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Abstract
Genetic and Environmental Factors Affecting Hemostasis in Yup’ik People
Nicholas T. Au

Chair of the Supervisory Committee:
Professor Allan E. Rettie
Department of Medicinal Chemistry
Fish oil has been widely studied for its protective effects against heart disease. These effects are
attributed to 3 PUFA content, which are also found in sea mammals in addition to fish. The mechanism
by which w3 PUFAs provide cardiovascular benefits remain unclear but experimental data have alluded
to effects on hemostasis. ®3 PUFAs may also modify bleeding risk based on anecdotal reports in the
literature. The studies presented in this dissertation examine the effect of ®3 PUFA consumption on
measures of hemostasis among Yup’ik study participants, for whom fish and marine mammals are a
dietary staple. Measures of clotting potential included clotting factors Il and V, PT/INR, PTT, and sP-
selectin. These data were assessed for an association with 5'°N, a validated biomarker of ®3 PUFA
intake. We found that the platelet biomarker, sP-selectin, correlated strongly and inversely with 3*°N.
This supports earlier findings of diminished platelet activation in Greenland Inuits and suggests that
platelet activity varies with ®3 PUFA content in blood. There was also an unexpected bimodal
distribution in plasma clotting factor V activity where approximately 11% of samples had values below
30%. While we validated the factor V activity data by measuring factor V protein concentrations by
ELISA, the low values were not produced during repeat visits by some of the same individuals. This
observation warrants investigation.
We then explored whether low vitamin K status is evident in Yup’ik people. Given that the main
dietary source of vitamin K is green leafy vegetables, which are only intermittently available in the

remote sub-Arctic regions where the Yup’ik live, and that vitamin K is necessary for the production of



vitamin K-dependent clotting factors, it is plausible that this population may be more prone to a
hypocoagulable state because of limited vitamin K intake. We further hypothesized that Yup’ik people
may also harbor unique polymorphisms in the genes of vitamin K cycle-associated enzymes that modify
vitamin K status. Acute vitamin K status was determined by directly quantifying vitamin K
concentrations in plasma using a new stable-label, LC-MS assay, while chronic vitamin K status was
assessed by measuring concentrations of PIVKA-II in plasma. We then analyzed these data for
statistically significant associations with genetic variants of the vitamin K hydroxylases, CYP4F2 and
CYP4F11, as well as VKORCL1, which catalyzes the recycling of the vitamin in the liver. Additionally,
we measured the vitamin K content of tundra greens that are part of the traditional Yup’ik diet to
determine if these foods are a significant, dietary source of vitamin K. While no significant associations
with CYP4F11 and VKORC1 were found, we observed that the allele frequency of CYP4F2*3 was more
than twice that of other world populations. Because CYP4F2*3 codes for an enzyme with low catalytic
activity, this SNP may have a role in conserving vitamin K levels in the body. This hypothesis was
supported by the observation that carriers of CYP4F2*3 possessed significantly higher plasma
phylloguinone levels compared to wild-type participants. This SNP also associated with a reduced
likelihood of having chronically low vitamin K status (PIVKA-II levels above 2 ng/mL). Furthermore,
the vitamin K content of tundra greens were very similar to that of market vegetables measured in this
study, suggesting that tundra greens are an excellent seasonal source of vitamin K.

Finally, based on the association between CYP4F2*3 and vitamin K status in Yup’ik people, we
explored the extent to which the genetic profile of CYP4F enzymes plays a role in altering hepatic stores
of vitamin K. First, we quantified the vitamin K content of liver tissue obtained from the UW School of
Pharmacy Human Liver Bank. Despite measuring a wide range of phylloguinone levels, we were not able
find any association of CYP4F2*3 genotype with hepatic vitamin K content due to likely to a lack of
dietary control in samples from these liver donors, as well as low numbers of the variant homozygote
genotype in this largely Caucasian population. Therefore, we next measured hepatic vitamin K levels in

livers of cyp4fl4 knockout mice in comparison to cyp4fl4 wild-type control mice. Cyp4fl4 is a reported



vitamin E w-hydroxylase in mice, and is a candidate for the murine ortholog of CYP4F2. Although this
study did not reveal differences in hepatic vitamin K content between cyp4f14 knockouts and controls,
there was a substantial increase in hepatic phylloquinone content in female mice compared to males. This
difference in hepatic vitamin K content between sexes has also been previously reported for vitamin E,
but more studies are needed to understand these findings and implications for human health.

Overall, the data from this thesis shed new light on the genetic and environmental factors that
contribute to variability in coagulation and vitamin K status of Yup’ik people. These factors may be
particularly important considerations when prescribing anticoagulant and antiplatelet medications or
treating medical conditions involving hemostasis in this population. Continued research in this area is

warranted to validate and extend our observations.
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Chapter 1

The ®3 PUFAs, Vitamin K, and Coagulation

11 Pharmacogenetics

Defined in 1959 by Friedrich Vogel, the term “pharmacogenetics” refers to the study of genetic
variability in response to a pharmacologic therapy. The aim of pharmacogenetic research is to accurately
predict which patients with a particular condition would respond best to a specific medical therapy or are
at greatest risk of experiencing adverse effects. Although clinical, behavioral, and environmental factors
are well-known sources of patient variability, pharmacogenetic research continues to provide important
insights on drug response especially as new agents enter the market. Medical practices are generally
empirical in nature with a “trial-and error” approach to prescribing medications. However, it is estimated
that medications are only 50-60% efficacious for those prescribed and that the unpredictability of adverse
drug reactions contributes to its status in the U.S. as a major leading cause of death (1, 2). An
individual’s genome is thought to account for 20-95% of the variation observed in drug disposition and
effects, highlighting the potential for inter-individual variability in medication response (3). With the
characterization of the human genome in 2003 and as continual advancements are made in genetics to
reduce the cost of genotyping, pharmacogenetics offers the potential for greatly enhanced personalized
medicine.

Varying degrees of inter-individual response to environmental agents was documented as early as
510 B.C. by the Greek philosopher and mathematician Pythagoras. He noted that some individuals,
experienced a potentially fatal reaction after consuming fava beans (4). Over two millennia later
researchers eventually discovered that his observations could be attributed to a hereditary abnormality of
the glucose-6-phosphate dehydrogenase (G6PD), an enzyme that helps protect red blood cells (RBCs)
from oxidative stress (5). People with G6PD deficiency are at risk of experiencing hemolytic anemia

after consuming fresh fava beans or inhaling the pollen of fava bean plants, a reaction often referred to as



“favism”. It is now recognized that G6PD deficiency affects approximately 400 million people
worldwide and is considered to be the most commonly inherited enzyme deficiency (6). In addition to
cautionary measures with legume foods, G6PD deficiency has important pharmacogenetic considerations
because a broad list of medications that includes several antibiotics, analgesics, and antimalarials can also
cause hemolytic anemia in these individuals.

One of the earliest metabolic observations that would eventually lead to discovering the
pharmacogentic influence of cytochrome P450 (CYPP450) enzymes involved debrisoquine and sparteine.
In 1977, researcher’s at St. Mary’s Hospital in London reported a bimodal distribution of the ratio
between excreted debrisoquine and its 4-hydroxy metabolite in 94 healthy volunteers, which implicated
the presence of differential metabolism in their sample population (7). A separate group in 1979 from
Bonn, Germany noted that 5% of their study volunteers excreted 100% of the administered dose of
sparteine as the parent drug (8). Subsequent studies would eventually attribute the poor metabolism of
these drugs to defective alleles of CYP2D6 (9, 10). The major phenotypes that classify the degree of
metabolism by CYP2D6 today are poor metabolizers, intermediate metabolizers, extensive metabolizers,
and ultra-rapid metabolizers (11). Furthermore, these findings would eventually rise to discovering the
involvement of other CYP450s polymorphisms that cause inter-individual variability in the metabolism
and disposition of xenobiotics (12).

The direct application of pharmacogenetic testing to avoid potential adverse reactions and
optimize efficacy has impacted several areas of clinical practice. For example, prior to prescribing the
anti-HIV drug, abacavir, patients are genetically tested for the human leukocyte antigen B (HLA-
B*57:01) variant to reduce the risk of developing an immune-mediated hypersensitivity reaction when
exposed to the drug (13). Genetic testing for human epidermal growth factor receptor 2 (HER2)
overexpression, which occurs in 15-20% of all breast cancers, has also proven to be useful by identifying
optimal responders to the HER2-binding monoclonal antibody, trastuzumab (14). A more recent example
that has led to much discussion in the clinical community is the interaction of clopidogrel and CYP2C19

loss-of-function alleles. Clopidogrel is a thienopyridine prodrug that requires hepatic biotransformation



by CYP2C19 and several other CYP450 drug metabolizing enzymes to form an active thiol metabolite
that selectively and irreversibly inhibits the platelet ADP receptor, P2Y12, thus reducing platelet
activation and aggregation (15). Clopidogrel active metabolite formation is an inefficient process due to
the presence of a competing hydrolytic pathway that results in hydrolysis of at least 85% of the parent
drug to an inactive carboxylic acid metabolite (16, 17). Therefore, factors that reduce the capacity for
conversion of clopidogrel to its active thiol metabolite may confer increased risks for serious adverse
cardiovascular events among clopidogrel-treated patients with acute coronary syndromes undergoing
percutaneous coronary intervention (PCI). Several studies have suggested that CYP2C19*2 status plays a
role in dictating health outcomes of clopidogrel-treated patients. In a study of patients under 45 years old
given clopidogrel (N = 259), the *2 allele was found to be in independent predictor of prognosis after the
first myocardial infarction (18). In a larger study (N = 2208) of patients with acute myocardial infarction
who received clopidogrel, those carrying any two CYP2C19 loss-of-function alleles (*2, *3, *4, or *5)
had a higher rate of cardiovascular events than non-carriers. Furthermore, among those who underwent
PCI during hospitalization, the rate of cardiovascular events among patients with two CYP2C19 loss-of-
function alleles was 3.58 times the rate among than non-carriers. Pharmacokinetic studies have also
found lower AUC, Cnax, and platelet responsiveness in patients with a CYP2C19*2 allele (19, 20).
Pharmacogenetic studies of clopidogrel and CYP2C19 genotype status prompted the FDA to issue a black
box warning for the drug in 2010 noting that the CYP2C19 genetic polymorphism plays a major role in its
bioactivation and efficacy (21). However, pharmacogenetic testing for CYP2C19 is not required and
randomized clinical trials are still needed to determine whether genotyping prior to prescribing would
improve health outcomes in clopidogrel-treated patients. This might be expected to be particularly
important for Asian patients where the prevalence of CYP2C19 poor metabolizers is about 5-fold higher

than White populations (22).



1.2 Ethnic Pharmacogenetic Variability

There is substantial evidence that pharmacogenetic variation is extremely diverse across ethnic
groups (23). One of the earliest examples where pharmacologic response was found to vary across
ethnicities was in regards to cardiovascular therapy with beta-blocker antihypertensives. It had been
observed as early as the 1980s that African-American patients responded less favorably to B-blockers than
Caucasians (24). Evidence from subsequent genetic research have shown that the reduced B-blocker
efficacy in African-Americans may be related to variation in the G-protein receptor kinase 5 (GRK5)
genes. A non-synonymous N-terminal polymorphism (GRK5-Leu41) encodes for a variant kinase that
decreases -1 adrenergic receptor signaling, mimicking a “natural” B-blocker effect. The GRK5-Leu41l
variant is found in approximately 40% of African-Americans, but is very rare (<1%) of European-
Americans. This may partly explain why the use of B-blockers in some African-Americans patients has
not led to increased survival rates in heart failure as with other populations (25, 26).

Characterizing pharmacogenetic differences across ethnicities involves clinical studies performed
in large populations, but there is a notable lack of data for minority groups. Also, there is a clear
underrepresentation of rural and indigenous populations in genetic and environmental studies where
accessibility to, and frequency of, clinical monitoring may be limited compared to those living in urban
settings. American Indian and Alaska Native (Al/AN) populations in particular have rarely been included
in this type of research despite the fact that nearly 5.2 million Al/AN people live in the United States (27).
Studies in AI/AN people have been challenged by the perception that past health research has provided
little benefit to indigenous populations. There is also a history of mistrust in the use of research data,
particularly genetic information, as this has implications for identity and shared heritage (28). A full
understanding of genetic variation in AI/AN communities is essential if pharmacogenetic testing is to
reach its optimal clinical utility in patients from these populations. It has been shown that extrapolation of
pharmacogenetic findings across different ethnic populations may not be appropriate and that further

efforts must be made to include data on AI/AN people (29).



1.3 Gene-Environment Interactions

Given the limited availability of genetic data in AI/AN people, it is plausible that chronic disease
patterns in this population have both a genetic and environmental basis and that some genetic factors may
not be detectable in the absence of environmental influences. The observation of an effect of genotype on
a disease risk that varies among different environmental exposures (or vice versa) is defined as a “gene-
environment interaction” and has been characterized in a number of clinically relevant cases (30). For
example, the “alcohol flush reaction” in which an individual’s face turns red upon alcohol consumption is
due to reduced activity of the aldehyde dehydrogenase enzyme in ALDH2*2 carriers, and commonly
encountered in East Asian populations (31). Also, it was also shown that young women who carried a
Factor V Leiden mutation and used oral contraceptives (OC) were at greater risk of developing deep vein
thrombosis compared to non-carriers of Factor V Leiden who used OCs as well as carriers of Factor V
Leiden who did not use OCs (32). Only recently has the availability of high throughput genotyping
technologies allowed assessment of genetic variation in studies of environmental risk, yet not all genetic
studies have provided sufficient detail on lifestyle and environmental factors that could also affect disease
risk. The difficulty in assessing the large magnitude of potential environmental and genetic effects
coupled with the need to use both reliable epidemiologic and biological data also further complicates the
identification of gene-environment interactions. Nevertheless, studying gene—environment interactions in
Al/AN people is critical for fully characterizing new and existing biological pathways. This information
is expected to help improve the accuracy and precision in the assessment of both genetic and

environmental influences on disease and drug response.

14 The Native Alaskan Yup’ik People

The Yup’ik people are one group among the AI/AN that participate in community-based
participatory research in pharmacogenetics (33). Their community includes over 20,000 members living

in approximately 50 remote Alaskan communities bordering the Bering Sea. While the lives of Yup’ik



people were shaped by Russian exploration into Alaska (and eventual Westernization) throughout the 19"
century, much of their historical culture is evident in current social and dietary practices. A notable
characteristic of the Yup’ik people is the high intake of fish and other marine animals, relative to the non-
Native Alaskan population. This dependency on marine food sources originated from a semi-nomadic
lifestyle where food was hunted or gathered rather than obtained from a common market. This diet is
thought to contribute to the low prevalence of chronic diseases previously reported in the Yup’ik (34, 35).
The Yup’ik people were one of the last populations to experience Westernization and over the last few
decades, have shifted away from traditional subsistence-based diet towards a more Western-influenced
commercial diet characterized by a high content of saturated fats, sugar, and refined foods and low fiber
content (36). The “Western” diet has been associated with an increase in the burden of certain chronic
diseases, including obesity, cardiovascular disease, and type 2 diabetes in much of the developed world
for reasons still not entirely understood (37). Though many Yup’ik people today incorporate a mixed
traditional-Western diet, this change in dietary pattern has coincided with an increase in prevalence of
chronic diseases observed (38-40). The health consequences of a Westernizing diet and the benefit of a
traditional diet on chronic disease are not entirely clear, but warrant further investigation of the specific
benefits/risks of individual foods sources.

Initial characterization of the subsistence-based diet in circumpolar populations and its relation to
human health was studied in the 1970’s by Bang et al. (41). Even more so than today, a generation ago
Greenlandic Inuits lived a lifestyle as Arctic hunters and fishermen where the diet predominantly
consisted of marine animals and fish, and was low in carbohydrates. This diet was thought to contribute
to the low serum cholesterol, triglyceride and B-lipoprotein levels observed in this population relative to
Danish people (42). This prompted the investigators to explore factors in the Greenland Inuit diet that
may explain their generally low incidence of cardiovascular death, which constitutes approximately 3.5%
of all deaths despite having a life-span greater than 60 years (41, 43). In a small study of 24 Greenland
Inuit participants, Dyerberg and Bang et al. observed that Eskimo participants had bleeding times (a

platelet-dependent measure of coagulation) that were nearly twice that of Danish controls and they also



exhibited decreased platelet aggregation (41). The researchers hypothesized that this “naturally
hypocoagulated” state in the Greenlandic people could be attributed to their high dietary consumption of
fish, which is rich in polyunsaturated fatty acids (PUFAS). The possible hypocoagulative effects of
PUFAs in Greenlandic Inuits were reported as early as the 1940s and the potential of these dietary
components for preventing heart disease has stimulated much investigation over the last 30 years (44). It
was similarly reported nearly a decade after the findings of Bang et al. that cardiovascular mortality in
Alaska Native people was 33% lower than non-native people (34). The reduced amount of atherosclerotic
lesions found in the coronary arteries of Alaska Native people was also suggestive of a lipid-lowering and

antithrombotic effect of a high PUFA diet in these populations (45).

15 Polyunsaturated Fatty Acids

As studies were conducted to assess the impact of shifting dietary patterns on health, considerable
interest has been placed on the PUFAs and their essential fatty acid precursors, a-linolenic acid (ALA)
and linoleic acid (LA). PUFAs are a class of long-chain fatty acids containing two or more double bonds
with compound nomenclature based on the length of the carbon chain and position of the last double bond
away from the terminal methyl group (e.g. ®3, ®6 etc.). ALA, through a series of enzymatically-driven
desaturation (A5 and A6-desaturase) and elongation reactions, gives rise to the formation of the
biologically active @3 PUFAs, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Figure
1.1). These o3 PUFAs are involved in many physiological roles that ultimately promote anti-
inflammatory and anti-thrombotic effects (46). In contrast, LA is converted to the @6 PUFA, arachidonic
acid (AA), through the same set of enzymes involved in EPA/DHA formation from ALA. AAisa
precursor to a family of eicosanoids involved in cell-signaling and inflammation. These include
prostaglandins (PGs), thromboxanes (TXs), and leukotrienes (LTs). The main source of w6 fatty acids is
from vegetable and seed oils (i.e, corn, sunflower seed, safflower seed) whereas w3 fatty acids derive

mainly from intake of fish, flaxseed oil, canola, and walnuts.



Analysis of data from anthropological studies suggest two important points about evolution of the
human diet with regard to fatty acid content; 1) that humans evolved consuming a diet that was much
lower in saturated and trans fatty acids, and 2) the early diet contained roughly equal amounts of ®6 and
®3 PUFAS (47, 48). In the last 150 years, increased consumption by many world populations of w6 fatty
acids in the Western diet due to the greater intake of vegetable oils, decreased intake of fish, and
industrial production of meat rich in m6 but poor in 3 fatty acids has led to a dramatic increase in the
®6/w3 fatty acid ratio to approximately 10:1 and even upwards of 30:1 (49). A higher m6/w3 fatty acid
ratio is thought to contribute to the higher incidence of chronic illnesses observed today because of the
competition between ©6 and w3 fatty acids for the AA pathway (50). ALA and LA acid utilize the same
elongase and desaturase enzymes and the concentrations of these fatty acids drive the pathway to favor
formation of their respective PUFAs. The higher amounts of w6 fatty acids found in the Western diets
promotes the production of AA-derived eicosanoids in larger quantities relative to those formed from »3
fatty acids. In excess amounts, these AA-derived eicosenoids promote platelet aggregation, thrombus
formation, cell proliferation, and inflammation.

The opposite physiologic effect is observed after the consumption of fish oil. EPA and DHA
have slightly different effects on the AA pathway, but ultimately lead to reduced inflammation. EPA is
an inhibitor of the enzyme A5-desaturase (D5D), which converts dihomo-y-linolenic acid (DGLA) to AA.
EPA also competes with AA as a substrate for cyclooxygenase (COX) or lipoxygenase (LOX). These
enzymes normally convert AA into the proinflammatory 2-series TXs, PGs, and 4-series LTs, but will
preferentially convert EPA to the less potent 3-series TXs, PGs, and 5-series LTs (51). DHA, on the other
hand, inhibits A6-desaturase (D6D), which converts y-linolenic acid (GLA) to DGLA in a step upstream
of AA formation. Unlike other w6 fatty acids, DGLA can be metabolized to the anti-inflammatory 1-
series PGs and TXs by COX enzymes. However, these observations, in addition to the slow conversion
of DGLA to AA mediated by A5-desaturase, may not fully explain the beneficial effects of DHA
supplementation (52). Instead, DHA may play more important roles in affecting cell membrane structure

and function than EPA because it is a slightly larger molecule and possesses a higher degree of



unsaturation (22 carbons and 6 double bonds vs. 20 carbons and 5 double bonds in EPA) (53).
Consequently, DHA can incorporate more efficiently into membranes to reduce lipid peroxidation and has
also been found to disrupt the composition of lipid rafts, which are subdomains of the plasma membrane
that contain high concentrations of cholesterol and glycosphingolipids (54, 55). Since lipid rafts serve as
platforms for proteins involved in cell-signaling, DHA may interrupt signaling pathways mediated by
inflammatory cytokines (56). Despite these differences, both EPA and DHA can similarly displace AA
after incorporation into the membranes of platelets and vascular cells, which decreases the availability of
AA to be liberated from phospholipid membranes by phospholipase A2 to produce inflammatory
eicosanoids (57, 58). Other mechanisms reported for EPA/DHA effects include altering the expression of
transcription factors (i.e. NF-xB) and interacting with nuclear receptors (e.g. PPAR) involved in
mediating their expression, which could impact inflammatory response and lipid metabolism (59). Anti-
arrhythmic effects of ®3 PUFAs have also been shown to occur by reducing membrane electrical
excitability and activity of voltage-gated Na* channels in cardiomyocytes (60). DHA and EPA can also
be metabolized by COX and LOX enzymes into lipid mediators known as resolvins and protectins. These
metabolites have been demonstrated in vivo in animals to have immunomodulatory effects that both guard
against and promote recovery from inflammatory states (61). Overall, these findings demonstrate
multiple mechanisms by which @3 PUFAs may provide health benefits from dietary consumption.
Furthermore, the ingestion of fish or fish oil are direct sources of ®3 PUFAS, thus bypassing the
competition against 6 PUFAs for enzymes involved in the AA pathway. Since humans cannot
synthesize ALA or LA, and the conversion of ALA to EPA and DHA is very limited (5% for EPA and
<0.5% for DHA), obtaining an adequate amount of PUFAs from food sources is essential to minimizing
the production of inflammatory markers (62).

