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Vitamin K exists in the food supply as phylloquinone, a plant-based form and as menaquinones (MKs), a collection of isoprenologues mostly
originating from bacterial synthesis. Although multiple bacterial species used as starter cultures for food fermentations synthesize MK, relatively
little is known about the presence and distribution of MK in the food supply and the relative contribution of MK to total dietary vitamin K intake.
Dairy products may be a predominant source of dietary MK in many regions of the world, and there is recent interest in enhancing the MK
content of dairy products through identification and selection of MK-producing bacteria in dairy fermentations. This interest is increased by
emerging evidence that current dietary recommendations based on the classic role of vitamin K as an enzyme cofactor for coagulation proteins
may not be optimal for supporting vitamin K requirements in extrahepatic tissues and that MK may have unique bioactivity beyond that as an
enzyme cofactor. Observational studies have reported favorable associations between MK intake and bone and cardiovascular health. Although
randomized trials have provided some evidence to support the beneficial effects of MK on bone, the evidence to date is not definitive, and
randomized trials have not yet examined MK intake in relation to cardiovascular outcomes. Food production practices provide a means to
enhance dietary MK availability and intake. However, parallel research is needed to optimize these production practices, develop comprehensive
food MK content databases, and test hypotheses of unique beneficial physiological roles of MK beyond that achieved by phylloquinone.
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Introduction

Vitamin K is an essential fat-soluble vitamin existing in
multiple dietary forms. Phylloquinone (PK)’, also known
as vitamin K-1, is the predominant dietary form, and is pri-
marily found in green leafy vegetables and their oils (1). Me-
naquinones (MKs), also known as vitamin K-2, are primarily
synthesized by bacteria and are found in much lower
amounts in the food supply in meat, dairy, and fermented
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food products. The classic role of vitamin K as an enzyme
cofactor for y-carboxylation of peptide-bound glutamate resi-
dues established the vitamin as essential to normal coagulation;
however, emerging roles for vitamin K in bone, cardiovascular,
and metabolic health are purported (2). Although existing
knowledge of vitamin K’s health benefits are primarily based
on studies examining PK, MK may have similar bioactivity
in addition to postulated exclusive physiological roles (3).
MKs exist in multiple forms; however, the tendency
in the literature to group all MKs under the term vitamin
K-2 has erroneously led many to assume that all MKs are
similar in origin and function. As is described in this review,
this is not a valid assumption. Moreover, despite the knowl-
edge that MKs are present in the food supply, the relevance
to human vitamin K nutriture has received little attention.
Expanding the knowledge base regarding the health effects
of MKs and the distribution of MKs in the food supply
is essential for guiding the development of dietary intake
recommendations for vitamin K. This review discusses the
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relevance of MK biosynthesis to industrial food production,
the presence of MKs in foods, and potential effects on hu-
man health.

MK structure and biosynthesis

Bacterial synthesis of MKs was discovered in a series of
studies conducted in the 1930s, demonstrating that an anti-
hemorrhagic factor present in dried chick feed was pro-
duced by Bacillus cereus (4). Most bacteria are now known
to synthesize a limited set of naphthoquinones, which share
the same 2-methyl-1,4-naphthoquinone ring but differ
in the length of an isoprenoid side chain attached at the 3-
position, which generally ranges from 5 to 13 prenyl units
(each having 5 carbons) in length (Fig. 1). These com-
pounds are known as long-chain MKs or MK-n; n repre-
senting the number of prenyl units (e.g., MK-7 is the term
for 2-methyl-3-heptaprenyl-1,4-naphthoquinone). The 2-
methyl-1,4-naphthoquinone ring, also known as menadione
or vitamin K-3, is common to all forms of vitamin K. How-
ever, PK differs from MKs by virtue of a phytyl side chain
located at the 3-position and is produced primarily in plants
(3). Notably, bacteria do not synthesize MK-4. Instead MK-
4 is produced in humans and animals by tissue-specific con-
version of PK and/or menadione (5).

Bacteria use 2 distinct biochemical pathways for MK syn-
thesis (Supplemental Figure 1), both of which have been
described in detail elsewhere (6-8). In the pathway used by
lactic acid bacteria (LAB) that are commonly used in indus-
trial food fermentations, the napthoquinone ring is synthe-
sized from chorismate derived from the shikimate pathway
by a series of enzymes encoded by men genes. The isoprenoid
side chain is synthesized separately and joined to the naptho-
quinone ring to form demethylmenaquinone (DMK). Subse-
quent methylation of DMK completes MK biosynthesis.

Depending on the organism and growing conditions, the
basic MK structure can be altered through chemical modifi-
cation of the napthoquinone ring or side chain. Common
modifications include demethylation of the napthoquinone
ring to reform DMK and, to varying degrees, saturation of
the isoprenoid side chain, which is usually fully unsaturated.
In general, gram-positive bacteria primarily produce MK,
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Figure 1 Forms of vitamin K: menadione (A), phylloquinone
(B), menaquinone-4 (C), and menaquinone-n+1 (D). Reproduced
from reference (2) with permission.
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whereas gram-negative bacteria produce MK, DMK, and
ubiquinones (9). Several bacterial species lack the required
methylase and exclusively produce DMK (9).

