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Abstract

Emerging evidence suggests novel physiologic functions for vitamin K beyond
t he vitami n 0 shenwstasis. Meahanismsuraérlging these functions are
not well characterized, though several are thought to be independent of vitamin K
dependent tein activity and unique to bacteriathynthesized forms of vitamin K
known as menaquinones (MKn). Many gut bacteria synthesize MKn, making the human
gut a potential source of vitamin K, and factors influencing gut bacteria community
composition possik mediators ofitamin K nutriture. However, the contribution of
bacteriallysynthesized MKn to human vitamin K nutriture is uncertain due, in part, to an
incomplete characterization of gut MKn content and of the gut bacteria that synthesize
MKn. Moreower, thedietary and notietary factors influerning gut bacteriaviKn
productionhave not been elucidated

The objective of this research was to leverage recent technological advancements
in microbial ecology, bioinformatics and analytical chemistry toattarize gut MKn
content, identify associated gut bacteria, and examine effects -ohédated changes in
gut bacteria community composition gat MKn content. To meet this objective, a
sensitive, selective and highroughput liquid chromatographyass spectrometry
method for quantifying vitamin K in feces, food and serum was developed and validated.
This assay was then utilized to measure fecal vitamin K content in individuals
participating in Wo separate diet interventions investigatihgeffecs of whole grain
based diets on gltacteria communitgomposition and cardiometabolic health.

Collectively, the findings demonstrate tli@talMKn concentrationsvould

exceed the dietary vitamin K requiremdrfully absorbed and are characterizéy



substantial intefindividual variability in both the quantity and forms of MKn present.
Further, gut bacteria community compositegpears to explain this variability, and diet
modifications that alter gut bacteria community composition measurably ifigoact

MKn content. MKn were not detectable in circulatiohallengingecent, controversial
reports that MKrsynthesized bgut bacteria are present in circulation at concentrations
within the detectable limits of current assaggosssectionakssociations between fecal
vitamin K content and several biomarkers of cardiometabeladthwere observed, and
are hypothestgenerating. However, the associations are limited by small sample sizes
and were not confirmed in longitudinal analysi&s such, theelevance of these findings
to human health is uncledut merit further investigationThe analytic tools developed
and gut bacteriKn interrelationships demonstrated as partlug tesearciprovidea

foundation forthose investigations



Table of Contents

Section Page
Acknowledgements i
Abstract il

List of figures and tables \Y

1. Introduction
1.1 Significance of proposed research 1
1.2 Specific aims 2

2. Review of Literature: Bacteriallysynthesized menaquinones and humg 4
nutrition
2.1 Vitamin K: structures, function, health effects and dietary sources 5

2.1.1 Discovery of vitamin K 5
2.1.2 Vitamin K vitamer structures 6
2.1.3 Dietary sources of vitamin K 7
2.1.4 Vitamin K function and health effects 10
2.2 Gut bacteria biosynthesis of menaquinones and vitamin K nutritur¢ 19
2.2.1 Menaquinone function and synthesis in bacteria 19
2.2.2 The gut as a menaquinone reservoir 22
2.2.3 Bioavailability of bacteriallgynthesized menaquinones 25
2.2.4 Bioactivity of bacterialhsynthesized menaquinoni@srodent 30
models and in human
2.3 Dietgut microbiota interrelationships and menaquinone biosynthe| 35
2.4 Conclusions and future directions 36

3. Manuscripts/ Chapters

3.1 Quantification of phylloquinone and menaquinones in feces, serun| 49
and food by higiperformance liquid chromatograpinyass
spectrometry.
Karl JP, Fu X, Dolnikowski GG, Saltzman E, Booth SL. J Chromat
B Analyt Technol Biored Life Sci. 2014;963:1283.

3.2Fecal menaquinone content is associated with gut microbiota 69
composition.

3.3Wholegrain oat and barley consumptida not influence fecal 108
menaquinone concentrations.

4. Summary and Discussion 130
4.1 Research summary 130
4.2 Discussion 133
4.3 Future directions 141

5. Appendices
5.1 Methods

5.1.1 Quantification of vitamin K in feces, serum and food by HPL( 147
APCI/MS
5.1.2 Identification of vitamin K in serum or plasma by-BECI-MS 153

Q-TOF




5.2Walther B, Karl JP, Booth, SL, Boyaval P. Menaquinones, bacterig
and the food supply: the relevance of dairy and fermented food
products to vitamin K requirements. Adv Nutr. 2013:4:4G3

157

5.3Karl JP, Saltzman E. The role of whole grains in body weight
regulation. Adv Nutr. 2012;3(5):69707

194

5.4Karl JP, McKeown NM. Whole grains in the prevention and
treatment of abdominal obesity. Matson RR (Ed.Nutrition in the
Prevention and Treatment of Abdominal Obediigevier, San Diego,
CA. 2014:51525.

226

5.5Karl JP, Roberts SB. (2014) Energy density, energy intake and bo
weight regulation in adults. Adv Nu2014;5:83550.

264

5.6 Abstracts

5.6.1 KarlJP, Fu X, Wang X, Zhao Y, Shen J, Zhang C, Saltzman
Zhao L, Booth S. Changes in fecal vitamin K content are
associated with the gut microbiota.

305

5.6.2Karl JP, Schaefer EJ, Fuss P, Das SK, Saltzman E, Roberts
Dietary glycemic index does not influence adaptation of restir]
energy expenditure during weight IoBAASEB 2014.

306

5.6.3Karl JP,Fu X, Saltzmark, MeydaniSN, Meydani M, Barnett JB
Booth SL. Menaguinonesontent of human serum and feces.
FASEB 2013.

307

5.6.4Karl JP, Roberts SB. A review of energy density and obesity.
FASEB 2012.

308

Vi



Figures and Tables

vii

Section | Table Title Page
2 1 Regional variability in thenenaquinonet content of 8
commonly consumed animal products
2 Representative ranges of measured menaquinone contenty 10
dairy foods andomefermented food products.
3 Localization and function of vitaminddependent proteins. 11
4 Randomizedglinical trials of PK or MK7 supplementation an| 16
bone health.
5 Randomized, clinical trials of vitamin K supplementation an| 18
cardiometabolic health.
6 Empirically measured MKn biosynthesis within select gener, 23
the gut microbiota.
7 MKn biosynthesis of the predominant genera within the fec{ 23
microbiota.
8 Vitamin K vitamer content of human feces and intestinal 25
tissues.
9 Vitamin K content of human liver. 29
3.1 1 Linearity and detection limits of an LBPCI-MS assay for 63
measuring/itamin K vitamers.
2 Recovery, and intrassay and intesissay variability of an LC | 64
APCI-MS assay for measuring vitamin K vitamers.
3 Serum and fecal vitamin K vitamer concentrations in rats fe| 65
vitamin K-deficient diets and housed in suspendé@ cages
to limit coprophagy.
3.2 S1 | Longitudinal associations between fecal vitamin K content § 97
operational taxonomic units
S2 | Crosssectional correlations between baseline fecal vitamin| 100
content and cardiometabolic biomarkers
S3 | Baseline values of cardiometabolic markers by menaquinot| 101
3.3 1 Volunteer characteristics and diet composition 122
2 Fecal vitamin K vitamer concentrations 123
4 1 Preintervention fecal vitamin K vitamer concentrations 134
(nmol/g dry wt) inseparate cohorts of American adults
2 Preintervention menaquinotype membership by study 135
3 Volunteer characteristics by menaquinotype within 138
three separate study cohorts
4 Correlations between piatervention serum phylloquinonecr 140
fecal vitamin K concentrations.




viii

Section | Figure Title Page
2 1 Forms of vitamin K 7
2 Role of menaquinones (MK) in electron transport 20
3 Menaquinone biosynthetic pathways in bacteria 21
4 Comparison of phylotypes isolated from colon anahll 27
intestinal tissue samples
3.1 1 Representative chromatograms of vitamin K vitamers in 66
calibration standard and spiked human fecal sample.
2 Linearity of phylloquinone (PK) and menaquinones (MKn) 67
following incremental dilution of calibratiostandards from
500 nM to 7.8125 nM.
3.2 1 Fecal vitamin K content partitions individuals into 89
menagquiontypes
2 Gut microbiota composition is associated with fecal 91
menaquinone content
3 Multiple phylotypes are differentially abundant between 93
menagquinotypes
4 A gut-microbiota targeted dietary intervention alters fecal 94
vitamin K content
5 Longitudinal associations between fecal vitamin K contentg§ 95
operational taxonomic units
S1 | Partitioning around medoids clustering of vitamivikamers 102
based on the Euclidean distance metric
S2 | Linear discriminant analysis effect size scores for differentig 103
abundant taxa explaining the greatest differences in gut bag
community composition between menaquinotypes
3.3 1 Principalcomponents analysis of fecal vitamin K vitamer 124
concentrations
2 Menaquinotypes of the human gut. 126
4 1 Partitioning around medoids cluster analysis of STUDY 3 di 135
is consistent with menaquinotypes observed in STUDY 1 af
STUDY 2
2 Menaquinotypes are associated with fecal sbloain fatty acid| 138

concentrations




1. Introduction

1.1 Significance of proposed research

All known vitamin K vitamers, to include menaquinones (MKn) and
phyl |l oquinone, shar e bglutamnatetarboxylasgenzysie cof act
responsible for activating multiple vitamindépendent proteirf&, 2]. Emerging
evidence suggestsnovelt es f or vitamin K in health and
canonical function in hemosta$&5]. Mechanisms underpinning these roles are poorly
characterized, but several are thought to be independent of vitadepaadent protein
activity and may b unique to MKr{6].

A recent review authored by several experts in the field concluded that both MKn
and PK should be considered when developing future recommendations for vitamin K
intake[7]. However, several significant knowledge gaps were idettifieich presently
make establishing specific recommendations regarding human vitamin K requirements
difficult. One gap is an incomplete understanding of the contribution of MKn
synthesized by gut bacteria to vitamin K nutriture. This knowledge gap éspinded
by incomplete characterizations of which gut bacteria synthesize MKn, amnigla
interindividual variability in gut MKn content, the factors contributing to this variability
anda dearth of information on the systemic bioavailablity of bactgrsafhthesized
MKn.

Recent technological advancements in bioinformatics (8]y.and genetidbased
approaches to studying gut microbiota composition and fun@jgorovide new
opportunities for addressing these knowledge gaps. The work described in this thesis

leverages these resources in combination with a newly validated method for efficiently



guantifying fecal MKn content to provide novel insights into relatigrs between diet,

gut microbiota composition, MKn biosynthesis, and vitamin K nutriture.

1.2 Specific Aims

The overarching aim of this dissertation is to characterize interrelationships between fecal
MKn content, diet, gut microbiota composition, and vitamin K nutritdiee central
hypothesis is that interindividual variability in fecal MKn content is assediavith

variability in gut microbiota composition. Altering gut microbiota composition will
concomitantly impact fecal MKn content, but will not impact serum vitamin K vitamer

concentrations.

Specific aim 1
Develop and validate a selective analyticathmd for quantifying vitamin K vitamers in

fecal and food samples.

Specific aim 2

Quantify human fecal vitamin K vitamer content, and identify associations between fecal
vitamin K vitamer content, gut bacteria, and serum vitamin K vitamer concentrations
Hypothesis: Interindividual variability in fecal MKn content will be associated with gut
microbiota composition, but will not be associated with serum vitamin K vitamer

concentrations.



Specific aim3

Determine to what extent dietary interventions tangechanges in the gut microbiota

alter fecal vitamin K vitamer content.

Hypothesis: Dietmediated changes in gut microbiota composition will be associated with

changes in fecal MKn content.
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2. Bacterially-synthesized menaguinones and human nutrition

Emerging evidence suggests novel physiologic roles for vitamin K (VK) in
human health and disegd4¢. However, attempts to definitively elucidate these roles are
limited by a historical research focus on the metabolism and function of thebpked
VK vitamer, phylloquinone (PK). Though PK is the predominant dietary form of VK,
multiple additional vitamers, known as menaquinones (MKn), are also present in
commonly consumed food2]. Significant amounts of MKn are also synthesized by gut
bacteria. However, relative to PK, comparatively little is known about the metabolism
and function MKn.

A recert review commissioned by the International Life Sciences Institute
concluded that Athere is merit for conside
recommendati ons f3b However sevaialsignKicamt knowdekige o
gaps were identified/hich presently preclude making specific recommendations
regarding MKn and human health. One gap is the contribution of MKn synthesized by
gut bacteria to optimal VK nutriture. Previous research concerning this relationship is
limited by small sample ses, insufficient information of dietary MKn intake, reliance on
cell culture and animal models, and culturally and geographically homogeneous study
populations. Some of these limitations are the result of barriers created by inefficient,
inchoate, and source and cosiprohibitive analytic methods. However, recent
technological advancements are poised to overcome these barriers, allowing novel
comprehensive investigations into the contribution of bactersaihthesized MKn to

human VK nutriture.
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This review is divided into two main sections. In the first section, an overview of
VK structure, function, health effects and dietary sources is provided. The second section
discusses the evidence both supporting and questioning a role for MKn synthgsized
gut bacteria in human health. The review concludes with a summary of knowledge gaps
in the current understanding of bacterial MKn synthesis and human health.
Several related, but distinct terms are used throughout the review, and are defined

in Box 1for clarity.

Box 1 |[Terminology used in this review

Gut microbiota The collection of microorganisms inhabiting the mammalian g

Gut microbiome The genetic capacity of the gut microbiota.

Menaquinones Menaquinones (i.e., MK4 through MK13).

(MKn)

Baterially MKn known to be synthesized by the gut microbiota (i.e., MK

synthesized MKn through MK13).

Dietary MKn MKn known to be present in food products (i.e., MK4 through
MK10);

Vitamin K Phylloquinone and MKn

(VK)

2.1 Vitamin K: structures, function, health effects and dietary sources
2.1.1Discovery ofvitamin K

The discovery of vitamin K began with a series of studies conducted in the late
19206s and early 193006s reporting a hemorrtr
subjected totherextractionor consisting odriedfish-meal[4-8], but not diets
consisting of meat scrajpg]. It was subsequently shown that adatuble compound
distinct from vitamins A, D and E, and present in the-st@mol fraction of the non

saponifiable mier of hogliver, egg yolk, hemp seeds and various vegetables prevented



hemorrhag¢9]. This factor was named vitamin K and later determined to be
phylloquinone.

