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ABSTRACT

Background: Vitamin K (VK) exists in the form of phylloquinone (PK) and menaquinones (MKs). Roles of VK on cognitive
health in the elderly are emerging, but there is limited evidence on VK uptake and metabolism in human brain.
Objectives: The primary objective of this study was to characterize VK distribution in brains of an elderly population
with varied cognitive function. In addition, associations among circulating (a biomarker of VK intake) and cerebral VK
concentrations and cognition were investigated.

Methods: Serum or plasma (n = 27) and brain samples from the frontal cortex (FC; n = 46) and the temporal cortex
(TC; n = 33) were acquired from 48 decedents (aged 98-107 y; 25 demented and 23 nondemented) enrolled in the
Georgia Centenarian Study. Both circulating and brain VK concentrations were measured using HPLC with fluorescence
detection. Cognitive assessment was performed within 1y prior to mortality. Partial correlations between serum/plasma
or cerebral VK concentrations and cognitive function were performed, adjusting for covariates and separating by dementia
and antithrombotic use.

Results: MK-4 was the predominant vitamer in both FC (mean 4+ SD = 4.92 4+ 2.31 pmol/g, >89.15% =+ 5.09% of
total VK) and TC (4.60 4+ 2.11 pmol/g, >89.71% =+ 4.43% of total VK) regardless of cognitive status. Antithrombotic
users had 34.0% and 53.9% lower MK-4 concentrations in FC (P < 0.05) and TC (P < 0.001), respectively. Circulating
PK was not correlated with cerebral MK-4 or total VK concentrations. Circulating PK concentrations were significantly
associated with a wide range of cognitive measures in nondemented centenarians (P < 0.05). In contrast, cerebral MK-4
concentrations were not associated with cognitive performance, either before or after exclusion of antithrombotic users.
Conclusions: Circulating VK concentrations are not related to cerebral MK-4 concentrations in centenarians. Cerebral
MK-4 concentrations are tightly regulated over a range of VK intakes and cognitive function. Circulating PK may reflect
intake of VK-rich foods containing other dietary components beneficial to cognitive health. Further investigation of VK
uptake and metabolism in the brain is warranted. J Nutr 2019;00:1-9.

Keywords: vitamin K, phylloquinone, menaquinone, cognition, older adults

Introduction

Vitamin K (VK) is an essential fat-soluble vitamin that exists
in 2 forms: phylloquinone (PK) and menaquinones (MKs). PK
accounts for 90% of dietary VK in the American diet, in which
green leafy vegetables and vegetable oils are significant sources
(1-3). MKs are composed of molecules with varying length
of unsaturated side chains (MK-7, where 7 is the number of
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5-carbon units), from MK-4 to MK-13 (4). A varied amount of
MK-4 is found in meats, organ meats, eggs, and dairy products,
whereas MK-7 to MK-10 are found in fermented foods and
are also synthesized by gut microbiota (1, 2). MK-4 is also the
primary form of VK in certain extrahepatic tissues of humans,
including the brain (5). It has been demonstrated that tissue
MK-4 is primarily derived from dietary PK with an endogenous
conversion from PK to MK-4, independently of gut microbiota
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(3, 6-9). The intestine is also capable of cleaving dietary PK to
menadione and releases it into the circulation (7, 9-11). It is still
unclear which metabolite(s) of circulating VK the brain acquires
and uses as a substrate for MK-4 production.

VK’s classical function is acting as a coenzyme in the
activation of coagulant factors (12). Anticoagulants, such as
warfarin, inhibit the recycling of VK back from VK epoxide
to its active reduced form and thus inhibit VK’s activity
on the coagulation process. However, VK has recently been
proposed to play an important role in cognitive health in
the aging population (13). VK-dependent proteins (VKDDPs)
have been characterized in brain tissues and proposed to
mediate the effect of VK on cognitive functioning (14). Higher
VK intake has been reported to be associated with better
cognitive performance or lower risk of Alzheimer’s disease in
at least 4 different cohorts of older adults (15-18). Another
study demonstrated that cognitively intact older adults with
higher plasma PK concentrations performed better on cognitive
assessments related to consolidation processes of the memory
trace (19).

