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ABSTRACT

Neurodegenerative disorders, including Alzheimer's disease (AD), Parkinson's disease (PD), and Multiple Sclerosis (MS),
pose significant public health challenges worldwide. Emerging evidence suggests that Vitamin K, a fat-soluble vitamin
traditionally known for its role in blood coagulation, also has neuroprotective properties. This review explores the role of
Vitamin K in neurodegeneration, focusing on its antioxidant, anti-inflammatory, and neuroprotective functions. It also
evaluates the clinical and experimental evidence that support the potential of Vitamin K as a therapeutic agent for
neurodegenerative disorders. The paper highlights the need for further research to elucidate the precise mechanisms of
Vitamin K in brain health and its translational application in neurodegenerative conditions

1. INTRODUCTION

Neurodegenerative disorders (NDDs) represent a group of conditions characterized by progressive and irreversible loss of
neurons, ultimately resulting in cognitive and functional impairments. The most prevalent NDDs, including Alzheimer's
disease (AD), Parkinson's disease (PD), and AS are associated with significant morbidity, mortality, and economic burden
worldwide. With the global aging population rising, the incidence of these disorders continues to escalate, driving a critical
need for effective preventive and therapeutic strategies. Traditionally, Vitamin K has been recognized for its essential role in
the synthesis of coagulation proteins in the liver. However, recent discoveries have revealed its extensive functions beyond
coagulation, particularly in maintaining brain health. Vitamin K exists in two primary forms: phylloquinone (Vitamin K1)
found in leafy green vegetables, and menaquinones (Vitamin K2) derived from fermented foods and produced by gut
microbiota. The lipophilic nature of Vitamin K enables it to cross the blood-brain barrier, allowing it to exert physiological
functions within the central nervous system (CNS)One of the key neuroprotective functions of Vitamin K is its role in
regulating sphingolipid metabolism, which is essential for maintaining cell membrane integrity and signal transduction in
neurons. Sphingolipids are a class of complex lipids involved in cellular proliferation, differentiation, and apoptosis.
Disruption in sphingolipid metabolism has been linked to various NDDs, suggesting that Vitamin K's role in lipid metabolism
may contribute to neuronal health.Furthermore, Vitamin K has demonstrated potent antioxidant and anti-inflammatory
properties, both of which are critical in mitigating neuroinflammation and oxidative stress—two major pathological features
of NDDs. Chronic inflammation and increased oxidative stress exacerbate neuronal degeneration and contribute to the
progression of cognitive decline. By reducing pro-inflammatory cytokines and promoting antioxidant defense, Vitamin K
has emerged as a potential neuroprotective agentRecent epidemiological and clinical studies have begun to explore the
association between Vitamin K deficiency and cognitive decline, with promising results. Some studies have shown that
higher dietary intake of Vitamin K is correlated with better cognitive performance and slower progression of Alzheimer's
disease. Additionally, experimental models have suggested that Vitamin K supplementation may ameliorate motor and
cognitive dysfunction in Parkinson's disease and Multiple Sclerosis.

Despite these promising findings, the precise molecular mechanisms underlying Vitamin K's neuroprotective effects remain
inadequately understood. Moreover, there is a lack of large-scale, randomized controlled trials (RCTs) to establish the
therapeutic efficacy of Vitamin K in neurodegenerative disorders. This paper aims to comprehensively review the current
understanding of Vitamin K's role in neuroprotection, its mechanisms of action in the brain, and its potential therapeutic
implications for managing neurodegenerative disorders

2. MECHANISMS OF ACTION OF VITAMIN K IN THE BRAIN
2.1 Sphingolipid Metabolism

Sphingolipids are bioactive lipids that play an essential role in the structural integrity and signaling processes of neuronal
cell membranes. They are involved in various cellular processes, including cell growth, differentiation, migration, and
apoptosis. The proper balance of sphingolipid metabolism is critical for maintaining brain homeostasis. Studies have shown
that Vitamin K acts as a cofactor in the activation of enzymes such as gamma-glutamyl carboxylase, which in turn regulates
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the synthesis and maintenance of sphingolipids in the brain.

Disruption of sphingolipid metabolism has been implicated in various neurodegenerative disorders. In Alzheimer's disease,
for instance, a decrease in sphingolipid levels has been linked to increased amyloid-beta deposition and synaptic dysfunction.
Vitamin K's role in regulating sphingolipid metabolism can mitigate these pathological changes by preserving the structural
and functional integrity of neuronal membranes Moreover, Vitamin K has been shown to influence the biosynthesis of
sphingomyelin, a key sphingolipid involved in myelin sheath formation. Myelin sheaths facilitate fast neuronal signal
transmission, and their degeneration is a hallmark of disorders like Multiple Sclerosis. Therefore, ensuring adequate Vitamin
K levels may contribute to the preservation of myelin integrity and neuronal function.

Emerging evidence also suggests that Vitamin K modulates the activity of protein S, a Vitamin K-dependent anticoagulant
protein with neuroprotective effects. Protein S has been shown to promote neuronal survival, inhibit microglial activation,
and prevent pro-inflammatory signaling, all of which contribute to the mitigation of neurodegeneration. These findings
emphasize the critical role of Vitamin K in preserving neuronal integrity through sphingolipid metabolism regulation.

2.2 Anti-inflammatory and Antioxidant Properties

Oxidative stress and chronic inflammation are pivotal contributors to the pathogenesis of neurodegenerative disorders. In
conditions like Alzheimer's disease, Parkinson's disease, and Multiple Sclerosis, persistent oxidative damage to neurons leads
to progressive neurodegeneration. Vitamin K has shown substantial potential in counteracting these harmful processes
through its anti-inflammatory and antioxidant properties.

Vitamin K acts as a powerful antioxidant by neutralizing reactive oxygen species (ROS) that cause oxidative stress in the
brain. ROS can damage neuronal cell membranes, DNA, and mitochondrial structures, leading to cell death. Vitamin K's
ability to reduce oxidative stress protects neurons from degeneration and sustains their functionality. Studies have
demonstrated that higher dietary intake of Vitamin K, particularly Vitamin K2, is associated with reduced markers of
oxidative stress in the brain.