Cold-water fish and marine animals make up the core component of the Yup’ik diet that is
enriched in 3 PUFAs. One study reported an average dietary 3 PUFA consumption of 3-4 g/day in
Alaska Native people compared to the average consumption of 0.2 g/day by the American population

(63). Early studies in the Greenland Inuit associated high dietary @3 PUFA consumption with
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hypocoagulability and further support for fish oils precipitating facile bleeding can be found in ongoing
case reports of abnormal responses to the oral anticoagulant warfarin linked to w3 PUFAs consumption
(64). This awareness in the clinical community results in routine counseling of warfarin patients about
the risk of bleeding events when taking oral anticoagulants and 3 PUFAs concurrently, especially those
patients with a history of acute bleeding episodes (i.e. hemorrhagic stroke). Controlled clinical trials
including non-circumpolar populations however, have been inconclusive. For example, one small study
(N = 40) that evaluated the effects of fish oil (4.0 g/day) on bleeding time over a 4-week period noted
only one incidental case of minor nasal bleeding among the 22 study volunteers who were concurrently
receiving oral anticoagulants (65). Another study of 610 study volunteers who received Omacor (DHA
and EPA in fish oil) 4.0 g/day and either warfarin or aspirin for 12 months found only a modest increase
in bleeding time (66). It is important to note that natural dietary sources of ®3 PUFAs may provide
enhanced bioavailability and a wider spectrum of the bioactive agents compared to commercially
available ®3 PUFA products that may contain only one active ingredient. These factors are important
sources of variability that could be unaccounted for in clinical studies. Despite the extensive research on
®3 PUFAs over the last 30 years, there is still room to explore other environmental and genetic influences
that may play a role in mediating a dietary impact on the manifestation of chronic disease, especially in
underserved populations. Given the remote geographical location of the Yup’ik and our focus on
hypocoagulability in this population, potentially restricted access to fresh green vegetables high in
vitamin K is an important factor to consider. Together, with the w3 PUFAs, there may also be other

factors in the traditional Yup’ik diet or genome that confer their resistance against cardiovascular disease.

1.6 Vitamin K

The term “vitamin K encompasses a group of fat-soluble vitamins that contain a common 2-
methyl-1,-4-naphthoquinone nucleus with varying side chains at the C-3 position (67). Vitamin K exists

naturally in two main forms, either as phylloquinone (vitamin K1) or the menaquinones (vitamin K2).
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Phylloguinone contains a phytyl side chain and is the main circulating form in humans. The
menaquinones are characterized by a series of unsaturated isoprenyl side-chain units and are designated
MK-n based on the number of isoprenyl units. Menadione (vitamin K3) is a synthetic form of vitamin K
that, unlike phylloguinone and the menaquinones, does not have an aliphatic side chain at C-3 (Figure
1.2). Vitamins K1 and K2 have similar physical and chemical properties. They are thermally stable,
highly lipophilic (log P ~ 9) and readily soluble in many non-polar organic solvents, but insoluble in
water. These compounds can be degraded by light and alkaline conditions (68, 69). Phylloquinone exists
as an oil at room temperature whereas menadione and the menaquinones are solids.

The liver is the major organ in which most vitamin K compounds are stored. Both phylloquinone
and the menaquinones play important physiological roles in modulating soft-tissue calcification and bone
metabolism (70). However, the most well characterized role of vitamin K is in hemostasis through the y-
carboxylation of various vitamin K-dependent coagulation factors. As a key component of the vitamin K
cycle (Figure 1.3), vitamin K is reduced to its hydroquinone that serves as the essential cofactor for the
enzyme y-glutamyl carboxylase (GGCX). This integral membrane enzyme is located in the endoplasmic
reticulum and catalyzes y-carboxylation of glutamate residues on vitamin K-dependent proteins (VKDP)
to y-carboxyglutamate (Gla). These negatively-charged Gla residues bind calcium ions at the N-terminus
of the VKDP, inducing a conformational change that exposes hydrophobic residues. The Gla domain
hydrophobic patch inserts into the interstitial region of the lipid bilayer, which helps facilitate anchoring
of the Gla protein to phospholipid membranes containing phosphatidylserine during the initiation of the
clotting cascade (71). Full carboxylation is required for activity of vitamin K-dependent proteins.
Vitamin K 2,3-epoxide is a by-product of carboxylation that must be reduced back to the hydroquinone
by Vitamin K epoxide reductase (VKOR) to initiate further cycles of Gla protein formation. Reduction of
the epoxide to the hydroquinone involves two sequential reduction steps, both of which can be catalyzed
by VKOR.

Phylloquinone is present in all plants and cyanobacteria where it serves as a cofactor for

photosystem-1-mediated electron transport by chlorophyll during photosynthesis (72). Since chlorophyll
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imparts green pigmentation, green leafy vegetables such as spinach (293-441 ug/100 g) and broccoli
(76.6-136 pg/100 g) tend to have the highest phylloguinone content in contrast to vegetables that lack
green color, such as carrots (3.9-14.8 ug/100 g) and potatoes (0.8-2.7 ug/100 g) (69). The overall
phylloguinone content in vegetables can vary considerably based on geographical growth location,
climate, soil condition, and stage of maturation. This can also be affected by the how the sample is
prepared (i.e. raw or cooked) and which part of the plant is analyzed (i.e. inner vs. outer leaves) (73).
Unlike the sources of phylloguinone, the menaquinones are found in various fermented foods and
cheese, as well eggs, meats and milk. These are synthesized in bacteria and participate in the redox
reactions of bacterial respiration in the cytoplasmic membrane. Though menaquinones are known to
stimulate vitamin-K-dependent carboxylase activity in vitro, phylloquinone appears to be the preferred
substrate for Gla-protein formation (74). The serum half-life of menaquinones, particularly in those with
more isoprenyl units, is generally longer than phylloquinone and may allow for greater extrahepatic tissue
uptake (75). Colonic flora are known to specifically synthesize higher order menaguinones (i.e. MK-10
and above) and are thought to contribute to the overall menaquinone content in human liver (76, 77).
Data from initially-germ free rats colonized with specific bacterial organisms showed that the types of
menaquinone produced were a function of the bacterial strain. In the fecal matter of these rats, MK-9,
MK-10, MK-11, was detected from B. vulgatus colonized rats, while MK-7 and MK-8 were present in the
feces of rats colonized with E.coli.(78). Menaguinone concentrations in the livers of these rats were also
reflective of the major menaquinone detected in feces: MK-10 in the B. vulgatus group and MK-8 in the
E. coli group. Usui et al. reported that the menaquinones accounted for approximately 90% of the total
hepatic vitamin K content in humans and speculated that they may be absorbed following synthesis by
intestinal bacteria (79). However, the absorption of bacterial menaquinones in the human colon is
expected to be poor due to the absence of bile salts normally found in the small intestine, which are
necessary for vitamin K uptake (80). Menaquinones are also tightly associated with the bacterial
cytoplasmic membrane, which could decrease their availability for absorption. Overall, the question of

the precise source of human menaquinones needs further exploration.
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Although menadione does not support y-carboxylase activity, it is often listed as a vitamin K
supplement or “source of vitamin K in animal feed because it can be converted to other forms of vitamin
K. Early work in the 1960’s using chickens and rats demonstrated that the conversion of radiolabeled
phylloquinone to MK-4 occurred through cleavage and replacement of “C-labeled side chain with an
unlabeled geranylgeranyl side chain (81). Menadione was suspected to be an intermediate metabolite in
this conversion pathway because urinary excretion of menadione increased after oral (but not
subcutaneous) administration of phylloquinone, MK-4, and MK-7 in human volunteers (82). Okano et al.
showed that, in mice, oral administration of phylloquinone and menadione that had both the ring and side
chains labeled with deuterium, led to an increase in the concentration of MK-4 lacking deuterium in the
side chain (83). The Okano group later identified a prenyltransferase enzyme, UBIAD1, as the MK-4
biosynthetic enzyme in humans following specific inhibition of UBIAD1 synthesis with short interfering
RNA against the UBIAD1 gene in osteoblast-like MG-63 cells (84). These researchers hypothesized that
side-chain removal occurs after intestinal absorption of phylloquinone to release menadione in the
bloodstream, where it is then transferred to peripheral tissues and subsequently prenylated by UBIADL to
form MK-4 (85). However, this conversion mechanism is still under much debate.

During the commercial hydrogenation of polyunsaturated oils to produce trans fatty acids,
phylloguinone present in vegetable oils undergoes saturation of the 2°,3* double bond in the phytyl side
chain to form dihydrophylloquinone (86). Since hydrogenated oils are found in commercially processed
foods, fried foods, baked goods, and margarine, dihydrophylloquinone is also present in these sources and
is detectable in human plasma (87). Dihydrophylloquinone was able to counteract warfarin-induced
prolongation of prothrombin time (PT) in rats, suggesting that it is a cofactor for y-carboxylation of Gla-
residues on vitamin K-dependent coagulation factors (88). However, in contrast to phylloquinone,
administration of dihydrophylloquinone did not to restore levels of PIVKA-II (protein-induced by vitamin
K absence or antagonist 1), a biomarker of vitamin K deficiency, to baseline in human study volunteers
taking a controlled vitamin K restricted diet reported and was not as well absorbed (89). This suggests

that dihydrophylloguinone has only a minor effect in promoting y-carboxylation of VKDP in humans and
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that the process of commercial hydrogenation decreases the effective contribution of food sources to
vitamin K status.

Our knowledge regarding the absorption of oral vitamin K mostly derives from phylloquinone
since it is the dominant circulating K vitamer. Phylloquinone is solubilized into mixed micelles after oral
intake with the aid of bile and pancreatic secretions (90). Phylloguinone is then taken up into lymph
lacteals after incorporation into chylomicrons, drains into larger lymphatic vessels and eventually enters
the blood system via the thoracic duct. Once in the circulation, these chylomicrons acquire apolipoprotein
C and E from high density lipoprotein (HDL). Endothelial lipoprotein lipase removes the triglycerides of
chylomicrons and converts them into chylomicron remnants. In the liver, chylomicron remnants are taken
up by receptor-mediated endocytosis and then degraded by lysosomes. Their lipids are then repackaged
and released into circulation as VLDL and ultimately LDL for further transport to extrahepatic tissues.
Phylloguinone can be detected in plasma 20-30 minutes after ingestion and peak levels are attained after
2-4 hours. The oral bioavailability of phylloguinone is approximately 40-80% (91, 92). The efficiency of
absorption depends on the vehicle with which it is co-administered. The absorption of phylloquinone
from vegetables was reported to be 1.5 times slower than when administered as a pharmaceutical
formulation. This is not surprising because absorption of phylloquinone from plants would require more
time for digestive breakdown of cellular membranes. The concurrent intake of butter was shown to
increase the absorption of phylloquinone from spinach by nearly 3-fold, but had an even stronger effect
on increasing the rate of menaquinone-4 entering the circulation (93). This is likely explained by the
stimulation of bile salt release from the presence of fats in butter. Phylloquinone is rapidly cleared from
plasma, and only 10-20% of the peak level remains after 24 hours (91).

Information about vitamin K and hemostasis has been frequently derived from studies with the
oral anticoagulant drug, warfarin [3a-acetonylbenzyl-4-hydroxycoumarin], which exerts its therapeutic
effects by inhibiting the recycling of vitamin K hydroquinone (94). Warfarin’s inhibitory actions on
VKOR decrease the formation of activated clotting factors, thereby minimizing the risk of potentially

fatal clots in the vascular system. Although a highly efficacious anticoagulant, warfarin is known for
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potentiating the risk of adverse bleeding events and patients must be monitored clinically to minimize
these risks. Adequate anticoagulation control is achieved through monitoring the international
normalized ratio (INR), a clinical parameter that assesses the prolongation of prothrombin time induced
by warfarin. Maintaining an “in-range” INR is challenging due to a host of factors that include drug-drug
and drug-food interactions, acute and chronic illness, as well as noncompliance (95-97). While much of
the instability in INR is managed by regular clinic visits, overlaid on these issues is the question of
genetic variability affecting warfarin dose requirements and the vitamin K cycle. Hereditary resistance to
warfarin was recognized over 40 years ago, but it was not until the mid-late 1990s that the first studies
appeared associating polymorphisms with warfarin sensitivity in the P450 enzyme, CYP2C9, which is
primarily responsible for the metabolic clearance of the more active S-enantiomer of the drug (98-101).
These reports stimulated much activity in the field which continued to gain momentum with the more
recent discovery of common variation in the VKORC1 gene as a major determinant of therapeutic
warfarin dose (102, 103). A relatively common VKORCL1 gene haplotype consisting of 5 linked
mutations (in European-Americans) is associated with reduced hepatic mMRNA expression of the VKOR
enzyme, which ultimately necessitates a lower warfarin dose to achieve a specified target INR. The “low
dose” VKORCL1 haplotype is common among Asians (89%) and less frequent in Europeans (37%) and
African-Americans (14%). Due to strong linkage disequilibrium between haplotype SNPs, the -1639 G>A
SNP alone can classify individuals into high and low warfarin dose groups (104).

Recently, a second P450 gene, CYP4F2, has been shown to influence warfarin dose (105).
Specifically, the CYP4F2*3 (V433M) allele contributes to warfarin dose requirements, in that patients
with a variant TT genotype required 1.0 mg/day more warfarin than those with a CC genotype. The minor
“low activity” variant allele has a frequency of 30% in European Americans and Asians and 7% in
African-Americans. The Rettie laboratory reported that CYP4F2 could act as vitamin K hydroxylase and
suggested that the V433M variant conferred diminished hepatic enzyme activity towards reduced vitamin
K1 as a result of changes in protein stability rather than alterations in the intrinsic function of the enzyme.

Very recently CYP4F11, an “orphan” P450 enzyme, was identified as a second vitamin K hydroxylase,
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however, the effect of variation in the CYP4F11 gene on warfarin dose has yet to be explored (106).
Known genetic variation in the CYP2C9, VKORC1, and CYP4F2 genes accounts for ~40% of the inter-
patient differences in warfarin dose requirements among European populations and other readily
accessible clinical factors (e.g., age, gender, weight, diet, concomitant medications) account for another
20%. However, these known factors explain far less of the variability in warfarin dose requirements in
Africans and African-Americans, demonstrating marked inter-racial differences in the factors controlling
warfarin response (107, 108).

While data showing a modulating effect of w3 PUFASs on the vitamin K cycle in humans is
unclear, the evidence is available from animal studies. Rats treated with a diet enriched in EPA had
lowered levels of vitamin K-dependent coagulation factors 11 and X (by 70% and 50% respectively)
(109). In humans, fish oil also reduced factors VII and X, albeit to a modest extent (110-112). Because
each of these coagulation factors depends on vitamin K-mediated y-carboxylation for their activity, these
results may point to an antagonistic effect of @3 PUFAs on the vitamin K pathway. Also, given that the
main dietary source of vitamin K is green leafy vegetables, which are only intermittently available in the
remote sub-Arctic regions where the Yup’ik people live, it is plausible that this population may be more
prone to a hypocoagulable state because they have low intake of vitamin K. There is currently little
information about vitamin K status among indigenous groups of the Arctic regions, but it is possible that
those who live in rural communities and adhere to a traditional diet could be especially prone to low
vitamin K in blood, particularly during seasons when traditional non-marine dietary constituents such as

“tundra greens” and seaweed are unavailable.

1.7 Assessment of Vitamin K Status

Much of the early investigations on vitamin K established its role in the regulation of coagulation
protein activity. There is ongoing research looking into the role of vitamin K in physiological functions

outside of hemostasis. Short-chain menaquinones (MK-3, MK-4, and MK-5), but not phylloquinone, are
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reported to induce apoptosis in vitro in several cancer cell lines by inducing DNA damage, depolarization
of mitochondrial membranes, and activation of the caspase 3 enzyme (113). Vitamin K has also been
reported to play a role in maintaining bone mineral density by participating in the y-carboxylation of
osteocalcin, a VKDP secreted by osteoblasts. The intake of menaquinones may also promote activation
of matrix Gla-protein that inhibits vascular calcification in the prevention of coronary heart disease (114).
Methods to determine vitamin K status have broadened the understanding of vitamin K’s role in
several physiological pathways. Direct assessment of vitamin K can be accomplished by analyzing blood
or urine. Plasma phylloguinone levels are most commonly quantified since it is the predominant vitamin
form in the diet of developed countries. However, very sensitive methods are required for plasma
analysis because population levels range from 0.22 to 8.88 nmol/L with fasting levels averaging close to 1
nmol/L (115, 116). Over the years, numerous chromatographic techniques have been used to evaluate
vitamin K disposition in vivo. Early chromatographic methods involved thin-layer chromatography to
separate vitamin K compounds from their 2,3-epoxy derivatives, but complete separation proved to be
unachievable (117). Gas-liquid chromatography methods have also been used but are limited by the low
volatility of the K vitamers, long retention times, and very high column temperatures required for analyte
elution that could lead to compound degradation (118). High performance liquid chromatography
(HPLC) based methods replaced many of these shortcomings and offered reasonable separation and
detection. Reversed-phase liquid chromatography with UV detection has been utilized to quantify
phylloguinone added to infant formulas and milk with a lower limit of detection at 1 ng per injection
(119). Improved sensitivity of vitamin K quantitation was accomplished with HPLC fluorescence
detection via post-column chemical (platinum or zinc) reduction which converted vitamin K into its
fluorescent hydroquinone form (120-122). The limit of sensitivity for this method was reported to be as
low as 25 pg of phylloguinone per injection in the analysis of animal tissues, plasma, and food. However,
the presence of sample impurities, even after sample purification steps, still presented difficulties for
identification of appropriate internal standards for these assays, especially when working with low plasma

levels of vitamin K. Liquid-chromatography-mass spectrometry (LC-MS) offers greater sensitivity and
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specificity than previously mentioned methods when used in the multiple reaction monitoring (MRM)
mode (123-125). Although LC-MS methods are more expensive for routine use, a key advantage of this
method is the ability to use stable labeled isotopic standards, which are often deuterated. Isotopically
labeled internal standards with similar chemical characteristics to the analyte can help minimize mass
detector fluctuations, provide for similar elution patterns and improve quantitation. Limits of detection
for LC/MS based assays were reported to be approximately 20 pg per injection (125).

Plasma phylloquinone concentration reflects dietary intake over the previous 24 hours, but is not
an accurate indicator of long-term vitamin K status. PIVKA-II is a des-carboxylated form of prothrombin
(clotting factor 1) that is elevated in plasma under physiological conditions of vitamin K deficiency.
PIVKA-II is inactive as a clotting factor because it lacks sufficient Gla-proteins bind to calcium and
promote coagulation. It has a half-life of approximately 60 hours and concentrations are typically
determined with an ELISA by a monoclonal antibody to PIVKA-II (126, 127). This biomarker is
generally undetectable in the majority of healthy individuals and any values above 2 ng/mL may be
considered to have subclinical vitamin K deficiency (128). In warfarin patients, PIVKA-II levels can be a
biomarker for the anticoagulative effect because values increase sharply after 3 days of warfarin therapy
and peak between days 4-7 (129). Aside from coagulation, PIVKA-II levels are known to be elevated in

patients with gastric cancer, hepatocarcinoma, and alcoholic liver disease (130-132).

1.8 Hemostasis and the Clotting Cascade

Hemostasis is the physiological process by which the body works to prevent blood loss. It
involves a number of components in the blood that interact to ultimately form the fibrin mesh in a blood
clot. The sequence of events in hemostasis are categorized as; 1) vasoconstriction, 2) primary hemostasis
(platelet-plug formation), and 3) secondary hemostasis (clotting cascade). The initiation of primary
hemostasis is accomplished by interactions between blood vessel wall components and platelets, which

are small cellular fragments of megakaryocytes formed in the bone marrow that both aggregate and



19

release stored granules that help facilitate the clotting process (133). Normally, platelets freely circulate
through the blood vessel in their inactive states. The endothelium also maintains this inactive state by
secreting products which inhibit platelet activation, such as nitric oxide and prostaglandin 12
(prostacyclin) (134). Following injury to the vessel wall, local vasoconstriction occurs to reduce blood
flow, allowing platelets to adhere to the exposed subendothelial surface. Endothelial cells then release
von Willebrand’s factor (VWF), a large, multimeric glycoprotein that interacts with platelet glycoprotein
1b receptors and promotes platelet adhesion to the exposed subendothelial collegen. The interaction
between platelets, VWF, and collagen causes platelets to swell and aggregate, ultimately leading to the
secretion of intracellular granules. These granules contain calcium, vVWF, ADP, P-selectin and serotonin
that further stimulate activation of other platelets and clotting factors (135). Activated platelets also
synthesize and release thromboxane A2 (TXAZ2) and platelet activating factor, both of which are potent
platelet agonists and vasoconstrictors (136). Once the platelet monolayer has formed, additional platelets
are recruited by fibrinogen and VWF using platelet glycoprotein lIb/Illa receptors.

The initial response of platelets is often not enough to stop blood flow at the site of injury. To
prevent dislodging by the high viscosity of the blood, the platelet plug is reinforced with fibrin mesh
generated from secondary hemostasis (137, 138). The formation of fibrin occurs through a complex chain
of reactions between clotting factors known as the clotting cascade (Figure 1.4) (139). Most clotting
factors are produced in the liver and circulate in the plasma as the inactive forms. Clotting factors I, VII,
IX, and X, activated protein C, and protein S specifically require vitamin K for synthesis. Clotting is
driven by two separate routes; the intrinsic and extrinsic pathways, both of which converge to a common
pathway of thrombin generation and fibrin polymerization. The extrinsic pathway is initiated from the
exposure of clotting factors to tissue factor (TF) (140). As with vVWF, TF normally remains within in the
subendothelium and is released upon tissue damage. TF complexes with factor Vlla in the presence of
calcium on phospholipid surfaces of platelets and other cells. This TF/VIla complex activates Factor IX to
IXa in the intrinsic pathway as well as promotes activation of factor X to Xa. Factor Xa only converts a

small amount of factor I (prothrombin) to factor Ila (thrombin) due to the presence of lipoprotein-
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associated tissue factor pathway inhibitor (141). However, this initial reaction is enough to amplify the
coagulation response in several ways. Thrombin activates factors V, VIII, and IX in a positive feedback
mechanism that accelerates thrombin formation. Thrombin also interacts with platelet receptor Gplb to
promote platelet activation, aggregation, and granule release. The ultimate purpose of thrombin is to
cleave soluble fibrinogen into fibrin monomer that then forms insoluble fibrin polymers. Thrombin also
activates factor XIII, which covalently crosslinks the fibrin polymers into a fibrin mesh which helps
stabilize the clot (139).