Despite consistent relation between VK status and cognitive
health across animal and human studies, very little is known
regarding VK uptake and metabolism in human brain. Only
1 study reported MK-4 being the most predominant form of
VK among 3 middle-aged individuals, accounting for 86% of
the total VK content (5). The primary objective of this study
was to characterize VK forms and their distribution in the
frontal cortex (FC) and the temporal cortex (TC) in a cohort of
older adults whose cognitive status ranged from intact cognition
to severe dementia. Additional analyses were performed to
further characterize the relation among circulating and brain
VK concentrations and also cognitive performance, with a
goal of better understanding VK’s distribution, metabolism,
and its role in cognitive health among the aging population.
To our knowledge, this is the first report on the assessment
of VK status in human brain tissues in a population with
varied cognitive status, as well as the relation between
brain VK concentrations and premortem cognitive function in
humans.

Methods

Study population and sample collection

Blood and matched brain samples from FCs and TCs were collected
from 48 centenarians (aged >98 y) who were enrolled in phase III
of the Georgia Centenarian Study (GCS) (20, 21). Phase III was a
population-based study conducted in 44 counties in northern Georgia
from 2001 to 2009. Its long-term goal was to identify and elucidate the
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roles of biological, psychological, and social factors that are pertinent
to survival and functioning in older adults. Recruitment and sample
collection procedures for the GCS have previously been described in
detail (21). After the enrollment, blood was collected in the participants’
residences by a skilled phlebotomist every 6 mo. Participants were not
required to be fasted at the time of blood draw in an effort to lessen the
burden of sample collection. Serum or plasma samples for VK analysis
(n = 27) were derived from blood samples from the time point closest
to a participant’s death. As previously described, 211 participants were
approached for the opportunity to participate in the brain donation, and
66 participants agreed to donate brain tissues upon death (Supplemental
Figure 1) (22). Samples from FC (n = 46) and TC (n = 33) available
for VK analysis were collected during autopsy (Supplemental Figure
2). Among 33 subjects who provided samples from both FC and TC,
21 subjects also provided matched serum or plasma. All biological
samples were stored at —80°C until the analysis. Samples were
coded to maintain confidentiality, and there was no access to subject
identification. The study was approved by the Institutional Review
Board on Human Subjects from the University of Georgia and by Tufts
University/Tufts Medical Center for the use of de-identified samples and
data.

VK analyses

PK and MK-4 in brain.

Brain PK and MK-4 were quantified by reverse-phase HPLC as previ-
ously described (23). Briefly, 60-100 mg tissue samples were pulverized
in anhydrous Na,;SO4 and extracted with acetone containing an
internal standard [2-methyl-3-(3,7,11,15,19-pentamethyl-2-eicosenyl)-
1,4 naphthalenedione] (GL Synthesis). Dried extracts were then re-
extracted with a mixture of hexane and water before being further
purified by solid-phase extraction on silica gel columns (ThermoFisher
Scientific). Quantitative analysis was performed using a C-18 reverse-
phase column and fluorescence detection. The calibration standard
consisted of a mixture of PK, MK-4, and 2-methyl-3-(3,7,11,15,19-
pentamethyl-2-eicosenyl)-1,4-naphthalenedione at 2 ng in 50 pL. Limit
of detection (LOD) for both vitamers was 0.03 pmol per injection. The
percentage recovery for the samples was calculated from the internal
standard and found to be >75%. The intra-assay CVs for PK and MK-
4 were 5.1% and 4.6%, respectively.

Serum/plasma PK.

Circulating PK was quantified using an HPLC procedure that involves
similar steps as those described for brain tissues (24, 25). Assessments
were conducted on 150-250 L of serum/plasma, and limit of detection
of the assay was 0.02 nmol/L. Percentage recovery calculated from the
internal standard was ~80%, and intra-assay CV was 7.6%.

Assessment of cognition, depression, and activities of
daily living

After enrollment, a battery of cognitive tests was administered by
geriatric psychologists at baseline and every 6 mo until mortality
(21). All cognitive tests administered were described previously (26).
Cognitive tests included the Global Deterioration Scale (GDS); Mini-
Mental State Examination (MMSE); Severe Impairment Battery (SIB);
Fuld Object Memory Evaluation (FOME); Controlled Oral Word
Association Test (COWAT); Wechsler Adult Intelligence Scale-Third
Edition (WAIS-III) Similarities; Behavioral Dyscontrol Scale (BDS);
and the Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) battery, which included Verbal Fluency (VF), Boston Naming
Test (BNT), Constructional Praxis (CP), and Word List Memory Test
(WLMT). The Geriatric Depression Scale-Short Form (GDSSF) was
used as a measure of depression, and the Direct Assessment of Function
Status (DAFS) was used as a measure of activities of daily living.
Assessment from the time point closest to death (within 1 y prior to
death for all subjects) was used for the analysis. GDS was used as an
assessment of the presence of dementia (27). Subjects who scored 1-3
on the GDS were clinically free of dementia: GDS 1 represented intact
cognition, GDS 2 represented age-associated memory impairment, and
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GDS 3 represented mild cognitive impairment. Scores of 4-7 on the GDS
represented increasing severity of dementia. Cognitive test scores except
GDSSF and the CERAD battery were available for all subjects (7 = 41
for GDSSE, n = 36 for VF, n = 33 for BNT, #n = 32 for CP,and n = 27
for WLMT).

