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Abstract: Unlike other vitamins, vitamin D3 is synthesised in skin cells in the body. Vitamin D3 has
been known as a bone-related hormone. Recently, however, it has been considered as an immune
vitamin. Vitamin D3 deficiency influences the onset of a variety of diseases. Vitamin D3 regulates
the production of proinflammatory cytokines such as tumour necrosis factor-« (TNF-x) through
binding to vitamin D receptors (VDRs) in immune cells. Since blood levels of vitamin D3 (25-OH-D3)
were low in coronavirus disease 2019 (COVID-19) patients, there has been growing interest in the
importance of vitamin D3 to maintaining a healthy condition. On the other hand, phytochemicals
are compounds derived from plants with over 7000 varieties and have various biological activities.
They mainly have health-promoting effects and are classified as terpenoids, carotenoids, flavonoids,
etc. Flavonoids are known as the anti-inflammatory compounds that control TNF-« production.
Chronic inflammation is induced by the continuous production of TNF-o and is the fundamental
cause of diseases like obesity, dyslipidaemia, diabetes, heart and brain diseases, autoimmune diseases,
Alzheimer’s disease, and cancer. In addition, the ageing process is induced by chronic inflammation.
This review explains the cooperative effects of vitamin D3 and phytochemicals in the suppression of
inflammatory responses, how it balances the natural immune response, and its link to anti-ageing
effects. In addition, vitamin D3 and phytochemicals synergistically contribute to anti-ageing by
working with ageing-related genes. Furthermore, prevention of ageing processes induced by the
chronic inflammation requires the maintenance of healthy gut microbiota, which is related to daily
dietary habits. In this regard, supplementation of vitamin D3 and phytochemicals plays an important
role. Recently, the association of the prevention of the non-disease condition called “ME-BYO” with
the maintenance of a healthy condition has been an attractive regimen, and the anti-ageing effect
discussed here is important for a healthy and long life.
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1. Introduction

In nutrition science, carbohydrates, proteins, and fats are the three major nutrients.
Vitamins are the fourth nutrient, minerals are the fifth, fibres are the sixth, and phytochemi-
cals are the seventh nutrient. Vitamins other than vitamin D3 are not synthesised in the
body; thus, they need to be consumed in foods. There are 13 types of vitamins in humans:
the fat-soluble vitamins A, D, E, and K [1]; the water-soluble vitamins B 1-3, 5-6, 8-9, and
12; and vitamin C [2].

There are two types of vitamin D: plant-derived vitamin D2 (ergocalciferol) and animal-
derived vitamin D3 (cholecalciferol). Vitamin D2 is mainly found in mushrooms, but its
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structure is slightly different from animal-derived vitamin D3. Because of the structural
difference, many reports suggest that vitamin D3 is more effective in the human body
because of its ability to bind with vitamin D binding proteins (VDBP) and the vitamin D
receptor (VDR) [3]. Vitamin D3 is not only synthesised in skin cells but is also obtained
from animal-derived food ingredients. Vitamin D3 is absorbed from the gastrointestinal
tract when accompanied by oil, since it is fat-soluble, but the absorption ratio is reduced
without oil [4,5].

Vitamin D3 is produced from a precursor of cholesterol, 7-dehydrocholesterol (provi-
tamin D3), in skin cells after exposure to ultraviolet rays from sunlight. Vitamin D3 is
known as a bone-related vitamin [6], enhancing calcium absorption from the intestine and
increasing calcium levels in the blood. In the blood stream, vitamin D3 exists as 25-OH-D3
(calcidiol), and when the blood level of 25-OH-D3 drops, parathyroid hormone (PTH) is
produced and calcium in the bones is released into the blood.

Recently, however, vitamin D3 has been considered as an immune vitamin that helps
balance the immune response by controlling inflammation responses. It has been suggested
that 25-OH-D3 deficiency in the blood is correlated with the severity of illness in respiratory
infectious diseases such as influenza and coronavirus disease 2019 (COVID-19).

Vitamin D3 is fat-soluble and binds to proteins to circulate in the blood. Blood levels of
vitamin D3 are measured using 25-OH-D3 levels. According to the international definition,
a level of 30 ng/mL is considered sufficient, 29-20 ng/mL is insufficient, and 19 ng/mL or
less is considered as a deficiency [7].

The half-life of 25-OH-D3 in circulation is only several weeks, and the active form is
1,25-(OH)2-D3 (calcitriol), which is converted by the enzyme 25-hydroxyvitamin D 1-«-
hydroxylase (cytochrome p450 27B1: CYP27B1) in the kidneys and immune cells [8]. CYP27B1
is tightly controlled by the function of fibroblast growth factor 23 (FGF23) and the Klotho
gene (KL). The half-life of active vitamin D3 (1«,25-(OH)-2-D3) is only several hours, and it is
converted to inactivated vitamin D3, 24(R),25-(OH)2-D3 (24,25-dihydroxycholecalciferol) by
the cytochrome P450 family 24 subfamily A member 1 (CYP24A1) enzyme [9].

The term phytochemicals come from the Greek word for plant chemicals, and they are
classified as terpenoids, carotenoids, flavonoids, sulphur-containing compounds, etc. Since
they contain many phenolic hydroxyl groups, they are also called polyphenols and are
attractive as beneficial nutrients for health [10]. 3-glucan is also a type of phytochemical
that works as a water-soluble dietary fibre and prebiotic (nutrient for gut microbiota).

Polyphenols used to be focused on due to their antioxidative effects, but recent research
has been showing attractive anti-inflammatory properties. Phytochemicals that act as
nutrients are found in a variety of vegetables and fruits, such as onions, citrus fruits, tea,
soybeans, turmeric, cacao, and grapes, and over 7000 types are known.

In recent years, attention has been focused on the health-promoting effects of vita-
min D3 and phytochemicals. This combined administration not only prevents “ME-BYO”
(a non-disease condition), but also has anti-ageing effects due to the suppression of chronic
inflammation via anti-inflammatory effects [11-13]. Until recently, even though the lifespan
has increased, there were many people who could not enjoy healthy retirement since they
continuously had to hospitalised. Recently, however, there has been increasing interest in
healthy and long lives among people due to the prevention of lifestyle-related diseases
caused by chronic diseases, even in the younger generation. This narrative review in-
troduces the health-promoting effects, the prevention of ME-BYO, and the anti-ageing
effects of vitamin D3 and phytochemicals derived mainly from vegetables and fruits,
especially grapes.

2. Methods

This section briefly describes the method used to search for references in this review.
This is a narrative review: information was collected using a PubMed search with complex

keywords including “vitamin D3”, “phytochemicals”, “anti-ageing”, “gut microbiota”,
“chronic inflammation”, and “immunity”. Furthermore, filtering functions were applied,
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such as searching only “review” articles and publication data limited within the last 5 years.
The references cited were written in English and peer-reviewed papers. In addition to
academic papers, this article also widely referred to press releases from universities and
research institutes, as well as other scientific featured articles from newspapers and scientific
information webpages and their reference papers. The current research referred to the latest
references, except for references considered to be important, and over 40% of the references
were limited to the last five years.

3. Vitamin D3

Vitamin D3 was named as the fourth vitamin by Elmer McCallum in 1922, and a Nobel
prize laureate, Adolf Windaus, and others were associated with the early research. Vitamin
D mainly consists of vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol). Vitamin
D3 is produced in skin cells exposed to ultraviolet (especially UVB) radiation. The vitamin
D3 precursor provitamin D3 (7-dehydrocholesterol) is converted to previtamin D3 and
then to vitamin D3. Vitamin D3 circulates in the blood stream after binding to vitamin D
binding protein (VDBP) and is converted to 25-OH-D3 (calcidiol) by liver enzymes such
as cytochrome P450 2R1 (CYP2R1). An enzyme, CYP27B1, in the kidneys and immune
cells converts 25-OH-D3 to the active form, 1,25-(OH)2-D3 (calcitriol), which binds to the
vitamin D receptor (VDR) in the cytoplasm and translocates into the nucleus [14-16]. The
complex of vitamin D-VDR stops the production of the cytokine, tumour necrosis factor-o
(TNF-«), by binding to the promoter region of the TNF-o-producing gene (). In addition,
this complex regulates the gene expression of calcium transporter proteins [17]. Most
cells express VDRs, including cells in the brain, heart, skin, reproductive organs, prostate,
and breasts, and white blood cells such as monocytes, activated T cells, and B cells [18].
The activated form of vitamin D3 (1¢,25-(OH)2-D3) is inactivated to 24(R),25-(OH)2-D3
(24,25-dihydroxycholecalciferol) within a few hours by the enzyme CYP24A1. Figure 1
shows the pathway of vitamin D3 synthesis, from provitamin D3 to the activated form
(10,25-(OH)2-D3), and inhibition of TNF-« production.

The amount of vitamin D3 is shown as the blood concentration of 25-OH-D3
(1IU=25ng (40 IU =1 pug); 1 mol = 0.4 ng/mL). According to the international stan-
dards, a blood concentration of 30 ng/mL or higher is considered sufficient, 2029 ng/mL
is insufficient, and 19 ng/mL or less is considered deficient [7].

The blood concentration of 25-OH-D3 varies depending on the latitude of a place and
the season. This is because the intensity and time of exposure to UV light differ and are low
in winter when the altitude of the sun is low. Since vitamin D3 is produced by skin cells,
ethnic differences exist in its production, as the pigment melanin in the skin blocks UV
light [19]. People with light skin can produce enough vitamin D3 after exposure to sunlight;
however, if the skin is shielded from UV light or there is an accumulation of melanin in the
skin, they cannot produce sufficient levels of vitamin D3.

Rickets was a major public health concern in the United States during the first half
of the 20th century, but has nearly been eradicated with the introduction of vitamin D-
fortified milk, paediatric supplementation of vitamin D3, and the increased intake of animal
proteins. In the 21st century, however, rickets is found only in low-income countries in
Africa, Asia, and the Middle East or regions with genetic predispositions to vitamin D3
deficiency [20,21].

In the UK, people at risk of vitamin D3 deficiency are recommended to take a daily
supplementation of vitamin D3, and 10 pg (400 IU)/day is the recommended dose from
autumn to the winter months [22]. In the U.S., the 2016 recommended dietary allowance
(RDA) was around 20 ng (800 IU)/day, and similar standards have been set in Canada,
Australia/New Zealand, and the EU. According to the European Food Safety Authority
(EFSA), the permissible upper limit for adults is 100 pg (4000 IU)/day, which is the same as
the limit in the U.S. [23-25].
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Figure 1. Suppressive pathway of TNF-a production by vitamin D3. Within the vitamin D, animal-
derived vitamin D3 (cholecalciferol) is made from provitamin D3 (7-dehydrocholesterol), which is
also a precursor of cholesterol. Provitamin D3 is converted to previtamin D3 in the skin cells by UVB
light, and previtamin D3 becomes vitamin D3. After being conjugated to vitamin D binding protein
(VDBP), vitamin D3 circulates into systemic blood stream and is then converted into 25-OH-D3
(calcidiol) by the liver enzymes cytochrome P450 2R1 (CYP2R1), etc. Blood levels of vitamin D3 are
evaluated according to 25-OH-D3 concentration and >30 ng/mL is considered as a sufficient amount.
An enzyme 25-hydroxyvitamin D 1-x-hydroxylase (cytochrome p450 27B1: CYP27B1) exists in the
kidneys and immune cells, which convert 25-OH-D3 to 1«,25-(OH)2-D3 (calcitriol). This activated
form of vitamin D3 (1«,25-(OH)2-D3) binds to retinoid X receptor (RXR) and forms a complex with
vitamin D receptor (VDR). Finally, vitamin D3-VDR complex translocates into the nucleus and binds
to vitamin D response element (VDRE), including the promoter region of TNF-« gene (TNF), and stops
the production of TNF-o. Thus, total amount of TNF-« in the body decrease. Active form of vitamin
D3 (1«,25-(OH)-D3) is converted to inactive form, 24(R),25-(OH)-D3 (24,25-dihydroxycholecalciferol),
by an enzyme cytochrome P450 family 24 subfamily A member 1 (CYP24A1).

Normally, people absorb 60-80% of ingested calcium from the diet in the intestine,
but people in vitamin D3 deficiency absorb only 15% of normal levels of calcium [26,27].
When the blood 25-OH-D3 concentration falls lower than 19 ng/mL, the risks of fracture
and frailty increase. Osteoporosis is an adult disease induced by long-term vitamin D3
deficiency that results in the risk of spinal curvature and fractures [28]. Vitamin D3 also
mitigates the risk of bone density loss induced by cadmium poisoning [29].
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3.1. Vitamin D3 and Infectious Diseases

In the past, sunbathing was used as a treatment for tuberculosis based on experience.
Later, it was confirmed that vitamin D3 enhances the function of macrophages in the lungs
and increases the production of the antimicrobial peptide cathelicidin (LL-37). In addition,
vitamin D3 increases the production of another antimicrobial peptide, 3-defensin, and
helps improve the intestinal environment [30].

After infections by pathogens, macrophages produce proinflammatory cytokine TNE-
o and induce inflammatory responses. In this context, vitamin D3 stops the production of
TNF-« and suppresses its responses to avoid inducing excess or chronic inflammation [31].

The onset of seasonal flu is associated with serum 25-OH-D3 levels. Influenza com-
monly manifests in winter and coincides with the period when vitamin D3 synthesis due
to UV irradiation is low. In addition, the onset of COVID-19 is associated with low blood
25-OH-D3 levels.