Before the emergence of the more discriminating se-
quencing tools now available, the unique distribution of spe-
cific MK production among bacterial species was used as a
chemotaxonomic marker (9). As such, methods for extract-
ing and analyzing MK isoprenologues as major and minor
components in the cells of numerous bacteria were devel-
oped and a compendium of species-specific bacterial MK
production compiled (9).

Function of MKs in bacteria

MKs play a key role in prokaryotic respiratory electron
transport chains by functioning as electron carriers in the
cytoplasmic membrane (8,10). In addition to a role in mi-
crobial respiration, reduced MK forms exhibit antioxidant
properties and can play a role in protecting cellular mem-
branes from lipid oxidation (7). MKs have also been shown
to be involved in the active transport of molecules across the
cell membrane and in sporulation in Bacillus subtilis (11,12).

The function of MK in LAB is of particular interest due to
the importance of this class of bacteria to the food industry.
LAB are the principal organisms used in starter cultures re-
quired to produce fermented dairy, meat, and vegetable food
products. Considerable interest is currently being paid to de-
veloping more efficient means of growing LAB to increase
bacterial yield and decrease production costs (13). Many
LAB lack a heme biosynthesis pathway, which results in an
incomplete electron transport chain (13). As such, LAB
were historically considered to be obligate fermentative
and were industrially produced under microaerophilic con-
ditions. However, a link was established between the pres-
ence of heme in the growth media and the use of oxygen
among some strains of LAB, specifically Lactococcus lactis
and Leuconostoc mesenteroides (14,15). Subsequent studies
demonstrated that these bacteria were able to use extracellu-
lar molecules in growth media to complement their respira-
tory chains (16). In several species, MKs were required in
addition to heme and oxygen for successful respiration
(17). These findings were of paramount importance for in-
dustrial applications as respiration is a more efficient means
of energy production than fermentation. Consequently, the
addition of heme and oxygen, and in some cases MK, to the
media of LAB facilitates aerobic growth leading to greater bi-
omass, lower acid production, greater amounts of desirable
but normally minor end products, and a higher tolerance to
different stressors encountered during processing, preserva-
tion, and other industrial processes (16,18).

MKs in the food supply

Whereas PK is widely distributed in the food supply, pre-
dominantly concentrated in green leafy vegetables and cer-
tain plant oils, MKs are primarily found in dairy products,
meats, and fermented foods (1,3). However, the MK and
PK contents of many food products are unknown. Of 30 na-
tional food composition databases reviewed, only 7 included



the vitamin K content of individual food items. Of these 7, 2
(United Kingdom and Germany) list PK concentrations
only, 1 country (Finland) reports total vitamin K, and 3
(Denmark, Sweden, and Canada) do not specify whether
MKs are included in the values for vitamin K. To the best
of our knowledge, the only database that provides MK
data is from the United States. The MK-4 content of 273
food items in the USDA National Nutrient Database for
Standard Reference, Release 25 (19) are published as part
of an ongoing collaboration between Tufts University and
the USDA in which foods obtained from the National
Food and Nutrient Analysis Program are analyzed for PK,
dihydrophylloquinone, and MK-4 (20). These values in-
clude MK-4 content in milk, dairy products, and various
meats; however, the data are not comprehensive and do
not include other MK forms. The absence of comprehensive
data on PK and MK food content in national databases se-
verely limits the ability of scientists to reliably establish asso-
ciations between vitamin K intake and health. Moreover,
regional differences in food production practices and dietary
consumption patterns underlie the necessity of developing
national databases for food MK content.

In the United States, menadione is used in poultry feed
and some swine feeds as a source of vitamin K (1,21). As
such, MK-4 formed from menadione is present in poultry
and pork products in the U.S. food supply and is the primary
dietary source of MK-4 (20). Although MK-4 is also formed
from tissue-specific conversion of PK (5), the impact on
dietary intake from this conversion is likely negligible as an-
imal organs containing high MK-4 concentrations including
kidney, brain, and pancreas, are not commonly consumed in
most regions of the world. MK-4 is also found in modest
amounts in milk, butter, and cheeses, which may make a
small contribution to total vitamin K intake (Tables 1 and
2) The high consumption of poultry, pork, and dairy pro-
ducts in the United States (22), however, suggests that MK-
4 may make a relevant contribution to total vitamin K intake.
In regions where food systems do not use menadione in an-
imal feed or consumption of dairy products is low, MK-4 is
most likely not an important dietary source of vitamin K.
For example, MK-4 has been estimated to account for
~3% of total vitamin K intake in the Netherlands (23,24)
and is found in animal products in relatively lower amounts
compared with the United States and Japan (Table 1).