Assessment of cerebral atrophy

Assessment of cerebral atrophy was performed at the University of
Kentucky Alzheimer’s Disease Center as previously described (28).
Cerebral atrophy is a measure of neuronal loss, ranked as absent, mild,
moderate, or severe.

Demographics and health history

Variables included age at death, sex, race, living condition, BMI
(in kg/m?), education, history of smoking and alcohol use, dietary
supplement use, number and type of medications, the presence of
hypertension and diabetes at death, total serum cholesterol, and ApoE

genotype.

Statistical methods

Data are presented as means + SDs or frequency (%). Differences
between VK concentrations in the FC and TC were evaluated
using paired Student’s ¢ test. Evaluation of the association between
serum/plasma PK or cerebral MK-4 concentrations with covariates
was performed using Wilcoxon’s rank sum test, Kruskal-Wallis test,
or Spearman’s correlation. Pearson’s correlation was performed to
assess the relation between MK-4 concentrations in 2 brain regions.
Spearman’s correlation analysis was performed to assess the relation
between serum/plasma and brain VK concentrations. Additional
adjustment for covariates (sex, race, GDS, BMI, hypertension, diabetes,
and time since last meal) was also performed. Spearman’s partial
correlation analysis was also performed to assess the relation between
serum/plasma PK concentrations and cognitive measures, as well
as between FC MK-4 concentrations and cognitive measures with
an adjustment for covariates (sex, BMI, education, time since last
meal, and cerebral atrophy). Statistical significance level was set at
a = 0.05. Additional adjustment of significance level was performed
for 13 comparisons with different cognitive tests using Benjamini and
Hochberg’s (29) false discovery rate (FDR). FDR-adjusted P values
(q values) are also reported. FDR was set at 5%, which allows
5% of significant findings to be false positives. Subgroup analysis in
nondemented (GDS 1-3, n = 23) and demented subjects (GDS 4-
7, n = 25) was performed to investigate any impact of nutrition on
cognition before or during earlier stages of dementia (30). Because
antithrombotics interfere with VK metabolism, subgroup analysis was
also carried out among those who did not use antithrombotics.
All statistical computations were performed using R version 3.3.3
software.

Results

Subject characteristics

Subject characteristics are shown in Table 1. Briefly, subject
age ranged from 98 to 107 y, with an average age of 102.2 y
at death. Most were women, Caucasian, and had normal BMI
(18-25 kg/m?). Approximately half of the cohort did not finish
high school, and 52% were diagnosed with dementia (GDS 4-
7) at the time point closest to death. On average, each subject
was on 7.8 medications. Antithrombotics and antibiotics were
used among 23% and 15% of the cohort, respectively. Seventy-
three percent took at least 1 form of dietary supplement. Among
subjects whose data were available, most never smoked or
consumed alcohol and had an average total serum cholesterol
concentration of 167 mg/dL. Only 4 subjects (8 %) had diabetes,
whereas 25 subjects (52%) had hypertension at death. The
ApoE €2 allele was present in 8 subjects (17%), and the ¢4

TABLE 1 Characteristics of subjects from the Georgia

Centenarian Study’

Characteristics Values
Age, y 1022 +25
Sex
Male 5(10)
Female 43 (90)
Race
Caucasian 43 (90)
African American 5(10)
Living
Community dwelling 15(31)
Institutionalized 33(69)
BMI,2 kg/m? 220+39
Education
<high school 23 (50)
High school 12 (26)
>high school 11(24)
No data 2
GDS
1 (no cognitive decline) 5(10)
2 (age-associated memory impairment) 7(19)
3 (mild cognitive impairment) 11(23)
4 (mild dementia) 6(13)
5 (moderate dementia) 9(19)
6 (moderately severe dementia) 5(10)
7 (severe dementia) 5(10)
Smoking
Never 31(86)
Past 4(11)
Present 1(3)
No data 12
Alcohol use
Never 22 (61)
Past 6(17)
Present 8(22)
No data 12
Dietary supplement use
Yes 35(73)
No 13(27)
No. of medications 78+38
Antithrombotic use 11(23)
Antibiotic use 7(15)
Hypertension
Yes 25(52)
No 23 (48)
Diabetes
Yes 4(8)
No 44(92)
Serum/plasma total cholesterol mg/dL 167 4+ 31
ApoE genotype
£3/e3 32(68)
£2/e3 7(15)
e3/ed 7(15)
£2/eh 1(2)
No data 1
Cerebral atrophy*
Absent 15(33)
Mild 25 (56)
Moderate 3(7)
Severe 2(4)
(Continued)
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TABLE 1 (Continued)