Ilie et al. indicated that COVID-19 deaths were higher in Spain, Italy, Switzerland,
Belgium, and the United Kingdom, where the average serum 25-OH-D3 levels were defi-
cient (>20 ng/mL) [32]. The data from Johns Hopkins University showing the numbers
of infected people (with % mortality), as of March 10, 2023, are as follows: (D) United
States—103,802,702 (1.08%), (2) India—44,690,738 (1.19%), (3) France—38,618,509 (0.42%),
(4 Germany—38,249,060 (0.44%), (5) Japan—37,320,438 (0.20%), (8) Italy—25,603,510 (0.74%),
(9) UK—24,425,309 (0.90%), and @ Spain—13,770,429 (0.87%). The blood 25-OH-D3 levels
were: @ France—24.0 (ng/mL), @ Germany—20.0, Italy—20.0, @ UK—19.0, and
(12) Spain—17.0.

According to a study conducted by Miyamoto et al. (2023), the average serum 25-OH-
D3 level in Japanese people was 15.5 ng/mL in a total of 5518 Japanese people (3400 men
and 2118 women). Most of them were deficient (>19 ng/mL), and people with enough
serum 25-OH-D3 (<30 ng/mL) represented only 2% of the population sample. The number
of infected people was the fifth highest, as shown above, but the mortality ratio was
lower than in other countries. This result is probably due to the differences in the medical
environments between Europe, America, and Japan. Treating COVID-19 with 25-OH-D3 is
being considered, and it might alleviate the severe symptoms of COVID-19. Some clinical
research shows that vitamin D3 is more effective than vitamin D2 [33].

The concomitant intake of excess amounts of vitamin D3 and calcium induces hyper-
calcaemia, leading to liver dysfunction and kidney damage [34,35]. As vitamin D3 is a
bone-related vitamin, vitamin D3 and calcium tend to be co-administered at the same time.
Therefore, with increased amounts of vitamin D3, the incorporation of calcium increases,
leading to hypercalcaemia. However, as vitamin D3 is considered an immune vitamin, daily
intake of only vitamin D3 to maintain blood levels > 30 ng/mL is highly recommended,
rather than concomitant intake with calcium. Research shows that only a few countries
have average blood levels of 25-OH-D3 over 30 ng/mL.

There is a possibility that a natural immune response eliminates the virus in people
with asymptomatic infections or mild symptoms of COVID-19. Vitamin D3 is known to
affect both mucosal and natural immunity [36,37], and it is expected that vitamin D3 work
as a preventive measure against viral infections. It is expected that maintaining > 30 ng/mL
of serum 25-OH-D3 levels prevents the onset of severe COVID-19.

Continuous intake of 50 times the recommended amount of vitamin D3 (1250 pg
(50,000 IU)/day) induces vitamin D toxicity within several months, and blood levels of
activated vitamin D3 (1¢,25-(OH)2-D3) reach 150 ng/mL in some cases. The abnormally
high levels of vitamin D3 recover after the excessive intake is stopped.

3.2. Vitamin D3 and Natural Immunity

Fibroblast growth factor (FGF23) is an important factor for regulating the metabolism
of phosphorus and vitamin D3, and excess FGF23 induces hypophosphataemia and low
serum 25-OH-D3. Conversely, a lack of FGF23 induces hyperphosphataemia and high
serum 25-OH-D3. Mice with a Klotho gene mutation show diverse phenotypes like human
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ageing from a young age and have shorter lives [38]. In addition to the Klotho gene
mutation, mice with FGF23 deficiency have shorter lifespans, high serum 25-OH-D3,
hyperphosphataemia, and hypercalcaemia. A vitamin D3-restricted diet improves these
conditions. The FGF23/Klotho system works as a negative feedback mechanism for vitamin
D3. The CYP27B1 enzyme, which adds a hydroxyl group to the 1 position of 25-OH-D3,
is the rate-limiting enzyme, and the activated 1«,25-(OH)-D3 binds to the VDR together
with the retinoid X receptor (RXR). This complex is involved in the regulation of at least
1000 genes in the human genome [39].

For the natural immune response, CYP27B1 gene expression in mice is induced by
stimulation from lipopolysaccharide (LPS) and interferon-y (IFN-y). Modlin et al. indicated
that the stimulation of human macrophages with toll-like receptor 2 (TLR2) ligands induced
the expression of VDR and CYP27B1 genes, increased the production of active vitamin
D3 (1«,25-(OH)2-D3), and decreased the production of the proinflammatory cytokines
TNF-« and interleukin-6 (IL-6) [40]. This phenomenon suggests that high serum 25-OH-
D3 levels stimulate cells in the innate immune system and that activated vitamin D3
(1o,25-(OH)2-D3) suppresses the inflammation. Neutrophils express the same VDR mRNA
as macrophages, and gene expression of CD14 and cathelicidin antimicrobial peptide
(CAMP)/LL-37 (CAMP) is observed in the presence of activated vitamin D3 (1x,25-(OH)2-
D3) [41]. This suggests the involvement of vitamin D3 in neutrophil activation during
bacterial infections. Activation of the vitamin D3 signalling pathway occurs in natural
killer (NK) cells [42].

Furthermore, CAMP/LL-37 (CAMP) and [3-defensin 2 (DEFB4A) genes are located
adjacent to vitamin D response element (VDRE).

During viral infections, type-1 interferon (IFN), IFN-&, and IFN-f3 exert antiviral
activity during viral infections, and CAMP/LL-37 exerts antiviral activity as well [43].
Vitamin D3 acts protectively during infections with several viral strains, including hepatitis
viruses, the human immunodeficiency virus, and respiratory pathogenic viruses.

3.3. Vitamin D3 and Chronic Inflammation

In addition to bone-related diseases induced by vitamin D3 deficiency, vitamin D3 has
been shown to work as an immune vitamin [44—49]. In obesity, free fatty acids released from
adipocytes bind to toll-like receptor 4 (TLR4), promoting proinflammatory cytokine TNF-«,
and induce chronic inflammation. A series of signal transduction pathways, including
mitogen-activated protein kinase kinase kinase 3 (MAP3Ks), which are involved in cell
proliferation and death, are located downstream of TLR4 [50]. Inflammation in blood
vessels induces arteriosclerosis, and inflammation in the liver initiates non-alcoholic fatty
liver disease (NAFLD). VDRs are distributed in the cells in the small intestine, and «-
defensin produced by Paneth cells promotes natural immunity. Therefore, vitamin D3
deficiency reduces a-defensin production and impairs the natural immune function of
the small intestine. o-Defensin deficiency is also associated with depression, and stress
reduces the functionality of tight junctions and induces bacterial translocation in the
body. A decrease in tight junctions between intestinal epithelial cells, called leaky gut
syndrome, induces an influx of endotoxins and bacteria in the blood stream and induces
chronic inflammation. In addition, chronic inflammation caused by vitamin D3 deficiency
induces metabolic syndrome and insulin resistance. NAFLD is more likely to have its onset
when serum 25-OH-D3 levels are low. It is reported that a VDR gene single-nucleotide
polymorphism (SNP) is also associated with liver fibrosis [51].

In the ageing process, the number of senescent cells increases, and aged macrophages
release senescence-associated secretory phenotype (SASP) factors. Chronic inflammation
induced by SASP factors induces ageing-associated diseases such as cardiovascular disease,
arteriosclerosis, cancer, diabetes, chronic kidney disease, non-alcoholic steatohepatitis
(NASH), autoimmune diseases, and neurodegenerative diseases. Vitamin D3 deficiency
accelerates chronic inflammation induced by SASP factors via cellular senescence. After
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menopause, osteoclast activity controlled by the female hormone oestrogen is activated,
leading to osteoporosis, a condition of decreasing bone density [52].

Vitamin D3 deficiency reduces the absorption of calcium from the digestive tract, and
the intake of vitamin D3 and vitamin K is important for this pathway [53]. In addition, a
soybean isoflavone genistein is converted to equol by the gut microbiota, and it works as a
phytoestrogen. In Europe and America, only one third of people have equol-converting
gut microbiota; hence, equol is not produced, even after the consumption of genistein. The
consumption of fermented foods is associated with the number of equol-producing gut
microbiota [54].

3.4. Vitamin D3, Gut Microbiota, and Gut Environment

The gut environment is affected by what we eat. Characteristic gut microbiomes are
formed by the regional and ethnic differences. In addition, there are differences between
the genders because of the difference of sex hormones. Furthermore, these differences are
caused by the intake of fermented foods, and gut microbiota are different between Japanese
and Western people as well.

After mice were fed a high-fat diet, Bacteroidetes decreased dramatically and Firmicutes
and Verrucomicrobium increased in the high-fat-diet group compared to the normal-diet
group [55]. However, the intake of a high-fat diet in humans indicated the complete dif-
ferences between mice and humans. In European and American experiments comparing
diabetic and healthy subjects, Roseburia intestinalis and Faecalibacterium prausnitzii in the
phylum Firmicutes were decreased in diabetic subjects [56], and Bacteroidetes and Proteobac-
teria were increased in normal subjects [57]. In addition, in a comparison of healthy and
type-2 diabetic Japanese subjects, different results were observed, with a decrease in Bac-
teroidetes and increases in Firmicutes and Actinobacteria in diabetic subjects [58]. Therefore,
it is important to recognise the differences in gut microbiota depending on the different
ethnicities and dietary habits.

Many reports have supported the relationship between vitamin D3 and gut microbiota.
Vitamin D3 intervention research has shown increases in health-promoting Ruminococcaceae,
Akkermansia, Faecalibacterium, and Coprococcus bacteria and a decrease in Firmicutes [59,60].

Not only can vitamin D3 enhance calcium absorption, VDRs are also expressed in
the cells in the digestive tract and maintain the immune system in the gut. Vitamin D3
deficiency is correlated with the onset of inflammatory bowel disease (IBD), as a decrease
in Faecalibacterium prausnitzii was observed in patients with IBD [61].

Changes in gut microbiota composition across generations have been observed.
Odamaki et al. indicated that the characteristic gut microbiota of centenarians in Japan’s
Amami Islands had increased Bifidobacterium, Akkermansia, and Metathnobrevibacter [62].
Johansen et al. indicated that the gut microbiota in some centenarians can decompose
sulphurs and help them to stay healthy [63]. In addition, there is a difference in the gut
microbiota even between adults and elderly people [64].

The bile acids cholic acid (CA) and chenodeoxycholic acid (CDCA) are produced
from cholesterol in the liver. These primary bile acids form conjugates and are secreted
into the duodenum. Bile acids secreted into the digestive tract modify lipids into micelles
and make them susceptible to decomposition by lipase. Most bile acids are circulated
to the liver by transporters (enterohepatic circulation); however, some of them circulate
throughout the body and exert physical activities in organs and tissues. Bile acids have
three different effects on gut microbiota: (1) bacterial sterilisation and bacteriostatic effects,
(2) germination, and (3) suppression of pathogenic gene expression. In addition, bile acids
work as ligands for the nuclear receptor farnesoid X receptor (FXR) and the cell membrane
receptor Takeda G protein-coupled receptor 5 (TGR5). Both receptors are expressed in
the liver, digestive tract, pancreas, white and brown adipocytes, mononuclear phagocytic
dendritic cells, Kupffer cells, and macrophages and influence the physiological functions
of the host. Sato et al. indicated characteristic bile acids in centenarians—iso-lithocholic
acid (LCA), 3-oxo-LCA, and iso-allo-LCA—which are produced by specific strains of gut
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microbiota in healthy centenarians [65]. Figure 2 summarises the cellular distribution of

bile acid receptors FXR and TGR5 when expressed in the body.
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Figure 2. Summary of the distribution of bile acid receptors TGR5 and FXR when expressed in
the body. Oleanolic acid is the agonist of bile acid. Takeda G protein-coupled receptor 5 (TGR5)
and farnesoid X receptor (FXR) are the receptors of bile acid systemically distributed in the body:
TGRS is distributed on the cell surface and FXR is distributed in the nucleus. Current review
summarises the distribution of TGR5 and FXR in each organ or tissue at the cellular level. This
figure also summarises the physiological functions of bile acids and their agonist, oleanolic acid,
through binding to TGR5 or FXR. Down arrows () indicate decrease/downregulation and up arrows
(1) indicate increase /upregulation.

Bile acids bind to TGRS in the digestive tract and induce intestinal peristalsis. Peri-
stalsis decreases with ageing, which tends to become a cause of constipation. The wax
component, called bloom, on the surfaces of grapes and other plants is the TGR5 agonist
triterpene oleanolic acid. Recently, searches for the TGR5 agonist have been conducted
across the world. Fermented grape food from Koshu (K-FGF) contains oleanolic acid and
tends to relieve constipation after its consumption [66-68].

4. Phytochemicals

As we have reported previously [66-70], terpenoids, carotenoids, flavonoids, and even
-glucans are included in phytochemicals, a variety of plant-derived chemicals. Recently,
research into chemicals derived from plants has also been conducted to develop safe
alternatives to petroleum-derived industrial chemicals that might have adverse effects on
the environment and its residents [71]. Here, this review describes the phytochemicals
found in vegetables and fruits that have health-promoting effects. Polyphenols in grapes
are one of the most researched phytochemicals. The attention to grape phytochemicals
started with the red wine polyphenol resveratrol, which gained the attention due to the
“French Paradox”—the mortality rate from cardiovascular disease in French individuals is
one-third that of Americans. In addition, the Mediterranean diet, which is considered as
healthy around the world, contains many phytochemicals [72].