Negative regulation of coagulation response is achieved through several mechanisms especially
as wound healing occurs. Circulating levels of antithrombin, a serine protease inhibitor, inactivates
serine protease clotting factors (i.e factors lla, IXa, Xa, Xla, and Xlla) and is potentiated by heparin (142,
143). Thrombin, through interaction with thrombomodulin on endothelial surfaces, triggers the activity
of APC and its cofactor protein S, which in a negative feedback loop inactivates factors Va and Vllla
(144). The endothelium also produces tissue plasminogen activator (t-PA), which proteolytically cleaves
plasminogen into plasmin. The primary role of plasmin is to dissolve the fibrin mesh of the thrombus into

soluble fragments (145).

1.9 Measures of Coagulation and Clotting Activity

A wide variety of clinical tests are available to aid in the diagnosis, management, and monitoring
of patients with bleeding disorders, or to aid in evaluating patients with thrombotic or fibrinolytic
abnormalities. These tests are generally done in controlled laboratory settings because results are heavily
influenced by sample collection, processing, and storage. Without proper handling, samples may undergo

hemolysis, accumulate clots, or contain fibrin strands that render the sample unusable for analysis.
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One of the most routinely used tests in the clinical setting is prothrombin time (146, 147). This
test is commonly used to measure the efficacy of warfarin therapy because it is affected by vitamin K
status. The PT measures the time necessary to generate fibrin after activation of factor VII. Itisan
assessment of the extrinsic and common pathways of the clotting cascade because it is initiated by the
addition of TF. A thromboplastin reagent containing TF and phospholipid is first added to initiate a
complex with factor VII. Calcium chloride solution is then added to replace the plasma calcium
previously chelated by the citrate in the blood collection tube. As the factor V1I-tissue thromboplastin
complex activates factor X, the coagulation cascade proceeds into the common pathway and eventually to
fibrin formation. The PT is timed in seconds (determined photo-optically) from when the calcium
chloride is added to the plasma until the sample clots. The PT is commonly reported as the international
normalized ratio since PT measurements vary depending on the commercial source of thromboplastin
reagent that instrument used (148). The INR is calculated by dividing the test PT value by the established
mean PT value of the normal population, which is typically 12 seconds. This value is then raised to the
power of the International Sensitivity Index, which corrects for the relative strength of the thromboplastin
reagent and that is provided by the manufacturer. By normalizing the PT as INR, the problems associated
with inter-laboratory variability in the PT is reduced.

In contrast, the partial thromboplastin time (PTT) measures the time required for fibrin generation
after initiation of the intrinsic pathway and is a direct measure of heparin activity (147). The PTT reagent
containing contact activator (kaolin, silica, ellagic acid, or celite) and platelet phospholipid substitute is
first added to the platelet-poor plasma sample. During the incubation period with this reagent, the
intrinsic pathway is initiated by conversion of factor XII to Xlla, which converts factor XI to Xla.
However, the cascade cannot continue since the subsequent conversion of factor IX to 1Xa requires
calcium. After the addition of calcium chloride to the test sample, the clotting cascade proceeds to
completion and clotting time is simultaneously recorded by measuring change the optical density of fibrin
formation. Aside from pharmacologic influences, the PTT (as well as PT) can be prolonged when a

plasma sample is deficient in clotting factors Il, XI11, IX, XI, VIII, X, V, and/or fibrinogen. Abnormal
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results can also occur in the presence of a circulating inhibitor to any of the intrinsic pathway factors
(149).

The PTT is also used in measuring clotting factor activity of sample plasma. The principal use of
a coagulation factor assay is to assess ability of the sample plasma to normalize the prolonged clotting
time of factor deficient plasma. A calibration curve is first created by preparing serial dilutions (e.g.
doubling 1/10, 1/20, 1/40 etc.) of a standard commercial reference pooled plasma mixed with an equal
volume of specific factor-deficient plasma, which contains normal levels of all other clotting factors but is
deficient in the specific clotting factor being assayed. The PTT is performed on each dilution to create a
standard curve designated with a reference factor activity of 100%. The same procedure is done with the
test sample plasma and the percent activity is compared relative to the standard curve. Most samples
from healthy individuals that have clotting factor activities >60% and values <30% may be indicative of
clotting factor deficiency or hemophilia (150-152).

Platelet function tests serve as an alternative method of assessing hemostatic function.
Appropriate platelet response is essential to preventing blood loss and diseases that over or under-
compensate platelet function can lead to excess bleeding or tissue injury. Determining platelet activity
can provide insight on vascular disease progression, inflammatory status, and bleeding tendencies that are
otherwise not detected by other coagulation assays. Early platelet function tests of bleeding time involved
inflating a blood pressure cuff on the forearm whereby the clinician would make small cuts in the lower
arm to measure the time until bleeding is halted (153). A more current and commonly employed test
requires a blood sample to obtain platelet-rich plasma (PRP) after centrifugation (154). A platelet
aggregating agent such as ADP or collagen is added to the PRP sample and aggregation activity is
interpreted by a photometer. Platelet counts are another useful diagnostic tool to assess bleeding
disorders. An anticlotting agent, typically EDTA, is added to the blood sample and counting can be
accomplished manually under a microscope or automatically by electronic instruments (155). However, a
major limitation of these methods is that fresh samples are required and must be analyzed within hours

after collection.



23

P-selectin is a cell adhesion molecule released from platelets that promotes cell-to-cell contact at
sites of tissue injury and inflammation (156). Since P-selectin is stored in the a-granules of platelets and
only mobilized to the plasma membrane upon stimulation, it has been used widely in clinical studies as a
biomarker of platelet activation (157). Measurement of soluble P-selectin (sP-selectin) levels from
plasma is accomplished by ELISA and unlike other platelet function assays, can be determined from
frozen samples. This is particularly important for studies such as ours where samples are collected in the
field (remote Alaskan villages) and need to be shipped to a distant locale for analysis. Similarly to
platelets, studies have suggested that sP-selectin may be a useful biomarker of endothelial dysfunction in
cardiovascular and chronic inflammatory disease. Higher levels of sP-selectin have been shown to be
associated with increased risk of future cardiovascular events, obesity, and hypercholesterolima (158-
160). Moreover, sP-selectin can be affected by the consumption of @3 PUFAs. Eschen et al. reported a
dose-dependent decrease of sP-selectin levels in healthy study volunteers after 12 weeks of ®3 PUFA
supplementation (161). A smaller study by McEwen et al. similarly observed reduced sP-selectin
expression in platelets from healthy volunteers after four weeks of 640 mg daily ®3 PUFA
supplementation (162). A study by Moertl et al. involving 36 chronic heart failure patients found that P-
selectin levels decreased after 12 weeks of 4 g/day ®3 PUFA treatment but not with 1 g/day (163). These
findings support a role for sP-selectin as an inflammatory biomarker, but its level may be reflective of

dietary practices involving ®3 PUFASs consumption.

1.10  Scope of Thesis

The overall goal of this thesis is to characterize unique gene and environment interactions that
influence blood coagulation processes in Yup’ik people. The Westernization of the Yup’ik culture has
introduced many changes in their dietary patterns and until recently, little scientific research has been
done to understand how these changes impact health patterns in this population. Our collaborators at the

University of Alaska Fairbanks previously initiated major research efforts to study dietary and
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environmental aspects of Yup’ik lifestyle practices, and to build trust-based relationships conducive to
original health-related research in this community. The work presented here expands these efforts by
focusing on mechanisms underlying their historical bleeding phenotype. This has involved a thorough
characterization in the Yup’ik people, of the numerous population coagulation indices and
polymorphisms in genes/enzymes of the vitamin K cycle described above, together with an assessment of
the impact of this population’s high dietary intake of ®3 PUFAS due to their traditional marine animal-
based (fish, seal etc.) diet. In Chapter 2, we describe associations between a high ®3 PUFA intake and
several plasma coagulation indices including platelet activity markers and both vitamin K-dependent and
independent clotting factors. Chapter 3 reports an evaluation of the vitamin K status in the Yup’ik,
through the development of highly sensitive stable-isotope labeled mass spectrometry assays for
quantification of the vitamin K content of study participant plasma as well as the “tundra greens” that are
regularly consumed in the Yup’ik diet. Finally, in Chapter 4, we assess potential interactions between
vitamin K status and vitamin K cycle polymorphisms and measure hepatic vitamin K levels from two
sources. We report measurements from human liver samples from the UW School of Pharmacy Liver
Bank to determine whether an association exists between common CYP4F2 and VKORC1 polymorphisms
and liver stores of vitamin K. Additionally, we assess whether hepatic vitamin K content in mice differs
between wild-type and knockouts of Cyp4f14, a mouse ortholog of CYP4F2. Results from these studies
have greatly expanded our knowledge of the interplay between key clinical, disease and environmental
modifiers in the context of underlying genetic variation that may contribute to health outcomes in this
remote, population which is underserved in terms of contemporary application of genetic information to

improving health outcomes.
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Figure 1.1. The metabolism of linolenic acid into arachidonic acid. This metabolic pathway utilizes the
same set of enzymes in the formation of eicosopentaenoic acid and docosahexaenoic acid from a-
linolenic acid.
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Figure 1.2. The chemical structures of phylloquinone, menaquinones, and menadione. Phylloguinone
possesses a phytyl side chain whereas menaquinones vary in the length of the isoprenyl chain.
Menadione must be chemically synthesized and does not contain an aliphatic side chain.
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Figure 1.3. The vitamin K cycle. Vitamin K1 dihydroqguinone (VKH?2) is the essential cofactor to y-
glutamyl carboxylase, the enzyme responsible for activating several blood factor proteins through the
carboxylation of key Glu residues on those proteins, which initiates the blood coagulation cascade
response. During this process, VKH2 is oxidized to vitamin K epoxide (VKO), which must then undergo
two 2e reductions to regenerate the active cofactor. Vitamin K1 epoxide reductase (VKORC1), the
warfarin target enzyme, is known to catalyze at least the first of these reductions, generating VK1 from
VKO. VKORC1 is also the likely biological reductant in the conversion of VK1 back to VKH2, but it is
possible that other enzymes, such as NADPH quinone oxidoreductase (NQO), might be involved in this
step. Variants of CYP2C9, CYP4F2, and VKORC1 have been reported to influence dosing requirements
of warfarin patients (164).
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Chapter 2

®3 PUFA Effects on Coagulation in Alaska Native People

2.1 The Effects of ®3 PUFAs on Hemostasis

High consumption of @3 polyunsaturated fatty acids (o3 PUFAs) commonly found in the oils of
cold-water fish are associated with improved health effects in several chronic disease states (1-4). The
benefits of a high 3 PUFA diet have been the subject of substantial research, beginning with the work by
Dyerberg and Bang in the 1980s (5). These investigators reported that the Greenland Inuit, who
consumed very high levels of ®3 PUFAs deriving from fish and marine animals, had prolonged bleeding
times and decreased platelet aggregation relative to Danish controls. This observation was thought to
contribute to the relatively low incidence of cardiovascular death observed in this population. Since then,
®3 PUFASs have been reported to have a plethora of biological effects relating to cardiovascular
physiology and studies detailing their consumption in humans have supported a beneficial role in cardiac
health (6-8). An important physiological mechanism that may explain the antiplatelet effects of ®3
PUFAs reported in clinical studies involves the displacement of arachidonic acid from platelets and
vascular cell membranes by the major ®3 PUFA components of fish oil, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA). This modulates the availability of arachidonic acid as a substrate for
phospholipase A2, resulting in decreased production of the potent platelet aggregating eicosanoid,
thromboxane A2 (TXAZ2), and increased production of the less potent thromboxane, TXA3 (9-11).

In addition to these cardiovascular benefits, some reports in rats suggest that ®3 PUFAs may
precipitate bleeding diathesis through interfering with clotting factor activity, though it is unclear if the
mechanism is vitamin K-dependent. One study reported that vitamin K-dependent clotting factors Il and
VII-X were reduced by 70% in those animals fed a purified fish oil diet (MaxEPA) for 6 weeks, but
returned to basal levels after administration of vitamin K (12). Another study reported decreased levels of

both vitamin K-dependent (prothrombin and factor VII) and vitamin K-independent (factor V) clotting
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factors after giving fish oil to rats fed a vitamin K-restricted diet (13). In humans, however, the evidence
for ®3 PUFA effects on hemostatic measures of coagulation is not strong (14-16). The association
between ®3 PUFAs and bleeding events described in recent studies have generally involved patients
taking @3 PUFAs concurrently with medications that have antithrombotic and/or anticoagulative effects.
For example, a small study (N = 40) that evaluated the effects of fish oil (4 g/day) on bleeding time over a
4-week period noted only one incidental case of minor nasal bleeding among the 22 study volunteers who
were concurrently receiving oral anticoagulants (17). Another larger study of 610 study volunteers who
received Omacor (DHA and EPA in fish oil) 4 g/day and either warfarin or aspirin for 12 months found
only a modest increase in bleeding time in study volunteers who consumed fish oil (18).

It is important to note that dietary sources of ®3 PUFAs may provide enhanced bioavailability
and a wider spectrum of the bioactive agents compared to commercially available ®3 PUFA products that
contain only one active ingredient and no food matrix. This could be an important source of variability
that is unaccounted for in many clinical studies. To resolve these inconsistencies, studies involving
populations where ®3 PUFAs are a substantial part of the diet are needed. The Yup’ik people represent
one such group among the indigenous Alaska Native population that consume high amounts of naturally
available ®3 PUFAs from their traditional marine-based diet. Though Westernization of the Yup’ik
population has led to many recent changes in their cultural and dietary practices, fish and other marine
animals continue to be a staple of Yup’ik diet patterns (19, 20). The effect of ®3 PUFAs on hemostastic
function has not been previously characterized in this population, but may be an important consideration
when they are prescribed medications that have anticoagulative or antithrombotic effects. Furthermore,
®3 PUFAs could be an important modifier of cardiovascular health in the Yup’ik.

In this study, we evaluated the relationship between ®3 PUFA intake and various indices of
coagulation to explore the hemostatic effects of ®3 PUFA intake in the Yup’ik. Based on the reported
antiplatelet effects of ®3 PUFASs in humans and the reduction in clotting factor activity in rats fed a
purified fish oil diet, we assessed platelet function, clotting factor activity and coagulation status. The

specific parameters measured were soluble P-selectin (sP-selectin), clotting factors Il, V, fibrinogen,
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prothrombin time (PT), International Normalized Ratio (INR), and partial thromboplastin time (PTT).
While many studies have relied on self-reporting of ®3 PUFA intake by study participants or utilized
complicated methods for extraction and quantitative analysis of ®3 PUFAs from plasma, this study
capitalized on the N/*N isotopic ratio (§'°N) in red blood cell (RBC) membranes as a biomarker of
dietary w3 PUFA intake. This method was developed by O’Brien et al. and is now established as a rapid,
medium throughput assay for assigning 3 PUFA intake status (21). Importantly, RBCs provide a more
stable and informative measure of ®3 PUFA intake than serum analysis because they reflect dietary

intake over 1-3 months.

2.2 Study Design and Analytical Procedures
Study Recruitment and Sample Collection

Data were gathered by the Center for Alaska Native Health Research (CANHR) as part of a
Northwest-Alaska Pharmacogenetic Research Network study. It was a cross-sectional, community-based,
participatory research study of genetic and nutritional factors affecting blood coagulation in Yup’ik
people living in the Yukon—Kuskokwim region of Southwestern Alaska (22). In total, 772 study
participants were recruited across ten communities between October 2010 and November 2013, where
four were considered inland (greater than 5 miles away from the coast) and six were coastal (defined as
within 5 miles of the coastal water). Participants were excluded from analysis if they self-reported their
ethnicity as non-native Alaskans or ‘other’. Demographic data on age, sex, and community location were
recorded. Dietary questionnaire data were also collected as part of a parallel health outcomes study,
described by Nash et al. (23). Blood was collected into EDTA tubes and processed at the site of
collection using a portable centrifuge. Samples were centrifuged for 15 minutes at 2500 rpm (RCF = 887
g). Plasma, serum, lymphocytes, and RBCs were isolated and stored in aliquots at -20°C in a portable
freezer. All samples were shipped to the University of Alaska Fairbanks within seven days and stored

there at -80°C.
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Samples for platelet function, clotting factor activity, and coagulation status measurements were
sent to the University of Washington Medicinal Chemistry Department and subsequently transferred to
the Department of Laboratory Medicine for these analyses. The study was conducted according to the
guidelines in the Declaration of Helsinki and all procedures involving human study volunteers were
approved by the Institutional Review Boards at the University of Alaska Fairbanks, the University of
Wiashington, and the Yukon-Kuskokwim Health Corporation Human Studies Committee. Informed

consent was obtained from all study participants prior to participation in the study.

o™N Stable Nitrogen Isotope Analysis

RBC samples were prepared and analyzed for 8°N at the Alaska Stable Isotope Facility by
continuous-flow isotope ratio mass spectrometry, with a Costech ECS4010 Elemental Analyzer (Costech
Scientific Inc, Valencia, CA) interfaced to a Finnigan Delta Plus XP isotope ratio mass spectrometer via
the Conflo 11 interface (Thermo-Finnigan Inc, Bremen, Germany), as previously described by O’Brien et
al. (21). Briefly, aliquots of RBCs were removed and autoclaved for 20 minutes at 121°C to destroy
blood-borne pathogens, apportioned into tin capsules (3.5 x 3.75 mm) and oven dried at 60°C to a final
weight of 0.2-0.4 mg. Neither autoclaving nor the use of EDTA-treated tubes affect RBC carbon or
nitrogen isotope ratios (24). The relationship between EPA and 8*°N has been reported to be positive and
linear (EPA = 1.04(3"N) — 0.67, R?2=0.70, p < 0.0001), while that between DHA and §*°N was found to
be exponential non-linear and fitted as y = a (1-e™) (p < 0.0001) (21). Nitrogen isotope ratios are
represented in delta notation as ‘permil’ relative to international standards: [§°N = (Rsample -
Rstandard)/Rstandard] %X 1000%o0, where R is the ratio of heavy to light isotope, and the standard is atmospheric
nitrogen. An integer value difference of one for 3*°N represents a 0.1% difference in the amount of
nitrogen-15 isotope in the sample relative to atmospheric nitrogen, which has a nitrogen-15 abundance of

0.366%. Multiple peptone working standards (§*°N = 7.0, n = 128) were analyzed concurrently to assess
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analytical accuracy and precision, measured as the standard deviation (SD) of these analyses. Accuracy

was within 0.1%o and precision was within 0.2%o (23).

Measures of Coagulation

We included several coagulation indices to assess hemostatic function in this study. All
coagulation assays were performed at the University of Washington Department of Laboratory Medicine.
Since samples were collected in remote regions where clinical laboratories are unavailable, platelet
aggregation tests that require analysis within a few hours after collection were not feasible. Therefore, we
used a surrogate marker for platelet activation, soluble P-selectin (sP-selectin), to assess the effect of ®3
PUFA intake on platelets because samples could be frozen rapidly at the point of collection for
subsequent analysis in Seattle. sP-selectin is a cell adhesion molecule released from platelets that
promotes cell-to-cell contact at sites of tissue injury and inflammation. Since sP-selectin is stored in the
alpha granules of platelets and only mobilized to the plasma membrane upon stimulation, it has been used
widely in clinical studies as a biomarker of platelet activation (25). A commercially available sP-selectin
ELISA kit (R&D systems) was used, which contained microplates pre-coated with monoclonal antibodies
specific for sP-selectin. Samples, standards, and controls were pipetted into the wells together with a
polyclonal antibody specific for sP-selectin, which had been conjugated to horseradish peroxidase.

After a 1-hour incubation at room temperature followed by a wash step to remove unbound antibodies,
tetramethylbenzidine substrate was added to each well and incubated for an additional 15 minutes at room
temperature before adding stop solution. Readings were performed at 450 nm using a microplate reader
and sample concentrations were determined using a standard curve. We further validated that sP-selectin
was an appropriate biomarker for platelet activity in a small subset of our samples (N = 170) by
measuring counts of the platelet microparticle, CD41+. Methods for measuring CD41+ by flow-

cytometry are described elsewhere (26).
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The STA-Compact coagulation analyzer (Diagnostica Stagl), an electromagnetic-mechanical clot
detection system, was used to measure PT and PTT. Citrated plasma was pipetted into a cuvette
containing a steel ball. After briefly heating samples at 37°C, thromboplastin and calcium chloride was
added to the plasma activating the conversion of fibrinogen to fibrin. When the oscillation of the steel
ball in the cuvette was stopped by clot formation, the observed clotting time was recorded in seconds. For
measuring PTT, a reagent containing particulate activator (silica) for contact phase activation and a
standardized amount of cephalin (platelet substitute) was pipetted into the plasma. After a short
incubation period, calcium chloride was added to the sample to allow the conversion of fibrinogen to
fibrin.

Vitamin K-dependent clotting factor Il as well as vitamin K-independent clotting factor V were
measured to assess any potential effects of ®3 PUFAs on those elements of the clotting cascade. A
subset of samples was assessed for combined factor V and factor V111 deficiency (F5F8D) (see below for
additional details on this facet of this study). Clotting factor activity was tested by the PT (Il and V) and
PTT (VIII) measurements. The percent activity of each plasma clotting factor was determined from a
standard curve (log-based) prepared using dilutions of Unicalibrator and a normal plasma pool
(Diagnostica Stago) containing known levels of each clotting factor. Sample plasma was mixed in equal
parts with specific factor-deficient plasma, which contained normal levels of all other clotting factors but
was deficient in the specific clotting factor being assayed. The PT/PTT measurements were recorded for
each sample dilution by the analyzer and then converted into percent activity based on the standard curve.
Fibrinogen concentration, quantitatively assessed by the Clauss clotting method, was used to determine
whether clots found in samples would affect coagulation assays. Hemolyzed samples were excluded from
sP-selectin analysis. Furthermore, samples containing clots were excluded if fibrinogen concentrations
were < 150 ng/mL. The reference ranges of coagulation tests measured in our study are represented in

Table 2.1.
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Statistical Analysis

All statistical analyses were performed using STATA (version 11.0 SE). We evaluated the
relationship between 3 PUFA intake (8'°N) and coagulation indices (sP-selectin, activities of clotting
factors Il and V, fibrinogen, PT/INR, and PTT) using a multivariate linear regression model. These
variables were natural log-transformed to improve normality prior to statistical analysis. 6*°N was treated
as the independent variable and measures of coagulation were treated as dependent variables. Study
participant age and sex were included as covariates. A two-sample t-test was used to compare 6*°N
between groups and a community’s geographical status (inland vs. coastal). Differences in natural log-
transformed coagulation variables were also compared between and geographical status groups using the
two sample t-test. A p-value < 0.05 was considered statistically significant for all statistical tests. Only
data that were complete with 3*°N and passed quality controls were included in the final analysis with

each coagulation variable.

