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Abstract. - BACKGROUND: Vascular calcifi-
cation and osteoporosis share similar etiopatho-
genetic mechanisms. Vitamin K2 deficiency
could be responsible of the so called “calcium
paradox”, that is the lack of calcium in the bone
and its storage in the vessel wall. These events
may have clinically relevant consequences, such
as cardiovascular accidents, and bone fractures.

AIM: To review the biological function of vita-
min K2 metabolism, the main factors related to
its deficiency and the consequent clinical signifi-
cance.

DISCUSSION: Vitamin K2 is essential for the
function of several proteins, involved in the
maintenance of the normal structure of arterial
wall, osteoarticular system, teeth, and for the
regulation of cell growth. It has been demon-
strated to have a pivotal role in the inhibition of
vascular foci of calcification, and in the regula-
tion of calcium deposition in the bone. Vitamin
K2 deficiency is often subclinic in a large part of
healthy population. This deficiency is related to
the interaction of various factors, such as the re-
duced dietary intake, the alteration of intestinal
absorption or production, with a possible role of
intestinal microbiota and the increased con-
sumption at the vessel wall.

CONCLUSIONS: Vitamin K2 deficiency has re-
cently been recognized as a protagonist in the
development of vascular calcification and osteo-
porosis. Data reported so far are promising and,
dietary supplementation seems a useful tool to
contrast these diseases. However, large studies
or solid clinical correlations regarding vitamin
K2 deficiency and its pathologic consequences
are needed to confirm these preliminary experi-
ences.
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Introduction

Cardiovascular diseases (CVD) and osteoporo-
sis (OP) are major health problems in Western
Countries, due to their increasing incidence relat-
ed to population ageing, and the consequent im-
pact on the cost of public health!. Tt is also easy
to argue how these two diseases may negatively
affect the condition of chronic patients and, more
generally, the physiologic process of ageing.
Therefore, there is a great interest in the preven-
tion of both CVD and OP?.

Calcific atherosclerosis (CA) is a notable de-
terminant of CVD complications, and shares
with OP similar risk factors, such as smoking,
sedentary lifestyle and dyslipidemia®*. Another
feature common to CA and OP is the long-lasting
latency period, often extended over decades dur-
ing the lifetime, that could be interrupted at every
moment by either an acute (e.g. myocardial in-
farction, sudden death, or bone fractures without
the evidence of significant trauma) or chronic
event (e.g. claudicatio intermittens, or pre-senile
and senile round back). The evidences regarding
other risk factors are discordant; the effect of
gender is doubtful, at least until the fifth/sixth
decade of life, and obesity, seems protective on
OP but deleterious for CA3®.

Beyond the large prevalence of these condi-
tions among old people, at the origin of the strict
association between CA and OP there are the
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same physiopathologic and pathogenic mecha-
nisms, such as subclinic inflammation, oxidative
stress, and, in particular, calcium dysmetabolism
(Figure 1). Recent evidences have cast a new
light on CA and OP association, and have sug-
gested the possibility to program common pre-
emptive and therapeutic strategies’. Several stud-
ies emphasizing the presence of a “bone-vascular
crosstalk” have been published, and the expres-
sion of its altered equilibrium is the association
between CVD-related mortality and osteoporotic
bone fractures. The innovative concept of “calci-
um paradox”, which means the deposition of cal-
cium in the vessel wall with the simultaneous re-
duction of calcium deposition in the bone, has
been provided to explain this phenomenon. How-
ever, at present, an unequivocal demonstration of
the causal relationship between these two events
has not been provided yet?®.

Vascular Calcifications: What do
they Mean?

The renewed interest in the study of the phys-
iopathogenetic mechanisms of calcium deposition
in arterial walls comes from the great number of
recent studies highlighting the prognostic impact

detected by computed tomography (CT), provid-
ing a score based on the quantification of calcium
in tunica intima and media of coronary arteries’.
The CAC score has been demonstrated to be relat-
ed with the incidence of new cardiovascular events
and CVD mortality'’. Moreover, CAC score is a
useful instrument to provide a classification of
those patients with a less defined prognosis; in-
deed, using the CAC score, individuals previously
included in the intermediate class of cardiovascu-
lar risk could be moved either in the high or in the
low class, with consequent important changes in
the diagnostic and therapeutic programs'!. The
need to find new indicators of cardiovascular risk,
such as the CAC, derives from the frequent obser-
vation that about 50% of patients who already had
a first episode of myocardial infarction do not ac-
tually have an increased cardiovascular risk, and
that many subjects belonging to the high cate-
gories of risk will never have a cardiovascular ac-
cident during their life. One of the possible mat-
ters of the epidemiologic research on CAC is the
unfeasibility of population studies, nevertheless
the difficulty to evaluate the different modality of
intervention, since CT imaging follow-up is not
advisable, due to the high risk related to radiation

