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Abstract in German 

Hintergrund und Zielsetzung: Neben den essentiellen Wirkungen von Vitamin D 

auf die Knochengesundheit gibt es zahlreiche Beobachtungsstudien, die für eine 

wichtige Rolle des 25-Hydroxyvitamin D (25-OH-Vitamin D)-Status bei 

extraskelettalen Bereichen wie koronarer Herzkrankheit, Krebs oder Mortalität, 

sprechen. Bis jetzt ist noch unklar, ob erniedrigte Vitamin D-Spiegel eine Ursache 

dieser klinischen Manifestationen sind oder ob es sich dabei um die Folge des 

beeinträchtigten Gesundheitszustandes handelt. 

Genomweite Assoziationsstudien identifizierten drei genetische Determinanten für 

erniedrigte 25-OH-Vitamin D-Spiegel. Basierend auf diesen Daten möchte ich in 

meiner Arbeit (1.) den Einfluß dieser drei Polymorphismen (SNPs, single 

nucleotide polymorphisms) auf Vitamin D-relevante Endpunkte aus den Bereichen 

Knochen, Prostatakrebs und Mortalität untersuchen. Weiters soll mit diesen 

Polymorphismen eine Mendelsche Randomisierungsstudie durchgeführt werden, 

welche klären soll, ob (2.) niedrige Vitamin D-Spiegel eine kausale Ursache für 

höhere Mortalitätsraten sind. 

Methoden: SNPs in den Genen GC („group-specific component“, rs2282679), 

DHCR7 („7-dehydrocholesterol reductase“, rs12785878) und CYP2R1 

(„Cytochrom P450IIR-1“, rs10741657) wurden in unterschiedlichen Kohorten 

genotypisiert und auf ihre Relation zu 25-OH-Vitamin D-Spiegeln sowie auf eine 

mögliche Assoziation mit Vitamin D-relevanten Endpunkten untersucht. 

Ergebnisse und Schlussfolgerungen: Der GC-Polymorphismus ist eine wichtige 

genetische Determinante für den Vitamin D-Status und konnte in allen Studien 

verifiziert werden. Der CYP2R1- und der DHCR7-Polymorphismus konnten nur in 

der Studie mit der höchsten Fallzahl als relevant bestätigt werden. 

Knochen: Keiner der Polymorphismen war mit der Knochendichte (untersucht an 

342 StudienteilnehmerInnen einer Querschnittsstudie) oder mit prävalenten 

Frakturen assoziiert. TrägerInnen des G-Allels des DHCR7 Polymorphismus 

zeigten jedoch ein erhöhtes Risiko für prospektive Frakturen (untersucht an 1093 

AltersheimpatientInnen einer prospektiven Kohortenstudie). 

Prostatakrebs: GC Genotypen waren nicht mit Biomarker detektiertem Rezidiv, 

Entwicklung von Metastasen und Überleben in 702 untersuchten 
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Prostatakrebspatienten assoziert. Die drei genetischen Determinanten für niedrige 

Vitamin D-Spiegel spielen keine übergeordnete Rolle in den untersuchten 

Endpunkten bei Osteoporose und Prostatakrebs. 

Mortalität: GC-, CYP2R1- und DHCR7-Genotypen determinierten 25-OH-Vitamin 

D-Spiegel zuverlässig, sagten jedoch Gesamt-, kardiovaskuläre- und nicht 

kardiovaskuläre Mortalität nicht vorher. Niedrige Vitamin D-Spiegel sind zwar mit 

erhöhter Sterblichkeit assoziert, sind aber wahrscheinlich nicht die kausale 

Ursache dafür. 
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Abstract in English 

Background and aim: Vitamin D is known to play an important role in bone 

health. Muscoskeletal effects of inadequate vitamin D status have long been 

investigated including its impact on osteoporotic fractures. In the last several years 

vitamin D got popular for a series of benefical consequences. Many associations 

of low serum 25 hydroxyvitamin D (25-OH-vitamin D) status and extraskeletal 

effects such as cardiovascular disease, cancer and mortality have been observed. 

It remains unclear whether vitamin D is the cause of these clinical patterns or the 

consequence of an impaired health status. 

Based on recently reported genetic determinants of hypovitaminosis D I aimed to 

investigate (1st) the impact of three single nucleotide polymorphisms (SNPs) on 

Vitamin D and vitamin D related outcomes in the fields of bone, prostate cancer 

and mortality studies. Using these SNPs as a tool for Mendelian randomization, I 

wanted to elucidate (2nd) the question if low vitamin D levels are causal for higher 

mortality rates. 

Methods: Genotypes of SNPs in the group-specific component gene (GC, 

rs2282679), 7-dehydrocholesterol reductase gene (DHCR7, rs12785878) and 

cytochrome P450 IIR-1 gene (CYP2R1, rs10741657) were determined in different 

cohorts and investigated for 25-OH-vitamin D and vitamin D related outcomes. 

Results and conclusions: The GC polymorphism was the strongest genetic 

determinant of 25-OH-vitamin D status and was confirmed in all settings. CYP2R1 

and the DHCR7 variants could be approved in the largest study with the highest 

power to detect statistical differences. 

Bone: None of the genotypes was linked to bone mineral density (BMD) or past 

fractures in a BMD screening study (n=342) and a prospective cohort study with 

1093 nursing home residents. Carriers of the G-allele of the DHCR7 polymorphism 

showed an increased risk for prospective fractures. 

Prostate cancer: GC genotypes were not associated with biomarker based 

recurrence, development of metastases or overall survival in 702 prostate cancer 

patients. The investigated polymorphisms do not play a major role for the 

investigated bone and prostate cancer related endpoints. 
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Mortality: GC, CYP2R1 and DHCR7 genotypes predicted 25-OH-vitamin D status 

reliably but not all-cause-, cardiovascular-, or non-cardiovascular mortality. This 

suggests that low 25-OH-vitamin D concentrations are associated with, but 

unlikely to be causal for higher mortality rates. 
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1. VITAMIN D 

1.1 Forms of vitamin D 

The hormone vitamin D consists of several vitamers, specified in Table 1. Vitamin 

D2 (ergocalciferol – the plant and yeast derived form) and Vitamin D3 

(cholecalciferol – derived mainly from synthesis in the skin and from animal 

sources) are the two major isoforms of vitamin D. Vitamin D2 and vitamin D3 are 

known collectively as calciferol and vitamin D without a subscript refers to either D2 

or D3 or both. Vitamin D2 was chemically characterized in 1932. Four years later 

the chemical structure of vitamin D3 was identified and proven to result from 

ultraviolet irradiation of 7-dehydrocholesterol [1]. Chemically, these vitamers are 

characterized as secosteroids, meaning steroids in which one of the bonds in the 

steroid ring is broken. The structural difference between vitamin D2 and vitamin D3 

can be found in their side chains. The side chain of D2 contains a double bound 

between carbon 22 and 23 as well as a methyl group on carbon 24. 

Vitamin D1 is a compound of ergocalciferol and lumisterol at the ratio of 1:1, 

whereas vitamin D4 is a saturated form of vitamin D2, named 22-

dihydroergocalciferol. The last vitamer, vitamin D5 or sitocalciferol, is synthesised 

via ultraviolet light from 7-dehydrocholesterol in the skin. 
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Name Chemical composition Structure 

Vitamin D1 
molecular compound of 
ergocalciferol with 
lumisterol, 1:1 

  

Vitamin D2 
ergocalciferol (made from 
ergosterol) 

 

Vitamin D3 
cholecalciferol (made from 
7-dehydrocholesterol in 
the skin) 

 

Vitamin D4 22-dihydroergocalciferol 

 
 
 

Vitamin D5 
sitocalciferol (made from 
7-dehydrositosterol) 

 
 

Table 1: Vitamers of vitamin D, modified from 2. 

 

1.2 Sources and Metabolism of vitamin D 

Humans attain vitamin D mostly from exposure to sunlight, from their diet and from 

vitamin D-fortified food (e.g. vitamin D fortified milk and orange juice which is 

common in the US but not in Austria) or vitamin D supplements. During exposure 

to solar ultraviolet B (UVB) radiation, 7-dehydrocholesterol in the skin is converted 

to previtamin D3, which is immediately converted to vitamin D3 in a heat-dependent 

process. Excessive exposure to sunlight causes degradation of previtamin D3 and 

vitamin D3 into inactive photoproducts. 
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Both vitamin D2 and vitamin D3, are incorporated into chylomicrons and 

transported by the lymphatic system into the venous circulation where they can be 

stored in and, if required, released from fat cells. 

Vitamin D as a precursor compound exerts no significant biological activity. Two 

hydroxylation steps are required to produce the active vitamin D metabolite 1,25-

dihydroxyvitamin D3 (1,25 (OH)2 vitamin D). First, in the circulation vitamin D is 

bound to vitamin D-binding protein (GC group specific component), which 

transports the molecule to the liver, where the first hydroxylation takes place [3]. In 

the liver, vitamin D is converted to 25-hydroxyvitamin D (25-OH-vitamin D) by the 

enzyme vitamin D-25-hydroxylase (25-hydroxylase). This is the major circulating 

form of vitamin D that is measured to determine a subject´s vitamin D status. As 

already mentioned before, this form of vitamin D is biologically inactive and must 

be converted into the biologically active form 1,25 (OH)2 vitamin D by a second 

hydroxylation step. The responsible enzyme for this biochemical process is the 25-

hydroxyvitamin D-1α-hydroxylase (1α-hydroxylase), which is located mostly in the 

kidneys, but can be found in many cell systems of the human body. Renal and 

extrarenal 1,25 (OH)2 vitamin D production supports endocrine, autocrine and 

paracrine functions (Figure 1). Serum levels of 1,25 (OH)2 vitamin D are 

significantly determined by renal 1α-hydroxylase activity, which is tightly regulated 

by several factors related to calcium and phosphorus metabolism [e.g. stimulation 

by parathyroid hormone (PTH) or inhibition by fibroblast-growth factor 23], 

whereas dietary calcium can regulate 1α-hydroxylase directly through changes in 

serum calcium, 1,25 (OH)2 vitamin D hampers its own synthesis through negative 

feedback. Further, it increases the expression of 24-hydroxylase to turn 1,25 (OH)2 

vitamin D into its water-soluble, biologically inactive form calcitroic acid, which is 

excreted in the bile [4].The regulation of 1α-hydroxylase at extrarenal sites is quite 

different from that of the renal enzyme. The rates of 1,25 (OH)2 vitamin D 

synthesis and degradation are under the control of local factors such as cytokines 

and growth factors, that optimize the levels of 1,25 (OH)2 vitamin D for these cell-

specific actions through mechanisms incompletely understood [5]. 
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Vitamin D

25-OH-vitamin D

1,25 (OH)2 vitamin D 1,25 (OH)2 vitamin D

Kidney Prostate, Breast, Colon

Immune cells, β cells, Skin

ENDOCRINE ACTIONS:

Intestinal Ca transport

Bone metabolism

Renal Ca reabsorption

Blood pressure

Insulin secretion

AUTOCRINE/ PARACRINE ACTIONS:

Inhibition of cell proliferation

Promotion of cell differentiation

Immune regulation

Liver

 

Figure 1: Endocrine, autocrine and paracrine functions from renally and 
extrarenally produ ced 1,25 (OH)2 vitamin D, modified from [5]. 

 

1.3 Transport of Vitamin D 

Vitamin D metabolites are lipophilic molecules with low aqueous solubility that 

must be bound to plasma proteins in order to be transported in the circulation. The 

most important of these carrier proteins is vitamin D binding protein GC, which 

binds the metabolites with high affinity. It binds 25-OH-vitamin D with the highest 

affinity, then 24.25 (OH)2 vitamin D, and 1,25 (OH)2 vitamin D [6]. Plasma levels of 

GC are 20 times higher than the total amount of vitamin D metabolites. 99% of 

circulating vitamin D compounds are therefore protein-bound – mostly to GC, but 

to a smaller extent also to albumin and lipoproteins. This has a major impact on 

their pharmacokinetics. GC-bound vitamin D metabolites have limited access to 

target cells [6] and, therefore, are less susceptible to hepatic metabolism and 

subsequent biliary excretion, leading to a longer circulating half-life. It is suggested 

that only the small fraction of unbound metabolites passively enters target cells to 

be further metabolized or to exert biological activity. For activated vitamin D 
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compounds (i.e. 1,25 (OH)2 vitamin D and its analogs), biological activity was 

correlated with the concentration of free hormone [7]. Thus, GC appears to buffer 

the free levels of active vitamin D compounds, guarding against vitamin D 

intoxication [8]. GC levels are not regulated by vitamin D but are reduced in liver 

disease, nephrotic syndrome, and malnutrition and increased during pregnancy 

and estrogen therapy. The concentration of free 1,25 (OH)2 vitamin D, however, 

remains constant when GC levels change, an example of the tight self-regulation 

of vitamin D metabolism [5]. 

1.4 Mechanism of action 

Vitamin D metabolites exert their effects by binding to the cytoplasmatic vitamin D 

receptor (VDR). After ligand binding, this receptor forms a heterodimer with 

retinoid X receptor (RXR) and translocates to the nucleus. There, this complex 

interacts as a transcription factor with specific DNA (desoxyribonucleic acid) 

regions, called vitamin D-responsive elements (VDREs). By additional interactions 

with coregulatory proteins, the VDR-RXR complex regulates approximately 3% of 

the human genome [9]. 

 

1.5 Biological functions of vitamin D 

1.5.1 Endocrine functions 

Calcium balance 

Maintenance of serum calcium levels within a narrow range is vital for the normal 

function of the nervous system, as well as for bone growth and preservation of 

bone density. The “vitamin D endocrine system” is an essential component of the 

interactions among kidney, bone, parathyroid gland, and intestine that regulates 

extracellular calcium levels [5]. 

The parathyroid gland cells sense the serum calcium level by means of calcium-

sensing receptors (CaSR). When calcium levels decrease, e.g. when dietary 

calcium intake is inadequate, the parathyroid glands secrete parathyroid hormone 

(PTH) that stimulate 1α-hydroxylase activity in our kidneys and probably other 
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cells in the body. The increased production of 1,25 (OH)2 vitamin D initiates 

changes in gene expression that normalize serum calcium in three different ways: 

1) by activating the vitamin D-dependent transport system in the small intestine, 

increasing the absorption of dietary calcium by upregulating the expression of 

epithelial calcium channels (transient receptor potential cation channel, subfamily 

V, member 6 [TRPV6]) and calcium-binding proteins (calbindin 9K). 

2) by increasing the mobilization of calcium from bone into the circulation when 

there is insufficient dietary calcium to maintain normal serum calcium levels (see 

Bone metabolism in the next section) and 

3) by increasing the reabsorption of calcium filtered by the kidneys. 

 

The vitamin D endocrine system is further a potent modulator of parathyroid 

function. Whereas vitamin D deficiency results in parathyroid hyperplasia and 

increased PTH secretion, 25-OH-vitamin D as well as 1,25 (OH)2 vitamin D 

administration inhibits PTH synthesis and parathyroid cell growth, thus rendering 

25-OH-vitamin D and 1,25 (OH)2 vitamin D therapy effective in treating the 

secondary hyperparathyroidism of chronic kidney disease [10]. 

 

Bone metabolism 

The renewal of bone (bone remodeling) is responsible for bone strength 

throughout our life. Old bone is removed by osteoclasts (resorption) and new bone 

is created by osteoblasts (formation). Vitamin D, when administered for severe 

vitamin D deficiency or in large doses, tends to increase the recruitment of 

osteoclasts and plays a part in the mineralization of bone matrix. A severe lack of 

vitamin D results in osteomalacia. Osteoblasts express the surface ligand RANKL 

(receptor activator of nuclear factor kB ligand), which can bind either RANK 

(receptor activator of nuclear factor kB) or osteoprotegerin (OPG), an osteoblast-

derived soluble decoy receptor. The binding of RANKL to RANK induces a 

signaling cascade that results in differentiation and maturation of osteoclasts 

which dissolve bone matrix and mobilize calcium and other minerals from the 

skeleton. Adequate calcium and phosphorus levels in the blood promote the 

mineralization of the skeleton. RANKL expression is stimulated by 1,25 (OH)2 

vitamin D as well as by PTH [11]. 1,25 (OH)2 vitamin D further inhibits OPG 
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production [12]. The regulation of calcium, phosphorus and bone metabolism is 

displayed in Figure 2. 

 

LIVER

25-hydroxylase

25-OH-vitamin D
(bound to GC)

KIDNEY

1α-hydroxylase

PARATHYROID 

GLAND

PTH

+

1,25 (OH)2 vitamin D
Calcitronic

acid
(water-soluble)

Bile

(excreted)

24-hydroxylase

+

Ca Absorption

INTESTINE

Ca2+ and HP4
2- absorption

BLOOD

Ca2+ and HP4
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BONE
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VDR-RXR
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+
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Figure 2: Synthesis and metabolism of vitamin D in the regulation of calcium, 
phosphorus and bone metabolism, modified from [4]. 
OBL: osteoblast, pOC: preosteoclast, mOC: mature osteoclast, RANKL: receptor 
activator of nuclear factor κB ligand, RANK: receptor for RANKL, VDR-RXR: 
vitamin D retinoid X-receptor complex, Ca2+: calcium, HPO42-: phosphorus, 
+:increase, -:decrease. 
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Blood Pressure Regulation 

The renin-angiotensin system (RAAS) is a hormone system that plays a major role 

in blood pressure regulation. The enzyme renin, produced in the kidneys, 

catalyzes the cleavage of angiotensin I from its precursor molecule 

angiotensinogen, a serum globulin produced in the liver. In a second step 

angiotensin converting enzyme (ACE) catalyzes the cleavage of angiotensin I to 

angiotensin II, a peptide with most potent vasoconstriction properties that causes 

small arteries to constrict resulting in an increase of blood pressure. Angiotensin II 

stimulates further the release of the hormone aldosterone from the adrenal cortex. 

Aldosterone increases reabsorption of sodium and water in the tubules of the 

kidneys. This increases the volume of fluid in the body and thus also blood 

pressure. 

1,25 (OH)2 vitamin D act as a negative endocrine regulator of the renin-

angiotensin system. Mice lacking the VDR gene (VDR-null mice), marked 

increases in renin expression and plasma angiotensin II production caused 

hypertension, cardiac hypertrophy, and increased water intake can be found. 

Since inappropriate activation of the renin-angiotensin system is thought to play a 

role in some forms of human hypertension, the achievement of adequate vitamin D 

levels may be important for decreasing the risk of high blood pressure [5, 13]. 

 

Insulin Secretion 

As the VDR is expressed by insulin-secreting cells of the pancreas 1,25 (OH)2 

vitamin D has been shown to increase insulin release from pancreatic islet cells in 

vitro, and to improve insulin secretion in vitamin D-deficient animals [14]. 

Insufficient vitamin D levels may have an adverse effect on insulin secretion and 

glucose tolerance in type 2 diabetes [15]. 

1.5.2 Autocrine and paracrine functions 

Anticancer effects 

The local production of 1,25 (OH)2 vitamin D in the breast, the colon and the 

prostate has been found to interfere with transduction pathways of various growth 

factor(s)-activated receptors (receptor tyrosine kinases). These receptors 

modulate transcription and alteration of genomic functions resulting in anticancer 
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actions such as inhibition of cell proliferation, facilitation of cell differentiation, 

induction of apoptosis and inhibiton of angiogenesis [16]. Some examples of 1,25 

(OH)2 vitamin D up and down regulated genes are given in Table 2 [17]. 

 Inhibition of cell proliferation and promotion of cell differentiation 

While cellular proliferation is essential for several physiological processes like 

growth, tissue renewal or wound healing, uncontrolled proliferation of cells with 

certain mutations become pathological in all cases of tumor groth whether benign 

or malignant. Differentiation leads to specialization of cells for specific functions 

and decreases proliferation. 1,25 (OH)2 vitamin D decreases cellular proliferation 

of both, normal cells and cancer cells and induces their terminal differentiation 

[18]. 

