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VITAMIN D, AGING AND CHRONIC DISEASES  

P. Tuohimaa

Introduction

Aging is a complex biological process at molecular,
cellular and organismal level influenced by genetic and
environmental factors. It is generally characterized by a
declining ability to respond to stress, an increasing
homeostatic imbalance and an increased risk of aging-
related diseases.  Although an accumulation of cellular
and DNA damages mainly caused by oxidative stress
(wear and tear) might be the cause of aging, the
weakening repair mechanisms may also play an
important role, especially in carcinogenesis (1).

Around mid-life, even in the absence of chronic
diseases vitamin D metabolism begins to change towards
an insufficiency (2). Serum concentration of 25OHD3

(calcidiol) decreases, calcium absorption in the intestine
diminishes, and calcium bioavailability declines. This in
turn stimulates PTH (parathyroid hormone) secretion (3,
4). The mild hyperparathyroidism associated with aging
stimulates bone turnover leading to accelerated
osteoporosis. In the past decades, our knowledge about
vitamin D3 and its biological activities has significantly
developed: Its hormonally active forms are not only bone
hormones, but they have a wide spectrum of actions in
health and diseases (5). During the last decade, there has
been accumulating evidence, that an excess production of
1α,25 (OH)2D3 (calcitriol) plays a crucial role in the
premature aging caused by FGF-23 (fibroblast growth
factor-23)/ klotho mutations (6). On the other hand, a
vitamin D3 insufficiency seems also to enhance
premature aging (7). The negative vitamin D3 balance
with aging in turn accelerates premature aging
phenomena as well as the expression of chronic
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Abstract: Aging is a complex event and several separate molecular mechanisms lead to the same endpoint, normal or premature
senescence. The interrelationships between different signaling systems involved in aging remain speculative. Aging is characterized
by gradual loss of stress tolerance due to an accumulation of DNA and protein damages. According to a dominating hypothesis the
damages are caused by the oxidative stress. The repair mechanisms, anti-oxidative enzymes, IGF signaling, sirtuins and NF�B play
an important role in the premature aging. Vitamin D is a prohormone and currently there are at least three cholecalciferol
hormones (CHs): 1�-calcitriol (1�,25(OH)2D3), calcidiol (25OHD3) and 24-calcitriol (24,25(OH)2D3). A combination of 1�-calcitriol
and calcidiol seems to act synergistically in the target cells regulating several functions including aging. The physiological
circulating levels of calcidiol or 1�-calcitriol alone are not sufficient for biological responses. There is a reciprocal relationship
between these metabolites (a negative feedback control), which seems to regulate the endocrine balance of CHs. CHs have been
demonstrated to be key factors in the regulation of most of these mediators and therefore they play a central role in aging. It seems
that an optimal calcidiol serum concentration might delay aging. On the contrary, calcidiol imbalance may lead to a premature
aging and earlier appearance of chronic diseases (osteoporosis, cancer, atherosclerosis, neurodegenerative disorders etc) as a sign of
aging. Epidemiological studies on the role of hormonal forms of vitamin D3 in chronic diseases are inconsistent. There are several
reasons to this inconsistency and one of the reasons might be a non-linear dependency on calcidiol serum concentrations.  A U- or J-
shaped risk curve is typical to hormones such as steroids, thyroid hormones, retinoids as well as cholecalciferol hormones. The
phenomen is known as hormesis. CHs seem to have harmful effects on health and accelerate aging both at low and high serum
concentrations. This suggests that there is an optimal serum concentration of calcidiol, which delays aging. The elderly people are
in a high risk of vitamin D insufficiency with aging (cholecalciferolpause), because they are not exposed to sun and their skin has a
low capacity to produce vitamin D3. Selected studies based on several health outcomes suggest that the optimum is between 40-80
nmol/ L (16-32 ng/ml). This level is reached, if the daily vitamin D dose in the elderly is 10-20 µg. However, more studies are
needed on several common degenerative diseases, before the final vitamin D recommendations to elderly can be made. 
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diseases(8). Therefore a vitamin D3 supplementation in
elderly is important, but it is not an easy task, because the
most optimal supplementation is difficult to define. This
chapter deals with the complexity of vitamin D3
supplementation with a special reference to the unique
endocrinology of cholecalciferol hormones and their role
in aging and aging-related diseases.

Functions of cholecalciferol hormones: dual
hormone theory 

Our understanding of how vitamin D mediates
biological responses has entered a new era. Calcium
homeostasis and bone are no more the only targets of
vitamin D, but practically all cells in the body contain
vitamin D receptor (VDR). Therefore vitamin D is
involved in a wide range of diseases (7, 9). The main
functions of hormonal forms of vitamin D could be
classified as follows: 1. Anti-proliferation action. 2.
Differentiation (10) 3. Antimicrobial innate immunity (11)
4. Immunomodulation (5) 5. Apoptosis (12) 6. Genomic
stability (13) 7. Calcium homeostasis and 8. Detoxification
(14-16). All of these functions are important in aging.

Since 1968, there was an general agreement that the
active form of vitamin D3 was 25OHD3 (calcidiol) (17),
but this dogma was rejected 1971, when 1α,25 (OH)2D3
(calcitriol) was isolated and found almost 1000-fold more
active when assayed on the molar basis (18). The latter
view was strengthened, once VDR binding assays with
radioactive ligands were developed and VDR was cloned
(19). As a consequence, the basic dogma in vitamin D
endocrinology was that calcidiol is an inactive metabolite
hydroxylated by CYP27A1 (25-hydroxylase) mainly in the
liver. Calcidiol is thereafter activated in the kidney via
1α-hydroxylation (CYP27B1) to the biologically active
1α,25 (OH)2D3 (1α-calcitriol). All forms are carried in the
blood bound to vitamin D binding protein (DBP),
calcidiol having the highest affinity and the highest
proportion as protein bound. The prevailing hypothesis
was that the free 1α-calcitriol was the biologically active
hormone. Today, almost every detail of the classical
dogma has changed, or there are proposals for alternative
explanations. 25-hydroxylation does not occur only in the
liver, but in many organs including skin, which may
contribute significantly to the serum calcidiol
concentration (20). Even though kidney seems to be the
major source of serum 1α-calcitriol, the extra-renal
calcitriol production seems to be physiologically
important as an auto- and paracrine factor (21-25). These
findings led to the conclusion that the local production of
1α-calcitriol regulates cell growth and differentiation.
However, it is unlikely that 1α-calcitriol could be
responsible for the effects, because its concentration is too
low intracellularly and in the serum (26). The half-life of
calcidiol in the circulation is about two weeks, while that
of α-calcitriol is less than four hours (27). In vitro, 1α-

calcitriol can produce biological responses in serum-free
medium being in favor of the “free” hormone hypothesis
(28). However, the concentrations of 1α-calcitriol needed
for the responses are usually 100-1000-fold over the
physiological ones. Moreover, the serum level of calcidiol
is approximately 1000 times higher than that of 1α-
calcitriol. Only 0.04% of calcidiol and 0.4% of 1α-calcitriol
are free in plasma and the rest are tightly bound to either
a vitamin D binding protein or serum albumin (29). This
means that the concentration of the free calcidiol is 100
times higher than that of the free 1α-calcitriol. Based on
the “free hormone” hypothesis, calcidiol is accessible to
the target cells is 100 times more than 1α-calcitriol, but
the absolute concentrations of free hormone in serum are
far below the concentrations known to give any biological
response. On the other hand, based on the “bound
hormone” hypothesis (30-32), the bound calcidiol that can
be taken up by the target cells has approximately 1000
times higher serum concentration than that of 1α-
calcitriol.  If calcidiol is inactive metabolite, it would
competitively inhibit the action of 1α-calcitriol. The
binding affinities of the metabolites to the VDR have been
measured in different cell types with varying results, but
the binding affinity of 1α-calcitriol is only approximately
50-fold higher than that of calcidiol (33) suggesting that in
the physiological situation most of the VDR molecules are
occupied with calcidiol. 

In order to solve the calcidiol enigma, we planned a set
of experiments with calcidiol, where the role of calcitriol
was eliminated. Once calcidiol and 1α-calcitriol enter the
target cell, they bind to the VDR (34). Calcidiol may also
bind to 1α-hydroxylase and be converted to 1α-calcitriol.
We eliminated 1α-hydroxylase pharmacologically and
genetically. By blocking 1α-hydroxylase activity with a
specific enzyme inhibitor, we have demonstrated that
calcidiol itself can regulate gene expression in human
primary prostate stromal cells (35) and mouse primary
prostate cells (36). In addition, we demonstrated that
calcidiol can promote the activity of 24-hydroxylase gene
promoter in MCF-7 human breast cancer cells and inhibit
the growth of LNCaP human prostate cancer cells (35).
We also isolated primary cells from the kidney and skin
of 1α-hydroxylase knockout mice. In the 1α-hydroxylase
knockout kidney and skin cells, we verified the gene
regulatory action of calcidiol (37). In addition, calcidiol
seems to inhibit precancerous and alveolar lesions in
mouse mammary organ culture systems derived from 1α-
hydroxylase knockout mice (38). All the data mentioned
above demonstrate clearly that calcidiol has an inherent
hormonal activity regulating genes and cell proliferation.
Our findings are supported by studies of Peng et al (38)
showing that calcidiol (100 nM) inhibited growth of
mammary cancer. 

All the products of 24-hydroxylation (CYP24) were
earlier presumed to be inactive degradation products.
However, there is accumulating evidence suggesting that
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at least 24,25(OH)2D3 (24,25-cholecalciferol or 24-
calcitriol) might be biologically active in chondrocytes
(39). This action seems to be mediated by membrane
receptor (mVDR), because the effect can be detected also
in nuclear VDR-/- cells. 24-calcitriol seems to act also
through the nuclear VDR stimulating differentiation of
human osteoblasts as well as bone mineralization (40).
Furthermore, 24-calcitriol seems to be necessary for bone
fracture healing, since the callus formation is impaired in
CYP24-/- mice (41, 42). It can be concluded that there are
at least 3 hormonally active forms of vitamin D3:
calcidiol, 1α-calcitriol and 24-calcitriol (Fig 1). We
proposed recently that these hormones should be called
cholecalciferol hormones (CHs) (43). There is a good
argument for each term: The prefix “calci-“ is already
used in the names of individual hormones (calcidiol etc).
On the other hand, the basic structure is known as
cholecalciferol and it favors the latter name. It is
important to avoid the use of the term “vitamin D”, since
there is no biologically active vitamin D, but only CHs
are biologically functional.

It is possible that new active cholecalciferol hormones
will be found in future (44). Hydroxylations occur at all
positions from 20 to 28 except for positions 21 and 27.
Therefore, there are several hormone candidates to be
tested for their activity in physiological situations.1α,20
(OH)2D3 metabolized by CYP11A1 is hormonally active
metabolite in skin keratinocytes (45) and its activity is
VDR-dependent.

A dilemma in cholecalciferol hormone endocrinology
has been the reciprocal feedback between serum calcidiol
and 1α-calcitriol. Chronic administration of 1α-calcitriol
increases the metabolic clearance of calcidiol (46, 47) and
decreases its production (48) with consequent depletion
of calcidiol stores. On the other hand, administration of
elevated doses of vitamin D3 or calcidiol increases the
metabolic rate of 1α-calcitriol (49). The “hormonal
calcidiol” concept helps to understand the feedback
system, since both hormones seem to be active and able
to regulate the mutual expression. The physiological
significance of the negative feedback (Fig.1) could be that
the hormonal sum effect of serum/intracellular calcidiol
and 1α-calcitriol is under control. As a consequence, 24-
hydroxylated products in the serum increase always,
when either calcidiol or 1α-calcitriol increases in the
serum. Therefore, an increase of serum 24-calcitriol might
be the best indicator of an overdose of oral vitamin D3.