The discovery of menaquinones followed shortly thereafter asecond anti
hemorrhagidactor was discoveredWhen dets previously shown to induce a
hemorrhagic condition werfed to chicks following storage moist conditionr after
beingallowedto putrefy,thehemorrhagic condition failed to develfii0]. These
findings implicated Bcterial synthesis of an asttemorrhagic factor, and subsequent
studies demonstrated vitaminlike activity of a substance produced by multiple
different bacterigl1]. During this time aetherextractable, arthemorrhage
compound from feces of chisked avK -deficient diet was also isolat¢t?]. By 1940,
it was known that tacompoundsolated from putrefied fish meal and chick feces
differed in structure fronthe known structure of vitamin K in that the compound
contained aminsaturated ratherdh a saturated side chaitthe 3position of a
napthoquinone ring. This structural difference necessitated a different naming
convention; hence, the namigamin K2was given to the newly discovered bacterially
synthesized antiemorrhagic compound and vitamin K1 to the previously discovered
plantbased compound 3, 14] Nearly 20 yr passeaokefore investigators realized that
bacteria synthesized multiple vitamin K&ms with varying side chain lengtfk5, 16]

which are now collectively known as menaquinones.

2.1.2Vitamin K vitamer structures
K vitamins are a family of fasoluble vitamershat act a&nzyme cofactar

required forcarboxylatingpeptideboundglut a mat e r e s kcdrhoryglutamate f or m



(Gla)[17]. Cofactor activity is conferred bypmlar2-methyl1,4-napthoquinone ring
(also known as menadionéigure 1A) shared by alVK vitamers. IndividuaVK
vitamers are distinguished byetlength and darration ofa lipophilic side chain attached
at the 3posdtion of the napthoquinone ring.KHs characterized by anique side chain of
four isoprenoid units, three of which are redu@@dure 1B), and is synthesized by
plants and cyanobactefi7]. In contrast, MKnare characterized hynsaturatedide
chainsof 2 to 15repeatingsoprenoidresiduesigure 1D) [18]. MKn (n defining the
number of isoprenoid units in the side chargpredominantlymicrobiological in origin
with MK5 through MK13 being the most commonly observed fofb&s 19] (seesection
2.2.7). The exception i&1K4 (Figure 1C) whichis endogenously synthesized by

mammals viaonversion of PK or menadio20].

A " B o
C0) CL ot
0 O
e 0
QO

Figure 1 | Forms of vitamin K
A) menadione, B) phylloquinone, C) menaquighéd) menaquinon@+1. Adapted from [1].

2.1.3Dietary sources of vitamin K
PK is the predominant dietary form of vitamin K and is plaated, found

primarily in green leafy vegetables and their {%]. Relative to PK, little is known



about the abundance and distribution of MKn in the food sygplyln several countries,
including the United States, menadione is added to some animal feeds. MK4 can be
endogenously synthesized from menadif@®, ard meat products derived from animals
consuming menadiorgupplemented diets do contain biologically meaningful amounts
of MK4 (Table 1) [22, 23]

Table 1 Regional variability in the menaquincde c o nt e n tof cqmengnlyl 0 0 g )
consumed animal products.

Food item United States Netherlands’ Japan’
Chicken, various cuts 13.671 31.6 5.8-11.3 2715
Pork or ham, various cuts 0.271 9.9 1.71 2.4 62

Beef, various cuts 1.17 9.3 0.7-1.3 15+7
Egg yolk 15.5 29.17 33.5 64 + 31

TAdapted from Walther et g2].

FromElderetal23], val ues ar e r aeprgsentatvesa@ples. nati onal |y
%From SchurgersetdR4], val ues ar e -reprasenativoshmp@s (Maastricht, IHel y
Netherlands).

“From Kamao et a[25], values are mean + SD of 3 locailgpresentative samples (Kobe, Japan).

In contrast to MK4, MK513 are derived solely from bacterial biosynth¢s8.
As such, fermented foods and foods in which bacteria are used as starter cultures or
probiotics (i.e., live bacteria added to foods) are likely the predominant dietary sources of
MK5-13 (Table 2). However, few studies have attempted to quantify MR5n the
food supply[24-29]. Those that have suggest that the primary food sources 61K
in most countries are likely cheeses with other fermented animal and vegetable products
also making a small contribution to MKn inta}@. These studies also report that MK5

10 concentrations can be highly variable even within the same type ofdogihg from
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nondetectable to as high as 118 pug/100g in the same type of food, and that MK8, MK9
and MK10 appear to be the most abundant bactedaitived MKn in the dief2].

In countries where fermented dairy products are commonly consumed, dietary
sources of MKEL3 may make substantial contributionsreetingdietaryVK
requirements. For example, in European cohorts NMiBHhave been estimated to
comprise up to 25% of total VK intak80-32]. In contrast, MKEL3 are not thought to
be a significahdietary source of VK in countries where fermented dairy is not commonly
consumed. However, the lack of comprehensive information on dietaryINisdurces,
and limitations of the dietary intake assessments used in these estimates precludes
definitive canclusions. Moreover, there are notable exceptions. For example, in Japan
consumption of natto, a fermented soybean product containing ~1 mg MKT24)0g
25], significantlycontributes td/K intake in some individual5].

In summary, current evidengadicates that dietary MKn intake is likely highly
variable across nations due to regional differences in both dietary habits and food
production practices. As such, characterizing regjecific food menaquinone content

will be imperative to identifyig health effects of menaquinones in future studies.



Table 2. Representative ranges of measured menaquinone contents of dairy foods and

somefermented food products.

10

Food MK -4 MK -5 MK -6 MK -7 MK -8 MK -9 MK -10
Milk?
Whole 0.8 0.1 nd nd- 2.0° nd nd nd
Buttermilk 0.2 0.1 0.1 0.1 0.6 1.4 nd
Yogurf
Whole 0.671 1.0 0.1710.3 ndi0.2 nd-0.4 0.27 2.0 ndi 4.7 nd
Skimmed nd nd nd nd ndi 0.1 nd nd
Cheest
Curd 0.4 0.1 0.2 0.3 51 18.7 nd
Hard 4.71 10.2 15 ndi 3.0 nd- 2.3 nd-16.9 nd-51.1 ndi 6.5
Semihard nr nr 1.01 35 ndi21 25173 10.07 32.1 ndi 13.8
Soft 3.7 0.3 04726 ndil7 217140 6.67 94.0 ndi 5.7
Butter/Crearf
Butter 13.57 15.9 nd nd nd nd nd nr
Whipping 5.21 5.6 nd nd nd nd nd nr
cream
Othef
Sourdough nd nd nd nd nd nd nr
bread
Salami 9.0 nd nd nd nd nd nd
Sauerkraut 0.4 0.8 15 0.2 0.8 11 nd
Natto ndi 2.0 7.5 13.8 939-998 84.1 nd nd
¥eg/1femL)LO00Qg)
Values represent the mean concentration (if 1

stud)

studies or foods within the same category) reported in representative studies from the United States, Europe
and Japan. Studies reportedues as a range or mean of multiple samples for each food type. NIK 11
concentrations were not reported in any stidi, menaquinone; nd, not detectable; nr, not reported.

Adapted Walther et aJ2].

2.14 Vitamin K function and health effects

All' V K vitamers & enzyme cofactors required for the posinslational

carboxylation of glutamate residues on several proteins known as vitadepdtdent

proteins(VKDP) [33-37]. Vitamin K-dependent carboxylation ¥KDP formso-

carboxyglutamate residueshich canchelate calcium ions and resit a functioning



protein[1, 38]. The metabolic effects &fKDP are diverse with severalvolved in
VKOs canoni c al-codgulant; whilemthersasisch as ospeocdlo@) and
matrix Glaprotein(MGP) [39] regulate aspects bone metabolig®] and vascular

calcification[41], respectively Table 3).

Table 3.Localization and function of vitamin{dependent proteirts.

Protein Site of Metabolic function Biomarker of
synthesis vitamin K status?
Factors Il, VII, Liver Procoagulant Prothrombin time
IX, X PIVKA-II
Proteins C, Z  Liver Anticoagulant
Protein S Liver, Cofactor for protein C, ligand
extrahepatic activating tyrosine kinase
tissues receptors, regulation of
Immune response, regulatioh
phagocytosis
Osteocalcin Bone, dentin Bone remodeling and ucOC
mineralization
Matrix Gla Bone, blood Calcification inhibitor dp-ucMGP
protein vessel wall,
most tissues
Periostin Bone marrow  Bone development, bone and
heart maintenance amelpair
Gas6 Most tissues ligand activating tyrosine

Prolinerich Gla

proteins

Most tissues

kinase receptors, regulation o

phagocytosis, promotion and
regulation of: cell survival,
proliferation and migration,
cell-cell adhesion, platelet
signaling, and immune
response

Unknown
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!Adapted from Shearer 20088] and McCann 200842]. dpucMGP; dephosphorylated uncarboxylated
matrix Glaprotein; PIVKA, proteins induced by vitamin K deficiency or antagonists; ucOC,
undercarboxylated osteocalcin.

Additonal biomarkers of vitamin K status include serum/plasma phylloquinone concentrations, tissue PK
and MK4 concentrations, and urinary Gla concentrations. {&5ave been detected in liver, gut and

stool; however, their utility as biomarkers of vitamirstatus is undetermined.

ThoughVK 6 rsle inhuman health and disease remains undetermined beyond the
v i t a manamiGakfunction itoagulatiorand a function in bone calcification during
fetal developmentoles for VK in bone, cardiovasculand metabolic health, brain
function, inflammation, and cancer have been propfiseti7]. Biologic plausibility for
these putative health effedtdargely attributed to thdiverse actions of VKDP For
example, the increased calcium binding affimibnferred by K-dependent gamma
carboxylation of OC and MGP is thought to promote bone mineralization and deter
vascular calcification, respectiveyl]. Though controversig3], some have suggested
thatundercarboxylated osteocalguncOC may modulag glucose homeostasis and
insulin sensitivity{44]. Further,Gas6 and protein S are both expressed in the,brain
among other tissues, anthy influence cognition through effects on cell signaling,
survival and growtlj45].

VKDP-independent health effecof VK, and MK4 in particular, have also been
proposed. These include aptoliferative, anticarcinogenic, artinflammatory and
antroxidantfunction, and modulation of sphingolipid synthegis 17, 45] Anti-
inflammatory effects ofeveral \K vitamersincluding PK, MK4 and MK7ave been
attributed to suppression of \FB p at h w d4%-50% ddentifyingadditional
mechanisms underiyg theproposed VKDHndependent effects of vitamin K is an

emerging area of research. However, to date, teearce of many of these studies
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human healtls difficult to determine due to a reliance iorvitro models utilizing supra
physiologic vitamin K concentrations.

The current knowledge base concerning the health effects of VK beyond
coagulation derivettom epidemiologic studies and clinical trials is summarized in the
remainder of this section. This knowledge base is predominated by observations from
studies examining dietary (food or supplements) intake of PK, and to a much lesser
extent MK4 and MK7.Few trials have examined associations between health outcomes
and other MKn forms, and none have directly examined associations between bacterial
MKn synthesis in the gut and health outcomes.

A growing body of epidemiologic evidence does generally supaeorable
effectsof VK on bong51] and cardiovascular healfs2], inflammation[53-56], cancer
risk [32, 57} insulin sensitivity58-60], and brain functiof61]. Limited
epidemiological evidence also suggests the possibiliyimfue andlifferent roles for
PK and MKn in human health. For examplgherMKn intake, but not PK intake, has
been associated witssvascular calcificatiofi30, 6264] andreducedcoronary heart
disease risk31, 65] However, the epidemiologic evidence basanited by the
infrequent use of appropria¥K status biomarkerge.g., failing to measure
serum/plasma PK or reporting total ucOC rather than %uc@@)the fact that dietary
PK intake appears to be a marker for a generally healthjeéiptvhich introduces the
possibility of residual confounding.

With respect tstudies examininylKn intake,an additionalimitation isthe
guestionable validity of using current food databasesstimate MKn intakf2]. These

databases are not comprehensive,aaenly available for a few countries which



14
precludes capturing regional differences within the MKn content of the food supply. As
discussed previously (e.g. Table 1), these regional differences likely are not trivial.

An additional limitationto epidemiologicstudies examining dietary MKn and
health isthe lack of a validated biomarker of MKn intakeurf@nt biomarkers o¥ K
status (see Tabl® cannot differetiate between PK and MKn intake, and whether blood
MKn concentrations can be utilized abiamarker of MKn intake or MKn status (if
biosynthesis by gut bacteria is considered), is controversial. Although MK4, MK7 and
MK9 have been measured in postprandial circulation when consumed in concentrated
doses (e.g., O 0.65O00mdl flo42 MKAg] 8f9dr K7 ,a
mgq]) [24, 33, 67, 68]the bioavailability of other MKn forms and of MKn as naturally
occurring food components has not been examined. As such, to what extent circulating
MKn concentrations reflect dietary intake is urtas. More importantly, MKrare
rarelymeasured ifiasted blood samples by current methods due to low circulating
concentrations, and interfering compounds in plasma and serum. The primary exception
is MK7 which has been detected in several Japanesets{@D-71] where natto is a
common dietary source of MK7, and in individuals receiving MK7 supplements over
multiple dayq33, 68, 72] A sensitive HPL&andem massass spectrometry method
[73] has also been used to quantify plasma MK4 concentratiaiepanese women,
though nearly half of the cohort did not have detectable concentrgg@nsFew
additional studies have reported detecting MKn in fasted blood samples. A notable
exception is a recent publication which reported plasma PK and Mebfcentrations in
ltalian adultg74]. However, the validity of the MKn concentrations reported in that

study is questionable for several reasons. First, the authors did not validate the HPLC
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method used. Second, the reported ranges of-NKre within thequantification limits
of previously validated method24, 73] As such, the reported MKA4 concentrations
are tenuous, and may reflect detection eélding compounds rather than MKn due to
poor assay selectivity. Unfortunately the authors did nefirzo their results using a
more selective method such as HPla@dem masmass spectrometry, and the utility of
using circulating MKn concentrations as a biomarker of MKn intake remains
guestionable.

