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Abstract: Recent studies have highlighted the importance of vitamin K2 (VK2) in human health.
However, there have been no clinical studies investigating the role of VK2 in the prevention or
treatment of Alzheimer’s disease (AD), a debilitating disease for which currently there is no cure. In
reviewing basic science research and clinical studies that have connected VK2 to factors involved
in AD pathogenesis, we have found a growing body of evidence demonstrating that VK2 has the
potential to slow the progression of AD and contribute to its prevention. In our review, we consider
the antiapoptotic and antioxidant effects of VK2 and its impact on neuroinflammation, mitochondrial
dysfunction, cognition, cardiovascular health, and comorbidities in AD. We also examine the link
between dysbiosis and VK2 in the context of the microbiome’s role in AD pathogenesis. Our review
is the first to consider the physiological roles of VK2 in the context of AD, and, given the recent shift
in AD research toward nonpharmacological interventions, our findings emphasize the timeliness
and need for clinical studies involving VK2.

Keywords: vitamin K2; menaquinone; Alzheimer’s disease; dementia; neurodegeneration; cognition;
neuroinflammation; microglia; antioxidant; microbiome

1. Introduction

The incidence of Alzheimer’s disease (AD) has risen considerably in recent years, and
AD remains a leading cause of chronic disability and death. As the most common type
of dementia, AD affects an estimated 6.2 million Americans, a number that is projected
to more than double by 2050 [1]. In 2018, there were 50 million people worldwide living
with dementia [2]. The emotional, physical, and financial toll of AD impacts not only
individuals and families, but also society more broadly, and there is no treatment to cure it
or to slow its progression.

The two hallmarks of AD are the extracellular deposits of neurotoxic β-amyloid (Aβ)
in the brain and the accumulation of tau protein tangles in the neurons. Additionally, a
variety of genetic and non-genetic factors have been implicated in its pathogenesis. One
example of a well-established genetic factor is the alleles of the apolipoprotein E (APOE)
gene. Having the e4 allele (and particularly having two copies) increases AD risk, while
having the e2 allele partially protects against the disease [3]. In some cases of familial AD,
a rare form of the disease, there are mutations in the presenilin 1 (PSEN1) and β-amyloid
precursor protein (APP) genes [4]. The most important non-genetic risk factors for late-
onset AD are aging, type II diabetes, cardiovascular disease, traumatic brain injury, sleep
disturbances, poor diet, and a lack of exercise [5,6]. Among the factors implicated in AD
pathogenesis are neuroinflammation, oxidative stress, mitochondrial dysfunction, vascular
disease, and microbiome changes, all of which we will discuss later.

We are interested in whether or not vitamin K2 (VK2) might attenuate the effects
of these factors and thus decrease the likelihood of developing AD. Recent studies have
shown that VK2 has many physiological roles, and we believe that it is of interest in AD
research. We review basic science research and clinical studies, including population-based

Nutrients 2021, 13, 2206. https://doi.org/10.3390/nu13072206 https://www.mdpi.com/journal/nutrients

https://www.mdpi.com/journal/nutrients
https://www.mdpi.com
https://orcid.org/0000-0002-8856-9300
https://doi.org/10.3390/nu13072206
https://doi.org/10.3390/nu13072206
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nu13072206
https://www.mdpi.com/journal/nutrients
https://www.mdpi.com/article/10.3390/nu13072206?type=check_update&version=1


Nutrients 2021, 13, 2206 2 of 19

cohort studies and randomized controlled trials. One distinguishing criterion for our
search was our interest in VK2 rather than vitamin K1 (VK1) or vitamin K in general.
Although VK1 and VK2 are related, our research showed that there is a difference between
the two and their relationship to human health. When our original PubMed query for
“Menaquinone and Alzheimer” and “Vitamin K2 and Alzheimer” found only six studies
relevant to our review, we expanded our search to investigate the link between VK2 and
factors involved in AD pathogenesis (Figure 1). For example, we researched population
studies that considered the connection between cardiovascular health and AD, followed by
studies that linked cardiovascular health with VK2.
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Figure 1. The roles of vitamin K2 in Alzheimer’s disease.

Our review is of importance because it highlights new, emerging research relating VK2
and AD, and, to the best of our knowledge, it is the first review to explore this connection.
By drawing attention to this relationship, we hope to communicate the need for future
studies exploring the role of VK2 in AD prevention.

2. Comparison of Vitamins K1 and K2

Vitamin K1 (VK1) and vitamin K2 (VK2) are the two natural forms of vitamin K, and
they differ in their chemical structure, physiological roles, diet sources, and bioavailability
(Figure 2). While VK1 exists in only one form, the menaquinone (MK) family can be
subdivided into multiple isoforms, classified as follows: short chains (MK-4 through MK-
6), intermediate chains (MK-7 through MK-9), and long chains (MK-10 through MK-13).
The name for each MK isoform corresponds to the number of unsaturated five-carbon
groups (prenyl units) it contains.
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Commonly referred to as phylloquinone, VK1 is the plant form of vitamin K, and it is
primarily found in green, leafy vegetables. Our interest in VK2 stems in part from the fact
that the Western diet is low in this necessary nutrient. Women following a Western diet
had a much lower VK2 intake (36 mcg compared to 154.1 mcg) than Japanese women who
regularly consumed nattō, a traditional Japanese dish made from fermented soybeans [7,8].
On average, VK2 comprises just 10% of dietary vitamin K in European diets [9]. Almost
all the MKs are synthesized by bacteria, and most can be found in fermented foods, such
as nattō, sauerkraut, pickled vegetables, and some types of cheese. MK-4, the only VK2
isoform that is obtained through conversion from VK1 and not from bacterial synthesis, is
present in meat, fish, and egg yolk [10,11].

The recommended daily intake (RDI) of vitamin K is based exclusively on VK1,
and we agree with the authors of a recent review who argue that, because of its unique
physiological roles, VK2 warrants a separate RDI [12]. One additional consideration that
we will discuss later is the contribution of intestinal VK2 synthesized by gut bacteria to the
total physiological requirement for vitamin K. VK2 is better absorbed than VK1, and, of the
different MKs, MK-7 is the most bioavailable [11,13].

Both VK1 and VK2 are cofactors of the γ-glutamyl carboxylase (GGCX) enzyme, which
catalyzes a post-translational carboxylation that is essential for the activation of a special
set of proteins called vitamin K-dependent proteins (VKDPs). The preferential target for
VK1 is the liver, where it activates hepatic VKDP coagulation factors (II, VII, IX, and X) and
coagulation proteins (C, S, and Z). Protein S, a hepatic VKDP, has been shown to have an
essential role in neuronal protection from excitotoxic injury via the activation of the TAM
receptor tyro3-phosphatidylinositol 3-kinase-Akt pathway [14]. One study demonstrated
that protein S improved blood flow during ischemic brain injury, due to its antithrombotic
effects, and directly protected neurons from hypoxic injury, leading to a better neurological
outcome [15]. In support of those findings, another study determined that protein S had
cytoprotective activities and preserved the integrity of the blood-brain barrier [16].

Studies suggest that VK1 may influence cognition. In older individuals, both dietary
and serum VK1 were significant and independent predictors of cognitive function [17]. Life-
time consumption of a low VK1 diet resulted in cognitive deficits in rats [18,19]. Another
study found a low intake of VK1 in nine of 31 elderly individuals who had early AD [20]. A
cross-sectional study of 320 subjects between 60 and 75 years of age determined that there
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is a positive association between high serum levels of VK1 and verbal episodic memory, but
not non-verbal episodic memory or executive functions [21]. Two other studies in elderly
individuals (mean ages of 82 and 83, respectively) found a positive association between
dietary intake of VK1 and memory questionnaire scores [22,23]. We note that many studies
looking at VK1 and cognition had limitations in accurately assessing dietary VK1 [24]. One
study did not find an association between low vitamin K levels and cognitive decline [25].
However, this study, unlike the others we have reviewed, examined individuals that had a
mean age of only 60 and investigated the synergistic effects of vitamin K and vitamin D3.

There are also studies that discuss a possible association between the use of vitamin
K antagonists (VKAs) and cognitive decline or brain focal atrophies [24]. These studies
generally agree that anticoagulants impact cognition, with vitamin K as a possible mech-
anism. Given that VK2 also plays a role in coagulation, these studies are relevant to the
effects of both VK1 and VK2 on brain health. One large cohort study treated subjects with
VKAs and reported a decrease in visual memory and verbal fluency, but no changes in
mini-mental state exam (MMSE) scores [26]. A cross-sectional study involving 54 patients,
a third of whom were on VKAs, showed that focal brain atrophy, measured by MRI scans,
was associated with the duration of treatment with VKAs [27]. Another study with subjects
(≥75 years) on VKAs demonstrated that there is an association between VK1 concentra-
tion and cognition, which was assessed using the Milan Overall Dementia Assessment
(MODA) [28]. A cohort study of 267 geriatric individuals found that the use of VKAs
was associated with lower MMSE scores [29]. However, a cohort study of 378 elderly
individuals did not find a difference in MMSE scores, although there was a change in
frontal assessment battery (FAB) scores [30].

Both VK1 and VK2 have roles in brain health via the regulation of sphingolipid
metabolism [19,31,32]. Sphingolipids are complex lipids that possess important biolog-
ical functions in the development and survival of neurons. Alterations in sphingolipid
metabolism have been implicated in neurodegenerative diseases such as AD, Parkinson’s
disease, and Huntington’s disease [33]. In a study of mice that underwent demyelination to
mimic multiple sclerosis lesions, an intake of 2 mg of VK1 three times per week increased
the production of brain sulfatides after both one and three weeks of remyelination [34].

However, unlike VK1, VK2 activates a variety of extrahepatic VKDPs, which have
many complex roles (Figure 3). Of these VKDPs, the best studied are the matrix Gla
protein (MGP), osteocalcin, and growth arrest-specific protein 6 (Gas6). MGP inhibits the
calcification of soft tissue and is present in the arterial wall [35]. Osteocalcin is important
for bone health, and recent research has highlighted its additional roles in brain signaling,
energy metabolism, and inflammation [36–38]. Gas6 is widely expressed in the nervous
system, and it regulates neuroinflammation and cancer cell signaling [39,40].
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VK2 also acts as a transcriptional regulator and has antioxidant properties [41–43].
Unlike VK1, VK2 possesses immunosuppressant effects and inhibits T-cell prolifera-
tion [44–46]. When coupled with research showing the role of VK2 in suppressing the
NF-κB pathway, such findings provide convincing evidence of the immunomodulatory and
anti-inflammatory properties of VK2 [47,48]. Furthermore, several in vitro studies have
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shown the anticarcinogenic effects of VK2, and the results from the Heidelberg cohort of
the European Prospective Investigation into Cancer and Nutrition (EPIC) found that VK2
intake was inversely associated with the incidence of advanced prostate cancer [49–53].

3. Vitamin K2 and Alzheimer’s Disease
3.1. The Antiapoptotic and Antioxidant Effects of Vitamin K2

We will first consider the effects of VK2 and Gas6 on β-amyloid (Aβ). Aβ leads to
neuronal death both by promoting apoptosis and by direct toxicity [42]. Neurotoxicity
occurs through a variety of mechanisms, including the disruption of calcium homeostasis,
oxidative stress, and mitochondrial dysfunction. In PC12 cells derived from a rat pheochro-
mocytoma, VK2 prevented neuronal death resulting from Aβ(1–42), the most neuro-toxic
form of Aβ [42]. When cells were exposed to either hydrogen peroxide (H2O2) or Aβ(1–42),
the cells that were pretreated with VK2 exhibited markedly less apoptosis, as measured by
flow cytometry (Table 1). Pretreatment with VK2 also decreased the amount of apoptosis
signaling proteins, including a lower Bax/Bcl-2 ratio, reduced the presence of reactive
oxygen species (ROS), and increased the amount of glutathione, a powerful anti-oxidant.
The authors identified the inactivation of the p38 MAP kinase pathway as a mechanism for
the potential protective role of VK2 in Alzheimer’s disease (AD).

Table 1. The effects of vitamin K2 on Aβ(1–42) and H2O2 induced apoptosis, as described by [42].

Experimental Group Percent of Apoptotic Cells (%)

Control for Aβ(1–42) 3.2
20 mcmol K2 + Aβ(1–42) 4.3

Aβ(1–42) Only 13.1
Control for H2O2 4.7

20 mcmol K2 + H2O2 6.4
H2O2 Only 28

A 2021 study reached similar conclusions in a C6 cell line of rat astroglia that was
transfected in order to express Aβ. Upon an increase in the concentration of VK2, cells ex-
hibited prolonged survival due to protection against Aβ-induced neuronal death [43]. This
effect was reversible upon the addition of warfarin, which prevents vitamin K-dependent
carboxylation. VK2 also reduced the number of ROS in a dose-dependent manner and, at a
concentration of 10 mcmol/L, decreased by 2.5-fold the activity of caspase-3, an enzyme
that mediates Aβ-induced apoptosis. Furthermore, the authors found that Gas6 plays a
role in VK2 protection against Aβ cytotoxicity, supporting findings from an older study.
That study, from 2002, had measured Ca(2+) influx, chromatin condensation, and DNA
fragmentation as markers for Aβ neurotoxicity and apoptosis in rat embryo neuronal
cell cultures [54]. Gas6 inhibited the influx of Ca(2+) in a dose-dependent manner and
significantly decreased the amount of chromatin condensation and DNA fragmentation
caused by Aβ. When considered together, these studies present a convincing argument for
the antiapoptotic and antioxidant properties of VK2.