A strong argument against “hormonal calcidiol”
concept is the phenotype of the 1α-hydroxylase knock
out mice (CYP27B1-/-), which is quite similar although
not identical to that of VDR-/- mice (7). The CYP27B1-/-
mice have an elevated serum calcidiol concentration, but
it cannot prevent the phenotype. This discrepancy can be
explained with our recent finding on the mutual
synergistic action of calcidiol and 1α-calcitriol (36). In
CYP27B1-/- cells, calcidiol and 1α-calcitriol show a

synergistic action on the CYP24 expression. We treated
1α-hydroxylase knockout kidney and skin cells with both
calcidiol and 1α-calcitriol at different concentrations and
found that the combined effects of both metabolites are
significantly higher than the sum of the effects of either
alone. We do not know the mechanism of the synergism,
but a possible explanation could be homodimerization of
VDR occupied with the two ligands (calcitriol and
calcidiol). Calcidiol could bind to AP-site and 1α-
calcitriol to GP-site causing different conformational
changes allowing apoVDR homodimer stabilization (50-
56). It is apparent that the coactivator complex associated
with homodimer is different as that bound to VDR-RXR
heterodimer suggesting that the genes regulated are also
different. The hormonal synergism suggests that both
calcidiol and calcitriol, in fact, are important hormones
and they act in concert. Therefore, calcidiol with its
variable serum concentrations has always been clinically
and epidemiologically more important than 1α-calcitriol
with rather stable serum concentrations. Within the cell,
neither the concentration of calcitriol nor calcidiol alone
is sufficient for a significant physiological response, but
in combination they can cause a perfect response (37).
This we call “dual hormone theory”. The dual
cholecalciferol hormone synergism is schematically
presented in Fig 1.

Figure 1
A simplified endocrine system of cholecalciferol

hormones. There are three active hormonal forms
calcidiol (25(OH)D3, 25-hydroxy-cholecalciferol), 1α-

calcidiol (1,25(OH)2D3, 1α,25-dihydroxy-cholecalciferol)
and 24-calcitriol (24,25(OH)2D3, 24,25-dihydroxy-

cholecalciferol) . Calcidiol and 1α-calcidiol  act
synergistically via vitamin D receptor (VDR) and they
have a negative mutual feeback regulation (⎮⎯⎮). 24-

calcitriol acts probably via membrane vitamin D receptor
(mVDR). DAF-12 (dauer formation protein-12) regulates
life span of C. elegans and it is a homolog of mammalian

VDR and FoxO (forkhead box protein). The putative
ligand of DAF-12 is 7-dehydrocholesterol. CYP27A1= 25-

hydroxylase, CYP27B1 = 1α-hydroxylase, CYP24 = 24-
hydroxylase. For the details and references see text
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An unsolved dilemma in the VDR action is the
regulation of hair cycle. Alopecia is a part of the
phenotype of many patients with hereditary vitamin D-
resistant rickets (HVDRR) caused by VDR mutation (57).
VDR-KO mice develop their first coat of hair normally,
but begin to loose their hair rostrally at the age of 6
months and hair loss is complete at the age of 8 months
(43). The reinitiation of anagen following the first cycle or
after the depilation is impaired (58). Reconstitution of the
VDR in keratinocytes to the VDR-KO mice reverses the
defect in hair cycle and the mice do not develop alopecia
(59). Correction of metabolic disturbances with a high
calcium diet prevents rickets and hyperparathyroidism
but does not prevent the alopecia (60), which suggests
that alopecia is not calcium-dependent. Because
CYP27B1-/-  (1α-hydroxylase deficient) mice show
rickets, growth retardation, osteomalacia, hypocalcemia,
hypophosphatemia and hyperparathyroidism, but no
alopecia (61), it seemed that the development of alopecia
is VDR-dependent, but not dependent on calcitriol. This
raised a question whether hair cycle is regulated by
apoVDR or there is an unknown ligand of VDR for hair
follicle development? Because serum calcidiol
concentration increases in CYP27B1-/- mice, it is possible
that this high calcidiol concentration would be sufficient
to maintain the hair cycle.

U-shaped serum calcidiol level-disease
response

A new aspect in cholecalciferol hormone
endocrinology is the U-shaped dose response to serum
calcidiol concentration of some diseases and aging
phenomena. This is also known as hormesis (62): both
insufficient and excess concentrations of CHs are harmful
to health. Hormesis is the term for usually favourable
biological responses to low exposures to toxins, toxic
substances and other stressors. The concept has been
explored extensively in respect of aging (63, 64).
According to the hormesis paradigm, agents induce dose-
response relationships having two or three distinct
phases (biphasic, U-, J- or reversed U-shaped= bell-
shaped). A mild stress exposure such as sun radiation
usually has anti-aging effects (65). A U-shaped hormesis
is typical to all natural ligands of nuclear receptors such
as retinoic acid, thyroid hormones and steroids. A
hormetic response to serum calcidiol concentration is
reported in some epidemiological studies: risk of prostate
cancer (66, 67), all cause deaths and cardiovascular deaths
(68-71). Recently, more and more U-shaped dose
responses between serum calcidiol and disease have been
found such as small-for-gestational-age births (72), falls
and fractures in elderly women (73), schizophrenia (74),
mammary cancer (75), common single nucleotide
polymorphism (76) and deafness (77, 78). Also the aging

process in general shows an U-shaped response to
cholecalciferol hormones (7): both low and high action of
CHs enhance aging phenomena such as skin aging,
osteoporosis, ectopic calcification, immunodeficiency,
muscle atrophy and loss of hearing. Another type of
vitamin D hormesis is a reversed response.  Usually
higher serum calcidiol concentrations seem to protect
against cancer as mentioned above, but sometimes they
increase the risk of cancer such as oesophageal cancer in
men (79), pancreatic cancer (80). In skin, low doses of 1α-
calcitriol increase epidermal cell proliferation, whereas
high doses inhibit it (81). Thus, it seems that there is an
optimal serum concentration of calcidiol, which may
delay aging and prevent aging-related diseases. Based on
the epidemiological studies mentioned above, the optimal
concentration is approximately 40-80 nmol/L, but it may
be different in different diseases and therefore more
studies are needed. The U-shaped response has been
contested by Grant (82). He argues that the diseases
showing U-shaped response relation with serum calcidiol
are not representative cases, because there are more
studies showing reversed linear relationship and all
meta-analyses show a monotonic decrease of hazard ratio
with increasing serum calcidiol. The key problem is, that
linear regression analyses tend to give linear dependency
or no relationship and therefore U-shaped responses may
not be found, however IARC working group found U-
shaped responses in their meta-analyses (69). In most
studies, the material is too small to find statistically
significant U-shaped response a good example being the
study of Faubel-Badger (67), which shows similar U-
shaped association (but statistically not significant) as our
study (66). Behind this controversy might be the basic
epidemiological analysis dividing comparable groups in
quartiles or quintiles. The differences of serum
concentrations between the groups are so small, that they
are physiologically insignificant. Defined serum calcidiol
concentrations (e.g. 20 nmol intervals) (66) might be more
relevant. The U-shaped dose response is typical to all
hormones and it seems that CHs are similar. An apparent
explanation for U-shaped response to CHs is vitamin D
resistance at higher concentrations (83).

Age-related degenerative diseases

Epidemiological and clinical studies show that the
serum 25-hydroxyvitamin D (calcidiol) levels are
inversely associated with osteoporosis (84, 85), muscle
weakness (86),  common solid cancers (8), including
breast cancer (87, 88), prostate cancer (89), ovarian cancer
(90), and colorectal cancer (91, 92) and many other
chronic diseases, such as cardiovascular diseases (71),
hypertension (93, 94), psoriasis (95), rheumatoid arthritis
(96), diabetes (97-99), respiratory infections (100),
multiple sclerosis (101, 102) and several
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neurodegenerative diseases (43). The potential of
cholecalciferol hormones in the prevention and treatment
of degenerative diseases is widely reviewed by Armin
Zittermann (103, 104). In some degenerative diseases,
CHs are directly involved in the basic mechanism of the
disease such as negative regulation of renin-angiotensin
system in hypertension (105, 106), insulin regulation in
diabetes (98, 107, 108), several osteotrophic genes
(osteoporosis) (109) anti-microbial peptides (infections)
(11) and mitotic control in cancer and psoriasis (10).
However, in most of the diseases the mechanism of action
of CHs is unknown. It is possible that these diseases
reflect the cholecalciferol hormone-dependent aging
process as described below. Thus, an increased risk of
chronic diseases means that the degenerative disease
genetically disposed appears earlier because of premature
aging in the presence of cholecalciferol hormone
imbalance. In conclusion, several chronic degenerative
diseases are at least partially vitamin D-dependent and
their early appearance is a sign of premature aging as
well as often a sign of vitamin D imbalance.

Cholecalciferolpause and supplementation

The insufficiency of CHs during aging could be called
cholecalciferolpause like andropause and menopause.
The main cause for the common vitamin D insufficiency
in elderly (110-112) seems to be a decreased skin
production of vitamin D3 due to lack of 7-
dehydrocholesterol (113, 114). The dimished skin
production in elderly is often aggravated by changes in
lifestyle. Many older people are homebound, and when
exposed to the sun often wear protective clothing. The
cholecalciferol hormone balance develops more and more
negative with aging, and this hormone insufficiency in
turn may facilitate aging processes.

Intestinal absorption of vitamin D3 is not significantly
affected in elderly people in the absence of diseases
associated with intestinal malabsorption (115).  Synthesis
of calcidiol does not appear to be influenced by aging (2).
The effect of aging on serum concentration of 1α-calcitriol
is controversial: A number of studies suggest either
decrease, no change or increase (see review (2)).
However, bone responsiveness to CHs seems to decrease
with aging (116). This is most likely due to a decrease of
VDR concentration in target tissues. Also intestinal
calcium absorption is affected in the elderly (117). As a
consequence of the hypovitaminosis D, a mild
hyperparathyreoidism is often seen in elderly, which in
turn stimulates bone turnover accelerating osteoporosis.

The main reason for vitamin D supplementation in
elderly is to reduce bone fracture incidence (118). There
are 3 factors playing role in the risk of bone fracture: 1)
muscle strength (119), 2) balance and 3) bone mineral
density (118). Several studies suggest that cholecalciferol
hormones regulate muscle strength (119-121). This is

apparently due to the regulation of calcium balance
within the muscle cell. It has been proposed that vitamin
D-deficient elderly people are at a higher risk of falling
because of impaired muscle tonus. Much less attention
has been paid to the role of balance in the risk of falling
during aging. The balance deficit is one of the first signs
of aging. Using aging VDR-KO mice, we found the their
balance deficit developed faster than in normal mice
(122). Because otolites in semicircular canals contain
calcium, it is possible that their development and
turnover needs CHs and VDR, which we demonstrated in
the epithelium of crista ampullaris. It is interesting that
the sensorineural hearing loss is also associated with
hypoparathyroidism (123, 124). The vitamin D
supplementation may not effectively increase the bone
density, but it is extremely important in preventing the
further development of osteoporosis in elderly. Since the
mild PTH elevation in elderly is the main factor for
osteoporosis risk, the supplementation needed should be
effective to suppress PTH. For fracture risk reduction in
the elderly, the weight of evidence indicates that the
minimum amount of serum calcidiol needed is 75
nmol/L or more (118).

In the elderly, the prevention of chronic diseases with
vitamin D supplementation (see below) may not be as
important as earlier in life, because even with the most
optimal supplementation only few healthy months (not
years) can be achieved. Certainly, bone fracture may be
an important invalidity limiting the life span and the
quality of life, but the most interesting new areas of
preventive medicine in the elderly are the mood, senses
and neurological degeneration (Table 1). 

Table 1
Indications for vitamin D supplementation in the elderly

Indications with substantial evidence
1. Prevention of osteoporosis (236)
2. Prevention of hip fractures (237)
3. Muscle strength (120)
4. Home- or hospital-bound elderly (238)

Promising indications
5. Vitamin D-dependent hearing loss (77, 128, 129)
6. Age-related macular degeneration (AMD) (125)
7. Seasonal affective disorder (SAD) (136, 139)
8. Depression of the elderly (137, 138)
9. Alzheimer’s disease (133)
10.  Parkinson’s disease (161)
11. Cognitive ability (132, 134, 135)

The degeneration of senses with aging might be faster
in vitamin D insufficiency than in normovitaminosis. A
common reason for blindness in the elderly is age-related
macular degeneration (AMD). There is preliminary
evidence suggesting that cholecalciferol hormones may
protect against aging associated macular degeneration
(AMD) (125). Vitamin D-dependent deafness has been
known for almost three decades and its reversal with
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vitamin D supplementation (77, 126-128). In the VDR-KO
mice, we found unilateral loss of hearing as a sign of
premature aging (129). These animals also showed signs
of mild balance deficits (122), but not any loss of
gustatory nor olfactory senses (130). A degeneration of
senses is clearly associated with aging. The apparent
cause of deafness might be disturbances in calcium
metabolism of the inner ear, and therefore it is also
associated with hypoparathyroidism (123, 124). It is
interesting that also hypervitaminosis D is associated
with loss of hearing (78). In conclusion, the senses, some
of which are calcium-dependent, are more likely affected
in the cholecalciferol hormone disturbances.

