Schmieder et al. Inmunity & Ageing (2025) 22:8
https://doi.org/10.1186/512979-025-00501-3

Immunity & Ageing

Exploring the link between fat-soluble

®

Check for
updates

vitamins and aging-associated immune system
status: a literature review

Hendrik Schmieder', Christian Leischner!, Alban Piotrowsky', Luigi Marongiu', Sascha Venturelli'?" and

Markus Burkard'”

Abstract

diseases as well as better overall health of the elderly.

Dietary Allowance, Immunomodulation

The importance of vitamin D for a well-functioning immune system is becoming increasingly evident. Nevertheless,
the other fat-soluble vitamins A, E and K also seem to play a central role regarding the adequate function of immune
cells and to counteract excessive immune reactions and inflammatory processes. However, recognizing hidden
hunger, particularly micronutrient deficiencies in vulnerable groups like the elderly, is crucial because older adults
often lack sufficient micronutrients for various reasons. This review summarizes the latest findings on the immune
modulating functions of fat-soluble vitamins in a physiological and pathophysiological context, provides a graphi-
cal comparison of the Recommended Daily Allowances between Deutschland, Austria, Confoederatio Helvetica
(D-A-CH; eng. GSA, Germany, Switzerland, Austria), Deutsche Gesellschaft fur Erndhrung (DGE; eng. German Nutri-
tion Society) and National Institutes of Health (NIH) across all age groups and, in particular, addresses the question
regarding the benefits of supplementation of the respective micronutrients for the aging population of industrialized
nations to strengthen the immune system. The following review highlights the importance of fat-soluble vitamins

A, D, E and K which play critical roles in maintaining immune system function and, in some cases, in preventing
excessive immune activation. Therefore, a better understanding of the relevance of adequate blood levels and con-
sequently potential supplementation strategies may contribute to the prevention and management of infectious
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Background

The world population is gradually increasing and
reached a record high of more than eight billion people
in November 2022 [1]. According to the United Nations,
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people aged 65 and older, comprise the fastest growing
age group and it has been estimated that the global num-
ber of older residents will be doubled by 2050 (2.1 bil-
lion people over 60 compared to 1 billion in 2020) with
additional five years of life expectancy at birth due to
improved medical care and public health interventions
[1-3].

Aging is a rather individual yet inevitable, time-
dependent process of physical degradation that is being
characterized by increased cellular and molecular dam-
age, along with alterations of the body composition,
organ functionality and resilience against multiple stress-
ors [2, 4]. Other important aspects include for example
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genome instability, telomere attrition, epigenetic altera-
tions, cellular senescence, chronic inflammation and dys-
biosis that can be collectively referred to as “hallmarks
of aging” [5]. Other than that, aging is associated with
a physical and functional decline of components of the
innate as well as adaptive immune system, as part of a
distinctive immunomodulatory process called immu-
nosenescence due to antigen exposure and oxidative
stress [6, 7]. It is accompanied by an altered composition
and functionality of immune cell subsets including cir-
culating monocytes, dendritic cells (DCs), neutrophils, B
cells and T cells along with a state of chronic inflamma-
tion (inflammaging) [7]. Another aspect of aging relates
to the restricted cell and tissue renewal along with der-
mal and subcutaneous atrophies in older adults, which
leads to reduced protection against pathogen invasion
as a result of compromised physical barriers such as the
skin, mucus membranes or gut epithelium [8]. It has been
shown that people aged 60 and older exhibit lower levels
of secretory immunoglobulin (Ig) A which is essential for
the defense against mucosal pathogens [9].

Moreover, innate immune receptors such as toll-like
receptors (TLRs) or nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs) detect signs of cell
death or damage, for example nucleic acids or mitochon-
drial DNA, which causes the release of pro-inflamma-
tory cytokines [10]. Contrary to that, older people often
exhibit a reduced activation of the adaptive immune
response triggered by the innate immune system [11].
In line with that, hematopoietic stem cells mature and
hematopoietic tissue decreases, resulting in a mitigated
lymphocyte production [12, 13].

The composition of immune cell populations as well
as their effector functions like pathogen clearance or
phagocytosis changes during the process of aging, which
is delineated for instance by an increased number of
memory T cells compared to naive T cells due to thymus
shrinkage, hence the loss of lymphoid tissue [11, 14, 15].
As a result, the immune function of the elderly becomes
impaired, which concurrently increases their susceptibil-
ity towards certain medical conditions like infectious dis-
eases, cancer or autoimmune disorders [8, 16].

One potential explanation encompasses the already
mentioned continuous exposure to antigen stimula-
tion as well as oxidative stress entailing the production
of reactive oxygen species (ROS), which is of great rel-
evance for immune cells with a large amount of polyun-
saturated fatty acids (PUFAs) in their plasma membrane,
since this makes them vulnerable to lipid peroxidation,
causing a loss in plasma membrane integrity which ulti-
mately results in a compromised immune response [13,
17-21]. Equivalent to that, age-related changes occur in
certain signaling pathways, such as the mammalian target
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of rapamycin (mTOR) pathway, concomitantly leading to
immune cell dysfunction [22].

Another potential molecular mechanism involved in
immune aging comprises telomere shortening, which
occurs during immune cell division and differentiation.
Such a shortening might cause DNA damage or cell cycle
arrest, leading to reduced pathogen clearance due to the
functional loss of the aforementioned immune cells [16,
23, 24]. Moreover, senescent immune cells of various
organs release pro-inflammatory cytokines (for example
tumor necrosis factor a (TNF-a), interleukin 1 (IL-1) and
IL-6), chemokines or matrix metalloproteinases, which
contribute to the development of a rather pro-inflam-
matory phenotype, the so-called senescence-associated
secretory phenotype (SASP), causing DNA damage and
a state of chronic systemic lowgrade inflammation [8, 16,
25-29]. Potential consequences for the elderly include,
for example, tissue damage, impaired immune responses
(immunosuppressive microenvironment) and disrupted
tissue environments, leading to the development of
numerous age-related disorders [26, 29-31].

In accordance with this, aging-associated immuno-
logic alterations comprise reduced pathogenic resilience,
impaired development of long-term immune memory
and declined vaccine efficacy, alongside an increased sus-
ceptibility to viral infections with exacerbated symptoms
and an overall deteriorated etiopathology, as this height-
ened vulnerability of older people, especially of those
with comorbidities, has been highlighted by the recent
coronavirus disease 2019 (COVID-19) pandemic [7, 32—
34]. A decline in immunogenicity induced by vaccination
has been shown by Miiller et al. [35]. More than 30% of
people aged 60 and over showed no detectable neutral-
izing antibodies after the second dose of the BNT162b2
COVID-19 vaccine, developed by BioNTech (Germany)
and Pfizer (USA), in comparison to the younger group
where almost 98% exhibited a significant immune
response defined by antibody production [35]. A similar
observation has also been made for the seasonal influ-
enza vaccine, where the elderly exhibited a significant
reduction of immunization protection (17-53% protec-
tion) compared to younger adults (70-90% protection)
[36]. Influenza-related morbidity and mortality might
be caused by the aforementioned physical and immuno-
logical alterations, exposing older people to an increased
risk of secondary bacterial infections of the respiratory
tract (bronchitis, bacterial pneumonia), which is the rea-
son why, according to the World Health Organization
(WHO), the majority of influenza-associated deaths in
industrialized nations occur among the elderly aged 65
and older [37, 38].

In addition to the aging process, overweight and obe-
sity can negatively affect immune function and elevate
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the risk of infections. This is primarily attributed to a
higher prevalence of micronutrient deficiencies in these
populations, highlighting the need for an adjusted nutri-
ent intake [39-41].

Another important issue associated with decreased
immune function in older adults is micronutrient defi-
ciencies, as well as the less pronounced form, namely
micronutrient inadequacies, which represent distinct
forms of malnutrition [42, 43]. Malnutrition per se con-
tributes, for example, to an increased intensive care
unit (ICU) mortality rate among hospitalized patients
[44, 45]. It is believed, that there is a bidirectional rela-
tion between nutrition, hence an adequate micronutrient
status, infection and immunity, as an inadequate supply
with vitamins and minerals increases the susceptibility
to infectious diseases which in turn causes the proceed-
ing malnourishment with said micronutrients due to an
elevated demand and restricted intestinal absorption [32,
46]. In conjunction with that, vitamin A (retinol), vitamin
B, (riboflavin), vitamin B, (pyridoxin), vitamin B, (folate),
vitamin B,, (cobalamin), vitamin C (ascorbate), vitamin
D (calciferol) and vitamin E (tocopherol), just to name
a few, downrightly contribute to a properly functioning
immune system [33, 47]. Notwithstanding, extensive sci-
entific research studies on the micronutrient serum sta-
tus in older adults are scarce due to high expenditure,
partly because of methodological problems such as defi-
ciency screening or the absence of appropriate markers
of stored or available micronutrients [42, 48].

Nevertheless, approximately 35% of the people in India,
Europe, USA, and Canada aged 50 and older exhibit an
insufficient status of at least one of the essential micro-
nutrients [49]. Vitamin, mineral and trace element defi-
ciencies, also referred to as “hidden hunger” have been

Table 1 Vitamin deficiencies in the elderly
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described as a global problem which concerns more
than two billion people, especially vulnerable population
groups like the elderly [50, 51]. One reason for that might
be the inadequate food intake, a phenomenon called ano-
rexia of aging that among other factors is caused by phys-
iologic changes such as decreased olfactory function,
odontogenic conditions or dysphagia, leading to an over-
all reduction of food intake alongside poor food choices
with an ubiquitous lack of nutritious value and variety,
due to anhedonia of eating [51-53].

Moreover, older people tend to exhibit a decrease
in intestinal absorption and utilization of vitamins, an
example being the reduced gastric acid secretion poten-
tially causing vitamin B;, deficiency or the inhibited
subcutaneous vitamin D synthesis (75% reduction of
vitamin D synthesis in people aged 65 [54] in addition to
a lowered renal conversion of 25-hydroxycholecalciferol
(calcifediol) to the active 1,25-dihydroxycholecalciferol
(calcitriol) [55, 56]. Zhu et al. have shown, that low levels
of vitamins B, B, and By in 1605 people between the age
of 60 and 75 correlate with a low socioeconomic status
[57]. Regarding deficiencies of the essential vitamins that
play a key role in the functioning of the immune system,
numerous studies described below, that have been con-
ducted in many different countries with a great extent of
heterogeneity among the elderly, suggest a uniform trend
(Table 1). Interestingly, the most commonly observed
insufficiencies throughout the majority of the investi-
gated countries include By, vitamin B;,, and vitamin D
[51, 58]. Further observed deficiencies comprise vitamin
B,, By, B, C and vitamin E, as depicted in Table 1. It has
been described that a well-functioning immune system
depends on the availability and exogenous supply of spe-
cific micronutrients including a great variety of vitamins,

Study population Country Vitamin deficiency Reference
Beneficiaries of PACAM (60-80 y/0) Chile - vitamin B;,, D [53]
Community-dwelling ethnically diverse older adults United Kingdom - significant decrease of vitamin B,, Bg and By intake [59]
(=60y/0) during 8 months follow up
- almost every micronutrient below recommended
daily intake
65-93 y/o Germany - vitamin Bg, B3, D [42]
Alzheimer patients China - vitamin By, B, B4, D, E [60]
>65y/0 Germany - men and women: vitamin By, D [61]
- women: vitamin By, By, By,
>65y/0 Ireland -vitamin B, D, E [62]
- women with increasing age: vitamin By, C, D
- overall deficiencies: men>women
Elderly with psychological disorders (6075 y/0) Iran - vitamin D [63]
50-82y/o India - vitamin D [64]

PACAM: Programa de Alimentacion Complementaria del Adulto Mayor (special program for the elderly; micronutrient-enriched meals)
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certain minerals and trace elements in the context of a
well-balanced diet as well as supplementation, as certain
population groups like the elderly potentially require an
increased demand and even a peripheral nutrient depri-
vation might impair immunity [58].

The immunomodulatory properties of vitamin D are
becoming more evident to date and even though the
remaining three fatsoluble vitamins are comparingly
underrepresented concerning immunologic research
questions, there is evidence pointing towards the direc-
tion that vitamin A (antiinflammatory properties) as
well as vitamin E (antioxidant properties) and interest-
ingly also vitamin K (regulatory properties for example
in respiratory diseases) contribute to a wellfunctioning
immune system regarding the elderly in particular. There-
fore, the following review aims to investigate the effects
of fatsoluble vitamins on the aging immune system focus-
ing on their distinct functions in immunomodulation and
varying health consequences concerning deficiencies in
contrast to appropriate serum levels due to an adequate
supply as well as supplementation.

Fat-soluble vitamins

Vitamins of natural or chemical origin are essential
micronutrients vital for human health that perform a
variety of essential body functions. With the exception
of niacin which derives from tryptophan and vitamin D,
which is synthesized from cholesterol, vitamins need to
be consumed in trace amounts via diet or supplements,
whereas their bioavailability differs greatly depending on
the quality of food and interindividual factors like age, sex
or physiological functions, among others [65-68]. Fat-
soluble vitamins including vitamins A, D, E and K display
similar structural characteristics as they resemble lipo-
philic compounds constructed of isoprenoid units and
are of great importance due to their distinct functions
regarding immunomodulation, which in turn emphasizes
their part in human health or disease (Fig. 1). The absorp-
tion of fat-soluble vitamins depends on the consumption
of dietary fat to facilitate their bile salt-dependent micel-
lar solubilization, followed by the release of said vitamins
to the bloodstream bound to carrier proteins like lipo-
proteins reaching their side of action or getting stored in
the liver or fat-associated tissues [69—72].

Vitamin A

Vitamin A: general characteristics and physiological function
The term vitamin A refers to natural substances contain-
ing an unsaturated alicyclic ring and encompasses all of
the animal-, plant-derived or chemically synthesized
retinoid-related compounds that share similar physi-
ological functions and a structure based on an unsatu-
rated isoprenoid chain consisting of four isoprene units
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and five conjugated double bonds (Fig. 1) [72-74]. Natu-
rally occurring retinoids include retinyl esters (all-trans-
retinyl esters) or carotenoids (tetraterpenoids) such
as a-carotene, B-carotene, lutein, lycopene and cryp-
toxanthin along with all-trans-retinol (alcohol; parent
compound), retinal (all-trans-retinaldehyde; oxidation
product), all-trans-retinoic acid (ATRA; tretinoin), 9cis-
retinoic acid (alitretinoin), 11-cis-retinaldehyde (retinal)
and 13-cis-retinoic acid (isotretinoin) [73, 75].

Retinol, retinal and retinoic acid (RA) exert physiologi-
cal functions with RA being the most biologically rel-
evant. Certain carotenoids from plants are considered as
provitamin A since they can be metabolically converted
into the active version of vitamin A [76, 77]. Moreover,
even though retinol is the most common form of reti-
noids found in the human body, the biologically active
derivates comprise the oxidized 11-cis-retinal and ATRA
[78, 79].

Dietary vitamin A equivalents like retinyl esters origi-
nating from animal-based products are being intestinally
metabolized into retinol by triglyceride lipase or phos-
pholipase B, associated into chylomicrons and secreted
into the lymphatic system before reaching the systemic
circulation and ultimately being delivered to the liver
as the main storage for retinoids or to the side of action
resulting in their binding to the retinol-binding pro-
tein receptor (RBPR), which enables oxidation of retinyl
esters or retinol into ATRA upon entering the target cell.
Utilization of stored vitamin A happens by releasing the
retinols into the blood where they are already attached
to the retinol-binding protein (RBP) or bind to other
transport proteins such as albumin [73]. Due to differ-
ences in bioavailability it is worth mentioning that reti-
nols and retinyl esters originating from animal products
surpass plant-derived carotenoids significantly in terms
of absorption [78, 80]. Carotenoids may pass unmetabo-
lized (up to twothirds of the carotenoids like B-carotene)
or be converted into retinal and subsequently oxidized
into ATRA, hence biologically active versions of vitamin
A (only onethird), or reduced to retinol depending on
administered amount, storage levels and the amount of
concomitantly consumed dietary fat [73, 81].

Since the 1960s, Retinol Equivalents (RE) were used
to describe vitamin A activity from retinol and carot-
enoids. However, this unit was ought to be replaced by
Retinol Activity Equivalents (RAE) after it was discov-
ered that the biological activity and hence the conversion
rate of carotenoids to the metabolically active retinol is
only half of what was originally estimated. As a result,
RAE was introduced and partially replaced the old unit
depending on the referring health institution: 1 ug RAE
equals 1 ug retinol, 2 pg supplemental B-carotene, 12
pg dietary B-carotene, or 24 pg dietary oa-carotene or
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Fig. 1 Chemical structures of fat-soluble vitamins A, D, E and K. Vitamin A comprises the retinoids, retinol, its main retinyl esters, and its later
metabolites retinal and retinoic acid. The carotenes show further vitamin A activity. a-, 8-, y-carotene and the carotenoid 3-cryptoxanthin can be
converted to retinol (not shown). The most active forms of vitamin D are dihydroxylated cholecalciferol from skin and dihydroxylated ergocalciferol
from some mushrooms and plants. Vitamin E refers to a group of 4 tocol- and 4 tocotrienol isomers (a, {3, y, §) with a-tocopherol activity. Of

the eight possible stereoisomers, only the 2R,4'R,8'R (RRR) tocopherol stereoisomers occur naturally. With the tocotrienols, only the 2R,3'trans-7'trans

configuration is found in nature. The vitamin K vitamers comprise compounds with a quinone ring and carbon tails of different lengths

and saturation status. Vitamin K; has a phytyl sidechain of 20 C-atoms. The most studied vitamin K, (menaquinone) derivatives have 4 and 7

isoprenoid units (menaquinone-4 (MK-4) and MK-7), respectively
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B-cryptoxanthin, whereas 1 pug RE required only 6 ug
[B-carotene [82-85]. Therefore, Recommended Dietary
Allowance (RDA) for vitamin A consumption amounts to
up to 1000 pg of RAE for male adults and 800 pug RAE
for female adults (compare age groups 50 and older;
Deutschland, Austria, Confoederatio Helvetica (D-A-CH
(eng. Germany, Switzerland, Austria (GSA)), Deutsche
Gesellschaft fiir Erndhrung (DGE; eng. German Nutri-
tion Society) and National Institutes of Health (NIH) ref-
erence values; Fig. 2). These numbers are in line with the
Nutrient Reference Values (NRVs) which define 800 pg
RAE (or RE) as an adequate amount for contributing to
an overall healthy diet concerning the general population
[86]. During times of pregnancy and lactation the recom-
mended intake increases up to 1300 pug RAE (lactating
women aged 19-50 y/o). Interestingly, as shown in Fig. 3
and based on the results of the German National Nutri-
tion Survey II (2005-2007) [61], more than 80% of the
people aged 50 and older seem to be properly supplied
with vitamin A which positively correlates to the data of
the actual vitamin intake compared with the reference
values of D-A-CH, DGE and NIH for men and women
(Figure S1).

As already mentioned, animal products like most types
of fish, oils, eggs, dairy products and most importantly
liver contain vitamin A as retinol or retinyl esters (retinyl
palmitate), whereas plants and plant-based products pre-
dominantly provide provitamin A in the form of carot-
enoids which are containing one or more unsubstituted
[B-ionone rings (a-carotene; f-carotene: dark leafy green
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vegetables, carrots, tomatoes; B-cryptoxanthin: citrus
fruits) [73, 78, 90-92]. Concerning animal produce, the
vitamin A content of the final product depends on the
levels of naturally occurring or supplemented -carotene
/ preformed vitamin A in the feed [93, 94]. Considering
bioactivity and function of retinoids, many health claims
regarding the general population as target group have
been proposed and verified as such including vitamin
A as a contributor to the maintenance of normal skin,
mucous membranes (lung, intestines, nose, eyes), nor-
mal vision, cell specialization / differentiation and normal
function of the immune system [95].

The fat-soluble vitamin exerts various effects upon con-
sumption due to its many derivatives and their tissue-
and process-specific properties [73]. Generally, biologic
activity of ATRA such as gene expression or inhibition
through direct DNA interaction is being exerted by bind-
ing to nuclear retinoid receptors (ligand-activated tran-
scription factors) like (all-trans) retinoic acid receptors
(RARs) or retinoid X receptors (RXRs) which together
build a heterodimer [83, 96-99]. Out of all retinoids,
only retinal is able to contribute to the process of nor-
mal vision. The conversion of light into optic perceptions
being transmitted to the brain via the optic nerve happens
in the rods by its association to the protein opsin conse-
quently forming rhodopsin, before 11-cis-retinal gets
photo-isomerized to all-trans-retinal by the absorption
of light [83, 100-102]. Thus, an adequate level of vitamin
A is crucial as it plays a critical role in various biological
functions such as vision, growth, hematopoiesis and, in
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light of this review article, it exerts immunomodulatory
as well as antioxidant activity [72, 103].

Vitamin A: modulatory effects on the aging immune system
As already mentioned, vitamin A exerts various effects
on the innate as well as adaptive immune system, as it
is involved in DC-, T helper (Th) cell- and cytotoxic T
cell-maturation along with an enhancing effect on lym-
phocyte activity and antibody production [72]. Vitamin
A plays a role in regeneration of mucous tissue and skin
which in turn enhances the barrier against invading path-
ogens [104, 105]. RA inhibits the development of Thl
cells while promoting Th2 development (humoral Th2
cell response via antigen-presenting cells; increase in Th2
associated transcription factors; modulation of cytokine
secretion), thereby mediating Th cell balance. In line
with that, RA mediates maturation and antigen presen-
tation of DCs, whereas a deficiency in vitamin A causes
an increase in inflammation caused by macrophage-
mediated IL-12 and interferon-y (IFN-y) production
[106-110].