The specific bacterial strains used and production condi-
tions during fermentation (i.e., pH, temperature, duration)
likely determine the concentrations and forms of MK found
in fermented food products. For example, tetrahydromena-
quinone [MK-9(4H)], produced by propionibacteria and
formed from partial hydrogenation of the isoprenoid chain
in MK-9 (25,26), has been measured in different varieties of
cheese in which propionibacteria are used in starter cultures
(12). High concentrations of MK-8 and MK-9 measured in
Edam type cheese (27) is consistent with the use of the
MK-8- and MK-9—producing LAB strains Lactococcus lactis
ssp. lactis and L. lactis ssp. cremoris as starter cultures for these
cheeses. However, few studies have used validated HPLC

Table 1. Regional variability in the menaquinone-4
concentration in commonly consumed animal products
United The
Food item States’ Netherlands®  Japan®
©g/100 g ng/100 g ©ng/100 g
Chicken, various cuts 13.6-316 58-11.3 27 £ 15
Pork or ham, various cuts 0.2-9.9 17-24 6+ 2
Beef, various cuts 1.1-93 0.7-13 15+7
Milk, whole 0.8-1.0 0.7-09 2*03
Eqg yolk 15.5% 29.1-335 64 =+ 31

! Data from (20). Values are a range of =4 nationally representative samples.

2 Data from (28). Values are a range of =6 locally representative samples (Maastricht,
the Netherlands).

3 Data from (29). Values are mean + SD of 3 locally representative samples (Kobe,
Japan).

40Only 1 sample available.

methods to quantify MK in fermented foods (12,20,27-32).
The available literature shows that MK-8 and MK-9 are the
most common bacterially synthesized MKs found in fer-
mented dairy products, with the presence of other MKs being
more limited (Table 2). In a recent report, total long-chain
MK concentrations ranged from nondetectable to 118 ug/
100 g, with a median concentration of 15 ug/100 g in 62 Eu-
ropean fermented dairy products (32). Long-chain MKs have
also been measured in fermented plant-based foods such as
sauerkraut and natto, a fermented soybean product popular
in certain regions of Japan but not widely consumed else-
where (28,29). The long-chain MK contents of meat and
fish products are generally low (28,29) and likely have little
public health importance. As such, the evidence available to
date suggests that dairy products are likely the predominant
dietary sources of long-chain MKs. In support of this claim,
cheese and milk products were estimated to contribute to
54% and 22% of total MK intake, respectively, in a cohort
of Dutch women in whom long-chain MKs were estimated
to account for 9% of total vitamin K intake (24,33). However,
the absence of comprehensive data on food MK contents and
regional differences in dairy consumption patterns indicate
that much more research is needed to accurately quantify
MK intake at the individual and population levels.

Enhancing food MK content

The diversity of bacterial species used in food fermenta-
tions has doubled in the past decade, increasing from 82 dif-
ferent species in 2002 to 195 in 2012 (34). Strains are selected
based on their capacity to derive energy from organic com-
pounds in foodstuffs (e.g., lactose), to form desired metabo-
lites aiding food preservation (e.g., lactic acid), to inhibit
pathogens, to remove toxins, and to improve organoleptic
properties (34). Fermentation can also be used to improve
the nutritional qualities of food products, which can include
increasing MK content.

Emerging evidence purporting multiple health benefits of
MKs (discussed below) has led to substantial industry inter-
est in increasing MKs in the food supply, particularly
through fermented foods. As discussed above, food produc-
tion practices, bacterial strain selection in particular, are
likely to provide a relevant means of altering the MK content
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Table 2. Representative ranges of measured menaquinone concentration in dairy foods and fermented food products’

Menagquinones®

Food MK-4 MK-5 MK-6 MK-7 MK-8 MK-9 MK-10 Reference
Milk?
Whole 08 0.1 ND ND-2.0* ND ND ND (28,29)
Buttermilk 02 0.1 0.1 0.1 06 14 ND (28)
Yogurt*
Whole 0.6-1.0 0.1-0.3 ND-0.2 ND-04 0.2-20 ND-4.7 ND (27-29)
Skimmed ND ND ND ND ND-0.1 ND ND (28)
Cheese*
Curd 04 0.1 0.2 03 5.1 187 ND (28)
Hard 4.7-10.2 15 ND-3.0 ND-2.3 ND-16.9 ND-51.1 ND-6.5 (20,28,32)
Semihard NR NR 1.0-35 ND-2.1 25-73 10.0-32.1 ND-13.8 (32
Soft 37 03 04-26 ND-1.7 2.1-140 6.6-94.0 ND-5.7 (28,32)
Other*
Salami 9.0 ND ND ND ND ND ND (28)
Sauerkraut 04 0.8 15 0.2 0.8 1.1 ND (28)
Natto ND-2.0 7.5 13.8 939-998 84.1 ND ND (28,29)

' MK, menaquinone; ND, not detectable; NR, not reported.