Characteristics Values
No data 3

Time interval between meal and blood draw,® h 252 £064

"Values are means + SDs for continuous variables or frequency (%) for categorical
variables; n = 48. GDS, Global Deterioration Scale.

2Data on BMI excluded 1 subject who was a double amputee.

3Data on serum/plasma total cholesterol concentration were available for 34 subjects.
4Assessment of cerebral atrophy has been previously described by Neltner et al. (28).
5Applicable to those providing serum/plasma samples (n = 27).

allele was in 8 subjects (17%). No subjects were homozygous
carriers of €2 or ¢4 alleles. Subject characteristics for those with
serum/plasma VK data (n = 27) were not significantly different
from those without data (7 = 21), although all 5 male decedents
provided serum/plasma samples (Supplemental Table 1).

VK distribution in FC and TC

MK-4 was the most predominant vitamer in all subjects in both
FC and TC. Only MK-4 and PK were detected and quantified
with our analysis. Whereas MK-4 was detected in all samples,
PK was not detected in 39% of FC samples and 55% of TC
samples. The VK extraction recovery rate was >70% for all
except 1 TC sample (59%). One individual also had a very
high MK-4 concentration in both FC (127.66 pmol/g) and TC
(139.05 pmol/g). Therefore, these 3 samples from 2 individuals
were excluded from subsequent analyses.

MK-4 concentrations were 4.92 + 2.31 pmol/g in FC and
4.60 &+ 2.11 pmol/g in TC (Figure 1A). MK-4 concentrations
from matched FC and TC samples do not statistically differ.
There was a strong correlation between FC and TC MK-4
concentrations (Supplemental Figure 3; » = 0.89, P < 0.001).
Among samples in which PK was greater than the LOD,
PK concentrations were 0.64 + 0.30 pmol/g in FC and
0.58 + 0.35 pmol/g in TC, and they accounted for
10.85% =+ 5.09% of VK vitamers in FC and 10.29% =+ 4.43%

A
@MK-4 OPK

12

=]
L

MK-4 or PK, pmol/g
(=)

in TC. Samples with PK concentrations less than the LOD also
had significantly lower MK-4 concentrations in FC (3.85 +2.14
pmol/g compared with 5.64 + 2.17 pmol/g, Student’s ¢ test,
P = 0.009) and a trend in TC (3.98 &+ 1.60 pmol/g compared
with 5.46 + 2.47 pmol/g, Student’s ¢ test, P = 0.07) than
those with PK greater than the LOD. Among samples with PK
concentration greater than the LOD, there was no significant
correlation between PK and MK-4 concentrations in either FC
(n=27)or TC (n = 13).

FC and TC MK-4 concentrations did not statistically differ
by sex, BMI, education, diabetes, hypertension, the presence of
ApoE allele €2 or €4, or cerebral atrophy. MK-4 concentrations
were lower among individuals using antithrombotic medica-
tions in both FC (5.32 £ 2.36 and 3.51 £+ 1.49 pmol/g for
nonusers compared with users, respectively; P = 0.02) and TC
(5.14 £ 1.98 and 2.37 £ 0.61 pmol/g for nonusers compared
with users, respectively; P < 0.001). African Americans had
significantly lower MK-4 concentrations (2.27 £ 0.23 pmol/g)
compared with Caucasians (4.85 + 2.07 pmol/g) in TC
(Wilcoxon’s rank sum test, P = 0.02) but not in FC, although
2 out of 4 African-American subjects who provided TC
samples also took antithrombotic medications. Both FC and TC
MK-4 concentrations were not statistically different between
antibiotic users and nonusers.