In lieu of the limitations within thepidemiologic literature, nre convincing
evidence of VKOs role in human health and
controlled trials. To date, several relevant trials have been completed, with the primary
focus being bone health and fracture riSkese trials were recenttpimmarized bywo
separatenetaanalyses which concluded that current evidendeates thavVK
supplementation, primarily with MK4, reduckacture risk[75] and bondoss at some
anatomical sitef/6]. However, many of #astudies included in the medaalyses used
pharmacological doses of MK4 or were of poor quality, and therefore cannot be taken as
conclusive evidence that increasuiigtary VK intake improves bone health outcomes.
Fewer randomized controlled trials lea@xamined intake of vitamers other than MK4
and bone health outcomeRaple 4). Those that have consistently report reduced
circulatingucOCconcentrations following PK77-81] or MK7 [82-86] supplementation.
However, the effects on biomarkers of bomenbver have been variable and the impact

on clinical outcomes, such &MD, areinconsistentTable4).



Table 4. Randomizegdclinical trials of PK or MK 7supplementation and bone hedith

Reference Population Dose and duration Main findings
(VK vs. control)
Binkley et al., 2009 381 postmenopause 1 yr: Zz BMDBLS
[77] women 1 mg/d PK z B M DBfemur
Z%ucOC
Braam et al., 2003 181 postmenopause 3 yr: y B M-BN
[78] women 1 mg/d PK z B MDBLS
ZucOC
Bolton-Smith et al., 244 postmenopause 2 yr: Zz B MBFN
2007[79] women 200 eg/ d Zz B MbDradius
200 e€g/ d Z B MDtrochanter
Vit D
Booth et al., 2008 452 older adults 3yr: Zz BMD
[80] 500 €g/d zBMDBFN
Zz BMDBLS
Z%ucOC
Chueng et al., 2008 440 postmenopause 2-4 yr: Zz B MBFN
[81] women with 5 mg/d PK Zz B M bBhip
osteopenia Zz BMDBLS
Z B MDBradius
Z%ucOC
Emaus et al., 2010 334 postmenopause 1yr: Zz BMD
[82] women 360 e€g/ d ZBMBDBLS
Zz B MBFN
Z B MDBhip
ZucOC
Forli et al., 2010 94 adults posbrgan 1 yr: y B MDS
[83] transplant 180 e€g/d 2zBMDBFN
ZucOC
Kanellakis et al., 173 postmenopause 1 yr: y BMD
2012[84] women 100 e€g/d yBMDS
Vit D in yogurt; Z%ucOC
100 eg/d
+ Vit D in yogurt
Katsuyama et al., 73 premenopausal 1 yr: ZucOC
2004[85] women 155 €g/d

natto

16
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Knapen et al., 2013 244 postmenopause 3 yr: y BMD

[86] women 180 e€g/ d yBMDS
y B M-BN
Z B MDBhip
ZucOC

'BMD, bone mineral density; LS, lumbar spine; FN, femoral nac®C, undercarboxylated osteocajcin
%ucOC,percent of total osteocalcin thatlisdecarboxylaé d ; attejyated decrease relative to control or
nodecrease Z, decredase; 2, no effe

Few randomized trials have examined the effecigkotupplementatioon
health outcomes unrelated to bone hedldb(e 5). Two randomized controlled trials
investigating the effects of PK supplementation on cardiovascular outcomes reported that
PK supplementation reduced the progression of existing coronary artery calcification in
older adult487], and favorably impactecharotid artery compliance in postmenopausal
women[88]. In addition,MK7 supplementation has been shown to eiegendently
reduce circulatinglp-ucMGPconcentration§72, 89, 90] Howeverthe duration of these
trials was not sufficient to determiménether this effect reducasscular calcification or
leads toother cardiovascular health benefiter did the trials include clinical events
Randomized trials examining effects\GK supplementation on insulin sensitivity are
sparse andhconsisten{58, 91, 92] The lone randomized trial to examviK
supplementation and inflammation reported no effect of PK intake-6nol.Greactive

protein[54].
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Table 15 Randomizedclinical trials ofvitamin K supplementation and cardiometabolic
health

Reference Population Dose and Main findings
duration (VK vs. control)

Cardiovascular disease

Braam et al., 2004 108 postmenopause 3y: ycarotid al

[88] women 1 mg/d PK distensibility,
compliance, elasticity

Shea et al.,, 2009 388 older adults 3y: ZCAC progr

[87] 500 g/ d

Insulin sensitivity

Choi et al., 2011 33 young men 4 wk; yinsulin s

[91] 30mg/dMK4  Z%uc OC

Kumar et al., 2010 42 postmenopausal 1y; Zz HOMAR

[92] women 1 mg/d PK Zinsulin
Z%ucOC

Yoshida et al., 2008 355 older adults 3y; Z H O MIR (men)

[58] 500 e€g/ dZ HOMAR (women)
Zinsulin (1
Zzinsulin (©
Z%ucOC

Inflammation

Sheaetal.,, 2008 379 older adults 3y; z1 16

500 eg/ dzCRP

ICAC, coronary artery calcification; CRP;r€active protein%ucOC,percent of total osteocalcin that is
undercarboxyla  V , increase; &, decrease; z, no effe

In summary, several roles for VK beyond coagulation, and with mechanistic
underpinnings that are both dependent and
enzyme cofactor activity have been proposed. A growing body of epidemiological
evidence supports a role for VK in bone and cardiometabolic health, but suffers from
multiple limitations, rendering this evidence base hypothgsierating, but
inconclusive. Rarmacologic supplementation with MK4 does appear to improve bone

health outcomes, but studies providing physiologic doses of PK or MKn are equivocal
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with respect to bone healttfSeveral randomized trials do suggest some cardiometabolic
benefit associatedith VK supplementation. However, evidence is sparse, and
additional randomized, controlled trials are needed before definitive conclusions
regarding novel physiologic roles of VK can be drawn. Of note, none of the randomized
trials conducted to date ¥xa considered the relevance of bacteriaimthesized MKn in

the response to VK supplementation.

2.2 Gut bacteria biosynthesis of menaquinones and vitamin K nutriture

The discovery of MKn and the understanding that MKn are synthesized by
bacteria diectly resulted from the study of attémorrhagic factors in chicks in the
19306s (see section 2.1.1). However, the
been conducted by biochemists and microbiologists aiming to understand MKn
biosynthesis and fution in bacteria. The role of MKn in human nutrition has received

far less attention.

2.2.1 Menaquione function and synthesis in bacteria
Menaquinones plagritical rolesin prokaryotic respiratory electron transport
chains by functioning as electron and proton carriers in the cytoplasmic membrane during
aerobic and anaerobic respiratidiigure 2) [18, 93] In some prokaryotic speciddKn
also have purported function astioxidants, and in cell signaling, ATP synthesis,

membrane transport, pyrimidine biosynthesis, colony formation, and spory&4i96].
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Figure 2 | Role of menaquinones in electron transpoft.9].
Menaquinones (MK) shuttle electrons from Compkekand Il to Complex IIl, and from Complex Ill to
Complex IV in some prokaryotic electron transport chains.

Two separatgpathwaysof MK n biosynthesisare known to exist in bacteria
(Figure 3) [18, 94, 97] In both pathways hie isoprenoid side chain is synthesized
separatelyrom the napthoquinone ringin the final steps of MKn biosynthesis,
prenylation of the napthoquinone precursordifdydroxy-2-napthoate, formdimethyt
MKn which is sibsequerny methylated to form MKn Some bacteria also appear capable
of utilizing exogenous MKiprecursors, PK or MKn for respirati¢d8-100]. However,
the mechanisms by which these compounds are incorporated into bacteria, and whether

PK and MKn are interconverted to other MKn formsmoewell characterizefl8].
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Figure 3| Menaquinone biosynthetic pathways in bacterig101]

Many, though not albacteriasynthesize MKn. Those that do synthesize MKn
tend to produca predominaniMKn form, but alsocsynthesize a limited number of
additionalMKn of similar side chain lengths of which MK5 through MK13 are the most
common[19]. Side chain length is thought to be determined by prenyl diphosphate
synthase§l8, 94] rather than a specificity of prenyltransferases for isoprenyl
diphosghate substrates of a certain chain lefg@®2]. Within genera, the predominant
forms of MKn synthesized seem to be shared across spe@jesSeveral bacterial
species lack the methylassquired to form MKrand exclusively produagimethyFMKn
[19]. In general, grarpositive bacteria primarily produce MKwhile gramnegative
bacteria produce MKn and dimethylKn [19].

Although dietary sources of MKn appear limited, the human gut presitde

alternative sourcef MKn. Trillions of microorganisms, collectively known as the gut
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microbiota, inhabit the human gut. The collective genetic capacity of theigubiota,
known as the gut microbiomfar exceeds that of humans and mediates a mutualism
between microbes an@$t[103, 104] This mutualism includes a capacity of the
microbiota to synthesize essential vitamins includfkgin the form ofMK5-13[105].

In order for bacterialhsynthesized MKn to directly impact human health (as
opposed to indirect effects rétng from modulating the growth of gut bacteria), several
conditions should be met: 1) the gut microbiota must actively synthesize MKn, 2) MKn
must be bioavailable (i.e., reach the intestinal barrier and either stimulate signaling
pathways or be absorbadd transported to, stored in and utilized by tissues), and 3)
MKn must be bioactive. As discussed in section 2.1, MKn are bioactive as enzyme
cofactors and may have bioactivity that is independent of enzyme cofactor activity. The
biosynthesis and bioavability of bacteriallysynthesized MKn are examined in the

subsequent subsections.

2.2.2 The gut as a menaquinoneservoir

The MKn profiles of more than 100 bacterial strains found within several genera
common to the human gut have been charactefifdl06108]. Using thin layer
chromatography to identify MKn extracted from cultured bacterial isolates, these studies
have @monstrated that Mkbiosynthesis is speciaspecific, with the multiple forms of
MKn synthesized by individual species differing primarily at the gdéewsl (Table 6).
However, thousands of species representing hundfegsnera colonize the human gut
[103, 109] Current knowledge regarding MKn biosynthesis within these species is

limited both by the magnitude of this diversity and by the inability to use current eulture
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based techniques for studying many gut bacteria. As a result, MKn biosynthesis by
predominant bacteria within the gut microbiota is not well characterized. For example,
MKn biosynthesis does not appear to have been empirically examined within six of the
eight most abundant genera measured within fecal samples collected from an
internaional cohor109] (Table 7). However, recent technological advancements in
geneticbased approaches to studying the gut microbiome such as 16S rDNA sequencing
and Sangesequencing now make it possible to efficiently explore the composition and
functioral capacity of all bacteria comprising the gut microbigfri®, 111] These
innovations will facilitate novel exploration into vivorelationships between the gut

microbiome and MKn biosynthesis.

Table 6.Empirically measured MKn Table 7.MKn biosynthesis of the
biosynthesis within dect genera of the predominant genera within the fecal
gut microbiota. microbiota®
Genus Predominant MKn Genus Predominant MKn
Bacteroides MK9, MK10, MK11 Bacteroides MK9, MK10, MK11
Bacillus MK7 Faecalibacterium Unknown
Desulfovibrio MK6 Bifidobacterium  None
Enterococci MK8, MK9 Lachnospiracede Unknown
Eschericia MK8 Roseburia Unknown
Propionibacteria MK9(Hy,) Alistipes Unknown
Prevotella MK11, MK12, MK13 Collinsella Unknown
Veillonella MK6, MK7 Blautia Unknown
TAdapted fronrefs[19, 106108]and 'Genera listed in order of relative abundance as
www.metacyc.org. reported by Arumugam et 4lL09]. Adapted from
refs[19, 106108] and www.metacyc.org.
#Unclassified.

Importantly, although MKn biosynthetmapabilitywithin many of the genera
within the human gut can be inferred using gerletised approaches (e[d.12]), the
capacity to synthesize MKn does not unequivocally translate into MKn biosynitihesis

vivo asenvironmental factors such as pH, temperature and oxygen availability are known
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to alter MKn biosynthesifl5, 93, 113] Nor does the presence of bacterial DNA in
samples distinguish between senescence and growth. Therefore, to understand the role of
thegut microbiota and bacterialigynthesized MKn imuman VK nutriture, concomitant
measurement of gut microbiota composition and MKn biosynthesis is essential. No study
published to date has taken this approach. Consequently, current evidence regarding
relationships between gut microbiota composition and MKn biosynthesis is fragmented
and indirect.

Both the distal small intestine and large intestine appear to be reservoirs of
bacteriallysynthesized MKij114]. In the only study to quantify MKn conteatong the
human gastrointestinal tract, Conly et[&ll4] reported a progressive increase in MKn
concentrations from the jejunum to the colon. Of note, gut bacteria density likewise
increases progressively from the stomach to the refXiBj suggesting@n association
between bacterial density and MKn biosynthesis. The unequal distribution of separate
MKn reported by Conly et al. was consistent with two earlier stydi@® 116](Table
8), and also suggestive of an association between gut microbiota composition and MKn
biosynthesis. Specifically, what appears to be the most abundant MKn in human feces,
MK10, is synthesized by what is often the predominant genus identified in human fecal
samplesBacteroideg103, 109, 117] Collectively, these studies provide strong, albeit

indirect, evidence that the gut microbiota actively synthesize MKn.
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Tablle 8.Vitamin K vitamer content chdulth u man f eces and i ntestin
wit).
Sakano et Ramotar et Conly et al, 1992[114]°
al, 1986° al, 1984
[116] [106]°
Feces Feces Feces Term.  Jejunum® Total
ileum® intestine’
n 4 4 10 2 2 5
PK 1.8 0.7 1.3+04 NR NR NR
MK4 0.2 0.4+0.3
MK5 0.2 0.2+04
MK6 08 2.7 55+0.8 0.9 0.01 0.4 +0.4
MK7 0.8 06+£0.5
MK8 0.2 NQ NQ NR NR NR
MK9 0.8 29+ 3.6
MK10 75 15.3 145+0.9 7.9 0.02 81+81
MK11 3.6 NM NQ, (detected NR NR NR
in 9/10)

MK12 3.4 NM NM NR NR NR
MK13 3.6 NM NM NR NR NR
MK14 0.6 NM NM NR NR NR
MK15 0.1 NM NM NR NR NR

IMean + SD. MK, menaquinone; NM, Not measuri&, not reportedNQ, not quantifiable; PK,
phylloquinone Term, terminal®Variability not reported®MK4-MK7 and MK9-10 reported as a sum rather
than individual MKn concentration§Effluent, not tissue, samples

2.2.3Bioavailability of bacterially -synthesized menaquinones

The bioavailability of bacterialbgynthesized MKn is poorly characterized.
Intestinal absorption afietaryMKn likely proceeds through the bile saképendent
pathway common to most dietary lipids anddatuble vitaming17]. Though
comprehensive comparative absorption ssadif MKn in humans are lackingoprenoid
side chan length appears to alter cellular uptake and transport of MKn relative [aRK
33, 68] with animal models suggesy that intestinal absorption of MKn decreases with
increasing isoprenoid sieehain lengti{118].

