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Summary. Recent advances in the discovery of new functions

for vitamin K-dependent (VKD) proteins and in defining

vitamin K nutriture have led to a substantial revision in our

understanding of vitamin K physiology. The only unequivocal

function for vitamin K is as a cofactor for the carboxylation of

VKDproteins which renders them active.While vitaminKwas

originally associated only with hepatic VKD proteins that

participate in hemostasis, VKD proteins are now known to be

present in virtually every tissue and to be important to bone

mineralization, arterial calcification, apoptosis, phagocytosis,

growth control, chemotaxis, and signal transduction. The

development of improved methods for analyzing vitamin K

has shed considerable insight into the relative importance of

different vitamin K forms in the diet and their contribution to

hepatic vs. non-hepatic tissue. New assays that measure the

extent of carboxylation in VKD proteins have revealed that

while the current recommendeddaily allowance for vitaminK is

sufficient for maintaining functional hemostasis, the under-

carboxylation of at least one non-hemostatic protein is

frequently observed in the general population. The advances

in defining VKD protein function and vitamin K nutriture are

described, as is the potential impact of VKD proteins on

atherosclerosis. Many of the VKD proteins contribute to

atherogenesis. Recent studies suggest involvement in arterial

calcification, which may be influenced by dietary levels of

vitamin K and by anticoagulant drugs such as warfarin that

antagonize vitamin K action.

Keywords: atherosclerosis, carboxylation, vitamin K, vitamin

K-dependent protein.

Vitamin K-dependent protein carboxylation

Vitamin K refers to a family of forms that share a common

2-methyl 1,4-naphthoquinone nucleus substituted at the

3-position with different polyisoprenoids. These vitamers

include a single phylloquinone and several menaquinones that

are more unsaturated and which have a variable number of

isoprenoid units (Fig. 1) [1]. Vitamin K in the diet exists in the

quinone form, and in tissue vitamin K quinone is reduced to

vitamin K hydroquinone, which serves as a cofactor for the

vitamin K-dependent (VKD) or c-carboxylase. The carboxy-

lase uses the oxygenation of vitamin K hydroquinone to

abstract a hydrogen from glutamyl residues (Glu), generating a

carbanion that incorporates CO2 by nucleophilic attack to

produce c-carboxylated Glu, or Gla (Fig. 2A). The product of

vitamin K oxygenation is vitamin K epoxide, and the

carboxylase is also an epoxidase [2–4]. The enzymatic mech-

anisms of these reactions are not well understood: the

carboxylase is an integral membrane enzyme without an

available crystal structure or sequence similarity to other

enzymes that might provide clues to function. The current

paradigm for carboxylase mechanism is based on chemical

modeling studies in enzyme-free systems [5], which suggest a

base-amplification mechanism in which carboxylase oxygen-

ation of vitamin K hydroquinone generates a vitamin K

intermediate of sufficient basicity for abstraction of the Glu

hydrogen. The recent biochemical studies on carboxylase

residues that facilitate catalysis [6] are an important step

forward in defining the actual enzymatic mechanism.

The Gla domains of VKD proteins contain between three

and 13 Gla residues, and the multiple modification of Glus to

Glas is accomplished by a processive mechanism [7,8]. All

VKD proteins contain a carboxylase recognition signal (CRS)

that tethers them to the carboxylase during these multiple

modifications. In most cases, the CRS lies within a propeptide

adjacent to the Gla domain [3] (Fig. 2B). The affinity of the

carboxylase for the propeptide of different VKD proteins

varies substantially [9,10], but the physiological consequence of

these differences is not known. Carboxylation occurs in the
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endoplasmic reticulum, and the propeptide is removed by

proteolytic cleavage in the Golgi apparatus. VKD proteins also

undergo several other post-translational modifications, which

can include N- and O-linked glycosylation, sulfation, phos-

phorylation, asparagine- or aspartate-b-hydroxylation and

limited proteolysis.

Carboxylation requires the intracellular recycling of the

vitamin K product, vitamin K epoxide, back to vitamin K

hydroquinone (Fig. 2A). This requirement is indicated by the

high ratio of Glu to Gla conversion vs. low dietary vitamin K

intake [11]. An activity that converts vitamin K epoxide to

vitamin K hydroquinone (called VKOR for vitamin K

oxidoreductase, Fig. 2A) was identified soon after the carb-

oxylase was discovered [11], and the gene for the VKOR

catalytic subunit was recently identified [12,13]. VKOR is the

target of commonly used oral anticoagulant therapies with

coumarin drugs such as warfarin (Figs 1 and 2A). Limiting the

supply of vitamin K hydroquinone cofactor for carboxylation

by warfarin inhibition leads to the secretion of un- and under-

carboxylated VKD proteins with impaired biological function.

In the case of the hemostatic VKDproteins (discussed in a later

section), this impairment leads to decreased coagulant activity.

Liver, which is themajor site of synthesis formost of the body’s

hemostatic VKD proteins, contains a second activity for

converting the quinone form of vitamin K to hydroquinone

(Fig. 2A). This NAD(P)H-dependent quinone reductase has a

high Km for vitamin K and is relatively insensitive to coumarin

drugs. This alternative pathway can support sufficient carb-

oxylation of hepatic VKD proteins for functional hemostasis

when vitamin K is administered in combination with warfarin.

The presence of multiple Gla residues in the VKD Gla

domain facilitates increased coordination and consequent

higher affinity binding of calcium with Glas [14]. Calcium

binding transforms the Gla domain from a random coil to one

of two types of ordered structures. For those VKD proteins

with a large number of Gla residues (9–13), the Gla domain

coordinates several calcium ions (e.g. seven for prothrombin),

which stabilizes a tertiary structure in which the Gla residues

orient inward and, together with calcium ions, form the interior

core. This structure facilitates Gla domain binding to the cell

surface through shallow penetration of the lipid bilayer [14,15].