 Induction of apoptosis and inhibiton of angiogenesis 

Apoptosis is a genetically programmed self-destruct mechanism, where sequence 

of biochemical events (caspases) lead to a well organized cell death. Beside its 

physiological function in maintaining constancy of cell numbers in different tissues, 

apoptosis also prevents the possibility of mutational changes leading to 

malignancy after DNA damage by removal of such damaged cells. Dysregulated 

apoptosis has been found to be involved in the pathogenesis of many cancers 

[16]. 

Angiogenesis, a physiological and vital process for generating new blood vessels 

from pre-existing vessels, is in cancerogenesis a fundamental step in the transition 

of tumors from a dormant state to a malignant one as angiogenesis also provides 

the blood vessels to tumours for feeding them with nutrients for further growth [19]. 

Beside cancer prevention and cell death, 1,25 (OH)2 vitamin D can also cause 

tumor growth retardation as well as tumor regression because of its angiogenesis 

inhibitory action, which deprives the cancer cells of their nutrients and oxygen for 

growth and survival. Moreover, the young and immortal cancer cells never grow 

up, mature and die off [16]. 
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1,25 (OH)2 vitamin D 

positively regulated genes negatively regulated genes 

Prostate Colon  Breast Prostate Colon  Breast 

p21 p21 p21 CDK 2 c-myc CDK2 

p27 p27 p27 MMP-2 PPARδ CDK4 

IGFBP-3 E-cadherin TGF-β1  Tef-1 Cyclin D1 

IGFBP-5 ZO-1 HoxB4  CD44 Cyclin A 

E-cadherin ZO-2 IGFBP-3  Cyclin D1 Cyclin D3 

DUSP-10 24-hydroxylase IGFBP-5  Cyclin E c-myc 

TRR1 CAT1 24-hydroxylase  CDK2 MMP9 

SOD2 CAT2    CDK6   

AR c-Jun       

24-hydroxylase JunB       

Metallothioneins JunD       

  FREAC-1/Fox1       

  ZNF-4/KOX7       

  Plectin       

  Filamin       

  K13       

  Kallikrein 10       

  Protease M         

Table 2: Examples of 1,25 (OH)2 vitamin D-regulated genes in prostate-, colon- 
and breast cancer cells. Positively and negatively expression of these genes were 
confirmed by immunohistochemistry, Northern or Western blotting techniques, 
modified from [17]. 

 

Immune regulation  

Vitamin D in the form of 1,25 (OH)2 vitamin D is a potent immune system 

modulator. The VDR is expressed by most cells of the immune system, including T 

cells and antigen-presenting cells, such as dendritic cells and macrophages 

[20].Macrophages are able to produce 1α-hydroxylase to locally generate 1,25 

(OH)2 vitamin D [21]. There is a considerable number of publications reporting a 

variety of effects of 25-OH-vitamin D and 1,25 (OH)2 vitamin D on the immune 

system function such as enhancing innate immunity and inhibiting the 

development of autoimmunity [22, 23] 
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1.6 Vitamin D deficiency 

Definition 

The Endocrine Society defines vitamin D deficiency as a 25-OH-vitamin D level 

below 20 ng/ml (50 nmol/l) and vitamin D insufficiency as a 25-OH-vitamin D level 

of 21-29 ng/ml (52.5-72.5 nmol/l). It should be measured by a reliable assay, to 

evaluate vitamin D status in subjects who are at risk of vitamin D insufficiency.  

Using serum 1,25 (OH)2 vitamin D assays for this purpose is not advisable. It 

should be used only for monitoring certain conditions such as acquired and 

inherited disorders of vitamin D and phosphate metabolism.  

Further, the Endocrine Society recommends in 2011 prescribing vitamin D 

supplementation for fall prevention and bone health but not for the purpose of 

achieving non-skeletal benefits like prevention of cardiovascular disease or death 

or improving quality of life [24]. 

Prevalence 

Vitamin D insufficiency affects almost 50% of the population worldwide [4]. An 

estimated 1 billion men worldwide, across all ethnicities and age groups, show a 

vitamin D deficiency [25]. Vitamin D insufficiency is common in Australia, the 

Middle East, India, Africa, South America and Europe [4, 26, 27, 28]. 26% of the 

Austrian population have vitamin D deficiency with serum levels <12 ng/ml [29]. 

Causes 

The major source of vitamin D is exposure to natural sunlight [30]. Very few foods 

naturally contain or are fortified with vitamin D. Thus, the major cause of vitamin D 

deficiency is inadequate exposure to sunlight [31, 32]. Wearing a sunscreen with a 

sun protection factor of 30 reduces vitamin D synthesis in the skin by more than 

95% [33]. People with a naturally dark skin tone have natural sun protection and 

require sun exposure to be at least three to five times longer in order to produce 

the same amount of vitamin D as a person with a white skin tone [34].  
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In addition, there is an inverse association of serum 25-OH-vitamin D and body 

mass index (BMI), and thus, obesity is associated with vitamin D deficiency [35]. 

Further, decreased hydroxylation of vitamin D to 25-OH-vitamin D (liver diseases, 

mutations of the 25-hydroxylase gene, drugs) and or decreased 1α-hydroxylation 

of 25-OH-vitamin D to 1,25 (OH)2 vitamin D (chronic kidney disease, mutations of 

the 1α-hydroxylase gene, drugs) may be, among others, rare causes of vitamin D 

insufficiency. 

Skeletal consequences 

As described in more detail in the previous chapter, vitamin D is essential for bone 

health. Vitamin D deficiency results in abnormalities in calcium, phosphorus, and 

bone metabolism. A decrease in the efficiency of intestinal calcium and 

phosphorus absorption of dietary calcium and phosphorus, resulting in an increase 

in PTH levels, is the consequence [36, 37]. The so-called secondary 

hyperparathyroidism maintains serum calcium in the normal range at the expense 

of mobilizing calcium from the skeleton. An increase in bone resorption is the 

consequence. The PTH-mediated rise in osteoclastic activity leads to bone 

weakness and causes a decrease in bone mineral density (BMD), resulting in 

osteopenia and osteoporosis. Further secondary hyperparathyroidism is 

accompanied by phosphaturia resulting in low serum phosphorus level, increasing 

the mineralization defect in the skeleton. In young children who have little mineral 

in their skeleton, this defect results in a variety of skeletal deformities classically 

known as rickets. In adults, the epiphyseal plates are closed, and there is enough 

mineral in the skeleton to prevent skeletal deformities so that this mineralization 

defect, known as an osteomalacia, often goes undetected. However, osteomalacia 

causes a decrease in BMD and is associated with isolated or generalized pain in 

bones and muscles [38, 39]. Vitamin D deficiency also causes muscle weakness; 

some affected children have difficulties in standing and walking [40, 41], whereas 

the elderly have increasing sway and more frequent falls [42, 43], thereby 

increasing their risk of bone fractures. 
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2. DNA – THE SECRET OF LIFE 

The discovery of the DNA – a scientific breakthrough 

The sentence "This structure has novel 

features which are of considerable 

biological interest" may be one of science's 

most famous understatements. It appeared 

in April 1953 in the scientific paper [44]. 

where James Watson and Francis Crick 

presented the structure of the DNA-helix, 

the molecule that carries genetic 

information from one generation to the 

next. Nine years later, in 1962, they shared the Nobel Prize in Physiology or 

Medicine with Maurice Wilkins for solving one of the most important biological 

riddles [45. 

But in fact it was the work of many scientists that paved the way for the exploration 

of the DNA. Almost a century before in 1868, a young Swiss physician named 

Friedrich Mischer isolated an unknown compound from the nuclei of cells that he 

named “nuclein”, today commonly known as nucleic acid [46]. 

Two years earlier 1866 the Czech monk Gregor Mendel had finished a series of 

experiments with peas. His observations turned out to be closely connected to the 

finding of nuclein. In his studies Mendel showed that certain traits in the peas, 

such as shape or color, were inherited in different “packages”, which we call genes 

today [47]. 

For a long time the connection between nucleic acid and genes was not known. In 

1944 the American scientist Oswald Avery managed to prove that genes were 

made of nucleic acid when transferring the ability to cause disease from one strain 

of bacteria to another. The previously harmless bacteria could now pass the new 

trait along to the next generation. What Avery had transferred was nucleic acid. 

In the late 1940s the members of the scientific community were aware that DNA 

was most likely the key molecule to life, even though many were doubtful since it 

seemed so simple. It was understood that DNA had to contain different amounts of 

Figure 3: Francis Crick and James 
Watson, 1953. Photo: Cold Spring 

Harbor Laboratory Archives.
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the four bases adenine (A), thymine (T), guanine (G) and cytosine (C) but nobody 

had the slightest idea of what the molecule might look like [48]. 

To solve the puzzle “structure of DNA” Watson and Crick had to combine a couple 

of distinct pieces of information discovered from different scientists like Rosalind 

Franklin, Maurice Wilkins, Linus Pauling, and Erwin Chargoff. Franklin discovered 

that the phosphate backbone of DNA lies on the outside of the molecule not on the 

inside as was previously thought and that the shape of the molecule was a double 

helix [49]. It's commonly believed that James Watson and Francis Crick 

discovered the double helix shape of DNA. But in fact, they based their work on 

their colleagues´ results at King's College in London. It was also important to 

understand that two strands run in opposite directions and the specific base 

pairing inside the molecule [50]. Watson and Crick used stick-and-ball models to 

test their ideas on the possible structure of the DNA. Finally they set up a valid 

model containing all the information available at the time. This structure published 

in their famous Nature paper in April 1953, explained how the DNA molecule could 

replicate itself during cell division, enabling organisms to reproduce with amazing 

accuracy except for occasional mutations [51]. 

The structure of the DNA 

The DNA molecule is built up of two chains of several thousands of linked 

nucleotides, which are twisted like a double helix (Figure 4). Each nucleotide 

consists of a phosphate group, a deoxyribose and a nitrogenous base. 4 bases 

occur in the DNA: the purine bases cytosine and thymidine and the pyrimidine 

bases adenine and guanine. The two strains of the molecule run anti-parallel, 

meaning they run in opposite directions (5´ to 3´ and 3´ to 5´). The sugar 

phosphate bone is on the outside of the helix and the bases are on the inside. The 

backbone looks like a ladder, whereas the bases in the middle form the rungs of 

the ladder. Each rung of the ladder is made up of two corresponding bases 

connected by hydrogen bonds: adenine and thymine are connected by two 

hydrogen bonds, whereas cytosine and guanine build up a (stronger) triple 

hydrogen bond. The base pairing is thus restricted. This restriction assures the 

duplication of the DNA in the chromosomes preceding cell division (replication), 

the transfer of information from the DNA template to RNA (ribonucleic acid) codes 
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(transcription) which can then be translated into specific proteins on the ribosome 

in the cytoplasm (translation). 

Unfolding the DNA molecule is required for replication. The DNA double helix gets 

temporarily unzipped in two long stretches of sugar-phosphate backbone with a 

line of free bases sticking up from it like the teeth of a comb. Each half will then be 

the template for a new, complementary strand. 

d

 

Figure 4: Structure of the DNA molecule, modified from [52]. 

a: sugar-phosphate backbone, b: position of the bases 
c: hydrogen bonds, d: nucleotide 
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3. GENETIC EPIDEMIOLOGY 

Genetic epidemiology focuses on the identification of genetic information 

(markers) to improve health and prevent disease in families as well as in the 

general population. As a part of public health, it is influencing health policy 

decisions and evidence-based medicine by identifying genetic risk factors for 

diseases and targets for preventive medicine. 

3.1 Basic genetic background 

This section describes basic genetic background information to understand the 

principles of genetic epidemiology. 

Single nucleotide polymorphism (SNP) 

In the last 20 years knowledge of the human genome and polymorphisms (genetic 

variation in the DNA sequence on a certain locus) increased. In general, DNA 

variations with a frequency of ≥ 0.01 (1%) are defined as polymorphisms whereas 

variations with a frequency < 0.01 as mutations. Any two human genomes differ in 

millions of polymorphisms. These variations in the genomes may cause alterations 

in an individual's traits, or phenotype, which can be anything from disease risk to 

physical properties such as height [53]. The most frequent class of polymorphism 

is the single nucleotide polymorphism. This naturally occurring genetic variability 

describes a variation in a single base at a certain position (locus) in the DNA 

sequence. On average, SNPs are believed to be present every 300 to 1000 DNA 

bases. Thus, several million nucleotide positions are exchanged in the human 

genome. Larger variations such as deletions (a missing part of a chromosome or 

DNA sequence), insertions (addition of one or more nucleotide base pairs (bp), 

short tandem repeat (repeating sequences of 2 to 6 base pairs of DNA) or copy 

number variations (an abnormal number of copies of one or more sections of DNA 

due to alterations of the DNA in the cell) are less frequent. 

SNPs usually occur more frequently in non-coding regions or intergenic regions 

than in coding regions. SNPs within a coding sequence do not necessarily change 

the amino acid sequence of the produced protein, due to degeneration of the 

genetic code. A SNP, in which both possible bases produce the same polypeptide 

sequence and therefore an unchanged protein, is called a synonymous or silent 
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polymorphism. If a different protein sequence is produced the type of 

polymorphism is a non-synonymous or replacement polymorphism. Replacement 

polymorphisms may be either missense, resulting in a different amino acid, or 

nonsense with the consequence of generating a premature stop codon within the 

coding region of the gene for a protein. Over half of all known disease mutations 

come from replacement polymorphisms [54]. SNPs that are not in protein-coding 

regions may affect other gene functions like splicing, transcription factor binding, 

mRNA (messenger ribonucleic acid) degradation, or the sequence of non-coding 

RNA. 

A SNP is characterized by its genotype, which consists of the two possible bases 

at a certain locus, so-called alleles, one for each chromosome in the diploid 

genome. The more frequent allele in a population is called the wild type (“normal”) 

allele, whereas the less frequent version is referred to as the mutant allele or a 

“variant”. Therefore, a genotype can be homozygous (both alleles carry the same 

nucleotide) for the wild type or the mutant allele whereas a heterozygous (each 

allele carries a different nucleotide) genotype shows one wild type and one mutant 

allele. 

 

CTAACTCCC

GATTGAGGG

CTAATTCCC

GATTAAGGG
 

Figure 5: Scheme of a C/T single nucleotide polymorphism, modified from 55. 

Mostly, but not always, the mutant variant is disease-related. Some phenotypes 

(the physical appearance of an organism as a result of the interaction of its 

genotype and the environment) need both mutated alleles (recessive inheritance) 

to develop a certain phenotype, whereas in others one mutated allele (dominant 

inheritance) is sufficient. 

The factor V Leiden polymorphism (1601G>A, R506Q), for example, first 

described in Leiden (Netherlands) by Bertina et al. [56] in 1994, is the most 

common hereditary hypercoagulability disorder amongst Eurasians [57]. In the 

DNA sequence at position 1691 (=locus) a guanine (G) is replaced by an 
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adenosine (A) resulting in an amino acid change from glutamine (Q) to arginine 

(R) at position 534 in the protein. This amino acid change happens in the gene 

encoding the coagulation factor V, a member of the coagulation cascade. Normally 

this protein gets partly cleaved by activated protein C causing an inactivation of 

this factor for preventing hypercoagulation. The described amino acid exchange 

leads to resistance of Factor V to activated protein C (APCR, activated protein C 

resistance), resulting in a higher risk for venous thrombosis [58]. 

Genotype Frequency Commentary 

GG 92% 
Homozygous for both wild type alleles. 
No Factor V Leiden variant detectable. 
Normal coagulation. 

GA 8% 

Heterozygous for one Factor V Leiden allele. 
One mutated and one wild type allele.  
Half of all synthesized Factor V molecules is 
physiological and half cannot be inactivated. 
The relative risk of venous thrombosis is 
increased approximately 3- to 8-fold. 

AA < 0.1% 

Homozygous for both factor V Leiden alleles. 
Two mutated alleles. All synthesized Factor V 
molecules cannot be inactivated. 
The relative risk of venous thrombosis is 
therefore increased approximately 20- to 80-
fold. 

Table 3: Factor V Leiden genotypes and their risk for venous thrombosis, modified 
from 59. 

 

Gene dose effect 

In general, the gene product in wild types is considered physiological. If a person 

is heterozygous for a certain polymorphism one allele is “normal” and one may 

produce a changed amount or impaired gene product (e.g. a protein). 

Homozygosity for the mutated allele of a functional SNP implies that no or 

impaired protein is translated. This effect is described as gene dose effect. 

The recently discovered LCT-13910 C/T polymorphism [60], one of the genetic 

causes for adult type of lactose intolerance in Europeans, is an example of a 

classical gene dose effect. Lactose intolerance (adult type hypolactasia) is the 

inability to digest and absorb lactose resulting in gastrointestinal symptoms like 
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abdominal pain, diarrhoea or flatulence when milk or dairy products are ingested. 

In order for lactose to be absorbed from the intestine it must first be split by the 

enzyme lactase into glucose and galactose. This enzymatic reaction happens on 

the surface of the cells that line the small intestine. Lactose intolerance is thus 

caused by reduced or absent activity of lactase that prevents the splitting of 

lactose due to the LCT-13910 C/T polymorphism. About 40% of Austrians show a 

wild type genotype (TT) and produce normal amounts of lactase. Individuals with 

one effected allele (heterozygous CT genotype with a frequency of 45%) produce 

half the amount of lactase, which is still sufficient for digesting a normal amount of 

milk consumption. Patients with two affected alleles (homozygous CC genotype 

with a frequency of 15%) do not produce any lactase and should therefore avoid 

milk containing products to circumvent clinical symptoms. This more or less linear 

relationship between the phenotype and the number of mutated alleles is, as 

mentioned above, defined as gene dose effect. 

 

SNPs as markers 

SNPs have properties and frequencies in the human genome that make them 

attractive as markers or tools for identification of genes in as yet uncharacterized 

parts of the genome that may have some relation to specific diseases. There are 

great expectations that SNPs will be useful in identifying candidate genes that 

contribute to population-wide, polygenic diseases. 

At present several initiatives are ongoing to exploit the information contents of 

genetic variability. Their purpose is to 

 identify genes that contribute to diseases, 

 identify gene targets for development of new therapeutic principles, 

 identify genes that may predict outcome from therapy [61]. 

 

SNPs are used as essential tools in different concepts of genetic epidemiology. 
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Concepts of genetic epidemiology 

Linkage Analysis 

Genetic linkage analysis can be used to identify regions of the genome which 

contain genes that predispose to traits or diseases. 

Linkage1 and linkage disequilibrium2 are two key concepts in genetic 

epidemiology. Two loci in linkage disequilibrium will also be linked, but the reverse 

is not necessarily true. Linkage analysis is often the first stage in the genetic 

investigation of a trait. It can be used to identify broad genomic regions that might 

contain a disease gene, even in absence of previous biologically driven 

hypotheses. If a trait is often passed to offsprings along with a genetic marker (e.g. 

a SNP), then it can be concluded that gene(s) which are responsible for the trait 

are located close to these genetic markers on the chromosome. By genotyping 

these genetic markers and studying their segregation through pedigrees, it is 

possible to infer their position relative to each other on the genome. This process 

can be done to map genetic markers or to map disease or trait loci. Nowadays, 

there exist many sets of linkagemapping markers, in which the markers have been 

selected to be regularly spaced across the genome (for example, the Marshfield 

Clinic resource) [62]. 

 

Genetic association study 

Genetic association studies aim to discover association(s) between one or more 

genetic polymorphisms and a trait, which might be some quantitative characteristic 

or a discrete attribute or a disease. An association study differs from a linkage 

study in that the same allele (or alleles) is (are) associated with the trait in a similar 

manner across the whole population, while linkage allows different alleles to be 

associated with the trait in different families. Nevertheless, genetic associations 

arise because of the fact that human populations share common ancestry and it 

                                                 
1
 Genetic linkage is the tendency of genes that are located proximal to each other on a chromosome to be inherited 

together during meiosis. Genes whose loci are nearer to each other are less likely to be separated onto different chromatids 

during chromosomal crossover, and are therefore said to be genetically linked. 