The likely bile-salt requirement foMKn absorptior{119-121]is not trivial when

considering to what extebicteriallysynthesizedKn synthesizedmpact human
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health. Bile salts are reabsorbed in the ileum resulting in low concentrations in the colon
where gut bacteria density is approately 100 fold and 1000 fold greater than that of
the ileum and jejunum, respectiv¢lyl5]. Moreover, limited evidence suggesitat
MKn absorptionin the colon is negligible in the absence of bile 422, 123]

However, MKnrsynthesizing bacteriare present throughout much of the gastrointestinal
tract including the ileal muco$&12, 124126]where bile salt concentrations are higher.
For example, studies have reported that the phylogenetic composition of bacterial
communities inhabiting the sithdowel is not substantially different from those

inhabiting the large bow¢l125, 126](Figure 4). Whether the amounts of different MKn
forms available for absorption differs between the small and large bowels is unclear as
one study noted that the sinabwelrelative to the large bowel was enrichedecillus

a MK7-synthesizing genus, but had a lower abundan&aoferoidesa MK9-11
synthesizing genyd 25]. In contrast, a separate study reported similar mean abundances
of several MKnsynthesizingphylotypes includindgeubacteria, Bacteroides,
Desulfovibrio,andEnterobacterigbetween terminal ileum and colonic mucosal samples
[126]. Nonetheless, the collective available evidence suggests that MKn are present in
the terminal ileum where bile saftsuld facilitate absorptioralthough likely in much

lower amounts than are present in the colon.
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Figure 4 | Comparison of phylotypes isolated from colon and small intestinal tissue

samples. The phylogenetic trees depict classification of 16S rR)é¢Aesequences isolated from colon
(left) and small intestine (right) tissue samples. Numbers within wedges represent the proportion of
sequences within colon or small intestine sample sets assigned to a particular phylotype. Wedge areas
represent the maber of taxawithin each phylotype Adapted from from Frank et 4lL25].

A separate issue from the presence of MKn in the gastrointestinal tract is that the
actualamount of MKn measured in fec@nd elsewhere in the gubhat is actually
available fo absorption is likely a small fraction of what is measured. Due to their
integral role in the electron transport chain, MKn are tightly bound to the cytoplasmic
membrane of bacteria and not thought to be readily bioava[te®le However,
evidence sugests that at least some bacteria secrete MKn in a-saltgnle complex

[127] or other formg128], while cell lysis and release of microvesicles and blebs are
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mechanisms by which lipidoluble forms of MKn may be liberated from bacterial cells
[93]. Despte the fact that fecal MKn concentrations almost certainly overestimate the
guantity ofbioavailable bacterialhgynthesized MKn, MKn have been measured in
humanileostomy effluen{114] (see Table 8) suggesting that at least a portion of
bacteriallysynthesized MKn are absorbed.

The presence of MKn in human hepatic tissue likewise suggests that baeterially
synthesized MKn are bioavailable. Several studies have reported hepatit 3VIK5
concentrations that are collectively up to 25 fold greater than &id3€ (Table 9) [15,
129132]. To what extent these concentrations reflect dietary intake versus gut bacteria
biosynthesis is difficult to determine given the lack of comprehensive information on
MKn in the food supply. Nonetheless, it is interesting to note that MK8 and MK9,
presetly thought to be the most abundant MKn in the food sufi#jlydo not appear to
be the most abundant hepatic MKn (i.e., MK10 and MKHJ)other possibility is that
MK5-13 could be endogenously synthesized similar to MK4. This possibility has not
been eamined in humans to date. Tihaited available evidence suggests that the
distribution of hepatic MKn is more consistent with those measured in fecal samples
[116] and within intestial effuent{114]. Thissuggests, but does not establish, MEnh
derived from gut bacteria biosyhesis are absorbed and stored inhiln@an liver. More
systematic analysis of MKn in the food supply is needed to rule out currently unknown

dietary MKn sources as determinants of hepatic MKn content.
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Table 9.Vitamin K content of human liver (pmol/g wet wh).

Usuiet al.,, Usui etal., Usuietal., Uchida Thijssenet Conlyet al.,
1990 1990[129] 1989[131] etal, al.,, 1996  1994[132]

[129] (Low-PK 1988 [130]
diet) [15]

n 7 8 6 7 6 13
Country Japan Japan Japan Japan Netherlands  Canada
PK 280+114 6.8zx3.1 18.4+£9.8 NR 16.5+17.8 16.0+33.5
MK4 09+£1.3 0.1+£0.3 NM NR 53+£7.9
MK5 NM NM NM 12 + 48 NM 348.0 £ 548.0
MK6 NM NM NM 12+ 34 3.0x22
MK7 342+323 294+17.3 36.3+£228 57+156 3.2+27 NR
MK8 9.0+£45 143+£113 114+£51 95%x415 6.5%x3.1
MK9 19+1.6 6.3x74 4.2 £3.7 2+11 7651 77.4+119.0
MK10 75.0+£254 785+27.2 96.1+40.7 67+188 224+17.3
MK11 99.0£394 120.3+£28.0 94.3+645 90+196 15.1+13.9 NR
MK12 13.8+6.6 19.3x57 21.6+143 15+344 NM NR
MK13 49+ 3.7 6.8+4.0 79279 5+15.9 NM NR

IMean + SD. MK, menaquinone; NM, not measured; NR, not reported; PK, phylloquinone.
*MK4-6 and MK810 reported as a sum rather thagividual MKn concentrations.

The unique tissue specific distribution of MK4 and PK suggests that these two
vitamers have distinct physiologic function in the b¢t30, 133] Similarly, PK, MK10
and MK11 appear to be differentially distributed within the liver, with MK10 and MK11
concentrated in mitochondrial membranes whereas PK is more evenly distributed among
mitochondrial, microsomal and cytosolic fractigas, 131] This distribution suggests
that hepatic MKn of bacterial origin may have physiologic function beyond that of an
enzyme cofactor and distinct from PK. To date, this function(s) has not been elucidated.
Whether MKn are present in biologically relevant ameuntother tissues is not
well characterized. In bone, MKMK7, andMK 8 have been measured in amounts that

together (6.2 pg/g) surpass the concentrations of PK (4.4 [i@4¢). The presence of
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MKn in otherextraheptic human tissues has only been regarnt ;e study. Trace
amounts of MK7, MK8, and MB were detected in heart and pancreasbaaterially
synthesizedVIKn were not detectable in brain, kidney or IJa§0]. Of note,factors
determiningtissue uptake of MKiare undeterminedMoreoverjnformation on fecal and
tissueMKn concentrationsn humangs sparseand the available informatidimited by
small samples sizes, lack of geographic and cultural diversityditiailty with
measuring thepectrum obacteriallysynthesizedMKn due tointerfering factors in
tissue samples and lack of appropriate standards

An argument against the bioavailability of bacteriaiynthesized MKn in
humans is the rarity with which these MKn are detected in circulation. Only a few
investigators have beamle to detedviKn other than MK7 in blood samples collected
from fasted individual$69-71, 135138]. Moreover, some of these reports are
controvergal asseveral research groups maintain that MKn areyanerallypresent at
concentrations detectalidg currentmethodq38]. The absence of MKn in circulation
appeasto be at odds with thieIKn content of the liver. Howevergpatic turnover of
MKn may be slow139, 140] If true, low circulating concentrations of bacterially
synthesized MKn, undetectalto most current methods, may gradualtgumulate in
the liverovertime. It follows, that relatively high hepatic MKn concentratisnggest

that these MKn are not utilized under normal physiologic circumstances.

2.2.4 Bioactivity of bacterially-synthesized menaquinones in rodent models and in
humans

Evidence supporting absorption, uptake and utilization of bactesgiiyhesized

MKn can be gleaned from several studies condugsathgermfree rodenmodek [141-



31

143]. In arguably the best cowlted of these studies, Kindberg et[d42] inoculated
gnotobiotic rats maintained oK -sufficient diets with single species of several different
bacteria. Theforms and quantity of MKn measured in fecal and liver sanfpleEsving
inoculationwere comistent with the MKn synthesized by the same species when grown
in culturesuggesting uptake of bacterialynthesized MKn from the gut into the liver
Fecal and liver MKn were not detectable following inoculation with species that did not
synthesize MKn Similarly, an earlier study provided evidence supporting uptake into the
liver and utilization of bacteriallgynthesized MKnreportingthat inoculatng germ free
mice with single strains of Mkproducing bacteria eliminated hemorrhagic bleeding
induceal by aVK-deficient dief141]. Hepatic MKn content was not measured however.
In contrasto those two studie®Jchida et al[143] reportedthatdetrimental effects of
VK-insufficient diets on coagulation factors were only slightly greater in germ free
relative to conventinalized ratsuggesting little contribution of bacterialbynthesized
MKn to hemostasis in the absence of overt VK deficier@gllectively, these studies
suggest than rodents bacteriallgynthesized MKrare absorbed, stored in the liver and
prevent overt vitamin K deficiency, but magt maintain normal coagulation

The conclusions drawn from these studies must be interpreted with caution.
Colonization of the mouse gut with a single bacterial species demonstrate proof or
principle, but § not physiologically relevant given the diversity of the human gut
microbiota. Of greater concern in interpreting these studies, and all but the most
rigorously conducted experiments investigating the roleactrially-synthesizedMKn
in rodent health, is the rodent practice of corprophadgysupportKindberg et al[142]

reported that liver MKn concentrations were substantially reduced or too low to quantify
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in a subset of rats housed in wivettom cages deged to prevent corprophagy.
Because corprophagy may not be fully eliminated by using thebsitem cages
empl oyed in these studies, Kindberg et al
fecal MKn rather than MKmbsorption at the site sfnthesis confounded results.

To what extent bacterialgynthesized MKn contribute to human health has not
been determined. Speculation that bactersyiythesized MKn contribute to meeting the
human dietary vitamin K requirement was initially derivesin two lines of evidence
First, the high documented incidence\ -responsive, antibiotitmmduced
hypoprothrombinemi§l44]. Seconda pair of early studies reporting th&K deficiency
as indicated by increased prothrombime, an insensitive meae of VK statusyas
only observed when antibiotics were administered concomitant to dietary VK restriction
[145, 146]

The incidence of antibiotiassociatethypoprothrombinemiaaries depending on,
among other factors, nutritional status, and the of@ntibiotic used144, 147]

Individuals with poor préreatment VK status are at increased risk of antibiotic
associatethypoprothrombinemifil44, 147] The greatest risk appears to be in
nutritionally compromised individuals receiving antibioticsitzoning N
methylthiotetrazole side chaifis44]. Though this association was initially assumed to
result from suppressed MKn synthesis in the gut, it is now understood that these
antibiotics inhibit the VK 2,3poxide reductase thereby interfering witk Xécycling

and clotting factor activityl47, 148] Moreover, separate classes of antibiotics
differentially affect gut microbiota compositi¢h49, 150] indicating that one cannot

infer gut MKn content decreases with antibiotic use. Unfortunatelystiedies have
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measured the effects of antibiotic use on fecal MKn concentrat®esults from the
studiesthat haveareinconsistent, reporting either reduced or increased fecal MKn
concentration$ollowing administratiorof N-methylthiotetrazole side eim-containing
antibiotics[15, 151, 152] In one of these studies, a slight worsening in VK status was
not associated with changes in fecal MKn content or the type of antibiotic administered.
However, interpretation of these findings is limited by tmals sample size (n =
3/group) of the studjl52]. Collectively, these findingsnplicatesuboptimal pre
treatment VK status combined withpairedVK metabolism rather than altered MKn
biosynthesis in antibiotimduced hypoprothrombinemiddowever, thee is a dearth of
studies measuring fecal MKn concomitant to antibiotic therapy, and, as such, a
contribution of MKn biosynthesis t@antibioticinduced hypoprothrombinemé@nnot be
ruled out.

Recent evidence suggests that a subclinicaldéKciency carbe induced without
the use of antibiotics when sensitive biomarkers of VK status are used. Séusall
studies employing rigorous diet conti@ve demonstrated that dietarif Vestriction
alone is sufficient to increase PIVKIand %ucOCandredwceurinary Gla excretion
[153-155]. These findings implyhatbacteriallysynthesizedMKn donots u p p-or t 2
carboxylation of VKDP when VK intake is lawHowever, MKn biosynthesis was not
assessed in any of these studies and it is possible that the effects ofu\ketary
insufficiency would have been more pronounbead there not beemcontribution from
gut derived MKn. In support omeprazolénduced baterial overgrowth in the stomach
and proximal small intestine was associated with an attenuated increase in-RIVKA

during consumption of a Rkestricted dief156]. Although MKn were not measured in
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that study, one interpretation of the findings i thecteriallysynthesized MKn are
|l i berated from gut bacteria, are availabl e
carboxylation. This interpretation conflicts however with the findings from a similar trial
published by the same group whichadpd no association between small intestinal
bacterial overgrowth and biomarkers of \8atus during consumption of a R&stricted
diet[157], and another report suggesting small intestinal bacterial overgrowth may
decrease the dose of warfarin needeth&intain normal coagulatidi58]. Finally,
several studies have noted clinically relevant variability in individual responses to dietary
VK depletion[146, 152, 155] To what extent this variability may be attributable to
interindividualdifferences inlMKn biosynthesis has not been examined.

In summary, the limited available evidence indicates that MKn are synthesized in
biologically relevant quantities by gut bacteria, but only minor amounts appear to be
absorbed. Howevemformation on fecal antissueMKn concentrationgn humanss
sparseand the available informatidmited by small samples sizes, lack of geographic
and cultural diversity, andifficulty with measuring thespectrum obacterially
synthesized/Kn. Although the liver appears twe a primary storage site of bacterially
synthesized MKn, whether these MKn are utilized is unclear. The differential cellular
distributions of hepatic PK and MKn may indicate unique and distinct physiologic
functions of MKn. Additional research is neebto determine if this underlies findings
that VK insufficiency can be induced by dietary VK restriction alone. There are
currently no existing data examining to what extent bactersththesized MKn
contribute to preventing overt VK deficiency or \anility in the response to dietary VK

restriction. Moreover, whether bacterialynthesized MKn contribute to aspects of
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health that have not been addressed in dietary VK depletion/repletion studies cannot be

determined.

