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ABSTRACT
Background: Emerging evidence suggests novel roles for bacterially
derived vitamin K forms known as menaquinones in health and dis-
ease, which may be attributable in part to anti-inflammatory effects.
However, the relevance of menaquinones produced by gut bacteria to
vitamin K requirements and inflammation is undetermined.
Objective: This study aimed to quantify fecal menaquinone con-
centrations and identify associations between fecal menaquinone
concentrations and serum vitamin K concentrations, gut microbiota
composition, and inflammation.
Design: Fecal and serummenaquinone concentrations, fecal microbiota
composition, and plasma and fecal cytokine concentrations were mea-
sured in 80 men and postmenopausal women (48 men, 32 women, age
40–65 y) enrolled in a randomized, parallel-arm, provided-food trial.
After consuming a run-in diet for 2 wk, participants were randomly
assigned to consume a whole grain–rich (WG) or a refined grain–based
(RG) diet for 6 wk. Outcomes were measured at weeks 2 and 8.
Results: The median total daily excretion of menaquinones in feces was
850 nmol/d but was highly variable (range: 64–5358 nmol/d). The total
median (IQR) fecal concentrations of menaquinones decreased in theWG
diet compared with the RG diet [26.8 nmol/g (13.0 nmol/g) dry weight
for WG compared with 1.8 nmol/g (12.3 nmol/g) dry weight for RG;
P , 0.01)]. However, interindividual variability in fecal menaquinone
concentrations partitioned individuals into 2 distinct groups based on in-
terindividual differences in concentrations of different menaquinone forms
rather than the diet group or the time point. The relative abundances of
several gut bacteria taxa, Bacteroides and Prevotella in particular, differed
between these groups, and 42% of identified genera were associated with
$1 menaquinone form. Menaquinones were not detected in serum, and
neither fecal concentrations of individual menaquinones nor the menaqui-
none group was associated with any marker of inflammation.

Conclusion: Menaquinone concentrations in the human gut appear
highly variable and are associated with gut microbiota composition.
However, the health implications remain unclear. This trial was
registered at clinicaltrials.gov as NCT01902394. Am J
Clin Nutr 2017;106:1052–61.

Keywords: vitamin K, microbiome, metabolomics, menaquinones,
phylloquinone, whole grain

INTRODUCTION

Emerging evidence suggests novel roles for vitamin K in
health and disease beyond the vitamin’s canonical function in
hemostasis (1–5). Underpinning mechanisms have been attrib-
uted both to diverse actions of extrahepatic vitamin K-dependent
proteins (6, 7) and to pathways that are independent of vitamin
K’s enzyme cofactor activity (2, 4, 5, 8). Of particular interest is
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the growing literature of in vitro (9–13), animal (12, 14), and
epidemiologic (15–17) studies suggesting anti-inflammatory
effects of vitamin K. Collectively, these discoveries have con-
tributed to increased interest in defining an optimal dietary vita-
min K requirement (1). However, one impediment to developing
these recommendations is an incomplete understanding of the
relevance of vitamin K produced by bacteria in the human gut
to health.

K vitamins are a family of fat-soluble vitamers that share a
napthoquinone ring structure but differ in the length and satu-
ration of an attached lipophilic side chain (8). Phylloquinone
(vitamin K-1) is synthesized by plants (8), is the predominant
dietary vitamin K form, and is the form on which current dietary
recommendations are based (18). Menaquinone (MKn, with “n”
representing the number of isoprenoid units in the side chain) 4
differs from phylloquinone in that it has an unsaturated side
chain, is endogenously synthesized by mammals via the con-
version of phylloquinone or menadione (19), and is found in
some animal-based food products (20). Additional menaquinone
forms contain unsaturated side chains varying in length from 5
(MK5) to 13 (MK13) repeating isoprenoid units and are syn-
thesized by bacteria (21–23). These bacterially derived mena-
quinones are thought to be less abundant than phylloquinone in
most diets, although some fermented food products (20), dairy
products (24), and meats (25) are sources. All known vitamin K
vitamers share bioactivity as enzyme cofactors of the g-glutamate
carboxylase enzyme responsible for activating multiple vitamin
K-dependent proteins (6, 7). However, bioavailability and bio-
activity appear to differ across vitamers, with evidence supporting
superior bioavailability (26–29), greater bioactivity, and possibly
unique functions of some bacterially derived menaquinone forms
relative to phylloquinone (30–32). These observations suggest
that even low amounts of gut bacteria–derived menaquinones
could meaningfully affect health.

Despite longstanding knowledge that gut bacteria produce
menaquinones (21), relatively few studies have attempted to
quantify the menaquinone content of the human gut (33–35),
identify factors contributing to variability in gut menaquinone
content, or elucidate to what extent menaquinones synthesized
by gut bacteria affect human health. To begin addressing these
knowledge gaps, our group recently used culture-independent
16S ribosomal DNA sequencing to demonstrate that variability
in human fecal menaquinone content is associated with relatively
few genera within the gut microbiota and that diet-mediated al-
terations in gut microbiota composition may provide a feasible
approach for altering gut menaquinone content (36). However,
limitations to that effort included the inability to quantify fecal
menaquinone concentrations, assess dietary vitamin K intake, or
measure vitamin K status. This study aimed to both replicate
and extend those findings by examining relations between fecal
menaquinone content and serum vitamin K concentrations, gut
microbiota composition, and inflammation in healthy adults par-
ticipating in a provided-food study.