3.2. Vitamin K2 and Neuroinflammation

It has become increasingly clear that neuroinflammation and chronic glial hyperac-
tivation are important in neurodegeneration and the pathogenesis of AD [55–63]. While
astrocytes and microglia can play a neuroprotective role via the clearing of Aβ, excessive
chronic activation can accelerate, or even cause, neurodegeneration [57–62]. One study in
animal models showed that glial activation occurs prior to the formation of Aβ plaques,
while another study suggested that neuroinflammation may initiate neuronal dysfunction
(assessed by MRI scans) in AD and Parkinson’s disease [55,56]. Additionally, mutations in
the microglial receptors CD33 and TREM2 have been associated with an increased risk of
AD, and the proximity of AD risk loci to genes highly expressed in microglia suggests that
neuroinflammation is critical to AD pathogenesis [64–67].
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When microglia are activated, they initiate an inflammatory cascade, releasing an
excess of proinflammatory mediators that include the cytokines tumor necrosis factor alpha
(TNF-α), interleukin 1β (IL-1β), and interleukin 6 (IL-6) [57–59,68]. Several factors trigger
microglial activation: oxidative stress, chronic infection, injury, Aβ, and lipopolysaccharide
(LPS), a well-known endotoxin that is a major component of the cell wall in gram-negative
bacteria [57,58,61,68,69] (Figure 4). The disruption of microglial homeostasis contributes to
a persistent state of neuroinflammation and ultimately causes neurodegeneration through
a variety of mechanisms: synaptic loss, neuronal death, and the activation of neurotoxic
astrocytes [70–72].
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MK-4 suppressed microglial inflammation in mouse microglia-derived MG6 cells
exposed to LPS [47]. Pretreatment with MK-4 inhibited NF-κB signaling, the production
of the inflammatory cytokines TNF-α, IL-1β, and IL-6, and the upregulation of cytokines
at the mRNA level. Another study found that MK-7 reversed the upregulation of proin-
flammatory cytokines caused by glial activation in rat astrocytes [73]. Cells were cultured
un-der both normal and hypoxic conditions, and those that were pretreated with MK-7
exhibited a decrease in the hypoxia-induced expression of IL-6 and TNF-α. Additionally,
MK-7 suppressed ROS production in the hypoxic astrocytes, confirming the antioxidant
effects of VK2 shown by [42,43]. Despite using different types of glial cells (microglia and
astrocytes), distinct forms of VK2 (MK-4 and MK-7), and different methods of activation
(LPS and hypoxia), these two studies both reached the conclusion that VK2 suppresses the
production of proinflammatory cytokines, suggesting that VK2 may have the potential to
reduce neuroinflammation and neurodegeneration.
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3.3. Vitamin K2 and Mitochondrial Dysfunction

Mitochondrial impairment in AD has been documented by decades of research, and
the connection between mitochondrial dysfunction, neuroinflammation, and neurodegen-
eration in AD, Parkinson’s disease, and multiple sclerosis has been described [74,75]. In
the previously discussed study that exposed an astrocyte culture to hypoxia, pretreatment
with MK-7 not only reduced neuroinflammation, but also increased ATP production and
suppressed ROS production in hypoxic astrocytes [73]. In a different study, MK-4 res-
cued severe mitochondrial defects in fruit flies carrying a mutated version of the pink1
gene, which causes familial Parkinson’s disease in humans [76]. Supplementation with
MK-4 improved flight and increased ATP production in pink1 mutants in a dose- and
time-dependent manner.

When Drosophila flies transgenic for AD were treated with VK2 for 28 days, VK2
decreased brain Aβ(1–42) levels, augmented ATP production, rescued mitochondrial
dysfunction, improved climbing ability, and prolonged lifespan [77]. Additionally, VK2
upregulated the expression of genes responsible for activating autophagy, the lysosomal-
mediated degradation of abnormal proteins. It is notable that VK2 promotes autophagy in
a variety of cell types given that activating this process has been shown to decrease Aβ

neurotoxicity and improve cognition [49–52,78–80]. We believe that the abilities of VK2
to reduce Aβ neurotoxicity and rescue mitochondrial dysfunction make it of interest as a
potential new therapy for AD.

3.4. Vitamin K2 and Anesthesia-Induced Cognitive Deficits

Two studies examining the effects of anesthetics on mice that either expressed Aβ or
had phosphorylated tau proteins both found that VK2 raised ATP levels and mitigated
cognitive impairment resulting from anesthesia. A 2018 study compared the effects of two
types of anesthetics (isoflurane and desflurane) on transgenic mice and wild-type mice.
The transgenic mice had mutated versions of the APP gene found in familial AD and, when
given isoflurane, experienced cognitive delay. Analysis of their brain tissue showed that
they had a decreased number of synapses and reduced levels of ATP production in the hy-
pothalamus, negative effects that were reversed by VK2 treatment [81]. In support of these
findings, a 2020 study found that VK2 mitigated tau phosphorylation and cognitive deficits
induced by sevoflurane in newborn mice [82]. Given that these studies looked at different
markers for AD in mice, the fact that they both provide evidence of the neuroprotective
effects of VK2 suggests that VK2 might play an important role in AD treatment.

3.5. Vitamin K2 and Cardiovascular Health

Numerous population studies have reported that atherosclerosis, arterial calcification,
and arterial stiffness increase the risk for dementia and cognitive impairment [83–91]. In a
population-based cohort study of 844 patients, the amount of atherosclerotic calcification
was directly proportional to cognitive impairment and inversely related to brain tissue
volume [83]. Furthermore, a greater volume of calcification, as measured by a computed
tomography (CT) scan, corresponded to reduced microstructural integrity of white matter.
Three years later, a large population study that followed 2364 participants for five years
found that atherosclerotic calcification was associated with an increased risk of devel-
oping dementia [84]. A cohort study with 1732 participants reported a similar finding
and established an association between generalized atherosclerosis and mild cognitive
impairment [85]. One study demonstrated that carotid artery calcification was associated
with a higher risk of dementia, and a recent cohort study that followed 4988 middle-aged
Dutch ImaLife participants over a 10-year period showed that coronary artery calcium
severity was associated with cognitive decline [86,87]. Additionally, aortic stiffness has
been associated with an increased risk of dementia [88].

Compelling evidence also suggests that vascular health is closely linked to AD. Cere-
bral atherosclerosis, small vessel disease, cerebral amyloid angiopathy, and blood-brain
barrier dysfunction have all been reported in AD [92]. Arterial stiffness, arteriolosclerosis,
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and endothelial dysfunction are characteristic of cerebrovascular disease, which contributes
to neurovascular disintegration, brain atrophy, and the accumulation of cerebral Aβ [93,94].
Cardiovascular disease (CVD) has been shown to play an important role in the etiology
of AD, and epidemiological studies have established that vascular disease increases AD
risk [89–91,95–98]. Interventions improving vascular function also have attenuated AD
pathology [93]. One study of 2907 elderly individuals demonstrated that the APOE gene
serves as a genetic link between AD and vascular disease [99].

In addition, pathological data have suggested that vascular and neurodegenerative
processes can coexist in AD [100]. Autopsies of individuals with dementia revealed that
80% of cases had AD, 7–10% had vascular dementia, and 3–5% had mixed dementia, with
vascular lesions being observed in 20–40% of the subjects who had AD [101]. Vascular
lesions included cortical microinfarcts, white matter lesions, small hemorrhages, and corti-
cosubcortical infarcts. The vascular lesions in subjects who had AD were typically smaller
than the lesions in subjects who had either vascular or mixed dementia. Another study
involving autopsies found an association between vascular risk factors, cerebrovascular
disease, and AD among 5715 subjects [102].

Now, we will review studies that have highlighted the role of VK2 in vascular health.
In a study that followed 4807 men and women of age 55 and above for more than seven
years, the participants in the highest tercile for VK2 intake had a 41% lower risk of CVD
when compared with the those in the lowest tercile [103]. VK1 had no effect on CVD risk. A
more recent, 11-year study of 2987 Norwegian adults between the ages of 46 and 49 found
a 50% decrease in CVD risk in individuals with the highest levels (fourth quartile) of VK2
dietary intake [104].

Two different types of studies conducted on women also came to the conclusion
that VK2, and not VK1, decreases the risk of CVD. In a population-based cohort study
that followed 16057 women between 49 and 70 years of age for a mean duration of eight
years, the risk of developing coronary heart disease (CHD), a type of CVD, was inversely
proportional to VK2 intake [105]. The authors identified a hazard ratio of 0.91 per 10 mcg
of VK2 intake, indicating that each increase of 10 mcg of VK2 lowered the risk of CHD by
an average of 9%. We note that they attribute the inverse association between VK2 intake
and the risk of CHD to MK-7, MK-8, and MK-9 in particular. In a cross-sectional study of
564 postmenopausal women, a higher dietary intake of VK2 led to a decrease in coronary
calcification, a marker for CHD [106].

Another study of postmenopausal women strengthens the argument for the benefit
of VK2 in cardiovascular health. A double-blind, placebo-controlled trial that followed
244 healthy postmenopausal women over three years demonstrated that supplementation
with 180 mcg MK-7 improved arterial stiffness, especially in individuals who had a lower
baseline arterial elasticity [107]. Interestingly, a much shorter trial that followed 68 men
and women came to a different conclusion [108]. Participants were given a 360-mcg daily
supplement of MK-7, and CT scans after six months showed no change in the amount of
arterial calcification in patients with type II diabetes or CVD. However, we believe that six
months may not have been sufficient time to allow for a detectable change in calcification.

There are two studies that not only disagree with the general consensus of the afore-
mentioned studies, but that also contradict each other. A large population study found a
borderline significant association between VK2 intake and CVD mortality (acknowledging
that there were only a small number of CVD-related deaths) and concluded that VK1 and
VK2 do not impact overall mortality [109]. A study of a Mediterranean population reached
the opposite conclusion—both VK1 and VK2 decreased all-cause mortality and cancer,
but only VK1 was associated with decreased CVD risk [110]. Nonetheless, the study’s
authors concluded that both VK1 and VK2 have a potential protective role in cardiovascular
mortality, cancer mortality, and all-cause mortality. These two studies, which we include
in this review for thoroughness, are not that pertinent to our investigation because of the
presence of confounding factors and their focus on cancer mortality and CVD mortality
rather than CVD events.
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Two studies done in rodents support the beneficial effects of VK2 on CVD risk. In rats,
MK-4, but not VK1, prevented arterial calcification induced by warfarin [111]. In transgenic
ApoE/LDLR−/− mice with atherosclerotic plaques, MK-7 treatment improved endothelial
function [112]. We believe this finding is important given the fact that dysfunction of the
endothelium at the level of the blood-brain barrier has been found to contribute to the
development of AD [113].

Although the studies we have reviewed took different approaches, most came to
the conclusion that VK2, and not VK1, has a beneficial role in arterial health. Given the
connection between vascular health and AD that we have highlighted, these findings
suggest that VK2 might be relevant to AD prevention.

3.6. Vitamin K2 and the Gut Microbiome

An emerging area of research is the role of the gut microbiome in brain health. We
will first discuss four recent studies and one case report that all involve fecal microbiota
transplantation (FMT) and suggest that gut microbiome changes contribute to AD patho-
genesis. In APPswe/PS1dE9 mice, which are transgenic for AD, improving microbiome
composition through FMT from healthy, wild-type mice increased synaptic plasticity and
decreased the amount of Aβ plaques [114]. A study of 5× FAD transgenic mice found
similar results [115]. In support of previous findings, FMT improved cognition and re-
duced the formation of both Aβ plaques and tau protein tangles in ADLPAPT transgenic
mice [116]. Furthermore, the authors noted an improvement in immune function and a
decrease in glial reactivity. Despite taking a different approach, another study also reached
the conclusion that the microbiome plays an essential role in AD pathogenesis [117]. One
group of seven germ-free mice was transplanted with fecal microbiota from a healthy
76-year-old female donor, and a second group was transplanted with fecal microbiota from
an 82-year-old male with AD. The mice in the AD group exhibited cognitive decline, a
decrease in the neurotransmitter gamma-aminobutyric acid (GABA), and a reduction in the
levels of taurine and valine, amino acids that are important for nervous system function. A
case report published last year described the results when an 82-year-old male with AD
underwent an FMT for an antibiotic-resistant Clostridium difficile (C. diff ) infection [118].
The patient’s cognition improved in subsequent months, as demonstrated by an increase
in his mini-mental state exam (MMSE) score from 20 to 29 over a four-month period. (An
MMSE score of 30 indicates normal cognitive function.) We believe that the above studies
strongly suggest a causal relationship between dysbiosis and AD pathogenesis.

There are also other studies that document a connection between gut microbiome com-
position and AD. In APPswe/PSEN1dE9 mice, gut microbiome disruption using antibiotics
impacted innate immunity, neuroinflammation, and Aβ amyloidosis [119]. Another study
of transgenic APP mice documented significant differences between intestinal microbiome
profiles of transgenic and wild-type mice [120]. Furthermore, in the transgenic mice, the
complete eradication of the gut microbiome led to a reduction in cerebral Aβ. In both
mice and humans, the APOE genotype has been associated with unique gut microbiome
profiles [121]. When rats exhibiting symptoms characteristic of AD were given the pre-
biotic fructooligosaccarides, their cognition improved [122]. A randomized control trial
(RCT) with 60 AD patients who received a probiotic containing a mix of the bacteria Lacto-
bacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum, and Lactobacillus fermentum
for 12 weeks reached a similar conclusion [123]. Another RCT found that a modified
Mediterranean-ketogenic diet improved gut microbiome composition and AD biomarkers
in cerebrospinal fluid [124]. An observational study in humans also showed that gut micro-
biome changes were associated with cerebrospinal fluid biomarkers of AD [125]. Many
studies done in animal models support the argument that the gut microbiome is altered
in AD [122,126–131]. The gut microbiome can also play a role in neuroinflammation; for
example, pathogenic gut bacteria have been shown to trigger chronic glial hyperactivation,
blood-brain barrier dysfunction, and increased intestinal barrier permeability [132–134].



