfatal or minor bleeding, as revealed
by the macroscopic postmortem inspection of the organs
and tissues.

Vascular calcification

Calcium deposits were found in the arteries of rats from the
W/K1 groups, but not of the control groups. The vascular
calcification of the different arterial blood vessels of each
rat was evaluated histologically as present or absent. The
results are presented as percentage of rats manifesting signs
of vascular calcification (Table 1).

Calcium deposits in medial layer of aorta (A first experiment, B second experiment), pulmonary veins (C), and renal arteries (D) in rats

subjected to a model of subclinical vitamin K deficiency.
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Table 1. Presence of vascular calcification in rats subjected to a
model of subclinical vitamin K deficiency

Aorta Pulmonary Renal Iliac
veins arteries  arteries
Experiment 1 66.7% 50% 83.3% 16.7%
Experiment 2 60% 60% 60% 20%

The morphological changes of arterial vessel walls are
presented in Fig. 1. Calcium deposits were found in the
medial (muscular) layer of the aorta (Fig. 1A, B), pul-
monary veins (Fig. 1C), renal arteries (Fig. 1D), and iliac
arteries (not shown). The hematoxylin and eosin staining
demonstrated calcium deposits as amorphous basophilic
structures with extracellular localization. The deposits were
situated focally and did not engage the whole circumfer-
ence of the vessel wall. There were no morphologically de-
tectable differences in the amount of calcium deposits be-
tween the first (Fig. 1A) and second (Fig. 1B) experiment.

ucOC [ng/ml]

ucOC/cOC

Figure 2. Osteocalcin levels.

Subclinical Vitamin K Deficiency

DISCUSSION

Uncarboxylated osteocalcin attracts significant research in-
terest in the last decade. Our previous study showed that
its level is lower in rats subjected to diet-induced metabolic
syndrome than in intact animals. We found negative cor-
relation between uncarboxylated osteocalcin and fasting
blood glucose level, as well as correlations between uncar-
boxylated osteocalcin and behavioral indices of anxiety and
depression, thus supporting the hypothesis of osteocalcin
hormonal role.!®

In our further effort to evaluate the hormonal function
of the uncarboxylated osteocalcin in rats we needed a way
to increase its endogenous level. In this respect, the experi-
mental model of subclinical vitamin K deficiency, designed
by Price et al.!? to induce vascular calcification, appeared to
be alogical and suitable tool for elevating the concentration
of the uncarboxylated form of the protein. The model was
based on the assumption that it is possible to selectively in-

400

200

cOC [ng/ml]

C WI/K1

WK1

Changes in the serum level of uncarboxylated osteocalcin (ucOC) (A), carboxylated osteocalcin (cOC) (B), and their ratio (ucOC/cOC)
(C) in control rats (C, n=10) and rats subjected to a model of subclinical vitamin K deficiency (W/K1, n=6); ***p<0.001 vs. C.

Osteocalcin levels

The changes in serum osteocalcin levels are presented in
Fig. 2. Warfarin treatment increased dramatically the level
of uncarboxylated osteocalcin (Fig. 2A). Its serum concen-
tration was 570.3+47.93 ng/ml in W/K1 group, compared
to 75.60£4.997 ng/ml in C group (p<0.0001). The level
of carboxylated osteocalcin (Fig. 2B) was significantly
reduced: 56.28+1.473 ng/ml in the W/K1 group versus
317.4%31 ng/ml in the C group (p<0.0001). The ratio be-
tween uncarboxylated and carboxylated osteocalcin (Fig.
2C) was increased in the W/K1 group: 10.10£0.703 versus
0.2438+0.0094 (p<0.0001).

hibit extrahepatic functions of vitamin K without affecting
the coagulation by careful balancing the doses of the vita-
min K antagonist and vitamin K1.

The high dose of warfarin used in the original model,
300 mg/kg body weight daily, was designed to reduce sig-
nificantly the carboxylation and hence, activation, of MGP
as a putative inhibitor of vascular calcification. It is mul-
tifold higher than the therapeutic dose of warfarin as an
anticoagulant drug. Price et al. have reported no changes
in the prothrombin times and hematocrits because of the
concurrent subcutaneous injection of vitamin K1. The
animals have shown no signs of bleeding. The authors de-

Folia Medica | 2020 | Vol. 62 | No. 2

381

Folia Medica



Folia Medica

S. Gancheva et al

scribed arterial calcification that started after two weeks of
warfarin treatment and progressively increased with time.
This model has been subsequently used in different experi-
mental studies to induce vascular calcification by either the
same scientific group!?, or by others!®, and deaths have not
been reported. Some authors have modified the model -
Schurgers et al.!” have administered the experimental sub-
stances mixed with food, and Bouvet et al.!® have dissolved
warfarin in the drinking water. Vascular calcification has
been successfully induced in these studies, showing that the
oral route of administration is as effective for this purpose
as the injectable one.

