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ARTICLE INFO SUMMARY
Article history: Background and aims: Multiple observational studies and small-scale intervention studies suggest
Received 4 March 2019 that high vitamin K intake is associated with improved markers for cardiovascular health. Circulating

Accepted 17 April 2019 phylloquinone solely represents phylloquinone (vitamin K1) intake, while dephosphorylated

uncarboxylated Matrix Gla Protein (dp-ucMGP) represents both phylloquinone and menaquinone

K?YWO.TdS-' (vitamin K2) intake. This study aims to investigate the causal relationship between genetically
Vitamin K ) predicted vitamin K concentrations and the risk of CHD via a two-sample Mendelian Randomization
Matrix Gla protein h

Phylloquinone approacti.

Coronary heart disease Design: We used data from three studies: the European Prospective Investigation into Cancer and
Mendelian randomization Nutrition (EPIC)-CVD case-cohort study, CARDIOGRAMplusC4D and the UK Biobank, resulting in
Epidemiology 103,097 CHD cases. Genetically predicted vitamin K concentrations were measured using SNPs

related to circulating phylloquinone and dp-ucMGP. We calculated a genetic risk score (GRS)
including four SNPs (rs2108622, rs2192574, rs4645543 and rs6862071) related to circulating
phylloquinone levels from a genome wide association study. Rs4236 was used as an instrumental
variable for dp-ucMGP. Inverse-variance weighted (IVW) analysis was used to obtain Risk Ratios
(RRs) for the causal relationship between phylloquinone and dp-ucMGP concentrations and CHD
risk.
Results: Using the genetic score for circulating phylloquinone, we found that circulating phylloquinone
was not causally related to CHD risk (RR 1.00 (95%-CI: 0.98; 1.04)). Lower genetically predicted dp-
ucMGP concentration was associated with a lower CHD risk with a RR of 0.96 (95%-CI: 0.93; 0.99) for
every 10 pg/L decrease in dp-ucMGP.
Conclusions: This study did not confirm a causal relationship between circulating phylloquinone and
lower CHD risk. However, lower dp-ucMGP levels may be causally related with a decreased CHD risk.
This inconsistent result may reflect the influence of menaquinones in the association with CHD.
© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Abbreviations: dp-ucMGP, Dephosphorylated uncarboxylated matrix Gla pro-

tein; CHD, Coronary heart disease; GRS, Genetic risk score; IVW, Inverse variance Vitamin K occurs in two biologically active forms, phylloquinone
weighted. and menaquinones. Phylloquinone is mainly derived from green
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products. Phylloquinone and menaquinones have the same 2-
methylated-1,4 naphthoquinones ring structure, but differ in the
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length and saturation degree of the side chain [1]. Circulating
phylloquinone is a marker for vitamin K status but solely reflects
phylloquinone intake or supplementation [2—4]. Matrix Gla protein
(MGP) is a vitamin K dependent protein since it requires vitamin K
for activation [5]. Inactive MGP, dephosphorylated uncarboxylated
MGP (dp-ucMGP), serves as a circulating marker for vitamin K,
where low dp-ucMGP levels represents long term high vitamin K
intake [6]. Both phylloquinone and menaquinone supplementation
substantially reduce dp-ucMGP levels [7].

Observational studies for circulating phylloquinone show con-
tradicting results: lower circulating phylloquinone was a risk factor
for incident cardiovascular disease (CVD) risk [8], but studies
focusing on coronary calcium showed contradicting results ranging
from no to a positive association [9,10]. Randomized placebo-
controlled trials show that dietary phylloquinone supplementa-
tion reduces arterial elasticity [11], and progression of coronary
calcium in adults treated for hypertension [4].

MGP is a strong inhibitor of arterial calcification [12] and dp-
ucMGP is therefore suggested to reduce coronary heart disease
(CHD) risk [13]. A considerable number of observational studies
showed that low dp-ucMGP levels, thus higher overall vitamin K
intake, are associated with reduced coronary calcification levels
and lower CVD risk [13]. In line with observational studies, dietary
menaquinone supplementation may be effective in reducing cor-
onary calcification [6].