Nutrients 2021, 13, 2206 10 of 19

However, two questions that remain unanswered are how dysbiosis affects VK2
production and what impact this change has on human health. To convey our argument for
the bioavailability of intestinal VK2 and its importance for human heath, we will analyze
the two studies that suggest that VK2 synthesized by gut bacteria cannot be absorbed.
One influential study from 1992 demonstrated that MK-4, but not MK-9, can be absorbed
from the colon [135]. Based on the observations from this study and given the fact that
the majority of the gut bacteria reside in the colon (large intestine), it was proposed that
long-chain MKs do not contribute to the total human physiological requirement of VK2.
Although often overlooked, one notable finding of the study is that MK-9 can be absorbed
from the ileum (small intestine).

In fact, there have been several studies that demonstrate that bacterially-synthesized
MKs are present in the ileum. While there are far less bacteria in the ileum than in the large
bowel, the number of bacteria in the ileum can still explain the presence of MKs in the
small bowel. A small portion of MKs is present in the distal small intestine, where they
can be absorbed in the presence of bile salts [136]. A follow-up study reported a larger
amount of MK-9 and MK-10 compared to MK-4 and MK-7 in both the terminal ileum (7.93
versus 0.92) and the ileostomy (1.16 versus 0.69) [137]. Reinforcing the above findings,
one study suggests that the amount of VK2 synthesized in the gut by far exceeds human
nutritional requirements, even if only a small fraction is absorbed [138]. Another argument
for the intestinal absorption of VK2 is that the human liver contains large amounts of the
long-chain MKs, which are not present in significant amounts in the diet [139].

A second study that is often cited as an argument against the biological activity of
intestinally-produced VK2 is an infant study comparing formula-fed and breastfed infants
that found no absorption in the former but, inexplicably, MK-7 absorption in the latter [140].
Because a newborn’s microbiome at one week of age is undeveloped, we would argue
that these results should be not be extrapolated to adults. Furthermore, we note that
a study from the 1990s urged caution in interpreting published concentrations of VK2,
due not only to the technical limitations that hamper the ability to accurately measure
small concentrations of serum MKs, but also due to the wide variability in those values as
reported by different researchers [138].

By demonstrating that microbiome disruption in small intestinal bacterial overgrowth
(SIBO) or following antibiotic treatment decreases VK2 production and disturbs body
homeostasis, several studies provide a compelling argument for the absorption of intestinal
VK2. A 2019 study revealed that antibiotic-triggered disruption of the mice microbiome
decreased not only bone strength and bone density, but also the number of microbial genes
involved in MK synthesis [141]. As a result, there was also a decrease in the amount of
VK2 in the cecum, liver, and kidney. These findings are supported by a study that showed
that antibiotic treatment in mice fed a diet low in vitamin K eradicated the gut bacteria that
produce menaquinone, leading to vitamin K deficiency and gastric hemorrhage [142]. 16S
rRNA sequencing confirmed a decrease in the menA and menD genes, which are involved
in VK2 biosynthesis. In another study, decreased levels of VK2 in SIBO were associated
with increased arterial calcification and subclinical atherosclerosis [143]. In a study that
investigated the connection between cognition and bacteriallysynthesized VK2, researchers
measured the fecal menaquinone levels of 74 elderly individuals, and the MK-6, MK-12,
and MK-13 forms were positively associated with cognition [144].

As the link between the disruption of the gut microbiome and AD pathogenesis has
become increasingly clear, we hypothesize that changes in microbiome composition would
alter VK2 production and the likelihood of developing AD. Therefore, we believe that it is
imperative to further explore the role of dysbiosis and VK2 production in AD.

3.7. Vitamin K2 and Comorbidities in Alzheimer’s Disease

Type II diabetes is a risk factor for and a comorbidity in AD. Three different RCTs
found that supplementation with VK2 reduced glycemia and insulin resistance in patients
with type II diabetes [145–147]. VK2 intake has been shown to be inversely associated
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with the risk of type II diabetes [148]. A cohort study investigating the effect of VK2 on
metabolic syndrome (MetS), a condition associated with hyperglycemia and an increased
risk of diabetes, found an inverse association between VK2 intake and the occurrence of
MetS [149]. In another study, an analysis of the gut microbiome of 12 individuals with type
II diabetes and six healthy individuals through shotgun metagenomic sequencing revealed
that metabolic pathways involved in VK2 biosynthesis were enriched in the subjects with
type II diabetes [150].

In animal models, osteocalcin, an extrahepatic VKDP that is activated by VK2, has
reduced insulin resistance [36,151]. Other studies support the argument that osteocalcin
might play an important role in type II diabetes [147,152,153]. Osteoporosis is frequently
found in AD patients, and there is an increased risk of fractures in individuals with
dementia [154–156]. In fact, patients with osteoporosis are at a higher risk of developing
AD [157–159]. In the context of these findings, it was suggested that there is a possible
link between osteoporosis and AD [156]. The role of VK2 in osteoporosis treatment and
prevention has been documented by clinical trials and research studies, and VK2 has
been approved for the treatment of osteoporosis in Japan [48,160–165]. We believe that
the importance of VK2 in bone health is yet another reason for clinical trials with VK2 in
individuals with AD.

Depression is both a risk factor for AD and a comorbid condition that worsens the
prognosis of AD [166–168]. Depression can precede dementia and usually occurs in up to
50% of AD patients [168]. One study in rats that had MetS demonstrated that VK2 prevents
the development of anxiety and depression [169].

4. Discussion

VK2 has recently emerged as an essential nutrient for human health, and a growing
number of studies have demonstrated that VK2 and vitamin K-dependent proteins (VKDPs)
may play an important role in slowing, and even preventing, the progression of AD. VK2
improves neuronal health through a variety of mechanisms: reducing apoptosis induced
by β-amyloid (Aβ), limiting oxidative stress, reversing microglial activation, suppressing
neuroinflammation, and improving vascular health.

Because large pharmacological trials have failed to find an effective medication to treat
or prevent AD, there has been a shift in AD research to nonpharmacological interventions.
As of February 2021, there were 270 clinical trials funded by the National Institute of
Aging that investigated AD and related dementias, and the number of nonpharmacological
studies (123) was more than double the number of pharmacological ones (57) [170]. Despite
the fact that the relationship between VK2 and other diseases, such as osteoporosis and
cardiovascular disease, has been studied, there is a lack of clinical trials investigating the
connection between VK2 and AD. Out of the 121 clinical studies with VK2 in humans, none
explore the connection between VK2 and AD [171].

The absence of human clinical studies is especially puzzling considering that VK2 is
associated with the progression of multiple sclerosis (MS) and Parkinson’s disease (PD),
which both are neurodegenerative diseases. An observational study of 45 MS patients and
29 healthy controls demonstrated that serum concentrations of VK2 decreased by more
than three-fold in MS patients and that, among those with MS, lower levels of VK2 were
associated with a higher frequency of MS attacks [172]. A similar study of 93 PD patients
and 95 healthy controls showed that serum levels of VK2 were reduced in PD and that,
among the PD patients, VK2 levels were lowest in those with late-stage PD [173].

This paper has reviewed studies that consider the relationship between VK2 and Aβ

neurotoxicity, neuroinflammation, mitochondrial dysfunction, cognition, cardiovascular
health, dysbiosis, and AD comorbidities. When considered together, these studies strongly
suggest that VK2 could play an important role in AD prevention and therapy. Because of
the increasing evidence for a link between VK2 and AD, we were surprised to learn that
there have not yet been any clinical studies in humans that investigate this connection. In
the context of the paradigm shift in AD research toward nonpharmacological interventions,
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and to fill the gap in clinical research, we argue that it is of critical importance to investigate
any possible connections between VK2 levels and AD risk through observational studies
and RCTs.

Author Contributions: A.P. designed the study; A.P. and M.G. both performed the analysis and
contributed to the writing of the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to offer our special thanks to Tom Akbari for his guidance and
feedback on the manuscript and to Emily Brewer, for her help with editing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. 2021 Alzheimer’s Disease Facts and Figures. Available online: www.alz:media/documents/alzheimers-facts-and-figures.pdf

(accessed on 27 May 2021).
2. Alzheimer’s Disease International; Patterson, C. World Alzheimer Report 2018: The State of the Art of Dementia Research: New

Frontiers; Alzheimer’s Disease International (ADI): London, UK, 2018.
3. Serrano-Pozo, A.; Das, S.; Hyman, B.T. APOE and Alzheimer’s Disease: Advances in Genetics, Pathophysiology, and Therapeutic

Approaches. Lancet Neurol. 2021, 20, 68–80. [CrossRef]
4. Janssen, J.C.; Beck, J.A.; Campbell, T.A.; Dickinson, A.; Fox, N.C.; Harvey, R.J.; Houlden, H.; Rossor, M.N.; Collinge, J. Early Onset

Familial Alzheimer’s Disease: Mutation Frequency in 31 Families. Neurology 2003, 60, 235–239. [CrossRef] [PubMed]
5. Edwards, G.A., III; Gamez, N.; Escobedo, G., Jr.; Calderon, O.; Moreno-Gonzalez, I. Modifiable Risk Factors for Alzheimer’s

Disease. Front. Aging Neurosci. 2019, 11, 146. [CrossRef]
6. Armstrong, A.R. Risk Factors for Alzheimer’s Disease. Folia Neuropathol. 2019, 57, 87–105. [CrossRef] [PubMed]
7. Beulens, J.W.J.; Booth, S.L.; van den Heuvel, E.G.H.M.; Stoecklin, E.; Baka, A.; Vermeer, C. The Role of Menaquinones (Vitamin

K2) in Human Health. Br. J. Nutr. 2013, 110, 1357–1368. [CrossRef] [PubMed]
8. Kamao, M.; Suhara, Y.; Tsugawa, N.; Uwano, M.; Yamaguchi, N.; Uenishi, K.; Ishida, H.; Sasaki, S.; Okano, T. Vitamin K Content

of Foods and Dietary Vitamin K Intake in Japanese Young Women. J. Nutr. Sci. Vitaminol. 2007, 53, 464–470. [CrossRef] [PubMed]
9. Shearer, M.J.; Newman, P. Metabolism and Cell Biology of Vitamin K. Thromb. Haemost. 2008, 100, 530–547.
10. Schurgers, L.J.; Vermeer, C. Determination of Phylloquinone and Menaquinones in Food. Pathophysiol. Haemost. Thromb. 2000, 30,

298–307. [CrossRef]
11. Halder, M.; Petsophonsakul, P.; Akbulut, A.C.; Pavlic, A.; Bohan, F.; Anderson, E.; Maresz, K.; Kramann, R.; Schurgers, L. Vitamin

K: Double Bonds beyond Coagulation Insights into Differences between Vitamin K1 and K2 in Health and Disease. Int. J. Mol. Sci.
2019, 20, 896. [CrossRef] [PubMed]

12. Akbulut, A.C.; Pavlic, A.; Petsophonsakul, P.; Halder, M.; Maresz, K.; Kramann, R.; Schurgers, L. Vitamin K2 Needs an RDI
Separate from Vitamin K1. Nutrients 2020, 12, 1852. [CrossRef]

13. Marles, R.J.; Roe, A.L.; Oketch-Rabah, H.A. US Pharmacopeial Convention Safety Evaluation of Menaquinone-7, a Form of
Vitamin K. Nutr. Rev. 2017, 75, 553–578. [CrossRef] [PubMed]

14. Zhong, Z.; Wang, Y.; Guo, H.; Sagare, A.; Fernandez, J.A.; Bell, R.D.; Barrett, T.M.; Griffin, J.H.; Freeman, R.S.; Zlokovic, B.V.
Protein S Protects Neurons from Excitotoxic Injury by Activating the TAM Receptor Tyro3-Phosphatidylinositol 3-Kinase-Akt
Pathway through Its Sex Hormone-Binding Globulin-Like Region. J. Neurosci. 2010, 30, 15521–15534. [CrossRef] [PubMed]

15. Liu, D.; Guo, H.; Griffin, J.H.; Fernández, J.A.; Zlokovic, B.V. Protein S Confers Neuronal Protection during Ischemic/Hypoxic
Injury in Mice. Circulation 2003, 107, 1791–1796. [CrossRef]

16. Zhu, D.; Wang, Y.; Singh, I.; Bell, R.D.; Deane, R.; Zhong, Z.; Sagare, A.; Winkler, E.A.; Zlokovic, B.V. Protein S Controls
Hypoxic/Ischemic Blood-Brain Barrier Disruption through the TAM Receptor Tyro3 and Sphingosine 1-Phosphate Receptor.
Blood 2010, 115, 4963–4972. [CrossRef] [PubMed]

17. Kiely, A.; Ferland, G.; Ouliass, B.; O’Toole, P.W.; Purtill, H.; O’Connor, E.M. Vitamin K Status and Inflammation Are Associated
with Cognition in Older Irish Adults. Nutr. Neurosci. 2020, 23, 591–599. [CrossRef] [PubMed]

18. Carrié, I.; Bélanger, E.; Portoukalian, J.; Rochford, J.; Ferland, G. Lifelong Low-Phylloquinone Intake Is Associated with Cognitive
Impairments in Old Rats. J. Nutr. 2011, 141, 1495–1501. [CrossRef]