2 Two genetic loci are in linkage disequilibrium if, across the population as a whole, are found together on the same 

haplotype more often or less often than would be expected from a random formation of haplotypes from alleles based on 

their frequencies (Hardy Weinberg equilibrium). 
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has been argued that association studies are a special form of linkage study in 

which the extended family is the wider population. 

Genetic susceptibility to common complex disorders probably involves many 

genes, with smaller effects. This fact, together with the identification of large 

numbers of SNPs throughout the genome and rapidly decreasing genotyping 

costs, has led to the importance of association studies in genetic epidemiology. 

There are three reasons why association between a genetic marker and a trait 

might occure in a given population: (1) the polymorphism has a causal role, (2) the 

polymorphism has no causal role but is associated with a nearby causal variant, or 

(3) the association is due to some underlying stratification or admixture of the 

population (bias, see 3.2 The good and the bad fellows of epidemiologic studies). 

 

Direct association: 

This type of study is the easiest to analyse and the most powerful, but the difficulty 

is the identification of candidate polymorphisms. A mutation in a codon which 

leads to an aminoacid change is a candidate causal variant. However, it is likely 

that many causal variants responsible for heritability of common complex disorders 

will be non-coding. 

 

Indirect association: 

The polymorphism is a surrogate for the causal locus. This type of association 

allows us to search for causal genes in an indirect manner. However, indirect 

associations are weaker than the direct ones and usually it will be necessary to 

type several surrounding markers to have a high chance of picking up an indirect 

association. 

 

Confounded association: 

The final type of association is that due to confounding by stratification and 

admixture (substructure) within the population. Confounding, as in the rest of 

epidemiology, raises the possibility both of generating false findings (positive 

confounding) or obscuring true causal associations (negative confounding). In the 
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next chapter the term “confounding” is described in to more detail (see “The good 

and the bad fellows of epidemiologic studies”). 

 

Genome-wide association studies 

GWA studies provide the possibility to analyze millions of genetic variants 

(typically SNPs) in one analysis in different individuals to investigate if any variant 

is associated with a specific trait. 

In addition to the concept itself other factors made GWA studies possible. One 

was the advent of biobanks, which are repositories of human genetic material 

which have greatly reduced the cost and difficulty of collecting sufficient numbers 

of biological specimens for study [63]. Another was the International HapMap 

Project which from 2003 onwards has identified a majority of the common SNPs 

which are interrogated in GWA studies [64]. The haploblock structure3 identified by 

the HapMap project allowed the focus on the subset of SNPs that would describe 

most of the variation [65, 66]. Further, the development of the methods to 

genotype SNPs using genotyping arrays was an important prearrangement [67]. 

GWA studies compare DNA of people affected with a disease (cases) with DNA of 

healthy people (controls). The DNA of all participants is investigated using SNP 

arrays. 

A SNP array or SNP chip is a collection of microscopic DNA spots attached to a 

solid surface. They are used to genotype multiple regions of the genome 

simultaneously. Each DNA spot contains picomoles of specific DNA sequence, so 

called probes (oligos). These short specific sequences, comprising one specific 

SNP each, are used to hybridize the restricted, amplified and fluorophore labelled 

target sample (DNA) under high stringency conditions. Probe-target hybridization 

is quantified by detection of fluorescence to determine relative abundance of 

nucleic acid sequences in the target [68]. The two most prominent providers of 

DNA chips are Affymetrix and Illumina. 

                                                 
3 Haplotype block: is a combination of alleles at adjacent loci on the chromosome that are transmitted together. A 

haplotype may be one locus, several loci, or an entire chromosome depending on the number of recombination events that 
have occurred between a given set of loci. In context with SNPs a haplotype is a set of SNPs on a single chromosome of a 
chromosome pair that is statistically associated. It is assumed that these associations, and the identification of a few alleles 
of a haplotype block, can unambiguously identify all other polymorphic sites in its region. Such information is very valuable 
for investigating the genetics behind common diseases, and has been investigated in the human species by the 
International HapMap Project. 
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The exact number of SNPs per chip depends on the study, but is typically up to a 

million. Each of these SNPs is genotyped in one single run by loading a chip with 

the participants DNA. Aim of GWA studies is to investigate if allele frequencies are 

significantly altered between the case and the control group [69]. Associated SNPs 

are considered to mark a region of the human genome which influences the risk of 

disease. One should keep in mind that GWA studies identify SNPs in the DNA, 

which are associated with a disease but cannot on their own specify which genes 

or variants are causal [70, 71]. In other words these SNPs may not be the causal 

ones but rather be in linkage disequilibrium with them. In this analysis the 

fundamental unit for reporting effect sizes is the odds ratio (OR)4. Additionally, a p-

value5 for the significance of the odds OR is typically calculated using a simple chi-

squared test6 [72]. 

In contrast to methods which specifically test one or a few genetic regions, the 

GWA studies investigate the entire genome. The approach is therefore non-

candidate-driven in contrast to gene-specific candidate-driven studies. GWA 

studies typically identify hypothesis-free new genetic markers in discovery cohorts, 

which should be validated in independent replication cohorts. 

The results of ORs and p-values can be illustrated in a Manhattan plot. This plot 

shows the negative logarithm of the p-value as a function of genomic location. 

Thus the SNPs with the most significant association will stand out on the plot, 

usually as stacks of points because of haploblock structure. Importantly, the p-

value threshold for significance is due to the hypothesis-free approach of GWA 

studies, corrected for multiple testing issues. The exact thresholds vary by study, 

but typically p-values must be very low (10 to the power of -7 or -8) to be 

considered significant in the face of the millions of tested SNPs. 

                                                 
4 The odds ratio reports the ratio between two proportions: the proportion of individuals in the case group having a specific 

allele, and the proportions of individuals in the control group having the same allele. When the allele frequency in the case 
group is much higher than in the control group, the odds ratio will be higher than 1, and vice versa for lower allele frequency. 

5 The p-value is a marker of the probability in statistical hypothesis testing. This value displays the propability of obtaining a 
test statistic at least as extreme as the one that was actually observed, assuming that the null hypothesis (there is no 
difference between two observed samples) is true. A more detailed description is given in the next chapter (Statistical 
significance). 

6 The chi-squared test is any statistical hypothesis test used to compare observed data with data we would expect to 
obtain according to a specific hypothesis. The null hypothesis, which states that there is no significant difference between 
the expected and observed result, is valid until the p-value reaches significance (usually p≤0.05). In other words it displays 
how much deviation can occur before the investigator must conclude that something other than chance is at work, causing 
the observed to differ from the expected. 

http://en.wikipedia.org/wiki/Allele_frequency
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Figure 6: This Manhattan plot shows the statistical association between SNPs and 
a disease. Dots represent the SNPs and the bands of different tones different 
chromosomes. In this figure, an association between chromosome 5 SNPs and 
the disease is presented (red circle). The green line represents the level of 
statistical significance of the p-value, modified from [73]. 

Once new genetic associations are identified, researchers can use the information 

to develop better strategies to detect, treat and prevent the disease, typically 

common diseases such as asthma, cancer or diabetes [74]. 

3.2 The good and the bad fellows of epidemiologic 
studies 

When interpreting study results some important definitions and possible errors in 

measurement should be taken into account, which might influence results 

drastically. 

Causality/Causation 

Causality/Causation is the relationship between one or more variables/events (the 

“causes”, e.g. exposure) and a second variable/event (the “effect”, e.g. an 

outcome), where the second event is understood as a consequence of the first. 

Anything that leads to an effect (directly or indirectly) is a factor of that effect. 

 

Exposure Outcome
 

Table 4: Causality: the relationship of exposure and outcome. 
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Reverse causation 

Reverse causation describes the phenomenon if an assumed cause is not the 

cause but the consequence of an effect. For example elevated homocystein levels 

are associtated with coronary artery disease. It seems that the increased 

biomarker causes the disease but in fact arteriosclerosis leads to elevated levels 

of homocysteine and not vice versa. In an observation, we often cannot be sure 

which came first the chicken (exposure or biomarker) or the egg (outcome or 

disease): did a chicken cause the egg to come into existence or was it the egg that 

caused the chicken to come into existence? Scienticts have to be aware of reverse 

causality when interpreting results of associated variables in observational studies. 

Association 

An association is any relationship between two measured quantities (e.g. variables 

for exposure and outcome) that renders them statistically dependent [75] whereas 

a correlation refers to a linear relationship between two quantities. One should be 

aware that neither the term association nor a correlation implies causality. 

A genetic association is the occurrence of two or more traits in a population of 

individuals, of which at least one is due to a genetic variation. Genetic association 

studies work with the advantage that the genetic factor can always be seen as 

direct factor (respectively as a part of the cause) leading to the effect. It should be 

taken into account, however, that the genetic factor might play an underpart or 

small role in comparison to other factors like environmental factors or lifestyle in 

explaining the whole phenotype/ trait. 

 

Exposure Outcome
 

Table 5: Association: the relationship of exposure and outcome. 

 

The findings of any associations in epidemiological studies may be due to four 

possibilities: 

1. a true effect (causal relationship) 

2. chance or random error, 
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3. bias 

4. confounding 

While the results may reflect a true effect of an exposure(s) on the development of 

the outcome under investigation, it should always be considered that the findings 

might be in fact due to an alternative (2-4) explanation [76]. These errors may not 

only lead us to conclude the existence of a valid statistical association when it 

does not exist but also, alternatively, to the absence of an association when one is 

truly present. Bias and confounding are types of error that must be managed in the 

collection, analysis, and interpretation of research data [77]. 

A famous example to demonstrate the difference of associaton and causation is 

the following: The number of storks per year nesting in small villages of a given 

country and the number of newborns in these villages are clearly associated. So 

one may conclude that babies are brought by storks. A closer look reveals that the 

number of storks as well as the number of newborns reflects the size of a village: a 

larger village has more families producing more newborns and has more roofs 

allowing more storks to nest [78]. 

Statistical significance 

When used in statistics, the word significant does not mean important or 

meaningful, as it does in everydays speech. 

Statistical significance refers to whether any difference observed between groups 

being studied is a real difference or is just arises by chance. The fundamental 

challenge is that any hypothesis is prone to random error. In statistical testing a 

result is statistically significant if the observed difference is so extreme that such a 

result would be expected to occure only due to chance is highly unlikely. Hence, 

the result provides enough evidence to reject the hypothesis of “no difference” 

(null hypothesis, H0). 

The level of significance is usually depicted by the greek symbol α. The level of 

significance is selected a priori to statistical analysis of a study. Popular levels of 

significance are: 10% (0.1), 5% (0.05), 1% (0.01), 0.5% (0.005), and 0.1% (0.001), 

for many applications, a level of 5% is chosen by convention. The lower the 

significance level chosen, the stronger the evidence required. If a test of 
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significance gives a p-value lower than the significance level than the H0 is 

rejected. Such results are informally referred to as “statistically significant” [79]. 

Bias 

A bias is an error caused by systematically favouring some outcomes over others 

[80]. They can occur in any research of genetic epidemiology and reflect the 

potential that the sample studied is not representative of the general population 

[81]. The best way to avoid bias is a carefully considered study design.Some 

common types of bias as examples: 

Information bias: A systematic distortion or error that arises from the procedures 

used for classification or measurement of the disease, the exposure or other 

important variables. 

Recall bias: Retrospective cohort studies are prone to recall biases, a subtype of 

the information bias. People who suffer from an outcome of interest are more likely 

to rember certain antecedents, or exaggerate or minimise what they consider to be 

risk factors. For example, investigators studying an adverse health condition of 

unknown cause may question a population with the condition and a control 

population without the condition about an exposure plausibly linked with the health 

effect (case control study). Those who have the condition may be more likely to 

recall and report an exposure to a suspected agent as a consequence of 

experiencing, and desiring an explanation for, an adverse health condition. 

Conversely, the unaffected population may be more likely to forget about 

exposures of interest. The recall bias becomes especially important in 

retrospective studies when the interval between the event and the administration 

of the study questionnaire is long [77]. 

Selection bias: Because it is not possible to include all individuals with a specific 

disease or exposure in a research study, a sampling of the population must be 

selected. Selection bias describes the differential selection of study subjects that 

may obscure or exaggerate a causal association [82]. These subjects may differ 

systematically in factors such as health behaviour, socioeconomic status, 

educational level, age, or ethnicity. A classic example is that people who respond 

to questionnaires tend to be fitter and more motivated then those who do not. As a 



  Genetic Epidemiology 

39 

consequence the persons participating in the study tend to be fitter and do not 

represent the general population. 

Publication bias: Publication bias occurs when the decision to publish a study is 

influenced by the direction of the study results. Although this type of bias does not 

affect the results of individual studies, it can be apparent in reviews, most notably 

meta-analyses, and, less formally, in the general understanding of either an 

exposure effect or treatment effect based on published literature [77]. 

Confounding 

Confounding is an association between two variables of (e.g., an exposure and an 

illness) that appears to be direct and causal. However, in fact the association only 

exists because of one or more unconsidered variable(s) and thus leads to spurious 

interpretation of their relationship [83]. A confounding variable is independently 

associated with both, the variable of interest pretending to be causal for the 

outcome and the outcome of interest itself. The effects of confounding can result 

in: 

 An observed difference between study populations when no real difference 

exists. 

 No observed difference between study populations when a true association 

does exist. 

 An underestimate of an effect. 

 An overestimate of an effect. 

Statistical models should get adjusted for potential confounding factors. For 

example the outcome weight should be adjusted for sex (men are heavier than 

women), age (adolescents are heavier that infants) and height (tall people are 

heavier that small people). 
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Exposure Outcome

Confounding

factors
 

Table 6: Confounding: the relationship of exposure, outcome and confounding 
factors. 

Effects of small magnitude 

Biomedical studies sometimes come across small effects of risk factors and 

interventions, especially in genetic research. GWA studies discover mostly risk 

variants with ORs <1.2 [84, 85]. Since large cohorts, biobanks, consortia and 

extensive meta- analyses are increasing the situation where very small effects 

reach nominal statistical significance become increasingly common. Large effects 

as the association between smoking and lung cancer in lifestyle epidemiology are 

rare [86]. Very small effects may still have clinical and public health relevance, 

when they affect a large segment of the population, or when many small effects 

act together (composite risk). Simplified interpretation of small effects may be 

misleading [87], but effects of risk factors and interventions, regardless of their 

magnitude are important, but have to be interpreted accordingly [86]. 

3.3 Study types in epidemiology 

Epidemiology (Greek; epi: on or upon, demos: people and logos: the study of) is 

the study of determinants of health-related aspects in specified populations, their 

distribution and the application to the control of health problems [88]. This basic 

science of public health is a highly quantitative discipline based on principles of 

statistics and research methodologies. In other words epidemiologists study the 

distribution of frequencies and patterns of health events within groups in a 

population. They use descriptive epidemiology, which characterizes health events 

in terms of time, place, and person [89]. A further application is the search for 

causes or factors that are associated with increased risk or probability of disease. 
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A differentiation between the two major study types “observational” and 

“experimental” studies is illustrated in Figure 7 [90]. In the following section both 

types of studies are going to be elucidated. The degree of evidence of the different 

study types is displayed in Figure 8 [91]. 

 

Study Types in 

Epidemiology

Observational Studies Experimental Studies

Cross-

Sectional

Case

Control
Cohort Clinical Trial

+ RCT

Interventional

Study
Labor 

experiment

Prospective Retrospective

MR

 

Figure 7: Study types in epidemiology, modified from [90]. 
MR: Mendelian Randomization, RCT: Randomized Controlled Trial. 
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Figure 8: Increasing evidence in epidemiological studies based on the ability to 
control for bias and to demonstrate cause and effects in humans. The concept of 
Mendelian Randomization is unaccounted in this illustration, modified from [91]. 
RCT: randomized controlled trial 

 

3.3.1 Observational Studies 

This group of studies is also referred to as non-experimental studies because they 

are based on observations that take place under natural conditions and should 

discover relationships between changes that already exist without any 

manipulation or experimentation. The investigator can only observe the effect of 

the exposure on the study subjects; he or she plays no role in assigning exposure 

to the study subjects. This makes observational studies much more vulnerable to 

methodological problems [92]. A short overview of this study type is given in Table 

7 [93]. An example may be the retrospective investigation if playing video games 

with violent content makes kids more prone to violent behaviour. Parents then may 

be asked how often their children play video games and whether they play games 

with a violent background. Afterwards, one might let the children play in a 

controlled environment with other children. The children should be observed to 

identify any violent behaviour. 
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Observational studies have brought important insights into disease aetiology [94]. 

Appropriate use permits investigation of prevalence, incidence, associations, 

causes and outcomes. Nevertheless the validity of these studies has been 

questioned over the past decade due to the fact that the role of selected risk (or 

protective) factors identified via observational studies could not be confirmed by 

subsequent large randomized controlled trials (RCT), the gold standard in 

experimental epidemiology [95]. On the other hand one cannot, for ethical, 

financial and practical reasons, randomize risk factors using controlled trials in 

humans for all possible risk factors [96]. Therefore, identification of risk factors still 

relies on observational studies even if confounding factors, reverse causation, 

and/ or biases may cause conflicting results [97]. The approach of Mendelian 

randomization is a possibility to estimate a causal effect between a specific 

modifiable risk factor (e.g. a biomarker) and a trait or disease of interest 

(phenotype) by using genetic variants. In this regard, Mendelian randomization 

can be thought of as a “natural” RCT in the group of observational studies [98]. 
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Study Type 
Methodological 
approach 

Advantages Disadvantages 

Case-control 
study 

Sampling conducted 
with respect to 
disease status 
Estimates the odds of 
having been exposed 
to a risk factor given 
the current case-
control status 

Low costs in 
relation to efficiency 

Disease and exposure status 
determined simultaneously, 
making the temporal sequence of 
events often difficult to establish 

Cross- 
sectional 
study  

Includes all 
individuals of a 
population regardless 
of exposure or 
disease status 

Low costs in 
relation to efficiency 

Disease and exposure status 
determined simultaneously, 
making the temporal sequence of 
events often difficult to establish 
Overrepresentation of cases with 
long duration and under 
representation of cases with 
short duration of illness, leading 
to bias 

Cohort study 
 

Sampling conducted 
with respect to 
exposure status 

Exposure status is 
ascertained before 
the occurrence of 
disease, allowing 
incidence rates of 
disease to be 
calculated in people 
with and without risk 
factors 

Requires the follow up of a large 
number of individuals until 
disease development and, 
hence, is costly  
Difficult to control confounding 
variables and maintain high 
follow-up rates 
Adverse outcomes may occur 
before the onset of the disease 
of interest, leading to survival 
bias 

Mendelian 
randomization 
study 

Unbiased 
randomization by 
randomly assignment 
of genes during 
meiosis determining 
a certain risk factor 
for an outcome  

“Natural RCT”, 
unbiased estimates 
of effects 
(associations) can 
be obtained 

Requires fulfilled key 
assumptions for a genotype to be 
used as instrument 
Not unrestricted applicable to 
binary outcomes 

Table 7: Study types of epidemiology: observational studies (non-experimental 
studies) modified from [93]. 

 

Cross-sectional studies 

Cross-sectional studies aim to provide data of the entire population at one specific 

point of time, generated by observation. This descriptive study type is primarily 

used to determine prevalence, which influences considerably the likelihood of any 

particular diagnosis and the predictive value of any investigation. If interpreted with 
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respect to possible confounding, cross-sectional studies can further be used to 

infer causation. The subjects are assessed to determine whether they were 

exposed to the relevant agent and whether they have the outcome of interest at 

one point in time. Some of the subjects will not have been exposed nor have the 

outcome of interest. This clearly distinguishes this type of study from the other 

observational studies (cohort and case controlled) where reference to either 

exposure and/or outcome is made [99]. ORs, absolute and relative risks can be 

calculated from this type of data. 

