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ABSTRACT

Background: Vitamin K is a term that comprises a family of structurally related quinones, phylloguinone (PK) and the
menaquinones (MKn), that share a common naphthoquinone ring but vary in sidechain length (n) and saturation. Dietary
PK'is a biosynthetic precursor to tissue menaquinone-4 (MK4), but little is known about the absorption and metabolism
of dietary MKn.

Objective: To characterize the absorption and metabolism of dietary MKn relative to PK.

Methods: In the 4-week diet study, 10-week-old male and female C57BL/6 mice were pair-fed a vitamin K deficient
diet (control) or a diet supplemented with 5.0 umol/kg total PK, MK4, and/or MK9 (separately and in combination). In the
1-week stable isotope study, 12-week-old mice were pair-fed diets containing 2.2 xmol/kg PK (unlabeled control), 2H;PK,
18C11MK4, 2H7MK7 or 2H;MK9. Vitamin K tissue content was quantified by HPLC and/or LC-MS, and concentrations
were compared by sex and diet group using 2-factor ANOVA.

Results: Regardless of the form(s) of vitamin K provided in the diet, tissue MK4 concentrations did not differ across
equimolar supplemented groups in the kidney, adipose, reproductive organ, bone, or pancreas in either males or females
in the diet study (all Pvalues > 0.05). Isotopic labeling confirmed the naphthoquinone ring of MK4 in tissues originated
from the administered dietary PK or MKn. Despite equimolar supplementation, accumulation of the administered dietary
form differed across diet groups in small intestinal segments (all P values < 0.002) and the liver (P < 0.001). Female
mice had greater total vitamin K than males in every tissue examined (P < 0.05).

Conclusions: Dietary PK, MK4, MK7 and MK9 all served as precursors to tissue MK4 in mice. This study expands our
understanding of vitamin K metabolism and supports a common conversion mechanism of all dietary vitamin K forms
to MK4. Further investigation of the metabolism and physiological roles of MK4 that may be independent of classical
vitamin K function is warranted. J Nutr2022;152:981-993.
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Introduction

Vitamin K is a term that comprises a family of the structurally
related vitamers, phylloquinone (PK), and the menaquinones
(MKn). All forms of vitamin K possess a 2-methyl-1,4-
naphthoquinone ring (commonly referred to as menadione)
with a sidechain at the 3-position, but are distinguished from
each another by the length and saturation of the sidechain.
Whereas PK possesses a mostly saturated phytyl sidechain, MKn
possess unsaturated isoprenoid sidechains that range in length,
where “n” refers to the number of repeating 5-carbon isoprenyl
units (1).

PK is produced by plants and is commonly called vitamin
K1 (2). MKn are often collectively referred to as vitamin

K2. This misnomer has caused confusion in the literature, as
evidenced by MKn being referred to or misunderstood as a
single entity and by the erroneous assumption that all MKn are
similar in origin (1, 3). The majority of MKn (MK5-MK13) are
bacterially produced (4, 5). In contrast, MK4 is not commonly
synthesized by bacteria (4) but rather is synthesized in tissues
of animals following ingestion of PK (6, 7), and can thus be
more correctly understood as a tissue vitamin K subtype. Briefly,
the phytyl sidechain of PK is removed by an unknown enzyme,
liberating menadione as an intermediate. The prenyltransferase
UbiA prenyltransferase domain-containing protein 1 (UBIAD1)
then transfers the geranylgeranyl group from geranylgeranyl
pyrophosphate to menadione to form MK4 (6, 8, 9). Menadione
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is sometimes referred to as vitamin K3, though in the absence
of a sidechain it is technically a provitamin K form. Although
menadione is not approved for human consumption, it is often
used as the vitamin K source in animal chow, as it is transformed
to MK#4 in tissues (9, 10).

The only firmly established physiological function for
vitamin K is as a cofactor for the enzyme gamma-glutamyl
carboxylase (GGCX) (3, 11). GGCX is responsible for the
activation of a group of proteins collectively termed vitamin
K-dependent proteins, which have diverse functions (12). All
vitamin K forms can function as a cofactor for GGCX (3),
though efficacy may decrease with an increasing sidechain
length (13). However, given that both PK and MK4 have
similar efficacy as cofactors for GGCX (13), the conversion of
PK to MK4 in vivo suggests that MK4 may have additional
physiological roles. There is also some evidence that, like PK,
oral MK4 undergoes sidechain cleavage and reprenylation to
reform MK4 (6). Moreover, menadione is excreted in urine
following ingestion of PK, MK4, and MK7 (14), suggesting
a common conversion mechanism may exist for all dietary
vitamin K forms to MK4 (15). However, this notion has not
been conclusively established.