2.3 Dietgut microbiota interrelationships and menaquinone biosynthesis

Dietary macre and micronutrient intake may indirectly influence MKn
biosynthesis and VK nutriture by altering gut microbiota composition and activity. Gut
microbiota composition has been linked to botrglerm[117, 159, 160hnd shorterm
macronutrient intakfl61-165]. The predominant mechanism underlying these
relationships is a direct effect of diet on the microbiota through the provision of
undigested nutrients and other chemical compounds thatlprsubstrates that fuel
bacterial proliferation and activity. For example, dietary fiber provides poky
oligosaccharides metabolized by fermentative bacteé@], and microbiotaderived
metabolites of polyphenolic compounds found in many fdmetaining foods have
antimicrobial propertiegl67]. Several studies have demonstrated that whole grains,
which provide both fiber and polyphenols, alter the relative abundarsctéroidesa
genus of highly abundant MKproducing bacteria, measured wnhan fecal samples
[168, 169] Similarly, a wholegrain rich, highfiber, energy restricted diet containing
multiple antimicrobial nutrients (e.g., berberine) was recently shown to alter the relative
abundance of several MKsynthesizing taxa in stool sies collected from Chinese
adults[170]. No study to date has examined the implications of these or similar diet

mediated effects on gut microbiota composition for MKn biosynthesis and VK nutriture.
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2.4 Conclusions and future directions

The role of MKn in human health is not well understood due in part to a historical
research focus on PK, and the technological challenges of measuring MKn. All VK
vitamers share bioact i vdarboxylatos of éKDP.y me cof ac
However, tlere is growing speculation that MKn are not biologically equivalent nor do
they have identical physiologic roles. Elucidating these roles requires research focused
on the metabolism, function and utilization of MKn derived from both dietary sources
and gu bacteria biosynthesis.

The foundation for understanding the contribution of bactergththesized MKn
to human nutrition begins with characterizing the relationships between gut microbiota
composition and MKn biosynthesis in the gut. Measuring féi¢&l concentrations
represents a neinvasive approach for characterizing this MKn reservoir. However, the
few studies that have used this approach to date are not very informative, being limited
by small sample sizes which cannot capture the substemé@ahdividual variability in
fecal MKn concentrations likely to exist given the large interindividual variability within
the gut microbiot§103, 171] Further, the lack of validated methods for selectively
guantifying MKn in biological samples has pesied all but one of these repdit46]
from quantifying the spectrum of bacteriallynthesized MKn in the human gut. This
severely limits the understanding of gut microbibtkn interrelationships given
differences in the forms of MKn synthesized asrgsnergl19].

Recent technological advancements in genetic based approaches to studying the
gut microbiota such as 16S rDNA sequencing and Sssegprencing have driven recent

expansion of the knowledge base regarding the composition and functior@atycapa
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the gut microbiom§110, 111] Despite the power of these techniques for answering a
broad range of novel questions, when applied in isolation they cannot directly assess gut
microbiota activity{172]. To assess microbiota activity and identiflgi@h microbes are
active, measurements of targeted metabolites are needed to compliment genetic based
approaches. To date, this comprehensive approach has not been applied to study gut
bacteria MKn biosynthesis. As a result, the forms and quantitieKafsyinthesized by
the gut microbiota and potentially available to support human health remains poorly
characterized.

In 1980 Sheareret gll73]wr ot e t hat At he fundament al
importance of the diet or intestinal microflorainpgrod i ng manés requireme
vitamin K still remains to be answeredo.
evidence emerged to lead Suttie to conclude that bactegialiynt hesi zed MKn @A m
partially satisfy the humasmuchdegsthar e ment bu
previouslilpl. t hbmghheé 20 y since Suttieds co
has been given to the relevance of bactergtythesized MKn to human VK nutriture.

However, technological advancements achieved duringintésallow for a

comprehensive reassessment of the contribution of bactesjaithesized MKn to

human nutrition. To begin this process, studies in which the MKn content of human
samples and gut microbiota composition are measured in tandem are riEleel@cbrk
detailed in this thesis directly addresses this need by combining 16S rDNA sequencing
with a novel analytic approach for quantifying VK vitamers to examine micreMéta

relationships and exploring associations with human health. The knovgledged will
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extend the current knowledge base and inform the design of future studies on the

bioavailability of bacteriallysynthesized MKn and their impact on human health.
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Abstract
Vitamin K, comprising phylloquinone (PK) and menaquinones (MKn), is a family of
vitamers found in multiple biological and environmental matrices. Advancing emgerg
evidence for novel and distinct physiologic roles of these vitamers in human health and
disease necessitates sensitive and selective methods for quantifying PK and MKn in these
matrices. We developed a novel method employing-pagformance liquid
chromatographymass spectrometry with atmospheric pressure chemical ionizatien (LC
APCI-MS) for simultaneous quantification of 11 vitamin K vitamers that can be applied
in feces, serum and food. Minimal detectable concentrations of vitamin K vitamers
rangedrom 1 pmol/g to 30 pmol/g. Limits of quantification ranged from 5 pmol/g to 90
pmol/g. Interassay and intrassay variations were < 17% and < 8%, respectively, in
food, and < 12% and < 8%, respectively, in feces. Recovery exceeded 80% for all
vitamess in both food and feces. The method successfully quantified PK and MKn
concentrations in rat chow, feces and serum. In summary, tAsAQ-MS method
provides a sensitive and selective tool for quantifying vitamin K vitamers in feces, serum
and food. This method can be applied in human and animal studies examining the role of

vitamin K vitamers derived from the diet and gut bacteria synthesis in health and disease.

Keywords: High-performance liquid chromatography, mass spectrometry-gbide

extraction, microbiota, bacteria, vitamin K
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Introduction

Novel physiologic roles for vitamin K v
role as an enzyme cofactor essential for coaguidtave recently been establistigy
Evidence of differential physiologic roles for separate vitamin K vitamers in cell survival
and cardiometabolic health have generated discussion of revisiting dietary vitamin K
requirements to include the predomingtiacteriallysynthesized forms of vitamin K
known as menaquinones (MK(). These novel physiologic functions have also piqued
scientific(2) and commercial interes(8), much of them focused on understanding the
metabolism and function of MKn. Howes, the current knowledge base of vitamin K
metabolism and function is predominated by the ptesed vitamin K form,
phylloquinone (PK). Much less is known about the abundance and distribution of MKn
in the food supply, and about the bioactivity of thegamerg4). Moreover, the
majority of MKn are synthesized by bacteria of the gastrointestinal tract, and though
bacterial MKn synthesis likely contributes to human vitamin K requirements, to what
extent is undeterming®).

All vitamin K vitamers ae fatsoluble and share ariethy}t1,4-napthoquinone
(menadione) structureThese wtamers are distinguished by the length and composition
of a lipophilic side chain attached at th@@sition of the napthoquinone ri§g). PK
contains a unique side ghaof four isoprenoid units, three of which are redu@ed] is
the predominant dietary form. In contrast, MKn are characterizech$gturated
isoprenoid side chains ranging from 1 torégeating prenylinits in length, are

predominantlymicrobiologicalin origin (7), and areassumed to bkess abundant in the
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diet(4). In addition, MK4 (4 defining theumber of prenyl units in the side chpgis
endogenously synthesized by conversion of PK or mena@jne

Several techniques have been developethtasuring vitamin K vitamers in
biological samples. The most common utilize kggrformance liquid chromatography
(HPLC) with fluorescence detection after postumn reductiorf{9-13). However,
moving the field forward necessitates developing validaeasitive and specific assays
capable of simultaneously measuring all vitamin K vitamers, and in multiple biological
matrices. Multiple LEMS methods have recently been developed for identifying vitamin
K vitamers in biologica(14-18), microbiological(19, 20) and environmentgP1, 22)
samples. These techniques have been differentially validated for quantifyifigt2K),

MK4 (14-18, 21) MK7 (14, 15) and MK8(20), but their accuracy and reliability for
measuring the complete range of vitamin K wieas present in biological samples (i.e.,

PK and MK413) is undetermined. Moreover, the retention time of MKn in these assays
ranges from 40 min to 90 m{i4, 15, 20) Novel approaches that reduce retention times
are needed to decrease solvent userapdove throughput. Finally, to our knowledge,

no LC-MS method has been developed for identifying and quantifying the entire range of
vitamin K vitamers in human feces, a biological matrix in which analysis is critical to
elucidating the contribution of bterially-synthesized MKn to human vitamin K
requirements. Developing a sensitive, selective and efficient method for simultaneously
guantifying PK and MKn that is robust to different biological matrices such as food and
feces is integral to elucidatinge contribution of separate vitamin K vitamers to human

health.



53

Material and Methods
Chemicals, reagents and standards

HPLC-grade solvents were used for extraction and chromatography (Fisher
Scientific Inc., Springfield, NJ). Deuteriutabeled PK (5,6,8-d4, 2methytd3) was
purchased from Sigma (Siga#ddrich Co. LLC, St. Louis, MO), and diluted in methanol
for use as an internal standard (dPK). PK and MK4 were purchased from-Sldyich.
MKS5 to MK13 were gifts from the former HoffmaltaRoche and €. (Basel,
Switzerland).

Calibration standardsere generated by mixing dPK, PK, MK4, MK5, MK®,
MK7, MK8, MK9, and MK10 from stock solutions in methanol. Standards of MK11,
MK12 and MK13 were prepared from concentrated stock solutions by first drying small
aliquots of the stock solutions under nitrngeMethylene chloride and then methanol
were used to reconstitute the vitamers into solution. PK and MKn concentrations in stock
solutions were verified spectrophotometrically before(@3e Working calibration
standards were then characterized chrographically before useAll preparations were

performed under yellow light tprevent photebxidationof vitamin K vitamers.

LC-APCEMS instrumentation and conditions

The LGMS system consisted of an Agilent 6130 Quadrupole MSD with an
atmospheric gessure chemical ionization (APCI) source connected to an Agilent series
1260 HPLC instrument (Agilent Technologies, Santa Clara, CA). Separations were
completed using areversptiase Gganal yt i c al column (Kinetex

mm; Phenomenex, &n, Torrance, CA). Column temperature was maintained at 20°C.



54
The mobile phase consisted of methanol (solvent A) and methylene chloride (solvent B).
Solvent conditions were as follows: isocratic at 100% solvent A for 2.5 min, linear
gradient to 70% solnt A at 10 min, isocratic at 70% solvent A to 14.0 min. At 15.5 min
the mobile phase was returned to 100% solvent A for 4.5 min to prepare the column for
the next sample. Flow rate was maintained at 1.0 mL/min throughout.

The MSD settings were as lalvs: ion source, positive APCI; spray chamber gas
temperature, 350°C; vaporizer temperature, 400°C; drying nitrogen, 7.0 L/min; nitrogen
nebuli zer pressure, 45 psig,; <capillary vol
ion monitoring was used tetect PK, dPK and MK4 through MK13 at the following
massto-charge ratiosm/z451 (PK),m/z458 (dPK),m/z445 (MK4),m/z513 (MK5),
m/z582 (MK6),m/z650 (MK7),m/z718 (MK8),m/z786 (MK9), m/z854 (MK10),m/z
923 (MK11),m/z991 (MK12), andn/z1059(MK13). Data were collected using Agilent

Open LAB CDS Chemstation v.C.01.04.

Sample preparation

Assay validation was completed using human feces obtained from archived
samples, and baby food (Chicken flavor; Nestle SA, Vevey, Switzerland) purchased from
the same manufacturing lot from a national retailer. Fecal collection was approved by the
Tufts Medical Center and Tufts University Health Sciences Institutional Review Board,
and conducted in accordance with the Declaration of Helsinki. Written, informed consent
was given prior to sample collection. Human fecal samples were {fteiezketo constant

weight and homogenized using a mortar and pestle prior to analysis. Baby food was
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homogenized prior to analysis by blending together the food within multiple single
serving containers.

All subsequent procedures were performed under yellow light torgrphete
oxidation and decomposition of vitamin K vitamers. The procedures for vitamer
extraction and sample purification were modified from previously described methods for
guantifying the PK and MK4 content of foo3, 24) The same procedures were
applied to both feces and baby food. After weighing an appropriate sample quantity
(4200 mg food and 40 mg feces), 11.4 ng of
standard. Samples were then suspended in 10 mL of distilled water by vortexingfor 30
To denature proteins, 15 mL ofzopanol:hexane (3:2 v/v) was added, and the mixture
vortexed for 3 min. The mixture was further dispersed by sonicating for 1 min
(continuous output at 50% duty cycle, output control 4) using a Sonifier Cell Disrupto
with a 1/8 in tapered micro tip (Branson model 350, Ultra Sonics Corp., Danbury, CT).
After vortexing for 3 min, the mixture was centrifuged at 4°C and 1800 g for 5 min. The
upper hexane layer was then aspirated and evaporated to dryness under raatlamd h
a gentle nitrogen stream {Evap 112, Organomation Associates, Inc., Berlin, MA).

Residue was reconstituted in hexane then purified by-pblde extraction (SPE)
using Bond Elut 500 mg silica SPE columns (Varian Inc., Walnut Creek, CA) and a Vac
Elut SPS 24 manifold (Varian Inc., Walnut Creek, CA). Columns were conditioned by
washing with 4 mL hexane diethyl ether (96.5:3.5 v/v) followed by 4 mL hexane. After
adding the sample extract, each column was again washed with 4 mL hexane. Vitamin K
vitamers were then eluted using 8 mL of hexane diethyl ether (96.5:3.5 v/v). The eluate

was heated and evaporated to dryness under a gentle nitrogen stream.
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The residue was reconstituted in 30 €L
bath at 60°C for 1énin. This step was necessary to optimize recovery of MK7 through
MK13 as initial experiments indicated that a combination of heat and methylene chloride
was needed to dissolve these vitamers in solution. The final residue was then
reconstitmeettyi en8@80cbLoride and 170 €L met
vials, and centrifuged at 20°C and 1800 g for 5 min prior to injection into tHI&C

system.