Flavonoid polyphenols are listed: quercetin (onion) [66], catechins (green tea and
wine) [73], theaflavin (black tea) [74], anthocyanin [75], hesperidin (citrus) [76], isoflavone
(soybeans) [77], sesamin (sesame) [78], etc. Non-flavonoid polyphenols include curcumin;
chlorogenic acid (coffee); caffeic acid; ferulic acid (rice bran) [79]; allicin (garlic, leek, and
green onion) [80]; and carotenoids such as «-carotene, 3-carotene, and 3-cryptoxanthin [81].
The intake of foods with antioxidant properties is effective for the removal of reactive oxide
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in the blood. Furthermore, research on chemicals with anti-inflammatory properties for the
prevention of diseases associated with chronic inflammation is increasing. Grapes contain
a variety of phytochemicals, including anthocyanins, quercetin, catechins, caffeic acid, and
carotene [67].

4.1. Terpenoids

Terpenoids are chemicals with a triterpene skeleton structure, including oleanolic
acid, ursolic acid, and saponin (sugar attached). Oleanolic acid is a component of the
white powder called bloom on the surfaces of grapes, which works as an agonist of the
bile acid receptor TGR5 on the cell surface [82,83]. Since oleanolic acid also works as an
agonist of nuclear receptor FXR, it activates genes and transcriptional networks associated
with the metabolism of sugar and lipids, energy consumption, and inflammation [84].
Furthermore, oleanolic acid plays an important role in vitamin D3 metabolism. Oleanolic
acid enhances CYP27B1 for the generation of the active form of vitamin D3 (1«,25-(OH)2-
D3) and CYP24A1 for the decomposition of the 1¢,25-(OH)2-D3. Therefore, oleanolic acid
has an important role in bone metabolism. Ursolic acid, another triterpene chemical, is also
effective in skeletal muscle health, along with vitamin D3 [85].

4.2. Carotenoids

Well-known carotenoids include (3-carotene, astaxanthin, 3-cryptoxanthin, etc. The
main carotenoids contained in grapes are 3-carotene and lutein. 3-Carotene is a vitamin A
precursor mainly obtained from food intake; hence, grape phytochemicals are also helpful
for the maintenance of vision [66,86,87].

4.3. Flavonoids

The flavonoids contained in grapes include catechins, flavan-3-ols, flavon-3-ols, etc.
The most abundant procyanidins in grapes are oligomeric procyanidins, the complexes
of (epi)catechins. Furthermore, quercetin, a flavone-3-0l, is the second most abundant
phytochemical in grapes after catechins, and it also exists in conjugates like quercetin—
glycoside and quercetin—glucuronide [88-90]. Table 1 summarises the variety and effects of
polyphenol flavonoids shown in this review.

Table 1. Variety and effects of flavonoid phytochemicals.

Flavonoids Effects Ref.
QuercetirT, ngringin, Anti-inflammatory effects in metabolic syndrome prevention [66]
nobiletin
Flavan-3-ols, ﬂa.vgn—?)—ols, Anti-inflammatory effects in intestinal disorders [67]
anthocyanidins
Que;cc)itiilrelt’i?figfgdin' Anti-inflammatory effects for healthy longevity and prevention of “ME-BYO” [68]
Catechins Cellular antioxidant properties [73]
Theaflavin Health-related effects and chemistry [74]
Anthocyanin Pharmaceutical and nutraceutical effects other than use as colour pigments [75]
Hesperidin Hesperidin in obesity treatment [76]
Isoflavone Therapeutic effects from oestrogen activity [77]
Sesamin Effects of sesamin in angiogenic processes [78]
Flavonoids Anti-inflammation effects of flavonoids [88]
Quercetin Anti-ageing effects [89]
Querecetin, fisetin Effects of flavonoids in cancer chemotherapy [90]
Quercetin, luteolin Suppression of TNF-« production of flavonoids in cellular process [91]

Hesperidin Suppression of endotoxic shock [92]
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4.4. Attempts to Improve the Bioavailability and Activation of Phytochemicals in the Body

Low bioavailability of the phytochemicals is well known problem. Generally, phy-
tochemicals have low solubility in the water, making it difficult for them to reach their
target organs and cells. Therefore, the application of nanotechnology has been an attractive
choice from the perspective of a drug delivery system (DDS) for phytochemicals, as they
reach their targets, especially in cancer chemotherapy. Efforts are being made to deliver
phytochemicals into specific organs or cells by creating capsules using nanotechnology.
This attempt is being conducted with high expectancy [93,94].

Another aspect is the chemical modification of phytochemicals. Compounds like
hesperidin and quercetin are insoluble in the water by themselves; however, after the gly-
cosylation, they become water-soluble and reach the intestines [95]. Thus, they are broken
down by enzymes from gut microbiota to hesperitin and quercetin monomer and can pass
through the intestinal cell wall. After absorption from the intestines, quercetin conjugates
with glucuronide with the effect of the enzyme and is absorbed into the bloodstream [96].
In atherosclerosis, quercetin—glucuronide is taken up by the foam cells in blood vessels
and becomes active after the removal of glucuronide by the enzyme secreted in form cells.
Activated quercetin manifests the preventative effects and suppresses the formation of
thrombosis [97].

4.5. Consideration of the Affinity of Phytochemicals to the VDR

Other researchers have suggested the direct binding ability of phytochemicals to the
VDR. For instance, curcumin, a phytochemical contained in turmeric, binds to the VDR as
a ligand and exhibits physiological roles [98-100]. Moreover, the combination of vitamin
D3 and curcumin has been reported to prevent ageing of the brain and maintain healthy
conditions [101]. According to the latest research, the flavonoid quercetin also interacts
with VDR and prevents breast cancer and fibrosis, participating in anti-ageing [91].

5. Synergy between Vitamin D3 and Phytochemicals

The ageing process is accelerated by the accumulation of chronic inflammation. Var-
ious diseases initiated by chronic inflammation promote continuous TNF-« production.
For this reason, during a COVID-19 infection, TNF-o production increases explosively
and induces a cytokine storm. On the other hand, regular intake of phytochemicals and
maintenance of high blood 25-OH-D3 levels upregulate natural immune responses and
induce latent infections or mild conditions, even when infected.

When receptors of macrophages are stimulated by ligands, the receptors aggregate
and form a raft on the cell membrane. Then, signals are transmitted into the cell and
activate a transcription factor, nuclear factor-k B (NF-kB) [102,103]. Phytochemicals, espe-
cially flavonoids, exhibit anti-inflammatory effects through the downregulation of signal
transduction and stop the activation of NF-«B. For example, the flavonoid quercetin in-
hibits the signal transduction by inhibiting raft formation. Figure 3 shows the inhibitory
mechanism of TNF-« gene (I'NF) expression via raft formation by flavonoids and LL-37.
Flavonoids and LL-37 also stop the production of proinflammatory cytokines IL-1(3 and
IL-6. In addjition, activated vitamin D3 (1«,25-(OH)2-D3) binds to the VDR and stops the
expression of the TNF gene by binding to the promoter region, as shown in Figure 1. Thus,
the interaction between the vitamin D3 and phytochemicals inhibits the production of
TNF-o and stops the progression of ageing via the prevention of chronic inflammation.
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Figure 3. The mechanism of the inactivation of proinflammatory cytokine production pathways
by the flavonoids and LL-37 through raft formation. Free fatty acid and lipopolysaccharide (LPS)
activate nuclear factor-« B (NF-kB) through toll-like receptor 4 (TLR4) pathway: After macrophage
receptors are stimulated with these ligands, the components of the cell membrane form lipid rafts
to transmit signals into the cytoplasm and activate transcription factor NF-«B. Several signalling
pathways exist under the downstream of TLR4, like mitogen-activated protein kinase kinase kinase 3
(MAP3Ks), which is associated with cell proliferation and cell death and is important for the variety
of physiological functions. Activated NF-«B is associated with the transcription of proinflammatory
cytokine genes; however, the flavonoid quercetin and antimicrobial peptide LL-37 inhibit the activa-
tion of NF-«kB. This mechanism stops the production of proinflammatory cytokines TNF-c, IL-18,
and IL-6. These cytokines decrease in the body and stop the onset of chronic inflammation.

5.1. Vitamin D3 and Phytochemicals in Bone Metabolism

Oleanolic acid, a triterpene, is an important phytochemical that enhances healthy bone
metabolism by increasing the production of the enzyme CYP27B1, which converts 25-OH-
D3 to an active form of vitamin D3 (1«25-(OH)2-D3), and suppressing the expression of
the enzyme CYP24A1, which inactivates the 1x25-(OH)2-D3. Oleanolic acid works as an
agonist of the bile acid receptor TGRS5 in the intestine, increasing intestinal peristalsis. TGR5-
expressing intestinal L cells and pancreatic « cells increase the expression of glucagon-like
peptide-1 (GLP-1), and pancreatic 3 cells enhance insulin secretion, preventing the onset of
diabetes [104]. TGR5 in white and brown adipocytes increases energy consumption and
prevents the manifestation of obesity. In addition, oleanolic acid suppresses inflammation
by suppressing the production of interleukin-12 (IL-12) and TNF-o in dendritic cells [105];
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cytokine production in Kupffer cells; and production of proinflammatory cytokines TNF-c,
interleukin-1p (IL-13), and IL-6 in macrophages [106].

During menopause, the decrease in the female hormone oestrogen increases suscepti-
bility to osteoporosis. The effects of phytoestrogen equol and the osteoporosis preventive
effect of B-cryptoxanthin have already been mentioned above [68]. Research into the effects
of the combined administration of vitamin D3 and tea catechins has been conducted for the
inhibition of bone metabolism by osteoclasts [107]. Citrus unshiu mandarin oranges contain
large amounts of the carotenoid (-cryptoxanthin, and research by the National Agriculture
and Food Research Organisation (NARO) of Japan has analysed their ability to prevent the
onset of osteoporosis [108].

5.2. Vitamin D3 and Phytochemicals in the Prevention of Ageing

Mitochondria are cellular organelles responsible for producing ATP, a source of energy.
With the increase in senescent cells due to ageing or poor living conditions, the number
of mitochondria decreases, and the release of reactive oxide species from aged mitochon-
dria increases [109,110]. Cells are rejuvenated by the removal of aged mitochondria and
organelles through autophagy when they are no longer needed.

Cellular metabolism of the energy is controlled by the body clock, but the ageing pro-
cess deteriorates this clock [111,112]. A low-calorie diet restores body clock malfunctions
due to the ageing [113]. Calorie restriction activates the sirtuin genes, the longevity related
genes rejuvenating cells in the body. The sirtuin genes vary from SIRT1 to SIRT7 [114,115].
In Japan, it is encouraged for the people to limit their dietary intake to 70-80% of a full
stomach, which is approximately a 30% calorie restriction. The regeneration of mitochon-
dria requires the activation of a protein termed peroxisome proliferator-activated receptor
v coactivator 1-a (PGClwx). This process is controlled by AMP-activated protein kinase
(AMPK), an enzyme that does not work when the stomach is full [116]. The activation of
sirtuin genes plays significant roles in several diseases, including the inhibition of neurode-
generative diseases and dementia, the protection of the myocardium, and the improvement
of liver metabolism. Furthermore, sirtuin genes prevent the body from accumulating fat
by promoting insulin secretion, thus improving skeletal muscle metabolism. Hence, this
activation suppresses dementia, age-related hearing loss, fatty liver, cancer, and cardiovas-
cular diseases [117,118]. The anti-ageing mechanism of the sirtuin genes prompts ageing
cells to repair DNA, restoring the activity of cells and rejuvenating cells throughout the
body [119]. This process leads to improvements in skin blemishes, wrinkles, skin barrier
function, ceramide synthesis, and muscle and liver function [120].

The senescence of cells is caused by epigenetic changes induced by oxidative stress,
such as X-rays, ultraviolet rays, and certain drugs, which have adverse effects on the
chromosomes. In normal cells, the number of cell divisions is determined by telomerase,
and cells undergo cell death. However, in senescent cells, they release SASP factors and
induce inflammation instead of undergoing cell death [121]. Since chronic inflammation
leads to fibrosis in several organs, such as the lungs and liver, the removal of senescent cells
is important in order to delay fibrosis [122]. The grape polyphenol resveratrol first gained
attention for the activation of sirtuin genes; however, nicotinamide mononucleotide (NMN)
has recently been recognised as an effective substance [123,124]. In addition, oligomeric
procyanidins found in grapes also contribute to the activation of sirtuin genes [125].

As mentioned above, the Klotho gene is very critical, and its deficiency leads to
premature death. In addition, along with the FGF23 gene, this gene is necessary for the
expression of the CYP27B1 enzyme, which converts 25-OH-D to the active form of vitamin
D3, 1x,25-(OH)2-D3 [38]. The expression of the Klotho gene decreases with age, and
research on mice overexpressing the Klotho gene shows the extension of their lifespans.
Hence, the importance of the Klotho gene has been recognised. Furthermore, it is of
particular interest that vitamin D3 metabolism is associated with the onset of a variety of
diseases. Therefore, vitamin D3 and phytochemicals have a synergistic effect on anti-ageing
by activating ageing-suppressing genes.
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5.3. Vitamin D3 and Phytochemicals in the Suppression of Chronic Inflammation

Chronic inflammation causes obesity, hypertension, diabetes, and dyslipidaemia. Fur-
thermore, arteriosclerosis induces cardiovascular diseases such as myocardial infarction
and stroke, autoimmune disease, Alzheimer’s disease, and cancer. Non-alcoholic fatty liver
disease (NFALD) and lung disorders like interstitial pneumonia and chronic obstructive
pulmonary disease (COPD) are also examples of diseases induced by chronic inflamma-
tion [67]. Advanced glycation end-products (AGEs), resulting from the Maillard reaction
between sugars and proteins, are typical ageing-related substances that accelerate the
ageing process. The Maillard reaction, a chemical glycation process between the sugar
and amino groups of proteins, produces glycated proteins instead of glycosylation of the
proteins [126]. Flavonoids such as quercetin, luteolin, and rutin suppress the production of
AGEs, and AGEs stimulate macrophages to produce the proinflammatory cytokine TNF-cx.
Flavonoids suppress the TNF-o production induced by AGEs and, therefore, suppress age-
ing [127]. AGEs induce inflammation in the brain, and the suppression of glucose uptake
by the inflammation induces both cell death and diseases like Alzheimer’s disease [128].
The chronic inflammation induced by AGEs causes the glycation of bone collagen, making
bones easier to fracture, and increases skin collagen stiffness. The intake of vitamin D3 and
flavonoids improves quality of life (QOL), suppresses ageing, and is associated with a long
and healthy life [129].