In relation to adaptive immunity, vitamin A causes an
increase in IL-2 levels, triggering the proliferation and
differentiation of T cells into regulatory T cells (T ),
which in turn plays a crucial role in preventing autoim-
mune disorders [111, 112]. Furthermore, 13-cis-RA has
been shown to increase the overall amount of periph-
eral blood lymphoid cells that express surface markers
for Th cells, whereas B-carotene had an impact on the

percentage of cells expressing NK cell markers. Both
compounds resulted in a slight increase in cells express-
ing transferrin- and IL-2 receptors [113].

Contrary to the immune-boosting effects of vitamin
A, an observational prospective cohort study found that
there appears to be no significant connection between
differing micronutrient levels (vitamin A among others;
no detectable insufficiency in any participant) and the
serologic response to influenza vaccination measured by
hemagglutination inhibition (HAI) titer in 205 commu-
nity-dwelling adults aged 65 and older, which contradicts
the assumption that decreased levels of said micronu-
trients would be causing decreased HAI responses to
vaccination [114]. These observations are supported by
the findings of Gardner et al. [115], which investigated
the immune responses and plasma micronutrient lev-
els (B-carotene and retinol among others) in 61 healthy
elderly (mean 81 y/o) compared to 27 young (mean 27
y/o) participants before and after influenza vaccination.
The elderly showed comparingly low influenza vaccine
induced proliferation and IFN-y levels, as well as lower
post-vaccination antibody titers, but these differences
seemed to be independent from differing micronutrient
levels [115].

A potential explanation for the observed immuno-
logic differences in the elderly vs. young might be physi-
ological senescence. In accordance with this concept, a
study investigating age-related changes in RAR and RXR
subtypes gene expression and tissue transglutaminase
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activity in human peripheral blood mononuclear cells
(PBMCs) before and after supplementing 13-cis-reti-
noic acid found that the expression of RXR-f in healthy
elderly men (65.4+3.8 y/o) was significantly reduced
compared to younger men (26.1+4.1 y/o) [116]. In
line with that, Farges et al. [117] also investigated the
impaired immune response with age in relation to carot-
enoid intake (B-carotene, lycopene, lutein), finding that
age-related changes in immune markers such as higher
serum IgA levels and altered lymphocyte subpopulations
(increase in memory Th cells (CD4+ CD45RO+) and
natural killer (NK) cells along with a decrease in naive
Th cells (CD4+CD45RA+) and B lymphocytes) and
impaired neutrophil activity, which could be modulated
by carotenoid intake, depended only marginally on die-
tary carotenoid depletion and repletion [117].

Moreover, a study conducted by Minet-Quinard et al.
[118] found that oral supplementation with 13-cis-RA
neither had an impact on the composition of leukocyte
subpopulations, nor the functions of PBMCs (IL-2 pro-
duction, membrane expression of CD25), whereas certain
functions of polymorphonuclear cells, namely adhesion
and migration, were affected. No differences in age could
be observed as the immune responses in young partici-
pants (25+4 y/o) are comparable to those of the healthy
elderly (65 +4 y/o) [118]. In accordance, supplementation
with vitamin A could not reduce the occurrence of anti-
biotic-treated bacterial infections among elderly nursing-
home residents, as demonstrated by a double-masked,
placebo-controlled trial [119].

While vitamin A intake of healthy study participants
seems to exert only little effects on the immune system,
studies have proven the relationship between retinoids
and a positive disease outcome. In light of the recent
global COVID-19 pandemic, Al-Saleh et al. [120] meas-
ured serum levels of various trace elements, vitamins and
antioxidant enzyme activities in COVID-19 patients in
correlation to disease severity. 37% of the patients were
deficient in vitamin A and a 23% decrease in serum levels
could be observed in patients having severe symptoms,
which diminished after the adjustment for inflamma-
tory markers pointing towards the fact that inflamma-
tion might play a role in altering the relationship between
serum vitamin A and disease severity [120].

These findings are supported by another prospective,
multicenter observational cross-sectional study con-
ducted in 2021, analyzing plasma levels of vitamin A in
patients having severe acute respiratory syndrome coro-
navirus type 2 (SARS-CoV-2). There has been a signifi-
cant correlation between reduced vitamin A levels and
inflammation (C-reactive protein (CRP), ferritin) along
with COVID-markers (reduced lymphocyte count, lac-
tate dehydrogenase (LDH)). In general, disease severity
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and mortality correlated significantly with lower plasma
vitamin A levels [121]. In a study cohort with patients
suffering from common variable immunodeficiency
(CVID) which results in a reduced antibody produc-
tion and recurrent bacterial infections, hence increased
susceptibility to infections, plasma vitamin A levels
were decreased compared to healthy controls and sup-
plementation resulted in decreased levels of TNF-«a and
increased levels of IL-10. However, it remains uncertain
whether vitamin A deficiency is a cause or a consequence
of the infection. Evidence points into both directions
[122, 123].

Moreover, higher IgA levels and phytohemagglutinin
(PHA)-stimulated PBMC proliferation after supplemen-
tation has been observed in vivo [124]. These findings
are supported by a similar study conducted in 2013, also
investigating the role of vitamin A in CVID. ATRA has
been shown to restore defective immune responses in
CVID-derived B cells as it improved proliferation and
IL-10 secretion among others [125]. Regarding vitamin
A as a potential treatment for atherosclerosis by influ-
encing forkhead box protein 3 (FoxP3) and transforming
growth factor (TGF)-f expression, Mottaghi et al. [126]
administered retinyl palmitate or placebo to atheroscle-
rotic patients and a healthy control group, before study-
ing the gene expression of T . The authors conclude
that vitamin A impacts the expression of T, and in
turn their suppressing actions on effector T cells. There-
fore, supplementation might play a role in progression of
atherosclerosis [126]. Furthermore, immune stimulative
effects of vitamin A (retinyl palmitate or 13cisRA) such
as an increased lymphocyte blastogenesis response to
PHA in patients with metastatic unresectable squamous
cell carcinoma of the lung could be observed as well as an
overall immune potentiating effect, making it suitable for
the application in combination therapies [127]. A sum-
mary of the aforementioned study outcomes is provided
in Table S1.

As depicted, supplementation of vitamin A has its ben-
efits concerning healthy elderly as well patients suffering
from certain diseases, whereupon the effects in healthy
elderly seem less pronounced. Hypervitaminosis and tox-
icity often occur in the context of supplemental misuse or
high consumption of food containing lots of preformed
vitamin A such as liver or eggs, causing rather mild symp-
toms such as loose stools, headache, nausea and vomit-
ing, but these side effects occur fairly rarely and usually
stop in close proximity to discontinuation [73, 85, 92].

In contrast, inadequate levels of vitamin A might result
in the commonly observed phenomenon night blindness
or impaired vision due to malfunctioning of the rods in
dim light (retina) and can lead to hyper keratinization of
the eye epithelial tissue and ultimately to blindness if the
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deficiency is severe and long-term [83, 101, 128]. Regard-
ing respiratory symptoms, a vitamin A deficiency mani-
fests in epithelial modifications leaving the person prone
to bacterial and viral invasion and an overall higher sus-
ceptibility to inflammatory processes and infections [73,
129]. Oral administration of retinol equivalents is com-
mon practice in the food and food supplement industry
whereupon vitamin A usually comes in the form of reti-
nyl acetate, retinyl palmitate or f-carotene with absorp-
tion rates ranging between 70 and 90% (preformed
vitamin A esters) and 8.7-65% ([-carotene), respectively
[130-132]. The amount of orally administered retinol
equivalents varies greatly, but commonly comprise 3000
ug RAE given alone, or 750-1050 pg RAE in multivita-
min supplements [133]. Figure S2 provides a summary
of the actual intake of vitamin A supplements compared
with the reference values of D-A-CH, DGE and NIH for
men and women, based on the results of the German
National Nutrition Survey II.

Vitamin D

Vitamin D: general characteristics and physiological function
Vitamin D comprises the following endogenous and syn-
thetic compounds. D; (1+1 mixture of ergocalciferol
and lumisterol), D, (ergocalciferol), D5 (cholecalciferol),
D, (22,23-dihydroergocalciferol) and Dy (sitocalciferol)
[134]. The main pre-forms of active vitamin D in the
body are ergocalciferol and cholecalciferol whereby the
latter is of primary importance and supposedly more effi-
cacious than ergocalciferol (Fig. 1) [135]. Food sources
of cholecalciferol are seafood including fatty fish such as
trout, salmon, mackerel and herring, but it is also found
in egg yolks [135].

Activation of cholecalciferol occurs by hydroxylation
in the liver to become 25-hydroxyvitamin D (calcifediol)
and another hydroxylation in the kidneys to be converted
into the biologically active 1,25-dihydroxyvitamin D (cal-
citriol) [136, 137]. Cholecalciferol exhibits a steroid-like
structure and can be physiologically synthesized from
7-dehydrocholesterol in the skin after exposure to ultra-
violet B (UVB)-light (wavelength: 290-315 nm and a dos-
age value of at least 18 mJ/cm?®) [135, 138, 139]. Many
countries are located in latitudes where sunlight is some-
times insufficient to enable cholecalciferol production in
the skin [135, 140]. Therefore in Nordic countries, dairy
products are often fortified with cholecalciferol [135].
Due to the endogenous synthesis in the context of UVB-
light exposure, cholecalciferol can be considered a pro-
hormone rather than a vitamin. Consequently, calcitriol
is regarded as a steroid hormone and reacts with the
associated vitamin D receptor (VDR) in a similar way to
other steroid hormones with their respective intracellular
receptors [141].
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The hydroxylation of cholecalciferol in the liver is cata-
lyzed by cytochrome P450 vitamin D 25-hydroxylases
(for example CYP2R1, CYP2D11 and CYP2D25) yield-
ing calcifediol [136, 137]. Calcifediol is the main form of
vitamin D in plasma and, at the same time, the storage
form enabling it as an indicator for assessing the vita-
min D status in blood samples in contrast to calcitriol
with its short plasma half-life of 4—8 h [135, 137, 142,
143]. Vitamin D binding proteins (VDBP) are responsi-
ble for the transport of calcifediol to the kidneys, where
the final hydroxylation takes place [137]. In the proximal
tubule, physiologically active calcitriol is synthesized by
1-a-hydroxylase (CYP27B1) [137].

Calcitriol regulates calcium and phosphate levels by
promoting calcium absorption in the gastrointestinal
(GI) tract and stimulating reabsorption of calcium and
phosphate by the kidneys [137, 144, 145]. In turn, cal-
citriol deficiency correlates with calcium deficit and is
additionally an important regulator of sex hormone levels
[137, 144]. High phosphate levels suppress the conver-
sion of calcifediol into calcitriol [137, 145].

Regarding the bioactivity of vitamin D, many health
claims for the general population have been authorized
in the European Union [95]. Vitamin D contributes to the
normal absorption and utilization of calcium and phos-
phorus, to the maintenance of normal teeth and muscle
function and it is further needed for normal growth and
development of bones in adults and children. In addition,
vitamin D helps to reduce the risk of falling associated
with postural instability and muscle weakness (risk factor
over 60 y/o). It also contributes to the normal function of
the immune system in adults and children and has a role
in cell division. Together with calcium, it helps to reduce
the loss of bone mineral in post-menopausal women [95].

More than 36 cell types possess the VDR and interest-
ingly paracrine production of calcitriol occurs in more
than ten extrarenal organs [141]. The effects of calcitriol
are remarkably diverse involving the regulation of more
than 1000 genes important for a wide variety of cells and
tissues [137, 146]. To acquire comprehensive data on vita-
min D signaling, Dimitrov and colleagues analyzed raw
data from 94 gene expression profiles (80 from humans,
14 from mice) regulated by calcitriol or its analogs [147].
Several of the identified genes are also involved in bio-
chemical pathways of cancer cells [137] and regulate
immune responses, cell proliferation, differentiation and
apoptosis [137, 146, 148]. Calcitriol is also involved in
insulin secretion by the pancreatic B-cells, maintenance
of heart function, blood pressure regulation as well as
brain and fetal development [141]. Vitamin D even mod-
ulates the composition of the GI microbiome [149].

Accordingly, there is a big variety of diseases in the
context of vitamin D insufficiency or deficiency and,
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for example, about two-thirds of the world’s population
seemingly do not get enough vitamin D for the main-
tenance of an optimal bone density [141, 150]. In this
respect, 20 ng/mL (50 nmol/L) calcifediol in plasma cor-
responds to a sufficient level whereas less than 10-12 ng/
mL (25-30 nmol/L) indicates deficiency [135]. However,
for optimal health conditions, there is evidence pointing
towards the direction that higher serum concentrations
might be beneficial [151, 152]. The RDA for vitamin D
consumption amounts to up to 20 pg/day (compare age
groups 50 and older; DACH, DGE and NIH reference

Vitamin D, RDA
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values; Fig. 4) whereas correlating NRVs define 5-15 pg
vitamin D to be enough for ensuring an adequate sup-
ply concerning the general population [86]. Moreover,
a sufficiently high magnesium intake appears to reduce
the risk of vitamin D deficiency [153], while the intake
of various medications, e.g.,, metformin, loop diuret-
ics, statins, antidepressants or certain chemotherapeutic
agents among others can alter vitamin D status [154].
Interestingly, as shown in Fig. 5 and based on the results
of the German National Nutrition Survey II (2005-2007)
[155], approximately 80—100% of the people aged 50 and
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Fig. 4 RDA reference values of vitamin D. References according to D-A-CH [87], DGE [156], NIH [157] and the NRVs-R of FAO/WHO [86]. D-A-CH,
Deutschland, Austria, Confoederatio Helvetica (eng. GSA, Germany, Switzerland, Austria); DGE, Deutsche Gesellschaft fur Erndhrung (eng. German
Nutrition Society); FAO, Food and Agriculture Organization; NIH, National Institutes of Health; NRV-R, Nutrient Reference Value-Requirement; RDA,

Recommended Daily Allowance; WHO, World Health Organization
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older do not each daily intake recommendations, which
matches the data of the actual vitamin intake compared
with the reference values of DACH, DGE and NIH for
men and women (Figure S1).

Vitamin D: modulatory effects on the aging immune system
Among numerous pleiotropic physiological effects, cal-
citriol and its structural analogues are known to play a
downright important role concerning immune reactions
which have been described in an epidemiologic context
correlating low vitamin D status and the occurrence of
autoimmune as well as inflammatory diseases including,
for example, Hashimoto thyroiditis, multiple sclerosis or
inflammatory bowel disease, with higher prevalences in
northern countries with decreased vitamin D synthesis
[147, 158-160]. Along with these observations, calcitriol
is known of influencing immunity regarding anti-inflam-
matory responses, tolerogenic actions and the prevention
of immune overstimulation [68]. Regarding allergic reac-
tions, vitamin D deficiency (93% of patients) have been
associated with an increased severity of allergic rhinitis
and accordingly elevated levels of IgE [161].

Moreover, the fatsoluble vitamin influences the human
microbiota by retaining intestinal homeostasis accom-
plished due to an increased cellular production of anti-
microbial proteins from, for example macrophages and
monocytes through RXR/VDR-signaling induction of
promotor sequences of cathelicidin antimicrobial peptide
etc., thereby preventing intestinal bacterial translocation
and, on a large scale, the development of auto-inflam-
matory / metabolic dysfunctions, along with its role in
maintaining intestinal epithelial cell integrity (production
of nitric oxide due to upregulation of endothelial nitric
oxide synthase (eNOS)), which in turn minimizes epithe-
lial damage caused by bacterial lipopolysaccharides (LPS)
[151, 162-168].

In contrast, it must be noted that microbiota composi-
tion impacts the hydroxylation of calcifediol by CYP27B1,
as shown in germ-free mice exhibiting high fibroblast
growth factor 23 (FGF23)-levels which correlate to
decreased cholecalciferol-metabolization rates [169].
Generally speaking, vitamin D’s immunogenic capacity
heavily relies on the expression of VDRs in the major-
ity of immune cells encompassing DCs differentiation
of T, monocytes, macrophages, Th cells (induction of
Th2 cells and associated IL-3, IL-4, IL-5 and IL-10; reduc-
tion of pro-inflammatory Thl and related IL-2, IFN-y
and TNF-a, reduction of Th9 and Th22 cells; promotion
of a tolerogenic rather than pro-inflammatory environ-
ment), T- and B cells among others, as well as their abil-
ity of expressing the enzyme 25-(OH)-D-1a-hydroxylase
(CYP27B1 allele), thus influencing innate and adaptive
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immunity, including B-cell-mediated humoral defense
[108, 151, 170-175].

In the context of immune tolerance, tolerogenic DCs
have been gaining much attention with regard to the
fact that calcitriol has been shown to promote antigen-
presenting cells (APCs) to increase their tolerogenic
properties in addition to the reduction of major histo-
compatibility complex (MHC) class II expression [151,
176-178]. The treatment of myeloid DCs (tolerogenic
and immunogenic features) with calcitriol induced the
upregulation of CC-chemokine ligand (CCL) 22 pro-
duction (a chemokine that attracts T, but decreased
CCL17 production, whereas a reduction of IL-12p75 pro-
duction, an increase in CD4" suppressor T cell activity
and an altered DC-mediated Thl-lymphocyte-develop-
ment capacity via cytokine secretion could be observed.
Interestingly, similar effects could not be noted upon
vitamin D treatment of blood plasmacytoid DCs (tolero-
genic features) [179]. Similarly, calcitriol exposure led to
the induction of (differentiating) monocyte-derived toler-
ogenic DCs due to metabolic reprogramming [180].

Moreover, calcitriol has been described to influ-
ence cell-specific regulatory processes including cer-
tain aspects of the NOD-like pattern recognition
receptor signaling, along with enhancing the catabolism
of branchedchain amino acids (BCAAs) in monocytic
cells potentially resulting in the suppression of BCAA-
regulated mTOR signaling [147]. Genomic ramifications
by calcitriol are being caused by the RXR/VDR nuclear
receptor heterodimer complex which attaches to vitamin
D response elements (VDREs) thereby serving as a tran-
scription factor inducing gene expression through tar-
geting calcitriol related promotor sequences [181-184].
Interestingly, with regard to vitamin D and clinical end-
points (anti-tumoral effects; B cell lymphoma), calcitriol
has been shown to suppress the proliferation of immune
cells and production of IFN-y, thereby altering the effi-
cacy of rituximab (therapeutic antibody)-mediated anti-
body-dependent cell-mediated cytotoxicity (ADCC) on
effector y§8-T cells along with enhancing the cytotoxic
effects of effector NK cells in vitro [185].

Regarding our aging society, certain aspects in terms
of immunomodulatory changes have to be highlighted.
A study on healthy controls described an inverse corre-
lation between age (especially those older than 60 y/o),
concomitantly low levels of circulating calcifediol and
altered innate immune markers being the expression and
function of various TLRs on immune cells, particularly
those related to viral responses, and low levels of catheli-
cidin, which in turn were positively associated with cal-
cifediol levels [186]. Along with that, decreased serum
calcifediol (manifested hypovitaminosis D) has been
shown to reinforce symptom severity / mortality and
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deteriorate disease outcome of patients with acute respir-
atory failure due to COVID-19 [187], as well as increase
the risk of incident hospitalized pneumonia in gener-
ally healthy study participants aged (53—73 y/o) [188]. In
accordance with Castillo et al., COVID-19 patients might
benefit from calcifediol supplementation [189].

In contrast, no significant improvement of IL-1p, IL-6,
IL-10, TNF-«, IL-4, IL-12p70, IL-17 A, IFN-y, granulo-
cyte-macrophage colony-stimulating factor (GM-CSF),
IL-8, IFN-inducible protein-10 (IP-10), macrophage
inflammatory protein-1p (MIP-1p), monocyte chemoat-
tractant protein-1 (MCP-1), vascular endothelial growth
factor (VEGF), and leukocyte count could be observed
following the oral application of a single high dose of
200,000 IU cholecalciferol in hospitalized patients with
moderate to severe COVID-19 (55.5+14.3 y/o) [190].
Similar outcomes were reported by Barnes et al. [191].
Even though daily supplementation of 15 ug cholecalcif-
erol significantly increased calcifediol serum concentra-
tions in the elderly (mean 64 y/o), no explicit impact on
cytokine concentration (CRP, IL-6, IL-10, soluble CD40
ligand, TGF-B, TNF-a and fibrinogen) could be observed
[191]. Interestingly, a study conducted on Mexican
healthy elderly (decreased age-associated endogenous
vitamin D synthesis) suggested that despite living in a
country with appropriate UV radiation exposure due to
lower latitude, vitamin D insufficiency (91.3%) is a ubiq-
uitous matter throughout the year resulting in correlating
TNF-a serum levels, potentially explaining the increased
susceptibility of older adults to systemic inflammation
and associated diseases [192].

Subsequently, a study investigating gene polymor-
phisms in the context of genetic susceptibility for vitamin
D deficiency and COVID-19 severity might shed some
light on the topic, with an emphasis on the lack of per-
sonalized approaches for viral infections due to interin-
dividual differences [193]. Freitas and colleagues (2021)
showed that among others, polymorphisms in the vita-
min D-binding protein (encoded by GC gene) correlate to
disease severity in Portuguese, hospitalized patients. In
close proximity to the findings of Elizondo-Montemayor
et al. [192] but under altered premises, Australian elderly
(60-84 y/0), supposedly representing a population group
with low incidences of vitamin D deficiency, consumed
60,000 IU cholecalciferol on a monthly basis for five
years, but no significant effects on hospitalization due
to infection, despite a decline in the number of extended
hospitalizations (over 6 d), could be observed, suggesting
that general supplementation in people with adequate
vitamin D serum concentrations exert only little effects,
whereas its role in infectious disease is reinforced [194].