Validation procedures and quantification
Linearity was determined for PK and MK following incremental dilution of a
calibration standard to concentrations ranging from 500 nM to 7.8125 nM. Regression
coefficients were determined for each vitamer separately using linear regression. The
known concentration of each vitamer was entered as the mdiemevariable and the
integrated area under the peak of the same vitamer was entered as the dependent variable.
The instrument detection limit (IDL) for PK and each individual MKn was
determined by incrementally diluting calibration standards to coratents ranging
from 20 nM to 0.03125 nM. The IDL was defined as the lowest detectable amount of
anal yte statistically different from 0 wit
The limit of detection (LOD) and limit of quantification (LOQ) for RIKd each
individual MKn were determined by spiking baby food with incrementally diluted
calibration standards. Baby food was used instead of feces because feces contain
multiple MKn whereas the baby food contained only MK4 and PK. As such, using the

babyfood eliminated an inherent source of error attributable to endogenous MKn in the
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fecal material. The LOD was defined as the lowest analyte concentration statistically
di fferent from zero with a RSD of O 20% ov
defined as the lowest analyte concentration within + 20% of the expected concentration,
and with a CV of O 20%2%.ver triplicate mea

Recovery, intraassay variability, and inteassay variability were determined for
PK and individual MKn by sing both food and dried feces with known amounts of
dPK, PK and MK413. Endogenous PK and MKKB concentrations were quantified in
each matri x. Three aliquots from each mat
amount of PK and MKn measured in the uked samples, and subjected to the
extraction and purification processes. An additional three aliquots from each matrix were
subjected to the extraction and purification processes, and then spiked following the final
purification step. Recovery was detgéned by comparing the measured concentrations
of dPK, PK and MK413 in samples spiked before extraction to those spiked following
purification(16). Precision was determined by calculating the CV of dPK, PK, and
MK4-13 concentrations of the samples spikefore extraction. This procedure was
repeated over three consecutive days and a fourth day one week later to determine inter
assay variability.

The concentration of PK and MK#3 in samples was quantified by comparing
response factors for eaetiamer (Eg. 1) calculated using internal and calibration
standards (Eq. 2 and 3):

Eqg. 1: VK,pmol/g= (RFsampid RFcs) * VKinjected from csX dilution factor

Eq. 2: REample= (AUC.itamer in sampld AUCdpk in sampl} X dPKadded to sample

EQ- 3: RES = (AUCvitamerin CS! AUCdPK in C§ x dPKnjected from CS
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Where VK is the vitamin K vitamer of interest, RF is the response factor calculated using
the sample (Eq. 2) and calibration standard (Eq. 3) chromatograms, AUC is the integrated
area under thpeak, CS is the calibration standard, and dPK is the amount (pmol) of
internal standard. The dilution factor is calculated as 1 divided by the sample mass in

grams.

Clinical application
Archived diet, serum, and fecal samples from a previously pullisiuely(26)
were selected to demonstrate the utility of this assay for measuring PK and 3K4
feces, serum, and food. Serum and feces were collected from five, eightattbntale
Fischer 344 rats fed a vitamindéficient diet (Harlan Laboratorielsic., South Easton,
MA) and housed in suspendadre caging for 14 26). All samples had been in
storage at80°C for three years. Serum, fecal and diet samples were prepared for vitamin

K extraction as described in section 2.3.

Statistical analysis

In order to demonstrate linearity, slopes and regression coefficients were
determined by linear regression. The IDL and LOD were determined bsaomgle {
test. Statistical significance was defined as p < 0.05. SPSS v. 21.0 (IBM Corp., New

York, NY) was used for all analyses.
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Results and Discussion
Method development

Standard solutions were used to identify riassharge ratios and retention times
of each vitamin K vitamer. Selected ion monitoring and matching retention times of
vitamin K vitames in calibration standards to chromatogram peaks of sample extracts
was subsequently utilized to selectively identify vitamin K vitamers. Representative
chromatograms of calibration standards and of vitamin K vitamers spiked in a human
fecal sample arenewn inFigure 1.

Coupling HPLC to MS obviated the need to fully resolveskiding vitamin K
vitamers because each vitamer has a different molecular weight. This feature was
integral in minimizing assay run time. Previously published HPLC and/iSCprotocols
for quantifying MKn have required run times ranging from 35 (@) to 90 min(14).

Run time in our method was reduced to 20 min per sample by optimizing the flow rate to
run near the column pressure limit while also maintaining separationlyppeaks from
nonvitamin K compounds. The gradient elution protocol used further reduced run time
by facilitating the elution of longhain MK (i.e., MK#13). Our assay therefore provides
greater efficiency than published methods for quantifying vitatmitamers, which will
increase throughput while reducing analytical costs and decreasing environmental
burden.

Recovery of MK7 through MK13 in spiked fecal and food samples was increased
from<6 0% during initial experiments to O 80%
sample extracts under a gentle nitrogen stream rather than using a SpeedVac (Savant,

Inc., USA) instrument; 2) keeping sample extracts warm during drying; and 3) heating
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sampé extracts in a 60°C water bath for 10 min immediately prior to reconstituting the
extract in methylene chloride and methanol in preparation for HPLC.

Linearity, detection limits, recovery, and precision

Linearity over the spectrum of vitamin K vitan@yncentrations tested ranged
from R? = 0.9987 (MK5) to R= 0.9997 (MK4, MK9, MK11, MK13) Figure 2 and
Table 1). As shown in Figure 2, differences in assay performance between vitamers
were observed. These differences were subsequently accountedigindpgalibration
standards for each vitamer, and calculating the measured concentration of each vitamer
separately. The IDL ranged from 3 fmol/injection for MK10 to 200 fmol/injection for
MK6 and MK9 (Table 1). The assay LOD was higher for PK and Mkative to all
other vitamers, ranging from 1 pmol/g for MK10 to 30 pmol/g for PK and MK4 (Table
1). The LOQ was more variable among vitamers, ranging from 5 pmol/g for MK10 to 90
pmol/g for MK4 (Table 1).

Mean relative recoveries of vitamin K vitamangood ranged from 80% for
MKS5 to 91% for MK11 Table 2). In feces, mean relative recoveries ranged from 86%
for MK5 to 95% for MK7 (Table 2). Intrassay variation was < 8% for all vitamin K
vitamers in both food and feces. Intesay variation wadightly higher in both

matrices, but remained < 12% in feces and < 17% in food (Table 2).

Clinical applications
Vitamin K vitamer concentrations measured in the diet, serum and feces of 5 male
Fischer 344 rats are shownTiable 3. As expected, PK wab¢ most abundant, and with

the exception of MK13, the only vitamer detected in the vitamaeKcient diet. Results
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confirm the presence of MKn in rat fedq@y). MK10 was the most abundant vitamer
detected in feces, and, interestingly, the only MKrecket in all serum samples.

Though coprophagy cannot be ruled out as the source of serum MK10, all vitamin K
vitamers were detected in feces and some, if not all, would likely be detected in serum if
coprophagy was the source. Therefore, the preseld&bd in serum may suggest that
MKn synthesized by intestinal bacteria can be absorbed and enter circulation.

The contribution of MKn synthesized by gut bacteria to human vitamin K
requirements is undetermined in part because MKn are typically not dite tieman
blood unless large doses are inge$&d). It is not known whether the inability to detect
MKn in blood indicates that bacterialynthesized MKn are not absorbed in the colon,
or if MKn circulate in concentrations below the detection liroftsurrent assays. In this
study, we chose archived rat samples for convenience. However, our results demonstrate
proof of principle allowing this assay to be utilized with confidence in future human

studies.

Limitations

Tandem MS systems can offerperior analyte specificity relative to the single
guadrupole MS instrument used for this assay. However, a major strength of our
approach is the use of a calibration standard specific for each analyte. The resulting
ability to match retention times antasses of analyte peaks from biological and food
sample extracts to those of vitarggrecific standards provides high specificity.
Analytical standards for the majority of bacteriadiynthesized MKn are not currently

commercially available which will uoftunately limit the applicability of this assay
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within some laboratories for the immediate future. However, the recent increase in
scientific and public interest in vitamin K will likely increase demand for MKn standards,
and potentially lead to improvex®mmercial availability of appropriate calibration
standards.

Accuracy, precision and variability of the assay were generally within acceptable
ranges for all vitamin K vitamers. However, the observed variability in the recovery and
precision for diffeent vitamers represents a limitation of the assay. This variability may
be attributable in part to matrspecific effects that alter the extraction efficiencies for
different vitamers. The use of dPK as the single internal standard optimizes theyaccura
of the assay for PK, but likely cannot adequately account for any differences in extraction
efficiency of the MKn. In addition, recovery of dPK was the lowest and-agsay
variability of dPK the highest of all the vitamers suggesting an alterrtateah standard
could improve assay performance. Of note, the-assay variability of dPK in feces
was 10.0% over three consecutive days, only increasing to 22.6% when a fourth
measurement taken one week later was included. Using internal stan@aitis &p
each MKn would be ideal; however, such standards are not currently commercially
available. Commercial availability and use of these standards will allow for

improvements in assay performance in the future.

Conclusion
Herein we have described, to our knowledge, the firsAIRCI-MS assay to be
validated for quantifying PK and bacteriallynthesized MKn in feces. Moreover, we

have demonstrated that this method can be applied to food and serum to measure
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concentrationsf multiple vitamin K vitamers. Strengths of the assay include reduced

run time relative to previous methods, high selectivity, simultaneous detection of PK and

MKn, and utility in multiple matrices. The relative contributions of PK and MKn to

human vitanin K requirements are undetermingdur findings indicate that this method

can be applied in future work aiming to elucidate the relative contributions of PK, MK4

and bacteriallysynthesized MKn to human vitamin K requirements.

Table 1Linearity anddetection limits of an LGAPCI-MS assay for measuring vitamin K

vitamers?
Slope R? IDL LOD LOQ
(fmol/injection) (pmol/g) (pmol/g)

PK 1294.2 0.9996 50 30 30
MK4 1385.1 0.9997 100 30 90
MK5 881.4  0.9987 50 5 10
MKG6 230.8 0.9992 200 10 10
MK7 166.6 0.9995 100 5 40
MK8 262.2 0.9993 100 5 60
MK9 897.8  0.9997 200 5 30
MK10 1605.4 0.9996 3 1 5
MK11 1372.5 0.9997 12 5 20
MK12 1345.6 0.9995 12 5 10
MK13 1396.4 0.9997 25 5 10

%PK, deuteriurdabeled phylloquinone; IDL, instrument detection linki®D, limit of

detection; LOQ; limit of quantification; MK, menaquinone; PK, phylloquinone.
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Table 2Recovery, and intrassay and inteassay variability of an LAPCI-MS assay
for measuring vitamin K vitamefs.

Food Feces
Spiked Recovery Intra- Inter- Spiked Recovery Intra- Inter-
(pmol) (%) assay assay (pmol) (%) assay assay
[RSD, RSD RSD [RSD, RSD RSD
%] (%) (%) %] (%) (%)
dPK 500 76.5[6.6] 4.0 8.8 1600 81.8[6.7] 4.5 22.6
PK 500 835[23] 54 6.3 1600 88.1[4.4] 25 6.3
MK4 500 83.7[1.6] 6.7 6.9 1600 89.8[6.4] 7.7 7.6
MK5 500 79.5[4.6] 5.0 7.7 1600 86.2[6.3] 2.4 7.0
MK6 1600 82.0[6.7] 25 74 1600 88.3[4.9] 5.4 7.7
MK7 1600 80.6[5.0] 3.3 111 1600 94.7[4.0] 5.2 11.9
MK8 1600 81.8[4.2] 5.5 9.8 1600 92.8[4.7] 7.4 1.2
MK9 500 84.9[7.1] 7.5 4.4 1600 90.1[2.1] 6.6 4.8
MK10 500 84.6[4.6] 3.3 10.5 4000 94.1[29] 4.9 8.5
MK11 500 91.1[49] 6.2 13.8 1600 92.41[4.2] 5.7 9.0
MK12 500 83.5[5.7] 3.6 12.4 1600 89.2[3.4] 5.3 9.1
MK13 500 82.8[5.0] 3.2 16.6 1600 88.9[4.3] 7.0 10.9

%PK, deuteriurdabeled phylloquinone; MK, menaquinone; PK, phylloquinone
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Table 3Serum and fecal vitamin K vitamer concentrations in rats fed vitandefliCient
diets and housed in suspended wire cages to limit coprophagy.

Diet Serun? Fece$

(pmol/g) (pmol/mL) (pmol/g dry wt)
PK 29.8 <LOQ 94.0£16.0
MK4 <LOD <LOD <LOD
MKS <LOD <LOD 29.2+£10.2
MKG6 <LOD <LOD 88.7x+8.2
MK7 <LOD <LOD 70.1£21.2
MK8 <LOD <LOD 716.1 + 208.8
MK9 <LOD < LoD’ 390.8 + 81.8
MK10 <LOD <LOQ 2425.3+ 306.7
MK11 <LOD <LOD 1082.0 + 250.8
MK12 <LOD <LOD 91.5 £+ 33.2.
MK13 < LOQ < LOD < LOD®

®Mean + SD. dPK, deuteritabeled phylloquinone; LOD, limit of detection (see Table
1); LOQ, limit of quantification (see Table 1); MK, menaquinone; ND,detéctable;
PK, phylloquinone

°n =4;n =5.

4Detectable only iff1, ®2 samples.
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Figure 1 A) Structure of phylloquinone (PK) and menaquinones (MK3)C
Representative chromatograms of vitamin K vitamBjs;alibration standard (2

pmol/injection),C) spiked human fecal sample.
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Figure 2 Linearity of phylloquinone (PK) and menaquinones (MKn) following

incremental dilution of calibration standafdsm 500 nM to 7.8125 nM.
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Abstract
Emerging evidence supports novel roles for vitamin K in cardiometabolic health, some of
which may be unique to the bacteriaflynthesized vitamin K forms known as
menaquinones (MKn)Multiple gut bacteria synthesize MKn; however, factors
influencingMKn biosynthesis in the human gut, and associations with cardiometabolic
health have not been examined. To examine these associations, MKn content and
microbiota composition were measured in fecal samples collected from 77 overweight
Chinese adults consumimagprescribed diet previously shown to alter gut microbiota
composition and improve cardiometabolic biomarkers. Fecal MK4, MK6 and MK8
decreased during the intervention (P < 0.05)ngitudinal changes in the relative
abundance of > 100 bacteria classifed the operational taxonomic unit (OFldyel
were associated with altered fecal content
most consistent relationships were betwRegvotellaspp.and MK5, and MK11 through
MK13, betweerBacteroidespp.and MK9and MK10, and betwedaschericia/Shigella
spp.and MK8. Covariance amongst MKn within individual samples partitioned
individuals into two distinct groups herein introduced as menaquinotypes of the human
gut. Menaquinotypes were characterized by diffeeerin MK5 and MK913, and
differences in the relative abundance of several OTUs, predomifaetigptellaspp.and
Bacteroidespp Neither individual MKn nor menaquinotypes were longitudinally
associated with markers of glycemia, insulin resistanceflammation. These findings
suggest that variability in fecal MKn content is predominantly determined by relatively
few genera within the gut microbiota, and that-sietdiatedcchangesn gut microbiota

composition may provide a feasible approach forialgegut MKn content.
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Introduction

The collective genetic capacity of the trillions of microorganisms inhabiting the
human gut, the gut microbiome, far exceeds ¢fh#te human genome, and provides
diverse metabolic functions not intrinsic to human biolfigy2]. These functions
include the biosynthesis of several vitamiBs4], including multiple forms of vitamin K
known as menaquinones (MKfb), 6]. Despite bngstanding knowledge that gut bacteria
synthesize MKntheimpact on human health is not well caeterized.