Current requirements for vitamin K are based on adequate
dietary intakes of PK, which is found in leafy green vegetables
and vegetable oils and has historically been considered the
predominant dietary source of vitamin K (16). However,
MKn are more prevalent in the food system than previously
recognized—for example, present in fermented foods, dairy, and
meat—and thus may be relevant contributors to vitamin K
status (1, 17, 18). To date, robust bioavailability studies have
only been conducted for PK, and comparable data are lacking
for MKn (1, 3). Proposals for separate dietary requirements for
“vitamin K2” (19) are currently premature because we lack the
rigorous studies needed to fill gaps in understanding the biologic
basis for putative claims that there are unique health benefits of
MKan relative to PK (20).

One such fundamental gap is a comparison of the relative
bioavailability of vitamin K forms from the diet. The original
purpose of the current study was to compare the absorption
and tissue-specific accumulation of dietary vitamin K forms
of varying length and saturation (PK, MK4, and/or MKDY)
in male and female C57BL/6 mice, which we hypothesized
would vary by vitamin K form. However, regardless of
the dietary vitamin K form administered in the diet, the
predominant form in most tissues was instead MK4, which was
furthermore equivalent in concentration in most tissues across
diet groups. To further examine these unexpected findings, we
then conducted a second study leveraging stable isotope-labeled
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vitamin K forms (*H-PK, *C;;MK4, *H,;MK7, or 2H,MK?9)
to test the hypothesis that PK and MKn alike serve as dietary
precursors to MK4 (Figure 1), which was confirmed by the work
herein.

Methods

Animal models and pair-feeding protocol

Eight-week-old male and female C57BL/6 mice were purchased from
Charles River Laboratories and were fed an AIN-93G diet (21)
(TD.94,045; Envigo) ad libitum for 2-4 weeks prior to the study
initiation to allow mice to acclimate to the new facilities and ensure
animal health prior to the study initiation. Once started on study diets
(as further described below), mice were group pair-fed to decrease
variability both within and between diet groups (22). Briefly, all mice
in each group were given a weighed portion of food. On the next
day, any remaining food was weighed back, and the weight of food
provided to all mice was decreased to the mean daily consumption
of the group with the least food consumption. If no food remained,
the quantity was increased by 0.5 g per day until individual mice
did not eat the entire portion of food. This procedure was repeated
daily until the experiment was concluded. Mice were given water ad
libitum, and were individually housed in conventional cages. We have
previously shown that housing mice in suspended wire cages, meant
to prevent coprophagy, results in poor health of the animals and does
not influence tissue vitamin K concentrations compared to conventional
housing (23). At the conclusion of the studies, the mice were euthanized
with isoflurane (administered with a precision vaporizer; 3%—5%), and
blood and tissues were collected. All animal experiments and protocols
were approved by the Institutional Animal Care and Use Committee at
the Human Nutrition Research Center on Aging at Tufts University.

Preparation of study diets
Study diets were mixed in-house to customize and ensure diet vitamin
K concentrations. Commercial rodent diets often contain menadione,
which is converted to MK4 in vivo (10). A vitamin K-deficient
basal mix (TD.120,060; Envigo) containing no menadione was used
as the base for all study diets, the composition of which has been
described previously (23). Purified vitamin K forms were obtained from
Sigma-Aldrich (PK, 2H,PK, MK4, MK9) and IsoSciences ('3Cy; MK4,
2H,MK?7, 2H7MK?9). The purified PK and '3C;;MK4 contained both
cis and trans isomers (12% and 20% cis, respectively), whereas all
other purified vitamin K forms contained >98% of the trans isomer.
As the trans isomer is the biologically active isomer (24), diet vitamin
K concentrations were formulated on molar concentrations of the trans
isomer of vitamin K forms.

Vitamin K forms were first solubilized in tocopherol-stripped corn
oil (5% diet; CA.160,160; Envigo) and then mixed into a vitamin K-
deficient basal diet mix (95% diet). Vitamin K concentrations in diets
were measured by LC-MS, as described previously (25). For the diet
study (as described below), supplemented diets were formulated to
an equimolar target of 5.0 pumol trans vitamin K/kg diet, and total
(trans + cis) diet concentrations were as follows (mean & SD): vitamin
K—deficient diet (control), 0.0206 & 0.00198 mg PK/kg; PK diet, 3.20 +
0.932 mg PK/kg; MK4 diet, 2.15 + 0.0184 MK4 mg/kg; MK9 diet,
3.82 £+ 0.598 MK9 mg/kg; and PK/MK4/MK9 diet, 0.924 + 0.173
PK, 0.821 + 0.129 MK4, and 1.31 £+ 0.214 MK9 mg/kg. For the
stable isotope study (as described below), diets were formulated to
an equimolar target of 2.2 pumol trans vitamin K/kg diet, and total
(trans + cis) diet concentrations were as follows (mean 4 SD): unlabeled
PK (control) diet, 1.16 + 0.199 mg PK/kg; 2H,PK diet, 1.33 4 0.143 mg
2H,PK/kg; 13C11 MK4 diet, 1.69 + 0.485 mg 13Cy; MK4/kg; 2H,MK7
diet, 1.90 £ 0.171 mg 2H,MK7/kg; and 2H;MK9 diet, 1.94 + 0.840 mg
2H,MK9/kg. All diet concentration data expressed in molar units and
as the trans isomer only are included in Supplemental Table 1.