2.3 Results
Distribution Normality of Variables

The reference ranges for the coagulation variables measured in our study are given in Table 2.1.
These ranges were used to identify outliers in our data and determine those that needed further quality
control analysis. The characteristics of 3:°N and coagulation parameters from samples analyzed in this
study are presented on Table 2.2. Natural log transformation of the coagulation variables generally
improved the normality of that data (Figure 2.1), as indicated by the skewness and kurtosis values. Only
natural log-transformed dependent (coagulation) variables were used in regression analysis while 3'°N

was treated as the independent variable and was not transformed.
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Study Participant Demographics

Demographic characteristics of Yup’ik study participants are shown in Table 2.3. The average
81N was 8.73 + 1.28%o in our study, which was significantly higher than that of a previously
characterized population that did not include Alaska Native people (7.4 + 0.4%o, p < 0.001) (27). The
average age in our study was 36.7 + 18.1 years and 48.6% of participants were women. Participant age
correlated positively with §*°N (p < 0.001, R? = 0.330) (Figure 2.2) and women tended to have higher
51N values than men (p < 0.001) (Figure 2.3). 3 PUFA intake also differed significantly by a
community’s geographical status, with coastal communities exhibiting higher °N values compared to
inland communities (3*°N = 9.06 + 1.45 for coastal vs. 8.38 + 0.93%o for inland, p < 0.001, Figure 2.4).
These results are in accordance with previous findings on dietary trends and traditional food intake in the
Yup’ik (23). The associations of natural log-transformed coagulation variables with age and sex are
described in Table 2.4. Significant differences in coagulation variables after stratifying by geographical
status were only observed with natural log PTT (p < 0.001). Therefore, geographical status was included

as a covariate in the regression model for natural log PTT but not with other measures of coagulation.

Regression Analysis

The results of the multivariate regression analysis before and after natural log-transformation, as
well as after the adjustment of age and sex, are described in Table 2.5. Natural log-transformed sP-
selectin levels varied inversely with 8'°N, indicating that lower platelet activity correlated significantly
with higher ®3 PUFA consumption (p < 0.001, R? = 0.038) (Figure 2.5). This association further
improved after adjusting for age and sex (p < 0.001, R? = 0.092). CD41+ counts were also found to
positively correlate with sP-selectin levels (Figure 2.6), which validated the sP-selectin data (p = 0.001,
R2=0.069). Natural log-transformed fibrinogen levels were initially found to have a positive association
with 8°N (p = 0.003), but the association was lost (p = 0.863) after adjusting for age and sex, suggesting

evidence of confounding (Figure 2.7).
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The correlations of factors 11, factor V, PT, INR, and PTT with 8*°N before and after natural log
transformation are displayed in Figures 2.8 and 2.12. While no significant associations were observed
with either factor Il or V and 8N, the associations was positive PTT (p = 0.005) after adjusting for age
and sex, but not for PT (p = 0.737) or INR (p = 0.356). Since a community’s geographical status was
found to be associated with both 8*°N and natural log PTT (p < 0.001) we included geographical status as
a covariate here to 3°N in addition to age and sex. The association with natural log PTT was no longer
significant (p = 0.481, R? = 0.088), indicating that geographical status was a confounder to these

observations with PTT.

Factor V Bimodality

Interestingly, we observed some evidence of bimodality in the factor V data, highlighted by the
rectangular box in Figure 2.9. Approximately 18% of our samples displayed clotting factor activity at or
below the lower reference range of 50% activity, although the occurrence of low factor V activity is
considered very rare (28). We categorized the data based on factor V activity less than or equal to 30%
(i.e., low activity) or greater than 30% and then compared regression results between these two groups
(Table 2.6). We chose to use 30% as the activity threshold since factor V measurements at or below this
value can be considered clinically actionable, which included approximately 10% of the samples. Since
the skewness and kurtosis values for factor V did not improve after natural-log transformation, regression
was performed on both untransformed and natural log-transformed data. A negative and significant
association was observed between factor V and 8*°N for the > 30% activity group (p = 0.016, R? = 0.020)
but not for < 30% activity group (p = 0.231, R? = 0.026) after adjusting for age and sex. This association
was also significant for natural log factor V after adjusting for the covariates age and sex in the > 30%
group (p = 0.036, R? = 0.015) and not significant for < 30% group (p = 0.474, R =0.017). No significant
associations in the univariate analysis were found between either factor V or natural log factor V and

8"N.
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We further assessed for differences in PT, INR and PTT between these two groups (Table 2.7 and
Figure 2.13). We observed that these three test values were slightly increased in this subset of samples
with low factor V activity (< 30%). These results were statistically significant before and after natural-
log transformation (p < 0.001 for PT, INR and p = 0.013 for PTT). This indicates that the low factor V
activity observed in some study participants may result in a phenotype with clinically measurable
changes. However, it should be noted that only a proportion of low factor V samples had prolonged
PT/INR and PTT values above the reference ranges (24% for PT/INR, 60% for PTT, and 14% with both
prolonged PT/INR and PTT). We verified the integrity of the factor V assay by correlating factor V
activity with factor V antigen levels (Figure 2.14) and observed a positive correlation (p = 0.001, R? =
0.332, N = 39). We also explored the possibility of a combined factor V factor VIII (F5F8) deficiency, a
very rare phenotype which has been reported in some individuals with low factor V activity (29, 30).
However, further testing did not support this possibility based on the observation that approximately 77%
of low factor V activity samples (< 30%) had factor VIII activity values above the reference range of 50%

for factor VIII (Figure 2.15).

2.4 Discussion

The purpose of this study was to determine whether a high dietary intake of ®3 PUFASs from the
traditional marine-based diet of the Yup’ik people could be a factor contributing to their historical
tendency towards bleeding diathesis. Our most significant finding is that high ®3 PUFA intake, as
measured by 5'°N, was strongly associated with the platelet biomarker, sP-selectin. The measured levels
of sP-selectin were validated by the positive correlation with the CD41+ platelet microparticle counts.
The observed inverse association between sP-selectin and 3*°N provides evidence that a platelet-inhibition
effect is enhanced by greater consumption of w3 PUFAs. A few other studies have similarly reported that
SP-selectin decreases only after high doses @3 PUFAs were consumed. For example, one study in CHF

patients observed sP-selectin reduction from Omacor (commercially available form of EPA/DHA) dosed
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at 4 g/day but not 1 g/day after 12 weeks (31). Another study reported that sP-selectin was only reduced
by ingestion of 6.6 g/day 3 PUFA in healthy volunteers (32). Furthermore, an elevated level of sP-
selectin is observed in inflammatory disease states and is considered a risk factor for cardiovascular
events (32-34). Overall, our data provide the most comprehensive evidence yet obtained that ®3 PUFA
intake from a natural, as opposed to supplemented, diet is a major modifier of platelet activity. A
beneficial association of marine food intake (via 8°N) with blood pressure and adiponectin was recently
reported in the Yup’ik and the inverse association with sP-selectin observed in this study provides an
additional mechanism by which a marine-based diet may lower the incidence of chronic and
inflammatory disease state in this population (35).

We observed no significant association between vitamin K-dependent factor Il and 3*°N, but
found a modestly significant and inverse association with vitamin K-independent factor V activity after
the adjustment for age and sex in the > 30% activity group. Our original analysis also included the
measurement of vitamin K-dependent factor 1X to further explore possible vitamin K-dependent effects of
®3 PUFA intake in addition to factor II. However, we were not able to validate factor IX activity with
factor IX antigen levels and therefore excluded factor 1X from our analysis. Despite the lack of
association with 3*°N, factor Il activity proved to be more reliable for our study, likely due its longer half-
life of 65 hours as opposed to 45 hours for factor IX, which should increase sample stability. In addition
to the animal studies described earlier, the mechanism by which ®3 PUFAs reduce clotting factor levels
in humans has not been clear since effects on lowering both vitamin K-dependent and vitamin K-
independent clotting factors have been reported. For example, a study involving 25 male study volunteers
given 3 g of ®3 PUFAs daily for 4 weeks showed reduced levels of thrombin, fibrinogen, and factor V in
plasma (36). Another double-blind, cross-over study of 20 healthy study participants using olive oil as
placebo, found that 6 g of daily fish oil intake alone lowered factors V and VII (vitamin K-dependent) in
addition to triglycerides, but both fish oil and olive oil reduced levels of fibrinogen and factor X (vitamin
K-dependent). Although our data are limited by the fact that only the > 30% activity group exhibited an

inverse association between factor V activity and 3 PUFA intake, the observation of factor V levels <
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30% activity is quite uncommon in other human studies reported to date, reflecting the rarity of factor V
deficiency (30). Furthermore, we did not find evidence that greater 3 PUFA intake led to prolongation
of PT/INR or PTT. The most likely mechanism for modifying any bleeding risk in our study population
is through the inhibitory effects of ®3 PUFAS on platelet activity, and to some extent, vitamin K-
independent effects by reducing factor V levels. However, it remains to be determined if this risk is any
different for patients on anticoagulant or antithrombotic therapy.

The bimodality in the distribution of factor V activity was an unexpected observation. We
validated these results using an ELISA-based assay to confirm activity levels on samples that were
unexpectedly low (< 30% activity), in order to rule out the possibility of errors introduced during the
sample collection process. The incidence of isolated factor V deficiency is considered to be a rare,
inherited coagulopathy (1 heterozygote in 1,000 people and 1 homozygote among 1,000,000 people) and
notable prolongation of both the PT and PTT are a characteristic of individuals affected by this condition
(28, 30). We found only partial support for this phenotype since only a small proportion (14%) of our
low factor V samples had both PT/INR and PTT values above the reference ranges. F5F8D is another
rare coagulopathy known to result in low factor V levels, but our results do not support this condition
based on the finding that most of the low factor V samples did not have low factor VIII activity.
Furthermore, there have been no anecdotal reports of bleeding episodes among Yup’ik study participants
of previous CANHR studies (22, 35). While it is possible that Yup’ik people may harbor their own
unique genetic variations that contribute to these differences, when we analyzed a small number of study
participants (N = 7) with low factor V levels who participated in repeat community visits approximately
two years apart, factor V activity in these samples was within the ‘normal’ range. This implicates an
environmental, rather than genetic, basis for the low factor V activity levels measured in some Yup’ik
plasma samples collected for the current study. Since high factor V levels are considered to be a risk

factor for thrombotic events, particularly in individuals with Factor V Leiden, an environmental effect
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that lowers factor V levels in the Yup’ik may assist in cardiovascular protection, in addition to the clear
antiplatelet effects conferred by a high 3 PUFA diet (37).

Finally, the level of fibrinogen, a soluble glycoprotein that is converted to fibrin by thrombin
during clot formation, was found to have an initial positive association with ®3 PUFA intake in our study.
However, this relationship was no longer significant after adjusting for age and sex, indicating that it
could not be correctly characterized without adjustment for confounding. A few small studies have
reported decreased fibrinogen levels in response to @3 PUFA intake and it is possible that this is another
mechanism by which ®3 PUFAs may exert antithrombotic effects on the hemostatic system (36, 38, 39).
Our current data do not support this hypothesis for fibrinogen. However, since fibrinogen originally
served as a quality control variable in our study, not all samples that underwent coagulation tests were
measured for fibrinogen. Therefore, our study may not be adequately designed to test for an association
between fibrinogen and w3 PUFA intake.

A limitation of this study is that coagulation assays could not be performed at the time of sample
collection due to the unavailability of clinical laboratories in the Alaskan communities where study
participants were recruited. This likely affected the integrity of some plasma samples, as indicated by the
presence of clots and absence of fibrin strands in some of the analyzed samples. It should also be noted
that both sP-selectin and 8'°N are biomarkers for our true parameters of interest, namely platelet activity
and EPA/DHA levels, and that any associations obtained using these parameters are indirectly inferred.
Nonetheless, both of these biomarkers have been extensively validated and used by other researchers, so
we can have confidence in the robustness of the associations observed in this study. A final limitation
was that our study design was cross-sectional. Therefore, we were not able to establish causality or
exclude the possibility of confounding from other dietary or lifestyle factors.

In summary, we found that 3*°N is highly correlated with the platelet biomarker sP-selectin in
Yup’ik people living in the Yukon-Kuskokwim delta and that ®3 PUFA intake could potentially have
vitamin K-independent effects on factor V levels and other measures of bleeding. These data support an

important role for ®3 PUFAs in reducing the risk of cardiovascular and/or inflammatory disease states,



which has been reported from other studies on EPA/DHA (40-42). The low levels of clotting factor V in

a small subset of samples may also be an additional mechanism of cardiovascular protection in some

individuals, and warrants further investigation.

Clinical Parameter

Reference Range

Relationship to Coagulation

sP-selectin 20-44 ng/mL Biomarker of platelet activation
Clotting factor Il 50-115% Vitamin K-dependent clotting factor
Clotting factor V 50-150% Vitamin K-independent clotting factor
Fibrinogen 150-400 mg/dL Precursor to fibrin during clot formation
PT 10.7-15.6 sec Clotting time based on extrinsic pathway
INR 0.8-1.3 Normalized ratio of prothrombin time
PTT 22-35 sec Clotting time based on intrinsic pathway

Table 2.1. Reference ranges of coagulation parameters analyzed in this study. Ranges were defined by
the University of Washington Department of Laboratory Medicine and are based on data from a
population of non-Alaska Native people.
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Untransformed values

Variable Mean + SD Median (IQR) Range Skewness | Kurtosis N

"N (%o) 8.73+1.28 8.44 (1.58) |6.10-1450 | 1.06 426 | 734
sP-selectin (ng/mL) 346x11.4 33.2 (14.3) 11.3-80.4 0.72 3.62 717
Clotting factor 11 (%) 107.4 +20.1 103.0 (22.0) | 35.0-180.0 | 0.80 401 | 709
Clotting factor V (%) 81.6 +32.0 87.0(38.0) | 35-211.0 | -0.47 3.05 | 706
Fibrinogen (ng/mL) 344.8+106.0 | 333.0 (124.0) | 142-842 0.70 437 | 358

PT (sec) 12.7+1.61 12.7 (1.40) | 8.0-25.0 1.91 142 | 723

INR 1.01+0.17 1.00 (0.20) 0.6-2.5 2.47 19.3 | 722
PTT (sec) 33.8 +10.4 32.0 (6.0) 14-199 9.88 148.1 | 449
Natural log-transformed values

Variable Mean = SD Median (IQR) Range Skewness | Kurtosis

3N (%o) 2.16 +0.14 2.13(0.18) | 1.81-2.67 | 0.66 3.28
sP-selectin (ng/mL) 3.49 +0.33 3.50(0.43) | 2.43-439 | -0.27 3.19
Clotting factor 11 (%) 4.66 +0.18 4.63(0.21) | 3.55-5.19 -0.11 5.70
Clotting factor V (%) 4.27 +0.60 447 (0.46) | 1.25-5.35 | -1.87 6.53
Fibrinogen (ng/mL) 5.79 +0.32 5.81(0.37) | 4.84-6.74 | -0.40 3.44

PT (sec) 2.54 +0.12 2.54 (0.11) | 2.19-3.46 0.64 7.31

INR -4.02x 10*+0.15 | 0.00(0.20) | -0.51-0.92 | 0.69 7.22
PTT (sec) 3.50 +0.20 3.47(0.18) | 2.64-5.29 2.23 21.2

Table 2.2. Characteristics of §'°N and coagulation parameters from samples analyzed in this study.
Variables were natural-log transformed to improve the normality of the frequency distributions. Skewness
and kurtosis values are given for data before and after natural-log transformation of variables. For
simplicity, only natural-log transformed dependent (coagulation) variables were used in regression
analysis. 5'°N was used as the independent variable and was not transformed. A variable with
symmetrical distribution has a skewness of zero. The kurtosis for a standard normal distribution is three.
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All Men Women
Sample size 734 388 357
Age (mean £ SD) 36.7+18.1 | 345+174 | 39.2+18.6
Range of ages 13-93 14-85 13-93
5N (mean £ SD) 8.74+1.28 | 839+1.09 | 9.13+1.36
Range of 6N 6.10-14.51 | 6.10-13.21 6.59-14.51
Coastal Inland
Number of men 204 184
Number of women 183 163
All 8©°N (mean £ SD) 9.06 £1.45 8.38£0.93
Men 8°N (mean + SD) 8.64 +1.26 8.11+£0.78
Women 8°N (mean * SD) 9.51+1.52 8.70 £ 0.98

Table 2.3. Sex, age, and community status demographics of the Yup’ik study participants. Coastal
communities were considered to be within 5 miles from the coast and inland communities were located
greater than 5 miles away. See Figures 2.2-2.4 for details of the relationships for age, sex and

geographical status with 3*°N status.

Age (years)
60 80 100

40

515N (%o)

Figure 2.2. The positive correlation between age and 6*°N status in Yup’ik people. Higher §*°N values
indicate greater intake of ®3 PUFAs (N = 734, p < 0.001, R?= 0. 559).
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Figure 2.3. Sex differences in 8*°N values among Yup’ik people. Women tended to have higher §°N
values, suggesting that their ®3 PUFA intake was greater compared to men (p < 0.001). Median (IQR)
5N for men was 7.94 (1.00) and for women was 8.44 (1.85).

A) Coastal B) Inland
70 4 100 -
90 -
60 -
80 -
) S
& 50 - c 70 -
g s
T 40 - o 0
30 - 40 -
20 | 30
20 -
10 -
10
0 - 0 I T T T T 1
6 7 8 9 10 11 12 13 14 15 6 7 8 9 10 11 12 13 14 15
515N 515N

Figure 2.4. Distribution of §!°N values from our population of Yup’ik study participants stratified by, A)
coastal and B) inland communities. Coastal communities generally exhibited higher 6*°N values (mean +
SD, 9.06 * 1.45) than inland communities (8.38 = 0.93), p < 0.001.
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Natural-log transformed variable Association with age (p-value) Association with sex (p-value)
sP-selectin 0.523 <0.001
Clotting factor Il 0.032 0.015
Clotting factor V 0.004 0.227
Fibrinogen <0.001 0.137
PT 0.014 0.025
INR 0.013 0.029
PTT 0.094 0.011

Table 2.4. The association of natural log-transformed coagulation variables with age and sex. The
associations with age were determined by univariate linear regression while associations with sex were
analyzed by a two-sample t-test.

Variable Untransformed Natural-log transformed Natu!’ al-log transformed
and adjusted for age and sex
P—v_alue R- R P—_value R- R P—_value R- R?2
(unadjusted) | value (adjusted) | value (adjusted) | value

sP-selectin <0.001 -0.197 | 0.039 | <0.001 | -0.195 | 0.038 | <0.001 | -0.304 | 0.092
Clotting factor Il 0.151 0.054 | 0.003 | 0.186 0.050 |[0.003| 0.614 -0.117 | 0.014
Clotting factor V 0.133 0.051 | 0.003 | 0.050 0.073 [ 0.005| 0.865 0.113 0.013
Fibrinogen 0.003 0.159 | 0.025 | 0.003 0.158 | 0.025| 0.863 0.257 0.066
PT 0.227 0.045 | 0.002 | 0.117 |<0.001|0.003| 0.737 0.117 0.014

INR 0.513 0.024 | 0.001 | 0.266 -0.045 | 0.002 | 0.356 0.122 0.015
PTT 0.203 0.064 | 0.004 | 0.390 0.041 | 0.002 | *0.481 | *0.297 | *0.088

Table 2.5. Statistical significance and correlation coefficients from a multivariate regression analysis on
coagulation variables with §°N. Data are represented before and after natural log transformation, as well
as after further adjustment for age and sex. The significance level was set at o= 0.05. R-values measure
the strength and the direction of a linear relationship between two variables and R? indicates how well
data fit a statistical model (i.e. goodness-of-fit). *Natural log PTT was adjusted for geographical status in
addition to age and sex.
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Figure 2.5. The correlation between sP-selectin and 8*°N, before and after natural log transformation.
The negative association in the non-transformed model was significant (p < 0.001, R?= 0.039) and
improved further after natural log-transformation and adjusting for age and sex (p < 0.001, R?= 0.092).
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Figure 2.6. The positive correlation between sP-selectin and CD41+ microparticles from the plasma
samples of Yup’ik study participants. CD41+ microparticles are derived from platelets and were
measured from our samples to validate that sP-selectin was an appropriate platelet biomarker in our study
(p =0.001, R?=0.069, N = 170).
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Figure 2.7. Correlation between fibrinogen and 3*°N before and after natural log transformation. Though
the unadjusted association of natural log fibrinogen appears to be a positive and significant relationship (p
=0.003, R?=0.025), the association was lost after adjusting for age and sex (p = 0.863, R?=0.066),
indicating evidence of confounding.
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Figure 2.8. Correlation between clotting factor I1 activity and §'°N before and after natural log
transformation. Clotting factor Il is a vitamin K-dependent protein and the lack of any association before
(p = 0.186, R? = 0.003) or after (p = 0.614, R? = 0.014) the adjustment of age and sex with the natural-log
transformed variable suggests that ®3 PUFA intake does not affect clotting factor activity through a
vitamin K-dependent mechanism.
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Figure 2.9. The correlation between factor V and 8*°N, before and after natural log transformation.
Bimodality of factor V data could be seen where approximately 18% (highlighted by the rectangular box)
of our samples had factor V activity measured to be less than 50%. The association with 3*°N was further
explored by categorizing factor V data into groups of either >30% or < 30% activity (explored later in
Table 6).
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Figure 2.10. The correlation between PT and §'°N, before and after natural log transformation. No
significant association of natural log PT with §°N was observed before (p = 0.117 R?= 0.003), and after
(p = 0.737, R? = 0.014) the adjustment with age and sex.
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Figure 2.11. The correlation between INR and 8*°N, before and after natural log transformation. No

significant association of natural log INR with 3!°N was observed before, (p = 0.266, R?= 0.002) and
after (p = 0.356, R2 = 0.015) the adjustment for age and sex.
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Figure 2.12. The correlation between PTT and 8'°N, before and after natural log transformation. A
significant association was observed after the adjustment with age and sex (p = 0.005, R? = 0.036).
However, the significance was lost after the inclusion of geographical status as a covariate to the
regression model in addition to age and sex (p = 0.481, R? = 0.088).
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Factor V > 30% Factor V <30%
Mean = SD 88.6 +25.2 18.2+7.11
N 636 70
Skewness | Kurtosis | P-value | R-value R? Skewness | Kurtosis | P-value | R-value R?
Untransformed -0.132 3.66 -0.009 2.03
Unadjusted 0.492 -0.026 | 0.001 0.473 0.087 | 0.008
Adjusted for age and sex 0.016 -0.142 | 0.020 0.231 0.162 | 0.026
Natural log-transformed -1.13 417 -0.888 3.51
Unadjusted 0.351 -0.037 | 0.001 0.998 0.000 | 0.000
Adjusted for age and sex 0.036 -0.122 | 0.015 0.474 0.131 | 0.017

Table 2.6. Multivariate regression analysis results between factor V activity and '°N before and after
natural log-transformation. The analysis was stratified by groups of factor V activity (> 30% or < 30%).
Regression was performed on both the untransformed and natural log-transformed factor V variable since
skewness and kurtosis value did not improve after natural log transformation.

