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ABSTRACT

The role of vitamin K in the nervous system has been somewhat neglected compared with other physiological systems despite the fact that this

nutrient was identified some 40 y ago as essential for the synthesis of sphingolipids. Present in high concentrations in brain cell membranes,

sphingolipids are now known to possess important cell signaling functions in addition to their structural role. In the past 20 y, additional support for

vitamin K functions in the nervous system has come from the discovery and characterization of vitamin K–dependent proteins that are now known

to play key roles in the central and peripheral nervous systems. Notably, protein Gas6 has been shown to be actively involved in cell survival,

chemotaxis, mitogenesis, and cell growth of neurons and glial cells. Although limited in number, studies focusing on the relationship between

vitamin K nutritional status and behavior and cognition have also become available, pointing to diet and certain drug treatments (i.e., warfarin

derivatives) as potential modulators of the action of vitamin K in the nervous system. This review presents an overview of the research that first

identified vitamin K as an important nutrient for the nervous system and summarizes recent findings that support this notion. Adv. Nutr. 3: 204–212, 2012.

Introduction
Vitamin K is classically known for its role as a cofactor of the
g-glutamyl carboxylase (GGCX)3 enzyme involved in the bi-
ological activation of a family of proteins, the vitamin K–de-
pendent proteins (VKDPs). One of these, Gas6, was
discovered in 1993 and has been closely associated with
the nervous system (1,2). However, a role for vitamin K in
this system that well predates the discovery of Gas6 is that
in sphingolipid synthesis, a class of lipids present in high
concentrations in both neuronal and glial cell membranes
(3). This action of vitamin K was indeed characterized >40
y ago by the team of Meir Lev and is assumed to be distinct
from that of the carboxylase function. In a series of publica-
tions that spanned from 1971 through 1996, Lev and col-
leagues (4,5) provided evidence that vitamin K modulates
the activities of key enzymes of the sphingolipid biosynthetic
pathway and hence their synthesis and metabolism.

Research conducted in more recent decades has gener-
ated data that confirm the relevance of vitamin K in the ner-
vous system and cognition. Notably, a strong relationship

has been established between the K vitamers and sphingo-
lipids in the brain and their modulation by nutritional sta-
tus. Important findings have also been obtained with
respect to the cell signaling actions of protein Gas6 in
both the central and peripheral nervous systems. New
knowledge has been gained about menaquinone-4 (MK-
4), the principal K vitamer in brain, which could have far-
reaching effects in the brain and other components of the
nervous system. Finally, a limited number of studies have
provided evidence of a relationship between vitamin K sta-
tus, behavior, and cognition.

Vitamin K distribution in brain
Reports published in the past 2 decades confirmed the presence
of vitamin K in the brain. However, although in the majority of
extrahepatic tissues, vitamin K is present as phylloquinone (K1)
and MK-4, vitamin K in the brain occurs predominantly as
MK-4 (6,7). When investigated in 6- and 21-mo-old rats,
MK-4 was found to represent >98% of total vitamin K in
the brain, irrespective of age (8,9). In a detailed assessment
of the anatomic distribution of vitamin K, MK-4 was present
in all brain regions, although concentrations differed ac-
cording to regions. Specifically, MK-4 was observed in high-
est concentrations in the midbrain and pons medulla and in
lowest concentrations in the cerebellum, olfactory bulb,
thalamus, hippocampus, and striatum (8).

Concentrations of MK-4 in the brain have also been
shown to be affected by sex and age. In a study conducted
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in Brown Norway rats, MK-4 levels in the cortex and cerebel-
lum were higher in female than in male rats despite similar
diets, and concentrations decreased between 12 and 24 mo
of age (7). Vitamin K concentrations in the brain are also in-
fluenced by diet in a manner that reflects intake. When inves-
tigated in female Sprague-Dawley rats that had been fed diets
containing low (80 mg/kg diet), adequate (500 mg/kg diet), or
high (2000 mg/kg diet) amounts of phylloquinone for 5 mo,
MK-4 tissue concentrations from the high phylloquinone-
containing diet rats were on average 8 and 3 times higher
than those for the low and adequate phylloquinone-containing
diet rats, respectively (8).