We attempted initially to use the original doses described
by Price et al.!2, using the oral route of administration for
vitamin K1 instead of the subcutaneous injection, to limit
the traumatic injury to the animals and the risk of bleeding.
Nevertheless, until the end of the first week of treatment,
we recorded four deaths of animals from the W/K1 group:
one on the 4" day and 5" day and two on the 7% day. All
the cases were associated with massive hemorrhages in the
subcutaneous tissue. In order to prevent further deaths,
from day 8 on we increased the dose of vitamin K1 by 50%,
and reduced the dose of warfarin by 50%. The modified
dosing regimen was kept till the end of the experiment, and
no more lethal or bleeding cases were observed.

Among the papers on vascular calcification, where this
or similar models were used, no evidence of bleeding has
been reported. However, the use of different strains of rats
- Sprague-Dawley rats in the original and similar experi-
ments!?*15 and Wistar rats in our experimental setting,
could potentially explain the different sensitivity of the an-
imals to the anticoagulant treatment. Schurgers et al.'” and
Bouvet et al.!® have used Wistar rats, but they modified the
route of administration of warfarin from injectable to oral.
We reduced the number of injections by giving vitamin K1
orally, but still injected warfarin, which also could have
contributed to bleeding despite the alternating the sites of
injection.

The vascular calcification in arterial vessel walls results,
at least partly, from impaired carboxylation of MGP.71%:12
The congenital deficiency of MGP results in death in early
life associated with massive vascular calcification, followed
by aortic rupture.'® The carboxylated form of the protein is
the active one. Because of the high affinity of Gla-residues
to calcium, the carboxylated MGP, containing 5 such resi-
dues, is able to bind tightly and selectively to hydroxyapa-
tite crystal nuclei of calcium depositions in the vessel wall,
and to prevent their growth and ability to seed daughter
crystals.”!? At present, the elevated level of uncarboxylated
MGP is used clinically as a biomarker detecting vascular
calcification.1%2

In all the studies, utilizing the original model of Price et
al. or its modifications, the authors have aimed at induc-
tion of vascular calcification.!>!%18 In our study, we used
the presence of calcium deposits in arterial vessel wall as a
means to verify the state of vitamin K deficiency. In the first

experiment we found signs of vascular calcification in the
experimental group, proving that warfarin treatment was
responsible for the observed changes (Fig. 1).

As for the two forms of osteocalcin in the serum, war-
farin treatment caused more than 7-fold increase of uncar-
boxylated osteocalcin level, and more than 5 fold decrease
of carboxylated osteocalcin level. These significant changes
in both forms of osteocalcin (Fig. 2) demonstrated that the
model of subclinical vitamin K deficiency could be success-
fully used to study the functions of osteocalcin and possibly
other extrahepatic Gla-proteins.

The results from the first experiment showed that war-
farin treatment induced a state of subclinical vitamin K
deficiency. However, we were not convinced in the safety
of the model. Therefore, we conducted a second experi-
ment, where we used the dosing regimen that had already
demonstrated lack of bleeding. Indeed, the modified doses
of warfarin and vitamin K1 proved to be well tolerated and
no hemorrhages were observed in the experimental rats
any more.

In order to confirm the ability of the reduced dose of
warfarin to induce a state of vitamin K deficiency, we sim-
ilarly examined the arterial blood vessels of the rats from
the second experiment for calcification. Calcium depos-
its were demonstrated again in the blood vessels and the
arteries were similarly affected in both experiments. Thus
the modification of the dosing regimen was as effective as
the original one in terms of generating a state of subclini-
cal vitamin K deficiency, being safer at the same time. Of
note, similar dosing schedules have been used by other au-
thors, e.g. Howe and Webster?! have successfully induced
vascular calcification with a dose of warfarin of 100 mg/kg
body weight daily, while preventing bleeding with 10 mg/
kg body weight vitamin K1.