Correlations between circulating and cerebral VK
concentrations

Compared with MK-4 being the primary form of VK in the
brain, PK was the only vitamer detected in the circulation
with an average of 1.35 + 0.82 nmol/L, and it ranged from
0.21 to 3.00 nmol/L among 23 subjects whose circulating
PK concentration was greater than the LOD (85% of
27 samples). Subjects whose circulating PK concentration was
less than the LOD were imputed with 0 for subsequent analyses,
and its distribution is shown in Figure 1B. Serum/plasma
PK concentrations were not associated with sex, race, BMI,
diabetes, hypertension, ApoE genotype, and antithrombotic and

B ;. .

2.51

PK, nmol/L

0.51

FC TC

FIGURE 1 PK and MK-4 distribution in (A) FC (n = 45) and TC (n = 31) and (B) serum/plasma (n = 27). Brain and serum samples with PK
concentrations below the limit of detection (0.30 pmol/g for brain PK and MK-4 and 0.02 nmol/L for serum PK) were imputed with 0. FC, frontal

cortex; MK-4, menaquinone-4; PK, phylloguinone; TC, temporal cortex.

4 Tanprasertsuk et al.

6102 Jequisydas 90 uo Jasn Aseiqr sioul||| 1o Alsiaaiun Aq 090955S/002ZXU/Ul/E601 "0 | /I0pAdRISqe-8]o1B-20uBApPE,/Ul/WO0d dNo"olWapeoe)/:sd)y WoJ) papeojumoq



antibiotic use. Subjects who did not finish high school had
significantly lower serum/plasma PK concentrations compared
with those of subjects who had more than a high school
education (0.74 + 0.60 nmol/L compared with 1.84 + 0.96
nmol/L, respectively; Wilcoxon’s rank sum test, P = 0.02), and
the difference remained significant after adjustment for pairwise
comparisons at 5% FDR.

A correlation between serum/plasma PK and FC MK-
4 or total VK concentrations was not observed (n = 24;
Supplemental Figure 4), nor between serum/plasma PK and TC
MK-4 or total VK concentrations (7 = 19), either before or after
adjusting for covariates (sex, race, GDS, BMI, hypertension,
diabetes, time since last meal). A subgroup analysis by
antithrombotic use or dementia status did not significantly
change any unobserved associations.

Circulating PK and cerebral MK-4 and PK
concentrations and premortem cognitive measures
Concentrations of serum/plasma PK from 27 subjects who
provided samples were significantly associated with better
performance on MMSE, SIB, COWAT, DAFS, and VF while
controlling for sex, BMI, education, and time since last meal
(P < 0.05 for all; Supplemental Table 2). After adjustment
for multiple comparisons (FDR adjustment), there was a
trend for DAFS (¢ = 0.073) at 5% FDR. Serum/plasma
PK concentrations were not significantly different between
demented and nondemented subjects. A subgroup analysis
among nondemented subjects (GDS 1-3) demonstrated that
those with GDS 1 had significantly higher serum/plasma PK
concentrations (2.13 £ 0.83 nmol/L) compared with those
with GDS 3 (0.80 £ 0.51 nmol/L) (Wilcoxon’s rank sum test,
P =0.048). However, the difference became nonsignificant after
FDR adjustment. Among 14 nondemented subjects (GDS 1-3)
whose serum or plasma samples were available, concentrations
of serum/plasma PK were significantly associated with better
performance on MMSE, FOME Recall, COWAT, DAFS, VE and
CP and lower levels of depression on the GDSSF (P < 0.05
for all; Table 2). After FDR adjustment, COWAT, DAFS,
CP, and GDSSF remained statistically significant (g < 0.05),
whereas a trend was observed for MMSE (g = 0.062),
FOME Recall (g = 0.065), and VF (¢ = 0.062). Among
nondemented centenarians, serum/plasma PK concentrations
were not correlated with SIB, FOME Retention, WAIS-III Simi-
larities, BDS, BNT, and WLMT. Among demented centenarians
(GDS 4-7), serum/plasma PK concentrations were positively
associated with MMSE and SIB, but none remained statistically
significant after FDR adjustment (data not shown). Therefore,
observed associations between serum PK concentrations and
cognitive performance in all subjects were primarily driven by
nondemented subjects.