Diet study (utilizing unlabeled vitamin K forms)
Fifty male and 50 female 10-week-old C57BL/6 mice were acclimated
on a vitamin K-deficient diet for 4 weeks. Mice were then randomized
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FIGURE 1 Proposed conversion mechanisms for the MK4 formation for the administered vitamin K forms supplemented in the stable isotope
study. It is postulated that all vitamin K forms undergo complete side chain cleavage to MD, followed by UBIAD1-catalyzed prenylation with
a geranylgeranyl group (via geranylgeranyl pyrophosphate) to form MK4. The cleavage enzyme is currently unidentified. Abbreviations: MD,
menadione; MK4, menaquinone-4; MK7 menaquinone-7; MK9, menaquinone-9; PK, phylloquinone.

to 5 pair-fed groups with maintenance on a vitamin K-deficient diet
(control) or a supplemented diet containing 5 umol/kg of PK, MK4,
or MK9 or an equimolar combination of PK/MK4/MK?9 for 4 weeks.
Mice were pair-fed, and the supplemented dose represents 2.3-fold
the recommended vitamin K content of standard rodent diets (10). In
humans, twice the minimum recommended PK intake would mimic
the PK intake on a healthy diet (26). Mice were 18 weeks of age
at the time of fasted sacrifice, and blood and tissues were harvested.
The gastrointestinal tract was flushed with PBS buffer to remove
intestinal contents, and was segmented: the small intestine was collected
from below the stomach to above the cecum and cut into 3 parts
(approximating the duodenum, jejunum, and ileum). Immediately after
collection, all tissues were frozen in liquid nitrogen and stored at —80°C
until the time of analysis. Three male mice in the vitamin K-deficient
(control) group died prior to the completion of the study, so data
from 7 mice are reported for that group (all other groups retained
10 mice).

Another parallel, proof-of-concept diet arm was included to
demonstrate absorption from a rich, food-based source of MKn (freeze-
dried pork; 24% of diet). These data are included in Supplemental
Table 2, but were not considered statistically because they were not
matched to the other diet arms on vitamin K or macronutrient
contents.

Stable isotope study (utilizing labeled vitamin K
forms)

For 6 weeks, 35 male and 35 female 12-week-old C57BL/6 mice were
acclimated on a vitamin K-sufficient (2.2 pumol/kg unlabeled PK) diet.

Mice were then randomized to 5 pair-fed groups, with maintenance on
the unlabeled PK diet (control) or a diet containing 2.2 umol/kg of
the stable isotopically labeled vitamin K forms—?H,PK, 13C;1MK4,
2H;MK?7, or 2H;MK9—for 1 week (placement of the isotopic labeling
is shown in Figure 1). A lower supplemented dose was chosen for
this study to match the standard recommended vitamin K content
for rodents [molar equivalent to 1.0 mg PK/kg diet (10)]. The mice
were 19 weeks of age at the time of nonfasted sacrifice, and blood
and tissues were collected. The collection and storage of tissues (with
additional collection of the colon, segmented from below the cecum)
were as described above. One female mouse in the control group was
not included in the analysis due to a protocol error (7 = 6 for control;
all other groups, 7 = 7).

Extraction and detection of vitamin K forms
Tissues were homogenized prior to extraction. Intestine, bone, and
muscle samples were treated with liquid nitrogen and homogenized with
a mortar and pestle over dry ice. All other tissues (liver, kidney, brain,
adipose, pancreas, lung, reproductive organs) were homogenized in PBS
buffer using a Powergen homogenizer (Fisher Scientific) as previously
described (23). Serum was prepared as reported previously (25, 27).
As samples from the stable isotope study were collected nonfasted,
some tissues (adipose, ileum, and colon) required an additional lipase
step [as previously described (28)] for adequate purification. All HPLC-
grade solvents (Fisher Scientific Inc.) were used for extraction and
chromatography procedures.

For the diet study, unlabeled tissue vitamin K forms (PK and MK4-
MK13) were measured by LC-MS (Agilent series 1200 HPLC; Agilent
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6130 Quadrupole MSD) using the previously described method (25). If
tissues contained only MK4 and/or PK (or these forms at concentrations
<30 pmol/g), PK and MK4 were measured by reversed-phase HPLC
(27) with lower limits of detection (LLODs) of 0.1 pmol/g for both
PK and MK4 (liver, kidney, adipose, reproductive organ, bone, brain,
lung, and muscle) or the modified C30 LC-MS method (duodenum,
jejunum, and ileum), as described in detail below, to obtain better
sensitivity.