As to the quality of life of the elderly, putative
neuroprotective properties of vitamin D are of interest in
the future (43). 1α-Calcitriol seems to enhance the
gluthatione content of neurons and to protect them from
the reactive oxygen species (131). A vitamin D
insufficiency seems to be associated with the cognitive
impairment in the elderly and Alzheimer patients (132-
135). One of the most important reason for poor quality of
life in the elderly is depression, therefore relevant studies
on the role of vitamin D are needed. Preliminary studies
suggest that sufficient administration of vitamin D would
improve seasonal affective disorder (SAD) as well as
other types of depression (136-139). Vitamin D sufficiency
may delay the appearance of neurodegenerative diseases
(43, 140, 141) (Table 1).

Vitamin D3 photosynthesis during the sun exposure is
enormous (142). It is obvious that the high photosynthesis
rate became a problem to living organisms. Part of the
problem is solved by photodegradation of the precursors
of vitamin D3, but all living organisms have also
developed an effective detoxification system based on
CYP24, 24-hydroxylase, which initiates a series of
hydroxylations leading finally to the excretion in the
kidney as calcitroic acid (143). There is a basic difference
in the physiology of vitamin D transport in the skin vs
intestine. Absorption of the oral vitamin D in ileum is
without any control up to 100%. The intestinal absorption
is fast and the 25-hydroxylation in the liver is not rate
limited, if the body stores are within the normal range
(144). This in turn means that the serum calcidiol
concentration shows a peak value shortly after oral
administration of vitamin D. This kind of daily variation
is smaller, when vitamin D is produced in the skin
exposed to sun. The sun exposure slowly increases serum
calcidiol reaching maximum one or two weeks later (145).
This suggests that the negative feedback systems of CHs
(discussed above) are probably less activated, if the
vitamin D is obtained from the skin. Therefore it seems
that sun exposure or narrow band UV-B irradiation could
be the method of choice for elderly people. However, the
significant reduction (up to 70%) of vitamin D production
in the aging skin may limit the efficiency of UV-
irradiation.

The oral vitamin D supplementation in the elderly is
compromised because of the increased incidence of
intestinal malabsorption diseases with aging. However, a
similar response in serum calcidiol (22 nmol/L) was
found both in young and old men to daily dose of 20 μg
of vitamin D3 (115). Very similar result was found in a
study on Finnish elderly women (65 to 85-year-old) (146).
A daily dose of 5, 10 or 20 μg vitamin D3 increases serum
calcidiol 11, 14 and 24 nmol/L within 6 weeks,
respectively. The more vitamin D is given, the smaller is
the relative net increase in serum calcidiol. This is
apparently due to the negative feedback system caused
by the daily peak values of calcidiol, since it activates 24-
hydroxylase (83). Furthermore, vitamin D deficient
people respond more efficiently to supplementation than
healthy subjects with an adequate vitamin D status (147).
This suggests that at the population level the general
recommendations for supplementation should be
cautious. The upper limit for the general
recommendation for the elderly could be higher than for
the younger ones, but not higher than 20 μg (800 IU).
Higher recommendations are today common (148, 149),
but more clinical studies are needed, before these
recommendations are practised. A good indicator of the
too high dosage would be serum 24OH metabolites,
because the induction of 24-hydroxylation can be
regarded as a detoxification defence system as discussed
above. A solution for vitamin D administration for the
elderly (as well as for younger people) would be a
vitamin D band-aid or topical patches similar to HRT,
which theoretically should give an even calcidiol serum
concentration (plateau) without peak values. This idea
would be worth to study more in detail.

Role of cholecalciferol hormones in aging 

The main models for premature aging come from
inherited progeroid syndromes. Segmental progerias,
such as dyskeratosis congenital, Werner´s disease, Bloom
syndrome and ataxia teleangiectasia display symptoms of
accelerated aging, mainly due to reduced DNA repair
and increased genetic instability (150).  Some progerias
display symptoms—such as alopecia, ostepororosis and
fingernail atrophy—associated with shortened telomeres.
It is interesting that the latter symptoms are also typical
to vitamin D3 deficiency.

Within the last decade, 1α-calcitriol became a key
mediator of aging. Klotho and fibroblast growth factor-23
(FGF-23) mutations in human and experimental animals
caused a premature aging (151-153). The over-expression
of Klotho can extend the lifespan of mice (154). Klotho
protein can repress insulin/IGF-1 signaling and induce
insulin resistance. Recently, Maekawa et al (155)
demonstrated that the Klotho protein could inhibit the
TNFα-induced activation of NFκB signaling and
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subsequently reduce the inflammatory reaction. It
appeared that the aging process caused by klotho or FGF-
23 mutations was 1α-calcitriol-dependent (6). Although
dysregulation of cholecalciferol hormones, especially the
up-regulation of 1α-hydroxylation, can explain all the
aging phenomena caused by FGF-23 mutations, the role
of calcium signaling cannot be totally excluded (156),
because almost all the aging phenotype changes could be
corrected by reducing serum calcium as well as by
deletion of 1α-hydroxylase gene. A dysregulation of
calcium signaling seems to play important role in the
development of aging-related diseases (157) and
neurodegeneration (158). It is important to note that,
FGF-23/klotho seems to be the main negative regulator of
1α-hydroxylation. In conclusion, elevated 1α-calcitriol
and/or calcium seem to mediate all aging phenomena
associated with the impaired FGF-23/klotho signaling
(Fig. 2). 

Figure 2
A model of the aging mechanisms regulated by

cholecalcipherol hormones, calcidiol and 1α-calcidiol. →
=  stimulation. ⎯⎟ =  inhibition. ? =  regulation of the
different members of TNF family is variable. For the

details and references see text

Aging can be understood as a process of the
homeostatic imbalance. Homeostasis means the ability or
tendency of an organism or cell to maintain internal
equilibrium by adjusting its physiological processes. An
imbalance will lead to aging, diseases and death.
According to hormonal theories of aging, the gradual or
rapid decline hormones (hormonal imbalance) such as
androgens and estrogens may initiate aging (159). Like
estrogen decline (menopause) or androgen decline
(andropause) also CHs are known to decrease
significantly with aging (cholecalciferolpause) (2, 7).
Another possibility to homeostatic disturbance is the
immunological imbalance. CHs are known to regulate
acquired immune systems at several levels (109). 1α-
Calcitriol is known to suppress as well as stimulate
immune responses (160).  The consequence of imbalance
of defense mechanisms is immunosenescence. Also
neurohumoral imbalance leads to aging of nervous

system. It is possible that CHs exert a combination of
neurohumoral and immunological action in the central
nervous system (161). CHs are often classified as
neurosteroids (162), a more appropriate term could be
neuroactive secosteroid (43). In the studies of aging, the
hormesis concept has often been applied. A mild stress to
cells and organisms induce adaptive stress resistance,
which is called hormesis. The hormesis includes that the
effect of low dose may be beneficial, whereas a higher
dose is pleiotropically harmful. A mild irradiation can
delay aging and, in fact, have some health promoting
effects in contrast to heavy irradiation (65). The U-shaped
hormesis to varying serum concentrations of calcidiol is
discussed above. Hormesis may explain, why both very
low and high serum CHs enhance aging.

The anti-aging effect of low caloric diet has been
known for about century. Low caloric diet and fasting
delays aging and the effect is thought to be mediated by
sirtuins (163). Sirtuins are homologs of yeast Sir2 (silent
information regulator two protein) (164). They are histone
deacetylases or ADP-ribosyl transferases and locate in
nucleus, cytoplasm or mitochondria. The mammalian
seven Sirtuins have important functions in the regulation
of metabolism, growth, differentiation, cell survival,
aging and life span (165). The anti-aging effect of caloric
restriction seems to be mediated especially by Sir1 (166,
167). Sirtuins are known to enhance autophagy (168) and
suppress NFκB activity (169), which are strongly
involved in aging processes (see below “disposable
soma”). So far, there is no evidence that CHs could
directly regulate sirtuins, but there is an indirect
hormonal connection. Serum calcidiol correlates inversely
with serum leptin (170) and may regulate leptin secretion.
Lean phenotype is typical to VDR-KO mice (171). Because
leptin controls appetite, it will lead to caloric restriction
and in turn to an induction of sirtuins. Leptin is a
negative regulator 1α-hydroxylase (172) suggesting that
there is a feedback loop between 1α-calcitriol and leptin.
Leptin is involved in brain aging, Alzheimer’s disease
(173). There is another interesting hormonal connection:
Leptin seems to regulate also PTH (170). On the other
hand, PTH seems to be involved in the regulation of
aging (174-176) and serum calcium might be the key
mediator of the aging. Both primary and secondary
hyperparathyroidism increase death rate independently
of vitamin D status or general health factors (177). A
model of the role of these hormonal factors on aging is
schematically shown in Fig 2.

Vitamin D has played a significant role in evolution
(178). During human evolution, selection has been
effective e.g. for the skin color, because vitamin D
deficiency will lead to pelvic deformation and difficulties
in childbirth. The light skin type is able to respond to UV-
B up to 50-fold more effective. Aging of organisms is a
precondition for evolution, because without death no
evolution is possible. There are three mainstream
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evolutionary hypotheses of aging: 1) The accumulation of
deleterious somatic mutations and reduced ability to
repair DNA (179). The actions of CHs fit well to this
hypotesis. 2) Antagonistic pleiotrophy referring to genes
that enhance reproductive success early in life, the by-
product of which is later enhanced aging and death (180).
A similar hypothesis was later defined as an evolutionary
compromise by Darwinian medicine (181-186): In species
with long life-span, the repair mechanisms need to be less
active than in short-living species, because the same
genes are involved in aging-related diseases such as
cancer, and therefore too active repair mechanisms would
cause cancer later in life. The pleitrophic shift of the
action of the GH/insulin/IGF-1 signaling system during
aging is a good example of the antagonistic pleiotrophy
hypothesis. CHs are able to regulate IGF signaling as
shown below. 3) A disposable soma says that finite food
energy is preferentially used for reproduction, but
compromises repair (187). 

Accumulation of deleterious mutations

Harman (188) in 1956 formulated his free-radical
theory of aging and later identified mitochondria as the
major endogenous source of oxidative stress (189). Aging
mechanisms include oxidative stress, DNA mutations
and shorter telomeres (190). Antioxidant defense, DNA
repair and telomerase temper the effects of these
deleterious events. Active forms of vitamin D seem to
regulate some antioxidant mechanisms (13, 191-194).
Calcidiol increases the activity of superoxide dismutase,
gluthatione peroxidase as well as that of catalase (Fig 2).
Thus, cholecalciferol hormones may to certain extent
directly oppose the oxidative stress, decrease the risk of
DNA mutations and increase the genomic stability (13). 

The length of telomeres is dependent on the activity of
telomerase reverse transcriptase (TERT). Along with cell
divisions and aging telomeres gradually shorten due to
insufficient reverse transcription. A combination
treatment with 1α,25 (OH)2D3 and 9-cis-retinoic acid
inhibits human telomerase reverse transcriptase (195). It
was proposed that this could be a mechanism to inhibit
the cell proliferation and to be a tool against
carcinogenesis as well as it may therefore extend the life
span. Cancer cell, in order to become immortal, acquire
the capacity of expressing telomerase (196, 197). Short
telomeres lead to senescence (198) and an efficient
telomerase activity is necessary for longevity. Therefore
the inhibitory effect of 1α-calcitriol on TERT raises the
question, whether it inhibits or accelerates aging?