A second type of Gla domain structure is adopted by

osteocalcin, a bone matrix protein that contains only three

Gla residues. The osteocalcin Gla domain does not coordinate

as extensively with calcium ions, and the calcium-bound

osteocalcin Gla domain forms an a helix in which all of the Gla

residues are surface-exposed and lie on the same face of the a
helix [16]. This orientation is proposed to position osteocalcin

appropriately for binding calcium within the hydroxyapatite

crystal lattice.

Most of the known VKD proteins act at cell surfaces, and

binding of the Gla domain is specific for anionic phospholipids

[14,15]. Normally, the plasma membrane of every cell in the

body restricts phosphatidylserine and phosphatidylethanolam-

ine to the inner leaflet of the lipid bilayer. This asymmetry is

maintained by energy-dependent transport of these phosphol-

ipids from the outer to the inner leaflet of the membrane [17].

Certain conditions, however, lead to the rapid relocation of

anionic lipids to the outer membrane [18] where surface-

exposed phosphatidylserine can then serve as a binding site for

the Gla domain [19]. Cell surface exposure of phosphatidyl-

serine is a general hallmark of apoptosis, and also occurs

during cell injury or cell activation (e.g. in response to

inflammatory signals). Thus, the Gla domains have the

potential to tether VKD proteins to apoptotic or activated

cells that occur in a wide range of human physiologies.

Vitamin K-dependent protein function

The discovery of vitamin K in the 1930s was associated with a

bleeding defect in chicks fed a diet low in lipids [20], and

hemostasis was the only function attributed to vitamin K until

the 1970s. Hemostasis comprises an interactive and highly

regulated network of proteins which maintain blood flow and

the integrity of the vasculature. The orchestration of events is

complex, and there are several excellent, recent reviews [21–26]

that provide a more detailed picture than that briefly

summarized here. The VKD proteins prothrombin, factor

(F)IX, factor (F)X and factor (F)VII circulate in the blood as

serine protease zymogens (Fig. 3), and coagulation is triggered

when tissue factor, a cell surface protein, is exposed to these
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Fig. 1. Structures of vitamin K forms and the anticoagulant warfarin.

(A) Phylloquinone (K1). (B) Menaquinone-4 (MK-4) is one of several

menaquinones, which differ by the number of unsaturated isoprenyl

groups. (C) Warfarin is a vitamin K antagonist (as described in the text

and in the legend to Fig. 2).
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proenzymes. Exposure then initiates a rapid, localized cascade

of proteolytic events on the cell surface that ultimately leads to

the formation of a fibrin–platelet plug that stems blood loss

(Fig. 4). In the initiation phase of coagulation, historically

referred to as the extrinsic pathway, activated FVII (FVIIa)

and tissue factor at the site of injury cleave specific sites in FIX

and FX to produce activated FIXa and FXa (Fig. 4) and small

amounts of thrombin that are insufficient for supporting

hemostasis. Most of the FXa and thrombin is generated in the

propagation phase, historically called the intrinsic pathway.

Platelets are a major site for propagation and their activation,

which is promoted by many different stimuli, is an important

component of hemostasis. Platelet activation results in the

exposure of phosphatidylserine on the outer leaflet of the

plasma membrane, which facilitates the assembly and activa-

tion of the tenase complex [factor (F)VIIIa–FIXa–FX] that

generates FXa, and the prothrombinase complex [factor

(F)Va–FXa–prothrombin] that generates thrombin (Fig. 4).

Subsequent cleavage of fibrinogen by thrombin produces

fibrin, which polymerizes into strands that enmesh the aggre-

gate of activated platelets, resulting in a stable platelet–fibrin

plug or clot.

Until recently, the functions of VKD serine proteases that

participate in hemostasis were thought to be restricted to

extracellular events at the cell surface; however, several of these

proteases have now been shown to activate intracellular

signaling to modulate hemostasis. Thrombin is a potent

activator of platelets and acts, at least in part, through protease

activated receptors (PARs) [27]. PAR1, PAR3 and PAR4 are

activated by thrombin to induce other cellular responses at the

sites of vascular injury. PARs also act as sensors for other

coagulation intermediates. Tissue factor–FVIIa activates
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Fig. 2. (A) Carboxylation of vitamin K-dependent proteins. The carboxylase uses vitamin K hydroquinone (KH2), CO2 and O2 to convert glutamyl

residues (Glu) to c-carboxylated glutamyl residues (Gla). KH2 refers to the family of vitamin K forms described in Fig. 1. KH2 is oxidized to vitamin K

epoxide (KO), and recycling back to KH2 is accomplished by VKOR (for vitamin K oxidoreductase), which uses active site thiols as the reducing agent.

VKOR is inhibited by coumarin-based anticoagulant drugs such as warfarin. Vitamin K in the diet is in the quinone form (K) and, at least in liver, can

be reduced to KH2 by a second enzyme, an NAD(P)H-dependent quinone reductase. During warfarin therapy, administration of vitamin K can there-

fore support carboxylation of hepatic VKD proteins required for hemostasis. (B) The generalized structure of VKD proteins. The Gla domain (GLA)

contains multiple Gla residues and is adjacent to a propeptide (PRO) sequence that targets VKD proteins to the carboxylase. The signal peptide (SIG)

andpropeptide are proteolytically removedduring the secretion ofVKDproteins, whose divergent protein domains (PD) and functions are described below.
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PAR2 and FXa in the tissue factor–FVIIa–FXa complex

(Fig. 4) activates PAR1 and PAR2, resulting in proinflamma-

tory cell signaling (reviewed in [28]).