Vitamin K and sphingolipids
Sphingolipids are a group of complex lipids present in all
mammalian cells where they are major components of cell
membranes. They are present in particularly high concen-
trations in cells of the central and peripheral nervous sys-
tems with the major sphingolipids consisting of ceramide,
sphingomyelin, cerebroside, sulfatide, and ganglioside (8).
As discussed below, certain sphingolipids are highly corre-
lated with MK-4 in the brain. A simplified scheme of the
sphingolipid biosynthetic pathways is presented in Fig. 1.

Initially appreciated for their structural role, sphingo-
lipids are now viewed as key players in important cellular
events such as proliferation, differentiation, senescence,
cell–cell interaction, and transformation (10). Furthermore,
research conducted in recent years linked alterations in
sphingolipid metabolism to the aging process (11) and neu-
rodegenerative disorders such as Alzheimer’s disease (AD)
and Parkinson’s disease (12,13).

As indicated previously, evidence supporting a role for vi-
tamin K in sphingolipid metabolism is largely based on the
scientific legacy of Meir Lev’s group. In an initial report

published in Nature in 1958 (14), vitamin K (note: all in vitro
studies used an aqueous form of phylloquinone as the source
of vitamin K), was shown to act as a growth factor for the ru-
men strain Bacteroides melaninogenicus (also known as Fusi-
formis nigrescens). This obligate vitamin K requirement for
bacterial growth was later found to be linked to cell mem-
brane homeostasis. When cultured in a medium devoid of vi-
tamin K, cells grew as filaments (i.e., elongated cells), were
more fragile when subjected to shaking with glass beads,
and tended to autoagglutinate when placed in buffer. Growth
yield under vitamin K–deficient conditions was also greatly
affected, with vitamin K–deficient cultures yielding w80%
lower bacteria weight than those grown from vitamin K–
replete conditions (15). Elucidation of the role of vitamin K at
the membrane level was provided in 2 subsequent reports in
which it was shown that vitamin K is required for sphingolipid
synthesis. The bacteria strain B. melaninogenicus is unusual
in that it contains sphingolipids in addition to other phos-
pholipids, a rare feature among bacteria. Using B. melanino-
genicus cells that had been cultured in conditions of vitamin
K deficiency, addition of vitamin K significantly increased
the incorporation of 32P into ceramide phosphorylethanol-
amine and ceramide phosphorylglycerol but had no effect
on other phospholipids such as phosphatidylethanolamine
and phosphorylglycerol. Further experiments showed that
synthesis of ceramide phosphorylethanolamine and ceram-
ide phosphorylglycerol was stimulated shortly after the addi-
tion of vitamin K to the cell medium and before an increase
in general cell metabolism. Incorporation of 32P into these
compounds was also found to be linear (16,17).

As depicted in Figure 1, the initial step of sphingolipid bio-
synthesis is the condensation of serine with palmitoyl-CoA
to form the intermediate, 3-ketodihydrosphingosine (3-KDS).
Building on their previous studies, the group undertook to

Figure 1 A simplified
scheme of sphingolipid
pathways. CerDase,
ceramidase; CerS, ceramide
synthase; GalCeramidase,
galactosylceramidase; GalCer
sulfotransferase, galactosyl
sulfotransferase; Gal-T1,
galactosyltransferase;
GluCeramidase,
glucosylceramidase; GluCer
synthase, glucosylceramide
synthase; Sial-T1,
lactosylceramide synthase; SM
synthase, sphingomyelin
synthase; SMase,
sphingomyelinase. Adapted
with permission from (9).
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determine whether vitamin K was involved in this initial
step. Specifically, they assessed the activity of the enzyme
3-KDS synthase (also known as serine palmitoyltransferase)
using 1 labeled substrate and determining its incorporation
into the final product. It was observed that B. melaninogeni-
cus that had been grown in vitamin K–depleted medium had
low synthase activity compared with bacteria grown in vita-
min K–supplemented medium. Addition of vitamin K to
cell-free extracts did not increase enzyme activity in a signif-
icant manner, suggesting that vitamin K did not act as a co-
enzyme for the synthase. In contrast, adding vitamin K to
intact cells resulted in a rapid induction of the enzyme, an
effect that was abolished when cultures were exposed to in-
hibitors of protein (puromycin) and RNA (rifampicin) syn-
thesis. These latter results strongly suggested that vitamin K
induction of 3-KDS synthase was through de novo synthesis
of the enzyme (18). Furthermore, the notion that vitamin K
acted independently of its role in the carboxylation reaction
was supported by the fact that synthase activity was not af-
fected by warfarin treatment in vitro (5).