The current evidence points towards a beneficial role for
vitamin K in prevention of cardiovascular disease risk. However,
observational studies may be limited by reverse causation or con-
founding, while intervention studies are hampered by a short
duration and focus on intermediate outcomes [14]. Mendelian
randomization (MR), where genetic variants are used as an
instrumental variable, is an alternative design to minimize bias and
infer causality [14]. To date, two MR studies have been performed
focusing on vitamin K concentrations and CHD risk [15,16]. One MR
study suggested that increased circulating phylloquinone is asso-
ciated with an increased risk of CHD [15]. No association was found
between dp-ucMGP levels and CHD risk in a small-scale MR study
[16]. The MR study for phylloquinone was performed in a large
dataset, but recently more genetic information in multiple cohort
studies became available. Furthermore, the MR-study on dp-ucMGP
was limited by a small-sample size.

Therefore, this study aims to investigate the causal relation
between both circulating phylloquinone and dp-ucMGP and CHD
using a two sample Mendelian randomization approach in the
European Prospective Investigation into Cancer and Nutrition
(EPIC)-CVD case cohort study, CARDIOGRAMplusC4D and the UK
Biobank.

2. Subjects and methods
2.1. Study population

For these analyses, we used data from three studies: EPIC-CVD,
CARDIOGRAMplusC4D and the UK Biobank. Individual participant
data was only available in EPIC-CVD. EPIC-CVD is a case-cohort
study of cardiovascular disease nested within EPIC. EPIC consists
of 366,521 women and 153,457 men, aged 35—70 years, recruited
between 1991 and 1999, from 23 recruitment centres across 10
European countries. Participants were recruited in different ways in
different countries and recruitment centres, as described previ-
ously [17]. This case-cohort design includes a randomly selected
subcohort of EPIC including 13,985 participants. The subcohort is
supplemented with 9296 participants who developed CHD during
follow up. Due to the random selection of the subcohort from the
baseline cohort, the subcohort also contains 531 participants that

developed CHD during follow up. The EPIC study was approved by
the ethical review boards of the International Agency for Research
on Cancer and all recruitment centres. All participants gave
informed consent prior to inclusion.

Summarized data was included from CARDIOGRAMplusC4D
and the UK Biobank. CARDIOGRAMplusC4D is a meta-analysis of
48 studies involving 60,801 CAD cases and 123,504 controls
[18]. Data on coronary artery disease/myocardial infarction have
been contributed by CARDIOGRAMplusC4D investigators and
have been downloaded from www.CARDIOGRAMPLUSC4D.ORG.
The UK Biobank (www.ukbiobank.ac.uk) recruited over 500,000
men and women (aged 37—73 years) between 2006 and 2010
(application number 29,916) [19]. The UK Biobank study was
approved by the North West Multi-Centre Research Ethics
Committee and all participants provided written informed
consent to participate. Including CARDIOGRAMplusC4D and the
UK Biobank increased our dataset to 103,097 CHD cases
(Supplementary Fig. 1).

2.2. Genotyping

For EPIC-CVD, DNA was extracted from buffy coat from citrated
blood plasma. EPIC-CVD participants were genotyped with the
Human Core Exome array, Illlumina 660 Quad array and Omni
Exome Express array. Single nucleotide polymorphisms (SNPs)
were removed with minor allele count <2 or Hardy Weinberg p-
value <le-6. Missing genotypes were imputed using the 1000
Genomes reference panel.

CARDIOGRAMplusC4D are genotyped using different assays, as
described previously [18]. Genotyping in the UK Biobank was per-
formed using the Affymetrix UK BIiLEVE Axiom array and the
Affymetrix UK Biobank Axiom Array [20].