In addition to its antioxidant role, Vitamin K exhibits potent anti-inflammatory properties. Chronic inflammation in the brain,
often mediated by microglial cells, accelerates neurodegeneration in Alzheimer's, Parkinson's, and Multiple Sclerosis.
Vitamin K has been shown to inhibit the expression of pro-inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), interleukin-6 (IL-6), and interleukin-1 beta (IL-1B). By reducing the production of these pro-inflammatory
mediators, Vitamin K effectively mitigates the inflammatory responses associated with neurodegeneration.

Moreover, Vitamin K supports the activation of Gas6 (Growth Arrest-Specific 6), a protein that binds to tyrosine kinase
receptors on microglial cells and neurons. Gas6 has been demonstrated to inhibit microglial overactivation and promote
neuronal survival. This mechanism is particularly crucial in neurodegenerative disorders where microglial overactivation
leads to chronic inflammation and neuronal apoptosis. By enhancing Gas6 expression, Vitamin K indirectly preserves
neuronal function and prevents cognitive decline.

Furthermore, Vitamin K's ability to modulate nuclear factor-kappa B (NF-kB) signaling, a key regulator of inflammation,
has garnered attention. NF-kB plays a critical role in the inflammatory response of glial cells and neurons. Vitamin K
suppresses the activation of NF-«xB, thus reducing inflammation and slowing down the progression of neurodegeneration.
This suppression is particularly relevant in diseases such as Multiple Sclerosis, where inflammatory demyelination is a
primary pathological feature.

The combined antioxidant and anti-inflammatory properties of Vitamin K position it as a promising therapeutic candidate
for reducing neuroinflammation and oxidative stress in neurodegenerative disorders.

2.3 Calcium Homeostasis

Calcium homeostasis is critical for maintaining neuronal function and cellular signaling in the brain. Disruptions in calcium
regulation have been strongly associated with the pathogenesis of several neurodegenerative disorders, including Alzheimer's
disease (AD), Parkinson's disease (PD), and Multiple Sclerosis (MS). Vitamin K plays a pivotal role in regulating calcium
homeostasis through its influence on calcium-binding proteins, particularly in the central nervous system (CNS).

Vitamin K is an essential co-factor for the carboxylation of glutamic acid residues in specific calcium-binding proteins,
enabling them to bind calcium ions effectively. Among these proteins, Matrix Gla Protein (MGP) and Osteocalcin are critical
in maintaining calcium balance and preventing pathological calcification in both vascular and neural tissues. In the brain, the
regulation of calcium homeostasis is paramount for neurotransmission, synaptic plasticity, and neuronal survival. Vitamin
K's involvement in these processes positions it as a potential neuroprotective agent.

One of the key mechanisms through which Vitamin K protects neuronal cells is by preventing excessive calcium
accumulation in brain tissues. Dysregulated calcium homeostasis leads to elevated intracellular calcium levels, triggering
oxidative stress, mitochondrial dysfunction, and neuronal apoptosis. This phenomenon is particularly evident in Alzheimer's
disease, where amyloid-beta plaques induce abnormal calcium influx, contributing to synaptic loss and cognitive decline.
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Vitamin K, through the activation of MGP, helps mitigate these effects by inhibiting calcium deposition and promoting
calcium clearance, thereby protecting neuronal cells from calcium-mediated cytotoxicity.

Moreover, Vitamin K contributes to neuronal survival by facilitating the function of Gas6 (Growth Arrest-Specific 6), a
vitamin K-dependent protein involved in cellular homeostasis and survival. Gas6 has been shown to activate Tyro3, Axl, and
Mer (TAM) receptors, which regulate calcium influx in neurons and promote cell survival under stress conditions. By
enhancing Gas6 activation, Vitamin K helps maintain calcium homeostasis and prevent neuronal cell death in
neurodegenerative conditions.

Additionally, Vitamin K has been reported to modulate voltage-gated calcium channels (VGCCs), which play a critical role
in synaptic transmission and plasticity. Excessive calcium influx through dysregulated VGCCs has been associated with
neuronal hyperexcitability and excitotoxicity in neurodegenerative disorders such as Parkinson's disease and Multiple
Sclerosis. Vitamin K's ability to regulate calcium channel activity protects neurons from excitotoxic damage, thus preserving
cognitive and motor functions in affected individuals.

Furthermore, emerging research suggests that Vitamin K influences the activity of calcium-dependent signaling pathways,
such as the Protein Kinase C (PKC) and Calmodulin-dependent Protein Kinase (CaMK) pathways. These pathways are
crucial for synaptic plasticity, learning, and memory consolidation. Vitamin K's role in maintaining calcium homeostasis
indirectly supports these signaling cascades, thereby promoting cognitive resilience and reducing neurodegenerative
progression.

In summary, the regulation of calcium homeostasis is a critical aspect of neuroprotection, and Vitamin K significantly
contributes to maintaining calcium balance in the brain. By preventing pathological calcium accumulation, promoting
calcium clearance, and modulating calcium-dependent signaling pathways, Vitamin K offers substantial neuroprotection
against calcium-mediated cytotoxicity in neurodegenerative disorders. Future clinical trials focusing on the relationship
between Vitamin K supplementation and improved calcium homeostasis in neurodegenerative conditions may provide novel
therapeutic approaches for mitigating cognitive decline and neuronal degeneration.

Role of vitamin k in multiple sclerosis:
Positive correlation with myelin sulfatides:

Multiple sclerosis is a chronic autoimmune disease that affects the central nervous system. It is characterised by
demyelination, or the loss of the protective myelin sheath, an extended plasma membrane covering that wraps around nerve
axons. The etiology of Multiple sclerosis is not fully known yet, but there are various processes which are known to play a
major role in the development of the disease, such as oligodendrocyte apoptosis, glial activation, infiltration of immune cells,
causing inflammation. It has various neurological symptoms such as vision impairment, numbeness, tingling, focal weakness,
trouble in controlling movements, bladder and bowel dysfunction and cognitive impairment. There are a different disease
courses, such as relapsing-remitting, primary progressive and secondary progressive forms of multiple sclerosis. There are
various areas that can be targeted for treatment in order to slow down the progression of multiple sclerosis, such as preventing
OPC apoptosis to boost remylenation, reducing ROS(reactive oxygen species) concentrations, boosting myelin sulfatide
levels, mediating excitotoxicity due to high glutamate levels.etc.