Hemostasis is highly regulated to contain coagulation to the

site of injury and to dampen coagulation once the clot is

formed. One regulatory mechanism involves protein Z, which

inhibits FXa (Fig. 4) (reviewed in [29]). Protein Z is structurally

similar to FIX, FX and FVII (Fig. 3); however, it does not

have serine protease activity as two of the canonical catalytic

triad residues are missing. Protein Z circulates in the blood

bound to the serine protease inhibitor ZPI (for protein

Z-dependent protease inhibitor). Both proteins localize to cell

surfaces during coagulation where the complex binds FXa,

resulting in ZPI cleavage by FXa and inhibition of FXa by the

complex. A second mechanism of hemostatic downregulation

is accomplished by the protein C anticoagulation pathway, a

complex feedback loop in which thrombin produced by the

coagulation cascade inhibits its own production (reviewed in

[30,31]). The procoagulant activity of free thrombin is changed

to an anticoagulant activity when thrombin binds thrombo-

modulin. One of the anticoagulant activities of the thrombin–

thrombomodulin complex is the activation of protein C,

a serine protease zymogen with strong sequence similarity to

FVII, FIX and FX (Fig. 3). The thrombin–thrombomodulin

complex cleaves protein C at specific sites to produce activated

protein C in a reaction that is enhanced by an endothelial cell

protein C receptor. Activated protein C, in turn, cleaves and

inactivates two cofactors critical for coagulation: FVa and

FVIIIa (Fig. 4). Inactivation is accelerated by the cofactor

protein S (Fig. 3), which binds activated protein C to alter its

positioning on the cell membrane and its substrate specificity.

Recent advances have revealed novel functions for some of

the hemostatic VKD proteins. In addition to its anticoagulant

function, activated protein C effects anti-inflammatory

responses by mechanisms that are less well understood.

Association of activated protein C with the endothelial cell

protein C receptor has recently been shown to activate PAR1

[32] and activated protein C induces protective processes, e.g.

that inhibit the NF-jB inflammatory pathway [33] and that

suppress p53-mediated hypoxia-induced apoptosis of brain

endothelium [34]. These studies used supraphysiological con-

centrations of activated protein C and so the physiological

relevance of the observed activities remains to be determined.

Nonetheless, an anti-inflammatory role is also supported by

observations from clinical studies [35] and by studies using

more physiologically relevant amounts of activated protein C,

which suggest a role in arresting chemotaxis [36,37]. Thus, cell-

surface localized VKD serine proteases control injury-related

physiological responses beyond hemostasis.

Protein S also has functions that are unrelated to anticoag-

ulation. Protein S circulates in both a free form (40%) and a

form bound to C4BP (60%), a regulator of the complement
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Fig. 3. Domain organization of vitamin K-dependent proteins. The four proteins at the top (FVII, FIX, FX and PC) are serine protease zymogens with

strong sequence similarity and similar domains, which include the propeptide (PRO), theGla domain (GLA), a short aromatic stack (AS), a tandem repeat

of growth factor domains (GF) and serine protease domain (SP) with the canonical catalytic triad of trypsin-like proteases. Three of them (FIX, FX and

PC) also contain an activation peptide (AP) that is removed by proteolysis at specific cleavage sites. Another VKD protein, PZ, is similar in domain

organization, but contains a thrombin-sensitive region (TR) and a pseudo serine protease (PSP) domain that is not catalytically active. PT is a serine

protease that contains two kringle (K) domains. The remaining VKD proteins are non-enzymatic. PS and Gas6 are homologous and differ from the VKD

serine proteases in containing a loop (LO) region followed by four GF domains and two steroid-hormone-binding domains (SHBD). OC and MGP

are distinct in having fewerGla residues in theirGla domains (three or five, respectively, vs. nine ormore for the remaining VKDproteins).MGP is unusual

in having the carboxylase recognition signal (CRS) retained within the mature protein and the Gla domain straddling the CRS. The last four VKD

proteins are a family of transmembrane Gla (TMG) proteins that are distinct in containing a single-pass transmembrane (TM) sequence and a cytoplasmic

(CYT) domain which includes proline-rich sequences (hence their original nomenclature as proline-rich Gla proteins or PRGP). The relative sizes of

individual domains are only an approximation.
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system, and only free protein S functions as a cofactor for

anticoagulation. The protein S–C4BP complex has recently

been shown to limit the activation of complement [38,39], which

participates in the clearance of apoptotic cells by phagocytosis.

While early components of complement are important for rapid

clearance, assembly of late components can produce an

undesirable inflammatory response to the surrounding tissue,

with cell lysis exposing the immune system to intracellular

antigens. Thus, phagocytosis of apoptotic cells is thought to

limit inflammation and prevent autoimmune disorders. During

apoptosis, phosphatidylserine is exposed on the outer surface of

thecellmembrane, facilitatingproteinS–C4BPcomplexbinding

through the Gla domain of protein S. C4BP downregulates the

late stages of complement activation by acting as a cofactor for

the degradation of the complement protein C4b. Therefore, by

targeting C4BP to apoptotic cells, protein S plays an important

role in avoiding an inflammatory response.

