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Chapter 1

General introduction



Today’s society is characterized by an increasing older population and longer life 
expectancy. Therefore, it is highly important to identify factors that improve health 
and quality of life at later age. Depressed mood and physical complaints are common 
in older persons. The main aim of this thesis is to investigate whether vitamin D 
can improve these symptoms. As vitamin D supplementation is a safe, simple, and 
inexpensive intervention, it could be a promising prevention and treatment strategy 
for public health, if proven effective.

1.1 VITAMIN D: A CONCISE HISTORY
In the nineteenth century, the industrial revolution drastically changed the lives of 
many European and American people. Both men, women and children worked long 
hours in factories and lived in cities polluted by smoke. Buildings in the cities were 
high and built closely to each other, leaving little space for sunshine to reach the streets. 
  During this period, the incidence of rickets in children increased markedly. This 
disease is characterized by abnormal bone development, leading to weakness and 
deformities of the bones. In search for a cure for rickets, it was noticed that both 
exposure to ultraviolet (UV) light and intake of cod liver oil were able to cure and 
prevent this disabling disease. This curious combination of effective rickets treatments 
stimulated researchers to find the underlying common factor. This led to the discovery 
that a fat-soluble substance present in cod liver oil and inducible in foods, animals and 
humans by UV light was able to restore the body’s calcium balance. This substance 
was named vitamin D, as it was discovered after vitamins A, B and C [1].
  The use of cod liver oil and the importance of sunshine exposure were widely 
promoted, which reduced the incidence of rickets dramatically [1]. Today, there is 
broad consensus regarding vitamin D’s ‘classical’ function of promoting calcium 
absorption and thereby facilitating bone mineralization [2, 3].

1.2 VITAMIN D SYNTHESIS, METABOLISM AND MEASUREMENT
Despite its name, vitamin D is not a true vitamin, as its synthesis mainly takes place 
in the body’s skin cells. The active vitamin D metabolite 1,25-dihydroxyvitamin D 
(1,25(OH)2D) acts as a hormone [4]. Figure 1 provides a schematic overview of the 
main steps involved in vitamin D synthesis and metabolism in the human body. 
  Our main source of vitamin D is sunlight. In the skin, the precursor 
7-dehydrocholesterol is converted into previtamin D3 under the influence of UV-B 
radiation [5]. Subsequently, previtamin D3 is slowly converted into vitamin D3 
(cholecalciferol) in the cell membrane by thermal isomerization. Vitamin D binding 
protein (DBP) then transports the vitamin D3 molecules in the blood stream [6]. 
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Other sources of vitamin D are found in our diet; especially in fatty fish such as 
salmon, mackerel and herring. Some UVB-exposed mushrooms also contain vitamin 