The tumor suppressor protein, p53, is essential for the
detection of DNA damages and their repair, its
inactivation enhances cancer development, whereas its
overexpression leads to premature aging (199, 200). The
phosphorylation of retinoblastoma protein (Rb) does not
occur in the cells with DNA damages and they cannot

enter the cell cycle, where p21 regulated by p53 plays a
central role. CHs seem to up-regulate the expression of
both p21 and p53 (201) and enhance apoptosis.
Accordingly, we found the expression of p53 was
significantly decreased in the aged VDR-KO mice (202).
It is interesting that VDR is induced by DNA damage as
well as by p53, which may mediate the effect of DNA
damage on VDR expression (203). The lower level of p53
expression in VDR-KO mice might explain the higher
susceptibility of their skin to UV-induced cancer (204).
Collectively, these data suggest that p53 and p21 might
be key mediators of anti-aging effects of CHs (Fig 2). 

It has been demonstrated that insulin like growth
factor-1 (IGF-1) deficiency increases life span (205, 206).
CHs seem to regulate the expression of IGF-1 and IGF
binding proteins (IGFBPs) (207, 208). The basal and
stimulated IGF-I and II production is inhibited by 1α-
calcitriol (209). We found that IGF1 receptor (IGF1R) was
down-regulated in VDR-KO mice suggesting a lower IGF
activity (202), but the aging of these animals was
enhanced. The activity of growth hormone
(GH)/insulin/IGF signaling is at least partially mediated
by catalase and superoxide dismutase and therefore the
oxidative stress is antagonized (1). Insulin/IGF-1
signaling can also enhance NFκB signaling (see below)
(206) and subsequently potentiate the aging process and
aggravate age-related degenerative diseases. However,
the final output of cholecalciferol hormones on IGF-1
signaling system remains unknown, because there are
opposite regulations.

Disposable soma 

The disposable soma theory on aging states that each
individual has to allocate limited energy resources to
either maintenance of soma or reproduction (187).  This
trade-off between reproduction and longevity was shown
to exist also in humans (210). The original theory was
genetic. A compatible non-genetic theory called entropic
host defense catastrophe has been recently proposed
(211). 

In Caenorhabditis elegans, DAF-12 appears to be a
decisive checkpoint for many life history traits including
longevity (212). DAF-12 is a member of nuclear hormone
receptor family and a close homolog of LXR (liver X
receptor) PXR (pregnane X receptor), VDR, CAR
(constitutive androsterone receptor) and FXR (farnesoid X
receptor) all belonging to the subfamily 1. DAF-12
regulates lipid metabolism, stimulates dauer formation
and therefore increases life span of C.elegans. It is
interesting that 7-dehydrocholesterol is a putative ligand
of the DAF-12 (213) (Fig 1). DAF-12 is downstream of
signaling systems that translate environmental cues, as
well germline signals (214, 215). This positions DAF-12 at
the crossing point of maintenace of soma and germline
signaling. Also DAF-16 influences the rate of aging of C.
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elegans in response to insulin/IGF-1 signaling (216). Both
DAF-12 and DAF-16 belong to the mammalian FoxO-
family of transcription factors (forkhead box proteins),
which comprise more than 100 members (Fig 1). FoxO
members have a critical role in the regulation of the
immune system, immunosenescence and general aging as
anti-aging factors (217). FoxO factors (similarly as VDR)
can induce the expression of several anti-oxidative
enzymes such as catalase and SOD2 as well as stress
resistance inducers (218). FoxO factors play a key role in
the maintenance of the energy metabolism, especially
glucose balance (219). The activity of FoxO factors is
upregulated by a deficiency of IGF-1 signaling (218, 220)
suggesting a negative regulation by IGF-1.

Similarly as DAF-12, VDR mediates environmental
stimulus (sun irradiation) to the soma and regulates
reproduction. VDR and vitamin D metabolizing enzymes
expressed inhuman testis (24). Studies on VDR-KO mice
demonstrate that a complete lack of cholecalciferol
hormone action impairs fertility. Female mice show
uterine hypoplasia and an impaired ovarian
folliculogenesis (221). The fertility of vitamin D deficient
female rats decreases by 75 % (222).  This infertility
cannot be reversed by calcium repletion suggesting that
the effect directly mediated by VDR (223). Aromatase is
one of the targets of VDR (224). Also male fertility is
reduced, the sperm number is decreased and testicular
morphology is changed (224). As described above, CHs
are important for cell cycle control, differentiation,
calcium balance, detoxification early in the life, thus they
control the homeostatic balance. However, excess as well
as a lack of CHs seem to increase risk of some
degenerative diseases and aging (see hormesis).  It seems
that VDR acts at the crossing point of reproduction and
soma.   

NFκB is known to be strongly associated with aging
(225), cancer (226) and skin aging (227). The mammalian
Rel/ NFκB family includes three Rel proteins and two
NFκB (nuclear factor kappa B) components, p50 and p52.
These components form dimeric complexes with each
other, which are trapped in the cytoplasm bound to
several inhibitory proteins (IκBα, IκBβ, IκBε, IκBζ and
Bcl-3). Several protein kinases can phosphorylate IκB
proteins. Subsequently, the NFκB comples is translocated
into the nucleus, where it can transactivate several genes,
especially inflammatory and immunomodulatory genes
(228). Several pro-aging factors (oxidative stress, innate
immunity, TNF family, and Insulin/IGF-1 signaling) can
activate NFκB and several anti-aging factors (SIRT1,
SIRT6, FoxOs, p53, Klotho and hormetic phytochemicals)
can inhibit NFκB activation (211). Members of TNF
(tumor necrosis factor) family, interleukin-6 (IL-6) and
tumor necrosis factor-α (TNF-α) can regulate adaptive
immunity and are up-regulated with aging (229). The
effects of CHs are somewhat complex: IL-6 is either
downregulated or not regulated (230, 231), whereas TNF-

α seems to be up-regulated by 1α-calcitriol (231). Another
member of TNF family, RANK (receptor activator of
NFκB) has a key role in osteoporosis. The ligand of
RANK (RANKL) is regulated by CHs (232-234).

There is no substantial evidence, whether CHs can
directly regulate the activity of NFκB. A study using
mouse embryonic fibroblasts derived from VDR+/- and
VDR-/- mice suggests that VDR may act directly on IκBα
expression and thus prevent NFκB activation (235). We
found a decreased expression of NFkB in aging VDR-/-
mice (202). It is evident that CHs are involved in the
regulation of NFκB activity, but the regulation is complex
and occurs at different upstream levels. With aging, the
imbalance between the negative and positive regulation
of NFκB activity may lead to the NFκB-driven entropic
senescence and decreased autophagy as proposed by
Salminen and Kaarniranta (211). The central role of NFκB
and CHs in aging is depicted in Fig 2.

Summary and clinical relevance

There are at least three hormonal forms, cholecalciferol
hormones, derived from prohormone, vitamin D. Two
hormones, 1α-calcitriol and calcidiol seem to interact
synergistically. There seems to be an optimal serum
calcidiol concentration (40-80 nmol/L) for disease
prevention. Several aging related degenerative diseases
(osteoporosis, atherosclerosis, neurodegenerative
disorders and cancer) could be effectively prevented with
optimal serum calcidiol concentration. If the calcidiol
serum concentration is too low, it cannot act hormonally
with 1α-calcitriol or if it is too high, it will lead to
resistance. An optimal supplementation of vitamin D is
crucial for its health effects. Sun exposure or topical
patches might be more physiological than oral
administration. It seems that elderly people need
somewhat higher dose (appr. 20 μg/D) than the younger
ones. 

References

1. Irminger-Finger I 2007 Science of cancer and aging. J Clin Oncol 25:1844-1851
2. Halloran BP, Portale AA 2005 Vitamin D Metabolism and Aging. Vitamin D (eds

Feldman D, Pike, JW and Glorieux, FH) 2nd edition:823-838
3. Dawson-Hughes B, Harris SS, Dallal GE 1997 Plasma calcidiol, season, and serum

parathyroid hormone concentrations in healthy elderly men and women. Am J
Clin Nutr 65:67-71

4. Lips P, Duong T, Oleksik A, Black D, Cummings S, Cox D, Nickelsen T 2001 A
global study of vitamin D status and parathyroid function in postmenopausal
women with osteoporosis: baseline data from the multiple outcomes of raloxifene
evaluation clinical trial. J Clin Endocrinol Metab 86:1212-1221

5. Bouillon R, Carmeliet G, Verlinden L, van Etten E, Verstuyf A, Luderer HF,
Lieben L, Mathieu C, Demay M 2008 Vitamin D and human health: lessons from
vitamin D receptor null mice. Endocr Rev 29:726-776

6. Razzaque MS, Sitara D, Taguchi T, St-Arnaud R, Lanske B 2006 Premature aging-
like phenotype in fibroblast growth factor 23 null mice is a vitamin D-mediated
process. Faseb J 20:720-722

7. Tuohimaa P 2009 Vitamin D and aging. J Steroid Biochem Mol Biol 114:78-84
8. Tuohimaa P 2008 Vitamin D, aging, and cancer. Nutr Rev 66:S147-152
9. Norman AW 2008 From vitamin D to hormone D: fundamentals of the vitamin D

endocrine system essential for good health. Am J Clin Nutr 88:491S-499S

VITAMIN D, AGING AND CHRONIC DISEASES

264

18 TUOHIMAA/c_04 LORD_c  05/11/12  16:40  Page264



10. Ylikomi T, Laaksi I, Lou YR, Martikainen P, Miettinen S, Pennanen P, Purmonen
S, Syvala H, Vienonen A, Tuohimaa P 2002 Antiproliferative action of vitamin D.
Vitam Horm 64:357-406

11. Schauber J, Gallo RL 2008 The vitamin D pathway: a new target for control of the
skin's immune response? Exp Dermatol 17:633-639

12. Guzey M, Kitada S, Reed JC 2002 Apoptosis induction by 1alpha,25-
dihydroxyvitamin D3 in prostate cancer. Mol Cancer Ther 1:667-677.

13. Chatterjee M 2001 Vitamin D and genomic stability. Mutat Res 475:69-87
14. Makishima M, Lu TT, Xie W, Whitfield GK, Domoto H, Evans RM, Haussler MR,

Mangelsdorf DJ 2002 Vitamin D receptor as an intestinal bile acid sensor. Science
296:1313-1316

15. Thompson PD, Jurutka PW, Whitfield GK, Myskowski SM, Eichhorst KR,
Dominguez CE, Haussler CA, Haussler MR 2002 Liganded VDR induces
CYP3A4 in small intestinal and colon cancer cells via DR3 and ER6 vitamin D
responsive elements. Biochem Biophys Res Commun 299:730-738

16. Lin R, White JH 2004 The pleiotropic actions of vitamin D. Bioessays 26:21-28
17. Blunt JW, DeLuca HF, Schnoes HK 1968 25-hydroxycholecalciferol. A biologically

active metabolite of vitamin D3. Biochemistry 7:3317-3322
18. Holick MF, Schnoes HK, DeLuca HF, Suda T, Cousins RJ 1971 Isolation and

identification of 1,25-dihydroxycholecalciferol. A metabolite of vitamin D active in
intestine. Biochemistry 10:2799-2804

19. McDonnell DP, Mangelsdorf DJ, Pike JW, Haussler MR, O'Malley BW 1987
Molecular cloning of complementary DNA encoding the avian receptor for
vitamin D. Science 235:1214-1217

20. Seifert M, Tilgen W, Reichrath J 2009 Expression of 25-hydroxyvitamin D-1alpha-
hydroxylase (1alphaOHase, CYP27B1) splice variants in HaCaT keratinocytes and
other skin cells: modulation by culture conditions and UV-B treatment in vitro.
Anticancer Res 29:3659-3667

21. Hewison M, Burke F, Evans KN, Lammas DA, Sansom DM, Liu P, Modlin RL,
Adams JS 2007 Extra-renal 25-hydroxyvitamin D3-1alpha-hydroxylase in human
health and disease. J Steroid Biochem Mol Biol 103:316-321