The use of routinely collected data allows large cross-sectional studies to be quick 

and cheap, the most important advantage of this study type. In contrast, the most 

important challenge is differentiating between cause and effect from a discovered 

association. Further, they often rely on data originally collected for other purposes 

and are not suitable to study rare diseases. Difficulty in recalling past events may 

provoke bias. 

 

Population

Selected samples

Risk factor

Disease present

Risk factor

Disease present

Risk factor

No disease

Risk factor

No disease
 

Figure 9: Study design of a cross-sectional study, modified from 99. 

 

Case-control studies 

When conditions are rare, case-control studies generate a lot of information from 

relatively small sample sizes. People with an outcome of interest are matched with 

a control group and compared retrospectively. ORs, which determine the relative 

importance of a predictor variable in relation to presence or absence of the 

outcome and usually approximate the relative risk, can be calculated from this 
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study type. Case-control studies are very useful for generating hypotheses for 

further studies [99]. 

 

Study individuals

Selected cases Selected controls

Exposed ExposedNot exposed Not exposed
 

Figure 10: Study design of a case control study, modified from 99. 

 

Cohort studies 

Cohort studies are the best method for determining incidence and natural history 

of a condition if the sample population is representatively selected for the general 

population. They measure events in temporal sequence, which is why 

distinguishing causes from effects is possible. Subject selection and loss to follow-

up are the major potential causes of bias. Confounding is, as in most observational 

and experimental studies, a major problem when analyzing cohort studies. 

Prospective and retrospective cohort studies can be distinguished. 

 

Prospective cohort study 

A group of people (cohort) free of the outcome of interest (e.g. type 2 diabetes) is 

recruited. Each subject must have the potential to develop the outcome of interest 

(e.g. men should not be included in a cohort study for pre-eclampsia). 

Investigators then measure a variety of parameters that might be relevant to the 

development of the condition. All participants are followed up and observed for the 

occurrence of the outcome. In single cohort studies those people who do not 

develop the outcome are used as internal controls. If two cohorts are in use one 
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group is exposed or treated with an agent of interest and the second group acts as 

an external control. 

 

Retrospective cohort study 

For sake of time and money retrospective cohort studies use data already 

collected for other purposes. The methodology is the same but the study is 

performed in a post-hoc fashion. The cohort is “followed up” retrospectively. The 

study period may be many years but the time to complete the study is only as long 

as it takes to collect and analyze the data [99]. An upcoming disadvantage is for 

sure that the study was conducted for another purpose and that it is unlikely that 

all relevant information will have been rigorously collected. 

 

Population

Selected samples

Variable present Variable absent

(external controls)

Outcome

develops
Outcome does

not develop

(internal controls) 

Outcome

develops

Outcome does

not develop

Single cohort study Two-cohort study
 

Figure 11: Study design of a cohort study, modified from 99. 

 



  Genetic Epidemiology 

48 

Mendelian Randomization 

Mendelian randomization (MR) is a method of using measured variation in genes 

of known function to examine a causal effect of a biomarker on disease. 

Historically, the first description of the concept of randomization was published 

1986 where Katan suggested the use of the Apo E gene to show causality 

between cholesterol and cancer [100]. 

The approach of MR utilizes what is sometimes called Mendel’s second law within 

an epidemiological setting. In Mendel’s words the second law of random 

assortment states that “the behaviour of each pair of differentiating characteristics 

in hybrid union is independent of the other differences between the two original 

plants, and, further, the hybrid produces just so many kinds of egg and pollen cells 

as there are possible constant combination forms” [101]. Put simply, this suggests 

that the inheritance of one trait is independent of the inheritance of other traits. As 

described, conventional genetic epidemiology investigates the genotype-

phenotype association within a population by using genetic markers such as 

SNPs. But it is also possible to exploit the random assignment of genes as a 

means of reducing confounding in examining exposure–disease associations: this 

is called Mendelian randomization in the epidemiological context [95]. 

In other words, Mendelian randomization refers to the random allocation of alleles 

at the time of gamete formation. A specific genotype carried by a person therefore 

results from two such randomized transmissions, one from the paternally inherited 

allele and the other from the maternally inherited allele. A logical consequence of 

these randomizations is that genotypes are not expected to be associated with 

known (measurable or not) or unknown confounders for any outcome of interest, 

except those lying on the causal pathway between the genotype and the outcome. 

This should hence allow analyzing the genotype-risk factor association and the 

genotype-outcome association in an unconfounded manner. By combining 

appropriately the results of these two analyses, one can get an estimate of the 

unconfounded risk factor-outcome association. The idea to overcome the 

“confounding” and “reverse causation” problems encountered in observational 

epidemiology by taking advantage of the natural random allocation of alleles 

during meiosis is analogous to randomized controlled trials, in which the random 

allocation of treatment is expected to lead to an even distribution of (known or 
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unknown) confounding factors across each groups [98, 102]. The genetic effect of 

an outcome via a phenotype (modified biomarker) is displayed in Figure 12. 
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Figure 12: Genetic effect on the outcome, represented by the large open arrow in 
a Mendelian randomization approach, modified from [102] 

 

To illustrate the approach a classic example is provided: the aldehyde 

dehydrogenase 2 (ALDH2) gen encodes the enzyme aldehyde dehydrogenase, 

which catalyzes the chemical transformation from acetaldehyde to acetic acid. 

Carriers of the ALDH2 *2*2 genotype have reduced alcohol consumption because 

of adverse reactions (facial flush, headache, nausea and drowsiness) due to 

acetaldehyde accumulation. This fact has been used to show that alcohol intake 

increases the risk of esophageal cancer [103] or head and neck cancer [104], 

which is consistent with the findings from observational studies. Whereas reported 

alcohol consumption may be subject to measurement errors, ALDH2 genotypes 

can be measured accurately, are present since birth, result from the random 

allocation of the paternally and maternally inherited alleles, are strongly associated 

with alcohol consumption, and therefore provide a unique opportunity to assess, in 

an unconfounded manner, the risk of disease associated with alcohol consumption 

[98]. 
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Figure 13: Model of Mendelian randomization representing the causal relationship 
between the genetic variant (Z), the risk or protective factor (X), the outcome (Y) 
and the known and unknown confounders (U). To illustrate the approach the 
example of ALDH2 *2*2 genotypes and alcohol consumption in association with 
oesophageal cancer is given in green, modified from [98]. 
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3.3.2 Experimental studies 

Experimentation is used to test existing theories or to investigate new hypotheses 

in order to support or to disprove them [105]. Experimental studies provide insights 

into causality by demonstrating how the outcome changes when a particular factor 

(variable) is manipulated.  

 

Interventional trial 

Interventional studies are considered to provide the most reliable evidence in 

epidemiological research. This kind of trial can generally be regarded as 

preventive or therapeutic [106]. Interventions have the intention to improve the 

condition of an individual of a group of individuals. Examples of intervention 

studies in public health research are studies that evaluate the impact of a healthier 

lifestyle (avoiding smoking, reducing alcohol consumption, increasing physical 

activity) or to start brushing teeth early in babies. 

It is important that the target population, i.e. the population to which the findings 

should be extrapolated, is predefined. In general the intervention (preventive or 

therapeutic measure) being tested is allocated by the investigator to a group of 

study subjects. To obtain a clear idea about the effect of the intervention the two 

(or more) groups should be comparable at the beginning (baseline). Comparability 

at baseline is achieved best by randomly allocating subjects to the two groups. 

This is known as simple randomization comparable to flipping a coin. For example, 

a computer-generated random list could be used. Other randomization methods 

like block random assignment or stratification are more common. Block 

randomization, used in smaller trials, ensures that the numbers of participants 

assigned to each group is equally distributed.  

All randomization methods share the goal to ensure that important baseline 

variables (potential confounding factors) are more evenly distributed between 

groups than chance alone may assure. However, there are a limited number of 

baseline variables that can be balanced by stratification because of the potential 

for small numbers of subjects within each stratum. 
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It must be considered that randomization can only guarantee balance for large 

studies and that random imbalance can often occur in small studies. After 

randomization and execution of the intervention subjects are followed 

prospectively to compare then intervention versus control group. 

An intervention study is able to detect the anticipated effect of the intervention with 

a high probability. The number of patients enrolled in the study as well as the 

expected predefined effect size of an intervention has a large impact on the 

“power” of a study. The sample size required to achieve power is inversely 

proportional to the treatment effect squared. The smaller the expected effect of an 

intervention or observation - the larger the sample size needed to be able to 

conclude, with enough power, that differences are unlikely to be due to chance 

[96]. 

Finally, it should be mentioned that any intervention study, as any other study, 

should be ethically acceptable and that each participant should read, understand 

and sign an “informed consent form” that includes trial details such as its purpose, 

duration, required procedures, risks and potential benefits and key contacts. 

Controlled clinical trials constitute a separate, important class of intervention. 

There, the aim is to compare the effectiveness and safety of two (or more) medical 

treatments or surgical operations or a combination of both. The target population 

constitutes patients with a specific disease or symptom. 

Clinical trial  

Clinical trials are sets of tests in medical research and drug development that 

generate data about safety and efficacy. In a clinical trial, inclusion criteria specify 

the type of patients who need the treatment under examination. The exclusion 

criteria exclude patients for which there will be most likely safety concerns or for 

which the treatment effect might not be clear [107]. 

While most interventions aim to achieve a change in attitude (a psychological 

effect), medical treatments need to show their effectiveness apart from any 

psychological impact (placebo effect). The placebo effect is defined as the pure 

psychological effect that medical treatments can have on patients. This effect can 

be detected by applying placebo (inactive medication without active 

pharmaceutical ingredients with the same taste, texture and look as the “real” 
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active medication) to patients who are blinded for the fact that they did not receive 

active treatment. Placebo controlled trials, a trial with a placebo group as control 

group, are very common. A study is called single-blinded if only the patient does 

not know whether he or she receives placebo or the active medication. If physician 

and patient are unaware of the administered treatment then the study is 

designated as a double-blinded clinical trial. Biases in scoring the effect and safety 

of the medication can thus be better prevented. In such trials the biological effect 

can be distinguished from the psychological placebo effect of a drug.  

To estimate the effect of an intervention a specific outcome needs to be defined. In 

context of clinical studies this outcome is designated as endpoint. Multiple testing 

should therefore in general be avoided. It is more advisable to choose one 

endpoint, the (primary endpoint). If this is not possible, a correction for multiple 

testing like Bonferroni adjustment should be applied. The phases of a RCT are 

illustrated in Figure 14. 

The majority of clinical trials are drug trials. It takes many years and billions of 

Euros to develop and register a new drug. In this context clinical trials are 

essential, partly because regulatory bodies like the Food and Drug Administration 

in the United States and the European Medicines Agency (EMA) in Europe have 

developed stringent criteria on the pharmaceutical industry before a new drug can 

be registered [107]. 

Clinical trials developing new drugs are commonly classified into four phases 

whereas each phase is a separate clinical trial. 

 Phase 1: Screening for safety 

 Phase 2: Establishing the testing protocol 

 Phase 3: Final testing 

 Phase 4: Post-approval studies 

Each phase has further a different purpose and helps scientists answer a different 

question. 

In Phase 1 trials, researchers test an experimental drug or treatment in a small 

group of people (20-80) for the first time to evaluate its safety, determine a safe 

dosage range, and identify side effects. 

In Phase 2 trials, the experimental treatment is given to a larger group of people 

(100-300) to see if it is effective and to further evaluate its safety. 
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In Phase 3 trials, the treatment is given to large groups of people (1000-3000) to 

confirm again its effectiveness, monitor side effects, compare it to commonly used 

treatments, and collect information that will allow it to be used safely. 

In Phase 4 trials, postmarketing studies delineate additional information, including 

the treatment's risks, benefits, and optimal use. 

Before pharmaceutical companies start clinical trials on a drug extensive 

preclinical studies are conducted [108]. 

 

Study Type Methodological approach Advantages Disadvantages 

Clinical trial 

Individuals are randomly 
assigned to 
intervention and 
comparison groups 
Aims to evaluate a cure or a 
preventive 
treatment (usually drugs) 

Minimizes bias and 
allows valid statistical 
testing, as factors that 
could potentially 
confound the examined 
association should occur 
with roughly equal 
frequencies in the 
intervention and 
comparison groups 

Participants studied 
may not be 
representative of the 
general population 

Table 8: Study types of epidemiology: experimental studies modified from [93]. 

 

The randomized controlled trial – the gold standard in evidence based 
medicine 

The randomized controlled trial, belonging to the group of interventional trials, is a 

specific type of scientific experiment and the preferred design for a clinical trial. 

RCTs are often used to test the efficacy of various types of interventions within a 

patient population. Mostly RCTs are evaluated by an intention-to-treat analysis 

which is done to avoid the effects of crossover and dropout which may brak the 

random assignment to the treatment groups in a study [109]. The intention-to-treat 

effect on an outcome is shown in Figure 15. 

This type is considered as the golden standard of determining whether a cause-

effect relationship exists between an intervention and outcome [110]. RCTs are 

not exclusively employed in the field of clinical trials. Other research areas like 

social or economic sciences are also using this study design. In fact the RCT is a 

study in which people are allocated at random to receive one of several clinical 
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interventions [111]. As described previously the act of randomizing patients to 

receive or not receive an intervention ensures, on average, all other possible 

causes are equal between the two groups. Thus, any significant differences 

between groups in the outcome event can be attributed to the intervention and not 

to some other unidentified factor (chance or confounding). No other study design 

allows investigators to balance these factors. However, RCTs are not a panacea 

to answer all clinical questions. Unsuitable are, for example situations in which the 

outcome is rare and occurs only after long delay. In such instances, observational 

study designs such as case-control studies or cohort studies are more appropriate. 

This might also be the case in situations of financial constraints or when low 

compliance or high drop-out rates are expected RCTs may then not be feasible 

[96]. It should be kept in mind that random allocation does not protect RCTs 

against other types of biases [111]. 

 

Assessed for eligibility (n=…)

Excluded (n=…):

Not meeting inclusion criteria (n=…)

Declined to participate (n=…)

Other reasons (n=…)

Randomized (n=…)

Allocated to intervention (n=…):

Received allocated intervention (n=…)

Did not receive allocated intervention (n=…)

Lost to follow-up (reasons) (n=…)

Discontinued intervention (n=…)

Lost to follow-up (reasons) (n=…)

Discontinued intervention (reasons) (n=…)

Analysed (n=…):

Excluded from analysis (n=…)

Analysed (n=…):

Excluded from analysis (n=…)

Allocated to intervention (n=…):

Received allocated intervention (n=…)

Did not receive allocated intervention (n=…)
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Figure 14: Flow chart: phases (enrolment, intervention allocation, follow-up, and 
data analysis) of a randomized controlled trial, modified from [112]. 
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Figure 15: Intention-to-treat effect on the outcome, represented by the large open 
arrow, modified from [102]. 

 

Laboratory experiment 

An experiment is a methodical procedure carried out with the goal of verifying, 

falsifying, or establishing the validity of a hypothesis. Experiments provide insight 

into cause-and-effect by demonstrating what outcome occurs when a particular 

factor is manipulated. 

Variables in laboratory experiments:  

Variables are everything that can be controlled or changed in an experiment (eg. 

temperature or duration of the experiment) There are three kinds of variables 

distinguished: 

Dependent variable: is what is measured or observed in an experiment and what 

is affected during the experiment. It is called dependent because it "depends" on 

the independent variable. 

Independent variable: is the changed factor in an experimental setting. To 

facilate interpretation of the data only one factor should be changed at one time. 

Controlled Variables: are kept constant during an experiment 

 

Laboratory experiments are characterized by: 

 a dependent and an independent variable 
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 the independent variable precedes the dependent variable 

 data of at least two groups are compared [113]. 

 

Hence, laboratory experiments are controlled experiments, where an experimental 

group is compared with a control group. Ideally, these two groups are identical 

except for one variable, the independent variable. 
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3.4 Candidate genes modifying Vitamin D levels 

Twin studies suggest a strong heritable component of circulating 25-OH-vitamin D 

concentrations, with heritability rates ranging from 29% to 77% [114, 115, 116].In 

2010, two independent GWA studies identified three common loci of genetic 

determinants (SNPs) for vitamin D insufficiency: group-specific component (GC, 

rs2282679), 7-dehydrocholesterol reductase (DHCR7, rs12785878) and 

cytochrome P450 IIR-1 (CYP2R1, rs10741657). These loci are located nearby 

genes which are involved in vitamin D transport, cholesterol synthesis and 

hydroxylation [117, 118]. Wang et al. undertook his investigation in nearly 34000 

individuals of 15 cohorts of European ancestry: five epidemiological cohorts were 

used as discovery cohorts (n = 16125), five as in silico replication cohorts (n = 

9367) and five as de novo replication cohorts (n = 8504) [117]. Ahn and his group 

performed their GWA study in 4501 Europeans from five cohorts. They identified, 

besides others, the same polymorphisms associated with 25-OH-vitamin D 

concentrations and replicated them in 2221 additional samples confirming their 

results concerning these three loci. 

These variants near or in genes involved in cholesterol synthesis, hydroxylation 

and vitamin D transport affect vitamin D status and may therefore identify 

individuals at increased risk of vitamin D insufficiency. 
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Figure 16: Manhattan Plot of Ahn’s GWA study of circulating vitamin D levels: 
Genome-wide associations of circulating 25-OH-vitamin D graphed by 
chromosome position and 2log10 p-value based on the five GWA study cohorts, 
modified from [118]. 

 

 

Table 9: SNPs associated with 25-OH-vitamin D concentrations identified in the 
GWA study of Wang et al., modified from [117]. Top hit SNPs with the lowest p-
values are highlighted in green. 
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3.4.1  Group specific component (GC) rs2282679 

The protein encoded by this gene belongs to the albumin gene family. It is a 

multifunctional protein found in plasma, ascites, cerebrospinal fluid and on the 

surface of many cell types. It binds to vitamin D and its plasma metabolites and 

transports them to target tissues. Alternatively spliced 

transcript variants encoding different isoforms have been 

found for this gene [119]. 

Human GC is a glycosylated alpha-globulin with 

approximately 58 kDa in size. Its 458 amino acids are 

coded by 1690 nucleotides on chromosome 4 (4q11–q13) 

and gets synthesized in the liver [120]. The primary 

structure contains 28 cysteine residues forming multiple 

disulfide bonds. GC contains 3 domains. Domain 1 is composed of 10 alpha 

helices, domain 2 of 9 and domain 3 of 4 [121]. The group specific component is 

also known as vitamin D binding protein (DBP or VDBP) or vitamin D-binding 

alpha globulin (VDBG). 

3.4.2 7-Dehydrocholesterol reductase (DHCR7) rs12785878 

This gene encodes an NADPH-dependent enzyme that 

catalyzes the final step in cholesterol production in many 

types of cells. It removes the C (7-8)-double bond in the 

B-ring of sterols and catalyzes the conversion of 7-

dehydrocholesterol to cholesterol in our skin (Figure 19). 

Together with UVB radiation it has therefore major 

biological relevance for human vitamin D de novo 

synthesis. DHCR is ubiquitously expressed and its highest concentrations are 

found in the liver and brain. 

The DHCR7 gen is found on chromosome 11q12–q13 spanning 14 kb and 

encompassing 9 exons encoding a 425 amino acid protein. Functional DHCR7 

protein is a 55.5 kDa integral membrane protein localized in the microsomal 

membrane [122, 123]. 

 

Figure 18: Crystallographic 
structure of DHCR7, modiefid from 
[123]. 