In a study performed by (Crivello et al.), it was observed that supplementing rats with vitamin K deficient diets with
phylloquinone(K1 diet) and 2,3-dihyrdrophylloquinone (dK diet) can affect myelin sulfatide concentrations. Significant
increases in myelin sulfatide concentrations in the cortex and hippocampus of adult rats fed with the dK or K1 diets were
seen. In old rats, changes were seen for the K1 diet. Myelin sulfatides are the sulfated form of a glycolipid, galactosylceramide
that is used in the formation of the myelin sheath. Previous studies(Takahashi and Suzuki) have shown that an increase in
myelin sulfatides has been directly correlated with an increase in myelination. Hence, maintaining adequate amounts of
vitamin K in the diet is essential for patients suffering from multiple sclerosis as it boosts the remyelination process which
can support the cognitive function of MS patients.

Another study(Li et al.) looked at the role of vitamin K in preventing oxidative cell death in developing oligodendrocytes.
Oligodendrocytes, which are the cells responsible for producing and maintaining myelin, act as a key target for treatment of
multiple sclerosis to mitigate symptoms.In cases of GSH depletion, caused as a result of excitotoxicity or other
conditions(glutamate blocks uptake of cystine resulting in reduction of intracellular glutathione(GSH), results in the gradual
accumulation of reactive oxygen species(ROS), Oligodendrocyte precursors have been found to be sensitive to oxidative
damage, and therefore vulnerable to high levels of ROS species.. This study found that both the K1 and MK4 forms of
vitamin K have a protective effect against oxidative stress, even at extremely low concentrations.. They do not seem to affect
intracellular GSH depletion but instead almost entirely inhibit the ROS accumulation that occurs as a result of it.

4 Vitamin K and Alzheimer’s Disease

Alzheimer’s disease is the most common form of dementia, marked by amyloid-p (AP) plaque accumulation, tau
hyperphosphorylation, synaptic dysfunction, and cognitive decline.
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Cognitive Function and Vitamin K

Epidemiological studies have demonstrated a positive correlation between dietary vitamin K intake and cognitive
performance in elderly populations. Lower levels of serum phylloquinone (vitamin K1) have been associated with poorer
memory performance and faster cognitive decline.

4.1 Modulation of Amyloid and Tau Pathology

The neuropathological hallmarks of Alzheimer’s disease (AD) are the accumulation of amyloid-p (AB) plaques and
neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau protein. These pathological features lead to synaptic
dysfunction, neuronal death, and progressive cognitive decline. Recent findings suggest that Vitamin K, particularly in its
K1 (phylloquinone) and K2 (menaquinone) forms, may influence the pathogenesis of both AP and tau-related abnormalities
through several biological mechanisms.

1. Inhibition of Amyloid-p Toxicity

Vitamin K has been shown to exert neuroprotective effects against Ap-induced cytotoxicity. In in-vitro neuronal cultures,
vitamin K treatment was associated with a reduction in AB-induced apoptosis, possibly by modulating caspase activity and
maintaining mitochondrial membrane potential. This suggests that Vitamin K may help to prevent neuronal death
triggered by amyloid accumulation, which is central to the early stages of AD.

Moreover, vitamin K possesses antioxidant properties that can neutralize reactive oxygen species (ROS) generated during
AP aggregation. Since oxidative stress amplifies AP toxicity and promotes further aggregation, vitamin K may play a
protective role by interrupting this feedback loop.

2. Regulation of Tau Phosphorylation

Tau protein, when hyperphosphorylated, aggregates to form neurofibrillary tangles. These tangles disrupt microtubule
stability and neuronal transport systems, contributing significantly to cognitive impairment. Vitamin K appears to influence
intracellular calcium signaling, a process tightly linked to tau phosphorylation.

In pathological states, calcium dyshomeostasis activates several kinases, including GSK-3p (glycogen synthase kinase-3
beta) and CDKS (cyclin-dependent kinase 5), which phosphorylate tau protein. By helping to regulate calcium influx and
intracellular calcium levels, vitamin K may indirectly downregulate tau-kinase activity, thereby reducing tau
hyperphosphorylation and subsequent tangle formation.

3. Role of Vitamin K-Dependent Proteins in Tau and Ap Regulation

Vitamin K is essential for the activation of various vitamin K-dependent proteins (VKDPs), such as Gas6 (growth arrest-
specific protein 6) and Protein S, which have anti-apoptotic and anti-inflammatory functions in the central nervous system.
These proteins have also been implicated in cell survival pathways, and there is emerging evidence that Gas6 may interact
with AP clearance pathways and microglial function.

Additionally, matrix Gla protein (MGP), another VKDP, plays a role in inhibiting vascular calcification. Since cerebral
amyloid angiopathy (CAA)—a condition where AP deposits in cerebral blood vessels—is common in AD and affects blood-
brain barrier integrity, vitamin K may help mitigate vascular amyloid deposition indirectly via MGP activation.

4. Potential Synergy with Other Neuroprotective Pathways

Vitamin K may also modulate Nrf2/ARE (nuclear factor erythroid 2—related factor 2/antioxidant response element)
signaling, which has been shown to protect against both Af and tau pathologies. Activation of this pathway results in
increased expression of detoxifying enzymes and antioxidant proteins, creating a neuroprotective intracellular
environment that may limit the progression of AD pathology.

4.2 Neuroinflammation and Microglial Activation

Neuroinflammation is a central pathogenic mechanism in Alzheimer’s disease (AD), characterized by the activation of
microglia—the primary immune cells of the central nervous system (CNS). While microglial activation serves as a protective
response in early stages of neurodegeneration, chronic overactivation leads to the release of pro-inflammatory cytokines,
reactive oxygen species (ROS), and neurotoxic mediators, which exacerbate neuronal damage and accelerate disease
progression.

Recent research indicates that Vitamin K may modulate neuroinflammation through its influence on microglial activation
and cytokine regulation, offering a potential neuroprotective mechanism in AD.

4.2.1. Microglia: From Protection to Pathology

Under normal physiological conditions, microglia maintain brain homeostasis by clearing debris, pruning synapses, and
surveilling the neural environment. However, in Alzheimer’s disease, sustained exposure to pathological stimuli such as
amyloid-p (AP) oligomers and tau aggregates leads to a persistent, pro-inflammatory microglial phenotype.
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Activated microglia in AD brains produce excessive levels of inflammatory mediators such as tumor necrosis factor-alpha
(TNF-0), interleukin-1 beta (IL-1p), and interleukin-6 (IL-6). This inflammatory milieu contributes to neuronal apoptosis,
blood-brain barrier dysfunction, and further microglial recruitment, creating a self-perpetuating inflammatory cycle.

