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Abstract

Vitamin K is a group name for K; (phylloquinone) and K, (menaquinones). Both forms contribute to the tissue vitamin K status.
Following intestinal absorption, the serum transport of these lipophilic compounds to their target tissues takes place via lipoproteins. In
previous studies we have found that K; is preferentially accumulated in the liver, whereas menaquinones have a more widespread
distribution pattern. Here we have tested whether these differences may be explained by the different liposolubility of the various K-
vitamers, resulting in their association with different lipoprotein particles. Six healthy male volunteers received a mixture containing
2 umol of each of three K vitamers (K;, MK-4, and MK-9) dissolved in corn oil. Blood was obtained at baseline and at different time
intervals after intake for the measurement of vitamin K in serum and in the lipoprotein fractions. During the first 4 h after intake all K-
vitamins were found to be associated predominantly with the triacylglycerol-rich lipoprotein (TGRLP) fraction. Since the TGRLP
fraction is mainly cleared by the liver, this suggests that initially most of the K-vitamins are transported to the liver. In contrast to K;,
however, both menaquinones investigated were also found in TGRLP and low-density lipoprotein, whereas MK-4 was even present in
high-density lipoprotein. This explains why menaquinones may have a different distribution profile and suggests a relatively large impact
of menaquinones on extra-hepatic vitamin K status than generally assumed. Moreover, the very long half-life time of MK-9 in the
circulation indicates that it may form a more constant source of vitamin K than are either K; or MK-4. © 2002 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Vitamin K is a group name for a class of compounds
which share a 2-methyl-naphthoquinone ring system, sub-
stituted at the 3-position with a variable aliphatic side
chain [1,2]. Most common forms found in the human
diet are phylloquinone (vitamin K;) and menaquinones
(vitamin K,). Whereas phylloquinone is a single com-
pound containing a mono-unsaturated side chain of four
isoprenoid residues, menaquinones may be subdivided fur-
ther on the basis of the number of isoprene residues (all of
which are unsaturated) in the aliphatic side chain. Accord-
ing to the general nomenclature menaquinones are de-
nominated as MK-n, where n stands for the number of
isoprene residues present. Menaquinones most commonly
found in food are MK-4, which is regarded as a short
chain menaquinone, and the long chain menaquinones
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MK-7, MK-8, and MK-9. Although all K-vitamins are
fat-soluble, their lipophilic character increases substan-
tially at increasing chain length; this may have consequen-
ces for their uptake, plasma transport, tissue storage, and
biological half-life time [3].

The function of all K-vitamins in mammals is that they
serve as a cofactor for the enzyme y-glutamylcarboxylase
during the biosynthesis of a special class of proteins, the
so-called Gla-proteins [4]. Well known examples of Gla-
proteins are a number of clotting factors produced by the
liver, including prothrombin and factors VII, IX, and X
[5]. During the last two decades, however, gammaglutam-
yl-carboxylase has been detected in a wide range of non-
hepatic tissues, and an increasing number of Gla-proteins
of extrahepatic origin have been characterized [1,5]. Most
of these proteins have regulatory functions, for instance in
tissue mineralization (osteocalcin and matrix Gla-protein)
[6,7] and cell growth (growth-arrest-specific gene-6 protein,
Gasb6) [8].

It is well known that intestinal absorption of K; takes
place via the enterocytes, which facilitate its incorporation
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into chylomicrons. These chylomicrons enter the circula-
tion via the lymphatic system, and most of the vitamin is
delivered to the liver through receptor-mediated uptake of
chylomicron remnants by hepatic parenchyma cells [2,9].
It seems probable that the other K-vitamins are taken up
via a similar process, but limited data for menaquinone
metabolism is available at this time. Moreover, it is un-
known how the extra-hepatic tissues are provided with
vitamin K. A possible route would be that part of the
K-vitamins are re-packed into the low-density lipoproteins
(LDL) which form a major transport system from the liver
to peripheral tissues. From animal experiments is has be-
come clear that the liver is the main target for uptake and
accumulation of vitamin K;, whereas most extra-hepatic
tissues (e.g., vessel wall, bone, testis, pancreas, kidney, and
lung) preferentially accumulated menaquinone [10,11].