METHODS

The study was conducted at the Jean Mayer USDA Human
Nutrition Research Center on Aging at Tufts University between
May 2012 and September 2014, with approval by the Tufts
Medical Center/Tufts University Health Sciences Institutional

Review Board. All participants gave written informed consent
before participating and received a stipend. The study was
registered on clinicaltrials.gov as NCT01902394. The outcomes
presented herein were secondary outcomes included in a ran-
domized trial designed to determine the effects of substituting
whole grains for refined grains in the diet on immune function,
health biomarkers and energy metabolism, results of which have
been previously reported (37, 38).

Participants

Men and postmenopausal women, all nonsmokers and 40–65 y
old with a BMI (in kg/m2) between 20 and 35 were recruited
from the Boston, Massachusetts area with the use of direct
mailing, social media, and posted advertisements. Enrolled par-
ticipants were weight-stable, reported consuming a low-fiber
diet (men: ,7 g/1000 kcal, women: ,8 g/1000 kcal) for $2 wk
before enrollment, abstained from probiotic or prebiotic sup-
plements for $2 wk before enrollment, and abstained from all
nutritional supplements other than calcium and vitamin D for
$1 mo of enrollment. Exclusion criteria included oral antibiotic
use within 3 mo of enrollment; consuming .2 alcoholic bev-
erages/d; abnormal liver and kidney function tests; fasting blood
glucose $125 mg/dL; diabetes; gastrointestinal disease; auto-
immune disease; cancer; regular use of medications affecting
energy metabolism, glycemia, appetite, or bowel habits; and use
of immunosuppressants, proton pump inhibitors, H2-blockers, or
prescribed nonsteroidal anti-inflammatory medications. Partici-
pants with hypertension or a medical history of cardiovascular,
liver, or renal diseases were permitted if the condition was
controlled with medication.

Study design and diet

Details of the study design have been previously described (37,
38). The study was an 8-wk randomized, single-blind, parallel-arm,
provided-food trial. All participants received the same body
weight-maintaining diet for the initial 2 wk of the study. Partici-
pants were then randomly assigned by the study statistician using a
random-number generator and provided a weight-maintaining
whole-grain–rich (WG) diet or a weight-maintaining refined-
grain–based (RG) control diet for 6 wk. Dietary staff were aware
of group assignment, but study investigators, outcome assessors,
and data analysts were not until the primary analyses were com-
plete. Participants were not explicitly informed of their group
assignment, but the diets differed in appearance. Partici-
pants picked up their measured food from the research center
3 times/wk and were instructed to consume all of the provided
food and nothing else, to provide documentation about all food
eaten, to return any uneaten food so that it could be weighed
back and deducted from daily intake, and to maintain habitual
physical activity patterns. Study outcomes were assessed during
study weeks 2 (the end of the run-in diet) and 8 (the end of the
intervention diet).

A 3-d rotating menu was designed for all diets. The run-in diet
contained no whole grain and provided 8 g/1000 kcal fiber
(Supplemental Table 1). The WG and RG diets were designed
to differ in whole-grain [RG: 0 g/d, WG (mean 6 SD): 207 6
39 g/d] and fiber (RG: 8 g/1000 kcal, WG: 16 g/1000 kcal)
contents but to be otherwise similar in energy and macronutrient
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composition (Supplemental Table 1) and the types of provided
foods (37, 38). The primary difference between the intervention
diets was whether grains were derived from whole-grain or
refined-grain sources. The primary whole grain in the WG diet
was wheat, although oats and brown rice were also included.
Both diets met Dietary Reference Intakes for all vitamins,
minerals, and essential fatty acids. Diet composition was ana-
lyzed by using the Nutrition Data System for Research v2011
(Nutrition Coordinating Center, University of Minnesota). Diet
adherence was assessed by reviewing daily food checklists
maintained by the participants, monitoring body weight, and
measuring plasma alkylresorcinol homolog concentrations,
which are considered biomarkers of whole-grain wheat intake
(39).

Serum, fecal, and diet vitamin K analysis

Blood samples were collected by antecubital venipuncture
after a $12-h overnight fast. For fecal analysis, volunteers
collected all stool produced over 72 h using separate preweighed
plastic containers for each sample. Sample weights were re-
corded by study staff before combining and homogenizing all
samples. Aliquots were obtained from the 72-h homogenate,
freeze-dried to a constant weight, and homogenized into a fine
powder by using a mortar and pestle. For chemical analysis of
dietary vitamin K content, aliquots were taken from homoge-
nates of each of the 3 daily menus provided within the RG and
WG diets.

All sample analyses were performed under yellow light to
prevent photo-oxidation and decomposition of vitamin K
vitamers. Serum (500 mL), dried fecal samples (40 mg), and diet
samples (200 mg) were used for quantification of phylloquinone
and MK4 through MK13 by using HPLC-MS (Agilent 12260
HPLC and 6130 Quadrupole mass spectrometer; Agilent Tech-
nologies) as previously described (40). Diet MK4 was also
measured by reversed-phase HPLC as previously described (41)
because of an interfering peak when using the HPLC-mass
spectrometry method. Deuterium-labeled phylloquinone was
used as an internal standard in all samples, and calibration
standards for each vitamer were used to quantify vitamer con-
centrations (40). Limits of detection were 1 pmol/g for MK10;
5 pmol/g for MK5, MK7, MK8, MK9, MK11, MK12, and MK13;
10 pmol/g for MK6; and 30 pmol/g for phylloquinone and MK4
(40). MK5 and MK8 were not detected in 27% and 12% of fecal
samples, respectively, and the limit of detection was imputed for
analysis.