An inverse relationship between elevated serum calcife-
diol and CRP being a marker of systemic inflammation
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could be observed [195]. Concerning the impact of chole-
calciferol supplementation (100,000 IU/15 d for three
months) on influenza vaccine response (seroprotection
and immune response), no significant changes in catheli-
cidin levels, antibody titer and ROS production in con-
trast to elevated TGF-f plasma levels could be observed
in elderly study participants with suboptimal vitamin D
levels (<30 ng/mL / 75 nmol/L) 28 days after vaccination
[196].

Interestingly, weekly supplementation of 20,000 IU
cholecalciferol over the course of three to five years
resulted in transcriptomic changes encompassing the
expression of various vitamin D-regulated genes involved
in the IL-signaling pathway, apoptosis signaling pathway,
oxidative stress response and gonadotropin-releasing
hormone receptor pathway after stratifying for subjects
with the lowest or highest serum calcifediol levels [197].
A summary of the aforementioned study outcomes is
provided in Table S1.

In light of aging-associated changes such as reduced
dietary bioavailability (gallbladder removal or gastro-
intestinal diseases), decreased amounts of 7-dehydro-
cholesterol in the skin and concomitantly the inhibited
conversion rates of ergocalciferol into cholecalciferol
(decrease by factor 3 compared to young) as well as the
commonly observed vitamin D deficiency (calcifed-
iol <20 ng/mL / 50 nmol/L [198]; calcifediol <12 ng/mL
/ 30 nmol/L [199]) in the elderly, representing one of the
many risk groups, oral application certainly has its ben-
efits and daily supplementation may be recommended
based on scientific and epidemiologic evidence, espe-
cially since excessive exposure to UV-radiation correlates
to the development of skin cancer [200-203].

Since roughly 40% (6%) of the adults display an insuf-
ficient (deficient) vitamin D nutritional status due to
interindividual differences referring absorption efficiency
(55-99%), or altered bioavailability as a result of varying
dietary lipid composition, just to name a few, general rec-
ommendations for the prevention of deficiency include
daily application of 600—2000 IU cholecalciferol depend-
ing on individual factors like sunlight exposure, nutri-
tional intake etc., whereas a linear relationship between
the intake (lower dosages between 1000 and 2000 IU /
25-50 pg; extenuated effect with higher dosages) and
serum calcifediol might be observed [157, 198, 199,
204-211].

However, correlating vitamin D intake via food or
pharmaceuticals and actual serum concentration might
entail difficulties and lead to false assumptions, because
epidemiologic vitamin D status calculations based on
dietary surveys barely take endogenous synthesis into
account as well as differing bioavailability resulting from
different food sources (for example animal products) and
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forms of vitamin D (ergocalciferol vs. cholecalciferol)
[48, 212]. Deficiency symptoms in adults might include
the development of osteomalacia (dental abnormalities,
hypocalcemic seizures, bone deformities and pain) [213,
214], whereas vitamin D intoxication due to manufac-
turing errors or irresponsible excessive consumption
(levels above 150 ng/mL (374 nmol/L) potentially leads
to hypercalcemia and concomitantly vomiting, nausea,
polyuria, neuropsychiatric disturbances, pain and kid-
ney stones, or hypercalciuria, renal failure, calcification
of soft tissues including coronary vessels and cardiac
arrhythmias, respectively [215-218].

Nonetheless, as depicted above, moderate supple-
mentation according to one’s personal needs implicates
potential health benefits and is thought to play an impor-
tant role in healthy aging. Higher supplementary absorp-
tion rates might be achieved through micellization,
liposome formation or microencapsulation of vitamin
D, regarding varying efficiency rates (microencapsula-
tion more than micellization) [219]. However, as already
depicted above, it has to be noted that the supplementa-
tion effects downrightly depend on interindividual differ-
ences. For that matter, Zmitek and colleagues described
a positive correlation between a normal body weight
(BMI<25), lower baseline calcifediol levels representing
insufficiency and ultimately supplementation efficiency
[220].

In general, vitamin D from commercially available oral
supplements either come in the form of ergocalciferol or
cholecalciferol, whereat ergocalciferol is generated via
UV-irradiation of ergosterol from yeast and cholecal-
ciferol gets manufactured by UV-irradiation of 7-dehy-
drocholesterol originating from lanolin (sheep wool) or
lichen [215, 221-223]. In addition, supplemented calcife-
diol is thought of being three to five times as effective as
cholecalciferol concerning bioactivity [224, 225]. Figure
S2 provides a summary of the actual intake of vitamin
D supplements compared with the reference values of
D-A-CH, DGE, and NIH for men and women, based on
the results of the German National Nutrition Survey IL
However, it must be taken into consideration that vita-
min D supplementation might interact with certain med-
ication including statins [226], corticosteroids [227-231,
229] and thiazide diuretics [230, 226].

Vitamin E

Vitamin E: general characteristics and physiological function
The term vitamin E resembles lipophilic vitamers com-
prising tocopherols and tocotrienols (short: tocols) with
a similar structure based on a chromanol ring and a
13-carbon saturated phytol sidechain (tocopherol; up to
eight stereoisomers) / unsaturated isoprenoid tail (tocot-
rienol; two stereoisomers), which occur naturally as four
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homologues (a, B, v, 8) differing in number and position
of methyl groups attached to the chromanol structure,
whereas a-tocopherol (aT) generally represents the bio-
logically active form meeting the human requirements
for vitamin E intake (Fig. 1) [232-237]. Dietary vitamin
E esters are enzymatically hydrolyzed into non-esterified
versions before being metabolized by the intestine and
liver during absorption in the small intestine [238—241].

Since vitamin E does not have a distinct plasma trans-
port protein, it is secreted into the lymphatic system by
enterocytes after its association to chylomicrons and
subsequently reaches the systemic circulation by passing
the thoracic duct before being transferred to highdensity
lipoproteins (HDL). They serve as a starting point for
their distribution to all circulating lipoproteins and tar-
get tissues (for example liver), whereby the chylomicrons
are degraded into chylomicron remnants [242, 243].
In the liver, the cytosolic a-tocopherol transfer protein
(a-TTP) binds aT and induces its transport and incor-
poration into the plasma membrane [244—246]. Moreo-
ver, hepatic secretion of aT requires the involvement of
the membrane protein ATP binding cassette subfamily A
member 1 (ABCA1) as a mediator for assembling oT into
lipoproteins for them to be delivered to extrahepatic tis-
sues [241].

Along with other food constituents, for example RA,
that compete with vitamin E uptake and thereby reduc-
ing it, interindividual differences regarding absorption
and bioavailability such as diseases, age, gender, lifestyle
factors, interfering pharmaceuticals and genetic poly-
morphisms among others add up to 20-80% [243, 247—-
250]. Nonetheless, NRVs for vitamin E consumption
equal 9 mg a-tocopherol equivalents («TE) per day [86]
and RDA amounts to up to 15 mg of «TE (compare age
groups 50 and older; D-A-CH, DGE and NIH reference
values; Fig. 6) which corresponds to 22.4 IU of natural
(RRR-oT; d-aT) or 33.3 IU synthetic (all rac-aT; dl-aT)
aT [133, 251]. Interestingly, as shown in Fig. 7 and based
on the results of the German National Nutrition Survey II
(2005-2007) [252], approximately half of the people aged
50 and older do not reach the daily intake recommenda-
tions, which matches the data of the actual vitamin intake
compared with the reference values of D-A-CH, DGE and
NIH for men and women (Figure S1). Recommendations
vary greatly depending on validation method (reference
markers) used, but as a rule of thumb, the intake of vita-
min E should be in correlation with the amount of dietary
PUFAs (1 g diene fatty acid : 0.5 mg RRR-a'T) [243].

Natural sources of the fat-soluble compound (free
forms as well as esterified with, for example, fatty acids)
comprise mainly plants such as nuts (aT: almonds and
hazelnuts; yT: walnuts), seeds (sesame, quinoa, pumpkin,
nigella), grains / cereals (tocotrienols: barley and wheat
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germ) or vegetable oils (aT: sunflower oil; yT: palm oil;
tocotrienols: coconut oil) and to a lesser extent animal-
based products like dairy products or milk, whereas the
given concentration depends greatly on external fac-
tors like growing conditions, harvest and processing
[254-260].

Concerning the bioactivity and function of tocopherols
/ tocotrienols, certain health claims regarding the general

population as target population have been proposed and
verified as such including vitamin E as a contributor to
the protection of cells against oxidative damage and
thereby its role as a potent chain-breaking antioxidant
[95]. Due to its lipophilic attributes, vitamin E derivates
can accumulate in fat depots and lipid-rich regions (for
example membrane of mitochondria), where they exert
various effects upon consumption [261]. As already
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mentioned, the primary function of tocols is scavenging
ROS through transferring hydrogen onto a free radical
creating a non-radical product and a vitamin E radical
which in turn reacts with other radicals forming a rela-
tively stable compound and thereby preventing lipid per-
oxidation or platelet coagulation, which plays a role in
the prevention and treatment of cardiovascular diseases
(inhibition of lowdensity lipoprotein (LDL) cholesterol
oxidation) [235, 262]. There have been reports of vitamin
E treatment against stress being superior to vitamins A
and C due to elevated levels of glutathione and catalase in
contrast to reduced lipid peroxidation [263]. Apart from
that, vitamin E might act synergistically with water-solu-
ble antioxidants like phenolic acids, enhancing its effects
[264, 265]. It protects membrane associated PUFAs from
oxidation and participates in signal transduction [236].

Even though the panel of the European Food Safety
Authority (EFSA) concluded that based on provided
evidence, there has not been an established cause and
effect relationship for vitamin E acting as a contributor
to the maintenance of a normal immune system function
regarding the absence of immune defects in participants
deficient in vitamin E and the insufficient restoration of
a compromised immune system after supplementation
[266], there is still valid evidence pointing in the direc-
tion that the vitamin plays a role in immunity, one exam-
ple being that tocopherols accumulate in the membrane
of immune cells, thereby protecting their membrane
integrity, proliferation and maturation as well as PUFAs
along with anti-inflammatory effects [68, 267].

Vitamin E: modulatory effects on the aging immune system
Concerning immunity and in line with the already men-
tioned antioxidant function, tocols protect self-cells
against damage during respiratory burst [268]. aT was
able to reduce IL-8, IL-17 and CCL5 secretion in PHA-
stimulated PBMCs, mediated by influencing prosta-
glandin E receptors 2 and 4 (EP2 and EP4) and thereby
inducing the secretion of second messenger cyclic adeno-
sine monophosphate (cAMP) [269]. Notably, reduced
levels of peroxynitrite leading to the inhibited produc-
tion and activity (not transcription) of prostaglandin E2
by macrophages and in turn to the decrease of the aging-
associated enzyme cyclooxygenase (COX)—2 involved in
inflammatory processes might play a role in these pro-
cesses as well [270, 271].

Moreover, aT has been shown to inhibit the activ-
ity of protein kinase C (PKC) via activation of protein
phosphatase 2 A (PP2A) resulting in the decreased
production of superoxide in neutrophils and mac-
rophages, the subdued proliferation of monocytes or
macrophages among others, as well as the inhibition of
extracellular signal-regulated kinase (ERK) 1/2- nuclear
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factor kappa-light-chain-enhancer of activated B cells
(NF-xB) signaling cascade upon LPS treatment leading
to a decreased COX-2 synthesis [236, 272-275]. In line
with that, y-tocotrienol was reported to inhibit the pro-
inflammatory NF-kB pathway along with the release of
cytokines IL-2, IFN-y, IL-4 and IL-6 [276].

An effect of consuming RRR-aT or all-rac-aT on gene
transcription, regarding certain differences between
the natural and synthetic form, has been demonstrated
in vivo, whereas the T cell-dependent expression of IL-2
and IL-10 among others was induced in mice being fed a
high-tocopherol diet [277]. The endogenous oT metabo-
lite 13-((2R)—6-hydroxy-2,5,7,8-tetramethylchroman-2-
y1)—2,6,10-trimethyltridecanoic acid (a-T-13’-COOH)
has been shown to inhibit 5lipoxygenase (5-LOX) in
immune cells (involved in the biosynthesis of chem-
oattractant and vasoactive leukotrienes) and thereby
decrease inflammation and bronchial hyper-reactivity in
mice [278]. Along with initiating anti-inflammatory reac-
tions, vitamin E might exert certain effects as part of an
immune reaction such as T cell proliferation and differ-
entiation upon supplementation above recommended
levels (stimulation of proliferation and IL-2 secretion of
activated naive T cells most pronounced in the elderly),
phagocytosis or antibody production [108, 267, 271].

Regarding T cell activity, vitamin E might be able to
influence the aging-associated compromised recruitment
of signaling proteins correlating with the development
of an immune synapse between T cells and antibody
presenting cells [279, 280]. In contrast, there have been
reports about high-dose yT suppressing lymphocyte pro-
liferation along with pro-inflammatory actions [267]. It
must be noted that according to interindividual differ-
ences, the outcomes of vitamin E supplementation might
differ in the elderly. Nonetheless, an increased dosage
(100 mg vs. 50 mg vitamin E; six months intervention;
healthy elderly 65-80 y/o) has been shown to influence
cellular immune responsiveness including, for exam-
ple, enhanced delayed-type hypersensitivity (DTH) and
IL-2 production [281]. Meydani and colleagues reported
similar findings concerning cellmediated immunity in
healthy older adults upon supplementation of 800 mg
dl-a-tocopheryl acetate for one month. Elevated DTH
responses, increased IL-2 production and reduced pros-
taglandin E2 synthesis by PBMCs as well as plasma lipid
peroxides were measured [282]. In contrast, Waart and
colleagues could not find any effects of 100 mg dl-a-
tocopheryl acetate ingested daily (three months; 65 years
and older) regarding cellular (ex vivo stimulation with
concanavalin A and PHA) and humoral (IgG and IgA)
immune responses [283]. An in vivo study conducted
in 2022 investigated how adding aT to the HIN1 influ-
enza vaccine affects the diminished immune response
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in the elderly with regard to vaccine efficacy. Younger
(6—8 weeks old) and older (16—20 weeks old) mice were
immunized subcutaneously, resulting in improved IFN-y
and IL-4 responses, humoral immunity (HAI-titers), viral
protection (decreased lung viral load), as well as survival
rates in both age groups, whereas the effects regarding
cytokine production was more pronounced in old mice,
that vitamin E supplementation in combination with vac-
cination might increase the potency of the vaccine in the
elderly [284].

Contrary to that, but in close relation to the described
effects already mentioned for vitamin A, an observational
prospective cohort study found no significant connection
between differing micronutrient levels (vitamin E among
others; no detectable insufficiency in any participant) and
the serologic response to influenza vaccination meas-
ured by HALI titer, in 205 community-dwelling adults
aged 65 and older, which contradicts the assumption that
decreased levels of said micronutrients would be caus-
ing decreased HAI responses to vaccination [114]. Again,
these observations are supported by the findings of Gard-
ner et al. [115] which investigated the immune responses
and plasma micronutrient levels («T among others) in
61 healthy elderly (mean 81 y/o) compared to 27 young
(mean 27 y/o) participants before and after influenza
vaccination. The elderly showed comparingly low influ-
enza vaccine induced proliferation and IFN-y levels, as
well as lower post-vaccination antibody titers, but these
differences seemed to be independent from differing
micronutrient levels [115]. Regarding viral infections, aT
appears to be a potent mediator of (pulmonary) polymor-
phonuclear leukocyte (PMNs) responses (for example,
decreased migration across lung epithelium or increased
neutrophil elastase levels which elevates antimicrobial
activity), making it applicable for the treatment of Strep-
tococcus pneumoniae infections, especially in the elderly
[285]. Hemilad [286] also examined how vitamin E affects
the risk of pneumonia in male smokers aged 50—69 years
based on the data of an intervention study (50 mg/d vita-
min E; 5-8 years). Results showed a significant reduction
in pneumonia incidence due to supplementation [286].

Research regarding the prevention of respiratory tract
infections in elderly (nursing home residents) due to vita-
min E supplementation appears to be heterogenous at
times, especially regarding randomized controlled trials
based on observatory outcomes such as number of inci-
dence occurrence or number of antibiotic prescriptions
[287].

In accordance with that, but using different method-
ology, observations contrary to previously described
successful study outcomes have been made by van
Amsterdam et al. [288] in the context of a randomized
placebo-controlled study, in which the supplementation
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of 200 mg vitamin E daily for 15 months neither showed
a significant impact on serum dehydroepiandroster-
one (DHEA) sulfate ester nor neopterin, representing
biomarkers of immunocompetence, in healthy elderly,
which might explain the supposed failure of vitamin E
protecting against acute respiratory infections as well as
their correlating severity [288]. Despite the lack of sta-
tistical significance regarding the efficacy of vitamin E,
which could be observed in some of the research articles,
a positive trend towards protective effects concerning
the incidence of common cold or overall infection rate
has been described (compare [287]). However, it has to
be noted that the immunologic impact of vitamin E sup-
plementation regarding cytokine production might rely
on genetic variables such as single nucleotide polymor-
phisms (SNPs), hence baseline production of cytokines
prior to supplementation, as demonstrated in a double-
blind, placebo-controlled intervention study on elderly
subjects (mean 83 y/o) indicating, that individuals with
specific genotypes (A/A and A/G) at TNF-a —308G>A
(TNF-a SNP) may exert less TNF-a production, which
suggests that anti-inflammatory action of vitamin E
might be distinct for those being predisposed to higher
inflammation rates, as the A allele correlates with higher
TNF-«a levels [289, 290]. These findings are supported by
another study investigating the efficacy of vitamin E sup-
plementation on the prevention of lower respiratory tract
infections in elderly nursing home residents. The authors
concluded that sex and specific SNPs at certain cytokine
genes (for example, IL-10 —819G > A) play an important
role regarding that matter [291]. Based on a nested case-
control study within a multiethnic cohort and in relation
to vitamin E and the risk of developing diseases, serum
tocopherol levels representing adequate dietary vitamin E
intake rather than high-dose supplementary levels might
exert protective effects against developing non-Hodgkin
lymphoma (NHL) [292]. A summary of these studies is
provided in Table S1.

According to dietary intake surveys, the recommenda-
tions concerning aT intake are seldom met (population
undersupply up to 75%), especially with regard of the
elderly [293-296]. Contrary to that, a measurable defi-
ciency rarely occurs under normal physiological con-
ditions and a well-balanced diet, since adipose tissue
serves as the main storage and vitamin E can be utilized
up to several years [297, 298]. In contrast, severe vita-
min E deficiency might be caused by disease such as
lipid absorption abnormalities or polymorphisms in the
liver-associated TTP resulting in reduced plasma levels,
manifesting in, for example, acute peripheral neuropathy
(degeneration of large calibre axons in sensory neurons),
pigmented retinopathy, skeleton myopathy, spinocer-
ebellar ataxia and immune system impairment, the
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progression of which can be decelerated and potentially
reversed by tocopherol supplementation [133, 251, 298,
299]. Notwithstanding, as shown in numerous research
articles, supplementation of vitamin E certainly has its
benefits and might play a role in healthy aging. Short-
term, high-dose tocopherol intake up to 300 mg/d does
not cause major side effects, whereas persistent high-
dose supplementation has been described to compromise
blood clotting and might increase the chance of hemor-
rhagic strokes [300-302]. Commercially available sup-
plements primarily contain esterified vitamin E due to
increased oxidative stability (a-tocopheryl acetate and
succinate; > 67 mg (100 IU) RRR-aT) [251, 303]. Figure
S2 provides a summary of the actual intake of vitamin D
supplements compared with the reference values of D-A-
CH, DGE, and NIH for men and women, based on the
results of the German National Nutrition Survey II.

Vitamin K

Vitamin K: general characteristics and physiological function
Vitamin K is the term for a group of compounds that is
characterized by chlorophyll quinone bioactivity named
after its main property - the promotion of blood coagu-
lation [304]. Two forms, vitamin K; (phylloquinone) and
vitamin K, (menaquinone) occur in nature in a wide
variety of plant and animal products whereas vitamin K
(menadione) is a synthetic analog and also intermediary
product in the conversion of oral vitamin K; into vita-
min K, [304, 305] (Fig. 1). Vitamins K; and K, (menadiol)
have been considered to be synthetic water-soluble forms
of vitamin K [306]. Vitamin K; is mainly found in green,
leafy or flowering vegetables and also in vegetable oils.
Vitamin K, describes a group of menaquinones (MK-n;
n: number of isoprenyl residues) that is mainly found in
meat, innards, eggs, dairy products, fermented foods and
cheese. Natto from soybeans contains particularly high
amounts of this vitamin [304, 307]. To date, MK-4 and
MK-7 are the most studied menaquinones in the human
diet. Vitamin K, can also be provided by gut bacteria,
even though in insufficient amounts [304, 308].

A growing number of studies show that vitamin K has
many more functions than just its influence on blood
clotting, some of which have long been neglected [304].
Vitamin K exerts beneficial effects regarding the anti-
oxidant capacity, GI microbiome, epithelial development
and function and helps protecting bones [304]. With
regard to its bioactivity and function, the contribution to
normal blood clotting and to the maintenance of normal
bones were authorized as health claims in the European
Union [95].