Recently, it has been shown that postprandially, vitamin
K; is predominantly carried in the triacylglycerol-rich
lipoprotein fraction (TGRLP), and little is carried by the
LDL or HDL fraction [12]. In the study described in this
paper we have hypothesized that the vitamin K transport
in the blood stream to various tissues will take place via
circulating lipoproteins, and that the lipophilicity of the
various K-vitamers is an important factor in their distri-
bution over the different lipoprotein fractions. To test this
hypothesis, human volunteers received a single oral dose
of a mixture of K|, MK-4, and MK-9, and we have mea-
sured the appearance and disappearance of these vitamins
in serum. Subsequently, we have recorded their distribu-
tion over the various lipoprotein fractions as a result of
changes in postprandial lipoprotein concentration of vita-
min K.

2. Subjects and methods
2.1. Subjects and study protocol

In this study we have worked with a panel of six healthy
male volunteers recruited at the University of Maastricht.
Their mean age was 33.5% 6.3 years, and their body mass
index was 24.3£2.0 kg/m?. All participants were appar-
ently healthy, and their serum lipid profiles were within
the normal range. Neither medications nor vitamin supple-
ments (other than the experimental ones) were taken
throughout the study. The experimental protocol started
at 8 am after an overnight fast. At that time the partic-
ipants received a breakfast containing vitamin K (2 wmol
of each of K;, MK-4 and MK-9) dissolved in 30 g of fat
(corn oil), which was spread on toast with marmalade.
The blank meal (baseline curve to obtain at corresponding
time points serum vitamin K concentrations as a function
of the low-vitamin K meal) consisted of 30 g of fat with-
out vitamin K given at breakfast; values obtained during
this control phase were subtracted from those obtained
during the experimental phase. To exclude influences in

vitamin K metabolism due to additional K-intake by the
diet, participants were only allowed to eat food low in
vitamin K (toast, marmalade, bananas, apples) at lunch,
and to drink orange juice and water at libitum. After
18:00 h and during the rest of the entire study consump-
tion of vitamin K-rich foods (spinach, broccoli, Brussels
sprouts and kale) was not allowed. Unless indicated oth-
erwise, blood was drawn by venipunctures at 0, 2, 4, 6, 8,
24, and 48 after intake. Serum was prepared and 1-ml
aliquots were kept frozen until serial vitamin K determi-
nation. The study design was approved by the local Med-
ical Ethics Committee, and informed consent was obtained
from all subjects according to the institutional guidelines.

2.2. Materials

MK-4 was a kind gift from Eisai (Tokyo, Japan), K;
and MK-9 were obtained from Hoffmann-La Roche
(Basel, Switzerland). A set of purified menaquinones
(MK-4 through MK-10) was supplied by Roche and
served as reference compounds for the identification of
menaquinones. Corn oil was from CPC Bestfoods (Heil-
bronn, Germany) and contained 60 pmol/g of vitamin K
and no detectable amounts of menaquinones.

2.3. Analytical techniques

Triacylglycerol and cholesterol were determined by stan-
dard enzymatic techniques (Boehringer Mannheim, Ger-
many) using a Beckmann Synchron CX 7-2 autoanalyser
(Beckmann, Fullerton, CA). Vitamin K concentrations
were assessed by high-performance liquid chromatogra-
phy, with on-line electrochemical reduction of the effluent
and fluorescence detection [3]. The lipoproteins in serum
were separated on a 1006-1250 g/l KBr density gradient
[13]. Serum samples (3.5 ml) were adjusted to a density of
1250 g/l with solid KBr in polyallomer tubes and stacked
up with three 3-ml layers of KBr/NaCl solutions in 1 mM
EDTA (pH 7.4) of 1063, 1019 and 1006 g/l, respectively.
The gradients were centrifuged for 22 h at 36 000 rpm in a
Beckman SW 40 rotor. In this way the following lipopro-
teins were obtained in separate fractions: TGRLP (includ-
ing the chylomicrons, the chylomicron remnants, and the
very low-density lipoprotein (VLDL) fraction), the inter-
mediate-density lipoprotein (IDL), LDL, high-density
lipoprotein (HDL), as well as the lipoprotein-free (LPF)
fraction.