Gut microbiota composition

Gut microbiota analysis was previously reported in detail (38).
Briefly, fecal samples for gut microbiota composition were de-
livered to the laboratory on ice within 24 h of production and then
frozen. DNAwas extracted by using the QIAampDNAStoolMini
kit (Qiagen), with slight modifications from manufacturer rec-
ommendations as previously described (38). Amplicons of the V4
region of the bacterial 16S ribosomal DNA were generated with
the appropriate primers (42) and pooled in equimolar amounts.
Amplicon pools were then purified for 250 bp paired end se-
quencing on the Illumina MiSeq platform (Illumina Inc.). Se-
quencing data were processed by using the Quantitative Insights

Into Microbial Ecology package v1.9.0 (43). Reads were clus-
tered at 97% identity and assigned taxonomy by open reference
by using the Greengenes v13_5 reference database (44) and
USEARCH v6.1 (45).

Blood biochemistries

Blood samples were collected by antecubital venipuncture
after a $12-h overnight fast. Plasma TNF-a, IL-6, and IL-1b
concentrations were analyzed by electrochemiluminescence as-
says (Meso Scale Discovery) according to manufacturer in-
structions. Serum glucose was measured by enzyme-coupled
kinetic assay and serum insulin by radioimmunoassay (Milli-
pore) and were used to calculate HOMA-IR. Serum triglycerides
were measured by enzymatic, calorimetric endpoint assay.

Fecal cytokines

Fecal water cytokine concentrations were measured by using
fecal samples delivered to the laboratory within 24 h of pro-
duction as previously described (38). Fecal TNF-a, IL-6, and
IL-17 were measured by high-sensitivity ELISA following
manufacturer instructions.

Statistical analysis

Sample size estimates indicated that 40 volunteers/group,
assuming 10% attrition, would provide sufficient power at
a = 0.05 and power = 0.80 to detect between-group differences in
primary study outcomes, which are reported elsewhere (37, 38).
Power calculations were not completed for vitamin K measure-
ments because they were secondary study outcomes. Data were
assessed quantitatively and graphically for normality and trans-
formed if necessary to meet model assumptions. Statistical analyses
were completed by using SPSS v 21.0 (IBM Analytics), R v 3.0.3,
and XLSTAT 2016 (Addinsoft). Values are presented as means 6
SEMs or medians (IQRs) unless otherwise noted.

ANCOVAwas used to examine intervention effects on vitamin
K concentrations. In all models, the log10-transformed change
score (week 8 2 week 2) was entered as the response variable,
study group as a between-subjects factor, and log10-transformed pre-
intervention vitamer concentration, age, sex, and pre-intervention
BMI as covariates. Associations between fecal vitamin K concen-
trations, dietary intake, and biological outcomes, including serum
phylloquinone, HOMA-IR, and markers of inflammation, were
assessed by using linear mixed models. Models included log10-
transformed dietary intake or the biological outcome as the
response variable, subject as a random factor, log10-transformed
fecal vitamer concentration as an independent variable, and pre-
intervention BMI, age, sex, and time as covariates. Phylloqui-
none is transported in circulation on triglyceride-rich proteins
(46). Therefore, to control for potential confounding from dif-
ferences in triglyceride concentrations, log10-transformed serum
triglyceride concentrations were included in all models in which
serum phylloquinone was the dependent variable. P values
from each analysis were adjusted by using Bonferroni’s
correction.

Exploratory analyses were conducted to identify relations be-
tween vitamin K vitamers and between vitamin K vitamer con-
centrations, gut microbiota composition, and biological outcomes.
Relations between fecal vitamin K vitamers were examined by
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using principal components analysis (PCA) and partitioning
around medoids clustering of the Spearman’s correlation matrix
constructed from all vitamers measured at both time points in the
full cohort. All vitamer concentrations were log10-transformed
before analysis to meet model assumptions and to reduce un-
due influence from outliers. The Silhouette Index (SI) was cal-
culated to measure partitioning around medoids cluster quality
and used to determine the optimal number of clusters. An SI
score of 0.50–0.75 was considered indicative of moderately
strong clustering, and a score $0.75 indicative of strong clus-
tering (47). Clusters with SI scores,0.50 were considered weak
and were not included in the final results. PCA was completed
by using XLSTAT, and clustering was completed by using the
R package “cluster.”

Associations between vitamin K clusters identified by parti-
tioning around medoids clustering (see Results) and biological
outcomes, including fecal vitamer concentrations, serum phyl-
loquinone, HOMA-IR, and markers of inflammation, were
assessed by using linear mixed models. Models included bi-
ological outcome as the response variable, subject as a random
factor, cluster assignment as an independent variable, and pre-
intervention BMI, age, sex, and time as covariates. Log10-
transformed serum triglyceride concentrations were included in
all models in which serum phylloquinone was the dependent
variable. P values for associations between vitamin K clusters
and individual vitamers were adjusted by using Bonferroni’s
correction.

Procrustes analysis, linear discriminant analysis of effect size
(48), and linear mixed models were used to examine associations
between fecal vitamin K concentrations and gut microbiota
composition. Procrustes analysis superimposes and assesses
congruence between ordinations of multiple data matrices by
rotating the ordinations to maximal similarity. Herein, Procrustes
analysis was used to compare the PCA of fecal vitamin K
concentrations with the principal coordinates analysis of gut
microbiota composition. Weighted UniFrac distances, which
have been reported elsewhere (38), were used for the gut
microbiota principal coordinates analysis. Linear discriminant
analysis of effect size was used to identify taxa that differed in
relative abundance between vitamin K clusters identified by
partitioning around medoids clustering (see Results). Operational
taxonomic units (OTUs) not present in .10% of samples
(n = 142) were removed before analysis to reduce both the in-
fluence of uncommon OTUs on results and noise in the visual-
izations. To further examine associations between individual
genera and individual vitamers, the Spearman correlation was
used to identify genera significantly associated (P , 0.05) with
$1 vitamer at both study time points. Relations between those
genera and individual vitamers were then assessed by using
linear mixed models, which included the log10-transformed vi-
tamer concentration as the dependent variable, arcsine-square
root–transformed genus relative abundance as the independent
variable, subject as a random factor, and time as a covariate.
When an OTU could not be classified to the genus level, the next
highest level of classification was used (e.g., family, order).
False discovery rate for linear discriminant analysis of effect
size analysis and genus-vitamin K associations was controlled
by using the Benjamini-Hochberg correction. Benjamini-Hochberg–
adjusted P values are presented as Q values. Analyses in-
cluded all study completers except one individual in the RG

diet group who did not provide a fecal sample during the
week 8 collection. Statistical significance was set at P # 0.05
or Q # 0.05.