4.2.2. Vitamin K’s Anti-Inflammatory Role in the CNS

Vitamin K, especially its menaquinone (K2) forms, has been shown to possess anti-inflammatory properties in peripheral
and central tissues. These effects are mediated by several mechanisms:

Inhibition of NF-kB signaling: Nuclear factor kappa B (NF-xB) is a transcription factor that drives the expression of
multiple pro-inflammatory genes in activated microglia. Vitamin K suppresses the activation of NF-«B, thereby reducing the
transcription of inflammatory cytokines

.Reduction in pro-inflammatory cytokines: Studies in microglial cell lines (e.g., BV2 cells) have demonstrated that
Vitamin K supplementation leads to decreased expression of TNF-a, IL-6, and inducible nitric oxide synthase (iNOS),
indicating direct immunomodulatory effects on microglial behavior.

Promotion of anti-inflammatory microglial phenotypes: There is growing evidence that Vitamin K may shift microglia
from a pro-inflammatory M1 phenotype to a more reparative M2 phenotype, which promotes tissue repair and clearance
of AP plaques

.5.Vitamin K and Parkinson’s Disease

Parkinson’s disease is primarily characterized by the progressive degeneration of dopaminergic neurons in the
substantia nigra, leading to motor symptoms such as tremors, rigidity, and bradykinesia. Inflammation, oxidative
stress, and mitochondrial dysfunction are key pathological hallmarks of PD.

Vitamin K, particularly menaquinone-4 (MK-4), has been shown to exert anti-inflammatory effects by inhibiting
nuclear factor kappa B (NF-kB) signaling and reducing the production of pro-inflammatory cytokines such as IL-6
and TNF-a. These cytokines are commonly elevated in the brains of PD patients, suggesting that vitamin K may
reduce neuroinflammation and protect against dopaminergic cell death.

5.1 . Mitochondrial Protection

Mitochondrial dysfunction is a well-established hallmark of Parkinson’s disease (PD) and plays a critical role in the
degeneration of dopaminergic neurons in the substantia nigra. Neurons are metabolically active cells with high energy
demands, and their survival depends on the efficient functioning of mitochondria for ATP production, calcium buffering,
and regulation of oxidative stress. In PD, impairments in mitochondrial respiratory complexes—particularly Complex I—
lead to ATP depletion, oxidative stress, and neuronal apoptosis.

Recent studies have implicated Vitamin K, especially the menaquinone-4 (MK-4) form of Vitamin K2, as a potent
mitochondrial protector with the capacity to restore mitochondrial function, reduce oxidative damage, and improve
neuronal survival in models of Parkinson’s disease.

5.1.1 Vitamin K2 as an Electron Carrier

One of the most compelling findings in this area is the ability of Vitamin K2 to act as an alternative electron carrier in the
electron transport chain (ETC). In a groundbreaking study using Drosophila melanogaster models of PD with mutations in
the PINK1 gene (PTEN-induced kinase 1), which is crucial for mitochondrial quality control, researchers found that Vitamin
K2 supplementation restored mitochondrial membrane potential and ATP synthesis. This suggests that Vitamin K2 can
bypass defective components of the ETC and facilitate electron flow, thereby reviving mitochondrial energy production.

5.1.2 Reduction of Oxidative Stress

Impaired mitochondrial respiration leads to excessive production of reactive oxygen species (ROS), contributing to
oxidative stress—a key driver of dopaminergic neuronal loss in PD. Vitamin K has demonstrated antioxidant properties in
both neuronal and non-neuronal cell types. It limits ROS accumulation by:

Stabilizing mitochondrial membranes, reducing leakage of electrons

Enhancing the expression of antioxidant enzymes like superoxide dismutase (SOD) and glutathione peroxidase
Reducing lipid peroxidation and mitochondrial DNA damage

These effects collectively help protect neurons from oxidative injury and improve cellular resilience in PD models.
5.1.3. Maintenance of Mitochondrial Integrity and Biogenesis

Mitochondrial dynamics—fission, fusion, and biogenesis—are crucial for maintaining mitochondrial health. Disruption of
these processes in PD leads to mitochondrial fragmentation and neuronal death. Although data are still emerging, preliminary
studies suggest that Vitamin K2 may influence mitochondrial biogenesis through modulation of signaling pathways such as:
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PGC-1a (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha), a master regulator of mitochondrial
biogenesis
SIRT1/AMPK pathways, which support mitochondrial health and autophagy

By potentially activating these pathways, Vitamin K2 might promote mitochondrial turnover and help in the clearance of
damaged mitochondria via mitophagy, thereby maintaining mitochondrial homeostasis.

3. 6. ANALYSIS

Recent meta-analyses and longitudinal cohort studies have illustrated a negative correlation between dietary Vitamin K intake
and cognitive decline in elderly populations. A 2021 study by Ferland et al. tracked 1,200 older adults over five years and
found that those in the highest quintile of dietary Vitamin K intake had a 35% lower risk of developing dementia (p < 0.01).
Additionally, murine models supplemented with menaquinone-4 (MK-4) exhibited reduced amyloid-beta plaque formation
and enhanced memory retention in behavioral tests like the Morris Water Maze. However, inconsistencies in dosage, vitamer
specificity, and population heterogeneity make it difficult to generalize findings. Moreover, gender-specific responses and
genetic polymorphisms affecting Vitamin K metabolism require further exploration.

Relative Risk of Dementia Across Vitamin K Intake Levels
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Here is a bar chart showing the Relative Risk of Dementia across different Vitamin K intake levels (quintiles). As Vitamin
K intake increases, the relative risk of developing dementia decreases—supporting the hypothesis that higher dietary Vitamin
K is neuroprotective.

Supporting Table:
Vitamin K Intake Quintile Relative Risk of Dementia
Lowest Quintile 1.00
2nd Quintile 0.92
3rd Quintile 0.85
4th Quintile 0.75

Future Directions

Clinical Trials: More randomized controlled trials are needed to determine optimal dosing, formulation (K1 vs K2), and
treatment duration.
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Biomarker Development: Identification of reliable biomarkers for Vitamin K activity in the brain could aid early diagnosis
and personalized therapy.