2.4. Data handling

Serum vitamin K concentrations during 48 h after oral
ingestion were recorded at indicated intervals. At each
time point mean values*S.E. for the six participants
were calculated and plotted as a function of time. Blank
values (no vitamin K ingested) were subtracted through-
out this study.
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Fig. 1. Serum vitamin K following the oral intake of 2 umol of oil-solubilized preparations. Also the triacylglycerol concentration of the TGRLP frac-
tion is drawn to show the correlation between the K-vitamin and triacylglycerol. Points are mean values from six volunteers; error bars represent

S.EM. e, K;; O, MK-4; m, MK-9; a, TG-TGRLP.
3. Results

Serum profiles for lipid components were prepared after
the vitamin K-rich meal only. Cholesterol and triacylgly-
cerol concentrations in total serum at baseline level were
within the normal range for all subjects. Lamon Fava et
al. showed that vitamin K did not affect the plasma lipo-
protein profile and that serum vitamin K and cholesterol
are not correlated [12]. Therefore, cholesterol in the lipo-
protein subfractions was not analysed. Peak values for
serum triacylglycerol concentrations were observed around
2 h postprandially, and were within the normal range.
They remained elevated until 8 h after the start and at
24 h all values had returned to baseline. The profile of
serum triacylglycerol in the TGRLP fraction was compa-
rable with that in total serum. The triacylglycerol content
of the LDL and HDL fraction remained constant in the
experiment.

In the same samples we have measured the concentra-

Table 1
Recoveries of K-vitamins after serum fractionation

tions of K;, MK-4, and MK-9 (Fig. 1). Maximal concen-
trations in serum were reached at 2.5, 4, and 5 h post-
prandially for MK-4, K;, and MK-9. All three vitamins
showed complex pharmacokinetics with multiphasic disap-
pearance curves, but their half-life times differed substan-
tially. Whereas K; and MK-4 had virtually disappeared
from the circulation after the overnight period, the clear-
ance of MK-9 was remarkably slower: after 24 h its serum
concentration was still about 25% of the peak value, and it
remained detectable until the last measurement at 48 h
after intake. The estimated half-life time for MK-9 during
the latter phase was about 60 h.

In Fig. 2 we have plotted the postprandial distribution
of Ki, MK-4 and MK-9 over the lipoprotein fractions as a
function of time; the recoveries as a percentage of total
serum vitamin K are given in Table 1. The clearance from
the blood stream of K; in the TGRLP fraction was nearly
complete after 8 h, and we have measured whether other
lipoprotein fractions contributed to the vitamin K trans-

K-vitamer Time after ingestion (h)

0 2 4 6 8 24 48
Total serum K1 (nmol/l) 1.49 15.2 46.8 31.4 10.1 2.63 1.02
Sum of K1 in fractions (nmol/l) 1.36 11.9 38.7 28.3 10.5 3.05 0.86
Recovery (%) 91.7 78.6 82.7 90.1 103.9 116.1 84.8
Total serum MK-4 (nmol/l) n.d. 18.1 14.0 6.94 1.41 0.43 n.d.
Sum of MK-4 in fractions (nmol/l) n.d. 13.7 12.5 8.21 2.11 0.41 n.d.
Recovery (%) 76.0 89.2 118.2 149.6 95.3
Total serum MK-9 (nmol/l) n.d. 3.65 5.58 3.56 1.41 1.51 1.11
Sum of MK-9 in fractions (nmol/l) n.d. 3.44 4.17 2.80 1.16 1.41 0.73
Recovery (%) 94.2 74.7 78.7 82.0 91.5 62.1

Mean values of six subjects. Vitamin K in total serum was before fractionation. The sum of all fractions include: TGRLP, IDL, LDL, HDL, and the

lipoprotein free fraction. n.d., not determined.
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port. As is shown in Fig. 2A, the K; concentration in the
LDL and HDL fractions was elevated during the first 24 h
after K; intake, but had returned to baseline at 48 h. If
expressed as a percentage of total serum vitamin K;, LDL
never contained more than 17% and HDL less than 18%
of total, whereas the remaining K; was recovered in the
TRLG fraction (Fig. 2B). MK-4, on the other hand, was
equally distributed over the TGRLP, LDL, and HDL
fractions (Fig. 2C). The clearance of MK-4 present in
the TGRLP fraction followed that of triacylglycerol. Ex-
pressed as a percentage, 19% of total serum MK-4 was
present in the LDL fraction at 2 h, and up to 81% at 8 h
after ingestion (Fig. 2D). The pharmacokinetic behaviour
of circulating MK-9 was different from that of K; and
MK-4: its appearance in the circulation and incorporation
into lipoproteins was slower than for both other vitamins
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Fig. 2. Serum vitamin K in lipoprotein fractions 0-48 h after intake. A, C, and E represent serum vitamin K in lipoprotein fractions of, respectively, vi-
tamin K;, MK-4, and MK-9 in nmol/l. B, D, and F represent the serum lipoprotein profile of K;, MK-4, and MK-9 as a percentage of the sum of all
lipoprotein fractions. O, TGRLP; m, LDL; 00, HDL.