D, but this form (vitamin D2) seems to be somewhat less potent than vitamin D3 [7]. 
Also, a few food products are fortified with vitamin D, although fortification policies 
differ between countries. For instance, in the Netherlands, margarine products are 
fortified with vitamin D, while the United States also fortifies dairy and some grain 
products [8, 9]. Finally, vitamin D can be obtained in the form of supplements. Vitamin 
D from food or supplements enters the bloodstream via the small intestine.
  When vitamin D3 reaches the liver, it is hydroxylated into 25-hydroxyvitamin D 
(25(OH)D) – the main circulating form of vitamin D – by vitamin D-25-hydroxylase 
enzymes (mainly the cytochrome P450 enzyme CYP2R1, with potential additional 
roles for CYP27A1, CYP2A4 and CYP2D25) [10, 11]. In the kidney, the 25(OH)D3-
1α-hydroxylase enzyme (CYP27B1) further hydroxylates 25(OH)D into 1,25(OH)2D, 
which is the biologically active metabolite of vitamin D [12]. This active form of 
vitamin D binds to the nuclear vitamin D receptor (VDR). When bound to the VDR, 
1,25(OH)2D exerts its effects by influencing gene expression. In addition, 1,25(OH)2D 
can produce more rapid, non-genomic effects through the activation of a membrane 
receptor and second messengers [13, 14]. Inactivation of vitamin D is established 
by the enzyme 25(OH)D-24-hydroxylase (CYP24A1), which converts 25(OH)D 
and 1,25(OH)2D into 24,25dihydroxyvitamin D and 1,24,25-trihydroxyvitamin D, 
respectively. Subsequently, these metabolites are further catabolized into inactive 
products [2, 15, 16].
  Renal 1,25(OH)2D concentrations are tightly controlled by feedback systems 
involving calcium, phosphate, parathyroid hormone (PTH) and the catabolizing 
enzyme CYP24A1. A decrease in serum calcium and/or phosphate increases the 
activity of the CYP27B1 enzyme, leading to an increase of 1,25(OH)2D. Alternatively, 
increased calcium and/or phosphate concentrations have the opposite effect by 
decreasing the level of 1,25(OH)2D. Fibroblast growth factor 23 (FGF-23), produced in 
bone tissue, also decreases CYP27B1 and thereby 1,25(OH)2D levels. Furthermore, PTH 
concentrations decrease when calcium levels rise and increase when serum 25(OH)D 
levels decrease. PTH stimulates the production of 1,25(OH)2D while decreasing its 
catabolism. Finally, CYP24A1 is upregulated with the production of 1,25(OH)2D, 
which keeps renal 1,25(OH)2D concentrations within tight limits [6, 13].
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Figure 1. Classical synthesis and metabolism of vitamin D – simplified representation. 
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Assessment of vitamin D status is mainly done by measuring the serum 25(OH)D 
concentration, as this metabolite provides information on the nutritional vitamin D 
status [17, 18]. Several types of laboratory assays to measure 25(OH)D are available, 
such as competitive protein-binding assays, radioimmunoassays and liquid 
chromatography followed by tandem mass spectrometry (LC-MS/MS). The latter 
method is regarded as the current gold standard [18-20]. 