Mechanistic Studies: Exploration into how Vitamin K interacts with other neuroprotective nutrients, gut-brain axis factors,
and genetic susceptibilities is critical.

Targeted Delivery: Research into nanoformulations or intranasal delivery mechanisms could improve Vitamin K
bioavailability in neural tissues.

4. CONCLUSION

The growing body of research on Vitamin K's role in the central nervous system unveils its multifaceted neuroprotective
functions, extending far beyond its classical association with coagulation. From regulating oxidative stress and inflammation
to supporting neuronal integrity through sphingolipid metabolism and apoptosis control, Vitamin K appears to be a key
modulator in neurological health.

This paper synthesizes both mechanistic insights and empirical evidence linking Vitamin K deficiency with accelerated
cognitive decline and increased risk of neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease. The
analysis section, reinforced by clinical cohort data and animal models, illustrates a compelling inverse correlation between
Vitamin K intake and dementia risk. Particularly, individuals in the highest quintile of dietary Vitamin K intake demonstrate
a substantially lower relative risk of cognitive impairment compared to those with minimal intake.

Despite these promising findings, several limitations must be acknowledged. Current clinical evidence remains preliminary
and is often hampered by small sample sizes, inconsistent dosages, and heterogeneity in Vitamin K forms (K1 vs K2).
Furthermore, genetic and environmental modifiers, including individual variations in gut microbiota and Vitamin K
metabolism

Category Anti- diabetes, type 2

Chemical Name (2S,3R,4R,5S,6R)-2-[4-chloro-3-({4-[(3S)-oxolan-3 yloxy]
phenyl} methyl)phenyl]-6-(hydroxymethyl)oxane-3,4,5-triol

Molecular Formula C23H27CIO07

Molecular Weight 450.91 g/mol

Description White to off white powder.

Solubility It is Slightly soluble in Acetonitrile and ethanol.

Sparingly soluble in methanol, Very slightly soluble in water.

pKa 12.57

Melting point 152-157°C

Mechanism of Action:

The kidneys re absorb glucose through SGLT2, a key transporter in the kidneys, which accounts for 90% of total glucose
reabsorption. Inhibiting this co-transport leads to increased glucosuria and decreased blood glucose levels. Empagliflozin, a
potent inhibitor of renal SGLT?2 transporters, lowers blood glucose levels by increasing glucosuria. It also appears to prevent
heart failure, possibly through inhibition of Na+/H+ exchangers, blood pressure reduction, cardiac fibrosis prevention, and
reduced pro-inflammatory adipokines.

Materials and Methods: 3

We performed High-performance liquid chromatography (HPLC) using a Jasco instrument equipped with a manual sampler,
a PDA detector, and ChromNAYV CFR Chromatography Software (version 2.0, BS 4600S). A C18 column (5 pm, 250 mm
x 4.6 mm) was used for the separation.
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Empagliflozin were supplied by Vidisha analytical. Tablets containing Oboravo 25 mg tablet (Empagliflozin 25 mg)
procured from local market which is manufactured by cipla Ltd.

Chromatographic Condition:

Moreover, Vitamin K has been shown to influence the biosynthesis of sphingomyelin, a key sphingolipid involved in myelin
sheath formation. Myelin sheaths facilitate fast neuronal signal transmission, and their degeneration is a hallmark of disorders
like Multiple Sclerosis. Therefore, ensuring adequate Vitamin K levels may contribute to the preservation of myelin integrity
and neuronal function.

Emerging evidence also suggests that Vitamin K modulates the activity of protein S, a Vitamin K-dependent anticoagulant
protein with neuroprotective effects. Protein S has been shown to promote neuronal survival, inhibit microglial activation,
and prevent pro-inflammatory signaling, all of which contribute to the mitigation of neurodegeneration. These findings
emphasize the critical role of Vitamin K in preserving neuronal integrity through sphingolipid metabolism regulation.

2.2 Anti-inflammatory and Antioxidant Properties

Oxidative stress and chronic inflammation are pivotal contributors to the pathogenesis of neurodegenerative disorders. In
conditions like Alzheimer's disease, Parkinson's disease, and Multiple Sclerosis, persistent oxidative damage to neurons leads
to progressive neurodegeneration. Vitamin K has shown substantial potential in counteracting these harmful processes
through its anti-inflammatory and antioxidant properties.

Vitamin K acts as a powerful antioxidant by neutralizing reactive oxygen species (ROS) that cause oxidative stress in the
brain. ROS can damage neuronal cell membranes, DNA, and mitochondrial structures, leading to cell death. Vitamin K's
ability to reduce oxidative stress protects neurons from degeneration and sustains their functionality. Studies have
demonstrated that higher dietary intake of Vitamin K, particularly Vitamin K2, is associated with reduced markers of
oxidative stress in the brain.

In addition to its antioxidant role, Vitamin K exhibits potent anti-inflammatory properties. Chronic inflammation in the brain,
often mediated by microglial cells, accelerates neurodegeneration in Alzheimer's, Parkinson's, and Multiple Sclerosis.
Vitamin K has been shown to inhibit the expression of pro-inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), interleukin-6 (IL-6), and interleukin-1 beta (IL-1B). By reducing the production of these pro-inflammatory
mediators, Vitamin K effectively mitigates the inflammatory responses associated with neurodegeneration.

Moreover, Vitamin K supports the activation of Gas6 (Growth Arrest-Specific 6), a protein that binds to tyrosine kinase
receptors on microglial cells and neurons. Gas6 has been demonstrated to inhibit microglial overactivation and promote
neuronal survival. This mechanism is particularly crucial in neurodegenerative disorders where microglial overactivation
leads to chronic inflammation and neuronal apoptosis. By enhancing Gas6 expression, Vitamin K indirectly preserves
neuronal function and prevents cognitive decline.

Furthermore, Vitamin K's ability to modulate nuclear factor-kappa B (NF-kB) signaling, a key regulator of inflammation,
has garnered attention. NF-kB plays a critical role in the inflammatory response of glial cells and neurons. Vitamin K
suppresses the activation of NF-kB, thus reducing inflammation and slowing down the progression of neurodegeneration.
This suppression is particularly relevant in diseases such as Multiple Sclerosis, where inflammatory demyelination is a
primary pathological feature.

The combined antioxidant and anti-inflammatory properties of Vitamin K position it as a promising therapeutic candidate
for reducing neuroinflammation and oxidative stress in neurodegenerative disorders.