In 1988, the group extended their work in bacteria to ro-
dent models and showed that mice treated with a vitamin K
antagonist resulted in an alteration in the brain sphingolipids.
Specifically, when 16-d-old mice were administered sodium
warfarin (10 mg/kg body weight on alternate days) for 12 d,
brain microsomes from these animals showed a 19% reduc-
tion in 3-KDS synthase activity. Treatment with warfarin for
2 wk also resulted in a significant reduction in brain sulfatides
(42%) and, to a lesser extent, in sphingomyelin (17%) and cer-
ebrosides (12%). When a subgroup of these mice were treated
with phylloquinone (1 mg/mouse, 3 d), 3-KDS synthase activ-
ity was normalized, whereas sulfatide levels increased by 33%
and gangliosides returned to the levels of control mice. In con-
trast, sphingomyelin and cerebrosides continued to decrease
after administration of phylloquinone. Sulfatide synthesis was
then directly examined by determining the incorporation
of [35S]-sulfate into sulfatides and was found to increase
by 52% after phylloquinone treatment. These results sug-
gested that the cerebroside pool may have been used for sul-
fatide synthesis (19).

The apparent preferential inhibition of sulfatide synthesis
after warfarin treatment prompted additional studies target-
ing the sulfotransferase enzyme, the enzyme responsible for
sulfatide synthesis. Treatment of mice with warfarin (10 mg/
kg body weight on alternate days) for 10 d resulted in a sig-
nificant reduction (45%) in sulfotransferase activity in the
brain but not in spleen and kidney, suggesting a specific ef-
fect of warfarin in the brain. Supplementation of warfarin-
treated mice with phylloquinone (1 mg/mouse, 3 d) resulted
in the recovery of sulfotransferase activity. A stimulatory ef-
fect of phylloquinone on sulfotransferase activity was also
observed in control mice, but in this case, it was accompa-
nied by a concurrent stimulation of arylsulfatase activity,
the sulfatide degrading enzyme. This dual effect of vitamin
K on biosynthetic and catabolic enzymes suggested that
the vitamin could have a role in the regulation of the sulfa-
tide biosynthetic pathway in the brain (20). The mechanism

by which vitamin K modulated the activity of sulfotransfer-
ase enzyme was addressed in a subsequent study in which it
was shown that phylloquinone (or menadione) + ortho-
phosphate can partially fulfill the requirement of the enzyme
for ATP. The involvement of phosphate in this reaction led
to the suggestion that vitamin K contributed to the phos-
phorylation of the enzyme (21,22).

In the final report by the group, sulfotransferase activity
and sulfatides were investigated with respect to vitamin K
status as modulated by diet (23). Similarly to what had
been observed after warfarin treatment, vitamin K defi-
ciency induced through diet had deleterious effects on sulfa-
tide production. Specifically, when 21-d-old male Swiss mice
were fed a vitamin K–deficient diet for 7 d, brain sulfatide
concentrations were 21% lower than those of mice fed a vi-
tamin K–replete diet. Furthermore, dietary vitamin K mod-
ulated sulfatide metabolism in nondeficiency states. Feeding
Sprague-Dawley rats an excess of vitamin K for 7 and 14 d
resulted in 26% and 31% greater sulfotransferase activity
and 15% and 18% greater brain concentrations of sulfatides,
respectively, compared with controls. The stimulatory effect
of vitamin K on enzyme activity and sulfatide levels was ob-
served with either phylloquinone or MK-4 as a source of vi-
tamin K.