RESULTS

Of 103 enrolled participants, 90 completed the run-in phase
and were randomly assigned, 81 completed the study, and 80
provided samples for analyses reported herein (Table 1, Sup-
plemental Figure 1). Dietary compliance and primary study
outcomes have been previously reported (37, 38) and are briefly
summarized in the following paragraph.

Plasma alkylresorcinol concentrations increased in WG diet
group but did not change in RG diet group (time-by-diet in-
teraction, P , 0.001), and body weight was maintained in both
groups (main effect of time, P = 0.13; time-by-diet interaction,
P = 0.27) indicating adherence to the study diets (37). Compared
with the RG diet, the WG diet was associated with an increase in
fecal mass [DWG (week 8 — week 2) compared with DRG
(week 8 — week 2) difference: 69 6 13 g wet weight/d;
P , 0.001], fecal energy content (DWG compared with DRG
difference: 96 6 18 kcal/d; P , 0.001), and fecal acetate con-
centrations (DWG compared with DRG difference: 2.1 6
1.4 mmol/L; P = 0.02) (37, 38). The relative abundance of
Lachnospira increased (DWG compared with DRG difference:
1.04% 6 0.33% relative abundance), and the relative abundance
of Enterobacteriaceae decreased (DWG compared with DRG
difference: 20.07% 6 0.11% relative abundance) in the WG
diet group compared with the RG diet group (false discovery
rate-adjusted P = 0.25) (38). Changes in fecal anaerobic (WG:
22.2 6 1.0 CFU 3 109 compared with RG: 8.1 6 9.0 CFU 3
109; P = 0.31) and aerobic (WG: 23.7 6 3.2 CFU 3 107

compared with RG: 27.3 6 6.3 CFU 3 107; P = 0.32) bacteria
cell counts, and fecal pH (WG: 20.03 6 0.06 compared with
RG: 0.01 6 0.05; P = 0.31) did not differ between groups (38).

TABLE 1

Study participant characteristics and estimated vitamin K intake based on

chemical analysis of provided diets1

Refined-grain diet

group

Whole-grain diet

group

Sex, n, M/F 24/15 24/17

Race, n

Caucasian 20 23

Black 9 9

Hispanic 2 2

Asian 3 6

Other/not reported 5 1

Age, y 54 6 5 55 6 6

Weight, kg 75.3 6 12.1 74.7 6 12.4

BMI, kg/m2 25.8 6 3.3 25.7 6 3.9

Phylloquinone, nmol/d 401 6 89 514 6 87a

MK4, nmol/d 130 6 29 99 6 18a

MK9, nmol/d 165 6 37 279 6 48a

MK12, nmol/d 21 6 5 24 6 4a

MK13, nmol/d 5 6 1 14 6 3a

MK5–MK8, MK10–MK11,

nmol/d

ND ND

1Values are means 6 SDs unless otherwise indicated. aP , 0.001,

independent samples t test. MK, menaquinone; ND, not detected.
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Likewise, changes in salivary IgA (DWG compared with DRG
difference: 218 6 28 mg/mL; P = 0.65), and stool IgA (DWG
compared with DRG difference: 20.1 6 14.8 mg/mL; P = 0.92)
concentrations did not differ between groups (38). No between-
group differences in delayed-type hypersensitivity to Tetanus
(P = 0.94), Candida (P = 0.51), or Trichophyton (P = 0.93) were
observed (38). Further, no between-group differences in changes
in T cell proliferation in response to mitogens, white blood cell
count differential, or lymphocyte phenotype were observed with
the exception that the change in the percentage of total terminal
effector memory T cells was higher in the WG diet group than
in the RG diet group (DWG compared with DRG difference:
2.7% 6 2.3%; P = 0.03) (38). Changes in plasma TNF-a (DWG
compared with DRG difference: 20.4 6 0.4 pg/mL; P = 0.48),
IL-6 (DWG compared with DRG difference: 20.56 0.5 pg/mL;
P = 0.32), and IL-1b (DWG compared with DRG difference:
0.05 6 0.5 pg/mL; P = 0.55), and fecal water TNF-a (DWG
compared with DRG difference: 20.5 6 0.6 pg/mL; P = 0.82),
IL-6 (DWG compared with DRG difference: 20.16 0.2 pg/mL;
P = 0.89), and IL-17 (DWG compared with DRG difference:
21.3 6 1.1 pg/mL; P = 0.88) concentrations did not differ
between groups (38). The change in LPS-stimulated produc-
tion of TNF-a (DWG compared with DRG difference: 2131 6
1399 pg/mL; P = 0.04), but not other cytokines, was greater in
the WG diet group than in the RG diet group (38). No between-
group differences in the changes in the ex vivo production of
cytokines after stimulation with anti-CD3 and anti-CD28 were
observed, and changes in natural killer cell activity did not differ
between groups (38).