For the stable isotope study, the MS system was required for
differentiation of stable isotope-labeled compounds, and separation of
stereoisomers required the use of a C30 column. Therefore, unlabeled
and labeled tissue vitamin K forms (PK and MK4-MKD9) in tissues were
measured on the same LC-MS above using a ProntoSil C30 column
(5 pm; 250 mm x mm) (29), with the following modifications. The
mobile phase was solvent A (100% methanol) and solvent B (100%
methylene chloride). A linear gradient was run as follows: 0% solvent
B at 0.0 minutes to 2% solvent B at 15.0 minutes, to 3% solvent B
at 22.50 minutes, to 10% solvent B at 25.0 minutes, to 30% solvent
B at 55.0 minutes at 1.0 mL/min. From 55.0-60.0 minutes, the flow
rate was increased to 1.2 mL/min to remove lipophilic compounds,
remaining at 30% of solvent B. At 60.1 minutes, solvent B was decreased
to 0% and the flow rate was returned to 1.0 mL/min. The cycle
was complete at 65.0 minutes. Labeled compounds of interest were
selected at the indicated mass-to-charge ratios (Supplemental Figure 1).
Kis (m/z 521.6) was used as an internal standard. Tissues that were
identified to contain only MK4 and/or PK were run using an abbreviated
method to minimize the unnecessary use of solvents. The total run
time was 32.0 minutes, and MKS5 (m/z 513.4) was used as an internal
standard. In tissues except adipose, the LLODs for the C30 methods
were 5 pmol/g for unlabeled PK isomers, MK4, and all MK5-MK?9, and
were 2.5 pmol/g for 2H;MK4, 13C;{MK4, 13C4MK4, and 2H-PK. In
adipose, the determined C30 LLODs were 10 pmol/g for unlabeled PK
isomers, MK4, and all MK5-MK9, and were 5 pmol/g for 2H;MK4,
13G,;MK4, 13C,MK4, and 2H,PK.

Calibration standards for the stable isotope study contained
labeled and unlabeled vitamin K forms, including the expected stable
isotope products: 3C¢MK4 (kindly donated by Isosciences) and
2H,MK4 (Sigma-Aldrich). Responses of all stable isotope forms were
standardized to the area of the corresponding unlabeled form in the
calibration standard. Tissue concentrations reported refer to the trans
isomer only, unless otherwise specified.

Statistical analyses

Sample size calculations for the diet study were based on published data
from our laboratory of kidney PK concentrations of vitamin K-deficient
and vitamin K-sufficient male C57BL/6 mice (23). With an effect size
of 3.30 pmol/g tissue and an SD of 1.56, after accounting for the
comparison of multiple means, it was determined that 10 mice per group
would provide 80% power to detect a difference by diet group at an « of
0.05. To align with the NIH initiative to account for sex as a biological
variable (30), both male and female mice were included (7 = 10 each
sex). As the purpose of the stable isotope study was to examine the
conversion of dietary MKn to MK4, sample size calculations were
based on duodenal MK4 concentrations of MK9-supplemented males
as compared to vitamin K-deficient males in the diet study [no stable
isotope-labeled MK4 was anticipated in the unlabeled PK (control)
group]. With an effect size of 8.54 pmol/g tissue and an SD of 3.87, after
accounting for the comparison of multiple means, it was determined
that 7 mice per group would provide 80% power to detect a difference
by diet group at an « of 0.05. Again, both male and female mice were
included.

Concentration data were assessed for normality, and In-transformed
to improve normality prior to statistical testing. To avoid the
transformation of 0, nondetectable (ND) concentration values were
replaced with the LLOD/2. For each tissue, data are displayed by sex and
diet group. All tabular data are presented as geometric means = SEMs.
Notation of ND within the tables signifies that for the specified tissue,
no animal within the group contained the vitamin K form at a detectable
level. If detectable levels of a compound were detected in some, but not
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all, of the animals within a group, the geometric mean + SEM, with the
ND substitution as above, were presented.

The effects of sex and diet group on concentrations of vitamin K
forms were analyzed by 2-factor ANOVA with an interaction term.
Significance testing was evaluated using 2-tailed tests at an alpha level
of 0.05. If the interaction term was significant, the main effects of sex
and diet group were not interpreted in the full model and analyses by
diet group were stratified on sex. If the interaction was not significant,
the interaction term was dropped from the model and the effect of diet
group was averaged over sex. Pairwise comparisons by diet group were
conducted using Tukey’s Honestly Significant Difference to account for
multiple comparisons. Pairwise comparisons by diet group are presented
in the tables with superscript letters (where a > b > ¢ > d) for males and
females separately (if analyses were not stratified on sex, the superscripts
represent the effect of diet group averaged over sex, and are thus parallel
for males and females). All analyses were done in R, version 3.6.3
(2020-02-29).