In the following years, work was conducted focusing on
the relationship between dietary vitamin K and sphingo-
lipids in the brain. In a study from our group referred to ear-
lier (8) in which 6-mo-old female Sprague-Dawley rats had
been fed a low, adequate, or high phylloquinone-containing
diet since weaning, MK-4 was found to be positively corre-
lated with sulfatides and sphingomyelin and negatively cor-
related with gangliosides, the strength of the relationships
decreasing as a function of phylloquinone intake. These re-
sults suggested that when phylloquinone was present in the
diet in limited amounts, MK-4 preferentially accumulated in
highly myelinated regions. Furthermore, the strong negative
correlation observed between MK-4 and gangliosides sug-
gested a potential modulatory role for vitamin K in the gen-
eral sphingolipid biosynthetic pathway. In this group of rats,
diet did not influence sphingolipid concentrations in the
brain, a finding that may have been due to the duration of
diet exposure. However, when investigated in rats that had
been exposed to the different diets throughout their lives,
dietary phylloquinone altered brain sphingolipid concentra-
tions in a significant manner. Compared with rats from the
adequate and high groups, those that had received the diet
containing low amounts of phylloquinone throughout their
lives (20 mo) had significantly higher concentrations of ce-
ramides in their hippocampus and lower concentrations of
gangliosides in their pons medulla and midbrain (Fig. 2).
Interestingly and as discussed in a later section, this sphin-
golipid profile was associated with cognitive impairment
(9). It should be mentioned that positive correlations be-
tween MK-4 and sulfatide concentrations have also been ob-
served in the hippocampus and cortex of 12- and 24-mo-old
male Fisher 344 rats, supporting the tight association be-
tween the K vitamer and this sphingolipid in the brain (24).
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These more recent studies that confirm the modulation
of brain sphingolipids by vitamin K nutritional status, ex-
tend the work of Lev’s group and underscore the potentially
far-reaching effect of vitamin K in brain function given the
key role of these lipids in cell-signaling functions.

Vitamin K–dependent proteins in the nervous
system
Two VKDPs have been closely associated with the nervous
system, namely, Gas6 and, to a lesser extent, protein S.

Gas6
Discovered in 1993, Gas6, hence named after it was found to
be the product of the growth arrest–specific gene 6, is a se-
creted protein (75 kDa) that contains 11–12 carboxyglutamic
acid (Gla) residues. It is structurally related to the vitamin
K–dependent anticoagulation factor protein S, with which it
shares 44% amino acid homology (1). Gas6 binds and acti-
vates the receptor tyrosine kinases of the Tyro3, Axl, and
Mer (TAM) family, a function that is dependent on the pres-
ence of Gla residues. As for all VKDPs, Gas6 undergoes a
post-translational transformation of its glutamic acid residues
into Gla in a reaction catalyzed by the vitamin K–dependent
GGCX (25,26). Synthesis of Gla residue in the nervous system
is expected because the GGCX is highly expressed in this sys-
tem. Using in situ hybridization techniques, prominent ex-
pression of the enzyme was observed in the periventricular
neuroepithelium of the central nervous system (CNS) during
development, its expression persisting in the brain during
adulthood. The GGCX is also highly expressed in the gray
matter of the spinal cord during early and mid gestation
(27). Support for GGCX activity in the brain was provided
in an earlier report based on the vitamin K–dependent incor-
poration of 14CO2 in brain microsomes (28).

Using biochemical and histological techniques, a detailed
analysis of the distribution of Gas6 in the rat CNS was con-
ducted (2). At early stages of development, Gas6 expression

in the rat embryo is mostly confined to non-neuronal tis-
sues, with expression becoming more generalized in late em-
bryonic stages and remaining high during adulthood. In the
adult rats, Gas6 is expressed in the cerebral cortex, piriform
cortex, hippocampus (areas CA1, CA3, and the dentate gy-
rus), thalamic and hypothalamic structures, midbrain, and
cerebellum where it is found at high levels in the Purkinje
neurons and deep cerebellar nuclei. Gas6 is also detected
in motor neurons at embryonic d 14. In an independent
study, expression of Gas6 mRNA was found to be particu-
larly marked in the large neurons of the dorsal root ganglia
and in the neurons of the ventral horn of the spinal cord
(29). Gas6 expression was also investigated in adulthood
as a function of age. Using rat synaptosomes from the stri-
atum, hippocampus, and frontal cortex of 6-, 12-, and
24-mo-old Fisher 344 rats, Gas6 was shown to decrease in
a tissue-specific manner. Decreased expression was most
dramatic in the frontal cortex, with levels in 24-mo-old
rats being >84% lower than 6-mo-old rats, whereas in the
striatum and hippocampus, the age-associated decrease was
on the order of 55% (30).