CONCLUSION

A safe model of vitamin K deficiency could be successfully
induced in young healthy Wistar rats with daily subcuta-
neous injections of warfarin at a dose of 150 mg/kg body
weight. Oral supplementation with vitamin K1 at a dose
of 22.5 mg/kg body weight per day was sufficient to pre-
vent bleeding. The state was verified by demonstrating the
presence of vascular calcification associated with reciprocal
changes in the serum level of carboxylated and uncarboxyl-
ated osteocalcin. The model can be used to study the newly
identified physiological roles of osteocalcin.
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Pe3tome

BeepgeHue: Buramun K (BK) siBisiercst ko-akTopoM B MOCTTPaHC/IALMOHHOM raMMa-ITyTaMuaKapookcunuposannn Gla-6enkos.
BK-3aBucumble ¢pakTopbl CBEPTHIBaHMA KapOokcummpytorcs B medenn BK1. Ocreoxanbiys n marpuuHblit 6enok Gla (MGP) kap6ok-
CHJIMPYIOTCS BO BHEIIEYEHOUHBIX TKaHsAx u3 BK2. Mogenb HeocraTounoctn BK 6yner moxxopsiiert yist M3y4eHNs B HelIeYEHOUHbIX
Gla-6enkoB, ecnu cepbé3Hoe KPOBOTEUeHIE IIPEeOTBPALIEHO.

Lenb: Llenp HACTOSIIEr0 MCCIEFOBAHNSI COCTOSIA B TOM, YTOOBI afallTNPOBATh YCTAHOBJIEHHBIN IIPOTOKO/ A/ Ka/IbIyiyKaLum
COCYZOB OT MHAYLIMPOBAaHHOI BapdapuHoM nHakTuBaryy MGP B kadecTBe MHIMOUTOPa Kambli(UKaINy B IOIBITKE TOCTINYb Hortee
obuiero cyOxkmHm4Yeckoro feduunra BK 1 moarepauth ero 6€30macHOCTb.

Matepuanbl 1 MeToAbl: [IBa OC/IE[OBATEIbHBIX IKCIIEPUMEHTA, KXKIDII IPOJO/DKUTEIBHOCTDIO 4 Hefle, ObII HeOOXOAVIMbI
I M3MeHeHMs peXkuMa fo3uposanys Bapdapraa u BK1 1 111 aganTanmu K MCIONb3yeMbIM KpbicaM nHun Bucrap. IlepBoHayans-
HO JCIIONb30BaHHbIe T03bl BapdapiHa JO/KHBL ObIIM ObITh YMEHbIIEHBI BIBOE, a 3aluTHasA fo3a BK1 gomkHa ObUta OBITH yBOCHa,
4TOOBI M30€XKATh BHI3BAHHOII JICUEHIIEM IeMOpPparndeckoil cMepTit. Llenbio BTOPOro sKCIepiuMeHTa ObUI0 HOATBEPAUTD 9 deKTIB-
HOCTb 11 6€30I1aCHOCTb MOU(ULNPOBAHHBIX H03.

Y1066 IIPOBEPUTH ,]Iedr')I/ILH/IT BK, KPOBEHOCHDIE COCY/IbI 6B VICCTIEIOBAHBI I'MCTOJIOTMYECKY Ha Ha/IM4le OT/IOKEHUI KalbU s U U3-
MEPEHDI YPOBHM OCTEOKa/IbIVIHA.

Pesynbratbl: HayanbHblil pexxuM Jo3upoBaHust Bbi3Ban geduuut BK, 4To mposiBiasiocs B KanbunuKaLym apTepuit 1 pe3KoM 13-
MeHeHNU yPOBHell KapOOKCIIMPOBAHHOTO I HeKapOOKCMIMPOBAHHOIO OCTEOKA/IbIHA. MOU(pUIMPOBaHHBII PESKIM H03UPOBAHILL
BBI3BA/I AHAJIOTMYHYIO Ka/TbIU(PUKALIIO COCYAOB I OTCYTCTBYE KPOBOTEUEHMIL.

BbiBoA: MopuduipoBaHHbI IPOTOKON TIIATENBHO COaIaHCHPOBAHHBIX 103 BapdapyHa 1 BK1 saBnsgercsa apdekTuBHBIM 1 6e30-
IIACHBIM CII0COOOM BBI3BaTh Aeduimt BK B CyOKIMHIYECKUX YCTIOBIUAX, KOTOPBII MOKET OBITh pealn3oBaH i usydenus BK-sasu-
CUMBIX 0€/TKOB, TaKMX KaK OCTeOKa/IbIVH.

KnioueBble cnoBa

OCTEOKaIbIINH, KPBICHI, KaHI)L[]/I(l)I/IKaLU/[H COCyJ OB, Bapq}apl/IH
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