Protein S, a plasma glycoprotein encoded by the
PROSI gene, is also activated by y-carboxylation and is
involved in the inactivation of coagulation factors Va and
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VIIIa [309]. It seems to be important in local thrombo-
sis prevention [310] and besides controlling coagulation,
protein S promotes phagocytosis of apoptotic cells, cell
survival, angiogenesis as well as vascular integrity and
it also induces innate immunity [309]. In mice, these
functions were largely lost following invalidation of the
PROSI gene [311]. Vitamin K, was superior to vitamin
K, regarding inhibition of the cancer cell proliferation
and induced cancer cell apoptosis and cell cycle arrest.
When compared to synthetic and also more toxic vita-
min K, these effects were less pronounced [304, 312].
NRVs for vitamin K consumption amount to up to 60
ug [86], whereas the RDA is in the range of 125 pg/day
being twice the amount (compare age groups 50 and
older; D-A-CH, DGE and NIH reference values; Fig. 8).
In contrast to the other fatsoluble vitamins, the German
National Nutrition Survey II (2005-2007) did not pro-
vide any data concerning actual intake, intake below rec-
ommended values or supplementation.

Vitamin K: modulatory effects on the aging immune system
Recent studies have shown that the K vitamins also have
positive effects on the immune system, including poten-
tial preventive and therapeutic effects on infectious dis-
eases like asthma and COVID-19) but also inflammations
in the context of type 2 diabetes mellitus, Alzheimer’s
disease, Parkinson’s disease, cancer, aging and arterioscle-
rosis. These effects were also described for certain auto-
immune diseases such as inflammatory bowel disease,
type 1 diabetes mellitus, multiple sclerosis and rheuma-
toid arthritis [304]. It is becoming increasingly evident
that there is a variety of vitamin K-dependent proteins
(VKDPs) that exhibit immunomodulatory and anti-
inflammatory effects increasing the complexity of vita-
min K-related immune functions [304]. Vitamin K,, for
example, prevented phosphorylation of NF«B inhibitor
(IxB) by inhibiting IkB kinase (IKK) thereby decreasing
cell cycle protein D1, thus suppressing the proliferation
of cancer cells. Vitamin K, also inhibited PKC kinase and
PKD1 activity and therefore NF-«kB activation [304, 314].
Asthma is caused by airway inflammation in con-
nection with cytokines such as IL-4 and IL-13 [304,
315]. Vitamin K, supplementation showed efficiency
in asthma cases with varying degrees of severity [304,
316]. During infection, calcification of the lung is
inhibited by matrix y-carboxyglutamic acid protein
(MGP) that is activated by vitamin K. High vitamin
K levels correlate with high MGP levels and low IL-6
levels. Accordingly, vitamin K deficiency is connected
to increased blood dephosphorylated-uncarboxylated
MGP (dp-ucMGP) associated with reduced breathing
capacity, increased risk of asthma andreduced protec-
tion of the elastic lung and vascular fibers which is a
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Vitamin K, RDA
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hallmark of COVID-19 [304, 317]. High dp-ucMGP and
increased IL-6 levels together with low vitamin K levels
have been identified as key factors in the inflammatory
process and tissue destruction caused by COVID-19
[304, 317].

Due to the vitamin’s ability to activate both hepatic
coagulation factors and the extrahepatic endothelial
anticoagulant protein S, it seems plausible that vitamin
K deficiency may be implicated in COVID-19 linking
pulmonary and thromboembolic disease. This hypoth-
esis is supported by a tight connection between extra-
hepatic vitamin K deficiency and poor outcome [317].
Therefore, Dofferhoff and colleagues hypothesized that
the extrahepatic vitamin K depletion caused by pneu-
monia accelerates elastic fiber damage and thrombo-
sis in severe COVID-19 due to impaired activation
of MGP and endothelial protein S, respectively [310,
317]. Importantly, MK-7 levels were particularly low
compared to non-COVID-19 pneumonia and healthy
controls, indicating high consumption in extrahepatic
tissues, especially the lungs [318].

Vitamin K; and vitamin K, treatments were inves-
tigated with T cells of mitogen-activated peripheral
lymphocytes from healthy volunteers, but also from
dialysis patients [319]. Interestingly, vitamin K, dose-
dependently suppressed the proliferation of PBMCs
from both treatment groups stimulated by concanava-
lin A, while vitamin K; showed no significant effects
on PBMC proliferation. Both vitamins had no effect
on the expression of most Th1/Th2/Th17 cytokines in
activated PBMCs, with the exception of increased IL-4

expression in PBMCs from healthy volunteers and low
T, levels in PBMCs from dialysis patients by vitamin
K, [319].

The anti-inflammatory mechanisms of vitamin K are
not fully elucidated yet [306]. Activation of the multi-
protein complex NLR family pyrin domain containing
3 (NLRP3) results in IL-1f and IL-18 secretion contrib-
uting to the pathogenesis of various human inflamma-
tory diseases [306]. Interestingly, synthetic vitamins
K; and K, are selective, potent inhibitors of NLRP3
inflammasome assembly by inhibiting the interaction
between NLRP3 and the adaptor molecule apoptosis-
associated speck-like protein containing a caspase
recruitment domain (CARD; ASC) [306]. Accordingly,
treatment with vitamin K; or K, attenuated the sever-
ity of inflammation in a murine peritonitis model [306].
Interestingly, vitamin K, and K, were not able to inhibit
inflammasome activation supposedly due to their
longer aliphatic chains [306].

Postmenopausal osteoporosis is characterized by
more circulating activated T cells compared to healthy
pre- and postmenopausal women and vitamin K, could
reduce the incidence of hip, vertebral and other frac-
tures in these patients [320]. In this context, vitamin K,
(60 and 100 pM), but not vitamin K, inhibited T cell
proliferation [320]. Vitamin K, had also suppressive
effect on PBMCs of pediatric patients with atopic der-
matitis at a dose of 10-100 uM by inhibiting the mito-
gen-activated protein kinase MEK1-ERK1/2 and SAPK/
JNK signaling pathways [321]. It significantly attenu-
ated the T cell mitogen-activated PBMC proliferation
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of atopic dermatitis patients and decreased the produc-
tion of TNF-a, IL-10 and IL-17 A whereas IL-2 levels
were increased [321].

Although dietary vitamin K deficiency is rare in healthy
adults, it is common in infants and the elderly. For exam-
ple, it has been shown that vitamin K production in
the gut of patients taking broad-spectrum antibiotics is
reduced by almost 74% probably due to the decline of gut
bacteria [306]. Vitamin K is a very important prophylac-
tic for all newborns, for example, to prevent bleeding as
a side effect after vaccination, which mostly is vitamin K
deficiency bleeding a serious condition in the neonatal
period and early infancy [322]. In adults, vitamin K sup-
plementation could also prevent severe COVID-19 infec-
tion in people at risk as a cheap and promising approach
[310, 323]. The majority of patients receiving vitamin K
antagonists is aged and the COVID-19 vaccine comirnaty
decreased anticoagulation control in these patients [318].

Linneberg and colleagues investigated the hypothesis
that low vitamin K status predicts mortality in COVID-
19 patients in a cohort of 138 COVID-19 patients and
138 control subjects by measuring plasma dp-ucMGP to
assess the loss of functional vitamin K in peripheral tis-
sues [324]. Although low vitamin K status was associated
with mortality in patients with COVID-19 in sex- and
age-adjusted analyses, this correlation could not be con-
firmed after adjustment for co-morbidities [324]. Patients
with inflammatory bowel disease suffer from damaged
intestines resulting in malabsorption of vitamin K and
thus vitamin K deficiency. As already mentioned, the lat-
ter is associated with several chronic inflammatory dis-
eases [306]. Therefore, these patients should be screened
for vitamin K deficiency besides vitamin D deficiency,
as both conditions may be linked to the development of
inflammatory bowel disease and in particular Crohn’s
disease and the associated loss of bone health [325]. This
is especially important since these patients are often
affected by steroid use, reduced sunlight-exposure and
inflammatory cytokines [325]. A summary of the afore-
mentioned study outcomes is provided in Table S1.

Conclusions

There is increasing evidence that all fat-soluble vitamins
are involved in the regulation of the immune system.
However, their molecular target structures and their con-
tributions to biochemical pathways are very different and
there is also a large discrepancy regarding the supply of
vitamins in the population - particularly with regard to
vulnerable groups such as the elderly.

Vitamin A, for example, exerts various effects on both
the innate and adaptive immune system. It promotes the
activity of lymphocytes and is involved in the maturation
of DCs, Th cells and cytotoxic T cells. RA inhibits the
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development of Th1 cells and promotes the development
of Th2 cells. 13-cis-RA increases the total count of lym-
phoid cells with Th cell surface markers and -carotene
affects the percentage of cells expressing NK cell mark-
ers. The supply situation in the German population is
relatively good and only around 20% of the study partici-
pants are below the D-A-CH reference values.

In the elderly, physiological senescence could reduce
RXR-B. While vitamin A has seemingly only moderate
effects on the immune system in healthy study partici-
pants, it reduces disease progression and vitamin A defi-
ciency results in increased susceptibility to bacterial and
viral infections as well as inflammatory processes.

Vitamin D plays a very prominent role in immune
responses and low vitamin D status is often described in
the context of autoimmune and inflammatory diseases.
Calcitriol appears to exert protective effects regarding
inflammatory processes, promotes tolerogenic reactions
and prevents excessive stimulation of the immune sys-
tem. The immunogenic potential of vitamin D depends
strongly on the expression of the VDR in many different
immune cells. The effects are complex, as calcitriol, in
addition to its immunostimulatory properties, for exam-
ple, also suppresses the proliferation of certain immune
cells and the production of IFN-y.

Vitamin D deficiency is generally widespread and well
over 90% of the German population are below the D-A-
CH reference values and even 93% of the older Mexican
population showed insufficient vitamin D levels despite
being exposed to higher levels of UV-radiation. Insuffi-
cient vitamin D levels are not only associated with more
frequent and more pronounced allergic rhinitis, low
plasma calcifediol levels are also suspected to have a neg-
ative impact on the severity and mortality of COVID-19.

Although general dietary supplementation appears to
have little effect in people with adequate serum vitamin
D concentrations, its importance increases in infectious
diseases and an inverse relationship between elevated
calcifediol and CRP could be demonstrated [195]. Cur-
rent studies emphasize the need for adequate considera-
tion of serum calcifediol levels, especially in vulnerable
groups.

Interestingly, vitamin E also shows also anti-inflam-
matory effects, influences the proliferation and differ-
entiation of T cells as well as phagocytosis and antibody
production. These effects were observed particularly
when supplementation exceeded reference values,
whereby on the other hand, very high doses can also
suppress lymphocyte proliferation and even exhibit
pro-inflammatory effects underpinning the complex
influence on the human immune system. Despite the
largely different doses among studies, further pos-
sible explanations for contradictory results could be
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gender-specific differences but also certain SNPs in
cytokine genes. In relation to pneumonia and lung dis-
eases in older people, there is some promising study
data for supplementation and despite the heterogene-
ous data situation, a trend is also crystallizing regarding
protective effects on the incidence of colds or general
infection rates. Further, a role in healthy aging is dis-
cussed and short-term, high-dose tocopherol vitamin E
of up to 300 mg/day did not cause major side effects.

While the D-A-CH reference values are largely
reached in Germany, other studies show that an
undersupply, particularly in vulnerable groups, is very
common.

Recent studies have shown that vitamin K, whose role
in the context of the immune system has so far been lit-
tle researched, appears to have positive effects on the
immune system. Particularly, preventive effects on vari-
ous inflammatory and infectious diseases are discussed,
as numerous VKPDs presumably have immune system-
associated functions, which is, for example, illustrated
by high dp-ucMGP plasma levels, which are related to
reduced respiratory capacity with an unfavorable effect
on asthma but also COVID-19. However, the mecha-
nisms of vitamin K’s anti-inflammatory properties are
not yet fully understood. Although nutritional vitamin K
deficiency is rare in healthy adults, it is very common in
older people and infants and therefore deserves special
attention.

In summary, current data shows that the fat-soluble
vitamins A, D, E and K all have an influence on the intact
function of the immune system and in some cases also
protect against its excessive activation. While vitamin D
has long been known for its immune-promoting proper-
ties, there is already a very extensive body of data for vita-
mins A and E, while vitamin K has only recently become
the focus of immunological interest in the context of
severe respiratory diseases such as COVID-19, and it is
clear that extensive research is still needed particularly
for the latter vitamin in order to evaluate other previously
unnoticed immune functions. It should also be noted
that, according to the recommendations of the NIH, DGE
and D-A-CH, only a very small proportion of the popula-
tion is sufficiently supplied with vitamin D and that this
deficiency appears to exist even in countries with high
levels of sunlight, at least in vulnerable groups. While the
supply of vitamins A and E in the general population is
relatively good, their status in old age and in the event of
illness should also be considered. For vitamin K, and in
particular the biologically highly active vitamin K,, there
is also a considerable lack of relevant recommendations,
even with regard to the classic indications such as blood
clotting and maintaining bone density, but especially in
supporting the immune system.
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Based on the available data, it is becoming increasingly
clear that the fat-soluble vitamins are all involved in the
maintenance of an adequate immune status and that the
current vitamin levels, which can be partly determined
by blood sampling, are an important parameter for the
prevention and treatment of infectious diseases.

Abbreviations

a/yT a/y-tocopherol

o-TE a-tocopherol equivalents

o-TTP a-tocopherol transfer protein

ABCA1 ATP binding cassette subfamily A member 1
ADCC antibody-dependent cell-mediated cytotoxicity
APC Antigen-presenting cell

ASC Apoptosis-associated speck-like protein containing a CARD
ATRA All-trans-retinoic acid

BCAA Branched-chain amino acid

cAMP cyclic adenosine monophosphate

CARD Caspase recruitment domain

CCL CC-chemokine ligand

COX Cyclooxygenase

CRP C-reactive protein

COVID-19 Coronavirus disease 2019

CVvID Common variable immunodeficiency

D-A-CH Deutschland, Austria, Confoederatio Helvetica
DC Dendritic cell

DGE Deutsche Gesellschaft fur Erndhrung

DHEA Dehydroepiandrosterone

dp-ucMGP dephosphorylated-uncarboxylated MGP

DTH Delayed-type hypersensitivity

EFSA European Food Safety Authority
eNOS endothelial nitric oxide synthase

EP Prostaglandin E receptor

ERK Extracellular signal-regulated kinase
FAO Food and Agriculture Organization
FGF23 Fibroblast growth factor 23

FoxP3 Forkhead box protein 3

Gl Gastrointestinal

GSA Germany, Switzerland, Austria
GM-CSF Granulocyte-macrophage colony-stimulating factor
HAI Hemagglutination inhibition

HDL High-density lipoproteins

ICU Intensive care unit

IFN-y Interferon-y

Ig immunoglobulin

kB NF-kB inhibitor

IKK IkB kinase

IL Interleukin

IP-10 IFN-inducible protein-10

19] International unit

LDH Lactate dehydrogenase

5-LOX 5-lipoxygenase

LDL Low-density lipoproteins

LPS Lipopolysaccharide

MCP-1 Monocyte chemoattractant protein-1
MGP Matrix y-carboxyglutamic acid protein
MHC Major histocompatibility complex
MIP-13 Macrophage inflammatory protein-13
MK-4 Menaquinone-4

mTOR mammalian target of rapamycin
NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells
NHL Non-Hodgkin lymphoma

NIH National Institutes of Health

NK cell Natural killer cell

NLR NOD-like receptor

NLRP3 NLR family pyrin domain containing 3
NOD Nucleotide-binding oligomerization domain

NRV Nutrient Reference Values
NRV-R Nutrient Reference Value-Requirement
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PACAM Programa de Alimentacién Complementaria del Adulto Mayor
PBMC Peripheral blood mononuclear cell

PHA Phytohemagglutinin

PKC Protein kinase C

PMN Polymorphonuclear (leukocyte)

PP2A Protein phosphatase 2A

PUFA Polyunsaturated fatty acid

RA Retinoic acid

RAE Retinol activity equivalent

RAR Retinoic acid receptor

RBP Retinol-binding protein

RBPR Retinol-binding protein receptor

RDA Recommended Dietary Allowance

RE Retinol equivalent

ROS Reactive oxygen species

RXR Retinoid X receptor

SARS-CoV-2  Severe acute respiratory syndrome coronavirus type 2
SASP Senescence-associated secretory phenotype
SNP Single nucleotide polymorphism

TGF Transforming growth factor

Th cell T helper cell

TLR Toll-like receptor

TNF-a Tumor necrosis factor a

Treg Regulatory T cell

uvB Ultraviolet B

VDR Vitamin D receptor

VDRE Vitamin D response element

VEGF Vascular endothelial growth factor

VKDP Vitamin K-dependent protein

WHO World Health Organization

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512979-025-00501-3.

[ Supplementary Material 1. }

Acknowledgements
Not applicable.

Authors’ contributions

H.S. conceptualized, wrote and revised the manuscript, and performed
literature research. C.L. conceptualized, wrote and revised the manuscript, and
prepared figures. AP. conceptualized, wrote and revised the manuscript, and
prepared tables. L.M. conceptualized, wrote and revised the manuscript. S.V.

conceptualized, wrote and revised the manuscript, and supervised the project.

M.B. conceptualized, wrote and revised the manuscript, performed literature
research, and supervised the project. All authors reviewed the manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. The University
of Hohenheim received a donation from Orthomol Pharmazeutische Vertriebs
GmbH for the promotion of young scientists. H.S's work was supported by this
donation (funding 3140080701). AP was supported by a grant from the Dr.
Hans Fritz Stiftung (funding 3140080501) and L.M. and M.B. were supported
by a grant from the Ministry of Rural Affairs and Consumer Protection Baden-
Wiirttemberg (Az. 16 [34] 8402.43).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Page 21 of 29

Competing interests
The authors declare no competing interests.

Received: 19 December 2024 Accepted: 31 January 2025
Published online: 17 February 2025

References

1. The Lancet Healthy Longevity. Ageing populations: unaffordable
demography. Lancet Healthy Longev. 2022;3(12):e804.

2. World Health Organization. Fact sheets: Ageing and health; 2022. Avail-
able from: URL: https://www.who.int/news-room/fact-sheets/detail/
ageing-and-health. Cited 2024 Jul 30.

3. United Nations. World Population Prospects 2019: Data Booklet (ST/ESA/
SER.A/424) [Department of Economic and Social Affairs, Population Divi-
sion (2019)]; 2019. Available from: URL: https://www.un.org/development/
desa/pd/news/world-population-prospects-2019-0. Cited 2024 Jul 30.

4. NiccoliT, Partridge L. Ageing as a risk factor for disease. Curr Biol.
2012;22(17):R741-52.

5. Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks
of aging: an expanding universe. Cell. 2023;186(2):243-78.

6. Pawelec G. Age and immunity: what is immunosenescence? Exp Ger-
ontol. 2018;105:4-9.

7. Oh S-J, Lee JK, Shin OS. Aging and the Immune System: the impact of
immunosenescence on viral infection, immunity and vaccine immuno-
genicity. Immune Netw. 2019;19(6):e37.

8. Castelo-Branco C, Soveral . The immune system and aging: a review.
Gynecol Endocrinol. 2014;30(1):16-22.

9. Jafarzadeh A, Sadeghi M, Karam GA, Vazirinejad R. Salivary IgA and IgE
levels in healthy subjects: relation to age and gender. Braz Oral Res.
2010;24(1):21-7.

10. Biagi E, Nylund L, Candela M, Ostan R, Bucci L, Pini E, et al. Through
ageing, and beyond: gut microbiota and inflammatory status in seniors
and centenarians. PLoS ONE. 2010;5(5):e10667.

11. Fulop T, Witkowski JM, Pawelec G, Alan C, Larbi A. Immunological
Theory Aging; 2014. (vol 39).

12. Montecino-Rodriguez E, Berent-Maoz B, Dorshkind K. Causes,
consequences, and reversal of immune system aging. J Clin Invest.
2013;123(3):958-65.

13. Ventura MT, Casciaro M, Gangemi S, Buquicchio R. Immunosenescence
in aging: between immune cells depletion and cytokines up-regula-
tion. Clin Mol Allergy 2017; 15(1).

14. Bauer ME, La Fuente MD. The role of oxidative and inflammatory stress
and persistent viral infections in immunosenescence. Mech Ageing
Dev. 2016;158:27-37. Available from: https://www.sciencedirect.com/
science/article/pii/s004763741630001x.

15. Valiathan R, Ashman M, Asthana D. Effects of Ageing on the Immune
System: infants to Elderly. Scand J Immunol. 2016,83(4):255-66.

16.  Kim ME, Lee JS. Immune diseases Associated with Aging: molecular
mechanisms and treatment strategies. [JMS. 2023;24(21):15584.

17. Karaouzene N, Merzouk H, Aribi M, Merzouk SA, Berrouiguet AY, Tessier
C, et al. Effects of the association of aging and obesity on lipids, lipo-
proteins and oxidative stress biomarkers: a comparison of older with
young men. Nutr Metab Cardiovasc Dis. 2011;21(10):792-9.

18. BudiHaryanto T, Suksmasari W, Eva. Maggini Silvia. Multivitamin Sup-
plementation supports Immune function and ameliorates conditions
triggered by reduced Air Quality. Vitam Min 2015; 04(02).

19. Brodin P, Davis MM. Human immune system variation. Nat Rev Immu-
nol. 2017;17(1):21-9.

20. FulopT, Larbi A, Dupuis G, Le Page A, Frost EH, Cohen AA et al. Immu-
nosenescence and Inflamm-Aging as two sides of the same Coin:
friends or foes? Front Immunol 2017; 8:1960.

21. Pawelec G. Does the human immune system ever really become senes-
cent? F1000Res 2017; 6.

22. Papadopoli D, Boulay K, Kazak L, Pollak M, Mallette F, Topisirovic | et al.
mTOR as a central regulator of lifespan and aging. F1000Res 2019; 8.