22. Anderson PH, Atkins GJ 2008 The skeleton as an intracrine organ for vitamin D
metabolism. Mol Aspects Med 29:397-406

23. McCarthy K, Laban C, Bustin SA, Ogunkolade W, Khalaf S, Carpenter R, Jenkins
PJ 2009 Expression of 25-hydroxyvitamin D-1-alpha-hydroxylase, and vitamin D
receptor mRNA in normal and malignant breast tissue. Anticancer Res 29:155-157

24. Blomberg Jensen M, Nielsen JE, Jorgensen A, Rajpert-De Meyts E, Kristensen DM,
Jorgensen N, Skakkebaek NE, Juul A, Leffers H 2010 Vitamin D receptor and
vitamin D metabolizing enzymes are expressed in the human male reproductive
tract. Hum Reprod 25:1303-1311

25. Li J, Byrne ME, Chang E, Jiang Y, Donkin SS, Buhman KK, Burgess JR, Teegarden
D 2008 1alpha,25-Dihydroxyvitamin D hydroxylase in adipocytes. J Steroid
Biochem Mol Biol 112:122-126

26. van Driel M, Koedam M, Buurman CJ, Hewison M, Chiba H, Uitterlinden AG,
Pols HA, van Leeuwen JP 2006 Evidence for auto/paracrine actions of vitamin D
in bone: 1alpha-hydroxylase expression and activity in human bone cells. Faseb J
20:2417-2419

27. Holick MF 2004 Sunlight and vitamin D for bone health and prevention of
autoimmune diseases, cancers, and cardiovascular disease. Am J Clin Nutr
80:1678S-1688S

28. Bikle DD, Gee E 1989 Free, and not total, 1,25-dihydroxyvitamin D regulates 25-
hydroxyvitamin D metabolism by keratinocytes. Endocrinology 124:649-654

29. Campbell FC, Xu H, El-Tanani M, Crowe P, Bingham V 2010 The yin and yang of
vitamin D receptor (VDR) signaling in neoplastic progression: operational
networks and tissue-specific growth control. Biochem Pharmacol 79:1-9

30. Nykjaer A, Dragun D, Walther D, Vorum H, Jacobsen C, Herz J, Melsen F,
Christensen EI, Willnow TE 1999 An endocytic pathway essential for renal uptake
and activation of the steroid 25-(OH) vitamin D3. Cell 96:507-515

31. Adams JS 2005 "Bound" to work: the free hormone hypothesis revisited. Cell
122:647-649

32. Rowling MJ, Kemmis CM, Taffany DA, Welsh J 2006 Megalin-mediated
endocytosis of vitamin D binding protein correlates with 25-
hydroxycholecalciferol actions in human mammary cells. J Nutr 136:2754-2759

33. Bouillon R, Okamura WH, Norman AW 1995 Structure-function relationships in
the vitamin D endocrine system. Endocr Rev 16:200-257

34. Haussler MR, Haussler CA, Bartik L, Whitfield GK, Hsieh JC, Slater S, Jurutka
PW 2008 Vitamin D receptor: molecular signaling and actions of nutritional
ligands in disease prevention. Nutr Rev 66:S98-112

35. Lou YR, Laaksi I, Syvälä H, Bläuer M, Tammela TL, Ylikomi T, Tuohimaa P 2004
25-hydroxyvitamin D3 is an active hormone in human primary prostatic stromal
cells. The FASEB Journal 18:332-334

36. Lou Y-R, Molnár F.,  Qiao S., Kalueff A.V., St-Arnaud R.,  Carlberg C.,  Tuohimaa
P. 2009 25-Hydroxyvitamin D3 is an agonistic vitamin D receptor ligand Journal
of Steroid Biochemistry and Molecular Biology

37. Lou YR, Molnar F, Perakyla M, Qiao S, Kalueff AV, St-Arnaud R, Carlberg C,
Tuohimaa P 2010 25-Hydroxyvitamin D(3) is an agonistic vitamin D receptor
ligand. J Steroid Biochem Mol Biol 118:162-170

38. Peng X, Hawthorne M, Vaishnav A, St-Arnaud R, Mehta RG 2009 25-
Hydroxyvitamin D3 is a natural chemopreventive agent against carcinogen
induced precancerous lesions in mouse mammary gland organ culture. Breast
Cancer Res Treat 113:31-41

39. Boyan BD, Sylvia VL, McKinney N, Schwartz Z 2003 Membrane actions of
vitamin D metabolites 1alpha,25(OH)2D3 and 24R,25(OH)2D3 are retained in
growth plate cartilage cells from vitamin D receptor knockout mice. J Cell
Biochem 90:1207-1223

40. van Driel M, Koedam M, Buurman CJ, Roelse M, Weyts F, Chiba H, Uitterlinden
AG, Pols HA, van Leeuwen JP 2006 Evidence that both 1alpha,25-
dihydroxyvitamin D3 and 24-hydroxylated D3 enhance human osteoblast
differentiation and mineralization. J Cell Biochem 99:922-935

41. St-Arnaud R, Arabian A, Naja R-P 2009 CYP24A1, the 25-hydroxyvitamin D-24-
hydroxylase, is necessary for optimal fracture repair. 14th Workshop on Vitamin
D, Book of Abstracts:54

42. St-Arnaud R 2010 CYP24A1-deficient mice as a tool to uncover a biological
activity for vitamin D metabolites hydroxylated at position 24. J Steroid Biochem
Mol Biol

43. Tuohimaa P, Keisala T, Minasyan A, Cachat J, Kalueff A 2009 Vitamin D, nervous
system and aging. Psychoneuroendocrinology 34 Suppl 1:S278-286

44. Zbytek B, Janjetovic Z, Tuckey RC, Zmijewski MA, Sweatman TW, Jones E,
Nguyen MN, Slominski AT 2008 20-Hydroxyvitamin D3, a product of vitamin D3
hydroxylation by cytochrome P450scc, stimulates keratinocyte differentiation. J
Invest Dermatol 128:2271-2280

45. Tuckey RC, Janjetovic Z, Li W, Nguyen MN, Zmijewski MA, Zjawiony J,
Slominski A 2008 Metabolism of 1alpha-hydroxyvitamin D3 by cytochrome
P450scc to biologically active 1alpha,20-dihydroxyvitamin D3. J Steroid Biochem
Mol Biol 112:213-219

46. Halloran BP, Bikle DD, Levens MJ, Castro ME, Globus RK, Holton E 1986 Chronic
1,25-dihydroxyvitamin D3 administration in the rat reduces the serum
concentration of 25-hydroxyvitamin D by increasing metabolic clearance rate. J
Clin Invest 78:622-628

47. Clements MR, Davies M, Hayes ME, Hickey CD, Lumb GA, Mawer EB, Adams
PH 1992 The role of 1,25-dihydroxyvitamin D in the mechanism of acquired
vitamin D deficiency. Clin Endocrinol (Oxf) 37:17-27

48. Reinholz GG, DeLuca HF 1998 Inhibition of 25-hydroxyvitamin D3 production by
1, 25-dihydroxyvitamin D3 in rats. Arch Biochem Biophys 355:77-83

49. Vieth R, McCarten K, Norwich KH 1990 Role of 25-hydroxyvitamin D3 dose in
determining rat 1,25-dihydroxyvitamin D3 production. Am J Physiol 258:E780-
789

50. Mizwicki MT, Norman AW 2009 The vitamin D sterol-vitamin D receptor
ensemble model offers unique insights into both genomic and rapid-response
signaling. Sci Signal 2:re4

51. Shaffer PL, Gewirth DT 2004 Structural analysis of RXR-VDR interactions on DR3
DNA. J Steroid Biochem Mol Biol 89-90:215-219

52. Seoane S, Perez-Fernandez R 2006 The vitamin D receptor represses transcription
of the pituitary transcription factor Pit-1 gene without involvement of the retinoid
X receptor. Mol Endocrinol 20:735-748

53. Shaffer PL, Gewirth DT 2002 Structural basis of VDR-DNA interactions on direct
repeat response elements. EMBO J 21:2242-2252

54. Jurutka PW, MacDonald PN, Nakajima S, Hsieh JC, Thompson PD, Whitfield GK,
Galligan MA, Haussler CA, Haussler MR 2002 Isolation of baculovirus-expressed
human vitamin D receptor: DNA responsive element interactions and
phosphorylation of the purified receptor. J Cell Biochem 85:435-457

55. Koszewski NJ, Reinhardt TA, Horst RL 1999 Differential effects of 20-epi vitamin
D analogs on the vitamin D receptor homodimer. J Bone Miner Res 14:509-517

56. Nishikawa J, Kitaura M, Matsumoto M, Imagawa M, Nishihara T 1994 Difference
and similarity of DNA sequence recognized by VDR homodimer and VDR/RXR
heterodimer. Nucleic Acids Res 22:2902-2907

57. Marx SJ, Bliziotes MM, Nanes M 1986 Analysis of the relation between alopecia
and resistance to 1,25-dihydroxyvitamin D. Clin Endocrinol (Oxf) 25:373-381

58. Sakai Y, Demay MB 2000 Evaluation of keratinocyte proliferation and
differentiation in vitamin D receptor knockout mice. Endocrinology 141:2043-2049

59. Chen CH, Sakai Y, Demay MB 2001 Targeting expression of the human vitamin D
receptor to the keratinocytes of vitamin D receptor null mice prevents alopecia.
Endocrinology 142:5386-5389

60. Li YC, Amling M, Pirro AE, Priemel M, Meuse J, Baron R, Delling G, Demay MB
1998 Normalization of mineral ion homeostasis by dietary means prevents
hyperparathyroidism, rickets, and osteomalacia, but not alopecia in vitamin D
receptor-ablated mice. Endocrinology 139:4391-4396

61. Dardenne O, Prud'homme J, Arabian A, Glorieux FH, St-Arnaud R 2001 Targeted
inactivation of the 25-hydroxyvitamin D(3)-1(alpha)-hydroxylase gene (CYP27B1)
creates an animal model of pseudovitamin D-deficiency rickets. Endocrinology
142:3135-3141

62. Hayes DP 2010 Vitamin D and ageing. Biogerontology 11:1-16
63. Rattan SI 2008 Principles and practice of hormetic treatment of aging and age-

related diseases. Hum Exp Toxicol 27:151-154
64. Rattan SI 2008 Hormesis in aging. Ageing Res Rev 7:63-78
65. Richardson RB 2009 Ionizing radiation and aging: rejuvenating an old idea. Aging

(Albany NY) 1:887-902
66. Tuohimaa P, Tenkanen L, Ahonen M, Lumme S, Jellum E, Hallmans G, Stattin P,

Harvei S, Hakulinen T, Luostarinen T, Dillner J, Lehtinen M, Hakama M 2004
Both high and low levels of blood vitamin D are associated with a higher prostate
cancer risk: a longitudinal, nested case-control study in the Nordic countries. Int J
Cancer 108:104-108

265

JOURNAL OF AGING RESEARCH AND CLINICAL PRACTICE©

18 TUOHIMAA/c_04 LORD_c  05/11/12  16:40  Page265



67. Faupel-Badger JM, Diaw L, Albanes D, Virtamo J, Woodson K, Tangrea JA 2007
Lack of association between serum levels of 25-hydroxyvitamin D and the
subsequent risk of prostate cancer in Finnish men. Cancer Epidemiol Biomarkers
Prev 16:2784-2786

68. Visser M, Deeg DJ, Puts MT, Seidell JC, Lips P 2006 Low serum concentrations of
25-hydroxyvitamin D in older persons and the risk of nursing home admission.
Am J Clin Nutr 84:616-622; quiz 671-612

69. IARC 2008 Vitamin D and Cancer. IARC Working Group Reports 5
70. Melamed ML, Michos ED, Post W, Astor B 2008 25-hydroxyvitamin D levels and

the risk of mortality in the general population. Arch Intern Med 168:1629-1637
71. Wang TJ, Pencina MJ, Booth SL, Jacques PF, Ingelsson E, Lanier K, Benjamin EJ,

D'Agostino RB, Wolf M, Vasan RS 2008 Vitamin D deficiency and risk of
cardiovascular disease. Circulation 117:503-511