Results

Vitamin K forms supplemented in the diet accumulate
in small intestine and liver tissues

In the diet study, all forms of vitamin K (PK, MK4, and/or MK9)
provided in the diet accumulated in duodenal and liver tissues
(Table 1). The accumulation of vitamin K forms was in part
reflective of the form(s) supplemented in the diet, as indicated
by footnote 2 in Table 1. In the duodenum, PK concentrations
were higher in the PK-supplemented group compared to all
other groups in both male and female mice (all pairwise P
values < 0.001). Similarly, MK9 concentrations were higher in
the MK9-supplemented group in both male and female mice
(all P values < 0.05). In fasted jejunal and ileal tissue, only
PK and MK4 were present. The accumulation of vitamin K
forms in liver was also reflective of forms supplemented in the
diets. In both male and female mice, liver PK concentrations
were greater in the PK-supplemented group (all pairwise P
values < 0.001), MK4 concentrations were greater in the
MK4-supplemented group (all P values < 0.05), and MK9
concentrations were greater in the MK9-supplemented group
(all P values < 0.03) compared to all other groups (Table 1).
Despite equimolar supplementation of PK, MK4, and MK9,
the dietary vitamin K forms appeared to accumulate to
unequal concentrations in small intestine and liver tissues across
supplemented groups. However, concentrations of the dietary
forms were not formally compared to each other, as dietary
MK4 could not be distinguished from metabolized MK4 (as
discussed below), and MK9 was also present in livers of mice
not supplemented with MK9.

Tissue MK4 accumulated to generally equal
concentrations among supplemented groups
Regardless of the form of vitamin K supplemented in the diet
study, MK4 accumulated to equivalent concentrations within
sex across groups in the kidney, adipose, reproductive organ,
bone, and pancreas of all supplemented mice, and all exceeded
tissue MK4 concentrations of the vitamin K-deficient control
groups, as shown in Table 2. In the brain, lung, and muscle,
MK4 concentrations were comparable among supplemented
groups within sex, but several statistically significant pairwise
differences were observed (Table 2). Besides MK4, PK was
the only other vitamin K form detected in extraintestinal and
extrahepatic tissues (Table 2).
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The naphthoquinone ring of MK4 originates from the
dietary administered vitamin K form

In the stable isotope study, isotopic labeling of the vitamin
K forms allowed for confirmation that MK4 in tissues
originated from the vitamin K provided in the diet (henceforth
referred to as the administered vitamin K form), differentiation
between untransformed dietary MK4 and metabolized MK4,
and administered MKn from those that may originate from
the gut microbiota. Thus, concentrations of supplemented
dietary vitamin K forms could be compared across equimolar-
supplemented diet groups.

In all groups supplemented with stable isotope-labeled forms
of dietary vitamin K, stable isotope-labeled MK4 was detected
in tissues (Table 3). In male and female mice supplemented with
deuterium-labeled forms (*H,PK, *H;MK7, and *H;MK?9),
the labeled MK4 in tissue retained the deuterium labeling
on the naphthoquinone ring (*H;MK4; Figure 1). In male
and female mice supplemented with '3Cy;MK4, 3C,MK4
was detected in tissue, again demonstrating conservation of
the naphthoquinone ring of the administered vitamin K form
(Figure 1).

Administered vitamin K forms obtained from the diet
accumulate unequally in tissues

In the duodenum, the accumulation of the administered vitamin
K form was greater in the unlabeled PK (control) and the
2H,PK- and '3C;;MK4-supplemented groups as compared
to the 2H;MK7-supplemented group (all P values < 0.05),
but no group had concentrations significantly different from
that in the 2H;MK9 group, in either male or female mice
(Table 3). Pairwise comparisons revealed significant differences
in concentrations of the administered vitamin K form by diet
group in the jejunum and ileum. However, these differences were
not consistent across segments of the small intestine and differed
by sex (Table 3). In the colon, there were significant differences
in concentrations of the administered vitamin K form by diet
group in female mice, but not in male mice (Table 3).

Accumulation of the administered vitamin K form in the
liver also differed by diet group, but the response differed by
sex (Figure 2). In males, liver accumulation of the administered
vitamin K form was significantly less in the 2H;MK7 group
as compared to the unlabeled PK (control) and ?H;PK- and
2H;M9-supplemented groups (all P values < 0.01), but did
not significantly differ from the 3C;;MK4 group (P = 0.38).
However, in females, the 3C;;MK4-supplemented group had
significantly lower administered vitamin K form accumulation
as compared to all other groups (all P values < 0.01),
and the 2H;MK9-supplemented group had significantly more
accumulated administered vitamin K form as compared to the
control group (P < 0.05; Figure 2).