Protein S shares the same domain organization and extensive

amino acid sequence identity with the VKD protein Gas6 (for

growth arrest-specific gene 6) (Fig. 3) [40]. These two proteins

are more divergent in the C-terminal steroid-hormone-binding

domain (Fig. 3), which in protein S mediates C4BP binding

and anticoagulation [41,42]; however, Gas6 has neither of these

activities [43]. Gas6 is a ligand for a family of three receptor

tyrosine kinases: Axl (also called Ark/Ufo/Tyro7), Sky (also

called Rse/Tyro3/Etk-2/Dtk/Brt) andMer (also called Tyro12/

Eyk/Nyk) [44–47]. Gas6–receptor interaction is mediated

through the Gas6 steroid-hormone-binding domain [48], but

maximal activity also requires the Gla domain, which confers a

second contact site for Gas6 binding to the cell surface [49–51].

The structures of the Axl, Sky andMer receptors are similar: all

contain an extracellular binding domain with immunoglobulin-

like and fibronectin type III repeats, a single-pass transmem-

brane sequence and an intracellular tyrosine kinase domain. At

least two of the receptors (Axl and Sky) are encoded by

oncogenes, and Gas6 was initially identified as a gene product

whose expression is negatively regulated during growth induc-

tion [40]. Gas6 is now known to participate in many cellular

processes, including proliferation [52–55], protection against

apoptosis [56–59], phagocytosis [60,61], cell adhesion [50,62],

chemotaxis [63] and bone differentiation and resorption [64,65].

A novel role for Gas6 in hemostasis and thrombosis has also

been recently revealed: Gas6 potentiates agonist-induced

platelet aggregation, and mice lacking the Gas6 gene are

protected against fatal collagen/epinephrine-induced thrombo-

embolism [66]. This diversity of functions is consistent with the

broad tissue distribution of Gas6 [40], which includes a wide

distribution in the nervous system [67].

Whether protein S, which is structurally similar to Gas6, is

also a ligand for any of the Axl-Sky-Mer receptor tyrosine

kinases is presently unclear. Protein S activation of Sky was

initially observed in experiments using a ligand and receptor

from different species [47]; however, activation was not

obtained in subsequent studies using proteins from the same

species [45]. Increased, non-physiological concentrations of

protein S do result in Sky activation, leading to the suggestion
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Fig. 4. VKD proteins in hemostasis. Blood coagulation involves a series of proteolytic events that generate thrombin, which then cleaves fibrinogen to

fibrin to facilitate formation of a platelet plug. Cleavage at specific sites converts zymogens, which include PT, FX, FIX and FVII, to the active serine

proteases thrombin (T) and FXa, FIXa and FVIIa, respectively. Protease activities are potentiated by non-enzymatic cofactors which include tissue factor

(TF) and two cofactors that are activated by specific cleavage, factor VIIIa (FVIIIa) and factor Va (FVa). As shown by this simplified cascade, two

pathways exist to activate FX: the extrinsic pathway that initiates coagulation and the intrinsic pathway that propagates the production of thrombin.

Coagulation is downregulated by several mechanisms, two of which involve VKD proteins: (i) activated protein C (APC), which uses protein S (PS) as a

cofactor, inactivates FVa and FVIIIa by specific cleavage, and (ii) protein Z-dependent protease inhibitor (ZPI), which uses protein Z (PZ) as a cofactor,

inactivates FXa. These reactions all occur on cell surfaces, where VKD proteins bind to exposed phosphatidylserine residues in the plasma membrane via

their Gla domains.
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that protein S may be a functional ligand under circumstances

that lead to high local concentrations [68]. The possibility that

protein S is a functional ligand is supported by the observation

that mice lacking the three genes encoding the Axl, Sky and

Mer receptors are infertile [69], while mice lacking the gene for

Gas6 are not [54,66]. The same phenotype would be expected if

Gas6 was the only ligand for these receptors, and the difference

in fertility therefore implies the existence of another ligand.

Protein S is synthesized in testes [70] and is the only known

Gas6 paralog, suggesting that protein S is a ligand for one or

more of these receptors in promoting fertility.

Protein S is also synthesized in several other tissues, including

liver, brain, vascular smoothmuscle cells (VSMCs), osteoblasts,

megakaryocytes, spleen, and endothelium [47,71], and has been

reported to have functions beyond those discussed above in

anticoagulation and inflammation. Protein S is neuroprotective

during ischemia [72] and has mitogenic activity towards

VSMCs [73,74] that is upregulated by thrombin [75]. Protein

S deficiency has been associated with osteopenia and osteo-

necrosis [76], suggesting an additional role in bone metabolism.

Whether these functions are effected through the tyrosine

kinase receptors or C4BP is unknown and will be important to

resolve. The recent identification of these alternative pathways

for protein S action, along with the rapid elucidation of new

functions, has generated some confusion in the literature. In a

recent report that protein S stimulates phagocytosis of

lymphoma cells, for example, a role for receptor tyrosine

kinases was proposed [77] which may instead involve C4BP as

described above for other phagocytosing cells [38,39].

Osteocalcin is a VKD protein distinct from those discussed

so far because carboxylation enables binding to calcium in

hydroxyapatite rather than cell-surface binding [78]. Osteocal-

cin is an abundant non-collagenous bone matrix protein that is

synthesized by osteoblasts. The expression increases during

differentiation and osteocalcin is thought to function in bone

remodeling; however, its role in mineralization is poorly

understood.Mice lacking the osteocalcin gene show an increase

in bone mass, suggesting that osteocalcin may inhibit calcifi-

cation [79].