1.3 FUNCTIONS OF VITAMIN D
The key role of 1,25(OH)2D is stimulating dietary calcium and phosphate absorption 
from the intestine to promote bone mineralization [2, 13]. In addition to this ‘classical’ 
function, vitamin D appears to play a role in many other bodily processes as well. The 
hydroxylation of 25(OH)D into the active 1,25(OH)2D hormone not only takes place 
in the kidney, but also at extrarenal sites such as the brain and muscle tissue, and the 
VDR is expressed throughout the human body [3, 21, 22]. 
  If supply of vitamin D is low, priority is given to preserving 1,25(OH)2D levels in 
the ‘classical’ endocrine renal pathways to secure calcium homeostasis, which is of 
vital importance for neuromuscular functioning. Extrarenal 1,25(OH)2D seems more 
dependent on circulating 25(OH)D concentrations, as opposed to renal 1,25(OH)2D, 
which is tightly controlled and only falls low in case of severe vitamin D deficiency 
[2, 7].
  Numerous observational studies have shown associations between low vitamin 
D status and many non-bone illnesses such as cardiovascular, autoimmune and 
infectious diseases, various types of cancer, neurological disorders and mortality [22-
25]. However, the causality of the majority of these associations remains unclear. 

1.4 VITAMIN D DEFICIENCY
Vitamin D deficiency is a widespread condition in many parts of the world [26, 27]. 
Both in the Netherlands and worldwide, approximately 50% of the older population 
has a deficient vitamin D status [18, 28]. A commonly used cutoff to define vitamin 
D deficiency is a serum 25(OH)D concentration below 50 nmol/L (Institute of 
Medicine [2, 29]. Other institutes, such as the Endocrine Society and the International 
Osteoporosis Foundation, advocate a higher cutoff of at least 75 nmol/L [7, 30, 31]. 
This disagreement shows the persistent lack of consensus regarding optimal vitamin 
D status [2, 32]. An additional complicating factor is the notion that optimal levels 
may differ between health outcomes and subgroups [33, 34]. 
  Vitamin D deficiency can be caused by insufficient synthesis of vitamin D in the 
skin, for instance due to low sun exposure, dark skin pigmentation, and/or covering 
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with (traditional) clothing [13]. In the Netherlands, vitamin D production in the skin is 
virtually impossible between October and March, due to the relatively high latitude of 
our country [13]. But even in countries at lower latitudes and in more sunny climates, 
vitamin D deficiency is common [27]. Surprisingly, a positive association is observed 
between latitude and prevalence of vitamin D deficiency in Europe: people in southern 
European countries generally have lower vitamin D status compared to persons in 
northern (Scandinavian) countries [3]. This can be attributed to the avoidance of 
direct sunlight in hot weather and darker skin in southern countries, whereas dietary 
vitamin D intake and awareness of the importance of vitamin D is higher in northern 
countries [2, 3].
  Other risk factors for vitamin D deficiency include adiposity [35, 36], female 
gender, higher age [37], a sedentary lifestyle [18], living in an urban as opposed to 
a rural environment [38], and low dietary vitamin D intake [38]. Furthermore, a diet 
low in calcium can cause secondary hyperparathyroidism which in turn can lead to 
vitamin D deficiency due to increased 25(OH)D turnover [13].
  Severe vitamin D deficiency compromises the absorption of calcium and phosphate, 
which disrupts
bone mineralization. This can lead to rickets (in children), osteomalacia (in adults), 
osteoporosis and increased fracture risk [2, 3]. Vitamin D deficiency can be prevented 
or cured by moderate sunlight exposure, increased intake of foods rich in vitamin D 
and by using supplements [27, 37].

1.5 VITAMIN D AND AGING
Older persons are particularly at risk of developing vitamin D deficiency. With 
age, vitamin D metabolism becomes less efficient. The skin’s ability to produce 
7-dehydrocholesterol is reduced by 70% at the age of 70 [13]. In addition, intestinal 
absorption and dietary intake of vitamin D decreases with age; renal function slowly 
declines which compromises 1a-hydroxylase production; and renal VDR expression 
decreases [13, 37, 38]. Combined with less time spent outdoors, which especially 
applies to people in nursing homes, it is not surprising that vitamin D deficiency is 
highly prevalent among older adults.

1.6 VITAMIN D AND DEPRESSION

1.6.1 Depression and depressive symptoms in older persons

Depression is a debilitating disease that significantly affects quality of life [39]. It is 
one of the leading causes of disability worldwide [40]. According to the 5th edition 

14 

Chapter 1



of the Diagnostic and Statistical Manual for Mental Disorders (DSM-5) [41], major 
depressive disorder (MDD) is characterized by the presence of at least five of the 
following symptoms, including at least one of two ‘core’ symptoms, for most of the 
day on nearly all days of at least two weeks: 
 − depressed mood (core symptom); 
 − loss of interest in activities (core symptom);
 − loss of energy / fatigue;
 − excessive feelings of guilt or worthlessness;
 − weight loss or gain / change in appetite;
 − insomnia or hypersomnia;
 − psychomotor slowing or agitation;
 − concentration problems;
 − recurrent thoughts of death or suicide.