The administered vitamin K forms PK, ?H,PK, and
13C;1MK4, but not 2H;MK7 or 2H;MK9, were present in
the adipose tissue of the respective supplemented groups
(Table 4). Small amounts of administered *C;;MK4 were
detected in the pancreas of '*C;; MK4-supplemented mice, but
no other administered vitamin K forms were detected in the
pancreas (Table 3).

Approximately half of tissue MK4 is turned over in

1 week in the pancreas and brain

Labeled MK4 as a percentage of total vitamin K in tissues
was examined to investigate an organ preference for MK4 and
to estimate MK4 turnover in the brain and pancreas, where
MK4 was the only vitamin K form present. In the pancreas and

brain, stable isotope-supplemented groups had approximately
half the unlabeled MK4 concentrations as compared to the
unlabeled PK (control) group, and around 50%-60% of the
total MK4 was the resultant labeled MK4 (Table 3), suggesting
approximately half of the MK4 in these tissues is turned over
and replaced by MK4 originating from dietary vitamin K within
1 week of feeding in both male and female mice. In tissues where
administered vitamin K forms were also present (intestinal,
hepatic, and adipose tissues), the percentages of labeled MK4
exhibited a wider variance across diet groups (Tables 3 and 4).

Vitamin K forms were below the limits of detection in
serum

No vitamin K forms were detected in fasted serum in the diet
study. In nonfasted serum samples collected from the stable
isotope study, concentrations of all vitamin K forms were below
the LLODs of the assay, and therefore could not be reported here
with accuracy.

Vitamin K forms not supplemented in the diet were
present in the colon and liver

In addition to the MK9 present in the livers of mice
not supplemented with MK9 in the diet study (Table 1),
menaquinone-10 (MK10) was detected in variable amounts in
liver tissue and menaquinone-6 (MK6) was detected in variable
amounts in colon tissue (data not shown). Both forms are
known to be produced by common bacterial genera within the
intestinal microbiota.

Discussion

At physiologically relevant dietary concentrations in mice,
PK and multiple MKn of varying lengths were generally
equivalent precursors for tissue MK4. Furthermore, MK4 was
the dominant vitamin K form found in most tissues. These
findings advance our understanding of the metabolism of
dietary vitamin K forms (Figure 1), and suggest that the
common metabolite MK4 may either have additional functions
beyond the established roles for vitamin K, including but not
limited to roles in the prevention of cancer and in vascular
maintenance (3, 31), or could simply be a means of regulation
of vitamin K in the body.

What is known to date about vitamin K absorption and
metabolism is largely based on studies of PK, and has been
reviewed in detail (3, 15). Vitamin K is absorbed via an active
process involving the cholesterol receptor Niemann-Pick C1-
Like 1(NPC1L1) (32), and possibly scavenger receptors (33, 34).
Current evidence regarding the generation of MK4 suggests that
the side chain of dietary vitamin K is removed during intestinal
absorption, and that menadione is a circulating precursor to
MK4 formation in target tissues. In mice, MK4 accumulated
in brain tissue when PK was administered orally, but not when
administered intravenously or intercerebroventricularly (8). In
contrast, menadione administered via any of the above routes
resulted in MK4 accumulation (8). These results implicated the
intestine as a critical locale in the conversion, and suggested that
some tissues are able to synthesize MK4 locally at the tissue
if supplied a liberated naphthoquinone precursor. Furthermore,
menadione has been measured indirectly in serum following
oral administration of PK (9). Our data are consistent with
this developing paradigm. Here, we detected converted MK4
in intestinal tissue, supporting that sidechain cleavage—and
also some reprenylation—does occur in the intestine. Our
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(Continued)

TABLE 3

Females

Males

Sex x

2-way ANOVA Pvalues

Group Group
2H,MK7, 2H;MK9, Control, unlabeled 24, PK, 13¢41MK4, 2H;MK7, 2H;MK9,

3¢, MK4,

2H,PK,

Control, unlabeled

Group

Group
<0.001

Sex
<0.001

n=17 n=17 n=17

7

n=

6

PK, n
3592 £ 230

n=17 n=17 n=1 n=17

PK,n=17

VK form?
Unlabeled MK4
Administered VK

Tissue

0.268
<0.001

1540 £ 2,05 1390 + 563 143¢ + 884

5492 + 0.553

1590 + 4.96

39.7° £ 228

4370¢ 4 315

42200 £ 311

5050 & 2.75

92.12 £ 6.07

Pancreas

NDP

NDP

ND2 2187 + 0.332 ND2 ND2 NDP NDP

ND?