2.2.1. Circulating phylloquinone

We included four SNPs that were related to circulating phyllo-
quinone (both plasma and serum) in a small genome wide associ-
ation study (GWAS) (rs2108622, rs2192574, rs4645543 and
rs6862071) [21].

Rs2108622 (chromosome 19) is a CYP4F2 variant, which func-
tions as a phylloquinone oxidase [22]. Previous studies showed that
rs2108622 was associated with altered phylloquinone metabolism
and warfarin dosage [23]. Rs2192574 (chromosome 2) is a variant
on the CTNNA2 locus, whereas a GWAS indicated an association
between the CTNNAZ2 locus and bone mineral density [24]. Vitamin
K is suggested to increase bone mineral concentration, via activa-
tion of osteocalcin, another vitamin K dependent protein [25],
which may explain the correlation between vitamin K and the
CTNNAZ2 locus. Rs4645543 (chromosome 8; KCNK9) and rs6862071
(chromosome 5; CDO1) are SNPS on the potassium channel, and
tumor suppressor gene respectively [26]. The mechanism by which
these genes influence phylloquinone concentration is unknown.

All SNPs passed the threshold of p < 5 x 107%, but not
p <5 x 1078 [21]. No linkage disequilibrium (LD) at R?> > 0.9 was
present among these four SNPs. Pleiotropic effects were investi-
gated by searching the GWAS catalogue and Phenoscanner for the
SNPs or their proxies (R> > 0.8) [27,28], checking possible con-
founders with a threshold of p < 5 x 107,

We calculated a genetic risk score (GRS) to take into account the
differences in the effect of the individual SNP on circulating phyl-
loquinone levels. The genetic variants are uncorrelated and there-
fore the estimates from a weighted regression analysis using
summarized data are equal to a genetic risk score using individual
level data [29]. We refer to the analysis as a genetic risk score as this
is likely to be more familiar to applied readers. The weights of the
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Table 1
Genetic variants associated with circulating phylloquinone and dp-ucMGP as reported in prior studies.
SNP Chromosome Nearest gene B p-value
Phylloquinone (21) Rs2108622 19 CYP4F2 0.16 8.78 x 1077
Rs2192574 CTNAA2 0.28 1.82 x 1076
Rs4645543 8 KCNK9 0.42 2.00 x 1077
Rs6862071 CDO1 0.94 229 x 107°
Dp-ucMGP (16) Rs4236 12 MGP -3.74 0.001°

2 Identified from candidate gene study.

individual SNPs are shown in Table 1. The F-statistic for the GRS for
circulating phylloquinone was 280.4.

2.2.2. Dp-ucMGP

A candidate gene study identified three SNPs covering the MGP
gene (chromosome 12) into the 3’ and 5’ flanking regions, that
were associated with dp-ucMGP levels: rs2098435, rs2430692
and rs4236 [16]. LD was present among these three SNPs
(R? > 0.75). Rs4236 showed the strongest association with dp-
ucMGP (beta/SE), and was therefore included as the instru-
mental variable. Furthermore, pleiotropic effects were investi-
gated by searching in the GWAS catalog and Phenoscanner, and no
pleiotropic effects were identified [27,28]. SNP rs4236 was com-
plete for all participants with available genetic data. The F-statistic
for rs4236 was 117.8.

2.3. CHD ascertainment

In EPIC-CVD, incident CHD cases were defined as first CHD
event, both fatal and non-fatal as defined by ICD 10 codes:
120—I125. This includes myocardial infarction, acute ischaemic
heart diseases, chronic ischaemic heart disease and angina pec-
toris. Several methods were used to ascertain CHD events
including self-report, linkage to primary- and secondary-care
registers and death registries [30]. Case ascertainment in CAR-
DIOGRAMplusC4D differed per study centre, as described previ-
ously [31]. In the UK Biobank, endpoints were derived from
linkage with hospital admissions data in England, Scotland and
Wales and national death register data to identify the date of the
first known CHD after the date of baseline assessment, identified
by ICD 10 codes: 120—I125.