These symptoms significantly interfere with daily functioning and are not caused by 
a medical illness or substance use. 
  Prevalence of MDD in later life (>65 years) ranges from 1 to 4%, whereas depressive 
symptoms occur more often: 8-16% of the general older population experiences clinically 
relevant depressive symptoms without meeting all diagnostic criteria for MDD [39, 42]. 
Although depressive symptoms may sound less severe than a full-blown depressive 
disorder, they should not be underestimated. Decreased quality of life, chronicity 
of symptoms and a high risk of developing MDD are only some of the associated 
problems [43]. Compared to younger adults, MDD is somewhat less prevalent in older 
persons [44], but its recognition, treatment and prognosis are generally poorer [39, 45]. 
Antidepressant medication combined with psychotherapy is the preferred treatment 
for moderate to severe depression [39]. However, treatment of late-life depression can 
be complicated by comorbid diseases and medication interactions [39, 46, 47], or a 
persistent belief that depression is an inevitable part of older age [44].
  Risk factors for MDD and depressive symptoms in older age include poor physical 
health (presence of chronic diseases and/or functional limitations), female gender, a 
low educational level, absence of a partner and limited social ties [39, 42, 46, 48].
  The etiology of depression is multifold: biological, cognitive, behavioral and 
environmental factors all play a role [39, 49]. Despite the considerable importance of 
the biological component of depression, this factor remains only partly understood. 
It is, however, clear that multiple areas of the brain are involved [49]. Depression is 
associated with a disruption of the monoamine neurotransmitter systems involving 
serotonin, norepinephrine and dopamine, and antidepressant medications act upon 
these systems [49, 50]. The hippocampus and prefrontal cortex are hypothesized to be 
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involved in the cognitive symptoms; the hypothalamus and the hypothalamic-pituitary-
adrenal (HPA) axis are associated with the neurovegetative and stress symptoms, and 
the striatum and amygdala are linked to the emotional aspects of depression [49].

1.6.2 Vitamin D and depression: biological evidence

Both 25(OH)D and 1,25(OH)2D can cross the blood-brain barrier, at least in rats 
[51]. In addition, 25(OH)D, 1,25(OH)2D and CYP24A1 have been detected in human 
cerebrospinal fluid [52-54]. Moreover, the VDR, CYP27B1 and CYP24A1 are expressed 
locally in the brain in both neurons and glia, which suggests local synthesis and 
catabolism of the active vitamin D metabolite [52-56]. It appears that the VDR is 
functional in the brain, as it binds to DNA in response to ligand binding [57]. 
  Brain areas in which the VDR and CYP27B1 have been observed include the 
hippocampus, substantia nigra, prefrontal cortex, hypothalamus, amygdala, 
thalamus and cingulate gyrus [56, 58-60]. All of these brain areas are also important 
in the etiology of depression [49]. Figure 2 summarizes the evidence for the potential 
antidepressive actions of vitamin D in the brain. 

Figure 2. Proposed antidepressive actions of vitamin D in the brain. DA: dopamine; 5-HT: serotonin; 

VDR: vitamin D receptor; HPA-axis: hypothalamic-pituitary-adrenal axis.

In the developing brain, vitamin D is important for cell proliferation and differentiation 
[52]. Vitamin D deficient baby rats have abnormal brains with less neurogenesis 
and neuronal differentiation, excess proliferation and insufficient apoptosis [61]. 
Furthermore, VDR knockout mice display distorted grooming and increased anxiety-
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related behaviors [62-64].
  Multiple studies have shown that vitamin D has neuroprotective characteristics 
with potential antidepressive effects. For example, vitamin D was shown to prevent 
excitotoxic damage by calcium through regulating neuronal calcium concentrations. 
Furthermore, vitamin D reduces oxidative stress by downregulating nitric oxide 
and stimulating the production of anti-oxidants such as glutathione [56, 58, 61, 65]. 
Vitamin D was also found to reduce (age-related) neuroinflammation, protect against 
glucocorticoids (stress hormone), promote synaptic plasticity and hippocampal 
neurogenesis, and stimulate the release of neurotrophins such as nerve growth factor 
in the brain [53-56, 59, 60, 65].
  Several specific antidepressive actions of vitamin D in the brain have also been 
proposed, such as the stimulation of monoamine neurotransmitter (serotonin and 
dopamine) synthesis [53, 59, 65]. In vitro, 1,25(OH)2D also stimulates cholinergic and 
noradrenergic neurotransmitter systems, all of which are involved in depression [61]. 
A recent in vitro study even showed that 1,25(OH)2D directly enhanced the production 
and suppressed the reuptake of serotonin; the latter being similar to the action of 
widely used antidepressant medication [66]. 