23. FaliT, Papagno L, Bayard C, Mouloud Y, Boddaert J, Sauce D, et al.

New insights into Lymphocyte differentiation and aging from


https://doi.org/10.1186/s12979-025-00501-3
https://doi.org/10.1186/s12979-025-00501-3
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.un.org/development/desa/pd/news/world-population-prospects-2019-0
https://www.un.org/development/desa/pd/news/world-population-prospects-2019-0
https://www.sciencedirect.com/science/article/pii/s004763741630001x
https://www.sciencedirect.com/science/article/pii/s004763741630001x

Schmieder et al. Immunity & Ageing

24,

25.

26.

27.

28.
29.

30.

32

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

(2025) 22:8

Telomere length and telomerase activity measurements. J Immunol.
2019;202(7):1962-9.

Zhou D, Borsa M, Simon AK. Hallmarks and detection techniques of
cellular senescence and cellular ageing in immune cells. Aging Cell.
2021;20(2):13316.

ZhuY, Tchkonia T, Pirtskhalava T, Gower AC, Ding H, Giorgadze N, et al.
The Achilles’heel of senescent cells: from transcriptome to senolytic
drugs. Aging Cell. 2015;14(4):644-58.

Guan, Zhang C, Lyu G, Huang X, Zhang X, Zhuang T, et al. Senescence-
activated enhancer landscape orchestrates the senescence-associated
secretory phenotype in murine fibroblasts. Nucleic Acids Res.
2020;48(19):10909-23.

Yousefzadeh MJ, Zhao J, Bukata C, Wade EA, McGowan SJ, Angelini LA
et al. Tissue specificity of senescent cell accumulation during physi-
ologic and accelerated aging of mice. Aging Cell 2020; 19(3).

Lee K-A, Flores RR, Jang IH, Saathoff A, Robbins PD. Immune Senes-
cence, Immunosenescence and Aging. Front Aging 2022; 3.

Takasugi M, Yoshida Y, Hara E, Ohtani N. The role of cellular senescence
and SASP in tumour microenvironment. FEBS J. 2023;290(5):1348-61.
Rodier F, Campisi J. Four faces of cellular senescence. J Cell Biol.
2011;192(4):547-56.

Conte M, Martucci M, Chiariello A, Franceschi C, Salvioli S. Mitochondria,
immunosenescence and inflammaging: a role for mitokines? Semin
Immunopathol. 2020;42(5):607-17.

Calder PC. Feeding the immune system. Proc Nutr Soc.
2013;72(3):299-309.

Richardson DP, Lovegrove JA. Nutritional status of micronutrients as a
possible and modifiable risk factor for COVID-19: a UK perspective. Br J
Nutr. 2021;125(6):678-84.

Goldstein DR. Aging, imbalanced inflammation and viral infection.
Virulence. 2010;1(4):295-8.

Mdller L, Andrée M, Moskorz W, Drexler |, Walotka L, Grothmann

R, et al. Age-dependent Immune response to the Biontech/Pfizer
BNT162b2 Coronavirus Disease 2019 Vaccination. Clin Infect Dis.
2021;73(11):2065-72.

Goodwin K, Viboud C, Simonsen L. Antibody response to influenza vac-
cination in the elderly: a quantitative review. Vaccine. 2006,24(8):1159-
69. Available from: https://www.sciencedirect.com/science/article/pii/
50264410x05009552.

Ballinger MN, Standiford TJ. Postinfluenza bacterial pneumonia: host
defenses gone awry. J Interferon Cytokine Res. 2010;30(9):643-52.
World Health Organization. Fact sheets: Influenza (Seasonal). 2023.
Available from: https://www.who.int/news-room/fact-sheets/detail/
influenza-(seasonal).

Lapik IA, Galchenko AV, Gapparova KM. Micronutrient status in obese
patients: a narrative review. Obes Med. 2020;18:100224.

Yang W-S, Chang Y-C, Chang C-H, Wu L-C, Wang J-L, Lin H-H.The
Association between Body Mass Index and the risk of hospitalization
and mortality due to infection: a prospective cohort study. Open Forum
Infect Dis. 2021;8(1):0faa545.

Shaikh SR, Beck MA, Alwarawrah'Y, Maclver NJ. Emerging mechanisms
of obesity-associated immune dysfunction. Nat Rev Endocrinol.
2024;20(3):136-48.

Conzade R, Koenig W, Heier M, Schneider A, Grill E, Peters A et al.
Prevalence and predictors of subclinical Micronutrient Deficiency in
German older adults: results from the Population-based KORA-Age
study. Nutrients 2017; 9(12).

Maggini S, Pierre A, Calder PC. Immune Function and Micronutrient
Requirements Change over the Life Course. Nutrients. 2018;10(10).
Shpata V, Ohri |, Nurka T, Prendushi X. The prevalence and conse-
quences of malnutrition risk in elderly Albanian intensive care unit
patients. Clin Interv Aging. 2015;10:481-6.

Fitzpatrick F, Skally M, O'Hanlon C, Foley M, Houlihan J, Gaughan L, et al.
Food for thought. Malnutrition risk associated with increased risk of
healthcare-associated infection. J Hosp Infect. 2019;101(3):300-4.
Scrimshaw NS, SanGiovanni JP. Synergism of nutrition, infection, and
immunity: an overview. Am J Clin Nutr. 1997,66(2):5464-77.

Alpert PT.The role of vitamins and minerals on the Immune System.
Home Health Care Manage Pract. 2017,29(3):199-202.

Institute of Medicine (U.S.). Providing healthy and safe foods as we age:
workshop summary. Washington, D.C., USA: National Academies; 2010.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 22 of 29

Chandra RK. Nutrition and the immune system from birth to old age.
Eur J Clin Nutr. 2002;56(Suppl 3):573-6.

Bailey RL, West KP, Black RE. The epidemiology of global micronutrient
deficiencies. Ann Nutr Metab. 2015;66(Suppl 2):22-33.

Mustofa VF, Prasetyo B, Indriani D, Rahmawati NA. Management of
Micro Nutrition and Health Impacts on the Elderly. Literature Rev AMNT.
2023;7(1SP):37-46.

Landi F, Calvani R, Tosato M, Martone AM, Ortolani E, Savera G, et al. Anorexia
of aging: risk factors, consequences, and potential treatments. Nutrients.
2016;8(2):69. Available from: https://www.mdpi.com/2072-6643/8/2/69.
Arazo-Rusindo MC, Zufiga RN, Cortés-Segovia P, Benavides-Valenzuela
S, Pérez-Bravo F, Castillo-Valenzuela O et al. Nutritional status and serum
levels of micronutrients in an Elderly Group who participate in the
program for complementary food in older people (PACAM) from the
Metropolitan Region. Santiago De Chile Nutrients 2021; 14(1).

World Health Organization, Geneva. Guidelines on food fortification
with micronutrients. Rome: World Health Organization; Food and
Agriculture Organization of the United Nations; 2006.

Gallagher JC. Vitamin D and aging. Endocrinol Metab Clin North Am.
2013;42(2):319-32.

Porter K, Hoey L, Hughes CF, Ward M, McNulty H. Causes, Consequences
and Public Health Implications of Low B-Vitamin status in Ageing.
Nutrients 2016; 8(11).

ZhuY, Minovi¢ |, Dekker LH, Eggersdorfer ML, van Zon SKR, Reijneveld
SA et al. Vitamin status and Diet in Elderly with Low and High Socioeco-
nomic Status: the Lifelines-MINUTHE Study. Nutrients 2020; 12(9).
Gombart AF, Pierre A, Maggini S. A review of micronutrients and the
Immune System-Working in Harmony to reduce the risk of infection.
Nutrients 2020; 12(1).

Asamane EA, Greig CA, Thompson JL. The association between nutrient
intake, nutritional status and physical function of community-dwelling
ethnically diverse older adults. BMC Nutr. 2020;6(1):36. Available from:
https://doi.org/10.1186/540795-020-00363-6.

Liu X-X, Wu P-F, Liu Y-Z, Jiang Y-L, Wan M-D, Xiao X-W, et al. Association
between Serum Vitamins and the risk of Alzheimer’s Disease in Chinese
Population. J Alzheimers Dis. 2022,85(2):829-36.

Max Rubner-Institut, Nationale Verzehrsstudie Il, Ergebnisbericht. Teil

2: Die bundesweite Befragung zur Erndhrung von Jugendlichen und
Erwachsenen. MRI; 2008. Available from:https://www.openagrar.de/
receive/bmelv_mods_00000135. Cited 2024 Nov 19.

O'Connell ML, Coppinger T, Lacey S, Arsenic T, McCarthy AL. The nutri-
tional status and dietary intake of free-living seniors: A cross-sectional
study. 2405-4577.2021; 43:478-86. Available from: URL: https://www.
sciencedirect.com/science/article/pii/s2405457721001005

Rezaei O, Fattah Moghaddam L, Banihashem S, Arab Ghahestany D,
Akhavan Zanjani H, Mansouri P, et al. Relationship of Health Status and
micronutrients Level with Nutritional Status of the Elderly with Psycho-
logical disorders. Salmand. 2022;17(2):218-31.

Sharma KR, Singh R, Laddha A, Purohit C, Bolya YK. Vitamin D status
among the elderly persons of South Rajasthan — a prospective observa-
tional study. Int Arch of BioMed Clin Res. 2017;3(4):5-7. Available from:
https://api.semanticscholar.org/CorpuslD:79753966.

McDowell LR. Vitamins in animal and human nutrition. 2 ed. Ames: lowa
State University; 2000.

Bender DA. Nutritional biochemistry of the vitamins. 2nd ed. Cam-
bridge, New York: Cambridge University Press; 2003.

McDowell LR. Vitamins in Animal and Human Nutrition. 2nd ed. Hobo-
ken: John Wiley & Sons Inc; 2008.

Samanta S. Fat-soluble vitamins: the key role players in immunomodu-
lation and digestion. Nutrition and Functional foods in boosting diges-
tion, metabolism and Immune Health. Elsevier; 2022. pp. 329-64.

Rigby HS, Schwarz BK. Nutrition in the prevention and treatment of
disease: Nutrition and liver disease. 1st ed. Amsterdam: Elsevier B.V;
2001. Available from: https://ebookcentral.proquest.com/lib/kxp/detail.
action?dociD=297040

Wardley B. American Dietetic Association Complete Food and Nutrition
Guide. Top Clin Nutr. 2007;22(3):307.

Biswajit Chakraborty A, Sarkar S, Bardhan R, Rakshit S, Dutta AM. Effects
of fat-soluble vitamins on immune system. IJRESM. 2022,5(2):11—

5. Available from: https://journal.ijresm.com/index.php/ijresm/article/
view/1730.


https://www.sciencedirect.com/science/article/pii/s0264410x05009552
https://www.sciencedirect.com/science/article/pii/s0264410x05009552
https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal
https://www.who.int/news-room/fact-sheets/detail/influenza-(seasonal
https://www.mdpi.com/2072-6643/8/2/69
https://doi.org/10.1186/s40795-020-00363-6
https://www.openagrar.de/receive/bmelv_mods_00000135
https://www.openagrar.de/receive/bmelv_mods_00000135
https://www.sciencedirect.com/science/article/pii/s2405457721001005
https://www.sciencedirect.com/science/article/pii/s2405457721001005
https://api.semanticscholar.org/CorpusID:79753966
https://ebookcentral.proquest.com/lib/kxp/detail.action?docID=297040
https://ebookcentral.proquest.com/lib/kxp/detail.action?docID=297040
https://journal.ijresm.com/index.php/ijresm/article/view/1730
https://journal.ijresm.com/index.php/ijresm/article/view/1730

Schmieder et al. Immunity & Ageing

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

(2025) 22:8

Samanta S. Fat-soluble vitamins. Nutrition and Functional Foods in
Boosting Digestion, Metabolism and Immune Health. 2022:329-64.
Available from: https://www.sciencedirect.com/science/article/pii/
09780128212325000112

Carazo A, Macdkova K, Matousova K, Kr¢émova LK, Protti M, Mladénka

P, Vitamin A, Update. Forms, sources, Kinetics, detection, function,
Deficiency, therapeutic use and toxicity. Nutrients 2021; 13(5).
Solomons NW. Vitamin A. In: Erdman JW, Macdonald IA, Zeisel SH, edi-
tors. Present knowledge in nutrition. 10 ed. Ames, lowa: Wiley-Blackwell;
2012. pp. 149-84.

De Luca LM. Retinoids and their receptors in differentiation, embryo-
genesis, and neoplasia. FASEB J. 1991,5(14):2924-33.

Marquez M, Yépez CE, Sutil-Naranjo R, Rincén M. Aspectos basicos

y determinacion de las vitaminas antioxidantes E y A. Invest Clin.
2002/43(3):191-204.

Tanumihardjo SA. Factors influencing the conversion of carotenoids to
retinol: bioavailability to bioconversion to bioefficacy. Int J Vitam Nutr
Res. 2002;72(1):40-5.

D’Ambrosio DN, Clugston RD, Blaner WS. Vitamin A metabolism: an
update. Nutrients. 2011;3(1):63-103. Available from: https://www.mdpi.
com/2072-6643/3/1/63flg?id=nutrients-03-00063-f002.

Kam RKT, Deng Y, ChenY, Zhao H. Retinoic acid synthesis and functions
in early embryonic development. Cell Biosci. 2012;2(1):11.

Harrison EH. Mechanisms involved in the intestinal absorption of
dietary vitamin A and provitamin A carotenoids. Biochim Biophys Acta.
2012;1821(1):70-7. Available from: https://www.sciencedirect.com/
science/article/pii/s1388198111000849.

Moran NE, Mohn ES, Hason N, Erdman JW, Johnson EJ. Intrinsic and
extrinsic factors impacting absorption, metabolism, and health effects
of dietary carotenoids. Adv Nutr. 2018;9(4):465-92. Available from:
https://www.sciencedirect.com/science/article/pii/s21618313220124
2X.

Debelo H, Novotny JA, Ferruzzi MG. Vitamin A. Adv Nutr.
2017;8(6):992-4.

Institute of Medicine (U.S.). Dietary reference intakes for. In: Vitamin

A, Vitamin K, Arsenic, editors. Boron, Chromium, Copper, lodine, Iron,
Manganese, Molybdenum, Nickel, Silicon, Vanadium, and zinc: a report
of the panel on micronutrients. Washington, D.C, USA: National Acad-
emies; 2002.

World Health Organization, Food and Agriculture Organization of the
United Nations. Requirements of vitamin A, thiamine, riboflavine and
niacin: report of a joint FAO/WHO expert group, Rome, ltaly, 6-17
September 1965. Geneva: World Health Organization. 1967. (FAO nutri-
tion meetings. Report seriesno. 41). Available from: https://iriswho.int/
handle/10665/40656

Trumbo P, Yates AA, Schlicker S, Poos M. Dietary reference intakes:
vitamin A, vitamin K; arsenic, boron, chromium, copper, iodine, iron,
manganese, molybdenum, nickel, silicon, vanadium, and zinc. J Am
Diet Assoc. 2001;101(3):294-301.

Lewis J. Codex nutient reference values: especially for vitamins, minerals
and protein. Rome: FAO and WHO; 2019.

Deutsche Gesellschaft fiir Erndhrung DGE, Osterreichische Gesellschaft
fur Emahrung Oge, Schweizer Gesellschaft fir Emahrung SGE, Bonn,
Referenzwerte fir die Nahrstoffzufuhr, 2. Auflage. 8. aktualisierte Aus-
gabe, 2024, ISBN 978-3-88749-261-8.

Vitamin A. DGE; 2024:43:35. Available from: http://www.dge.de/wisse
nschaft/referenzwerte/vitamin-a/

Max Rubner-Institut, Nationale Verzehrsstudie I, Ergebnisbericht. Teil

2: Die bundesweite Befragung zur Erndhrung von Jugendlichen und
Erwachsenen [p. 245]. MRI; 2008. Available from: https://www.opena
grarde/receive/bmelv_mods_00000135. Cited 2024 Jul 24

Villamor E, Fawzi WW. Effects of vitamin a supplementation on immune
responses and correlation with clinical outcomes. Clin Microbiol Rev.
2005;18(3):446-64.

Maiani G, Castén MJP, Catasta G, Toti E, Cambrodon IG, Bysted A, et al.
Carotenoids: actual knowledge on food sources, intakes, stability and
bioavailability and their protective role in humans. Mol Nutr Food Res.
2009;53(Suppl 252):5194-218.

Beltrdn-de-Miguel B, Estévez-Santiago R, Olmedilla-Alonso B. Assess-
ment of dietary vitamin A intake (retinol, a-carotene, B-carotene,

93.

94,

95.

96.

97.

98.

99.

100.

102.

107.

108.

110.

Page 23 of 29

B-cryptoxanthin) and its sources in the National Survey of Dietary
Intake in Spain (2009-2010). Int J Food Sci Nutr. 2015;66(6):706-12.
Schweigert FJ, Buchholz |, Schuhmacher A, Gropp J. Effect of dietary
beta-carotene on the accumulation of beta-carotene and vitamin A in
plasma and tissues of gilts. Reprod Nutr Dev. 2001;41(1):47-55.

Darwish WS, Ikenaka Y, Morshdy AE, Eldesoky KI, Nakayama S, Mizukawa
H, et al. -carotene and retinol contents in the meat of herbivorous
ungulates with a special reference to their public health importance. J
Vet Med Sci. 2016;78(2):351-4. Available from: https://www.jstage jst.go.
jp/article/jvms/78/2/78_15-0287/_article/-char/ja/.

European Commission. Food and feed information portal database: EU
Register on nutrition and health claims; 2013. Available from: https://ec.
europa.eu/food/food-feed-portal/backend/claims/files/euregister.pdf.
Cited 2024 Jul 29.

Biesalski HK, Frank J. Antioxidanzien in Der Erndhrung und ihre
Bedeutung fir die anti-/prooxidative Balance Im Immunsystem. Immun
Infekt. 1995;23(5):166-73.

Balmer JE, Blomhoff R. Gene expression regulation by retinoic acid. J
Lipid Res. 2002;43(11):1773-808.

Di Masi A, de Marinis E, Ascenzi P, Marino M. Nuclear receptors CAR and
PXR: molecular, functional, and biomedical aspects. Mol Aspects Med.
2009;30(5):297-343. Available from: https.//www.sciencedirect.com/
science/article/pii/s0098299709000223.

Bohn T. Carotenoids, chronic disease prevention and dietary recom-
mendations. Int J Vitam Nutr Res. 2017;87(3-4):121-30. Available

from: https://econtent.hogrefe.com/doi/pdf/10.1024/0300-9831/a0005
25.

McCaffery P, Mey J, Drager UC. Light-mediated retinoic acid production.
Proc Natl Acad Sci U S A. 1996;93(22):12570-4.

Perusek L, Maeda T. Vitamin A derivatives as treatment options for reti-
nal degenerative diseases. Nutrients. 2013;5(7):2646-66. Available from:
https.//www.mdpi.com/2072-6643/5/7/2646.

European Commission. Opinion of the Scientific Committee on Food
(SCF) on the Tolerable Upper Intake Level of Preformed Vitamin A
(retinol and retinyl esters): SCF (Scientific Committee on Food); 2002.
Available from: https://ec.europa.eu/food/fs/sc/scf/out145_en.pdf.
Cited 2024 Jul 29.

Hamishehkar H, Ranjdoost F, Asgharian P, Mahmoodpoor A, Sanaie S,
Vitamins. Are They Safe? Adv Pharm Bull. 2016;6(4):467-77.

Craven NM, Griffiths C. Topical retinoids and cutaneous biology. Clin
Exp Dermatol. 1996;21(1):1-10.

McCullough FS, Northrop-Clewes CA, Thurnham DI. The effect of
vitamin A on epithelial integrity. Proc Nutr Soc. 1999;58(2):289-93.
European Food Safety Authority. Scientific Opinion on the substan-
tiation of. health claims related to vitamin A and cell differentiation

(ID 14), function of the immune system (ID 14), maintenance of skin
and mucous membranes (ID 15, 17), maintenance of vision (ID 16),
maintenance of bone (ID 13, 17), maintenance of teeth (ID 13, 17),
maintenance of hair (ID 17), maintenance of nails (ID 17), metabolism
of iron (ID 206), and protection of DNA, proteins and lipids from oxida-
tive damage (ID 209) pursuant to Article 13(1) of Regulation (EC) No
1924/2006: EFSA Panel on Dietetic Products, Nutrition and Allergies
(NDA). EFSA Journal 2009;7(9). Available from: https://www.efsa.europa.
eu/en/publications

Dawson HD, Collins G, Pyle R, Key M, Weeraratna A, Deep-Dixit V, et al.
Direct and indirect effects of retinoic acid on human Th2 cytokine

and chemokine expression by human T lymphocytes. BMC Immunol.
2006;7:27.

Elmadfa I, Meyer AL. The role of the status of selected micronutrients

in shaping the Immune function. Endocr Metab Immune Disord Drug
Targets. 2019;19(8):1100-15.

Iwata M, Eshima Y, Kagechika H. Retinoic acids exert direct effects on T
cells to suppress Th1 development and enhance Th2 development via
retinoic acid receptors. Int Immunol. 2003;15(8):1017-25.

RUhI R. Effects of dietary retinoids and carotenoids on immune
development [Symposium on ‘Nutrition influences on developmental
immunology’]. Proc Nutr Soc. 2007;66(3):458-69.