Intervention effects on serum and fecal vitamin K

The measured phylloquinone, MK9, MK12, and MK13 con-
tents of the WG diet were greater than those in the RG diet,
resulting in a modestly higher measured phylloquinone (WG
compared with RG: 232 6 40 mg/d compared with 181 6
40 mg/d), MK9 (WG compared with RG: 219 6 38 mg/d
compared with 130 6 29 mg/d), MK12 (WG compared with
RG: 24 6 4 mg/d compared with 21 6 5 mg/d), and MK13 (WG
compared with RG: 15 6 3 mg/d compared with 5 6 1 mg/d)
intake in the WG diet group compared with the RG diet group
(P , 0.001 for all) (Table 1). In contrast, the measured MK4
intake was modestly lower in the WG diet group (45 6 8 mg/d)
than in the RG diet group (59 6 13 mg/d, P , 0.001). No ad-
ditional menaquinones were detected in either diet.

Changes in serum phylloquinone concentrations did not differ
between the groups, and no menaquinones were detected in any
serum sample at either time point (Table 2). Fecal MK4, MK7,
MK8, MK10, MK11, and total MK5–MK13 concentrations
decreased in the WG diet group compared with the RG diet
group (Table 2, Supplemental Table 2). However, when fecal
vitamer concentrations were expressed as total daily excretion in
feces, only between-group differences in MK13 were statisti-
cally significant after Bonferroni’s correction (Table 2, Supple-
mental Table 2) because of the increase in daily fecal mass in the
WG diet group compared with the RG diet group. Serum
phylloquinone was positively associated with daily phylloqui-
none excretion in feces (b 6 SE: 0.2 6 0.1, P , 0.001), but not
with daily excretion of any menaquinones. Dietary intakes of
phylloquinone (b 6 SE: 0.8 6 0.3, P = 0.03), MK12 (b 6 SE:

1.2 6 0.4, P = 0.004), and MK13 (b 6 SE: 0.7 6 0.05,
P , 0.001), but not MK9 (b 6 SE: 0.4 6 0.2, P = 0.21), were
associated with daily excretion of those vitamers in feces.

Covariance between fecal vitamin K vitamers partitioned
individuals into menaquinotypes

Principal components analysis indicated that 74% of the vari-
ability in fecal vitamin K vitamer concentrations was explained by 3
principal components that were not influenced by study group or
time point (Figure 1A). Rather, MK5–MK6 and MK11–MK13
concentrations were the strongest determinants of variability along
the first component, MK9 and MK10 along the second component,
and phylloquinone and MK4 along the third component.

Partitioning around medoid analysis indicated that individuals
were optimally partitioned into 2 distinct clusters, herein de-
scribed as menaquinotypes, on the basis of the variability in fecal
vitamin K content (Figure 1B). This was supported by SIs, in-
dicating strong clustering with 2 clusters (SI = 0.81) and weak-to-
moderate clustering with .2 clusters (SI = 0.48). Two clusters
also provided the highest SI (SI = 0.51) when Euclidean dis-
tances were used in the analysis. Study group (P = 0.52), race
(P = 0.63), sex (P = 0.19), age (P = 0.48), pre-intervention BMI
(P = 0.28), and dietary menaquinone intakes (P $ 0.32) did not
differ between menaquinotypes, and menaquinotype member-
ship was not affected by the intervention because no individual
changed cluster membership. Rather, fecal concentrations of sev-
eral menaquinones discriminated menaquinotypes. The highest
membership menaquinotype was enriched in MK9 and MK10,
whereas the other was enriched in MK5, MK6, MK7, MK11,
MK12, and MK13 (Figure 1C). The ratio of the geometric mean
of total fecal MK5–MK13 concentrations (expressed as nmol/g
dry weight) of the MK5–MK7/MK11–MK13-enriched menaqui-
notype to that of the MK9–MK10-enriched menaquinotype was
4.4 (95% CI: 3.6, 5.3; Figure 1C). As a result, daily fecal MK5–
MK13 excretion in feces was substantially higher in the MK5–
MK7/MK11–MK13-enriched menaquinotype [week 2: 1670 nmol/d
(1244 nmol/d), week 8: 2433 nmol/d (1886 nmol/d)] than in the
MK9–MK10-enriched menaquinotype [week 2: 533 nmol/d
(511 nmol/d), week 8: 471 nmol/d (455 nmol/d), P , 0.001 for
both time points] (Supplemental Figure 2).

Log10-total fecal bacterial cell counts demonstrated a modest
positive correlation with log10-total fecal MK5–MK13 concen-
trations (b 6 SE: 0.04 6 0.02, P = 0.04) but not with total daily
MK5–13 excretion in feces (P = 0.49). Fecal bacterial cell counts
also demonstrated a trend (P = 0.06) toward being higher in the
MK5–MK7/MK11–MK13-enriched menaquinotype than in the
MK9–MK10-enriched menaquinotype (Table 3). No marker of in-
flammation measured in feces or plasma was associated with me-
naquinotype membership. Likewise, fecal concentrations (expressed
as nmol/g dry weight) and total daily excretion in feces (expressed as
nmol/d) of individual vitamers were not associated with any marker
of inflammation measured in feces or plasma (data not shown).

Interrelationships between fecal vitamin K content and gut
microbiota composition

There were 5341 unique OTUs, which classified into 10
bacterial phyla, 69 genera, and 49 additional phylotypes that
could not be classified to the genus level, that were detected in
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fecal samples (38). Procrustes analysis indicated congruence
between the first 3 principal coordinates extracted from the PCA
of fecal vitamin K content and the principal coordinates analysis
of gut microbiota composition (M2 = 0.66, Monte Carlo P = 0.001;
Figure 1D), indicating that variability in fecal vitamin K vitamer
concentrations was associated with variability in gut microbiota
composition.