form
Labeled MK4

<0.001

2318 + 184
374 + 263
61.7%2 < 1.02%

2422 £ 114
38220 + 144

63.4%° £ 1.17%

1880 + 6.85
3480 + 667
54.0%° + 1.07%

276% £ 8.27
4358 £+ 11.8
63.5%% + 0.673%

71.0° + 419 63320 + 358 NDC
3590 + 230

11580 4 657
61.7%2 + 153%

5540 + 3.88
99.9" + 6.94
55.5%0 + 0.772%

76.6% £ 2.41

<0.001 0.637

<0.001

<0.001

1030 + 529
61.3%2 + 1.15%

92.1% + 6.07 1272 + 4.94
60.2%2 4 0.777%

Total VK
% Labeled MK4

0.154

0.249

0%°

0%

(of total VK)

1Values are geometric mean + SEM; data are shown as pmol/g tissue (except % labeled MK4 rows). Superscript letters indicate pairwise comparisons by diet group across a row, where a > b > ¢ > d for males and females separately, and geometric means sharing

a common superscript are not significantly different from each other (Tukey's Honestly Significant Difference; P < 0.05). If analyses were not stratified on sex (i.e., the interaction term was nonsignificant), the effect of diet group was averaged over sex, and thus

superscripts for males and females are parallel. All vitamin K concentrations were measured using C30 LC-MS assay with the following LLODs: 5 pmol/g for unlabeled PK, unlabeled MK4, 2H7l\/IK7, and ZH7MK9 and 2.5 pmol/g for 2H7 PK, 2 H;MK4, 13Cﬂ MK4, and

13C6MK4. Abbreviations: LLOD, lower limit of detection; MK4, menaquinone-4; MK7, menaquinone-7; MK9, menaquinone-9; ND, nondetectable; PK, phylloquinone; VK, vitamin K.

2 pAdministered VK form” refers to the VK form supplemented within that group (PK in the control group, 2H7 PK in the 2H7 PK group, and so on).

and generated '3CgMK4.

“Labeled MK4" for the '3Cqy MK4 group refers to the generated '3CgMK4 only, not a sum of administered '3Cq; MK4

observation that even dietary MK4 is transformed to MK4
is consistent with previous reporting by Nakagawa et al. (6),
and suggests the cleavage enzyme does not discern different
vitamin K forms. Serum concentrations of vitamin K were
below the limits of detection here, which could be interpreted
as support that menadione (and not circulating administered
vitamin K or MK4 generated in the intestine) is the circulating
precursor to tissue MK4. Alternatively, this may also be
related to species differences in lipoprotein metabolism, as
mice are considered HDL dominant (35, 36) and vitamin K
associates with triglyceride-rich lipoproteins in humans (37).
Lastly, the absent or low concentrations of most administered
vitamin K forms in tissues besides the liver and intestine,
in both fasted and nonfasted conditions, suggest that most
extraintestinal/extrahepatic tissues do not carry out the entire
transformation of administered vitamin K forms to MK4 locally,
or else this conversion occurs very rapidly.

Beyond the intestine and liver, PK was the only vitamin
K form besides MK4 detected in tissues. Although we did
not detect any PK in the brain or pancreas here, it is
acknowledged that PK has previously been reported in these
tissues in a similarly designed study in C57BL/6 mice (8). These
differing results may be due to differences in diet, particularly
concentrations and/or forms of vitamin K, and possibly also
vitamin E, as high concentrations of tocopherol may interfere
with vitamin K absorption and metabolism (38). Whereas
PK and MK4 may have distinct roles in tissue, it is also
possible that uptake mechanisms into some tissues do not
differentiate between them due to their structural similarity,
as PK can be considered a partially saturated species of MK4
(3). The vast majority (95%-100%) of the labeled tissue MK4
in the pancreas and brain of the '3C;;MK4-supplemented
group was the transformed '*C¢MK4, not the administered
13C;; MK4. This seemingly wasteful transformation may instead
be indicative of some form of regulatory control of vitamin K. In
contrast, our data suggest that some tissues may not be able to
differentiate administered MK4 from reformed MK4. Adipose
tissues of animals supplemented with '*C;; MK4 contained both
administered ¥Cy;K4 and 3C;MK4.

Despite the general equivalency of the supplemented vitamin
K forms as precursors for MK4 and the apparent preference
of most tissues for MK4 as the predominant vitamin K
form, differential tissue distribution and concentrations of
the administered vitamin K forms suggest that beyond this
conversion, there do exist some differences in metabolism of
individual vitamin K forms. Here, unequal concentrations of
the administered vitamin K forms across groups were observed
in both the intestine and liver. Differences in hepatic turnover
of vitamin K forms are known in the literature, with slower
turnover of longer sidechain MKn thought to be related
to their increased lipophilicity, and thus greater affinity for
membranes (39-41). Although we did not measure vitamin
K at detectable levels in the serum of mice, vitamin K is
present at detectable levels in human circulation (42-44) and
there appear to be differences in plasma kinetics by vitamin
K form (45-47). For example, a study conducted in human
subjects reported differences in peak circulating concentrations
and the AUC following equimolar oral doses of PK, MK4,
and MK9, with concentrations of MK4 and MK9 reported
to be less than 20% of the response of PK (45). Others have
reported that MK7 and MK9 have longer half lives in plasma
as compared to other vitamin K forms (45-47). However,
circulating concentrations or persistence in plasma are not
necessarily indicative of bioavailability to tissues, and functional