Factor V > 30% Factor V <30%

Variable Mean + SD N Mean = SD N P-value

Factor V (%) 88.6 + 25.2 636 182+7.11 70 <0.001

PT (sec) 126+1.52 673 14.2 + 2.66 69 <0.001

INR 1.00+0.17 674 1.17+0.31 69 <0.001

PTT (sec) 32.7+4.59 391 41.2+27.2 43 0.013
Regression with 8°N | P-value | R-value R? P-value | R-value R?

Unadjusted 0.492 -0.026 0.001 0.473 0.087 0.008
Adjusted for age and sex | 0.016 -0.142 | 0.020 0.231 0.162 0.026

Table 2.7. Differences in PT, INR, and PTT between samples with clotting factor V activity > 30% and
those that were < 30%. Differences between the two groups were analyzed by two sample t-test for both
untransformed and natural log-transformed values of PT, INR, and PTT. P-values were the same for both
the untransformed and natural-log transformed variables.
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Figure 2.13. Box-and-whisker plot of PT, INR, and PTT values for plasma samples based on clotting
factor V activity. The center line of each box represents the median, while upper and lower ends of the
box represent the interquartile ranges. The outer whisker lines represent the maximum (top) and
minimum (bottom) values, excluding outliers. Dotted points are outliers, defined as 1.5 times the upper
and lower interquartile limits. Values are represented in Table 2.7.
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Figure 2.14. Factor V activity correlated positively with factor V levels from ELISA assay (p < 0.001,

R?=0.332, N=39) in samples that were low in factor V (< 30%). The ELISA was used to validate the
factor V activity levels of study samples by directly quantifying concentrations of factor V protein.

2 . we .
. .
.
e . e »
.
®
[
= o . ., =
- » .
= o e e
> .
e L]
=] 0 LI ) ’ *
o . .
o * e
e .
o | . . [ ]
- e
o %
.
0 .
[
T T T T T
0 100 200 300 400

Factor VIII (%)

Figure 2.15. The correlation between factor V activity and factor VIII activity. Despite a positive
correlation (p = 0.018, R? = 0.116), we did not find compelling evidence of F5F8D in our samples since
approximately 77% of samples had factor VI activity values above the lower reference of 50% for factor
VIII.
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Chapter 3
Impact of Vitamin K Cycle Polymorphisms on Acute and Chronic

Vitamin K Status in Alaska Native People

3.1 Relationship Between Genes of the Vitamin K Cycle Enzymes and Vitamin K Status

The generic term “vitamin K” encompasses a group of lipid-soluble vitamins that are most well-
recognized for their role in coagulation. Vitamin K acts as a cofactor to the enzyme y-glutamyl
carboxylase (GGCX), which catalyzes the posttranslational carboxylation of glutamic acid (Glu) to y-
carboxy glutamic acid (Gla) on vitamin K-dependent clotting factors. Vitamin K 2,3-epoxide is a by-
product of this process that must be converted back to its hydroguinone form by vitamin K epoxide
reductase (VKOR) to be utilized again by GGCX, completing the vitamin K cycle (1). In this way,
hepatic vitamin K is recycled for use. Genetic polymorphism in the VKORCL1 gene, such as the 1173
T>C SNP, is an important source of inter-individual variation in the maintenance dose of the vitamin K
antagonist drug, warfarin (2, 3). Vitamin K can also be catabolized and eliminated as chain-shortened
acid metabolites following initial metabolic oxidation by the vitamin K hydroxylase, CYP4F2 (4). The
CYP4F2*3 (V433M) allele is associated with higher warfarin dose requirements, presumably due to
decreased capacity to eliminate vitamin K and greater availability of the hydroquinone to support GGCX
activity (5, 6). CYP4F11, another recently identified vitamin K hydroxylase, has not been studied in
relation to warfarin dose but may also contribute to vitamin K status (4). Humans cannot synthesize
vitamin K and must obtain it from dietary sources. It exists naturally in two main forms, either as
phylloguinone (vitamin K1), commonly found in plants, or menaquinones (vitamin K2), which are found
in meats and fermented foods (7). Phylloquinone is the predominant form of vitamin K present in the diet
of westernized cultures (8).

Vitamin K status is generally assessed in the clinical setting indirectly through the use of

functional clotting assays and direct measurement of the vitamin K in body fluids is less common. For
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example, PIVKA-II (protein-induced by vitamin K absence or antagonist-I1) is the undercarboxylated
form of vitamin K-dependent clotting factor Il. It is considered a chronic measure of long-term vitamin K
status with values greater than 2 ng/mL taken to be an indicator of subclinical deficiency (9, 10). The
prothrombin time (PT), alternatively expressed as the international normalized ratio (INR), is a clinical
measure of clotting time that assesses the efficacy of the oral anticoagulant warfarin. The PT/INR value in
warfarin patients is strongly affected by vitamin K intake (11). In contrast to PIVKA-II, direct
measurement of the phylloguinone concentration in plasma reflects dietary intake over the past 24 hours
(12). However, the measurement of phylloquinone from serum or plasma is not performed routinely. It
requires highly sensitive analytical methods as well as extensive sample preparation prior to detect and
guantify the low nanomolar concentration of vitamin K1 in plasma.

Vitamin K status may be an important factor affecting the coagulation status among the Yup’ik
people of Southwest Alaska. Historical accounts of bleeding tendency in Greenlandic Inuits were
summarized by Dyerberg and Bang in the 1980’s, and included episodes of epistaxis, haemopthysis,
urinary tract bleeding, obstetrical bleeding and submucosal bleeding (13, 14). Though the investigators
attributed these symptoms to the high consumption of w3 PUFAs in this population that lead to
antagonism of platelet activity (discussed previously in Chapter 2), vitamin K status was never explored
in their studies. Given that the main dietary source of vitamin K is green leafy vegetables, which are only
intermittently available in the remote sub-Arctic regions where the Yup’ik people live, it is plausible that
this population may have been more historically prone to a hypocoagulable state because they have low
intake of vitamin K, particularly during seasons when traditional sources such as “tundra greens” and
seaweed are unavailable. There is currently little information about vitamin K status among indigenous
groups of the Arctic regions and no information is available for the Yup’ik people about the genetic
variation of vitamin K recycling and catabolizing enzymes, specifically variation in VKORC1, CYP4F2,
and CYP4F11.

In this study we quantified the vitamin K plasma levels from Yup’ik study participants and

stratified those concentrations by the common vitamin K cycle polymorphisms; VKORC1-1173 T>C
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(rs9934438), CYP4F2*3 (C>T SNP, V433M, rs2108622), CYP4F2 W12G (A>C, rs3093105), CYP4F11
R276C (G>A, rs8104361), and CYP4F11 N446D (A>G SNP, rs106046) genotypes. Additionally, we
used a case-control study with logistic regression analysis to determine if these genes influence long-term
vitamin K status, as determined from PIVKA-II measurements. Lastly, we analyzed the vitamin K
content of tundra greens that are regularly consumed in the traditional Yup’ik diet. Tundra greens are
collected seasonally in Alaska and may be an important source of vitamin K in addition to, or alternative
to, commercially available food sources. By assessing short and long-term status of vitamin K in the
Yup’ik people and measuring levels from tundra greens, we have established, for the first-time, base-line

measures of vitamin K availability and status in this population.

3.2 Experimental Procedures
Reagents and Standards

Standards of phylloquinone (VK1) and menaquinone-4 (MK-4) were commercially available
from Supleco (catalog no. 47773 and 47774 respectively). Phylloguinone epoxide (VKO) and
menaquinone-4 epoxide (MK-40) were synthesized by the method of Dowd (15). Briefly, 5 mg of VK1
and 7.5 mg of hydrogen peroxide was added to a round-bottom flask containing 2.5 mL of absolute
ethanol and 0.3 mL of 3 M agueous sodium bicarbonate. The mixture was heated at 75°C for 1 hour with
stirring and then quenched with 10 mL of water. The solution was extracted three times with 10 mL of
diethyl ether, dried over magnesium sulfate and filtered. The filtrate was concentrated under vacuum and
then redissolved in 1 mL methanol. The solution was then further purified using a Beckman Coulter
Ultrasphere ODS 5 um 10 mm x 25 cm C18 Reversed Phase Semi-Preparative column (part no. 235328)
and methanol as the mobile phase.

Deuterated phylloguinone (VK1-d7) was commercially available from Aldrich (catalog no.
catalog no. 705470). Deuterated menaquinone-4 (MK-4-d7), a gift from Dr. Matthew McDonald, was

synthesized by the method of Suhara (16). Deuterated phylloquinone epoxide (VKO-d7) was synthesized
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from VK1-d7 and deuterated menaquinone-4 epoxide (MK-40-d7) was synthesized from MK-4-d7 by the
method of Dowd (15). All standards were prepared in methanol and characterized spectrophotometrically
and chromatographically before use. The molar extinction coefficient of VK1 and MK-4 is 19000 M at

248 nm and 30800 M at 226 nm for VKO and MK-40, respectively (17, 18).

LC-MS conditions

All standards and samples were analyzed on a Waters TQ-S mass spectrometer connected to a
Waters Acquity I-Class ultra performance liquid chromatography (UPLC) system with an atmospheric
pressure chemical ionization (APCI) source operating in negative mode. The APCI probe temperature
was set to 650°C. The corona voltage was set to 30 HA and the desolvation gas flow was 500 L/hr. The
temperature-controlled UPLC column compartment was set to 50°C. Chromatographic separation of
analytes was achieved on a Waters Acquity UPLC BEH phenyl 1.7 um, 2.1 x 50 mm column (part no.
186002884) with a Phenomenex SecurityGuard Cartridge System (part no. KJ0-4282) equipped with a
4.0 x 2.0 mm C8 SecurityGuard cartridge (part no. AJ0-4289). The mobile phase consisted of solvent A
(water) and solvent B (0.05% formic acid in methanol). A linear gradient was run as follows: 85%
solvent B at 0 minutes to 100% solvent B at 3 minutes with a flow rate of 0.35 mL/min. Elution
continued with Solvent B at 100% for 3 more minutes before re-equilibration back to 85% solvent B over

a final 2 minutes. The cycle was complete at 8 minutes.

Assessment of Vitamin K Status in the Yup'ik

Data were gathered in collaboration with the Center for Alaska Native Health Research
(CANHR) as part of a Northwest-Alaska Pharmacogenetic Research Network study described previously
in Chapter 2. Out of 772 study participant samples collected, 755 had measureable PIVKA-II data and a
smaller subset of 211 plasma samples were analyzed for vitamin K content. All study participants fasted

for 12 hours prior to blood draws and all samples were frozen at -80°C prior to work-up. All plasma
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samples were prepared in duplicates prior to LC-MS analysis and extracted using modified method
originally described by Paroni et al (19). Briefly, to each 0.5 mL plasma sample, 2 ng of VK1-d7, 2 ng
MK-4-d7, 4 ng VKO-d7, and 4 ng MK-40-d7 were added. Ethanol (2 mL) was added followed by 1
minute of vigorous mixing. The samples were then centrifuged at 3,000 rpm (1,932 g) for 5 minutes and
the supernatant was transferred into a separate tube. Samples were then extracted using 1.0 mL Oasis
HLB Polymeric SPE columns (part no. WAT094225, Waters). The column cartridges were initially
conditioned with 1.0 mL of methanol and 1.0 mL of water. The samples were loaded onto the columns
and then washed with 1.0 mL of water, 1.0 mL of 50:50 (v/v) water/methanol, and 1.0 mL 20:80 (v/v)
water/methanol. The columns were dried for 1 minute and finally eluted with 1 mL of
acetonitrile/isopropanol/dichloromethane (70:10:20). This eluate was evaporated under nitrogen and the
residue was dissolved in 100 xL of methanol for analysis of 15 xL aliquots that were automatically
injected into the LC/MS system. PIVKA-II was measured by the UW Department of Laboratory
Medicine as part of a test panel to assess coagulation status; the method is described in Chapter 2. The kit
was commercially available from Diagnostica Stago (Asserachrom PIVKA-II, cat. no. 00631).
Hemolyzed samples were excluded from data analysis and the limit of quantitation for the PIVKA-II

assay was 2 ng/mL.

Tundra Green Preparation

All samples of tundra greens were obtained from areas near the Yup’ik village study sites where
plasma had been collected from study participants. Since different parts of tundra greens may be
consumed by Yup’ik people, the leaf and stems (where available) were separately analyzed as two sets of
duplicates before and after boiling for 15 minutes in water to reflect varied preparation of these foods
prior to consumption. For comparison, we also measured vitamin K content of tundra greens in a separate
set of commercially available ‘reference’ vegetables, which included broccoli, spinach, iceberg lettuce,

celery, basil, red onion, and carrot. Samples were stored at -80°C after collection and then freeze-dried



78

under vacuum prior to extraction. To each 20 mg aliquot of freeze-dried tundra greens, 10 ng of VK1-d7
and 20 ng VKO-d7 was added. After the addition of 0.5 mL of water, each sample was homogenized
with a Bertin Technologies Precellys 24 tissue homogenizer utilizing 2.8 mm ceramic beads (MO BIO
Laboratories, Inc., catalog number 3114-325). Water (4.0 mL) and 4.0 mL of 2-propanol/hexane (3:2,
v/v) were added and, after vigorous vortexing for 1 minute, samples were centrifuged at 3000 rpm
(15009) for 5 minutes. The upper hexane layer was removed and the extraction step was repeated with 4
mL of hexane. After drying the isolated supernatant layer under nitrogen, samples were reconstituted in
500 uL of hexane and applied to Bond Elut 500 mg silica SPE columns (part no. 12113036, Varian).
These cartridges were conditioned initially with 4.0 mL of ethyl ether/hexane (4:96, v/v) and then with
4.0 mL of hexane. After loading the concentrated vegetable extracts, the columns were washed with 4.0
mL of hexane, and eluted with 8.0 mL of ether in hexane (4:96, v/v). The eluate was evaporated under
nitrogen and the residue was dissolved in 100 pL of methanol solution for analysis of 15 pL aliquots by

LC/MS.

Validation Procedure and Quantification

Due to presence of residual levels of VK1 in human plasma, fetal bovine serum (FBS) was used
instead as the medium for preparation of standard curves. Standard curves were also generated using
phosphate-buffered saline (PBS). FBS or PBS was spiked with stock solutions ranging from 0.1 to 3.0
ng/mL of VK1, VKO, MK-4, and MK-40. In creating a standard curve to analyze VK1 and VKO from
tundra greens, samples containing 20 mg of freeze-dried red onion (which contains negligible levels of
vitamin K) in 0.5 mL of water were spiked with stock solutions ranging from 5 to 500 ng of VK1 and 0.5
to 50 ng of VKO. All samples were extracted and analyzed by LC-MS to obtain peak-area ratios for each
analyte compared to its deuterated internal standard. Plasma samples were excluded if variation in
measured vitamin K between duplicates was greater than 20%. Twelve archived plasma samples from

known warfarin patients (where plasma levels of vitamin K analytes were expected to be elevated) were
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also used to further validate the assay. These data were compared to twelve other archived plasma

samples from non-warfarin patients.

Genotyping of CYP4F2, CYP4F11, and VKORC1

The SNPs for CYP4F2*3 (C>T SNP, V433M, rs2108622), CYP4F2 W12G (A>C, rs3093105),
CYP4F11 R276C (G>A, rs8104361), CYP4F11 N446D (A>G SNP, rs106046) and VKORC1-1173 T>C
(rs9934438) were analyzed using TagMan SNP Genotyping Assays (Applied Biosystems, Inc.) on 96.96
Dynamic Genotyping Arrays (Fluidigm). Dynamic Arrays were primed and loaded on the Fluidigm HX
and thermo-cycled on the Fluidigm FC1 controller. End-point fluorescence was read on a BioMark™
Real-Time PCR System (Fluidigm) and analyzed using SNP Genotyping Analysis software (Fluidigm).

Samples with total call rates below 70% were excluded from further analysis.

Statistical Analysis

All statistical analyses were performed using STATA (version 11.0 SE). We compared vitamin K
analyte levels in plasma between warfarin and non-warfarin patients using a two-sample t-test. To
evaluate the association between plasma vitamin K levels and CYP4F2, CYP4F11, and VKORC1
genotypes, we used a multivariate gene-dosing model regression model that included the covariates sex,
age, and geographical status of the study community from which the plasma samples were obtained.
Geographical status was defined as coastal if study participants lived within 5 miles of the coast,
otherwise their status was assigned as inland. Genotype categories were classified for all genes as having
zero, one, or two copies of the variant allele. A y? goodness-of-fit test was used to determine if the
observed genotype frequencies for CYP4F2, CYP4F11, and VKORC1 SNPs differed significantly from
the expected frequencies under the assumptions of Hardy-Weinberg Equilibrium.

A logistic regression model was used to estimate the odds ratio (OR) of the association between

genotype and long-term vitamin K status. The outcome was dichotomous and categorized as either
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PIVKA-II > 2 ng/mL (low vitamin K status) or PIVKA-II < 2 ng/mL (normal vitamin K status). The
predictor variables of interest were genotype (0, 1, or 2 copies of variant allele), age (continuous), sex,
(binary) and whether the study community was located in a coastal or inland region (binary). The OR and
confidence interval (CI) of 95% were reported. The overall fit of the model to the data was evaluated
using the likelihood ratio test (x2) and goodness-of-fit test (Pearson %2). A two-tailed p-value less than
0.05 was considered significant for all statistical tests. Not all genotyped samples passed analytical

quality controls and only participant samples with a complete data were analyzed statistically.

3.3 Results

Development and Validation of the LC-MS assay

The LC-MS conditions and MRM transitions for each vitamin K analyte are summarized in Table
3.1 and representative chromatograms are shown in Figure 3.1. No ion overlap of unlabeled compounds
into the channels monitoring the deuterated standards above background was observed, within the
experimental concentration ranges. The linearity of response for all analytes in plasma was tested by
spiking standards of VK1, VKO, MK-4, and MK-40 into 0.5 mL PBS and 0.5 mL of FBS in
concentrations that ranged from 0.1 ng/mL to 2 ng/mL (Figures 3.2-3.5). The linearity of response for all
analytes in tundra greens was assessed by spiking VK1 and VKO standards into samples containing 0.5
mL water with 20 mg of freeze-dried red onion in concentrations that ranged from 5 ng to 500 ng for VK1
and 0.5 to 50 ng for VKO (Figure 3.6). L inear regression was used to compare measurements obtained
by LC-MS to expected concentrations of calibration standards. Standard curves for both PBS and FBS
were linear with R? values of 0.99. For the standard curve derived from red onions, the R? values were
also 0.99 for both VK1 and VKO.

The VK1, VKO, MK-4, and MK-40 plasma concentrations were compared between warfarin (N
= 12) and non-warfarin (N = 12) patients as a separate validation of the LC-MS assay. The mean,

median, standard deviation (SD) and interquartile range (IQR) for each analyte between warfarin and
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non-warfarin patients are presented in Table 3.2. Though VK1 and MK-4 did not differ significantly
between the two groups, VKO and MK-40 were elevated to 1.70 + 1.09 ng/mL and 0.14 + 0.08 ng/mL,
respectively, in warfarin patients compared to non-detectable amounts of these analytes in non-warfarin
patients (Figures 3.7 and 3.8). This is expected because inhibition of VKOR by warfarin hinders the
reduction of epoxide in the vitamin K cycle and increases its concentrations in plasma. Indeed, this
seminal observation, first made 40 years ago, laid the basis for the early understanding of the role that the

vitamin K cycle plays in the mechanism of coumarin anticoagulation (20).

CYP4F2, CYP4F11 and VKORC1 SNP Allele Frequencies

The allele frequencies of CYP4F2, CYP4F11, and VKORC1 SNPs observed in Yup’ik people
relative to other ethnic populations are displayed in Table 3.3. Genetic information from non-Yup’ik
populations were obtained from the International HapMap Project, which include CEU: Utah residents
with ancestry from northern and western Europe, YRI: Yoruba in Ibadan, Nigeria, and JPT: Japanese in
Tokyo (21). The CYP4F2*3 allele was observed at a much higher frequency in Yup’ik people (0.485)
relative to CEU (0.232), YRI (0.058) and JPT populations (0.235). In contrast, the variant allele
frequencies for both CYP4F11 SNPs; R276C (0.008) and N446D (0.134), were lower in Yup’ik people
compared to other ethnic groups. The VKORC1-1173 T>C allele (0.21) was at a frequency most similar
to Asians (0.09) and would be predicted to contribute significantly to a low warfarin dose phenotype in
this population. The genotype frequencies for the SNPs CYP4F2, CYP4F11 and VKORCL1 are displayed
in Table 3.4. There were no significant deviations from Hardy-Weinberg Equilibrium observed for
genotypes of CYP4F2*3 (p = 0.414), CYP4F2 W12G (Fisher’s Exact p = 0.218), CYP4F11 R276C (p =
1.00), and CYP4F11 N446D (p = 0.350), but this was significantly different for VKOR-1173 T>C SNP (p
< 0.001). Because of the low variant allele frequency for CYP4F2 W12G and CYP4F11 R276C, these

SNPs were excluded from further analysis.



82

Vitamin K Levels in Plasma

The distribution of plasma VK1 levels in the Yup’ik before and after natural log transformation
are represented in Figure 3.9. The normality of the distribution (skewness = 2.94, kurtosis = 13.78)
improved after natural log transformation (skewness = 0.42, kurtosis 3.10). Plasma VKO, MK-4, and
MK-40 were detected in only trace amounts below the limit of quantitation (< 0.1 ng/mL) and therefore,
were excluded from detailed analysis of plasma data obtained from study participants. We observed no
differences in natural log VK1 levels in plasma between sexes (p = 0.112) or geographical status (p =
0.134), but found a modest positive association with age (p = 0.043, R? = 0.0197).