2.4. Statistical analyses

In EPIC-CVD individual participant data was analysed. Prentice-
weighted Cox proportional hazards regression, with robust stan-
dard errors were used to account for the case-cohort design, was
performed to assess the association between individual SNPs, the
GRS and CHD risk. For each SNP and the GRS, we used the same
model including age as the underlying time scale, with entry time
defined as the participant's age at recruitment and exit time as age
at first fatal or non-fatal CHD event or censoring (whichever came
first). This model was adjusted for sex, study centre, principal
components and genetic array and analysed in strata of country.
Hazard ratios from EPIC-CVD and the odds ratios from CARDIO-
GRAMplusC4d and UK Biobank were pooled to obtain risk ratios
(RR) using random-effect meta-analysis. Then, the inverse-variance
weighted (IVW) method was applied to assess the association be-
tween genetically predicted circulating phylloquinone, dp-ucMGP
and CHD risk, were calculated using the formula reported by
Burgess et al. [32].

To assess the robustness of the main result for the GRS for
circulating phylloquinone, we performed a MR-Egger analysis using
the ‘Mendelian Randomization’ package in R [33]. Circulating

phylloquinone is carried predominantly in triglyceride rich lipo-
proteins and the GWAS also reported beta-coefficients adjusted for
fasting triglycerides [21]. Therefore, we performed sensitivity an-
alyses in EPIC-CVD only; using these adjusted beta-coefficients and
additionally adjusted the association between the GRS and CHD
risk for triglycerides and hours of fasting. The study identifying the
dp-ucMGP SNPs also adjusted for BMI, alcohol intake and smoking
status [16]. We performed sensitivity analyses including the same
confounders. Missing values on triglycerides (6.6%), hours of fasting
(32.4%) and alcohol intake (0.04%) were imputed using 10 impu-
tations using the ‘mice’ package in R and combined according to
Rubin's Rules [34].

To explain the differences between CARDIOGRAMplusC4D and
EPIC-CVD and UK Biobank for rs2108622 and rs4645543, we
requested study-level results from CARDIOGRAMplusC4D and
excluded studies with participants of non-European descent and
small studies (n < 1000 cases) as sensitivity analyses. All analyses
are performed using R Software version 3.1.1.

3. Results

Baseline characteristics of the EPIC-CVD participants are
described in Supplementary Table 1.

The IVW analyses showed no association between genetically-
predicted concentrations of circulating phylloquinone risk and
CHD risk in EPIC-CVD (HRggs of 0.99 (95%-CI: 0.90; 1.07) per In-
nmol/L increase in circulating phylloquinone) (Fig. 1). Similar re-
sults were observed in CARDIOGRAMplusC4D (OR 1.06 (95%-CI:
0.96—-1.18)) and the UK Biobank (OR 1.00 (95%-CI: 0.95—1.04)).
There was no heterogeneity between the three studies (I* = 0.0) or
genetic variants (I = 1.49, p = 0.68). However, a causal relation was
found between rs2108622 (CYP4F2) and CHD risk in CARDIO-
GRAMplusC4D (OR 1.34 (95%-CI: 1.18; 1.51). To assess the difference
in studies for rs2108622, sensitivity analysis was performed
excluding small scale studies (n < 1000 cases) and participants of
non-European descent from CARDIOGRAMplusC4D and this
slightly decreased the RR (1.21 (95%-CI: 1.03; 1.41)). The MR-Egger
method indicated no significant pleiotropy (intercept = 0.02,
p = 0.09), but the causal estimate slightly decreased to 0.95 (95%-
CI: 0.88; 1.02) per In-nmol/L increase in circulating phylloquinone
(Supplementary Fig. 2). EPIC-CVD data only, additional adjustment
for triglycerides and hours of fasting did not change the results with
a HR of 0.90 (95%-CI: 0.83; 1.26) for the GRS (Supplementary
Table 2).