No significant difference was observed for FC and TC MK-4
concentrations between subjects with and without dementia or
among different GDS scores. FC MK-4 concentrations were not
correlated with any test scores in all subjects combined with an
adjustment for sex, BMI, and education (Supplemental Table
2). After the exclusion of antithrombotic users, associations
between FC MK-4 and VF and CP were observed but not after
FDR adjustment. Additional adjustment for cerebral atrophy
also did not change correlations either before or after the
exclusion of antithrombotic users (data not shown). Among
nondemented centenarians (GDS 1-3, n = 23), FC MK-4
concentrations were also not related to GDS or any other
tests except GDSSF (Table 2), which became nonsignificant
after FDR adjustment. A subgroup analysis among nonusers

of antithrombotic medications and/or additional adjustment
for cerebral atrophy did not change these results. In demented
subjects (GDS 4-7), FC MK-4 concentrations were positively
associated with MMSE, COWAT, BDS, and DAFS, but not after
FDR adjustment (data not shown).

The relation between brain PK concentrations and cognitive
status was also explored. Subjects were divided into 2 groups
based on their PK concentrations in FC and TC: 1 group
with PK detected in both FC and TC (# = 17) and
the other group with PK <LOD in either FC or TC (
n = 28). Cognitive performance between the 2 groups was not
significantly different (Wilcoxon’s rank sum test, P > 0.05
for all cognitive tests). A subgroup analysis in nondemented
older adults found that those with PK <LOD in FC or TC (
n = 15) had significantly lower scores on MMSE (P = 0.046),
SIB (P = 0.046), COWAT (P = 0.034), WAIS-III Similarities
(P = 0.017), and DAFS (P = 0.032) compared with those
with PK detected in both FC and TC (z = 6) (Wilcoxon’s
rank sum test). However, all associations became nonsignificant
after adjustment for multiple comparisons (g > 0.10 for all
tests).

Discussion

This is the first report on VK distribution in brain tissues from
FC and TC from human subjects with a wide range of cognitive
status—from intact cognition to severe dementia. MK-4 was
the most predominant vitamer in all brain tissues analyzed
in both demented and nondemented subjects. Importantly,
cerebral MK-4 concentrations were significantly lower among
antithrombotic users. Circulating PK concentrations were not
associated with cerebral MK-4 or total VK concentrations,
regardless of antithrombotic use or dementia status. We also
demonstrated that circulating PK concentrations were positively
related to a wide range of cognitive tests among nondemented
older adults. On the other hand, cerebral MK-4 concentrations
were not related to any tests in nondemented subjects
except GDSSF, an assessment of depression, which became
nonsignificant after an adjustment for multiple comparisons.

Previously, VK distribution had been described in rodent
brain (31-33). It was observed that MK-4 represented ~98%
of total cerebral VK in adult rats, and the concentrations varied
by age and sex (34, 35). Similarly, MK-4 accounted for 86% of
total VK in brain tissues acquired from 3 middle-age individuals
(aged 30, 50, and 54 y) (5). In the current study, we also
observed that MK-4 is the most predominant form of VK,
accounting for >89.2% and >89.7% of total VK vitamers in
FC and TG, respectively. Except for PK and MK-4, other forms
of VK were not detected in any brain tissues in both human
studies (5).

Serum/plasma PK concentrations were not associated with
cerebral MK-4 or total VK concentrations among antithrom-
botic users and nonusers and also among subjects with
and without dementia. To date, the molecular mechanism of
VK transport across the blood-brain barrier has not been
demonstrated, but its presence in the brain suggests that PK
can reach this organ. Our findings suggest a tight regulation
of MK-4 concentrations in the central nervous system. It has
been proposed that human brain obtains PK or menadione
from the circulation and converts them to MK-4 by the enzyme
UBIAD1 (6-8, 10). Serum PK concentrations have been widely
used as a biomarker of VK status, and its concentrations in
this population were comparable to those in other populations,
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TABLE 2 Spearman'’s partial correlation, P value, and false discovery rate between serum/plasma PK concentrations and cognitive
measures and between FC MK-4 concentrations and cognitive measures among nondemented centenarians (Global Deterioration

Scale 1-3) adjusted for covariates'

Serum/plasma PK FC MK-4 FC MK-4 antithrombotic nonusers

Cognitive test o P q n 0 P q n p P q n
MMSE 0.60 0.025 0.062 14 0.07 0.767 0.967 21 0.16 0.534 0.806 17
SIB 0.42 0141 0.178 14 —0.01 0.967 0.967 21 0.05 0.854 0.925 17
FOME Recall 0.57 0.035 0.065 14 0.16 0.495 0.967 21 0.32 0212 0.689 17
FOME Retention 0.4 0.151 0.178 14 0.1 0.625 0.967 21 0.23 0.383 0.806 17
COWAT 0.74 0.004 0.047 14 0.28 0.217 0.967 21 0.46 0.068 0.442 17
WAIS-IIl Similarities 0.39 0.170 0.184 14 —0.20 0.389 0.967 21 —0.06 0.824 0.925 17
BDS 0.47 0.094 0.152 14 0.08 0.737 0.967 21 0.10 0.701 0.911 17
GDSSF —0.65 0.015 0.047 14 —0.48 0.028 0.364 21 —059 0.014 0.182 17
DAFS 0.68 0.009 0.047 14 0.05 0.824 0.967 21 0.16 0.547 0.806 17
CERAD