Linear discriminant analysis of effect size identified 98 fea-
tures (features are taxonomic assignments ranging from the OTU
level to the kingdom level) with an effect size of .3.0, which
differed in relative abundance between menaquinotypes (Figure
2, Supplemental Table 3). At the genus level, effect size esti-
mation indicated that Bacteroides (more abundant in the MK9–
MK10-enriched menaquinotype) and Prevotella (more abundant
in the MK5–MK7/MK11–M13-enriched menaquinotype) were
the most influential genera in discriminating menaquinotypes
(effect size. 5.0). In univariate analyses, a total of 73 taxa were
statistically significantly correlated with $1 vitamer at both
time points (P , 0.05), of which 52 remained statistically sig-
nificant (Q , 0.05) after linear mixed-model analysis and false-
discovery rate adjustment (Supplemental Table 4).

DISCUSSION

The primary findings of this study suggest that menaquinones
are abundant in the human gut and that within the gut the con-

centrations of different menaquinone forms demonstrate sub-

stantial intra- and interindividual variability, which is associated

with variability in gutmicrobiota composition. However, the health

implications of these observations remain unclear because

menaquinones were not detected in circulation and associations

between fecal menaquinones and markers of inflammation were

not observed.
Vitamin K is one of the few vitamins for which an Estimated

Average Requirement does not exist. Current recommended

Adequate Intakes for vitamin K as defined by the US Institute of

Medicine are 90–120 mg/d (200–266 nmol/d) and based on US

median intake of phylloquinone (18). The recommendations do

not consider diet-derived menaquinones, and the contribution

of gut bacteria-derived menaquinones to the Estimated Aver-

age Requirement is unknown (1, 18). In the present study, the

measured median daily MK5–MK13 excretion in feces equated

to .3 times the current US Adequate Intake for phylloquinone.

TABLE 2

Serum and fecal vitamin K before and after consuming a refined grain–based or whole grain–rich diet for 6 wk1

Refined grain (n = 39) Whole grain (n = 40 or 41)2

P3Week 2 DWeek 2–8 Week 2 DWeek 2–8

Serum, nmol/L

Phylloquinone 1.0 (0.6) 0.02 (0.8) 1.2 (0.7) 20.1 (0.7) 0.96

MK4–MK13 ,LOD ,LOD ,LOD ,LOD —

Fecal, nmol/g dry weight

Phylloquinone 2.7 (0.9) 1.7 (3.3) 2.6 (1.9) 0.6 (2.2) 0.04

MK4 1.4 (1.6) 0.8 (1.0) 1.3 (1.9) 0.04 (1.0) ,0.001

MK5 0.3 (0.4) 0 (0.1) 0.2 (0.4) 20.02 (0.1) 0.02

MK6 1.0 (1.9) 0.04 (0.4) 1.0 (1.3) 20.1 (0.4) 0.02

MK7 0.9 (0.8) 0.2 (0.6) 0.8 (0.7) 20.1 (0.3) 0.002

MK8 0.3 (0.3) 20.01 (0.3) 0.3 (0.3) 20.1 (0.2) 0.002

MK9 1.6 (1.6) 20.03 (0.5) 1.5 (1.7) 20.4 (0.9) 0.005

MK10 8.0 (8.5) 0.4 (3.1) 8.0 (6.1) 22.7 (4.1) ,0.001

MK11 7.4 (12.6) 0.6 (3.0) 5.7 (6.7) 21.5 (2.7) ,0.001

MK12 0.8 (20.2) 0.03 (1.2) 0.5(17.0) 20.03 (0.7) 0.09

MK13 0.4 (31.6) 0.0 (1.7) 0.3 (24.9) 0.05 (1.9) 0.02

Total MK5–MK13 34.5 (59.9) 1.8 (12.3) 25.3 (39.8) 26.8 (13.0) ,0.001

Fecal, nmol/d

Phylloquinone 63 (54) 11 (95) 76 (77) 68 (123) 0.07

MK4 33 (44) 8 (51) 33 (48) 15 (36) 0.53

MK5 5 (12) 0 (5) 6 (9) 0 (6) 0.94

MK6 27 (41) 24 (30) 22 (43) 4 (28) 0.13

MK7 25 (26) 0 (21) 20 (19) 8 (27) 0.25

MK8 6 (8) 0 (8) 7 (7) 0 (7) 0.11

MK9 43 (58) 26 (36) 43 (51) 0 (43) 0.27

MK10 194 (205) 0 (163) 247 (281) 15 (198) 0.69

MK11 207 (259) 29 (127) 166 (200) 18 (184) 0.38

MK12 17 (430) 0 (76) 13 (354) 5 (145) 0.03

MK13 21 (607) 0 (110) 10 (570) 8 (144) ,0.001

Total MK5–MK13 909 (1161) 285 (710) 780 (1167) 77 (863) 0.48

1Values are medians (IQRs). No statistically significant differences at week 2. See also Supplemental Table 2. LOD,

limit of detection; MK, menaquinone.
2 Stool weight was unavailable for 1 subject.
3 ANCOVA, main effect of the group adjusted for week 2 vitamer concentration, age, sex, and pre-intervention BMI.