3.1. Dp-ucMGP

No causal relation was found between rs4236 and risk of CHD in
EPIC-CVD with a HR of 0.99 (95%-ClI: 0.91; 1.07) (Fig. 2). Adding
CARDIOGRAMplusC4D and UK Biobank data resulted in a RR of 0.96
(95%-CI: 0.93; 0.99) per 10 ug/L decrease in dp-ucMGP (p = 0.02).
Additional adjustment for smoking, drinking and alcohol intake, in
EPIC-CVD only, did not change the results (HR 0.94 (95%-CI: 0.79;
1.11)) (Supplementary Table 2).
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Fig. 1. The results of the Mendelian Randomization analyses for circulating phylloquinone in EPIC-CVD (n = 9296 cases), CARDIOGRAMplusC4D (n = 60,801 cases) and UK Biobank
(n = 33,000 cases), and the pooled association (n = 103,097 cases). The results are derived from the IVW analyses and presented as RR per In-nmol/L increase in circulating

phylloquinone.

4. Discussion

This study did not provide evidence for an association between
genetically predicted phylloquinone concentrations and CHD risk.
However, lower genetically predicted dp-ucMGP concentrations,

Fig. 2. The results of the Mendelian Randomization analyses for circulating dp-ucMGP (rs4236) in EPIC-CVD, CARDIOGRAMplusC4D and UK Biobank, and the pooled association
(EPIC-CVD, CARDIOGRAMplusC4D and UK Biobank). The results are derived from the IVW analyses and presented as RR per every 10 pg/L decrease in dp-ucMGP.
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Our results are in contrast with a previous MR-study showing
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CARDIOGRAM data [15]. This well-conducted and reproducible
study used CARDIOGRAM (2011) and CARDIOGRAMplusC4D
(2013), while we used the CARDIOGRAMplusC4D 2015 release. The
difference in results between the study from Schooling and our
study were driven by two genetic variants: rs4645543 (KCNK9
gene) and rs2108622 (CYP4F2 gene). The results for rs4645543
differed in CARDIOGRAMplus4D 2015 release and the CARDIO-
GRAM 2011 release. The major differences between the releases are
the studies including participants from non-European descent;
however, excluding studies from non-European descent did not
alter the results. Furthermore, restricting to the studies (n = 12) in
the CARDIOGRAMplusC4D 2015 release that were also in the
CARDIOGRAM 2011 release, did not explain the discrepancies as
well. Therefore, we cannot fully explain the discrepancy between
the results of Schooling using earlier CARDIOGRAM releases and
our study.

Rs2108622 (CYP4F2 gene) was positively associated with CHD
risk in CARDIOGRAMplusC4D, like in all CARDIOGRAM releases,
while no association was found in EPIC-CVD or in the UK Biobank.
We excluded small-scale studies and studies from non-European
descent in CARDIOGRAMplusC4D, and this slightly decreased the
risk ratios, but we could not fully explain the discrepancy for
rs2108622 in CARDIOGRAMplusC4D compared to EPIC-CVD or the
UK Biobank. This genetic variant may be the most reliable marker
for phylloquinone concentrations since the CYP4F2 gene functions
as a phylloquinone oxidase, and could alter the phylloquinone
metabolism [22]. However, we did not detect a causal relation be-
tween this genetic variant and CHD risk.

In contrast with phylloquinone, decreased genetically predicted
dp-ucMGP concentrations, reflecting increased vitamin K intake,
were causally related with a decreased CHD risk. Liu et al. did not
detect a causal relation between rs4236 and risk of CVD using an
MR approach [16]. However, the direction of the association is
comparable to our study (HR 0.87 (95%-Cl: 0.71; 1.08)). The small
sample size of this study (CVD events, n = 87) may explain the non-
significant finding [16]. Indeed, our study only detected a causal
relation in the pooled dataset of over 100,000 CHD cases.