Periodontal disease is not only a risk factor for several diseases like diabetes, cardio-
vascular disease (atherosclerosis), aspiration pneumonia, premature birth and low birth
weight, bacterial heart disease, sepsis, glomerulonephritis, and arthritis, but is also as-
sociated with Alzheimer’s disease [130]. In a cohort study, Alzheimer’s disease patients
were divided into two groups based on the presence or absence of periodontal disease.
After six months, a significant decrease in cognitive function was observed in the patients
with periodontal disease. Elevated systemic inflammation levels are associated with the
production of inflammatory mediators in the meninges, activating microglia in the brain
parenchyma. LPS from periodontal bacteria increased the accumulation of amyloid in the
brain [131]. This suggests the possibility that periodontal disease bacteria or pathogenic
factors infiltrate into the brain and aggravate inflammation or that systemic inflammation
caused by periodontal disease exacerbates brain inflammation. The management of dis-
eases induced by chronic inflammation is crucial for slowing down the ageing process in
individuals. In addition, flavonoids help with managing septic shock, which is induced by
infectious diseases [92,132].

In the Mediterranean diet, which is known as a healthy diet worldwide, red meat
is only consumed about once a week; however, recently, with the influence from the
United States, the consumption of meat was recommended in Japan. The consumption
of a high-fat diet has a negative effect on the gut microbiota and induces visceral obesity
and NAFLD. Palmitic acid, a saturated fatty acid found in pork and beef, induces TNF-o
production through TLR4, contributing to the development of diabetes and atherosclerosis.
Periodontal disease, which affects 80% of people over the age of 30, is attributed to TNF-o
production induced by periodontal bacteria. Respiratory diseases, osteoporosis, heart
disease, and diabetes are also associated with periodontal diseases [133]. After menopause,
the reduction in oestrogen leads to increases in the proliferation of osteoclasts and bone
resorption activity, resulting in the onset of osteoporosis. It is well known that vitamin
D3 participates in the prevention of osteoporosis [134,135]. The upregulation of TNF-«
production by accumulation of AGEs is also suppressed by vitamin D3 and phytochemicals.
Therefore, this interaction is effective in anti-ageing through the suppression of chronic
inflammation. Figure 4 summarises the anti-ageing mechanisms involving vitamin D3
and phytochemicals.
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Figure 4. Schematic representation of anti-ageing effects of vitamin D3 and phytochemicals. Vitamin
D3 and phytochemicals suppress not only frailty, a bone-related illness associated with ageing, but
also senescence of cells and chronic inflammation, and reduces the risk of related diseases. These
effects manifest anti-ageing effects through the prevention of “ME-BYO” (a non-disease condition)
and participate in healthy longevity.

5.4. Foods with Anti-Ageing Effects

The Mediterranean diet is an example of a representative dietary intervention for anti-
ageing. Although it is called the Mediterranean diet, exercise is included as a fundamental
activity [136]. The diet consists of low-glycaemic-index (GI) whole grains (bread and pasta),
vegetables, fruits, olive oil, fish, and wine, with reduced intake of red meat. As a result,
the incidences of dyslipidaemia, diabetes, coronary artery disease, and hypertension, as
well as the risk of Alzheimer’s disease, decrease [137-139]. Vegetables and fruits also
contain large amounts of phytochemicals [140,141]. Extra-virgin olive oil, rich in the w-
9 polyunsaturated fatty acid oleic acid, especially lowers low-density lipoprotein (LDL)
cholesterol and triglyceride (TG), contributing to a reduction in cardiovascular disease [142].

The Japanese diet is being recognised for its association with longevity. The diet
that leads to a healthy and long life is the diet which was consumed around 1975 in
Japan [143]. In the generation of those aged 40 and below, there is a tendency to skip
breakfast and favour an American-styled diet. For this reason, recent research has shown
that the condition of the gut microbiota of this generation is less favourable than those
of groups of people eating a Japanese diet or a Westernised but healthy diet. Calorie
restriction by eating until 80% full activates the sirtuin gene, leading to a healthy and long
life. The consumption of fish, seafood, and phytochemicals rather than red meat is linked
to good health. The water-soluble dietary fibres found in glutinous barley and Jerusalem
artichokes serve as nutrients for butyric-acid-producing bacteria in the gut and help prevent
constipation, which increases with age. Oleanolic acid, a triterpene, is an agonist of the
bile acid receptor TGR5, and it helps with intestinal peristalsis. It is also known to enhance
glucan synthase-likel (GSL1)-mediated effects [144]. Oleanolic acid is a substance found in
vegetables and fruits, especially in grape skin.



Int. J. Mol. Sci. 2024, 25, 2125

15 of 21

Since folic acid (vitamin B9) has been shown to help prevent dementia [145,146], ex-
periments with the administration of vitamin D3 and folic acid in mild Alzheimer’s disease
were conducted. The consumption of foods rich in vitamin B12 and folic acid suppressed
hyperhomocysteinaemia and prevented arteriosclerosis and dementia. Hyperhomocys-
teinaemia is a risk factor for Alzheimer’s disease, and according to the research, it has been
shown that Japanese people are often genetically predisposed to folic acid deficiency.

As this review has shown above, the supplementation of vitamin D3 and phytochemi-
cals from vegetables and fruits is an effective strategy for anti-ageing. In addition, the w-3
fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have important
roles in the suppression of chronic inflammation. DHA is a major component of the fatty
acids that make up the phospholipids in the brain. DHA softens the membranes of nerve
cells, increases cellular processes, and promotes axonal growth, thereby maintaining the
health of the brain and nervous system [147]. Regions consuming more seafood have higher
concentrations of DHA in breast milk and lower prevalence of postpartum depression [148].

Recently, finding “ME-BYO”, a non-disease condition, and treating it before the mani-
festation of diseases to achieve healthy and long life has been common in Japan, which is a
typical stressful society. This term originated from the ancient Chinese medical textbook
“Huangdi Neijing” about 2000 years ago. The continuous implementation of ME-BYO mea-
surement from a young age makes it possible to extend the healthier life expectancy and
reduce medical expenses [149-151]. To avoid being ME-BYO, sleeping well, performing
moderate exercise, and eating a healthy diet are important. Furthermore, the prevention of
ME-BYO is not only good for healthy and long life, but also good for anti-ageing.

6. Conclusions

In conclusion, the intake of vitamin D3 and phytochemicals found in vegetables and
fruits is beneficial for the prevention of both ageing and “ME-BYO” (a non-disease condi-
tion). In the ageing process, there is concern about the decline in the muscles supporting
the body’s skeletal structure, leading to mental and social declines. To achieve a long
and healthy life, it is important to maintain one’s basal metabolism through exercise and
diet and to prevent mental illnesses that lead to a loss of social skills. This is effective
to prevent ME-BYO as well. Vitamin D3 deficiency causes a variety of diseases, and the
intake of phytochemicals is associated with the upregulation of natural immunity and
reductions in the risks of various diseases. The simultaneous intake of vitamin D3 and
grape phytochemicals is recommended because this enhances their anti-ageing effects and
prevents the ME-BYO condition, leading to a long and healthy life. Recently, attention paid
to healthy longevity has been increasing to an unprecedented level. Hence, it is expected
that research into the prevention of lifestyle-related diseases and ageing-related diseases
caused by chronic inflammation through the intake of vitamin D3 and phytochemicals will
continue increasing in the future.

Author Contributions: Conceptualisation, K.S., YK., KW.,, and LN.; investigation, K.S., YK,,
K.W., and ILN.; resources, K.S., YK.,, KW.,, and I.N.; data curation, K.S., Y.K., KW.,, and LN
writing—original draft preparation, K.S., YXK., KW., and LN.; writing—review and editing, K.S., YK,
K.W., and I.N,; visualisation, K.S., YK., K.W., and I.N. All listed authors have made substantial, direct,
and intellectual contributions to this work. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by JSPS KAKENHI grant numbers: 20K07486 and 23K06549.

Acknowledgments: We would like to thank Kaneko M for his information regarding the mechanism
of raft formation.

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



Int. J. Mol. Sci. 2024, 25, 2125 16 of 21

References

1.  Stevens, S.L. Fat-Soluble Vitamins. Nurs. Clin. N. Am. 2021, 56, 33-45. [CrossRef] [PubMed]

2. Tardy, A.L.; Pouteau, E.; Marquez, D.; Yilmaz, C.; Scholey, A. Vitamins and Minerals for Energy, Fatigue and Cognition: A
Narrative Review of the Biochemical and Clinical Evidence. Nutrients 2020, 12, 228. [CrossRef] [PubMed]

3. Tripkovic, L.; Lambert, H.; Hart, K.; Smith, C.P; Bucca, G.; Penson, S.; Chope, G.; Hypponen, E.; Berry, J.; Vieth, R.; et al.
Comparison of vitamin D2 and vitamin D3 supplementation in raising serum 25-hydroxyvitamin D status: A systematic review
and meta-analysis. Am. J. Clin. Nutr. 2012, 95, 1357-1364. [CrossRef] [PubMed]

4. Holick, M.E. The vitamin D deficiency pandemic: Approaches for diagnosis, treatment and prevention. Rev. Endocr. Metab. Disord.
2017, 18, 153-165. [CrossRef] [PubMed]

5. Palacios, C.; Gonzalez, L. Is vitamin D deficiency a major global public health problem? ]. Steroid Biochem. Mol. Biol. 2014, 144 Pt
A, 138-145. [CrossRef]

6.  Weaver, C.M.; Alexander, D.D.; Boushey, C.]J.; Dawson-Hughes, B.; Lappe, ] M.; LeBoff, M.S.; Liu, S.; Looker, A.C.; Wallace,
T.C.; Wang, D.D. Calcium plus vitamin D supplementation and risk of fractures: An updated meta-analysis from the National
Osteoporosis Foundation. Osteoporos. Int. 2016, 27, 367-376. [CrossRef] [PubMed]

7. Pludowski, P; Kos-Kudta, B.; Walczak, M.; Fal, A.; Zozulifiska-Ziéltkiewicz, D.; Sieroszewski, P.; Peregud-Pogorzelski, J.;
Lauterbach, R.; Targowski, T.; Lewiniski, A.; et al. Guidelines for Preventing and Treating Vitamin D Deficiency: A 2023 Update in
Poland. Nutrients 2023, 15, 695. [CrossRef]

8. Saponaro, F; Saba, A.; Zucchi, R. An Update on Vitamin D Metabolism. Int. . Mol. Sci. 2020, 21, 6573. [CrossRef]

9. Hsu,S,; Zelnick, LR,; Lin, Y.S.; Best, C.M.; Kestenbaum, B.R.; Thummel, K.E.; Hoofnagle, A.N.; de Boer, I.H. Validation of the
24,25-dihydroxyvitamin D3 to 25-hydroxyvitamin D3 ratio as a biomarker of 25-hydroxyvitamin D3 clearance. J. Steroid Biochem.
Mol. Biol. 2022, 217,106047. [CrossRef]

10. Gorzynik-Debicka, M.; Przychodzen, P.; Cappello, F; Kuban-Jankowska, A.; Marino Gammazza, A.; Knap, N.; Wozniak, M.;
Gorska-Ponikowska, M. Potential Health Benefits of Olive Oil and Plant Polyphenols. Int. J. Mol Sci. 2018, 19, 686. [CrossRef]

11.  Scuto, M.; Trovato Salinaro, A.; Caligiuri, I.; Ontario, M.L.; Greco, V.; Sciuto, N.; Crea, R.; Calabrese, E.J.; Rizzolio, F.; Canzonieri, V.;
et al. Redox modulation of vitagenes via plant polyphenols and vitamin D: Novel insights for chemoprevention and therapeutic
interventions based on organoid technology. Mech. Ageing Dev. 2021, 199, 111551. [CrossRef] [PubMed]

12.  Prud’homme, G.J.; Kurt, M.; Wang, Q. Pathobiology of the Klotho Antiaging Protein and Therapeutic Considerations. Front.
Aging 2022, 3, 931331. [CrossRef] [PubMed]

13.  Shen, J; Shan, J.; Zhong, L.; Liang, B.; Zhang, D.; Li, M.; Tang, H. Dietary Phytochemicals that Can Extend Longevity by
Regulation of Metabolism. Plant Foods Hum. Nutr. 2022, 77, 12-19. [CrossRef] [PubMed]

14. Carlberg, C. Vitamin D and Its Target Genes. Nutrients 2022, 14, 1354. [CrossRef] [PubMed]

15. Delrue, C.; Speeckaert, M.M. Vitamin D and Vitamin D-Binding Protein in Health and Disease. Int. ]. Mol. Sci. 2023, 24, 4642.
[CrossRef] [PubMed]

16. Bikle, D.D. Vitamin D metabolism, mechanism of action, and clinical applications. Chem. Biol. 2014, 21, 319-329. [CrossRef]
[PubMed]