2 Values represent the mean concentration (if 1 study), or lowest and highest mean concentrations (if =2 studies or foods within the same category) reported in representative
studies from the United States, Europe and Japan. Studies reported values as a range or mean of multiple samples for each food type. MK 11-13 concentrations were not

reported in any study.
*1In ug/100 mL.
“In ug/100 g.

of fermented foods. As such, selection of the most efficient
bacterial producers of MKs granted generally recognized
as safe (GRAS) status by the FDA is an active area of research
within the food industry. The focus of this research is on
bacteria used as starters in food fermentations and as cata-
lysts in industrial production of MKs intended for use in di-
etary supplements. Although the MK forms are ubiquitous
in bacteria, it should be noted that some genera considered
to be mainly obligate fermentative have lost the functional
ability to produce MKs. Among these, Lactobacillus and
Streptococcus are the most relevant genera for this review
based on their widespread use as starters in the dairy and
meat fermentation industries and their presence in the
food supply. Accordingly, foods using these bacteria as
starters do not contain detectable amounts of long-chain
MKs (32). However, a number of MK-producing species
are commonly used in current industrial food fermentation

applications (Table 3). The potential relevance to dietary vi-
tamin K intake is exemplified in 1 study in which L. lactis
subsp. cremoris, L. lactis subsp. lactis, and Leuconostoc lactis
strains demonstrated the capacity to synthesize >230 nmol
of MK-7 to MK-10/g of dried cells (35). Growing these strains
in reconstituted nonfat dry milk or soy milk medium pro-
duced long-chain MK concentrations ranging from 29 to
123 ug/L, leading the authors to conclude that fermented
foods could serve as an important dietary source of vitamin
K (35). In addition to strain selection, manipulation of growth
conditions is also known to alter bacterial MK production, al-
though many of these techniques remain proprietary.

In addition to the bacterial production of MK in dairy
products, there has been considerable industrial interest in
MK found in the traditional Japanese food, natto. Natto is
a popular preparation of soybeans fermented with Bacillus
“natto,” a Bacillus subtilis species. This species produces

Table 3. Menaquinones produced by bacterial species commonly used in industrial food fermentations'

Species/subspecies Food use MK-5 MK-6 MK-7 MK-8 MK-9 MK-10

Lactococcus lactis subsp. lactis Cheese, buttermilk, sour cream, J N N NN
cottage cheese, cream cheese, kefir

Lactococcus lactis subsp. cremoris Cheese, buttermilk, sour cream, cottage N N JV
cheese, cream cheese, kefir

Leuconostoc lactis Cheese N N NN

Brevibacterium linens Cheese J

Brochontrix thermosphacta Meat NI J NN

Hafnia alvei Cheese J

Staphylococcus xylosus Dairy, sausage J NN N

Staphylococcus equorum Dairy, meat J NN, N,

Arthrobacter nicotinae Cheese N NN N

Bacillus subtilis “natto” Natto NN

Propionibacterium shermanii Cheese N

' MK, menaquinone; +/, minor form; y/y/, major form.

2 Danisco internal data. Note that most species within the genera Lactobacillus, Bifidobacterium, and Streptococcus commonly used in fermentation or added to foods as pro-

biotics are not known to produce MK

466 Walther et al.



very high amounts of MK-7, reportedly ~900-1000 ng/100 g
natto (28,29). Natto also contains modest amounts of MK-8
and PK (84 ug/100 g and 35 ug/100 g, respectively) (28).
The genome of a natto production strain, Bacillus subtilis
natto, was recently sequenced and annotated (36). Use of
this genome database in the future will allow for a more
comprehensive in silico investigation of MK production by
this bacterial species, with an emphasis on ways to improve
the bacterial productivity. Several methods have already
been used, including classic mutagenesis and conferring re-
sistance to analogs like menadione or diphenylamine, which
have reportedly increased MK-7 production resulting in
concentrations as high as 1720 ug MK-7/100 g natto (37).
In the future, similar techniques may prove fruitful for in-
creasing MK production among other bacterial strains.

Bioavailability

Intestinal absorption of all dietary forms of vitamin K ap-
pears to occur through the pathway common to most dietary
lipids (3). Bile acids and pancreatic enzymes facilitate solubiliza-
tion, emulsification, and incorporation of vitamin K into mixed
micelles. After micelles are taken into enterocytes, vitamin K
is repackaged into chylomicrons and enters the lymphatic circu-
lation. The bioavailability of PK varies with the integrity of the
food matrix and presence of dietary lipid (38,39). Although the
same is likely true of MK, few studies have addressed this issue,
and there is little information regarding the relative absorption
efficiency and subsequent transport, distribution, and cellular
uptake of different MK isoprenologues (3,40).