Serum phylloquinone also adjusted for change in serum triglycerides. Dependent variables are the change in vitamer

concentration. All vitamers were log10-transformed for analysis. P # 0.004 is statistically significant after Bonferroni’s

adjustment.
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This finding is consistent with and extends those of several
studies limited by sample size and analytic methods incapable of
measuring the full variability in gut menaquinone content (33–
35) by demonstrating substantial intra- and interindividual var-
iability in the concentrations of different menaquinone forms in
the gut. The variability was characterized by covariance between
several menaquinone forms (i.e., MK9 and MK10 covaried in an
inverse manner with MK5, MK6, MK11, MK12, and MK13)
which discriminated individuals into 2 distinct groups, or me-
naquinotypes. This observation replicates our group’s previous
findings in a cohort of Chinese adults (36) and suggests that this
pattern of variability in gut menaquinones is generalizable and
reproducible across different geographical regions and pop-
ulation groups. Understanding the source of this variability may
have important implications for elucidating vitamin K require-
ments, given the substantial differences in total daily menaqui-
none excretion between menaquinotypes and that different
menaquinone forms appear to vary in bioavailability, bioactivity,
and possibly health effects (26–32).

Our findings suggest that dietary menaquinone intake may
contribute to variability in fecal menaquinone content but that
in this study the primary source of that variability was the gut
microbiota. In support, chemical analysis of the provided diets
indicated that MK9, MK12, and MK13 were likely the only
bacterially derived menaquinones consumed (MK4 is not known
to be synthesized by bacteria). Daily intake of those vitamers did
exceed the total daily amounts of each that was measured in feces,

and MK12 and MK13 intakes were associated with fecal MK12
and MK13. However, multivariate analyses indicated that in-
terindividual variability in fecal menaquinone concentrations
exceeded diet-mediated effects on fecal menaquinones and that
the predominant determinant of this variability was gut micro-
biota composition. Consistent with our previous findings (36),
Bacteroides and Prevotella appeared to be particularly important
determinants of this variability because these genera were found
to have the largest effect size when taxonomic differences be-
tween menaquinotypes were examined. The observation is also
consistent with both genomic (49) and culture-based analyses
(34, 50), which have linked MK9–MK10 biosynthesis to Bac-
teroides species and MK11–MK13 biosynthesis to Prevotella
species within the human gut. Interestingly, Prevotella abun-
dance in human fecal samples is inversely associated with
Bacteroides abundance (47), and this association may separate
individuals into distinct groups based on interindividual vari-
ability in gut microbiota community composition commonly
known as “enterotypes” (47, 51, 52). Although evidence sug-
gests that the genetic capacity for menaquinone biosynthesis
does not differ between enterotypes (51), our findings suggest
potentially important differences resulting from the amounts of
different menaquinone forms synthesized.

To our knowledge, this study is the first to examine associa-
tions between fecal menaquinone concentrations with markers of
vitamin K status in healthy adults. Neither fecal menaquinone
concentrations nor menaquinotype membership was associated

FIGURE 1 Covariance between fecal vitamin K vitamers partitions individuals into distinct clusters, or menaquinotypes, which are associated with gut
microbiota composition. (A) PC analysis of fecal vitamin K vitamer concentrations measured before and after consuming a WG diet or an RG diet for 6 wk
(n = 80). Data points (solid shapes) represent the fecal vitamin K vitamer composition of an individual. Spatial locations of the + symbols indicate the relative
contribution of each vitamer to the variance explained by the first and second principal components, with greater distance from the (x- and y-axes) origin,
indicating a larger contribution of that vitamer to variance in fecal vitamin K content. (B) Partitioning around medoids analysis of fecal vitamin K vitamer
concentrations (n = 80). Menaquinotypes are indicated by gray ellipses, triangles are MK9–MK10-enriched samples, and circles are MK5–MK7/MK11–
MK13-enriched samples. Both pre- and postintervention samples from each individual are represented in the plot. (C) Differences in fecal vitamin K vitamer
concentrations between menaquinotypes (n = 80). Bars are the ratio of geometric means 6 SEs of the ratio calculated from the b (95% CI) obtained from
linear mixed models, which included the log10-vitamer as the response variable, subject as a random factor, menaquinotype as the independent variable, and
pre-intervention BMI, age, sex, and time as covariates. *Bonferroni-adjusted P # 0.01. (D) Procrustes analysis of fecal vitamin K PC analysis (open circles)
and principal coordinates analysis of fecal microbiota composition based on weighted UniFrac distances of operational taxonomic unit data (arrowheads)
(n = 77). Procrustes rotation rotates ordinations to maximal similarity. Vectors connect microbiota composition with vitamer profiles of the same individual for
each time point. Longer vectors indicate greater intraindividual dissimilarity. Monte Carlo P values represent 1000 permutations. MK, menaquinone; PC,
principal component; PK, phylloquinone; post, postintervention; pre, pre-intervention; RG, refined-grain based; SI, Silhouette Index; WG, whole-grain rich.
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with vitamin K status as measured by serum phylloquinone
concentrations, and menaquinones were not detectable in cir-
culation. The inability to detect menaquinones in circulation
unless concentrated doses are consumed is consistent with the
current evidence base (53) and suggests that few menaquinones
synthesized by gut bacteria are absorbed into systemic circulation
despite high concentrations in the gut. Although the bioavail-
ability of gut bacteria-derived menaquinones is poorly charac-
terized, most menaquinones synthesized by bacteria are thought
to be embedded in bacterial cytoplasmic membranes, which

likely reduces bioavailability (21). Bacteria can, however, secrete
menaquinones in water-soluble complexes (54) and in lipid-
soluble (33) or other forms (55). Further, despite the fact that
fecal menaquinone concentrations almost certainly overestimate
the quantity of bioavailable bacterially derived menaquinones,
these menaquinone forms have been measured in human ileum
samples (33), where bile salts could facilitate absorption (8), and
in human hepatic tissue (56, 57). Interestingly, the most abundant
vitamin K vitamers in the human liver are not the putative-
predominant dietary forms phylloquinone and MK4 but rather
MK10 and MK11 (56, 57), which were also the most abundant
fecal vitamers in our cohort. Although these findings collectively
suggest, but do not establish, that menaquinones derived from gut
bacteria are absorbed and stored in the human liver, the detection
of menaquinones in the diets used in this study in combination
with recent evidence that menaquinones may be more abundant
in the food supply than previously thought (24, 25) precludes
more definitive conclusions and highlights a need for greater
characterization of dietary menaquinone content.