19. Ferland, G. Vitamin K, an Emerging Nutrient in Brain Function. BioFactors 2012, 38, 151–157. [CrossRef]
20. Presse, N.; Shatenstein, B.; Kergoat, M.-J.; Ferland, G. Low Vitamin K Intakes in Community-Dwelling Elders at an Early Stage of

Alzheimer’s Disease. J. Am. Diet. Assoc. 2008, 108, 2095–2099. [CrossRef]

www.alz:media/documents/alzheimers-facts-and-figures.pdf
http://doi.org/10.1016/S1474-4422(20)30412-9
http://doi.org/10.1212/01.WNL.0000042088.22694.E3
http://www.ncbi.nlm.nih.gov/pubmed/12552037
http://doi.org/10.3389/fnagi.2019.00146
http://doi.org/10.5114/fn.2019.85929
http://www.ncbi.nlm.nih.gov/pubmed/31556570
http://doi.org/10.1017/S0007114513001013
http://www.ncbi.nlm.nih.gov/pubmed/23590754
http://doi.org/10.3177/jnsv.53.464
http://www.ncbi.nlm.nih.gov/pubmed/18202532
http://doi.org/10.1159/000054147
http://doi.org/10.3390/ijms20040896
http://www.ncbi.nlm.nih.gov/pubmed/30791399
http://doi.org/10.3390/nu12061852
http://doi.org/10.1093/nutrit/nux022
http://www.ncbi.nlm.nih.gov/pubmed/28838081
http://doi.org/10.1523/JNEUROSCI.4437-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21084607
http://doi.org/10.1161/01.CIR.0000058460.34453.5A
http://doi.org/10.1182/blood-2010-01-262386
http://www.ncbi.nlm.nih.gov/pubmed/20348395
http://doi.org/10.1080/1028415X.2018.1536411
http://www.ncbi.nlm.nih.gov/pubmed/30451602
http://doi.org/10.3945/jn.110.137638
http://doi.org/10.1002/biof.1004
http://doi.org/10.1016/j.jada.2008.09.013


Nutrients 2021, 13, 2206 13 of 19

21. Presse, N.; Belleville, S.; Gaudreau, P.; Greenwood, C.E.; Kergoat, M.-J.; Morais, J.A.; Payette, H.; Shatenstein, B.; Ferland, G.
Vitamin K Status and Cognitive Function in Healthy Older Adults. Neurobiol. Aging 2013, 34, 2777–2783. [CrossRef] [PubMed]

22. Soutif-Veillon, A.; Ferland, G.; Rolland, Y.; Presse, N.; Boucher, K.; Féart, C.; Annweiler, C. Increased Dietary Vitamin K Intake
Is Associated with Less Severe Subjective Memory Complaint among Older Adults. Maturitas 2016, 93, 131–136. [CrossRef]
[PubMed]

23. Chouet, J.; Ferland, G.; Féart, C.; Rolland, Y.; Presse, N.; Boucher, K.; Barberger-Gateau, P.; Beauchet, O.; Annweiler, C. Dietary
Vitamin K Intake Is Associated with Cognition and Behaviour among Geriatric Patients: The CLIP Study. Nutrients 2015, 7,
6739–6750. [CrossRef] [PubMed]

24. Alisi, L.; Cao, R.; De Angelis, C.; Cafolla, A.; Caramia, F.; Cartocci, G.; Librando, A.; Fiorelli, M. The Relationships between
Vitamin K and Cognition: A Review of Current Evidence. Front. Neurol. 2019, 10, 239. [CrossRef]

25. Van den Heuvel, E.G.H.M.; van Schoor, N.M.; Vermeer, C.; Zwijsen, R.M.L.; den Heijer, M.; Comijs, H.C. Vitamin K Status Is Not
Associated with Cognitive Decline in Middle Aged Adults. J. Nutr. Health Aging 2015, 19, 908–912. [CrossRef] [PubMed]

26. Ferland, G.; Feart, C.; Presse, N.; Lorrain, S.; Bazin, F.; Helmer, C.; Berr, C.; Annweiler, C.; Rouaud, O.; Dartigues, J.-F.; et al.
Vitamin K Antagonists and Cognitive Function in Older Adults: The Three-City Cohort Study. J. Gerontol. Ser. A. Biol. Sci. Med.
Sci. 2016, 71, 1356–1362. [CrossRef]

27. Brangier, A.; Celle, S.; Roche, F.; Beauchet, O.; Ferland, G.; Annweiler, C. Use of Vitamin K Antagonists and Brain Morphological
Changes in Older Adults: An Exposed/Unexposed Voxel-Based Morphometric Study. Dement. Geriatr. Cogn. Disord. 2018, 45,
18–26. [CrossRef]

28. Alisi, L.; Cafolla, C.; Gentili, A.; Tartaglione, S.; Curini, R.; Cafolla, A. Vitamin K Concentration and Cognitive Status in Elderly
Patients on Anticoagulant Therapy: A Pilot Study. J. Aging Res. 2020, 2020, 9695324. [CrossRef]

29. Annweiler, C.; Ferland, G.; Barberger-Gateau, P.; Brangier, A.; Rolland, Y.; Beauchet, O. Vitamin K Antagonists and Cognitive
Impairment: Results From a Cross-Sectional Pilot Study Among Geriatric Patients. J. Gerontol. Ser. A 2015, 70, 97–101. [CrossRef]
[PubMed]

30. Brangier, A.; Ferland, G.; Rolland, Y.; Gautier, J.; Féart, C.; Annweiler, C. Vitamin K Antagonists and Cognitive Decline in Older
Adults: A 24-Month Follow-Up. Nutrients 2018, 10, 666. [CrossRef] [PubMed]

31. Denisova, N.A.; Booth, S.L. Vitamin K and Sphingolipid Metabolism: Evidence to Date. Nutr. Rev. 2005, 63, 111–121. [CrossRef]
32. Olsen, A.S.B.; Færgeman, N.J. Sphingolipids: Membrane Microdomains in Brain Development, Function and Neurological

Diseases. Open Biol. 2017, 7, 170069. [CrossRef] [PubMed]
33. Piccinini, M.; Scandroglio, F.; Prioni, S.; Buccinnà, B.; Loberto, N.; Aureli, M.; Chigorno, V.; Lupino, E.; DeMarco, G.; Lomartire,

A.; et al. Deregulated Sphingolipid Metabolism and Membrane Organization in Neurodegenerative Disorders. Mol. Neurobiol.
2010, 41, 314–340. [CrossRef]

34. Popescu, D.C.; Huang, H.; Singhal, N.K.; Shriver, L.; McDonough, J.; Clements, R.J.; Freeman, E.J. Vitamin K Enhances the
Production of Brain Sulfatides during Remyelination. PLoS ONE 2018, 13, e0203057. [CrossRef] [PubMed]

35. Jaminon, A.M.G.; Dai, L.; Qureshi, A.R.; Evenepoel, P.; Ripsweden, J.; Söderberg, M.; Witasp, A.; Olauson, H.; Schurgers, L.J.;
Stenvinkel, P. Matrix Gla Protein Is an Independent Predictor of Both Intimal and Medial Vascular Calcification in Chronic Kidney
Disease. Sci. Rep. 2020, 10, 6586. [CrossRef]

36. Guedes, J.A.C.; Esteves, J.V.; Morais, M.R.; Zorn, T.M.; Furuya, D.T. Osteocalcin Improves Insulin Resistance and Inflammation in
Obese Mice: Participation of White Adipose Tissue and Bone. Bone 2018, 115, 68–82. [CrossRef] [PubMed]

37. Schatz, M.; Saravanan, S.; d’Adesky, N.D.; Bramlett, H.; Perez-Pinzon, M.A.; Raval, A.P. Osteocalcin, Ovarian Senescence, and
Brain Health. Front. Neuroendocrinol. 2020, 59, 100861. [CrossRef]

38. Shan, C.; Ghosh, A.; Guo, X.; Wang, S.; Hou, Y.; Li, S.; Liu, J. Roles for Osteocalcin in Brain Signalling: Implications in Cognition-
and Motor-Related Disorders. Mol. Brain 2019, 12, 23. [CrossRef]

39. Bellan, M.; Pirisi, M.; Sainaghi, P. The Gas6/TAM System and Multiple Sclerosis. Int. J. Mol. Sci. 2016, 17, 1807. [CrossRef]
[PubMed]

40. Wu, G.; Ma, Z.; Hu, W.; Wang, D.; Gong, B.; Fan, C.; Jiang, S.; Li, T.; Gao, J.; Yang, Y. Molecular Insights of Gas6/TAM in Cancer
Development and Therapy. Cell Death Dis. 2017, 8, e2700. [CrossRef]

41. Ichikawa, T.; Horie-Inoue, K.; Ikeda, K.; Blumberg, B.; Inoue, S. Vitamin K2 Induces Phosphorylation of Protein Kinase A and
Expression of Novel Target Genes in Osteoblastic Cells. J. Mol. Endocrinol. 2007, 39, 239–247. [CrossRef]

42. Hadipour, E.; Tayarani-Najaran, Z.; Fereidoni, M. Vitamin K2 Protects PC12 Cells against Aβ (1-42) and H2O2-Induced Apoptosis
via P38 MAP Kinase Pathway. Nutr. Neurosci. 2020, 23, 343–352. [CrossRef]

43. Huang, S.-H.; Fang, S.-T.; Chen, Y.-C. Molecular Mechanism of Vitamin K2 Protection against Amyloid-β-Induced Cytotoxicity.
Biomolecules 2021, 11, 423. [CrossRef]

44. Kusano, J.; Tanaka, S.; Matsuda, H.; Hara, Y.; Fujii, Y.; Suzuki, S.; Sekiyama, M.; Ando, E.; Sugiyama, K.; Hirano, T. Vitamin K1
and Vitamin K2 Immunopharmacological Effects on the Peripheral Lymphocytes of Healthy Subjects and Dialysis Patients, as
Estimated by the Lymphocyte Immunosuppressant Sensitivity Test. J. Clin. Pharm. Ther. 2018, 43, 895–902. [CrossRef]

45. Meng, K.; Xu, W.; Miura, T.; Suzuki, S.; Chiyotanda, M.; Tanaka, S.; Sugiyama, K.; Kawashima, H.; Hirano, T. The Effects of
Vitamin K1 and Vitamin K2 on the Proliferation, Cytokine Production and Regulatory T-Cell Frequency in Peripheral Blood
Mononuclear Cells of Paediatric Atopic Dermatitis Patients. Exp. Dermatol. 2018, 27, 1058–1060. [CrossRef]

http://doi.org/10.1016/j.neurobiolaging.2013.05.031
http://www.ncbi.nlm.nih.gov/pubmed/23850343
http://doi.org/10.1016/j.maturitas.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26923488
http://doi.org/10.3390/nu7085306
http://www.ncbi.nlm.nih.gov/pubmed/26274973
http://doi.org/10.3389/fneur.2019.00239
http://doi.org/10.1007/s12603-015-0579-8
http://www.ncbi.nlm.nih.gov/pubmed/26482692
http://doi.org/10.1093/gerona/glv208
http://doi.org/10.1159/000485793
http://doi.org/10.1155/2020/9695324
http://doi.org/10.1093/gerona/glu133
http://www.ncbi.nlm.nih.gov/pubmed/25151653
http://doi.org/10.3390/nu10060666
http://www.ncbi.nlm.nih.gov/pubmed/29794977
http://doi.org/10.1111/j.1753-4887.2005.tb00129.x
http://doi.org/10.1098/rsob.170069
http://www.ncbi.nlm.nih.gov/pubmed/28566300
http://doi.org/10.1007/s12035-009-8096-6
http://doi.org/10.1371/journal.pone.0203057
http://www.ncbi.nlm.nih.gov/pubmed/30148869
http://doi.org/10.1038/s41598-020-63013-8
http://doi.org/10.1016/j.bone.2017.11.020
http://www.ncbi.nlm.nih.gov/pubmed/29183784
http://doi.org/10.1016/j.yfrne.2020.100861
http://doi.org/10.1186/s13041-019-0444-5
http://doi.org/10.3390/ijms17111807
http://www.ncbi.nlm.nih.gov/pubmed/27801848
http://doi.org/10.1038/cddis.2017.113
http://doi.org/10.1677/JME-07-0048
http://doi.org/10.1080/1028415X.2018.1504428
http://doi.org/10.3390/biom11030423
http://doi.org/10.1111/jcpt.12747
http://doi.org/10.1111/exd.13671


Nutrients 2021, 13, 2206 14 of 19

46. Myneni, V.; Mezey, E. Immunomodulatory Effect of Vitamin K2: Implications for Bone Health. Oral Dis. 2018, 24, 67–71.
[CrossRef] [PubMed]

47. Saputra, W.D.; Aoyama, N.; Komai, M.; Shirakawa, H. Menaquinone-4 Suppresses Lipopolysaccharide-Induced Inflammation in
MG6 Mouse Microglia-Derived Cells by Inhibiting the NF-KB Signaling Pathway. Int. J. Mol. Sci. 2019, 20, 2317. [CrossRef]

48. Yamaguchi, M.; Weitzmann, M.N. Vitamin K2 Stimulates Osteoblastogenesis and Suppresses Osteoclastogenesis by Suppressing
NF-KB Activation. Int. J. Mol. Med. 2011, 27, 3–14. [CrossRef] [PubMed]

49. Duan, F.; Mei, C.; Yang, L.; Zheng, J.; Lu, H.; Xia, Y.; Hsu, S.; Liang, H.; Hong, L. Vitamin K2 Promotes PI3K/AKT/HIF-1α-
Mediated Glycolysis That Leads to AMPK-Dependent Autophagic Cell Death in Bladder Cancer Cells. Sci. Rep. 2020, 10, 7714.
[CrossRef] [PubMed]