Matrix Gla protein (MGP) is also found in extracellular

bone matrix. However, unlike osteocalcin, MGP is also

synthesized in many soft tissues, with the highest levels of

expression in heart, lung, kidney and cartilage [80]. Normally,

significant accumulation of MGP is observed only in the

extracellular matrix of bone and calcified cartilage, and

therefore in non-calcified tissue must be secreted into the

circulation. The function ofMGPwas dramatically revealed by

gene deletion experiments in mice which showed that it inhibits

calcification in cartilage and, unexpectedly, in arteries. Mice

lacking MGP are normal at birth but develop severe arterial

calcification and die at 2 months of age, largely from aortic

rupture. Abnormal calcification in cartilage, leading to oste-

openia and fractures, is also observed [81]. One mechanism

proposed to explain how MGP inhibits calcification is that it

binds calcium in nucleating hydroxyapatite to inhibit crystal

growth [82]. An alternative proposal is that MGP binds to one

of the bone morphogenic proteins, BMP-2, to regulate

osteogenesis [83]. BMP-2 is a member of the transforming

growth factor-b superfamily of growth factors, and induces the

production of cartilage and bone from mesenchymal progen-

itor cells. MGP binds to BMP-2 [84,85] and inhibits down-

stream signaling of BMP-2 [86], leading to the hypothesis that

MGP-bound BMP-2 does not engage the BMP-2 receptor to

induce differentiation. A notable phenotype in the MGP null

mice is the replacement of medial VSMCs by chondrocytes

[81,87], which may be a consequence of loss of BMP-2

regulation by MGP.

Themost recently identifiedVKDproteins are the TMG (for

transmembrane Gla) family, which comprise four proteins:

PRGP1, PRGP2, TMG3 and TMG4 (Fig. 3) [88,89]. Their

cDNAs predict localization to the plasma membrane rather

than secretion from the cell and they are therefore distinct from

the remaining VKD proteins, which are extracellular. Each

TMG protein contains a single-pass transmembrane sequence

that connects an extracellular domain, composed largely of a

Gla domain, to a cytoplasmic domain (Fig. 3). This protein

family was discovered by means of their sequence similarity to

other VKD proteins, and their functions in vivo are unclear.

The cytoplasmic domains contain motifs that suggest roles in

signal transduction; however, there have been no reports on the

expression of the recombinant TMG proteins or identification

of proteins that interact with the extracellular or cytoplasmic

domains. The TMG proteins have a wide tissue distribution

[88,89], and therefore may have broad physiological impact.

The fact that these proteins are tethered to the cell surface by

their transmembrane segments is interesting, since targeting

circulating VKDproteins to the cell surface is a function of Gla

domains that are structurally similar to those predicted for the

TMG family (Fig. 3) [88,89]. Transmembrane tethering there-

fore suggests a novel role for the TMG Gla domain. One

possibility arises from the predicted inverted orientation of the

circulating VKD proteins vs. TMG proteins: in circulating

VKD proteins that bind the cell surface, the N-terminus of the

Gla domain is positioned closest to the plasma membrane

while the opposite orientation is predicted for the TMG Gla

domain. This inverted TMG orientation may allow TMG-

expressing cells to interact with other cells that have phosphat-

idylserine exposed on their cell surfaces.

In summary, the functions of VKD proteins are now known

to extend far beyond the previously known functions of

hemostasis and bone metabolism. Virtually every tissue in the

body synthesizes one or more VKD protein(s), and the

emerging functions for proteins such as Gas6 and protein S

indicate that VKDcarboxylation is required for a large number

of previously unrecognized physiologies. The nature of the

TMG proteins suggests that new functions remain to be

discovered.

Vitamin K nutriture

Recent advances in the development of reliable and sensitive

assays for measuring the vitamin K content in tissue and in
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food have revealed previously unappreciated complexities in

vitamin K physiology and nutriture. In humans, the vitamin K

forms are phylloquinone (Fig. 1A), present in highest amounts

in green, leafy vegetables and certain vegetable oils, and

menaquinones (Fig. 1B), which in the American diet come

mostly from animal products (reviewed in [90]). Many of the

longer-chain menaquinones are also synthesized by intestinal

bacteria and historically these forms were believed to be an

important source of vitamin K. However, their contribution to

nutriture is now considered insignificant, and their low

bioavailability may be due to their location in bacterial

membranes and consequent poor absorption from the gut [1].

Bioavailability of phylloquinone vs. menaquinones from the

diet is also not well understood and confounds assessing their

relative contributions to nutriture. Absorption of dietary

phylloquinone has been shown to be substantially less than

that of pure phylloquinone in some [91,92] but not all [93]

studies, and the composition of the food matrix (e.g. fats)

impacts absorption [90]. Dietary menaquinones (which com-

prise mostlyMK-7 toMK-9) may be more efficiently absorbed

than phylloquinone, leading to the proposal that even though

phylloquinone comprises a large amount of vitamin K intake,

phylloquinone and menaquinones may both contribute simi-

larly to nutriture [94].

Phylloquinone absorbed from the gut is rapidly cleared to

tissue [95–98]. Most of the phylloquinone is taken up by

chylomicrons in the circulation, but a small amount is also

carried by LDL and HDL. Phylloquinone in chylomicron

remnants generated by lipoprotein lipase is cleared via apoE

receptor-mediated uptake in liver [99]. Bone marrow is also a

major site of chylomicron remnant removal [100], but how

phylloquinone is delivered to other non-hepatic tissues is

poorly understood. The tissue delivery of menaquinones is also

not well understood. Menaquinones are observed in the same

classes of lipoprotein particles as phylloquinone but appear to

have a different distribution, which has been suggested to affect

differential tissue delivery [96]. The contribution of menaqui-

nones vs. phylloquinone to function is not fully understood.

Both phylloquinone and menaquinones support carboxylase

activity in vitro [101]; however, in vivomost of the longer-chain

menaquinones are compartmentalized to the mitochondria

rather than the endoplasmic reticulum [102,103]. While such

menaquinones are known to function in energy production in

various bacteria [104,105], their function in animal cell

mitochondria has not been determined.