The limited available evidence suggests that among the
different long-chain MKs, isoprenoid side-chain length
may alter cellular uptake, transport, and storage. Differences
in absorption and transport of vitamin K forms were dem-
onstrated in a study comparing plasma PK, MK-4, and MK-
9 concentrations after consumption of equivalent doses of
each respective form (41). Postprandial plasma PK concen-
trations peaked at more than twice the relative concentration
of that of MK-4 or MK-9, suggesting reduced absorption of
MK relative to PK, faster uptake of MK into tissues, or both.
In contrast to PK, which is predominantly concentrated in
triglyceride-rich lipoproteins during the postprandial and
fasting states (3), MK-4 and MK-9 were redistributed from
triglyceride-rich lipoproteins to low-density lipoproteins dur-
ing and after the postprandial period (41). Relative to MK-9,
this redistribution was observed earlier with MK-4, and al-
though MK-4 also incorporated into high-density lipopro-
teins, MK-9 did not (41). In addition, MK-9 was detectable
in plasma for up to 48 h, whereas PK and MK-4 clearance
was more rapid (41). The plasma kinetics of MK-9 were sim-
ilar to those of MK-7, which has been shown to have a plasma
half-life of several days, much longer than that of PK and
MK-4 (28,41-44). Plasma kinetics for other long-chain MK
have not been investigated, and whether these kinetics extend
long-chain MK availability for uptake by extrahepatic tissues
or the increased hydrophobicity resulting from longer side-
chain length decreases bioavailability is undetermined. More-
over, the relative absorption and transport of MK from

different food sources are unknown as most MK bioavailabil-
ity studies have used purified MK sources.

Within tissues, long-chain MKs appear to be abundant in
the liver, comprising ~90% of liver vitamin K content, but
are present at much lower concentrations in extrahepatic tis-
sues (45). In contrast, MK-4 appears to concentrate in the
brain, kidney, and pancreas, which may reflect selective up-
take of MK-4 or tissue-specific conversion from PK (46). Al-
though animal models have suggested tissue-specific uptake
of PK and MK-4 (47,48), whether selective uptake of long-
chain MK isoprenologues occurs is undetermined.

Dietary Recommendations

As reviewed elsewhere (40), dietary vitamin K recom-
mendations are based on our current knowledge of PK. Rec-
ommended intakes currently range from 50 to 120 ug/d for
adults 19 y and older (40). Depending on the country, these
recommendations are generally presented as adequate in-
takes or estimated values, reflecting the uncertainty of which
biochemical criteria should be used for determining dietary
vitamin K requirements (40,49). For example, maintaining
carboxylation of extrahepatic vitamin K—-dependent proteins
requires higher dietary vitamin K intake than that which is
sufficient for the classic function of maintaining carboxyla-
tion of hepatic vitamin K-dependent coagulation proteins
(40). In other words, this hypothesis of tissue-specific vitamin
K requirements suggests that dietary intakes sufficient to
maintain coagulation may be insufficient to optimize vitamin
K nutriture (2,3). With respect to MK, contributions beyond
that obtained in the diet (i.e., through intestinal bacterial syn-
thesis and/or through conversion from PK) present additional
challenges when defining dietary requirements (50).

Although there are differences in substrate affinity, all
forms of vitamin K act as an enzyme cofactor and support
carboxylation of vitamin K-dependent proteins. Recently,
evidence suggesting potential exclusive physiological roles
for MK-4 has generated considerable speculation (3). It is
unlikely that MK-4 is formed from PK if its only function
is as an enzyme cofactor. Instead, tissue-specific conversion
suggests that MK-4 has unique function among the vitamin
K forms. Recently, UBIADI was identified as the enzyme
catalyzing prenylation of menadione to form MK-4 (51),
leading to the speculation of a role for MK-4 in cholesterol
metabolism (52). Several other functions unique to MK-4
have been proposed, including inhibition of oxidative cell
death in primary cultures of oligodendrocyte precursors
and immature neurons (53), apoptosis induction in leuke-
mia and other malignant cell lines (54,55), and as a ligand
for the steroid xenobiotic receptor in bone cells (56). How-
ever, verification of these potential roles in mouse models
has been complicated by the common use of standard ro-
dent chow, which is rich in menadione (57). The menadione
is converted to MK-4 (58), which remains in the tissues even
after replacement of standard chow with menadione-free
chow (59). Further, none of these potential roles for MK-4
have been sufficiently substantiated with empirical evidence
in humans to be used to generate dietary requirements.
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The capacity of intestinal bacteria to produce long-chain
MKs that could become available for the host has been es-
tablished for decades (8,10,60). However, despite recent in-
terest in the human microbiome, very little progress has
been made since the literature was last reviewed nearly 2 de-
cades ago in understanding the role of MK synthesized by
intestinal bacteria in human nutrition (60). Not all intestinal
bacteria produce MK, and the contribution to human vita-
min K nutriture is unknown with estimates of the total
vitamin K requirement being met by endogenous MK pro-
duction varying from 10% to 50% (10,60). Long-chain
MKs have been measured in the human ileum where bile salts
are available to facilitate absorption (61). However, the major-
ity of long chain MKs are found in the colon where bile salt
concentrations are low (61). Thus, if MKs synthesized by in-
testinal bacteria substantially contribute to human vitamin K
requirements, absorption likely takes place through a bile
salt-independent route. Whether this occurs remains unclear,
although separate studies have demonstrated poor absorption
of MK-9 in animal models (62,63). Moreover, the majority of
bacterially synthesized MKs remains bound in bacterial mem-
branes and are therefore not available for absorption. Al-
though long-chain MKs are the primary form of vitamin K
stored in the human liver (45), hepatic uptake of long-chain
MK:s is not well understood (3), and the relative contributions
of dietary MKs and MKs synthesized by intestinal bacteria to
total liver MK content are not known. The low turnover of
hepatic long-chain MKs relative to PK (45) was once thought
to be important in maintaining normal coagulation under
conditions of chronic PK inadequacy (64), and antibiotic-
induced hypoprothrombinemias were assumed to result
from decreased MK synthesis by intestinal bacteria (65). How-
ever, these assumptions have since been consistently challenged
by data from human studies demonstrating that subclinical vi-
tamin K deficiency can be induced solely by limiting PK intake
(66-68).