50. Enomoto, M.; Tsuchida, A.; Miyazawa, K.; Yokoyama, T.; Kawakita, H.; Tokita, H.; Naito, M.; Itoh, M.; Ohyashiki, K.; Aoki, T.
Vitamin K2-Induced Cell Growth Inhibition via Autophagy Formation in Cholangiocellular Carcinoma Cell Lines. Int. J. Mol.
Med. 2007, 20, 801–808. [CrossRef] [PubMed]

51. Miyazawa, S.; Moriya, S.; Kokuba, H.; Hino, H.; Takano, N.; Miyazawa, K. Vitamin K2 Induces Non-Apoptotic Cell Death along
with Autophagosome Formation in Breast Cancer Cell Lines. Breast Cancer 2020, 27, 225–235. [CrossRef] [PubMed]

52. Yokoyama, T.; Miyazawa, K.; Naito, M.; Toyotake, J.; Tauchi, T.; Itoh, M.; Yuo, A.; Hayashi, Y.; Georgescu, M.-M.; Kondo, Y.; et al.
Vitamin K2 Induces Autophagy and Apoptosis Simultaneously in Leukemia Cells. Autophagy 2008, 4, 629–640. [CrossRef]

53. Nimptsch, K.; Rohrmann, S.; Linseisen, J. Dietary Intake of Vitamin K and Risk of Prostate Cancer in the Heidelberg Cohort of the
European Prospective Investigation into Cancer and Nutrition (EPIC-Heidelberg). Am. J. Clin. Nutr. 2008, 87, 985–992. [CrossRef]

54. Yagami, T. Gas6 Rescues Cortical Neurons from Amyloid β Protein-Induced Apoptosis. Neuropharmacology 2002, 43, 1289–1296.
[CrossRef]

55. Hanzel, C.E.; Pichet-Binette, A.; Pimentel, L.S.B.; Iulita, M.F.; Allard, S.; Ducatenzeiler, A.; Do Carmo, S.; Cuello, A.C. Neuronal
Driven Pre-Plaque Inflammation in a Transgenic Rat Model of Alzheimer’s Disease. Neurobiol. Aging 2014, 35, 2249–2262.
[CrossRef] [PubMed]

56. Fan, Z.; Aman, Y.; Ahmed, I.; Chetelat, G.; Landeau, B.; Ray Chaudhuri, K.; Brooks, D.J.; Edison, P. Influence of Microglial
Activation on Neuronal Function in Alzheimer’s and Parkinson’s Disease Dementia. Alzheimers Dement. J. Alzheimer’s Assoc.
2015, 11, 608–621.e7. [CrossRef]

57. Wang, W.-Y.; Tan, M.-S.; Yu, J.-T.; Tan, L. Role of Pro-Inflammatory Cytokines Released from Microglia in Alzheimer’s Disease.
Ann. Transl. Med. 2015, 3, 136. [CrossRef]

58. Sánchez-Sarasúa, S.; Fernández-Pérez, I.; Espinosa-Fernández, V.; Sánchez-Pérez, A.M.; Ledesma, J.C. Can We Treat Neuroinflam-
mation in Alzheimer’s Disease? Int. J. Mol. Sci. 2020, 21, 8751. [CrossRef] [PubMed]

59. Kaur, D.; Sharma, V.; Deshmukh, R. Activation of Microglia and Astrocytes: A Roadway to Neuroinflammation and Alzheimer’s
Disease. Inflammopharmacology 2019, 27, 663–677. [CrossRef]

60. Hanslik, K.L.; Ulland, T.K. The Role of Microglia and the Nlrp3 Inflammasome in Alzheimer’s Disease. Front. Neurol. 2020, 11.
[CrossRef] [PubMed]

61. Kokiko-Cochran, O.N.; Godbout, J.P. The Inflammatory Continuum of Traumatic Brain Injury and Alzheimer’s Disease. Front.
Immunol. 2018, 9, 672. [CrossRef]

62. Faden, A.I.; Loane, D.J. Chronic Neurodegeneration after Traumatic Brain Injury: Alzheimer Disease, Chronic Traumatic
Encephalopathy, or Persistent Neuroinflammation? Neurother. J. Am. Soc. Exp. Neurother. 2015, 12, 143–150. [CrossRef]

63. Heneka, M.T.; Kummer, M.P.; Stutz, A.; Delekate, A.; Schwartz, S.; Vieira-Saecker, A.; Griep, A.; Axt, D.; Remus, A.; Tzeng, T.-C.;
et al. NLRP3 Is Activated in Alzheimer’s Disease and Contributes to Pathology in APP/PS1 Mice. Nature 2013, 493, 674–678.
[CrossRef] [PubMed]

64. Jonsson, T.; Stefansson, H.; Steinberg, S.; Jonsdottir, I.; Jonsson, P.V.; Snaedal, J.; Bjornsson, S.; Huttenlocher, J.; Levey, A.I.; Lah, J.J.;
et al. Variant of TREM2 Associated with the Risk of Alzheimer’s Disease. N. Engl. J. Med. 2013, 368, 107–116. [CrossRef]

65. Guerreiro, R.; Wojtas, A.; Bras, J.; Carrasquillo, M.; Rogaeva, E.; Majounie, E.; Cruchaga, C.; Sassi, C.; Kauwe, J.S.K.; Younkin, S.;
et al. TREM2 Variants in Alzheimer’s Disease. N. Engl. J. Med. 2013, 368, 117–127. [CrossRef] [PubMed]

66. Hollingworth, P.; Harold, D.; Sims, R.; Gerrish, A.; Lambert, J.-C.; Carrasquillo, M.M.; Abraham, R.; Hamshere, M.L.; Pahwa,
J.S.; Moskvina, V.; et al. Common Variants at ABCA7, MS4A6A/MS4A4E, EPHA1, CD33 and CD2AP Are Associated with
Alzheimer’s Disease. Nat. Genet. 2011, 43, 429–435. [CrossRef] [PubMed]

67. Hemonnot, A.-L.; Hua, J.; Ulmann, L.; Hirbec, H. Microglia in Alzheimer Disease: Well-Known Targets and New Opportunities.
Front. Aging Neurosci. 2019, 11, 233. [CrossRef]

68. Lyman, M.; Lloyd, D.G.; Ji, X.; Vizcaychipi, M.P.; Ma, D. Neuroinflammation: The Role and Consequences. Neurosci. Res. 2014, 79,
1–12. [CrossRef] [PubMed]

69. Qin, L.; Wu, X.; Block, M.L.; Liu, Y.; Breese, G.R.; Hong, J.-S.; Knapp, D.J.; Crews, F.T. Systemic LPS Causes Chronic Neuroinflam-
mation and Progressive Neurodegeneration. Glia 2007, 55, 453–462. [CrossRef]

70. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.-S.;
Peterson, T.C.; et al. Neurotoxic Reactive Astrocytes Are Induced by Activated Microglia. Nature 2017, 541, 481–487. [CrossRef]
[PubMed]

http://doi.org/10.1111/odi.12759
http://www.ncbi.nlm.nih.gov/pubmed/29480629
http://doi.org/10.3390/ijms20092317
http://doi.org/10.3892/ijmm.2010.562
http://www.ncbi.nlm.nih.gov/pubmed/21072493
http://doi.org/10.1038/s41598-020-64880-x
http://www.ncbi.nlm.nih.gov/pubmed/32382009
http://doi.org/10.3892/ijmm.20.6.801
http://www.ncbi.nlm.nih.gov/pubmed/17982686
http://doi.org/10.1007/s12282-019-01012-y
http://www.ncbi.nlm.nih.gov/pubmed/31625014
http://doi.org/10.4161/auto.5941
http://doi.org/10.1093/ajcn/87.4.985
http://doi.org/10.1016/S0028-3908(02)00333-7
http://doi.org/10.1016/j.neurobiolaging.2014.03.026
http://www.ncbi.nlm.nih.gov/pubmed/24831823
http://doi.org/10.1016/j.jalz.2014.06.016
http://doi.org/10.3978/j.issn.2305-5839.2015.03.49
http://doi.org/10.3390/ijms21228751
http://www.ncbi.nlm.nih.gov/pubmed/33228179
http://doi.org/10.1007/s10787-019-00580-x
http://doi.org/10.3389/fneur.2020.570711
http://www.ncbi.nlm.nih.gov/pubmed/33071950
http://doi.org/10.3389/fimmu.2018.00672
http://doi.org/10.1007/s13311-014-0319-5
http://doi.org/10.1038/nature11729
http://www.ncbi.nlm.nih.gov/pubmed/23254930
http://doi.org/10.1056/NEJMoa1211103
http://doi.org/10.1056/NEJMoa1211851
http://www.ncbi.nlm.nih.gov/pubmed/23150934
http://doi.org/10.1038/ng.803
http://www.ncbi.nlm.nih.gov/pubmed/21460840
http://doi.org/10.3389/fnagi.2019.00233
http://doi.org/10.1016/j.neures.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24144733
http://doi.org/10.1002/glia.20467
http://doi.org/10.1038/nature21029
http://www.ncbi.nlm.nih.gov/pubmed/28099414


Nutrients 2021, 13, 2206 15 of 19

71. Rice, R.A.; Spangenberg, E.E.; Yamate-Morgan, H.; Lee, R.J.; Arora, R.P.S.; Hernandez, M.X.; Tenner, A.J.; West, B.L.; Green, K.N.
Elimination of Microglia Improves Functional Outcomes Following Extensive Neuronal Loss in the Hippocampus. J. Neurosci.
2015, 35, 9977–9989. [CrossRef]

72. Spangenberg, E.E.; Lee, R.J.; Najafi, A.R.; Rice, R.A.; Elmore, M.R.P.; Blurton-Jones, M.; West, B.L.; Green, K.N. Eliminating
Microglia in Alzheimer’s Mice Prevents Neuronal Loss without Modulating Amyloid-β Pathology. Brain J. Neurol. 2016, 139 Pt 4,
1265–1281. [CrossRef]

73. Yang, R.-Y.; Pan, J.-Y.; Chen, Y.; Li, Y.; Wu, J.; Wang, X.-D. Menaquinone-7 Protects Astrocytes by Regulating Mitochondrial
Function and Inflammatory Response under Hypoxic Conditions. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 10181–10193. [CrossRef]

74. Agrawal, I.; Jha, S. Mitochondrial Dysfunction and Alzheimer’s Disease: Role of Microglia. Front. Aging Neurosci. 2020, 12, 252.
[CrossRef]

75. De Oliveira, L.G.; Angelo, Y.D.S.; Iglesias, A.H.; Peron, J.P.S. Unraveling the Link between Mitochondrial Dynamics and
Neuroinflammation. Front. Immunol. 2021, 12, 624919. [CrossRef] [PubMed]

76. Vos, M.; Esposito, G.; Edirisinghe, J.N.; Vilain, S.; Haddad, D.M.; Slabbaert, J.R.; Van Meensel, S.; Schaap, O.; De Strooper, B.;
Meganathan, R.; et al. Vitamin K2 Is a Mitochondrial Electron Carrier That Rescues Pink1 Deficiency. Science 2012, 336, 1306–1310.
[CrossRef] [PubMed]

77. Lin, X.; Wen, X.; Wei, Z.; Guo, K.; Shi, F.; Huang, T.; Wang, W.; Zheng, J. Vitamin K2 Protects against Aβ42-Induced Neurotoxicity
by Activating Autophagy and Improving Mitochondrial Function in Drosophila. Neuroreport 2021, 32, 431–437. [CrossRef]

78. Liu, Y.; Zhou, H.; Yin, T.; Gong, Y.; Yuan, G.; Chen, L.; Liu, J. Quercetin-Modified Gold-Palladium Nanoparticles as a Potential
Autophagy Inducer for the Treatment of Alzheimer’s Disease. J. Colloid Interface Sci. 2019, 552, 388–400. [CrossRef] [PubMed]

79. Rocchi, A.; Yamamoto, S.; Ting, T.; Fan, Y.; Sadleir, K.; Wang, Y.; Zhang, W.; Huang, S.; Levine, B.; Vassar, R.; et al. A Becn1
Mutation Mediates Hyperactive Autophagic Sequestration of Amyloid Oligomers and Improved Cognition in Alzheimer’s
Disease. PLoS Genet. 2017, 13, e1006962. [CrossRef] [PubMed]

80. Vegh, C.; Pupulin, S.; Wear, D.; Culmone, L.; Huggard, R.; Ma, D.; Pandey, S. Resumption of Autophagy by Ubisol-Q10 in
Presenilin-1 Mutated Fibroblasts and Transgenic AD Mice: Implications for Inhibition of Senescence and Neuroprotection. Oxid.
Med. Cell. Longev. 2019, 2019, 7404815. [CrossRef]

81. Miao, H.; Dong, Y.; Zhang, Y.; Zheng, H.; Shen, Y.; Crosby, G.; Culley, D.J.; Marcantonio, E.R.; Xie, Z. Anesthetic Isoflurane or
Desflurane Plus Surgery Differently Affects Cognitive Function in Alzheimer’s Disease Transgenic Mice. Mol. Neurobiol. 2018, 55,
5623–5638. [CrossRef]

82. Yu, Y.; Yang, Y.; Tan, H.; Boukhali, M.; Khatri, A.; Yu, Y.; Hua, F.; Liu, L.; Li, M.; Yang, G.; et al. Tau Contributes to Sevoflurane-
Induced Neurocognitive Impairment in Neonatal Mice. Anesthesiology 2020, 133, 595–610. [CrossRef]