The advances in vitamin K analysis of tissue have implicated

the menaquinone MK-4 (Fig. 1B) as having particular

physiological importance. This vitamer is not synthesized in

significant amounts by bacteria in the gut and its concentration

in nutrients is relatively low. Nonetheless,MK-4 is abundant in

tissues such as brain, pancreas, salivary gland, kidney and

sternum [103,106–108]. This MK-4 tissue distribution is quite

distinct from that of the chemically similar phylloquinone

(Fig. 1A). For example, in rats the tissue concentration ratios

of phylloquinone toMK-4 vary from 24 : 1 in liver to 0.1 : 1 in

brain [106]. Similar differences in phylloquinone to MK-4

ratios have also been observed in postmortem human tissues

[107]. The catabolism of phylloquinone vs. MK-4 may be

different. Phylloquinone is labile: the levels of phylloquinone in

liver drop to an undetectable level when rats are fed a vitamin

K-deficient diet [103]. Rapid decreases in serum carboxylated

prothrombin are also observed, in both rats and humans

[109,110], which are quickly replenished upon vitamin K

administration [111,112]. In contrast, the MK-4 levels in rats

fed a vitaminK-deficient diet remain high in several tissues that

include brain, pancreas, sternum and salivary gland [103].

Interestingly, there is a metabolic pathway for synthesizing

MK-4 in tissue. Rats maintained on a vitamin K-deficient diet

and subsequently fed phylloquinone accumulate MK-4 in

several tissues, at levels that are even higher than those

observed with rats fed MK-4 [103,108,113,114]. The same

result is obtained using germ-free rats, to rule out the

contribution of menaquinones produced by intestinal bacteria

[106,115], and also using a mammalian cell line [106]. The

conversion of phylloquinone to MK-4 in tissue has led to the

proposal that vitamin K may have a novel function distinct

from carboxylation [106,115]. New functions for vitamin K

that have been suggested include transcriptional regulation

[116], preventing the accumulation of reactive oxygen species

that can lead to neuronal cell death [117], and sphingolipid

biosynthesis [118]. However, given our limited understanding

of vitamin K nutriture and the widespread expression of VKD

proteins, it would be premature to rule out a specific function

forMK-4 synthesis in VKDprotein carboxylation.Major gaps

in our understanding includeMK-4 turnover and the specificity

of the enzyme VKOR (Fig. 2A) which reduces and recycles

vitamin K for carboxylation. In addition, most of the studies

indicating MK-4 synthesis have been done with rats, which

have a much higher daily requirement for vitamin K than

humans, so the physiology in humans may have important,

currently unknown, differences.

In considering vitamin K nutriture, it is important to note

that the current guidelines for the vitamin K daily requirement

(a recommended daily allowance (RDA) of � 100 lg day)1)

are based solely on the ability to maintain normal hemostasis.

The classical assessment of hemostatic function measures

prothrombin activity in a coagulation assay. This measurement

is not sufficiently sensitive for the detection of subclinical

vitamin K deficiency, and a more recent assay that detects

undercarboxylated prothrombin has been developed, called

PIVKA (for protein-induced in vitamin K absence). PIVKA is

a more useful assay because prothrombin undercarboxylation

can be detected even under conditions where coagulation is

unaffected [119]. The appreciation that vitaminK also supports

non-hemostatic function has led to the development of assays

that measure osteocalcin carboxylation, which are based on

binding of osteocalcin to either hydroxyapatite or to antibodies

that recognize the extent of osteocalcin carboxylation. Studies

with such assays show that while defective hemostasis is rarely

detected in the normal population, undercarboxylation of

osteocalcin is common [120]. Recent studies show that a much

higher phylloquinone intake, i.e. 1 mg day)1, is required to
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achieve full carboxylation [121]. It is important to note that the

assays are performed on circulating osteocalcin, and whether

the carboxylation status of this fraction accurately reflects that

of osteocalcin in the extracellular matrix of bone is an open

issue.

Osteocalcin undercarboxylation has raised obvious ques-

tions regarding the relationship of vitamin K nutriture to long-

term consequences on bone health. Epidemiological studies

show that low vitaminK intake is associated with increased hip

fracture and that there is a correlation between osteocalcin

undercarboxylation and both increased hip fracture and

decreased bone mineral density (reviewed in [122,123]). An

intervention trial which used the high vitamin K concentration

required to restore full osteocalcin carboxylation [121] showed

that increased phylloquinone intake improved bone mass

density [124]. MK-4, given at even higher doses (45 mg day)1)

that are often referred to as pharmacological, also results in

increased bone mass as well as decreased hip fracture [125,126].

The effect of the anticoagulant warfarin (Figs 1 and 2A) on

bone health has also been evaluated. The results are mixed, and

the conclusions are confounded by the severity of the illnesses

requiring warfarin treatment, which could have multiple effects

on bone metabolism. The sum of these data suggests that

vitamin K levels may affect bone health, and indicate the need

for additional studies.

The open questions regarding vitamin K and bone metabo-

lism highlight how our views of vitamin K nutriture will be

further impacted by the recent discoveries of new functions for

VKD proteins. Some of the functions are unknown (the TMG

proteins) while others have only recently been revealed (e.g.

Gas6, protein S). With the exception of osteocalcin, the

carboxylation status of these proteins in the general population

is not known. While undercarboxylation of non-hemostatic

proteins is clearly not life threatening, the long-term conse-

quences of chronic undercarboxylation are unknown.