The mean + SD of VK1 for all plasma samples (N = 211) measured was 0.46 + 0.42 ng/mL
(Table 3.5, Figures 3.10-3.12). When these results were stratified by CYP4F2*3 genotype, the mean
values were generally higher for study participants genotyped as CYP4F2 *3/*3 (0.62 + 0.56 ng/mL, N =
54) compared to those who were *1/*3 (0.43 £ 0.35, N = 98) or *1/*1 (0.39 + 0.33 ng/mL, N = 53).
When these differences were compared using natural log transformed values, the difference relative to the
*1/*1 genotype was significant for *3/*3 (p = 0.003) but not for *1/*3 (p = 0.396). Furthermore,
CYP4F2*3 genotype associated positively with natural log VK1 levels in plasma (p = 0.002, R? = 0.047)
even after adjusting for age, sex, and geographical status (p = 0.004, R? = 0.0779). When comparing
VK1 levels across CYP4F11 N446D genotype, the values were highest (0.92 + 1.12, N = 3) for the GG
genotype compared to the AG (0.40 £ 0.29, N = 38) and AA (0.48 £ 0.45, N =132) genotypes, but did not
reach statistical significance in the regression model before (p = 0.855, R < 0.001) and after (p = 0.992,
R? = 0.060) statistical adjustment. In comparisons based on VKORC1-1173 T>C genotype status, the
measured mean VK1 levels were higher (0.75 + 0.88 ng/mL, N = 9) for the CC genotype relative to the
TC (0.47 £0.48 ng/mL, N =51) and TT (0.45 £ 0.35 N = 145) genotypes. However, under the regression
model we did not find any statistically significant associations between natural log VK1 and VKORC1-
1173 T>C genotype (p = 0.816, R? < 0.001). These associations remained insignificant after the

adjustment of age, sex, and geographical status (p = 0.996, R? = 0.039).
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Vitamin K Content of Tundra Greens

A list of tundra greens that were collected from field visits by investigators are found on Table
3.6. The measured VK1 and VKO contents in micrograms per gram of freeze-dried plant material are
listed in Table 3.7. Leaves were found to generally have higher VK1 content compared to stems. Boiling
decreased the phylloquinone content by an average of 46.4% (5.49-71.0%) for leaves and 58.0% (45.1-
75.3%) for stems. The VK1 levels in tundra greens were similar to amounts measured from raw, freeze-
dried reference vegetables (Table 3.8). Small amounts of VKO were detected in non-boiled samples, but

were present in much lower concentrations compared to VK1.

PIVKA-II status

Among the 755 study participants in which PIVKA-II was measured, 272 (36%) had PIVKA-1I >
2 ng/mL. The distribution of PIVKA-II values in our study is represented in Figure 3.12 and the
descriptive statistics of CYP4F2, CYP4F11, and VKORCL1 genotypes from the logistic regression analysis
are presented in Table 3.9. A significant proportion of men tended to have low PIVKA-II status (40.4%)
compared to women (31.2%, Pearson * = 6.92, p = 0.009). No significant differences were observed in
PIVKA-II status between coastal and inland communities (p = 0.082).

The CYP4F2*3 allele was found to confer lower odds (OR = 0.80, 95% CI: 0.65 - 0.99, p = 0.04)
of low vitamin K status and this association improved after the adjustment with age, sex, and
geographical status (OR =0.77, 95% CI: 0.62 - 0.95, p = 0.016) (Table 3.10). When homozygotes and
heterozygotes were individually compared to wild-type, the association was the stronger for *3/*3 (OR =
0.59, 95% CI: 0.38 - 0.91, p = 0.017) than in *1/*3 (OR = 0.75, 95% CI: 0.52 - 1.08, p = 0.120). When
CYP4F2 N446D was analyzed, the unadjusted OR was 1.03 (95% CI: 0.74 - 1.43, p = 0.873) but
remained insignificant (OR = 1.03, 95% CI: 0.74 - 1.44, p = 0.850) after adjusting for age, sex and
geographical status (Table 3.11). For VKORC1-1173 T>C genotype, the unadjusted OR was 0.90 (95%

CI: 0.70 - 1.14, p = 0.382) and the adjusted OR was 0.89 (95% CI: 0.68 - 1.12, p = 0.285), but were both
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insignificant (Table 3.12). We also did not find any significant difference in natural log VK1 between

participants based on PIVKA-II status (p = 0.557).

3.4 Discussion

Many members of the Yup’ik people living in Southwest Alaska incorporate into their lifestyle a
subsistence-based diet that is high in marine animals and fish, which are significant sources of @3
polyunsaturated fatty acids (PUFAS). In Chapter 2, it was shown that higher @3 PUFA consumption
(through the surrogate biomarker, 3*°N) affects hemostasis, likely through modifying platelet activity.
The contribution of subsistence food from the Yup’ik diet to vitamin K status has not been previously
explored but may also impact hemostasis through vitamin K-dependent pathways involving genetic and
environmental factors. It is well recognized that maintaining a consistent amount of vitamin K in the diet
is important for warfarin patients to stabilize the INR during anticoagulation therapy. Therefore, other
genetic and environmental factors that alter vitamin K status could be important clinical considerations
when prescribing anticoagulant drugs or other medications that impact the vitamin K cycle.

We evaluated the effect of CYP4F2*3, CYP4F11 N446D, and VKORC1-1173 T>C hoth acute
(plasma VK1) and long-term (PIVKA-II) vitamin K status in our study population. A significant finding
of the genotyping results is that the frequency of the CYP4F2*3 allele is notably higher than the
frequencies reported for other studied populations and is associated with plasma VK1 and PIVKA-II
concentration. CYP4F2 has been shown to act as an o-hydroxylase to VK1 and MK-4, and variation in
the CYP4F2 gene (*3, V433M) is associated with a higher warfarin dose requirement of approximately 1
mg/day (4, 5). The CYP4F2 protein encoded by the CYP4F2*3 allele exhibits reduced capacity to
metabolize VK1, secondary to a decrease in steady-state levels of the hepatic enzyme (6). Our
observation that CYP4F2*3 genotype positively associates with plasma VK1 concentrations and that
these levels are increased in study participants carrying the *3/*3 genotype relative to *1/*3 and *1/*1

provides supporting evidence that CYP4F2*3 may help conserve vitamin K in the liver by slowing its
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hepatic metabolism. This end result could also potentially prolong the serum half-life of VK1, which is
approximately 7.5 hours (22). A recent study has shown that CYP4F2*3 genotype influences a-
tocopherol (vitamin E) levels in plasma (23). The investigators found that among study participants
receiving vitamin E, the CYP4F2*3 SNP polymorphism was significantly associated with higher a-
tocopherol levels after 48 weeks of treatment relative to baseline levels (23). Given that both vitamin E
and vitamin K are fat-soluble vitamins, the results found in our study may allude a broader role for
CYP4F2 in fat-soluble vitamin metabolism.

Though CYP4F11 has also been reported to be a vitamin K hydroxylase, the lack of any
significant association between CYP4F11 N446D and VK1 in plasma, in addition to its much lower allele
frequency compared to CYP4F2*3, suggests that the CYP4F2 has the more dominant role in our study
population in affecting acute vitamin K status (4). In comparing differences in plasma VK1 based on
VKORC1-1173 T>C status, the genotype frequencies observed in our study did not meet the assumptions
of Hardy-Weinberg Equilibrium. This suggests that there could be false positive or negative genotypes of
VKORC1-1173 T>C assigned to our samples. Furthermore, our study was not powered to test for
differences between VKORC1-1173 T>C (as well as CYP4F2 W12G and CYP4F11 R276C) genotype
groups, because of low frequency of the minor genotype. Variation among intronic SNPs of VKORC1
have been associated with altered VKORC1 mRNA expression levels, in addition to warfarin dose
requirements (2, 24). It is plausible that greater hepatic levels of the VKOR protein in the CC genotype
could result in more “recycling” of vitamin K, potentially elevating vitamin concentrations in plasma. A
separate study involving the measurement of plasma vitamin K in populations with greater frequency of
the VKORC1-1173 T>C variant allele would be needed to confirm this. It is important to note that while
the results with CYP4F2*3 were statistically significant, the mean change in plasma VK1 levels observed
between genotype groups was relatively small, given that population reference ranges for plasma VK1
levels have been reported to be as great as 0.22 to 8.88 nmol/L (25, 26).

The measured vitamin K content of the tundra greens collected from study communities was

similar to the panel of reference vegetables. In both cases, the vitamin content was higher for vegetables
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and parts of the plant (i.e. leaves) with greater green pigmentation, as expected since vitamin K is
concentrated in chloroplasts (27, 28). Because tundra greens were replete in vitamin K they may serve as
an important source of vitamin K in remote Alaskan regions with limited access to fresh produce.
However, since tundra greens are collected mainly during the summer seasons, seasonality is a factor that
could affect vitamin K status, but that was not assessed in our study. Furthermore, we did not measure
the vitamin K content of marine foods and animals, which are a staple of the Yup’ik diet.

The potential of the CYP4F2*3 allele to maintain higher levels of VK1 in plasma may have an
impact on chronic vitamin K status. Both plasma vitamin K and PIKVVA-I1 are influenced by dietary
vitamin K intake, but PIVKA-II is a more commonly measured biomarker of vitamin K status due to its
longer half-life relative to serum phylloquinone, reported to be 45 hours in infants and approximately 3
days in adults (29-32). Data from our logistic regression model suggest that the CYP4F2*3 SNP reduces
the likelihood of having low vitamin K status, and this effect was most evident in the *3/*3 homozygotes
relative to the *1/*1 genotype. Similar to our results with plasma VK1, PIVKA-II status did not appear to
be influenced by CYP4F11 N446D and VKOR-1173 T>C genotypes. The observed effects of the
CYP4F2*3 genotype on vitamin K status appear to be most evident in the variant *3/*3 homozygotes,
which suggests that CYP4F2 plays a significant in role in the elimination of vitamin K even with only 1
copy of the presumably more functional allele.

A limitation of measuring VK1 from plasma is that concentrations reflect dietary intake over the
past 24 hours (33). Since our study participants fasted only 12 hours prior to blood draws, using plasma
VK1 concentrations alone to assess vitamin K status may not accurately reflect the contribution of the
CYP4F2*3 allele to overall vitamin K status. Another limitation is that PIVKA-II concentrations below 2
ng/mL cannot be accurately quantified and the majority of our PIVKA-II measurements (~64%) fall
below this threshold, thus hindering an evaluation of the association between low vitamin K status and
CYP4F2*3, CYP4F11 N446D, and VKORC1-1173 T>C genotype. Although sample integrity could be
another major concern, samples were analyzed for both plasma VK1 and PIVKA-II upon first thaw after

storage in -20°C and those manifesting likely significant sources of variability (i.e. clots and hemolysis)
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were excluded to improve the robustness of study data. We were also only able to measure vitamin K
levels from plasma whereas CYP4F2*3, CYP4F11 N446D, and VKORC1-1173 T>C could also influence
hepatic vitamin K levels (explored in chapter 4). Lastly, our study was also cross-sectional in design and
could not therefore conclude causality of our results. Future pharmacokinetic studies measuring potential
differences in serum half-life and changes in concentration over time of vitamin K among CYP4F2*3
genotyped individuals would be needed to confirm the effect of CYPF2*3 on vitamin K status.

In summary, our data suggest that the CYP4F2*3 polymorphism contributes to both acute and
long-term variation in vitamin K status. Specifically, high frequency of the CYP4F2*3 allele observed in
Yup’ik people suggests that preservation of the low activity vitamin K hydroxylase allele could be a safe
guard mechanism against low vitamin K status. This could reduce the risk of a hypocoagulative state in a
tundra environment with less seasonal and dietary availability of vitamin K. While this may play a less
significant role today, given westernization in the lifestyle of Yup’ik people over the past few decades
and greater commercial access to market foods, these findings are likely still be important

pharmacogenetic considerations when prescribing anticoagulant medications and treating chronic disease.
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Analyte | Parent (m/z) Daughter (m/z) Cone (V) Collision (V) Retention Time (min)
VK1 450.6 185.1 58 30 3.56
MK-4 444.6 185.2 56 28 3.03
VKO 466.5 187.0 30 22 3.33
MK-40 460.5 187.2 30 19 2.79
VK1d7 457.7 185.1 50 28 3.55
MK-4d7 451.7 192.2 56 28 3.02
VKOd7 4735 194.2 46 22 3.31
MK-40d7 467.5 194.0 30 19 2.77

Table 3.1. LC-MS conditions and MRM transitions of each vitamin K analytical standard. The conditions
were similar between non-deuterated and deuterated standards, but each was optimized for response on
the Xevo TQ-S instrument.
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Figure 1.1. LC-MS chromatograms of a standard mix containing; A) MK-40-d7, B) MK-40, C) VKO-
d7, D) VKO, E) MK-4-d7, F) MK-4, G) VK1-d7 and H) VK.
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Figure 3.2. Standard curves comparing the measured concentration of VK1 to the expected concentration
of the calibrator solution. Both PBS (phosphate buffered saline) and FBS (fetal bovine serum) were used
as matrices and response was linear with R? values of >0.99, indicating that matrix effects of protein
binding at these concentrations did not significantly affect the standard curves. The equations for the
standard curves were y = 0.33x — 0.0014 for PBS and y = 0.33x + 0.11 for FBS.
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Figure 3.3. Standard curves comparing the measured concentration of VKO to the expected concentration
of the calibrator solution. Both PBS and FBS were used as matrices and was response was linear with R?
values of 0.99. The equations for the standard curves were y = 0.15x — 0.017 for PBS and y = 0.14x +
0.020 for FBS.
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Standard Curve of MK-4 in PBS Standard Curve of MK-4 in FBS
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Figure 3.4. Standard curves comparing the measured concentration of MK-4 to the expected
concentration of the calibrator solution. Both PBS and FBS were used as matrices and response was
linear with R? values of 0.99. The equations for the standard curves were y = 0.38x — 4.0 x 10* for PBS
and y = 0.38x + 0.007 for FBS.
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Figure 3.5. Standard curves comparing the measured concentration of MK-40 to the expected
concentration of the calibrator solution. Both PBS and FBS were used as matrices and response was
linear with R? values of 0.99. The equations for the standard curves were y = 0.16x — 0.005 for PBS and
y = 0.16x -0.002 for FBS.
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Figure 3.6. Standard curves comparing the measured concentration of VK1 and VKO to the expected
concentration of the calibrator solution using 20 mg of freeze-dried red onion as the matrix. Both curves
were linear with R? values of 0.99. Trend-line equations were y = x + 4 x 104 for VK1 and y = x for

VKO.

No Warfarin Warfarin
Analyte Mean + SD Median (IQR) Mean + SD Median (IQR)
VK1 (ng/mL) 1.43+1.92 0.72 (1.39) 0.98 + 0.46 1.00 (0.67)
VKO (ng/mL) <0.10 <0.10 1.70 + 1.09 1.55 (1.66)
MK-4 (ng/mL) <0.10 <0.10 <0.10 <0.10
MK-40 (ng/mL) <0.10 <0.10 0.14 +0.08 0.16 (0.15)

Table 3.2. Vitamin K analyte concentrations in the plasma of non-warfarin and warfarin patients. Values
are represented here as the mean + SD and median (IQR) in ng/mL.
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Figure 3.7. Box-and-whisker plots comparing VK1 and VKO levels between archived plasma samples of
non-warfarin and warfarin patients. The top and bottom of the darkened boxes represent the 75th and
25th percentiles, respectively. The median is represented by the middle line. Whiskers are the maximum
and minimum values excluding outliers. The outliers are identified as closed circles. While no significant
difference was observed for VK1 in plasma (p = 0.435), VKO levels were significantly higher in warfarin
patients (p < 0.001).
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Figure 3.8. Box-and-whisker plots comparing MK-4 and MK-40 levels between archived plasma
samples of non-warfarin and warfarin patients. While no significant difference was observed for MK-4 in
plasma (p = 0.3572), MK-40 levels were significantly higher in warfarin patients (p = 0.001).
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Rs Yup'ik CEU YRI JPT
Gene SNP Variant Allele | Variant Allele | Variant Allele | Variant Allele
Number
Frequency Frequency Frequency Frequency

CYPAED 2108622 V433M 0.485 0.232 0.058 0.235

3093105 W12G 0.025 - - 0.034

CYPAF1L 8104361 R276C 0.008 0.258 0.167 0.023

1060463 N446D 0.134 0.385 0.568 0.710

VKORC1 | 28940302 | 1173T>C 0.210 0.602 0.978 0.099

Table 3.3. Genetic variation of CYP4F2, CYP411, and VKORC1 SNPs in the Yup’ik people in
comparison to other ethnicities. Numbers were obtained from NCBI and variant allele frequencies from
the HapMap Project database (Thorisson GA, Smith AV, Krishnan L, Stein LD. The International
HapMap Project Web site. Genome Res 2005;15:1592-3), accessed July 15, 2014. Dash denotes the
absence of variant allele frequencies in the HapMap database for those populations. Abbreviations are
CEU: Utah residents with ancestry from northern and western Europe, YRI: Yoruba in Ibadan, Nigeria,
JPT: Japanese in Tokyo.

Gene SNP Copies of Variant Allele | P-value
0 1 2
V433M 209 356 187 0.414
CYPar2 W12G 711 35 3 0.218
R276C 738 12 0 1.00
.CYP4F11
N446D 488 154 15 0.350
VKORC1 | -1173T>C | 496 206 50 <0.001

Table 3.4. Frequencies of CYP4F2, CYP411, and VKORC1 variant genotypes in the Yup’ik people.
Genotype groups were categorized as having zero, one, or two copies of the variant allele. The p-values
(x?) test whether the genotype frequencies are significantly different from the expectations of Hardy-
Weinberg Equilibrium. This was only significant for VKORCL1 -1173 T>C, indicating that false positive
or negative genotypes of VKORC1-1173 T>C could have been assigned to our samples.
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Figure 3.9. Distribution of VK1 levels measured from plasma of Yup’ik study participants before and
after natural log transformation. A measurement is counted into a particular bin if it is equal to or less
than the bin number down to the last bin. The values were skewed towards the left near lower values,
indicating non-normal distribution. Natural log transformation improved normality for statistical testing.
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Non-Transformed
VK1 (ng/mL)

Natural Log
Transformed VK1

Regression Analysis

Adjusted for age, sex,

Unadjusted .
Group N | Mean+SD | Median (IQR) | Mean+SD | Median (IQR) and geographical status
P-value | R-value | P-value R-value
All 211 | 046+042 | 034(0.35) | -1.03£069 | -1.08(0.95)
CYP4F2*3

*q /%1 54 | 039+033 | 030(035 | -1.17+068 | -1.20(L04)

x1/%3 98 | 043+035 | 032(0.28) | -1.07+065 | -116(0.80) | 0002 | 0.214 | 0.004 0.279

*3/*3 53 | 062+056 | 043(042) | -0.76+0.72 | -0.86(0.92)

CYP4F11 N446D
AA 132 | 048+045 | 035038) | -1.02+072 | -1.06(1.03)
AG 38 | 040+029 | 031(028) | -1.14+065 | -1.17(0.84) | 0742 | 0028 | 0.984 0.246
GG 3 | 092+112 | 029(196) | 0.60+121 | -1.24(2.14)
VKORC1-1173 T>C

T 145 | 0454035 | 035(0.35) | -1.02+066 | -1.04(0.92)
TC 51 | 047048 | 031(0.30) | -1.07+072 | -117(089) | 0072 | 0179 | 0.986 0.200
cc 9 | 075088 | 032(054) | -082+107 | -1.14(L27)

Table 3.5. Mean, standard deviations (SD), median, and interquartile ranges (IQR) of VK1 before and
after natural log transformation according to CYP4F2*3, CYP4F11 N446D, and VKORC1 -1173 T>C
genotype. Multivariate linear regression was used to test for associations between natural log transformed
VK1 values and genotype. The results were further adjusted for potential confounding by age, sex, and
geographical status.
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Figure 3.10. Box-and-whisker plots comparing plasma VK1 levels from Yup’ik study participants
stratified by CYP4F2*3 genotype. Actual values are displayed in Table 3.3. Due to the non-normal
distribution of VK1, only the natural log transformed values were used for statistical testing in
multivariate regression analysis.
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Figure 3.11. Box-and-whisker plots comparing plasma VK1 levels from Yup’ik study participants
stratified by CYP4F11 N446D genotype. Actual values are displayed on Table 3.3. Due to the non-
normal distribution of VK1, only the natural log transformed values were used for statistical testing in
multivariate regression analysis.
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Figure 3.12. Box-and-whisker plots comparing plasma VK1 levels from Yup’ik study participants
stratified by VKORC1-1173 T>C genotype. Actual values are displayed on Table 3.3. Due to the non-
normal distribution of VK1, only the natural log transformed values were used for statistical testing in
multivariate regression analysis.
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- . Common . Harvest -
Latin Name Family Name Native Name(s) L ocation Preparation Uses
Angelica lucida Celery/Apiaceae Wild celery Ikituq ((\c(:ﬂr;.iikk));lk”tw Tundra Raw Food
Beach greens, Raw; Boiled, served
Arenaria peploides L. | Caryophyllaceae seabeach, Tukulleggar (Cup'ik) Beach - ' Food
sandwort with butter
Artemisia tilesii A Aster/ Wormwood Caigg!uk (Yup‘ik?_; Bluff by Boiled for tea; chewed Medicinal
steraceae Negnial“ngur (Cup'ik) ocean raw
. . Boiled for tea, add .
Ledum palusyrls ssp I—_leath/ Labrador tea Ayuq (Yup' i K); Ayu BIL_Jff by sprigs to black tea while Fopo_l, tea;
groenlandicum Ericaceae (Cup'ik) river . medicinal tea
steeping
Horsetail/ Pugtassar (Cup'ik-dead that
Hippuris vulgaris Equi Mares Tail float on pond in the spring); Pond Boiled Food
quisetaceae T :
ayaruq (Yup'ik)
Rumex arcticus PBuckwheat/ Sou_rdock; ciwassar (Cup"i_k); quageiq Tundra Raw; boiled Food
olygonaceae arctic dock (Yup'ik)
Buttercup, B
Ranunculus Pallasii crowfoot/ B Pallas Kapukarag (Yup 'k) ! Pond Boiled Food
Ranunculaceae uttercup aaggulunguar (Cup'ik)
Caltha palustris Caltha palustris M'\gﬁ;?l d Wivlug (Cup'ik) Pond Leaves eaten Food
Table 3.6. A list of traditional tundra greens normally consumed in the diet of Yup’ik people that were
collected from rural communities where plasma samples were obtained. Tundra greens are eaten either
raw or boiled and are gathered seasonally.
VK1 (pg/g) VKO (ug/9)
Latin Name (Mean + SD) (Mean + SD)
Leaves Stem Boiled Leaves | Boiled Stem Leaves Stem
Angelica lucida 2.73+0.51 - 2.58 - <0.075 -
Arenaria peploides L. 11.0+121 | 246+0.81 6.78 0.83 <0.075 <0.075
Artemisia tilesii 21.7 £ 4.66 5.13+0.79 6.29 1.97 0.35+0.08 0.09 + 0.05
Ledum palustris ssp | g 534135 | 186+001 5.85 0.46 092+0.12 | 0.26+0.06
groenlandicum
Hippuris vulgaris 27.2+4.52 10.5+2.94 13.3 4.48 0.26 + 0.10 0.20 + 0.07
Rumex arcticus 31.2+£3.29 - 13.0 - 2.24£0.47 0.73 £0.08
Ranunculus Pallasii 37.7£8.90 3.76 £ 0.36 18.1 2.16 0.16 £ 0.04 0.28 £0.15
Caltha palustris 48.2 £8.50 9.71+1.67 19.9 5.33 <0.075 <0.075