83. Bos, D.; Vernooij, M.W.; Elias-Smale, S.E.; Verhaaren, B.F.J.; Vrooman, H.A.; Hofman, A.; Niessen, W.J.; Witteman, J.C.M.; van der
Lugt, A.; Ikram, M.A. Atherosclerotic Calcification Relates to Cognitive Function and to Brain Changes on Magnetic Resonance
Imaging. Alzheimer’s Dement. 2012, 8, S104–S111. [CrossRef]

84. Bos, D.; Vernooij, M.W.; de Bruijn, R.F.A.G.; Koudstaal, P.J.; Hofman, A.; Franco, O.H.; van der Lugt, A.; Ikram, M.A. Atheroscle-
rotic Calcification Is Related to a Higher Risk of Dementia and Cognitive Decline. Alzheimers Dement. J. Alzheimer’s Assoc. 2015,
11, 639–647.e1. [CrossRef]

85. Weimar, C.; Winkler, A.; Dlugaj, M.; Lehmann, N.; Hennig, F.; Bauer, M.; Kröger, K.; Kälsch, H.; Mahabadi, A.-A.; Dragano, N.;
et al. Ankle-Brachial Index but Neither Intima Media Thickness Nor Coronary Artery Calcification Is Associated With Mild
Cognitive Impairment. J. Alzheimer’s Dis. JAD 2015, 47, 433–442. [CrossRef]

86. Di Daniele, N.; Celotto, R.; Alunni Fegatelli, D.; Gabriele, M.; Rovella, V.; Scuteri, A. Common Carotid Artery Calcification
Impacts on Cognitive Function in Older Patients. Cardiovasc. Prev. Off. J. Ital. Soc. Hypertens. 2019, 26, 127–134. [CrossRef]
[PubMed]

87. Xia, C.; Vonder, M.; Sidorenkov, G.; Ma, R.; Oudkerk, M.; van der Harst, P.; De Deyn, P.P.; Vliegenthart, R. Coronary Artery
Calcium and Cognitive Function in Dutch Adults: Cross-Sectional Results of the Population-Based ImaLife Study. J. Am. Heart
Assoc. 2021, 10. [CrossRef]

88. Cui, C.; Sekikawa, A.; Kuller, L.H.; Lopez, O.L.; Newman, A.B.; Kuipers, A.L.; Mackey, R.H. Aortic Stiffness Is Associated with
Increased Risk of Incident Dementia in Older Adults. J. Alzheimer’s Dis. 2018, 66, 297–306. [CrossRef] [PubMed]

89. Newman, A.B.; Fitzpatrick, A.L.; Lopez, O.; Jackson, S.; Lyketsos, C.; Jagust, W.; Ives, D.; Dekosky, S.T.; Kuller, L.H. Dementia
and Alzheimer’s Disease Incidence in Relationship to Cardiovascular Disease in the Cardiovascular Health Study Cohort. J. Am.
Geriatr. Soc. 2005, 53, 1101–1107. [CrossRef]

90. Qiu, C.; Winblad, B.; Viitanen, M.; Fratiglioni, L. Pulse Pressure and Risk of Alzheimer Disease in Persons Aged 75 Years and
Older: A Community-Based, Longitudinal Study. Stroke 2003, 34, 594–599. [CrossRef]

91. Toledo, J.B.; Toledo, E.; Weiner, M.W.; Jack, C.R.; Jagust, W.; Lee, V.M.Y.; Shaw, L.M.; Trojanowski, J.Q. Alzheimer’s Disease
Neuroimaging Initiative. Cardiovascular Risk Factors, Cortisol, and Amyloid-β Deposition in Alzheimer’s Disease Neuroimaging
Initiative. Alzheimer’s Dement. J. Alzheimer’s Assoc. 2012, 8, 483–489. [CrossRef]

92. Grinberg, L.T.; Thal, D.R. Vascular Pathology in the Aged Human Brain. Acta Neuropathol. 2010, 119, 277–290. [CrossRef]
[PubMed]

93. Kalaria, R.N.; Akinyemi, R.; Ihara, M. Does Vascular Pathology Contribute to Alzheimer Changes? J. Neurol. Sci. 2012, 322,
141–147. [CrossRef] [PubMed]

http://doi.org/10.1523/JNEUROSCI.0336-15.2015
http://doi.org/10.1093/brain/aww016
http://doi.org/10.26355/eurrev_202010_23239
http://doi.org/10.3389/fnagi.2020.00252
http://doi.org/10.3389/fimmu.2021.624919
http://www.ncbi.nlm.nih.gov/pubmed/33796100
http://doi.org/10.1126/science.1218632
http://www.ncbi.nlm.nih.gov/pubmed/22582012
http://doi.org/10.1097/WNR.0000000000001599
http://doi.org/10.1016/j.jcis.2019.05.066
http://www.ncbi.nlm.nih.gov/pubmed/31151017
http://doi.org/10.1371/journal.pgen.1006962
http://www.ncbi.nlm.nih.gov/pubmed/28806762
http://doi.org/10.1155/2019/7404815
http://doi.org/10.1007/s12035-017-0787-9
http://doi.org/10.1097/ALN.0000000000003452
http://doi.org/10.1016/j.jalz.2012.01.008
http://doi.org/10.1016/j.jalz.2014.05.1758
http://doi.org/10.3233/JAD-150218
http://doi.org/10.1007/s40292-019-00301-z
http://www.ncbi.nlm.nih.gov/pubmed/30779026
http://doi.org/10.1161/JAHA.120.018172
http://doi.org/10.3233/JAD-180449
http://www.ncbi.nlm.nih.gov/pubmed/30282361
http://doi.org/10.1111/j.1532-5415.2005.53360.x
http://doi.org/10.1161/01.STR.0000060127.96986.F4
http://doi.org/10.1016/j.jalz.2011.08.008
http://doi.org/10.1007/s00401-010-0652-7
http://www.ncbi.nlm.nih.gov/pubmed/20155424
http://doi.org/10.1016/j.jns.2012.07.032
http://www.ncbi.nlm.nih.gov/pubmed/22884479


Nutrients 2021, 13, 2206 16 of 19

94. Zlokovic, B.V. Neurovascular Pathways to Neurodegeneration in Alzheimer’s Disease and Other Disorders. Nat. Rev. Neurosci.
2011, 12, 723–738. [CrossRef]

95. Kapasi, A.; Schneider, J.A. Vascular Contributions to Cognitive Impairment, Clinical Alzheimer’s Disease, and Dementia in Older
Persons. Biochim. Biophys. Acta 2016, 1862, 878–886. [CrossRef]

96. Kelleher, R.J.; Soiza, R.L. Evidence of Endothelial Dysfunction in the Development of Alzheimer’s Disease: Is Alzheimer’s a
Vascular Disorder? Am. J. Cardiovasc. Dis. 2013, 3, 197–226. [PubMed]

97. De la Torre, J.C. Vascular Risk Factor Detection and Control May Prevent Alzheimer’s Disease. Ageing Res. Rev. 2010, 9, 218–225.
[CrossRef]

98. De Bruijn, R.F.; Ikram, M.A. Cardiovascular Risk Factors and Future Risk of Alzheimer’s Disease. BMC Med. 2014, 12, 130.
[CrossRef] [PubMed]

99. Lin, Y.-F.; Smith, A.V.; Aspelund, T.; Betensky, R.A.; Smoller, J.W.; Gudnason, V.; Launer, L.J.; Blacker, D. Genetic Overlap between
Vascular Pathologies and Alzheimer’s Dementia and Potential Causal Mechanisms. Alzheimers Dement. J. Alzheimer’s Assoc.
2019, 15, 65–75. [CrossRef]

100. Attems, J.; Jellinger, K.A. The Overlap between Vascular Disease and Alzheimer’s Disease-Lessons from Pathology. BMC Med.
2014, 12, 206. [CrossRef]

101. Jellinger, K.A. Alzheimer Disease and Cerebrovascular Pathology: An Update. J. Neural Transm. 2002, 109, 813–836. [CrossRef]
102. Toledo, J.B.; Arnold, S.E.; Raible, K.; Brettschneider, J.; Xie, S.X.; Grossman, M.; Monsell, S.E.; Kukull, W.A.; Trojanowski, J.Q.

Contribution of Cerebrovascular Disease in Autopsy Confirmed Neurodegenerative Disease Cases in the National Alzheimer’s
Coordinating Centre. Brain J. Neurol. 2013, 136 Pt 9, 2697–2706. [CrossRef]

103. Geleijnse, J.M.; Vermeer, C.; Grobbee, D.E.; Schurgers, L.J.; Knapen, M.H.J.; van der Meer, I.M.; Hofman, A.; Witteman, J.C.M.
Dietary Intake of Menaquinone Is Associated with a Reduced Risk of Coronary Heart Disease: The Rotterdam Study. J. Nutr.
2004, 134, 3100–3105. [CrossRef]

104. Haugsgjerd, T.R.; Egeland, G.M.; Nygård, O.K.; Vinknes, K.J.; Sulo, G.; Lysne, V.; Igland, J.; Tell, G.S. Association of Dietary
Vitamin K and Risk of Coronary Heart Disease in Middle-Age Adults: The Hordaland Health Study Cohort. BMJ Open 2020, 10,
e035953. [CrossRef]

105. Gast, G.C.M.; de Roos, N.M.; Sluijs, I.; Bots, M.L.; Beulens, J.W.J.; Geleijnse, J.M.; Witteman, J.C.; Grobbee, D.E.; Peeters, P.H.M.;
van der Schouw, Y.T. A High Menaquinone Intake Reduces the Incidence of Coronary Heart Disease. Nutr. Metab. Cardiovasc. Dis.
NMCD 2009, 19, 504–510. [CrossRef]

106. Beulens, J.W.J.; Bots, M.L.; Atsma, F.; Bartelink, M.-L.E.L.; Prokop, M.; Geleijnse, J.M.; Witteman, J.C.M.; Grobbee, D.E.; van der
Schouw, Y.T. High Dietary Menaquinone Intake Is Associated with Reduced Coronary Calcification. Atherosclerosis 2009, 203,
489–493. [CrossRef]

107. Knapen, M.H.J.; Braam, L.A.J.L.M.; Drummen, N.E.; Bekers, O.; Hoeks, A.P.G.; Vermeer, C. Menaquinone-7 Supplementation
Improves Arterial Stiffness in Healthy Postmenopausal Women. A Double-Blind Randomised Clinical Trial. Thromb. Haemost.
2015, 113, 1135–1144. [CrossRef] [PubMed]

108. Zwakenberg, S.R.; de Jong, P.A.; Bartstra, J.W.; van Asperen, R.; Westerink, J.; de Valk, H.; Slart, R.H.J.A.; Luurtsema, G.; Wolterink,
J.M.; de Borst, G.J.; et al. The Effect of Menaquinone-7 Supplementation on Vascular Calcification in Patients with Diabetes: A
Randomized, Double-Blind, Placebo-Controlled Trial. Am. J. Clin. Nutr. 2019, 110, 883–890. [CrossRef]

109. Zwakenberg, S.R.; den Braver, N.R.; Engelen, A.I.P.; Feskens, E.J.M.; Vermeer, C.; Boer, J.M.A.; Verschuren, W.M.M.; van der
Schouw, Y.T.; Beulens, J.W.J. Vitamin K Intake and All-Cause and Cause Specific Mortality. Clin. Nutr. 2017, 36, 1294–1300.
[CrossRef] [PubMed]

110. Juanola-Falgarona, M.; Salas-Salvadó, J.; Martínez-González, M.Á.; Corella, D.; Estruch, R.; Ros, E.; Fitó, M.; Arós, F.; Gómez-
Gracia, E.; Fiol, M.; et al. Dietary Intake of Vitamin K Is Inversely Associated with Mortality Risk. J. Nutr. 2014, 144, 743–750.
[CrossRef] [PubMed]

111. Spronk, H.M.H.; Soute, B.A.M.; Schurgers, L.J.; Thijssen, H.H.W.; De Mey, J.G.R.; Vermeer, C. Tissue-Specific Utilization of
Menaquinone-4 Results in the Prevention of Arterial Calcification in Warfarin-Treated Rats. J. Vasc. Res. 2003, 40, 531–537.
[CrossRef] [PubMed]

112. Bar, A.; Kus, K.; Manterys, A.; Proniewski, B.; Sternak, M.; Przyborowski, K.; Moorlag, M.; Sitek, B.; Marczyk, B.; Jasztal, A.; et al.
Vitamin K2-MK-7 Improves Nitric Oxide-Dependent Endothelial Function in ApoE/LDLR-/- Mice. Vascul. Pharmacol. 2019,
122–123, 106581. [CrossRef] [PubMed]

113. Yamazaki, Y.; Kanekiyo, T. Blood-Brain Barrier Dysfunction and the Pathogenesis of Alzheimer’s Disease. Int. J. Mol. Sci. 2017,
18, 1965. [CrossRef]

114. Sun, J.; Xu, J.; Ling, Y.; Wang, F.; Gong, T.; Yang, C.; Ye, S.; Ye, K.; Wei, D.; Song, Z.; et al. Fecal Microbiota Transplantation
Alleviated Alzheimer’s Disease-like Pathogenesis in APP/PS1 Transgenic Mice. Transl. Psychiatry 2019, 9, 1–13. [CrossRef]

115. Holsinger, R.M.D.; Elangovan, S. Neuroprotective Effects of Fecal Microbiota Transplantation in a Mouse Model of Alzheimer’s
Disease: Development of New Models and Analysis Methods/Validation of Pre-clinical Methods. Alzheimer’s Dement. 2020, 16.
[CrossRef]