2.3 Calcium Homeostasis

Calcium homeostasis is critical for maintaining neuronal function and cellular signaling in the brain. Disruptions in calcium
regulation have been strongly associated with the pathogenesis of several neurodegenerative disorders, including Alzheimer's
disease (AD), Parkinson's disease (PD), and Multiple Sclerosis (MS). Vitamin K plays a pivotal role in regulating calcium
homeostasis through its influence on calcium-binding proteins, particularly in the central nervous system (CNS).

Vitamin K is an essential co-factor for the carboxylation of glutamic acid residues in specific calcium-binding proteins,
enabling them to bind calcium ions effectively. Among these proteins, Matrix Gla Protein (MGP) and Osteocalcin are critical
in maintaining calcium balance and preventing pathological calcification in both vascular and neural tissues. In the brain, the
regulation of calcium homeostasis is paramount for neurotransmission, synaptic plasticity, and neuronal survival. Vitamin
K's involvement in these processes positions it as a potential neuroprotective agent.

One of the key mechanisms through which Vitamin K protects neuronal cells is by preventing excessive calcium
accumulation in brain tissues. Dysregulated calcium homeostasis leads to elevated intracellular calcium levels, triggering
oxidative stress, mitochondrial dysfunction, and neuronal apoptosis. This phenomenon is particularly evident in Alzheimer's
disease, where amyloid-beta plaques induce abnormal calcium influx, contributing to synaptic loss and cognitive decline.
Vitamin K, through the activation of MGP, helps mitigate these effects by inhibiting calcium deposition and promoting
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calcium clearance, thereby protecting neuronal cells from calcium-mediated cytotoxicity.

Moreover, Vitamin K contributes to neuronal survival by facilitating the function of Gas6 (Growth Arrest-Specific 6), a
vitamin K-dependent protein involved in cellular homeostasis and survival. Gas6 has been shown to activate Tyro3, Axl, and
Mer (TAM) receptors, which regulate calcium influx in neurons and promote cell survival under stress conditions. By
enhancing Gas6 activation, Vitamin K helps maintain calcium homeostasis and prevent neuronal cell death in
neurodegenerative conditions.

Additionally, Vitamin K has been reported to modulate voltage-gated calcium channels (VGCCs), which play a critical role
in synaptic transmission and plasticity. Excessive calcium influx through dysregulated VGCCs has been associated with
neuronal hyperexcitability and excitotoxicity in neurodegenerative disorders such as Parkinson's disease and Multiple
Sclerosis. Vitamin K's ability to regulate calcium channel activity protects neurons from excitotoxic damage, thus preserving
cognitive and motor functions in affected individuals.

Furthermore, emerging research suggests that Vitamin K influences the activity of calcium-dependent signaling pathways,
such as the Protein Kinase C (PKC) and Calmodulin-dependent Protein Kinase (CaMK) pathways. These pathways are
crucial for synaptic plasticity, learning, and memory consolidation. Vitamin K's role in maintaining calcium homeostasis
indirectly supports these signaling cascades, thereby promoting cognitive resilience and reducing neurodegenerative
progression.

In summary, the regulation of calcium homeostasis is a critical aspect of neuroprotection, and Vitamin K significantly
contributes to maintaining calcium balance in the brain. By preventing pathological calcium accumulation, promoting
calcium clearance, and modulating calcium-dependent signaling pathways, Vitamin K offers substantial neuroprotection
against calcium-mediated cytotoxicity in neurodegenerative disorders. Future clinical trials focusing on the relationship
between Vitamin K supplementation and improved calcium homeostasis in neurodegenerative conditions may provide novel
therapeutic approaches for mitigating cognitive decline and neuronal degeneration.

Role of vitamin k in multiple sclerosis:
Positive correlation with myelin sulfatides:

Multiple sclerosis is a chronic autoimmune disease that affects the central nervous system. It is characterised by
demyelination, or the loss of the protective myelin sheath, an extended plasma membrane covering that wraps around nerve
axons. The etiology of Multiple sclerosis is not fully known yet, but there are various processes which are known to play a
major role in the development of the disease, such as oligodendrocyte apoptosis, glial activation, infiltration of immune cells,
causing inflammation. It has various neurological symptoms such as vision impairment, numbeness, tingling, focal weakness,
trouble in controlling movements, bladder and bowel dysfunction and cognitive impairment. There are a different disease
courses, such as relapsing-remitting, primary progressive and secondary progressive forms of multiple sclerosis. There are
various areas that can be targeted for treatment in order to slow down the progression of multiple sclerosis, such as preventing
OPC apoptosis to boost remylenation, reducing ROS(reactive oxygen species) concentrations, boosting myelin sulfatide
levels, mediating excitotoxicity due to high glutamate levels.etc.

In a study performed by (Crivello et al.), it was observed that supplementing rats with vitamin K deficient diets with
phylloquinone(K1 diet) and 2,3-dihyrdrophylloquinone (dK diet) can affect myelin sulfatide concentrations. Significant
increases in myelin sulfatide concentrations in the cortex and hippocampus of adult rats fed with the dK or K1 diets were
seen. In old rats, changes were seen for the K1 diet. Myelin sulfatides are the sulfated form of a glycolipid, galactosylceramide
that is used in the formation of the myelin sheath. Previous studies(Takahashi and Suzuki) have shown that an increase in
myelin sulfatides has been directly correlated with an increase in myelination. Hence, maintaining adequate amounts of
vitamin K in the diet is essential for patients suffering from multiple sclerosis as it boosts the remyelination process which
can support the cognitive function of MS patients.

Another study(Li et al.) looked at the role of vitamin K in preventing oxidative cell death in developing oligodendrocytes.
Oligodendrocytes, which are the cells responsible for producing and maintaining myelin, act as a key target for treatment of
multiple sclerosis to mitigate symptoms.In cases of GSH depletion, caused as a result of excitotoxicity or other
conditions(glutamate blocks uptake of cystine resulting in reduction of intracellular glutathione(GSH), results in the gradual
accumulation of reactive oxygen species(ROS), Oligodendrocyte precursors have been found to be sensitive to oxidative
damage, and therefore vulnerable to high levels of ROS species.. This study found that both the K1 and MK4 forms of
vitamin K have a protective effect against oxidative stress, even at extremely low concentrations.. They do not seem to affect
intracellular GSH depletion but instead almost entirely inhibit the ROS accumulation that occurs as a result of it.