1.6.3 Vitamin D and depression: epidemiological studies

To date, numerous cross-sectional and some prospective observational studies have 
been conducted to investigate the association between vitamin D status and depressive 
symptoms in older persons, with meta-analyses generally showing support for a 
relationship. One of the first studies to show a significant association of low 25(OH)D 
levels with MDD and depressive symptoms in a large cohort of older persons was the 
study by Hoogendijk et al. in 2008 [67]. Many other observational studies followed, 
generally concluding that lower vitamin D status seems to be related to more depressive 
symptoms [68, 69]. On the other hand, meta-analyses of randomized controlled trials 
(RCTs) are inconclusive [70-73], indicating that a potential causal relationship between 
vitamin D status and depressive symptoms is complex and far from proven. 

1.6.4 Depression and B-vitamins

Vitamin D is not the only vitamin that potentially associates with emotional wellbeing 
in later life. Other important examples are vitamin B12 (cobalamin) and folic acid 
[74]. These B-vitamins are important for the conversion of homocysteine (Hcy) into 
methionine. Methionine is needed for the synthesis of monoamine neurotransmitters 
in the brain [75, 76]. Elevated Hcy levels can have adverse health consequences, 
including depression [77]. Vitamin B12 and folic acid reduce Hcy concentrations [78] 
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and may therefore also have a role in the reduction of depressive symptoms.

1.7 VITAMIN D AND PHYSICAL FUNCTIONING

1.7.1 Physical functioning in older persons

In general, aging is accompanied by a decline in physical functioning. Skeletal muscle 
mass, strength and power slowly decrease. This is caused by an age-related decline 
of mainly type II muscle fibers (important for fast twitching and balance), reduced 
protein synthesis and infiltration of lipids in muscle, often combined with less physical 
exercise [79, 80]. 
  Over 50% of older persons experience at least one functional limitation, such as 
difficulty with walking, rising from a chair or climbing stairs [81]. A decline in physical 
functioning can increase the incidence of falls and compromises independency in 
activities of daily living (ADL) [79, 82].

1.7.2 Vitamin D and physical functioning: biological evidence

Interestingly, some symptoms of vitamin D deficiency overlap with the consequences 
of aging described above. Severe vitamin D deficiency causes muscle weakness and 
atrophy, muscle pain and disturbed gait [6, 83, 84]. In addition, low vitamin D status 
is associated with a decrease of type II muscle fibers [79], increased protein turnover 
and infiltration of adipocytes in muscle [37, 80, 85]. Vitamin D primarily affects the 
proximal muscle groups (upper arms, upper legs, shoulders and neck) [13, 86]. These 
muscles are important for balance, walking, stair climbing and rising from a chair [84, 
86].
  The VDR, CYP27B1 and CYP24A1 have repeatedly been observed in skeletal 
muscle tissue [24, 85, 87-90]. Moreover, treatment with an 1,25(OH)2D analogue 
resulted in more and larger type II muscle fibers, suggesting that the VDR is active in 
muscle [83, 91]. VDR expression in muscle decreases with age [24].
  Figure 3 depicts the proposed mechanisms by which vitamin D has a positive 
influence on muscle functioning. The 1,25(OH)2D metabolite is important for muscle 
development by promoting cell differentiation and growth [6, 92]. VDR knockout 
mice have smaller muscle fibers and display abnormal motor behavior and balance 
[22, 93]. The VDR and its ligand 1,25(OH)2D are believed to promote protein synthesis 
and regulate intramuscular calcium levels which is important for muscle contraction 
and relaxation [13, 92, 93]. Finally, it was shown that supplementation with vitamin D 
promotes muscle repair and regeneration after damage [85, 94].
  The effect of vitamin D on muscle functioning may also be partly due to its proposed 

18 

Chapter 1



neurotrophic effect on the nervous system (as described in paragraph 1.6.2), thereby 
enhancing motor neuron signaling [6, 24, 95]. Furthermore, the VDR and CYP27B1 
are abundantly present in the cerebellum: a brain area important for balance [60, 96].

Figure 3. Proposed beneficial actions of vitamin D in skeletal muscle. VDR: vitamin D receptor.