116. Kim, M.-S.; Kim, Y.; Choi, H.; Kim, W.; Park, S.; Lee, D.; Kim, D.K.; Kim, H.J.; Choi, H.; Hyun, D.-W.; et al. Transfer of a Healthy
Microbiota Reduces Amyloid and Tau Pathology in an Alzheimer’s Disease Animal Model. Gut 2020, 69, 283–294. [CrossRef]
[PubMed]

http://doi.org/10.1038/nrn3114
http://doi.org/10.1016/j.bbadis.2015.12.023
http://www.ncbi.nlm.nih.gov/pubmed/24224133
http://doi.org/10.1016/j.arr.2010.04.002
http://doi.org/10.1186/s12916-014-0130-5
http://www.ncbi.nlm.nih.gov/pubmed/25385322
http://doi.org/10.1016/j.jalz.2018.08.002
http://doi.org/10.1186/s12916-014-0206-2
http://doi.org/10.1007/s007020200068
http://doi.org/10.1093/brain/awt188
http://doi.org/10.1093/jn/134.11.3100
http://doi.org/10.1136/bmjopen-2019-035953
http://doi.org/10.1016/j.numecd.2008.10.004
http://doi.org/10.1016/j.atherosclerosis.2008.07.010
http://doi.org/10.1160/TH14-08-0675
http://www.ncbi.nlm.nih.gov/pubmed/25694037
http://doi.org/10.1093/ajcn/nqz147
http://doi.org/10.1016/j.clnu.2016.08.017
http://www.ncbi.nlm.nih.gov/pubmed/27640076
http://doi.org/10.3945/jn.113.187740
http://www.ncbi.nlm.nih.gov/pubmed/24647393
http://doi.org/10.1159/000075344
http://www.ncbi.nlm.nih.gov/pubmed/14654717
http://doi.org/10.1016/j.vph.2019.106581
http://www.ncbi.nlm.nih.gov/pubmed/31421222
http://doi.org/10.3390/ijms18091965
http://doi.org/10.1038/s41398-019-0525-3
http://doi.org/10.1002/alz.046523
http://doi.org/10.1136/gutjnl-2018-317431
http://www.ncbi.nlm.nih.gov/pubmed/31471351


Nutrients 2021, 13, 2206 17 of 19

117. Fujii, Y.; Nguyen, T.T.T.; Fujimura, Y.; Kameya, N.; Nakamura, S.; Arakawa, K.; Morita, H. Fecal Metabolite of a Gnotobiotic
Mouse Transplanted with Gut Microbiota from a Patient with Alzheimer’s Disease. Biosci. Biotechnol. Biochem. 2019, 83, 2144–2152.
[CrossRef] [PubMed]

118. Hazan, S. Rapid Improvement in Alzheimer’s Disease Symptoms Following Fecal Microbiota Transplantation: A Case Report. J.
Int. Med. Res. 2020, 48, 030006052092593. [CrossRef] [PubMed]

119. Minter, M.R.; Zhang, C.; Leone, V.; Ringus, D.L.; Zhang, X.; Oyler-Castrillo, P.; Musch, M.W.; Liao, F.; Ward, J.F.; Holtzman, D.M.;
et al. Antibiotic-Induced Perturbations in Gut Microbial Diversity Influences Neuro-Inflammation and Amyloidosis in a Murine
Model of Alzheimer’s Disease. Sci. Rep. 2016, 6, 30028. [CrossRef] [PubMed]

120. Harach, T.; Marungruang, N.; Duthilleul, N.; Cheatham, V.; Mc Coy, K.D.; Frisoni, G.; Neher, J.J.; Fåk, F.; Jucker, M.; Lasser, T.;
et al. Reduction of Abeta Amyloid Pathology in APPPS1 Transgenic Mice in the Absence of Gut Microbiota. Sci. Rep. 2017, 7,
41802. [CrossRef] [PubMed]

121. Tran, T.T.T.; Corsini, S.; Kellingray, L.; Hegarty, C.; Gall, G.L.; Narbad, A.; Müller, M.; Tejera, N.; O’Toole, P.W.; Minihane, A.-M.;
et al. APOE Genotype Influences the Gut Microbiome Structure and Function in Humans and Mice: Relevance for Alzheimer’s
Disease Pathophysiology. FASEB J. 2019, 33, 8221–8231. [CrossRef]

122. Chen, D.; Yang, X.; Yang, J.; Lai, G.; Yong, T.; Tang, X.; Shuai, O.; Zhou, G.; Xie, Y.; Wu, Q. Prebiotic Effect of Fructooligosaccharides
from Morinda Officinalis on Alzheimer’s Disease in Rodent Models by Targeting the Microbiota-Gut-Brain Axis. Front. Aging
Neurosci. 2017, 9. [CrossRef]

123. Akbari, E.; Asemi, Z.; Daneshvar Kakhaki, R.; Bahmani, F.; Kouchaki, E.; Tamtaji, O.R.; Hamidi, G.A.; Salami, M. Effect of
Probiotic Supplementation on Cognitive Function and Metabolic Status in Alzheimer’s Disease: A Randomized, Double-Blind
and Controlled Trial. Front. Aging Neurosci. 2016, 8, 256. [CrossRef] [PubMed]

124. Nagpal, R.; Neth, B.J.; Wang, S.; Craft, S.; Yadav, H. Modified Mediterranean-Ketogenic Diet Modulates Gut Microbiome
and Short-Chain Fatty Acids in Association with Alzheimer’s Disease Markers in Subjects with Mild Cognitive Impairment.
EBioMedicine 2019, 47, 529–542. [CrossRef]

125. Vogt, N.M.; Kerby, R.L.; Dill-McFarland, K.A.; Harding, S.J.; Merluzzi, A.P.; Johnson, S.C.; Carlsson, C.M.; Asthana, S.; Zetterberg,
H.; Blennow, K.; et al. Gut Microbiome Alterations in Alzheimer’s Disease. Sci. Rep. 2017, 7, 13537. [CrossRef] [PubMed]

126. Brandscheid, C.; Schuck, F.; Reinhardt, S.; Schäfer, K.-H.; Pietrzik, C.U.; Grimm, M.; Hartmann, T.; Schwiertz, A.; Endres, K.
Altered Gut Microbiome Composition and Tryptic Activity of the 5xFAD Alzheimer’s Mouse Model. J. Alzheimer’s Dis. 2017, 56,
775–788. [CrossRef] [PubMed]

127. Bäuerl, C.; Collado, M.C.; Diaz Cuevas, A.; Viña, J.; Pérez Martínez, G. Shifts in Gut Microbiota Composition in an APP/PSS1
Transgenic Mouse Model of Alzheimer’s Disease during Lifespan. Lett. Appl. Microbiol. 2018, 66, 464–471. [CrossRef]

128. Shen, L.; Liu, L.; Ji, H.-F. Alzheimer’s Disease Histological and Behavioral Manifestations in Transgenic Mice Correlate with
Specific Gut Microbiome State. J. Alzheimer’s Dis. JAD 2017, 56, 385–390. [CrossRef]

129. Zhang, L.; Wang, Y.; Xiayu, X.; Shi, C.; Chen, W.; Song, N.; Fu, X.; Zhou, R.; Xu, Y.-F.; Huang, L.; et al. Altered Gut Microbiota in a
Mouse Model of Alzheimer’s Disease. J. Alzheimer’s Dis. JAD 2017, 60, 1241–1257. [CrossRef]

130. Cox, L.M.; Schafer, M.J.; Sohn, J.; Vincentini, J.; Weiner, H.L.; Ginsberg, S.D.; Blaser, M.J. Calorie Restriction Slows Age-Related
Microbiota Changes in an Alzheimer’s Disease Model in Female Mice. Sci. Rep. 2019, 9, 17904. [CrossRef] [PubMed]

131. Sun, B.-L.; Li, W.-W.; Wang, J.; Xu, Y.-L.; Sun, H.-L.; Tian, D.-Y.; Wang, Y.-J.; Yao, X.-Q. Gut Microbiota Alteration and Its Time
Course in a Tauopathy Mouse Model. J. Alzheimer’s Dis. JAD 2019, 70, 399–412. [CrossRef]

132. Lin, L.; Zheng, L.J.; Zhang, L.J. Neuroinflammation, Gut Microbiome, and Alzheimer’s Disease. Mol. Neurobiol. 2018, 55,
8243–8250. [CrossRef]

133. Sochocka, M.; Donskow-Łysoniewska, K.; Diniz, B.S.; Kurpas, D.; Brzozowska, E.; Leszek, J. The Gut Microbiome Alterations and
Inflammation-Driven Pathogenesis of Alzheimer’s Disease—a Critical Review. Mol. Neurobiol. 2019, 56, 1841–1851. [CrossRef]

134. Van Olst, L.; Roks, S.J.M.; Kamermans, A.; Verhaar, B.J.H.; van der Geest, A.M.; Muller, M.; van der Flier, W.M.; de Vries,
H.E. Contribution of Gut Microbiota to Immunological Changes in Alzheimer’s Disease. Front. Immunol. 2021, 12. [CrossRef]
[PubMed]

135. Ichihashi, T.; Takagishi, Y.; Uchida, K.; Yamada, H. Colonic Absorption of Menaquinone-4 and Menaquinone-9 in Rats. J. Nutr.
1992, 122, 506–512. [CrossRef] [PubMed]

136. Conly, J.M.; Stein, K. Quantitative and Qualitative Measurements of K Vitamins in Human Intestinal Contents. Am. J. Gastroenterol.
1992, 87, 311–316.

137. Conly, J.M. Assay of Menaquinones in Bacterial Cultures, Stool Samples, and Intestinal Contents. Methods Enzymol. 1997, 282,
457–466. [CrossRef]

138. Suttie, J.W. The Importance of Menaquinones in Human Nutrition. Annu. Rev. Nutr. 1995, 15, 399–417. [CrossRef] [PubMed]
139. Shearer, M.J.; Bach, A.; Kohlmeier, M. Chemistry, Nutritional Sources, Tissue Distribution and Metabolism of Vitamin K with

Special Reference to Bone Health. J. Nutr. 1996, 126 (Suppl. S4), 1181S–1186S. [CrossRef] [PubMed]
140. Fujita, K.; Kakuya, F.; Ito, S. Vitamin K1 and K2 Status and Faecal Flora in Breast Fed and Formula Fed 1-Month-Old Infants. Eur.

J. Pediatr. 1993, 152, 852–855. [CrossRef] [PubMed]
141. Guss, J.D.; Taylor, E.; Rouse, Z.; Roubert, S.; Higgins, C.H.; Thomas, C.J.; Baker, S.P.; Vashishth, D.; Donnelly, E.; Shea, M.K.; et al.

The Microbial Metagenome and Bone Tissue Composition in Mice with Microbiome-Induced Reductions in Bone Strength. Bone
2019, 127, 146–154. [CrossRef] [PubMed]

http://doi.org/10.1080/09168451.2019.1644149
http://www.ncbi.nlm.nih.gov/pubmed/31327302
http://doi.org/10.1177/0300060520925930
http://www.ncbi.nlm.nih.gov/pubmed/32600151
http://doi.org/10.1038/srep30028
http://www.ncbi.nlm.nih.gov/pubmed/27443609
http://doi.org/10.1038/srep41802
http://www.ncbi.nlm.nih.gov/pubmed/28176819
http://doi.org/10.1096/fj.201900071R
http://doi.org/10.3389/fnagi.2017.00403
http://doi.org/10.3389/fnagi.2016.00256
http://www.ncbi.nlm.nih.gov/pubmed/27891089
http://doi.org/10.1016/j.ebiom.2019.08.032
http://doi.org/10.1038/s41598-017-13601-y
http://www.ncbi.nlm.nih.gov/pubmed/29051531
http://doi.org/10.3233/JAD-160926
http://www.ncbi.nlm.nih.gov/pubmed/28035935
http://doi.org/10.1111/lam.12882
http://doi.org/10.3233/JAD-160884
http://doi.org/10.3233/JAD-170020
http://doi.org/10.1038/s41598-019-54187-x
http://www.ncbi.nlm.nih.gov/pubmed/31784610
http://doi.org/10.3233/JAD-181220
http://doi.org/10.1007/s12035-018-0983-2
http://doi.org/10.1007/s12035-018-1188-4
http://doi.org/10.3389/fimmu.2021.683068
http://www.ncbi.nlm.nih.gov/pubmed/34135909
http://doi.org/10.1093/jn/122.3.506
http://www.ncbi.nlm.nih.gov/pubmed/1542008
http://doi.org/10.1016/s0076-6879(97)82129-5
http://doi.org/10.1146/annurev.nu.15.070195.002151
http://www.ncbi.nlm.nih.gov/pubmed/8527227
http://doi.org/10.1093/jn/126.suppl_4.1181S
http://www.ncbi.nlm.nih.gov/pubmed/8642453
http://doi.org/10.1007/BF02073386
http://www.ncbi.nlm.nih.gov/pubmed/8223791
http://doi.org/10.1016/j.bone.2019.06.010
http://www.ncbi.nlm.nih.gov/pubmed/31207357


Nutrients 2021, 13, 2206 18 of 19

142. Quinn, L.; Sheh, A.; Ellis, J.L.; Smith, D.E.; Booth, S.L.; Fu, X.; Muthupalani, S.; Ge, Z.; Puglisi, D.A.; Wang, T.C.; et al. Helicobacter
Pylori Antibiotic Eradication Coupled with a Chemically Defined Diet in INS-GAS Mice Triggers Dysbiosis and Vitamin K
Deficiency Resulting in Gastric Hemorrhage. Gut Microbes 2020, 11, 820–841. [CrossRef]