Multiple vitamin K forms convert to menaquinone-4 989
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FIGURE 2 Box-and-whisker plots of administered vitamin K forms in the livers of (A) male and (B) female C57BL/6 mice fed a diet containing
2.2 umol/kg unlabeled PK (control), 2H7PK, '3C41MK4, 2H;MK7, or 2H;MK9 for 1 week (stable isotope study). n = 7 for all groups except female
control group (n = 6). Bars represent the medians and the whiskers represent the 1QRs; filled circles represent outliers and hollow circles
represent individual data points. Pairwise comparisons are significant at P values of *<0.05, **<0.01, ***<0.001; pairwise comparisons are
nonsignificant (P > 0.05) if not marked. Abbreviations: MK4, menaquinone-4; MK7 menaquinone-7; MK9, menaquinone-9; PK, phylloquinone.

measurements may be more informative of activity. A study by
Niemeier et al. (48) demonstrated increased carboxylation of
the vitamin K-dependent protein osteocalcin in mice following
administration of chylomicron remnants rich in PK, suggesting
that PK carried on lipoproteins is bioavailable to and utilized by
osteoclasts. Similarly, the fraction of carboxylated osteocalcin
in circulation was demonstrated to be increased in humans
following oral supplementation of both PK and MK7 (49).
In light of the current study, future research should examine
whether conversion to MK4 may be an intermediate step in the
activation of vitamin K-dependent proteins in bone, or whether
species differences may exist.

Sex differences were consistently observed in vitamin K
concentrations of tissues, in accordance with previous reports
(8, 23, 50). This was largely an effect of magnitude, wherein
female mice had higher vitamin K concentrations as compared
to male mice. It is consistently observed in rodents that females
are more robust against vitamin K deficiency than males, likely
related to the effects of estrogen (51, 52), as estrogen has
been demonstrated in rats to increase intestinal absorption of
vitamin K (53). Despite differences in absolute abundance by
sex, in the pancreas and brain approximately half the total
MK4 was turned over within 1 week in both males and females.
However, in the liver, accumulations of the administered vitamin
K form across groups were not parallel in male and female
mice. In female mice, hepatic vitamin K forms accumulated
generally in accordance with the theory of lipophilicity, as
discussed above (with the mostly saturated sidechain of PK also
rendering it more lipophilic than MK4). This pattern was not
consistent in males; therefore, there may be other hormonal or
sex chromosomal influences on the vitamin K metabolism.

In addition to their presence in the diet, MKn are also
produced by some gut bacterial taxa (54), but their contribution
to the vitamin K status has long been speculative (44, 55,
56). The data presented here suggest that absorption of MKn
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produced by bacteria residing within the intestinal tract is
minimal. Although some MK6 was detected in colon tissue,
which may be evidence of some direct absorption, mice in the
vitamin K-deficient group had very low tissue concentrations
of any form of vitamin K. Further, in mice supplemented with
stable isotopes, approximately half of the MK4 in tissue was
replaced with labeled MK4 within a week, confirming the
MK4 originated from dietary vitamin K. The MK9 and MK10
detected in livers of mice not supplemented with those forms
may have become available via coprophagy. However, even in
the presence of coprophagy, without adequate dietary vitamin
K, 3 male mice in the vitamin K-deficient group of the diet study
died prior to completion of the study, which indicates that the
majority of vitamin K to meet requirements comes from the diet.

This study has several strengths. The use of stable isotopes
allowed us to definitively determine the origin of tissue
MK4. The equimolar dosing designs allowed us to compare
conversion efficiencies between vitamin K forms, and the
sequential studies demonstrate the reproducibility of our
findings. This study also has several limitations. MK7 was added
as a supplemented vitamin K form only in the second study;
thus, results for MK7 did not benefit from internal replication,
nor was the MK7 metabolism assessed in the fasted state. Tissue
expression of UBIAD1 was not evaluated, which might have lent
insight into differences in MK4 accumulation between tissues,
and although it is the proposed intermediate, menadione was
not measured in this study. Menadione is extremely reactive
and challenging to measure due to its reactivity, and to our
knowledge no assay exists to measure it directly in serum or
tissues.

In conclusion, this study definitively demonstrates both
dietary PK and multiple forms of MKn serve as precursors to
tissue MK4. Further research should focus on identification and
characterization of the cleavage enzyme, and the physiologic
roles and regulation of MK4.
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