Regardless, a requirement for gut bacteria–derived menaqui-
nones to be absorbed from the gut to exert direct biological effects
should not be assumed. These vitamers could plausibly act locally
in the gut epithelium without entering systemic circulation.
Although our findings did not demonstrate associations be-
tween fecal menaquinone concentrations and gut inflammation
as measured by fecal cytokine concentrations, multiple studies
using in vitro and animal models have demonstrated that multiple
vitamin K vitamers and their metabolites may reduce inflamma-
tion (9–14). Whether associations between fecal menaquinone
concentrations and gut inflammation could be detected in
populations with higher levels of inflammation or using more
sensitive markers of intestinal inflammation warrants further
investigation.

FIGURE 2 Multiple taxa differentiate menaquinotypes. Linear discriminant analysis of effect size (48) for taxa differing in relative abundance between
menaquinotypes before and after the diet intervention (n = 77). (A) Significantly different genera. Bars are effect sizes. Rings within the cladogram (B)
correspond to different taxonomic ranks from phyla (innermost ring) to genus (outermost ring). Colored circles represent individual taxa and are sized in
proportion to relative abundance. (A and B) Green shading and negative effect sizes represent higher abundance in the MK9–MK 10-enriched menaquinotype,
and red shading and positive effect sizes represent the higher abundance in the MK5–MK7/MK11–MK13-enriched menaquinotype (effect size $3.0,
P # 0.01, Q , 0.05). Lowercase letters in the cladogram are genera that are differentially abundant between menaquinotypes (see panel A for legend).
For clarity, discriminant features at higher levels of taxonomy (family to kingdom) are not listed but are indicated by the green and red circles. Both yellow
coloring and no shading indicate no difference in relative abundance. Brackets around taxa indicate predicted taxonomy. MK, menaquinone; Uncl, unable to
classify to genus level.

TABLE 3

Associations between menaquinotypes and serum vitamin K, markers of

gut microbiota density and activity, and markers of inflammation1

n b 6 SE2 P

Log10 serum phylloquinone, nmol/L 80 0.01 6 0.04 0.84

Log10 HOMA-IR 79 0.04 6 0.04 0.37

Fecal markers

pH 80 0.03 6 0.05 0.56

Log10 total bacteria, CFU/g 80 0.28 6 0.15 0.06

Log10 IL-6, pg/mL 75 0.33 6 0.18 0.07

Log10 TNF-a, pg/mL 63 20.13 6 0.17 0.46

Log10 IL-17, pg/mL 76 20.02 6 0.11 0.87

Plasma markers

Log10 IL-6, pg/mL 79 0.06 6 0.10 0.55

Log10 TNF-a, pg/mL 79 0.07 6 0.08 0.39

Log10 IL-1b, pg/mL 79 0.10 6 0.13 0.44

1 CFU, colony-forming unit; MK, menaquinone.
2 Linear mixed model in which the outcome in the first column was

entered as the dependent variable; subject as a random factor; menaquino-

type as the independent variable; and age, pre-intervention BMI, sex, and

time as covariates. Log10-triglyceride values were also entered as a covariate

in the serum phylloquinone model. The MK9–MK10-enriched menaquino-

type is the reference group.
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Strengths of this study include the controlled diet, accurate
quantification of multiple menaquinone forms, assessment of
serum menaquinone concentrations, and the use of culture-
independent methods to examine gut microbiota composition.
Although chemically analyzing the menaquinone content of the
provided diets is also a study strength, a limitation to our ap-
proach was relying on homogenates of a full day’s menu rather
than analyzing individual meals or foods. As such, we cannot
dismiss the possibility that small quantities of menaquinones in
the diets may have gone undetected. An additional limitation,
which may have masked any changes in vitamin K status con-
comitant to changes in fecal menaquinone concentrations, was
the use of serum phylloquinone and menaquinones to assess
vitamin K status. Although we hypothesized that fecal mena-
quinone concentrations may account for some of the previously
reported unexplained interindividual variability in serum phyl-
loquinone concentrations (53), serum phylloquinone is not a
sensitive indicator of functional vitamin K status (53). Mea-
suring more sensitive indicators of vitamin K status in future
studies, especially studies in which dietary vitamin K intake is
inadequate, could identify relations between fecal menaquinone
content and vitamin K nutriture that are not reflected by serum
phylloquinone or menaquinone concentrations.

In summary, menaquinones appear to be abundant in the
human gut but demonstrate substantial variability in the con-
centrations of different menaquinone forms, likely because of
variability in gut microbiota composition. As such, dietary ma-
nipulation of gut microbiota composition and activity could
plausibly provide a viable means of modulating gut menaquinone
concentrations. Although associations between fecal menaqui-
nones and markers of inflammation were not detected in this
study, studying interactions between diet-mediated effects on
menaquinone biosynthesis within the gut microbiota and human
health warrant continued investigation in lieu of emerging roles
for bacterially derived menaquinones in health and disease.
Because MK4, MK9, MK12, or MK13, despite being detected in
the provided diets, and MK5–MK13, despite being abundant
in fecal samples, were not measured in circulation, these in-
vestigations may benefit by initially focusing on localized ef-
fects in the gut.
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