17.  Li, JJ.; Kim, RH.; Zhang, Q.; Ogata, Y.; Sodek, J. Characteristics of vitamin D3 receptor (VDR) binding to the vitamin D response
element (VDRE) in rat bone sialoprotein gene promoter. Eur. J. Oral Sci. 1998, 106, 408—417. [CrossRef] [PubMed]

18. Spanier, J.A; Nashold, EE.; Mayne, C.G.; Nelson, C.D.; Hayes, C.E. Vitamin D and estrogen synergy in Vdr-expressing CD4* T
cells is essential to induce Helios*FoxP3™" T cells and prevent autoimmune demyelinating disease. J. Neuroimmunol. 2015, 286,
48-58. [CrossRef]

19. Cashman, K.D.; Dowling, K.G.; Skrabakové, Z.; Gonzalez-Gross, M.; Valtuefa, J.; De Henauw, S.; Moreno, L.; Damsgaard, C.T,;
Michaelsen, K.F,; Mglgaard, C.; et al. Vitamin D deficiency in Europe: Pandemic? Am. J. Clin. Nutr. 2016, 103, 1033-1044.
[CrossRef]

20. Teegarden, D.; Lyle, RM.; Proulx, WR; Johnston, C.C.; Weaver, C.M. Previous milk consumption is associated with greater bone
density in young women. Am. J. Clin. Nutr. 1999, 69, 1014-1017. [CrossRef]

21. Lerch, C.; Meissner, T. Interventions for the prevention of nutritional rickets in term born children. Cochrane Database Syst. Rev.
2007, 2007, CD006164. [CrossRef] [PubMed]

22.  Dobson, R.; Cock, H.R,; Brex, P.; Giovannoni, G. Vitamin D supplementation. Pract. Neurol. 2018, 18, 35-42. [CrossRef] [PubMed]

23. Pérez-Lopez, ER,; Brincat, M.; Erel, C.T.; Tremollieres, F.; Gambacciani, M.; Lambrinoudaki, I.; Moen, M.H.; Schenck-Gustafsson,
K.; Vujovic, S.; Rozenberg, S.; et al. EMAS position statement: Vitamin D and postmenopausal health. Maturitas 2012, 71, 83-88.
[CrossRef] [PubMed]

24. Smith, TJ.; Tripkovic, L.; Lanham-New, S.A.; Hart, K.H. Vitamin D in adolescence: Evidence-based dietary requirements and
implications for public health policy. Proc. Nutr. Soc. 2018, 77, 292-301. [CrossRef] [PubMed]

25. Galmés, S,; Serra, F; Palou, A. Current State of Evidence: Influence of Nutritional and Nutrigenetic Factors on Immunity in the
COVID-19 Pandemic Framework. Nutrients 2020, 12, 2738. [CrossRef] [PubMed]

26. Holick, M.E. Sunlight and vitamin D for bone health and prevention of autoimmune diseases, cancers, and cardiovascular disease.

Am. ]. Clin. Nutr. 2004, 80, 16785-1688S. [CrossRef]


https://doi.org/10.1016/j.cnur.2020.10.003
https://www.ncbi.nlm.nih.gov/pubmed/33549284
https://doi.org/10.3390/nu12010228
https://www.ncbi.nlm.nih.gov/pubmed/31963141
https://doi.org/10.3945/ajcn.111.031070
https://www.ncbi.nlm.nih.gov/pubmed/22552031
https://doi.org/10.1007/s11154-017-9424-1
https://www.ncbi.nlm.nih.gov/pubmed/28516265
https://doi.org/10.1016/j.jsbmb.2013.11.003
https://doi.org/10.1007/s00198-015-3386-5
https://www.ncbi.nlm.nih.gov/pubmed/26510847
https://doi.org/10.3390/nu15030695
https://doi.org/10.3390/ijms21186573
https://doi.org/10.1016/j.jsbmb.2021.106047
https://doi.org/10.3390/ijms19030686
https://doi.org/10.1016/j.mad.2021.111551
https://www.ncbi.nlm.nih.gov/pubmed/34358533
https://doi.org/10.3389/fragi.2022.931331
https://www.ncbi.nlm.nih.gov/pubmed/35903083
https://doi.org/10.1007/s11130-021-00946-z
https://www.ncbi.nlm.nih.gov/pubmed/35025006
https://doi.org/10.3390/nu14071354
https://www.ncbi.nlm.nih.gov/pubmed/35405966
https://doi.org/10.3390/ijms24054642
https://www.ncbi.nlm.nih.gov/pubmed/36902073
https://doi.org/10.1016/j.chembiol.2013.12.016
https://www.ncbi.nlm.nih.gov/pubmed/24529992
https://doi.org/10.1111/j.1600-0722.1998.tb02207.x
https://www.ncbi.nlm.nih.gov/pubmed/9541257
https://doi.org/10.1016/j.jneuroim.2015.06.015
https://doi.org/10.3945/ajcn.115.120873
https://doi.org/10.1093/ajcn/69.5.1014
https://doi.org/10.1002/14651858.CD006164.pub2
https://www.ncbi.nlm.nih.gov/pubmed/17943890
https://doi.org/10.1136/practneurol-2017-001720
https://www.ncbi.nlm.nih.gov/pubmed/28947637
https://doi.org/10.1016/j.maturitas.2011.11.002
https://www.ncbi.nlm.nih.gov/pubmed/22100145
https://doi.org/10.1017/S0029665117004104
https://www.ncbi.nlm.nih.gov/pubmed/29198201
https://doi.org/10.3390/nu12092738
https://www.ncbi.nlm.nih.gov/pubmed/32911778
https://doi.org/10.1093/ajcn/80.6.1678S

Int. J. Mol. Sci. 2024, 25, 2125 17 of 21

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

Holick, MLE; Binkley, N.C.; Bischoff-Ferrari, H.A.; Gordon, C.M.; Hanley, D.A.; Heaney, R.P.; Murad, M.H.; Weaver, CM,;
Endocrine Society. Evaluation, treatment, and prevention of vitamin D deficiency: An Endocrine Society clinical practice
guideline. J. Clin. Endocrinol. Metab. 2011, 96, 1911-1930. [CrossRef]

Holick, M.E. High prevalence of vitamin D inadequacy and implications for health. Mayo Clin. Proc. 2006, 81, 353-373. [CrossRef]
Tong, X.; Zhang, Y.; Zhao, Y,; Li, Y;; Li, T.; Zou, H; Yuan, Y.; Bian, J.; Liu, Z.; Gu, J. Vitamin D Alleviates Cadmium-Induced
Inhibition of Chicken Bone Marrow Stromal Cells” Osteogenic Differentiation In Vitro. Animals 2023, 13, 2544. [CrossRef]
[PubMed]

Vernia, F.; Valvano, M.; Longo, S.; Cesaro, N.; Viscido, A.; Latella, G. Vitamin D in Inflammatory Bowel Diseases. Mechanisms of
Action and Therapeutic Implications. Nutrients 2022, 14, 269. [CrossRef]

Rafique, A.; Rejnmark, L.; Heickendorff, L.; Meller, H.]. 25(OH)D3 and 1.25(0OH); D3 inhibits TNF-« expression in human
monocyte derived macrophages. PLoS ONE 2019, 14, e0215383. [CrossRef] [PubMed]

Ilie, P.C.; Stefanescu, S.; Smith, L. The role of vitamin D in the prevention of coronavirus disease 2019 infection and mortality.
Aging Clin. Exp. Res. 2020, 32, 1195-1198. [CrossRef] [PubMed]

Miyamoto, H.; Kawakami, D.; Hanafusa, N.; Nakanishi, T.; Miyasaka, M.; Furutani, Y.; Ikeda, Y.; Ito, K.; Kato, T.; Yokoyama,
K.; et al. Determination of a Serum 25-Hydroxyvitamin D Reference Ranges in Japanese Adults Using Fully Automated Liquid
Chromatography-Tandem Mass Spectrometry. . Nutr. 2023, 153, 1253-1264. [CrossRef] [PubMed]

Autier, P; Mullie, P; Macacu, A.; Dragomir, M.; Boniol, M.; Coppens, K.; Pizot, C.; Boniol, M. Effect of vitamin D supplementation
on non-skeletal disorders: A systematic review of meta- analyses and randomised trials. Lancet Diabetes Endocrinol. 2017, 5,
986-1004. [CrossRef] [PubMed]

Barbarawi, M.; Kheiri, B.; Zayed, Y.; Barbarawi, O.; Dhillon, H.; Swaid, B.; Yelangi, A.; Sundus, S.; Bachuwa, G.; Alkotob, M.L,;
et al. Vitamin D Supplementation and Cardiovascular Disease Risks in More Than 83,000 Individuals in 21 Randomized Clinical
Trials: A Meta- analysis. JAMA Cardiol. 2019, 4, 765-776. [CrossRef] [PubMed]

Shenoy, S. Gut microbiome, Vitamin D, ACE2 interactions are critical factors in immune-senescence and inflammaging: Key for
vaccine response and severity of COVID-19 infection. Inflamm. Res. 2022, 71, 13-26. [CrossRef] [PubMed]

Dimitrov, V.; White, ]. H. Vitamin D signaling in intestinal innate immunity and homeostasis. Mol. Cell. Endocrinol. 2017, 453,
68-78. [CrossRef] [PubMed]

Kurosu, H.; Yamamoto, M.; Clark, J.D.; Pastor, J.V.; Nandi, A.; Gurnani, P.; McGuinness, O.P.; Chikuda, H.; Yamaguchi, M.;
Kawaguchi, H.; et al. Suppression of aging in mice by the hormone Klotho. Science 2005, 309, 1829-1833. [CrossRef]

Battistini, C.; Ballan, R.; Herkenhoff, M.E.; Saad, S.M.L; Sun, J. Vitamin D Modulates Intestinal Microbiota in Inflammatory Bowel
Diseases. Int. J. Mol. Sci. 2020, 22, 362. [CrossRef]

Krutzik, S.R.; Hewison, M.; Liu, P.T.; Robles, J.A.; Stenger, S.; Adames, J.S.; Modlin, R.L. IL-15 links TLR2/1-induced macrophage
differentiation to the vitamin D-dependent antimicrobial pathway. J. Immunol. 2008, 181, 7115-7120. [CrossRef]

Takahashi, K.; Nakayama, Y.; Horiuchi, H.; Ohta, T.; Komoriya, K.; Ohmori, H.; Kamimura, T. Human neutrophils express
messenger RNA of vitamin D receptor and respond to 1e,25-dihydroxyvitamin D3. Immunopharmacol. Immunotoxicol. 2002, 24,
335-347. [CrossRef]

Li, W,; Che, X.; Chen, X.; Zhou, M.; Luo, X,; Liu, T. Study of calcitriol anti-aging effects on human natural killer cells in vitro.
Bioengineered 2021, 12, 6844-6854. [CrossRef]

Bhatt, T.; Dam, B.; Khedkar, S.U,; Lall, S.; Pandey, S.; Kataria, S.; Ajnabi, J.; Gulzar, S.E.; Dias, PM.; Waskar, M.; et al. Niacinamide
enhances cathelicidin mediated SARS-CoV-2 membrane disruption. Front. Immunol. 2023, 14, 1255478. [CrossRef]
Wimalawansa, S.J. Infections and Autoimmunity-The Immune System and Vitamin D: A Systematic Review. Nutrients 2023,
15,3842. [CrossRef]

Carlberg, C.; Munoz, A. An update on vitamin D signaling and cancer. Semin. Cancer Biol. 2022, 79, 217-230. [CrossRef]
Pfotenhauer, K.M.; Shubrook, ].H. Vitamin D Deficiency, Its Role in Health and Disease, and Current Supplementation Recom-
mendations. J. Am. Osteopath Assoc. 2017, 117, 301-305. [CrossRef] [PubMed]

Kennel, K.A.; Drake, M.T.; Hurley, D.L. Vitamin D deficiency in adults: When to test and how to treat. Mayo Clin. Proc. 2010, 85,
752-758. [CrossRef] [PubMed]

Amrein, K.; Scherkl, M.; Hoffmann, M.; Neuwersch-Sommeregger, S.; Kostenberger, M.; Tmava Berisha, A.; Martucci, G.; Pilz, S.;
Malle, O. Vitamin D deficiency 2.0: An update on the current status worldwide. Eur. J. Clin. Nutr. 2020, 74, 1498-1513. [CrossRef]
[PubMed]

Vrani¢, L.; Mikolasevi¢, I.; Mili¢, S. Vitamin D Deficiency: Consequence or Cause of Obesity? Medicina 2019, 55, 541. [CrossRef]
[PubMed]

Chen, Z.F,; Zhang, H.; Wang, H.; Matsumura, K.; Wong, Y.H.; Ravasi, T.; Qian, P.Y. Quantitative proteomics study of larval
settlement in the Barnacle Balanus amphitrite. PLoS ONE 2014, 9, e88744. [CrossRef] [PubMed]

Zhang, R.; Wang, M.; Wang, M.; Zhang, L.; Ding, Y.; Tang, Z.; Fu, Z.; Fan, H.; Zhang, W.; Wang, J. Vitamin D Level and Vitamin
D Receptor Genetic Variation Were Involved in the Risk of Non-Alcoholic Fatty Liver Disease: A Case-Control Study. Front.
Endocrinol. 2021, 12, 648844. [CrossRef]