The differences between phylloquinone and dp-ucMGP could be
explained by the different characteristics of both biomarkers to
assess vitamin K status. Circulating phylloquinone is the primary
circulating form of vitamin K and solely represents phylloquinone
intake of the previous days [13]. Inactive MGP, dp-ucMGP, is
considered the best marker for vitamin K since dp-ucMGP reflects
the bioavailability of both phylloquinone and menaquinone intake
over multiple weeks to months. Menaquinones should be taken
into account since menaquinones have a higher absorption and
bioavailability than phylloquinone, and therefore may be more
beneficial to human health [1]. Moreover, dp-ucMGP is functionally
associated with the mechanism explained the reduced CHD risk.
Therefore, the association found for dp-ucMGP may be the most
reliable marker to reflect vitamin K intake. However, candidate
gene studies also suggested that rs4236 was associated with total
MGP [35]. Therefore, this SNP may also reflect the causal associa-
tion between MGP itself and CHD rather than vitamin K.

To date, the literature regarding circulating phylloquinone and
CHD risk is inconsistent. Observational studies focusing on circu-
lating phylloquinone and differences in coronary artery calcium
showed contradicting results ranging from no to a positive associ-
ation [9,10], while intervention studies showed that phylloquinone
supplementation reduces arterial elasticity and coronary calcifica-
tion [4,11]. It is possible that the protective effect can be reached
with supplementary dosage and not with dietary intake or circu-
lating levels of phylloquinone [9]. The majority of the observational
studies showed that low dp-ucMGP levels are associated with
reduced cardiovascular disease (CVD) risk and presence of coronary

calcification levels [13]. Our MR-study is comparable to previous
observational studies, since we were not able to detect an associ-
ation between circulating phylloquinone and CHD risk. However,
higher genetically predicted dp-ucMGP levels were associated with
a reduced CHD risk, which could be explained by the influence of
menaquinones.

A particular strength in two-sample MR study is the large
sample size which can detect small effect sizes. Several issues may
compromise the value of Mendelian randomization approach in
assessing causality. First, genetic variants determining significant
proportions of variance in the risk factor are needed. While the
SNPs did not reach genome wide significance, the F-statistic did not
show an indication of weak instrument bias. Additionally, the F-
statistic for dp-ucMGP SNP showed no weak instrument bias as
well. However, since this SNP is identified in a small scale candidate
gene study, the effect size of the SNP may be overestimated [36]. A
GWA study on dp-ucMGP should be performed to verify the SNPs
used in this MR-study. Circulating phylloquinone and dp-ucMGP
are not available in EPIC-CVD, CARDIOGRAMplusC4D or UK Bio-
bank, and therefore we were not able to assess the strength of our
instrument in our study population. Furthermore, Mendelian
Randomization studies assume that instruments are associated
exclusively via the risk factor of interest, and the instrument is not
associated with possible confounders. Therefore, we assessed
possible pleiotropy using the MR-Egger, and we did not find an
indication for pleiotropy in this study. However, our power to
detect pleiotropy with a limited number of genetic instruments was
low. Additionally, we cannot exclude the possibility of unmeasured
pleiotropy for the genetic variants for phylloquinone, since the
biological pathways by which the genetic variants influence phyl-
loquinone concentrations is not clear yet. Furthermore, our in-
strument for dp-ucMGP has also been associated with levels of
proteins encoded by other genes in the region (eg, ART) [37], which
suggests potential alternative pathways via which any causal effect
could be acting.

In conclusion, this study did not provide evidence for a causal
association between circulating phylloquinone concentrations and
CHD risk, but decreased dp-ucMGP concentrations, representing
long-term increased vitamin K intake, may be causally associated
with a decreased CHD risk. Whether this association reflects the
influence of menaquinones in the association with CHD or MGP as a
causal factor leading to CHD needs to be further investigated.
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