143. Ponziani, F.R.; Pompili, M.; Di Stasio, E.; Zocco, M.A.; Gasbarrini, A.; Flore, R. Subclinical Atherosclerosis Is Linked to Small
Intestinal Bacterial Overgrowth via Vitamin K2-Dependent Mechanisms. World J. Gastroenterol. 2017, 23, 1241–1249. [CrossRef]
[PubMed]

144. McCann, A.; Jeffery, I.B.; Ouliass, B.; Ferland, G.; Fu, X.; Booth, S.L.; Tran, T.T.T.; O’Toole, P.W.; O’Connor, E.M. Exploratory
Analysis of Covariation of Microbiota-Derived Vitamin K and Cognition in Older Adults. Am. J. Clin. Nutr. 2019, 110, 1404–1415.
[CrossRef] [PubMed]

145. Aguayo-Ruiz, J.I.; García-Cobián, T.A.; Pascoe-González, S.; Sánchez-Enríquez, S.; Llamas-Covarrubias, I.M.; García-Iglesias, T.;
López-Quintero, A.; Llamas-Covarrubias, M.A.; Trujillo-Quiroz, J.; Rivera-Leon, E.A. Effect of Supplementation with Vitamins D3
and K2 on Undercarboxylated Osteocalcin and Insulin Serum Levels in Patients with Type 2 Diabetes Mellitus: A Randomized,
Double-Blind, Clinical Trial. Diabetol. Metab. Syndr. 2020, 12, 73. [CrossRef] [PubMed]

146. Rahimi Sakak, F.; Moslehi, N.; Niroomand, M.; Mirmiran, P. Glycemic Control Improvement in Individuals with Type 2 Diabetes
with Vitamin K2 Supplementation: A Randomized Controlled Trial. Eur. J. Nutr. 2020. [CrossRef] [PubMed]

147. Choi, H.J.; Yu, J.; Choi, H.; An, J.H.; Kim, S.W.; Park, K.S.; Jang, H.C.; Kim, S.Y.; Shin, C.S. Vitamin K2 Supplementation Improves
Insulin Sensitivity via Osteocalcin Metabolism: A Placebo-Controlled Trial. Diabetes Care 2011, 34, e147. [CrossRef] [PubMed]

148. Beulens, J.W.; Grobbee, D.E.; Sluijs, I.; Spijkerman, A.M.; Van Der Schouw, Y.T. Dietary Phylloquinone and Menaquinones Intakes
and Risk of Type 2 Diabetes. Diabetes Care 2010, 33, 1699–1705. [CrossRef]

149. Dam, V.; Dalmeijer, G.W.; Vermeer, C.; Drummen, N.E.; Knapen, M.H.; van der Schouw, Y.T.; Beulens, J.W. Association Between
Vitamin K and the Metabolic Syndrome: A 10-Year Follow-Up Study in Adults. J. Clin. Endocrinol. Metab. 2015, 100, 2472–2479.
[CrossRef]

150. Dash, N.R.; Al Bataineh, M.T. Metagenomic Analysis of the Gut Microbiome Reveals Enrichment of Menaquinones (Vitamin K2)
Pathway in Diabetes Mellitus. Diabetes Metab. J. 2021, 45, 77–85. [CrossRef]

151. Hussein, A.G.; Mohamed, R.H.; Shalaby, S.M.; Abd El Motteleb, D.M. Vitamin K2 Alleviates Type 2 Diabetes in Rats by Induction
of Osteocalcin Gene Expression. Nutrition 2018, 47, 33–38. [CrossRef]

152. Desentis-Desentis, M.F.; Rivas-Carrillo, J.D.; Sánchez-Enríquez, S. Protective Role of Osteocalcin in Diabetes Pathogenesis. J. Bone
Miner. Metab. 2020, 38, 765–771. [CrossRef]

153. Lee, N.K.; Sowa, H.; Hinoi, E.; Ferron, M.; Ahn, J.D.; Confavreux, C.; Dacquin, R.; Mee, P.J.; McKee, M.D.; Jung, D.Y.; et al.
Endocrine Regulation of Energy Metabolism by the Skeleton. Cell 2007, 130, 456–469. [CrossRef]

154. Zhao, Y.; Shen, L.; Ji, H.-F. Alzheimer’s Disease and Risk of Hip Fracture: A Meta-Analysis Study. Sci. World J. 2012, 2012, e872173.
[CrossRef]

155. Wang, H.-K.; Hung, C.-M.; Lin, S.-H.; Tai, Y.-C.; Lu, K.; Liliang, P.-C.; Lin, C.-W.; Lee, Y.-C.; Fang, P.-H.; Chang, L.-C.; et al.
Increased Risk of Hip Fractures in Patients with Dementia: A Nationwide Population-Based Study. BMC Neurol. 2014, 14, 175.
[CrossRef] [PubMed]

156. Chen, Y.-H.; Lo, R.Y. Alzheimer’s Disease and Osteoporosis. Tzu-Chi Med. J. 2017, 29, 138–142. [CrossRef]
157. Amouzougan, A.; Lafaie, L.; Marotte, H.; Dẻnariẻ, D.; Collet, P.; Pallot-Prades, B.; Thomas, T. High Prevalence of Dementia in

Women with Osteoporosis. Jt. Bone Spine 2017, 84, 611–614. [CrossRef]
158. Zhou, R.; Deng, J.; Zhang, M.; Zhou, H.-D.; Wang, Y.-J. Association between Bone Mineral Density and the Risk of Alzheimer’s

Disease. J. Alzheimer’s Dis. JAD 2011, 24, 101–108. [CrossRef] [PubMed]
159. Chang, K.-H.; Chung, C.-J.; Lin, C.-L.; Sung, F.-C.; Wu, T.-N.; Kao, C.-H. Increased Risk of Dementia in Patients with Osteoporosis:

A Population-Based Retrospective Cohort Analysis. Age Dordr. Neth. 2014, 36, 967–975. [CrossRef] [PubMed]
160. Koitaya, N.; Sekiguchi, M.; Tousen, Y.; Nishide, Y.; Morita, A.; Yamauchi, J.; Gando, Y.; Miyachi, M.; Aoki, M.; Komatsu, M.; et al.

Low-Dose Vitamin K2 (MK-4) Supplementation for 12 Months Improves Bone Metabolism and Prevents Forearm Bone Loss in
Postmenopausal Japanese Women. J. Bone Miner. Metab. 2014, 32, 142–150. [CrossRef]

161. Purwosunu, Y.; Muharram; Rachman, I.A.; Reksoprodjo, S.; Sekizawa, A. Vitamin K2 Treatment for Postmenopausal Osteoporosis
in Indonesia. J. Obstet. Gynaecol. Res. 2006, 32, 230–234. [CrossRef]

162. Ikeda, Y.; Iki, M.; Morita, A.; Kajita, E.; Kagamimori, S.; Kagawa, Y.; Yoneshima, H. Intake of Fermented Soybeans, Natto, Is
Associated with Reduced Bone Loss in Postmenopausal Women: Japanese Population-Based Osteoporosis (JPOS) Study. J. Nutr.
2006, 136, 1323–1328. [CrossRef]

163. Knapen, M.H.J.; Drummen, N.E.; Smit, E.; Vermeer, C.; Theuwissen, E. Three-Year Low-Dose Menaquinone-7 Supplementation
Helps Decrease Bone Loss in Healthy Postmenopausal Women. Osteoporos. Int. J. 2013, 24, 2499–2507. [CrossRef]

164. Knapen, M.H.J.; Schurgers, L.J.; Vermeer, C. Vitamin K2 Supplementation Improves Hip Bone Geometry and Bone Strength
Indices in Postmenopausal Women. Osteoporos. Int. J. 2007, 18, 963–972. [CrossRef]

165. Rønn, S.H.; Harsløf, T.; Pedersen, S.B.; Langdahl, B.L. Vitamin K2 (Menaquinone-7) Prevents Age-Related Deterioration of
Trabecular Bone Microarchitecture at the Tibia in Postmenopausal Women. Eur. J. Endocrinol. 2016, 175, 541–549. [CrossRef]

166. Herbert, J.; Lucassen, P.J. Depression as a Risk Factor for Alzheimer’s Disease: Genes, Steroids, Cytokines and Neurogenesis-What
Do We Need to Know? Front. Neuroendocrinol. 2016, 41, 153–171. [CrossRef] [PubMed]

http://doi.org/10.1080/19490976.2019.1710092
http://doi.org/10.3748/wjg.v23.i7.1241
http://www.ncbi.nlm.nih.gov/pubmed/28275304
http://doi.org/10.1093/ajcn/nqz220
http://www.ncbi.nlm.nih.gov/pubmed/31518386
http://doi.org/10.1186/s13098-020-00580-w
http://www.ncbi.nlm.nih.gov/pubmed/32831908
http://doi.org/10.1007/s00394-020-02419-6
http://www.ncbi.nlm.nih.gov/pubmed/33159574
http://doi.org/10.2337/dc11-0551
http://www.ncbi.nlm.nih.gov/pubmed/21868771
http://doi.org/10.2337/dc09-2302
http://doi.org/10.1210/jc.2014-4449
http://doi.org/10.4093/dmj.2019.0202
http://doi.org/10.1016/j.nut.2017.09.016
http://doi.org/10.1007/s00774-020-01130-0
http://doi.org/10.1016/j.cell.2007.05.047
http://doi.org/10.1100/2012/872173
http://doi.org/10.1186/s12883-014-0175-2
http://www.ncbi.nlm.nih.gov/pubmed/25213690
http://doi.org/10.4103/tcmj.tcmj_54_17
http://doi.org/10.1016/j.jbspin.2016.08.002
http://doi.org/10.3233/JAD-2010-101467
http://www.ncbi.nlm.nih.gov/pubmed/21187587
http://doi.org/10.1007/s11357-013-9608-x
http://www.ncbi.nlm.nih.gov/pubmed/24347180
http://doi.org/10.1007/s00774-013-0472-7
http://doi.org/10.1111/j.1447-0756.2006.00386.x
http://doi.org/10.1093/jn/136.5.1323
http://doi.org/10.1007/s00198-013-2325-6
http://doi.org/10.1007/s00198-007-0337-9
http://doi.org/10.1530/EJE-16-0498
http://doi.org/10.1016/j.yfrne.2015.12.001
http://www.ncbi.nlm.nih.gov/pubmed/26746105


Nutrients 2021, 13, 2206 19 of 19

167. Spalletta, G.; Caltagirone, C.; Girardi, P.; Gianni, W.; Casini, A.R.; Palmer, K. The Role of Persistent and Incident Major Depression
on Rate of Cognitive Deterioration in Newly Diagnosed Alzheimer’s Disease Patients. Psychiatry Res. 2012, 198, 263–268.
[CrossRef]

168. Modrego, P.J. Depression in Alzheimer’s Disease. Pathophysiology, Diagnosis, and Treatment. J. Alzheimer’s Dis. JAD 2010, 21,
1077–1087. [CrossRef]

169. Gancheva, S.M.; Zhelyazkova-Savova, M.D. Vitamin K2 Improves Anxiety and Depression but Not Cognition in Rats with
Metabolic Syndrome: A Role of Blood Glucose? Folia Med. 2016, 58, 264–272. [CrossRef]

170. NIA-Funded Active Alzheimer’s and Related Dementias Clinical Trials and Studies. Available online: www.nia.nih.gov/research/
ongoing-AD-trials (accessed on 27 May 2021).

171. PubMed Search Results of Clinical Trials Using Vitamin K2. Available online: pubmed.ncbi.nlm.nih.gov/?term=vitamin+K2
&filter=pubt.clinicaltrial (accessed on 27 May 2021).

172. Lasemi, R.; Kundi, M.; Moghadam, N.B.; Moshammer, H.; Hainfellner, J.A. Vitamin K2 in Multiple Sclerosis Patients. Wien. Klin.
Wochenschr. 2018, 130, 307–313. [CrossRef] [PubMed]

173. Yu, Y.-X.; Yu, X.-D.; Cheng, Q.-Z.; Tang, L.; Shen, M.-Q. The Association of Serum Vitamin K2 Levels with Parkinson’s Disease:
From Basic Case-Control Study to Big Data Mining Analysis. Aging 2020, 12, 16410–16419. [CrossRef] [PubMed]

http://doi.org/10.1016/j.psychres.2011.11.018
http://doi.org/10.3233/JAD-2010-100153
http://doi.org/10.1515/folmed-2016-0032
www.nia.nih.gov/research/ongoing-AD-trials
www.nia.nih.gov/research/ongoing-AD-trials
pubmed.ncbi.nlm.nih.gov/?term=vitamin+K2&filter=pubt.clinicaltrial
pubmed.ncbi.nlm.nih.gov/?term=vitamin+K2&filter=pubt.clinicaltrial
http://doi.org/10.1007/s00508-018-1328-x
http://www.ncbi.nlm.nih.gov/pubmed/29500722
http://doi.org/10.18632/aging.103691
http://www.ncbi.nlm.nih.gov/pubmed/32862152

	Introduction 
	Comparison of Vitamins K1 and K2 
	Vitamin K2 and Alzheimer’s Disease 
	The Antiapoptotic and Antioxidant Effects of Vitamin K2 
	Vitamin K2 and Neuroinflammation 
	Vitamin K2 and Mitochondrial Dysfunction 
	Vitamin K2 and Anesthesia-Induced Cognitive Deficits 
	Vitamin K2 and Cardiovascular Health 
	Vitamin K2 and the Gut Microbiome 
	Vitamin K2 and Comorbidities in Alzheimer’s Disease 

	Discussion 
	References