(Fig. 2E). MK-9 appeared in the LDL fraction only at 8 h
after intake, and remained detectable therein until at least
48 h. At that time the MK-9 in LDL was 55% of the total
serum concentration (Fig. 2F). At no time point MK-9
was found in the HDL fraction.

4. Discussion

Unlike the fat-soluble vitamins A and D, vitamin K has
no specific plasma carrier protein, but is transported in
plasma mainly by lipoproteins [9,12]. Following dietary
uptake, vitamin K is absorbed in the intestine and enters
the circulation via the lymphatic system as part of the
chylomicrons [9]. In the circulation chylomicrons are cat-
abolized by the action of lipoprotein lipase (LPL) resulting
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in chylomicron remnants [14], which are then cleared
mainly by the liver via an apoE receptor-specific uptake
[15,16].

In our study it appeared that during the first 8 h follow-
ing intake of a mixture of equal amounts of the three K-
vitamins, the serum contained much higher concentrations
of K; than MK-4 or MK-9. Several explanations may be
given for this observation: poor intestinal absorption of
menaquinones or rapid uptake of menaquinones from chy-
lomicrons by the tissues. In previous studies in which we
compared the absorption of orally ingested K; and mena-
quinones, it was found that both in experimental animals
and in human volunteers the absorption of two menaqui-
nones (MK-4 and MK-7, respectively) was far more com-
plete than that of K; [3,17]. In these studies MK-7 was
taken as a representative of the long-chain menaquinones.
Although no data are available for the efficacy of intesti-
nal MK-9 uptake in humans, the previous studies do not
support poor intestinal absorption as an explanation for
their relatively low circulating concentrations. The fact
that in all experiments the serum concentration of MK-4
reached its maximum well before that of K; and MK-9
may result, therefore, from a quicker tissue uptake and
clearance of MK-4 from the blood stream, whereas the
very long half-life time for MK-9 points to a relatively
slow tissue uptake of this vitamer. To provide an under-
lying mechanism for these observations we hypothesized
that the different pharmacokinetic behaviour of the three
vitamers is related to their different hydrophobicity:
whereas the most water-soluble MK-4 may be packed rel-
atively loosely, the highly lipo-soluble MK-9 may be
present in the core of the lipoprotein particles, with an
intermediate position for K;. This hypothesis was tested
by measuring the vitamin K content of the various lipo-
protein fractions.

Already in 1974 Shearer et al. showed that the major
transport of vitamin K in plasma takes place via the
TGRLP fraction [9]; recently this was confirmed by La-
mon-Fava et al., who hypothesized that during the hydro-
lysis of triacylglycerol by lipoprotein lipase, K; remains
bound to the CR [12]. It is well known that after hydro-
lysis, the resulting fatty acids are readily taken up by en-
dothelial cells, and the fact that the serum profile of MK-4
closely follows that of triacylglycerol in the TGRLP frac-
tion suggests that MK-4 is taken up by the endothelium in
parallel with the fatty acids. A similar principle has been
reported for tocopherol [18]. During the formation of CR
by LPL, excess surface components are transferred to
HDL. The fact that — in contrast to the more hydrophobic
K; and MK-9 — at 2 h after ingestion MK-4 is already
present in the HDL fraction, further supports the hypoth-
esis that MK-4 is mainly associated with the outer side of
the lipoprotein particle, where it is available for substitu-
tion. HDL on its turn can transfer such hydrophobic com-
ponents to all other lipoproteins [19,20]. A second path-
way for lipoprotein uptake of MK-4 would be the direct