of coronary arteries calcifications (CAC). CAC are exposure'?,
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Figure 1. Common physiopathologic aspects of atherosclerosis and osteoporosis. AMI acute myocardial infarction; PAD pe-
ripheral artery disease.
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As regards the physiopathology of vascular
calcifications, it has recently been demonstrated
that CA is a metabolically active process, rather
than a passive, age-related, almost progressive
and irreversible, phenomenon. CA resembles
bone mineralization, of which shares several cel-
lular and molecular mechanisms. The transfor-
mation of vascular smooth muscle cells (VSMC)
into osteoblastic-like cell is widely documented
in humans and experimental models of atheroge-
nesis, and is the final step of the transformation
of VSMC from the contractile phenotype to the
secretory phenotype'!'3. The result is the increase
in arterial wall stiffness and a consequent nega-
tive influence on hemodynamics, which together
with the thromboembolic risk of atherosclerotic
plaques and the effects of vascular stenosis or ob-
struction contributes to increase CVD risk. This
is the background of the development of systolic
hypertension, hypertrophy/dilation of left cardiac
ventricle, risk of myocardial infarction, risk of
cerebral hemorrhage, hypertensive nephropathy.
Furthermore, there are some evidences that glob-
ular subintimal microcalcifications are constantly
present within stable atherosclerotic plaques, and
exert a de-stabilizing effect dependent on peak
circumferential stress'#1.

A common pathogenic mechanism between
CA and OP has recently been identified, but it
has been only partially clarified; it is represented
by subclinic deficiency of vitamin K2 (VK2),
which could have an important role in the devel-
opment of “calcium paradox”?.

Biological Function of Vitamin K1 and K2
and Physiopathology of Carential Status

In the last decade, two wide epidemiologic
studies conducted in Central European popula-
tion evidenced that an adequate dietary intake of
VK2 isoforms menaquinone 4 and 11 (MK 4 and
11) is of great importance for cardiovascular and

bone health. Moreover, it is inversely related to
CVD morbidity and mortality and to incidence of
bone fractures?'?2. Furthermore, these studies
failed to demonstrate any protective effect of the
best-known vitamin K1 (VK1), also named phyl-
loquinone, necessary for the physiologic home-
ostasis of blood coagulation?*%. Other data re-
garding the detrimental effects of prolonged ad-
ministration of VK antagonists have been report-
ed. Anticoagulant treatment with dicumarols is
associated with an increased number of vascular
and cartilagineous calcifications, and non-trau-
matic bone fractures. These evidences reinforce
the evidence of the central role of VK2 in the
prevention of ectopic calcifications and bone
demineralization®”*3.

VK1 and VK2 are activators of specific hepat-
ic and extra-hepatic proteins with important bio-
logical functions, called “Gla-proteins”, which
are VK dependent (VKDP). Considering the
physiopathologic effects and the distribution of
VKDP, extra hepatic sites are the main targets of
VK2 absorbed from the gut, while hepatic ones
of VK134, The “Gla-proteins” owe their name and
differences to the richness of glutammic acid
residues, that are carboxylated in a VK-depen-
dent process necessary for the acquisition of the
biological function. Thus, un-carboxylated forms
of VKDP are biologically inactive, and their
presence in the blood is a sign of relative or ab-
solute VK deficiency®-*’. The 17 VKDP identi-
fied so far, their sites of synthesis and biological
functions are reported in Table I. VK1 acts main-
ly in the liver, activating the coagulation factors
IL, V, IX and X, and the antithrombotic proteins
C, S and Z. Indeed, spontaneous or pharmacolog-
ically induced VK1 deficiency has heavy conse-
quences on bood coagulation process, and leads
to serious polydistrectual hemorragic complica-
tions. The administration of activated coagulation
factors, in the short term, and of VK1, in the mid-

Table I. Classification of the 17 Gla-proteins based on their function.

Function

Protein

Hemostasis (pro-coagulant activity)
Hemostasis (anti-coagulant activity)
Inhibition of arterial calcification
Bone metabolism

Cell growth regulation

Unknown functions

Periostin

Periostin like factor
Trans-membrane Gla-protein

Prothrombin, factor VII, IX and X
Protein C, S and Z

Matrix-gla-protein (MGP)