72. Bodnar LM, Catov JM, Zmuda JM, Cooper ME, Parrott MS, Roberts JM, Marazita
ML, Simhan HN 2010 Maternal serum 25-hydroxyvitamin D concentrations are
associated with small-for-gestational age births in white women. J Nutr 140:999-
1006

73. Sanders KM, Stuart AL, Williamson EJ, Simpson JA, Kotowicz MA, Young D,
Nicholson GC 2010 Annual high-dose oral vitamin D and falls and fractures in
older women: a randomized controlled trial. JAMA 303:1815-1822

74. McGrath JJ, Eyles DW, Pedersen CB, Anderson C, Ko P, Burne TH, Norgaard-
Pedersen B, Hougaard DM, Mortensen PB 2010 Neonatal vitamin D status and
risk of schizophrenia: a population-based case-control study. Arch Gen Psychiatry
67:889-894

75. Muenstedt K, El-Safadi S 2010 Nutritive Supplements - Help or Harm for Breast
Cancer Patients? Breast Care (Basel) 5:383-387

76. McGrath JJ, Saha S, Burne TH, Eyles DW 2010 A systematic review of the
association between common single nucleotide polymorphisms and 25-
hydroxyvitamin D concentrations. J Steroid Biochem Mol Biol 121:471-477

77. Brookes EB, Morrison AW 1981 Vitamin D deficiency and deafness. Br Med J
(Clin Res Ed) 283:273-274

78. Cohen HN, Fogelman I, Boyle IT, Doig JA 1979 Deafness due to hypervitaminosis
D. Lancet 1:985

79. Chen W, Dawsey SM, Qiao YL, Mark SD, Dong ZW, Taylor PR, Zhao P, Abnet
CC 2007 Prospective study of serum 25(OH)-vitamin D concentration and risk of
oesophageal and gastric cancers. Br J Cancer 97:123-128

80. Stolzenberg-Solomon RZ, Vieth R, Azad A, Pietinen P, Taylor PR, Virtamo J,
Albanes D 2006 A prospective nested case-control study of vitamin D status and
pancreatic cancer risk in male smokers. Cancer Res 66:10213-10219

81. Stumpf WE 2006 The dose makes the medicine. Drug Discov Today 11:550-555
82. Grant WB 2009 Critique of the U-shaped serum 25-hydroxyvitamin D level-

disease response relation. Dermatoendocrinol 1:289-293
83. Tuohimaa P, Lou Y-R 2012 Optimal serum calcidiol concentration for cancer

prevention. Anticancer Research 32:373-378
84. Cranney A, Weiler HA, O'Donnell S, Puil L 2008 Summary of evidence-based

review on vitamin D efficacy and safety in relation to bone health. Am J Clin Nutr
88:513S-519S

85. Ruohola JP, Laaksi I, Ylikomi T, Haataja R, Mattila VM, Sahi T, Tuohimaa P,
Pihlajamaki H 2006 Association between serum 25(OH)D concentrations and
bone stress fractures in Finnish young men. J Bone Miner Res 21:1483-1488

86. Montero-Odasso M, Duque G 2005 Vitamin D in the aging musculoskeletal
system: an authentic strength preserving hormone. Mol Aspects Med 26:203-219

87. Garland CF, Gorham ED, Mohr SB, Grant WB, Giovannucci EL, Lipkin M,
Newmark H, Holick MF, Garland FC 2007 Vitamin D and prevention of breast
cancer: pooled analysis. J Steroid Biochem Mol Biol 103:708-711

88. Abbas S, Chang-Claude J, Linseisen J 2009 Plasma 25-hydroxyvitamin D and
premenopausal breast cancer risk in a German case-control study. Int J Cancer
124:250-255

89. Ahonen MH, Tenkanen L, Teppo L, Hakama M, Tuohimaa P 2000 Prostate cancer
risk and prediagnostic serum 25-hydroxyvitamin D levels (Finland). Cancer
Causes Control 11:847-852

90. Tworoger SS, Lee IM, Buring JE, Rosner B, Hollis BW, Hankinson SE 2007 Plasma
25-hydroxyvitamin D and 1,25-dihydroxyvitamin D and risk of incident ovarian
cancer. Cancer Epidemiol Biomarkers Prev 16:783-788

91. Feskanich D, Ma J, Fuchs CS, Kirkner GJ, Hankinson SE, Hollis BW, Giovannucci
EL 2004 Plasma vitamin D metabolites and risk of colorectal cancer in women.
Cancer Epidemiol Biomarkers Prev 13:1502-1508

92. Tangrea J, Helzlsouer K, Pietinen P, Taylor P, Hollis B, Virtamo J, Albanes D 1997
Serum levels of vitamin D metabolites and the subsequent risk of colon and rectal
cancer in Finnish men. Cancer Causes Control 8:615-625.

93. Forman JP, Curhan GC, Taylor EN 2008 Plasma 25-hydroxyvitamin D levels and
risk of incident hypertension among young women. Hypertension 52:828-832

94. Margolis KL, Ray RM, Van Horn L, Manson JE, Allison MA, Black HR, Beresford
SA, Connelly SA, Curb JD, Grimm RH, Jr., Kotchen TA, Kuller LH, Wassertheil-
Smoller S, Thomson CA, Torner JC 2008 Effect of calcium and vitamin D
supplementation on blood pressure: the Women's Health Initiative Randomized
Trial. Hypertension 52:847-855

95. Fogh K, Kragballe K 2004 New vitamin D analogs in psoriasis. Curr Drug Targets
Inflamm Allergy 3:199-204

96. Ranganathan P 2009 Genetics of bone loss in rheumatoid arthritis--role of vitamin

D receptor polymorphisms. Rheumatology (Oxford)
97. Hypponen E, Laara E, Reunanen A, Jarvelin MR, Virtanen SM 2001 Intake of

vitamin D and risk of type 1 diabetes: a birth-cohort study. Lancet 358:1500-1503
98. Mathieu C, Gysemans C, Giulietti A, Bouillon R 2005 Vitamin D and diabetes.

Diabetologia 48:1247-1257
99. Sloka S, Grant M, Newhook LA The geospatial relation between UV solar

radiation and type 1 diabetes in Newfoundland. Acta Diabetol 47:73-78
100. Laaksi I, Ruohola JP, Tuohimaa P, Auvinen A, Haataja R, Pihlajamaki H, Ylikomi

T 2007 An association of serum vitamin D concentrations < 40 nmol/L with acute
respiratory tract infection in young Finnish men. Am J Clin Nutr 86:714-717

101. Munger KL, Zhang SM, O'Reilly E, Hernan MA, Olek MJ, Willett WC, Ascherio A
2004 Vitamin D intake and incidence of multiple sclerosis. Neurology 62:60-65

102. Munger KL, Levin LI, Hollis BW, Howard NS, Ascherio A 2006 Serum 25-
hydroxyvitamin D levels and risk of multiple sclerosis. JAMA 296:2832-2838

103. Zittermann A 2003 Vitamin D in preventive medicine: are we ignoring the
evidence? Br J Nutr 89:552-572

104. Zittermann A 2006 Vitamin D and disease prevention with special reference to
cardiovascular disease. Prog Biophys Mol Biol 92:39-48

105. Li YC, Qiao G, Uskokovic M, Xiang W, Zheng W, Kong J 2004 Vitamin D: a
negative endocrine regulator of the renin-angiotensin system and blood pressure.
J Steroid Biochem Mol Biol 89-90:387-392

106. Freundlich M, Quiroz Y, Zhang Z, Zhang Y, Bravo Y, Weisinger JR, Li YC,
Rodriguez-Iturbe B 2008 Suppression of renin-angiotensin gene expression in the
kidney by paricalcitol. Kidney Int 74:1394-1402

107. Norman AW, Frankel JB, Heldt AM, Grodsky GM 1980 Vitamin D deficiency
inhibits pancreatic secretion of insulin. Science 209:823-825

108. Billaudel BJ, Bourlon PM, Sutter BC, Faure-Dussert AG 1995 Regulatory effect of
1,25-dihydroxyvitamin D3 on insulin release and calcium handling via the
phospholipid pathway in islets from vitamin D-deficient rats. J Endocrinol Invest
18:673-682

109. Bouillon R, Bischoff-Ferrari H, Willett W 2008 Vitamin D and health: perspectives
from mice and man. J Bone Miner Res 23:974-979

110. Gloth FM, 3rd, Gundberg CM, Hollis BW, Haddad JG, Jr., Tobin JD 1995 Vitamin
D deficiency in homebound elderly persons. JAMA 274:1683-1686

111. van der Wielen RP, Lowik MR, van den Berg H, de Groot LC, Haller J, Moreiras
O, van Staveren WA 1995 Serum vitamin D concentrations among elderly people
in Europe. Lancet 346:207-210

112. McMurtry CT, Young SE, Downs RW, Adler RA 1992 Mild vitamin D deficiency
and secondary hyperparathyroidism in nursing home patients receiving adequate
dietary vitamin D. J Am Geriatr Soc 40:343-347

113. Holick MF, Matsuoka LY, Wortsman J 1989 Age, vitamin D, and solar ultraviolet.
Lancet 2:1104-1105

114. MacLaughlin J, Holick MF 1985 Aging decreases the capacity of human skin to
produce vitamin D3. J Clin Invest 76:1536-1538

115. Harris SS, Dawson-Hughes B 2002 Plasma vitamin D and 25OHD responses of
young and old men to supplementation with vitamin D3. J Am Coll Nutr 21:357-
362

116. Martinez P, Moreno I, De Miguel F, Vila V, Esbrit P, Martinez ME 2001 Changes
in osteocalcin response to 1,25-dihydroxyvitamin D(3) stimulation and basal
vitamin D receptor expression in human osteoblastic cells according to donor age
and skeletal origin. Bone 29:35-41

117. Ebeling PR, Sandgren ME, DiMagno EP, Lane AW, DeLuca HF, Riggs BL 1992
Evidence of an age-related decrease in intestinal responsiveness to vitamin D:
relationship between serum 1,25-dihydroxyvitamin D3 and intestinal vitamin D
receptor concentrations in normal women. J Clin Endocrinol Metab 75:176-182

118. Dawson-Hughes B 2008 Serum 25-hydroxyvitamin D and functional outcomes in
the elderly. Am J Clin Nutr 88:537S-540S

119. Sato Y, Iwamoto J, Kanoko T, Satoh K 2005 Low-dose vitamin D prevents
muscular atrophy and reduces falls and hip fractures in women after stroke: a
randomized controlled trial. Cerebrovasc Dis 20:187-192

120. Boland R 1986 Role of vitamin D in skeletal muscle function. Endocr Rev 7:434-
448

121. Bischoff-Ferrari HA, Borchers M, Gudat F, Durmuller U, Stahelin HB, Dick W
2004 Vitamin D receptor expression in human muscle tissue decreases with age. J
Bone Miner Res 19:265-269

122. Minasyan A, Keisala T, Zou A, Zhang Y, Toppila E, Syvälä H, Lou YR, Kalueff A,
Pyykkö I, Tuohimaa P 2009 Balance deficits in vitamin D receptor mutant mice.
Jounal of Steroid Biochemistry and Molecular Biology

123. Ikeda K, Kobayashi T, Kusakari J, Takasaka T, Yumita S, Furukawa Y 1987
Sensorineural hearing loss associated with hypoparathyroidism. Laryngoscope
97:1075-1079

124. Ishida S, Isotani H, Kameoka K, Kishi T 2001 Familial idiopathic
hypoparathyroidism, sensorineural deafness and renal dysplasia. Intern Med
40:110-113

125. Parekh N, Chappell RJ, Millen AE, Albert DM, Mares JA 2007 Association
between vitamin D and age-related macular degeneration in the Third National
Health and Nutrition Examination Survey, 1988 through 1994. Arch Ophthalmol
125:661-669

126. Brookes GB 1983 Vitamin D deficiency--a new cause of cochlear deafness. J
Laryngol Otol 97:405-420

VITAMIN D, AGING AND CHRONIC DISEASES

266

18 TUOHIMAA/c_04 LORD_c  05/11/12  16:40  Page266



127. Brookes GB 1985 Vitamin D deficiency and deafness: 1984 update. Am J Otol
6:102-107

128. Ziporyn T 1983 Possible link probed: deafness and vitamin D. Jama 250:1951-1952
129. Zou J, Minasyan A, Keisala T, Zhang Y, Wang JH, Lou YR, Kalueff A, Pyykko I,