1.7.3 Vitamin D and physical functioning: epidemiological studies

Many observational studies have demonstrated an association between low 
vitamin D status and impaired physical functioning. Persons with higher 25(OH)D 
concentrations display better muscle strength and functioning and fall less often 
[24, 92, 97, 98]. In addition, low vitamin D status predicts functional limitations and 
functional decline [81]. 
  Systematic reviews and meta-analyses on the effect of vitamin D supplementation 
on physical functioning generally conclude that vitamin D is beneficial for muscle 
strength, balance and falls, but mainly in persons with low baseline serum 25(OH)D 
(<25-50 nmol/L) [32, 79, 85, 99-102]. However, not all RCTs report positive effects [103, 
104], possibly because only few studies used study samples with low baseline vitamin 
D status [79], or because of differences in operationalizations of muscle functioning 
and physical performance.

1.8 AIMS AND OUTLINE OF THIS THESIS
As pointed out in the previous paragraphs, there is both mechanistic and 
epidemiological evidence for a relationship between vitamin D status, depressive 
symptoms and physical functioning in older persons, but results from supplementation 
RCTs are less conclusive. The aim of this thesis is to elucidate the relationship between 
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these concepts further, by studying large prospective cohorts and by conducting an 
RCT with a targeted study sample. 
  The studies described in this thesis take into account important potential 
confounding factors and investigate effect modification and mediation to eventually 
learn more about causality. Determining whether the association of vitamin D status 
with emotional and physical health is causal is pivotal, as only then it makes sense 
to implement vitamin D as an acceptable intervention and/or prevention tool in 
the public health domain. More knowledge on these complex topics will ultimately 
benefit the healthcare for older persons.
  Chapters 2 and 3 describe large population-based cohort studies on the longitudinal 
association between serum 25(OH)D concentrations and depressive symptoms in 
older persons. In Chapter 2, we also investigate this relationship cross-sectionally and 
explore the potential mediating role of physical functioning. Both chapters are based 
on data from the Longitudinal Aging Study Amsterdam (LASA): a large ongoing 
population-based study including multiple cohorts of Dutch older (>55 years) adults 
[105, 106]. Chapters 4 and 5 report on the design and results of the D-Vitaal study: a 
one-year RCT to investigate the effects of vitamin D supplementation on depressive 
symptoms and physical functioning. In D-Vitaal, we included 155 persons between 
60 and 80 years of age with clinically relevant depressive symptoms, at least one 
functional limitation and low vitamin D status at baseline. 
  To investigate a wider scope of emotional and physical functioning in relation to 
vitamin D status, we also study the association of vitamin D with anxiety symptoms 
and mortality, using LASA data (Chapter 6 and 7, respectively). Finally, in Chapter 
8, we investigate the effect of B-vitamin supplementation (vitamin B12 and folic acid) 
on depressive symptoms and health-related quality of life, as evidence indicates that 
these vitamins are also related to emotional health. This latter study was conducted 
with data from the B-vitamins for the Prevention Of Osteoporotic Fractures (B-PROOF) 
study: a Dutch multicenter RCT that included 2919 persons of 65 years and older [107]. 
  In Chapter 9, the findings from these studies are placed in a broader perspective 
and their scientific and clinical implications are discussed. Table 1 provides an 
overview of the studies included in this thesis.
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Table 1. Overview of studies in this thesis.
Study type Determinant(s) Outcome(s) Time frame Sample Chapter

Cohort Studies: (change in) vitamin D depressive symptoms cross-sectional
+ longitudinal

LASA 2 + 3

vitamin D anxiety symptoms cross-sectional
+ longitudinal

LASA 6

vitamin D,
PTH

mortality longitudinal LASA 7

Randomized 
controlled trials:

vitamin D depressive symptoms,
physical functioning

longitudinal D-Vitaal 4 + 5

vitamin B12

+ folic acid
depressive symptoms,
quality of life

cross-sectional
+ longitudinal

B-PROOF 8
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