Ross AC. Vitamin A and retinoic acid in T cell-related immunity. Am J
Clin Nutr. 2012;96(5):11665-72S. Available from: https:.//www.sciencedir
ect.com/science/article/pii/s0002916523030241.


https://www.sciencedirect.com/science/article/pii/b9780128212325000112
https://www.sciencedirect.com/science/article/pii/b9780128212325000112
https://www.mdpi.com/2072-6643/3/1/63flg?id=nutrients-03-00063-f002
https://www.mdpi.com/2072-6643/3/1/63flg?id=nutrients-03-00063-f002
https://www.sciencedirect.com/science/article/pii/s1388198111000849
https://www.sciencedirect.com/science/article/pii/s1388198111000849
https://www.sciencedirect.com/science/article/pii/s216183132201242x
https://www.sciencedirect.com/science/article/pii/s216183132201242x
https://iris.who.int/handle/10665/40656
https://iris.who.int/handle/10665/40656
http://www.dge.de/wissenschaft/referenzwerte/vitamin-a/
http://www.dge.de/wissenschaft/referenzwerte/vitamin-a/
https://www.openagrar.de/receive/bmelv_mods_00000135
https://www.openagrar.de/receive/bmelv_mods_00000135
https://www.jstage.jst.go.jp/article/jvms/78/2/78_15-0287/_article/-char/ja/
https://www.jstage.jst.go.jp/article/jvms/78/2/78_15-0287/_article/-char/ja/
https://ec.europa.eu/food/food-feed-portal/backend/claims/files/euregister.pdf
https://ec.europa.eu/food/food-feed-portal/backend/claims/files/euregister.pdf
https://www.sciencedirect.com/science/article/pii/s0098299709000223
https://www.sciencedirect.com/science/article/pii/s0098299709000223
https://econtent.hogrefe.com/doi/pdf/10.1024/0300-9831/a000525
https://econtent.hogrefe.com/doi/pdf/10.1024/0300-9831/a000525
https://www.mdpi.com/2072-6643/5/7/2646
https://ec.europa.eu/food/fs/sc/scf/out145_en.pdf
https://www.efsa.europa.eu/en/publications
https://www.efsa.europa.eu/en/publications
https://www.sciencedirect.com/science/article/pii/s0002916523030241
https://www.sciencedirect.com/science/article/pii/s0002916523030241

Schmieder et al. Immunity & Ageing

12,

113.

114.

115.

116.

117.

118.

121.

122.

123.

124.

125.

126.

127.

130.

(2025) 22:8

Bono MR, Tejon G, Flores-Santibafiez F, Fernandez D, Rosemblatt M,
Sauma D. Retinoic acid as a modulator of T cell immunity. Nutrients.
2016;8(6):349. Available from: https://www.mdpi.com/2072-6643/8/6/
349.

Prabhala RH, Garewal HS, Hicks MJ, Sampliner RE, Watson RR. The
effects of 13-cis-retinoic acid and beta-carotene on cellular immunity in
humans. Cancer. 1991;67(6):1556-60.

Sundaram ME, Meydani SN, Vandermause M, Shay DK, Coleman

LA, Vitamin E. Vitamin A, and zinc status are not related to serologic
response to influenza vaccine in older adults: an observational prospec-
tive cohort study. Nutr Res. 2014;34(2):149-54.

Gardner EM, Bernstein ED, Popoff KA, Abrutyn E, Gross P, Murasko DM.
Immune response to influenza vaccine in healthy elderly: lack of asso-
ciation with plasma beta-carotene, retinol, alpha-tocopherol, or zinc.
Mech Ageing Dev. 2000;117(1-3):29-45. Available from: https://www.
sciencedirect.com/science/article/pii/s0047637400001342.

Brtko J, Rock E, Nezbedova P, Krizanova O, Dvorcakova M, Minet-Qui-
nard R, et al. Age-related change in the retinoid X receptor beta gene
expression in peripheral blood mononuclear cells of healthy volunteers:
effect of 13-cis retinoic acid supplementation. Mech Ageing Dev.
2007;128(11-12):594-600. Available from: https://www.sciencedirect.
com/science/article/pii/s0047637407001273.

Farges M-C, Minet-Quinard R, Walrand S, Thivat E, Ribalta J, Winkl-
hofer-Roob B, et al. Immune status is more affected by age than by
carotenoid depletion-repletion in healthy human subjects. Br J Nutr.
2012;108(11):2054-65.

Minet-Quinard R, Farges MC, Thivat E, Deleine C, Mayot G, Brtko J, et al.
Neutrophils are immune cells preferentially targeted by retinoic acid in
elderly subjects. Immun Ageing. 2010;7:10.

Murphy S, West KP, Greenough WB, Cherot E, Katz J, Clement L. Impact
of vitamin A supplementation on the incidence of infection in elderly
nursing-home residents: a randomized controlled trial. Age Ageing.
1992;21(6):435-9.

Al-Saleh |, Alrushud N, Alnuwaysir H, Elkhatib R, Shoukri M, Aldayel F,

et al. Essential metals, vitamins and antioxidant enzyme activities in
COVID-19 patients and their potential associations with the disease
severity. Biometals. 2022,35(1):125-45.

Tepasse P-R, Vollenberg R, Fobker M, Kabar I, Schmidt H, Meier JA et al.
Vitamin A plasma levels in COVID-19 patients: a prospective Multicenter
Study and Hypothesis. Nutrients 2021; 13(7).

Stephensen CB. Vitamin A, infection, and immune function. Annu Rev
Nutr. 2001;21:167-92.

Sherwin JC, Reacher MH, Dean WH, Ngondi J. Epidemiology of vitamin
A deficiency and xerophthalmia in at-risk populations. Trans R Soc Trop
Med Hyg. 2012;106(4):205-14.

Aukrust P Mller F, Ueland T, Svardal AM, Berge RK, Frgland SS.
Decreased vitamin A levels in common variable immunodeficiency:
vitamin a supplementation in vivo enhances immunoglobulin produc-
tion and downregulates inflammatory responses. Eur J Clin Invest.
2000;30(3):252-9.

Indrevaer RL, Holm KL, Aukrust P, Osnes LT, Naderi EH, Fevang B, et al.
Retinoic acid improves defective TLR9/RP105-induced immune
responses in common variable immunodeficiency-derived B cells. J
Immunol. 2013;191(7):3624-33.

Mottaghi A, Salehi E, Keshvarz A, Sezavar H, Saboor-Yaraghi A-A. The
influence of vitamin A supplementation on Foxp3 and TGF-f3 gene
expression in atherosclerotic patients. J Nutrigenet Nutrigenomics.
2012;5(6):314-26.

Micksche M, Cerni C, Kokron O, Titscher R, Wrba H. Stimulation of
immune response in lung cancer patients by vitamin A therapy. Oncol-
ogy. 1977;34(5):234-8.

Wolf G. The discovery of the visual function of vitamin A. 0022-3166
2001;131(6):1647-50.

Wiedermann U, Chen XJ, Enerbéck L, Hanson LA, Kahu H, Dahlgren UL.
Vitamin A deficiency increases inflammatory responses. Scand J Immu-
nol. 1996,44(6):578-84.

Haskell MJ. The challenge to reach nutritional adequacy for vitamin A:
f3-carotene bioavailability and conversion-evidence in humans. Am

J Clin' Nutr. 2012;96(5):1193S-203S. Available from: https://www.scien
cedirect.com/science/article/pii/s0002916523030289.

131

132.

133.

134.

135.

136.

138.

139.

140.

141.

142.

143.

146.

147.

148.

150.

152.

153.

154.

155.

Page 24 of 29

Tanumihardjo SA, Russell RM, Stephensen CB, Gannon BM, Craft NE,
Haskell MJ, et al. Biomarkers of Nutrition for Development (BOND)-
Vitamin A Review. J Nutr. 2016;146(9):18165-48S. Available from: https://
www.sciencedirect.com/science/article/pii/s0022316623007149.
Khadim RM, Al-Fartusie FS. Antioxidant vitamins and their effect on
immune system. J Phys : Conf Ser. 2021;1853(1):12065.

Office of dietary supplements. Vitamin E [Fact Sheet for Health Profes-
sionals]; 2021. Available from: https://ods.od.nih.gov/factsheets/Vitam
inE-HealthProfessional/. Cited 2024 Jul 29.

Marazziti D, Parra E, Palermo S, Barberi FM, Buccianelli B, Ricciardulli

S, et al. Vitamin D: a pleiotropic hormone with possible psychotropic
activities. Curr Med Chem. 2021;28(19):3843-64.

Brustad M, Meyer HE. Vitamin D - a scoping review for nordic nutrition
recommendations 2023. Food Nutr Res 2023; 67.

Christakos S, Ajibade DV, Dhawan P, Fechner AJ, Mady LJ. Vitamin D:
metabolism. Endocrinol Metab Clin North Am. 2010;39(2):243-53. table
of contents.

Sobhi P, Bahrami M, Mahdizadeh F, Fazaeli A, Babaei G, Rezagholizadeh
L. Vitamin D and potential effects on cancers: a review. Mol Biol Rep.
2024;51(1):190.

Matsuoka LY, Wortsman J, Haddad JG, Hollis BW. In vivo threshold for
cutaneous synthesis of vitamin D3. J Lab Clin Med. 1989;114(3):301-5.
Engelsen O.The relationship between ultraviolet radiation exposure
and vitamin D status. Nutrients. 2010;2(5):482-95.

Engelsen O, Brustad M, Aksnes L, Lund E. Daily duration of vitamin D
synthesis in human skin with relation to latitude, total ozone, altitude,
ground cover, aerosols and cloud thickness. Photochem Photobiol.
2005;81(6):1287-90.

Norman AW. From vitamin D to hormone D: fundamentals of the
vitamin D endocrine system essential for good health. Am J Clin Nutr.
2008;88(2):5491-9.

Binkley N, Carter GD. Toward clarity in clinical vitamin D Status Assess-
ment: 25(0OH)D Assay standardization. Endocrinol Metabolism Clin.
2017,46(4):885-99.

Zgaga L, Laird E, Healy M. 25-Hydroxyvitamin D measurement in
human hair: results from a proof-of-Concept study. Nutrients 2019;
11Q2).

Wang Y, Zhu J, DelLuca HF. Where is the vitamin D receptor? Arch
Biochem Biophys. 2012;523(1):123-33.

Akimbekov NS, Digel I, Sherelkhan DK, Razzaque MS. Vitamin D and
phosphate interactions in Health and Disease. Adv Exp Med Biol.
2022;1362:37-46.

Carlberg C. Nutrigenomics of Vitamin D. Nutrients. 2019;11(3):676. Avail-
able from: https://www.mdpi.com/2072-6643/11/3/676.

Dimitrov V, Barbier C, Ismailova A, Wang Y, Dmowski K, Salehi-Tabar R
et al. Vitamin D-regulated gene expression profiles: species-specificity
and cell-specific effects on Metabolism and Immunity. Endocrinology
2021;162(2).

Sartini M, Del Puente F, Oliva M, Carbone A, Bobbio N, Schinca E et al.
Preventive vitamin D supplementation and risk for COVID-19 infection:
a systematic review and Meta-analysis. Nutrients 2024; 16(5).
Waterhouse M, Hope B, Krause L, Morrison M, Protani MM, Zakrzewski
M, et al. Vitamin D and the gut microbiome: a systematic review of

in vivo studies. Eur J Nutr. 2019;58(7):2895-910.

Norman AW, Bouillon R, Whiting SJ, Vieth R, Lips P. 13th workshop
consensus for vitamin D nutritional guidelines. J Steroid Biochem Mol
Biol. 2007;103(3-5):204-5.

Sirbe C, Rednic S, Grama A, Pop TL. An update on the effects of vitamin
D on the Immune System and Autoimmune diseases. Int J Mol Sci
2022;23(17).

Aranow C. Vitamin D and the immune system. J Investig Med.
2011,59(6):881-6.

Deng X, Song Y, Manson JE, Signorello LB, Zhang SM, Shrubsole MJ,

et al. Magnesium, vitamin D status and mortality: results from US
National Health and Nutrition Examination Survey (NHANES) 2001 to
2006 and NHANES IIl. BMC Med. 2013;11:187.

Wakeman M. A literature review of the potential impact of medication
on vitamin D status. Risk Manag Healthc Policy. 2021;14:3357-81.

Max Rubner-Institut, Nationale Verzehrsstudie II, Ergebnisbericht. Teil
2: Die bundesweite Befragung zur Erndhrung von Jugendlichen und


https://www.mdpi.com/2072-6643/8/6/349
https://www.mdpi.com/2072-6643/8/6/349
https://www.sciencedirect.com/science/article/pii/s0047637400001342
https://www.sciencedirect.com/science/article/pii/s0047637400001342
https://www.sciencedirect.com/science/article/pii/s0047637407001273
https://www.sciencedirect.com/science/article/pii/s0047637407001273
https://www.sciencedirect.com/science/article/pii/s0002916523030289
https://www.sciencedirect.com/science/article/pii/s0002916523030289
https://www.sciencedirect.com/science/article/pii/s0022316623007149
https://www.sciencedirect.com/science/article/pii/s0022316623007149
https://ods.od.nih.gov/factsheets/VitaminE-HealthProfessional/
https://ods.od.nih.gov/factsheets/VitaminE-HealthProfessional/
https://www.mdpi.com/2072-6643/11/3/676

Schmieder et al. Immunity & Ageing

156.

157.

158.

159.

160.

162.

163.

164.

165.

166.

167.

168.

169.

172.

173.

174.

(2025) 22:8

Erwachsenen [p. 248]. MRI; 2008. Available from: https://www.opena
grar.de/receive/bmelv_mods_00000135. Cited 2024 Jul 24.

German Nutrition Society. Bonn, Germany. New reference values for
vitamin D. Ann Nutr Metab. 2012;60(4):241-6.

Institute of Medicine (U.S.). Dietary Reference Intakes for Calcium and
Vitamin, Washington D. D.C.: National Academies Press; 2011. Avail-
able from: http://www.nap.edu/catalog/13050

Altieri B, Muscogiuri G, Barrea L, Mathieu C, Vallone CV, Mascitelli L,
et al. Does vitamin D play a role in autoimmune endocrine disorders?
A proof of concept. Rev Endocr Metab Disord. 2017;18(3):335-46.
Ghareghani M, Reiter RJ, Zibara K, Farhadi N, Latitude, Vitamin D.
Melatonin, and Gut Microbiota Act in Concert to initiate multiple
sclerosis: a new mechanistic pathway. Front Immunol. 2018;9:2484.
Holmes EA, Rodney Harris RM, Lucas RM. Low Sun exposure and
Vitamin D Deficiency as Risk factors for inflammatory bowel

Disease, with a focus on Childhood Onset. Photochem Photobiol.
2019;95(1):105-18.

Alnori H, Alassaf FA, Alfahad M, Qazzaz ME, Jasim M, Abed MN.
Vitamin D and immunoglobulin E status in allergic Rhinitis patients
compared to healthy people. J Med Life. 2020;13(4):463-8.

Weber G, Heilborn JD, Chamorro Jimenez Cl, Hammarsjo A, Torma

H, Stahle M. Vitamin D induces the antimicrobial protein hCAP18 in
human skin. J Invest Dermatol. 2005;124(5):1080-2. Available from:
https://pubmed.ncbi.nlm.nih.gov/15854055/.

Andrukhova O, Slavic S, Zeitz U, Riesen SC, Heppelmann MS,
Ambrisko TD, et al. Vitamin D is a regulator of endothelial nitric
oxide synthase and arterial stiffness in mice. Mol Endocrinol.
2014;28(1):53-64.

Ma R, Deng XL, Du GL, Li C, Xiao S, Aibibai Y et al. Active vitamin D3,
1,25-(OH)2D3, protects against macrovasculopathy in a rat model of
type 2 diabetes mellitus. Genet Mol Res 2016; 15(2).

Su D, Nie Y, Zhu A, Chen Z, Wu P, Zhang L, et al. Vitamin D Signaling
through induction of paneth cell defensins maintains gut microbiota
and improves metabolic disorders and hepatic steatosis in animal
models. Front Physiol. 2016;7:498.

He Y, WuW, Wu S, Zheng H-M, Li P, Sheng H-F, et al. Linking gut
microbiota, metabolic syndrome and economic status based on a
population-level analysis. Microbiome. 2018;6(1):172. Available from:
https://link.springer.com/article/10.1186/540168-018-0557-6.

Lee C, Lau E, Chusilp S, Filler R, Li B, Zhu H, et al. Protective effects

of vitamin D against injury in intestinal epithelium. Pediatr Surg Int.
2019;35(12):1395-401. Available from: https:/link.springer.com/article/
10.1007/500383-019-04586-Y.

Fakhoury HMA, Kvietys PR, AlKattan W, Anouti FA, Elahi MA, Karras SN,
et al. Vitamin D and intestinal homeostasis: Barrier, microbiota, and
immune modulation. J Steroid Biochem Mol Biol. 2020;200:105663.
Available from: https://www.sciencedirect.com/science/article/pii/
50960076019306090.

Bora SA, Kennett MJ, Smith PB, Patterson AD, Cantorna MT. The gut
microbiota regulates endocrine vitamin D metabolism through fibro-
blast growth factor 23. Front Immunol. 2018;9:408.

Lemire JM, Archer DC, Beck L, Spiegelberg HL. Immunosuppressive
actions of 1,25-dihydroxyvitamin D3: preferential inhibition of Th1
functions. 1995;125(6 Suppl):1704S-1708S. Available from: https://www.
sciencedirect.com/science/article/pii/s0022316623037835. 0022-3166.
Boonstra A, Barrat FJ, Crain C, Heath VL, Savelkoul HF, O'Garra A.
Talpha,25-Dihydroxyvitamin d3 has a direct effect on naive CD4(+)

T cells to enhance the development of Th2 cells. J Immunol.
2001;167(9):4974-80. Available from: https://journals.aai.org/jimmunol/
article/167/9/4974/42755.

Tang J, Zhou R, Luger D, Zhu W, Silver PB, Grajewski RS, et al. Calcitriol
suppresses antiretinal autoimmunity through inhibitory effects on the
Th17 effector response. J Immunol. 2009;182(8):4624-32. Available
from: https://journals.aai.org/jimmunol/article/182/8/4624/104269.
Urry Z, Xystrakis E, Richards DF, McDonald J, Sattar Z, Cousins DJ, et al. Ligation
of TLR9 induced on human IL-10-secreting Tregs by 1alpha,25-dihydroxyvi-
tamin D3 abrogates regulatory function. J Clin Invest. 2009;119(2):387-98.
Available from: https.//wwwjci.org/articles/view/32354.

Sloka S, Silva C, Wang J, Yong VW. Predominance of Th2 polarization by
vitamin D through a STAT6-dependent mechanism. J Neuroinflamma-
tion. 2011;8:56.

175.

176.

177.

178.

181.

182.

183.

184.

185.

186.

187.

188.

189.

192.

Page 25 of 29

Hewison M. Vitamin D and immune function: an overview. Proc Nutr
Soc.2012;71(1):50-61.

Piemonti L, Monti P, Sironi M, Fraticelli P, Leone BE, Dal Cin E, et al.
Vitamin D3 affects differentiation, maturation, and function of human
monocyte-derived dendritic cells. J Immunol. 2000;164(9):4443-51.
Available from: https://journals.aai.org/jimmunol/article/164/9/4443/
33035.

Adorini L, Penna G. Induction of Tolerogenic Dendritic Cells by Vitamin
D Receptor Agonists. In: Lombardi G, editor. Dendritic cells. Berlin,
Heidelberg: Springer; 2008. pp. 251-73 (Handbook of experimental
pharmacology; Vol. 188). Available from: https://link.springer.com/chapt
er/https://doi.org/10.1007/978-3-540-71029-5_12

Széles L, Keresztes G, Torécsik D, Balajthy Z, Krendcs L, Pdliska S, et al.
1,25-dihydroxyvitamin D3 is an autonomous regulator of the transcrip-
tional changes leading to a tolerogenic dendritic cell phenotype. J
Immunol. 2009;182(4):2074-83. Available from: https://journals.aai.org/
jimmunol/article/182/4/2074/104049.

Penna G, Amuchastegui S, Giarratana N, Daniel KC, Vulcano M, Sozzani
S, etal. 1,25-Dihydroxyvitamin D3 selectively modulates tolerogenic
properties in myeloid but not plasmacytoid dendritic cells. J Immunol.
2007;178(1):145-53.

Ferreira GB, Vanherwegen A-S, Eelen G, Gutiérrez ACF, van Lommel

L, Marchal K, et al. Vitamin D3 induces tolerance in human dendritic
cells by activation of intracellular metabolic pathways. Cell Rep.
2015;10(5):711-25.

Dusso AS, Brown AJ, Slatopolsky E. Vitamin D. Am J Physiol Renal
Physiol. 2005;289(1):F8-28. Available from: https://pubmed.ncbi.nim.nih.
gov/15951480/.

Pike JW, Christakos S. Biology and mechanisms of Action of the Vitamin
D Hormone. Endocrinol Metab Clin North Am. 2017;46(4):815-43.
Nagata A, Akagi Y, Asano L, Kotake K, Kawagoe F, Mendoza A, et al.
Synthetic Chemical Probes that dissect vitamin D activities. ACS Chem
Biol. 2019;14(12):2851-8.

Yamamoto E, Jargensen TN. Immunological effects of vitamin D and
their relations to autoimmunity. J Autoimmun. 2019;100:7-16. Available
from: https://www.sciencedirect.com/science/article/pii/s089684111
93003327casa_token=xnp-jzlfjawaaaaa:4davzus57_kvtgoe4melggs47/
sgvmlyi-xep2y_iilngnpobaontzecgztOunanx2pix6hbvdzjo.

Bold A, Gross H, Holzmann E, Smetak M, Birkmann J, Bertsch T, et al.
Immune activating and inhibiting effects of calcitriol on y& T cells and
NK cells. Immunobiology. 2022;227(6):152286. Available from: https://
www.sciencedirect.com/science/article/pii/s0171298522001127.
Alvarez-Rodriguez L, Lopez-Hoyos M, Garcia-Unzueta M, Amado JA,
Cacho PM, Martinez-Taboada VM. Age and low levels of circulating vita-
min D are associated with impaired innate immune function. J Leukoc
Biol. 2012,91(5):829-38.