In the nervous system, Gas6 has been involved in chemo-
taxis, mitogenesis, cell growth, and myelination. These ac-
tions have all been linked to the ability of the protein to
bind the TAM receptors and induce their phosphorylation
(25). Specifically, Gas6 has been shown to prevent gonado-
tropin-releasing hormone neurons from undergoing serum
deprivation–induced apoptosis, an effect mediated by the ex-
tracellular signal–regulated (ERK) and the serine/threonine
protein kinase (Akt), the latter being a downstream compo-
nent of the phosphatidylinositol 3-kinase (PI3K) signaling
pathway (31). Gas6/Axl signaling has also been shown to
contribute to the migration of the gonadotropin-releasing
hormone neurons from the olfactory bulb to the hypothal-
amus via signaling to the p38 mitogen-activated protein ki-
nase (MAPK), an essential step for these cells’ function in
ensuring sexual maturation during development (32). A

Figure 2 Sphingolipid
concentrations in brain
regions of 20-mo-old rats fed
a low, adequate, or high
phylloquinone diet since
weaning. Values are mean 6
SEM, n = 4–6. *Bracketed
means differ, P, 0.05 (ANOVA
followed by Tukey’s post hoc
test). CB, cerebellum; PM, pons
medulla; MB, midbrain; HIP,
hippocampus; STR, striatum.
Adapted with permission from
(9).
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prosurvival effect of Gas6 has also been observed in hippo-
campal neurons (33) through the activation of MAPK and
PI3K signaling pathways and their downstream effectors
(34). Using primary cultures of cortical and hippocampal
neurons, Prieto et al. (34) provided evidence that the Gas6-
mediated activation of MAPK results in the recruitment of
ERK, 90-kDa ribosomal protein S6 kinase, and cAMP re-
sponse element-binding protein, whereas Gas6 activation of
PI3K leads to the phosphorylation of Akt and the subsequent
recruitment of mammalian target of rapamycin and 70-kDa
ribosomal protein S6 kinase (P70S6K). Protein Gas6 has
also been shown to rescue cortical neurons form amyloid b
protein–induced apoptosis. A hallmark of AD (35), the addi-
tion of Gas6 to primary cultures of rat cortical neurons pre-
vented cell apoptosis by inhibiting Ca2+ influx and reducing
amyloid b protein–induced apoptotic features such as con-
densation of chromatin and fragmentation of DNA (36). Fi-
nally, Gas6 has been shown to protect cortical neurons form
phospholipase A2-IIA–induced apoptosis (37).

In addition to its well-documented actions in neurons,
Gas6 also modulates glial cell functions, notably oligoden-
drocytes, Schwann cells, and microglia. Oligodendrocytes
and Schwann cells are the cells responsible for myelinating
the neurons in the central and peripheral nervous systems,
respectively, and play essential roles in the transmission of
the nervous impulses. Microglia are the primary immune ef-
fectors of the CNS and are at the core of tissue homeostasis
and repair (38). As macrophages, they accomplish impor-
tant phagocytic functions, removing pathogens, cellular
debris, and apoptotic cells that accumulate over time. In ad-
dition, microglial cells secrete cytotoxic substances such as
cytokines and reactive oxygen species that they use to protect
the brain from infectious organisms. However, an overstim-
ulation of microglia can lead to cytotoxicity and result in
damage of local cells (39).

In recent years, studies have provided evidence of an impli-
cation of the Gas6-dependent activation of TAM receptors in
the survival of glial cells and modulation of microglial pheno-
type. Using primary cultures of oligodendrocytes from human
fetal spinal cord, Shankar et al. (40) showed that addition of
Gas6 to the medium significantly enhanced oligodendrocyte
survival and protected them from apoptosis, an action me-
diated by the PI3K pathway. They subsequently confirmed
the prosurvival effect of Gas6 in growth factor (insulin)-
depleted cultures and provided evidence that Gas6 could
protect oligodendrocytes from TNF-a–mediated toxicity
through activation of the Axl receptor and the PI3K/Akt sig-
naling pathway (41).