At present, no dietary intake recommendation for vita-
min K differentiates between PK and MK. A recent review
on the need for specific dietary reference values for MK
commissioned by the International Life Sciences Institute
of Europe concluded that at present significant knowledge
gaps prevent establishing a reference value for MK intake, al-
though future recommendations for vitamin K intake
should consider both MK and PK (50). Some groups have
suggested a recommended daily MK intake of 45 ug, com-
parable to the amount present in 100 g of some cheeses or
4 g of natto (47). However, in the absence of robust physio-
logical endpoints that can be used to differentiate the contri-
bution of MKs to human health from that of PK, it is
unlikely that specific dietary recommendations such as these
will be widely adopted in the near future. Instead, it may be
preferable to recommend consumption of a wide variety of
foods containing a combination of PK and MKs.

Currently, no tolerable upper intake level has been estab-
lished for any form of vitamin K because no known toxicity
is associated with high doses of PK or MK (49). However,
menadione is not used clinically and is prohibited as a human
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food supplement in the United States due to concerns of liver
toxicity (49).

MKs and health
Bone health

As reviewed elsewhere (2,69), considerable attention has
been given to the role of vitamin K in bone health, with an
emphasis on MK. The biological basis for this has been the
presence of vitamin K in bone and the dependence on vita-
min K for carboxylation of multiple Gla-containing proteins
synthesized in bone. The most notable of these proteins is
osteocalcin (OC), a vitamin K—dependent protein synthe-
sized by osteoblasts during bone formation and the predom-
inant noncollagenous protein in bone (70). Chronically low
vitamin K intake results in suboptimal carboxylation of OC,
which is thought to lead to decreased bone mineralization
and increased risk of fracture and osteoporosis (71). How-
ever, the relationship of OC carboxylation status to bone
health is unclear (69). More recently, some have proposed
mechanisms that are independent of vitamin K’s role as an
enzyme cofactor and that may be exclusive to MKs. Numer-
ous in vitro and in vivo studies have been conducted, but
overall, there is a lack of consensus regarding differential ef-
fects of PK and MK on bone health (69).

In 2009, the European Food Safety Authority issued a sci-
entific opinion concluding that “a cause and effect relation-
ship has been established between the dietary intake of
vitamin K and the maintenance of normal bone” (72). How-
ever, although both MK-4 and MK-7 supplementation
consistently reduce the proportion of OC that is undercar-
boxylated (43), whether this effect favorably influences
bone health is less clear (69). The first meta-analysis of
MK-4 supplementation and bone health outcomes reported
an overall benefit of MK-4 supplementation on reducing
fracture risk (73). However, the authors articulated many ca-
veats regarding their analysis, including geographic homoge-
neity, varied supplementation with other nutrients and
medications, and heterogeneous study designs. In addition,
the majority of these studies focused on MK-4 given thera-
peutically in daily doses of 45 mg, an amount unattainable
through diet alone. A more recent meta-analysis combined
findings of studies that used either PK or MK supplementa-
tion and examined bone mineral density (74). The authors
concluded that there were modest improvements in bone
mineral density with vitamin K treatment, but that the re-
sults should be interpreted with caution, especially as PK,
MK-4, and MK-7 were combined in the analysis, which as-
sumes equivalent bioavailability. Findings from the 2 in-
cluded studies in which MK-7 supplementation alone was
examined were inconsistent with bone health benefits docu-
mented at MK-7 doses of 180 ug/d over 1y in 1 study (75),
but not at 360 ng/d over 1 y in another (76).

Several relevant studies have been published since these
meta-analyses. In a large clinical trial of >4000 postmeno-
pausal women, supplementation with MK-4 and calcium
compared with calcium supplementation alone provided
no additional protection against bone fracture over 3 y