Chen, J.; Zhang, J.; Li, J.; Qin, R,; Lu, N.; Goltzman, D.; Miao, D.; Yang, R. 1,25-Dihydroxyvitamin D Deficiency Accelerates
Aging-related Osteoarthritis via Downregulation of Sirt1 in Mice. Int. J. Biol. Sci. 2023, 19, 610-624. [CrossRef] [PubMed]


https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.4065/81.3.353
https://doi.org/10.3390/ani13152544
https://www.ncbi.nlm.nih.gov/pubmed/37570352
https://doi.org/10.3390/nu14020269
https://doi.org/10.1371/journal.pone.0215383
https://www.ncbi.nlm.nih.gov/pubmed/30978243
https://doi.org/10.1007/s40520-020-01570-8
https://www.ncbi.nlm.nih.gov/pubmed/32377965
https://doi.org/10.1016/j.tjnut.2023.01.036
https://www.ncbi.nlm.nih.gov/pubmed/36806449
https://doi.org/10.1016/S2213-8587(17)30357-1
https://www.ncbi.nlm.nih.gov/pubmed/29102433
https://doi.org/10.1001/jamacardio.2019.1870
https://www.ncbi.nlm.nih.gov/pubmed/31215980
https://doi.org/10.1007/s00011-021-01510-w
https://www.ncbi.nlm.nih.gov/pubmed/34738147
https://doi.org/10.1016/j.mce.2017.04.010
https://www.ncbi.nlm.nih.gov/pubmed/28412519
https://doi.org/10.1126/science.1112766
https://doi.org/10.3390/ijms22010362
https://doi.org/10.4049/jimmunol.181.10.7115
https://doi.org/10.1081/IPH-120014721
https://doi.org/10.1080/21655979.2021.1972076
https://doi.org/10.3389/fimmu.2023.1255478
https://doi.org/10.3390/nu15173842
https://doi.org/10.1016/j.semcancer.2020.05.018
https://doi.org/10.7556/jaoa.2017.055
https://www.ncbi.nlm.nih.gov/pubmed/28459478
https://doi.org/10.4065/mcp.2010.0138
https://www.ncbi.nlm.nih.gov/pubmed/20675513
https://doi.org/10.1038/s41430-020-0558-y
https://www.ncbi.nlm.nih.gov/pubmed/31959942
https://doi.org/10.3390/medicina55090541
https://www.ncbi.nlm.nih.gov/pubmed/31466220
https://doi.org/10.1371/journal.pone.0088744
https://www.ncbi.nlm.nih.gov/pubmed/24551147
https://doi.org/10.3389/fendo.2021.648844
https://doi.org/10.7150/ijbs.78785
https://www.ncbi.nlm.nih.gov/pubmed/36632467

Int. J. Mol. Sci. 2024, 25, 2125 18 of 21

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.
78.

79.

Capozzi, A.; Scambia, G.; Lello, S. Calcium, vitamin D, vitamin K2, and magnesium supplementation and skeletal health.
Maturitas 2020, 140, 55-63. [CrossRef] [PubMed]

Sekikawa, A.; Wharton, W.; Butts, B.; Veliky, C.V.; Garfein, J.; Li, J.; Goon, S.; Fort, A.; Li, M.; Hughes, T.M. Potential Protective
Mechanisms of S-equol, a Metabolite of Soy Isoflavone by the Gut Microbiome, on Cognitive Decline and Dementia. Int. . Mol.
Sci. 2022, 23, 11921. [CrossRef]

Zhang, D.; Xu, Y.; Chen, H.; Wang, D.; Geng, Z.; Chen, Y.; Chen, Y,; Xiong, D.; Yang, R.; Liu, X,; et al. Fagopyrum dibotrys extract
alleviates hepatic steatosis and insulin resistance, and alters autophagy and gut microbiota diversity in mouse models of high-fat
diet-induced non-alcoholic fatty liver disease. Front. Nutr. 2022, 9, 993501. [CrossRef] [PubMed]

Qin, J; Li, Y,; Cai, Z,; Li, S.; Zhu, ].; Zhang, F,; Liang, S.; Zhang, W.; Guan, Y.; Shen, D.; et al. A metagenome-wide association
study of gut microbiota in type 2 diabetes. Nature 2012, 490, 55-60. [CrossRef] [PubMed]

Karlsson, FH.; Tremaroli, V.; Nookaew, I.; Bergstrom, G.; Behre, C.J.; Fagerberg, B.; Nielsen, J.; Backhed, F. Gut metagenome in
European women with normal, impaired and diabetic glucose control. Nature 2013, 498, 99-103. [CrossRef] [PubMed]
Hashimoto, Y.; Hamaguchi, M.; Kaji, A.; Sakai, R.; Osaka, T.; Inoue, R.; Kashiwagi, S.; Mizushima, K.; Uchiyama, K.; Takagi, T.;
et al. Intake of sucrose affects gut dysbiosis in patients with type 2 diabetes. J. Diabetes Investig. 2020, 11, 1623-1634. [CrossRef]
Tangestani, H.; Boroujeni, H.K.; Djafarian, K.; Emamat, H.; Shab-Bidar, S. Vitamin D and The Gut Microbiota: A Narrative
Literature Review. Clin. Nutr. Res. 2021, 10, 181-191. [CrossRef]

Bellerba, F.; Muzio, V.; Gnagnarella, P.; Facciotti, F.; Chiocca, S.; Bossi, P.; Cortinovis, D.; Chiaradonna, E.; Serrano, D.; Raimondi,
S.; et al. The Association between Vitamin D and Gut Microbiota: A Systematic Review of Human Studies. Nutrients 2021, 13,
3378. [CrossRef]

Li, Q.; Chan, H.; Liu, WX,; Liu, C.A.; Zhou, Y,; Huang, D.; Wang, X.; Li, X.; Xie, C.; Liu, W.Y,; et al. Carnobacterium
maltaromaticum boosts intestinal vitamin D production to suppress colorectal cancer in female mice. Cancer Cell 2023, 41,
1450-1465.€8. [CrossRef]

Odamaki, T.; Kato, K.; Sugahara, H.; Hashikura, N.; Takahashi, S.; Xiao, ].Z.; Abe, F.; Osawa, R. Age-related changes in gut
microbiota composition from newborn to centenarian: A cross-sectional study. BMC Microbiol. 2016, 16, 90. [CrossRef]
Johansen, J.; Atarashi, K.; Arai, Y.; Hirose, N.; Serensen, S.J.; Vatanen, T.; Knip, M.; Honda, K.; Xavier, R.J.; Rasmussen, S.; et al.
Centenarians have a diverse gut virome with the potential to modulate metabolism and promote healthy lifespan. Nat. Microbiol.
2023, 8, 1064-1078. [CrossRef]

Yoshimoto, S.; Mitsuyama, E.; Yoshida, K.; Odamaki, T.; Xiao, ].Z. Enriched metabolites that potentially promote age-associated
diseases in subjects with an elderly-type gut microbiota. Gut Microbes 2021, 13, 1865705. [CrossRef]

Sato, Y.; Atarashi, K.; Plichta, D.R.; Arai, Y.; Sasajima, S.; Kearney, S.M.; Suda, W.; Takeshita, K.; Sasaki, T.; Okamoto, S.; et al.
Novel bile acid biosynthetic pathways are enriched in the microbiome of centenarians. Nature 2021, 599, 458—464. [CrossRef]
Santa, K.; Kumazawa, Y.; Nagaoka, I. Prevention of Metabolic Syndrome by Phytochemicals and Vitamin D. Int. ]. Mol. Sci. 2023,
24,2627. [CrossRef]

Santa, K.; Kumazawa, Y.; Nagaoka, I. The Potential Use of Grape Phytochemicals for Preventing the Development of Intestine-
Related and Subsequent Inflammatory Diseases. Endocr. Metab. Immune Disord. Drug Targets 2019, 19, 794-802. [CrossRef]
[PubMed]

Santa, K.; Watanabe, K.; Kumazawa, Y.; Nagaoka, I. Phytochemicals and Vitamin D for a Healthy Life and Prevention of Diseases.
Int. ]. Mol. Sci. 2023, 24, 12167. [CrossRef] [PubMed]

Santa, K. Grape Phytochemicals and Vitamin D in the Alleviation of Lung Disorders. Endocr. Metab. Immune Disord. Drug Targets
2022, 22, 1276-1292. [CrossRef] [PubMed]

Santa, K. Healthy Diet, Grape Phytochemicals, and Vitamin D: Preventing Chronic Inflammation and Keeping Good Microbiota.
Endocr. Metab. Immune Disord. Drug Targets 2023, 23, 777-800. [CrossRef] [PubMed]

Trullemans, L.; Koelewijn, S.F.; Boonen, I.; Cooreman, E.; Hendrickx, T.; Preegel, G.; Van Aelst, ].; Witters, H.; Elskens, M.; Van
Puyvelde, P.; et al. Renewable and safer bisphenol A substitutes enabled by selective zeolite alkylation. Nat. Sustain. 2023, 6,
1693-1704. [CrossRef]

Marko, M.; Pawliczak, R. Resveratrol and Its Derivatives in Inflammatory Skin Disorders-Atopic Dermatitis and Psoriasis: A
Review. Antioxidants 2023, 12, 1954. [CrossRef] [PubMed]

Bernatoniene, J.; Kopustinskiene, D.M. The Role of Catechins in Cellular Responses to Oxidative Stress. Molecules 2018, 23, 965.
[CrossRef] [PubMed]

Shan, Z.; Nisar, M.E; Li, M.; Zhang, C.; Wan, C.C. Theaflavin Chemistry and Its Health Benefits. Oxidative Med. Cell. Longev. 2021,
2021, 6256618. [CrossRef]

Alappat, B.; Alappat, ]. Anthocyanin Pigments: Beyond Aesthetics. Molecules 2020, 25, 5500. [CrossRef]

Xiong, H.; Wang, J.; Ran, Q.; Lou, G.; Peng, C.; Gan, Q.; Hu, J.; Sun, J.; Yao, R.; Huang, Q. Hesperidin: A Therapeutic Agent For
Obesity. Drug Des. Dev. Ther. 2019, 13, 3855-3866. [CrossRef] [PubMed]

Ktizova, L.; Dadakova, K.; Kasparovska, J.; Kasparovsky, T. Isoflavones. Molecules 2019, 24, 1076. [CrossRef] [PubMed]

Chung, B.H,; Lee, ].J.; Kim, ].D.; Jeoung, D.; Lee, H.; Choe, J.; Ha, K.S.; Kwon, Y.G.; Kim, Y.M. Angiogenic activity of sesamin
through the activation of multiple signal pathways. Biochem. Biophys. Res. Commun. 2010, 391, 254-260. [CrossRef]

Li, S; Yin, S.; Ding, H.; Shao, Y.; Zhou, S.; Pu, W.; Han, L.; Wang, T.; Yu, H. Polyphenols as potential metabolism mechanisms
regulators in liver protection and liver cancer prevention. Cell Prolif. 2023, 56, €13346. [CrossRef]


https://doi.org/10.1016/j.maturitas.2020.05.020
https://www.ncbi.nlm.nih.gov/pubmed/32972636
https://doi.org/10.3390/ijms231911921
https://doi.org/10.3389/fnut.2022.993501
https://www.ncbi.nlm.nih.gov/pubmed/36451739
https://doi.org/10.1038/nature11450
https://www.ncbi.nlm.nih.gov/pubmed/23023125
https://doi.org/10.1038/nature12198
https://www.ncbi.nlm.nih.gov/pubmed/23719380
https://doi.org/10.1111/jdi.13293
https://doi.org/10.7762/cnr.2021.10.3.181
https://doi.org/10.3390/nu13103378
https://doi.org/10.1016/j.ccell.2023.06.011
https://doi.org/10.1186/s12866-016-0708-5
https://doi.org/10.1038/s41564-023-01370-6
https://doi.org/10.1080/19490976.2020.1865705
https://doi.org/10.1038/s41586-021-03832-5
https://doi.org/10.3390/ijms24032627
https://doi.org/10.2174/1871530319666190529105226
https://www.ncbi.nlm.nih.gov/pubmed/31142251
https://doi.org/10.3390/ijms241512167
https://www.ncbi.nlm.nih.gov/pubmed/37569540
https://doi.org/10.2174/1871530322666220407002936
https://www.ncbi.nlm.nih.gov/pubmed/35388768
https://doi.org/10.2174/1871530323666221017151705
https://www.ncbi.nlm.nih.gov/pubmed/36263483
https://doi.org/10.1038/s41893-023-01201-w
https://doi.org/10.3390/antiox12111954
https://www.ncbi.nlm.nih.gov/pubmed/38001807
https://doi.org/10.3390/molecules23040965
https://www.ncbi.nlm.nih.gov/pubmed/29677167
https://doi.org/10.1155/2021/6256618
https://doi.org/10.3390/molecules25235500
https://doi.org/10.2147/DDDT.S227499
https://www.ncbi.nlm.nih.gov/pubmed/32009777
https://doi.org/10.3390/molecules24061076
https://www.ncbi.nlm.nih.gov/pubmed/30893792
https://doi.org/10.1016/j.bbrc.2009.11.045
https://doi.org/10.1111/cpr.13346

Int. J. Mol. Sci. 2024, 25, 2125 19 of 21

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Lawson, L.D.; Hunsaker, S.M. Allicin Bioavailability and Bioequivalence from Garlic Supplements and Garlic Foods. Nutrients
2018, 10, 812. [CrossRef]

Milani, A.; Basirnejad, M.; Shahbazi, S.; Bolhassani, A. Carotenoids: Biochemistry, pharmacology and treatment. Br. |. Pharmacol.
2017, 174, 1290-1324. [CrossRef]

Castellano, ].M.; Ramos-Romero, S.; Perona, J.S. Oleanolic Acid: Extraction, Characterization and Biological Activity. Nutrients
2022, 14, 623. [CrossRef]