Vitamin K and atherosclerosis

Atherogenesis is affected by most of the known VKD proteins

(Fig. 5). Plaque erosion or rupture that leads to thrombus

formation is one of the final events in atherosclerosis, and the

contribution of the coagulation cascade (Fig. 4) to the

initiation and propagation of the thrombus has been an active

area of interest for some time. However, it is now appreciated

that the development of the atherosclerotic lesion that

ultimately leads to plaque disruption occurs over decades

(reviewed in [127]). One change during plaque progression is

arterial calcification, which may be influenced by at least one

VKDprotein,MGP. Calcification begins by the second decade

of life and is near-ubiquitous in the population by� 65 years of

age. Calcification decreases vessel elasticity and increases shear

stress at the interface between calcified deposits and soft tissue,

and is associated with increased morbidity and mortality. Two

different patterns of vascular calcification are observed. Intimal

calcification is associated with atherosclerosis and involves

both VSMCs and macrophages, which can influence VSMC

expression. Medial calcification occurs in the absence of

atherosclerosis and involves VSMCs but not lipid or macr-

ophages. Medial calcification, also referred to asMönckeberg’s

sclerosis, is almost ubiquitous in the aged population, and is

also common in diabetes mellitus and in chronic renal failure.

Two mechanisms for arterial calcification have been pro-

posed. One hypothesizes a passive mechanism in which

calcification is the default pathway that is normally blocked

by inhibitors in the extracellular matrix, but occurs when the

inhibitors are no longer present [128]. However, a substantial

body of information argues for a more complex mechanism in

which arterial calcification is an active, regulated process that

recapitulates the developmental program of osteogenesis

(reviewed in [129–133]). Markers for bone ossification that

are also detected during arterial calcification include the

expression of a large number of bone-specific proteins, the

presence of matrix vesicles that are initiating sites for miner-

alization and the accumulation of calcium in hydroxyapatite,

the form of calcium phosphate present in bone. The changes

observed during calcification are a consequence of osteogenic

cells within the VSMC population. The source of the osteo-

genic cells, i.e. whether from dedifferentiation of resident

VSMCs or from circulating mesenchymal stem cells from bone

marrow, is not known. Also unknown is the initiating event

that causes the appearance and expression of the osteogenic

cells. In intimal calcification, the phenotype of VSMCs may be

influenced by environmental signals from macrophages,

inflammatory agents and/or oxidized lipids. In both intimal

and medial calcification, the phenotypic changes in VSMCs

may result from apoptotic bodies that persist within the

atherosclerotic plaque due to incomplete phagocytosis.

As discussed above, gene deletion studies inmice have shown

that MGP is an inhibitor of calcification, and implicate MGP

as a central regulator of this process [81]. Humans with

functional defects in MGP have also been identified as patients

with a rare autosomal disorder called Keutel syndrome [134].

This disease is characterized by calcification of cartilage,

consistent with MGP being an inhibitor of calcification in

humans. However, in contrast with the mice lacking MGP,

individuals with Keutel syndrome do not exhibit gross vascular

calcification or substantial aortic rupture [134,135]. These

differences from the mouse model suggest that additional

regulators and/or othermechanismsmay be involved in arterial

calcification in humans, but do not exclude low MGP

expression as a risk factor for atherosclerosis.

Immunohistochemical analysis of normal vs. atherosclerotic

human tissue shows constitutive expression of MGP in the

vessel wall that is sustained during calcification [136]. Analysis

by semiquantitative reverse transcriptase-polymerase chain

reaction shows a decrease in MGP mRNA expression with

the progression of calcification during atherosclerosis [137] and

in Mönckeberg’s sclerosis [138]. The studies on Mönckeberg’s

sclerosis also included in-situ hybridization to analyze spatial

expression of MGP, which revealed that MGP is highly

upregulated in VSMCs adjacent to sites of calcification [138].

This focal expression pattern led to the proposal of a feedback
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mechanism in which VSMCs sense neighboring calcification

and upregulate MGP to attempt calcium clearance. A model

system in which VSMCs spontaneously calcify when passaged

in vitro [139–141] also shows MGP mRNA upregulation

during calcification [141], consistent with a feedback mechan-

ism. Upregulation may not be sufficient to restore normal

homeostasis due to overwhelming amounts of calcification.

However, another possibility is that the MGP is not fully

active. Whether upregulation of MGP mRNA generates

functional MGP is not known, since the extent of carboxyla-

tion, which is required for MGP activity, has not been

determined.

The requirement of MGP carboxylation for inhibiting

arterial calcification has been established usingwarfarin-treated

rats [82,142]. The studies on arterial calcification exploited a

previous demonstration that all tissues do not respond the

same when vitamin K is coadministered with warfarin to rats:

vitamin K supported carboxylation of hemostatic VKD

proteins synthesized in liver but not osteocalcin produced in

bone [143]. This tissue-specific difference, which is presumably

due to the presence of a warfarin-insensitive quinone reductase

(Fig. 2A) in liver but not in bone, thereforemaintained viability

of the rats for analyzing osteocalcin function. When applied to

the investigation of MGP and arterial calcification, rats
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Fig. 5. Most of the known VKD proteins participate in atherosclerosis. In addition to the known involvement of hemostatic VKD proteins in throm-

bus formation and plaque rupture (upper illustration), new roles for VKD proteins in plaque progression (lower illustration) have also recently been

identified. Matrix Gla protein (MGP) is a major inhibitor of arterial calcification and is highly upregulated in smooth muscle cells adjacent to sites of

calcification. Osteocalcin (OC) is also upregulated during calcification, but its function is not yet known. Gas6 is synthesized by both endothelial cells
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differentiate into several different cell types, including the osteogenic cells described in the text). Protein S (PS), an inhibitor of coagulation (upper

illustration and Fig. 4), is also synthesized in endothelial and vascular smooth muscle cells and can stimulate smooth muscle cell proliferation. The

VKDproteins require carboxylation for their activities; however, the carboxylation status of proteins such asGas6 andMGP in the atherosclerotic lesion is

currently unknown. Recent studies suggest that carboxylation may be indirectly influenced by platelet activation: calumenin, a chaperone that inhibits

carboxylation in vitro [155], is released by platelet storage vesicles and is observed in atherosclerotic but not normal tissue [156].
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administered vitamin K and warfarin showed rapid and

extensive medial calcification, similar to the phenotype

observed in mice lacking MGP [81,82,142]. These results

indicate that MGP carboxylation is necessary to inhibit

calcification. Warfarin treatment caused an increase in MGP

mRNA and in MGP accumulation within the matrix [82,142],

supporting the feedback mechanism described above for

upregulation of MGP during calcification.