Osteocalcin

Growth-arrest sequence 6 protein (Gas6)
Gla-rich-protein (GRP)
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dle-long term, are necessary to overcome VKI1
deficiency. Among the 17 VKDP identified so
far, 3 have been recently identified and are VK2
dependent. These VK2DP have a well-character-
ized biological function, essential for the mainte-
nance of the normal structure of arterial wall, os-
teoarticular system, teeth, and for the regulation
of cell growth. In particular, the Matrix-gla-
protein (MGP) is the gatekeeper of vascular “os-
sification”. MGP inhibits the precipitation of cal-
cium, in the form of hydroxiapatite crystals, at
the site of elastic lamellae, an event that blocks
the removal of the initial foci of calcification.
Thus, VK2 has a pivotal role in the prevention of
CA, as it is the only one, indispensable activator
of MGP. The second VK2DP with a relevant bio-
logical function is the Bone-gla-protein (osteo-
calcin). It acts in the bone, favoring mineraliza-
tion of trabecula, and in the tooth, favoring syn-
thesis of enamel. Finally, the third “Gla-protein”,
named Growth arrest specific-6 gene (Gas-6), is,
at present, object of several studies, due to its an-
ti-oncogenic potential. Gas-6 seems able to delay
tumor growth?®, and participates to anticalcificant
function of MGP, inhibiting apoptosis of the
SMC of the vessel wall; indeed, SMC process of
apoptosis provides the major number of initial
structured foci of calcification. Other VKDP are
object of study, but their clear role in the regula-
tion of cellular processes has not been found yet.

VK2 seems to have a wide range of action in
human, even only in relation to the physiopatho-
logic roles that have been demonstrated so far
(prevention of calcium precipitation in the matrix
of vessel wall, cartilage and soft tissue, the in-
volvement in neoformed bone trabecula ossifica-
tion and the potential regulation of cell growth).
This is the reason why VK2 is defined by the
most expert authors in the field as “a vitamin that
became omnipotent”™,

VK2 deficiency could be one of the key fac-
tors involved in the “calcium paradox”, providing
an explanation for the recent evidence of in-
creased CVD risk and mortality related to the ex-
ogenous administration of high calcium dose,
eventually associated with vitamin D**. Such a
deficiency could be the connection between CA
and OP, opening new intriguing therapeutic sce-
narios for both diseases.

Vitamin K2 Deficiency and Therapeutic
Potential of Dietary Supplementation

As reported by the studies published so far, in
the Western Population the percentage of MGP

carboxylation and activity seem to be about 60-
70% only. This frequency is compatible with a
real VK2 deficiency, maybe secondary to modifi-
cations of dietary habits occurred in the last 50
years, to population ageing, since the absorption
of liposoluble vitamins is reduced in old people,
and to other factors related to intestinal metabo-
lism. According to the recent theory of “triage”,
VK2 deficiency may be secondary to a kind of
preferential “choice”, that favors the VK1 in con-
ditions of reduced dietary intake and/or intestinal
absorption*. Indeed, the role of VK1 in main-
taining homeostasis of blood coagulation is
mandatory for survival, differently from the role
of VK2 whose deficiency has almost long-term
effects on individual health.

Cheese and fermented soya beans called “nat-
to” are food rich of VK2, which is also present in
lower measure in eggs, meat, and fish. VK2 in-
take can be evaluated by specific food frequency
questionnaires, or measuring plasmatic levels, a
method affected by blood lipid alteration. How-
ever, the functional evaluation of VK2 activity
seems the most useful to assess VK2 intake in
the clinical practice; it can be tested by quantifi-
cation of un-carboxylated VK2DP.

Based on this physiopathologic background, di-
etary supplementation with VK2 in subjects with a
proven deficiency, according to the principles of
translational medicine, may contribute, in the long
term, to the reduction of cardiovascular events and
osteoporotic bone fractures, improving osteoarticu-
lar dynamic in old patients too. At present, pub-
lished data regarding VK2 deficiency are restricted
to special populations of patients, such as those
who received a previous renal transplant and those
undergoing dialysis®*54, but the efficacy of VK2
administration on MGP and osteocalcin carboxyla-
tion has been demonstrated. Two trials, one in post-
menopausal women and the other in patients with
CAC, are still ongoing*’8,

Bacteria are the producers of VK2 present in
food; indeed, high levels of VK2 can be found
especially in fermented cheeses or in the natto,
which contains high levels of MK-7 due to the
presence of Bacillus Subtilis Natto*. Based on
these findings, a role of gut microbiota in main-
taining the physiologic balance of VK in humans
could be hypothesized.

The Role of Gut Microbiota in
Vitamin K Homeostasis

As like as food bacteria, intestinal bacteria are
the main non-dietary source of menaquinones.
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Our gut microbiota is made of 10 to 100 trillion
of microbes, distributed along the gastrointestinal
tract with a relative major abundance in the distal
gut®. Among 70 divisions of bacteria, there are
only two predominant ones: the Bacteroides and
the Firmicutes>'. However, only Bacteroides are
able to synthesize menaquinones®>4, which are
used as substrates for electron transport and ox-
idative phosphorylation.