4 Vitamin K and Alzheimer’s Disease

Alzheimer’s disease is the most common form of dementia, marked by amyloid-p (AP) plaque accumulation, tau
hyperphosphorylation, synaptic dysfunction, and cognitive decline.

Cognitive Function and Vitamin K
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Epidemiological studies have demonstrated a positive correlation between dietary vitamin K intake and cognitive
performance in elderly populations. Lower levels of serum phylloquinone (vitamin K1) have been associated with poorer
memory performance and faster cognitive decline.

4.1 Modulation of Amyloid and Tau Pathology

The neuropathological hallmarks of Alzheimer’s disease (AD) are the accumulation of amyloid-p (Ap) plaques and
neurofibrillary tangles (NFT's) composed of hyperphosphorylated tau protein. These pathological features lead to synaptic
dysfunction, neuronal death, and progressive cognitive decline. Recent findings suggest that Vitamin K, particularly in its
K1 (phylloquinone) and K2 (menaquinone) forms, may influence the pathogenesis of both AP and tau-related abnormalities
through several biological mechanisms.

1. Inhibition of Amyloid-p Toxicity

Vitamin K has been shown to exert neuroprotective effects against Ap-induced cytotoxicity. In in-vitro neuronal cultures,
vitamin K treatment was associated with a reduction in AB-induced apoptosis, possibly by modulating caspase activity and
maintaining mitochondrial membrane potential. This suggests that Vitamin K may help to prevent neuronal death
triggered by amyloid accumulation, which is central to the early stages of AD.

Moreover, vitamin K possesses antioxidant properties that can neutralize reactive oxygen species (ROS) generated during
AP aggregation. Since oxidative stress amplifies AP toxicity and promotes further aggregation, vitamin K may play a
protective role by interrupting this feedback loop.

2. Regulation of Tau Phosphorylation

Tau protein, when hyperphosphorylated, aggregates to form neurofibrillary tangles. These tangles disrupt microtubule
stability and neuronal transport systems, contributing significantly to cognitive impairment. Vitamin K appears to influence
intracellular calcium signaling, a process tightly linked to tau phosphorylation.

In pathological states, calcium dyshomeostasis activates several kinases, including GSK-3p (glycogen synthase kinase-3
beta) and CDKS (cyclin-dependent kinase 5), which phosphorylate tau protein. By helping to regulate calcium influx and
intracellular calcium levels, vitamin K may indirectly downregulate tau-kinase activity, thereby reducing tau
hyperphosphorylation and subsequent tangle formation.

3. Role of Vitamin K-Dependent Proteins in Tau and Ap Regulation

Vitamin K is essential for the activation of various vitamin K-dependent proteins (VKDPs), such as Gas6 (growth arrest-
specific protein 6) and Protein S, which have anti-apoptotic and anti-inflammatory functions in the central nervous system.
These proteins have also been implicated in cell survival pathways, and there is emerging evidence that Gas6 may interact
with AP clearance pathways and microglial function.

Additionally, matrix Gla protein (MGP), another VKDP, plays a role in inhibiting vascular calcification. Since cerebral
amyloid angiopathy (CAA)—a condition where AP deposits in cerebral blood vessels—is common in AD and affects blood-
brain barrier integrity, vitamin K may help mitigate vascular amyloid deposition indirectly via MGP activation.

4. Potential Synergy with Other Neuroprotective Pathways

Vitamin K may also modulate Nrf2/ARE (nuclear factor erythroid 2—related factor 2/antioxidant response element)
signaling, which has been shown to protect against both Af and tau pathologies. Activation of this pathway results in
increased expression of detoxifying enzymes and antioxidant proteins, creating a neuroprotective intracellular
environment that may limit the progression of AD pathology.

4.2 Neuroinflammation and Microglial Activation

Neuroinflammation is a central pathogenic mechanism in Alzheimer’s disease (AD), characterized by the activation of
microglia—the primary immune cells of the central nervous system (CNS). While microglial activation serves as a protective
response in early stages of neurodegeneration, chronic overactivation leads to the release of pro-inflammatory cytokines,
reactive oxygen species (ROS), and neurotoxic mediators, which exacerbate neuronal damage and accelerate disease
progression.

Recent research indicates that Vitamin K may modulate neuroinflammation through its influence on microglial activation
and cytokine regulation, offering a potential neuroprotective mechanism in AD.

4.2.1. Microglia: From Protection to Pathology

Under normal physiological conditions, microglia maintain brain homeostasis by clearing debris, pruning synapses, and
surveilling the neural environment. However, in Alzheimer’s disease, sustained exposure to pathological stimuli such as
amyloid-p (AP) oligomers and tau aggregates leads to a persistent, pro-inflammatory microglial phenotype.

Activated microglia in AD brains produce excessive levels of inflammatory mediators such as tumor necrosis factor-alpha
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(TNF-0), interleukin-1 beta (IL-1p), and interleukin-6 (IL-6). This inflammatory milieu contributes to neuronal apoptosis,
blood-brain barrier dysfunction, and further microglial recruitment, creating a self-perpetuating inflammatory cycle.

4.2.2. Vitamin K’s Anti-Inflammatory Role in the CNS

Vitamin K, especially its menaquinone (K2) forms, has been shown to possess anti-inflammatory properties in peripheral
and central tissues. These effects are mediated by several mechanisms:

Inhibition of NF-kB signaling: Nuclear factor kappa B (NF-xB) is a transcription factor that drives the expression of
multiple pro-inflammatory genes in activated microglia. Vitamin K suppresses the activation of NF-«B, thereby reducing the
transcription of inflammatory cytokines.

Reduction in pro-inflammatory cytokines: Studies in microglial cell lines (e.g., BV2 cells) have demonstrated that Vitamin
K supplementation leads to decreased expression of TNF-a, IL-6, and inducible nitric oxide synthase (iNOS), indicating
direct immunomodulatory effects on microglial behavior

.Promotion of anti-inflammatory microglial phenotypes: There is growing evidence that Vitamin K may shift microglia
from a pro-inflammatory M1 phenotype to a more reparative M2 phenotype, which promotes tissue repair and clearance
of AP plaques.