(77). Kanellakis et al. (78) examined bone markers during a
1-y regimen in which postmenopausal women were ran-
domized to daily consumption of dairy products fortified
with calcium, vitamin D-3, and either no vitamin K, 100
png PK, or 100 ug MK-7. After 1y, all 3 interventions im-
proved total bone mineral density relative to a group receiv-
ing no intervention. Although no additional benefit
attributable to PK or MK-7 consumption was observed on
total bone mineral density, both PK and MK-7 were shown
to have favorable effects on lumbar spine bone mineral den-
sity relative to the control and calcium + vitamin D groups.
In the longest clinical trial of MK-7 supplementation con-
ducted to date, Knapen et al. (79) assessed bone health and
strength in >200 postpmenopausal women randomized to re-
ceive a supplement containing 180 ug/d MK-7 or a placebo
over 3 y. Site-specific effects of MK-7 were reported, with
marginal attenuation of reductions in bone mineral content
and bone mineral density observed at the lumbar spine and
femoral neck. No effects of MK-7 supplementation were
documented for the total hip, and the effects of MK-7 on
bone strength indices were inconsistent. Limited evidence
of favorable bone health effects when lower amounts of
MK-7 are consumed from dietary sources also containing cal-
cium and/or vitamin D (78,80) suggests that the combination
of nutrients rather than MK-7 alone may have greater efficacy
in improving bone health. In this regard, it is also important
to note that, to date, there is no indication of greater efficacy
of dietary MK relative to PK (78,81,82). Further, as is dis-
cussed later, supplemental MK-7 has adverse effects on coag-
ulation parameters in individuals receiving oral anticoagulant
therapy (83,84). Therefore, any putative benefit of MK-7 sup-
plementation on bone health will need to be balanced with
potential safety concerns regarding stability of oral anticoag-
ulant therapy among patients on vitamin K—antagonists.

Cancer

Although the mechanisms are still being elucidated, in vi-
tro studies suggest that MK may arrest cell growth and in-
duce apoptosis (3). A small number of in vivo studies have
investigated the efficacy of MK-4 supplementation in doses
far in excess of what could be achieved in the diet for pre-
venting hepatocellular carcinoma in high-risk patients. In
a secondary analysis of a trial investigating MK-4 supple-
mentation and bone loss, 45 mg/d of MK-4 was shown to
reduce hepatocellular carcinoma risk in women with viral
cirrhosis (85). However, results from subsequent studies in-
vestigating the efficacy of MK-4 supplementation for pre-
venting hepatocellular carcinoma recurrence have been
equivocal (86-89). MKs have not been tested as an adjunct
cancer treatment. The most likely explanation for this is that
vitamin K supplementation is contraindicated in cancer pa-
tients who are at increased risk of venous thromboembolism
and are often prescribed vitamin K antagonists (90,91). Lim-
ited evidence is available to suggest that vitamin K intake re-
duces cancer risk in healthy adults. In 1 large prospective
cohort, inverse relationships between dietary MK intake
with incidence of prostate cancer, overall cancer incidence,

and cancer mortality were reported (92,93). However, repli-
cation of these findings is needed.

Cardiovascular health

Calcification of vessel walls reduces their elasticity, in-
creasing cardiovascular disease risk (94). There is growing
recognition that oral anticoagulants such as warfarin may
be associated with increased arterial calcification (95). As re-
cently reviewed in detail elsewhere (96), anticoagulants
inhibit the vitamin K-dependent carboxylation of matrix-
Gla protein (MGP) in vascular smooth-muscle cells. In
its carboxylated form, MGP functions as a calcification in-
hibitor. As such, anticoagulants are thought to impair the
calcium-regulating activity of MGP, thereby leading to in-
creased calcium deposition in the vessel walls. The func-
tional dependence of MGP on vitamin K and associations
between anticoagulant use and calcification underpin cur-
rent speculation that vitamin K may be involved in the pro-
gression of cardiovascular disease.

Only 1 randomized clinical trial examining vitamin K
supplementation and coronary artery calcification (CAC)
has been published to date. In this trial, PK supplementation
reduced progression of existing CAC, although there was no
effect on incidence of CAC (97). These findings are consis-
tent with the proposed biological mechanism of MGP,
which inhibits further calcification (98). In another study,
postmenopausal women receiving a supplement containing
PK demonstrated better carotid artery compliance and elas-
ticity after 3 y than those receiving a similar supplement
with no PK (99). However, although suggestive, no direct
measures of calcification were reported.

One would predict that the impact of PK and MK supple-
mentation on reducing progression of vascular calcifica-
tion should be similar given that both forms support the
y-carboxylation of MGP. However, a series of observational
studies suggest possible differential effects of MK and PK
on arterial calcification and coronary heart disease (CHD)
risk. For example, inverse associations between MK intake
and severe aortic calcification (33,100), the risk of CHD
(24), and the risk of CHD mortality and all-cause mortality
(100) have been reported. In these studies, estimated MK in-
takes were up to 10 times lower than PK intakes, and PK in-
takes were not associated with disease risk. In the Dutch
PROSPECT study cohort, the reduction in CHD risk was
mainly driven by MK-7, MK-8, and MK-9 consumption (21).