Bacteroides are mainly able to synthesize the
very long chain forms (with higher number of
prenyl units) of menaquinones, the MK-10 and
MK-11, while the MK-7, MK-8, MK-9 and MK-
12 represent the minor part®*3. Moreover, Bac-
teroides produce VK2 isoprenologues, in which
one or more of the prenyl units are saturat-
ed>33+3657  About 200-300 nmol of vitamin K are
stored in an adult human liver, with a large inter-
individual variation®%. Phylloquinone represents
a minor part, while menaquinones are predomi-
nant, especially the MK-7 to MK-13, with a 90%
to 10% menaquinone to phylloquinone ratio>*.
The MK-10, MK-11, MK-12 and their isopreno-
logues are the main fractions of liver
menaquinones; since they are mainly produced
by Bacteroides, while are only in a little part in-
troduced with diet>*-%7, gut microbiota is the
main responsible for VK2 storage in the liver.

The debate whether liver storage may supply
for VK2 necessary for Gla-proteins carboxyla-
tion in physiologic conditions or when dietary in-
take is insufficient, is still open. Studies in rat
models are difficult to be conducted, since co-
prophagy represents a major bias in evaluating
the dietary vitamin K intake. Moreover, in such
animal models, the only reliable data regard the
effects of acute VK deficiency®', which is an im-
probable event in humans. Studies conducted in-
ducing VK deficiency in humans, reported that
phylloquinone stores in the liver show a faster re-
duction than long-chain menaquinones ones, due
to the different lipid content between the two
compounds®*$2, However, when the VK intake is
nearly to or equal to zero, after an initial condi-
tion of buffering due to liver stores, deficiency
becomes evident, leading to Gla-proteins decar-
boxylation and alteration in coagulation parame-
ters®*%*. Even if these considerations suggest that
gut microbiota alone is not able to produce ade-
quate amounts of menaquinones to maintain their
physiologic functions in absence of an external
source, its role in conditions of reduced (and not
completely absent) intake has not yet been as-
sessed. Moreover, the previous mentioned studies

examined only the restriction of dietary phyllo-
quinone (VK1), and in one of them*® individuals
under study received also antibiotic treatment,
which can alter gut microbiota composition and
function. Nevertheless, the specific contribution
of gut microbiota in maintaining VK2 stores in
conditions of severe and mild deficiency needs to
be further investigated, and may be not be related
to phylloquinone metabolism. Indeed, although
some authors postulated that MK-4 can be pro-
duced from intestinal conversion of dietary
VK 133556568 “guch an hypotesis has been succes-
sively denied®-"!.

Conclusions

Calcific atherosclerosis plays a pivotal role in
the development of cardiovascular disease, which
is a main cause of morbidity and mortality in de-
veloped Countries. Quantification of risk and the
knowledge of the mechanism at the origin of the
development of arterial calcifications are impor-
tant to prevent acute and chronic complications
and to increase patients’ survival. Vitamin K2 has
been demonstrated to be involved in the inhibi-
tion of vascular foci of calcification, especially
through the carboxylation of proteins that regu-
late calcium deposition in atherosclerotic
plaques. At present, the evaluation of VK2 activi-
ty is the most reliable tool in the assessment of
VK2 metabolism and its deficiency. Data regard-
ing VK2 supplementation are available in special
populations of patients, such as dialyzed ones,
but large randomized clinical trials are lacking.
Nevertheless, there are no internationally recog-
nized guidelines and also indications for the
every-day medical practice are scarce. In all pa-
tients diagnosed with calcific atherosclerosis, the
assessment of the overall cardiovascular risk is
mandatory, and an accurate evaluation of VK2
dietary intake is crucial for the investigation of
carential status. Probably, particular attention
should be paid to patients suffering from intesti-
nal dysmicrobism. However, gut microbiota in-
tervention in VK2 metabolism is still debated and
should be object of specific studies including mi-
crobial metagenomic characterization and func-
tional correlations.

In conclusion, we agree with the opinion that
vitamin K is “a vitamin that became omnipotent”,
and, in particular, a vitamin that became promis-
ing in the prevention of cardiovascular accidents
and complications; an adequate dietary supple-



R. Flore, ER. Ponziani, T.A. Di Rienzo, M.A. Zocco, A. Flex, L. Gerardino, et al.

mentation and a possible role of the correction of
bacterial dysbiosis could be determinant for its
physiologic effects on vascular calcifications. In
this regard, in our center a multidisciplinary study
group is investigating VK2 status in selected pa-
tients. The analysis includes the determination of
MGP carboxylation level in blood samples and a
food frequency questionnaire compilation, in or-
der to correlate the presence of the eventual VK2
deficiency to intimal-medial thickness and stiff-
ness of carotid arteries, presence of CA and signs
of intestinal microbiota alterations.
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