VF 0.62 0.029 0.062 13 0.02 0.945 0.967 19 0.25 0.375 0.806 15

BNT 0.47 0.128 0.178 12 —0.19 0.467 0.967 17 —0.02 0.964 0.964 13

CP 0.68 0.014 0.047 13 0.1 0.674 0.967 18 0.38 0.186 0.689 14

WLMT —0.44 0.204 0.204 10 —0.08 0.803 0.967 15 0.20 0.558 0.806 "

"Covariates for serum/plasma PK include sex, BMI, education, and time since last meal. Covariates for FC MK-4 include sex, BMI, and education. BDS, Behavioral Dyscontrol
Scale; BNT, Boston Naming Test; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; COWAT, Controlled Oral Word Association Test; CP. constructional praxis;
DAFS, Direct Assessment of Functional Status; FC, frontal cortex; FOME, Fuld Object Memory Evaluation; GDSSF, Geriatric Depression Scale-Short Form; MK-4, menaquinone-
4; MMSE, Mini-Mental State Examination; PK, phylloquinone; g, false discovery rate; SIB, Severe Impairment Battery; VF, Verbal Fluency; WAIS-IIl, Wechsler Adult Intelligence

Scale-Third Edition; WLMT, Word List Memory Test; p, Spearman’s partial correlation.

as previously reported (2, 36). Similar to y-tocopherol (a
form of vitamin E), the major portion (>50%) of PK is
transported on triglyceride-rich lipoprotein particles, with each
of the LDL and HDL fractions carrying ~15% of PK in
the circulation (37, 38). The scavenger receptor class B type
I on the blood-brain barrier facilitates the uptake of HDL-
associated vitamin E in porcine brain capillary endothelial cells,
but whether the VK uptake mechanism is the same for vitamin
E remains to be investigated (39). Moreover, postprandial
triglyceride concentrations are influenced by meal composition
and may confound an association between circulating and
brain VK concentrations (36). A major limitation in our
study was an absence of triglyceride measure with the use of
nonfasting serum/plasma samples. However, we have previously
shown that serum levels of y-tocopherol were reflective of
its brain concentrations in this population (40). Therefore, an
absence of the association between circulating and cerebral VK
concentrations was unlikely to be confounded by triglyceride
concentrations.

Other variables have been reported to explain the variation
in brain and circulating VK. Although only 10% of this
cohort were men, brain MK-4 concentrations did not differ
from those of women, as previously observed in rats (33,
35). Similarly, carriers of different ApoE alleles did not have
statistically different cerebral or circulating VK concentrations
as previously reported (41), although no subject was a
homogyzous carrier of ApoE €2 or ¢4 in our study. We also
observed that cerebral MK-4 concentrations were significantly
lower among antithrombotic users. Anticoagulants are a
subgroup of antithrombotics that inhibit VK’s activity (42).
When rats were administered warfarin, a VK antagonist and
an anticoagulant, cerebral MK-4 concentrations decreased (31).
Warfarin lowers brain MK-4 by inhibiting the recycling of MK-
4 back from MK-4 epoxide, but it remains unclear whether
it also inhibits the MK-4 biosynthetic activity of UBIAD1
(9, 43). Warfarin administration also increases microbleeds
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and the risk of intracerebral hemorrhage by 2- to 5-fold (44,
45). Altogether, these findings suggested that antithrombotics,
specifically anticoagulants, interfere with VK metabolism in
the brain to reduce MK-4 concentrations. However, types
and doses of antithrombotics were not recorded in the GCS,
thus limiting the interpretation of these results. In addition
to antithrombotics, statins (a class of cholesterol-lowering
medications) have been reported to affect VK metabolism
through inhibition of UBIAD1’ activity (11). However, none
of 48 subjects in this cohort used statins.