Vitamin K, comprised of phylloquinone (PK) and the MKn, aramily of
structurally and functionally related fabluble vitamer§7]. These vitamers are
discriminated by the length and saturation of a lipophilic isoprenoid side chain attached
to a napthoquinone ring shared by PK and all MKn (n representing the number of
isoprenoid units in the side chain). Whereas PK is synthesyzpldibts and is the
primary dietary forni8], MKn are synthesized by bactef¥, including several genera
inhabiting the human g@b]. The exception is MK4 which can be endogenously
synthesizedn mammalq10] and is found in animal produditsl]. MK5 through MK13
are not thought to be abundant in most diets, but are found in some fermented food
productg11]. Theonly estdlished functios of vitamin K arein hemostasiand fetal
bone calcification However emerging evidence suggests novel rolevifimmin K in
cardiovascular health, inflammation, glucose homeostasis, cognitive function, and cancer

[12-14], some of which may be unique to MKIb].
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The human gut is thought to be a MKn reservoir, and estimated to contabute
10-50% of the humanmitamin K requiremenf5, 6]. However, the large uncertainty in
this estimate reflects significant gaps in the current understanding of MKn biosymthesis
vivo. Few studies have attempted to measure the MKn content of the hunpa®, gunj
and the hiwrical reliance on culturbased techniques to study MKn biosynthesis in gut
bacterig18, 19]has ignored the contribution of unculturable bacteria, which compromise
a significant proportion of the gut microbid0], to the gut MKn pool. The possiltyli
that MKn bioavailability and bioactivity vary with sigshain lengtl{21-24], the fact that
MKn forms synthesized by bacteria vary across spé2t§sand accumulating evidence
that dietary modulation of the gut microbiota influences host heglihdicate that an
improved understanding of relationships between the gut microbiota and MKn
biosynthesis could help develop targeted strategies for improving human vitamin K
nutriture.

Members of this study teapreviously reported alterations in the relat
abundance of several gut bacteria phylotypes during a dietary intervention designed to
modulate gut microbiota compositif26]. Several of these phylotypes have previously
been associated with MKn biosynthesis using culbaged approach§ks, 19] In this
study, we utilized 16S rRNAenesequencing, a cultiiedependent approach, to
determine whether altering the abundance of these bacteria is associated with changes in
fecal MKn content, and to identify novel relationships between gut bactefisign.
Further, we sought to identify associations between changes in MKn biosynthesis and
cardiometabolic health by examining associations between fecal MKn content and

biomarkers of glycemia and inflammation.
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Methods
Participants

Chineseadult£555 y with central adiposity (def
80 c¢cm for women and @o-h%iOp crmatfioor onfe nQ 0o.r8 5a f
0.90 for men), ‘avererecaitedffdm Tauad B SHarki/Province,
China. Exclusioreriteria included active or previous history of chronic disease or
psychiatric disorders, alcoholism, use of antibiotics within the previous 3 mo, active
infectious disease, anemia, and recent weight loss by surgery or pharmaceutical
intervention.

This gudy was approved by the Ethics Committee of Chinese Clinical Trials
Registry (No. ChiECRCT00011) and the TuftdniversityHealth Sciencemstitutional

Review Board. All participants provided written informed consent prior to participation.

Study degin
The study design and intervention are described in detail elsej@iééreBriefly,
all participants received the same&B intervention. The intervention was separated
into two phases, a®@k intervention phase (phase I) and anlldmaintenance phase
(phase II). During phase |, participants consumed a prescribedl®00cal/d diet
designed to modulate gut microbiota composition and promote weight loss. The primary
component of the phase | diet wad 8ans/d of a porridge consisting of a variety
whole grains and traditional Chinese medicinal plaats. Participants were also
allowed limited amounts of fruits, vegetables and legumes during phase I. Two daily

supplements were also consumed during phase I. The first, a powdered blend of bitte



74
melon and oligosaccharides, was consumed twice daily. The second, a powdered blend
of soluble and fermentable fibers, was consumed once daily. During phase I,
consumption of the porridge was discontinued, and participants were instead instructed
by the study dietitian on following a higliber, low-animal product diet. Participants
were also instructed to continue consuming the bitter melon and oligosaccharide
supplement twice daily, but intake of the fiber supplement was reduced to once every two
weeks.

Anthropometric measurements were obtained by trained study staff, and fecal,
blood and urine samples were collecteed3frior to beginning the study (baseline), and
at the end of each study phase (study weeks 9 and 23) for assessment of studgsoutcom

as described below.

Vitamin K

Aliquots of fresh fecal samples were freereed to a constant weight and
homogenized using a mortar and pestle. Approximately 40 mg of dried sample was then
used for quantification of PK, and MK4 through MK13. Food and diet supplement
analysis, approximately 200 mg of product was used. The protocol for extracting and
purifying vitamin K vitamers proceeded as previously desciipéld Following
extraction and purificatigrb pL of a suspension of the sampledas in 170 pL
methanol and 30 puL methylene chloride was injected intAgilent 1200HPLC1 AB
SCIEX Triple Quad 550MS system for identification and quantification of vitamers.
Vitamers were separated prior to mass spectrometry by HPLC using a 1jglvassets

analytical column (Kinetex 2.6 pm, 150 mm x 3.0 mm; Phenomenex, Inc., Torrence, CA,
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USA) as previously describgd7]. PK and MK4 through MK13 were detected at the
following massto-charge ratiosm/z451 (PK),m/z445 (MK4),m/z513 (MK5),m/z582
(MK6), m/z650 (MK7),m/z718 (MK8),m/z786 (MK9),m/z854 (MK10),m/z923
(MK11), m/z991 (MK12), andn/z1059 (MK13).

Deuteriumlabelled PK was used as an internal standard in all samples, and
calibration standards for PK and MK4 were used to giyaPK and MK4 concentrations
in food samples as previously descrilp2d]. Because calibration standards for MK5
through MK13 were not available at the time of analysis, we could not confidently
calculate precise fecal vitamer concentrations. Fecaheit@amounts were therefore

analyzed using the area under the curve derived from the & Chromatogram.

Gut microbiota profiling

Fresh stool samples were immediately put on ice, quickly aliquoted and stered at
802C until analysis. Bacterial DNA as extracted from stool samples using bead beating
and the InviMag Stool DNA kit (KFml; Invitek GmbH, Germany). The V3 region of the
16S rRNA gene was amplified and sequenced using the Roche GS FLX platform.

Quiality control of raw data and taxonomic gssnent of operational taxonomic
units (OTUs) was completed as previously described in d2&il Briefly, high-quality
pyrosequencing reads were clustered at 98% similarity usirgllCD The Greengenes
database, ARB, and DOTUR were successively useseffuence alignment, distance
calculations and OT4binning, respectively. Taxonomy was assigned using the RDP
classifier[28]. Rarefaction was used to correct for differences in sequencing depth

between samples. The relative abundance of OTUs in eaaghleswas calculated as the
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total number of reads for each OTU within a sample divided by the total number of reads

in that sample. Relative abundances were then used febdazea analyses.

Blood sampling

Blood samples were collected after an overnight fast. Serum was assayed for
glucose and ultrasensitiver€active protein (CRP) using an automated biochemical
analyzer (Sysmex CheriiB0; Sysmex Corp.), and insulin using an immunoassay system
(Immunolite DOO; Siemens Healthcare Diagnostics Inc., Germany). Glucose and insulin
were used to calculate the homeostasis model assessment of insulin resistance (HOMA
IR). Plasma was assayed for lipopolysaccharide binding protein (LBP) using ELISA
(USCN Life Sciene and Technology Co., Ltd, Wuhan, China) and according to
manufacturer instructions. Plasma tumor necrosis fatto( TNFU) ,-1bn-{ et | euk
1b), i nro6t(le-8)laedwdiponmectin were also measured using ELISA (R&D
systems, Inc., Minneapolis, MNJSA) according to manufacturer instructions.
Minimum and maximum detectable concentrations for each assay have been previously
reported26]. Intraassay and inteissay coefficients of variation were <5% and <10%,
respectively, for all assays. Seruik &#hd MKn concentrations were not measured
because insufficient sample volume remained following analysis of primary study

outcomes.

Gut permeability
Gut permeability was assessed as previously desd@béd Briefly, volunteers

drank 5 g lactulose arfilg mannitol dissolved in 50 mL of water. Urine samples were
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collected for the subsequent 5 hr, aliquoted and stor@@4t until analysis. Urine
lactulose and mannitol concentrations were quantified using an ion chromatograph (DX
600; Dionex Corp.).The ratio of lactulose to mannitol measured in urine collected 5 hr
following consumption of the sugar substitutes is a marker of small intestinal

permeability[29].

Statistical analysis

Analyses were conducted using SPSS v21.0, XLSTAT v2014, MultiExperiment
Viewer v1.9[30], and R v3.0.3. Vitamin K vitamer and OTU data wergdog
transformed for analysis. Bonferroni corrections were used to control the familywise
error rate in analysebat did not include OTU data. When OTUs were included in
analyses, the false discovery rate (Q) was controlled using the Benjdounberg

correction. Statistical significance was set at P < 0.05 or Q < 0.05.

Interrelationships amonq vitamin K vitams

Relationships among vitamin K vitamers were examined using principal
components analysis (PCA), and partitioning around medoids clustering based on the
Spearmandés correlation metric. We wused th
the bimodal dtributions of several vitamers (MK5, MK11, MK12, and MK13)
following log;o-transformation, the presence of outliers in the data set, and because of
substantial differences in mean area under the curves of several vitamers. In addition to
standardizingn e di f f erences in area under the cur:

require normally distributed data and is more robust to outliers than other metrics such as
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Pearsondés correlation. Partitioning aroun
number & clusters can be preefined thereby allowing the observed bimodal
distributions and our PCA results to inform the clustering model, and because the
algorithm is more robust to outliers than other methods in which cluster number is pre
defined such asHnedians clusterinf31]. The Silhouette Index (SI) was calculated to
measure cluster quality and used to determine the number of clusters that optimally
described the variation in the data. A Sl of 80605 was considered indicative of
moderatelystrong | ust ering, and a S| of @®20. 75 indi
Clusters with a Sl of < 0.50 were considered weak and not included as clusters in the
final results. PCA was completed using XLSTAT, and clustering completed using the R

package 66cl ust e

Gut microbiota composition and fecal vitamin K content

Procrustes analysis and redundancy analysis were used to explore relationships
between gut microbiota composition and fecal vitamin K content. Specifically,
Procrustes analysis was useduperimpose and assess congruence between PCAs of
OTU relative abundances and vitamin K vitamers. To remain consistent with the
approach wused for the vitamer analysis, Sp
metric for PCA of OTUlevel data. Redwancy analysis was used to provide a measure
of covariance between OTU relative abundances and fecal vitamin K vitamer content.
Procrustes and redundancy analyses were co
Linear discriminant analysis of effect si&3] was used to identify OTUs that

differed in relative abundance between vitamin K vitamer clusters identified by
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partitioning around medoids clustering Bivariate GuUithmer relationships were
examined using the f ol |l owdlatogwas tisedac : 1) Sp
calculate Pvalues for bivariate correlations between individual vitamin K vitamers and
OTU relative abundances at each tipmnt separately; 2)-Ralues were adjusted using
the BenjaminiHochberg correction, and each OTU withav&ue < 0. 05 for O 1
at any single timgooint was retained for further analysis; 3) mixed models ANOVA was
then used to identify longitudinal associations between individual vitamers and the
relative abundances of the selected OTUs. To reduce batifltrence of uncommon
OTUs on microbiotavitamer associations and noise in the visualizations, OTUs were

filtered for a prevalence of at least 20% prior to analyses.

Biological outcomes and fecal vitamin K content

Longitudinal changes in fecal vitamiicontent were analyzed by mixed models
ANOVA. When a significant main effect of time was observed,-postcomparisons
betweentmg oi nt s wer e e x a-test ané RalubsyadjuStedwsirgnt 6 s t
Bonferroni corrections. Differences in markersrndflammation and glycemia between
vitamin K clusters westdongtydamahassoeiationdhbetwéeh ud e n
these outcomes and vitamin K clusters were examined using generalized estimating
equations. Pear sono6s kcooelationivagtusedas and Spea
appropriate to examine correlations between individual vitamers and markers of
inflammation and glycemia at baseline. Longitudinal associations between individual
vitamers or OTU relative abundances and markers of inflammatabglgcemia were

assessed by mixed models ANOVA.
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Results

Primary outcomes of the trial which include changes in gut microbiota
composition and cardiometabolic risk factors have been previously refiegiedrhe
present analysis includes data from 82% female, 41 + 7'y, BMI 32.3 2.0 kgf)rof
the 93 volunteers completing the trial, from whom archived fecal samples at each of the
baseline, 9 wk and 23 wk time points were available for fecal vitamin K analysis. The 16
excluded individuals did not ffier by sex (P = 0.93), or in age (P =0.17) or BMI (P =
0.11) relative to individuals included in the analysis.

The measured PK and MK4 contents of the porridge were 0.7 = 0.1 pg/100 g and
0.2 £ 0.0 pg/100 g, respectively. MK9 and MK10 were also tkstieat estimated
concentrations of < 1 ug/100 g. The measured PK and MK4 contents of the bitter melon
and oligosaccharide supplement were 61.2 + 3.2 ug/100 g and 1.4 + 0.4 ug/100 g,
respectively. MK10 and MK11 were also detected at estimated concardratis 1

Hg/100 g. The fiber supplement was not available at the time of analysis.