Although these findings are intriguing and have stimu-
lated considerable interest in a potential therapeutic role
for MK in the progression of CAC and CHD, these observa-
tional data should be interpreted with caution. Unlike PK,
long-chain MKs are not detectable in circulation unless pro-
vided in high doses, either in the form of a supplement (42)
or a concentrated food source, such as natto (28). Interest-
ingly, MK-4 is often not detectable in the circulation, even
after administration with doses as high as 420 ug (42).
This is problematic for validation of self-reported intakes
of MK as there is no comparable biomarker. Use of vitamin
K biomarkers that measure the proportion of carboxylation
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of vitamin K—dependent proteins reflect the dietary contri-
bution of all forms of vitamin K and cannot be used to val-
idate intakes of a single MK. Because food composition
databases for long-chain MKs are unfortunately not avail-
able, it is unlikely that the epidemiological data can be rep-
licated in other countries in the near future. Alternatively,
the findings may reflect the use of MKs as a marker of an-
other nutrient or food constituent that has heart-healthy
properties (101). For example, dairy products, which were
the primary dietary source of MKs in the Dutch PROSPECT
study cohort, contain specific fatty acids that may confer
protective effects on CHD risk (102). Notably an inverse as-
sociation between CHD risk and the consumption of meat,
milk, and cheese, among the richest sources for MKs in the
Dutch food supply, was also observed (24,28). Given the
challenges in interpreting the results of these studies, there
is clearly a need for randomized clinical trials that isolate
any putative effect of individual MKs on CAC. There have
been recent media reports that nutritional doses of MK-7
(180 pg/d) taken over a 3-y period prevented age-related ar-
terial stiffening in postmenopausal women (103). However,
the results of the clinical trial were not available in the peer-
reviewed literature at the time of this review, and the unique
protective role of MK in heart health remains speculative.

MKs and oral anticoagulation therapy

The y-carboxylation reaction is critical to the calcium-
binding function of vitamin K-dependent proteins involved
in coagulation (2). Vitamin K antagonists such as warfarin
and acenocoumarol are widely prescribed oral anticoagu-
lants for the prevention and treatment of thrombosis
(104,105). These drugs inhibit enzymes involved in vitamin
K recycling resulting in insufficient y-carboxylation of vita-
min K—dependent coagulation proteins (4). Oral anticoagu-
lant therapy is challenging as both insufficient or excessive
doses can increase the risk of thrombotic or bleeding events
(106). Variable vitamin K intake has been identified as a risk
factor for instability of oral anticoagulant therapy, and high
vitamin K intake can result in suboptimal anticoagulation
(107).

The contribution of dietary MKs to oral anticoagulant
therapy stability is not well understood. Using healthy adults
maintained on acenocoumarol, Schurgers et al. (84) demon-
strated that, on a molar basis, MK-7 appears to be 3.5 times
more potent than PK when administered as a dietary supple-
ment. In that study, the lowest dose of MK-7 administered
(95 ng/d) was sufficient to significantly reduce the efficacy
of anticoagulation therapy. More recently, the same group
investigated the effects of lower daily doses of supplemental
MK-7 on oral anticoagulation therapy. In healthy adults sta-
bilized at the lower standard therapeutic range, Theuwissen
et al. (83) reported that 45 ug/d of supplemental MK-7 sig-
nificantly reduced measures of clotting function at the group
level. At the individual level, the authors concluded that in
40% of cases as little as 10 ug/d of MK-7 was sufficient to
produce increases in clotting activity requiring oral antico-
agulant dose adjustments in a clinical setting. However, it
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is important to note that this study was conducted in healthy
adults maintained for ethical reasons at the lower end of the
therapeutic range, which may have magnified the relevance
of the small changes documented. Nonetheless, the results
do suggest that 45 ug/d of supplemental MK-7 may interfere
with oral anticoagulant therapy. The amount of MK that
would need to be consumed from dietary sources to have
a similar effect is unknown. Until robust relative bioavaila-
bility studies are conducted to compare absorption and up-
take of individual MKs relative to PK, it is unlikely that
patients on oral anticoagulants who obtain modest amounts
of MK in their diets through dairy and meat consumption
will be counseled to change their dietary habits in the near
future.

Conclusions

Much of our understanding of the health effects of vita-
min K remains focused on PK, the major dietary form. Ma-
jor strides have recently been made in our understanding of
MK-4 as an active form of vitamin K that may have func-
tions extending beyond that of vitamin K’s classic role as
an enzyme cofactor. However, MK-4 is unique among the
MKs in that it is a metabolite of PK and not of bacterial or-
igin. Although there is speculation that bacterially synthesized
MK may also convert to MK-4, the empirical evidence is cur-
rently lacking. Similarly, our understanding of the absorption
and metabolism of bacterially synthesized MK has not pro-
gressed much in the past few decades. As reviewed elsewhere
(40), the use of stable isotope technology has been paramount
to understanding PK metabolism. Similar studies are needed
for individual MKs to determine their bioavailability and rel-
ative contribution to human health and to appropriately test
current claims in the media that certain MKs are superior
forms of vitamin K (50). In parallel, studies are needed to
generate systematic and comprehensive food composition
data for MKs, which, to date, are largely absent from national
food composition databases. Current knowledge indicates
that dairy products are poised to be primary contributors
to dietary MK intake, and industrial application of MK-pro-
ducing bacteria in fermented dairy products may provide an
effective means of increasing MK in the food supply. How-
ever, the importance of MK in the food supply requires addi-
tional empirical evidence to substantiate whether putative
health benefits are conferred at intakes that can be achieved
through dietary means alone.
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