More recently, the action of Gas6 in oligodendrocytes was
investigated in the cuprizone-induced demyelination model,
a well-established model of multiple sclerosis. Treatment
with this copper chelator results in focal demyelination of
the corpus callosum and in the recruitment of microglia be-
fore and during demyelination (42). When Gas6 knockout
mice (Gas62/2) were subjected to a cuprizone challenge for
3 wk, the animals were found to present alterations in both
myelination andmicroglial activation. Specifically, the absence

of Gas6 was associated with decreased oligodendrocyte sur-
vival, greater cell loss, fewer myelinated axons, and a reduction
in overall myelination. In an in vitro study, Gas6 was shown to
decrease expression of inflammatory cytokine TNF-a after an
LPS challenge, suggesting an anti-inflammatory role for Gas6
(39). These results are in line with those of Grommes et al.
(43), who, using a murine microglia cell line, observed re-
duced expression of the proinflammatory mediators inducible
nitric oxide synthase and interleukin-1b in Gas6-treated cells
after LPS treatment. Importantly, recent reports point to a
modulatory role for Gas6 during remyelination. Addition of
Gas6 to a culture of oligodendrocyte precursor cells resulted
in an increased number of myelin basic protein–positive seg-
ments in a dose-dependent manner. In contrast, the absence
of Gas6 as investigated in cuprizone-treated Gas62/2 mice
was associated with a lower number of oligodendrocytes
and reduced levels of myelination 4 wk post-treatment. How-
ever, the degree of myelination was not different between
groups after 10 wk, suggesting that Gas6 delayed myelination
but did not ultimately prevent the process (44). It should be
mentioned that in these studies, Gas62/2mice did not present
neurological anomalies before treatment, a phenotype re-
ported by others (45). Similar positive effects of Gas6 on my-
elin repair were also observed in cuprizone-treated C57B16J
mice administered Gas6 directly into the corpus callosum
by an osmotic mini-pump. Brains of Gas6-treated mice as-
sessed 14 d post-treatment were characterized by increased
clearance of cellular and myelin debris and remyelination, in-
creased axonal survival and integrity, and increased matura-
tion of oligodendrocyte progenitor cells. Noteworthy, these
effects of Gas6 on remyelination were not associated with
an activation of microglial cells (46). Interestingly, a growth-
promoting effect of Gas6 on glia has also been observed in
Schwann cells, the oligodendrocyte cell type equivalent in
the peripheral nervous system. When added to a serum-free
defined culture of adult human Schwann cells, Gas6 was
shown to stimulate mitogenesis (i.e., thymidine incorpora-
tion) and cell growth via phosphorylation of Axl and Tyro-
3 receptors and subsequent stimulation of ERK (29).

Collectively, results gathered in the past 15 y clearly estab-
lished Gas6 as an important regulator of cell survival and
growth and of the myelination process.

Protein S
Initially discovered for its role in blood coagulation as a
cofactor of protein C (47), protein S is expressed in the brain,
although to a much lesser extent than Gas6. In the adult ner-
vous system, expression of the protein has been observed in
the locus coeruleus and the choroid plexus (2) as well as in as-
trocytes (48). In the rabbit brain, protein S mRNA has been
detected in pyramidal neurons of the cortex and hippocam-
pus and in granule neurons of the dentate gyrus (49). Protein
S mRNA has also been shown to be upregulated in response
to nerve injury (48) and has been detected in certain glioblas-
toma and neuroblastoma cell lines (50).