Carpagnano GE, Di Lecce V, Quaranta VN, Zito A, Buonamico E, Capozza
E, et al. Vitamin D deficiency as a predictor of poor prognosis in patients
with acute respiratory failure due to COVID-19. J Endocrinol Invest.
2021,44(4):765-71.

Aregbesola A, Voutilainen S, Nurmi T, Virtanen JK, Ronkainen K, Tuo-
mainen T-P. Serum 25-hydroxyvitamin D3 and the risk of pneumonia

in an ageing general population. J Epidemiol Community Health.
2013,67(6):533-6.

Entrenas-Castillo M, Entrenas-Costa LM, Pata MP, Jurado-Gamez B, Mufoz-
Corroto C, Gomez-Rebollo C et al. Calcifediol or corticosteroids in the
treatment of COVID-19: an observational study. Nutrients 2024; 16(12).
Fernandes AL, Murai IH, Reis BZ, Sales LP, Santos MD, Pinto AJ, et al.
Effect of a single high dose of vitamin D3 on cytokines, chemokines,
and growth factor in patients with moderate to severe COVID-19. Am J
Clin Nutr. 2022;115(3):790-8.

Barnes MS, Horigan G, Cashman KD, Hill TR, Forsythe LK, Lucey AJ,

et al. Maintenance of wintertime vitamin D status with cholecalciferol
supplementation is not associated with alterations in serum cytokine
concentrations among apparently healthy younger or older adults. J
Nutr. 2011;141(3):476-81.

Elizondo-Montemayor L, Castillo EC, Rodriguez-Lopez C, Villarreal-
Calderon JR, Gomez-Carmona M, Tenorio-Martinez S, et al. Seasonal
variation in Vitamin D in association with age, inflammatory cytokines,
anthropometric parameters, and lifestyle factors in older adults. Media-
tors Inflamm. 2017,2017:5719461.


https://www.openagrar.de/receive/bmelv_mods_00000135
https://www.openagrar.de/receive/bmelv_mods_00000135
http://www.nap.edu/catalog/13050
https://pubmed.ncbi.nlm.nih.gov/15854055/
https://link.springer.com/article/10.1186/s40168-018-0557-6
https://link.springer.com/article/10.1007/s00383-019-04586-y
https://link.springer.com/article/10.1007/s00383-019-04586-y
https://www.sciencedirect.com/science/article/pii/s0960076019306090
https://www.sciencedirect.com/science/article/pii/s0960076019306090
https://www.sciencedirect.com/science/article/pii/s0022316623037835
https://www.sciencedirect.com/science/article/pii/s0022316623037835
https://journals.aai.org/jimmunol/article/167/9/4974/42755
https://journals.aai.org/jimmunol/article/167/9/4974/42755
https://journals.aai.org/jimmunol/article/182/8/4624/104269
https://www.jci.org/articles/view/32354
https://journals.aai.org/jimmunol/article/164/9/4443/33035
https://journals.aai.org/jimmunol/article/164/9/4443/33035
https://link.springer.com/chapter/
https://link.springer.com/chapter/
https://doi.org/10.1007/978-3-540-71029-5_12
https://journals.aai.org/jimmunol/article/182/4/2074/104049
https://journals.aai.org/jimmunol/article/182/4/2074/104049
https://pubmed.ncbi.nlm.nih.gov/15951480/
https://pubmed.ncbi.nlm.nih.gov/15951480/
https://www.sciencedirect.com/science/article/pii/s0896841119300332?casa_token=xnp-jzlfjawaaaaa:4davzus57_kvtgoe4me1ggs47sgvmlyi-xep2y_iilnqnpobaontzecqzt0unanx2pix6hbvdzjo
https://www.sciencedirect.com/science/article/pii/s0896841119300332?casa_token=xnp-jzlfjawaaaaa:4davzus57_kvtgoe4me1ggs47sgvmlyi-xep2y_iilnqnpobaontzecqzt0unanx2pix6hbvdzjo
https://www.sciencedirect.com/science/article/pii/s0896841119300332?casa_token=xnp-jzlfjawaaaaa:4davzus57_kvtgoe4me1ggs47sgvmlyi-xep2y_iilnqnpobaontzecqzt0unanx2pix6hbvdzjo
https://www.sciencedirect.com/science/article/pii/s0171298522001127
https://www.sciencedirect.com/science/article/pii/s0171298522001127

Schmieder et al. Immunity & Ageing

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

200.

210.

211,

212.

213.

214.

(2025) 22:8

Freitas AT, Calhau C, Antunes G, Araujo B, Bandeira M, Barreira S, et al.
Vitamin D-related polymorphisms and vitamin D levels as risk biomark-
ers of COVID-19 disease severity. Sci Rep. 2021;11(1):20837.

Pham H, Waterhouse M, Baxter C, Romero BD, McLeod DS, Armstrong
BK, et al. Vitamin D supplementation and hospitalization for infection
in older adults: a post-hoc analysis of data from the Australian D-Health
trial. Am J Clin Nutr. 2023;117(2):350-6.

Liefaard MC, Ligthart S, Vitezova A, Hofman A, Uitterlinden AG, Kiefte-de
Jong JC, et al. Vitamin D and C-Reactive protein: a mendelian randomi-
zation study. PLoS ONE. 2015;10(7):e0131740.

Goncalves-Mendes N, Talvas J, Dualé C, Guttmann A, Corbin V, Marceau
G, et al. Impact of vitamin D supplementation on Influenza Vaccine
Response and Immune functions in Deficient Elderly persons: a rand-
omized placebo-controlled trial. Front Immunol. 2019;10:65.

Pasing Y, Fenton CG, Jorde R, Paulssen RH. Changes in the human
transcriptome upon vitamin D supplementation. J Steroid Biochem Mol
Biol. 2017;173:93-9.

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA,
Heaney RP, et al. Evaluation, treatment, and prevention of vitamin

D deficiency: an endocrine Society clinical practice guideline. J Clin
Endocrinol Metab. 2011;96(7):1911-30.

Ross AC, Manson JE, Abrams SA, Aloia JF, Brannon PM, Clinton SK, et al.
The 2011 report on dietary reference intakes for calcium and vitamin

D from the Institute of Medicine: what clinicians need to know. J Clin
Endocrinol Metab. 2011;96(1):53-8.

Holick MF. Environmental factors that influence the cutaneous produc-
tion of vitamin D. 0002-9165. 1995; 61(3 Suppl):6385-645S. Available from:
https:.//www.sciencedirect.com/science/article/pii/s0002916523187090
Zittermann A, Pilz S, Hoffmann H, Marz W. Vitamin D and airway infec-
tions: a European perspective. Eur J Med Res. 2016,21(1):1-10. Available
from: https://link.springer.com/article/10.1186/540001-016-0208-y.
Uwitonze AM, Razzaque MS. Role of Magnesium in vitamin D activation
and function. J Am Osteopath Assoc. 2018;118(3):181-9.

Office of the Surgeon General (US). The Surgeon General's Call to
Action to Prevent Skin Cancer. Washington (DC). 2014. Reports of the
Surgeon General. Available from: https://www.ncbi.nlm.nih.gov/books/
NBK247172/. Cited 2024 Jul 29.

Davies M, Mawer EB, Krawitt EL. Comparative absorption of vitamin D3
and 25-hydroxyvitamin D3 in intestinal disease. Gut. 1980;21(4):287-92.
Wagner D, Sidhom G, Whiting SJ, Rousseau D, Vieth R. The bioavailability
of vitamin D from fortified cheeses and supplements is equivalent in
adults. J Nutr. 2008;138(7):1365-71.

Goncalves A, Gleize B, Roi S, Nowicki M, Dhaussy A, Huertas A,

et al. Fatty acids affect micellar properties and modulate vitamin

D uptake and basolateral efflux in Caco-2 cells. J Nutr Biochem.
2013;24(10):1751-7.

Palacios C, Gonzalez L. Is vitamin D deficiency a major global public
health problem?. J Steroid Biochem Mol Biol. 2014;144 Pt A:138-45.
Available from: https://www.sciencedirect.com/science/article/pii/
50960076013002331.

Bouillon R. Comparative analysis of nutritional guidelines for vitamin D.
Nat Rev Endocrinol. 2017;13(8):466-79. Available from: https://www.
nature.com/articles/nrendo.2017.31.

Parva NR, Tadepalli S, Singh P, Qian A, Joshi R, Kandala H, et al. Preva-
lence of vitamin D Deficiency and Associated Risk factors in the US
Population (2011-2012). Cureus. 2018;10(6):e2741.

Pilz S, Zittermann A, Trummer C, Theiler-Schwetz V, Lerchbaum E, Kep-
pel MH, et al. Vitamin D testing and treatment: a narrative review of
current evidence. Endocr Connections. 2019;8(2):R27-43.

Martens P-J, Gysemans C, Verstuyf A, Mathieu AC. Vitamin D's effect on
immune function. Nutrients. 2020;12(5):1248. Available from: https://
www.mdpi.com/2072-6643/12/5/1248.

Taylor CL, Roseland JM, Coates PM, Pehrsson PR. The Emerging Issue of
25-Hydroxyvitamin D in Foods. 0022-3166. 2016; 146(4):855-6. Available
from: https://linkinghub.elsevier.com/retrieve/pii/S0022316623005813.
Munns CF, Shaw N, Kiely M, Specker BL, Thacher TD, Ozono K, et al.
Global Consensus recommendations on Prevention and Management
of Nutritional Rickets. Horm Res Paediatr. 2016;85(2):83-106.

Uday S, Hogler W. Nutritional rickets and osteomalacia in the twenty-
first century: revised concepts, public health, and prevention strategies.

215.

216.

219.

220.

222.

223.

224,

225.

226.

227.

228.

229.

230.

232.

233.

234.

235.

236.

Page 26 of 29

Curr Osteoporos Rep. 2017;15(4):293-302. Available from: https://link.
springer.com/article/10.1007/511914-017-0383-y.

Holick MF. Vitamin D deficiency. N Engl J Med. 2007;357(3):266-81.
Available from: https://www.nejm.org/doi/full/10.1056/nejmra070553.
Vogiatzi MG, Jacobson-Dickman E, DeBoer MD. Vitamin D supplemen-
tation and risk of toxicity in pediatrics: a review of current literature. J
Clin Endocrinol Metab. 2014,99(4):1132-41.

Galior K, Grebe S, Singh R. Development of Vitamin D toxicity from over-
correction of vitamin d deficiency: a review of case reports. Nutrients.
2018;10(8):953. Available from: https://www.mdpi.com/2072-6643/
10/8/953.

Auguste BL, Avila-Casado C, Bargman JM. Use of vitamin D drops lead-
ing to kidney failure in a 54-year-old man. CMAJ. 2019;191(14):E390-4.
Available from: https://www.cmaj.ca/content/191/14/e390.short.
Simolitinas E, Rinkanaité I, Bukelskiené Z, Bukelskiene V. Bioavailability
of different vitamin D oral supplements in Laboratory Animal Model.
Med (Kaunas) 2019; 55(6).

Zmitek K, Hribar M, Hristov H, Pravst |. Efficiency of vitamin D sup-
plementation in healthy adults is Associated with Body Mass Index and
Baseline serum 25-Hydroxyvitamin D level. Nutrients 2020; 12(5).
Hirsch AL. Industrial Aspects of Vitamin D. Vitamin D. 2011:73-93. Avail-
able from: https://www.sciencedirect.com/science/article/pii/b9780
12381978910006x

Office of dietary supplements. Dietary supplement label database
(DSLD); 2024. Available from: https://ods.od.nih.gov/Research/Dietary_
Supplement_Label_Database.aspx. Cited 2024 Jul 29.

Office of dietary supplements. Vitamin D [Fact Sheet for Health Profes-
sionals]; 2024. Available from: https://ods.od.nih.gov/factsheets/Vitam
inD-HealthProfessional/. Cited 2024 Jul 29.

Quesada-Gomez JM, Bouillon R. Is calcifediol better than cholecalciferol for
vitamin D supplementation? Osteoporos Int. 2018,29(8):1697-711. Avail-
able from: https://link.springer.com/article/10.1007/500198-018-4520-y...
Graeff-Armas LA, Bendik I, Kunz I, Schoop R, Hull' S, Beck M. Supplemen-
tal 25-Hydroxycholecalciferol Is more effective than cholecalciferol in
raising serum 25-Hydroxyvitamin D concentrations in older adults. J
Nutr. 2020;150(1):73-81 https://www.sciencedirect.com/science/artic
le/pii/s0022316622020144.

Robien K, Oppeneer SJ, Kelly JA, Hamilton-Reeves JM. Drug-vitamin

D interactions: a systematic review of the literature. Nutr Clin Pract.
2013;28(2):194-208.

Lukert BP, Raisz LG. Glucocorticoid-induced osteoporosis: pathogenesis
and management. Ann Intern Med. 1990;112(5):352-64.

Buckley LM, Leib ES, Cartularo KS, Vacek PM, Cooper SM. Calcium and
vitamin D3 supplementation prevents bone loss in the spine secondary
to low-dose corticosteroids in patients with rheumatoid arthritis. A
randomized, double-blind, placebo-controlled trial. Ann Intern Med.
1996;125(12):961-8.

de Sévaux RGL, Hoitsma AJ, Corstens FHM, Wetzels JFM. Treatment with
vitamin D and calcium reduces bone loss after renal transplantation: a
randomized study. J Am Soc Nephrol. 2002;13(6):1608-14.

Crowe M, Wollner L, Griffiths RA. Hypercalcaemia following vitamin D
and thiazide therapy in the elderly. Practitioner. 1984,228(1389):312-3.
Drinka PJ, Nolten WE. Hazards of treating osteoporosis and hyperten-
sion concurrently with calcium, vitamin D, and distal diuretics. J Am
Geriatr Soc. 1984;32(5):405-7.

Traber MG. Vitamin E regulatory mechanisms. Annu Rev Nutr 2007;
27([27, 2007, 27,1):347-62.

Aggarwal BB, Sundaram C, Prasad S, Kannappan R. Tocotrienols, the
vitamin E of the 21st century: its potential against cancer and other
chronic diseases. Biochem Pharmacol. 2010;80(11):1613-31.

Mdller L, Theile K, Bhm V. In vitro antioxidant activity of tocopherols
and tocotrienols and comparison of vitamin E concentration and
lipophilic antioxidant capacity in human plasma. Mol Nutr Food Res.
2010;54(5):731-42.

Shahidi F, de Camargo AC. Tocopherols and tocotrienols in common
and emerging dietary sources: occurrence, applications, and health
benefits. Int J Mol Sci. 2016;17(10):1745. Available from: https://www.
mdpi.com/1422-0067/17/10/1745.

Lee GY,Han SN.The role of Vitamin E inimmunity. Nutrients.2018;10(11):1614.
Available from: https://www.mdpi.com/2072-6643/10/11/1614.


https://www.sciencedirect.com/science/article/pii/s0002916523187090
https://link.springer.com/article/10.1186/s40001-016-0208-y
https://www.ncbi.nlm.nih.gov/books/NBK247172/
https://www.ncbi.nlm.nih.gov/books/NBK247172/
https://www.sciencedirect.com/science/article/pii/s0960076013002331
https://www.sciencedirect.com/science/article/pii/s0960076013002331
https://www.nature.com/articles/nrendo.2017.31
https://www.nature.com/articles/nrendo.2017.31
https://www.mdpi.com/2072-6643/12/5/1248
https://www.mdpi.com/2072-6643/12/5/1248
https://linkinghub.elsevier.com/retrieve/pii/S0022316623005813
https://link.springer.com/article/10.1007/s11914-017-0383-y
https://link.springer.com/article/10.1007/s11914-017-0383-y
https://www.nejm.org/doi/full/10.1056/nejmra070553
https://www.mdpi.com/2072-6643/10/8/953
https://www.mdpi.com/2072-6643/10/8/953
https://www.cmaj.ca/content/191/14/e390.short
https://www.sciencedirect.com/science/article/pii/b978012381978910006x
https://www.sciencedirect.com/science/article/pii/b978012381978910006x
https://ods.od.nih.gov/Research/Dietary_Supplement_Label_Database.aspx
https://ods.od.nih.gov/Research/Dietary_Supplement_Label_Database.aspx
https://ods.od.nih.gov/factsheets/VitaminD-HealthProfessional/
https://ods.od.nih.gov/factsheets/VitaminD-HealthProfessional/
https://link.springer.com/article/10.1007/s00198-018-4520-y.
https://www.sciencedirect.com/science/article/pii/s0022316622020144
https://www.sciencedirect.com/science/article/pii/s0022316622020144
https://www.mdpi.com/1422-0067/17/10/1745
https://www.mdpi.com/1422-0067/17/10/1745
https://www.mdpi.com/2072-6643/10/11/1614

Schmieder et al. Immunity & Ageing

237.

238.

239.

240.

241,

242.

243.

244,

245,

246.

247.

248.

249.
250.

251.

252.

253.

254,

255.

256.

(2025) 22:8

Niki E, Abe K. CHAPTER 1. Vitamin E: structure, properties and functions.
In: Niki E, editor. Vitamin E: Chemistry and Nutritional benefits. 1st ed.
Cambridge: Royal Society of Chemistry; 2019. pp. 1-11. Food Chemis-
try, Function and Analysis).

Bardowell SA, Ding X, Parker RS. Disruption of P450-mediated vitamin
E hydroxylase activities alters vitamin E status in tocopherol supple-
mented mice and reveals extra-hepatic vitamin E metabolism. J Lipid
Res. 2012,53(12):2667-76.

Nagy K, Ramos L, Courtet-Compondu M-C, Braga-Lagache S, Redeuil K,
Lobo B, et al. Double-balloon jejunal perfusion to compare absorption
of vitamin E and vitamin E acetate in healthy volunteers under mal-
digestion conditions. Eur J Clin Nutr. 2013;67(2):202-6. Available from:
https://www.nature.com/articles/ejcn2012183.

Reboul E, Vitamin E. Vitamin E, Bioavailability. Mechanisms of Intestinal
Absorption in the Spotlight. Antioxidants. 2017;6(4):95. Available from:
https://www.mdpi.com/2076-3921/6/4/95.

Weber P, Birringer M, Blumberg JB, Eggersdorfer M, Frank J, editors.
Vitamin E in Human Health. Cham: Humana; 2019. (Springer eBooks
Medicine).

Azzi A, Stocker A, Vitamin E. Vitamin E. non-antioxidant roles. Prog Lipid
Res. 2000;39(3):231-55. Available from: https:.//www.sciencedirect.com/
science/article/pii/s01637827000000607casa_token=xcudjhrrtcyaaaaa:
p3frmruyt3rOcs7rsnokxyscygcmnuwg Teheacio3levv_51tz0rsgh61iyfs
2ujgvqcctoof8o.

Schmolz L, Birringer M, Lorkowski S, Wallert M. Complexity of vitamin E
metabolism. World J Biol Chem. 2016;7(1):14-43.

Horiguchi M, Arita M, Kaempf-Rotzoll DE, Tsujimoto M, Inoue K, Arai

H. pH-dependent translocation of alpha-tocopherol transfer protein
(alpha-TTP) between hepatic cytosol and late endosomes. Genes Cells.
2003;8(10):789-800.

Qian J, Morley S, Wilson K, Nava P, Atkinson J, Manor D. Intracellular
trafficking of vitamin E in hepatocytes: the role of tocopherol transfer
protein. J Lipid Res. 2005;46(10):2072-82. Available from: https:.//www.
jlrorg/article/s0022-2275(20)32898-4/fulltext.

Chung S, Ghelfi M, Atkinson J, Parker R, Qian J, Carlin C, et al.

Vitamin E and Phosphoinositides regulate the intracellular locali-
zation of the hepatic a-Tocopherol transfer protein. J Biol Chem.
2016;291(33):17028-39.

Bieri JG, Wu AL, Tolliver TJ. Reduced intestinal absorption of vita-

min E by low dietary levels of retinoic acid in rats. 0022-3166 1981;
111(3):458-67.

Traber MG, Kayden HJ, Green JB, Green MH. Absorption of water-
miscible forms of vitamin E in a patient with cholestasis and in thoracic
duct-cannulated rats. 0002-9165 1986; 44(6):914-23.

Rigotti A. Absorption, transport, and tissue delivery of vitamin E. Mol
Aspects Med. 2007;28(5-6):423-36.

Bjorneboe A, Bjorneboe GE, Drevon CA. Absorption, transport and
distribution of vitamin E. 0022-3166 1990; 120(3):233-42.

Institute of Medicine (U.S.). Dietary reference intakes for vitamin C,
vitamin E, selenium, and carotenoids: a report of the panel on Dietary
antioxidants and related compounds. Subcommittees on Upper
reference levels of nutrients and interpretation and uses of Dietary
Reference Intakes, and the Standing Committee on the Scientific Evalu-
ation of Dietary Reference Intakes, Food and Nutrition Board, Institute
of Medicine. Washington, D.C., USA: National Academy; 2000.

Max Rubner-Institut, Nationale Verzehrsstudie I, Ergebnisbericht. Teil

2: Die bundesweite Befragung zur Erndhrung von Jugendlichen und
Erwachsenen [p. 249]. MRI; 2008. Available from: https://www.opena
grarde/receive/bmelv_mods_00000135. Cited 2024 Jul 24.

Vitamin E. DGE; 2024:08:27. Available from: http://www.dge.de/wisse
nschaft/referenzwerte/vitamin-e/

Dutta A, Dutta SK. Vitamin E and its role in the prevention of atheroscle-
rosis and carcinogenesis: a review. J Am Coll Nutr. 2003;22(4):258-68.
Chun J, Lee J, Ye L, Exler J, Eitenmiller RR. Tocopherol and tocotrienol
contents of raw and processed fruits and vegetables in the United
States diet. J Food Composition Anal. 2006;19(2-3):196-204. Available
from: https://www.sciencedirect.com/science/article/pii/s088915750
5000967.