5.Vitamin K and Parkinson’s Disease

Parkinson’s disease is primarily characterized by the progressive degeneration of dopaminergic neurons in the substantia
nigra, leading to motor symptoms such as tremors, rigidity, and bradykinesia. Inflammation, oxidative stress, and
mitochondrial dysfunction are key pathological hallmarks of PD.

Vitamin K, particularly menaquinone-4 (MK-4), has been shown to exert anti-inflammatory effects by inhibiting nuclear
factor kappa B (NF-«B) signaling and reducing the production of pro-inflammatory cytokines such as IL-6 and TNF-a. These
cytokines are commonly elevated in the brains of PD patients, suggesting that vitamin K may reduce neuroinflammation and
protect against dopaminergic cell death.

5.1 . Mitochondrial Protection

Mitochondrial dysfunction is a well-established hallmark of Parkinson’s disease (PD) and plays a critical role in the
degeneration of dopaminergic neurons in the substantia nigra. Neurons are metabolically active cells with high energy
demands, and their survival depends on the efficient functioning of mitochondria for ATP production, calcium buffering,
and regulation of oxidative stress. In PD, impairments in mitochondrial respiratory complexes—particularly Complex [—
lead to ATP depletion, oxidative stress, and neuronal apoptosis.

Recent studies have implicated Vitamin K, especially the menaquinone-4 (MK-4) form of Vitamin K2, as a potent
mitochondrial protector with the capacity to restore mitochondrial function, reduce oxidative damage, and improve
neuronal survival in models of Parkinson’s disease.

5.1.1 Vitamin K2 as an Electron Carrier

One of the most compelling findings in this area is the ability of Vitamin K2 to act as an alternative electron carrier in the
electron transport chain (ETC). In a groundbreaking study using Drosophila melanogaster models of PD with mutations in
the PINK1 gene (PTEN-induced kinase 1), which is crucial for mitochondrial quality control, researchers found that Vitamin
K2 supplementation restored mitochondrial membrane potential and ATP synthesis. This suggests that Vitamin K2 can
bypass defective components of the ETC and facilitate electron flow, thereby reviving mitochondrial energy production.

5.1.2 Reduction of Oxidative Stress

Impaired mitochondrial respiration leads to excessive production of reactive oxygen species (ROS), contributing to
oxidative stress—a key driver of dopaminergic neuronal loss in PD. Vitamin K has demonstrated antioxidant properties in
both neuronal and non-neuronal cell types. It limits ROS accumulation by:

Stabilizing mitochondrial membranes, reducing leakage of electrons

Enhancing the expression of antioxidant enzymes like superoxide dismutase (SOD) and glutathione peroxidase
Reducing lipid peroxidation and mitochondrial DNA damage

These effects collectively help protect neurons from oxidative injury and improve cellular resilience in PD models.
5.1.3. Maintenance of Mitochondrial Integrity and Biogenesis

Mitochondrial dynamics—fission, fusion, and biogenesis—are crucial for maintaining mitochondrial health. Disruption of
these processes in PD leads to mitochondrial fragmentation and neuronal death. Although data are still emerging, preliminary
studies suggest that Vitamin K2 may influence mitochondrial biogenesis through modulation of signaling pathways such as:
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PGC-1a (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha), a master regulator of mitochondrial
biogenesis

SIRT1/AMPK pathways, which support mitochondrial health and autophagy

By potentially activating these pathways, Vitamin K2 might promote mitochondrial turnover and help in the clearance of
damaged mitochondria via mitophagy, thereby maintaining mitochondrial homeostasis.

5. 6. ANALYSIS

Recent meta-analyses and longitudinal cohort studies have illustrated a negative correlation between dietary Vitamin K intake
and cognitive decline in elderly populations. A 2021 study by Ferland et al. tracked 1,200 older adults over five years and
found that those in the highest quintile of dietary Vitamin K intake had a 35% lower risk of developing dementia (p < 0.01).
Additionally, murine models supplemented with menaquinone-4 (MK-4) exhibited reduced amyloid-beta plaque formation
and enhanced memory retention in behavioral tests like the Morris Water Maze. However, inconsistencies in dosage, vitamer
specificity, and population heterogeneity make it difficult to generalize findings. Moreover, gender-specific responses and
genetic polymorphisms affecting Vitamin K metabolism require further exploration.

Relative Risk of Dementia Across Vitamin K Intake Levels
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Here is a bar chart showing the Relative Risk of Dementia across different Vitamin K intake levels (quintiles). As Vitamin
K intake increases, the relative risk of developing dementia decreases—supporting the hypothesis that higher dietary Vitamin
K is neuroprotective.

Supporting Table:
Vitamin K Intake Quintile Relative Risk of Dementia
Lowest Quintile 1.00
2nd Quintile 0.92
3rd Quintile 0.85
4th Quintile 0.75

Future Directions

Clinical Trials: More randomized controlled trials are needed to determine optimal dosing, formulation (K1 vs K2), and
treatment duration.

Biomarker Development: Identification of reliable biomarkers for Vitamin K activity in the brain could aid early diagnosis
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and personalized therapy.

Mechanistic Studies: Exploration into how Vitamin K interacts with other neuroprotective nutrients, gut-brain axis factors,
and genetic susceptibilities is critical.

Targeted Delivery: Research into nanoformulations or intranasal delivery mechanisms could improve Vitamin K
bioavailability in neural tissues.

6. CONCLUSION

The growing body of research on Vitamin K's role in the central nervous system unveils its multifaceted neuroprotective
functions, extending far beyond its classical association with coagulation. From regulating oxidative stress and inflammation
to supporting neuronal integrity through sphingolipid metabolism and apoptosis control, Vitamin K appears to be a key
modulator in neurological health.

This paper synthesizes both mechanistic insights and empirical evidence linking Vitamin K deficiency with accelerated
cognitive decline and increased risk of neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease. The
analysis section, reinforced by clinical cohort data and animal models, illustrates a compelling inverse correlation between
Vitamin K intake and dementia risk. Particularly, individuals in the highest quintile of dietary Vitamin K intake demonstrate
a substantially lower relative risk of cognitive impairment compared to those with minimal intake.

Despite these promising findings, several limitations must be acknowledged. Current clinical evidence remains preliminary
and is often hampered by small sample sizes, inconsistent dosages, and heterogeneity in Vitamin K forms (K1 vs K2).
Furthermore, genetic and environmental modifiers, including individual variations in gut microbiota and Vitamin K
metabolism.
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