Covariance among vitamin K vitamers

Principal components analysis indicated that 62% of the variability in fecal
vitamin K vitamer content across all time points cbioé explained by two principal
componentsKigure 1a). The vitamers MK5, MK6, MK11 and MK12 were particularly
influential to the variance explained by the first principal component whereas MK9,
MK10, MK12 and MK13 were particularly influential to the iaarce explained by the
second principal component. Visual inspection of the PCA plot indicated a partitioning

of individuals into two separate clusters independent of intervention time point.
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Partitioning around medoids analysis was then used to funtestigate and substantiate
this observation.
Consistent with PCA, partitioning around medoids analysis provided strong
support for partitioning individuals into two distindtisters or menaquinotypesased
on variability in fecal vitamin K conten( = 0.78 Figure 1b). Similarly, moderate
support for two menaquinotypes was observed when Euclidean distance was used in
pl ace of Spearmands correl at iSapplememal t he «c 1l u
Figure 1). Menaquinotypesvere discriminated biyIK5 andMK9 through MK13
contentgP < 0.001)with samples belongintp the highest densigluster (n = 145
samples) being enriched in MK9 and MKHhdsamples belonging to the lower density
cluster (n = 86 samples) being enricliedIK5 and MK1%13. Support for more than
two menaquinotypes was low as indicated by a drop in the Sl to 0.49 when data were
partitioned into three clusters (S| = 0.34 when Euclidean metric used). Strong support for
two menaquinotypes was also evidettew partitioning around medoids analysis was
used to analyze vitamin K data at each time psepiaratelyKigure 1c-e).
Menaquinotype membership was relatively stable during the intervention with only 6
(8%) individuals changing menaquinotype membershipng the initial 9 wk weight
loss phasepne of whom reverted back to their baseline menaquinotype membleyship
the end of the studwand only3 (4%) additionalindividuals changing menaquinotype

membership during the subsequent 14 wk weight loss mainée phase.
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Interrelationships between fecal vitamin K content and gut microbiota composition

Redundancy analysis indicated that variability in Gi€\el gut microbiota
composition explained 99.7% of the variability in fecal vitamin K conaenpss all time
points (Monte Carlo P = 0.08 5everalOTUs representingnclassified
Ruminococcacea®acteroidespp.,Prevotellaspp, Alistipesspp.,Oscillibacter,
Bilophila, Odoribacterspp.,andBarnesiellawere particularly influential iexplaining
variability in fecal MK6, and MK8 through MK13 content&idure 2a). Procrustes
analysis revealed congruence between the PCAs of fecal vitagontknt and gut
microbiota composition across all time points (R= 0.65, Monte Carlo P = (Fg2e
2b), and at each time point separately (R = 0.68, Monte Carlo P = 0.002 féigate
2c-e) suggestinghatthe menaquinotypes suggested by PCA and confirmed by
partitioning around medoids analysis were associated with gut microbiota composition.

Linear discriminant analysis of effect size identified > 50 OTUs that differed in
relative abundance between samples assigned to thelldieariched menaquinotype
relative to the MK511-13 enrichednenaquinotypé€Figure 3). The MK9-10 enriched
menaquinotyp&vas characterized by a higher relative abundance of several OTUs
belonging to thé-irmicutesandProteobacterigphyla, and 17 OTUs classified as
Bacteroides In contrast, the MK5,213 enriched menaquinotype was characterized by a
higher relative abundae of 15 OTUs classified & evotella. Effect size estimation
indicated that OTUs belonging to tReevotellaandBacteroidesgenera were the most

influential taxa underlying menaquinotypé&upplemental Figure 2.
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Fecal vitamin K response taodulation of gut microbiota composition

Fecal PK (P = 0.01), MK4 (P = 0.001), MK6 (P = 0.01) and MK8 (P = 0.004)
content decreased during the 9 wk weight loss pltagareé 4). The reduction in PK (P
=0.002) and MK8 (P < 0.001) remained statisticalgyngicant at 23 wk. Though no
statistically significant changes were documented for any other MKn, interindividual
variability was observed. Therefore, mixed models ANOVAs were used to more clearly
define individual OTUWvitamer relationships and to detgne the extent to which
changes in the relative abundance of individual OTUs were associated with changes in
individual vitamin K vitamer concentrations.

One hundred sixty four OTUs were signif
vitamer pointd@inglthe tnterveation. Changes in 131 of these OTUs were
significantly associated (Q < 0.05) with ¢
(Figure 5 and Supplemental Table 1 Several consistent longitudinal relationships
between changes the relative abundance of multiple OTUs within the same phylotype
and changes in individual vitamer concentrations were observed. For example, positive
longitudinal associations between all 15 OTUs classifidéragotellaand fecal MK5,

MK11, MK12, andMK13 contents (Q < 0.05) were observed. Similarly, positive
longitudinal associations between 19 of 21 OTUs classifi@hateroidesand fecal

MK9 and MK10 contents (Q < 0.05), and between all OTUs classified as
Eschericia/Shigelland fecal MK8 conten(Q < 0.05) were observed. Finally, positive
longitudinal associations between several different OTUs and fecal MK5, MK6, MK7,
MK9, and MK10 contents were observed. These OTUs included five classified as

Alistipes,and several classified as belongingheRuminococcacea@amily.
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Associations between fecal vitamin K content and gut microbiota composition with
glycemia and inflammation

At baseline, fecal MK9 content was inversely associated with BMI (P = 0.05),
serum insulin (P = 0.01) and HOMWR (P = 0.009), and fecal MK10 content was
inversely associated with lactulose:mannitol ratio (P = (Goipplemental Table }. In
longitudinal analyses, fecal MK4 content was positively associated with BMI (P = 0.01).
However, no additional longitudinal asst@ns between individual MKn with BMI, or
biomarkers of glycemia or inflammation were detected (data not shown). Individuals
within the MK9-10 enriched menaquinotype had lower baseliné doncentrations
relative to individuals in the MK5,113 menaquiotype (P = 0.006) but otherwise
markers of glycemia and inflammation did not differ between menaquinotypes at baseline
(Supplemental Table 2. No longitudinal associations between menaquinotype, BMI,
any marker of inflammation or glycemia were obsendatg not shown).

OTUs that were significantly associated
analyses were investigated as predictors of glycemia and inflammation. With few
exceptions these OTUs were not significantly associated with BMI or markers of
glycemia or inflammation (data not shown). Exceptions were limited to one OTU
classified a$’revotellawhich was positively associated with serum insulin
concentrations (Q = 0.004) and HOMR (Q = 0.04), and one OTU classified as

Cronobactemwhich was posively associatedwithtl b ( Q = 0. 04) .
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Discussion

To the best of our knowledge this study is the first to examine interrelationships
between the gut microbiota and MKn biosynth&sigivo, and the first to examine the
extent to which diemediatednodulation of the gut microbiota alters fecal MKn content.
We demonstrate that intrand interindividual variability in fecal MKn content appears
to be explained by relatively few genera within the gut microbiota. Further, we observed
associations betvea dietmediated changes in the relative abundance of multiple
individual OTUs with altered fecal content of individual MKn. Collectively, these
findings suggest that diebediated alterations in gut microbiota composition may
provide a feasible approatdr altering gut MKn content.

Our findings extend those of previous studies that have been limited by sample
sizes too small to comprehensively describe irdgral interindividual variability in fecal
vitamin K content, and that have not examined gut@biota composition in
combination with fecal MKn16, 17] Within our cohort, variability in fecal vitamin K
content was not due to differences in the predominant dietary vitamin K forms (i.e., PK
and MK4), but instead was due to intedividual differerces in the fecal content of
several bacteriallgynthesized MKn. Specifically, MK5, MK11, MK12 and MK13
covaried within samples and in an inverse manner to MK9 and MK10. This within
sample covariance partitioned individuals into two distinct groups veretherein
described as menaquinotypes of the human gut. The observation that several phylotypes
differed between menaquinotypes, and our identification of > 100 individuat\ @R
associations strongly suggest that variability in fecal vitamin K comntastattributable

to the gut microbiota and not to dietary vitamin K intake.
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Our findings also suggest that fecal MKn content can be influenced by dietary
factors that alter gut microbiota compositidlembers of our tearpreviously reported
reductiondn the relative abundances of several genera inclugisehericia/Shigelland
Klebsiellawithin this cohort during the interventi¢26]. Both EschericiaandKlebsiella
are known to produce MKR.9, 25] and OTUs belonging to both genera were among the
few positively associated with MK8 in longitudinal analyses. Therefore, our findings
implicate the diet interventieomediated effects on the relative abundances of these
genera as underlying the observed decrease in fecal MK8 content, and provide evidence
suggesting that diehediated alterations in gut microbiota composition may provide a
feasible approach for altering gut MKn content.

Diet interventions targetinBrevotellaandBacteroidesould have robust effects
on fecal MKn content given that OTUs within these genera demonstrated the most
consistent and strongest associations with fecal MKn content. These findings are
consistent with genomic data indicating that MK® biosynthetic patvays are
predominantly found ifProteobacteria, FirmicuteandBacteroidesvhereas MK1113
biosynthetic pathways are predominantly foundatinobacteriaandPrevotella[34].
Moreover, differential MKn biosynthesis IBacteroidesandPrevotellahas been
previously reported with MK4.1 and MK1113 comprising the MKn profiles of
BacteroidesandPrevotellastrains, respectively, isolated from the human[§@t 35}
Substantial intemdividual variability in MK9-13 is also consistent with several studies
reporting thaPrevotellaabundance in human fecal samples follows a bimodal
distribution (i.e., low or high relative abundand@&p], is inversely associated with

Bacteroidesabundanc¢g32], and, in part, drives partitioning of individuals into clusters
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representing defined microbi al cd3n@@ ni ti es
37]. Thoughpreviousmetagenomic analysesiggest that the genetic capacity for MKn
biosynthesis does not differ between these enterof@pgsour findings suggest that
there may nonetheless be important differences resulting from the forms of MKn
synthesized (i.e, MK40 vs. MK5,1113). In addition to differences in fecal MKIB
content between menaquinotypes, the observed association benegetellaand MKS5,
which © our knowledgdias not been previously reported, may be highly relevant to
vitamin K nutriture given a possible inverse relationship between isoprenoid side chain
length and MKn bioavailability24].

To our knowledge, this study is the first to examassociations between fecal
MKn content and cardiometabolic health outcomes. The observed inverssextisaal
associations between MK9 and insulin resistance are intriguing, but should be interpreted
with caution Serum insulin and HOMAR did not difer between menaquinotypes
despite differences in fecal MK9 content, and the esessional associations were not
corroborated in longitudinal analyses. The absence of longitudinal associations between
fecal MKn content and cardiometabolic biomarkersygsts that the study duration may
have been too short or the magnitude of effect size on fecal MKn too small to detect
associations. It is also possible that the substantial intervantiaoed weight l0sg26]
masked associations, or that fecal MKn moerelated to the measured outcomes.
Regardless, dietary MKn may have greater bioactivity thaf2RK38] and agrowing
body of evidence suggests beneficial effects of dietary vitamin K on cardiovascular
health[39-44], inflammation[45-48], and insulh sensitivity{49-51], some of which may

be unique to MKr39-41]. Collectively, this evidence suggests that small amounts of
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MKn derived from gut bacteria biosynthesis could have relevant health effects if
absobed. Mdulating gut bacteria MKn biosynthegherefore warrants continued
investigation as a novel target for attenuating chronic disease risk.

Several limitations should be considered when interpreting the results of this
study. Foremost is the lack of sensitive markers of vitamin K statutsreFstudies
examining associations between the gut microbiota and MKn biosynthesis should include
these measures in order to more clearly elucidate the relevance of gut bacteria MKn
biosynthesis to vitamin K nutriture. In addition, gut microbiota contiposcan differ
along the gastrointestinal tract and between mucosal and fecal sgh2ple3]

Therefore, to what extent MKn excreted in stool represents MKn biosynthesis within the
distal ileum where the majority of MKn absorption may occur is unaeted. Finally,
replication in additional cohorts is needed.

In summary, this analysis provides a comprehensive assessnetvaf
relationships between gut bacteria and fecal MKn content. Findings suggest that inter
individual differences in gut rarobiota composition and dietediated effects on gut
microbiota composition have a measurable impact on fecal MKn content. Whether
interactions between dietary intake and the gut microbiota have a clinically relevant

impact on vitamin K nutriture warrasmturther investigation.
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Figure 1| Fecal viamin K content partitions individuals into menaquiontypes.

A) Principal components analysigrcles represerginglefecalsamplesollected from
77 participants at three timepoint&ctors indicate the relative contribution of each
vitamer to the variance explained by tfitahd 2° principal component$-E)
Partitioning around medoids clustering of vitamin K vitamers at all timepd@nisd at
baselingBL; C), 9 wk D), and 3 wk (E) of the dietary interventiarMenaquinotypes
indicated by gray ellipseg; MK9-10 enrichedsamplesppMK5,11-13 enrichedsamples

MK, menaquinonePC, principal componenkK, phylloquinone; Sl, silhouette index.
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Figure 2 | Gut microbiota composition is associated with fecal menaquinone content.
A) Redundancy analysis map of fecal vitamin K vitamer content and operational
taxonomic unit (OTWJevel gut microbiota composition. First and second ordination
axes, explaining 82% of total variability in vitamer content, are plotted. OTUs explaining
the gratest amount of variability in fecal vitamin K content are highlighted by gray
ellipses. Red circles represent individual OTUs, green ciref@gsensinglefecal
samplescollected from 77 participants at 3 timepoif@sE) Procrustes analysis of OTU
level gut microbiota composition (blue arrowheads) and fecal vitamin K vitamer content
(open circles) for single fecal samples at all timepoiBjs&nd at baseline (BIC), 9 wk
(D), and 23 wk [E) of the dietary intervention. Longer vectors indicate greates-
individual dissimilarity. MK, menaquinone; PC, principal component; PK,

phylloquinone.
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Figure 3 | Multiple phylotypes are differentially abundant between menaquinotypes.
Levels within the cladogram correspond to different taxonomic ranks from kingdom
(innermost ring) to operational taxonomic unit (outermost ring). Colored circles represent
individual taxa. Red shading represents higher abundance in thelM&S8riched
meraquinotype, green shading represents greater abundance in the MR=ffiched
menaquinotype. Both yellow coloring and no shading indicate no difference in

abundance. Uncl, unclassified.