Tuohimaa P 2008 Progressive Hearing Loss in Mice with a Mutated Vitamin D
Receptor Gene. Audiol Neurootol 13:219-230

130. Minasyan A, Keisala T, Lou YR, Kalueff AV, Tuohimaa P 2007 Neophobia,
sensory and cognitive functions, and hedonic responses in vitamin D receptor
mutant mice. J Steroid Biochem Mol Biol 104:274-280

131. Garcion E, Wion-Barbot N, Montero-Menei CN, Berger F, Wion D 2002 New clues
about vitamin D functions in the nervous system. Trends Endocrinol Metab
13:100-105

132. Llewellyn DJ, Langa KM, Lang IA 2009 Serum 25-hydroxyvitamin D
concentration and cognitive impairment. J Geriatr Psychiatry Neurol 22:188-195

133. Oudshoorn C, Mattace-Raso FU, van der Velde N, Colin EM, van der Cammen TJ
2008 Higher serum vitamin D3 levels are associated with better cognitive test
performance in patients with Alzheimer's disease. Dement Geriatr Cogn Disord
25:539-543

134. Lee DM, Tajar A, Ulubaev A, Pendleton N, O'Neill TW, O'Connor DB, Bartfai G,
Boonen S, Bouillon R, Casanueva FF, Finn JD, Forti G, Giwercman A, Han TS,
Huhtaniemi IT, Kula K, Lean ME, Punab M, Silman AJ, Vanderschueren D, Wu
FC 2009 Association between 25-hydroxyvitamin D levels and cognitive
performance in middle-aged and older European men. J Neurol Neurosurg
Psychiatry 80:722-729

135. Annweiler C, Schott AM, Allali G, Bridenbaugh SA, Kressig RW, Allain P,
Herrmann FR, Beauchet O 2010 Association of vitamin D deficiency with
cognitive impairment in older women: cross-sectional study. Neurology 74:27-32

136. Gloth FM, 3rd, Alam W, Hollis B 1999 Vitamin D vs broad spectrum
phototherapy in the treatment of seasonal affective disorder. J Nutr Health Aging
3:5-7

137. Nanri A, Mizoue T, Matsushita Y, Poudel-Tandukar K, Sato M, Ohta M, Mishima
N 2009 Association between serum 25-hydroxyvitamin D and depressive
symptoms in Japanese: analysis by survey season. Eur J Clin Nutr 63:1444-1447

138. Bertone-Johnson ER 2009 Vitamin D and the occurrence of depression: causal
association or circumstantial evidence? Nutr Rev 67:481-492

139. Shipowick CD, Moore CB, Corbett C, Bindler R 2009 Vitamin D and depressive
symptoms in women during the winter: a pilot study. Appl Nurs Res 22:221-225

140. Evatt ML, Delong MR, Khazai N, Rosen A, Triche S, Tangpricha V 2008
Prevalence of vitamin d insufficiency in patients with Parkinson disease and
Alzheimer disease. Arch Neurol 65:1348-1352

141. Masoumi A, Goldenson B, Ghirmai S, Avagyan H, Zaghi J, Abel K, Zheng X,
Espinosa-Jeffrey A, Mahanian M, Liu PT, Hewison M, Mizwickie M, Cashman J,
Fiala M 2009 1alpha,25-dihydroxyvitamin D3 interacts with curcuminoids to
stimulate amyloid-beta clearance by macrophages of Alzheimer's disease patients.
J Alzheimers Dis 17:703-717

142. MacLaughlin JA, Anderson RR, Holick MF 1982 Spectral character of sunlight
modulates photosynthesis of previtamin D3 and its photoisomers in human skin.
Science 216:1001-1003

143. Beckman MJ, Tadikonda P, Werner E, Prahl J, Yamada S, DeLuca HF 1996
Human 25-hydroxyvitamin D3-24-hydroxylase, a multicatalytic enzyme.
Biochemistry 35:8465-8472

144. Brown AJ, Dusso A, Slatopolsky E 1999 Vitamin D. The American Journal of
Physiology 277:F157-175

145. Vahavihu K, Ylianttila L, Salmelin R, Lamberg-Allardt C, Viljakainen H,
Tuohimaa P, Reunala T, Snellman E 2008 Heliotherapy improves vitamin D
balance and atopic dermatitis. Br J Dermatol 158:1323-1328

146. Viljakainen HT, Palssa A, Karkkainen M, Jakobsen J, Lamberg-Allardt C 2006
How much vitamin D3 do the elderly need? J Am Coll Nutr 25:429-435

147. Heaney RP, Davies KM, Chen TC, Holick MF, Barger-Lux MJ 2003 Human serum
25-hydroxycholecalciferol response to extended oral dosing with cholecalciferol.
Am J Clin Nutr 77:204-210.

148. Heaney RP 2008 Vitamin D in health and disease. Clin J Am Soc Nephrol 3:1535-
1541

149. Pearce SH, Cheetham TD 2010 Diagnosis and management of vitamin D
deficiency. BMJ 340:b5664

150. Hofer AC, Tran RT, Aziz OZ, Wright W, Novelli G, Shay J, Lewis M 2005 Shared
phenotypes among segmental progeroid syndromes suggest underlying
pathways of aging. J Gerontol A Biol Sci Med Sci 60:10-20

151. Kuro-o M, Matsumura Y, Aizawa H, Kawaguchi H, Suga T, Utsugi T, Ohyama Y,
Kurabayashi M, Kaname T, Kume E, Iwasaki H, Iida A, Shiraki-Iida T, Nishikawa
S, Nagai R, Nabeshima YI 1997 Mutation of the mouse klotho gene leads to a
syndrome resembling ageing. Nature 390:45-51

152. Arking DE, Krebsova A, Macek M, Sr., Macek M, Jr., Arking A, Mian IS, Fried L,
Hamosh A, Dey S, McIntosh I, Dietz HC 2002 Association of human aging with a
functional variant of klotho. Proc Natl Acad Sci U S A 99:856-861

153. Shimada T, Hasegawa H, Yamazaki Y, Muto T, Hino R, Takeuchi Y, Fujita T,
Nakahara K, Fukumoto S, Yamashita T 2004 FGF-23 is a potent regulator of
vitamin D metabolism and phosphate homeostasis. J Bone Miner Res 19:429-435

154. Kurosu H, Yamamoto M, Clark JD, Pastor JV, Nandi A, Gurnani P, McGuinness
OP, Chikuda H, Yamaguchi M, Kawaguchi H, Shimomura I, Takayama Y, Herz J,

Kahn CR, Rosenblatt KP, Kuro-o M 2005 Suppression of aging in mice by the
hormone Klotho. Science 309:1829-1833

155. Maekawa Y, Ishikawa K, Yasuda O, Oguro R, Hanasaki H, Kida I, Takemura Y,
Ohishi M, Katsuya T, Rakugi H 2009 Klotho suppresses TNF-alpha-induced
expression of adhesion molecules in the endothelium and attenuates NF-kappaB
activation. Endocrine 35:341-346

156. Lanske B, Razzaque MS 2007 Mineral metabolism and aging: the fibroblast
growth factor 23 enigma. Curr Opin Nephrol Hypertens 16:311-318

157. Peacock M 2010 Calcium metabolism in health and disease. Clin J Am Soc
Nephrol 5 Suppl 1:S23-30

158. Yu JT, Chang RC, Tan L 2009 Calcium dysregulation in Alzheimer's disease: from
mechanisms to therapeutic opportunities. Prog Neurobiol 89:240-255

159. Russell SJ, Kahn CR 2007 Endocrine regulation of ageing. Nat Rev Mol Cell Biol
8:681-691

160. May E, Asadullah K, Zugel U 2004 Immunoregulation through 1,25-
dihydroxyvitamin D3 and its analogs. Curr Drug Targets Inflamm Allergy 3:377-
393

161. Fernandes de Abreu DA, Eyles D, Feron F 2009 Vitamin D, a neuro-
immunomodulator: implications for neurodegenerative and autoimmune
diseases. Psychoneuroendocrinology 34 Suppl 1:S265-277

162. Kalueff AV, Tuohimaa P 2007 Neurosteroid hormone vitamin D and its utility in
clinical nutrition. Curr Opin Clin Nutr Metab Care 10:12-19

163. Finkel T, Deng CX, Mostoslavsky R 2009 Recent progress in the biology and
physiology of sirtuins. Nature 460:587-591

164. Sinclair D, Mills K, Guarente L 1998 Aging in Saccharomyces cerevisiae. Annu
Rev Microbiol 52:533-560

165. Longo VD, Kennedy BK 2006 Sirtuins in aging and age-related disease. Cell
126:257-268

166. Li Y, Xu W, McBurney MW, Longo VD 2008 SirT1 inhibition reduces IGF-I/IRS-
2/Ras/ERK1/2 signaling and protects neurons. Cell Metab 8:38-48

167. Boily G, Seifert EL, Bevilacqua L, He XH, Sabourin G, Estey C, Moffat C,
Crawford S, Saliba S, Jardine K, Xuan J, Evans M, Harper ME, McBurney MW
2008 SirT1 regulates energy metabolism and response to caloric restriction in
mice. PLoS ONE 3:e1759

168. Salminen A, Kaarniranta K 2009 SIRT1: regulation of longevity via autophagy.
Cell Signal 21:1356-1360

169. Salminen A, Kauppinen A, Suuronen T, Kaarniranta K 2008 SIRT1 longevity
factor suppresses NF-kappaB -driven immune responses: regulation of aging via
NF-kappaB acetylation? Bioessays 30:939-942

170. Maetani M, Maskarinec G, Franke AA, Cooney RV 2009 Association of leptin, 25-
hydroxyvitamin D, and parathyroid hormone in women. Nutr Cancer 61:225-231

171. Narvaez CJ, Matthews D, Broun E, Chan M, Welsh J 2009 Lean phenotype and
resistance to diet-induced obesity in vitamin D receptor knockout mice correlates
with induction of uncoupling protein-1 in white adipose tissue. Endocrinology
150:651-661

172. Matsunuma A, Kawane T, Maeda T, Hamada S, Horiuchi N 2004 Leptin corrects
increased gene expression of renal 25-hydroxyvitamin D3-1 alpha-hydroxylase
and -24-hydroxylase in leptin-deficient, ob/ob mice. Endocrinology 145:1367-1375

173. Lieb W, Beiser AS, Vasan RS, Tan ZS, Au R, Harris TB, Roubenoff R, Auerbach S,
DeCarli C, Wolf PA, Seshadri S 2009 Association of plasma leptin levels with
incident Alzheimer disease and MRI measures of brain aging. JAMA 302:2565-
2572

174. Imura A, Tsuji Y, Murata M, Maeda R, Kubota K, Iwano A, Obuse C, Togashi K,
Tominaga M, Kita N, Tomiyama K, Iijima J, Nabeshima Y, Fujioka M, Asato R,
Tanaka S, Kojima K, Ito J, Nozaki K, Hashimoto N, Ito T, Nishio T, Uchiyama T,
Fujimori T 2007 alpha-Klotho as a regulator of calcium homeostasis. Science
316:1615-1618

175. Green KN, LaFerla FM 2008 Linking calcium to Abeta and Alzheimer's disease.
Neuron 59:190-194

176. Gentili C, Morelli S, de Boland AR 2004 PTH and phospholipase A2 in the aging
process of intestinal cells. J Cell Biochem 93:312-326

177. Sambrook PN, Chen JS, March LM, Cameron ID, Cumming RG, Lord SR,
Schwarz J, Seibel MJ 2004 Serum parathyroid hormone is associated with
increased mortality independent of 25-hydroxy vitamin d status, bone mass, and
renal function in the frail and very old: a cohort study. J Clin Endocrinol Metab
89:5477-5481

178. Holick MF, Tian XQ, Allen M 1995 Evolutionary importance for the membrane
enhancement of the production of vitamin D3 in the skin of poikilothermic
animals. Proc Natl Acad Sci U S A 92:3124-3126

179. Failla G 1958 The aging process and cancerogenesis. Ann N Y Acad Sci 71:1124-
1140

180. Williams GC 1957 Pleiotrophy, natural selection and evolution of senescence.
Evolution 11:398-411

181. Nesse RM 2001 On the difficulty of defining disease: a Darwinian perspective.
Med Health Care Philos 4:37-46

182. Greaves M 2007 Darwinian medicine: a case for cancer. Nat Rev Cancer 7:213-221
183. Greaves M 2002 Cancer causation: the Darwinian downside of past success?