Research pertaining to the role of protein S in the nervous
systems is significantly more limited than that for the parent
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protein Gas6. Nonetheless, available data point to specific
actions for protein S in this system. Like Gas6, protein S is
a ligand for the TAM receptors, and this association has
been linked to some of its actions. Functionally, protein S
has been shown to offer neuronal protection during ische-
mic/hypoxic injury, both in vivo and in vitro. In an in vivo
model of stroke, protein S was found to significantly reduce
brain infarction and edema volumes and to improve postis-
chemic cerebral blood flow in treated mice. Protein S treat-
ment was also associated with less fibrin deposition and
infiltration with neutrophils and fewer apoptotic neurons,
an effect that was also confirmed in cultured neurons. Fi-
nally, protein S was associated with improved motor neuro-
logical scores in treated mice (51). In a subsequent study,
protein S was shown to protect neurons from N-methyl-D-
aspartate–induced toxicity and apoptosis via the Tyro3-
PI3K-Akt pathway, via the sex hormone–binding globulin
domain of the protein (52).

Although limited in scope, data collected thus far suggest
that protein S has the potential to protect the brain and the ner-
vous system through its antithrombotic functions and its sig-
naling-mediated neuroprotective actions. This is in line with
the severe thrombotic and necrotic phenotypes that have
been observed in the brains of mice lacking protein S (53).

Other actions of vitamin K in the brain
In addition to the literature relative to the VKDPs discussed
previously, there is evidence to suggest that the K vitamers
have actions of their own. Whether these actions have any
relationship to sphingolipid metabolism remains to be de-
termined. In a report by Tsang et al. (54), both phylloqui-
none and MK-4 were shown to promote neurite
outgrowth on PC12D cells in the presence of nerve growth
factor, an action mediated by the protein kinase A and
MAPK signaling pathways. Furthermore, both K vitamers
led to an increase in nerve growth factor–induced acetylcho-
linesterase activity. These results are in line with those of a
previous study in which phylloquinone and MK-4 vitamers
were observed to promote survival of different neuronal cell
types (cortex, hippocampus, striatum) during the later
stages of embyogenesis. Furthermore, treating the culture
systems with warfarin had no effect on the survival-promot-
ing effects of vitamin K (55). Recently, MK-4 and, to a lesser
extent, phylloquinone were shown to prevent glutathione
depletion–mediated oxidative injury as defined by free rad-
ical accumulation and cell death, in primary cultures of ol-
igodendrocyte precursors and immature fetal cortical
neurons (56). Addition of warfarin to the cell cultures had
no effect on the protective effect of vitamin K, suggesting
that this action of MK-4 was independent of the VKDPs.
In a more recent report, this group provided evidence that
the protective effect of MK-4 against oxidative cell death
was, at least in part, through inhibition of enzyme 12-lipox-
ygenase (57). Finally, the neuroprotective effect of MK-4 was
recently confirmed in the model of methylmercury-induced
cell death, an experimental model associated with a signifi-
cant decrease in intracellular glutathione (58). In this study,

as in the one by Li et al. (56), the beneficial effect of MK-4
was not associated with the restoration of intracellular glu-
tathione nor did it involve obvious direct antioxidant activ-
ity by the vitamer.

Vitamin K and cognition
Studies that have examined the relationship between vitamin
K and behavior and cognition are very limited. In humans, fe-
tal exposure to warfarin derivatives during the first trimester
of pregnancy has long been known to result in a wide range of
physical anomalies collectively referred to as warfarin embry-
opathy. This syndrome includes optic atrophy, dilation of the
cerebral ventricles, blindness, microencephaly, and mental
retardation (59,60). More recently, our group published a de-
tailed analysis of phylloquinone intake of 31 community-
dwelling patients in the early stages of AD and compared
them with 31 age- and sex-matched cognitively intact con-
trols. Mean phylloquinone intake was significantly lower in
patients (636 90mg/d vs. 1396 233mg/d), even after adjust-
ing for energy intake. Vegetables, fats, and fruits contributed
>70% of total phylloquinone intake in both groups, and
green vegetables, the main source of vitamin K, contributed
33% and 49% to the total intake in patients and controls, re-
spectively. This lower consumption of green vegetables in par-
ticipants with AD explained their overall lower vitamin K
intake (61). In an earlier study involving 100 women with
AD and 100 age-matched, community-dwelling controls,
plasma phylloquinone levels were found to be significantly
lower in patients than in controls. Furthermore, among AD
patients, serum concentration of phylloquinone correlated
positively with cognition based on the Mini-Mental State Ex-
amination and negatively with the uncarboxylated (inactive)
form of the VKDP osteocalcin (62). Clearly the relationship
between vitamin K status and cognitive abilities needs to be
further investigated. Notably, and despite the methodological
challenges that such studies entail, it would be important to
determine the long-term effect of warfarin therapy on cogni-
tive abilities. A potent anti–vitamin K agent, warfarin is
widely prescribed for the prophylaxis and treatment of
thromboembolic conditions such as deep venous thrombosis,
pulmonary embolism, atrial fibrillation, and cardiac valve re-
placement (63). As individuals treated with warfarin are in a
relative state of vitamin K deficiency, they could be at higher
risk of cognitive problems based on the actions of vitamin K
in the nervous system.