Figure 17: Crystallographic 
structure of the human vitamin D-
binding protein, modified from 
[121]. 
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Figure 19: Catalyzation of 7-dehydrocholesterol to cholesterol by DHCR7 with 
NADPH as cofactor, modified from [122]. 

 

3.4.3 Cytochrome P450 IIR-1 (CYP2R1) rs10741657 

This gene encodes a member of the cytochrome P450 

superfamily of enzymes. The cytochrome P450 proteins 

are monooxygenases which catalyze many reactions 

involved in drug metabolism and synthesis of 

cholesterol, steroids and other lipids [124, 125]. The 

synthesis of bioactive vitamin D requires hydroxylation 

at the 25- and 1-alpha positions by cytochrome P450 

enzymes mostly in the liver and kidney, respectively. The 

enzyme of CYP2R1, the 25-hydroxylase, is responsible for the first hydroxylation 

of vitamin D (D2 and D3) into 25-OH-vitamin D, the major circulatory form of vitamin 

D [126]. The second hydroxylation is performed by the 25-OH-vitamin D3-1-alpha-

hydroxylase encoded by CYP27B1, catalyzing the reaction from 25-OH-vitamin D 

to 1,25 (OH)2 vitamin D, the biologically active form of vitamin D [127]. 

CYP2R1 is located on the short arm of chromosome 11 at position 15.2 (11p15.2) 

[128], contains 5 exons and spans about 15.5 kb [129]. The molecular weight of its 

protein is 57.4 kD [130]. 

Figure 20: Crystallographic structure of 
CYP2R1, modified from [125]. 
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4. AIMS OF THE THESIS 

Vitamin D is known for its crucial role in calcium and bone metabolism. A growing 

number of extraskeletal diseases including cardiovascular disease [176], prostate 

cancer [131] as well as mortality rates [180] have been linked to vitamin D 

concentrations. Until now causal associations have not been clearly confirmed in 

RCTs indicating that it is unknown whether low vitamin D levels are the cause or 

the consequence of these extraskeletal associations. Two independent GWA 

studies have identified three common loci of genetic determinants for vitamin D 

insufficiency: GC, DHCR7 and CYP2R1 [117, 118]. The aim of the present thesis 

was to genotype these recently discovered genetic determinants of vitamin D in 

different settings and to test possible associations with biomarkers and endpoints 

of bone health and cancer outcomes. Further I wanted to investigate a potential 

causal role of vitamin D in the often reported association between vitamin D and 

mortality. According to the aims outlined above this thesis is structured into the 

following sections: 

Vitamin D and bone: Replication of these three allelic determinants of vitamin D 

insufficiency in two cohorts of different vitamin D supply (vitamin D deficiency and 

vitamin D levels in the normal range) and to investigate a possible association with 

BMD and fractures. 

Vitamin D and prostate cancer: Investigation of the strongest genetic variant of 

these three SNPs, the GC polymorphism and its potential to predict 1,25 (OH)2 

vitamin D levels and further to address its role in metastatic progression and 

outcome of prostate cancer. 

Vitamin D and mortality: Analyzing the role of these three 25-OH-vitamin D-

associated SNPs in predicting all-cause cardiovascular and non-cardiovascular 

mortality in an unconfounded setting to determine, if low levels of vitamin D are the 

cause of mortality or the consequence of an impaired health status. 

 

I will start with a detailed description of all marterials and methods applied in this 

thesis. For each section I will describe respectively a brief background, followed by 

characterization of the study subjects, procedures, statistics, results and a 

discussion part. 
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5. MATERIALS AND METHODS 

5.1 Isolation of DNA 

5.1.1 Chemical and Reagents 

 Buffer B1* 

 Buffer B2* 

 Wash Buffer BW (ready to use) * 

 Wash Buffer B5 (Concentrate)* 

 Elution Buffer BE (5 mM Tris/HCl, pH 8.5, ready to use) * 

 Proteinase K (lyophilized)* 

 Proteinase Buffer PB (ready to use) * 

 96–100 % ethanol (ready to use) 

 Aqua dest (DEPC treated water, USB Corporation, UK) 

 

*Contents of the NucleoSpin Blood ® Kit (740899.250) from Machery and Nagel 

5.1.2 Equipment 

 Automated pipetting system (ep-Motion 5070, Eppendorf Austria) 

 Manual dispenser (Multipette ® plus, Eppendorf Austria) 

 Pipettes (Eppendorf reference ® 100-1000µl, 10-100µl, 1-10µl, Eppendorf 

Austria) 

 Centrifuge with plate adapter: (Eppendorf 5810R with swing bucket and 

plate rotor, Eppendorf Austria) 

 Shaking incubator (Microplate Shaker Timix5 Control, Edmund Bühler, 

Germany) 

 Incubator (BD53, Germany) 

 Personal protection equipment (lab coat, disposable gloves) 
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5.1.3 Consumables 

 96-well spin column plates (AcroPrep ™ 96 Filter Plate, Pall Life Sciences, 

Austria) 

 96-well deep well plate (DWP), 2 ml for sample lysis, DNA elution and 

waste (Nerbe plus 04-072-0020) 

 Adhesive PCR film (Thermo Scientific, UK) 

 Disposable filter pipet tips (Eppendorf dual filter Tips 0.1-10µl, 2-100 µl, 50-

100 µl, Eppendorf Austria) 

 Disposable dispenser tips (Combitips plus: 0.5ml, 2.5ml, Eppendorf Austria) 

 Tips for the automated pipetting system (epT.I.P.S.® Motion pipete tips with 

filters 20-300 µl, Eppendorf Austria) 

 

5.1.4 Principle 

The 96-well spin column plate isolates genomic DNA from whole blood and other 

body fluids like serum or plasma as well as from cultred cells. The first step in DNA 

isolation is to break open the cell and release the cytoplasmic contents including 

the nucleus. Lysis of the cells is achieved by incubation of whole blood in a 

solution containing large amounts of chaotropic ions in the presence of proteinase 

K. Appropriate conditions for the binding of DNA to the silica membrane in the filter 

column of each well are achieved by addition of ethanol to the lysate. High 

temperature and mechanical exposure support the initial cell lysis. The binding 

process is reversible and specific to nucleic acids. Washing steps efficiently 

remove cell debris and all other components of the fluid except nucleic acids. Pure 

genomic DNA is finally eluted under low ionic strength conditions in a slightly 

alkaline elution buffer. 

The kit allows purification of highly pure genomic DNA with an A260/A280 ratio 

between 1.60 and 1.90 and a typical concentration of 40–60 ng per μl. [132] 

5.1.5 Procedures 

The standard protocol has been modified and adapted for old and/or clotted blood 

samples. 
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Preparation of working solutions:  

Lysis buffer B3:  Transfer of “buffer B1” into “buffer B2”, mix well. The 

resulting lysis buffer B3 is stable for up to one year at room 

temperature. 

Wash buffer B5:  Add 80 ml of ethanol (96–100 %) to wash buffer B5 

concentrate. Mark the label of the bottle to indicate that 

ethanol was added. Store wash buffer B5 at room 

temperature (18–25°C) up to one year. 

Proteinase K:  Dissolve lyophilized proteinase K in 3.35 ml proteinase 

buffer (PB). Proteinase K solution is stable at -20 °C for up 

to 6 months [132]. 

 

Before starting the preparation: 

 Define the pattern of DNA how it should be positioned at the 96 DWP. An 

example of a defined pattern is given below: 

Plate 1 1 2 3 4 5 6 7 8 9 10 11 12 

A e 10001 10003 10004 10006 10007 10009 10010 10012 10013 10018 10019 

B 10020 10022 10026 10031 10032 10034 10038 10043 10044 10045 10046 10048 

C 10050 10051 10053 10054 10055 10056 10058 10060 10062 10063 10064 10066 

D 10067 10069 10070 10071 10072 10073 10074 10075 10076 10077 10079 10080 

E 10081 10082 10083 10085 10086 10088 10089 10091 10092 10093 10095 10097 

F 10098 10099 10101 10102 10103 10105 10110 10111 10112 10113 10115 10116 

G 10117 10118 10120 10121 10124 10126 10127 10128 10129 10131 10132 10133 

H 10134 10136 10138 10139 10140 10142 10143 10144 10146 10148 10149 10151 

Table 10: Example of a DNA pattern on a 96 well plate (e: empty). 

 If necessary prepare buffer B3, buffer B5 and proteinase K. 

 Preheat Buffer BE up to 55°C (degree Celsius). 

 Preheat the incubator up to 70°C. 
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DNA purification: 

1. Lysis of the blood cells 

Prepare a DWP with 100 µl blood + 100 µl A. dest. according to the appropriate 

well position of the predefined pattern. 

Add: 15 µl proteinase K 

Add: 200 µl buffer B3 

Centrifuge: 2000 rpm (rounds per minute), 1 min (minute) 

Shaking incubator: 1400 rpm, 10 min 

Incubate: 55°C, 20min 

2. Adjust DNA binding conditions 

Add: 200 µl ethanol (96-100%) 

Shaking incubator: 1400 rpm, 1 min 

3. Bind DNA to the silica membrane 

Ep Motion: Transfer of the lysate from the lysis DWP into the 96-well 

spin column plates on top of an empty DWP, used as waste in the following 

centrifuge step, according to the appropriate well position from the predefined 

pattern. 

Centrifuge: 4400 rpm, 1 min 

4. Wash silica membrane 

Prewash: 

Add: 200 µl buffer BW 

Centrifuge: 4400 rpm, 1 min 

1st wash:  

Add: 200 µl buffer B5 

Centrifuge: 4400 rpm, 1 min 



  Materials and Methods 

67 

2nd wash + dry silica membrane: 

Add: 200 µl buffer B5 

Centrifuge: 4400 rpm, 3 min (residual ethanol is removed during this 

longer centrifugation step) 

5. Elute DNA 

Place 96-well spin column plates on top of a newly labelled DWP according to the 

appropriate well position from the predefined pattern. 

Add: 50 µl preheated buffer BE 

Incubate: 3 min at room temperature 

Centrifuge: 4400 rpm, 1 min 

The DNA has now been eluted into the DWP. Discard the filterplate and close the 

DWP with a PCR film accurately. 

Isolated DNA is stored at 4°C for short term storage, at -20 for medium term 

storage and at -80°C for long time storage. 

5.2 SNP Genotyping: 5´3´Exonucleaseassay (TaqMan®) 

TaqMan probes were named after the videogame PacMan (Taq Polymerase + 

PacMan = TaqMan) as its mechanism is based on the PacMan principle. 

5.2.1 Chemical and Reagents 

 40x TaqMan® SNP Genotyping Assay for GC, rs2282679 

(C___26407519_10, Applied Biosystems by Life Technologies, Invitrogen, 

Life Tech Austria, Austria), long time storage -20°C. 

 40x TaqMan® SNP Genotyping Assay for CYP2R1, rs10741657 

(C___2958430_10, Applied Biosystems by Life Technologies, Invitrogen, 

Life Tech Austria, Austria), long time storage -20°C. 

 40x TaqMan® SNP Genotyping Assay for DHCR7, rs12785878 

(C__32063037_10, Applied Biosystems by Life Technologies, Invitrogen, 

Life Tech Austria, Austria), long time storage -20°C. 
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 2x Universial Master Mix (UMM): TaqMan Gene Expression Master Mix 

(4369016, Applied Biosystems by Life Technologies, Invitrogen, Life Tech 

Austria, Austria), store at 2 to 8 °C. 

 A. dest (DEPC treated water, USB Corporation, UK) 

 Mineral Oil (Sigma-Aldrich Chemie GmbH, Germany) 

5.2.2 Equipment 

 12-channel pipet (Research plus pipet, 12-channel, 0.5-10µl, Eppendorf 

Austria) 

 Manual dispenser (Multipette ® plus ,Eppendorf Austria) 

 Pipettes (Eppendorf reference ® 100-1000µl, 10-100µl, 0.5-10µl, Eppendorf 

Austria) 

 Microcentrifuge: (Hermle Z233M, Hermle Labortechnik, Germany) 

 Centrifuge with plate adapter: (Heraeus Megafuge 1.OR, Heraeus 

instruments, Germany) 

 Vortexer (lab dancer vario, IMLAB, France) 

 Personal protection equipment (lab coat, disposable gloves) 

 CYCLER (Mastercycler gradient, Eppendorf Austria and Duo Cycler, VWR 

International Vienna) 

5.2.3 Consumables 

 96 well plates (96 well thin wall PCR plates, Simport, Austria) 

 Adhesive PCR film (Eppendorf, Austria) 

 Disposable filter pipette tips (Eppendorf dual filter Tips 0.1-10µl, 2-100µl, 

50-100µl, Eppendorf Austria) 

 Disposable dispenser tips (Combitips plus: 0.1ml, 0.5ml, Eppendorf Austria) 

 1.5ml Reaction Tubes (Safe Lock Tubes 1.5ml, Eppendorf Austria) 
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5.2.4 Principle 

TaqMan® 5'3' exonuclease assay chemistry provides a fast and effective way to 

analyze SNP genotyping results. Each predesigned TaqMan® SNP Genotyping 

Assay includes two allele-specific TaqMan® MGB (minor groove binder) probes 

containing distinct fluorescent dyes (VIC® and FAM) and a polymerase chain 

reaction (PCR) primer pair to detect specific SNP targets. The principle relies on 

the 5´3´ exonuclease activity of Taq Polymerase to cleave a dual-labeled probe 

during hybridization to the complementary target sequence and fluorophore-based 

detection (Figure 21). The resulting fluorescence signal permits quantitative 

measurements of the accumulation of the product during the exponential stages of 

the PCR. TaqMan® probes and primer sets (assays) uniquely align with the 

genome to provide unmatched specificity for the allele of interest. 

Assay Mix (AM) 

The 40x TaqMan® SNP Genotyping Assay Mix contains assay specific primers 

and probes. 

Primers 

Primers are strands of nucleic acid that serve as starting point for the PCR 

amplification. The polymerase catalyzing this reaction can only add new 

nucleotides to an existing strand of DNA. The polymerase starts replication at the 

3'-end of the primer and copies the opposite strand. Moreover, primers border the 

amplified PCR product around the location of the SNP. 

Probes 

Each TaqMan® assay requires two fluorogenic allele-specific probes. One probe 

matches the wild type sequence and one probe matches the mutant sequence. 

Each of these probes consists of a fluorophore dye covalently attached to the 

5´end of the oligonucleotide, a MGB molecule and a nonfluorescent quencher at 

the 3´end of the oligo. The MGB molecule increases the melting temperature (Tm) 

without increasing probe length, thereby allowing the design of probes that are 

shorter and more specific than traditional dual labeled probes [133]. The reporter 

dyes used in this study were 6-carboxyfluorescein (FAM, green) for the wild type 

sequences of GC, CYP2R1 and DHCR7 and VIC® (red) for the mutant 

sequences. In solution, the proximity of the dyes on each probe allows the 

quencher to absorb energy from the reporter dye through fluorescent resonance 
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energy transfer (FRET). In other words, as long as the fluorophore and the 

quencher are in proximity, quenching inhibits any fluorescence signals. During 

PCR amplification, only hybridized probes are cleaved by the 5′ to 3′nucleolytic 

activity of the DNA polymerase. The fragments of the probes are then displaced 

from the target and polymerization of the strand continues. The degradation of the 

probe releases the fluorophore and breaks the close proximity of fluorophore and 

quencher, thus relieving the quenching effect and allowing fluorescence of the 

fluorophore after excitation. Hence, fluorescence detected in the real-time PCR 

thermal cycler or as endpoint measurement is directly proportional to the 

fluorophore released and the amount of DNA template present in the PCR. This 

process occurs in every cycle and it does not interfere with the exponential 

accumulation of product. An allele is detected as significantly increased intensity of 

its reporter dye over background [134].  

 

Assay Komponenten und DNA Template

Denaturierte DNA und Annealing Assay Komponenten

Polymerisation und Signalgenerierung

Assay Komponenten und DNA Template

Denaturierte DNA und Annealing Assay Komponenten

Polymerisation und Signalgenerierung

Assay Komponenten und DNA Template

Denaturierte DNA und Annealing Assay Komponenten

Polymerisation und Signalgenerierung

A: Assay components and DNA template

B: Denaturated template and annealing assay components

Assay Komponenten und DNA Template

Denaturierte DNA und Annealing Assay Komponenten

Polymerisation und Signalgenerierung
C: Polymerization and signal generation

 

Figure 21: The principle of a 5'3' exonuclease assay, modified from 

[133]. Allelic discrimination is achieved by the selective annealing of TaqMan® 

MGB probes. In part C of this figure the DNA polymerase is short before cleaving 

hybridized probes by its 5´3´exonuclease activity. The probe fragments would then 

be displaced from the target and polymerization of the strand continues. The 
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degradation of the probe breaks the close proximity between reporter and 

quencher, thus allowing the fluorophore to fluoresce. 

 

Universal Master Mix (UMM): 

TaqMan Gene Expression Master Mix reagents provide a PCR mix that may be 

used with any appropriately designed primer and probe to detect any DNA target 

(including cDNA, genomic, or plasmid DNA). The optimized Mix for TaqMan 

assays contains AmpliTaq Gold® DNA Polymerase, UP (Ultra Pure), Uracil-DNA 

Glycosylase (UDG), deoxyribonucleotide triphosphates (dNTPs) with deoxyuridine 

triphosphate (dUTP), ROX™ Passive Reference, and buffer components 

optimized for sensitivity, precision, specificity, and duplexing [135]. 

AmpliTaq Gold® DNA Polymerase: is a key ingredient in Hot Start PCRs. The 

thermal incubation step required for activation (“Hot Start”) ensures that active 

enzyme is generated only at temperatures where the DNA is fully denatured. This 

polymerase is not capable of primer extension at room temperature avoiding that 

unspecific mispriming events may be enzymatically extended and subsequently 

amplified. 

Uracil-DNA Glycosylase: this enzyme is identical to AmpliTaq Gold DNA 

polymerase, but is further purified through a proprietary process to reduce 

bacterial DNA introduced from the host organism. The purification process 

ensures that non-specific, false-positive DNA products due to bacterial DNA 

contamination are minimized during PCR. 

dNTPs with dUTP: dNTP is a term comprising the four deoxyribonucleotides 

dATP, dCTP, dGTP and dTTP that are added complementary to the template 

strand by the polymerase during PCR reaction. dUTP treatment (also know as 

uracil-N-glycosylase [UNG]), can prevent the reamplification of carryover-PCR 

products by removing any uracil incorporated into single- or double-stranded 

amplicons. UDG prevents reamplification of carryover-PCR products in an assay if 

all previous PCR for that assay was performed using a dUTP-containing Master 

Mix. 

ROX passive reference: provides an internal reference to which the reporter-dye 

signal can be normalized during data analysis. Normalization is necessary to 
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correct for fluorescent fluctuations due to changes in concentration or volume 

[133]. 

 

Figure 22: TaqMan Gene Expression Master Mix, modified from [135]. 

 

5.2.5 Procedures 

The standard protocol has been modified and evaluated for GC rs2282679, 

DHCR7 rs12785878 and CYP2R1 rs10741657. 

Primer and probe sets were designed and manufactured by Applied Biosystems 

by Life Technologies (Life Tech Austria, Vienna, Austria, Table 13). 

All chemicals and reagents are ready for use. 

 

Preparation: 

 Defrost DNA 96 DWPs and assay Mixes. 

 

Reaction Mix: 

Set up a 5µl reaction per well in a 96 well plate and overlay with 5µl of mineral oil: 

 Transfer 2µl of mixed isolated DNA from the 96 DWP into 96 well plate by 

using a 12-channel pipette. 
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 Prepare the Master Mix for 96 reactions and calculate 11 reactions as 

pipetting reserve: 

 

Master Mix in µl x1 x105 

UMM (2x)  2.5  262.5 

A.d.  0.42  44.1 

AM (40x)  0.08  8.4 

Total  3.0   

Table 11: Components of the Master Mix 

 Pipette 3µl of Master Mix into each well of the 96-well plate by using a 

Multipette. 