Alemi, E; Poole, D.P.; Chiu, J.; Schoonjans, K.; Cattaruzza, F; Grider, ].R.; Bunnett, N.-W.; Corvera, C.U. The receptor TGR5
mediates the prokinetic actions of intestinal bile acids and is required for normal defecation in mice. Gastroenterology 2013, 144,
145-154. [CrossRef]

Chavez-Talavera, O.; Tailleux, A.; Lefebvre, P.; Staels, B. Bile Acid Control of Metabolism and Inflammation in Obesity, Type 2
Diabetes, Dyslipidemia, and Nonalcoholic Fatty Liver Disease. Gastroenterology 2017, 152, 1679-1694.e3. [CrossRef]

Sakuma, K.; Hamada, K.; Yamaguchi, A.; Aoi, W. Current Nutritional and Pharmacological Approaches for Attenuating
Sarcopenia. Cells 2023, 12, 2422. [CrossRef] [PubMed]

Langi, P.; Kiokias, S.; Varzakas, T.; Proestos, C. Carotenoids: From Plants to Food and Feed Industries. Methods Mol. Biol. 2018,
1852, 57-71. [PubMed]

Dewett, D.; Lam-Kamath, K.; Poupault, C.; Khurana, H.; Rister, ]. Mechanisms of vitamin A metabolism and deficiency in the
mammalian and fly visual system. Dev. Biol. 2021, 476, 68-78. [CrossRef] [PubMed]

Serafini, M.; Peluso, I.; Raguzzini, A. Flavonoids as anti-inflammatory agents. Proc. Nutr. Soc. 2010, 69, 273-278. [CrossRef]
[PubMed]

Deepika Maurya, PK. Health Benefits of Quercetin in Age-Related Diseases. Molecules 2022, 27, 2498. [CrossRef] [PubMed]
Kashyap, D.; Garg, V.K.; Tuli, H.S.; Yerer, M.B.; Sak, K.; Sharma, A K.; Kumar, M.; Aggarwal, V.; Sandhu, S.S. Fisetin and Quercetin:
Promising Flavonoids with Chemopreventive Potential. Biomolecules 2019, 9, 174. [CrossRef] [PubMed]

Sannappa Gowda, N.G.; Shiragannavar, V.D.; Puttahanumantharayappa, L.D.; Shivakumar, A.T.; Dallavalasa, S.; Basavaraju, C.G.;
Bhat, S.S.; Prasad, S.K.; Vamadevaiah, R.M.; Madhunapantula, S.V.; et al. Quercetin activates vitamin D receptor and ameliorates
breast cancer induced hepatic inflammation and fibrosis. Front. Nutr. 2023, 10, 1158633. [CrossRef]

Kawaguchi, K.; Kikuchi, S.; Hasunuma, R.; Maruyama, H.; Yoshikawa, T.; Kumazawa, Y. A citrus flavonoid hesperidin suppresses
infection-induced endotoxin shock in mice. Biol. Pharm. Bull. 2004, 27, 679-683. [CrossRef]

Xie, J.; Yang, Z.; Zhou, C.; Zhu, J.; Lee, R.]J.; Teng, L. Nanotechnology for the delivery of phytochemicals in cancer therapy.
Biotechnol. Adv. 2016, 34, 343-353. [CrossRef]

Kim, B.; Park, J.E.; Im, E.; Cho, Y.; Lee, J.; Lee, H.J.; Sim, D.Y.; Park, W.Y.; Shim, B.S.; Kim, S.H. Recent Advances in Nanotechnology
with Nano-Phytochemicals: Molecular Mechanisms and Clinical Implications in Cancer Progression. Int. . Mol. Sci. 2021, 22,
3571. [CrossRef]

Pyrzynska, K. Hesperidin: A Review on Extraction Methods, Stability and Biological Activities. Nutrients 2022, 14, 2387.
[CrossRef]

Amaretti, A.; Raimondi, S.; Leonardi, A.; Quartieri, A.; Rossi, M. Hydrolysis of the rutinose-conjugates flavonoids rutin and
hesperidin by the gut microbiota and bifidobacteria. Nutrients 2015, 7, 2788-2800. [CrossRef]

Kawai, Y.; Nishikawa, T.; Shiba, Y.; Saito, S.; Murota, K.; Shibata, N.; Kobayashi, M.; Kanayama, M.; Uchida, K.; Terao, J.
Macrophage as a target of quercetin glucuronides in human atherosclerotic arteries: Implication in the anti-atherosclerotic
mechanism of dietary flavonoids. J. Biol. Chem. 2008, 283, 9424-9434. [CrossRef] [PubMed]

Gagliardi, S.; Franco, V.; Sorrentino, S.; Zucca, S.; Pandini, C.; Rota, P.; Bernuzzi, S.; Costa, A.; Sinforiani, E.; Pansarasa, O.; et al.
Curcumin and Novel Synthetic Analogs in Cell-Based Studies of Alzheimer’s Disease. Front. Pharmacol. 2018, 9, 1404. [CrossRef]
[PubMed]

Bartik, L.; Whitfield, G.K.; Kaczmarska, M.; Lowmiller, C.L.; Moffet, E.W.; Furmick, ].K.; Hernandez, Z.; Haussler, C.A.; Haussler,
M.R,; Jurutka, PW. Curcumin: A novel nutritionally derived ligand of the vitamin D receptor with implications for colon cancer
chemoprevention. J. Nutr. Biochem. 2010, 21, 1153-1161. [CrossRef] [PubMed]

Haussler, M.R.; Whitfield, G.K.; Kaneko, I.; Haussler, C.A.; Hsieh, D.; Hsieh, J.C.; Jurutka, PW. Molecular mechanisms of vitamin
D action. Calcif. Tissue Int. 2013, 92, 77-98. [CrossRef] [PubMed]

Farghali, M.; Ruga, S.; Morsanuto, V.; Uberti, F. Can Brain Health Be Supported by Vitamin D-Based Supplements? A Critical
Review. Brain Sci. 2020, 10, 660. [CrossRef]

Kaneko, M.; Takimoto, H.; Sugiyama, T.; Seki, Y.; Kawaguchi, K.; Kumazawa, Y. Suppressive effects of the flavonoids quercetin
and luteolin on the accumulation of lipid rafts after signal transduction via receptors. Immunopharmacol. Immunotoxicol. 2008, 30,
867-882. [CrossRef] [PubMed]

Kondo, Y.; Ikeda, K.; Tokuda, N.; Nishitani, C.; Ohto, U.; Akashi-Takamura, S.; Ito, Y.; Uchikawa, M.; Kuroki, Y.; Taguchi, R.; et al.
TLR4-MD-2 complex is negatively regulated by an endogenous ligand, globotetraosylceramide. Proc. Natl. Acad. Sci. USA 2013,
110, 4714-4719. [CrossRef]

Wang, Q.; Lin, H.; Shen, C.; Zhang, M.; Wang, X.; Yuan, M.; Yuan, M.; Jia, S.; Cao, Z.; Wu, C.; et al. Gut microbiota regulates
postprandial GLP-1 response via ileal bile acid-TGR5 signaling. Gut Microbes 2023, 15, 2274124. [CrossRef]

Wei, H.J.; Pareek, T.K; Liu, Q.; Letterio, J.J. A unique tolerizing dendritic cell phenotype induced by the synthetic triterpenoid
CDDO-DFPA (RTA-408) is protective against EAE. Sci. Rep. 2017, 7, 9886. [CrossRef]


https://doi.org/10.3390/nu10070812
https://doi.org/10.1111/bph.13625
https://doi.org/10.3390/nu14030623
https://doi.org/10.1053/j.gastro.2012.09.055
https://doi.org/10.1053/j.gastro.2017.01.055
https://doi.org/10.3390/cells12192422
https://www.ncbi.nlm.nih.gov/pubmed/37830636
https://www.ncbi.nlm.nih.gov/pubmed/30109624
https://doi.org/10.1016/j.ydbio.2021.03.013
https://www.ncbi.nlm.nih.gov/pubmed/33774009
https://doi.org/10.1017/S002966511000162X
https://www.ncbi.nlm.nih.gov/pubmed/20569521
https://doi.org/10.3390/molecules27082498
https://www.ncbi.nlm.nih.gov/pubmed/35458696
https://doi.org/10.3390/biom9050174
https://www.ncbi.nlm.nih.gov/pubmed/31064104
https://doi.org/10.3389/fnut.2023.1158633
https://doi.org/10.1248/bpb.27.679
https://doi.org/10.1016/j.biotechadv.2016.04.002
https://doi.org/10.3390/ijms22073571
https://doi.org/10.3390/nu14122387
https://doi.org/10.3390/nu7042788
https://doi.org/10.1074/jbc.M706571200
https://www.ncbi.nlm.nih.gov/pubmed/18199750
https://doi.org/10.3389/fphar.2018.01404
https://www.ncbi.nlm.nih.gov/pubmed/30559668
https://doi.org/10.1016/j.jnutbio.2009.09.012
https://www.ncbi.nlm.nih.gov/pubmed/20153625
https://doi.org/10.1007/s00223-012-9619-0
https://www.ncbi.nlm.nih.gov/pubmed/22782502
https://doi.org/10.3390/brainsci10090660
https://doi.org/10.1080/08923970802135690
https://www.ncbi.nlm.nih.gov/pubmed/18720166
https://doi.org/10.1073/pnas.1218508110
https://doi.org/10.1080/19490976.2023.2274124
https://doi.org/10.1038/s41598-017-06907-4

Int. J. Mol. Sci. 2024, 25, 2125 20 of 21

106.

107.
108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Li, W,; Zeng, H.; Xu, M.; Huang, C.; Tao, L.; Li, ].; Zhang, T.; Chen, H.; Xia, J.; Li, C.; et al. Oleanolic Acid Improves Obesity-Related
Inflammation and Insulin Resistance by Regulating Macrophages Activation. Front. Pharmacol. 2021, 12, 697483. [CrossRef]
Welch, A.A.; Hardcastle, A.C. The effects of flavonoids on bone. Curr. Osteoporos. Rep. 2014, 12, 205-210. [CrossRef]
Maeda-Yamamoto, M.; Ohtani, T. Development of functional agricultural products utilizing the new health claim labeling system
in Japan. Biosci. Biotechnol. Biochem. 2018, 82, 554-563. [CrossRef]

Campisi, J.; Kapahi, P.; Lithgow, G.J.; Melov, S.; Newman, J.C.; Verdin, E. From discoveries in ageing research to therapeutics for
healthy ageing. Nature 2019, 571, 183-192. [CrossRef]

Bhatti, ].S.; Bhatti, G.K.; Reddy, P.H. Mitochondrial dysfunction and oxidative stress in metabolic disorders—A step towards
mitochondria based therapeutic strategies. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 1066—-1077. [CrossRef]

Rando, T.A.; Chang, H.Y. Aging, rejuvenation, and epigenetic reprogramming: Resetting the aging clock. Cell 2012, 148, 46-57.
[CrossRef]

Kondratova, A.A.; Kondratov, R.V. The circadian clock and pathology of the ageing brain. Nat. Rev. Neurosci. 2012, 13, 325-335.
[CrossRef] [PubMed]

Napoleado, A.; Fernandes, L.; Miranda, C.; Marum, A.P. Effects of Calorie Restriction on Health Span and Insulin Resistance:
Classic Calorie Restriction Diet vs. Ketosis-Inducing Diet. Nutrients 2021, 13, 1302. [CrossRef]

Guarente, L.; Picard, F. Calorie restriction--the SIR2 connection. Cell 2005, 120, 473-482. [CrossRef]

Tao, Z.; Jin, Z.; Wu, J.; Cai, G.; Yu, X. Sirtuin family in autoimmune diseases. Front. Immunol. 2023, 14, 1186231. [CrossRef]
[PubMed]

Ma, L.; Wang, R.; Wang, H.; Zhang, Y.; Zhao, Z. Long-term caloric restriction activates the myocardial SIRT1/AMPK/PGC-1a
pathway in C57BL/6] male mice. Food Nutr. Res. 2020, 64, 3668. [CrossRef]

Chen, M.; Huang, N.; Liu, ].; Huang, J.; Shi, J.; Jin, E. AMPK: A bridge between diabetes mellitus and Alzheimer’s disease. Behav.
Brain Res. 2021, 400, 113043. [CrossRef]

Wu, QJ.; Zhang, T.N.; Chen, HH.; Yu, X.F; Lv, ].L;; Liu, Y.Y;; Liu, Y.S.; Zheng, G.; Zhao, ].Q.; Wei, Y.F,; et al. The sirtuin family in
health and disease. Signal Transduct. Target. Ther. 2022, 7, 402. [CrossRef]

Lee, S.H.; Lee, ].H.; Lee, H.Y,; Min, KJ. Sirtuin signaling in cellular senescence and aging. BMB Rep. 2019, 52, 24-34. [CrossRef]
[PubMed]

Bielach-Bazyluk, A.; Zbroch, E.; Mysliwiec, H.; Rydzewska-Rosolowska, A.; Kakareko, K.; Flisiak, I.; Hryszko, T. Sirtuin 1 and
Skin: Implications in Intrinsic and Extrinsic Aging-A Systematic Review. Cells 2021, 10, 813. [CrossRef] [PubMed]

Ghamar Talepoor, A.; Doroudchi, M. Immunosenescence in atherosclerosis: A role for chronic viral infections. Front. Immunol.
2022, 13, 945016. [CrossRef] [PubMed]