Wong RSY, Radhakrishnan AK. Tocotrienol research: past into present.
Nutr Rev. 2012;70(9):483-90.

257.

258.

259.

260.

262.

263.

264.

265.

266.

267.

268.

2609.

270.

271.

272.

273.

274.

Page 27 of 29

Cardenas E, Ghosh R. Vitamin E: a dark horse at the crossroad of cancer
management. Biochem Pharmacol. 2013;86(7):845-52.

Krauf3 S, Darwisch V, Vetter W. Occurrence of tocopheryl fatty acid esters
in vegetables and their non-digestibility by artificial digestion juices. Sci
Rep. 2018;8(1):7657. Available from: https://www.nature.com/articles/
$41598-018-25997-2.

Alasalvar C, Chang SK, Bolling B, Oh WY, Shahidi F. Specialty seeds: nutri-
ents, bioactives, bioavailability, and health benefits: a comprehensive
review. Compr Rev Food Sci Food Saf. 2021;20(3):2382-427.

Shahidi F, Pinaffi-Langley ACC, Fuentes J, Speisky H, de Camargo AC.
Vitamin E as an essential micronutrient for human health: com-

mon, novel, and unexplored dietary sources. Free Radic Biol Med.
2021;176:312-21. Available from: https://www.sciencedirect.com/scien
ce/article/pii/s0891584921007450.

de Camargo AC, Franchin M, Shahidi F. Tocopherols and Tocotrienols:
sources, Analytical methods, and effects in Food and Biological systems.
In: Melton LD, Shahidi F, Varelis P, editors. Encyclopedia of food chemis-
try. Amsterdam, Netherlands, Oxford, United Kingdom, Cambridge, MA:
Elsevier; 2019. pp. 561-70.

Gugliandolo A, Bramanti P, Mazzon E. Role of vitamin E in the treatment
of Alzheimer’s disease: evidence from animal models. Int J Mol Sci.
2017;18(12):2504. Available from: https://www.mdpi.com/1422-0067/
18/12/2504.

Zaidi SMKR, Banu N. Antioxidant potential of vitamins a, E and

Cin modulating oxidative stress in rat brain. Clin Chim Acta.
2004;340(1-2):229-33.

Niki E, Tsuchiya J, Tanimura R, Kamiya Y, REGENERATION, OF VITAMIN E
FROM a-CHROMANOXYL RADICAL BY GLUTATHIONE AND VITAMIN C.
Chem Lett. 1982;11(6):789-92.

Kara H, Orem A, Yulug E, Yucesan FB, Kerimoglu G, Yaman SO, et al.
Hazelnut consumption improves testicular antioxidant function and
semen quality in young and old male rats. Food Chem. 2019;294:1-8.
European Food Safety Authority. Scientific Opinion on the substan-
tiation of health claims related to vitamin E and protection of DNA,
proteins and lipids from oxidative damage (ID 160, 162. 1947), main-
tenance of the normal function of the immune system (ID 161, 163),
maintenance of normal function of the immune system (ID 161, 163),
maintenance of normal bone(ID 164), maintenance of normal teeth (ID
164), maintenance of normal hair (ID 164), maintenance of normal skin
(ID 164),maintenance of normal nails (ID 164), maintenance of normal
cardiac function (ID 166), maintenance of normal vision byprotection of
the lens of the eye (ID 167), contribution to normal cognitive function
(ID 182, 183), regeneration of thereduced form of vitamin C (ID 203),
maintenance of normal blood circulation (ID 216) and maintenance
of a normal scalp(ID 2873) pursuant to Article 13(1) of Regulation (EC)
No 1924/2006: EFSA Panel on Dietetic Products, Nutrition and Allergies
(NDA). EFSA Journal 2010; 8(10). Available from: URL: https://www.efsa.
europa.eu/en/publications

Lewis ED, Meydani SN, Wu D. Regulatory role of vitamin E in the
immune system and inflammation. IUBMB Life. 2019;71(4):487-94.
Knight JA, Review. Free radicals, antioxidants, and the immune system.
Ann Clin Lab Sci. 2000;30(2):145-58.

Salinthone S, Kerns AR, Tsang V, Carr DW. a-Tocopherol (vitamin E)
stimulates cyclic AMP production in human peripheral mononuclear
cells and alters immune function. Mol Immunol. 2013;53(3):173-8.
Beharka AA, Wu D, Serafini M, Meydani SN. Mechanism of vitamin E
inhibition of cyclooxygenase activity in macrophages from old mice:
role of peroxynitrite. Free Radic Biol Med. 2002;32(6):503-11.

Wu D, Meydani SN. Mechanism of age-associated up-regulation in
macrophage PGE2 synthesis. Brain Behav Immun. 2004;18(6):487-94.
Ricciarelli R, Tasinato A, Clément S, Ozer NK, Boscoboinik D, Azzi A.
Alpha-tocopherol specifically inactivates cellular protein kinase C alpha
by changing its phosphorylation state. Biochem J. 1998;334(Pt 1):243-9.
EggerT, Schuligoi R, Wintersperger A, Amann R, Malle E, Sattler W.
Vitamin E (alpha-tocopherol) attenuates cyclo-oxygenase 2 transcrip-
tion and synthesis in immortalized murine BV-2 microglia. Biochem J.
2003;370(Pt 2):459-67.

Traber MG, Atkinson J, Vitamin E. Vitamin E. antioxidant and nothing
more. Free Radic Biol Med. 2007;43(1):4-15. Available from: https://
www.sciencedirect.com/science/article/pii/s0891584907002195.


https://www.nature.com/articles/ejcn2012183
https://www.mdpi.com/2076-3921/6/4/95
https://www.sciencedirect.com/science/article/pii/s0163782700000060?casa_token=xcudjhrrtcyaaaaa:p3frmruyt3r0cs7rsnokxyscygcmnuwq1eheaci93levv_5ltz0rsgh61iyfs2ujgvqcctoof8o
https://www.sciencedirect.com/science/article/pii/s0163782700000060?casa_token=xcudjhrrtcyaaaaa:p3frmruyt3r0cs7rsnokxyscygcmnuwq1eheaci93levv_5ltz0rsgh61iyfs2ujgvqcctoof8o
https://www.sciencedirect.com/science/article/pii/s0163782700000060?casa_token=xcudjhrrtcyaaaaa:p3frmruyt3r0cs7rsnokxyscygcmnuwq1eheaci93levv_5ltz0rsgh61iyfs2ujgvqcctoof8o
https://www.sciencedirect.com/science/article/pii/s0163782700000060?casa_token=xcudjhrrtcyaaaaa:p3frmruyt3r0cs7rsnokxyscygcmnuwq1eheaci93levv_5ltz0rsgh61iyfs2ujgvqcctoof8o
https://www.jlr.org/article/s0022-2275(20)32898-4/fulltext
https://www.jlr.org/article/s0022-2275(20)32898-4/fulltext
https://www.openagrar.de/receive/bmelv_mods_00000135
https://www.openagrar.de/receive/bmelv_mods_00000135
http://www.dge.de/wissenschaft/referenzwerte/vitamin-e/
http://www.dge.de/wissenschaft/referenzwerte/vitamin-e/
https://www.sciencedirect.com/science/article/pii/s0889157505000967
https://www.sciencedirect.com/science/article/pii/s0889157505000967
https://www.nature.com/articles/s41598-018-25997-2
https://www.nature.com/articles/s41598-018-25997-2
https://www.sciencedirect.com/science/article/pii/s0891584921007450
https://www.sciencedirect.com/science/article/pii/s0891584921007450
https://www.mdpi.com/1422-0067/18/12/2504
https://www.mdpi.com/1422-0067/18/12/2504
https://www.efsa.europa.eu/en/publications
https://www.efsa.europa.eu/en/publications
https://www.sciencedirect.com/science/article/pii/s0891584907002195
https://www.sciencedirect.com/science/article/pii/s0891584907002195

Schmieder et al. Immunity & Ageing

275.

276.

277.

278.

279.

280.

281.

282.

283.

284,

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

(2025) 22:8

Zingg J-M. Vitamin E: a role in signal transduction. Annu Rev Nutr.
2015;35:135-73.

Wilankar C, Sharma D, Checker R, Khan NM, Patwardhan R, Patil A,

et al. Role of immunoregulatory transcription factors in differential
immunomodulatory effects of tocotrienols. Free Radic Biol Med.
2011;51(1):129-43.

Han SN, Pang E, Zingg J-M, Meydani SN, Meydani M, Azzi A. Differential
effects of natural and synthetic vitamin E on gene transcription in
murine T lymphocytes. Arch Biochem Biophys. 2010;495(1):49-55.

Pein H, Ville A, Pace S, TemmlV, Garscha U, Raasch M, et al. Endogenous
metabolites of vitamin E limit inflammation by targeting 5-lipoxyge-
nase. Nat Commun. 2018;9(1):3834.

Marko MG, Ahmed T, Bunnell SC, Wu D, Chung H, Huber BT, et al.
Age-associated decline in effective immune synapse formation of
CD4(+) T cells is reversed by vitamin E supplementation. J Immunol.
2007;178(3):1443-9.

Molano A, Meydani SN, Vitamin E. Signalosomes and gene expression
inT cells. Mol Aspects Med. 2012;33(1):55-62.

Pallast EG, Schouten EG, de Waart FG, Fonk HC, Doekes G, von Blomb-
erg BM et al. Effect of 50- and 100-mg vitamin E supplements on cellu-
lar immune function in noninstitutionalized elderly persons. 0002-9165
1999; 69(6):1273-81.

Meydani SN, Barklund MP, Liu S, Meydani M, Miller RA, Cannon JG

et al. Vitamin E supplementation enhances cell-mediated immunity in
healthy elderly subjects. 0002-9165 1990; 52(3):557-63.

de Waart FG, Portengen L, Doekes G, Verwaal CJ, Kok FJ. Effect

of 3 months vitamin E supplementation on indices of the cel-

lular and humoral immune response in elderly subjects. Br J Nutr.
1997;78(5):761-74.

Eshraghi Y, Vahdani Y, Karimi P, Abdollahpour-Alitappeh M, Abdoli A,
Taghizadeh M, et al. Immunomodulatory effects of a-Tocopherol on
the HINT influenza vaccine: improving the potency and efficacy of the
Influenza vaccine in aged mice. Viral Immunol. 2022,;35(3):244-53.

Bou Ghanem EN, Lee JN, Joma BH, Meydani SN, Leong JM, Panda A. The
alpha-tocopherol form of vitamin E boosts elastase activity of human
PMNs and their ability to kill Streptococcus pneumoniae. Front Cell
Infect Microbiol. 2017;7:161.

Hemild H. Vitamin E administration may decrease the incidence of
pneumonia in elderly males. Clin Interv Aging. 2016;11:1379-85.
Meydani SN, Leka LS, Fine BC, Dallal GE, Keusch GT, Singh MF, et al. Vita-
min E and respiratory tract infections in elderly nursing home residents:
a randomized controlled trial. JAMA. 2004;292(7):828-36.

van Amsterdam J, van der Horst-Graat J, Bischoff E, Steerenberg P,
Opperhuizen A, Schouten E. The effect of vitamin E supplementation
on serum DHEA and neopterin levels in elderly subjects. Int J Vitam
Nutr Res. 2005;75(5):327-31.

Belisle SE, Leka LS, Dallal GE, Jacques PF, Delgado-Lista J, Ordovas JM,
et al. Cytokine response to vitamin E supplementation is dependent on
pre-supplementation cytokine levels. BioFactors. 2008;33(3):191-200.

Belisle SE, Leka LS, Delgado-Lista J, Jacques PF, Ordovas JM, Meydani SN.

Polymorphisms at cytokine genes may determine the effect of vitamin
E on cytokine production in the elderly. J Nutr. 2009;139(10):1855-60.
Belisle SE, Hamer DH, Leka LS, Dallal GE, Delgado-Lista J, Fine BC, et al.
IL-2 and IL-10 gene polymorphisms are associated with respiratory tract
infection and may modulate the effect of vitamin E on lower respira-
tory tract infections in elderly nursing home residents. Am J Clin Nutr.
2010;92(1):106-14.

Morimoto Y, Ollberding NJ, Cooney RV, Wilkens LR, Franke AA, Le
Marchand L, et al. Prediagnostic serum tocopherol levels and the risk
of non-hodgkin lymphoma: the multiethnic cohort. Cancer Epidemiol
Biomarkers Prev. 2013;22(11):2075-83.

Schwarzpaul S, Strassburg A, Luhrmann PM, Neuhauser-Berthold M.
Intake of vitamin and mineral supplements in an elderly German popu-
lation. Ann Nutr Metab. 2006;50(2):155-62.

Wolters M, Hermann S, Golf S, Katz N, Hahn A. Selenium and anti-
oxidant vitamin status of elderly German women. Eur J Clin Nutr.
2006;60(1):85-91.

Troesch B, Hoeft B, McBurney M, Eggersdorfer M, Weber P. Dietary sur-
veys indicate vitamin intakes below recommendations are common in
representative western countries. Br J Nutr. 2012;108(4):692-8.

296.

297.

298.

299.

300.

302.

303.

304.

305.

306.

307.

308.

309.

311

312.

313.

314.

315.

316.

317.

Page 28 of 29

Bechthold A, AlbrechtV, Leschik-Bonnet E. Beurteilung Der Vita-
minversorgung in Deutschland. Teil 1: Daten Zur Vitaminzufuhr.
Erndhrungs Umschau 2012; (59):324-36.

Handelman GJ, Epstein WL, Peerson J, Spiegelman D, Machlin LJ,
Dratz EA. Human adipose alpha-tocopherol and gamma-tocopherol
kinetics during and after 1y of alpha-tocopherol supplementation.
0002-9165 1994; 59(5):1025-32.

Shils ME, Shike M. Modern nutrition in health and disease. 10th ed.
Philadelphia: Lippincott Williams & Wilkins; 2006.

Ulatowski LM, Manor D. Vitamin E and neurodegeneration. Neurobiol
Dis. 2015;84:78-83.

Yap SP, Yuen KH, Wong JW. Pharmacokinetics and bioavailability of
alpha-, gamma- and delta-tocotrienols under different food status. J
Pharm Pharmacol. 2001;53(1):67-71.

Zondlo Fiume M. Final report on the safety assessment of Tocoph-
erol, Tocopheryl Acetate, Tocopheryl Linoleate, Oleate TL, Nicotinate
T.Tocopheryl Succinate, Dioleyl Tocopheryl Methylsilanol, Potassium
Ascorbyl Tocopheryl Phosphate, and Tocophersolan. Int J Toxicol.
2002;21 Suppl 3:51-116.

Yu SG, Thomas AM, Gapor A, Tan B, Qureshi N, Qureshi AA. Dose-
response impact of various tocotrienols on serum lipid parameters in
5-week-old female chickens. Lipids. 2006;41(5):453-61.

Flory S, Birringer M, Frank J. Bioavailability and Metabolism of Vitamin
E. In: Weber P, Birringer M, Blumberg JB, Eggersdorfer M, Frank J,
editors. Vitamin E in Human Health. Cham: Humana Press; 2019. pp.
31-41 (Springer eBooks Medicine). Available from: https://link.sprin
ger.com/chapter/10.1007/978-3-030-05315-4_4

XieY, Li S, Wu D, Wang Y, Chen J, Duan L, et al. Vitamin K: infection,
inflammation, and auto-immunity. J Inflamm Res. 2024;17:1147-60.
Shearer MJ, Okano T. Key pathways and regulators of vitamin K func-
tion and intermediary metabolism. Annu Rev Nutr. 2018;38:127-51.
Zheng X, Hou Y, He H, Chen Y, Zhou R, Wang X, et al. Synthetic vita-
min Kanalogs inhibit inflammation by targeting the NLRP3 inflam-
masome. Cell Mol Immunol. 2021;18(10):2422-30.

Dunlop E, Jakobsen J, Jensen MB, Arcot J, Qiao L, Cunningham J, et al.
Vitamin K content of cheese, yoghurt and meat products in Australia.
Food Chem. 2022;397:133772.

Bentley R, Meganathan R. Biosynthesis of vitamin K (menaquinone) in
bacteria. Microbiol Rev. 1982;46(3):241-80.

He T, Sun X, Wu C,Yao L, Zhang Y, Liu S, et al. PROST, a clinical prog-
nostic biomarker and tumor suppressor, is associated with immune
cell infiltration in breast cancer: a bioinformatics analysis combined
with experimental verification. Cell Signal. 2023;112:110918.

Janssen R, Visser MPJ, Dofferhoff ASM, Vermeer C, Janssens W, Walk
J.Vitamin K metabolism as the potential missing link between lung
damage and thromboembolism in coronavirus disease 2019. Br J
Nutr. 2021;126(2):191-8.

Suleiman L, Négrier C, Boukerche H, Protein S. A multifunctional
anticoagulant vitamin K-dependent protein at the crossroads of
coagulation, inflammation, angiogenesis, and cancer. Crit Rev Oncol
Hematol. 2013;88(3):637-54.

Chlebowski RT, Dietrich M, Akman S, Block JB. Vitamin K3 inhibition of
malignant murine cell growth and human tumor colony formation.
Cancer Treat Rep. 1985,69(5):527-32.

Vitamin K. DGE; 2024:14:22. Available from: http://www.dge.de/wisse
nschaft/referenzwerte/vitamin-k/

Xia J, Matsuhashi S, Hamajima H, lwane S, Takahashi H, Eguchi Y, et al.
The role of PKC isoforms in the inhibition of NF-kB activation by
vitamin K2 in human hepatocellular carcinoma cells. J Nutr Biochem.
2012;23(12):1668-75.

Saglani S, Yates L, Lloyd CM. Immunoregulation of asthma by

type 2 cytokine therapies: treatments for all ages? Eur J Immunol.
2023;53(8):€2249919.

Kimur |, Tanizaki Y, Sato S, Saito K, Takahashi K. Menaquinone (vitamin
K2) therapy for bronchial asthma. II. Clinical effect of menaquinone on
bronchial asthma. Acta Med Okayama. 1975;29(2):127-35.

Dofferhoff ASM, Piscaer |, Schurgers LJ, Visser MPJ, van den Ouweland
JMW, de Jong PA, et al. Reduced Vitamin K Status as a potentially
modifiable risk factor of severe coronavirus Disease 2019. Clin Infect Dis.
2021,73(11):e4039-46.


https://link.springer.com/chapter/10.1007/978-3-030-05315-4_4
https://link.springer.com/chapter/10.1007/978-3-030-05315-4_4
http://www.dge.de/wissenschaft/referenzwerte/vitamin-k/
http://www.dge.de/wissenschaft/referenzwerte/vitamin-k/

Schmieder et al. Immunity & Ageing (2025) 22:8

318.

319.

320.

321.

322.

323.

324.

325.

Visser C, Biedermann JS, Nierman MC, van der Meer FIM, Gulpen AJW,
Moors YCF, et al. The Immediate Effect of COVID-19 vaccination on Anti-
coagulation Control in patients using vitamin K antagonists. Thromb
Haemost. 2022;122(3):377-85.

Kusano J, Tanaka S, Matsuda H, Hara Y, Fujii Y, Suzuki S, et al. Vitamin

K1 and vitamin K2 immunopharmacological effects on the peripheral
lymphocytes of healthy subjects and dialysis patients, as estimated by
the lymphocyte immunosuppressant sensitivity test. J Clin Pharm Ther.
2018:43(6):895-902.

Myneni VD, Mezey E. Immunomodulatory effect of vitamin K2: implica-
tions for bone health. Oral Dis. 2018;24(1-2):67-71.

Zhang M, Miura T, Suzuki S, Chiyotanda M, Tanaka S, Sugiyama K, et al.
Vitamin K2 suppresses proliferation and inflammatory cytokine produc-
tion in Mitogen-activated lymphocytes of atopic dermatitis patients
through the inhibition of Mitogen-activated protein kinases. Biol Pharm
Bull. 2021;44(1):7-17.

Susanah S, Fadlyana E, Dhamayanti M, Tarigan R, Ariyanto EF, Pamela

Y, et al. Temporal association between serious bleeding and immu-
nization: vitamin K deficiency as main causative factor. BMC Pediatr.
2020;20(1):82.

Mangge H, Prueller F, Dawczynski C, Curcic P, Sloup Z, Holter M et al.
Dramatic decrease of vitamin K2 subtype Menaquinone-7 in COVID-19
patients. Antioxid (Basel) 2022; 11(7).

Linneberg A, Kampmann FB, Israelsen SB, Andersen LR, Jargensen HL,
Sandholt H et al. The Association of Low Vitamin K Status with mortality
in a cohort of 138 hospitalized patients with COVID-19. Nutrients 2021;
13(6).

lijima H, Shinzaki S, Takehara T. The importance of vitamins D and K for
the bone health and immune function in inflammatory bowel disease.
Curr Opin Clin Nutr Metab Care. 2012;15(6):635-40.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 29 of 29



	Exploring the link between fat-soluble vitamins and aging-associated immune system status: a literature review
	Abstract 
	Background
	Fat-soluble vitamins
	Vitamin A
	Vitamin A: general characteristics and physiological function
	Vitamin A: modulatory effects on the aging immune system

	Vitamin D
	Vitamin D: general characteristics and physiological function
	Vitamin D: modulatory effects on the aging immune system

	Vitamin E
	Vitamin E: general characteristics and physiological function
	Vitamin E: modulatory effects on the aging immune system

	Vitamin K
	Vitamin K: general characteristics and physiological function
	Vitamin K: modulatory effects on the aging immune system


	Conclusions
	Acknowledgements
	References