Table 3.7. The VK1 and VKO content of tundra greens. Measurements were made on both the leaves and
stems from each plant, where available. Separate measurements were made on samples that had been
boiled for 15 minutes in water prior to freeze-drying to provide a comparison to the vitamin K content of
raw samples. VKO was not detected in boiled samples. The lower limit of quantitation for VK1 was
(0.75 pg/g) and for VKO was (0.075 ug/g) per sample based on standard curves generated from 20 mg of
freeze-dried red onion. Data for boiled samples were measured as an average of two samples.
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Vegetable type V'&.éﬁﬁgg) Vl?l\?e(elllr%/g)

Broccoli (bud) 17.6 0.38
Broccoli (stalk) 6.59 0.10
Spinach (leaves) 25.6 0.20

Spinach (stem) 6.13 <0.075
Lettuce (leaves) 7.87 3.62
Celery (leaves) 25.0 5.62
Celery (stalk) 494 0.54
Basil (leaves) 64.8 1.92

Basil (stem) 5.57 <0.075
Carrot (root) 1.65 0.26

Red Onion (whole) 0.15 <0.075

Table 3.8. The VK1 and VKO content of raw, freeze-dried reference vegetables. Standards were
obtained from a commercially available market in the Seattle area. Analysis was performed with one set
of duplicate samples. Data were obtained as an average of two samples.
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Figure 3.13. Distribution of PIVKA-II levels from the population of Yup’ik study participants (N = 753).
A measurement is counted in a particular bin if it is equal to or less than the bin number down to the last
bin. Approximately 36% of samples had levels above 2 ng/mL. Two values that were significant outliers

PIVKA-II (ng/mL)

(> 10 ng/mL) were measured as 1618 and 1708 ng/mL.
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Group Sample Size Age (years) | Age Range % Women %I}N ;2 E;aniA
All 755 36.7£18.1 13-93 47.55% 36.03%
CYP4F2*3 Genotype
*1/*1 202 344+184 14-93 48.5% 41.6%
*1/*3 351 374+17.9 14-77 46.7% 35.6%
*3/*3 181 37.9+17.6 14-79 47.0% 31.5%
CYP4F11 N446D Genotype
AA 484 37.5+18.1 14-85 48.3% 33.7%
AG 140 35.7+17.3 14-73 47.9% 33.6%
GG 16 28.4+ 16.7 14-79 50.0% 37.5%
VKOR 1173 T > C Genotype
TT 478 36.4+18.1 14-79 47.5% 37.0%
TC 207 37.2+17.6 14-79 46.4% 36.7%
CcC 52 38.7+19.4 14-93 48.1% 28.8%

Table 3.9. Study participant demographics in relation to vitamin K cycle genotypes and PIVKA-II level.
Data are from samples that have complete information on genotype status (excluding no calls) and
PIVKA-II levels that passed quality control standards.

Predictor Odds Ratio | Standard Error | Z | P-value | 95% CI
CYP4F2*3 0.77 0.085 -240 | 0.016 | 0.62-0.95
Age 1.00 0.004 -0.72 | 0.470 |0.99-1.01
Sex 0.67 0.106 -252 | 0.012 | 0.49-0.92
Geographic Status 0.73 0.116 -1.96 | 0.050 | 0.54-1.00
Model Evaluation %2 Degrees of Freedom P-value
Likelihood Ratio Test 154 4 0.004
Goodness of Fit (Pearson %) 412.1 418 0.572

Table 3.10. Descriptive statistics for the logistic regression of PIVKA-II status and CYP4F2*3 genotype.
Odd ratios, standard errors, z-statistics, p-values, and 95% confidence intervals (Cl) are represented. The

p-value of 0.004 indicates that the model is statistically significant. The p-value of 0.527 for the
goodness-of-fit test indicates that the model fits reasonably well to the data.
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Predictor Odds Ratio | Standard Error | Z | P-value | 95% CI

CYP4F11 N446D 1.03 0.175 0.19 | 0.850 |0.74-1.44

Age 1.00 0.005 -0.72 | 0.471 |0.99-1.01

Sex 0.70 0.118 -2.14 | 0.032 | 0.50-0.97

Geographic Status 0.73 0.124 -1.83 | 0.067 | 0.53-1.02

Model Evaluation %2 Degrees of Freedom P-value

Likelihood Ratio Test 8.73 4 0.068
Goodness of Fit (Pearson ?) 329 308 0.189

Table 3.11. Descriptive statistics for the logistic regression of PIVKA-II status and CYP4F11 N446D
genotype. Odd ratios, standard errors, z-statistics, p-values, and 95% confidence intervals (CI) are
represented. The p-value of 0.068 indicates that the model was not statistically significant even though the
p-value of 0.189 for the goodness-of-fit test indicated that the model fit well to the data.

Predictor Odds Ratio | Standard Error | Z | P-value | 95% CI

VKORC1-1173T>C 0.87 0.111 -1.07 | 0.285 |0.68-1.12

Age 1.00 0.004 -1.01 | 0.315 |0.99-1.00

Sex 0.67 0.105 -257 | 0.010 |0.49-0091

Geographic Status 0.75 0.117 -1.83 | 0.067 | 0.55-1.02

Model Evaluation %2 Degrees of Freedom P-value

Likelihood Ratio Test 12.23 4 0.016
Goodness of Fit (Pearson y?) 397 374 0.203

Table 3.12. Descriptive statistics for the logistic regression of PIVKA-II status and VKORC1-1173 T>C
genotype. Odd ratios, standard errors, z-statistics, p-values, and 95% confidence intervals (CI) are
represented. The p-value of 0.016 indicates that the model is statistically significant. The p-value of
0.203 for the goodness-of-fit test indicates that the model fits reasonably well to the data.
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Chapter 4

Hepatic Vitamin K Content as a Function of CYP4F Genotype

4.1 Phylloguinone and Menaquinone Content in Human Liver

The liver is the primary organ in humans for the absorption and storage of vitamin K where both
phylloguinone (vitamin K1) and menaquinones (vitamins K2) appear to be present, although only a
handful of studies have been performed (1-3). Early work using semi-quantitative analytical methods
suggested that phylloquinone, the major circulatory form of vitamin K in plasma, accounts for a
significant proportion of the total vitamin K content in the liver. For example, a study in 1972 by Duello
et al. identified phylloguinone, MK-4 and MK-7 through MK-11 using large amounts of tissue (> 5 kg)
and concluded that phylloquinone accounts for approximately 50% of the hepatic vitamin K content of
human liver (1). Another study that analyzed hepatic vitamin K content from 8 infants and 3 adults also
concluded that phylloguinone was the predominant form in the liver, though menaquinone content
increased with age and long-chain menaquinones were also detected (2). However, Usui et al., who
studied surgical tissue from Japanese patients reached the opposite conclusion that phylloguinone makes
up only about 10% of the hepatic vitamin K content (3). These latter investigators found further that
hepatic vitamin K levels were highly variable and the very long-chain menaquinones, such as MK-10 and
MK-11, accounted for the majority of total K vitamer content. Concentrations of phylloguinone from
plasma of study subjects were also rapidly depleted under a vitamin K-restricted diet or under fasting
conditions, which was conjectured to explain the high menaguinone content remaining in the liver relative
to phylloquinone.

Most vitamin K is absorbed through the upper intestine, through the duodenum and jejunum, with
less being absorbed from the ileum and colon (4-6). Vitamin K is incorporated into chylomicron particles
in the small intestine before being secreted into the circulatory system through lymphatic vessels and

eventually taken up by the liver. It is believed that liver uptake phylloguinone involves an active
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transport process while menaquinones are absorbed via passive diffusion (4, 5). The source of long-chain
menaquinones found in hepatic stores is widely believed to derive from intestinal microflora (7). In
support of this, a report by Conly and Stein demonstrated that total menaquinone content from post-
mortem liver samples was significantly reduced in donors who were exposed to broad spectrum
antimicrobials prior to death, but no difference was observed in phylloquinone levels (8). The reduced
gut floral production and absorption of vitamin K after antibiotic treatment is a possible explanation for
why prolongation of the INR occurs in warfarin patients exposed to antibiotics (9). However, this
hypothesis is still under debate given that absorption of vitamin K from the colon, where intestinal
bacteria reside, is poor and that tight binding of menaquinones to bacterial cytoplasmic membranes may
limit their bioavailability (10-12). Interestingly, despite almost fifty years of intensive investigation of
this subject, the specific enzymes and proteins involved in the hepatic uptake, transport, storage, and
elimination of vitamin K remain largely unknown, although it seems likely that some of these processes
are modulated by the vitamin K-cycle associated enzymes (13).

Based on i) our results from Chapter 3 regarding the high allele frequency of CYP4F2*3 in
Yup’ik people and its association with elevated levels of plasma vitamin K, as well as lower levels of
PIVKA-II, and ii) the recent report identifying human hepatic CYP4F2 and CYP4F11 as vitamin K
hydroxylases it seems likely that variation in the CYP4F2 and CYP4F11 genes could have a critical role
in vitamin K homeostasis (14). A probable mechanistic pathway is that CYP4F2 and CYP4F11
(important collateral enzymes to the vitamin K cycle) because they alone initiate P450-mediated
phylloguinone (K1) catabolism to the pharmacologically inactive acid metabolites, which are ultimately
eliminated in the urine as glucuronides.

Therefore, in this chapter, the role that these enzymes play in vitamin K homeostasis is further
explored by analyzing vitamin K content of genotyped liver tissue. We first developed a robust extraction
procedure for vitamin K from human liver samples archived in the University of Washington School of
Pharmacy Human Liver Bank. These human liver samples have been genotyped for the CYP4F2 V433M

and CYP4F11 N446D, as well as VKORC1-1639 G>A, which is in complete linkage disequilibrium with
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the -1173 T>C SNP (15, 16). This will allow us to analyze the association between these SNPs and
hepatic vitamin K levels. Additionally, we analyzed the vitamin K content from cyp4f14 knockout mice.
Murine cyp4fl4 (a possible ortholog to human CYP4F2) is a vitamin E w-hydroxylase and may play a
similar role to CYP4F2 (and/or CYP4F11) in the metabolism of vitamin K (17, 18). Efforts were made to
establish assays for MK-1-MK-13, but ultimately we focused on quantifying phylloquinone, MK-4, and
their respective epoxides in liver samples from both humans and rats by LC/MS/MS with stable isotope-

labeled internal standards.

4.1 Methods

Reagents and Standards

As described in chapter 3, the standards of phylloquinone (VK1) and menaquinone-4 (MK-4)
were commercially available while phylloquinone epoxide (VKO) and MK-4 epoxide (MK-40) were
synthesized by the method of Dowd (19). Deuterated phylloguinone (VK1-d7) was commercially
available from Aldrich (catalog no. 705470). Deuterated MK-4 (MK-4-d7), a gift from Dr. Matthew
McDonald, was synthesized by the method of Suhara (20). Deuterated phylloquinone epoxide (VKO-d7)
was synthesized from VK1-d7 and deuterated MK-4 epoxide (MK-40-d7) was synthesized from MK-4-
d7 by the method of Dowd (19). MK-7 (catalog no. sc-218691) and MK-9 (catalog no. sc-211788) were
commercially available from Santa Cruz Biotechnology. Analytical standards for menaquinones 1, 2, 3,
5,6, 8,10, 11, 12, and 13 were received as gifts from Dr. Sarah Booth at Tufts University. All standards

were prepared in methanol and characterized spectrophotometrically and chromatographically before use.

LC-MS analysis

All standards and samples were analyzed on a Waters TQ-S mass spectrometer connected to a

Waters Acquity I-Class UPLC system with an atmospheric pressure chemical ionization (APCI) source,
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as described in Chapter 3. Initial development of analytical standards was performed in positive ion
mode, but negative ion was ultimately favored for greater compound sensitivity and response of vitamin
K compounds. The total run time for the assay was extended to 13 minutes to account for elution of long-

chain menaguinone compounds.

CYP4F14 Knock-Out Mice Livers

Six whole livers from cyp4fl14 null (-/-) mice and six livers from cyp4fl14 control (+/+) mice were
received as gifts from Dr. Parker at Cornell University. The protocol for creating cyp4f14 null mice is
described in Bardowell et al. (21). Mice were fed a 6-week diet of soybean oil enriched chow prior to
mice were deeply anesthetized by isoflurane inhalation and exsanguinated via cardiac puncture. Liver
tissue samples were flash-frozen in liquid nitrogen and stored at —80°C prior to shipping to the University

of Washington for analysis of vitamin K content.

Liver Sample Preparation

All human and mouse liver samples had been stored at -80°C. Samples of human liver (n = 51)
from hospitalized donors and their genotyping results were obtained from the University of Washington
School of Pharmacy Human Liver Bank (Seattle, WA). An aliquot (50-100 mg wet weight) of each liver
sample was weighed in duplicate. To each sample, 2 ng of VK1-d7, 2 ng of MK-4-d7, 4 ng VKO-d7, and
4 ng of MK-40-d7 was added. Samples were then homogenized with a Bertin Technologies Precellys 24
tissue homogenizer utilizing 2.8 mm ceramic beads (MO BIO Laboratories, Inc., catalog number 3114-
325). Four mL of 2-propanol/hexane (3:2, v/v) was added and, after vigorous vortexing for 1 minute,
samples were centrifuged at 3000 rpm (1500g) for 5 minutes. The upper hexane layer was removed and
the extraction step was repeated with 4 mL of hexane. After drying the isolated supernatant layer under
nitrogen, samples were reconstituted in 500 pL of hexane and applied to Bond Elut 500 mg silica SPE

columns (part no. 12113036, Varian). These cartridges were conditioned initially with 4 mL of ethyl
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ether/hexane (4:96, v/v) and then with 4 mL of hexane. After loading the concentrated extracts, the
columns were washed with 4 mL of hexane, and eluted with 8 mL of ether in hexane (4:96, v/v). The
eluate was evaporated under nitrogen and the residue was dissolved in 100 pL of methanol solution for

analysis of 15 pL aliquots by LC/MS.

Validation Procedure and Quantification

Reference standard curves were generated using phosphate-buffered saline (PBS). Stock solutions
ranging from 0.5 to 3.0 ng of VK1, VKO, MK-4, and MK-40 were spiked into 500 pL of PBS. In
creating a standard curve to assess matrix effects, individual liver samples were first screened and the one
with the lowest endogenous vitamin K content was selected to prepare a liver homogenate that was spiked
with stock solutions ranging from 0.5 to 3.0 ng of each vitamin K standard. All samples were extracted
and analyzed by LC-MS as described above to obtain peak-area ratios for each analyte compared to its

deuterated internal standard. MK-4-d7 served as the internal standard for MK-7 and MK-9.

Statistical Analysis

Among mouse livers, comparisons were made between cyp4fl4 control and null animals as well
as between males and females using the two-sample t-test with a significance level of a = 0.05. For
human livers, we used a linear regression model with age and sex as covariates to evaluate any
association between hepatic vitamin K content and genotypes of CYP4F2*3, CYP4F11 D446N, and
VKORC1-1639 G>A. Each genotype was individually classified as having 0, 1, or 2 copies of the minor
allele. Vitamin K values were natural log-transformed to improve normality of the data. We excluded
livers with phylloquinone content greater than 100 ng/g due to its suspected administration in the hospital

prior to tissue collection.
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4.3 Results
Assay Development

LC-MS quantitation of vitamin K was first investigated using APCI positive mode based on other
published reports (22-24). Although electrospray ionization (ESI) was considered, the APCI source
appeared to be less susceptible to matrix effects than did ESI. MK-1 through MK-10 eluted from the
column by 13 minutes at high organic concentration (near 100% methanol). Figure 4.1 provides a
representative chromatogram illustrating their detection in APCI positive mode. We also attempted to
optimize LC-MS conditions for MK-11, MK-12, and MK-13, but were not able to observe any
distinguishable peaks for daughter ions. This is likely due to the fact that the ionization potentials of
menaquinones decreased as the chain-length increased. Furthermore, due to analytical standard sample
limitations, with the exception of commercially available MK-4, MK-7, and MK-9, we were not able to
optimize these compounds in APCI negative mode. The MRM transitions of each menaquinone standard
in APCI positive mode is displayed on Table 4.1 and their chromatograms are shown on Figure 4.1.

APCI negative ion mode was ultimately employed for the analysis of hepatic VK1, VKO, MK-4,
and MK-40 largely because our primary analyte of interest, VK1, exhibited more than a two-fold greater
response (peak-area ratio) in this mode compared to APCI positive ion. The MRM transitions for VK1,
VKO, MK-4, MK-40, and their respective deuterated standards are discussed in Chapter 3. The MRM
transition in APCI negative mode for MK-7 was 648.723 > 185.126 and for MK-9 it was 784.67 >
185.07. The linearity of response for all analytes in plasma was tested by spiking standards of VK1,
VKO, MK-4, and MK-40, MK-7, and MK-9 into 0.5 mL PBS and 0.5 mL of liver homogenate in
concentrations that ranged from 0.5 ng to 3 ng/mL (Figures 4.2-4.7). The limit of quantitation was 1 ng/g
tissue for both VK1 and VKO. Linear regression was used to compare measurements obtained by LC-
MS to expected concentrations of calibration standards. Standard curves for both PBS and liver
homogenate were linear with R? values greater than 0.99 for VK1 and VKO. Since the R? values, slope,

and intercept values were similar for each individual metabolite between standard curves for PBS and
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liver homogenate, the PBS standard curve was used to estimate analyte concentrations. In the case of
MK-7 and MK-9, slopes were similar between PBS and homogenate but the accuracy of the estimates
was not as strong as the other analytes. The respective R? values were 0.891 and 0.886, but decreased
slightly to 0.869 and 0.839 in liver homogenate. The limit of detection was 1 ng/g. However, since only
VK1 was measurable within the limits of quantitation for the majority of samples, further analysis
focused only on VK1. Trace amounts of MK-7 and MK-9 were identified, and very little or no MK-4
could be observed. We found VKO only in livers HL-146 (1.22 ng/g), HL-156 (37.1 ng/g), and HL-166

(50.8 ng/g).

Phylloquinone Content of Human Liver and Association with Genotype

The VK1 content of human livers, demographic information, and genotype information are
provided in Table 4.2. Four liver samples (HL-127, HL-146, HL-156 and HL-156) exhibited very high
vitamin K levels compared to the rest of the sample analyzed. From hospital records, two liver donors
(HL-146 and HL-156) were known to have been treated with vitamin K prior to death, while two other
liver samples (HL-127 and HL-166) did not have available medication data that allowed us to exclude this
possibility, and so we suspect that these livers were indeed treated with vitamin K in the hospital setting.
Therefore, we excluded hepatic VK1 values above 100 ng/g prior to statistical analysis. The average
VK1 content, excluding outliers above 100 ng/g, was 12.6 + 14.2 ng/g (28.0 + 31.6 pmol/g) with a range
of 1.44 - 71.67 ng/g (3.20 — 159.3 pmol/g). A comparison of hepatic VK1 content between genotypes is
shown in Figures 4.8-4.10 and results are displayed in Table 4.3. Upon regression analysis, we observed
no significant association between natural log VK1 levels and CYP4F2 V433M, CYP4F11 N446D, and
VKORC1-1639 G>A genotype before or after the adjustment for age and sex. However, the frequency of
variant genotypes was low for each of these SNPs among available liver samples. We did not observe

any significant associations of natural log VK1 with age (0.195) or differences between sex (p = 0.523).
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Phylloquinone Content of Mouse Liver and Association with Cyp4f14 Status

The differences in vitamin K content of mouse livers between cyp4f14 control and null mice
stratified by sex are represented in Figure 4.11, with mean + standard deviation (SD) values presented in
Table 4.4. We did not observe any significant differences in VK1 content between control and null mice
for both sex groups. However, there were significant differences in VK1 levels between male and female
mice where mean + SD (in ng/g) values for males was 32.1 + 8.13 and for females was 101.0 + 25.0 (p <

0.001).

4.4 Discussion

The main goal of this study was to evaluate human hepatic vitamin K content with respect to
CYP4F2 V433M, CYP4F11 N446D, and VKORC1-1639 G>A genotype. Assay development converged
on final analysis of only VK1, due to limitations on menaquinone analytical standard availability and low
levels of all other relevant analytes in these banked human tissue samples. The hepatic VK1 content from
the Liver Bank samples was not found to vary significantly across the different genotypes, but this is
likely due to several limitations discussed below.

First, donor information regarding medication exposure was either absent or very limited. For
example, among four liver samples that had unusually high VK1 content, only two were noted to have
been exposed to vitamin K in the hospital, while medication information on the other two donors was not
recorded. In fact, comprehensive medication information was available for only half of the liver samples
analyzed and so this could be a significant source of variability. More importantly, the study was
completely uncontrolled with regard to dietary information about recent vitamin K intake by the donors
and it seems likely that this would be a major reason underlying the wide ranges in VK1 content even in
the samples remaining after exclusion of those with values > 100 ng/g.

The Liver Bank population is composed largely of Caucasian donors and so the frequencies of the

alleles of interest differ substantially from those found in the population of Yup’ik people, especially for
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CYP4F2*3. Consequently, our human Liver Bank sample population contained very low numbers of
CYP4F2*3 homozygotes, which meant that the analysis was underpowered for determining differences in
vitamin K content between CYP4F2*3 genotypes.