Ogrodnik, M.; Evans, S.A; Fielder, E.; Victorelli, S.; Kruger, P.; Salmonowicz, H.; Weigand, B.M.; Patel, A.D.; Pirtskhalava, T.;
Inman, C.L.; et al. Whole-body senescent cell clearance alleviates age-related brain inflammation and cognitive impairment in
mice. Aging Cell 2021, 20, €13296. [CrossRef]

Yoshino, J.; Baur, J.A.; Imai, S.I. NAD+ Intermediates: The Biology and Therapeutic Potential of NMN and NR. Cell Metab. 2018,
27,513-528. [CrossRef]

Ma, X.R;; Zhu, X; Xiao, Y.; Gu, HM.; Zheng, S.S.; Li, L.; Wang, E; Dong, Z.].; Wang, D.X.; Wu, Y,; et al. Restoring nuclear entry of
Sirtuin 2 in oligodendrocyte progenitor cells promotes remyelination during ageing. Nat. Commun. 2022, 13, 1225. [CrossRef]
Absalon, C.; Fabre, S.; Tarascou, I.; Fouquet, E.; Pianet, I. New strategies to study the chemical nature of wine oligomeric
procyanidins. Anal. Bioanal. Chem. 2011, 401, 1485-1495. [CrossRef]

Gill, V.; Kumar, V.; Singh, K.; Kumar, A.; Kim, J.J. Advanced Glycation End Products (AGEs) May Be a Striking Link Between
Modern Diet and Health. Biomolecules 2019, 9, 888. [CrossRef] [PubMed]

Filogevi¢ Vujnovié, A.; Jovi¢, K.; Pistan, E.; Andreti¢ Waldowski, R. Influence of Dopamine on Fluorescent Advanced Glycation
End Products Formation Using Drosophila melanogaster. Biomolecules 2021, 11, 453. [CrossRef] [PubMed]

Miinch, G.; Kuhla, B.; Liith, H.J.; Arendt, T.; Robinson, S.R. Anti-AGEing defences against Alzheimer’s disease. Biochem. Soc.
Trans. 2003, 31, 1397-1399. [CrossRef]

Szczechowiak, K.; Diniz, B.S.; Leszek, J. Diet and Alzheimer’s dementia—Nutritional approach to modulate inflammation.
Pharmacol. Biochem. Behav. 2019, 184, 172743. [CrossRef]

Zhou, M.; Graves, D.T. Impact of the host response and osteoblast lineage cells on periodontal disease. Front. Immunol. 2022, 13,
998244. [CrossRef]

Borsa, L.; Dubois, M.; Sacco, G.; Lupi, L. Analysis the Link between Periodontal Diseases and Alzheimer’s Disease: A Systematic
Review. Int. ]. Environ. Res. Public Health 2021, 18, 9312. [CrossRef]

Mahomoodally, M.E; Aumeeruddy, M.Z.; Legoabe, L.].; Dall’Acqua, S.; Zengin, G. Plants’ bioactive secondary metabolites in the
management of sepsis: Recent findings on their mechanism of action. Front. Pharmacol. 2022, 13, 1046523. [CrossRef] [PubMed]


https://doi.org/10.3389/fphar.2021.697483
https://doi.org/10.1007/s11914-014-0212-5
https://doi.org/10.1080/09168451.2017.1422175
https://doi.org/10.1038/s41586-019-1365-2
https://doi.org/10.1016/j.bbadis.2016.11.010
https://doi.org/10.1016/j.cell.2012.01.003
https://doi.org/10.1038/nrn3208
https://www.ncbi.nlm.nih.gov/pubmed/22395806
https://doi.org/10.3390/nu13041302
https://doi.org/10.1016/j.cell.2005.01.029
https://doi.org/10.3389/fimmu.2023.1186231
https://www.ncbi.nlm.nih.gov/pubmed/37483618
https://doi.org/10.29219/fnr.v64.3668
https://doi.org/10.1016/j.bbr.2020.113043
https://doi.org/10.1038/s41392-022-01257-8
https://doi.org/10.5483/BMBRep.2019.52.1.290
https://www.ncbi.nlm.nih.gov/pubmed/30526767
https://doi.org/10.3390/cells10040813
https://www.ncbi.nlm.nih.gov/pubmed/33917352
https://doi.org/10.3389/fimmu.2022.945016
https://www.ncbi.nlm.nih.gov/pubmed/36059478
https://doi.org/10.1111/acel.13296
https://doi.org/10.1016/j.cmet.2017.11.002
https://doi.org/10.1038/s41467-022-28844-1
https://doi.org/10.1007/s00216-011-4988-1
https://doi.org/10.3390/biom9120888
https://www.ncbi.nlm.nih.gov/pubmed/31861217
https://doi.org/10.3390/biom11030453
https://www.ncbi.nlm.nih.gov/pubmed/33803017
https://doi.org/10.1042/bst0311397
https://doi.org/10.1016/j.pbb.2019.172743
https://doi.org/10.3389/fimmu.2022.998244
https://doi.org/10.3390/ijerph18179312
https://doi.org/10.3389/fphar.2022.1046523
https://www.ncbi.nlm.nih.gov/pubmed/36588685

Int. J. Mol. Sci. 2024, 25, 2125 21 of 21

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.
146.

147.

148.
149.

150.

151.

Bostanci, N.; Bao, K.; Greenwood, D.; Silbereisen, A.; Belibasakis, G.N. Periodontal disease: From the lenses of light microscopy
to the specs of proteomics and next-generation sequencing. Adv. Clin. Chem. 2019, 93, 263-290. [PubMed]

Maria, S.; Swanson, M.H.; Enderby, L.T.; D’ Amico, F.; Enderby, B.; Samsonraj, R.M.; Dudakovic, A.; van Wijnen, A.].; Witt-Enderby,
P.A. Melatonin-micronutrients Osteopenia Treatment Study (MOTS): A translational study assessing melatonin, strontium (citrate),
vitamin D3 and vitamin K2 (MK?) on bone density, bone marker turnover and health related quality of life in postmenopausal
osteopenic women following a one-year double-blind RCT and on osteoblast-osteoclast co-cultures. Aging 2017, 9, 256-285.
[PubMed]

Nakamura, Y.; Suzuki, T.; Kamimura, M.; Ikegami, S.; Uchiyama, S.; Kato, H. Alfacalcidol Increases the Therapeutic Efficacy of
Ibandronate on Bone Mineral Density in Japanese Women with Primary Osteoporosis. Tohoku J. Exp. Med. 2017, 241, 319-326.
[CrossRef] [PubMed]

Harriden, B.; D’Cunha, N.M.; Kellett, J.; Isbel, S.; Panagiotakos, D.B.; Naumovski, N. Are dietary patterns becoming more
processed? The effects of different dietary patterns on cognition: A review. Nutr. Health 2022, 28, 341-356. [CrossRef] [PubMed]
D’Alessandro, A.; De Pergola, G. Mediterranean diet pyramid: A proposal for Italian people. Nutrients 2014, 6, 4302—4316.
[CrossRef] [PubMed]

Davis, C.; Bryan, J.; Hodgson, J.; Murphy, K. Definition of the Mediterranean Diet; a Literature Review. Nutrients 2015, 7,
9139-9153. [CrossRef] [PubMed]

Mazza, E.; Ferro, Y.; Pujia, R.; Mare, R.; Maurotti, S.; Montalcini, T.; Pujia, A. Mediterranean Diet in Healthy Aging. J. Nutr. Health
Aging 2021, 25, 1076-1083. [CrossRef]

Lucerdn-Lucas-Torres, M.; Saz-Lara, A.; Diez-Fernandez, A.; Martinez-Garcia, I.; Martinez-Vizcaino, V.; Cavero-Redondo, I.;
Alvarez-Bueno, C. Association between Wine Consumption with Cardiovascular Disease and Cardiovascular Mortality: A
Systematic Review and Meta-Analysis. Nutrients 2023, 15, 2785. [CrossRef]

Detopoulou, P.; Demopoulos, C.A.; Antonopoulou, S. Micronutrients, Phytochemicals and Mediterranean Diet: A Potential
Protective Role against COVID-19 through Modulation of PAF Actions and Metabolism. Nutrients 2021, 13, 462. [CrossRef]
[PubMed]

Naureen, Z.; Dhuli, K.; Donato, K.; Aquilanti, B.; Velluti, V.; Matera, G.; Iaconelli, A.; Bertelli, M. Foods of the Mediterranean diet:
Citrus, cucumber and grape. J. Prev. Med. Hyg. 2022, 63, E21-E27. [PubMed]

Kushida, M.; Sugawara, S.; Asano, M.; Yamamoto, K.; Fukuda, S.; Tsuduki, T. Effects of the 1975 Japanese diet on the gut
microbiota in younger adults. J. Nutr. Biochem. 2019, 64, 121-127. [CrossRef] [PubMed]

Johmura, Y.; Yamanaka, T.; Omori, S.; Wang, TW.; Sugiura, Y.; Matsumoto, M.; Suzuki, N.; Kumamoto, S.; Yamaguchi, K.;
Hatakeyama, S.; et al. Senolysis by glutaminolysis inhibition ameliorates various age-associated disorders. Science 2021, 371,
265-270. [CrossRef] [PubMed]

Hiraoka, M.; Kagawa, Y. Genetic polymorphisms and folate status. Congenit. Anom. 2017, 57, 142-149. [CrossRef] [PubMed]
Kagawa, Y.,; Hiraoka, M.; Kageyama, M.; Kontai, Y.; Yurimoto, M.; Nishijima, C.; Sakamoto, K. Medical cost savings in Sakado
City and worldwide achieved by preventing disease by folic acid fortification. Congenit. Anom. 2017, 57, 157-165. [CrossRef]
[PubMed]

Parletta, N.; Zarnowiecki, D.; Cho, J.; Wilson, A.; Bogomolova, S.; Villani, A ; Itsiopoulos, C.; Niyonsenga, T.; Blunden, S.; Meyer,
B.; et al. A Mediterranean-style dietary intervention supplemented with fish oil improves diet quality and mental health in
people with depression: A randomized controlled trial (HELFIMED). Nutr. Neurosci. 2019, 22, 474-487. [CrossRef]

Von Schacky, C. Importance of EPA and DHA Blood Levels in Brain Structure and Function. Nutrients 2021, 13, 1074. [CrossRef]
Wu, X.; Le, TK.; Maeda-Minami, A.; Yoshino, T.; Horiba, Y.; Mimura, M.; Watanabe, K. Relationship Between Conventional
Medicine Chapters in ICD-10 and Kampo Pattern Diagnosis: A Cross-Sectional Study. Front. Pharmacol. 2021, 12, 751403.
[CrossRef]

Maeda-Minami, A.; Thara, K.; Yoshino, T.; Horiba, Y.; Mimura, M.; Watanabe, K. A prediction model of gi stagnation: A
prospective observational study referring to two existing models. Comput. Biol. Med. 2022, 146, 105619. [CrossRef]
Maeda-Minami, A.; Yoshino, T.; Horiba, Y.; Nakamura, T.; Watanabe, K. Inter-Rater Reliability of Kampo Diagnosis for Chronic
Diseases. J. Altern. Complement. Med. 2021, 27, 613-616. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.ncbi.nlm.nih.gov/pubmed/31655732
https://www.ncbi.nlm.nih.gov/pubmed/28130552
https://doi.org/10.1620/tjem.241.319
https://www.ncbi.nlm.nih.gov/pubmed/28458336
https://doi.org/10.1177/02601060221094129
https://www.ncbi.nlm.nih.gov/pubmed/35450490
https://doi.org/10.3390/nu6104302
https://www.ncbi.nlm.nih.gov/pubmed/25325250
https://doi.org/10.3390/nu7115459
https://www.ncbi.nlm.nih.gov/pubmed/26556369
https://doi.org/10.1007/s12603-021-1675-6
https://doi.org/10.3390/nu15122785
https://doi.org/10.3390/nu13020462
https://www.ncbi.nlm.nih.gov/pubmed/33573169
https://www.ncbi.nlm.nih.gov/pubmed/36479487
https://doi.org/10.1016/j.jnutbio.2018.10.011
https://www.ncbi.nlm.nih.gov/pubmed/30502656
https://doi.org/10.1126/science.abb5916
https://www.ncbi.nlm.nih.gov/pubmed/33446552
https://doi.org/10.1111/cga.12232
https://www.ncbi.nlm.nih.gov/pubmed/28598562
https://doi.org/10.1111/cga.12215
https://www.ncbi.nlm.nih.gov/pubmed/28185308
https://doi.org/10.1080/1028415X.2017.1411320
https://doi.org/10.3390/nu13041074
https://doi.org/10.3389/fphar.2021.751403
https://doi.org/10.1016/j.compbiomed.2022.105619
https://doi.org/10.1089/acm.2020.0298
https://www.ncbi.nlm.nih.gov/pubmed/33861620

	Introduction 
	Methods 
	Vitamin D3 
	Vitamin D3 and Infectious Diseases 
	Vitamin D3 and Natural Immunity 
	Vitamin D3 and Chronic Inflammation 
	Vitamin D3, Gut Microbiota, and Gut Environment 

	Phytochemicals 
	Terpenoids 
	Carotenoids 
	Flavonoids 
	Attempts to Improve the Bioavailability and Activation of Phytochemicals in the Body 
	Consideration of the Affinity of Phytochemicals to the VDR 

	Synergy between Vitamin D3 and Phytochemicals 
	Vitamin D3 and Phytochemicals in Bone Metabolism 
	Vitamin D3 and Phytochemicals in the Prevention of Ageing 
	Vitamin D3 and Phytochemicals in the Suppression of Chronic Inflammation 
	Foods with Anti-Ageing Effects 

	Conclusions 
	References