The demonstration that vitamin K does not counteract the

effect of warfarin in arteries as well as bone raises the question

of whether this response is a general one for non-hepatic

tissues. This possibility has implications for the common use of

warfarin. The issue of potential complications in warfarin

therapy has recently been addressed within the context of

arterial calcification [144]. Warfarin is used in patients with

renal failure to prevent thrombosis while they undergo

hemodialysis. These patients experience early vascular calcifi-

cation and increased rates of cardiovascular disease, and it has

been suggested that warfarin treatment may account for these

problems by accelerating calcification [144].

The combined observations that poor MGP carboxylation

results in arterial calcification [82,142] and that undercarbox-

ylated osteocalcin is frequently observed in the general

population [120] raise the question of whether atherosclerosis

is affected by current levels of vitaminK intake. Atherosclerotic

calcification develops over decades, and age-related changes in

vitaminK levelsmay also need to be considered. A study in rats

demonstrated a general decline in vitamin K (MK-4 and MK-

6) in extrahepatic tissues during aging [145]. In humans,

vitamin K intake increases with age, presumably due to

improved dietary habits [90]; however, whether tissue changes

occur with age is unknown. A recent review citing unpublished

data suggested an inverse correlation between vitaminK intake

and arterial calcification [94], and such studies will clearly be

important in determining whether poor vitamin K nutritional

status is a risk factor for atherosclerosis. Also under investi-

gation is how MGP serum levels correlate with arterial

calcification. Polymorphisms in the MGP gene that reduce

promoter activity in transfected cells have been identified, one

of which correlates with variations in serum MGP levels [146]

and the other which shows a weak association with cardio-

vascular disease [147]. A recently developed immunoassay that

measures MGP [148] has detected both increased [148] and

decreased [149] serum MGP levels in association with athero-

sclerosis. The assay measures total MGP and the development

of assays that measure the carboxylation status of MGP, like

those described above for prothrombin and osteocalcin, will

clearly be of value. It is important to note, however, that MGP

expression is observed in many tissues [80] and the main

sources of circulating MGP are unknown. Thus, it is not clear

whether meaningful correlations can be made between MGP

serum levels and arterial calcification.

Determining whether other non-hemostatic VKD proteins

also contribute to atherosclerosis will be an important research

area. Osteocalcin, whose synthesis is normally limited to hard

tissue, is upregulated during arterial calcification [129],

although the physiological consequences of its expression are

unknown. Gas6 is also likely to be important to atherogenesis,

as several vascular functions have been ascribed to this VKD

protein. Gas6 induces chemotaxis of VSMCs [63], and is

upregulated along with its receptor (Axl) following balloon

injury in rats [150]. The time course of expression parallels

migration of VSMCs from the vessel media to the intima [150],

and Gas6 may therefore contribute to the progression of the

atherosclerotic lesion. However, Gas6 may also have a

protective effect by inhibiting calcification: in vitro studies

showing downregulation of Axl during calcification have led to

the proposal that Gas6-mediated Axl activation inhibits the

osteogenic differentiation pathway thought to cause calcifica-

tion [64]. Gas6, and possibly protein S, may inhibit calcification

through their effects on apoptosis: atherosclerotic lesions show

extensive apoptosis, which has been proposed to initiate

calcification [151]. Gas6 has been shown to prevent apoptosis

in VSMCs [59] and in endothelial cells [152], consistent with

this possibility. Other activities of Gas6 which may influence

the development of atherosclerosis include its ability to

potentiate platelet aggregation [66] and VSMC mitogenic

activity [52], to stimulate scavenger receptor activity in VSMCs

which may affect foam cell formation [153], and to inhibit

granulocyte adhesion to endothelial cells [154].

These considerations highlight how different VKD pro-

teins can impact atherosclerosis, and a detailed understand-

ing of the functions of non-hemostatic VKD proteins and

how they are affected by vitamin K nutriture will be

important in elucidating their specific roles. The combina-

tion of recent advances in defining VKD protein function

and vitamin K nutriture shows that the vitamin K field is

poised for a renaissance in our understanding of vitamin K

physiology and for a series of exciting new discoveries. A

potential outcome may well include increased dietary intake

that will significantly reduce the morbidity and mortality of

atherosclerotic disease.
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68 Evenäs P, Dahlbäck B, Garcia de Frutos P. The first laminin G-type

domain in the SHBG-like region of protein S contains residues

essential for activation of the receptor tyrosine kinase Sky. Biol Chem

2000; 381: 199–209.

69 Lu Q, Gore M, Zhang Q, Camenisch T, Boast S, Casagranda F, Lai

C, Skinner MK, Klein R, Matsushima GK, Earp HS, Goff SP,

Lemke G. Tyro-3 family receptors are essential regulators of mam-

malian spermatogenesis. Nature 1999; 398: 723–8.

70 Malm J, He XH, Bjartell A, Shen L, Abrahamsson PA, Dahlbäck B.
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