 Mix DNA and Master Mix. 

 Overlay the reaction mix (a total of 5µl) with additional 5 µl of mineral oil. 

 Close the 96-well plate with a PCR film. 

 Spin down the reaction volume to the bottom of the well by centrifuging up 

to 1000 rpm. 

 

PCR reaction: 

 Perform 40 cycles of PCR using the following temperature profile: 

 

95°C 10 min  1x 

92°C 15 sec 
40x 

60°C 1 min 

4°C ∞ 1x 

Table 12: Cycler conditions of the TaqMan reaction. 
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Gene SNP ID Assay ID Polymorphism Context sequence [VIC/FAM] 

GC rs2282679 C___26407519_10 
G/T, Transversion 
Substitution AGCTAACAATAAAAAATACCTGGCT[G/T]TGTGAGATAATTAAGAGACAGAGAT 

CYP2R1 rs10741657 C___2958430_10 
A/G, Transition  
Substitution TGGTTGGGGAGATACTTTAGCAGGC[A/G]AGGGCTGTCAAGGAAAGTCTTATTA 

DHCR7 rs12785878 C__32063037_10 
G/T, Transversion 
Substitution GGGCTGTCTGATATCACAAAGCTTC[G/T]ATCCTCTCCTGGCCCCGTGGCCGGA 

Table 13: Probe sets designed and manufactured by Applied Biosystems by Life Technologies, Invitrogen (Life Tech Austria, 
Austria).  

 

 

Figure 23: Eppendorf Mastercycler. Photo: Olivia Trummer 
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Fluorescence detection: 

Endpoint fluorescence of 96 well plates containing cycled PCR reactions is 

measured in a Fluoroskan Ascent plate reader (Thermo Labsystems, Helsinki, 

Finland, Figure 24). VIC® dyes are excited with a wavelength of 520 nm 

(nanometers) and emit light at 520 nm whereas FAM dyes have an excitation of 

485 nm and an emission of 520 nm. 

 

Figure 24: Fluoroskan Ascent. Photo: Olivia Trummer. 

Measured fluorescence data are exported into Excel format and displayed as a 

scater plot. Relative fluorescence units (RFU) of VIC® dyes on the y-axis are 

plotted against RFUs of FAM dyes on the x-axis, as displayed in Figure 25. The 

right cluster near the x-axis represents the cluster of wildtypes (WT, only probes 

with FAM dyes match the target sequence of DNA), the cluster in the middle 

displays individuals with both alleles (heterozygous HE, probes with FAM and 

VIC® match the DNA sequence). The cluster near the y-axis accordingly shows 

the homozygous fraction of the investigated samples (HOM, only VIC® dyes 

match the target sequence. The borders between the clusters are determined by 

the operating researcher. Visual results are tabulated automatically according to 

the positions on the predefined 96 well format. 

Genotypes of samples in the area under the three clusters are automatically 

defined as „no genotype available“, coded as “91”. 

Genotypes of samples which cannot be definitely assigned to one of the three 

groups are excluded manually by the operator. 



  Materials and Methods 

76 

Sample VIC FAM 

Blank 0.82 3.55 

Blank 0.65 2.86 

A03 0.65 2.83 

A04 0.66 2.85 

A05 0.66 2.87 

A06 0.83 8.50 

A07 1.88 6.32 

A08 1.87 5.70 

A09 1.79 6.34 

A10 2.01 6.94 

A11 0.84 7.87 

A12 1.46 6.52 

Table 14: Raw data of VIC® and FAM fluorescence measurement as an example. 

 

 

Figure 25: Scatter plot of VIC® (y-axis) and FAM (x-axis) fluorescence data of the 
GC polymorphism as an example. 

 

WT 
(TT) 

HE 
(GT) 

HO 
(GG) 

91 
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Quality controls 

 No target controls: 

Each predefined sequence of DNA on a 96 well plate contains a specific 

pattern of no target controls, specified as empty (e) well positions which are 

filled up accordingly with A.dest (e.g. Table 10) This unique pattern of no 

target controls allows to identify contaminations, distortion of the plates 

when pipetted or measured or sample confusion in the context of a mix-up 

of whole plates. 

 Hardy Weinberg equilibrium7: 

Departures from Hardy Weinberg equilibrium (HWE) in investigated cohorts 

may indicate a real effect of the allele in the population, systematic 

genotyping errors, or any other kind of bias, like selection bias. Therefore, 

testing HWE of marker genotype frequencies has been widely 

recommended as a crucial step in any population-based genetic association 

study [136]. HWE in these investigations was tested with help of André 

Rogatkos method to test the hypothesis of equilibrium [137]. 

 Repetition of Genotyping: 

Of each cohort 41 to at least 96 samples have been genotyped twice to 

check genotyping quality expressed by number of discrepancies of 

genotypes between these repetitions. 

 Plausibility check: 

Comparison of the frequencies of each genotype group on each plate with 

the mean of all plates together. Strong aberration of one plate from the 

mean of all plates may indicate an occurred error (e.g. wrong Assay Mix 

used for the plate concerned). 

                                                 
7 The HWE is a principle stating that genetic variation in a population will remain constant from one generation to the next in 
the absence of disturbing factors. When mating is random in a large population with no disruptive circumstances, the law 
predicts that both genotype and allele frequencies will remain constant because they are in equilibrium. 

The HWE can be disturbed by a number of forces, including mutations, natural selection, non-random mating, genetic drift, 
and gene flow. For instance, mutations disrupt the equilibrium of allele frequencies by introducing new alleles into a 
population. Similarly, natural selection and non-random mating disrupt the HWE because they result in changes in gene 
frequencies. This occurs because certain alleles help or harm the reproductive success of the organisms that carry them. 
Another factor that can upset this equilibrium is genetic drift, which occurs when allele frequencies grow higher or lower by 
chance and typically takes place in small populations. Gene flow, which occurs when breeding between two populations 
transfers new alleles into a population, can also alter the HWE. 

Because all of these disruptive forces commonly occur in nature, the HWE rarely applies in reality. Therefore it describes an 
idealized state and genetic variations in nature can be measured as changes from this equilibrium state. 
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After application of all quality controls, data of genotypes and all relevant clinical 

information were exported into a PASW file (PASW 18.0 software IBM 

Deutschland GmbH, Ehningen, Germany) to perform statistical analyses. 
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6. VITAMIN D AND BONE 

6.1 Background 

The musculoskeletal consequences of inadequate vitamin D levels have 

intensively been investigated and include accelerated age-related bone loss, as 

well as morbidity from falls and osteoporotic fractures [138]. Osteoporosis, a 

complex multifactorial genetic disorder with interaction of environmental and 

hereditary factors [139], shows numerous different genetic variants contributing to 

the regulation of this phenotyp. Most are common variants derived from candidate 

gene approaches or GWA studies with small effect sizes, but rare variants of large 

effect size may also contribute in certain individuals [140, 141] leading to a high 

susceptibility to osteoporosis [142]. 

The GC, DHCR7, and CYP2R1 polymorphism may contribute to BMD and bone 

fractures, a surrogate and harder endpoint of osteoporosis [117, 118]. Aim of this 

investigation was to investigate these three allelic determinants of vitamin D 

insufficiency in two large cohorts of different 25-OH-vitamin D supply and to 

analyze a possible association with BMD and bone fractures. 

6.2 Study subjects 

Recruitment, clinical investigation and analysis of laboratory biomarkers of the 

following cohorts were not carried out in the framework of this thesis nor was my 

person directly involved in these procedures All conditions are published in detail 

[143, 144, 145]. 

Cross-sectional study: 

From previous screening studies [143, 144] comprising 628 participants, 286 were 

excluded due to vitamin D supplementation, missing DNA or missing laboratory 

data. A flow chart displaying the application of these exclusion criteria is given in 

Figure 26. The remaining 342 subjects (219 men and 123 women) with a mean 

age of 55.3 years were investigated for this part of the thesis. All participants were 

Caucasians and gave their written informed consent before being included in the 
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study. Clinical examination and questionnaires, anthropometric and bone density 

measurements by dual energy X-ray absorptiometry (DXA) as well as blood 

drawing after an overnight fast were performed in all attendants at the Department 

of Internal Medicine, Division of Endocrinology and Metabolism, at Medical 

University of Graz. All protocol procedures were approved by the local ethics 

committee. 

 

Prospective cohort study 

A prospective cohort of 1664 participants of 70 years and older was recruited in 95 

nursing homes in four provinces in Austria. The study center was located at the 

Department of Internal Medicine, Division of Endocrinology and Metabolism, at the 

Medical University of Graz. Patients were screened, enrolled and followed up by 

five mobile study teams consisting of a physician, a nurse, and a medical student. 

These teams made day trips to the nursing homes, leaving the study center in the 

morning and returning in the afternoon [145]. From that cohort, 571 subjects were 

excluded because of vitamin D supplementation, missing DNA or missing 

laboratory data and relevant comorbidities such as primary hyperparathyroidism 

(Figure 26). The remaining 1093 subjects with a mean age of 84.0 years were 

investigated in this part of the thesis. All subjects were followed from their baseline 

visit either until death, first hip fracture, or the last follow-up visit, whichever 

occurred first. At least two staff nurses were responsible for reporting fracture 

incidents by fax to the study center at the beginning of each month. Additionally, a 

physician regularly visited all participating centers to search the medical charts for 

new fracture cases or fatalities. Categories for prospective fractures were hip, 

radius and other fractures (non vertebral fractures). 

All protocol procedures were approved by the local university ethics committee. 
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Figure 26: Flow chart of the cross-sectional study and the prospective cohort 
study, modified from [174]. 

 

6.3 Procedures 

Clinical investigation and laboratory analysis of biomarkers 

Body weight and height were measured in all participants. Blood samples were 

drawn, sera aliquoted and analyzed for bone-related laboratory parameters on a 

Hitachi 917 autoanalyzer (Roche, Basel, Switzerland) including albumin-adjusted 

calcium, phosphate, alkaline phosphatase, and Beta-CrossLaps or stored for later 

analysis of 25(OH) vitamin D. In the cross-sectional cohort, 25-OH-vitamin D was 

measured by an enzyme-linked immunosorbent assay (Inkstar, Stillwater, MT 

USA; intra-assay coefficient of variation [CV] 5.9%, inter-assay CV 6.6%). In the 

prospective cohort, 25-OH-vitamin D was measured by a radioimmunoassay 

(Immunodiagnostic Systems, Boldon, UK; intra-assay CV 8.3%; inter-assay CV 

12.1%) [146]. In a series of 146 samples measured by both methods, results were 

in good agreement (slope of relationship = 0.869; y-scale offset 3.7439; R2 = 

0.928). Normal ranges of analyzed parameters are given in Table 15. BMD was 

measured in the cross-sectional cohort at the lumbar spine (L1-L4), femoral neck 

and hip by DXA using QDR 4000 plus, Hologic Inc., Erlangen, Germany. The 

coefficient of variation of repeated measurements in vivo was 2.2% for the lumbar 
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spine and 2% for the hip. Reference population for age-adjusted comparison (Z-

scores) was based on the NHANES database. 

In both studies, documentation of prevalent bone fractures was additionally done 

by current or historical radiographs and medical records [143, 144]. 

 

Parameter Normal range 

Calcium  2.20-2.65 mmol/L 

Phosphate 2.60-4.50 mg/dL 

Alkaline phosphatase 35-105 U/L 

Beta-CrossLaps  0.09-0.44 ng/mL 

25-OH-vitamin D  30-60 ng/mL 

Table 15: Analyzed parameters and their normal range of the cross-sectional and 
the prospective cohort study. 

Genotyping 

For genetic analysis, genomic DNA was prepared from EDTA anticoagulated 

peripheral blood as described in detail in section 5.1 Isolation of DNA. Vitamin D 

insufficiency polymorphisms GC, DHCR7 and CYP2R1 were analyzed using 

TaqMan™ fluorogenic 5′-exonuclease assay as depicted in detail in section 5.2 

SNP genotyping. 

6.4 Statistics 

Normal distribution of data was tested with the Kolmogorov-Smirnov test. 

Categorial variables were compared by the Chi2 test, multiple group comparisons 

were carried out by univariate analysis of variance (ANOVA). Data showing 

unequal variance or lacking normal distribution were analyzed by means of the 

Kruskal Wallis test. Associations between gene alleles and fractures were 

calculated by logistic regression analysis including age and sex as potential 

confounders. Differences were considered significant when a p-value ≤0.05 was 

obtained. 
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6.5 Results 

General results 

After application of the exclusion criteria a total of 1093 individuals were available 

for further analysis in the prospective cohort study (167 men and 926 women) and 

a total of 342 subjects (219 men and 123 women) in the cross-sectional study. 

GC, DHCR7 and CYP2R1 genotypes were successfully determined in almost 90% 

of the individuals of the cross-sectional study and in at least 80% of participants of 

the prospective cohort. GC, DHCR7 and CYP2R1 genotype frequencies did not 

deviate from HWE in both cohorts (Table 16). 

 

  

Cross-sectional 
study 
n = 342 
n (%) 

HWE 
p-value 

Prospective cohort 
study 
n = 1093 
n (%) 

HWE 
p-value 

GC 320 (94) 0.943 950 (87) 0,286 

DHCR7 325 (95) 0.844 954 (87) 0,832 

CYP2R1 298 (87) 0.356 878 (80) 0,901 

Table 16: Overview of successful genotyping rates and Hardy Weinberg 
equilibrium (HWE) test results in the cross-sectional (n = 342) and the prospective 
cohort study (n = 1093). 

In the cross-sectional cohort, 15% showed a vitamin D deficiency phenotype (n = 

51), whereas in the prospective cohort most of the participants were vitamin D 

deficient (94%, n = 1032), i.e. showed 25(OH) vitamin D levels <20.0 ng/mL. 

Considering a 25(OH) vitamin D status <30.0 ng/mL as vitamin D deficient, the 

cross-sectional cohort showed 145 individuals with vitamin D deficiency (42%), 

whereas again most of the nursing home residents were vitamin D deficient (n = 

1076; 98%). General characteristics, anthropometric data, BMD and biochemical 

measurements are shown in Table 17. 
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 Cross-sectional study Prospective cohort study 

 men women men women 

n 219 (64%) 123 (36%) 167 (15%) 926 (85%) 

Age (years) 

51.4 ± 11.8 
(53.0; 17.0-
72.0) 

62.1 ± 8.8 
(63.0; 40.0-79.0) 

84.3 ± 5.8 
(85.0; 69.0-99.0) 

83.7 ± 6.1 
(85.0; 68-100) 

Height (cm) 
177 ± 7 
(177; 160-197) 

162 ± 6 
(161; 148-176) 

166 ± 8 
(167; 140-185) 

154 ± 7 
(154; 128-174) 

Weight (kg) 
84 ± 12 
(83; 60-125) 

68 ± 12 
(66; 45-98.) 

70 ± 12 
(70; 44-100) 

61 ± 12 
(60; 31-110) 

25-OH-vitamin D 
(ng/mL) 

33.2 ± 11.6 
(33.4; 10.2-
70.9) 

33.2 ± 15.4 
(30.6; 6.5-91.3) 

9.7 ± 8.0 
(7.2; 0.9-76.3) 

8.8 ± 5.9 
(7.0; 1.4-54.1) 

Vitamin D 
insufficiency 
(n/%) 

<20.0 ng/mL 
<30.0 ng/mL 

28 (12%) 
86 (39%) 

23 (18%) 
59 (48%) 

158 (94%) 
164 (98%) 

874 (87%) 
912 (98%) 

Calcium [mmol/L] 

2.47 ± 0.12 
(2.48; 2.02-
2.79) 

2.36 ± 0.11 
(2.35; 2.06-2.06) 

2.43 ± 0.12 
(2.43; 1.99-2.75) 

2.45 ± 0.12 
(2.45; 1.80-
2.87) 

Phosphate 
[mg/dL] 

2.92 ± 0.56 
(2.88; 1.50-4.15 

3.69 ± 0.58 
(3.70; 1.90-5.30) 

3.36 ± 0.62 
(3.30; 1.70-5.10) 

3.76 ± 0.72 
(3.70;1.90-
7.80) 

Alkaline 
phosphatase 
[U/L] 

69.0 ± 17.5 
(66.0; 22.0-
140.0) 

93.6 ± 29.5 
(92.0; 45.0-224.0) 

120.5 ± 40.0 
(115.0; 60.0-
274.0) 

120.0 ± 39.5 
(113.0; 43.0-
283.0) 

Beta-CrossLaps 
(ng/mL) 

0.23 ± 0.11 
(0.19; 0.04-
0.47) 

0.22 ± 0.14 
(0.19; 0.04-0.80) 

0.33 ± 0.19 
(0.29; 0.01-0.85) 

0.39 ± 0.29 
(32.0; 0.10-
3.10) 
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Lumbar BMD 
(g/cm2) 

1.01 ± 0.15 
(0.99; 0.65-
1.52) 

0.89 ± 0.17 
(0.89; 0.53-1.71) n.a. n.a. 

Femoral neck 
BMD (g/cm2) 

0.85 ± 0.12 
(0.84; 0.59-
1.41) 

0.70 ± 0.12 
(0.70; 0.50-1.00) n.a. n.a. 

Total hip BMD 
(g/cm2) 

1.02 ± 0.12 
(1.01; 0.72-
1.44) 

0.85 ± 0.14 
(0.86; 0.50-1.25) n.a. n.a. 

Prevalent bone 
fractures (n) 93 40 65 446 

Table 17: Demographic data from the cross-sectional and from the prospective 
cohort study. 
Categorical data are shown as number (percentage) and metric data as mean ± 
SD (median; range). 25-OH-vitamin D levels were normally distributed in the 
cross-sectional study, but not in the prospective cohort study. Frequency data are 
presented as number (percentage), and continuous data as mean ± SD (median; 
range). n.a.: data are not available, BMD: bone mineral density. 

 

Vitamin D insufficiency genotypes and 25-OH-vitamin D 

The GG genotype of the GC polymorphism was associated with lower 25-OH-

vitamin D values in the cross-sectional study (p = 0.001) as well as in the 

prospective cohort study (p = 0.048). No significant association was found 

between CYP2R1 or DHCR7 variants and 25-OH-vitamin D values in this 

investigation (Table 18). 
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  Cross-sectional cohort Prospective cohort 

  n (%) 

25-OH-vitamin D 

(ng/mL)  n (%) 

25-OH-vitamin D 

(ng/mL) 

CYP2R1     

AA  42 (12.3) 
34.2 ± 14.7 
(34.5; 10.0-75.2) 147 (13.4) 

9.8 ± 7.9 
(7.0; 2.8-47.0 

AG  155 (45.3) 
34.1 ± 12.6 
(33.3; 8.7-70.9) 416 (38.1) 

8.8 ± 6.4 
(7.0; 0.9-76.3) 

GG 101 (29.5) 
32.2 ± 11.9 
(32.0;10.5-64.5) 315 (28.8)  

8.8 ± 6.1 
(6.9; 3.0-54.1) 

p-value  0.460  0.575 

DHCR7         

GG  22 (6.4) 
31.4±12.8 
(29.5; 11.5-62.8) 79 (7.2) 

8.9 ± 8.0 
(6.6; 3.5-54.1) 

GT  117 (34.2) 
32.1±13.0 
(29.2; 10.5-64.2) 405 (37.1) 

8.8 ± 6.1 
(6.9; 0.9-47.0) 

TT  186 (54.4) 
34.7±13.1 
(34.2; 10.5-64.2) 470 (43.0) 

9.1 ± 6.7 
(7.0; 1.4-76.3) 

p-value  0.161  0.411 

GC         

GG  21 (6.1) 
26.1 ± 8.7 
(26.2; 10.5-41.5) 73 (6.7) 

7.5 ± 4.6 
(6.3; 3.0-31.0) 

GT  117 (34.2) 
31.8 ± 12.9 
(30.6; 10.2-65.8) 416 (38.1) 

8.7 ± 5.5 
(6.9; 2.4;-44.8) 

TT  182 (53.2) 
35.9 ± 13.3 
(34.7; 8.7-75.2) 461 (42.2) 

9.4 ± 7.6 
(7.1; 0.9-76.3) 

p-value  0.001  0.048 

Table 18: 25-OH-vitamin D values according to CYP2R1 (rs10741657), DHCR7 
(rs12785878) and GC (rs2282679) genotypes in the cross-sectional and the 
prospective cohort study. 
Data are shown as numbers (%), 25(OH) vitamin D values as mean ± standard 
deviation (median; range). 25(OH) vitamin D levels were normally distributed in the 
cross-sectional study, but not in the prospective cohort study. 
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Vitamin D insufficiency genotypes and BMD 

Genotypes of these genetic determinants were further analyzed in association with 

BMD in the cross-sectional study. Genotype groups did not differ in BMD at any 

site measured. 