In a broader sense, the study was limited by an inability to quantitate longer chain menaquinones
due to technical limitations in addition to the limited availability of standards. We noticed that the
ionization efficiency in APCI positive mode for menaquinones decreased as the chain length increased.
While we were not able to explore this observation for APCI negative mode, this suggests that APCI
ionization may not be a suitable detection method for longer-chain menaquinones.

On a positive note, our mean + SD values of 28.0 + 31.6 pmol/g for hepatic VK1 is similar to the
reported 28.0 £ 4.3 pmol/g a study of hospitalized patients by Usui et al., this demonstrating our assay’s
ability to reproduce earlier findings (3). Our UPLC-based assay also has faster run-times compared to the
retention times reported in the Usui study (i.e., ~60 minute retention time for MK-10), and so provides for
higher throughput. Finally, the current assay utilizes highly sensitive and specific MRM detection
methods to quantify analytes in human liver instead of the post-column electrochemical reduction
methods used previously.

To address some of the study limitations discussed above, we switched to a mouse model that
provided control over dietary intake of vitamin K. The cyp4f14 knockout mouse was developed by
Parker and co-workers to probe the effects of CYP4F family P450s on vitamin E metabolism and
disposition (17). Here we have begun to extend this work to vitamin K because, in humans CYP4F2 is
implicated in the metabolism of both vitamin E and vitamin K. However, we found that hepatic VK1
content did not differ between cyp4f14 null mice and controls. Although Bardowell et al. reported
decreased metabolic capacity of y-, 5-, and a-tocopherol (TOH) in cyp4f14 knockout mice (17), our
results suggest that cyp4f14 is unlikely to have a critical role in the metabolism of VK1 in mice.

However, our finding that hepatic VK1 content was significantly higher in female mice are reflective of
similar observations by Bardowell et al., wherein levels of vitamin E were higher in several tissues

including plasma (y-, 3-TOH), lung (a-, y-, 8-TOH), kidney (y-, 5-TOH), liver (a-, y-, 5-TOH), heart (a-
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TOH), brain (a-, y-, 5-TOH), and fat (3-TOH) (21). Higher hepatic concentrations of both phylloquinone
and menaquinone in female rats compared to males were also reported by Huber et al. (25). The reasons
for these gender differences in vitamin K content (as well as for vitamin E) are unknown, but warrants
further investigation. Interestingly, we did not observe any differences in hepatic vitamin K content
between sexes for human liver samples, but other study variables discussed above may have clouded any
intrinsic gender differences.

In summary, these studies resulted in the development of a highly sensitive and specific assay for
the quantitation of VK1 in liver samples, although high inter-individual variability precluded a robust
analysis of the genotype effects we had wished to explore. Larger and more controlled studies are needed
to determine whether SNPs of CYP4F2, CYP4F11, and VKORCL1 affect human hepatic vitamin K content.
Liver storage of vitamin K and vitamin E have clear gender-associated associations in mice (and to some

extent rats) that also warrant further study to elucidate the underlying mechanisms.

Analyte Parent (m/z) Daughter (m/2) Retention Time (min)
MK-1 243.1 187 1.35
MK-2 309.2 187 1.95
MK-3 376.2 187 2.71
MK-4 445.2 187 3.46
MK-5 513.4 187 4.89
MK-6 581.5 187 6.34
MK-7 648.6 187 7.67
MK-8 717.9 187 8.78
MK-9 786.2 187 9.74
MK-10 853.7 187 10.92

Table 4.1. The MRM transitions of menaquinone standards in APCI positive mode. MK-4, MK-7, and
MK-9 were later optimized in APCI negative mode in addition to VK1, VKO, MK-4, and MK-40.
Conditions were optimized on the Xevo TQ-S instrument.
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Figure 4.1. Chromatogram of menaquinone standards analyzed in APCI positive mode. The total run
time was 13 minutes. While APCI negative mode was ultimately used for these analyses, not all

menaquinone analytes were pursued beyond positive mode due to limited availability of chemical
standards.
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Figure 4.2. Standard curves comparing the measured concentration of VK1 to the expected concentration
of the calibrator solution. Both PBS (phosphate buffered saline) and liver homogenate were used as

matrices and response was linear with R? values of > 0.99, indicating that matrix effects of protein

binding at these concentrations did not significantly affect the standard curves. The equation for the
standard curves were 0.56 — 0.035 for both PBS and 0.55 + 0.029 liver homogenate.
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Figure 4.3. Standard curves comparing the measured concentration of VKO to the expected concentration
of the calibrator solution. Both PBS (phosphate buffered saline) and liver homogenate were used as
matrices and response was linear with R? values of > 0.99, indicating that matrix effects of protein
binding at these concentrations did not significantly affect the standard curves. The equation for the
standard curves were y = 0.17 + 0.029 for PBS and 0.17 + 0.026 for liver homogenate.
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Figure 4.4. Standard curves comparing the measured concentration of MK-4 to the expected
concentration of the calibrator solution. Both PBS (phosphate buffered saline) and liver homogenate
were used as matrices and response was linear with R? values of 0.976 for PBS and 0.990 for liver
homogenate , indicating that matrix effects of protein binding at these concentrations did not significantly
affect the standard curves. The equation for the standard curves were 0.52 — 0.15 for PBS and 0.60 +
0.014 liver homogenate.
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Figure 4.5. Standard curves comparing the measured concentration of MK-40 to the expected
concentration of the calibrator solution. Both PBS (phosphate buffered saline) and liver homogenate
were used as matrices and response was linear with R? values of 0.967 for PBS and 0.996 for liver
homogenate, indicating that matrix effects of protein binding at these concentrations did not significantly
affect the standard curves. The equation for the standard curves were 0.32 — 0.023 for PBS and 0.32 +
0.011 liver homogenate.
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Figure 4.6. Standard curves comparing the measured concentration of MK-7 to the expected
concentration of the calibrator solution. MK-4-d7 was used as the internal standard. Both PBS
(phosphate buffered saline) and liver homogenate were used to compare matrix effects. In PBS, the
response was linear with R? values of 0.89 for PBS and 0.87 for liver homogenate. The equations for the
standard curves were 0.76 — 0.081 for PBS and 0.74 + 0.56 for liver homogenate.
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Figure 4.7. Standard curves comparing the measured concentration of MK-9 to the expected

concentration of the calibrator solution. MK-4-d7 was used as the internal standard. Both PBS

(phosphate buffered saline) and liver homogenate were used to compare matrix effects. In PBS, the
response was linear with R? values of 0.886 for PBS and 0.839 for liver homogenate. The equations for
the standard curves were 0.66 — 0.008 for PBS and 0.62 + 0.095 for liver homogenate.

1 *

er | pge | sex | CYPAPLLNASD | VKORCLIRSS | CYPIFZD |y g | vict ool
HL-102 21 M AA AA TC 9.62 21.38
HL-103 15 F AA AG CC <1.00 <222
HL-104 32 M - GG CC 5.9 13.11
HL-105 21 M - AA TC 4.06 9.02
HL-106 45 F AG GG TC <1.00 <222
HL-108 42 F AG AG TC 16.89 37.54
HL-109 46 M AG AG TC 23.88 53.08
HL-111 28 M AG GG TC 3.94 8.77
HL-113 9 F AG AG TC 2.58 5.73
HL-114 19 M AG AA TC 5.52 12.27
HL-115 52 F AG AG TC 18.55 41.23
HL-118 25 M GG GG TC 43.84 97.43
HL-119 24 M AG GG TC 2.08 4.63
HL-120 45 F AG AG TC 3.03 6.74
HL-121 59 F - AG TC 27.96 62.14
HL-124 51 F AG AA CcC 6.44 14.32
HL-125 32 M GG GG TC 2.98 6.63
HL-127 38 M GG AG TC 120.93 268.74
HL-128 51 M GG AA TT 18.26 40.57
HL-130 49 M AG AG TC 3.36 7.47
HL-131 62 F AA GG CC 3.56 7.91
HL-133 45 F AG GG TC 20.64 45.87
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HL-134 7 M AA AG CC 31.44 69.86
HL-135 45 F GG AG CcC 2.26 5.03
HL-136 39 M AG GG TC 4.86 10.79
HL-137 11 M - GG TC 4.77 10.61
HL-138 9 F AA AA CcC 3.01 6.69
HL-139 15 F AA GG CC 14.3 31.78
HL-141 59 M AG AG TC 71.67 159.26
HL-142 49 F AA GG CC 2.68 5.95
HL-143 48 M AA GG TC <1.00 <222
HL-144 68 F AA GG CcC 1.87 4.17
HL-145 38 M AA AG CC 1.44 3.19
HL-146 10 M AG AG CC 209.72 466.05
HL-147 70 F AG AG TC 8.28 18.4
HL-148 60 F AA GG CC 44.85 99.67
HL-149 63 F AG AG 1T 12.5 27.77
HL-150 30 M - GG CC 6.35 14.11
HL-152 64 F AG GG CC 8.84 19.65
HL-153 59 F AG GG CC 4.68 104
HL-154 26 M AA AG CC 6.76 15.02
HL-155 21 M AG AG CC 4.19 9.31
HL-156 44 M AG GG TC 2651.47 5892.14
HL-157 41 F GG GG CC 2.6 5.78
HL-158 59 M AA AA TC 12.09 26.86
HL-159 53 F AG GG CC 13.02 28.94
HL-160 67 M GG GG CC 24.06 53.46
HL-161 53 M - GG CC 4.56 10.13
HL-162 56 F GG AG 1T 5.43 12.07
HL-163 55 M AG AG CC 8.47 18.82
HL-164 50 F - GG TC 7.27 16.17
HL-165 61 M - AG CC 13.68 30.4
HL-166 59 F AG AG 1T 1180.62 2623.6
HL-167 44 M GG AG CC 12.83 28.52
HL-168 43 M AA GG CC 1.69 3.75
HL-169 57 M GG AG CC 21.08 46.84
HL-170 50 F AA GG CC 9.78 21.74
HL-172 28 M - GG CC 50.38 111.95

Table 4.2. The age, sex, genotypes, and VK1 content of liver samples obtained from the UW School of

Pharmacy Human Liver Bank. Dashes denote missing genotype information for the particular liver. The
limit of quantitation for VK1 was 1 ng/g of liver tissue. Two livers, HL-146 and HL-156, were known to
be administered vitamin K in the hospital prior to collection of the organ.
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Figure 4.8. Box-and-whisker plots comparing hepatic VK1 content across CYP4F2*3 genotype. The top
and bottom of the darkened boxes represent the 25th and 75th percentiles, respectively. The median is
represented by the middle line, whiskers are the 95% ClI, and outliers are shown as closed circles. Actual
values are displayed in Table 4.3. Outlier samples that have hepatic VK1 values above 100 ng/g were
excluded from the statistical analysis due to suspected administration of vitamin K in the hospital setting.
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Figure 4.9. Box-and-whisker plots of hepatic VK1 content stratified by CYP4F11 N446D genotype.
Actual values are displayed on Table 4.3. Outlier samples with hepatic VK1 values above 100 ng/g were

excluded from statistical analysis.
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Figure 4.10. Box-and-whisker plots of hepatic VK1 content stratified by VKORC1-1639 G>A genotype.
Actual values are displayed on Table 4.3. Outlier samples with hepatic VK1 values above 100 ng/g were
excluded from statistical analysis.

Non-transformed Natural log Regression Analysis
VK1 (ng/mL) transformed VK1
Group N Mean £ SD | Median (IQR) | Mean+SD | Median (IQR) Unadjusted Adju;;zdsl;?(r i
P-value | R-value | P-value | R-value
All 51 126 £14.2 6.76 (13.3) 2.06 £ 0.97 1.91 (1.56)
CYP4F2*3

*1/*1 27 115+12.8 6.44 (10.7) 1.96 £ 0.99 1.86 (1.51)

*1/*3 21 142 +17.0 7.27 (14.6) 2.14 £1.00 1.98 (1.55) 0.399 0.121 0.401 0.271

*3/*3 3 12.1+6.43 12.5(12.8) 2.37+0.62 2.52(1.21)

CYP4F11 N446D
AA 13 11.0+13.1 6.76 (9.41) 1.82+1.11 1.91 (1.51)
AG 20 122+154 7.36 (10.9) 2.06 +0.89 1.99 (1.29) 0.350 0.148 0.575 0.269
GG 9 148 +13.8 12.8 (18.1) 222+1.10 2.55 (1.96)
VKORC1-1639 G>A

GG 24 12.1+145 5.38 (10.4) 1.95+1.02 1.68 (1.43)
GA 20 14.8 +16.1 10.5 (16.0) 2.22+1.03 2.33(1.66) 0.694 0.057 0.649 0.252
AA 7 8.43+5.36 6.44 (8.03) 1.96 £ 0.63 1.86 (1.09)

Table 4.3. The means, standard deviations (SD), median, and interquartile ranges (IQR) for human
hepatic VK1 content stratified by genotype. P-values and R-values were obtained from multivariate
regression before and after the adjustment for age and sex, where p < 0.05 was considered statistically
significant. Outlier samples with hepatic VK1 content values above 100 ng/g were excluded due to
suspected administration of vitamin K.
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Figure 4.11. Differences in VK1 levels measured from livers of mice stratified by cyp4f14 status and sex.
The +/+ denotes control mice and -/- denotes cyp4fl14 null mice. Null mice had slightly higher hepatic
VK1 content compared to controls mice, but females had significantly greater VK1 levels compared to
males (< 0.001).

Group Mean = SD P-value
+/+ Male 28.6 +9.54 0.139
-/- Male 35.6 +4.95
+/+ Female | 92.7+17.5 0.460
-/- Female | 106.6 +31.4
All +/+ 62.0+37.4 0.582
All -/- 71.1+429
All Males 32.1+8.13 <0001
All Females | 101.0 £ 25.0

Table 4.4. The mean + SD values of VK1 content in the livers of cyp4f14 knockout (+/+) and control
mice (-/-). VKO, MK-4, and MK-40 were below detectable levels (< 1 ng/g) in mouse livers. While
there were relatively little difference in VK1 levels between control and knock-out genotypes of cyp4fl4,
the differences in VK1 between sexes were much more pronounced. P-values were obtained using a two-
sample t-test and p < 0.05 was considered statistically significant.
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Chapter 5

General Conclusions and Future Directions

5.1. General Conclusions

The diet of the Yup’ik people of southwestern Alaska is characterized by a high consumption of
fish and marine animals (1). These traditional foods are rich sources of ®3 PUFA and studies in both
humans and animals have demonstrated effects of w3 PUFAs on cardiovascular physiology and
hemostasis (2-4). While higher ®3 PUFA intakes are associated with reduced risk of cardiovascular
disease, some reports have suggested that greater intake may also potentiate anticoagulative effects in
individuals taking oral anticoagulants. However, the extent to which 3 PUFAs affect the hemostatic
system in humans, particularly when consumed from natural dietary sources, remains unclear. In chapter
2, we explored the effects of ®3 PUFA intake on hemostasis in Yup’ik people in an observational study
that spanned four years. We found an inverse correlation between the platelet biomarker, sP-selectin, and
8N, a highly quantifiable indicator of @3 PUFAs consumption. Interestingly, the association between
higher ®3 PUFAs intake and reduced platelet activation in this population appears to be a result of
variation in the degree to which study participants adhere to a traditional Yup’ik diet that relies on ©3
PUFA-rich fish and marine mammals. This observation supports the prior findings of Dyerberg and Bang
in the 1980s that platelet aggregation was reduced and bleeding times were prolonged in Greenland Inuit
study volunteers (5). However, we found no evidence that ®3 PUFA consumption had a significant effect
on vitamin K-dependent clotting factor Il and only a modest, inverse association with vitamin K-
independent clotting factor VV was observed. There was also no association between 3 PUFA intake and
clinical measures of coagulation, PTT and PT/INR. Collectively, these findings suggest that ®3 PUFAs
are unlikely to strongly impact coagulation status or bleeding risk in the Yup’ik population. Evidence for
any effect of ®3 PUFA intake on hemostasis appears to be driven by altered platelet activity, as indicated

by the sP-selectin data.
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In chapter 3, we assessed the vitamin K status of Yup’ik people since it may be a significant
modifier of hemostasis in this population. We used plasma vitamin K levels as a measure of acute
vitamin K status and the biomarker PIVKA-II as an indicator of chronic vitamin K status. We then
determined whether these two measures differed across various genotypes for enzymes involved in the
vitamin K cycle. Specific SNPs included in the analysis were CYP4F2*3, CYP4F11 N446D, and
VKORC1 -1173 T>C. While fasting plasma vitamin K levels did not greatly differ from levels reported
in other population studies, we found that nearly one-third of Yup’ik people in our study population had
measureable PIKVA-II levels at or greater than 2 ng/mL, indicative of low vitamin K status. Another
significant finding of these analyses was the notably high allele frequency of CYP4F2*3, which
approached 50%. Previous studies have identified the CYP4F2 enzyme as a vitamin K hydroxylase and
variation in the *3 (V433M) allele is associated with higher warfarin dose requirements (6, 7). In Yup’ik
people the CYP4F2*3 genotype was significantly associated with higher plasma VK1 concentrations and
with a reduced likelihood of having PIVKA-II levels above 2 ng/mL. In contrast, the CYP4F11 N446D
and VKORC1-1173 T>C alleles did not exhibit any significant associations with plasma vitamin K levels
or PIVKA-II in our study. However, the allele frequencies of these SNPs in Yup’ik people were much
lower than the frequency of CYP4F2*3, resulting in a lower power to detect possible associations with
vitamin K status for these particular variants.

To probe sources of vitamin K in the Yup’ik diet, we next analyzed the vitamin K content of
tundra greens collected in the Yukon-Kuskokwim river delta. We found that all tundra greens examined
contained vitamin K in amounts comparable to commercially available market vegetables, indicating that
these foods could serve as a significant source of vitamin K in remote regions of Alaska where residents
have limited access to fresh produce. Since tundra greens are collected mainly during the summer, there
are likely other sources of vitamin K found in other traditional foods, such as fish and mammalian meats,
which may also contain significant amounts of vitamin K.

We suspected that the CYP4F2*3 allele promoted conservation of hepatic vitamin K stores and

evaluated this hypothesis in Chapter 4 by quantifying vitamin K content of banked (non-Yup’ik) human
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liver samples with respect to CYP4F2 V433M, CYP4F11 N446D, and VKORC1-1639 G>A genotype.
Although we measured a wide range of phylloquinone levels, no association of genotype with hepatic
vitamin K content was observed. This is likely due to a lack of control for factors that could influence
hepatic vitamin K levels in the samples analyzed, such as dietary intake and administered medications.
There were also only a few variant homozygote genotypes among the available human liver samples, and
these low numbers likely hindered our ability to fully evaluate any association between genotype and
hepatic vitamin K levels.

We further explored whether the cyp4fl4 gene, a potential murine ortholog of CYP4F2, was a
modifier of vitamin K status in mice. However, when we measured hepatic vitamin K levels from livers
of cyp4fl4 knockout mice in comparison to cyp4f14 wild-type control mice, we did not find significant
differences in hepatic vitamin K content between cyp4fl4 knockouts and controls, although there was
trend towards higher levels in the null animals. Interestingly, there was a very notable increase in hepatic
phylloguinone content in female mice compared to males, but the reasons behind this sex difference

remain unknown.

5.2 Future Directions

It is important to delineate the molecular mechanism(s) of 3 PUFA effects on platelet function,
including possible effects on altered membrane lipid composition, platelet receptor function, and
inflammatory eicosanoid production. Enrichment of membrane @3 PUFA concentrations could affect
platelet activity by changing membrane biophysical properties and the function of embedded glycoprotein
receptors critical to the initiation and platelet activation and platelet aggregation. In addition, by
displacing arachidonic acid in platelet and vascular cell membranes, enrichment with ®3 PUFAs could
alter the production of thromboxanes (TBXA2, TBXAS3) and prostaglandins (PGI2, PGI3), molecules that
have positive and negative effects on the activation process (2-4). Specifically, reduced concentrations of

TBXAZ, in favor of less active TBXAS3, will lower the platelet activation state. PGI2 and PGI3 appear to
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be equipotent inhibitors of platelet activation (8). Thus, a lower TBXA2/PGI2+PGI3 ratio should favor
reduced platelet activation. To explore a causal relationship between 3 PUFA and platelet activation,
future studies could determine whether or not individuals with extremely high §'°N also exhibit one or
more of the following in comparison to individuals with an extremely low §!°N: a higher concentrations
of platelet membrane ®3 PUFAs (EPA and DHA); a lower platelet TBXA2/TBXA3 concentration ratio;
and a lower TBX2/PGI2 + PGI3 concentration ratio. An evaluation of any associations between §'°N and
plasma eicosanoids would be an important first step to elucidating molecular mechanisms underlying the
beneficial effects of the traditional Yup’ik diet.

It would also be of interest to determine if the 3°N value is associated with altered response to
treatment with the anti-platelet drug, aspirin. Resistance to aspirin treatment is a well-documented
phenomenon and it seems plausible that 3 PUFA intake could be a modifying dietary factor in the
variable patient response to this widely used drug (9-11). Ultimately, one could even envision studies to
determine the value of 5'°N testing in patients receiving antiplatelet therapy to reduce the risk of adverse
side effects. This approach also lends itself to a pharmacogenomic investigation because genetic
variation in the platelet membrane protein, PEAR1 (platelet endothelial aggregation receptor 1), has been
shown to associate with greater platelet response to collagen-related peptide exposure and higher sP-
selectin levels after ADP activation (12, 13). It is conceivable that high dietary consumption of ®»3
PUFAs may modify the PEAR1 SNP associations by altering the function of the platelet membrane
receptor or downstream events, such as thromboxane and prostaglandin synthesis. Resequencing of the
PEAR1 gene in Alaska Native people and determining its association with platelet function might further
identify modifiers to antithrombotic therapy, since PEAR1 SNPs appear to influence platelet aggregation
in aspirin-treated individuals (14, 15).

Finally, while it seems clear that the CY4F2*3 allele plays a significant role in maintaining
vitamin K status in Yup’ik people, an important remaining goal is to determine whether the mechanism
for this effect involves altered intra-hepatic levels of vitamin K. The investigations conducted here with

archived human tissue highlight the need for a tightly controlled population, so human studies may not be
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feasible. Measurement of vitamin K levels in liver tissue from cyp4fl4 null mice appeared to be a

promising avenue, but preliminary studies were disappointing, although a trend towards higher

phylloguinone levels in these knockout mice was apparent. It is possible that other murine liver P450s

catalyze vitamin K catabolism. Therefore, an important next step is to identify which of the remaining

hepatic isoforms are the major contributors to vitamin K metabolism in mouse liver microsomes in order

to better target the complement of cyp4f isoforms to delete in a new murine model for in vivo studies.

5.3
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