Animal studies pertaining to cognition are also very lim-
ited. In a study by Cocchetto et al. (64), vitamin K deficiency
induced by eating a vitamin K–deficient diet or receiving
warfarin treatment was associated with hypoactivity in rats.
When assessed with the open-field paradigm, locomotor ac-
tivity of vitamin K2deficient rats was 25% lower than in con-
trols, and warfarin treatment was associated with a shift from
more to less exploratory behavior. In these rats, cognitive abil-
ities as assessed with the radial arm maze, were not altered by
vitamin K status. More recently, our group reported that life-
time consumption of a diet low in phylloquinone resulted in
increased cognitive deficits in old age.
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Specifically, rats were subjected to the Morris water maze,
a test in which animals must learn to locate a submerged plat-
form by using visual cues. Learning performance is based on
the time (latency) needed for the animal to find the platform.
When subjected to this paradigm, 20-mo-old rats that were
fed a diet low in phylloquinone since weaning were found
to acquire spatial learning more slowly (i.e., longer latencies)
than rats fed adequate or high phylloquinone diets (Fig. 3).
Importantly, we determined that learning impairment in
the old rats was not related to anxiety or motor or visual def-
icits. Interestingly, a diet low in phylloquinone had no signif-
icant impact on cognition at 6 and 12 mo of age, suggesting
that vitamin K is particularly important to brain function
in the more vulnerable aging state. Of note is that these vita-
min K–induced cognitive alterations with age were associated
with higher concentrations of ceramides in the hippocampus
and lower gangliosides in the pons medulla and midbrain (9).

Although in this study, the vitamin K–induced cognitive
impairment was associated with alterations in sphingolipid
metabolism, other vitamin K–related parameters could have
contributed to the observed deficits. In light of their signaling
actions through TAM receptors, both Gas6 and protein Swould
have the potential to influence cognition, a low vitamin K status
leading to undercarboxylation of the proteins, and their subop-
timal functions. Similarly, a low vitamin K status could limit the
protective effects of MK-4 observed in conditions of glutathi-
one-mediated oxidative stress as discussed earlier. Finally, sub-
optimal vitamin K status could interfere with the protective
actions of MK-4 in inflammation. There is indeed growing ev-
idence thatMK-4 offers protection against inflammation, this K
vitamer having been shown to limit the production of cytokines
and other related substances after inflammatory challenges,
both in vitro and in vivo (65–67). All these vitamin K–related
parameters should be investigated in future studies focusing
on the role of dietary vitamin K in cognition.

Conclusion
Research conducted in the past 10 y has lent additional sup-
port to the role of vitamin K in sphingolipid metabolism and

its modulation by vitamin K status. The discovery of protein
Gas6 and the characterization of its signaling actions in neu-
rons and the various glial cell types have also shed light on
other mechanisms through which vitamin K can influence
the nervous system. Research on these proteins needs to be
pursued to deepen our understanding of their mode of action
and their modulation by nutritional status. Similarly, future ef-
forts should aim at further characterizing the emerging actions
of vitamin Kwith respect to oxidative injury and inflammation
because these could have wide-ranging implications, notably
with respect to the aging state and a number of neurodegen-
erative diseases. Finally, research on the role of vitamin K in
cognition needs to be pursued and could benefit from exper-
imental models of cognitive vulnerability or premature cogni-
tive decline.
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