 

Vitamin D insufficiency genotypes and bone fractures 

For each gene, the allele associated with lower 25-OH-vitamin D levels was 

designated as "risk allele" (GC G-allele; CYP2R1 A-allele; DHCR7 G-allele). The 

potential role of these risk alleles in fracture risk was analyzed in logistic 

regression analysis including age and sex as confounders. This calculation 

showed that none of the risk alleles was linked with fractures of the past, neither in 

the cross-sectional group nor in the prospective cohort (Table 19). 

The DHCR7 T-allele, associated with higher 25-OH-vitamin D levels, was 

significantly associated with a reduced risk of prospective fractures (OR 0.68; 95% 

confidence interval 0.51 - 0.92; p = 0.011), whereas clearly no association was 

seen for the GC G-allele or the CYP2R1 A-allele (Table 19). 
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Cross-sectional study, past fractures:   

 Genotype (n) No fracture Any fracture OR (95% CI); p 

CYP2R1 AA (42) 26 (61.9%) 16 (38.1%) 

0.826 (0.57 – 1.19); p = 0.307 

rs10741657 AG (155) 94 (60.6%) 61 (39.4%) 

  GG (101) 65 (64.4%) 36 (35.6%) 

DHCR7 GG (22) 14 (63.6%) 8 (36.4%) 

0.96 (0.66 – 1.38); p = 0.816 

rs12785878 GT (117) 68 (58.1%) 49 (41.9%) 

 TT (186) 117 (62.9%) 69 (37.1%) 

GC GG (21) 11 (52.4%) 10 (47.6%) 

0.94 (0.65 – 1.36); p = 0.756  

rs2282679 GT (117) 74 (63.2%) 43 (36.8%) 

 TT (182) 112 (61.5%) 70 (38.5%) 

Prospective cohort study, past fractures   

  Genotype (n) No fracture Any fracture OR (95% CI); p 

CYP2R1 AA (147) 89 (60.5%) 58 (39.5%) 

1.18 (0.97 – 1.43); p = 0.094 

rs10741657 AG (416) 222 (53.4%) 
194 
(46.6%) 

  GG (315) 163 (51.7%) 
152 
(48.3%) 

DHCR7 GG (79) 41 (51.9%) 38 (48.1%) 

0.98 (0.80 – 1.20); p = 0.856 

rs12785878 GT (405) 222 (54.8%) 
183 
(45.2%) 

 TT (470) 254 (54.0%) 
216 
(46.0%) 

GC GG (73) 37 (50.7%) 36 (49.3%) 

0.86 (0.70 – 1.05); p = 0.141 

rs2282679 GT (416) 218 (52.4%) 
198 
(47.6%) 

 TT (461) 263 (57.0%) 
198 
(43.0%) 

Prospective cohort study, prospective 
fractures   

  Genotype (n) No fracture Any fracture OR (95% CI); p 

CYP2R1 AA (147) 131 (89.1%) 16 (10.9%)  
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rs10741657 AG (416) 371 (89.2%) 45 (10.8%)  

  GG (315) 275 (87.3%) 40 (12.7%) 1.11 (0.82 – 1.50); p = 0.506 

DHCR7 GG (79) 67 (84.8%) 12 (15.2%)  

rs12785878 GT (405) 346 (85.4%) 59 (14.6%)  

 TT (470) 428 (91.1%) 42 (8.9%) 0.68 (0.51 -.0.92); p = 0.011 

GC GG (73) 62 (84.9%) 11 (15.1%)  

rs2282679 GT (416) 378 (91.9%) 38 (9.1%)  

  TT (461) 392 (85%) 69 (15.0%) 1.29 (0.93 - 1.77); p = 0.125 

Table 19: Past and prospective fractures stratified by CYP2R1, DHCR7 and GC 
genotypes. 
Data are presented as number of patients (%) without and with any fractures, odds 
ratio (OR) and 95% confidence interval (CI), p-value. 

6.6 Discussion 

This investigation replicates a previously shown association of the GC 

polymorphism with vitamin D insufficiency. For the first time, this association is 

visible even in a cohort of nursing home residents with typically very low levels of 

vitamin D. Moreover, an associaton of the DHCR7 G allele with bone fractures has 

been discovered. However, we found no association of BMD with any of those 

single nucleotide polymorphisms. 

Further genetic variants in the GC gene (rs4588 and rs7041) have previously been 

published to be associated with 25-OH-vitamin D levels [139, 147, 148, 149, 150]. 

We analyzed this vitamin D modulating effect with a new polymorphism 

(rs2282679) in this gene. All of the previously described data were investigated in 

populations with normal to moderately decreased 25-OH-vitamin D serum levels. 

For the first time, we showed that this effect is reproducible down to the lowest 25-

OH-vitamin D levels in a very old population of nursing home subjects. 

Nevertheless, bone-specific influences of the very small differences of 25-OH-

vitamin D levels between genotype groups might have been overwhelmed by the 

severe overall vitamin D deficiency status in these nursing home residents. 

Therefore, consequences for bone fractures in diverse genotype groups might 

have been surpassed. 
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Lauridsen et al. [147] found a varying number of premenopausal bone fractures 

between the GC genotypes (rs7041 and rs4588) in a cross-sectional study of 

almost 600 early postmenopausal Danish women. In our cross-sectional cohort, 

fracture cases might have been too rare to show any distinction and 

documentation especially for vertebral fractures might not have been accurate 

[151]. However, Fang et al. studied GC rs7041 and rs4588 genotypes in 6181 

Caucasians with a mean age of almost 70 years. After performing subgroups with 

vitamin D receptor haplotypes and dietary calcium intake, they identified an 

increased fracture risk for these variants [150]. It might therefore be possible that 

in combination with other risk factors CYP2R1, DHCR7 and GC genotypes may as 

well contribute to an increased risk of fractures despite lack of a detectable direct 

effect in our prospective nursing home cohort. A risk score with combined “risk 

alleles” for lower 25-OH-vitamin D levels did not add more information to our 

findings. Therefore, these data are not shown. 

It has to be mentioned that none of the GC genotypes showed an association with 

BMD in the investigated cross-sectional cohort. This is in line with Lauridsen et al. 

[147] who also did not find any varying BMD between GC phenotypes of rs4588 

and rs7041. Besides an association of the GC polymorphism with 25-OH-vitamin 

D level, we found consequences for one important endpoint (fractures) but not for 

a second endpoint (BMD) in osteoporosis. For the prospective cohort (n = 1093), 

the study had a statistical power of 0.80 or more to detect an OR of 1.5 for each 

polymorphism for previous fractures. The statistical power was lower in the smaller 

cross-sectional study (n = 342) and for prospective fractures. Additional studies 

will be necessary to detect or exclude smaller effects of genetic variants on bone 

fracture risk. 

A relation between fracture risk and vitamin D has long been discussed in 

literature. Many investigations including meta-analyses from Bischoff-Ferrari [152] 

have revealed a close correlation between 25-OH-vitamin D serum levels and the 

dosage of vitamin D applied to the participants. The mechanisms underlying the 

association between 25-OH-vitamin D levels and fracture risk are currently not 

fully understood. In the past several years many health aspects have been linked 

to 25-OH-vitamin D status including muscle weakness [153], impaired body sway 

and cardiovascular problems [154] such as high blood pressure [155] and cardiac 

impairment [156]. Almost all of theses effects may play a role in the etiology of 
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fractures. Further studies, particularly randomized clinical trials, are required to 

fully elucidate the role of 25-OH-vitamin D in fracture risk. 

We can find several examples in literature where single nucleotide polymorphisms 

clearly associate to clinical biomarkers, known as risk factors for certain diseases. 

However, no associations between these variants and clinical endpoints have 

been reported. A classic example is homocysteine which has been suggested as a 

risk factor for cardiovascular diseases [157, 158]. A functional polymorphism in the 

methylenetetrahydrofolate reductase gene (MTHFR, 677C>T, rs1801133) which 

causes reduced enzyme activity is in association with higher homocysteine levels 

[159]. Remarkably the polymorphism itself was not associated with coronary artery 

disease [160]. We don´t know yet wheter this phenomenon depends on a “real” 

genetic loci lying behind the outcomes or on more complex genetic interactions or 

on epigenetic processes. 

Of note, our study has some limitations: Due to technical and ethical reasons it 

was not possible to measure BMD and vertebral X-rays in the nursing home 

residents. Furthermore, the present study included three SNPs which had 

previously been associated with vitamin D levels in two large genome-wide 

association studies [117, 118]. One should not forget that these SNPs may not be 

the causal variants, but could rather be in linkage disequilibrium with them. Other 

yet unknown SNPs within these or other genes may contribute to osteoporosis 

and/or fracture risk. It has to be mentioned that the rate of past fractures was 

higher in the cross-sectional study compared to the prospective study, which 

contained nursing home residents of higher age. The cross-sectional study 

included patients volunteering for an osteoporosis screening study at the Division 

of Endocrinology and Metabolism. It is likely that patients with previous fractures 

have a higher interest in an osteoporosis screening and are more likely to 

participate in a study than patients without fractures. This possible selection-bias 

could explain the relatively higher number of previous fractures in the cross-

sectional study compared to the prospective study. Further, due to predefined 

exclusion criteria we had to exclude participants with vitamin D supplementation, 

missing DNA or missing laboratory data which again can not exclude a selection 

bias. All this taken into account might have contributed to the not significant but 

strongly consistent differences in 25-OH-vitamin D levels throughout the groups in 

both cohorts. Finally, the size and the statistical power (especially for the cross-
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sectional study) of the present study were limited and therefore our results need to 

be replicated in other cohorts. 

To the best of our knowledge, this is the first study investigating novel allelic 

determinants of vitamin D insufficiency and their influence on BMD and bone 

fractures, showing a significant association of GC variants with 25-OH-vitamin D 

levels and DHCR7 variants with bone fractures. These findings suggest potential 

new insights and targets for therapeutic intervention in osteoporosis patients. 
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7. VITAMIN D AND PROSTATE CANCER 

7.1 Background 

Prostate cancer is the second most common cancer [161]. Although it is generally 

a slowly progressing malignancy it shows considerable rates of mortality so that 

prostate cancer prevention and treatment is an ongoing challenge for clinicians 

worldwide. 

The only established risk factors for prostate cancer are age, family history of 

prostate cancer and ethnicity. As in the general introduction described, preclinical 

and epidemiologic data suggest that vitamin D deficiency may play a role in the 

pathogenesis and progression of prostate cancer [162]. This hypothesis is based 

on evidence that the vitamin D endocrine system regulates normal prostate 

growth, cell proliferation, differentiation as well as apoptosis and that black 

ethnicity and residence in northern latitudes are associated with low circulating 25-

OH-vitamin D levels [163, 164, 165]. 

In the prostate locally produced 1,25 (OH)2 vitamin D [166, 167] may be important 

for inhibiting cell proliferation and increasing differentiation. In contrast to renal 1α-

hydroxylase activity, local prostate production of 1,25 (OH)2 vitamin D seems to be 

significantly dependent on the substrate availability of 25-OH-vitamin D [168]. It is 

a widely accepted hypothesis that serum levels of 25-OH-vitamin D are the main 

determinant of 1,25 (OH)2 vitamin D tissue levels in various organs [176]. 

Since prostate cancer tissue has reduced 1α-hydroxylase activity [169] and 

therefore reduced ability to locally convert 25-OH-vitamin D to 1,25-(OH)2-vitamin 

D, the main source of 1,25 (OH)2 vitamin D to prostate cancer may be from the 

circulation. Both metabolites may therefore have protective potential [163, 164] 

and are warrant investigation. 

Aim of the present study was to test a possible association between the GC 

polymorphism and 1,25 (OH)2 vitamin D as well as to replicate the previously 

reported association between this polymorphism and 25-OH-vitamin D in a large 

cross-sectional study (LUdwigshafen RIsk and Cardiovascular Health study, 

LURIC-study). 
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Further, I aimed to address the role of the GC polymorphism for prostate cancer 

risk concerning biochemically detected recurrence, development of metastases, 

and survival in prostate cancer patients from the PROCAGENE study. 

7.2 Study subjects 

I want to state that recruitment, clinical investigation and laboratory analysis of 

biomarkers of the following two cohorts was not carried out in the framework of 

this thesis nor was my person involved in any of these procedures. 

LURIC study 

The Ludwigshafen Risk and Cardiovascular Health (LURIC) study includes 

consecutive Caucasian patients hospitalized for coronary angiography between 

June 1997 and May 2001. The study was approved by the ethics review 

committee at the “Landesärztekammer Rheinland-Pfalz” (Mainz, Germany) and 

written informed consent was obtained from all participants. A detailed description 

of the LURIC study design and baseline characteristics has been published 

previously [170].From a total of 3316 LURIC participants, only men (n = 2310) 

were analyzed in the present study. 

The PROCAGENE study 

The Austrian Prostate Cancer Genetics study comprises 702 prostate cancer 

patients who were recruited between January 2004 and January 2007. Briefly, 

PROCAGENE is a prospective study aimed at investigating genetic risk factors, 

functional relationships between genetic variations and clinical phenotypes, 

genetically modified response to radiotherapy (radiogenomics), and the prognostic 

importance of genetic markers for prostate cancer. A more detailed description 

has been published elsewhere [171]. The study was performed according to the 

Austrian Gene Technology Act and was approved by the Ethical Committee of the 

Medical University of Graz. Written informed consent was obtained from all 

participating subjects and all prostate cancer patients were Caucasians of central–

European origin (Austria). 
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7.3 Procedures 

Clinical Investigation and laboratory analysis of biomarkers 

LURIC study: 

25-OH-vitamin D levels (normal range: 30-60 ng/ml) and 1,25 (OH)2 vitamin D 

values (normal range: 39-193 pmol/l) were analyzed using radioimmunoassay (25-

OH-vitamin D: DiaSorin GmbH, Vienna, Austria, and 1,25 (OH)2 vitamin D: Nichols 

Institute Diagnostika GmbH, Bad Nauheim, Germany). Intra-assay and inter-assay 

coefficients of variation were below 10%. 

PROCAGENE study: 

Clinical properties comprising family history, tumor node metastasis (TNM) stage, 

histological grade, prostate-specific antigen (PSA), age at time of diagnosis, and 

means of diagnosis were obtained from medical records. Patients were graded 

into low- and high-risk groups on the basis of pretreatment prostate-specific 

antigen (PSA) level, Gleason score, and American Joint Commission on Cancer T-

stage. The patients were classified as high risk if they met any of the following 

criteria: T3/4, grade 3, Gleason score sum 8–10, or PSA>20; otherwise, they were 

classified as low risk. Follow-up examinations were performed in regular intervals 

at the Department of Therapeutic Radiology and Oncology in cooperation with the 

Department of Urology (3 months interval in years 1–3, 6 months interval in years 

4–5, and 12 months interval in years 6–15 after diagnosis). PSA measurements 

and digital rectal examinations (DRE) were performed routinely. The metastatic 

workup included isotope bone scan, chest X-ray as well as abdominal and pelvic 

computed tomography. Biochemically detected recurrence was defined according 

to the Phoenix definition, with absolute nadir +2 ng/ml rise [172] or as the initiation 

of hormonal therapy due to rising PSA. The primary endpoints were (1) 

biochemically detected recurrence, (2) development of metastases, and (3) death.  

Genotyping 

Upon study entry, EDTA-blood was drawn from each participant of the 

PROCAGENE or LURIC study.and stored at -20°C. Genomic DNA was prepared 

from EDTA anticoagulated peripherial blood using the described protocol in 

section 5.1 of the chapter Material and Methods. 
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Genotypes were analyzed by fluorogenic 5′-exonuclease assays (TaqMan™) as 

delineated in section 5.2 SNP genotyping.  

7.4 Statistics 

Groups of continuous variables were compared by ANOVA. The relationship 

between GC genotypes and the outcome was analyzed by Cox regression 

analyses. Median follow-up time was calculated according to Schemper and Smith 

[173]. For this investigation, genotypes were coded as 0 ("wildtype", homozygous 

for the common T allele), 1 (heterozygous for TG) or 2 (homozygous for the minor 

allele G). The criterion for statistical significance was p < 0.05. 

7.5 Results 

General results 

GC genotypes were successfully analyzed in approximately 95% of both study 

populations (n = 2179 [94.3 %] male participants of the LURIC study and n = 674 

[96.0%] patients of the PROCAGENE study). In the remaining subjects, no DNA 

was available or genotypes were considered as non-interpretable after two 

repeats. The frequency of the minor allele (G) was 0.562 in men of the LURIC 

study and 0.313 in the PROCAGENE study. Genotype frequencies did not deviate 

from HWE in both cohorts. Demographic data for each study are shown in Table 

20 and Table 21. 
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n 702 

Age at diagnosis (years) 68.1 ± 7.2 

Stage T1/T2 

 T3/T4 

362 

293 

Risk group Low risk 

 High risk  

457 

244 

GC genotype TT 

 TG 

 GG 

318 (47.2%) 

290 (43.0%) 

66 (9.8%) 

Table 20: Demographic and genetic data of the PROCAGENE study. 

 

n 2310 

Age (years)  61.8  10.7 

Height (cm) 174  7 

Weight (kg) 83.4  12.9 

25-OH-vitamin D (ng/mL) 18.2  9.3 

1,25 (OH)2 vitamin D (pmol/l) 35.9 ± 13.9 

Table 21: Demographic data on the LURIC study. Data are presented as mean  
standard deviation or n (%). 

 

GC genotypes and vitamin D levels in the LURIC study 

In the LURIC study, the G allele of the GC polymorphism was associated with 

lower 25-OH-vitamin D levels as well as with lower 1,25 (OH)2 vitamin D levels 

(Table 22). 
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GC genotype 

LURIC study 

n (%) 1,25 (OH)2 vitamin D 
[pmol/l] 

25-OH-vitamin 
D  
[ng/ml] 

TT 1131 (51.9) 36.4 ± 14.4 18.6 ± 9.3 

TG 870 (39.9) 35.5 ± 13.8 17.9 ± 9.4 

GG 178 (8.2) 32.7 ± 11.1 15.1 ± 7.4 

p-value (ANOVA)  0.004 <0.001 

Table 22: GC genotypes and vitamin D levels (1,25 (OH)2 vitamin D and 25-OH-
vitamin D) in the LURIC study. Data are presented as numbers (%), vitamin D 
values as mean ± standard deviation. 

GC genotypes, biochemically detected recurrence, metastasis, and survival 

in the PROCAGENE study 

Due to different event rates and availability of follow-up data, median follow-up 

times were different for biochemically detected recurrence, development of 

metastases and death. Follow-up of biochemically detected recurrence was 

available for 606 (86.3%) patients of the PROCAGENE study. During a median 

follow-up time of 82 months, biochemically detected recurrence was detected in 

179 (29.5%) patients. Follow-up for development of metastases was observed for 

701 (99.9%) of patients. During a median follow-up time of 73 months, metastases 

were detected in 93 (13.3%) patients. Survival follow-up was available for all 

patients of the PROCAGENE study. During a median follow-up time of 76 months, 

123 (17.5%) patients died. 