Lancet Oncol 3:244-251
184. Wick G, Berger P, Jansen-Durr P, Grubeck-Loebenstein B 2003 A Darwinian-

evolutionary concept of age-related diseases. Exp Gerontol 38:13-25

267

JOURNAL OF AGING RESEARCH AND CLINICAL PRACTICE©

18 TUOHIMAA/c_04 LORD_c  05/11/12  16:40  Page267



185. Kirkwood TB 1997 The origins of human ageing. Philos Trans R Soc Lond B Biol
Sci 352:1765-1772

186. Stearns SC, Ebert D 2001 Evolution in health and disease: work in progress. Q Rev
Biol 76:417-432

187. Kirkwood TB 1977 Evolution of ageing. Nature 270:301-304
188. Harman D 1956 Aging: a theory based on free radical and radiation chemistry. J

Gerontol 11:298-300
189. Harman D 1972 The biologic clock: the mitochondria? J Am Geriatr Soc 20:145-147
190. Cawthon RM, Smith KR, O'Brien E, Sivatchenko A, Kerber RA 2003 Association

between telomere length in blood and mortality in people aged 60 years or older.
Lancet 361:393-395

191. Hamden K, Carreau S, Jamoussi K, Miladi S, Lajmi S, Aloulou D, Ayadi F, Elfeki
A 2009 1Alpha,25 dihydroxyvitamin D3: therapeutic and preventive effects
against oxidative stress, hepatic, pancreatic and renal injury in alloxan-induced
diabetes in rats. J Nutr Sci Vitaminol (Tokyo) 55:215-222

192. Willson RL 1992 Free radical-induced biological damage and the critical roles of
vitamin A, vitamin C, vitamin D and vitamin E and of copper, iron, selenium and
zinc. J Nutr Sci Vitaminol (Tokyo) Spec No:541-544

193. Bao BY, Ting HJ, Hsu JW, Lee YF 2008 Protective role of 1 alpha, 25-
dihydroxyvitamin D3 against oxidative stress in nonmalignant human prostate
epithelial cells. Int J Cancer 122:2699-2706

194. Chen KB, Lin AM, Chiu TH 2003 Systemic vitamin D3 attenuated oxidative
injuries in the locus coeruleus of rat brain. Ann N Y Acad Sci 993:313-324;
discussion 345-319

195. Ikeda N, Uemura H, Ishiguro H, Hori M, Hosaka M, Kyo S, Miyamoto K, Takeda
E, Kubota Y 2003 Combination treatment with 1alpha,25-dihydroxyvitamin D3
and 9-cis-retinoic acid directly inhibits human telomerase reverse transcriptase
transcription in prostate cancer cells. Mol Cancer Ther 2:739-746

196. de Lange T, DePinho RA 1999 Unlimited mileage from telomerase? Science
283:947-949

197. Artandi SE, Alson S, Tietze MK, Sharpless NE, Ye S, Greenberg RA, Castrillon
DH, Horner JW, Weiler SR, Carrasco RD, DePinho RA 2002 Constitutive
telomerase expression promotes mammary carcinomas in aging mice. Proc Natl
Acad Sci U S A 99:8191-8196

198. Sharpless NE, DePinho RA 2004 Telomeres, stem cells, senescence, and cancer. J
Clin Invest 113:160-168

199. Itahana K, Dimri G, Campisi J 2001 Regulation of cellular senescence by p53. Eur J
Biochem 268:2784-2791

200. Matheu A, Maraver A, Serrano M 2008 The Arf/p53 pathway in cancer and
aging. Cancer Res 68:6031-6034

201. Audo I, Darjatmoko SR, Schlamp CL, Lokken JM, Lindstrom MJ, Albert DM,
Nickells RW 2003 Vitamin D analogues increase p53, p21, and apoptosis in a
xenograft model of human retinoblastoma. Invest Ophthalmol Vis Sci 44:4192-
4199

202. Keisala T, Minasyan A, Kalueff A, Pyykko I, Tuohimaa P 2009 Premature aging of
vitamin D mutant mice. Journal of Steroid Biochemistry and Molecular Biology

203. Kommagani R, Payal V, Kadakia MP 2007 Differential regulation of vitamin D
receptor (VDR) by the p53 Family: p73-dependent induction of VDR upon DNA
damage. J Biol Chem 282:29847-29854

204. Ellison TI, Smith MK, Gilliam AC, MacDonald PN 2008 Inactivation of the
vitamin D receptor enhances susceptibility of murine skin to UV-induced
tumorigenesis. J Invest Dermatol 128:2508-2517

205. Berryman DE, Christiansen JS, Johannsson G, Thorner MO, Kopchick JJ 2008 Role
of the GH/IGF-1 axis in lifespan and healthspan: lessons from animal models.
Growth Horm IGF Res 18:455-471

206. Salminen A, Kaarniranta K 2010 Insulin/IGF-1 paradox of aging: regulation via
AKT/IKK/NF-kappaB signaling. Cell Signal 22:573-577

207. Gomez JM 2006 The role of insulin-like growth factor I components in the
regulation of vitamin D. Curr Pharm Biotechnol 7:125-132

208. Matilainen M, Malinen M, Saavalainen K, Carlberg C 2005 Regulation of multiple
insulin-like growth factor binding protein genes by 1alpha,25-dihydroxyvitamin
D3. Nucleic Acids Res 33:5521-5532

209. Linkhart TA, Keffer MJ 1991 Differential regulation of insulin-like growth factor-I
(IGF-I) and IGF-II release from cultured neonatal mouse calvaria by parathyroid
hormone, transforming growth factor-beta, and 1,25-dihydroxyvitamin D3.
Endocrinology 128:1511-1518

210. Westendorp RG, Kirkwood TB 1998 Human longevity at the cost of reproductive
success. Nature 396:743-746

211. Salminen A, Kaarniranta K 2009 Genetics vs. entropy: Longevity factors suppress
the NF-kappaB-driven entropic aging process. Ageing Res Rev

212. Mooijaart SP, Brandt BW, Baldal EA, Pijpe J, Kuningas M, Beekman M, Zwaan BJ,
Slagboom PE, Westendorp RG, van Heemst D 2005 C. elegans DAF-12, Nuclear
Hormone Receptors and human longevity and disease at old age. Ageing Res Rev
4:351-371

213. Rottiers V, Antebi A 2006 Control of Caenorhabditis elegans life history by
nuclear receptor signal transduction. Exp Gerontol 41:904-909

214. Tatar M, Bartke A, Antebi A 2003 The endocrine regulation of aging by insulin-
like signals. Science 299:1346-1351

215. Hsin H, Kenyon C 1999 Signals from the reproductive system regulate the
lifespan of C. elegans. Nature 399:362-366

216. Murphy CT, McCarroll SA, Bargmann CI, Fraser A, Kamath RS, Ahringer J, Li H,
Kenyon C 2003 Genes that act downstream of DAF-16 to influence the lifespan of
Caenorhabditis elegans. Nature 424:277-283

217. Peng SL 2008 Foxo in the immune system. Oncogene 27:2337-2344
218. Calnan DR, Brunet A 2008 The FoxO code. Oncogene 27:2276-2288
219. Gross DN, van den Heuvel AP, Birnbaum MJ 2008 The role of FoxO in the

regulation of metabolism. Oncogene 27:2320-2336
220. Huang H, Tindall DJ 2007 Dynamic FoxO transcription factors. J Cell Sci 120:2479-

2487
221. Yoshizawa T, Handa Y, Uematsu Y, Takeda S, Sekine K, Yoshihara Y, Kawakami

T, Arioka K, Sato H, Uchiyama Y, Masushige S, Fukamizu A, Matsumoto T, Kato
S 1997 Mice lacking the vitamin D receptor exhibit impaired bone formation,
uterine hypoplasia and growth retardation after weaning. Nat Genet 16:391-396

222. Halloran BP, DeLuca HF 1980 Effect of vitamin D deficiency on fertility and
reproductive capacity in the female rat. J Nutr 110:1573-1580

223. Kwiecinksi GG, Petrie GI, DeLuca HF 1989 1,25-Dihydroxyvitamin D3 restores
fertility of vitamin D-deficient female rats. Am J Physiol 256:E483-487

224. Kinuta K, Tanaka H, Moriwake T, Aya K, Kato S, Seino Y 2000 Vitamin D is an
important factor in estrogen biosynthesis of both female and male gonads.
Endocrinology 141:1317-1324

225. Adler AS, Sinha S, Kawahara TL, Zhang JY, Segal E, Chang HY 2007 Motif
module map reveals enforcement of aging by continual NF-kappaB activity.
Genes Dev 21:3244-3257

226. Sarkar FH, Li Y, Wang Z, Kong D 2008 NF-kappaB signaling pathway and its
therapeutic implications in human diseases. Int Rev Immunol 27:293-319

227. Bernard D, Gosselin K, Monte D, Vercamer C, Bouali F, Pourtier A,
Vandenbunder B, Abbadie C 2004 Involvement of Rel/nuclear factor-kappaB
transcription factors in keratinocyte senescence. Cancer Res 64:472-481

228. Vallabhapurapu S, Karin M 2009 Regulation and function of NF-kappaB
transcription factors in the immune system. Annu Rev Immunol 27:693-733

229. Krabbe KS, Pedersen M, Bruunsgaard H 2004 Inflammatory mediators in the
elderly. Exp Gerontol 39:687-699

230. Nonn L, Peng L, Feldman D, Peehl DM 2006 Inhibition of p38 by vitamin D
reduces interleukin-6 production in normal prostate cells via mitogen-activated
protein kinase phosphatase 5: implications for prostate cancer prevention by
vitamin D. Cancer Res 66:4516-4524

231. Golovko O, Nazarova N, Tuohimaa P 2005 Vitamin D-induced up-regulation of
tumour necrosis factor alpha (TNF-alpha) in prostate cancer cells. Life Sci 77:562-
577

232. Anderson PH, Sawyer RK, Moore AJ, May BK, O'Loughlin PD, Morris HA 2008
Vitamin D depletion induces RANKL-mediated osteoclastogenesis and bone loss
in a rodent model. J Bone Miner Res 23:1789-1797

233. Kitazawa R, Mori K, Yamaguchi A, Kondo T, Kitazawa S 2008 Modulation of
mouse RANKL gene expression by Runx2 and vitamin D3. J Cell Biochem
105:1289-1297

234. Tang X, Meng H 2009 Osteogenic induction and 1,25-dihydroxyvitamin D3
oppositely regulate the proliferation and expression of RANKL and the vitamin D
receptor of human periodontal ligament cells. Arch Oral Biol 54:625-633

235. Szeto FL, Sun J, Kong J, Duan Y, Liao A, Madara JL, Li YC 2007 Involvement of
the vitamin D receptor in the regulation of NF-kappaB activity in fibroblasts. J
Steroid Biochem Mol Biol 103:563-566

236. Ooms ME, Roos JC, Bezemer PD, van der Vijgh WJ, Bouter LM, Lips P 1995
Prevention of bone loss by vitamin D supplementation in elderly women: a
randomized double-blind trial. J Clin Endocrinol Metab 80:1052-1058

237. Bergman GJ, Fan T, McFetridge JT, Sen SS 2010 Efficacy of vitamin D3
supplementation in preventing fractures in elderly women: a meta-analysis. Curr
Med Res Opin 26:1193-1201

238. Prentice A 2008 Vitamin D deficiency: a global perspective. Nutr Rev 66:S153-164

VITAMIN D, AGING AND CHRONIC DISEASES

268

18 TUOHIMAA/c_04 LORD_c  05/11/12  16:40  Page268