The presence of VKDPs in the brain lends support to the
relation between VK status and cognitive heath (13, 14, 46). In
addition, VK has been implicated in sphingolipid metabolism
and neuroprotection (34, 43, 46), and a lower concentration of
brain MK-4 was associated with worse cognitive functioning in
old rats fed a low VK diet (23). In our study, however, there was
no consistent relation between cerebral MK-4 concentrations
and performance on cognitive tests in subjects with or without
dementia, even after controlling for sex, BMI, education, and
cerebral atrophy. Findings from our study do not challenge
VK’s proposed roles in brain function. It may be a matter that
once needs are met, more is not necessarily better. As previously
reported, the majority of the GCS centenarians consumed green
leafy vegetables >1 time per day (47), which likely exceeds the
current recommendation of VK intake of 120 and 90 ug/d in
both men and women >70 y (48).

This begs the question: Why were circulating VK concen-
trations consistently related to better cognitive performance
while brain MK-4 was not? Consistent with our findings,
higher plasma PK concentrations were related to a better
performance on cognitive assessments related to consolidation
processes of the memory trace in nondemented older adults
from the NuAge study (19). Circulating PK concentrations were
comparable in these studies (1.35 £ 0.82 nmol/L in GCS and
1.45 + 1.80 nmol/L in NuAge). Dietary VK concentrations
were also reported to be related to cognitive performance
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among different older adult populations (15-18). This is the first
study, however, that has evaluated the relation between brain
concentrations of MK-4 and premortem cognitive function in
humans. Apart from its proposed functions in the brain, VK
is also essential for overall vascular health (49, 50). Because
vascular diseases are major risk factors of cognitive decline
(51), this may explain the observed relation between VK status
(as measured by serum/plasma) and cognitive performance but
not brain VK concentrations. Moreover, it is possible that
circulating VK was a biomarker of habitual intake of vegetable
oils and green leafy vegetables. Compared to animal fats,
vegetable oils are relatively low in saturated fats, and their
intake has been associated with higher risk of dementia (52, 53).
Green leafy vegetables are significant sources of both PK and
lutein, a carotenoid that is selectively taken up into neural tissue
and associated with cognitive performance across the life span
(54). In this group of centenarians, circulating PK and lutein
concentrations were highly correlated (r = 0.54, P = 0.004), and
serum lutein reflected brain lutein concentrations (40), which
were also related to better cognitive performance (26). Hence,
it is possible that the relation observed between serum/plasma
PK concentrations and cognition is explained by the roles
of other dietary components in VK-rich foods on cognitive
function.

Despite strengths in the availability of matched brain and
serum or plasma samples, the limited number of subjects and
relatively liberal FDR adjustment require additional supportive
evidence to confirm study findings. Homogeneity of subjects
(advanced age, female, Caucasian, and low prevalence of
diabetes) and longevity-associated characteristics (i.e., survivor-
ship bias) also rendered the difficulty of extrapolating our
findings to other populations (55). However, centenarians are
the fastest-growing demographic group in many nations, and
findings from this age group will become more relevant to the
general population (56). Only nonfasting blood samples were
available for VK analysis, and recent intakes might influence
circulating PK concentrations from nonfasting samples, but
they were likely to reflect habitual VK intake among very old
populations as previously discussed (40). Cross-sectional study
also did not imply causality and temporality. There was a
possibility of reverse causation in which cognitive impairment
could affect vitamin K uptake and metabolism. Plasma PK
concentrations may simply be a biomarker of overall healthy
lifestyle, such as an adherence to healthy dietary pattern and a
regular physical activity (57, 58), both of which are strongly
related to better cognitive performance and lower risk of
dementia (59, 60). However, a causal relation between VK
insufficiency and cognitive impairment demonstrated in animal
studies supports a need for VK adequacy for cognitive health
(23,43).

In summary, MK-4 was the most predominant form of VK
in human brain regardless of cognitive status. Serum/plasma
PK concentrations did not reflect brain MK-4 or total VK
concentrations, and brain MK-4 concentrations were not
associated with premortem cognitive performance. Consistent
with previous findings in other populations, we have charac-
terized the cross-sectional relation between higher circulating
PK concentrations and better cognitive performance among
nondemented older adults but not among those with dementia.
Circulating PK concentrations were likely to reflect habitual
consumption of VK-rich foods that also contain other dietary
components beneficial for cognitive health. Given its emerging
roles in cognitive health, our findings warrant the urgency to
investigate the uptake and metabolism of VK in the human

brain, as well as the consideration of a dietary require-
ment and biomarkers of VK status that reflect the amount
optimized for maintaining cognitive health during advanced

aging.
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