In a univariate Cox regression analysis, GC genotypes were not associated with 

biochemically detected recurrence (hazard ratio [HR] 089, 95% CI 0.70 - 1.13; p = 

0.32), development of metastases (HR 1.20, 95% CI 0.88 - 1.63; p = 0.25) or 

overall survival (HR 1.10; 95% CI 0.84 - 1.43; p = 0.50. In multivariate Cox 

regression analysis including the risk-group as potential confounder, similar HR 

were obtained biochemically detected recurrence: HR 0.92, 95% CI 0.73 – 1.17; p 

= 0.50; metastasis: HR 1.27, 95% CI 0.93 – 1.72; p = 0.13; overall survival: HR 

1.10, 95% CI 0.84 – 1.44; p = 0.49). 
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7.6 Discussion 

The functional GC polymorphism is strongly associated with lower serum 25-OH-

vitamin D concentrations [117, 118, 174]. This investigation shows for the first time 

an additional association of this polymorphism with serum 1,25 (OH)2 vitamin D 

levels. Both, low levels of 25-OH-vitamin D and 1,25 (OH)2 vitamin D have been 

suggested as risk factors for prostate cancer [2, 4]. Therefore we aimed to 

investigate the potential role of these vitamin D predictors in three important 

endpoits of prostate cancer. Our investigation shows that GC genotypes were not 

associated with biochemically detected recurrence, development of metastases, or 

overall survival in prostate cancer patients. We therefore conclude that the GC 

polymorphism does not play a major role in prostate cancer. 

A recent meta-analysis by Gilbert and co-workers did not find a significant 

association of 25-OH-vitamin D levels with total prostate cancer risk or risk of 

aggressive prostate cancer [175]. These findings confirm our results from this 

investigation. 

A limitation of the study is that 25-OH-vitamin D and 1,25 (OH)2 vitamin D levels 

could not be determined in the PROCAGENE study. We therefore tested the 

association of the GC polymorphism with 25-OH-vitamin D and 1,25 (OH)2 vitamin 

D levels in 2310 male participants of the cross-sectional LURIC study. We are 

aware of the fact that a specific cohort of patients referred to coronary angiography 

has been investigated and that our results may not be generalizable to the 

PROCAGENE cohort. Despite careful adjustments for possible confounders, we 

cannot rule out residual confounding. 

Due to the confirmed association of the GC polymorphism with 25-OH-vitamin D 

and 1,25 (OH)2 vitamin D we continued investigating the potential role of the GC 

polymorphism in prostate cancer. Our study showed non-significant HRs that GC 

genotypes were not associated with biochemically detected recurrence, 

development of metastases or overall survival. It should be kept in mind that this 

investigation had a statistical power of 0.80 to detect an OR ≥ 1.3 for carriers of a 

G allele. We can therefore currently not exclude subtle effects of the GC 

polymorphism on prostate cancer risk. Our results should be therefore, as it is 

always the case for genetic association studies, interpreted cautiously until 

replicated by others. 
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Nevertheless, according to the results of our investigation, predictors of vitamin D 

do not play a major role in disease progression and mortality of prostate cancer 

patients. These results suggest that the GC polymorphism a determinant of 

vitamin D (25-OH-vitamin D and 1,25 (OH)2 vitamin D) does not play a major role 

in prostate cancer. The present study was observational and aimed not to 

investigate the potential benefits of vitamin D supplementation. To investigate 

causality of vitamin D in prostate cancer Mendelian randomization studies are 

urgently required. 
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8. VITAMIN D AND MORTALITY 

8.1 Background 

Vitamin D is classical known for its functional role in calcium and bone metabolism 

[4, 9]. Attention has extended to other health effects of 25-OH-vitamin D such as 

on the cardiovascular system [176], blood pressure [177] or metabolic syndrome 

[178, 179]. In previous studies, it has been shown that low 25-OH-vitamin D 

concentrations are associated with all-cause and cardiovascular mortality [180, 

181]. It remains unclear whether 25-OH-vitamin D is the cause or the 

consequence in this association [176]. 

The principle of Mendelian randomization has been desicribed in detail in section 

3.3. Briefly, because genetic polymorphisms are randomly assorted at conception, 

all covariates between individuals should, theorectically, be perfectly balanced 

between those with different genotypes thus eliminating all confounding for any 

association between the genetic polymorphism and disease. Furthermore, if one 

assumes that the measured genetic polymorphism directly affects the gene 

product (e.g. a biomarker), then one can also estimate the unconfounded 

association between the gene product and disease [182]. 

Genetic determinants for vitamin D insufficiency such as the GC-, DHCR7- and 

CYP2R1 polymorphism are good candidates to perform a Mendelian 

randomization study [117, 118]. We therefore analyzed the role of these three 25-

OH-vitamin-D-associated SNPs with all-cause, cardiovascular and non-

cardiovascular mortality. Aim of the study was to assess a possible causal role of 

25-OH-vitamin D in this association. 

8.2 Study subjects 

I want to state that recruitment, clinical investigation and laboratory analysis of 

biomarkers of the following cohort was not carried out in the framework of this 

thesis nor was my person involved directly in the procedures of these concerns. 

The following cohort is the same which has been used in part to investigate 

vitamin D and prostate cancer in the previous chapter. 
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The Ludwigshafen Risk and Cardiovascular Health (LURIC) study is a prospective 

cohort trial designed to evaluate the effect of genetic polymorphisms and plasma 

biomarkers on cardiovascular health. Cardiovascular and metabolic phenotypes 

have been defined or ruled out using standardised methodologies in all study 

participants. As already mentioned, participants are Caucasian patients 

hospitalized for coronary angiography between June 1997 and May 2001. The 

study was approved by the ethics review committee at the “Landesärztekammer 

Rheinland-Pfalz” (Mainz, Germany). Written informed consent was obtained from 

each of the participants. 

8.3 Procedures 

Clinical investigation, laboratory analysis of biomarkers and genotyping 

A detailed description of the LURIC study design and baseline characteristics has 

been published previously [170]. Briefly, the study population comprised 3316 

participants. According to the classification of the American Heart Association, 

coronary artery disease (CAD) was defined as the presence of a visible luminal 

narrowing (≥20% stenosis) in at least one of 15 coronary segments [183]. 

Individuals with stenosis <20% were considered as not having CAD. 

Cardiovascular risk factors such as type 2 diabetes, hypertension and smoking 

were assessed. Type 2 diabetes mellitus was diagnosed according to the criteria 

of the American Diabetes Association (ADA). Further, individuals with a history of 

type 2 diabetes or those receiving oral antidiabetics or insulin were considered 

diabetic [184]. Hypertension was defined as a systolic and/or diastolic blood 

pressure exceeding 140 and/or 90 mmHg, respectively, or a history of 

hypertension documented in medical records. Data on smoking habits were 

retrieved using questionnaires. To detect “hidden” smokers, plasma cotinine levels 

were determined using a commercial radioimmunoassay (cotinine RIA; DPC 

Biermann, Germany). Individuals suffering from acute illnesses other than acute 

coronary syndromes, chronic non-cardiac diseases and a history of malignancy 

within the past five years were not eligible. 

A fasting blood sample was obtained in the morning before coronary angiography. 

Selected variables were measured after samples were frozen and stored at -80°C. 

25-OH-vitamin D levels were determined using a radioimmunoassay (DiaSorin 
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GmbH, Vienna, Austria) with intra-assay and inter-assay coefficients of variation of 

8.6% and 9.2%, respectively. 

Information on mortality rates was collected from local registries. Death certificates 

were used to classify the deceased into patients who died from cardiovascular 

versus non-cardiovascular causes. This classification was performed 

independently by two experienced clinicians who were blinded to any data on the 

study participants except the information that was required to classify the cause of 

death. 

Upon study entry, each participant of the LURIC study donated a tube of EDTA-

blood, which was stored at -20°C. Genomic DNA was prepared from EDTA 

anticoagulated peripherial blood and genotyping was performed according to the 

described protocol in section 6.1 of the chapter Material and Methods. 

8.4 Statistics 

Continuous variables were compared between groups by ANOVA. A linear 

regression model was used to identify the predictors of 25-OH-vitamin D levels. 

Cox regression including GC, DHCR7 and CYP2R1 genotypes, age, sex, CAD, 

smoking and type 2 diabetes mellitus was used to estimate the effect of the 

variants on mortality (all-cause, cardiovascular and non-cardiovascular). For 

regression analyses, an allelic model based upon additive gene-dose effects was 

used and genotypes were coded as 0 ("wildtype", homozygous for common allele), 

1 (heterozygous) or 2 (homozygous for minor allele). To take seasonal variations 

of vitamin D levels into account, categorical variables were adjusted for month of 

blood taking. The criterion for statistical significance was p < 0.05. 

8.5 Results 

The investigated cohort comprised 3316 persons, including 2310 men (69.7%) and 

1006 women (30.3%). GC, DHCR7 and CYP2R1 genotypes were successfully 

analyzed in 3130 (94.4%), 3109 (93.8%) and 2980 (89.9%) participants. All 

genotype frequencies did not deviate from HWE. As for the GC and the DHCR7 

polymorphism, minor alleles (GC G-allele, DHCR7 G-allele) were associated with 

lower 25-OH-vitamin D levels. For the CYP2R1 polymorphism, the minor allele 

(CYP2R1 A-allele) was associated with higher 25-OH-vitamin D levels (Table 24). 
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Demographic data of the LURIC study are given in Table 23. 

  

Age (years)  62.6  10.6 

Male gender 2310 (69.7) 

Height (cm) 170  8.7 

Weight (kg) 79.7  14.1 

25-OH-vitamin D (ng/mL) 17.4  9.7 

Vitamin D insufficiency; n (%) 2174 (65.6) 

Coronary artery disease; n (%) 2583 (77.9)  

Current smoker; n (%) 654 (19.7) 

Type 2 diabetes; n (%) 1064 (32.1) 

Hypertension; n (%) 2412 (72.7) 

Table 23: Demographic data of the LURIC study. 

Data are mean  standard deviation or n (%). Vitamin D insufficiency: 25-OH-
vitamin D <=20 ng/ml. 
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 n (%) 25-OH-vitamin D p * p † 

GC genotype TT 1622 (51.8) 18.1 ± 10.2   

 GT 1247 (39.8) 16.9 ± 9.3   

 GG 261 (8.3) 14.3 ± 7.8 <0.001 <0.001 

GC G allele frequency 0.283    

DHCR7 genotype TT 1804 (58.0) 17.9 ± 9.5   

 GT 1110 (35.7) 16.4 ± 10.1   

 GG 261 (8.3) 16.6 ± 9.3 <0.001 <0.001 

DHCR7 G allele frequency 0.257    

CYP2R1 genotype GG 1116 (37.4) 16.74± 9.8   

 AG 1433 (48.1) 17.5 ± 9.4   

 AA 431 (14.5) 17.9 ± 10.3 0.030 0.062 

CYP2R1 A allele frequency 0.385    

Table 24: 25-OH-vitamin D-associated genotypes and 25-OH-vitamin D levels. 
25-OH-vitamin D values according to GC (rs2282679), DHCR7 (rs12785878) and 
CYP2R1 (rs10741657) genotypes in the LURIC study. Data are shown as 
numbers (%), 25-OH-vitamin D values as mean ± standard deviation.* Univariate 
linear regression, † ANOVA. 

 

25-OH-vitamin D levels were available from 99.5% of the entire study population 

(n = 3299). In a linear regression model adjusted for month of blood sampling, age 

and sex, vitamin D levels were predicted by GC genotype (p<0.001), CYP2R1 

genotype (p=0.068) and DHCR7 genotype (p<0.001), with a coefficient of 

determination (r2) of 0.175. 

After a median follow-up of 9.9 years 30.0% of the study population at baseline 

had died (n = 995). Of these, 619 (62%) deaths were from cardiovascular causes 

and 355 (36%) were from non-cardiovascular causes. 21 (2%) deaths could not be 

classified because of insufficient data on the cause of death. 

In multivariate Cox regression models including age, sex, type 2 diabetes, CAD, 

smoking habit, 25-OH-vitamin D levels, GC genotype, CYP2R1 genotype and 

DHCR7 genotype, none of the genotypes was significantly associated with all-
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cause mortality, cardiovascular mortality or non-cardiovascular mortality whereas 

other classical risk factors for mortality showed a significant association (Table 

25). Further, a linear regression model including genotypes of GC, CYP2R1 and 

DHCR7 to predict a genetically determined 25-OH-vitamin D level for each study 

participant was calculated. In that model, the genetically determined 25-OH-

vitamin D level (ng/ml) was 18,158 - (GC genotype * 1.544) - (DHCR7 genotype * 

0.981) + (CYP2R1 genotype * 0.588). The mortality HR per 1 ng/ml genetically 

determined 25-OH-vitamin D level was 1.015 (95% confidence interval (CI) 0.962 - 

1.070; p = 0.59). By contrast, the mortality per 1 ng/ml serum 25-OH-vitamin level 

was 0.951 (95% CI 0.943 - 0.959; p < 0.001). The point estimate of the effect of 

the genetically determined (i.e. causal) 25-OH-vitamin D levels was not within the 

95% CI of the effect of the 25-OH-vitamin D serum level, suggesting that the two 

estimates are truly different. 
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Risk factor All-cause mortality Cardiovascular mortality Non-cardiovascular mortality 

 HR (95% CI); p HR (95% CI); p HR (95% CI); p 

GC (G alleles) 0.95 (0.86 – 1.06); p = 0.35 0.90 (0.78 – 1.02); p = 0.106 1.03 (0.86 – 1.22); p = 0.768 

CYP2R1 (A alleles) 1.00 (0.91 - 1.10); p = 0.95 0.94 (1.83 – 1.06); p = 0.313 1.08 (0.92 – 1.27); p = 0.362 

DHCR7 (G alleles) 0.94 (0.84 - 1.05); p = 0.26 0.96 (0.84 – 1.11); p = 0.604 0.89 (0.73 – 1.07); p = 0.200 

25-OH-vitamin D (ng/ml) 0.96 (0.95 – 0.97); p <0.001 0.96 (0.95 – 0.97); p <0.001 0.97 (0.95 – 0.98); p <0.001 

Age (years) 1.07 (1.06-1.08); p <0.001 1.07 (1.06 – 1.08); p <0.001 1.08 (1.06 – 1.09); p <0.001 

Sex (female/male) 0.60 (0.51 – 0.71); p <0.001 0.63 (0.51 – 0.76); p <0.001 0.56 (0.43 – 0.74); p <0.001 

Smoking (yes/no) 1.49 (1.23 – 1.79); p <0.001 1.33 (1.04 – 1.69); p = 0.023 1.81 (1.35 – 2.42); p <0.001 

Type 2 diabetes (yes/no) 1.59 (1.39 – 1.82); p <0.001 1.83 (1.54 – 2.18); p <0.001 1.26 (1.00 – 1.58); p = 0.054 

CAD 1.49 (1.20 – 1.85); p = 0.001 1.68 (1.26 – 2.24); p < 0.001 1.17 (0.84 – 1.63); p = 0.351 

Table 25: 25-OH-vitamin D-associated genotypes and risk for all-cause, cardiovascular and non-cardiovascular mortality. 
A Cox regression model including GC, CYP2R1 and DHCR7 genotypes, age, smoking, type 2 diabetes, hypertension and 
coronary artery disease to predict mortality. Data are presented as hazard ratio (HR) and 95% confidence interval (CI), p-value. 
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8.6 Discussion 

In the present investigation, we aimed to test the hypothesis that genetically 

lowered concentrations of 25-OH-vitamin D causally increase mortality rates. 

Using the study design of a Mendelian randomization, we analyzed SNPs 

associated with serum 25-OH-vitamin D levels and found that genetically 

determined differences in 25-OH-vitamin D levels were not associated with 

mortality rates. This lack of association makes a causal role of 25-OH-vitamin D in 

mortality unlikely. 

The biological mechanism of the preventive power of 25-OH-vitamin D for mortality 

as well as further pathological conditions such as cardiovascular disease and 

cancer remains unclear. A possible explanation might be reverse causality, such 

that specific pathomechanisms involved in cardiovascular disease or cancer could 

result in a decrease of 25-OH-vitamin D levels. The presented results are in line 

with other examples. Similar findings have been reported for C-reactive protein 

(CRP), where CRP plasma concentrations were predictive of specific diseases, 

Mendelian randomization studies, however, found no evidence for a causal role of 

this biomarker [185, 186]. 

It should be taken into account that these data are limited by the fact that a cohort 

of patients referred to coronary angiography has been investigated so that our 

results may not be generalizable to patients with other diseases. In all survival 

analysis the most important factors predicting mortality (age, sex, smoking, type 2 

diabetes and CAD) have been considered as possible confounders, nevertheless 

residual confounding by other factors cannot be ruled out completely. Further, the 

outcome of this study is binary. The assumption of conventional linearity of the 

applied mathematical methods is not fully achieved, although using these methods 

for binary outcome data has been advocated [187, 188]. 

Strengths of the present study are the in-depth clinical and biochemical 

characterization of all patients, the high number of participants as well as the long 

time of follow-up, such that the primary end-point death was reached in almost one 

third of the study participants. 

It should be kept in mind that the present study was observational and not 

experimental with the aim to investigate the potential benefits of vitamin D 

supplementation. Interestingly, in a recent large meta-analysis of randomized 
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clinical trials, only vitamin D3, but not 25-OH-vitamin D, decreased mortality 

significantly [189]. Nevertheless, we would like to emphasize that the present 

results do not invalidate the predictive power of 25-OH-vitamin D concentrations 

for mortality. The biological pathways for the association between 25-OH-vitamin 

D concentrations and mortality remain still unclear. A causal role for 25-OH-

vitamin D in mortality is unlikely. 
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9. SUMMARY AND FUTURE RESEARCH 

The present thesis investigated the potential role of three vitamin D-associated 

polymorphisms on classical and non-classical actions of vitamin D. 

There was no association with any of the SNPs with BMD, but the DHCR7 

polymorphism may be a predictor for prospective fractures. Due to failed 

association with prevalent fractures, this interesting finding needs repliction in 

larger cohort studies. Further investigations of combined biomarkers as risk profile 

such as patients with vitamin D deficiency and PTH excess as “dysregulation in 

the mineral metabolism axis” should be considered. 

Data collected from both in vitro and in vivo studies are highly optimistic regarding 

its potential in prevention and regression of prostate cancer. However, in this 

investigation carriers of genotypes resulting in lower vitamin D levels of the major 

metabolite 25-OH-vitamin D and its active form 1,25 (OH)2 vitamin D clear do not 

have a higher risk concerning biochemically detected recurrence, development of 

metastases, and survival in prostate cancer. To investigate causality of vitamin D 

in prostate cancer large Mendelian randomization studies should be performed. 

Future studies should elucidate further the potential benefits of vitamin D in 

appropriate doses for prevention of prostate cancer, as an anticancer target and/ 

or as adjuvants in chemotherapy for the treatment of cancers. 

The results of this thesis strongly support that a causal role of vitamin D for 

mortality is unlikely. The present Mendelian randomization study investigated 

lifelong decreased vitamin D levels in relation to elevated mortality rates. As 

already in process, large RCTs should be the focus of future interventions to 

elucidate if medicinal elevated vitamin D levels act differently than lifelong 

genetically determined ones. 

We know much about the transport, metabolism and gene regulating effectiveness 

as a hormone of vitamin D and its contribution on numerous pathways. The 

predictive power of 25-OH-vitamin D levels for many chronic diseases as well as 

for mortality is beyond question, but the accurate biological role of how vitamin D 

metabolites effects still remains unclear. Future studies should therefore focus on 

these pathways extensively to increase knowledge about this concern. 
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