exchange from TGRLP to LDL, such as has been demon-
strated for retinyl esters [21]. An alternative explanation
for our observation that MK-4 peaks earlier in TGRLP
than K; does may be earlier and more efficient intestinal
absorption, rather than quicker tissue uptake. In previous
animal experiments MK-4 was absorbed substantially bet-
ter than phylloquinone, when given in the same form [17].
Furthermore, the MK-4 present in the TGRLP fraction is
rapidly cleared by the liver which than governs the MK-4
tissue distribution via its incorporation into lipoprotein
particles. Such a mechanism was shown to be the case
for vitamin E which has a specific binding protein in the
liver cytoplasm. This protein preferentially binds a-toco-
pherol and incorporates this homologue into nascent
VLDL, leading to a completely different lipoprotein pro-
file for a-tocopherol and y-tocopherol which differ only in
a single methyl group. The minor structural difference re-
sults in a mainly extrahepatic distribution of a-tocopherol,
whereas y-tocopherol disappears rapidly from plasma by
hepatic absorption, and is thought to be excreted via the
bile [22]. Until now no vitamin K-receptor protein has
been found on the cellular membrane, however. Only for
MK-4 a nuclear vitamin K2 binding protein was reported
to be present in human osteoblasts [23]. Further studies
have to be conducted to test this hypothesis. With respect
to clearance rate, Konishi et al. showed that 12 h after
ingestion of “C-labelled K; or MK-4, only 9% of K; and
as much as 74% of MK-4 was excreted in the bile [24]. The
authors concluded that MK-4 is much more extensively
metabolized than K;. However, biliary excretion is often
species specific and therefore cannot be extrapolated to
humans.

In fasting serum low amounts of K; were found in the
LDL and HDL fractions, with only a slight increase dur-
ing the postprandial period and peak values between 4-8 h
after ingestion. It is at least plausible that some of the
ingested K; reaches these fractions by hepatic redistribu-
tion via the VLDL pathway [25]. These data suggest that
the liver is the most important target tissue for vitamin
K, whereas relatively higher fractions of MK-4 accumu-
late in other tissues. But also in the latter case a dominant
role for the liver cannot be excluded: it could be, for
instance, that the liver is equally the initial target tissue
for MK-4 but that its metabolism then differs from K;,
including the possibility of a more rapid elimination of
MK-4. This is consistent with previous data from our
group demonstrating that K; was 2-5-fold more efficient
than MK-4 in counteracting vitamin K-deficiency induced
hypoprothrombinaemia in rats [26], and that at equal in-
takes of K; and MK-4 the former mainly accumulates in
the liver, whereas MK-4 is preferentially absorbed by ex-
tra-hepatic tissues such as testis, pancreas, and kidney [10].
Also, the preferential utilization of K; in the liver and
MK-4 in the vessel wall supports the hypothesis of tissue
specific uptake of K-vitamins [27]. However, one cannot
exclude the capacity of some tissues to synthesize MK-4
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from K; [28,29]. Especially those tissues which accumu-
lated preferentially MK-4 above K;, turned out to be ca-
pable of synthesizing their own MK-4 by conversion of K;
[11].

Like for K;, serum MK-9 concentrations reached a
maximum at 4 h after intake. During the first § h MK-9
was exclusively found in the TGRLP fraction, suggesting
that the liver is the main target tissue. A major difference
with both short chain K-vitamers, however, was that MK-
9 remained present in the circulation until the end of the
experiment, whereas K; and MK-4 had returned to base-
line levels after 24 h. In a similar experiment (data not
shown) MK-9 was even detectable at 72 h after intake.
During this phase MK-9 was mainly found in LDL, which
can survive in the circulation for several days. These data
are compatible with an initial uptake of MK-9 by the liver,
from where it is released slowly via LDL and remains
available for all kind of tissues possessing LDL-receptors
[30].

Taken together, our results show that the different lip-
ophilicity of the various K-vitamers may result in substan-
tial differences in their plasma transport and delivery to
target tissues. The data provide an explanation for the
previously observed preferential accumulation and utiliza-
tion of K; in liver and MK-4 in extra-hepatic tissues. Also,
they provide an explanation for the data from a recent
population-based study in which it was shown that long-
term intake of menaquinones (notably the long-chain
ones) is inversely correlated with arterial calcification,
whereas for K, intake the effect was much weaker [31].
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